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Chapter 1 Solutions 

Prob. 1.1 

Which semiconductor in Table 1-1 has the largest Eg? the smallest? What is the 
corresponding A? How is the column III component related to Eg? 

largest Eg : ZnS, 3.6 eV 

1 24 
X = ^=- = 0.344um 

3.6 

smallest Eg : InSb, 0.18 eV 

1 24 
1=^=^- = 6.89um 

0.18 

Al compounds Eg > corresponding Ga compounds Eg > the corresponding In 
compounds Eg 

Prob. 1.2 

Find packing fraction of fee unit cell. 

5-\/2 
nearest atom separation = A = 3.54A 

tetrahedral radius = 1.77A 

volume of each atom =23.14A3 

number of atoms per cube =6--5- + 8 • | = 4 atoms 

23 lA3 -4 
packing fraction = —'- ;— = 0.74 = 74% 

(5A)3 



Prob. 1.3 

Label planes. 

(6 4 3) 

x y z 
2 3 4 
1/2 1/3 1/4 
6 4 3 

(212) 

x y z 
2 4 2 
1/2 1/4 1/2 
2 1 2 

Prob. 1.4 

Calculate densities of Si and GaAs. 

The atomic weights of Si, Ga, and As are 28.1, 69.7, and 74.9, respectively. 

Si: a = 5.43-10"8 cm, 8 atoms/cell 

8 atoms 

(5.43-10"8cm) 
3 5 -10 2 2 ^ 
3 cm 

density = 
5-1022-L - 2 8 . 1 ^ 

6.02-10 23 1 
mol 

= 2.33-¾ 

GaAs: a = 5.65 -10"8 cm, 4 each Ga, As atoms/cell 

(5.65-10'scm) 
-=2.22-1022^ 

density = 
2.22-1022 -V(69.7 + 74.9) 

cnr V / 
mol 

6.02-10 23 1 
mol 

= 5.33 A 



Prob. 1.5 

For InSb, find lattice constant, primitive cell volume, (110) atomic density. 

^ = 1 . 4 4 A + 1.36A = 2.8A 
4 

a=6.47A 

a3 

FCC unit cell has 4 lattice points /.volume of primitive cell = — = 61.lK? 

area of (110) plane = V2a2 

4.1+2.1 ^/2 
density of In atoms = —%=—- = -^- = 3.37-101 4^ 

V2a2 a2 

same number of Sb atoms = 3.37-10 14 1 
cm 

Prob. 1.6 

Find density ofsc unit cell. 

nearest atom separation = 2 • 2.5A = 5A 

number of atoms per cube = 8 • | = 1 atom 

5 42 -^-
mass of one atom = : — ^ — = 9-10~24-§-

6.02-10 ^ f 

density = * * ™ ' ^ i & r = QQ 

(5A)3 

Prob. 1.7 

Draw <110> direction of diamond lattice. 

This view is tilted slightly from (110) to show the 
Y alignment of atoms. The open channels are 
1 hexagonal along this direction. 



Prob. 1.8 

Show bcc lattice as interpenetrating sc lattices. 

O • O 

6-

•O 

O- O 

p -p 
0- -a 

iar 
•a 

-o 
view direction 

The shaded points are one sc lattice. 
The open points are the interpenetrating 
sc lattice located a/2 behind the plane of 
the front shaded points. 

Prob. 1.9 

(a) Find number of Si atoms/cm on (100) surface. 

fee lattice with a = 5.43A 

number atoms per (100) surface = 4 - | + 1 = 2 atoms 

2 

I 
a=5.43A 

I atoms per (100) surface area ,- =6.78-10 1 4^ 
(5.43A)2 

(b) Find the nearest neighbor distance in InP. 

fee lattice with a = 5.87A 

nearest neighbor distance = *.^i!ZA.V2-4.15A 



Prob. 1.10 

Find Na CI density. 
Na : atomic weight 23g/mol, radius 
CI': atomic weight 35.5g/mol, radius 1. 

unit cell with a = 2.8A by hard sphere approximation 

1 atoms , Qg g _|_ 1 atoms . g g g g 

Vi Na and lA CI atoms per unit cell = - 2 ^ ^ ^ '-^ = 4.86 -10"23 -\ 
6.02-1023 ^gf ^ 

density = 4.86-102 3^ =22^_ 
( 2 . 8 - 1 0 - ^ ) 3 ^ 

The hard sphere approximation is comparable with the measured 2.17-^ density. 

Prob. 1.11 

Find packing fraction, B atoms per unit volume, and A atoms per unit area. 

AhJ V rt A D A rt ) Note: The atoms are the same size and touch each 
other by the hard sphere approximation. 

radii of A and B atoms are then lA 

number of A atoms per unit cell = 8 • \ = 1 

4 A number of B atoms per unit cell = 1 

volume of atoms per unit cell = l -^-( lA) 3 + l -^-( lA) 3 = f^A3 

volume of unit cell = (4 A)3 = 64A3 

MA3 71 
packing fraction = 3 . , = — = 0.13 = 13% 

64A3 24 

B atoms volume density = ^- = 1.56-1022 ~ 
64A3 

number of A atoms on (100) plane = 4-1 = 1 

A atoms (100) aerial density = 1 a ^ ° m = 6.25-1014 -½ 
(4A)2 



Prob. 1.12 

Find atoms/cell and nearest neighbor distance for sc, bcc, and fee lattices. 

sc: atoms/cell = 8-j = 1 

nearest neighbor distance = a 

bcc: atoms/cell =8-1 + 1 = 2 

nearest neighbor distance = 
L->/3 

fee: atoms/cell = 8 - | + 6 - f = 4 

nearest neighbor distance = 
i-V2 

Prob. 1.13 

Draw cubes showing four {111} planes and four {110} planes. 

{111} planes 

{110} planes 



Prob. 1.14 

Find fraction occupied for sc, bcc, and diamond lattices. 

sc: atoms/cell = 8-1 = 1 

nearest neighbour = a -> radius = — 
2 

bcc: 

atom sphere volume = 
4TE 

(-)3 

\2) 
Tt-a 

unit cell volume = a3 

1 7c-a 
ft 71 

fraction occupied = ^— = — = 0.52 
a3 6 

atoms/cell = 8 • { + 1 = 2 

nearest neighbour = -> radius = - •V3 

atom sphere volume 

unit cell volume = a3 

4% (- K\ >/3 I TI-S-

v 4 y 16 

fraction occupied = j ^ = = 0.68 
a 8 

diamond: atoms/cell = 4 (fee) + 4 (offset fee) = 8 

nearest neighbour = —:— -> atom radius = 

atom sphere volume = 

4 

471 

8 

<*•&* 

v. " y 

7C-V3 •; 

128-

— r , 3 

unit cell volume = a 

fraction occupied 128 Tt-A/3 

16 
= 0.34 

â/2 



Prob. 1.15 

Calculate densities ofGe andlnP. 

The atomic weights of Ge, In, and P are 72.6,114.8, and 31, respectively. 

Ge: a= 5.66-10"8 cm, 8 atoms/cell 

8 atoms 

a (5.66-l(r8cm) 
= 4.41-1022 ^ r 

density = 
4.41-10 2 2^-72.6-! mol 

6.02-10 
23

 _J_ 
mol 

= 5.32-^ 

GaAs: a = 5.87 -10~8 cm, 4 each In, P atoms/cell 

(5.87-10"8cm) 
-=1.98-1022 ^ r 

1.98-10^^-(114.8+31)-^ 
density = , "* \ „, J-^- = 4 . 7 9 ^ 

6-02-1023^ 

Prob. 1.16 

Sketch diamond lattice showing four atoms of interpenetrating fee in unit cell.. 

Full Interpenetrating Lattice Four Interpenetrating Atoms in Unit Cell 



Prob. 1.17 

FindAlSbxAsi-x to lattice match InP and give band gap. 

Lattice constants of AlSb, AlAs, and InP are 6.14k, 5.66k, and 5.87A, respectively from 
Appendix III. Using Vegard's Law, 

6.14A-x + 5.66A-(l-x) = 5.87A -> x = 0.44 

AlSbo.44Aso.56 lattice matches InP and has Eg=1.9eV from Figure 1-13. 

Find InxGai-x P to lattice match GaAs and give band gap. 

Lattice constant of InP, GaP, and GaAs are 5.87A, 5.45A, and 5.65A, respectively 
from Appendix IE. Using Vegard's Law, 

5.87A-x + 5.45A-(l-x) = 5.65A -> x = 0.48 

Ino.48Gao.52P lattice matches GaAs and has Eg=2.0eV from Figure 1-13. 

Prob. 1.18 

Find weight of As (kd=0.3) added to lkg Si in Czochralski growth for 1015 cm'3 doping. 

atomic weight of As = 7 4 . 9 ^ 

1015 -J-
C =kd - (^ = 1 0 1 5 ^ - > C L = ^- = 3.33-1015-½ 

assume As may be neglected for overall melt weight and volume 

i ° ° 2 « ® - 429.2cm' Si 
2 .33A 

cm 

3.33-1015-^ • 429.2cm3 = 1.43-1018As atoms 
cm 

1.43-1018atoms • 74.9-^ mol _ 1 0 1 A - 4 „ A „ - 1 0 1 A-7 

6 . 0 2 - 1 0 2 3 ^ 
= 1.8-10^g As = 1.8-10"'kg As 

http://AlSbo.44Aso.56
http://Ino.48Gao.52P


Chapter 2 Solutions 

Prob. 2.1 

(a&b) Sketch a vacuum tube device. Graph photocurrent I versus retarding voltage Vfor 
several light intensities. 

r*^S hv 

light 
intensity 

V, V 

Note that V0 remains same for all intensities. 

(c) Find retarding potential. 

X=2440A=0.244um O=4.09eV 

, , , , 1.24eV-um . 1.24eV-um A . . , 7 ^ „ „ T 7 „ ™ Tr •, *T 
V„ = hv - O = — — — — - O = : 4.09eV = 5.08eV - 4.09eV « leV 

A.(um) 0.244pm 

Prob. 2.2 

Show third Bohr postulate equates to integer number ofDeBroglie waves fitting within 
circumference of a Bohr circular orbit. 

2 * 2 

and 
2 2 

q mv , 
— - — T = a n d p ^ m v r 
47te„r r 

4fl-e0n h 

mq2 

4xen2h2 n2h2
 4JIE r 2 n2^2 2 * 2 n% 

mq mr„ miL2 mv2 m2v2r 

m2v\2=n2h2 

mvrn =11¾ 

p&=nh is the third Bohr postulate 



Prob. 2.3 

(a) Find generic equation for Lyman, Balmer, and Paschen series. 

AE: Ac _ mq 
T 32712^2¾2¾2 " 32n2e0

2n2
2h2 

hc_ mq4(n2
2-n i

2) _ mq4(n2
2-n i

2) 

Vn2
2*2-2 

2 „ 2 „ 2T .2 

326^11/112 2¾ 2^ 

mq 

2 7,2 

1 = 

te0xv* 
8s2A3c 8e 0

z n> 2 Az -he 
t ru^n. ,2-^2) mq4 

8-(8.85 • 10"121)2- (6.63 • 1(T34 J-s)3- 2.998 • 108 

2 2 
n > 2 

2 2 

n2 - ^ 

9.1 M0"31kg- (1.60- 10"19C)4 

2 ? 

2 2 

n2 -n, 

A = 9.11-108m-
rij n 

2 2 

n2 -nx 

^ r = 9 . 1 l A -
2 2 

2 2 

n2 -n : 
nj=l for Lyman, 2 for Balmer, and 3 for Paschen 

(b) Plot wavelength versus nfor Lyman, Balmer, and Paschen series. 

LYMAN SERIES 
n 
2 
3 
4 
5 

nA2 
4 
9 
16 
25 

nA2-1 
3 
8 
15 
24 

nA2/(nA2-1) 
1.33 
1.13 
1.07 
1.04 

911*nA2/(nA2-1) 
1215 
1025 
972 
949 

LYMAN LIMIT 911A 

BALMER SERIES 
n 
3 
4 
5 
6 , 
7 

nA2 
9 . 
16 
25 
36 
49 

nA2-4 
5 
12 
21 
32 
45 

4nA2/(nA2^) 
7.20 
5.33 
4.76 
4.50 
4.36 

911*4*nA2/(nA2-4: 
6559 
4859 
4338 
4100 
3968 

PASCHEN SERIES 
n 
4 
5 
6 
7 
8 
9 
10 

nA2 
16 
25 
36 
49 
64 
81 
100 

nA2-9 
7 
16 
27 
40 
55 
72 
91 

9*nA2/(nA2-9) 
20.57 
14.06 
12.00 
11.03 
10.47 
10.13 
9.89 

911*9*nA2/(nA2-9) 
18741 
12811 
10932 
10044 
9541 
9224 
9010 

PASCHEN LIMIT 8199A 

BALMER LIMIT 3644A 

Prob. 2.4 

Show equation 2-17 corresponds to equation 2-3. That is show c-R = m-q 
2-K2-h2-h 

From 2-17 and solution to 2.3, 

c 
»21 = 

2.998-10* f 

9.11-10-8m-^4 n2 V 

= 3.29-1015Hz-' 
V n i n 2 J 

From 2-3, 

u. c-R 
v n i n 

= 2.998-108 ^ . 1.097-107 J- • 
2 J V n i n 

= 3.29-1015Hz-
2 J 

f 

V n i n 2 J 



Prob. 2.5 

(a) Find Apxfor Ax= 

Apx-Ax = A _* A p x = _J_ = 6 . 6 3 - 1 0 ^ J - s = 5 0 3 4 ( ) . 2 5 ^ 
Fx An x 4;r-Ax 471-10-1¾ 

(b)FindAtforAE=leV. 

AT. * * A A 4.14-10"15eV-s 0 _ 1 A - i 6 

AE-At = — -> At= = =3.30-10 16s 
An An-AE 4jr-leV 

Prob. 2.6 

Find wavelength of WOeVand 12keVelectrons. Comment on electron microscopes compared to 
visible light microscopes. 

E = i m v 2 -> v = J — 
V m 

X - * = ± = _ * = 6.63-lQ-J.s .E-* = E ^ 4 . 9 1 . 1 0 - ¥ . m 
p mv V2-E-m ^/2-9.11-10 -¾ 

For lOOeV, 

X = E_i-4.91-10"19P-m = (1 OOeV-1.602-10-19^)4-4.91-10"19P-m=l.23-10-10m =1.231 

For 12keV, 

X = E^-4.91-10"19Ji-m = (1.2-104eV-1.602-10'19^)"i-4.91-10-19P-m=1.12-10"11m = 0.112A 

The resolution on a visible microscope is dependent on the wavelength of the light which is 
around 5000A; so, the much smaller electron wavelengths provide much better resolution. 

Prob. 2.7 

Show that T is the average lifetime in exponential radioactive decay. 

The probability of finding an atom in the stable state at time t is N(t)=N0 • e"7. This is analogous 

to the probability of finding a particle at position x for finding the average. 

t) = ^-

Jte'Mt 
.2 

T 
X 

Je 'dt 

This may also be found by mimicking the diffusion length calculation (Equations 4-37 to 4-39). 



Prob. 2.8 

Find the probability of finding an electron at x<0. Is the probability of finding an electron at 
x>0 zero or non-zero? Is the classical ptobability of finding an electron at x>6 zero or non? 

The energy barrier at x=0 is infinite; so, there is zero probability of finding an electron at 

x<0 (|\b|2=0). However, it is possible for electrons to tunnel through the barrier at 5<x<6; 

so, the probability of finding an electron at x>6 would be quantum mechanically greater 

than zero (|^|2>0) and classical mechanically zero. 

V=10V 

. . « - - ' " • - * » . , 

* * * • _ • 
* ' » » 1 

-0,5 0 
X(fflTlJ 

Prob. 2.9 

Find 4-px
2+2-p2

2+—for W(x,y,z,t) = ^ V 0 ^ ^ 
m 

2\ -co 
K -j(10-x+3-y-4-t) ?h_dy 

v J faj 

A . e j (10 . x + 3 .y -4 . t ) d x 

f|A|2e"j(10'x+3'y"4't)ej(10'x+3'y"4't)dx 

= 100-¾2 

K -j(10-x+3-y-4-t) A-e j(10-x+3-y-4-t) t;dz 

f|A|2e"ja°'x+3'y"4't)ej(10'x+3'y"4't)dz 

K a-j(10-x+3-y-4-t) 
f hd^ 

jdt 
A-e j(10-x+3-y-4-t) dt 

v J •-"/ 

f|A|2e"j(10'x+3'y"4't)ei(10'x+3'y"4't)dt 

= 4-¾ 

4-px
2+2-p z

2+ 7-E 

m 
• 400¾2 + 

28¾ 

9.11-10"31kg 



Prob. 2.10 

Find the uncertainty in position (Ax) and momentum (Ap). 

¥(x,t) = j l . s i n f — \ Q - ^ h and ( f - f d x = l 

x) = J V - x - ^ F d x ^ j x 
o L 0 

L ~ L 

(x2) = J V - x - ^ c b ^ - j x 

0 

dx = 0.5L (from problem note) 

2 • 2 

•sin 
7IX dx = 0.28L2 (from problem note) 

Ax = ^(x 2 ) - (x)2 = 70.28L2 - (0.5L)2 = 0.17L 

Ap> - ^ = 0 . 4 7 - ^ 
4TI-AX L 

Prob. 2.11 

Calculate the first three energy levels for a 10A quantum well with infinite walls. 

„ _ n2-7i2^2 _ (6.63-10-34)2 
,-20 „ 2 

2-m-L2 8-9.11-10-31 -(10-9)2 

Ej = 6.03-10"20J = 0.377eV 

E2=4-0.377eV=1.508eV 

E3 = 9-0.377eV = 3.393eV 

•n2 = 6.03-10" -n 

Prob. 2.12 

Show schematic of atom with Is 2s 2p and atomic weight 21. Comment on its reactivity. 

nucleus with 
8 protons and This atom is chemically reactive because 
13 neutrons 

the outer 2p shell is not full. It will tend 

2 electrons in 1s to try to add two electrons to that outer 

shell. 

2 electrons in 2s 

4 electrons in 2p 

© = proton 

= neturon 

= electron 



Chapter 3 Solutions 

Prob. 3.1 

Calculate the approximate donor binding energy for GaAs ( e r = 13.2, m* = 0.067 m0). 

From Equation 3-8 and Appendix II, 

T3 _ mI-q4 _ 0.067-(9.11-10-31kg)-(1.6-10"19C)4 

8-(e0er)
2-h2 8-(8.85-10-12^ -13.2)2-(6.63-10¾)2 8.34-10'22J = 5.2 meV 

Prob. 3.2 

Plot Fermi function for Ep—leV and show the probability of an occupied state AE above Ep is 
equal to the probability of an empty state AE below Ep so f(EF + AE) = 1 -f(EF -AE). 

use f(E) = 
1 

1+e 
E-EF 

and kT=0.0259eV 

E(eV) 
0.75 

0.90 

0.95 
0.98 

1.00 

1.02 

1.05 

1.10 

1.25 

(E-EF)/kT 
-9.6525 

-3.8610 

-1.9305 

-0.7722 

0.0000 
0.7722 

1.9305 

3.8610 

9.6525 

f(E) 
0.99994 

0.97939 

0.87330 
0.68399 

0.50000 

0.31600 

0.12669 

0.02061 

0.00006 

occupation probability above EF = f(EF+AE) = — 

l + e w 

1 
empty probability below EF = 1 - f(EF- AE) - 1 -

1+e1^ 

l-f(EF-AE) = l -
1 

-AE 

» k T 1 1 
-AE 

l + e k T 
-AE 

l + e k T 

AE AE = f ( E F + A E ) 

e k T + l l + e k T 

This shows that the probability of an occupied state AE above Ep is equal to the probability 

of an empty state AE below EF. 



Prob. 3.3 

Calculate electron, hole, and intrinsic carrier concentrations. 

,„ _,„ ,-,=m15J_ 

n=10 1 5^ 

Eg=l.leV NC=NV n=1015^- Ec-Ed=0.2eV Ec-EF=0.25eV T=300K 

cm 

E r - E F E r - E F 0.25eV 

n = N r - e kT - > N r = n - e k T = 1 0 ^ - 6 ^ ^ = 1 . 5 6 - 1 0 1 9 ^ 
° *- cm cm 

N v = 1.56-1019 ^ r 
v cm 

EF-EV 0.85eV 

p = Nv-e" kT = 1 . 5 6 - 1 0 ^ - ^ - 6 ^ - ^ ^ = 8 . 7 1 - 1 0 4 ^ 
r v cm cm 

( Eg \ 

nj = yn-p = 9.35-10 9^ note: n; = yjNc -Nv -e 2kT may also be used 
V 

Prob 3.4 

Find temperature at which number of electrons in T and X minima are equal. 

XT 9^1 

-^- =—^Le kT from Equation 3-15 
n r N c r 

Since there are 6 X minima along the <1 0 0> directions, Equation 3-16b gives: 

2 I 

N c X*6-(m e X)2cx 6-(0.30)2 

N c r ^ ( m e r ) 2 ^ (0.065)2 

3 

nx 6-(0.30)S -°-§f 
-JL = —- ^-e kT = 1 for n r = nx 

n^ (0.065) 

.92. (0.065) ass 6 . ( 0 - 3 0 ) 
e H = -i '— -> ekT = —^ '— = 59.4 

6-(0.30)2 (0.065)2 

° ^ = ln(59.4) = 4.09 -+ kT = ™™- = 0.0857eV 
kT 4.09 

T = 988K 



Prob. 3.5 

Discuss m*for GaAs and GaP. What happens if a Y valley electron moves to the L valley? 

From Figure 3.10, the curvature of the V valley is much greater than L or X. Thus T valley 
electrons have much smaller mass. The light mass V electrons in GaAs (/Xn=8500) have 
higher mobility than the heavy mass X electrons (/Xn=300) in GaP since /½ is inversely 
proportional to m*. If light mass electrons in T were transferred to the heavier mass L 
valley at constant energy, they would slow down. The conductivity would decrease (see 
discussion in Section 10.3). 

Prob. 3.6 

Find Eg for Si from Figure 3-17. 

Inn 

T 

fornjj andn^ on graph 

n;i =3-1014 — =2-10'3 ^ 

ni2 = 10s : 4 - 1 0 ^ 

This result is approximate because the temperature 

dependences of N c , N v , and E are neglected. 

n; n; =JN3Ve"2 k T -• E =-2kT-ln . 

