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

1.

For a sheet resistance of 1 kQ/0, find the maximum resistance that can be fabricated on a
2.5 x 2.5-mm chip using 2 Um lines with a 4 um pitch (i.e., distance between the centers
of the parallel lines).

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 um and the maximum registration errors are 2 pm.

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

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

FOR SECTION 14.2 BIPOLAR TECHNOLOGY

5.
6.

Draw the circuit diagram and device cross section of a clamped transistor.
Identify the purpose of the following steps in self-aligned double-polysilicon bipolar struc-

ture: (a) undoped polysilicon in trench in Fig. 134, (b) the poly 1 in Fig. 13b, and (c) the
poly 2 in Fig. 13d.

FOR SECTION 14.3 MOSFET TECHNOLOGY

*7,

*9,

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% ions/cm? at 30 keV
through a gate oxide of 25 nm. (a) Estimate the threshold voltage change of the device.
(b) Draw the doping profile along a coordinate perpendicular to the surface and passing
through the channel region or the source region.

. (a) Why is <100>-orientation preferred in NMOS fabrication? (b) What are the disadvan-

tages if too thin a field oxide is used in NMOS devices? (c) What problems occur if a
polysilicon gate is used for gate lengths less than 3 um? Can another material be substi-
tuted for polysilicon? (d) How is a self-aligned gate obtained and what are its advantages?
(e) What purpose does P-glass serve?

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 | = 64,
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10.

*11.

12.

13.
14.

15.

16.

Chapter 14. Integrated Devices = 529

where ¢ = 107 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 ys, 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. 23¢ for your scale.

A 0.5 um 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 ., is
400 cm®V-s, d is 10-nm, Vs 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 um? 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 propérty, 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,O5 of 10 nm.

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

FOR SECTION 144 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 pm thick formed on a ther-
mally grown SiO, 0.5 pm thick. The length and width of the runner are 1 cm and 1 um,
respectively. The resistivity of the runner is 10 Q-cm. (b) What will be the RC time con-
stant for a polysilicon runner (Rg= 30 €/0) 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,Oj and the silicon sub-
strate. Calculate the effective oxide thickness (EOT) when the stacked gate dielectric is
Ta,Oy (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 Description Unit

a Lattice constant A

B Magnetic induction Wh/m?

c Speed of light in vacuum cm/s

C Capacitance F

D Electric displacement C/em?

D Diffusion coefficient cm?/s

E Energy eV

E. Bottom of conduction band eV

E; Fermi energy level eV

E g Energy bandgap eV

E, Top of valence band eV

& Electric field V/em

é, Critical field V/em

é, Maximum field V/em

f Frequency Hz(cps)

F(E) Fermi-Dirac distribution function ‘

h Planck constant Js

hv Photon energy eV

I Current A

I, Collector current A

J Current density Alem?

T Threshold current density Alem?®

k Boltzmann constant /K

kT Thermal energy eV

L Length cm or pm

my Electron rest mass kg

m, Electron effective mass kg

m, Hole effective mass kg

n Refractive index

n Density of free electrons em™

n; Intrinsic carrier concentration cm™
(continued)
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532 = Appendix A. List of Symbols

Symbol Description Unit
N Doping concentration cm™
N, Acceptor-impurity density cm™
N¢ Effective density of states in conduction band cm™
Ny Donor-impurity density cm™
Ny Effective density of states in valence band cm™
p Density of free holes cm™
p Pressure Pa
q Magnitude of electronic charge C
Q. Interface-trapped charge charges/cm?
R Resistance Q
t Time s
T Absolute Temperature K
v Carrier velocity cm/s
0, Saturation velocity cm/s
Oy, Thermal velocity cm/s
\% Voltage A%
Vi Built-in potential A%
Vs Emitter-base voltage \%
\ Breakdown voltage A%
W Thickness cm or Um
Wy Base thickness cm or {m
& Permittivity in vacuum F/cm
g, Semiconductor permittivity F/cm
&y Insulator permittivity F/cm
£/g, 01 €, 18, Dielectric constant
T Lifetime or decay time S
0 Angle rad
Y Wavelength Wm or nm
v Frequency of light Hz
J7N Permeability in vacuum H/cm
. Electron mobility cm?%V-s
H, Hole mobility cm?V-s
P Resistivity Q-cm
g Schottkey barrier height on n-type semiconductor A%
g, Schottkey barrier height on p-type semiconductor A%
q9, Metal work function eV
W Angular frequency (27f or 2mw) Hz
Q Ohm Q
UMC 1223
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IX B

International System of
Units (S| Units)

Quantity Unit Symbol Dimensions
Length® meter m

Mass kilogram kg

Time second $

Temperature ~ kelvin K

Current ampere: A

Light intensity candela Cd

Angle radian rad

Frequency hertz Hz 1s

Force newton N kg-m/s?
Pressure pascal Pa N/m? v/ a
Energy* joule ] N-m = 1&7 - /5
Power ‘watt \'% /s

Electric charge coulomb C Ass
Potential volt \% J/C
Conductance siemens S AN
Resistance ohm Q V/A
Capacitance farad F (oY
Magnetic flux weber Wb Vs
Magnetic induction tesla T Wb/m?
Inductance henry H Wh/A
Light flux lamen Lm Cd-rad

$ It is more common in the semiconductor field to use cm for length and eV for energy (1 cm = 102m, 1 eV
= L6 x 109]).
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534

-Appendix C

Unit Prefixes®

Multiple Prefix Symbol
1018 exa E
1015 peta P
1012 tera T
10° giga G
108 mega M
108 kilo k
102 hecto h
10 deka da
101 deci d
102 centi c
1073 milli m
106 micro n
10-° nano n
1012 pico p
10-15 femto f
10-18 atto a

* Adopted by International Committee on Weights and Measures. (Compound prefixes should not be used,

e.g., not up but p.)
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~Appendix D

Greek Alphabet

Letter Lowercase Uppercase

Alpha
Beta
Gamma
Delta
Epsilon
Zeta
Eta
Theta
Iota
Kappa
Lambda
Mu

Nu

Xi
Omicron
Pi

Rho
Sigma
Tau
Upsilon
Phi

Chi

Psi
Omega

EE€ERNRST A0V IO UMM R DA ~ I v R ™K
DHEXB <L IAMOTOdI0ONZEr R~ INTD> T >
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IX E

Physical Constants

Quantity Symbol Value

Angstrom unit A 10A =1nm =103 pm = 107cm = 10°m
Avogadro constant N,, 6.02214 x 10% e

Bohr radius ag 0.52917 A

Boltzmann constant k 1.38066 x 1023 ]/K?B/Nav)

Elementary charge q 1.60218 x 1071°C

Electron rest mass mg 0.91094 x 10~ kg

Electron volt eV 1 eV = 1.60218 x 1019
= 23.053 kcal/mol

1.98719 cal/mol-K
1.25664 x 10~ H/cm (41 x 1079)
Permittivity in vacuum 8.85418 x 1071 F/cm (1/1,c?)

Gas constant R
Hy
&
Planck constant h 6.62607 x 1073 J-s
h
M,
c

Permeability in vacuum

Reduced Planck constant 1.05457 x 10 J-s (h/27)
Proton rest mass 1.67262 x 1027kg

Speed of light in vacuum 2.99792 x 10 cm/s
Standard atmophere 1.01325 x 10°Pa
Thermal voltage at 300 K kT/q 0.025852 V

Wavelength of 1 eV quantum A 1.23984 pm

125045030 kg s K

\_//“\f ’ﬂ\\__/

4 ’§4—\

— o
e (1732 K107 VIS
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IX F

Properties of

Important Element
and Binary Compound
Semiconductors at 300 K

Lattice
constant Bandgap Mobility® (cm?%V-s)
Semiconductor (A) (eV) Band® i, U, Dielectric constant
Element Ge 5.65 0.66 I 3900 1800 16.2
Si 5.43 1.12 I 1450 505 11.9
IV-IV SiC 3.08 2.86 1 300 40 9.66
III-V AlSb 6.13 1.61 1 200 400 12.0
GaAs 5.65 1.42 D 9200 320 124
GaP 5.45 2.27 1 160 135 11.1
GaSb 6.09 0.75 D 3750 680 15.7
InAs 6.05 0.35 D 33000 450 15.1
InP 5.86 1.34 D 5900 150 12.6
InSb 6.47 0.17 D 77000 850 16.8
11-VI Cds 5.83 2.42 D 340 50 54
CdTe 6.48 1.56 D 1050 100 10.2
ZnO 4.58 3.35 D 200 180 9.0
ZnS 5.42 3.68 D 180 10 8.9
IV-VI PbS 5.93 041 I 800 1000 17.0
PbTe 6.46 0.31 I 6000 4000 30.0

3] indirect, D, direct.

"The values are for drift mobilities obtained in the purest and most perfect materials available to date.
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~Appendix G

Properties of Si
and GaAs at 300

Properties Si GaAs
Atoms/cm3 5.02 x 1022 4.42 x 102
Atomic weight 28.09 144.63
Breakdown field (V/cm) ~3 x 10° ~4x10°
Crystal structure Diamond Zincblende
Density (g/cm®) 2.329 5.317
Dielectric constant 11.9 124
Effective density of 2.86 x 101° 4.7 x 10Y7
states in conduction -
band, N (cm™3)
Effective density of 2.66 x 101 7.0 x 1018
states in valence
band, Ny{(cm™3)
Effective mass (conductivity)
Electrons (m,/m,) 0.26 0.063
Holes (mp/mo) 0.69 0.57
Electron affinity, x(V) 4.05 4.07
Energy gap (eV) 1.12 1.42
Index of refraction 3.42 3.3
Intrinsic carrier 9.65 x 10° 2.25 x 108
concentration(cm™)
Intrinsic resistivity (Q-cm) 3.3x10° 2.9x 108
Lattice constant (A) 5.43102 5.65325
Linear coefficient of 2.59 x 108 5.75 x 107
thermal expansion,
AL/LXT (°C1)
Melting point (°C) 1412 1240
Minority-carrier lifetime (s) 3x 102 -~10°8
Mobility (cm 2/V-s)
1, (electrons) 1450 9200
K, (holes) 505 320
Specific heat (J/g -°C) 0.7 0.35
Thermal conductivity(W/cm-K) 1.3L 0.46
Vapor pressure (Pa) 1 at 1650°C 100 at 1050°C
1075 at 900°C 1 at 900°C
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~Appendix H

‘Derivation of the
Density of States
in a Semiconductor

To calculate the electron and hole concentrations in the conduction and valence bands,
respectively, we need to know the density of states, that is, the number of allowed energy
states per unit energy per unit volume (i.,e., in the units of number of states /eV/cm?®).

