9, Derive Eq. 17. (Hint: In the valence band, the probability of occupancy of a state by a
hole is [1 — F{E}].}

10. At room temperature (300 K) the effective density of states in the valence band is 2.66 %
10'® ¢m for silicon and 7 x 10! em ™ for gallium arsenide. Find the corresponding effec-
tive masses of holes. Compare these masses with the fres-electron mass.

11. Calculate the loeation of E, in silicon at licquid aitrogen temperature (77 X), at room tem-
perature (300 K}, and at 100°C (let m,, =1.0 m, and m,, = 0.19 mg). Is it reasonable to
assume that F,is in the center of the forbidden gap?

12. Find the kinete energy of electrons in the conduetion band of a nondegenerate n-type
semiconductar at 300 K.

13. (a) For a free electron with a velacity of 107 cr/s, what is its de Broglie wavelength.

{b) In GaAs, the effective mass of electrons in the conduction band is 0.063 m,,. If they
have the same velocity, find the correspending de Broglie wavelength.

14. The intrinsic temperature of a semiconductor is the temperatures at which the intrinsic
carrier concentration equals the impurity concentration, Find the intrinsic temperature
for a sikeon sample doped with 10%¥ phosphorus atoms/em?,

FOR SECTION 2.7 DONORS AND ACCEPTORS

« 15. Asilicon sample at T = 300 K contains an acceptor impurity concentration of N, = 106
cm™. Determine the concentration of donor impurity atoms that must be added so that
the silicon is n-type and the Fermi energy is 0.20 eV below the conduction band edge.

16. Draw a simple flat energy band diagram for silicon doped with 10' arsenic atoms/cm® at
77 K, 300 K, and 600 X. Show the Fermi level and use the intrinsic Fermi level as the
energy reference.

»17. Find the electron and hole concentrations and Fermi level in silicon at 300 K (a} for 1 x
10% haron atoms/en?® and (b) for 3 x 10'¢ boron atoms/em® and 2.9 % 10'8 arsenic
atoms/em®.

. 18. A Sisample is doped with 10! As atoms/em?®. What is the equilibrium hele concentration
pp at 300 K? Where is Ej relative to E?

, 19. Caleulate the Fermi level of silicon doped with 104, 107, and 10" phosphorus atoms/cm®
at room temperature, assuning complete ionization. From the calculated Fermi level,
check if the assumption of complete ionization is justilied for each doping, Assume that

the ionized donors is given by n = Ny, [L - F(Ep)] = Ny
1 + ¢ Er=En) kT
20. For an n-type silicon sample with 10 cin phosphorous donor impurities and a donor
level at Ej= 0.045 &V, find the ratio of the neutral donor density to the ionized donor den-
sity at 77 K where the Fermi level is 0.0459 below the bottom of the conduction hand.
The expression for ionized donors is given in Prob. 19.
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As the electric field becomes higher, the drift velocity departs from its linear rela-
tionship with the applied field and approaches a saturation velocity. This effect i par-
teularly important in the study of short-channel field-effect transistors discussed iy Chapter
6. When the field exceeds A certain value, the carriers gain enough kinetic energy to gen-
erate electron-hole pair by colliding with the Iattice and breaking a bond. "This effent is
particularly important in the study of p—n junctions, The high field accelerates these new
electron-hole pairs, which collide with the lattice to create more electron-hole pairs. As
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# PROBLEMS {* INDICATES DIFFICULT PROBLEMS)

FOR SECTION 3.1 CARRIER DRIFT
L. Find the resistivities of intrinsic Si and intrinsic GaAs at 300 K.

2. Assume that the mobility of electrons in silicon at T =300 K is g2, = 1300 em™yeg, Also
assume that the mobility js mainly imited by lattice scattering, Determine the electron
mobility at (a) T = 900 K and (b) T = 400 K.

= 3. Two scattering mechanisms exist in a semiconductor, If only the first mechanism is pre-
sent, the mobility will be 250 em*/V-s. If only the second wechanism is present, the

mobility will be 500 em?/\-s. Determine the mobility when botl scattering mechanisms
exist at the same time,

~» 4. Find the electron and lole toncentrations, mobilities, and resistivities of silicon samples at

300 K, for each of the following impurity concentrations: (a) 5 x 10% boron atoms/cm?;
(b) 2 x 10 Loron atoms/em® and 1.5 x 1016 arsenic atoms/em® and () 5 x 10% horon
atoms/cin®, 1017 areenic atoms/em?, and 10Y7 gallinm stoms/om?,