In —— =\n.-a.{l- lnn^ 
n i 2 

/ 

v 2kT, 
+ InV^N; 

for Si (see above) -» E = 2k • 
n„ 

V T 2 T l / 

-»• Inn,- + 
V 

A f 

V 2kT2 
+ 

2kT 

lnVNcNv 

InV^N, 

E. ( 1 P 

= 2-8.62-1014 • 
In 

J 

3-1014 

108 

2k 

r 3 l 4-10 -3^ -2-10-
 K 

T T 

= 1.3eV 



Prob. 3.7 

(a) FindNd for Si with 10 cm' boron atoms and a certain number of donors so 
EF-Et=0.36eV. 

n =n,e 
kT 

n0 =Nd -N . -> Nd =n0 +N a =n i e « ' +N£ 

0.36eV 

= 1.5-10I0-^T-e00259eV + 1016-½ = 2.63-1016 ^ r 

(b) Si with 10 cm' In and a certain number of donors has EF-EY=0. 2 6eV. How many In atoms 
are unionized (i.e.: neutral)? 

fraction of Ea states filled = f(Ea) = 
1 1 
E a -E F 

1 + e kT 
0.26eV-0.36eV 

1 + e -0259eV 

= 0.979 

unionizedIn = [l-f(Ea) ]-N to = 0 .021-10 1 6 ^ =2.1-1014 i 
3 

cm 

Prob. 3.8 

Show that Equation 3-25 results from Equation 3-15 and Equation 3-19. Find the position of the 
Fermi level relative to Ei at 300Kfor no=10 cm . 

E, 

0.347eV 

0.55eV 

Et 

(Ec-Ep) 

Equation 3-15 -> n0=Nc-e kT 

E r - E B Ep-E; Ep-E; EE-E: 

n 0 =N c - e kT = N c -e kT -e kT = n j - e k T using 3-21 yields Equation 3-25 a 

Ep-Ey 

Equation 3-19 -> p 0
= N v • e 

Ep-E v 

kT 
0 •'•''V 

E f -E v E(-EF E,--E« 

Po = N v- e kT :N„-e kT , P kT = nd -e
 kT using 3-21 yields Equation 3-25b 

16 for Fermi level relative to Ei at 300K for no=10 cm 

1 5-1010 

EF-R =0.0259eV-ln -— = 0.347eV 
101 



Prob. 3.9 

Find the displacement of E{ from the middle ofEgfor Si at 300Kwith mn=l.lm0 and mp=0.56mo, 

Ej is not exactly in the middle of the gap because the density of states Nc and Nv differ. 

Ec-Ej J5g_ 

N c • e kT = ^/Nc • N v • e 2kT since each equal to n; in Equation 3-21 and Equation 3-23 

-Er-E:+J-
L ' 2 

kT (N r 

/ * v„ 

v m v 

- ^ - (Ec+E ;) =kT — -In—f = 0 . 0 2 5 9 e V - - - l n — =-0.013eV for Si at 300K 
2 v c , ; 4 m! 4 1.1 

So, Ei is about one half kT below the center of the band gap. 

Er 

Es/2 E, 

E, 

Prob. 3.10 
I f 3 

Is Si doped with 10 donors per cm n-type at 400K? Is Ge? 

At T=400K, Figure 3-17 indicates that n > n; for Si doped with Nd = 1013 cm ; so, the Si would 
15 be n-type. At T=400K, Figure 3-17 indicates that n =n; «10° cm"J for Ge doped with Nd = 10 

cm"3; so, the Ge would require more donors for useful n-type doping. 
us 



Prob. 3.11 

Calculate electron, hole, and intrinsic carrier concentrations. Sketch band diagram. 

N c - 1 0 1 9 ^ ^ = 5 - 1 0 1 8 ^ E=2eV T=627°C=900K n=1017-V 
cm' 

E r - E F 

n = N c -e kT -+ EC-EF = -k-T-ln 
r \ 

n 
vN cy 

= -0.078eV-ln 
^1017^ 

> 1019 , 
= 0.36eV 

EF-EV = [(EC-EV)-(EC-EF)] = [Eg-(EC-EF)] = [2eV-0.36eV] = 1.64eV 
EF-EV 

p = Nv-e" kT 
1.64eV 

n; =yjn^p = 1.9-10 

5 - 1 0 1 8 ^ ^ °-078eV = 3.7-109-½ 
cm cm 
f 

,13 1_ 

_ Eg A 

note: n; = ^ N c • N v • e 2kT may also be used 

v 

0.36eV 

1.64eV 

-C "> 

>2eV 

• E V ^ 



Prob. 3.12 

(a) Show that the minimum conductivity of a semiconductor occurs when ° ! 'V^ ^H" 

o = q-(n-nn+p-n ) = q 

dn 

r 
= q-

2 A 
n 

V n y 

2 2 r^p / f~p 

n = n •—*- —>• n • = n - ' 
mm l mm 

n,-

V n , 

0 for minimum conductivity at electron concentration nE 

" n 

(b) What is ami„. 

°"min = q -
n-1 ^ - ^ + ^ - ^ 

nmin y 
= q- n; 

U n /Up 
• ^ P 

n; 

= 2-q-nr^n-np 

(¾) Calculate omm and ff/ ybr 5Y. 

0 ^ = 2 ^ - ^ - 7 0 ^ = 2-1.6-10-^.1.5-10^^.71350^.480^=3.9.10-•6 1 

Q-cm 

-19r< 1 C IQlO 1 
cm3 

or the reciprocal of pi in Appendix III may be taken 

a ^ q - ( ^ . ^ + ^ . ^ ) = 2 . 1 . 6 . 1 0 - ^ . 1 . 5 - 1 0 ^ ^ . ( 1 3 5 0 ^ . 4 8 0 ^ ) = 4 . 4 - 1 0 - 6 ^ 



Prob. 3.13 

(a) Find the current at 300Kwith 10Vappliedfor a Si bar 1 \an long, 100 \tm2 in cross sectional 
area, and doped with 10 cm antimony. 

With, £ = — - — = 105 -%- the sample is in the velocity saturation regime. 

From Figure 3-24, vs = 107 *f. 

I = q - A - n - v =1 .6-10- 1 9 C-10" 6 cm 2 -10 1 7 ^yl0 7 ^ =0.16A 
1 s cm s 

(b) In pure Si, find time for an electron to drift 1pm in an electric field of 100-^ ? For 105£ ? 

from Appendix HI, p,n = 1350f£ 

vd = ^ - 8 = 1 3 5 0 ^ - 1 0 0 ^ = 1.35-105^ 

low field: L lO^cm n A 1A.l0 nnA 

t= — = — = 7.4-10 10s = 0.74 ns 
vd 1.35-105 ̂ f 

scattering limited velocity vs = 107 *f- from Figure 3-24 

high field: L !Q-4cm n 
t = — = — - — = 10 s = 10 ps 

vd 107 Jf 

Prob. 3.14 

(a) Find n0 and pfor Si doped with 10 cm' boron. 

n2 ( 1 . 5 - 1 0 1 0 ^ ) 2 

Na » n ; so p0 = Na = 10 -~ may be assumed 
-»10 J _ \ 2 

= 2.25-103 ^ r cm" 
"o „ -, rill i Po 101 

cm 

N a = 1017 ̂ - gives np = 250&fc from Figure 3-23 

a = q-t ip-po = 1 .6-10- 1 9 C-250ff-10 1 7 ^ = 4 . o _ i _ 

p = — = = 0 . 2 5 Q - c m 

(b) Find n0for Ge doped with 3-10 Sb atoms per cm . 

n2 

Assuming Na is zero and using Equation 3-28 gives n0 = — + Nd or n2 - Nd • n0 - n2 = 0. 
0 

By quadratic formula, 
N„ ± jN 2+4-n 2 3-101 3^r± . / ( 3 - 1 0 ^ ^ + 4 - ( 3 - 1 0 1 3 ^ ) 2 

n _ d V 1 d X 1i _ cm3 V v cm3 ' v cm3; — 4 4 . 1 Q 1 3 1 

2 2 • ' cm3 



Prob. 3.15 

Find the current density for applied voltages 2.5 V and 2500V respectively. 

For 2.5V, 
a = q -n n -n 0 ( s incen o »n i ) = 1 .6 -10- 1 9 C1500^ .10 1 5 -^=0 .24^ 

1 1 
p = — 

* °-24ain 
= 4.17Q-cm 

_ p-L _ 4.17Q-cm-5-10-4cm _ 2.83-103Q-cm2 

R 
A 

I V 
A 

2.5V 

A R-A 2.83-103Q-cm2 = 8.82-10-2 A for 2.5V 

For 2500V, £ = ———,— = 5 • 106 -̂ - which is in the velocity saturation regime. 
S-lO^cm 

— = q-n-v = 1.6-10"19C-1015^r-107^=1.6-103^ 
A s cm s cm 

Prob. 3.16 

Draw a band diagram and give the wave function at D in terms of the normalization constant. 

^ 3 e V 

General Wavefunction: *F(x,t) = a • e 

h2-k2 

EnergyatD = h-a)= = 3eV + 4eV = 7eV = 7eV-1.6-10-19 -h = 1.12-10"18J 

co = 

2-m0 

1.12-10"18J 1.12-10~18J 

eV 

h 1.06-10-j4J-s 
1.06-1016 Hz 

/l.l2-10-18J-2-m7_ /l.l2-10-18J-2-9.11-10-31kg _ 10 , 
V h2 i (1.06-10-34J-s)2 ^ ° m 

Wavefunction at D: Y(x,t) = a • e
l(1'35'10 m'x"106'10 ^ where a is the normalization constant 



Prob. 3.17 

Show the electron drift velocity in pure Si for 100£- is less than vth. Comment on the electron 

drift velocity for 104 -^-. 

vd = S-u.n = 1 0 0 ^ - 1 3 5 0 ^ = 1.35-105^ 

/2kT 
i m X = k T -+ v a = =9.54-10 6^ 

V mo 
so, vd < vft for 1 0 0 ^ 

For 104 -^, the equivalent calculation for drift velocity assuming constant ^ gives 1.35-107 <f 

which is larger than the thermal velocity. The device is in velocity saturation. 

Prob. 3.18 

Plot mobility versus temperature. 

"\Q ^ I i i i t i | i i i i i ; i i i i i I i i i i i I i i i i i 

0 100 200 300 400 500 
Temperature (K) 



Prob. 3.19 

Repeat plot of mobility versus temperature in 3.18 considering carrier freeze out. 

10 e . 

10 -. 

10--= 

8 3 
3 10J-

10 

-S"N d = 1 0 1 4 cm'3 

- • " N d = 1 0 1 6 cm'3 

-O.N d = 1 0 1 8 cm'3 

i i i i •nrr i i i I i i ' » • • » i i i i i i i i i i i 

100 200 300 400 500 

Temperature (K) 

When freeze-out occurs, ionized impurity scattering disappears, and only the phonon scattering 
remains. In Si, other mechanisms, including neutral impurity scattering, contribute to mobility. 



Prob. 3.20 

Find the hole concentration and mobility with Hall measurement on ap-type semiconductor bar. 

The voltage measured is the Hall voltage plus the ohmic drop. 
The sign of VH changes with the magnetic field, but the ohmic voltage does not. 

V, 
_ v m - v m _ 3.2mV - (-2.8mV) 

Hall 2 2 

ohmic drop = 3.2mV-3.0mV = 0.2mV 

3.0mV 

Po 
L - B . 

q-t-v, 
(Equation 3-50) = 

3-10~3A-10~4^-

AB 1.6-10"iyC-2-10"Jcm-3-10-JV 
= 3.125 - 1 0 1 7 ^ 

VCD-w-t _ . „ r i . 2-10*V-5-10"2cm-2-10"3cm nMn„ 
p = - ^ (Equation 3-51) = : — - r — ; = 0.033Q-cm 

Vr, 
o 1 

q-po q-p-Po 

3-10~JA-2-10"*cm 
1 i = 600— 

1.6-10"19C-0.033Q-cm-3.125-1017 ^ r v" 

Prob. 3.21 

Find VffWith Hall probes misaligned. 

Displacement of the probes by an amount 5 give a small IR 
drop V§ in addition to VH. The Hall voltage reverses when 
the magnetic field is reversed; however, Vs does not depend 
on the direction of the magnetic field. 

: V H + V , for positive magnetic field: V ^ 

for negative magnetic field: V^, = -VH + Vs 

VAB 

vu 

V ^ = 2 - V H 

V+ - V" 
VAB VAB 

So, the true Hall voltage may be obtained by subtracting 

the voltage with a negative magnetic field from the voltage 

with a positive magnetic field and dividing by 2. 



Prob. 3.22 

Find expected resistivity and Hall voltage. 

un = 700 f £ from Figure 3-23 

a = q-^.no(p0 isnegligible)=1.6-10-1 9C-700f | .101 7^ = 1 1 . 2 ^ 

p = - = = 0.0893 Q-cm 

1 ! - c m 3 

H ~ " q-n ~ " 1 .6-10" 1 9 C-10 1 7 -L ~ " ' ~ 
~ ° cm 

1 B R 10~3A-10^^-(-62 5—) 
From Equations 3-49 and 3-52, V ^ = -^—z—s. = s s l J :—L_£J1 = -62.5//V 

t 10 cm 



Chapter 4 Solutions 
Prob. 4.1 

State expected charge state for Ga, Zn, andAu in Si sample with Ep 0.4eV above valence band. 

Zn Au~ 

From Figure 4-9, 
Ga": EF > Ga" so singly negative 
Zn": EF > Zn" but EF < Zn~ so singly negative 
Au°: Au+ < EF < Au" so neutral 

Ga , Zn 
•Au'' 

Prob. 4.2 

Find the separation of the quasi-Fermi levels and the change of conductivity when shining light. 

The light induced electron-hole pair concentration is determined by: 
Sn = 5p = g0 • T = 1019 - V • 10"5s = 1014 -V 

°P cm" -s cm' 

8n «; dopant concentration of n0 = 1016 -V so low level 
-,16 i n = n„ +Sn=10 1 6 ^r + 1 0 1 4 ^ T 

cm 
101 

n. P=P 0 +8p= — +8p : 

n„ 

(1.5-1010^)2 

1016 -±r ^ 
* 1014 -±r 

kT for 450K = 0.0259eV • ̂ ^ = 0.039eV 

R -E ; = kT-ln 

Fp = kT-ln 

' n ^ 

300K 

0.039eV-ln 

0.039eV-ln 

0.18eV 

OeV 

Fp =0.18eV 

r1!! VT . = 927 ™si 
f 0.039V Vs 

D 1 2 ^ 
r r> i.'r . =309°ai 

p f 0.039V Vs 

Aa = q-(^-5n+up-5p) = 1.6-10-^-(927^-10^-^+309^.10^-^) = 0 .0198^ 



Prob. 4.3 

Plot n(t) andp(t)for T=5^ Si with 7=5^, n0 = 2 • 1015 -^, and An = Ap = 4 • 1014 -^ at t=0. 

n(t) 

f > 

i 
10 

10 

14 = 

13 

nit 
Q\i 

\ - J 
7 

0 50 100 
t (ns) 

150 

Prob. 4.4 
\19 EHP For the sample in 4.3, find Or and use it to find An for gop= 10 -^ 

1 1 
a 1̂5 _ j _ 

cm3 

= 1 0 ™ 
r x-n0 5-10"6s-2-10 

go =a r . (n o .5n + 5n 2 )=10- 1 0 ^-(2-10 1 5 ^-5n + 8n2)=10 2\-= i n i 9 _ i 

8 n 2 + 2 - 1 0 1 5 ^ - 5 n - 1 0 2 9 ^ = 0 -» 5n = 5-10: ,13 1 An 



Prob. 4.5 

Find expression for £{x), solve at a = -^, and sketch the band diagram indicating £ 

( a ) £ ( x ) = . K l = . £ M ! K = ^ 
h, n q No-e_ax q 

£ depends on a but not x or N0 

(b) 8 ( 1 ^ ) = 0 . 0 2 5 ^ - 1 0 ^ = 2 5 9 ^ 

(c) 

-*• x 

Prob. 4.6 

Find the separation of the quasi-Fermi levels and the change of conductivity when shining light. 

The light induced electron-hole pair concentration is determined by: 
5n = 8p = g0 - T = 1019^r--10-5s = 10^-½ 

-1 o 0 P cm -s cm 

8n «: dopant concentration of n = 1015 -½ so low level 
x ° cm 

n = n + Sn = 1 0 ^ + 1 0 1 4 ^ = l.l-lO15-^ 

P=P 0 +5P= — +SP = 

n„ 

(1.5-10^-½) ,1° 1 V 

10 ,
15 1 

+ 10 ,14 1 10 14 i 

Hn =1300^- from Figure 3-23 

_ D P 1 2 cm 

K=-^= — = 4 6 3 ^ 
p f 0.0259V Vs 

quasi-Fermi level separation = Fn - F = kT • In 
f \ n-p 

= 0.0259eV-ln 
Vn i J 

l . M 0 1 5 ~ V 1 0 1 4 ^ 

V 
14 j 

(1.5-1010^) , 
v cm3' y 

) 1 0 ^ 3 ) 2 

cm ' 

A0 = q . ( ^ -5n + np-5p) = 1.6-lO- iyC-(13OOf^-lO14-L+463^-1014-^) = 0 . 0 2 8 2 ^ 

= 0.518eV 



Prob. 4.7 

Calculate the quasi-Fermi level separation and draw a band diagram for steadily illuminated 
n-type Si. 

The light induced electron-hole pair concentration is determined by: 

K -

•Ec 

0.301 

I 
I EF 

0.288 

0.275 

•Ey 

8n = 5p = g -T = 1021 -V-10"6s = 1015-½ 
r ° ° P cm -s cm 

8n « dopant concentration of n0 = 1015 -V which is comparable with N 
cm d 

-» so NOT low level and 8n cannot be neglected 

ar = — L - = 6
 l

 1S = 1 0 " 9 ^ 
r xn-n0 lO^s-lO1 5^ 

Sop = a r-n0-Sn + ar-8n2 

1021= 10"9^ i-1015^T-8n+ l O ^ ^ - S n 2 

s cm s 

solve for 8n = 6.18-1014 -¼ = 8p 
cm x 

n +Sn 1015 ^y+6.18-1014-½ 
F - E ^ k T - l n - s = 0.0259eV-ln ^ s=- = 0.301eV n ' IL 1.5-10^-½ 

1 cm 

5P 6.18-101 4^ 
E r F = k T - l n - ^ = 0.0259eV-ln ^ - ^ ^ =0.276eV 1 P n; 1.5-1010 - L 

1 cm 

n 1015 -½ 
EF-E; = k T - l n ^ =0.0259eV-ln ^ — = 0.288eV 

F ' n, 1.5-1010-L 
1 .cm 

quasi-Fermi level separation = Fn- Fp = 0.301eV+0.276eV = 0.577eV 



Prob. 4.8 

Find the current with lOVwith no light applied. lOVwith light applied, and 100,000Vwith 
light applied for the doped Si bar. 

A=0.05 cms 

N^IO'fcrn3 

2cm-

10V 

a. 
1 

T-n 10"V10-16 1 
cm3 

= 10" 

gon = a - n -8n + a -8n2 -» 102 0-^-=10^^1(10^-611+8112) 
° ° P r 0 r cm -s s \ cm / 

§n2 + 1 0 ^ ^ - 8 1 1 - 1 0 3 2 ^ 
s cm • 

' -1±VF^ 
cm' Sn=1016-L 

J 
8n = 6.18-10 .I

5 1 = = Sp 

10V and no light 

S 
2cm cm 

Hn=1070fJ from Fig 3-23 

1 = A-q-n0 -iin • £ = 0.05cm2 - 1 . 6 0 9 - 1 0 ^ 0 - 1 0 ^ - 1 0 7 0 ^ - 5 - = 0.428A 
V 

cm 

10V and light: 

I = A-q-[(n0+5n)-nn+8p-np]-S 

I = 0.05cm2-1.609-10^0-^10^^ +6 .18-10 1 5 ^) -1070^ +6 .18 -10^-^ -550^ 
\_\ cm3 cm3 I V-s c m

3 V-s _ 

I = 0.816A 

• 5 ^ -
cm 

100,000V and light: 

Vj = 1 0 ^ m d s = l ^ o o o v = 

2cm 

I=A-q-[(n0+8n)-v s+5p-^p-8] 

1= 0.05cm2-1.609-10"19C-rfl015jT + 6.18-1015-V)-107^ + 6 . 1 8 - 1 0 ^ ^ - 5 5 0 ^ - 5 ^ 
|_\ cm3 c m 3 ) s cm3 V-s cm 

I = 2.53-103A 



Prob. 4.9 

Design a 5\mi CdS photoconductor with 10MQ, dark resistance in a 0.5cm square. 

1 
In the dark neglecting p0, 

1 1 
P = a q-u. -n 1-609 -10"19C-250^ -1014 -L 

i r n o V-s c m
J 

R-w-t lO'Q-w-S-lO^cm 

= 250C!-cm 

R = P ^ -> L = 20-w 
w-t p 250Q-cm 

a number of solutions fulfill this L-w relation including that shown below with w=0.5mm and L=lcm 
0.5 cm 

• 

i 

To.Sim 
P^ 

n 

p= — = c q-[nn-(n0+5n) + ^n-8p] 1.609-lO^C {250^-(101 4 ^+10 1 5 ^- ) + 15^--10 1 5^] 
21.6Q-C 

R = pJL = 21.6Q-em-lcm = ^ ^ 
w-t S-lO^cm-S-lO^cm 

AR= 10'Q - 8.62-105Q = 9.14MQ 

Prob. 4.10 
A WOmW laser (K=632.8nm) is focused on a 100pm thick GaAs sample ((2=3-104-^)-

Find the photons emitted per second and the power to heat. 

3-10*-Modern « OmA so absorbed power is full lOOmW = 0.11 I t=Io-e"w = 100mA-e -'' 

f , . 1.24eV-um ^r 

energy of one photon = — = 1.96eV 
0.6328um 

1 96eV-l 43 eV 
power converted to heat = — : 1 OOmW = 2.7 • 10"21 

1.96eV 
0 1 i 

• s _ -5 1 Q . I A 1 7 photons 

1.609-10-19 ^ - 1.96eV ' ' ^ 

photons per second: 

or 

photons per second: power to photons 0.0731 
1.609-10"19 ̂ -photon energy 1 .609 -10^ -1 .43 -^ 

3 . 1 9 - 1 0 1 7 ^ 
second 

photon 



Prob. 4.11 

Find the photocurrent AI in terms ofin and Ttfor a sample dominate by fa. 

Ac « q-un-An = q-nn-gop-Tn 

L L L2 

transit time = x = y-"n v-K 
L 

AI = 
V V-A-Aa V-A-q-u.n-g0 -xn A-L-q-g -xn 

AR 

Prob. 4.12 

Find Fp(x) for an exponential excess hole distribution. 

for 8p » p0 

p(x) - 8p(x) = Ap • e p = n; • e kT 

E,-R =kT-ln 
Ap-e 

n,-
= kT In 

C A ~\ 
x 

L 

&pe~*/Lp 

Bi 

/ 
S1- P 

Since the excess minority hole concentration is assumed to be small compared to n0 throughout, 
so no band bending is observable on this scale. 



