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Chapter 13. Impurity Doping

FOR SECTION 13.5 IMPLANT DAMAGE AND ANNEALING

L6. If a 50 keV boron ion is implanted into the silicon substrate, calculate the damage densiyy,
Assume silicon atom density is 5.02 x 10?2 atoms/cm?, the silicon displacement energy js
15 eV, the range is 2.5 nm, and the spacing between silicon lattice plane is 0.25 .

17. Explain why high-temperature RTA is preferable to low-temperature RTA for defect-{req
shallow-junction formation.

18. Estimate the implant dose 1‘(*(11111'0(1 to reduce a p-channel threshold voltage by 1 Vif )
gate oxide is 4 nm thick. Assume that the implant voltage is adjusted so that the peak of
the distribution occurs at the oxide-silicon interface, Thus, half of the implant goes into
the silicon. Further, assume that 90% of the implanted ions in the silicon are electrically
activated by the annealing process. These assumptions allow 45% of the implanted ions
be used for threshold adjusting. Also assume that all of the charge in the silicon is effec-
tively at the silicon-oxide interface.

FOR SECTION 13.6 IMPLANTATION-RELATED PROCESSES

19. We would like to form 0.1 pim deep, heavily doped junctions for the source and drain
regions of a submicron MOSFET. Compare the options that are available to introduce

and activate dopant for this application. Which option would you recommend and why?

20. When an arsenic implant at 100 keV is used and the photoresist thickness is 400 nm, [ind
the effectiveness of the resist mask in preventing the transmission of ions (R, = 0.6 jm,
0 = 0.2 ). If the resist thickness is changed to 1 pm, calculate the masking efficiency.

21. With reference to [x. 4, what thickness of SiO, is required to mask 99.999% of the
implanted ions?

CHAPTER I 4

Integrated Devices

14.1 PASSIVE COMPONENTS

14.2 BIPOLAR TECHNOLOGY

143 MOSFET TECHNOLOGY

14.4 MESFET TECHNOLOGY

14.5 CHALLENGES FOR MICROELECTRONICS
SUMMARY

Microwave, photonic, and power applications generally employ discrete devices. For exam-
ple, an IMPATT diode is used as a microwave generator, an injection laser as an optical
source, and a thyristor as a high-power switch. However, most electronic systems are built
on the integrated circuit (IC), which is an ensemble of both active (e.g., transistor) and
passive devices (e.g., resistor, capacitor, and inductor) formed on and within a single-crys-
tal semiconductor substrate and interconnected by a metallization pattern.! 1Cs have enor-
mous advantages over discrete devices connected by wire bondings. The advantages
includes (a) reduction of the interconnection parasitics, because an IC with multilevel
metallization can substantially reduce the overall wiring length, (b) full utilization of semi-
conductor wafer’s “real estate,” because devices can be closely packed within an IC chip,
and (¢) drastic reduction in processing cost, because wire bonding is a time-consuming
and error-prone operation.

In this chapter we combine the basic processes described in previous chapters to
fabricate active and passive components in an 1C. Because the key element of an IC is
the transistor, specific processing sequences are developed to optimize its performance.
We consider three major IC technologies associated with the three transistor families:
the bipolar transistor, the MOSFET, and the MESFET.

Specifically, we cover the following topics:

*  The design and fabrication of IC resistor, capacitor, and inductor.

* The processing sequence for standard bipolar transistor and advanced bipolar
devices,

* The processing sequence for MOSFET with special emphasis on CMOS and
memory devices.

*  The processing sequence for high-performance MESFET and monolithic
microwave IC.

*  The major challenges for future microelectronics, including ultrashallow junc-
tion, ultrathin oxide, new interconnection materials, low power dissipation,
and isolation.

489
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Chapter 14. Integrated Devices

Figure 1 illustrates the interrelationship between the major process steps used for
IC fabrication. Polished wafers with a specific resistivity and orientation are used ag the
starting material. The film formation steps include thermally grown oxide films, depositeq
polysilicon, dielectric, and metal films (Chapter 11). Film formation is often followe( by
lithography (Chapter 12) or impurity doping (Chapter 13). Lithography is generally fo].
lowed by etching, which in turn is often followed by another impurity doping or film for-
mation. The final IC is made by sequentially transferring the patterns from each mask,
level by level, onto the surface of the semiconductor wafer.

After processing, each wafer contains hundreds of identical rectangular chips (or dice),
typically between 1 and 20 mm on each side, as shown in Fig. 2a. The chips are sepa-
rated by sawing or laser cutting; Figure 2b shows a separated chip. Schematic top views
of a single MOSFET and a single bipolar transistor are shown in Fig. 2¢ to give some
perspective of the relative size of a component in an IC chip. Prior to chip separation,
each chip is electrically tested. Defective chips are usually marked with a dab of black
ink. Good chips are selected and packaged to provide an appropriate thermal, electrical,
and interconnection environment for electronic applications.?

IC chips may contain from a few components (transistors, diodes, resistors, capaci-
tors, etc.) to as many as a billion or more. Since the invention of the monolithic IC in
1959, the number of components on a state-of-the-art 1C chip has grown exponentially.
We usually refer to the complexity of an IC as small-scale integration (SSI) for up to 100
compounents per L‘hip, medium-scale integration (MSI) for up to 1000 components per
chip, large-scale integration (LSI) for up to 100,000 components per chip, very-large-
scale integrated (VLSI) for up to 107 components per chip, and ultra large-scale inte-
gration (ULST) for larger numbers of components per chip. In Section 14.3, we show
two ULSI chips, a 32-bit microprocessor chip, which contains over 42 million compo-
nents, and a 1 Gbit dynamic random access memory (DRAM) chip, which contains over
2 billion components.

Film
Mask set formation

Impurity
doping

Wafer
out

Fig. 1 Schematic flow diagram of integrated-circuit fabrication.
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Fig.2  Size comparison of a wafer to individual components. (@) Semiconductor wafer, (0) Chip
(¢) MOSFET and bipolar transistor.

14,1 PASSIVE COMPONENTS
141.1 The Integrated-Circuit Resistor

To form an IC resistor, we can deposite a resistive laver on asilicon substrate, then pat-
tern the layer by lithography and etching. We can also define a window in a silicon diox-
ide layer grown thermally on a silicon substrate and then implant (or diffuse) impurities
of the opposite conductivity type into the wafer. Figure 3 shows the top and cross-sec-

tional views of two resistors formed by the latter approach: one has a meander shape and
ﬂl(’, ()Hll‘l' ]l'rls a ll‘dl' S]l'rll](‘.

Consider the bar-shaped resistor first. The differential conductance dG of a thin layer
of the p-type material that is of thickness dx parallel to the surface and at a depth x (as
shown by the B-B cross section) is

. W ,
(I(,:qp]‘p(.\)f(h‘ (1)
where W is the width of the bar, L is the length of the bar (we neglect the end contact

areas for the time being), u, is mobility of hole, and p(x) is the doping concentration.
The total conductance of the entire implanted region of the bar is given by

e Wy |
(;7J‘” z/(lf(/fJ‘“ ,“J,])\.\)(/,\. 2)

where x; is the junction depth. If the value of 1, , which is a function of the hole con-
centration, and the distribution of p(x) are known, the total conductance can be evalu-
ated from Eq. 2. We can write

W
o

Czhf,

(3)

where g =g/} Hyp()dx s the conductance of a square resistor pattern, that is, G =
@ when L= W,
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Fig.3 Integrated-circuit resistors, All narrow lines in the large square area have the same width
W, and all contacts are the same size,

The resistance is therefore given by

R= ! = I‘v H (4)
G Wig)

where 1/z usually is defined by the symbol Ry, and is called the sheet resistance. The sheet
resistance has units of ohms but is conventionally specified in units of ohms per square
(QV/0).

Many resistors in an integrated circuit are fabricated simultancously by defining dif-
ferent geometric patterns in the mask such as those shown in Fig. 3. Since the same pro-
cessing cycle is used for all these resistors, it is convenient to separate the resistance into
two parts: the sheet resistance R, determined by the implantation (or diffusion) pro-
cess; and the ratio L/W, determined by the pattern dimensions. Once the value of Ri$
known, the resistance is given by the ratio L/W, or the number of squares (each square
has an area of W x W) in the resistor pattern. The end contact areas will introduce addi-
tional resistance to the 1C resistors. For the type shawn in Fig, 3, each end contact cor-
responds to approximately 0.65 square. For the meander-shape resistor, the electric- field
lines at the bends are not spaced uniformly 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
rather 0.65 square.
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EXAMPLE 1

Find the value of a resistor 90 pun long and 10 pm wide, such as the bar-shaped resistor in Fig. 3
The sheet resistance is 1 kQ /0

SOLUTION  The resistor contains 9 squares. The two end contacts correspond to 1.3 0. The value
of the resistor is (9 + 1.3) x 1 k0 = 10.3 kQ .

