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! 488 Chapter 13. Impurity Doping

FOR SECTION 13.5 IMPLANT DAMAGE AND ANNEALING | CHAPTER

16. 1fa50 keV boronionis implanted intothe silicon substrate, calculate the damage de:“iisity,
Assumesilicon ator density is 5.02 x 10°? atoms/cin?, the silicon displacement enerev is
15 eV. the range is 2.5 nn, and the spacing betweensiliconlattice plane is 0.25 nm,
 

| V7. Explain why high-temperature RTA is preferable to low-temperature RTA for defect-(ree

shallow-junction formation, | t t d D 118. Estimate the implant dose required to reduce a p-chanmel thresholdveltage by 1 Vif the n C g r a eC eC V | C e S
gate oxide is 4 nmthick, Assume that the implantvoltage is adjusted so that the peak of
the distribution accurs at theoxicle-silicon interface Thus, half of the inyalant goesinto
thesilicon, Further, assume that 90%ofthe implanted ionsin thesilicon arc clectrically
activated by the annealing process. These assumptions allow45% ofthe implantedions to 14.1 PASSIVE COMPONENTS
be usedfor threshold acljusting. Also assume that all of the charge in thesilicon is effoc- 14.2 BIPOLAR TECHNOLOGY
livelyat the silicon oxide interface. 14.3 MOSFET TECHNOLOGY

14.4 MESFET TECHNOLOGY
14.5 CHALLENGES FOR MICROELECTRONICS

19, We wouldlike to form 0.1 jim deep, heavily doped junctions forthe source and drain SUMMARY
regions of a submicron MOSFET. Comparethe options that are available to introduce
andactivate dopant forthis application. Which option would you recommendand why?

 

FOR SECTION 13.6 IMPLANTATION-RELATED PROCESSES

 

 20. Whenan arsenic implant at 100 keVis used and the photoresist thickness is 400 nm, find

ve effectiveness ofthe resist maskin preventing the transmission of ions (R, = 0.6 jum, ; . an , :~ 0.2 fim}. Tithe resist thickness is changed to 1 pm, calculate the maskingefficiency. Microwave, photonic, and powerapplications generally employdiscrete devices. For exam-dlc, an IMPATTdiode is used as a microwave generator, an injection laser as an optical21. a reference to Ex. 4, what thickness of SiO, is required to mask 99.999%ofthe pics oe cae \) pres
: Lg source, and a thyristoras a high-powerswitch. Towever, most electronicsystems are builtimplantedions ? é ?

ontheintegrated circuit (IC), which is an ensemble ofboth active (c.g., tansistor) and
passive devices (e.g., resistor, capacitor, and inductor) formed onandwithin a single-crys-
tal semiconductorsubstrate and interconnected by a metallization pattern.! 1Cs have cnor-

  
mous advantages overdiscrete devices connected by wire bondings. The advantages
includes (a) reduction oftheinterconnection parasitics, because an IC with multilevel
mnetallization can substantially reduce the overall wiring length, (b) full utilization of semi-
conductor waler’s “real estate,” because devices can be closely packedwithin an IC chip,
and (c) drastic reduction in processing cost, because wire bonding is a time-consuming
anc error-prone operation.

In this chapter we combine the basic processes described in previous chapters to
fabricateactive andpassive components in an IG. Because the key clement ofan ICis
the transistor, specific processing sequences are developedto optimize its performance.

| We considerthree major ICtechnologies associated with the three transistor families:
the bipolar transistor, the MOSFET, and the MESI'FT.

Specifically, we coverthe following topics:

* ‘The design and fabrication of IC resistor, capacitor, and inductor.
* Theprocessing sequence for standard bipolartransistor and advancedbipolardevices,

nemory deviccs.

* Theprocessing sequence for high-performance MESFET and monolithicmicrowave IC,
 | * The processing sequence for MOSFETwithspecial emphasis on CMOSand

| * The major challenges for future microclectronics, including ultrashallowjrme-
tion, ultrathin oxide, newinterconnection materials, low power dissipation,andl isolation.
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490 Chapter 14. Integrated Devices

Figure 1 illustrates the interrelationship between the major process steps used for
IC fabrication. Polished wafers with a specific resistivity andorientation are used ay the
starting material. ‘be film formation steps include thermally grown oxide films, deposite“<
polysilicon, dielectric, and metalfilms (Chapter 11). Filmformationis often followed hy:
lithography (Chapter 12) or impurity doping (Chapter 13). Lithographyis generally fol.
lowedbyetching, whichiin tunis often followedby another impurity dopingorfilmfor.
mation. The final IC is made by sequentially trausterring the patterns from each mask
level bylevel, onto the surface of the semiconductor water, ,

After processing, cach wafer contains hundreds ofidentical rectangularchips (or dice},
typically between 1 and 20 mmoneachside, as shownin Fig, 2a. Thechips are sepa-
rated lysawing orlaser cutting; Figure 26 shows a separatedchip. Schematic top views
of a single MOSFETandasingle bipolar transistor arc shownin Fig. 2c to give some
perspective of therelative size of a component in an IC chip. Prior to chip separation,
each chipis electrically tested. Defective chips are usually marked with a dab ofblack
ink. Good chips are selected and packagedto provide an appropriate thermal, electrical,
andinterconnection environmentfor electronic applications.?

TC chips ney contain from a few components (transistors, diodes, resistors. capaci-
tors, etc.) to as manyasabillion or more. Since the invention of the monolithic IC in

1959, the munherof components on a state-of-the-art IC chip has grown exponentially,
We usually refer to the complexity of an ICassinall-scale integration (SSL)lor up to 100
compoucuts per chip, medium-scale integration (MSI) tor up to 1000 components per
chip, large-scale integration (IS!) for up to 100,000 components per chip, very-large-
scale integrated (VLSI) lor up to 10" components per chip, and. ultra large-scale inte-
gration (ULST) for larger numbers of components per chip. In Section 11.3, we show
two ULSI chips, a 32-bit microprocessorchip, which contains over 42 iillion compo-
neuts, and a 1 Gbit dynamic random access memory (DRAM) chip, which contains over
2 billion components.

Wafer

Y 

Film
Maskset formation 

 

 
¥ 

 Lithography Impurity
doping 

    
Y 

Ftching
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Fig. Schematic flowdiagramofintegrated-circuit fabrication.
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Fig. 2 Size corupurison of a wafer to individual componcats. (@) Semiconduetor wafer, (b) Chip
{ci} MOSFET andbipolar transistor.

14.1 PASSIVE COMPONENTS

14.1.1. The Integrated-Circuit Resistor

‘Toform an IC resistor, we can deposite a resistive Inver on asilicon substrate, then pat-
tern the layerby lithographyandetching, We can also define a windowinasilicon diox-
ide layer grown theemally onasilicon substrate andthen iuplant (or diffuse) impurities
ofthe opposite conductivi type into the water. Figure 3 shows the top and cross-see- 
tional views of Avo resistors formed by the latter approach: one has a meander shape and
the other Tuas a bar shupe.

Considerthe bar-shapedresistorfirst. ‘he differential conductance dCofa thin laver
ofthe p-type material that is ofthickness dx parallel to the surface andat a depth x (as
shownby the B-B cross section) is

» WW .

dC= qHppsa. (1)
where Wis the width ofthe bar, L is the length ofthe bar (we neglect the end contact
areas for the time being), HL, is mobility of hole, and p(x) is the doping concentration.
Thetotal conductance ofthe entire implanted region of the haris given by

  
where x, is the junction depth, If the value of 4, , which is a function ofthe hole con-
centration, and the distribution ofp(x) are known, the total conductance can be evalu-
ated from Eq. 2. We can write

W
g— (3)

Gag

where g =qJ Hy pOody is the conductance of a square resistor pattern, that is, G =
eg when L= W.
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SiO, EXAMPLE1
| ‘s rl >
| 1 7 Find the value of a resistor 90 pun long and 16 Lum wide, such as the bar-shapedresistor in Fig, 3Cantact The sheet resistance is | kQ/4

1

Pp SOLUTION Theresistor contains 9 squares. The two end contacts correspondte 1.3 0. The value
of the resistoris (9 + 1.3) | kQ/D = LOS kQ,

14.1.2 The Integrated-Circuit Capacitor

‘There arebasically tvotypes of capacitors used in integrated circuits: MOS capacitors
and p—n junctions, The MOS (metal-oxide-semiconductor) capacitor can be fabricated
byusing a heavily doped region (such as an emitter region) as one plate, the top metal

A io Aerosssection 
 

 _- aoe a pP electrode as the otherplate, andthe intervening oxide layer as the diclectric. The top
' ‘ ancl cross-sectional views of a MOS capacitorarc shownin Fig. :ta. To form a MOS capac-

ie ' Pearl itor, a thick oxide layeris thermally grownomasilicon substrate, Next, a windowis litho-
WoW OW Wow Ww owwow a-Si graphically defined andthen etchedin the oxide. Diffusion or ion implantation is used

: +A SiO, to form a p--region in the windowarea, whereas the surrounding thick oxide serves as a }
= ae mask, A thin oxide layeris then thermally grownin the windowarea, followed by a met- 

a-Si A.
B— Bcross section

 
) : : . : toe

—— ; apn 0 ‘ allization step. The capacitance per unit area is given by '
_€& 

 
|

(5) |
|

Fig.3 Integrated-circnit resistors, All narrowlines in the large square area have the samewidth
W, andall contacts are the samesize, where &,, is the dielectric permittivity ofsilicon dioxide (the dielectric constant &,,/€,is {

3.9) anddis the thin-onide thickness. To increase the capacitance further, insulators with
higher dielectric constants are being studied, such as Si;N,, and Ta,O,, with dielectric
constants of 7 and 23, respectively. The MOS capacitance is essentially independent of

‘The resistance is therefore given by the applied voltage, because the lowerplate of the capacitor is made ofheavily doped |material, This also recluces the series resistance associated withit. |

 
  

Ap-n junctionis sometimes used as a capacitorin anintegratedcircuit. The top and ) cross sectional views of an n*-p junction capacitor are shown in Fig. 4b. The detailed

where I/g usuallyis defined bythe syinbol Rg andis called the sheetresistance. Thesheet Metal
resistance has units of ohms but is conventionally specified in units of ohms per square electrode
(Q/3).

