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Enclosed is a complete copy of the prior application including the oath or 
Declaration and drawings, if any, as originally filed. I hereby verify that the 
attached papers are a true copy of prior Application No. 10/101,863 as originally 
filed on March 16, 2002, which is incorporated herein by reference. 

Enclosed is a substitute specification under 3 7 C.F .R. § 1.125. The undersigned 
hereby verifies that no new matter is added in this substitute specification. 

Enclosed is a Request for Non-Publication of Application and Certification Under 
35 U.S.C. § 122(b)(2)(B)(i). 

A Preliminary Amendment is enclosed. 

The filing fee is calculated on the basis of the claims existing in the prior 
application as amended in the Preliminary Amendment filed herewith. 
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Basic Application Filing Fee $790 $ 790.00 

Number of Basic Extra 
Claims Claims 

Total Claims 45 - 20 25 X $18 $ 450 

Independent Claims 2 - 3 0 X $86 0 

LJ Presentation of Multiple Dep. Claim(s) +$290 0 

Subtotal $ 1240 

Reduction by 1/2 if small entity -
TOT AL APPLICATION FILING FEE $ 1240 

6. ~ A check in the amount of $1280 to cover the filing fee of $1240 and Assignment 
recordation fee of $40 is enclosed. 

7. ~ The Commissioner is hereby authorized to charge any additional fees which may 
be required including fees due under 37 C.F.R. § 1.16 and any other fees due 
under 37 C.F.R. § 1.17, or credit any overpayment during the pendency of this 
application to Deposit Account No. 06-0916. 

8. D New acceptable drawings are enclosed. 

9. ~ The prior application is assigned of record to: Symmorphix, Inc. 

10. D Priority of Application No. [Text], filed on [Text] in [Country] is claimed under 
35 U.S.C. § 119. A certified copy 

D is enclosed or D is on file in the prior application. 

11. D Small entity status is appropriate and applies to this application. 

12. -~ The power of attorney in the prior application is to FINNEGAN, HENDERSON, 
FARABOW, GARRETT & DUNNER, L.L.P., Customer No. 22,852 

13. D The power appears in the original declaration of the prior application. 

14. ~ Since the power does not appear in the original declaration, a copy of the power in 
the prior application is enclosed. 

15. ~ Please address all correspondence to FINNEGAN, HENDERSON, F ARABOW, 
GARRETT and DUNNER, L.L.P., Customer Number 22,852. 
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Also enclosed is Information Disclosure Statement under 37 CFR l.97(b) together · 
with Form PTO 1449. 

PETITION FOR EXTENSION. If any extension of time is necessary for the filing of this 
application, including any extension in parent Application No. 10/101,863, filed March 16, 2002, 
for the purpose of maintaining copendency between the parent application and this application, 
and such extension has not otherwise been requested, such an extension is hereby requested, and 
the Commissioner is authorized to charge necessary fees for such an extension to our Deposit 
Account No. 06-0916. A duplicate copy of this paper is enclosed for use in charging the deposit 
account. 

Dated: September 30, 2004 

FINNEGAN, HENDERSON, FARABOW, 
GARRETT & DUNNER, L.L.P. 

By:44~ aryf. E~s 
Reg. No. 41,008 
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Biased Pulse DC Reactive Sputtering of Oxide Films 

1. Field of the Invention 

Hongmei Zhang 
Mukundan Narasimhan 

Ravi Mullapudi 
Richard E. Demaray 

Background 

[0001] The present invention relates to deposition of oxide and oxynitride films arid, in 

particular, to deposition of oxide and oxynitride films by pulsed DC reactive sputtering. 

2. Discussion of Related Art 

[0002] Deposition of insulating materials and especially optical materials is 

technologically important in several areas including production of optical devices and production 

of semiconductor devices. In semiconductor devices, doped alumina silicates can be utilized as 

high dielectric insulators. 

[0003] The increasing prevalence of fiber optic communications systems has created an 

unprecedented demand for devices for processing optical signals. Planar devices such as optical 

waveguides, couplers, splitters, and amplifiers,. fabricated on planar substrates, like those 

commonly used for integrated circuits, and configured to receive and process signals from 

optical fibers are highly desirable. Such devices hold promise for integrated optical and 

electronic signal processing on a single semiconductor-like substance. 

[0004] The basic design of planar optical waveguides and amplifiers is well known, as 

described, for example, in U.S. Patent Nos. 5,119,460 and 5,563,979 to Bruce et al., 5,613,995 

to Bhandarkar et al., 5,900,057 to Buchal et al., and 5,107,538 to Benton et al., to cite only a few. 

These devices, very generally, include a core region, typically bar shaped, of a certain refractive 

index surrounded by a cladding region of a lower refractive index. In the case of an optical 

amplifier, the core region includes a certain concentration of a dopant, typically a rare earth ion 

-1-
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such as an erbium or praseodymium ion which, when pumped by a laser, fluoresces, for 

example, in the 1550 nm and 1300 nm wavelength ranges used for optical communication, to 

amplify the optical signal passing through the core. 

[0005] As described, for example in the patents by Bruce et al., Bhandarkar et al, and Buchal et 

al., planar optical devices may be fabricated by process sequences including forming a layer of 

cladding material on a substrate; forming a layer of core material on the layer of cladding mater; 

patterning the core layer using a photolighotgraphic mask and an etching process to form a core 

ridge; and covering the core ridge with an upper cladding layer. 

[0006] The performance of these planar optical devices depends sensitively on the value and 

uniformity of the refractive index of the core region and of the cladding region, and particularly 

on the difference in refractive index, &1, between the regions. Particularly for passive devices 

such as waveguides, couplers, and splitters, L\n should be carefully controlled, for example to 

values within about 1 %, and the refractive index of both core and cladding need to be highly 

uniform, for some applications at the fewer than parts per thousand level. In the case of doped 

materials forming the core region of planar optical amplifiers, it is important that the dopant be 

uniformly distributed so as to avoid non-radiative quenching or radiative quenching, for example 

by upconversion. The refractive index and other desirable properties of the core and cladding 

regions, such as physical and chemical uniformity, low stress, and high density, depend, of 

course, on the choice of materials for the devices and on the processes by which they are 

fabricated. 

[0007} Because of their optical properties, silica and refractory oxides such as Ab03, are good 

candidate materials for planar optical devices. Further, these oxides serve as suitable hosts for 

rare earth dopants used in optical amplifiers. A common material choice is so-called low 

temperature glasses, doped with alkali metals, boron, or phosphorous, which have the advantage 

of requiring lower processing temperatures. In addition, dopants are used to modify the 

refractive index. Methods such as flame hydrolysis, ion exchange for introducing alkali ions in 

glasses, sputtering, and various chemical vapor deposition processes (CVD) have been used to 

form films of doped glasses. However, dopants such as phosphorous and boron are hygroscopic, 

and alkalis are undesirable for integration with electronic devices. Control of uniformity of 

doping in CVD processes can be difficult and CVD deposited films can have structural defects 

-2-
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leading to scattering losses when used to guide light. In addition, doped low temperature glasses 

may require further processing after deposition. A method for eliminating bubbles in thin films 

of sodium-born-silicate glass by high temperature sintering is described, for example, in the '995 

patent to Bhandarkar et al. 

[0008] Typically, RF sputtering has been utilized for deposition of oxide dielectric films. 

However, RF sputtering utilizes ceramic targets which are typically formed of multiple smaller 

tiles. Since the tiles can not be made very large, there may be a large problem of arcing between 

tiles and therefore contamination of the deposited film due to this arcing. Further, the reactors 

required for RF sputtering tend tobe rather complicated. In particular, the engineering of low 

capacitance efficient RF power distribution to the cathode is difficult in RF systems. Routing of 

low capacitance forward and return power into a vacuum vessel of the reaction chamber often 

exposes the power path in such a way that diffuse plasma discharge is allowed under some 

conditions of impedance tuning of the matching networks. 

[0009] Therefore, there is a need for new methods of depositing oxide and oxynitride films and 

for forming planar optical devices. 

Summary 

[0010] In accordance with the present invention, a sputtering reactor apparatus for depositing 

oxide and oxynitride films is presented. Further, methods for depositing oxide and oxynitride 

films for optical waveguide devices are also presented. A sputtering reactor according to the 

present invention includes a pulsed DC power supply coupled through a filter to a target and a 

substrate electrode coupled to an RF power supply. A substrate mounted on the substrate 

electrode is therefore supplied with a bias from the RF power supply. 

[0011] The target can be a metallic target made of a material to be deposited on the substrate. In 

some embodiments, the metallic target is formed from Al, Si and various rare-earth ions. A 

target with an erbium concentration, for example, can be utilized to deposit a film that can be 

formed into a waveguide optical amplifier. 

[0012] A substrate can be any material and, in some embodiments, is a silicon wafer. In some 

-3-
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embodiments, RF power can be supplied to the wafer. In some embodiments, the wafer and the 

electrode can be separated by an insulating glass. 

[0013] In some embodiments, up to about IO kW of pulsed DC power at a frequency ofbetween 

about 40 kHz and 350 kHz and a reverse pulse time ofup to about 5 µsis supplied to the target. 

The wafer can be biased with up to about several hundred watts of RF power. The temperature 

of the substrate can be controlled to within about 10° C and can vary from about -50° C to 

several hundred degrees C. Process gasses can be fed into the reaction chamber of the reactor . 

apparatus. In some embodiments, the process gasses can include combinations of Ar, N 2, 0 2, 

C2F 6, CO2, CO and other process gasses. 

[0014] Several material properties of the deposited layer can be modified by adjusting the 

composition of the target, the composition and flow rate of the process gasses, the power 

supplied to the target and the substrate, and the temperature of the substrate. For example, the 

index of refraction of the deposited layer depends on deposition parameters. Further, in some 

embodiments stress can be relieved on the substrate by depositing a thin film of material on a 

back side of the wafer. Films deposited according to the present invention can be utilized to 

form optical waveguide devices such as multiplexers and rare-earth doped amplifiers. 

[0015] These and other embodiments, along with examples of material layers deposited 

according to the present invention, are further described below with respect to the following 

figures. 

Brief Description of the Figures 

[0016] Figures IA and lB show a pulsed DC sputtering reactor according to the present 

invention. 

[0017] Figure 2 shows a planar view of target utilized in a reactor as shown in Figures IA and 

lB. 

[0018] Figure 3 shows a cross-section view of an example target utilized in a reactor as shown in 

Figures I A and I B. 

-4-
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[0019] Figure 4 shows a flow chart of an embodiment of a process for depositing a film on a 

substrate according to the present invention. 

[0020] Figure 5 shows a hysterises curve of target voltage versus oxygen flow rates for an 

example target in an embodiment of a reactor according to the present invention. 

[0021] Figure 6 shows a photo-luminescence and lifetimes of a film deposited in a process 

according to the present invention as a function of after deposition anneal temperature. 

[0022] Figure 7 shows the relationship between the index of refr3:ction of a film as a function of 

deposited oxide layers according to the present invention and due to oxide build-up on the target. · 

[0023] Figure 8 shows a graph of the index of refraction of a film deposited according to the 

present invention as a function of the aluminum content in a composite Al/Si target. 

[0024] Figure 9 shows a graph of typical indices of refraction of material layers deposited 

according to the present invention. 

[0025) Figure 10 shows a table of indices of refraction for a silica layer deposited according to. 

the present invention as a function of different process parameters. 

[0026] Figure 11 shows the refractive indices as a .function of Oil Ar ratio utilized in an Alumina 

process according to the present invention. 

[0027] Figure 12 shows the refractive indices as a function of DC pulsed power frequency for an 

Alumina layer deposited according to the present invention. 

[0028] Figure 13 shows variation in the refractive index over time during repeated depositions 

from a single target. 

[0029] Figure 14 shows variation in refractive index over time for repeated depositions from a 

target of another material layer according to the present invention. 

[0030] Figure 15 shows the variation refractive index over time for repeated depositions from a 

target of another material layer according to the present invention. 

[0031] Figure 16Athrough 16D shows a TEM film deposited according to the present invention. 

-5-
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[0032] Figure 17 shows the transparency of a film deposited according to the present invention. 

[0033] Figure 18 shows an uppercladding layer deposited according to the present invention 

over a multiple-waveguide structure such that the deposited layer is substantially planarized. 

[0034] Figure 19 illustrates the deposition of a film over a waveguide structure. 

[0035] Figures 20 and 21 illustrate different etch and deposition rates for deposition of films as a 

function of the surface angle of the film. 

[0036] Figure 22 illustrates calculation of the planarization time for a particular deposition 

process. 

[0037] Figures 23 through 25 through illustrate adjustment of process parameters in order to 

achieve planarization of a film deposited over a waveguide structure according to the present 

invention. 

[0038] Figure 26 shows the gain characteristics of an erbium doped waveguide amplifier formed 

of films depositions according to the present invention. 

[0039] Figures 27 shows gain, insertion loss of a waveguide with an active core deposited 

according to the present invention. 

[0040] Figure 28 shows up-conversion constants, and lifetimes of the active core layer of Figure 

27 deposited according to the present invention. 

[0041] Figure 29 shows drift in the index of refraction with subsequent depositions for films 

deposited from a target according to the present invention. 

[0042] Figure 30 shows drift in the photoluminescence with subsequent depositions according to 

the present invention. 

[0043] Figure 31 shows drift in the excited state lifetime with subsequent depositions according 

to the present invention. 

[0044] Figure 32 shows stabilization of the index of refraction in subsequent depositions. 

[0045] Figure 33 shows the index ofrefraction of a film formed from a pure silicon target as a 
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function of the ratio of 0 2/N2 in the process gas. 

[0046] In the figures, elements having the same designation have the same or similar function. 

Detailed Description 

[0047] Reactive DC magnetron sputtering of nitrides and carbides is a widely practiced . 

technique, but the reactive de magnetron sputtering of nonconducting oxides is done rarely .. 

Films such as aluminum oxide are almost impossible to deposit by conventional reactive DC 

magnetron sputtering due to rapid formation of insulating oxide layers on the target surface. The 

insulating surfaces charges up and result in arcing during process. This arcing can damage the 

power supply, produce particles and degrade the properties of deposited oxide films. 

[0048] RF sputtering of oxide films is discussed in Application Serial No. 09/903,050 (the '050 

application) by Demaray et al., entitled "Planar Optical Devices and Methods for Their 

Manufacture," assigned to the same assignee as is the present invention, herein incorporated by 

reference iri its entirety. Further, targets that can be utilized in a reactor according to the present 

invention are discussed in U.S. Application serial no. {Attorney Docket No. M-12247 US} (the 

'247 application), filed concurrently with the present disclosure, assigned to the same assignee as 

is the present invention, herein incorporated by reference in its entirety. A gain-flattened 

amplifier formed of films deposited according to the present invention are described in U.S. 

Application serial no. {Attorney Docket No. M-12652 US} (the '652 application), filed 

concurrently with the present disclosure, assigned to the same assignee as is the present 

invention, herein incorporated by reference in its entirety. Further, a mode size converter formed 

with films deposited according to the present invention is described in U.S. Application serial no. 

{Attorney Docket No. M-12138 US} (the '138 application), filed concurrently with the present 

disclosure, assigned to the same assignee as is the present invention, herein incorporated by 

reference in its entirety. 

[0049] Figure 1 A shows a schematic of a reactor apparatus IO for sputtering of material from a 

target 12 according to the present invention. In some embodiments, apparatus IO may, for 
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example, be adapted from an AKT-1600 PVD ( 400 X 500 mm substrate size) system from 

Applied Komatsu or an AKT-4300 (600 X 720 mm substrate size) system from Applied 

Komatsu, Santa Clara, CA. The AKT-1600 reactor, for example, has three deposition chambers 

connected by a vacuum transport chamber. These Komatsu reactors can be modified such that 

pulsed DC power is supplied to the target and RF power is supplied to the substrate during 

deposition of a material film. 

[0050] Apparatus 10 includes a target 12 which is electrically coupled through a filter 15 to a 

pulsed DC power supply 14. In some embodiments, target 12 is a wide area sputter source. 

target, which provides material to be deposited on substrate 16. Substrate 16 is positioned 

parallel to and opposite target 12. Target 12 functions as a cathode when power is applied to it 

and is equivalently termed a cathode. Application of power to target 12 creates a plasma 53. 

Substrate 16 is capacitively coupled to an electrode 17 through an insulator 54. Electrode 17 can 

be coupled to an RF power supply 18. Magnet 20 is scanned across the top of target 12 .. 

[0051] For pulsed reactive de magnetron sputtering, as performed by apparatus 10, the polarity 

of the power supplied to target 12 by power supply 14 oscillates between negative and positive 

potentials. During the positive period, the insulating layer on the surface of target 12 is 

discharged and arcing is prevented. To obtain arc free deposition, the pulsing frequency exceeds 

a critical frequency that depend on target material, cathode current and reverse time .. High 

quality oxide films can be made using reactive pulse DC magnetron sputtering in apparatus 10. 

[0052] Pulsed DC power supply 14 can be any pulsed DC power supply, for example anAE 

Pinnacle plus lOK by Advanced Energy, Inc. With this example supply, up to 10 kW of pulsed 

DC power can be supplied at a frequency of between O and 350 KHz. The reverse voltage is 

10% of the negative target voltage. Utilization of other power supplies will lead to different 

power characteristics, frequency characteristics and reverse voltage percentages. The reverse 

time on this embodiment of power supply 14 can be adjusted between O and 5 µs. 

[0053] Filter 15 prevents the bias power from power supply 18 from coupling into pulsed DC 

power supply 14. In some embodiments, power supply 18 is a 2 MHz RF power supply, for 

example can be a Nova-25 power supply made by ENI, Colorado Springs, Co. 

[0054] Therefore, filter 15 is a 2 MHz band rejection filter. In some embodiments, the band 

-8-
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width of the filter can be approximately 100 kHz. Filter 15, therefore, prevents the 2 MHz 

power from the bias to substrate 16 from damaging power supply 18, 

[0055] However, both RF and pulsed DC deposited films are not fully dense and most likely 

have columnar structures. These columnar structures are detrimental for optical wave guide 

applications due to the scattering loss caused by the structure. By applying a RF bias on wafer 

16 during deposition, the deposited film can be dandified by energetic ion bombardment and the 

columnar structure can be substantially eliminated. 

[0056] In the AKT-1600 based system, for example, target 12 can have an active size of about 

675.70 X 582.48 by 4 mm in order to deposit films on substrate 16 that have dimension about 

400 X 500 mm. The temperature of substrate 16 can be held at between -SOC and 500C. The 

distance between target 12 and substrate 16 can be between about 3 and about 9 cm. Process gas 

can be inserted into the chamber of apparatus 10 at a rate up to about 200 seem while the 

pressure in the chamber of apparatus 10 can be held at between about . 7 and 6 millitorr. Magnet 

20 provides a magnetic field of strength between about 400 and about 600 Gauss directed in the 

plane of target 12 and is moved across target 12 at a rate ofless than about 20-30 sec/scan. In 

some embodiments utilizing the AKT 1600 reactor, magnet 20 can be a race-track shaped 

magnet with dimension about 150 mm by 600 mm. 

[0057] A top down view of magnet 20 and wide area target 12 is shown in Figure 2. A film 

deposited on a substrate positioned on carrier sheet 17 directly opposed to region 52 of target 12 

has good thickness uniformity. Region 52 is the region shown in Figure 1 B that is exposed to a 

uniform plasma condition. In some implementations, carrier 1 7 can be coextensive with region 

52. Region 24 shown in Figure 2 indicates the area below which both physically and chemically 

uniform deposition can be achieved, where physical and chemical uniformity provide refractive 

index uniformity, for example. Figure 2 indicates that region 52 of target 12 that provides 

thickness uniformity is, in general, larger than region 24 of target 12 providing thickness and 

chemical uniformity. In optimized processes, however, regions 52 and 24 may be coextensive. 

[0058] In some embodiments, magnet 20 extends beyond area 52 in one direction, the Y 

direction in Figure 2, so that scanning is necessary in only one direction, the X direction, to 

provide a time averaged uniform magnetic field. As shown in Figures I A and I B, magnet 20 

can be scanned over the entire extent of target 12, which is larger than region 52 of uniform 
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sputter erosion. Magnet 20 is moved in a plane parallel to the plane of target 12. 

[0059] The combination ofa uniform target 12 with a target area 52 largerthan the area of 

substrate 16 can provide films of highly uniform thickness. Further, the material properties of 

the film deposited can be highly uniform. The conditions of sputtering at the target surface, such 

as the uniformity of erosion, the average temperature of the plasma at the target surface and the 

equilibration of the target surface with the gas phase ambient of the process are uniform over a 

region which is greater than or· equal to the region to be coated with a uniform film thickness. In 

addition, the region of uniform film thickness is greater than or equal to the region of the film 

which is to have highly uniform optical properties such as index of refraction, density, 

transmission or absorptivity. 

(0060) Target 12 can be formed of any materials, but is typically metallic materials such as, for 

example, combinations of Al and Si. Therefore, in some embodiments, target 12 includes a 

metallic target material formed from intermetalic compounds of optical elements such as Si, Al, 

Er and Yb. Additionally, target 12 can be formed, for example, from materials such as La, Yt, 

Ag, Au, and Eu. To form optically active films on substrate 16, target 12 can include rare-earth 

ions. In some embodiments of target 12 with rare earth ions, the rare earth ions can be pre

alloyed with the metallic host components to form intermetalics. See the '247 application. 

[0061] In several embodiments of the invention, material tiles are formed. These tiles can be 

mounted on a backing plate to form a target for apparatus 10. Figure 3A shows an embodiment 

of target 12 formed with individual tiles 30 mounted on a cooled backplate 25. In order to form 

a wide area target of an alloy target material, the consolidated material of individual tiles 30 

should first be uniform to the grain size of the powder from which it is formed. It also should be . 

formed into a structural material capable of forming and finishing to a tile shape having a surface 

roughness on the order of the powder size from which it is consolidated. A wide area sputter 

cathode target can be formed from a close packed array of smaller tiles. Target 12, therefore, 

may include any number of tiles 30, for example between 2 to 20 individual tiles 30. Tiles 30 are 

finished to a size so as to provide a margin of non-contact, tile to tile, 29 in Figure 3A, less than 

about 0.0 IO" to about 0.020" or less than half a millimeter so as to eliminate plasma processes 

between adjacent ones of tiles 30. The distance between tiles 30 of target 12 and the dark space 

anode or ground shield 19, in Figure 1 B can be somewhat larger so as to provide non contact 

assembly or provide for thermal expansion tolerance during process chamber conditioning or 
-10-
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operation. 

[0062] Several useful examples of target 12 that can be utilized in apparatus 10 according to the 

present invention include the following targets compositions: (Si/ Al/Er/Yb) being about 

(57 .0/41.4/0.8/0.8), ( 48.9/49/1.6/0.5), (92/8/0/0), ( 60/40/0/0), (50/50/0/0), ( 65/35/0/0), 

(70/30/0,0), and (50,48.5/1.5/0) cat.%, to· list only a few. These targets can be referred to as the 

0.8/0.8 target, the 1.6/.5 target, the 92-8 target, the 60-40 target, the 50-50 target, the 65-35 

target,~the 70-30 target, and the 1.5/0 target, respectively. The 0.8/0.8, 1.6/0.5, and 1.5/0 targets 

can be made by pre-alloyed targets formed from an atomization and hot-isostatic pressing 

(HIPing) process as described in the '247 application. The remaining targets can be formed, for 

example, by HIPing. Targets formed from Si, Al, Er and Yb can have any composition. In some 

embodiments, the rare earth content can be up to 10 cat. % of the total ion content in the target. 

Rare earth ions are added to form active layers for amplification. Targets utilized in apparatus 

10 can have any composition and can include ions other than Si, Al, Er and Yb, including: Zn, 

Ga, Ge, P, As, Sn, Sb, Pb, Ag, Au, and rare earths: Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy Ho, Er, 

Tm.Yb and Lu. 

[0063] Optically useful materials to be deposited onto substrate 16 include oxides, fluorides, 

sulfides, nitrides, phosphates, sulfates, and carbonates, as well as other wide band gap 

semiconductor materials. To achieve uniform deposition, target 12, itself can be chemically 

uniform and of uniform thickness over an extended area. 

[0064] Target 12 can be a composite target fabricated from individual tiles, precisely bonded 

together on a backing plate with minimal separation, as is discussed further with respect to 

Figure 3. In some embodiments, the mixed intermetalllics can be plasma sprayed directly onto a · 

backing plate to form target 12. The complete target assembly can also includes structures for 

cooling the target, embodiments of which have been described in U.S. Patent No. 5,565,071 to 

Demaray et al, and incorporated herein by reference. 

[0065] Substrate 16 can be a solid, smooth surface. Typically, substrate 16 can be a silicon 

wafer or a silicon wafer coated with a layer of silicon oxide formed by a chemical vapor 

deposition process or by a thermal oxidation process. Alternatively, substrate 16 can be a glass, 

such as Coming 1737 (Corning Inc., Elmira, NY), a glass-like material, quartz, a metal, a metal 

oxide, or a plastic material. Substrate 16 can be supported on a holder or carrier sheet that may 
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be larger than substrate 16. Substrate 16 can be electrically biased by·power supply 18. 

[0066] In some embodiments, the area of wide area target 12 can be greater than the area on the 

carrier sheet on which physically and chemically uniform deposition is accomplished. Secondly, 

in some embodiments a central region on target 12, overlying substrate 16, can be provided with 

a very uniform condition of sputter erosion of the target material. Uniform target erosion is a 

consequence of a uniform plasma condition. In the following discussion, all mention of uniform 

condition of target erosion is taken to be equivalent to uniform plasma condition .. Uniform target 

erosion is evidenced by the persistence of film uniformity throughout an.extended target life. A 

uniformly deposited film can be defined as a film having a nonuniformity in thickness, when 

measured at representative points on the entire surface of a substrate wafer, ofless than about 5 

% or 10%. Thickness nonuniformity is defined, by convention, as the difference between the 

minimum and maximum thickness divided by twice the average thickness. If films deposited 

from a target from which more than about 20 % of the weight of the target has been removed 

continue to exhibit thickness uniformity, then the sputtering process is judged to be in a 

condition of uniform target erosion for all films deposited during the target life. 

[0067] As shown in Figure 1 B, a uniform plasma condition can be created in the region between 

target 12 and substrate 16 in a region overlying substrate 16. A plasma 53 can be created in 

region 51, which extends under the entire target 12. A central region 52 of target 12; can 

experience a condition of uniform sputter erosion. As discussed further below, a layer deposited 

on a substrate placed anywhere below central region 52 can then be uniform in thickness and 

other properties (i.e., dielectric, optical index, or material concentrations). 

[0068] In addition, region 52 in which deposition provides uniformity of deposited film can be 

larger than the area in which the deposition provides a film with uniform physical or optical 

properties such as chemical composition or index of refraction. In some embodiments, target 12 

is substantially planar in order to provide uniformity in the film deposited on substrate 16. In 

practice, planarity of target 12 can mean that all portions of the target surface in region 52 are 

within a few millimeters of a planar surface, and can be typically within 0.5 mm of a planar 

surface. 

[0069] Other approaches to providing a uniform condition of sputter erosion rely on creating a 

large uniform magnetic field or a scanning magnetic field that produces a time-averaged, 
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uniform magnetic field. For example, rotating magnets or electromagnets can be utilized to 

provide wide areas of substantially uniform target erosion. For magnetically enhanced sputter 

deposition, a scanning magnet magnetron source can be used to provide a uniform, wide area 

. condition of target erosion. 

[0070) As illustrated in FIG. lA, apparatus 10 can include a scanning magnet magnetron source 

20 positioned above target 12. An embodiment of a scanning magnetron source used for de 

sputtering of metallic films is described in U. S. Patent No. 5,855,744 to Halsey, et. al., 

(hereafter '744), which is incorporated herein by reference in its entirety. The '744 patent 

demonstrates the improvement in thickness uniformity that is achieved by reducing local target 

erosion due to magnetic effects in the sputtering of a wide area rectangular target. As described 

in the '744 patent, by reducing the magnetic field intensity at these positions, the local target 

erosion was decreased and the resulting film thickness nonuniformity was improved from 8%, to 

4%, over a rectangular substrate of 400 x 500 mm. 

[0071] The process gas utilized in reactor 10 includes an inert gas, typically argon, used as the 

background sputtering gas. Additionally, with some embodiments of target 12, reactive 

components such as, for example, oxygen may be added to the sputtering gas. Other gasses such 

as N 2, NH3, CO, NO, CO2, halide containing gasses other gas-phase reactants can also be 

utilized. The deposition chamber can be operated at low pressure, often between about .5 

millitorr and 8-10 millitorr. Typical process pressure is below about 3-5millitorr where there are 

very few collisions in the gas phase, resulting in a condition of uniform "free molecular" flow. 

This ensures that the gas phase concentration of a gaseous component is uniform throughout the 

process chamber. For example, background gas flow rates in the range ofup to about 200 seem, . 

used with a pump operated at a fixed pumping speed of about 50 liters/second, result in free 

molecular flow conditions. 

[0072] The distance d, in Figure I A, between target 12 and substrate 16 can, in some 

embodiments, be varied between about 4 cm and about 9 cm. A typical target to substrate 

distanced is about 6 cm. The target to substrate distance can be chosen to optimize the thickness 

uniformity of the film. At large source to substrate distances the film thickness distribution is 

dome shaped with the thickest region of the film at the center of the substrate. At close source to 

substrate distance the film thickness is dish shaped with the thickest film formed at the edge of 

the substrate. The substrate temperature can be held constant in the range of about -40 °C to 
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about 550°C and can be maintained at a chosen temperature to within about l O °C by means of 

preheating substrate 16 and the substrate holder prior to deposition. During the course of 

deposition, the heat energy impressed upon the substrate by the process can b.e conducted away 

from substrate 16 by cooling the table on which substrate 16 is positioned during the process, as 

known to those skilled in the art. The process is performed under conditions of uniform gas 

introduction, uniform pumping speed, and uniform application of power to the periphery of the 

target as known to skilled practitioners. 

[0073] The speed at which a scanning magnet 20 can be swept over the entire target can be 

determined such that a layer thickness less than about 5 to l O A, corresponding roughly to two to 

four monolayers of material, is deposited on each scan. Magnet 20 can be moved at rates up to 

about 30 sec/one-way scan and typically is moved at a rate of about 4 sec/one-way scan. The 

rate at which material is deposited depends on the applied power and on the distance d, in Figure 

I A, between the target 12 and the substrate 16. For deposition of optical oxide materials, for 

example scanning speeds between about 2 sec/one-way scan across the target to 20-30 sec/scan 

provide a beneficial layer thickness. Limiting the amount of material deposited in each pass 

promotes chemical and physical uniformity of the deposited layer. 

[0074) Substrate bias has been used previously to planarize RF sputtered deposited quartz films. 

A theoretical model of the mechanism by which substrate bias operates, has been put forward by 

Ting et al. (J. Vac. Sci. Technol. U, 1105 (1978)). When power is applied to the substrate, a so

called plasma sheath is formed about the substrate and ions are coupled from the plasma. The 

sheath serves to accelerate ions from the plasma so that they bombard the film as it is deposited, 

sputtering the film, and forward scattering surface atoms, densifying the film and eliminating . 

columnar structure. The effects of adding substrate bias are akin to, but more dramatic than, the · 

effects of adding the low frequency RF component to the sputter source. 

[0075] Biasing substrate 16 results in the deposited film being simultaneously deposited and 

etched. The net accumulation of film at any point on a surface depends on the relative rates of 

deposition and etching, which depend respectively, on the power applied to the target and to the 

substrate, and to the angle that the surface makes with the horizontal. The rate of etching is 

greatest for intermediate angles, on the order of 45 degrees, that is between about 30 and 60 

degrees. 
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[0076] Powers to target 12 and substrate 16 can be adjusted such that the rates of deposition and 

. etching are approximately the same for a range of intermediate angles. In this case, films 

deposited with bias sputtering have the following characteristics_ At a step where a horizontal 

surface meets a vertical surface, the deposited film makes an intermediate angle with the · 

horizontal. On a surface at an intermediate angle, there will be no net deposition since the 

deposition rate and etch rate are approximately equal. There is net deposition on a vertical 

surface. 

[0077] Target 12 can have an active size of about 675.70 X 582.48 by 4 mm, for example, in a 

AJ(T-1600 based system in order to deposit films on a substrate 16 that is about 400 X 500 mm. 

The temperature of substrate 16 can be held at between-SOC and 500C. The distance between 

target 12 and substrate 16 can be between 3 and 9 cm. Process gas can be inserted into the 

chamber of apparatus IO at a rate of between about 30 to about 100 seem while the pressure in 

the chamber of apparatus 10 can be held at below about 2 millitorr. Magnet 20 provides a 

magnetic field of strength between about 400 and about· 600 Gauss directed in the plane of target 

12 and is moved across target 12 at a rate ofless than about 20-30 sec/scan. 

[0078] Therefore, any given process utilizing apparatus 10 can be characterized by providing the 

power supplied to target 12, the power supplied to substrate 16, the temperature of substrate 16, 

the characteristics' and constituents of the reactive gasses, the speed of the magnet, and the 

spacing between substrate 16 and target 12. 

·[0079] Sputtered oxide films according to some embodiments of the present invention can be 

deposited onto a Si wafer or thermal oxide wafers at pressure of between about 3 a~d about 6 

mTorr. The ratio of Oil Ar gas flow can be set at a value to ensure that target 12 is operating 

within a poison mode. The poison mode is defined as the ratio where the oxide is etched from 

the surface of target 12 as fast as the oxide layer is formed. Operating in the poison mode results 

in the stoichiometric film_ Sub-stoichiometric oxides may not be optically transparent. The 

pulsing frequency range for power supply 14 can be from about up to about 250 KHz. The 

frequency 40 KHz is approximately the lowest frequency at which no arcing will occur during 

deposition in, for example, the AKT 1600 based system. The reverse pulsing time is determined 

by the amount of arcing generated during the process. Longer reverse time means longer 

discharge time and thus less arcs. However, if the reverse time is too long, the deposition rate 

will decrease. Power supply 18 is a 2 MHz RF power supply operated at powers up to several 
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hundred Watts. 

[0080] Figure 4 shows an embodiment of a process procedure 400 performed on apparatus 10. 

In step 401, the targetis prepared for the deposition. In some embodiments, target 12 can be 

cleaned by pure Ar sputtering. In other words, apparatus 10 is operated with pure Ar gas only 

(referred to as the metal mode) in order to sputter away a surface layer of target 12. 

[0081] Figure 7 shows the typical drift in the index of refraction with deposition of oxide layers 

for several different targets over different runs for each target. In Figure 7, the compositions of 

the target materials utilized in target 12 for the depositions shown are as follows: Si: 60 cat. % 

and Al: 40 cat. %; Si: 50 cat. % and Al: 50 cat. %; Si: 85 cat. % and Al: 15 cat. %; Si: 35 cat. % 

and Al: 65 cat.%; and Si: 92 cat.% and 8 cat.%. Each deposition was operated under the same 

process parameters: 4.5 kW of pulsed DC power at 200 kHz with a reverse time of2.3 µs 

applied to target 12, 0 2 flow at 44 seem, Ar flow at 30 seem introduced to apparatus 10, 100 W 

of bias power at 2 MHz applied to substrate 16, the temperature of substrate 16 held at 200° C, 

and the distance between substrate 16 and target 12 being set at 6 cm. For each target measured, 

the index drifted up during repeated utilization. 

[0082] Figure 8 shows the relationship between the index of refraction of a film deposited 

according to the present invention and the amount of aluminum in the composite target. As can 

be seen from Figure 8, the index of refraction of the deposited film depends strongly on the 

aluminum content. Therefore, as the aluminum in a metal target is depleted, the index of 

refraction drifts. In some embodiments, the ratio of Ar and 0 2 utilized in the process cari be 

maintained to provide films of uniform index over a large number of depositions on the target. 

[0083] Reactive sputtering from a metal or metallic alloy target 12 can be characterized by two 

modes of operation. In the first mode, which is sometimes referred to as the 'metallic mode' the 

surface of target 12 is substantially metallic. This mode is characterized by a small addition of 

reactive gas to the inert gas flow of apparatus 10 as well as a higher impedance magnetron 

discharge. It is also characterized by incomplete oxidation of film deposited on substrate 16 and 

therefore higher index films. As the proportion of reactive to inert gas is increased, the sputter 

voltage at target 12 begins to fall at constant power. 

[0084] Figure 5 shows the voltage on target 12 of an embodiment of apparatus 10 according to 
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the present invention as a function of process gas constitution. - In the example illustrated in 

Figure 5, for example, a metallic target with composition .8 cat.% Er, .8 cat.% Yb, 57.4 cat.% 

Si and 41 cat.% Si, which can be formed as described in the '247 application, was sputtered in 

an embodiment of apparatus 10 based on the AKT-1600 PVD system with 6 kW of pulsed DC 

power at a frequency of 120 kHz and a reverse time of2.3 micro seconds. The Argon gas flow 

was set at 60 seem and the Oxygen gas flow was varied from zero up to 40 seem. For more 

details regarding this deposition, see Example I below. 

[0085] As shown in Figure 5, the voltage on target 12 during deposition (the ''target voltage") 

was constant at about 420 Volts for oxygen flow rates up to about 20 seem. This is clearly the 

metallic mode of operation for this embodiment of target 12. Films deposited in this range of 

oxygen flow are characterized as metallic with an oxygen content that increases with oxygen 

flow rate during deposition. As the oxygen flow is increased up to about 26 seem, the voltage on 

target 12 begins to decrease, indicating that the surface of target 12 is beginning to form an oxide 

layer. The oxide layer on the surface of target 12 has a higher secondary electron yield under the 

influence of the Argon ion flux. The additional electron flux to the magnetron electron trap 

increases the ion production in the plasma, which, in tum, decreases the impedance of the plasma 

discharge in apparatus 10. 

[0086] At slightly higher oxygen flow during deposition, the oxide layer on target 12 forms a 

continuous layer and the voltage of target 12 during deposition falls rapidly to the range of about 

190 to about 270 Volts, indicating complete coverage of the surface of target 12 with an oxide 

that is at least as thick as the material removed during one scan of the magnetron_ Under this 

condition, the rate of oxide formation on the surface of target 12 equals or exceeds the rate of 

sputter removal of the surface of target 12 by the moving magnetron 20. This condition is 

sometimes referred to as the 'poisoned mode'. 

[0087] Under steady state DC voltage conditions, the oxide layer on target 12 soon charges up, 

leading to reduced rate of sputtering and increased micro-arc discharging in apparatus 1 o_ This 

discharging leads to particulation of the oxide layer on target 12, which degrades the quality of a 

film deposited on substrate 16. In the example shown with Figure 5, the negative going DC 

Voltage is reduced at a frequency of 120 kHz to a positive value for a period of about 2.3 micro 

seconds per cycle, allowing charge neutralization of the surface of target 12, increasing the 

steady state sputter and deposition rates as well as decreasing the rate of micro-arcing. 
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[0088] In the case of a magnetron configuration of magnet 20 having a significant deep local 

target erosion (rather than a configuration of magnet 20 described above which yields uniform 

target erosion), the change in the target voltage of target 12 is more gradual with increasing 

oxygen flow since it is more difficult to establish an oxide condition at the center of an intense 

region of local erosion. The resulting deposited film, however, will be rich in metallic sputtered 

flux to the substrate in the region of higher sputter erosion, leading to non uniform stoicheometry 

and non-uniform indices of refraction in a film deposited on substrate 16: In the case of a 

scanning magnetron 20 with uniform target erosion, the change in the surface condition from 

metallic to poisoned is more abrupt, as the formation rate of the oxide increases to equal the 

sputter removal of the oxide over a wide area of the target. In this case, there is uniform 

distribution of sputtered oxide from the target. Uniform stoicheometry and uniform indices of 

refraction result for the film deposited on substrate 16. 

[0089] Figure 8 shows the range of indices of refraction of films deposited for targets of 

differing silica and _alumina compositions, as deposited and after a subsequent anneal step. In the 

case of a pure silicon target, the as-deposited index of refraction_can be as high as 3.4 for pure 

amorphous silicon. In Figure 8, pure silica films (zero Al%) can be deposited with a reactive 

pulsed DC and substrate bias deposition according to the present invention with substantially 

complete oxygen stoicheometry, so as to approximate monolithic amorphous silica. The index 

of refraction of such films decreases with a subsequent heat treatment of between about 700-

9000 C, indicating somewhat more complete oxidation reaction of the material of the _film 

together with some degree of stress relaxation of the film deposited on substrate 16. 

(0090] At the opposite extreme, a pure aluminum embodiment of target 12 (100% Al) can be 

utilized to deposit films on substrate 16 under similar process conditions as is utilized to deposit 

pure silica films on substrate 16. In the case of the pure aluminum reactive deposition, the 

dependence of the index of refraction of the film deposited on substrate 16 on oxygen flow as 

well as on the frequency of the pulsed DC process can be examined. As a result, a larger range 

of effective index of refraction is achieved together with a reduced or zero dependence of the 

index on the subsequent anneal process. Six targets having differing aluminum composition 

were utilized to evaluate the index of refraction of sputtered films on substrate 16 of related 

composition. The largest change of index with the sputtering conditions is achieved for 

composition near the middle of the Al/Si composition range (about 50% Al and 50% Si). 

-18-

Page 24 of 1053



M-12245 US 

852923 vi 

[0091] Figure 7 shows the change in film index for oxide films for several embodiments of 

target 12 and processes with an initial 30 minutes of Argon only sputtering, followed by 

continuous deposition with an oxygen flow rate .sufficient for operation in the poisonous mode . 

. Note that the rate of increase in the index of refraction ofa resulting film deposited on substrate 

16 with continuous poisoned mode deposition is proportional to the concentration of aluminum 

in the composition of target 12. This result is due to the depletion of the aluminum from the . 

target surface during the metallic sputtering or pre-condition process. The aluminum in target 12 

is preferentially sputtered over the silicon in target 12, leaving the surface of target 12 rich in 

silicon. At the onset of poisoned mode sputtering, the film deposited on substrate 16 is rich in 

silica and demonstrates a systematic and reproducible decrease in index of refraction. During 

continuous poisoned mode deposition, the silicon rich surface of target 12 can be sputtered away 

and the aluminum portion substantially returned to the bulk composition of target 12. 

Consequently, a metallic pre-condition step can be utilized to achieve a subsequent process for 

the deposition of a film having an increasing index of refraction under conditions of oxide/metal 

stoicheometry. 

[0092] In step 402 of Figure 4, substrate 16 is prepared. Substrate 16 can be mounted on carrier 

sheet 17 and placed in apparatus I 0. In step 403, gas flow parameters are adjusted for the 

particular deposition to be performed. The constituency and flow rates of the process gas are 

fixed. In some embodiments, the ratio of Ar and 0 2, for example, can be set and the flow rate of 

each gas set. Further, the combination of flow rate and vacuum system of apparatus 10 

determines the pressure during deposition in apparatus 10. 

[0093] In step 404, the substrate temperature is set. Substrate 16 may be brought to 

temperature over a period of time. In step 405, the scan characteristics of magnet 20 are. fixed. 

In step 406, the power setting for power supply 18 is set. Finally, in step 407, the parameters of 

pulsed DC power supply 14 is set, including the power, frequency, and reverse pulsing time. In 

step 408, then, a film that depends on the parameters of reactor apparatus 10 is deposited on 

substrate 16. In some embodiments, films deposited by procedure 400 are thermally annealed 

after deposition. 

[0094] Figure 4 illustrates an example deposition process only. Embodiments of deposition 

processes according to the present invention can be performed in various different orders. 
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[0095] Figure 9 shows a chart of various deposition parameters according to the present 

invention for various embodiments of target 12 and the indices of refraction, both before and 

after an anneal step, for the resulting deposited film on substrate 16. Each deposition was 

accomplished with an embodiment of apparatus 10 based on the AKT 1600 PVD reactor. 

Anneals were accomplished at 725° C for 30 min. Specific examples of particular depositions 

and characteristics of the resulting films deposited on substrate 16 are further discussed below. 

[0096] Figure 10 shows the dependence of the index of refraction of silica layers deposited 

according to the present invention with process conditions. Figure 11 shows the dependence of 

index ofrefraction on the 02/ Ar flow ratio for the deposition of pure alumina according to the 

present invention. Figure 12 shows the dependence of index for pure alumina films on the 

frequency of the pulsed DC power applied to target 12. Both parameters can be utilized to 

reliably control the index of refraction of films deposited on substrate 16 over a range of index 

values without the use of an additional cationic species, a so called 'dopant'. A third process 

parameter that can be utilized to adjust the index of refraction of a film deposited on substrate 16 

is the bias power applied to substrate 16. Increasing the oxygenflow ratio, the frequency of the 

pulsed DC power applied to target 12 or the bias power applied to substrate 16 will 

systematically increase the index of refraction of the alumina film deposited on substrate 16. In 

the case of pure alumina films, minor to no change in the index occurs due to a subsequent 

anneal process. 

[0097] Figure 13 shows the index of refraction of a film deposited on substrate 16 from an 

embodiment of target 12 with about 92 cat. % of Si and about 8 cat. % of Al for a series of 

sequential depositions in an embodiment of apparatus 10 based on the AKT 4300 PVD reactor, 

each following a metallic process condition. For constant high oxygen flow conditions, a small 

upward trend in the index of refraction is observed. As is generally true, the index of films 

deposited with higher substrate bias power is systematically lower than films deposited without 

substrate bias. 

[0098] Figure 14 shows the upward trend of the index of refraction after metallic mode 

precondition ofan embodiment of target 12 having composition of about 83 cat.% Si and about 

17 cat. % Al for a series of depositions in an embodiment of apparatus 10 based on the AKT 

1600 PVD reaction. As is shown in Figure 14, longer metallic preconditioning of target 12 

results in the index of refraction of the films deposited on substrate 16 having a higher rate of 
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increase than for cases with less prolonged metallic preconditioning of target 12. The vertical 

lines on Figure 14 indicate places where target 12 was preconditioned with only Ar for the 

indicated periods of time. Figure 15 shows a decrease in the change in iridex for sequential films 

. with this embodiment of target 12 deposited with reduced oxygen flow rates at a constant total 

pressure. A flow rate for oxygen was determined so that the run to run variation for the index of 

refraction of the film deposited on substrate 16 from this target was about .0001 (see the circled· 

data points on the graph of Figure 15) which is similar to the variance of the index over the entire 

wafer of substrate 16, which is about 70 parts per million. 

[0099] In some embodiments,. films deposited by a pulsed DC biased method according to 

the present invention are uniformly amorphous throughout their thickness. As has been 

discussed above, biasing of substrate 16 leads to densification and uniformity in the deposited 

film. Figures 16A through 16D show a TEM photograph of a film 1601 deposited according to 

the present invention. Further, diffraction patterns shown in Figures 168, l 6C and 16D at points 

a, band c, respectively, in deposited film 1601 show that the film is ammorphous through the 

thickness of the film. The diffraction patterns of Figures 168, l 6C and 16D show no effects of 

crystallization. Further, the smoothness of the surface of film 1601 indicates a defect free film. 

The film deposited in Figure 16A is deposited with.an 0.8/0.8 target (i.e., a target having the 

composition 52.0 cat.% of Si, 41.0 cat.% of Al, 0.8 cat.% of Er and 0.8 cat.% of Yb). The 

film is deposited at 6 kW of 120 kHz pulsed DC power with a reverse time of 2.3 µs. The Argon 

and Oxygen flow rates.are 60 seem and 28 seem, respectively. Substrate 16 is biased with 100 

.Wofpower. 

[0100) Figure 17 shows the optical loss per centimeter, measured at 1310 nm, using a three 

prism coupling to the so called slab mode of the film on a 10 micron oxide, silicon wafer. As 

deposited the biased, pulsed DC film from a 60 cat. % Si and 40 cat. %Al film demonstrated 

about .ld8/cm loss. After an 800° C anneal in air, the loss was less than the measurement 

sensitivity of the prism coupling method. This data clearly demonstrates that films deposited 

according to embodiments of the present invention can be used for the purpose of constructing 

low loss planar light wave circuits. 

[0101] Deposition of films according to the present invention can be utilized to deposit cladding 

layers, active core layers, and passive core Jayers of an optical amplifier structure or optical 

-21-

Page 27 of 1053



M-12245 US 

852923 vi 

waveguide structure. In some applications, for example multiplexer structures, the separation 

between adjacent waveguides can be small, for example about 8 µm. In some embodiments, the 

deposition parameters of the upper cladding layer can be adjusted to not only adjust the index of 

refraction of the layer, but also to insure that the spacing between adjacent waveguides is small. 

[0102] Figure 18 shows an example planarization deposition over a multiplexer structure. In the 

particular example of upper cladding layer 1803 shown in Figure 18, the deposition parameters 

from a 92 cat.% Si and 8 cat.% Al is: 5.5 Kw of Pulsed DC power applied at 200 KHz with 2.2 

µs of reverse time, gas flow of 7 5 seem Ar and 100 seem 0 2, a substrate bias of 650 W ( at 2 

MHz), and a substrate temperature of 200 °C. Layer 1803 was deposited with an AKT 4300 

based embodiment of apparatus 10. As shown in Figure 18, the layer thickness in areas other 

than over waveguide structures 1801 and 1802 is 11.4 µm. Waveguide structures 1801 and 1802 

are 8.20 µm high waveguides and separated by 6.09 µmat the base and by 8.40 µmat their top. 

In Figure 18, the undercladding layer 1804 is about 1.98 µm thick. 

[0103] Figure 19 illustrates deposition of material over a structure. Upper cladding layer 1803, 

in region 1901, will be angled from the horizontal by an angle 0. The deposition and etching 

rates of a deposited layer depends on the angle 0. Figures 20 and 21 illustrate different cases of 

deposition and etch rates as a function of the angle 0. The relationship between the rate of 

deposition and the etch rates can be adjusted by adjusting the deposition parameters. For 

example, the bias power to substrate 16 can be adjusted to control the relationship between the 

etch rates and deposition rates of material.. 

[0104] Figure 22 illustrates deposition rates over a structure 2201 as a function of time. In 

Figure 2201, h is the thickness deposited over structure 2201. The planarization when layer 

1803 becomes flat. 

[0105] The time for planarization can be estimated as 

w 
-tana+H 

t =-2~----
p amin 

a flat ---
. cosa 

where W is the width of structure 2201, H is the height of structure 2201, anat refers to the 
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accumulation rate on the flat surface, amin refers to the accumulation rate on the minimum 

accumulation slope, and a is the surface angle from the horizontal plane of the minimum 

accumulation slope. 

[0106] Figure 23 shows a deposited film 1803 as shown in Figure 18, except that the bias power 

to substrate 16 is set to 400 Winstead of 650 W. As can be seen in Figure 23, a keyhole 2301 is 

formed with an incomplete filling ofuppercladding layer 1803 between structures 1801.and 

1802. Deposition ofuppercladding layer 1803 substantially follows the trends illustrated in 

Figures 19 through 22. 

[0107] Figure 24 shows deposition as shown in Figure 18, except that the bias power to substrate 

16 is set to 600 Winstead of 650 W. As can be seen in Figure 24, keyhole 2301 has closed 

leaving a small line defect 2401 in the fill. 

[0108] Figure 28 shows deposition as shown in Figure 18, except that the bias power to substrate 

16 is set to 900 Winstead of 650 W. As can be seen in Figure 28, the etch rate has been 

increased to such an extent that the comers of structures 1801 and 1802 have been etched to form 

slopes 2501 and 2502, respectively. 

[0109] Therefore, as illustrated in figures 18 through 25, an uppercladding layer can be 

deposited in accordance with the present invention such that it fills the space between adjacently 

placed waveguides. In general, the parameters can be optimized for index control and the bias 

power to substrate 16 can be adjusted for fill. In some embodiments, other parameters (e.g., the 

constituency of process gas, frequency and power of pulsed DC power source 14, and other 

parameters) in order to adjust the deposition and etch rates and thereby effectively planarize the 

structure as described. 

[0110] Therefore, depositions of various films in embodiments of apparatus 10 according to the 

present invention with several embodiments of target 12 and the effects on index of refraction, 

uniformity of films, and fill characteristics of varying several of the process parameters has been 

discussed above. In some embodiments, stress effects due to wafer bowing of substrate 16 cari 

also be reduced. Wafer bowing of substrate 16 can be reduced, reducing the stress in a film 

deposited on substrate 16, by, for example, depositing a film on the backside of substrate 16 

before deposition of a film on substrate 16. In some embodiments, a film having a similar 
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thickness of a similar layer of material can be deposited on backside of substrate 16 prior to 

deposition of the film on substrate 16 according to the present invention. The wafer bowing 

resulting from differing thermal expansions of the film and substrate 16 is therefore countered by 

a similar stress from another film deposited on the backside of substrate 16. 

[0111] Several specific examples film depositions utilizing apparatus 10 are discussed below. 

Further, examples of optical amplifiers produced utilizing the ceramic tiles according to the 

present invention are presented. These examples are provided for illustrative purposes only and 

are not intended to be limiting. Unless otherwise specified, apparatus 10 utilized in the 

following examples was based on the AKT 1600 reactor. Further, unless otherwise specified, the 

temperature of substrate 16 was held at about 200° C and the distance between substrate 16 and 

target 12 was 4 s/scan. The separation between substrate 16 and target 12 is about 6 cm. 

EXAMPLE 1 

[0112] An AKT 1600 based reactor can be utilized to deposit a film. In this example, a wide 

area metallic target of dimension 550X 650 mm with composition (Si/Al/Er/Yb) being about 

57.0 cat.% Si, 41.4 cat.% Al, 0.8 cat.% Er, and 0.8 cat.% Yb (a ".8/.8" target) was fabricated 

as described in the ·247 patent. 

[0113] Iri step 402, a 150 mm P-type silicon wafer substrate was placed in the center of a 

400x500 mm glass carrier sheet 17. Power supply 14 was set to supply 6000 watts of pulse DC 

power at a frequency of 120KHz with a reverse pulsing time of about 2.3us. Magnet 20, which 

is a race-track shaped magnet of approximate dimension 150mmx600mm, was swept over the 

backside of the target at a rate of about 4 seconds per one-way scan. The temperature of 

substrate 16 was held at 200C and 1 OOW of 2 MHz RF power was applied to substrate 16. The 

target 12 to substrate 16 distance was about 6.5 cm. The sputtering gas was a mixture of Argon 

and Oxygen. Substrate 16 and carrier 17 was preheated to 350° C for at least 30min prior to 

deposition. The active film was deposited in the poison mode. Deposition efficiency was 

approximately 1 um/hr. 

[0114] Figure 5 shows the hysteresis curve of this particular embodiment of target 12. When 

target 12 under goes the transition from metallic to poison mode, the target voltage drops from 
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an average of about 420V to an average of about 260V. Before each film deposition, in step 

401, target 12 is cleaned by pure Argon sputtering in the metallic mode. Then target is then 

conditioned in poison mode with the oxygen flow much higher than the flow required at the 

transition region. 

[0115] Tables 1 A through 1 C shows some effects on the deposited films of depositions with the 

0.8/0.8 target under different operating conditions.· Table IA includes photoluminescence 

(pumped at 532 nm) and index of refraction for films deposited on substrate 16 with different 

Ar/02 gas flow ratios with no bias power applied to substrate 16. 

Table IA 

Target Ar/02 Frequency· Reverse Bias (W) PL/um Index 
Power (KHz). Pulsing (532nm) 
(KW) Time (us) 
6 30/42 200 2.3 0 1973 1.5142 
6 30/36 200 2.3 0 2358 1.5215 
6 60/30 200 2.3 0 3157 1.5229 
6 60/28 200 2.3 0 3421 1.5229 

[0116] Table IB shows the variation in photoluminescence (pumped at 532 nm) and index of 

refraction of the film deposited on substrate 16 with deposition processes having with the same 

Ar/02 ratios but different pulsed DC power frequencies from power supply 14. 

Table IB 

Target Ar/02 Frequency Reverse Bias (W) PL/um Index 
Power (KHz) Pulsing (532nm) 
(KW) Time (us) 
3 60/28 100 2.3 100 1472 1.5146 
4 60/28 75 3.5 100 2340 1.5189 
6 60/28 120 2.3 100 5178 1.5220 

[0117] Table 1 C shows the photoluinescence and index as deposited where the bias power to 

substrate 16 is varied. 
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Table IC 

Target 
Power 
(KW) 
6 
6 
6 
6 

Ar/02 Frequency 
(KHz) 

60/28 200 
60/28 200 
60/28 200 
60/28 200 

Reverse Bias (W) PL/um Index 
Pulsing (532nm) 
Time (us) 
2.3 0 3657 1.5230 
2.3 100 2187 1.5244 
2.3 200 3952 1.5229 
2.3 300 5000 1.5280 

[0118] The photoluminescence values can be measured with a Phillips PL-100. The deposited 

film can be pumped with a 532 nm laser and the luminescence at 980 is measured.· The index is 

the index of refraction. Typically, films deposited are annealed in order to activate the erbium. 

Figure 6 shows the photoluminescence and lifetime versus anneal temperature for a typical film 

deposited as described in this example. 

EXAMPLE2 

[0119] A waveguide amplifier can be deposited according to the present invention. · An 

embodiment of target 12 having composition 57.4 cat.% Si, 41.0 cat.% Al, 0.8 cat.% Er 0.8 cat. 

% Yb (the ".8/.8 target") can be formed as disclosed in the '245 application. The Er-Yb (0.8/0.8) 

co-doped Alumino-Silicate film was deposited onto a 6 inch wafer of substrate 16 which 

includes a 10 µm thick thermal oxide substrate, which can be purchased from companies such as 

Silicon Quest International, Santa Clara, CA. Target 12 was first cleaned by sputtering with Ar 

(80 seem) only in the metallic mode. Target 12 was then conditioned in poison mode by flowing 

60 seem of Argon and 40 seem of oxygen respectively. The power supplied to target 12 during 

conditioning was kept at about 6 kW. 

[0120] An active core film was then deposited on substrate 16. The thickness of the deposited 

film is approximately 1.2 µm. The deposition parameters are shown in Table 2. 

Table 2. 

-26-

Page 32 of 1053



M-12245 US 

852923 vi 

. Target Power 
(KW) 

6 

Ar/02 (seem) 

60/28 

Pulsing Bias (W) Reverse pulsing 
Frequency time(us) 
(KHz) 
120 100 2.3 

[0121] A straight waveguide pattern can then formed by standard photolithography techniques. 

The active core was etched using reactive ion etch followed by striping and cleaning. Next, a 10 

µm top cladding layer is deposited using a similar deposition process according to the present 

invention. An embodiment of target 12 with composition 92 cat.% Si and 8 cat.% Al as shown 

in Figure 9 to form the top cladding layer. The index difference between the top cladding layer 

and the active layer is about 3.7%. The amplifier is then annealed at 725° C for about 30 min 

(see Figure 6, for example). 

[0122] The erbium excited-state lifetime and the up-conversion coefficient were measured to be 

3ms and 4.5 X 10-18 cm3/s, respectively. A net gain of about 4dB for small signal (about-20 

dBm) with fiber to waveguide and to fiber coupling was obtained. Waveguide length was 10cm 

and the width was about 1.5 to 8 µm. The coupling loss between the fiber and the waveguide is 

3-4 dB/facet, and passive excess loss is 0.1-0.2 dB/cm for 3um waveguide. The waveguide was 

both co- and counter pumped with 150 mW 980nm laser per facet. 

EXAMPLE3 

[0123] This example describes production of a dual core Erbium/Yttrbium co-doped amplifier 

according to the present invention. In one example, substrate 16 is a silicon substrate with an 

undercladding layer of thermally oxidized Si02 of about 15 µm thick. Substrate 16 with the 

thermal oxide layer can be purchased from companies such as Silicon Quest International, Santa 

Clara, CA. A layer of active core material is then deposited on substrate 16 with a Shadow Mask 

as described in the '138 application. Use of a shadow mask results in a vertical taper on each 

side of a finished waveguide which greatly enhances the coupling oflight into and out of the 

waveguide. 
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[0124] Active core layer is deposited from a 0.8/0.8 target as described in the '247 application 

having composition 57.4 cat. % Si, 41.0 cat. % Al, 0.8 cat. % Er, and 0.8 cat. % Yb. The 

deposition parameters are identical to that of Example 2 described above. The active layer is 

deposited to a thickness of about 1.2 µm. 

[0125] A passive layer of aluminasilicate is then deposited over the active layer. A passive layer 

of about 4.25 µm thickness can be deposited with an embodiment of target 12 having 

composition of Si/ Al of about 87 cat. % Si and about 13 cat. % Al. The passive layer and active 

layer are then patterned by standard lithography techniques to form a core that has a width of 

about 5.0 µm for the active core and tapering to about 3.5 µmat the top of the passive core with 

an effective length of about 9.3 cm. 

[0126] Upper cladding layer is then deposited from a Si/Al target of 92 cat.% Si and 8 cat.% 

Al. Deposition of the upper cladding layer is shown in Figure 9. In some embodiments, the 

upper cladding layer can be deposited with a non-biased process. The thickness of the upper 

cladding layer can be about 10 µm. The amplifier formed by this process is then annealed at 

725° C for about 30 min. 

[0127] The as-deposited Erbium and Ytterbium concentrations in the active layer of core 303 is 

2.3 X 1020 cm-3 Erbium concentration and 2.3 X 1020 cm-3 Ytterbium concentration. The index 

of the core is 1.508 and the index of cladding layers are 1.4458 for undercladding layer 302 and 

1.452 for uppercladding layer 304. The parameter rui/n is therefore about 5.0%. 

[0128] A reverse taper mode size converter, see the' 138 application, is utilized for coupling 

light into waveguide amplifier 300. The insertion loss at 1310 nm is about 2 dB. Figure 26 

shows the amplifier performance of this example. In Figure 26, amplifier 300 is pumped with 

150 mW from one side pumping with 984 nm light. Gain flattening is achieved within about 1 

dB in the range 1528 nm to 1562 nm for small input signals (-20 dBm). For large input signals 

(0 dBm), gain flattening is also achieved within about 1 dB. 

EXAMPLE4 

-28-

Page 34 of 1053



M-12245 US 

852923 vi 

[0129] Another example of production of a waveguide amplifier is described here. Again, 

substrate 16 can be a Si wafer with about a 15 µm thick thermal oxide as can be purchased from 

Silicon Quest International, Santa Clara, CA. The embodiment of target 12 for the deposition of 

the active core can have a composition of about 50 cat. % Si, 48.5 cat. % Al, 1.5 cat. % Er (the 

"1.5/0" target), which can be fabricated as discussed in the '138 application. Target 12 was first 

cleaned by sputtering with Ar (80 seem) only in the metallic mode. Target 12 was then 

conditioned in poison mode by flowing 60 seem of Argon and 40 seem of oxygen respectively. 

[0130] The pulsed DC power supplied to target 12 was about 6 kW. Whenever a brand new 

target was used or when the target has been expose to atmosphere, a long time of condition (for 

example more than 30hrs of conditioning) may be necessary to ensure films with the best active 

core property (longest life time and highest photoluminescence) are deposited. Substrate 16 is 

then preheat at about 350° C for about 30min before deposition. 

[0131] The active core film was deposited onto a 6 inch thermal oxide wafer, which has been 

previously discussed, from the 1.5/0 target. The thermal oxide thickness was about 10 µm as 

described in previous examples. The active core is deposited to a thickness of about 1.2 µm with 

a deposition time of approximately 1 hr. The process condition are as listed in Table 4 below. 

Table 3 

Target Power Ar/02 (seem) Pulsing Bias (W) Reverse pulsing 
(KW) Frequency time (us) 

(KHz) 
6 60/28 120 100 2.3 

[0132] A straight waveguide pattern can then be formed by a standard photolithography 

procedure. The active core was etched using reactive ion etch followed by striping and cleaning. 

Finally, a 10 µm top cladding layer is deposited using a similar process. A target having 

composition 92 cat. % Si and 8 cat. % Al with deposition parameters as described in Figure 9 

was used to deposit the top cladding. The difference between the index of refraction between the 

core and the cladding is then about 3.7%. 
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[0133] In this example, annealing of the amplifier structure was performed at various anneal 

temperatures. The results of the various anneals are shown graphically in Figures 27 and 28. 

Figure 27 shows both internal gain in the C-band and insertion loss at 1310 nm of a 2.Sµm wide, 

10.1 cm long waveguide as deposited in this example as a function of annealing temperature. 

The life time in ms and up-conversion constants in cm-3/s measurements for the deposited active 

core film at different annealing temperature are shown in Figure 28. 

EXAMPLES 

[0134] One of the problems encountered during the reactive sputtering from an alloy metallic 

target is that the film composition drifts from run to run due to the difference in sputtering yields 

from the elements that forms the target alloy. For example, with Ar as a sputtering gas, the 

sputtering yield of Aluminum is about 3-4 times that of Silicon, while sputtering yield of 

Alumina is only about 50% that of Silica. Therefore, during the metal burn in, more Aluminum 

is sputtered from the target, resulting in a Si rich target surface. When sputtering in the poison 

mode, more Silica will be removed from target. Thus, as deposition goes on, the composition of 

the film deposited on substrate 16 will drift from lower Alumina concentration to higher 

Alumina concentration. This results in the index of refraction of a film drifting up with 

subsequent depositions from a target 12, as is shown for the deposition described in Example 4 

in Figure 29. Figure 30 shows the drift in photoluminescence pumped at 532 nm with 

subsequent depositions. Figure 31 shows drift in the excited state lifetime with subsequent 

depositions from a target. The embodiment of target 12 utilized in Figures 29 through 31 is the 

1.5/0 target and the deposition parameters are as described above in Example 4. 

[0135] The drift can be stabilized by recondition target 12 prior to deposition. The recondition 

process (or burn in) consists of both sputtering in metallic mode and then sputtering in poison 

mode to condition target 12. The burn in time in metallic mode needs to be as short as possible 

and at the same time insure no arcing during the poison mode deposition. Figure 32 shows the 

-30-

Page 36 of 1053



M-12245 US 

852923 vi 

much improved·drift in the index of refraction and the photoluminescence when target 12 is 

reconditioned between subsequent depositions. 

EXAMPLE6 

[0136] This example describes the fabrication of another Er-Yb codoped waveguide amplifier 

according to the present invention. The active core is deposited with an embodiment of target 12 

with composition about 49 cat. 0/o Si, 48 cat. % AI, 1.6 cat. o/o Er and 0.5 cat. % Yb, which 

can be fabricated as described in the '247 application. Target 12 was first cleaned by sputtering 

with Ar (80 seem) only in the metallic mode. Target 12 was then conditioned in poison mode by 

flowing 60 seem of Argon and 40 seem of oxygen respectively. The pulsed DC power supplied 

to target 12 was kept at 5 kW. Table 4 shows photoluminescence and index of refraction of as

deposited films from this example at some typical process conditions. The units for 

photoluminescence are the number of counts per microri. Lifetime and photoluminescence 

measured after annealing at various different temperatures are shown in Table 5. 

Target4 

Target Ar/02 Pulsing Bias Reverse 532nm Index 
Power (seem) Frequency (W) pulsing time PL/um 
(KW) (KHz) (us) 
5 60/34 120 100 2.3 3367 1.5333 
5 60/30 120 100 2.3 3719 1.5334 

Table 5 

~nneal Temperature °C Life Time (ms) PL (532nm)/um 
72.~ 3 7000 
77~ 3 7000 
BOC 4 7500 
82t 4.7 8560 
850 5.8 10000 
900 6.9 17000 

[01371 A waveguide amplifier was fabricated using this material in the similar fashion as 

described in examples 2-4. The active core was first deposited on substrate 16, which includes a 
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1 Oum thermal oxide layer, using the following deposition parameters: target power 5KW, 

pulsing frequency 120KHz, bias 100W, reverse time 2.3us, Argon and Oxygen flow are 60 seem 

and 30sccm respectively. The active core thickness is deposited to a thickness about l .2µm, 

which takes approximately 1 hr. All wafers are preheated at about 350° C for 30min before 

deposition. A straight waveguide pattern is then formed by standard photolithography 

procedure. The active core was etched using reactive ion etch following by striping and 

cleaning. Next, a 1 Oµm top cladding layer is deposited using similar process. The "92/8" (92 

cat. % Si and 8 cat. % Al) metallic target was used to deposit top clad according to deposition 

parameters shown in Figure 9, resulting in a 4 % index difference between active core and 

cladding. The wave guide was then annealed at 800° C for about 30 min. 

[0138] This waveguide was tested for gain using the method described in previous examples. 

However no net gain was observed from this waveguide since the passive loss was too high. 

EXAMPLE 7 

[0139] In addition to active material layers (i.e., layers having rare-earth ion concentrations), 

passive layers can also be deposited. Figure 9 shows deposition parameters for several target 

compositions, including some targets for deposition of passive (i.e., alloys of Al and Si with no 

rare earth ion concentration) layers. In this example, an embodiment of target 12 with a material 

composition of pure silicon is utilized. 

[0140] Apparatus 10 can be based on an AKT 1600 reactor and deposited with about 1 to 3 kW 

of pulsed DC target power supplied to target 12. Particular depositions have been accomplished · 

at 2.5 kW and 1.5 kW. The frequency of the pulsed DC power is between about 100 and 200 

Khz. Some depositions were performed at 200 kHz while others were performed at 100 kHz. 

The reverse time was varied between about 2, µs and about 4 µs with particular depositions 

performed at 2.3 µs and 3.5 µs. The bias power to substrate 16 was set to zero. 

[0141] Index variation of Si02 films with bias to substrate 16 and deposition rates as a function 

ofbias power to·substrate 16 is shown in Figure 10. 

-32-

Page 38 of 1053



M-12245 US 

852923 vi 

[0142) The process gas included a mixture of Ar, N2 and 02. The Ar flow rates was set at 20 

seem while the 0 2 flow rate was varied between about 5 and about 20 seem and the N 2 flow rate 

was varied from about 2 to about 35 seem. Figure 33 shows the variation in the index of 

. refraction of a film deposition on substrate 16 as the 0 2/N2 ratio is varied. 

EXAMPLES 

[0143) Alternatively, films can be deposited on substrate 16 from a pure alumina target. In an 

example deposition with an embodiment of target 12 of alumina in an e~bodiment of apparatus 

10 based on.the AKT 1600 reactor, the pulsed DC target power was set at 3 kW and the 

frequency was varied between about 60 kHz and 200 kHz. The reverse time was set at 2.5 µs. 

Again, no bias power was supplied to substrate 16. The 0 2 flow rate was varied from about 20 

to about 35 seem, with particular depositions performed at 22 and 35 seem. The Ar flow rate 

was set at 26 seem. A post deposition anneal of substrate 16 at 800° C for 30 min. was 

performed. 

[0144] Figure 12 shows the variation ofrefractive index of the film deposited on substrate 16 

with varying frequency of the pulsed DC power supplied to target 12. Figure 11 shows the 

variation in refractive index of a film deposited on substrate 16 with varying 0 2/ Ar ratio. As can 

·be seen from Figures 33, 34 and 35, the index of refraction of films deposited from alumina can 

be adjusted by adjusting the process gas constituents or by adjusting the frequency of the pulsed 

DC power supplied to target 12 during deposition. 

EXAMPLE9 

[0145] Additionally, passive films can be deposited from targets having a composition of Si and 

Al. For example, layers have been deposited from embodiments of target 12 with composition 

83 % Si and 17 % Al. About 4.5 kW of pulsed DC power at about 200 kHz frequency was 

supplied to target 12. The reverse time was about 2.2 µs. A bias power of about 150 W was 
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supplied to substrate 16 during deposition. Figures 14 and 15 show variation of the index of 

refraction for subsequent runs from this target. 

[0146] The examples and embodiments discussed above are exemplary only and are not 

intended to be limiting. One skilled in the art can vary the processes specifically described here 

in various ways. Further, the theories and discussions of mechanisms presented above are for 

discussion only. The invention disclosed herein is not intended to be bound by any particular 

theory set forth by the inventors to explain the results obtained. As such, the invention is limited 

only by the following claims. 
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We claim: 

· Claims 

· 1. A method of depositing a film on a substrate, comprising: 

providing pulsed DC power through a filter to a target; 

. providing bias power to a substrate positioned opposite the target; 

providing process gas between the target and the substrate, 

wherein the filter protects a pulsed DC power supply from the bias power. 

2. The method of Claim 1, further including holding the temperature of the substrate 

substantially constant. 

3. The method of Claim 1, wherein providing pulsed DC power through the filter includes 

supplying up to about 10 kW of power at a frequency of between about 40 kHz and about 350 

kHz and a reverse time pulse between about 1.3 and 5 µs. 

4. The method of Claim 1, wherein providing bias power to the substrate includes supplying up 

to 1000 W of RF power to the substrate. 

5. The method of Claim 4, wherein the filter is a band reject filter at the frequency of the bias 

power. 

6. The method of claim 4, wherein the bias power is zero. 

7. The method of Claim 1, wherein the film is an upper cladding layer of a waveguide structure 

and the bias power is optimized to provide planarization. 

8. The method of Claim 1, wherein the process gas includes a mixture of Oxygen and Argon. 

9. The method of Claim 9, wherein the Oxygen flow is adjusted to adjust the index of refraction 

of the film. 

10. The method of Claim 8, wherein the process gas further includes nitrogen. 
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11. The method of Claim 1, wherein providing pulsed DC power to a target indudes providing 

pulsed DC power to a target which has an area larger than that of the substrate. 

12. The method of Claim 1, further including uniformly sweeping the target with a magnetic 

field. 

13. The method of Claim 12, wherein uniformly sweeping the target with a magnetic field 

includes sweeping a magnet in one direction across the target where the magnet extends beyond 

the target in the opposite direction. 

14. The method of Claim 1, further including depositing a film on the backside of target 12. 

15. A reactor according to the present invention, comprising: 

a target area for receiving a target; 

a substrate area opposite the target area for receiving a substrate; 

a pulsed DC power supply; and 

a bias power supply coupled to the substrate. 

16. The reactor of Claim 15, wherein the target has a surface area greater than the surface area 

of the substrate. 

1 7. The reactor of Claim 15, further including a scanning magnet which provides uniform 

erosion of the target. 

18. The reactor of Claim 1 7, wherein the scanning magnet scans across the target in a first 

direction and extends in a second direction perpendicular to the first direction. 

19. The reactor of Claim 18, wherein the magnet extends beyond the target in the second 

direction. 

20. A method of depositing a film on a substrate, comprising: 

conditioning a target; 

preparing the substrate; 
-36-
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adjusting the bias power to the substrate; 

setting the process gas flow; and 

applying pulsed DC power to the target to deposit the film. 

21. The method of Claim 20, wherein conditioning the target includes sputtering with the target_ 

in a metallic mode to remove the surface of the target and sputtering with the target in 

poisonous mode to prepare the surface. 

22. The method of Claim 21, wherein setting the process gas flow includes adjusting 

constituents in order to adjust the index of refraction of the film. 

23. The method of Claim 21, wherein applying pulsed DC power includes setting the frequency 

in order to adjust the index of refraction of the film. 

24. The method of Claim 21, further including adjusting a temperature of the substrate in order 

. to adjust the index of refraction of the film. 

25. A method of forming a waveguide amplifier, comprising: 

providing a substrate with an undercladding layer; 

providing a target having a concentration of rare-earth ions opposite the substrate; 

supplyingprocess gas between the target and the substrate; 

applying pulsed DC power through a filter to the target to qeposit a film; 

patterning the film to form a core; 

depositing an uppercladding layer over the core. 

26. The method of Claim 25, wherein providing a substrate includes providing a silicon 

substrate with a thermal oxide layer. 

27. The method of Claim 25, wherein providing a target includes providing a target having a 

concentration of up to about 5 cat. % of rare earth ions. 
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28. The method of Claim 27, wherein providing a target includes providing a target of Al and Si. 

29. The method of claim 25, wherein providing a target includes providing a target with a 

concentration of Al. 

30. The method of Claim 29, wherein providing a target includes providing a target with a 

concentration of Si. 

31. The method of Claim 29, wherein providing a target includes providing a target with a 

concentration of rare earth ions. 

32. The method of Claim 25, further including providing bias power to the substrate. 

33. The method of Claim 25, further including scanning a magnet over the target. 

34. The method of Claim 25, wherein scanning the magnet over the target includes moving the 

magnet in a first direction. 

35. The method of Claim 34, wherein the magnet extends beyond the t~get in a second 

direction perpendicular to the first direction. 

36. The method of Claim 25, wherein the target has a surface area greater than the surface area 

of the substrate. 

37. The method of Claim 32, wherein the filter rejects power at a frequency of the bias power. 

38. A sputtering apparatus, comprising: 

means for providing pulsed DC power to a target; and 

means for providing bias power to a substrate. 

39. The apparatus of Claim 38, further including 

means for providing process gas between the target and the substrate. 
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Biased Pulse DC Reactive Sputtering of Oxide Films 

Hongmei Zhang 
Mukundan Narasimhan 

Ravi Mullapudi 
Richard E. Demaray 

Abstract 

A biased pulse DC reactor for sputtering of oxide films is presented. The biased pulse 

DC reactor couples pulsed DC at a particular frequency to the target through a filter which filters. 

out the effects of a bias power applied to the substrate, protecting the pulsed DC power supply, 

Films deposited utilizing the reactor have controllable material properties such as the index of 

refraction. Optical components such as waveguide amplifiers and multiplexers can be fabricated 

using processes performed on a reactor according to the present inention. 
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Target Voltage VS. Oxygen Flow 
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Material Expected index Actual Process Conditions 
(Er/Yb/ Al/Si) (Post anneal) index{Post (Annealed 725c 30min) 

. ' anneal) 

0.8/0.8/41.4/57 1.506 1.510 6KW, Ar-60,02-28sccm, 120K.Hz, 2.2us, 60mm T-
W Space, 4-5mm T-M Space, 0-400W Bias 

1.6/0.5/49/48.9 1.526 1.528 6KW, Ar-60,02-28sccm, I20K.Hz, 2.2us, 60mm T~ 
W Space, 4-5mm T-M Space, 0-400W Bias 

~ 

~ °' C1; C\ 
Ct; ' -. r\. 

I 

~ 

0/0/8/92 1.452 1.456- 4.5KW, Ar-30-60,02-28-44, 120-200Kliz, 2.2us, 
60-85mm T-W Space, 4-Snun T-M Space, 0-400W 

1.459 Bias 

0/0/40/60 1.504 1.486- 3.0-4.SKW, Ar-30,02-44, 75-200K.hz, 2.2-3.0us, 
60-85mm T-W Space, 4,5111111 T-M Space, 0-400W 

1.501 Bias 

0/0/50/50 1.520 1.491- 4.0-4.SKW, Ar-30,02-44, 75-200Khz, 2.2-3.0us, 
60-85111111 T-W Space, 4-Smm T-M Space, 0-400W 

. . 

1.503 Bias 

0/0/65/35 1.544 1.545- 4.5-5.SKW, Ar75-90, 0285-100, 200Kliz,2.2us, 
8511un T-W Space, 4-5mm T-M Space, 0-400W 

1.560 B1as · 

0/0/30/70 1.490 1.562 (high 5.0KW, Ar75, 02-100, 200Kliz,2.2us, 85mm T-W 
Space, 4-Smm T-M Space, 0-400W Bias 

Fe content) 
1.5/0/48.5/50 1.523 1.509- 6KW, Ar-60,02-28sccm, 120K1-Iz,'2.2us, 60mmT-

W Space, 4-5mm T-M Space, 0-400W Bias 

1.513 

r,· r:J. rJ "e 1 
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Bias 
Power DC Power 
(Watts) (KW) 

150 4.5 
150 4.5 
400 4.5 
400 4.5 

Pulsing 
Freq Reverse Ar Flow 
(KHz) Time (µs) (seems) 

200 2.2 100 
200 2.2 100 
200 2.2 100 
200 2.2 100 

Target To 
Wafer Refractive Refractive 

02 Flow Wafer Spacing Index Avg Index STD Dep Rate 
(seems) Position (mm) (@1550nm) (@1550nm) (um/Hr) 

100 1 55 1.461508 0.000535 0.957.654 
100 2 55 1.462329 0.000376 0.962581 
100 1 55 1.462774 0.000103 0.814007 
100 2 55 1.463583 ,0.000095 0.824566 

.Figure 10 
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Zhang, et al. 

Application No.: 10/101,863 

Filed: March 16, 2002 

For: BIASED PULSE DC REACTIVE 
SPUTTERING OF OXIDE FILMS . 

Commissioner for Patents 
Washington, DC 20231 
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The undersigned, a representative authorized to sign on behalf of the Assignee owning all 

of the interest in this patent, hereby revokes all previous powers of attorney or authorization of 

agent granted in this application before the date of execution hereof. The undersigned verifies 

that Symmorphix, Inc. is the Assignee of the entire right, title, and interest in the patent 

application identified above by virtue of the attached assignment document, which is being 

concurrently filed for recordation. The undersigned certifies that the evidentiary documents have 

been reviewed and to the best of the undersigned's knowledge and belief, title is in the Assignee 

Symmorphix, Inc. 
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The undersigned hereby grants its power of attorney to FINNEGAN, HENDERSON, 

FARABOW, GARRETT & DUNNER, L.L.P., Douglas B. Henderson, Reg. No. 20,291; Ford 

F. Farabow, Jr., Reg. No. 20,630; Arthur S. Garrett, Reg. No. 20,338; Donald R. Dunner, Reg. 

No. 19,073; Brian G. Brunsvold, Reg. No. 22,593; Tipton D. Jennings, IV, Reg. No. 20,645; 

Jerry D. Voight, Reg. No. 23,020; Laurence R. Hefter, Reg. No. 20,827; Kenneth E. Payne, Reg. 

No. 23,098; Herbert H. Mintz, Reg. No. 26,691; C. Larry O'Rourke, Reg. No. 26,014; Albert J. 

Santorelli, Reg. No. 22,610; Michael C. Elmer, Reg. No. 25,857; Richard H. Smith, Reg. No. 

20,609; Stephen L. Peterson, Reg. No. 26,325; John M. Romary, Reg. No. 26,331; Bruce C. 

Zotter, Reg. No. 27,680; Dennis P. O'Reilley, Reg. No. 27,932; Allen M. Sokal, Reg. No. 

26,695; Robert D. Bajefsky, Reg. No. 25,387; Richard L. Stroup, Reg. No. 28,478; David W. 

Hill, Reg. No. 28,220; Thomas L. Irving, Reg. No. 28,619; Charles E. Lipsey, Reg. No. 28,165; 

Thomas W. Winland, Reg. No. 27,605; Basil J. Lewris, Reg. No. 28,818; Martin I. Fuchs, Reg. 

No. 28,508; E. Robert Yoches, Reg. No. 30,120; Barry W. Graham, Reg. No. 29,924; Susan 

Haberman Griffen, Reg. No. 30,907; Richard B. Racine, Reg. No. 30,415; Thomas H. Jenkins, 

Reg. No. 30,857; Robert E. Converse, Jr., Reg. No. 27,432; Clair X. Mullen, Jr., Reg. No. 

20,348; Christopher P. Foley, Reg. No. 31,354; Roger D. Taylor, Reg. No. 28,992; John C. Paul, 

Reg. No. 30,413; David M. Kelly, Reg. No. 30,953; Kenneth J. Meyers, Reg. No. 25,146; Carol 

P. Einaudi, Reg. No. 32,220; Walter Y. Boyd, Jr., Reg. No. 31,738; Steven M. Anzalone, Reg. 

No. 32,095; Jean B. Fordis, Reg. No. 32,984; Barbara C. McCurdy, Reg. No. 32,120; James K. 

Hammond, Reg. No. 31,964; Richard V. Burgujian, Reg. No. 31,744; J. Michael Jakes, Reg. No. 

32,824; Thomas W. Banks, Reg. No. 32,719; Christopher P. Isaac, Reg. No. 32,616; Bryan C. 

Diner, Reg. No. 32,409; M. Paul Barker, Reg. No. 32,013; Andrew Chanho Sonu, Reg. No. 

33,457; David S. Forman, Reg. No. 33,694; Vincent P. Kovalick, Reg. No. 32,867; James W. 
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Edmondson, Reg. No. 33,871; Michael R. McGurk, Reg. No. 32,045; Joann M. Neth, Reg. No. 

36,363; Gerson S. Panitch, Reg. No. 33,751; Cheri M. Taylor, Reg. No. 33,216; Charles E. Van 

Hom, Reg. No. 40,266; Linda A. Wadler, Reg. No. 33,218; Jeffrey A. Berkowitz, Reg. No. 

36,743; Michael R. Kelly, Reg. No. 33,921; James B. Momoe, Reg. No. 33,971; Doris Johnson 

Hines, Reg. No. 34,629; Lori Ann Johnson, Reg. No. 34,498; R. Bruce Bower, Reg. No. 37,099; 

John Rissman, Reg. No. 33,764; Therese A. Hendricks,. Reg. No. 30,389; Leslie I. Bookoff, 

Reg. No. 38,084; Michele C. Bosch, Reg. No. 40,524; Michael J. Flibbert, Reg. No. 33,234; 

Scott A. Herbst, Reg. No. 35,189; Leslie A. McDonell, Reg. No. 34,872; Thalia V. Warnement, 

Reg. No. 39,064; Ronald A. Bleeker, Reg. No. 27,773; Kathleen A. Daley, Reg. No. 36,116; C. 

Gregory Gramenopoulos, Reg. No. 36,532; Anthony M. Gutowski, Reg. No. 38,742; Yitai Hu, 

Reg. No. 40,653; Lionel M. Lavenue; Reg. No. 46,859; Christine E. Lehman, Reg. No. 38,535; 

and Gary J. Edwards, Reg. No. 41,008; both jointly and separately as their attorneys with full 

power of substitution and revocation to prosecute this application and to transact all business in 

the Patent and Trademark Office connected therewith, and to receive the Letters Patent. 

Please send all future correspondence concerning this application to Finnegan, 

Henderson, Farabow, Garrett & Dunner, L.L.P. at the following address: 

Dated:l\tmJ l~ 

Finnegan, Henderson, Farabow, 
Garrett & Dunner, L.L.P. 

1300 I Street, N.W. 
Washington, D.C. 20005-3315 

, 2003 By:...µ~~~~-V~-"6,l~:l.AUJ...1£JC.M 
Name: Richard . emaray 

3 

Title: Chief Technical Officer 
Symmorphix, Inc. 
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PATENT 
Customer No. 22,852 

Attorney Docket No. 09140-0016-01000 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re Application of: 

Zhang et al. 

Continuation of Application No.: 10/101,863 

Filed: October 1, 2004 

For: BIASED PULSE DC REACTIVE 
SPUTTERING OF OXIDE FILMS 

Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-145 0 

Sir: 

) 
) 
) Group Art Unit: Not Yet Assigned 
) 
) Examiner: Not Yet Assigned 
) 
) 
) Confirmation No.: Not Yet Assigned 
) 
) 

PRELIMINARY AMENDMENT 

Prior to the examination of the above application, please amend this application as 

follows: 

Amendments to the Specification are included in this paper. 

Amendments to the Claims are reflected in the listing of claims in this paper. 

Remarks/Arguments follow the amendment sections of this paper. 
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AMENDMENTS TO THE SPECIFICATION: 

Please amend the specification as follows: 

Please amend this application on page 1, line 1, by inserting the following new 

paragraph: 

This is a continuation of Application No. 10/101,863, filed March 16, 2002 which is 

incorporated herein by reference. 

Please amend paragraph [0048] as indicated below: 

[0048] RF sputtering of oxide films is discussed in Application Serial No. 09/903,050 (the '050 

application) (now U.S. Patent No. 6,506,289) by Demaray et al., entitled "Planar Optical Devices 

and Methods for Their Manufacture," assigned to the same assignee as is the present invention, 

herein incorporated by reference in its entirety. Further, targets that can be utilized in a reactor 

according to the present invention are discussed in U.S. Application serial no. (Atteraey Deeket 

:P.fo. M 12247 US) (tae '247 a13pliea-tiea) 10/101,341 (the '341 application), filed concurrently 

with the present disclosure, assigned to the same assignee as is the present invention, herein 

incorporated by reference in its entirety. A gain-flattened amplifier formed of films deposited 

according to the present invention are described in U.S. Application serial no. (Atteraey ])eeket 

:P.fo. M 12052 USJ (tae '052 a1313liea-tiea) 10/101,493 (the '493 application), filed concurrently 

with the present disclosure, assigned to the same assignee as is the present invention, herein 

incorporated by reference in its entirety. Further, a mode size converter formed with films 

deposited according to the present invention is q.escribed in U.S. Application serial no. (Atteraey 

DeeketWe. M 12138 US) (tae '138 a1313lieatiea) 10/101,492 (the '492 application), filed 

concurrently with the present disclosure, assigned to the same assignee as is the present 

invention, herein incorporated by reference in its entirety. 

Please amend paragraph [0060] as indicated below: 

-2-
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(0060) Target 12 can be formed of any materials, but is typically metallic materials such as, for 

example, combinations of Al and Si. Therefore, in some embodiments, target 12 includes a · 

metallic target material formed from iatermetalie intermetallic compounds of optical elements 

such as Si, Al, Er and Yb. Additionally, target 12 can be formed, for example, from materials 

such as La, Yt, Ag, Au, and Eu. To form optically active films on substrate 16, target 12 can 

include rare-earth ions. In some embodiments of target 12 with rare earth ions, the rare earth 

ions can be pre-alloyed with the metallic host components to form iBtermetalies intermetallics. 

See tke '247 apfllieatieB. See the '341 application. 

Please amend paragraph (0062] as indicated below: 

(0062) Several useful examples of target 12 that can be utilized in apparatus 10 accordin$ to the 

present invention include the following targets compositions: (Si/ Al/Er/Yb) being about 

(57.0/41.4/0.8/0.8), (48.9/49/1.6/0.5), (92/8/0/0), (60/40/0/0), (50/50/0/0), (65/35/0/0), 

(70/30/0,0), and (50,48.5/1.5/0) cat. %, to list only a few. These targets can be referred to as the 

0.8/0.8 target, the 1.6/.5 target, the 92-8 target, the 60-40 target, the 50-50 target, the 65-35 

target, the 70-30 target, and the 1.5/0 target, respectively. The 0.8/0.8, 1.6/0.5, and 1.5/0 targets 

can be made by pre-alloyed targets formed from an atomization and hot-isostatic pressing 

(HIPing) process as described in tke '247 af)plieatieB the '341 application. The remaining 

targets can be formed, for example, by HIPing. Targets formed from Si, Al, Er and Yb can have 

any composition. In some embodiments, the rare earth content can be up to 10 cat. % of the total 

ion content in the target. Rare earth ions are added to form active layers for amplification. 

Targets utilized in apparatus 10 can have any composition and can include ions other than Si, Al, 

Er and Yb, including: Zn, Ga, Ge, P, As, Sn, Sb, Pb, Ag, Au, and rare earths: Ce, Pr, Nd, Pm, 

Sm, Eu, Gd, Tb, Dy Ho, Er, Tm Yb and Lu. 

Please amend paragraph [0084] as indicated below: 

(0084] Figure 5 shows the voltage on target 12 of an embodiment of apparatus 10 according to 

the present invention as a function of process gas constitution. In the example illustrated in 

Figure 5i for example, a metallic target with composition .8 cat. % Er, .8 cat. % Yb, 57.4 cat. % 

Si and 41 cat.% Si, which can be formed as described in tke '247 applieatieB the '341 
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application, was sputtered in an embodiment of apparatus 10 based on the AKT-1600 PVD 

system with 6 kW of pulsed DC power at a frequency of 120 kHz and a reverse time of2.3 micro 

seconds. The Argon gas flow was set at 60 seem and the Oxygen gas flow was varied froin z~ro 

up to 40 seem. For more details regarding this deposition, see Example 1 below. 

Please amend paragraph [0112) as indicated below: 

[0112) An AKT 1600 based reactor can be utilized to deposit a film. In this example, a wide 

area metallic target of dimension 5 50X 650 mm with composition (Si/ Al/Er/Yb) being about· 

57.0 cat. % Si, 41.4 cat. % Al, 0.8 cat.% Er, and 0.8 cat. % Yb (a ".8/.8" target) was fabricated 

as described in t.ae '247 f)ateat the '341 application. 

Please amend paragraph [0119] as indicated below: 

[0119] A waveguide amplifier can be deposited according to the present invention. An 

embodi_ment of target 12 having composition 57.4 cat.% Si, 41.0 cat.% Al, 0.8 cat.% Er 0.8 cat. 

% Yb (the ".8/.8 target") can be formed as disclosed in tae '245 af)f)lieatioa the '341 application. 

The Er-Yb (0.8/0.8) co-doped Alumina-Silicate film was deposited onto a 6 inch wafer of 

substrate 16 which includes a 10 µm thick thermal oxide substrate, which can be purchased from 

companies such as Silicon Quest International, Santa Clara, CA. Target 12 was first cleaned by 

sputtering with Ar (80 seem) only in the metallic mode. Target 12 was then conditioned in 

poison mode by flowing 60 seem of Argon and 40 seem of oxygen respectively. The power 

supplied to target 12 during conditioning was kept at about 6 kW. 

Please amend paragraph [0123] as indicated below: 

[0123] This example describes production of a dual core Erbium/Yttrbium co-doped amplifier 

according to the present invention. In one example, substrate 16 is a silicon substrate with an 

undercladding layer of thermally oxidized Si02 of about 15 µm thick. Substrate 16 with the 

thermal oxide layer can be purchased from companies such as Silicon Quest International, Santa 

Clara, CA. A layer of active core material is then deposited on substrate 16 with a Shadow Mask 

as described in tae '138 af)f)lieatioa the '492 application. Use of a shadow mask results in a 
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vertical taper on each side of a finished waveguide which greatly enhances the coupling of light 

into and out of the waveguide. 

Please amend paragraph (0128) as indicated below: 

(0128] A reverse taper mode size converter, see the '138 013plieatioR the '492 application, is 

utilized for coupling light into waveguide amplifier 300. The insertion loss at 1310 nm is about 

2 dB. Figure 26 shows the amplifier performance of this example. In Figure 26, amplifier 300 is 

pumped with 150 mW from one side pumping with 984 nm light. Gain flattening is achieved 

within about 1 dB in the range 1528 nm to 1562 nm for small input signals (-20 dBm). For large 

input signals (0 dBm), gain flattening is also achieved within about 1 dB. 

Please amend paragraph [0136] as indicated below: 

[0136) This example describes the fabrication of another Er-Yb codoped waveguide amplifier 

according to the present invention. The active core is deposited with an embodiment of target 12 

with composition about 49 cat. % Si, 48 cat. % Al, 1.6 cat. % Er and 0.5 cat. % Yb, which 

can be fabricated as described in the '247 013plieatioH the '341 application. Target 12 was first 

cleaned by sputtering with Ar (80 seem) only in the metallic mode. Target 12 was then 

copditioned in poison mode by flowing 60 seem of Argon and 40 seem of oxygen respectively. 

The pulsed DC power supplied to target 12 was kept at 5 kW. Table 4 shows photoluminescence 

and index of refraction of as-deposited films from this example at some typical process 

conditions. The units for photoluminescence are the number of counts per micron. Lifetime and 

photoluminescence measured after annealing at various different temperatures are shown in 

Table 5. 

-5-
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AMENDMENTS TO THE CLAIMS: 

This listing of claims will replace all prior versions and listings of claims in the 

application: 

Claim 1-39 (Canceled). 

Claim 40 (New): A method of depositing a film on a substrate, comprising: 

providing process gas between the target and a substrate; 

providing pulsed DC power to a target; 

providing a magnetic field to the target; and 

wherein a material is deposited on the substrate. 

Claim 41 (New): The method of claim 40, wherein the target is a metallic target and the process 

gas includes oxygen. 

Claim 42 (New): The method of claim 40, wherein the target is a metallic target and the process 

gas includes one or more of a set consisting of Nz, NH3, CO, NO, CO2, halide containing gasses. 

Claim 43 (New): The method of claim 40, wherein the target is a ceramic target. 

Claim 44 (New): The method of claim 40, further including providing filtering of pulsed DC· 

power to the target in order to protect a pulsed DC power supply. 

Claim 45 (New): The method of claim 40, wherein the magnetic field is provided by a moving 

magnetron. 

Claim 46 (New) The method of Claim 40, further including holding the temperature of the 

substrate substantially constant. · 

Claim 47 (New): The method of Claim 40, wherein the process gas includes a mixture of 

Oxygen and Argon. 
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Claim 48 (New): The method of Claim 40, wherein the Oxygen flow is adjusted to adjust the 

index of refraction of the film. 

Claim 49 (New): The method of Claim 40, wherein the process gas further includes nitrogen. 

Claim 50 (New): The method of Claim 40, wherein providing pulsed DC power to a target 

includes providing pulsed DC power to a target which has an area larger than that of the 

substrate. 

Claim 51 (New): The method of Claim 40, further including uniformly sweeping the target with 

a magnetic field. 

Claim 52 (New): The method of Claim 51 wherein uniformly sweeping the target with a 

magnetic field includes sweeping a magnet in one direction across the target where the magnet 

extends beyond the target in the opposite direction. 

Claim 53 (New): The method of Claim 40, wherein the target is an alloyed target. 

Claim 54 (New): The method of Claim 53 wherein the alloyed target includes one or more rare

earth ions. 

Claim 55 (New): The method of Claim 53 wherein the alloyed target includes Si and Al. 

Claim 56 (New): The method of Claim 53 wherein the alloyed target includes one or more 

elements taken from a set consisting of Si, Al, Er, Yb, Zn, Ga, Ge, P, As, Sn, Sb, Pb, Ag, Au, Ce, 

Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy Ho, Tm, and Lu. 

Claim 57 (New): The method of claim 53 wherein the alloyed target is a tiled target. 

Claim 58 (New): The method of claim 57 wherein each tile of the tiled target is formed by 

prealloy atomization and hot isostatic pressing of a powder. 

Claim 59 (New): The method of claim 40, wherein the oxide film is formed by reactive 

sputtering in metallic mode. 

Claim 60 (New): The method of claim 40, wherein the oxide film is formed by reactive 
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sputtering in poison mode. 

Claim 61 (New): The method of claim 40, further including reconditioning the metallic target. 

Claim 62 (New): The method of claim 61, wherein reconditioning the metallic target includes: 

reactive sputtering in the metallic mode and then reactive sputtering in the poison mode. 

Claim 63 (New): A reactor according to the present invention, comprising: 

a target area for receiving a target; 

a magnetic field generator supplying a magnetic field to the target; 

a substrate area opposite the target area for receiving a substrate; and 

a pulsed DC power supply coupled to the target, 

wherein a material is deposited on the substrate when pulsed DC power from the pulsed 

DC power supply is applied to the target in the presence of a process gas. 