Prob. 4.13 

Show current flow in the n-type bar and describe the effects of doubling the electron 
concentration or adding a constant concentration of electrons uniformally. 

<- electron diffusion (high to low concentration) 
-> current density (Jn) for diffusion 
-> electron drift 
<-current density (Jn) for drift 

note: currents are opposite electron flow because of negative charge 

initially: 

Jn diffusion = q • Dn 

Jn drift = q • n • un • £ 

dn 
' dx 

double electron concentration: 

Jn diffusion = q • Dn • 2 -g- -» doubles 

Jn drift = q - 2n - u.n • £ -> doubles 

add constant concentration (n+): 

Jn diffusion = q • Dn • ̂ - -> does not change 

Jn drift = q• (n + n+) • p,n • £ -» increases by q • n+ • u.n • £ 

Prob. 4.14 

Show the hole current feeding an exponential 8p(x) may be found from Qp/Tp. 

The charge distribution, Qp, disappears by c^ 
recombination and must be replaced by injection an 
average of TP seconds. 
Thus, the current injected must be Qp/ TP. 4 P 

CO CO ¥ 

Qp =q-A-J8p-dx = q-A-JAp-e Lp -dx = q- A-Lp -Ap p * 
0 0 

T _ QP _q-A-L p -Ap _q-A-D p -Ap 
P x„ x L„ 



Prob. 4.15 

Draw band diagrams for exponential donor and acceptor dopings. Show field directions 
and direction of drift of minority carriers. 

EF 

Ei 

acceptor doping acceptor doping 

Note: Both minority carriers are accelerated "downhill" in the doping gradient. 

Prob. 4.16 

Explain how a built-in field results from a doping gradient. 

The donor doping gradient results in a tendency for electrons to diffuse to the lower 
concentration areas. As the electrons diffuse, the positively charged ionized donors pull the 
electrons back due to the coulombic force. This force corresponds to an electric field oriented in 
the same direction as the concentration gradient. The electric field results in drift current equal 
and opposite to the diffusion current, and the sample remains in equilibrium with a built-in 
electric field. 

donors 

fit -

a* 

a" 

0' 

The acceptor doping gradient results in a tendency for holes to diffuse to the lower concentration 
areas. As the holes diffuse, the negatively charged acceptor ions pull the holes back due to the 
coulombic force. This force corresponds to an electric field oriented in the direction opposite the 
concentration gradient. The electric field results in drift current equal and opposite to the 
diffusion current, and the sample remains in equilibrium with a built-in electric field. 

acceptors e 

/J 

<—*—£ 

0 
© * B 



Prob. 4.17 

Include recombination in theHaynes-Shockley experiment and find TP. 

To include recombination, let the peak value vary as e tp. 
-^" - x 2 

Ap-e tp
 4.Dp.t 

§P= , = - e p 

V4n.Dp-t 
Ap • e Tp 

peak V, at x=0 = B • , = where B is a proportionality constant 

> f D p - t 

B- A P - e " ' i . 

V B Ap-e-p V ti QVP \h 

yJ4n-Dv-t2 

200jis-50ns 

80mV 200ns —x 150|xs , 4 150us „ ^ 
= — -e p -̂ - — =ln-pr -» x = —=216 

20mV V 5 0 ^ s T
P >/4 p ln2 



Chapter 5 Solutions 

Prob. 5.1 

Find the time that it takes to grow the first 200nm, the next 300nm, and the final 400nm. 
Draw and calculate step heights after reoxidation. 

Time for first 200nm = 0.13 hours from Appendix VI at 1000°C 

Time for next 300nm = 0.6 hours for 500nm - 0.13 hours for 200nm = 0.47 hours 

Time for final 400nm =1.8 hours for 900nm - 0.6 hours for 500 nm = 1.2 hours 

Oxidation Time After Etch = 6.0 hours for 2000nm - 1.4 hours for 900nm at 1100°C 
= 4.6 hours 

Oxide Growth Inside Window = 1700nm 

Step in oxide = 564 nm 

Step in Si = 264 nm 

i 

504nm 

0.44 • 900=396nm \ 
i 

' 

264 am 
> 

i 

i 

564nm 

i 

i 
i 

Si 
i 

556nm 

1144nm 

i 

952nm 

r 

748nm 

_ 

i 
J 

y 

1120nm 

' 

880nm 

i 

Original 
Si surface 



Prob. 5.2 

Plot the distributions for B diffused into Si (Nd= 5-1016 -^) at 1000°Cfor 30min 

(D= 3 • 10"14 ~) with (a) constant source N0= 5 • 1020 -½ and (b) limited source 
5 * cm 

N0 ~ 5 • 1013 -tj on the surface prior to diffusion. 

The Gaussian distribution differs from Equation 4-44 because all atoms are assumed to 
diffuse into the sample (i.e. there is no diffusion in the -x direction). 

VIM = ^ 3 - 10"14^-30min - 6 0 ^ = V5.4-10"10cm2 = 0.0735um 

( x "I 
(a) N = N0 -erfcl — F = = = N„ • erfc 

\2yfD^X 

f 

v 0.147pm 
x(pm) u erfc u 
0.0735 0.5 0.47 
0.1470 1.0 0.16 
0.2205 1.5 0.033 
0.2940 2.0 0.004S 
0.3675 2.5 0.0004 
0.4410 3.0 0.000023 

N(x) = No erfc u 
2.4 x 1020 

8.0 x 1019 

1.7 x 1019 . , 
2.4 x 1018 Xj=0.4/mi 
2.0 x 1017 

1.2 x 1016 

(b)N = 
N. 2VD-tJ _ N„ 

VTT-VEM: 0.1302pm 
0.147junJ 

x(ftm) exp(- -V(ar) 

0.0735 0.5 0.7S 
0.1470 1.0 0.37 
0.2205 1.5 0.105 
0.2940 2.0 0.01S 
0.3675 2.5 0.0019 

3.0 x 101S 

1.4 x 101S 

4.0 x 1017 

6.9 x 1016 

7.3 x 1015 

Xj=0.3/im 

Prob. 5.3 

For the unlimited source in Problem 5.2, calculate the time to achieve a junction depth 
of 1 micron. 

Use N0 from Appendix VII and D from Appendix VIE. 

r \ 
lum N = N -erfc 

V ' 

erfc 

2Vr>t 

lum 

= 1021-Verfc 
2^3-10-14 

•t 
= 2 - 1 0 1 6 ^ 

2^3-10-14 

lum 

2-1016^r 
cm_ = 2 - 1 0 " 5 

1021 -L 

lO^cm 
= 3.0 

2yJ3-10'Hssf-t 2^3-10-14 

t = 9260s = 2 hrs 34 minutes 20 seconds ' 

cm + 
s l 



Prob. 5.4 

Find the implant parameters for an As implant into Si with the peak at the interface, 

Rp =0.1 um -» Energy = 180keV from Appendix DC 

Straggle = ARp = 0.035um 

Ion Distribution from Equation 5-1 a = N(x) = ,— e ^ p 

V27r-ARp 

N_ v =5-10 19 x _ $ _ <S> _ <t> 
^ V27t-ARp V27i-3.5-10-6cm 8.77-10'6cm 

= 5-1019 -4--8.77 - 1 0 ^ = 4.39-101 4^ 
cm cm 

I-t I-20s 
q-A 1.6 -lO^C- 200cm 

Beam Current = I = 0.7 mA 

. 4.39-1014-L 
-19r* i n n „ ™ 2 cm 



Prob. 5.5 

Calculate and plot the P distribution. 

Energy = 200keV -> Rp = 0.255um, ARp = 0.0837^m from Appendix IX 

0086=^ = 2.1-101 4^ 

i | x - R p 

From Equation 5-la, N(x) : 2 AR„ 

PeakN : 2.1-10 14 J 

2JT-AR„ 

= i f t i ' i 1 0 1 ^ 
\2% -8.37-10-6 cm 

Let y be the distance (pm) on either side of Rp. 

N(Rc±y) = 101 9^-e-7 1-3^ 

2.1-10 i 1 4 i 1 Tx - 0.2S5nm"| 

2 \ 0.1 juu J 

27t-8.37-10_(>cm 

11 (t"n) 
0 

0.05 
0.1 

0.15 
0.2 

0.25 
0.3 

N (Bp ± y) 
1 x 10 ia 

8.4 x 1018 

4.9 x 1018 

2 x 1018 

5.8 x 1017 

1.2 x 1017 

1.6 x 1016 

10 19 
-ft, 

10 18 

£ 10 17 

10 16 

t 
I 
1 

I 
/ - 1 

.> 
/ 

/ r 
8 = = rW 

. — 
V — 

* = 
\ 
\ 

> 

H N \ 
\ i 4 

\ 

0.2 0.4 0.6 

x(fim) 



Prob. 5.6 

In patterning the structure shown in the question, design the mask aligner optics in terms 
of numerical aperture of the lens and the wavelength of the source. 

r 0.8-A, 1 
Lm = = lum 

NA 
DOF = 

X 

2-(NA)2 
= 2pm 

lpm-NA 

08 2-(NA)2 
= 2pm -> NA = 0.3125 X = 0.39pm 

Prob. 5.7 

a) Calculate contact potential Vo, in a Si p-n junction at 300 K. 

V„=S t o N.A 
'0 ~* 2 

N N 
V n = 0.0259 In a d 

(1.5-1010)2 

b)PlotE0vs.Nd 

1 
I 
I 

106 

10* : 

104 | 

103 1 

r 

< — (b) , 
s / s 

N a =io 1 4 x ; 

s s s 

/uP 
s / / 

/ 
s / / s 

/ 

Na=1014 

1.0 

.. .6 

I 
J 

1 0 " 10« 10 18 

Donor concentration (cm"3) 



Prob. 5.8 

Find the electron diffusion and drift currents atx„ in a p+-n junction. 

Ip(xn) = q - A - ^ - p n - e I F - e Lp f o r V » — 

I = Ip(xn=0) = q . A - - i . p I 1 . e « 

Assuming space charge neutrality, the excess hole distribution is equal to the 

excess electron distribution 8n(xn) = 8p(xn) 

d8p _ 
^OOdiff = q - A - D n - - ^ = ^ ^ - - ^ ^ ^ 6 

D ^1 
" kT 

dxn LP 

I n W d r i f t = I - I n ( X n ) d i f f " I p ( X n ) = Q " A " ^ 

*„\ 
D . l - e 1 - + D -e"Lp »kT 

Prob. 5.9 

A Si junction has Na = 1017 -^ and Nd =1016 -^-. Find (a)EF, V0, and band diagram 

and (b) compare this value of V0 to that from Equation 5-8. 

(a) 

E . - E F = kT-ln^- =0.0259eV-ln ^ - =0.407eV 
p EL 1.5-1010^ 

1 cm 

EF-E. = k T - l n ^ = 0.0259eV-ln ^ - = 0.347eV 
EL. 1.5-1010^ 

1 cm 

q-V0 = 0.407eV + 0.347eV = 0.754eV 
r» 
*Cp 

î p* J 
m3m* 

0.407eV 

0.754eV ' 

. { 0.347eV - # 

•£ v» 

.2 

10 ,17 j ^ . 1 0 1 6 - 1 

(b) q-V0 = k T - l n ^ ^ ^ = 0.0259eV-ln . ^ SSL = 0.754eV 
n- ('•5-'0'°i) 



Prob. 5.10 

Find Vo, x„o, xpo, Q+, and GQ in Si at 300 K. 

kT, N.N, 
% = -In "a^d 

n. 

Vn = 0.0259V In 

Vn = 0.8498 V 

4-10 1 8 ^T-10 1 6 ^r 

(1.5-1010-V) 

w= '2e^v°- _L J_ 
V N a + N d y 

W = 0.334 (im 

W 
xn0 = 

X P 0 = " 

Na 

W 

1 + 
N, 

= 0.333 pm 

= 0.83nm 

Q + = - Q _ =qAx n 0 N d = 0.107nC 

£0 = 
q N d X n 0 =-5.1-104 V/cm 

-Si 



Prob. 5.11 

Describe the effect on the hole diffusion current of doubling thep doping. 

The depletion edge and electron diffusion current on the p+ side may be ignored and 

Lp = ^Dp-xp = ^ 2 0 ^ - 5 0 - 1 0 ^ = 10"3cm = lOum 

S p = ^ . 
( & \ 

>kT, 

d(5p)_ 1 n,2 

dx L„ N 

J 

2 f qV N 

ekT-l 
V J 

1 
, e y = . Ki/ f ^ 6 _ > 

»0.026 

10"3cm 10 ,16 1 

2(im 

, e
 10^ =-8.6-1016-V 

J (diffusion) = - q • D d(6p) 
dx 

1.609 -10"yC -20 ̂ - 8 . 6 - 1 0 ^ - ½ = 0 . 2 7 7 ^ 
cm cm 

Since this is independent of the p+ doping, there will be no change. 

Prob. 5.12 

For the Sip -n junction, find1for Vf=0.5V. 

I = q .A.-E..pB .e» = q . A . - = l 
2 q-V 

T n„ 
p p n 

I=1.6-1019C-l(r3cm2 10̂  (1.5-1010^) 
v cm ' 

^10-^--10- 5-10 

l °_ l_ - \2 0.5eV 

0.0259eV = ().55jlA 
^ 1 

cm 

Prob. 5.13 

(a) Why is Cs negligible in reverse bias? 

For reverse bias of more than a few tenths of a volt, Apn =-pn. Changes in the reverse 
bias do not appreciably alter the (negative) excess hole distribution. The primary 
variation is in the width of the depletion region, giving rise to the junction capacitance. 

(b) With equal doping, which carrier dominates injection in a GaAs junction? 

Electron injection dominates since /in̂ >jLtp. With nn=pp it is clear that a carrier with 

higher mobility will determine the injection. 



Prob. 5.14 

(a) Find Qfor V=-10Vfor a Sip -n junction 10~2cm2 in area with Nd = 1015 -^. 

On the n side, 

, i°A55_£v_ "F: _ __~~£0.288.eV F
EF 

Ev 

N„ 10 " ^ 
EF-E. =kT-ln—^ = 0.0259eV-ln as— = 0.288eV 

F m n. 1.5-1010^ 
1 cm 

Onthep-side,E ip-EF = f-Eg s 0.555eV 

q-V0 = 0.555eV+0.288eV = 0.834eV 

3 2 
2-q-e-Nd 

v V 0 - V y 

10-2cm2 ' " 1 < 1A"19 2-1.6-10'19C-11.8-8.85-10- 14 ̂ -101 5 -^-^2 

0.834eV-(-10eV) 
2.78-10"nF 

(b) What is Wjust prior to avalanche? 

From Figure 5-22, Vbr=300V from Figure 5-22 

W = 2-es'Vbr 

q-N d J 

^2-11.8-8.85-10"14^-300V^2 

1.6-10^0-101 5^ 
1.98-10"3cm = 20um 

Prob. 5.15 

Show £0 depends on doping of a lightly doped substrate. 

S 0 = - - - N d - x n o = . 
2-q-V0 N.-N, 

vN a+Nd y 

2-q-V0 _1_ J_ 
v N a

+ N d y 

the lightly doped side dominates so the doping variation of V0 has only a minor effect 

e 0 — 4 - N d - x =• 
2-q-V0-Nd 



Prob. 5.16 

For the abrupt Si n -p junction, calculate the peak electric field and depletion 
capacitance for reverse bias. Find the total excess stored electric charge and the electric 
field far from the depletion region on thep side. 

Depletion region is mostly on the p-side. 

V t o t a l=V r+Vo=V r = 100V 

^ y = / 2 ¾ Vtotal J_ _1 

N, 

1 
dj 

Since Nd is very high, — may be neglected 
N„ 

W = 
2 e s i Vtotal _ 2-11.8-8.85-10"14-^-100V 

2-V 
p _ ^ v total 

q-Na V 1.6-1019C-1017^ 

2-100V 

= 1.14um 

W 

C; = _ =Si A 

w 

= 1.75-106 -£ 
1.14-KTW 

11.8-8.85-10'14^-0.0001cm2 

1.14-10"4cm 
0.916pF 

I = 20-10_3A=-^-

Qn = 20-10~'A-0.M0~bs = 2-10"yC 

Far from the junction on the p-side, the current is only hole drift. 

I = 20-10"3A = q-A-p-u-£=1.6-10-19C-0.0001cm2-1017^3--200^-8 
i r r-p ^ v-s 

£ = 62.5-*-



Prob. 5.17 

Find the electron injection efficiency IJI 

(a)i-
q - A — ^ - n 

L„ p 
.kT _ 

q-A-
D. D„ 

A 

—--p +—--n 
v L n L p , 
V P " J 

e k T - l 
1 +

D p L n P n 

D n L
P n p 

(b) ^ = -½. and ^ 
n„ 

gives 
D p a - P n _ ^ p - P P 

Lp„-Mp
n-Pp 1+ 

so making nn » pp (i.e. using n+ - p) increases — 

L > n " n » 

Prob. 5.18 

Find Ip(xp) when pp =nn. 

( 
I = q-A 

D D„ 
— - - p +-^---0. 
T ^ n T

 x p 
V ^P ^ n 

A f qV ^ 

ek T-l 
V ) 

is composed of 

In(xp) = q - A i - n p - e L ° 
i . f qV ^ 

ek T-l 
v y 

Ip(xp) = I - I n ( x p ) = q-A. 
L. p 

l-eL-
V J p 

Z' qV \ 

ek T-l 
v y 

n. Since N a =Nd , np =p n =- j j - giving 

Ip(x.) = q-A- 2» • 1 - e L° + -
2P n 

N 

( w \ 
*kT 

a V 



Prob. 5.19 

For the given p-n junction, calculate the built-in potential, the zero-bias space charge 
width, and the current for a 0.5Vforward bias. 

(a) Calculate built-in potential: 

for N =1015 -½ and N,=1017 -½ 
a cm " c m 

V0 = ^ P P + 4 N = 

q 

V = 0.026V' ln-
1-0' 

1 N a ^ N d 

In—-+ln—^-

1017 

n. 
,15 

-+ln-
1.5-1010 1.5-1010 

V0 = 0.026V-[11.1+15.7] = 0.70V 

(b) Calculate total width of space change region 

W= 
2e„ N a +N d 

V N aN d j 
•V. 

Thermal equilibrium means total potential §? across the P-N junction equals V0 

W = 
2e„ A N a + N d ^ 

q-N a ^ N aNd j 
•V„ 

w = 

w = |2-(8.85-10-1 4^-11.8) ! 

1.6-10"iyC 10 15 i 
1 + -

10 ,15 _1 

10 IV 1 
•0.70V 

W = ^1.3-10-8 ^ - [ 1 + .01]-0.70V = 9.6-10"5cm = 0.96 microns 



(c) Forward bias current: 

u.n= 1500 

D = u 
n r*n 

D = u 
p p p 

cm 
V^s" 

u = 4 5 0 cm 
V ŝ" 

x = 2.5-10"3s n.= 1.5-1010A 

2 2 

1500^--0.026V = 3 8 . 9 — 
V-s s 

^ q ) 
= 4 5 0 ^ L . 0 . 0 2 6 V = 1 1 . 7 — 

V-s s 

Ln =^/D n -x= 0.31cm Lp = ^D p -T = 0.17cm 

J0 = (l.6-10"19C)-(l.5-1010^)2-(6.88-10-18 ^H-l.25-10"15 ^ ) = 4.5-10" 

ekT-l = (0.001cm2 ) - (4 .5-10 - 1 2 ^) 

12 C 
cm2-s 

I = A-Jn 

07V_ 

0.026V; 1 2.2-10"JA 

Most of the current is carried by electrons because Na is less than Nd. To double the 
electron current, halve the acceptor doping. 

Prob. 5.20 

Find the total forward bias junction capacitance and reverse bias electric field. 

For n+- p in reverse bias, 

' 25um2 
c = ̂ 5 . = A. 2-q-£* N 

j W 2 V V-V 
cm 

'0.026V-In 
I O ^ ^ T - I O 2 0 - ^ 

cm cnr 

('•5-10'°i)2 
(-2V) 

For n+- p in forward bias, 
( qv \ f o.5v "\ 

J = J„ e k T - l 
V 

10"9A 
cm 

»0.026 •1 0.225-½ because only drift current 

J = q • up • Na • £ in p region far from junction 

£ = 
0.225 A 

cm 

1.6-10-19C-250^-1016A 
V-s cm3 

V 
= 0.56 — cm 



Prob. 5.21 

In ap+- n junction with n-doping changed from Nd to 2N& describe the changes in 
junction capacitance, built-in potential, breakdown voltage, and ohmic losses. 

a) junction capacitance increases 
b) built-in potential increases 
c) breakdown voltage decreases 
d) ohmic losses decrease 

Prob. 5.22 

Sketch the equilibrium band diagram with precise values for the bar. 

on right side 

1016
 - L p = 10 18 1 

Ei-Ep 

* kT 

E r E F =0.026eV-^- ln 1 F 300K 

^1018V 
cm 

i o 1 6 ^ , 
cmJ J 

0.24eV 

on left side 

N a ~ n i 

2 \Q32 ! 
p = N + ^ = 2 - 1 0 1 6 -^ + s i 

a r* cm ~, "l"T'io4^y, 

p = 2.4-10 .16 1 

E r EF = 0.026eV 

Bj-EF 

1016^r-e kT 

cm 

600K 
300K 

In (2.4) = 0.046eV 

0.24eV 
• E F 

• E v 



Prob. 5.23 

Plot Ip and In versus distance. 

Assume that the minority carrier mobilities are the same as the majority carrier mobilities 
given in Figure 3 -23 a. 

a =250 cm 
V-s 

Dn= 0.0259V-700f^- = 18.13^- Dp= 0.0259V-250^ = 6 . 4 7 5 ^ 

Ln=7Dnxn =^/l 8.13^- -10"6s = 2.54-10"3cm Lp =^D~^ =yj'6.47'5 *f -10"6s = 4.26-10"3cm 

n2 2.25 -1020 -½ 
Pn = N. 

^s i =2.25-103 ^ r 
10^-½ 

n =p n= 2.25 - 1 0 ^ 
P * " cm 

qV 0.7 

Ap = p - e k T = 2 .25-10 3 ^-e 0 0 2 5 ^ 1.23-1015^ An = A p = 1.23-1015 

* D * n nrrr r.mJ P r n 

1 
cm3 

T --^- > 
In (x_ ) = qA -± e L° = 5 • 10-5A • e 2-54'10"3cm 

x„ 

L xn 
L(xn) = qA-ie Lp = 8.38-10"5A-e 4-2610"3cni 

I = 5-10"5A+8.38-10"5A=133.8uA 

In(xn) = I -L(x n ) T(xp) = I-In(xp) 

140^ 

120-

100-

80 

60 

40. 