% *5. Consider a compensated a-type silicon at T = 300 K, with a conductivity ofr=16
(Q-cm) ! and an acceptor doping concentration of 10¥ em3, Determine the donor
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8 7. A four-point probe {with probe spacing of 0.5 mm) is used to measure the resistivity of a H ity is
p-type silicon sample. Find the resistivity of the sample if its diameter is 200 mm and its diffu
thickness is 50 (um. The contact current is 1 ma, and the measured voltage between the elect
inmer two probes is 10 mV, B %17, Fxce
8. Given a silicon sample of unlmown doping, Hall measurement provides the following ' W
information: W = 0.05 em, A = L6 x 107 em? (refer to F ig. 8), I = 2.5 mA, and the mag- ; the
netic field is 30 0T {1 T = 10~ Wh/em®). If 2 Hall voltage of +310 mV is measured, find the 18. Inf
Hall coefficient, conductivity type, majority cartier concentration, resistivity, and mobility curr
of the semiconductor sample.
*19, Ann
9. A semiconductor is doped with N, (Nj, >> n,) and has a resistance R,. The same semicon- Hme
ductor is then doped with an unknown amount of acceptors Ny (N, >> Np), vielding a 2670
resistance of 0.5 R;. Find N, in terms of N, if D,/D,=50. cone
*10. Consider a semniconductor that is nonuniformly doped with donor impurity atoms Npfx).
Show that the induced electric field in the semiconductor in thermal equilibrium is given FOR SEC
kT 1 dNp(x} s 20. A me
&lx)=— — | ——0 7 .
by £6) (qJND(:t) dx with -
rons
FOR SECTION 3.2 CARRIER DIFFUSION 21. Cons
11. An intrinsic Si sample is doped with donors from one side such that ¥ p= Ny exp (~ax). Shov
{(a) Find an expression for the built-in field £(x) at equilibrium over the range for which i trons .
Np >> n,. (b) Evaluate & (x} whena = 1 pmL. ther

»12. An n-type Si slice of a thickness L. is inhomogeneously doped with phosphorus doner
whose coneentration profile is given by N,(x} = Ny + (N, — Ng) (a/L). What is the formula
for the electric potential difference between the front and the back surfaces when the ] whe
sample is at thermal and electric equilibria regardless of how the mobility and ditfusivity
varies with position? What is the formula for the equilibrium electric field at a plane x -

i e . [Ze
from the front surface for a constant diffusivity and mobility? -

FOR SECTION 3.3 GENERATION AND RECOMBINATION PROCESS FOR SEC

» 13, Calculate the electron and hole concentration under steady-state illumination in an n-type € 99 Cons
silicon with G, = 108 em™s!, N, = 10 em™, and 7, =17, = 10Us. ' and;
%14. An n-type silicon sample has 2 x 10 arsenic atoms/enr®, 2 % 1015 hulk recombination cen- 9. Eval
tersfem?®, and 10" surface recombination centers/em®. {a) Find the bulk minority carrier ’ oter
lifetime, the diffusion length, and the surface recombination velocity under low-injection Eqni
conditions. The values of g, and g, are 5 x 1075 and 2 x 10716 ¢m?, respectively. (b) If the
sample is luminated with uniformly absorbed light that creates 107 efectron-hole FOR SEC"
pairs/em?®-s, what is the holé concentration at the surface? 6
. ; 2 224, Usel
®15. Assume that an n-type semiconductor s uniformly illuminated, producing a uniform e
excess generation rate G. Show that in steady state the change in the semiconductor /e
conduetivity is given by Ao =g(u, + Hy ¥, G
; s 25. Assw
FOR SECTION 3.4 CONTINUITY EQUATION 1 I'Tlatl‘
elect
—3 # 16. The total current in a semiconductor is constant and is composed of electron drift ciurent small
and hole diffusion current, The electron concentration is canstant and equal to 10'% e, vahe
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The hole concentration is given by

=0,

plx) = 10% exp(%c} em™

where L = 12 jtm. The hole diffusion coefficient is D, = 12 em¥s and the electvon mebil-
ity is p, = 1000 em*V-s. The total current density is | = 4.8 A/em® Caleulate (a) the hole
diffusion current density versus x, (1) the electron current density versus =, and {c) the
electric field versus x,

Excess carriers are injected on one surface of a thin slics of n-type silicon with thickness
W and extracted at the opposite surface where Pu(W) = p,... There is no electic field in
the region 0 < x < W. Derive the expression for current densities at the two surfaces,

In Prob. 17, if carrier lifetime is 50 ps and W = 0.1 rm, caieulate the portion of injected
current that reaches the opposite surface by diffusion (D = 50 cm?).

An n-type semiconductor has excess carrer holes 101 em™ and a bulle minority carrier life-
time 10 5 in the bulk material, and a minority cavier lifetime 107 s at the surface. Assume
zero applied electric field and let D, = 10 an®s. Determine the steady-state excess carrier
concentration as a fimetion of distance from the surface {x = 0) of the semiconductor,

FOR SECTION 3.5 THERMIONIC EMISSION PROCESS

20.

21,

A metal, with a work fimction 4, = 42V is deposited on an n-type silicon semiconductor
with affinity ¥ = 4.0 V and ¥z = 1.12 V. What is the potential barrier height seen by elec-
trons in the metal moving into the semiconductor?

Consider a tingsten filament with metal wark function ¢y, inside a high vacuum chamber.
Show that if a current is passed through the filament to heat it up sufficiently, the elec-
trons with enough thermal energy will escape into the vacumm and the resulted
thermionic current density is

JT — A'T.‘Z exp(ﬁzﬁmJ

where A” is dmymk? / 13 and m is free electron mass. The definite intepral

, #
f;e*"r‘dx{ﬁ] .

a

FOR SECTION 3.6 TUNNELING PROCESS

¢ 22,

23.

FOR SECTION 3.7
& o4

g&# 25.

§SHDOY

Cansider a electron with an energy of 2 eV impinging on a potential barrier with 20 eV
and a width of 3 A, What is the tunneling probability?