Manyresistors in an integratedcircuit are fabricatedsinultancously by defining dif
ferent geometricpatterns in the masksuchas those shownin Fig. 3. Since the same pro-
cessing cycle is usedforall these resistors, it is conveniont to separate the resistance into
two parts: the sheet resistance RB, , determined bythe implantation (ordiffusion) pro-
cess; and the ratio LAV, determinedbythe pattern dimensions. Once the value ol R-is
known, the resistanceis yiven by the ratio LAV, or the numberof squares (cach square
has an area of Wx W)in the resistor pattern. The endcontact areas will introduce addi-
tional resistance to the ICresistors. For the type shownin Fig. 3, each end contact cor
responds to approximately0.65 square. For the meander-shaperesistor, theelectric- field
lines at the bends arc not spaceduniformly across the width of the resistor but are crowded
toward the inside corner. A square at the bend does not contribute exactly 1 square. but

  
{a) (b)

rather 0.65 square. Fig.4 (a) Integrated MOScapacitor. (b) Integrated p-n junction capacitor.
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494 Chapter 14. Integrated Devices

fabrication process is considered in Section 14.2. because this structure forms part of g
bipolartransistor. As a capacitor, the deviceis usually reversebiased, that is, the P-Fegion
is reverse-biasedwith respect to the r'-region. Thecapacitanceis not a constant but varies
as (V_ +V, 17, where Vis the appliedreverse voltage and V,, is the built-in potenti,
Theseries resistance is considerably higher than that of a MOScapacitorbecausethe p-
region has higherresistivity than docs the p*-region.

EXAMPLE 2

Whatis the stored charge and the aumberof electrons on an MOS capacitor with an area of 4
in’, for (a) a dielectric of 10 umthick SiO, and(hb) a 5 nmthick Ta,O;, The appliedvoltageiy 5Vfor bathcases.

SOLUTION

i = BV

fa) O =F, Ax =3.9«8.85« 10Fem x4 10em? x —2 =6.9x10 MCe 1x 107% em
or

), = 6.9 * 10-4 Crq = 4.3 x 10° electrons,‘ t

(b) Changing thedielectric constant from 3.9 to 25 andthe thickness from 10 nm to 5 um, we
obtain Q, = §.85 x LOC, and Q, = 8.85 x 10 'S Cg = 5.53 x 10° electrons.

14.1.3 The Integrated-Circuit Inductor

IC inductors have been widely used in TH-Vbased monolithic microwave integratedcir-
cuits (MMIC. With the increased speedofsilicon devices and advancement in mullti-
evel interconnection technology, JC inductors have started to receive more and more
attcutions in silicon-basedradio frequency (rf) and high-frequencyapplications. Many
inds of inductors can befabricatedusing IC processes. The mast popular methedis the
hin-film spiral inductor, Figure 5a and b shows the top-viewandthe cross section ofa

silicon-based, two-level-metal spiral inductor. To forma spiral inductor, a thick oxideis |
hermally grownordeposited ona silicon substrate. Thefirst nictalis then deposited and

defined as one endof the inductor. Next, anotherdielectric is deposited onto the metal
_A via holeis detinedlithographically and etchedin the oxide. Metal 2 is deposited and

lie via holeis filled. The spiral patterned can be clefined and etched on the metal 2 as
he second endof the inductor.

To evaluate the inductor, an importantfigure ofmerit is the quality factor, Q. The
Q is defined as O = La /R, where L, R, and @ are the inductance, resistance, and fre-
quency, respectively. The higher the Q values, the lowerthe loss from resistance, hence
he better the performanceofthe circuits. Figure 5¢ shows the equivalentcireuit model.

R, is the inherentresistivity ofthe metal, C,, and C.y are the coupling capacitances between
wap, and R,,,9 are the resistances ofthe silicon

substrateassociated with the metal lines, respectively. The Q ineveaseslinearly with fre-

 
he metal lines and the substrate, and RB.

quencyinitially and then dropsat higher frequencies because ofparasitic resistances and
capacitances.

There are someapproaches to improve the QO value. The first is to use low-dielec-
tric-constant materials (<3.9) to reduce the C,. The otheris to use a thick film metal
orlow-resistivity metals (e.g., Cu, Au to replace Al) to reduce the R, Thethird app roach
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Metal 2
Onicle

Metal 1 
 

 
L Ry

Cn = Cyp

Roubt B Bats

(c)

Fig. 5 (@) Schematic viewofa spiral inductoronasilicon substrate. (bi Perspective view along
A-A’. (c) Anequivalentcircuit model for an integrated inductor,

uses an insulating substrate (e.g., silicon-on-sapphire, silicon-on-glass, or quartz) to
reduce R,,,,.

To obtain the exact value of a thin-film inductor, complicated sinnilation tool, such
as computer aided design, must be employed for both circuit simulation and inductor
optimization. The model for thin-film inductor must take into account the resistance of
the metal, the capacitanceofthe oxide, line-to-line capacitance, theresistance of the sub-
strate, the capacitance to the substrate, and the inductance and mutual inductance of
the metal lines. Hence, it is more difficult to calculate the integrated inductance com-
pared withthe integrated capacitors or resistors. However, a simple equationto estimate
the square planarspiral inductoris given as*

(6) 
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496©Chapter 14. Integrated Devices

where #y is the permeability in vacuum (4% x 10“ H/m), L is in henries, n is the num.
| ber of turns, andris the radius of the spiral in meters.

EXAMPLE3

For an integrated inductor with an inductance of 10 nH, whatis the required radius if the mun.berofturns is 20?

SOLUTION According to the Eq.6,

10x 10°
p== 2.08 x 108 (m) = 20.8 um.1.2 10° x 20°

14.2 BIPOLAR TECHNOLOGY

For IC applications, especially for VLSI and ULSI, the size of bipolartransistors must
be reduced to mectthe high-density requirement. Figure6 illustrates the reductionin
the size ofthe bipolar transistor in recent years.* The main differences in a bipolartran-
sistorin an IC cornpared witha discretetransistor are that all electrode contacts are located
on the top surface of the IC wafer, and each transistor must beelectrically isolated to
prevent interactions betweendevices. Prior to 1970, both thelateral and vertical isola-
tions were provided by p—njunctions (Fig, 6z) and the lateral p-isolation region was always
reverse biased with respect to the n-type collector. In 1971, thermal oxide was usedfor
lateral isolation, resulting in a substantial reduction in device size (Fig, 6b), because the
base andcollectorcontacts abuttheisolation region. In the mid-1970s, the emitter extended
to the walls of the oxide,resulting in an additional reductionin area (Fig. 6c). At the pre-
senttime,all the lateral and vertical dimensions have beenscaled down andemitterstripe
widths have dimensions in the submicron region-(Fig. 6d).

 
 
 

    
      

  

I\'\1

I |
Emitter if | He 20Lly H \ I

| | 1 1 Base 05\ ,

A { Collector 14 T Emittera 140 Base ae1 i \ \ itter \

| | | Collector | I Emitter | 10
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Emitter Emitter Emitter

1 I 4h ! | ~ |eet ermal [Fe Phermal
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Fig.6 Reduction of the horizontal and vertical dimensionsof a bipolartransistor. (a) Junction
isolation. (b) Oxideisolation. (c and d) Scaled oxideisolation?
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14.2.1 The Basic Fabrication Process

The majority of bipolartransistor used in [Cs are of the n-p-n type becausethe higher
mobility of minority carriers (electrons) in the base region results in higher-speed per-
formance than can be obtaincd with p-n-p types. Figure 7 shows a perspective view of
an n-p-n bipolartransistor, in whichlateral isolation is provided by oxide walls and ver-
tical isolationis provided by the n*~junction. Thelateral oxide isolation approach reduces
not onlythe device size but also the parasitic capacitance because of the smaller dielec-
tric constantof silicon dioxide (3.9, compared with 11.9 forsilicon). We consider the major
process steps that are used to fabricate the device shown in Fig.7.

For an n-p-n bipolartransistor, the starting material is a p-type lightly doped
(~10" cm), (111)- or (100)-oriented, polishedsilicon wafer. Because the junctions are
formed inside the semiconductor, the choice of crystal orientationis not as critical as for
MOSdevices. Thefirst step is to form a buried layer. The main purposeofthis layeris
to minimizethe series resistance of the collector. A thick oxide (0.5-1 jim)is thermally
grown on the wafer, and a window is then openedin the oxide. A precisely controlled
amountof low-energy arsenic ions (~30 keV, ~10% cm) is implanted into the window
region to serve as a predeposit (Fig. 8a). Next, a high temperature (~1100°C) drive-in
step forms the n*-buried layer, which hasa typical sheet resistance of 20 Q/O.

The second step is to deposit an n-type epitaxial layer. The oxide is removed and the
waferis placed in an epitaxial reactor for epitaxial growth. The thickness and the doping
concentration ofthe epitaxial layer are determined bytheultimate use ofthe device. Analog
circuits (with their higher voltages for amplification) require thicker layer (~10 |tm) and
lower dopings (~5 x 10" cm), whereasdigital circuits (with their lowervoltages for switch-
ing) require thinner layers (~3 jum) and higher dopings (~2 x 10' em~). Figure 8b shows
a cross-sectional view of the device after the epitaxial process. Note that there is some
outdiffusion from the buriedlayer into the epitaxial layer. To minimize the outdiffusion,
a low-temperature epitaxial process should be employed, and low-diffusivity impurities
should be used in the buried layer(e.g., As).