20-

0 

^ ^ * s ^ ^ 

/ 

• > • • • ' 

In / ^ 

S\ b 

'"-' i i i i i i 

•: '.• •".•:.'• : : r . . ' ' ' : " - ' 

60 40 20 0 0 20 40 60 80 

xp(m) xnlm) 



Prob. 5.24 

Find the new junction capacitance for the given changes. 

i 

qoc 
vV ry 

C- oc 
j,new 

2-Nd 

v8-V r y 
2 

'iO 
K\J 

C j j 0 r i g ina I = l O p F 

^ j . new 2 ' ^'.original ^ P - ^ 

Prob. 5.25 

Find the minimum width to ensure avalanche breakdown. 

Vbr= 300 V from Figure 5-22 and Equation 5-23b 

Vr= V-V0 = 300V and Na » Nd 

i 

W = 2-e-Vr 

q-Nd 

2 -11.8 -8.85 - 1 0 - 300V 

1.6-10^0-101 5^ 
:2-10"3cm = 20um 



Prob. 5.26 

Calculate the capacitance and relate to Na. 

W V2(V0+VR) 

V = 0.55eV+.0259eV-ln 

1 _ 1 V0+VR 

N. 

n4 

C2 A2 q -N a -^ 

1 
This means the slope of ~ versus VR is —-

c R A2-q-N ; 

so knowing the area and material 
a 2 

type allows Na to be found. 

F o r N = 1 0 1 5 ^ r , V=0.84eV -» ~ = 1.197-1022-^-(0.84eV+VR) 
a ^ ' o /-(2 C v K y 

For N = 1017 -±?, V = 0.94eV -» ~ = 1.197 • 1022 -£ • (0.94eV+VR) 
a cm o r<l C v K / 

t p CÔ F)"2 

S l 0 p e = P ^ ^ 

» i | W 



Prob. 5.27 

Calculate the Debye length for a Si p-n junction on thep-side with Na = JO18 cm'3 andNd 
-.14 -.16 = 10l\ 10n\ and 1018 cm . Compare with the calculated value of Wfor each case. 

Find LD and W, leaving Na as a variable. 

LD = 

W= 

S s 

_q2 

2-e 

•kT 

•NJ 

s ^ T 

^s kT 
q-Nd q _ 

11.8-8.85-10-14^ 
^•0.0259eV 1.6-10^0 

N d
2 = 

411 

1 N a - N d 
In a d 

nf 

( 1 1 
— + — VNa N d y 

=581- In ^ ^ 
cm J 

10-18cm3+— 
N. V a/ 

Plugging the doping values into these equations: 

Nd (cm3) 

1014 

1016 

1018 

LD (cm) 

4.11 x 10-3 

4.11 xlO"6 

4.11 xlO"7 

W(cm) 

3.01 x 10-4 

3.27 x 10-5 

4.93 x 10"6 

L D / W ( % ) 

7.3 

8.0 

12.0 

The Debye length varies from 7 to 12 percent of W across this doping range. 



Prob. 5.28 

For the given symmetric p-n Si junction, find the reverse breakdown voltage. 

Xn0 = W/2 -xPo = -W/2 

N a=Nd -* xn0=xp0= 
W 

8 = ^ - x = 
^ 0 X n O 

q-Na w 
e 2 

The breakdown voltage plus built-in voltage is: 
x n 0 

J £ • dx = the area under the triangle 

W 1 
V b r +V o =S o -x n 0 =S o -—=e o • -

2•£•e„ 

q-N 
•8 

a J q-Na 

11.8-8.85-10"14 -^-.(5 -105 ^ ) 2 

10
 cm ;7 S L L = 16.32V 

1 .6-10- 1 9 C-10 1 7 J T 



Prob. 5.29 

The current in a long p+-n diode is tripkd mt t 

(a) What i$ the slope of£p(zn = 0) ? 

The sbpe triples at t = 0 : 

= 0, 

dl = -qADP 
dSp 
dXit 

*«i«0 

The slope h 

= -31/qADp 
«R,=0 

(h) Rehte V(i = oo) to V(t« 0"). 

CaU V the voltage before I *= 0, 

Call F°° the voltage at t = oo. 
at I aa 0"* : 

at i as oo : 

qV"*fkT 

Taking the ratio ; 

kT 

q 
or F~+ 0.0285 



Prob. 5.30 

Find the stored charge Qp as a function of time in the n-region if a long p+-n forward 
bias current is switched from IFI to Ip2 at t = 0. 

I 

lFl' 

lF2 

QP (0) = 1,,-¾ 

Q P K > = I F 2 - S 

K xp dt 

Taking the Laplace transform 

*a=M> + s-Q p (s) -VT p 
S T„ 

QP(s) i n +T -x _ 
s+i-

Transforming back to time domain 



Prob. 5.31 

The forward current in a longp -n diode is suddenly raised from 0 to I at t = 0. 

(a) Find and sketch Qp(t). 

I _ Q p ( t ) , d Q p ( t ) 

Tp dt 

Qp(t)=A+Be"^ 

at t = 0, Qp(0) = A + B = 0 
at t -> infinity, Qp(o°) = A = I TP 

thus, B = -1 TP 

Qp(t) = I.<Jl-e" 

(b) FindApn(t) andv(t) in the quasi-steady state approximation. 

00 x 

If Q p =q-A-jA P n -e^-dx n =q-A-L p -Ap Q 

0 

Qp(t) Then Apn (t) = 

Thus 

q-A-L 

qv 

Apn(t)=pn-e*T = 
I -x p - | l - e 

q-A-Lp 

v(t)= In 
q 

v(t)=^I.in 
q 

r Ap»(t)' 

Pn V fn J 
f ( ±\\ 

I-x • 1 -e t ! 

q-A-Lp-Pn 



Prob. 5.32 

Sketch the voltage across a 1 kQ resistor in series with a diode (offset 0.4 V, resistance 
400 Q) and a voltage source of 2 sin u t. 

An ideal diode is a perfect short (resistance is zero) when the voltage across the diode is 

greater than the offset voltage. If the voltage is less, the diode is a perfect open 

(resistance is infinite). Thus, 

v. <0.4 ,v„=0 

vs>0.4,v0 = 
(v s-0.4)-lkQ 

lkQ + 400Q 

f 1 
I <UV40QQ| 



Prob. 5.33 

Plot current versus voltage. 

10-12-i 

i(r141 

S 
s 

1-16-5 Iff 

io-18 -i 

10-20 

11=1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

0.00 0.10 0.20 0.30 0.40 0.50 

Voltage (V) 



Prob. 5.34 

Find Qp and I when holes are injected from p+ into a short n-region of length I, ifdp 
varies linearly. 

QP=q-A- jdp-dxn=q-A 
^•Apn 

I = I p ( x n = 0 ) = - q 
A-Dp-Apn 



n 

Prob. 5.35 

Find the hole distribution and the total current in a narrow-base diode. 

d 2 dp(x n )_gp (x j 

3p(xn)=Ce"^+De^ 

Boundary conditions: 

When xn = 0, dp = Apn = C + D 

When xn = I, dp = 0 = C e ' * + De* 

Thus, 

Apne* 

eLp-e Lp 

„ -Ape"Lp 

eLp -e~Lp 

Plugging C and D back into the solution 

l - xn 

a) dp(xn) = 
Apn e H - e 

1= 

b)I= 

-q-A-Dp 

q-A-D 

e1* -e"1* 

ddp(xn)" 
dx„ 

-q-A-D -Apn 

x„^0 
L. 

e^+e h 

e 4 - e 4 

/ 
H-.p-ctah— ekT-l 

) 



Prob. 5.36 

For the narrow-base diode, find the current components due to recombination in n, and 
recombination at the ohmic contact. 

The steady-state charge stored in the excess hole distribution is 

Q p=q-A£cp(x n ) -dx n=q-A£ 

Q p =q-A-L p r - c (e^ - l )+D(e^- l ) 

C-e'^ + D-e1* dx„ 

Qp=q-A-Lp-
eH + e Lp - 2 

e ^ - e 4 

The current due to recombination 

QP _ qALpPn 

S TP 

ctnh c s c h — 
Ln K 

P P 

• L P D r using - ^ = —-
x L 

P F 

e k T - l 
V J 

Qp = qADp P n 

x„ L 
t a n h — 

L„ 
e k T - l 

V J 

The current due to recombination at xn = 1, 

p n-csch- e k T - l 
V J 

These correspond to the base recombination and collector currents in the p-n-p B JT with 
VCB - 0 given in Equation 7-20. 



Prob. 5.37 

If the n region of a graded p+-n has Nd=Gxm,find £0 , g(x), Q, and Q. 

AC ° W 

a ) ^ = q N d = q G x m -+ fdS=q
Gfxmdx 

dx 

e m+1 

e m+1 

e x ^ 

b) jdS = ^G j>dx -» S(x) = q C j (xm+1 - Wm+1) 

c d V 

dx 

v0 w 

jdV= Js-dx 
0 

,m+2 

(V0-V): qG f 
:(111+1)^111+2 

\ W 

-Wm+1-x 
Vo 

-CV0-v)= q G 
A T I T I I I + 2 

v - v = 

(m+1) 

qG-Wm+2 

e (m+2) 

Wm+2 (m+2)-W m+2 A 

m+2 m+2 
qG -(m+l)W m+2 

e (m+1) m+2 

m+1 

Wm+1 = (W™4"2)11^2
 = 

m+1 r(V0-Vy<E-(m+2)^ 

qG 

Q = 
qAG 

m+1 
(V0-V>€-(m+2) 

qG 

m+1 

^m+2 



d ) Q - q A G f(V0-V)-e-(m+2) 

m+1 

m+l 
' m+2 

qG 
ra+l , 

dQ _ qAG (V0-V> € -(m+2) 

d(V0-V) m+l qG 

m+2 € -(m+2) 
qG 

dQ 

d(V0-V) 

dQ 
d(V0-V) 

A- e -(m+2) 

m+l 

:A .(em+2) ; 1_ f 
m+2 . _ 

(V0-V)-G-(m+2) 
qG 

qG 

v(V0-V>e-(m+2)^ 

m+2 

m+2 

d Q =A-
d(V0-V) 

qG- _m+l "\ 

(V0-V)-(m+2) 

m+2 

Prob. 5.38 

Draw the equilibrium band diagram and explain whether the junction is a Schottky or 
ohmic contact. Describe how to change the metal work function to switch the 
contact type. 

N 1018 -½ 
¢, = j+0.55eV+kT-ln— =4eV+0.55eV+0.0259eV-ln ^ — =5.02eV 9s * nf 1.5-1010-½ 

1 cm 

For this p-type semiconductor, ( $ m = 4.6eV) < ($ s = 5.02eV); so, the junction is a 
Schottky barrier. 

The junction becomes an ohmic contact at # m > $ s . The metal work function must be 
raised to 5.02eV to make this an ohmic contact. 

Schottky Barrier Ohmic Contact 

1 i f 

4.6eV 

-Fn 

Metal 

-Fs -Fs 

Metal 



Prob. 5.39 

Use InAs to make an ohmic contact to GaAs. 

For further discussion, see Woodall, et al, J. Vac. Sci. Technol. 19. 626(1981). 



Prob. 5.40 

Draw the equilibrium band diagram (a) and the band diagrams for 0.3Vforward bias 
and 2.0Vreverse bias (b). 

a) E- - EF = kT • In ̂ - = 0.0259eV • In 
1 F n; 1.5-1010^ 

1 0 1 7 ^ 
. cm3 _ _ 0.407eV 

O r =4+0 .55 + 0.407 = 4.957 eV 

Js r 4 

Metal 

4.957 

i—EF. 

Si 

£e 

H L J _ . f 

Metal 

?Vo- 0.657 

Si 

b) 

EFm t0.3 
-EF, 

0.357 

Forward bias V == 0.3 V 
metal negative 

£F* 

. , EF, 

2.657 

Reverse bias V = — 2 I' 
metal positive 



Chapter 6 Solutions 
Prob,6.1 

Find V0, VP, and VT. Find VD,satfor VG =-3 V. 

k T , N . - N , . l O ^ i - l O 1 6 ^ 
V 0 = — .hi^ 1 1 " " d = 0 . 0 2 5 9 e V - l n — - i 

q n? (l .5-101 0-L)2 

\ cm-5) 

q-a 2 -N , L6-10-19C-(10-4cm)2-1016-^ 
a — r.rrr 

= 0.814V 

^ = - a2- = 7.66V 
2-e 

V T = V P - V 0 = 6.85V 

V 

2-11.8-8.85-1016^ 

D,sat VT +Va= 6.85V - 3.00V = 3.85V 

Prob. 6.2 

Find ID>sat for VG=0V, -2V, -4V, and -6Vand plot IDjM versus VD,satfor JFET in 6.1. 

G 0 = 2 - a - q - ^ t n - 1 1 - ^ = 2 - 1 0 ^ 1 1 1 - 1 . 6 - 1 0 - ^ - 1 0 ^ - 1 0 ^ ^ 3 - - 1 0 = 3.2-10-¾ 
]_, v 's cm 

^D.sat ^ ½ ' ^ P 
V G -VQ , 2 

V„ 3 

VG-V0V 1 
v vP j 

+ -
3 

IDsat =3.2-10'3S-7.66V • 
V , - 0.814V 2 

7.66V - + -
VG-0.814V 

7.66V ; 

2 1 

+ -
3 

We can plot this vs. Vp (sat.) = 6.85 + VG 

Vn l'p(sat._) /o(sat.) 

mA 

OV 
- 1 
_2 
- 3 
- 4 
- 5 
- 6 

6.S5 V 
5.85 
4.85 
3.S5 
2.85 
1.85 
0.85 

6.13 mA 
4.25 
2.80 
1.707 
0.907 
0.372 
0.076 



Prob. 6.3 

Graph ID versus VD for VG=0V, -2V, -4V, and-6Vfor JFET in 6.1. 

ID=G0-VP-
V 2 

Vp 3 
VQ-V G 

2 _ 2 

3 
VG+VD-VG 

V, 

In=3.2-10"3S-7.66V Vn 

3 

• + -
7.66V 3 

0.814V-V A 
G 

7.66V J 

2 _ 2 ( 0.814V+VD-VG 2̂ 

3 "I 7.66V 

6 • 

< 
E 

2 -

Prob. 6.4 

Graph the ID - VD curve. 



Prob. 6.5 

Graph the ID - VD curve. 

50r N a - W i s 

L^O"0 

vwmwmm 



Prob. 6.6 

For current ID varying linearly with VD at low values of Vofor a JFET, 
(a) use the binomial expansion to rewrite Equation 6-9 
Equation 6-9 may be rewritten as 

I D *G 0 -V P -
Vn 

- + -
' - V ^ 

VP . 3 V V P ; 

2 2 
' 3 

^ v D - v G
Y 2 

V VP j 

J D - G Q vD+ - • 
D 3 

2 (-VG)2 2 (-VQ)2 

V 2 

v p 
V 2 

V, 

v-VG 

2- + 1 

use the binomial approximation (1+x)2 »1 + — • x 

: D - G O V„ + 
2 ("VG)2 2 (-VG)2 

ID=G0-VD-

3 i 

V 

v 

V 2 
v p 

2 

A v ^ 

v 

(b) show that ID/VD in the linear range is the same as gm (sat), 

Vn 
1-'-V« ^ 

V ^ y 
gm(sat) 

(c) and find the value of Vofor device turn off. 

VG = -VP 

Prob. 6.7 

Show that the width of the depletion region in Figure 6-15 is given by Equation 6-30. 

Use the mathematics leading to Equation 5-23b with $ s for the potential difference across 
the depletion region contained in xpo=W. 



Prob. 6.8 

Find the maximum depletion width, minimum capacitance, and threshold voltage. 

kT N 1016
 ^ T 

<DF = — ] n - i =0.0259Vln ^— = 0.347V 
F q ns 1.5-1010 ^ r 

W„ 2 K *>F 
q-Na 

11.8-8.85-10-14-F--0.347V 

1.6-10^0-1016^ 
16 _±_ 

cm3 

1/2 

= 3.01-10-5 cm = 0.301um 

3.9-8.85-10-14^ 

10"6cm 
=3.45-10 -V F 

Qd =-q-Na-Wm =-1.6-10^0-10^^0.301-10 - 4^ = -4.82-10-8-^ 

Q, 4.82-10 -8^ 
VT = -^=-+2- O F = T C, F 34.5-10 -8^ 

- ^ + 2-0.347V = 0.834V 

At maximum depletion 

cd = w 
1 1 . 8 - 8 . 8 5 - 1 0 ^ ^ 

0.301-lO^cm 

C.r 3.45-10-8 ^-3.47-10 - 8 J 

^ i ^ d _ cm cm 

c,.+a r8 F 3.45-10-6 A+3.47-10' 
cm cur 

3.15-10 ,-8 F 



Prob. 6.9 

Find Wm, VFB, and VT- Sketch the C-V curve. 

<DF= - k T - l n ^ = -0.0259V-In 
n; 

5-10 1 7 ^ 
cm 

1.5-1010-V 
-0.449V 

W„=2-
q-Nd 

= 2 
11.8-8.85-10-14^-(0.449V) 

1.6-10-19C-5-1017-\ 
= 0.049pm 

Q d
=q-N d -Wm= 1.6-10^0-5-10^-^-0.049-10^^ = 3.92-10-7^ 

c m cm 

„ 64 3.9-8.85-10-14^ 
Q = - r = — ^ =3.45-10-7 -Ar 

a 
10-6cm 

Q; VFB = ®ms-f- = -0.15V-
1.6-10-19C-5-1010^y 

^ - =-0.173 V 
3.45-10 

•7 __p_ 

V T =2-€> B -^ + V FB -0.898V-1.136V-0.173V = -2.2V 

C„ = 
11.8-8.85-10"14-L 

W„ 0.049-10^111 
2.13-10 •7 F 

c;-cd 
c;+c„ 

3.45-10 •7 F •2.13-10 f
1 F 

cm 

3.45-10" •7 j ^ + 2.13-10 -
7 F 

1.32-10 •7 F 

low 

13.2 

high frequency 

1 

VT 

-U 

C(10"8 
* 

1 
_H L 

F/cm2) 
i 

30 

20 

10 

34.5 

- * 
-3 -2 -1 0 



Prob . 6.10 

Plot the Id-Vd curve. sv 

« * * * « . " i - - * . - - 2 

IV 

V0»iO 
4 5 

Ditto VolpgeCV) 

Prob. 6.11 

Calculate the VT and find the B dose necessary to change the VT to zero. 

From Figure 6-17, ¢ ^ = -0 .1F 

„ e, 3.9• 8.85-10~14^- 7 , 
C = -± = . ss. = 6 . 9 0 - 1 0 - 7 ^ 

d 50-10"8cm ^ 
<DP = -kT • In — i = -0.0259V • In ^ -

n; 
1.5-10 1 0^ 

= -0.467V 

W = 2-
q-N d 

11 .8 -8 .85 -10 - 1 4 ^ (0.467V) 

1.6-10"1 9C-101 8^ 
3.49-10-6cm 

VT = 2 .o p -Qd+<D -Qi -0.934V-
1.6-10"19C-3.49-1012-L 

•7 F 
2 

cm 
' Q IUS Q 6.90-10 

Enhancement Mode P-Channel Device 

To achieve VT == 0V a AVT = 1.85V is required 

QBoron = AVT • C ; = 1.85V • 6.90 • 10'7 A = 1.28 • 10"6 ^ 

-0.1V--
1.6-10"19C-2-1010-V 

6.90-10 •7 F 
•1.85V 

QR 1 . 2 8 - 1 0 - 6 ^ 
Boron Dose = VBoron = ssi 

q 1.6-10"19C 

= 7.98-101 2^ 



Prob. 6.12 

Find VFB for a positive oxide charge Qox located x' below the metal. Repeat for 
an arbitrary distribution p(x'). 

(a) At flat band, the induced charge in the semiconductor is zero. 

x'-O 
V = VF B=x ,-S = -̂° 

(b) A distributed charge will act as a sum of discrete charges over the entire oxide. 

V = Vra = - 1 fx'-/>(xl)-dx = - i - ¢ - / ^ . d x ' 
e i o Ci o d 



Prob. 6.13 

Draw figures for an n-type substrate. 

Tk 
«»y..„ 

Semiconductor 

3E 

•Ec 

•Ei 

S 

T 
qV 

®*mrrfrA 

r~ 
Accumulation 

— - E F I 

—Ei 

-B. 

Depletion 

qV /Tgrf 

K. 

h 

qV 
Inversion 

Q (charge per 
unit area) 

c 
\ 1 0,, 

** 

JL 

V < 0 

V Inversion 
, 

IF 
^ \ K 



Prob. 6.14 

Sketch the band diagram and CV characteristics and calculate the appropriate values. 

'-FMiBittlSii 

jqVr 

q$F=5eV 

s 
to 

f 

-

4eV 

L 

tf'^sfl't'F 

i 
f 

1 5eV 
••Ei 

" t p 

^ v 

o„ 0 „ - 0 „ = 5eV- 4eV+ ̂ ^ +0.026eV • In 
f i o 1 8 ^ 

cm 

V cm3 J J 

= -0.11eV 

a = 25-8 .85-10-^ = 2 2 M 0 
cm 100-1 (Tern 

W„ 
2-2<J>F-eg 

q-Na 

v = O - - ^ - -^ 
T ™ c, c 

^2-2-0.36eV-10-8.85-10'14J^2 

1.6-10'19C-1018^ 
cm 

^+2-0^ = 0.81V 

= 2.8-10"6cm 

At VT, at interface, n=1018cm"3 and p=ni2/n=106cm"3 

Deep in substrate, n=106cm"3 andp=1018cm"3 

At high frequency, inversion electrons do not respond while at low frequency, they do 

At large negative bias, doubling the oxide thickness reduces Q by lA 

At large negative bias, doubling the substrate doping does not change Cj but would affect 
the depletion capacitances 

Q 
Low Frequency 

High Frequency 

V 



Prob. 6.15 

Find the oxide thickness and substrate doping. 

i.o r 

0.9 -

0 o.8 h 
o 
1 0.71-
u 
< 

0.6 

< 
« 05 
to 
O s 0.4 
O 
w 
3 0.3 
< 
O 
Z 0.1 

0 

c/cQ 

POST POSITIVE BIAS B-T 
STRESS C-V CURVE 

, INITIAL AND POST NEGATIVE 
BIAS STRESS C-V CURVE 

C;x = 37.850 pf 
AREA * 0.001 em2 

STRESSED AT 300'C 

0.5 E6 V/em 

C;„ " C „ « AREA 

GATE BIAS 

I .1 I 
-7 -6 -5 - 4 - 3 

EXPERIMENTAL C-V CURVES SHOWING INITIAL. POST POSITIVE BIAS B-T STRESS 
AND POST NEGATIVE BIAS B-T STRESS RESULTS • CAPACITANCE HAS BEEN 

NORMALIZED TO CAPACITANCE IN STRONG ACCUMULATION 

Q = measured capacitance I area in strong accumulation 

37.85 -l(r12F 
C= 

.001cm2 = 37.85-10 -9^ 

C; 

3- 8 5" 8- 8 5 ' 1 0" 1 4^=9.0-10- 6cm = 900A 
37.85-10 r*> j _ 

Use the normalized minimum capacitance corresponding to quasi-equilibrium 

C 
c: 

c„ 
c,c„ 

0.2 

c+c 
where C ^ is the total series capacitance 

C„ =G 
C -C 

=C,- c 37.85-10'12F 

.001cm2 

0.2 

1 -C" 

30.388 + 1.683-log(cdmin) - 0.03177.(los(C[lmin )) 

XT = in[30-388 + 1-683<-8-02)-°-03177(64-39)] _ in*4-83 = 5 S S . I Q 1 4 - ! 