When electrons move back and forth along the x-direction in a semiconductor mate-
rial, the movements can be described by standing-wave oscillations. The wavelength A
of a standing wave is related to the length of the semiconductor L by

(1)

P
where n_ is an integer. The wavelength can be expressed by de Broglie hypothesis:
Px

where h is the Planck constant and p, is the momentum in the x-direction. Substituting
Eq. 2 into Eq. 1 gives

Lp, = hn,. (3)

The incremental momentum dp, required for a unity increase in n, is

For a three-dimensional cube of side L, we have
Ldp.dp,dp, =h°. (5)

The volume dp, dp, dp,in the momentum space for a unit cube (L = 1) is thus equal
to h°. Each incrementai change in n corresponds to a unique set of integers (n,, n,, n,),
which in turn corresponds to an allowed energy state. Thus, the volume in momentum
space for an energy state is h%. The figure shows the momentum space in spherical coor-
dinates. The volume between two concentric spheres (from p top + dp) is 4mwp?dp. The
number of energy states contained in the volume is then 2(47p?dp)/h®, where the fac-
tor 2 accounts for the electron spins.
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The energy E of the electron (here we only consider the kinetic energy ) is given by |

2

E=-P 6)
2m,
or p=+2m,E, : (7

where p is the total momentum ( with components p,, p,, and p, in Cartesian Coordinates)
and m,, is the effective mass. From Eq. 7, we can substitute E for p and obtain

3

2 5 1

N(E)E =M=4ﬂ(2ﬂ]2]§2 dE (8)
h3 h2

‘ N1
and N(E)=4n(2—;"1) E? ()

where N(E) is called the density of states.

dp

Py

Px
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Appendix |

Derivation of
Recombination Rate for
ndirect Recombination

A schematic diagram showing the various transitions that occur in the recombination
through recombination centers is shown in Fig. 12 of Chapter 3. If the concentration of
centers in the semiconductor is N,, the concentration of unoccupied centers is given by
N(1-F), where F is the Fermi distribution function for the probability that a center is
occupied by an electron. In equilibrium,
1
F= 14 ¢ & —Er /AT @

where E, is the energy level of the center and Ej, is the Fermi level.

Therefore, the capture rate of an electron by a recombination center, Fig. 12a of
Chapter 3, is given by

R, =~ nN,(1-F). @)

a
We designate the proportionality constant by the product v,,0,, so that
R, = v30,0N,(1-F). (3)

a

The product v,,0, may be visualized as the volume swept out per unit time by an elec-
tron with cross section @,. If the center lies within this volume, the electron will be cap-
tured by it.

The rate of emission of electrons from the center, Fig. 12b, is the inverse of the elec-
tron capture process. The rate is proportional to the concentration of centers occupied
by electrons, that is, N,F. We have

R, = e,N,F. 4)

The proportionality constant e,, is called the emission probability. At thermal equilibrium
the rates of capture and emission of electrons must be equal (R, = R,). Thus, the emis-
sion probability can be expressed in terms of the quantities already defined in Eq. 3:

_ DthO'nn(]. - F)

= 5
n F &)
Since the electron concentration in thermal equilibrium is given by
n = nie(EF ~E KT (6)
54MC 1223
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we obtain

(E,—E;)/kT

€, = UyO,ne t . (7>

The transitions between the recombination center and valence band are analogous
to those described above. The capture rate of a hole by an occupied recombination cen-
ter, Fig. 12¢, is given by

Ro = Utho-ppNt‘F‘ (8)
By arguments similar to those for electron emission, the rate of hole emission, Fig. 12d, is
Ry=e,N(1-F). )

The emission probability ¢, of a hole may be expressed in terms of v, and o, by con-
sidering the thermal equilibrium condition for which R, = Ry:

e, = vthopnie(E"-Et)/kT. ‘ (10)

Let us now consider the nonequilibrium case in which an n-type semiconductor is
illuminated uniformly to give a generation rate G, . Thus in addition to the process shown
in Fig. 12, electron-hole pairs are generated as a result of light. In steady state the elec-
trons entering and leaving the conduction band must be equal. This is called the prin-
ciple of detailed balance, and it yields

dn
L = Gy —(R,—Ry) = 0. 11
Similarly, in steady state the detailed balance of holes in valence band leads to-
dp,
Lo =G -®-Ry) =0 (12)

Under equilibrium conditions, thatis, G, = 0, R, = R, and R, = R;. However, under state-
state nonequilibrium conditions, R, # R, and R, # R;. From Egs. 11 and 12 we obtain

G,=R,-R,=R —~R,=U. (13)
We can get the net recombination rate U from Egs. 3, 4, 8, and 9:

2
DthGnGpNt(pnnn -n )

(E,~E,)/kT (14)

U=R,-R,=

(Et—Ei)/kT] ’

o,lp, +ne +0o,ln,+ne
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~~Appendix J

Calculation of the
Transmission Coefficient
for a Symmetric Resonant-
Tunneling Diode

To calculate the transmission coefficient, we consider Fig. 13a of Chapter 8 where the
five regions (I, I1, IIL, IV, V) are specified by the coordinates (x,, x,, %3, x,). The Schrodinger
equation for the electron in any region can be written as

2 2
SNV vy~ By, i=1,2345, (1)
2m; \ dx :

where 7 is the reduced Planck constant, m; the effective mass in the ith region, E the
incident energy, and V; and y; the potential energy and the wave function in the ith region,
respectively. The wavefunction y; can be expressed as

v, (x) = A, exp(jk;x)+ B, exp(- jk;x), (2)
where A, and B, are constants to be determined from the boundary conditions, and

k, =+2m;(E-V,)/r Since the wavefunctions and their first derivatives (i.e.,

v, /m; =y,,; /m;,,) at each potential discontinuity must be continuous, we obtain the
transmission coefficient (for identical effective mass across the five regions),

1
T, = :
© 14+E2(sinh® BLg)H? /[4E%(E, - E )]

(3)

where

H =9 B(E, ~ E)|"cosh Ly cos Ly~ (2E — Ey)sinh Ly sinkLy

and
2m"(Ey— E) \em'E
P
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The resonant condition occurs when H = 0, and thus T, = 1. The resonant-tunneling energy
levels E, can be calculated by solving the transcendental equation:

o[E(E, - E)]

RE-Ey) = tankLytanh BLg. (4)

As a first-order estimate of the energy levels, one can use the results of a quantum well
with infinite barrier height: ‘
2,2
Enz[ rh Jn2. (5)
2m Ly

For a double-barrier structure with finite barrier height and width, the energy level (for
a given n) will be lower; however, it will have a similar dependence on the effective mass
and well width, that is, E, increases with decreasing m” or Ly,
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~Appendix K

Basic Kinetic
Theory of Gases

The ideal gas law states that
PV = RT = N, kT, 1)

where P is the pressure, V is the volume of one mole of gas, R is the gas constant (1.98
cal/mol-K, or 82 atm-cm®mol-K), T is the absolute temperature in K, N, is the Avogadro
constant (6.02 x 102 molecules/mole), and k is the Boltzmann constant (1.38 x 108 J/K,
or 1.37 x 1022 atm-cm?XK). Since real gases behave more and more like the ideal gas as
the pressure is lowered, Eq.1 is valid for most vacuum processes. We can use Eq.1 to
calculate the molecular concentration n (the number of molecules per unit volume):

N P

—tlev .~ 2
"V TR @
=7.95x10'° % molecules/cm?, (2a)

where P is in Pa. The density p, of a gas is given by the product of its molecular weight
and its concentration:

p, = molecular weight X (kLT) (3)

The gas molecules are in constant motion and their velocities are temperature
dependent. The distribution of velocities is described by the Maxwell-Boltzmann distri-
bution law, which states that for a given speed v,

1dn 4 [ m o mo®

2
lan _,_4 41 m - , 4
o J;[sz) v e"P[ sz] @
where m is the mass of a molecule. This equation states that if there are n molecules in

the volume, there will be dn molecules having a speed between v and v +dv. The aver-
age speed is obtainable from Eq. 4:

_Igefdo _ 2 [2kT :
Vo J,(e;fudv \/; m : ( )
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An important parameter for vacuum technology is the molecular impingement
rate, that is, how many molecules impinge on a unit area per unit time. To obtain this
parameter, first consider the distribution function f,, for the velocities of molecules in
the x-direction. This function can be expressed by an equation similar to Eq. 4:

l dnx _ B _ﬂ_ 1/2 . ﬂ
ndo, _(mrij o eXp[ okT ] ®)
The molecular impingement rate ¢ is given by \
¢ =g v.dn,. (7)

Substituting dn, from Eq. 6 and integrating gives

kT

d=no—. ®
Tm
The relationship between the impingement rate and the gas pressure is obtained by using
Eq. 2:
¢ = P(2mumkT)™"2 (9)
=2.64 X 1020(—1)—], (9a)
NMT

where P is the pressure in Pa and M is the molecular weight.
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Answers to
Selected Problems

Answers are provided for odd-numbered problems, which have numerical solutions.

CHAPTER 2

1.

13.
15.
17.

19.

(a) 2.35 A; (b) 6.78 x 10 (100), 9.6 x 10%
(110), 7.83 x 10 (111) atoms/cm?.

. 52% (simple cubic), 74% (fcc),

34% (diamond).

. (643) plane
11.

0.583 eV (77 K), 0.569 eV (300 K), 0.557 eV
(373 K).

72.7A, 1154 A.

2.26 x 10% cm,

(a) 9.3 x 10*cm™, 0.26 eV; (b) 10 cm™3,
0.26 eV

n =10% cm (Np =10' cm™), 0.93 x 10V
(10'7), 0.27 x 10'°(10%).

CHAPTER 3

1.
. 167 cm*/V's.
. 3.5 x 107 cm™, 400 cm?/V's.
. 0.226 Q-cm
. N, =50 N,
11.
13.

© = Gt W

19.
23.
- 25.

3.31 x 10° Q-cm (Si), 2.92 x 108 Q-cm (GaAs).

(b) 259 V/em.

(a) An = 10" c3, n = 10% em 3,

p = 10" em™

plx) = 10M(1 - 0.9¢Lr), L,= 31.6 pm.
0.403,7.8 x 10-°

1.35 x 10° cn/s < 9.5 x 108 cm/s (100 V/em)
1.35 x 107 cm/s = 9.5 x 10% cm/s (104 V/em).

CHAPTER 4

1.
3.

1.867 pim, V,, = 052 V, &, = 4.86 x 10° V/em.

At 300K, V), =0.714 V, W = 0.97 pm,
&= 147 x 10* V/em.

. For N, = 10% cm™,

1 /C? = 1.187 x 1016 (0.834 — V).

. Np =343 x 108 em™.

9. 2.5 % 10 em™,

11.
13.
15.
17.
19.
21.