Evaluate the transmission coefficient for an electron of energy 2.2 eV impinging on a
potential barrier of height 6.0 eV and thickness 10-1® meters, Repeat the calenlation for a
barrier thickness of 10 meters.

HIGH FIELD EFFECTS

Use the velocity-field relations for i and CaAs shown in Fig, 22 to determine the transit
time of electrons through a 1 wm distance in these materials for an electric field of (a) 1
kV/em and (b) 50 kV/em.

Assume that a conduction electron in S {11, = 1350 cm®Vos) has a thermal energy kT,
related to its mean thermal velocity by E,, = myu,;%2. This electron is placed in an
electric field of 100 V/em. Show that the drift veloeity of the electron in this case i
small compared to its thermal velocity. Repeat for a field of 101 V/em, using the same
value of y1,. Comment on the actual mobility effects at this higher value of field.
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*  PROBLEMS (* DENOTES DIFFICULT PROBLEMS) ' . Fa’

- ler .

FOR SECTION 4.3 DEPLETION REGION ; '

» #1, A diffused silicon p—n junction has a linearly graded junction on the p-side with g = 1018 ' FOR SE
em™, and 2 uniform doping of 3 x 10 em- on the n-side. If the depletion layer width of 516, Fo
the p-side is 0.8p4m at zero bias, find the total depletion layer width, built-in potential, and Wit
maximum field at zero bias. an

% *2. Sketch the potential distribution in the Sip-n junction in Prob. 1. 17. De

v 3. For an ideal silicon p—n abrupt junction with ¥, = 107 e and Np = 10" em®, (a) cal- ant
culate V,, at 250, 300, 350, 400, 450, and 500 K and plot V, versus T; (b) comment on 18. Iy
your result in terms of energy hand diagram; and (c) find the depletion Jayer width and aq
the maximum field at zero bias for T = 300 X. 19. Tf ¢

» 4. Determine the n-type doping concentration to meat the following specifications for a Si dov
p—n junction: tior
Ny=10% em™, &, = 4x 10° Viem at V,y = 30 V. T = 300 K. | 20. Cop

E ]_01.

FOR SECTION 4.4 DEPLETION CAPACITANCE :

*5. An abrupt p-n junction has a doping concentration of 1015, 101 or 1027 ¢ on the : FOR SE(
lightly doped n-side and of 10!® cm™ on the heavily doped p-side. Obtain series of curves % - 21. For
of MC? versus, V, where V ranges from —4 Vo 0 Vin steps of 0.5 V. Comment on the mne
slopes and the interceptions at the voltage axis of these curves, ) B ¢ 29 For

6. For a silicon linearly graded junction with a impurity gradient of 10% em, caleulate the aV
built-in potential and the Jjunction capacitance at reverse bias of 4 V (T = 300 K). COm
% 7. A one-sided p*-n Si junction at 300 X is doped with ¥, - 1099, Design the junction ¥ + 1.
so that C; = 0.85 pF at V, = 4.0 V. for .
FOR SECTION 4.5 CUBRENT-VOLTAGE CHARACTERISTICS
8. Assume that the p—r junction considered in Prob. 3 contains 10% om-3 generation-recom-
bination centers located 0.02 eV above the intrinsic Fermi level of silicon with 0,=0, =
105 em? If u,, = 107 cm/s, caleulate the generation and recombination curent at ~0.5 V.

9. Consider a Si p-n junction with n-type doping concentration of 10% em= and is forward
biased with V = 0.8 V at 300 K. Calenlate the minority-carrier hole concentration at the

edge of the space charge region.
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10. Calculate the applied reverse-hias voltage at which the ideal reverse current in a p-n
junction diode at T = 300 K reaches 95% of its reverse saturation current value.

L1. Design the Si p-n diode such that J, = 25 Alem® and [, = 7 A/em® at V, = 0.7 V. The
remaining parameters are given in Ex, 5.

12. An ideal silicon p—n junction has N, = 10" e, N,y = 10 em™, 7, = 7, = 10°5, and a
device area of 1.2 x 107 cm?. (2) Calenlate the theoretical saturation current at 300 K.
(h) Calculate the forward and reverse currents at 0.7 V.

13. In Prob. 12, assume the widths of the two sides of the junction are much greater than the
respective minority-carrier diffusion length. Calculate the applied voltage at a forward
current of 1 mA at 300 K.

14. A silicon p*—n junction has the following parameters at 300 Kiq, = 7, = 1088, Ny = 1015
em™, Ny = 10" cm™. (a) Plot diffusion current density, ,,,, and total current density ver-
sus applied reverse voltage. (b} Repeat the above resubts for N = 104 em™.,

FOR SECTION 4.6 CHARGE STORAGE AND TRANSIENT BEHAVIOR

*15. For an ideal abrupt silicon p*—n junction with ¥ = 10'8 cm?, find the stored minority
carriers per unit area in the neutral n-region when a forward bias of 1 V is applied. The
length of neutral region is 1 flm and the diffusion length of the holes is 5 pm.

FOR SECTION 4.7 JUNCTION BREAXDOWN

¢ 16. For asilicon p*-# one-sided abrupt junetion with Ny, = 10" em™, find the depletion layer
width at breakdown. If the n-region is reduced to 5 pun, ealeniate the breakdown voltage
and compare your result with Fig, 28.

