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Chapter 1

Exercise Solutions

Ex 1.1
(a) Number of atoms per unit cell

LIV S
8 2

(b) Volume Density = i3 = %
a' (425x107%)

=521x102¢m™

Ex 1.2
Intercepts of plane; p=1, g=2, s=2

111
Inverse; | —-,—,—
122

Multiply by lowest common denominator,
= (211) plane

Ex 1.3
(a) Number of atoms per (100) plane

Cladxtoo
4

Surface Density = % = ;2
a’ (425x10°)

=1.11x10" ¢cm
(b) Number of atoms per (110) plane
=2xl+4><l=2
2 4

Surface Density
2 2

(@fav2) (a2sx10" 2

=7.83x10"cm 2

Test Your Understanding Solutions

TYU 1.1
. 1
Number of atoms per unit cell =8x g =1
o 22 1
Volume Density =4x10"" = —
a

—a=292x10"cm =2.92 4
Radius =r=a/2=1.46;1

TYU 1.2
(a) Number of atoms per (100) lattice plane

:4><l=1
4

Surface Density = Lz = ;2
@’ (465x10")
=4.62x10" em
(b) Number of atoms per (110) lattice plane
=4x l =1
4
Surface Density
r 1
(a)(a\/z) (4.65 x107% )2 \/5
=3.27x10" cm ™

(c) Number of atoms per (111) lattice plane

YL
6 2

. 1
Lattice plane area = Ebh

where b=av2
e {(aﬁy { aﬁﬂ

1/2
:{Za2 —%az} =a g

Then lattice plane area

1 3) V3,
=E(a\/§{a\/;}=7a

Surface Density
1

2 _267x10%cem”
N (4.65x107 f

1/2

o[

TYU 1.3
(a) For (100) planes, distance =a =4.83 ;1
(b) For (110) planes, distance

_ # _ —(4'82)‘/5 —3.42 4
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TYU 1.4
(a) 8 corner atoms
(b) 6 face-centered atoms
(c) 4 atoms totally enclosed

TYU 1.5
Number of atoms in the unit cell

:8xl+6xl+4:8
8 2
Volume Density :% :%
@' (543x10™)

=5x10*2cm™
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1.1
(a) fcc: 8 corner atomsx1/8 =1 atom
6 face atoms x1/2 =3 atoms
Total of 4 atoms per unit cell
(b) bcc: 8 corner atomsx1/8 =1 atom
1 enclosed atom =1 atom
Total of 2 atoms per unit cell
(c) Diamond: 8 corner atomsx1/8 =1 atom
6 face atomsx1/2 =3 atoms

4 enclosed atoms =4 atoms
Total of 8 atoms per unit cell

1.2
(a) Simple cubic lattice: a=2r
Unit cell vol =a’ = (2r)’ =8r°

4 3
1 atom per cell, so atom vol = (l{ i J

3
47r?
3

8r
(b) Face-centered cubic lattice

d:4r:a\/52a=i:2\/§~r
V2

Unit cell vol =a°® :(2\/5-1”)3 =16v2 -#°

Then

Ratio = x100% = 52.4%

4 3
4 atoms per cell, so atom vol = (4{ 7? J

Az’
o)
1652 -7

(c) Body-centered cubic lattice

4
d=4r=a3=a=—1r
V3

3
Unit cell vol =a® = (i.r]

3

4 3
2 atoms per cell, so atom vol = (2{ ”; ]

Then

Ratio = x100% = 74%

Then

Ratio = x100% = 68%

3

4r

3

(d) Diamond lattice

Body diagonal =d :8r:a\/§:> a :i.r
J3

3
Unit cell vol =a° = (S—FJ

NG

drd
8 atoms per cell, so atom vol = (8{ T j

3
Then

x100% = 34%

3

1.3
(a) a=543 104 ; From Problem 1.2d,

b,
V3
Then r:£:M:1.1762

Center of one silicon atom to center of

nearest neighbor =2r =2.35 ;1
(b) Number density

=L=5x1022 cm ™

(s.43x10*)
(c) Mass density
N(atr)  (5x1022)28.09)

N, 6.02x10%

= p =2.33 grams/cm’
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14
(a) 4 Ga atoms per unit cell

Number density = —
(s.65x10°%)
= Density of Ga atoms = 2.22x10**cm
4 As atoms per unit cell
= Density of As atoms = 2.22x10** cm
(b) 8 Ge atoms per unit cell
8
8\
(s.65x10™)
= Density of Ge atoms = 4.44x10** cm

-3

-3

Number density =

-3

1.5
From Figure 1.15

() d= [g]{?j — (04330 )a

= (04330 5.65) = d =2.447 4
[ j =(0.7071)a
(

= (0.7071)(5.65) = d =3.995 A

(b) d

(b) a=2(1.035)=2.07 4

(c) A-atoms: # of atoms =8 xé =1

Density = W

=1.13x10% ¢m >

B-atoms: # of atoms = 6><% =3

Density = W

=3.38%x10% ¢m™

1.6

sin[ 2] = =F:Q=s4.74°
2 372

=60=109.5°

1.7
(a) Simple cubic: a=2r=3.9 ;1

o

(b) foe: a=-L =5515 4

V2

(©)bee: a=-2L 4503 4

V3

(d) diamond: a =

1.8
(@) 2(1.0352 =2(1.035)+2r,

o

ry =0.4287 4

1.9
(@) a=2r=454

# of atoms :8><%:1

Number density = ———
(4.5 %1078 )
=1.097x102¢m 3
Mass density = p = M
NA
(10974 %102 )12.5)
6.02x10%
= 0.228 gm/cm’
4}" o
(b) a=—==5194
V3

# of atoms 8x%+1=2

oz
(5.196 x10% )
=1.4257 x10*?cm
(1.4257 x10* J12.5)

6.02x10%
=0.296 gm/cm*

Number density =

Mass density = p =

1.10
From Problem 1.2, percent volume of fcc
atoms is 74%; Therefore after coffee is
ground,

Volume = 0.74 cm*®
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111
(b)a=18+1.0=2.84
(c) Na: Density :(IL)3
(2.8x10)

=2.28%x10%¢m

Cl: Density =2.28x10** cm ™
(d) Na: At. Wt.=22.99
Cl: At. Wt.=3545
So, mass per unit cell

(;j(22.99)+(;j(35.45)

= = =4.85x107%
6.02x10
Then mass density
-23
p= 485)(—103 =2.21 grams/cm’
(2.8x107%)

1.12
(@) av3=2(2.2)+2(1.8)=84

Then a=4.62 ;1
Density of A:

=;3=1.01><1022cm’3
(4.62x10*)
Density of B:

=;3 =1.01x10%cm ™
(4.62x10)
(b) Same as (a)
(c) Same material

(b) For 1.12(a), A-atoms; a = 4.619 4
Surface density

=l 3315x10"em
a2
B-atoms;
Surface density
1 14 -2
= =3.315%x10"cm
a*y2

For 1.12(b), A-atoms; a =4.619 4
Surface density
1

a’\2

=3.315x10" ¢m 2

B-atoms;
Surface density

1
=— =3315x10"cm
a*~\2

For 1.12(a) and (b), Same material

1.14
1

3
4

(a) Vol. Density =
a

Surface Density =

1
al\2

(b) Same as (a)

1.13

Y 2(2.2)+2(1.8) 4619

V3

(a) For 1.12(a), A-atoms
Surface density = iz = ;2
@’ (4619x10°")
=4.687 x10" cm >

For 1.12(b), B-atoms: a =4.619 ;1

. 1 -
Surface density = —-=4.687x10" cm
a

For 1.12(a) and (b), Same material

1.15
(i) (110) plane
(see Figure 1.10(b))

(i1) (111) plane
(see Figure 1.10(c))

(iii) (220) plane = [%%ooj = (1,1,0)

Same as (110) plane and [110] direction
(iv) (321) plane = G , % , 3 =(2,3,6)

Intercepts of plane at
p=2,9=3,5=6

[321] direction is perpendicular to
(321) plane
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1.16 Area of plane
a
@ R — 1 (6.68923 x10*)[5.79304 x10%)
[-,—,-}:(313) 2
1’371 =19.3755x10"*cm’
b
v 111 e
(— ,—, —j = (121) Surface density = —616
4 2 4 19.3755 x10~
=2.58x10" cm
(b) bee
1.17 (1) (100) plane:
Intercepts: 2, 4,3 = (% , % , %) = Surface density = LQ =447x10"cm
a
(634) plane (i1) (110) plane:
2
Surface density =
a*\2
1.18 w L
o =6.32x10" cm
(a) d=a=5284 (iii) (111) plane:
0 1
b d=2 37344 3x—
2 Surface density = —————
a3 0 19.3755 x10~
(c) d= 3 =3.048 4 =2.58x10" cm ™2
(c) fec
(i) (100) plane:
1.19 . 2 P
Surface density = — =8.94x10
(a) Simple cubic prace Gty = 2 e
(1) (100) plane: (ii) (110) plane:
. 1 1
Surface density = — = v Surface density = 2
a’ (473x10") a*\2
=4.47x10" cm =6.32x10" cm
(i1) (110) plane: (iii) (111) plane:
1 1
Surface density = 21 3x—+3x—
a’2 Surface density = —216
=3.16x10"cm ™ 19.3755 x10~
(iii) (111) plane: =1.03x10" cm ™
Area of plane = %bh
) 1.20
where b = a2 =6.689 4 (a) (100) plane: - similar to a fcc:
Now , Surface density = W
5.43x10~
n? = (a\/E)z B a2 ZE(a\/E)Z o
2 4 =6.78x10 " cm
(b) (110) plane:
S h—£(473)—5793;1 : 4
0= 5 VST Surface density = ——
V2(5.43x107%)

=9.59%10" cm
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(¢) (111) plane: 1.23
. 2 Density of GaAs atoms
Surface density = > ]
(\/5/2X5.43><10’8) =—————=444x10"cm"’
(s.65x10)
=7.83x10"cm 2 B
An average of 4 valence electrons per atom,
So
121 Density of valence electrons
0 =1.77x10"cm
_Ar_AR37)_ (a0
V2 2
gx%m% , 1.24
(a) #lem® = = 5x10" 00 _ 100
a’ (6.703x107* ) @ 5 jom 100%=107%
=1.328x10%cm 15
lx lcm (b) 2X102 x100% = 4x10 5%
dx 4 2x 5x10
(b) #em?> =—F =
a*\2
5 1.25
= (a) Fraction by weight
_8 2\/_
(6.703 <10 12 _(ex10' 1082) | oo
=3.148x10" cm " (5x102)28.06)
© d- av2 _(6703N2 _, (b) Fraction by weight
= = = 18
2 2 ;((10_530.%8):2_208“05
(d) # of atoms =3><g+3><5=2 5107 [28.06)
Area of plane: (see Problem 1.19)
o 1.2
b=a\2=9.4786 4 6 |
Volume density = —=2x10""cm ™
h= ‘/—“ =8.2099 A d’
Area So d=3.684x10"°cm = d =368.4 4
— Lon="1(0.4786 x10* {8.2099 x 10 We have a, =5.434
2 2 d _368.4
=3.8909 x10 " cm? Then — =67.85
a, 543
#lem® = ;15 1.27
3.8909 x10 1
—5.14%10" cm 2 Volume density =d—3=4><1015 cm ™
V3 (67033 o o
d=%=%=3-8714 So d=630x10"cm = d =630 4
We have a, =5.43 4
1.22 Then i 630 _ =116
Density of silicon atoms =5x10>c¢m ~ and a, 543

4 valence electrons per atom, so

Density of valence electrons =2x10* ¢cm ™
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®) E, - hor I;l
Ex.2.1 2ma
X. & 342 _2 2
oy he _ (6625107 f3x10") __ (Lostx10f :
@ E=hv=—= 10" 2(1.67x1077 Ji2x10 ")
=1.9875x107""] =2.28x10"7n*J
7 2.27967 x10**n?
g Lo8Tsx107 C E = 0
1.6x107" 1.6x10
) o _he_(6625x10 f3x10") —1.425x10 ™ n? eV
A 4500107 Then E, =1.425x10 eV
=4.417x107"] E,=570x10"eV
-19
poAMTxI0 7 ooy E, =1.28x107 eV
1.6x10™"°
22 Ex2.4
X 4.
_ 1 2 _ 1 -31 5 )2
(@) p=amE E=_mv —5(9.11><10 Ji0%)
=[o.11x107 f12x107 Jr6x107)] = 4.555x107' ]
=5.915 %107 kg-m/s Now 3
~34 _ [2m _ _
,1:£:§.g?§x18726 L0 m ky = /hz (V,~E) SetV,=3E
P ) ) ) Then
or A=1124 1
ky =—+[2m(2E)
(© polt_6625x10" P on
Poa T s ~ Pl.a1x10"f2)4.555 <101
=5.915x10 7 kg-m/s 1.054 x107*
oo Llp_1[5915x107) or .
w2 2ox107 k, =1.222x10°m
=7.952x1072'] P=expl-2k,d]
21 _ o _ ~10
P p TR0 0 ey @ d=104=10x10""m
1.6x10 P=exp-(2)1.222x10° J10x10 "]
or
P=0.0868 =8.68%
Ex2.3 o
PRSI (b) d=1004=100x10""m
@ B, == 3 P=exp|-(2)1.222x10° J100x10 "
(1.054x10 f 220 or ) 9
= P=243x10"" = 2.43x109
2 (0.11x10" f12x10 " ] x1077 = 2.43x107%
=4.179%x1072°n* J
-20_ 2
r g, =20 1T ointev
1.6x107"°
Then

E =026leV, E, =1.045¢V, E, =2.351 eV
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Ex 2.5
(a) k,= w

z\/2(9.11><1031Xl.2—0.12)(1.6><1019)
(1.054 %10

=5.3236 x10° m™!
Then

ref21-02)

2 12
x exp[-2(5.3236 107 [5x10 )
T=7.02x10"

(b)) T= 16[E](1 - EJ
1.2 1.2

xexp [— 2(5.3236 x10° X25 Xlo—lo)]
T=397x107"

Ex 2.6
From Example 2.6, we have
-13.58  —0.0992
2 2 = 2 eV
(11.7)n n
E, =-992meV, E, =-24.8meV,
E, =-11.0 meV

n

Test Your Understanding

TYU 2.1
1.054x107

(@ Ap=—=

h _1054x1077
Ax 8x107"°
=1.318 x10 *kg-m/s

_dE | d[p)]
®) AE_dp ap {dp[ZmIl ap

2 A
2Py, P
2m m

o [12x107 J1.318x107)
9.11x10~"
=1.735x107"* J or =10.85¢V

TYU 2.2
(@) AE=(0.8)1.6x10")=1.28x10"eV
34
o 105410
AE  128x107"
(b) Same as part (a), At =8.23x10"""s

=823x107"%s

TYU 2.3
@ k= o=t

_ [20.11x107" Jo.8-0.1)f1.6x10)
(1.0s4x10
=4.286x10"m ™'

2210

08\ 08

xexp|-2(4.2859 x10° 12 x107° ]
T=597x10"

® k- 209.11x10 ' f1.5-0.1)1.6x10 ")
’ (1054 x107f
=6.061x10°m "’

T =16 0'1) 1—E
1.5 1.5

xexp|-2(6.061x10° J12x107° |
T=479x107

TYU 2.4
T=5x10"¢

0.08 0.08
=16| — | 1-——= —2k
( 0.8 ]( 0.8 jexp( 24)

so that exp(+2k,a)=2.88x10°
2k,a =12.571

L =J2(9.11><1031X0.8—0.08)(1.6x1019)
’ (1.0s4x107 )

=4.3467 x10°m ™
Then

a= 12.571 =1.446x10° m
2i4.3467 x10° i

or a=1446 4
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Chapter 2
2.1 2.6
Sketch (@) po 6625 x107*
P T Tss0x10”
22 =1.205x10 " kg-m/s
Sketch . -7
ete 222—192(;415 j(l)(il =1.32x10° m/s
m Al x
23 or v=1.32x10°cm/s
Sketch ) p=tt_ 6625 x107*
A 440x107°
24 =1.506 x10 "> kg-m/s
' p 1.5057x107 ;
From Problem 2.2, phase = —ZZX —wt - ; - 911107 =1.65x10"m/s
= constant or v=1.65x10" cm/s
Then (c) Yes
27 dx dx ( A j
———0=0=>—=v,=+0 py
A dt dt V4 27
(@) ()

2
From Problem 2.3, phase = % + ot

= constant
Then
2 dx dx A
——+w=0,>—=v, =—0 —
A dt dt 7* 2r
2.5

E=hv=2C0 ;20
A E
Gold: E=4.90eV=(4.90)1.6x10"7) ]
So,
_ (6.625x10*)3x10")
~ (4.90)1.6x10™")

=2.54x10"° ¢cm

or
A=0254 yim
Cesium: E=1.90eV=(1.90)1.6x10") J
So,
(6.625 %10 J3x10')
(1.90)1.6x10 ")

=6.54%x107° ¢cm

or
2=0.654 um

p=2mE =[2(9.11x107" 1.2)1.6x10")

=5.915x107* kg-m/s

34
R 662510 1510 m

p 5915x107%

or A=1124

(i) p = /2001110 J12){1.6x10"°)
=1.87x10 " kg-m/s
. 6:625x107
1.8704 x10>*

or 1=3.54 104
(iii) p=+/2(9.11x10" 120 {1.6x10 ")
=5.915x10 " kg-m/s

4o 6.625x107
5.915x107%

or A=1.12 4

=3.54%10""m

=1.12x10""m
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(b)

p=+2(1.67x107" J1.2)1.6x10")

=2.532x10 " kg-m/s
= 6:625 x107*
2.532x107%

or A=02624

=2.62x10""'m

2.8
3 3
E,, = > kT= (Ej(o.ozw): 0.03885 eV
Now

Pog = 2mE

avg

= /2(9.11x10" )0.03885 )1.6x10"* )
or
Pave =1.064 x10 2 kg-m/s

Now
-34
p=t GO0 (s 107 m
p 1.064x107%
or
A=62254
2.9
Ep :hyp :E
/11’
Now
2 h 1 h 2
E, =P and p,=—=FE,=—|—
2m A, 2m | A4,
Set Ep =FE, and /1p =104,
Then
2 2
E_L(ij _L[ﬁJ
A, 2m\ 4, 2m\ A4,
which yields
2= 100/
2me
2
g —p-the_ he , . 2mc
7 A, 100A 100
20.11x10"f3x10° ]

100
=1.64x107°J =10.25keV

2.10
h 6.625x107%
A 85x10
=7.794 %107 kg-m/s
p  7.794x107%
vV=——=—
m  9.11x107"
or ©=8.56x10°cm/s

E=Lmp? =
2

=8.56x10% m/s

%(9.11 X107 )8.56 x10* |
=333x107 ]
5 333x10

1.6x107"
(b) E :%(9.11><10’31X8x103)2

or =2.08x107%eV

=2915x1072]
Ee 2.915%107%

or —=1.82x10"eV
1.6x10"
p=mv=(9.11x10"")8x10°)
=7.288 x 10727 kg_m/s
-35
:ﬁz%—9.09x10’8m
p 7.288x10"
or  A=909 4
2.11
. 2 1 -34 1 8
@ Eopyohe_lbesx107fsxi0')
A 1x10~
=1.99x1075 ]
Now
-15
Eeevoy=£_19x10 °
e 1.6x107"

V=124x10"V=12.4kV
() p=2mE =:[2(0.11x107" )1.99x10")
=6.02x10 P kg-m/s

Then
34
2=l 008X g0
P 6.02x10°
or
A=0114
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2.12

h o 1.054x107**
Ap =TT 5
Ax 10

=1.054 x10 *kg-m/s

2.13
(@) (1) ApAx=nh
A =1.054><10’34
12x107"°
2
(ii)AEZ@~Ap=i L
dp dp\ 2m
2, P
2m m

Now p=+2mE
—\2(9x107" J16)1.6x10"°)
=2.147 x10 ** kg-m/s
—24 -26
o ap (21466 X107 [3.783x10 )
9X10*31
=2.095x107"J
~2.095x107"
1.6x107"
(b) (i) Ap=8.783x10 7 kg-m/s

(i) p = /2(5x10 2 16 )1.6x10 ")
=5.06x10 > kg-m/s
(5.06x102)8.783 10 )
5x107%*
=8.888x107'J
A 3:888x10”

=8.783 x10 %" kg-m/s

=131eV

or

or = 5.55x107% eV
1.6x10~
2.14
34
Ap Zﬁ = % =1.054 x10 > kg-m/s
A ) -2
m 1500

Av=Tx10m/s

2.15
(a) AEAt=h
34
ar= OO g 107

(0.8)1.6x10")
ho 1.054x107*
b e ————————
®) 4 Ax  1.5x107"
=7.03x10 > kg-m/s

2.16

(a) If ¥, (x,7) and ¥, (x,7) are solutions to
Schrodinger's wave equation, then

—n? ™Y, (x,1) L 0¥, (x,1)
. ~(3;C—2+V(x)‘{‘1(x,t)=]hla—t
and

-h? 0’Y (x,t) oY (x,t)
E 'a:c—z-l- V(x)‘}’z (x,t)= ]hza—t
Adding the two equations, we obtain

e L R
+ V(x)[‘l’l (x, t)+ Y, (x, t)]

= 1 [ )+ (1)

which is Schrodinger's wave equation. So
¥, (x, t)+ Y, (x, t) is also a solution.

(b) If ¥, (x,2)-¥,(x,7) were a solution to

Schrodinger's wave equation, then we
could write

_hZ 2
om ax_z[qll '\Pz]‘*‘V(x)[lPl ‘\Pz]
0
:jha[\ljl 'Tz]

which can be written as
—h? o’y R 4 oY, oY
h ¥, 4+, Ly L. 2
2m ox? ox? ox Ox

, o o
+V(x)¥, - ¥, )= jh|:‘Pl a_tz +¥, 8_;}

Dividing by ¥, -¥,, we find

-n* 1 oY, 1 82‘1’1+ 2 0¥, 0¥,
Y, & ¥, &' WY\VY, ox ox

2m

ov oY
+V(x):jh L 2 +L_1
Y, a ¥ a
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Since ¥, is a solution, then
i.L.azfl or(e)= 2
2m ¥, ox Y, ot
Subtracting these last two equations, we have
-n’| 1 0%, 2 oY, oY,
2m | ¥, o’ WY, o o
. 1 0¥,
Y Ta
Since ¥, is also a solution, we have
- 1 0¥,
EIRT—
Subtracting these last two equations, we obtain
-n* 2 0¥, 0¥,
2m W, o ox

—V(x)= 0

This equation is not necessarily valid, which
means that V|V, is, in general, not a solution
to Schrodinger's wave equation.

2.18

+1/2
JAZ cos’ (nmx)dx =1
-1/2

A{£+ sin(2nmc)}

2 dnr

+1/2

-1/2

2.19

Note that J‘P-‘P*dle

Function has been normalized.

(a) Now

or

P= (— 1{6)@[_42;”

which yields

P=0.393

(b)

which yields

(©)

- E (]
e
()2,

= (= lexp(-2)-1]

which yields
P =0.865
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2.20 221

:(3 3" 4(,,] 0 : a
a a . :(Ejﬁ_sm(ﬂ)
(o)) () A* ()
(aj ? ) (4”) or P=0.25 )
:@[%gx;ﬁ o r= ] (2w 22
or P=0.409 Sm(4aj .

or P=0.0908 a) 2 4(27rj »
© P= (zjcosz[—jdx
a a ' .
ar2 2) ﬁ_sm(2ﬂ)_(—aj+sm(—27z)

)

2.22
:(gj£+sm(ﬂ)—[1j—sm(_”) C_e sx10®
1 (4”} 4 (4”) @ 0o, = = er 0™
’ ‘ or v, =10"cm/s
or P=1
S22 7854%10°m

Kk 8x10°
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or  A=78.544
(i) p =mo =(0.11x107' J10*)
=9.11x107*" kg-m/s

E=Lmo* =L0.11x107 )10* )
2 2
=4.555%x1072]

23
=—4'555X1019 —2.85x107* eV
1.6x10°
o 1.5x10"
b) (o ===—"2"" _ — _10*m/s
® O v, k  —1.5x10°
or Up:—lo(’cm/s
—2—”:2—”9=4.19x10*"m
k| 1.5x10
or A=41.94

(i) p=-9.11x10"""kg-m/s
E=285x10"¢eV

k=2 2T 430410 m”

A 1.454x107°
o=kv=(432x10" |5x10*)
=2.16x10"rad/s
® p=0.11x10"")10°)
=9.11x10 > kg-m/s

34

2= 865X10 7 o 10 m
9.11x103

27 _g6ax10°m"!

. —
7.272x107"°
w=(8.64x10°J10°)=8.64x10" rad’s

2.23
(a) \P(x’t): Ae—j(kx+(uz)

b) E =(0.025)(1.6x10*1"’)=%mu2
~Loarxi02 e
2

50 |u]=9.37x10* m/s =9.37x10° cm/s
For electron traveling in —x direction,
v=-9.37x10° cm/s
p=mo=(9.11x10")-937x10*)
=-8.537 x10 *° kg-m/s

h 6.625x107* "
:H:—&S?ﬁxlo'% =7.76x10"" m
=27”=7762#=8.097x108m"

. X

o =k-|v] = (8.097x10°0.37x10*)
or @=7.586x10" rad/s

2.24
@ p=mv=(.11x10"")5x10*)
=4.555x10 *kg-m/s
h  6.625x107"

A=—=—""""""" —1454%10°m
p  4.555%x107%

225
o n?(10sax10 ) 72
"2ma’ 9.11x107 f75x10 70 )

E, =n*(1.0698 x10™')J

E

or
1210698 x107')
" L6x107"
or E, =n*(6.686x107)ev
Then
E, =6.69x10"eV
E, =2.67x10"eV
E, =6.02x107eV
2.26
@ £ T n(1.054x10 ) 72
"2ma® 20.11x10 % f10x10 70
=n?(6.018x102)J
or E :—”2(6'018X10720)=n2(0.3761)ev
! 1.6x107"
Then
E, =0376 eV
E, =1504 eV
E,=3385 eV
hc
(b) A=—
AE =(3.385-1.504 {1.6x10"* )
=3.01x107"7J
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(6.625x10 [3x10?)
3.01x107"

=6.604x107" m
or A =660.4nm

ﬂ/:

so in this region
’y(x) 2mE
——+—ylx)=0
o’ n® vix)
The solution is of the form
w(x)= Acoskx+ Bsin kx

Chapter 2
Problem Solutions

where
2.27 ‘ 2mE
2.2 _2 =
@ E, =117 w’
2ma Boundary conditions:
2 342 2 —
15x10= = " (1.054><10 )7, : w(x)=0 at x= %, x=1¢
215x107 1.2x107) . 2 2
. , o First mode solution:
15x107 = n?(2.538x10? ) v, (x)= 4, cosk,x
or n=7.68x10% where
b) E,_, =15ml] 2p?
() n+l k1=£:>El=”h
(c) No a 2ma’
Second mode solution:
v, (x) =B, sink,x
2.28
where
For a neutron and n=1: _
) 2z 47°h
nx® (1.0s4x10) 2 ky=""=E,=——
E = > = > a 2ma
2ma®  9(1.66x10 7 f107) Third mode solution:
=33025x107") w3 (x)= 45 coskyx
or where
3025 x107" 3z 97’ h?
B =2202X10 5 p6x10%ev by =—=Ey=—"—3
1.6x107" a 2ma
For an electron in the same potential well: Fourth mode solution:
(1054 x10 ) 72 vilx)= By sink,x
e 2(0.11x10 ¥ Y10 where
' M P Y 167°h°
=6.0177 x107"7J 4T, T
or
0177 x107"
B =STX0 5 96x10° ev
1.6x10" 2.30
The 3-D time-independent wave equation in
cartesian coordinates for V(x, ¥, z) =0 is:
29 O’y(xy.2) ’w(xy.z) 2’w(xy.2)
Schrodinger's time-independent wave o + 2 + PYD
equation * % z
’y(x) 2m 2mE _
L2 -V (s l)=0 += T v(xrz)=0
We know that Use separation of variables, so let
p a y(x,y.2)=X(x)r(y)z(z)
(//(x ) =0 for x> D) and x < B3 Substituting into the wave equation, we
We have obtain

V(x)zO for L
2 2
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2 2 2
)’ZaX+XZaY+XYaZ

ox’® oy’ oz*
+2"E xyz -0
hZ
Dividing by XYZ and letting k> = Z;E , we
find
2 2 2
1 1 oX 10Y 192 4og
X ox* Y o Z oz’
We may set
2 2
Lo X kx=o
X ox ox ’

Solution is of the form
X(x) =4 sin(kxx)—i- B cos(kxx)
Boundary conditions: X(0)=0= B=0

and X(x=a)=0:>kx -7
where n, =1,2,3....
Similarly, let
1 0°Y 2
_a 5 :—k; and ia Z:_kzz
Y oy Z oz’

Applying the boundary conditions, we find

}’lyﬂ'
k===, n,=123..

k=" =123
a
From Equation (1) above, we have
—k}—k; —kZ+k*=0

or
2mE
2 2 2 _ 1.2 _
ki +k, +k; =k" = P
so that
272_2
2 2 2
E —)Enxnyn: = Zmaz (nx +I’Zy +nz)
2.31

O’y(x,y)  ylx.y) 2mE
2 + 2 T
Ox Oy h
Solution is of the form:
l//(x, y)= Asink x-sink y
We find

oylxy)_ Ak, cosk, x-sink, y

ox

2
V) i gink xesink,

ox?

(a) w(x,y)=0

oy (x,y) i
———= = Ak, sink x-cosk,y
2
M:—Akﬁ sink x-sink y
oy “

Substituting into the original equation, we
find:

(1 —kl-k )2 +
From the boundary conditions,
Asink a =0, where a=40;1
p/a

So k, =L =1,2,3,..
a

Also Asink,b=0, where b =20 4

I’lyﬂ'
So k===, n,=123..

Substituting into Eq. (1) above

2_2 2.2
g _ h2 n.rw n,mw
neny - 2m az + bz

(b)Energy is quantized - similar to 1-D result.
There can be more than one quantum state
per given energy - different than 1-D result.

2.32
(a) Derivation of energy levels exactly the
same as in the text

hr?
(®) AE=7 (n2 =n?)
For n, =2,n, =1
Then
Ky

AE = B
2ma

(i) For a=4 4

3(1.054x10 ) 72
2(1.67x107 Jax107 )
=6.155x107]
_6.155x107%
©16x107"

AE =

=3.85x10"eV
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(ii) For a=0.5cm
3(1.054 x 1073 ) 7
2(1.67 %107 Jo.5x 1072 )
=3.939x107°J

or
AE = 3.939 x107¢

oo~ 2A6x10 ey
.OX

2.33
(a) ForregionlIl, x>0
0w, (x) 2m
Tl 2y )=
General form of the solution is
v, (x) =4, exp (jkzx)"' B, exp(— jkzx)
where

2
=27,

Term with B, represents incident wave and
term with 4, represents reflected wave.
Region I, x<0

o’ 2mE
;;—'Z(XL "y (x)=0

General form of the solution is
v, (x) =4, exp (jk1x)+ B, exp(— jklx)
where

2mE
k, = / o2

Term involving B, represents the

transmitted wave and the term involving 4,

represents reflected wave: but if a particle is
transmitted into region I, it will not be
reflected so that 4, =0.

Then
vy (x): B, exp(— jklx)
v, (x) =4, exp (jkzx)"' B, exp(— jkzx)
(b)
Boundary conditions:
(1) v, (x=0)=y,(x=0)
0 0
) Vi _o¥,
Ox |x=0  Ox
Applying the boundary conditions to the
solutions, we find
B, =4,+B,
k,A, —k,B, =—k,B,

x=0

Combining these two equations, we find

k,—k

4, = — "B,
k, +k,
2k

B, = 2 "B,
ky +k,

The reflection coefficient is

* 2
R= AzAz _[kz _klj

" B,B. |k, +k
The transmission coefficient is
4k k,

T=1-R=>T=—712_
(ky +k, )

2m(V, —E)
hZ
J20.11x107")3.5-2.8){1.6x10 "

1.054 x10
k, =4.286x10° m™"'

where k, =

(a) For x=5;1=5><10’10m
P =exp(—2k,x)
= exp[-2(4.2850 x10° {5 %1077 ]
=0.0138
(b) For x:15;1:15><10’10m
P=exp|-2(4.2859 x10° {15x10 )]
=2.61x10"°
(c) For x=40 4=40x10""m
P =exp|-2(4.2859 x10° Y40 x10° |
~129x10°

2.35
E E
T= 16[1/_0](1_70J exp (- 2k,a)
where k, = W

V200.11x107)1.0-0.1)1.6x10 ")
1.054 x10~*
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or  k,=4860x10"m"
(a) For a=4x10""m

= 16(EI1 —?—'éj exp|-2(4.85976 x10° J4x10 1

1.0
=0.0295
(b) For a=12x10"m

= 16(£j(1 —E) exp|-2(4.85976 x10° f12x10° |

1.0
=1.24x10""°
(¢) J=N,ev,where N, is the density of
transmitted electrons.
E=0.1eV=1.6x107"]

1.0

— L =Lo.11x107"
2 2

= 0=1.874x10"m/s=1.874x10” cm/s
1.2x107 =N, (1.6x10™ f1.874 x107)

N, =4.002x10* electrons/cm’
Density of incident electrons,

8
2002107y 55710 ¢
0.0295
2.36
E
T= 16[—J 1——J exp(—2k,a)
VO o
(a) For m=(0.067)m,
= 2m(V, —E
h2

_ {2(0~067)(9.11x1031X0.8—0.2)(1.6><1019)}1/2

(1.054 %107}

or
k, =1.027x10° m ™
Then

i
0.8 0.8

X €xp [— 2(1.027 =x10° X15 %1010 )]
or

T7=0.138
(b) For m= (1.08)m0

k,=

{2(1.08)(9'11”0_3] Jo.8-0.2)1.6x10"° )}1/2
)

(1.0s4x10)
or
k, =4.124x10° m"'
Then

P 02,02
0.8 0.8

Xexp[— 2(4.124 x10° X15 «10-10 )]
or
T=127x10"°

2.37

T= 16[5]{1—%} exp(—2k,a)

2m(V, —E)
hZ
V2(1.67x10 77 12-1)x10° x(1.6x10"°)
- 1.054 %10~

=7274%10" m™
(a)

= 16(%)(1 - é) exp|-2(7.274 10 104 )]

=1.222 exp[-14.548]
=5.875x10"
(b)
T =(10)5.875x107 )
—1.222 exp|-2(7.274 10" )]
1222
5.875 xlO'(’j

where k, =

2(7.274 %10 Ju = m(

or a=0.842x10"%m

2.38
Region | (x<0), V=0
Region I1 (O<x<a), V=V,
Region III (x> a), V=0
(a) RegionI:
v, (x)= 4, exp(jk, x)+ B, exp(— jk,x)
(incident) (reflected)
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where
2mE
N
Region II:

v, (x)= 4, exp(k2x)+ B, exp(— kzx)
where

2m(V, —E)
ky = | T
fi
Region III:
Vs (x)z 4, exp(jklx)+B3 exp(—jklx)

(b)

In Region II1, the B, term represents a

reflected wave. However, once a particle
is transmitted into Region III, there will
not be a reflected wave so that B; =0.

(c) Boundary conditions:
At x=0:y, =y, =
A +B =4,+B,
dy, dy,
T dx
Jk A, — jk\B, =k, 4, —k,B,
At x=a:y, =y, =
A, exp(kya)+ B, exp(~k,a)
=4, exp(jkla)
dy, _dy;,
dx - dx =
szz exp(kza)_szz exp(—kza)
= jk, 4, exp(jkla)
The transmission coefficient is defined as
_ Ay
a4
so from the boundary conditions, we want
to solve for 4, in terms of 4,. Solving

T

for 4, interms of 4, we find

+JjA
A, :4]:]—];2{(@2 —k; exp(kza)—exp(—kza)]
— 2 jk ke, [exp (k,a)+ exp(— kya)] }
xexp(jkla)
We then find

AIAI* :ﬁ{(kzz _k12 exP(kza)
—exp (_ kza)]z
+4klk; [exp (kya)+exp(—k,a)|’ }
We have
2m(V, —E)
h2
If we assume that V, >> E , then k,a will

k, =

be large so that
exp (kya)>> exp (-~ k,a)
We can then write

. A AL
A4 =m{(k;—kf exp(k,a)f
+ 42k fep (k)] |
which becomes
. A AL
A A =m(k§ +k? )exp(2k,a)

Substituting the expressions for k, and

k,, we find

2mV
2 2 [0}
kl +k2 =h—2
and
2m\V, —E mE
klzkz2 = ( 02 ) {2 > }
h fi

Then
2
.(2mV,
A3A3[ mzoj exp(2k,a)
A A = " -
16{( ’f) V0(1—J(E)1
VO
_ A3A3
16 £ Ji- £ exp (- 2k,a)
VO VO
Finally,
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2.39
RegionI: =0
O’y (x) 2mE
L2y (5)=0=
v, (x)= 4, em(jklx)+31 eXp(_jklx)
incident reflected
where
2mE
k, = f e

Region II: V' =V,
Oy, (x) 2m(E-V,)

ox’ h’ v (x) =0=
v, (x) =4, exp (jkzx)+ B, exp (_ ijX)
transmitted reflected
where
- [2EN)
fi

Region III: V' =V,
Cusle), 20lE-v,)

o e Vs (x) =0=
Vs (x) =4, exp (jkzx)
transmitted
where
2m(E-V,)
ky, = h—ZZ

There is no reflected wave in Region III.
The transmission coefficient is defined as:

pv Akl A
b AIAI* k, AlAl*

From the boundary conditions, solve for 4,

in terms of 4, . The boundary conditions are:

At x=0: v, =y, =
A +B =4, +B,
oy, 0y, -

Ox ox
kA —k B, =k,4, —k,B,
At x=a: vy, =y,=
4, exp(jk2a)+B2 exp(—jkza)
=4, exp(jk3a)

oy, _ 0y, -

Ox Ox
k,A, exp(jkza)—kzli’2 exp(— jkza)
= ks 4, exp(jk3a)
But k,a=2nr =
exp(].kza) = exp(—jkza)= 1
Then, eliminating B,, 4, , B, from the

boundary condition equations, we find
k, ak}? _ Akk,

kl (kl +k3)2 (kl +k3)2

2.40
(a) RegionI: Since V', > E , we can write
O’y (x) 2m(v, —E)
axlz - hoz v, (x) =0
RegionII: '=0, so
2
vslx) 28 (x)=0

—+
Region lIl: V >0 =y, =0

ox?

The general solutions can be written,
keeping in mind that y, must remain

finite for x <0, as
v, (x): B, exp(klx)
v, (x): 4, sin(kzx)+ B, cos(kzx)

Vs (x) =0
where
2m\V, - FE
k= —m( hoz ) and k, = 2;72]5
(b) Boundary conditions
At x=0: v, =y, = B, =B,
0 0
I Vo j B =k,4,
ox ox

At x=a:y, =y, =
A, sin(k,a)+ B, cos(k,a)=0
or
B, = A, tan(k,a)
(©
k,
kB, =k,d, = A, =| —- |B,
k2

and since B, = B, , then

4, = (}f—lJBz
2
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From B, =-4, tan(k2a) , We can write

k P — i_’, . r2 exp(__zr]
B, = _(k_lsz tan(kQa) (a,)
2

a(l
To find the maximum probability
or dp (” ) -0
k dr
1= —(—'j tan(k,a)
2

This equation can be written as

el
1=_\/VOE—E _tan{\/sz .a}

+2re 2r
2
h Pl
or which gives
E /2 E -
=—tan Lz-a O:—r+1:>r:ao
V,—E 7 a,
This last equation is valid only for specific or r =a, is the radius that gives the greatest
values of the total energy E . The energy probability.
levels are quantized.
2.43
2.41 ¥, 1s independent of @ and ¢, so the wave
4
E —m.e ) equation in spherical coordinates reduces to
4ze, ) 2n’n’ 1 2
(47e, ) 2n°n _22 r28_'/’ n ”io (E-V(r)y =0
-m,e’ r° or or h
— 2 (eV)
(47re )22h2n2 where
¢ 2 2
—e —h
—(0.11x107" f1.6x10") V()= =
= W YT 4re, r m,a,r
[az(s.85x1072 f 2(1.054 x10 % ' For
or 3/2
1 1 -r
—-13.58 - | — _
E, = — (eV) Vioo T (ao] exp(du j
n
n=1=E, =-13.58 eV Then »
n=2=E, =-3395¢eV W 100 _L.(LJ (—_lJeXp(_rJ
n=3=E, =-15leV or 7 \4, a, a,
n=4=E,=-0.849 eV so
2.42

5/2
al// -1 1 —r
p22700 T8 | 2 exnl 4
6}" \/; [aaj P
We have We then obtain .\
1 1 e -r i(rz aV’looJ:—_l_[LJ
N P B P al” "o )Tz \a,
r
* X 2rexp(
P:47”’2‘//1001//100 l:
3
1

7 el =
al} a[) m a{)
, 1 e Substituting into the wave equation, we have
=4rr - —| — | exp| —
7T \a

and

o

or
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) P

2m, n?
+ E+
I/ m,a,r
3/2
x L el —= =0
Jr)\a,) e,
where
_ 4 _ 52
E—E, - m,e Vi

o0

(47e,)2n®  2m,a?
Then the above equation becomes

3/2 5
LI D [ ROV o et
2 _ 32 2

+ M L + L =0
n* \2mya, m,a,r
or
3/2
R U P
Jz la,) [T,
X{—_a%{—_;i}:o
a,r a, a, a,r

which gives 0 = 0 and shows that v, is

indeed a solution to the wave equation.