N, =22x 10%cm™, Ny, = 5.4 x 105 cem,
0.79 V.

8.78 x 10~ C/cm?.

cross-sectional area is 8.6 x 10° cm?.

(a) 587V, (b) 42.8 V.

ForV=+05V,V,, =11 and 3.4 x 10V,
depletion widths = 3.82 X 10 and 1.27 x 10
cm.

CHAPTER 5

13.
15.
17.
21.
23.

. (a) 0.995, 199, (b) 2 x 10® A.
. (a) 0.904 um, (b) 2.54 x 10" cm™.
. ()l =1.606 x 10°A, I, = 1.596 x 10754,

I = 1.041 x 107A; (b) fi, =160.

11 = 87.6 cn?/V-s, = 1186, 1, = 453.
B, = 50,000.

131.6.

I, = 1.715 x 10A, I = 1.715 x 10~A.

f, =127 GHz, f, = 1.275 GHz,
fp=2.55 MHz.
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25. 0.29.
27. 3.96 x 10 cm, 44.4 cm?®.

CHAPTER 6
5.0.15 pm.
7. 059V, 1.11 x 10° V/cm.
9. 2.32 x 102V,
11. 7.74 x 102V.
15. 3.42V, 2.55 x 102 A.
17. 3.45x 1048S.
19. 8 x 10" em2
21. 1.7 x 102 em2.
23. 0.457 um.
25. 0.83 V.
29. 49 nm.
31. 0.134 t0 0.226 V.
33. 3.1x1011A,
35. 4.34 V.

CHAPTER 7
1. 0.54eV,V,; =0.352 V.

3. 95,= 064V, V,, = 0.463V, W = 0,142 um,
&, = 6.54% 10*V/em.

5. V,,= 0605V, ¢, = 481 V.
7. 0.108 pm.
9. (b) -2.06V.
11. 0.152 pm, 0.0496 pm.
13. 5.8 nm.
15. 44.5 nm, -0.93 V.

CHAPTER 8
1. 11.25 nH.
3.18.9nm, 6.13 X 10°7 F/cm?.
5. (a) 137 Q; (b) 3185 V.
7. (a) 74.8 V; (b) 2.2 x 10° V/em; (c) 19 GHz.
9. (a) 10'® cm™>; (b) 10 ps; (c) 2.02 W.
11. 3 meV, 11 meV.

CHAPTER 9
1. 1.57 mW.
3. (a) 40.58 cm™; (b) 36.6%.
7. 3.83 nA.

9. 0.0091 (°C).
11. 9.
13. 138V, 90 ps.
15. V,= 0.64V, P, = 52 mW.
17. 35.6 mW (R, =0), 9 mW (R, = 5Q).

CHAPTER 10

1. Atx=0,C,=3x10%cm>; atx = 0.9,
C,=15%x10" cm™,

3. 075 ¢
5. 6.56 m.
9. 24 cm.
11. +30%, +1%.
15. 2.14 x 10* cm™ at 900°C.
17. 4.68 x 10* cm/s.
19. 5.27 x 10* atoms/cm?.

CHAPTER 11
1. 44 min.
5. (a)x = 0.83,y = 0.46; (b) 2 x 10" Q-cm.
7. 0.0093. '
9. 757°C.

13. 2.1 x 10" cm™,

15. 71.1 nm for TiSi,.

17. (a) 0.93 ns; (b) 0.42 ns; (c) 0.45.

19. 72Q,0.18 V.

CHAPTER 12
1. (a) 2765; (b) 578; (c) 157.

3. 7 wafers/hr for positive resist, 120 for negative
resist.

9. (a) W), = 1.22 pm; (b) 0.93 pm; (c) 0.65 pm.

11. Etch from the top, wafer area lost = 127 cm?
etch from the bottom, wafer area lost is small.

13. 224.7 nm/min.
17. 433.3 nm.

CHAPTER 13
1. 0.15 pm, 5.54 x 10'* atoms/cm?
3. 25 min, 3.4 X 10'3 atoms/cm?.

5. 16.9%.
7. x; = 32.3 nm.
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11. 6.7s.
13. 0.53 um.
15. 99.6%.

21. 0.927 um.

CHAPTER 14
1. 781 MQ.
3. 13 turns.

Appendix L. Answers to Selected Problems

7.

9.
11.
15.
19.
21.

(a) 0.91V; (b) peak concentration =
2.2 x 102! em™,

(a) 0.565 V; (b) 9.98 V.
740 pm.

1.84 nm.

1.38 ns, 207 ns.
17.3A,16.7 A,

% 549
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Index

(100) plane, 24, 26, 376, 428,
450

(110) plane, 24, 301, 428

(111) plane, 24, 376, 428, 431,
450

{100} direction, 181; 182, 347,
479, 497, 500, 504, 528

{110) direction, 475

{(111) direction, 25, 79, 334,
347,

{111) surface, 181, 182

(111)-axis, 475

3-D integration, 182

Abrupt junction, 91-93, 95, 96,
101, 103, 104, 114, 118,
119, 120-124, 128, 129

Absorption, 2892287, 306,
314-316, 319, 328, 330,
331

coefficient, 286, 287, 314,
315, 330

Acceptor, 17, 37, 38, 41, 45, 46

Acceptor vacancy, 462

Accumulation, 171, 174, 177,
220

Acetic acid, 428, 430

Activation energy, 114, 384,
389, 395, 455, 479

Active mode, 131-135, 138,
139, 142, 144, 146, 151,
153, 167

Air mass 0, 319

Air mass 1.5, 319, 320

Air molecules, 360

Air traffic control beacons, 255

AlCu etch chamber, 439

AIF,, 441

AlGaAs, 246, 247, 248, 250,
251, 253, 307, 309, 310,
330

AlGaAs/GaAs heterojunction,
248, 253

AlGalnN, 292

AlInAs/GalnAs HBT, 275

AIN, 292

AlSb, 537

Aluminum (Al) 18, 20, 21, 171,
179, 370, 378, 379, 384,
388, 390, 392, 393, 395,
396, 401, 402, 428-430,
440, 442, 448450, 452
alloy, 430
alloying with copper, 395
arsenide (AlAs), 3
corrosion, 442
silicon diodes, 236
spiking, 394, 395
ALGay_As, 152, 299, 333, 358,
361, 362
Al Gay_As,Sb, . 298
AlGa, N, 292
Ammonia, 384, 401
Ammonium fluoride(NH,F),
428
Amorphous Si (a-Si) solar cell,
325, 326, 328
Amorphous silicon, 210, 286,
325
Amorphous surface layer, 476,
483
Amplifier, 517
Amplifying circuit, 146
Analog circuits, 497, 517
Angular frequency, 297
Anisotropic etching, 325, 431,
440, 441, 449
profiles, 434
reactive sputter etching, 512
Annealing, 452, 466, 470, 477,
479-481, 485, 488
Anode, 156, 157, 161, 164
Antimony (Sb), 389
Antireflection coating, 314, 315,
317, 318, 320, 328
Ar, 25, 334, 376
Arc lamps, 479
Area defect, 349, 365
Argon, 25
Aromatic diamine, 294
Arsenic, 66, 333, 343, 344, 345,
346, 356, 357, 359, 360,
365, 366, 379, 453, 478,
483, 497, 498, 499, 505,
506, 511, 528

Arsine (AsH,), 356, 453, 469

As (see Arsenic )

As,0,, 453

AsCl,, 453, 469

AsH, ( see Arsine)

a-Si: H TFT, 210, 211, 212

Aspect ratio, 439, 440, 441, 448

Asymmetric thyristor, 163, 164,
166

Atmospheric “windows,” 256

Atmospheric pollution monitor-
ing, 298

Atmospheric pressure, 354, 358

CVD, 400

Atmospheric-pollution monitor-
ing, 6

Atomic number, 421, 424

Attenuation, 296

Attenuator, 483

Auger recombination, 78, 79,
81

Automobile industry, 1

Avalanche breakdown voltage,
120, 128, 467

Avalanche multiplication, 85,
117, 118, 127

Avalanche noise, 317

Avalanche photodiode, 317,
318, 328, 331

B, H,, 453

Backscattering, 422, 423, 425

Ballistic collector transistor
(BCT), 155, 156

Ballistic devices, 279

Ballistic electron, 275

Bandgap, 17, 19, 31-33, 35-37,
49-46, 124, 246, 247,
288, 292, 295, 298, 311,
324, 325, 537

Bandgap narrowing effect, 44

Band-to-band recombination,
60, 80

Barium strontium titanate
(BST), 387

Barrier height, 226, 227,
230-234, 236, 242, 246,
248, 251-253
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Barrier metal layer, 392
Barrier-lowering effect, 202
Base, 156, 157, 158, 162, 163,
164, 165, 166, 167
region, 134, 137, 138, 140,
141, 144, 146, 147,
151, 153, 155, 167, 168
transport factor, 136, 137,
151, 156, 167
width modulation, 146, 148
~ width modulation effect, 148
Basic fabrication steps, 84, 85
BBr;, 453
BCl,, 440, 441, 450
Be, 346, 361
Beam-blanking plates, 429
Beryllium, 424
BF,, 469
BiCMOS, 205, 209, 223
inverter, 517
Bidirectional thyristor, 161, 162,
167
Binary compound, 19, 20, 22
Biotechnology, 444
Bipolar junction transistor
(B]T), 130, 152, 154, 168
Bipolar technology, 489, 496,
527, 528
Bipolar transistor, 3, 4, 7, 8, 11,
13, 130, 131, 132, 135,
137, 142, 146, 147,
151-157, 165-168,
489491, 494, 496499,
501, 503-505, 517, 518,
528, 529
Bits, 507
BN, 453
Body-centered cubic (BCC), 21
Bphr model, 28
Boron (B), 195, 196, 222,
335-338, 346, 353, 358,
367, 379, 380, 453, 455,
462, 464, 469, 472,
477479, 481488, 498,
499, 501, 503, 505, 514,
516, 517, 529
Boron implantation, 195
Boron trioxide (B,0,), 346
Bow, 347, 349
Bragg reflector, 424
wavelength, 308, 330
Breakdown region, 242
Breakdown voltages, 118-120,
122, 128, 155, 160,
262-264, 281, 405, 500