1-0.2 
= 9.46-10" 

•9 F 

cm 

Nd= 10' 



Prob. 6.16 

Determine the initial flatband voltage. 

To determine the initial (pre-stressed) flatband voltage VFBo 

First calculate CFB from the previously determined doping density 

C C 
^FB 

i debye 

c +c 
M Webye 

C C 
__m_ _ debye— _ ¢ ^ (n o r m a i i z e ( j flatband capacitance) 
C; C; +Cdebye 

debye LD / k T ^ T VkT Gs * A 

^ q 'qNA 

C d e b y e - A r 6 ' 1 0 1 ^ ^ 1 1 - 8 - 8 - 8 5 - 1 0 " 1 4 1 7 ) 6 - 9 - 1 0 " 1 4 ^ ^ 6 - 7 - 1 0 " 8 ^ debye •y Q 0 2 5 9 V ^ ' 

C 6 7 - 1 0 - 8 ^ -

c, W = 7 ^ = 0J8 
FB C;+Cdebve 3 .785 -10 -^+4 .71 -10 - 8 ^ 

i aeoye ¢ ^ cm 

VFB = -1.0V from plot in Figure 6-15 

Prob. 6.17 

Determine the field oxide charge and the mobile ion content. 

VFB= Oms- q ^ r = -1.0V (from 6.16) where Om= -0.35V 

C 3 785 -10"8 -^-
Qi = (O-VFB)—^ = (-0.35W-(-l.0V))-- T^- = 1.53-10 
^ . V ms F B / q V V )) 1 6 . 1 0 - 1 9 C 

11 1 
cm2 

To determine mobile ion concentration, compare the positive and negative bias 
temperature flatband voltages. 

X C r / XT 3.785-10"8A 
Q i o n ^ - V ^ y = [-1.0V-(-1.5V)]- L640.19(T = 1.2-10" • ions 

cm2 



Prob. 6.18 

Calculate VG, output conductance, transconductance, and the new ID. 
6V 6V 6V 

+++++++++++ +++++++++++ ++++++++++^ 

source drain 

n+ 

source 

n+ 

drain 

n+ 

= negative inversion region 

VD=1V 
3 = negative inversion region 

VD = 5V 
pinch off 

source 

n+ 

drain 

n+ 

i = negative inversion region 

VD=10V 
pinch off 

V = V -V -^ V = V +V = 5V+1V = 6V 
vD,sat V G V T ^ V G vD,sat V T - > v ^ J . v u v 

g = 
air _ D = 0 since device is in saturation 
dV„ 

I „ - = ^ - ( V G - V T ) 2 = k - ( V G - V T ) 2 
D,sat 

2L 
10"4A 

ID;Sat=k-(VG-VT)2 -> 10"4A = k-(6V-lV)2 -> k = — 

gm = j7 -=2-k- (V G -V T ) = 2-4-10-6^-5V = 4-10-5A 

= 4-10-6 4r 
v2 

For VG -VT = 3V and VD = 4V device is in saturation 

ID,sat =k-(VG-VT)2 =4-10"5^-(3V)2 =3.6-10"4A 



Prob. 6.19 

Determine the initial flatband voltage. 

QD VT=VFB+20F 
c, 

vm=o --̂ -
VFB ^ m s p 

a = 8.854.10-^.3.9 = 3 4 5 1 0 . 7 
1 d 100-10"8cm 

Note: here use dielectric constant of oxide 

O 5-1010-1 6-10"19r 

^ = ^ - ¾ ^ =-1-5- " J ' l " = -1-523V C 

kT , N 

q 
<DF= In—^ = 0.026V -In 

n,-

3.45 -10"T 

10ir 

1.5-1010 ^-, , 
cm3 J 

= 0.467V 

2e , (20 F +V R ) 
Wm = J — ^ — ^ = 6.695.10'6cm 

V qNa 
Note: here use dielectric constant of silicon 

VT = -0.223V + 0.698V + 0.140V = 0.615V 

With VSUB - -2.5V, depletion charge increases. Instead of bandbending of 2<|>F, now have 

bandbending of (2<|>F+VB). 

QD _ 1.071.10'6C _ 
3.45-10_7F 

-3.103V 

VT =-1.533 V+0.934V+3.103V = 2.514V 

n,-At VT near the interface, n = N, = 1018 -½ and p = ^- = 2.25 • 102 -½ 
1 a cur N 

a 
n; hi bulk, p = 1 0 1 8 ^ and n = -^- =2.25-10 2 1 

SiO. 

= = ^ 1 
2<UF-1.5eV 



Prob. 6.20 

VT = Vm+2tF-9± 
c,-

^ = 8 . 8 5 x l 0 ^ x 3 . 9 = 3 j 4 5 2 x i r 7 F / c m 2 

d lOOxlO-8 

Note: Here we use dielectric constant of oxide. 

According to Fig. (6-17) in the textbook, for Na -1018 cm 

=> «>_=- i . iv 

Vr,^^-l.i-5xl0'°Xh6XT' -1.12V 
FB "* C, 3.452xl0~7 

^ P = — I n ^ - = 0.0259-In 
q nt 

( 1018 ^ 

v1.5xlOIOy 
•• 0.467V 

w_ 2.,(2)¾.) 2(11.8)(8.85^10-)(2^0.347) = 3 4 9 x l 0 - . c m 
•\18 ?tfa V 1.6xl0-iyxl0" 

Note: Here we used dielectric constant of Si. 

Qd=-qNaWm 

-\-6 

r r = F f j + 2 f e , Q ! L = , 1 , 1 2 + 2 ( 0 ,467 ) +
 1 - ( i x l 0 ' " x l 0 " x 3 ; 4 9 ' < 1 0 ' = 1 . 4 3 V 

3.452xl0"7 

Prob. 6.21 

For the MOSFET, calculate the drain current at VG~ 5 V, VD = 0.1V. 
Repeat for VG = 3V,VD = 5V. 

For VG = 5V, VD = 0. IV, since VT = 1V 

VD <(VG-VT) —» linear region 

I 
Z _ _ 

(VG-VT)-VD-~V^ 

50um 
2um 

200^-3.452-10"7F' 1 
(5V-1V)-0.1V--(0.1V)2 = 6.82-10^A 

For VG = 3V, VD = 5V, VD (sat) = VG - VT = 3V-lV = 2V 

r D = ^ - M n - C i (VG-VT)-VD(sat)-~V^(sat) 

_50)j,m 

2um 
•200f^--3.452-10"'F' (2V)2 - - ( 2 V)2 =3.45-10-3 A 



Prob. 6.22 
For the given MOSFET, calculate the linear VT and k^, saturation VT and k^. 

1. Choose VD «C Vjr>(sat) to ensure that ID-VD curve is in the linear regime 
e.g., choose VD - 0.2V 
(1) VG=4V VD=0.2V ID = 0.35 mA 
(2) VG=5V VD=Q.2Y ID= 0.62 mA 

In linear regime 
(3) ID = kN[(VG- VT)VD- VD

2/2] 

From equation (3), inserting the values from (1) and (2) 

0.35-10"3 = kN[(4-VT)(0.2)] 
0.62-10"3=kN[(5-VT)(0.2)] 
0.35/0.62 - (4 - VT) I (5 - VT) 
1.75-0.35VT = 2.48-0.62VT 

VT = 2.71V, therefore, kN = 1.36 • 10"3 A/V2 

2. Choose VD »VD(sat) to ensure that ID-VD curve is in the saturation regime 
e.g. choose VD=3V 

(4) VG=4V VD=3V ID= 0.74 mA 
(5) VG=5V VD=3V ID= 1.59 mA 

In saturation regime 
(6) ID = (U2)kN(VG-VTf 

0.74-10~3=^-(4V-VT)2 

1.59-10"3=^-(5V-VT)2 

Q.74_(4V_yT)2 

1.59 (5V-VT)2 

VT=1.85V, kN=3.20-10"4A/V2 



Prob. 6.23 

For Problem 6.22, calculate the gate oxide thickness and the substrate doping either 
graphically or iteratively. 

X _ 
( a ) k N = - - [ v Q 

use kN from Problem 6.22 and jln = 5 0 0 ~ 

1.36-10-^ = IBSE.SOOffC , 
v 2um 

C,= 5 . 4 2 - 1 0 - ^ = a ^ . 9 - 8 . 8 5 - 1 0 - ^ 

^ d d 

d = 6.36-10~6cm = 636A 

( b ) V T = V F B + 2 - & - ^ 

2.71V = 2 ^ - ^ = 2 . ^ - ^ S ^ 

start from $F = 0.3V (note: since VT = 2.71 V, it cannot be PMOS) 

Step 1: 

2-^1.6-10^0-11.8-8.85-10-1 4^^ -0.3V 
2.71V = 0.6V + - ^ ; c- -

5.42-10'sF 
N = 6.523 -1016 -½ 

a cm 

kT N 6.37-101 6^ 
<k = l n - ^ =0.0259V-ln —=^- = 0.395V n q IL 1.5-1010^ 

1 1 cm 

Step 2: 

2-Jl.6-10"19C-l 1.8-8.85-10-14-£-• N -0.395V 
2.71V=0.792V+—^ = - -

5.42-10"8F 

N =4.08-1016cm"3 

kT N 4.08-1016 ̂  
In - ^ = 0.0259V-In : ™ 

q n. 1.5-10 

Step 3: 

2 . 7 1 V = 0 . 7 6 7 + ^ 3 - N * ^ 

^ = 4.22-101 6^ -> ^ = 0.385 V 
a cm r t 

gives a self-consistent set of values 

<k = In —s- = 0.0259V -In — ^ - ^ = 0.384V 
Tr 1 c 1 A I O l 

n-channel MOSFET, Na = 4.22 • 10 16 1 



Prob. 6.24 

For the given Si MOSFET, calculate the inversion charge per unit area. Also sketch the 
dispersion relation for the first three sub-bands. 

For 2-D situation, the density of states is given by 

m 

in k space: 

for x and y plane. 

E=— r-(k 2+k 2+k 2) where kz=-
2m 

h2 

2m -(KO+ 
1 2 2 2 

h 31 n 

2m*L2 

A6.63-10_34J-sA2 

2 _ 2 „ 2 
hVn _ v 

2% 
2 2 

•3i - n 

n 2m*L2 2-0.2-9.11-10-31kg-(10"8m)2 

= 3.016-10'21J-n2=0.01885eV-n2=18.85-n2meV 

E ^ l S ^ m e V , E2=75.4meV, E3=170meV 

Let units be m 

~nh2 

The number of electrons per unit area is given by: 

n= JN(E)-f(E)-dE = - H L - . ^ - E J H -
 2 m 

3th2 3th2 

E3-E2 

V 

(since the Fermi probability is 1 below EF and EF is in the middle between E2 and E3.) 

charge per unit area by simplifying the above expression: 

qn = -- q - m - ^ 3 - ^ ) = 43^-9^-^(9-1)-18.85-10-^] 
3thZ h-h 

,-311 

= 4jl' 
1.6-10-lvC-0.2-9.11-10"J1kg 

4.14-10-15 ̂ -6 .63-10 - 3 4 1 

= 2 0 . 1 2 ^ 

[(9-1) -18.85 -10-3eV] 



»1 

F-, -
^3 

F~ 
-°2 

F, £ 1 

i 

1 
' : 

^ 

*. ~ /C> 

> 5 ' * ' y 

^3 

^ 2 

^ 1 

0 7 ' > / ^ ; 

Prob. 6.25 

Choose a species, energy, dose, and beam current. 

AVT = -2V 
AQ0 -»• 

AQ0 
~\ / ^ 

U. 
1.08-1012 H 

Q q U . 
Any n-type ion okay, but based on projected range, use Phosphorus 

Rp = 400 A -> E = 33keV from Appendix IX 

Half the dose is wasted in oxide so full dose = 2.16 x 10 

I-t _ .„, , , I-20s 

1 2 _ j _ 
cm 

= 2.16-10^-½ 
q-A "» 

- » 
1.6-10"19C-200cm2 

= 2.16-101 2^ -> I = 3.46uA 



Prob. 6.26 

Plot the drain characteristics for an n+-polysilicon-Si02-Si p-channel transistor with 

Nd=lOl6-^j, £ =5-1010g, d = 100A, ^ = 2 0 0 ^ , and Z = 10L. 

-ID = ^[(VC-VT)-1-VD]VD 

where VT = -1.1 V and nPZCi/L = (200)(10)(3.45xl0"7) = 6.9xl0 -4 

For VG = -Z, Vi,(sat.) = -1.9 

-½) : 0.3 0.5 0.8 1.0 1.5 
-ID (mA): 0.36 0.57 0.83 0.96 1.2 

For VG - - 4 , Vb(sat.) = -2.9 

-VD 0.5 1 1.5 2.5 
-ID(mA): 0.9 1.7 2.2 2.6 2.8 

For VG = - 5 , Vi,(sat.) = -3.9 

-VD : 1 1.5 2 2.5 3 3.9 
-ID (mA): 2.3 3.3 4 4.6 5 5.2 



Prob. 6.27 

For the transistor in Problem 6-26 with L=l[wi, calculate the cutoff frequency above 
pinch-off. 

f =̂  
c ~ 27iC;LZ 

For p-channel, we must include a minus sign in Equation 6-54 for positive gm. 

200 ^h 

:-(10" 

200 J 

For VG=-5V, fc=
 Vs -(-1.1- -5V) = 12.4GHz 

2^:-(10 cm) 

ForVG=-3V, f = - " .Vs .(-1.1- -3V) = 6GHz 
27t-(10 cm) 

Prob. 6.28 

A T ' 

Derive the drain conductance gD = —— beyond saturation in terms of the effective 
dvD 

channel length L-AL and then in terms of V&. 



Using L' in Equation 6-53, 

\2 r = J.M c —rv-v y =i -—=i — 
XD 2 H - n M r , V V G V T ^ -""D.SAT T , ^D.SAT T AT 

L L L-AL 
. ' - 5 I D = I a 
gD = 5Vn 

D,SAT 5VD L-AL 
= 1 a r ALV1 

D.SAT 
sv, D V 

av. 
AL 

- 1 - 1 -
AL 
L 

f 1 ^ 

I L. 
SAL 

gD 5V. 

= -1-
' ALT2 r l ̂  

=-1-1-

L 

AL 

f 

I L. 

^ 1 \ 

V W 

5V„ 

1 2G„ 

^ g s v " p " *D,SAT/ 

qNa 

2 qNa qNa 

T - - 1 - T 2 

\\ 

L-
qNa 

1 2e„ 

2 qNa 

^ £ s V M)""p,SA7V 

qNa 

gD 5V. 

XD,SAT ^ 

2e„^ 2 

v1Nay 

2-

A2 

L- 2^(VD-VD,SAT) 
qNa 

• V * D ~ * D , S A T V 



Prob. 6.29 

An n-channel MOSFET has a lam long channel with N„ = 1016 -½ and JV, = 1 0 2 0 ^ in 
' ° ° cm a cm 

the source and drain. Find the VD which causes punch-through. 

V=kT-ln 'N.V 
V n. 

= 0.0259V-In 
1016 -½ - 1 0 2 0 ^ 

cnr cm 

(1.5-1010-½)2 , 
v cm3 J J 

= 0.933V 

There are two depletion regions, one at the source end and one at the drain end of the channel. 

Nd » Na so most of W is in the p-side (channel). 

At the (zero-bias) source end, 

x
P s 

2e V 
S 0 

^ 

q-N, a J 

2-11.8-8.85-10"14 ^ - 0 . 9 9 3 V 

1.609-10~19C-10 

i 

cm 

0.35um 

In the drain end, xpD = 
2€S(V0+VD) 

q-Na 

Punch-through occurs when xpD= L - xpS = 0.65um 

(0.65-10"4cm)2-1.609-10^0-1016^ 
0.933V + VD = 

2-11.8-8.85-10-14^ 
-» VD = 2.3V 



Chapter 7 Solutions 
Prob. 7.1 

Plot the doping profile. 

For the base diffusion, 

D-t = 3-10"13^-3600s = 10.8-10"10cm2 

2A/ETT = 6.58-10"5cm Vn-D-t = 5.82-10'5cm 

Na(X): 
N„ 

Vn-D-t 
e UVm J = g _ 6 . 1 0 i 7 _j_. e " 4.3-io-W 

For the emitter diffusion, 

D-t = 3-10~14^-900s = 27.0-10"12cm2 

27r>t = 1.04-10"5cm V3i-D-t=9.21-10"6cm 

f ~ \ 
Nd(x) = Ns-erfc 

,2Vr>T 
= 5-1020^r-erfc 

1.04-KPcm 

ioM 

10* 

10» 

Wf 

fflle 

-

\W<(: 

1 

r 

0 («ni 

-

Base 

"-

- -

tt«r) 

-

: width 

N. 

. : . 

s U 

-

*$tm 

. 

-

X m 

-

collect 

• 

m) 

M m u 1.4 x (fan) 



Prob. 7.2 

Sketch Ic versus -VCE for the BJT and find-VCE for h=0.1mA. 

ic(mA) 

20 

-VCE=5VforIB=0.1mA 

* C £ (V) 

Prob. 7.3 

Plot 8p across the base ofap-n-p with Wt/Lp=0.5. 

Mj = 1.58 and M2 = 0.58 from Equation 7-14 

e* = 1.58 and e"* =0.606 
These values may be filled in to obtain a plot such as Figure 7-7 with normalized axis. 

—^- = M,e Lp - M,e 4 = 1.58e_I - 0.58c1 = 0 for ^=0.5 
ApE 

5P - ^ "* 
Ap 

= Mx Lp - MxLp = 1.58e° - 0.58e° = 1.0 for ^ = 0 



Prob. 7.4 

For a n+—p—n- BJT, show the current contributions, and band diagram. 

n+ 

:E^:h*; 
:etectrbri:-fl6w:: 

:e:̂ n-

EQUILIBRIUM 
P 

V 
n+ 

NORMAL BIAS 
B 

Prob. 7.5 

Find a and Bfor the given BJT characteristics. 

p p =10-n n ^ = 0 . 5 - ^ Wb=0.1-Lp xp=xn 

a = B-y= — 

= ^ 

a 

cosh 

82 

'w^ 
V L P 7 

+ ^ - ^ s i n h 
rW^) cosh (0.1) + ̂ 2-0.1-0.5 sinh (0.1) 

= 0.988 

v L P y 



Prob. 7.6 

Calculate the desired values for each BJT modification. 

Let us assume a PNP BJT; the results are the same for NPN 

a) find the change in the collector current 

I - 4 
lc 

ifw;= 

then Ic 

b) find 

p Jrn 

w 
_ H 

0.5-WB andNB 

_ Ic 
10-0.5 

yandB 

= k 
5 

^ • ^ p - i i i 

NBWB 

= 10-NB 

. P kT 

NE ; 

_^u 
wB, w E « 
! NB 

I wB 

L 

• \U 

Nc 

forward 

W B ,W E »L 

Since we assume that the base and the emitter are much shorter than the diffusion length, 
the carrier concentration profiles vary linearly with distance in the top figure. 
IfNE=100-NB andWE=0.1-WB 

then using IE a n; 

NE-WE 

• e kT and IF a n: 
3¾ 

» kT 

* NB-WB 

NB-WB 1 
lK + \ 1 1 

N B -W B
+ N E -W E 

1+Mi 
NE-WE 

1+-
NB-WB 1+0.1 

0.91 

100-NB-0.1-WB 

Base carrier profile is linear so B = 1 

c) find B and y 

Here, since we assume that the base and emitter regions are much longer than the 

diffusion lengths, the carrier concentrations decay exponentially with distance, as shown 

in the lower figure. 

Base carrier profile for long diode exponentially decays to 0; so B = 0 

IfNE= 100-NB andLn=Lp=L 

then using IE a n; 

NE-L 

1 ' V BB 

• e kT and IE a n; 
q-vBE 

> kT 

'P NB-L 

~P NB-L 1 

k + k 1 -+- l 

NB-L NE-L 
1 + ^ 

1 

1 + ^ -
100-Nc 

1+0.01 
0.99 



Prob. 7.7 

Identify which gives the best diode characteristics. 

ApE 

(a) IE = Ic , IB =• 0- Since V is 
large, the collector is strongly 
reverse biased, Ape = — Pn-
Since Is = Ic, APE = —Ape 
= pn from Eq.(7-34). The area 
under Sp(xn) is zero. 

S? 

Aps 

+ 
V 

«fn:<& 

ctApE 

0 Wh 

(c) Since Ic = 0, Ape = aAps from 
Eq.(7-34b). 

(b) VCB = 0, thus Ape = 0. Notice 
that this is the narrow-base 
diode distribution. 

Sp 901 

ApE Ape 

Wh 

(d) VEB = VCB = V. TAtw Ape = Ap£ 

Connection (b) gives the best diode since the stored charge is least and the current is 
good. Connection (a) is not a good diode since the current is small and symmetrical 
about V=0. Connections (c) and (d) are not good diodes because the stored charge is 
high. 