14.1.2 The Integrated-Circuit Capacitor

There are basically two types of capacitors used in integrated circuits: MOS capacitors
and p—n junctions. The MOS (metal-oxide-semiconductor) capacitor can be fabricated
by using a heavily doped region (such as an emitter region) as one plate, the top metal
electrode as the other plate, and the intervening oxide layer as the dielectric. The top
and cross-sectional views of a MOS capacitor are shown in Fig. 4a. To form a MOS capac-
itor, a thick oxide layer is thermally grown on a silicon substrate. Next, a window is litho-
graphically defined and then etched in the oxide. Diffusion or ion implantation is used
to form a p=-region in the window area, whereas the surrounding thick oxide serves as a
mask. A thin oxide layer is then thermally grown in the window area, followed by a met-
allization step. The capacitance per unit area is given l))’

. g 2 .
C= ‘}‘ F/em™, (5)
(

3.9) and d is the thin-oxide thickness. To increase the capacitance further, insulators with
higher dielectric constants are being studied, such as Si;N,, and Ta,0;, with dielectric
constants of 7 and 23, respectively. The MOS capacitance is essentially independent of
the applied voltage, because the lower plate of the capacitor is made of heavily doped
material. This also recluces the series resistance associated with it.

A p—n junction is sometimes used as a capacitor in an integrated circuit. The top and
cross sectional views of an n*-p junction capacitor are shown in Fig. 4b. The detailed

where g, is the dielectric permittivity of silicon dioxide (the dielectric constant g, /g, is

Metal
electrode

(a) (b}

Fig.4 (a) Integrated MOS capacitor. (b) Integrated p-—n junction capacitor.
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Chapter 14. Integrated Devices

fabrication process is considered in Section 14.2. because this structure forms part of
bipolar transistor. As a capacitor, the device is usually reverse biased, that is, the p-region
is reverse-biased with respect to the n*-region. The capacitance is not a constant hut Varies
as (Vi +V,) "2, where V,, is the applied reverse voltage and V,, is the built-in potentiy],
The series resistance is considerably higher than that of a MOS capacitor because the -
region has higher resistivity than does the p*-region.

EXAMPLE 2

What is the stored charge and the number of electrons on an MOS capacitor with an areq of 4
um?, for (a) a dielectric of 10 nm thick SiO, and (b) a 5 nm thick Ta,O;, The applied v oltage iy 5
V for both cases.

SOLUTION

5V

———=69x10"¢
1x10™"em

() Q =g, xAX ‘]* =39%8.85x107H Fremx4x 107 em? x
[¢

or
Q, = 6.9x 101 C/ly = 4.3 x 10° electrons.

(b) Changing the dielectric constant from 3.9 to 25 and the thickness from 10 nm to 5 nm, we
obtain Q, = 8.85x 1073 C, and Q, = 8.85 x 10°"* C/g = 5.33 x 10° electrons.

14.1.3 The Integrated-Circuit Inductor

1C inductors have been widely used in ITI-V based monolithic microwave integrated cir-
cuits (MMIC)?. With the increased speed of silicon devices and advancement in multi-
level interconnection technology, 1C inductors have started to receive more and more
attentions in silicon-based radio frequency (rf) and high-frequency applications. Many
kinds of inductors can be fabricated using IC processes. The most popular method is the
thin-film spiral inductor, Figure 5a and b shows the top-view and the cross section of a
silicon-based, two-level-metal spiral inductor. To form a spiral inductor, a thick oxide is
thermally grown or deposited on a silicon substrate. The first metal is then deposited and
defined as one end of the inductor. Next, another dielectric is deposited onto the metal
L. A via hole is defined lithographically and etched in the oxide. Metal 2 is deposited and
the via hole is filled. The spiral patterned can be defined and etched on the metal 2 as
the second end of the inductor.

To evaluate the inductor, an important figure of merit is the quality factor, Q. The
Q is defined as Q = Lw /R, where L, R, and @ are the inductance, resistance, and fre-
quency, respectively. The higher the Q values, the lower the loss from resistance, hence
the better the performance of the circuits. Figure 5¢ shows the equivalent circuit model.
R, is the inherent resistivity of the metal, €, and C,, are the coupling capacitances hetween
the metal lines and the substrate, and R, and R,;, are the resistances of the \'i|iL“0H
substrate associated with the metal lines, respectively. The Q) increases linearly with fre-
queney initially and then drops at higher frequencies because of parasitic resistances and
capacitances.

There are some approaches to improve the Q value. The first is to use low-dielec-
tric-constant materials (<3.9) to reduce the C‘”. The other is to use a thick film metal

or low-resistivity metals (e.g., Cu, Au to replace Al) to reduce the Ry The third app roach
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(b}
I8 R,

i

Cp1 Cp2
Rautt Rz

(c)

Fig.5  (4) Schematic view of a spiral inductor on a silicon substrate. (b) Perspective view along
A-A’. (¢) An equivalent circuit 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 simulation 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 capacitance of the oxide, line-to-line capacitance, the resistance 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 with the integrated capacitors or resistors. However, a simple equation to estimate
the square planar spiral inductor is given as?

L= pun?r=12x 10", (6)
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496 Chapter 14. Integrated Devices

where 1, is the permeability in vacuum (47 x 107 H/m), L is in henries, n is the nup.
ber of turns, and r is the radius of the spiral in meters.

EXAMPLE 3

For an integrated inductor with an inductance of 10 nH, what is the required radius if the nun.
ber of turns is 20?

SOLUTION  According to the Eq. 6,

10x107°

rE——— e =908x107(m)=20.8 um.
1.2x107 x 202

14.2 BIPOLAR TECHNOLOGY

For IC applications, especially for VLSI and ULSI, the size of bipolar transistors must
be reduced to meet the high-density requirement. Figure 6 illustrates the reduction in
the size of the bipolar transistor in recent years.* The main differences in a bipolar tran-
sistor in an IC compared with a discrete transistor are that all electrode contacts are located
on the top surface of the IC wafer, and each transistor must be electrically isolated to
prevent interactions between devices. Prior to 1970, both the lateral and vertical isola-
tions were provided by p—n junctions (Fig. 6a) and the lateral p-isolation region was always
reverse biased with respect to the n-type collector. In 1971, thermal oxide was used for
lateral isolation, resulting in a substantial reduction in device size (Fig. 6b), because the
base and collector contacts abut the isolation region. In the mid-1970s, the emitter extended
to the walls of the oxide, resulting in an additional reduction in area (Fig. 6¢). At the pre-
sent time, all the lateral and vertical dimensions have been scaled down and emitter stripe
widths have dimensions in the submicron region-(Fig. 6d).

Emitter

Collector

Emitter

Collector
e L _Iid
Area = 3000 jum~ 5 pum=
Emitter Emitter Emitter ;
| | I
Thermal Thermal
oxide | aatde .
| | [ i i
nt n
(b) (c) (d)

Fig.6 Reduction of the horizontal and vertical dimensions of a bipolar transistor. (a) Junction
isolation. (b) Oxide isolation. (¢ and d) Scaled oxide isolation.*

B |
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14.2.1 The Basic Fabrication Process

The majority of bipolar transistor used in ICs are of the n-p-n type because the higher
mobility of minority carriers (electrons) in the base region results in higher-speed per-
formance than can be obtained with p-n-p types. Figure 7 shows a perspective view of
an n-p-n bipolar transistor, in which lateral isolation is provided by oxide walls and ver-
tical isolation is provided by the n*-p junction. The lateral oxide isolation approach reduces
not only the device size but also the parasitic capacitance because of the smaller dielec-
tric constant of silicon dioxide (3.9, compared with 11.9 for silicon). We consider the major
process steps that are used to fabricate the device shown in Fig. 7.

For an n-p-n bipolar transistor, the starting material is a p-type lightly doped
(~10'% em), (111)- or (100)-oriented, polished silicon wafer. Because the junctions are
formed inside the semiconductor, the choice of crystal orientation is not as critical as for
MOS devices. The first step is to form a buried layer. The main purpose of this layer is
to minimize the series resistance of the collector. A thick oxide (0.5-1 pm) is thermally
grown on the wafer, and a window is then opened in the oxide. A precisely controlled
amount of low-energy arsenic ions (~30 keV, ~10'5 cm2) 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 has a typical sheet resistance of 20 Q/D.

The second step is to deposit an n-type epitaxial layer. The oxide is removed and the
wafer is placed in an epitaxial reactor for epitaxial growth. The thickness and the doping
concentration of the epitaxial layer are determined by the ultimate use of the device. Analog
circuits (with their higher voltages for amplification) require thicker layer (~10 um) and
lower dopings (~5 x 10% em), whereas digital circuits (with their lower voltages for switch-
ing) require thinner layers (~3 pm) and higher dopings (~2 x 10'6 ecm=). Figure 8b shows
a cross-sectional view of the device after the epitaxial process. Note that there is some
outdiffusion from the buried layer 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).

The third step is to form the lateral oxide isolation region. A thin-oxide pad (~50 nm)
is thermally grown on the epitaxial layer, followed by a silicon-nitride deposition (~100 nm).
If nitride is deposited directly onto the silicon without the thin-oxide pad, the nitride may
cause damages to the silicon surface during the subsequent high-temperature steps. Next,
the nitride-oxide layers and about half of the epitaxial layer are etched using a photoresist

p substrate

p* chanstop

EaPR A,
T emitter
n* collector
n* buried layer

Fig. 7 Perspective view of an oxide-isolated bipolar transistor.
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(d)

fig. &  Cross-sectional views of bipolar transistor fabrication. (a) Buried-layer implantation
(b) Epitaxial layer. (¢} Photoresist mask. () Chanstop implant,

as mask (Fig. 8¢ and 8d). Boron ions are then implanted into the exposed silicon areas
(Fig. 8d).