2.44
All elements are from the Group I column of
the periodic table. All have one valence
electron in the outer shell.




Semiconductor Physics and Devices: Basic Principles, 4™ edition Chapter 3
By D. A. Neamen Exercise Solutions

Chapter 3
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an(em)? ¢ JE
Ex 3.1 (a) N=h—3 E-dE
E—lml)2 ’
2 _Ar(am)” 2 e
So n’ 3 0
1 31\]p/2
dE =~ (2Jmv-dv=mo-dv ~aplo.11x10)]
or (6.625x10)
AE (107* N1.6x107" 2 19 \P/2
Ao AE (107 x 5) %2 [2(1.6x10
mo (9.11x107')10°) 3
=1.76 x10"° m/s =1.28x10* m™
or Av=1.76x10"* cm/s or
N =128x10"cm
4z(2m)"? 2 5]
Ex 3.2 ®) N= IS EE leV
At ka=n,we have
. =1.06286 x10°°
—1=8$maa+cosaa 2
aa X_[(za/z —13/2X1.6X10_19)3/2]
From Example 3.2, we have a,a =5.141, 3 v
or E, =7.958x107]. o =8.29x10% m
At ka=2m,we see that aya =27 so N =829x102" cm
[2mE
s -a=2rx
hz
or Ex 3.4
E « B/2
2,2 ¢ 4r\2m
g _a)fn? N= M E —E-dE
3 B h3 v
2ma E,—kT
2 _ 2
_ (a)(osaxio) axlom ) .
-31 -10 )2 =—2Fr | = ~(ED—E)3/2
2(9.11x107" f4.5x107° ) B 3 -
=1.189x107'*J
Then 4z2(0.56)9.11x10 " J} 2
AE=E, -E, = ;
(6.625x107)
=1.189x107"* -7.958 x10™"* 5
=3.929%x107™] x (‘Tj(-1)[(o.ozs9 Ji.6x107 )7
Or
3.929 x107" =7.92x10*m ™
=2 —246eV
1.6x107"° or
N=792x10"cm
Ex 3.5

g! 100 (10)9)8) _ 45
N!(g,-N,) 8(to-8) (812)1)
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Ex 3.6 Then
[—(E-E,) —(E-E,)
a E)= exp| ——2 exp| ———2 1 =0.02
@ fr(E) ® } P —— }
[—(E, +kT/4-E
= exp (E.+kT/4~E,) E-E, =kT1n(Lj=3.9kT
| kT 0.02
[—(0.30 +0.0259/4)
:exp
0.0259
=126 Xl(o b ) Test Your Understanding Solutions
—(E-E,
) fr(E)zexp T} TYU 3.1
. At ka=2m ,we see that a;a =27, so
e —(0.30+0.0259)
0.0259 |2mE; o
2
—3.43x10° h
or
e ~(22)n?
Ex 3.7 STt
—\E-E 2 342
fF(E):exp{%} _ (a)(osaxio) 2
2(9.11x107" f4.5x10 0
8x107° :eXp{W} =1.189x107"® J
At the other point, «,a is in the range
{%}:1.25“05 27w <a,a <37z . Then from
0.325 +1=g % +cosa,a
222 n(1.25x10°)=11.736 a,a
kT we find, by trial and error,
720325 o :(0.0259)(L a,a="7.870 . Then
11.736 300 (7.870) 1
) Ey ==
2ma’
T=321K , .
(7.870)*(1.054 x 10
2(9.11x10 " J4.5x107°f
Ex38 : —1.8649 x107"%]
_(E_EF) 1
exp T - P Then
- l+exp[ kTF} E, =E, -k,
. =0.02 =1.8649 x107" —1.189 x10 7"
= =6.762x107"
E 6.762x107° ]
1+exp T or
-19
L E, - 6.762x10™" _, o\
ool ZE=EN]] o EZE |\ 100 1.6x10™"
kT | kT
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TYU 3.2
From Example 3.2, for ka=7, > aa=xn
and E, =2.972x107" J.
For O<oaa <7 and ka=0, we have

sin aa

+1=8

+cosaa
aa

By trial and error, ca =2.529 rad.
Then

2mE

#

P

m

o

h2

We have =
2m,C,

B (1.0s4x10)
~20.11x107" [2.0426 x 10

o a=2.529
o (25207 (2529) (1054 x107 )
2ma®  2(9.11x107"f4.5x10 0
=1.9258 x107"J
Then
AE =2972x107" -1.9258 x10 ™"
=1.046x107"J
or
-19
ap =B g 6saev
1.6x10~
TYU 3.3

We have E—E, =C\k’
(E,+032-E, )1.6x10™")

2
T
:C _—
‘(wxlo'mj

so that C, =5.1876 x10
We have
., R’ m" h?

-
or |—2|=0.2985
mO
TYU3.5
1
1-fr (E) =1-
1+exp{E_EF }
N _(EF _E)
= exp[T
 T—(0.35+(0.0259/2))
@ 1-/fr(E)= e"p[ 0.0259 }
=8.20x1077
) (035 +3(o.0259/2))}
b) 1-f.(E)= e"l{ 0.0259
=3.02x1077
TYU 3.6

We find kT = (0.0259 {%j =0.034533 eV

B —(E, +kT/4-E,)
@) fr (E)—exp{ e }

e {— (0.30 +0.034533 /4)}

0.034533
=1.31x107*

[ -(0.30+0.034533 )}
®) F(E)_eXp{ 0.034533

=6.21x10"°

m = > — =
2¢, m, 2m,C,
B (1.054 <10 f
209.11x107" )5.1876 x 10>
or
21175
mO
TYU 3.4

We have E—E, =-C,k’
(E, —0.875—E, \1.6x10"*)

2
T
:—C —_—
2(12x1010j

so that C, =2.0426 x10~*
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TYU 3.7

We find kT = (0.0259 {%j =0.034533

—(0.35+(0.034533 /2))
0.034533

@ 1-f; (E)=ex1{

=241x10"

. [ -(0.35+3(0.034533 /2))}
(b) 1 fF(E)—eXP[ 0.034533

=8.85x107°
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3.1
If a, were to increase, the bandgap energy
would decrease and the material would begin
to behave less like a semiconductor and more
like a metal. If a, were to decrease, the
bandgap energy would increase and the

material would begin to behave more like an
insulator.

3.2
Schrodinger's wave equation is:
—1? 0*¥(x,1)
— 2+ Vx) Plx, ¢
IS (o) ()
¥ (x,1)
ot
Assume the solution is of the form:

(s, t)=u(x)exp{ j(kx—(gjtj:l

Region I: ¥(x)=0. Substituting the
assumed solution into the wave equation, we
obtain:

o { jku(x)em[f'{kx—(gj’ﬂ
o (o ()]
(= j.u(x)em[f[kx_[%m

which becomes

sy ,.kyu(x)em[f[kr[%j’ﬂ

o o fie ()]
2t xp{f[k(%}ﬂ}
=+Eu(x)em{f(kx‘[§j’ﬂ

This equation may be written as

L oulx) 0°ulx) 2mE
—kzu(x)+2]k agc)+ axg )—i— 2 u(x)zO

Setting u(x) =u, (x) for region I, the equation
becomes:
d*u (x) du (x)
L2k —(k> =, (x)=0
where
o = 2ME Q.E.D.

# 2
In Region II, ¥(x)=V, . Assume the same
form of the solution:

Wi, t):u(x)exp[ j(kx_[g}ﬂ

Substituting into Schrodinger's wave
equation, we find:

= <jk>2u<x>em[j[kx-(§jzj:
il (3))
(89
+V0u(x)exp{ J[k(gm
=Eu<x>exp[ J[k[g}ﬂ

This equation can be written as:
ou(x)  2%u(x)
_kzu(x)+2]k?+ax—2
_2mV, () 2mE

I/ n’

u(x)z 0

Setting u(x)=u, (x) for region II, this
equation becomes
2
d MZ(X) +2]k duZ (X)
dx* dx

where again
,  2mE
a” = e
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3.3
We have

2
d ”12(X)+2jk du, (x)_(kz —a2)41(x)= 0
dx X
Assume the solution is of the form:
u, (x) = Aexp [j(a - k)x]
+ Bexp [— j(a + k)x]
The first derivative is
d
) a-tomlita—k)
- j(a + k)B exp [— j(a + k)x]
and the second derivative becomes
dZ
L) (a0} Aewlfe—4)]
+ [j(a + l’c)]2 Bexp [— j(a + k)x]

Substituting these equations into the
differential equation, we find

—(a—k) Aexp [j(o: —k)x]
—(a+k) Bexp[—j(a+k)x]
+2jk{jla—k)Aexpljla—k)x]
- j(a + k)B exp [— j(a + k)x]}
—(k2 -a’ ){A exp[j(a —k)x]
+ Bexp [— j(a + k)x]} =0
Combining terms, we obtain
[ o 20k + k2 )~ 2k(e k)~ (k* — 22 )
x A exp [j(a - k)x]
+ [— (az +20k+k* )+ 2k(0:+k)—(k2 -a’ )]
><Bexp[—j(a+k)x]: 0
We find that
0=0 Q.E.D.
For the differential equation in u, (x) and the

proposed solution, the procedure is exactly
the same as above.

34
We have the solutions

u,(x)= A exp[ (e — k)]
+Bexp[—j(a+k)x]
for 0<x<a and
u (x)=Cexp[j(B — k)]
+Dexp[— j(B+k)x]
for -b<x<0.

The first boundary condition is
U, (0) =uy (0)

which yields
A+B-C—-D=0
The second boundary condition is
du,
dx
which yields
(a-k)Ad—(a+k)B-(B-k)C
+(B+k)D=0
The third boundary condition is
u, (a) =u, (_ b)
which yields
Aexp[jlo—k)al+ Bexpl- jla +k)a]
=Cexplj(5-k)-b)]
+Dexp[- j(B+k)-b)]
and can be written as
A exp[j(a —k)a]+ Bexp [— j(a +k)a]
~Cexp[- j(B-k)p]
~Dexplj(+k)p]=0
The fourth boundary condition is

_ du,

x=0  dx |x=0

du, _du,
dx x=a dx x=-b
which yields

Jla—k)dexp[j(a k]
—j(a + k)B exp [— j(a + k)a]
= j(B-k)C exp|j(B~k)-b)]
—j(B+k)Dexpl- (B +k)-b)]
and can be written as
(@ —k)dexp[j(e—k)a]
—(a+k)Bexp|- j(a+k)a]
~(B-k)Cexp[- j(B -]
+(B+k)Dexplj(B+k)p]=0

3.5
(b) (i) First point: ca =7
Second point: By trial and error,
aa=1.729r
(i1) First point: ca =27
Second point: By trial and error,
aa=2617x
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(b) (i) First point: ca=rx () aa=r
Second point: By trial and error,
aa=15157 m by
(i1) First point: aa =27 n’
Second point: By trial and error, 7252 (z) (1 054 103 )2
oaa=2375x E = =

2m,a* 2(9.11x107 f4.2x107 )
=3.4114x107"]

3.7 From Problem 3.5
pr3% L osaa = coska a,a=1.729%
aa 2m,E,
Let ka=y, aa=x —5—a=179x
h
Then R Wl
sinx o (17297) (1.054 x10*)
P'——+cosx=cosy 2 a0 o\
x 2(9.11x10" J4.2x10 ")

-18
Consider 4 of this function. =1.0198 x10"J
dy AE=E, -E,

=1.0198 x107'® =3.4114 x107"

d , 1. Qi
d—y{[P (x) smx]+cosx}— smy —6.7868 x10 7]

We find ~19
dx or AE:—6'7868X1_?9 =424¢eV
{( 1(x)? sinx- —+( )lcosx~—} 1.6x10
dy dy (b) aia=2r
. dx . m E
—Smmx—=-—sm m, L
dy g 72 ra=2rx
Th
o (27) (1.054 x10 )
dx P -1 . oSyl E, = . —
o | P sinx = [sinx = —siny 2(0.11x10 " 4.2x107°)

=1.3646 x107'%J

. From Problem 3.5,
So that, in general, oa=2617r
dx d(oa) da ‘ '

S o= =L
dy d(ka)  dk /%.azzﬁnﬂ
And h?

For y=ka=nzx, n=0,1,2,.. =>siny=0

2mE o _ 617a) (1.054 x10
=
n* 2(0.11x10 fa2x107°
50 s =2.3364 x107 ]
da _ I(ZmEj [2mjdE AE=E,-E,
_L(ZmE)(2m)dE
dhe 2\ r* ) dk =2.3364 x10"* —1.3646 x10'*
This implies that 9718 %10
T 9.718x10~"°
dk - dk a or AE=21220 607 eV

1.6x107"
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(a) At ka=rn, aja=rx

2m E,
e -a=r

(7)*(1.054 x10f
E = 1 10 \?
2(9.11x107" f4.2x107°)
=3.4114x107"]
At ka=0, By trial and error,
a,a=02859r
(0.8597)(1.054 x10*
209.11x10" f4.2x10 " )
=2.5172x107" ]
AE=E, -E,
=3.4114x107" —=2.5172 x107"°
=8.942x107"]
8.942 x107*°

or AE=————=0.559 eV
1.6x107"°

(b) At ka=2r, aya=2x

/2 E
%.azzﬂ

(27)(1.054x10 ]
200.11x10 " J4.2x107f

=1.3646 x10"®J
At ka= . From Problem 3.5,
o,a=17297

E, =

E, =

2m E,

hoz

-a=1.729x

(1.7297)* (1054 x 10 ]
2(9.11x10 " f4.2x10 ™ )
=1.0198 x10'*J
AE=E,-E,
=1.3646 x10~'® —1.0198 x10~'®
=3.4474 %1077
 3.4474x107"
~ 16x107"

E, =

=2.15eV

3.10
() aa=r

2m E,
B -a=r

PG (1.054x10
2(9.11x107" f4.2x107 ]

=3.4114x107"7
From Problem 3.6, a,a=1.515x

/2 E
Moz -a=1.5157
h2

(1.5157)*(1.054x 10
2(0.11x107 f4.2x107°
=7.830x107"]
AE=E,-E,
=7.830x107"" —3.4114 x107"
=4.4186x107"7 ]
44186 x107"

1.6x107"
(b) aja=2x

/2 E
n;"z 2 a=2r

(27) (105410 ]
2(9.11x107" f4.2x10°f

=1.3646 x10 "*J
From Problem 3.6, a,a=2375n

/2 E
MoZa -a=2.375x
hZ

(2.3757)(1.054 x10 ™

209.11x10" f4.2x10 " f
=1.9242 x107"%J

AE = E, —E,

—1.9242 107" ~1.3646 x10**

=5.597x107"J

~5.597x107"

© 16x107"

E, =

=2.76¢eV

E, =

E, =

=3.50eV

Chapter 3
Problem Solutions
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3.11
(a) At ka=rn, aja=rx

2m E,
-2 -a=r

PG (1.054x10 )
20911107 f4.2x107

=3.4114x107"7
At ka=0, By trial and error,
a,a=072Tr

2m E

h”z Ca=0727rx

(0.7272) (1054 x10 ™ f

209.11x10" f4.2x10
=1.8030 x107"°J

AE=E, -E,
=3.4114 x107"" ~1.8030 x10~"
=1.6084 x107""J

E, =

-19
:1.6084><10 1,005 eV
1.6x107"°
(b) At ka=27x, a,a=2x
2m E
Mo ca=2r

h2
(27)(1.054x10 ]
200.11x107" f4.2x10°

=1.3646 x10"®J
At ka= n, From Problem 3.6,
a,a=15157

E, =

2m E,

hZ

-a=1.5157

(1.5157)*(1.054 x10 ]
2(9.11x107 Ja.2x10 7 |
=7.830x107"7J
AE=E, -E,
=1.3646 x10 " —7.830 107"
=5.816x107"J
5.816x107"
161077

E, =

=3.635¢eV

3.12
For T=100K,

(4.73x10J100)?
=
636 +100
E, =1.164eV

T=200K, E,=1.147¢eV
T=300K, E,=1.125¢eV
T=400K, E,=1.097eV
T=500K, E,=1.066eV
T=600K, E,=1.032¢eV

E,=1170-

3.13
The effective mass is given by

(1 aE)
n? dk?

We have

2

2
2 (curveA)> dkf (curveB)

so that m" (curveA) <m’ (curveB)

3.14
The effective mass for a hole is given by

o\t |dk’
We have that
2 2E
2 (curveA)> o (curveB)

so that m; (curveA)< m: (cur’veB)

3.15

Points A,B: ili_k < 0= velocity in -x direction

Points C,D: Z—f >0 = velocity in +x direction

d*E

Points A,D: <0=
kZ

negative effective mass
d’E

Points B,C: >
dk

>0=>

positive effective mass




Semiconductor Physics and Devices: Basic Principles, 4™ edition

By D. A. Neamen

Chapter 3
Problem Solutions

3.16
ForA: E=C.k’
At k=0.08x10"m™", E=0.05eV
or £=(0.05)1.6x10"")=8x10"'J
So 8x102' =C,(0.08x10 ]
=C, =125x10"*

. nt (1Losax10™)
Now m" =——=
2¢,  201.25x107)
=4.44x10""kg
. 44437107
or m =——————":m,
9.11x10
m* =0.488m,
ForB: E=Ck*

At k=0.08x10""m™, E=05eV
Or E=(05)1.6x10"")=8x107J

So 8x10 =C,(0.08x10" )
=C, =1.25x107"

N S
Now m" =—=
2¢,  20.25x107)
=4.44x10 kg
. 44437 %1077
or m =———————"m,
9.11x10

m* =0.0488 m,

3.17
ForA: E-E, =-C,k’
—(0.025)(1.6x10" )=—C, (0.08x10" |
=C, =6.25x107
. —n? —(1.0s4x10)
m = =
2¢,  2(6.25x107)
=-8.8873 x10 " kg
. —8.8873x107"
m=———

-m
9.11x107*! ’
m'=—-0.976m,

ForB: E-E, =-C,k’

—(0.3)1.6x107°)=—C, (0.08x10"
=C,=7.5x10""

*

m

5

—n? —(1.054x10)
2¢,  2(7.5x107%)
=-7.406 x10 " kg
 —7.406x10°"

or = -m,
9.11x107
m” =-0.0813 m,
3.18
(a) (1) E=hv

E_(142)1.6x10™")
or v=—=

h 6.625x107*
=3.429x10" Hz

10
(ii) ,1=E=£= 3x10 _
E v 3429x10
=8.75x10° cm =875 nm
P (1.12){1.6x10")
h 6.625x107**
=2.705x10"* Hz
10
(ii) P 3x10 _
v 2.705x10
=1.109 x10* em=1109 nm
3.19
(c) Curve A: Effective mass is a constant
Curve B: Effective mass is positive
around £ =0, and is negative
around k =+ .
2
3.20
E=E,-E cos[a(k -k, )]

Then

Z_i =(-E,)-a)sinfa(k -k, )]

=+Fa sin[a(k—ko )]

and
d’E

dk’

E,a” codlalk—k, )|
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Then
11 d*E _Eloz2
m' B dk? ik, h?
or
m =
E.a’
3.21

@ m, =47 [m, m,|"
= 42°|(0.082m, ) (1.64m, )|
m,, =0.56m,
W o2, bt 2
m: m, m, 0.082m, 1.64m,

2439 N 0.6098
m m

o o

m, =0.12m,

(a) m;p = [(mhh )3/2 + (mlh )3/2 ]2/3
—[0.45m, " + (0.082m, )2 |
=[0.30187 +0.02348 [** - m

my, =0.473m,
3/2 3/2
®) m, = (('"))+E’";
_(045)"" +(0.082)"*
~ (0.45)" +(0.082)"
m;, =0.34m,

o

3.23
For the 3-dimensional infinite potential well,
V(x):O when O<x<a, 0<y<a,and

0 <z <a. In this region, the wave equation
is:
O'y(x.y.z) O'wlx.y.z) O'ylx.y.z)
ox? oy® oz’
ZmE (x’ y, Z) _ O

Use separation of variables technique, so let
wix v, z)=X()r(v)z(z)
Substituting into the wave equation, we have

2 2 2
YZa )2(+Xza §+XYaZZ
Ox Oy oz
+2;"—E XYZ =0

Dividing by XYZ , we obtain
L‘aZX 1 aY 1 8Z+2mE
X ox® Y oy’ Z oz° n’

Let

0

AN G ¢
X ox ! ox’

The solution is of the form:
X(x): Asink x+ Bcosk x

Since l//(x, V, z): 0 at x=0, then X(O): 0
so that B=0.

Also, l//(x, ¥, z)= 0 at x=a, so that
X(a): 0. Then k,a=n 7 where

+kX0

n.=1,2,3,..
Similarly, we have
2
1 6 Y —ky2 and 1.9 Z=—k22
Y oy’ Z oz°

From the boundary conditions, we find
k,a=n,r and k.a=n.rn
where
n, =12,3,.. and n, =1,2,3,...
From the wave equation, we can write

—kj—kf—k2+2m—E=
: h’

The energy can be written as

h? T :
E=E,,., =2—(nf+n§+nf{—j
e m a

3.24
The total number of quantum states in the
3-dimensional potential well is given
(in k-space) by

wk*dk
gT(k)dk: 72_3 '(13
where

k* =

2mE
h 2
We can then write

N2mE

h
Taking the differential, we obtain

k:
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gkt o L L gl M
/] h \2E

Substituting these expressions into the density
of states function, we have

za® (2mE) 1
E)E = == -dE
gr(EM 7r3(h2th2E

Noting that
nelt
2r
this density of states function can be

simplified and written as
dra’
g, (EME = . @m)'? JE -dE

Dividing by a® will yield the density of
states so that

o(p)= 42

h3

3.25

For a one-dimensional infinite potential well,
2m E B n’r? 2
o a
Distance between quantum states

k. —k, =(n+ 1)(%] - (n)(gj - %

Now
k)dk_—
i
2]
Now
1 -
k=—-y2mE
h
2 *
AL L
o2 E
Then
2m’
E E—— — ~.dE
g, (E)d TR

Divide by the "volume a, so

1 /Zm:
hr E

So
(£)= I J2(0.067)0.11x10")
S Nosax107)7) JE
18
3.26

(2) Silicon, m, =1.08m,

o.(p)-27m)”

h
3/2 E.+2kT
o e ) T e

h i
=M'g'(E—EC)3/2 Fedt

h 3 E,

472'(2}7’!*)3/2 2 3/2

=) 2 (kT

n’ 3 (247)

_ 4nl2(1.08)0.11x102 2 (kry”
(6.625x107) 3
= (7.953x10% Y2k T)*"2
(i) At T=300K, kT=0.0259 eV
= (0.0259)(1.6x10™)
=4.144x107']
Then g, =(7.953x10% J2(4.144 x10' |} *
= 6.0x10% m "
or g, =6.0x10"cm™

(ii) At T=400K, kT =(0.0259 400 j
300
=0.034533 eV

=(0.034533 {1.6x10 ™)

=5.5253x107%" ]
Then

= (7.953x10% J2(5.5253 x 10! |2
=9.239x10% m "
or g, ,=9.24x10"cm™

(b) GaAs, m, =0.067m,
4702(0.067)9.11x107" )% 2
: (6.622(“0:4)3 )] 3 kT

= (12288 x10% Y2k T)*

8=
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(i) At T=300K, kT=4.144x107"]
g, =(1.2288 x10% o(a. 144 x10 2 )}
=9.272x10" m ™
or g, =9.27x10" ¢cm
(ii) At T=400K, kT=5.5253x107']
g. = (12288 x10% |o(5.5253 10 |
=1.427x10*m ™
g.=143x10" cm ™

3.27
(a) Silicon, m, =0.56m,
47r(2m*

R

h3

I E,—E-dE

E,—-3kT

e, -y

3

EU

arlom’ )" (

h3

E,-3kT
« \3/2
- —4”(2:'31’ ) (‘sz[— (3k7)"]
_4x](0.s6)9.11x10 )] [gj@”);/z
(6.625x107)
= (2.969 x10% |3k 7)*"2
()At T=300K, kT=4.144x107"J
g, =(2.969x10% [3(4.144 x102 ]}
=4.116x10" m ™
or g, =4.12x10" ¢cm
(ii))At T=400K, kT =5.5253x107']J
g, =(2.969x10% [3(5.5253 x 10 )
=6.337x10"m "
or g, =634x10"cm ™
(b) GaAs, m, =0.48m,

47[2(0.48)9.11x1072" )}
. ((6.62>£'><10X34)3 )] (EJ(%T)M

3
= (23564 x10% |3k T)2

3/2

& =

()At T=300K, kT=4.144x107"]
g, =(23564x10% a(a.144 1021 [
=3.266x10"m™
or g, =327x10"cm™
(i))At T=400K, kT =5.5253 x107'J
g, =(2.3564 x10% J3(5.5253 x 102! | *
=5.029%x10* m ™
or g, =5.03x10"cm™

3.28

L\3/2
(@) gC(E):w\/E—Ec

47[[2(1.08)(9. 11x1073! )]3/2 _

(6.e2sxi0f -

=1.1929 x10* JE—~E,
For E=F ; g.=0

E=E, +0.1eV; g, =1509%x10“m>J"

E=E,_+02eV,  =2134x10*m>J"
E=E, +03eV; =2.614x10*m>J"
E=E,+04eV; =3.018x10“m=3J!
3/2
4z\2m’
(b) gﬁ% E,-E

_ 47r[2(0.56)(9‘11 %1073 )]3/2

JE,-E
(6.625x10) ’
—4.4541x10% [E, —E
For E=E,; g,=0

E=E,—0.1eV; g,6 =5.634x10"m>]""

E=E,-02eV; =7.968x10" m=>J"!
E=E,-03eV; =9.758x10* m=3J!
E=E,-04eV, =1.127x10"m>J"'

3.29
« 3/2 3/2
(@ 2 =(m) :(—l'ogj =2.68

() ==




Semiconductor Physics and Devices: Basic Principles, 4™ edition

By D. A. Neamen

Chapter 3
Problem Solutions

3.30
Plot

331
ki 10!
@ W= Nl.!(gg,. N (7!)(13—7)!
_ (10)(9X8X7!) _ (10)(9)(8) =120
@E) B)))
120 (12)i)ion)
(loni2—-10y — (101)\2)1)

- 120 (12)1)10)9)s!)
@N12-8)y  (8)4)3)2)1)

=495

(b) (@) W, =

(if) W, =

f(E)=

1+ E-E,
(&)
Pk

() E-E,=kT, f(E)= !

1+exp(1) =

f(E)=0.269
1

(b) E-E, =5kT, f(E):Hexp(S)

=

f(E)=6.69x10"
1
(c) E-E,=10kT, f(E)_Tm(lO):

f(E)=454x10"

1-/(E)=1-

1-/(E)=

1+ Bk

€

P\

(a) E,—E=kT,1-f(E)=0269

(b) E,—E=5kT, 1- f(E)=6.69x10
(c) E,—E=10kT, 1-f(E)=4.54x10"°

3.34
_(E_EF)
a =e EEE—
(@ fr Xp{ T }
-0.30 i
E:E’ =¢C :9.32X10
e Jr Xp[o.ozw}
kT —(0.30+0.0259/2)
E +—; =e
I Xp{ 0.0259
=5.66x107°
—(0.30+0.0259)

E +kT; f.=¢ ~(030+00259)
‘ Ir x‘{ 0.0259 }
=3.43x107°
3kT —(0.30+3(0.0259/2))

E . +——; =e
<2 Jr Xp[ 0.0259
=2.08x107°
—(0.30+2(0.0259))
E.+2kT, =e (
‘ Ir ’q{ 0.0259
=1.26x107°
1
b) 1-f, =1-
(b) 1-f; L TEE
P
_(EF_E)
Sexp| ——
o
-0.25
E=E, ;1-f, =exp| —— | =6.43x107°
vi 1=t "p{o.om}
kT —(0.25+0.0259/2)
E —;1-f.=e
) Jr XP{ 0.0259
=3.90x10~°
—(0.25+0.0259)
E,—kT;1-f, =exp| —— ")
v S Xp[ 0.0259 }
=2.36x107°
EU_3]€_7—';
2
—(0.25+3(0.0259/2))
1-f-=e
Jr Xp{ 0.0259
=1.43x10°°
E,-2kT,
—(0.25+2(0.0259))
1-f.=¢
Ir Xp[ 0.0259 }
=8.70x10°°
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3.35
~ -(E-E.)] —(E, +kT-E,)
Sr —CXP{T =cXp — i
and
—\E.-F
l_fF eXp|: (]:T ):|
—\E.—-(E —kT
SR
—(E, +kT-E,)
~ —(E, —E, +kT)
_e’q{ KT
Then E, +kT—E, =E,—E, +kT
E +E,
OI' EF: = midgap
3.36
2.2 2
E, :h n°rz
2ma’

For n=6, Filled state
(1.054x10f (6)* (x)?
200.11x10" f12x10 7}
=1.5044 x107"*J
1.5044 x10"

or E6 =—19 =9.40eV
1.6x10~

For n =7, Empty state
(1.054 %10 f (7)* (z)?
200.11x107 f12x107° ]
=2.048x107%]
2.048 x107'*

or E,=272""7  _128eV
T 1.6x107"

Therefore 9.40 < E, <12.8eV

3.37
(a) For a 3-D infinite potential well

2
2mE
;nz =(nf+n§+nf(£)

a

For 5 electrons, the 5% electron occupies
the quantum state n, =2,n, =2,n_=1;s0

2 2
E, :;l—(nf +n§ +nf(£)

m a

(105410 (2)? (22 +27 +1?)
© 20.11x107 fi2x107)
=3.761x107"J

_3.761x107"°

or ES —W =235eV

For the next quantum state, which is empty,
the quantum state is n, =1,n, =2,n, =2.

This quantum state is at the same energy, so
E,.=235eV

(b) For 13 electrons, the 13™ electron
occupies the quantum state
n, =3,ny =2,n_=3;s0

(1.0s4 10 (z) (3% + 2% +3?)

E; =
200.11x107 J12x10 1 )
=9.194x107"J
-19
or By =210 546 cv
1.6x10~

The 14" electron would occupy the quantum
state n, =2,n, =3,n_ =3 . This state is at

the same energy, so
E. =5.746 eV

3.38
The probability of a state at £, = E,. + AE
being occupied is

fl(El): ! = !

E -E AE
l+exp| 2| l+exp|—
exp[ kT ) Xp(ij

The probability of a state at £, = £, —AE
being empty is

1_f2(E2):1_

1

E,—E
I+exp| —2——F

SO fl(El)zl_fz(Ez) Q.E.D.
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3.39
(a) Atenergy E,, we want

1 B 1

E -F
l+exp| —F

This expression can be written as

E -F

1+e ! £
")

E]_EF

€

o)

E -E

1=(0.01)exp| ——£
(0.01) xp[ — j

Then
E, =E, +kT(100)

-1=0.01

or

or
E, =E, +4.6kT

(b)
At E=E, +4.6kT,

1 1
f(E)= El—EFj 1+exp(4.6)

kT

1+exp(

which yields
f(E,)=0.00990 = 0.01

3.40
)] [-Emoss)
~(E-E,)] _ [-(5.80-5.50
Jr :eXp{ kT }_e’q{ 0.0259 }

=9.32x107°

(b) kT =(0.0259 )(%j =0.060433 eV

~0.30
=exp| ———— [=6.98x107°
Jr Xp{o.o&)m }

~(E; —E)}

(© l_fF;exp|: T

0.02 = exp{%}

+0.25 1
or ¢ =——=50
XP[ kT } 0.02
0.25 ~1n(50)
kT

or

k=22~ 0.063906 = (0.0259 )(L)
ln(SO) 300

which yields 7=740K

341

f(E)= ! =0.00304

lte 7.15-7.0
» 0.0259
or 0.304%

(b) At T=1000K, £7=0.08633 eV
Then

1

f(E)= 1+exp[7'15 ‘7'0j =0.1496

0.08633

or 14.96%
1

© f(E)= TR 0.997

( 0.0259 j
or 99.7%
(d)

1
AtE=E,, f (E ) =3 for all temperatures

3.42
(a) For E=E,
1 —(E,-E,)
E)= =e L
f( ) l1+e EI_EF Xp|: kT :|
P\
Then
-0.30 6
E, )=exp| ———— |=9.32x10
f(E) XP(O.0259J
For E=E,, E.—-E,=1.12-030=0.82 ¢V
Then
1= f(E)=1-——

I+ exo| = 0.82
» 0.0259

or
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l_f(E)zl_ 1—exp —0.82 1_f(E):exp{_(EF—_E2)}
B 0.0259 kT
. (-082) 4 e 204
_e’q’[o.0259j_1'78“0 X1)[0.0259
(b) For E, —E, =04eV, or 1-f(E)=1.96x10""
E,—E,.=0.72¢V
At E=E,,
£ -E) 3.44
- - -0.72 -1
E = # = E_E
f(E) Xp{ % } Xp(o.0259) F(E)=|1+exp F
kT
or
f(E)=8.45x107" 50 R
AtE:EZa M:(—l ]+exp( — FJ
(&, -E,) dE kT
1= f(E)= _7F 2]
/(E) exp[ = } o e E=Ex
o4 kT kT
- eXp( 0.0259 ] or
()]
or - |€XP
1- 7(E)=1.96x10"" a/(E) _\kT kT
dE E-E.\|
l+e
|5
3.43
At T=0K, F
(a) At E=E, (@) At T'=0K, For o
(E _E _0. E<E, = exp(-0)=0=2=0
f(E):exp —( L F) = ( 030] r dE
kT 0.0259 df
or E>EF:>exp(+oo)=+oo:>E=0
f(E)=9.32x10"° df
AtE=E,, E, —E, =142-03=1.12eV ALE=Ep=- 5=
So ) (b) At T=300K, kT=0.0259 eV
—(E, -E df
1= 7(E) = exp| —\r —=2) af _
f(E) exp[ - } For E<<Ep. 4
— exp| =112 For E>> E,, Y _¢
0.0259 dE
or At EZEF,
1- f(E)=1.66x107" [ -1 j(l)
(b) For E, —E, =04, qab _ 0~02592 —9.65 (V)"
E —E,=1.02eV dE  (1+1)
At E=E,,
—(E, -E,) -1.02
E =e _\F FEJ =e
f(E) Xl{ kT } Xp[o.ozs9}

or
f(E)=7.88x107"
At E=E,,
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(c) At T=500K, kT=0.04317 eV 3.46
df ~(E-E;)
For E<<E., —=0 a =exp| ————
or F o dE ( ) fF Xp|: kT
df —-0.60
For E>>E,, —=0 -8 _ —Jyov
g 10 exp{ o7 }
At E=E,, nfio)
df (O 0;;17 j(l) 0.60
— = =-579(eV) kT = =0.032572 eV
dE (1+1) m{0*)
0.032572 = (0. 259{ j
345 300
(@) At E=E, 10> so T=377K
—0.60
1 1 b) 10°° =exp| ———
f(E)= = ®) ex‘{ kT }
- exp(E ~E, j | E,
— +e
kT Pl 000 _1(107¢)
Si: E,_=1.12¢eV kT
CReTe kT = 0.60 =0.043429
1 - 6) -
f(E)= 0 lnilO ’
+exp| T
em{z(o.ozw)} 0.043429 =(0.0259 )(%]
or or T=503K
f(E)=4.07x107"
3.47
Ge: E, =0.66 ¢V (a) At T=200K,
7(E)= 1 kT =(0.0259 20010 _ 6.017267 ev
300
te 0.66
?| 200259) foz0ose— L
or ' (E -E, j
1+exp
f(E)=2.93x10"° kT
o E-E
GaAs: E, =1.42¢eV exp F_ 1 _1=19
| kT ) 0.05
/(E)=
e |4 E-E, =kTn(19)=(0.017267 )In(19)
» 2(0‘0259) =0.05084 eV
or By symmetry, for f. =0.95,
f(E)=1.24X10_12 E_EF :_0.05084 eV
(b) Using the results of Problem 3.38, the Then AE =2(0.05084)=0.1017 eV
answers to part (b) are exactly the same as (b) T=400K, kT=0.034533 eV
those given in part (a). For f =0.05, from part (a),
E-E, =kTn(19)=(0.034533 )In(19)
=0.10168 eV

Then AE =2(0.10168 )=0.2034 eV
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Ex 4.1 n, =3.29x10%cm ™
N exp{ } For T=250K,
17 18 250
:exp{ EkTE, )} 2 =(4.7x10"" (7x10 {300
—1.42
:exp{ 0.25 +0. 0259)} "P| 10.0259Y250/300)
0.0259 =5.09x10’
fr=236x10"" or
N —(E,-E,) n,=7.13x10° cm
n = . € E——
o c Xp kT (b)
(400) 3. o
(710" Jerp| =025 n,( ):3288x103 P
| 5005 n,(250)  7.135x10
n,=3.02x10" cm ™
Ex4.4
(a) GaAs
Ex 4.2 .
250)*"? E.—-FE zszln&
@ N,=(.04x10"] = ey m,
300
=7.9115 x10"cm :3(0_0259)m(ﬂj
»50 4 0.067
kT =(0.0259 )(%j =0.021583 eV — +38.25 meV
( ) (b) Ge
—(E,-E
v 3 0.37
p, =N, exp{p—} E,—E . =>(0.0259)h| ——
kT Fi midgap 4( ) 0.55
= (7.9115 x10" Jexp _—0.27 = =770 meV
0.021583
p, =2.919%x10%cm Ex 4.5
. 2.919x10" (£, -E,)
(b) Ratio ==~ =4.54x10"° =N “Er TR
6.43x10" Po =R &0 T
:(I.MXIOIQ)e)qJ{ﬁ}
Ex 4.3 0.0259

(a) For T=400K,

3
n? =(a7x10" 7x10" | 22
300

y -1.42
P (0.0259 Y400/300)

=1.081x10"
or

=2.58x10"¢m
We find E, —E, =1.12-0.215 = 0.905 eV

n, =N, exp[—_ (E”k;EF )}

—0.905
=(2.8x10" )e
: ) Xp{o.ozw}

=1.87x10*cm




Semiconductor Physics and Devices: Basic Principles, 4™ edition

By D. A. Neamen

Chapter 4
Exercise Solutions

Ex 4.6

2
n, :_NL'E/Z(UF)

Jr
2
1.5x10% :ﬁ(Z'SXH)IQ)FI/Z(nF)

So F,,,(n,)=4.748
E.-E,
From Figure 4.10, =32=
g Ula kT

= E, —E, =3.2(0.0259)=0.08288 ¢V

Ex 4.7
(a) T=250K

3/2
- (2.8><1019(%) =2.13x10"”cm

kT = (O 0259 250 =0.021583 eV
300

n, 1

n, +nd 1+ Nc exp|:_(Ec _Ed):|
2N, kT

1

, 213x10”) [—0.045}
2i0) 7P 0.02158

=7.50x107°
(b) T=200K

3/2
N, =(2.8x10" {%} =1.524x10" cm

kT =(0.0259 2001 _6.017267 v
300

n, 1

notng o (1524x10°) {—0.045}
200%)  “PLo.017267

=1.75%1072

(c) Fraction increases as temperature
decreases.