17. Design an abrupt Si p*—» junction diode that has a reverse breakdown voltage of 130 V
and has a forward-bias current of 2.2 mA at V, = 0.7 volt. Assume 7,,=20""s.

18. In Fig. 205, the avalanche breakdown voltage increases with increasing temperature. Give
a qualitative argument for the result.

19. If o= @, = 104 &/4 x 10°)° em~ in gallium arsenide, where &'is in V/em, find the break-
down voltage of (@) a p-i-n diode with an intrinsic-layer width of 10um and (b) p*—n junc-
tien with a doping of 2 x 10 em™ for the lightly doped side.

20. Consider that a §i p—n junction at 300 K with a linearly doping profile varies from N, =
10%¥ em™ to Np = 10¥cem™ over a distance of 2 um. Calculate the breakdown voltage.

FOR SECTION 4.8 HETEROJUNCTION

% - 21. For the ideal heterojunction in Ex. 10, find the electrostatic potential and depletion width
in each material for applied voltage of 0.5 V. and -5 V.

¢ 22.8F0r an n-type Gads/ p-type Aly;Gag;As heterojunction at room temperature, AEg = 0.21
eV. Find the total depletion width at thermal equilibrium when hoth sides have impurity
concentration of 5 x 10 em®. (Hint: the bandgap of AL Ga, ,As is given by E,(x)= 1.424
+ 1.24Tx eV, and the dielectric constant is 12.4 — 3.12x. Assume N, and Ny, are the same
for AL Ga, As with 0 < x < 0.4,
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ing above 10,000 V. We have considered the basic characteristic of thyristor operation,
In addition, we discussed the bidirectional thyristor (diac and triac} that has on-off states
with either positive or negative terminal voltages, the asyminetric thyristor that has very
short turn-on and tum-off times, the gate turn-off thyristor (GTO), and the light-activated
thyristor. Thyristors can cover a wide range of applications from low-frequency high-current
power supplies to high-frequency, low-power applications, including lighting controls, home
appliances, and industrial equipment.
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PROBLEMS (* INDICATES DIFFICULT PROBLEMS)

FOR SECTION 5.2 STATIC CHARACTERISTICS OF BIPOLAR TRANSISTOR

1. Ann-p-n transistor has a base transport factor oz, of 0.998, an emitter efficiency of 0,997,
and an 7., of 10 nA. {a) Caleulate o, and f, for the device. (b) Tf {y = 0, what is the emit-
ter current?

# 2. Given that an ideal transistor has an emitter efficiency of 0.999 and the collector-hase
leakage current is 10 pA, caleulate the active region emitter current due to holes if 7, = 0.
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. Asilicon p-n-p transistor has impurity concentrations of 5 x 10'8, 8 x 1017 and 1016 o3

in the emittor, base, and collector, respectively. The base width is 1.0 jm, and the device
cross-sectional area is 0.2 mm? When the emitter-hase Junetion is forward biased ta 0.5 V
and the base-collector junction is reverse biased to 5 V, caleulate (a) the neutral base
width and (b) the minority carrier concentration at the emitter-base junction.

For the transistor in Prob. 3, the diffusion constants of minerity carriers in the emitter,
base, and collector are 52, 40, and 115 ecm%s, respectively; and the corresponding life-
times are 107, 10, and 105 5. Find the current cowmponents Ip,, Iy, Iy, I, and 7, illus-
trated in Fig. 5,

. Using the results obtained from Prob. 3 and 4, {a) find the terminal currents I, I and I

af the transistor; (b) calculate emitrer efficiency, base transport factor, common-hase cur—
rent gain, and common-emitter eurrent gain; and (c) comment on how the amitter effi-
ciency and base transport factor can be improved.

. Referring to the minority carrier concentration shown in Eq. 14, sketch 2x¥p {0) curves

as a function of © with different W/L, . Show that the distribution will approach a straight
line when W/L, is small enough (say WiL, < 0.1).

For a trangistor under the active mode of operation, use Eq, 14 to find the exact solutions
of 7y, and /..

. Derive the expression for total excess minority-carrier charge @, if the transistor is oper-

ated under the active mode and p,{0) >> p,,. Explain how the charge can be approxi-
mated by the triangle area in the base shown in Fig. 6. In addition, using the parameters
in Prob. 3, find Q.

Using O derived from Prob. 8, show that the collector current expressed in Eq. 27 can
be approximated by I, = (EDP/WZ)QB.

Show that the base transport factor & can be simplified ta 1 - (W22r.%).

If the emitter efficiency is very close to unity, show that the common-emitter current gain
h can be given by 2LY/W?. (Hint: Use ¢ in Prob. 10.)

For a p*-n-p transistor with high emitter efficiency, find the common-emitter eurrent gain
By If the base width is 2 m and the diffusion constant of minority carrter in the base
region is 100 cm¥s, assume that the lifetime of the carrier in the base region is 3 x 107,
{Hint: Refer to 3, derived in Prob, 11.) :

A silicon n-p-n bipolar transistor Las impurity concentrations of 3 x 1018 g x 108 and 5 x
10% em in the emitter, base, and collector, respectively. Determine the diffusion con-
stants of minority cartier in the three regions by using Finstein’s relationship, D =
{(kT/q)ee. Assume that he mobilities of electrons and holes, K, and #,, can be expressed as

1252 407

] and fy =545+ (1 +0.374x 107 N]

t, =88+, — 129%
(1 +0.608x 1077y

at T'= 300 K.