Thethirdstep is to formthe lateral oxide isolation region. A thin-oxide pad (~50 nm)
is thermally grownonthe epitaxial layer, followed bya silicon-nitride deposition (~100 nm).
If nitride is deposited directly onto thesilicon without the thin-oxide pad,the nitride may
cause damagesto thesilicon surface during the subsequenthigh-temperature steps. Next,
the nitride-oxide layers and abouthalf of the cpitaxial layer are etched using a photoresist

 
  
 

  

p substrate
p* chanstop

nepi
p base +annitterav” emitter

n’ collector

n* buried layer

Fig.7 Perspective view of an oxide-isolated bipolar transistor.
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Pig, 8 Cross-sectional views ofbipolartransistorfabrication. (a) Buried-layer implantation
(b) Epitaxial layer. (¢) Photoresist mask. (ed) Chanstop implant.

as mask (Fig. Sc and 8d). Boron ions are then inrplantedinto the exposedsilicon areas
(Fig. 8d).

The photoresist is removed and the wafer is placed in an oxidation furnace. Since
the nitride layerhas a very low oxidationrate, thick oxides will be grown onlyin the areas
not protectedbythenitride layer, ‘The isolation oxide is usually grownto a thickness such
that the top ofthe oxide becomes coplanar with the original silicon surface to minimize
the surface topography. This oxide isolation process is called local oxidation of silicon
(LOCOS). Figure 9a shows the cross section of theisolation oxide after the removal of
the nitride layer. Becaucofsegregation effects, most of the implanted boronions are pushed
underneath the isolation oxide to form a p*-layer. This is called p* channel stop (or
chanstop), because the high concentration ofp-type semiconductorwill prevent surface
inversion audeliminate possible high-conductivity paths (or channels) among neighber-
ing buriedlayers.

© The fourth step is to form the base region. A photoresist is used as a mask to pro
tect the right halfofthe device; then, boron ions (~10'? em?) are implantedto form the
baseregions, as shownin Fig. 9b. Another lithographic process removes all the thin-pad
oxide except a small area near the centerofthe base region (Fig, 9c).

Thefifth step is to formthe emitter region. As shownin Fig. 9d, the base gentle
areais protected by a photoresist mask; then, a low-energy, high-arsenic—dose (~10!% em ‘
implantation forms the n*-emitter and the n*-collector contact regions. The photoresis!
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Fig. 9 Cross-section views afbipular transistor fabrication. (a) Oxideisolation, (1) Base
implant, (¢) Removal of thin oxide, (¢) Emitter aud collector implant.

is removed, anda final metallization step forms the contacts to the base, emitter. anil
collector as shownin Fig. 7.

In this basic bipolar process, there aresix filu fonnation operations. sia lithographic
operations, four ion implantations, and four etching operations. Each operation must be
precisely controlled and monitored, Failure of any one of the operations generallywillrenderthe wafer uselc

The doping profiles of the completedtransistor along a coordinate perpendicularto
the surtace andpassing throngh the emitter, base, and collector are shownin Fig. 10.
‘Lhe emitterprofile is abrupt because of the concentration-dependent diffusivity ofarsenic.
The base doping protile bencath the cmitter can be approximated bya Gaussian distri-
bution fora limited-sourcediffusion. The collector doping is given bythe epitaxial dop-
ing level (~2 10!cur) fora representative switching transistor; however, al larger depths.

IS. 

the collector doping concentration increases because ofoutdiffusion from the buried Tayer.

14.2.2 Dielectric Isolation

Inthe isolation scheme described previouslyfor the bipolar transistor, the device is iso-
lated from other devices by the oxide layer aroundits peripheryandlis isolated fromits
common substrate by a n*p junction (buriedlayer). In high-voltage applications, a different
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approach, calleddielectric isolation, is used to form insulating tnbs to isolate a number
ofpockets ofsingle-crystal semiconductors, In this approach the device is isolated from
both its common substrate andits surrounding neighbors byadielectric layer

Aprocess sequence for the dielectricisolation is shown in Fig. 11. Anoxicle layeris
formed inside a <100>-oriented n-type silicon substrate using high-energy oxygen ion
implantation (Fig. La). Next, the wafer undergoes a high-temperature annealing pro-
cess so that the implanted oxygen will react withsilicon to formtheoxide layer. Lhe dam-
age resulting from implantationis also aunealecl out in this process (Fig, 1b), After this,
sve can obtain an n-silicon layerthat is Tullyisolated on an oxide [namely,silicon-on-insu-
lator, (SOT). This process is called SIMOX (separation by implanted oxygen). Since the
topsilicon is sothin, the isolation region is casily formedby the LOC aS process illus-
trated in Fig. 8¢ or by ctching a trench (Fig. Le) and refilling it with oxide (Fig, Lid).
The other processes are almost the same as those from Fig. Se through Fig. 9 to form
the p-type base, n7-cmitter, andcollector.

The main advantageofthis techniqueis its high breakdownvoltage between the emit:
ter andthe collector, which can be in excess of several hundredsvolts. This techniqueis
also compatible with modern CMOS integration. This CMOS-compatible process is very
useful or mixed high-voltage and high-density IC.

14.2.3 Self-Aligned Double-Polysilicon Bipolar Structure

Theprocess shownin Fig, 9needs anotherlithographic processto define an oxide ; can
to separate the base and emitter contact regions. This gives rise toa large inactive c of :
area within the isolated boundary, which increases not only the parasitic capacitances pu
also the resistance that degrades the transistor performance. The most effective wayf
reduce these effects is by using the selflignedstructure.

 

 

Chapter 14. Integrated Devices 501

Oxygen ion implantation
Annealing at high temperature

 

n-type _—_—_—_—_—_———SS>-—. SIO,   
(a) (b)

Photoresist

 
 

  
 

SiO»    
(e) (d)

Fig. 11 Process sequence for dielectricisolation bipolar device using silicon-on-insulator for
high-voltage application. (4) Oxygen ion implantation. (b) Annealing at high temperature to
form the isolation dielectric. (¢} Trench isolation formed by a dry-cteluing process. (d) Buse,
cimitter, and collector formation.

Theiost widely used self-aligned structure is the double-polysilicon structure with
the advancedisolation provided by a trenchrefilled with polysilicon,® shown in Fig. 12.
Figure 13 showsthe detail sequence ofthe stepslor the sellaligned double-polysilicon
(n-p-n) bipolarstructure.® Thetransistoris built on an n-type epitaxial layer. A trench of
3.0 jimin depthis etched byreactive ion etching throughthe n'-subcollectorregion into
the posubstrate region. A thin layer of thermaloxide is then grown andservesas the screen
oxide for the channel stop implant of boron at the bottomofthe trench. The trenchis
then filled with mdoped poly: silicon aul capped by a thick pla Lea field oxide.

Thefirst polysilicon layeris depositedand heavily doped with boron. The p*-polysil-
icon (called poly 1) will be usedas asolid-phase diffusion source to form theextrinsic
base region andthe base electrode. This layeris covered with a chemical-vapordeposition
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Fig.12 Cross-section ofa self-aligned, double-polvsilicon bipolar transistor with advancedtrenchisolation?
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Fig. 13 Process sequence for fabricating double-polysilicon self-aligned n-p-r transistors.
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(CVD)oxide andnitride (Fig, 13¢). The emitter maskis used to pattern the emitter-area
regions, anda dry-etch process is used to produce an opening in the CVD oxideandpoly
1 (Fig, 13b). A thermal oxide is then grownaverthe etchedstructure, and a relatively
thickoxide {approsimately 0.1-0.4 pum)is grown onthe vertical sidewalls ofthe heav ily

 

doped poly. Thethickness ofthis oxide determines the spacing between the e“dee88 of the
base and emiller contacts. The extrinsic p’ base regionsare also formed duringthe ther-
mial-oxide growth step as a result of the outdiffusion ofboron [romthe poly J] into the
substrate (rig, 13c}. Because boron diffuses laterally as well as vertically, the extrinsic
hase region will beable to make contact with the intrinsic base region that is formednext,
under the emitter contact.

Followingthe oxide-grown step, the intrinsic base regionis formedusing ion inyplan-
tation of boron((Fig. 13d). This servestoseli-align the intrinsic andextrinsic ‘base regions.
After the contact is cleaned te remove any oxide layer, the second poly‘silicon layer is
deposited andimplanted withAsor P. The a> poly:silicon (called poly 2) is usedas a solid.
phase diffusion souree to form the emitter region and the emitter electrode. A shallow
emitter regionis then formed through clopant outiiffusion from poly2. A rapid thermal
annealfor the base and emitter ouldiffusion stepsfacilitates the formationofshallowernit-
ter-base and collector-base junctions. Finally, Pt filmis deposited andsintered to farm
FtSi overthe *-polysilicon emitter and the p--polysilicon base contact (Fig. 13¢).

This self-aligned structure allows the fabrication of emitter regions smallerthan the
minimumlithographic dimension. Whenthe sidewall-spacer oxide is grown, it fills the
contact hole to some degree because the thermal oxide occupies a larger volumethan
the original volumeofpolysilicon. Thus, an opening 0.8 Lin widewill slirink to about 0.4
ton if sidewall oside a 0.2 wmthick is grown oneachside.

14.8 MOSFET TECHNOLOGY

At present, the MOSFETis the dominant device used in ULST cirenits becanseit can
besealed to smaller dimensionsthan other types of devices. The dominant technology
for MOSFET is the CMOS(complementaryMOSFET) technology. in which both n--chan-
nel and p-channel MOSFETs(callecl NMOSand PMOS, respectively) are provided on
the same chip. CMOStechnologyis particularattractive lor ULSI circuits because it has
the lowest power consumption ofall IC technology.