The photoresist is removed and the wafer is placed in an oxidation furnace. Since
the nitride layer has a very low oxidation rate, thick oxides will be grown only in the areas
not protected by the nitride layer. The isolation oxide is usually grown to a thickness such
that the top of the oxide becomes coplanar with the original silicon surface to m.inimrzf
the surface topography. This oxide isolation process is called local oxidation of silic(nl.
(LOCOS). Figure 9a shows the cross section of the isolation oxide after the removal of
the nitride layer. Becaue of segregation effects, most of the implanted boron ions are pushed
underneath the isolation oxide to form a p*-layer. This is called p* channel stop (or
chanstop), because the high concentration of p-type semiconductor will prevent surface
inversion and eliminate possible high-conductivity paths (or channels) among neighbor-
ing buried layers.

The fourth step is to form the base region. A photoresist is used as a nu\sk to pro
tect the right half of the device; then, boron ions (~1 0'2 em?) are implanted to form the
base regions, as shown in Fig. 9b. Another lithographic process removes all the thin-pad
oxide except a small area near the center of the base region (Fig. 9¢).

The fifth step is to form the emitter region. As shown in Fig. 9d, the base ci{!llli{d
area is protected by a photoresist mask; then, a low-energy, high-arsenic—dose ( ~1010 em
implantation forms the n*-emitter and the n*-collector contact regions. The photore
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9 Cross-section views (Jfl}ipuhlr transistor fabrication. {(«) Oxide isolation. (h) Base
implant, (¢) Removal of thin eoxide. () Emitter and collector implant.

is removed; and a final metallization step forms the contacts to the base, emitter, and
collector as shown in Fig, 7.

In this basic bipolar process, there are six film formation operations, six lithographic
operations, four ion implantations, and four etching operations. Each operation must be
precisely controlled and monitored. Failure of any one of the operations generally will
render the wafer useless.

The doping profiles of the completed transistor along a coordinate perpendicular to
the surface and passing through the emitter, base, and collector are shown in Fig, 10.
The emitter profile is abrupt because of the concentration-dependent diffusivity of arsenic.
The base doping profile beneath the emitter can be approximated by a Gaussian distri-
bution for a limited-source diffusion. The collector doping is given by the epitaxial dop-
ing level (~2x 101% cn™) for a representative switching transistor; however, at larger depths.
the collector doping concentration increases because of outdiffusion from the buried layer.

14.2.2 Dielectric Isofation

In the isolation scheme described previously for the bipolar transistor, the device is iso-
lated from other devices by the oxide layer around its periphery and is isolated from its
common substrate by a n*—p junction (buried layer). In high-voltage applications, a ditferent
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Fig. 10 n-p-n transistor doping profiles.

approach, called dielectric isolation, is used to form insulating tubs t.u isT)la‘uc a I]IIIl.le]‘
of pockets of single-crystal semiconductors, In this approach the denu:- is isolated from
both its common substrate and its surrounding neighbors by a dielectric layer

A process sequence for the dielectric isolation is shown in Fig. 11. An oxide |u‘\‘c!‘ is
formed inside a <100>-oriented n-type silicon substrate using high-energy oxygen ion
implantation (Fig. 11a). Next, the wafer undergoes a hig]}—tenlpmﬁature :Lmle:rlleng pro-
cess so that the implanted oxygen will react with silicon to form the oxide ln‘\(’vr. H.“' dam-
age resulting from implantation is also annealed out in this process (Fig 110). ;\“(‘l'thlh‘,
we can obtain an n-silicon layer that is fully isolated on an oxide [namely, silicon-on-insu-
lator, (SOT)]. This process is called SIMOX (separation by iﬂplumed .ff).\‘ygen). Since the
top silicon is so thin, the isolation region is casily formed by the LOC )f? process illus-
trated in Fig. 8c or by etching a trench (Fig, 11e) nful refilling it with l)de-(‘ (Fig, l._lr.q’).
The other processes are almost the same as those from Fig. Sc through Fig. 9 to form
the p-type base, n"-emitter, and collector. ,

The main advantage of this technique is its high breakdown voltage between thrf 1‘1111?»
ter and the collector, which can be in excess of several hundreds volts. This IP(‘]UU.([HE) is
also computible with modern CMOS integration. This C N[OS—(:OU)pntibI@ process is very
useful for mixed high-voltage and high-density 1C.

1423 Self-Aligned Double-Polysilicon Bipolar Structure

in Fi i mra i3 OESS ofine icle region
The process shown in Fig. 9¢ needs another lithographic process to define fin oxic | :'w(:
to separate the base and emitter contact 1'c=.giun:i. This gives rise toa ]‘cu'gr* inactive de

sances but
ases not only the par asitic vupm-lhuu 8 bu

area within the isolated boundary, which ine pacit e
also the resistance that degrades the transistor performance. The most effective wa
reduce these effects is by using the self-aligned structure.
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Oxygen ion implantation

I ‘ Annealing at high temperature
R n
n-type =~ Si0, |
n |
(a) (b)

Photoresist

2
10 PSR -
L I~ Si0,

(c) (d)

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

The most \\'i(l('l)‘ used S(’H‘-lllig]l?(l structure is the d()ul)]('-1)()])‘si]i£r(11| structure with
the advanced isolation provided by a trench refilled with polysilicon,” shown in Fig. 12.
Figure 13 shows the detail sequence of the steps for the self-aligned double-polysilicon I
()1-71-)1) l)ipr)l;n‘ structure.® The transistor is built on an u-typu cpit‘dxia] lay()r. A trench of
5.0 pm in depth is etched by reactive ion etching through the n*-subcollector region into f
the psubstrate region. A thin layer of thermal oxide is then grown and serves as the screen
oxide for the channel stop implant of boron at the bottom of the trench. The trench is
then filled with undoped polysilicon and capped by a thick planar field oxide.
The first polysilicon layer is deposited and heavily doped with boron. The p*-polysil-
icon (called poly 1) will be used as a solid-phase diffusion source to form the extrinsic
base region and the base electrode. This I:lym‘ is covered with a (:ll('nlic.'l]-\lepm‘ (1('1)<)sihim

a* poly Metal

' I)“]'\‘M/ﬂ
-

Onide

! -
NP A

Fig. 12 Cross-section of a self-aligned, double-polysilicon bipolar transistor with advanced
trench isolation.®
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(CVD) oxide and nitride (Fig. 13a). The emitter mask is used to pattern the emitter-area

regions, and a dry-etch process is used to produce an opening in the CVD oxide and poly
1 (Fig, 13h). A thermal oxide is then grown over the etched structure, and a relatively
thick oxide (approximately 0.1-0.4 pm) is grown on the vertical sidewalls of the heavily
doped pol)'. The thickness of this oxide determines the spacing between the (*ﬂgvs of the
base and emitter contacts. The extrinsic p base regions are also formed during the ther-
mal-oxide growth step as a result of the outdiffusion of boron from the poly 1 into the
substrate (Fig. 13¢). Because boron diffuses laterally as well as vertically, the extrinsic
base region will be able to make contact with the intrinsic base region that is formed next,
under the emitter contact.

Following the oxide-grown step, the intrinsic base region is formed using ion implan-
tation of boron (Fig. 13d). This serves to self-align the intrinsic and extrinsic base regions.
After the contact is cleaned to remove any oxide ]el)(‘l‘, the second |)()l_\'sili(‘0n Iuyel‘ is
deposited and implanted with As or P. The n*polysilicon (called poly 2) is used as a solid-
phase diffusion source to form the emitter region and the emitter electrode. A shallow
emitter region is then formed through dopant outdiffusion from poly 2. A rapid thermal
anneal for the base and emitter outdiffusion steps facilitates the formation of shallow emit-
ter-base and collector-base junctions. Finally, Pt film is deposited and sintered to form
PtSi over the n*-polysilicon emitter and the p*-polysilicon base contact (Fig. 13¢).

This self-aligned structure allows the fabrication of emitter regions smaller than the
minimum lithographic dimension. When the sidewall-spacer oxide is grown, it fills the
contact hole to some degree because the thermal oxide occupies a larger volume than
the original volume of polysilicon. Thus, an opening 0.8 pm wide will shrink to about 0.4
pn if sidewall oxide a 0.2 g thick is grown on each side.

1.3 MOSFET TECHNOLOGY

At present, the MOSFET is the dominant device used in ULSI circuits because it can
be scaled to smaller dimensions than other types of devices. The dominant technology
for MOSFET is the CMOS (complementary MOSFET) technology, in which both n-chan-
nel and p-channel MOSFETs (called NMOS and PMOS, respectively) are provided on
the same chip. CMOS technology is particular attractive lor ULSI circuits because it has
the lowest power consumption of all IC technology.

Figure 14 shows the reduction in the size of the MOSFET in recent years. In the
early 1970s, the gate length was 7.5 pm and the corresponding device area was about
6000 wm?. As the device is scaled down, there is a drastic reduction in the device area.
For a MOSFET with a gate length of 0.5 pun, the device area shrinks to less than 1% of
the carly MOSFET. We expect that device miniaturization will continue. The gate length
will be less than 0.10 pm in the early twenty-first century. We consider the future trends
of the devices in Section 14.5.