Bridgman technique, 7, 345,
347

Buffered HF solution (BHF),
381, 384, 428430

Buffered-oxide-etch (BOE),
428

Built-in electric field, 149, 155

Built-in potential, 91, 92, 94,
95, 99, 105, 125-128,
227, 234, 243, 252, 494

Bulk micromachining, 443, 448

Bulk punch-through effect, 202

Buried layer, 469, 483, 485,
497-500, 504, 518, 519

Buried-type PMOS, 516

C,F,, 441

C,F,, 441

C,F,, 441

Cadmium, 346, 357

Camera, 510, 525

Cantilever-beam piezoresistive
acceleration sensor, 443

Capacitance, 493497, 500,
506, 507, 524, 525

voltage technique , 103, 462
voltage characteristics, 101,
102, 178

Capture cross section, 64

Carbon, 333, 351, 353

Card telephone, 510

Carrier drift, 47, 48, 77, 80, 81

Carrier generation, 60, 311, 312

Carrier injection, 60, 68

Carrier lifetime, 297, 312, 313,
331

Carrier mobility, 461

Carrier transport, 311

Cathode, 156, 157, 161, 164

CdS, 537

CdTe, 537

Cell projection, 448

Cellular phones, 6, 214, 255,
510

Central processing unit, 10, 13,
510, 526

CF,, 440-442

Chain scission, 421

Channel conductance, 187, 190,
192, 193, 198, 222

Channel length, 187, 199-202

Channel resistance, 190, 204

Channel width, 187, 218

Characteristic impedance, 256,
257, 280

Charge density, 174, 183, 184,
204, 222, 223
Charge distribution, 228, 229
Charge neutrality, 90, 94, 100
Charge sheet, 248, 249
Charge-coupled device (CCD),
7, 170, 185, 186
Charge-sharing model, 199, 223
Chemical etching, 426428,
431, 432, 434, 443, 449
Chemical vapor deposition
(CVD), 87, 354, 358, 365,
376-381, 384, 386, 387,
391, 392, 396, 400, 401,
429 )
Chemical-amplified resist, 414
Chemical-mechanical polishing
(CMP), 11, 396-398,
442 514
Chemical-vapor deposition
(CVD) Si0,, 376, 391
CHF,, 440, 441
Chip card, 510, 527
Chromium, 111, 411
Circuit symbol, 131, 132
Clean room, 405407, 414, 438,
447, 449 '
Clear air turbulence detection,
255
Cleaved ends, 301
Clustered plasma processing,
439
Clustered tools, 439
CMOS(complementary MOS-
FET), 8,9, 11, 14, 15,
169, 200, 205-209,
212-215, 220- 223, 465,
483, 485, 489, 500, 503,
509, 512-516, 518, 519,
524, 526-529
inverter, 205-208, 215, 220,
510, 511, 517, 529
logic gates, 517
technology, 200, 205, 220,
221, 503, 510, 517,
525, 527, 529
Cobalt silicide, 398, 400
Cold wall reactor, 379
Collector, 155-158, 166
-emitter leakage current, 145
Collimating tubes, 391
Color bands, 282
Columnar structure, 389
Common-base configuration,
133, 136, 143
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Common-base current gain,
145, 148, 157, 167, 168
Common-base cutoff frequency,
148
Common-emitter configuration,
143-148, 152, 155, 167,
168
Complementary error function,
457, 483
Complementary MOSFET (see
CMOS)
Compound semiconductor, 17,
19, 22
Computer aided design (CAD),
411, 495
Concentration-dependent diffu-
sivity, 452, 462, 499
Conduction band, 2046
Conduction band discontinuity,
154, 247
Conductivity, 17, 18, 32, 41, 44,
76, 81, 82, 190, 311, 312
Conductor, 17, 32-34
Confinement factor, 300, 301,
306, 330
Conformal step coverage, 381,
382, 391, 400
Constant-surface-concentration
diffusion, 457, 458, 460,
463, 467, 485
Constant-total-dopant diffusion,
456, 459, 460, 467, 471,
485
Constant-field scaling, 202
Contact holes, 391
Contact imaging sensors (CIS),
195, 210, 221
Contact plug, 391
Contact printing, 407
Contact resistance, 469, 485
Continuity equation, 47, 66-68,
80, 82, 137, 168, 338
Contrast ratio, 413
Conversion efficiency; 264
Coplanar waveguide stripline,
256
Copper (Cu), 18, 111, 431, 441,
442 456, 478
halides, 442
interconnect, 8, 11
metallization, 396, 400
polyimide interconnect, 396
Correction factor, 54
CoSi,, 398, 399, 402, 524
Coulomb force, 49

Coulombic interaction, 471
Coupled impurity vacancy pair,
465
Covalent boning, 27
CRAY 1, 11
Critical angle, 292, 295, 300,
330
Critical dimension, 408, 439
Critical dimension (CD) con-
trol, 437
Critical field, 119, 120, 122,
262
Critical layer thickness, 362,
363, 365, 366
Crystal defect, 349
Crystal growth techniques, 17,
© 2445 332, 343, 345, 367
Crystal lattice, 452, 454, 485
Crystal plane, 17, 22
Crystal puller, 334
Crystal purification, 341
Crystal structure, 17, 19, 22, 25,
44,45
Cubic lattice, 349
Current density, 231-234, 252
equations, 59, 60
Current gain, 131, 135-137,
141, 142, 144, 145, 148,
151, 153-155, 157-159,
165-168, 206, 209
Current transport, 231, 234,
251
Current voltage characteristics,
84, 88, 104, 106, 108,
112, 113, 127, 128, 137,
138, 143, 145, 156, 158,
160-162, 165
Cutoff frequency, 131, 148,
149, 153-155, 165, 166,
168, 237, 244, 245, 250,
251, 273, 277, 279
Cutoff mode, 142, 149
CVD (see chemical vapor depo-
sition)
for GaAs, 356
for silicon, 355
Czochralski crystal, 26, 334, 352
Czochralski technique, 7, 25,
26, 333, 334, 339, 341,
345, 346, 365, 367

Damage layer, 426
Damascene process, 442
Dangling bonds, 65, 210
Data communication, 255

Index = 553

De Broglie wavelength, 309,
539
Deep UV lithography, 414
Defect, 332, 333, 335, 349, 351,
361, 363~ 368, 431, 449
density, 210, 397, 400, 411,
449
free zone, 352
Degenerate energy levels, 28
Degenerate semiconductors,
39, 44, 299
Degree of anisotropy, 431
Degrees of freedom, 48
Density, 371-373, 375, 380,
384, 387, 390, 394, 397,
400, 401, 402
Density of states, 34-36, 39, 40,
44, 46, 231, 232, 309,
310, 538, 540
Denuded zone, 352, 353
Depletion, 172-178, 186-189,
194, 195, 199, 200, 202,
204, 213, 214, 219-221
approximation, 174, 178
capacitance, 84, 100, 101,
115, 116, 127, 128,
147
case, 172
layer, 84, 92, 94-104, 110,
115, 121, 122,
127-129
layer width, 92, 94-101, 104,
110, 121, 128, 129,
233-235, 239, 240,
244 252
mode, 243, 248, 252, 253
mode device, 243, 248,
252
region, 84, 89, 91-94, 97,
99-102, 104-106,
109-111, 115, 118,
119, 127, 128
Depth of focus, 449
Developer, 412-414, 416, 421,
444
Device building blocks, 2
Device leakage, 199
DH laser (see double het-
erostructure laser)
DI water, 428, 430
Diac (diode ac switch), 161,
162, 166
Diamond structure, 17, 22
Diaphragm, 443
Diborane, 356
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Dichlorosilane, 355, 380, 382,
384
Dichlorosilane nitrous oxide,
382
Dielectric constant, 384-387,
396, 401, 402, 537
Dielectric isolation, 499-501
Dielectric layers, 369, 370, 400
Dielectric permittivity, 229, 247
Dielectric relaxation time, 266
Dielectric strengths, 385
Diethylzine Zn(C,Hy),, 357
Diffraction, 447
effect, 414, 426
Diffusion, 7, 8, 15, 86-90, 93,
101, 104, 107, 108, 110,
112-115, 117, 123, 127,
129, 427, 433, 434,
452469, 471, 481,
483-486, 487
barrier, 392
capacitance, 101, 115, 129,
147
coefficient, 58, 83, 338, 373,
377, 393, 394, 455,
464
constant , 138, 140, 149, 167
current, 57-59, 69, 70, 82,
83 k
equation, 454, 455, 457, 459,
463, 466, 485,
in silicon, 453, 458, 464, 487
length, 69, 82, 106-108, 114,
115, 129, 138, 139,
165, 457, 460
length of electrons, 107
process, 57, 452, 453, 455,
460, 461, 466, 469,
471, 485, 486
profiles, 457, 459, 462,
464466
Diffusivity, 51, 58, 59, 82
Digital cameras, 6, 214, 510
Digital circuits, 497
Digital video disk, 6
Dipole layer, 268, 269
Direct exposure, 418
Direct recombination, 60, 63,
65
Direct tunneling, 524
Dislocation, 349-354, 362-367,
405
Dislocation loop, 364
Dissociation effect, 465, 485
Dissolution of silicon, 394

Distributed bragg reflector
laser, 308

Distributed feedback (DFB),
308, 328

Distributed feedback laser, 308

D-MOSFET, 218

Donor, 17, 37-39, 41, 45, 46

Donor concentration, 230, 238,
252

Donor vacancy, 463

Dopant profile, 460, 461, 483

Doping distribution, 336, 338,
339, 366

Double barrier structure, 271

Double charged acceptor
vacancy, 463

Double drift IMPATT diode,
262

Double-heterostructure (DH)
laser, 299, 300, 303-307,
309, 310, 330

"Drain, 186-194, 197-200, 202,

205, 209213, 216-223
-induced barrier lowering
(DIBL), 200, 202, 516
DRAM (see dynamic random
access memory)
Drift current, 53, 57, 82, 187
Drift region, 219, 262-264, 281
Drift velocity, 48, 49, 56, 59, 70,
75, 76, 78, 80, 81, 83,
519, 522
Dry etching, 10, 442, 447, 449
Dry oxidation, 86
Dry oxygen, 370, 373, 374, 376
Dual damascene process, 396
Dust particle, 405-408, 449
Dynamic random access mem-
ory (DRAM), 8, 9, 11, 13,
14, 387, 400, 439, 490,
507-509, 522, 526, 527

Earth’s crust, 19

Early effect, 146

Early voltage, 146

E-beam evaporation, 390, 402

Edge dislocation, 349, 362, 365,
366

Effective density of states, 36,
39, 46

Effective mass, 30-32, 34, 37,
46, 73, 75, 76, 79, 232,
235, 236

Effective segregation coeffi-
cient, 338, 340

Effusion oven, 358, 360, 368
Einstein relation, 58, 59, 319
Elastic collision, 472
Elastic forces, 362
Electrically erasable pro-
grammable read-only
memory (EEPROM),
216-218
Electrochemical anodization,
370
Electrochemical methods, 396
Electroluminescence phe-
nomenon, 3
Electromagnetic spectrum, 282,
283
Electromigration, 392, 442
Electron affinity, 73, 124, 170,
195, 226, 252
Electron bombardment, 195
Electron cyclotron resonance
(ECR), 390, 436438
Electron gun, 417, 419
Electron mobility, 49, 50, 81,
82, 519
Electron resist, 411, 418, 421,
422
Electron temperature, 275, 277,
281
Electron-beam lithographic sys-
tem, 411, 418-422, 426,
447 449
Electron-hole pair generation,
111
Electronic industry, 1, 3, 13,
14
Electronic purse, 510
Electronic stopping, 471-473,
475
Electronic ticket, 510
Electronic-grade silicon, 333
Electrostatic micromotor, 444
Element semiconductor, 18, 19,
22
Embedded DRAM, 526, 528
Emission lines, 308
Emission processes, 109
Emission spectra of LEDs, 293
Emission wavelengths, 289,
298, 310 )
Emitter, 146-157, 165-167
efficiency, 136, 137, 141,
142, 151, 153, 154,
166, 167
End-point control, 405
Energy barrier thickness, 270