Ex 4.8
(a) T=250K

3/2
N, =(1.04 xlOlgi%j =7.912x10" em

kT =(0. 0259)(250j 0.021583 eV
300

Pa__ _ !
P.+p. 1+(7.912><1018) —0.045
4(10™) 0.021583
=3.91x107
(b) T=200K

3/2
= (1.04><1019 (%) =5.661x10" cm

kT:(0.0259 200 =0.017267 eV
300

pﬂ — 1
- 18 _
potp, |, (5.661x10") L
410" 0.017267
=8.736x10°2
Ex 4.9
From Example 4.3,

n,(250)="7.0x10" cm

n,(400)=2.38x10"? cm
Then
(a) T=250K

2
N,-N N,-N
n, = d <+ d 4 +n,.2
2 2

_7x107 -3x10"
- 2

15 152
+\/(7><10 23><1o ] L7107}

n, =4x10"cm™

n} _(7><107)2

Z_ 4%10"

(b) T=400K
7><1015 3><1015

15 15
J7x10 ~3x10 J (2'38“012)2
n,=4x10"cm™

12
_ (23810 :1.416x10"cm -

4x10"

D, = =1.225cm™

o
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Ex 4.10
For T=250K,
n? =(1.04x10" Jox 10" | 22
300
~0.66
® (0.0259 (250/300)
=1.894x10%
or n, =1.376x10" cm
For T=350 K,
3
n? =(1.04x10" Yox10 | 222
300
e ~0.66
® (0.0259)350/300
=3.236x10"
or n, =1.80x10"cm ™
(a) T=250K
2x10"
n{)
2

14
\/2“0 J +(1.376x10"

14 -3
n, =2x10" cm

2 12 2
p =L WSTA0T) g g 10%em

n, 2x10"
(b) T=350K
~2x10"
° 2

14 \2
X\/{zxio ] +(1.80x10"f

n, =3.059x10" cm

14 )2
:E—LLSOXIO =1.059x10" cm =

3.059x10"

n

o

Ex 4.11

@ p,=

_ 4x10" -8x10"
- 2

16 15\2
+\/(4x10 ;8><10 J +(15x10" )

p, =32x10"cm™

2 10 |2
n :”_f:wzmwlo%mﬁ
P, 3.2x10

®b) p,=n,=n=15x10"cm™

Ex 4.12
n,=N,-N,=8x10" -5x10"
n, =3x10"cm™

E -E, =kTh1(NCJ

n

o

19
=(0.0259 )m(w)

3x10"
E,—E, =0.2368 eV

Ex 4.13

N
E, —E, :len[ J
nO

Wehave E, —E, =(E, - E,)+(E, —E,)
=0.05+3kT=0.05 +3(0.0259)
=0.1277 eV

So0 0.1277 = (0.0259)11{ N J
n

o

Ne _ exp(4.9305)=138.45

o

Or

N 19
Then n, =——= 2.8x10

138.45  138.45
n, =2.02x10"cm™
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Test Your Understanding Solutions

TYU 4.1
—(E,-E,)
=N, exp| —<—F2

"o ¢ © { kT

-0.22
=2.8x10" ¢
m[0.0259j

=573x10"cm ™

Now
E,-FE, =112-022=0.90 eV

~(E; -, )}

=N e
P “Xp{ %

—-0.90
=1.04x10" exp| ——
Xp[o.ozs9)

=8.43x10°cm

TYU 4.2

-0.30
0.0259

=6.53%x10"c¢m

Now
E . —-E.=142-030=1.12eV

“1.12
n =4.7x10" ¢ -
’ XP[O.0259)

p, =7.0x10" exp(

=0.0779 cm

(450) 1.7224 10"

TYU 4.3

3

200

a 2 -2.8x10" N1.04x10" | =—
(@ n?=( X {300)

y -1.12
=P (0.0259 )(200/300)

=5.827x10"
=n, =7.63x10"cm "

3
450
b) n?=(2.8x10" )1.04x10" | =—
b) n? = X 0

3

y -1.12
P (0.0259 (450/300)

=2.967 x10%°
=n, =1.72x10" cm

n.
c) - = =2.26x10°
© n,(200) 7.6334 x10*
TYU 4.4
3
200
a) n} =4.7x10"7)7.0x10" | —
@ n’=(47x10") %

Xexp{ ~1.42 }
(0.0259)(200/300)
=1.874

=>n; =137cm"

3
(b) n =<4.7X1017X7,0x1018(ﬂ]

3

300
y exp{ ~1.42 }
(0.0259 )(450/300)
—1.485x10”"

=n, =3.85x10"" cm
n,(450) 3.853x10"

= =2.81x10"
© n,(200) 1.369
TYU 4.5
3
(@) n =(1.04x1019X6.0x1018(%j
» ~0.66
® (0.0259 )(200/300)

=4.639x10%

=n, =2.15x10""cm

3

450

b) n? =(1.04x10")6.0x10"% | =—
®©) 7 ( )( 300

y ~0.66
P (0.0259 (450/300)

=8.820x10*
=n, =2.97x10"cm
n,(450)  2.9699 x10'°

- —=1.38x10°
n,(200)  2.1539x10

(©)
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TYU 4.6
m*
EFi _Emidgap :Elen[—Z]
4 m,
3 200 0.56
a) E.—E, 0 =—(0.0259) — |In| ——
(@) Fi midgap 4( (300) (108)
= -8.505 meV
3 400 0.56
b) E.—E, ... =—(0025)— In| —
( ) Fi midgap 4( {300) (logj
=—-17.01 meV
TYU 4.7
(a) GaAs:
(m o
m, )’
2n° (47[ 6)2

_ —(0.067)9.11x10*" f16x10" )
2(1.054x10 7 ) [az(13.1)8.85x10 2 |f

=-8.4823 x107%]
or £=-530meV

Also
A () B o
a, "\m" 0.067

(b) Ge:

Conductivity effective mass

* -1 -1
%:3 L_Fi :3(L+Lj
m, m, m, 1.64 0.082
=0.120
_ _ 4
o —(0.12)o.11x107 f1.6x10")

21054 x107 J [4z(16.0)8.85x 102 ||

=-1.0184 x1072'J
or £=-637meV

Also
A (06) a5
a, 0.12 '
TYU 4.8

2
@ n, :ﬁNcFl/z(ﬂF)

For E, =E., n, =0and F,/2(0)§0.65
_ 2
"z

n, =2.05x10" cm

n (2.8x10" )0.65)

(®) p, =%NUF]/2(77})
For E, =E,, n, =0and F,,,(0)=0.65
_2
Po ==

p, =7.63x10"cm

(1.04x10" f0.65)

TYU 4.9
D. 1
+ N —(E -E
p() pa 1+ v e)q) ( a U)
4N, kT
~ |
1.04x10"° ~0.045
4f107) 7®0.0259
or
P _0179
P, +P,
TYU 4.10
We have

3/2
N, =(2.8x10" | L
300

For T=100K, N, =5.389x10"%cm
T=200K, N, =1.524x10"” cm ™
T=300K, N, =2.8x10" cm
T=400K, N, =4311x10"cm™

kT =(0.0259 I
300

For T=100K, £7=0.008633 eV
T=200K, £kT=0.01727 eV
T=300K, £kT=0.0259 eV
T=400K, kT=0.03453 eV

Fraction of ionized impurity atoms

B B

n, +I’ld
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(a) For T=100K,
n, 1

n, +nd 1+ Nc exp|:_(EL_Ed):|
| kT

1

+5.389><1018 . ( —0.045 j
2010%) L 0.008633

=0.0638
Now, percentage ionized atoms
=(1-0.0638)x100 = 93.62 %
(b) For T=200K,
n, 1

n, +n, N, [—(EC—Ed)}
exp
kT

1.524 x10" —0.045
200%) Plo.01727
=0.001774

Now, percentage ionized atoms
=(1-0.001774 )x 100 = 99.82 %
(¢) For T=300K,
ng, 1
+ N —\E.—-FE
no nd 1+ c exp ( c d)
2N, kT

1
28x10° _(—0.045

200%) 7P 0.0259
= 0.000406

Now, percentage ionized atoms
= (1-0.000406 )x 100 = 99.96 %

(d) For T=400K,
n, 1

n0+nd 1+ Nc exp|:_(EL_Ed):|

1+

kT

4.311x10" . (—0.045]
2010%) P 0.03453

=0.000171
Now, percentage ionized atoms
=(1-0.000171)x100 = 99.98 %

TYU 4.11
p,=N,-N,=2x10""-5x10"
=1.5x10"¢cm
Then
2 6 \?
> (1.8x1
n :n_,:—( 8x10 )

° p, 1.5x10'
=2.16x10"*cm™

TYU 4.12
2
N N
b) n=—L+ || =+| +n}
2 2
Then
L1x10" =5x10™ +1/(5x10™ J' +n?
which yields
n’ =1.1x10%
Now

n’ =N_N, exp L
1 c v kT

3
11x10” = (2.8x10" {1.04x10" | -~
300

y -1.12
P (0.0259 \7/300)

By trial and error,

T=52K
TYU 4.13
At T=550K,
3
n? =(2.8x10" J1.04x10" ﬂj
300

-1.12
xXe
Xp{(o.ozw )(550/300)}
=1.0236 x10%

or n, =3.20x10" cm
2
N, N
n,=—%+ (—”’j +n}
2
Set n, =1.05N,
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Then

2
[(1.05-0.5)N, ] = (%} +n?
(0.22913)N, =n,

~3.20x10"

or N, = =1.40x10"cm ™
0.22913
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4.1

n’ =N_N, exp L
1 c v kT

3
T -E
:NcoNuo(%j eXp( kTgJ

where N, and N, are the values at 300 K.

(a) Silicon

(b)
n? =(5x10" ) =2.5x10*

= (2912x10% {if em{w}

300 (0.0259 \T)
By trial and error, 7'=417.5K

T (K) kT (eV) n,(cm™)
200 0.01727 7.68x10*
400 0.03453 2.38x10"
600 0.0518 9.74x10"

(b) Germanium  (c) GaAs

T (K) n,(cm™) n,(cm™)
200 2.16x10" 1.38
400 8.60x10™ 3.28x10°
600 3.82x10" 5.72x10"
4.2
Plot
4.3
(@) n}=N_N, exp -
1 c 12 kT
2 T ’
(5x10") :(2.8x1019X1.04x10‘9(%)

o ~1.12
® (0.0259 X7/300)
3
25x10% = (2.912x10* | -
300

- —(1.12)(300)
(0.0259 )T)
By trial and error, T =367.5K

4.4
At T=200K, kT=(0.0259 )(@j
300
=0.017267 eV
At T=400K, kT =(0.0259 400
300

=0.034533 eV

i

) 10 )
(400) _(1.70x10"F Lo ow

7(200)  (1.40x10)

400\ ol —Fe

300 0.034533
X

300) P 0.017267

E, E

:8em g _ 8

0.017267  0.034533

3.025x10'7 =8 exp|E, (57.9139 - 28.9578 )]

or

17
E(28.9561)= m[Mj =38.1714
8

n
n

or Eg =1.318 eV

Now

3
(7.70x10°f =N, [ 22
300

Xexp( -1.318 )
0.034533
5.929x10% =N N,, (2370 2.658 x10 ")
so NN, =9.41x107 cm™
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4.5

n
n(4)  _ (-0.90 kT
exp
kT
For T=200K, kT=0.017267 eV
For T=300K, kT=0.0259 eV

For T=400K, kT=0.034533 eV

.(B) em(_llcfu)j :exp(—o.zoJ

(a) For T=200K,
n,(B) ( -0.20
=e
n,(4) 0.017267
(b) For T=300K,
n,(B) [ -0.20
= exp
n,(4) 0.0259
(c) For T=400K,
n,(B) ( ~0.20

0.034533

j =9.325x%10"°

) =4.43x107*

J= 3.05x107°

4.6

(@) gchOC\/E——ECexp|:M:|

kT

< JEE. v 5]

kT

JRECES)

kT
Let E-FE, =x
Then g fr o< xexp(_—xJ
kT

To find the maximum value:

d(gch) 1 l/zeXp[_x)

=t T’ X _
kT

dx
| YE —X
——x “exp| — |=0
kT Xp(ij

which yields
1 x1/2
22 kT - 7
The maximum value occurs at
E=E + KT
2

(b)
gu(l—fF)OC\/Eu——EeXP{M}

kT

Let E,-E=x

Then g, (l—fF )oc N exp(—_xj
kT
To find the maximum value

dlg, (-1, i{\/;exp(—_ﬂ o

dx dx kT
Same as part (a). Maximum occurs at
kT
X =—
2
or
E=E, _kT
2
4.7
_(El -E )
[E —E S\ )
a(g) ¥ ”m[ kT
n(E,) \/ﬁexp{_(EZ;E" )}

where

E, =E.+4kT and E, :Ec+k7T

Then

n(E,) akT {—(El -E, )}

- kT

nE) hT T
2

=22 exp{—(4—%ﬂ = 2\2 exp(-3.5)
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4.9
Plot

4.10

i midga, n
gap 4 m

m*
E.—-E =3kT1n[ f}
Silicon: m, =0.56m,, m, =1.08m,
E. —E, ., =—0.0128 eV

midgap
Germanium: m, =0.37m,, m, =0.55m,
E, —E,, =-00077 eV

midgap
Gallium Arsenide: m; =0.48m,,
m, =0.067m,

Epi—E iy = +0.0382 €V

4.11
1 N,
EFi _Emidgap :E(kT)ln( NC j
19
LD M = 0.4952(kT)
2 2.8x10
T (K) kT (eV) (Ep = E ey N€V)
200 0.01727 —0.0086
400 0.03453 —-0.0171
600 0.0518 -0.0257
4.12
m*
(a) EFi_Emidgapzszln[ I:]
4 m,
= 3(0.0259)m[ﬂj
4 1.21
=-10.63 meV
3 0.75
b) E,.—-FE . ==(0.0259 )lIn|] ——
( ) Fi midgap 4 ( ) (0080]
= +43.47 meV

4.13
Let gC(E )= K = constant
Then
no = J.gc(E) F(E)dE
E.
:KI IE —dE
E. ] —=F
+exp( T
T _(E_EF)
=K
Iexp[ T dE
E(‘
Let

-E
n= TC sothat dE=kT-dn

We can write
E_EF :(Ez‘ _EF)+(E_EC)
so that

em{_(E_EF )} = eXp[_(E" il )]exp(—n)

kT kT

The integral can then be written as

n, =1<-kT-exp[Mﬁem(—n)dn

kT
0

which becomes

nU=K-kT~exp{ T

1+ E-Ey
c [§]
®lUkr
[ -(E-E,)
;CJ'E—E e 2 \aE
Jtero)ew| HEE)
Let
E-E.
n= TL so that dE=kT-dn

We can write
E-E, =(E-E,)+(E, - E,)



Semiconductor Physics and Devices: Basic Principles, 4™ edition Chapter 4

By D. A. Neamen

Problem Solutions

Then
— exp|:_(E;{;EF):|
x E[ (E—Ec)ex;{_(Ek_TEc )}dE
or
n =C, exp|:_(E;€;EF):|

We find that

©

In exp(—nln :em(_,])(_,]_lt o

0

E
n, =C,(kT) exp{ ( LkT F)}
4.15
We have r—lzer (mij
a, m

For germanium, €,=16, m" =0.55m,
Then

"= (16{%}% =(29)0.53)

or

=154 4

The ionization energy can be written as

E= (:’n’—j(i—y (13.6)eV

_ ((1)'65)52 (13.6)= £ =0.029 eV
4.16
n (mo )
We have — =€, .
a, m

For gallium arsenide, €,=13.1,

m" =0.067m,
Then

n = (13.1)(Lj(0.53)= 104 4

0.067

The ionization energy is

E:[m—*](e" J2(13.6): 0067 13 ¢)

m, \ €, (13.1)°
or
E=0.0053 eV
4.17
N,
() E,—E, :kT]n[ J
n()
19
=(0.0259 )In 28x10
7x10"

=0.2148 eV
(b) EF _EU :Eg _(Ec _EF)
=1.12-0.2148 =0.90518 eV

~(E,-E,)
— N F 1%
©) p, Uem{ T }
~0.90518
=(1.04x10" Jexp| ——
( )XP[ 0.0259 }
=6.90x10° cm
(d) Holes
) E,—E, :len[n"j
n;
15
=(0.0259)In Low
1.5x10
=0.338 eV
4.18
N
(a) E.-E, :kTh{ )
P,
19
=(0.0259 ) In %
2x10
=0.162 eV

(b) EC‘_EF :Eg _(EF _Eu)
=1.12-0.162 =0.958 eV

~0.958
=(2.8x10" )e
© n, = ) Xp[o.ozwj

=241x10°cm ™
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d) E, —E, :kThq(p”]
n

i

16
=(0.0259)In 2x10
1.5x10"

=0.365¢eV

4.19
N

(a) E, -E, :len[ J
n

o

19
=(0.0259 ) In 28x10
2x10°
=0.8436 eV
EF _EU :Eg _(Ec _EF)
=1.12-0.8436
E, —E, =0.2764 eV

—-0.27637
b =(1.04x10" Jexp| ————
® p, =( )xp[ o ]

=2.414x10" cm
(c) p-type

4.20
@a) kT=(0. 0259)@(7)(5) ] 0.032375 eV

:(47 10" 375 e -0.28
300 0.032375
=1.15x10"¢m

E.-E,=E,—(E,-E,)=142-0.28
=1.14eV

375 _1.14
7x10" exp| —————
P~ {300} Xp{o.om% }

=4.99x10°cm

4.7x10"
b) E,—E, =(0.0259)n| ————
® E—E; =( ) [1.15><1014J
=0.2154 eV
E.—E,=E,—(E,-E,)=142-02154

—1.2046 eV
12046

=(7x10" —

P~ >6Xp[ 0.0259 }

=4.42x1072 cm

4.21
(a) kT= 00259{§ ] 0.032375 eV

n, = 2.8x10" 375 028
300) 70032375

=6.86x10" cm ™~
E.-E,=E,-(E, EF)=1.12—0.28

=0.840 eV
{Loax10” 375)" [ 0840
300, 0032375

=784x10" cm™

N
(b) E -E, :len[ J
n()
2.8x10"
= (0.0259)mn| =X10__
6.862 x10
=0.2153 eV
E, -E,=1.12-0.2153 =0.9047 eV
—0.904668
=(1.04x10" Jexp| ———
P~ ) Xp{ 0.0259 }
=7.04x10°cm
4.22
(a) p-type
L2 _ho8ev

(b) Ep~E,=—F=

~(E, -, )}

=N, e
p() 12 m{ kT

—0.28 }

- (1.04><10'9)exp{0'0259

=2.10x10" ¢m
E(: _EF :Eg _(EF _EU)
=1.12-028=0.84¢eV

=N exp[‘(Eek—;EF)}

= (2.8>< 10" )e)q{o_gziz }

=230x10°cm >
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4.23 4.25
E, —E,
(@) n, =n, exp| —1- kT = (0.0259 {ﬂj =0.034533 eV
kT 300
0.22 32
:(1.5><101°)e>qo[0 0259} N, :(1'04“019(%)
=7.33x10"cm =1.601x10" cm
E.—-E, 3/2
P, =n exp{—kT } N, =(2.8x10" {%)
=(1.5><1010)exp[_0'22} =4.3109x10" cm
0.0259 n? =(4.3109 %10 {1.601x10" )
=3.07x10°cm
-1.12
_ X e —_—
(b) n, =n, exp{%} X13[0.034533 }
=5.6702 x10%*
:(1.8><106)exp{00(§§9} —n, =2.381x10%cm
' N
=8.80x10° cm (@) Ep —EU=kT1n( j
Eﬂ”_EF Po 19
=n.e _
R e =(0.034533 )m(MJ
( 6) _0m 5x10
=(1.8x10° Jexp 0.0259 =0.2787 eV
' (b) E,—E, =1.12-0.27873 =0.84127 eV
=3.68x10%cm ™ o 084127
¢) n, =4.3109x10" Jexp| —————
© n = ) Xp[0.034533 }
4.24 =1.134x10° cm >
N
(@) E,—FE, - len( v ] (d) Holes
Po

n.

i

) ) E, —E, :len[&J
=(0.0259 )In M
5x10

~0.1979 eV 2.381x10"
(b) E.-E,=E,—(E,.-E,) — 02642 eV

=1.12-0.19788 =0.92212 eV

15
=(0.034533 )h{&j

-0.92212
¢) n, =(2.8x10" Jexp| ———
(c) n, ( )Xp[ 0.0259 } 4.26 .
=9.66x10° cm ™ @ »p, =(7X10‘8)em{00259}
(d) Holes '
=4.50x10" cm
) E, —E, :len[p“J E —E, =142-025=1.17¢eV
n;
-1.17
15 n, =4.7x10" exp[ }
=(0.0259)In X0 ( ) 0.0259
1.5x10"

=1.13x102¢m ™
=0.3294 ¢V
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(b) kT=0.034533 eV

(7 10 400
300

=1.078x10” cm

3/2
N, =(4.7x107 | 20
300

=7.236x10"7 cm

N
EF—EU:len[ J
P,
) 1078><1019J

=(0.034533 ) In| ———
4.50x10"

—0.3482 eV

E. —E, =1.42-03482 =1.072 ¢V
—1.07177

n, =(7.236x10"" Jexp| ————
= ) xl{0.034533 }

=2.40x10%cm

4.27

~025
=1.04%x10" Jexp| ———
@ p,=( )"p[oozw}

=6.68x10"cm
E,—E,=112-0.25=0.870 ¢V

-0.870
n =(2.8x10" Je
= ) Xp{o.ozw}

n,=723x10*cm™
(b) kT=0.034533 eV

3/2
N, =(1.04x1019I@j
300

=1.601x10" ¢m

3/2
~(2.8x10" )| 220
300

=4311x10" c¢cm

=(0.034533 m[

E,-E, = kT]n[

1.601x10"
68x10"

=0.3482 eV
E,—E,=1.12-03482 =0.7718 eV

—0.77175
n, =(4.311x10" Jexp| ————
= ) XP{ 0.034533 }

=8.49x10° ¢cm >

4.28
2
(@) n, :TNCE/Z(UF)
T
For E. =E_+kT/2,

:M:kL/z:()s
kT kT
ThenFl/z(nF)El.O
2 19
n, =—=I\2.8x10" }1.0

=3.16x10"cm ™

2
b =—=N_.F,,\nr
®) n, ==V, (7:)

= %(4.7“0”)(1.0)

=5.30x10"c¢cm

4.29

2 .
p, :_NuFl/z(ﬂF)

Jr
5x10" =%(1.04><10“’)F1,2(77'F)
T
So F,,(n;)=4.26
E,—E,
kT
E,—E, =(3.0)0.0259)=0.0777 eV

We find 77 =3.0=

4.30

E.—E, 4kT
@ 15 T iT

Then F1/2(’7F)5 6.0
2
no :_NCE/Z(UF)

Jr
= %(2.8><10'°X6.0)

=1.90x10*¢m >
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(b) n, == (4.7x10")6.0)

Jr

=3.18x10"%c¢m

4.31
For the electron concentration
n(E)=g (E)f. (E)
The Boltzmann approximation applies, so

5

)=l
_(E_EF )}

xXe
Xp[ kT

Then
n(E)—> n(x)z Kx exp(— x)
To find maximum n(E ) - n(x) , set

dn(x) _, _ KBx”2 exp(—x)

dx
+2 (ewp(-)|

or

0=Kx""? exp(—x{l—x}

2

which yields
1 E-E,
2 kT

For the hole concentration

p(E)=g,(E)1- 1, (E)]

Using the Boltzmann approximation

* \3/2
o))

SRECEL)

:>E:Ec+%kT

kT

or

k

h’ T

— |E,—-E [-(E,—E)
kT 1% 1%
NNk e’q{ kT }

_4ﬁ@mlf”em{—(EF—Euq

Define

Then
p(x)= K'Vx exp(-x)
To find maximum value of p(E)—> p(x'), set
% =0 Using the results from above,
x
we find the maximum at

E=E,-1kr
2

4.32
(a) Silicon: We have

o 5]

kT

We can write

E. —E; :(Ec —E, )+(Ed _EF)
For

E . —-E,=0045eVand E, —E, =3kTeV
we can write

19 —0.045
n, —(2.8><10 )exp{m— }

= (2.8x10" Jexp(-4.737)
or
n, =245x10"cm™

We also have
P, =N, exp

Again, we can write

E.-E, :(EF _Ea)+(Ea _Eu)
For

E,—E,=3kT and E,-E, =0.045¢eV
Then

», =(1.04><1019)exp|:—3—

0.0259
= (1.04x10" )exp (- 4.737)

0.045 }

or
p, =9.12x10"cm
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(b) GaAs: assume E, —E, =0.0058 eV
Then

—0.0058
n, =(4.7x10" Jexp| ——— -3
= )Xp{ 0.0259 }

= (4.7x10" Jexp(=3.224)
or
n,=1.87x10""cm™
Assume E,—E, =0.0345 eV
Then

—0.0345
= (7x10™ Jexp| —2R 3
r, = )Xp[ 0.0259 }

= (710" Jexp (- 4.332)
or
p, =9.20x10"°cm

4.33
Plot

4.34
(@) p, =4x15-10" =3x10"cm

1.5%x10° )
=M=7.5x104cm’3

3x10"
(b) n,=N,=3x10"cm ™

=(1'5><41010X=7.5><103 cm™

3x10"

(¢) n,=p,=n,=15x10"cm"

3
375
d) n? =(2.8x10" |1.04x10" | ==
d ( )( 300

—(1.12)(300)
(0.0259 375)
=n, =7334x10"cm ™

p,=N,=4x10"cm™

112
7.334 x10 —1.34x10% em

o

o

3

o 4X1015
450\’
> =(2.8x10" |1.04x10" | —
—(1.12)300)
(0.0259 )450)

=n, =1.722x10" cm

10" 10" 2 5
n, ==+ ( 5 J +(1.722x10")

=1.029x10" ¢m

2
Mzzggxmucr}f3

’ 1.029x10"
4.35
(@ p,=N,-N,=4x10"-10"
=3x10"¢m
2 6 \?
> (1.8x10
n :n—’:uzl.OSXIO’%m’3

o

p,  3x10"”
(b) n,=N,=3x10"cm ™

6 2
_\L8X107) o810 4 em

~ 3x10"
(¢) n,=p,=n,=18x10°cm™

375
d) n? =(47x10"7 |7.0x10"® | =—
@ n? = X "

{ -1 .42)(300)}

o

X e
| 10,0259 )375)
=n, =7.580x10% cm
p,=N,=4x10"cm™

8 2
Q—HSOXIO —1.44%10%¢m

4><1015

3

450

e) n?=4.7x10")7.0x10"% | =—
© ( )( Looj

{ —(1.42)(300)}

® (0.0259 )450)
=n, =3.853x10"cm
n,=N,=10"cm™

2
- 3.853x10" ) —1.48%107 cm

1014

4

o

4.36
(@) Ge: n, =2.4x10" cm™

2
N N
()n, =—%+.|| =< | +n?
2 2

Is 152
ZZX;() +\/[2X;0 J +(2.4x107 )
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or Then
n,=N,=2x10"cm™ 1
S . S (E)= 0.245
n? (24x10") l+exp| 1+ —
p,=—t= — 0.0259
n, 2x10
or
~2.88x10" ¢m ™ B S
(i) p, =N, -N, =10 =7x10" fr(E)=287x10
=3x10"cm ™
2 13 |2 4.38
: 2.4x10
n, :n—’:% (a) N,>N, =p-type
Po T (b) Silicon:
=1.92>10" cm p,=N,~N,=25x10" ~1x10"
(b) GaAs: n, =1.8x10°cm or
)n, =N, =2x10" cm =1.5x10"cm ™
o d po
(1.8><106>2 Thel’l
=" 7 —1.62x107cm " 2 ( !2
? 2x10" n M 1.5x10" =1.5x10"cm™
(i) p, =N, ~N, =3x10" cm ™ p,  15x10"
(1 810 6)2 Germanium:
X
n, =~ =1.08x10"cm™ 2
° 3x10" o= Na=Na (Na—Ndj 2
(c) The result implies that there is only one ’ 2 2 l

. . . . 3 3
minority carrier in a volume of 10° cm” .

13 13?2
_ 1.5x10 N 1.5x10 +(2.4><1013)2
2 2
4.37

or
(a) For the donor level . —326%10" em >
ng 1 Th
—= en
Nd 1 Ed_EF 2
1+—exp| " 2 13
2 Xp( kT J n, =t 32;62101013 ~1.76x10" cm™
1 . p, x
= Gallium Arsenide:
14 L axp 020 N, -N, =1.5x10"cm"
= —_ =1. cm
2 7P 0.0259 Po=MNa=Na
and
or
2 ‘ 6!2
2 _g85%107 n, ="t = 1'8“013 =0216 cm
N, : P, 1.5x10
(b) We have
folB)=—— 439
1+exp(E;fF] (@ N,>N,=n-type
(b) n,=N,-N,=2x10"-12x10"
Now 14 -3
E-E, ~(E-E.)+(. - E,) =810 em
2 10 )2
Y B E, =kT+0.245 p, =2 =20 ) 5 81x10% em”
-E, = )

n, 8x10"
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(C) b, E(N;—i_lva)_]vd
4x10" = N’ +1.2x10" —2x10"°
= N/ =4.8x10"cm ™

10 2
_SXI0 ) s s 107 em

o 4)(1015

4.40
n? (15x10")

i

n =—m=—s

©op, 2x10°

=1.125x10"cm

n, > p, = n-type

4.41

3
n? =(1.04x1019X6.0x1018(@j
300

e ~0.66
» (0.0259 (250/300)
=1.8936 x10**

=n, =1.376x10" cm ™

2 2
n; n )

i » 1
n,=——=——="n, =—n,
p, 4n, 4
i

:>I’lo ZEI’I

So n,=688x10"cm™,
Then p, =2.75%10"% ¢cm ™

NH Na ’ 2
+ +n;
2 2

2
N
[2.752 x10"? _TJ

Na ’ 24
= > +1.8936 x10

P, =

2
N
7.5735 x10% —(2.752 102 N, +( - j

Na ’ 24
= > +1.8936 x10

so that N, =2.064 x10"”cm

4.42
Plot

4.43
Plot

4.44
Plot

4.45

2
N,-N N, —
n, = d <+ =N, +n,.2
2 2

2x10"™ -1.2x10"
2

\/(2x10‘4—1.zx10‘4J2 ,
+ > +n

(1.1x10" —4x10" ] =(4x10" ] +»?
49%x10%7 =1.6x10” +n’
so n, =5.74x10"cm

n!  33x10”
n 1.1x10"

1.1x10" =

=3x10%cm ™

(@ N,>N,=p-type
Majority carriers are holes
p,=N,-N,=3x10"~1.5x10"

=1.5x10"cm
Minority carriers are electrons
n? (1.5x10"

i

)2
n, = A =15x10*cm ™
p, 1.5x10"

(b) Boron atoms must be added
pn = Nc; +Na _Nd
5x10' = N! +3x10"° —~1.5x10"
So N! =3.5x10"cm™

1.5%10" )
n =g=4.5x1030m’3

5)(10'6
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4.47
(a) p, <<n, =n-type
n’ n’
) p,="t=n,=—"
n, P,

o

2x10*
= electrons are majority carriers

p, =2x10"cm
=> holes are minority carriers
(¢) n,=N,=N,
1.125x10'* =N, -7x10"
so N, =1.825x10"cm ™

1.5x10"
:gﬂlzl.lﬁxlomcm’3

4.48
E, —E, = len[&]
ni
For Germanium
T (K) kT (eV) n,(cm™)
200 0.01727 2.16x10"
400 0.03453 8.60x10"
600 0.0518 3.82x10'"
2
N, N,
p, =—-+ < | +n} and
2 2
N,=10" cm™
T (K) poem™) | (Ey—E,)EV)
200 1.0x10" 0.1855
400 1.49x10" 0.01898
600 3.87x10'° 0.000674

4.49

NC
@ E, —E, :len{N J

d

19
= (0.0259)111[&}

d

For 10"em™, E,—E, =0.3249 eV
10°em™, E, —E, =0.2652 eV
10ecm ™, E, —E, =0.2056 eV
10"em ™, E, —E, =0.1459 eV

n.

i

(b) E,-E,, = len[ﬂ)

N
=(0.0259 )In| ——<—
( ) [1.5x101°]

For 10" em™, E, —E,, =0.2280 eV
10°em ™, E, —E,, =0.2877 eV
10°ecm™, E, —E,, =0.3473 eV
10"em ™, E, —E,, =0.4070 eV

Chapter 4
Problem Solutions

4.50
2
N N
(@ n,=—2L+ || =L| +n]
2 2
n,=1.05N, =1.05x10" cm

(1.05x10"* —0.5x10" |

=(0.5%105 +n
so n} =525x10%

Now
T 3
n? =(2.8x10")1.04x10" | =
300
e ~1.12
® (0.0259 X7/300)
3
5.25x10% = (2.912x10% | -
300
[— 12972 973 }
xexp| —— ——

By trial and error, 7'=536.5K
(b) At T=300K,

N
E, —E, :len[ J

nO
o E (0025 2.8x10"
—E, =(0.0259) BT
=0.2652 eV
At T=536.5K,

kT:(0.0259 536.5 =0.046318 eV
300

3/2
N, =(28x107) 202
‘ 300

=6.696x10" cm



Semiconductor Physics and Devices: Basic Principles, 4™ edition
By D. A. Neamen

Chapter 4
Problem Solutions
N Then, T=200K, E,,—E, =0.4212 eV
E —E, =kTln| =<
¢ ", T=400K, E,, —E, =0.2465 ¢V
T=600K, E,, —E, =0.0630 eV
. 1 19 s L F
E,—E, =(0.046318 )in| &20*10 _
1.05x10
=0.5124 eV 4.52
then A(E —E,)=0.2472 eV (a)
¢) Closer to the intrinsic energy level. N N
© & Ejy —Eyp = kT~ | =(0.0259 )in| —
n 1.8x10
4.51 For N, =10"cm™, E,, —E, =0.4619 eV
o _len[poJ N, =10%cm™, E,, —E, =0.5215 eV
Fi F —
" N,=10"cm™, E,,—E, =0.5811 eV
-z oo o V.o 5 osun.
T=600K, KT=0.0518 ¢V ®) . o
E, —E, =kTh| 22 | = (0.0259 )1n| 2010
At T=200K, N, N,
n? =(2.8x10" )1 MXIOIQIQY For N, =10"cem ™, E, —E, =0.2889 ¢V
’ 300 N, =10%cm™, E, —E, = 0.2293 eV
~1.12 6o
xexp| — 12 N, =10"em™, E, —E, =0.1697 eV
0.017267 P
N,=10"cem™, E, —E, =0.1100 eV
=n, =7.638x10%cm
At T=400K,
3 4.53
n? =(2.8x10" \1.04x10" | 20 :
: 300 3 m,
(a) EFi_Emidgapz_len *
o 12 4 m,
| 0.034533 3 (00259)1m(10)
= n, =2.381x10%cm K
At T=600K, or
o0’ Epi —E iy = +0.0447 &V
nl = (2.8><10'9 Xl.()4><1019 Iﬁ] (b) Impurity atoms to be added so
E gy —Er =045 eV
% exp[ -1.12 } (i) p-type, so add acceptor atoms
0.0518 (i) E,, —E, =0.0447 +0.45 = 0.4947 eV
=n, =9.740x10" cm Then
At T=200K and T =400 K, p{):nie)q{EF"_EFj
p, =N, =3x10"cm™ kT
At T=600K, =(105)exp(0'4947j
v v 0.0259
P, = 2a+ (2‘1) +ni2 or
p,=N,=197x10"cm™
15 15 )2
_ 3“20 +\/(3X;O j +(0.740 x10 Y

=3.288x10" c¢cm



Semiconductor Physics and Devices: Basic Principles, 4™ edition

By D. A. Neamen

Chapter 4
Problem Solutions

4.54
—(E.-E,)
n =N,—-N =N exp| — £/
o d a c )q:)|: kT :|
SO
-0.215
N, =5x10" +(2.8x10" Jexp| ———
d ( Jow 0.0259
=5x10" +6.95x10"
or

N, =12x10"cm ™

4.55
(a) Silicon

N,
()E,—E, :len{ J
Nd
19
=(0.0259)In w =0.2188 eV
6x10"

(i) E, —E, =0.2188 —0.0259 =0.1929 eV
~(E,-E,)
N, =N exp| —< £/
d c Xp|: kT :|

~0.1929
=(2.8x10" Jexp| ———=
( ) XP[ 0.0259 }

N, =1.631x10"cm ™ = N, +6x10"

= N/, =1.031x10"°cm ~ Additional

donor atoms
(b) GaAs

17
\E, ~E, = (0.0259)111[&}

1015

=0.15936 eV
(1) E, —E, =0.15936 —0.0259 = 0.13346 eV

~0.13346
N, =(4.7x10"7 Jexp| ————
¢ ( )Xp[ 0.0259 }

=2.718x10"cm ™ = N/, +10"
= N/, =1.718x10"” cm  Additional

donor atoms

4.56
N,
(a) EFi _EF :leIl[N—aJ

1.04 x 10"

= (0.0259)11{ o j =0.1620 eV

2x1

N(‘
b) E, —EFi:len[N' J

d

2.8x10"

2)(1016

= (0.0259)11{ J =0.1876 ¢V

(c) For part (a);
p, =2x10"cm
oo_ni_[1sx10” i
" p. 2x10'
=1.125x10*cm
For part (b):
n, =2x10" cm
2 (15x10"
n,  2x10"
=1.125x10*cm

-3

-3

P, =

o

4.57
EF _EFi
n, =n,exp| ———
o x]{ kT }
0.55
=(1.8x10° Jexp| ———
( ) Xp{O.OZS9}
=3.0x10"cm
Add additional acceptor impurities
no :Nd _Na
3x10"”° =7x10"° - N
=N, =4x10"cm™
4.58
b,
(a) E,-E. :len( J
n,

15
= (0.0259 m[fxw J 0.3161 eV

() E, EFl—len( J

16
= (0.0259 h{ 3x10 j 0.3758 eV

() Ep=Ep
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d) E, —E, :kThq(p”]
n

15
—(0.0259 | 32 || x10__
300 ) | 7.334x10"
=0.2786 eV

() E, EFl—len( ]
:(0.0259)(450]11{1 029><1014)

300 1.722x10"
=0.06945 eV

4.59
N

(@) E.—E, :len( j
P,

7.0x10"

15

= (0.0259)11{ J =0.2009 eV

3x10

7.0x10'8
b) E,—E =(0.0259)n] ————
®) £, -E, =( )(1.08><104J

=1.360¢cV

7.0x10"
¢) E,-E, =(0.0259)n| -———
© Er=F, = ) (I.SXIOGJ

=0.7508 eV
375

d) E,-E, 0.0259
d) E.-E,=( )(30()}

h{(mx 10" )375/300)"2 }

4x10"

=0.2526 eV
450
E.-E,6 =0.0259
() E.—E,=( )[ OOJ

1] (1:0x10" f450/300) 2
1.48x107

=1.068 eV

4.60
n-type

E,—E, = len(n—”)
n;

1.125x10'¢

= (0.0259)1{
1.5x10"°

J = 0.3504 eV

4.61

(5.08x10'" —2.5x10'* f
~(2.5%10"F +n?
6.6564 x10°° =6.25x10" +n}
=n] =4.064x10%

-E,
kT

kT =(0.0259 {@j =0.030217 eV
300

n’=N_N, exp{

2
N, =(12x 10“’(358] =1.633x10" cm

18 1019{ j =2.45x10"cm™

Now
4.064x10% =(1.633x10" |2.45x10'* )

E, |
m —
0.030217 |

So
(1.633x10" )2.45x10")
4.064 x10”

=(0.030217 )h{

E, =0.6257 eV
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4.62
(a) Replace Ga atoms = Silicon acts as a

donor
N, =(0.05\7x10'*)=3.5x10" cm
Replace As atoms = Silicon acts as an

acceptor
N, =(0.95)7x10"*)=6.65x10'"" cm
(b) N, >N, = p-type

(c) p, =N, —N, =6.65x10" —=3.5x10"
po a d

=6.3x10"cm ™
2 6 )2
> (1.8x1
n, :”_l:(gx—ol):5.14><10*“cm’3
p, 63x10"

d) E,-E, =kT1n£p0J

n;

15
=(0.0259 )In ﬂ =0.5692 eV
1.8x10°
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Chapter 5

Exercise Solutions
Ex 5.1
Jur =eu,p,E =eu,NE
75 = (1.6x107 J480 )V, (120)
which yields N, =8.14x10" ¢cm ™

Ex 5.2 Using Figure 5.2;
(a) T=25°C,

()N, =10"cm ", = u, =410 cm’/V-s

()N, =10"cm ™, = u, =130 cm’/V-s
(b) N,=10"cm™,

HT=0°C, = u, =550 cm?/V-s

(i) 7=100°C, = u, =300 cm” /V-s

Ex 5.3
(@) ForN, =N, +N, =2.8x10"" +8x10'
=3.6x10"cm ™,
= u, =200 cm’ /V-3
®)o=eu,(N,~N,)
=(1.6x10 " J200 210"

c=64(Q -cm)”"
11
c =—=—=0.156 Q -cm
© P==%a
Ex5.4
(a) R=Y o35 _2s000
1 <1073
-6
(b) ,0=E=(2500 103 =2.083Q-cm
L 1.2x10°
(c) 0—1=L=o.480(9-cm)*l
p  2.083
=ep,N,
0.48 s
Then u N =—— =3.00x10
Hpa 1.6x107"

Using Figure 5.3 and trial and error,
N, =73x10"cm™

(d) u,=410 cm?/V-s

Ex 5.5

dp
Jp =—er E

=-eD, % [101667)[/% ]

——eD, (10" ) =L |
LP

_+eD, (1016)67%
L

p

(610" )8)10') s,
2x107*

-Xx
J, :646XP{L_J
P
(a) For x=0,
J, =64 Alem’
(b) For x=2x10"cm,

—2x107*
J =6dexp| ————
b Xp( 2x107*

J =23.54 A/lem’

(c) For x=10"cm,

J =64exp 107 =0.431 A/em>
2x107* '

P

Ex 5.6
dN,(x) _ (10 )e,x/L
dx L
So

1016
(£}
e (o)LL

e lolée—x/L

_ (k_Tj(lj _ 0.0259
e N\L) 2x107

or E_=1.295V/cm
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Ex 5.7 (b) c=eu,(N,-N,)
D 215 -19 16
=" = =11.6x10 1000 \3x10
Ho (kT] 0.0259 ( Jiooo)sx10")
= or
€ c=48(Q-cm)™’
1, =8301 cm?/V-s We find
1 1
=—=—=0.208 (Q -cm
L o 438 ( )
Ex 5.8
From Equation (5.59),
. (22, Nep v, wd) TYU 5.3
N L o=eu N, = 1
~ (320)(1.6x10 " J10" Y10)10 2 J8x10*) T
- 0.2 So
1,=2.048x10"A (1,6><10*‘9)ﬂ”Nd =ﬁ=10

or I, =0.2048 mA

19
From Equation (5.53), u,N, =6.25x10
I.B (2.048 x10~* XS x107 ) Using Figure 5.3 and trial and error,

" epd  (1.6x1077 f10% J8x10°) N, 26x10%cm™ and
—8x104V 4, =1050 cm?/V-s

or V,; =0.80 mV

TYU 5.4

dn 10" —-X
J, .. =eD —=—eD exp| —
“a " dx ”(104} Xp(LJ

We have D, =25cm?/s

Test Your Understanding Solutions
L,=10"cm=1um

TYU 5.1 Then
n,=N,~N, =10" ~10" =9x10" cm S o—w exp(—_XJ Aem?
Also “ 1
) _n (1.5x101‘j)2 5 510% em (@) x=0, J,; =40 Alom’
. n, 9x10 (b) x=lpm, J,, =-14.7 Alem?