14.3.1 The Basic Fabrication Process

Figure 15 shows a perspective view of an n-channel MOSFET prior to its final metal-
lization.” The top layer is a phosphorus-doped silicon dioxide (P-glass) that is used as an
insulator between the polysilicon gate and the gate metallization and also as a gettering
layer for mobile ions. Compare Fig. 15 with Fig. 7 for the bipolar transistor and note
that a MOSFET is considerably simpler in its basic structure. Although both devices use
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Fig. 15 Perspective view of an n-channel MOSFET.

lateral oxide isolation, there is no need for vertical isolation in the MOSFET, Wh‘t‘rt“tl\' ‘
buried-layer n*-p junetion is required in the bipolar transistor. The doping P:'L)!llll‘ 1%1“‘1
MOSFET is not as complicated as that in a bipolar transistor and the control of the ¢ Ul;‘.db-
distribution is also less critical. We consider the major process steps that are used to 2
ricate the device shown in Fig. 15. o

To process an 11-channel MOSFET (NMOS), the starting material isa ,u-l_v.pe.
doped (~10% cm=), (100}-oriented, polished silican waler, Th(r_- {100)-orientatic
ferred aver ¢111) because it has an interface-trap density that is ahn:ul one-tent .
(111). The first step is to form the oxide isolation region using LOCOS technology.

Jightly

h that of
The

n is pre-
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process sequence for this step is similar to that for the bipolar transistor. A thin-pad oxide
(~35 nm) is thermally grown, followed by a silicon nitride (~150 nn) deposition (Fig.
16a).” The active device areais defined by a photoresist mask and a boron chanstop layer
is then implanted through the composite nitride-oxide layer (Fig. 16b). The nitride layer
not covered by the photoresist mask is subsequently removed by etching. After stripping
the photoresist, the wafer is placed in an oxidation furnace to grow an oxide (called the
field oxide), where the nitride layer is removed, and to drive in the boron implant. The
thickness of the field oxide is typically 0.5-1 pm.

The second step is to grow the gate oxide and to adjust the threshold voltage (see
Section 6.2.3). The composite nitride-oxide layer over the active device area is removed,
and a thin-gate oxide layer (less than 10 nm) is grown. For an enhancement-mode n-chan-
nel device, boron ions are implanted in the channel region, a

shown in Fig. 16¢, to increase
the threshold voltage to a predetermined value (e.g., + 0.5V). For a depletion-mode n-
channel device, arsenic ions are implanted in the channel region to decrease the thresh-
old voltage (e.g., ~0.5V).

The third step is to form the gate. A polysilicon is deposited and is heavily doped by
diffusion or implantation of phosphorus to a typical sheet resistance of 20-30 /0. This
resistance is adequate for MOSFETs with gate lengths larger than 3 pm. For smaller

/— Phaotoresist

L’Si‘]Nl

{™=si0,

p-Si (100)

(@)

Boron field implant

Active device area

(b)

Boron channel implant

«—Field oxide

ﬁﬁﬁﬁ == Self-aligned
Gate oxide chanstop

(c)

Patterned polysilicon
f @l

Fig. 16 Cross-sectional view of NMOS fabrication sequence.” () Formation of $iO,, Si;N,, and
photoresist layer. (b) Boron implant. (¢) Field oxide. (d) Gate.
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devices, polycide, a composite layer of metal silicide and polysilicon such as W-polycide,
can be used as the gate materials to reduce the sheet resistance to about 1 Q/0,

The fourth step is to form the source and drain. After the gate is p_utlm'lled (Fig. 164),
it serves as a mask for the arsenic implantation (~30 keV, ~5 X 10 em®) to form the
source and drain (Fig. 17a), which are sell-aligned with respect to the gate™. A.t this stage,
the only overlapping of the gate is due to lateral straggling of the “unpl;mled ions (for 30
keV As. o, is only 5nm). 1f low-temperature processes are used for snh:.m‘quent steps to
minimize lateral diffusion, the parasitic gate-drain and gate-source coupling capacitanceg
can be much smaller than the gate-channel capacitance. .

The last step is the metallization. A ])ll(}sp]I(\]'!l.‘i*d()l)(‘ll oxide (P-glass) l:«‘.l]eptlﬁiled
over the entire waler and is flowed by heating the wafer to give a smooth surface topog-
raphy (Fig, 17h). Contact windows are defined and etched in t‘ht' Pv—glnsﬁ-_ A metal layer,
such as aluminum, is then deposited and patterned. A cross-section view of the completed
MOSFET is shown in Fig. 17c, and the corresponding top view is sh(.)wn in ‘Fig, 17d.
The gate contact is usually made outside the active device area to avoid possible dam-
age to the thin-gate oxide.

Arsenic implant

Source

-a-L—— Active device
Source area
."’F Le
(CV]

Fig. 17 NMOS fabrication sequence.” (a) Source and drain, (b) P-glass deposition. (c)
section of the MOSFET. (d) Top view of the MOSFET.
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EXAMPLE 4

What is the maximun gate-to-source voltage that a MOSFET with a 5 nm gate oxide can with-
stand. Assume that the oxide breaks down at 8 MV/ cm and the substrate voltage is zero.

SOLUTION
V=¢xd=8x105x5x107=4V.

14.3.2 Memory Devices

Memories are devices that can store digital information (or data) in terms of bits (binary
digits). Various memory chips have been designed and fabricated using NMOS technol-
ogy. For most large memories, the random access memory (RAM) organization is pre-
ferred. In a RAM, memory cells are organized in a matrix structure and data can be
accessed (i.e., stored, retrieved, or erased) in random order, independent of their phys-
ical locations. A static random access memory (SRAM) can retain stored data indefinitely
as long as the power supply is on. The SRAM is basically a flip-flop circuit that can store
one bit of information. A SRAM cell has four enhancement-mode MOSFETs and two
depletion-mode MOSFETs. The depletion-mode MOSFETs can be replaced by resis-
tors formed in undoped polysilicon to minimize power consumption.®

To reduce the cell area and power consumption, the dynamic random access mem-
ory (DRAM) has been developed. Figure 18a shows the circuit diagram of the one-tran-
sistor DRAM cell in which the transistor serves as a switch and one bit of information
can be stored in the storage capacitor. The voltage level on the capacitor determines the
state of the cell. For example, +1.5 V may be defined as logic 1 and 0 V defined as logic
0. The stored charge will be removed typically in a few milliseconds mainly because of
the leakage current of the capacitors; thus, dynamic memories require periodic “refresh-
ing” of the stored charge.

Figure 18b shows the layout of a DRAM cell, and Fig. 18¢ shows the correspond-
ing cross section through AA”. The storage capacitor uses the channel region as one plate,
the polysilicon gate as the other plate, and the gate oxide as the dielectric. The row line
is a metal track to minimize the delay due to parasitic resistance (R) and parasitic capac-
itance (C), the RC delay. The column line is formed by n*-diffusion. The internal drain
region of the MOSFET serves as a conductive link between the inversion layers under
the storage gate and the transfer gate. The drain region can be eliminated by using the
double-level polysilicon approach shown in Fig. 18d. The second polysilicon electrode
is separated from the first polysilicon capacitor plate by an oxide layer that is thermally
grown on the first-level polysilicon before the second electrode has been defined. The
charge from the column line can therefore be transmitted directly to the area under the
storage gate by the continuity of inversion layers under the transfer and storage gates.

To meet the requirements of high-density DRAM, the DRAM structure has been
extended to the third dimension with stacked or trench capacitors. Figure 19a shows a
simple trench cell structure.® The advantage of the trench type is that the capacitance
of the cell could be increased by increasing the depth of the trench without increasing
the surface area of silicon occupied by the cell. The main difficulties of making trench-
type cells are the etching of the deep trench, which needs a rounded bottom corner and
the growth of a uniform thin dielectric film on trench walls. Figure 195 shows a stacked
cell structure. The storage capacitance increases as a result of stacking the storage capac-
itor on top of the access transistor. The diclectric is formed using the thermal oxidation
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or CVD nitride methods between the two-polysilicon plates. Hence, the stacked cell pro-
cess is easier than the trench type process.

Figure 20 shows a 1 Gb DRAM chip. This memory chip uses 0.18 m design rules.
Trench capacitors and its peripheral circuits are in CMOS, which are considered in Section
14.3.3. The memory chip has an area of 390 mm? (14.3 mm X 27.3 mm) that contains
over 2 billion components and operates at 2.5 V. This 1 Gb DRAM is mounted in an 88-
pin ceramic package, which can provide adequate heat dissipation.

Both SRAM and DRAM are volatile memories, that is, they lose their stored data
when power is switched off. Nonvolatile memories, on the other hand, can retain their
data. Figure 21a shows a floating-gate nonvolatile memory, which is basically a conven-
tional MOSFET that has a modified gate electrode. The composite gate has a regular
(control gate) and a floating gate which is surrounded by insulators. When a large posi-
tive voltage is applied to the control gate, charge will be injected from the channel region
through the gate oxide into the floating gate. When the applied voltage is removed, the
injected charge can be stored in the floating gate for a long time. To remove this charge,
a large negative voltage must be applied to the control gate, so that the charge will be
injected back into the channel region.

Another version of the nonvolatile memory is the metal-nitride-oxide-semiconduc-
tor (MNOS) type shown inn Fig. 21b. When a positive gate voltage is applied, electrons
can tunnel through the thin oxide layer (~2 nm) and be captured by the traps at the oxide-
nitride interface, and thus become stored charges there. The equivalent circuit for both
types of nonvolatile memories can be represented by two capacitors in series for the gate
structure, as illustrated in Fig, 21c. The charge stored in the capacitor C, causes a shift
in the threshold voltage, and the device remains at the higher threshold voltage-state (logic
1). For a well-designed memory device, the charge retention time can be over 100 years.