UMC 1223
UMC v. AICP



Energy momentum diagram,
30, 31
Enhancement-mode MOSFET,
249, 507, 510
Epitaxial film, 405
Epitaxial growth, 8, 10
rate, 480
technique, 104, 332, 354,
367
Epitaxial layer, 237, 238, 243,
252, 497, 498, 501, 519
Epitaxial process, 357, 361, 365
Epitaxy, 333, 357, 366
Equilibrium segregation coeffi-
cient, 335, 336, 346
Equivalent circuit, 115, 116,
146-148, 494, 495, 509,
510
Erfc (see error function)
Error function , 457, 458, 462,
463, 467, 482, 485
Etch anisotropy, 440
Etch chemistry, 436
Etch mechanism, 433, 434, 436
Etch rate, 380, 427—431, 434,
435, 438443, 450 ‘
Etch selectivity, 434, 436, 439,
440, 448, 450
Etch solution, 427, 430
Etching, 427444, 447451
equipment, 435
operations, 499
temperature, 392
EUYV exposure tool, 424, 447
Evaporation, 394, 402
Exclusive NOR, 274, 275
Exclusive OR, 277
Exhaust system, 334
Exposure response curve, 413
Exposure tools, 404, 408, 410,
417, 420, 424, 447
Extreme-ultraviolet (EUV)
lithography, 423
Extrinsic, 285, 311, 312
base regions, 503
diffusion, 452, 462-464, 466,
487
photoconductor, 312
semiconductor, 53
stacking fault, 349, 351
transition, 285
Eye response, 288, 293

F-doped oxide, 524
Fermi distribution, 34, 35, 40

Fermi level, 17, 34-36, 3943,
46

Fick’s diffusion equation, 7, 455

Field oxide, 369, 376, 379, 395,
401

Field transistor, 197, 222

Field-effect transistor (FETs),
250, 251

Film formation, 490, 499

Film thickness, 414, 431, 435

Fixed charge, 182, 196, 223

Fixed-oxide charge, 180, 182,
183, 187, 194

Flash memory, 216, 218

Flat doping profile, 481

Flat-band condition, 171, 173,
179, 180, 182-184, 192,
104, 221, 222

Flat-band voltage, 179,
182-184, 194, 222

Flat-diode configuration, 290

Flat-panel display, 294

Flip-flop structure, 215

Floating dot, 217, 218

Floating gate, 6, 216, 509, 510,
528

Float-zone process, 332, 339-
341, 365, 367

Float-zone silicon, 342

Flow control, 334, 358

Focused electron beam, 390

Forward breakover, 157, 159,
160

Forward-blocking state, 160

Four-point probe method, 54,
351

Free-carrier flux density, 126

Frenkel defect, 349

Frequency locking circuit, 259

Frequency response, 130, 146,
149, 155, 165, 167, 168

Full width at half maximum
(FWHM), 271, 293

Full-color displays, 293

Full-color indicators, 293

Fused quartz, 17

Fused silica, 411

Fused-silica crucible, 346

Ga, 425, 431

Gay ;In, ,As, 246
Gays,In, P, 326

Ga,_JIn As, 363, 368

GaAs (see gallium arsenide)
GaAs,_ P, 19, 20

Index = 555

Gain factor, 306, 330
GalnAs/AllnAs material, 276,
277
GalnAs-AlGaAs DH, 307
GaJln, N, 289, 292
GalnP/GaAs tandem cell, 328
Gallium arsenide (GaAs), 3, 7,
18-20, 27, 31, 32, 36-39,
4345, 54, 59, 60, 76, 78,
79, 227, 230, 232, 237,
243, 246, 247, 251-253,
265, 266, 269, 271, 272,
274, 276, 279-281,
289-292, 295, 298, 304,
332, 333, 343-345, 344,
345-347, 354, 356-363,
365-368, 370, 453455,
462, 466, 469, 473, 475,
481, 483, 485, 519, 522,
537, 556
Gallium arsenide etching,
431
Gallium chloride, 356, 357
Gallium phosphide (GaP), 289,
290, 292, 293, 537
Gallium-arsenic system, 343,
344
GaN, 283, 284
GaP, 19, 20
Gas source, 334
Gas thyratron, 130
GaSb, 260, 280, 537, 538
Gate, 156, 160-166, 168, 172,
180, 186-189, 193-197,
199, 200, 202, 205,
210-212, 215-223
capacitance, 189
length, 237, 238, 245, 250,
251
oxide, 505-509, 522524,
526-528
oxide thickness, 522, 523,
527
turn-off, 164, 166
Gaussian distribution, 460, 462,
471, 481, 485, 499
Gaussian spot beam, 420
GaJn, As P, , 287,297, 298
Ga,In)_As,Sb; , 298
Ge, 5Siy , on silicon, 363
Generation lifetime, 109
Generation-recombination cen-
ters, 109, 124, 151
Generation-recombination
rates, 178
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Germanium (Ge), 260, 278,
279, 314, 326, 537
Gettering, 351- 353
Ge,Si,.,, 362, 363
G-line, 410
Global planarization, 370, 397,
400
Gold, 21, 111, 117, 424, 425,
446, 465
contact, 242
. doping, 209
silicon photodetector, 317
Graded base, 154, 155
Graded layer, 155
Graded profile, 155
Graded-index fiber, 295, 296
Gradient of the diffusion pro-
file, 458, 460
Gradual-channel approxima-
tion, 188
Grain boundary, 211, 349
Graphite boat, 345
Graphite crucible, 346, 354
Graphite susceptor, 334, 351,
357
Greek Alphabet, 535
GRIN-SCH structure, 310
Groove, 347, 348 ‘
Gross world product (GWP), 1
Gunn diode, 6

H,PO,, 430, 431, 516
Half life, 343
Hall coefficient, 56, 82
Hall effect, 55, 56
Hall field, 56
Hall measurement, 55, 82
Hall voltage, 56, 82
Haynes-Shockley experiment,
70, 71, 81
HDP, 433, 437, 441
He, 376
Heater, 160
Heavy holes, 309, 310
Helium, 298, 317, 318
-neon gas laser, 298
-neon laser, 317, 435
Heteroepitaxial growth, 357
Heteroepitaxy, 333, 362, 365, 366
Heterojunction, 84, 85,
124-129, 294, 296, 297,
299, 300, 304, 317
bipolar transistor, 3, 4, 130,
131, 151, 153, 155,
165, 166, 168

field-effect transistor, 361
interface, 2, 3
Heterostructure, 246
laser, 3, 4
Hexa-methylene-di-siloxane
(HMDS), 414
HF, 428, 429, 449, 461, 487,
516
HFET, 246, 253
High current implantation, 453,
481, 483485
High dielectric-constant materi-
als, 215
High electron mobility transis-
tor (HEMT), 246
High energy implantation, 453,
481, 483, 485
High frequency power conver-
sion equipment, 164
High injection, 109, 112, 113,
127
High-aspect feature, 391
High-current densities, 113
High-density plasma (HDP),
432, 436441, 448
etching, 432
High-fidelity transfer, 431
High-field effects, 47, 75
High-frequency equivalent cir-
cuit, 146, 148
High-k dielectric materials, 524
High-k materials, 387
High-resolution gas spec-
troscopy, 298
High-speed laser printing, 298,
328
High-voltage direct current
(HVDC) devices, 164, 166
Hi-lo structure, 261, 262
H-line, 430
HNO,, 461
Hole, 27-29, 3146
Hole injection, 232, 233
Hole ionization rates, 119
Hole mobility, 49
Homoepitaxial growth, 361
Homoepitaxy, 333, 361, 366
Homojunction laser, 303
Hot carrier injection, 181
Hot electron device, 275, 279,
280
Hydrofluoric acid, 428
Hydrogen (H,), 318, 333, 355,
357, 384, 385, 391, 392,
402, 469, 474

annealing, 181

atom, 28, 37, 39

chloride (HCI), 24, 333
Hydrogenation treatment, 211
Hydrophilic surface, 414
Hydrophobic surface, 414
Hyperabrupt junction, 103, 104

IC card, 510, 511

IC design, 411

IC processing, 417, 427, 444,
447

Ideal characteristics, 106, 127

Ideal diode current, 323

Ideal diode equation, 108-110,
114

Ideal MOS curves, 175

Ideality factor, 112

IGFET, 186, 221

III-V compound semiconduc-
tor, 237

II1-V nitride LED, 292

I-line, 410

Impact ionization, 78, 80, 81

IMPATT diode, 254, 255, 261,
262-264, 267, 278-281

Implant damage, 452, 477, 484,
485, 488

Impurity distribution, 461,
468

Impurity redistribution, 452,
467, 469, 485

Impurity scattering, 49, 50

InAs, 537

Incandescent lamps, 294

Index of refraction, 380, 381,
409

Indirect recombination, 60, 63,
65

Indium phosphide (InP), 19,
20, 244-246, 251, 265,
266, 537

Inductively coupled plasma,
436, 437

Information display, 329

Infrared LED, 295, 328

Infrared sensors, 311

Infrared system, 255

InGaAsP-InP, 296

InP (see Indium phosphide)