Figure 14 shows the reduction in the size olThe MOSFETin recent years. In the
early 1970s, the gate length was 7.5 umandthe corresponding device arca was about
6000 um’. As the device is scaled down, there is a drastic reduction in the device area.
For a MOSFETwith a gate length of 0.5 pum. the device arcaslirinks to less than 1% of
the carly MOSFET. We expect that device miniaturizationwill continue. The gate length
will be less than 0.10 Haein the early twenty-first century. We consider the future trends
ofthe devices in Section 14.5,

 

14.3.1 The Basic Fabrication Process

Figure 15 shows a perspective viewof an n-channel MOSFETpriorto its final metal-
lization." The toplayeris a phosphorus-copedsilicon dioxide (P-gluss) thatis used as an
insulator betweenthe polysilicon gate andthegate metallization andalso as a gettering
layer for mobile ions. Compare Fig. 15 with Fig. 7 for the bipolar transistor and note
thata MOSFETis considerablysimplerin its basic structure. Although both devices use

ONSEMI EXHIBIT 1042, Page 11

 



ONSEMI EXHIBIT 1042, Page 12

   
504 Chapter 14. Integrated Devices

(Area = GO00 pn?)

7.5x10umAun  
Isolation
region

<< FS pm

(180 pm?)
2x 2pm  | -<- 2pm

rocftor qo uum?)

I Bley 0.5 x05 pm1 1

>| ke 8.5 um

ft) (1 um?)(slo xO1ym
||<) lpm

Fig. 14 Reductionin the area ofthe MOSFETas the gate length (mininmamfeature length) is
reduced.

P-alass

KSEEans

SG
Chanstop

 

  Pete oe
p-Sic 100>

Polysilicon
wate Field oxicle

Fig. 15 Perspective viewof an n-channel MOSFET.’
ical i ion i ey whereas a

lateral oxide isolation, there is no need for vertical isolation in the MOSTE', whereas
buried-layeri7*-p junction is required in the bipolartransistor. The doping pol =.
MOSFETis nat as complicatedas that ina bipolartransistor and the controlof the ¢ om ‘
distributionis alsoless critical. We consider the major process steps that are used to fab
ricate the device shownin Fig. 15.

‘To process an n-channel MOSFET(NMOS), thestarting material is a p-type, lightly
doped (~104 em"), (100)-oriented, polished silicon wafer, The ¢100)-orientationis preh thato!; anterface-trap density that is : »-tent
ferred over (111) becauseit has an interface-trap density that is about one-te ae
(111). Thefirst step is to formthe oxide isolation region using LOCOS technology.
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process sequenceforthis stepis similar to that for the bipolar transistor. A thin-padoxide
{~35 nm) is thermally grown, followed byasilicon nitride (~150 nm) deposition (Fig.
16a). The active device arcais defined by a photoresist mask anda boron chanstoplayer
is then implantedthrough the compositenitride-oxide layer (Fig. 6b). The nitridelayer
not coveredby the photoresist mask is subsequently removed byetching. Afterstripping
the photoresist, the waferis placed in an oxidation furnace to grow an oxide (called the
field oxide), where the nitride layer is removed, andto drive in the boron implant. The
thickness ofthe field oxide is typically 0.5-1 jum.

The secondstep is to grow the gate oxide andto adjust the threshold voltage (see
Section 6.2.3). Lhe composite nitride-oxide layer overthe active device area is removed,
and a thin-gateoxide layer Jess than 10 nm) is grown. For an enhancement-moden-chan-
nel clevice, boronions are implantedin the channel region, as shown in Fig. 1Gc, to increase
the threshold voltage to a predeterminedvalue (e.g., + 0.5V). For a depletion-mode n-
channel clevice, arsenic ions are implanted in the channel region to decrease the thresh-
old voltage (e.g, -0.5V).

Thethirdstepis to formthe gate. A polysilican is depositedandis heavily doped by
diffusion or implantation of phosphorns to a typical sheet resistance of 20-30 Q/Q. This
resistance is adequate for MOSFETs with gate lengths larger than 3 jum. Forsmaller
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Fig. 16 Cross-sectional view of NMOS fabrication sequence.’ (@) Formationof SiO, Si;N,, and
photoresist layer. (2) Boron implant. (¢) Ficld oxide. (d} Gate.
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devices, polycide, a composite layer of metalsilicide and polysilicon such as W-polycide,
can be used as the gate materials to reduce the sheetresistance to about 1 O/o.

The fourth stepis to formthe source and drain. After the gateis patterned (Fig. 16d),
it serves as a mask for the arsenic implantation (~30 keV, ~5 x 108 cm™*) to form the
souree and drain (Fig. 17a), which are sell-aligned with respect to the gate’. At this stage,
the onlyoverlapping ofthe gateis dueto lateral straggling of the i mplanted ions (for 30
keVAs, o, is only 5 nm). Tf low-temperature processes are used for subsequent steps to
minimize lateral diffusion,the parasitic gate-crain and gate-source coupling capacilances
can be much smaller than the gate-channel capacitance.

The last step is the metallization. A phosphorus-doped oxide (P-glass) is deposited
overthe entire walerandis flowed byheating the wafertogive a smooth surface topog-
raphy(Fig 17h). Contact windows are defined and etchedin the P-glass. A metallayer,
suchas aluminum, is then depositedandpatterned.A cross-section view of the completed
MOSFETis shown in Fig. !7c, and the corresponding top view is shown in Fig, 17d.
The gate contactis usually made outside the active device area to avoid possible dam-
age to the thin-gate oxide.

Arsenic implant

 
 

 

 

  }— Active devicearea Source  
(d)

Fig. 17 NMOSfabrication sequence.” (2) Source and drain. (b) P-glass deposition. (c) Cross
section of the MOSFET.(d) Top viewof the MOSFET.
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EXAMPLE4

Whatis the maximnuin gate-to-source voltage that a MOSFETwith a 5 nmgate oxide can with-
stand, Assumethat the oxide breaks down at 8 MV/ cm and the substrate voltage is zero.

SOLUTION
V=&xd=8x10°x5 x 1072 4V.

14.3.2 Memory Devices

Memoriesare devices that canstorc digital information (or data) in termsofbits (binary
digits). Various memory chips have been designed and fabricated using NMOStechnol-
ogy. For most large memories, the random access memory (RAM) organization is pre-
ferred. Ina RAM, memory cells are organized in a matrix structure and data can be
accessed (ie., stored, retrieved, or erased) in randomorder, independentoftheir phys-
ical locations. A static random access memory (SRAM) canretain stored data indefinitely
as long as the power supply is on. The SRAM is basically a flip-flop circuit that can storeone bit of information. A SRAMcell has four enhancement-mode MOSFETsand two

depletion-mode MOSFETs. The deplction-mode MOSFETs can be replaced by resis-
tors formed in undopedpolysilicon to minimize power consumption.®

To reducethe cell area and power consumption, the dynamic random access mem-
ory (DRAM) hasbeen developed. Figure 18a showsthe circuit diagramof the one-tran-sistor DRAMcell in whichthe transistor serves as a switch and onebit of information

can be storedin the storage capacitor. The voltage level on the capacitor determines the
state of the cell. For example, +1.5 V maybe defined as logic 1 and 0 V definedaslogic
0. The stored charge will be removed typically in a few milliseconds mainly because of
the leakage currentofthe capacitors; thus, dynamic memories require periodic “refresh-
ing” of the stored charge.

Figure 18b shows the layout of a DRAMcell, and Fig. 18¢ shows the correspond-
ing cross section through AA’. The storage capacitor uses the channelregion as oneplate,
the polysilicon gate as the otherplate, and the gate oxide as the dielectric. The rowlinc
is a metal track to minimize the delay due to parasitic resistance (R) and parasitic capac-
itance (C), the RC delay. The columnline is formed by n*-diffusion. The internal drain
region of the MOSFETserves as a conductive link between the inversion layers under
the storage gate and the transfer gate. The drain region can be eliminated byusing the
double-level polysilicon approach shown in Fig, 18d. The second polysilicon electrode
is separated fromthefirst polysilicon capacitor plate by an oxide layer that is thermally
grown onthefirst-level polysilicon before the second clectrode has been defined. The
charge from the columnline can therefore be transmitted directly to the area under the
storage gate by the continuityof inversion layers under the transfer andstorage gates.

To meetthe requirements of high-density DRAM, the DRAM structure has been
extendedto the third dimension withstacked or trench capacitors. Figure 19a shaws a
simple trench cell structure.® The advantage of the trench typeis that the capacitance
of the cell could be increased by increasing the depthofthe trench without increasing
the surface areaofsilicon occupied by the cell. The main difficulties of making trench-
typecells are the etching of the deep trench, which needs a rounded bottom corner and
the growth of a uniform thin dielectric film ontrenchwalls. Figure 19 showsa stacked
cell structure. The storage capacitance increasesas a result ofstacking the storage capac-
itor on top of the access transistor. The diclectric is formedusing the thermal oxidation

ONSEMI EXHIBIT 1042, Page 13

 
 
 



ONSEMI EXHIBIT 1042, Page 14

        
508

  
 
 
 

 

 

Rowline

Accesstransistor

Storage

T capacitarColumnline =
(a)

Diffused Polysilicon
columnline cell plate

 
     

 

Window
~~ Metal

See:4rowline

Capacitor

a a
Access
transistor
(polysilicon)

(b)

Transfer gate — Storage gateOxide

p—hySear <P
Source nt ne ‘in|

Inversion regions
(c)

eeeapn
(d)

Fig. 18 Single-transistor dynamic random access memory (DRAM) cell with a storage eapaci-
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Fig.19 (¢) DRAM with a trenchcell structure.? (b) DRAM with a single-layer stacked-capaci-
tor cell.
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or CVD nitride methods betweenthe two-polysilicon plates. Hence,the stackedcell pro-
cess is easier thanthe trenchtypeprocess.