Claim 64 (New): The method of claim 63, wherein the target is a metallic target and the process 

gas includes oxygen. 

Claim 65 (New): The method of claim 63, wherein the target is a metallic target and the process 

gas includes one or more of a set consisting of N2, NH3, CO, NO, CO2, halide containing gasses. 

Claim 66 (New): The method of claim 63, wherein the target is a ceramic target. 

Claim 67 (New): The method of claim 63, further including providing filtering of pulsed DC· 

power to the target in order to protect a pulsed DC power supply. 

Claim 68 (New): The method of claim 63, wherein the magnetic field is provided by a moving 

magnetron. 

Claim 69 (New) The method of Claim 63, further including a temperature controller for holding 

the temperature of the substrate substantially constant. 
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Claim 70 (New): The method of Claim 63, wherein the process gas includes a mixture of 

Oxygen and Argon. 

Claim 71 (New): The method of Claim 70, further including a process gas flow controller 

wherein the Oxygen flow is adjusted to adjust the index ofrefraction of the film. 

Claim 72 (New): The method of Claim 63, wherein the process gas further includes nitrogen. 

Claim 73 (New): The method of Claim 63, wherein the target has an area larger than that of the 

substrate. 

Claim 74 (New): The method of Claim 63, wherein the magnetic field generator uniformly 

sweeps the target with the magnetic field. 

Claim 75 (New): The method of Claim 74 wherein when the magnet field is swept in one 

direction across the target, the magnet field extends beyond the target in the opposite direct_ion. 

Claim 76 (New): The method of Claim 63, wherein the target is an alloyed target. 

Claim 77 (New): The method of Claim 76 wherein the alloyed target includes one or more rare

earth ions. 

Claim 78 (New): The method of Claim 76 wherein the alloyed target includes Si and AL 

Claim 79 (New): The method of Claim 76 wherein the alloyed target includes one or more 

elements taken from a set consisting of Si, Al, Er, Yb, Zn, Ga, Ge, P, As, Sn, Sb, Pb, Ag, Au, Ce, 

Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy Ho, Tm, and Lu. 

Claim 80 (New): The method of claim 76 wherein the alloyed target is a tiled target. 

Claim 81 (New): The method of claim 80 wherein each tile of the tiled target is formed by 

prealloy atomization and hot isostatic pressing of a powder. 

Claim 82 (New): The method of claim 63, wherein the material is an oxide film formed by 

reactive sputtering in metallic mode. 
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Claim 83 (New): The method of claim 63, wherein the material is an oxide film formed by 

reactive sputtering in poison mode. 

Claim 84 (New): The method of claim 63, wherein the target is reconditioned. 
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REMARKS 

Claims 1-39 are cancelled by the present amendment. New claims 40-84 are introduced. 

Support for this amendment is provided in the specification and drawings as originally filed. No 

new matter has been introduced by this amendment. 

If there is any additional fee due in connection with the filing of this Preliminary 

Amendment, please charge the fee to our Deposit Account No. 06-0916. 

Dated: September 30, 2004 

Respectfully submitted, 

FINNEGAN, HENDERSON, F ARABOW, 
GARRETT & DUNNER, L.L.P. 

By:~Ad~ 

Reg. No. 41,008 
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PATENT 
Customer No. 22,852 

Attorney Docket No. 09140-0016-01000 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re Application of: 

H. Zhang, et al. 

Continuation of Application No.: 10/101,863 

Filed: October 1, 2004 

For: BIASED PULSE DC REACTIVE 
SPUTTERING OF OXIDE FILMS 

Mail Stop AMENDMENTS 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

) 
) 
) Group Art Unit: Not Yet Assigned 
) 
) Examiner: Not Yet Assigned 
) 
) Confirmation No.: Not Yet Assigned 
) 
) 
) 

INFORMATION DISCLOSURE STATEMENT UNDER 37 C.F.R. § 1.97{b) 

Pursuant to 37 C.F.R. §§ 1.56 and l.97(b), Applicants brings to the attention of the 

Examiner the documents listed on the attached PTO 1449. This Information Disclosure 

Statement is being filed within three months of the filing date of the above-referenced 

application. 

Copies of the listed documents were provided in the US Patent Application 

No. 10/101,863, filed on March 16, 2002, upon which Applicants rely for the benefits provided 

in 35 U.S.C. §120. 

Applicants respectfully request that the Examiner consider the listed documents and 

indicate that they were considered by making appropriate notations on the attached form. 

This submission does not represent that a search has been made or that no better art exists 

and does not constitute an admission that each or all of the listed documents are material or · 
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constitute "prior art." If the Examiner applies any of the documents as prior art against any 

claims in the application and Applicants determine that the cited documents do not constitute 

"prior art" under United States law, Applicants reserve the right to present to the office the 

relevant facts and law regarding the appropriate status of such documents. 

Applicants further reserve the right to take appropriate action to establish the patentability · 

of the disclosed invention over the listed documents, should one or more of the documents be 

applied against the claims of the present application, 

If there is any additional fee due in connection with the filing of this Statement, please 

charge the fee to our Deposit Account No. 06-0916. 

Dated: September 30, 2004 

Respectfully submitted, 

FINNEGAN, HENDERSON, F ARABOW, 
GARRETT & DUNNER, L.L.P. 

By:~~~~~.~~ a/~ 
Gary~E~~ 
Reg. No. 41,008 

-2-
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Examiner Document Issue Date/ Name Class Sub Filing Date 
Initial* Number Publication Date Class If Appropriate 
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3,616,403 Oct. 26, 1971 Collins et al. 204 192 

3,850,604 Nov. 26, 1974 Klein 65 32 

4,111,523 Sep.5, 1978 Kaminow et al. 350 96.14 

4,437,966 Mar. 7, 1961 Hope et al 204 298 
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4,978,437 Dec. 18, 1990 Wirz 204 192. 

5,174,876 Dec. 29, 1992 Buchal et al. 427 526 

5,196,041 Mar. 23, 1993 Tumminelli et al. 65 30.1 

5,200,029 Apr. 6, 1993 Bruce et al. 156 657 

5,206,925 Apr. 27, 1993 Nakazawa et al. 385 142 

5,225,288 Jul. 6, 1993 Beeson et al. 428 475.5 

Examiner I Date Considered 

*Examiner: Initial if reference considered, whether or not citation is in conformance with MPEP 609; draw line 
through citation if not in conformance and not considered. Include copy of this form with next 
communication to applicant. 

Form PTO 1449 Patent and Trademark Office - U.S. Department of Commerce 
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Examiner I Date Considered 

*Examiner: Initial if reference considered, whether or not citation is in conformance with MPEP 609; draw line 
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communication to applicant. 
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Applicant ZHANG et al. 

Filing Date October 1, 2004 I Group: Not Yet Assigned 

U.S. PATENT DOCUMENTS 
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6,057,557 May 2, 2000 Ichikawa 257 59 
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6,248,291 B1 Jun. 19,2001 Nakagama et al. 419 46 

6,280,585 B1 Aug.28,2001 Obinata et al. 204 298.19 

6,287,986 81 Sep. 11,2001 Mihara 438 763 

6,290,822 B1 Sep. 18,2001 Fleming et al. 204 192.22 

6,344,419 B1 Feb.5,2002 Forster et al. 438 758 

6,350,353 B2 Feb.26,2002 Gopalraja et al. 204 192.3 

6,358,810 B1 Mar. 19, 2002 Dornfest et al. 438 396 

Examiner I Date Considered 

*Examiner: Initial if reference considered, whether or not citation is in conformance with MPEP 609; draw line 
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Atty. Docket No. 09140-0016-01000 I Appln. No. Not Yet Assigned 

Applicar:it ZHANG et al. 

Filing Date October 1, 2004 I Group: Not Yet Assigned 

U.S. PATENT DOCUMENTS 

Examiner Document Issue Date/ Name Class Sub Filing Date 
Initial* Number Publication Date Class If Appropriate 

6,409,965 B1 Jun.25,2002 Nagate et al. 419 26 
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WO 96/23085 08/01/96 PCT C23 C 14/34 

WO 97/35044 09/25/97 PCT C23C 14/40 
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APPLICATION NUMBER FILINGOR371 (c)DATE FIRST NAMED APPLICANT ATTORNEY DOCKET NUMBER 

10/954,182 10/01/2004 Hongmei Zhang 09140-0016-01000 

22852 
FINNEGAN, HENDERSON, FARABOW, GARRETI & DUNNER 
LLP 
1300 I STREET, NW 
WASHINGTON, DC 20005 

CONFIRMATION NO. 9873 
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Date Mailed: 11/22/2004 

NOTICE OF INFORMAL APPLICATION 

This application is considered to be informal since it does not comply with the regulations for the reason(s) 
indicated below. The period within to correct the informalities noted below and avoid abandonment is set in the 
accompanying Office action. 

Items Required To Avoid Processing Delays: 

The item(s) indicated below are also required and should be submitted with any reply to this notice to avoid 
further processing delays. 

• A new oath or declaration, identifying this application number is required. The oath or declaration does not 
comply with 37 CFR 1.63 in that it: 

• does not identify the citizenship of each inventor. 

Replies should be mailed to: Mail Stop Missing Parts 

Commissioner for Patents 

P.O. Box 1450 

Alexandria VA 22313-1450 

A copy of this notice MUST be returned with the reply. 

Customer Service Center 
Initial Patent Examination Division (703) 308-1202 
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PATENT 
· Customer No. 22,852 

Attorney Docket No. 09140-0016-01000 

IN THE UNITED STATES PATENT AND TRADEMARKOFFICE 

In re Application of: 

ZHANG et al. 

Application No.: 10/954,182 

Filed: October I, 2004 

For: BIASED PULSE DC REACTIVE 
SPUTTERING OF OXIDE FILMS 

Mail Stop AMENDMENTS 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

) 
) 
) Group Art Unit: 2882 
) 
) Examiner: Not Yet Assigned 
) 
) Confirmation No.: 9873 
) 
) 
) 

SUPPLEMENTAL INFORMATION DISCLOSURE STATEMENT 
UNDER 37 C.F.R. § 1.97{b} 

Pursuant to 37 C.F.R. §§ 1.56 and l.97(b), Applicants brings to the attention of the 

Examiner the documents listed on the attached PTO 1449. This Information Disclosure 

Statement is being filed within three months of the filing date of the above-referenced 

application. 

These documents include U.S. patents and applications that are possibly related to the 

pending application by subject matter, as summarized in the chart below. This submission 

should not be construed, however, as an admission of relatedness. 
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Attorney U.S. 
U.S./PCT 

Docket Patent/ 
Publication No. 

Number Serial No. 

09140-0001-00 10/291, 179 US 2003/0134054 Al 

09 I 40-0002-0 I 6,506,289 US 2002/0033330 A 1 

09140-0002-02 6,827,826 US 2003/0127319 Al 

09140-0004-00 6,533,907 US 2002/0134671 Al 

09140-0014-00 09/903,081 US 2003/0063883 Al 

09140-00 I 5-00 10/101,492 US 2003/0173208 Al 

09140-0016-00 10/101,863 US 2003/0173207 Al 

09140-0016-0 I 
(present 10/954,182 
application) 

09140-0017-00 10/101,341 US 2003/0175142 Al 

09140-0021-00 
10/101,493 US 2003/0174391 Al 

( abandoned) 

US 2004/0 I 05644 A I 
09140-0025-00 10/650,461 

WO 2004/021532 Al 

09140-0030-00 10/789,953 
US 2005/0006768 Al 
WO 2004/077519 A2 

-2-

U.S. Patent Application No. 10/954,182 
Attorney Docket No. 09140-0016-01 

Customer No. 22,852 

Title Examiner 

Low temperature zirconia 
based thermal barrier Rodney McDONALD 
layer by PVD 

Planar optical devices 
and methods for their Steven H. VERSTEEG 
manufacture 

Planar optical devices 
and methods for their Steven H. VERSTEEG 
manufacture 

Method of Producing 
amorphous silicon for 

Steven H. VERSTEEG 
hard mask and 
waveguide applications 

As-deposited planar 
optical waveguides with 
low scattering loss and John M. HOFFMANN 
methods for their 
manufacture 

Mode size converter for a Steven H. VERSTEEG. 
planar waveguide 

Biased pulse DC reactive 
Michelle ESTRADA 

sputtering of oxide films 

Biased pulse DC reactive 
Not Yet Assigned 

sputtering of oxide films 

Rare-earth pre-alloyed 
PVD targets for dielectric Daniel J. JENKINS 
planar applications 

Gain flattened optical 
Deandra M. HUGHES 

amplifier 

Optical Coupling into 
Highly Uniform Frank G. FONT 
Waveguides 

Dielectric Barrier Films Not Yet Assigned 
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Attorney U.S. 
U.S./PCT 

Docket Patent/ 
Publication No. 

Number Serial No. 

09140-0033-00 10/851,542 US 2004/0259305 A I 

09140-0034-00 10/850,968 US 2005/0000794 A 1 

U.S. Patent Application No. 10/954,182 
Attorney Docket No. 09140-0016-01 · 

Customer No. 22,852 

Title Examiner 

Energy Conversion and 
Storage Devices by 
Physical Vapor 

Not Yet Assigned 
Deposition of Titanium 
and Titanium Oxides and 
Sub-Oxides 

Transparent Conductive 
Oxides from a Metallic Not Yet Assigned . 
Target 

Copies of U.S. Patents and U.S. Patent Publications are not provided. Copies of foreign 

patent documents and non-patent literature documents are included herewith. 

Applicants submit copies of Office Actions issued by the U.S. Patent and Trademark 

Office in the above-listed applications and Applicants' responses to these office actions. 

Applicants also submit International Search Reports and Written Opinions issued in the Patent 

Cooperation Treaty applications corresponding to the U.S. Patent Applications listed above. 

Applicants respectfully request that the Examiner consider the listed documents and 

indicate that they were considered by making appropriate notations on the attached form. 

This submission does not represent that a search has been made or that no better art exists 

and does not constitute an admission that each or all of the listed documents are material or 

constitute "prior art." If the Examiner applies any of the documents as prior art against any claim 

in the application and Applicants determine that the cited documents do not constitute "prior art" 

under United States law, Applicants reserve the right to present to the Office the relevant facts 

and law regarding the appropriate status of such documents. 
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U.S. Patent Application No. 10/954,182 
Attorney Docket No. 09140-0016-0 I 

Customer No. 22,852 

Applicants further reserve the right to take appropriate action to establish the patentability 

of the disclosed invention over the listed documents, should one or more of the documents be 

applied against the claims of the present application. 

If there is any fee due in connection with the filing of this Statement, please charge the 

fee to our Deposit Account No. 06-0916. 

Dated: February 9, 2005 

Respectfully submitted, 

FINNEGAN, HENDERSON, FARABOW, 
GARRETT & DUNNER, L.L.P. 

By:4JIJ 
Reg. No. 41,008 
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Field of the Invention 

This invention relates to active optical devices, 
such as amplifiers, that operate by stimulated emis
sion in laser glass, and more particularly to devices 
made in the form of planar optical waveguides. 

Art Background 

Optical amplifiers are important in networks for 
distributing optical signals. Optical fiber amplifiers, 
made from glass that is doped with rare earth ele
ments such as erbium, are a well-known example. For 
e~ple, U. S. Patent No. 4,826,288, issued to R. J. 
Mansfield, et al. on May 2, 1989, descnbes one meth
od for fabricating optical fibers having cores with rel
aUvely high rare earth contenl However, for applica
tions such as premises distribution of optical signals, 
where components need to be relatively small and de
vice integration is desirable, it is advantageous to pr<r 
vide optical amplifiers In the fonn of planar wave
guides deposited on sDicon substrates. However, as 
currently·envisloned, such devices are much shorter 
than optical fiber amplifiers, and the required level of 
doping is correspondingly much greater. 

Attempts to deposit layers of glass at the high 
doping level appropriate for Ulis purpose have been 
generally unsatisfactory. For example, a doped soot 
layer can be formed by chemical vapor deposition, 
and subsequently sintered to form a glass layer. A 
method forfonning glass waveguides is described, for 
example, in U.S. Patent No. 4,425,146, issued to T. 
lzawa, et al., on January 10, 1984. A process forming 
sintered glasses containing rare earth dopants is de
sa-ibed, for example, in U.S. Patent No. 4,826,288, is-
sued to R. J. Mansfield, et al., on May 2, 1989. How
ever, the sintering temperature required, which may 
be as much as about 1200°C, may promote phase 
separation and may damage underlying structures on 
the substrate. As a consequence, it would be advar,.. 
tageous to find a core glass composition that can be 
doped with erbium and incorporated in a waveguide 
amplifier without exposing the waveguide structure to 
potentially damaging, high temperatures. 

Summary of the Invention 

In a broad sense, the invention is an active optical 
device in the fonn of a planar optical waveguiding 
structure. The device includes an elongate, active 
glass core which comprises silicon, oxygen, and er
bium, Ule erbium being at least partially in the fonn of 
Er3'° ions. The active core further comprises an alkali 
metal or alkaline earth metal in an effective quantity 
to prevent clustering of erbium atoms. The device fur
ther includes a glass cladding, means for coupling sig
nal radiation into and out of the active core, and 
means for coupling pump radiation into the active core 
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to pump the Er3'° ions. The cladding and core are 
formed such that they overlie a substantially planar 
principal surface of a substrate. In the active core, the 
erbium-to-silicon atomic ratio is at least about 0.01, 

5 the absolute erbium concentration is at least about 1.4 
x 1 ()20 atoms per cubic centimeter, and the erbium las
ing level has a radiative lifetime of at least about 7 ms. 

In another aspect, the invention is a method for 
forming an optical device on a silicon substrate having 

10 a substantially planar principal surface. The method 
includes, first, the step of fonning a first layer of vitr

. eous silicon dioxide on the principal surface. After 
that, a second layer of silica-based glass is deposited 
over the first layer by sputtering a target of silica-ba-

15 sed glass containing sodium and erbium such that the 
second layer has a higher refractive index than the 
first layer. Significantly, the target composition is se
lected such that the core has an erbium-to-sHlcon 
atomic ratio of at least about 0.01 and a sod ium-to-sil-

20 icon atomic ratio in the approximate range 0.2 - 0.6, 
the absolute erbium concentration is at least about 1.4 
x 1020 atoms per cubic centimeter, and the target com
position is further selected such Ulat a lasing level is· 
associated with the erbium in the core, the lasing level 

25 having a radiative lifetime of at least about 7 ms. After 
the sputtering step, the second layer is annealed such 
that it is stabilized. A portion of U,e second layer is 
subsequently removed by etching, such that an elon
gate core is formed. After that, a third layer of phos--

30 phosDicate glass is deposited over the core such that 
Ule third layer has a smaller refractive index than the 

36 

core. 

Brief Description of the Drawings 

FIG. 1 is a schematic, sectional end view of the 
inventive waveguiding structure, according to one 
embodiment. 

FIG. 2 is a schematic, top viewoftt,e waveguiding 
40 structure of FIG. 1. 

FIG. 3 is a schematic, sectional side view of the 
inventive waveguiding structure, according to an al
ternative embodiment. 

FIG. 4 is a flowchart of the steps in an exemplary 
45 process for manufacturing the inventive waveguiding 

structure. 

Detailed Description Of A Preferred Embodiment 

50 The inventive optical amplifier is to be used to am-
plify optical signals by stimulated emission from Er:i+ 
ions. As is well known in the art, the appropriate signal 
wavelength is about 1.55 µm. Various wavelengths of 
pump radiation are readily used to excite the Er3+ ions, 

55 as is described in greater detail below. 

2 

With reference to FIG. 1, a currently preferred em
bodiment of the inventive optical amplifier indudes a 
silicon substrate 10, a lower cladding layer 20 over1y-
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ing the substrate, a passive core 30 over1ying the low
er cladding layer, an active core 40 over1ying the pas
sive core, and an upper dadding layer 50 over1ying 
the active and passive cores and the lower cladding 
layer. In alternative embodiments of the invention, the 5 

passive core is omitted. 
As is apparent in the figure, the two cores are sub

stantially surrounded by the two cladding layers. The 
refractive indices of the upper and lower cladding lay-
ers are not necessarily equal to each other. However, 10 

they should both be smaller .than the refractive index 
of the active core, and also smaller than the refractive 
index of the passive core. As a consequence of the re
fractive index differences, electromagnetic radiation 
of the signal wavelength and at least one pump wa- 1s 
velength is guided in both the active core and the pas-
sive core. (In general, the waveguiding properties of 
the active and passive cores are not distinctly separ-
able. Thus, for example, radiation guided in the active 
core is not guided exclusively therein, but by an effec- 20 

tive core to which the under1ylng passive core also 
contributes.) 

Preferably, the active and passive cores function 
as single-mode waveguides, at least with respect to 
the signal wavelength. Thus, signal radiation is prefer- 2s 
ably guided exclusively in the fundamental mode. 
However, it should be noted that alternative embodi
ments are envisioned in which both the active and the 
passive cores function as multimode waveguides with 
respect to both the signal and pump radiation. 30 

The refractive index of the active core is prefer
ably somewhat greater than the refractive index of the 
passive core, in order to capture the greatest possible 
amount of light in the active core. (For example, active 
and passive cores are readRy made having respective 36 

refractive indices of 1.50 and 1.45.) As a conse-
quence of such refractive index difference, electro
magnetic waves that are guided in the active core will 
have narrower mode profiles than waves guided in the 
passive core. Accordingly, it is advantageous in such 40 

situations to make the active core narrower than the 
passive core. Such a relatively narrow active core 40 
is depicted in FIG. 1. 

Lower cladding layer 20 is fonned on an appro-
priately prepared, substantially planar principal sur- 45 

face of substrate 10, which is exemplarily a silicon wa-
fer. Layer 20 is exemplarily a HIPOX layer; i.e .• a layer 
of vitreous silicon dioxide that is grown by thennal ox
idation of silicon under high pressure steam according 
to methods that are well-known in the art. The thick- so 
ness of layer 20 should be greater than about 10 µm, 
because optical leakage may occur at substantially 
smaller thicknesses. A currently preferred thickness 
is about 15 µm. 

Passive core 30 is exemplarily made from phos- 55 

phosilicate glass. The phosphorus content, and con
comitantly the refractive index, of the glass is selected 
(with reference to the compositions of layers 20 and 
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50 and active core 40) to provide the desired wave
guiding properties, according to methods well known 
in the art. A useful range of glass compositions for 
passive core 30 consist of silica containing up to 
about 8 wt. 'Yo phosphorus, and the phosphorus con
tent more typically lies in the range 4 - 8 wt.%. Core 
30 is exemplarily deposited on layer 20 by low-pres
sure chemical vapor deposition, according to meth
ods that are well-known in the art. The thickness of the 
passive core is exemplarily about 5 µm, and the width 
of the passive core is exemplarily about 7 µm. 

Active core 40 is made from a siica-based glass 
having a relatively high concentration of erbium, e.g., 
glass having an erbium-to-silicon atomic ratio of at 
least about 0.01, preferably at least about 0.02, and 
still more preferably at least about 0.03. Furthermore, 
the absolute erbium concentration is at least about 1.4 
x 1 ()20 atoms per cubic centimeter. A smaller erbium
to-silicon ratio is undesirable because it could lead to 
an undesirably small value of signal gain per unit 
length of the amplffier. 

Various glass-modifying chemical . elements 
(hereafter, •modifiers1 are advantageously added to 
the glass of the active core in order to increase the sol
ubility of erbium in the glass, and thus to prevent clus
tering of erbium atoms at high concentrations. Certain 
modifiers have been found to inaease erbium soiubil
ity while avoiding concentration-quenching effects, 
which would otherwise reduce the Er,. radiative life
time below about 7 ms at relatively high concentra
tions (i.e., et erbium-to-sBicon atomic ratios greater 
than about 0.02). Modifiers that are useful in this re
gard include alkali metals such as sodium and alka
line earth metals such as calcium. 

Modifiers are also usefully incorporated in the ac
tive core glass to control the homogeneous and inho
mogeneous broadening of the Er3"" absorption and 
emission peaks. Such modifiers include alkali and al
kaline earth metals, which in at least some cases tend 
to make the peaks narrower, and elements such as 
lanthanum, yttrium, and zirconium, which contribute 
high field-strength ions and tend to broaden the 
peaks. Modifiers (such as aluminum and gallium) that 
enhance the degree of cross linkage in the glass net
work may also increase the degree of inhomogene
ous broadening. In some cases, such modifiers are 
advantageously added to offset the effects of other 
modifiers on the absorption and emission peaks. 

Modifiers are also usefully incorporated In order 
to stabHize the glass against devitrificalion, crystalli
zation, and attack by moisture during or after film de
position. Modifiers useful for that purpose include cal
cium, magnesium, aluminum, and lanthanum. (Be
cause the active core glass typically has a greater 
thermal expansion coefficient than the under1ying sil
icon and silica regions, it may also be advantageous 
to add modifiers that reduce the thermal expansion.) 

Thus, for example, an active core glass with a rel-
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atively high solubility for erbium is readily made by in
corporating in silica glass an effective amount of so
dium. An effective range for the sodium-to-silicon 
atomic ratio is from about 0.2 to about 0.6. An optional 
quantity of calcium, up to a calcium-to-sDicon atomic 5 

ratio of about 0.2, is usefully incorporated in order to 
enhance erbiwn solubUity and to stabilize the glass, 
as discussed above. An optional quantity of alumi
num, up to an aluminum-to-silicon atomic ratio of 
about 0.1, is usefully incorporated in order to stabffize 10 

the glass. Similarly. optional quantities of other modi-
fiers, such as those listed above, are usefully added 
in quantities that are limited, inter alia, by the ultimate 
refractive index desired and the relevant solubility lim-
k ffl 

An exemplary method for depositing active core 
40 is by sputtering, as described in detail below. As 
noted, the refractive index of active core 40 should be 
greater than those of both dadding layers, and also 
greater than the refractive index of passive core 30. 20 

Significantly, the use of sputtering offers the advan-
tage that the concentration of Er:i+ Ions can be made 
substantially uniform throughout the active core. 
Moreover, radiation damage (which can occur when 
erbium doping is performed by ion implantation) is 25 

avoided. 
The thickness of the active core is exemplarily 

about 1.2 µm. If the active core is made substantially 
thinner than about 1.0 µm, there will be no guided 
mode at the signal wavelength. The width of the active 30 

core should be at least about 4 µm, and is exemplarily 
about 8 µm. The total length of the active core is typ-
ically 5 mm or more. 

Upper cladding layer 50 is advantageously made 
from phosphosilicate glass, exemplarily by low-pres- 35 

sure chemical vapor deposition. In order to provide 
the desired index of refraction, an appropriate content 
of, e.g., phosphorus is selected according to methods 
well known in the art. An exemplary phosphorus con-
tent is about 2 wt.%. The thickness of the upper clad- 40 

ding layer is exemplarily about 5 iun. 
In use, an optical signal at a wavelength of about 

1.55 µm, and pump radiation at least at one wave
length shorter than 1.55 µm, are coupled into the pas-
sive core, and from the passive core into the active 45 

core. As is well-known in the art, pump radiation is ab
sorbed by Er:!+ ions in the active core. promoting at 
least some of them to the 41131'.2 state, which is a lasing 
level of atomic excitation. The lasing lev.el is not 
reached directly, but rather by optical excitation to any so 
one of several excited states of still higher energy. 
The lasing level is reached by nonradiative decay 
from those higher states. Correspondingly, pump ra
diation is effective al any of a group of wavelengths, 
including 980 nm, 810 nm, 660 nm, 514 nm. and 1.48 55 

µm. 
In order for excitation of erbium ions, and result

ing amplification, to take place, the signal and pump 
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radiation must be coupled from the passive core into 
the active core, and vice versa. With reference to FIG. 
2, this is readily achieved by providing the active core 
with tapers 60. That is, the active core has two tenni
nal portions, each of which is progressively constrict
ed as the corresponding end is approached. The con
striction is in at least one dimension normal to the 
longitudinal axis of the core. The normal dimension 
may be transverse, as shown in FIG. 2, or, as depicted 
in FIG. 3, it may be vertical; i.e., nonnal to the orien
tation of the deposited layers. 

In the preferred embodiment, the tapers 60 are 
adiabatic; that is, the signal radiation remains in the 
fundamental mode as it is coupled from the passive 
to the active core, and again when It is coupled from 
the active to the passive core. (In the preferred em
bodiment, the active and passive cores are, of course, 
single-mode waveguides with respect to the signal ra
diation.) As Is well known in the art, a taper will be 
adiabatic only if it is relatively gradual. For example, 
a straight-sided taper In this context will generally be 
adiabatic If it has a reduction ratio of about 100: 1; I.e., 
the original width (or depth) is constricted, in effect, 
down to zero over a length that is 100 times the orig
inal width (or depth). The length of each tapered re
gion is exemplarDy about 1 mm. 

Shown in FIG. 3 is a flowchart representing an ex
emplary sequence of steps in the fabrication of the in
ventive optical amplifier. The enumeration of the proe
ess steps in the following discussion is made with ref
erence to the figure. 

In Step A, the lower dadding layer is first formed. 
In Step B, a layer corresponding to the passive 

core is then deposited on the upper surface of the low
er cladding layer. 

In Step C, the workpiece is annealed in order to 
at least partially densify the deposited passive core 
layer. Appropriate annealing conditions will be readily 
apparent to a skilled practitioner in the art. 

In Step D, the passive core is then fanned by 
etching the passive core layer. Dry etching is prefer
able for this step. 

In Step E, the workpiece is annealed in order to 
flow the passive core, reducing roughness that was 
caused by etching. Appropriate annealing conditions 
will be readily apparent to a skilled practitioner in the 
art. 

In Step F, a layer corresponding to the active core 
is then deposited. 

In Step G, the workpiece is annealed, exemplarily 
at 600°C for 2 hours in air. The purpose of this anneal
ing step is to stabffize the deposited film (i.e., against 
subsequent changes in structure, optical properties, 
and susceptibility to chemical attack). 

In Step H, the active core is then formed by etch
ing away a portion of the active core layer. A preferred 
etching process for Step H is ion milling, because this 
process is relatively nonselective with regard to the 

.. 
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composition of the material being removed. 
In optional Step I. the wofi..piece is desirably an

nealed in order to flow the active core. and thereby to 
reduce surface roughness created during Step H. Ap
propriate annealing cond,hons will be readily appa
rent to a skilled pradrhonet' ,n the art. 

In Step J, the worlp,ece is then annealed at a 
temperature of at least about 1oouc for a duration of 
at least about 1 hOII in a reactive atmosphere such 
as very dry oxygen. (An appropriate grade of oxygen 
for this purpose is research grade, i.e., 99.999% pur
ity.) This step is beheved to reduce contaminant lev
els. 

In optional Step K. befcwe the upper cladding lay
er is deposited. a proted1ve Um of an appropriate di
electric material is advantageously formed over the 
active core in order to prt>verit contamination of the 
active core by the upPf!f ciaoong layer. Such contam
ination should be avo.ded t>ecause it can reduce the 
radiative lifetime of the E, 1 tOf'ls below acceptable lim
its. Protective filrrn. t'lal are effective for that purpose 
can be, e.g .. sihcor doude or phosphorus silicate 
films formed by s;.,utlenng or evaporative deposition. 
Such a prolect,ve Urn. If u~. !>huuld be at least about 
1 ooo A thict,.. 

In Slep L. Uie uw,,,t udlJ<.:111y layer is then depos
ited. 

Etching stet>" D and It we canied out such that 
after etching ,s c.omi,lel~ the remaining portions of 
the active and pu_. corf' layers describe at least 
one pair of elongatcc c.a, e'.\. comprising an active core 
overlying o pas.s.vr 006r 1 he two cores have a com
mon longitudinal aai!. ~ r. appYent in FIGs. 2 and 
3, the active co," r. typ,,c.111ty rn.lde smaller than the 
passive core 111 lh,, k:>nglludnal d .. ection. As seen in 
FIG. 2, this teaJs to a p.:H c:I ....-minal passive core por
tions 70 not o~erl.ltn t>, tt .. anrv• core. If the taper is 
formed with rP1>Pl"(.1 lo tht> tr..tnsverse direction, as 
shown in FIG 2. :t,.. a.1,,.. (u,,. will also typically be 
smaller thari tt.P p.11, ..._ r,. .. 111 !he transverse direc
tion. HowP.1«Pf. if lhl> ,,,..._ ... ln,m,o,(f with respect to the 
vertical d .. P.<:tion. a, ,ho_, "' rlG 3, then the widths 
(i.e., in the tr,11,., ..... ,.., .. (l•f"<I""'' <'A the active and pas
sive cores are opoona/1, m.ldP eQUal. 

As noted abovP an f'•mT'f>lary method of depos
iting the ac1111e cc.r" tayM ..,. h 5,puttering. According 
to this method. a gla'.los ta9"t ol a predetermined com
position is prov,dP<l Th,. 5,1,c.c,,n MJbstrate and the tar
get are both placed .,,ttun a ,acuum chamber that is 
evacuable to a pres~urf' ot atJOUI 3 x 10--1 torr or less. 
The chamber is evao.iated and o .. ygen and argon are 
admitted. A radio-lr1.>qoency discharge is produced, 
which leads to evaporatK>n of material from the target 
and redeposition of such material on the substrate, as 
is well-known in the art. 

As noted above. it is desirable for the deposited 
active core layer to contain sodium or a similarly-be
having modifier, in order to prevent clustering of the 
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erbium atoms. Sputtering of sodium-containing glass 
often has unsatisfactory results because the sodium 
content of the deposited glass often tends to fall far 
below the sodium content of the targeL However, we 

5 have discovered that under appropriate sputtering 
conditions, the sodium content of the deposited glass 
can be made relatively dose to that of the targeL We 
have found the following conditions in the sputtering 
chamber to be desirable In that regard: a pressure of 

10 8 - 50 µm, and preferably about 27 µm; an argon--to
oxygen flow ratio in the range 10:1 to 0.3:1, and pre
ferably about 0.5:1; a substrate temperature that can 
range freely between about 25°C and about 700C; 
and rffrequency of 13.6 MHz and power of about 50 

15 W. We used a target 3 in. (7.6 cm) in diameter and a 
silicon-wafer substrate 4 in. (10.2 cm) in diameter. 
The target was situated 1 - 3 in. (2.5 - 7.6 cm) from 
the substrate, preferably about 3 In. (7.6 cm). 

The radiative lifetime of the lasing level of the ex-
20 cited erbium ions is desirably at least about 7 ms. In 

order to achieve such relatively high lifetimes, it is par
ticularly important to include, during fonnatlon of the 
device, Step J, annealing in a reactive atmosphere. 

In use, the signal and the pump radiation are com-
25 bined and injected into the amplifier, exemplarily by 

means of directional coupler or wavelength division 
multiplexer 80, shown in FIG. 2. The amplified signal 
is extracted, exemplaray by wavelength division de
multiplexer 85 of FIG. 2, and unwanted pump radia--

30 lion that would otherwise contaminate the amplified 
signal is eliminated, exemplarily by filtering. Such 
methods are well-known in the art, and need not be 
described here in detail. 

The foregoing discussion is for illustrative purpos-
35 es only, and is not intended to limit the scope of the. 

invention to a single-pass optical amplifler:For exam
ple, a laser or parametric oscillator is readDy made by 
incorporating at least one optical feedback element 
with the inventive waveguiding structure. An appmprl-

40 ate such element is, e.g., a mirror or a dislributed 
Bragg reflector. Sue.ti an arrangement is readily envi
sioned with reference to FIG. 2, substituting a mirror 
or Bragg reflector for one or both of elements 80 and 
85. 

45 

EXAMPLE 

Erbium-doped glass fdms. varying in thickness 
from about 0.8 µm at the edge to about 1.5 µm at the 

so center, were formed on 4-in. (10.2-cm) diameter sili
con wafer substrates by sputter deposition, substan
tially as described above. In separate trials, three dif
ferent target compositions were used. The target 
compositions will be described with reference to the 

ss general formula Si02(Na20) .(CaO)b(Er20 3) c· The 
compositions of the resulting, sputter-deposited films 
will similarly be represented by Si02(Na20) 
a•(CaO)b'(Er20a) C'· 

5 

Page 119 of 1053



... 

9 EP O 510 883 A2 10 

The first target had a=0.27, b=0.14, and c=0.028. 3. The optical device of claim 1, wherein the active 
The resulting sputter-deposited layer had a'=0.20, core has an erbium-to-silicon atomic ratio of at 
b'=0.117, and c'=0.0275. The second target had least about 0.02. 
a=0.34, b=0.00, and c=0.033, resulting in a deposited 
layer with a•=0.30 and c'=0.036. The third target had 5 4. The optical device of claim 1, wherein lhe active 
a=0.265, b=0.00, and c=:0.038, resulting in a deposit- glass core is adapted to guide the fundamental 
ed layer with a'=0.17 and C'=0.032. The deposited lay- mode of the signal wavelength, and the means for 
ers were analyzed by Rutherford backscatterring. All coupling the signal radiation into and out of the 
three layers had erbium radiative lifetimes of about 10 active core are adapted to couple the signal radi-
milliseconds, and densities of about 6 x 11)22 atoms 10 ation adiabatically. 
per cubic centimeter. 

5. The optical device of claim 1, wherein the concen-
tration of E~ ions is substantially constant 

Claims throughout the active core, and the active core is 
15 substantially free of radiation damage. 

1. An optical device, comprising: 
a) an elongate, active glass core which ex- 6. The optical device of claim 1, wherein lhe alkali 
tends along a longitudinal axis and comprises metal or akaline earth metal comprises sodium, 
silicon, oxygen, and erbium, the erbium being and the active core has a sodium-to-silicon atom-
at least partially in the form of er3• ions, the ac- 20 le ratio in the approximate range 0.2 - 0.6. 
tive core having a refractive index; 
b) a glass cladding comprising at least one 7. The optical device of claim 1, wherein lhe alkali 
layer which at least partially surrounds the ac- metal or akaline earth metal comprises calcium, 
tive core and has a refractive index which is and the active core has a calcium-to-silicon atom-
smaller than the core refractive index; 25 ic ratio of not more than about 0.2. 
c) means for coupling signal radiation, having 
a signal wavelength, into the active core and 8. The optical device of claim 4, further comprising 
means for coupling the signal radiation out of an elongate, waveguiding, passive, glass core 
the active core; and which extends along the longitudinal axis and is 
d) means for coupling pump radiation into the 30 disposed between the lower dadding layer and 
active core such that pump radiation of an ap- the active core, the passive core being adapted to 
propriate wavelength will excite at least some guide the fundamental mode of the signal radia-
of the Era+ ions to a lasing level, leading to am- lion, means for coupling an optical signal and 
plification of the signal radiation by stimulated pump radiation into the passive core, and means 
emission, 35 for coupling signal radiation out of the passive 

CHARACTERIZED IN THAT core, wherein: 
e) the device further comprises a substrate the passive core is substantially free of er-
having a substantially planar principal sur- biuin and has a refractive index that is smaller 
face; than the active core refractive index but larger 
f) the active core is a body that overlies a por- 40 than the upper and lower cladding refractive in-
tion of the principal surface; dices, 
g) the cladding comprises a lower cladding the active core includes a central portion 
layer disposed between the active core and and two ends, 
the principal surface, and an upper cladding and the means for coupling the signal ra-
layer which overlies and partially surrounds 45 diation into and out of the active core comprise 
the active core; two further, tapered portions of the active core, 
h) the active core further comprises an alkali each tapered portion extending between the cen-
metal or alkaline earth metal in an effective tral portion and an end and tapering toward the re-
quantity to prevent clustering of erbium atoms; spective end such that the tapered portion is pro-
i) the active core has an erbium-to-silicon 50 gressively constricted in at least one direction 
atomic ratio of at least about 0.01 and an ab- perpendicular to the longitudinal axis. 
solute erbium concentration of at least about 
1.4 x 1020 atoms per cubic centimeter, and 9. The optical device of claim 8, wherein the perpen-
j) the lasing level has a radiative lifetime of at dicular direction is substantially parallel to the 
least about 7 ms. 55 substrate principal surface. 

2. The optical device of claim 1, wherein the sub- 10. The optical device of claim 8, wherein the perpen-
strate comprises a silicon body. dicular direction is substantially normal to the 

6 
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substrate principal surface. 

11. The optical device of daim 8, wherein the passive 
core comprises phosphosilicate glass, the upper 
dadding layer comprises phosphosUicate glass, 
and the lower cladding layer comprises thermal 
silicon dioxide. 

12. The optical device of claim 1, further comprising 

5 

at ieast one optical feedback element, such that 10 

the device can function as a laser. 

13. The optical device of claim 1, further comprising 
at least one optical feedback element, such that 
the device can function as a parametric oscillator. 1s 

14. A method for forming an optical device on a sub
strate having a substantially planar principal sur
face, comprising: 

a) forming a first layer of vitreous silicon diox- 20 

Ide on the principal surface; 
b) depositing a second layer of silica-based 
glass over the first layer by sputtering a target 
of silica-based glass such that the second lay-
er has a higher refractive index than the first 25 

layer, 
c) annealing the second layer such that it is 
stabilized; 
d) removing a portion of the second layer by 
etching, such that an elongate core, extending 30 

along the longib.Jdinal axis, is formed, the core 
being adapted, after completion of the device, 
to guide electromagnetic radiation of at least 
a signal wavelength and a pump wavelength; 

a~ • 
e) depositing a third layer of phosphosilicate 
glass over the core such that the third layer 
has a smaller refractive index than the core; 

CHARACTERIZED IN THAT 
f) the target further comprises sodium and er- 40 

bium; and 
g) the target composition is selected such that 
the core has an erbium-to-silicon atomic ratio 
of at least about 0.01. a sodium-to-silicon 
atomic ratio in the approximate range 0.2 - 45 

0.6. and an absolute erbium concentration of 
at least about 1.4 x 1()20 atoms per cubic cen
timeter, and the target composition is further 
selected such that a lasing level is associated 
with the erbium in the core, the lasing level 50 

having a radiative lifetime of at least about 7 
ms. 

15. The method of daim 14, further comprising, after 
(d) and before (e), the step of fanning a protective 55 

dielectric film over the core. 

16. The method of daim 14, further comprising, after 

7 
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(d), the step of annealing the core such that 
roughness due to etching of the second layer is 
substantially removed. 

17. The method of claim 14, further comprising, after 
(d), the step of annealing the core at a tempera
ture of at least about 700°C for a duration of at 
least about 1 hour in a reactive atmosphere. 

18. A method for forming an optical device on a sub
strate having a substantially planar principal sur
face, comprising: 

a) forming a first layer of silicon dioxide on the 
principal surface; 
b) depositing a second layer of phosphosili
cate glass over the first layer such that the 
second layer has a higher refractive index 
than the first layer; 
c) annealing the second layer such that it Is at 
least partially densified; 
d) removing a portion of the second layer by 
etching, such that an elongate lower core hav
ing a longitudinal_ axis Is formed, the lower 
core being adapted, after completion of the 
device, to guide electromagnetic radiation of 
at least a signal wavelength and a pump wa
velength; 
e) annealing the lower core such that rough
ness due to etching of the second layer is sub
stantially removed; 
f) depositing a third layer of silica-based glass 
over the lower core by sputtering a target of 
sDica-based glass such that the third layer has 
a higher refractive index than the lower core; 
g) annealing the third layer such that it is sta
bilized; 
h) removing a portion of the third layer by etch
ing, such that an elongate upper core, extend
ing along the longitudinal axis, is fo1TT1ed, the 
upper core being adapted, after completion of 
the device, to guide electromagnetic radiation 
of the signal and pump wavelengths; 
i) annealing the upper core at a temperature of 
at least about 700°C for a duration of at least 
about 1 hour in a reactive atmosphere; and 
j) depositing a fourth layer of phosphosilicate 
glass over the upper and lower cores such that 
the fourth layer has a smaller refractive index 
than the upper and lower cores; 

CHARACTERIZED IN THAT 
kl the targetfurther comprises sodium and er
bium; and 
I) the target composition is selected such that 
the third layer has an erbium-to-silicon atomic 
ratio of at least about 0.01, a sodium-to-silicon 
atomic ratio in the approximate range 0.2 -
0.6, and an absolute erbium concentration of 
at least about 1.4 x 1020 atoms per cubic cen-
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timeter, and the target composition is further 
selected such that a lasing level is associated 
with the erbium in the third layer, the lasing 
level having a radiative lifetime of at least 
about 7 ms. 5 

19. The method of da1m 18 further comprising, after 
(i) and before (j). the step of forming a protective 
dielectric film over the active core. 

20. The method of clam 17 or claim 18, wherein the 
reactive atmospnere comprises very dry oxygen. 

21. The method of clam 18 a further comprising, after 

10 

(h), the step of anntahng the upper core such that 15 

roughness doe to etch,ng of the third layer is sub
stantially removed 
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(54) Method for making a planar optical waveguide 

(57) The present Invention is a method for making 
planar waveguides. The method comprises the steps of 
providing a workpiece comprising a layer of material 
suitable for the waveguide strip; patterning the layer so 
that the worl<plece comprises a base portion and the at 
least one protruding portion; forming a cladding layer on 
the protruding portion; and attaching the cladding layer 

FIG. 2E 

117 
115 

to a substrate. Depending on the composition of the 
workpiece, the process may further require removing 
the base portion to expose the bottom surface of the pro
truding portion. With this method, a planar waveguide 
or a planar waveguide amplifier may be fabricated hav
ing thickness dimensions greater than 5 µm, or more 
preferably, in the range of 10-20 µm. 

110 
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Description 

[0001 J The present invention relates to a method for 
making planar waveguides having relatlvely large thick
ness dimensions. Toe Invention is useful in fabricating 
planar waveguide arrays and planar waveguide ampli-
fiers for communications systems. 
[0002) Optical communications systems can transmit 
optical signals over long distances at high speeds. An 
optical signal Is transmitted from a light source to a 
waveguide and ultimately to a detector. Wayegulde 
structures such as optical fibers transmit the light sig
nals. Basically, a waveguide structure comprises an lrt-
ner core region fabricated from a material having acer• 
taln index of refraction, and an outer cladding region 
contiguous the core comprised or a material having a 
lower Index of refraction. A light beam propagated along 
the core will be guided along the length of the waveguide 
by total internal reflection. 

5 

scale manufacturing of hybrid Integrated opto-electronic 
devices, there is a need to more efficiently couple vari
ous waveguide devices together while minimizing loss
es. 
[0008) The present invention is a method for making 
planar waveguides. The method comprises the steps of 
providing a workpiece comprising a layer of material 
suitable for the waveguide strip; patterning the layer so 
that the workpiece comprises a base portion and the at 

10 least one protruding portion; forming a cladding layer on 
the protruding portion; and attaching the cladding layer 
to a substrate. Depending on the composition of the 
workpiece, the process may further require removing 
the base portion. With this method, a planar waveguide 

15 or a planar waveguide amplifier may be fabricated hav
ing thickness dimensions greater than 5 µm, or more 
preferably, in the range of 10-20 µm. 

[0003) Planar waveguides are flat waveguide stn.ic- 20 

tures that guide light In essentlally the same way as op-

(0009) The advantages, nature and various additional 
features of the invention will appear more fully upon con
sideration of the illustrative embodiments now to be de
scribed in detail in connection with the accompanying 

tical fibers. A planar waveguide structure comprises a 
higher Index core strip of material (the "waveguide 
strip") embedded In a lower Index substrate. 
[0004) Optical communication systems typically in- 25 

elude a variety of devices (e.g., light sources, photode· 
tectors, switches, optical fibers, amplifiers, and filters). 
Amplifiers and filters may be used to facilitate the prop
agation light pulses along the waveguide. 
[0005] The connections between the various system so 
components inherently produce loss In optical commu
nication systems. For example, In planar waveguide 
amplifiers it would be desirable to couple planar 
waveguides with a multimode signal collection fiber. 
However, applying conventional processing, planar 35 

waveguide amplifiers typically cannot be made with 
cores that are more than about 5 µm thick, and conven
tional spunered films have a thickness of about 2-3 µm. 

drawings. In the drawings; 

FIG. 1 Is a block diagram showing steps of the In
ventive method; 

FIGS. 2A-2E schematically Illustrate a planar 
waveguide structure at various steps of the Fig. 1 
process; and 

FIG. 3 is a schematic Illustration of part of an optical 
communications system using a planar waveguide 
structure fabricated by the process of Fig. 1. 

[001 OJ It Is to be understood that these drawings are 
for the purposes of illustrating the concepts of the inven
tion and are not to scale. 
[0011 J Referring to the drawings, Fig. 1 Is a schematic 
block diagram showing the steps in making a planar On the other hand, a multimode signal collection fiber 

has a core that is typically more than 50 µm in diameter. 
This mismatch In vertical dimension makes it very diffi
cult to efficiently couple light from a multlmode signal 
collection fiber to a planar waveguide. Losses can 
amount to up to 17 dB or In some cases up to - 97 to 
98 percent of the transmitted light. 

40 waveguide. As shown in Block A of Fig. 1, the first step 
Is to provide a workpiece comprising a layer of material 
suitable for the waveguide strip. The workpiece can be 
a bulk disk of the strip material cir a substrate-supported 
layer of the strip material. The layer, if desired, can ex-

(0006) Many other factors also contribute to losses in 
waveguide connections. Such factors Include over1ap of 
fiber cores, misalignment of the fiber axes, fiber spacing, 
reflection at fiber ends, and the numerical aperture (NA) 
mismatch. If a fiber receiving light has a smaller NA than 
a fiber delivering tile light, some light will enter the re
ceiving fiber in modes that are not confined to the core 
and will leak out of the fiber. The loss can be quantified 

45 ceed the thickness of the waveguide strip to be formed. 
[0012) The next step, shown in Block B is to pattern 
the layer or strip material to form at least one protruding 
portion corresponding in dimension to a waveguide strip 
to be fabricated. The patterning can be conveniently ef-

so fected by photolithography, masking one or more pro
truding strips and etching the unmasked material as by 
wet etching. Preferably a plurallty of protruding portions 
are patterned to produce an array of waveguides. 

by the fonnula: Loss (dB) = 10 log10 (NAiNA1)2. Thus, 
significant losses can occur If fibers are mismatched and " 
signals are traveling from a large core Into a smaller 

[0013) Fig. 2A illustrates the result of this step on a 
workpiece comprising bulk disk 100 of core glass. The 
disk is patterned by wet-etching at selected portions so 

core. 
[0007) With the Increasing demand for efficient, large-

2 

that it comprises a base portion 101 and a plurality of 
protruding portion, 102a. 102b, ... , 102d. This can be 
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achieved by etching various channels In the disk. The 
protruding portions have a thickness and width corre
sponding substantially in dimension to the waveguide 
strips sought to be fabrtcated. The disk advantageously 
comprises aluminosillcate glass, but other glasses, 
such as soda-lime glass may be used. If it Is desired that 
the waveguide structure should be a waveguide ampli
fier, the waveguide strip material should be doped with 
a small percentage of rare earth dopants by techniques 
well known In the art. The preferred rare earth dopant Is 
erbium. 
(0014) Etchants for wet etching the channels may be 
selected from HF etchant (- 1 % HF), f<.Fe(CN)6, f<aFe 
(CN)6, N!l:2520:3, and KOH In H20. Alternatively, other 
patterning techniques such as dry etching or mlcroscale 
imprinting can be used to produce the protruding por· 
lions. 
(0015] Ultimately, the protruding portions or 102a, 
102b, ... , 102d, etc., will form the waveguide strips of the 
planar waveguide. Thus, the etching of the channels will 
be controlled to produce protruding portions having the 
desired dimensions. Protruding portions having a height 
(thickness) and/or width dimension of greater than 5µm 
may be formed. Preferably the channels are etched 
such that the protruding portions have a height h in the 
range of 10·20 µm and a width w In the range of 50· 100 
µm. 
[0016) A third step shown in Block C of Fig. 1 is to 
deposit a cladding layer on the surface of the protruding 
portlon(s). The cladding layer can be silica deposited by 
conventional techniques well known in the art. It is pref
erably deposited by the BPTEOS process. 
[0017] Referring to FIG. 28, a cladding layer 115 is 
shown deposited over the etched bulk glass, filling the 
channels. The material for this cladding layer will be se
lected depending on the waveguide strip material. The 
cladding material should have a lower index of refraction 
than the strip material. SIiica cladding material can be 
used with aluminosilicata strip material. A plastic clad
ding may be used with a soda-lime strip material. 
(0018) The patterned workpiece with the cladding lay
er thereon is than attached to a substrate for the planar 
waveguide (FIG. 1, block D). The cladding layer is at· 
tached to the waveguide substrate. 
[0019) Fig. 2C shows the workpiece 100 inverted and 
the cladding layer is attached to the waveguide sub· 
strata 120. The substrate can be any of a wide variety 
of materials including glasses, ceramics and semicon· 
ductors. Preferably it is silicon. A dielectric or insulating 
layer 110, such as a layer of silica (S102), may be dis
posed on the surface of between the substrate 120. The 
workpiece cladding can be attached to the substrate, by 
molecular bonding, such as with aluminosilicate or sili
con, or by other appropria_te bonding agents such as ce
ramic bakeable pastes. At this stage, the core (protrud
ing portions 102a, 102b, ... ,102d) may be isolated with 
cladding on three sides and bound to the disk 100 at the 
fourth side. There is much flexibility in selecting the type 

of bonding agent because the core Is protected from 
contacting the adhesive. lntersllces 111 a, 111b, ... , 111d, 
between the silica layer 11 O and substrate 120 may be 
flUed, If desired, with cladding material. 

s [0020) If the workpiece comprises a thin layer of strip 
material on a cladding material support, the waveguide 
Is substantially complete. If the layer of strip material Is 
thick or workpiece is a bulk disk of strip material, then 
the next step (Block E of Fig. 1) is to remove the base 

to portion of the workpiece selectively leaving the protrud
ing portions. 
(0021 J Referring to FIG. 20, the base of the bulk glass 
disk 101 may be etched away, leaving the protruding 
portions 102a, 102b ... partially surrounded by cladding 

15 layer 115 to comprise planar waveguide strips. 
[0022) As a further optional final step, a top cladding 
layer 117 may be deposited over the exposed protruding 
portions 102a, 102b (FIG. 2E). If desired, the resulting 
structure may be diced into smaller pieces. 

20 [0023) The method of the invention may be used to 
fabricate a waveguide structure or waveguide amplifier 
having waveguide core strips with relatively large di
mensions. For example, a waveguide or waveguide am
plttler rn£to/ be made having cross-sectional dimensions 

25 of tens of microns, I.e., the height of the waveguide strips 
may be greater than 5 µm and more preferably in the 
range of about 1 o µm - 20 µm or greater. The width of 
the strips also may be greater than 5 µm and more pref
erably in the range of about 30 µm • 50 µm or greater. 

30 Thus, the method allows for the making of planar 
waveguide structures having larger dimensions than 
possible with conventional methods. Such a structure Is 
advantageous as it helps to reduce the vertical dimen
sion mismatch between planar waveguides and optical 

35 fibers and thereby to reduce the losses that occur when 
such components are coupled together. The method Is 
also advantageous as it can use wet etching which is 
faster than the dry etching and deposition techniques 
conventionally used for producing planar waveguides. 

40 [0024) FIG. 3 shows a communications system com
prising a transmitter 100, an amplifier 60 fabricated by 
the inventive method, and a detector 200. The amplifier 
60 has larger dimensions than planar waveguides made 
using conventional processing. These dimensions ena-

,s ble more efficient coupling with optical fibers 11 Oa, 11 Ob. 
Couplers 55, 75 are used to connect the planar 
waveguide 60 to input 11 oa and output 11 Ob fibers. Ad
vantageously, these couplers have the configuration de
scribed in applicant's co-pending US patent application 

50 Serial No 09/663,014, entitled "Article Comprising a 
Multimode Optical Fiber Coupler". 
[0025) More partlcularly, the couplers 55, 75 each 
comprise a plurality of fibers with claddings that are ta
pered from zero thickness at the first ends of the fibers 

55 to a final thickness at the second ends (or •ctedded 
ends") of the fibers. At the first ends of the fibers (also 
referred to herein as the "core exposed ends"), the core 
Is exposed I.e. there Is no surrounding cladding. The ta-

3 
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pered fibers are arranged so that their core-exposed 
ends are bundled together. The bundle is preferably 
formed into a single rod such as by fusion to define bun
dles 51, 71, respectively, of couplers 55, 75. The bun
dled, fused ends are coupled to the cores of the optical 
fibers 11 oa, 11 Ob, carrying the transmitted signal. 
[0026] At the Input end, a free space combiner 54 Is 
used to combine signals from a pump input fiber 50 and 
signal Input fiber 52 which are directed Into the first fiber 
coupler 55, having bundle 51 at the Input end. The plu
rality of fibers comprising the bundle 51 have claddings 
that are tapered outward, so that the fibers in the bundle 
are splayed into Individual fibers 57a, 57b, ••• ,57d, and 
coupled to an array of large dimenslon waveguide strips 
61a, 61b, 61c, 61dofthe planar waveguide amplifter60. 
The second coupler 75 is connected at the output of the 
planar waveguide 60 with Dght from each of the 
waveguide films being directed Into individual splayed 
fibers 77a, 77b, ... , 77d, that are tapered down Into fiber 
bundle 71. Light from bundle 71 could be directed Into 
output fiber 72 toward receiver 200, and/or a splitter 74 
may be disposed In the output path. The receiver bundle 
71 can be optimized independent of the Input con
straints. According to another aspect of the Invention, 
the receiver bundle 71 Is continued as a "fiber bundle 
transmission line• (not shown) to a remote location and/ 
or to the detector. Th Is approach may be adVantageous 
in that smaller cores will produce less dispersion than 
larger cores, as they support fewer modes. 
(0027) The cores of the optical fibers 11 Oa, 11 Ob, may 
be relatively large, e.g., greater than 50 µm, and multi
mode collection fibers may be used and coupled to the 
planar waveguide amplifier. Yet, there Is little or no loss 
with this configuration. The number of fibers used in the 
bundles, the dimensions of the fiber cores and planar 
waveguides, the degree of taper, the composition of the 
components, and other design considerations may be 
adjusted depending on the eppllcatlon as one skilled in 
the field would appreciate. In matching the coupler with 

sion in the Individual waveguides, which is small, given 
the dimensions of the waveguides. Additionally, with the 
Invention an increase In the Input Image size does not 
Impact upon (e.g., cause or Increase) a modal noise 

s penalty. By providing low-dispersion optical amplifica
tion, the invention Increases the flexibility of the system 
with regard to use of photodetectors. Using convention
al systems, avalanche diodes are too slow for 10 GbiV 
sec detection (per channeQ, and while PIN diodes are 

to fast enough, they are not sufficiently sensitive. Low-dis
persion optical amplification addresses these problems 
with conventional systems by enabling use of avalanche 
diodes as photodetectors. 
[0029) Wrth this Invention, the amplification of individ-

15 ual waveguides 61 a .•. 61d may be manipulated to com
pensate for or create possible patterns In the Image. Al
so, the planar waveguides may be structured to reduce 
dispersion. It is beneficial to utillze a narrower core in 
the planar waveguides (I.e., In the height dimension par-

20 allel to the substrate surface and transverse to the prop
agation direction), to support fewer modes and hence, 
cause less dispersion. The waveguide amplifier struc
ture 60 may be pumped In a cladding-pumping mode 
from the side by one or more extended cavity laser 

25 pumps schematically illustrated at boxed region 60 
(FIG. 3). This edge-pumping scheme may be helpful in 
Increasing pumping efficiency - the pumping efficiency 
of planar waveguides is typically lower then that of op
tical fibers. The cladding of the planar waveguide may 

ao be so shaped and dimensioned as to confine the edge
pumped radiation, e.g., it may be a ring-shaped or ser
pentine cladding arrangement. 
[0030) It is understood that the embodiments de
scribed herein are merely exemplary and that a person 

35 skille.d In the art may make variations and modifications 
without departing from the scope of the invention. 

Claims 
the planar waveguides andfor multimode fiber, a match- 40 

Ing consideration Is that the cross-sectional area of the 
core, times the square of the numerical aperture, opti· 
mally should be the same on both sides of a Juncture. 

1. A method for making a planar waveguide compris
ing a waveguide strip on a waveguide substrate, the 
method comprising the steps of: 

In other if "A" denotes the cross-sectional core area for 
signal input or output and NA is the numerical aperture, 45 

then Ax (NA)2 should be substantially constantthrough· 
out the system. 
[0028) The invention is adVantageous in that planar 
waveguides may be more efficiently fabricated and also, 
they may made with larger dimensions to reduce the !50 

vertical dimension mismatches and allow for coupling of 
planar waveguides with multlmode collection ftbers and 
other large core fibers. Planar waveguide amplifiers 
may be more highly doped than optical fiber amplifiers. 
Addltlonally, In multlmode eppUcatlons, dispersion is an " 
important factor as an increase in modes results in 
greater dispersion. With this invention, there is no modal 
noise penalty In the amplifier, beyond the modal disper-

4 

providing a workpiece comprising a layer of ma
terial suitable for use as the planar waveguide 
strip; 
patterning the layer so that the workpiece com
prises a base portion and at least one protrud· 
Ing portion, wherein the protruding portion cor
responds substantially in dimension to the 
waveguide strip to be fabricated; 
forming a cladding layer on the workpiece over
lying the protruding portion; and 
attaching the cladding layer to the substrate. 

2. The method of claim 1 further comprising the step 
of removing the base portion of the workpiece after 
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attaching the cladding layer to the substrate. protruding portion. 

14. An optical communications system including a pla
nar waveguide fabricated according to any preced-

3. Toe method of claim 1 or claim 2 wherein the sub· 
strate comprises a dielectric layer end the cladding 
layer is attached to the dielectric layer. 5 lngclalm. 

4. Toe method of claim 1, 2 or 3 wherein the layer of 
waveguide strip material comprises alumlnosili-
cate. 

10 

5. Toe method of claim 3 wherein the dielectric layer 
comprises silica. 

6. Toe method of any preceding claim wherein the pat-
terning step comprises wet etching. 15 

7. Toe method of any preceding claim wherein the pat• 
terning step comprises etching portions of the layer 
to define at least one protruding portion having a 
height dimension greater than 5µm. 20 

8. The method of claim 7 wherein the patterning step 
comprises etching portions of the waveguide strip 
layer to define at least one protruding portion having 
both height and width dimensions of greater than 25 

5µm. 

9. Toe method of claim 8 wherein the patterning com· 
prises etching portions of the waveguide strip layer 
to define at least one protruding portion having both 30 

height and width dimensions greater than 10µm. 

10. Toe method of anyone of claims2 to 9, further com-
prising a step of depositing a second cladding layer 
over the protruding portion. 35 

11. A method for making a planar waveguide structure 
comprising the steps of: 

providing a bulk disk of a material suitable for 40 

use as the waveguide strip; 
etching selected portions of the disk so that the 
disk comprises a base portion and at least one 
protruding portion, wherein the protruding por-
tion corresponds substantially in dimension to 45 

the waveguide strip: 

forming a first cladding layer on the top sur
face of the protruding portion; 
attaching the first cladding layer to a sub- ,o 
strate; and 
removing the base portion of the bulk disk. 

12. Toe method of claim 11 wherein the bulk disk com-
prises glass doped with a rare earth dopant. 55 

13. The method of claim 11 or 12, further comprising a 
step of depositing a second cladding layer over the 

5 

Page 129 of 1053



, .. , 

EP 1189 080 A2 

FIG. 1 

PROVIDE ~RKPIECE HAVING 
WAVEGUIDE STRIP LAYER 

PATTERN STRIP LAYER TO 
FORH PROTRUDING POATIONISI 

DEPOSIT CLAOOING LAYER 
ON PROTRUDING PORTION 

• 
ATTACH CLACOING LAYER TO SUBSTRATE 

DEPOSIT TOP CLADDING 

6 

/ A 

v B 

v C 

D 

E 

Page 130 of 1053



I 

EP 1189080A2 

102b 102c 

FIG. 2A 100 

FIG. 28 101 

.,--~~~~~~~~R ~ 101 
115 

FIG. 2C ""' ~....,,. r 110 

!20 

111a 

FIG. 2D 

115 

FIG. 2E 
110 

7 

Page 131 of 1053



110a 

CID 

so 

8 
I! 51 

S4 

FIG. 3 

so, 

\boo 

m 
'U .... .... 
I 
g 
t 

r 

Page 132 of 1053Page 132 of 1053

 ZVOSOSSlea



J., 
Document Summary: JP 02-054764 A2 

~ 
flliJJ 

New 
Sesrch 

~ 
Help 

Preview Claims 
Preview Full Text 
Preview Full Image 

Email Link: I® 
Document ID: JP 02-054764 A2 
Title: DEVICE FOR COATING SUBSTRATE WITH INSULATOR 

Assignee: LEYBOLDAG 

Inventor: SCHERER MICHAEL 
LATZ RUDOLF 
PATZ ULRICH 

US Class: 
Int'l Class: C23C 14/35 A 

hsue Date: 02/23/1990 

Filing Date: 06/22/1989 

Abstract: 

Page 1 of 1 

PURPOSE: To prevent the hindrance of the electrification on a target, by superposing the 
output voltage of an AC power source on the DC voltage of a DC power source and 
specifying the voltage of the AC power source to be applied on electrodes. 

CONSTITUTION: The magnetron sputtering device is provided with the AC power source, 
which outputs voltages to be superposed on the DC voltage of the DC power source. The 
output of the AC power source impressed on the electrodes connected to the target is 
regulated to 5 to 20% of the output supplied to the electrodes by the DC power source. A . 
high-frequency power source is used as the AC power source. As a result, an insulator, such 
as Al203, is deposited on the substrate at a high rate without receiving the hindrance by 
reactive sputtering. 

(C)1990,JPO 

Copyright© 1993-2000 Aurigin Systems, Inc. 
Leeal Noticej 

http://aurigin/spiweb/webbench.d1l?cmd=DisplayAbstract&session_id=d936d8cc37c543a9a... 1/6/2005 

Page 133 of 1053



@) B :$:El"°tt:fr(JP) 

@~H~lf~ffl(A) 3122-54764 
®Int.Cl.' ~on 3¥Rt 2•0990) 2J123a 
C 23 C 14/35 

~~"'~JF . H~~1*'t"t!im-to•11: 
@*1 J.1 lfZl-158479. 
@t:11 U lfZ 1 (1989) 6J1Zl8 

@1988. 6 J1238@i!!i r ,{ 7(DE )@P38 21 207.2 

D - 6458 IJ :,/7"../ 

:/::Z.. I- 7--i? 12 
r 1 7~~~f01il 7 7:.,,? 7 Jt, I- D - 6000 ""7,{ :.,, '7 

7- 7:.,, r :/::Z.. I- '7--i? 326 
.I~ •:, ':/ ? )t, 1) ':/ I:: r-< 7 ilffi~fOtiJ 'J :.,,-t! "../ 7' 1J t:: I- Z D - 6464 .Y 

7 Jt, I- V .::a. r 7 - -i? 26 
1,.1,{ ;f-)t,.. 7 ?1-
x;...,,Y-t;:Jt,V..,.. 7 J-

r ,{ •;,ifiJfi~fOllil ,,,"J-t- 1 D - 6450 t::'" Ja, ..... ,i,i. -

c-:.,, - :;';;,. I- 7--i? 25 

IJI 

1. ,illJIII'.>~~ 

#-11± st * ~ 93 

1, Iii ~ M fJl t.,.. • ra -r o ~ a 
z. nJ1:111:i1to:ia11111 

c 1 I ?-7'·~ 1-i;:t1~1?:tt.r..:·,ttltit:.l/Uil~ti 

t.:c({f.t1f.tltli":til,, !Nie?->/,;, 1-t>>?.lil(lfS~tl 

t.:tt~~~-~~~u~n~~A-ftt(7)&~
~M~l,. mE?->/,;,l-1.:UQ~a~~$M~ 

ti . {- (7) Sl :1J ill U RUti Ill st I:: ti ~- 't' ? - >/ , 1- '1l 

~ till :4, ,; 11:1 -c ~, < • 1li & ~ ae a 4j 1:' • m -t 6 ~ a 
c~~'t'. ~~ft~~•(7)aRmre~mn~n~ 

~~~:tn-r&~~-•~nff. M2~•c~• 
~nQ~M~~~-~~~~":e.a•••c~~ 

't'm2~-~~~~n6~ho:>S~~~l,ZS% 

i.: t,t.::.:. t '2't,llt "t6 IIIIL 

< 2 l lii.iiH~lll'4tllt1<i'/Ul:lllll'illll1!.fl<'!dlllt~ 

l C2a(7)Cl!t. 

< 3 J ;;; ;e. ;e; fJII IIIHt .b 11 Jill 12 ill ~ :t ;1J (7) l O % 

1:'~60~~1~1.:~21.:ECo:>~a. 

( 4) W..2ill!.ll11tllt><i.R 1 t;~O'iH 2 <T)-( ~~ 

9?~~l,'t'm~~~c~~~n1.::~•~1c~ 

-0'.l~ll. 

( S) li'iJlfd~tt·,1t&1:6f;:r;.,9';:,'fJ" ~1)-l,"t"IIJE 

~~ca~~nt.:m*~1c2aO)~a. 

< 6 > ,ji'j ,a a ~ ·,it 1t t: ;;r~ m 1 fl) -( ;,, ~ ,:, ? .t 

O'.lMC-~-~~~&Ct.,~::,;:,9';.,9·~~1., 

t..: ZR 4t lJI 4 c. ,tH! OJ ~ 21. 

(7> 1illEi1110--{;.,::lf9-stcaJ211)-(;.,::,f:7 

?t0'.l~c-~~~~mac1.,~::1;.,f';:,'fJ"~~ 

tR 1., ~ .1., ::1t ~ 4 i: .z a (J) ~ a • 

(8) ;t\1(1)::l~i"+t. ;::<J),Jl}U)::,;.,yj

(1)tj,,C&Zl~no.:B20)::,;.,77t"&Wl,, in2 

0):,;.,7~l;t::,f--{~7,Atl,"(11)~p~-l,, 

•mc?:no~~~m2MP~a1.,-cm~?~~, 

I- t:l"U,11.,. 1 ~t.::l:ttt1J;.(..t:C7)5ii,f.t.t,{!J l l.iJ: 

um20)::1;.,r~l1)MU)~Mc~A~nom::1t~ 

l C 1l. Q o, 3Ut. 

( 9 l liiJ 12 ~ R lit II fl{ 1 3 . 5 6 M H •· 11) ~ fl 

mre~~xo~~~1c~~O'.l~m. 

( l 0) iii'i:'.i!?-.Y,:, l-l:l:YJL,,t;:.7.ldl>':,dt 

-349-

04/25/2002, BAST Version: 1.03.0002 

Page 134 of 1053



I), iiilE1..li~..tl:.11EM.!n.5RtlJ:At1 0, ;0,r; 

li:.5 .tnlll:-!111 i::.z.aa11.>~ZI. 

C 1 1 l NI£?-?"., t-111<-1::·:,:::tl!!tit!:f:. 

t *-l:t.;;11ttY'J :1 :,,Ji>'!),Z'.J, ilil:21:lili.J:i,;:.lfl 

U8hlo~l1SiO.~lr&:6m~~·i::.2a11.> 

~ 2. 

( l 2) 00£11-?',:, Ht7Jld~.:::..,A'il>S/£ 

I), ililEJULU:.111ta•.t1.61!ttA.tN:6•':>~lo 

:R )It JJt t &: 2 a l1J ~ 21. 

C 1 3 ) iltl 2,:, - '7., t- e:t. I' - t":, ?' l!! tit:. rt 

c ..t.l:talJ'i'UI:~ ') ::J :-:6>Sdt'). il'l2:1Jiltt:Jllll 

l!!l:'LoA111s;. N. :o•l!>r&:.51.'1.:1,:,111 i;:ea11J 
~ 21. 

( 1 4) lltJ28f.l11llUHr-~., l-lllfl11J81'1 

i::.~vTf'llftl!!n. ~-. ~m1:r:.~~b~b~ 
=m•_n-l>:."l*.r.R 1 i:::2aO"Juia. 

(15) ?-Y,:,1-&:::Alt. SiJ:t!:l;l:Sn:Of 

ill!m•nr:.c!:IJ:. '1taillllTttll:6'Bf~B!1c::f'llfb 

l!!~T•re~•m•n-l>m*~1cea11J~ 

a. 

l;.5f::lf). Jtfllttl!Jllllll"t!l>lo. l,;O\\.,, ilJittttJ( 

~<~~tl'6l>~1J:~~c~~•&•11.>l!~a• 

~•mr,5~t1J:~~c•v~. ~11J•••c:::~ 
••b;~. ~fi..t&:::M&•~~V-11.>~Q~~ 
l(l~l!!1t.5t::lf.li::.11. flll~,~.,.,,'J:.-?'-,;.a~ 

m~T~att~~~~a1t.-t-ft':>~&~B!1~# 

maT~M~~CG~v5fi.J:&::.IIIS.!1tT~ 

0. 

~11J~mi:::~~T. ~-U~11JM~-~11JE~ 
U~fiO"Jr<"~<~6,T~~,:ll''J;t:::f~H'il> 

r;•nt::ffl~~~.5.~ntt~H.J:t:M~~~* 

~l,-f:ftC~~?T~~.,:,'):,:::f·~~T~,5 

0)~1/J<"t::lfJ"t!.1>.5. -t-ni.:.t,t1,11•n1;,~. ~n 
i::.tt~ai:::M&~~~<«~••~~zctt~~ 
-r. _;,..,~.,11'):,~.Jita~t::b>tz')llt."fT 

~. 
;:c. .11 , ~ ') :, :::f ii< V ~-* t- 0 :, Ill 8 £- ffl ~' "t" ff 

ll:ht'l.oti!li. lll:ht.llel)lfll!lllll{6:J;:~.1>0 t~ 

.,S "e A 1< , ? ') :, ef (i 8 t, Ill l, ( , ~ ,< , ? 1,111 t,f 

~~~a.~n60'J~ffic~~omv~~x,:, 

t!lllJ:¥2-54764 (2) 

( l 6) 7n,::i:,/fltZC1)1JIIJISiO'J!Jt"I.!. 

Ai, Si. Sn. (n/SnO')?-,Y::,f-:OC~ 

1< .,, ? •J :, :::, 8 n o t ~ U' • ,1i'I ~ il'L ~ ':tt • ti' t'II f!J 

an~re:6'~~anom~~1c&aO'Jca. 

( I 7) 7J1,;f::,/fil.O'J.'fl!ll'3,0t, t"t!. 

At. s 1 "'~--Y, 1-11,;:c..r<,-,, •J :,::fatio 

t~tt. ~2"a~cM~Bsn~~M•~•n 
o .llJ ~ iJt 1 c :f1Hl 0> SUI • 

3. :JllJICl)ffjl~.ttlJI 

( l.tlLi: "' .ft ffl ~ It ) 

..k:JllJIIL 1Jili~~ll~1?-ll'f'ldUt. c< 
&:::?-,Y,t-~~~~r::::~~8ft~~~c:~~

ft~~Mmm~~~- ~2•--Y,1-~~~w• 

n•&&an~tt~~~•~c*U-i!no~b~ 
'i'Slll;v, fl/2~-,y., t-C:1:tlltl:fllW.~11J.bll8 

n . "'° <1.> Ill 1.1 ill tt ca Ii lll ~ r:::: ~ ~' T 11 - ,y , 1- 11) 
lie 11!1 tJ, ':> lt T i,, < ~ 2l C l)Q 1" o • 

< it ::IHUli > 

~K,~')::,:;:f~f:.~&*~:,'at~'i'ffl~"t" 

11ili'.t!H4't!lll'.ll1"~.: t l:t, :i:B:0C4i11'4l{*"t! 

•J :,.,-ttl!t~1IIO>lflf4'i'II.Jll:.1"o. 11:_,y, t-C1l 

-ct11;,11)~D1:t*<~x.,11y:,~anr..c~•• 
t.:1:tJ111.tc:l\fl.,. < 'Jfi~nno. l,o•vaiilJ11tt1 

O'J~~~-~~~~~~C1)~9Cl)t.C1)t"l.!M~8 

no • .:t1.':>C1)rJt~n~~o~~ooc:m~•n. 
~-'1',t-~~~11J~*-~11J~M~t~o:~ 
/iJ. ~-'J', 1-l::7'?;(?:tt.!IJ:?-"i'•, 1-t 

~-'1',t-Cl)mt.J"'•~t0>~11J»~11.>M~At 

~-l>.-S.ttM~Y-~~~"t~~C~l!i~~ 

'i' - Q l'JIJ C rt ,P 8 1t t.l tt ft l;t' r..c ii;) ~ ~' • l, IJ> L , 

~nc~?T~ffl~&Hm~•o~~••~~s 
.b<1;.t;.G. 

a~m~i:::.~~?~*t-P:,·~N,~tJ::-:::t 

- i:::. .13 1,, -c tt . M It~:: Ii \f ~ 1< ., 11 'J ::, :::, t tt ~ 

~~~~-,.,,~1-~&~~~~~s~~i.:.«a1" 
~ l1J 1c III <" C l: ~ ~ ill f' , t!" 1,, 'If' ~' Ill VI, '2' .41: ii & 

~T~<~-~~CtM~~-l>~~~~~. 

;:::o:ir.Jllil>'cllft\1'o~a.')"'""Mlt.>!:. ~'C. rtlf.t 

~reo:iftoc~•~0a~•~•re~~-?",1-

•~1:.a•~C1)~c•~~.:t-~a.~~®~ 

350-

04/25/2002, EAST Version: 1.03.0002 

Page 135 of 1053



~~~T-r!.:.CO~m-7,;t*t-a::,,•;:i:.~.,.•IJ 

::,,,;f~ff~~~11-¥,t-~OO'l.'CO-mbg.:.6 

fl "' 1; • n 11t 1$ 12 m 11 t> .& .::: "' 12 ~- • 1.; 'IJ> 1., tz ~ 

':> • M » ~ ifJi 1/'.f 1111 ,r. '~ , 11 IJ ::,, ,;t i.: "' ~ "t' t:t • .::<. 

t; .6• t; , .t.'i J&J Ii 'II .IE '2" 11 tJ. r.:: D: R 1lt IE '5: ffl ~' . 

~~~c.::,~••a.1:q•::,,11••~~e~y 
• t!' o ;:i:. 1< •:,, 11 'J ::,, ,;I J6 JI 'b .. I!; t\ 't' 1,, o ( F . 

Yra lny f Ni J1.1 Ill It Ii: Q 1::. i8 ll ,t 1-C ? 11 !.I ::,, , I.:: J:: 

o • ::,, • ,., 1:i .1: u 11;;,, -51 .n.,a ~ 111 "'• a J I uaift 

IOJJ 10-11anll!lUirtit.i.:::m1"atid,UUL 

J. t:lectrochee. Soc. 114•5,505.1967 .6•611.>PJ 

N~>. a•~-l::~~-&-Mb•nr.::11tffU 
7-,;("1'\'1llt'2:.al), liiJi'..l'JIJ;:(/,C.,.? IJ ;:,,,;t<Jq;;: 

~~~c.::M11t~~--~~noco~M~To.~ 
nc.-:J::'J. o. s-2~1Jt-1vco;;ir.,-c.,,•i,::,,~ 

rehr"t"~aoA/~0),::,,11,a,*-*~~•1" 

o.:. t:b'"t'~. l 0-2 0 i!. ') l'-.11,,0).IEJJ"f"t'tt 

,::,,11•*U~-2fflc.::~~••a.:.t~"t'~ 
a.M~~--O)~~SWo~li'..M~~.,,y::,, 

o 1 o u't:' 6-> o • ;a ·f 0) lf ~ fl Lb WHI: 111~Ii1180) 

~~J::'Jm~rebcot,t~~~co~••~~~'° 

~~~-ftJ::'JA~t$t:t.11tTtt&~•e1.,"t 

ttl§llfi~I.,. 1lt~COIA:.IJC.::<hbt!''CfflJJl,J::7 t 
t" o • .:. 0> fH t 1., "t' Ii M.11'.Ull ~ ft ,r. ,-c .,. , IJ ::,, ,f 
~J::U~~-ft~/~&;;ir.~.,.,,::,,,~~o • 

.:.11.>t~~Tua•l,"('D~aJ::U~&l.::~AT 

o.~~~-n"l'ttffl~U~~o,~~coM'l.'•S 
t.tllfl:l"l'~< lllfll"to.:.t~,un;. i:.(1.)/Abil 

1· ,u, 11: I., "t' "' o J: -, e.:: -'> ;t . 'f' o, "' JJ!: • 1J f2 '7' 

,x7~"l'~6 • .:t1.)':J',xvu••~nr.::aa 
~n: JR 'l' ~I 9 .l::. 11 o .: t IJ( "t:' !: lo • • ':> C iG ~' /14 lll! 

II r::. t A I:! v ,( 1:1 o t!f OJ a 11111! tt . 11 -l- tt i'lUUtJ 

t:lJ:Ua~~~D~•Tl>~tt•OJ•B~§~ 

o . .:.OJ.90Jf::.(l. ~Ttt~MOJ~~~t~~ 

~av~OJMftSJ::U~~-~~~T6~--fl: 

C: c Ji; (;. "t' m RII <I> "t' ~ ~ T lo • 

~&;c. i1iliHUlff.b{~6t.:(l. -it5ii.O'ilfl:Att 

~~cJ:o&~oo~x,?9::,,*•1.:~a.1::.c~ 
~~t1.)•M~*MT60J~~~Tl,. "'*~a~ 

UflR-'¥2-54764 (3) 

'f <1) .iO fl 1! Lt • T a O o .S J: CJ' M 11 0 • ~ • Ill T 

.i:.OJCS0-100A/90J·~~~ru6n 

.i:, • 

.:: C1) t11ti2 If' "' lff Jta u . ~ 14 ill! itt w '-= t:i "' -c c:t m 
mtt~~~Dm~efff2~t~~•~c~.-c~ 
WTo.:t~"l'to.m~~~OJ~~c~~89 

T6~~tt~~~~•cs~~~T~~~&~• 

~~8e"t6 . .:OJ•~3e••c:t•tt~~a 
-r t 11.> tti :ll:H7.Hl ifl 'i: 11.Un! 1t • .: t\ tt If ;t ,; h r.:: 
re»T'l'<1)D~~t1.)~..,*~'°&A~~~*sa 

U6CtCfl:6 • .:<1)i:.tc:t~H,119~**.S 

J:U~~~~mm~1t6~~~~?. ~~~'l'• 
1 IJ' 1:1 fl) J:: 1 I.:: .&It "t 6 ,,. tt. ?l #, fl; :1] "t ~ h 1S 

~lOJfl~MA, a~•~w0m•~SJ:U~-
.~aC.::~#T6.M.~~nO)~l:.1!tt. •~~~ 

ffl&~-~~co•MJ::'J~~ftlt. •Ttt•&• 

hT~t~~~~tO)~~fl:l.,C·~~~8DT 
o. ,~t ;tit 1 0 -0: ') t-Jl,O)lf:IJO)t.t'l'C:711, 

:I :/ •I• 11) 7U T tt o . 4 e V Cl') :s. ,t. ,i, -¥ - ~ ti v . 
•~~~M&tt~M0~aMcom•tw~-AT 

tt~~~~W•ilt.,"tM»~ft. ~~~°'*~'° 
w~~*hlO)~u•m~•~~no~~tt~M• 
~1to. -<;t::,,4tcoa.!ll:b'•:t.t. ~~(l)AfHitilit 

~ I.I 'fl( ,j, ~ < I.: l, .:. ~ &;:, .t ? • l!1i ~ Ill 1lt w. I.:: s ~' 

~~=~~,r.x.,.,,~,;1•co~~C1)reh.t?~ 

~;i:.~~?9:/,m~cr.i•t"l'Wffl1'"6.:'.t-'l' 

~ l,. 

~~~~~~co~m~=~~A~,99~~~ 

l,~tt=~~~~~C.::~'f"l,&~1!1:,l,. ~htt 

i~~&s.tu~~~re~~~cm~-ro~~cr.> 
~:IC:"-:l;ll,.:'.l:.'t'l;l,. l,ill•L,, =.ti'I'.::<. 

~,?IJ~,tt~C~-O)~~···flffll,f::.t 

~~~•<O)am~i.::~~'t'*M*~~~t~, 

~ Ji. t,< a, o • v ,; * t- t1 :t n ~ 'i' m ~, ~ .1::. :iz ;i:. 

lfl'.i!':./.f'f"g. 

v**~a;;,,,;i:.~,,9~,;tt?{??o• 

~M~~~TQ.:'.t~i~~ffl~6.>oC~m~» 

46J0770~=3-o,K~~Ol4850 

4 f}) • ;,:C1)JijC,C1)7-( ?lli!fl.l.i!(Jltl;l. 7,;f* t-

-351-

04/25/2002, EAST Version: 1.03.0002 

Page 136 of 1053



o;:.,~~11.1·U~~-&Bl..T~gm~~-
'T,r~~x,•u;:.,*~nr.t~l1.)~0.ll::.l..J.:i 

t "f !, !, 11) 't;' ifH!, • 0::. 0) J.: 7 C::: ;t. I~ , ? !} ::, ?' llil 

~ J::. n 1S 1!' • ? - .,. , r 11) • ft: 'i' It ~'fll i; ti. r.: 11 

~~it"l!r.t< 111.11::.'fgt:;()c;:, ~,c.., 11 !.I ;:,~a 
lit '2' il>f;l.!:) IO An ~ 1t 6 • .:: 0) D tl!J f: it 'f 6 1.:: ab 

r.:. • J1i'I • ~ r.:. E a 1S tu~ 2 0111., * A au, ~ m ~' -c 

:;t '7 - ill 1J it §111:. ~ tt- 6 • .:: '° t IHIUi 11B "t! CUil 

JJtil:(l(~lltl,, /i1Uil1.)ilf< "!!lt11Jllrll(.'f6Qlll 

~•t~g • .::0~•0~Act~m11.1ca~~f.:: 

tt~~0•a~m~r.:v~~cM0~M~••~ 
1, .i..:: t. :I: t::. :&A61Uil1.l-"Sii:\tiqJU1"t! 1, 6.:: t 

"!! ~ .t,. 

~':>C:::, 1,Uli:*Jl,~t?-'T., r:t.11,:Sfil'ill 

I/Ult Ol ififltJE'lll• t till 1S ti.. - 3 0 Vii• 6 

-lOOV~~l,(~-70V~l0Vt1)~17 

x~I£~xx,.,;:.,~•ar.:.J:,T9~~-~ 

~omesa-r~3u~~sn-c~6<~~'* 
~2909804~) • .::11.)~~ct••~ttft~ 

~•r.:.2a1Sft~MM90N·~-~-•r.:.m1" 

< ~IJID> D tl!Jt; J: t1•1t> 

*~~ct-~m~D>G~til~-~1:.$-~tl.T 

)t.X,?!}::,~~ft6--l:.~-1St1.6R~l1.IT 

*.;t.rO::t•)t.J'~9?!);:.,::f"lci1C::.SI,,"(, 11-

'T,r~l1.lm~-~~6n~nf:0~'f6~te 

ll (l(J l:: 1" g • 

.: ti) B l'l!lt.!il,o t.::~r.:.. illlt11tll0lfll2'i11£ 

r.:.~ltllllDl~n~re~•b. ~~r.:.~~sti.g 
~fa-:U1111.11II£'.!'. ltl~--1:.J.: ,T'llUit::.f..t 

6ft6~1£(7)S%r.t~l..2S%1:.1"6J.:,r.:.W* 

I., rt. 

*!Jllj)C:::.t-,"C1'11!;tl6::J!l.'lte:t:. Si o., 
All.• 01, Si• N. 1:1::tiA 1 Nr.t~C7.>16li 

~e~*C7.)?*4ro;;,Ma~ffl~t::&~~x 
x,~9;;,V~~?TA6~W~~~6~tr.t< 

4 1,, ;fl 't! !fl fll 't! ~ 6 t "' ~ .:, I: "!! i> 6 • 

&£~-~~n,?!J~,C7.>~Tl1.lfl·~~

~ n -c "' o • a: 1! rz 6 . 11 • a llll Ilk ,,: ~ tt , -

?', r.t:C7.)1'1/ltil~tt~l!1!'. 't'tlC::J: ".J ?

?', r.t:"l:'m~~~~~-~o.: ttta~;n 

?HilPf2-54764 (4)· 

E. t, c7) "!! • .:: .:, "!! l:l .I: .tie It M: fl IH,& 1' ~ := fl 11 i'l 

llH1lx1<,? !.I ::.-,1:..1:: .,-cilil'l*tl.6 • .::C7.>~ 

~C7.>~~UQ~~~~~o&~~:b'-~l!t1.6e7) 
.i. Y-,c,;,r=1ac.:.na'fot.,0)"1:"r.t<. *,;c::n 

i« ~ II t., <,e 1ff * n rz "' • 
~ t; I::, rJ, .ftl 4t ft t' 'ff 't 6 1' :t ::, l::.' - A JU.IQ 

~~~t;ft"C~o. ;:.C7.>~8"!!ttU&*•¥~J.: 

V/*t::119-¥?r~C7.>~~:b'·~~~~Sc:: 

r.toC7.>~•~at::~. ~.ftl9&:b'~Mm•TC7.>• 
dt"!!<fffl~h.. 1S61:lE'l{tQ.:6'1.,Gli!;J::O'/ttl! 

,-~,rc::QJ~l!no.&£~~~,?!J;;,, 

O)~Mt<c.:.Ma~C7.>~£~xx,,v::,,C7)~ 
lid i::. ., 1,, "C 11 M n "C 1,, r.t 1,, • 

7~~~~"'~~,~;;,,'f6~n=•~~~ 

c:: J; ti. If • itI flt ii II t; J; ll llUUI! ~ !£ :ZUf ~ ,t t.::. 

~ ii l! n. ;:. t1. t; C7.> :IUH? 1H 1J '.1t II:: tt 2 ., C7.) .ID u, 

'tl>\lt~C::QJ.illl!l\6 ( 14~,yt,;tt,3 l 4 0 6 7 

59) • .::7-XO)~&~&ft~C7.>~ac::J::g& 
£mrzA~,,,;;,v~mm~~~,;n-c~~ 
1,, • 

a • .::e7)t.:~~A7-,c::.1::,••~-T1"0.:: 
t bf Ii M 1S ft 6 • .: t1H:: ~ l:US J1U1l at t) :b' • til I 

C::~~XT~~~~-~ttg.::tc::J::,T;t.A, 

11 •J :-,•:it1t1.t11.r1t. m2 i::: ,-7'., rO:>Jl!i!J 

~M*•1:1•n~~K,,v::.-vc::&•-,t~~ 
4~"!!1tr.t~. ~~~&~tl!JTV*ra;;,•;t. 

x,,!J;:.,,+c::~~•~c:::»~ano~G~tt 
"'11-¥,rMB~c::~~~~~"w~~~•~ 
~ t-, t 1,, ., .:: t "!! ~ o • .:, "' ~ ~ . il It 111 EE Ii 

9-'f',r~"'m~•~"'~w~a~oJ::.,i:::~ 
~lli.'l'IELEl::J.: ..,-c,a1111~t1.o. 

< :i!:IHfl l 

~T. *~IJl(l)-~-~~fflfii::;n~~T#M 

i::::itlJl1'6. 

!Hlt'Al:1:t&51llil'~an • .:::.Ol}!lill:.IU! 

a~e7)B~~2~3~6no.~llti::~~~-c 
x~,,v~~ano~~,-¥,r3-~aa 
fl. "C ~' l, • ? - 'I' ., I- 3 ti IIJj iffi t,( U I) 18 11.) :i:. v ;t. 

:./ r 4 Ii'. 1)- 1., -c 111 Hi s t ~ l:l ~ n -c "' o • 11: t1 s 

u:1-?a..1:.i::uut~n. 3-?at;;:x:..1,,;1::,,r 

-352-

04/25/2002, EAST Version: 1. 03. 0002. 

Page 137 of 1053



"' t If} nn i::: u .i1c ~ ,a a 7 • s • 9 *' n tt 1:> tL 't' ~' 

l, • 

:l!c~ta.67, 8. 9c>'.>Rl81:t. ,i-'ffq)2?(1');1k 

~Rln7~J:U9(f)satn•q,,•~~os(l')N 

~~•-~7t-a~a1.,-c~~R~~q,,mff~M 

~"to.t?C.:::, 11-'1'-;, t-3&:::~]lC.:::iaJltl:>ti-c 

~' o , ;:: (f) /iH ff. tt 11 - ~ -, t- 3 (f) J1v q) ':1' 7 ;( V ~ 

IE Ill I., -c . 1iH ff. :ll' i':" 11) f'BI (f) Q Ill .iii q_, t ;: ? "e .aa 
w(l')~~~-*c;:Q:g • ...,.,xv•O'),(*;;;&;t, 

~~~c10•6~~•n&~a•rec.1:9•• 
•n&~wi:::~.,-c~*•n~. a~•cao(f) 
-., -t ,J-~81: 2. Glll1l ..f ::nr? 11 1 1 s J: r, 1 2 t: 

~1.,-c~~sc~~•n-c~6.~Wtt11-~, 
t-311Jlliliit .niifll:X#dt8t\. :,';,XT(l)jf.,( ... 

;;;u11-¥-, t-3(1)J;iaJi:::mil8ti.is • .::tLr:: 
.t -,-c. fl,lft(l)ft'f'Ptt"f'II'?-~, t- 3 :ll'il:dlt: 

IB•tll,. t < C#ll! 1 3 ~:.ttl 1 4:6>':>akllic!!' 

tt.. "t.::-elillffl:t.41:ktt.:to • .11!:t•n.~Ati-'l 

r:. 1;1: tt i- 1:1: 1.1i lit 1 C7) 1i lfil .._ # fb v . FJ ~' 11 2 t 

r.i:.,-c111a.!tt&. 

'7113 5(1')-lQllitlMan. ~(l)fllllQU:tl.it•ti 

-c ~' l> • -< ;;; 11 ? 11 1 1 .a. J:: r, 1 2 rt) II M Al l:t :i 

,:.,7';;;'!1'3 2i:::tt1t.t8ft. ::i;:.,j';:.,'!t3 2.C:ttl.lf! 

an-c~&.•~••cao"'M2(1)~~ae~ 

ti tu • n -c ~' ar, • 

::i;;;y;;;'!t29o.l:U32t~(1)M&:::MM8fi 

r:...f;;;~??lltC~-,-C~M·(f)~~~~W 

0 0-~~74~?~S«~-c~.is • ..f;:.,*?? 

l 2 t.: J: ., -C i':" (T) !lb !! ~ 8 ? C::: • ~ -C ~- o • ::, ZI 

y;;;'!t33SJ:U34t..f;:.,~??35&:::J:-,-c 

~~~~~~scmh"t&mM~a~1.,-c~&. 

.::ft':>~~~C~,(X~74N?tv-Ca~"t 

l>, "tf.i:0~•~•~1:t•~-~C30Cl:1:W}AJ 

• n tt. ~-. 

~1~"'••(1)atto~•~~ai::~m1s.1: 

r,~2(1):1::,772.5SJ:U24(1)MO)~Ml:A. 

0 f/l,, -t-ft~l/l550')r.4?fl)'J/;:r.~l2~;tl..TJ.~ 

~1.,,:m20)::1::,,r,r24~~A1'o.::t~~~ 

o. 
i'Alf:il'1)~a'f:'1tR11J"tot:::t>C:, 311'.ii!?"-?S 

t!flfl.lji2-54764 (6) 

?-~,r-~f/C*B't'~,,:~&~&:::M~M 
t.c?k 1111" id:: ! it . • - ,J ., t- a :t1u; tit Iii ct n r.: 

n~u~M1sca~~~~O)~~taz-ro. 