256Mb Quadrant

E
E
9
2

Fig. 20 A 1 Gb DRAM that contains over 2 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. (b) MNOS non-
volatile memory. (c) Equivalent circuit of either type of nonvolatile memory.

To erase the memory (e.g., the store charge) and return the device to a lower threshold
voltage state (logic 0), a gate voltage or other means (such as ultraviolet light) can be used.
The nonvolatile semiconductor memory (NVSM) has been extensively used in portable
electronics systems, such as cellular phones and the digital cameras. Another interesting
application is the chip card, also called 1C card, .

The top photo in Fig. 22 shows an IC card. The diagram at the bottom of Fig. ‘,.39.
illustrates the nonvolatile memory device that stores the data that can be read and writ-
ten through the bus to a central processing unit (CPU). In contrast to the limited vol-
ume (1 kbytes) inside a conventional magnetic tape card, the size of the nonvolatile meriory
can be increased to 16 kbytes, 64 kbytes, or even larger depending on the npplu-u!lt{uﬁ
(e.g., you can store personal photos or finger prints). Through the IC card r[;‘;’!ulft\fl'llfi
machines, the data can be used in numerous applications, such as telecommunications
(card telephone, mobile radio), payment transactions (electronic purse, eredit card), IN]
television, transport (electronic ticket, public transport), health care ( paiionbdula card).
and access control. The IC card will play a central role in the global information and ser-
vice society of the future.1?

Wy

14.3.3 CMOS Technology

Figure 232 shows a CMOS inverter. The gate of the upper PMOS device is connectt}d
to the gate of the lower NMOS device. Both devices are enhancement-mode MOSFETS
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NVSM
64 kbit

Peripherals

Fig.22  An integrated-circuit (IC) card. The data stored in the NVSM can be accessed through
the bus of the 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 Vi, less than zero for the PMOS device and Vy, greater than
zero for the NMOS device (typically the threshold valtage is about 1/4 V). When the
input voltage V;is at ground or at small positive values, the PMOS device is turned on
(the gate-to-ground potential of PMOS is V5, which is more negative than Vl'p)’ and
the NMOS device is off. Hence, the output voltage V, is very close to Vp, (logic 1). When
the input is at V,p,, the PMOS (with Vg = 0) is turned off, and the NMOS is turned on
(V; = Vpp > Vp,,). Therefore, the output voltage V, equals zero (logic 0). The CMOS inverter
has a unique feature: in either logic state, one device in the series path from V; to ground
is nonconductive. The current that flows in either steady state is a small leakage current,
and only when both devices are on during switching does a significant current flow through
the CMOS inverter. Thus, the average power dissipation is small, on the order of nanowatts.
As the number of components per chip increases, the power dissipation becomes a major
limiting factor. The low power consumption is the most attractive feature of the CMOS
circuit.

Figure 23b shows a layout of the CMOS inverter, and Fig. 23¢ shows the device cross
section along 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-
quent processes for the n-channel MOSFET in the p-tub are identical to those described
previously. For the p-channel MOSFET, 1B+ or *(BF,)* ions are implanted into the n-
substrate to form the source and drain regions. A channel implant of As* ions may be
used to adjust the threshold voltage and a n*-chanstop is formed underneath the field
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Fig.23 Complementary MOS (CMOS) inverter. (@) Circuit diagram. (h) Circuit layout. (¢)
Cross section along dotted A-A’ line of (b).

oxide around the p-channel device. Because of the p-tub and the addih:(ma] stela§ needed
to make the p-channel MOSFET, the number of steps to make a CMQS circuit is essen-
tially double that to make an NMOS circuit. Thus, we have a trade-off between the com-
plc,{ity of processing and a reduction in power conswumption.

Instead of the p-tub deseribed above, an alternate approach is to use an n -tub f(n‘n?ed
in p-type substrate, as shown in Fig. 24a. In this case, the n-type dopzu_lt concentration
must be high enough to overcompensate for the background doping of the P:Sl\h.‘ill':ilt'
(i.e., Np = Ny In both the p-tub and the n-tub a.ppr(:ﬂth. the channel mohility wxll_l)u
degraded because mohility is determined by the total dopant coneentration (N + "\“n?-
A recent approach using two se wated tubs implanted into a lightly doped xuhn‘lx?nt(‘ is
shown in Fig, 24b. This structure is called a twin tub.! Because no overcompensation 1s
needed in either of the twin tubs, higher channel mobility can be obtained.

All CMOS circuits have the potential for a troublesome problem called latchup that
is associated with parasitic bipolar transistors (to see how this problem can occur, see
Chapter 5). An effective processing technique to eliminate latchup problem i§ to use the
deep-trench isolation, as shown'! in Fig. 2dc. In this technique, a trench with a depth
deeper than the well is formed in the silicon by anisotropic reactive sputter vt(-lung: m-]l
oxide layer is thermally grown on the bottom and walls of the trench, which is then I'(’lluﬁ‘\‘
by deposited polysilicon or silicon dioxide. This technique can eliminate latchup |)l"('il|‘|5("
the n-channel and p-channel devices are physically isolated by the refilled lrenc‘h. 1 |l;
detailed steps for trench isolation and some related CMOS processes are now considered.
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Fig. 24 Various CMOS structures. (@) n-tub. (b) Twin tub'. (c) Refilled trench.!!

Well-Formation Technology

The well of a CMOS can be a single well, a twin well, or a retrograde well. The twin-
well process exhibits some disaclvantages, e.g., it needs high temperature processing (above
1050°C) and a long diffusion time (longer than 8 hours) to achieve the required depth
of 2-3 um. In this process, the doping concentration is highest at the surface and decreases
monotonically with depth. To reduce the process temperature and time, high-energy
implantation is used, i.e., implanting the ion to the desired depth instead of diffusion from
the surface. Since the depth is determined by the implantion energy, we can design the
well depth with different implantation energy. The profile of the well in this case can
have a peak at a certain depth in the silicon substrate. This is called a retrograde well.
Figure 25 shows a comparison of the impurity profiles in the retrograde well and the con-
ventional thermal diffused well.'> The energy for the n- and p-type retrograde wells is
around 700 keV and 400 keV, respectively. As mentioned above, the advantage of the high-
energy implantation is that it can form the well under low-temperature and short-time
conditions, hence, it can reduce the lateral diffusion and increase the device density. The
retrograde well can offer some additional advantages over the conventional well: (a) because
of high doping near the bottom, the well resistivity is lower than that of the conventional

well and the latchup problem can be minimized, (b) the chanstop can be formed at the

same time as the retrograde well implantation, reducing processing steps and time, (c)

higher well doping in the bottom can reduce the chance of punchthrough from the drain

to the source.
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Fig.25 Retrograded p-well implanted impurity concentration profile. Also shown is a conven-
tionally diffused well.'”

Advanced Isolation Technology

The conventional isolation process (Section 14.3.1) has some disadvantages that make it
unsuitable for deep-submicron (0.25 pm and smaller) fabrications. The high-tempera-
ture oxidation of silicon and long oxidation time result in the encroachment of the chanstop
implantation (usually boron for n-MOSFET) to the active region and cause Vy shift. The
area of the active region is reduced because of the lateral oxidation. In addition, the field-
oxide thickness in submicron-isolation spacings is significantly less than the thickness of
field oxide grown in wider spacings. The trench isolation technology can avoid these prob-
lems and has become the mainstream technology for isolation. Figure 26 shows the pro-
cess sequence for forming a deep (larger than 3 pm) but narrow (less than 2 pm)
trench-isolation structure. There are four steps: patterning the area, trench etching and
oxide growth, refilling with dielectric materials such as oxide or undoped polysilicon, and
planarization. This deep trench isolation can be used in both advanced CMOS and bipo-
lar devices and for the trench-type DRAM. Since the isolation material is deposited by
CVD, it does not need a long-time or a high-temperature process, and it eliminates the
lateral oxidation and boron encroachment problems.

Another example is the shallow trench (depth is less than 1 pm) isolation for CMOS,
shown in Fig. 27. After patterning (Fig. 27a), the trench area is etched (Fig, 27b) and
then re-filled with oxide (Fig. 27c). Before refilling, a chanstop implantation can be per-
formed. Since the oxide has over filled the trench, the oxide on the nitride should be
removed. Chemical-mechanical polishing (CMP) is used to remove the oxide on the nitride

$i0,
SigN,
[N $i0,
1.2 um
Si
150 nm
(a) b)
Polysilicon 400 nm
+
nor p
tub
(c) @

Fig. 26 Process sequence for forming a deep, narrow-trench, isolation structure. () Trench
mask patterning. (b) Trench etching and oxide growth. (c) I’olysilicon deposition to fill the
trench. (d) planarization.

Chanstop

Photoresist ¢¢¢¢

4| Nitride
<~ Oxide
Si-substrate
(a) (b)
CVD oxide
CVD oxide Nitricle
< Onxide
(c) (d)

Fig.27 A shallow trench isolation for CMOS. (a) Patterning with photoresist on nitride/oxide
ﬁhps. (b) Dry etching and chanstop implantation. (c) Chemical-vapor deposition (CVD) oxide to
refill. (d) Planar surface after chemical-mechanical polishing (CMP).
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and to get a flat surface (Fig. 27d). Due to its high resistance to polishing, the nitrige
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 HF, respectively. This initial planarization step
at the beginning is helpful for the subsequent polysilicon patterning and planarizationg
of the multilevel interconnection processes.