Figure 20 shows a 1 Gb DRAM chip. This memory chip uses0.18 jimdesignrules.
Trench capacitors andits peripheral circuits are in CMOS,whichare considered in Section
14.3.3. The memory chip has an area of 390 mm? (14.3 mmx 27.3 mm) that contains
over 2 billion components and operates at 2.5 V. This 1 Gb DRAMis mountedin an 88-
pin ceramic package, which can provide adequate heat dissipation.

Both SRAM and DRAMarevolatile memories, thatis, they lose their stored data
when power is switched off. Nonvolatile memories, on the other hand,can retain their
data. Figure 21a showsa floating-gate nonvolatile memory, which is basically a conven-
tional MOSFETthat has a modified gate electrode. The composite gate has a regular
(control gate) and a floating gate which is surroundedby insulators. Whena large posi-
tive voltage is applied to the control gate, charge will be injected from the channelregion
through the gate oxide into the floating gate. Whentheapplied voltage is removed, the
injected chargecan bestoredin thefloating gate fora long time. To removethis charge,
a large negative voltage must be applied to the control gate, so that the charge will be
injected back into the channel region.

Anotherversion ofthe nonvolatile memory is the metal-nitride-oxide-semiconduc-
tor (MNOS)type shown inn Fig, 21b. Whena positive gate voltageis applied, electrons
can tunnelthroughthethin oxide layer (~2 nm) and be captured bythetrapsat the oxide-
nitride interface, and thus becomestored charges there. The equivalent circuit for both
types of nonvolatile memories can be represented by two capacitorsin series for the gate
structure,as illustrated in Fig. 21¢. The charge stored in the capacitor C, causes a shift
in the threshold voltage, and the device remainsat the higher threshold voltage-state (logic
1). Fora well-designed memory device, the charge retention time can be over 100 years.

PeaMOETelie

 
Fig. 20 A 1 Gb DRAMthatcontains over2 billion components. (Photography courtesy of
IBM/Siemens, 1999 IEEE Int. Solid State Circuit Conference.)
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Fig. 21 Nonvolatile memory devices. (@) Floating-gate, nonvolatile memory. () MNOSnon-
volatile memory. (c) Equivalentcircuit of either type of nonvolatile memory.

To erase the memory (e.g., the store charge) and return the device to a lowerthreshold
voltage state (logic 0), a gate voltage or other means (such as ultravioletlight) can be used.

The nonvolatile semiconductor memory (NVSM)has been extensively used in portable
electronics systems,suchas cellular phones andthedigital cameras. Anotherinteresting
application is the chip card, also called IC card, es

The top photo in Fig. 22 shows an IC card. The diagramat the bottomof ig. 22
illustrates the nonvolatile memorydevice that stores the data that can be read and writ-
ten through the busto a central processing unit (CPU). In contrast to the limited vol-
ume (1 kbytes) inside a conventional magnetictape card,the size of the nonvolatile memory
can be increased to 16 kbytes, 64 kbytes, or even larger depending on the applications
(e.g, you can store personal photos orfinger prints). Through the IC card read/write
machines, the data can be used in numerous applications, such as telecommunications
(card telephone, mobile radio), payment transactions (electronic purse, credit card), ee
television, transport (electronic ticket, public transport), health care (patient-data care ),
and access control. The IC card will play a central role in the global information and ser-
vice society of the future.l°

14.3.3 CMOS Technology

Figure 23a shows a CMOSinverter. The gate of the upper PMOSdevice is connected
to the gate of the lower NMOSdevice. Both devices are enhancement-mode MOSFETs
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 Peripherals

Fig. 22 An integrated-circuit (IC) card. The data stored in the NVSM canbe accessed through
the busofthe central processing unit (CPU). There are several metal pads connecting to the
read/write machine. (Photography courtesy of Retone Information System Co., LTD.)

with the threshold voltage V;,, less than zero for the PMOSdevice and V,, greater than
zero for the NMOSdevice (typically the thresholdvoltage is about 1/4 Vpp). When the
input voltage V, is at ground orat small positive values, the PMOSdevice is turned on
(the gate-to-ground potential of PMOSis -Vpp, which is more negative than Vip)s and
the NMOSdeviceis off. Hence, the output voltage V,is very close to Vpp (logic 1). When
the inputis at Vpp, the PMOS(with Vg, = 0) is turnedoff, and the NMOSis turned on
(V, = Vpp > Vq,). Therefore, the outputvoltage V, equals zero (logic 0). The CMOSinverter
has a uniquefeature:in either logic state, one devicein the series path from Vpp to ground
is nonconductive. Thecurrentthat flows in eithersteadystate is a small leakage current,
and only when both devices are on during switching doesa significant currentflow through
the CMOSinverter. Thus, the average powerdissipation is small, on the order ofnanowatts.
As the numberofcomponentsperchip increases, the powerdissipation becomes a major
limiting factor. The low power consumption is the mostattractive feature of the CMOScircuit.

Figure 23b showsa layout of the CMOSinverter, and Fig. 23¢ showsthe device cross
sectionalong the A-A’line. In the processing, a p-tub(also called a p-well) is first implanted
and subsequently driven into the n-substrate. The p-type dopant concentration must be
high enough to overcompensate the background doping of the n-substrate. The subse-
quentprocessesfor the n-channel MOSFETin the p-tub areidentical to those described
previously. For the p-channel MOSFET, !B* or “(BF,)* ions are implantedinto the n-
substrate to form the source and drain regions. A channelimplant of As‘ ions may be
used to adjust the threshold voltage and a n*-chanstop is formed underneaththe field
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Fig. 23. Complementary MOS (CMQS) inverter. («) Circuit diagrant. (bh) Circuit layout. (e)
Cross section along dotted A-A’ line of(8).

oxide aroundthe p-channeldevice. Because of the p-tub andthe additional steps needed
to make the p-channel MOSFET,the nmnberofsteps to make a CMOS circuit is essen-
tially double that to make an NMOS circuit. Thus, we have a trade-off between the com-
plexity ofprocessing and a reduction in power constunption.

Insteadofthe p-tub described above, an alternate approachis to use an n -tub formed
in p-type substrate, as shownin Fig. 24a. In this case, the n-type clopant concentration
must be high enough to overcompensate for the background doping of the p-substrate
(i.e., Ny > Ng), In both the p-tub and the n-tub approach, the channel mobility will be
degraded because mobility is deter nined bythe total dopant concentration (Ny + Np):
A recent approach using bvose’ irated tubs implanted into a lightly doped substrate is
shown in Fig, 24. This structure is called a twin tub.' Because no overcompensation ts
neededineitherof the win tubs, higher channel mobility can be obtained.

All CMOScircuits have the potential for a tronblesome problem calledlatchup that
is associated with parasitic bipolartransistors (to see howthis problem can occur, see
Chapter 5), An effective processing technique toeliminate latchup problemis to use the
deep-trenchisolation, as shown! in Fig. 24e. In this technique, a trench with a depth
deeperthan the well is formedin the silicon by anisotropic reactive sputter etching, An
oxidelayeris thermally grownon the bottom andwalls of the trench, which is then refilled
by deposited polysilicon orsilicon dioxide, This techniquecancliminate latchup because
the n-channel and p-channe! devices are physicallyisolated bythe refilled trench. 1 :
detailedsteps for trenchisolation and some related CMOSprocesses are now considered.

 

Chapter 14. Integrated Devices©513

n-channel p-channel
Oxide

\ Polysilicon “*

 p-substrate 

(a)

Thermal P-glass Nitride Polysilicon Aloxide
 

 

 
  

Fig. 24 Various CMOSstructures. (@) n-tub. (b) ‘win tub!. (c) Refilled trench"!

Well-Formation Technology
The well of a CMOScan bea single well, a twin well, or a retrograde well. The twin-
well process exhibits some disadvantages, c.g, it needs high temperature processing (above
1050°C) anda long diffusion time (longerthan 8 hours) to achieve the required depth
of 2-3 um.Inthis process, the doping concentrationis highest at the surface anc decreases
monotonically with depth. To reduce the process temperature andtime, high-energy
implantation is used, i.e., implanting the ion to the desired depthinstead! of diffusion from
the surface. Since the depthis cleterminedby the implantion cnergy, we can cesign the
well depth with different implantation energy. The profile of the well in this case can
have a peak at a certain depthin the silicon substrate. This is called a retrograde well.
Figure 25 shows a comparisonofthe impurity profiles in the retrograde well and the con-
ventional thermaldiffused well.'* The cuergyfor the r- and p-type retrograde wellsis
around 700 keVand 400 ke¥, respectively, As mentioned above, the advantage of the high-
energy implantationis that it can form the well underlow-temperature and short-time
conditions, hence,it can reduce the lateral diffusion and increasethe device density. The
retrograde well can offer someadclitional advantages over the conventional well: (a) because
of high doping near the bottom, the wellresistivity is lowerthanthat of the conventional
well andthe latchup problem can be minimized, (b) the chanstop can be formedat the
same time as the retrograde well implantation, reducing processing steps and time, (c)
higherwell doping in the bottom can reduce the chance of punchthroughfromthedrainto the source.
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Fig. 25 Retrograded p-well implanted impurity concentration profile. Also shown is a conven-
tionally diffused well.'?if i\
AdvancedIsolation Technology Chanstop

| The conventionalisolation process (Section 14.3.1) has some disadvantages that makeit | | | |BA unsuitable for deep-submicron(0.25 pm and smaller) fabrications. The high-tempera- Photoresistture oxidationofsilicon and long oxidation time result in the encroachment ofthe chanstop eatereis!_ane,a Nitride
implantation (usually boron for n-MOSFET)to the active region and cause V;shift. The — Oxide
area ofthe active regionis reduced because ofthelateral oxidation. In addition,thefield- Sicsubstrata] . I! rate:
oxide thickness in submicron-isolation spacingsis signif icantlyless than the thickness of
field oxide grownin widerspacings. Thetrenchisolation technology can avoid these prob-| lems and has becomethe mainstream technologyforisolation. Figure 26 shows the pro- (a) (b)
cess sequence for forming a deep (larger than 3 j1m) but narrow(less than 2 pm)
trench-isolationstructure, There are foursteps: patterningthearea, trench etching and /oxide growth,refilling with dielectric materials suchas oxideor undopedpolysilicon, and eeoxide CVD oxide Nitrile
planarization. This deeptrenchisolation can he used in both advanced CMOSandbipo- flar devices andfor the trench-type DRAM. Since the isolation material is deposited by Oxide
CVD,it does not need a long-time or a high-temperature process, andit eliminates the
lateral oxidation and boron encroachment problems.