Prob. 7.8 

Derive IB and use the charge control approach to find B andlg. 

wh 
Qp =q-A- J5p(xn)-dxn =q-A-Lp C, 

( Wb A 

e L > - l - C , 

v ) 

Qn q-A-L n 
J-r> 

w„ A 

Apc -Ap E - e 

f Wt A 

e L ' - l 

V J 

e L ' - l 

wh 

ApE-eLp -Ap c 

wh w„ 

e p - e 

q -A-D p 

L 

(Ap c+ApE)-
y w„ _ w„ ^ 

eLp+e Lp -2 

A J 
wh 

e p - e 

q -A-D p 

q-A-DD 

ctnh ( A p c + A p E ) 

(Apc + ApE ) • tanh 

' ^ 

V V P J 
-csch 

' ^ 

v L p y y 

v 2 ' L P y 

f 3L \ 
e L>-1 

T = ^ + ¾ T =!k 
xEp "r ^ 

I =¾. 
T t ^p 

B= ^ - V - X 

!Ep T t+
Tp I + 1 L 1+_ W, 

2 - D P - ^ P 1 + 2 v L p y 
l 

make use of « 1 - x for small x 
1+x 

B - l - I 
2 

'w^ 
v L P y 

which matches equation (7-26) B = sech 
V L P / 

1-1 
2 

A \ 2 

v L p y 



Prob. 7.9 

(a) Find I for the transistor connection 

q-A-Dp-ApE 
Apc=0 so 1 = 

L„ 
•ctnh 

'w^ 
v L p y 

(b) Describe how I divides between the base and collector leads. 

Ic = 
q-

q-

A-Dp 

L P 

A " D P 

• A P E 

• A P E 

•csch 

IB= v-——-tanli 

v L p y 

v 2 ' L p y 



Prob. 7.10 

Show currents and find the current transfer ratio, the emitter junction efficiency, the 
common base current gain, the common emitter current gain, ICBO, the base transit time, 
and the lifetime. 

lB=lEp+(1-B)lEn 

l c 9.8mA 
current transfer ratio = B = —- = —'• = 0.9800 

emitter efficiency -y = 
I , 

10mA 

10mA 

I B + I B lOmA+O.lmA 

common base current gain = a = B • y = 0.9703 

= 0.9901 

a common emitter current gain = P = — = 32.7 
1-a 

-1-CBO -'-C. luA 

base transit time = T = —— 
1 L, 

lifetime = x„ 

_ QB _ 4.9-10nC _ c 1A.9 

9.8-10"3A 

4.9-10nC 

5-10"ys = 5ns 

(1-B)-IE 0.02-10-10"3A 
= 2.45-10"8s = 24.5ns 

If Ic decreases then B decreases as do a and p. 

If IE decreases then B decreases as do a and p. 



Prob. 7.11 
Find the peak electric field, depletion capacitance, and the neutral base width narrowing. 

q-W 
VCB = - - 8 0 - W = - -

CB 2 2 
•W = 50V 

W = 
2 -50V -11.8 -8.85-10-14 i -

cm 

1.6-10"19C 

1 1 
-+-1 0 1 8 ^ 1017-A , 

V cm cm J 

= 0.851um=8.5M(r5cm 

s 2 ^ = 2.50V _ u g . 1 0 . ^ 
W 8.5M0"5cm 

e 11.8-8.85-10-14^ ,„ A v 
r* = = cm_ __ i 2 4._BE_ 

j W 8.5M0"5cm ' ^ 2 

W = xno + xPo =8.51-10"5cm 

-5 

l (T-^-X_ 
cm cm3 Po 

8.51-10" cm __ , , . 
x„ = = 7.74 • 1 (Tern = 0.077um 

11 

This base width narrowing causes the collector current to increase with increasing 

base-collector reverse bias. 

This effect is called the Early effect. 



Prob. 7.12 

(a) Show thatlgo andlcoare the saturation currents of the emitter and collector. 

f q-v, 
For Ic= 0, equation 7-32b gives I 

cs 
kT 

A f q-V, 

:<VW 

f q-V, 

q-vEB 
kT -1 

Substituting in 7-32a gives IE = IES • (1 - ar • aN) 
q-VEB 

kT 

f q-V, 

•-EO 
kT -1 

For IE = 0, equation 7-32a gives I 
ES 

f Q-VEB A 

. kT _ l 

V J 

Substituting in 7-32b gives -Ic = Ics • (1 - ĉ  -aN) 

= a -I • 
" l XCS 

( q-vCB 

)• e kT -
V 

( q VCB ^ 

e kT -1 

I J 
\ 

1 
J 

*CO * 

f q-V, q-VcB 
kT -1 

where the minus sign arises from the choice of Ic defined in the reverse direction 

through the collector junction. 

(b) Find Ape with emitter forward biased and collector open and with emitter open and 
collector forward biased. Find ApE with collector forward biased and emitter open. 

Ic=0 ->• A p c = a r A p E 

IE=0 -> ApE=aN-Apc 

(c) Sketch 8p(xn)for each of the cases inpartfb). 

5p 

APE 

O 

8p 

CCJAPE a^APc 

xn O 

APc 

-xn 

Wb Wb 



Prob. 7.13 

(a) Show that the definitions of equation 7-40 are correct and tell what qx represents. 

ou 
lr Q N ' ( £ ) upN 

A P l 

pN 

Pn 
I E N = Q N - ( t + t - ) = I B S - ^ g ^ I H S = Q N - ^ - ( t + ^ ) = q N - ( t + i ) W i t h % - Q , pn - A p E " V ^ ' ^ ' H N ' V l « ' ^ V V 1 U 1 4 N V N A p E 

and similarly for the inverted mode, qN~^-qAWbpn is the magnitude of the charge stored 

in the base when the emitter junction is reverse biased and the collector junction is 
shorted 

(b) Show that equation (7-39) corresponds to equation (7-34). 

Equation (7-3 9a) is IE = (¾ 
fL + ±" 
y T t N 

Q J 

"pNy/ 

V N ^ES * 
ApE 

Pn 

TfN ' T p N 

^ t t N +T p N y 
and Qx = I 

cs 
Apc 

Pn 

-*-E -*-ES " 

ApE T tN ' T p N ^ 1 1 ^ 
+ 

\̂  TtN ~^pN J y T tN 

- I Apc 

cs 
"pNy 

T t i * T
P i 

i = l • 
XE XES 

ApE 

Pn 

Apc 

*-cs 
"pi 

V T t i + Vy 

: Ic c • - ^ - - ax • I c s • - ^ - = — • (ApE - aN • Apc) = Equation (7-lES 
Pn Pn Pn 

Equation (7-39b) is I c = - ^ 1 - Qx 

"tN 

1 1 
+ 

vx« 

Q N = I N -'-ES 
ApE 

Pn 

^C ^ES 

-'"E ^ES 

Pn 

ApE 

Pn 

{x -x ^ 

\^TtN X p N y 

T t N * T p N 

^ TtN XpN J 

upN 

and Qj = I( cs 

'-cs 
ktN 

Apc 

Pn 

v; 
Apc 

Pn 

T t t * T p l 

^ t i • T p i — + — 
v^+Vy V^ti 

T Apc 
^CS U N ^ES 

Pn 

Apc _ Ic P E LC • ̂ ^ = -^ - • (a t • ApE - Apc) = Equation (7-
Pn 

lcs 
Pn Pn 



Prob. 7.14 

(a) Explain how the base transit time may be shorter than the hole lifetime. 

5p(xn) is a steady steady state hole distribution with an 
average replacement time equal to the hole lifetime. 
These replaced holes are indistinguishable and transit 
time is not affected by this replacement; so, the base 
transit time may be shorter than the hole lifetime. 

(b) Explain why the turn-on transient of a BJT is faster 
when the device is driven into oversaturation. 
The turn-on transient is faster in oversaturation because the Qb=Qs condition is reached 
earlier in the exponential rise. 

IBTP 

Q b = i B T P 1-e 
^ 

t. = V l n 

P-i 

Q» 

¢. —> 

with (3 • IB » I c giving ts >u 

.4. 
B J 

Prob. 7.15 

Design an n-p-n HBTwith reasonable jand base resistance. 

Since this is an open-ended design problem, there is no unique solution. Students should 
use the results of Equation 7-81 with the band gap difference of 0.42eV between GaAs 
and Alo.3Gao.7As, to conclude that the base doping can be considerably higher than the 
emitter doping while maintaining a good emitter injection efficiency for electrons. It is 
possible to estimate the base spreading resistance with the higher doping concentration. 
Note that Appendix III only gives values for light doping. Clearly, much important 
information will be lost in these estimates because of the sparse information the students 
have to work with. For example, real HBTs using AlGaAs/GaAs suffer from surface 
recombination problems, and scaling of these devices to small dimensions is inhibited. 
Some of the students will be interested enough to read current articles on and will 
therefore provide comments to this effect. In fact, a good answer to this problem might 
begin, "I wouldn't use AlGaAs/GAAs. Instead, I would..." 

http://Alo.3Gao.7As


Prob. 7.16 

Plot fifor the given BJT. 

1 

Relative doping, n^p 

Normalized base width, W /̂Lp 

Prob. 7.17 

(a) What is Qb in Figure 7-4 at the d-c bias? 

Q b = V T p = 1 0 ^ - 1 0 ^ = 1 0 ^ p 

orQ = I .T = 10_2A-10"7s = 10_9C 

(b) Why is B different in the normal and inverted mode of a diffused BJT? 

The base transport factor is affected by the built-in field resulting from the doping 
gradient in the base. This field assists transport in the normal mode, but opposes 
transport in the inverted mode. 



Prob. 7.18 

For the given p-n-p transistor, calculate the neutral base width Wb. 

The built-in potential at the base-emitter junction can be given by (assuming contribution 
on heavily doped emitter side is half Eg=0.55 eV): 

Vbi = 0.55 + — in-^- = 0.898 V m q n; 

The built-in potential at the collector-base junction is given by: 

WBT
 — 

kT 

q 

= 0.0259V. 

l n ^ + l n ^ 
n; n; 

In-
10 16 

-+ln-
10: 16 

0.696 V 
1.5-1010 1.5-1010 

Next calculate the width of the base-emitter and base-collector space charge regions 

W, EB •^K^-iJ 
Since N E » N B and the B-E junction is forward biased. 

W ^ / 2 - l m ; 8 5 - 1 0 . : f (0-898V-V,B) 'BB 
1.6-lO^C-lO-16^ 

cm 
WEB=3.02-10"scm 

,-5 
for VEB = 0.2V 
for VEB = 0.6V WEB= 1.97-10° cm 

The width of the collector-base space charge region is given by: 

'CB 
NCNB 

Note: One-sided step junction cannot be assumed since for this problem NB=NC 

Given: VCB = 0 

Hence: 
&=V b i B c = 0.696V 

WCB =0.426-10-4 cm 
Calculate width of neutral base region 
Given: W = metallurgical base width =1.5 microns 

N r 
W B =W-W E B 

For VEB= 0.2V 

NB+NC 
•W, CB 

WEB-

WB = 1.5-0.302 

For VEB= 0.6V 

WB=1.5-0.197 

0.426 
2 

0.426 

= 0.985 microns 

Emitter 

= 1.09 microns 

Base 

wB-

• W , 

w-

Collector 



Prob. 7.19 

For the BJTin Problem 7.18, calculate the base transport factor and the emitter injection 
efficiency for VEB = 0.2V and 0.6V. 

First determine the electron and hole diffusion lengths. 
Given xn = xp = T0 = 10"7s 

D n = D p = 1 0 ^ i 

K= ^ = Vl0-10"7= 10-3cm 

L p = L n = L = lOum 

Calculate the base transport factor, B. 

1 W 
F o r — 2 - « l , B 

cosh 
v L Py 

1--
V L P ; 

ForVEB=0.2V -> B = l -

ForVEB=0.6V -V B = l -

0.985um 

lOum 

L09um." 

lOum 

= 0.995 

0.994 



Calculate the emitter efficiency y: 

I. 

k + k 
IF is the current for holes from the emitter to the base: 

IE is the current for electrons injected from the base to the emitter. 

Calculate IE and IE as functions of VEB. 

IE = diffusion current injected across B-E junction by the emitter (holes for p-n-p transistor) 

IE = diffusion current injected across B-E junction by the base (electrons for p-n-p transistor) 

For the given p-n-p: 

D -nf 5¾ 
L = A • q —-—L • e kT (hole current) 

NBWB 

D -n2 ^ 
IE = A • q • —-—- • e kT (electron current; WE in the demoniator rather than Ln since WE «: Ln) 

•N E " E 

AtVEB=0.2V, 

lO^ai.n 5-1010-J-) °-2eV 

IE = 10 Jcm2-1.609-10'1 9C—' s£^.eo.o259ev = 8.251-10"12A 
Ep 1016 -4-- 0.985 -lO^cm 

cm 

10-smi-(l 5-1010-^-) °-2eV 

IB = 10-5cm2-1.609-10-19C ^ - - — s s ^ . e ^ ^ v = 2.709-lO^A 
cm 

AtVEB=0.6V, 

IQsai-d 5-1010-J-") a6eV 

L = 10-5cm2-1.609-10-19C—, ' c^.eo.0259ev = 3 .8 .10-5A 
1016^y-0.985-lO^cm 

cm 

IE = 10-5cm2-1.609-10-19C £ — - ^ s ^ . eo.o259ev = i.38-10"8A 
E ° 10^-3-10^ 

cm 

From those currents, y may be calculated. 

y = . \ 

\ + \ 

ForVEB=0.2V, 

Fo: rVEB=0.6V, 

y = 

y = 

^ M O - A _ 
8.251-10-12A+2.709-10"15A 

3.8-10'5A 

3.8-10"5A+1.38-10"8A 
= 0.9996 



Prob. 7.20 

For the BJTin Problem 7.18, calculate a, 6, IE, h, Ic, and the Gummel number. 

To calculate common base current gain alpha 
a = B-y 

VEB=0.2V -+ a = 0.995-0.9997 = 0.9947 

VEB=0.6V -+ a = 0.994-0.9996 = 0.9936 

To calculate beta 

1-a 
0 9947 

For VEB= 0.2 -+ (3 = = 187.7 
EB 1-0.9947 

0.9936 
For VEB= 0.6 -» 0 = = 155.3 

EB 1-0.9936 

To calculate currents IE, IB and Ic for VEB = 0.2 and 0.6 V the emitter current is given by: 

where IE and IE are the hole and electron currents, respectively, injected across 

the base-emitter junction. 
For VEB= 0.2V -+ IE=8.251-10_12A + 2.709-10"15A=8.254-10"12A = 8.254pA 

ForVEB=0.6V -+ IE=3.8-10-5A+1.38-10-8A = 3.8-10"5A=38uA 

The collector and base currents can be determined by: 
D -n2 sî B 

Ic =a - I E or I r =B-IP =B-A-q p ' -e kT 

c E c E" NB-Wb 

IB = ( l - a ) - I E =I E - I c 

VEB=0.2V -+ a = 0.9947 and IE= 8.254pA 

Ic= 0.9947-8.254pA = 8.2 lpA 

IB= 8.254pA - 8.21pA = 0.044pA 

VEB=0.6V -+ a=0.9936 andIE=38uA 

Ic=0.9936-38uA = 37.8uA 

IB= 28uA - 37.8uA = 0.2uA 

Base Gummel Number = NB • Wb 

For VEB =0.2V, Gummel number = 1016 -4- • 1.09 • 10"4cm = 1.09 • 1012 -½ 
hts cm3 cm2 

ForVEB=0.6V, Gummelnumber= 1016^-0.985-10"4cm = 9.85-10n- \ 
b B ' cm3 cm2 



Prob. 7.21 

For the given BJT, calculate /3 in terms ofB and yand using the charge control model. 

In emitter, L* = V •—• xn = ^150 f£ - 0.0259V -10"10s = 1.97 • 10"5cm = 0.197um 

In base, 

L W D P T P
 =

A k — - T p = V 4 0 0 f7 - ° - 0 2 5 9 V - 2 5 - 1 0 ~ 1 0 s = l-61-10"*cm= 1.61 urn 

1+ 1+ 

B=i-gy-i- ft-2*-) 2 
2 . L 2 . / . _ ^2 2-(l.61um) 

150f^-1016~V0.2um 
^f cm | 

400^--5-1018 ^--0.197pm 

=.9961 

= 0.9992 

1-B-y 

Charge control approach 
I T j 2 

— h =0.514-10-ns 
2-D. 

P 486 

These differ because the charge control approach assumes y = 1. 

Prob. 7.22 

For the BJT in 7.21, calculate the charge stored in the base when VCB~0V and 
VEB=0. 7V. Findfr if the base transit time is the dominant delay component. 

qvH 1 ^SL i fl.5-1010-V) °1. 
Qb « —q-A-Wb -pn -e

 kT = --1.6-10^-10^2-0.2-10^--^ 1fi
 cm ; -e-026 = 1.968-10"12C 

b 2 2 1016 -L 

W 2 (0.2-10-4cm)2 

- ^ - = ̂  J- = 1.93-10-ns 
2-Dp 2 -10 .36^ 

2%-x, 
= 8.24-109Hz 



Prob. 7.23 

Findfrfor an n-p-n with Tr—lOOps in the base and Cc=0.1pFandrc=10Q in the 
collector depletion region. The emitter junction charges in 30ps, and electrons drift at vs 

through the l/jun depletion region. 

The total delay time for the parameters given is 
10"4 

rd = 100ps+ ^ s - 1 0 1 2 f +30ps+ 10Q-0.1pF= 141ps 

fT = —*— = 1.1GHz 
27rxd 

Prob. 7.24 

For the given npn Si BJT, find VBE for Jn£=Na
B. 

q,VBE U T -vrB 

An E =n - e k T = N? -> VBE = — I n — ^ = 0.695V 
q n

P 

With -^- = 100, high level injection is not reached until the emitter junction is biased to 

kT NE • NB 

nearly 0.7V. Since the contact potential, V0 = In—d a = 0.81V, this is a very 
q n{ 

high bias. Thus Y.rolloff due to high injection is not likely in the normal operation range. 



Chapter 8 Solutions 

Prob. 8.1 

For the p-i-n photodiode in figure 8-7, 
(a) explain why the photodetector does not have gain. 

An electron hole pair created within W by absorption of a photon is collected as the 
electron is swept to the n side and the hole is swept to the p side. Since only one 
electron-hole pair is collected per photon, there is no gain. 

(b) explain how making the device more sensitive to low light levels degrades speed. 

If W is made wider to receive more photons, the transit time to collect the electron hole 
pairs will be longer; so, response speed will be degraded. 

(c) choose a material and substrate to detect light with ~te=0.6\mi. 

In order to detect the light, the band gap must be smaller than the photon energy. A 

\=0.6fim photon has an energy = — — = 2.07eV. From figure 1-13, hio sGao 5P 
0.6um 

grown on GaAs or AlAso.55Sbo.45 grown on InP each have a band gap energy slightly 
below the photon energy (2eV and 1.95eV, respectively). 

Prob. 8.2 

Find an expression for conductance and the transit time for (a)low and (b)high voltage. 

conductance = G = — = — q • u • n 
R L n 

A A 
change in conductance = AG = — q • \in • An = — q • jxn • gop • xn 

for low voltage, xt = — = 
v„ „ .V i v V 

"•'L 

for high voltage, xt = — 
v„ 

http://AlAso.55Sbo.45


Prob. 8.3 

Plot I-Vfor a Si solar cell with Ith=5nA andIsc=200mA. 

From Equation 8-2, 

V k T 1 

V = In 
q 

I(mA) 

-200 
-190 
-180 
-160 
-120 
-80 
-40 

0 

Prob. 8.4 

fl+I 
sc 

11* 
-+1 

J 
- \ = 

V (volt) 

0 
0.376 
0.39 
0.41 
0.43 
0.44 

0.448 
0.453 

( 
0.0259V-In 

I+0.2A 

5-10"9A 

-I(mA) 

200 

100 • 

+1 
J 

0.2 

^ \ 
\ 

\ 

' 

• 

0.4 
-V(volt) 

Repeat problem 8.3 with a 70 series resistance. 

Given current I and terminal voltage Va = V+IR, the voltage across the diode is reduced 
bylR. 

r q-(V,-IR) \ f (V.-I-IO) "N 

1 = 1«, • e kT -1 -I„„ =5-10"9A- e00259V-l - 0.2A Iop=5-10-yA-

Vfl 
-I(mA) 

0 
0.04 
0.08 
0.12 
0.16 
0.18 

0.453 
0.408 
0.36 
0.31 
0.25 
0.21 

Prob. 8.3 

V(volt) 



Prob. 8.5 

How can several solar cells be used in a solar cell? 

Surface recombination could be reduced by growing a lattice-matched layer with a larger 
band gap on the surface to keep generated carriers from the surface. For example, 
AlGaAs (2eV) could be grown on GaAs (1.4eV). Additionally, a secondary cell with a 
smaller band gap could be placed below the primary cell to absorb light which passes 
through. For example, Si could be utilized below GaAs. 

Prob. 8.6 

Find the current density change for 2.5 V and 2500V. 

for 2.5V, S = — = 2-5Y =5-103-£ 
L 5 - 1 0 ^ 

electron velocity = v^ = 1500f£ • 5 • 103 ^ = 7.5 • 106 ̂ f 

hole velocity = vdp = 5 0 0 ^ - 5 - 1 0 3 ^ =2.5-10 6 ^ 

with light An = Ap = g -T = 1020-4-10"7s = 10 1 3 - \ 
" °P cm cm 

AJ = q-An-v( ta+q-Ap-vdp = 1.6-10-19C-1013 ^3--1.0-107^ = 0 . 1 6 ^ 

for 2500V, 

electron velocity = vd = vs = 107 ™ 

hole velocity = vd = vs = 107 ~ 

withlight -> AJ = q-An-v +q-Ap-v = 1.6-10~19C-1013-V 2.0-107^ = 0 . 3 2 ^ 



Prob. 8.7 
Ath (a) Why must a solar cell be operated in the 4 quadrant of the junction I- V 

characteristics ? 
i th 

Power is only generated in the 4 
quadrant (-I,+V). Power is consumed 
in the 1st (+I,+V) and 3rd (-I,-V) quadrant. 

p n 
m^mmt^m 

+ v 
(b) What is the advantage of a quaternary alloy in fabricating LEDs for fiber optics? 

A quaternary alloy allows adjustment of both bandgap, and therefore wavelength, and 
lattice constant for epitaxial growth on convenient substrates. 

(c) Why is a reverse-biased GaAs p-n junction not a good photoconductor for light of 
X=l[jim? 

i i o 

E 
h-c 4 .14- l ( r 5 eV-s-3- l ( r^ 

1.24eV Photon x 1 0 - 4 c m 

Since the bandgap of GaAs is 1.43eV, the photon is not absorbed; so, GaAs is not a good 
photoconductor for this light. 



Prob. 8.8 

Findisc and Vocfor the solar cell. 

From Equation 8-1, 

Isc =I0p =q-A-gop-(Lp+Ln+W) = 1.6-10-19C-4cm2-1018^.(2^m+2^m+lum) = 0.32mA 

From Equation 8-3, 

V„. 
kT 

In 
I 

op 1+- 0.0259V-In 
(
1+0-32-10'3 A ̂  

32-10"9A 
0.24V 

Prob. 8.9 

(a) Derive the expression for the voltage at maximum power. 