Jdrf :e(/unno +/Jpp{,)EEeynnnE (C) X =00, Jdij/' =0

= (1,6x10“9 X1350)(9x10‘4x35)

or TYU 5.5
J 4y =6.80 A/em? dp
Jag =—€D, x
So
TYU 5.2 Ap
—_— _19 —
(a) For N, =7x10"cm ™, 20= (1'6X10 Xlo) (0-0.010)
#, =1000 cm?/V-s; u, =350 cm?/V-3 = Ap=125x10" =4x10"" - p

And
p(x = 0.01) =2.75x10" cm
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Chapter 5
5.1 1
p= -
(@ pe— = - 1 . (1.6x1077}220)8x10'°)
e, N, (1.6x1077J1300)10") —0355 Q -cm
=4.808 2-cm (b) o=eu,N,
-19
(b) o=t=——0208(Q-cm)” 120 = 1.6x107" Ju, N,
p AB0TT From Figure 5.3, for N, =2x107cm ™,
then u, =3800 cm*/V-s which gives
5.2 v o =(1.6x107"° (3800 )2x10'7)
7=ty N ~121.6(Q -cm) !
- 1.80
or N, = = 5
e, (1.6x107°)380)
=2.96x10" cm 55
poPL_L _ L
A4 o4 (eu,N,)4
53 L
(a) o=eu,N, o 'u"_w
10 = (1.6x10° Juu, N, )5
From Figure 5.3, for N, =6x10"°cm ™ we - (1.6><10’19 x2><1015X70)(0.1)
find g, =1050 cm*/V-s which gives =1116 cm’/V-s
o =(1.6x10" 1050 Y610 )
=10.08(Q -cm) ! 5.6
(b) p= (@ n,=N,=10"cm™
eu,N, and

1 2 o
0.20 = — p, == (1'8“18 =324x10"*cm”
(1.6x10 ™ )u, N, n, 10

From Figure 5.3, for N, =10""cm ~ we (b)

J=eu,nE
find 4, =320 cm*/V-s which gives .
For GaAs dopedat N, =10"cm ™,

1
= =0.195 Q -cm ~ 2
(16107 |320){107) 1, = 7500 cm® /V-s
Then
J =(1.6x107°)7500 10" )10)
5.4 or
! J =120 Alem?
(@) p= . o
eHpNa ® (i) p, =N, =10"cm
1 2
035 = _n_[ — —4 -3
1.6x107" ypNa n, _P,, 3.24%x10 " cm
From Figure 5.3, for N, =8x10'°cm ™ we (ii) For GaAs doped at N, =10"cm

find g, =220 cm* /V-s which gives u, =310 cm? /V-s
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J=eu,p,E
= (1.6x107° (310)(10' f10)
or
J =4.96 Alem’
5.7
(a) V=IR=10=(0.1)R
or
R=100Q
(b)
R = i > 0 = L
oA RA
or
107
o= =0.01(Q -cm) ™
(100)10~?) ( )
(C) o= elunNd
or
0.01=(1.6x107"° Y1350,
Then

N, =4.63x10"cm™
(d) o=zeu,p,
or
0.01=(1.6x107 J480)p,
Then
p, =1.30x10"cm > =N, -N,
So
N, =130x10" +10" =1.13x10" cm

Note: For the doping concentrations
obtained, the assumed mobility values are
valid.

5.8
L

@ R= =
od \eu,N, )4

For N, =2x10"°cm ™, then
u, =400 cm’ /V-s

(0.075)

=68.93Q

=K=L=0.0290 A
R 68.93

or [=29.0mA

(1.6x107 400210 J8.5x10~*)

(b) Roc L= R=(68.93)3)=206.79Q
Vo2

== =0.00967 A
R 206.79
or /=9.67mA
© J=ep,v,
3
For (a), J = 29.0x10 © =34.12 A/em’
8.5x107*
Then o, _J 34.12

ep, (1.6x107f2x10'°)
=1.066 x10* cm/s
9.67x107

Chapter 5
Problem Solutions

For (b), J = 510" =11.38 A/em’
DX
. 11.38
“ {1.6x107 J2x10™)
=3.55x10"cm/s
5.9

(a) For N, =2x10"”cm™, then
4, =8000 cm? /V-s

r__ 5
I 25x107°
L
(eﬂnNd )A
or L= (e,unNd )RA
= (1.6x107"* )8000 Y2 x10' Y200 Y510~
=0.0256 cm

=200 Q

I
b)) J =; =en,v,

or v, =

Alen, )
25x107°
(510 J1.6x107" f2x10™)
=1.56x10°cm/s
(c) I=(en,v,)4
= (1.6x10J2x10" {5x10° |5x10* )

=0.080 A
or [ =80mA
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5.10
(a) E=K=§=3V/cm
L 1
v, 10*
v, =u E= =4 -
d /un /’ln E 3

or

u, =3333cm?/V-s
(b)

v, = u,E=(800)3)
or

v, =2.4x10% cm/s

5.11
(a) Silicon: For E =1kV/cm,

v, =1.2x10°cm/s

Then
d 107
t =—:—6:8.33><10’”s
v, 1.2x10
For GaAs: v, =7.5x10° cm/s
Then
1 -4
=L 10 a3k
v, 7.5x10

(b) Silicon: For E=50kV/cm,
v, =9.5x10° cm/s

(b) N,=N,=10"cm"™
= u, =1250 cm?/V-s
i, =410 cm?/V-s
1
(1.6x107° 1250 +410){1.5x10" )
=2.51x10° Q -cm
(¢) N,=N,=10"%cm"
= u, =290 cm’/V-s
u, =130 cm’ /V-s
1
#6107 )290 + 130 )1.5% 10"
=9.92x10° Q -cm

Then
—4
t, =L6=1.05><10"“s
9.5x10
For GaAs: v, =7x10° cm/s
Then
4
t = 10 = =143x107"s
7x10
5.12
1 1

P e, vew,p, e, +u,
(@ N,=N,=10"cm™
= u, =1350 cm?*/V-s
i, =480 cm® /V-s
1
=610 J1350 + 480 Y1.5% 10"
=2.28%10° Q -cm

5.13

(a) GaAs:
oz=eu,p,=>5= (1.6><10’19),upp0

From Figure 5.3, and using trial and error, we
find

p, =1.3x10"" cm”~

* and

i, =240 cm® /V-s
Then
2 6\
= LBIOT s
p, 13x107
(b) Silicon:
1
oO=—2%= eﬂnno
Yo,
or

1 1
"o pen, ~ (8Y1.6x10 7 )1350)
which gives
n,=579%10"cm™
and
2 (1sx10")
e, T s 9x10

Note: For the doping concentrations obtained
in part (b), the assumed mobility values are
valid.

=3.89x10°cm
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5.14 o po L
O-i:eni(/'ln-'-#p) ( ) _a
Then (i) Si:
-6 _ -19 4
107 = (1.6x107"° {1000 +600 ), k. 200x10 C536410° 0
or (4.39x10 J85x10™)
n,(300 K)=3.91x10"cm (i) Ge:
-4
o E = (223 2?3;}25 10*8):1'06X106 °
n’=N_N, exp| —= = :
kT (iii) GaAs:
-4
or R=7—20X0 ___919x10"Q
NN (2.56x107" J85x10*)
E, =kTln| =~
ni
1019)2 5.16
=(0.0259)In (— —eu N
{(3.91“09)2 @) o=em Ny B
which givos 0.25=(1.6x10" Ju, N,
E,=1.12¢eV From Figure 5.3, for N, =1.2x10" cm >,
Now then u, =1300 cm* /V-s
2 (500K) = 10" ] eXp{(O 025—91)-(;?) 300)} So o =(1.6x107 1300 Y1.2x10")
' / =0.2496 (Q -cm) ™'
=5.15x107° (b) Using Figure 5.2,
or (i) For T=250K (-23°C),
n, (500 K)=2.27x10" ¢cm = u, =1800 cm?*/V-s
Then o =(1.6x10"° (1800 {1.2x10")
_ -19 13
= (1.6><10 )2.27x10" {1000 + 600) 0346 (2 -om)”
which gives (ii) For T=400K (127°C),

_ -3 -1
0, (500 K)=5.81x10"" (Q -cm) = 4 =670 cm? /V-s

o =(1.6x10"° \670)1.2x10")

5.15 =0.129 (Q -cm) '
(a) (i) Silicon: o, =en, (1, +u,)

o, =(1.6x1071.5x10' (1350 +480)

o 5.17
t t

o, =4.39%x107°(Q -cm) ' O g = %Ja(x}ix = %J-UO exp(_?xjdx
(i1) Ge: 0 0

&, =(1.6x10"" J2.4x10" 3900 +1900) _o, (_d)exp(—_xj ’
or t 0

o, =2.23x107(Q -cm) ! -o,d —t
(iii) GaAs: T {e"p(_]"l}

-19 6

o, :(1.6><10 X1.8x10 )8500 +400)  (20)03) s

‘” ) { i ""(WH

o, =2.56x107°(Q -cm) '
=3.97(Q -cm)™
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5.18
v 2
a) E=—=—~
@ L 150x107*

(b) olx)=eu,N,(x)

T
1 16 X
o . =eu -—|12x10° ) 1— dx
avg = T-([( { l.lllTj

B e,un(2><1016){x_ 2(1x2 }

=133.3V/cm

T

T 11T o
_ew,lx10°)[ 1
- T 2(1.1117)

=eu, (2 x10" XO.SS)
= (1.6x107° (750 210" J0.55)
O g =1.32(€2 -cm) -

o A —4 —4
© 12T o (132)75x10 4)(10 ),
L 15010~

=1.32x10"° A
or [=132uA

(d) Top surface;

o =(1.6x107"° (7502 x10'° )
=24(Q-cm)”!

J = oF =(2.4)133.3)=320 A/cm”>

Bottom surface:

o =(1.6x107° 750 )2 x10")
=0.24(Q -cm) ™!

J =0E=(0.24)133.3=32)A/cm*

5.19
Plot
5.20
(a) E=10V/em
SO
v, = u,E=(1350)10)=1.35x10* cm/s
or
v, =1.35x10% m/s
Then
T=%mp5
:%(1.08)(9.11x10*31X1.35x102)2
or

T=897x10""J=5.60x10"° eV

(b) E=1kV/em

v, = (1350 )1000)=1.35x10°cm/s
or

v, =1.35x10* m/s
Then

T :%(1.08)(9.11><10’31X1.35><104)2

or
T=897x102J=560x10"* eV

5.21

-F
a) n”=N_N, e £
(@ n; N e =

=(2><10'9X1><1019)exp( -1.10 ]

0.0259
=7.18x10"
or
n, =8.47x10° cm ™

For N, =10"cm>>>n, =n, =10"cm ™

Then
J=oE =eu,n,E
= (1.6x107"° 1000 )10 f100)
or

J=1.60A/cm?
(b) A 5% increase is due to a 5% increase in
electron concentration, so

2
n, =1.05x10" N, (ﬂj +n
2 2
which becomes
(1.05x10" —5x10" f =(5x10" J +n?
and yields
n} =525%10%

3
T -F
=(2x10" 1x10" | — | exp| —=
( X {300) xp[ kTJ
or

3
2.625x1072 =[ L exp 110
300 (0.0259 Y77/300)

By trial and error, we find
T=45K
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5.22
n?
() o=eu,n,+eu,p, and n, =p—l
Then
_eun’

teu,p,

b,

To find the minimum conductivity, set
do __ (—Ua;mf N
dp, P,

which yields

eu,

1/2

P, = ni( Hn J (Answer to part (b))
P

Substituting into the conductivity expression

_ eun}
e, )
veu, o (u, /1, )]

o= Gmin

which simplifies to

O-min = 2eni \, lun lup
The intrinsic conductivity is defined as
O;
H, T U,
The minimum conductivity can then be
written as
20[ lu n ,U P

o =
H, TH,

o, =eni(,uﬂ +,up)3 en; =

min

5.23
(a) n-type: n, =N, =5x10""cm™

n?_(1.5x10")

i

n 5x10'°

=4.5%10°cm >
3

P, =

p-type: p, =N, =2x10" cm"~
_(Lsx10)
~2x10'
compensated: n, =N, -N,
=5%x10" -2x10'¢
=3x10"cm ™

—M=7.5x103cm’3

C 3x10'

=1.125x10*cm

o

o

(b) From Figure 5.3,
n-type: x, =1100 cm?/V-s
p-type: 4, =400 cm’/V-s
compensated: z, =1000 cm*/V-s
(c) n-type: oc=eu,n,
= (1.6x107° {1100 (5x10'°)
=88(Q -cm)™
p-type: o =eu,p,
= (1.6x107" Y400 \2x10")

=1.28(Q -cm) ™
compensated: o =eu,n,

= (1.6x107° Y1000 |3 10'° )

=48(Q -cm)™
(d) J=GE:>E=1
o

n-type: E = % =13.6 V/cm

120
-type: E=——=93.75 V/cm
P-yp 128

120
compensated: E = 15 =25V/ecm

1 1 1

T 2000 1500 500
—0.00050 -+0.000667 -+0.0020
or

l =0.003167
Y7,
Then

1=316 cm?*/V-s

5.25

-3/2 +3/2
T 300
=(1300 ) — =(1300 ) —
#,=( )(30()] ( )(T]

(a) At T=200K,

3/2
u, = (1300 )(%j =2388 cm’/V-s

(b) At T=400K, u, =844 cm’/V-s
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5.26
l:L+L:L+L:0.006
4, 250 500
Then

1 =167 cm?/V-s

5.27
Plot

5.28
Plot

5.29

! " dx 0.01-0

14
0.19 = (1.6x1019)(25)(MJ

J _op dn :eDn(SXIOM —n(o)J

0.010
Then
(0.19)0.010)
(1.6x107"°)25)
which yields
n(0)=0.25x10" cm

=5x10" —n(0)

(b)y -2= (1.6>< 107" X230){L”(x')}

0-20x107"
4x107 =3.68x107 —3.68x10""n(x,)
n(x,)=8.91x10" cm

5.32

2
J =——en, ¥ __p i{m“”[n%} }

P P dx ? dx

16
——eD, - 10 -2(1+1J
L L

(a) For x=0,
, _=lLex10™Jio)i0 o)
i 12x107*

=-26.7 Alem”
(b) For x=—6 ym,

—(1.6><10_'9X10)(10'6X2{1—162j
J =

’ 12x10°*
=-13.3 A/em’
(¢) For x=-12 um,
J,=0

5.30
J,=eD, dn =eD, An
dx Ax

16 15
J, = (1'6X10_19X27 2x107 -5x107
0-0.012

J,=-54A/km*

5.31

A
(a) J,=eD, ﬂzeDn 2
dx Ax

10" —n(x )
-2=(1.6x107"7J30) ———=
( ) X {0—20“0-4}
4x107° =4.8x107° —4.8x10 "% n(x,)
which yields
n()c1)=1.67><10'40m’3

5.33
For electrons:

Jn = eDn @ — @Dn 1[10156—)(/11 ]
dx dx
3 _eDn (1015%*)#@1
- L

n

At x=0,

1.6x107"° J25)(10")

J =_( T =-2Alcm’
X

n

For holes:

J =—eD P __op i[5x1015e“‘“"
7 dx 7 dx

p__

_ —er(SXIOIS +x/L,

Lp
For x=0,
_ -19 15
7, - (1.6x10 Xl(:)(5><10 ) 6 Ao
5x10°

JTm‘al = Jn (‘x = 0)+‘]p (x = 0)
=—2+(-16)=-18 A/em>
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5.34
dp d 15 —x/L
J,=—eD, —=-eD, —[5x107e "~
p ? dx p dx[ ]
_eD, (5x107 "
L[’
@ O J ~ (L6x107)10)(5%10")
! 50x10~*
=1.6A/cm’
-19 15
i Jpz(l.6><10 X48)(§><10 )
225%10°
=17.07 AJem’
-19 15 ) -1
® O Jp=(1.6x10 )(10)(5;10 J
50x10-
=0.589 A/cm*
-19 15} -1
i Jpz(l.6><10 X48)(5>:10 J
225%10°
=6.28 A/em’
5.35
J,=eu,nE+eD, dn
dx
or
—40=(1.6x10" )(960){1016 expt—;HE
+(1.6x107° Y25)10")
(o)l )
18x10- ) L8
Then
—X —X
~40 = (1.536 ) exp| == | [E—22.22 exp| ==
( ){Xp(wﬂ Xp(w)
We find
(22.22)6){1)[;:}—40
E=
—X
1.536)exp|
( )Xp(u;j
or

E= 14.5—(26.0)exp[%j

5.36
@ J, =eD, P —ep, L ax105e ]
dx dx

_—eD, (2X1015 “x/L

L
_—(1L6x10 J27)2x10" e
- 15x10™*
=-5.76e~*'*

() J, =T —J, =—10—(=5.76¢7'")

=[5.76¢'* —10] A/em*
(c) Wehave J, :GE:(euppa)E
576" —10 = (1.6x10 (420 )10' )&
So E=[8.57¢7'* ~14.88] V/em

5.37

(a J= e,unn(x)E +eD, dn(x)

We have x, =8000 cm*/V-s, so that
D, =(0.0259¥8000)=207 cm? /s
Then
100 = (1.6x107"* )8000 Y12 )n(x)
dnfx)
dx

+(1.6x107)207)
which yields
100 = (1.536 x10 ™ Ja(x)+ (3.312 10 "7 )dZ—(x)
X

Solution is of the form

n(x)=A+B exp(%}

so that
dn(x)_—B -Xx
dx  d exp( dj

Substituting into the differential equation, we
have

100 = (1.536 xlOl‘{A +Bexp(_7xﬂ

-17 _
_!3.312><10 _)Bexp(%j

d
This equation is valid for all x, so
100 = (1.536 x10 7"

or
A=6.51x10"
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Also

1.536 ><1014Bexp(_7x]

(3312 ><10_17)Bexp[—_x] 0

d

which yields

d=2.156x10"cm
At x=0, eu,n(0)E =50
so that

50 = (1.6x107"° 8000 Y12)( 4+ B)
which yields

B=-3.255x10"
Then

n(x)=6.51x10" =3.255x10'* exp(%) em”

(b)
At x=0, n(0)=6.51x10" —3.255x10"
Or

n(0)=3.26x10" cm

At x=50 um,
n(50)=6.51x10" —3.255x10"* exp(ﬂj
21.56
or

n(50)=6.19x10"* cm

(c)
At x=50 um,

J 4y =ett,n(50)E
= (1.6x107"° 8000 Y6.19x 10" 12)
or
J 4y (x=50)=95.08 A/em

Then
J 4y (x=50)=100—95.08

or
J 4y (x=50)=4.92 AJem’
5.38
EF_EFi
n=n.¢ —
ol B

() E,—E, =ax+bh, b=04
0.15=a(107)+0.4

which yields
a=-2.5x10"

Then
E.—E; =04-25x10%x
SO
e exp[0.4—2.5><102xJ
: kT

(b) J,=eD, &
dx

—-2.5%10? 0.4-2.5x10%x
:eDnni exp
kT kT

Assume T=300K, so £7=0.0259 ¢V and
n, =1.5x10" cm

Then

,_=l6x10™ Jas)isx10" f2.5x107)
" (0.0259)

y 0.4-2.5%10%x
® 0.0259

0.4-2.5%x10%x
0.0259

(i) At x=0, J, =-2.95%x10° A/em"
(i) At x=5um, J, =-23.7A/em’

or

n

J, =-5.79x10"* exp[

5.39
(a) J,=eu,nE+eD, dn
dx

~80 = (1.6x107 J1000 )10 {1—%}15

+(1.6><1019X25.9{_1216)

where L=10x10"* =10 cm
We find

~80=(1.6)E— (1.6(10%]13 —41.44

or
X
80 = (1.6(Z—IJE+41.44

Solving for the electric field, we find

E =ﬂ V/em

)
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(b) For J, =-20 A/em*
20 = (1.6{%—1JE+41.44

Then

5.42

o ()i

For N,(x)=N_ e ™"

0.0259 =500 V/ecm

So E, =

Which yields L =5.18x107° cm

5.40
_(kTY 1 dN,(x)
@ Ex __(7J.Nd(x). dx

—(0.0259) a L
=7 N e
N, et dx[ @€ ]

:—(0.0259). Ny o
Ndoe—x/L L do
00259 0.0259
L 10x10~*

or E, =259V/cm
L
(b) ¢=—IEde=—(25.9)(L—O)
0

——(25.9)10x10*)=-0.0259 V
or ¢=-259mV

5.41
From Example 5.6

_(00259)10”) _(0.0259)10°)
* 10 -10"x)  (1-10°x)

107

V=— J.Exdx
0

1074

=~(0.0259)(10°) | dx

) (1-107%)
:—(0.0259)(103(1;—£jln[1—103x]

=(0.0259 JIn(1-0.1)—In(1)]

107

0

or
V =-2.73 mV

5.43

(a) We have
dN
Jdl)‘fzeDnﬁzeDn d(X)
’ dx dx

()

We have
D, =u, (k—Tj = (6000 )0.0259)
e

n

or
D, =155.4cm?/s
Then ( X ( )
_ —{1.6x107" J155.4)5x10"° ~x
Far = (0.1x10*) W(Tj

or

Ty =—1243x10° exp (‘ij Alem?
(b)
0=, +J 4y

Now
J 4y = ep,nE

= (1.6x10 (6000 (510" {exp(_?xﬂE
or

Joy = (48{@;{)(%)%

We have
J af = -J diff
SO

(48{«3@(%)}12 —1.243x10° exp(—TxJ

which yields
E =2.59x10%V/cm
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5.44
Plot

5.45
(a) (i) D, =(0.0259)1150)=29.8cm? /s
(i) D, =(0.0259 }6200)=160.6cm? /s

. 8 2
b = =308.9cm~/V-s
®) @ 4, 0.0259
.. 35 )
i = =1351 cm~/V-s
@) #, 0.0259

5.46
L=10"cm, W=107cm, d=10"cm
(a)

, LB, =[12x107 fsx107)
" ned  (2x10% J1.6x107 f10~)
=-1.875x10"V
or V, =-1875mV
(b)
v, -L 5
g 2 IS
w 10
5.47
( ) V _IXBZ
a =
. ned
~ —(250x10*)5x102)
(5x102 J1.6x107"° J5x10~* )
or
V, =-0.3125 mV
(b)
g o Vu _—03125x107
ow 2x1072
or
E, =-1.56x107V/cm
(c)
L
Ho = enV . Wd
B (250 10 J10~*)
(1.6x107 J5x10%' f0.1)2x10~* |5x10~* )
or

4, =0.3125m?*/V-s=3125cm*/V-s

5.48

(a) ¥V, <0= n-type

I —(0.50x10~)0.10)
edV,  (1.6x107" 10~ J-5.2x107)
=6.01x10*'m™
or n=6.01x10"cm ™
I,L
c =
© # enV, Wd

(0.5x10" J10~)
(1.6x107 6.01x107 f15)10~* f10~*)
=0.03466 m* /V-s
or u, =346.6cm?/V-s

5.49

(@) ¥, =B, W =—-{16.5x10"J5x107)
or
V, =—0.825 mV
(b) V, =negative = n-type
-1.B

C — X 4
© » edV,

—(0.5%107 )6.5x10?)
(1.6x107 [5x10~* J-0.825 x10~* )

or
n=4924%x10"m> =4.924x10"° ¢cm ™

(d)
I.L
My =

en vV .wd
(0.5x10 Jo.5x102)

(1.6x1077 [4.924 x10>' J1.25)5% 10~ |5x10~* )
or
4, =0.1015m’/V-s=1015 cm* /V-s
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5.50
(a) V, =negative = n-type
_IXBZ
(b) n _W
 —(25x107)2.5x10?)
~ (1.6x107° )0.01x10* [~ 4.5x10~*)
or
n=868x10"m~ =8.68x10"“cm ™
_IL
(©) u, = onV W
[ (25x10)0.5x107)
{(1.6x10‘°X8.68x102° )(2.2)}
1
X[(o.osxm2 Jo.01x10°2 )}
or

4, =0.8182m?*/V-s=8182 cm*/V-s
(d) o= 1 =eu,n
Yol

= (L6x 107" 8182868 x 10*)

or
£ =0.88(Q -cm)
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Exercise Solutions
Ex 6.1 Ex 6.4
- _ 1/2
PO I S @ 1 =D =[sfsx0”)
. 107 =3.536x10" cm
For t=0 R’:ﬁzlozlcm’%’l or L=3336um
0 (b) m=10"e" (x>0)
t=1us, or m=10"e""" (x<0)
R - 107! 3.68x10% e s (H)on=10"e" =10"cm
1070 (ii)on =10"7e"% = 428%10" cm
t=4us, (i) o =10'% ¢ =2.43%10" cm
'V 10! 183x10%em s (iv) =105 ™/3536 —9.04x10" cm
t 10" 10*6 (V)é'n — 105712073536 _ 336103 cm >
=S5 /’l S’
. 10%e 16 . -3 -l
"= 10—’6 = 454)(10 cm S Ex 6.5
—t/t 2
e r0 _(x_/l Eot)
plx, )= e :
(47D ¢) 4Dt
Ex 6.2 ’
() 104 e/ —10M ! (@ u,Eqt :(400)(100)(1077):4><1073 cm
=1t =50ns or =40 um
(b) 10"e* =10" (i) x =20 x m.

114

Sy (10 )
t=(50x10 9)1n(1013j:1.15><10 s

or t =115ns

Ex 6.3
@ @)=g'r, (-
~(5x107 Y10 fi—e ")
=5%10" (1—e””'>0 )
(i) (0)=5x10"(1-¢*)=0
(i) (107 )=5x10"(1-¢""")
=3.16x10"¢m
(iii) 9p(5x107)=5x10"(1-¢"")
=4.966x10" cm
(iv) pl0) = 5x10" (1)
=5x10" cm
(b) p(max)=5x10" =(0.01)N,
Yes, low-injection condition is met.

5y 036788 [—(—2x103 )2]

€
3.545x107° ® 4%107°
=38.18
(i) x =40 g m,
5= 0.36788 0]

=——¢
v 3.545x107 ®
=103.8
(iii) x = 60 £ m,

5y 036788 {—(m 102 ]

354510 7| 4x10°
& =38.18
®)x=40 um
(i)t =5x10""%s,

0.60653 {—(2><103 i ]
exp

2.50663 x1073 2x107°
—32.75
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(i)t =10"s,
0.36788
@ =

3.545 %107 e )
=103.8

(iii)t =2x107 s,

0.1353 [—(—4><103)2}

= e
5.013x107° » 8x107°
=3.65

Ex 6.6
(a) For N, =5x10"” cm ™ in GaAs, from
Figure 5.3, x, = 7500 cm’/V-s.
o =eu,N, =(1.6x10"° 7500 510"

=6(Q-cm)”
—14
Then 7, = (13.1)8.85x10 )
o 6
=1.93x10 "5

or 7,=0.193 ps
(b) For N, =2x10"cm ™ in silicon, from
. - 2
Figure 5.3, x, =400 cm~/V-s.
o =cu,N, =(1.6x10"° Y400 )2x10' )

=1.28(Q -cm)™’
-14
Then 7, _&_ (11~7)(8.85><1() )
o 1.28
:8'09X10_138

or 7, =0.809 ps

Ex 6.7
p,=N,-N,=10""-3x10"

=7x10" cm ™

2 10 |2
o=t X0 ) 1100 em

o

D, 7x10"
(a) In thermal equilibrium,

E, —E, :kThq(p”]
n.

i

15
=(0.0259 )m(&j

1.5%10"
=0.33808 eV

(b) Quasi-Fermi levels,

+
Ep—Ey = len(Mj

n.

i

(0 0259>]n[7><1015 +4><1014j

1.5x10"
=0.33952 eV
+on
E, —E, = len("“ ]
n;

4 14
:(0‘0259)111 3.214 %10 +i><10
1.5x10

=0.26395 eV

Ex 6.8
n-type; n, =10"cm ™, p, =2.25x10°cm >
m=0p=10"cm>,

T, =7,, =5x107"s
We have

oo |, +3)p, +p)-n’]
7,0, + 0 tn, )7, (p, +p+n,)
=[10% +10)10)-(5x10° |

{5x107)10" +10") +(5x107 10 )

or

R=1.83x10"cm>s™"

Ex 6.9

T
(a) For TpOs =O:>5ps :é‘pB[ poxJzo

PO

From Equation (6.109),
p(x)= g'T,,+ Ae'™'tr 4 Be
As x>, p=g't,, = 10"em™

=A=0
As x>0, p=0=>B=-g'r,
Then &(x)=g'z,, (1—eﬂ/L” )

(b) Pp(x=0)=0

©) R PO _®0)_ p

T 05 0

Note: dp(0)=0is a result of R’ =co.
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Ex 6.10

(@) plx)=g'r, [l —(Dfﬁm}
(i) For s >,
Blx)=g'z,0[l-e")
(i1) For s >0,
@)(x) = g’Tp()
(b)
(i) For s >, 5p(0)=
(i) For s >0, (0)=g'7 .
= 5p(x) = constant

Test Your Understanding Solutions

TYU 6.1
(a) p-type; Minority carriers = electrons

o) &l(t)=5n(0)exp(ij

TYU 6.4
n-type; Minority carriers = holes

oD, P __.p d(p(x))

Jag = ? dx 7 dx
(1.6x10 ™ J10)10") _ (-10
 _(31.6x107) eXp(31.6}
Then hole diffusion current density
J 4y =+0.369 A/em?
We have

J 4y (electrons) =—J .. (holes)
Then electron diffusion current density
J gy =—0.369 A/em ?

Then
—t
on(t)=10" ¢ jcm3
© Xp(5><10_°
TYU 6.2

(a) p-type; Minority carriers = electrons

(b) 6n(t)=g'r,,{1—em[‘—’ﬂ
TVIU
20 6)1_ —t
= (102510 {1 exp(SXlO_éﬂ
14| —t
or onlt)=5x10 {1 exp[SXloéﬂ

(c) Ast— o, diwo)=5x10"cm™

TYU 6.5
_ exp(— t/TPO)
i47ertil/2

o eos) o
@ [azY10)10-¢ )] 2 P=70

b exp(—5/5) )
v [(4”)(10)(5X10—6 )]1/2 =>p=14.7
c wp(-15/5) )

“ [(47ZX10)(15X10—6)]1/2 =>p=1.15

exp(-25/5) _
[an)iofesxio“ | YO0

Now
x=u,E,t=(386)10)
Then
(a) x=38.6 um
(b) x=193 um
(c) x=579 um
(d) x=965 um

TYU 6.3

()= o)exp[—X]

L

L,=\D,z, J(10)10) =31.6x10* em

Then

& x)=10"¢ -
)= [31 6x107* j
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TYU 6.6 (© () x—p,E 1
Using the results from TYU 6.5, we find > i
s =6.50x10 —(386)(10)(15x10 )
eXp(_t/Tp) _(x_lupEo[) 3
— = =7.1x10
(47D, 1) 4Dt )
@ G - - 115¢ —(7.1x107)
DA ) P 00)is 10
=1.093x107 — (386 {10)10°) o
=7.07x10 op=1.06
P SE —(7.07x107 ) (i) x—p1,E 1
[4z)10)10¢)] 4(10)10-°) =5.08x10 — (386 (10){15x10™°)
(o7x10= ) =—7.1x10°°
:73'06Xp[ (4(10 ><10*6 | } —(~7.1x10°f
p=1.15exp . -
or 4(10)15x10°)
@7 = 209 or
(i) x—u1,E, 1 & =1.06
= -321x10~ — (386 )10)10°)
—-7.07x10"
~(-7.07x107*)
=73.0
P ex{ 4(10)10°° ]
or
& =209

(b) () x—p,E ¢
=2.64x10 —(386 Y10)5x10°)
=7.1x10""
~(7.1x107 ]
5”:14'76@[4(50 5x10°° }
or
H=114
(i) x—,E, 1
=1.22x107 — (386 )10)5x10° )
= —7.1x107
~(-7.1x107 2}

=14.7e
P Xp{ 4(10)5%107°

or

p=114
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(b) Generation rate = recombination rate
Then

G=2.25><104
20x107°

(c)
R=G=1.125x10°cm s

=1.125x10°cm s

6.1
n,=N,=5x10"cm™
2 10 |2
; !1. 1 ’
Do LTI Lk =45%x10*cm ™
N, 510"
(a) Minority carrier hole lifetime is a
constant.
T, =T =2x10"s
4
R, :&:ﬂzz,%xlo”cm’%’l
T,  2x10°
+ 4.5x10* +10"
(b) R[,m:p,, @9: 5x10 +70
T 2x10°
=5x10"cm *s !
6.2
p,=N,=2x10"cm™
2 6 \?
;10="—"=£—L1'8X1016 ~1.62x10"*cm
P, 2x10
10M
(@) R'=9L_3x10 —=10%"em s
T, S5x10~
p() n(l n()
(b) R, =—=—2=
pt Tnt 7‘-nO
P, (2x10") S
T =— 7 . = -\5x10
"o, " (Le2x107t) ( )
=6.17x10"s
6.3
(a) Recombination rates are equal
nn _ pa
Tn() Z-p()

o

2 10 \?
> (15x1
». =£=M=2.25x104cm’3

n, 10'

n,=N,=10"cm™

Then
10 2.25x10*
z, 20x10°°
which yields
7,, =8.89x10%s

6.4

@ E—hy=le_ (6.625x10 ™ J3x10°)

A 6300 x107'°

or

E =3.15x10"" J; energy of one photon
Now

1 W=11J/s = 3.17x10"* photons/s

Volume = (1)(0.1)=0.1 cm’
Then

_3.17x10"
ol
=3.17x10" e-h pairs/cm” -s
(b)
on=p=gr=3.17x10"J10x10")
or
on=ap=3.17x10"cm ™

6.5

We have
ap . p
—=-VeF +g ——
ot » T8 7,
and

J,=eu,pE—eD, Vp

The hole particle current density is

+ _ JP _
F, —@—yppE—Dpr
Now
VeF, =u,Ve(pE)-D,VeVp
We can write
Ve(pE)=EeVp+ pVeE
and
VeVp=V’p
SO
VeF =u,(EeVp+pVeE)-D V’p
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Then

g—f=—ﬂp(E°Vp+pV°E)

2 p
+D, Vip+g,——
T
V4
We can then write

D,V’p—yu,(EeVp+ pVeE)

p_%

+g,——=
P

6.6
From Equation (6.18),
9% . p
—=-VeF +g ——
ot P TETT

p
0
For steady-state, L9
ot
Then
0=-VeF, +g, -R,
For a one-dimensional case,
dF p*
dx
or

=g,-R,=10"-2x10"

N
P 19 -3 -1
=8x10"cm s

x

6.7
From Equation (6.18),

+

dF
0=——2+0-2x10"
X

or

+
P =_2X1019cm73871
X

6.8
We have the continuity equations

(1) D,V*(%p)-u,[EeV(op)+ pV E]
p _ )

+og — =
r 7, ot

and
(2) D,V*(6n)+ u,[EeV(sn)+nV eE]

By charge neutrality,

Sn=3p=on=V(on)=V(sp)
and

o(on) _ olep)
V2(on)=V? d =
(30)= V() ana 2] 219

Also

g, =g,=8, L=2=R

T, T,

Then we have
(1) D,V?(31)-p, [EeV(dn)+ pV o E]

a(on)
—R=
vE o
and
) D,V?(6n)+p,[EeV(6n)+nV o E]
a(on)
—R=
v8 ot

Multiply Equation (1) by x,n and Equation
(2) by u,p,and add the two equations.
We find

(,unnDp +u,pD, )V2 (b'n)

+ pi 1, (p—n)E @ V(5h)
+(,n+u,pNg—R)

a(on)

ot

=(u,n+u,p)

Divide by (,unn +H, p) , then

nD + D
HnD, + 1, pl, Vz(éh)
/’lnn+ﬂpp

+ {M}E o V(o)

/unn+/upp
a(on)
—R)=
+(g-R) P
Define
- unD, +u,pD, _ DnDp(n+p)
H,n+p,p D,n+D,p
and
., (p—n)
/1 [ e ————
Hn+p,p
Then we have
DV (1)+ #E.v(&p(g_ze):@
Q.ED.
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6.9
p-type material;
minority carriers are electrons

@@ u'=u,
From Figure 5.3, x, =1300 cm?/V-s
(b) D'=D, :(kg]'“n =(0.0259 Y1300)
=33.67cm?/s
(C) Tnt = z-nO = 10_7 S
p,=N,=7x10"cm™
n? (1.5x10"f

i

n =— -=

° N 7x10"

a

=321x10%cm ™

n, _&

Tt Tpt

3.214x10*  7x10"
07 oz

pt
so 7, =2.18x10%s

6.10
For Ge: n, =2.4x10"cm ™

2 2

13 132
_4x10 +\/(4X10 J+<2.4><1013)2

=5.124x10"%c¢m
> (24x10")

Po T s 124 x10"

o

(a) We have:
4, =3900 cm*/V-s, D, =101 cm’/s

i, =1900 cm?/V-s, D, =49.2cm’ /s

For very, very low injection,
B D,D, (n + p)

=1.124x10"% ¢m

’

D,n+D,p
_ (101)(49.2)(5.124 x10" +1.124x10")
(101)5.124 x10" )+ (49.2)(1.124 x 10" )

=542cm?/s
and

. mu,(p—n)
M+, p
(39001900 (1124 x10"* —5.124x10")
~(3900)(5.124 10" )+ (1900 J1.124 x 10" )
=—1340 cm’ /V-s
(b) Forholes, 7, =7,, =2x10"s

For electrons,

n_r

T, T o

5.124x10°  1.124x10"
T T ax10°

nt

=7, =9.12x10"°s

6.11
o=eu,n+eu,p
With excess carriers
n=n,+on and p=p,+p
For an n-type semiconductor, we can write
n=dp=ap
Then
o =eu,(n, +&)+eu,(p, +p)
or
o=eu,n, +eu,p, +elu, +u, p)
SO
Ao =elu, +u, )
In steady-state, p =g'7 ,,
So that
Ao = e(y,, +4, Xg'rpo)

6.12
(@ p,=N,=10"cm™

2 (1.5x10"°)

n =—mmx—

° b, 10'°
o=eu,(n, +)+eu,(p, + )
=eu,p, +elu, +u, Jn
Now Sh=p=g'r,, (l—e_'/r”o)
=~ (8x102J5x107 J1—¢ /7 )
:4><1014(1—e"/r"°) cm ™

=225%x10*cm
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Then o =(1.6x10"")380)10")
+(1.6x107"° 900 + 380)

x(4x10" Ji—e ' )
o =0.608+0.0819(1—¢ '™ ) (Q -om)”"

(b) (i) 5(0)=10.608 (Q -cm) !
(i) () = 0.690 (Q -cm) !

6.13
(a) For 0<¢<10°s,

m=6p= g'z'po(l—e_t/r"o )
— (4x102" \5x10* Ji—e /)
:(2><1014x1—e7”r"°) cm
Att=10"s,
3(107)=@x10 f— et 500
=2x10"em ™
Then for £ >10 s,
p= (2><10I4 10 )0 cm
(b) n, =5%10"cm ™
o=eu,n, +e(yn +,up)@9
For 0<7<10 s,
o =(1.6x107)7500 \5x10"*)
+(1.6x107°|7500 +310)
x(2x10" f1—e |
= 6.o+0.250(1—e*”’p°) (Q-cm) ™!
For t>10"%s,

oc=6.0+ 0.250e_(’_10_6)/T“° (Q-cm)™

~t/
where p=g'r e 7

= (8x102 J5x10 7 ™0
=4x10"e™" 7 cm”
o =(1.6x107"° 1300 (8x10'"* —2x10"*)
+(1.6x107% Y1300 +400)
x(4x101 /"0
o =1.248+0.109¢ "

[1.248 +0.109¢ 7 f10* J10)
0.05

=2.496%x107 +2.18x10 e A
or 1=2.496+0218¢"" 7 mA

6.14
]:K; R=i
R oA
:>I=U—A-V
L

For N, =N, +N, =8x10" +2x10"
=10"cm
Then, u, =1300 cm?/V-s
~ 2
4, =400 cm”/V-s
Ggeﬂﬂno +e(llln +ﬂpb7

6.15
p,=N,—N,=2x10"-6x10"
=1.4x10" ¢m

(a) 5’1:5p:g'1n0
5x10" =2x10%'7,,
=7,,=25x10"s
(b) &l:@:g’rno(l_e—t/rw)
:5><1014(1—e_’/7"0)
14
Rr:ﬁ:LO?(l_ewm)
7’-nO 25)(10_
:leon(l_e_w"”)(:m’3s*l
(©)
(i)G)(sxlo”):5x1ol4(1_et/rno)
t=7,,1n(1.3333)=7.19x10" s
(ll) (%j(SX 1014): 5)(1014 (1_e—t/r”0 )

t=7,,n(2)=1.73x107"s
(111) [%j(s ><1014 ): 5% 1014 (1 _e*t/z'no )
t=7,,In(4)=3.47x107"s

(iv) (0.95)5%10™ )= 510" (1 ¢/ )
t=1,,In(20)=7.49x107" s
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6.16
n,=N,-N,=8x10" -2x10"
=6x10"cm ™

n (1.8x10°

Po = n, 6x10"

—4
(@) R, :&24“04 :ﬂ

7 0 T
50 7,5 =1.35x10"s
b P=g'r,, =(2x10*)1.35x10")
=2.7x10" cm
() r=1,,=135x10"s

po

p0

2
) =54x10""cm ™

At t=2x10"s,
on, = 5X1014ef(2><1076)/(5><1077)
=9.16x10"” cm
For t >22x107%s
o1 =(5x10" —9.16x10" \1—¢ /%0 )
+9.16x10"
=4.908x10"(1—¢ ™ )+9.16x10"2 om
(b) (i) n(0)=5x10"cm
(i) 7(2x10)=9.16x10'2 em
(iii) o(o0) = 510" cm =

6.17
(@) (i)For 0<r<5x107s

#(0)=g'z,1-¢")

~(5x10™ f5x107 fi—e "' )

=2.5><1014(1—e"“p0)Cm—s
At t=5x10"s,
P =2.5x10"(1-¢"")
=1.58x10"cm
For t>5x107"s
p(r)=1.58x10" o107 )00 s
(i) op(5x107)=1.58x10" cm
(b) (i) For 0<¢<2x10"°s
plt)=2.5x10" (1_6"/fpo ) om
At 1=2x10"s,
o =2.5%10" (1 _e*(ZXIO’f’)/(leo”))
=2.454x10" cm
For ¢ >2x10 s,

Sole)= 2454 x10" ¢ V210 oy

(i) p(2x10 ¢ )= 2.454 x10" cm

6.19
p-type; minority carriers - electrons

D, = [k—T] u, =(0.0259 )1200)
e

=31.08cm?/s
L, =Dz, =[Br8)i0 )]
=5.575%x10" cm
(@) on(x)=p(x)=2x10"e " cm ™

d(on) d

(b) Jﬂ = eD}’I = eDH

< ax10Me
X
_ —eD, (2><1014 —x/L,
L

n

_-lL6x10J3L0s)ox10t) .,
- (5.575x107)
J, =—0.1784¢ """ AJem?