InP/InGaAs structure, 153

InP-based HBT, 153, 154

Input conductance, 148

InSb, 537

Insulator, 17, 18, 32, 33
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Integrated circuit, 3, 4, 6, 14,
85, 169, 170, 199, 202,
205, 294, 310, 369, 370,
376, 378, 391, 392, 395,
398, 400, 401, 404, 412,
424, 443, 448, 489493,
511, 520, 522
technology, 370
capacitor, 493
era, 522
inductor, 494
manufacturing, 205
resistor, 491
interacting p-n junctions,
148
Interconnect, 87, 439, 441, 442,
447
Interconnections, 370, 385,
398, 401
Interface, 467, 469, 488
trap density, 181, 400
-trapped charges, 181, 183,
184
Interlayer dielectric (ILD), 396
International System of Units,
533 /
International Technology
Roadmap for
Semiconductors, 522
Interstitial diffusion, 455, 456
Interstitial site, 349, 367
Interstitials, 454
Intrinsic, 311, 312, 315
base region, 503
carrier density, 34, 36, 37,
43,44, 114
diffusion, 462, 465
diffusivity, 462, 485
Fermi level, 36, 40, 41, 46,
592, 170
photoconductor, 285, 287
semiconductor, 34-36
stacking fault, 349, 351
transitions, 285, 287
vacancy density, 463
Inversion, 172-178, 187, 189,
190, 192-194, 204, 211,
218, 220, 221
case, 172, 173
layer, 173, 174, 178, 187, 189,
192, 193, 204, 211,
mode, 142
staggered structure, 210
Ion beam, 452, 462, 470, 473,
475, 476, 483, 484, 488

Ton channeling, 475

Ton distribution, 471, 483

Ion implantation, 8, 87, 195,
416, 452, 453, 469, 471,
483-486, 499

Ion stopping, 471

Ion-beam lithography, 418, 425,
447

Tonization coefficients, 285, 287

Ionization energy, 37-39

Ionization integrand, 261

Tonization rate, 79, 80

Isoelectronic center, 290

Isopropyl alcohol, 428

ITO (indium tin oxide), 294

Junction breakdown, 84, 88,
117, 118, 121, 127, 129

Junction curvature effect, 123,
467

Junction depth, 187, 200, 460,
461, 464, 466, 485487,
491, 522, 524

Junction spiking, 392

Kinetic energy, 48, 52, 53, 73,
78,79, 81

Kink, 213, 465

Kirchhoffs circuit laws, 132

KOH, 428, 430, 444, 450

KrF excimer laser, 410

Lamps, 293, 294
Lanthanum hexa-boride (LaBg),
419
Lapping, 426
Large-scale integration, 490, 522
Laser crystallization of Si, 212
Laser interferometry, 435
Laser printing, 6
Lasing modes, 302
Latch-up, 212, 221, 512, 513
Lateral diffusion, 452, 467, 485,
506, 513
Lateral oxide isolation, 497, 504
Lateral straggle, 471, 473, 474
Lattice, 19, 21-23, 27, 30, 45,
537
constant, 21-23, 45, 124,
125
scattering, 49, 50, 81
-matched, 333, 361, 362,
366
-mismatched semiconduc-
tors, 365

Index = 337

Lead zirconium titanate (PZT),
387

Leakage current, 187, 188, 202,
205, 209, 214, 222, 507,
511, 516, 524

LED displays, 293

Lifetime, 47, 61-63, 71, 82, 83,
209, 478

of minority carriers, 138

Liftoff technique, 416

LIGA process, 443, 444, 446,
448, 449

Light activated thyristor, 164

Light bulb, 160

Light control, 160

Light holes, 309

Light-emitting diodes (LEDs),
282, 288

Lightly doped drain (LDD),
483

Limited-source diffusion, 499

Line defect, 349, 365

Linear rate constant, 375, 376

Linear region, 187-191, 199,
200, 223, 241, 242, 249,
251

Linearly graded junction, 93,
97-99, 103, 120, 121, 128

Liquid crystal displays (LCD),
210

Liquid encapsulant, 346, 365

Liquid encapsulation method,
346

Liquidus line, 343, 344

List of Symbols, 531

Lithographic operations, 499

Lithographic step, 225

Lithography, 85-87, 127,
447449

Lithography process, 7, 9

Load devices, 216, 220

Load line, 146, 147, 149, 150

Load transistors, 215

Local oscillator, 259, 264, 279

Local oxidation of silicon
(LOCOS), 498

LOCOS process, 500

Logic circuits, 205

Long through sputtering, 390,
391

Longitudinal field, 245, 249

Longitudinal modes, 302, 307

Long-wavelength cutoff, 312,
314

Lorentz force, 55, 56
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Loss, 292, 302, 306, 308, 315,
318, 319, 323
Low dielectric constant, 386,
401
Low-k polyimide, 396
Low pressure, 354
CVD (LPCVD), 378, 442
reactor, 388
Low-angle grain boundaries,
364, 366
Low-dielectric-constant (low-k)
insulators, 524
Low-dielectric-constant materi-
als, 494
Low-k materials, 386
Low-resistivity metals, 494

Magnetic field, 335
Magnetic tape card, 510
Magnetically enhanced RTE
(MERIE), 432
Majority carrier current, 42,
233, 234
Mask, 439, 444, 446—450
beam system, 425
blank, 423, 424, 426, 447
thickness, 482
Masking, 453, 481483, 485,
488
Maskless direct writing, 419
Mass action law, 105
Maximum output power, 322,
331
Maximum power, 322-324, 331
Maximum time to breakdown,
388
MBE (see molecular beam epi-
taxy)
Mean free path, 57, 360, 361,
367
Mean free time, 48, 49, 51, 57
Mean time to failure (MTF),
395
Medium-scale integration
(MSI), 490
Melting point, 344, 346, 354,
365
Membrane, 421, 424, 443, 449
Memory devices, 489, 507, 510
Mercury-arc lamp, 410
MERIE plasma, 441
MESFET, 237-241, 243-245,
250-253
integrated circuit, 520
technology, 489, 519, 529

Metal, 32
film, 369, 370, 384, 400
interconnect, 439, 447
semiconductor contact,
224-226, 228, 229,
231, 237, 251, 252
semiconductor device, 261
Metallization, 370, 379, 390-392,
394, 396, 400, 401, 489,
499, 503, 506, 529
Metallurgical-grade silicon, 333
Metal-nitride-oxide-semicon-
ductor (MNOS) , 509
Metalorganic chemical vapor
deposition (MOCVD), 8,
10, 357, 365
Metalorganic compound, 357,
365,
Metalorganic molecular-beam
epitaxy (MOMBE), 361
Metal-oxide-semiconductor
(MOS) structure, 3
Metal-semiconductor contact,
3,13
Metal-semiconductor interface,
2
Metal-semiconductor photodi-
ode, 313-316
Metal-SiO,-Si, 175
Metal work function, 226, 227,
252
Metric system, 405, 406
Microelectromechanical sys-
tems, 443
Microelectronics, 435, 443, 449
Microelectronic industry, 435
Micromechanic, 444
Microoptic, 444
Microprocessor, 8, 10, 11, 12,
15
Microprocessor chip, 490, 517,
518
Microprocessor-based control
system, 334,
Microstrip, 256, 257
Microwave region, 254
Microwave technology, 254,
255, 280
Midgap, 174
Miller Indices, 22-24, 44, 45
Millimeter wave band, 255,
256, 279
Millimeter wave devices, 254
Millimeter-wave power amph’—
fiers, 151

Minimum feature length, 11,
406, 504, 522, 525

Minimum linewidth, 408, 423

Minority carrier, 42, 178, 186,
209

Minority carrier current, 233,
234

Minority-carrier lifetime, 351

Minority-Carrier Storage, 114,
115, 127

MISFET, 186

Misorientation, 475, 476

Mix-and-match approach, 426,
447

Mizxers, 151

Mobile ionic charge, 180, 182,
183

Mobile radio, 510

Mobility, 59, 70, 75, 76, 80-83,
153, 155, 187, 190,
210-212, 220, 461, 478,
485, 537

MOCVD, 357, 358, 361, 365

MODFET, 224, 225, 246-251

Modulation bandwidth, 297

Modulation frequency, 315

Modulation-doped field-effect
transistor (MODFET), 4,
7

Mole fraction, 355

Molecular beam epitaxy
(MBE), 8, 10, 271, 354,
357-361, 363, 365, 367,
368

Molecular impingement rate,
358

Molecular weight, 358-360,
367, 368

Molecular-beam epitaxy, 354,
357, 359, 361, 365

Monolithic IC, 8

Monolithic microwave inte-
grated circuits (MMIC),
494, 522

MOS capacitors, 493

MOS devices, 440, 484, 485

MOS diode, 220, 221

MOS memory cells, 420

MOSFET, 3, 4, 6, 9, 10, 13,
220-223, 369, 395, 398,
401, 452, 484, 488

MOSFET scaling, 169, 199,
223

MOSFET technology, 489, 503,
528
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MOSi,, 399

MOST, 186

Motor drives, 165

Multilevel metallization, 370,
379

Multiple implantation , 481,
485

Multiple-quantum-well
(MOW), 310, 311, 329

n-channel MOSFET, 186, 194,
197, 199, 204-206, 213,
215,216

Near-infrared region, 314

Negative differential mobility,
265, 267

Negative photoresist, 411413,
416, 422, 449

Negative resistance, 5, 260,
261, 263, 279

Neutron, 342, 343

Neutral vacancy, 462

Neutron irradiation, 209, 342,
343, 366,

NH,, 384, 392

NiSi, 524

Nitric acid, 428, 430

Nitrided oxide, 517

Nitrogen, 290, 291, 329

Nitrous oxide, 380, 382

Noise factor, 317, 318

Nonconformal step coverage,
381

Nonequilibrium situation, 60

Nondegenerate semiconductor,
39

Nonvolatile semiconductor
memory (NVSM), 6, 216,
218, 510

Notebook computer, 6

n-tub, 512, 513, 529

Nuclear collisions, 477, 478

Nuclear fusion reaction, 318

Nuclear spectroscopy, 255

Nuclear stopping, 471473,
477, 478

Nuclear stopping power,
471473

Numerical aperture, 409

n-well, 197, 206

Ohmic contact, 2, 4, 87, 224,
295, 234, 236, 237, 251,
292, 311, 324, 400

On condition, 149

Open tube, 454, 478

Optical absorption, 282, 283,
285-287, 315, 330

Optical concentration, 326, 328

Optical diffraction, 407

Optical emission spectroscopy,
434

Optical fiber, 288, 295, 296,
298, 303, 307, 308, 311,
328, 329

Optical fiber communication
systems, 6, 288, 296, 298,
303, 308, 309, 328

Optical gain, 301, 302

Optical lithographic system,
417419, 422, 424426,
447, 448, 450

Optical proximity
correction(OPC), 417

Optical reading, 298, 328

Optical resonant cavity, 285

Opto-isolator, 288, 295, 311,
328

Orangic LED, 294

Organic semiconductors, 294

Organic solvent, 412

Orientation dependent, 375

etching, 404, 428, 429, 448,
450
wet chemical etching, 443

OR-NAND, 277, 278

Oscillator, 151, 517, 525

Oxidation, 85-87, 127

Oxide layer, 225

Oxide masking, 8

Oxide thickness, 187, 197, 201,
222, 223

Oxide trapped charge, 180-184,
222

Oxygen, 335, 351-354, 359

Oxygen ion implantation, 500,
501

Oxygen molecule, 373

Ozone (O,), 380

P*-polysilicon, 179, 180, 195,
196

Pb, 17, 20, 32
P,0,, 453
P-glass flow, 382-384, 402
Periodic table, 18, 19
Phase diagram, 343, 344

of the Al-Si system, 392, 393
Phase-shifting mask (PSM), 417
Phosphine (PHj), 356, 453