Another exampleis the shallow trench (depthis less than 1 jm) isolation for CMOS,
shown in Fig, 27. After patterning (Fig. 27a), the trench areais etched (Fig, 27b) and (e) (d)
then re-filled with oxide (Fig. 27c), Beforerefilling, a chanstop implantation can be per- Fig. 27 A shallow trenchisolation for CMOS.(a) Patterning with photoresist on nitride/oxideformed. Since the oxide has overfilled the trench, the oxide on the nitride should be films. (b) Dry etching and chanstop implantation. (c) Chemical-vapor deposition (CVD) oxide to
removed. Chemical-mechanical polishing (CMP)is used to remove the oxide on thenitride refill. (d) Planar surface after chemical-mechanical polishing (CMP).
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andto get a flat surface (Fig. 97d). Due to its high resistance to polishing, the nitride
acts as a stop-layer for the CMP process. After the polishing, the nitride layer and the
oxide layer can be removed by H;PO, and HE, respectively. This initial planarization step
at the beginning is helpfulfor the subsequent polysilicon patterning and planarizations
of the multilevel interconnection processes.

Gate-Engineering Technology
Ifwe use n*-polysilicon for both PMOS and NMOSgates,the threshold voltage for PMOS
(Vp = 0.5 to -1.0 V)has to be adjusted by boron implantation. This makes the chan-
nel of the PMOSa buried type, shown in Fig. 28¢, The buried-type PMOSsuffers seri-
ous short-channeleffects as the devicesize shrinks to 0.25 jum andless. The most noticeable
phenomenafor short-channeleffects arc the V; roll-off, drain-induced barrier lowering
(DIBL), andthe largeleakage current at the off state so that even with the gate voltage
at zero, leakage current flows through source and drain. Toalleviate this problem, one
can change n*-polysilicon to p*-polysilicon for PMOS. Dueto the work function differ-
ence (there is a 1.0 eV difference from n*- to p*-polysilicon), one can obtain a surface
p-type channel devicewithout the boron V; adjustment implantation, Hence,as the tech-
nologyshrinks to 0.25 pum andless, dual-gate structures are required,i,e., p*-polysilicon
gate for PMOS,and n*-polysilicon for NMOS (Fig, 28b). A comparison ofV> forthe sur-
face channel and the buried channel is shownin Fig. 29, We note that the V,. ofsurface
channelrolls off slowly in the deep-submicronregime comparedwith the buried-chan-
nel device. This makes the surface-channel device with the p*-polysilicon suitable for deep-
submicron device operation.

; Lighly doped
Boronimplant drain structure
buried channel (LDD)

 
nt poly Si gate

 

poMOS n-MOSburied channel surface channel
{a)

p* poly Si gate nt poly Si gate Highly dopedal source/drain

(n-well)  
p-MOS n-MOSsurface channel surface channel

(b)

Fig. 28 (a) A conventional Jong-channel CMOSstructure with a single-polysilicon gate (n*). (6)
Advanced CMOSstructures with dual-polysilicon gates.
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Fig. 29 TheV,roll-off for a buried type channel andfor a surface type channel. The V; drops
very quickly as the channel length becomesless than 0.5 Lm.

To form the p*-polysilicon gate, ion implantation of BF;is commonly used, However,
boron penetrateseasily fromthe polysilicon through the oxide into thesilicon substrate
at high temperatures, resulting in a V; shift. This penetrationis enhancedinthe pres-
ence of a F-atom. There are methodsto reducethis effect: use of rapid thermal anneal-
ing to reducethe time at high temperatures and, consequently, the diffusion of boron;
use of nitrided oxide to suppress the boron penetration, since boron can easily combine
with nitrogen and becomesless mobile; and the making of a multilayer of polysilicon to
trap the boron atomsat the interface of the twolayers.

Figure 30 shows a microprocessor chip (Pentium 4) that has an area of about 200
mm?and contains 42 million components. This ULSIchip is fabricated using 0.18 um
CMOStechnology with a six-lcvel aluminum metallization.

14.3.4 BiCMOS Technology

BiCMOSis a technology that combines both CMOSandbipolar device structures in a
single IC. The reason to combine these twodifferent technologies is to create an IC chip
that has the advantages of both CMOSandbipolar devices. As we now that CMOSexhibits
advantages in powerdissipation, noise margin, and packing density, whereas bipolar shows
advantagesin switching speed, current drive capability, and analog capability. As a result,
for a given design rule, BICMOScan have a higher speed than CMOS,better perfor-
mancein analogcircuits than CMOS,a lower power-dissipation thanbipolar, and a higher
componentdensity than bipolar. Figure 31 shows the comparison of a BICMOSand a
CMOSlogic gates. For a CMOSinverter, the currentto drive (or to charging) the next
loading, C,is the drain current I,)5. For a BiCMOSinverter, the currentis hy,ps, where
jy, is the current-gain ofthe bipolartransistor and Ip,is the base current of the bipolar
transistor and is equalto the drain current of M, in the CMOS. Since hy, is muchlarger
than 1, the speed can be substantially enhanced.

BiCMOShas been widely used in many applications. In the early days, it was used
in SRAM.Atthe presenttime, BICMOStechnology has been successfully developed for
transceiver, amplifier, and oscillator applications in wireless-communication equipment.
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Fig. 30 Micrograph of a 32-bit microprocessor chip, Pentium 4, (Photography courtesy of Intel
Corporation.)

Most of the BiCMOS processes are based on the CMOSprocess, with some modifica-
tions, such as adding masks for bipolartransistor fabrication. The following example is
for a high-performance BiCMOSprocess based onthe twin-well CMOSprocess, shown
in Fig. 32. 2

Theinitial material is a p-typesilicon substrate, andthen an *-buriedlayeris formed
to reduce the collector’s resistance. The buried p-layeris formed through ion implanta-
tion to increase the doping level to prevent punchthrough, A lightly doped n-epi layer is
grownon the wafer and a twin-well processfor the CMOSis performed. Toachieve high
performance of the bipolar transistor, fouradditional masks are needed, They are the

  
  

(a) (b)

Fig. 31 (a) CMOSlogic gate. (b) Bipolar CMOS (BiCMOS) logic gate.
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T \ T
p-substrate
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Fig. 32 Optimized BiCMOSdevice structure. Key features includeself-aligued p and n* buried
layers for improved packing density, scparately optimized n- and p-well (twin-well CMOS)
formedin anepitaxial layer with intrinsic background doping, and a polysilicon emitterfor
improved bipolar performance."

buried n*-mask, the collector deep-n'-mask,the base p-mask, and the poly-emitter mask.
Inotherprocessing steps, the p*-region for base contact can be formed with the p*-implant
in the source/drain implantation of the PMOS,and the n*-emitter can be formed with
the source/drain implantation of the NMOS, Theadditional masks and longer process-
ing time compared with a standard CMOSare the main drawbacks of BiCMOS.The addi-
tional cost should bejustified by the enhanced performances of BiCMOS.

14.4 MESFET TECHNOLOGY

Recent advances in gallium arsenide processing techniques in conjunction with newfab-
rication andcircuit approaches have madepossiblethe development of“silicon-like”gal-
lium arsenide IC technology. Thereare three inherent advantages ofgallium arsenide
comparedwithsilicon: higher electron mobility, whichresults in lower series resistance
for a given device geometry; higherdrift velocity at a given electric field, which improves
device speed; and the ability to be made semiinsulating, which can providea lattice-
matched dielectric-insulated substrate. However, gallium arsenidealso has three disad-
vantages: a very short minority-carrier lifetime; lack ofa stable, passivating native oxide;
anderystal defects that are manyorders ofmagnitude higherthan insilicon. The short
minority-carrier lifetime andthe lack of high-quality insulating films have prevented the
developmentofbipolar devices and delayed MOS technologyusing gallium arsenide. Thus,
the emphasis of gallium arsenide IC technology is in the MESFETarea, in which our
main concerns are the majority carriers transport and the metal-semiconductorcontact.

A typicalfabrication sequencefor a high-performance MESFETis shownin Fig, 33.
Alayer of GaAsis epitaxially grown ona semiinsulating GaAs substrate, followed by an

n*-contact layer (Fig, 33a). A mesa etchstep is performedforisolation (Fig. 33b), anda
metal layer is evaporated for the source and drain ohmic contacts (Fig. 33¢). A channel
recess etchis lollowed by a gate recess etch and gate evaporation ( Fig. 33d and e). After
a liltoff process that removes the photoresist, shown in Fig. 33e, the MESFFTis com-
pleted (Fig. 33/).

The n*-contact layer reduces the source and drain ohinic contact resistances. Note
that the gate is offset toward the source to minimize the source resistance. The epitax-
ial layeris thick enough to minimize the effect of surface depletion on the source and
drainresistance. Thegatc clectrode has maximal cross-sectional arca with a minimal foot
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Fig. 33 Fabrication sequence of a GaAs MESFET.

print, whichprovides low gate resistance and minimal gate length. In addition,the length
Lgpis designedtobegreater than the depletion width at gate-drain breakdown.