Holes diffuse at same rate as minority carrier
electrons, so

J, =+0.1784¢™"" AJem?

6.18
(a) For 0<¢<2x10°s
onlt)=g'z,ge”" ™
= (102" (5x10 7 /70

=5x10"e™ ™0 ¢m

. 6.20
() p-type; p,o =10"cm™
and
2 10 \2
=M =(1‘5X10 ) =225x10%cm

n =
g Po 1014

(b) Excess minority carrier concentration
on=n,—n,,

At x=0, n, =0 so that
é'n(O):O—npO =-225x10°cm ™
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(c) For the one-dimensional case,

2
D, M_ﬂ:()
dxz z-nO
or
2
@_%:0 where L) =D,7,,
X n

The general solution is of the form

—X +Xx
on=Aexp| — |+ Bexp| —
XP(L”J m(LnJ

For x —> o0, dn remains finite, so B=0.
Then the solution is

—-X
on= _npO exp[L—]

n

6.21
Sn(x)=5x10"e™ 4 cm
where L, =,/D,7,, = [(25)(10_6 )]1/2
= 5><1073 cm

J, =eD, M =eD, i[(SXlO” —x/L, ]
dx dx

:_eDn (5)(1014 —x/L,
L

n

_ (Lex10J2s)5x10) .,
o (5x107%) ¢
J, =—04e " Alem?

(a) For x=0,
5n(0)25><1014cm’3
J,(0)=-0.4 A/em>
J,(0)=+0.4 Alem’

(b) For x=L, =5x10cm,
on(L,)=(5x10" ' =1.84x10" cm
J,(L,)=-04e"" =-0.147 A/ecm
J,(L,)=+04e™" =+0.147 A/em

(c) For x=15x10"cm=3L,

on(3L,)=(5x10" )™ =2.49x10" cm
J,(3L,)=-0.4¢” =—-0.020 A/cm?
J,(3L,)=+0.4e =+0.020 A/cm’

6.22
n-type, so we have
2
p @) g ody) & _,
Podx P dx 7,

Assume the solution is of the form

& = Aexp(sx)
Then

2
%“b) = Asexp (sx), d ((?) =As’ exp(sx)
X X

Substituting into the differential equation
2
D, As exp(sx)— u,E, Asexp (sx)

3 A exp(sx) -0
7,0
or

Dps2 —,upEos—L:O
7,0

Dividing by D, , we have

E, 1
sz—ﬂp s——2=0
D, L,

1
§=— &Eoi
2|\ D,

Define

_ kb
2D

4
Then

s= |

In order that dp =0 as x — 400, use the
minus sign for x >0 and the plus sign for
x <0. Then the solution is

p=A exp(sfx) for x>0

p=A4 exp(s+x) for x<0
where

5= peie st

p
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6.23
Plot

6.24
(a) From Equation (6.55)

2
b 4 (f”)ﬂtE d(on) o

n

dx e dx TnO

or

G B ) B

dx’ D, * dx I

We have that

D

- — (Ej so we can define

H, e

E
Mg o B _1
D, (kT/e) L'

Then we can write
a0, 1 dlen) o1 _

dx? L' dx L

The solution is of the form
on = 5n(0)exp(— ax) where o >0

Then
% = —a(5n) and % = 052(5”)

Substituting into the differential equation, we
find

N 1 on
a (5n)+?[—a(5n) T 0
or
, a 1
" L_i =
which yields

1 Ln L)T 2
a=— +. | — +1
L, 2L' 2L

We may note that if E, =0, then L' — o
and a = 1
Ln
(b)
kT
L =,D,r,, where D, =pu,| —
e

SO
D, =(1200)0.0259)=31.1cm?/s
and

L, =J31.1)5x107) =39.4x10~ cm

or
L,=394um
For E, =12 V/cm, then

o kT/e) 00259 ) oo
E 12

and

a=575x10"cm ™
(c) Force on the electrons due to the electric
field is in the negative x-direction. Therefore,
the effective diffusion of the electrons is
reduced and the concentration drops off faster
with the applied electric field.

6.25
p-type so the minority carriers are electrons
and
2 ’ 5”
D,V*(on)+p,EeV(on)+g'———=—"
T.0 ot
Uniform illumination means that
V(on)=V?(on)=0. For z,, =x , we are
left with
@ =g’ which gives on=g't+C,
For t<0,on=0=C, =0
Then
on=Glt for 0<t<T
For t>T, g'=0 so that @=0

And
on=G.T (norecombination)

6.26
n-type, so minority carriers are holes and

0
Dpvz(é‘p)_ﬂpE°V(§p)+g'_i: (év)
Tp0 ot
We have T,o =20, E=0,and

olo
% = 0 (steady-state). Then we have

dZ 2 !
Dp@'i‘g':()or i?):_g_
dx dx D,

For —L <x<+L, g’ =G, = constant. Then

dwp)__ G,
dx D

P

x+C,
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and
’
o

G
5p=—2D x*+Cx+C,

P
For L<x<3L, g'=0 so we have

2
M:O so that @zQ and
dx’ dx
p=C;x+C,
For -3L<x<-L, g'=0 so that
g d\g
d (@7) =0 so that (_p) =C; and
dx’ dx
p=Cx+Cq
The boundary conditions are:
(1) op=0 at x=+3L
(2) op=0at x=-3L
(3) o continuous at x=1L

(4) op continuous at x =—L

We find
D
Ep 1042 5 oees v
u, 3906

This value is very close to 0.0259 for
T =300 K.

®)] Lé}?) continuous at x=1L
dx
d(o
(6) M continuous at x =—L
dx
Applying the boundary conditions, we find
Gl
P =— (SL2 —xz) for —-L<x<+L
2D,
G/ L
& =—""(3L-x) for L<x<3L
Dp
G/ L
& =—""(3L+x) for BL<x<-L
Dp
6.27
E, :K:i:ZOV/cm
L 04
u - d 0.25
" Eyt, (20)f32x10°°)
=390.6cm”/V-s
(ﬂpEO )2 (At)2
D =—F"—
’ 16¢,

[(390.6)20)F (9.35x10 |
16(32x10°°)
D, =1042cm* /s

6.28
(a)
2
Assume that f(x,¢)=(4zDt)"* e —
Flen)= D) el 75
is the solution to the differential equation
2
pl LT
ox’ ot

To prove: we can write

% = (4;th)‘“2[_—2)€} exp(_xz J

4Dt 4Dt

and

52f_ -1/2 —_296 ’ -x’
ox> = (4r0) [[4Dt] em[wtj
+(—_2)e -
4Dt » 4Dt
Also
o 172 i -1 —x?
o D) [ 4D J[tz jem[wJ

_ _ 2
+ (47[D)”2(71jt3/2 exp( 42t j

2

and

Substituting the expressions for p
X

% into the differential equation, we find

0=0.
Q.E.D.
(b)

Consider

ouf =2
I

Let u =x", then du=2x-dx or

dx—ﬂ— du

2x  2Ju
Let a =L
4Dt

Now
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N —Xz K —)C2

Joul e =2l ew| S5 o
1 [

=2I em(—au)duzj—em(—au)du
0 2\/; 0

= \/Z = /47Dt
a

Then
i 1 — x2 1[47Z'Dt
J— exp dx =
* \4nDt 4Dt

6.29
Plot

6.30

(a) E,—E, = len[”“ J
n.

= (0.0259)1{%}
1.5x10
=0.383225 eV
(b) n=p=g'r,, =(2x10"f5x107)
=10"cm™

+on
-E, :len(n” J
n

Ey

n

16 15
=(0.0259)In M
1.5x10
=0.383865 eV
P, +5pJ

n.

i

E,~E, = kThq(

10"
=(0.0259 )In| ———
( ) [1.5x101°]

—0.28768 eV
() E,, —E, =0383865—0.383225

=0.000640 eV
or =0.640 meV

6.31
(a) p-type

E,—E, :len(p” J

n.

15
=(0.0259 )In Lom
1.5%x10
or
EFi
(b)
on=p=5x10"cm™
and

—E, =0.3294 ¢V

i

2
n =—— ) =45%x10* cm™

2 (1.5x10"
© oD, 5x10°

Then

+n
E, —E, = len(”“ J
n.

i

4 14
:(0.0259)m£4.5x10 +5%10 j

1.5x10"

or
E,, —E, =02697 eV

and

En—E,, = krm(Lj

n.

15 14
=(0.0259)In X107 +5x107
1.5x10"

or
E, —E, =03318 eV

6.32
(a) For n-type,
E;, —Ep= (EFn _EFi)_(EF _EFi)

- len["o +5"j—knn("—0J
}’li n[

:len(n” +5nJ

n

o

So 0.00102 =(0.0259 )In —
5x10

5><1015+5nj

5x10% +m=5x10" exp[O'OOIOZ j

0.0259
Which yields &n =2x10" c¢m ™
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(b) EFn _EFi :len[no +5nj

n.

i

15 14
=(0.0259)1n 5x107° +2x10
1.5x10"

=0.33038 eV

(©) En—Ep = len(@j
n.

i

14
=(0.0259)In 2x107
1.5%x10"

=0.2460 eV

6.33
(@) E, —E= kT]n[@j
n.

1

E, -E.
or on=n, exp{%}

0.270
=(1.5x10"
( )eXp[o.osz

=5.05%x10"¢cm

(b) Ey—E,, = krm[L]

n.

i

15 14
~ (0.0259)in 6x10" +5.05x10
1.5%10"

=0.33618 eV
(© () Eg _EFp = (EFi _EFp )_(EFi _EF)

:len(Mj—len(p”J

n. n.

= kT]n[mj
P,
(i) E, —Ep,

~ (0.0259)in 6x10" +5.05x10"
' 6x10"
=2.093x107 eV

or =2.093 meV

6.34

@ () Ep, —Ey, = len("" +”]
n.

=(0.0259)In (102—>(1()16)
1.8x10°
=0.58166 eV

(i) £, —E,, = len(@)
n.

i

16
=(0.0259)In 0.02x1077
1.8x10°
=0.47982 eV
1.1x10"
b) (1) E;, —E =10.0259 )In| ——
(b) (i) Ep, —Ep; = )[1.8“06}
=0.58361 eV
. 0.1x10"
i) Ep —E, =(0.0259 )In| ——
(i) Ery = Ep, = )[LMOJ

=0.52151eV

6.35
Quasi-Fermi level for minority carrier
electrons:

+on
EFn_EFi:len(no J
n;
2 6 \?
n0=n—i= 1.8x10 —324%10~* cm
p,  10°
We have
on = (10'4(ij
50
Then
3. “+(10"
Ep, —En =kTn 24x10 +(10 X/SO)
1.8x10°
We find
x(,um) (EFK_EF;)(GV)
0 -0.581
1 +0.361
2 +0.379
10 +0.420
20 +0.438

50 +0.462
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Quasi-Fermi level for holes: we have
P, + ¥ J

n.

i

En—Eg, = len(

We have p, =10"cm ™ and n=dp.
We find

x (4 m) (EF[_EFp)(eV)

0 +0.58115
50 +0.58140

6.36
(a) We can write

E,—E, :krm(p"j
n.

1

and

+
E, —Eszlen(p" 5”]

n.

so that
(EFi _EFp)_(EFi _EF):EF _EFp

:len(M]—len(p"j
n. n.

i i

6.38
P
@@ E,-Ep, ;len(n—
=(0.0259 )m(Lmj
1.5x10
p=10"em™, E, —E., =0.04914 eV
10" 0.10877
10" 0.16841
10" 0.22805
10" 0.28768
n, +on
) E, -E.,= kT]n[ - J
16
=(0.0259)In M
1.5x10
on=10"cm>, E,, —E, =0.365273 eV

10" 0.365274
10" 0.365286
10" 0.365402
10" 0.366536

or
+
E.-E, = len(Mj =(0.01kT
P,
Then
+
Lot P (0.01)=1.010
P,
or
op S
— =0.010 = low injection, so that
p,
P =5x10%cm™
(b)
E,, —Ep = krm(@J
n;
12
=(0.0259)In Lom
1.5x10
or
E,, —E,, =0.1505 eV
6.37
Plot

6.39
(a)
_ CnCpNt(np—nf)
Cn(n+n')+Cp(p+p')
(np—n?)
Tpo(”"'n')'*'rno(l?"‘P')
Let n'=p'=n,. For n=p=0

2
R —I’li —I’Z[

z-pOni +Tn0ni TpO +Ti10

(b) We had defined the net generation rate as
g-R=g,+g'-(R,+R)
where g, = R, since these are the thermal
equilibrium generation and recombination
rates.
If g'=0,then g—R=-R' and

Rr — _ni
Tp() +Tn()
ni
so that g —-R=+—-—"
Tp() +Tﬂ0

Thus a negative recombination rate implies a
net positive generation rate.
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6.40
We have that

CnCpNt(np—nf)
:C,1(n+n')+Cp(p+p’)
(wp—n)
Tpo(n+”[)+7n0(l7+”z)
If n=n,+dén and p=p, +on,then
(no +5n)(po+5n)—n[2
z'po(no+5n+ni)+rno(po+5n+ni)
n,p, +on(n, +p,)+()" —n;
:Tpo(n0+5n+ni)+rno(po +éh+n,.)

R=

If on << n,, we can neglect (6n) : also
n,p, =n;
Then

on(n, +p,)
(%) (no +n; )+ 7.0 (po +n; )
(a) Forn-type; n, >> p,, n, >>n,
Then

R 1
_:_:10+7S—1
on 7,

R=

(b) For intrinsic, n, = p, =n,

o i

Then

R 2n,

o Tpo(zni)"‘T 0(2n;)
or

R 1 1

M T,+T, 107 +5x107

£=1.67><10+6s"
on

(C) FOI’ p_typea po >> n(] > p(} >> ni
Then
R 1 1

on T, - 5x1077

n

=2x10"%g™!

6.41
(a) From Equation (6.56)

d2
b, LW,
dx 7,0
Solution is of the form

-x +x
p=g't ,+Aexp| — |+ Bexp| —
p g pO XP{L J XP{L ]

P r

At x=+0, Pp=g'r,, sothat B=0,
Then

D=g'T,0+ Aexp[g—x]

We have
p d¥)
P
dx
We can write
M _4 and (é'p* =g't,,+4
dx » x=
Then
—AD
L

p

Solving for 4 , we find
—sg't 20

x=0

L =s(g'rp0 +A)

7P+S

P
The excess concentration is then

p=g'r 0[1— : ~exp(_—xﬂ
" b, /L, )+s L,

where
L, =D,r,5 =10Y107)=10" cm
Now

®=(10")107)

{l‘ho/ws-z )""[TH

or
=10™1-—>—exp| =%
P [ 10* +s ® L,

(i) For s =0,

p=10"cm™

(ii) For s =2000 cm/s,

& =10"|1-0.167 exp[z—xﬂ

P

(iii) For s =0,

§p=10" 1—expt—xﬂ
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(b)
(i) For s =0,

»(0)=10"cm
(i1) For s =2000 cm/s,
p(0)=0.833x10" cm
(iii) For s =00,
(0)=0

6.42

L =Dz, =@25)5%107)
=35.4x10"*cm
(a) At x=0,
', =(2x107)5x107)=10" cm
or
n(0)=g'r,, =10 cm
For x>0
d’(on) on _
A 1, dd L

The solution is of the form

-Xx +Xx
on=Aexp| — |+ Bexp| —
At x=0,
on=0n(0)=A4+B
At x=W,

-w +W
on=0=Aexp| — |+ Bexp| —

n

D

n

Solving these two equations, we find
—n(0)exp(+2W/L, )

A:
1—exp(+2W/L,)

and
___ (0
B 1—exp(+2W/L,)
Substituting into the general solution, we find
an(0)

[l )
e )

which can be written as

N &(o)smh{WL:x}

sinh{ v }
L)‘I

where

m(0)=10"cm ™ and L, =354 um
(b) If z,, =00, we have

d’(on)

dx’

so the solution is of the form

mn=Cx+D
Applying the boundary conditions, we find

o = érn(o){1 -%}

=0

6.43
For 7 ,, =0, we have
¢@)_,
=
dx
So the solution is of the form
p=Ax+B
At x=W
d(p)
-D —= = sl
r dx x=W (p x=W
or
~D,A=s(AW+B)
which yields

B="2(p, +sw)
S

At x =0, the flux of excess holes is
d(ép)

10” =-D, i |, =P
so that
A=2107  otem
and
B= 10;8 (10+sW)=1018(1?0+WJ

The solution is now

5p=1018(W—x+10J

N
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(a) For s=o0,
$=10"(20x10" —x) cm

Then
d(op
J,=-eD, sz )
=—(1.6x10" J10)-10")
or
J,=1.6A/km’

(b) For s=2x10"cm/s,
®=10"(70x10* —x) cm ™
Also
J, =1.6 A/lem’

Then for - W <x<0

o = 2G; (x2 —2mx+2w?)

and for O<x<+W
3 G\w

on (W—x)

n

6.45

Plot

6.44
For -W<x<0
2
D" M_{_G; — O
dx?
so that
Gl
@ =——2 x+ C]
dx D

n
and

’

G
5n=—2D" x> +Cx+C,

n

For O<x<W,
d*(on)
dx’
so that
on=Cyx+C,
The boundary conditions are
(1) s=0 at x=—W so that
d(on)
Cdx feew
(2) s=00 at x=+W so that
sn(W)=0
(3) on continuous at x=0
d(on)
X

=0

=0

“4) 0 continuous at x=0

Applying the boundary conditions, we find

G\w G'w?
C,=Ci=———and C,=C, =+—2
1 3 D 2 4

n n

6.48

(a) GaAs:
14 2

I 2x10°

R:@ and AO':e(,un +/Jp)<§9

P=g',y =107 J5x10%)=5x10" em

=10°Q

For N, = 10" cm =, from Figure 5.3,
#, =7000 cm?/V-s, 1, =310 cm”/V-s
Ac = (1.6x107° )7000 +310)(5x10")
=0.05848 (Q -cm)
Let W=20um
Then A=Wd =(20x10~J4x10~)
=80x10"*cm?
L
(0.05848 Y80 x10~* )
Which yields L =4.68x10cm
(b) Silicon:
R=10°Q, p=5x10"cm™

So R=10° =

For N, =10'°cm *, from Figure 5.3,
#, =1300 cm*/V-s, u, =410 cm’/V-s
Ao =(1.6x107 1300 +410)5x10")

=0.01368 (Q -cm) '
Let W =20 um

Then A=Wd =(20x10* J4x10~*)
=80x10"* cm?
L
(0.01368 Y80 x10~*)
Which yields L =1.09x107 cm

So R=10° =
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Chapter 7
Exercise Solutions
__[201.7)8.85x10 Jo.7184)
Ex 7.1 P (1.6><l()7]9)
N,N
@ V=V, ln[ ;/’J [ 5x10' [ 1 j”z
L 5x10" N 5x10" +5x10"
15 17
(i) ¥, =(0.0259)In (5“0—)(102) =x, =4.11x10" cm
| (15x10) Now
=076V W=x,+x, =411x10° +4.11x10"°
16 15
(i) ¥, =(0.0259)In M =4.52x10° cm
| (15%10") Now
=0.671V eN,x,
(b) |Emax = ed
0 v, =0 0259)111_(5x10‘5)(10”) _(1L6x10" f5x10' Ja.11x10°°)
S | (18x10°) (1.7)8.85x107)
=120V =3.18x10* V/cm
(i) ¥,, =(0.0259 )In 10 fox10%)
' | (1L8x10°) Ex73
=114V
@ V=V, ln[N”iV”J
Ex 7.2 15 16)]
X =(0.0259 )In (SXH)—XSXl?)
v, v, ln{Na]sz] (1.5x10")
" =0.718 V
1/2
om0 AT
(1.5x10" ) " e N, \ N, +N,
=0.7184V
Then

1/2
Zes Vbi Na 1
X =<—2> 2 < -
" e N, \N,+N,

~[2(11.7)8.85x10 " )0.7184)
- (1.6x107"7)

15 1/2
[ 3x10 ( 1 ]
5x10" \5x10" +5x10'°

=x, =411x10° cm

_[2011.7)8.85x10 7 0.7184 +4)
1.6x107"

Is 1/2
y 5x%10 ( 1 j
5x10" \5x10" +5x10'°

=1.054 x10 °cm
or x, =0.1054 um

1/2
2e, (7, +Vy)[ N, 1
X =L — e
r e N, \N,+N,

_ {2(11 7)8.85x107)0.7184 +4)

1.6x107"

16 1/2
y 5%10 [ 1 }
5x10"” \5x10" +5%10'°

=1.054x10"* cm




Semiconductor Physics and Devices: Basic Principles, 4™ edition Chapter 7

By D. A. Neamen

Exercise Solutions

or x,=1.054 um

1/2
. 2e, (7, +Vy)( N, +N,
e N,N,

_[201.7)8.85 %10 J0.7184 + 4)
1.6x10™"

1
y 5%x10" +5x10'¢
isxlo” i5><1016i
=1.159x10"* cm
or W=1159 um

(b) ¥, =0.718 V

o _[201.7)fs 85x10 fo.7184 +8)
! 1.6x10x107"

Is 1/2
y 5x%10 ( 1 j
5x10" \ 5x10" +5x10'°

=1.432x10" cm
or x,=0.1432 yum

L _[201.7)f8.85x107" Jo.7184 +8)
3 1.6x107"

1/2
y 5x%10' ( 1 j
5x10% \5x10" +5x10'°

=1.432x10"* cm
or x,=1432 ym

- {2(1 1.7)8.85x10740.7184 +8)

1.6x107"

1
y 5%x10" +5x%10'¢
isxlo” \5x10')
=1.576 x10™ ¢cm
or W=1576 um

Ex74

N,N,
V,,,_Vln[ J

i

=(0.0259 )ml:(SxLx:’,xlOm)]

(1.8x10°f

=1.173V

1/2
| 2e(v,, +7,)( N,N,
€ N,+N,

s

E

max

2(1.6x107° 7, +7,)
(13.1)8.85x10 )

PSXIOIS 3x10' )}}
X

5%10" +3x10'°

Now (7.2x10*)’ ={

5.184x10° =1.1829 x10° (V,, + V)
Vi +Ve =1173 4V, =4.382
Then V, =321V

Ex 75
N,N,
(@ V, =V, ln[ J
n?

i

_ (0.0259)]11|:(2><LX5><1015)jl

(1.8x10°f

1.16 V

1/2
, ee, NN,
® ¢ { 2V, + Vi XN, +N )}

(1.6x107)13.1)8.85x10™)
2(1.162 +4)

L x10% ax10) ]
(5x10" +2x10™)
C'=8.48x10"F/em’
© C'= (1.6x10")13.1)8.85x10 )
- 2(1.162 +8)
L x107 ax10) ]
(5x10" +2x10™)
C'=6.36x10"" F/em®

Ex 7.6 For a one-sided junction
1/2
N
Cl — e ES a
Z(Vbi + VR)
C=4-C'=(10" )’

0.105x107"

_ (105>{(1.6><1019 J11.7)8.85x10 ), }”2

2(3+0.765)

(0.105x10"2f =(10~* J (2.20x10 >
So N,=5.01x10"cm™
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N_N
We have Vbl.thln[ “sz

i

n} v,
Then N, :N—exp —

a v,
_[Lsxa0) (0765
50110 "(0.0259

N, =3.02x10" cm ™

Test Your Understanding Solutions
TYU 7.1

() ¥, =(0.0259)mn

(2><1017 !1016)
(1.5x10"f
=072V

P )

_ [201.7)8.85x10 ™ J0.7722)
1.6x107"

17 1/2
y 2x10 1
10" 2x10'7 +10'¢

=3.085x10"° cm
or x,=0.3085 um

Sl

_ {2(11.7)(8.85 X107 )0.7722)

1.6x107"

1016 1 1/2
X
£2><1017 j(leo‘ulo”j

=1.54x10"° cm
or x,=0.0154 gm

1/2
W:{Zes (Vbi)(Na +Nd J}
e N,N,

~[2(11.7)8.85x10 " )0.7722)
- 1.6x107"

2107 410 ]
X
|:‘2X1017 ilolﬁ i:|

=3.240x10"° ¢cm
or W =0.3240 um
_eNyx,

max|

|E

ES
(1.6x10° 10" 03085 x10*)
(11.7)8.85x107'*)
=4.77x10*V/ecm

b) v, = (0.0259)h1|:(4><LX3xl?16):|
(1.5><1010)

~0.699V
~14
L {2(1 1.7)8.85x10* J0.6994)

1.6x107"

1/2
y 4x10" [ 1 ]
3x10' \4x10" +3%x10'°

=5.96x10"°cm
or x, =0.0596 um

__[201.7)s.85x107" J0.6994)
1.6x107"

16 1/2
y 3x10 [ 1 j
4%x10" \4x10" +3x10'®

=4.469 %10 ¢cm
or x,=0.4469 ym

 _ [201.7)8.:85x10™ f0.6994)
1.6x107"

{4x1015 +3x10' }”2

(4x10")3x10")
=5.064x10~° cm

or W =0.5064 um

(1.6x10 310" )5.96x10 )

el (11.7)8.85x107"*)
=2.76x10*V/cm

|E

TYU 7.2

V, = (0.0259)111{%5“015)]

(1.8x10°f
~1.186V

wopetle)
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_[203.1)s.85x10" 1.186)
! 1.6x107"

Is 1/2
[ 5x10 ( 1 j
5x10' \ 5x10"° +5%10'®

=5.590x10"° cm
or x, =0.05590 #m

ool

_[203.1)8:85x10 1.186)
- 1.6x107"

1/2
y 5x10' [ 1 j
5%10"° N\ 5x10"° +5%x10'°

=5.590x10"° cm
or x,=0.5590 4m

LV':: 2 es (L;i) pva +_de "
e N,N,
o 2(13.1)8.85x10 ™ 1.186)
1.6x107"°

15 16 1/2
o 5x107 +5x%x10
inlOlS \5x10')
=6.149x10° cm
or W=0.6149 ym

|E _ eNdx"
max _T
E (16x107")5x10 Js.59 x10)
" (13.1)8.85x107)
=3.86x10* V/cm
TYU 7.3
@) ¥, =(0.0259)n M

| (15x10")

=0.718 V
Now for V, =8V,

1/2
2¢, (V,, +V,)( N, 1
x =4—2 22—
g e N, \N,+N,

or

~ [2011.7)(8.85x107)0.718 +8)

x” _{ (1.6x10™")

16 1/2
[ 5x10 ( 1 j
5x10"” \5x10" +5%x10"°

=x, =1.432x10*cm

~[2(11.7)8.85x10 " f0.718 +8)
- (1.6x107")

Is 1/2
[ 3x10 [ 1 j
5%10' N 5%10" +5x%10'°

= x, =1.432x107 cm

P

Now
W:xn+xp:>W:1.58x104cm
Also

2V, +V)  2(0.718+8)
W 1575107
=1.11x10° V/cm

|13[nax

(b) For V, =12V

- _[207)8 85107 Jo.718 +12)
! 1.6x107"

1/2
y 5%x10' ( 1 j
5%10" \ 510" +5%10'°

or x, =1.73x10"* cm

o _[2017)f885x10 J0.718 +12)
! 1.6x107"

1/2
y 5x10" ( 1 )
5x10" \ 5x10"° +5%x10'°

or x, =1.73x10"° cm

Also
W=x,+x,=190x10"cm
Now
.- 2(0.718 +12)
" 1.90%107*

=1.34x10° V/ecm
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TYU 7.4
| (15x10")
=0.717V

1/2
oo e (NN,
2(Vhi+VR) Na+Nd

_(sx10 (1.6x107 J11.7)(8.85x10 ™)
B 2V, + V)

x{(?axLXleO”)}}l/z

3x10'"° +8x10"

or

C = (5x10- | 3:232x107° -
VitV

(@) For V, =2V,

¢ <510 ) 322x10 |
0.717 +2

=6.94x10"®F=0.694 pF
(b) For V, =5V,

¢ <510 <) 322x10 |
0.717 +5

=4.78x10 " F=0.478 pF
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7.1
N,N
Vbt = I/t ]_n[ :12 d J
(a) ] _
15 15
() ¥, =(0.0259 )In Mhl_?)
| (sx10°) |
=0.611V
[ 15 16 7
(i) ¥, =(0.0259)In MMS)
(1.5><1010)
=0.671V
(iii) ¥,; =(0.0259 ) In (
| (sx10°) |
=0.731V
(b) _ _
17 15
(i) 7,; =(0.0259 )In (ZXIO—XZXIZO)
(1.5><101°)
=0.731V
I 17 16 T
(i) ¥, =(0.0259)In ﬁﬂl&?)
| (15x10") |
=0.790 V
(i) ¥,; =(0.0259 )In (
| (sx100) |
=0.850 V

Chapter 7

(b)N, =5x10"cm >, N, =5x10"°cm
Si: V,;, =0.778 V
Ge: V,; =039 V
GaAs: V,; =125V
(N, =10"em™>, N, =107 cm ™
Si: V,, =0.814 V
Ge: V,;, =0432V
GaAs: V,; =128V

7.2
Si: n, =1.5x10" cm
Ge: n, =2.4x10%cm
GaAs: n, =1.8x10°cm ™

N N
v, =V, ln{ “2 d] and V, =0.0259 V
n:

i

@N,=10"ecm™>, N, =10"cm ™"
Then Si: V,, =0.635V
Ge: V,, =0253 V
GaAs: V,, =110V

7.3

(a) Silicon (7' =300 K)

V, = (0.0259)1{%")2}

(1.5x10"

For N, =N, =10"cm™; V,, =0.4561 V
=10" ; =0.5754V
=10" ;0 =0.6946V
=10" ; =0.8139V

(b) GaAs (7'=300K)

V, = (0.0259)11{M]

(1.8x10°
For N, =N, =10"cm; V,, =0.9237 V
=10" ; =1.043V
=10" ; =L1R2V
=10" ; =1282V

() Silicon (400 K), kT =0.034533
n, =2.38x10% cm ™
For N, =N, =10"cm~; ¥, =0.2582 V

=10" ; =04172V
=10 ;. =0.5762V
=10" ; =0.7353 V

GaAs(400 K), n, =3.29x10°cm
For N, =N, =10"cm™; V,, =0.7129 V
=10" ; =0.8719V
=10 ;. =1.031V
=10" ;. =119V
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7.4
(a) n-side

E,—E, = len(%j

15
=(0.0259 )In &
1.5%10"

or
E,—E, =0.3294 ¢V

p-side

N,
E,—E, :len( )

n.

i

= (0.0259)11{LJ

1.5%10"
or
E,,

(b)
V, =0.3294 +0.4070

i

—E, =0.4070 eV

or
v, =0.7364 V

i

(c)
v, =V, m{N“ivd ]

i w fow)

(1.5x10" )

=(0.0259)In

or
v, =0.7363 V

i

(d)

1/2
263 Vbi Na 1
X =|—2 o\ ey
e (N, \N,+N,

_[2(11.7)8.85x10* Jo.736)
1.6x10 "

10" 1 "
{507 | )
5x10" \10"7 +5x10"
or

x, =0.426 x10* cm=0.426 u m
Now
_14
.- {2(11.7)(8.85 %107 )0.736)

X

1.6x107"

is 1/2
y 5%10 ( | J
107 N10" +5x10"

or

x, =0.0213x10* cm=0.0213 zm
We have
_eN,x,

max| —

€

s

(1610 Y510 Y0.426 x 10~)
(11.7)8.85x107*)

|E

or

|E o = 32910 V/iem

max

7.5
(a) n-side

E,—E, = len(%]

16
=(0.0259 )In &
1.5%10"

or
E, —-E. =0.3653 eV
p-side

N,
E,—E, :len( ]

n.

16
=(0.0259)In 2x10_
1.5x10"
or
E,

(b)
V,, =0.3653 +0.3653

—-E, =03653 eV

or
v, =0.7306 V

(c)
v, =V, m{N“]ZVd ]

n

i

= (0.0259 )ln{(Zkaxlqu

(1.5x10" )

or
v, =0.7305V

i

(d)

1/2
L _|2e (N, 1
" e (N, \N, +N,
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[2(11.7)8.85x10)0.7305 )
- 1.6x107"?

16 1/2
y 2x10 ( | j
2x10" A 2x10' +2x10'°

or
x, =0.154x10"cm=0.154 um
By symmetry
x, =0.154x10"cm=0.154 y m
Now
|E _ eN,x,
max ES
(1.6x10 " 2x10" J0.1537 x10 )
(11.7)8.85x107"*)
or
|E o] = 4.75x10% V/iem
7.6
E,-E,
b) N, =n, exp| ——
( ) d i )q)[ kT J
0.365
={1.5x10")e
( ) Xp(o.ozwj

or N,=198x10"cm™

E,.-FE

= (1.5><101°)exp[

or N,=512x10"cm™
(©

V, = (0.0259)1{

0.330
0.0259

(5.12x10" J1.98x10")
(1.5x10" )
—0.695 V

7.7
200 K; kT=0.017267 ; n, =1.38cm

300K; kT=0.0259; n,=1.8x10°cm™

400 K; kT=0.034533 ; n, =3.28x10° cm
For 200 K;
15 16
7, =(0.017267 ) n| 210 M3 x10
(1.38)

=1257V

For 300 K;
15 16
V, =(0.0259)In (2”0—)(4“20)
(1.8x10°)
~1.157V
For 400 K;

v, =(0.034533 )h{MM}

(3.28x10°f
~1.03V

7.8
x, =0.25W =0.25(x, +x,)

xP
0.75x, =0.25x, = =3
X

n

N X
x,N,=x,N, :>N—d:—p:3

So N, =3N,

(@) V, =(0.0259)mn _NNa >
(1.5x10")

3N

0.710 =(0.0259 )In| ——*—
(1.5x10')
0.710

or 3N =(1.5x10" ' exp| ———
= few 0.0259

which yields N, =7.766 x10" cm
N, =2.33x10"cm

1/2
2¢, ¥, (N, 1
X =<— 2| —
" e N, \N,+N,

_[2(11.7)8.85x10 ™ J0.710)
1.6x107"°

(]

=x, =9.93x10° cm
or x,=0.0993 ym

_[201.7)fs.85x10 J0.710)
- 1.6x107"

(s

=2.979 %10 cm
or x, =0.2979 um



Semiconductor Physics and Devices: Basic Principles, 4™ edition Chapter 7

By D. A. Neamen

Problem Solutions

Now
eN,x,

max|

|E

€,

(1.6x10 % )2.33 %10 J0.0993 x10 )
(11.7)8.85x107'*)

=3.58x10* V/cm
(b) From part (a), we can write

1.180
3N2 =(1.8x10°) e
i=( few 0.0259

which yields N, =8.127x10" cm ™
N, =2.438x10"°cm

_14
. {2(13.1)(8.85><10 J1.180)

1.6x107"

()

=1.324%x10 c¢m
or x, =0.1324 ym

_[203.1)8:85x10 1.180)
- 1.6x107"°

()

=3.973x10" cm
or x,=0.3973 ym

_eN,x,

max| —

|E

€

(16107 J2.438 10" J0.1324 x10~)
(13.1)(8.85x10 )

= 445 X 104 V/cm
7.9
16 15
@ V, =(0.0259)n (IO—X“))
(1.5%10)
or
V, =0.635V
(b)

1/2
263 Vbi Na 1
X =<—2> 2 <« -
" e (N, \N, +N,

[2(11.7)8.85x10)0.6350)
- 1.6x107"°

1078 . 1/2
(o o)
10" \10'" +10"
or

x, =0.8644 x10 * cm=0.8644 u m
Now

12
2e, V[ Ny 1
X = _4a
i e N, \N,+N,

_[2(11.7)8.85 <10 J0.6350)
1610

15 1/2
10( 1 ]
X
(10‘6j 10" +10"
or

x, =0.08644 x10~* cm = 0.08644 11 m
(©

|E _M
e.&‘
~(1.6x107 10" f0.8644 x10 )
- (11.7)8.85x107'*)
or
|E pax| =1.34x10* V/em

7.10
17 16
(@) ¥, =(0.0259)In M
(1.5x10')
—0.80813 V

(b)V,, increases as temperature decreases
AtT =300 K, we can write

n? =(1.5x10" )

= k(2.8x10" )1.04 ><1019)e>q)(0_é;529 ]

= K =4.659
At T =287 K, kT=0.024778 eV

n? :K(2.8x10]9X1.04x1019(ﬁj3
300
Xexp[ -1.12 j
0.024778
= (4.659)(2.5496 x10** |2.3404 x 10
So n’ =2.780x10"
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Then
17 16
v, =(0.024778 )In (2><10—X4><1£)
2.780 %10
=0.824%4 V
We find
Vi (287)-V,(300) oo,
V;,(300)
_ 082494 080813 0 e
0.80813
=2%
7.11

N,N
Vbi:I/Iln( asz

i

16 15
0.550 = (0.0259 T In 4x10° \2x10
300 2

n

i

Using the procedure from Problem 7.10, we
can write, for 7=300 K,

n? =(1.5x10"f

:K(2.8x1019X1.04><1019)exp( 112 J

0.0259
= K =4.659
At T=300K,
16 15
7, =(0.0259)n [#x10 Jox107) )(2“? )
(1.5x10")
—0.68886 V

For V,, =0.550 V, =7 >300K

At T=380K, £T=0.032807 eV
Also

380 )’
n? =(4.659)2.8x10" )1.04x10" (%)

‘o -1.12
» 0.032807
=4.112x10%*
Then

4x10" [2x10")

7, =(0.032807 )In 10 fox10)

v =l ) { 4.112x10% }
=0.5506 V =0.550 V

7.12
(b) For N, =10"°cm~,

N
E.—E, = len(—d]
n.