Gate-Engineering Technology

If we use n*-polysilicon for both PMOS and NMOS gates, the threshold voltage for PMOSg
(Vygp = -0.5 to —1.0 V) has to be adjusted by boron implantation. This makes the chan-
nel of the PMOS a buried type, shown in Fig. 28a. The buried-type PMOS suffers seyi-
ous short-channel effects as the device size shrinks to 0.25 pm and less. The most noticeable
phenomena for short-channel effects are the V; roll-off, drain-induced barrier lowering
(DIBL), and the large leakage current at the off state so that even with the gate voltage
at zero, leakage current flows through source and drain. To alleviate this problem, one
can change n*-polysilicon to p*-polysilicon for PMOS. Due to 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 device without the boron Vi adjustment implantation. Henee, as the techi-
nology shrinks to 0.25 pm and less, dual-gate structures are required, i.e., p*-polysilicon
gate for PMOS, and ' -polysilicon for NMOS (Fig. 286). A comparison of V' for the sur-
face channel and the buried chanmel is shown in Fig. 28, We note that the V. of surface
channel rolls off slowly in the deep-submicron regime compared with the buried-chan-
nel device. This makes the surface-channel device with the p*-polysilicon suitable for deep-
submicron device operation.

N Lighly doped
Boron implant drain structure
buried channel (LDD)

n* poly Si gate

(n-well)
Pp-MOS n-MOS
buried channel surface channel
(a)
p* poly Si gate n*+ poly Si gate Highly doped

at source/drain

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

Fig.28 (a) A conventional long-channel CMOS structure with a single-polysilicon gate (n*). (b)
Advanced CMOS structures with dual-polysilicon gates.
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Fig. 29 The V, roll-off for a buried type channel and for a surface type channel. The V7 drops
very quickly as the channel length becomes less than 0.5 pm.

To form the p*-polysilicon gate, ion implantation of BF; is commonlyused. However,
boron penetrates easily from the polysilicon through the oxide into the silicon substrate
at high temperatures, resulting in a V; shift. This penetration is enhanced in the pres-
ence of a F-atom. There are methods to reduce this effect: use of rapid thermal anneal-
ing to reduce the 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 becomes less mobile; and the making of a multilayer of polysilicon to
trap the boron atoms at the interface of the two layers.

Figure 30 shows a microprocessor chip (Pentium 4) that has an area of about 200
mm? and contains 42 million components. This ULSI chip is fabricated using 0.18 pm
CMOS technology with a six-level aluminum metallization.

1434 BiCMOS Technology

BiCMOS is a technology that combines both CMOS and bipolar device structures in a
single IC. The reason to combine these two different technologies is to create an IC chip
that has the advantages of both CMOS and bipolar devices. As we know that CMOS exhibits
advantages in power dissipation, noise margin, and packing density, whereas bipolar shows
advantages in switching speed, current drive capability, and analog capability. As a result,
for a given design rule, BICMOS can have a higher speed than CMOS, better perfor-
mance in analog circuits than CMOS, a lower power-dissipation than bipolar, and a higher
component density than bipolar. Figure 31 shows the comparison of a BICMOS and a
CMOS logic gates. For a CMOS inverter, the current to drive (or to charging) the next
loading, €, is the drain eurrent Ing. Fora BIGMOS inverter, the current is i Ig, where
Jiy, is the current-gain of the bipolar transistor and I is the base current of the bipolar
transistor and is equal to the drain current of M, in the CMOS. Since hy, is much larger
than 1, the speed can be substantially enhanced.

BiCMOS has been widely used in many applications. In the early days, it was used
in SRAM. At the present time, BiICMOS technology 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, (Photngraphy courtesy of Intel
Curpomh’on.)

Most of the BICMOS processes are based on the CMOS process, with some maodifica-
tions, such as adding masks for bipolar transistor fabrication. The following example ii
for a high-performance BiCMOS process based on the twin-well CMOS process, shown!’
in Fig, 32. o

The initial material is a p-type silicon substrate, and then an n*-buried layer is formed
to reduce the collector’s resistance. The buried p-layer is formed through ion implanta-
tion to increase the doping level to prevent punchthrough. A lightly doped n-epi 1;1_\_‘(*}‘ is
grown on the wafer and a twin-well process for the CMOS is perfarmed. To achieve high
performance of the bipolar transistor, four additional masks are needed. They are the

(a) (b)
Fig. 31 (a) CMOS logic gate. (b) Bipolar CMOS (BiCMOS) logic gate.
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npi bipolar
polysilicon emitter

nt n* Pt » n* collector
NMOS \ PAOS / p-base contact
\_J\\—M
p-well _A n—\vel]\_ﬂ prwell n-well
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\/ p-substrate

Buried p layer Buried n* layer

Fig.32 Optimized BiCMOS device structure. Key features include self-aligned p and n* buried
layers for improved packing density, separately optimized n- and p-well (twin-well CMOS)
formed in an epitaxial layer with intrinsic background doping, and a polysilicon emitter for
improved bipolar performance.’

buried n*-mask, the collector deep-n*-mask, the base p-mask, and the poly-emitter mask.
In other processing 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. The additional masks and longer process-
ing time compared with a standard CMOS are the main drawbacks of BICMOS. The addi-
tional cost should be justified by the enhanced performances of BiCMOS.

14.4 MESFET TECHNOLOGY

Recent advances in gallium arsenide processing techniques in conjunction with new fab-
rication and cirenit approaches have made possible the development of “silicon-like” gal-
lium arsenide 1C technology. There are three inherent advantages of gallium arsenide
compared with silicon: higher electron mobility, which results in lower series resistance
for a given device geometry; higher drift velocity at a given electric field, which improves
device speed; and the ability to be made semiinsulating, which can provide a lattice-
matched dielectric-insulated substrate. However, gallium arsenide also has three disad-
vantages: a very short minority-carrier lifetime; lack of a stable, passivating native oxide;
and erystal defects that are many orders of magnitude higher than in silicon. The short
minority-carrier lifetime and the lack of high-quality insulating films have prevented the
development of bipolar devices and delayed MOS technology using gallium arsenide. Thus,
the emphasis of gallium arsenide 1C technology is in the MESFET area, in which our
main concerns are the majority carriers transport and the metal-semiconductor contact.

A typical fabrication sequence for a high-performance MESFET is shown in Fig. 33.
A layer of GaAs is epitaxially grown on a semiinsulating GaAs substrate, followed by an
n*-contact layer (Fig, 33a). A mesa etch step is performed for isolation (Fig. 33b), and a
metal layer is evaporated for the source and drain ohmic contacts (Fig. 33¢). A channel
recess etch is followed by a gate recess etch and gate evaporation (Fig. 33d and e). After
a liftoff process that removes the photoresist, shown in Fig. 33e, the MESFET is com-
pleted (Fig. 33f).

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

Second-level

Polyimide Polyimide
interconnects

print, which provides low gate resistance and minimal gate length. In addition, the length

Lep is designed to be greater than the depletion width at gate-drain breakdown. ) Switch Load I
A representative fabrication sequence for a MESFET integrated circuit is shown 5
in Fig. 34. In this process, n*-source and drain regions are self-aligned to the gate of each Fig. 33 Fabrication process for MESFET direct-coupled FET logic (DCFL) with active loads.
MESFET. A relatively light channel implant is used for the enhancement-mode switching Note that the n*-source and drain regions are self-aligned to the gate.'®
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device and a heavier implant is used for the depletion-mode load device. A gate recess 10

is usually not used for such digital IC fabrication because the uniformity of each d(’pth
has been difficult to control, leading to an unacceptable variation of the threshold volg.
age. This process sequence can also be used for a monolithic microwave integrated ¢
cuit (MMIC). Note that the gallium arsenide MESFET processing h?chnolog_\' is similay
to the silicon-based MOSFET processing teclinology.

Gallium arsenide ICs with complexities up to the large-scale integration level (~10,00¢
components per chip) have been fabricated. Because of the higher drift velocity (~2¢

{~20%

o
T

o
T

higher than silicon), gallium arsenide ICs will have a 20% higher speed than silicon 1Cg
that use the same design rules. However, substantial improvements in erystal quality and
processing technology are needed before gallium arsenide can seriously challenge the
preeminent position of silicon in ULST applications.

4.5 CHALLENGES FOR MICROELECTRONICS

Since the beginning of the integrated-circuit era in 1959, the minimum device dimen-
sion, also called the minimum feature length, has been reduced at an annual rate of about
13% (i.e., a reduction of 30% every 3 years), According to the prediction by the
International Technology Roadmap for Semiconductors'®, the minimum feature length
will shrink from 130 nm (0.13 pum) in the year 2002 to 35 nm (0.035 pm) around 2014,
as shown in Table 1. Also shown in Table 1 is the DRAM size. The DRAM has increased
its memory cell capacity four times every 3 years and 64 Ghit DRAM is expected to be
available in year 2011 using 50 nn design rules. The table also shows that the wafer size
will inerease to 450 mm (18 in. diameter) in 2014. In addition to the feature size reduc- Coleand ! L
tion, challenges come from the device level, material level, and system level, discussed 002 03 bg K3 % :

in the following subsections. ' MOSFET channel length ()

Fig. 35 Trends of power supply voltage V. threshold voltage Vi, and gate oxide thickness d
versus channel length for CMOS logic technologies. Points are collected from data published
over recent _\'(“AIS‘H

Power supply and threshold voltage (V)

ate oxide thicknes

G

145.1 Challenges for Integration

Figure 35 shows the trends of power supply voltage V,,,, threshold voltage V., and gate

oxide thickness d versus channel length for CMOS logic technology.'” From the figure, Inteevel dislastrics

one can find that the gate oxide thickness will soon approach the tunneling-current limit fow-k materials for high speed

of 2 nm. V,,,, scaling will slow down because of nonscalable V. (i.e., to a minimum V. of Metal interconnection Dilfusion barrie

about 0.3 V due to subthreshold leakage and circuit noise immunity). Some challenges copper is needed for low resistance CVD metal for good conformal deposition

of the 180 nm technology and beyond are shown'® in Fig. 36. The most stringent require-
ments are as follows.