Index < 559

Phosphoric acid, 430
Phosphorus (P), 290, 335, 342,
353, 366, 379, 380, 383,
384, 389, 401, 453, 454,
464, 465, 469, 472, 473,
478, 479, 483, 485, 487
doped silicon dioxide, 379,
383, 401
doped oxide (P-glass), 506
Photo-acid generator, 414
Photoconductivity method, 351
Photoconductor, 311-313, 328,
331
Photocurrent gain, 313
Photodetector, 311, 328
Photodiode, 312-315, 317, 318,
328, 329, 331
Photomask, 405, 407, 411,
414-416, 419, 424
Photon energy, 282, 283, 285,
288, 312, 314
Photonic application, 352, 363
Photonic devices, 3, 10
Photoresist, 7, 8, 14, 15, 87,
414-416, 421, 422, 429,
435, 442, 447, 449, 482,
488
Photoresist adhesion, 429
Photosensitive compound, 430
Physical constants, 536
Physical etching, 433, 434
Physical vapor deposition, 87,
390
p-i-n photodiode, 315, 316, 331
Pinch-off voltage, 241243, 253
Pinch-off point, 187, 188
Planarization, 390
Planar process, 8, 160, 225
Planar transmission lines,
256-257
Planes, 301-303, 325
Plasma damage, 397
Plasma diagnostic, 433
Plasma etching, 431, 433,
435-436, 439, 442, 449,
451 |
Plasma enhanced chemical
vapor deposition
(PECVD), 378
Plasma nitride, 385
Plasma reaction, 385
Plasma reactor, 211
Plasma spray deposition, 390
Plasma-assisted etching, 404,
431, 447
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Platinum silicide (PtSi), 236

Platinum (Pt), 18, 21, 464

p-n junction, 3, 4, 9, 14, 78, 80,
81, 169, 174, 176, 259,
261, 273, 279, 288, 328,
462, 486, 487, 492

solar cell, 320-321, 331

POCI,, 453

Point defect, 349-350, 365

Point-contact transistor, 4

Poisson’s equation, 68, 90, 174,
183, 266, 268-269

Polishing, 426

Polonium, 21

Poly-butene-1 sulfone(PBS),
421

Polycide, 398-400, 440, 506

Polycrystalline GaAs, 365

Polycrystalline rod, 339

Polycrystalline silicon, 24, 199,
210, 334, 339, 365, 370

Poly-glycidyl methacrylate-co-
ethyl acrylate (COP), 421

Polyimide, 521, 524, 529

Polymer linking, 413

Polymers, 421

Poly-methyl methacrylate
(PMMA), 436

Polysilicon, 186, 210-212,
215-216, 219, 221-223,
370, 379, 380, 383,
388-391, 395, 398402,
421

Polysilicon TFT, 211, 212, 215

Population inversion, 285,
299-301

Portable electronics system, 510

Positive resist, 427, 430, 435,
440, 443, 445, 450

Power amplifier, 264

Power consumption, 202, 205,
214, 220

Power limitations, 524

Power supplies, 164-166, 522,
523

Precipitate, 351, 352, 364, 366

Predeposition, 460, 483, 484,
485

Pressure sensor, 435, 443

Primary flat, 347-349

Principal quantum number, 28

Principle of detailed balance,
542

Probability of occupying; 34

Projected range, 470, 471,
473475, 477, 478,
483-485

Projected straggle, 471, 473,
474, 485

Projection printing, 407, 409,
410

Properties of silicon dioxide,
380

Proximity effect, 423, 426, 447

Proximity printing, 424, 435,
437

p-tub, 511-513, 529

Pt film, 503

Pyrometer, 479

Pull rate, 334, 335, 339

Punch through, 153, 513, 518

diode, 122

PVD, 390-393, 396, 400

p-well, 206, 208

Pyramids, 325, 326

Quality factor, 494
Quantum effect devices, 254,
270, 275, 281
Quantum efficiency, 290, 291,
304, 312, 315, 317, 318,
331
Quantum tunneling, 254, 259,
270
Quantum well thickness, 270
Quantum-well lasers, 309
Quartz, 210-212, 217, 495
tube furnace, 453
windows, 479
Quartzite, 24, 333
Quaternary compound, 19, 20
Quaternary, 289, 295, 298, 317
QW lasers, 310

Radar system, 255, 261

Radiation-damage toleration,
213

Radiative transitions, 282, 283,
289, 330

Radio astronomy, 255

Radio frequency, 435, 437, 494,
527

Radius of curvature, 467

Random access memory, 490,
507, 508, 522

Range, 452453, 455, 466,
470-475, 477, 478, 481,
483488 :

Rapid thermal annealing (RTA),
478, 503, 517
Raster scan, 419
RC time constant, 385, 396
RC time delay, 524
Reactive ion etching (RIE),
396, 432, 436
Reactor, 370, 378, 379, 385,
388-389
Real space transfer (RST), 255
Recombination, 47, 60-61,
63-67, 69, 70, 80-82
center, 60, 63-66, 82
current, 292
rate, 60, 61, 64-66, 312, 541,
542
Recrystallization, 479
Rectification, 84
Rectifying contact, 2
Rectifying metal semiconductor
barrier, 370
Redistribution diffusion, 460
Redistribution process, 468
Reflection loss, 292
Reflectivity, 301, 330
Refractive index, 292, 295, 299,
301, 308, 330, 417
Registration, 407
Reliability, 388, 401
Resin, 412, 414
Resist, 416-419, 421-424, 426,
429, 431, 432, 439,
4492444 449, 450
Resistance, 224-225, 234,
236-239, 244, 492495,
497, 500, 505-507, 516,
518-520, 523-524, 526,
528
heating, 390
Resistivity, 17, 18, 33, 47, 51,
53-55, 81, 339, 343, 351,
353, 354, 365, 367, 442
of silicon nitride, 384
Resolution, 404, 407, 408, 443,
447-449
enhancement techniques,
404, 410
Resonant circuit, 104, 257
Resonant frequency, 104, 258,
280
Resonant tunneling diode
(RTD), 7, 254, 279, 543
Response speed, 311, 314-315,
317
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Retrograde well, 209, 513, 523

Reverse substrate source bias,
195

Reverse-blocking state, 157,
160

Reverse-breakdown region, 157

Reverse-breakdown voltage,
160

RF heating, 379, 390

Richardson constant, 232

RIE, 432-437, 439, 441

Ring oscillator, 525

Rolling mills, 165

Rotation mechanism, 334

RST transistor (RSTT), 276

Ruby laser, 298

Sacrificial layers, 444

Salicide, 398, 399, 402

Sand, 24, 333, 365

Sapphire substrate, 292

Satellite, 318, 325

Saturation channel current, 245

Saturation current, 192,
232-233, 238, 249,
252-253

Saturation current density, 108,
114, 232, 252

Saturation mode, 142, 144, 149,
151, 160

Saturation region, 187,
190-192, 200, 242-243

Saturation velocity, 75, 76, 79,
81, 262-264

Saturation voltage, 242, 249

Scaling of MOSFET, 204

Scaling rules, 202

SCALPEL system, 420, 421,
496, 448

Scanning electron microscope,
383

Scanning focused-beam system,
434, 436, 437, 439440,
443, 448, 450

Schottky barrier, 225, 231, 237,
238, 246, 248, 251-253

diodes, 227, 230-232, 462

Sealed ampules, 454

Secondary flat, 347-349

Secondary ion mass spectro-
scope (SIMS), 351, 462

Seed, 25, 45, 334, 339, 340,
346, 347, 354, 365~ 367,

CIystal, 334, 339, 347, 354,
365, 367
holder, 334, 340

Segregation coefficient, 338,
340, 346, 365, 468487

Selective transistor, 217-218

Selectivity, 435, 443444, 447,
449

Selenium, 346, 357, 454

Self-aligned metal silicide, 398

Self-aligned gate process, 9

Self-aligned structure, 500501,
503

Semiconductor controlled recti-
fier (SCR), 156

Semiconductor industry, 1, 7,
10, 12, 14

Semiconductor lasers, 285, 298,
299, 303

Semiconductor material, 17-20,
24, 44

Semiconductor power devices,
128

Semiconductor surface,
170-175, 183, 187, 193

Semiconductor technologies, 1,
7,8, 14

Semiconductor work function,
226, 231

Semiinsulating GaAs 346, 519

Semiinsulating substrate, 238,
243

Sensor, 407

Separation by implantation of
oxygen (SIMOX), 485,
500

Series resistance, 112, 127, 237,
323, 362, 493494, 497,
519, 526

Shadow effect, 483

Shadow printing, 407, 408, 424

Shallow trench, 514, 515, 529

Shallow trench isolation, 439

Sheet charge, 182, 183

Sheet resistance, 461, 485, 486,
492, 494, 497, 505, 506,
524, 528

Short-channel effects, 169, 199,
202 -

Si, 332, 334, 336, 342, 343, 345,
346, 355, 356, 361, 363,
368, 537, 538

Si/SiGe, 277-278, 280

Si/SiGe HBTs, 154

Index = 361

Si/SiGe material, 154
Si;N,, 482, 492
SiC, 288-289, 291-292, 537
Sidewall passivation, 441
SiGe MODFET, 250-251
Silane, 355, 357, 379, 380, 382,
384, 388, 389, 391, 392,
401, 402
Silane oxygen deposition, 380,
382
Silane reduction process, 392
Silicia, 19, 24, 25
Silicide, 395, 398400
Silicide formation, 523-524
Silicide process, 524, 526
Silicide sintering, 399
Silicon (Si), 50, 54, 59, 60, 63,
75, 76, 79, 81, 82, 294,
314-318, 320, 325, 326,
328-330, 332- 339,
342-346, 348, 349, 355,
356, 361, 363, 365 368,
441, 443, 445, 447, 449,
450, 454, 456, 458, 461~
462, 464469, 472473,
475479, 481, 483 488,
537, 538
APD, 318
carbide, 424, 479
crystal, 24-26, 29
dioxide, 19, 33, 45, 86, 333,
346, 370-377, 379,
380, 382-383, 387,
392, 401402, 468,
469, 476, 485
etching, 428
ingots, 335-337
nitride, 370, 384, 399, 402,
430, 441, 454, 497,
505, 524
properties, 538
reduction process, 392
tetrachloride, 355-356
trench etching, 439
Silicone rubber membrane,
443, 444,449
Silicon-on-glassl 495
Silicon-on-insulator (SOI), 210,
912-214, 220, 223, 485,
488
Silicon-on-nitride, 212
Silicon-on-oxide, 212
Silicon-on-sapphire, 495
Silicon-on-spinel, 212
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562 = Index