16
=(0.0259)In Lm
1.5x10
or
E, —E, =03473 eV

For N, =10"cm ™
1015
E, —E, =(0.0259)n| ———
rEn=( ) [1.5x1010j

or
E,.-FE, =02877 eV
Then
v, =0.34732 —0.28768

or
v, =0.0596 V

7.13

N, N
(a) Vblzl/tln[ ”2‘1}

i

=(0.0259)In M
(1.5x10" )
or
V, = 0456 V
(b)
- _[201.7)8.85x10" Jo.456)
" 1.6x107"

1012 1 1/2
s )
10" \10"™ +10'°
or

x, =2.43x107 cm

()
.- {2(11.7)(8.85 %107 )0.456)

1.6x107"

1016 . 1/2
(i)
10" \10" +10'
or

x, =243x10" cm




Semiconductor Physics and Devices: Basic Principles, 4™ edition Chapter 7

By D. A. Neamen

Problem Solutions

(d)
|E = M
eS
(Lex107)10" J2.43x107)
~ (11.7)8.85x107%)
or
|E o] =3.75x10% V/em
7.14

Assume silicon, so
kT 1/2
S
L. = s
P (esz j
1/2
B [(1 1.7)(8.85x10 7 )0.0259 {1.6x 10 )]

(L6x10°) N,

or
5 1/2
(1.676x10 J
L,=|———
N,

(@) N, =8x10"em™, L, =0.1447 um
(b)N, =2.2x10"ecm ™, L, =0.02760 xm
()N, =8x10"cm ™, L, =0.004577 um

Now
@V, =0.7427 V

(b)V,, =0.8286 V
)V, =0.9216 V

Also
i {2(11.7)(8.85“0-”)(1/,,[)
! 1.6x107"
1/2
{52 o]
N, )\ 8x107+N,
Then

(a)x, =1.096 um
(b)x, =0.2178 ym
(¢)x, =0.02730 gm
Now

L
(a) =2 =0.1320
X

n

L
(b) =2 = 0.1267
X

n

L
() =2 =0.1677
X

n

7.15
e, \N,+N,
We find
20 2016x10°) o0
e, (11.7)8.85x107%)
(a)
(i) For N, =10"7,N, =10",V,, =0.6350 V
(ii) =10"; =0.6946V
(iii) =10"; =0.7543V
@iv) =10"7; =0.8139V
(i) For N, =10"7,
N, =10"; [E, | =0.443x10* V/ecm
(ii) =10"; =1.46x10*V/em
(iii) =10"%; =4.60x10*V/ecm
(iv) =10"; =11.2x10*V/ecm
(b)
(i) For N, =10",N, =10";V,, =0.4561 V
(ii) =10"; =05157V
(iii) =10"; =0.5754V
(iv) =10"; =0.6350V

(i) ForN, =10",

N, =10";|E .| = 0.265x10* V/em
(if) =10"; =0.381x10*V/ecm
(iii) =10'%; =0.420x10* V/ecm
(iv) =10"; =0.443x10* V/em
(¢) |E,..| increases as the doping increases,
and the electric field extends further into
the low-doped side of the pn junction.
7.16
16 15
(@ 7, =(0.0259)m| OO MO
(1.5x10')
=0.6767 V
1/2
®) W= 2¢,(V,, +Vy)(N,+N,
e N,N,
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(i) For V, =0,
- {2(11.7)(8.85 <107 )0.6767)

1.6x107"

5%10" +10 ]|
X
{inlOl(’ R i}
=9.452x10" cm
or W=09452 um
(ii) For V, =5V,
o [201.7)8.85x10" 06767 +5)
1.6x107"

5%x10'¢ 10" ]
X
|:i5><1016 i1015 ':|
=2.738x10*cm
or W=2738 um
2V, +7%)
w

(C) |Emax -

(1)For V, =0,

= _2(0.6767) -=1.43x10*V/cm
0.9452 x10~
(i))For V, =5V,

~2(0.6767 +5)

|Emax

|E o] = =7 =4.15x10* V/em
2.738 %10~
7.17
2x10'7 J4x10'
(a) ¥, =(0.0259)In M
(1.5x10')
=0.8081 V
(b)

1/2
2¢, (V,, +V,)( N, 1
X =L — —_—
" e N, \N,+N,

_ [2(11.7)8.85x10 ™ f0.8081 + 2.5)
1.6x107"

17 1/2
y 2x10 ( | j
4%10" \2x10"7 +4x10'°

=0.2987 x10~* cm
or x, =0.2987 ym

1/2
2e, (Vbi +VR) N, 1
x =J—_—s o R4y
P e N, \N,+N,

_ [2(11.7)8.85x10 f0.8081 +2.5)
1.6x107"

16 1/2
[ 4x10 ( 1 j
2x10"7 \2x10" +4x10"

=5.97x10"°cm
or x,=0.0597 ym

1/2
W:{2es v, +VR)[Na +N, J}

e N,N,

_ [2(11.7)8.85x10 ™ J0.8081 +2.5)
1.6x107"

X{2><10” +4x10' }}1

(2x10"7 J4x10'¢)
=0.3584 x10 *cm

or W=0.3584 um

Also W =x,+x,=03584 ym

2V, +7,)  2(0.8081 +2.5)

c) [E = _
© w 0.3584 x10~*
:l.SSXIOSV/Cm
1/2
N, N
d C=4 €& NalVa
2(Vhi+VR)(Na+Nd)
_9 _4
:(2><10—4 (16><10 1 X117)(885><10 1 )
2(0.8081 +2.5)
1/2
(2><10|7X4><10I6)
X|—F
2x10"7 +4x10'
=5.78x10"2F
or C=5.78pF
7.18
N,N
(@ V, =V, ]n[ . dj
8ON?
ni
We find

v,
8ON; =n} exp[%}

t

= (1.5><1010 )2 exp( 0.740 j

0.0259
=5.762x10%
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=N, =2.684x10" cm ™
N, =2.147x10" cm ™

1/2
2e, (7, +V,)( N, 1
X ==L — | — e
" e N, \ N, +N,

_ [2(11.7)8.85x10 }0.740 +10)
1.6x107"

80 1 1/2
{7 )
1 N2.147x10"7 +2.684x10"

=2.262x10" cm
or x, =2262um

1/2
2e, (Vbi +VR) N, 1
x =J—_—syo R4y
r e N, \N,+N,

_ {2(11.7)(8.85 x107'*)0.740 +10)

1.6x107"°
1 1 1/2
s )
80 N\ 2.147 x10" +2.684 x10"
=2.83x10"°cm
or x,=0.0283 ym
20, +V
() [E o - 2 s)
w
2(0.740 +10)

(2.262 +0.0283)x10~*
=9.38x10* V/cm

1/2
eec. N N

d C/: K a d

@ {z<vb,.+vk>(zva+zvd>}

:{(1.6x10‘]9Xll.7)(8.85><10“4)

2(0.740 +10)

{(2'147 x10'7)2.684x10" )}}”2

2.147 x10"7 +2.684 x10"

C'=4.52x10"°F/ecm?

7.19
(@) Vbi(3Na)_Vbi(Na)
:thl’l Nd(32Na) _Vlln Ndiva:|
n; n;

=V, n(3)=(0.0259 ) In(3)
=0.02845 V

1/2
ec. N
b C,E s a
® {Z(Vbi +Vy )}

c'(3N,) [3v,]"
So “={ } =3=1732

c'(v,) | N

(c) For a larger doping, the space charge
width narrows which results in a larger
capacitance.

7.20

(@) V, = (0.0259)111[MI
(1.5x10")

or
v, =0.766 V

Now
1/2
| 2ev, +V;)( N,N,
es Na + Nd
or

o [206x107)v, +7,)
x107) { (11.7)8.85x107*)

[4x10" J4x10" q
X

|E

max

4x10"” +4x10"
or
9%10" =1.224x10°(V,, + V)

so that
V,, +V,)=T73.53V

which yields
Ve=728V

16 17
®) 7, =(0.0259)n M
(1.5x10')

or
v, =0.826V

We have

2 [201.6x107°),, +7,)
x107) { (11.7)(8.85x1b()"4)R

(4><1016X4><1017)}

X
4%10'° +4x10"

so that
v, +V,)=8.008 V
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which yields
V,=7.18V
© V, = (o.ozs9)m{M4“_on)}
(1.5x10f
or
v, =0.886 V
We have

o [206x107)v, +7,)
x107) { (11.7)8.85x107*)

(4x10" Jax10" q
X

4x10"7 +4x10"
so that
v, +V,)=1.456 V

which yields
Ve =0.570 V

—1/2
l:zes (beA +VR)(N(1 +NdAj
w(4) e NN,

W(B) 2e, (VbiB+VR) N,+ Ny 1"
€ NaNdB

or

1/2
W(A):{(me+VR).(Na+NdA).(NdB }
W(B) (VbiB+VR) (N +Nd3) N,

We find

a

1018 1015
V. :(0.0259)1n_w_

=0.7543 V

i 18 16 ]
Vi :(0'0259)111 (10—Xl02) =0.8139 V
(15x10 |
We find

w(4) _ (5.7543) 10" +10"
w(B) |\5.8139 | 10" +10'

1016 1/2
X

or

A) 313
w

2(I/b[A + VR )

E(A) _ W W(B) Viia +Va

E(B) 20 +Ve) W(4) V4V,
w(B)

(1 Y(5.7543
3.13 | 5.8139
or

% =0.316

es NaNdA j|1/2
Z(VbzA +VRXNa +NdA)
(

1/2
Es NaNdB
2V + Ve N, +Nyy)

1/2
_ [NdAJ[VbiB+VRJ(Na +Nd3]
Ny \Via Ve A\ N, +Ny
1/2
10" (5.8139) 10" +10'°
10'° N\ 5.7543 L 10" +10"

©
C'(4
C'(B

|
|

7.22
(a) We have

C}(O) _ Z(Vbi)(Na +Nd)

c;(1o){ c NN, )r

2V, +Ve N, +N,

or

%_ :[Vb,. +, J”z

J

For V, =10V, we find
(3-13)2 Vi =V +10
or
v, =1137V

(b)
x, =02 =02(x, +x,)

bi
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Then
X N
L -025="4
le Nll
Now

SO

2
1.137 =(0.0259 ) In LN“Z
| (1.8x10°)

We can then write

y o L8x10° 1.137
© Jo2s Xp_2(0.0259)
which yields
N, =123x10"cm™
and

N, =3.07x10"cm ™

7.23
16 15
7, =(0.0259)In 210 sx10) <10 )
(1.8x10°)
~1.162V
c' :
v, +Vg
So C’(Vm): Vii +Vio
C’(VRZ) Vbi +VR1
Lso [L162+7,
1162 +0.5
(1.50)° _ 1162+ Ve,
1.662

which yields V,, =2.58V

7.24
15 16
@ ¥, :(0.0259)111 %4)(120)
(1.5><101°)
=0.6889 V
N N 1/2
C = AC’ =4 e es aiVa
2V, +V N, +N,)

= (5x10" ){(1'6X1019X11.7)(8.85 x107)

2(0.6889 +7, )

(2x1015X4><1016>}”2

X
(2x10" +4x10")
o 6:2806 10"

,/0.6889 + 7,
(i) For V, =0,
C =7.567 pF
(i) For V, =5V,
C=2.633pF

(b) V, = (o.ozs9)m[£2“—olsm}

(1.8x10° )

=1.157V
ee, NN, "

20V, +Ve N, + N, )
_(5x10° (1.6x107°)13.1)8.85 x 10™)
- 2(1.157 + V)

(2x10" Jax10')]"”

X

(2x10" +4x10")

_ 66457 x10"

J9L157 +V,
(i) For V, =0,
C=6.178 pF
(i) For V, =5V,
C=2.678 pF

C=AC’=A{

C

7.25

17 15
v, =(0.0259)in M
(1.5x10")
~0.7543 V

ee, N,N, "
2V, + Vi XN, +N,)
_gx10~ (1.6x10")11.7)(8.85x10 ™)
- 2(0.7543 +10)
x10)5x101) 1"
(2x10"7 +5x10")

C=4.904x10"F
1

271'\/E

(a) C=AC’:A{

=L

1
- Crry
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1

(4.904 x10 J2(1.25x10° )}
=3.306x10* H=3.306 mH

L=

(b)
(i) For V, =1V, C=12.14 pF

1
/= 273306 x10* 12.14x 102 )] *
=7.94x10° Hz=0.794 MHz
(ii) For ¥ =5V, C=6.704 pF
;o 1
273306 x10* J6.704 102 |
=1.069 x10° Hz=1.069 MHz

1/2

7.26

|Emax

€

s

{2e(V,ﬁ +V,N, }”

Let V,, =0.75 V

@ (25x10°)
_ {2(1.6“0"9)(0.75 +10)N, }

(11.7)8.85x107*)

=N, =1.88x10"cm

®) (10°)
2(1.6x107° 0.75 +10)N,

{ (11.7)8.85x107) }

=N, =3.01x10"cm ™

7.27
= (020w =(0.20)x, +x, )

x, =
(0.8)x, =(0.2)x,

X, :4xp
N,x, =N,x, =N,(4x,)
= N, =4N,
N,N
@ V,=V,In }

4N
=(0.0259 )h{m]

1/2
C=aC' = al—— S NV
20V, + Ve N, +N,)

(10" (1.6x10)13.1)8.85x10 )
) 2y, +2)

X

5N,)
0.6x10"2 = 2.724x10 2 |4
v, +2
By trial and error,
N, =1.504x10" cm ™,
N, =6.016x10"cm ",
v, =110V
(b) From part (a),
0.6x107* =2.724x107 Ny
vV, +5
By trial and error,
N, =2976x10" cm ™,
N, =1.19x10"cm
v, =1.135V
7.28
() V, = (0.0259)m{£5“—015m]
(1.5x10"f
or
vV, =0.5574V
(b)

1/2
2e, V[ Ny 1
X = —m—m | — —_—
r e N, \N,+N,

_[2(11.7)8.85x10* Jo.5574)
1610

y 10" ( 1
5x10" N10™ +5%x10"
or

x, = 5.32x10 % cm

Also

1/2
2€s Vbi Na 1
X, = e —
" e N, \N, +N,

]
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[2(11.7)8.85 %10 J0.5574)
- 1.6x107"?

5%10" 1 "
X
[ 10" J(lo” +5x1015j
or

x, =2.66x10" cm
(c) For x, =30 4 m, we have
2(11.7)(8.85x10 7\, + ;)
1.6x107"

i 1/2
[ 5x10 ( 1 j
10" N10™ +5x10"

which becomes
9107 =1.269 x1077 (¥, + V)

We find
Ve =704V

30x107* ={

7.29
An n*p junction with N, =10"cm >,
(a) A one-sided junction and assume
Ve >>V,.. Then

2 V 1/2
€

x =|Z=R

’ {eNa }

or
(50x107f = 2(11.7)8.85x10 7,
- (1.6><1()_19 X1014)
which yields
Ve =193V
(b)
o Ne ZX,,(N“J
xn . Nd
SO

. ]014
x, =(50x10 {]016

=0.50x10*cm=0.50 # m

(c)
2, 2(193.15)
|Emax = = —4
W 50.5x10
or
|E 1o = 7.65x10* V/em

7.30
@) ¥, =(0.0259)In [2x107 Jax10")
' (1.5x10" )
=0.7305 V
1/2
ee, N
b) C=A4C' 24| ——2=
® kel
:(105>{(1.6><1019)
2(Vbi +VR)

x(11.7)8.85x10 7 210" )f
_1.287x107"
Nz
(iyFor V, =1V, C=9.783x10""*F
(i) For ¥, =3V, C=6.663x10"*F
(ili) For V, =5V, C=5.376x10""*F

C

7.31

(a) Vbi:(0.0259)1nM =1.20
(1.8x10°)

Bx10")v, = (1.8x10°) e"p(o.lé(ng

=N, =536x10"cm™

ee, NN, "
2V, + Vi XN, +N,)
(1.6x10")
2(1.20+1.0)
B 1/2
(13.1)fg.85x101 f3x10" f5.36 x10*)

(8x10'° +5.36x10")
= A4=7.56x10" cm”

-19
(c) 0.80x107" :(7,56“0_5){ 1.6x10

2V, +Vr)
13.1)8.85x10 74 |8 x 10" [5.36 x 10'° )] *
Lo (8x10'° +XS.36><1(¥]5) )}
2.1585x10°"
Vi Vi
=V, +V, =4.161 =1.20+V,
V=296V

(b) C=AC’:A{

1.10x1072 :A{

1.0582 x107% =
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7.32
Plot
7.33
NN
@ 1 -n Yl |

(c) p-region
dE _plx) __eNuo

dx € €,

or
eN ,x
E=-—%"+(,
GS
We have
eN,x,
E=0at x=-x,=>C, =-
€

s

Then for -X, <x<0

eN,
E:—Tyo(x+xp)
n-region, 0 < x <x,
%, _plx)_ eNuo

dx e, 2e,

s

or

_eNx

B 2€e,

n-region, x, <x<x,
dE, _ p(x) _ eNyo

E, +C,

dx €, €,
or
eN ,,x
E,=—%"+C,
€

s

Wehave E, =0 at x=1x,

eN ,x
:>C3 —_ dO*¥n
IS

s

so that for x, <x <x,, we have

EZ == eNdO (xn —X)

s

We also have E, =E, at x=x,

Then
eN ,,x,

+C, =- Nio

2 ES c (xn _‘x())

which gives

C, __Nw [xn _x_OJ
€ 2

s

Then for 0 < x <x, we have

eN,,x eN, ( xoj
=X,

El
2€e, € 2

s

7.34
&) o) e
2
dx €, dx
For 2<x<-1pum, p(x):+eNd
So
ﬁ:eNd 3E:eNdx+C]
dx €, €,
At x="2pum=-x,, E=0
So
C = eN,x,
ES
Then
E= eNq (x+x0)
€,
At x=0, E(0)=E(x=-1),s0
E(0)= N4 (142)x10+*
_ (1.6><10’1°XSXIOIS)(1X10,4)
(11.7)8.85x107"*)
or

E(0)=7.726 x10* V/cm
(c) Magnitude of potential difference is

= de:ﬂ X+Xx, dx
=[x =24 [ i

N 2
=& (x?+xo .x]+C2

€

s

Let ¢ =0at x =—x,, then

Ozﬂ[ﬁ—xéj+C2 =C, = eN g
2

€ 2e

s s

Then we can write
eN
o)==
2€e,
At x=—-1lum

~(16x107)5x10") P
1= 2(11.7)(8.85><10'4)[(_1+2)X10 '

(x+x,)

or
|#,|=3.863 V

Potential difference across the intrinsic region
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16, = E(0)- = (7.726 x10* f2x10*)
or

|p,|=15.45V
By symmetry, the potential difference across
the p-region space-charge region is also
3.863 V. The total reverse-bias voltage is

then
Ve = 2(3.863)+15.45 =232V

7.35
e, E

crit

2eN,

(a) VB =

or

crit

&, Bl (117)8.85x107 J4x10° )

N 2eV, 2(1.6x107"7 J40)

Then N,=N,=1294x10"cm™
(11.7)8.85x10 " Jax10° f
2(1.6x107"7 | 20)

Or Ny,=N,=259%10"cm™

(b) Ny =

Then

10" _{2(1.6><101°XVM +7,)

(11.7)8.85x107"*)

/
szlo16 2x10'° )}}1 ’
X

2x10" +2x10"

=V, +V, =5177V
So V,=51.04V

7.36
v S Bl (11.7)(8.85x10 ™ Jax10°
T 2el, 2(1.6x10™" )80)
=6.47x10" cm
7.37
(@) For N, =10'"°cm, from Figure 7.15,
v, =75V
(b) For N, =10"cm >,
V, =450 V
7.38

(a) From Equation (7.36),

1/2
| 2ev,, +7;)( NN,
N € N,+N,

|Emax
Set |E,..| =E., and V, =V,
16 16
7, =(0.0259)In (ZXIO—XZXI?)
(1.5x10")

=0.7305 V

(b)
15 15
v, =(0.0259)In MSL?)
(1.5x10')
= 0.6587 V
Then
o 2(1.6x107 )7, +7,)
(11.7)8.85x107"*)
[ 5x10 fsx10) "
5x107 +5x10"
=V, +V, =207.1
So Vy =206 V
7.39

For a silicon p*n junction with
N, = 5x10"” cm ™ and ¥, =100 V, then,
neglecting V,, we have

2 V 1/2
I=

X, 2| ———— B

{ eN, }

[2(11.7)8.85x10 7 f100) ]
| (ex107?)5x10%)

or
x, (min )=5.09x10~* cm=5.09 zm

7.40
We find
18 18
v, =(0.0259)In M =0.933V
(1.5x10")
Now
B eN,x,
max ES
SO
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0° - (1.6x107 J10"™ ),
 (11.7)8.85x107)

which yields
x, =647x10cm
Now
1/2
2e, (7, +Vy)( N, 1
v = =S Wit Vr) _
" e N, \N,+N,
Then
—14
(647510 = 2(11.7)(8.85><1;0 )
1.6x10"
10" 1
<V +V’*)(10“‘J[10”‘ +1o‘8ﬂ
which yields
V, +V, =6468 V
or
V,=554V
7.41

Assume silicon: For an n* p junction

N {z @ +mr

eN

Assume V,, <<V,
(a) For x, =75 um
Ly 201.7)8.85x10
(5107 - (Lex107)10™)

which yields
Ve, =435x10°V
(b) For x, =150 x£ m

e 201.7)8.85x107 Y,
sox107f - (Lex10Y10™)

which yields
Ve=174x10*V
Note: From Figure 7.15, the breakdown

voltage is approximately 300 V. So, in each
case, breakdown is reached first.

7.42
Impurity gradien
18
a= 2x10 =10Z?cm™
2x107*

From Figure 7.15, V =15V

7.43

(a) For the linearly graded junction
plx)=eax

Then
dE p(x) _eax
dr e e

Now
E:I%x:ﬂ-ﬁm

€, e 2

At x=+x, and x=-x,, E=0
So

2 2
0= 2ol 0 »c =-%|
e\ 2 e (2

_2ES
(b) )
3
¢(x)=—Ide=— e x——x?)-x +C,
2¢,0 3
Set =0 at x =—x,, then
.3 1 3
0=—-4 "% 3 l4c, >, =0
2¢,| 3 ] e,
Then
3 3
ea | x ) eaxy,
x)=-— —- +
) 2€S[3 ¢ J 3e,
7.44

We have that

P 1/3
C, _ ea Ex
1200, +V,)

Then
(7.2x10° ¥
_[a(1.6x1o-19 (11.7)(8.85x10'14)]2}
- 12(0.7+3.5)
which yields

a=1.1x10"cm™
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7.45

2V, +V,
Let N, =5x10"cm °<<N,

17 15
Then Vbi=(0.0259)h{3><10 >x10 ]

1/2
, e, N,
(a) Cj:AC ;A-{‘—)}

(1.5x10" )
=0.7648 V
Now
C,=045x10"" =4 M
! 2(0.7648 +5)

<(11.7)8.85 %10 J5x10' )}
0.45x10"2 = A(8.476 x10")
= A4=531x10" cm?

-19
® €, =(5309x10" (16x10™)
' Z(Vbi +Vy )

x(11.7)8.85x10 ™ [5x10' )}
1.0805 x107"2

(i) For V, =2.5V, C; =0.598 pF

(i) For V, =0, C;, =124 pF
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_nt_(18x10°)
Ex 8.1 . . po Na 8)(1015
n =2 :m:4.5x103cm’3 —4.05%10 *cm

po N_ 5%10'6

2 10 |
pw:n_,-_ [-5x10 =1.125x10*cm

N, 2x10'

:(4.5><103)exp( 0.650 J

0.0259
=3.57x10" cm™

Va
P, (‘xn )_ Pao exp(?j

t

=<1.125><104)exp(ﬂj

0.0259

=8.92x10"¢cm
We have that
np(—xp)<< N, and p,(x,)<<N,

so low injection applies.

Ex 8.2

A

~(1.6x10)1.8x10°)

[210 [ 8
x +
Lmo” 107 2x1016 5x108}

J, =3.30x10"" A/em?

Ex 8.3
We find

Dz,

(210107 ) = 4.583 10 cm
o =DuTh

= J8)5x10 ) = 6.325x10* cm

S

w2 (1.8x10°)
N, 2x10'
=1.62x10 em

J,x,)= eDZn’w {em(e:]ij—l}

Pu =

n

~(L6x107?)210)4.05x10)
- 4.583x107

e 195 ),
P 0.0259
J,(-x,)=120A/m?

eD,p,, V,
1,06)= D2 gl ]

p

~(Lex10?)8)1.62x10)
- 6.325x10"*

y {exp( 1.05 j ~ 1}
0.0259
J,(x,)=0.1325 A/em’
The total current density is:
Jr=J,x, )+, (x,)
=1.20+0.1325
J; =133 A/em?

Ex 8.4

In the n-region, for N, =2x 10"cm

4, = 6000 cm?/V-s

J=eu,N,E,

or

e I 13325

" eu,N, (1.6x107°)6000)2x10")
=0.0694 V/em

-3
>

In the p-region, for N, =8x10"> cm
4, =320 cm? /V-cm
J=eu,N,E,

or



Semiconductor Physics and Devices: Basic Principles, 4™ edition

By D. A. Neamen

Chapter 8
Exercise Solutions

J 1.3325
E, = -
eu, N, (1.6x107 [320)8x10"|
=3.25V/cm
Ex 8.5

From Example 8.5, we have
Eg -ev, Eg -ev,

kT, kT,
Let 7, =310 K, 7, =300 K, £, =1.42¢V,
and ¥V, =1.050 V.

Then
1.42-V,, 1.42-1.050
310 300
which yields
V,=10377 V

so AV =1.0377 -1.050 =-0.0123 V
or AV =-123mV per 10° C increase in
temperature.

Ex 8.6

D D,
(@) J, =en’ L -i—L /—1
N, N7,y Ng\7p

=(1.6x10" 19X1 8x10° )

{ / 9.8
{2x10‘5 5><108 8><10‘6 5%107° }

or J, =1.677x107"7 AJem*

(2x10"*f8x10")
(1.8x10° ]

(b) Vbi=(0.0259)1n{
=1.174V
1/2
2e, (7, +V:)( N, +N,
- e N,N,
_ [2(13.1)8.85x10 7 [1.174 +5)
1.6x107"°

/2
y 2x10" +8x10'
ileo” i8><1016i

or W=2.141x10"*cm

en,W
gen :H
~(1.6x10 J1.8x10° J2. 141 x10 )
- 2(5x107%)
J gen =6.166 x107"" A/om?

Jgen _ 6.166 x 10710

c - =3.68x10’
© J,  1.677x107"7
Ex 8.7
2
2 |D
[S":A.ﬂ Zn
Na z-Vl()
_(10,3)_(1.6><10*19X1.5><10‘°)2 25
2x10" 5x1077
or
I, =1273x107"° A
en; |D,
ISp:A._ -
Nd T]m

() (163107 J1L5x10" F (10
_(10 3)' 8x10'6 1077

or
I, =45x107° A
Then
Iy =TI +1g =1318x10"" A

Vll
(@ I,=1; eXp(VZJ

0.550
=(1.318x107" Je
( ) XP(O.0259J
=22x10"* A
0.610
b) I, =I1.318x107")e
®) 15 ( )Xp(o.ozwj
=223x10" A
Now
v .
@ r oL 0090 e
I, 22x10°
0.0259
b) r,=——" _=11.6Q
®) 7 2.23x10°3



Semiconductor Physics and Devices: Basic Principles, 4™ edition Chapter 8

By D. A. Neamen

Exercise Solutions

We find

I, =1 exp(ﬁj s Lo =15, eXP[V_a]
v, v,
Then
(@) 1,,=T7511x10"A;
I,,=2.125x10" A
(b) 1,,=7.617x107A;
I,,=2.155x10" A

We find

C, = [%)[Iporw +IVIOT)1O]

t

So

(@ C,= [7.511x10-¢ J107)

2(0.0259)
+(2.125x10* f5x107)]
or C, =2.07x10"°F=2.07 nF
1
2(0.0259)
+(2.155 %10 (5x107 )
or C, =2.09x10"F=20.9nF

(b) C, = [7.617x10 f10~")

Test Your Understanding Solutions

TYU 8.1

n?  (1.8x10°

2
n_ =—-= ) =6.48x10°cm ™

po N 5><10I6

a

2 6 |2
"—":K—LI‘SXIO ~648x10cm ™

N, 5x10"
For ¥, (max),

p.(x,)= P, exp(V—“]

pm) =

v,

t

so that

v, =, m[MJ Ly h{(o.mvd }

pna pna

=(0.0259 )]11{(0'1)(54“015)}

6.48x107*
or V,(max)=1.067 V

a no

sy [L6x10 7 fisxa0” )
- 107) 5%10'°

X( 25 . 0.625
5%1077 » 0.0259

or I, =1.54x10" A=0.154 mA

2 |D 14
(b) IP:A-?Vi —p-exp[ “]

d Tpo I/t

oy (1L6x107 J1.5x10" )
_(10 3)' 1x10'6

o f 10 e 0.625
1077 ® 0.0259

or 1,=1.09x10"A=1.09mA

(C) ITora[ :In +Ip
=1.538x10™* +1.087 x10~>
=1.24x107 A

or / =1.24 mA

Total

TYU 8.3
From TYU 8.2, I, =0.154 mA

Now

eD,p v
] =4.—2" o a

n t

2 10 \?
ik =£—1'5X10 ) =2.25x10%cm ™

L R TC

Then

1 —f07) (1.6><101;>X<11(z))g.25 x10*)

o 0625
1 0.0259

or Ip =544 mA
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TYU 8.4

@ =, expm
L

=(1.6x10 " J1.5x10" ]

{ / 10
X +
{2x1015 1077 8><1016 107’ }

J, =2.891x10"° A/lem’

Then J;(2.891><10_10)exp[ 035 j

0.0259
=2.137x10™* A/cm?

(b) ¥, = (0.0259)1{?“—015M}

(1.5x10f
=0.7068 V
We find
~[2(11.7)8.85x10 " 0.7068 — 0.35)
_{ 1.6x107"°

1/2
y 2x10" +8x10'
i2x1015 i8x1016i
=4.865x107° cm
Then

J en,W v,
ee = e
rec 22_0 }q) 2Vt

_(16x107 J1.5x10" J4.865 x10* )

2(107)

Xexp{ 0.35 }

2(0.0259)
J,.. =5.020x10*A/em’

J 5.020x107*

¢) Tre_ 7T -235
© J  2137x107*

TYU 8.5
2
= |D
. oA
N T

_(0°) (1.6x10")1.8x10°F [ 207
2x10" 5%1077
or Iy, =5274x10""A

(o) (L6310 Ji.8x10°F (93
{10} 8x10'° 107

or Ig, =6415x10 A
So Iy =1 +1g,=5338x107"A

0.970
a) I, =5338x10""e
@ 1y Xp(o.ozs9j
=9.83x10° A
1.045
b) 7, =5338x10""¢e
®) Xp(o 0259)
=1.78x10° A
Now
v )
@ r o 009 g
I, 9.828x10"
0.0259
b) r,=——"" _=14.6Q
®) 7 1.779 10
We have

() el
0 —Lsp eXpl — |» n0 = Lsn exXp
yz 2 V't I/t

We find
@ 1, =1.181x10"° A; 1.0 =9.71x10° A

(b) 1,,=2.137x10"A;
1,,=175Tx10" A
Now
1
Cd = (;J[Iporpo +1n0TnO]
t
So

(@ C, = [1.181x10Y107)

2(0.0259)
+(0.71x10 \5x107 )|
=9.40x10"""F =0.940 nF

1 Y-
®) C, :Ww)[(z.mxlo Yio7)

+(1.757 %107 (5x107 )
~1.70x10*F=17.0nF
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TYU 8.6
From Figure 5.3, for N, =8x10'°cm ~,
= 4, =900 cm’/V-s
For N, =2x10"c¢m ~,
= u, =480 cm’ /V-s
In the n-region,
o= elun Nd
= (1.6x107" J900 )8 x10'° )
=11.52(Q -cm)
Then
l (0.01)

R, =—= =0.868 Q
"o (11.52)107)

In the p-region,
o=eu,N,

—(1.6x107"° Y4802 x10")
= 0.1536 (Q -cm)
Then
l (0.01)

’ ol (0.1536)107)

The total resistance is
R=R,+R,=66Q

) erf t—2+—eXp(_tz/ TPO):H(O.I{[—RJ
Tho

ity [T 0 Iy

=1+(0.1 9511 0086
1.75

By trial and error

t
-2 ~125

7,0

=1, =(125)107 )=1.25x10"s

TYU 8.7
t I

@ erf |- =—"F
70 I.+1,

Now

Ip=—%===05mA

R

So

t .
erf |— = 1B 0.778
T, 1.75+0.5
. t
From Appendix G, — = (.864
TpO

So that
t, =(0.864)*(107)=0.746 x10 s
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8.1 or
In forward bias np(—xp>:9.88><10“cm’3
eV
I, =1 exp| — (b) V¥, =0.55V,
Y xp(ij 0.55
Th x, )=11.125x10° Jexp| ——
en pul)= ) Xp[o.ozwj
/ exp ﬂ 14 -3
Iy kT _epr ej(V V)} ~1.88x10" cm
1 o o N ) 4 0.55
nop exp(ek;J n,(-x,)=(2.8125x10 )exp(oﬂ259
or =4.69x10%c¢m
k) (1, (c) V,=-055V
S (x, )= (1.125 %10 Jexp| =22
| Puidin) =X | 0.0259
(a) =0
For Ii:lO,then - 055
Iy, n,(-x,)=(2.8125 x10* )exp| —
A 0.0259
v, -V, =(0.0259)In(10) '
V, -V, =59.6mV=60mV
(b) 8.3
1 2 6 2
For ~/ =100, then _np i) o
1, n,, _Na = X0 =8.1x10" cm
v, =V, =(0.0259)In(100) ) 6\
or 'y ="_f=£—11'8“1? =324x10"*cm ™
v, -7, =119.3mV =120 mV Ny 10
(@) ¥V, =090V,
0.90
x,)=324x10")e
8.2 2 Pa(x,)= ) Xp[o.ozs9j
2 10
n =k :m:2_8125xlo4cm*3 =4.0x10"cm™

po N_a 8x10"°

) 0.90
p _o_(sxion) —1.125%10% cm ()= 110 5)‘3)‘1)(0-0259J

voNe 2307 ~10.0x10" cm
p(x)=p.. exp Va (b) V,=1.10V
N ¢ » 1.10
p,(x,)=(3.24x10" )exp s
v, .
o) exp[_,j ~9.03x10" em ™
@ V, =045V, np(—xp):(&lxlOS)exp(—ol(');(s)g)
,(x ):(1.125><105)exp( 045 j W
i 0.0259 ~2.26x10"™ em
~3.95x10%¢m © p,(x,)=0
X

0.45 ) -, )20

n,(-x,)=(2.8125x10* )exp(o_o259
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8.4
n?  (1.5x10")
@ 7y === e
N, 5x10
=4.5x10" cm ™
w2 (1sx10")
=4.5x10*cm

. v,
@) p,(x,)=p,, em(;f]
or V, =V, M{M}

p}'l()
=(0.0259)In (.fsx107)
4.5x10*
~0.59 V

(ii) n-region - lower doped side

o} _(15x10")

b) n
®) 7, N, 7x10%
=3.214x10%c¢cm
2 10 \2
, =n_l.=!1.5><10 @
" N, 3x10'°
=7.5%10" ¢cm >
0.1)N
o -]
po
AN7x10"
=(0.0259)In 0.7 04
3.214 x10
=0.6165V

(ii) p-region - lower doped side

_(L6x10- "’Xl 8x10°)
5%10'

USXIO

X e
xp(o 0259)
=1.849 A/em*

I, =4J,(-x,)=(10")1.849) A
or I, =1.85mA

0'6 10'8
Xp{ 1.10 ]
0.0259
=4.521 A/em*
1,=47,(x,)=(07)4.521) A

or Ip =4.52 mA
(c) I=1, +Ip =1.85+4.52 =6.37mA

8.6
Foran n' p silicon diode
D
I, = Aen} L]
Na TnO
(10 )ex107 1.5%10" ] [ 25
10' 107
or

I, =1.8x10"" A
(@)For V, =05V,

a

I, =1l e s
D—sXth

= (1.8x10- ls)exp( 0 j

0.0259

or
I,=436x10"A
(b) For V, =-0.5V,

-0.5
1.8x107 | exp| —— |1
( {Xp[o.ozsg }

~I; =-18x10"° A

Iy

or
ID

I
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8.7

8.9

\/7 \/7 We have

,=en’ v
Izl{exp{z]—l}

(16x10 19X24 107

or we can write this as

f / 48 1 V
X + —+1l=exp| —
4><1015 2><1O’6 2><1017 2x107° 1 v,

N
J, =1.568x10* A/em’

so that
1
v V=V In| —+1
(a) [=A4J, exp V” I
! In reverse bias, I is negative, so at
0.25
=(10)1.568 x10~* )e 1 _
( X ) @[0.0259 j 1 0.90, we have
=2.44x107 A ¥ =(0.0259)In(1-0.90)
or /=0244mA or
() I=—1, =—AJ, =—(10*)1.568x10*) V =-59.6mV
=-1.568x10"* A
8.10
v
8.8 Casel: =1 exp|—
A 7
(a) J, —en
V 0.50x107° =1, exp 0.65
0.0259
19 IO
(1 6x10- Xl >x10 — 7. =6305x10"° A=6305x10"2mA
{ / / } J I, 6.305x107"
17 -7 15 -8 = -
5%107 V107 8x10° | 8x10 T 2%10°*
. =5.145x107" A/em? =3.153x10* mA/cm*
_ _ -4 -1 V
I, =47, =2x10*)5.145x10 ") Case2: I=1. exp(—“)
—1.029x107 A Vi
v b 0.70 J
- _a =12x10 exp| ———
®) I=1, e"p[VJ ( ) X1’(0.0259
or /=1.093mA
0.45
DI=1.029x10™")e 12
7= )Xp(o.ozwj g =t _2x10 7
3.61x107 A o4 o
= . X
055 2x10~" mA/cm?
(i) 7 = (1.029 x 10 )exp[ : j v
0.0259 Case 3: I =A4J exp 7“
=1.72x107A '
I
. 0.65 SoV, =V, In
i) I =11.029 x10 ™" )e a { }
(iii) ( ) xP(o.ozwj AJ,
=8.16x10* A — (0.0259 )In| 230
(l0-*)i07)

vV, =06502 V
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Then
1, =47, =(10%)107)=10"mA

Case4: I = L _ 1.20 )

V) e [0.72
Py ) Plo.ose
I, =1.014x10""mA
I, 1.014x107"

s

J 2x1078

s

=5.07x10"¢cm?

8.11

N, [Dy7,( 1 1]
N, \D 0.90

pnu

(2s)to (0.1111)

(10)5%1077

a Nd
=0.07857 or —=12.73
N,

a

=

(b) From part (a),

N, |D,z, (L—lj

N, \D,r,, 020
(25)1077 (4)
(10}5x107"

N,
¢ =2.880r —L=0.354
N

d a

8.12
The cross-sectional area is
-3
A= L1007 s 1074 em?
J 20
We have
Vo 0.65
J=Jge =20=Jge
Xp[Vl J XP(O.0259J

which yields

Jy =2.522x107"" A/em?

We can write

/D ’D
Na z-nO Nd z-pO

We want

1 [p,
N T
2 1 00 =0.10
. ,D" +L. &
a no Nd TpO

s
N T
or
L 25
N, \5x1077
7\)5x107 \/5x107
3
_ 7.07]1vx10 oo
7.071x10° + - (4.472x10° )
Nd
which yields
No 1423
d
Now

Jg =2.522x107 = (1.6x10"[1.5x10"

L [0
1423 5><107 N, Vsx107’

We find

N, =7.09x10"cm ™
and

N, =1.01x10"cm ™

8.13
Plot
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8.14
(@)
eD"npU
Jn _ Ln
J, +Jp eDnnpo +erpn0
L, Lp
D, n}
Tﬂ() Na
D n? D,, n?
n 1 + _r 1
Z-rlo Na Tpo Nd
B 1
Dprm, N
1+ | =
Dnrpo Nd
We have
D , 1
Zr _Pp 1 g B L
D, u, 4 T 0.1
SO
J, _ 1
Jo+J, L 1[N,
24 0.1 (N,
or
J 1

J+d N
P14+ (2.04) =
Nd

b) Using Einstein's relation, we can write
g
2

elun n[
J, L, N,
Ju+d, ew, ni e, n
Ln Na Lp Nd
_ eﬂnNd
= T
e/unNd +7'€,Llea
Lp
We have
o,=eu,N, and o,=eu,N,
Also
D 2.4
= St = 22— 490
D,t, 0.1
Then

J, __lojo,)

J,+J, lo,/0,)+4.90

8.15
(a) p-side;
N,
E.-E, =kT1n( "j

n.

i

15
=(0.0259 )In &
1.5%10"

or
E, —E,=0329¢eV

Also on the n-side;

N
E.-E, = kTh{—"]
ni

=(0.0259 )m(L]

1.5x10"

or
E,—E, =0407 eV

(b) We can find
D, =(1250)0.0259)=32.4cm?/s

, =(320)0.0259)=8.29 cm* /s

Now
[ ., / ]
=(1.6x10" 19X1 5x10'° Y
/32.4 /8.29
X +
5x10'5 10°° 10‘7 107’
or

Jy =4.426x107" A/em?
Then

Iy =) =(10*)4.426 x107")
or

I, =4.426x10"° A
We find

v
I=1.exp| =2
S""[V,J

0.5
=(4.426x107"° —
( )eXp(o.ozs9 J

or
I=1.07x10°A=1.07 z A
(c) The hole current is

1 |D V,
I,=en’d-— |—"exp| —=
Nd Tpu V;

Chapter 8
Problem Solutions
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:(1.6><1019X1.5><1010)2(104( : )

1017
18 (Vs
1077 ® v,

v
1,=3278x107" e)cp[7D (A)

t

or

Then
1 J -16
_p:_p:3.278><10 ——0.0741
I J, 4426x10°
8.16
eD D 2
o 1o B
L, T, Ny

) ) o[ 10 (Lsx0")
_(1,6x10 ‘9X5x10 4)\/5' 1.5x10'

I, =1342x10""A

eDn D 2
b) 1. =4 LN Y
( ) sn

l Ln T"IO N(l

B ] [ 25 (5x10"f
—(1.6x10"° J5x10 4!/2X10_7 S

I, =4.025x10"" A

© ¥, =(0.0259)In (5X101°)(1-5X1016)
(1.5x10")

=0.746826 V
v, =(0.8)7,, =(0.8)0.746826 ) = 0.59746 V

(x.)= .. exp| L | = P ep Y
Pu\Xy )= Puo Xp I/t _Nd Xp Vl

(Lsx10") (059746
1.5%10' 0.0259

=1.56x10"cm

@ 7,(-x,)=1,(x,)=1, exp[za]

t

— (4.025 xlOlS)em[%j

0.0259
=4.1981x107° A

V
@ I,(x,)=1, exp(;“j

t

~ (1342 %107 )exp(o'59746 j

0.0259
=1.3997 x10™* A
ITotal =In +]p

=4.1981x107° +1.3997 x10~*

=1.820x10* A
Now
1 —(1/2)L
I (xn +—1L ]zl (xn)exp[—p
P 2 P 14 Ll,
. -1
= (13997 x10* )exp 5
=8.4896 x10° A
Then

1 1
In(xn +5ij:[Tatal —Ip(x” +5ij

=1.820x10~* —8.4896 x10
=9.710x107° A

8.17
(a) The excess hole concentration is given by
D, =Py~ P

We find

2 10 )2

. (L5x10

p =l _fusxaon) s ) =225x10*cm ™
N, 10

and

L, =Dz, =)0.01x10°)

=2.828x10*cm =2.828 um
Then

0.610
= (2.25x10%) ¢ -1
P, = { Xp[o.ozwj }

—X
Xe —_—
Xp(z.szsxlo“‘j

or

=(3.81x10" )e ——x) cm ™
P, ( ) Xp(2.828><10_4
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(b) We have
d(p.)
Podx

Jp =—eD

e, (3.808x10") ( x
2.828x10
At x=3x10"" cm,

® 2.828x107*

J (3)=
"( ) 2.828x107*

or
2
J,(3)=0.5966 A/em
(c) We have
eD n 14
g,y = T exp| =
NCIANTA

n t

We can determine that

n,, =45x10°cm™ and L, =10.72 u m

Then
(1.6x107° [23)4.5x10°)
10.72x107*

e 0.610
w 0.0259

J =

no

or
J,, =0.2615 A/em”
We can also find
J,, =1.724 A/em’®
Then at x =3 um,
5,00~ +d,,~7,0)
=0.2615 +1.724 —0.5966
or
J,(3)=1.39 A/ecm?