Using the results obtained from Prob. 13, determine the current components in each
region with Vy, = 0.6V (operated under active mode). The device cross-sectional area is
0.01 mn® and the neutral-hase width is 0.5 pm. Assume the minority-carder lifetime in
each region is the same and equals to 108 5.

Based on the results obtain from Prob, 14, find the emitter efficiency, base transport fac-
tor, common-base carrent gain, and common-emitter current gain.

For an ion implanted n-p-n transistor the net Impurity doping in the neutzal hase is given
by Mx) = N, e, where Nyo=2x 10%em™ and ! = 0.3 um. {a) Find the total number of
impurities in the nevtral-hase region per unit area (b) Find the average impurity concen-
tration in the neutral-base region for a neutral-base width of 0.8 pm.
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17. Referring to Problem 18, if L, = 1gm, Ny = 10®cm™3, Dy = 1 cm¥s, the averagé lifetime
is 1085 in the base, and the average diffusion coefficient in the base corresponds to the
impurity concentration in Prob. 16, find the common-emitter current gain,

18. Estimate the collector current level for the transistor in Probs. 16 and 17 that has an emit. -
ter area of 10~ em®. The base resistance of the transistor can be expressed as 107 G,/W,
where W is the neutral-base width and B, is the average base resistivity.

#19. Plot the common-emitter current gain as a function of the base emrent I, from O to
25 pA at a fixed Vi, of 5V for the transistor shown in Fig, 10, Explain why the
current gain is not a constant.

20. The general equations of the emitter and collector currents for the basic Ebers-Moll
model J. |. Ebers and . L. Moll, “Large-Single Behavior of JTunction Transistors,
Proc.JRE., 42,1761{1954}] are

IFO(BqVEa/kT _ l) = DCRIRG(QG'VCEI'H _ l),
aFIFO(BqVEH/kT _ 1) _ IRO(Bfi’VcnflkT _ l),

where 0 and 0 are the forward common-base current gain and the reverse common-
base current gain, respectively. I, and I, are the saturation currents of the normally for-
ward- and reverse-biased diodes, respectively. Find o and oy in terms of the constants in
Eqs. 25, 96, 28, and 29.

Iy

Ie

1l

#91. Referring to the transistor in Example 2, find o, e, Ipp, and I o Ly using the equations
derived in Problem 20.

22. Derive ¥q. 32b for the collector current starting with the field-free steady-state continuity
equation. (Hint: Consider the minority carrier distribution in the collectar regior.)

FOR SECTION 5.3 FREQUENCY RESPONSE AND SWITCHING OF BIPOLAR
TRANSISTOR

23. A Si transistor has D, of 10 em®s and W of 0.5 pm. Find the cutoff frequencies for the
transistor with a common-base current gain ¢, of 0.998. Neglect the emitter and collector
delays.

24, Tf we want to design a bipolar transistor with 5 GHz cutoff frequency fy, what the neutral
base width W will be? Assume D,is 10 em?s and neglect the emitter and collector delays.

FOR SECTION 5.4 THE HETEROJUNCTION BIPOLAR TRANSISTOR

425, Consider a 5i; ,Ge /Si HBT with x = 10% in the base region (and 0% in emitter and col-
lector region). The bandgap of the base region is 9.8% smaller than that of Si. If the base
curent is due to emitter injection efficiency only, what is the expected change in the
common-emitter current gain between 0° and 100°CP

» 26. For an ALCa;_ As/GaAs HBT, the bandgap of the ALGa,_As is a fimction of x and can be
expressed as 1.424 + 1.247veV (when x < 0.45) and 1.9 + 0.125x + 0.143:2 ¢V {when 0.45
<x % 1), Plot S(HBTYS,(BJY} as a function of x.

FOR SECTION 5.5 THE THYRISTOR AND RELATED POWER DEVICES

27. Tor the doping profile shown in Fig. 22, find the width W (> 10gm) of the nl-region so
that the thyristor has a reverse blocking valtage of 120 V. If the current gain o, for the
ni-p2-n2 transistor is 0.4 independent of cwrrent, and o, of the pl-nl-p2 transistor can be
expressed as 0.5VL,/W In{j/],), where L,is 25 wm and [ is 5 x 10-% A/em?, find the
cross-sectional area of the thyristor that will switch at a current I of 1 ma,

28. Tor a GTO thryistor shown in Fig. 32, find the minimum gate clirrent [ , to turn off the
thyristor. Assume the current gains of the pl-nl-p2 and nl-p2-n2 transistors are o, and
oy, respecﬁvely.



FRTN

11.