TABLE 1T The T

ation' from 1997 to 2014

Year of the first 1999 2002 2005 2008 2011 2014 E ul T
product shipment deducs thegmal

Feature size (nm) 250 180 130 100 70 50 35 Silicides: 7 dual gate latch-up prevention
‘ DRAM® size (bit) 256M 16 = 8G - e e e ol uneion | et ‘

Wafer size (mm) 200 300 300 300 300 300 450 ! T’n I o o I\\';r‘])‘i @ o

Gate oxide (nm) 3-4 19-25 09-11 <10 — comer rounding wltea-thin oside Mg nspect ratios

Junction depth (nm) ~ 50-100  42-70 2543 2033 15--30 — CMP-planarization high-k materials

“DRAM, dynamic random access memory. Fig.36  Challenges for 180 nm and smaller MOSFET.!
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Ultrashallow Junction Formation

As mentioned in Chapter 6, the short-channel effect happens as the channel length i
reduced. This problem becomes critical as the device dimension is scaled down to 10g
nm. To achieve an ultrashallow junction with low sheet resistance, low-energy (less than
1 keV) implantation technology with high dosage must be employed to reduce the shoyt.
channel effect. Tuble 1 shows the required junction depth versus the technology gener-
ation. The requirements of the junction for 100 nm are depths around 20-33 nm with 4
doping coneentration of 1 > 10% /em?.

Ultrathin Oxide

As the gate length shrinks below 130 nm, the oxide equivalent thickness of gate dielec-
tric must be reduced around 2 nm to maintain the performance. However, if only Si0,
(with a dielectric constant of 3.9) is used, the leakage through the gate becomes very higl
because of direct tunneling. For this reason, thicker high-k dielectric materials that have
lower leakage current are suggested to replace oxide. Candidates for the short term are
silicon nitride (with a dielectric constant of 7), Ta,Og (25), and TiO, (60-100).

Silicide Formation

Silicide-related technology has becomne 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 nm technology. However, the sheet
resistance of a TiSi, line increases with decreasing line width, which limits the use of TiSi,
in 100 nm CMOS applications 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 Chapter 11 we have shown the delay as a function of feature size."”
It is obvious that the gate delay decreases as the channel length decreases, meanwhile
the delay resulting from interconnect increases significantly as the size decreases. 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, such as organie (polyimide) or inorganic (F-doped oxide) mate-
rials offer major performance gains. Cu exhibits superior performance because of its high
conductivity (1.7 pQ-cm compared with 2.7 pQ-cm of Al) and is 10-100 times more
resistant to electromigration. The delay using the Cu and low-k material shows a signif-
icant decrease cump-.u:ed with that of the conventional Al and oxide. 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 nodes in an IC is propor-
tional to the number of gates and the frequency at which they are switched (clock fre-
quency). The power can be expressed as P = 1/2CV 2 nf, when C is the capacitance per
device, V is the applied voltage, n is the number of devices per chip, and f is the clock
frequency. The temperature rise caused by this power dissipation in an 1C package is
limited by the thermal conductivity of the package material, unless auxiliary liquid or gas
cooling is used. The maximum allowable temperature rise is limited by the bandgap of
the semiconductor (~100°C for Si with a bandgap of 1.1 eV). For such a temperature
rise, the maximum power dissipation of a typical high-performance package is about 10

|
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W. As a result, we must limit either the maximum clock rate or the number of gates on
a chip. As an example, in an IC containing 100 nm MOS devices with C = 5 X 10-2 {F,
running at a 20 GHz clock rate, the maximum number of gates we can have is 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 SOI integration become signif-
icant as the minimum feature length approaches 100 nm. From the process point of view,
SOI does not need the complex well structure and isolation processes. In addition, shal-
low junctions are directly obtained through the SOI film thickness. There is no risk of
nonuniform interdiffusion of silicon and Al in the contact regions because of oxide iso-
lation at the bottom of the junction. Hence, the contact barrier is not necessary. From
the device point of view, the modern bulk silicon device needs high doping at the drain
and substrate to eliminate short-channel effects and punch-through. This high doping
results in high capacitance when the junction is reversed bias. On the other hand, in SO,
the maximum capacitance between the junction and substrate is the capacitance of the
buried insulator whose dielectric constant is three times smaller than that of silicon (3.9
versus 11.9). Based on the ring oscillator performance, the 130 nm SOI CMOS technology
can achieve 25% faster speed or require 50% less power compared to a similar bulk tech-
nology.® SRAM, DRAM, CPU, and rf CMOS have all been successfully fabricated using
SOI technology. Therefore SO is a key candidate for the future system-on-a-chip tech-
nology, considered in the following section.

EXAMPLE 5

For an equivalent oxide thickness of 1.5 nm, what will be the physical thickness when high-k mate-
rials nitride (g/&, = 7), Ta,O (25), or TiO, (80) are used?

SOLUTION  For nitride,

{e_ ) _ (Emm-l.-]
15 i

dyigrige = 1.5 [%] = 2.69 nm.
Using the same calculation, we obtain 9.62 nm for TayOy and 10.77 nm for TiO,. &

1452 System-On-A-Chip

The increased component density 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 build all 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. The first is the huge com-
plexity of the design. Since the component board is presently designed by different com-
panies and different design tools, it is difficult to integrate them into one chip. The other
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A/MS = analog/mixed signal

ASIC = application-specific IC
CPU = centrul processing unit
PLD = programmable logic device
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Fig. 37 System-on-a-chip of a conventional personal computer mother-board 2!

is the difficulty of fabrication. Tn general, the fabricating processes of the DRAM are sig-
nificantly different from those of logic 1C (e.g., CPU). Speed is the first priority for the
logie, whereas leakage of the stored charge is the priority for memory. Therefore, mul-
tilevel intercannection using five to six levels of metals is essential for logie IC to improve
the speed. However, DRAM needs only two to three levels. In addition, to increase the
speed, u silicide process must be used to reduce the series resistance, and ultrathin gate
oxide is needed to inerease the drive current, These requirements are not critical for the
memory.

To achieve the SOC goal, an embedded DRAM technology is introduced, i.e., to merge
logic and DRAM into a single chip with compatible processes. Figure 38 shows the schematic
cross section of the embedded DRAM, including the DRAM cells and the logic CMOS
devices.?> Some processing steps are modified as a compromise. The trench-type capaci-

MS5=p—

M

1 | pwell - -well
Deep well n-well p-wel

A Deep trench p-substrate /_J

Fig. 38 Schematic cross section of the embedded DRAM including DRAM cells and logic
MOSFETs. There is no height difference in the trench capacitor cell because of the DRAM cell
structure. M1 to M5 are metal interconnections, and V1 to V4 are via holes. 2
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tor, instead of the stacked type, is used so that there is no height difference in the DRAM
cell structure. In addition, multiple gate oxide thicknesses exist on the same wafer to accom-
modate multiple supply voltages and/or combine memory and logic circuits on one chip.

SUMMARY

In this chapter we considered processing technologies for passive components, active
devices, and IC. Three major IC technologies based on the bipolar transistor, the MOS-
FET, and the MESFET were discussed in detail. It appears that the MOSFET will be
the dominant technology at least until 2014 because of its superior performance com-
pared with the bipolar transistor. For 100 nm CMOS technology, a good candidate is the
combination of an SOI-substrate with interconnections using Cu and low-k materials.

Because the rapid reduction in feature length, the technology will soon reach its prac-
tical limit as the channel length is reduced to about 20 nm. What will be the device beyond
the CMOS is the question being asked by research scientists. Major candidates include
many innovative devices based on quantum mechanical effects. This is because when the
lateral dimension is reduced to below 100 nm, depending on the materials and the tem-
perature of operation, electronic structures will exhibit nonclassical behaviors. The oper-
ation of such devices will be on the scale of single-electron transport. This approach has
been demonstrated by the single-electron memery cell. The realization of such systems
with trillions of components will be a major challenge beyond CMOS.2

REFERENCES

1. For a detailed discussion on IC process integration, see C. Y. Liu and W. Y. Lee, “Process Integration,”
in C. Y. Chang and S. M. Sze, Eds., ULSI Technology, McGraw-Hill, New York, 1996.

9. T. Tachikawa, “Assembly and Packaging,” in C. Y. Chang and S. M. Sze, Eds., ULSI Technology,
McGraw-Hill, New York, 1996.

3. T H. Lee, The Design of CMOS Radio-Frequency Integrated Circuits, Cambridge Univ. Press,
Cambridge, UK., 1898, Ch. 2.

4. D. Rise, “Isoplanar-S Scales Down for New Heights in Performance,” Electronics, 53, 137 (1979).

5. T. C.Chen, et. al., “A submicrometer High-Performance Bipolar Technology,” IEEE Electron. Device
Lett., 10(8), 364, (1989).