.::'1)~~U#.::r.'11~~168J:Ul7•,;x•~ 

1a. t9tiJ:U.11..f:t22, 23{(8:-C • .A.i:t 

1,20. 2 1,;:11-1.,-c~11111 sc:::ilJA.!t1.o • .:: 

"'~~1s1.t2?0):r::,,'1'+24a.1:u2sc 

J: ., -c M 111. 8 ti .' :r ::, r T ·2 5 l.t 1Ji Ii 1 'l' fill ff 

I.,, (8.1JO) ::i :,l'l'+ 2 41.ti!.liil 1 0)6/'1?6t:t>", 

.,- -( -\" '7 '.ii' A 2 6 'i' M II. v ,: c,, o . ::J ::, 'I" + 
24, 2.ss.1:u:1::,rt-2s11.1acan~t1.t.: 

~•11tAc~~•n-c~o.a&~m100,m 

211.lkj2.7t,lt:t:::14.lt.ttt. a'Jll1J~28Ci-(::, 

•~•11~.1:u12~,;•n-c:r;;;y::,~29 

c ta M 8 fl. , :r ;:., 'J' ::, ~ 2. 9 Ii ~ .It .!! n -c 1,, 

o. 
1!"'>1:. C"f31~:lr1'o/CHH/i1tttl30tl:itt 

~·,1t1110C1)t'lf&::;f;,,:.,11Jjt:r::.,7':;;'!t33 

a J: r, 3 4 'i:'. ,-,. v ,: 1fHli s i:: It Iii 1! t1.,: 1,, 6 • llJ 

R:i:,1p;:.,~338J:U3•0)aM•~~-<;:.,• 

.1:umn~a~•~•R-rog~~w::1::,~ ... -

'JJ lli Ill 1,, ,; fl. o • .:: (1) JI!. .I! lfll ll9 ::t ;:., ~ .,. - 'JJ C t::: 

t~~Jl!.R~25~0)~~0)ff~~*'~~?n 

o • .::n,;"'¥-•a.1:u&11.1?"-11c~~~ 
"C. :r::.-t'.:a.-11~t:::l:::~ltr<Jt,:fl8oJ:U 

19{(n,-c~A1"o~~ega1.,. n~sca 

ttoa~t~~O)~~O)U6e»~"to.Jl!r&a 

~::1:;;t'.:a.-'JJl.t~O)•-c(f)Rftt.:t~~~~~ 

~. ~~-mna.1:ua~•~~Mh"to.::l:::~ 
't' ~ o • .-: C1J J:: 1 l'l: • JIJ ifU• :r ::, t:" ... - ~ U: .t < 
:).fl '=' n -c: "' g (1) .? • 'f: (1) fl it i::: -:i ~' -c "' a 111 tt !Ii 

11111"6. 

m1Mc1:t~~-(1)~M~~(1)~,c~m~n 

.a; ~· m ~ t\ -C 1,, ~ ._, • v :ll' v . # ,l (1) Iii ~ .:r- 11.> :JI' 

B1.,mh~gc~(1)~~m~mnan.g.1:1c~ 

~Mffl~a*"to~l:::tt~-~~g. 
~2~~-~~tti:::J:a.::r.~,•~;;;~~i:::~ 

~~~n~~-r~-e~a • .::n~d')~fttt~~i::: 

~~TG*~~&:::~6~2(1)~-~(!)~ffle~M 
-r a J: -c m w -c i6 a •. in .2 fl! 1:1: ~ f.lc re 11 fl( 1 )( 

-353-

04/25/2002, EAST Version: 1.03.0002 

Page 138 of 1053



I o - • ~ •J 1< - 11, "' 7 n., ::I ;:,, 11) N ,F fll tt 'II ;t. 11) 'tf. 

1111 $l 1· "' t, C1.l -e a; '.l . .: C1.l f4 ii' i:; ll llU:U!i 'lit l« 11 

f.JJ?•c;:~M~~~~"'~~"!!'a;Q.:tffib• 

o.~re"'~ni;::~tJ:~~mtt:1'9X?t,<M~• 
ti"C/Jtllt/Jll&(Ji91"011)"1!, 11tll.1 ~ f CU) Ii 

a~~-~«i;:~~'t6.x~,9,;:,,d•R1:t 

A/s-e•~~n. AX,~9~:1"Wn"'*·c;: 

fl! ti: ~' Kl til R'.I i::: .I: JI. l, • itl ii R. '" f ( P e l ) I;: 

J: ? "(' ;R f:)1~: fl O • lfl ;/J \E lit l O W / C • • I;:: ,t Ii;; 

1"?..;1:.1<-:,99;t:1"1fL1.Jt,{440W'7Jl::$. ;1:. 

J( ,;, 9 ') ;t d ~ U S O A. / s "1! I, o • 

iii 3 ~i.:tt. t'!li-:ttlf11.>l',llt!I I: l,"("11)'-\f.li'll!llt: 

SJ;Y~~l1)1:8&;:~~R~l,~YN~;tSJ:Y 

~~~A0~b&;:~~oM~ftlft~~~lfl1)ffl 

~MM8ti-C~o.m3~C1.lP•@»11MS(7)& 

Tj\ f n 1 t,< 6 • 7 S C C M / ft -e - ~ tT) t ! i;: .l! M 

8.tl.f.:t,11)"1!it>6 • .: ;:-e S S CM/~litf~Cl!J 

tzca• /~t~:it1"0. 

m2~t1:t•~~1.:. ~3~1:t~~R'.l~ftllA 

~.~9;:,,d~n«seMt.,-C~6.••-•~ 

~*re"'awc~aoov~~1.,4oov11.>• 
Ill!) i&Cf,'ti=)lt.l:•lillll"!!'.1;6.-::.t"t?l.d), -t'O'.)rj,"I? 

1f < Uel.::klf;~:,'9;(7!a~il".&;:·6. t.,r.:i&«? 

-C f.lJ fir -~ 1.i:' !1\ < :fb t,, l, -C M( 1\'t t,( ii:. ~ ? fJ: 1,, J; ? I;: 

L, ~ It tt L'f fl ':, f:t. 1,, • 

T"!!'&:i!-<f.:J:-5t::. lt\~\tttl,t.Jtl:f.JJ':'>il•t::!la 

Hi':ltfl:(l')fllll!"I:' a; IJ. ,&.,: O)\tl/T;ltl&::.Uil~t:: 1 

'? (I) ·,tt It (If t,( ti fi;; 't o • t., ii' l, • -t- (I) i! 1:t 11' ~ tJ: 

~, • 'b 1., m 3 51"' • fill t 40 • ~ ~ l!I! 1., . • • i::: 11: 

Cf.U"cl::'.l. flfilic;:~~.J'ttot. 111:LEIIUUt 

l'?l1)~~~~2?11)~~~~~6S~M~~ 

< • 
m4~1::.C:tM~~E$~U~~~-"'~ffi~E 

c7l~~c1.,-cC1)~t~•~ma~t~~A#c7l~ 

t "t' n\ ~ n -c 1,, o "' . ~ 11 11 a 1i1111 2 m .! n n: Ill 
ffi 'ii! f£ t,t if ffl ~ n -c: ~' 6 • .-: :::. i! c7l ff II P-1 flll le Ii 

13. 56Hz"!!'l.,I), i'll'illUlt(1)JRflll1140 

V . J;\ *i I::. .S It {, ;If 9.1, ·,t 1J t;t - '.1£ "I!' 2 0 W "t? I> 

'° . g Ill! (1) ,~ 11, A R. • o • (1) a u 4 2 s v J;.t r -c 

r1 "'> n . .-:: n 1:t m 3 ~ 0) M itl ~ 'Ill ft 0) .11 ft t u:t -c 

l!llll.lf::!-54764 (6) 

att•o:,~reia:~~.!u~t-n•~Jtt~gt 

1.,-c~6•cmrec7l~ni.:'l.io.:tMh•o.c 

~e~Jmauot~~u~~••c~sc;:1:n1" 

o 16( • t:' o:> & fil;~ f,'J .i;: it t., , t:' .: "' ':> • ,J, t, li: ~' 

-e PJ U "' < :fl' 1ft mt T o . t., ti• l, • 'II£ LE ~ t<J & o o 

v"'~mre•8~•~ttot. 111:~1:t~~~EC1) 

M !Y i;:: If t.c 1,, M ,J, 't o • t., 6• Lo • .iHJJ 11) :* Sil ~ -

~,t-c7l~mev2't.st. •re~~ec~-~ 
t ·;1£ lUt :A: ! < .I: ~ 1., • .:. c7l I: ~ 2.li Ii .1: "' ttt «:. tis 
(1)·1(# Ii. It .II! /JD l, "C ~' 6 .:. t ti< b ii• I, • 3 5 0 V J;.( 

i,·ct.zld:. 'ill~l:ti'JUZ1CM9t.,, dt~~n:ti< 

;).:. $ < J: H 't o • V.J 4 S O V ii' 6 3 5 0 V 1: "1! C1.) 

aillll"t'U:. 9-".f, t-J:c;:.lflf41"oA.A., 0 0 tT) 

2 it: ·,tt -1· ~ ~ IA tt . Y JI, :f ;:., 1' :t ::., o:> lfi "l C ~ .., 

-c 1:.n-ro • .:.ncii,Jm~c;:. 3 so V.l;.l"f'i:: 

s~-c~~-¥,t-1:tM~D~"l:'•m•n~

".t' -., I- J: C A .2 a O , t,< Jr, fk. 8 n <S. ;: t tt '2 ~' • 

;:11)M~D~l1Y•~::.,c7l~~1'*;:,,c~ ... -ca 
ill .! tt , 2 it: 'ilt 'T· !i:fJ ~ C:t fl£ "f 't o • JS( J6 0!1 it{ & :f1I 

fl! "' !II:. I.\ 1:t • ~ • 1:. c:: a .Ill!:"' t.1: "' m :t- sr, JJt. -r o n 

1,, o • l, t,• l, , /ii( ',(l It 'M. ~ I::. 'le. ii! l, "C $ I) 7 - '7 

U'2~.W-~C1~420Vc7l9fl!4C~~"C. 

~~U:*E~.&;:o;:t12<ft~~ff~t>tt~. 

500V.~350V(l)M~~m3~S~Um4 

~C7)~~--~~ttU:D~-t;,~M~(l)~a~ 

- ~ l, "t' ~' 9 • ill 3 ~ .!: Jt -< o I: • ill 4 (;id "I? ll!l t1 

, 6 ;::. t t)( "!!' ! o ii! flt l, t.: ~ ~' ·.a ~ (I) 1:1 hll U ~ (I) 

~1c;:~~~~J:1. "fQb~. ~ft-/Jt.911M 

~?-Y-:,~RwJ:11)/llll~~T(fJgue~~1"o 

J6' , 2 l:I: '•1l ~ (fJ ~ !£ :II (I) tfl JIii It B lit ~ n t.t 1,, • 2 

~~~~~~-rot••~•~~~a~*;:,,~e 

~1.,"t'~•::.,~m~~~,o~. M~~na•~ 
c7l~~~~~~h,o.::.ti;:J:?T~:t~~QM 

~•-ro . .::.c7l~~11~~ame£wx~,•9 

~::1*11m~"'~T~ff~~h-r•t.,•~~1.,tz 

1,, • .: 11) 1lt IE lll'. r 1111111 :t: :fl' 1E 11.> It 4R CJIJ t, -r ii• fl 

ltl.bllc J: "t':IR~ no. 4 2 o VC7JffJfi!.~1! u 

AR., 0, C7)~_JC;,?9~::1$1;1:tl,470WOl'llt 

11 .? 2 s " / fS' -e " ? . :.: n 1:t a.& ., 12 ~ a (1) IA 0 

I: lt 4ill 1" o t ~ tt I:: ~ T l, ft ~ It .? ~ o . 2 8 O 

-354-

04/25/2002, EAST Version: 1.03.0002 

Page 139 of 1053



I 

Vtl"f"t?l;l~-11:A;i!<Jt!J;l,, .:tte;t;(..K?'~ 

~~~11JM~c~o•msJ::ug~~reca~o 

x,1.,. ~ •J ~d'9JJ!1!11)M!!J;11Jr.:ti'l'c60. so o 

Ytl~'l'tt~Mn~De~~o~lf"t?«no~R 

~mJ9U)M«R~&"'•&J::~~-~.~6~ 

c.:.:'1?c:t~,;;(vl1)~9~~~~~~. 

~s~tt~ascmx•no~=•lf~~v-c 
1,, o • ,: ft tl: - 4 2 0 V C'J if{ fl 1lt If I: • M l 4 0 

v"'•m•~re~mnr.:~11J"t?c60 • .:11)~1ftt 

Jil!IJ!~11J7Jt,:t~JE:617 x 1 o··~ 9,<-J1111)t 

~. ,.,.,~.::.'7.t..b(;i:.1(-,~9!1~.!l!dltl:1.::11> 

ittil:.~&.:;-5·411)1:l. Bl~Cl!ICWAP•no. tli:.t 

lll!"'ff~~ntt2owca~~n1ttas~•no 

ifJ:ll'lttfftttitJ 1. 1 4 A "1! I; o. 
~6~tl:M7N~~~~~TCS~o~R-lf 

if.~ tt "c ;;;: 1., • .: .: c 11 ;;, , ;;< '? c: -, "' -c 11) ;u m • 
11)~~-tt.1~~•n~~o.M~~-~cs 

nam~m~•tte~1"ff~~ttxw"1!•h• 
n. •~•E£"1!11)~••re~tt~~~•~mtto 

ro 1? ru, • n ~ 1,q, • I\ a · s -e 11.> iti llUI! 11 :1.1 tt .: 

';J t-.::.- (Yralny) Q)IIJlft.!:~la't"o. 'f't\CJ:: 

n~=a~•m•2~•nr.:aa~re-mhan 
o t . dUUI! ii 11 rt ~ iZ t, < II n 1" o I.: 1,, -:; • :;t 

71-~-cJ::.-c~•nr.:•~-~:b~ZOOW 

tl:~.11J~R~~·J::U~~--:1JG~43%"1! 

I, o_ • .: ti 11qu:11::: &a ffi L &:: M JR 11.) I; o i\Ulllll 'ill 

:b"1!~o•~~•tt~~6n~~~~. 

m a ll1I i::: • "' -c • a ~ t\ a 'ii ff 11J Jt !J- c:: ff rz 

1,, • ,';I; m Ill! JUI 11) t I!, "> rt ~ At 'll 'olt R ct tp ., < ~ 
t M!J, 1;ra1t o, 3 5 0 VU r(I') !: ! II) IB'.IIU.Ut 

m~ttM8&Q)}il(11t~')*!~~"t'.t,o.M~R 

lllllf(I.) A:t11tl:l 2 9 O V "t! t:1: < t.l. o ;6(. ill i.,lll tUIII 

a11tll)81.tm~~M~v-cM~~•••l1)•*• 

&•R"1!.t,ol40V"t'~ocr.r.o. 

;:: 11) .t 1 i::: '7' ?' -* I- o ;; 11.> IA 1) • M • t.1 M 11.> !t 

mrn•••RtMIB:~11.>-•amt11.>~c:::a~ 
-c . .U JlUUl Ill o, a It ~ Jff ~' ~ 41 b . a Ill 'II fl rt 

9(!).~;6(H~l!tto.~~~~~c:::t.-c2& 

HC:::lli:t!"t'a:.o.:11;,;11111c:::tn,-c. illliJ1.1ll!}il(1tto:> 

n "' -< * :,, -0:. 511, JI! ti' ~ '.ii1 1! n o . 

HIIPf 2-517G4 ( 7) 

='1?~20W"t'~6. ;::,o,·~~~l;lW~Rl1.>• 

as~an~~(l')~611.>~x,?9~~~~~• 
t.,"(~m~n~. ms~cs~-cl:l2?11.>*~tl!I 
12 /JS IJ'1 :111 .12 ti ':> ti. <S • 1" r.i: t> 15 • ltt ~ 7 ~ * t- a 

;; Mc "ill '1) f::. t> (I) JI 111 tl!I f'I. ~ 'JJ 'IE JJf 1 0 W / ca• 

C Ill 6 ~ S:: ~ 1,, "C tt 11-J 6 0 0 V / 0 . 8 A ) 6' I!> 

OIi j6 t., -c • flll - Cl'J D'l fe 111 IE '1J l: l!t rn a: f.t 11) At'lll 'II 

li It lii: i!UUUnl .1J 2 o W 11) t ~ 1" 't! c:::. ~ a 1::· 

t.l .,. 'C 1,, 6 • ~ l',l t> 13 • \l ilt JI 411 :Ill r,1 l 4 0 V (I) 

t -~ 'ill f(e tt O . 1 8 A t! It • 4, T !, , 

a~i::R»~nr::.~~'??'•1-a;;~mmtv 
-c. n&~al/)~sx11.>~~~~~1t~~rz~~ 

~ 'ff I,; "C "' o , U iiQ ill :1J ','fl "1J 1:1 lo(J 1 0 0 W ( ,. 

2 • 3 w / ca• i M !J- 1S no • rn i:; 11, c::: /.Ii 1:•4 llll ilt 

Wtt~~511)M"t'~Qt,-c~o~~l1.>~971-~ 

~2~W1"0, ~~••wc~~~~6~~n• 
€> i;: t\ Ui s :II• ; Ill! I') Hi 11• ti o . .:: q:, .::. t «: -:t :1- 11) 

tfi~iiflf(ti'Jt!/l,o;::.tis:-1.t!llt"to. ;::,ntllllm 

t,"(~~11.>~971-ffl~&K~"ta. 

;:.11)MmttM=Y~..:i:.~,?9~~B~•l1.>:;f 

M=~ff;(.K,?9;;*c:::a~a~,1-~-c::: 

.l:oM~SJ:UG~tt-ac:::*~~i::t,Tl:t~ 

~"m~~1:ta~.:"'~~i:::~a1.,T~o. 

~-h11.>~~-~~c:::J::~~~v'.f$~a:.,~ 

'ill '1? p;. 1,, ~ llll a:: s c,, -c • iCt il ·;rt Bl >S! M P • 1! -5 .: 

t(1)~t~~~A"t'~~mnc:::1:ttt~•n~~~ 
~l:l, &Je~fl!LPC:::1\'l.bll~ttr.::il\2·,1t-1-~~QC::: 

.l:~~-~,~~~~~C:::M~'fQ.:t"t'T~M 

!l'i~tl.o. ;:(1)!dJJ!11.>fH!f1:t~m~not11ns.t 
a~~C~o.7N:1;:.,/M*11.>~~~•c:::~tt 

oAi. Si, Sn.t.J::rl71v:1Jl,/J,'l;#l1);'1(1!1 

~•csH~Ai.t.J:USiC:::?~"(l:t~ll)~~ 

1:t~~i::~?~~~i::a~~~1?~0. 
4. ~ilii11.>0!lli!l.:l:;AIJI 

m1~~*ftlJl&::J:o~al/)~*m•~~. m 
2~1:t~~11.>a~v~•t-o;;,~x,~~~~ 

~ 2l C::: Ji 1,, "( fE :1J 7 X l O • • i;'. I) /( - /1, (f) ~ C 

~. ~~mrel/)~ot~-cl1.)n~~M. ~K,~ 

•J ;:., 7' * :s J: a~,< ':I 11 •J ;:., ,., it :tJ 'lt' ~ 't"e?I. m 
3 C"il (;/; 7 JI, ;:f ;:., /E 7 )( J O • > .;t 1) I~ - JI, , "* JI 1111: 

-355-

04/25/2002, EAST Version: 1.03.0002 

Page 140 of 1053



!16. 'TSCCM/~1!-)lSJ:V'7J11.lt.::.')'A 

11)~-'t',~~~t~SWG~Rna•re(l)~ft 

t v"Cl1)1U11lf.RSJ:11M:IH~lf~i'it"tfl11. i.ff4 

ll/1 C: 7 Iv :f;,, If 7 X l O -• .lt ') 1< - /Lt .. llt :I fl /4 

6. TSCCM/~'1!-Ji!, ll«.1140Vl1)lJlll 

~M-~1£$J:~7•1.::.~Al1)~-~•~11)~ 

t~U-D811tlfl1)~Atv"Cl1)M8••sJ:U 

M~ftre~•-r~. msm~~•~re-~b~h 
t1:.illli'18i'iltre~~-r11. mef.i111u,17n.,::1::.,:,: 