FLIIULLLEL Laacel R e b s e e g —e

density of 5 x 10" cm™ locating solely at y = 5 nm. The thickness of the oxide layer is
10 nm. Find the change in the flat-band voltage due to O

Assume that the oxide trapped charge Q,, in an oxide layer has a triangular distribution:
Py} = g % (5% 10% % y) em™>. The thickness of oxide layer is 10 nm. Find the change in
the tlat-band voltage due to Q,,. )

- Assume that initially there is a sheet of mobile ions at the netal-8i0, interface. After g

long period of electrical stressing under a high positive gate voltage and raised tempera-
ture condition, the mobile ions completely drift to the Si0,-Si interface. This leads to a
change of 0.3 V in the flat-band voltage. The thickness of oxide layer is 10 nm. Find the
area density of O

m*

FOR SECTION 6.2 MOSFET FUNDAMENTALS

13.
=14,

16.

17.
18.

19.

H 22,

23.

Derive Eq. 34 from Eq. 33 in the text assuming Vi, << (Vo - V),

Derive the I-V characteristics of 8 MOSFET with the drain and gate connected together
and the source and substrate grounded. Can one obtain the threshold voltage from these
charaeteristics?

Consider a long-channel MOSFET with [, - 1 Wm, Z = 10 um, N, = 3 x 109 e ?, U, =
800 em’ Vs, C, = 3.45 % 107 F/em?, and V,, = 0.7 V. Find Ve and I for Vo = 5V
Consider a submicron MOSFET with L = 0.25 um, Z = 5 um, N, = 10 em™, 1, = 500
em?/ Vs, C, = 3.45 x 1077 F/ew?, and V, = 0.5 V. Find the channel conductance for V, =
IVandVv,-01v

For the device stated in Prob. 16, find the transconductance. »

An n-channel, n*-polysilicon-Si0,-Si MOSFET has N, = 10% em™, Qg = 5 x 10% car?,
and d = 10 nm. Calculate the threshold voltage.

For the device stated in Prob. 18, boron ions are irplanted to increase the threshold volt
age to +0.7 V. Find the implant dose, assume that the implanted ions form a sheet of neg-
ative charges at the Si-Si0, interface.

. A p-channel, n*-polysilicon-8i0,-Si MOSFET has N o = 1077 em™, Qrlg = 5x 10" e,

and d =10 nm. Caleulate the threshold voltage.

. For the device stated in Proh. 20, horon ions are implanted to decrease the value of

threshold voltage to —0.7 V. Find the tmplant dose, assuming that the implanted ions form
a sheet of negative charges at the Si-SiQ, interface.

For the device stated in Prob. 20, if the n* poly-Si gate is replaced by p* poly-Si gate,
what will the threshold voltage be?

A field transistor with a shuctare similar to Fig. 21 in the text has ¥,= 10Y cm™, Qg =
10 em 2, and an 0t polysilicon local intercomect as the gate electrode. If the require-
ment for sufficient isolation between device and well is Vi = 20V, calculate the minimam
field oxide thickness.

. A MOSFET has a threshold voltage of V., = 0.5 V, a subthreshold swing of 100

mV/decade, and a drain current of 0.1 gA at Vi What is the subthreshold leakage cur-
rent at V. = 0P

. For the device stated in Prob. 24, calculate the reverse substrate-source voltage

3

required to reduce the leakage current by one order of magnitude. (N, = 5x 1017 cm™,

d=5nm).
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FOR SECTION 6.3 MOSFET SCALING &

26. When the linear dimensions of MOSFET are scaled down by a factor of 10 based on thel

constant field scaling, what is the scaling factor for the corresponding switehing energy? L
*27. Based on the charge-sharing madel, Fig, 24, show that the threshold voltage roli-off is
given by Eq. 47.

FOR SECTION 6.4 CMOS AND BiCMOS
28. Describe the pros and cons of BICMOS,

FOR SECTION 6.5 MOSFET ON INSULATOR

29. For an n-channel FD-S01 device having N, = 5 x 1017 o3

maximum allowable thickness for Sj channel] layer (eg,).

30. For an n-chamme| SGI device with n*

4 nm, and dg, = 30 nm, caleulate the
all zero,

and d = 4 nm, caleilare the

-polysilicon gate havingN =5 x 10 e 3, =
threshold voltage. Assume that Qf, @, and O, are

3. For the device stated in Prob, 29, calculate the range of V, dishibution if the thickness
variation of dg, across the wafer is +5 nm,

FOR SECTION 6.6 MOS MEMORY STRUCTURES

32. What is the capacitance of a DRAM capacitor if it is planar, 1 pm x 1 [, with an oxide
thickness of 10 um? Caleulate the eapa

citance if the samne suface arez is used for a trench
that is 7 um deep and with the same oxide thiclmess.

33. A DRAM must operate with a minimum refresh Hme of 4 ms, The storage capacitor in
each cell has a capacitance of 50 fF and is fully charged to 5 V. Find the worst-case leak-

age current (L.e., during the refresh eyele 50% of the stored charge is lost) that the
dynamic node ean tolerate.

34, A ﬂoating—gate nonvolatile mewory has an initial threshold voltage of 2V, and a linear-

region drain conductance of 10 4mhos at a gate voltage of -5 V. After & write operating,
the drain conductance increases to 4

0 pmhos at the same gate voltage. Find the threshold
voltage shift.

FOR SECTION 6.7 THE POWER MOSFET

35. A power MOSFET has an n*-polysilicon gate and a p-base with N o= 10" em=, Gate
oxide thickness 4 ~ 100 am. Caleulate the threshold voltage.