A representative fabrication sequence for a MESFET integratedcircuit is shown a
in Fig. 34. Inthis process, n*-sourceanddrain regionsare sell-alignedto the gate ofeach
MESFET.A relativelylight channel implant is usedfor the enhancement-mode switching
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Fig. 34 Fabrication process for MESFET direct-coupled FET logic (DCFL) with active loads.
Note that the n*-source and drain regions are self-aligned to the gate.'°
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device and a heavier implantis usedfor the depletion-made load device. A gate recess 10

is usually not used for suchdigital LC fabrication because the uniformity of each depth Ehas beendifficult to control, leading to an wiacceptable variation ofthe threshold volt. mi
age. This process sequence can also be usedfor a monolithic microwave integratedcp. +
cuit (MMIC). Note that thegallium arsenide MESFETprocessing technology is similar i
to thesilicon-bascd MOSFETprocessing teclmology.

Gallium arsenide TCs with complexities upto the large-scale integration level (~10.009
components perchip) have been fabricated. Because ofthe higherdrift velocity (~209%
higherthansilicon), gallium arsenide ICs will have a 20%highicr speed thansilicon 1Cs

IN that use the samedesign rules. However, substantial improvementsin crystal quality and
processing technologyare neededbefore galliumarsenide can seriously challenge the
preeminent position ofsilicon in ULSI applications.

 — 4.5 CHALLENGES FOR MICROELECTRONICS

| Since the beginning oftheintegrated-cireuit era in 1959, the minimdevice dimen-
sion, alsocalled the minimumfeature length, has been reduced at an annual rate ofabout
13% (ie, a reduction of 30% every 3 years), According to the prediction bythe
International Technology Roadmapfor Semiconductors!®, the minimumfeature leugth
will shrink from 130 nm (0.13 pun) in the year 2002 to 35 nmi (0.035 fm) around 2014,
as shown in Table 1. Also shown in Table 1 is the DRAMsize. The DRAMhas increased

its memorycell capacity four limes every3 years and 64 Gbit DRAMis expectedto he
available in year 2011 using 50 nin designrules. ‘he table also showsthat the watersize
will inerease to 450 mm(18in. diameter} in 2014. In addition to the feature size reduc- Ld ! ptaisit|. . : 0.02 0.05, Ol 0.2 0.5 l
tion, challenges come from the device level, material Jevel, and system level, discussed |
in the following subsections. MOSFET chanel length (jan)

Fig. 35 Trends ofpowersupplyvoltage Vyp, threshold voltage V,, anc gate oxide thickness d
7 versus channel length for CMOSlogic technologies. Points are collected from data published

14.5.1 Chatlenges for Integration eneeerayiee ie " ° :

Powersupplyandthresholdvoltage(V) oi

   ateoxidethickness 
Figure 353 shows the trends of power supplyvoltage Vp), thresholdvoltage V+. and gate
oxide thickuess @ versus channel length for CMOSlogic tcchnology.!’ From the figure, Filerlevel ieleot ies
one canfindthat the gate oxide thickness will soon approachthe tunncling-current Jimit low-k materials for high speed
of 2nm. Vj, scaling will slow dawn because of nonscalable V; (Le., to a minimum V, of Metal interconnection Dilfusion sareie
about 0.3 V due to subthreshold leakage andcircuit noise mmity). Some challenges copperis neededFar low resistance CVD inctal for good conlormal deposition
of the 180 nmtechnologyand beyondare shown" in Fig. 36, The most stringent require-
ments areas follows.  

 

  
 
  

(ABLE 1 The Technology Generationfrom 1897 to 2014    
 

Year ofthe first 1997 1999 2002 2005 2008 2011 2014 peeiaden lls |
product shipment reduce thermal |

Feature size (nm) 250 1s0 130 160 70 50 35 Silicides:* dual gate lalch-up prevention j
DRAMsize (bit) 26M AG = 8G a Bd Co-sibicicks formation Bourges and rains metal gateé size (bit) sobh - lowjmiction leakage ultra shallowjunction . i
Wafersize (mm) 200 300 300 300 300 300 450 , i fi aa Crte oside na “ svat
Gate oxide Gun) 34 19-25 13-L7 O98-lLL <10 — = comerrounding ultrathin oxide men sspecoees
Junction depth (im} 30-100 42-70 243.20 33 15-30 — - CMP-planarization high & materialseeeeeeeee.w0—(———a

Fig. 36 Challenges for 180 nmand smaller MOSFET.!*“DRAM, dynamic randomaccess memory.  
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Ultrashallow Junction Formation
As mentioned in Chapter 6, the short-channel effect happensas the channellengthig
reduced. This problem becomescritical as the device dimensionis scaled down to 109
nm,To achievean ultrashallow junction with low sheetresistance, low-energy (less than
1 keV) implantation technology with high dosage must be employed to reduce the short.
channeleffect. Table 1 shows the required junction depthversus the technologygener.
ation, The requirementsofthe junction for 100 nm are depths around 20-33 nmwith a
doping concentration of 1 x 10" /em’.

Ultrathin Oxide

As the gate length shrinks below 130 nm, the oxide equivalent thickness of gate dielec-
trie must be reducedaround2 nmto maintain the performance. However,ifonly SiO,
(with a dielectric constantof3.9)is used,the leakagethrough the gate becomesvery high
because ofdirect tunneling, Forthis reason, thicker high-k dielectric materials that have
lower leakage currentare suggested to replace oxide. Candidates for the short term are
silicon nitride (with a dielectric constant of 7), TasOs (25), and TiO, (60-100).

Silicide Formation

Silicide-related technologyhas become an integral part of submicron devices for reduc-
ing the parasitic resistance to improve device and circuit performance. The conventional
Ti-silicide process has been widely use in 350-250 nn technology. However, the sheet
resistanceofa TiSi, line increases with decreasingline width, which limits the use of TiSi,
in 100 nm CMOSapplications and beyond. CoSi, or NiSi processes will replace TiSi, in
the technology beyond 100 nm.

New Materials for Interconnection

To achieve high-speed operation, the RC time delay of the interconnection must be
reduced.In Fig, 14 of Chapter11 we have shown the delayas a function offeatnre size."
It is obvions that the gate delay decreases as the channel length decreases, meanwhile
the delay resulting from interconnect increases significantly as the size decreascs. This
causes the total delay time to increase as the dimension of the device size scales down
to 250 nm. Consequently, both high-conductivity metals, such as Cu, and low-dielectric-
constant (low-k) insulators, suchas organic (polyimide)orinorganic (F-dopedoxide) mate-
rials offer major performance gains. Cuexhibits superior performance becauseofits high
conductivity (1.7 #Q-em compared with 2,7 #Q-cmofAl) andis 10-100 times more
resistant to electromigration. The delay using the Cu andlow-k material showsasignil-
icant decrease compared withthat of the conventional Al andoxide. Hence, Cu with the
low-k material is essential in multilevel interconnection for future deep-submicron
technology.

Power Limitations

The power required merely to charge and discharge circuit nodesin an IC is propor-
tional to the numberof gates and the frequency at whichthey are switched (clock fre-
quency). The powercan be expressed as P = 1/2CV? nf, when C is the capacitance per
device, V is the applied voltage, n is the numberof devices per chip, andfis the clack
frequency. The temperaturerise caused. by this power dissipation in an TC packageIs
limitedbythe thermal conductivity ofthe package material, unless auxiliaryliquid or gas
cooling is used. The maximumallowable temperature riseis limited by the bandgapol
the semiconductor(~100°C for Si with a bandgap of 1,1 eV). For such a temperature
rise, the maximum powerdissipation of a typical high-performance package is about LO
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W. Asa result, we must limit either the maximumclock rate or the numberof gates on
a chip. As an example, in an IC containing 100 nm MOSdevices with C = 5 x 10°? fF,
running at a 20 GHzclock rate, the maximum numberof gates we can haveis about 107
if we assume a 10% duty cycle. This is a design constraint fixed by basic material parameters.

SOI Integration
Mentioned in Section 14.2.2 was the isolation of the SOI wafer. Recently SOI technol-
ogy has received more attention. The advantages of the SOTintegration becomesignif-
icant as the minimumfeature length approaches 100 nm. From the process pointofview,
SOIdoes not need the complex well structure andisolation processes, In addition, shal-
low junctions are directly obtained through the SOIfilm thickness. Thereis no risk of
nonuniform interdiffusion ofsilicon and Alin the contact regions because of oxideiso-
lation at the bottom of the junction. Hence, the contact barrieris not necessary. From
the device pointof view, the modernbulksilicon device needs high doping at the drain
andsubstrate to eliminate short-channeleffects and punch-through. This high doping
results in high capacitance whenthe junctionis reversed bias. On the otherhand,in SOI,
the inaximum capacitance betweenthe junction and substrate is the capacitance of the
buried insulator whosedielectric constant is three times smaller than thatofsilicon (3.9
versus 11,9), Based on the ringoscillator performance, the 130 nm SOICMOS technology
can achieve 25% faster speed or require 50% less power comparedto a similar bulk tech-
nology.20 SRAM, DRAM, CPU,and rf CMOShaveall beensuccessfully fabricated using
SOTtechnology. Therefore SOIis a key candidate for the future system-on-a-chip tech-
nology, consideredin the following section.

EXAMPLE 5

For anequivalentoxide thickness of 1.5 nn, whatwill be the physical thickness when high-k mate-
rials nitride (6/é = 7), TayO, (25), or TiO, (80) are used?

SOLUTION Fornitride,

() - (fat)15 Aitcide
7

daitide = 1-5 (S] = 2.69 nm.
Using the same calculation, we obtain 9.62 nm for Ta,O, and 10.77 nmfor TiQ,. “i

14.5.2 System-On-A-Chip

Theincreased componentdensity and improved fabrication technology have helped the
realization of the system-on-a-chip (SOC), that is, an IC chip that contain a complete
electronic system. The designers can buildall the circuitry needed for a complete elec-
tronic system, such as a camera,radio, television, or personal computer (PC), on a sin-
gle chip. Figure 37 shows the SOC application in the PC’s mother-board. Components
(11 chips in this case) once found on boards are becoming virtual components on the
chip at the right.”