m~T~S~"CaflD8Clf$J:U~--lftm 

~~~tlftl1)M~11tlfl1)~8tv"Cl'.)D~~fl 

'e~"tffl't?~,l». 

1-Jlilit. 2·-.IUUt. 3-~--:f, ~. s

itfl, 1, 8, 9-b:.~IUi, 10·-D'.a'ntC, 

24, 25•-::r;,,9'+, S0-;G5r.filll11tlt 

~M~~A ~~-Iv~ 7?~-s 
::.,lj'i!lv~"\" 71-

JtJ!± 

I•· 
r-- (Q N (") 

--I I.O 
"""'! u 0 

C M 

co 5? 
('I 

::: 

~ N 
C"") 

T T 
~ 

..i 

N 
0 

~ 
N 
N 

-356-

8 

~ 

~ 
'Tl ~~ -C) ~ . 
O'\ ~8 

....... 
< ...., 

§ 

~ 

~ 
N (Q 

N 

E 
E 
s 

II 
d 

04/25/2002, EAST Version: 1.03.0002 

tHdl ;p: i-54764 ( 8) 

.. )( 

~ 

C,!) -
~ 

~ 

II• 

Page 141 of 1053



-a, -~ 
t:> 

"'" ~ 
Ir.) 
I 
~ 

llf-
6 
lit> .... 

1.. ,,·.., 1•1 ';/ ?' 't,.O < w) 

200 300 ,oo 

-. 1.0 
'{ 
'.J 

~ 

~ 

'(! o,s 

~ 

200 300 . 400 SOO 

'fi ~ 'l,/1 (V) 

FIG.2 

soo 

600 100 

...... 
~ 

so •c( 
'-J 

~ 
' ('--. ., 
,:,. 

2S n... 
l' 

!.. 

t< 

J 6 

..... 
~ 2 

-ii 
~ 
J;t 

* 
~ 

~ 

Po2 (7.'i l.:? ;t 7) 

ltt 
~ 
w. 

J f';; 
I 

0 
JOO «JO soo 600 

Ht~ 'tli {V) 

FIG.3 

u u 

...... 
< 
~ 

~ 2,0 ., 
~ 

~ 
~1.0 

Po2(7·,n %7) 

200 JOO UX) 500 600 
;i~ ltff! tit (V} 

FIG.4 

o ~m 
~ 
'> ·1l0 
v 

I 

' I 
I I 
\_/ 

. \ 
I I 
I I 
I I 
I • 

,'""\ 
I \ 
I I 

I ' 
\ : \ I 
I / 1 I 
\ I \ I 
' I ' • \_, \_4 

FIG.5 

1.,0 

lt! 
~ 
..,: 

2.0 G 

. 
N 

0 

N 
0 
0 
0 

..., 
0 

l"1 

i::: 
0 
·rl I (I) 

t-- J.-1 
Lt') 

(1J M ::> I 
E-4 
Cl) 
,:( 
r:tl 

. 
N 
0 
0 
N .....__ 
t!l 
N .....__ 
~ 
0 

Page 142 of 1053



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 

(19) World Intellectual Property 
Organization 

International Bureau 

(43) International Publication Date 
11 March 2004 (11.03.2004) PCT 

(Sl) International Patent Classlficatlon7: H01S 3/16, 
3/063, 3/0933 

(21) International Application Number: 
PCT/US2003/024809 

(22) International Filing Date: 27 August 2003 (27.08.2003) 

(25) Filing Language: 

(26) Publication Language: 

English 

English 

(30) Priority Data: 
60/406,451 27 August 2002 (27.08.2002) us 

(71) Applicant (for all designated States except US): SYM
MORPHIX, INC. [US/US]; 1278 Reamwood Avenue, 
Sunnyvale, CJ\ 94089-2233 (US). 

(72) Inventor; and 

I Riil lllllRI II DIIII IIIII IDII IIIII IIII I II Ill lllll lllll lllll lllll lllll llll DIIH 11111111 IID 

(10) International Publication Number 
WO 2004/021532 Al 

[US/US]; 5861 Castleknock Road, Dublin,OH 43016, 
(US). 

(74) Agent: GARRE'IT, Arthur, S.; Finnegan, Henderson, 
Farabow, Garrett & Dunner L.L.P., 1300 I Street, N.W., 
Washington, DC 20005-3315 (US). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ, DE, DK, OM, DZ, EC, EE, ES, Fl, GB, GD, GE, GH, 
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MO, MK, MN, MW, 
MX, MZ, NI, NO, NZ, OM, PG, PH, PL, P'J.~ RO, RU, SC, 
SD, SE, SG, SK, SL, SY, TJ, TM, TN, TR, TT, TZ, UA, 
UG, US, UZ, VC, VN, YU, ZA, ZM, 'ZW. 

== (75) Inventor/Applicant (for US only): DAWES, David 
iiiiiiiiiiiiiii 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE, 
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO, 

iiiiiiiiiiiiiii 
iiiiiiiiiiiiiii [Continued on next page] 

=----------------------------------------
- (54) Title: OPTICALLY COUPLING INTO JilGHLY UNIFORM WAVEGUIDES == = 
iiiiiiiiiiiiiii = --
-iiiiiiiiiiiiiii -= --iiiiiiiiiiiiiii 
iiiiiiiiiiiiiii 

A 

'r .• i a,1 & 

ru::::/:L:/:~:,:::=======/=t~:,::..\-/=~!~B Lfi ii. a,amaaea,a ai _ j 

(S7) Abstract: In accordance with 
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(803) and the cladding material (804) 
can be deposited with a high degree 
of unifonnity and control in order to 
obtain the coupling. 
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OPTICALLY COUPLING INTO HIGHLY UNIFORM WAVEGUIDES 

Background 

1. Technical Area 

[0001) The present invention relates to coupling of pump light into an optical amplifier or a 

laser and, in particular, to coupling from a multimode laser diode in order to opticaily pump an 

optical amplifier or laser. 

2. Discussion of Related Art 

[0002) Use of directed energy beams, such as those produced by amplifiers or lasers, are 

diverse and include applications in a wide range of fields, induding biotechnology, medicine, 

semiconductor processing, manufacturing, image recording and defense. In biotechnology, 

dir~ted energy beams are used, for example, in flow cytometry, DNA sequencing, confocal 

microscopy, and hematology. Medical applications include use in ophthalmology, non-invasive 

surgery, and photodynamic therapy. In the semiconductor indush?', applications include wafer 

inspection, rapid thermal processing, and scribing or marpng. bnage recording applications 

include, for example, high-speed printing, photo-processing, fi~ subtitling and holography. 

Industrial applications include, for example, rapid prototyping, materials processing and scribing 

or marking. Additionally, military applications include range finding, target designation, lidar, 

and chemical or biological threat detection. The graphips and printing industry, one of th~ 

largest businesses in the world, has a need for inexpensive laser systems for use in applications 

. such as thermal graphics. Such applications require a highly reliable, low noise laser or optical 

amplifier at a low cost. 

[0003) Typically, applications for directed energy beams require a laser or optical amplifier. 

An optical amplifier differs from a laser by the absence of a laser cavity. Both devices typically 

require an active optical material, for example rare-earth doped YAG, ruby (Ah03:Cr), or other 

material, which can be optically "pumped," such that eriergy can be stored in the excited states 

of the active atoms or molecules by an optical pump source. Amplification of input optical 

radiation or stimulated emission for lasing then occurs when the same optical energy stored in 
-1-
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the excited states is coupled to the incident optical beam. 

[0004) Figure lA ·shows ~ example· of a side-pumped laser 100. Laser material 101 is 

positioned in a laser cavity defined by mirrors 102 and 103 and is pumped by diode array 104. 

Diode array 104 incluaes a series of laser diodes 105-1 through 105-N positioned to illuminate. 

all or most of laser material I 01. There are a variety of choices for laser diodes and laser diode 

arrays available to pump Nd or Yb doped Y AG, for example. In most applications, Nd:YAG is 

pumped at about 808 nm and Yb: Y AG is pumped at about ~40 nm. Choices for diode array 104 

. include 10-40W arrays, 40~50W single bars, and 240-600W stacked bars, for example. Arrays 

can· also be formed from readily available 1-2W single laser diodes. 

[0005) Figure 1 B illustrates the optical density in a cross section of laser material i O 1 in 

side-pumped laser 100 of Figure lA. As is shown in Figure 1B, the optical density is greatest 

in the center oflaser material 101 where the.laser beam is located. However, much of the pump 

energy is dissipated in areas oflaser material I 01 that are not actively involved in the lasing 

process. Therefore, side pumping techniques are inherently inefficient. 

[0006] As is illustrated in Figure 1A, the laser beam is directed between mirrors 102 and 

103, where a percentage of the beam is transmitted through mirror 103: Figure 2 illustrates the 

shape of a laser beam in a laser cavity such as in laser 100. The closer the laser beam is to its 

diffraction limit in laser material 101, the greater the depth of field and the smaller the diameter 

of beam handling optics (for example mirrors 102 and 103) required to transmit the beam. The 

ratio of the divergence.of the laser beam to that of a theoretically diffraction limited beam of the 

same waist size in the TEMoo mode is usually given as M2=(0/9), where 0 is the divergence 

angle of the laser beam and 9 is the divergence angle of the theoretical laser beam. The angular 

size of the laser beam in the far field will be M2 times the size calculated for a perfect Gaussian 

beam, i.e. 9=M2(2tJWo) for a beam waist diameter of2W0• 

(0007] Figure 1 C illustrates an end-pumping arrangement for pumping laser material 101. 

In the arrangement shown in Figure 1 C, laser material 101 is again placed in a laser cavity 

formed by mirrors 102 and 103. The laser optical energy transmitted through mirror 103 is 

reflected by a dichroic beam splitter 114 to form the beam. Optical energy from pump source 

116 is incident on lens 115 and passes through dichroic beam.splitter 114 and mirror 103 to 

focus in a nearly diffraction limited region of laser material 101. The beam from pump source 

116 is reduced to a size and shape that resembles the shape of the laser beam shown in Figure 2 

-2-

Page 146 of 1053



WO 2004/021532 PCT/US2003/024809 

in active material 101. Additionally, a second pump source 110 can be focused by lens t.13' · 

through mirror 102 and into laser material I 01. In some embodiments, additional optical energy 

can be coupled into laser material ! 01 from pwnp source 111 using a polari~ing beam splitting 

cube 112, which trm1:smits light from pump source 110 while reflecting light from pump source 

111. 

(0008) A cross section oflaser material IOI illustrating optical power concentration is shown 

in ;Figure 1D. As can be seen in Figure 1D, nearly all of the pump power, as well as the laser 

beam, is focused in the active region of laser material 101, where the laser beam produced by 

laser 117 is produced. 

(0009) As is pointed out in U.S. Patent 4,710,940 to D. L. Sipes, Jr, issued on December I; 

1987, to a first approximation, and not being limited by theory, the higher the pump power 

density the more efficient is the use of pump power. This concept is illustrated in the graphs 

shown in Figures lE and lF. Figure lE shows the photon conversion efficiency (i.e., the 

number of pump photons versus the number of output laser light photons) with increasing mirror · 

reflectivity at various input optical power densities. Higher mirror reflectivity increases the 

optical power density within the laser cavity. At higher pump power densities, higher 

efficiencies result. Figure lF shows photon conversion efficiencies as a .function of pump 

power for various spot sizes, which shows the same trend of higher efficiency with optical 

density as does the:graph shown in Figure lE. Spot size refers to the diameter of the optical 

pump in the optically active laser material. 

[001 OJ Table I shows typical power usage and lifetime characteristics for a side pumped laser 

100 ;:is shown in Figure lA, an end-pumped Jaser 117 as is sliown in Figure 1 C, and a lamp 

pumped laser. As expected, the diode end-pumped laser 117 has the greater efficiency. 

However, end-pumped laser systems have more optical components and therefore are difficult to 

align. 

(0011) Typica11y, the optical beam ~om a laser diode outputs is highly assymmetric. 

Therefore, light from the diodes is difficult to couple into the active material, e.g. laser material 

101, of an optical amplifier or a laser. However, as shown in Table I, the lifetimes; efficiency, 

and expense of various laser. diode configurations make them very attractive as pump sources for 

optically active devices. 

-3-
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Table I 
Lamp Diode End- Diode Side-
Pumped Pumped Pumped 

Power to Pump Source sooow 2.SW sow 
Power to Cooling System SOOW 2.SW sow 
Power from Pump Source 3500W 1.25W 20W 

... 
Single-Mode Power fr?~ Las~r lOW 0.8W lOW 

·Wall-Plug Efficiency 0.2% 16% 100/o 

Cooling Water Free Air Forced Air 

Power Consumed/Output kW-hr 500 kW-hr 6.5kW-hr lOkW-hr 

Cost of Llght Source $200 $400 $1000 

Lifetime .of Light Source 200 hrs 20,000 hrs 10,000 hrs 

[0012] Multimode laser diodes are highly desirable optical pump sources as they are 
inexpensive to manufacture and are capable of producing much higher power.levels than single 

mode lasers. Multimode lasers are more reliable than single-mode lasers as they have lower 

output power densities reducing the risk of catastrophic facet damage, the primary cause of laser 

diode failure. However the.light emitted by a multirriode laser diode is very asymmetric. 

Typically, the laser diode emitting aperture has dimensions on the order of 1 µm x 1 OOµm. It is 

very difficult and costly to collect and couple light emitted by a multimode laser diode into the 

end facet of a single-mode optical _waveguide or fiber. 

[0013]' Most conventional waveguide amplifiers· and lasers include one or more waveguide 

cores doped with active elements, such as Er, Yb, Nd and Tm, and are designed such that the 

waveguide can support coaxially propagating single-mode output and pump light. The output 

power of a single-mode, single laser pumped amplifier or laser is often limited to about 20d.Bm 

(1 OOm W) by the power levels of available single-mode pump lasers. Single-mode pump lasers 

require more precision manufacturing tolerances and are consequently more expensive to 

pr~duce than mu]timode lasers. As a result complex and costly schemes are required to pump 

arrays of waveguide optical amplifiers .and lasers. Pump light has to be distributed to each 

amplifier channel or laser element, requiring combinations of splitters, combiners, taps, monitors 

-4-
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and associated control electronics to effectively manage the distribution. Polarization sensitivity 

of waveguide elements further complicates the distribution process. 

[0014] Therefore, there is a need for optical laser devices capable of efficiently coupling 

light from a laser diode into the active region of a laser cavity that is cost effective mid reliable, 

and that produces high optical output power. 

Summary 

[0015) In accordance with the present invention, an optical waveguide device tha~ coupl~ 

light from at least one laser diode irito a high refractive index contrast slab waveguide iE! 

presented. In some embodiments, the high refractive index contrast slab waveguide includes a 

light duct in a horizontal plane in order to receive light from the at least one laser diode. In some 

embodiments, the high refractive index contrast slab waveguide includes a high refractive index 

active waveguide and an intermediate refractive index passive cladding. 

(0016] In some embodiments, the high refractive index contrast slab waveguide· is folded in a 

horizontal axis, In some embodiments, the intermediate passive cladding is thick enough in the 

vertical axis to capture a substantial amount of light from the at least one laser diode in th~ 

vertical direction. In some embodiments, light transmitted from the optical waveguide device is 

efficiently coupled into single mode optical fibers by mode size converters. 

(0017] 

figures. 

These and other aspects of the present invention are further described in the fo11owing 

-5-
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[0018] 

[0019) 

[0020) 

·short Description of the Figures 

Figures 1A and 1B illustrate a side-pumped solid-state laser. 

Figures 1 C and 1D illustrate an end-pumped solid-state laser. 

Figures IE and lF show graphs illustrating higher pump efficiency with higher 

optical densities. 

[0021) 

[0022) 

Figure 2 illustrates the characteristics of a typical laser beam in a laser cavity. 

Figures 3A and 3B illustrate integration ofphotode'tectors and laser diodes with 

planar waveguides. 

[0023) Figure 4 illustrates a butt-coupling technique for optically coupling between a laser 

diode and a waveguide. 

[0024] Figures SA, SB and SC illustrate integrated coupling chips for coupling optical 

energy from a single mode laser diode chip. 

[0025) Figures 6A and 6B illustrate a coupling chip for coupling optical energy from a 

multi-mode laser diode array to a multi-mode optical fiber in accordance with the present 

invention. 

[0026) Figures 7 A and 7B iJlustrate a coupling chip for coupling optical energy from a 

multi-mode laser diode array to a single mode opticaJ fiber in accordance with the present 

invention. 

[0027) Figures SA and SB illustrate an embodiment of an amplifier chip according to the 

present invention. 

[0028) . Figure 9 illustrates the optical materials utilized in waveguides according to the 

present invention. 

[0029] Figures lOA, 10B, and IOC illustrate an efficient mode size conversion for vertical 
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pump~g of an ·amplifier core. 

[0030) Figure 11 illustrates a monolithic array beam concentrator chip according to the 

present invention. 

[0031) Figures 12.A and l2B illustrate the mode images for two example w·aveguides 

according to the pr~~t invention. 

[0032) Figure 13 illustrates a Vertical Cavity Surface Emitting Laser (VCSEL) pumped 

microchip laser according to the present invention. 

Detailed Description 

[0033) . Lasers and other light sources have great utility when able to produce high optical 

power densities The speed and effectiveness of the interaction of laser power or energy with 

materials is in direct proportion to the brightness and intensity of the power or energy that the 

laser can deliver to the material. -The highest brightness or intensity of a laser output beam is 

obtained when the beam is confined to the fundamental, lowest order transverse electromagnetic 

mode (TEMo0). Therefore, sing)e transverse mode is the highest brightness form of a laser's 

output, which is the laser's most desirable property. 

[0034] In accordance with some embodiments of the present invention, a high refractive 

refractive index contrast multimode slab waveguide of an appropriate design to coIJect and 

contain a high proportion of the light emitted by a single or multi-element multi-mode pump 

laser diode and efficiently couple that light ipto an assembly of actively doped single-mode 

waveguides embedded within the_ slab is presented. The light from the pump source, then, is 

efficiently coupled into one or more active regions through the effects of the differences in 

refractive index between the slab material of the waveguide and the cladding material around the . 

slab. Both the slab material and the cladding material can be deposited with a high degree of 

uniformity and control in order to obtain the coupling. Further, the embedded active core 

material of the waveguide can also be manufactured with a high degree of uniformity and 

control. 

[0035) In some embodiments of the invention, long, single-mode waveguides are folded 

many times to accommodate lengths greater than the dimensions of the pumped, encapsulating 
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multimode slab waveguide. The single-mode waveguide cores can be folded in such a manner as 

to optimize the effective absorption cross-section they present to the guided multimode pump 

light flux while minimizing losses due to bending experienced by propagating single-mode 

signal light. The effic~~cy of absorption of pump light from the multimode laser diodes by 

single-mode actively doped waveguide cores is a function of the ratio of the effective cross

section areas of the single-mode and multimode waveguides. 

(0036) In som~ embodiments of the invention, the multimode slab waveguide itself is 

pumped. This effect can result in a slap light source. 

[0037) 
I 

In some embodiments, the dimension of the multimode slab waveguide enables 

conservation of high power densities of the light emitted by the pump laser diode elements, while 

not increasing the difficultly and reducing the effectiveness of direct coupling between the laser 

diodes and the edge facet ofthe·slab waveguide. High pump power densities are particularly 

important for three-level active systems where natural ground state absorption must first be 

bleached out before gain can be achieved. 

[0038) In some embodiments single-mode light emitted by the laser diode in its fast axis 

direction (i.e., the direction of larger laser beam divergence) is converted to multiple-mode light 

immediately after the 1ight enters a slab waveguide, thereby limiting the return path for pump 

energy to the pump laser source. Such an arrangement increases the pumping efficiency because 

more light is available for pumping. 

(0039) Lasing and optical amplification processes are processes of energy conversion. 

Energy is pumped into exciting active elements in the active material, where the energy is stored, 

from any energy source, commonly optical, which is capable of exciting the active elements. 

Energy stored in the excited active elements, then, is released when the excited active element is 

induced by a signal, such as when the active element is perturbed by presence of another photon, 

into releasing the energy in the form of an ·optical photon. For example, energy from the excited 

states of a laser material is released in a high]y coherent form by stimulated emission. The 

· efficiency of the conversion process is a key factor in detennining the cost.effectiveness of a 

particular laser or optical amplification or conversion process. 

(0040) Planar waveguide forms of optical amplifiers and lasers are desirable as they are very 

compact.compared to other forms of optical amplifiers and lasers. In addition, a pla:rJ.ar 
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waveguide form potentially allows the integration of diverse optical and electronic functions o~ 

for example, silicon wafers which can be manufactured in high volumes and at low cost with 

processes commonly used in the semiconductor-industry. In addition to waveguides, slab 

emitters are desirabl~ as efficient light sources. . 

(0041) Figure 3A, for example, illustrates integration of an optical waveguide 301 with a 

photodetector (PD) 302. Photodetector 302 is formed on semiconducting layer 305. An optical 

layer 303 is formed over photodiode 302 and waveguide 301 is formed on optical layer 303. 

Light traveling through waveguide 301 can be coupled onto photodetector 302 at coupler. 306. 

(0042) Figure 3B illustrates integration of pump laser diodes 310 wi~ an active material · 

waveguide 311. As shown in Figure 3B, laser waveguide 311 is ·formed on an optical layer 313. 

Optical layer 313 is formed over laser diodes 310, which are formed on semiconducting layer 

312. In some embodiments, laser diodes 310 can be fonned to the side of optical waveguide 

311, over optical waveguide 311, or in any other orientation with respect to optical waveguide 

311 that allows pumping of the active dopant ions of optical waveguide 311. 

[0043) Figure 4 illustrates coupling of a laser diode chip 410 with a high refractive index 

contrast (An) waveguide 411. The method of coupling illustrated in Figure 4 is referred to as 

"butt coupling," where laser diode 410 is a single-mode semiconductor laser diode output facet 

positioned to within about 5 µm of high &l rectangular waveguide 411 in order to correct for 

mode astigmatism,thereby reducing coupling loss. In some embodiments, about a 50% coupling 

can be achieved with this method utilizing uncoated facets. Unfortunately, customer demand is 

for greater than 80-85% coupling efficiency for laser diodes with complex, non.gaussian mode 

output profiles. Therefore, conventional butt-coupling techniques are not meeting customer 

demand. 

(0044] Figure SA illustrates a laser coupling chip 501 that couples light from a laser diode 

506 to an optical fiber 507. Coupling chip 501 includes a waveguide 502 with·an integrated 

photodiode 503 to allow for down-stream power monitoring. In some embodiments, photodiode 

503 may couple about 0.02 dB to about 0.05 dB of the optical power in waveguide 502 to 

provide optical coupling. A dual-core mode size converter 504 can be fonned in coupling chip 

501 to optimize for efficient optical coupling to optical fiber 507. Dual-core mode size converter 

504 can couple light to optical fiber with a coupling Joss of about 0.25 dB. The resulting total 

loss ofless than 1 dB in laser coupling chip 501 results in a greater than 80% coupling efficiency 
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between laser diode 506 and optical fiber 507. However, there remains the problem that the·· 

coupling efficiency between laser diode 506 and coupling chip 501 is less than 80%. 

[0045] In some embodiments, coupling chip 501 can be formed on a millimeter-scale chip 

sized to fit a standard 14-pin butterfly package. Further, in order to achieve optimum coupling 

efficiencies, the slow-axis and fast-axis alignment between laser diode 506 and coupling chip 

501 requires sub-micron positiqning precision . 

(0046) 
. . ' 

Figure SB shows a single mode laser diode array coupler chip 508. Light from laser 

diode array 520 is coupled into waveguides 521,522, 523, and 524. Waveguides 521,522,523 

and 524 are each integrated with a photodetector 525, 526, 527, and 528, respectively, as is 

. discuss~d above with regard to Figure SA. Further,. mode size converters 529, 530, 53 ~, and 532 

fonned in waveguides 521, 522, 523, and 524, respectively, efficiently couple light into optical 

fibers 533, 534, 535, and 536, respectively. 'Light from diode array 520, then, is coupled through 

optical fibers 521,522,523, and 524 into optical fibers 533, 534, 535, and 536. Figure SC 

shows a single mode laser diode array coupler chip 509 similar to diode array coupler chip 508 

with a pitch size converter 540, which provides for closer packing of optical fibers 533, 534, 535, 

and 536. 

[0047) Other pumping schemes are described, for example, in U.S. Patent 6,236,793, issued 

to Lawrence et al. on May 22, 2001; U.S. Patent 4,710,940, issued to Sipes; U.S. Patent 

4,785,459 issued to Baer on November 15, 1988; and at Lawrence Livermore National Labs. In 

a system proposed by Lawrence, et at, the pump light is reflected into the active waveguide core 

by reflecting the pump beam from a prism. Signal power is then transmitted through the· prism 

into the waveguide core. However, in this configuration alignment of the optics directing the 

pump power into the waveguide core for efficient pumping needs to be arranged such that the 

waist of the beam is incident on the waveguide core. This results in a large al_ignrnent problem 

for efficiently coupling the pump power into the waveguide core. The arrangement proposed by 

Sipes involves an array oflaser diodes arranged along the comers of a pumping path, for 

example a zig-zag pattern, such that pump power from multiple laser diodes are coupled into an 

active waveguide. The arrangement proposed by Baer includes a side pumped active material 

block with zig-zagging of the signal bea, through the active material for maximwn interaction. 

[0048] Lawrence Livermore National Labs has proposed a high output Yb:YAG laser system 

that utilizes a diode bar stack and a lens duct that brings the pump light from the diode bar stack 
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into a Yb:YAG laser rod. About an 80% coupling efficiency can be achieved in this fashion. 

However, this solution requires a bulk laser rod and a large lens duct to direct light from the 

diode bar sta~k into the laser rod. 

(0049] Some embodiments of the present invention can utilize multimode laser diodes in the 

fonn of single elements or arrays, to efficiently pump compact, single-m~.de, planar waveguide 

optical amplifiers, lasers, and slab devices, which can be integrated with other optical and 

electronic :functions and.manufactured inexpensively in high volumes with semiconductor 

industry techniques. As shown in Figures 6A and 6B, the output light from a multimode laser 

diode 610 is single-mode in the vertical plane (the fast axis) and multimode in the horizontal 

plane (the slow axis). Therefore, the output beam diverges very rapidly in the verticafaxis (the 

fast axis) but slowly diverges in the horizontal plane (the slow axis). 

[0050] Figures 6A and 6B illustrate coupling of light from a laser diode array into a planar 

waveguide in accordance with the present invention. As shown in Figures 6A and 6B, the light 

beam from multimode -laser diode array 610 diverges less in' the slow axis direction (shown in 

Figure 6A) than it does in the fast axis direction (shown in Figure 6B). The output beams from 

laser diode array _610 diverge more in the vertical axis ( shown in Figure 6B) than in the 

horizontal axis (shown in Figure 6A). Embodiments of the present invention take advantage of 

the slow divergence in the horizontal axis to increase the optical density in high refractive index 

waveguide 612. Coupling chip 611 can include a large lens duct 613 to direct light into high 

refractive index waveguide 612. The material of waveguide 612 and lens duct 613 can be the 

· same material and can be deposited and patterned on a substrate· in the same series of processing 

steps. Light from waveguide 612 can then be coupled into multimode fiber 614. 

[0051] A higher optical power density, then, can be achieved utilizing less expensive 

multimode laser diode bars, rather than single mode laser diode arrays, and coupling the optical 

output from multiple ones of the laser.diodes in diode array 610 into waveguide 612. Higher 

coupling efficiency is achieved by utilizing a light duct 613 formed with waveguide 612. 

Further, the horizontal alignment between diode array 61 O and coupling chip 611 is not critical, 

so long as the light beams are directed toward duct 613. As shown in Figure 6B, alignment in 

the vertical axis (i.e., the fast axis) is somewhat critical because of the large divergence ·of the 

light output from diode array 610 in that direction. 

(0052] The pump light from the laser diode can be constrained within the confines of the 
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high~ slab waveguide and therefore no critical alignment exists between the laser diode arid 

the active waveguide, as would be true for conventional pumping configurations as has been 

discussed above. Further, there is no need to maintain single-mode propagation in the horizontal 

direction, as alignment tolerance are relaxed in the horizontal plane. In the V!;:rtical plane, a ., . ' 

single optical mode can be excited to obtain maximum power density by using more precise 

alignment. When maximize power density is not required, the alignment tolerances in the 

vertical plane can also be relieved by using a thicker high refractive index contrast slab 

waveguide and allowing 'the light to propagate multimode in the vertical direction as well. 

[0053) Figures 7A and 7B illustrate coupling utilizing a double-clad core. AB shown in 

Figure 7 A, light from one or more laser diodes 710 of multimode pump· diode array 702 is . 

coupled into waveguide 703 of coupling chip 701. Again, a lens duct 704 can be formed with 

waveguide 703 to direct light from laser diodes 710 in diode array 702 into waveguide 703. In 

coupling chip 701, light from waveguide 703 can be coupled into single-mode fiber 705. 

(0054) Figure 7B shows a cross-section of waveguide 703. Waveguide 703 includes a 

single-mode core 706. Single-mode core 706 can be formed, for example, from rare-earth doped 

Al203, Y203, or T~02 to form a high refractive index core. Single-mode core 706 can be 

surrounded by a multi-mode cladding 707 having a lower refractive index than that of single

mode core 706, which can be fonned from an intermediate refractive index contrast material 

such as AhOJ or Y203. In some embodiments, the dimensions of multi-mode cladding 707 can 

capture most or all of the light output from laser diode array 702. Waveguide 7.03 can be formed 

on, for example, a silica or aluminasilicate buffer layer 709 deposited on a substrate. A second 

buffer layer 708 can be formed over waveguide 703. 

(0055) In this way, coupling chip 701 can provide efficient conversion oflow optical power 

density light emitted from directly-coupled multimode laser diode bars to high optical power 

density. Where high-refractive index contrast core 706 is optically active, ~ laser can be formed 

by including a laser cavity, which can be formed by depositing mirrors on the ends of chip 701. 

· [0056] Very high optical-to-optical efficiencies (e.g., greater than 80%) can be achieved in 

coupling chip 701. For example, a multimode laser diode operating at a wavelength of 920 run, 

is efficiently coupled into a single-mode output laser at about 1100 nm utilizing an active 

waveguide 706 formed from double-clad Yb-doped silica, for example. 
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[0057) . Having efficiently coupled the multirnode pump light.into a high refractive index.slab 

waveguide which is multimode in the horizontal plane and may or may not be single mode in the . 

vertical plane, a single mode active waveguide located in the high refractive index portion of the 

slab will be efficien~y pumped. Such active areas are shown; for example, in Figures 8A and 

SB. In some embodiments, the active region of the waveguide can be "folded" or routed through 

many loops in order to increase the length of active material pumped and thereby increase the 

amplification in the waveguide. 

(0058] An embodiment of a folded active region embedded within the large high refractive 

index slab is shown in Figures SA and 8B. One skilled in the art will recognize that any 

appropriate configuration or routing of active area waveguide within the slab can be utilized. ~or 

example, zig-zag configurations may also be utilized in addition to the spiral configuration 

shown in Figure 8A. Additionally, linear arrays of active regions may be utilized. 

[0059] Figure 8A shows the slow axis view (i.e., the horizontal view) and Figure 8B shows 

the fast-axis view (i.e., the vertical cross section) of an active waveguide amplifier or laser chip 

801 pumped by a multimode laser diode array in accordance with the present invention. A_s 

shown in Figure. SA, a single mode high refractive index contrast core 803 is arrang~d on chip 

801. Although a spiral arrangement is shown in Figure 8A, any arrangement that provides a 

· long signal path between a single mode input fiber 807 and a single mode output fiber 808- can be 

implemented. Light output from laser diode array 802 is captured by an intermediate refractive 

index contrast cladding layer 804 in which the single-mode high refractive index contrast active 

waveguide 803 is embedded. Figure SB shows a cross section of an area of chip 801 with 

multiple cro~sings of single-mode high refractive index contrast active waveguide 803. As an 

example, active waveguide 803 can be formed from Yb:-doped Ah03, Y 20 3 or Ti02• 

Intennediate refractive index contrast cladding 804 can be fonned from AI2_03 or Y 2(h. In this 

arrangement, a high pump-power density can be achieved in multi-mode cladding 804, which 

results in highly efficient pumping of active waveguide 803. 

(0060) Multi-port amplifiers can be obtained by routing multiple folded regions of active 

waveguide such as waveguide 803 within the high Lm slab 804 of chip 801. For example, 

multiple active cores may be routed together as shown in Figure SA. A single multimode pump, 

therefore, can be shared amo~g several single-mode active amplifying waveguides without the 

need to split the pump light and separately distribute the light to activate the single-mode 
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amplifying waveguides separately. There is, therefore, no need for p~p splitters or 

multiplexers. Further, the higher area of the active region increases absorption of the pump light, 

reducing the need for mirrors to rout the pump light through the active regions multiple times. 

(0061) Figure 9 illustrates ·material depositions that provide high grade, optically · 

transparent, highly uniform slab waveguides with highly controllable An values. The production 

of such waveguides is further disc_ussed in U.S. Application Serial No. 09/903081, "As

Deposited Optical Waveguides with Low Scattering Loss and Methods for Their Manufacture," 

by Demaray et al, filed on iuly 10, 2001; U.S. Application Serial No. 10/101863, '"Biased Pulse 

DC Sputtering of Oxide Films, by Zhang et al., filed on March 16, 2002; U.S. Application Serial 

No. 10/101,341, .. Rare-Earth Pre•Alloyed PVD Targets for Dielectric Planar Applications," by 

Milonopoulou et al., filed on March 16, 2002; and Application Serial No. 09/633307, "Planar 

Optical Devices and Methods fo~ their Manufacture," by Demaray et al., ftled on August 7, 2000, 

each of which is incorporated by reference herein in its entirety. 

[00621 Waveguide materials used to fonn active core w~veguides, passive waveguides, and 

claddings consistent with embodiments of the present invention can be deposited by biased 

pulsed DC plasma vapor deposition (PVD), as described in U.S. Application Serial No. 

10/101,341 (the '341 application). The physical characteristics of the optical material deposited 

by biased pulsed DC PVD depends on various process parameters, as discussed in the '341 . 

application. A device, including photodetectors and other electronics, such as those shown in 

Figures 3A through 8B and discussed above, can be fabricated by depositing one or more active 

or passive optical layers and patterning the optical layers to form the waveguides and lens ducts 

as shown. In some applications, several deposition and patterning steps may be applied to form 

the desired structures. 

[0063] As shown in Figure 9, which shows active and passive waveguide materials of highly 

amorphous, defect free fihns of aluminasilicated deposited by biased pulse~ DC PVD. Further, 

the films have very high optical transparency, for example below 0.3 db/cm loss and, in some 

deposited films, less than about 0.1 db/cm loss. Therefore, deposition of films utilizing biased 

pulsed-DC PVD are useful for pr~viding structures for optical coupling devices, optical 

amplifiers, and optical laser structures for highly efficient coupling of pump sources as has been 

discussed above. 

[0064) In bhtsed pulsed DC PVD, deposition is performed in a vacuum deposition chamber. 

-14-

Page 158 of 1053



WO 2004/021532 PCT/US2003/024809 

A substrate is mounted on a support which also provides an RF bias voltage to the substrate. ~ 

power is supplied to ~ target formed from material tQ be deposited as gas is allowed into the 

chamber. A plasma is excited in the gas and the material is deposited on the substrate. Further, a 

pulsed DC signal is provided to the target. Further details regarding the deposition process are 

provided in the '341 application. 

[006S] Coupling of light, for example from optical fiber 807 into waveguide 803, through 

efficient mode size conversion is illustrated in Figures 1 OA, 1 OB, and 1 OC. Vertically tapere~ 

mode-size conversion is fuJ:ther discussed in U.S. Application Serial No. 10/101492, "Mode Size_ · 

Converter for a Planar Waveguide," by Tao et al, filed on March 16, 2002, herein incorporated 

by reference in its entirety. A very smooth.vertical taper can efficiently couple light from optical 

fiber 807 into high refractive index contrast, core waveguide 803 very efficiently. Figure lOB 

shows the mode size of an optical beam at a point where light enters waveguide 803. Figure 

lOB shows a significantly smaller mode size in the region of waveguide 803 after the adiabatic 

SM taper· mode size converter 1001. Mode size converter 1001 can be produced in a biased 

pulsed-DC PVD process with a shadow mask. 

(0066) Table ll shows modeling of mode diameter at the output facet of a mode ·converter for 

various core/cladding refractive index contrasts &l. The dimensions in Table ll refer to the 

dimensions of the output facet of the rectangular mode converter. 

Table ll 
611 1.0 µm X 1.0 µm 1.5 µm X 1.5 µtn 2.0 µm X 2.0 µm 2.5 µm X 2.5 µm 

0.43% 38µm 35µm 14µm 6µm 

0.3% 36µm 20µm 16µm 

0.2% 32µm 24µm 

[0067] Figure 11 illustrates an image concentrator 1101 for adiabatically compressing the 

diameter of the mode output by a passively Q-switched microchip laser array. hnage 

concentrator 1101 employs a reverse taper 1106, such as that first disclosed in U.S. Application 

Serial No. 10/101492 to Tao et al. Reverse taper 1106 can be formed vertically and/or 

horizontal1y and thereby provides coupling into a smaller mode size. A further embodiment 

includes a pitch size conversion such as ~at illustrated in Figu_re SC. Embodiments of the 
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invention enable the mode size and pitch size conversion of individually addressable microchip 

laser array, so as to be tailored to standard print pixel densities for use in direct printing and 

micromaching applications. 

[0068] Image concentrator 1101 can include an addressable array pump bar 1102 which is 

capable of addressing and exciting individual pixels of a microchip bar 1103. Array pump bar 

1102 includes an array of laser Qi.odes which produce light when individually addressed. 

Microchip bar 1103, which provides amplification as was discussed in Figures 6-8.' Beam 

concentrator chip 1104 can'include light ducts or vertical tapers in order to collect a substantial 

amount oflight from microchip bar 1103. Further, a vertical reverse taper 1106, as is descnbed 

in U.S. Application Serial No. 10/101,492, allows for a compressed output mode. As shown in 

Figure 11, the mode of the beam output by beam concentrator chip 1104 is much smaller than 

the mode of the beam in microchip bar 1103. In some embodiments, a monolithic array beam 

concentrator chip can convert 50 µm or 90 µm diameter single mode spots :from microchip bar 

1103 into 20 to 25 µm diameter spots. 

[0069) Figures 12A and 12B show mode sizes for some weakly-confined mode propagation 

in waveguides. Figure 12A illustrates a 6.2 µrn mode diameter at the output facet of a 1.5 µm x 

3.5 µm waveguide for 980 nm light with a refractive index contrast &l between the core and the 

cladding of about 1 %. Figure 12B i11ustrates a 7.6 µm mode diameter at the output facet of a 

1.25 µm x 3.5 µm waveguide for 980 nm light with a.refractive index· contrast of about 1%. As 

is shown in Figures 12A and 12B, the optical energy is concentrated in the center of the facet. 

[0070] Table III illustrates facet damage considerations in a image concentrator such as 

image concentrator 1101 shown in Figure 11. Table ill illustrates, for representative pixel 

densities, the mode size required, the distance between modes, and the resulting power density in 

image concentrator 1101. The value· of 14.2 for power density shown for 2400 dpi pixel density 

exceeds the damage threshold of Quartz. 

Table ID 
Pixel Density Mode Pitch/Mode Power Density at Collimation Distance 

(dpi) Size Facet (GWcm.2) . (um) 
600 42 0.9 . 842 
1200 21 3.6 210 
2400 11 14.2 53 
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[0071] Figure 13 illustrates a vertical cavity surface emitting laser (VCSEL)-pumped 

microchip 1401 according to the present invention. VCSELs 1401 can be deposited on a~ 

substrate 1402. VCSELs 1401 include a dicbroic output facet coating. An active gain medium 

1404 can be deposit~ directly over VCSELs 1403. Active gain medium 140~ can be, for 

example, Nd, Yb, Er, Tm, Ho, Pr, or Ce doped silica. A saturable absorber 1405 can be 

deposited over gain medium 1404. Saturable absorber 1405 can be, for example, a Cr4+ or 

Co2+ doped silica film. A VCSEL pumped microchip 1401 can be fabricated using high volume 

wafer-scale semiconductor manufacturing techniques. The doped silica used for saturable . 

absorber 1405 and active gain medium 1404, for example, can be deposited by biased pulsed-DC

PVD processing techniques. 

(0072) The embodiments discussed here are examples only and are not intended to be 

limiting of the invention. One skilled in th_e art will recognize multiple variations that ·are 

intended to be within the spirit and scope of the present disclosure. 
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I claim: 

I; An optical waveguide device, comprising, 

at least one l~er diode; and 

at least one high refractive index contrast slab waveguide coupled to receive light from 

the at least one laser diode, 

' ... 
. wherein the slab waveguide is deposited by biased pulsed DC plasma vapor deposition. 

2. The optical waveguide device of claim 1, wherein the slab waveguide is formed from a highly 

amorphous film. 

3. The optical waveguide device of claim 1, wherein the slab waveguide is highly optically 

transpare_nt. 

4. The optical waveguide device of claim 1, wherein the slab waveguide has a high surface 

smoothness. 

5. The optical waveguide device of claim 1, wherein the high-refractive index contrast slab 

waveguide includes a lens duct. 

6. The optical waveguide device of claim 1, wherein the at least one laser diode comprises a 

diode array. 

7. The optical waveguide device of claim 1, wherein the high refractive index contrast slab 

waveguide incJudes a high refractive index active waveguide and an intermediate refractive 

index passive cladding. 

8. The optical waveguide device of claim 7, wherein the high refractive index contrast slab 

waveguide is folded in the plane of the slab . 

. 9. The optical waveguide device of claim 7, wherein the intermediate passive cladding is thick 

enough in the vertical axis to capture a substantial amount ofl.ight emitted from the at least one 

laser diode. 

10. The optical waveguide device of claim 1, wherein the high refractive index contrast slab 

waveguide includes a mode-size converter. 
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11. The optical waveguide device of claim 1, wherein the at least one laser diode is a vertical . 

cavity surface emitting laser and the high refractive index contrast waveguide is deposited over 

the vertical cavity surface emitting laser. 

12. The optical waveguide device of claim 1, wherein the high refractive index contrast slab 

waveguide includes an array of.waveguides. 

13. The optical waveguide device of claim 11, wherein a mode size of an optical be~ 

transmitted by the high refractive index contrast slab waveguide is less than a mode size of an 

incident optical beam. 

14. The optical waveguide device of claim 12, wherein the high refrac~ive index contrast slab 

waveguide includes at least one vertical reverse taper. 

15. A method of coupling pump light into a gain medium, comprising: 

depositing the gain medium by a biased pulsed-DC plasma vapor deposition process; 

fanning a high refractive index contrast waveguide from the gain medium; ~d 

directing pump light into the high refractive index contrast waveguide. 

16. The method of claim 15, wherein fonning a high refractive index contrast waveguide 

includes patterning the gain medium. 

17. The method of claim 16, further including depositing an intermediate refractive index 

contrast material over the high refractive index contrast waveguide. 

18. The method of claim 16, wherein patterning the gain medium includes fonning a lens duct. 

19: The method of claim 16, wherein patterning the gain medium includes forming a horizontal 

taper. 

20. The method of claim 16, wherein depositing the gain medium includes fonning a vertical 

taper. 
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TITLE OF THE INVENTION 

DIELECTRIC BARRIER LAYER FILMS 

RELATED APPLICATIONS 

[001] The present application claims priority to U.S. Provisional 

Application 60/451,178, "Dielectric Barrier Film," filed on February 27, 2003, by 

Richard E. Demaray, Muk:undan Narasimhan, and Hongmei Zhang, herein 

incorporated by reference in its entirety, and to U.S. Provisional Application 

60/506, 128, "Indium Nucleation Layer," filed on September 25, 2003, by Mukundan. 

Nai;.as.~an and Peter Brooks, herein incorporated by reference in its entirety. 

BACKGROUND 

1. Field of the Invention 

[002] The present invention is related to dielectric barrier films and, in 

particular, dielectric barrier films formed from high-density optical material layers for 

utilization in optical, electrical, tribological, and bio-implantable devices. 

2. Discussion of Related Art 

[003] Dielectric barrier layers are becoming increasingly important as 

protective layers for organic light emitting diodes (OLEDs) and other optical or opto

electronic devices. Typically, dielectric barrier layers are deposited thin films with 

the appropriate electrical, physical, and optical properties to protect and enhance the 

operation of other devices. Dielectric barrier layers can be utilized in optical, 

electrical, or tribological devices. For example, touch screen displays require 
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optically transparent protective layers to protect against transmission of atmospheric 

contaminants as well as to protect against physical wear. 

[004] Many thin film deposition technologies that may be utilized to form 

such dielectric layers include some form of ion densi:fication or substrate bias 

densi:fication. The densification process eliminates the columnar thin film structure 

that is typical of vacuum deposited chemical vapor (CVD) or physical vapor 

deposition (PVD) thin films. It is well lroown that such densification can be achieved 

by a secondary ion source arranged to ''bombard" the film during deposition. See, e.g., 

W. Essinger "Ion sources for ion beam assisted thin film deposition," Rev. Sci. 

Instruments (63) 11-5217 (1992). See, also, Hrvoje Zorc, et al. Proceedings of the 

Society of Vacuum Coaters, 41st Annual Technical Conference Proceedings, 243-

247, 1998, which discusses the effects of moisture exposure on wavelength shift for 

electron beam evaporated films (e-beams). In particular, Zorc et al. demonstrated a 

factor of 15 or so improvement in wavelength shift for electron beam evaporated 

films (e-beam) as compared toe-beam films deposited with a directed ion beam 

source after exposure to 30% humidity at 25 °C. 

[005] D. E. Morton, et al demonstrated wide-band dielectric pass filters 

comprised of alternating layers of Si02 and Ti02 deposited using a "cold cathode ion 

source" to produce oxygen ions for the purpose of providing "moisture stable stacks 

of dense optical films of silicon dioxide as the low index material and either titanium 

dioxide, tantalum pentoxide or niobium pentoxide.'' D. E. Morton, et al. Proceedings 

of the Society of Vacuum Coaters, 4i5t annual Technical Conference, April 18-23, 

1998. The results described by Morton, et al., indicated that room temperature 

2 
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resistance to humidity up to 100% humidity was attained, as measured by the optical 

performance of single dielectric layers deposited on substrates mounted on a rotating 

platen. Optical extinction coefficients for the six samples tested in Morton, et al., 

varied from O .1 to 1. 6 ppt, indicating the presence of significant concentrations of 

defects or absorption centers in the dielectric layers. Additionally, no film thickness 

or film thickness uniformity data was reported by Morton, et al., for ion beam 

energies between 134 and 632 Volts and ion beam current up to S amps. Morton, et 

al., therefore fail to descnl>e a film that would operate as a good barrier layer for 

optical devices. 

[006] Self biased physical vapor deposition, such as ion coating or activated 

reactive deposition, are well-known means of providing hard wear resistant coatings. 

However, these coatings are either deposited at several hundred Volts of bias voltage 

and form penetrating surface treatments with the ion flux penetrating the surface to 

react with the substrate material, or they are ion assisted for the purpose of decreasing 

the columnar structure of the film. A ":filtered cathodic vacuum arc" (FCVA

reference - http://www.nanofilm-systems.com/eng/fcva_technology.htm) has been 

used to fonn a dense film from an ion flux. In this case, ions are created and 

separated from the neutral vapor flux by a magnetic vector so that only species having 

a positive charge impinge the substrate. TI1e bias voltage can be preset so that 

average translational energy ranges from about 50 to several hundred Volts are 

available. Lower ion energies are not reported due to the problem of extracting and 

directing a lower energy ion flux with a useful space charge density. Although quite 

rough due to re-sputtering at the high ion energies, hard protective layers of alumina, 

3 
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and other materials such as tetrahedral carbon, can be deposited with this process on 

cutting tools and twist drills with commercial levels ofutility. Due to the limitation of 

the coating species to the ion flux, coating rates are low. The best or hardest carl:mn 

films are often deposited with the lowest rate of deposition, e.g., 0.3 nanometers per 

second on substrates up to 12" in diameter. 

[007] Transmission of a ZnO film deposited by FCV A at 600 nm 

. wavelength is increased from about 50% at room temperature to above 80% for single 

fihns by increasing the temperature of deposition to above 230 °C, with the best 

transmission at 600 run of about 90% at a deposition temperature of 430 °C and a 

substrate bias voltage not greater than about 50 Volts. This high temperature 

processing indicates the use of a thermal anneal process for repair of ion-induced 

damage to the films. For FCV A deposition with a 200 Volt bias the transmission is 

much reduced. FCVA films deposited in this fashion have been shown to be 

polycrystalline. The defect structures exhibited in the FCV A layer are too large for 

formation of effective optical barrier layers. Additionally, ion sputtering of 

crystalline films is dependent on the crystal orientation, leading to higher surface 

roughness. Defect structures formed in a protective layer can degrade the optical 

quality of the layer and also provide paths for diffusion of atmospheric 

contaminations through the layer, compromising the protective properties of the layer. 

[008] Ion biased films have shown significant progress toward the goal of 

providing a satisfactory barrier for protection of electronic and optical films, such as, 

for example, photovoltaic, semiconducting and electroluminescent films. Particularly 

organic light emitting diodes, which utilize calcium or other very reactive metal 

4 
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doped electrodes and other hydroscopfo. or reactive materials, can be protected by 

such fihns. However, the most biased process to date, the filtered Cathodic Vacuum 

Arc Coating Technology or FCV AC process, is reported to produce films with a 

particle density greater than about 1 defect per square centimeter. It may be that the 

high resputtering rate at the high voltages used in this process cause surface 

roughening. Certainly, the presence of a particle represents a defect through which 

diffusion of water vapor or oxygen can proceed. Also, the roughness of the surface 

formed by the FCV AC process impacts the stress and moiphology and also the 

transparency and the uniformity of the index of refraction. The resputtered film may 

flake from the process chamber shields or be drawn to the film surface by the large 

electrostatic field present in an ion beam process. In any case, the particle defect 

density for particles greater than the film thickness also determines pin hole density or 

other defects caused by discontinuous deposition of the film because line of sight 

films can not coat over a particle that is larger than the thickness of the film, let alone 

a particle many times greater in size than the thickness of the film. 

[009] In the case of ion-bias or self-bias energies exceeding several electron 

volts, the translational energy of the ion participating in the bias process can exceed 

the chemical binding energy of the film. The impacting ion, then, can either forward 

' ' 

scatter atoms of the existing film or back sputter atoms of the existing film. Likewise, 

the participating ion can be adsorbed into the growing film or it can also scatter or 

absorb from the film surface. Sputtering of the existing film and scattering from the 

existing film are both favored at incoming angles of about 45° from the horizontal. In 

most ion coating processes, the ion beam is directed at a normal incidence to the 

5 
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surface to be coated. However, as noted, at ion energies exceeding the chemical 

threshold, and particularly at energies exceeding 20 Volts or so, damage to the film or 

the substrate resulting from the ion energy in excess of the chemical binding energy is 

significant, and results in surface roughness, increased optical absorption 

characteristics, and creation of defects. 

[010] In the case of the FCV A process, roughness is an increasing function 

of the film thickness, increasing from about 0.2 nanometers roughness for a 50 

nanometer film to about 3 nanometers for a 400 nanometer Cu film indicating 

substantial roughening of the polycrystalline copper surface due to differential 

sputtering by the self biased incoming copper ions. Such a film will scatter light, 

particularly at the interface between two layers of different refractive index. To date, 

barrier or dielectric properties of FCVA produced films have not been found. 

(011] Charging of the deposited film is also a particular problem with ion 

beam deposited dielectrics. To date, no low temperature dielectric and also no ion 

beam dielectric is known that bas ever been shown to provide the electrical quality 

required for a transistor gate layer, for example. The ion beams embed charged ions 

in the film, leading to large negative flat band voltages and fields that can not be 

passivated at temperatures below about 450 °C. The surface charge of the dielectric 

layer results in slow accumulation of capacitance, preventing the sharp onset of . 

conduction in a transistor application. Consequently, no as-deposited low temperature 

dielectric, biased or unbiased, has been proposed for low temperature transistor 

applications or is known at this time. 
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(012] Therefore, there is a need for high quality, dense dielectric layers for 

utilization as barrier layers in optical, electrical, tribological, and biomedical 

applications. 

SUMMARY 

(013] In accordance with the present invention, one or more dielectric 

layers formed from layers of metal-oxide materials deposited by a pulsed, biased, 

wide area physical vapor deposition process are presented. A dielectric barrier layer 

according to the present invention can be formed from at least one highly densified 

metal oxide layer. Dielectric barriers according to the present invention can be highly 

densified, highly uniform, ultra smooth amorphous layers with ultra low 

concentrations of defects, providing for superior performance as protective layers 

against physical wear and atmospheric contamination of underlying structures as well 

as overlying structures that may be deposited to form an electrical, optical, or medical 

device. Barrier layers according to the present invention can also be self-protecting 

optical layers, electrical layers, or tribological layers that can be utilized actively in 

optical or electrical devices. 

[014] Therefore, barrier layers according to the present invention includes a 

densified amorphous dielectric layer deposited on a substrate by pulsed-DC, substrate 

biased physical vapor deposition, wherein the densified amorphous dielectric layer is 

a barrier layer. Further the deposition can be performed with a wide area target. A 

method offonning a barrier layer according to the present inventions includes 

providing a substrate and depositing a highly densi:fied, amorphous, dielectric material 

over the substrate in a pulsed-de, biased, wide target physical vapor deposition 
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process. Further, the process can include performing a soft-metal breath treatment on 

the substrate. 

[O 15] Dielectric barrier stacks can include any number of individual layers 

including one or more barrier layers according to the present invention. In some 

embodiments, the individual barrier layers can be optical layers. Typically, alternating 

layers oflow and high index ofrefractory metal oxide materials can be arranged to 

form anti-reflective or reflective coatings in optical devices, for example. As such, 

dielectric barriers according to the present invention provide a protective function as 

well as being a functional part of an optical device. In some embodiments of the 

invention, for example, dielectric barriers according to the present invention can be 

utilized in cavity enhanced LED applications, or in formation and protection of 

transistor structures. Additionally, the beneticial dielectric properties of some 

embodiments of barrier layers according to the present invention can be utilized as 

electrical layers to fonn resistors or capacitive dielectrics. 

[016] In some embodiments, a soft metal (e.g., indium) breath treatment 

can be utilized before deposition of a barrier layer. Such a breath treatment is shown 

to significantly improve surface roughness and enhance WVTR characteristics for 

embodiments of barrier layers according to the present invention. 

[O 17] These and other embodiments of the invention are further discussed 

and explained below with reference to the following Figures. It is to be understood 

that both the foregoing general description and the following detailed description are 

exemplary and explanatory only and are not restrictive of the invention, as claimed. 

Further, specific explanations or theories regarding the deposition or perfonnance of 

8 
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barrier layers or soft-metal breath treatments acconling to the present invention are 

presented for explanation only and are not to be considered limiting with respect to 

the scope of the present disclosure or the claims. 

BRIEF DESCRIPTION OF TIIE DRAWINGS 

[018] Figures IA and lB illustrate a deposition apparatus for depositing 

barrier layer films according to the present invention. 

[019] Figure IC illustrates a barrier layer deposited on a substrate 

according to embodiments of the present invention. 

[020] Figures 2A, 2B, 2C, 2D, 2E and 2F illustrate examples of devices 

with dielectric stacks of barrier layers according to embodiments of the present 

invention. 

[021] Figure 3 shows a microcavity enhanced LED structure utilizing 

dielectric stacks of barrier layers according to embodiments of the present invention. 

[022] Figure 4 shows a bottom gate transistor device with a dielectric stack 

of barrier layers according to embodiments of the present invention. 

[023] Figure 5 shows a top gate transistor device with a dielectric stack of 

barrier layers according to embodiments of the present invention. 

[024] Figure 6 shows an example of a microcavity enhanced LED structure 

similar to that shown in Figure 3 further protected by a dielectric stack of barrier 

layers according to embodiments of the present invention. 

[025] Figure 7 shows another example of a microcavity enhanced LED 

structure similar to that shown in Figure 3 further protected by a dielectric stack of 

barrier layers according to embodiments of the present invention. 

9 
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[026] Figure 8 shows an example Ti02 barrier layer according to 

embodiments of the present invention deposited on a reactive aluminum layer after 

exposure to a high humidity, high temperature environment for an extended period of 

time. 

[027] Figure 9 shows an example silica/alumina barrier layer according to 

embodiments of the present invention deposited on a reactive aluminum layer after 

exposure to a high humidity, high temperature environment for an extended period of 

time. 

[028] Figure 10 shows an SEM photograph of a cross section of an 

embodiment of a dielectric stack of barrier layers according to embodiments of the 

present invention. 

[029] Figure 11 shows transmission versus wavelength curves for various 

examples of dielectric stacks of barrier layers according to embodiments of the 

present invention. 

[030] Figures 12A and 12B illustrate a single barrier layer structure 

deposited with and without a soft-metal breath treatment according to embodiments of 

the present invention. 

[031] Figure 13 shows a Flexus Stress Measurement apparatus that can be 

utilized to test barrier layers. 

[032] Figure 14 illustrates a measurement of the wafer bow using the 

Plexus Stress Measurement apparatus illustrated in Figure 13. 

10 
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[033] Figure 15 illustrates the stress in various deposited barrier layers 

according to embodiments of the present invention as a :function of temperature 

through a single temperature cycle after deposition. 

(034] Figures 16A, l6B, 16C, and 16D show atomic force microscopy 

measurements of surface rouglmess for some barrier layer films according to 

embodiments of the present invention. 

[035] Figure 17 illustrates a water vapor transmission test that can be 

utilized to characterize barrier layers deposited according to embodiments of the 

present invention. 

[036] Figures 18A through 18D illustrate the effects of different In/Sn 

breath treabnent parameters on the surface roughness of the deposited barrier layer 

according to the present invention. 

(037] Figures 19A and l9B illustrate the effects of the substrate on surface 

rouglmess. 

(038] Figure 20 illustrates a barrier layer according to the present invention 

that further operates as a thin film gate oxide. 

[039) Figures 21A and 21B illustrate the effect of substrate composition on 

the surface roughness of a deposited barrier layer according to the present invention. 

(040] Figures 22A and 22B illustrate that the character of the barrier layer 

deposition according to embodiments of the present invention effect surface 

roughness. 

(041] In the figures, elements having the same designation have the same or 

similar :functions. 
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DETAILED DESCRIPTION 

[042] Barrier layers according to some embodiments of the present 

invention are deposited in a pulsed-de, substrate biased, wide target physical vapor 

deposition process that is described further below with respect to some particular 

examples of such barrier layers. Some embodiments of barrier layers according to 

embodiments of the present invention c_an be characterized as highly densified, highly 

uniform, highly amorphous layers with particularly low defect concentrations and 

high surface smoothness. Further, barrier layers according to embodiments of the 

present invention can have beneficial optical and electrical characteristics that allow 

such barrier layers to be self-protecting optical or electrical layers in optical or 

electrical devices formed with these layers. 

[043] For example, some embodiments of barrier layers according to the 

present invention can have excellent optical transparency characteristics. Further, the 

index of refraction of individual barrier layers is dependent on the material of 

deposition and therefore stacking of multiple barrier layers according to the present 

invention can result in highly controllable, and self protecting, reflecting or anti

reflecting coatings for optical devices. Additionally, barrier layers according to some 

embodiments of the present invention can be doped with optically active impurities to 

form optically active layers, which are also self-protecting. For example, depositions 

of rare-earth ions such as Erbium or Ytterbium can result in optical amplifiers or 

frequency converters. 

[044] Additionally, embodiments of barrier layers according to the present 

invention can have highly beneficial dielectric properties and can therefore be utilized 

as self-protecting electrical layers. Some barrier }avers according to embodiments of 
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the present invention, 'for example, can be utilized as resistance layers. Other 

embodiments can be utilized as high-dielectric constant layers in capacitor devices. 
I 

Embodiments of dielectrical barrier layers that are useful for such devices are further 

discussed below. 

[045] RF sputtering of oxide films is discussed in Application Serial No. 

09/903,050 (the '050 application), filed on July 10, 2001, by Demaray et al., entitled 

"Pl~ar Optical Devices and Methods for Their Manufacture," assigned to the same 

assignee as is the present invention, herein incorporated by reference in its entirety. 

Further, targets that can be utilized in a reactor according to the present invention are 

discussed in U.S. Application serial no. 10/101,34.1, filed on March 16, 2002, 

assigned to the same assignee as is the present invention, herein incorporated by 

reference in its entirety. Methods of depositing oxides in a pulsed-de, substrate 

biased, wide-target physical vapor deposition (PVD) process are further discussed in 

U.S. Application serial no. 10/101863, filed on March 16, 2002, (hereinafter referred 

to as "the pulsed, biased process") assigned to the same assignee as is the present 

application, herein incorporated by reference in its entirety. 

[046] Figures lA and 1B illustrate a reactor apparatus 10 for sputtering of 

material from a target 12 according to embodiments of the present invention. In some ' 

embodiments, apparatus 10 may, for example, be adapted from an AKT-1600 PVD 

(400 X 500 mm substrate size) system from Applied Komatsu or an AKT-4300 (600 

X 720 mm substrate size) system from Applied Komatsu, Santa Clara, CA. The 

AKT-1600 reactor, for example, has three or four deposition chambers connected by a 

vacuum transport chamber. These AKT PVD reactors can be modified such that 
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pulsed DC power is supplied to the target and RF power is supplied to the substrate 

during deposition of a material film. 

(047] Apparatus 10 includes a target 12 which is electrically coupled 

through a filter 15 to a pulsed DC power supply 14. In some embodiments, target 12 

is a wide area sputter source target, which provides material to be deposited on 

substrate 16. Substrate 16 is positioned parallel to and opposite target 12. Target 12 

functions as a cathode when power is applied to it and is equivalently termed a 

cathode. Application of power to target 12 creates a plasma 53 below target 12. 

Magnet 20 is scanned across the top of target 12. Substrate 16 is capacitively coupled 

to an electrode 17 through an insulator 54. Electrode 17 can be coupled to an RF 

power supply 18. 

[048] For pulsed reactive de magnetron sputtering, as performed by 

apparatus 10, the polarity of the power supplied to target 12 by power supply 14 

oscillates between negative and positive potentials. During the period of positive 

potential, the insulating layer on the surface of target 12 is discharged and arcing is 

prevented. To obtain arc free deposition, the pulsing frequency of pulsed DC power 

supply 14 can exceed a critical frequency that can depend, at least partly, on target 

material, cathode current and reverse time. High quality oxide films can be made 

using reactive pulse DC magnetron sputtering in apparatus 10. 

[049) Pulsed DC power supply 14 can be any pulsed DC power supply, for 

example an AB Pinnacle plus lOK by Advanced Energy, Inc. With this example 

supply, up to 10 kW of pulsed DC power can be supplied at a frequency of between 0 

and 350 KHz. The reverse voltage is 10% of the negative target voltage. Utilization 
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of other power supplies will lead to different power characteristics, frequency 

characteristics and reverse voltage percentages. The reverse time on this embodiment 

of power supply 14 can be adjusted to between O and 5 µs. 

(050] Filter 15 prevents the bias power from power supply 18 from 

coupling into pulsed DC power supply 14. In some embodiments, power supply 18 is 

a 2 MHz RF power supply and, for example, can be a Nova-25 power supply made by 

ENI, Colorado Springs, Co. Therefore, filter 15 is a 2 MHz band rejection filter. In 

some embodiments, the band-width of the filter can be approximately 100 kHz. Filter 

15, therefore, prevents the 2 MHz power from the bias to substrate 16 from damaging 

power supply 18. 

[051] However, both RF and pulsed DC deposited films are not fully dense 

and most likely have columnar structures. These columnar structures are detrimental 

for optical applications and to formation of barrier layers due to the scattering loss and 

pinholes caused by the structure. By applying a RF bias on wafer 16 during 

deposition, the deposited film can be densi:fied by energetic ion bombardment and the 

columnar structure can be substantially eliminated. 

[052] In the production of some embodiments of a barrier layer according 

to the present invention using, for example, the AKT-1600 based system, target 12 

can have an active size of about 675.70 X 582.48 by 4 mm in order to deposit films on 

substrate 16 that can have dimension about 400 X 500 mm. The temperature of 

substrate 16 can be held at between about SOC and SOOC. The distance between target 

12 and substrate 16 can be between about 3 and about 9 cm. Process gas (for 

example, but not limited to, mixtures of Ar and 0 2) can be inserted into the chamber 
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of apparatus 10 at a rate up to about 200 seem while the pressure in the chamber of 

apparatus 1.0 can be held at between about 0. 7 and 6 millitorr. Magnet 20 provides a 

magnetic field of strength between about 400 and about 600 Gauss directed in the 

plane of target 12 and is moved across target 12 at a rate ofless than about 20-30 

sec/scan. In some embodiments utilizing the AKT 1600 reactor, magnet 20 can be a 

race-track shaped magnet with dimension about 150 mm by 600 mm. 

[053] Figure lC shows a dielectric barrier layer 110 deposited on a 

substrate 120 according to the present invention. Substrate 120 can be any substrate, 

for example plastic, glass, Si-Wafers or other material. Substrate 120 may further 

include devices or structures that can be protected by barrier layer 110, such as 

organic light-emitting diode (OLEO) structures, semiconductor structures, or other 

barrier layer structures. Barrier layer 110 can be a metallic oxide where the metal can 

be Al, Si, ri, In, Sn or other metallic oxides, nitrides, halides, or other dielectrics. For 

example, a high index ofrefraction barrier layer can be formed by deposition ofTi02 

from a titanium target with example deposition parameters designated as 

7KW/200W /200KHz/60Ar/9002/950s (7 KW of pulsed-de target power, 200 W of 

substrate bias power, 200 KHz is the pulsing frequency of the pulsed-de target power, 

60 seem Ar gas flow, 90 seem 02 gas flow, 95ps total deposition time). Another 

example lower index of refraction barrier layer can be formed from a target that is 

92% Al and 8% Si (i.e. 92-8 or 92/8 layers) in a process designated as 

3KW/200W/200KHZ/85Ar/9002/1025 {3KW of pulsed-de target power, 200 W of 

substrate bias power, 200 KHz pulsing frequency of the pulsed-de target power, 85 

seem Ar flow, 90 seem 02 flow for 1025 sec of deposition time). As is further 
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discussed below, a wide range of process parameters can be utilized to deposit barrier 

layers according to the present invention. 

[054) Barrier layers according to the present invention can be formed from 

any oxide materials. For example, MgO, Ta20s, Ti02, TiiO,, Ah03, Si02, silicon

rich Si02, and Y20 3• Oxide compounds of Nb, Ba, Sr, and Hf can also be utilized to 

form barrier layers according to the present invention. Further, barrier layers can be 

doped with rare-earth ions to produce optically active layers. Parameters provided 

herein for deposition of particular layers (e.g., the Ti02 layers and the 92-8 layers 

discussed above) are exemplary only and are not intended to be limiting. Further, 

individual process parameters are approximations only. A wide range ofindividu?,I 

parameters (e.g., power levels, frequencies, gas flows, and deposition times) around 

those stated can be used to form barrier layers according to the present invention. 

[055] Dielectric barrier layer 110 can be characterized as a highly dense, 

uniform, defect free amorphous dielectric layer that may also have high optical 

transparency. Such films can be deposi~ed in a pulsed-de, substrate biased PVD 

process from a metallic target in an Ar/02 gas flow. As is further discussed below, 

some embodiments of dielectric barrier layer 110 have excellent surface roughness 

characteristics as well. Typically, as is discussed further below and with the examples 

and data provided, water vapor transmission rates for dielectric films according to 

embodiments of the present invention are tested in a MOCON test apparatus 

(MOCON referes to MOCON testing service of Minneapolis, MN) to be less than IX 

10·2 gm/m2/day and are often less than 5 X 10·3 gm/m2/day. 
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[056] Dielectric barrier stacks can be fonned by depositing further barrier 

layers over barrier layer 110. Any number of stacked barrier layers can be utilized in 

order that the resulting structure not only function as a barrier layer, but may have 

other purposes in the resulting device as well. Further, a soft metallic breath 

treatment may be applied prior to deposition of a barrier layer according to 

embodiments of the present invention.· A soft-metallic breath treatment refers to 

exposure of the substrate to a soft metallic vapor, as is further explained below. 

(057) Figure 2A shows an embodiment of a dielectric stack 120 that can be 

utilized as a barrier structure as well as providing further optical functions. Dielectric 

stack 120 includes multiple barrier layers 101, 102, 103, 104, and 105 according to 

embodiments of the present invention. Each of barrier layers 101, 102, 103, 104, and 

105 can be deposited utilizing deposition methods as described with more detail in 

U.S. Application Serial No. 10/101,863. The deposition is described generally above 

with respect to apparatus 10. In general, dielectric stack 120 can include any number 

oflayers. In particular, dielectric stack 120 can include only a single barrier layer. 

The particular example of a barrier stack 120 shown in Figure 2A includes five layers, 

layers 10 l, 102, 103, 104 and 105. In the example of dielectric stack 120 shown in 

Figure 2A, dielectric layers 101, 103 and 105 are fonned of a high index material 

such as titania (Ti02). Layers 102 and 104 can be formed of a low index material 

such as silica (Si02), possibly doped with alumina ( e.g., 92% silica and 8% alumina 

by cation percents, the 92-8 layer). Barrier stack 120 can be deposited directly on a 

substrate 100 as shown in Figure 2A or deposited on a layer 107 as shown in Figure 

2D. Layer 107 is a layer to be protected from atmospheric contaminants or physical 
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damage and may include an optical or electrical device or another layer. Substrate 

100 is a substrate on which layer 107 or dielectric stack 120 is formed. In some 

embodiments, substrate 100 can also provide a barrier to atmospheric contamination 

of layer 107. In some devices, further structures may be deposited over barrier layer 

structure 120. 

[058] Table 1 illustrates deposition parameters for some example dielectric 

stack structures 120 according to the present invention. As described above, each of 

stacks 120 illustrated in Table 1 are formed utilizing an AK.T 4300 PVD system using 

a Biased Pulsed DC Reactive Scanning Magnetron PVD Process as further described 

in U.S. Patent Application Serial No. 10/101,863, which has been previously 

incorporated by reference. Further, apparatus 10 as described above with respect to 

Figures lA and lB, can be clustered in the AK.T 4300 PVD system with a loadlock 

chamber, an outgassing chamber, and may be equipped with plasma shields and a 

shield heater. As shown in Figure 2A, dielectric stack 120 for these examples 

includes 5 layers -- 3 alternating layers ofTi02 and 2 layers of 92-8 Si02/Ali03 

(92%/8% by cation concentration). 

[059] Dielectric stack 120 for each of the stacks shown in Table 1 was 

deposited directly on substrate 100. Substrate i 00 for each of the stacks formed was 

first loaded into the loadlock of apparatus 10. The loadlock of apparatus 10 was 

pumped to a base pressure ofless than about 10·5 Torr. The sheets of substrate 100, 

which may be of glass or plastic, was then transferred to a heat chamber of apparatus 

10 and held at a temperature of about 300 °C for about 20 mins in order to outgas any 

moisture already accumulated by substrate 100. For polymer based substrates, for 
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example, the pre-heat step can be eliminated or performed at a lower temperature 

depending on the plastic substrate used. In some cases, the substrate and shield 

heaters of apparatus 10 can be disabled. The substrate column of Table 1 shows the 

composition of substrate 100 utilized in the deposition process. 

[060] In each of stacks 1 through 6 illustrated in Table 1, the composition 

of the dielectric barrier layers in dielectric stack 120 is Ti02/92-8ffi02/92-8/Ti02, 

indicating that layers 101, 103 and 105 as shown in Figure 2A are Ti02 layers and 

layers 102 and 104 as shown in Figure 2A are Si02/Alz03 (92%/8% by cation 

concentration). The Ti02 layers are deposited with the parameters shown in the Ti02 

Deposition Process column. The process details are given in the format: target 

power/bias power/pulsing :frequency/Ar flow/02 flow/deposition time. Target power 

refers to the power supplied to target 12 of apparatus 10. Bias power refers to the 

power supplied by bias generator 18 to electrode 17 on which substrate 100 is 

mounted in place of substrate 16 as shown in Figure lA and capacitively coupled to 

electrode 17. The Ar and 0 2 flow rates across substrate 100 are then described in 

units of standard cubic centimeter/min (seem). Finally, the deposition time is given. 

For example, the Ti02 layers for stack number 1 illustrate in Table 1 were deposited 

with a target RF power of about 7 kW, with about 200 W of bias power, pulse 

frequency of about 200 KHz, an Ar flow rate of about 60 seems, an 0 2 flow rate of 

about 90 seems, and a deposition time of about 950s. The measured thiclmess of a 

typical Ti02 layer deposited according to the process described in the Ti02 Deposition 

Process column is shown in the measured thickness Ti02 column of Table 1. 

20 

Page 202 of 1053



WO 2004/077519 PCT/US2004/005531 

[061] Similarly, the deposition parameters for deposition of silica/alumina 

layers for each dielectric stack 120 shown in Table 1 are shown in the silica/alumina 

(92/8) deposition process column. As indicated, each of the silica/alumina layers for 

stack numbers 1-6 shown in Table 1 are about 92% Silica and about 8% alumina by 

cation concentration. For example, in stack number 1 illustrated in Table 1, the 

silica/alumina layers were deposited with the power to target 12 being about 3 kW, 

the bias power to electrode 17 was about 200 W, the frequency of pulsed DC power 

supply 14 was about 200 kHz, the Ar flow rate was about 85 seem, the 0 2 flow rate 

was about 90 seem, and the deposition time was about 1,005 sec. 

[062] In general, in this disclosure a dielectric barrier layer referred to as 

92/8 layer refers to a barrier layer formed from continuous deposition of a dielectric 

banier layer from the 92% Silica/8% Alumina target. A dielectric banier layer 

referred to as a 92-8 layer refers to a barrier layer formed in steps from the 92% 

Silica/8% Alumina target. A 92-8 layer can be formed, for example, on plastic 

substrates whereas 92/8 layers can be formed on Si-wafers or glass substrates that are 

not so sensitive to heat. 

[063] In each of the stacks illustrated in Table 1, the reverse time for 

pulsed-DC power supply 14 was :fixed at about 2.3 microseconds. The spacing 

between target 12 and substrate 100 was --60mm, and the spacing between magnet 20 

and target 12 was--4-5 mm. The temperature of substrate 100 was about 200 °C and 

the shield heater of apparatus 10 was set to about 250 °C. The home offset of magnet 

20 was set to be about 20 mm and the scan length was about 980 mm. The total 

pressure inside the chamber of apparatus 10, in plasma 53, during deposition of the 
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Ti02 layers was about 5-6 mT. The total pressure inside the chamber, in plasma 53, 

during deposition of the silica/alumina layers was about 8-9 mT. 

[064] In some barrier stacks according to the present invention, barrier 

layers are deposited by a reactively sputtered thin film layer or layers, formed by a 

process as previously descnbed in the pulsed, biased deposition process, U.S. 

Application Serial No. 10/101,863. The pulsed, biased deposition process combines 

optical quality vacuum films having uniquely dense morphologies free of the 

columnar defects that are typical of non-biased vacuum thin films with parts per 

million uniformity and control of the optical index and birefringence. Very high 

resolution ellipsometry also demonstrates that a wide range of film index can be 

deposited with extinction coefficients which are zero across the visible and in the near 

IR region, and uniform on the order of parts per million providing substantially 

perfect transparency. As a result of the high level of densi:fication and the low defect 

concentration, it is demonstrated that these very transparent films also provide 

.superior diffusion barrier protection for moisfure ingress as measured by steam 

permeation. Lastly, the same films demonstrate much higher dielectric breakdown 

under high voltage stress, also a result of the low levels of defects. 

[065] Figure 8 shows a sample after exposure to·a high-humidity, high 

temperature environment for an extended period of time. In the sample shown in 

Figure 8, about 200 run ofTi02 was depo~ited on a reactive aluminum layer that had 

be(;ln deposited on a 4" silicon wafer. The sample was kept in a chamber at about 85 

~C with a relative humidity of about 100% for about 500 hours. As can be seen in 
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Figure 8, no defects are visible on the wafer indfoating a high level of protection of 

the underlying reactive aluminum layer. 

[066] Figure 9 shows a sample with a silica/alumina layer according to the 

present invention after exposure to a high-humidity, high-temperature environment 

for an extended period of time. In the sample shown in Figure 9, about 10 nm of 

aluminum is deposited on a 4" silicon wafer. About 100 nm of silica/alumina is 

deposited over the aluminum. The sample was then placed in a pressure cooker at 

about 250 °C with about 3.5 atm of saturated steam for about 160 hours. Again, no 

defects are visible on the wafer indicating a high level of protection of the underlying 

reactive aluminum layer. In another example, the thin reactive Al on a Si wafer was 

tested under the same conditions without a barrier layer and became transparent 

within minutes of the testing. 

[067] Selected metal oxide films deposited with the previously disclosed 

process, from tens of n~ometers to more than 15 microns, are not only impervious to 

moisture and chemical penetration as a film, but can also provide protection to an 

underlying layer or device from the effect of gas or moisture ingress while serving as 

an optical, electrical and/or tribological layer or device, rendering substantial 

manufacturing and environmental margins to the respective layers and devices. The 

subject process has been demonstrated on wide area substrates of glass and metal as 

well as low temperature material such as plastics. 

[068] Table 4 shows Vickers Hardness (MPa) values obtained by testing an 

Ah03 barrier layer and an Er-doped alumina/silicate (40% alumina/60% silica) films 

on a Si-Wafer. The Ah03 barrier layer was deposited in a 
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3kW/lOOW/200KHz/30Ar/4402/t process with a 2.2 µs reverse time. The Er, Yb 

doped Alz03 was deposited with the process 6kW/lOOW/120K.Hz/60Ar/2802/t 

process with a 1.2 µs reverse time. As can be seen in Table 4, the hardness as 

indicated generally by the Vickers number is large compared to conventionally 

deposited alumina films. 

[069] Returning to Figure 2A, a dielectric stack 120 is deposited on 

substrate 100. Each ofbarrierlayers 101,102,103, 104, and 105 can be optical layers 

(i.e., layers that are optically useful). Substrate 100 may be any glass, plastic, 

metallic, or semiconductor substrate. The thickness oflayers 101, 102, 103, 104, and 

105 of dielectric stack 120 can be varied to form either an anti-reflective coating or a 

reflective coating. Figure 2B shows a transparent conducting layer 106 deposited 

over dielectric stack 120. Transparent conducting layer 106 can be, for example, an 

indium tin-oxide layer. Figure 2C illustrates a substrate 100 with dielectric stacks 120 

deposited on both a top surface and a bottom surface of substrate 100. The particular 

example shown in Figure 2C includes an embodiment of dielectric stack 120 with 

layers 101, 102, 103, 104, and 105 deposited on a top surface of substrate 100 and 

another embodiment of dielectric stack 120, shown having layers 108, 109, 110, 111, 

and 112 in Figure 2C, deposited on the bottom surface of substrate 100. Again, layers 

108, 110, and 112 may be high index layers according to the present invention ( e.g., 

Ti02 layers) and layers 109 and 111 may be lower index layers such as silica/alumina 

layers. Examples of deposition parameters for dielectric stack 120 can be found in 

Table 1. As another example of a stack of barrier layers according to the present 

invention that provides good transmission characteristics is a four-layer stack 
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Ti02'Si02/Ti02/Si02 layering of thicknesses 12.43 nm, 36.35 nm, 116~87 nm, and 

90.87 run, respectively, deposited on glass provides a high transparency in the 

wavelength range of about 450 nm and 650 nm. 

(070] In Figure 2D dielectric stack 120 is shown protecting a layer 107. 

Layer 107 is any layer of material that should be protected by a transparent barrier 

layer. For example, layer 107 may be a reactive metal such as aluminum, calcium or 

barium, layer 107 may be a fragile layer such as a conductive transparent oxide, or 

layer 107 may include an active optic~l.?r electrical device. As discussed above, the 

individual layers of dielectric stack 120 can provide protection both from incursion of 

atmospheric contaminants and protection against physical damage of layer 107. In 

some embodiments, the layer thickness of dielectric layers (e.g., layers 101, 102, 103, 

104, and 105 shown in Figure 2D) of dielectric stack 120 are arranged to form either a 

transparent or reflective film at particular wavelengths. One skilled in the art can 

determine the thickness of individual films in dielectric stack 120 to form a reflective 

or anti-reflective film of dielectric stack 120. In some embodiments, where layer 107 

is a metal such as aluminum, barium, or calcium, the device shown in Figure 2D 

forms a highly stable mirror. Figure 2E shows a dielectric stack 120 protecting a 

layer 107 where layer 107 has been deposited on substrate 100. Further, a transparent 

conducting layer 106 has further been depo~ited over dielectric stack 120. Figure 2F 

shows a structure where a second barrier stack 120 has been deposited on the bottom 

surface of substrate 100. 

[071] Figure 10 shows a cross sectional SEM view of an example dielectric 

stack according to the present invention. Again, a five-layer Ti02/92-8 stack is 
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shown with thickness 550 run for the Ti02 layers and 970 nm fethe 92-8 

silica/alumina. The example shown in Figure 10 is a dielectric mirror stack such as 

that used to form a microcavity LED. 

[072] Although Figures 2A through 2F show various configurations and 

utilizations of a barrier stack 120 having five layers, in general, a barrier stack 120 

according to the present invention may be formed of any number of barrier layers. 

Further, the examples of barrier layers 101, 102, 103, 104, and 105 illustrated in 

Figures 2A through 2F illustrate examples of optical layers according to the present 

invention where those optical layers also function as self-protecting barrier layers in 

that they protect themselves as well as the particular surface or device on or below 

which they are deposited. Additionally, one or more of barrier layers 101, 102, 103, 

104, and 105 may include optically active dopant ions such as rare-earth ions in order 

to provide more optically active functionality. Further, in accordance with the present 

invention, one or more oflayers 101, 102, 103, 104, ·and 105 may be layers other than 

barrier layers according to the present invention. Each of the barrier layers described 

with respect to Figures 2A through 2F can be deposited utilizing a pulsed, biased 

deposition process as has been described in U.S. Application Serial No. 10/101,863 to 

form a highly densifi.ed layer of material with very low defect concentrations. 

[073] Figure 3 shows another structure 321 utilizing dielectric stacks of 

barrier layers according to the present invention. As shown in Figure 3, structure 321 

includes a dielectric stack 315 deposited on a substrate 316. Substrate 316 may be 

formed, for example, of glass or plastic materials. A transparent conductive layer 

314, such as for example indium tin oxide, is deposited on dielectric stack 315. Layer 
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313 can be an electroluminescence layer such as, for example, a phosphor-doped 

oxide or fluoride material, rare earth doped silicon rich oxide light emitting device, or 

an organic light emitting polymer, OLED (~rganic light emitting diode) or polymer 

stack. A metal layer 312, which may be aluminum and may be doped with calcium or 

barium, is deposited on the side near layer 313. A second dielectric stack 317 can be 

formed on the bottom of substrate 316. 

[074] Structure 321 illustrated in Figure 3 is an example of a microcavity 

enhanced LED, protected from water and reactive gas which may diffuse through 

substrate 316 by dielectric stacks 315 and 317. When layer 312 is a metal layer, a 
. . . 

microcavity is fonned between layer 312 and dielectric stack 315. Dielectric stack 

315 can out-couple light emitted from electroluminescence layer 313. Layer 313 

emits light when it is electrically biased as a result of a voltage applied between 

transparent conducting layer 314 operating as an anode and conducting layer 312 

operating as a cathode. The layers of dielectric stack 315 and dielectric stack 317 

may be arranged to contain the light emitted by layer 313 between layer 317 and 

metallic layer 312, forming an etalon arrangement to guide light along substrate 316. 

Additionally, dielectric layer 317 may be arranged to transmit light produced by layer 

313, thereby forming a monitor arrang~ment with light being emitted substantially 

normal to substrate 316. 

[075] Figure 11 illustrates the transmission data collected from examples of 

dielectric stacks according to the present invention. The metrology equipment utilized 

in talcing the data resulting in Figure 11 was a Perkin Elmer Lambda-6 

Spectrophotometer. Four samples were measured and each were 5 layer stacks of 
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Ti0:J92-8 as described above. Two samples have the same thickness layers (55 nm 

Ti02 and 100 nm 92~8). As illustrated in Figure 11, the two different runs have 

almost the same transmission spectrum demonstrating the repeatability of the 

deposition process. The third example had a different thickness arranged so as to shift 

the transmission spectrum towards the blue. The fourth example was generated after 

the third example was maintained under 85/85 (85 C 85 % humidity) test conditions 

for 120 hours. It can be observed that the humidity and heat did not have a significant 

impact on the transmission characteristics of the mirror stack, again demonstrating the 

functionality of such dielectric stacks as protection layers as well as optical layers 

(i.e., no measurable wet-shift). A similar result was obtained after 500 hours oftest 

with the 85/85 conditions with no measurable wet-shift. 

[076] Figure 6 shows an example of another structure 633 with a 

microcavity enhanced LED structure 321 as described with Figure 3 covered and 

protected by a structure 622 such as those shown in Figures 2A through 2F. In 

structure 321, as shown in Figure 6, layers 314,313, and 312 have been patterned. A 

structure 622 with dielectric stacks 618 and 620 deposited on opposite sides of a 

substrate 619 can be formed separately. Dielectric stacks 618 and 619 are formed as 

descdbed with dielectric stacks 120 of Figures 2A through 2F. Structure 622 can then 

be epoxied over structure 321 in order to seal and protect structure 321. Epoxy layer 

621, for example, can be an EV A epoxy. 

[077] Figure 7 shows another structure 700 with an example of a 

microcavity enhanced LED structure 321 as described with Figure 3 covered and 

protected by a structure 623 such as those shown in Figures 2A through 2F. Covering 
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structure 623 includes substrate 619, with dielectric stack 620 deposited on substrate 

619, epoxied to device 321. 

(078] Figure 4 illustrates another example of barrier layers according to the 

present invention that also function as electrical layers (i.e., layers with electrical 

function such as providing resistance or function as the dielectric in a capacitor 

structure). The structure shown in Figure 4 illustrates an example of a bottom gate 

transistor structure 422 according to the present invention. Transistor structure 422 is 

formed on a substrate 416, which may be a plastic or glass material. In the 

embodiment illustrated in Figure .4, a dielectric stack 415 according to the present 
.. 

invention is deposited on a top surface. of substrate 116 and a second µielectric stack 

417 according to the present invention is deposited on a bottom surface of substrate 

116. Dielectric stacks 417 and 415 each can include layers of high index and low 

index dielectric materials, as discussed above. The high index and low index 

dielectric materials, for example Ti02 and silica/alumina layers as described above; 

each have low-voltage flat bands and low surface defects and therefore are suitable 

for use as thin film transistor structures. A semiconductor layer 423 is deposited on . 

barrier stack 415 and patterned. Semiconductor layer 423 can be a semiconductor 

such as silicon, germanium, or may be of zinc oxide or a polymer material. Layers 
. .. ,. ',, 

424 and 425 form source and drain layers in contact with semiconductor layer 423. 

Layer 426 can oe formed of a material with a high dielectric constant, such as any of 

the dielectric layers forming diele.ctric stacks 415 and 417, for example the high

dielectric strength Ti02 material deposited by the processes described here. Layer 

427 is an inter layer and layer 428 is the gate metal. 
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[079] Figure 5 shows an example of a top gate transistor device 529. 

Transistor device 529 is formed on a substrate 516 that is protected from atmospheric 

contamination (for example water or gasses) and physical wear and abrasion by 

dielectric stacks 515 and 517. Dielectric stacks 515 and 517 are formed from one or 

more layers of optical material as discussed above with dielectric stack 120. Gate 

layer 530 is deposited on dielectric stack 515. Layer 530 may be a metallic layer such 

as aluminum or chrome. A gate oxide layer 531 is deposited over layer 530. A 

semiconductor layer 532 is deposited on gate oxide layer 531 over layer 530. 

Semiconducting layer 532 can be similar to layer 423 of Figure 4. Layers 533 and 

534 are source and drain layers, respectively, and are similar to layers 424 and 428 of 

device 422 of Figure 4 and may be formed from a conducting metal, conducting 

oxide, or a conducting polymer, for example. 

[080] Dielectric stacks with barrier layers according to the present 

invention can have atomically smooth film surfaces, independent of the film 

thickness. Additionally, dielectric stacks with barrier layers according to the present 

invention can have film transparencies that are unmeasurably different from zero. 

These dielectric stacks represent a new capability for biased barrier film defect levels 

and barrier protection. Few products requiring dielectric barrier protection from water 

and oxygen, such as OLED displays, can tolerate a defect every square centimeter. 

Some embodiments of barrier layers as 2.5 nanometers and as thick as 15 microns 

have been deposited that exhibit an average surface roughness of about 0.2 run; 

indicating a damage free process. Such layers exhibit an optical quality surface for all 

film thicknesses deposited, representative of the high amorphous film uniformity 
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attainable with these processes that produce embodiments of the barrier layer 

according to the present invention. 

[081] Dielectric barrier layers according to the present invention have been 

shown to protect ultra thin reactive metal films of aluminum from steam heat 

oxidation from 125 to 250 °Cat pressures of 3.5 A1M of pure steam for hundreds of 

hours with no visible defect on 100mm silicon wafers. Consequently, it is clear that 

both titanium oxide and alumina/silicate barrier layers, as described herein, can 

provide long term protection of reactive films which are pin hole free up to the area of 

one or both wafers. One pin hole in the protective dielectric barrier on a 100 mm 
' . 

wafer, with an area of approxim.~tely 7.5 square centimeters, would translate into a pin 
. . 

hole density of about 0.0133 per square centimeter. As shown in Figures 8 and 9, 

there were two wafers, one with aluminosilicate and one with titania barrier dielectric 

coatings, that were failure free. The total area between the two wafers was 150 square 

centimeters. If there were 1 defect on these two wafers the defect density would be 

0.00666 per square centimeter. However, since the wafers were free of defects, the 

actual defect density could not be measured from the results of only two wafers. As 

indicated, then, the actual defect density was less than 0.0133 per square centimeter 

and likely less than 0.007 per square centimeter. 

[082] In some embod~ents of the invention, a soft metal, such as indium 

or indium-tin, breath treatment can be performed before deposition of one or more 

banier layers such as those discussed above. It is likely that the soft metal breath 

treatment can be utilized to release stress between the dielectric barrier layer and the 
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substrate. Further, the soft metal breath treatment can act to nucleate for further 

growth of pin-hole free or defect-free barrier layer films on the substrate. 

[083] Figures 12A and l2B show a single barrier layer structure 1200 with 

deposited on a substrate 1201 with and without a soft-metal breath treatment 

according to the present invention. In Figure 12A, a barrier layer 1203 such as is 
I 

described above is deposited directly on substrate 1201. Substrate 1201 can be any 

suitable substrate material, including glass, plastic, or Si Wafers, for example. 

Substrate 1201 can, for example, include an OLEO structure or other optically active 

structure which requires high optical throughput or an electrical structure that may 

utilize the barrier layers as electrical layers. Barrier layer 1203 can be any one or 

more barrier layers as is described above. As illustrated in Figure 12A, barrier layer 

1203 can develop stress-related surface roughness during deposition and use. 

[084] Figure l2B illustrates the results of depositing barrier layer 1203 

following a soft-metal breath treatment according to some embodiments of the present 

invention. As is shown in Figure 12B, the stress is apparently relieved resulting in a 

barrier layer with much better surface smoothness. 

[085] A soft-metal breath treatment according to some embodiments of the 

present invention includes an exposure of the substrate for a short time to a soft metal 

vapor followed by a heat treatnient.' An indium-tin breath treatment, for example, 

involves exposure of the substrate to indium-tin from an indium-tin target in a pulsed

de process and a subsequent heat treatment. Direct exposure to indium-tin-oxide 

vapor does not yield the particular beneficial results illustrated below. Without being 

bound by a particular theory that µ1ay be presented in this disclosure, an In/Sn breath 
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treatment can relieve stress in the deposited barrier layer, improving surface 
... 

smoothness and MOCON WVTR performance. 

[086] In a particular example of formation of barrier layer structure 1200, 

an embodiment of a soft-metal breath treatment was performed on a plastic substrate 

1201. A breath treatment of Indium/Tin, for example, can be performed from an 

Indium Tin (90%/10%) Target. The process for performing the indium/tin breath 

treatment can be designated as 750W/OW/200 KHzJ20Ar/002/10sec. In other words, 

the pulsed-de, biased, wide target PVD process is operated with a 90% Indium/10% 

Tin target, an Ar. flow of 20 seems running at.a constant power of 750 Win a pulsed 

PVD system 10 (Figure lA) {Pulsing Frequency 200 KHz, Reverse time 2.2 µsec) for 

10 secs in the AK.T 1600 PVD system using the Pinnacle Plus PDC power supply. 

Then, the breath treatment continued and substrate 1201 was transferred into a load 

lock of an AKT 4300 Tool and the Tool was pumped to a base pressure of less than 

about 1x10·5 Torr. The substrate was then transferred to a Heat Chamber at 130 °Cat 

1x10·8 Torr where it is thermally treated at 130 °C for about 25 min. 

[087] Substrate 1201 (with the indium/tin breath treatment described 

above) was then moved to a second chamber where barrier layer 1203 is deposited. 

Barrier layer 120? can be fonned, as indicated above, from a 92-8 Alumino-Silicate 

(92% Si/8% AI) target with the depositi.on performed at room temperature. 

[088] Tue process parameters for the deposition of the embodiment of 92-8 

barrier layer 1203 can be 3KW/200W/200K1Iz/85Ar/9002/x. Therefore, the process 

is performed with about 3 KW PDC power, about 200 KHz Pulsing Frequency, and 

about 2.2 microseconds reverse time. Bias power can be held at about 200 W. A Gas 
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flow of about 85 seems of Ar and about 90 seems of 02 was utilized. In deposition of 

this particular embodiment, the deposition process was power cycled where the on 

cycle was about 180 secs long and the off cycle was about 600 secs long for 9 cycles. 

The tbiclmess of the resulting barrier.layer 1203 was then about 1600 A. In a 

particular test, the process described above was utilized for deposition of a barrier 

structure 1200 with substrate 1201 being three plastic sheets of size 6 inch by 6 inch 

(Dupont Teijin PEN films 200 µm thick, referred to as a PEN substrate). In general, 

any barrier layer (e.g., the 92-8 or Ti02 layers discussed above) can be deposited 

following a soft-metal breath treatment. As discussed before, examples of processes 

for embodiments of barrier layers according to the present invention are presented 

here but wide ranges of process parameters can result in barrier layers according to 

the present invention. 

[089] Barrier layer structure 1200 on substrate 1201 can then be tested 

using a variety of techniques, some of which are described below. In particular, the 

stress in layer 1203 can be measured using a Flexus Stress Measurement technique. 

Surface roughness can be measured utilizing an atomic force microscope (AFM), and 

water vapor transmission rates (WVTR) can be measured in a high pressure, high 

humidity pressure cooker device. 

[090] Figure 13 illustrates a Flexus Scanning Assembly 1300 that can be 

utilized to test barrier layer structure 1200. In Flexus Scanning Assembly 1300, a 

light beam for laser 1310 is directed onto the upper surface of barrier layer 1203 by a 

mirror 1312. The reflected light beam from barrier layer 1203 is detected by detector 

1314. Detector 1314 measures the deflection of the light beam from the beam 
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reflected by mirror 1312. The optical section 1316, which can include laser 1310, 

mirror 1312, and detector 1314, can be sc'anned across substrate 1201 and the angle of 

deflection e, which is related to the radius of curvature of substrate 1201 as shown in 

relation 1318. 

[091] The thin film stress in barrier 1203 can be calculated utilizing the 

changes in substrate deformation measured by Plexus apparatus 1300 as optical 

portion 1316 is scanned. As is shown in relationship 1318, the angle of the reflected 

beam can be monitored during the scan and the inverse of the radius of curvature R of 

substrate 1201 can be calculated from the derivative of the angle as a function of 

position in the scan. 
., . . ~ 

[092] In some cases, Flexus apparatus 1300 can utilize a dual wavelength 

technology to increase the range of film types that the tool is capable of measuring. 

Each Plexus apparatus 1300, then, can have more than one laser 1310 available for 

scanning the wafer since different film types will reflect different wavelengths of 

light. Further, the reflected laser intensity provides a good indication of the quality of 

the measurement. In general, low light intensity at detector 1314 indicates a poor 

measurement condition. 

[093] In Flexus apparatus 1300, stress can be determined using Stoney's 

equation. In particular, stress in layer 1203 can be determined by measurements of 

the radius of curvature before deposition oflayer 1203 and the radius of curvature 

after deposition of layer 1203. In particular, according to Stoney's equation, the stress 

can be given by 
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where Bsl(l-v8) is the biaxial modulus of substrate 1201. cr is the stress of substrate 

120 l, ts is the substrate thickness, tr is the film thickness, Rs is the pre-deposition 

radius of curvature, and Rr is the post deposition radius of curvature. To obtain the 

best results, both measurements of the radius of curvature should be performed on the 

same tool to minimize systematic error in the measured radius. In addition, because 

the shape of a wafer is unique and because stress is calculated based on the change in 

deformation of the substrate, each wafer should have a baseline radius measurement. 

A positive radius indicates tensile stress and a negative radius indicates compressive 

stress. Wafer bow can be calculated, as shown in Figure 14, by measuring the 

maximum point of deflection from the chord connecting the end-points of a scan of 

Flux apparatus 1300. 

[094] Measurements of stress performed on several embodiments of barrier 

films 1203 where barrier film 1203 is a 92-8 film as discussed above with and without 

a nucleation layer 1202 formed by a soft-metal breath treatment is tabulated in Table 

2. As shown in Table 2, sample 1 was a 1.5 KA 92-8 film of actual thickness 1760 A· 

deposited on a Si-Wafer substrate. The resulting stress at about room temperature 

was -446.2 lv.[pa, Sample 2 was a 1.5 KA 92-8 film of actual thickness 1670 A over 

an Al-breath deposition resulted in a stress of about -460.2 lv.[pa, In sample 3, a 1.5 

KA 92-8 film of thickness 1860 A was deposited subsequent to a In-breath deposition 

and resulted in a stress of -330.2 MPa, nearly 100 lv.[pa lower than either of the other 

two depositions depicted. 
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1, sample 2, and sample 3 as shown in Table 1 over a temperature cycle. The 

temperature cycle included heating from room temperature to about 160 °C and 

cooling back to room temperature. In a Si-Wafer substrate, the radius of the wafer is 

assumed not to change with temperature. Stress data in each case was taken at the 

temperature indicated. As can be seen from Figure 15, 92-8 films deposited over an 

In-breath treatment exhibited much less stress than did either a 92-8 film deposited 

over an Al-breath treatment or a 92-8 film deposited over the substrate without a soft

metal breath treatment. 

[096] Atomic-force microscopy (AFM) can be utilized to measure surface 

roughness of a film. In AFM, a miniature probe is physically scanned over the 

surface of a film such that the probe is in contact, and follows the surface, of the film. 

The probe has a small tip and therefore is capable of accurately monitoring the surface 

roughness for features on the order of a few nanometers. 

[097] Figure 16A shows the surface roughness of a PEN substrate (Dupont 

Teijin PEN films 200 µm thickness), before deposition of a barrier layer according to 

the present invention. As is shown in Figure 16A, a PEN substrate typically has a 

surface roughness of average 2.2 nm, root-mean-square average RMS of 3.6 mn, and 

a typical maximum roughness of about 41.0 nm. As shown in Figure 16B, deposition 

of a 1.5 KA 92-8 after an indium-tin breath treatment on a PEN substrate results in an 

average surface roughness of 1.0 run with RMS roughness of 1.7 nm and maximum 

roughness of23.6 run. As is shown in Figure 16C, an indium-tin-oxide (ITO) breath 

treatment was perfonned before the 1.5 K A 92-8 barrier layer film deposition 
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resulted in an average roughness of 2.1 nm with RMS roughness of 3.4 nm and 

maximum roughness of55.4 nm. The deposition shown in Figure 16C is performed 

with a 125 µm PEN subs1rate rather than a 200 µm PEN substrate. Therefore, a direct 

ITO treatment does not perform as well as treatment with an indium-tin breath. As 

shown in Figure l 6D, deposition of a bani er layer of 1.5 KA directly on a 125 µm 

PEN substrate resulted in a barrier layer with average surface roughness of about 5.2 

nm with RMS roughness of 8.5 nm and maximum roughness of 76.0 nm. Therefore, 

although the ITO breath treatment was better than no soft-metal treatment at all with 

respect to surface roughness, an indium-tin breath treatment resulted in the best 

surface roughness yielding an average surface roughness of about 1.0 nm. 

[098] Figure 17 illustrates a water vapor transmission (WVTR) testing 

apparatus 1700 that can be utilized to characterize barrier layer films according to 

embodiments of the present invention. A sample 1701 can be mounted into apparatus 

1700 in such a way that the surface of substrate 1201 (Figure 12) is isolated from the 

surface of barrier layer 1203 (Figure 12). A moisture-free gas is input to port 1702, 

contacts one surface of sample 1701, and is directed to sensor 1703 where the water 

vapor coming from sample 1701 is monitored. A humid gas is directed to the 

opposite side of sample 1701 thr9µgh port 1705. An RH probe 1704 can be utilized 

to monitor the water content of the gas input to port 1705. Sensor 1703, then, 

monitors the water vapor that is transmitted through sample 1701. 

[099] Such tests are performed by Mocon Testing Service, 7500 Boone 

Avenue North, Minneapolis, MN 55428. In addition, the Mocon testing is 

perefonned in accordance with ASTM F1249 standards. Typically, instruments 
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utilized for WVTR testing by Mocon can detect transmission in the range 

0.00006gm/100in2/day to 4gm/100in2/day. The Mocon 3/31 instrument, for example, 

has a lower detection limit of about 0.0003gm/100in2/day. 

[0100] A barrier layer deposition formed with an Al-breath treatment 

followed by a 1.5 KA 92-8 barrier layer deposition on a 200 µrn PEN substrate 

resulted in a Mocon test WVTR of 0.0631 gm/100in2/day. A barrier layer deposition 

formed with an In-breath treatment followed by a 1.5 KA 92-8 on 200 µm PEN 

substrate resulting in no measurable WVfR in the Mocon 3/31 instrument (i.e., the 

transmission rate was less than 0.0003 gm/100in2/day). 

[0101] As was further discussed above, Figures 16A through D illustrates 

the role that a soft-metal breath treatment (in particular an indium breath treatment) 

can play in determining the surface roughness of a deposited barrier layer according 

to the present invention. The surface roughness of a barrier layer can also affect the 

WVTR characteristics of a barrier layer. Smoother barrier layer result in better 

WVTR perfonnance. As such, Figure 16A shows a bare 200 µm PEN substrate with 

no barrier. Figure 16B shows a 200 µm PEN substrate with a 1500 A thiclmess 92-8 

barrier layer deposited after a In/Sn breath treatment according to the present 

invention. Figure l 6C illustrates a 200 µm PEN substrate with a 1500 A 92-8 barrier 

layer deposited after treatment with ITO breath. Figure 16D is a 200 µm PEN 

substrate with a 1500 A 92-8 barrier layer directly deposited on the substrate. As can 

be seen, the structure of Figure 16B shows the best surface smoothness 

characteristics. 
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[0102] Table 3 illustrates several examples of barrier layers, with surface 

smoothness characteristics and MOCON WVTR testing results. In Table 3, the 

samples described in rows 1-4 are 92-8 layers (as descnbed above) ofthiclmess about 

2000 A deposited on one or both sides of a 700 µm thick polycarbonate (LEXAN 

produced by General Electric, coi:p.). The data shows that the double-side coated 

barrier layer structure (rows 1 and 2) perform about an order of magnitude better in 

MOCON WVTR test than does the one sided structures (rows 3 and 4). 

[0103] Rows 5 through 8 illustrate various deposition on a PEN substrate 

(with rows 5-6 describing deposition on a 200 µm PEN substrate and rows 7 and 8 

describing depositions on a 125 µm PEN substrate). The In breath treatment 

parameters refer to In/Sn breath treatments as discussed above~ The AFM parameters 

are shown in Figures 16B through l 6D as described earlier. As discussed before, the 

best surface smoothness and the best WVTR characteristics are shown in row 6, with 

In breath treatment followed by deposition of a 92-8 layer. The data in row 9 

indicates an In breath treatment (In/Sn) with higher power on a thinner (125 µm) PEN 

substrate. Presumably, the thermal stress behavior on a 125 µm PEN substrate is 

worse than that for a 200 µm PEN substrate. Further indication of this effect is 

shown in the data of rows 30 through 33 along with Figures 19A and l9B. The data 

in rows 30 and 31 include a indium/tin breath treatment (at 7 SOW) on a 200 µm PEN 

substrate followed by about 1.5 kA 92-8 layer deposition, which yields a very smooth 

surface (e.g., about l.lmri average) as shown in Figure 19A and an undetectable 

MOCON WVTR characteristic on the MOCON 3/31 test equipment. The data in 

rows 32 and 33, with In/Sn breath treatment followed by 1.5 kA 92-8 layer deposition 
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on 125 µm PEN substrate, shows worse smoothness (about 2.0 nm average 

roughness) and a WVTR test in the MOCON apparatus ofabout 1.7 X 10 •2 

gm/m2/day. The 92-8 depositions illustrated in rows 30 through 33 were concurrently 

performed in a single operation. 

[0104] The data in rows 12 and 13 of Table 3 indicate an In-breath treatment 

plus 1.5 kA TiOz deposition on a 125 µm PEN substrate. Data in rows 10 and 11 

indicate an In/Sn-breath treatment plus 1.5 kA 92-8 deposition on a 125 µm PEN 

substrate. As can be seen in Table 3, .the WVTR characteristics of 92-8 layers is more 

than an order of magnitude better than the WVTR characteristics of Ti02 layers. 

Representative smoothness for rows 12 and 13 are presented in Figure 22A and 

representative smoothness for rows 10 and 11 are presented in Figure 22B. As is 

shown in Table 3, the average smoothness for 92-8 layers is approximately an order 

of magnitude better than the average smoothness for Ti 02. 

[0105] The data in rows 14 and 15 of Table 3 illustrate an In/Sn breath 

treatment on a 125 µm LEXAN substrate followed by a 92-8 layer deposition. The 

data in rows 14 and 15 can be compared with the data in rows 32 and 33, which are 

In/Sn breath treatment on a 125 ).Ull PEN substrate followed by a 1.5 KA. 92-8 layer 

deposition. The smoothness is comparable between the LEXAN and PEN substrate, 

although as can be seen in a comparison of Figures 21A and 21B, the morphology is 

different, i.e. barrier layers according to the present invention deposited on the 

LEXAN substrate show more granularity than barrier layers deposited on the PEN 

substrate. 
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(0106] The data in rows 16 through 18 of Table 3 illustrate different process 

parameters for an In/Sn breath treatment followed by 1.5 KA 92-8 deposition on a 

200 µm PEN substrate. The data in row 16 illustrates a setting where the current is 

set rather than power. The data in row 16 is taken with a current of 6.15 amps. In the 

barrier layer illustrated in row 17, the In/Sn breath treatment is performed at 1.5 kW 

of operating power. In the barrier layer illustrated in row 18, the In/Sn breath 

treatment is performed at 750 W of operating power. In each case, the MOCON 

WVTR characteristic of the resulting barrier layer is below detectability on the 

MOCON 3/31 instrument. 

[0107] The data in rows 19-29 of Table 3 illustrate different In/Sn breath 

treatments and their effects on the surface smoothness of the resulting barrier layers 

and on the MOCON WVfR characteristics. The data in rows 19-22 are all examples 

of where the In/Sn breath treatment is replaced with a evaporated In layer followed by 

a 130 C preheat treatment. The surface roughness characteristics are illustrated in 

Figure 18A and shows an average roughness of about 1.1 nm. However, the 

morphology is very granular as is shown in Figure 18A, with presumably a lot of 

porosity, resulting in MOCON WVTR. test on the order of .8 gm/m2/day. The data 

shown in row 23 of Table 3 illustrates the case where no In/Sn breath treatment is 

utilized and the 200 µm PEN substrate is preheated before deposition of a 1.5 kA 92-8 

deposition, which as shown in Figure 18C has a surface roughness of about 5.2 nm 

average and a MOCON WVTR of about 0.8 gm/m2/day, or the same as is shown with 

the indium evaporation vapor data shown in rows 19-22. Therefore, the same 

characteristics result whether an indium evaporation vapor treatment is applied or not. 
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[0108] Rows 24-29 of Table 3 illustrate data where an In/Sn breath treatment 

was performed at 280 °C rather than at room temperature. The surface roughness, as 

is illustrated in Figure 18B, was about 1.1 nm average. However, the MOCON 

WVTR data was about 3 X 10·2 'g).Dlm2/day. This value is much higher than that 

shown in the similar depositions of rows 30 and 31, which were below 5 X 1 o·3 

gm/m2/day detectability limits of the MOCON 3/31 instrument. 

[0109) The data in rows 34 and 35 illustrates deposition of a 1.5 kA 35-65 

layer (i.e., a deposition with a target ha'(ing 3~% Si and 65 % Al) following a In/Sn . ,. 

deposition on a 200 µm PEN substrate. As is illustrated, the MOCON WVTR are 1.4 

X 10·1 gm/m2/day, which shows the possible necessity of a biased process for 

producing barrier layers according to the present invention. 

[0110) Figure 20 illustrates a barrier layer 2002 that can also operate as a 

thin film gate oxide deposited on a substrate 2001. A thin film gate oxide 2002 can be 

deposited as a barrier layer according to the present invention. Such a layer as the 

benefit of protecting moisture and oxygen sensitive transistor layer compounds of 

germanium, tin oxide, zinc oxide, or pentacene, for example, while functioning as the 

thin oxide electrical layer. Substrate 2001 can include any electrical device that can 

be formed on,.for example, a siiicon wafer, plastic sheet, glass plate, or other material. 

Barrier layer 2002 can be a thin layer, for example from 25 to 500 A. 

[O 111] Titanium oxide is well known as the preferred material for biological 

implantation due to the lack of immunological response to titanium oxide. In 

addition, it is preferred that a thin film ofTi02, which is an immunologically 

indifferent barrier layer, can simultaneously protect a device such as a voltage or 
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charge sensor or an optical device such as a waveguide while perfonning the role of 

coupling the device capacitively or optically due to its' high dielectric constant or its' 

high optical index. 

[0112] An array of capacitors can be coupled by the high capacitive density 

due to the proximity of the sensor provided by a very thln high-k dielectric such as 

Ti02• In practice, a micron or sub micron array can be used to monitor the electrical 

activity, amplitude, and direction of very low electrical signals such as those that 

accompany the propagation of electrical signals in singie axion of single neural 

ganglia. Conversely, it can also be used to electrically couple stimulus to adjacent 

cells or tissue. High resolution, high-capacitance coupling to the optic nerve, the 

auditory nerv~, or neural tissue on the order of 5 to 50 femto-farads/µm 2 is made 

uniquely feasible by such a capacitive barrier film without immunological reaction. 

[0113] Other embodiments of the invention will be apparent to those skilled 

in the art from consideration of the specification and practice of the invention 

disclosed herein. This disclosure is not limited by any theories or hypothesis of 

operation that are utilized to explain any results presented. It is intended that the 

specification and examples be considered as exemplary only, with a true scope and 

spirit of the invention being indicated by the following claims. As such, this 

application is limited only by the following claims. 

44 

Page 226 of 1053



"'"' u, 

TABLE I 

Stack# 

1 

2 

3 

4 

5 

6 

Substrates 
6 Microscope 

slides+ 1 
6inch wfr 

6 Microscope 
slides+ 1 
6inch wfr 

2 Sodalime 
Glass+4 

Microscope 
Slides 

2 Sodalime 
Glass+4 

Microscope 
Slides 

4 Microscope 
Slides 

3 Sodalime 
Glass +4 

Microscope 
Slides 

Stack layer 
composition 
Ti02/92-8/ 
Ti02/92-8/ 

Ti02 
Ti02/92-8/ 
Ti02/92-8/ 

Ti02 

Ti02/92-8/ 
Ti02/92-8/ 

Ti02 

Ti02/92-8/ 
Ti02/92-8/ 

Ti02 

Ti02/92-8/ 
Ti02/92-8 

Ti02/92-8/ 
Ti02/92-8/ 

Ti02 

Measured 
Thickness Silica/alumina (92-8) 

Ti02 Deposition Process no2 <A) Deposition Process 

7KW/200W/200KHz/60Ar 3KW/200W /200KHz/85Ar 
/9002/950s 580 /9002/1005 

7KW/200W/200KHz/60Ar 3KW/200W/200KHz/85Ar 
/9002/835s 

510 
/9002/1006 

7KW/200W/200KHz/60Ar 
550 

3KW/200W/200KHz/85Ar 
· /9002/90ls /9002/1025 

7KW/200W/200KHzl60Ar 550 3KW/200'\V/200KHzl85Ar 
/9002/901s /9002/1025 

7KW/200W/200K.Hzl60Ar 
550 

3K.W /200W/200K.Hzl85Ar 
/9002/90ls /9002/1025 

7KW/200W /200KHz/60Ar 
550 

3KW/200W/200KHz/85Ar 
/9002/90ls /9002/1025 

Measured Thickness 
Silica/Alumina (92-8) (A) 

980 

910 

1000 

1000 

1000 

1000 

~ 
0 
N 
c::, 
c::, 

~ 
~ 
~ 
(JI -ID 

"l:i n g 
00 
N 
c::, 
c::, 

"'"' 0 
~ 
~ -
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,I:,. 
Cl'\ 

TABLE2 

Id 
Sample 1 

Sample2 

Sample 3 

Comment 
pre-deposition 
1.5 KA 92-8 film deposition/ no In-breath 
!treatment 

ore-deposition 
Al breath deposition then 1.5 KA 92-8 film 
treatment 

pre-deposition 
In breath trea1ment then 1.5 KA 92-8 film 
deposition 

Temp°C Radius(m) 
21 -4.76E+o3 

27 -145.978 

29 -4.10E+o3 

36 -169.482 

25 -230.249 

25 -67.169 

Stress Film Thickness 
Mpa (A) 
NIA NIA 

-446.2 1760 

NIA NIA 

-460.2 1670 

NIA NIA .. 

-330.2 1860 

Bow(µm} 
1.58 

11.74 

1.38 

10.18 

4.36 

10.25 

~ 
0 
1,,,1 
Q 

~ 
-i 
-i 
(II .... 
\C 

"1:1 n 
g 
Vl 
1,,,1 

g 
~ 
~ 
~ .... 
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TABLE3 

Sample ID 
Sample 

Description 

12KA 92-8 on 
1 (Film ( coated Polycarbonate, 

on both deposited on both 
-sides)-A) sides-A 

2KA92-8 on 
2 (Film ( coated Polycarbonate, 

on both deposited on both 
sides)-B) sides-B 

~ (Film ( coated 
on one side) - 2KA92-8on 
A) Polycarbonate - A 

4 (Film (coated 
on one side) - 2KA928on 
B) Polycarbonate - B 

Al -breath (500W 
1 Osec+ 130c heat 
treatment)+ 1.5 

5 (Al+ l.5K928) KA 92-8 on PEN 

Substrate 
Material 

LEXAN 

LEXAN 

LEXAN 

LEXAN 

PENQ65 

MOCON 
Thickness WVTR 

µ.m (g/100inch2/day 
) 

700 · 7.2000E-04 

700 5.8000E-04 

700 8.3000E-03 

700 l.7200E-02 

200 6.3100E-02 

MOCONWVTR 
(g/ml/day) 

l.1160E-02 · 

8.9900E-03 

1.2865E-01 

2.6660E-Ol 

9.7805E-01 

AFMResults 

~ 
0 
N 
Q 
Q 

"" = ..... ..... 
(II ... 
IC 

',:I 
n 
g 
/'JJ 
~ 
C = 
~ 
~ 
(II 
I.H ... 
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,i;.. 
QC 

6(InB+ 
l.5K928 