(1.6x10" (8)(3.808 x10™) (—3
P 2828

(b) Problem 8.8

—(0.0259 )h{ (0.1)fx10")" }

(15x10" )
—0.623V

8.18
(a) Problem 8.7

V[l
i’lp =I’lp0 eXp 7t
or V, =V, m[n—f’) v h{(of)N“ }
npo I’l,- /Na
0.1)N;
rafo]
n;
=(0.0259)1n M
(2.4x10" )

=0205V

8.19

The excess electron concentration is given by
on , =N, —n,

e 1 x| 7]

The total number of excess electrons is

Np =AI§npdx
0

We may note that

o

-Xx -Xx
‘O[exp[zjdx =-L, exp(:] . =L,
Then

N,=A4L,n,, |:exp(£J - 1}
v,
We find that

D,=25cm’/s and L, =50.0um
Also

2 10 \2
po= i S0 ) 6104 em

"N, 8x10”
Then
N, =(107)50.0x10 J2.8125 x10* )

~{2F

X

or

4
N, =(0.1406){exp( “J—1
v,) ]

Then, we find the total number of excess
electrons in the p-region to be:
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(@V,=03V, N,=151x10*
(b)V, =04V, N, =7.17x10°
(©)V,=05V, N, =3.40x10’

Similarly, the total number of excess holes in
the n-region is found to be

vV
P =AL exp| —= |-1
n ppno|: Xp[l/tJ :|

We find that
2
D,=100cm"/s and L, =10.0 um
Also

2 10 )2
P :n—":(l'SX;lo):2.25x1040m’3
N, 10"
Then
4
P, =(2.25><102{exp( “J-%
V[
So

@)V, =03V, P, =241x10°
bV, =04V, P, =1.15x10°
)V, =05V, P, =545x10°

Tocn’e v, e ~ £ e v,
n. —_— .
Few| 3 o) o lew| 7

Then

8.20

eV, —E,
Iocexp(—kT j
SO
eVg]—Egl
L)
Z: eVaZ_EgZ
A
or

I, - eVal—eVaz—Eg,—i—Eg2
kT

We then have
10x10~° (0.255 -0.32-0.525+E,, j

10x10° 0.0259

or

10° :epq{

Then
E,, =0.59+(0.0259)In(10° )

or
E,, =0.769 eV

E,, —0.59
0.0259

8.21

(a) We have

1 /D 1 |D
I =Aden’| — [— +— |2
Na z-nO Nd z-‘170

which can be written in the form
I,=C 'n,.2

3
T -F
=C'N N |—| exp| —=
c0 UO(?)OO] XP( kTJ
or

-E
I, =CT? exp| —=
s Xp[ kTJ

(b) Taking the ratio

_Eg
exp e
Iﬁ:(ﬂy.i
I T, exp -E,
7

3
= 2 -exp +Eg L_L
7, KT, KT,

For 7, =300 K, kT, =0.0259 , % =38.61

1

For T, =400 K, kT, =0.03453 , % =28.96

2

(i) Germanium: E, =0.66 ¢V

Iy, (400
s | 22 0.66)38.61 —28.96
=[5 ewlosex )
or Iﬁ=1383
ISl
(i) Silicon: E, =1.12eV
Is, (400’
ECENE b 1.12)(38.61 - 28.96
=) ewlinn )

| ~

or 32 =1.17x10°

S1

~N
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8.22
Plot @) p,(x,)=(0.)N, = p,, exp( J
()l
. First case: i v
I, 2
L =exp[£} orV, =V, ln{(o I)N }
I, v,
V 0.50 15 \2
V= = =0.05049 V 0.1)2x10
T mxao) =(0.0259)In M
| (1.5x10")
: V. =0.5516 V
Now 0.05049 = (0.0259 )(ij 3 AeD, ( n? v,
300 @7, = — |exp
Wn Nd Vt
=T =584.8K
Second case: (10’3 Xl 6x107" XIO)(I 5><1010)

I, :Aen[2 L
Na

12x10°° = (5x10*1.6x10 " )n?)
| > X 5 1,=4565x10" A
x 15 -7 + 17 -7 AeD n V
4x10%V5x107 * 2x107 V10 _ A ol Ve
L, v,
or n} =8.2519x10% , '
D, (n v,
Now = " (n—ljex}’)[ a]
_E Tno Na Vt
n} =N_N, exp( g} oV
kT _ 0 x10-) 2 (1.5x10")
7V ‘ 5x107  2x10"
(82519 %107 )= (2.8x10" f1.04x10" (—j

300 0.5516
X
Xp(0.0259

1 [D, (0.7x107* J2x10)
Na VT xe (m

1 0.0259 j

-1.12
Xe -_— —
Xp{(o.ozw )(T/SOO)} 1,=226x10"A
3 I1=1+1
o (T —(1.12)300) n e
2.8337x10 ‘(% | 0.02597) =226x10° +4.565x10
By trial and error, =4.567x107 A
T=502K or [=4.567 mA
The reverse-bias current is limiting factor. v,
g ® @)n,(-x,)=01N, =n, exp(Fj
8.24 Vv,
CeXp| —
L, =D,7,, =10)107)=10" cm Na v
or L =10um; =W, <<L 0.1)N2
g 5 ! or V, =V, m[w
e P v n.
a) J,(x,)=—2"Lexp| -~ !
@ 1,05.)= e[ 12

t =(0.0259)In M
(1.5x10" )
V,=05516 V
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(10’1-3 J1.6x107 J10)(1.5x10" )
(0.7x107* f2x10")

e 03516
1 0.0259
1,=4565x10"A

D, [ n} v,
— e —
T}’IO N(l )q) Vt
2
= (107 )L6x1077) |2 (L5x10")
5x1077 2x10"

“ 0.5516
»® 0.0259

o AeD, ( n} V.
i)/, = — e
W ==\, ™7

I, =4e

I, =22597x10* A
I=1,+1I,
=2.2597 x10™* +4.565 %10~

=2716x10* A
or /=0.2716 mA

8.25
(a) We can write for the n-region

*(P,) . _
dx’ Li
The general solution is of the form

b, = Aexp[Lp J+Bexp(L:j

The boundary condition at x = x, gives

@,(x,)=p., {exp U/—J - 1}
_AeXp( L J+Bexp[ Li ]

and the boundary condition at x =x, + W,

gives
&, (x, +17,)=0

P p

x, +
=Aexp(

From this equation, we have

—2x, + W, )}

L

P

A=—Bexp{

an [—(x,,+W,,)
+ Bexp —

Then, from the first boundary condition, we
obtain

e s 1
pno m Vt
x| —ow
=Bexp(i l—exp( ”]
Lﬁ Lﬁ

We then obtain

Pro {GXP

o | enl 2

which can be written as
. v, “1lee . +W,
Xp v xp L
e —e

We can also find

.- ”"{*’""(Z} | exp{ am)
R

The solution can now be written as

e Va -1
Do | €XP v
P, =
2sinh{W"j
LP
xn+VVn _x _(xﬂ+W'l _x)
xqexp| ————— |—exp| ————=
Lp L}’

or finally
sinh[x” +W, —xJ
L

@n:pnn|:exp[l;{:J_l:|' [VVPJ
sinh| —*
L

p

B:
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(b) For T=310K,
d(,) 1122060 1.12-V,,
J =-eD =
r Podx e, 0.0259 0.02676
V which yields
— erpno {exp[ a j—l:l Vp, =05827V
= v For T=320K,
_(w, 1.12-0.60 1.12-V,,
sinh =
L, 0.0259 0.02763
: W which yields
| 2L lcosh Xntn =X Vp, =0.5653 V
L, L, =%,
Then
8.27
eD,p,, w, Vv .
J, = L cothl —= || exp| == |1 (a) We can write
oL, L, v, v
I, =Cn?-exp| £
D i kT
8.26 where C is a constant, independent of
) temperature.
I, n’exp V_D As a first approximation, neglect the
' f variation of N, and N, with temperature
For the temperature range 300 <7 <320 K, over the range of interest. We can then write
neglect the changein N, and N, . _c. -E, v,
Then i e kT P 7¢
E eV,
I, xe £ le D - (E -ev, )
m[ kT] XP(kTJ =Cpoxp| ————
kT
(£, —e1s) here C, is another constant, independent of
o exp where C, is another constant, independent o
kT temperature. We find
Taking the ratio of currents, but maintaining E,-eV, C,
1, a constant, we have T In T
D

o _<Eg —eVDl) or
®

e wea ()

kT,
We then have
8.28
Eg —evVpy, _ E‘g —eVy,
kT, kT, (@) I, =Aen’
We have

T=3(X)K, VDl =0.60 V and (104X1 6x10~ 19X1 5% 1010

kT,
kT, =0.0259 eV, —- =0.0259 V F \/T
e % +
T=310K, 4><10“" 107 4x10' V107’

kT, _ 15
kT, =0.02676 eV, —2 = 0.02676 V 1;=2323x10 " A
e Aen w
T=320K, by 1,
27,

kT,
kT, =0.02763 eV, — =0.02763 V We find
e
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Vi = (0.0259)111 M
| (15x10")

=0.7665 V
and

1/2
. 2e, (V,,+Vy)( N, +N,
e N,N,

_ [2(11.7)8.85 <10 J0.7665 +5)
1.6x10 "

1/2
y 4%10" +4x10'
i4x10‘6 i4x10'6i

W =6.109x107° ¢cm
Then

;[0 Jr6x10™ Ji.5x10" 6109 x10~)

gen 2(107)
=7.331x10"" A
7.331x107"

) - T -316x10*
© I, 2323x107"°

8.29
(a) SetIy=1,,,
| L [Po L | Dy | Aeny
N, \z,, N, 750 27,
; 1 25 . 1 10
14x10° V107  4x10"° V107
_ W _6109x107
27, 2(10°7)
3.0545 x 102
" 3.9528x107"° +2.50x107"2
=4.734x10" ¢m
Then

n} =2.2407 x10%

T 3
~(2.8x10" )1.04x10" (—j
300
7.6947 x107"° =(—T )3 e {—((l 12)(300)}

300 0.0259 \T)
By trial and error,

T =567 K
We have

AeniW
27,

_ (107 61077 J4.734 x10™ )6.109 x10°* )

I, =1,

en

Chapter 8
Problem Solutions

2(107)
Then

I,+1,,=2314x10" A
or I, =1, =2314uA

gen

(b) From Problem 8.28
I,=2323x10"" A

I,,=7331x10"A

So I=1, exp[V J 1 enexp( Vs j
v, ) e
(2323x107'° )e"p(%j
Va
IJ

=(7331x10™" )exp[zV

exp Y
V., ) 171331x10™"

[ v, J 2.323x107%
exp

2y,

v
e 3.1558 x10*
Xp(zV,J

v, =27, In(3.1558 x10*)
—0.5366 V

D, =[k—Tj'ﬂn
e

=142.5cm?*/s
=(0.0259)220)=5.70 cm? /s

! /&
N, T po
2

= (2x10)1.6x10° )1.8x10°)

1 142.5 1 5.70
x 16 . 16 8
7x10 2x10 7x10 2x10

I, =150x10A

8.30

=(0.0259 )(5500)

(@)
. _ 2 L
(1) I, = Aen; [Nu
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N v, 8.31
()1, =1 exp % Using results from Problem 8.30, we find
' V,=04V, I,=764x10"°A,
_ 0.6
:(1.50><10 zz)exp[o 0259) I,,=135x10""A, I, =1.35x10 7" A
' V. =06V, I,=173x10""A
~1.726x107% A “ T )
I, =644x107A, I, =644x10°A
(iii) 7, = (1.50 %102 Jexp| 22 )
b 0.0259 V,=08V, I,=390x10"A
=3.896x10° A I, =306x10"A, I,=310x10"A
_ _ —6
1, :(1.50><1022)exp( 1.0 j V,=10V, I,=880x10"°A
0.0259 1, =145x107A, I, =233x107° A
=8.795x10° A V,=12V. I, =1.9x107A
Aen W
O) 1, =i [, =690x10"A, I, =2.06x102A
27,
710" [7x10")
v, =(0.0259)In (4X_ )
’ [ (1.8x10° ) 8°3P10t
=1263V
 [203.1)8.85x107 f1.263 +3)
W= 1.6x107"° 833
: Plot
1/2
y 7x10'° +7x10'
i7><1016 i7><1016i 8.34
=4201x107° cm We have that
2
(i)Then R— np—n;
;X107 Jiex107 Yi.8x10° J4.201x10°) 701+ 7,0(p+ 1)
s 2(2><10’8) Let 7,, =7,, =7, and n'=p'=n,
=6.049x107"* A We can write
V EFn _EFi
i = a n=n;exp| ———
(11) Irec ]ro exp[zl/t j [ kT j
and
0.6
=(6x10™ )exp| ———— -
[ ) X1{2(0.0259 )J pen ep| L L
: kT
=6.436x107° A We also b
€ alSo have
(i) 7, = (6><1014)exp(%j (B —Ep )+ (B —Ep, )=,
’ so that
=3.058x107" A (EFi_EFp):eVa_(EFn_EFi)
: - 1.0 Then
iv) 1, =(6x10" Jexp| ———
( ) e ( ) m[z(oozsg)J |:eVa _(EFn _EF[)i|
=n.c _—
=1.453x107° A PomeR kT
ev, _(EFn_EFi)
=n.c -€ e —
’ XP( kTJ XI{ kT
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Define R n; ( eV, j
V E. —FE.. max — eXp
N, = ev, and n= Fn Fi 2‘[0 2k
kT kT Q.ED.

Then the recombination rate can be written as

2
Vo

i

(nie" Xnie”“ -e”

R=

; — 8.35
Toln,.e +n; +ne “-e +}’liJ We have

or

w
(e _ Jen:j Gd
R n,(e’ 1) g Oe X

T, |.2+e’7 +e' -e"’J . ’ o _
To find the maximum recombination rate, set In this case, G=g'=4x10"cm™s™ andis

dR a constant through the space charge region.
% = Then
n (e"" —l) d I T =g W
:i—._[2+e’7 +e'7a.e_’7]7 We find
7, dn NN,
or V=V, In n?
n.le™ -1 12 i
O:’<—)-(—1)[2+e”+e”“ ] (510 Jsx10)
fo =(0.0259)In -
<l —em o] (1.5x10')

which simplifies to or

- (em, _1) [en oM ,e—n] V, =0.659V

B ) 7 7, -n 2 Also
To 2+e’ +e' e 1a

The denominator is not zero, so we have W= 2€; (Vm + VR) N,+N,

0=e"—e" . e NN,
or [2(11.7)(8.85x10 " )0.659 +10)

o2 — o 3,7:7770 - 1.6x107"°
Then the maximum recombination rate 5%10% +5%10" 1z

X

becomes (—X—)SXIOIS Sx10"

n, (e”“ —1)

R...= or
max —;
z, l2+enu/2 +el .o 77“/2J

W =235%x10"cm

B n, (e”" —1) Then
o2+ e J g = (1.6x107 J4x10" J2.35x10+)
or or
R n, (e”" —1) J gen =1.5%x107 A/em’?

max

- 27, ie"“/z +1i

which can be written as

ev, |
n.|c —
| ol
RmaX=
2 Vil
T (&)
0| |

If ¥, >> (kT}/e), then we can neglect the (-1)

term in the numerator and the (+1) term in the
denominator, so we finally have
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8.36

AR
o
-

or
J, =1.638x107"" A/em?
Now

V
J, =J,exp| =
D s XP(VIJ

We want
J=0=J,-J,
or

”
0=25x10""-1.638x10" exp[f}
t

which can be written as

V -3
xp| 2 :L()”:Ls%xlw
V. ) 1.638x10”

We find

v, =, n(1.526 x10°)
or

Vy=0.548V

8.37

Inoty  (12x107)0.5x10)
2V, 2(0.0259)
=1.16x10°F
or C, =11.6nF
0.0259
b) r,=———_=216Q
®) 7= 0
(0.12x10 Jo.5x10)
2(0.0259)
=1.16x10°F
or C, =1.16nF

vV, o
@ -t 0.0259

C, =

C, =

8.38
AQ
a) C,=——, For I, =12mA
(@ C, AV P
AQ=C, AV =(1.158x10"* |50x10~*)

=579%x107"°C
(b) For I, =0.12mA

AQ=C, AV =(1.158x10° 50x10~)

=579x107"'C
8.39
Fora p*n diode
IDQ ]DQTPO
=, C = —
84 v d 2,
Now
107 5
= =3.86x10""S
84700259
and
-3 -7
M0N0 ) 3410 F
2(0.0259)
We have
o 1 _ 84— JoC,
Y g,+joC, gl+w0’C?

where o =27 f

We obtain
f=10kHz, Z=259-,0.0814
f=100kHz, Z=25.9-;0.814
f=1MHz, Z=23.6—;741
f=10MHz, Z=238-;7.49

8.40
Reverse bias

1/2
N N
C/'——AC’——A{ €€ YaVa )}

2V, +V, N, + N,

=(0.0259 )]n{(SXLXSXlOIS)]

(1.5x10" )
=0.790 V
C = (2><104){(1'6X10_]9X11.7)(8.85 ><10—14)
=

2V, +V)

x{(st)(sXm”)}}m

5x10"7 +8x10"
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-12
_ 5.1078 x10 P

C.

Ve (V) C; (pF)

10 1.555

5 2.123

3 2.624

1 3.818

0 5.747
—0.20 6.650
—0.40 8.179

Forward bias
For N, >N, =1,,>>1,

Then
Lt 1,,8x107)
o, 2(0.0259)

D 2 V
Ip{):Ae _r . n_’ .e)qj _a
T])O Nd I/t

10 2

—(2x10*Jox10") |10 -(1'5X10| )

8x10~ 8x10"

xe v,

7,

I, = (1.006><1014)exp(%J A

t

—(1.s44x10°)1,

V,(V) C,(F) + Ci(F) = Cpy(F)

020 3.51x107"7 +6.650x10 7'

= 6.650 x10 "2
040  7.92x107" +8.179x107"2

=8.258x107"2
0.60 1.79%x107" +..

~1.79x107"°

8.41
Fora p'n diode, 1,, >>1,,, then

C, = (%J(“O Z-170)

Now

TpO

=2.5x10"°F/A

t

Then

7,0 =2(0.0259)2.5x10°°)
or
7,0 =13x107"s

At 1 mA,

C, =(2.5x10°)10~)
or

C,=2.5x10"°F

8.42
(a) Na >>Nd :>]pu >>]n0
1 T
) C, = po” p0
» ¢, 7
_2,(C,) _ 20025910

po _
70 1077

=5.18x107*A
or /,, =0518mA

D (v
(i) 1,, = de | -”—’exp(—“J
T 0 N, V

t

r [

0.518x107 =(5x10*f1.6x10 ") —

(1.5x10 ) (VJ
X eXp

8x10" v,
-3
v, =(0.0259)In %
2.25x10"
=0.618V
v, :
(i) r, = =209 550
I, 0.518x10°°
(b)
. 2w,(c,)  2(0.0259)0.25x10°)
01, = = =
0 10
=1.295x10"* A

or /,, =0.1295 mA

-3
(ii) 7, :(0.0259)h1(—0'1295 <10 J

2.25%107
=0.5821V
0.0259
i) r, = ——22 _ _200Q
(i) g 0.1295 10
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8.43
(a) p-region:
R N A
"4 o,4 leu,N,)4
SO
0.2
R = (1.6x10" Jas0)10' J10~2)
or
R, =260
n-region:
R :an: L _ L
’ 4 o,4 (elunNd)A
SO
R - 0.10
" (1.6x107J1350)10" J102)
or
R, =463Q

The total resistance is
R=R,+R, =26+46.3

or
R=723Q

(b)
V=IR=0.1=1(72.3)

which yields
I=138mA

(b) Set R=0
(i) For 1, =1maA,

v =(0.0259)In 107
o 107°
or V=0417V
(i) For 7, =10 mA,

V= (0.0259)111[110—2)

8.4
_pulln) P, Lp)

Aln) — Alp)
(02)102)  (0.1)102)

= +
2x107 2x107°

R

or
R=150Q

We can write

I
V=I,R+V, h{—DJ

N

(a) (1) For I, =1mA,

-3
v = (10 )150)+ (0.0259 )ln(ll(())w

or V=0.567V
(ii) For I, =10 mA,

1072

107

v = (107 )150)+(0.0259 )m(

or V=198V

|
|

0—]0
or V=0477V
8.45
@ =t _V, 00259
P )

or 1,=8.09375x10"A

I,

= (0.0259)11{

8.09375 x10~*
5 x 10—12

V, =0.4896 V
vV, o.
®) 1, =V 00259

Ty

=4.3167x10* A

—4
v :(o.om)m(mj

551012
=04733 V

Chapter 8
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8.46

r 00259 ¥
which yields

r, =12x10" Q
(b)

1_107" .exp( —0.02]

r,  0.0259 0.0259
which yields

r, =5.6x10" Q

1_10" (002
0.0259




Semiconductor Physics and Devices: Basic Principles, 4™ edition

By D. A. Neamen

Chapter 8
Problem Solutions

8.47
@1f 12 _ 02
=0,

F
Then we have

I
erf = L 1 = 1
T, Irtly 1+17R 1+0.2
F
or
erf =0.833
7,0
We find
tS t?
=0.978 => —— =0.956
TPO TPO

(b) If j—R =1.0, then

F
t

erf | —— = SR 0.50
T, 1+l

which yields
L 0.228
7,0
8.48

I
(a) erf £
7, 1 +1,

erf\0.3 = erf (0.5477 )

= erf(0.55) = 0.56332

Then 0.56332 =

1
1+
IF
1
Lo 1 __oms
I, 056332

(b) erf, —1+
/7[ L

=1+(0.1(0.775)
=1.0775

t,
By trial and error, —— = 0.80

[

8.49
C,=18pFat V;, =0
C,=42pFatV, =10V
We have
T =70 =10"s, I, =2mA
and
V
I, ;—R:Q:ImA
R 10
So
1
t 27,0 | 1+-5 :(10-7)1n[1+3j
1, 1
or
t,=11x107"s
Also
Cavg_18+4.2:11'lpF

The time constant is
s =RC,, =(10"11.1x107)
=1.11x107"s
Now, the turn-off time is
ty =t +7g =(L1+1.11)x107
or
ty =221x107s

8.50
19 |2
=(0.0259)In M =1.136 V
(1.5x10")
We find
1/2
W: 2es (Vbi _Va) Na +Nd
e N,N,
[2(11.7)8.85x10* J1.136 —0.40)
1.6x107"°
1/2
5x10"” +5x10"
x 2
(5x10")
which yields
W =617x10" cm=61.7 4
8.51
Sketch
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8.53
From Figure 7.15, N, =9x10”cm ™

Let N, =5x10"cm™
p”(x”):(o'l)Nd :9X1014 :pno exp[%j

t

2 10 )2
., :n_":M:2.5><104cm’3
N, 9x10"
14
Then ¥, =(0.0259 )In &04 =0.6295 V
2.5x10
[ 50x107
' v, exp(o.éz%j
Py 0.0259
=1.389x107"* A
;= 4eD,p,, _ Aen® &
’ L, N, \7,
1.389 107"
AL6x107° N15x10"F [ 10
9x10" 2x1077

1.389x10 "2 = 4(2.828 x10™"")
or A=4.91x10"cm’
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Exercise Solutions
Ex 9.1 Ex 9.3

bro =0, —y =4.55-4.07 =048V {265 (Vbi+VR)}1/2

X =q———"—""
N, ) 17 ! N
6 =V, m[N‘ J: (0,0259)111[—4 7X1?5 j o s
a >x10 2(11.7)8.85x107 (¥, +7,)
=01177V - (L.6x107f10™)

V, =y~ =048—0.1177 = 0.3623 V
= {1204 %107 ), + 7, )}

2¢, 7,
X =4— — —
TN, @ Vy=1V,V, =0334V
= x, =4.155x10 " cm
_[203.1)8.85x10™)0.3623)] e
(1.6x107 J5%10") IE o =%
- -5 s
‘3'24;,10 om (1L6x107)10" J.155 x10)
B ] = = (1.7)8.85x10 )
S
) = 6.42x10* V/em
(1.6x107J5x10" [3.24x10%) -
(13.1)8.85x10 ") Then Ag = 4e
T €
=224x10*V/em )
[(1.6x10"Je.42x10%)] "
47(11.7)8.85x107*)
Ex 9.2 -
From Figure 9.3, Ag=0.0281 V
v, =0.64 V () Vp =5V,
LY x, =8.309x10° cm
A= , .
(C’j _85xI0% o o= (1.6x107° 10" J8.309 x10 %)
AV,  3+0.64 (11.7)8.85x107'*)
2 1 =1.284x10° V/ecm
Then Ny=——— o s\ 172
ee, [1j Aj- (1.6x10 J1.284 x10°)
c’ 47(11.7)8.85x107"*)
AV, Ag=0.0397 V
~ 2
(1.6x1077 J13.1)8.85x 10 2335 x 10" Ex 04
X Y.
or N, =4.62x10"cm ™ o2
4 4rem k

h3
Assume m, =m, , then
o Arl6x107 Jo.11x107 J1.38 %10 )
(6.625x107 )
=1.20x10° A/K*-m*
= 4" =120 A/K*-cm’
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Ex 9.5
V
I=A4J_ e 4

t

sothat V, =V, In =
AJ,

For the pn junction:

10x10°°
e = (0'0259)]1{(104 X3.66x10“)J

=0.5628 V
For the Schottky junction:

10x107°
v, =(0.0259 ) In{ — —
(10 )5.98x10~)
=0.192V
Ex 9.6
V,-03
I exp
t zlzli )q) _0.3
Ige Vo s Vi
s Xp v
Then

I =(sx107 )em(o._og; j

=1, =4.66x10 2 A

Ex 9.7
We have

1/2
ZES Vbi
X, =\y———
eN,

2(13.1)(8.85x10 7 {0.80)

1/2
:{ (1.6x10™ [7x10") }

=1.287x10"% cm

or x,=128.74

Ex 9.8
From Example 9.8, AE, =0.70eV.

We find

2 13 \2
A0 5 610" em

Pro =N = 10

Now

pPo _NUnJ

pna NUP

] 0" fox10")
=0.70 +(0-0259)h{(5.76 x10" X7x10‘8)

eV, =AE, +kT1n[

or V,, =089V

Test Your Understanding Solutions

TYU 9.1
(a) ¢y, =4.5-4.01=049 V

NC
(b) ¢, =V, ln(Nd J

19
= (0.0259) | 2219|0237 v
3x10
Vy = $a —, =049 -0.237 = 0253 V

1/2
© =x, :{265 (Vbi +VR)}
eN,

2(11.7)(8.85x10 " }0.253 + 5

:{ (1.6x10 " 3x10") )}”2

or x, =1.505x10*cm

Then
|E = M
ES
(1.6x10 " )J3x10" )1.505x10 )
- (11.7)8.85x107"*)
or [E,.|=6.98x10* V/cm

1/2
ee, N
d Cc'=l——"s""4
@ -l
:{(1.6><10'19X11.7)(8.85xlO"4X3x1015)}1/2

2(0.253 +5)

or C'=6.88x10"F/cm?>

TYU 9.2
() ¢y, =5.12-4.07=1.05V

4.7x10"
(b) ¢, = (0.0259)111(Wj =0.131V

vV, =1.05-0.131=0919 V
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( {2(13.1)(8.85><10"4 XO-919 +5)}”2 (b) For the pn junction diode
¢ x, = - 3
(1.6x10™° J3x10') v, = (0.0259)1n[11(())]4 ] =0.656 V
_ 4
or x, =1.69x10"em For the Schottky diode
Now 107
E, |- (1.6x10° J3x10"* f1.69x10*) v, = (0.0259)1{ - j ~0.358 V
e (13.1)8.85x107') 10
or [E,.|=7x10*V/ecm
@ - (1.6x10 " J13.1)8.85x10 )
2(0.919 +5)

x(3x10" )2
or C'=6.86x10"° F/cm?

TYU 9.3
eE
4dre,

Ag=

~[(.6x10 )6.98x10*

- { 47(11.7)8.85x107" ))}”

or Ag=0.0293V

e
X, = |——
lére, E

_ 1.6x10™" "
167(11.7)8.85x10 ™ J6.98x10* )

or x, =2.10x1077 cm:21.021

TYU 9.4

I=1I.¢e 7
_SXPV,

Then

[S

(a) For the pn junction diode
100x10°°

0

v, =(0.0259 )m[ J =0.59 V

For the Schottky diode
100x10°°

vV, = (0.0259)111[ = J: 0.298 V
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9.1
(a) We have
N
ep, =eV, In| —=
Nd
19
= (0.0259)111(&} =0.206 eV
10
(c)
Ppo =, — 1 =428-4.01
or
$po =027V
and
Vo =bpo — 9, =0.27-0.206
or
v, =0.064 V
Also
1/2
|:2 es Vbi :|
X; =|———
eN,
[2(11.7)8.85x10"* J0.064) ]’
(1.6x107 f10')
or
x, =9.1x10~° cm
Then
|Emax — %
eS
~{(1.6x107 J10" Jo.1x10)
(11.7)8.85x107*)
or
E,..|=141x10*V/cm
(d)
Using the figure, ¢, =0.55V
So
V, = —#, =0.55-0.206
or
v, =034V
We then find
x, =2.11x10" cm
and
|E 1o =326 x10* V/em

9.2

Chapter 9

@ V, =0z —9,

NC
ol

=(0.0259 )m(

2.8x10"
5x10"°
=0.2235V
V,, =0.65—0.2235 = 0.4265 V

(b) ¢, = (0.0259)1{%}6()19}

=0.2056 V
V,; =0.65-0.2056 = 0.4444 V

V,;increases, ¢y, remains constant

©) ¢ = (0.0259)1{%}??

=0.2652 'V
V,; =0.65-0.2652 = 0.3848 V

V,; decreases, ¢, remains constant

9.3
@) @g =0, —x=51-401=1.09V

(b) Vi = ¢BO _¢n
NC
4=V, h{ v J

= (0.0259)111(

2.8x10"

1016

] =0.2056 V

V,; =1.09-0.2056 = 0.8844 V

1/2
© =x, :|:2€s (Vbi +Vg )}
eN,

i - 2(11.7)8.85x10 " f0.8844 +1)]
" (1.6x107 J10'°)

=4.939x10 " cm
or x, =0.4939 ym
_eN,x,

max|

|E

€

s

(1610 Ji0" 4939 x10*)
(11.7)8.85x107"*)
=7.63x10* V/ecm
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- 2(11.7)8.85x10 ' f0.8844 +5) ]
" (1.6x107 J10")
=8.727x10° cm
or x, =0.8728 ym
~(1.6x107 10" )8.727 x10*)

E =
Fon (11.7)8.85x10 ")
=1.35x10° V/em
9.4
@) fpo =4, —7=51-407=103V

4.7x10"
() 4, =(0.0259)m| 210\ _o 1177 v
5%10

(¢) ¥, =1.03-0.1177 =0.9123 V
(d)

@ x, {

2(13.1)8.85x10 ' {0.9123 Jrl)}”2
(1.6x1077 J5x10")
=7.445%10"° cm
or x,=0.7445 ym
~(1.6x10J5x10' [7.445x10)
med (13.1)8.85x107')
=5.14x10* V/em
(i« :{2(13.1)(8.85><1014XO.9123 +5)}”2
" (1.6x1077 J5x10™)
=1.309x10~* cm
or x, =1309 um
(1L6x1077)5x10)1.309 x10*)
med (13.1)8.85x107'*)
=9.03x10* V/em

|E

|E

9.5
(b) ¢, =0.1177 V

(c) V,, =0.88—0.1177 = 0.7623 V
(d)

(i) x, =

2(13.1)(8.85 %10 (0.7623 + 1)}”2
(1.6x1077 J5x10")
=7.147x10 " cm

or x,=0.7147 ym

(1.6x10"° (5x10"* |7.147 x 10

(13.1)8.85x10 %)
=4.93x10* V/em

|E

max

2(13.1)8.85x10 " {0.7623 Jrs)}”2
(1.6x1077 J5x10™)
=1.292x10™* cm
or x,=1292 um
(1610 J5x10" f1.292x10)
mad (13.1)8.85x10 )
=8.92x10* V/em

(i) x, {

|E

9.6
1/2
(a) C,=|: eesNd :|
2V, + V)

We have ¢,, =0.88V

@, =10.0259 )In M =0265V
n 1015

v, =0.88-0.265 =0.615 V

@)

¢ = (10 (1.6x10 J11.7)8.85x10 7 f10"* )]
- 2(0.615+1)
=7.16x10""F

or C=0.716 pF

(ii)

¢ = (10 (1.6x10 Ji1.7)8.85x10 " f10"* )]
- 2(0.615 +5)
=3.84x10°F

or C=0.384pF

2.8x10"
(b) ¢n=(0.0259)1n( % J:o.zow

v, =0.88—0.206 = 0.674 V

(1)

C_(1074 (16X10_]9X117)(885X10_]4X1016) 1/2
) 2(0.674 +1)
=222x10""F

or C=222pF
(i)

C= (10-4{(1.6><1019 Xll,7)(8.85><10714 Xlolﬁ ):|1/2

2(0.6745 +5)

=121x10"2F
or C=121pF
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9.7
(a) From the figure, V,, =0.90 V

(b) We find

1 2
A(C’j 3x10"° -0
= =1.034x10"
AV,  2-(-0.90)

and

1.034x10" =

2
e, N,

We can then write
2

Na = (1.6x1077)13.1)8.85x107"* [1.034 x10" )

or
N, =1.04x10" cm ™

()
¢n =V, hl[

N,

)
17
=(0.0259 )In A47x10 "
1.04x10'

or
@, =0.0986 V

(d)
By, =V, + &, =0.90 +0.0986

or
B, = 0.9986 V

9.8
From Figure 9.5, ¢, =0.63 V

@ ¢, = (0.0259)1n[wj —0224V

5x10

Vy =650 —4, =0.63-0.224 = 0.406 V

1 1/
- 2(11.7)(8.85x10 ' {0.406 + 1)
(1.6x1077 J5x10")
=6.033x10" cm

or x,=0.6033 ym
(1.6x10 " \5x10"* J6.033 x10 )

(L6x107f5x10" 1183 x10 )

E ax| —
2 (11.7)8.85x107"*)
=9.14x10* V/cm
(b)
(i) Ag= |-
4r e,

[ex10 fa.66x10%)]"
| 4x(11.7)8.85x107)
~0.0239 V

f e
xm =\ =
ler e, E

:{ (1.6x10") )]/2

167(11.7)(8.85x10 ™ J4.66 x10*

or
x, =2.57x107 cm

o [lex10)o.14x104)]"
) A¢{ 47(11.7)8.85x107*)

=0.0335V

1.6x10™" "
T Lﬁn(lm)(&ss X107 Jo.14x10° )}

=1.83x10"¢cm

|E

max

(11.7)8.85x107"*)
=4.66x10" V/cm

2(11.7)8.85x10 " 0.406 + 5)}”2

(ii)x”:{ (1.6x107 [5x10™)

=1.183x10"*cm
or x,=1183 um

9.9
We have
—e

)=

167 €, x

Now
d(e¢(x)) 0= —e +Ee

dx l6r e, x’

Solving for x, we find

e
X=x,= |——
lér e, E

Substituting this value of x = x,, into the
equation for the potential, we find

e e
A¢g = +E
e léere, E
lore, | ——
lore, E
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which yields
eE

A =
¢ 4r e,

9.10
From Figure 9.5, ¢,, =0.88V

@) ¢, = (0.0259)111[4'71;#J

V, =y — 4, =0.88-0.0997 =0.780 V

_]4 1/2
. {2(13.1)(8.85x10 X0.780)}

(1.6x107 J10'°)
=3.362x10"° cm
or x,=0.3362 um
(1.6x10"° 10" )3.362x10)
(13.1)8.85x107')

=4.64x10*V/cm
(b) Ag=(0.05)0.88)=10.044 V

| €E
dr e,

, (1ex10
(0.04)" - 47(13.1)8.85x10 )
(0.044)* (47)13.1)8.85x10 ™)
1.6x107"
=1.763 x10° V/cm

=0.0997 V

max|

|E

E =

Now

b 1aganios - 16x107J10" e,
' (13.1)8.85x10 ™)

=x, =1.277x10 *cm
And
x> =(1277x10 f
~2(13.1)8.85x10 " J0.780 + 77, )
- (1.6x107 J10")

=V, =105V

(b) We have
(Eg _e¢0 _e¢Bn )

1» \/2665 Nd(¢3n_¢n)

it

e

c.

_eDfé‘ [¢m _(ﬂ(+¢3n)]

it

which becomes
e(1.43-0.60 - ¢,,)

- L pl.ex107°)13.1fg.85x107)

(1013}
€
e
%(10" g, —0.10)] *

~ (8.85x10'14) [52-(4.07+¢,,)|

6[1013 J(ZSXIOX)

e

or
0.83—-¢,,
=0.038,/¢;, —0.10 —0.221(1.13 —¢B,,)
We find
@5, =0.858 V

(c)

If ¢, =4.5V, then

o =0, —x =4.5-4.07
or

$z0 =043V

From part (b), we have
0.83—g,,
=0.038,/¢,, —0.10 —0.221[4.5—(4.07 + ¢, )]

We then find
¢z, =0.733V

With interface states, the barrier height is less
sensitive to the metal work function.

9.11
Plot

9.12
(@) @po =90, —x=52-4.07
or
G0 =113V

9.13
We have that

(Eg —ed, —edy, )
:e%pe e N, —4,)

it

€, ~
- eDit5 [¢m (Z + ¢Bn )]
Let eD, =D, (cm eV ")

Then we can write
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e(1.12-0.230 —0.60)

=L R(6x107)11.7)8.85x107)
it
x(5x10)0.60—0.164)] *
8.85x10 7"
D 20x10"*
We then find
D, =4.97x10" cm eV ™!