There are two obstacles in the realization of the SOC. Thefirst is the huge com-
plexity of the design. Since the componentboardis presently designed bydifferent com-
panies anddifferentdesigntools, it is difficult to integrate them into one chip. The other
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Fig. 37 System-on-a-chip of a conventional personal computer mother-board.?#

 is the diff

nificantly different from those oflogic IC (e.g., CPU). Speedis thefirst priority for the
logic, whereas leakageofthe stored charge is the priority for memory. Therefore, mul-
tilevel interconnectionusing fiveto six levels of metals is essential for logic IC to improve
the speed, However, DRAMneeds only two to threelevels. In addition, to increase the
speed,asilicide process must be usedto reduce theseries resistance, andultrathin gate
oxide is neededtoincrease the drive current. These requirements are not critical for the
memory.

To achieve the SOC goal, an embedded DRAMtechnology is introduced, i.e., to merge
logic and DRAMintoasingle chip with compatible processes. Figure 38 showsthe schematic
cross section ofthe embedded DRAM,including the DRAMcells and the logic CMOS
devices.4 Some processing steps are modified as a compromise. The trench-type capaci-

ultyoffabrication. In general, thefabricating processes of the DRAMaresig-
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Fig. 38 Schematic cross section of the embedded DRAMincluding DRAM cells and logic
MOSFETs.Thereis no height difference in the trench capacitorcell because of the DRAMce
structure. M1 to M5 are metal interconnections, and V1 to V4 are via holes.””
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tor, instead ofthe stacked type,is used so that there is no height difference in the DRAM
cell structure. In addition, multiple gate oxide thicknessesexist on the same wafer to accom-
modate multiple supply voltages and/or combine memory andlogic circuits on one chip.

SUMMARY

In this chapter we considered processing technologies for passive components, active
devices, and IC. Three major IC technologies based onthe bipolar transistor, the MOS-
FET, and the MESFETwere discussed in detail. It appears that the MOSFETwill be
the dominant technology at least until 2014 because ofits superior performance com-
pared withthe bipolartransistor. For 100 nm CMOS technology, a good candidateis the
combination of an SOT-substrate with interconnections using Cu and low-k materials.

Because the rapid reduction in feature length,the technologywill soon reach its prac-
tical limit as the channellength is reduced to about 20 nm. Whatwill be the device beyond
the CMOSis the question being asked byresearch scientists. Major candidates include
many innovative devices based on quantum mechanicaleffects. This is because when the
lateral dimensionis reduced to below 100 nm, dependingonthe materials and the tem-
perature of operation,electronic structures will exhibit nonclassical behaviors. The oper-
ation of such deviceswill be on the scale of single-electron transport. This approach has
been demonstrated by the single-electron memory cell. The realization of such systems
withtrillions of components will be a major challenge beyond CM os.
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Tech, Dig, Int. Electron Devices Meet., 215, 1997. ticular attention to the cross section shown in Fig. 23¢ for your scale.

18. L, Peters, “Is the 0.18 jum Node Just a Roadside Attraction,” Semicond. Int., 22, 46 (1999). *11, A0.5 pumdigital CMOS technology has 5 jimwidetransistors. The minimum wire width
19. M.'T. Bohr, “Interconnect Scaling—The Real Limiter to High Performance ULSI.” IEEE Tech. Dig. is 1 smand the metallization layer consists of 1 jim thick aluminum. Assumethat HL,is

Int, Electran Devices Meet., p. 241, 1995. 400 em?/V-s, d is 10-nm, Vp, is 3.3 Y, and the threshold voltage is 0.6 V. Finally, assumeP DD iB y

90. E. Leobandung, et al.,“Scalability of SOI Technology into 0.13 pm 1.2 V CMOSGeneration,” IEEE that the maximumvoltage drop that can be tolerated is 0.1 V when a 1 jim?cross section
Int, Electron Devices Meet., p. 403, 1998. aluminumwire is carrying the maximum current that can be supplied by the NMOStran-

21, B. Martin, “Electronic Design Automation,” IEFE Spectr., 36, 61 (1999). sistor. Howlong a wire can be allowed? Use a simple square-law, long-channel model to
ae , . . predict the MOScurrentdrive (resistivity of aluminumis 2,7 x 10% Q-em).

92, H. Ishiuchi,et al., “ Embedded DRAMTechnologies,” IEEE Tech. Dig, Int. Electron Devices Meet., p.
38, 1997. 12. Plot the cross-sectional views of a twin-tub CMOSstructureofthe following stages of

Luni,|.Xu, and A. Zaslavsky, Eds, Future Trends in Microelectronics, Wiley, NewYork, 1999, processing:(a) n-tub implant, (b) p-tub implant, (c) twin-tub drive-in, (d) nonselective p*-28.8, Lanyi, J. Xu, ane A. Zaseysign , source/drain implant, (c) selective n*-source/drain implant using photoresist as mask, and
(f) P-glass deposition.

PROBLEMS (* DENOTES DI FFICULT PROBLEMS) 13. Why do weuse a p*-polysilicon gate for PMOSP
FOR SECTION 14.1 PASSIVE COMPONENTS 14, Whatis the boron penetration problemin p*-polysilicon PMOS? How would youelimi-. nate it?

1. Fora sheet resistance of 1 kQ/O,find the maximumresistance that can be fabricated on a . : ; ; . ; .
2.5 x 2.5-mm chip using 2 pmlines with a 4 pun pitch (ie,, distance between the centers 15. To obtain a goodinterfacial property, a buffered layeris usually deposited between the
of the parallel lines) high-k material and substrate. Calculate the effective oxide thicknessif the stacked gate

P ‘ . ; . dielectric structure is (a) a buffered nitride of 0.5 nm and (b) a Ta,O; of 10 nn.
2, Design a mask set for a 5 pF MOScapacitor. The oxide thickness is 30 nm, Assume that ; ;the minimum window size is 2 x 10 pm and the maximum registration errors are 2pm, 16. peseribe the disadvantages of LOCOStechnology and the advantages of shallow-trenchisolation technology.

3. Draw a complete step-by-step set of masks for the spiral inductor with three turns on a ey:
substrate. FOR SECTION 14.4 MESFET TECHNOLOGY

4, Design a 10 nH square spiral inductor in whichthe total length of the interconnectis 17. Whatis the purpose for the polyimide usedin Fig. 34f?
350 pm; the spacing between tumsis 2 }um. 18. Whatis the reasonthatit is difficult to make bipolar transistor and MOSFETin GaAs?

FOR SECTION 14.2. BIPOLAR TECHNOLOGY
| . FOR SECTION 14.5 CHALLENGES FOR MICROELECTRONICS

5. Draw the circuit diagram and device cross section of a clampedtransistor. 19. (a) Calculate the RC time constantof a aluminum runner 0.5 pm thick formed on a ther-
mally grown SiO, 0.5 jim thick. The length and widthof the rumerare 1 cm and 1 fm,
respectively, The resistivity of the runneris 104 Q-om. (b) What will be the RC time con-
stant for a polysilicon runner(R= 30 Q/O) ofidentical dimension?

G. Identify the purpose ofthe following steps in self-aligned double-polysilicon bipolar struc-
| ture: (a) undopedpolysilicon in trenchin Fig. 18a,(b) the poly 1 in Fig. 13b, and {c) the

poly2 in Fig, 13d.

 
   

FOR SECTION 14.3 MOSFET TECHNOLOGY 20. Why do we nced multiple oxide thicknesses for a system-on-a-chip (SOC)?| .

*7. In NMOSprocessing, the starting material is a p-type 10 Q-cm <100>-orientedsilicon 21. Normally we need a buffered layer placed between a high-k Ta,O, and the silicon sub-
wafer, The source and drain are formedby arsenic implantation of LO! ionsfem? at 30 keV strate. Calculate the effective oxide thickness (FOT) when the stacked gate dielectric is
througha gate oxide of 25 nm.(a) Estimate the threshold voltage change ofthe device. Ta,O5 (k = 25) with a thickness of 7A ona bullered nitride layer (k = 7 and a thickness of
(b) Drawthe doping profile along a coordinate perpendicularto the surface and passing 10 A). Also calculate FOT for a buffered oxidelayer (k = 3.9, and a thickness of 5 A),

| through the channelregion or the source region.
8. (a) Whyis <100>-orientation preferred in NMOS fabrication? (b) What are the disadvan- |

| tages iftoo thin-a field oxide is used in NMOS devices? (c) What problems occur ifa
polysilicon gateis usedforgate lengths less than 3 pm? Cananother material be substi- 5 |
tutedfor polysilicon? (d) Howis a self-alignedgate obtained and whatareits advantages!

| te) What purpose does P-glass serve?

 

*9. For a floating-gate nonvolatile memory, the lower insulatorhasa dielectric constant of 4
andis 10 nmthick, The insulator above the floating gate has a dielectric constant of lo
and is 100 nmthick,If the current density J in the lowerinsulators is given by J = 04,
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Appendix A 

List of Symbols
 

Symbol Description
Lattice coustant

Magnetic induction
Speed oflight in vacuum
Capacitance
Electric displacement
Diffusion coefficient

Energy
Bottom of conduction band

Fermi energy level
Energy bandgap
Top ofvalence baud
Electric field
Critical field
Maximum field

Frequency
Fermi—Dirae distribution function
Planck constant

Photon energy
Current
Collector current

Current density
Threshold current density
Boltzmann constant

Thermal energy
Length
Electron rest mass
Electron effective mass
Holeeffective mass
Refractive index

Density of free electronsIntrinsic carrier concentration

Unit

Wh/mn?
em/s

Clem?
cm*s
eV
eV
eV
eV
eV
Viem
Véem
Viem

Ha(eps)

Js
ev
A
A
A/om?®
A/emn”

yk
eV
cm or fim
kg
kg
kg

em?
cm 

(continued)
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