For the device stated in Prob, 38, caleulate the effe
5% 10" em on the threshold voltage.

36. ct of a pasitive fixed charge density of
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PROBLEMS {* DENOQTES DIFFICULT PROBLEMS) i
FOR SECTION 7.1 METAL-SEMICONDUCTOR CONTACTS

~ 1. Caleulate the theoretical barrier height and built-in potential in a metal-semiconductor

6.

FOR SECTION 7.2 MESFET

7

. Copper is deposited on a carefully prepared n-type silicon substrate to form an ideal

. Caleulate the value of V), and 4, in an ideal metal-Si Schottky barrier contact. Assume the

B i T -

diode for zero applied bias. Assume the metal work function is 4.55 eV, the electron affin-
ity is 4.01 eV, and Ny, = 2 x 106 em™ at 300 K.

(a) Find the donor concentration and barrier height of the W-GaAs Schottky basrier diode
shown in Fig. 6. (b} Comtpare the barrier height with that obtained from the saturation

" current density of 5 x 107 A/cm? shown in Fig, 8. (c) For a reverse bias of -1 V, calgulate
the depletion-layer width W, the maximum field, and the capacitance.

Schottky diode. ¢,, = 4.65 eV, the electron affinity is 4.01 eV, Np= 3 x 101 fom®, and T =
300 K. Caleulate the barrier height, the built-in potential, the depletion-layer width, and
the maximum field at a zero bias.

The capacitance of a Au-n-type GaAs Schottky barrier diode is given by the velation 1/C?
= 1.57 % 10° — 2.12 x 10° V,, where C is expressed in 4F and V, is in volts, Taking the

diode arex to be 101 em?, calculate the built-in potential, the barrier height, the dopant
concentration, and the work function.

barrier height is 0.8 eV, ¥, = L5 10%em™, and gy = 401 eV.

In a metal-Si Schottky barrier contact, the barrier height is 0.75 eV and AT = 110 Alem® -
K2 Galculate the ratio of the injected hole current (o the eleetron current at 300 K,
assuming D, =12 em®s™, L, = 1 x 107 cm, and N = 1.5 % 10% em>.

. Given ¢, = 0.9 eV and Nj, = 107 cm™, find the minimum value of the thickness of the
epitaxial layer for a Cads MESFET (o be a depletion mode device {i.e., V; < 0).

Assume the doping in a GaAs MESFET is Ny, = 7 x 10" em™ and the dimensions are &=
03um, L = 1.5 pm, Z = 5 pm, g, = 4500 em™V-5, and gy, = 0.89 V. Calenlate the ideal
value of g, for Vo = 0, and V= 1 V.

. The n-channel GaAs MESFET shown in Fig. 10 has a barrier height ¢, = 0.9 V, Np=
10%em, g = 0.2 pm, L = L pm, and Z = 10 pum. {a) Is this an enhancement or depletion
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made deviee? (b) Find the threshold voltage {the enhancement mode indicates Vo0 @
the depletion mode indicates Vi< 0} d

<10. Ann-channel GaAs MESFET has g channel doping N, = 2 x 1015 em™, g < 0.8V

=05pm, L =1 pim, Hy= 4500 em®V-s, and Z = 50 Lm. Find the pinch-off potential,
threshold voltage, and the saturation eurrent at V,, = (.

£ 11. The barrier height ¢, of two GaAs n-channel MESFETs are the same and equal to
0.85 V. The channel doping in device 1 is Np =47 x10% e, and that in device 2 i
Np = 4.7 10 era3, Determine the chaunel thickness required in each device such that
the threshold voltage is zero for each device.

FOR SECTION 7.3 MODFET

v 12, For an abrupt AlGaAs/GaAs heterojunction with the n-AlGaas layer doped ta 3 x 10
em3, the Schottky barrier is 0.89 V and the heterojunction conduection-band edge discon-
tinuity AL is 0.93 eV, Caleulate the thickness of the doped AlGaAs layer d, so that the
threshold voltage is —0.5 V. Assume the permittivity of the AlGaAs is 12.3.

. ®13. Find the thickness of the undoped spacer layer d,, such that the two-dimensional elec-
tron gas concentration of an AlGaAs/CaAs heterojunction is 1.25 % 1012 % gt zero gate
bias. Assume that the n-AlGaAs is doped to 1 x 10%em=3 and has a thickness d, of 50 nm,

the Schottky barrier height is 0.89 V, and ALl = 0.23 V. The permittivity of the AlGaAs
is 12.3. :

14. Consider a AlGaAs/Gads HFET with a 50 nm n-AlGaas and a 10 nm undoped AlGaAs
spacer. Asgime the threshold voltage is 1.3V, Npis 5 x 100em=3, AF, = 0,25 eV the

channel width is 8 nm, and the permiftivity of AlGaAs is 19.3, Caleulate the Schottky bar-
rier height and the two-dimensional electron gas concentration at V= @, )

»15. The AlGaAs/GaAs has a two-dimensional electron £as concentration of 1 X 10%m-2, the
spacer is 5 nm, the channel width is 8 nm, the pinch-off valtage is 1.5V, Abfg =023V,
and the doping concentration of AlGaAs is 10% em=3, The Schottky barrier height is 0.8 v
Find the thickness of the doped AlGaAs and the threshald voltage.