IInBreath (750W 
5sec+ 130c heat 
itreatment) + 1.5 

92-8 on PEN 

.7 (102- ~O In Breath+ 
MOCON ID: 130c Preheat+ 1.5 
1619-003} ~ 92-~ on PEN I P:E:N Q65 1125 

18 (103- Obreath+ 
MOCONID: 130c Preheat + 1.5 
1619-002) 92-8 on PEN I PEN 065 1125 

Breath (1.SKW 

9 (104- i 130c Preheat)+ 
MOCON ID: 1.5 KA 92-8 on 
1619-oon EN I PEN 065 1125 

10 (PEN-A) 
1In Breatb.+92-8 on I I 
PEN PEN 065 125 

Breath+92-8 on I I 
'EN PEN 065 125 

3.0000E-04 

4.0200E-02 

I 2.4900E-02! 

I 2.5900E-021 

I 1.8323E-031 

[ 2.3871E-031 

4.6500E-03 

6.2310E-01 

3.8595E-Ol!see Fi~ 16C 

4.0145E-01 

2.8400E-02bee Figure 22B 

3.7000F.-02l~22 Ffou,e 22"R 

I 

I 

~ 
0 
N 
0 
0 

~ 
~ .... 
~ 

-= n 
~ 
00 
N 
0 
0 
,i;.. = 0 u, 
th 
CH .... 
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.j;. 
IQ 

12(PEN2-A 

13 EN2-B 

I I 

In Breath+Ti02 
onPEN 

In Breath+Ti02 
onPEN 

+92-8 on 

PENQ65 1125 

PEN 65 125 

14 (LEXAN-A) ILEXAN ILEXAN 1125 

!15 

16 (6.15A 

1In Breath+92-8 on 
,EXAN ILEXAN 1125 

Breath (6.15A 
5sec+ 130 °C heat)1 

+ 1.5 KA 92-8 on 'PEN Q65 
'EN Lot#l 1200 

ht Breath (1.5K.W 
Ssec+ 130 °C heat) 

1.5 KA 92-8 on !PEN Q65 
·EN ILot#l 1200 

l.0065E-0I 1.56 

8.9032E-02 1.38 

I E4194E-02! 2.2000E-Ol 

2.8387E-03 4.4000E-021 

elow DetectionlBelow Detection 

elow DetectionlBelow Detection 

21A 

~ 
0 
N 
0 
0 
,la,. 

~ 
--l 
--l 
Ul .... 
\0 

"'Cl 
("'l 

~ ,.,, 
N 
g 
~ 
0 
Ul 
Ul 
<.N .... 
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Breath (750W 
Ssec+ 130 °Cheat) 

1.5 KA 92-8 on rEN Q65 
'EN Lot#l 1200 

Breath from 
;vap 0.037 + 130 re Preheat+ 1.5 PENQ65 

19 (.037-A) KA 92-8 on PEN Lot#l 1200 

I 

Breath from 

u, I 
:vap 0.037 + 130 

Q ~Preheat+ 1.5 rEN Q65 
20 (.037-B} 92-8 on PEN Lot#l · 1200 

1 (.113-A) !KA 92-8 on PEN rot#l roo 
Breath from 

vap0.113+ 130 
C Preheat+ 1.5 tEN Q65 l 

IKA 92-8 on PEN Lot#l 200 22 (.113-B) 

OIDBreafu+ [ ~ 130 °C heat+ 1.5 EN Q65 
3 (MON-A) IJ.CA 92-8 on PEN Lot#l 00 

elow Detection!Below Detection 

5.1097E-021 7.9200E-01 

3.9935E-02 6.1900E-01 

I 
5.6323E-021 8.7300E-01 

l 4.1097E-02I 6.3700E-Ol~ee Figure 18A 

4.9806E-02 

r=76.0nm 
7.7200E-01 Figure 18C 

I 

~ 
0 
N 
0 

! 
-.J 
-.J 
u, .... 
\Q 

~ 
("') 

~ 
00 
N 
Q 
0 
~ 
Q 
Q 
u, 
u, 
(,,,j .... 
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~ 
0 
N = = ... 
0 
...:a 
...:a 
U1 
I-" 

Breath @280c+ ·- \C 

124 (12-17-03- 130 °C heat+ 1.5 PENQ65 
01-A 92-8 on PEN t#l 1200 I 7 .871 OE-041 1.2200E-02 

Breath @280c+ 
5 (12-17-03- 130 °Cheat+ 1.5 ENQ65 

01-B 92-8 on PEN Lot#l 00 - l.1484E-03 1.7800E-02 l8B 

U1 .... 
I 

6 (12-17-03-
03-A) !KA 92-8 on PEN ILot#l 1200 I l.9548E-031 3.0300E-02 

7 (12-17-03-
03-B 92-8onPEN 00 1.1935E-03 l.8500E-02 

,In Breath @280c+ l<'d n 
8 (12-17-03- 1130 °Cheat+ 1.5 ~ 

02 A) KA 92-8 on PEN 00 2.2065E-03 3.4200E-02 00 
N = = ... 
c:S 

Breath@280c+b ~=9.4mn I 
Q 
Vt 
UI 

129 (12-17-03- ~°Cheat+ 1.5 ENQ65 
~ 
I-" 

02 B} 92-8 on Pen t# 1 200 2.7677E-03 4.2900E-02 
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~ 
0 
1:,,1 = = .. a, 
--1 
--1 
t/1 -IQ 

I 
30 (165-A) 192-8 on PEN lLot#2 1200 !Below DetectionlBelow Detection ISee Fimires19A and 18D 

Breath_(750W 
5sec+130 °Cheat) 

,31 (165-B) 
( 1.5 KA 92-8 on riEN Q65 
PEN - Lot#2 1200 !Below DetectionlBelow Detection !See Figures 19A and 18D 

.=2.0nm 

I 
11n Breath (750W 

I I I ~.6mn u, 
1:,,1 5sec+ 130 °C heat) 18.0nm 

1.5 KA 92-8 on PENQ65 
32 167-A PEN Lot#2 1125 I 9.0323E-04l 1.4000E-021See Figures 19B and 2 lB 

I 

In Breath (750W 
5sec+ 130 °Cheat) 
+ 1.5 KA 92-8 on PENQ65 

33 167-B EN Lot#2 125 l.4194E-03 2.2000E-021See Figures 19B and 21B 

Breath (750W 

5sec+130 ·c boat) I I 
I 8.7742E-031 1.3600E-Oll I 

"O 

+ 1.5 KA 35-65 PEN Q65 (") 

4 (170-A) !(no bias) on PEN Lot#2 125 ~ 
rJl 
N 

l!n Breath (750W ~ = = .. 
5sec+130 °Cheat) a, 

C 

1+ 1.5 KA 35-65 PEN Q65 
u, 
u, 
IN 

5 (170-B) (no Bias) on PEN t#2 125 2.6258E-02 4.0700E-01 -
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TABLE4 

Hv 
[ Vickers l 

MN-Al203 1 836 
SmN 
:MN-Al203 2 087 
2.5inN 

-(10822-1 753 
SmN 
808-0Yl 0822-1 834 

~ 2.5mN 

~ 

H E 
[MPal [ GPa l 

19 814 211.49 

22520 230.51 

8 123 104.03 

8 996 104.29 

Od 
fDml 

0.129 

0.084 

0.194 

0.130 

~ 
0 
N 
0 
0 
,5-

0 
-..J 

u! .... 
\,0 

-= n 
g 
Vl 
N 

I 
~ 
UI 
~ .... 
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WO 2004/077519 PCT/US2004/005531 

WHAT IS CLAIMED IS: 

1. A dielectric layer, comprising: 

a densified amorphous dielectric layer deposited on a substrate by pulsed

DC, substrate biased physical vapor deposition, 

wherein the densi:fied amorphous dielectric layer is a barrier layer. 

2. Toe layer of claim 1, wherein the deposition is performed with a wide area 

target. 

3. Toe layer of claim 1, wherein the barrier layer is also an optical layer. 

4. Toe layer of claim 3, wherein the barrier layer includes a Ti02 layer. 

5. Toe layer of claim 3, wherein the barrier layer includes an Alumina/Silica 

layer. 

6. Toe layer of claim 3, further including a soft-metal breath treatment 

7. Toe layer of claim 6, wherein the soft-metal breath treatment is an indium-tin 

vapor treatment. . 

8. The layer of claim 1, wherein the barrier layer is also an electrical layer. 

9. The layer of claim 8, wherein the barrier layer includes a capacitive layer. 

10. The layer of claim 9, wherein the capacitive layer is a Ti02 layer. 

11. The layer of claim 9, wherein the capacitive layer is an Alumin;a/silica layer. 

12. The layer of claim 8, wherein the barrier layer includes a resistive layer. -

13. The layer of claim 12, wherein the resistive layer is indium-tin metal or oxide. 

14 The layer of claim 8, further including a soft-metal breath treatment. 

15. The layer of claim 14, wherein the soft-metal breath treatment is an indium

tin vapor treatment. 

16. The layer of claim 1, wherein the barrier layer includes a tribological layer. 

17. The layer of claim 16, wherein the tribological layer is a Ti02 layer. 

54 
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18. The layer of claim 16, wherein the tribological layer is Alumina/silica. 

19. The layer of claim 16, further including a soft-metal breath treatment 

20. The layer of claim 19, wherein the soft-metal breath treatment is an indium

tin vapor treatment. 

21. The layer of claim l, wherein the barrier layer is a biologically immune 

compatible layer. 

22. The layer of claim 1, wherein the biologically immune compatible layer is 

23. The layer of claim 21, further including a soft-metal breath treatment . 

24. The layer of claim 23 wherein the soft-metal breath treatment is an indium-tin 

vapor treatment. 

25. The layer of claim 1, wherein the dielectric film is Ti02. 

26. The layer of claim 1, wherein a target utilized to form the dielectric film has a 

concentration of92% Al and 8% Si. 

27. The layer of claim 1, wherein the target utilized to form the dielectric film is 

formed from metallic magnesium. 

28 The layer of claim 1, wherein the target material comprises materials chosen 

from a group consisting of Mg, Ta, Ti, Al, Y, Zr, Si, Hf, Ba, Sr, Nb, and combinations 

thereof. 

29 The layer of claim 28, wherein the target material includes a concentration of 

rare earth metal. 

30 The layer of claim 1, wherein the target material comprises a sub-oxide of a 

group consisting of Mg, Ta, Ti, Al, Y, Zr, Si, Hf, Ba, Sr, Nb, and combinations thereof. 

31. The layer of claim l, further including a soft-metal breath treatment. 

55 
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32. The layer of claim 31, wherein the soft-metal breath treatment is an indium

tin vapor treatment 

33. The layer of claim 1, wherein the dielectric film has a permeable defect 

concentration ofless than about 1 per square centimeter. 

34. The layer of claim 1, wherein the water vapor transmission rate is less than 

about 1 X 10·2 gm/m2/day. 

35. The layer of claim 1, wherein the optical attenuation is less than about 0.1 

dB/cm in a continuous film. 

36. The layer of claim 1, wherein the barrier layer has a thickness less than about 

500 run. 

37. The layer of claim 36, wherein the water vapor transmission rate is less than 

about 1 X 10·2 gm/m2/day. 

38. The layer of claim 1, wherein the barrier layer thickness is less than about I 

micron and the water vapor transmission rate is less than about 1 X 10 ·2 gm/m2/day. 

39. The layer of claim 1, wherein the barrier layer operates as a gate oxide for a 

thin film transistor. 

40. A method of forming a barrier layer, comprising: 

providing a substrate; 

depositing a highly densified, amorphous, dielectric material over the 
.. 

substrate in a pulsed-DC, biased, wide target physical vapor deposition process. 

41. The method of claim 40, further including 

performing a soft-metal breath treatment on the substrate. 

42. The method of claim 40, wherein the dielectric material is formed from a 

target comprising 92% Al and 8% Si. 

56 
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43. The method of claim 40, wherein the dielectric material is formed from a 

target comprising of Titanium. 

44. The method of claim 40, wherein the dielectric material is formed from a 

target material comprising materials chosen from a group consisting of Mg, Ta, Ti, Al, Y, 

Zr, Si, Hf, Ba, Sr, Nb, and c9mbinations thereof. 

45. The method of claim 41, wherein the soft-metal breath treatment is an 

indium/tin breath treatment 

57 
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Office Action Summary 

Application No. 

10/954,182 

Examiner 

Michelle Estrada 

I 
Applicant(s) 

ZHANG ET AL. 

Art Unit 

2823 

•• The MAILING DA TE of this communication appears on the cover sheet with the correspondence address •• 
Period for Reply 

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE~ MONTH(S) FROM 
THE MAILING DATE OF THIS COMMUNICATION. 
- Extensions of time may be available under the provisions of 37 CFR 1.136(a). In no event, however, may a reply be timely filed 

after SIX (6) MONTHS from the mailing date of this communication. 
- If the period for reply specified above is less than thirty (30) days, a reply within the statutory minimum of thirty (30) days will be considered timely. 
- If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication. 
- Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133). 

Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any 
earned patent term adjustment. See 37 CFR 1.704(b). 

Status 

1 )121 Responsive to communication(s) filed on 01 October 2004. 

2a)O This action is FINAL. 2b)l21 This action is non-final. 

3)0 Since this application is in condition for allowance except for formal matters, prosecution as to the merits is 

closed in accordance with the practice under Ex parte Quayle, 1935 C.D. 11, 453 O.G. 213. 

Disposition of Claims 

4)121 Claim(s) 40-84 is/are pending in the application. 

4a) Of the above claim(s) __ is/are withdrawn from consideration. 

5)0 Claim(s) __ is/are allowed. 

6)121 Claim(s) 40-58 and 63-81 is/are rejected. 

7)121 Claim(s) 59-62 and 82-84 is/are objected to. 

8)0 Claim(s) __ are subject to restriction and/or election requirement. 

Application Papers 

9)0 The specification is objected to by the Examiner. 

10)0 The drawing(s) filed on __ is/are: a)O accepted or b)O objected to by the Examiner. 

Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a). 

Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to. See 37 CFR 1.121 (d). 

11 )0 The oath or declaration is objected to by the Examiner. Note the attached Office Action or form PT0-152. 

Priority under 35 U.S.C. § 119 

12)0 Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f). 

a)O All b)O Some* c)O None of: 

1.0 Certified copies of the priority documents have been received. 

2.0 Certified copies of the priority documents have been received in Application No. __ . 

3.0 Copies of the certified copies of the priority documents have been received in this National Stage 

application from the International Bureau (PCT Rule 17.2(a)). 

*Seethe attached detailed Office action for a list of the certified copies not received. 

Attachment(s) 

1) 121 Notice of References Cited (PT0-892) 

2) 0 Notice of Draftsperson's Patent Drawing Review (PT0-948) 

3) 121 Information Disclosure Statement(s) (PT0-1449 or PTO/SB/08) 
Paper No(s)/Mail Date 10/1/04. 

U.S. Patent and Trademar1< Office 

4) 0 Interview Summary (PT0-413) 
Paper No(s)/Mail Date. __ . 

5) 0 Notice of Informal Patent Application (PT0-152) 

6) 0 Other: __ . 

PTOL-326 (Rev. 1-04) Office Action Summary Part of Paper No./Mail Date 20050321 
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DETAILED ACTION 

Claim Objections 

Claims 1-62 are objected to because of the following informalities: 

In claim 40, line 2, it appears that --a-- should be inserted after "providing". 

In claim 40, line 2, it appears that "the" should be replaced with --a--. 

In claim 40, line 3, it appears that "a" should be replaced with --the--. 

In claim 59, line 1, "the oxide" lacks antecedent basis. 

In claim 60, line 1, "the oxide" lacks antecedent basis. 

In claim 61, line 1, "the metallic" lacks antecedent basis. 

Appropriate correction is required. 

Claim Rejections - 35 USC § 102 

Page2 

The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that 

form the basis for the rejections under this section made in this Office action: 

A person shall be entitled to a patent unless -

(b) the invention was patented or described in a printed publication in this or a foreign country or in public 
use or on sale in this country, more than one year prior to the date of application for patent in the United 
States. 

Claims 40, 44, 45, 47, 49, 51, 52, 63, 67, 68, 70, 72, 74 and 75 are rejected 

under 35 U.S.C. 102(b) as being anticipated by Smolanoff et al. (6,117,279). 

Re claim 40, Smolanoff et al. disclose providing a process gas between the 

- - -
target (16) and a substrate (15); providing pulsed DC power to the target (Col. 5, lines 
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50-55); providing a magnetic field to the target (Col. 6, lines 1-7); and wherein a material 

is deposited on the substrate (Col. 5, lines 22-26). 

Re claim 44, Smolanoff et al. disclose further including providing filtering (22) of 

pulsed DC power to the target in order to protect a pulsed DC power supply. 

Re claim 45, Smolanoff et al. disclose wherein the magnetic field is provided by a 

moving magnetron (Col. 5, lines 39-49). 

Re claim 47, Smolanoff et al. disclose wherein the process gas includes a 

mixture of oxygen and argon (Col. 7, lines 22-27). 

Re claim 49, Smolanoff et al. disclose wherein the process gas further includes 

nitrogen (Col. 7, lines 25-26). 

Re claim 51, Smolanoff et al. disclose further including uniformly sweeping the 

target with a magnetic field (Col. 6, lines 1-6). 

Re claim 52, Smolanoff et al. disclose wherein sweeping the target with a 

magnetic field includes sweeping a magnet in one direction across the target where the 

magnet extends beyond the target in the opposite direction (Col. 6, lines 1-6). 

Re claim 63, Smolanoff et al. disclose a target area for receiving a target (76); a 

magnetic field generator (20) supplying a magnetic field to the target; a substrate area 

(14) opposite the target area for receiving a substrate (15); and a pulsed DC power 

supply coupled to the target (21 ); wherein a material is deposited on the substrate when 

pulsed DC power from the pulsed DC power supply is applied to the target in the 

presence of a process gas. 
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Re claim 67, Smolanoff et al. disclose further including providing filtering (22) of 

pulsed DC power to the target in order to protect a pulsed DC power supply. 

Re claim 68, Smolanoff et al. disclose wherein the magnetic field is provided by a 

moving magnetron (Col. 5, lines 39-49). 

Re claim 70, Smolanoff et al. disclose wherein the process gas includes a 

mixture of oxygen and argon (Col. 7, lines 22-27). 

Re claim 72, Smolanoff et al. disclose wherein the process gas further includes 

nitrogen (Col. 7, lines 25-26). 

Re claim 7 4, Smolanoff et al. disclose further including uniformly sweeping the 

target with a magnetic field (Col. 6, lines 1-6). 

Re claim 75, Smolanoff et al. disclose wherein sweeping the target with a 

magnetic field includes sweeping a magnet in one direction across the target where the 

magnet extends beyond the target in the opposite direction (Col. 6, lines 1-6). 

Claim Rejections - 35 USC§ 103 

The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all 

obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set 
forth in section 102 of this title, if the differences between the subject matter sought to be patented and 
the prior art are such that the subject matter as a whole would have been obvious at the time the 
invention was made to a person having ordinary skill in the art to which said subject matter pertains. 
Patentability shall not be negatived by the manner in which the invention was made. 
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Claims 41, 42, 46, 48, 50, 64, 65, 69, 71 and 73 rejected under 35 U.S.C. 103(a) 

as being unpatentable over Smolanoff as applied to claims 40, 44, 45, 47, 49, 51, 52, 

63, 67, 68, 70, 72, 74 and 75 above, and further in view of Chen et al. (2004/0077161). 

Re claims 41 and 64, Smolanoff et al. disclose wherein the process gas includes 

oxygen. 

Re claimd 42 and 65, Smolanoff et al. disclose wherein the process gas includes 

Smolanoff et al. do not disclose wherein the target is a metallic target. 

Re claims 41 and 42, Chen et al .disclose forming a coating layer in a substrate; 

applying a magnetic field to a target; wherein the target is a metallic target. 

It would have been within the scope of one of ordinary skill in the art to combine 

the teachings of Smolanoff et al. and Chen et al. to enable the target material of 

Smolanoff et al. to be the same according to the teachings of Chen et al. because one 

of ordinary skill in the art would have been motivated to look to alternative suitable 

target materials of the disclosed target of Smolanoff et al. and art recognized suitability 

for an intended purpose has been recognized to be motivation to combine. See MPEP 

2144.07. 

Re claim 46, Chen et al. disclose further including holding the temperature of the 

substrate substantially constant (Page 3, Paragraph [0046)). 

Re claim 48, Chen et al. disclose wherein the oxygen flow is adjusted by the 

-mass-flow-controllers; thereby it-will-adjust the·index-refraction Of the film. 
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Re claim 50, Chen et al. disclose wherein providing pulsed DC power to a target 

includes providing pulsed DC power to a target, which has an area larger than that of 

the substrate (See fig. 3). 

Re claim 69, Chen et al. disclose further including holding the temperature of the 

substrate substantially constant (Page 3, Paragraph [0046]). 

Re claim 71, Chen et al. disclose wherein the oxygen flow is adjusted by the 

mass flow controllers; thereby it will adjust the index refraction of the film. 

Re claim 73, Chen et al. disclose wherein the target has an area larger than that 

of the substrate (See fig. 3). 

Claims 43, 53-58, 66 and 76-81 are rejected under 35 U.S.C. 103(a) as being 

unpatentable over Smolanoff as applied to claims 40, 44, 45, 47, 49, 51, 52, 63, 67, 68, 

70, 72, 74 and 75 above, and further in view of Milonopoulou et al. (2003/0175142). 

Smolanoff et al. do not disclose wherein the target is a ceramic target. 

Milonopoulou et al. disclose forming a coating layer on a substrate; providing a 

target (12), which is ceramic (Abstract). 

It would have been within the scope of one of ordinary skill in the art to combine 

the teachings of Smolanoff et al. and Chen et al. to enable the target material of 

Smolanoff et al. to be the same according to the teachings of Milonopoulou et al. 

because one of ordinary skill in the art would have been motivated to look to alternative 

-suitable target materials -of-the disclosed target of-Smolanoff et-ar. -ah-d an recoglliied -- -
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suitability for an intended purpose has been recognized to be motivation to combine. 

See MPEP 2144.07. 

Re claim 53, Milonopoulou et al. disclose wherein the target is an alloyed target 

(Abstract). 

Re claim 54, Milonopoulou et al. disclose wherein the alloyed target includes one 

or more rare earth ions. 

Re claim 55, Milonopoulou et al. disclose wherein the alloyed target includes Si 

and Al. 

Re claim 56, Milonopoulou et al. disclose wherein the alloyed target includes one 

or more elements taken from a set consisting of Si, Al, Er and Yb. 

Re claim 57, Milonopoulou et al. disclose wherein the alloyed target is a tiled 

target. 

Re claim 58, Milonopoulou et al. disclose wherein each tiled target is formed by 

prealloy atomization and hot isostatic pressing of a powder (Page 2, Paragraph [0020)). 

Re claim 66, Milonopoulou et al. disclose forming a coating layer on a substrate; 

providing a target (12), which is ceramic (Abstract). 

Re claim 76, Milonopoulou et al. disclose wherein the target is an alloyed 

target (Abstract). 

Re claim 77, Milonopoulou et al. disclose wherein the alloyed target includes one 

or more rare earth ions. 

- ... -Re claim 78, Milonopoulou et al. disclose-wherein the alloyed target incllides sr 

and Al. 
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Re claim 79, Milonopoulou et al. disclose wherein the alloyed target includes one 

or more elements taken from a set consisting of Si, Al, Er and Yb. 

Re claim 80, Milonopoulou et al. disclose wherein the alloyed target is a tiled 

target. 

Re claim 81, Milonopoulou et al. disclose wherein each tiled target is formed by 

prealloy atomization and hot isostatic pressing of a powder (Page 2, Paragraph [0020]). 

Allowable Subject Matter 

Claims 59, 60-62 and 82-84 are objected to as being dependent upon a rejected 

base claim, but would be allowable if rewritten in independent form including all of the 

limitations of the base claim and any intervening claims. 

Conclusion 

The prior art made of record and not relied upon is considered pertinent to 

applicant's disclosure. 

Any inquiry concerning this communication or earlier communications from the 

examiner should be directed to Michelle Estrada whose telephone number is 571-272-

1858. The examiner can normally be reached on Monday through Friday. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 

. - supervisor, Olik Chaudhuri can be reached on-571-272-t855. The fax phone nuriibe( 

for the organization where this application or proceeding is assigned is 703-872-9306. 
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Any inquiry of a general nature or relating to the status of this application or 

proceeding should be directed to the receptionist whose telephone number is 571-272-

2800. 

Information regarding the status of an application may be obtained from the 

Patent Application Information Retrieval (PAIR) system. Status information for 

published applications may be obtained from either Private PAIR or Public PAIR. 

Status information for unpublished applications is available through Private PAIR only. 

For more information about the PAIR system, see http://pair-direct.uspto.gov. Should 

you have questions on access to the Private PAIR system, contact the Electronic 

Business Center (EBC) at 866-217-9197 (toll-free). 

ME 
March 21, 2005 

Examiner 
Art Unit 2823 
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AMENDMENTS TO THE CLAIMS: 

This listing of claims will replace all prior versions and listings of claims in the 

application: 

Claims 1-39 (Canceled). 

Claim 40 (Canceled). 

Claim 41 (Currently amended): The method of el-aim claims 40 59, 60, or 85, wherein 

the target is a metallic target and the process gas includes oxygen. 

Claim 42 (Currently amended): The method of el-aim claims 40 59. 60. or 85, wherein 

the target is a metallic target and the process gas includes one or more of a set consisting of N2, 

NH3, CO, NO, CO2, halide containing gasses. 

Claim 43 (Currently amended): The method of el-aim claims 40 59. 60. or 85, wherein 

the target is a ceramic target. 

Claim 44 (Canceled): 

Claim 45 (Currently amended): The method of el-aim claims 40 59, 60, or 85, wherein 

the magnetic field is provided by a moving magnetron. 

Claim 46 (Currently amended) The method of Glaim claims 40 59, 60, or 85, further 

including holding the temperature of the substrate substantially constant. 

Claim 47 (Currently amended): The method of Glaim claims 40 59. 60, or 85, wherein 

the process gas includes a mixture of Oxygen and Argon. 

Claim 48 (Currently amended): The method of Glaim claims 40 59, 60. or 85, wherein 

the Oxygen flow is adjusted to adjust the index of refraction of the film. 

-2-
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Claim 49 (Currently amended): The method of GJ:aim claims 4G 59. 60. or 85, wherein 

the process gas further includes nitrogen. 

Claim 50 (Currently amended): The method of GJ:aim claims 4G 59. 60. or 85, wherein 

providing pulsed DC power to a target includes providing pulsed DC power to a target which has 

an area larger than that of the substrate. 

Claim 51 (Currently amended): The method of GJ:aim claims 4G 59. 60, or 85, further 

including uniformly sweeping the target with a magnetic field. 

Claim 52 (Currently amended): The method of GJ:aim claim 51 wherein uniformly 

sweeping the target with a magnetic field includes sweeping a magnet in one direction across the 

target where the magnet extends beyond the target in the opposite direction. 

Claim 53 (Currently amended): The method of GJ:aim claims 4G 59. 60. or 85, wherein 

the target is an alloyed target. 

Claim 54 (Currently amended): The method of GJ:aim claim 53 wherein the alloyed 

target includes one or more rare-earth ions. 

Claim 55 (Currently amended): The method of GJ:aim claim 53 wherein the alloyed 

target includes Si and Al. 

Claim 56 (Currently amended): The method of GJ:aim claim 53 wherein the alloyed 

target includes one or more elements taken from a set consisting of Si, Al, Er, Yb, Zn, Ga, Ge, P, 

As, Sn, Sb, Pb, Ag, Au, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy Ho, Tm, and Lu. 

Claim 57 (Previously presented): The method of claim 53 wherein the alloyed target is a 

tiled target. 

-3-
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Claim 58 (Previously presented): The method of claim 57 wherein each tile of the tiled 

target is formed by prealloy atomization and hot isostatic pressing of a powder. 

Claim 59 (Currently Amended): A method of depositing a film on a substrate, 

comprising: 

providing a process gas between a target and a substrate: 

providing pulsed DC power to the target: 

providing a magnetic field to the target: and 

wherein a material is deposited on the substrate, and The methea ef ela4m 4 0, 

wherein thean oxide film is formed by reactive sputtering in metallic mode. 

Claim 60 (Currently Amended): A method of depositing a film on a substrate, 

comprising: 

providing a process gas between a target and a substrate: 

providing pulsed DC power to the target: 

providing a magnetic field to the target: and 

wherein a material is deposited on the substrate, and The methea ef elaim 4 0, wherein 

thean oxide film is formed by reactive sputtering in poison mode. 

Claim 61 (Currently Amended): A method of depositing a film on a substrate, 

comprising: 

providing a process gas between a metallic target and a substrate: 

providing pulsed DC power to the target: 

providing a magnetic field to the target: and 

The methea ef elaim 40, further inel1:1Eling reconditioning the £!...metallic target:-; 

wherein a material is deposited on the substrate. 

Claim 62 (Previously presented): The method of claim 61, wherein reconditioning the 

metallic target includes: 

reactive sputtering in the metallic mode and then reactive sputtering in the poison mode. 

-4-
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Claim 63 (Canceled). 

Claim 64 (Currently amended): The m.etheel reactor of claim Q 82, 83, or 86, wherein 

the target is a metallic target and the process gas includes oxygen. 

Claim 65 (Currently amended): The m.ethea reactor of claim Q 82, 83. or 86, wherein 

the target is a metallic target and the process gas includes one or more of a set consisting of N2, 

NH3, CO, NO, CO2, halide containing gasses. 

Claim 66 (Currently amended): The m.ethea reactor of claim Q 82. 83, or 86, wherein 

the target is a ceramic target. 

Claim 67 (Canceled) 

Claim 68 (Currently amended): The m.ethea reactor of claim Q 82. 83. or 86, wherein 

the magnetic field is provided by a moving magnetron. 

Claim 69 (Currently amended) The m.etheel reactor of Glaim. claims Q 82. 83. or 86, 

further including a temperature controller for holding the temperature of the substrate 

substantially constant. 

Claim 70 (Currently amended): The m.etheel reactor of Glaim. claims Q 82. 83. or 86, 

wherein the process gas includes a mixture of Oxygen and Argon. 

Claim 71 (Currently amended): The m.etheel reactor of Glaim. claims Q 82. 83. or 86, 

further including a process gas flow controller wherein the Oxygen flow is adjusted to adjust the 

index of refraction of the film. 

Claim 72 (Currently amended): The m.ethea reactor of Glaim. claims Q 82. 83. or 86, 

wherein the process gas further includes nitrogen. 

Claim 73 (Currently amended): The m.ethea reactor of Glaim. claims Q 82, 83, or 86, 

-5-
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wherein the target has an area larger than that of the substrate. 

Claim 74 (Currently amended): The methed reactor of Gleim claims@ 82. 83. or 86, 

wherein the magnetic field generator uniformly sweeps the target with the magnetic field. 

Claim 75 (Currently amended): The methea reactor of Gleim claims 74 wherein when 

the magnet field is swept in one direction across the target, the magnet field extends beyond the 

target in the opposite direction. 

Claim 76 (Currently amended): The methea reactor of Gleim claims @ 82. 83, or 86, 

wherein the target is an alloyed target. 

Claim 77 (Currently amended): The methea reactor of Gleim claim 76 wherein the 

alloyed target includes one or more rare-earth ions. 

Claim 78 (Currently amended): The methoa reactor of Gleim claim 76 wherein the 

alloyed target includes Si and AL 

Claim 79 (Currently amended): The methed reactor of Gleim claim 76 wherein the 

alloyed target includes one or more elements taken from a set consisting of Si, Al, Er, Yb, Zn, 

Ga, Ge, P, As, Sn, Sb, Pb, Ag, Au, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy Ho, Tm, and Lu. 

Claim 80 (Currently amended): The methoa reactor of claim 76 wherein the alloyed 

target is a tiled target. 

Claim 81 (Currently amended): The methea reactor of claim 80 wherein each tile of the 

tiled target is formed by prealloy atomization and hot isostatic pressing of a powder. 

Claim 82 (Currently Amended): A reactor. comprising: 

a target area for receiving a target; 

a magnetic field generator supplying a magnetic field to the target: 

-6-
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a substrate area opposite the target area for receiving a substrate; and 

a pulsed DC power supply coupled to the target, 

wherein a material is deposited on the substrate when pulsed DC power from the pulsed 

DC power supply is applied to the target in the presence of a process gas andThe methoa of 

ela-im 03, •NheFeiB the material is an oxide film formed by reactive sputtering in metallic mode. 

Claim 83 (Currently Amended): A reactor. comprising: 

a target area for receiving a target: 

a magnetic field generator supplying a magnetic field to the target: 

a substrate area opposite the target area for receiving a substrate; and 

a pulsed DC power supply coupled to the target, 

wherein a material is deposited on the substrate when pulsed DC power from the pulsed 

DC power supply is applied to the target in the presence of a process gas and The methea of 

ela-im 03, ,vheFeiB the material is an oxide film formed by reactive sputtering in poison mode. 

Claim 84 (Currently Amended): A reactor, comprising: 

a target area for receiving a target; 

a magnetic field generator supplying a magnetic field to the target: 

a substrate area opposite the target area for receiving a substrate; and 

a pulsed DC power supply coupled to the target, 

wherein a material is deposited on the substrate when pulsed DC power from the pulsed 

DC power supply is applied to the target in the presence of a process gas andThe methoa of 

elaim 03, wheFeiB the target is reconditioned. 

Claim 85 (New): A method of depositing a film on a substrate, comprising: 

providing a process gas between a target and a substrate; 

providing pulsed DC power to the target; 

providing a magnetic field to the target; and 

wherein a material is deposited on the substrate, and an oxide film is formed by reactive 

sputtering in transition mode. 
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Claim 86 (New) A reactor, comprising: 

a target area for receiving a target; 

a magnetic field generator supplying a magnetic field to the target; 

a substrate area opposite the target area for receiving a substrate; and 

a pulsed DC power supply coupled to the target, 

wherein a material is deposited on the substrate when pulsed DC power from the pulsed 

DC power supply is applied to the target in the presence of a process gas and the material is an 

oxide film formed by reactive sputtering in transition mode. 

Claim 87 (New): The method according to claims 59, 60, or 85, further comprising: 

providing a narrow-band RF filter between the pulsed DC power supply and the 

target; and 

providing an RF bias to the substrate. 

Claim 88 (New): The method according to claim 87, wherein the narrow-band RF filter 

has a bandwidth of about 100 kHz. 

Claim 89 (New): The method according to claim 87, wherein the RF bias has a frequency 

of about 2 MHz. 

Claim 90 (New): The reactor according to claims 82, 83, or 86, further comprising: 

an RF power supply coupled to the substrate to provide an RF bias; and 

a RF filter coupled between the pulsed DC power supply and the target. 

Claim 91 (New): The reactor according to claim 90, wherein the RF filter has a narrow 

bandwidth of about 100 kHz. 

Claim 92 (New): The reactor according to claim 90, wherein the RF power supply 

provides RF power at about 2 MHz. 

-8-
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REMARKS 

Claims 40-84 are pending in the above identified application. The Examiner has rejected 

claims 40-58 and 63-81 and objected to claims 59-62 and 82-84. In this Amendment, claims 40, 

44,63, and 67 have been canceled, without prejudice or disclaimer. Claims 41-43, 45-66, and 

68-84 have been amended. New claims 85-92 have been added. 

Claim Obiections 

The Examiner objected to claims 40 and 59-61 in order to correct typographical errors. 

In response, Applicants amend the claims to correct these typographical errors. Claim 40 has 

been canceled from this application. Claims 59 and 60 have been amended so that "the oxide" is 

replaced with "an oxide." Claim 61 has been amended so that "the metallic" is replaced with "a 

metallic." Therefore, Applicants request that the Examiner remove the objections to the claims. 

Claim Reiections under 35 U.S.C. § 102 

The Examiner has rejected claims 40, 44, 45, 47, 49, 51, 52, 63, 67, 68, 70, 72, 74, and 75 

under 35 U.S.C. 102(b) as being anticipated by Smolanoff et al. (U.S. Patent No. 6,117,279; 

hereafter "Smolanoff'). Without acquiescing to any of the Examiner's comments regarding the 

prior art or comparisons of the teachings of the prior art with the claimed invention, Applicants 

has amended the application to include only claims that are currently allowed by the Examiner 

and claims that depend from those allowed claims. Applicants reserve the right to pursue the 

originally filed claims in a separate application. 

Claims 40, 44, 63, and 67 have been canceled. 

-9-
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Claims 47, 49, and 51-52 have been amended to depend, directly or indirectly, from 

claims 59, 60, and 85. Claims 59 and 60 have been allowed by the Examiner. Claim 85, 

although a newly added claim, is allowable as is discussed below. 

Claims 68, 70, 72, and 74-75 have been amended to depend, directly or indirectly, from 

claims 82, 83, or 86. Claims 82 and 83 have been allowed by the Examiner. Claim 86, although 

a newly added claim, is allowable as is discussed below. 

Therefore, claims 45, 47, 49, 51, 52, 68, 70, 72, 74, and 75 are currently allowable. 

Claim Reiections under 35 U.S.C. § 103 

Applicants respectfully traverse the rejection of claims 41, 42, 46, 48, 50, 64, 65, 69, 71, 

and 73 under 35 U.S.C. § 103(a) as allegedly being unpatentable over Smolanoff in view of Chen 

et al. (U.S. Publication No. 2004/0077161; hereafter "Chen"). 

Claims 41, 42, 46, 48, and 50 have been amended to depend from claims 59 or 60, which 

have been allowed by the Examiner, or claim 85, which is allowable as discussed below. Claims 

64, 65, 69, 71, and 73 have been amended to depend from claims 82 or 83, which have been 

amended by the Examiner, or claim 86, which is allowable as is discussed below. Therefore, 

claims 41, 42, 46, 48, 50, 64, 65, 69, and 71, as amended, are allowable. Applicants do not 

acquiesce in the Examiner's characterization of the claims or prior art and reserve the right to 

J)ursue the claims in their original scope in a separate application. 

The Examiner has rejected claims 43, 53-58, 66, and 76-81 under 35 U.S.C. § 103(a) as 

allegedly being unpatentable over Smolanoff in view ofMilonopoulou et al. (U.S. Publication 

No. 2003/0175142; hereafter "Milonopoulou"). 
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Claims 43 and 53-58 have been amended to depend, directly or indirectly, from claims 59 

or 60, which have been allowed by the Examiner, or claim 85, which is allowable as discussed 

below. Claims 66 and 76-81 depend, directly or indirectly, from claims 82 or 83, which have 

been allowed by the Examiner, or claim 86, which is allowable as discussed below. Therefore, 

claims 43, 53-58, 66, and 76-81, as amended, are allowable. Applicants do not acquiesce in the 

Examiner's characterization of the claims or prior art and reserve the right to pursue the claims in 

their original scope in a separate application. 

Allowable Subiect Matter 

Applicants thanks the Examiner for indicating that claims 59-62 and 82-84 would be 

allowable if they included the features of the claims 40 and 63, respectively. Applicants has 

amended claims 59-62 and 82-84 to be in independent form and to include the features of the 

claims 40 and 63. Therefore, as indicated by the Examiner, claims 59-62 and 82-84 are 

allowable over the prior art. 

New Claims 

New claims 85-91 have been added. Claims 85 and 86 are independent claims similar in 

scope to allowed claims 59 and 82, respectively, except that the new claims claim the transition 

mode operating region instead of the metallic mode or poison mode regions. Such operation is 

discussed in the specification, for example, in paragraph [0114]. Claims 85 and 86 are allowable 

over the prior art for at least the same reasons as is claims 59 and 82. 

The subject matter of claims 87 and 90 is shown, for example, in Figure lA and 

discussed, for example, in paragraph [0050]. 

The subject matter of claims 88-89 and 91 is discussed, for example, in paragraph [0054]. 
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Conclusion 

In view of the foregoing amendments and remarks, Applicants respectfully requests 

reconsideration and reexamination of this application and the timely allowance of the pending 

claims. 

Please grant any extensions of time required to enter this response and charge any 

additional required fees to Deposit Account No. 06-0916. 

Date: July 25, 2005 

EXPRESS MAIL LABEL NO. 
EV 727732357 US 

Respectfully submitted, 

FINNEGAN, HENDERSON, FARABOW, 
GARRETT & DUNNER, L.L.P. 
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PETITION FOR EXTENSION OF TIME 

Applicants petition for a one month extension of time to reply to the Office action of 

March 25, 2005. The Commissioner is hereby authorized to charge the fee of $120.00 to Deposit 

Account No. 06-0916. 

Please grant any extensions of time required to enter this response and charge any 

additional required fees to our deposit account 06-0916. 
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SECOND SUPPLEMENTAL INFORMATION DISCLOSURE STATEMENT 
UNDER 37 C.F.R. § 1.97{c) 

Pursuant to 37 C.F.R. §§ 1.56 and 1.97(c), applicants bring to the attention of the 

Examiner the documents on the attached listing. This Information Disclosure Statement is being 

filed after the events recited in Section l .97(b) but, to the undersigned's knowledge, before the 

mailing date of either a Final action, Quayle action, or a Notice of Allowance. Under the 

provisions of 37 C.F.R. § l.97(c), the Commissioner is hereby authorized to charge the fee of 

$180.00 to Deposit Account No. 06-0916 as specified by Section l.17(p). 

Copies of the listed foreign and non-patent literature documents are attached. Copies of 

the U.S. patents and patent publications are not enclosed. 

Applicant respectfully requests that the Examiner consider the listed documents and 

indicate that they were considered by making appropriate notations on the attached form. 
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This submission does not represent that a search has been made or that no better art exists 

and does not constitute an admission that each or all of the listed documents are material or 

constitute "prior art." If the Examiner applies any of the documents as prior art against any 

claims in the application and applicants determine that the cited documents do not constitute 

"prior art" under United States law, applicants reserve the right to present to the office the 

relevant facts and law regarding the appropriate status of such documents. 

Applicants further reserve the right to take appropriate action to establish the patentability 

of the disclosed invention over the listed documents, should one or more of the documents be 

applied against the claims of the present application. 

If there is any fee due in connection with the filing of this Statement, please charge the 

fee to our Deposit Account No. 06-0916. 

Respectfully submitted, 

FINNEGAN, HENDERSON, FARABOW, 
GARRETT & D , L.L.P. 

Dated: July 25, 2005 

Express Mail Label No. 
EV 727732357 US 
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BACKGROUND OF THE INVENTION 

Field of the Invention 

5 The present invention relates to a method of and an apparatus for forming a single-crystalline thin film 
on a substrate, i.e., an arbitrary medium, and it relates to a method of and an apparatus for forming a 
single-crystalline thin film, which implement selective and efficient formation of a single-crystalline thin film, 
and it also relates to a beam irradiator, a beam irradiating method, and a beam reflecting device for 
enabling efficient formation of a single-crystalline thin film or an axially oriented polycrystalline thin film on a 

10 substrate. 

Background of the Invention 

Plasma chemical vapor deposition (plasma CVD) is a sort of chemical vapor deposition process (CVD), 
15 which is adapted to bring a reaction gas into a plasma state for forming active radicals and ions and to 

cause a chemical reaction under active environment, thereby forming a thin film of a prescribed material on 
a substrate under a relatively low temperature. The plasma CVD, which can form various types of films 
under low temperatures, has such advantages that it is possible to form an amorphous film while preventing 
crystallization, to employ a non-heat-resistant substrate such as a plastic substrate, and to prevent the as-

20 formed film from a reaction with the substrate. Therefore, the application range of the plasma CVD is 
increasingly widened particularly in relation to semiconductor industry. 

It is possible to epitaxially form a single-crystalline thin film of a prescribed material on a single· 
crystalline substrate by carrying out the plasma CVD under a temperature facilitating crystallization. 

Generally, in order to form a single-crystaliine thin film of a prescribed material on a single-crystalline 
25 substrate of the same material having the same crystal orientation, it is possible to employ an epitaxial 

growth process. In the epitaxial growth process, however, it is impossible to form a single-crystalline thin 
film on a polycrystalline substrate or an amorphous substrate. Therefore, in order to · form a single· 
crystalline thin film on a substrate having a different crystal structure such as an amorphous substrate or a 
polycrystalline substrate, or a substrate of a different material, an amorphous thin film or a polycrystalline 

30 thin film is temporarily formed on the substrate so that the same is thereafter converted to a single
crystalline thin film. 

In general, a polycrystalline or amorphous semiconductor thin film is single~crystallized by fusion 
recrystallization or lateral solid phase epitaxy. 

However, such a process has the following problems: In the fusion recrystallization, the. substrate is 
35 extremely thermally distorted when the thin film is prepared from a material having a high melting point, to 

damage physical and electrical properties of the thin film as employed. Further, an electron beam or a laser 
beam is employed for fusing the thin film. Therefore, it is necessary to scan spots of the electron beam or 
the laser beam along the overall surface of the substrate, and hence a long time and a high cost are 
required for recrystallization. 

4-0 On the other hand, the lateral solid phase epitaxy is easily influenced by a method of crystallizing the 
material forming the substrate, while the growth rate is disadvantageously slow in this process. In order to 
grow a single-crystalline thin film over a distance of about 10 um, for example, this process requires at 
least 10 hours. Further, it is difficult to obtain a large crystal grain since a lattice defect is caused to stop 
growth of the single crystal upon progress of the growth to some extent. 

45 In each process, further, it is necessary to bring a seed crystal into contact with the polycrystalline or 
amorphous thin film. In addition, the single crystal is grown in a direction along the major surface of the thin 
film, i.e., in a lateral direction, whereby the distance of growth to the crystal is so increased that various 
hindrances take place during the growth of the single crystal. When the substrate is made of an amorphous 
material such as glass, for example, the substrate has no regularity in lattice position and this irregularity 

so influences on growth of the single crystal to disadvantageously result in growth of a polycrystalline film 
having large crystal grain sizes. In addition, it is difficult to selectively form a single-crystalline thin film 
having a prescribed crystal orientation on an arbitrary region of the substrate, due to the lateral growth. 

In order to solve the aforementioned problems of the prior art, there has been made an attempt for 
reducing the growth distance by utilizing vertical growth of the thin film, thereby reducing the growth time. 

55 In other words, there has been tried a method of bringing a seed crystal into contact with the overall surface 
of a polycrystalline or amorphous thin film for making solid phase epitaxial growth in a direction 
perpendicular to the major surface of the thin film, i.e., in the vertical direction. As the result, however, the 
seed crystal was merely partially in contact with the amorphous thin film or the like and it was impossible ~o 

3 
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form a single-crystalline thin film by the as-expected vertical solid phase epitaxial growth, since only lateral 
epitaxial growth was caused from the contact portion. According to this method, further, the seed crystal 
adhered to the as-grown single-crystalline film and it was extremely difficult to separate the former from the 
latter, such that the as-grown thin film was disadvantageously separated from the substrate following the 

5 seed crystal. Further, it is impossible in practice to selectively form a single-crystalline thin film having a 
prescribed crystal orientation on an arbitrary region of the substrate, since it is necessary to accurately 
arrange a seed crys~al of a prescribed shape on a prescribed position. 

When the substrate itself has a single-crystalline structure, it is impossible to form a single-crystalline 
thin film having a crystal orientation which is different from that of the substrate on the substrate by any 

10 conventional means. This also applies to a polycrystalline thin film having single crystal axes which are 
regulated along the same direction between crystal grains, i.e., an axially oriented polycrystalline thin film. 
In other words, it is difficult to form an axially oriented polycrystalline thin film which is oriented in a .desired 
direction on an arbitrary substrate by the prior art. 

75 SUMMARY OF THE INVENTION 

The inventor has found that, when a physical seed crystal is employed in vertical growth of solid phase 
epitaxy, it is difficult to separate a single-crystalline thin film as grown from the seed crystal due to 
adhesion therebetween, and that this problem can be solved when a virtual seed crystal of a large area is 

20 employed in place of the physical seed crystal to obtain a virtual seed crystal for attaining the same effect 
as a seed crystal adhering to the overall surface of a single crystal in an excellent state with no physical 
adhesion on the surface of the single crystal in termination of the crystal growth. The present invention is 
based on this basic idea. 

According to the present invention, a method of forming a single-crystalline thin film is adapted to form 
25 a single-crystalline thin film of a prescribed material on a substrate by previously forming an amorphous 

thin film or a polycrystalline thin film of the prescribed material on the substrate and irradiating the 
amorphous thin film or the polycrystalline thin film with beams of neutral atoms or neutral molecules of low 
energy levels causing no sputtering of the prescribed material under a high temperature of not more than a 
crystallization temperature of the prescribed material from directions which. are perpendicular to a plurality 

30 of densest crystal planes, having different directions; in the single-crystalline thin film to be formed. 
The thin film is at a high temperature below a crystallization temperature, whereby the single crystal 

which is formed in the vicinity of the surface serves as a seed crystal, so that a single crystal is grown 
toward a deep portion by vertical solid phase epitaxial growth to single-crystallize the overall region of the 
thin film along its thickness. When the thin film is at a temperature exceeding the crystallization 

35 temperature, the as-formed single crystal is converted to a polycrystalline structure which is in a thermal 
equilibrium state. On the other hand, no crystallization toward a deep portion progresses at a temperature 
which is extremely lower than the crystallization temperature. Therefore, the temperature of the thin film is 
adjusted to be at a high level below the crystallization temperature, such as a level immediately under the 
crystallization temperature. 

40 The seed crystal, which is formed by conversion from the amorphous thin film or the polycrystalline thin 
film, is integral with an amorphous thin film or the polycrystalline layer remaining in the deep portion. 
Namely, this layer is completely in contact with the seed crystal. Therefore, vertical solid phase epitaxial 
growth progresses in an excellent state. Further, the seed crystal and the single crystal formed by solid 
epitaxial growth are made of the same material having the same crystal orientation, whereby it is not 

45 necessary to remove the seed crystal after formation of the single-crystalline thin film. Further, the single
crystalline thin film, which is formed by vertical solid phase epitaxial growth, can be efficiently obtained in a 
desired state in a short time. 

In the method according to the present invention, it is possible to form a single-crystalline thin film on a 
substrate including a polycrystalline substrate or an amorphous substrate, while it is not necessary to 

50 increase the temperature of the substrate to an extremely high level. Therefore, it is possible to easily 
obtain a single-crystalline thin film such as a wide-use semiconductor thin film which is applied to a thin film 
transistor of liquid crystal display or a single-crystalline thin film which is applied to a three-dimensional LSI. 
While a well-known metal evaporation film is inferior in quality due to a number of vacancies such that a 
migration phenomenon takes place to easily cause disconnection when the same is applied to interconnec-

55 tion of an electronic circuit, it is possible to prevent such a problem according to the present invention. 
Preferably, the atomic weights of atoms forming the beams are lower than the maximum one of the 

atomic weights of elements forming the prescribed material. 

4 
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The atomic weights of atoms forming the beams which are applied to the thin film or atoms forming 
molecules are lower than the maximum one of the atomic weights of elements forming the thin film, 
whereby most parts of the atoms forming the as-applied beams are rearwardly scattered on the surface of 
the thin film or in the vicinity thereof, to hardly remain in the thin film. Thus, electronic/physical properties of 

5 the thin film are hardly changed by residual of such atoms in the single-crystalline thin film. 
Preferably, the beams are obtained by a single electron cyclotron resonance type ion generation source 

and a reflector which is arranged in a path between the ion generation source and the amorphous thin film 
or the polycrystalline thin film. 

The beams which are applied to the thin film are obtained by a single beam source and a reflector 
10 which is arranged in a path, whereby it is possible to irradiated the substrate with the beams from a plurality 

of prescribed directions which are different from each other with no requirement for a plurality of beam 
sources. Namely. only a single beam source having a complicated structure is sufficient in the method 
according to the present invention, whereby a single-crystalline thin film can be formed with a simple 
apparatus structure. Since only one beam source is sufficient. it is possible to form the .thin film under a 

15 high vacuum. Further, the beam source is formed by an electron cyclotron resonance type ion generation 
source, whereby the ion beams have high directivity and it is possible to obtain strong neutral beams 
having excellent directivity at positions beyond prescribed distances from the ion source with no means for 
neutralizing ions. 

In the method according to the present invention, an amorphous thin film or a polycrystalline thin film 
20 which is previously formed on a substrate surface is irradiated with beams of atoms or molecules from a 

plurality of directions. The beams are at energy levels causing no sputtering on the material as irradiated, 
whereby the law of Bravais acts such that a layer close to the surface of the amorphous thin film or the 
polycrystalline thin film is converted to a crystal having such a crystal orientation that planes perpendicular 
to the directions irradiated with the beams define densest crystal planes. The plurality of beams are applied 

25 from directions perpendicular to a plurality of densest crystal planes having different directions, whereby the 
orientation of the as-formed crystal is set in a single one. In other words, a single-crystalline thin film having 
a regulated crystal orientation is formed in the vicinity of a surface of the amorphous thin film or the 
polycrystalline thin film. 

The inventor has also found that a single-crystalline thin film can be obtained by growing a thin film and 
30 converting the same to a single-crystalline simultaneously instead of previously forming a thin film. This 

invention is also based on this idea. 
According to the present invention, a method of forming a single-crystalline thin film forms a single

crystalline thin film of a prescribed material on a polycrystalline substrate or an amorphous substrate using 
plasma chemical vapor deposition by supplying a reaction gas onto the substrate under a low temperature 

35 allowing no crystallization of the prescribed mater.ial with the plasma chemical vapor deposition alone while 
simultaneously irradiating the substrate with beams of a low energy gas causing no sputtering of the 
prescribed material from directions which are perpendicular to a plurality of densest crystal planes having 
different directions in the single-crystalline thin film to be formed. 

In the method according to the present invention, a thin film of a prescribed material is formed on a 
40 substrate by plasma chemical vapor deposition, while the substrate is irradiated with beams of a gas from a 

plurality of directions. The gas beams·. are at energy levels causing no sputtering on the material as 
irradiated, whereby the law of Bravais acts such that the thin film of the prescribed material as being formed 
is sequentially converted to a crystal in such a crystal orientation that planes perpendicular to directions of 
the beams define densest crystal planes. The substrate is irradiated with a plurality of gas beams from 

45 directions perpendicular to a plurality of densest crystal planes having different directions, whereby the as
formed crystal has only one orientation. In other words, a single-crystalline thin film having a regulated 
crystal orientation is formed. 

Under a temperature facilitating crystallization of a prescribed material by plasma chemical vapor 
deposition alone with no beam irradiation, crystal orientations are arbitrarily directed regardless of directions 

50 of beam irradiation and cannot be regulated, while a polycrystalline film is formed. Therefore, temperature 
control is performed to a low level for facilitating no crystallization with plasma chemical vapor deposition 
alone. 

In the method according to the present invention, further, conversion to a single crystal simultaneously 
sequentially progresses in the process of growth of the thin film by plasma chemical vapor deposition. 

55 Thus. it is possible to form a single-crystalline thin film having a large thickness under a low temperature. 
Preferably, the gas is an inert gas. 
The substrate is irradiated with an inert gas, whereby atoms or ions which may remain in the as-formed 

thin film after irradiation exert no bad influence on electronic/physical properties of the single-crystalline thin 
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film as impurities. 
Preferably, the atomic weight of an element forming the inert gas is lower than the maximum. one of the 

atomic weights of elements forming the prescribed material. 
The atomic weight of an element forming the inert gas is lower than the maximum atomic weight of 

5 elements forming the prescribed material which is grown as a thin film, whereby most parts of atoms or 
ions of the as-applied inert gas rearwardly recoil on the surface of the thin film or in the vicinity thereof, to 
hardly remain in the thin film. 

Preferably, the prescribed material contains an element forming a gas material which is in a gas state 
under ordinary temperatures, and the beams of the gas are those of the gas material. 

10 The gas as applied contains elements forming the material which is grown as the thin film. Even if 
atoms or ions of the elements remain after irradiation, therefore, the same exert no bad influence on the as
formed single-crystalline thin film as impurities. Further, it is also possible to supply the element to the thin 
film only by application of the gas beams without introducing the same into the reaction gas. 

Preferably, the reaction gas contains a reaction gas material which is formed by an impurity element to 
15 be added to the prescribed material. 

The reaction gas contains an impurity 1i3lement to be added to the material which is grown as the thin 
film, whereby it is possible to form a p-type or n·type semiconductor single-crystalline thin film in formation 
of a semiconductor single-crystalline thin film, for example. In other words, it is possible to form a single· 
crystalline thin film containing a desired impurity. 

20 Preferably, a plurality of types of impurity elements are so employed that a plurality of types of reaction 
gas materials which are formed by respective ones of the plurality of types of impurity elements are 
alternately supplied onto the substrate. 

A plurality of types of reaction gas materials formed by respective ones of a plurality of types of 
impurity elements are alternately supplied onto the substrate, whereby it is possible to form a single· 

25 crystalline thin film having a plurality of types of single-crystalline layers containing the respective ones of 
the plurality of types of impurities such that an n-type semiconductor single-crystalline layer is formed on a 
p-type semiconductor single-crystalline layer in formation of a semiconductor single-crystalline thin film, for 
example. 

Preferably, the beams of the gas are obtained by a single beam source and a reflector which is 
30 arranged in a path between the beam source and the substrate. 

The beams of the gas which are applied to the substrate are obtained by a single beam source and a 
reflector which is arranged on a path, whereby it is possible to irradiate the substrate with the gas beams 
from directions which. are perpendicular to a plurality of densest crystal planes having different directions 
with no requirement for a plurality of beam sources. In other words, only a single beam source having a 

35 . complicated structure may be so prepared that it is possible to form the single-crystalline thin film with a 
simple structure in the method according to the present invention. Since a single beam source may be 
sufficient, further, it is possible to form the thin film under a high vacuum. 

Preferably, the beam source is an ion generation source generating an ion beam of the gas, and the 
reflector is a metal reflector which is substantially made of a metal. 

40 The beam source has an ion generation source which generates an ion beam of the gas, and the 
reflector is prepared from a metal reflector which is substantially made of a metal. Therefore, the ion beam 
of the gas generated from the ion source is converted to a neutral beam when the same is reflected by the 
metal reflector. Therefore, the substrate is irradiated with parallel beams which are regulated in direction. 
Further, it is possible to prepare the substrate from an electrical insulating substrate. 

45 Preferably, the beam source is an electron cyclotron resonance type ion generation source. 
The beam source is formed by an electron cyclotron resonance type ion generation source. Therefore, 

the ion beam has high directivity, while it is possible to obtain a strong neutral beam in a portion which is 
separated beyond a prescribed distance from the ion source with no employment of means for neutralizing 
ions. It is possible to irradiate the substrate with parallel beams from a plurality of prescribed directions by 

50 reflecting the neutral beam by the reflector and applying the same to the substrate. Further, it is also 
possible to prepare the substrate from an electrical insulating substrate. 

According to the present invention, a method of forming a single-crystalline thin film of a prescribed 
material comprises (a) a step of forming an amorphous or polycrystalline thin film of the prescribed material 
on a substrate, (b) a step of forming a masking material on the thin film, (c) a step of selectively removing 

55 the masking material, and (d) a step of irradiating the substrate with gas beams of low energy levels 
causing no sputtering of the prescribed material from directions which are perpendicular to a plurality of 
densest crystal planes having different directions in the single-crystalline thin film to be formed while 
utilizing the selectively removed masking material as a screen under a high temperature below the 
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crystallization temperature of the prescribed material. 
Preferably, the steps (b) to (d) are carried out plural times while varying directions for applying the 

beams in the step (d), thereby selectively converting the thin film to a single crystal having a plurality of 
types of crystal orientations. 

5 In the method according to the present invention, the amorphous or polycrystalline thin film which is 
previously formed on the substrate is irradiated with gas beams from a plurality of directions. These beams 
are at energy levels causing no sputtering on the material as irradiated, whereby the law of Bravais acts so 
that a layer which is in the vicinity of the surface of the as-irradiated thin film is converted to a crystal 
having such a crystal orientation that planes perpendicular to the directions of the beams define densest 

10 crystal planes. The plurality of gas beams are applied from directions which are perpendicular to a plurality 
of densest crystal planes having different directions, whereby the as-formed crystal is set in a single 
orientation. Namely, a single-crystalline layer having a regulated crystal orientation is formed in the vicinity 
of the surface of the polycrystalline thin film. Further, a masking material is formed on the thin film to be 
irradiated in advance of irradiation, and this masking material is selectively removed. Thus, irradiation 

15 progresses with limitation on a specific region of the substrate corresponding to the selectively removed 
portion of the masking material, whereby the single-crystalline layer is formed only in the vicinity of the 
surface portion of the thin film corresponding to the specific region. 

Further, the thin film is at a high temperature below the crystallization temperature and hence the single 
crystal which is formed in the vicinity of its surface serves as a seed crystal· to be grown toward a .deep 

20 portion by vertical solid phase epitaxial growth, whereby the overall region of the as-irradiated thin film is 
single-crystallized along the thickness. If the thin film is at a temperature exceeding the crystallization 
temperature, the as-formed single crystal is converted to a polycrystalline structure which is in a thermal 
equilibrium state. On the other hand, no crystallization toward a deep portion progresses at a temperature 
which is extremely lower than the crystallization temperature. Therefore, the temperature of the thin film is 

25 adjusted to be at a high level below the crystallization temperature, such as a level immediately under the 
crystallization temperature, for example. . 

According to the inventive method, as hereinabove described, it is possible to selectively form a single
crystalline thi.n film having a regulated crystal orientation on an arbitrary specific region of a substrate. 

In the method according to the present invention, the steps from formation of the masking material to 
30 irradiation with the gas beams are repeated while varying directions of irradiation. Therefore, it is possible to 

selectively form single-crystalline thin films having different crystal orientations on a plurality of arbitrary 
specific regions of the substrate. 

According to the present invention, a method of forming a single-crystalline thin film of a prescribed 
material comprises (a) a step of forming an amorphous or polycrystalline thin film of the prescribed material 

35 on a substrate, (b) a step of forming a masking material on the thin film, (c) a step of selectively removing 
the masking material, (d) a step of etching the thin film while utilizing the selectively removed masking 
material as a screen, thereby selectively removing the thin film while leaving a specific region on the 
substrate, and (e) a step of irradiating the substrate with gas beams of low energy levels causing no 
sputtering of the prescribed material from directions which are perpendicular to a plurality of densest crystal 

40 planes having different directions in the single-crystalline thin film to be formed under a high temperature 
below the crystallization temperature of the prescribed material. 

In the method according to the present invention, the amorphous or polycrystalline thin film is 
selectively removed while leaving a specific region on the substrate and thereafter the thin film is irradiated 
with gas beams under a prescribed temperature to facilitate action of the law of Bravais and vertical solid 

45 phase epitaxial growth, thereby converting the thin film to a single-crystalline thin film. Thus, it is possible to 
selectively form a single-crystalline thin film having a regulated crystal orientation on an arbitrary specific 
region of the substrate. 

According to the present invention, a method of forming a single-crystalline thin film of a prescribed 
material comprises (a) a step of forming an amorphous or polycrystalline thin film of the prescribed material 

50 on a substrate, (b) a step of irradiating the substrate with gas beams of low energy levels causing no 
sputtering of the prescribed material from directions which are perpendicular to a plurality of densest crystal 
planes having different directions in the single-crystalline thin film to be formed under a high temperature 
below the crystallization temperature of the prescribed material, (c) a step of forming a masking material on 
the thin film after the step (b), (d) a step of selectively removing the masking material, and (e) a step of 

55 etching the thin film while utilizing the selectively removed masking material as a screen, thereby 
selectively removing the thin film. 

In the method according to the present invention, the amorphous or polycrystalline thin film formed on 
the substrate is irradiated with gas beams under a prescribed temperature to facilitate action of the law of 
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Bravais and vertical solid phase epitaxial growth, thereby converting the thin film to a single-crystalline thin 
film. Thereafter the single-crystalline thin film is selectively removed while leaving a specific region on the 
substrate. Therefore, it is possible to selectively form a single-crystalline thin film having a regulated crystal 
orientation on an arbitrary specific region on the substrate. 

5 According to the present invention, a method of forming a single-crystalline thin film of a prescribed 
material comprises (a) a step of forming an amorphous or polycrystalline thin film of the prescribed material 
on a substrate, (b) a step of irradiating the substrate with gas beams of low energy levels causing no 
sputtering of the prescribed material from directions which are perpendicular to a plurality of densest crystal 
planes having different directions in the single-crystalline thin film to be formed under a low temperature 

10 causing no crystallization of the prescribed material by the step (a) alone while carrying out the step (a), (c) 
a step of forming a masking material on the thin film after the steps (a) and (b), (d) a step of selectively 
removing the masking material, and (e) a step of etching the thin film while utilizing the selectively removed 
masking material as a screen, thereby selectively removing the thin film. 

In the method according to the present invention, an amorphous or polycrystalline thin film is formed on 
15 the substrate with application of gas beams under a prescribed temperature for facilitating action of the law 

of Bravais, thereby converting the thin film as being formed sequentially to a single-crystalline thin film. 
Thereafter the single-crystalline thin film is selectively removed while leaving a specific region on the 

· substrate. Thus, it is possible to selectively form a single-crystalline thin film having a regulated crystal 
orientation on an arbitrary specific region of the substrate. 

20 According to the present invention, a method of forming a single-crystalline thin film of a prescribed 
material comprises (a) a step of forming an amorphous or polycrystalline thin film of the prescribed material 
on a substrate, (b) a step of irradiating the substrate with gas beams of low energy levels causing no 
sputtering of the prescribed material from directions which are perpendicular to a plurality of densest crystal 
planes having different directions in the single-crystalline thin film to be formed under a high temperature 

25 below the crystallization temperature of the prescribed material, (c) a step of forming a masking material on 
the thin film after the step (b), (d) a step of selectively removing the masking material, and (e) a step of 
irradiating the substrate with the gas beams of low energy levels causing no sputtering of the prescribed 
material from directions which are perpendicular to the plurality of densest crystal planes having different 
directions in the single-crystalline thin film to be formed and different from those in the step (b), while 

30 utilizing the selectively removed masking material as a screen. 
In the method according to the present invention, the amorphous or polycrystalline thin film formed on 

the substrate is irradiated with gas beams under a prescribed temperature to facilitate action of the law of 
Bravais and vertical solid phase epitaxial growth, thereby converting the thin film to a single-crystalline thin 
film. Thereafter a masking material is selectively formed on this single-crystalline thin film, which in turn is 

35 again irradiated with gas beams from new directions. At this time, the masking material serves as a screen 
for the gas beams, whereby the single-crystalline thin film is converted to a second single-crystalline thin 
film having a new crystal orientation on a region where the masking material is selectively removed. 
Namely, it is possible to selectively form single-crystalline thin films having different crystal orientations on 
a plurality of arbitrary specific regions of the substrate. 

40 The atomic weight of an element forming the gas is preferably lower than the maximum one of the 
atomic weights of elements forming the prescribed material. 

The atomic weight of the element forming the gas beams which are applied onto the substrate is lower 
than the maximum one of the atomic weights of the elements forming the thin film as irradiated, whereby 
most parts of the atoms forming the applied gas are rearwardly scattered on the surface of the thin film as 

45 irradiated or in the vicinity thereof, to hardly remain in the thin film. Thus, it is possible to obtain a single
crystalline thin film having a small amount of impurities. 

The atomic weight of an element forming the gas is preferably lower than the maximum one of the 
atomic weights of elements forming the masking material. 

The atomic weight of the element forming the gas beams which are applied onto the substrate is lower 
so than the maximum one of the atomic weights of the elements forming the masking material, whereby most 

parts of the atoms forming the gas as applied are rearwardly scattered on the surface of the masking 
material or in the vicinity thereof, to hardly penetrate into the masking material and the thin film as 
irradiated. Thus, it is possible to obtain a single-crystalline thin film having a small amount of impurities. 

The present invention is also directed to an apparatus for forming a single-crystalline thin film. 
55 According to the present invention, an apparatus for forming a single-crystalline thin film of a prescribed 

material on a substrate comprises irradiation means for irradiating the substrate with gas beams of low 
energy levels causing no sputtering of the prescribed material from directions which are perpendicular to a 
plurality of densest crystal planes having different directions in the single-crystalline thin film to be formed, 
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and substrate moving means for making the substrate scanned with respect to the irradiation means. 
Preferably, the apparatus for forming a single-crystalline thin film further comprises beam focusing 

means for bringing sections of the gas beams into strip shapes on the substrate. 
In the apparatus according to the present invention, the substrate can be scanned by the substrate 

5 moving means, whereby it is possible to form a single-crystalline thin film having high homogeneity on a 
long substrate. 

Further, the apparatus according to the present invention comprises beam focusing means for bringing 
sections of the gas beams into strip shapes on the substrate, whereby it is possible to efficiently form a 
single-crystalline thin film with higher homogeneity by scanning the substrate. 

10 According to the present invention, an apparatus for forming a single-crystalline thin film of a prescribed 
material on a substrate comprises a single beam source for supplying a beam of a gas, a reflector for 
reflecting at least a part of the beam which is supplied by the beam source, thereby implementing 
irradiation of the substrate with the gas in a plurality of prescribed directions of incidence, and reflector 
driving means for varying the angle of inclination of the reflector. 

15 In the apparatus according to the present invention, the gas beams to be applied to the thin film are 
obtained by a single beam source and a reflec::tor which is arranged in a path, whereby it is possible to 
irradiate the thin film with the gas beams from a plurality of prescribed directions which are different to each 
other with no requirement for a plurality of beam sources. Further, this apparatus comprises reflector driving 
means, whereby it is possible to change and re-set directions of incidence of the·beams upon the substrate. 

20 Thus, it is possible to form a pluraiity of types of single-crystalline thin films having different crystal 
structures or different crystal orientations by a single apparatus. 

According to the present invention, an apparatus for forming a single-crystalline thin film of a prescribed 
material on a substrate comprises a single beam source for supplying a beam of a gas, a plurality of 
reflectors, each of which reflects at least a part of the beam supplied by the beam source, thereby 

25 implementing irradiation of the substrate with the gas in a plurality of prescribed directions· of incidence 
related to the angle of inclination of the reflector, and reflector exchange means for selecting a prescribed 
one from the plurality of reflectors and utilizing the same for reflecting the beam. 

In the apparatus according to the ·present invention, the gas beams to be applied to the thin film are 
obtained by a single beam source and a reflector which is arranged in a path, whereby it is possible to 

30 irradiate the thin film with the gas beams from a plurality of prescribed directions which are different from 
each other with no requirement for a plurality of beam sources. Further, this apparatus comprises reflector 
exchange means, whereby it is possible to arbitrarily select directions of incidence of the beams upon the 
substrate from a plurality of reflectors to re-set the same. Thus, it is possible to form a plurality of types of 
single-crystalline thin films having different crystal structures or crystal orientations by a single apparatus. 

35 The apparatus for forming a single-crystalline thin film preferably further comprises film forming means 
for forming an amorphous or polycrystalline thin film of the same material as the single-crystalline thin film 
on the substrate. 

The apparatus of the present invention comprises film forming means such as chemical vapor 
deposition means, for example, whereby it is possible to sequentially convert the thin film as being formed 

40 to a single-crystalline thin film by forming the thin film while irradiating the same with gas beams. Thus, 
there is no need to facilitate vertical epitaxial growth of the thin film, whereby the single-crystalline thin film 
can be formed under a low temperature. 

According to the present invention, an apparatus for forming a single-crystalline thin film of a prescribed 
material on a substrate comprises etching means for etching a surface of the substrate, film forming means 

45 for forming an amorphous or polycrystalline thin film of the prescribed matedal on the surface of the 
substrata, and irradiation means for irradiating the substrate with gas beams of low energy levels causing 
no sputtering of the prescribed material from directions which are perpendicular to a plurality of densest 
crystal planes having different directions in the single-crystalline thin film to be formed. Treatment 
chambers provided in the aforementioned means for storing the substrate communicate with each other. 

50 The apparatus further comprises substrate carrying means for introducing and discharging the substrate 
into and from the respective treatment chambers. 

The apparatus according to the present invention comprises etching means. film forming means and 
irradiation means having treatment chambers communicating with each other, whereby it is possible to start 
film formation by carrying out etching treatment for removing an oxide film and preventing new progress of 

55 oxidation before forming the thin film on the substrate by employing this apparatus. Further, this apparatus 
comprises substrate carrying means, whereby the substrate can be efficiently carried into the respective 
treatment chambers. 
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According to the present invention, an apparatus for forming a single-crystalline thin film of a prescribed 
material on a substrate having a single-crystalline structure comprises irradiation means for irradiating the 
substrate with gas beams of low energy levels causing no sputtering of the prescribed material from 
directions which are perpendicular to a plurality of densest crystal planes having different directions in the 

5 single-crystalline thin film to be formed, and attitude control means for controlling the attitude of the 
substrate for setting prescribed relations between directions of crystal axes of the substrate and directions 
of incidence of the beams. 

The apparatus according to the tenth aspect of the present invention comprises attitude control means, 
whereby it is possible to set prescribed relations between the crystal axes of the single-crystalline substrate 

10 and the directions of incidence of the gas beams by employing this apparatus. Thus, it is possible to 
epitaxially form a new single~crystalline thin film on a single-crystalline substrate at a temperature below the 
crystallization temperature. 

According to the present invention, an apparatus for forming a single-crystalline thin film of a prescribed 
material on a substrate comprises film forming means for forming an amorphous or polycrystalline thin film 

15 of the prescribed material on the substrate by supplying a reaction gas, irradiation means for irradiating the 
substrate with gas beams of low energy levels causing no sputtering of the prescribed material from 
directions which are perpendicular to a. plurality of densest crystal planes having different directions in the 
single-crystalline thin film to be formed, and substrate rotating means for rotating the substrate. 

The apparatus according to the present invention comprises substrate rotating means, whereby it is 
20 possible to facilitate formation of an amorphous or polycrystalline thin film by intermittently applying the 

beams while regularly supplying the reaction gas and rotating the substrate during application pauses. 
Thus, it is possible to form an amorphous or polycrystalline thin film having high homogeneity, whereby 
high homogeneity is also attained in a single-crystalline thin film which is obtained by converting the same. 

According to the present invention, an apparatus for forming a single-crystalline thin film of a prescribed 
25 material on a substrate comprises film forming means for forming an amorphous or polycrystalline thin film 

of the prescribed material on the substrate by supplying a reaction gas, and irradiation means for irradiating 
the substrate with gas beams of low energy levels causing no sputtering of the prescribed material from 
directions which are perpendicular to a plurality of densest crystal planes having different directions in the 
single-crystalline thin film to be formed. The film forming means has supply system rotating means for 

30 rotating an end portion of a supply path for supplying the substrate with the reaction gas with respect to the 
substrate. 

The apparatus according to the present invention comprises supply system rotating means, whereby it 
is possible to obtain a single-crystalline thin film having high homogeneity while regularly supplying the 
reaction gas and applying the beams with no intermittent application of the beams. Namely, it is possible to 

35 efficiently form a single-crystalline thin film having high homogeneity. 
·According to the present invention, an apparatus for forming a single-crystalline thin film of a prescribed 

material on a substrate comprises a plurality of irradiation means for irradiating the substrate with a plurality 
of gas beams of low energy levels causing no sputtering of the prescribed material from directions which 
are perpendicular to a plurality of densest crystal planes having different directions in the single-crystalline 

40 thin film to be formed respectively, and control means for independently controlling operating conditions in 
the plurality of irradiation means respectively. 

In the apparatus according to the present invention, control means independently controls operating 
conditions in irradiation means such as output beam densities, for example, whereby states of a plurality of 
beams which are applied to the substrate are optimumly controlled. Thus, it is possible to efficiently form a 

45 high-quality single-crystalline thin film. 
The irradiation means preferably comprises an electron cyclotron resonance type ion source, and the 

gas beams are supplied by the ion source. 
According to the present invention, an apparatus for forming a single-crystalline thin film of a prescribed 

material on a substrate comprises irradiation means for irradiating the substrate with beams of a gas 
50 supplied by an ion source at low energy levels causing no sputtering of the prescribed material from 

directions which are perpendicular to a plurality of densest crystal planes having different directions in the 
single-crystalline thin film to be formed, and bias means for applying a bias voltage across the ion source 
and the substrate in a direction for accelerating ions. 

In the apparatus according to the present invention, bias means applies a bias voltage across the ion 
55 source and the substrate, whereby the gas beams are improved in directivity. Thus, it is possible to form a 

high-quality single-crystalline thin film having high homogeneity of the crystal orientation. 
According to the present invention, an apparatus for forming a single-crystalline thin film of a prescribed 

material on a substrate comprises irradiation means for irradiating the substrate with beams of a gas 
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supplied by an ion source at low energy levels causing no sputtering of the prescribed material from 
directions which are perpendicular to a plurality of densest crystal planes having different directions in the 
single-crystalline thin film to be formed, with a grid which is provided in the vicinity of an ion outlet of the 
ion source, and grid voltage applying means for applying a voltage to the grid for controlling conditions for 

5 extracting ions from the ion source. 
In the apparatus according to the present invention, grid voltage applying means optimumly controls 

conditions for extracting ions from the ion source, whereby it is possible to efficiently form a high-quality 
single-crystalline thin film. 

In the apparatus according to the present invention, the beam source is preferably an electron cyclotron 
10 resonance type ion source. 

In the apparatus according to the present invention, the gas beams are supplied by an electron 
cyclotron resonance type ion source, whereby the ion beams are excellent in directivity while it is possible 
to obtain strong neutral beams having excellent directivity at positions beyond a prescribed distance from 
the ion source without employing means for neutralizing ions. · 

15 According to the present invention, a beam irradiator tor irradiating a target surface of a sample with a 
gas beam comprises a container for storing the sample, and a beam source for irradiating the target surface 
of the sample which is set in a prescribed position of the container with the gas beam, and at least a 
surface of a portion irradiated with the beam is made of a material having threshold energy which is higher 
than energy of the beam in sputtering by irradiation with the beam among an inner wall of the container and 

20 a member which is stored in the container. 
At least the surface of the portion irradiated with the beam is made of a material having threshold 

energy which is higher than energy of the beam in sputtering by the irradiation with the beam among the 
inner wall of the container and the member stored in the container, whereby no sputtering is caused even if 
the beam reaches the member. Therefore, consumption of the member by sputtering is suppressed, while 

25 contamination of the target sample with the material element forming the member is prevented. 
According to the present invention, a beam irradiator for irradiating a target surface of a sample with a 

gas beam comprises a container tor storing the sample, and a beam source for irradiating the target surface 
of the sample which is set in a prescribed position of the container with the gas beam, and at least a 
surface of a portion irradiated with the beam is made of a material having threshold energy with respect to 

30 sputtering which is higher than that in the target surface of the sample among an inner wan of the container 
and a member which is stored in the container. 

At least the surface of the portion irradiated. with the beam is made of a material having threshold 
energy with respect to sputtering which is higher than that in the target surface of the sample among the 
inner wall of the container and the member stored in the container, whereby no sputtering is caused in this 

35 member when the target surface of the sample is irradiated with the beam causing no sputtering. Therefore, 
consumption of the member by sputtering is suppressed under such usage, while contamination of the 
target sample with the material element forming the member is prevented. 

According to the present invention, a beam irradiator for irradiating a target surface of a sample with a 
gas beam comprises a container for storing the sample, and a beam source for irradiating the target surface 

40 of the sample which is set in a prescribed position of the container with the gas beam, and at least a 
surface of a portion irradiated with the beam is made of a material containing an element which is larger in 
atomic weight than that forming the gas among an inner wall of the container and a member which is stored 
in the container. 

At least the surface of the portion irradiated with the beam is made of a material containing an element 
45 which is larger in atomic weight than that forming the beam gas among the inner wall of the container and 

the member stored in the container, whereby permeation of a different element in the member is 
suppressed. Therefore, deterioration of the member caused by invasion of the different element is 
suppressed. 

According to the present invention, a beam irradiator for irradiating a target surface of a sample with a 
50 gas beam comprises a container for storing the sample, and a beam source for irradiating the target surface 

of the sample which is set in a prescribed position of the container with the gas beam, and at least a 
surface of a portion irradiated with the beam is made of the same material as that forming the target surface 
of the sample among an inner wall of the container and a member which is stored in the container. 

At least the surface of the portion irradiated with the beam is made of the same material as that forming 
55 the target surface of the sample among the inner wall of the container and the member stored in the 

container, whereby the target sample is not contaminated with the material element forming the member 
even if sputtering is caused in this member. 
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The member stored in the container preferably includes reflecting means which is interposed in a path 
of the beam for separating the beam into a plurality of components and irradiating the target surface of the 
sample with the plurality of components from directions which are different from each other. 

The reflecting means is stored in the container and at least the surface of the portion irradiated with the 
s beam is made of a material causing no sputtering, the same material as that of the target surface of the 

sample, or a material containing an element which is larger in atomic weight than that forming the beam 
gas, whereby contamination of the sample by sputtering of the reflecting means is prevented or deteriora
tion of the reflecting means is suppressed. 

The present invention is also directed to a beam irradiating method. According to the present invention, 
10 a beam irradiating method of irradiating a target surface of a sample with a gas beam comprises a step of 

setting the sample in a prescribed position of a container, and a step of irradiating the target surface of the 
sample which is set in the container with the gas beam, and the target surface is irradiated with the beam at 
energy which is lower than threshold energy of sputtering in a surface of a portion which is irradiated with 
the beam among an inner wall of the container and a member stored in the container. 

75 The target surface is irradiated with the beam at energy which· is lower than threshold energy of 
sputtering on the surface of the portion irradiated with the beam among the inner wall of the container and 
the member stored in the container, whereby no sputtering is· caused even if the beam reaches the 
member. Therefore, consumption of the member by sputtering is suppressed, while contamination of the 
target sample with the material element forming the member is prevented. 

20 The present invention is also directed to a method of forming single-crystalline thin film. According to 
the present invention, a method of forming a single-crystalline thin film of a prescribed material on a 
substrate comprises a step of depositing the prescribed material on the substrate under a low temperature 
causing no crystallization of the prescribed material and irradiating the prescribed material as deposited 
with a gas beam of low energy causing no sputtering of the prescribed material from one direction, thereby 

25 forming an axially oriented polycrystalline thin film of the material, and a step of irradiating the axially 
oriented polycrystalline thin film with gas beams of low energy causing no sputtering of the prescribed 
material under a high temperature below a crystallization temperature of the prescribed material from 
directions which are perpendicular to a plurality of densest crystal planes of different directions in the 
single-crystalline thin film, thereby converting the axially oriented polycrystalline thin film to a single-

30 crystalline thin film. 
The axially oriented polycrystalline thin film is previously formed on the substrate and thereafter 

irradiated with the beams from a plurality of directions so that the thin film is converted to a single
crystalline thin film. Therefore, even if the substrata is not uniformly irradiated with the beams from the 
plurality of directions due to a screen formed on the substrata, for example, at least either a single-

35 crystalline thin film or an axially oriented polycrystalline thin film is formed on any portion on the substrate, 
whereby no remarkable deterioration of characteristics is caused. 

According to the · present invention, a method of forming a single-crystalline thin film of a prescribed 
material on a substrate comprises a step of depositing the prescribed material on the substrate thereby 
forming a thin film of the material, a step of irradiating the thin film with a gas beam of low energy causing 

40 no sputtering of the prescribed material under a high temperature below a crystallization temperature of the 
prescribed material from one direction after the step, thereby converting the thin film to an axially oriented 
polycrystalline thin film, and a step of irradiating the axially oriented polycrystalline thin film with gas beams 
of low energy causing no sputtering of the prescribed material under a high temperature below the 
crystallization temperature of the prescribed material from directions which are perpendicular to a plurality 

45 of densest crystal planes of different directions in the single-crystalline thin film, thereby converting the 
axially oriented polycrystalline thin film to a single-crystalline thin film. 

The axially oriented polycrystalline thin film is previously formed on the substrate and thereafter 
irradiated with the beams from a plurality of directions, so that the thin film is converted to a single
crystalline thin film. Therefore, even if the substrate is not uniformly irradiated with the beams from the 

so plurality of directions due to a screen formed on the substrate, for example. at least either a single.: 
crystalline thin film or an axially oriented polycrystalline thin film is formed on any portion on the substrate, 
whereby no remarkable deterioration of characteristics is caused. 

The direction of the gas beam in formation of the axially oriented polycrystalline thin film is preferably 
identical to one of the plurality of directions of the gas beams in the conversion of the axially oriented 

55 polycrystalline thin film to the single-crystalline thin film. 
The direction of application of the gas beam in formation of the axially oriented polycrystalline thin film 

is identical to one of the plurality of directions of gas beams for converting the axially oriented polycrystal
line thin film to a single-crystalline thin film, whereby conversion to the single-crystalline thin film is 
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smoothly carried out. 
The gas is preferably an inert gas. 
The beam of an inert gas is so applied that no particularly remarkable influence is exerted on the 

electrophysical properties of the thin film even if the gas remains in the single-crystalline thin film as 
5 formed, while it is possible to easily remove the as-invaded gas from the thin film. 

The atomic weight of an element forming the inert gas is preferably lower than the maximum atomic 
weight among those of elements forming the prescribed material. 

The atomic weight of the element forming the inert gas is lower than the maximum atomic weight of 
elements forming the prescribed material which is grown as the thin film, whereby most part of atoms or 

10 ions of the applied inert gas are rearwardly scattered on the surface of the thin film or in the vicinity thereof, 
to hardly remain in the thin film. 

The prescribed material preferably contains an element forming a gas material which is a gas under a 
normal temperature, and the gas beam is preferably a beam of the gas material. 

The gas as applied contains an element forming the material grown as a thin film. Even if. atoms or ions 
15 of the element remain in the thin film after irradiation, therefore, these will not exert a bad influence on the 

single-crystalline thin film as impurities. 
The gas beam is preferably formed by an electron cyclotron resonance ion source. 
The beam generation source is an electron cyclotron resonance ion generation source. Therefore, the 

ion beam has high directivity, while a strong neutral beam can be obtained at a distance exceeding a 
20 prescribed length from the ion generation source without employing means for neutralizing ions. Further, it 

is possible to employ an electrically insulating substrate without employing means for neutralizing the ions. 
According to the present invention, a beam irradiator for irradiating a target surface of a sample with a 

gas beam comprises a single beam source for supplying the beam, and reflecting means for reflecting the 
beam which is supplied by the beam source, thereby enabling irradiation of the target surface with the gas 

25 in a plurality of prescribed directions of incidence, and the reflecting means comprises a reflector having a 
plurality of reflecting surfaces for reflecting the beam in a plurality of directions, and a screen which is 
interposed in a path of the beam between the beam source and the reflecting surfaces for selectively 
passing the beam thereby preventing multiple reflection by the plurality of reflecting surfaces. 

Multiple reflection of the beam by the plurality of reflecting surfaces is prevented by the screen, 
30 whereby no beam is applied from a direction other than a prescribed direction of incidence. 

The screen preferably further selectively passes the beam to uniformly irradiate the target surface with 
the beam. 

The target surface is uniformly irradiated with the beam by action of the screen. Therefore, a high 
quality single-crystalline thin film is formed when the apparatus is applied to formation of a single-crystalline 

35 thin film, for example. 
The present invention is also directed to a beam reflecting device. According to the present invention, a 

beam reflecting device for reflecting a gas beam which is supplied from a single beam source thereby 
enabling irradiation of a target surface of a sample with the gas in a plurality of prescribed directions of 
incidence comprises a reflector having a plurality of reflecting surfaces for reflecting the beam in a plurality 

40 of directions, and a screen which is interposed in a path of the beam between the beam source and the 
reflecting surfaces for selectively passing the beam thereby preventing multiple reflection by the plurality of 
reflecting surfaces. 

Multiple reflection of the beam by the plurality of reflecting surfaces is prevented by the screen, 
whereby no beam is applied from a direction other than a prescribed direction of incidence. 

45 The screen preferably further selectively passes the beam to uniformly irradiate the target surface with 
the beam. 

The target surface is uniformly irradiated with the beam by action of the screen. Therefore, a high· 
quality single-crystalline thin film is formed when the apparatus is applied to formation of a single-crystalline 
thin film, for example. 

50 According to the present invention, a beam irradiator for irradiating a target surface of a sample with a 
gas beam comprises a single beam source for supplying the beam, and reflecting means for reflecting the 
beam which is supplied by the beam source, thereby enabling irradiation of the target surface with the gas 
in a plurality of prescribed directions of incidence, and the reflecting means comprises a first reflector which 
is arranged in a path of the beam. supplied from the beam source for reflecting the beam in a plurality of 

55 directions thereby generating a plurality of divergent beams having beam sections which are two
dimensionally enlarged with progress of the beams, and a second reflector having a concave reflecting 
surface for further reflecting the plurality of divergent beams to be incident upon the target surface 
substantially as parallel beams from a plurality of directions. 
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The gas beams applied to the target surface of the sample are obtained by the single beam source and 
the reflecting means provided in the path, whereby it is possible to irradiate the target surface with gas 
beams from a plurality of different prescribed directions with no requirement for a plurality of beain sources. 
Further, the beam is reflected by the first reflector to be two-dimensionally diverged in a plurality of 

5 directions and then converted .to substantially parallel beams by the second reflector, whereby the beam 
· can be uniformly applied to the target surface which is wider than the section of the beam supplied from the 

beam source. Therefore, it is possible to widely and efficiently form a single-crystalline thin film of a 
prescribed material on a wide substrate provided with a thin film of the prescribed material on its surface or 
a wide substrate· having a thin film of the prescribed material being grown on its surface without scanning 

10 the substrate, by irradiating the substrate with a gas beam by this apparatus. 
The reflecting means preferably further comprises rectifying means which is provided in a path of the 

beams between the first reflector and the substrate for regularizing directions of the beams. 
The rectifying means is arranged in the path of the beam between the first reflector and the sample, 

whereby the beam can be regulated along a prescribed direction. Therefore, no strict accuracy is required 
15 tor the shapes and arrangement of the respective reflectors, whereby the apparatus can be easily 

structured. 
The reflecting means preferably further comprises beam distribution adjusting means which is inter

posed in a path of the beam between the beam source and the first reflector for adjusting distribution of the 
beam on a section which is perpendicular to the path, thereby adjusting the amounts of respective beam 

20 components reflected by the first reflector in the plurality of directions. 
The beam distribution adjusting means adjusts the amounts of a plurality of beam components reflected 

by the first reflector, whereby the amounts of a plurality of beam components which are incident upon the 
target surface from a plurality of directions can be adjusted. Therefore, the amounts of the respective beam 
components incident upon the substrate can be optimumly set to be identical to each other, for example, 

25 whereby it is possible to efficiently form a high-quality single-crystalline thin film. 
According to the present invention, a beam reflecting device for reflecting a gas beam which is supplied 

from a single beam source thereby enabling irradiation of a target surface of a sample with the gas in a 
plurality of prescribed directions of incidence comprises a first reflector for reflecting the beam in a plurality 
of directions thereby generating a plurality of divergent beams having beam sections which are two-

30 dimensionally enlarged with progress of the beams, and a second reflector having a concave reflecting 
surface for further reflecting the plurality of divergent beams to be incident upon the target surface 
substantially as parallel beams from a plurality of directions. · 

The gas beam which is supplied from the single beam source is reflected by the first reflector to be 
two-dimensionally diverged in a plurality of directions and then converted to substantially parallel beams by 

35 the second reflector, whereby it is possible to irradiate the target surface which is wider than the section of 
the beam supplied from the beam source from a plurality of directions with no requirement for a plurality of 
beam sources. Therefore, it is possible to widely and efficiently form a single-crystalline thin film of a 
prescribed material on a wide substrate provided with a thin film of the prescribed material on its surface or 
a wide substrate having a thin film of the prescribed material being grown on its surface without scanning 

40 the substrate, by irradiating the substrate with a gas beam by this apparatus. 
According to the present invention, a beam irradiator for irradiating a target surface of a sample with 

gas beams comprises a plurality of beam sources for supplying the gas beams, and a plurality of reflecting 
means for reflecting the beams which are supplied by the plurality of beam sources thereby enabling 
irradiation of a common region of the target surface with the gas in a plurality of prescribed directions of 

45 incidence, and each reflecting means comprises a first reflector which is arranged in a path of each beam 
supplied from each beam source for reflecting the beam thereby generating a beam having a beam section 
which is two-dimensionally enlarged with progress of the beam, and a second reflector having a concave 
reflecting surface for further reflecting the divergent beam to be incident upon a linear or strip-shaped 
common region of the target surface substantially as a parallel beam, while the beam irradiator further 

50 comprises moving means for scanning the sample in a direction intersecting with the linear or strip-shaped 
common region. 

The beams are reflected by the first reflector to be substantially one-dimensionally diverged and 
thereafter converted to substantially parallel beams by the second reflector, whereby it is possible to 
irradiate a linear or strip-shaped region which is wider than the beams supplied from the beam sources with 

55 parallel beams from prescribed directions of incidence. Further, the sample is scanned in a direction 
intersecting with the linear or strip-shaped region, whereby the beams can be uniformly applied to a wide 
target surface. In addition, a plurality of beam sources and a plurality of reflecting means are so provided 
that a wide target surface can be uniformly irradiated with beams from a plurality of directions of incidence. 
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Each reflecting means preferably further comprises rectifying means which is provided in a path of 
each beam between the first reflector and the substrate for regulating the direction of the beam. 

The rectifying means is arranged in the beam path between the first reflector and the substrate, 
whereby the beams can be regulated in a prescribed direction. Therefore, no strict accuracy is required for 

5 the shapes and arrangement of the respective reflectors, whereby the apparatus can be easily structured. 
According to the present invention, a beam reflecting device for reflecting a gas beam which is supplied 

from a beam source thereby enabling irradiation of a target surface of a sample with the gas in a prescribed 
direction of incidence comprises a first reflector for reflecting the beam thereby generating a divergent 
beam having a beam section which is two-dimensionally enlarged with progress of the beam, and a second 

10 reflector having a concave reflecting surface for further reflecting the divergent beam to be incident upon a 
linear or strip-shaped region of the target surface substantially as a parallel beam. 

The beams are reflected by the first reflector to be substantially one-dimensionally diverged and 
thereafter converted to substantially parallel beams by the second reflector, whereby it is possible to 
irradiate a linear or strip-shaped region which is wider than the beams supplied from the beam sources with 

15 the beams. 
Accordingly, an object of the present invention is to provide a technique which can form an axially 

oriented polycrystalline thin film oriented in a desired direction and a single-crystalline thin film having a 
desired crystal orientation on an arbitrary substrate including a single-crystalline substrate. 

Another object of the present invention is to provide a beam irradiator and a beam reflecting device for 
20 enabling efficient formation of a single-crystalline thin film. 

Throughout the specification, the term "substrate" is not restricted to a substance simply serving as a 
base to be provided thereon with a thin film, but generally indicates a medium to be provided thereon with a 
thin film, including a device having a prescribed function, for example. 

Throughout the specification, the term "gas beam" is a concept including all of a beam-type ion 
25 current, an atom current and a molecular flow. 

The foregoing and other objects, features, aspects and advantages of the present invention will become 
more apparent from the following detailed description of the present invention when taken in conjunction 
with the accompanying drawings. 

30 BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a model diagram showing an apparatus which is suitable for carrying out a method according to 
a first preferred embodiment of the present invention; 
Figs. 2A to 2C are perspective views showing a structure of a collimator; 

35 Figs. 3A and 38 are sectional views showing a sample; 
Fig. 4 is a front sectional view showing an apparatus which is suitable for carrying out a method 
according to a second preferred embodiment of the present invention; 
Fig. 5 is a perspective view showing a reflector which is employed in the method according to the 
second preferred embodiment of the present invention; 

40 · Figs. 6A, 68 and BC are a plan view, a side elevational view and a front elevational view showing an 
example of the reflector which is employed in the method according to the second preferred embodi· 
ment of the present invention; · 
Fig. 7 is a graph showing characteristics of an ECR ion generator which is employed in the method 
according to the second preferred embodiment of the present invention; 

45 Fig. 8 illustrates experimental data verifying the method according to the second preferred embodiment 
of the present invention; 
Fig. 9 is a perspective view showing another example of the reflector employed in the method according 
to the second preferred embodiment of the present invention; 
Figs. 10A, 108 and 10C illustrate three surfaces of still another example of the reflector employed in the 

50 method according to the second preferred embodiment of the present invention; 
Figs. 11 A and 11 B are structural diagrams showing a further example of the reflector employed in the 
method according to the second preferred embodiment of the present invention; 
Figs. 12A and 128 are structural diagrams showing a further example of the reflector employed in the 
method according to the second preferred embodiment of the present invention; .and 

55 Fig. 13 is a front sectional view showing an apparatus which is suitable for carrying out a method 
according to a preferred embodiment of the present invention. 
Fig. 14 is a front sectional view showing an apparatus according to a fourth preferred embodiment of the 
present invention; 
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Fig. 15 illustrates a result of a verification test in the apparatus according to the . fourth preferred 
embodiment of the present invention; 
Fig. 16 is a front sectional view showing an apparatus according to a fifth preferred embodiment of the 
present invention; 

5 Fig. 17 is a perspective view showing a reflector in the fifth preferred embodiment; 
Fig. 18 is a plan view of the reflector shown in Fig. 17; 
Fig. 19 is an exploded perspective view of the reflector shown in Fig. 17; 
Fig. 20 is an exploded perspective view of the reflector shown in Fig. 17; 
Fig. 21 is a plan view of the reflector shown in Fig. 17; 

10 Fig. 22 is a sectional view taken along the line A • A in Fig. 21; 
Fig. 23 is a perspective view showing an apparatus according to a sixth preferred embodiment of the 
present invention; 
Fig. 24 is a perspective view showing an apparatus according to a seventh preferred embodiment of the 
present invention; · 

15 Fig. 25 is a process diagram for illustrating a method according to an eighth preferred embodiment of 
the present invention; 
Fig. 26 is a process diagram for illustrating the method according to the eighth preferred embodiment of 
the present invention; 
Fig. 27 is a process diagram for illustrating the method according to the eighth preferred embodiment of 

20 the present invention; 
Fig. 28 is a front sectional view cif an apparatus according to a ninth preferred embodiment of the 
present invention; 
Fig. 29 is a front sectional view showing a reflecting unit in the ninth preferred embodiment of the 
present invention; 

25 Fig. 30 is a plan view showing a reflecting unit in the ninth preferred embodiment; 
Fig. 31 is a front sectional view showing an apparatus according to a tenth preferred embodiment of the 
present invention; 
Fig. 32 is a perspective view showing an apparatus according to an eleventh preferred embodiment of 
the present invention; 

30 Fig. 33 is a plan view showing the apparatus according to the eleventh preferred embodiment of the 
present invention; 
Fig. 34 is a front elevational view of the apparatus according to the eleventh preferred embodiment of the 
present invention; 
Fig. 35 is a plan view of the apparatus according to the eleventh preferred embodiment of the present 

35 invention; and 
Fig. 36 is a perspective view showing an apparatus according to a twelfth preferred embodiment of the 
present invention. 
Fig. 37 is· a process diagram showing a method according to a thirteenth preferred embodiment of the 
present invention; 

40 Fig. 38 is a process diagram showing the method according to the thirteenth preferred embodiment of 
the present invention; 
Fig. 39 is a process diagram showing the. method according to the thirteenth preferred embodiment of 
the present invention; 
Fig. 40 is a process diagram showing the method according to the thirteenth preferred embodiment of 

45 the present invention; 
Fig. 41 is a process diagram showing the method according to the thirteenth preferred embodiment of 
the present invention; 
Fig. 42 is a process diagram showing the method according to the thirteenth preferred embodiment of 
the present invention; 

50 Fig. 43 is a process diagram showing a method according to a fourteenth preferred embodiment of the 
present invention; 
Fig. 44 is a process diagram showing the method according to the fourteenth preferred embodiment of 
the present invention; 
Fig. 45 is a process diagram showing the method according to the fourteenth preferred embodiment of 

55 the present invention; 
Fig. 46 is a process diagram showing the method according to the fourteenth preferred embodiment of 
the present invention; 
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Fig. 47 is a process diagram showing the method according to the fourteenth preferred embodiment of 
the present invention; 
Fig. 48 is a process diagram showing the method according to the fourteenth preferred embodiment of 
the present invention; 

5 Fig. 49 is a process diagram showing the method according to the fourteenth preferred embodiment of 
the present invention; 
Fig. 50 is a process diagram showing the method according to the fourteenth preferred embodiment of 
the present invention; 
Fig. 51 is a process diagram showing the method according to the fourteenth preferred embodiment of 

10 the present invention; 
Fig. 52 is a process diagram showing a method according to a seventeenth preferred embodiment of the 
present invention; 
Fig. 53 is a process diagram showing the method according to the seventeenth preferred embodiment of 
the present invention; 

15 Fig. 54 is a process diagram showing the method according to the seventeenth preferred embodiment of 
the present invention; · 
Fig. 55 is a process diagram showing the method according to the seventeenth preferred embodiment of 
the present invention; 
Fig. 56 is a process diagram showing the method according to the seventeenth preferred embodim.ent of 

20 the present invention; · 
Fig. 57 is a process diagram showing the method according to the seventeenth preferred embodiment of 
the present invention; 
Fig. 58 is a process diagram showing the method according to the seventeenth preferred embodiment of 
the present invention; 

25 Fig. 59 is a process diagram showing the method according to the seventeenth preferred embodiment of 
the present invention; · 
Fig. 60 is a process diagram showing the m~thod according to the seventeenth preferred embodiment of 
the present invention; 
Fig. 61 is a process diagram showing a method according to an eighteenth preferred embodiment of the 

30 present invention; 
Fig. 62 is a front elevational view showing an apparatus according to a nineteenth preferred embodiment 
of the present invention; 
Fig. 63 is a plan view showing the apparatus according to the nineteenth preferred embodiment of the 
present invention; 

35 Fig. 64 is a front sectional view showing the apparatus according to the nineteenth preferred embodiment 
of the present invention; 
Fig. 65 is a perspective view showing the apparatus according to the nineteenth preferred embodiment 
of the present invention; 
Fig. 66 is a front elevational view showing an apparatus according to a twentieth preferred embodiment 

40 of the present invention; 
Fig. 67 is a plan view· showing an apparatus according to a twenty-first preferred embodiment of the 
present invention; 
Fig. 68 is a plan view showing an apparatus according to a twenty-third preferred embodiment of the 
present invention; . 

45 Fig. 69 is a front sectional view showing an apparatus according to a twenty-fourth preferred embodiment 
of the present invention; 
Fig. 70 is a front sectional view showing another apparatus according to the twenty-fourth preferred 
embodiment of the present invention; 
Fig. 71 is a partially fragmented sectional view showing an apparatus according to a twenty-fifth 

so preferred embodiment of the present invention; 
Fig. 72 is a plan view showing another apparatus according to the twenty-fifth preferred embodiment of 
the present invention; · 
Fig. 73 is a front sectional view showing an apparatus according to a twenty-sixth preferred embodiment 
of the present invention: 

55 Fig. 74 is a front sectional view showing an apparatus according .to a twenty-seventh preferred 
embodiment of the present invention; 
Fig. 75 is a front sectional view showing an apparatus according to a twenty-eighth preferred embodi
ment of the present invention; and 
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Fig. 76 is a front sectional view showing an apparatus according to a twenty-ninth preferred embodiment 
of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

(A. Formation of Single-Crystalline Thin Film or Axially Oriented Polycrystalline Thin Film) 

Preferred embodiments for efficiently forming a single-crystalline thin film or axially oriented poly
crystalline thin film on a substrate are now described. 

(A-1. First Preferred Embodiment> 

A first preferred embodiment of the present invention is now described. 

15 (A-1-1. Structure of Apparatus) 

Fig. 1 is a model diagram showing the structure of an apparatus 80 for effectively implementing a 
method according to the first preferred embodiment of the present invention. This apparatus 80 is adapted 
to convert a polycrystalline thin film 82,,which is formed on a substrate 81, to a single-crystalline thin.film. 

20 Therefore, the apparatus 80 is supplied with a sample prepared by the polycrystalline thin film 82 of a 
prescribed material which is already formed on the substrate 81 by a well-known method. 

For example, the substrate 81 is prepared from polycrystalline Si02 (quartz), and a polycrystalline Si 
(silicon) thin film 82 is formed on this quartz substrate 81, to be converted to a single-crystalline Si thin film. 
The apparatus 80 comprises cage-type ion sources 83. Inert gases are introduced into the ion sources 83 

25 from conduits 84 and ionized therein by electron beams, thereby . forming plasmas of the inert gases. 
Further, only ions are extracted from the ion sources 83 by action of electric fields which are formed by 
lead electrodes provided in the ion sources 83, whereby the ion sources 83 emit ion beams. For example, it 
is possible to accelerate Ne (neon) ions to 200 to 600 eV by the ion sources 83 of 10 cm in diameter, for 
example, with current densities of 1 to 9 mA/cm2• 

30 The ion beams which are emitted from the ion sources 83 are guided to reflection deaccelerators 85 
and collimators 86, and thereafter applied to the surface of the polycrystalline thin film 82 at prescribed 
angles. Each reflection deaccelerator 85 is provided with two silicon single-crystalline plates having major 
surfaces of (100) planes. These silicon single-crystalline plates are in the form of discs having diameters of 
15 cm, for example. These silicon single-crystalline plates successively reflect the ion beams. which are 

35 incident on the major surfaces thereof at angles of incidence of 45 • to reduce energy levels and neutralize 
electric charges thereof; thereby converting the. ion beams to low-energy neutral atomic beams. 

Figs. 2A to 2C are perspective views showing the structure of each collimator 86. Fig. 2A is an overall 
perspective view. Fig. 28 is an enlarged perspective view and Fig. 2C is a further enlarged perspective 
view. The collimator 86 regulates directions of the atomic beams, thereby supplying the polycrystalline thin 

40 film 82 with atomic beams having high directivity. The collimator 86 is formed by alternately stacking 
corrugated members, which are prepared by evaporating silicon films 86b on both sides of aluminum plates 
86a as shown in Fig. 2C, and flat plate members having similar structures as shown in Fig. 28. This 
collimator 86 has 30 layers, for example. Both surfaces of the aluminum plates 86a are covered with the 
silicon films 86b, so that aluminum atoms which are different atoms will not reach the polycrystalline Si thin 

45 film 82 even if the corrugated members and the flat plate members are struck by an neutral atom current to 
cause sputtering. The atomic beams are regularized in direction within a range of :t0.5 • while passing 
through thin channels defined between the corrugated and flat plate members, to be converted to atomic 
beams having high directivity. 

The quartz substrate 81 is mounted on a heater 87, which is adapted to maintain the quartz substrate 
50 81 at a prescribed high temperature. 

(A-1-2. Operation of Apparatus) 

The operation of the apparatus 80 is now described. The sample which is supplied to the apparatus 80 
55 can· be prepared by forming the polycrystalline Si thin film 82 on the quartz substrate 81 by well-known 

chemical vapor deposition (CVD), for example. The quartz substrate 81 is 1.5 mm in thickness, for example, 
and the polycrystalline Si thin film 82 is about 2000 'A in thickness, for example. First, the sample as 
prepared is mounted on the heater 87. This heater 87 maintains the sample, i.e., the quartz substrate 81 
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and the polycrystalline Si thin film 82, at a temperature of 550 • C. This temperature is lower than the 
crystallization temperature of silicon, whereby no single-crystalline Si is converted to polycrystalline Si 
under this temperature. However, this temperature is so high that polycrystalline Si can be grown to single
crystalline Si if a seed crystal is present. 

5 Then, Ne (neon) gases are introduced into the ion sources 83 from the conduits 84, to form Ne ion 
beams. The as-formed Ne ion beams pass through the reflection deaccelerators 85 and the collimators 86, 
to reach the surface of the polycrystalline Si thin film 82 as low energy neutral Ne atomic beams. 

The two Ne atomic beams which are started from the two ion sources 83 are incident upon the surface 
of the polycrystalline Si thin film 82 at angles of incidence of 35 • so that the directions of incidence are 

10 two-fold symmetrical with each other about a normal line on the surface of the polycrystalline Si thin film 
82. The directions of incidence of these two beams, which are at an angle of 70 • to each other, correspond 
to normal line directions of independent two densest planes, i.e., (111) planes of single-crystalline Si having 
a diamond crystal structure. 

The energy levels of the plasmas formed by the ion sources 83 are so set that the Ne atoms reaching 
15 the polycrystalline Si thin film 82 are at levels causing no sputtering of the polycrystalline Si thin film 82, 

i.e., at levels lower than a value ( = 27 eV) known as a threshold energy level in sputtering of Si caused by 
irradiation with Ne atoms. Therefore, the so-called law of Bravais acts on the polycrystalline Si thin film 82. 
Namely, Si atoms provided in the vicinity of the surface of the polycrystalline Si thin film 82 are so 
rearranged that planes perpendicular to the directions of incidence of the Ne atomic beams whic:h are 

20 applied to the polycrystalline Si thin film 82 define densest crystal planes. 
Since the Ne atomic beams are incident from two directions corresponding to those perpendicular to 

the independent densest planes of the single-crystalline Si, whereby the Si atoms are so rearranged that 
planes perpendicular to the directions of incidence define the densest planes. Namely, two independent 
(111) planes are controlled by the two Ne atoms beams having independent directions of incidence to be 

25 rearranged in constant directions, whereby the crystal orientation is univocally decided. Thus, a layer which 
is close to the surface of the polycrystalline Si thin film .82 is converted to a single-crystalline Si layer 
having a regulated crystal orientation. 