Equation 8-2 can be written as 

1 = 1« ekT-l 
V J 

-I 

f q-V A 

P = I-V = L ,kT 

V 
V - I ^ - V 

dP 
= 1« 

dV 

( q ^ > 

ekT-l 
q &-

+ Ith • V • -^- • e kT -L = 0 for maximum 
III I i~p at. 

kT V --3-+1 
mp ^ 

^̂  I 
= 1 + -25-

l t l l 

assuming Isc » I a and V » 
kT 

q-vmp 

> kT •V„ • 
mp kT L 



(b) Rewrite this equation in the form Inx = C-x. 

In . kT •v 

In V .-i-
mp k T 

r 
In 

mp 

J + 

kT 

q-y 

= ln sc 

mp 

y mp kT 

kT 

In 

In sc 

sc q-V 
mp 

kT 

substitute x = V • — and In 
mp ^ 

l n x = 1 8 - x 

'O 
vW 

= ln 
^100-10'3A^ 

v1.5-10"9Ay 
= 18 

(c) Find a graphical solution for Vmp and the maximum power delivered. 

solution at x = 15.3 

y mp 
15.3-0.0259V = 0.396V 

I = 10"yA • e15--lQ-'A =-96mA 

15.3 18 

(d) Find the maximum power at this illumination. 

P _ =-I-V = 37.9mW 

Prob. 8.10 

For the solar cell in 8.9, plot the I-V curve and draw the maximum power 

f 
V = 0.0259eV-ln 1+ 

0.1 A+I 

1.5-10-9 A 100 

I (mA) V (mV) 
0 467 

-25 
-50 
-75 
-90 
-95 
-98 

-100 

459 
449 
431 
407 
389 
365 
0 

V (volts) 



Prob. 8.11 

Calculate and plot the fill factor for the solar cell. 

•*«T 

2,9 JO • 0 *o 

Prob. 8.12 

Find the frequency and momentum of the emitted photon. 

h-v=1.8eV - • v = 4.3-1014Hz 

X=-=6.9-10" 7 m 
v 

p= ^.=9.1.1()-28½^ 

Prob. 8.13 

Find the LED emission and tell if can it be used to detect lOOnm or 900nm photons. 

Eg 2.5eV 

lOOnm light has hv>Eg and will be detected 

900nm light has hv<E and will not be detected 



Prob. 8.14 

Explain how degeneracy prevents absorption of the emission wavelength. 

Since absorption requires promotion of an electron from a filled state in the valence band 
to an empty state in the conduction band, absorbed photons must have hj'>Fn-Fp. Emitted 
photons must have hzKEvFp. This is true only in the inversion region, and absorption 
becomes important away from the junction. 

Prob. 8.15 

Show Bj2=B2i at high temperature. 

B 1 2 • n i • P ( V 1 2 ) = A 2 1 • n 2 + B 2 1 • n 2 • P ( V 1 2 ) 

B n -
A. 21 

P(v12) 
+ B 21 

5iA 
kT 

B^E, 

As T -> oo, e kT —»1 and p(v12 )^-a> 

B12 = (0 + B21)-1=B21 

Prob. 8.16 

Use Planck's radiation law tofindA2]/Bj2 . 

P ( V i 2 ) = ^ l . ^ + J k . p ( V i 2 ) : 
B12 nx nx V B 1 2 

+P(Vi2) 
kT 

( M2 \ 
"•21 _ 

B 
= p(v12) 

12 

kT 
87i -hv. 

Prob. 8.17 

Estimate minimum n=p forpopulation inversion in GaAs. 

FB-Fp=E,=1.43eV 

Forn = p,Fn-E i = E r F p = L 4 3 e V =0.715eV 

F t t-E ; 

2 
0.715eV 

n = p = n j - e k T = 106-Ve°-0259eV = 1 0 1 8 ^ 
1 cm cm 



Prob. 8.18 

For a uniformly illuminate p -n diode with gop in steady date, find bp(x„), Ip(xn), andlp(0). 

d28p 5p g0p 

dx2 L2 ~ D 
n p p 

8p(xn) = B-e^ + 
2 

L„ . &op " "^p &0D D 

D„ 

At xn =0, 8p(0) = Apn. Thus B = Apn • 
oop p 

(a)8p(xj= pa-

d8p _ 1 

dx„ " L . 

( v \ g -L2 

fop p >kT 

D„ 
•e p +-

2 
op —'p 

D„ 

A p S o p i 

(b)Ip(xn) = - q . A - D p - ^ P = q . A . ^ 
dxn Lp 

Apn-
&OP D ' op p 

D„ 

D /̂  qv ^ 
Ip(0) = q -A- -^ -p n - e « - l q-A-L -g, 

p oop 

This corresponds to Equation 8-2 for np «; pn except that the component due 

to generation on the p side is not included. 



Chapter 9 Solutions 

Prob. 9.1 

Relate the sheet resistance of a diffused layer to Na(x) andxj. 

R 
Xj (a 

a) = — • (Vp(x)-Na(x)-dx assuming Na ( x ) » Nd over most of the profile 
j o 

R« = 

q-J^P(x)-Na(x)-dx 

Prob. 9.2 

Find the aspect ratio and draw a diffusion pattern. 

R _ R S - L ^ L _ R _ 104Q _ 5 Q 

W W Rs 200Q 

W = 5um and L = 250um 



Prob. 9.3 

(a) Find the required diffusion time. 

N(x,t)=N0-erfc 
f x ^ 

2^/r^t 

N(3 • 10"4cm,t) = 1020 -½ • erfc 
S-lO^cm 

2^2.5 • ID

S'104cm 

an + 
s J 

10 ,16 1 

2-erfc"1 

Using Figure P5-2, t = _ V 

101 

v l O 2 0 ^ , , 

2.5-10-12 ^ 

^3-lQ-4cmV 

N 2-2.75 f 

2.5-lO"12^1 1192 seconds 

(b) Find how far would a Sb-doped buried layer move during this diffusion. 

I 
N(x,t) = N0-erfc 

f x ^ 
2^X 

N(x, 1192s) = 1020 -4-- erfc = 1016^r 

t = 2^/2-10^^-11928 • erfc"1 

2^/2-10-13 ^ -1192s y 

2^2-10^^-11928-2.75 = 0.85um 
^1016-O 
. l O 2 0 - ^ . 
V cm J 

Prob. 9.4 

Calculate the average resistivity. 

i 0.8/zw 

15Qc/w 

f = 500//W 

From Irvin curve, Nsub=101 >15 1 

cm 3 

P 15Q-*n 
. « ^ .. «-d square 

i3 • A A P 15^-cm 

R, mundoped = — = — : 

Sl t 500-10 - 4^ 
in doped part, p = R§2 • x. = 90 ̂  -0.8-10"4cm = 0.00720 • cm = 72Q • urn 



Prob. 10.1 

Sketch the band diagram. 

£»• 
EFfiwm/Mmr~ 

Chapter 10 Solutions 

-Efn - Ec 

•••.•:• £ 

VO-V 

%/mmm^m: 

Vo+Vr 

Forward bias Reverse bias 

This is called a backward diode because it conducts freely in the reverse direction (due to 
tunneling), but the current remains small for low voltage forward bias. 



Prob. 10.2 

(a) Calculate the minimum forward bias for which tunneling occurs. 

The sizes of Evp - EF and EF - Ecn determine the voltage required to align filled states 
opposite empty states. 

Tunneling begins when EFn - EFp = Et which occurs at a forward bias of 0.3 V 

(b) Calculate the maximum forward bias for which tunneling occurs. 

Tunneling ends when Ecn - E^ = Et which occurs at a forward bias of 
0.3V+ 0.1V + 0.1V = 0.5V 

(c) Sketch the I-V curve for the diode. 

Band to band tunneling is maximized when EFn - EFp = 0.1 V and is essentially zero when 
E F n -E F p = 0.2V. 

*>— 
V 

0-2 0.4 0.6 0.8 1.0 



Prob. 10.3 

(a) Relate dp/dt where p is the space charge density a and e neglecting recombination. 

J = o-S = -a-VV 

V.J = -a-V2V 

dt e 
dp _ o-p 

dt e 

(b) Show the space charge p(t) decays exponentially with time constant Tj. 

solving differential in (a) gives 

- - • t - — 

P = P 0 - e e = P 0 - e Td if^d = -
a 

(c) Find the RC time constant of a sample. 

R = — a n d C = ^ 
o-A L 



Prob. 10.4 

Find the criteria for negative conductivity in terms of mobilities and electron 
concentrations in the Y andL bands ofGaAs. 

J = a £ = q-Qir -nr+uL -nL]-£ = q-Q^ -n r+nL -(n0- %)]•£ 

dJ 

d£ 
q-[(i r-n r+nL-nL] + q-£ 

. . dnr dp,r d|xL 

d£ d£ d£ since d£ 

dJ A , 
— < 0 when 
d£ 

, . dnr d|xr dja,T 

jx r-n r+uL-nL 

<-l 

now let A = |xr • £ and B = \iL • £ giving - ^ - = — - and 
d£ £ d£ 

( A - B ) - ^ f - ~ ( n r - A + nL-B) 

_B_ 

£2 

d£ 
1 

£-(A-B) 

-<-l 
(n r -A+n L -B) 

dnr 

~d£~ 
n r - A + n L - B 

£ - ( A - B ) - - n ^ 
d£ 

n r - A + n L - B 

K - l 

< 0 

dnr 
B is less than A since uL «; (ir. Thus — - must be negative. That is 

d£ 

the conductivity is negative only while electrons are being transferred from 

the lower lying T valley into the upper L valley. 

Prob. 10.5 

(a) Find the minimum electron concentration and time between current pulses. 

11-1.= 10^-½ -> n = 
10 12 1 10 ,12 1 

cm — 

S-lO^cm 
= 2-1015-^ 

\ = 
5-10"4cm 

107« 
= 5-10-1¾ 

(b) Estimate the d-c power dissipated per unit volume. 

P = I-V = (q-n0-vd-A)-(£-L) 

A-L 
= q-n0-v„-£ = 1.6-10^0-2-10^^--2-107 ^ - 3 - 1 0 3 ^ = 2 -10 7 ^ 

~ O d „m3 s cm cm 



Prob. 10.6 

(a) Calculate the ratio of the density of states in the T andL conduction bands ofGaAs. 

N c=2-
2% • kT • m. 

3 

so 
NL _ (m*n(L)^ 

N r ^m n(r) 

f0 .55n 

0.67 
23.5 

(b) Assuming a Boltzmann distribution, find the ratio of electron concentrations in these 
bands at 300K. 

nT 

n r 

0.30eV 

= 23.5-e °-0259eV = 2.2-10"' 

The upper L valley is essentially empty at equilibrium at 300K. 

(c) Find the equivalent temperature of an electron in the T minima. 

T = 0 . 0 2 5 9 e V + 0 . 3 0 e V = 3 7 8 2 K 

8.62-10"5f 

Prob. 10.7 

Explain why two separate BJTs cannot be connected to make ap-n-p-n switch. 

The p-n-p-n switching action depends on injection of carriers across both base regions 
and collection into the base regions of the opposite transistor. For example, transistor 
action in the p-n-p feeds majority carrier holes to the base of the n-p-n. This cannot occur 
with separate transistors; so, the p-n-p-n switching effect does not occur. 

Prob. 10.8 

How does gate bias provide switching in an SCR? 

Switching in the SCR of figure 10-13 occurs when holes are supplied to p2 at a sufficient 
rate. Although j 3 is forward biased wit iG=0, transistor action does not begin until hole 
injection by iG reaches the critical value for switching. 



Prob. 10.9 

(a) Sketch the equilibrium band diagram in the forward-blocking and forward-
conducting states. 

(b) Sketch the excess minority carrier distribution in regions nj andpi in the forward-
conducting state. 

Pi . »i Pt n2 

Equilibrium \ . • I \ 

Forward-blocking 

»1 P» 

(b) Each equivalent transistor 
is in saturation. Thus the 
minority carrier distribution 
in each base resembles 
Fig. 7-14b. 

- / * - N i 

Forward-conducting 



Prob. 10.10 

Draw diagrams for the forward-blocking and forward-conducting states ofap-n-p-n. 

Forward Blocking State 

OS. hole flow 

«^£SSSX electron flow 

generation 

recombination 

In the simplified diagram above, we neglect minority carrier transport across each base 
region. Electrons generated thermally in and about j'2 recombine in ni and ji with injected 
holes. Similarly, generated holes feed recombination with injected electrons in p2 and j'3. 
hi absence of transistor action, current is limited to essentially the reverse saturation 
current of J2. 
hi the figure below, we neglect generation compared with transport due to transistor 
action. Recombination takes place in ni and p2, but many injected carriers are transported 
through the device by transistor action. More complete diagrams may be found in the 
book by Gentry et ah, p 72 and 76 (see chapter 10 reading list). 

Forward Conducting State 



Prob. 10.11 

Include avalanche inJ2 in the coupled transistor model. 

Referring to figure 10-11, 

ic l=<Vi-Mp+IC01-Mp 

iC2=a2-i-Mn+IC02-Mn 

i = ici + iC2 = i • («i • Mp +a2 • Mn )+IC01 • Mp +IC02 • Mn 

. _ IC01-Mp+IC02-Mn 

l - ( a r M p + a 2 - M n ) 

The current becomes large as 04 • Mp+a2 • Mn approaches unity. 



Chapter 1 Self Quiz 

Question 1 
(a) Label the following planes using the correct notation for a cubic lattice of unit cell 

edge length a (shown within the unit cell). 
z z 

i 

"1 
X 

k 

a 
+ y 

X 
(111) (10 0) * (110) 

(b) Write out all of the equivalent (100) directions using the correct notation. 

[1 0 0], [0 1 0], [0 0 l j , [1 0 0], [0 T 0], [0 0 1] 

(c) On the two following sets of axes, (1) sketch the [011] direction and (2) a (111) plane 
(for a cubic system with primitive vectors a, b and c) . 

• b 



Question 2 
(a) Which of the following three unit cells are primitive cells for the two-dimensional 
lattice. Which is the correct combination below. 

1/2/3 kj^andj)/ 1 and3/2 and3 / 1,2 and3 
1 and 2 each contain a single atom and may be repeated to form the lattice 

3 may be repeated to form the lattice but contains two atoms 

unit cell 1 

o o 

Q 

© 

-0 

O 

unit cell 3 

-0 
(b) The following planes (shown within the first quadrant for 0 < x,y,z < a only, with the 
dotted lines for reference only) are all from what one set of equivalent planes? Use 
correct notation: {110} 

y 

X 
(110) (10 1) (110) 

(c) Which of the following three planes (shown within the first quadrant only) is a (121) 
plane? Which the correct diagram? B 

(A) (B) (Q 

y 



Question 3 
(a) Diamond and zincblende crystal structures are both composed of a Bravais lattice 

with a two-atom basis. Which is the correct unit cell for this Bravais lattice. C 

Sry* </\ Sx ^ ^ 
lr~ ( <r {f 1 , r ' ' 1 Si 

, ^ ^ t^s* «£&> 
(A) 

cubic 
(B) 

body-centered cubic 
(C) 

face-centered cubic 

(b) Which statement below is true? 
1. GaAs has a zincblende crystal structure. 
2. Si has diamond crystal structure. 

Question 4 
Give some examples of O-dimensional, 1-dimensional, and 2-dimensional defects in a 
semiconductor. 

OD - point defect -impurity atom 
ID - line defect - extra plane of atoms between two other planes (dislocation) 
2D - area defect - polycrystalline grain boundary, extra plane of atoms not aligned 

with other planes (stacking fault) 

Question 5 
(a) What is the difference between a primitive cell and a unit cell? What is the utility of 
both concepts? 

unit cell - volume which is representative of entire lattice and repeated throughout 
primitive cell - smallest unit cell which can be repeated to form lattice 
use the most convenient unit cell, whether primitive or not, to analyze the full 
volume often the primitive cell is not most convenient (ex: zincblende) 

(b) What is the difference between a lattice and a crystal? How many different 1-D 
lattices can you have? 

lattice - periodic arrangement of atoms in crystal, mathematical representation 
crystal - solid characterized by periodic arrangement of atoms, physical thing 
one 1-D lattice 



Question 6 
Consider growing InAs on the following crystal substrates: InP, AlAs, GaAs, and GaP. 

For which case would the critical thickness of the InAs layer be greatest? You may use 
Fig. 1-13 from your text. 

GaP / GaAs / AlAs /(inP) 
closest lattice constant -> least strainrTgreatest critical thickness 

o 

P3 

5.4 

L.D 

2.0 

1.5 

1.0 

0.5 

GaP 

G 

i 

! AlAs 

\ i 

a A s \ 

x = 0.2' 

lnx< 3a 

0.4 

-x As 

; 

N ^ I i 

/ / 

0.6 

,P 

0.8 

AlSb 

f 

In/ 

GaSb 

is 

0.496 

0.620 

0.827 /g-S 

1.24 
1.3 

1.55 

2.48 

a;* 

5.6 5.8 

Lattice constant (A) 

6.0 62 



Chapter 2 Self-Quiz 
Question 1 
Decide whether each of the following one-dimensional functions defined between the 
limits x approaches negative infinity and x approaches positive infinity is an allowed 
quantum mechanical wavefunction. 

a) \l/(x) = Cfor -\a\ <x< \a\; ^ ( x ) = 0 otherwise 
discontinuous at a 

goes to infinity 
c) \{/(x) = Cexp(-x2/|<z|) 

where both C and a are nonzero and finite constants. 

not allowed 

not allowed 

allowed 

Question 2 
Consider the finite potential well sketched below. 

£=1 eV 

£=0 eV 

x=a 

a) Can the measured value of a particle's energy in the well be 0 eV? 
No - energy quantization, solution to Schrodinger wave equation 

b) If the particle has an energy of E < 1 eV, can the measured value of the particle's 
position be \x\ > al 

Yes - wavefunction for E < leV and |x|>a is not zero because particle may 
tunnel 



Question 3 
(a) For a particle in the following potential well of minimum potential energy equal to 0 
eV, could the ground state eigenenergy Ei of the particle be equal to zero? Circle one 
choice: yes {jw)/ not enough information provided 

energy E 

potential V(x) 

energy = 0 eV 
(b) Given the 3rd and 4th most energetic eigenstates of energies as shown above, is it 
possible under any circumstances that the expectation value of the particle's energy could 
be exactly 0.5(2¾ + E4)1 (Do not assume the particle is in an energy eigenstate.) Circle 
one choice below. 

(yes)/ no / not enough information provided 
(c) Consider the following continuous, smooth, and normalizable wavefunction \l/(x). Is 
this wavefuntion an allowed quantum mechanical wavefunction for a particle (currently) 
above the potential V(x) of Part (a)? (Circle one.) 

(jes)/ no / can't tell 

0=0 p. position x 



Question 4 
Consider quantum mechanical particles incident from the left having well-defined energy 
as indicated by the vertical positions of the arrows, in the two systems shown below. 
Will the probability of being reflected for the incident particle in System 1 compared to 
System 2 be greater, less, same or not enough information is provided? 

not enough information provided 

E 
potential V(x) potential V(x) 

System 1 
(narrow, tall barrier) 

System 2 
(wide, low barrier) 

Question 5 
Suppose five precise measurements were made on a particle in rapid succession, such that 
the time evolution of the particle wavefunction between measurements could be 
neglected, in the following order: (1) position, (2) momentum, (3) momentum, (4) 
position, (5) momentum. If the results of the first two measurements were x0 and p0, 
respectively, what would be the results of the next three measurements (circle one each)? 

Heisenburg uncertainty principle gives the following results: 

measurement (3): momentum p0 

measurement (4): position unknown 

measurement (5): momentum unknown 

Question 6 
(a) If the photoelectric effect were governed by classical physics rather than quantum 
mechanics, what would be result of the following experiments? 
By increasing the intensity of the incident radiation, what would happen to the energy of 
ejected electrons? 
Energy is increased. 
How about increasing the wavelength of the light? 
Energy is unchanged. 
(b) What would be the quantum mechanical results? 
By increasing the intensity of the incident radiation, what would happen to the energy of 
ejected electrons? 
Energy is unchanged. 
How about increasing the wavelength of the light? 
Energy is decreased since frequency decreases. 



Chapter 3 Self- Quiz 

Question 1 
(a) The following three diagrams show three different energy bands of some 
hypothetical crystalline materials (energy varies vertically). The only difference between 
the three materials is the assumed Fermi level energy EF- Characterize each material as a 
metal, an insulator or a semiconductor. 

Material 1 Material 2 Material 3 

EF 

band 2 

EF 

EF 

band 1 band 1 band 1 

Semiconductor Insulator Metal 

(b) Assuming you can see through one and only one of the materials of part (a) above, 
which one would it most likely be? Material 1 /Material 2 CMaterialj) 



Question 2 
Consider the following conduction band energy E vs. wavevector kx dispersion relation. 

r-valley 
Eo 

(a) Which energy valley has the greater effective mass in the x-direction mxl 
X-valley 

(b) Consider two electrons, one each located at the positions of the heavy crosses. 
Which has the greater velocity magnitude? The one in the r-valley 

Question 3 
These questions refer to the bandstructures of Si and GaAs shown in Fig. 3-10. 
(a) Which material appears to have the lowest (conduction band) electron effective mass, 

Si or GaAs? GaAs 

(b) Which of these would you expect to produce photons (light) more efficiently through 
electron hole-recombination? GaAs 

(c) Consistent with your answer to Part (c) and making use of App. Ill, what would you 
expect the energy of the emitted photons to be? What would be their wavelength in 
/jm? Would these be visible, infrared or ultraviolet? 

E = 1.43eV X = 1.24um-eV = g ? infrared 
1.43eV ^ 

(d) How many equivalent conduction band minima do we have for Si? GaAs? 
6 equivalent minima for Si, 1 equivalent minima for GaAs 



Question 4 
Refer to Fig. 3-10 which shows the E vs. k dispersion relations for gallium arsenide 
(GaAs) and for silicon (Si) along the [111] and [100] directions, showing both valence 
and conduction bands. 

(a) Neglecting differences in electron scattering rates in the two materials, would you 
expect Si or GaAs to have the greatest electron mobility /4? GaAs 

(b) If a constant force were applied in the [100] direction for a short period of time on an 
electron initially located at the conduction band minimum of each semiconductor and 
if scattering were neglected, would the magnitude of change in k in Si be greater, 
equal to or smaller than the magnitude of the change in k in GaAs for the same force? 

Equal To since ^hk = Fexternal 

Question 5 
(a) The equilibrium band diagram for a doped direct gap semiconductor is shown below. 