6. G.P Liet. al, “An Advanced High-Performance Trench-Isolated Self-Aligned Bipolar Technology,”
IEEE Trans. Electron Devices, 34(10), 2246 (1987).

7. W, E. Beasle, ]. C. C. Tsai, and R. D. Plummer, Eds., Quick Reference Manual for Semiconductor
Engineering, Wiley, New York, 1985.

8. R.W. Hunt, “Memory Design and Technology,” in M. J. Howes and D. V. Morgan, Eds., Large Scale
Integration, Wiley, New York, 1981.

9. A. K. Sharma, Semiconductor Memories—Technology, Testing, and Reliability, IEEE, New York, 1997.

10.  U. Hamann, “Chip Cards—The Application Revolution,” IEEE Tech. Dig. Int. Electron Devices Meet.,
p. 15, 1997.

11. R. D. Rung, H. Momose, and Y. Nagakubo, “Deep Trench Isolation CMOS Devices,” 1EEE Tech. Dig.
Int. Electron. Devices Meet., p. 237, 1982.

12. D. M. Bron, M. Ghezzo, and ]. M. Primbley, “Trends in Advanced CMOS Process Technology,” Proc.
IEEE, p. 1646, (1986).

13. H. Higuchi, et al., “Performance and Structure of Scaled-Down Bipolar Devices Merge with
CMOSFETs,” IEEE Tech.Dig. Int. Electron. Devices Meet., 694, 1984.

14. M. A. Hollis and R. A. Murphy, “Homogeneous Field-Effect Transistors,” in S. M. Sze, Ed., High-
Speed Semiconductor Devices, Wiley, New York, 1990.

ONSEMI EXHIBIT 1042, Page 23




528 * Chapter 14. Integrated Devices

15.

16.

17.

20.

21,
22.

23,

H. P. Singh, et al,, “GaAs Low Power Integrated Circuits for a High Speed Digital Signal Processor,”
IEEE Trans. Electron Devices, 36, 240 (1989).

International Technology Roadmap for Semiconductor (ITRS), Semiconductor Ind. Assoc., San Jose,
1999.

Y. Taur and E. J. Nowak, “CMOS Devices below 0.1 pm: How High Will Performance Go?” IEEE
Tech. Dig, Int. Electron Devices Meet., 215, 1997.

L. Peters, “Is the 0.18 m Node Just a Roadside Attraction,” Semicond. Int., 22, 46 (1999).

M. T. Bohr, “Interconnect Scaling—The Real Limiter to High Performance ULSL,” IEEE Tech Dig,
Int, Electron Devices Meet., p. 241, 1995.

E. Leobandung, et al.,"Scalability of SOI Technology into 0.13 pm 1.2 V CMOS Generation,” IEEE
Int. Electron Devices Meet., p. 403, 1998.

B. Martin, “Electronic Design Automation,” IEEE Spectr., 36, 61 (1999).

H. Ishiuchi, et al., “ Embedded DRAM Technologies,” IEEE Tech. Dig. Int. Electron Devices Meet., p.
33, 1997.
S. Luryi, J. Xu, and A. Zaslavsky, Eds, Future Trends in Microelectronics, Wiley, New York, 1999,

PROBLEMS (* DENOTES DIFFICULT PROBLEMS)
FOR SECTION 14.1 PASSIVE COMPONENTS

1. For a sheet resistance of 1 kQ/7, find the maximum resistance that can be fabricated on a
2.5 x 2.5-mm chip using 2 pm lines with a 4 pun pitch (i.e., distance between the centers
of the parallel lines).

2. Design a mask set for a 5 pF MOS capacitor. The oxide thickness is 30 nm. Assume that
the minimum window size is 2 X 10 wm and the maximum registration errors are 2 pm,

3. Draw a complete step-by-step set of masks for the spiral inductor with three turns on a
substrate.

4. Design a 10 nH square spiral inductor in which the total length of the interconnect is
350 pm; the spacing between turns is 2 pm.

FOR SECTION 14.2 BIPOLAR TECHNOLOGY

5. Draw the circuit diagram and device cross section of a clamped transistor.

6. Identify the purpose of the following steps in self-aligned double-polysilicon bipolar struc-
ture: (a) undoped polysilicon in trench in Fig. 13a, (b) the poly 1 in Fig. 13b, and (c) the
poly 2 in Fig, 13d.

FOR SECTION 14.3 MOSFET TECHNOLOGY
#7. In NMOS processing, the starting material is a p-type 10 Q-cm <100>-oriented silicon

wafer. The source and drain are formed by arsenic implantation of 10 jonsfem? at 30 keV
through a gate oxide of 25 nm. (a) Estimate the threshold voltage l:h‘:mg(.a of the device.
(b) Draw the doping profile along a coordinate perpendieular to the surface and passing
through the channel region or the source region.

8. (a) Why is <100>-orientation preferred in NMOS fabrication? (b) What are the di}sadv‘dn-
tages if too thin-a field oxide is used in NMOS devices? (¢) What prohlm'ns.nucur if a ,
polysilicon gate is used for gate lengths less than 3 pm? Can another umter-ml be substi- )
tuted for polysilicon? (d) How is a self-aligned gate obtained and what are its advantages’
(¢} What purpose does P-glass serve?

%9, For a floating-gate nonvolatile memory, the lower insulator has a dielectric constant of 4

and is 10 nm thick. The insulator above the floating gate has a dielectric constant of 10
and is 100 nm thick. If the current density J in the lower insulators is given by ] = 0¢,

—

10.

*11.

12,

13.
14.

16.
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where ¢ = 1077 S/cm, and the current in the other insulator is negligibly small, find the
threshold voltage shift of the device caused by a voltage of 10 V applied to the control
gate for (a) 0.25 ps, and (b) a sufficiently long time that J in the lower insulator becomes
negligibly small.

Draw a complete step-by step set of masks for CMOS inverter shown in Fig. 23. Pay par-
ticular attention to the cross section shown in Fig. 23c for your scale.

A 0.5 pun digital CMOS technology has 5 um wide transistors. The minimum wire width
is 1 pm and the metallization layer consists of 1 pm thick aluminum. Assume that p, is
400 cm?V-s, d is 10-nm, Vp,p, is 3.3 V, and the threshold voltage is 0.6 V. Finally, assume
that the maximum voltage drop that can be tolerated is 0.1 V when a 1 pm? cross section
aluminum wire is carrying the maximum current that can be supplied by the NMOS tran-
sistor. How long a wire can be allowed? Use a simple square-law, long-channel model to
predict the MOS current drive (resistivity of aluminum is 2.7 x 10 Q-cm).

Plot the cross-sectional views of a twin-tub CMOS structure of the following stages of
processing;: (a) n-tub implant, (b) p-tub implant, (c) twin-tub drive-in, (d) nonselective p*-
source/drain implant, (e) selective n*-source/drain implant using photoresist as mask, and
(f) P-glass deposition.

Why do we use a p*-polysilicon gate for PMOS?

What is the boron penetration problem in p*-polysilicon PMOS? How would you elimi-
nate it?

. To obtain a good interfacial property, a buffered layer is usually deposited between the

high-k material and substrate. Calculate the effective oxide thickness if the stacked gate
dielectric structure is (a) a buffered nitride of 0.5 nm and (b) a Ta,O; of 10 nm.

Describe the disadvantages of LOCOS technology and the advantages of shallow-trench
isolation technology.

FOR SECTION 14.4 MESFET TECHNOLOGY

17.
18.

What is the purpose for the polyimide used in Fig. 34f?
What is the reason that it is difficult to make bipolar transistor and MOSFET in GaAs?

FOR SECTION 14.5 CHALLENGES FOR MICROELECTRONICS

19.

20.

21.

(a) Calculate the RC time constant of a aluminum runner 0.5 pum thick formed on a ther-
mally grown SiO, 0.5 pm thick. The length and width of the runner are 1 cm and 1 pm,
respectively. The resistivity of the runner is 105 Q-cm. (b) What will be the RC time con-
stant for a polysilicon runner (Rg= 30 /0O0) of identical dimension?

Why do we need multiple oxide thicknesses for a system-on-a-chip (SOC)?

Normally we need a buffered layer placed between a high-k Ta,Oy and the silicon sub-
strate. Calculate the effective oxide thickness (EOT) when the stacked gate dielectric is
Ta,O; (k = 25) with a thickness of 754 on a buffered nitride layer (k = 7 and a thickness of
10 A). Also calculate EOT for a buffered oxide layer (k = 3.9, and a thickness of 5 A)
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Appendix A

List of Symbols

Symbol

a
7B

o Q Qo

=
)

E,
&
é,
&
F(E)
hv
Ie

]Ih
k

Description

Lattice constant
Magnetic induction
Speed of light in vacuum
Capacitance

Electric displacement
Diffusion coefficient
Energy

Bottom of conduction band
Fermi energy level
Energy bandgap

Top of valence band
Electric field

Critical field

Maximum field
Frequency

Fermi-Dirac 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
Hole effective mass
Refractive index

Density of free electrons
Intrinsic carrier concentration

Unit

A
Wh/m?
cm/s

F
C/em?
cm¥s
eV

eV

eV

eV

eV
V/em
V/em
V/em
Hz(cps)

Js

eV

A

A
Alem?
Alem?
JK
eV
cm or m
kg

kg

kg

em™

cm

(continued)
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