The above description corresponds to a first stage of single-crystallization of the polycrystalline Si thin 
film 82. Figs. 3A and 38 are model diagrams showing internal structures of the sample in the first stage and 

30 a following second stage of single-crystallization. In the first stage, a single-crystalline Si layer 88 is formed 
only in the vicinity of the surface of the polycrystalline Si thin film 82, as shown in Fig. 3A. 

As hereinabove described, the temperature of the polycrystalline Si thin film 82 is adjusted to a level 
which is suitable for growing a seed crystal. Therefore, the single-crystalline Si layer 88 which is formed on 
the surface of the polycrystalline Si thin film 82 serves as a seed crystal, to be grown toward a deep portion 

35 of the polycrystalline Si thin film 82. Finally the overall region of the polycrystalline Si thin film 82 is 
converted to the single-crystalline Si layer 88, as shown in Fig. 3B. Thus, a single-crystalline Si thin film 
having a regulated crystal orientation is formed on the quartz substrate 81 . Since the polycrystalline Si thin 
film 82 is maintained at a temperature which is lower than the crystallization temperature of Si as 
hereinabove described, the single-crystalline Si layer 88 will not return to the polycrystalline structure, which 

40 is a thermal equilibrium state. 
The single-crystalline Si layer 88. which is formed on the polycrystalline Si thin film 82 by irradiation to 

serve as a seed crystal, is integrated with a polycrystalline Si layer remaining in its deep portion since this 
layer 88 is converted from the polycrystalline Si thin film 82. Namely, the polycrystalline Si layer 82 is 
completely in contact with the seed crystal. Therefore, vertical solid phase epitaxial growth progresses in an 

45 excellent state. Further, the seed crystal and the single-crystalline Si which is formed by the solid phase 
epitaxial growth are single crystals of the same material having the same crystal orientation, whereby it is 
not necessary to remove the seed crystal after formation of the single-crystalline Si thin film 88. Further, the 
single-crystalline Si thin film 88 is formed by the vertical solid phase epitaxial growth, whereby it is possible · 
to efficiently obtain a desired single-crystalline Si thin film in a short time as compared with the prior art 

so utilizing transverse growth. 
An element forming the atomic beams which are applied to the polycrystalline Si thin film 82 is 

preferably prepared from Ne, as hereinabove described. Since Ne atoms are lighter than Si atoms, there is 
a high possibility that the relatively heavy Si atoms rearwardly scatter the relatively light Ne atoms when the 
atomic beams are applied to the Si thin film, whereby the Ne atoms hardly penetrate into the Si thin film to 

ss remain therein. Further, the inert element such as Ne is selected as an element forming the as-applied 
atomic beams since the inert element forms no compound with any element forming the thin film such as Si 
even if the same remains in the Si thin film, whereby the electronic/physical properties of the Si thin film are 
hardly influenced by this element and this element can be easily removed by increasing the temperature of 
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the as-finished single-crystalline Si thin film to some e~ent. 
The. sample is irradiated with the neutralized atomic beams in place of direct Ne ion beams, for the 

following reasons: First, charged particle beams such as ion beams are spread to lose directivity by 
repulsion between the particles caused by static electricity. Second, charges are stored in the thin film 

5 when charged particle beams are employed for the thin film which is made of a material having high 
resistivity or the like, such that the beams cannot reach the thin film beyond a certain amount due to 
repulsion of the stored charges. When neutral atomic beams are employed, on the other hand, no charges 
are stored in the thin film while parallel beams having excellent directivity reach the thin film to facilitate 
smooth crystallization. 

10 

(A-1·3. Other Exemplary Sample) 

While the above description has been made on the case of converting the polycrystalline Si thin film 82 
to a single-crystalline Si thin film, the inventive method is applicable not only to a polycrystalline thin film 

15 but to an amorphous thin film, to attain a similar effect. Experimental data . verifying this point is now 
described. 

In the experiment, a sample was prepared by previously forming an amorphous Si thin film on a quartz 
substrate by plasma CVD. Inert gases to be applied to the sample were prepared from Ne gases. The 
quartz substrate was 1.5 mm in thickness, and the amorphous Si thin film was about 2000 A in thickness. 

20 This sample was mounted on the heater 87, and maintained at a temperature of 550 • C. In this state, the 
sample was irradiated with beams for about 20 seconds under conditions of acceleration voltages of ion 
sources of 2000 V and current densities of 2 mA/cm2. As the result. a brown color specific to amorphous Si 
disappeared from the as-irradiated central portion of the sample, and this portion was changed to a slightly 
yellowish transparent state. In this portion, a part of about 1 cm2 was examined with X rays and by directive 

25 etching, whereby it was provide that single-crystalline Si was formed with (110) axes along a normal line 
direction of the substrate. 

The crystal orientation was decided by covering the crystal planes with Si02 (silicon dioxide) films, 
forming small holes in these oxide films, etching the same with KOH (potassium hydroxide) and confirming 
etching bits. As the result, it was possible to confirm that the etching bits were hexagonal, thereby 

30 confirming that single-crystalline Si having (110) axes in the normal line direction was completed. 

35 

(A-2. Second Preferred Embodiment> 

A second preferred embodiment of the present invention is now described. 

(A·2·1. Overall Structure of Apparatus> 

Fig. 4 is a front sectional view showing an apparatus 101 for effectively implementing a method 
according to the second preferred embodiment of the present invention. This apparatus 101 is also adapted 

40 to convert a polycrystalline thin film, which is previously formed on a substrate 11, to a single-crystalline 
thin film, similarly to the aforementioned apparatus 80. 

This . apparatus 101 comprises a reaction vessel 1, and an electron cyclotron resonance (ECR) ion 
generator 2 which is built in an upper portion of the reaction vessel 1. The ECR ion generator 2 comprises a 
plasma container 3 which defines a plasma chamber 4 in its interior. A magnetic coil 5 is provided around 

45 the plasma container 3, to apply a de high magnetic field to the plasma chamber 4. Further, a waveguide 6 
and an inlet pipe 7 are provided on an upper surface of the plasma container 3 for introducing a microwave 
and an inert gas such as Ne gas into the plasma chamber 4 respectively. 

The reaction vessel 1 defines an reaction chamber 8 in its interior. The bottom portion of the plasma 
container 3 defines an outlet 9 for passing a plasma in its center. The reaction chamber 8 and the plasma 

50 chamber 4 communicate with each other through the outlet 9. In the interior of the reaction chamber 8, a 
sample holder 10 is arranged on a position immediately under the outlet 9. The substrate 11 is placed on 
the sample holder 10, while a reflector 12 is placed to be located above the substrate 11 . The sample 
holder 10 comprises a heater (not shown), to heat the substrate 11 and hold the same at a proper high 
temperature level. 

55 The reflector 12 is preferably made of a metal. The sample holder 10 is coupled to a rotation driving 
mechanism (not shown), to be rotatable in a horizontal plane. Further, the sample holder 10 can horizontally 
move the substrate 11 while fixing the reflector 12. 
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The reaction chamber 8 communicates with an evacuation pipe 14. An end of the evacuation pipe 14 is 
coupled with a vacuum unit (not shown) to evacuate the reaction chamber 8 through the evacuation pipe 14, 
thereby maintaining the reaction chamber 8 at a prescribed degree of vacuum. A vacuum gauge 15 for 
displaying the degree of vacuum in the reaction chamber 8 is provided in communication with the reaction 

5 chamber 8. 

<A·2·2. Structure of Reflector> 

Fig. 5 is a perspective view showing an exemplary reflector 12a. This reflector 12a is adapted to form a 
10 single crystal having a diamond structure, such as single-crystalline Si. The reflector 12a defines an 

opening on a central portion of a flat plate type base 21. Three blocks 22 in the form of rectangular 
parallelopipeds are fixedly provided around the opening, and reflecting blocks 23 are fixed to inner sides of 
the blocks 22 respectively. Consequently, an equilateral triangular opening 24 which is trimmed with the 
reflecting blocks 23 is defined at the central portion of the base 21. In the reflecting blocks 23, slopes 25 

15 facing the opening 24 serve as reflecting surfaces for reflecting a gas beam. Therefore, the angles of 
inclination of the slopes 25 are set at proper levels in correspondence to the directions of crystal axes of 
the single crystal to be formed. 

Figs. 6A, 68 and 6C are a plan view, a side elevational view and a front .elevational view of the reflector 
12a which is formed by the blocks 22 ,and the reflecting blocks 23 respectively. As shown in Fig. 613, the 

20 angle of inclination of each slope 25 is set at 55 •. The reflector 12a is in a structure not fixing the substrate 
11, whereby the substrate 11 can be relatively horizontally moved with respect to the reflector 12a. 
Therefore, it is possible to form a single-crystalline thin film on the substrate 11 having a large area by 
horizontally moving the substrate 11 while fixing the reflector 12a on the sample holder 10. 

25 (A·2·3. Operation of ECR Ion Generator) 

Referring again to Fig. 4, the operation of the ECR ion generator 2 is now described. An inert gas such 
as Ne gas or Ar gas is introduced from the inert gas inlet pipe 7 into the plasma chamber 4, while a 
microwave is simultaneously introduced from the waveguide 6 into the plasma chamber 4. Further, a de 

30 current is also simultaneously supplied to the magnetic coil 5, to form a de magnetic field in the plasma 
chamber 4 and its periphery. The gas as supplied is maintained in a plasma state by actions of the 
microwave and the de magnetic field. This plasma is formed by high-energy electrons which are in screw 
motion in the principle of cyclotron by the microwave and the de magnetic field. 

These electrons. which have diamagnetic properties, are moved to a weaker magnetic field side, to 
35 form an electron stream along a line of magnetic force. Consequently, positive ions also form an ion current 

along the line of magnetic force following the electron stream, in order to maintain electrical neutrality. In 
other words, the electron stream and the ion current are downwardly directed from the outlet 9 into the 
reaction chamber 8. The ion current and the electron stream thus flowing in parallel with each other are 
recombined with each other after a lapse of a deionization time, to form a neutral atom current. Therefore, 

40 substantially only a neutral atom current is formed in a position downwardly separated from the outlet 9 
beyond a prescribed distance. 

Fig. 7 is a graph showing the result of relation between ion current density and the distance from the 
outlet 9 actually measured when Ar+ ions of 1 O eV were discharged from the outlet 9 by the ECR ion 
generator 2. It is understood from this graph that the ion current density is abruptly reduced at a distance of 

45 about 4 to 5 cm from the outlet 9, and attenuated to a level of 1/10 to 1/12 at a position of 14 cm. The 
neutral atom current is increased by such attenuation of the ion current, whereby substantially only a neutral 
atom·current downwardly flows in a position downwardly separated from the outlet 9 by at least 14 cm. 

Thus, the ECR ion generator 2 for generating ions forms an ion current in parallel with the electron 
stream, whereby it is possible to easily obtain a neutral atom current having high density by employing the 

50 ECR ion generator 2, with no employment of other means for neutralizing the ion current. Since the ion 
current is formed in parallel with the electron stream, further, it is possible to obtain an ion current which is 
close to a parallel current having a regulated direction of progress substantially with no divergence. Since 
the parallel ion current is converted to the neutral atom current, the atom current is also close to a parallel 
current having a regulated direction of progress. 

55 
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(A·2·4. Operation of Apparatus 101 > 

Referring agaln to Fig. 4, the operation of the apparatus 101 is now described. It is assumed that the 
reflector 12 is implemented by the reflector 12a shown in Figs. 5 and 6A to 6C and the substrate .11 is 

5 prepared from polycrystalline SiO:! (quartz), so that a single-crystalline Si thin film is formed on the quartz 
substrate 11. A polycrystalline Si thin film is previously formed on the quartz substrate 11 by a well-known 
method such as CVD. 

First, the sample is mounted between the sample holder 10 and the reflector 12a (12). The heater 
provided in the sample holder 10 holds the sample, i.e., the quartz substrate 11 and the polycrystalline Si 

10 thin film, at a temperature similar to that in the first preferred embodiment, i.e., a temperature of 550 • C. 
An inert gas which is introduced from the inert gas inlet pipe 7 is preferably prepared from Ne gas 

having a smaller atomic weight than Si atoms. Due to the action of the ECR ion generator 2, an Ne+ ion 
current and an electron stream are formed downwardly from the outlet 9. The distance between the outlet 9 
and the reflector 12a (12) is preferably set at a sufficient level for substantially converting the Ne+ ion 

15 current to a neutral Ne atom current. The reflector 12a (12) is set in a position receiving the downwardly 
directed Ne atom current. 

A part of the downwardly directed Ne atom current is reflected by the three slopes 25 which are formed 
in the reflector 12a, to be applied to the polycrystalline Si thin film provided on the Si02 substrate 11 
through the opening 24. Another part of the Ne atom current is· not incident upon the slopes 25 but directly 

20 incident upon the polycrystalline Si thin film through the opening 24. In other words, the polycrystalline Si 
thin film is irradiated with four Ne atom current components, i.e., a component straightly received from the 
outlet 9 and three components reflected by the three slopes 25. Since the angles of inclination of the slopes 
25 are set at 55 • , directions of incidence of the four Ne atom current components correspond to four 
directions which are perpendicular to four independent densest crystal planes of the Si single crystal to be 

25 formed, i.e., (111) planes. 
The energy of the plasma which is formed by the ECR ion generator 2 is so set that the Ne atoms 

reaching the SiO:! substrate 11 are at energy levels which are lower than threshold energy ( = 27 eV) in 
sputtering of Si by irradiation with Ne atoms. Therefore, the law of Bravais acts on the polycrystalline Si thin 
film. As the result, the Si atoms in the polycrystalline Si thin film are so rearranged that planes which are 

30 perpendicular to the direction of incidence of the Ne atomic current as applied define densest crystal 
planes. Since the Ne atom current as applied has four components which are incident in directions 
corresponding to those perpendicular to four independent densest planes of the single-crystalline Si, the Si 
atoms are so rearranged that all planes perpendicular to the directions of incidence define the densest 
planes. Namely, the directions of rearrangement of the four independent (111) planes are controlled by four 

35 Ne atomic beams having directions of incidence which are independent of each other, whereby the crystal 
orientation is univocally decided. Thus, a layer in the vicinity of the surface of the polycrystalline Si thin film 
is converted to a single-crystalline Si layer having a regulated crystal orientation. 

The temperature of the polycrystalline Si thin film 82 is adjusted to 550 • C, i.e .• a level within a range 
suitable for growing a seed crystal. Therefore, the single-crystalline Si layer which is formed on the surface 

40 of the polycrystalline Si thin film 82 serves as a seed crystal, to be grown toward a deep portion of the 
polycrystalline Si thin film 82. Then, the overall region of the polycrystalline Si thin film 82 is converted to a 
single-crystalline Si layer. Thus, a single-crystalline Si layer having a regulated crystal orientation is formed 
on the quartz substrate 11. The aforementioned Figs. 3A and 38 typically express the aforementioned 
formation of the single-crystalline Si layer and the process of its growth. 

45 As hereinabove described, the reflector 12 is preferably made of a metal, since Ne+ ions are converted 
to neutral atoms when an Ne+ ion current which is slightly mixed in the neutral Ne atom current is reflected 
by the conductive reflector 12, so that the substrate 11 is irradiated with the as-converted neutral Ne atom 
current. The neutral atom current is advantageously incident upon the substrate 11 as a flow having a 
regulated direction since its direction of progress hardly diverges dissimilarly to an ion current. 

50 In the process of irradiating the sample with the Ne atomic current. the rotation driving mechanism (not 

55 

shown) may be driven to rotate the sample holder 10. Thus, it is possible to improve homogeneity in 
distribution of an amount of irradiation on the polycrystalline Si thin film. 

(A·2·5. Valid Data) 

Description is now made on a test verifying formation of a single-crystalline thin film by the method 
according to the second preferred embodiment. Fig. 8 illustrate experimental data showing electron beam 
diffraction images of samples comprising polycrystalline Si~ substrates and single-crystalline Si thin films 
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formed thereon on the basis of the aforementioned method. The sample was obtained by irradiating a 
substrate with four Ne atom current components using a reflector. 

In this sample, three-fold rotation-symmetrical diffraction spots were obtained as shown in Fig. 8. This 
verifies that the as-obtained sample was formed as single-crystalline Si having regulated crystal axes. Since 

5 it was possible to convert a polycrystalline Si thin film having a polycrystalline structure of higher regularity 
in atomic arrangement than an amorphous structure to a single-crystalline Si thin film, it is conceivably 
decided possible to convert a thin film having an amorphous structure such as amorphous Si to a single
crystalline thin film, as a matter of course. 

10 (A-2-6. Methods of Forming Single-Crystalline Thin Films other than Si Thin Film} 

15 

20 

25 

30 

35 

40 

45 

While the structure and the operation of the apparatus 101 have been described with reference to 
formation of a single-crystalline Si thin film, it is also possible to form single-crystalline thin films other than 
an Si thin film through the apparatus 101. 

Table 1 

Gas Material tor Crystal Forming Step 

for Ga.As 

Ion Beam Ar, Ne 

Element Ga(CH3)3 
AsHa 

Impurity Zn(CH3)3, Zn(~Hs)3 (p-type) 
Si~ (n·type) . 

for GaN 

Ion Beam Ar, Ne, NH3 

Element Ga(CH3)3 
NH3 

Impurity Zn(CH3)3, Zn(C2Hs)3 (p·type) 
SiH4 (n-type) 

for Si 

Ion Beam Ne 

Element Si~ 
Si2H6 

Impurity ~H3 (p-type) 
AsH3 (n-type) 
PH3 (n·type) 

Table 1 shows values of sputtering threshold energy in various combinations of types of atoms or ions 
as applied and elements forming target thin films. In each combination, it is necessary to apply an ion 
current or an atom current which is at a lower energy level than the as-listed threshold energy. As to thin 
films formed by compounds, refer to threshold energy levels related to elements having the maximum 

50 atomic weights among the elements. The values shown in Table 1 have been obtained on the basis of 
simulation, unless otherwise stated. 

When the thin film as irradiated is formed not by a simple substance such as Si but a compound such 
as GaAs, for example, it is advisable to apply atoms which are lighter than an element having the maximum 
atomic weight. Further, beams of a compound such as those of N2 may be applied in place of beams of 

55 simple atoms, tor example. In this case, an element (for example, N atoms) forming the compound is 
preferably lighter than the element having the maximum atomic weight forming the thin film as irradiated. 
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(A-2-7. Other Examples of Reflector} 

Description is now made on other exemplary structures of the reflector. Figs. 9 and 10A to 10C illustrate 
a reflector 12b for forming a single-crystalline thin film having a diamond crystal structure whose (111) 

5 planes define densest planes, similarly to the reflector 12a shown in Fig. 5. Fig. 9 is a perspective view of 
the reflector 12b, and Figs. 10A to 10C illustrate three surfaces thereof. This reflector 12b is provided with a 
groove 31a for sliding the substrate 11 on an upper surface of a base 31 which is mounted on the sample 
holder 10, so that the substrate 11 is built in the base 31. Therefore, the substrate 11 is fixed to the groove 
31a when the same is irradiated, dissimilarly to the reflector 12a. Bottom surfaces of reflecting blocks 33 

10 are placed on the upper surface of the base 31, so that the reflecting blocks 33 are located on the substrate 
11. As shown in Fig. 1 OB, the angles of inclination of slopes 35 provided in the reflecting blocks 33 are set 
at 55 • , similarly to those of the reflector 12a. 

It is also possible to form a single-crystalline thin film having a crystal structure other than a diamond 
structure. In this case, still another reflector may be prepared to have a crystal structure which is suitable 

15 for the target crystal structure. Further, it is also possible to form a single-crystalline thin film having various 
crystal orientations in the same crystal structure. In this case, a reflector which is suitable for respective 
crystal orientations is prepared. as hereinafter described. 

Figs. 11 A and 11 B illustrate an exemplary reflector 12c corresponding to a single crystal of a diamond 
structure, whose (100) planes are parallel to a substrate surface. Fig. 11A is a front sectional view taken 

20 along the line A - A in Fig. 11 B, which is a plan view showing the reflector 12c. A groove 42 is formed on 
an upper surface of a flat plate type base 41. The substrate 11 is inserted in this groove 42. Namely, the 
reflector 12c is adapted to receive the substrate 11, which cannot be relatively horizontally moved with 
respect to the reflector 12c when the same is irradiated. This base 41 is placed on the sample holder 10. 

Four reflecting blocks 43 are arranged on the base 41 around the substrate 11, to be perpendicularly 
25 adjacent to each other. A shielding plate 46 having openings 47 only above slopes 45 of the reflecting 

blocks 43 is set on upper surfaces of the reflecting blocks 43. An atom current or an ion current which is 
incident upon the shielding plate 46 downwardly from above passes through the openings 47 alone, to be 
entirely reflected by the slopes 45. Namely, only four components of the atom current or the ion current as 
reflected are incident upon the substrate 11, with no presence of a component which is directly incident 

:10 from the above. The angles of inclination of the slopes 45 are set at 62.63 •. Therefore, the directions of 
incidence of the four components match with directions perpendicular to four (111) planes, which are 
independent of each other, in the crystal of the diamond structure. · 

Figs. 12A and 12B illustrate a reflector 12d corresponding to a single crystal of a diamond structure 
whose (110) planes are parallel to a substrate surface. Fig. 12A is a front sectional view taken along the line 

35 B • B in Fig. 128, which is a plan view showing the reflector 12d. A groove 52 is formed on an upper 
surface of a base 51 having an angle of inclination of 35 •. The substrate 11 is inserted in this groove 52. 
Namely. this reflector 12d is adapted to receive the substrate 11 , which cannot be relatively horizontally 
moved with respect to the reflector 12d when the same is irradiated. This base 51 is placed on the sample 
holder 10. 

40 A single reflecting block 53 is arranged on the base 51. A slope 55 of the reflecting block 53 is set at 
an angle of inclination of 90 • with respect to the upper surface of the base 51. Therefore, an atom current 
or an ion current which is incident from above is divided into two components including that which is 
directly incident upon the substrate 11 at an angle of incidence of 35 • and that which is reflected by the 
slope 55 and incident from an opposite side similarly at an angle of incidence of 35 •. Directions of 

45 incidence of these components match with directions which are perpendicular to two independent planes 
among four independent (111) planes in the crystal of a diamond structure. Namely, these two components 
define directions of two densest planes which are independent of each other, whereby it is possible to form 
a single-crystalline thin film of a diamond structure having a regulated crystal orientation so that the (110) 
planes are parallel to the substrate surface by employing the reflector 12d. 

50 

(A·3. Third Preferred Embodiment> 

A third preferred embodiment of the present invention is now described. 

55 (A-3-1. Overall Structure of Apparatus) 

Fig. 13 is a front sectional view showing a structure of a single-crystalline thin film forming apparatus 
100 for effectively implementing a method of forming a single-crystalline thin film according to a preferred 
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embodiment of the present invention. In Fig. 13, the identical numerals are employed with Fig. 4 to 
represent the identical components, and therefore, the detailed description of the numerals in Fig. 13 is 
omitted. Similarly to the apparatus 101, the apparatus 100 comprises a reaction vessel 1, and an electron 
cyclotron resonance (ECR) ion generator 2 which is built in an upper portion of the reaction vessel 1. In the 

5 interior of the reaction chamber 8, a sample holder 10 is arranged on a position immediately under the 
outlet 9. In this apparatus 101, the sample holder 10 is not required to comprise a heater. A substrate 11 is 
placed on the sample holder 10, while a reflector 12 is placed to be located above the substrate 11. The 
substrate 11, which is a flat plate of a material having a polycrystalline structure or an amorphous structure, 
is one of elements forming a sample. A desired single-crystalline thin film is formed on this substrate 11. 

10 The reflector 12a (Fig. 5, Figs. 6A to 6C), 12b (Fig. 9, Figs. 1 OA and 108), 12c (Figs. 11 A and 118) or 12b 
(Figs. 12A and 128) can be adopted as the reflector 12. 

The reaction chamber 8 communicates with reaction gas supply pipes 13. Reaction gases are supplied 
through the reaction gas supply pipes 13, for forming a thin film of a prescribed material on the substrate 
11 by plasma CVD. The preferred embodiment shown in Fig. 1 is provided with three reaction gas supply 

15 pipes 13a, 13b and 13c. Similarly to the apparatus 101, an end of the evacuation pipe 14 is coupled with a 
vacuum unit (not shown) to evacuate the reaction chamber 8 through the evacuation pipe 14, thereby 
maintaining the reaction chamber 8 at a prescribed degree of vacuum. 

20 

(A-3·2. Operation of Apparatus 100> 

The operation of the apparatus 100 is now described. It is assumed that the reflector 12 is implemented 
by the reflector 12a shown in Figs. 5 and 6A·to 6C and the substrate 11 is prepared from polycrystalline 
SiCh (quartz), so that a thin film of single-crystalline Si is formed on the quartz substrate 11. The reaction 
gas supply tubes 13a, 13b and 13c supply Si~ (silane) gas for supplying Si, which is a main material for 

25 the single-crystalline Si, and E3iH3 (diborane) gas and PH3 (phosphine) gas for doping the substrate 11 with 
p-type and n-type impurities respectively. An inert gas which is introduced from the inert gas inlet pipe 7 is 
preferably prepared from Ne gas having a smaller atomic weight than Si atoms. 

Due to the action of the ECR ion generator 2, an Ne+ ion current and an electron stream are formed 
downwardly from the outlet 9. The distance between the outlet 9 and the. reflector 12a (12) is preferably set 

30 at a sufficient level for substantially converting the Ne+ ion current to a neutral Ne atom current. The 
reflector 12a (12) is set in a position receiving the downwardly directed Ne atom current. The silane gas 
which is supplied from the reaction gas supply tube 13a is dashed against the Si02 substrate 11 by the 
Ne+ ion current or the Ne atom current. Consequently, a plasma CVD reaction progresses on the upper 
surface of the Si(h substrate 11, to grow a thin film formed by Si which is supplied by the silane gas, i.e., 

35 an Si thin film. On the other hand, the diborane gas or the phosphine gas is supplied with a properly 
adjusted flow rate, whereby a plasma CVD reaction caused by this gas also progresses to form the Si thin 
film containing 8 (boron) or P (phosphorus) in desired density. 

The SiCh substrate 11 is not heated and hence maintained substantially at an ordinary temperature, 
whereby the Si thin film is grown substantially under the ordinary temperature. In other words, the Si thin 

40 film is formed at a temperature not more than a level facilitating crystallization by plasma CVD. Thus, the Si 
thin film is first formed as an amorphous ,Si film by plasma CVD. · 

A part of the downwardly directed Ne atom current is reflected by the three slopes 25 which are formed 
in the reflector 12a, to be incident upon the upper surface of the Si~ substrate 11 through the opening 24. 
Another part of the Ne atom current is not incident upon the slopes 25 but directly incident upon the upper 

45 surface of the Si(h substrate 11 through the opening 24. In other words, the Si thin film being formed on 
the upper surface of the Si02 substrate 11 is irradiated with four Ne atom current components, i.e., a 
component straightly received from the outlet 9 and three components reflected by the three slopes 25. 
Since the angles of inclination of the slopes 25 are set at 55 • , directions of incidence of the four Ne atom 
current components correspond to four directions which are perpendicular to four independent densest 

so crystal planes of the Si single crystal to be formed, i.e., (111) planes. 
The energy of the plasma which is formed by the ECR ion generator 2 is so set that the Ne atoms 

reaching the Si(h substrate 11 are at energy levels causing no sputtering in the as-formed Si thin film, i.e., 
levels lower than the threshold energy level in sputtering of Si by irradiation with Ne atoms ( = 27 eV). 
Therefore, the law of Bravais acts on the as-grown amorphous Si thin film. Namely, the Si atoms in the 

55 amorphous Si are rearranged so that planes which are perpendicular to the Ne atom current components 
applied to the amorphous Si define densest crystal planes. Since the Ne atom current as applied has four 
components which are incident in directions corresponding to those perpendicular to the densest planes of 
the single-crystalline Si having a single crystal orientation, the Si atoms are so rearranged that all planes 
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perpendicular to the directions of incidence of the respective components define the densest planes. The 
directions of the (111) planes are controlled by the plurality of components of the Ne atom current having 
directions of incidence which are independent of each other, whereby single-crystalline Si having a single 
crystal orientation is formed by such rearrangement of the Si atoms. In other words, the amorphous Si thin 

5 film. being grown by plasma CVD is sequentially converted to a single-crystalline Si thin film having a 
regulated crystal orientation. 

The diborane gas or the phosphine gas is supplied by the reaction gas supply pipe 13b or 13c 
simultaneously with the silane gas, thereby forming a p·type or n-type single-crystalline Si thin film 
containing B or P. It is also possible to form an equiaxed n-type single-crystalline Si layer on a p-type 

10 single-crystalline Si layer, for example, by alternating these reaction gases containing impurity elements. 
As hereinabove described, the Si02 substrate 11 is not heated and the Si thin film is formed under a 

temperature which is lower than that facilitating crystallization by plasma CVD. This is because the crystal 
orientation is arbitrarily directed regardless of the directions of the Ne atom current components and cannot 
be controlled while a polycrystal is inevitably formed under a high temperature facilitating crystallization of 

15 Si by plasma CVD alone with no application of the Ne atom current components. 
As described in the first preferred embodiment, Ne which is lighter than Si atoms is preferably selected 

as an element forming the atom current which is applied to the· Si thin film. As described in the second 
preferred embodiment, the reflector 12 is preferably made of a metal. 

In the apparatus 100, conversion to a single crystal sequentially progresses at the same time in .the 
20 process of growth of the Si thin film by plasma CVD. Thus, it is possible to form a single-crystalline Si thin 

film having a large thickness under a low temperature. Since a single-crystalline thin film can be formed 
under a low temperature, it is possible to further form a new single-crystalline thin film on a substrate which 
is already provided with a prescribed device without changing properties of the device, tor example. 

Thus, it is possible to form a single-crystalline thin film not only on a substrate which serves only as a 
25 support member tor a thin film but on a substrate of a device having a prescribed structure and functions in 

this apparatus 100. 
An experimental test was performed in order to verify the formation of a single-crystalline thin film by 

the aforementioned method. A similar electron beam diffraction image to that shown in Fig. 8 was observed 
for a sample comprising polycrystalline Si~ substrates and single-crystalline Si thin films formed thereon. 

30 This verifies that the sample obtained by use of the reflector 12 was formed as single-crystalline Si 

35 

having regulated crystal axes. Since it was possible to form a single-crystalline Si thin film on an Si~ 
substrate of a polycrystalline structure having higher regularity than an amorphous structure in atomic 
arrangement, it is conceivably decided possible to form a single-crystalline thin film on a substrate having 
an amorphous structure, such as an amorphous Si substrate. as a matter of course. 

(A-3-3. Preferred Methods of Forming Single-Crystalline Thin Films other than Si Thin Film} 

While the structure and the operation of the apparatus 100 have been described with reference to 
formation of a single-crystalline thin film, it is also possible to form single-crystalline thin films other than an 

40 Si thin film through the apparatus 100. Tables 2 to 5 show conditions tor forming semiconductor single
crystalline thin films having relatively high demands, including the Si thin film as already described, for 
example. Table 2 shows types of inert gases and reaction gases as supplied. 

45 

50 

55 

Tables 3 to 5 show reaction gas flow rates, inert gas flow rates and other process control conditions in 
formation of respective semiconductor single-crystalline thin films. 
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Table 2 

Threshold Energy 

5 Target Incident Ion (* Actually Measured Value) 

He Ne Ar Kr Xe Hg Hg (Actually Measured Value) 

Al 127 59 59 77 100 136 120 - 140 
Si 60 27 27 35 45 61 60- 70 

10 25* 
GaAs 25* 
Ge 225 66 49 45 48 57 40- 50 
Ta 1620 385 233 233 159 147 120 - 140 
w 1037 245 147 100 89 87 89- 87 

15 pt 850 198 118 79 69 67 70- 90 

Table 3 

20 

Process Control Condition for Forming Si 

Gas Flow Rate 

Sili4 or Si2Hs 5sccm (1 x 1 o-s - 4 x 1 o-s mol/min) 
25 AsH3 (Diluted to 10% with Ne) 5sccm (5 x 10-7 mol/min) for n-type Crystal 

B:zHs (Diluted to 10% with Ne) 5sccm (5 x 10-1 mol/min) tor p-type Crystal 
Ne (for ECR Chamber) 25sccm (1 x 10-3 mol/min) 

Substrate Temperature (SiO:! Substrate) Room Temperature 

30 Degree of Vacuum 

Back Pressure - 10-7 Torr 
Operating Pressure 1 x 10-4 - 4 x 10-4 Torr 

Microwave Power (2.34 GHz) 300W 
35 

Growth Rate 2 u/hr 

40 

45 

50 

55 
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Table 4 

Process Control Condition for Forming GaN 

5 Gas Flow rate 

TMG (Trimethyl Gallium) Bubbler employed. Held at ·12 • C - 10 • C 
Carrier Gas N2 5sccm (1 x 10-s - 4 x 10-5 mol/min) 
NHs 10sccm (4 x 10-4 mol/min) 
DMZ (Dimethyl Zinc) for Forming p·type Crystal 
Carrier Gas N2 5sccm (1 x 1 o-s - 2.4 x 1 o-s mol/min) 

10 

SiH4 for Forming n•type Crystal 
(Diluted to 10% with Ne) Ssccm (1 x 10-s - 2.4 x 10-s mol/min) 
Ne (For ECR Chamber) 15ccm (7 x 10-4 mol/min) 

75 Substrate Temperature (Si Substrate) 310 ·c 
Degree of Vacuum 

Back Pressure - 10-1 Torr 
Operating Pressure 1 x 10-4 - 4 x 10-4 Torr 

20 
Microwave Power (2.34 GHz) 300W 

Growth Rate 0.1 .. 0.3 U/hr 

25 
Table 5 

Process Control Condition for Forming GaAs 

Gas Flow rate 
30 

TMG (Trimethyl Gallium) Bubbler employed. Held at -12 • C - 10 • C 
Carrier Gas Ar 5sccm (1 x 1 o-s - 4 x 1 o-s mol/min) 
As Ha (Diluted to 10% with Ar) 10sccm (4 x 10-4 mol/min) 
DMZ (Dimethyl Zinc) for Forming p-type Crystal 

35 Carrier Gas Ar 5sccm (1 x 10-s - 2.4 x 10-5 mol/min) 
H:!Te for Forming n-type Crystal 
(Diluted to 10% with Ar) 5sccm (1 x 10-s - 2.4 x 10-s mol/min) 
Ar (For ECR Chamber) 15ccm (7 x 10-4 mol/min) 

Substrate Temperature (Si Substrate) 500 ·c 
4() 

Degree of Vacuum 

Back Pressure - 10-1 Torr 
Operating Pressure 1 x 10-4 - 4 x 10-4 Torr 

45 Microwave Power (2.34 GHz) 300W 

Growth Rate 0.1 - 0.3 u./hr 

Thus, in each of the apparatuses 100 and 101, it is possible to form not only the aforementioned Si 
so single-crystalline thin film but various types of single-crystalline thin films on substrates such as compound 

single-crystalline thin films of GaAs, GaN and the like and a single-crystalline thin film of an insulator such 
as Si~. for example. 

(A-4. Modifications of First to Third Preferred Embodiments> 
55 

(1) In the first or second preferred embodiment, in order to form single-crystalline thin film of GaN, for 
example, a polycrystalline GaN film may be first grown on an Si substrate by general CVD. Thereafter, 
by use of the apparatus 101, for example, N2 (nitrogen) gas or NHa (ammonia) gas containing N atoms 
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may be introduced into the inert gas inlet pipe 7, to irradiate the GaN thin film with a molecular flow of 
the gas or a dissociated N atom current. N atoms which may remain in the interior of GaN are 
assembled into the single crystal as an element forming GaN, and hence there is no· possibility of 
exerting a bad influence on properties of GaN. 

5 (2) In the first or second preferred embodiment, in order to form a GaAs single-crystalline thin film, a 
GaAs polycrystalline thin film may be first grown on an Si substrate by general molecular beam epitaxy, 
so that conditions identical to those for forming an Si single-crystalline thin film are employed except that 
the substrate temperature is maintained at 500 • C, the gas as applied is prepared from low-priced Ar gas 
and the reflector is prepared from a Ta plate. It was possible to obtain a GaAs single-crystalline thin film 

10 by this method. 
(3) In the third preferred embodiment, in order to form single-crystalline thin film of GaN, for example, N2 
(nitrogen) gas or NH3 (ammonia) gas containing N atoms may be introduced into the inert gas inlet pipe 
7 of the apparatus 100, to irradiate the GaN thin film with a molecular flow of the gas or a dissociated N 
atom current. Nitrogen which may remain in the interior of GaN is assembled into the single crystal as an 

15 element forming GaN, and hence there is no possibility of exerting a bad influence on properties of GaN. 
(4) In place of the reflector 12, ECR ion gene1rators 2 may be provided in a number corresponding to that 
of components of an atom current which is applied to the thin film, to directly apply the atom current 
from the ECR ion generators 2 to the thin film. As compared with this. method, however, the method 
shown in Fig. 4 or Fig. 13 employing a single ECR ion generator 2 and a single reflector 12 is superior 

20 since the apparatus can be simplified in structure and it is possible to maintain a high degree of vacuum 
in the reaction chamber 8. 

In the apparatus 100, further, the ECR ion generator 2 also serves as an energy source which is 
required for providing energy to the reaction gas for carrying out plasma CVD. Namely, the method 
shown in Fig. 13 employing a single ECR ion generator 2 and a single reflector 12 has a specific 

25 advantage such that the same can be carried out by simply adding the reflector 12 to a structure which 
is originally necessary for carrying out plasma CVD. 
(5) The ECR ion generator 2 may be replaced by another ion source such as a Cage type or Kaufmann 
type one. In this case, however, flow of the as-formed ion current is inclined to be diffused by repulsion 
caused by static electricity between ions, leading to reduction of directivity. Therefore, it is desirable to 

30 provide means for neutralizing ions and converting the same to an atom current or means for improving 
the directivity such as a collimator in a path of the ion current. When an electrical insulating substrate is 
employed as the substrate 11, in particular, it is desirable to provide the means for neutralizing ions in 
order to prevent the progress of irradiation from being disabled due to storage of charges in the 
substrate 11. Alternatively, the reflector 12 may be made of a conductive material such as a metal, to 

35 simultaneously carry out reflection of the ion current and conversion to a neutral atom current. 
In the aforementioned method employing the ECR ion generator 2, on the other hand, a neutral atom 

current can be easily obtained in a form close to a parallel current with no employment of means for 
neutralizing the ion current. Therefore, the thin film can be easily irradiated with an atom current having high 
incidence angle accuracy. Since a neutral atom current is mainly incident upon the thin film, further, the 

40 substrate 11 can be prepared from an insulating substrate such as an SiO:! substrate. 

<A-5. Fourth Preferred embodiment> 

Next, an apparatus according to a fourth preferred embodiment of the present invention is described. 
45 Fig. 14 is a front sectional view showing the overall structure of an axially oriented polycrystalline thin 

film forming apparatus 122 according to the fourth preferred embodiment. This apparatus 122 is adapted to 
grow a thin film of a prescribed material on a substrate and to simultaneously convert the thin film to a 
uniaxially oriented polycrystalline thin film, thereby forming an axially oriented polycrystalline thin film on 
the substrate. This apparatus 122 is characteristically different from the apparatus 100 shown in Fig. 13 in 

50 that a reflector 12 is not provided therein. 
Referring to Fig. 14, the operation of the apparatus 122 is now described. It is assumed that the 

substrate 11 is prepared from polycrystalline Si02 (quartz), so that a thin film of single-crystalline Si is 
formed on the quartz substrate 11. The reaction gas supply tubes 13a, 13b and 13c supply SiH.i (silane) 
gas for supplying Si, which is a main material for the single-crystalline Si, and B:! Ha (diborane) gas and PH3 

55 (phosphine) gas for doping the substrate 11 with p-type and n-type impurities respectively. The inert gas 
introduced from the inert gas inlet pipe 7 is preferably prepared from Ne gas, which has smaller atomic 
weight than Si atoms and is inert gas. 
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Due to the action of the ECR ion generator 2, an Ne+ ion current and an electron current are formed 
downwardly from the outlet 9. The distance between the outlet 9 and the substrate 11 is preferably set at a 
value which is sufficient for converting most part of the Ne+ ion current to a neutral Ne atom current. The 
silane gas which is supplied from· the reaction gas supply tube 13a is dashed against the substrate 11 by 

5 the Ne+ ion current or the Ne atom current. Consequently, a plasma CVD reaction progresses on the upper 
surface of the substrate 11, to grow a thin film formed by Si which is supplied by the silane gas, i.e., an Si 
thin film. On the other hand, the diborane gas or the phosphine gas is supplied with a properly adjusted 
flow rate, whereby a plasma CVD reaction caused by this gas also progresses to form the Si thin film 
containing B (boron) or P (phosphorus) in desired density. 

10 The substrate 11 is not heated and hence maintained substantially at an ordinary temperature. 
Therefore, the Si thin film is grown substantially under the ordinary temperature. In other words, the Si thin 
film is formed at a temperature not more than a level facilitating crystallization by plasma CVD. Thus, the Si 
thin film is first formed as an amorphous Si film by plasma CVD. 

The aforementioned downwardly directed Ne atom current is perpendicularly incident upon the upper 
15 surface of the substrate 11. Namely, the Si thin film being formed on the upper surface of the substrate 11 

is irradiated with the Ne atom current which. is linearly discharged from the outlet 9. 
The energy of the plasma which is formed by the ECR ion source 2 is so set that the energy of Ne 

atoms reaching the substrate 11 is at a value causing no sputtering in the Si thin film, i.e., lower than the 
threshold energy ( = 27 eV) in sputtering of Si by irradiation with Ne atoms. Therefore, the so-called law of 

20 Bravais acts on the amorphous Si thin film as being grown. Namely, the Si atoms in the amorphous Si are 
rearranged so that a plane which is perpendicular to the direction of incidence of the Ne atom current 
applied to the amorphous Si defines the densest crystal plane, i.e., the (111) plane. 

In other words, the amorphous Si thin film being grown by plasma CVD is sequentially converted to a 
polycrystalline Si thin film in which directions of crystal axes perpendicular to a single densest plane are 

25 regulated in a direction perpendicular to the surface of the substrate 11, i.e.. a uniaxially oriented 
polycrystalline crystalline Si thin film. Consequently, a polycrystalline Si thin film is formed on the substrate 
11, so that a (111) plane is exposed on the surface of any crystal grain forming this polycrystalline 
structure. 

The diborane gas or the phosphine gas is supplied by the reaction gas supply pipe 13b or 13c 
30 simultaneously with the silane gas, thereby forming· a p-type or n-type uniaxially oriented polycrystalline Si 

thin film containing B or P. 
In the apparatus 122, portions which may be irradiated with the Ne atom current or the Ne. ion current 

before neutralization, such as the inner wall of the reaction vessel 1 and the upper surface of the sample 
holder 10, for example, are made of materials causing no sputtering by the irradiation. In other words, the 

35 same are made of materials having higher threshold energy values than the energy of the Ne ion current. 
Therefore, no sputtering is caused in these members by irradiation with the Ne atom current or the Ne ion 
current, whereby the thin film is prevented from contamination with material elements forming these 
members. Further, these members are prevented from damage caused by sputtering. 

Since the energy of the Ne ion current is set to be lower than the threshold energy in the Si thin film to 
40 be formed, the reaction vessel 1, the sample holder 10 and the like may be made of materials, such as Ta, 

W, Pt and the like shown in Table 2, for example, having threshold energy values which are higher than that 
of the Si thin film in Ne irradiation. Alternatively, the surfaces of these members, such as the inner wall of 
the reaction vessel 1 and the surface of the sample holder 10, for example, may be coated with materials 
such as Ta having high threshold energy, to obtain a similar effect. 

45 While the structure and the operation of the apparatus 122 have been described with reference to 
formation of an Si thin film, it is also possible to form an axially oriented polycrystalline thin film of a 
material other than Si. For example, it is also possible to form a GaAs thin film. In this case, reaction gases 
supplied from the reaction gas supply pipes 13a, 13b and 13c are prepared from reaction gases containing 
Ga(CH3)s etc., which are suitable for formation of GaAs. While GaAs is a compound consisting of two 

so elements, an element for forming the ion current or the atom current as applied may be prepared from an 
element such as Ne or Ar, for example, which is lighter than As having larger atomic weight in these two 
elements. The irradiation energy is similarly set to be lower than the threshold energy which is related to As 
having large atomic weight. 

When the thin film to be formed is made of a plurality of elements, the element forming the ion current 
55 or the atom current as applied may be prepared from that which is lighter than that having the maximum 

atomic weight among the plurality of elements, in general. The irradiation energy is similarly set to be lower 
than threshold energy which is related to the element having the maximum atomic weight. In this case, the 
surface of the member such as the sample holder 10 which is irradiated with the ion current or the atom 
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current in the apparatus 122 may be made of a material having higher threshold energy than the material 
for the thin film. 

Alternatively, the surface may be made of the same material as the thin film. When the apparatus 122 is 
structured as that for forming an axially oriented polycrystalline thin film of Si( for example, the surface of 

s the sample holder 1 O etc. may be coated with Si. In this case, no contamination of the Si thin film is caused 
by a different element even if sputtering is caused in the sample holder 10 or the like. 

Further, the surface of the member such as the sample holder 1 O which is irradiated with the ion current 
or the atom current may be made of a material containing an element which is heavier than that forming the 
ion current or the atom current as applied. In this case, the element forming the ion current or the atom 

10 current hardly penetrates into. the member following application of the ion current or the atom current. Thus, 
deterioration of the member caused by penetration of a different element is suppressed. 

In the apparatus 122, conversion to a uniaxially oriented polycrystalline film sequentially progresses 
simultaneously with growth of the Si thin film by plasma CVD. Thus, it is possible to form an axially oriented 
polycrystalline Si thin film having a large film thickness under a low temperature. Since the axially oriented 

15 polycrystalline thin film can be formed under a low temperature, it is possible to form a uniaxially oriented 
crystalline thin film on a substrate which .is already integrated with a prescribed device, for example, without 
changing characteristics of this device. 

In the above description, the substrate 11 is horizontally placed on the sample holder 10, whereby the 
atom current is perpendicularly incident upon the substrate 11 . When an axially oriented polycrystalline thin 

20 film of Si, for example, is formed on the substrate 11, therefore, the surface of the thin film is defined by a 
(111) plane. However, it is also possible to form an axially oriented polycrystalline thin film of Si in which 
(111) planes are uniformly oriented in a desired direction which is inclined with respect to the surface of the 
thin film, by placing the substrate 11 on the sample holder 10 in an inclined manner. 

The sample holder 1 O may be coupled to a rotary mechanism or the like, to be capable of horizontally 
25 rotating the substrate 11. Alternatively, the sample holder 10 may be -coupled to a horizontal moving 

mechanism or the like, to be capable of horizontally moving the substrate 11. Thus, it is possible to 
uniformly form a uniaxially oriented thin film on the substrate 11. 

30 

(A-1-4. Valid Data> 

Description is now made on a test verifying formation of an axially oriented polycrystalline thin film by 
the aforementioned method. Fig. 15 illustrates experimental data showing an electron beam diffraction 
image of a sample comprising an axially oriented polycrystalline Si thin film formed on a polycrystalline 
quartz substrate 11 on the basis of the aforementioned method. In this verification test, the surface of the 

35 substrate 11 was perpendicularly irradiated with an Ne atom current. 
As shown in Fig. 15, a diffraction spot appears on a single point, and is continuously distributed along a 

circumference around the same. Namely, the result of the experiment indicates that a single (111) plane of 
the Si thin film as formed is oriented to be perpendicular to the direction of incidence of the atom current, 
while orientation around the direction of incidence is arbitrary and not regulated in one direction. Namely, it 

40 is verified that this sample is formed as polycrystalline Si in which only a single crystal axis is regulated, 
i.e., as axially oriented polycrystalline Si. 

Since it was possible to form an axially oriented polycrystalline Si thin film on the quartz substrate 11 
having a polycrystalline structure which is higher in regularity in atom arrangement than an amorphous 
structure, it can be decided possible to form an axially oriented polycrystalline thin film on a substrate 

45 having an amorphous structure of amorphous Si or the like, as a matter of course. It can also be decided 
possible to form an axially oriented polycrystalline thin film on a substrate having a single-crystalline 
structure which is equivalent to a structure obtained by enlarging polycrystal grains, similarly to the above. 

(A-6. Fifth Preferred embodiment> 
50 

A fifth preferred embodiment of the present invention is now described. 

(A-6-1 . Overall Structure of Apparatus) 

55 Fig. 16 is a front sectional view showing the overall structure of an apparatus 120 according to the fifth 
preferred embodiment. This apparatus 120 is, similarly to the apparatus 100 shown in Fig. 13, an apparatus 
for forming single-crystalline thin film which is adapted to grow a thin film of a prescribed material on a 
substrate and to simultaneously convert the thin film to a single-crystalline thin film, thereby forming a 
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single-crystalline thin film on the substrate. This apparatus 120 is characteristically different from the 
apparatus 100 shown in Fig. 13 in structure of the reflector 12. Furthermore, each part of the apparatus 103 
is composed of specific materials, as described later. 

The reflector 12e is adapted to reflect an atom current which is supplied from an ECR ion source 2, 
5 thereby irradiating a substrate 11 with the atom current from a plurality of directions. Therefore, the reflector 

12e is set to be located immediately under an outlet 9 above the substrate 11 . 

(A-6-2. Structure and Function of Reflector} 

10 Fig. 17 is a perspective view showing a preferable example of the reflector 12e. Fig. 18 is a plan view 
of the reflector 12e shown in Fig. 17, and Figs. 19 and 20 are exploded views. With reference to these 
figures, the example of the reflector 12e is now described. 

This reflector 12e is an exemplary reflector for forming a single crystal such as single-crystalline Si, 
having a diamond structure. The reflector 12e defines an equilateral hexagonal opening in a central portion 

15 of a flat plate type screen plate 151. Three reflecting blocks 153 are fixedly provided on a lower surface of 
the screen plate 151, to enclose the opening. These reflecting blocks 153 are fastened to the screen plate 
151 by screws passing through holes 157 to be fitted with screw holes 158. Consequently, an equilateral 

· triangular opening 154 which is trimmed with these reflecting blocks 153 is defined immediately under the 
opening of the screen plate 151. 

20 The atom current which is applied from above is selectively screened by the screen plate 151, to pass 
only through the equilateral hexagonal opening. In the reflecting blocks 153. slopes 154 facing the opening 
154 serve as reflecting surfaces for reflecting the gas beam. As shown in Fig. 18 in a plan view, the three 
slopes 155 are selectively exposed on the equilateral hexagonal opening of the screen plate 151 
respectively. Therefore, the atom current which is applied from above is divided into four components in 

25 total including a first component passing through the opening 154 to .be directly perpendicularly incident 
upon the substrate 11 and second to fourth components reflected by the three slopes 155 respectively to 
be incident upon the substrate 11 from oblique directions. 

As shown in Fig. 18, each of three comers of the equilateral triang·u1ar opening 154 coincides with every 
other corner of the equilateral hexagonal opening, as viewed from above. In other words, the three slopes 

30 155 are selectively exposed on three isosceles triangles having adjacent pairs of sides of the equilateral 
hexagonal opening as isosceles sides. This prevents multiple reflection by the plurality of slopes 155, while 
enabling uniform irradiation of the substrate 11 with the respective atom current components. This is now 
described with reference to Figs. 21 and 22. 

Fig. 21 is a plan view of the reflector 12e, which is similar to Fig. 18. Fig. 22 is a sectional view taken 
35 along the line A • A in Fig. 21. As shown in Figs. 21 and 22, an atom current which is incident upon a 

position (B in the figures) on one slope 155 corresponding to the apex of the equilateral triangle is reflected 
and then incident upon an opposite apex (C in the figures) of the equilateral triangular opening 154. 
Assuming that D represents an intersection between one side of the opening 154 and the line A • A, an 
atom current which is applied across the points B and D on the slope 155 is uniformly distributed across 

40 the points D and C of the opening 154. 
This also applies to an atom current which is applied onto an arbitrary line E • E deviating in parallel 

with the line A· A. Namely, the atom current which is discharged from the outlet 9 is selectively supplied 
onto the slopes 155 by the screen plate 151, whereby as-reflected atom currents of three components are 
uniformly incident upon a region of the substrate 11 which is located immediately under the opening 154. 

45 Each atom current which is supplied to one slope 155 through the equilateral hexagonal opening is 
entirely incident upon the opening 154, and is not incident upon the adjacent slope 155. Thus, no 
components multiplexly reflected by the plurality of slopes 155 are incident upon the substrate 11 . 

The angle of inclination of each slope 155 is set at 55 • , for example, as shown in Fig. 22. The atom 
current which is reflected. by each slope 155 is incident upon the substrate 11 which is located immediately 

so under the opening 154 at an angle of incidence of 70 • . Namely, the first component is perpendicularly 
incident upon the substrate 11, while the second to fourth components are incident upon the same at 
angles of incidence of 70 • in directions which are three-fold symmetrical about the direction of incidence of 
the first component. At this time, the directions of incidence of the first to fourth components correspond to 
four directions which are perpendicular to four (111) planes, being densest planes of the Si single crystal. 

55 
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(A-6-3. Operation of Apparatus} 

Referring again to Fig. 16; the operation of the apparatus 120 is now described. It is assumed that the 
reflector 12e is prepared from that shown in Figs. 17 to 20, and the substrate 11 is prepared from 

5 polycrystalline Si02 (quartz), so that a thin film of single-crystalline Si is formed on the quartz substrate 11. 
It is also assumed that the slopes 155 in the reflector 12e are set at 55 • . 

Reaction gas supply pipes 13a, 13b and .13c supply SiH4 (silane) gas tor supplying Si, which is a main 
material tor the single-crystalline Si, and B:!Ha (diborane) gas and PH3 (phosphine) gas for doping the 
substrate 11 with p-type and n-type impurities respectively. Inert gas which is introduced from an inert gas 

10 inlet pipe 7 is preferably prepared from Ne gas, which has smaller atomic weight than Si atoms. 
Due to the action of an ECR ion generator 2, an Ne+ ion current and an electron current are formed 

downwardly from the outlet 9. The distance between the outlet 9 and the reflector 12e is preferably set at a 
value sufficient for converting most part of the Ne+ ion current to a neutral Ne atom current. 

Thus, a plasma CVD reaction progresses on the upper surface of the substrate 11 similarly to the 
15 apparatus 122 shown in Fig. 13, to grow an amorphous Si thin film. On the other hand, the diborane gas or 

the phosphine gas is supplied with a properly !ldiusted flow rate, whereby a plasma CVD reaction caused 
by this gas also progresses to form the Si thin film containing B (boron) or P (phosphorus) in desired 
density. 

At the same time, the amorphous Si thin film which is being formed on the substrate 11 is irradiated· 
20 with the tour components of the Ne atom current, by the action of the reflector 12e. As hereinabove 

described, directions of incidence of these tour components correspond to directions which are perpendicu
lar to four (111) planes of an Si single crystal. Similarly to the apparatus 122, further, the energy of plasma 
which is formed by the ECR ion source 2 is so set that the energy of Ne atoms reaching the substrate 11 is 
at a value causing no sputtering in the Si thin film, i.e., lower than the threshold energy ( = 27 eV) in 

25 sputtering of Si by irradiation with Ne atoms. Therefore, the amorphous Si thin film being grown by plasma 
CVD is sequentially converted to a single-crystalline Si thin film having a regulated crystal orientation, 

·similarly to the apparatus 100. Consequently, a single-crystalline Si thin film having a regulated crystal 
orientation is finally formed on the substrate 11. This single-crystalline Si thin film has a (111) plane on its 
surface. 

30 In the apparatus 120, due to employment of the reflector 12e, no multiple reflection of the atom current 
is caused by the plurality of slopes 155. Thus, the substrate 11 is irradiated with no atom current from a 
direction other than the prescribed four directions. Further, the reflector 12e implements uniform irradiation 
of the substrate 11 with the atom current, whereby the substrate 11 is uniformly irradiated with the atom 
current from the prescribed four directions. Thus, the single-crystalline Si thin film is uniformly formed on 

ss the substrate 11 . 
In the apparatus 120, portions which may be irradiated with the Ne atom current or an Ne ion current 

before neutralization, such as the reflector 12e, the inner wall of the reaction vessel 1 and the sample holder 
10, for example, are made of materials causing no sputtering by the irradiation, i.e., materials having higher 
threshold energy values than the energy of the Ne ion current, such as Ta, W, Pt or the like shown in Table 

40 · 2, for example. Therefore, no sputtering is caused in these members by irradiation with the Ne atom current 
or the Ne ion current, whereby the thin film i~ prevented from contamination with material elements forming 
these members. 

Alternatively, surfaces of the members irradiated with the Ne atom current such as the upper surface of 
the screen plate 151 and the slopes 155 may be coated with materials such as Ta having high threshold 

45 energy, to attain a similar effect. 
While the structure and the operation of the apparatus 120 have been described with reference to 

formation of an Si thin film, it is also possible to form an axially oriented polycrystalline thin film of a 
material other than Si. For example, it is also possible to form a GaAs thin film. It is possible to form a 
single-crystalline thin film of an arbitrary material having a desired crystal structure and a desired crystal 

50 orientation by properly changing the structure of the reflector 12e such as the angles of inclination and the 
number of the slopes 155. The surface of the reflector 12e etc. is made of a material having higher 
threshold energy than that of the thin film. 

Alternatively, the surface of the reflector 12e etc. may be made of the same material as that for the thin 
film. When the apparatus 120 is structured as an apparatus for forming a single-crystalline thin film of Si, for 

55 example, the surface of the reflector 120 etc. may be coated with Si. In this case, no contamination of the Si 
thin film is caused by a different element even if sputtering is caused in the reflector 12e or the like. 

Further, the surface of the reflector 12e etc. may be made of a material containing an element which is 
heavier than that forming the ion current or the atom current as applied. Thus, the element forming the ion 
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current or the atom current hardly penetrates into the members following irradiation with the ion current or 
the atom current. Thus. these members are inhibited from deterioration caused by penetration of the 
different element. 

5 (A·7. Sixth Preferred Embodiment> 

An apparatus according to a sixth preferred embodiment of the present invention is now described. 
Figure 13 is a front sectional view showing the overall structure of the apparatus 121 according to this 
preferred embodiment. This apparatus 121 is, similarly to the apparatus 101 shown in Fig. 4, a single-

10 crystalline thin film forming apparatus, which is adapted to previously form a thin film of a prescribed 
material having an amorphous or polycrystalline structure on a substrate and to thereafter convert the thin 
film to a single-crystalline thin film, thereby forming a single-crystalline thin film on the substrate. 

This apparatus 121 is characteristically different from the apparatus 101 in structure of the reflector 12e. 
Furthermore, each part of the apparatus 121 is composed specific materials, as described later. A sample 

15 holder 10, which comprises a heater (not shown), can heat a substrate 11 to hold the same at a proper high 
temperature. 

Referring to Fig. 23, the basic operation of the apparatus 121 is now described. It is assumed that a 
reflector 12e is implemented by that shown in Figs. 17 to 20 and the substrate 11 is prepared from a 
polycrystalline quartz substrate, so that a single-crystalline Si thin film is formed on the quartz substrate 11. 

20 It is also assumed that a polycrystalline Si thin film is previously formed on the quartz substrate 11 by a 
well-known method such as CVD (chemical vapor deposition). 

First, the substrate 11 is mounted between the sample holder 10 and the reflector 12e. The heater 
provided in the sample holder 10 holds the substrate 11 at a temperature of 550 • C. Since this temperature 
is lower than the crystallization temperature of silicon, single-crystalline Si once formed will not return to 

25 polycrystalline Si under this temperature. At the same time, this temperature is so high that polycrystalline 
Si can be grown into single-crystalline Si from a nuclear of a seed crystal. 

For the same reason as that described in relation to the fourth preferred embodiment, an Ne atom 
current is selected as an atom current to be applied to the substrate 11, and energy of Ne plasma which is 
formed by an ECR ion source 2 is so set that energy of Ne atoms reaching the substrate 11 is lower than 

30 threshold energy in sputtering of Si. Further, the polycrystalline Si thin film which is formed on the substrate 
11 is irradiated with four components of the Ne atom current by the action of the reflector 12e. Directions of 
incidence of these four components correspond to those perpendicular to four (111) planes of the Si single 
crystal. 

Therefore, the overall region of the polycrystalline Si thin film is converted to a single-crystalline Si 
35 layer similarly to the apparatus 101. Thus, a single-crystalline Si layer having a regulated crystal orientation 

is formed on the quartz substrate 11. 
In the apparatus 121, due to employment of the reflector 12e, no multiple reflection of the atom current 

is caused by the plurality of slopes 155. Thus, the substrate 11 is irradiated with no atom current from a 
direction other than the prescribed four directions. Further, the reflector 12e implements uniform irradiation 

40 of the substrate 11 with the atom current. whereby the substrate 11 is uniformly irradiated with the atom 
current from the prescribed four directions. Thus, the single-crystalline Si thin film is uniformly formed on 
the substrate 11 . 

Similarly to the apparatus 120, portions which may be irradiated with the Ne atom current or an Ne ion 
current before neutralization, such as the reflector 12e, the inner wall of a reaction vessel 1 and the sample 

45 holder 10, for example, are made of materials causing no sputtering by the irradiation such as Ta, W, pt or 
the like shown in Table 2, for example, also in the apparatus 121. Therefore, no sputtering is caused in 
these members by irradiation with the Ne atom current or the Ne ion current, whereby the thin film is 
prevented from contamination with material elements forming these members. 

While the structure and the operation of the apparatus 121 have been described with reference to 
so formation of an Si thin film, it is also possible to form an axially oriented polycrystalline thin film of a 

material other than Si with the apparatus 121. For example, it is also possible to form a GaAs thin film. Also 
in this case, the surface of the reflector 12e etc. is made of a material having higher threshold energy than 
that forming the thin film. Alternatively, the surface of the reflector 12e etc. may be made of the same 
material as that for the thin film, similarly to the apparatus 120. Further, the surface of the reflector 12e etc. 

55 may be made of a material containing an element which is heavier than that forming the ion current or the 
atom current as applied. 
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(A·8. Seventh Preferred Embodiment> 

An apparatus according to a seventh preferred embodiment of the present invention is now described. 
Fig. 24 is a front sectional view showing the overall structure of the apparatus 123 according to this 

5 preferred embodiment. This apparatus 123 is an axially oriented polycrystalline thin film forming apparatus 
which is adapted to previously form a thin film of a prescribed material having an amorphous or 
polycrystalline structure on a substrate and to thereafter convert the thin film to an axially oriented 
polycrystalline thin film, thereby forming an axially oriented polycrystalline thin film on the substrate. 

As shown in Fig. 24, this apparatus 123 has such a structure that the reflector 12e is removed from the 
10 apparatus 121 (Fig. 23). Similarly to the apparatus 121, a sample holder 10 comprises a heater (not shown), 

which can heat a substrate 11 to hold the same at a proper high temperature. 
Referring to Fig. 24, the basic operation of the apparatus 123 is now described. It is assumed that the 

substrate 11 is prepared from a polycrystalline quartz substrate, so that an axially oriented polycrystalline Si 
thin film is formed on the quartz substrate 11. It is also assumed that a polycrystalline Si thin film is 

15 previously formed on the quartz substrate 11 by a well-known method such as CVD (chemical vapor 
deposition). This polycrystalline Si thin film may have such an ordinary polycrystalline structure that 
respective crystal grains are oriented in arbitrary directions. 

First, the substrate 11 is mounted on the sample holder 10. The heater. provided in the sample holder 
10 holds the substrate 11 at a temperature of 550 • C. Since this temperature is lower than the crystallization 

20 temperature of silicon, axially oriented polycrystalline Si once formed will not return to ordinary polycrystal· 
line Si under this temperature. At the same time, this temperature is so high that ordinary polycrystalline Si 
can be grown into axially oriented polycrystalline Si from a nuclear of a seed crystal. 

An ion current passing through an outlet 9 is converted to an atom current, which in turn is 
perpendicularly incident upon the surface of the substrate 11. For the same reason as that described in 

25 relation to the seventh preferred embodiment, an Ne atom current is selected as the atom current to be 
applied to the substrate 11, and energy of Ne plasma which is formed by an ECR ion source 2 is so set 
that energy of Ne atoms reaching the substrate 11 is lower than threshold energy in sputtering of Si. 

Thus, the. law of Bravais · acts in a portion close to the surface of the polycrystalline Si thin film, whereby 
the Si atoms are rearranged in a portion close to the surface of the polycrystalline Si thin film so that a 

30 surface perpendicular to the direction of incidence of the Ne atom current which is applied to the 
polycrystalline Si thin film defines the densest crystal plane. Namely, a layer close to the surface of the 
polycrystalline Si tin film is converted to an axially oriented polycrystalline Si layer whose uniaxial direction 
is regulated so that the (111) plane is along its surface. 

The temperature of the polycrystalline Si thin film is adjusted at 550 •, i.e., within a range suitable for 
35 growing a seed crystal, as described above. Thus, the axially oriented polycrystalline Si layer which is 

formed on the surface of the ordinary polycrystalline Si thin film serves as a seed crystal, to grow the 
axially oriented polycrystalline Si layer toward a deep portion of the ordinary polycrystalline Si thin film. 
Then, the overall region of the polycrystalline Si thin film is converted to an axially oriented polycrystalline 
Si layer. Thus, an axially oriented polycrystalline Si layer which is so oriented that the (111) plane is along 

40 its surface is formed on the quartz substrate 11. 
Alternatively, an amorphous Si thin film may be previously formed on the substrate 11 in place of the 

ordinary polycrystalline Si thin film to be thereafter treated with the apparatus 123, thereby forming an 
axially oriented polycrystalline Si thin film. 

Also in the apparatus 123, portions which may be irradiated with the Ne atom current or an Ne ion 
45 current before neutralization, such as at least surfaces of the inner wall of a reaction vessel 1 and the 

sample holder 10, for example, are made of materials causing no sputtering by the irradiation, such as Ta, 
W, Pt or the like shown in Table 2, for example, similarly to the apparatus 122. Therefore, no sputtering is 
caused in these members by irradiation with the Ne atom current or the Ne ion current, whereby the thin 
film is prevented from contamination with material elements forming these members. 

so While the structure and the operation of the apparatus 123 have been described with reference to 
formation of an Si thin film, it is also possible to form an axially oriented polycrystalline thin film of a 
material other than Si by the apparatus 123. For example, it is also possible to form a GaAs thin film. Also 
in this case, the surface of the sample holder 1 O etc. is made of a material having higher threshold energy 
than that of the thin film. Alternatively, the surface of the sample holder 10 etc. may be made of the same 

55 material as that for the thin film, similarly to the apparatus 122. Further, the surface of the sample holder 10 
etc. may be made of a material containing an element which is heavier than that forming the ion current or 
the. atom current as applied. 
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<A-9. Eighth Preferred Embodiment> 

An eighth preferred embodiment of the present invention is now described. A method according to this 
preferred embodiment is adapted to form an axially oriented polycrystalline thin film on a substrate 11 and 

5 to thereafter convert the same to a single-crystalline thin film by irradiating the film with atom currents from 
a plurality of directions, thereby forming a single-crystalline thin film on the substrate 11. To this end, the 
apparatus 122 according to the fourth preferred embodiment may be employed to form an axially oriented 
polycrystalline thin film on the substrate 11, so that this thin film is converted to a single-crystalline thin film 
through the apparatus 121 according to the seventh preferred embodiment, for example. 

10 Alternatively, the apparatus 120 according to the eighth preferred embodiment may be employed to 
form an axially oriented polycrystalline thin film by executing supply of reaction gas and application of an 
atom current at first while removing the reflector 12e, so that the reflector 12e is thereafter set in the 
apparatus 120 to execute application of an atom current while heating the substrate 11 for converting the 
thin film to a single-crystalline thin film, thereby forming a single-crystalline thin film on the substrate 11. 

15 Alternatively, a thin film having an amorphous structure or an ordinary polycrystalline structure may be 
previously formed on the substrate 11 by CVD or the like so that the thin film is thereafter converted to an 
axially oriented polycrystalline thin film through the apparatus' 123 and thereafter the film is further 

· converted to a single-crystalline thin film through the apparatus 121, thereby forming a single-crystalline thin 
film on the substrate 11. 

20 Thus, in the method according to this preferred embodiment, an axially oriented polycrystalline thin film 
is previously formed before a single-crystalline thin film is formed on the substrate 11. Even if a portion 
which is hard to form a single-crystalline thin film is present on the substrate 11, therefore, mechanical and 
electrical properties of the thin film are not remarkably deteriorated since the portion is provided with an 
axially oriented polycrystalline thin film having characteristics which are close to those of a single-crystalline 

25 thin film. Namely, it is possible to obtain a thin film having properly excellent characteristics without 
precisely executing a step of forming a single-crystalline thin film. 

This is particularly effective when it is difficult to uniformly irradiate a prescribed region of the substrate 
11 with atom currents from a plurality of directions since the substrate 11 is not in the form of a flat plate 
but is in the form of a cube, or a screen having a thickness is formed on the surface of the substrate 11. 

30 Figs. 25 to 27 show such examples. 
Fig. 25 is a sectional view typically illustrating such a state that the surface of a sample 170 comprising 

a substrate 11 having a cubic shape and an axially oriented polycrystalline Si thin · film 171 previously 
formed thereon is irradiated with Ne atom currents from two directions. As shown in Fig. 25, the sample 170 
has a cubic shape and hence the sample 170 itself serves as a screen for the atom currents. Consequently, 

35 a specific region of the axially oriented polycrystalline Si thin film. 171 is irradiated with the Ne atom current 
from only one direction, and no irradiation from two directions is implemented. 

Figs. 26 and 27 are sectional views typically showing steps of selectively forming a single-crystalline Si 
thin film on a substrate 11 through a masking member 172 in a process of fabricating a thin-film 
semiconductor integrated circuit. An amorphous or ordinary polycrystalline Si thin film 174 is previously 

40 formed on the substrate 11 by CVD or the like. Thereafter the apparatus 123 is employed to perpendicularly 
irradiate the upper surface of the Si thin film 174 with an Ne atom current through an opening of the 
masking member 172 which is made of SiO:! or the like, thereby selectively forming an axially oriented 
polycrystalline Si thin film 171 immediately under the opening of the masking member 172 (Fig. 26). 

Then, the apparatus 121 is employed to irradiate the upper surface of the Si thin film 171 with Ne atom 
45 currents from a plurality of directions through the opening of the masking member 172, thereby converting 

the axially oriented polycrystalline Si thin film 171 to a single-crystalline Si thin film (Fig. 27). At this time, a 
portion close to an edge of the opening of the masking member 172 is not sufficiently irradiated with the Ne 
atom currents from the plurality of directions since the masking member 172 has a constant thickness. 
Thus, the single-crystalline Si thin film is hardly formed in the portion close to the edge of the opening of 

50 the masking member 172. However, at least the axially oriented polycrystalline Si thin film is provided in 
this portion even if no single-crystalline Si thin film is formed, whereby it is possible to minimize 
deterioration of electrical properties such as carrier mobility. 

In the method according to this preferred embodiment, one of the plurality of directions of incidence of 
the atom currents which are applied to carry out conversion to a single-crystalline thin film is preferably 

55 coincident with the direction of incidence of the atom current which is applied in advance for forming the 
axially oriented polycrystalline thin film. In this case, conversion to a single-crystalline thin film is carried out 
without changing the common uniaxial direction in the axially oriented polycrystalline thin film, whereby the 
step of conversion to a single-crystalline thin film smoothly progresses in a short time. 
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(A-10. Ninth Preferred EmbodimenO 

A ninth preferred embodiment of the present invention is now described. 

5 (A-10·1. Structure of Apparatus) 

Fig. 28 is a front sectional view showing the overall structure of an apparatus 124 according to this 
preferred embodiment. This apparatus 124 is adapted to convert an amorphous, polycrystalline, or axially 
oriented polycrystalline thin film which is previously formed on a substrate 11 to a single-crystalline thin 

10 film, thereby forming a single-crystalline thin film on the substrate 11. 
This apparatus 124 is characteristically different from the apparatus 121 in a point that a reflecting unit 

160 is set in place of the reflector 12e. The reflecting unit 160, which is adapted to generate a plurality of 
atom current components to be incident upon the substrate 11 at a plurality of prescribed angles of 
incidence, is set on a sample holder 10, to be located above the substrate 11. The sample holder 10 

15 comprises a heater (not shown), which can heat the substrate 11 to maintain the same at a proper high 
temperature. 

(A-10-2. Structure and Operation of Reflecting UniO 

20 The structure and the operation of the reflecting unit 160 are now described. Figs. 29 and 30 are a front 
sectional view and a plan sectional view showing the structure of the reflecting unit 160 respectively. The 
reflecting unit 160 illustrated in Figs. 29 and 30 is adapted to form a single crystal of a diamond structure 
such as single-crystalline Si. This reflecting unit 160 is arranged directly under an ion outlet 9 of an ECR 
ion source 2, i.e., downstream an atom current which is generated by the ECR ion source 2 to be 

25 downwardly directed. 
A screen plate 164 which can selectively screen the atom current supplied from the ECR ion source 2 

is horizontally provided on an upper portion of the reflecting unit 160. The reflecting unit 160 is so set that a 
distance between the outlet 9 and this screen plate 164 is at a sufficient value, such as at.least 14 cm, for 
example, for· ·converting an ion current outputted from the ECR ion source 2 to a neutral atom current. 

30 Namely, a substantially neutral atom current reaches the screen plate 164. Openings 162 are provided in 
this screen plate 164, to be in four-fold rotation symmetry about a central axis of the atom current from the 
ECR ion source 2. The atom current from the ECR ion source 2 passes only through the openings 162, to 
further flow downwardly. 

A reflecting block 166 is set immediately under this screen plate 164. This reflecting block 166 is in the 
35 form of a four-fold rotary-symmetrical cone whose symmetry axis is coincident with the central axis of the 

atom current, and four side surfaces of the cone are located immediately under the four openings 162 
respectively. These side surfaces are not necessarily plane, but are curved in general. These four side 
surfaces serve as reflecting surfaces for reflecting the atom current. Namely, the atom current passing 
through the openings 162 is reflected by the four side surfaces of the reflecting block 166, whereby four 

40 atom current components progressing toward directions separated from the central axis are obtained. 
These four atom current components are divergent beams whose beam sections are two-dimensionally 

(planarly) enlarged. These four components pass through a rectifying member (rectifying means) 168 so 
that directions of progress thereof are accurately regulated in desired directions, to be thereafter incident 
upon four reflectors 169 respectively. The rectifying member 168, which is adapted to regulate the 

45 directions of the atom current components radially from the side surfaces of the reflecting block 166 toward 
the reflecting plates 169, can be formed by a well-known technique. 

These four reflectors 169 are arranged around the substrate 11, which is the target of irradiation, to be 
four-fold rotation symmetrical about the symmetry axis of the reflecting block 166 (Fig. 30 typically shows 
only one reflector 169. Fig. 30 also illustrates only an atom current which is incident upon and reflected by 

50 an upper half portion of the single reflector 169). The atom current component which is incident upon each 
reflector 169 is again reflected by its reflecting surface. The reflecting surface of each reflector 169 has a 
shape of a proper concave surface. Therefore, the divergent atom current components are reflected by the 
reflecting surfaces and properly focused as the result, to form parallel beams which are uniformly applied to 
the overall upper surface of the substrate 11. Further, the parallel beams are incident upon the upper 

55 surface of the substrate 11 from four directions at angles of incidence of 55 • , for example. 
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(A-10·3. Operation of Apparatus 124} 

Referring to Fig. 28, the operation of the apparatus 124 is now described. It is assumed that the 
substrate 11 is prepared from an amorphous or polycrystalline SiO:i (quartz) substrate, so that a single

s crystalline Si thin film (which includes an axially oriented polycrystalline Si thin film) is formed on the quartz 
substrate 11. A polycrystalline Si thin film is previously formed on the quartz substrate 11 by CVD 
(chemical vapor deposition), for example. 

First, the substrate 11 is mounted between the sample holder 10 and the reflecting unit 160. The heater 
provided in the sample holder 10 holds the sample, i.e., the substrate 11 and the polycrystalline Si thin film, 

10 at a temperature of 550 • C. Similarly to the apparatus 121, a gas which is introduced from an inert gas inlet 
pipe 7 is preferably prepared from inert Ne gas having smaller atomic weight than Si atoms. 

Due· to the action of an ECR ion source 2, an Ne atom current is supplied to the reflecting unit 160, to 
be incident upon the overall upper surface of the substrate 11 from four directions at angles of incidence of 
55 • , for example. In this case, the directions of incidence of the four Ne atom current components 

15 correspond to four directions which are perpendicular to four independent densest crystal planes of an Si 
single crystal to be formed, i.e., (111) planes. Similarly to the apparatus 121, energy of plasma which is 
formed by the ECR ion source 2 is so set that energy of the Ne atoms reaching the substrate 11 is lower 
than threshold energy in sputtering of Si by irradiation with the Ne atoms. 

Thus, the law of Bravais acts on the polycrystalline Si thin film, whereby the Si atoms are rearranged in 
20 a portion close to the surface of the polycrystalline Si thin film so that surfaces perpendicular to the 

directions of incidence of the four components of the Ne atom current which is applied to the polycrystalline 
Si thin film define densest crystal planes. Namely, a layer in the vicinity of the polycrystalline Si thin film is 
converted to a single-crystalline Si layer having a regulated crystal orientation. 

The temperature of the polycrystalline Si thin film is adjusted at 550 ·, i.e., within a range suitable for 
2s growing a seed crystal, as described above.' Thus, the single-crystalline Si layer which is formed on the 

surface of the polycrystalline Si thin film serves as a seed crystal, to grow the single-crystalline Si layer 
toward a deep portion of the polycrystalline Si thin film. After a lapse of a constant time, the overall region 
of the polycrystalline Si thin film is converted to a single-crystalline Si layer. Thus, a single-crystalline Si 
layer having a regulated crystal orientation is formed on the quartz substrate 11. The single-crystalline Si 

30 thin film as formed is so oriented that the (100) plane is along its surface. 
The angle of incidence of 55 • shown in Fig. 29 is a mere example as a matter of course, and it is 

possible to introduce parallel beams into the substrate 11 at an arbitrary angle of incidence which is 
decided in response to the crystal structure of the desired single-crystalline thin film by properly changing 
the shapes and directions of the reflectors 169. Since the divergent beams are generated by the reflecting 

35 block 166, it is possible to uniformly irradiate a wide substrate 11. with parallel beams by properly adjusting 
the distances between the reflectors 169 and the symmetry axis of the reflecting block 166 in response to 
the width of the substrate 11. 

Thus, according to this apparatus 124, it is possible to uniformly irradiate the overall surface of the 
substrate 11 having an area which is extremely larger than the section of each beam supplied from the ECR 

40 ion source 2 with atom current components at desired angles of incidence. Namely, it is possible to 
uniformly and efficiently form a desired single-crystalline thin film on the substrate 11 having a large area. 

Further, it is possible to independently adjust the amounts of the four component beams passing 
through the openings 162 by independently adjusting the areas of the four openings 162 provided in the 
screen plate 164. Thus, it is possible to optimumly set the respective amounts of the four component 

45 beams which are applied to the upper surface of the substrate 11 from a plurality of directions. For 
example, it is possible to uniformly regulate the amounts of the four component beams. Thus, a high-quality 
single-crystalline thin film can be efficiently formed. 

Similarly to the apparatus 121, at least surfaces of respective members of the reflecting unit 160 such 
as the reflecting block 168, the rectifying member 168 and the reflectors 169 which are irradiated with the 

so atom current components may be made of materials such as Ta, W, pt or the like having higher threshold 
energy in sputtering than the thin film to be formed. Alternatively, the surfaces of the respective members 
of the reflecting unit 160 may be made of the same material as that for the thin film, similarly to the 
apparatus 121. Further, the surfaces of the respective members of the reflecting unit 160 may be made of a 
material containing an element which is heavier than that forming the ion current or the atom current as 

ss applied. 
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(A-11. Tenth Preferred Embodiment> 

An apparatus according to a tenth preferred embodiment of the present invention is now described. Fig. 
31 is a front sectional view showing the overall structure of a beam irradiator according to this preferred 

5 · embodiment. This apparatus 125 is adapted to form a polycrystalline thin film on a substrate 11 and to 
irradiate the same with an atom current at the same time, thereby sequentially converting the polycrystalline 
thin film as t;ieing grown to a single-crystalline thin film, similarly to the apparatus 120. 

To this end, a reaction chamber 8 communicates with reaction gas supply pipes 13 in the apparatus 
125, similarly to the apparatus 120. Reaction gases are supplied through the reaction gas supply pipes 13, 

10 tor forming a film of a prescribed material on the substrate 11 by plasma CVD. The preferred embodiment 
shown in Fig. 31 is provided with three reaction gas supply pipes 13a, 13b and 13c. Other structural 
characteristics of this apparatus 125 are similar to those of the apparatus 124. 

The apparatus 125 operates as follows: Similarly to the sixth preferred embodiment, it is assumed that 
the substrate 11 is prepared from polycrystalline SiO:i (quartz), so that a thin film of single-crystalline Si is 

15 formed on the quartz substrate 11. The reaction gas supply pipes 13a, 13b and 13c supply Si~ (silane) 
gas for supplying Si, which is a main material for the single-crystalline Si, and ~H3 (diborane) gas and PH3 
(phosphine) gas for doping the substrate 11 with p-type and n-type impurities respectively. Ne gas is 
introduced from an inert gas inlet pipe 7 into a plasma chamber 4. 

Due to the reaction gases supplied from the reaction gas supply pipes 13a, 13b and 13c and an Ne+ 
20 ion current or an Ne atom current generated by an ECR ion source 2, plasma CVD reaction progresses on 

the upper surface of the substrate 11, thereby growing an Si thin film of an amorphous structure. 
The Ne atom current downwardly flowing from the ECR ion source 2 is incident upon the overall 

surface of the Si thin film being formed on the upper surface of the substrate 11 from four directions having 
angles of incidence of 55 • , tor example, due to action of a reflecting unit 160. Similarly to the apparatus 

25 120, energy of plasma which is formed by the ECR ion source 2 is so set that incident energy of the four 
components is lower than threshold energy with respect to Si. Thus. the law of Bravais acts on the 
amorphous Si thin film as being grown, whereby the amorphous Si thin film being grown by plasma CVD is 
sequentially converted to a single-crystalline Si thin film having a regulated crystal orientation. As the result, 
single-crystalline Si having a single crystal orientation is formed on the substrate 11. 

so Also in this apparatus 125, the reflecting unit 160 is so employed that it is possible to uniformly irradiate 

35 

the overall surface of the substrate 11 having an area which is extremely larger than the section of each 
beam supplied from the ECR ion source 2 with atom current components at desired angles of incidence 
without scanning the substrate 11, due to employment of the reflecting unit 160. Namely, it is possible to 
uniformly and efficiently form a desired single-crystalline thin film on the substrate 11 having a large area. 

(A·12. Eleventh Preferred Embodiment> 

An apparatus 126 according to an eleventh preferred embodiment of the present invention is now 
described. Figs. 32 to 34 are a perspective view, a plan view and a front elevational view showing the 

4-0 · apparatus 126 according to this preferred embodiment respectively. With reference to Figs. 32 to 34, the 
structure and the operation of the apparatus 126 according to this preferred embodiment are now 
described. 

In this apparatus 126, an ECR ion source 2 is set in a horizontal state, to supply a gas beam in a 
horizontal direction which is parallel to the surface of a horizontally set substrate 11. A reflecting unit 180 is 

45 interposed in a path of the gas beam which is supplied from the ECR ion source 2 to reach the upper 
surface of the substrate 11 . 

In the reflecting unit 180, a reflecting block 186, a screen plate 184, a rectifying member 188 and a 
reflector 190 are successively arranged along the path of the gas beam. The reflecting block 186 is 
rotated/driven about its central axis which is in the form of a perpendicular prism. A distance between an 

50 outlet 9 and the reflecting block 186 is set at a sufficient length of at least 14 cm, for example, for 
converting an ion current which is outputted from the ECR ion source 2 to a neutral atom current. Thus, a 
substantially neutral atom current reaches the reflecting block 186. 

Fig. 35 is a plan view for illustrating the operation of the reflecting block 186. As shown in Fig. 35, an 
atom current which is incident upon the reflecting block 186 is scattered to a number of directions in a 

55 horizontal plane by rotation of the reflecting block 186. Namely, the reflecting block 186 substantially 
generates divergent beams whose beam sections are enlarged linearly or in the form of strips, i.e., 
substantially one-dimensionally, with progress of the beams. 
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The screen plate 184 selectively passes only components of the divergent atom current having 
scattering angles in a specific range. The atom current components passed through the screen plate 184 
are passed through the rectifying member 188, to be precisely regulated in directions of progress. The 
rectifying member 188 is structured similarly to the rectifying member 168. In place of the shape of a prism 

5 shown in Fig. 35, the reflecting block 186 may be in the form of a triangle pole, a hexagonal pole or the like, 
for example. 

Referring again to Figs. 32 to 34, the atom current components passed through the rectifying member 
188 are incident upon the reflector 190 which is in the form of a strip along the horizontal direction. A 
reflecting surface of the reflector 190 has a proper concave shape. Thus, the divergent atom current 

10 components are reflected by this reflecting surface and properly focused to form parallel beams, which are 
applied to the upper surface of the substrate 11 linearly or in the form of strips. Further. the parallel beams 
are incident upon the upper surface of the substrate 11 at angles of incidence of 35 •, for example. As 
shown in Fig. 33, two sets of the members from the reflecting block 186 to the reflector 190 arranged along 
the path of the atom current are set. Thus. atom currents are incident upon the substrate 11 from opposite 

15 two directions at angles of incidence of 35 • respectively. 
Each atom current is scattered by each reflecting block 186 to be substantially one-dimensionally 

diverged, whereby it is possible to apply parallel beams to a linear or strip-shaped region having a width 
which is extremely larger than the diameter of the beam supplied from the ECR ion source 2 by sufficiently 
setting the distance between the reflecting block 186 and the reflector 190. 

20 The apparatus 126 has a sample holder (not shown) for receiving the substrate 11, and this sample 
holder is horizontally movable by a horizontal moving mechanism (not shown). Following such horizontal 
movement of the sample holder, the substrate 11 is moved in parallel along a direction perpendicular to 
(intersecting with) the linear or strip-shaped region receiving the atom currents. Thus, it is possible to 
implement irradiation of the overall region of the substrate 11 by scanning the substrate 11. Due to such 

25 scanning of the substrate 11, it is possible to uniformly irradiate the .wide substrate 11 with atom current 
components. 

This apparatus 126 may comprise reaction gas supply pipes 13a, 13b and 13c similarly to the 
apparatus 120, to form a thin film of a prescribed material on the substrate 11 and to sequentially convert 
the thin film to a single crystal. Alternatively, the sample holder may be provided with a heater similarly to 

30 the apparatus 121, to convert a thin film of a prescribed material which is previously deposited on the 
substrate 11 to a single~rystalline thin film. Since the two atom currents are incident from opposite 
directions at the same angles of incidence of 35 • , the single-crystalline thin film formed on the substrate 11 
is so oriented that its (110) plane is along its surface. 

It is possible to form a single-crystalline thin film which is so oriented that a crystal plane other than the 
35 (110) plane is along its surface, by changing the positional relation between the reflecting units 180, the 

angles of the reflectors 190 and the like. For example, it is possible to form a single-crystalline thin film 
which is so oriented that its (100) plane is along its surface by arranging at least two sets of reflecting units 
180 so that central axes of atom currents from the reflecting blocks 186 toward the reflectors 190 are at 
angles of 90 • or 180 • and setting shapes and directions of the reflectors 190 so that angles of incidence of 

40 the atom currents incident upon the substrate 11 from the reflecting units 180 are 55 • . 
Further, it is possible to form a single-crystalline thin film which is so oriented that its (111) plane is 

along its surface by arranging at least two sets of three sets of of reflecting units 180 so that central axes of 
atom currents from the reflecting blocks 186 toward the reflectors 190 are each shifted by 120• and setting 
shapes and directions of the reflectors 190 so that angles of incidence of the atom currents incident upon 

45 the substrate 11 from the reflecting units 180 are at 70 •. 
Similarly to the apparatus 124, at least surfaces of respective members of the reflecting units 160 such 

as the reflecting blocks 168, the rectifying members 168 and the reflectors 169 which are irradiated with the 
atom current components may be made of materials such as Ta, W, Pt or the like having higher threshold 
energy in sputtering than the thin film to be formed. Alternatively, the surfaces of the respective members 

50 of the reflecting units 160 may be made of the same material as that for the thin film. Further, the surface of 
the respective members of the reflecting units 160 may be made of a material containing an element which 
is heavier than that forming the ion current or the atom current as applied. 

55 

(A-13. Twelfth Preferred Embodiment} 

An apparatus 127 according to a twelfth preferred embodiment of the present invention is now 
described. Fig. 36 is a perspective view showing the structure of the apparatus 127 according to this 
preferred embodiment. As shown in Fig. 36, this apparatus 127 comprises a reflecting unit 191. This 
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reflecting unit 191 is characteristically different from the reflecting unit 180 in a point that the same has an 
electrostatic electrode 306 in place of the reflecting blocks 186. An ion current is incident upon the 
electrostatic electrode 196, in place of a neutral atom current. Namely, a distance between an outlet 9 and 
this electrostatic electrode 196 is set to be sufficiently short so that the ion current outputted from an ECR 

5 ion source 2 is hardly converted to a neutral atom current but incident upon the electrostatic electrode 196 
as such. 

The electrostatic electrode 196 is provided with an ac power source 197. This ac power source 197 
supplies a fluctuation voltage which is formed by an alternating voltage superposed on a constant bias 
voltage to the electrostatic electrode 196. Consequently, the ion current which is incident upon the 

10 electrostatic electrode 196 is scattered into a number of directions within a horizontal plane by action of a 
fluctuating electrostatic field. 

Thus, scattering of the ion current is implemented by the fluctuation voltage which is supplied by the ac 
power source 197 in this apparatus 127, whereby it is possible to easily suppress scattering of the ion 
current in unnecessary directions cut by screen plates 184. Namely, it is possible to efficiently apply the ion 

15 current which is supplied by the ECR ion source 2 to a substrate 11. Further, it is also possible to scatter 
the ion current to respective scattering. directions with higher uniformity by setting the waveform of the 
fluctuation voltage supplied by the ac power source 197 in the form of a chopping wave, for example. 

20 

(A-14. Modifications of Fifth to Twelfth Preferred Embodiments> 

(1) While the shapes of the reflecting blocks 166 and the arrangement of the reflectors 169 are selected 
to four-told rotation symmetry in the sixth and tenth preferred embodiments, the same can alternatively 
be selected in two-told or three-fold rotation symmetry, tor example. Namely, it is possible to arbitrarily 
select the number of components of the atom current which are incident at different angles of incidence 

2s in response to the crystal structure of the desired single-crystalline thin film. The shape of the reflecting 
block 166 may be selected in a rotation symmetrical manner such as in the form of a cone. At this time, 
only a single reflecting block 166 is available regardless of the number of the directions of incidence 
upon the substrate 11. Thus, it is also possible to form a single-crystalline thin film having a crystal 
structure other than a diamond structure according to the inventive apparatus, while it is also possible to 

30 form a single-crystalline thin film having various crystal orientations in a single crystal structure. Further, 
the material for forming the single-crystalline thin film is not restricted to Si since it is possible to cope 
with an arbitrary crystal structure, whereby it is possible to form a semiconductor single-crystalline thin 
film of GaAs or GaN, for example. 
(2) In each of the ninth and tenth preferred embodiments, each rectifying member 168 tor rectifying the 

35 directions of the atom current components may be interposed in a path ot the atom current which is 
reflected by the reflector 169 and directed toward the substrate 11, in place of the path of the atom 
current directed from the reflecting block 166 toward the reflector 169. Further, the rectifying members 
168 may be interposed in both of these paths. 

On the other hand, the apparatus may not be provided with the rectifying members 168. When the 
4() apparatus is provided with the rectifying members 168, however, it is possible to precisely set the 

directions of incidence of the atom current components upon the substrate 11 without strictly setting the 
shapes, arrangement etc. of the reflecting blocks 166 and the reflectors 169. 

The above also applies to the rectifying members 188 in the eleventh and twelfth preferred 
embodiments. 

45 (3) In each of the fourth to eleventh preferred embodiments, the ECR ion source 2 may be replaced by 
another beam source for generating a neutral atom current or a neutral molecular flow, or a neutral 
radical flow. A beam source for generating such a neutral atom or radical current has already been 
commercially available. Since a neutral atom or radical beam can be obtained by such a beam source, it 
is possible to form a single-crystalline thin film on an insulating substrate 11 with no requirement tor 

50 means for neutralizing an ion current, similarly to the case of employing the ECR ion source 2. 
(4) In each of the fourth to twelfth preferred embodiments, the ECR ion source 2 may be replaced by 
another ion source such as a Cage type or Kaufmann type source. In this case, however, the flow of the 
as-generated ion current may be diffused by repulsive force by static electricity. between ions to be 
weakened in directivity, and hence means for neutralizing the ions or means such as a collimator tor 

55 improving directivity of the ion current is preferably interposed in the path of the ion current. 
Particularly when the substrate 11 is made of an electrically insulating material, means for neutraliz

ing ions is preferably interposed in the path of the ion current, in order to prevent the substrate 11 from 
accumulation of electric charges inhibiting progress of irradiation. In the apparatus according to each 
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preferred embodiment comprising the ECR ion source 2, on the other hand, a neutral atom current can 
be easily obtained in a shape close to a parallel current with no means for neutralizing the ion current. 

When means for neutralizing ions is set in the apparatus according to the twelfth preferred 
. embodiment, the same is set downstream the electrostatic electrode 196. 

5 (5) The beam irradiator described in each of the aforementioned preferred embodiments is not restricted 
to an apparatus for forming a single-crystalline thin film, but is also applicable to an apparatus for 
applying gas beams from a plurality of directions tor another purpose. Particularly the apparatus shown 
in each of the ninth to twelfth preferred embodiments is suitable tor a purpose of uniformly irradiating a 
wide substrate with gas beams from a plurality of directions. 

10 (6) When the thin film to be formed contains N (nitrogen element) which is a gas under a normal 
temperature such as GaN in each of the fourth to twelfth preferred embodiments, the gas may be 
prepared from gaseous nitrogen. In this case, the characteristics of the thin film will not be deteriorated 
even if the gas remains in the thin film. 

15 (B. Preferred embodiments in Relation to Selective Formation and Further Efficient Formation of Single· 
Crystalline Thin Film) 

On the basis of the aforementioned method, description is now made o.n preferred embodiments in 
relation to methods enabling selective formation of single-crystalline thin films on specific regions of 

20 substrates and further efficient formation of single-crystalline thin films on substrates. 

(B-1. Thirteenth Preferred embodiment> 

Figs. 37 to 42 are process diagrams in relation to a method according to a thirteenth preferred 
25 embodiment. First. an upper surface of an Si single-crystalline substrate 102 is oxidized to form an Si(h 

film 104 which is an insulator, as shown in Fig. 37. Further, an amorphous or polycrystalline Si thin film 106 
is formed on the Si(h film 104 by CVD, tor example. 

Then, a thin film 108 of Si(h or Sb N4 is formed on the Si thin film 106 and thereafter this thin film 108 
is selectively etched to form an opening in a desired specific region, as shown in Fig. 38. This thin film 108 

30 having an opening serves as a masking material in a subsequent step. The selective etching is carried out 
by well-known photolithography sequentially through processes of resist application, pre-baking, exposure, 
development and post-baking. At this time, the exposure is carried out through a masking material having a 
prescribed pattern enabling selective etching, and separation of a resist material is carried out after the 
exposure. A portion of the Si thin film 106 which is exposed in the opening is subjected to washing by a 

35 method such as the so-called reverse sputtering or the like. 
Thereafter the apparatus 101 is employed to irradiate the overall upper surface of the Si single

crystalline substrate 102 with an Ne atom current 110 from directions which are perpendicular to a plurality 
of densest planes of a single-crystalline thin film to be formed with proper irradiation energy, as shown in 
Fig. 39. Ne atoms are lighter than Si which is an element forming the Si thin film 106 as irradiated and Si 

40 which has the maximum atomic weight among elements forming the masking material 108 as irradiated, 
whereby the same hardly remain in the ·masking material 108 and the Si thin film 106 following the 
irradiation. 

The Si thin film 106 is selectively irradiated with the Ne atom current only in the opening of the masking 
material 108. Therefore, the Si thin film 106 is selectively converted to a single-crystalline layer 112 having 

45 a regulated crystal orientation in a region corresponding to the opening of the masking material 108, i.e., the 
aforementioned specific region, as shown in Fig. 40. 

Then, the masking material 108 is remove and the upper surface is thermally oxidized to form an oxide 
film 114, as shown in Fig. 41. In general, a reaction rate of thermal oxidation in an amorphous or 
polycrystalline layer is larger by 2 to 5 times than that in a single-crystalline layer. Therefore, a portion of 

50 the oxide film 114 located on the Si thin film 106 is larger in thickness by about 2 to 5 times than that 
located on the single-crystalline layer 112. 

Thereafter the overall upper surface of the oxide film 114 is properly etched to expose the upper 
surface of the single-crystalline layer 112, as shown in Fig. 42. At this time, the oxide film 116 remains on 
the Si thin film 106. The single-crystalline layer 112 can be provided with a desired element such as a 

55 transistor element, for example. At this time, the oxide film 116 serves as the so-called LOCOS (local 
oxidation of silicon) layer which isolates the element formed on the single-crystalline layer 112 from other 
elements. The Si single-crystalline substrate 102 itself is already provided therein with desired elements. 
Therefore, it is possible to implement a device having a three-dimensional structure by integrating a new 
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element into the single-crystalline layer 112. In the method according to this preferred embodiment, the 
LOCOS layer is formed on an amorphous or polycrystalline layer, whereby the same can be efficiently 
formed in a short time, to improve the throughput in an thermal oxidation device. 

In the method according to this preferred embodiment, further, a single-crystalline thin film. can be 
5 formed on the Si02 film 104 which is an insulator, whereby the element provided in the Si single-crystalline 

substrate 102 can be easily isolated from a new element provided thereon. 

(B-2. Fourteenth Preferred embodiment> 

10 Figs. 43 to 51 are process diagrams in relation to a fourteenth preferred embodiment. As shown in Fig. 
43, a transistor is previously formed on a single-crystalline Si substrate. Namely, n-type source and drain 
layers 204 and 206 which are isolated from each other are selectively formed on an upper surface of a p
type single-crystalline Si substrate 202. Further, a gate electrode 210 is formed on the upper surface of the 
substrate 202 in a region corresponding to that between these layers 204 and 206, through a gate oxide 

15 film 208. Namely, this transistor is an n-channel MOS transistor. The gate oxide film 208 is made of Si~. 
and the gate electrode 210 is made of polycrystalline Si. · 

Then, an insulating film 212 of Si02 is formed entirely overthe upper surfaces of the substrate 202 and 
the gate electrode 210, as shown in Fig. 44. Thereafter an amorphous or polycrystalline Si film 214 is 
formed on the overall surface of the insulating film 212, as shown in Fig. 45. 

20 Then, the Si film 214 is selectively etched to be left only in a desired specific region. Fig. 46 shows an 
Si film 216 which is defined in the specific region by the selective etching. 

Then, the apparatus 101 is employed to irradiate overall upper surfaces of the insulating film 212 and 
the Si film 216 with an Ne atom current 218 from directions which are perpendicular to a plurality of 
densest planes of a single-crystalline thin film to be formed with proper irradiation energy, as shown in Fig. 

25 47. Ne atoms are lighter than Si forming the Si film 216 and the insulating film 212, whereby the same 
hardly remain in these layers following the irradiation. Due to this irradiation, the Si film 216 is converted to 
a single-crystalline Si thin film 220 having a regulated crystal orientation, as shown in Fig. 48. At this time, a 
region of the insulating film 212 which is exposed on the upper surface is also converted to a single
crystalline thin film. 

30 Then, the single-crystalline Si thin film 220 is doped with an n-type impurity, to be converted to an n-
type Si thin film, as shown in Fig. 48. Thereafter a gate oxide film 228 and a gate electrode 230 are 
selectively formed oil the upper surface of the n-type single-crystalline thin film 220. Further, these are 
employed as masks to selectively dope the upper surface of the single-crystalline Si thin film 220 with a p
type impurity, thereby forming a drain layer 224 and a source layer 226. Namely, these layers are formed 

35 by self alignment. Due to this step, the single-crystalline Si thin film 220 forms a p-channel MOS transistor. 
Then, an insulating film 232 of Si~ or the like is formed over the entire upper surface. Then, desired 

portions of the insulating films 232 and 212 are selectively etched to form an opening serving as a contact 
hole. Further, a conductive wiring layer 234 of aluminum, for example, is applied onto the overall upper 
surface of the insulating film 232 including the contact hole, and thereafter the wiring layer 234 is selectively 

40 removed to couple the elements in a desired manner (Fig. 50). 
As hereinabove described, it is possible to selectively form a single-crystalline layer on a desired 

specific region of the substrate 202 in the method according to this preferred embodiment. Further, it is 
possible to implement a device having a three-dimensional structure by forming a new element on the 
single-crystalline layer, since the substrate 202 itself is already provided with an element. In the method 

45 according to this preferred embodiment, a single-crystalline thin film can be formed on the insulating film 
212 of Si~, whereby the element provided in the substrate 202 can be easily isolated from a new element. 
provided thereon in the three-dimensional device. 

Further, it is also possible to form a plurality of new elements on the substrate 202, as shown in Fig. 51. 
At this time, two new elements (two p-channel MOS transistors in Fig. 51) are provided in single-crystalline 

50 Si thin films 220 which are formed independently of each other. Thus, these elements can be easily isolated 
with no provision of a LOCOS layer or an isolation layer. Consequently, steps of manufacturing the device 
are simplified and the degree of integration of the elements is improved. 

Although an n-type impurity is introduced into the selectively formed single-crystalline Si thin films 220 
in the aforementioned preferred embodiment, the same may alternatively be introduced in the stage of the 

55 Si film 216, or into the overall surface of the Si film 214. In any method, it is possible to finally form the 
device of the three-dimensional structure shown in Fig. 50 or 51. 
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(B-3. Fifteenth Preferred embodiment> 

As hereinabove described, the Si film 214 (Fig. 45) is selectively removed to form the Si film 216 (Fig. 
46) and thereafter an Ne atom current is applied (Fig. 47) to convert the same to the single-crystalline Si 

5 thin film 220 (Fig. 48). Alternatively, the overall upper surface of the Si film 214 shown in Fig. 45 may be 
irradiated with the Ne atom current to be converted to a single-crystalline thin film, so that the Si film 214 is 
thereafter selectively removed to form the single-crystalline Si thin film 220 shown in Fig. 48. Subsequent 
steps are similar to those of the fourteenth preferred embodiment. 

10 <B·4. Sixteenth Preferred embodiment> 

As hereinabove described, the amorphous or polycrystalline Si film 214 is previously formed (Fig. 45) 
and thereafter irradiated with the Ne atom current, to be converted to a single-crystalline thin film in the 
fifteenth preferred embodiment. Alternatively, the apparatus 100 may be employed after the step shown in 

15 Fig. 43 is completed to grow an amorphous Si thin film on the insulating film 212 while simultaneously 
carrying out application of an Ne atom current, thereby forming a single-crystalline Si thin film on the 
insulating film 212. Thereafter the single-crystalline Si thin film is selectively removed, to form the single· 
crystalline Si thin film 220 shown in Fig. 48. Subsequent steps are similar to those of the fourteenth and 
fifteenth preferred embodiments. 

20 

<B·5. Seventeenth Preferred embodiment> 

Figs. 52 to 60 are process diagrams in relation to a method according to a seventeenth preferred 
embodiment. As shown in Fig. 52, an amorphous or polycrystalline Si thin film is first formed on a substrate 

2s 502 which is made of Si°'1, by CVD or the like. Thereafter the apparatus 100 is employed to irradiate the Si 
thin film with an Ne atom current, thereby converting the Si thin film to a single-crystalline Si thin film 504 
which is regulated in crystal orientation so that a (100) plane is exposed on the upper surface, Alternatively, 
the apparatus 101 may be employed in place of the apparatus 100, to grow an amorphous Si thin film on 
the substrate 502 while irradiating the same with an Ne atom current for forming the single-crystalline Si 

30 thin film 504. 
Then, the upper surface of the single-crystalline Si thin film 504 is selectively thermally oxidized, to 

form LOCOS layers 506, as shown in Fig. 53. Thereafter p-type or n·type impurities are introduced into the 
respective ones of single-crystalline Si thin film regions 508, 510 and 512 which are isolated from each 
other by the LOCOS layers 506, thereby converting these single-crystalline Si thin film regions 508, 510 

35 and 512 top-type or n-type semiconductor regions, as shown in Fig. 54. 
Then, gate oxide films 514 and 515 of Si02 and gate electrodes 516 and 517 of polycrystalline Si are 

formed on the upper surfaces of the single-crystalline Si thin film regions 512 and 510 respectively, as 
shown in Fig. 55. Thereafter these gate oxide films 514 and 515 and gate electrodes 516 and 517 are used 
as masks to selectively introduce n-type and p-type impurities into the single-crystalline Si thin film regions 

40 512 and 510 from the upper surfaces, as shown in Fig. 56. Consequently, source and drain layers are 
formed in the single-crystalline Si thin film regions 512 and 510 respectively. ·· 

Then, an insulating film 526 of Si°'1 is formed on an upper surface portion excluding the upper surface 
of the 
single-crystalline Si thin film region 508, as shown in Fig. 57. Thereafter the apparatus 101 is employed to 

45 apply an Ne atom current from the upper surface, as shown in Fig. 58. At this time, only the single
crystalline Si thin film region 508 which is not covered with the insulating film 526 of SiG.! is selectively 
irradiated. Directions of irradiation are set in a plurality of directions which are perpendicular to a plurality of 
densest planes (111) of single-crystalline Si which is so oriented that one (111) plane is exposed on the 
upper surface. Thus, the single-crystalline Si thin film region 508 is converted to a single-crystalline Si layer · 

50 530 which is so regulated in crystal orientation that the (111) plane is exposed on the upper surface. 
Namely, the crystal orientation of the single-crystalline Si thin film region 508 is converted. The region 528 
which is masked with the insulating film 526 of SiG.! and not subjected to irradiation is a region to be 
provided with a CMOS element. On the other hand, the single-crystalline Si layer 530 which is converted in 
crystal orientation is provided with a pressure sensor, for example. Then, an insulating film 532 of SiG.! is 

55 formed on the overall upper surface, as shown in Fig. 59. This insulating film 532 includes the insulating 
film 526. Thereafter a desired portion of the insulating film 532 is selectively etched to form an opening for 
serving as a contact hole. Further, a conductive wiring layer 534 of aluminum, for example, is applied to the 
overall upper surface of the insulating film 532 including the contact hole, and this wiring layer 534 is 
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thereafter selectively removed to couple the elements in a desired manner (Fig. 60). 
Due to the aforementioned steps, a CMOS 528 and a pressure sensor 536 are formed in the single

crystalline Si thin film 504 by single-crystalline Si materials having different crystal orientations in a parallel 
manner. The single-crystalline Si forming the CMOS 528 is preferably oriented so that a (100) plane is 

5 along the major surface of the substrate, while the single-crystalline Si forming the pressure sensor is 
preferably oriented so that the (111) plane is along the major surface of the substrate. In the method 
according to this preferred embodiment, it is possible to form a composite device in which a plurality of 
elements having different preferable crystal orientations are provided in the same single-crystalline Si thin 
film. In the method according to this preferred embodiment, further, it is possible to form an element which 

10 is made from single-crystalline Si on the substrate 502 of Si02, which is not a single crystal. Namely, this 
method has.such an advantage that the material for the substrate is not limited. 

(B-6. Eighteenth Preferred embodiment) 

15 As hereinabove described, an amorphous or polycrystalline Si thin film is formed on the substrate 502 
by CVD or the like and thereafter the ov.erall upper surface of this Si thin film is irradiated with an Ne atom 
current so that the overall region thereof is converted to the single-crystalline Si thin film 504 which is so 
oriented that the (100) plane is exposed on the upper surface (Fig. 52). Alternatively, a masking material 
540 having a prescribed masking pattern may be formed on an upper surface to be thereafter irradiated 

20 with an Ne atom current, so that only a region of an Si thin film to be provided with a CMOS is selectively 
irradiated with the Ne atom current, as shown in Fig. 61. Thus, only the region to be provided with a CMOS 
is converted to a single-crystalline Si thin film 542 having an upper surface of a (100) plane, while another 
region 544 remains in the original state of the amorphous or polycrystalline Si thin film. Subsequent steps 
are similar to those of the seventeenth preferred embodiment. 

25 The method according to the eighteenth preferred embodiment has an effect similar to that of the 

30 

seventeenth preferred embodiment. Namely, it is possible to form a composite device in which a plurality of 
elements having different preferable crystal orientations are provided in the same single-crystalline Si thin 
film. Further, this preferred embodiment has such an advantage that the material for the substrate is not 
limited, similarly to the seventeenth preferred embodiment. 

(B-7. Nineteenth Preferred embodiment) 

Fig. 62 is a front elevational view showing the structure of a sample holder in an apparatus for forming a 
single-crystalline thin film according to a nineteenth preferred embodiment of the present invention. This 

35 sample holder is assembled into the apparatus 100 in place of.the sample holder 10. In this sample holder, 
a reflector 12 is fixed to a fixed table 702 through supports 712. Further, a movable table 706 is horizontally 
slidably supported by the fixed table 702. A seating portion of this movable table 706 is fitted with a screw 
708 which is rotated/driven by a motor 710, to be horizontally moved following rotation of the screw 708. 
This seating portion is provided with a horizontal driving mechanism (not shown) having a motor and a 

40 screw similarly to the fixed table 702, to horizontally drive an upper member of the movable table 706. A 
direction for sliding the seating portion is perpendicular to that for sliding the upper member. A substrate 11 
to be irradiated is placed on the upper member. This substrate 11 is located under the reflector 12. 

Fig. 63 is a plan view typically showing an operation of this sample holder. The substrate 11 is relatively 
scanned with respect to the reflector 12 along two orthogonal directions by action of the two horizontal 

45 driving mechanisms. Therefore, it is possible to homogeneously irradiate the overall surface of the substrate 
11, which has a wider area as compared with an opening of the reflector 12 serving as an opening for 
passing beams, with the beams. 

When this sample stand is employed, it is possible to efficiently apply the beams by employing an 
apparatus 101 a for forming a single-crystalline thin film which comprises a magnetic lens 720. as shown in 

50 Fig. 64. The magnetic lens 720 is adapted to focus an ion current which is downwardly sprayed from an ion 
source 2 into the form of a strip. Fig. 65 is a model diagram showing such a state that an ion current is 
focused by the magnetic lens 720. Due to the action of the magnetic lens 720, the ion current has a strip
type sectional shape in the vicinity of the reflector 12f. Therefore, the reflector 12f also has a shape along 
this strip. Similarly to those in the apparatuses 100 and 101, the ion current is substantially converted to a 

55 neutral atom current in the vicinity of the reflector 12f. The substrate 11 is irradiated with components 726 
of the atom current reflected from the reflector 12f and directly incident components 724. The angle of 