Is it n-type, p-type or not enough information provided ? p-type 

_ , , , - , conduction band edge Ec 

Donor level Ed — — — — — — — — — 

intrinsic Fermi level Ei 

Acceptor level Ea — Z Z Z Z Z Z Z : Z Z Z Z Z Z Fermi level EF 

valence band edge Ev 

(b) Based on the band diagram above (Et is exactly in the middle of the gap), would you 
expect that the conduction band density-of-states effective mass is greater than, equal 
to or smaller than the valence band effective mass? equal 

(c) What if any of the following conditions by themselves could lead to the above band 
diagram? Circle each correct answer. 
(a) very high temperature 

cZQSjjery high acceptorjjoj)jngZ> 
(c) very low acceptor doping 



Question 6 
A hypothetical semiconductor has an intrinsic carrier concentration of 1.0 X 1010/cm3 at 
300K, it has conduction and valence band effective densities of states, Nc and Nv, both 
equal to 1019/cm3. 
(a) What is the bandgap, Eg? 

ni=VNJVe2kT 

-E„ 

1 0 1 0 ^ = J l 0 ^ - 1 0 1 9 A - e M 

cm V cm cm 

026eV 

1010 _JL 

Es = 0.052eV-ln ~ c™3 = 1.08eV 
g 1019 ^ y 

cm 

(b) If the semiconductor is doped with Nd = 1 x 1016 donors/cm3, what are the equilibrium 
electron and hole concentrations at 300K? 

2 I A20 I 

n = 1016 -JL p0 = B_ = ^ V ^ l = i o4 J , 
0 cm3 n 10 —L- ^1 

0 cm3 

(c) If the same piece of semiconductor, already having Nd = 1 x 1016 donors/cm3, is also 
doped with Na = 2x 1016 acceptors/cm3, what are the new equilibrium electron and 
hole concentrations at 300K? 

p = 1016 -^ n0 = ^ - = ~ ^ - = 104 - V 
cm 

(d) Consistent with your answer to Part (c), what is the Fermi level position with respect 
to the intrinsic Fermi level, EF -2?,-? 

'101 

EF - ¾ =kT-ln •Fo = 0.026eV-ln 
V cm J 

0.36eV 

Question 7 
What is the difference between density of states and effective density of states, and why is 
the latter such a useful concept? 
Density of states gives available states as a function of energy. 
Effective density of states maps to the values at the band edges making calculations 
of carrier concentrations easy. 

Question 8 
(a) Does mobility have any meaning at very high field? Why? 
No, drift velocity saturates and is no longer linearly dependent on electric field. 

(b) How do you measure mobility and carrier concentration? 
Hall effect and resistivity measurements. 



Chapter 4 Self-Quiz 

Question 1 
Consider a p-type semiconductor that has a bandgap of 1.0 eV, a minority electron 
lifetime of 0.1 /ts, and is uniformly illuminated by light having photon energy of 2.0 eV. 

(a) What rate of uniform excess carrier generation is required to generate a uniform 
electron concentration of 1010/cm3? 

g0 -10-7s=1010-4-
°°P Off 
„ = i nl7 1 10 6 ° P eV-cm3 

(b) How much optical power per cm3 must be absorbed in order to create the excess 
carrier population of part (a)? (You may leave you answer in units of eV/s-cm3.) 

p = hvgOD =2.0eV-1017-V =2.0 -1017 -&-

(c) If the carriers recombine via photon emission, approximately how much optical power 
per cm3 will be generated? (You may leave you answer in units of eV/s-cm3.) 

p = E -g0 =1 .0eV-10 1 7 -V = 1.0-1017 ^ -
JT g c?op cm-s cm'S 

This is less because carriers go to the band edge before recombining. 

Question 2 
(a) What do we mean by "deep" versus "shallow" traps? Which are more harmful for 

semiconductor devices and why? What is an example of a deep trap in Si? 
Shallow traps are near the band edge. 
Deep traps are near the midgap. 
Deep traps are more harmful because they increase the chances of leakage. 
Gold (Au) forms deep traps. 

(b) Are absorption lengths of slightly-above-bandgap photons longer in Si or GaAs? 
Why? 

Si; indirect band gap 

(c) Do absorption coefficients of photons increase or decrease with photon energy? 
Why? 

The absorption coefficient is very low below the band gap energy, 
increases abruptly at Eg, and continues to increase slowly at higher 
energies as more possible transitions become available with higher 
density of state. 



Question 3 
Consider the following equilibrium band diagram for a portion of a semiconductor 
sample with a built-in electric field e: 

electric field € 

position 

(a) Sketch the Fermi level as a function of position through the indicated point, EF, across 
the width of the band diagram above. EF is flat in equilibrium. 

(b) On the band diagram, sketch the direction of the electric field. Is the field constant or 
position dependent? Constant. 

(c) On the following graph, sketch and label both the electron and hole concentrations as 
a function of position across the full width of the sample. Note that the carrier 
concentration scale is logarithmic such that exponential variations in the carrier 
concentration with position appear as straight lines. Note also that the horizontal axis 
corresponds to the intrinsic carrier concentration of nL 

Ep-E; E r E F 

kT „ = „ . 0 kT 
n = n- • e : n- • e 

log(«), log(p) 

>. position 



Question 4 
(a) Indicate the directions of the hole and electron flux densities (/> due to diffusion and 
drift under these equilibrium conditions corresponding to the previous Question 3. 
Circulate the appropriate arrow in each case. 

Yp,diffusion 

TpMft 

Yn.diffusion 

0n, drift 

<-

<-

- » 

- > 

(b) Indicate the directions of the hole and electron current densities j due to diffusion 
and drift under these equilibrium conditions. 

Jp,diffusion ^ 

jp.drifi -> 

Jn,diffusion ^ 

Jn.drift ~' 

Question 5 
(a) What are the relevant equations that must be solved in general for a semiconductor 

device problem? 
Drift/Diffusion, Continuity, Poisson 

(b) In general how many components of conduction current can you have in a 
semiconductor device? What are they? 

Four - electron drift, hole drift, electron diffusion, and hole diffusion 



Question 6 

(a) Consider a region in a semiconductor with an electric field directed toward the right 
(->) and carrier concentrations increasing toward the left (<—). Indicate the directions of 
particle fluxes (j) (circle one for each) and charge currents j due to drift and diffusion 
within that region (circle one for each): 

(j)̂ (drift) - • 

(j)p(diffusion) -> 

(|>„(drift) <-

^(diffusion) —» 

(b) Based on your answers to part (a), indicate the directions of the charge currents j due 
to drift and diffusion within that region (again, circle one for each): 

jp(drift) -+ 

jp(diffusion) -> 

7„(drift) -» 

^(diffusion) <-



Chapter 5 Self-Quiz 
Question 1 
Consider a forward biased ideal (abrupt junction, no recombination or generation in the 
depletion region) long p-n junction diode under forward bias. On the following graph, 
sketch and label the total current Itotai, the total electron current In,totai and the total hole 
current IPit0tai as a function of position throughout the entire device. The value of each 
has been given at the n-side edge of the depletion region for reference. (Hint: the excess 
carrier concentrations are essentially pinned to zero at the contacts.) 

current . , . , , , . 
p-side quasi-neutral depletion n-side, quasi-nuetral 

region region _ region 

Itotai 

X 
s. 

i m m i n 

M'c total 

**p,total 

\ 

\ 

1 position 



Question 2 
(a) Consider (1) a long p-n junction diode with the ohmic contact on the n-side, xCOntact,i 

» Lp, and (2) a short p-n junction diode with the ohmic contact on the n-side well 
within a diffusion length of the depletion region, xcontact,2 < Lp. Given the indicated 
excess hole (equals electron) concentration at the n-side edge of the depletion region 
Ap for both diodes, sketch the excess hole concentrations as a function of position 
5p(xn) within the region for the two cases on the following graph and label them (1) 
and (2) accordingly. 

— - f o r (2) 

6p = 0 w' Xn 

Xcontact,2 Xcontact, 1 

(b) Consistent with your answers to Part (a), sketch the hole (diffusion) currents within 
the region for the same two diodes on the following graph, and label them (1) and (2) 
again. The value of the hole current at edge of the depletion region for the long diode 
IP,i(xn=0) is provided for reference. 

IP,i(xn=0)-

W~ Xn 

Xcontact,! 



Question 3 
Consider two Si p-n junction diodes, one long and one short (contacts within a diffusion 
length of the depletion region) but otherwise identical. Under identical forward bias 
voltage, which diode would have greater current flow? 
Short, because it has a steeper concentration profile. 

Question 4 
If the depletion capacitance of a p-n junction diode is Q>0 at equilibrium and the contact 
potential is 0.5 V, how much reverse bias voltage would have to be applied to reduce the 
depletion capacitance to 0.5Q,o? 

f , V/2 

CjCC 
1 

0.5 

V 0 -V 
xl/2 

VVoy 

1 
vl/2 

v„-v V vo 
V = 3Vn = 1.5V 

Question 5 
(a) What is the difference between depletion and diffusion capacitance in a diode? Which 

one dominates in forward bias and why? Reverse bias? 
Depletion capacitance is due to stored depletion charge. 
Diffusion capacitance is due to stored mobile carriers. 
Diffusion capacitance dominates in forward bias. 
Depletion capacitance dominates in reverse bias. 

(b) Why is it meaningful to define small signal capacitance and conductance in 
semiconductor devices such as diodes? How are they defined? 

Alternating current signals are typically smaller than direct current bias. 

c = dQ G = i L 
dV dV 



Question 6 
We grow a pseudomorphic heterostructure consisting of an epitaxial film with lattice 
constant of 6 A and bandgap of 2 eV on a thick substrate with lattice constant of 4 A and 
bandgap of 1 eV. Both the substrate and epitaxial layer have a cubic crystal structure in 
the unstrained state. If 60% of the band edge discontinuity is in the conduction band, 
sketch a simplified band diagram of this heterostructure. Also, qualitatively show a 2-D 
view of the crystal structure in relation to the band diagram. 

Substrate 

leV 

Epitaxial Film 

JfJ.4eV 

0.6eV 

2eV 

4A 

4A 6A 



Question 7 
(a) In the space below, sketch the equilibrium band diagram resulting from bringing 
together the illustrated metal and lightly doped semiconductor indicating the Fermi level; 
the conduction band and valence band offsets from the 
semiconductor interface in terms of q$m, q$s, qx and/or Eg; 
semiconductor in terms of q^m q$s, qx and/or Eg; and 
depletion or accumulation layer. Assume no interface traps. 

vacuum level 

Fermi level at the metal-
any band-bending in the 

(qualitatively) any charge 

r r 
qx q$s 

q$* 

EF.TI 

EP 

Ec 

Et 
EF,S 

Ev 

metal semiconductor 

vacuum level 

-F,s 

energy 
A semiconductor 

postition 

(b) Is this a Schottky contact or an ohmic contact? Ohmic contact 



Chapter 6 Self-Quiz 
Question 1 

Label the following MOS capacitor band diagrams as corresponding to accumulation, 
weak inversion, depletion, strong inversion, flatband or threshold. Use each possibility 
only once. 

Si02 

(A) Depletion 

Ec 

Ei 

EF 

Ev 

Si 
energy u position 

(B) Weak Inversion 

(C) Accumulation 

^ 

(D) Strong Inversion 

(E) Flatband (F) Threshold 



Question 2 
(a) What is the main distinction between an active device and a passive device? 

An active device gives power gain. 

(b) If a device has power gain, where is the higher energy of the a.c. signal at the output 
coming from? 

The power comes from the direct current power supply. 

(c) What is the distinction between a current controlled versus voltage controlled three-
terminal active device? Which is preferable? 

A voltage controlled device has much higher input impedence than a 
current controlled device and is preferable because it consumes less power. 

Question 3 
For Parts (a) through (c) below, consider the following low-frequency gate capacitance 
(per unit area) vs. gate voltage characteristic for a metal gate n-channel MOSFET. 

-4 -3 -2 -1 VG(V) 

(a) On the above figure label the approximate regions or points of 
weak inversion (1) 
flatband (2) 
strong inversion (3) 
accumulation (4) 
threshold (5) 
and depletion (6) 

(b) What is the oxide capacitance per unit area? 1.2/tF/cm2 

(c) On the curve above, sketch the high frequency curves for 
grounded source/drain. Same as above. 

this MOSFET with 



Question 4 
Consider the following MOSFET characteristic. 

ID (mA) 

KG = 1.5V 

VD(V) 

(a) Is this an n-channel or p-channel device? n-channel 

(b) Does this appear to be a long-channel or short-channel device? 

Long, because ID is flat and there is a quadratic dependence (VG-VJ)2 . 

(c) What is the apparent threshold voltage VT ? -0.5V 

(d) Is this a depletion mode or enhancement mode MOSFET? depletion mode, VT<0 
Question 5 
Is the subthreshold slope of a MOSFET decreased (improved) by: 

(a) Increasing or decreasing the oxide thickness? decreasing 
(b) Increasing or decreasing the substrate doping? decreasing 

For each of these two methods, name one thing/factor/effect that limits the extent to 
which each of these methods can be used to reduce subthreshold swing. 

(a) oxide leakage and breakdown 
(b) punchthrough between source and drain 

Question 6 
Would increasing the device temperature increase, decrease or leave unchanged (circle 
the correct answers): 

(a) the reverse saturation current of a pn diode ? 
dgcrease^>/ decrease / unchanged 

(b) the subthreshold source-to-drain leakage current of MOSFET? 
Increase^} / decrease I unchanged 



Question 7 
Assuming no interface charge due to defects and/or traps, would decreasing the oxide 
thickness/increasing the oxide capacitance of an n-channel MOSFET increase, decrease 
or leave essentially unchanged the following parameters (circle the correct answers): 

(a) the flat band voltage, VFB? VFB= ¢^ - -^- is not Cox dependent since Qox= 0 
ox 

CficreascP^ / decrease / unchanged 

(b) the threshold voltage, Fr? VT = V F B +2^ - ^ - is Cox dependent 

increase / CHecrease^>/ unchanged 

(c) the subthreshold slope? S = 6 0 ^ decade 

increase / CSecreasjDV unchanged 



Question 8 
Consider the following MOSFET characteristic. 

ID (mA) 

-1.0 

VG = -l.SV 

FG = -1.0V 

FG = -0.5V 

+ VD(Y) 

(a) What is the transconductance gm at VD = -1.0V (in units of mhos)? 

Si, 
8IB = -0.5mA _ l m U 

dV, G -0.5V 

(b) What is the apparent threshold voltage at VD = -1.0V? 
VT = -0.2V 

(c) Does this MOSFET appear to be a long-channel or short-channel device? 
short channel since ID OC (VG-VT) 

(d) Is this an n-channel or p-channel device? 
p-channel 

(e) Is this a depletion mode or enhancement mode MOSFET? 
enhancement mode because VT < 0 for pMOSFET 



Question 9 
A senior in Electrical and Computer Engineering in a device fabrication course presented 
the following characteristics as those of an n-channel MOSFET that he had fabricated, 
and characterized at a temperature of 300K. 

ID (mA) 

1.5 

1.0 

0.5 

J 

— 

— 

VG =250 mV 

1 VG - 0 mV 

/ / VG = -250 mV 

^ VG = -500 mV 

r i i i * 
0.5 

//) (mA) 

VD(V) 

1 r r° 
1U 

i r»~l 
10 -

i o ~ 2 -

10~3 -

1 0 ~ 4 -

1 A - 5 

l u 

1 0 " 6 -

r .... r* 
1.0 1.5 

>VG(mV) 

-600 -500 -400 

(a) If we were to believe this student, would this be "normally on/depletion mode" or a 
"normally off/enhancement mode" MOSFET? Circle one choice below. 

normally off / <^ormall^on> 

(b) If we were to believe this student, would this MOSFET appear to be a long-channel 
or short-channel device? Circle one. 

Cjong channel^) / short channel 

(c ) If we were to believe this student, what would be the subthreshold slope/swing, S, of 
this MOSFET? 

£ _ lOOmV _ , 5 mV 

4 decades decade 

(d) This student, however, was subsequently expelled from the university for falsifying 
this data leaving him with nothing to show for his years at school but huge college 
loan debts. What clearly physically unrealistic aspect of these MOSFET 
characteristics (besides less than smooth curves) should have drawn suspicion? 

S cannot be less than 60mV/decade. 



Chapter 7 Self-Quiz 

Question 1 
Consider the following bipolar junction transistor (BJT) circuit and somewhat idealized 
transistor characteristics (where, in particular, the voltage drop across the forward biased 
base-emitter junction is assumed to be constant and equal to IV for simplicity. 

lOOkQ 

Fi= l lV 

n 

n 

collector 

base 

emitter 

V2=UV 

IkO 

/c(mA) 

IB = 0.3mA 

* V, CE 

10 . 15 

(a) What is the (common emitter) gain /3? 
Ale = 5mA = 5 Q 

P AIB 0.1mA 
(b) Draw the load line on the transistor characteristics. 

VCE=0-» Ic =llmA Ic=0mA"»VCE=llV 

(c) What is the collector-emitter voltage drop in this circuit within half a volt? 
( l l - l ) V 

IR = = 0.1mA -» V, CE 6V 
lOOkQ 

(d) If voltage V\ could be changed, what value of V\ would drive the BJT in this circuit to 
the edge of saturation? 

IB=0.2mA at onset of saturation. 

V-1V x - = 0.2mA -+ V, =21V 
lOOkQ 



Question 2 
The following is a band diagram within an n-p-n bipolar junction transistor (BJT) at 
equilibrium. Sketch in the Fermi level as a function of position. Qualitative accuracy is 
sufficient. 

enersv. 

Dosition. x 

D-tVDe 

n-tvoe 

n+ 

n-tvoe 

n-

Question 3 
Would decreasing the base width of a BJT increase or decrease or leave unchanged the 
following assuming that the device remained unchanggdotherwise? 

a) emitter injection efficiency 7? Cincrease) unchanged I decrease 

IcreaSeV unchanged / decrease 

increase)! unchanged / decrease 

increase / unchanged //decreas* 

b) base transport factor B? 

c) common emitter gain /3? 

d) magnitude of the Early voltage V/i 

Question 4 
Sketch the cross section of an n-p-n BJT and point out the dominant current components 
on it showing the correct directions of the various current vectors. If we increase the base 
doping, qualitatively explain how the various components change. 

If base doping increases, the injected electrons lost to recombination and 
holes supplied by the base contact for recombination increase, the electrons 
reaching the reverse-biased collector junction decrease because of lower 
electron concentration in the base, the thermally generated electrons and 
holes decrease slightly, and the holes injected across the emitter junction is 
unchanged. 



Question 5 
Would decreasing the base doping of the BJT increase, decrease or leave essentially 
unchanged (circle the correct answers): 

(a) emitter injection efficiency 7? 

(^increase) / decrease / unchanged 

(b) base transport factor Bl 

Qncrease^) / decrease / unchanged 

(c) magnitude of the Early voltage Vp. 

increase / (^decreaseT) / unchanged 



Chapter 8 Self- Quiz 

Question 1 
Consider the following band diagram of a simple light-emitting diode, subjected to a 
forward bias of 1.4V. Assume essentially all recombination is direct and results in light 
emission. The forward bias current consists of holes injected from a contact to the left 
and electrons injected from a contact to the right. 

Region(s) B 

0.7 eV 

Electron quasi 
Fermi level Fn' 

O.leV 

hole quasi 
Fermi level Fv 

(a) In which region would you expect the optical recombination rate to be the greatest? 
Circle one. 

Region(s) A / Region(s) B sQlegionC 

(b) What is the approximate energy of the emitted photons in eV? 
0.7eV 

(c) For a steady-state current 1= 10 mA, assuming all photons escape, what is the optical 
output power consistent with your answer to Part (b)? 7mW. 
(hint) Watts = Amps-eV/q = Amps-Volts 

10-10"3A • 0.7V = 7mW 

(d) If the voltage drop across the depletion region is 0.4 V, what is the separation of the 
quasi-Fermi levels in Region C? How can this be less than the total forward bias of 1.4V? 

0.4V which is less than the bias 1.4V since the resistive drop is in 
neutral regions 

(e) What is the electrical power consumed? 14mW 
10-10"3A-1.4V = 14mW 

(f) In terms of the ratio of optical power out to electrical power in, what is the efficiency 
of this light emitting diode? 7mW/14mW = 50% 



Question 2 
A solar cell has a short-circuit current of 50 mA and an open circuit voltage of 0.7 V 
under full illumination. What is the maximum power delivered by this cell if the fill 
factor is 0.8? 

P = 0.8 • (50 • 10"3A • 0.7V) = 28mW 

Question 3 
If one makes an LED in a semiconductor with a direct bandgap of 2.5 eV, what 
wavelength light will it emit? Can you use it to detect photons of wavelength 0.9 /mi? 0.1 
/an? 

x = 1 . 2 4 , m - e V = 

2.5eV 
0.9/tm -> No, because hp<Eg. 
0.1/im -> Yes 

Question 4 
What is most attractive about solar cells as a global energy source? Why haven't they 
been adopted more widely so far? 

Solar cells are attractive because the energy is renewable and does not 
negatively impact the environment. 
Solar cells have not been widely adopted because of their high cost. 



Chapter 9 Self- Quiz 

Question 1 
( 

Study the ITRS roadmap chapters on Process, Integration, Devices and Structures (PIDS) 
and on Front End Processes (FEP) available at http://public.itrs.net/. This has projections 
about next generation CMOS devices. 
Plot some of the projected MOS device parameters from the various tables as a function 
of time? Do they obey Moore's laws? Yes 
Based on what you have learned in Chapters 6 and 9, do the required iD(Sat) numbers for 
NMOSFETs for various technology nodes in Table 47b make sense? How about some of 
the other MOSFET requirements in other tables that are color coded red? No 

Question 2 
Discuss consequences— one good, one bad —of quantum mechanical tunneling in 
MOSFETs. 

Good: ohmic contacts to source and drain 
Bad: gate leakage 

Question 3 
What is hot electron damage, and is it more or less severe than hot hole damage? Why? 
How can you minimize hot carrier damage? 

Hot electron damage is more severe because the mobility of electrons 
is higher and barrier injection is lower. 

Question 4 
Why are MOSFETs manufactured with {100} planes parallel to the Si-Si02 interface? 

Lowest Qox 

http://public.itrs.net/


Chapter 10 Self- Quiz 

Question 1 

Study the ITRS roadmap chapter on Emerging Research Devices available at 
http://public.itrs.net/.This has projections about next generation CMOS devices as well as 
novel devices using nanotechnology. 
Write a report on which of these devices you think will be used in products in the next 5 
years, 10 years, and 20 years. 

http://public.itrs.net/.This
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