& 16. Consider an n-AlGaAs—intrinsic GaAs abrupt heterojunction. Assume that the AlCaAs is
doped to Ny, = 3 x 10%em= and has a thickness of 35 mq (there is no spacer). Let By, =

0.80 V, and assume that AEg = 0.24 eV and the dielectric constant I5 12.3. Caleulate (a) v,
and (b) n_for Vo= 0.
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PROBLEMS (* DENOTES DIFFICULT PROBLEMS) be
FOR SECTION 8.1 BASIC MICROWAVE TECHNOLOGY th
an
« 1. For a nearly lossless transmission line (R is very small) with a 75 Q characteristic bre
impedance, if this transmission line has a unit length capacitance of 2 PF, what is the unit -
length inductance of this transmission line?
* 2, For a cavity of the dimensions ¢ = 10 cm (0.1m), b =5em (0.05 m), and d = 95 e FOR SE
{0.25 m), find the resonant frequency in the dominant TEj mode. .11 M
(ot
FOR SECTION 8.2 TUNNEL DIODE Es .
. 3. Find the depletion-layer capacitance and depletion-tayer width at 0,25 V forward bias for 15
a GaAs tunnel diode doped to 10 cm on both sides, using the abrupt junction approsi- bwe
mation and assuming V, = V,=003V. effi
8 4, The current-voltage characteristic of 2 GaSh tunnel diode can be expressed by the empiti- 2120 Fir ;
cal form of Eq. 5. with {p=10m4, V, = 0.1V, and Iy= 0.1 nA. Find the largest negative Alg
differential resistance and the corresponding vollage. bt

GCa.
FOR SECTION 8.3 IMPATT DIODE ;
8 5. The variation of electric field in the depletion region due to avalanche-generated space
charge gives vise to an incremental resistance for abrupt p*-n diode, The incremental

resistance is called the space-charge resistance, By, and is given by (1/7)] ,}VAé'.’it, where
Ad'is given by

W
s
A(gw)=fn_ff’sj= w )
£ Aggng

(2) Find Ry, for a pr-n Si IMPATT diode with Np=10%ern3 W = 12 pin, and A =
3 x 10tem?, (b) Find the total applied de voltage for a current density of 10% A/em?
o« 6 A GaAsTMPATT diode is operated at 10 GHz with a de bias of 100 V and an average

Masing clrent {I5/2) of 100 mA. (a) If the power-generating efficiency is 25% and the
thermal resistance of the diode is 10° C/W, find the junction temperature rise above the
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room temperature, (b} If the breakdown voltage increases with temperature at a rate of §
60 mV/°C, {ind the breakdown voltage of the diode at room temperature. :

Consider a GaAs single drift lo-lti-lo IMPATT dicde shown in F ig. 6c with an avalanche
region width (where the electric field is constant) of 0.4 pm and a total depletion width of
3 pm. The n* chump has a charge Q of 1.5 x 10%/em?. (a) Find the breftdown voltage of
the diode and the maximum feld at breakdown. (b) Is the field in the drift region high
enough te maintain the velocity saturation of electrons? (¢) Find the operating frequency.

A-silicon}*—p-?&p‘ IMPATT diode has a p-layer 3 pm thick and a #-layer {low-doping p-
layei )-9um thick. The biasing voltage must be high enough to cause avalanche breals-
down in the p-region and velocity saturation in the & region. (a) Find the minimum
required hiasing voltage and the doping concentration of the p-region. (b) Fstimate the
transit time of the device. :

FOR SECTION 8.4 TRANSFERRED-ELECTRON DEVICES

< 9.

*10.

An InP TED is 1 gm long with a cross-section area of 10~ cm? and is operated in the
transit-time mode. {a) Find the minimum electron density n, requived for transit-time
mode. (b) Find the time between current pulses. {¢) Calculate the power dissipated in the
device if it is biased at one-half the threshold,

(a) Find the effective density of states in the upper valley Npp; of the GaAs conduction
band. The upper-valley effective mass is 1.2 M. (b) The ratio of electron concentrations
between the upper and lower valleys is given by (Ney/ Ney,) exp(-AF/KT,), where N, is
the effective density of states in the lower valley, AE = 0.31 eV is the energy difference,
and T, is the effective electron temperature, Find the ratio at T, = 300 K. (c}) When elec-
trons gain ldnetic energies from the electric field, T, increases. Find the concentration
ratio for T, = 1500 K.

FOR SECTION 8.5 QUANTUM-EFFECT DEVICES

» 1L

12,

Modecular beam epitaxy interfaces are typically abrupt to within one ar two monolayers
{one monolayer = 0.28 nm in GaInAs) because of terrace formation in the growth plane,
Estimate the energy level broadening for the ground and first excited-electron states of a
15 nm GaInAs quantum well hound by thick AllnAs barriers, (Hint: assume the case of
two-monolayer thickness fluctuation and an infinity deep quantum well. The electron
effective mass in Galnas is 0.0427 g )

Find the first excited level and the corresponding width of the peak AE, for a RTD with
AlAs (2 nm)/GaAs {6.78 nm)¥AlAs (2 mn). If we want to maintain the same energy level
but increase the width AE, by a factor of 10, what should be the thicknesses of AlAs and
GaAsP