inclination of the reflector 12f is so adjusted that directions of incidence of these two components are 
orthogonal to a plurality of densest planes of a single-crystalline thin film to be formed respectively. 
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It is possible to efficiently irradiate a wide region. on the substrate 11 in single scanning, by scanning 
the substrate 11 in a direction 728 which is perpendicular to the "strip of the atom current". Therefore, it is 
possible to attain irradiation of the substrate 11 having a wide area in a small· number of scanning times. In 
other words, it is possible to form a single-crystalline thin film with higher efficiency by employing the 

5 apparatus 101 a. This is particularly effective when the width of the substrate 11 is shorter than a major axis 
width of the "strip of the atom current". At this time, the substrate 11 may simply be scanned along one 
direction 728, whereby a single-crystalline thin film can be further efficiently formed. Further, the driving 
mechanism provided in the sample holder is sufficiently implemented only by a single driving mechanism 
which is integrated in the fixed table 702, whereby the sample holder is simplified in structure. 

10 

(B-8. Twentieth Preferred embodiment> 

Fig. 66 is a front elevational view typically showing the structure of a reflector support which is provided 
in an apparatus for forming a single-crystalline thin film according to a twentieth preferred embodiment of 

15 the present invention. This reflector support rotatably supports an end of a reflector 802 by a hinge 804, 
while rotatably supporting another end by. another hinge 806 which is provided on the forward end of a 
connecting bar 808. The connecting bar 808 is axially driven by a piston 810. Following the axial movement 
of the connecting bar 808, the reflector 802 is rotated about the hinge 804. C:::onsequently, an angle 6 of 
inclination of a reflecting surface is changed in the reflector 802. Namely, the angle of inclination is variable 

20 in the reflecting surface of the reflector 802 provided in this apparatus. Thus, it is possible to form single· 
crystalline thin films having various crystal orientations and crystal structures by employing a single 
apparatus. Namely, formation of various types of single-crystalline thin films can be economically attained. 

Further, it is possible to efficiently form various types of single-crystalline thin films on a single 
substrate 11. This is because various types of single-crystalline thin films can be formed while inserting the 

25 substrate 11 in the apparatus. It is possible to instantaneously set a prescribed angle of inclination by 
controlling the operation of the piston 810 by a computer. · 

(B-9. Twenty-first Preferred embodiment> 

30 Fig. 67 is a plan view typically showing the structure of a reflector support 902 which is provided in an 
apparatus for forming a single-crystalline thin film according to a twenty-first preferred embodiment of the 
present invention. This reflector support 902 comprises a plurality of arms 904 which are rotated/driven 
about vertical axes. Each one of a plurality of reflectors 906a to 906f, which are different from each other, is 
mounted on a forward end portion of each arm 904. The plurality of reflectors 906a to 906f are. so formed 

35 that numbers or angles of incidence of atom current components which are incident upon a substrate 11 are 
different from each other. Namely, the reflectors 906a to 906f are different from each other in numbers of 
reflecting surfaces and angles of inclination. Since the arms 904 are rotated/driven, it is possible to 
arbitrarily select a desired reflector to be set in an irradiated region 908 which is irradiated with the atom 
current from the plurality of types of reflectors 906a to 906f. 

40 Therefore, it is possible to form single-crystalline thin films having various crystal orientations and 

45 

crystal structures only by a single apparatus, similarly to the apparatus according to the twentieth preferred 
embodiment. Namely, it is possible to economically form various types of single-crystalline thin films. 
Further, it is possible to efficiently form various types of single-crystalline thin films on a single substrate 
11. 

<B-10. Twenty-second Preferred embodiment> 

The reflector(s) and the reflector support provided in each of the nineteenth to twenty-first preferred 
embodiments can also be employed in the apparatus 101, in place of the apparatus 100. Namely, the 

50 reflector(s) and the reflector support can be applied to both of an apparatus for forming an amorphous or 
polycrystalline thin film and thereafter converting the same to a single-crystalline film and an apparatus for 
simultaneously carrying out these operations. 

55 

(B-11. Twenty-third Preferred embodiment> 

Fig. 68 is a plan view typically showing the structure of an apparatus for forming a single-crystalline thin 
film according to a twenty-third preferred embodiment of the present invention. In this apparatus, an etching 
unit portion 1104 for etching a substrate 11, a film forming unit portion 1106 for forming an amorphous or 
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polycrystalline thin film on the substrate 11, and an irradiation unit portion 1108 for irradiating the substrate 
11 wi~h an atom current are arranged around a carrier chamber 1102. Further, treatment chambers for 
storing the substrate 11 in the respective unit portions 1104, 1106 and 1108 communicate with each other 
through the carrier chamber 1102. The carrier chamber 1102 is provided with an inlet 1110 and an outlet 

s · 1112 for receiving and discharging the substrate 11 respectively. Both of the inlet 111 O and the outlet 1112 
are provided with airtight switchable doors (not shown). The carrier chamber 1112 is provided with a carrier 
robot 1114, which receives and discharges the substrate 11 while automatically inserting and extracting the 
same into and from the respective treatment chambers. 

In the apparatus according to this preferred embodiment, the respective treatment chambers commu-
10 nicate with each other, whereby it is possible to immediately start formation of a thin film after carrying out 

etching for removing an oxide film before forming a thin film on the substrate 11 while preventing new 
progress of oxidation. Thus, it is possible to reliably form a thin film having excellent and homogeneous 
characteristics while efficiently carrying out respective treatments. Further, it is possible to efficiently carry 
the substrate 11 into the respective treatment chambers due to provision of the carrier robot 1114. 

15 

(B-12. Twenty-fourth Preferred embodiment> 

Fig. 69 is a front sectional view typically showing the structure of an apparatus for forming a single
crystalline thin film according to a twenty-fourth preferred embodiment of the present invention'. This 

20 apparatus comprises two ECR ion sources 1204a and 1204b, in place of the reflector 12. Namely, atom 
currents which are supplied from the ECR ion sources 1204a and 1204b are directly incident upon the 
upper surface of a substrate 11. These ECR ion sources 1204a and 1204b are set to have prescribed 
angles with respect to the major surface of the substrate 11. Consequently, the atom currents are incident 
upon the upper surface of the substrate 11 in directions of incidence which are perpendicular to a plurality 

25 of densest planes of a single-crystalline thin film to be formed. It is possible to form a single-crystalline thin 
film on the substrate 11 also by employing such an apparatus having a plurality of beam sources, in place 
of the apparatus 100 comprising the reflector 12. 

In this apparatus, a mechanism for adjusting the attitude of the substrate 11 is further added to a 
sample holder 1208 which is set in a treatment chamber 1202. Namely, the sample holder 1208 is rotatable 

30 in a horizontal plane, whereby it is possible to rotate the substrate 11 for directing an orientation flat 11 a, 
which may be provided in the substrate 11 , to a prescribed direction. When the substrate 11 which is 
placed on a carrier unit 1206 is carried through an inlet 1204 provided on a side surface of the treatment 
chamber 1202 of this apparatus and placed on the sample holder 1208, optical means detects the direction 
of the orientation flat 11 a and the sample holder 1208 is rotated by a prescribed amount in order to correct 

35 the direction to a prescribed one. The amount of rotation is calculated by a control unit part (not shown) 
storing a computer therein. 

The direction of the orientation flat 11 a generally has a constant relation to the crystal orientation of a 
single-crystalline layer forming the substrate 11. Therefore, it is possible to set the crystal orientation of the 
single-crystalline layer forming the substrate 11 and that of a single-crystalline thin film to be newly formed 

40 thereon regularly in a desired relation by setting the orientation flat 11 a in a prescribed direction. Thus, it is 
also possible to epitaxially form a new single-crystalline thin film on the single-crystalline layer forming the 
substrate 11, for example, by employing this apparatus. 

Fig. 70 is a front sectional view typically showing the structure of another apparatus for forming a 
single-crystalline thin film according to the twenty-fourth preferred embodiment of the present invention. 

45 Also in this apparatus, it is possible to horizontally rotate a substrate 11 to adjust its attitude. Namely, a 
sample holder 1208 can be horizontally rotated by a rotation driving part 1214. This apparatus further 
comprises a crystal orientation detecting unit portion 121 O for detecting the crystal orientation of the 
substrate 11 having a single-crystalline structure. The crystal orientation detecting unit portion 1210 has a 
function of irradiating the surface of the substrate 11 with X-rays, for example, and catching a diffraction 

5o image thereof. An electric signal expressing the diffraction image obtained by the crystal orientation 
detecting unit portion 1210 is transmitted to a control part 1212 storing a computer therein. The control part 
1212 decodes the diffraction image from this signal to calculate the crystal orientation in the substrate 11 
while calculating difference between the same and a desired crystal orientation, and instructs an angle of 
rotation for correcting the orientation to the rotation driving part 1214. The rotation driving part 1214 rotates 

55 the sample holder 1208 along the instruction. The aforementioned operation eliminates the difference, to 
regularly set the crystal orientation of the single-crystalline layer forming the substrate 11 and that of the 
single-crystalline thin film to be newly formed thereon in a desired relation. 
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The apparatus shown in Fig. 70 has such an advantage that the crystal orientation can be adjusted with 
respect to an arbitrary single-crystalline substrate having no orientation flat 11 a, dissimilarly to the 
apparatus shown in Fig. 69. Considering that the relation between the crystal orientation of the substrate 11 
and the direction of the orientation flat 11 a is not accurate in general, it can be said that the apparatus 

5 shown in Fig. 70 can adjust the crystal orientation in higher accuracy as compared with the apparatus 
shown in Fig. 69. 

{B-13. Twenty-fifth Preferred embodimenO 

10 Fig. 71 is a partially fragmented front elevational view typically showing a sample holder which is 
provided in an apparatus for forming a single-crystalline thin film according to a twenty-fifth preferred 
embodiment of the present invention. This sample holder is employed along with the apparatus 101. 
Namely, this sample holder is employed in an apparatus for growing an amorphous or polycrystalline thin 
film by supplying a reaction gas onto a substrate 11 while irradiating the same with an atom current. In this 

15 sample holder, a reflector 12 is fixedly supported on a fixed table 1302 through a support 1304. A rotatable 
table 1306 for receiving the substrate 11 is connected with a rotary shaft 1308, which is rotated/driven by an 
rotation/driving unit portion (not shown) thereby rotating the rotatable table 1306. Upon such rotation of the 
rotatable table 1306, the substrate 11 which is placed thereon is rotated .. It is possible to eliminate 
inhomogeneity appearing in the thickness of the as-grown thin film due to inhomogeneity in a reaction 

20 system, i.e., inhomogeneity in distribution of a reaction gas onto the substrate 11 or that in temperature 
distribution on the substrate 11 by rotating the substrate 11 and properly changing its direction. On the 
other hand, relative positions of the reflector 12 and the substrate 11 are changed upon rotation of the 
substrate 11. When this sample holder is employed, therefore, application of the atom current is intermit· 
tently carried out so that the direction of the substrate 11 is changed to carry out only growth of a thin film, 

25 i.e., only film formation, with limitation to irradiation pauses. Further, the direction of the substrate 11 is 
returned to the original one before next irradiation is started. These operations are repeated to carry out film 
formation and conversion to a single crystal. 

Fig. 72 is a plan view typically showing another example of the sample holder. This sample holder is 
adapted to implement treatment of the substrate 11 in a batch processing system, and employed in 

30 combination with the apparatus 100. In this sample holder, substrates 11 to be treated are placed on 
peripheral portions of a rotary shaft of a rotatable table 1310. Fig. 72 illustrates such an example that four 
substrates 11 are placed. Among these substrates 11, only that provided in a position of "A" in Fig. 72, for 
example, is irradiated with an atom current. A reaction gas is supplied in all positions "A" to "D". 

When the rotatable table 1310 is intermittently rotated, the substrate 11 occupying the position "A" is 
35 subjected to both of irradiation and supply of the reaction gas. Namely, film formation and single 

crystallization progress at the same time. In the respective ones of the remaining positions "B" to "D", only 
supply of the reaction gas is carried out with progress of only film formation. Further, the directions of the 
substrates 11 are varied with the positions "A" to "D". When the substrates 11 successively itinerate the 
positions "A" to "D", therefore, it is possible to eliminate inhomogeneity in degree of film formation caused 

40 by inhomogeneity in a reaction system. Namely, it is possible to form a single-crystalline thin film having a 
uniform thickness on each substrate 11 also by employing this sample holder. Further, it is possible to 
regularly carry out irradiation with an atom current in the position "A". Therefore, it is possible to further 
efficiently form a single-crystalline thin film as compared with a case of employing the sample holder shown 
in Fig. 71. 

45 

<B-14. Twenty-sixth Preferred embodimenO 

Fig. 73 is a front sectional view typically showing a sample holder which is provided in an apparatus for 
forming a single-crystalline thin film according to a twenty-sixth preferred embodiment of the present 

50 invention. In this sample holder, a reaction gas supply member 1412 defining a reaction gas supply path in 
its interior is rotatably mounted on a bottom portion of a treatment vessel 1402 while maintaining an airtight 
state. Therefore. this sample holder is suitably integrated in the apparatus 100 having no separate reaction 
gas supply system. 

This reaction gas supply member 1412 is rotated/driven by a belt 1428. The reaction gas supply 
55 member 1412 is in a three layer structure provided with an inner pipe 1416 which is located on the 

innermost layer, an outer pipe 1414 which is located on the outermost layer, and an intermediate pipe 1418 
which is located on the intermediate layer. Thus, the reaction gas supply member 1412 defines a supply 
path and an exhaust path for a reaction gas between the respective layers. Further, a reaction gas supply 
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port 1420 and a reaction gas discharge port 1426 are rotatably coupled to the reaction gas supply member 
1412 through rotary seals 1430 and 1432 for maintaining airtightness respectively. 

In addition, a support 1406 for fixedly supporting a sample fixing table 1404 is inserted in the interior of 
the reaction gas supply member 1412. A substrate 11 serving as a sample is placed on the sample fixing 

5 table 1404, while a heater 1408 for heating the sample is provided on a bottom surface of the sample fixing 
table 1404. This heater 1408 may be rotated at need, in order to improve temperature distribution on the 
substrate 11 . The sample fixing table 1404 is so fixed that the same· is not rotated following rotation of the 
reaction gas supply member 1412. 

A reaction gas which is supplied from the reaction gas supply port 1420 passes through the supply 
10 path defined between the intermediate pipe 1418 and the inner pipe 1416, to be sprayed toward the upper 

surface of the substrate 11 from a reaction gas spray port 1422. A reacted residual gas enters another path 
which is defined between the outer pipe 1414 and the intermediate pipe 1417, i.e., the exhaust path from a 
reaction gas collection port 1424, and further passes this exhaust path to be discharged to the exterior from 
the reaction gas discharge port 1426. It is possible to homogeneously grow a prescribed thin film on the 

1s substrate 11 by rotating the reaction gas supply member 1412. Further, it is possible to continue the growth 
without interrupting irradiation with an atom current, since the substrate 11 is not rotated. Namely, it is 
possible to homogeneously form a film without interrupting single crystallization caused by irradiation with 
an atom current in this sample holder. Thus, it is possible to further efficiently form a single-crystalline thin 
film of a uniform thickness on the substrate 11 . 

20 

(B-15. Twenty-seventh Preferred embodiment> 

Fig. 74 is a front sectional view typically showing the structure of an apparatus for forming a single
crystalline thin film according to a twenty-seventh preferred embodiment of the present invention. This 

25 apparatus comprises two ECR ion sources 1204a and 1204b, similarly to the apparatus shown in Fig. 69. 
The feature of the apparatus according to this preferred embodiment resides in provision of control unit 
portions 1502 and 1504 for independently adjusting density levels of ion beams generated from the two 
ECR ion sources 1204a and 1204b. These control unit portions 1502 and 1504 separately, i.e., indepen
dently control the outputs of the two ECR ion sources 1204a and 1204b, whereby it is possible to easily 

30 optimize density levels of the ion beams supplied from the same. Thus, it is possible to stably form a high
quality single-crystalline thin film on the substrate 11. 

(B-16. Twenty-eighth Preferred embodiment> 

35 Fig. 75 is a front sectional view typically showing the structure of an apparatus for forming a single-
crystalline thin film according to a twenty-eighth preferred embodiment of the present invention. This 
apparatus also comprises two ECR ion sources 1204a and 1204b, similarly to the apparatus shown in Fig. 
74. The feature of the apparatus according to this preferred embodiment resides in that a bias voltage is 
applied across the two ECR ion sources 1204a and 1204b and a substrate 11, in a direction for accelerating 

40 ions. Namely, a de voltage supply circuit is interposed in parallel in a series circuit of an RF power source 
1602 for generating a high frequency and a matching circuit 1604 for ensuring impedance matching, i.e., a 
circuit for supplying a high frequency to the ECR ion sources 1204a and 1204b. The de voltage supply 
circuit is formed by a series circuit of a· de power source 1606 and an inductor 1608 for blocking a high 
frequency. 

45 Supply of the high frequency and that of the de voltage are allotted to the two ECR ion sources 1204a 
and 1204b by time sharing through action of a switching relay 161 O. These are alternately supplied to the 
two ECR ion sources 1204a and 1204b by time sharing, in order to prevent disturbance of a normal flow of 
an ion current caused by interference of de voltages applied thereto. 

In the apparatus according to this preferred embodiment, a bias voltage is applied across the ECR ion 
50 sources 1204a and 1204b and the substrate 11 in a direction for accelerating ions, whereby the atom 

current is advantageously improved in directivity. A similar effect is attained also when the bias voltage is 
simultaneously supplied to the two ECR ion sources 1204a and 1204b in place of the alternate supply by 
time sharing. Alternatively, two de voltage supply circuits may be provided to independently supply bias 
voltages to the two ECR ion sources 1204a and 1204b respectively. In this case, it is possible to apply 

55 optimum bias voltages to the respective ECR ion sources 1204a and 1204b, whereby optimum irradiation 
conditions can be obtained. 
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(B-17. Twenty-ninth Preferred embodiment> 

Fig. 76 is a front sectional view typically showing the structure of an apparatus for forming a single
crystalline thin film according to a twenty-ninth preferred embodiment of the present invention. This 

5 apparatus also comprises two ECR ion sources 1204a and 1204b, similarly to the apparatus shown in Fig. 
75. The feature of the apparatus according to this preferred embodiment resides in that grids 1702 and 
1704 to which bias voltages for adjusting ion extracting conditions are applied are provided in the vicinity of 
ion outlet ports of the two ECR ion sources 1204a and 1204b. De power sources 1706 and 1708 are 
interposed between the grids 1702 and 1704 and a substrate 11 respectively. The two grids 1702 and 1704 

10 are separated from each other, so that the voltages applied thereto can be adjusted independently of each 
other. 

When bias voltages are applied across the grids 1702 and 1704 and the substrate 11 in directions for 
accelerating ions, for example, an atom current is improved in directivity. In this apparatus, further, the 
levels of the bias voltages which are applied to the two grids 1702 and 1704 can be adjusted independently 

15 of each other, whereby it is possible to apply optimum bias voltages in response to operating states of the 
two ECR ion sources 1204a and 1204b .. Thus, it is possible to efficiently form a high-quality single
crystalline thin film on the substrate 11. 

While the invention has been shown and described in detail, the foregoing description is in all aspects 
illustrative and not restrictive. It is therefore understood that numerous modifications and variations can. be 

20 devised without departing from the scope of the invention. 

Claims 

1. A method of forming a single-crystalline thin film, being adapted to form a single-crystalline thin film of 
25 a prescribed material on a substrate, by previously forming an amorphous thin film or a polycrystalline 

thin film of said prescribed material on said substrate and irradiating said amorphous thin film or said 
polycrystalline thin film with beams of neutral atoms or neutral molecules of low energy levels causing 
no sputtering of said prescribed material under a high temperature of not more than a crystallization 
temperature of said prescribed material from directions being perpendicular to a plurality of densest 

30 crystal planes, having different directions, in said single-crystalline thin film to be formed. 

35 

40 

2. A method of forming a single-crystalline thin film in accordance with claim 1, wherein .the atomic 
weights of atoms forming said beams are lower than the maximum one of the atomic weights of 
elements forming said prescribed material. 

3. A method of forming a single-crystalline thin film in accordance with claim 1, wherein said beams are 
obtained by a single electron cyclotron resonance type ion generation source and a reflector being 
arranged in a path between said ion generation source and said amorphous thin film or said 
polycrystalline thin film. 

4. A method of forming a single-crystalline thin film of a prescribed material on a polycrystalline substrate 
or an amorphous substrate using plasma chemical vapor deposition by supplying a reaction gas onto 
said substrate under a low temperature allowing no crystallization of said prescribed material with said 
plasma chemical vapor deposition alone while simultaneously irradiating said substrate with beams of a 

45 low energy gas causing no sputtering of said prescribed material from directions being perpendicular to 
a plurality of densest crystal planes having different directions in said single-crystalline thin film to be 
formed. 

5. A method of forming a single-crystalline thin film in accordance with claim 4, wherein said gas is an 
so inert gas. 

55 

6. A method of forming a single-crystalline thin film in accordance with claim 5, wherein the atomic weight 
of an element forming said inert gas is lower than the maximum one of the atomic weights of elements 
forming said prescribed material. 

7. A method of forming a single-crystalline thin film in accordance with claim 4, wherein said prescribed 
material contains an element forming a gas material being in a gas state under ordinary temperatures, 
said beams of said gas being those of said gas material. 
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8. A method of forming a single-crystalline thin film in accordance with claim 4, wherein said reaction gas 
contains a reaction gas material being formed by an impurity element to be added to said prescribed 
material. 

5 9. A method of forming a single-crystalline thin film in accordance with claim 8, wherein a plurality of 
types of said impurity elements are so employed that a plurality of types of reaction gas materials 
being formed by respective ones of said plurality of types of impurity elements are alternately supplied 
onto said substrate. 

10 10. A method of forming a single-crystalline thin film in accordance with claim 4, wherein said beams of 
said gas are obtained by a single beam source and a reflector being arranged in a path between said 
beam source and said substrate. 

11. A method of forming a single-crystalline thin film in accordance with claim 10, wherein said beam 
15 source is an ion generation source generating an ion beam of said gas, and said reflector is a metal 

reflector being substantially made of a metal. 

20 

12. A method of forming a single-crystalline thin film in accordance with, claim 10, wherein said beam 
source is an electron cyclotron resonance type ion generation source. 

13. A beam irradiator for irradiating a target surface of a sample with a gas beam, said beam irradiator 
comprising: 

a container for storing said sample; and 
a beam source for irradiating said target surface of said sample being set in a prescribed position 

25 of said container with said gas beam, 
at least a surface of a portion irradiated with said beam being made of a material having threshold 

energy being higher than energy of said beam in sputtering by irradiation with said beam among an 
inner wall of said container and a member being stored in said container. · 

30 14. A beam irradiator for irradiating a target surface of a sample with a gas beam, said beam irradiator 
comprising: 

a container for storing said sample; and 
a beam source for irradiating said target surface of said sample being set in a prescribed position 

of said container with said gas beam, 
35 at least a surface of a portion irradiated with said beam being made of a material having threshold 

energy with respect to sputtering being higher than that in said target surface of said sample among an 
inner wall of said container and a member being stored in said container. 

15. A beam irradiator for irradiating a target surface of a sample with a gas beam, said beam irradiator 
40 comprising: 

a container for storing said sample; and 
a beam source for irradiating said target surface of said sample being set in a prescribed position 

of said container with said gas beam, 
at least a surface of a portion irradiated with said beam being made of a material containing an 

45 element being larger in atomic weight than that forming said gas among an inner wall of said container 
and a member being stored in said container. 

16. A beam irradiator for irradiating a target surface of a sample with a gas beam, said beam irradiator 
comprising: 

50 a container for storing said sample; and 
a beam source for irradiating said target surface of said sample being set in a prescribed position 

of said container with said gas beam, 
at least a surface of a portion irradiated with said beam being made of the same material as that 

forming said target surface of said sample among an inner wall of said container and a member being 
55 stored in said container. 

17. A beam irradiator in accordance with any of claims 13 to 16, wherein said member being stored in said 
container includes reflecting means being interposed in a path of said beam for separating said beam 
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into a plurality of components and irradiating said target surface of said sample with said plurality of 
components from directions being different from each other. 

18. A beam irradiating method of irradiating a target surface of a sample with a gas beam, said method 
5 comprising: 

a step of setting said sample in a prescribed position of a container; and 
a step of irradiating said target surface of said sample being set in said container with said gas 

beam, 
said target surface being irradiated with said beam at energy being lower than threshold energy of 

10 sputtering in a surface of a portion being irradiated with said beam among an inner wall of said 
container and a member being stored in said container. 

19. A method of forming a single-crystalline thin film, being adapted to form a single-crystalline thin film of 
a prescribed material on a substrate, said method comprising: 

15 a step of depositing said prescribed material on said substrate under a low temperature causing no 
crystallization of said prescribed material and irradiating said prescribed material being deposited with a 
gas beam of low energy causing no sputtering of said prescribed material from one direction, thereby 
forming an axially oriented polycrystalline thin film of said material; and 

a step of irradiating said axially oriented polycrystalline thin film with gas beams of low energy 
20 causing no sputtering of said prescribed material under a high temperature below a crystallization 

temperature of said prescribed material from directions being perpendicular to a plurality of densest 
crystal planes of different directions in said single-crystalline thin film, thereby converting said axially 
oriented polycrystalline thin film to a single-crystalline thin film. 

25 20. A method of forming a single-crystalline thin film, being adapted to form a single-crystalline thin film of 
a prescribed material on a substrate, said method comprising: 

a step of depositing said prescribed material on said substrate thereby forming a thin film of said 
material; 

a step of irradiating said thin film with a gas beam of low energy causing no sputtering of said 
30 prescribed material under a high temperature below a crystallization temperature of said prescribed 

material from one direction after said step, thereby converting said thin film to an axially oriented 
polycrystalline thin film; and · 

a step of irradiating said axially oriented polycrystalline thin film with gas beams of low energy 
causing no sputtering of said prescribed material under a high temperature below said crystallization 

35 temperature of said prescribed material from directions being perpendicular to a plurality of densest 
crystal planes of different directions in said single-crystalline thin film, thereby converting said axially 
oriented polycrystalline thin film to a single-crystalline thin film. 

21. A method of forming a single-crystalline thin film in accordance with claim 19 or 20, wherein said 
40 direction of said gas beam in formation of said axially oriented polycrystalline thin film is identical to 

one of said plurality of directions of said gas beams in said conversion of said axially oriented 
polycrystalline thin film to said single-crystalline thin film. 

22. A method of forming a single-crystalline thin film in accordance with claim 19 or 20, wherein said gas is 
45 an inert gas. 

50 

23. A method of forming a single-crystalline thin film in accordance with claim 22, wherein the atomic 
weight of an element forming said inert gas is lower than the maximum atomic weight among those of 
elements forming said prescribed material. 

24. A method of forming a single-crystalline thin film in accordance with claim 19 or 20, wherein said 
prescribed material contains an element forming a gas material being a gas under a normal tempera-
ture, said gas beam being a beam of said gas material. · 

55 25. A method of forming a single-crystalline thin film in accordance with claim 19 or 20, wherein said gas 
beam is formed by an electron cyclotron resonance ion source. 
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26. A beam irradiator for irradiating a target surface of a sample with a gas beam, said beam irradiator 
comprising: 

a single beam source for supplying said beam; and 
reflecting means for reflecting said beam being supplied by said beam source, thereby enabling · 

5 irradiation of said target surface with said gas in a plurality of prescribed directions of incidence, 

10 

said reflecting means comprising a reflector having a plurality of reflecting surfaces for reflecting 
said beam in a plurality of directions, and a screen being interposed in a path of said beam between 
said beam source and said reflecting surfaces for selectively passing said beam thereby preventing 
multiple reflection by said plurality of reflecting surfaces. 

27. A beam irradiator in accordance with claim 26, wherein said screen further selectively passes said 
beam to uniformly irradiate said target surface with said beam. 

28. A beam reflecting device for reflecting a gas beam being supplied from a single beam source thereby 
15 enabling irradiation of a target surface of a sample with said gas in a plurality of prescribed directions 

of incidence, said beam reflecting device comprising: 
a reflector having a plurality of reflecting surfaces for reflecting said beam in a plurality of 

directions; and 
a screen being interposed in a path of said beam between said beam source and said reflecting 

20 surfaces for selectively passing said beam thereby preventing multiple reflection by said plurality of 
reflecting surfaces. 

25 

29. A beam reflecting device in accordance with claim 28, wherein said screen further selectively passes 
said beam to uniformly irradiate said target surface with said beam. 

30. A beam irradiator for irradiating a target surface of a sample with a gas beam, said beam irradiator 
comprising: 

a single beam source tor supplying said beam; and 
reflecting means for reflecting said beam being supplied by said beam source, thereby enabling 

30 irradiation of said target surface with said gas in a plurality of prescribed directions of incidence, 
said reflecting means comprising a first reflector being arranged in a path of said beam being 

supplied from said beam source for reflecting said beam in a plurality of directions thereby generating 
a plurality of divergent beams having beam sections being two-dimensionally enlarged with progress of 
said beams, and a second reflector having a concave reflecting surface for further reflecting said 

35 plurality of divergent beams to be incident upon said target surface substantially as parallel beams from 
a plurality of directions. 

31. A beam irradiator in accordance with claim 30, wherein said reflecting means further comprises 
rectifying means being provided in a path of said beams between said first reflector and said substrate 

40 for regularizing directions of said beams. 

32. A beam irradiator in accordance with claim 30, wherein said reflecting means further comprises beam 
distribution adjusting means being interposed in a path of said beam between said beam source and 
said first reflector for adjusting distribution of said beam on a section being perpendicular to said path, 

45 thereby adjusting the amounts of respective beam components being reflected by said first reflector in 
said plurality of directions. 

33. A beam reflecting device for reflecting a gas beam being supplied from a single beam source thereby 
enabling irradiation of a target surface of a sample with said gas in a plurality of prescribed directions 

50 of incidence, said beam reflecting device comprising: 
a first reflector for reflecting said beam in a plurality of directions thereby generating a plurality of 

divergent beams having beam sections being two-dimensionally enlarged with progress of said beams; 
and 

a second reflector having a concave reflecting surface for further reflecting said plurality of 
55 divergent beams to be incident upon said target surface substantially as parallel beams from a plurality 

of directions. 
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34. A beam irradiator for irradiating a target surface of a sample with gas beams, said beam irradiator 
comprising: 

a plurality of beam sources for supplying said gas beams; and 
a plurality of reflecting means for reflecting said beams being supplied by said plurality of beam 

5 sources thereby enabling irradiation of a common region of said target surface with said gas in a 
plurality of prescribed directions of incidence, 

each said reflecting means comprising a first reflector being arranged in a path of each said beam 
being supplied from each said beam source for reflecting said beam thereby generating a beam having 
a beam section being two-dimensionally enlarged with progress of said beam, and a second reflector 

10 having a concave reflecting surface for further reflecting said divergent beam to be incident upon linear 
or strip-shaped said common region of said target surface substantially as a parallel beam, 

said beam irradiator further comprising moving means for scanning said sample in a direction 
intersecting with linear or strip-shaped said common region. 

15 35. A beam irradiator in accordance with claim 34; wherein each said reflecting means further comprises 
rectifying means being provided in a path of each said beam between said first reflector and said 
substrate tor regulating the direction of said beam. 

36. A beam reflecting device for reflecting a gas beam being supplied from a beam source thereby 
20 enabling irradiation of a target surface of a sample with said gas in a prescribed direction of incidence, 

said beam reflecting device comprising: 
a first reflector for reflecting said beam thereby generating a divergent beam having a beam 

section being two-dimensionally enlarged with progress of said beam; and 
a second reflector having a concave reflecting surface for further reflecting said divergent beam to 

25 be incident upon a linear or strip-shaped region of said target surface substantially as a parallel beam. 

37. A method of forming a single-crystalline thin film of a prescribed material, comprising: 
(a) a step of forming an amorphous or polycrystalline thin film of said prescribed material on a 
substrate; 

30 (b) a step of forming a masking material on said thin film; 
(c) a step of selectively removing said masking material; and 
(d) a step of irradiating said substrate with gas beams of low energy levels causing no sputtering of 
said prescribed material from directions being perpendicular to a plurality of densest crystal planes 
having different directions in said single-crystalline thin film to be formed while utilizing selectively 

35 removed said masking material as a screen under a high temperature below the crystallization 
temperature of said prescribed material. · 

38. A method of forming a single-crystalline thin film in accordance with claim 37, wherein said steps (b) to 
(d) are carried out plural times while varying directions for applying said beams in said step (d), thereby 

«J selectively converting said thin film to a single crystal having a plurality of types of crystal orientations. 

39. A method of forming a single-crystalline thin film of a prescribed material, comprising: 
(a) a step of forming an amorphous or polycrystalline thin film of said prescribed material on a 
substrate; 

45 (b) a step of forming a masking material on said thin film; 
(c) a step of selectively removing said masking material; 
(d) a step of etching said thin film while utilizing selectively removed said masking material as a 
screen, thereby selectively removing said thin film while leaving a specific region on said substrate; 
and 

50 (e) a step of irradiating said substrate with gas beams of low energy levels causing no sputtering of 
said prescribed material from directions being perpendicular to a plurality of densest crystal planes 
having different directions in said single-crystalline thin film to be formed under a high temperature 
below the crystallization temperature of said prescribed material. 

55 40. A method of forming a single-crystalline thin film of a prescribed material, comprising: 
(a) a step of forming an amorphous or polycrystalline thin film of said prescribed material on a 
substrate; 
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(b) a step of irradiating said substrate with gas beams of low energy levels causing no sputtering of 
said prescribed material from directions being perpendicular to a plurality of densest crystal planes 
having different directions in said single-crystalline thin film to be formed under a high temperature 
below the crystallization temperature of said prescribed material; 

5 (c) a step of forming a masking material on said thin film after said step (b); 
(d) a step of selectively removing said masking material; and 
(e) a step of etching said thin film while utilizing selectively removed said masking material as a 
screen, thereby selectively removing said thin film. 

10 41, A method of forming a single-crystalline thin film of a prescribed material, comprising: 
(a) a step of forming an amorphous or polycrystalline thin film of said prescribed material on a 
substrate; 
(b) a step of irradiating said substrate with gas beams of low energy levels causing no sputtering of 
said prescribed material from directions being perpendicular to a plurality of densest crystal planes 

15 having different directions in said single-crystalline thin film to be formed under a low temperature 
causing no crystallization of said. prescribed material by said step (a) alone while carrying out said 
step (a); 
(c) a step of forming a masking material on said thin film after said steps (a) and (b); 
(d) a step of selectively removing said masking material; and 

20 (e) a step of etching said thin film while utilizing selectively removed said masking material as a 
screen, thereby selectively removing said thin film. 

42. A method of forming a single-crystalline thin film of a prescribed material, comprising: 
(a) a step of forming an amorphous or polycrystalline thin film of said prescribed material on a 

25 substrate; 
(b) a step of irradiating said substrate with gas beams of low energy levels causing no sputtering of 
said prescribed material from directions being perpendicular to a plurality of densest crystal planes 
having different directions in said single-crystalline thin film to be formed under a high temperature 
below the crystallization temperature of said prescribed material; 

30 (c) a step of forming a masking material on said thin film after said step (b); 
(d) a step of selectively removing said masking material; and 
(a) a step of irradiating said substrate with said gas beams of low energy levels causing no 
sputtering of said prescribed material from directions being perpendicular to said plurality of densest 
crystal planes having different directions in said single-crystalline thin film to be formed, said 

35 directions being different from those in said step (b), while utilizing selectively removed said 
masking material as a screen. 

43. An apparatus for forming a single-crystalline thin film of a prescribed material on a substrate, 
comprising: 

40 irradiation means for irradiating said substrate with gas beams of low energy levels causing no 
sputtering of said prescribed material from directions being perpendicular to a plurality of densest 
crystal planes having different directions in said single-crystalline thin film to be formed; and 

substrate moving means for making said substrate scanned with respect to said irradiation means. 

45 44. An apparatus for forming a single-crystalline thin film in accordance with claim 43, further comprising 
beam focusing means for bringing sections of said gas beams into strip shapes on said substrate. 

45. An apparatus for forming a single-crystalline thin film of a prescribed material on a substrate, 
comprising: 

50 a single beam source for supplying a beam of a gas; 
a reflector for reflecting at least a part of said beam being supplied by said beam source, thereby 

implementing irradiation of said substrate with said gas in a plurality of prescribed directions of 
incidence; and 

reflector driving means for varying the angle of inclination of said reflector. 
55 

46. An apparatus for forming a single-crystalline thin film of a prescribed material on a substrate, 
comprising: 

a single beam source for supplying a beam of a gas; 
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a plurality of reflectors, each one of said plurality of reflectors reflecting at least a part of said beam 
being supplied by said beam source, thereby implementing irradiation of said substrate with said gas in 
a plurality of prescribed directions of incidence being related to the angle of inclination of said reflector; 
and 

5 reflector exchange means for selecting a prescribed one from said plurality of reflectors and 
utilizing the same for reflecting said beam. 

47. An apparatus for forming a single-crystalline thin film in accordance with claim 43, 45 or 46, further 
comprising film forming means for forming an amorphous or polycrystalline thin film of the same 

10 material as said single-crystalline thin film on said substrate. 

48. An apparatus for forming a single-crystalline thin film of a prescribed material on a. substrate, 
comprising: 

etching means for etching a surface of said substrate; 
15 film forming means for forming an amorphous or polycrystalline thin film of said prescribed material 

on said surface of said substrate; and . 
irradiation means for irradiating said substrate with gas· beams of low energy levels causing no 

sputtering of said prescribed material from directions being. perpendicular to a plurality of densest 
crystal planes having different directions in said single-crystalline thin film to be formed, 

20 treatment chambers for storing said substrate in said means communicating with each other, 
said apparatus further comprising substrate carrying means for introducing and discharging said 

substrate into and from respective said treatment chambers. 

49. An apparatus for forming a single-crystalline thin film of a prescribed material on a substrate having a 
25 single-crystalline structure, comprising: 

irradiation means for irradiating said substrate with gas beams of low energy levels causing no 
sputtering of said prescribed material from directions being perpendicular to a plurality of densest 
crystal planes having different directions in said single-crystalline thin film to be formed; and 

attitude control means for controlling the attitude of said substrate for setting prescribed relations 
30 between directions of crystal axes of said substrate and directions of incidence of said beams. 

60. An apparatus for forming a single-crystalline thin film of a prescribed material on a substrate, 
comprising: 

film forming means for forming an amorphous or polycrystalline thin film of said prescribed material 
35 on said substrate by supplying a reaction gas; 

40 

irradiation means for irradiating said substrate with gas beams of low energy levels causing no 
sputtering of said prescribed material from directions being perpendicular to a plurality of densest 
crystal planes having different directions in said single-crystalline thin film to be formed; and 

substrate rotating means for rotating said substrate. 

61. An apparatus for forming a single-crystalline thin film of a prescribed material on a substrate, 
comprising: 

film forming means for forming an amorphous or polycrystalline thin film of said prescribed 
45 material on said substrate by supplying a reaction gas; and 

irradiation means for irradiating said substrate with gas beams of low energy levels causing no 
sputtering of said prescribed material from directions being perpendicular to a plurality of densest 
crystal planes having different directions in said single-crystalline thin film to be formed, 

said film forming means having supply system rotating means for rotating an end portion of a 
50 supply path for supplying said substrate with said reaction gas with respect to said substrate. 

52. An apparatus for forming a single-crystalline thin film of a prescribed material on a substrate, 
comprising: 

a plurality of irradiation means for irradiating said substrate with a plurality of gas beams of low 
55 energy levels causing no sputtering of said prescribed material from directions being perpendicular to a 

plurality of densest crystal planes having different directions in said single-crystalline thin film to be 
formed respectively; and 

control means for independently controlling operating conditions in said plurality of irradiation 

56 

Page 355 of 1053



EP O 652 308 A2. 

means respectively. 

53. An apparatus for forming a single-crystalline thin film of a prescribed material on · a substrate, 
comprising: 

s · irradiation means for irradiating said substrate with beams of a gas being supplied by an ion source 
at low energy levels causing no sputtering of said prescribed material from directions being per
pendicular to a plurality of densest crystal planes having different directions in said single-crystalline 
thin film to be formed; and 

bias means for applying a bias voltage across said ion source and said substrate in a direction for 
10 accelerating ions. 

54. An apparatus for forming a single-crystalline thin film of a prescribed material on . a substrate, 
comprising: 

irradiation means for irradiating said substrate with beams of a gas being supplied by an ion source 
15 at low energy levels causing no sputtering of said prescribed material from directions being per· 

pendicular to a plurality of densest. crystal planes having different directions in said single-crystalline 
thin film to be formed, a grid being provided in the vicinity of an ion outlet of said ion source; and 

20 

grid voltage applying means for applying a voltage to said grid for controlling conditions for 
extracting ions from said ion source. 

55. A method of forming a single-crystalline thin film in accordance with any of claims 37 to 42, wherein 
the atomic weight of an element forming said gas is lower than the maximum one of the atomic weights 
of elements forming said prescribed material. 

25 56. A method of forming a single-crystalline thin film in accordance with any of claims 37, 38 and 42, 
wherein the atomic weight of an element forming said gas is lower than the maximum one of the atomic 
weights of elements forming said masking material. 

57. An apparatus for forming a single-crystalline thin film in accordance with any of claims 43 and 48 to 52, 
30 wherein said irradiation means comprises· an electron cyclotron resonance type ion source, said gas 

beams being supplied by said ion source. 

35 

40 

45 

50 

55 

58. An apparatus for forming a single-crystalline thin film in accordance with claim 45 or 46, wherein said 
beam source is an electron cyclotron resonance type ion source. 

59. An apparatus for forming a single-crystalline thin film in accordance with claim 53 or 54, wherein said 
beam source is an electron cyclotron resonance type ion source. 

57 
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An optical fiber used for an optical amplifier, which is fonned by doping glass with rare-earth ions. Both praseodymium ions (1¥3) 
and erbium ions (Er+3) are used as the rare-earth ions, and the glass is a fluoride glass or a sulfide glass. The optical fiber can be used 
at both wavelengths of 1.3 µm and 1.55 µm. The light amplification efficiency of an optical amplifier made of the optical fiber can be 
improved compared to an optical amplifier fonned of only Pr+3 or only Er+3, 
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OPTICAL FIBER FOR LIGHT AMPLIFIER 

Technical Field 

The present invention relates to optical fibers for use in a light amplifier, 

5 and more particularly, to an optical fiber for use in a light amplifier which can 

be used at wavelengths of both 1.3 µm and 1.55 µm. 

Background Art 

The wavelength of light used in optical communications has been 

10 shifted from a wavelength of 1.3 µm to a wavelength of 1.55 µm. In general, 

praseodymium ions {Pr+~ which are used to dope an optical fiber, are used to 

amplify an optical signal having a wavelength of 1.3 µm while erbium ion (Er+3
) 

which are used to dope an optical fiber, are used to amplify an optical signal 

having a wavelength of 1.55 µm. 

15 U.S. Patent No. 5,486,947 discloses an optical fiber for use in an optical 

amplifier, which are capable of operating with optical sufficient optical gain at 

the 1.3 µm wavelength. The optical fiber is a fluoride glass optical fiber 

containing rare earth metal ions in a core glass, wherein the refractive index 

difference between the core and a cladding layer is above 1.4%, and the glass 

20 contains lead difluoride (PbF J in a proportion of 25 mol % or less based on the 

total composition for forming the glass. 

Now, both wavelengths of 1.3 µm and 1.55 µm are used in many optical 

communications related fields. Thus, different parts which are suitable for 

each wavelength, are required to construct an optical circuit, so that 

25 development cost increases in addition to switching cost for switching the 

wavelengths. 

Disclosure of the Invention 

An object of the present invention is to provide an optical fiber for use 

30 in an optical amplifier, which can be used for both the 1.3 µm and 1.55 µm 

bands. 
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According to an aspect of the present invention, there is provided an 

optical fiber for an optical amplifier, which is formed by doping glass with rare

earth ions, wherein both praseodymium ions (Pt3
) and erbium ions (Er+3

) are 

used as the rare-earth ions, and the glass is a fluoride glass or a sulfide glass. 

5 Preferably, the content of Pr+3 is 100-1000 ppm and the content of Er+3 

is 100-5000 ppm. If the Pr+3 and Er+3 content is outside the above range, light 

amplification efficiency is undesirably lowered. Also, the mixing ratio of Pr+3 to 

Er+3
, by weight, may be between 1: 1 and 1 :3. If the ratio of Pt3 to Er+3 

exceeds the above ratio, fluorescence emission quantity at the wavelength of 

IO 1.55 µm is decreased. Conversely, if the ratio of Pr+3 to Er+3 is less than the 

above ratio, the amplification at the wavelength of 1.3 µm unfavorably 

decreased. 

Brief Description of the Drawings 

15 FIG. 1 shows the fluorescence emission spectrum at wavelengths of 1.3 

µm and 1.55 µm according to the amount of Er+3 in optical fibers, when a laser 

beam having a wavelength of 980 nm is irradiated onto an optical fiber which 

is formed by doping glass made of GeigAs8Ga1S62 with Pr+3 and Er+3
, wherein 

the fluorescence emission at the wavelength of 1.3 µm is caused by the 

20 electron transition of pr3+ from the 1G
4 

level to the 3H5 level in Pr+3 doped 

fibers, and that at the wavelength of 1.55 µm is caused by the transition 411312 

... 411512 in Er+ doped fibers ; 

FIG. 2 is a graph showing the fluorescence lifetime of Pr+3 at the 1G4 

level and of Er+3 at the 411/2 level and 411/2 level according to the amount of 

25 Er+3 in optical fibers, when a laser beam having a wavelength of 980 nm is 

irradiated onto an optical fiber which is formed by doping a GeigAs8Ga1S62 

glass with Pr+3 and Er+3; 

FIG. 3 is a diagram illustrating energy transfer between Pr+3 and Er+3 

ions; 

30 FIG. 4 shows the fluorescence emission spectrum at the wavelength of 

1.3 µm by the electron transition of Pr+3 from the 1G4 level to the 3H5 level 

when a laser beam having a wavelength of 1020 nm is irradiated onto an 

optical fiber which is formed by d·oping a Ge2gAs8Ga1S62 glass with Pr+3
; 

Page 418 of 1053



W000/21898 PCT/KR99/00609 

3 

FIG. 5 shows the fluorescence emission spectrum at the wavelength of 

1.55 µm by the electron transition of Er+3 from the 411312 level to the 411512 level 

when a laser beam having a wavelength of 980 nm is irradiated onto an optical 

fiber which is formed by doping a Ge~s8Ga1S62 glass with Er+3
; and 

5 FIG. 6 shows the fluorescence emission spectrum at the wavelengths 

of 1.3 µm and 1.55 µm according to the amount of Pr+3 in optical fibers, when 

a laser beam having a wavelength of 980 nm is irradiated onto an optical fiber 

which is formed by doping a Ge2gAs8Ga1S62 glass with Pr+3 and Er+3
, wherein 

the fluorescence emission at the wavelength of 1.3 µm is due to the electron 

10 transition of Pf+ from the 10 4 level to the 3Hs level, and that at the wavelength 

of 1.55 µm is due to the electron transition of Er+ from the \ 312 level to the 
411512 level. 

Best mode for carrying out the Invention 

15 The present invention provides an optical fiber for use in a light 

amplifier, which can be used at wavelengths of both 1.3 µm and 1.55 µm, by 

using a laser beam having a wavelength of 980 nm as a light source for 

exciting an optical fiber formed of Pr•3 and Er*3
• In the present invention, the 

term "fibers" refers ro shapes with a wide range of diameters, not merely thin 

20 fibers. For example, a fiber may have diameter of 5 to 100mm. In the present 

invention, the fiber contains Pr+3 and Er+3, wherein the maximum absorption 

peak of Er+3 in a laser beam having wavelength 980 nm is at the 411112 1evel. 

In this case, two ions are simultaneously excited, so that Pr+3 emits 

fluorescence at 1.3 µm and Er+3 emits fluorescence at 1.55 µm. In particular, 

25 as shown in FIG. 3, the fluorescence lifetime of Pr+3 at the 10 4 level is 

elongated due to the energy transfer from Er+3
, so that light amplification 

efficiency is improved compared to a conventional optical fiber containing only 

Pr+3• 

Preferably, in the present invention, a fluoride or sulfide glass is used 

30 to minimize lattice vibration relaxation of Pr+3 from the 10 4 level to 3F 4 level. 

The fluoride glass may be a ZBLAN glass which is a fluoride containing 

zirconium (Zr), barium (Ba), lanthanum (La), aluminum (Al) and sodium (Na), 

and the sulfide glass may be a g·ermanium-arsenic-gallium-sulfur (Ge-As-Ga-
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S) or Ge-As-S glass. Here, using the sulfide glass can further minimize the 

lattice vibration relaxation of Pr+3 from the 10 4 level to the 3F4 level compared 

to the case of using the fluoride glass. However, using the fluoride glass rather 

than a sulfide glass generally makes the manufacture of optical fiber easier. 

5 In order to maximize the light amplification efficiency at both 

wavelengths of 1.3 µm and 1.55 µm, the mixing weight ratio of Pr+3 and Er+3 is 

adjusted to be between 1:1 and 1:3. 

Hereinafter, the present invention will be described using the following 

examples. However, these examples are merely illustrative and the present 

10 invention is not limited thereto. 

Comparative Example 1 

Ge, As, Ga and S having a purity of 99.999% or more, were weighted 

in an atomic ratio of 29:8:1 :62 in a glove box where the content of hydroxy 

15 (OH) group and oxygen was maintained to be 10 ppm or less, and Pr metal 

powder was added in amount of 300 ppm to give the Pr+3
• 

After filling a Si02 test tube with the above composition, the test tube 

was left under a vacuum condition of 0.1 mTorr for a predetermined period of 

time. Then, the test tube was made airtight by sealing it with an oxy-propane 

20 flame. 

Following this, the test tube was put into a rocking furnace such that the 

composition comprised in the test tube was completely mixed, and the 

resultant was kept at 950°C for 12 hours. Then, the test tube was quenched 

in air, and heated in a furnace which was set at 400°C for 1 hour. After the 

25 heating process, the test tube was slowly cooled to room temperature and 

broken into pieces, resulting in an optical fiber formed of a Pr+3-doped sulfide 

glass of GezA58Ga1S62 in which the amount of lattice vibration relaxation was 

slight. The optical fiber was cut into a disc shape (having a diameter of 10 mm 

and a thickness of 3 mm) and polished. 

30 Then, the fluorescence spectrum and fluorescence lifetime of the 

resultant were measured using a laser beam having a wavelength of 1017 

nm as a source of light excitation. At this wavelength, Pt3 at the 10 4 level 

showed a maximum light absorption. 
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As a result, the fluorescence emission at a wavelength of 1.3 µm, 

which was caused by electron transition of Pr+3 from the 10 4 level to 3H5 

level, was observed (see FIG. 4), and the fluorescence lifetime was 305 

µsec (see FIG. 2). 

Comparative Example 2 

An optical fiber was manufactured in the same manner as in 

Comparative Example 1 except that Er+3 was used instead of Pr+3
• Er2S3 

was used as the source of Er+3
• Then, the optical fiber was cut into a disc 

10 shape (having a diameter of 10 mm and a thickness of 3 mm) and polished. 

Then, the fluorescence spectrum and fluorescence lifetime of the resultant 

were measured using a laser beam having a wavelength of 980 nm as a 

source of light excitation. At this wavelength, Er+3 at the 411112 level showed 

a maximum light absorption. 

15 As a result, the fluorescence emission at a wavelength of 1.55 µm, 

which was caused by electron transition of Er+3 from the \ 312 level to 411512 

level, was observed (see FIG. 5), and the fluorescence lifetime at the 411112 

and 41
13

n levels was 2100 µsec and 3400 µsec, respectively (see FIG. 2) 

20 Example 1 

An optical fiber was manufactured in the same manner as in 

Comparative Example 1 except that Er+3 was further added in the amount of 

300 ppm together with 300 ppm of Pr•3
• Then, the optical fiber was cut into 

a disc shape (having a diameter of 10 mm and a thickness of 3 mm) and 

25 polished. Then, the fluorescence spectrum and fluorescence lifetime of the 

resultant were measured using a laser beam having a wavelength of 980 nm 

as a source of light excitation. At this wavelength, Er•3 at the 4111n level 

showed a maximum light absorption. 

As a result, the fluorescence emission of Pr+3
, which was caused by 

30 electron transition from 10 4 level to 3H
5 

level and that of Er+3
, which was 

caused by electron transition from 4I13n level to \ 512 level were observed 

simultaneously at the wavelengths of 1.3 µm and 1.55 µm, respectively (see 
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FIG. 1 (a)). The intensify of fluorescence was increased at each wavelength 

compared to that of Comparative Examples 1-2. Also, the fluorescence 

lifetime of Pt3 at the 10 4 level was 605 µsec, and the fluorescence lifetime 

of Er•3 at the 4111,i and 4113,i levels was 824 µsec and 3120 µsec, 

5 respectively (see FIG. 2). 

According to Example 1, as shown in FIG. 3, the simultaneous 

fluorescence emission at the wavelengths of 1.3 µm and 1.55 µm was due 

to the effective energy transfer indicated by "b". Thus, the optical fiber 

obtained in Example 1 can be used at wavelengths of both 1.3 µm and 1.55 

10 µm. 

Also, the fluorescence lifetime of Pr•3 at the 10 4 level was markedly 

elongated to 605 µsec compared to Comparative Example 1, and the light 

amplification efficiency at the wavelength of 1.3 µm was further improved by 

adding both Pr•3 and Er•3
• However, the fluorescence lifetime of Er •3at the 41

11
,i 

15 level was 3120 µsec, which is lower than in Comparative Example 2, thus 

lowering light amplification efficiency. This is due to the energy transfer 

indicated by "e". 

Example 2 

20 An optical fiber was manufactured in the same manner as in 

Comparative Example 1 except that 500 ppm of Er•3 was further added 

together with 300 ppm of Pt3
• Then, the optical fiber was cut into a disc 

shape (having a diameter of 10 mm and a thickness of 3 mm} and polished. 

Then, the fluorescence spectrum and fluorescence lifetime of the resultant 

25 were measured using a laser beam having a wavelength of 980 nm as a 

source of light excitation. At this wavelength, Et3 at the \ 112 level showed 

a maximum light absorption. 

As a result, the fluorescence emission of Pr•3
, which was caused by 

electron transition from 10 4 level to 3H5 level' and that of Er•3
, which was 

30 caused by electron transition from 411312 level to 411512 level were observed 

simultaneously at the wavelengths of 1.3 µm and 1.55 µm, respectively (see 

FIG. 1 (b)). The intensify of fluorescence was increased at each wavelength 
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compared to that of the Comparative Examples 1-2. Also, the fluorescence 

lifetime of Pr+3 at the 1G4 level was 760 µsec, and the fluorescent lifetime of 

Er+3 at the \ 112 and 411312 levels was 1740 µsec and 2910 µsec, respectively 

(see FIG. 2). 

5 According to Example 2, as shown in FIG. 3, the simultaneous 

fluorescence emission at the wavelengths of 1.3 µm and 1.55 µm was due 

to the effective energy transfer indicated by "b". Also, the fluorescence 

lifetime of Pr+3 at the 104 level was markedly elongated to 760 µsec 

compared to Comparative Example 1 and Example 1, and the fluorescence 

10 lifetime of Er+3 at the 411312 level was decreased to 2910 µsec, compared to 

Comparative Example 2 and Example 1. 

From the above result, it can be understood that the energy transfer 

indicated by "b" and "e" occur more effectively as the content of Er+3 

increases. However, the fluorescence lifetime of Er+3 at the 4I 11a level was 

15 increased to 1740 µsec, compared to Example 1. As a result, it was 

concluded that as Er+3
• which is not involved in the energy transfer indicated 

by "b", increases, the energy transfer degree in the direction indicated by "b" 

decreases. 

20 Example 3 

An optical fiber was manufactured in the same manner as in 

Comparative Example 1 except that 700 ppm of Er+3 was further added 

together with 300 ppm of Pt3
• Then, the optical fiber was cut into a disc 

shape (having a diameter of 10 mm and a thickness of 3 mm) and polished. 

25 Then, the fluorescence spectrum and fluorescence lifetime of the resultant 

were measured using a laser beam having a wavelength of 980 nm as a 

source of light excitation. At this wavelength, Er+3 at the 411112 level showed 

a maximum light absorption. 

As a result, the fluorescence emission of Pr+3
, which was caused by 

30 electron transition from 10 4 level to 3H5 level and that of Er+3
, which was 

caused by electron transition from \ 312 level to 411512 level were observed 

simultaneously at the wavelengths of 1.3 µm and 1.55 µm, respectively (see 
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FIG. 1 (c)). The intensify of fluorescence was increased at each wavelength 

compared to that of Examples 1-2. Also, the fluorescence lifetime of Pr+3 at 

the 10 4 level was 769 µsec, and the fluorescence lifetime of Er ... 3 at the 41.ui 
and 4!1312 levels was 1760 µsec and 2920 µsec, respectively (see FIG. 2). 

5 According to Example 3, as the content of Er ... 3 increased, the 

fluorescence lifetime of Pr ... 3 at the 10 4 level was slightly increased. This 

was due to an increase in energy transfer indicated by 11b11 shown in FIG. 3. 

However, because Er3+ was contributed for elongating the fluorescence 

lifetime at the 411112 and \ 312 levels, the ratio of Er+3 associated with the 

10 energy transfer indicated by 11b11 and "e" was decreased, thus resulting in a 

slight increase in fluorescence lifetime of Pr+3 at the 10 4 level. That is, the 

light amplification efficiency at the wavelength of 1.55 µm showed a 

tendency to increases with an increase in the fluorescence lifetime of Er+3 at 

the 4!1312 level. 

15 

Example 4 

An optical fiber was manufactured in the same manner as in 

Comparative Example 1 except that 1000 ppm of Er+3 was further added 

together with 300 ppm of Pr ... 3• Then, the optical fiber was cut into a disc 

20 shape (having a diameter of 10 mm and a thickness of 3 mm) and polished. 

Then, the fluorescence spectrum and fluorescence lifetime of the resultant 

were measured using a laser beam having a wavelength of 980 nm as a 

source of light excitation. At this wavelength, Er+3 at the 4I11ri level showed 

a maximum light absorption. 

25 As a result, the fluorescence emission of Pr ... 3, which was caused by 

electron transition from 10 4 level to 3H5 level and that of Er ... 3, which was 

caused by electron transition from 4I1312 level to 411512 level were observed 

simultaneously at the wavelengths of 1.3 µm and 1.55 µm, respectively (see 

FIG. 1 (d)). The intensify of fluorescence was increased at each wavelength 

30 compared to that of Examples 1-3. Also, the fluorescence lifetime of Pr ... 3 at 

the 10 4 level was 881 µsec, and the fluorescent lifetime of Er ... 3 at the 41w2 

and 411312 levels was 2030 µsec .and 3340 µsec, respectively (see FIG. 2). 
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According to Example 4, as shown in FIG. 3, the simultaneous 

fluorescence emission at the wavelength of 1.3 µm by Pt3 at the 10 4 level, 

and at the wavelength of 1.55 µm by Er+3 at the 411312 level, was due to 

effective energy transfer indicated by "b". Also, the fluorescence lifetime of 

5 Er+3 at the \ 112 and \ 312 levels showed the maximum levels. Thus, it can 

be understood that the mixing ratio of Pt3 and EP in this embodiment 

shows the maximum light amplification efficiency at both 1.3 µm and 1.55 

µm. 

10 Example 5 

An optical fiber was manufactured by the same manner as in 

Comparative Example 1 except that 1500 ppm of Er+3 was further added 

together with 300 ppm of Pr•3
• Then, the optical fiber was cut into a disc 

shape (having a diameter of 10 mm and a thickness of 3 mm) and polished. 

15 Then, the fluorescence spectrum and fluorescence lifetime of the resultant 

were measured . using a laser beam having a wavelength of 980 nm as a 

source of light excitation. At this wavelength, Er•3 at the 4I 1112 level showed 

a maximum light absorption. 

As a result, the fluorescence emission of Pr•3
, which was caused by 

20 electron transition from 10 4 level to 3H5 level and that of Er•3
, which was 

caused by electron transition from 411312 level to 411512 level were observed 

simultaneously at the wavelengths of 1.3 µm and 1.55 µm, respectively (see 

FIG. 1 (e)). The intensify of fluorescence was saturated, i.e., at the 

maximum level, at each wavelength. Also, the fluorescence lifetime of Pt3 

25 at the 10 4 level was 794 µsec, and the fluorescence lifetime of Er•3 at the 41w2 

and 411312 levels was 1870 µsec and 3240 µsec, respectively (see FIG. 2). 

According to Example 5, as shown in FIG. 3, the simultaneous 

fluorescence emission at the wavelength of 1.3 µm by Pr•3 at the 10 4 level 

and at the wavelength of 1.55 µm by Er•3 at the 411312 level was due to 

30 effective energy transfer indicated by "b". The fluorescence lifetime of Er•3 

at the 411112 and 411312 levels was slightly decreased compared to Example 4, 

because the energy transfer indicated by "b" and "e" were saturated. 
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Example 6 

Ge, Ga and S having a purity of 99.999% or more, were weighted in 

an atomic ratio of 25:5:70 in a glove box where the content of hydroxy (OH) 

group and oxygen was maintained to be 10 ppm or less, and 300 ppm of 

5 Pt3 and 300 ppm of Er3 were added. 

After filling a Si02 test tube with the composition, the test tube was left 

under a vacuum condition of 0.1 mTorr for a predetermined period of time. 

Then, the test tube was made airtight by sealing it with an oxy-propane 

flame. 

10 Following this, the test tube was put into a rocking furnace such that 

the composition comprised in the test tube was completely mixed, and the 

resultant was kept at 950°C for 12 hours. Then, the test tube was quenched 

in air, and heated in a furnace which was set at 260°C for 1 hour. After the 

heating process, the test tube was slowly cooled to room temperature and 

15 broken into pieces, resulting in an optical fiber formed of a Pr+3 and Er3 

doped sulfide glass of Ge25Ga5S70 in which the amount of lattice vibration 

relaxation was slight. 

The optical fiber was cut into a disc shape (having a diameter of 10 

mm and a thickness of 3 mm) and polished. Then, the fluorescence 

20 spectrum and fluorescence lifetime of the resultant were measured using a 

laser beam having a wavelength of 980 nm as a source of light excitation. 

At this wavelength, Er+3 at the 411112 level showed a maximum light 

absorption. 

As a result, the fluorescence emission of Pr+3
, which was caused by 

25 electron transition from 10 4 level to 3H5 level and that of Er+3
, which was 

caused by electron transition from 411312 level to 411512 level were observed 

simultaneously at the wavelengths of 1.3 µm and 1.55 µm, respectively (see 

FIG. 6 (a)). 

According to Example 6, it can be unde·rstood that both a Ge-GA-S 

30 glass doped with Pr+3 and Er3 and a Ge-As-Ga-S glass doped with P'r and 

Er+3 can be used as a material of an optical amplifier which can be used at 

both 1.3 µm and 1.55 µm. 
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Example 7 

An optical fiber was manufactured in the same manner as in Example 

6 except that the amount of Pr+3 was increased to 500 ppm. Then, the 

optical fiber was cut into a disc shape (having a diameter of 10 mm and a 

5 thickness of 3 mm) and polished. Then, the fluorescence spectrum and 

fluorescence lifetime of the resultant were measured using a laser beam 

having a wavelength of 980 nm as a source of light excitation. At this 

wavelength, Er+3 at the 4I 11a level showed a maximum light absorption. 

As a result, the fluorescence emission of Pr+3
, which was caused by 

10 electron transition from 10 4 level to 3H5 level and that of Er+3
, which was 

caused by electron transition from \ 3a level to 411512 level were observed 

simultaneously at the wavelengths of 1.3 µm and 1.55 µm, respectively (see 

FIG. 6 (b)). Also, as the amount of Pr+3 was increased, energy transfer in 

directions indicated by "b" and "e" in FIG. 3 increased. As a result, the 

15 fluorescence intensity of Pr+3 at the 10 4 level increased at the wavelength of 

1.3 µm, whereas that of Er+3 at the 4!1312 level decreased at the wavelength 

of 1.55 µm. However, the rate at which the fluorescence intensity increases 

at 1.3 µm is slower than the rate at which the fluorescence intensity 

decreases at 1.55 µm, and thus it can be inferred that the energy transfer 

20 indicated by "e" is more rapid than that indicated by "b". 

Summing up the results, it can be understood that increasing the 

concentration of Pr+3 is undesirable. 

Industrial Applicability 

25 As described above, the optical fiber used in an optical amplifier according 

to the present invention can be applied to both wavelengths of 1.3 µ.m and 1.55 

µ.m, improving light amplification efficiency compared to a conventional optical 

fiber amplifier containing only Pr+3• 
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What is claimed is: 

1. An optical fiber for an optical amplifier, which is formed by 

doping glass with rare-earth ions, wherein both praseodymium ions (Pr+3
) 

and erbium ions (Er+3
) are used as the rare-earth ions, and the glass is a 

5 fluoride glass or a sulfide glass. 

2. The optical fiber of claim 1, wherein the sulfide glass is a 

germanium-arsenic-gallium-sulfide (Ge-As-Ga-S) glass or a Ge-As-S glass. 

10 3. The optical fiber of claim 1, wherein the fluoride glass is a 

ZBLAN glass containing zirconium (Zr), barium (Ba), lanthanum (La), 

aluminum (Al) and sodium (Na). 

4. The optical fiber of claim 1, wherein the mixing weight ratio of 

15 Pr+3 to Er3 is between 1: 1 and 1 :3. 

20 

5. The optical fiber of claim 1, wherein a laser having a 

wavelength capable of absorbing Er+3 is used as a light source for exciting 

the optical fiber. 

6. The optical fiber of claim 1, wherein the content of P(3 is 

100-1000 ppm and the content of Er+3 is 100-5000 ppm. 
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FIG. 5 
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FIG. 6 
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Beschreibung 

[0001) Die Ertindung betrifft leitende transparente 
Schichten nach dem Oberbegriff des Patentanspruches 
1 sowie ein Verfahren zur Herstellung dieser leitenden 
transparenten Schichten nach Patentanspruch 6. 
[0002] Leitende transparente Schichten werden 
heute in der Displaytechnik, in der Optoelektronik sowie 
als Architekturglas vielfaltig eingesetzt. Dabei wird 
einerseits eine moglichst hohe Transmission im sichtba
ren Spektralbereich und andererseits eine moglichst 
hohe Leitfahigkeit beziehungsweise ein moglichst nie
derer Flachenwiderstand angestrebt. Ats Mass fur die 
Gute leitender transparenter Schichten kann der Haak
kesche Gutefaktor <!>re~ T 101Rs, definiert in Journal of 
Applied Physics. Vol. 47, Seite 4086 bis 4089 (1976), 
verwendet wcrdcn. Do.bci bedeuten T die optische 
Transmission der Schcht (als Bruchteil der auffallenden 
Strahlung) und Rs den Flachenwiderstand in .!lsq. So 
besitzt beispielswe,se e ne Sch,c.,t mit einer Transmis
sion von 90~o unrl p,npm F .:lc:hPrw1<1Pri-t.:lnd von 3 ilsq 
einen HaackeschPn C,..;!Pt.tktor von C 116 n·1. Eine 
Schicht mit einer TransmtSs,on von 8)0

., und einem Fla
chenwiderstand von :, ! .....,, :>t'sf!.~ e,ner Gutefaktor von 
0,021 n-1 . 

[0003] Eine we,tert' w,c N•'¥" :. ,qens.chaft eines sol
chen Schichtsystems tS- se,,,£- A::na•i.eit Diese hangt 
von seiner chemischen Zu"anm~n~:;ung und seiner 
Dicke ab. Fur eine ku~e Ar::e1t und gute Kanten
scharte ist es wichti£. oass a,t' Schchtdicke moglichst 
klein ist, d.h. unter 1 00 nm ::>etragt 
[0004) Zur ErzielJng hoher Gutetaktoren ist es vor
teilhaft, Schichtsysteme.- aJs ox d1SChen und metafli
schen Schichten zu ko-nbm,eren. So ist es bekannt, 
sehr dOnne Silberschichten zwischen dOnne Oxid
schichten einzulagern. Durch die E:mlagerung zwischen 
Oxidschichten wird die S1lbersch1cht einerseits stabili
siert und geschOtzt, andererseits wird gleichzeitig ihre 
Reflexion vermindert und dadurch die Transmission 
erhoht. Diese Schichtkombinationen besitzen femer 
den Vorteil einer geringen Gesamtschichtdicke, namlich 
100 nm oder weniger, verglichen mit einer Schicht aus 
lndium-Zinn-Oxid mit vergleichbarem Flachenwider
stand, die eine Dicke von i.iber 500 nm aufweist (S. H. 
Shin und Koautoren, Thin Solid Films 341 (1999) 225 -
229). Damit konnen Atzprozesse. wie sie bei der Her
stellung von Displays ublich sind, schneller und mit 
geringerer Unteratzung hergestellt werden. 
[0005) Solche Schichtsyteme sind z. B. beschrie
ben in: EP O 599 071 A 1, JP 1 0062602 A und im Artikel 
von K. K. Choi und Koautoren, Thin Solid Films 341 
(1999) 152 - 155. 
[0006] In der EP O 599 071 A 1 wird ein Schichtsy
stem mit der Schichtfolge lndium-Zinn-Oxid, Silber bzw. 
verschiedene Silberlegierungen, lndium-Zinn-Oxid 
beschrieben. Durch einstOndige Temperung bei 300°C 
!assen sich Schichten mit einem Flachenwiderstand 
von 3,2 .flsq und gleichzeitig guter Transmission im 

3NSDOCID: <EP ___ 1092689A 1_1_> 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

2 

sichtbaren Bereich herstellen. Fur die Wellenlangen 
435, 545 und 610 nm ergibt sich ein gemittelter Haacke
scher Gutefaktor van 0,066. Nachteilig ist jedach die fur 
Displayanwendungen notige nachtragliche Temperatur
behandlung, da diese einen zusatzlichen Arbeitsschritt 
bedeutet. 

[0007] In der JP 10062602 A wird ein ahnliches 
Schichtsystem beschrieben. Hier wird eine dOnne Sil
berschicht mit mindestens 1,5 At.-% Galdbeimengung 
zwischen Oxidschichten, bestehend aus Zinnoxid und 
lndiumaxid sowie geringen Beimengungen anderer 
Oxide, eingebettet. Damit werden Schichten mit einem 
Fla.chenwiderstand van 4 - 20 ilsq und hoher Durchlas
sigkeit bei 550 nm erhalten. Die erhohten Kosten durch 
die Goldbeimengung und der relativ hohe Flachenwi
derstand mussen als Nachteile angesehen werden. 
[0008] In Thin Solid Films 341 beschreiben K. K. 
Choi und Koautoren ein Schichtsystem bestehend aus 
lndium-Zinn-Oxid gefolgt von einer Silberschicht und als 
Deckschicht wiederum lndium-Zinn-Oxid. Zur Verbes
serung der Leitfahigkeit werden die Schichten aus 
lndium-Zinn-Oxid bei 200°C, die Silberschicht jedoch 
bei Raumtemperatur abgeschieden. Ooch durch die 
Erwarmung vor Abscheidung der zweiten Schicht aus 
lndium-Zinn-Oxid werden die Eigenschaften der Silber
schicht bezOglich optischer Transmission und elektri
scher Leitfa.higkeit ungunstig beeinflusst. Im besten Fall 
wurden Schichten mit einem Flachenwiderstand von 4 
fisq und einerTransmission von 90% bei 550 nm erzielt. 
[0009] Es ist weiterhin bekannt, dass bei spezieller 
Wahl der Materialien und Beschichtungsparameter 
transparente leitende Schichtsysteme mit 2,93 ilsq und 
Transmissionswerten (gegen Luft gemessen) von 89,2 
% bei 435 nm, 92,4 % bei 545 nm und 82,2 % bei 610 
nm mit einer Gesamtschichtdicke von 86,5 nm herge
stellt werden konnen. Dieser transparente Leiter besitzt 
tor die drei genannten Wellenlangen einen mittleren 
Haackeschen GOtefaktor van 0, 104 Ohm· 1. 

[0010) Im Displaybereich fur grossfla.chige flache 
LCD-Displays oder Computermonitore mit Bilddiagona
len vorzugsweise Ober 17'' werden nun transparente 
Elektroden mit noch niedererem Flachenwiderstand bei 
gleichzeitig hoher Durchlassigkeit im sichtbaren 
Bereich, d. h. einem hohem Haackeschem Gutefaktor, 
benotigt. Dies ist durch die Bildgrosse, die hohe Autio
sung und Pixelzahl sowie die hohere Geschwindigkeit 
dieser Displays bedingt. Diese Anforderungen konnen 
mit den bisher bekannten Verfahren nicht mehr erfullt 
werden. 
[0011] Die vorliegende Ertindung macht sich zur 
Aufgabe, die Nachteile des Standes der Technik zu 
beheben, insbesondere einen noch niedereren Fla
chenwiderstand bei einem hohen Haackeschen GOte
faktor zu erreichen. 
[0012) Diese Aufgabe wird gelost durch ein 
Schichtsystem nach Anspruch 1 sowie durch ein Ver
fahren nach Anspruch 6. Die abhangigen Patentanspru
che beschreiben weitere bevorzugte AusfOhrungen der 

I 
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Erfindung. 

(0013] Ein erfindungsgemasses Schichtsystem 
nach Anspruch 1 umfasst mindestens 2 Oxidschichten 
und eine dazwischen gelagerte Silberschicht und weist 
einen Fla.chenwiderstand von weniger als 2,9 D.sq, vor- 5 

zugsweise 2,5 ilsq und geringer auf, bei einem Ober die 
Wellenlangen 435, 545 und 61 O nm gemittelten Haak
keschen Gutefaktor von grosser als 0,085 n.-1· 

(0014) Dabei ist es aus Grunden der Farbneutralitat 
gOnstig, wenn bei einem Flachenwiderstand von 2,5 10 

llsq die optische Transmission bei 435 nm mindestens 
89 %, bei 545 um mindestens 88 % und bei 61 0 nm 
mindestens 75 % betragt. Damit ist gewahrleistet, dass 
die Beschichtung in Durchsicht moglichst neutral 
erscheint. 15 

[0015] Besonders gute Ergebnisse werden erzielt, 
wenn die Dicke der beiden Oxidschichten vorteilhafter
weise unter 50 nm, vorzugsweise zwischen 30 und 40 
nm, und die Dicke der Silberschicht unter 20 nm, vor~ 
zugsweise bei 15 nm, gewahlt wird. 20 

[0016) Die Entspiegelungswirkung der Oxidschich-
ten wird besonders gut, wenn die Oxidschicht neben 
Indium 5 bis 10 At.-% Ger enthalt. 
(0017) :Jie Stabilitat der Silberschicht wird durch 
Be,qabe von bis zu 10 Gew.-% Kupfer erhoht. Beson- 25 

ders w,r1o..sam zeigten sich Beigaben von 0,5 bis 3 % 
urd nstesonoere 0,5 bis 1 %. 
(0018} 3e, der Herstellung des beschriebenen 
Sc11ie11t~ys1ems ast es entscheidend, wie in Anspruch 6 
uro we ter-en atha,gigen Anspri.ichen beschrieben, 30 

tkss me A.Jtonngung der zweiten Oxidschicht nicht mit 
re,ne· CC Zet;;taubung, sondern mit einer gepulsten 
DC.Ze~ta .... bu,g oder mit einer AC-i.iberlagerten DC
Zers~autxmg erfclgt Die AG-Oberlagerung wird bei-
sr oelswt ise oaaurch erzeugt, dass das Ausgangssignal 35 

uN:' e,r ~ titer auf die mit einer DC-Stromversorgung 
9(-S~•s:e !:>ou:terquelle eingekoppett wird. Eine weitere 
M :.,g1 cn,e1: t>esteht beispielsweise auch darin, die DC-

hoch gehalten werden. Ohne das erfindungsgemasse 
Vorgehen mi.isste zur Erzielung dieser Leitfahigkeit die 
Dicke der Silberschicht erhoht werden, was unvermeid
lich zu einer deutlicheren Verringerung der Transmis
sion und damit zu einer wesentlichen Verschlechterung 
des Haackeschen Gutefaktors fOhren. wOrde. 

(0025] Die Herstellung solcher Schichten an Hand 
des erfindungsgemassen Vertahrens soll nun an dem 
nachfolgenden Beispiel beschrieben werden. 
[0026] Die Gias-Substrate · aus herkommlichem 
dOnnen Floatglas oder Maschinenglas werden in her
kommlicher Weise gereinigt und dann in eine Zerstau
bungsanlage eingebracht. Die Vakuumkammer wird 
abgepumpt und nach Erreichung des notigen Vakuums 
mit der Aufstaubung der ersten Oxidschicht aus lndium
und Geroxid begonnen. Diese Oxidschicht wird teilreak
tiv von einem Oxidtarget abgestaubt, d. h. in einer 
Argonatmosphare von ca. 2,2x1 o·3 hPa mit einer Beimi
schung von Sauerstoff von maximal 5 %. Dieser Zer
staubungsprozess ist ein reiner DC-Prozess. Typische 
Zerstaubungsraten sind 5 bis 8 nmxm/minxcm2W. 
Anschliessend erfolgt als reiner nicht-reaktiver DC-Pro
zess das Aufstauben der Silberschicht. Hier liegen die 
typischen Zerstaubungsraten bei 12 bis 15 
nmxm/minxcm2/W. Ihm schliesst sich das Aufstauben 
der zweiten Oxidschicht mit einer AC-uberlagerten DC
Zerstaubung an. Oabei liegt der AC-Anteil, definiert 
durch das Verhaltnis der eingespeisten DC- und AC
Leistung, zwischen 30 und 50 %. Die AC-Frequenz liegt 
bei 13,56 MHz. Nach Beendigung des Zerstaubungs
prozesses werden die beschichteten Glaser durch eine 
Schleuse oder durch Fluten der Kammer an Luft ausge
bracht. In einem anschliessenden Atzprozess werden 
die Substrate dann strukturiert und zu Displays weiter
verarbeitet. 
[0027] Im folgenden ist die Erfindung in den Figuren 
1 und 2 an Hand.van Austuhrungsbeispielen erlautert. 

S1rurT1vt'•sur~ng entsprechend zu modulieren oder zu Fig. 1 zeigt schematisch und im Querschnitt ein 
erfindungsgemasses Schichtsystem. !d,:e·i (ct,uµµem1 Es sind also verschiedene Modula- 40 

ticne, mc,g ,ch Fig. 2 zeigt die im sichtbaren Spektralbereich 
gegen Luft gemessene optische Transmis
sion· eines erfindungsgemassen Schichtsy
stems mit einem Flachenwiderstand von 2,5 

(0019) :),e AC-rrequenz sollte zwischen 1 und 50 
M-t:'. vcr:l.gsweise zw,schen 10 und 20 MHz, liegen, 
un bc:;ondcr.:; gutc Ergcbnisse zu erreichen. 
(0020) ,m W£:1teren wird mit Vorteil der AC-Anteil, 45 D.sct· 
d£:f,n ert dl.rch das Verhaltnis der eingespeisten DC
ur,d AC-Le,;;tu,g. zw,schen 10 und 90 %, vorzugsweise 
zw,sche, 3) und 50 ~;,. eingestellt 
(0021 J qP.sonders geeignet erwies sich eine totale 
Leistungsdichte (AC und DC) von 1 bis 3 W/cm2, vor
zugsweise von 2 bis 2.2 W/cm2. 

(0022] Als Zerstaubungsmethode wird Magnetrons-
puttern bevorzugt 
[0023] Die Vorteile dieses Verfahrens konnen wie 
folgt zusammengefasst werden: 
(0024) Durch die Erhaltung der guten Leitfahigkeit 
der dunnen Silberschicht durch die Art der Aufbringung 
der zweiten Oxidschicht kann die optische Transmission 

BNSOOCIO: <EP ___ 1092689A 1 _I_> 

(0028) In der Fig. f bedeuten 1 das Glassubstrat, 
auf welches das erfindungsgemasse Schichtsystem 
aufgebracht wird, 2 eine lndium-Cer-Oxidschicht, 3 eine 

50 Kupfer-dotierte Silber-Schicht, und 4 eine abschlies
sende lndium-Ger-Oxidschicht. 
[0029] Das Glassubstrat .1 ist z. B. ein handelsi.ibli~ 
ches Floatglas mit 1, 1 mm Dicke. Es konnen aber auch · 
andere Glasdicken und andere Glaser, z. B. Maschinen-

55 glas, beni.itzt werden. 

3 

[0030] Darauf wird durch teilreaktive DC-Zerstau
bung von einem Oxidtarget, bestehend aus vorzugs
weise 90 bis 95 At.-% Indium und 5 bis 10 At.-% Ger, 
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eine Oxidschicht 2 mit der geometrischen Dicke van 30 
bis 37 nm abgeschieden. 

[0031] Auf diese Oxidschicht 2 wird eine Silber
schicht 3 mit 0,5 bis 10 % Kupfer-Beimengung, vorzugs
weise 0,5 bis 3% und insbesondere 0,5 bis 1 % Kupfer, 
in einem reinen DC-Zerstaubungsprozess in einer 
Argonatmosphare in einer Dicke von 15 nm aufge
bracht. 
[0032] Auf die Schicht 3 aus Silber/Kupfer wird 
direkt eine zweite lndium-Cer-Oxidschicht 4, ebenfalls 
mit der geometrischen Dicke von 30 bis 37 nm, abge
schieden. Dies erfolgt jedoch mit einem AC-iiberlager
ten DC-Zerstaubungsprozess. Dabei liegt der AC
Anteil, definiert durch das Verhaltnis der eingespeisten 
DC- und AC-Leistung, zwischen 10 und 90 %, vorzugs
weise zwischen 30 und 50 %. Die AC-Frequenz liegt 
zwischen 1 und 50 MHz, vorzugsweise zwischen 10 
und 20 MHz. 
[0033] Optional kann nach der Silber/Kupfer
Schicht eine Schutzschicht aus Oxiden von Titan- oder 
Nickellegierungen mittels DC-Magnetron-Zerstaubung 
aufgebracht werden. 
[0034] In der Fig. 2 ist die optische Durchlassigkeit 
(gemessen gegen Luft) eines erfindungsgemassen 
Schichtsystems mit einem Flachenwiderstand von 2,5 
~ in Abhangigkeit van der Wellenlange im Spektralbe
reich 400 bis 800 nm dargestellt Bei 435 nm werden 
89,8 %, bei 545 nm 88,4 % und bei 610 nm 75,4 % 
erreicht. Der Ober diese drei Wellenlangen gemittelte 
Haackesche Giitefaktor betragt 0,092 .0.-1 . 

Patentanspruche 

1. Leitendes transparentes Schichtsystem mit zwei 
Oxidschichten (2,4) und einer dazwischen gelager
ten Silber-Schicht (3) auf einem Substrat (1 ), 
dadurch gekennzeichnet, dass bei einern Fla
chenwiderstand R5 von < 2,9 ~-, vorzugsweise < 
2,5 .nsq und weniger, der mittlere Haackesche 
GOtefaktor des Schichtsystems filr die Wellenlan
gen 435, 545 und 610 nm (<t>rc=T10tR5)>0,085ff 
1betragt. 

2. Schichtsystem nach Anspruch 1, dadurch 
gekennzeichnet, dass bei einem Flachenwider
stand von 2,5 fisq die Durchlassigkeit T bei 435 nm 
mindestens 89 %, bei 545 nm mindestens 88 % 
und bei 61 O nm mindestens75%betragt. 

5 

AnsprOche, dadurch gekennzeichnet, dass die 
Oxidschichten (2,4) Indium und Ger enthalten, vor
zugsweise 90 bis 95 At.-% Indium und 5 bis 10 At.
% Ger. 

5. Schichtsystem nach einem der vorangehenden 
AnsprOche, dadurch gekennzeichnet, dass die 
Silber-Schicht (3) bis zu 1 o Gew.-% Kupfer enthalt, 
vorzugsweise im Bereich o.5 bis 3 % und ins-

10 besondere 0,5 bis l %. 

6. Verfahren zur Herstellung eines leitenden transpa
renten Schichtsystems nach einem der vorange
henden AnsprOche, dadurch gekennzeichnet, 

15 class bei der Aufbringung der zweiten Oxidschicht 
(4) eine gepulste DC-Zerstaubung oder eine AC
uberlagerte DC-Zerstaubung verwendet wird. 

7. Verfahren nach Anspruch 6, dadurch gekenn-
20 zeichnet, dass eine AC-Oberlagerung mit einer 

Frequenz zwischen 1 und 50 MHz, vorzugsweise 
zwischen 1 O und 20 MHz vorgenommen wird. 

8. Verfahren nach Anspruch 6 und 7, dadurch 
25 gekennzeichnet, dass der AC-Anteil, definiert 

durch das Vemaltnis der eingespeisten DC- und 
AC-Leistung, zwischen 10 und 90 %, vorzugsweise 
zwischen 30 und 50 % liegt. 

30 9. Verfahren nach Anspruch 6, 7 und 8, dadurch 
gekennzeichnet, dass die totale Leistungsdichte 
(AC und DC) im Bereich 1 bis 3 W/cm2, vorzugs
weise aber bei 2 bis 2.2 W/cm2 liegt. 

35 10. Verfahren nach Anspruch 6 bis 9, dadurch 
gekennzeichnet, dass als Zerstaubungsverfahren 
Magnetronzerstaubung gewahlt wird. 

11. Leitendes transparentes Schichtsystem nach 
40 Anspruch 1 bis 5, dadurch gekennzeichnet, dass 

es nach dem Verfahren nach den AnsprOchen 6 bis 
10 gefertigt wurde. 

12. Leitendes transparentes Schichtsystem als trans-
45 parente Elektroden filr grossflachige Displays nach 

Anspruch 1 bis 5, dadurch gekennzeichnet, dass 
es nach dem Verfahren nach den AnsprOchen 6 bis 
1 O gefertigt wurde. 

3. Schichtsystem nach einem der vorangehenden so 
AnsprOche, dadurch gekennzeichnet, dass die 
Dicke des Schichtsystems < 1 00 nm, vorzugsweise 
80 bis 90 nm betragt, wobei die Dicke der Silber
schicht (3) bei < 20 nm, vorzugsweise bei 15 nm, 
und die Dicke der beiden Oxidschichten (2,4) bei < 55 

50 nm, vorzugsweise zwischen 30 und 40 nm, liegt. 

4. Schichtsystem nach einem der vorangehenden 
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Description 

FIELD OF THE INVENTION 

5 [0001) The present invention relates to a multilayer structure which functions as a photocatalyst and can render its 
surface hydrophilic upon irradiation with ultraviolet rays or visible rays. The present invention further relates to a process 
for producing the same. 

10 

BACKGROUND OF THE INVENTION 

[0002) Members comprising a substrate coated with a titanium oxide film functioning as a photocatalyst are used in 
various applications. Such members are applicable to various articles so as to take advantage of the hydrophilicity 
resulting from their photocatalytic function for various purposes such as, e.g., antifogging, cleaning by rain, cleaning 
by water washing, and antifouling. For example, in the case of articles wherein the substrate is a glass plate, such as, 

15 e.g., windshields and sideview mirrors for vehicles, window glasses for buildings, and mirrors, a technique is used in 
which the substrate is coated with a photocatalyst film whose surface becomes hydrophilic and is thereby prevented 
from being clouded with steam or covered with adherent waterdrops. 
[0003] JP-A-10-278165 (the term "JP-A" as used herein means an "unexamined published Japanese patent appli
cation") discloses a technique in which a metal target comprising titanium as the main component is used to conduct 

20 sputtering in an oxygen-containing atmosphere and the resulting deposit is heated to thereby fonn on a glass plate a 
photocatalyst film having anatase crystals and excellent resistance to abrasion and wearing. 
[0004) However, in order for the technique described above to form a titanium oxide film having photocatalytic activity, 
it is necessary that a titanium oxide film should be deposited on a substrate heated to 300°C or higher or that a titanium 
oxide film which has been deposited on a substrate having room temperature should be heated to a temperature as 

25 high as 600°C or higher. Furthermore, there has been a problem that in the reactive sputtering in which a titanium 
metal target is used in an oxygen-containing atmosphere, the glow discharge becomes unstable as an electrically 
insulating oxide accumulates on the titanium metal surface and, as a result, a titanium oxide film cannot be stably 
obtained. 
[0005) JP-A-10-310653 discloses a technique in which an anatase titanium oxide film or rutile titanium oxide film is 

so deposited on a glass plate by the sol coating method, organic titanate method, electron beam vapor deposition method, 
or the like. There is a description therein to the effect that the energy band gap between the conductive band and the 
valence band in a titanium oxide film functioning as a photocatalyst is regulated by incorporating a metal oxide selected 
from ruthenium oxide, cobalt oxide, cerium oxide, chromium oxide, rhodium oxide, and vanadium oxide to thereby 
effectively obtain hydrophilicity. 

35 [0006) However, the technique described above has had a problem that a step of heating at a temperature as high 
as 350"C or higher is necessary for obtaining a crystalline titanium oxide film having photocatalytic activity, resulting 
in a complicated production process. 
(0007) JP-A-1-92176 discloses a technique in which a titanium oxide photocatalyst film is deposited on a glass plate 
by reactive sputtering using titanium metal as a sputtering target and this titanium oxide film is doped with ions of a 

40 . . metal such as niobium, cobalt, or chromium by ion implantation to improve catalytic activity. 
[0008) However, the technique described above has had drawbacks that an expensive ion injector is necessary for 
injecting metal ions in a glass by ion injection, and that it is virtually difficult to deposit a photocatalytically active film 
on a glass having a relatively large area, such as a window glass for buildings, etc., on an industrial scale. 

45 SUMMARY OF THE INVENTION 

[0009) The present invention has been achieved in order to overcome the problems described above. 
[0010) One object of the present invention is to provide a multilayer structure comprising a substrate and formed 
thereon a film having satisfactory photocatalytic activity and practical antifouling properties. 

50 [0011] Another object of the present invention is to provide a process for producing a multilayer structure comprising 
a substrate and formed thereon a film having photocatalytic activity and antifouling properties. 
(0012] According to the first embodiment of the present invention provides, there is provided a process for producing 
a multilayer structure comprising a substrate and formed thereon a film mainly comprising titanium oxide and having 
photocatalytic activity, which comprises sputtering a conductive sinter target obtained by sintering a mixture of particles 

55 of titanium oxide and particles of at least one metal oxide selected from the group consisting of niobium oxide, tantalum 
oxide, vanadium oxide, zirconium oxide, tin oxide, chromium oxide and copper oxide, in an atmosphere capable of 
having a regulated vacuum to form the film mainly comprising titanium oxide and having photocatalytic activity on the 
substrate. 

2 

300CID: <EP ___ 1088899A1_1_> 

Page 446 of 1053



EP 1068899 A1 

[0013] The film mainly comprising titanium oxide (hereinafter referred to as "titanium oxide film") in the present in
vention is obtained by sputtering, in an atmosphere capable of having a regulated vacuum, a conductive target obtained 
by sintering a mixture of particles of titanium oxide as the main component and particles of at least one metal oxide, 
as a minor component. selected from the group consisting of niobium oxide, tantalum oxide, vanadium oxide, zirconium 

s oxide, tin oxide, chromium oxide and copper oxide. The surrounding gas when sputtering that can be used is an inert 
gas such as argon or a mixed gas comprising an inert gas and oxygen. 
(0014] Especially when an oxygen-containing atmosphere having a reduced pressure is used In order to sputter a 
titanium oxide film which does not have a considerable deficiency of oxygen as compared with the stoichiometric 
amount and is transparent in the visible region, the target surface is inhibited from being covered with an electrically 

10 insulating substance because a small oxygen amount is sufficient for the atmosphere. 
[001S] The target used in the present invention, which is an oxide sinter containing titanium oxide as the main com
ponent, is electrically conductive in such a degree that electric current can flow through the surface thereof. It is preferred 
that a direct current glow discharge be used to bombard the conductive target and thereby deposit a film. This is 
because a direct current power source, which is relatively inexpensive, can be used to generate a stable glow discharge 

15 and deposit a photocatalytically active titanium oxide film on a substrate. 
[0016] The target having conductivity for use in the present invention can be obtained by sufficiently mixing particles, 
preferably fine particles, of titanium oxide with particles, preferably fine particles. of at least one metal oxide selected 
from the group consisting of niobium oxide, tantalum oxide. vanadium oxide, tin oxide, chromium oxide and copper 
oxide, and forming the powder mixture into a given shape by pressure molding. Conventional cold pressing or hot 

20 pressing method can be used for this pressure molding. 
[0017) The conductivity of the target for use in the present invention is preferably such that the surface resistance 
thereof is 500 Q.O or lower, in order to maintain a glow discharge for sputtering the target over a long period of time 
to thereby form a titanium oxide film in a stable manner. If the surface resistance exceeds 500 n,o; it is not preferable 
in that the glow discharge is apt to be interrupted. From the standpoint of even more stably maintaining a glow discharge 

25 over a long period of time, the surface resistance of the target is more preferably 50 n,o or lower. 
[0018] In the present invention, the formation of a photocatalytically active titanium oxide film is preferably conducted 
at a substrate temperature of 170"C or higher. If the substrate temperature is lower than 170°C, it is undesirable in 
that the titanium oxide film obtained has insufficient resistance to abrasion and wearing and has low photocatalytic 
activity. From this standpoint, the substrate temperature is more preferably 200"C or higher. 

30 [0019) On the other hand, if the substrate temperature exceeds 270°C during film formation, the titanium oxide film 
tends to have a higher degree of anatase crystal orientation and, unexpectedly, the photocatalytic activity thereof 
decreases gradually. From this standpoint, the substrate temperature during film deposition is preferably 270"C or 
lower. more preferably 250"C or lower. 
(0020) Preferred metal oxides to be contained in titanium oxide in the present invention are niobium oxide. vanadium 

35 oxide and tantalum oxide because these metal oxides are effective not only in relatively easily maintaining a glow 
discharge necessary for sputtering the sinter target but in obtaining a titanium oxide film having enhanced photocatalytic 
activity. Of those, niobium oxide is most preferable. 
(0021] The oxygen content of the sputtering gas atmosphere (gas composition introduced into the film-formation 
chamber) is preferably less than 80 vol<¥o, more preferably less than 60 vol%, from the standpoint of increasing the 

40 deposition rate of film formation. 
[0022) According to the second embodiment of the present invention, there is provided a multilayer structure com
prising a substrate and formed thereon a film mainly comprising titanium oxide and having photocatalytic activity (here
inafter referred to as "titanium oxide film0

), wherein the film contains as a minor component at least one metal oxide 
selected from the group consisting of niobium oxide, tantalum oxide, vanadium oxide, zirconium oxide, tin oxide, chro-

45 mium oxide and copper oxide and is substantially amorphous when analyzed by X-ray diffraction method. 
[0023] In the case where the titanium oxide film formed is composed of crystals, many grain boundaries are present 
therein. Electron-hole pairs which have been excited by light in the titanium oxide film are trapped by many lattice 
defects present on those grain boundaries, so that the number of electron-hole pairs present on the film surface, which 
contribute to photocatalytic activity, is reduced. Because of this, such a titanium oxide film has reduced photocatalytic 

so activity. In contrast, the multilayer structure of the present invention is reduced in the trapping since it mainly comprises 
an amorphous matrix. This constitution is thought to bring about a high photoexcitation efficiency .. The multilayer struc
ture of the present invention therefore has high photocatalytic activity. 
[0024] The titanium oxide film is characterized in that it is less apt to have a crystalline structure because the titanium 
oxide contains a small amount of one or more metal oxides. The film thickness of the titanium oxide film is preferably 

55 150 nm to 500 nm. 
[0025] In the present invention, the content of the metal oxide(s) as a minor component in the titanium oxide is 
preferably 1 % by weight or higher, more preferably 2.5% by weight or higher. If the content of metal oxides as a minor 
component in the film is lower than 1 % by weight, it is undesirable in that not only stable photocatalytic activity is difficult 
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to obtain but also the target is less apt to retain conductivity (electricity-passing properties) in a degree so as to conduct 
sputtering in a stable manner, making it difficult to stably form a titanium oxide film. 
[0026) On the other hand, the content of the metal oxide(s) as a minor component is .preferably 1~o by weight or 
lower, more preferably 5% by weight or lower. This is because if the content of the metal oxide(s) exceeds 1 ~o by 

5 weight, the content of titanium oxide decreases in relative amount, resulting in lowering photocatalytic activity. 
[0027) In the present invention, preferred metal oxides as the minor component are niobium oxide, vanadium oxide 
and tantalum oxide from the standpoints of obtaining high photocatalytic activity and forming a stable glow discharge 
to form a titanium oxide film with satisfactory reproducibility. Especially preferred from such standpoints is niobium 
oxide. 

10 [0028) Usable substrates include ones made of inorganic materials such as glasses and ceramics and ones made 
of organic materials such as plastics because in the process of the present invention, film fonnation on substrates is 
possible at relatively low temperature. Examples of applications of such substrates include window glasses for buildings 
and vehicles, exterior and interior materials for buildings, Braun tubes, PDP displays, liquid-crystal display panels, 
optical recording media, magnetic recording media, and members or housings of domestic electrical appliances or OA 

15 apparatus. 
[0029) In the case where a glass plate, especially one containing alkali components, such as a soda-lime silicate 
composition, is used as a substrate, it is preferred to dispose. between this glass substrate and a titanium oxide film, 
a primer film serving to prevent the alkali components of the substrate from dissolving in the titanium oxide film. From 
the standpoint of further improving antifouling properties, it is preferred to partly or wholly coat the titanium oxide film 

20 of the present invention with a hydrophilic film. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030) Fig. 1 is a sectional view showing one embodiment of the multilayer structure according to the present inven-
25 tion. 

[0031) Fig. 2 is a graphic presentation showing the influence of substrate temperature during titanium oxide film 
formation on residual triolein amount. 
[0032] Fig. 3 is a graphic presentation showing the influence of substrate temperature during titanium oxide film 
formation on the crystalline structure of the film. 

30 [0033) Reference Numerals in the drawings are as follows: 

1: Multilayer structure of the present invention 
2: Glass substrate 
3: Photocatalytically active film mainly comprising titanium oxide 

ss 4: Primer film 
5: Hydrophilic film 

DETAILED DESCRIPTION OF THE INVENTION 

40 [0034] Embodiments of the present invention will be explained in detail below. 
[0035] Fig. 1 is a sectional view showing one embodiment of the multilayer structure according to the present inven
tion. This multilayer. structure 1 comprises a glass substrate 2 and, superposed on one side thereof in this order, a 
primer film 4 comprising silicon dioxide serving to prevent alkali dissolution, a titanium oxide film 3 having photocatalytic 
activity, and a hydrophilic film 5, Fig. 2 is a graphic presentation showing the influence of the substrate temperature 

45 during titanium oxide film formation on the residual triolein amount. Fig. 3 is a graphic presentation showing the influence 
of the substrate temperature during titanium oxide film formation on the crystalline structure of the film. 
[0036] Examples of the glass substrate include plates made of a soda-lime silicate glass, alkali borosilicate glass 
and aluminoborosilicate glass. Examples of plastic substrates include substrates made of a polycarbonate resin, acrylic 
resin and polystyrene resin. In the case of using a substrate containing an alkali component, e.g., sodium ions, as in 

50 a soda-lime silicate glass, it is preferred to dispose a film of a metal oxide such as silicon dioxide as an alkali dissolution 
preventive film between the substrate and a titanium oxide film in order to prevent the alkali component, which is apt 
to move within the glass, from coming into the titanium oxide film from the glass. Silicon dioxide can be film-formed by 
conventional technique such as sputtering, CVD or a method using an aqueous solution containing hydrosilicofluoric 
acid supersaturated with silicon dioxide. The thickness of this silicon dioxide film is preferably from 10 to 100 nm. 

ss [0037) The sinter target used in forming a photocatalytically active titanium oxide film according to the present in
vention is produced by, for example, the following manner. Trlanium oxide and niobium oxide each are regulated so 
as to have a particle diameter of from about 0.01 to 50 µm. The niobium oxide is mixed with the titanium oxide in an 
amount of. from 1 to 10% by weight l:>ased on the weight of the titanium oxide, and this mixture is molded into a given 
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shape by cold isostatic pressing in water in which the powder mixture is pressed at 3 t/cm2 . The resulting molded 
product is degreased at 400 to 500°C, preliminarily burned in an oxygen atmosphere at 1300 to 150C°C for 4 to 6 
hours, and then subjected to hot isostatic pressing at 1,350 to 1,450°C under a pressure of about 100 MPa in an 
atmosphere comprising argon and oxygen. 

s (0038] Conductivity is imparted to the sputtering target according to the present invention to such a degree that the 
target is not charged during sputtering with a direct current glow discharge. From the standpoint of easily obtaining 
such target surface conductivity, preferred metal oxides for use as the minor component are niobium oxide, vanadium 
oxide and tantalum oxide. Especially preferred is niobium oxide. 
(0039] By using the oxide sinter target which is not charged, sputtering can be conducted with a direct current glow 

10 discharge. The partial oxygen pressure of the atmosphere used for this sputtering may be lower than that in the reactive 
sputtering method in which titanium metal is used as a target. Even when the sputtering is conducted over a long period 
of time, the accumulation of an electrically insulating substance on the target surface can be inhibited. The sputtering 
atmosphere is regulated so as to have a pressure of from 1 to 5 mTorr in magnetron sputtering (MS) or d.ual magnetron 
sputtering (OMS). For maintaining this pressure, the gas to be introduced into the film-formation chamber is preferably 

15 regulated so as to have a composition having an oxygen content of from 0.5 to 10% by volume. 
(0040] The primer film used as an alkali dissolution preventive film in the present invention may be a film of a metal 
oxide or a film of a nitride. Especially preferred are silicon dioxide, silicon nitride and silicon oxynitride because these 
compounds show satisfactory adhesiveness to glass plates and titanium oxide films. · 
[0041] In the present invention, both hydrophilicity and antifouling properties can be imparted to the substrate more 

20 satisfactorily by coating the titanium oxide film with a hydrophilic film transparent to ultraviolet or visible light. Preferred 
examples of this hydrophilic film include silicon dioxide films or films containing silicon dioxide as the main component. 
[0042) Methods for forming the primer film or hydrophilic film are not particularly limited, and conventional methods 
can be used, such as sputtering, CVD using an organosilane as a starting material, and a method using an aqueous 
hydrosilicofluoric acid solution supersaturated with silicon dioxide. 

25 (0043] The present invention will be explained in more detail below by reference to the following Examples and 
Comparative Examples, but it should be understood that the invention is not construed as being limited thereto. In 
each of those Examples and Comparative Examples, the following conditions were used in forming a titanium oxide film. 

Target size: 38 cm (length) x 13 cm (width) x 6 mm (thickness) 
so Sputtering power: 3 kW 

35 

Pressure of sputtering atmosphere: 3 mTorr 
Gas introduced: argon/oxygen mixed gas or oxygen gas 
Substrate heating: various temperatures according to experiments in the range of from room temperature (about 
25"C) to 350°c. 

EXAMPLE 1 

[0044] A mixture of 2.5% by weight niobium oxide and 97.5% by weight titanium oxide was molded into the shape 
shown above by cold isostatic pressing in water at a pressure of 3 Vcm2 . This molded product was degreased at 450"C, 

40 preliminarily burned in an oxygen atmosphere at 1,400°C for 5 hours, and then subjected to hot isostatic pressing at 
1 ,400"C under a pressure of about 100 MPa in an atmosphere composed of argon and a small proportion of oxygen. 
[0045] The oxide sinter target thus obtained had a surface resistance of 5 no. Using this target, a titanium oxide 
film having a thickness of 250 nm was formed on a 30 cm-square float glass plate having a soda-lime silicate compo
sition under the film-formation conditions shown in Table 1. The substrate temperature during film-formation was reg-

45 ulated to 230°C. Thus, Sample 1 was obtained. The titanium oxide film of the multilayer structure obtained was exam
ined for photocatalytic performance (triolein-decomposing ability and contact angle with water) and crystalline state. 
Antifouling performance also was evaluated. 
(0046] The examination and evaluation methods are as follows. 
(0047] Film crystallinity: Crystalline state of the film was judged based on X-ray diffraction peaks obtained with CuKa 

50 . line (50 kV, 200 mA). 
(0048] Triolein-decomposing ability: The side coated with the titanium oxide film was coated with about 2 mg of 
triolein. The film side of this sample was then irradiated with black light (containing ultraviolet) at an intensity of 3 mW/ 
cm2. After 43 hours, the residual triolein amount was determined and shown in terms of %. 
(0049] Antifouling performance: The multilayer structure was exposed outdoors for 2 months, and the surface thereof 

55 was then visually examined. The adhesion of fouling substances, such as waterdrop marks resulting from rain or dust 
particles, was evaluated and indicated by 0, A or x. The results of this comparative evaluation, in which the fouled 
state of the glass plate not coated with a titanium oxide film is taken as x, are shown in Table 1. 

5 
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x: Considerable adhesion of fouling substances derived from waterdrops, etc., and the sample looked white in 
terms of reflected light. 
A: Slightly reduced adhesion of fouling substances. 
O: Even more reduced adhesion of fouling substances, and the sample looked less white in terms of reflected light. 

[0050] The results of the evaluation of Sample 1 obtained are shown in Table 1. Table 1 shows the following. 
[0051] In X-ray diffraction analysis, no diffraction peak characteristic of crystals was observed in the titanium oxide 
film or Sample 1. The film was hence found to be amorphous. This titanium oxide film had a residual triolein amount 
of 0% and a contact angle with pure water of as small as 9 degrees, showing that the surface thereof was satisfactorily 

10 hydrophilic. Furthermore, the antifouling performance thereof was rated as 0, which is the best. 

EXAMPLES 2 TO 4 

[0052] Multilayer structure Samples 2 to 4 were produced in the same manner as in Example 1, except that the 
15 content of niobium oxide was changed to 1.0% by weight, 5.0% by weight and 10.0% by weight, respectively. The 

evaluation results for these samples are shown in Table 1. In each sample, the titanium oxide film was amorphous 
when analyzed by the X-ray diffraction method, and the surface thereof was hydrophilic and had an antifouling effect 
based on photocatalytic function. 

m Tubte1 

25 

30 

35 

40 

45 

50 

55 

Sample Titanium oxide target Titanium oxide film 
No. 

Minor metal oxide Surface Crystallinity Triolein- Contact Anti-fouling 
resistance decomposing angle with performance 

(DJD) ability, water 
residual (degree) 

amount(%) 
. 

Ingredient Content 
(wt%) 

Sample 1 Nb20 5 2.5 10 amorphous 0 9 0 

Sample2 Nb20 5 1.0 5 amorphous 4 11 0 

Sample 3 Nb20s 5.0 10 amorphous 2 9 0 

Sample4 NbPs 10.0 20 amorphous 6 11 0 

(Notes) Substrate temperature: 230°C 
Titanium oxide film thickness: 250 nm 

EXAMPLE 5 

[0053] A multilayer structure sample was produced in the same manner as in Example 1, except that prior to the 
titanium oxide film formation, a primer film of silicon dioxide having a thickness of 50 nm was formed by high.frequency 
sputtering using quartz glass as a target Multilayer structure Sample 5 thus obtained was subjected to the film eval
uations in the same manner as in Example 1 , and the results obtained are shown in Table 2. 

EXAMPLE 6 

[0054) A multilayer structure sample was produced in the same manner as in Example 3. Thereafter, a hydrophilic 
film of silicon dioxide was formed on the titanium oxide film of the sample by high-frequency sputtering using quartz 
glass as a target. Multilayer structure Sample 6 thus obtained was subjected to the film evaluations in the same manner 
as in Example 1, and the results obtained are shown in Table 2. The results for Sample 1 , which had neither a primer 
film nor a hydrophilic film, are also shown in Table 2 for the sake of comparison. 
[0055] Table 2 shows that Sample 5 and Sample 6 both had satisfactory triolein~composing ability and that espe
cially in Sample 6, the surface of the multilayer structure had improved hydrophilicity. 

6 
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Sample No. Primer film 

Material Thickness (nm) 

Sample 5 Si02 50 

Sample 6 5102 50 

Sampie 1 none 

(Notes) Nb20 5 content: 2.5 wt% 
Substrate temperature: 230°C 
Substrate thickness: 250 nm 

.... 

.,. 
0 

t.1 

°' 

Hydrophilic film 

Material Thickness (nm) 

none 

5102 10 

none 

~ ~ ~ (h 

Table 2 

Titanium oxide film 

Crystallinity Triolein-decomposing Contact angle with water 
ability, residual amount (degree) 

(%) 

amorphous 0 9 

amorphous 27 7 

amorphous· 0 9 

() °' 

Anti-fouling 
performance 

0 

0 

0 

m ,, 
.... 
0 

m 
a, 

i 
> 
""" 
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EXAMPLES 7 TO 12 

[0056] Multilayer structure Samples 7 to 12 were produced in the same manner as in Example 1, except that the 
niobium oxide was replaced with each of the various metal oxides shown in Table 3. These multilayer structures were 

s examined for photocatalytic performance in the same manner as in Example 1, and the results obtained are shown in 
Table 3. The titanium oxide sinter targets respectively containing those metal oxides each had such a surface resistance 
that a glow discharge could be stably generated. It was further found that the multilayer structures obtained had sat
isfactory photocatalytic performance and antifouling performance based on it. 

10 Table 3 

Sample Titanium oxide target Titanium oxide film 
No. 

Minor metal oxide Surface Crystallinity Triolein- Contact Anti-fouling 

15 resistance decomposing angle with performance 
(QAJ) ability, water 

residual (degree) 
amount (°lo) 

Ingredient Content 
20 (wto/o) 

Sample7 Ta2o5 2.5 10 amorphous 7 10 0 

Samples V20s 2.5 5 amorphous 8 10 0 

Sample9 Zr02 2.5 30 amorphous 5 10 0 
25 

Sample 10 Sn02 2.5 15 amorphous 9 11 0 

Sample 11 Cr20 3 2.5 30 amorphous 10 12 0 

Sample 12 CuO 2.5 15 amorphous 8 11 0 

30 (Notes) Film thickness: 250 nm 
Substrate temperature: 230°C 

EXAMPLES 13 TO 16 

35 (0057] Multilayer structure samples were produced in the same manner as in Example 1, except that the substrate 
temperature was changed to 170°C, 200°c, 250°C and 270°C, respectively, for the purpose of examining the influence 
of the substrate temperature during film deposition on the photocatalytic activity of the titanium oxide film. The evaluation 
results for the samples obtained are shown in Table 4 together with the results for Sample 1. 

40 COMPARATIVE EXAMPLES 1 TO 4 

45 

so 

55 

(0058] Multilayer structure samples were produced in the same manner as in Example 1, except that the substrate 
temperature was changed to room temperature (no heating), 150°C, 300°C and 350°C, respectively. The evaluation 
results for Comparative Samples 1 to 4 thus obtained are shown-in Table 4. 

8 
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Table 4 

Sample No. Titanium oxide target Substrate 

Minor metal oxide Temperature Thickness (nm) 
(OC) 

Ingredient Content (wt%) 

Comparative Nb20 5 2.5 room temp 250 
Sample 1 

Comparative Nb20 5 2.5 150 250 
Sample 2 

Sample 13 Nb2o5 2.5 170 250 

Sample 14 Nb20 5 2.5 . 200 250 

Sample 1 Nb20 6 2.5 230 250 

Sample 15 Nb20 5 2.5 250 250 
<O 

Sample 16 Nb20 5 2.5 270 250 

Comparative Nb20 5 2.5 300 250 
Sample 3 

Comparative Nb20 5 2.5 350 250 
Sample4 

~· ~ in Q 

Titanium oxide film 

Crystallinity Triolein- Contact angle with 
decomposing water (degree) 
ability, residual 

amount(%) 

amorphous 96 22 

amorphous 93 21 

amorphous 25 13 

amorphous 9 11 

amorphous 0 9 

amorphous 6 9 

amorphous 9 10 

anatase 32 14 

anatase 73 17 

QI 

Anti-fouling 
performance 

X 

·x 

0 

0 

0 

0 

0 

t,. 

t,. 

m ,, 
..... 

I 
CD 
$ 
> ..... 
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[0059] Table 4 shows that from the standpoint of imparting sufficient photocatalytic activity to the titanium oxide film, 
the substrate temperature during film formation is preferably 170°C or higher and 270°C or lower. Fig. 2 shows a plot 
of the relationship between the found values of residual triolein amount shown in Table 4 and the substrate temperatures 
during film formation shown in Table 4. As the substrate temperature rises beyond 150°C, the residual triolein amount 

5 abruptly decreases, i.e., photocatalytic activity increases, On the other hand, as the substrate temperature lowers from 
350°C, the residual triolein amount decreases, i.e .• photocatalytic activity increases. It can be seen from this relationship 
that high photocatalytic activity is obtained when the substrate temperature is from 170 to 270°C, and even higher 
catalytic activity (a reduced residual triolein amount) is obtained when the substrate temperature is from 200 to 250"C. 
[0060] Fig. 3 shows X-ray diffraction charts for the titanium oxide films of the samples for which substrate tempera-

10 tu res of room temperature (no substrate heating), 150°C, 230°C and 300°C had been used, respectively. In the samples 
for which substrate temperatures of 300°C and 350°C had been used respectively, the diffraction peak attributable to 
the (101) plane of anatase crystals was observed. In contrast, the sample for which the substrate had not been heated 
and the samples for which substrate temperatures of 150°C and 230°C had respectively been used each showed no 
diffraction peak, showing that the titanium oxide films of these samples were substantially amorphous. 

15 [0061] From the Examples and Comparative Examples given above, it could be seen that when a titanium oxide film 
is formed at substrate temperatures not lower than 300°C, the titanium oxide film deposited is not amorphous but 
composed of anatase crystals and this titanium oxide film has reduced photocatalytic activity (an increased residual 
triolein amount). Namely, it was found that a titanium oxide film having satisfactory photocatalytic activity is obtained 
at relatively low temperatures (nearly the same as or lower than the heat resistance temperatures of organic resin 

20 materials and the like. which are around 250°C). 
[0062] The samples for which substrate temperatures of room temperature and 150°C had been used had low pho
tocatalytic activity whereas the samples for which substrate temperatures ranging from 170°C to 270°C had been used 
had high photocatalytic activity, despite the fact that these two groups of samples had such a common property that 
the titanium oxide film was amorphous when analyzed by the X-ray diffraction method. Although the reason for this 

25 has not been elucidated, it is presumed that in each of the samples in the latter group, microcrystals not detectable by 
the X-ray diffraction method are present in the amorphous matrix and make some contribution to photocatalytic activity. 

EXAMPLES 17 TO 19 

so [0063] Multilayer structure Samples 17 to 19 were produced in the same manner as in Example 1, except that the 
thickness of the titanium oxide film was changed to 50 nm, 100 nm and 500 nm, respectively, for the purpose of 
examining the influence of titanium oxide film thickness on photocatalytic performance. The evaluation results for these 
samples are shown in Table 5 together with the results for Sample 1 . It was found that as the film thickness increases, 
both the value of residual triolein amount, as a measure of triolein-decomposing ability, and the value of contact angle 

35 with water decrease. 
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Sample No. 

Sample 17 

Sample 18 

Sample 1 

Sample 19 

g: ~ 

Titanium oxide target 

Minormetal oxide 

Ingredient Content (wt%) 

Nb20 5 2.5 

Nb20 6 2.5 

Nb20 5 2.5 

Nb20 5 2.5 

t ~ ~ 

Table 5 

Substrate 

Temperature Thickness (nm) Crystallinity 
(DC) 

230 50 amorphous 

230 100 amorphous 

230 250 amorphous 

230 500 amorphous 

~ ~ in 0 

Titanium oxide film 

· Triolein- Contact angle with 
decomposing water (degree) 

ability, residual 
amount(%) 

91 21 

57 16 

0 9 

0 8 

(n 

Anti-fouling 
performance 

X 

t,. 

0 

·o 

... 

m ,, 
..,. 

ffl 
I 
> ..,. 
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EXAMPLE 20 

(0064] Mmultilayer structure Sample 20 was produced in the same manner as in Example 1, except that the com
position of the surrounding gas was changed in order to examine the influence of the sputtering gas atmosphere (gas 

s composition introduced into the film-formation chamber) used for titanium oxide film formation on photocatalytic per
formance. The results of the examinations of the titanium oxide film obtained are shown in Table 6 together with the 
results for Sample 1 . It was found that a high oxygen concentration in the atmosphere gives a titanium oxide film 
comprising anatase crystals and having reduced triolein<lecomposing ability. Namely, this experiment showed that for 
forming a titanium oxide film having high photocatalytic activity, it is advantageous to conduct film formation in an 

10 atmosphere containing a small amount of oxygen. 

15 

20 

25 
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Table 6 

Sample Titanium Substrate Surrounding Titanium oxide film 
No. oxide temperature gas 

target (°C) composition, 
oxygen/ 

argon (volt) 

Nb20 5 Crystallinity Triolein- Contact Anti-fouling 
amount decomposing angle performance 
(wt%) ability, with 

residual water 
amount (o/o) (degree) 

Sample 2.5 230 60/40 anatase 50 17 6 
20 

Sample 2.5 230 6/94 amorphous 0 9 0 
1 

COMPARATIVE EXAMPLE 5 

(0065] Using titanium metal as a target, a titanium oxide film having a thickness of 250 nm was formed by direct
current sputtering on a 30 cm-square float glass plate having a soda-lime silicate composition under the conditions 
shown in Table 7 to produce a multilayer structure. The gas composition of the atmosphere used for sputtering was 
regulated so as to have an oxygen content of 100% in order to secure transparency of the titanium oxide. Comparative 
Sample 5 of multilayer structure thus obtained was evaluated. As a result, the sample had poor triolein<lecomposing 
ability as shown in Table 7. 

COMPARATIVE EXAMPLE 6 

· [0066] Sputtering was conducted in the same manner as in Comparative Example 5, except that the substrate tem
perature was changed to 350°C. Thus, Comparative Sample 6 of multilayer structure was produced. Although the 
titanium oxide film of this multilayer structure had an anatase crystal structure, it had low triolein<lecomposing ability 
(a large residual triolein amount) and insufficient antifouling performance. 

12 
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Sample No. 

Comparative 
Sample 5 

Comparative 
Sample 6 

!S ~ t 

Target Substrate 
· temperature (°C) 

titanium metal 230 

titanium metal 350 

ii: ~ ~ 

Table 7 

Surrounding gas 
composition, 

oxygen/ argon 
(vol%) 

Crystallinity 

100/0 anatase 

100/0 anatase 

~ ... 
Ch 0 

Titanium oxide film 

Triolein- Contact angle with 
decomposing water (degree) 

ability, residual 
amount(%) 

89 22 

75 19 

Ill 

Anti-fouling · 
performance 

X 

L\ 

m ,, 
"" 
i 
I 
J> 
"" 
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[0067] The above results show that in order for the conventional reactive sputtering method using titanium metal as 
a target to obtain a titanium oxide film having photocatalytic activity, the substrate should be heated to a temperature 
as high as 350°C, and that the photocatalytic activity thus obtained is not so high. The results further show that a 
titanium oxide film having photocatalytic activity cannot be obtained at a substrate temperature of 230°C, i.e., a titanium 