Silver, 18
SIMOX, 485, 500
Simple cubic lattice, 21
Single drift IMPATT, 261262
Single-electron memory cell
(SEMCQC), 6, 7, 218
Single-frequency lasers, 308
Si-O bonds, 182
SiO,, 450, 454, 482, 483, 485,
' 487, 488
Si0,-Si MOS Diode, 179, 221
Si-Si bond , 182
Slurry, 397, 398
Small-scale integration (SSI),
490
Smart card, 6
Smart IC, 214
Sn, 346, 352, 361
Snell’s law, 292
Sn0O,, 325
Sodium, 21, 182
SOI (see silicon on insulator)
SOI devices, 212, 213
SOI integration, 525
SOI technology, 525, 528
Solar cell, 3, 4, 318-331
Solar constant, 319
Solar radiation, 318-320, 328,
329
Solar spectral irradiance, 319
Solid solubility, 392
Solid-phase epitaxy process, 479
Solubility, 351-352, 453
SOS, 212
Source, 186-190, 193-195, 197,
199-202, 205206,
210-213, 216-220, 222
Space charge, 88-95, 100-102,
107, 120-121, 128
density, 229
neutrality, 94
effect, 425
region, 92, 229
Specific contact resistance, 224,
234-236
Spectrum splitting, 323, 324
Spiking, 392, 394, 395
Spinning micromotor, 443
Spiral inductor, 494, 495, 528
Spontaneous emission,
282-285, 302, 305
Spontaneous radiation, 288, 328
Spray etching, 427
Sputter etching, 432, 433

Sputtering, 390-392

Stacking fault, 349, 351, 364

Stainless steel, 479

Static random access memory
(SRAM), 214, 215, 220,
507

Steel industry, 1

Step coverage, 379, 381, 382,
391, 392, 400

Step index fiber, 295-296

Step-and-repeat projection, 409

Step-and-scan projection lithog-
raphy, 409

Stimulated emission, 299, 301

Stochastic space charge, 425,
496, 447

Stoichiometry, 481

Storage capacitor, 170, 214, 223

Storage cell, 214, 218

Storage time delay, 151

Strained layer, 365, 366

epitaxy, 361-363, 366
superlattice, 363-364

Stripe geometry laser, 308, 309

Strong inversion, 173, 175, 176,
178, 221

Submillimeter wave band, 255,
279

Substitutional sites, 349-351,
367, 478

Substrate bias, 187, 194, 198,
201, 220

Substrate damage, 437

Substrate doping, 173, 187,
192, 195, 200, 201, 220

Subthreshold characteristic,
194, 202-204, 210-211

Subthreshold current, 194,
202-204, 210-211

Subthreshold swing, 193, 202,
222

Superlattice, 361, 363, 364

Surface concentration,
456458, 460, 461,
463-464, 466, 467, 469,
486, 487

Surface depletion layer, 173, 175

Surface depletion region, 175,
178, 188, 189, 199, 221,
223

Surface micromachining, 443,
444, 448

Surface orientation, 347, 349,
365 '

Surface potential, 173, 174,
178, 184, 193, 200, 201
Surface recombination, 65, 69,
70, 82, 153
Surface recombination velocity,
69, 82
Surface states, 65, 227, 252
Surface wave-coupled plasma
(SWP) source, 437
Surface-emitting infrared
InGaAsP LED, 296
Switched-mode power supplies
(SMPS), 164165
Switching, 116, 117, 127, 128,
130, 131, 146, 149-151,
155-157, 161, 164-166,
168
circuit, 149, 150
time, 131, 149
transients, 149
Syrchrotron, 423, 426, 444
radiation, 423
storage ring; 424
System-on-a-chip, 525, 526, 529

TayOs, 493, 494, 525

Tandem solar cell, 324-328

Tantalum, 424

Tantalum oxide (Ta,0;), 387

TaSiy, 399

Taylor series, 243

Technology drivers, 11, 13

TED, 266-269, 279, 281

Television, 510, 525

Tellurium, 346, 454, 473

Temperature effect, 113, 306

Tensile stress, 384, 385

TEOS, 379-382, 384

deposited SiO,, 384

Ternary compound, 19, 20

Terrestrial energy source, 318,
328 )

Tetraethylorthosilicate, 379

Tetrahedron bond, 27

Thermal energy, 48, 57, 60, 83

Thermal equilibrium condition,
84, 88-91, 94-98, 105,
125-127, 129

Thermal oxidation, 369-371,
373, 400401, 453, 467,
468, 478

Thermal oxide, 369, 379, 400

Thermal velocity, 48, 57, 64, 75,
83
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Thermionic current, 273
Thermionic emission, 231, 232,
234, 235, 251, 275, 279
Thermionic emission process,
47,72, 83
Thickness, 347, 349, 358,
360-363, 365, 366, 368
Thickness variation, 347, 349,
358
Thin film transistors (TFT),
209-212, 215, 220, 223
Thin oxide growth, 376
Threshold current density, 303,
305-306, 310, 328
Threshold energy, 413, 414
Threshold field, 265, 267
Threshold voltage, 169, 178,
190-200, 202, 211, 213,
214, 217, 218, 220-223,
243, 247248, 251, 253,
469, 484, 485, 487, 488,
505, 509-511, 516, 522,
523, 528, 529
adjustment, 469, 484, 487
control, 194, 199
shift, 199, 217, 223
Throughput, 407, 414, 418420,
493, 426, 439, 447449
Thyristor, 3, 4, 156-166, 168,
206, 342
THz radiation detection system,
273
Ti, 442
TiCl,, 392
Tilt angle ion implantation, 483,
484
Tin, 441443
TiO,, 524, 525
TiSi,, 399, 524
Titanium nitride (TiN), 395
TiW etch chamber, 439
Top-gate structure, 210, 211
Total capacitance, 176, 178
Total conduction current den-
sity, 59
Total internal reflection, 292
Trace impurity, 351
Transceiver, 517
Transconductance, 148, 191,
192, 202, 222, 242245,
249, 279, 280
Transfer process, 404
Transferred electron devices,
254, 264, 267, 281

Transferred-electron diode, 6
Transformer-coupled plasma
(TCP)source, 437
Transient behavior, 84, 114,
116, 127, 129
Transient time, 116, 117
Transistor action, 4, 130, 131,
134
Transit time, 149, 153, 155,
313-315, 331
Transit time domain mode, 255,
268, 269
Transmission coefficient, 74, 75,
83, 270-272, 543
Transmutation, 342
Transverse field, 188
Transverse magnetic mode, 257
Traps, 389
Tree of disorder, 477
Trench, 500, 501, 507, 513, 526,
528
capacitor, 439
isolation, 8, 11, 209, 221,
501, 512, 514, 515,
523, 527, 529
type capacitor, 507, 526
type DRAM, 514
Triac (triode ac switch), 162
Trichlorosilane (SiHCL,), 24,
333, 355
Trimethylgallium, 361
Trimethylaluminum ACH,); ,
357, 358
Triode-configuration RIE etch,
436
Tris (8-hydroxy-quinolinato)
aluminum, 294
Tuned cavity, 257
Tungsten, 21, 391, 441443
filaments, 479
thermionic-emission cath-
~ ode, 419
-silicon Schottky diode, 230,
233
Tunnel diode, 3, 4, 254, 259,
260, 273, 278-280
Tunneling current, 235
Tunneling effect, 117-120
Tunneling phenomenon, 73
Tunneling probability, 235
Tunneling process, 217, 218
Turn-off time, 116, 117
Turn-off transient, 150, 151
Turn-on transient, 151

Index <= 563

Twin tub, 512, 513, 529

Twin well, 206, 452

Two zone cathode contact, 267

Types of MOSFET, 187, 193,
195

ULSI, 490, 496, 503, 522, 527,

528
chips, 490
circuit, 385, 386, 387, 396,
400, 442, 503

Ultralarge scale integration
(ULSI), 351, 377, 417,
431, 437

Ultrahigh vacuum system, 365

Ultrahigh-vacuum chamber,
358, 359

Ultrapure polycrystalline, 339

Ultrashallow Junction
Formation, 524

Ultrasonic generations, 150

Ultrathin oxide, 489, 524

Ultraviolet, 282, 283, 288, 314,
319

U-MOSFET, 218

Unipolar resonant tunneling
transistor, 254, 274, 279

Unit cell, 19-22, 45

Unit prefixes, 534

UV irradiation, 217

UV light, 416, 423

Vacancy, 349, 350, 367,

454456, 462-465
diffusion, 455, 456
mechanism, 454, 463

Vacuum level, 124, 125, 170,
171, 179-181

Vacuum system, 225

Valence-band discontinuity, 152

Valence bond, 17, 27

Valence electrons, 27-29, 33, 37

Valley current, 259, 272, 273

Vapor pressure, 344, 345, 357,
366

Vapor-phase epitaxy, 354

Vapor-phase HF, 429

Varactor, 103, 104

Variable reactor, 103

Variable-shaped beam, 420

Vector scan, 419, 420

Velocity saturation region, 245

Vertical isolation, 504

Vertical oxidation furnace, 377
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Via plug, 396

Video recording, 298

Viscosity, 415

Visible LED structures, 290,
293, 328

VLSI, 490, 496

V-MOSFET, 218

Volatile compound, 433

Volatile memories, 503

~ Volume charge density, 183,

184, 222

Volume defects, 349, 351, 365

V-shaped groove, 218

Wafer, 490, 522

Wafer shaping, 333, 347, 365
Water molecules, 374

Water vapor, 374, 376
Wavelength , 408

Weak inversion, 173

Wet chemical etching, 404,
426428, 431, 432, 434,
443, 447, 450

Wet oxidation, 85, 86

WEFg, 391

White LED, 294, 328

Wireless-communication equip-
ment, 517

Work function, 72, 83, 124, 175,
179, 180, 183, 187, 194,
195, 199, 221, 226, 227,
231, 252

Work function difference, 170,
171, 175, 179, 180, 183,
187, 199

WSi,, 399

X-ray lithography (XRL), 424
X-ray radiation, 444
X-ray resist, 424, 444

Yellow light, 414
Yield, 411, 412, 434, 439, 449
Yield strength, 351, 367

Zinc (Zn), 17, 20, 32, 38, 346
Zinc diffusion, 465
Zincblend lattice, 22, 27
Zinc sulfide, 317

ZuAs,, 454

Zn-Ga-As alloys, 454

Zn (see Zinc)

Zn0, 537

ZnS, 537

ZnO-Si0,, 454

ZnSe, 291

Zone-refining technique, 341
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