s · oxide film having high catalytic activity cannot be obtained at low temperatures. 
[0068] The above Examples and Comparative Examples demonstrate that according to the process of the present 
invention for producing a multilayer structure, films having high catalytic activity can be obtained at relatively low sub
strate temperatures of 270"C or lower. The Examples further demonstrate that the photocatalytically active titanium 
oxide films obtained have antifouling properties and are practically useful. 

10 [0069] According to the process of the present invention for producing a multilayer structure, a photocatalytically 
active titanium oxide film is formed on a substrate by sputtering in an atmosphere capable of having a regulated vacuum 
using a conductive sinter target obtained by sintering a mixture of particles of titanium oxide and particles of at least 
one metal oxide selected from the group consisting of niobium oxide, tantalum oxide, vanadium oxide, zirconium oxide, 
tin oxide, chromium oxide and copper oxide. Consequently, a multilayer structure having a photocatalytically active 

15 film can be produced at high rate without the necessity of heating the substrate at high temperature. 
[0070] As a result, it has become possible to produce a multilayer structure using a large glass plate as a substrate, 
such as a window glass, using a sputtering apparatus having a simplified heating mechanism. The equipment cost 
can hence be reduced. 
[0071] Since lower substrate temperatures can be used in substrate heating, a photocatalytically active film can be 

20 formed on organic resin substrates and the like. 
[0072] Furthermore, by regulating the conductivity of the sinter target so that the surface resistance thereof is 500 
Q/0 or lower. not only a multilayer structure can be produced with a direct current glow discharge continuing stably, 
but also a film having enhanced catalytic activity can be obtained when the substrate is heated to 170 to 270"C. 
[0073] The multilayer structure of the present invention has a titanium oxide film which contains as a minor component 

25 at least one metal oxide selected from the group consisting of niobium oxide. tantalum oxide, vanadium oxide, zirconium 
oxide, tin oxide, chromium oxide and copper oxide, and which is substantially amorphous when analyzed by the X-ray 
diffraction method. Due to this constitution, the multilayer structure has high photocatalytic activity. 
[0074] By regulating the content of the metal oxide(s) as the minor component to 1 to 10% by weight, the titanium 
oxide film can be an amorphous film having high photocatalytic activity. 

30 [0075] Furthermore, by interposing, between the substrate and the titanium oxide film, a primer film which serves to 
prevent any alkali component of the substrate from dissolving in the titanium oxide film, the photocatalytic activity of 
the multilayer structure can be made to last over long period of time. Moreover, by partly or wholly coating the titanium 
oxide film with a hydrophilic film, the surface of the multilayer structure can be made more hydrophilic and the antifouling 
properties can be enhanced. 

35 

Claims 

1. A process for producing a multilayer structure comprising a substrate and formed thereon a film mainly comprising 
40 titanium oxide and having photocatalytic activity, which comprises forming the film by sputtering a conductive sinter 

target obtained by sintering a mixture of particles of titanium oxide and particles of at least one metal oxide selected 
from the group consisting of niobium oxide, tantalum oxide, vanadium oxide, zirconium oxide, tin oxide, chromium 
oxide and copper oxide, in an atmosphere capable of having a regulated vacuum. 

45 2. The process for producing a multilayer structure as claimed in claim 1. wherein the target has a conductivity such 
that the surface resistance thereof is 500 Q/0 or lower. and the sputtering is conducted with a direct current glow 
discharge. 

3. The process for producing a multilayer structure as claimed in claim 1, wherein the film mainly comprising titanium 
50 oxide is formed while heating the substrate at a temperature of from 170 to 270"C. 

4. The process for producing a multilayer structure as claimed in claim 3, wherein the film mainly comprising titanium 
oxide is formed while heating the substrate at a temperature of from 200 to 250"C. 

55 5. The process for producing a multilayer structure as claimed in claim 1, wherein the metal oxide is niobium oxide. 

6. A multilayer structure comprising a substrate and formed thereon a film mainly comprising titanium oxide and 
having photocatalytic activity, said film containing as a minor component at least one metal oxide selected from 

14 
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the group consisting of niobium oxide, tantalum oxide, vanadium oxide, zirconium oxide, tin oxide, chromium oxide 
and copper oxide, and being substantially amorphous when analyzed by the X-ray diffraction method. 

7. The multilayer structure as claimed in claim 6, Wherein the substantially amorphous tilm mainly comprising titanium 
5 · oxide comprises an amorphous matrix containing microcrystals. 

8. The multilayer structure as claimed in claim 6, wherein the content of the metal oxide as the minor component in 
the film mainly comprising titanium oxide is from 1 to 10% by weight. 

10 9. The multilayer structure as claimed in claim 8, wherein the metal oxide as the minor component is niobium oxide. 

15 

10. The multilayer structure as claimed in claim 6, which has, interposed between tho substrate and the film consisting 
mainly of titanium oxide, a primer film which serves to prevent any alkali component of the substrate from dissolving 
in the film mainly comprising titanium oxide. · 

11. The mul1ilayer structure as claimed in claim 6, wherein the film mainly comprising titanium oxide is coated with a 
hydrophilic film. 

12. The multilayer structure as claimed in claim 11, wherein the primer film and the hydrophilic film each is a film of 
20 silicon dioxide. 
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FIG. 1 

FIG. 2 
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€) A sputtering method comprises applying a negative voltage intermittently in a constant periodic cycle to a 
cathode disposed in a vacuum chamber, wherein the negative voltage is intermittently applied so that a time 
during which the negative voltage is not applied includes a time during which the voltage is controlled to be zero 
volt in a range of from 10 us to 10 ms, and the zero voltage time is equal to or longer than the time required by 
one arcing from its generation to extinction. 

"Rank Xerox (UK} Business Services. 
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The present invention relates to a sputtering method in which a pulse-like DC voltage is applied, a film
deposition method by sputtering, an apparatus for obtaining sputtering and a power processing portion for 
sputtering. 

A cathode for DC sputtering (hereinbelow, referred to as sputtering) can not be used for forming a film 
5 of high quality at a high deposition rate unless a problem of abnormal discharge is overcome. 

Various causes are considered concerning the abnormal discharge occurring around the cathode 
(hereinbelow, referred to as arcing). As one of the causes, electric charges are accumulated on a small 
insulating substance, which is deposited or grown on the surface of a target material, and the electric 
charges cause arcing to a potentially opposite site, e.g. a substrate on which a film is to be formed, an 

10 anode electrode. the inner wall of a vacuum chamber or the surface of the target. 
The arcing occurs frequently in a case that an insulating film is produced from a conductive target 

material by reactive sputtering. When the arcing is generated, arcing energy concentrates locally to a 
portion of the target surface in a reactive gas atmosphere, this forming an insulation or insulations, whereby 
the arcing happens frequently in a series. Accordingly, a stable glow discharge effective to sputtering can 

15 not be maintained; a sputtering rate becomes unstable and the production of films of uniform quality is 
impossible. Occasionally. a substrate on which a film is formed is damaged by arcing, or a mechanical 
component constituting a cathode or a target material or a cathode is molten by arcing. 

In order to avo,j. the above-mentioned disadvantage, a method of using electric power of a high 
frequency su.:-t· as t 3 56 MH.: has been used. 

20 Recently a tt.>•~hn,q1.H·, ot preventir;ig arcing by using a waveform proposed in Japanese Unexamined 
Paten1 P.1t,1r..,.·,.-.,, ,-...,, Ufif..14 1993 and 331634/1993 or using a device to obtain such waveform (the 
device is ,,·.mrn,,,,,;,11.·,.,.1 ~<. SPARC-LE by Advanced Energy in U.S.A. Namely, the waveform having a 
frequency r 1 • • ·v• ·• a .. ~t.- ,...,., t is comparable to the effect obtained by a discharge in 13.56 MHz by 
applying a pu1~,--1,;,.., ,.·,s,i.v,· c,ectric potential of about 5 us-10 u.s is applied in a periodic cycle to a 

25 cathode so that r•,s,t,vt:: .,t.-.:-tric charges accumulated on a small insulating substance, which is deposited 
or grown on ttlt.' swlace ot a t.1,get material are neutralized by attracting electrons in plasma. 

Recently. anothc, tcctrncue of neutralization of a potential difference on the target surface has been 
developed as s._~n m USP. 5,082,546. Namely, an alternating current having an intermediate frequency 
such as sever at :ens l<.H.' 1s applied to a pair of closely disposed cathodes to ignite glow discharges 

30 between the two cathoocs alternately. In this case, when the electric potential of the cathodes is negative, 
sputtering is conducted. and when the electric potential is positive, positive electric charges accumulated on 
a small insulating substance, which is deposited or grown on the surface of a target material are neutralized 
by attracting electrons in plasma. 

The sputtering method using a radio frequency power source having 13.56 MHz is believed to suppress 
35 arcing because an insulation can be sputtered. However, it is difficult to form a sputtering apparatus using a 

radio frequency power source of 13.56 MHz because a power source having an output of 10 kW or more is 
large and expensive. and an impedance-matching circuit of high voltage and large current is needed. 

· A sputtering method wherein DC power is used to apply a positive potential intermittently and the· 
power is intermittently off is a useful technique because a potential difference on the target surface can be 

40 neutralized and the generation of arcing at the initial stage can be suppressed. Thus, the generation of 
arcing could be effectively suppressed. in comparison with the ordinary DC sputtering method. However, 
this method has no ability of sputtering an insulating substance unlike the sputtering method using 13.56 
MHz, and accordingly, arcing occurs when a continuous discharge is conducted for a long time. When the 
arcing is generated. discharge energy concentrates locally on the target. surface in a reactive gas 

45 atmosphere, which further forms an insulation or insulations and results in arcing frequently in a series. 
Namely, the neutralization of potential difference on the target surface by applying a positive voltage or 

O voltage intermittently is effective only to a small insulating substance accumulated with a small amount of 
electric charges if the application time of positive voltage or O voltage is short. Accordingly, it is impossible 
to obtain complete neutralization of an insulating substance accumulated with a large amount of electric 

50 charges by sputtering for a long time or of an insulating substance having a large amount of electric 
charges produced by arcing, with use of a simple intermittent DC power. 

In the sputtering method of applying an alternating current to the two closely disposed cathodes, an 
alternating current of several tens kHz is used. -Accordingly, it can be said that this method uses the same 
principle as the sputtering method with use of the before-mentioned intermittent DC power, i.e. a potential· 

55 difference on the target surface is neutralized. Further, in this method, the same electrode is used as a 
cathode and an anode. Accordingly, there is an advantage that when the electrode is used as a cathode, 
the surface of it is sputtered and cleaned, and when it is used as an anode, the surface is always cleaned 
whereby a continuous discharge can be stably carried out for a long time. However, this method requires 
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the two closely disposed cathodes and an AC power source of several tens kHz. Accordingly, it is 
impossible to suppress arcing and stabilize a normal discharge in a simple manner with use of a currently 
used DC sputtering apparatus. 

As another cause of the occurrence of arcing, when a target material is eroded by sputtering, minute 
s protrusions appear in the surface of the target material depending on the kind of material. An electric field 

concentrates to the protrusions whereby arcing occurs at a local portion. Accordingly, the composition of 
the target material is changed whereby a portion having a different sputtering yield may appear and uniform 
sputtering of target surface can not be obtained. 

In particular, when an ITO (indium-tin-oxide) film is to be produced by the sputtering method. and when 
10 an ITO target or an IT (indium-tin) target is used, indium oxide which is believed to be sub oxide, or a large 

number of minute black protrusions (hereinbelow, referred to as nodules), are produced on the target 
surface during continuous sputtering, and the deposition rate of the ITO film is gradually decreased. Further, 
the arcing frequently occurs, whereby small pieces of the target material scattering by the arcing deposit on 
the substrate to reduce the quality of the ITO film. 

15 As a common technique to remove the protrusions formed by the erosion of the target is to physically 
remove them by causing a discharge in an inert gas atmosphere such as Ar gas, i.e. sputter-etching. 

Further, when the ITO target is used, a method of removing the nodules by a discharge in a N2 gas 
atmosphere is proposed in Japanese Unexamined Patent Publication No. 293767/1992. 

However, the above-mentioned methods are only effective under the condition that a vacuum chamber 
20 is maintained vacuum after the nodules have been formed, and they can not suppress the occurrence of 

arcing and can not realize a method of a long time stably discharge. 
As another technique, there is a method of improving the surface condition of the target formed by the 

erosion of the target, by increasing the density of a target material of ITO in sintering. However, this method 
pushes up the cost of the target material and effect can not be expected. 

25 As another technique, there is a method of increasing the density of power at the sputtering to change 
the erosion of the target. When the density of power is simply increased, the frequency of occurrence of 
arcing increases and a discharge energy of arcing also increases. So, this method increases adverse 
effects of the arcing. 

It is an object of the present invention to provide a sputtering method, a film-deposition method by 
30 sputtering, an apparatus for obtaining sputtering and a power processing portion for sputtering whereby 

arcing is effectively controlled and a larger power can be supplied quickly to deposit a film of high quality 
with high deposition rate for a long time. 

In accordance with the present invention, there is provided a sputtering method, a film-forming method 
by sputtering and an apparatus for sputtering and a power processing part for sputtering wherein the 

35 negative voltage is intermittently applied so that a time during which the negative voltage is not applied 
includes a time during which the voltage is controlled to be zero volt in a range of from 10 us to 10 ms, and 
the zero voltage time is equal to or longer than the time required by one arcing from its generation to 
extinction. 

It is possible in principle to realize the above-mentioned methods, apparatus and the power processing 
4D portion of the present invention with use of an ordinary DC power source if such a function that the arcing at 

the initial stage is detected to quickly stop the output and the output is again produced after the passing of 
the time of the extinction of arcing, is added to a DC power source. However, when a detection circuit of 
arcing is actually installed in the power source, it is necessary to detect through a power source cable an 
abnormal condition of current or voltage supplied from the positive pole to the negative pole by the power 

45 source. 
Such method of detection can only detect arcing between the cathode electrode as a target material 

and the anode electrode disposed near the target material. However, a slight arcing at the initial stage which 
starts on the surface of the cathode material can not be detected because the slight arcing is filtered by the 
impedance of the power source cable and the circuit constant of the power source circuit. Namely, only a 

50 relatively large arcing which is produced as a result of the slight arcing at the initial stage can be detected. 
Since the time of extinction of the relatively large arcing between the cathode and anode is in the order 

of ms, it is necessary to stop the output from the power source for more than several ms. Further, since the 
size of an insulation formed on the surface of the target material at the time of generation of arcing already 
becomes large, the arcing occurs frequently. Accordingly, an abnormal state of output is detected from the 

55 DC power source, the shut-off of several ms is repeated, and it is very difficult to continue the normal 
sputtering operation. 

For the above-mentioned reasons, the slight arcing can not be detected in a case that the ordinary DC 
power source is used for sputtering, and there will be a problem such that the shutting-off of more than 
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several ms is repeated when a large arcing occurring subsequent to the slight arcing takes place. 
The inventors of this application have found through intensive observations of the waveform of arcing 

that the crest value (the maximum value of the waveform of current) in initial arcing before a large arcing 
takes place in a series and the time of extinction of the initial arcing are substantially constant when the 

5 same apparatus is used. 
Therefore, they have found that the progress of arcing in a series can be prevented by minimizing the 

energy of arcing. Specifically, the sputtering method comprises applying a negative voltage intermittently in 
a constant periodic cycle to a cathode disposed in a vacuum chamber, wherein the negative voltage is 
intermittently applied so that a time during which the negative voltage is not applied includes a time during 

10 which the voltage is controlled to be zero volt in a range of from 10 u.s to 10 ms, and the zero voltage time 
is equal to or longer than the time required by one arcing from its generation to extinction. 

The slight arcing can be seen with a waveform observing device such as an oscilloscope or the like. 
Further, they have found through intensive observations of the waveform of arcing that a time from the 

application of a negative voltage to the generation of the initial arcing is substantially constant when the 
15 construction of the apparatus is the same. 

Therefore, they have found that by using a voltage waveform wherein the time during which the 
negative voltage is intermittently applied is within a range of from 10 us to 10 · ms and is equal to or shorter 
than the period of time from the application of the negative voltage to the generation of arcing, the 
accumulation of electric charges on an insulation having a small surface area on the surface of a target can 

20 be minimized; the voltage is controlled to be zero volt before the arcing takes place, and the electric 
charges are neutralized by plasma near the target, whereby the frequency of occurrence of the initial arcing 
can be reduced. 

As described above, it is possible to continue sputtering operations for a long time by specifying the 
time during which the voltage is controlled to zero volt, and this effect can be increased by specifying the 

25 time during which the negative voltage is intermittently applied. 
In drawings: 

Figure 1 is a diagram showing intermittent waveforms · according to an embodiment of the present 
invention; 
Figure 2 is a diagram showing intermittent waveforms in a case of applying a positive potential according 

30 to an embodiment of the present invention; 
Figure 3 is a diagram showing a sputtering apparatus according to a first embodiment of the present 
invention; 
Figure 4 is a circuit diagram showing an embodiment of an intermittent power processing portion of the 
present invention; 

35 Figure 5 is a diagram showing the sputtering apparatus according to a second embodiment of the 
present invention; 
Figure 6 is a first graph showing the effect of the present invention; 

0 Figure 7 is a second graph showing the effect of the present invention; 
Figure 8 is a diagram showing the sputtering apparatus according to a third embodiment of the present 

40 invention; 
Figure 9 is a diagram showing an intermittent waveform of an embodiment of the present invention; 
Figure 10 is a diagram showing an intermittent waveform according to an embodiment of the present 
invention; and 
Figure 11 is a diagram showing an intermittent waveform according to an embodiment of the present 

45 invention. 
Preferred embodiments of the present invention will be described with reference to the drawings. 
Figure 1 shows waveforms according to an embodiment of the present invention wherein the upper 

portion shows a waveform of voltage and the lower portion shows a waveform of current. Reference numeral 
1 indicates a time during which a negative voltage is intermittently applied (hereinbelow, referred to as an 

5o ON time), numeral 2 designates a time during which the voltage is controlled to be zero voltage 
(hereinbelow, referred to as a zero volt time) and numeral 3 shows a waveform produced when arcing takes 
place. In Figure 1, when the zero volt time is longer than the ON time, power efficiency becomes poor. 
However, the waveform is simple because the power is simply turning-on and off. Accordingly, it is 
advantageous in construction when the power source portion has a sufficient capacity. 

55 On the other hand, the inventors of the present invention have found that the neutralization of charging 
to an insulation can be effectively done in a shorter time by using a voltage waveform wherein there is a 
time during which a positive voltage is applied in a range of from 1 /..1.s to 20 us in part of the zero volt time; 
By combining this waveform with the above-mentioned specified ON time, a waveform having excellent 
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power efficiency can be obtained. 
Further, they have found to suppress the occurrence of arcing for a long time and with excellent power 

efficiency by suitably determining the zero volt time, which is equal to or longer than the time of extinction 
of arcing, only just after the arcing. 

5 Figure 2 shows the waveform obtained by the application of a positive voltage. In Figure 2, the upper 
portion shows the waveform of voltage and the lower portion shows the waveform of current. Reference 
numeral 21 indicates an ON time which is in a range of from 10 µs to 10 ms and which is equal to or 
shorter than the time from the rise of voltage to the generation of an arc discharge in the initial arcing. 

Numeral 22 indicates a zero volt time, which is determined by a time 23 during which a positive 
10 potential is applied and a time 26 for a zero volt after the time 23. 

The zero volt time just before the time 23 during which a positive potential is applied is preferably short. 
However, a constant time of 1 us to 2 us is actually set to protect the switching element. 

It is not necessary that the time 23 during which a positive potential is applied is a long time, but it may 
be a time which is sufficient to apply the voltage to a large-sized target, and a time of about 5 us to 20 us 

15 is preferable. The value of a positive potential can be a potential sufficient to apply the voltage to an actual 
target, and may be 200 V or lower. 

It is desirable tnat the zero volt time 22 can be adjusted depending on a situation of process by 
adjusting the time 26 ah.er the application of a positive potential. 

Namely. a tksrrable rcsLlt can be obtained by adjusting the zero volt time 26 so as to form the zero 
20 volt time ?? equal to °' lonJC'f than the time of extinction of a slight arcing even when a slight arcing 

smaller than a n·l-·u-nr ,.. vah,. · "" netection set in a detection circuit takes place. 
Numeral ~. ,n,1 .. .al,·<; tt ... ·• w.tvdorm of arcing. The zero volt time 24 just after the occurrence of arcing 

is equal to or l•,n•w• tr\:,n !tit· tirr,, br extinction of the arcing. 
It is prefcrat>i.• rrw: !t1,. ct.,o..e-mentioned conditions can be changed because the optimum values are 

25 different depcncJ,r}<J on ·tn· m.:11t:11al for sputtering and the construction of the cathode electrode. 
The function ol t'X' Pf1·sc-i1 invention is as follows. 
In the prcse:nt ,nventt::>n. by repeating ON/OFF. a potential difference on the target surface can be 

eliminated to pr(·vcnt the occurrence of arcing. Accordingly, a stable discharge can be maintained in 
comparison with a conventional DC sputtering. 

30 If arcing takes place. the arcing can be completely distinguished by giving a sufficiently long zero volt 
time before the voltage 1s ON, whereby the magnitude of the arcing can be maintained small. Further, the 
initial arcing appears sometime after the rise of voltage. Accordingly, a waveform wherein a time during 
which the voltage is controlled to be ON is in a range of from 10 1.1.s to 10 ms and equal to or shorter than a 
time of from the nse of voltage to the generation of the initial arcing is used, a potential on the surface of a 

35 target is neutralized. whereby the frequency of occurrence of arcing and the magnitude of the arcing can be 
reduced. 

By the above-mentioned function, the frequency of occurrence of the initial arcing and the magnitude of 
the arcing can be kept small, and a stable sputtering can be continued for a long time even with a large 
power. 

40 When the waveform shown in the upper portion of Figure 2 wherein a positive potential is added tor a 
short time in the zero volt time is used, a potential difference on the target surface can be effectively 
eliminated to thereby prevent the occurrence of arcing. Accordingly, a stable discharge can be maintained 
tor a long time in comparison with use of the ordinary DC sputtering. 

Further, by determining the zero volt time 24 to be longer than the time of extinction of arcing just after 
45 the arcing 25 has been detected. the frequency of occurrence and the magnitude of the arcing at the initial 

stage can be kept small, and a stable sputtering can be continued for a long time even with a large power. 
Even when a slight arcing whose value is smaller than a reference value of detection set in the 

detection circuit takes place, a further stable sputtering can be continued by adjusting the zero volt time 26 
so that the zero volt time 22 is longer than the time of extinction of the slight arcing. 

50 Figure 3 shows an embodiment of the power source device for realizing the above-mentioned sputtering 
method. 

The power source device of the present invention preferably has a sputtering power generating portion 
and a power processing portion which should be separately disposed. In Figure 3, numeral 31 designates a 
sputtering power generating portion, numeral 32 designates a power processing portion, numeral 33 

55 designates a vacuum chamber, numeral 34 designates a cathode electrode, numeral 35 designate anode 
electrodes and numeral 36 designates a substrate. 

In this embodiment, the power processing portion 32 can be disposed closer to the cathode electrode 
34 than the sputtering power generating portion 31, whereby the length of a power source cable between 
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the output terminal of the power processing portion 32 and the cathode electrode 34 can be the shortest to. 
· thereby minimize the inductance of the power source cable. Accordingly, the waveform of an intermittent 

DC voltage can be applied to the cathode electrode 34 without any distortion. 
Figure 4 shows the construction of the power processing portion 32 of the present invention. 

s The power processing portion 32 comprises a first switching circuit 41 as main circuit, a second 
switching circuit 42 for applying a positive potential, a control circuit (not shown) for a switching element for 
controlling the first and second .circuits and a power measuring circuit (not shown) for measuring current. 
voltage, and power for sputtering. 

The first switching circuit 41 is connected in series between the negative pole of the sputtering voltage 
10 generating portion 31 and the cathode electrode 34. The first switching circuit 41 is composed of a 

semiconductor switching device and a coil for protecting the same and is operable to change a sputtering 
power to an intermittent power. It has a switching speed of 10 /.LS (100 kHz) for ON/OFF. The second 
switching circuit 42 is composed of a semiconductor switching device and a coil for protecting the same, 
and is so operable that power of DC power sourc~ 43 which supplies an optional value of positive potential 

1s to. the cathode electrode 34 is applied to the cathode electrode 34, beside of the sputtering power 
generating portions 31. 

The second switching circuit 42 is operated only when the first switching circuit 41 as the main circuit is 
an OFF state. A time of applying a positive potential in an ON state can be about 20 us in maximum. 

It 1s preferable that the power source 43 for applying a positive potential is of about 200 Vin maximum, 
;,o but it can be determined optionally. 

By aojusting a turning on time of the semiconductor switching device of the second switching circuit 42 
:o oo aho11I 20 u.s or less immediately after the semiconductor switching circuit of the first switching circuit 
41 has h.mn turning off. a positive potential of about 200 V or less can be applied to the cathode electrode 
34. w'lcrcby the occurrence of arcing can be suppressed and the waveform having excellent power 

~. elfi.:,cnc, as shown in Figure 2 can be produced. 
The cortrol circuit for the semiconductor switching device is capable of controlling the turning-on time 

to be 5 i.;.s or more for the first switching circuit and the turning-off time to be 5 us or more for the same, 
ar1<.1 ca.:,at>le of turning-on the second switching circuit for less than the time of turning-off the first switching 
,:ucu,t an__1 within a range of from 1 u.s to 20 us when the first switching circuit is turned off . 

. :i. tt ,s poss,tle that the first switching circuit i.s in a normally ON state while omitting the zero volt time. 
Tht· a.Jiustrren: allows to use the conventional DC sputtering. 

The cucuit for measuring current. voltage or power for sputtering has a function to measure a current 
,ah,c a voltage value and a power value effective to the sputtering and a function to compare the measured 
~.:ill.cs w1lh pre:determined reference values to detect. arcing. In this case, it is especially effective to judge 

:i- whether the current value or both the current value and the voltage value are higher or lower. 
Ttl(: contro circuit for the semiconductor switching device has a function to control the zero volt time 24 

,mric,d,a!Dly after the occurrence of arcing. The zero volt time can be optionally set to be in a range of from 
1()(1 US to 10 IT'S. 

F urtner. when the arcing is detected upon the judgement as to whether or not the sputtering current 
-4.·, · ,,.aiuc Of vo·tage value (or the impedance at the arcing) is higher or lower, the semiconductor switching 

,:1cvicc ol the sw,t:hing circuit 41 operates so that the zero volt time is longer than the time of extinction of 
·arc.ng. only immediately after the arcing, whereby the magnitude of arcing can be minimized and a stable 
spt.ttc·ong can oc continued for a long time. 

F urthcr. a smoothing circuit 44 is preferably disposed at the side of the input terminal of the power 
.S'., processing portion. whereby the waveforms of voltage and current at the output terminal of the power 

generating portion 31 can be substantially in a direct current form. 
I he power generating portion generally has a function to feed-back the voltage, current or power at the 

out;:>ut terminal so that it can be kept constant. The function may cause hunting on cont.rolling. 
However, since the hunting can be prevented by the smoothing circuit 44, the ordinary DC power 

so source can be used. Accordingly, the ordinary sputtering DC power source may be used for the sputtering 
power generating portion · 31. In this case, the present invention can be practiced with a: conventional 
sputtering apparatus with the power processing portion 32. 

· In the sputtering method of the present invention, it is preferable to measure and display the average 
value of power per period (hereinafter referred to as the effective value, see formula 1 given hereinafter). By 

!>5 displaying the eHective value, the film-deposition rate can be controlled in the same manner as use of the 
power for the conventional DC sputtering even when any type of waveform is used for sputtering. 

Further, it is preferable that the effective value is fed-back to the sputtering power generating portion 31 
for a constant voltage control, a constant current control or a constant power control. 
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When a sputtering apparatus having a plurality of cathode electrodes disposed in a vacuum chamber is 
used and an intermittent power waveform is supplied to each of the cathode electrode, interference such as 
a beat may appear. Accordingly, the power processing portion should have a function to shift the phase of 
waveform. 

5 Figure 8 shows an embodiment of the sputtering apparatus of the present invention. In this embodi-
ment, two cathode electrodes 82a, 82b and anode electrodes 83a, 83b are disposed in a vacuum chamber 
so that sputtering is conducted simultaneously to a substrate 85. Power generating means 81a and 81 b 
supply power intermittently wherein the phases of voltage waveform are shifted to each other, whereby 
interference of plasma such as a beat or the like can be eliminated and a stable plasma 84 is produced. 

10 Further, the waveforms shown in Figure 1 or Figure 2 can be produced by combining the apparatus 
with the power source as shown in Figure 3. Thus, the optimum waveform can be supplied by satisfying the 
conditions of process. 

In the sputtering apparatus of the present invention, the frequency of occurrence of arcing can be 
reduced even when a reactive sputtering is conducted. Further, a larger power can be supplied to the 

15 cathode stably, and the optimum intermittent power can be expected and supplied to meet various 
sputtering processes. Accordingly, the sputtering apparatus of the present invention has high ability of film
deposition. 

A thin film composed mainly of silicon oxide formed by the sputtering method of the present invention 
is of higher quality than a thin film obtained by a DC sputtering. 

20 The thin film composed mainly of silicon oxide formed by the sputtering method and the sputtering 
apparatus of the present invention is of high quality since no arcing takes place during the sputtering so that 
attachment of particles is little. Further, it is believed that since there is no fluctuation in the sputtering 
condition due to arcing, a uniform film with little microscopic defects can be obtained. Further. it is believed 
that excellent film quality with little defects can be obtained. since sputtering is carried out intermittently 

25 with an interval of every period. whereby a very thin film is intermittently formed on the substrate with an 
interval of every period. and film-deposition is carried out while an oxidation reaction on the substrate is 
completed during every period. 

Thus, it is possible to obtain an excellent thin film composed mainly of silicon oxide which has little 
defects macroscopically or microscopically. whereby a high alkali barrier property can be obtained even 

30 when the film is formed on a low temperature substrate. 
A thin film composed mainly of silicon nitride formed by the sputtering method or the sputtering 

apparatus of the present invention is of higher quality than a thin film obtained by the DC sputtering. 
The thin film composed mainly of silicon nitride formed by the sputtering method of the present 

invention is of high quality since it is unnecessary to heat the substrate, no arcing takes place during the 
35 sputtering so that attachment of particles is little. Further, it is believed that since there is no fluctuation in 

the sputtering condition due to arcing, a uniform film with little microscopic defects can be obtained. 
Further, it is believed that excellent film quality with little defects can be obtained, since sputtering is carried 
out intermittently with an interval of every period, whereby a very thin film is intermittently formed on the 
substrate with an interval of every period, and film-deposition is carried out while a nitriding reaction on the 

40 substrate is completed during every period. 
Thus, it is possible to obtain an excellent thin film composed mainly of silicon nitride which has little 

defects macroscopically or microscopically, whereby a high alkali barrier property can be obtained even 
when the film is formed on a low temperature substrate. 

If the concentration of nitrogen in sputtering gas is adjusted and/or power to be supplied to a silicon 
45 target is adjusted so that the composition ratio of silicon nitride (atomic molar ratio of N/Si) will be within a 

range of from 1 .25 to 1.36, it is possible to produce silicon nitride having an excellent alkali barrier property. 
In the film-deposition method of a transparent conductive film by the sputtering method of the present 

invention, a negative voltage is intermittently applied and power of a large power density is instantaneously 
supplied, and at the same time, problems of nodules of sub oxide on the target material which reduce the 

50 sputtering rate and an arcing in sputtering can be eliminated. Thus, the film-deposition method of the 
present invention is excellent in productivity. 

As sputtering targets, there are a sputtering target composed mainly of tin or tin oxide containing metal 
antimony or an antimony compound, a sputtering target composed mainly of indium or indium oxide 
containing tin and a sputtering target composed mainly of zinc or zinc oxide containing a simple substance 

55 or a compound of at least one metal selected from the group consisting of aluminum, gallium, indium, boron 
and silicon. 

Sputtering power used for the method and apparatus of the present invention is preferably have a 
voltage waveform to be applied to a target, as shown in Figure 1 wherein an application time of negative 

8 
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voltage is in a range of from 1 O IJ.S to 10 ms and· a non-application time is in a range of from 1 O us to 100 
ms, or a voltage waveform to be applied to a target as shown in Figure 2 wherein an application time of 
negative voltage is in a range of from 10 us to 10 ms and an application time of negative voltage and a 
non-application time is in a range of from 1 0 us to 100 ms. 

5 Further, setting of the value of negative voltage (-VN in Figure 9) is important for suppressing formation 
of nodules, which is an object of the present invention. As expressed in formula 5, arcing and formation of 
nodules of sub oxide on the target surface can be effectively suppressed by adjusting the negative 
application voltage (-VN) so that the average value WA of the intermittently supplied power is from 2 to 10 
times the average value W of the power per period (hereinafter referred to as the effective value W). 

10 The effective value W of the power is as represented by the formula 1 where T is the period. If this is 
applied to the case of the waveform as shown in Figure 2, W is as shown by the formula 2. 

On the other hand, the average power WA within the time when sputtering actually takes place (when 
the negative voltage is applied) (a, in Figure 9) are as shown by the formula 3. Further, in. Figure 2, the 
average voltage is VA = (-VN), and if this is inserted, W8 is as shown by the formula 4. 

15 To effectively remove nodules, it is preferred that the average value WA of power is from 2 to 10 times 
the effective value W of the power, as shown by the formula 5. If this is applied to the case of the waveform 
as shown in Figure 2, the formula 6 is obtained. Therefore, (-VN), a, (10 us :S a, S 10 ms), and b, (10 us S 
b1 S 100 ms) should be adjusted to satisfy the formula 6. 

Good results can be obtained especially when the average value of intermittent electric power density 
20 wA (see formula 7) is within a range of from 2.5 W/cm2 to 30 W/cm2 . 

In this case, the waveform may not be necessarily be a precise rectangular waveform as shown in 
Figure 9. and (-Vn), a, and b1 may be optimized depending upon the size and condition of the target and 
the particular apparatus. 

In a case where positive voltage is applied as shown in Figure 10 or 11 • application of such positive 
25 voltage does not serve effectively for sputtering, and accordingly, in the calculation of the formulas 1 to 7, 

VP is to be taken as 0. 
The film-deposition rate of the transparent conductive film can easily be controlled by the effective 

value W of the intermittently supplied sputtering power. For example, in a case where by the method of the 
present invention, it is intended to obtain the desired film-deposition rate obtained by the conventional DC 

30 sputtering method, the desired film-deposition rate can be obtained by adjusting the effective value W of 
the intermittently supplied power to the same level as the DC electric power value. 

Namely, an equation of "the film-deposition rate by the conventional DC sputtering method/the DC 
power = the film-deposition rate according to the present invention/the effective value W of power" 
substantially holds good. 

35 Thus. the film-deposition rate can be adjusted by adjusting the zero volt time so that the effective power 

40 

45 

50 

55 

value W corresponds to the power of the conventional DC sputtering, and the quality of a film deposited on 
. the substrate can be kept and a stable sputtering is obtained for a long time. 
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Formula 1 
l T 

W=--

) 0 

V ( t ) I ( t) dt 
T 

Formula 2 ( - V-:- ) 3 I 

W= 
~ 0 

I ( t ) dt 
a1 + b I 

Formula 3 l a I 

w >. -
~ 0 

V ( t ) I ( t) d t 
a, 

Formula 4 - v~ a1 
W;.. -

l 0 

I ( t ) d t 
ar 

Formula 5 2W;::ii WA;::ii 10W 

Formula 6 w ... 
2 ~ ~ 10 

w a1 
Formula 7 

w ... 
,.., ;:., = S Target surface area 

s 

Now, the present invention will be described in detail with reference to Examples. However, it should be 
understood that the present invention is by no means restricted by such specific Examples. 

EXAMPLE 1 
45 

Figure 5 shows an example of the sputtering apparatus of the present invention. 
In Figure 5, reference numeral 51 designates a DC power source for generating intermittently a 

negative DC voltage, numeral 52 designates a cathode electrode with a target material, numeral 53 
designates an anode electrode, numeral 54 designates a substrate to be subjected tQ a film-deposition 

so treatment, numeral 55 designates an area of glow discharge effective to sputtering, numeral 56 designates a 
slight arcing produced on the surface of the target and numeral 57 designates arcing produced between the 
cathode electrode and the anode electrode. 

In the present invention, output from the DC power source generating an intermittent DC voltage may 
not be of a rectangular wave, but may be of a trapezoidal, a triangular or a sign waveform to obtain the 

ss same effect. Further, in construction of the power source circuit, the waveform can be produced ,by 
oscillation in the power source itself or the output of the DC power source may be processed by a 
semiconductor switching element to form an intermittent waveform. In either case, the effect of the present 
invention is the same. 

10 
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In the apparatus having the construction shown in Figure 5, using a planar magnetron cathode having 
an area of 10 x 80 cm, a target material of boron-doped silicon, and a gas mixture of argon and oxygen 
having a ratio of 1 :1, as introducing gas, a film of- Si02 doped with boron was deposited by sputtering on a 
substrate under a discharging pressure of 3.0 x 10-3 Torr and an effective power value of 2 kW. When a 

5 DC discharge was conducted, arcing suddenly and frequently took place after about 2 minutes and 30 
seconds and the sputtering could not be continued. 

Sputtering was conducted in the same manner as above except that an intermittent direct current was 
used wherein in the waveform shown in the upper portion of Figure 1, an ON time during which a negative 
voltage is applied was 100 u.s and a zero volt time was 40 u.s. As a result, arcing gradually increased and 

10 the frequency of occurrence of the arcing after about 30 minutes was about 60 times/min. 
In observing the current waveform during arcing and measuring a time of extinction of the initial arcing, 

there was detected 160 to 1 80 u.s. 
Sputtering was conducted in the same manner as above except that an intermittent direct current was 

used wherein the ON time was 100 us and the zero volt time was 200 us. As a result, the frequency of 
15 occurrence of arcing after about 60 min was about 60 times/min. In this case, the initial arcing frequently 

·took place after 90 u.s to 100 I.LS of the rise of voltage. 
Sputtering was conducted in the same manner as above except that an intermittent direct current was 

used wherein the ON time was 80 us and the zero volt time was 200 us. There was found that the 
frequency of occurrence of arcing after about 60 min was about 30 times/min. The frequency of occurrence 

20 of arcing in the above-mentioned four tests is shown in Figure 6. In the measurement of arcing, a current 
value 10% or more than the maximum value of ordinary current waveform was used as a detection level in 
the oscilloscope and the number of occurrence detected was recorded. 

25 

EXAMPLE 2 

A cathode having an area of 40 x 300 cm, aluminum-doped silicon as a target material and a gas 
mixture of argon and oxygen having a ratio of 2:10 as introducing gas were used in the apparatus shown in 
Figure 5. Sputtering was conducted under a discharge pressure of 2.0 x 10-3 Torr and at an effective 
power value of 13 kW to deposit a film of Si02 doped with aluminum on a substrate. 

30 When a direct current was used for discharge, arcing suddenly took place after about 35 min and the 
sputtering could not be continued. In observing the waveform during the discharge, a time of extinction of 
the initial arcing was about 400 us. 

Sputtering was conducted in the same manner as above except that the waveform shown in the upper 
portion of Figure 1 · was used wherein the zero volt time was 500 u.s and the ON time was 500 us. A time 

35 required for the occurrence of the initial arcing was about 220 us after the rise of voltage. 
Sputtering was conducted in the same manner as above except that the ON time was 220 u.s and the 

zero volt time was 500 u.s. The frequency of occurrence of arcing was 20 times/min or lower even after the 
lapse of 4 hrs. 

The frequency of occurrence of arcing in the case of using a direct current and the case of using the 
4() intermittent waveform wherein the ON time is 220 us and the zero volt time is 500 u.s is shown in Figure 8. 

The condition of detecting arcing is the same as that of Example 1. 

EXAMPLE 3 

45 In a vacuum chamber, N-type silicon (phosphorus doped single crystal) having a specific resistance of 
1.2 a• cm was placed as a target on a cathode, and on the opposite side of the target, a soda lime glass 
sheet was disposed as a substrate. The vacuum chamber was evacuated to 1 x 10-5 Torr. Then, a gas 
mixture of argon and oxygen was introduced as sputtering gas, and conductance was adjusted so that the 
pressure is 2 x 10-3 Torr. 

50 Then, the voltage as shown in the upper portion of Figure 2 was applied to the cathode. Here, the ON 
time 21 was 50 u.s which is the same as the time of starting the initial arcing and the zero volt time 22 was 
50 u.s which is the same as the time of extinction of the initial arcing in which the time 23 for applying a 
positive potential was about 12 us. Here, the negative voltage was adjusted so that the application power in 
the application of this voltage was 500 W. The positive voltage was kept to be 100 V. 

55 The substrate temperature was maintained to be at room temperature, and an electric discharge was 
started at an oxygen concentration in the sputtering gas of 60%. After the pre-discharge of 5 min, the 
shutter was opened, and the film-deposition time was adjusted so that the thickness of film was 250 A, 
whereby a thin film composed mainly of silicon oxide was deposited on a soda lime glass substrate. 

11 
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When 120 min passed after the initiation of discharge, a film was deposited on another soda lime glass 
substrate. However, little arcing was observed. 

COMPARATIVE EXAMPLE 1 

5 

Sputtering was conducted to deposit a film in the same manner as Example 3 except that an 
intermittent DC voltage having the waveform as shown in the upper portion of Figure 1 was applied to the 
cathode wherein the ON time was 50 l,.LS and the zero volt time was 25 1,.LS. 

Although little arcing was observed just after the initiation of film-deposition, occurrence of arcing was 
10 observed with the lapse of time, and continuous discharge of red-hot particles was observed on the target 

surface at the completion of film-deposition. 
When 120 min passed after the initiation of discharge, a film was deposited on another soda lime glass 

substrate. Arcing took place very frequently. 

15 COMPARATIVE EXAMPLE 2 

Sputtering was conducted in the same manner as Example 3 except that a radio frequency voltage of 
13.56 MHz was applied to the cathode. 

After 120 min from the initiation of discharge, a film was deposited on another soda lime glass 
20 substrate. In this case, there was no arcing. 

The coated side of each of the coated glass obtained in Example 3 and Comparative Examples 1 and 2 
was contacted with pure water at 90 • C for 24 hours, whereupon the amount of out diffused sodium atoms 
(1,.Lg/cm2) in this pure water was measured by atomic absorptiometry. Results are shown in Table 1. 

25 Table 1 

30 

35 

4() 

45 

50 

55 

Film-deposition after 5 min Film-deposition after 120 min 
from initiation of discharge from initiation of discharge 

Example 3 0.02 0.02 
Comparative Example 1 1.3 5.6 
Comparative Example 2 0.32 0.31 

As is clear from the above Example and Comparative Examples, according to the present invention, it is 
possible to form a thin film of silicon oxide having a high alkali barrier property without heating the substrate 
for a long period of time and in a stable manner. Further, since the film-deposition is conducted by the DC 
sputtering, deposition of a film with a large area or a film-deposition at a high speed can be facilitated, 
whereby application to e.g. a transparent conductive substrate for liquid crystal can be made possible on an 
industrial production scale. 

EXAMPLE 4 

N-type silicon having a specific resistance of 1.2 o • cm and a surface area of 160 mm x 40 mm was 
used as a target. and the voltage as shown in the upper portion of Figure 2 was applied to the targets. Here, 
the negative voltage was adjusted so that the application power in the application of this voltage was 200 W. 
The positive voltage was kept to be 100 V. Other conditions was the same as those of Example 3. 

Discharge was started at an oxygen concentration in sputtering gas of 40%. After 5 min, the shutter was 
opened to deposit a film of silicon nitride having a thickness of 200 A on a flat soda lime silicate glass at 
room temperature. 

Then, when 120 min passed after the initiation of discharge. the shutter was again opened to deposit a 
silicon nitride film of 200 A on another soda lime glass substrate. During the film-deposition operations. no 
arcing was observed. 

COMPARATIVE EXAMPLE 3 

Sputtering was conducted in the same manner as in Example 4 except for application of a DC power of 
200 W. In film-deposition after 5 min from the initiation of discharge, no arcing was observed. 

12 
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After 120 min from the initiation of discharge, film-deposition was conducted on another soda lime glass 
substrate. In this case, arcing frequently took place, and discharge of red-hot particles from the target 
surface was observed. 

5 COMPARATIVE EXAMPLE 4 

Sputtering was conducted in the same manner as in Example 4 except N-type silicon having a specific 
resistance of 1.5 O•cm and a diameter of 6 inches was used as a target, the nitrogen concentration in 
sputtering gas was adjusted to 100%, and a radio frequency voltage of 13.56 MHz was applied so that a 

10 power of 300 W was supplied. 

15 

When 120 min passed after the initiation of discharge, a film was deposited on another soda lime glass 
substrate. No arcing was observed. 

COMPARATIVE EXAMPLE 5 

Films of silicon nitride each having a film thickness of 200 • A were deposited on flat soda lime silicate 
glass substrates at a temperature of about 600 ° C by CVO method in each case that the ratio of ammonia 
gas/silane gas in material gas was 3, 5, 10 or 15. 

The coated side of each of the coated glass obtained by Example 4 and Comparative Examples 3 to 5 
20 was contacted with pure water at 90 ° ~ for 24 hours, whereupon the amount of sodium atom out diffused 

into the pure water from soda lime glass through silicon nitride film was measured by atomic absorp
tiometry. The results of Example 4 and Comparative Examples 3 and 4 are shown in Table 2 and the 
results of Comparative Example 5 are shown in Table 3. 

25 
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Table 2 

Film-deposition after 5 min from 
initiation of discharge 

Composition Amount of out 
... (N/Si) diffused Na 
~ (µg/cm 2) 

Example 4 1. 33 0.005 

Campa r a ti ve 
1. 33 0.008 

Example 3 

Comparative 
1. 36 0.015 

Example 4 

~ in c u, 

Film-deposition after 120 min from 
initiation of discharge 

Composition Amount of out 
(N/Si) diffused Na 

(µg/cm 2 ) 

1. 33 0.005 

1. 32 0.91 

1. 36 0 .,015 
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Table 3 

Ratio of ammonia/silane 3 5 10 15 

Composition (Nisi) 1.27 1.36 1.49 1.56 
Amount of out diffused Na (Ugicm2) 0.047 0.038 0.056 · 0.062 

ln comparing Examples with Comparative Examples described above, silicon nitride film deposited by 
the present invention shows that the amount of out diffused sodium atoms through this film is low, and there 
is clear superiority in the present invention. 

Further. it is understood that the silicon nitride film having a high alkali barrier property can be 
deposited stably for a long period of time. 

Further. it becomes possible to deposit a silicon nitride film having a high alkali barrier property without 
heating the substrate. and coating of alkali barrier on a substrate having a low heat resistance is possible. 

EXAMPLE 5 

By using an ord,nary ma,Jnetron sputtering device as shown in Figure 5, the voltage as shown in the 
upper por-t,on of F ,gurc I wh(·re,n the ON time was 100 us and the zero volt time was 400 us, was applied 
to an ind,urr 011dt:: t;,,9t:1 ~2 containing 10 wt% of tin. As a substrate 54 on which a film is to be deposited, 
non-alkali gtas~ cAN g:J'.:s t•v Asahi Glass Company Ltd.) previously heated to 2oo·c was used. 

A film-ck!pos,1 on ct.Jrnt.,v was evacuated to 1 x 10-s Torr or lower. Then, argon gas containing 1 vol% 
of oxygen 9.1'.; ~a:s irt,c, 1ucL-.J sc that gas pressure was 3 x 10-3 Torr. Sputtering power was adjusted to be 
1.1 kW in tC--tms o· ctt,:~1,vc value. 

EXAMPLE 6 

Sputtering wee 1..u11Juch.:d in the same manner as in Example 5 except that the voltage as shown in 
Figure 2 whcrv111 !lit: ON tune 21 was 100 us, the application time of positive voltage 23 having an 
amplitude of .swut 10° c tu tile power value in the application of a negative voltage was 10 us and the zero 
volt time 26 was 390 us. 

COMPARATIVE EXAMPLE 6 

Sputtering was conducted in the same manner as in Example 5 except that the conventional magnetron 
sputtering apparatus and the conventional DC sputtering power source were used. 

Occurrence of nodules after continuous sputtering of 23 hours, the frequency of occurrence of arcing. 
and the characteristic of ITO films were examined on Examples 5 and 6 and Comparative Example 6. 

BEST.AVAILABLE COPY 
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Formation of nodules 

~ 

(after sputtering for 
23 hours) 

Frequency of arcing 
(after film-sputtering 
for 23 hours) 

Specific resistance of 
ITO film (O•cm) 
Immediately after 
initiation of film-
sputtering 

Specific resistance of 
ITO film (after film-
sputtering for 23 
hours) 

Change in the 
sputtering rate (after 
sputtering for 23 
hours) 

~ ~ "' (71 ~ 

Table 4 

Comparative Example 6 Example 5 

Many nodules were 
observed the entire Almost nil 
erosion region except 
for the erosion center 

15 times/min or more 3 times/min or less 

1.9 X 10-4 1.9 X 10-4 

4,0 X 10-4 2,Q X 10-4 

Decreased by about 40% Almost nil 

... 
(n Q (71 

Example 6 

Almost nil 

Once/min or less 

1.9 X 10-4 

1.9 X 10-4 

Almost nil 
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In Comparative Examples, the decrease of the sputtering rate was remarkable by about 40%. The 
specific resistance is reduced from 1.9 x 10-4 O•cm (at the initial stage of sputtering) to 4 x 10-4 O•cm 
due to the reduction of sputtering rate. Nodules were very rigid and it was necessary to conduct mechanical 
grinding for cleaning. 

s The film-deposition method for a transparent conductive film and the film-deposition apparatus of the 
present invention exhibit excellent effect in depositing a transparent conductive film without stopping film
deposition steps, which reduce productivity, and to suppress occurrence of nodules of sub oxide on the 
target surface which causes reduction in sputtering rate. Further, it provides excellent effect to suppress 
arcing which causes defects in the transparent conductive film. Since arcing can be suppressed, a large 

10 electric power can be used and a high film-deposition rate is obtainable in comparison with the conventional 
DC sputtering method. 

Further, use of the power processing portion of the present invention suppresses arcing without adding 
an arcing preventing circuit which is used for a conventional DC sputtering power source. Further, by 
controlling. the effective value of intermittently supplied power, conditions for film-deposition can be 

15 controlled in the same manner as the conventional DC sputtering method, and a transparent conductive film 
having the same property as the conventional film can be obtained. 

In accordance with the present invention, since a potential difference on the target surface is eliminated 
and occurrence of arcing is prevented, a stable discharge can be maintained in comparison with a 
conventional DC sputtering. . 

20 The frequency of occurrence and the scale of initial arcing can be small, a stable sputtering can be 
continued for a long period of time even when a large power is used. Further, excellent efficiency of electric 
power is obtainable. 

The sputtering apparatus of the present invention can reduce the frequency of occurrence of arcing 
even in a case of reactive sputtering, and a. large electric power can be supplied stably to the cathode. 

25 Accordingly, it has high film-deposition ability. 
The power processing portion of the present invention is of a simple structure and is applicable to a 

conventional sputtering apparatus so that sputtering by a pulse-like intermittent DC power can be realized. 
By using the power processing portion of the present invention, an intermittent voltage waveform can be 

easily optimized depending on the size of apparatus, material, electric power used and the scale of initial 
30 arcing. 

In the film-deposition method of a thin film composed mainly of silicon oxide according to the present 
invention, since arcing is not generated during film-deposition, a film having high quality and little 
attachment of particles can be obtained. 

Further, in the film-deposition method of a thin film· composed mainly of silicon nitride according to the 
35 present invention, since arcing is not generated during film-deposition, a thin film of high quality and little 

attachment of particles can be obtained. 
The film-deposition method for an ITO film of the present invention can provide stable operations for a 

long period of time because arcing can be prevented and occurrence of nodules of sub oxide formed on the 
target surface can be suppressed while the quality of a film and the film-deposition rate are the same as 

40 those obtained by the conventional DC sputtering method. 

Claims 

1. A sputtering method which comprises applying a negative voltage intermittently in a constant periodic 
45 cycle to a cathode disposed in a vacuum chamber, wherein the negative voltage is intermittently 

applied so that a time during which the negative voltage is not applied includes a time during which the 
voltage is controlled to be zero volt in a range of from. 10 1.1.s to 10 ms, and the zero voltage time is 
equal to or longer than the time required by one arcing from its generation to extinction. 

50 2. The sputtering method according to Claim 1, wherein the time during which the negative voltage is 
applied is within a range of from 10 us to 1 O ms and is equal to or shorter than the period of time from 
the application of the negative voltage to the generation of arcing. 

3. The sputtering method according to Claim 1, wherein the time during which the voltage is controlled to 
55 be zero voltage includes a period of time during which a positive voltage is applied within a range of 

from 1 I.LS to 20 u.s. 

17 
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4. The sputtering method according to any one of Claims 1 to 3, wherein the time during which the 
voltage is controlled to be zero volt is immediately after arcing. 

5. A sputtering apparatus comprising a cathode disposed in a vacuum chamber, a sputtering power 
s generating portion and a power processing portion, the cathode being applied with a intermittent 

negative voltage, wherein the wherein the negative voltage is intermittently applied so that a time during 
which the negative voltage is not applied includes a time during which the voltage is controlled to be 
zero volt in a range of from 10 us to 10 ms, and the zero voltage time is equal to or longer than the 
time required by one arcing from its generation to extinction. 

10 

6. The sputtering apparatus according to Claim 5, wherein the power processing portion is disposed 
closer to the cathode than the sputtering power generating portion. 

7. The sputtering apparatus according to Claim 5, wherein a plurality of cathodes, sputtering power 
15 generating portions and power processing portions are provided, and the plurality of power processing 

portions arc synchronously operated to produce waveforms having a different phase. 

20 

25 

30 

35 

8. A power processing port·on for a sputtering apparatus having a cathode to which a negative voltage is 
interm1t1cntly ap:>ltc-d. wh0re,n: 

the power puxc~S•O<J portion comprises a first switching circuit, a second switching circuits, a 
control nrr11,1 "" a c;* 1,t,,09 element and a circuit for measuring current, voltage or power for 
sputtenn<J 

the 1,rc.t ,1.n,1 th,· c.,x (',fl 1 switching circuits are respectively formed of a semiconductor switching 
device and a p,otu, .. hefi c1tcuit lor protecting the device; 

the first s••·ct1 n,J c1tcu,t ,s connected in series between the negative pole of the sputtering power 
generating porl1on anc the cathode electrode; 

the soc00<1 sw,tch>ng cucu,t is connected in series between the cathode electrode and a DC power 
source. other tran the ~pu:tering power generating portion, for supplying a positive potential to the 
cathode electrode. 

the control circuit for the semiconductor switching device is capable of controlling a turning-on time 
of 5 IJ.S or more IOf tho hrst switching circuit and a turning-off time of 5 us or more for the same, and 
capable of turning-on the second switching circuit for less than the time of turning-off the first switching 
circuit and within a range of from 1 us to 20 us when the first switching circuit is turned off; and 

the circuit for measuring current, voltage or power for sputtering has a function to measure a 
current value. a voltage value or a power value effective to sputtering and a function to compare the 
measured values with predetermined reference values to detect arcing. 

9. The power processing portion according to claim 8, which further comprises a smoothing circuit to 
change the waveform of voltage at an output terminal of the sputtering power generating portion to be a 

40 DC voltage waveform. 

10. A film-deposition method by sputtering a thin film composed mainly of silicon oxide by applying a 
negative voltage intermittently in a constant periodic cycle to a cathode composed mainly of silicon in a 
vacuum chamber and using oxygen and/or inert gas as sputtering gas, wherein the negative voltage is 

45 intermittently applied so that a time during which the negative voltage is not applied includes a time 
during which the voltage is controlled to be zero volt in a range of from 1 O us to 10 ms, and the zero 
voltage time is equal to or longer than the time required by one arcing from its generation to extinction. 

11. A film-deposition method by sputtering a thin film composed mainly of silicon nitride by applying a 
so negative voltage intermittently in a constant periodic cycle to a cathode composed mainly of silicon in a 

vacuum chamber and using nitrogen and/or inert gas as sputtering gas, wherein the negative voltage is 
intermittently applied so that a time during which the negative voltage is not applied includes a time 
during which the voltage is controlled to be zero volt in a range of from 10 us to 10 ms, and the zero 
voltage time is equal to or longer than the time required by one arcing from its generation to extinction. 

55 

12. The film-deposition method according to Claim 11, wherein the composition ratio of the silicon nitride 
(atomic molar ratio of N/Si) is 1.25 to 1.36. 

18 
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13. The film-deposition method by sputtering a transparent conductive thin film composed mainly of oxide 
by using a sputtering target capable of forming a transparent conductive film, disposed in a vacuum 
chamber, applying a negative voltage intermittently and using oxygen and/or inert gas as sputtering 
gas, wherein the negative voltage is intermittently applied so that. a time during which the negative 

s voltage is not applied includes a time during which the voltage is controlled to be zero volt in a range of 
from 10 us to 10 ms, and the zero voltage time is equal to or longer than the time required by one 
arcing from its generation to extinction. 

14. The film-deposition method according to Claim 13, wherein the sputtering target is composed mainly of 
10 tin or tin oxide. 

15. The film-deposition method according to Claim 14, wherein the sputtering target contains metal 
antimony or an antimony compound. 

1s 16. The film-deposition method according to Claim 13, wherein the sputtering target is composed mainly of 
indium or indium oxide. 

17. The film-deposition method according to Claim 16, wherein the sputtering target contains tin. 

w 18. The film-deposition method according to Claim 13, wherein the sputtering target is composed mainly of 
7mr: or zinc oxide. 

3', 

50 

5!> 

19. Thn film-deposition method according to Claim 18, wherein the sputtering target contains a simple 
substance or a compound of at least one metal selected from the group consisting of aluminum, 
gait.um. indium. boron and silicon. 

19 

BNSOCX::ID: <EP ___ 0639655A 1 I > 

' 

Page 485 of 1053



EP O 639 655 A1 

FIGURE I 
1 2 1 ... ,.. ~1 · 

01 I I I T 

-vf U D Li lf D D L 
n n Q [\[1 n [ 

o I I 

FIGURE 3 

31 

+ 

BNSOOCID: <EP_06396S5A1_I_> 

20 

33 
36 

T 

Page 486 of 1053



•' 

"'.' 
C ·z 
~ 
rn 
0 

...., 
..._, 

>, 
CJ 
C 
0 
:::; 

0 
:.. ,_ -

EP O 639 655 A1 

FIGURE 4 . 32 
l ____________ _( _____ l 

31 I . I 
.-~-1 I · ~4.1-'""'------------; ,----, ,------42--1 I 
I I : : I I I < : I 
I ' · ; J~i 43 I - / : . ______________ , I ,, ,, ,~~: '------r,=i-~ 
I 11 44 I I II I 
I l J I I I I J 

I 11 I 351 II I 
I I L ___ J L _______ _J L ___ JL __ ~J 

FIGURE 5 

+ -

FIGURE 6 

51 

52 

53 

55 

100 

· 80 

60 

40 

20 

0 
0 

DC 

ON100/0FF40 

10 20 30 40 

Discharge time (min) 

21 

ON100/0FF 
200 

50 60 

BNSDOCID: <EP_06396S5A1_I_> 

Page 487 of 1053



100 

,....... 80 ~ 

-tfl 60 (l,l 

---
;.-. 40 
~ 

2 
20 -

-- 0 
0 

82b 

BNSDOCID: <EP_0639655A1_1_> 

EP O 639 655 A1 

FIGURE 7 

DC 

50 100 150 

Dis(:harg·e time (min) 

FIGURE 8 

+ + -

22 

ON220/0FF 
500 

200 250 

81a 

82a 

83a 

84 

85 

Page 488 of 1053



Voltage 

+ 

EP O 639 655 A1 

FIGURE 9 

~ 
0 L--~~----..----r----...----,.-.-~ 

FIGURE 10 
Voltage 

+ b .~ 
I· 2 

-1 
Vp 

0 

'-

-

Voltage 

+ 

Vp 

..__ .._ ..___ 

FIGURE I I 
b3 b4 

r i · ·I 

-. 

..___ 

0 l------1--JL.-.._-~1-J,...-----+-....L--..--.---.. 

23 
BNSDOCID: <EP_0639655A1_1_> 

Time 

Time 

Page 489 of 1053



Category 

A 

X 
A 

A 

A 

A 

A 

European Patent 

Off"ace 
EUROPEAN SEARCH REPORT 

DOCUMENTS CONSIDERED TO BE RELEVANT 
Citaoon of cloc:ummt with indication, w'-e appropriate, 

of rele¥1111t passaces 

THIRD INTERNATIONAL CONFERENCE ON PLASMA 
SURFACE ENGINEERING, 
GARMISCH-PARTENKIRCHEN, GERMANY, 26-29 
OCT. 1992, ISSN 0257-8972, SURFACE AND 
COATINGS TECHNOLOGY, 1 OCT. 1993, 
SWITZERLAND, PAGE(S) 177 - 182 
Frach Pet al 'Aspects and results of 
long-term stable deposition of Al/sub 
2/0/sub 3/ with high rate pulsed reactive 
magnetron sputtering' 
* page 180, left column, line 2 - right 
column, line 2 * 

EP-A-0 275 018 (GRUN R) 20 July 1988 
* column 4, line 40 - line 50; claims 1-4 
* 

WO-A-87 05053 (QUAZI) 
* page 28, line 3 - line 12; claim 1 * 

Rdevant 
to claim 

1-19 

5 
1-4,6-15 

1-19 

PATENT ABSTRACTS OF JAPAN 1-19 
vol. 14, no. 90 (C-0691) 20 February 1990 
& JP-A-01 301 856 (SHIMAOSU CORP) 6 
December 1989 
*abstract* 

CIP 93 PROCEEDINGS, 6 June 1993, FR 1-19 
pages 66 - 68, XP399216 
B. STAUDER ET AL 'A METHOD FOR SUPRESSING 
THE HYSTERESIS EFFECT IN REACTIVE 
SPUTTERING' 
* page 67, line 9 - line 21 * 

WO-A-91 02103 (THE BOC GROUP INC) 
* claims 1,2 * 

__ ,_ 

10-19 

AHl!ca!l1111 Nmaber 

EP 94 11 1669 

<L\SSD'ICATION OF TIIE 
APPUCATION (lnt.0.6) 

C23Cl4/00 
C23C14/34 
H01J37/32 

C23C 
HOlJ 
H03J 

-I 
o....,..,..._.,ta_ I 

§ THE HAGUE 18 November 1994 Ekhult, H (1--________ ....,__ ________ ___._ ________ ----1 

.. CADGOltY OF an:D DOCUMENTS T: theory or principle lllldertyillg the lnwntlon d E : euller patent doc:llment, but palllisllN - or 
a X : pudmluly rel..-ut If taken alone aft• tlle filill& hte 
!D Y : pudculuty rel- If combinef wttb anotb• D : document dt..i la die applk:atlo11 

I A: ==~tf!OIY ~~~t ~-~~.~-----------
... 0 : noo-wrtnc '1sdoswe a : m-ber of the same patent family, =· ; IJna 
o P : tDtenaellllle locruHDr UCllllleat 

tL-------------------------------------' 

'!NSOOCIO: <EP __ 0639655A1_1_> 

Page 490 of 1053



.. 

PATENT 
Customer No. 22,852 

Attorney Docket No. 9140.0016-01 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

ZHANG, Hongmei et al. 

Application No.: 10/954,182 

Filed: October 1, 2004 

For: BIASED PULSE DC REACTNE 
SPUTTERING OF OXIDE FILMS 

MAIL STOP AMENDMENT 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

) 
) 
) Group Art Unit: 2823 
) 
) Examiner: ESTRADA, Michelle 
) 
) 
) Confirmation No.: 9873 
) 
) 

AMENDMENT AND RESPONSE TO OFFICE ACTION 

Of\/05/2005 iUiWRENCiii00000lll01t O&fj160ffi1095\18?t. "led M h 25 2005 th · d f t ded t . rep y o u1e ice nc 10n mat arc , , e peno o response ex en o 
0~ FC 1203 360.00 DA . 

i~ ~~ {~i~- July 21s1~~9~5~~by a one month extension of time and authorization for the Commissioner to 

11111 

charge the fee of$120.00 to Deposit Account No. 06·0916, please amend the above-identified 

application as follows: 

Amendments to the Claims are reflected in the listing of claims that begins on page 2 of 

this paper. 

Remarks/Arguments follow the amendment sections on page 9 of this paper. 

Page 491 of 1053



.. 
\/ • 

. . . PTOJSS.o6(1:2-04) 
. AppfO"'l!d for use.through 7fJ1i2006. 0MB 065HXl32 

U.S. Patent and Trademail< Office; U.S. Dl:PA.,1 MENT OF COMMERCE 
Under the PaN>nNntl< Reduction Act. of 1995, no cersons are reouited to r""""""1 to a collection of information unress it dislllavs a valid OMB control number. 

PATENT APPLICATION FEE DETERMINATION RECORD · ApptircY(~Ti~ Substitute for Fonn PT0-875 

APPLICATION AS FILED - PART I OTHER THAN 

(Column 1) . (Column 2) SMALL ENTITY · OR SMALL ENTITY 

FOR NUMBER FILED NUMBER EXTRA RATE (S) FEE($) RATE($) FEE (SJ 
BASIC FEE 
(37 CfR 1.16(a), (b), Of (cl) 

SEARCH FEE 
(37 CFR 1.16(~). (Q, or(m)) 

EXAMINATION FEE 
(37 CFR 1.16(0), (Pl. or (q)) ; 

TOTAL a.AIMS' 
(37'CFR 1.16(1)) mjnus20:: X = OR .x = 
INDEPENDENT CLAIMS 
(37 Cl,R 1.Hl(h))' minus3 X X 

If the specification and drawings exceed 100 
AP PUCA TION SIZE sheets of paper, the application size fee due 

FEE is ~250 ($125 for small entity) for each 
(37 CFR 1.16(s)l additional 50 sheets or- fraction thereof. See 

35 U.S.C. 41{a)(1)(G) and 37 CFR 1.16(s). 

MULTIPLE DEPENDENT CLAIM PRE?ENT (37 CFR 1.16())) 

* If the difference in column 1 is less than zero, enter ·o· in column 2. TOTAL TOTAL 

APPLICATION AS AMENDED - PART II 

OR OTHER THAN 
(Column 1) (Column2) (Column3) SMALL ENTITY SMALL ENTITY 

JfJs/i 
CLAIMS HIGHEST. 

<( ~MAINING NUMBER PRESENT RATE (S) ADDI- RATE($) ADDI-
AFTER PREVIOUSLY EXTRA TIONAL TIONAL 

I- ) ENDMENT PAID FOR FEEISl · FEE!Sl z w Total . (,., Minus -1-l i:; = t.{:. X '5::,6 ..ct (jC> ~ (37 CFII 1.16Q)) · X = OR = 
0 Independent . . G1 Minus -- 3 = h X :266= ~·~ z (31 CFll 1.16(h)) X = OR ·w 
~ Application Size Fee (37 CFR 1.16(s)J 
<( 

~ --.lb.. 2~ FIRST PRESENTATION OF-MUL Tl?I.E DEPENDENT a.AIM (37 CFR 1.16(j)) OR 

TOTAL TOTAL 
AOO'L FEE OR ADO'LFEE 

. (Column .1). (Column 2) (Column 3) 

a.AIMS HIGHEST 

a;> REMAINING NUMBER, PRESENT RATE($) ADDI- RATE($) ADDI-
AFTER PREVIOUSLY EXTRA TIONAL TIONAL 1-. 

AMENDMENT PAID FOR FEEi$) FEE/$) z w Total . Minus .. = 
~ (37 CfR 1.16Q)) X = OR X = 
0 · Independent . Minus ... 
z (37 CFll 1.ltl(h)) X OR X = w 
~ Application Size Fee (37 CFR .1.16(s)) 
<( .. 

FIRST PRESENTATION OF MULTIPLE llEPENDENT a.AIM (37 CFR i .16(j)) .OR 

TOTAL 
OR· 

TOTAL 
AOD'L.FEE ADD'LFEE 

• If the eotry in column 1 is less than the entry in column 2, write ·o· in column 3. 
•• ff the "Highest Number Previously Paid For" IN THIS SPACE is less than 20. enter ·20· . 

... ff the "Highest Number Previously Paid For" IN THIS.SPACE is less than 3, enter ·3·. 
The "Highest Number Previoudv Paid For" IT otal or lndependentl is the hiahes1.number found m the ap!lfOpriate box in eolumn 1. .. 

Th,s coflect.ron of information rs required by 37 CFR 1.16. The mformation rs required to obtain or retain a benefit by the public wtuch rs to Irle (and by the 
USPTO to process) an application. Confidentiality is governed by 35·u.s.c. 122 and 37 CFR 1.14 TNs collection is estimated to take 12 minutes to complete. 
including gathering, preparing. and submitting the completed application form to the USPTO. Time wio vary depending upon the individual case. Any comments 
on the amount of time )'OIJ require to complete this form and/or suggestions for reducing this burden. should Ile sent to the Chief Information Officer. U.S P<1tent 
and Trademail< Office. U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. 00 NOT SEND FEES OR COMPLETED FORMS TO THIS 
ADDRESS. SEND TO: Com~issioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450. 

If .YOU need assistance in completing the form, call 1-800-PTO-9199 and select op/ion 2. 

Page 492 of 1053



CLAIMS ONLY 
ApplLC)~~ 1 ~-fling Date 

Applicant(s) 

• Mav be used for additional claims or amendments 

CLAIMS AS FILED AFTER FIRST AFTER SECOND . . . 
AMENDMENT AMENDMENT 

lndeo n,,.,.,nd lndeo t.leOPnd lndeo Depend lndeo Deoend lndeo Deoend lndeo Depend 
1 ' ". 51. ~ ...... 
2 / 52 1-
3 IC 53 ~} 

4 \ 54 i' 
5 I \ 55 1'\ 
6 56 \· T 
7 57 .,0) 
8 58 fLl" 
9 59 'I• . II 
10 60', , I 
11 61 ,f 
12 62 - I 
13 63 -
14 64 r r 1 
15 65 1)\ 
16 66 r 1 '\ 
17 67 
18 68 .1 } 

19 . 69 ~ 

20 70 ' 21 71 { l 

22 72 If ) 

23 73 \: 
24 74 - r;~ ) 
25 75 '\ 
26 76 f ) 

27 j 77 rs 
28 I 78 .\,J 
29' 79 ., -
30 80 - 't ) 
31 81 ·4. 

32 I 82 
33 ' 83 
34 84. 

35 85 
36 86 ' 37 87 .>':-, 
38 88 ........ 
39 69 '::) 

40 - 90 ' 41 (' ) 91 ·' 
42 , .. \ M ·< 
43 !T 93 
44 94 

:45 ,. r'\ 95 
46 y~ 96 
47 - 97 
46 {· ~·, ..... 98 
49 / J" 99 
50 " 100. 

Total JJ __J~ ~~ 
Total JJ 1&1LJ LJ lndeo lndeo 

Total Total .... 
Deoend Depend ~~ 
Total I Total :-tGi ! Claims Claims I • I -· 

- __ .. _ 

Page 493 of 1053



UNITED STATES PATENT AND TRADEMARK OFFICE 

APPLICATION NO. 

10/954,182 

228S2 7590 

FILING DATE FIRST NAMED INVENTOR 

10/01/2004 Hongmei Zhang 

10/25/2005 

FINNEGAN, HENDERSON, FARABOW, GARRETI & DUNNER 
LLP 
901 NEW YORK A VENUE, NW 
WASHINGTON, DC 20001-4413 

UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Addn:ss: COMMISSIONER FOR PATENTS 

P.O. Box l4SO 
Alexandria, Virginia 223 l3-14SO 
www .uspt0.gov 

ATTORNEY DOCK.ET NO. CONFIRMATION NO. 

09140-0016-01000 9873 

EXAMINER 

ESTRADA, MICHELLE 

ART UNIT PAPER NUMBER 

2823 

DATE MAILED: I 0/25/2005 

Please find below and/or attached an Office communication concerning this application or proceeding. 

PT0-90C (Rev. 10/03) 

Page 494 of 1053



Application No. Applicant(s) 

f 10/954,182 ZHANG ET AL 

Office Action Summary Examiner Art Unit ..... 

Michelle Estrada 2823 

•• The MAILING DA TE of this communication appears on the cover sheet with the correspondence address •• 
Period for Reply 

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE~ MONTH{S) OR THIRTY (30) DAYS, 
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• Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133). 

Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any 
earned patent term adjustment. See 37 CFR 1.704(b). 

Status 

1 )[gl Responsive to communication(s) filed on 25 July 2005. 

2a)O This action is FINAL. 2b)[gl This action is non-final. 

3)0 Since this application is in condition for allowance except for formal matters, prosecution as to the merits is 

closed in accordance with the practice under Ex parte Quayle, 1935 C.D. 11, 453 O.G. 213. 

Disposition of Claims 

4)[gl Claim(s) 41-62,64-66 and 68-92 is/are pending in the application. 

4a) Of the above claim(s) 64-66,68-84,86 and 90-92 is/are withdrawn from consideration. 

5)0 Claim(s) __ is/are allowed. 

6)[gl Claim(s) 41-62,85 and 87-89 is/are rejected. 

7)0 Claim(s) __ is/are objected to. 

8)0 Claim(s) __ are subject to restriction and/or election requirement. 

Application Papers 

9)0 The specification is objected to by the Examiner. 

10)0 The drawing{s) filed on __ is/are: a)O accepted or b)O objected to by the Examiner. 

Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a). 

Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to. See 37 CFR 1.121 (d). 

11 )0 The oath or declaration is objected to by the Examiner. Note the attached Office Action or form PT0-152. 

Priority under 35 U.S.C. § 119 

12)0 Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f). 

a)O All b)O Some* c)O None of: 

1.0 Certified copies of the priority documents have been received. 

2.0 Certified copies of the priority documents have been received in Application No. __ . 

3.0 Copies of the certified copies of the priority documents have been received in this National Stage 

application from the International Bureau (PCT Rule 17.2(a)). 

* See the attached detailed Office action for a list of the certified copies not received. 

Attachmant(s) 

1) 0 Notice of References Cited (PT0-892) 

2) 0 Notice of Draftsperson's Patent Drawing Review (PT0-948) 

3) 0 Information Disclosure Statement(s) (PT0-1449 or PTO/SB/08) 
Paper No(s)/Mail Date __ . 

4) 0 Interview Summary (PT0-413) 
Paper No(s)/Mail Date. __ . 

5) 0 Notice of Informal Patent Application (PT0-152) 
6) 0 Other: __ . 

U.S. Patent and Trademark Office 

PTOL-326 (Rev. 7-05) Office Action Summary Part of Paper No./Mail Date 20051017 
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Application/Control Number: 10/954, 182 

Art Unit: 2823 

DETAILED ACTION 

Page2 

Nevv:ly submitted claims 64-84, 86 and 90-92 are directed to an invention that is 

independent or distinct from the invention originally claimed for the following reasons: 

these claims are directed to an apparatus and the originally examined claims are 

directed to a process. 

Since applicant has received an action on the merits for the originally presented 

invention, this invention has. been constructively elected by original presentation for 

prosecution on the merits. Accordingly, claims 64-84, 86 and 90-92 are withdrawn from 

consideration as being directed to a non-elected invention. See 37 CFR 1.142(b) and 

MPEP § 821.03. 

Claim Rejections - 35 USC§ 112 

The following is a quotation of the first paragraph of 35 U.S.C. 112: 

The specification shall contain a written description of the invention, and of the manner and process of 
making and using it, in such full, clear, concise, and exact terms as to enable any person skilled in the 
art to which it pertains, or with which it is most nearly connected, to make and use the same and shall 
set forth the best mode contemplated by the inventor of carrying out his invention. 

Claims 41-62, 85 and 87-89 are rejected under 35 U.S.C. 112, first paragraph, as 

failing to comply with the written description requirement. The claim(s) contains subject 

matter which was not described in the specification in such a way as to reasonably 

convey to one skilled in the relevant art that the inventor(s), at the time the application 

was filed, had possession of the claimed invention.. There is no description in the 

specification as originally filed of what is a "metallic mode", a "poison mode" and a 

"transition mode". 
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Claims 41-62, 85 and 87-89 are rejected under 35 U.S.C. 112, first paragraph, as 

failing to comply with the enablement requirement. The claim(s} contains subject matter 

which was not described in the specification in such a way as to enable one skilled in 

the art to which it pertains, or with which it is most nearly connected, to make and/or use 

the invention. There is no description of what is a "metallic mode", a "poison mode" and 

a "transition mode" as discussed above and therefore insufficient guidance to enable 

one of ordinary skill in the art to determine suitable conditions to achieve the instant 

invention. 

Conclusion 

Any inquiry concerning this communication or earlier communications from the 

examiner should be directed to Michelle Estrada whose telephone number is 571-272-

1858. The examiner can normally be reached on Monday through Friday. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 

supervisor, Matthew Smith can be reached on 571-272-1907. The fax phone number 

for the organization where this application or proceeding is assigned is 571-273-8300. 

Any inquiry of a general nature or relating to the status of this application or 

proceeding should be directed to the receptionist whose telephone number is 571-272-

2800. 

Information regarding the status of an application may be obtained from the 

Patent Application Information Retrieval (PAIR) system. Status information for 

published applications may be obtained from either Private PAIR or Public PAIR. 
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Status information for unpublished applications is available through Private PAIR only. 

For more information about the PAIR system, see http://pair-direct.uspto.gov. Should 

you have questions on access to the Private PAIR system, contact the Electronic 

Business Center (EBC) at 866-217-9197 (toll-free). 

ME 
October 17, 2005 

c@E~ 
Patent Examiner 

Art Unit 2823 

Page 498 of 1053



~\"'-' / 
PATENT 

Customer No. 22,852 
Attorney Docket No. 9140.0016-01 

IN THE UNITED ST ATES PATENT AND TRADEMARK OFFICE 

In re Application of: 

ZHANG, Hongmei et al. 

Application No.: 10/954,182 

Filed: October 1, 2004 

For: BIASED PULSE DC REACTIVE 
SPUTTERING OF OXIDE FILMS 

MAIL STOP AMENDMENT 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

) 
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) Group Art Unit: 2823 
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) Examiner: ESTRADA, Michelle 
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) Confirmation No.: 9873 
) 
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AMENDMENT AND RESPONSE TO OFFICE ACTION 

In reply to the Office Action mailed October 25, 2005, please amend the above-identified 

application as follows: 

Amendments to the Ciaims are reflected in the listing of claims that begins on page 2 of 

this paper. 

Remarks/Argumen.ts follow the amendment sections on page 6 of this paper. 
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,: 

AMENDMENTS TO THE CLAIMS: 

This listing of claims will replace all prior versions and listings of claims in the 

application: 

Claims 1-39 (Canceled). 

Claim 40 (Canceled). 

Claim 41 (Previously presented): The method of claims 59, 60, or 85, wherein the target 

is a metallic target and the process gas includes oxygen. 

Claim 42 (Previously presented): The method of claims 59, 60, or 85, wherein the target 

is a metallic target and the process gas includes one or more of a set consisting of N2, NH3, CO, 

NO, CO2, halide containing gasses. 

Claim 43 (Previously presented): The method of claims 59, 60, or 85, wherein the target 

is a ceramic target. 

Claim 44 (Canceled): 

Claim 45 (Previously presented): The method of claims 59, 60, or 85, wherein the 

magnetic field is provided by a moving magnetron. 

Claim 46 (Previously presented) The method of claims 59, 60, or 85, further including 

holding the temperature of the substrate substantially constant. 

Claim 47 (Previously presented): The method of claims 59, 60, or 85, wherein the 

process gas includes a mixture of Oxygen and Argon. 

Claim 48 (Previously presented): The method of claims 59, 60, or 85, wherein the 

Oxygen flow is adjusted to adjust the index of refraction of the film. 

-2-

Page 500 of 1053



,:. 

Claim 49 (Previously presented): The method of claims 59, 60, or 85, wherein the 

process gas further includes nitrogen. 

Claim 50 (Previously presented): The method of claims 59, 60, or 85, wherein providing 

pulsed DC power to a target includes providing pulsed DC power to a target which has an area 

larger than that of the substrate. 

Claim 51 (Previously presentep): The method of claims 59, 60, or 85, further including 

uniformly sweeping the target with a magnetic field. 

Claim 52 (Previously presented): The method of claim 51 wherein uniformly sweeping 

the target with a magnetic field includes sweeping a magnet in one direction across the target 

where the magnet extends beyond the target in the opposite direction. 

Claim 53 (Previously presented): The method of claims 59, 60, or 85, wherein the target 

is an alloyed target. 

Claim 54 (Previously presented): The method of claim 53 wherein the alloyed target 

includes one or more rare-earth ions. 

Claim 55 (Previously presented): The method of claim 53 wherein the alloyed target 

includes Si and Al. 

Claim 56 (Previously presented): The method of claim 53 wherein the alloyed target 

includes one or more elements taken from a set consisting of Si, Al, Er, Yb, Zn, Ga, Ge, P, As, 

Sn, Sb, Pb, Ag, Au, Ce, Pr, Nd,· Pm, Sm, Eu, Gd, Tb, Dy Ho, Tm, and Lu. 

Claim 57 (Previously presented): The method of claim 53 wherein the alloyed target is a 

tiled target. 
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Claim 58 (Previously presented): The method of claim 57 wherein each tile of the tiled 

target is formed by prealloy atomization and hot isostatic pressing of a powder. 

Claim 59 (Previously presented): A method of depositing a film on a substrate, 

comprising: 

providing a process gas between a target and a substrate; 

providing pulsed DC power to the target; 

providing a magnetic field to the target; and 

wherein a material is deposited on the substrate, and 

an oxide film is formed by reactive sputtering in metallic mode. 

Claim 60 (Previously presented): A method of depositing a film on a substrate, 

comprising: 

providing a process gas between a target and a substrate; 

providing pulsed DC power to the target; 

providing a magnetic field to the target; and 

wherein a material is deposited on the substrate, and an oxide film is formed by reactive 

sputtering in poison mode. 

Claim 61 (Previously presented): A method of depositing a film on a substrate, 

comprising: 

providing a process gas between a metallic target and a substrate; 

providing pulsed DC power to the target; 

providing a magnetic field to the target; and 

reconditioning a metallic target; 

wherein a material is deposited on the substrate. 

Claim 62 (Previously presented): The method of claim 61, wherein reconditioning the 

metallic target includes: 

reactive· sputtering in the metallic mode and then reactive sputtering in the poison mode. 
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Claims 63-84 (Canceled). 

Claim 85 (Currently amended): A method of depositing a film on a substrate, 

comprising: 

providing a process gas between a target and a substrate; 

providing pulsed DC power to the target; 

providing a magnetic field to the target; and 

wherein a material is deposited on the substrate, and an oxide film is formed by reactive 

sputtering in traesitiee meae a mode between a metallic mode and a poison mode. 

Claim 86 (Canceled). 

Claim 87 (Previously presented): The method according to claims 59, 60, or 85, further 

comprising: 

providing a narrow-band RF filter between the pulsed DC power supply and the 

target; and 

providing an RF bias to the substrate. 

Claim 88 (Previously presented): The method according to claim 87, wherein the narrow

band RF filter has a bandwidth of about 100 kHz. 

Claim 89 (Previously presented): The method according to claim 87, wherein the RF bias 

has a frequency of about 2 MHz. 

Claims 90-92 (Canceled). 
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REMARKS 

Claims 41-62, 64-66, and 68-92 are pending in this application. The Examiner has 

rejected claims 41-62, 85 and 87-89. In this Amendment, claim 85 has been amended and 

claims 64-84, 86, and 90-92 have been canceled, without prejudice. After entry of this 

Amendment, claims 41-43, 45-62, 85, and 87-89 will remain pending. 

Claim Objections 

The Examiner objected to claims 64-84, 86, and 90-92, indicating they are directed to an 

invention that is independent or distinct from the invention originally claimed for the following 

reasons: "these claims are directed to an apparatus and the originally examined claims are 

directed to a process." The Examiner has withdrawn claims 64-84, 86, and 90-92 from 

consideration. Accordingly, Applicants have canceled claims 64-84, 86, and 90-92 from this 

application, without prejudice. Applicants reserve the right to pursue these claims in a separate 

application. 

Claim Rejections under 35 U.S.C. § 112, first paragraph 

The Examiner has rejected claims 41-62, 85, and 87-89 under 35 U.S.C. 112, first 

paragraph as failing to comply with either of the written description requirement or the 

enablement requirement. 

Written Description 

The Examiner states that the claims contain subject matter that is not described in the 

specification. In particular, the Examiner states that "[t]here is no description in the specification 
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as originally filed of what is a 'metallic mode', a 'poison mode' and a 'transition mode"' Office 

Action, p. 2. Applicants have amended claim 85 to remove reference to the transition mode. 

Both the metallic mode and the poison mode are well described in the specification. 

The metallic mode is described in the specification, for example, at paragraph [0083], 

which states: 

Reactive sputtering from a metal or metallic alloy target 12 can be 
characterized by two modes of operation. In the first mode, 
which is sometimes referred to as the 'metallic mode' the 
surface of target 12 is substantially metallic. This mode is 
characterized by a small addition of reactive gas to the inert 
gas flow of apparatus 10 as well as a higher impedance 
magnetron discharge. It is also characterized by incomplete 
oxidation of film deposited on substrate 16 and therefore higher 
index films. As the proportion of reactive to inert gas is increased, 
the sputter voltage at target 12 begins to fall at constant power. 

(Originally filed specification, para. 0083, emphasis added). 

The poison mode is described in the specification, for example, at paragraph [0079], 

which states: 

Sputtered oxide films according to some embodiments of the 
present invention can be deposited onto a Si wafer or thermal 
oxide wafers at pressure of between about 3 and about 6 mTorr. 
The ratio of 0 2/ Ar gas flow can be set at a value to ensure that 
target 12 is operating within a poison mode. The poison mode is 
defined as the ratio where the oxide is etched from the surface 
of target 12 as fast as the oxide layer is formed. Operating in 
the poison mode results in the stoichiometric film. Sub
stoichiometric oxides may not be optically transparent. The 
pulsing frequency range for power supply 14 can be from about up 
to about 250 KHz. The frequency 40 KHz is approximately the 
lowest frequency at which no arcing will occur during deposition 
in, for example, the AKT 1600 based system. The reverse pulsing 
time is determined by the amount of arcing generated during the 
process. Longer reverse time means longer discharge time and 
thus less arcs. However, if the reverse time is too long, the 
deposition rate will decrease. Power supply 18 is a 2 MHz RF 
power supply operated at powers up to several hundred Watts. 

(Originally filed specification, para. 0079, emphasis added). 
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As indicated in at least the two paragraphs above, the specification as originally filed 

included a written description of both the metallic and poison modes of operation. Therefore, 

Applicants respectfully request that the Examiner remove these rejections based on 37 C.F.R. § 

112, first paragraph, for failing to comply with the written description requirement. 

Enablement 

Furthermore, the Examiner rejected claims 41-62, 85, and 87-89 under 35 U.S.C. 112, 

first paragraph as failing to comply with the enablement requirement. In particular, the 

Examiner states again that these claims are not enabled because there is no description of 

"metallic mode," "poison mode," or "transition mode" in the specification as filed. Claim 85 has 

been amended to remove the terminology "transition mode." As discussed above, at least 

paragraph [0083] of the originally filed application provides enablement for operation in the 

"metallic mode" while paragraph [0079] provides enablement for operation in the "poison 

mode." Consequently, Applicants request that the Examiner remove the rejections of claiµ1s 41-

62, 85, and 87-89 for failure to comply the enablement requirement of 35 U.S.C. § 112, first 

paragraph. 

Conclusion 

In view of the foregoing amendments and remarks, Applicants respectfully request 

reconsideration and reexamination of this application and the timely allowance of the pending 

claims. 
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Please grant any extensions of time required to enter this response and charge any 

additional required fees to Deposit Account No. 06-0916. 

Date: December 21, 2005 

EXPRESS MAIL LABEL NO. 
EV 758329240 US 

Respectfully submitted, 

FINNEGAN, HENDERSON, FARABOW, 
GARRETT & DUNNER, L.L.P. 

By~$A" 
Reg. No. 41,008 
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PATENT 
Customer No. 22,852 

Attorney Docket No. 9140.0016-01 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re Application of: 

ZHANG, Hongmei et al. 

Application No.: 10/954,182 

Filed: October 1, 2004 

For: BIASED PULSE DC REACTIVE 
SPUTTERING OF OXIDE FILMS 

MAIL STOP AMENDMENT 
Commissioner for Patents 
P .0. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

) 
) 
) Group Art Unit: 2823 
) 
) Examiner: ESJ-:RABA-;Michelle 
) / 

) 
) Confirmation No.: 9873 
) 
) 

THIRD SUPPLEMENTAL INFORMATION DISCLOSURE STATEMENT 
UNDER 37 C.F.R. § 1.97{c) 

Pursuant to 37 C.F.R. §§ 1.56 and 1.97(c), Applicants bring to the attention of the 

Examiner the documents on the attached listing. This Information Disclosure Statement is being 

filed after the events recited in Section l.97(b) but, to the undersigned's knowledge, before the 

mailing date of either a Final action, Quayle action, or a Notice of Allowance. Under the 

provisions of 37 C.F.R. § l.97(c), the Commissioner is hereby authorized to charge the fee of 

$180.00 to Deposit Account No. 06-0916 as specified by Section l. l 7(p). 

Copies of the listed non-patent literature documents are attached. Copies of the U.S. 

patents and patent publications are not enclosed. 

Applicants respectfully request that the Examiner consider the listed documents and 

indicate that they were considered by making appropriate notations on the attached form. 
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This submission does not represent that a search has been made or that no better art exists 

and does not constitute an admission that each or all of the listed documents are material or 

constitute "prior art." If the Examiner applies any of the documents as prior art against any 

claims in the application and Applicants determine that the cited documents do not constitute 

"prior art" under United States law, Applicants reserve the right to present to the office the 

relevant facts and law regarding the appropriate status of such documents. 

Applicants further reserve the right to take appropriate action to establish the patentability 

of the disclosed invention over the listed documents, should one or more of the documents be 

applied against the claims of the present application. 

If there is any fee due in connection with the filing of this Statement, please charge the 

fee to our Deposit A~count No. 06-0916. 

Respectfully submitted, 

FINNEGAN, HENDERSON, FARABOW, 
GARRETT & D NNER, L.L.P. 

Dated: December 21, 2005 

Express Mail Label No. 
EV 758329240 US 
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In re Application of: 

ZHANG, Hongmei et al. 

Application No.: 10/954,182 

Filed: October 1, 2004 

For: BIASED PULSE DC REACTIVE 
SPUTTERING OF OXIDE FILMS 

MAIL STOP AMENDMENT 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

PATENT 
Customer No. 22,852 

Attorney Docket No. 9140.0016-01 

Group Art Unit: 2823 

Examiner: ESTRADA, Michelle 

Confirmation No.: 9873 

SUBMISSION OF REPLACEMENT ORA WINGS 

Subject to the approval of the Examiner, please replace the drawings in the 

above-identified application with the twenty-seven (27) sheets of drawings filed herewith 

(Figures 1A-1B, 2-15, 16A-16D, and 17-33). If the replacement drawings for any reason are not 

in full compliance with the pertinent statutes and regulations, please so advise the undersigned. 

If any fees are necessary for the submission of these formal drawings, please charge our 

Deposit Account No. 06-0916. 

Respectfully submitted, 

FINNEGAN, HENDERSON, FARABOW, 
GARRETT & UNNER, L.L.P. 

Date: December 21, 2005 
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Customer No. 22,852 

Attorney Docket No. 9140.0016-01 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re Application of: 

ZHANG, Hongmei et al. 

Application No.: 10/954,182 

Filed: October l, 2004 

For: BIASED PULSE DC REACTIVE 
SPUTTERING OF OXIDE FILMS 

MAIL STOP AMENDMENT 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

) 
) 
) Group Art Unit: 2823 
) 
) Examiner: ESTRADA, Michelle 
) 
) 
) Confirmation No.: 9873 
) 
) 

FOURTH SUPPLEMENTAL INFORMATION DISCLOSURE STATEMENT 
UNDER 37 C.F.R. § 1.97(c) 

Pursuant to 37 C.F.R. §§ 1.56 and l.97(c), Applicants bring to the attention of the 

Examiner the documents on the attached listing. This Information Disclosure Statement is being 

. filed after the events recited in Section l .97(b) but, to the undersigned's knowledge, before the ,:. 

mailing date of either a Final action, Quayle action, or a Notice of Allowance. Under the 

provisions of 37 C.F.R. § l.97(c), the Commissioner is hereby authorized to charge the fee of 

$180.00 to Deposit Account No. 06-0916 as specified by Section 1.17(p ). 

Copies of the listed non-patent literature documents are attached. Copies of the U.S. 

patents and patent publications are not enclosed. 

Applicants respectfully request that the Examiner consider the listed documents and 

indicate that they were considered by making appropriate notations on the attached form. 
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and does not constitute an admission that each or all of the listed documents are material or 
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claims in the application and Applicants determine that the cited documents do not constitute 

"prior art" under United States law, Applicants reserve the right to present to the office the 

relevant facts and law regarding the appropriate status of such documents. 

Applicants further reserve the right to take appropriate action to establish the patentability 

of the disclosed invention over the listed documents, should one or more of the documents be 

applied against the claims of the present application. 

If there is any fee due in connection with the filing of this Statement, please charge the 

fee to our Deposit Account No. 06-0916. 

Respectfully submitted, 
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Transparent Conductive Oxides 

Related Applications 

[0001) Toe present application claims priority to U.S. Provisional Application 

60/473,379, "Transparent Conductive Oxides from a Metallic Target," by R Emem 

Demaray and Mukundan Narasimhan, filed on May 23, 2003, herein incorporated by 

reference in its entirety. 

Background 

1. Field of the Invention 

[0002) The present invention is related to deposition of oxides on a substrate and, 

in particular, deposition of transparent conductive oxides. 

2. Discussion of Related Art 

[0003) Transparent conductive oxides have a wide variety of uses, including 

applications to solar cells, organic light emitting diodes (OLEDs), electric field 

devices, current devices (i.e. touch screens), energy efficient windows, conductive 

anti-reflective devices, electromagnetic interference shields, beaters, transparent 

electrodes, coatings for cathode ray tube (CRT) displays; to name only a few. 

Another important application is for touch sensitive MEMS devices, such as those 

used, for example, in fingerprint sensors and such. In many cases, the electrical 

properties of the conducting film is of great importance. 

(0004) Specifically, for OLED applications, films deposited with current 

technologies are generally rough, resulting in stress risers and field concentration 

issues, that can cause leakage. Further, asperities in the resulting film can induce 

lifetime dependent defects in nearest neighbor films that can shorten device lifetimes. 

Additionally, the brightness of the emergent light from the OLED can be reduced. 

[0005) Transparent conductive oxides have been deposited from ceramic targets 

by RF magnetron sputtering. However, the surface of properties of the resulting films 

often include nodules or asperites which can cause arcing, defect.s, surface roughness, 

and other deleterious effects in the resulting film Additionally, ceramic targets tend 

to be more expensive to produce than metallic targets. 

(0006) Previous attempts at deposition of transparent conductive oxides, for 

example indium tin oxide (ITO), with metallic targets have presented numerous 
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problems. including small process windows, problems in process controllability, a 

disappearing anode effect. and particle deposition on the film. Such attempts have 

been abandoned. Deposition with ceramic targets has also been difficult, including 

problems with particles, nodule formation, and arching dwing deposition In both 

cases, film smoothness has presented major difficulties. Additionally, control of film 

parameters such as, for example, resistivity and transparency has been difficult 

(0007) Therefore, there is need for cost effective deposition of smoother layers of 

transparent conductive oxides with greater control over layer properties such as 

resistivity and transparency. 

Summary 

[0008) In accordance with the present invention, a method of depositing of a 

transparent conductive film from a metallic target is presented. A method of forming 

a transparent conductive oxide film according to embodiments of the present 

invention includes depositing the transparent conductive oxide film in a pulsed DC 

reactive ion process with substrate bias, and controlling at least one process parameter 

to provide at least one characteristic of the conductive oxide film at a particular value. 

[0009) A method of depositing a transparent conductive oxide film on a substrate 

according to some embodiments of the invention, then, includes placing the substrate 

in a reaction chamber, adjusting power to a pulsed DC power supply coupled to a 

target in the reaction chamber, adjusting an RF bias power coupled to the substrate. 

adjusting gas flow into the reaction chamber, and providing a magnetic field at the 

target in order to direct deposition of the transparent conductive oxide film on the 

substrate in a pulsed-de biased reactive-ion deposition process, wherein the 

transparent conductive oxide film has a particular characteristic. 

(0010) The resulting transparent oxide film, which can be deposited according to 

some embodiments of the present invention, can be an indium-tin oxide (ITO) film. 

An ITO film can have a wide range of material properties depending on variations in 

process parameters. For example. varying the process parameters according to some 

embodiments of the present invention can result in a wide range ofresistive properties 

and surface smoothness of the film 

[0011) These and other embodiments of the invention are further discussed below 

2 
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with reference to the following figures. 

Short Description of the Figures 

[0012) Figures IA and IB illustrate a pulsed-DC biased reactive ion deposition 

apparatus that can be utilized in the methods of depositing according to the present 

invention 

(0013] Figure 2 shows an example of a target that can be utilized in the reactor 

illustrated in Figures IA and lB 

(0014] Figure 3A shows an Atomic Force Microscopy (AFM} image of an 

indium-tin-oxide (ITO) process according to some embodiments of the present 

invention 

[0015) Figure 3B shows an Atomic Force Microscopy (AFM) image of another 

ITO process deposited using a process according to some embodiments of the present 

invention. 

[0016) Figure 4 shows the variation of bulk resistivity of an ITO layer according 

to some embodiments of the present invention as a function of the oxygen flow for 

two different target powers before and after a 250 °C 81Uleal in vacuum. 

(0017) Figure 5 shows the variation of the sheet resistance of an ITO layer 

according to some embodiments of the present invention as a function of the oxy~ 

flow used for two different target powers before and after a 250 °C anneal in vacuum 

[0018) Figure 6 shows the target current and voltage (min and max) as a :function 

of O"'')'gen flow. 

(0019) Figure 7 shows the thickness change in layers of ITO accor~ to 

embodiments of the present invention as a function of oxygen flow. 

[0020) Figure 8 illustrates the relationship between (?xygen flow and o,.'}'gen 

partial pressure for a metallic target 

(0021] Figures 9A-9D illustrate the smoothness of transparent conductive oxides 

deposited with ceramic targets according to the present invention. 

(0022] In the figures, elements having the same designation have the same or 

similar fimction. 

3 
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Detailed Description 

(0023) Deposition of materials by pulsed-DC biased reactive ion deposition is 
described in U.S. Patent Application Serial No. 10/101863, entitled "Biased Pulse DC 

Reactive Sputtering of Oxide Films," to Hongmei Zhang, et al., filed on March 16, 

2002. Preparation of targets is described in U.S. Patent Application Serial No. 

10/101,341, entitled ''Rare-Earth Pre-Alloyed PVD Targets for Dielectric Planar 

Applications," to Vassiliki Milonopoulou, et al., filed on March 16, 2002. U.S. Patent 

Application Serial No. 10/101863 and U.S. Patent Application Serial No. 10/101,341 

are each assigned to the same assignee as is the present disclosure and each is 

incorporated herein in their entirety. Deposition of oxide materials bas also been 

described in U.S. Patent No. 6,506,289, which is also herein incorporated by reference 

in its entirety. Transparent oxide films are deposited utilizing processes similar to 

those specifically described in U.S. Patent No. 6,506,289 and U.S. Application Serial . 

No. 10/101863. 

(0024) Figure IA shows a schematic of a reactor apparatus 10 for sputtering material 

from a target 12 according to the present invention. In some embodiments, apparatus 

1 O may, for example, be adapted from an AKT-1600 PVD ( 400 X 500 rmn substrate 

size) system from Applied Komatsu or an AKT-4300 (600 X 720 mm substrate size) 

system from Applied Komatsu, Santa Clara, CA The AKT-1600 reactor, for 

example, has three deposition chambers connected by a vacuum transport chamber. 

These Komatsu reactors can be modified such that pulsed DC power is supplied to the 

target and RF power is supplied to the substrate during deposition of a material film. 

(0025) Apparatus 10 includes target 12 which is electrically coupled through a filter 

15 to a pulsed DC power supply 14. In some embodiments, target 12 is a wide area 

sputter source target. which provides material to be deposited on a substrate 16. 

Substrate 16 is positioned parallel to and opposite target 12. Target 12 functions as a 

cathode when power is applied to it and is equivalently termed a cathode. Application 

of power to target 12 creates a plasma 53. Substrate 16 is capacitively coupled to an 

electrode 17 through an insulator 54. Electrode 17 can be coupled to an RF power 

supply 18. A magnet 20 is sca:rmed across the top of target 12. 

(0026) For pulsed reactive de magnetron sputtering, as performed by apparatus 10, 

4 
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the polarity of the power supplied to target 12 by power supply 14 oscillates between 

negative and positive potentials. During the positive period, the insulating layer on 

the surface of target 12 is discharged and arcing is prevented. To obtain arc free 

deposition, the pulsing frequency exceeds a critical frequency that can depend on 

target material, cathode current and reverse time. High quality oxide films can be 

made using reactive pulse DC magnetron sputtering as shown in apparatus 10. 

(0027) Pulsed DC power supply 14 can be any pulsed DC power supply, for example 

an AE Pinnacle plus lOK by Advanced Energy, Inc. With this DC power supply, up 

to 10 kW of pulsed DC power can be supplied at a frequency of between O and 350 

KHz. The reverse voltage can be 10% of the negative target voltage. Utilization of 

other power supplies can lead to different power characteristics, frequency 

characteristics and reverse voltage percentages. The reverse time on this embodiment 

of power supply 14 can be adjusted between O and 5 µs. 

[0028) Filter 15 prevents the bias power from power supply 18 from coupling into 

pulsed DC power supply 14. In some embodiments, power supply 18 can be a2 MHz 

RF power supply, for example a Nova-25 power supply made by ENI, Colorado 

Springs, Co. 

[0029) In some embodiments, :fiher 15 can be a 2 MHz sinusoidal band rejection 

:fiher. In some embodiments, the band width of the :filter can be approximately 100 

kHz. Filter 15, therefore, prevents the 2 MHz power from the bias to substrate 16 

from damaging power supply 18. 

(0030) However, both RF and pulsed DC deposited films are not fully dense and may 

have columnar structures. Columnar structures can be detrimental to thin film 

applications. By applying a RF. bias on wafer 16 during deposition, the deposited film 

. can be densified by energetic ion bombardment and the columnar structure can be 

substantially eliminated. 

(0031) In the AKT-1600 based system, for example, target 12 can have an active size 

of about 675. 70 X 582.48 by 4 mm in order to deposit :films on substrate 16 that have 

dimension about 400 X SOO mm The temperature of substrate 16 can be held at 

between-SO °C and 500 °C. The distance between target 12 and substrate 16 can be 

between about 3 and about 9 cm. Process gas can be inserted into 1he chamber of 
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apparatus l O at a rate up to about 200 seem while the pressure in the chamber of 

apparatus l O can be held at between about . 7 and 6 millitorr. Magnet 20 provides a 

·magnetic field of strength,between about 400 and about 600 Gauss directed in the 

plane of target 12 and is moved across target 12 at a rate ofless than about 20-30 ' 

sec/scan In sQme embodiments utilizing the AKT 1600 reactor, magnet 20 can be a 

race-track shaped magnet with dimensions about 150 mm by 600 mm. 

(0032) Figure 2 illustrates an example of target 12. A film deposited on a substrate 

positioned on carrier sheet 17 directly opposed to region 52 of target 12 has good 

dlickness uniformity. Region 52 is the region shown in.Figure lB that is exposed to a 

uniform plasma condition. In some implementations, carrier 17 can be coextensive 

with region 52. Region 24 shown in Figure 2 indicates the area below which both 

physically and chemically wiifonn deposition can be achieved, for example where 

physical and chemical uniformity provide refractive index: uniformity. Figure 2 

indicates region 52 of target 12 that provides thickness uniformity is, in general, 

larger than region 24 of target 12 providing thickness and chemical uniformity. In 

optimized processes, however, regions 52 and 24 may be coe:ii..1ensive. 

(0033) In some embodiments, magnet 20 extends beyond area 52 in one direction, for 

e,cample the Y direction in Figure 2, so that scanning is necessary in only one 

direction, for example the X direction, to provide a time averaged uniform magnetic 

field. As shown in Figures 1 A and IB, magnet 20 can be scanned over the entire 

extent of target 12, which is larger than region 52 of uniform sputter erosion. Magnet 

20 is moved in a plane parallel to the plane of target 12. 

(0034) The combination of a unifonn target 12 with a target area 52 larger than the 

area of substrate 16 can provide films of highly uniform thickness. Further, the 

material properties of the film deposited can be highly uniform. The conditions of 

sputtering at the target surface, such as the uniformity of erosion, the average 

temperature of the plasma at the target surface and the equilibration of the target 

surface with. the gas phase ambient of the process are uniform over a region which is 

greater than or equal to the region to be coated with a unifonn film thickness. In 

addition, the region of uniform film thickness is greater than or equal to the region of 

the film which is to have highJy uniform optical properties such as index. of refraction, 
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density, transmission or absorptivity. 

[0035) Target 12 can be fonned of any materials. Typically metallic materials, for 

example, include combinations ofln and Sn. Therefore, in some embodiments, target 

12 includes a metallic target material formed from intermetallic compounds Qf optical 

elements such as Si, Al, Er and Yb. Additionally, target 12 can be formed, for 

example, from materials such as La, Yt, Ag, Au, and Eu. To form optically active 

films on substrate 16, target 12 can include rare-earth ions. In some embodiments of 

target 12 with rare earth ions, the rare earth ions can be pre-alloyed with the metallic 

host components to form intermetallics. See U.S. Application Serial No. 10/101,341. 

Typical ceramic target materials include alumina, silica, alumina silicates, and other 

such materials. 

[0036) In some embodiments of the invention, material tiles are formed. These til~ 

can be mounted on a backing plate to form a target for apparatus 10. A wide area 

sputter cathode target can be fonned from a close packed array of smaller tiles. Target 

12, therefore, may include any number of tiles, for example between 2 to 20 

individual tiles. Tiles can be finished to a size so as to provide a margin ofnon

contact, tile to tile, less than about 0.010" to about 0.020" or less than half a 

millimeter so as to eliminate plasma processes that may occur between adjacent ones 

of tiles 30. The distance between tiles of target 12 and the dark space anode or growd 

shield 19 in Figure lB can be somewhat larger so as to provide non contact assembly 

or to provide for thermal expansion tolerance during process chamber conditioning or 

operation 

(0037) As shown in Figure lB, a uniform plasma condition can be created in the 

region between target 12 and substrate 16 in a region overlying substrate 16. A 

plasma 53 can be created in region 51, which aiends under the entire target 12. A 

central region 52 of target 12 can experience a condition of uniform sputter erosion 

As discussed further below, a layer deposited on a substrate placed anywhere below 

central region 52 can then be uniform in thickness and other properties (i.e., dielectric, 

optical index, or material concentrations). In addition, region 52 in which deposition 

provides uniformity of deposited film can be larger than the area in which the 

deposition provides a film with uniform physical or optical properties such as 
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chemical composition or index of refraction. In some embodiments, target 12 is 

substantiaIJy planar in order to provide uniformity in the film deposited on substrate 

16. In practice, planarity of target 12 can mean that all portions of the target surface 

in region 52 are within a few millimeters of a planar surface, and can be typically 

within 0.5 mm of a planar surface. 
. ' 

[0038] Reactive gases that provide a constant supply of ionic oxygen to keep the 

target surface oxidized can be provided to expand the process window. Some 

examples of the gases that can be utilized for controlling surface oxidation are CO,.. 

water vapor, hydrogen, N20, fluorine, helium, and cesium. Additionally, a feedback. 

. control system can be incorporated to control the o~-ygen partial pressure in the 

reactive chamber. Therefore, a wide range of O"-)'gen flow rates can be controlled to 

keep a steady oxygen partial pressure in the resulting plasma. Other types of control 

systems such as target voltage control and optical plasma emission control systems 

can also be utilized to control the surface oxidation of the target As shown in Figure 

IA, power to target 12 can be controlled in a feedback loop at supply 14. Further, · 

oxygen partial pressure controller 20 can control either oxygen or argon partial 

pressures in plasma 53. 

(0039) In some embodiments, transparent conductive oxides can be deposited on 

various substrates utilizing an inidium-tin {In/Sn) metallic target. A series of 

depositions on glass in accordance with the present invention is illustrated in Table l 

The parameters in the process column of Table I are in the format (pulsed DC 

power/RF bias power/pulsing frequency/reverse time/deposition time/ Ar flow 

(sccms)/0:i flow (seems)). An indium-tin (In/Sn: 90o/o/10% by weight) target using a 

reactive-pulsed DC (RPDC) process such as that described in U.S. Application Serial 

No. 10/101,863 was utilized. A power supply with 2MHz RF bias applied to 

substrate 16 was utilized in the process. Along with the process parameters for each 

of the separate depositions, each defined by a "Slot" number in the first column, the 

target voltage, and target ctment ranges for each of the depositions is also listed. 

(0040) Table 2 shows the results obtained by using the process parameters in 

Table 1. The results include the sheet resistance, thickness, bulk resistivity, and 

refractive indices of the resulting films. Again, the first column indicates the slot 
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number of the deposition. The process for each slot number is reiterated in column 2 

of Table 2. The sheet resistance of selected ones of the films resuhing from the 

deposition is listed in the third colunm and the uniformity of the sheet resistance is 

indicated in the fourth column The thickness of the film and its uniformity of each of 

the films deposited by the indicated process is indicated in the fifth and si>.1h columns. 

The bulk resistance of selected ones of the films, p, is also i~dicated. Additionally, 

the refractive index taken at 632 run is indicated along with the film uniformity of that 

index.. The conunents section of Table 2 indicates whether the resulting film is 

transparent, translucent, or metallic in character. 

[0041) Figure 3A shows the Atomic Force Microscopy (AFM) image of an ITO 

film produced·by the process identified in slot #5 in tables 1 and 2. That process, wi1h 

particularly low oxygen flow rates (24 seem), produced a rough film with an Ra of 

about 70 A and an Rms of about 90 A. The film also _appears to be metallic with this · 

particular ox-ygen flow and the film roughness is high. Such a film could be 

applicable to large surface area requirements, for example solar cell applications. 

Wile not being limited by any particular theory, it is suspected that the roughness of 

this film reflects the sub-stoichiometric nature of1he film caused by insufficient 

oxygen flow in the plasma. As can be seen in Figure 3B, where 1he oxygen flow 

during deposition has been significantly increased to about 36 seem, the film is 

smoo1h. 

(0042] Figure 3B shows an Atomic Force Microscopy (AFM) image of an ITO 

film deposited using the process descnbed in slot #19 of Tables 1 and 2. In that 

process, the oxygen flow rate is increased to 36 scan. Toe film appears to be 

transparent and conductive and the surface roughness is -6A Ra and Rms of about 13 

A, which is acceptable for OLED requirements. As can be seen from Figures 3A and 

3B, variation in oxygen partial pressure (as indicated by increased flow rate) has a 

large influence on the characteristics of the resulting deposited film. 

[0043] The resistivity of the film layer and the smoothness of the film layer can be 

related. In general, the higher the resistivity of the film layer, the smoother the film 

layer. Figure 4 shows the variation of bulk resistivity of the ITO as a function of the 

oxygen flow rate used for two different target powers before and after a·250 °C anneal 
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in vacuwn The bulk resistivity of the film exhibits a sudden transition downward as -

the oxygen flow rate is lowered. 1bis transition occurs when the target surface 

becomes metallic from being poisoned with oxygen. The data utilized to form the 

graph shown in Figure 4 has been taken from Tables 1 and 2. 

(0044) Figure 5 shows the variation of the sheet resistance of an ITO film as 

function of the ~ flow used for two different target powers before and after a 250C 

anneal in vacuum As shown in Figure 5, the sheet resistance follows similar trends as 

the bulk resistivity of the film. 

[0045] Figure 6 shows the target current and voltage (min and ma.'"<) as a function 

of the o:>..-ygen flow rate. The target voltage increases as the oxygen flow rate is 

lowered. It could be seen here that at a 40 seem oxygen flow rate through repeated 

depositions, the target voltage is not constant. This illustrates the utility of a target 

voltage feedback control system that adjusts the power supplied to target 12 to hold 

the target voltage constant. Therefore, as shown in Figure IA, PDC power 14 can 

include feedack loop to control the voltage on target 1~. 

(0046) Figure 7 shows the thickness change ofa resulting film as a function of 

oxygen flow rate in seem The thickness of the film increases as the oxygen flow 

decreases but this could make opaque metallic films and so choosing the correct 

o:x-ygen flow and utilizing an oxygen flow feedback control system to control material 

characteristics such as, for example, transparency or conductivity can be desirable. 

[0047) In some embodiments, instead of o:>..-ygen flow rate, oxygen partial pressure 

can be controlled with a feedback system 20 (see Figure IA). Controlling the oxygen 

partial pressure can provide better control over the ox-ygen content of the plasma, and 

therefore the oxygen content of the resulting films, and allows better control over the 

film characteristics. Figure 8 illus~ates the relationship between the flow rate and 

partial pressure. As can be seen from Figure 8, in order to reach the saturated region 

(e.g., when target 12 is completely poisoned with oxygen), no increase in flow rate is 

required In some embodiments, reactor 10 can include a partial pressure feedback 

loop controller 20 that controls the oxygen flow in order to maintain a desired partial 

pressure of o>..-ygen in the plasma Such a controller can be the IRESS system, that 

can be purchased from Advanced Energy, Inc., Ft. Collins, Colorado. It has been 
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found that film parameters such as resistivity, smoothness, and transparency can be 

highly dependent on oxygen partial pressures, and therefore these characteristics of 

the resulting deposited layer can be controlled by adjusting the oxygen partial. 

pressures. 

(0048] Some embodiments of the present invention can be deposited with ceramic 

targets. An example target is an ITO (In/Sn 90/1 O) ceramic target can be utilized. 

Table 3 illustrates some example processes for deposition of ITO utilizing a ceramic 

target according to the present invention. Bulk resistivity, sheet resistance, resistance, 

thicknesses, deposition rates, and index of refraction of the resulting films are shown 

along with the process parameters utilized in the deposition. Figure 9A shows an 

AFM depiction of a transparent conductive oxide film corresponding to 1'Wl # 10 in 

Table 3. Figure 9B shows an AFM depiction of a transparent conductive oxide film 

corresponding to run #14 in Table 3. Figure 9C shows an AFM depiction of a 

transparent conductive oxide film corresponding to run #16 in Table 3~ Figure 9D · 

shows an AFM depiction of a transparent conductive oxide film layer corresponding 

to run #6 in Table 3. 

[0049) Figures 9A through 9D illustrate the roughnesses of selective depositions 

of ITO deposited utilizing the ceramic target In Figure 9A, the roughest surface 

shown, the film was deposited using 3kW RF power, 100W bias, 3 seem O:z and 60 

seem Ar at a temperature of 280 °C. The layer grew to a thickness of 1200 A in 100 

seconds of deposition time and exhibited a sheet resistance of S 1 ohms/sq. The 

roughness illustrated in Figure 9A is characterized by an Ra=2.3 nm and RMS Qf21 

. nm. 

(0050) The ITO film shown in Figure 9B was deposited using 3 kW RF power, 

300 W bias, 3 seem O:z and 60 seem Ar at a temperature of 280 °C. The layer 

illustrated in Figure 9B grew to a thickness of 1199 A in l 00 sec. The layer in Figure 

9B exhibited a sheet resistance of 39 ohms/sq. The roughness illustrated in Figure 9B 

is characterized by an Ra=l.1 nm and Rmax of13 nm. 

{0051) The ITO film shown in Figure 9C was deposited using 3 kW RF power, 

300 W bias, 3 seem Oz, 30 seem Ar at a temperature of280 °C. The layer grew to a. 

thickness of 1227 A in 100 seconds of deposition time and exhibited a sheet resistance 
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