[4.75 - (4.01+0.60)]

9.14
2.8x10"
a =(0.0259 )In| ==—— [=0.224 V
@) ¢, =( ) (Sxmlsj
(b) V, =, —¢, =0.89-0.224 = 0.666 V

J :A*TZ _e¢Bn
e

=(120)300)’ exp( —0.89 j

0.0259
J,; =1.29x10* A/em?
(d)
V,=V,In = =(0.0259)1n(;8j
Jo 1.29%10"
V,=0512V
9.15

(a) ¢y =0.63V

~0.63
J . =(120)300) exp(o 0259 J

=2.948x107* A/em’
=(10*)2.948x10*)=2.948 x10 * A

AN A .
Ov, =V 111[ I.J

=(0.0259 )m{

10x10°°
2.948 107"
=0.151V
100107
i) ¥, =(0.0259 )In| ————
@ 7, = ) (2.948><108J

=0211V
(iii) ¥, =(0.0259)In __107
o 2.948x107

=0270V

(b) kT= (00259)@38) 0.030217 eV

] ~0.63
I, =(107*)120)350)? exp[m]

=1.296x10"° A

ik

10x10°°
v (0.030217 ) In| ————+1

(i) 1= lgliem(

‘ 1.296 x10 ~°
=0.0654 V
-6
(ii) 7, =(0.030217 )n| 2010
1.296x10°
=0.1317V
107
(iii) 7, =(0.030217 )ln| ————
1.296 x10°
=0.201V
9.16

(@) @, =088V

-0.88
by J., =(1.12)300) —
() J = (112) )exp(o.omj

=1.768x107"° A/cm *

10
c) V. =(0.0259)In| ———
© 7, =l ) (1.768x10‘1°j

=0.641V
(d) AV, =V, n(2)=(0.0259)In(2)
=0.0180 V
9.17
Plot
9.18

From the figure, ¢,, =0.68 V

A

=(120)300)’ eXP(o 0259j ( J

or

Jg =4277x107° exp(%}

t
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We have
eB
A —
? 4r e,
Now
N
ool )
Nd
19
=(0.0259 )m[%] =0.2056 V
10
and

Vi = Gy — b, = 0.68-0.2056 = 0.4744 V

(a) We find for V, =2V,

SRECURSA] |

eN,

[201.7)8.85x10 7' (2.4744)

{ (1.6x107 J10'°) Tz

x, =0.566x10~* cm= 0.566 u m
Then

or

|E _ eN  x,
max es
_(L.6x10" J10™ Jo.566 x 10
(11.7)8.85x107*)
or
|E pax| = 8.745 x10* V/em
Now
B 1/2
v (1.6x10 " )8.745x10* )
47(11.7)8.85x107*)
or
Ag=0.0328 V
Then

0.0328
T =(4.277 %10
o = ) eXp(0.0259 ]

or
Jg =1.52x10* A/em’

For A=10"*cm?, we find
I =1.52x10"° A
(b) For V, =4V, then

[2011.7)(8.85x107 (4.4744)

1/2
t { (1.6x107% f10'°) }
or

x, =0.761x10* cm=0.761 £ m

Also
E ~(1.6x107 10" f0.761x10)
T (11.7)8.85%107¢)
or
|E o] =1.176 x10° V/em
and

Ve (1.6x1077J1.176 x10° )]
47(11.7)8.85x10*)

or
A¢=0.03803 V

Then

g =(4277%10° )exp(omgm j

0.0259
or

Jgr, =1.86x107 A/em?
Finally,

Ip, =1.86x10° A

9.19

We have that

©

J;*)WZ = '[den

E,

c

The incremental electron concentration is
dn=g (E)f, (EME
where

* \3/2
o))

and assuming the Boltzmann approximation
—\E-E
7(E)=exp {M}

kT
Then

dnz% E-E,

xexp[ﬂ}m

kT
If the energy above E_ is kinetic energy, then

lm,’;u2 =E-E,
2

We can then write

JE-E. =v ";

and
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dE:%m: -2vdv = m, vdv

We can also write
E_EF = (E_E()+(Ec _EF)

1 * 2
=—m,L" +e
v’ e,

so that
\3
m —eg
dn=2—1| e “
) ool 2]
R P
xe -4rv-dov
» 2kT

We can write
v’ =v] +v; +0?
The differential volume element is
drv*do = dv dv dv,
The current is due to all x-directed velocities
that are greater than v, and for all y- and

z- directed velocities. Then

LN\3

m —e¢
J ., =2—1 ¢ -
[h] ol 2|

We can write

%m:Uéx =e(Vbi -V )

a

Make a change of variables:
m:l)j 2 Z(I/bi B Va )
— = _ 7  “7

2kT kT

or

Y oml kT
Taking the differential, we find

v.dv, = (&*T]ada

2 _ 2kT|:a2 +e(Vhi _Va):|

m

We may note that when v, =v,,., a=0.
We may define other change of variables,

m' 02 ok 1/2
1Y B2 =y = .
2kT P Y : p

m!’l
* 9 1/2
anz .2 =y = 2kT
ur S olm, 4

Substituting the new variables, we have

N 2
_ m 2kT —ep
J- =0l . .exp| ——2n
o [hJ (m:] xp[ ij

vop| —V V)] f o eplca ia
!

kT

X]C-em(—ﬂz)iﬁiem(—yz)h

-0

9.20
For the Schottky diode,

0.80x107 =(10~* X6><10'8)exp(%J

t

0.80x10°°
a) V,(SB)=(0.0259)In
@ V,(58)=(0.0259) {104 = }
=0.4845V
Then
V,(pn)=0.4845 +0.285 = 0.7695 V

(b) 0.80x107° :Am(lon)exp[@j

0.0259
=4,,=099%8x10" =10 cm”’

9.21
For the pn junction,

I, = (8x107* [8x107" ) = 6.4x10 " A

150 x107°

a) V. =(0.0259)In| ———

@ ¥, =( ) 6.4x107'°
=0.678 V

700 x107°

b) V. =(0.0259 )In| ———

® 7, = ) 6.4x107'
=0.718 V

1.2x107°

¢) V. =(0.0259)In| —=——

© ¥, =(00259)ln| =—

=0.732V
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For the Schottky junction,
I, =(8x10%)6x107)=4.8x10"2 A

150 x107¢
a) V. =(0.0259 )ln| —
( ) a ( ) 4.8X10712
=047V
700 x10~°
b) V. =(0.0259 )In| —
( ) a ( ) 4.8X10712
=0487V
1.2x10°°
c) V. =(0.0259 )ln| ———
( ) a ( ) 4.8)(10712
=0.501V
9.22
(a) (i) 1=0.80mA in each diode

(i)
V,(SB)=(0.0259 )In

[ 08x107
| (8x107 f6x10~?)
=0.490 V

V,(pn)=(0.0259)In

[ 0.8x107°
| (8x10*)8x10 ")

=0.721V
(b) Same voltage across each diode

[=08x107 =1g, +1,,

:(8><104X6><10°)e)q)[l;"J

t

+ (810748 x 107" )exp(_j

Va
Vi
t

= (4.8x10" +6.4><10'6)exp(7"]

Then

0.8x107 }

v, =(0.0259)In
= ) [4.8x1012+6.4x1016

v, =0.49032 V

Iy = (4.8 x107" )exp[

= I, = 0.7998 mA

0.49032
0.0259

0.49032 j

I, = (6.4><1016)exp( o250

=1, 20107 u A

9.23
(a) For 1 =0.8mA, we find

s 0.8x107

7x107*
We have

Vv m[ij
JS

For the pn junction diode,

v, = (0.0259)111[ 1143
3x

107"

=1.143 A/em’

j =0.6907 V

For the Schottky diode,

1.143
V. =(0.0259)In
=l ) (4><10_8

j=0.4447 v

(b) For the pn junction diode,

Then
J(400) _(@T
J(300) 1300
_Eg Eg
P 0.0259 X400/300) " 0.0259
P exp{ 112 112 }
0.0259  0.03453
or
/s (400) =1.17x10’
s(300)
Now

1=(7x10" J1.17x10° J3x102)
Xexp( 0.6907 j
0.03453

or
I1=120mA
For the Schottky diode,

I o T2 exp(_e@;oj

kT
Now
J s (400) (400’
Jsr (300) B (%j

xexp _¢B() + ¢BO
(0.0259 X400,/300) ~ 0.0259
0.82  0.82

0.0259  0.03453

=1.778 exp{
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(5x10)120)300)° }

(b) @, = (0.0259)111[ 025

=0.198 V

or
J (400
M=4.856x103
J ¢ (300)
Then
[=(7x10*)4.856 x10° f4x10 %)
o 04447
1 0.03453
or
I=533mA
9.24
Plot
9.25
R 107
a) R=—¢S= =0.1Q
@ 4 10°
R 10™*
b) R=—<= =1Q
®) A 107
R 107
c) R=—£= =10Q
© A 107
9.26
R 5x10°
a) R=—S= =50
@ A 107

(i) V=IR=(1Y5)=5mV

(i) ¥ = IR = (0.1Y5)= 0.5 mV
5X1?: 50 Q

(i) ¥ = IR =(1)50)= 50 mV
(i) ¥ = IR = (0.1)50) = 5mV

(b) R=

9.27
¢Bn
V, exp| —
el
AT
RAT?
or ¢, =V, ]nl: < }
t
5x10° f120)300)°
=(0.0259)In (
@ 5, =(0.0259) { 0025

=0.258 V

9.28
(b) Weneed ¢, =9, —y=42-4.0=020V
And

N,
¢)1:Vt1n[ C]
Nd

or

d

19
0.20 = (0.0259)111[&}

which yields
N, =124x10"cm™

(c)
Barrier height =0.20 V

9.29
We have that

E= N (xn —x)
€

Then
N 2
¢:—J.de=e 4 [xn-x—x—J+C2
€, 2
Let p=0at x=0=C, =0,s0
N 2
o)

€, 2
Atx=x,, ¢=V,,,s0
eN, x’
:V — d n
¢ bi Ex 2
or
2e V,.
xn — es bi
eN,
Also
V[)[ :¢BO _¢n
where
N,
¢, =V, Inf —=
N,
Now for
¢=¢L‘)=ﬂzo.3sv
2 2

we have
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1.6x107"
035 (15.7;8.85><10dl4)[x" fox10°)
[sox10)
2
or

0.35=7.73x10" N, (x, —25x10")

We have
[21.7)8.85x10 ™, 1
" (1.6x107" v,
and
v, =0.70-¢,

By trial and error, we find
N, =3.5x10"cm ™

9.30
NU
(b) ¢BO :¢p :I/t ln[N ]

a

19
=(0.0259)In 1.04x1077
5x10'
or

$ro =0.138 V

9.31
Sketches

9.32
Sketches

9.33
Electron affinity rule
AE, =elz, - 7,)
For GaAs, y =4.07 and for AlAs, y =3.5.
If we assume a linear extrapolation between
GaAs and AlAs, then for
Aly,Gay; As = ¥y =390
Then
|AE, |=4.07-3.90=0.17eV

9.34
Consider an n-P heterojunction in thermal
equilibrium. Poisson's equation is

Co_ o) a

dx’ e dx
In the n-region,
dE, p(x) _eN,,

n

dx IS IS

n n

For uniform doping, we have
eN, x
E, =—"—

n

+C,
eh

The boundary condition is
E, =0at x=-x,, so we obatin

C - eN, x,
1 e"
Then
N
E, —e;""(x+xn)
IS

n

In the P-region,

dEP :_eNaP
dx €,
which gives
N,
E, S "PerC2
Cp

We have the boundary condition that
E, =0at x =x,, so that

C, = eN pXp
€p
Then
N
E, = o (xP —x)
€p

Assuming zero surface charge density at
x =0, the electric flux density D is
continuous, so €, E, (0)=€, E,(0), which
yields

NypX, =NpXp

We can determine the electric potential as

@, (x) = —I E, dx

2
eN , x eN, x x
I: dn dn’*n } C3

2e, IS
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Now
Vbin = ¢n (0)_ ¢n (_ xn l
— C3 _ C3 _ eNdnxrf + eNdnxrf
2¢e, €,
or
Vbin = eNd”xj
2e,
Similarly on the P-side, we find
eNqulz’
Vip =———
2€,
We have that
N, x>  eN_x;
Vie = Vo +Viip = anT + Carr

2e, 2e,
We can write

(Ndn]
Xp =X, ——
NaP

Substituting and collecting terms, we find
2
Vb,‘ :|:€€P NanaP +e€n Ndn }.x2

2 eneP NaP !
Solving for x, , we have
1/2
2 €.Cp NaPVbi
X =
! eNdn (EP NaP+ En Ndn)
Similarly on the P-side, we have
2eneP Nngbi "
Xp =
eNaP(eP NaP+€n Ndn)

The total space charge width is then
W=x,+x,

Substituting and collecting terms, we obtain

| 2e,€p Vbi(NuP+NdVI) .
“|eN,N,(e, N,+e, N,,)
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Chapter 10

Exercise Solutions

Ex 10.1 Ex 104

N, 2%10'3 From Figure 10.16, ¢, =+0.28 V
Py =V, h{ - JZ (0-0259)111(WJ We find
' ' N 2x10'
=0.3056 V =) In| —<% |=(0.0259 )In| ——
¢/P [ (ni J ( ) [LSXIO]OJ
=0.3653 V

1/2
4 es ¢ﬁ;

_[401.7)8.85x10 " J0.3056)]
(1.6x1077 J2x10™)
X, =6.29x107° cm

or x, =0.629 ym

Ex 10.2

N J =(0.0259 )m[L]

o=V, In
Py =V, (n 1.5x10'°

=0347V

’ ! Eg
b =| 0| 2+ 0y

=[3.20 - (3.25+0.56 +0.347 )]
. =—0.957 V

i

Ex 10.3
From Figure 10.16, ¢, =-1.03 V
.. (39)8.85x107)

Cox = 8
t 40x10~

ox

=8.629 x10~7 F/cm 2

Then
O
Vig = s _C_Ux
1 opx10f16x10")
8.629 %10~
Vi =—1.034V

1/2
4e, ¢fp
Xgr = e—

B {4(11.7)(8.85 X104 XO.3653)}1/2

1 (1ex10™J2x10')
=2.174x10"° cm
|QéD (max) =eN,x,;
= (1.6x107"° J2x10' (21744 x10)
=6.958x10* C/cm?

Then
Vw = (0% (HBX)-Q.ZS{

[(6.958 10 )~ (1.6x10"* J2x10" )80 x 10*)
(3.9)8.85x10™)
+0.28 +2(0.3653)

Ve =0.1539 +0.28 +2(0.3653 )

tax
J + ¢ms + 2¢/p
S

ox

=116 V
Ex 10.5
From Figure 10.16, ¢, =1.06 V
We find
N 2x10'
. =V, In] — |=(0.0259 )In| ———
Pn=V: (n,. J ( ) [1.5x1010j
=0.3653 V

4€S ¢fn 1/2
d

_ [4(11.7)(8.85x10"*)0.3653)) "
1 (16x107?J2x10')

=2.174%10"° cm
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|Q;‘D (maX] =eN,¢;, We find
: ’ -7
=(1.6x10 J2x10" \2.1744 x10 ) f:”* - i';j Xigq =0.504
=6.958x10~* C/em? o T
Now
: [ L Ex 10.7
VTP = [_|QSD (n’]axl _Q,vs ].[on J+¢ms‘ _2¢/n X\]\]e ﬁnd
6958 %107 )~ (5x10"J1.6 10 )|200 x 10 ) c, =Ser_ M
B (3.9)Y8.85x10 ) Lox 8010
+1.06 —2(0.3653) =4314x107 F/em’
V,, =—0.4495 +1.06 - 2(0.3653 ) Then
k. = u,C,, =(650)4.314x107)

or V, =—0.12V
=2.804x10* A/V?

or k! =0.2804 mA/V?>

Ex 10.6

(3.9)8.85x10™) How
_ € L. . X k; W
C(),\’_Z_ 80><10_8 IDZT.T(VGS_I/T)2
=4314x107" F/em* _ 0~2§04 (12)7,, —0.4)
3><1016
by = (0-0259)111(WJ =03788 V (@) 1, =(1.6826)0.8—0.4) =0.269 mA
A11.7Y885x10 Y0.3758)| (b) 1, =(1.6826)1.2-0.4)* =1.077 mA
Xgr ={ (L6x10 7 X3X1016) } (c) 1,=(1.6826)1.6-0.4)" =2.423 mA
=1.80x10 cm
Now Ex 10.8
CI = € ox We find
i [eJ e, (39)8.85x107)
tox+ — |"Xar Cax:_:—,g
. ‘e 80 %10
(3.9)8.85x10™) = 4314x107 F/em?
- Wu,C
80x10~* +[ > |(1.80x10~) 1, (sat) ==E2=2 (v - v, )
11.7 ) 2L
=5.076x10"* F/cm Then .
Wecf:md . \/Ioz (s‘”)_\/]m (sat) = %(Vcsz _VGSI)
o _ SOT6x107 0o _ _
C, 4314x10” J0.295x10 =+/0.132x10
Now =1.7176 x10 2 —1.1489 x10 > =5.687 x10~°
co— € Then
" e | [V e, L [(6)w,[a314x107)
2 ol e 5.687x107 = 203) (1.25-1.0)
ES e a .
(3.9)8.85x10™) Or
= N2
2010 +( 3.9 j (0.0259 11.7)(8.85x10 ) (5687 x10 3} 8628107 41
17N (1.6x107°)3x10') 0.25

Cl, =2.174x10" Flem> = p, =600 cm”/V-s
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We now find

0.132x10 = (6X600)4.314x10”7
' ) 2(1.5)

3 \1/2
[0.132><10 ] 107,

)(1.0—VT)2

5.1768 x107*
V, =0495V

Ex 10.9

@ ¢,=V, ln[N”J:(O.0259)1n[L]

n. 1.5%10"

i

=0.3473 V

e, _(3.9)8.85x10)
C[))C == —

t, 120x107%
=2.876 x10~" F/cm>
J2ee, N,

C

ox

V2(1.6x1077(11.7)8.85x10 " f10'°)
2.876 %107
y=0200V'"?

(b) AV, = 7[\/2% Vs _\/2¢.fb ]
() AV,

=(0.200 )[\/2(0.3473 )+1—4/2(0.3473 )]
=(0.200)[1.3018 — 0.8334 |
AV, =0.0937 V
(i) AV,

= (0.200)[\/ 2(0.3473)+2 —/2(0.3473 )]
=(0.200)[1.6415 — 0.8334 |
AV, =0.162 V

7/:

Ex 10.10
_ My (Vcs _VT)
U
(420)1.5-0.4)
27(1.2x10f
= f, =5.11 GHz

=5.11x10°Hz

Test Your Understanding Solutions

TYU 10.1
N

i

1.5x10"

4€S ¢fn 1/2
d

_ {4(11.7)(8.85><10'4X0.3415)}”2

(1.6x1077 Jgx10")

=3.324x10"° cm
or x,, =0.3324 um

16
(®) ¢, = (0.0259)1n(145&J =0.3832V
DX

1010

{4(11 7)8.85x107 XO.3832)}”2
Xar =

(1.6x1077 J4x10'°)

=1.575x10 " cm
or x, =0.1575 um

15
=(0.0259 )h{&j =0.3415V

TYU 10.2

¢, =V, h{ N J = (0.0259)11{&}

n, 1.5%10"

i

or
¢f;> =0376 V
We have
Eg

or
#,. =—0.936 V

TYU 10.3
From TYU 10.2,
¢ﬁ) =0376'V

We have

E,

or
@, =+0.184 V
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TYU10.4
0
VF :¢ms - Cox
3x10'
- =(0.0259 )In| ——— [=0.3758 V
# = ) (1.5x10'°]

From Equation (10.17)

1.12
=—£ _¢ =—"_03758
¢ms 26 ¢[p 2
=0.182 V
c, _(3.9)8.85x10™)
C().\’ = = —
t, 160x107*

=2.157 %107 F/cm >

(810" J1.6x10")
2.157x107

V,y =0.1842
=0.125V

TYU 10.5

3x10'°
= (0.0259)In| 22—
9y = ) (1.5><10'°

i _{4(11.7)(8.85><10"4X0.3758)}1/2
dar —

(1.6x107 J3x10™)
=1.80x10 " cm
|QL;D (maxl =eN, X,
= (1.6x10)3x10"* J1.80x10*)
=8.644 x10"* C/cm ?
From Figure 10.16, ¢, =-1.13 V

ms

V]?V = (IQ;‘D (max) - Qs,s {;ij + ¢ms + 2¢ﬁ;

ox

j =0.3758 V

[8.644 %10 —(1L.6x10"° \5x10")](z,. )
(3.9)8.85x107*)
+(~1.13)+2(0.3758)
+0.65 = (22713 x10% )t,, ~1.13+0.7516
t, =4.52x10° cm

+0.65 =

or f, =452nm=452 4

TYU 10.6
k. w
Al

From Ex 10.7, k! = 0.2804 mA/V >
Then

0.100 = (0'2504 j(%j(l.o —0.4)

:K=1.98
L

ID

TYU 10.7
C o _ (3.9)8.85x10™)
T, 220x10°°

=1.569x10~ F/cm?
Now

/- (up 2C j{%j(l/sc )

-7
_ {(310)(1.5;9 x10 )](60).0/“; o4y
= (1459 %107 [V, —0.4) A
Then
Ve =1V =1, =0525mA

Vo =15V =1, =1.77mA
Vo =2V =1, =374mA

TYU 10.8

e b e

20010~ :[(310)(1.569x10-7)Mz]

2 L
:(ijllA
L

x(1.25-0.4)
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TYU 10.9
@ C. oo (3.9)(8.85x{8-14)
‘. 120 x10
=2.876 x10~" F/cm?
7/ B Cox
V2(1.6x107°)11.7)8.85x10 ' 10"
- 2.876x10
7 =0.0633 V"2
15
b) ¢, =V, h{];] J = (0'0259)11{1.512WJ
~02877V
AVy :7[\/2% +Vp _\/2% ]
D) Ar;

=(0.0633 )[\/2(0.2877 )+1—4/2(0.2877 )]
=(0.0633 )[1.2551 —0.7586 ]
AV, =0.0314 V
(i) AV,

=(0.0633 )[\/2(0.2877 )+2—/2(0.2877 )]
=(0.0633 )[1.6048 —0.7586 |
AV, =0.0536 V

TYU 10.10

Cy

:1+ngL
gdT

We find

C _CSu_ (3.9)8.85x10™)

ot 180 x107®
=1.9175x10 7 F/cm?

w
En = [Tjﬂn C,. (VGS -V )

_ (%j(420)(1.9175 %107 )1.5-0.4)

=1.772x10° A/V
Then

M

=1+(1.772x10* 100 x 10°)

adT

=178
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10.1
(a) p-type; inversion
(b) p-type; depletion
(c) p-type; accumulation
(d) n-type; inversion

10.2

@ @ ¢, =7, ln[fj

15
= (0.0259)111[17&J

5x10"
=0.3381V

1/2
4 ex ¢fp
Xar = oN

(1.6x10 f7x10")

=3.54x10cm
or x,; =0354 um

3x10'
i) ¢, =(0.0259)In| ———
i ¢, = ) (1.5x1010J

=0.3758 V

{4(11.7)(8.85“014 XO.3758)T2
Xar =

(1.6x1077 J3x10")
=1.80x10 " cm
or x, =0.180 um

(b) kT=(0.0259 3301 _0.0302 v
300

kT

3
:(2.8x1019X1.o4x10'9(@j

_E,
n’=N_N, exp( éj

300
e -1.12
® 0.03022

3

=3.71x10%
so n, =1.93x10"cm "~
7x10"
)¢, =(0.03022 )In| ———
Wy = ) [1.9&10“}
=0.3173 V

Chapter 10

- 4(11.7)(8.85x10 " )0.3173) ]
Tl (Lex107)7x10")

=343x10" cm
or x, =0.343 ym

3x10'°
i) ¢, =(0.03022 )in| ———
@ ¢, = ) [1.93x10“J
=0.3613 V

B {4(11 7)8.85x10 ' XO.3613)}”2

M T (ex10 " Jax10)

=1.77x10" cm
or x,, =0.177 ym

_ {4(11.7)(8_85 %1074 X0-3381):|1/2

10.3

de, ¢fn }1/2

(a) |Q:€D(max):eNdxdT26Nd|: eN,

= [(eNd )(4 €, ¢ )]]/2
1 approximation: Let ¢, =030V

Then
(1.25x10* )
=[(1.6x107 (v, Ya)11.7)8.85 %10 0.30)]
=N, =7.86x10" cm™

2" approximation:

7.86x10"
b, = (0.0259)11{Wj =0.2814 V

Then
(125x107
=[(1.6x107 (v, Ya)11.7)8.85 10 f0.2814)]
= N, =8.38x10"cm™

8.38x10"

¢, =24, =2(0.2831)=0.566 V
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104
p-type silicon
(a) Aluminum gate

! ’ Eg
Bs =| P —| X +Z+¢fp

We have
Na
¢ﬁ; = Vt ]n[ n, j
15
=(0.0259)In &Om =0.334V
1.5x10
Then

@, =[3.20—(3.25+0.56 +0.334 )]
or
6, =—0.944 V

(b) n" polysilicon gate

Eg
b= 5o+ | ~(0.56 +0.334)

or
@, =—0.894V

(¢) p"polysilicon gate
s = i—¢ =(0.56-0.334)
ms Je ¥4 . .

or
@, =+0.226 V

10.7
From Problem 10.5, ¢, =-0.9932 V

28
VFB = ¢mx T

C
—14
(@ C, =S (3.9)8.85x10™)

£, 200 %10~
=1.726x107" F/cm?

000z 5x10" J1.6x107)
e ' 1.726 10”7

=—1.040 V

® C - (3.9)8.85x10"*)
” 80x107"

=4.314x10" Flem?

000z 3x10" J16x10")
S 4314 %107

=-1.012V

10.5
16
¢, =(0.0259 )m(LOIOJ =0.3832V

1.5x10

' ' Eg
¢ms :¢m 4 +Z+¢ﬁ;

=3.20-(3.25+0.56 +0.3832)
$,, =—0.9932 V

10.6
(@ N,=2x10"cm™
(b) Not possible - ¢,
(¢) N,=2x10"cm™

is always positive.

10.8
(a ¢,,=-042V

VFB = ¢ms = _042’ V

(b)
-14
- (3'92:685;012 —1.726 10~ Flem’
X
AV ~ 0, (ax10"Ji6x10™)
" 1.726 x10~”
=—0.0371V
10" f1.6x107"°
(i) AV =_£_X—)
e 1.726 x10~”
=-0.0927 V

(C) VFB = ¢ms = _042 V

~14
BINEES<I0)_, 76107 Frem?

120107

. 4%x10"° \1.6x107"

a0 o0 )
2.876 x10

=—0.0223 V

11 -19
(ii)AVFB=—!10 1.6x10")

2.876 107"
=-0.0556 V

ox
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10.9
’ ’ Eg
¢ms :¢”1 - X +$+¢fp
where
2)(1016
. =(0.0259 )In| ——— [=0.365 V
#y = ) (1.5x10‘°J
Then

@, =3.20—(3.25+0.56 +0.365)

or
@, =—0975V
Now

VFB = ¢mx -

or
Q:-s = (¢mb Vg )Cux
We have
e, (39)885x107)
t,,  450x10°*

C =

ox

or
C, =7.67x10"F/cm’
So now
0!, =[-0.975—(-1)]-(7.67x10*)

=1.92x10~° C/cm?
or

O,
S5

e

=1.2x10" ¢m ™

_ |Q;‘D (Imxl - QA,:
- c

ox

_ 6.958x10 ~(7x10" J1.6x10 ™)

2.301x107
+¢,, +2(0.3653)

=0.9843 + ¢,
(a8) n* poly gate on p-type: ¢, =—-1.12V
Vi =0.9843 —1.12 =-0.136 V

V]?V + ¢ms + 2¢fp

(b) p* poly gate on p-type: ¢, =+0.28 V
Vey =0.9843 +0.28 =+1.26 V

(c) Al gate on p-type: ¢,,, =—-0.95V
Ve =0.9843 —0.95 = +0.0343 V

10.10

2x10'
=(0.0259 )In| == |=0.3653 V
# = ) (1.5x101°J

o _[400.7)885x10" f0.3653) ]
Tl (Lex107 f2x10™)

=2.174x10 " ecm
|05 (max ) = eN,x,.,
= (1.6x107"° J2x10' )2.174 x10~*)

=6.958x10 % C/cm ?
_ (3.9)8.85x10)
1501078

=2.301x10""F/cm?

ox

10.11
15
@, =(0.0259 )h{LOmJ =0.3161 V

1.5x10

i :{4(11.7)(8.85“014XO.3161)T2
o (1.6x1077 J3x10")

=5.223x10"° cm

|Q_,§D (maX] =eN,x,;

= (1.6x1073x10"*[5.223 %107

=2.507 x10~* C/em”

(o)s.ssx10™) X{?_M —2.301x10"7 F/em’
15010
_ PQ;D (max ) + O

Vip == C—

ox

ox

:|+¢ms _2¢fn

~ [2507x10% +(1.6x10" J7x10")
- { 2.301x10 }
+¢,,—2(0.3161)
V,, =—0.7898 + ¢,
(a) n” poly gate on n-type: ¢, =-0.41V
Vip =—0.7898 —0.41=-1.20 V
(b) p* poly gate on n-type: ¢, =+1.0V
Vyp =—0.7898 +1.0 = +0.210 V
(c) Al gate on n-type: ¢, =-0.29V
Vp =—0.7898 —=0.29 = —1.08 V
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5%10'

= (0.0259 )In| == |=0.3294 V
¢ = ) (1.5x10‘°J

The surface potential is
¢, =29, =2(0.3294)=0.659 V
We have

0
Vig =@ —C—OX =-0.90V
Now
o (max
VT — M + ¢r + VFB
COX l
We obtain

1/2
4 ex ¢/p
Xar = oN

4(11.7)(8.85x10*)0.3294)

{ (1.6x107 f5x10")

x,; =0.413x10™ cm
Then

or

104, (max | = (1.6x10 7 J5x10"* f0.413 x10*)

or
10}, (max | =3.304 %10 Clem’
We also find

Now

), = (0.0259)11{

=0.3832V

o _[400.7)s85x10)0.3832)]
Tl (ex10 Jax10")

=1.575x10 " cm

0% (max )
=(1.6x10 J4x10' )1.575x10)
=1.008 x10”" C/em*

4><10|6
1.5x10"

$ =—-094V
Then
Ve = |QSD (n]aXX_Qs_y Tt +20,
CUX
1.008x107 —6.4x10~°
- 1.569 %10~

-0.94+2(0.3832)
Then V,, =0.428 V=045V

CUX =
l, 400 %10~
or
C,. =8.629x10 *F/cm’
Then
-8
p, 233010 090
8.629 10~
or
V, =+0.142V
10.13
€, _(3.9)8.85x10™)
C()\’ == —
Tt 220 %10~

=1.569 %1077 F/cm >
0., =(1.6x10" Jax10')
=6.4x107 C/em?

By trial and error, let N, =4x10'"cm .

10.14

C o _ (3.9)8.85x10™)

“ g, 180x10°*

=1.9175x10 " F/ecm

0., =(1.6x107" Jax10')
=6.4x10"° C/em?

By trial and error, let N, =5x10'°cm

Now
16

s :(0.0259)11{%J
=03890 V

i :{4(11.7)(8.85“014X0.3890)T2

o (1.6x1077 J5x10™)

=1.419x10 " cm

05 (max)
=(1.6x10 J5x10" )1.419x10~*)

=1.135x107"C/em
¢, =+1.10V
Then

Chapter 10
Problem Solutions
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o5 max)+01)

Vip = C

¢ms - 2¢fn

(L135x107 +6.4x107)

1.9175 x10~7
+1.10-2(0.3890)

Then V;, =-0.303 V, which is within the
specified value.

10.15
We have C, =1.569x107" F/cm*

Q! =6.4x10"° C/cm?

By trial and error, let N, =5x10" cm ™

Now

5x10"
=(0.0259 ) In| ——
# = ) (1.5x10‘°)

=0.2697 V

o _[401.7)s.85x10" Yo.2607) |
T (Lex10™f5x10™)

=1.182x10"* cm

|05, (max )
= (1.6x107"° [5x10" J1.182 10 )
=9.456x10"° C/cm?

$,.=-033V
Then
o max )+ Q!
an - (IQSD( X st)+¢’m _2¢ﬁ'
Cnx
_ [9456x107 +6.4x10”°
1.569 x1077
~0.33-2(0.2697)
=0970 V

Then V;, =-0.970 V=-0.975 V which
meets the specification.

Now

VFB = ¢ms -

g3 [1:6x10" J6x10")
1.9175 <107

Vi =—1.08V

10]5
(b) 4, = (0.0259)1n(WJ

=0.2877V
i :{4(11.7)(8.85x1014X0.2877)T2
o (1.6x107 f10')
=8.630x10~° cm
|05 (max)
=(1.6x10™ 10" )8.630 x 10
=1.381x10"* C/cm?

Now
04, (max
Vin :|SDC—1+VFB +2¢,,
-8
S S0y 664 0(0.2877)
1.9175 x10"

or Vpy =-0433V

10.16

@) ¢, =—1.03V
_ (3.9)3.85x10™)
~ 180x10°®
=1.9175 x10 " F/cm >

ox

10.17
(a) We have n-type material under the gate, so

1/2
4€s ¢ﬁ1
Xgp =l =|———

eN,
where
1015
=10.0259 JiIn| ——— |=0.288 V
# = ) (1.5x10‘°J
Then

- _[400.7)885x10 " f0.288) "
Tl (ex1010”)

or
X, =t =0.863x10"cm=0.863 £m
(b)
!’ r tox
VT = _(IQSD (rnaxl—‘er(e \J+¢ms _2¢/n

ox

For an n" polysilicon gate,

E
¢ms = _(_g - ¢/n J = _(056 - 0288)
2e '

or
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4, =—0272V , _ [4797x10 f300x10*)
Now ! (3.9)8.85x107)
104, (max ) = (1.6x10 10" Jo.863 10 *) 1107 +2(03473)
or or
|04, (max | =1.38x10* C/em? V, =+0.00455 V=0V
We have
0., =(1.6x107°)10")=1.6x10" C/em 1010
e fEln (;8 107 +1.6x10") ot
=2 T J(500x107)
(3.9)8.85x107¢)
~0.272 -2(0.288) 10.20
Plot
or
V, =-1.07V
10.21
Plot
10.18
2 ' Eg
®) =9, | X' ++9, 10.22
2e
Plot
where
4, — 7' =—020V
and 10.23
(0 0259)111 10'6 03473 v (a) For f =1Hz (low freq),
Py =10 15x101° | c =S _ (3.9)8.85x10™)
Then o, 120107
4, =020 ~(0.56 +0.3473 ) =2.876 10 F/em ?
or C; € ox
Ds =—,1.1o7 \Y% FB (e [ls
(C) FOr QSS = 0 ox E_y eNﬂ
V.. =lo For 2 (3.9)8.85x10")
N _|QSD(InaX] c +¢ms + ¢ﬁ) = . .
ox —14
We find 120x10°" +[ 3.9 J (0.0259)(11.7)(;3.85><10 )
11.7 (1.6x107"° J10"*)

1/2
4(11.7)(8.85x10 7 f0.3473
Xar { ( X X )} C, =1.346x107"F/cm®

(1.6x107 J10")
S

o C:nin =
X, =0.30x10* cm=0.30 z m tox+(e‘”j~x”
Now S5
104, (max | = (1.6x10 7 J10" J0.30 x10+) Now
16
o b, = (0.0259)11{L1 03473 V
|0, (max | =4.797 x10™* C/em” ' 1.5%10"
Then o _[4017)885x10 4 f0.3473)]
ar = (1.6><10719 x1016)

=3.00x10° cm
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Then
(3.9)8.85x10"*)

120 %10~ +(3'9 (3.00x107)
117

=3.083x10"* F/cm’
C' (inv)=C, =2.876x10" F/em*®
(b) f =1MHz (high freq),
C, =2.876x10" F/cm’ (unchanged)
C,, =1346x107"F/cm” (unchanged)

C!

min

C!. =3.083x10 " F/cm® (unchanged)
C' (inv)=C/,; =3.083x10"° F/cm®
©) Vip=¢,,==-110V
|05 (max )

Vin =————+Vip +2¢,

ox

a

Now
|QéD (max) =eN,x,;
=(1.6x10" 10" )3.00x10)
=4.80x10"* C/em’

4.80x107°
v, =——" " _1.10+2(0.3473
™ 28761077 ( )

Vi =-0.2385V

10.24
(a) f =1Hz (low freq),

o S _ (3.9)8.85x10"*)

[0 7)s.85 %10 Yo.2607) |
T (Lex107f5x10™)

=1.182x10* cm

Then
(3.9)8.85x10 ")

120x10°* +(131'97)<1.182 x107*)

Chin =
=8.504 %10~ F/em?
C’' (inv)=C, =2.876x10" F/cm”
(b) f =1MHz (high freq),
C, =2.876x107" F/cm® (unchanged)
Cy =4.726x10*F/cm* (unchanged)
C!. =8504x10"F/cm”® (unchanged)
C' (inv)=C!,,, =8.504x10~° F/cm’
©) Vig=¢,, =095V
_ | O (HBX]

ox

Vip + Ve — 2¢fn

Now
|Q_,§D (max) =eN, X,
=(1.6x1075x10™ J1.182x10*)

=9.456 x10~° C/cm >
Then

-9
_ 2461095 2(0.2697)

™ 2876 %107
V., =+0378 V

- tax 120)(1078
=2.876 x10"7 F/em
! eox
CFB =
€ | |V, €,
1, + Ve
(ES ] eN,
_ (3.9)8.85x107)
_14
120“08{3.9} (0.0259)(11.]79)(8.85><11? ]
11.7 (1.6x10" J5x10")
C, =4.726x10"F/cm”’
' eux
c =

min
€
ox
Zax+ — " Xar
€5

. =10.0259 )In ﬂ =0.2697 V
Jn 10

Now

1.5x10

10.25
The amount of fixed oxide charge at x is
p(x)Ax C/em’
By lever action, the effect of this oxide charge
on the flatband voltage is

_ _L(ij p(x)Ax

AV
o

If we add the effect at each point, we must

integrate so that
t,

ox

AV, :—Lf—dx’o(x) N
C 3

ox
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10.26
_9
(a) We have p(x) =
At
Then
AV - (x)

—E)sxm”% @wlo (C
(39)IR5x10™
or

AV, = 00742V

(b)
We have
0. Do @eorC
px) === —
' 200% 10
=64x10" =p,
Now
1
@dx —to
()x 0 ox r)x 0
or
Pt.
AVFB [ O ox
2 €,
i 103ggw 10*"9
 2(39)Iksx10™
or

AV, = —0.0371V
(©)

p(x)=p, ﬁp
t

We find

2E15x10"”g)<10‘°€

1 ’
Etmpo =0 =>p, =

200x 107"

or p, =128x10"
Now

"z Bk
AV :__Z.x.p

"’ C( 0 “ox ’ tax
t
S °dx

Then

—DSXIO’Z 0x10~°
AV, =
3(3.9)I8R5x 10

or AV, =-0.0494 V

10.27
Sketch
10.28
Sketch
10.29
(b)
NN
VFB __Vbt - Vt ]n[ az d]
ni
16 16
(0.0259 )In o™ Jio :
(1.5x10')
or
Vi =—0.695V
(c) Apply V, = =3V
For V, =43V,
E__r
dx €,
n-side: p=eN,
dE eN, eN,x

+C,
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N
E=0at x=—xn’then C1 =_M

s

SO

E:—eN" (x+xn) for —x, <x<0
€

s

In the oxide, p=0, so

;E =0 = E = constant. From the
X

boundary conditions, in the oxide
g NaX,
€

In the p-region,

N N
@=—£=+e - "x+C2
dx € € €

s s s

E=0at x=(tux +xp), then

E :_%[(tnx X, )_x]

s

E eNaxp B eNdxn
S S

So that N,x, = N,x,

Since N, =N, , then x, =x,

At x=t¢

ox 2

The potential is
$=— j Edx

For zero bias, we can write

V,+V, +V,=V,
where V.V, .V, are the voltage drops across
the n-region, the oxide, and the p-region,
respectively. For the oxide:

eN x t
Vox :E‘tox :%

s

For the n-region:

2
vV, (x)= eN (x_+x” -xJ+C’
€ 2

s

Arbitrarily, set V', =0at x=-x,, then

no

2
C' =% so that
2€e,
V()= 2 (o,
2€e,

N 2
At x=0,V, = E24%0 which is the voltage
eS

drop across the n-region. Because of
symmetry, V, =V, . Then for zero bias, we

n

have

2 Vn + Vox = Vbi
which can be written as

eN, x> N eN x,t

n“ox __
- Vhi
ES ES
or
V, €
X2 +x,t, ——2—=0

eN,

Solving for x, , we obtain

tax tot ’ S5 Vbi
x, =24 |l
2 2 eN,

If we apply a voltage V', then replace V,; by
Vi +Vs,s0

2
t t V.. +V,
xn:xp:_&_}_ _ox +es(bz G)
2 2 eN,

We find

_500x10°°
R

— 2 —
+\/[500><10 8} , (1.7)8.85x10°)3.695)

2 (1.6x107 J10™)
which yields
x, =x, =4.646x107 cm
Now
Vv, = eN,X,t,,
€

(1.6><10‘]S9 J10'f4.646 <10 J500 x10 *)
(11.7)8.85x107'*)

or
vV, =035V
We also find
eNdxf
V,=V,=——"
2€e,

(1.6x10 J10' J4.646 10 |
2(11.7)8.85x10 %)

or
V,=V, =161V

10.30

(a) n-type
(b) We have

_200x107"

10" =1x10"" F/em”
x

ox

Also
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€ =Sy, S (3O)885x107)
t : C 1)(1077

ox ox

or
¢ =3.45x10°cm=34.5nm=345 4
(©)
VFB = ¢mx -

or
Q.

-7

-0.80 =-0.50 -

which yields
Q! =3x10"* C/em* =1.875x10" ecm

(d)
S

r_ ox

(L)

~[(3.9)8.85x107 )] [3.45x10°¢

J{ 3.9 j\/(0.0259 )(11.7)(8.85><10‘4)]

17\ (1.6x107)2x10')
which yields
C), =7.82x10"" F/cm?
or
Cpy =156 pF
1031

(a) Point 1: Inversion
2: Threshold

3: Depletion
4: Flat-band
5: Accumulation
10.32
We have

Q;; = _Cox |_(VGS - Vx )_ (¢ms + 2¢ﬁ’ )J
(0%, +05, (max))
Now let V, =V, so

0 =-C,, {(Vcs - VDS)
. {M (4., +24, )}

C

For a p-type substrate, Q,(max) is a

negative value, so we can write

Q,', = _Cnx{ (VGS _VDS)

B {M + @, 20, }}

ox

Using the definition of threshold voltage 7,
we have
0,=-C, [(VGS —Vbps )_ Vi ]
At saturation
Vs =Vbs (Sat): Ves =Vr
which then makes Q, equal to zero at the

drain terminal.

10.33
ki, w
(@ I,= 7'?[2(1/05 -V )VDS _V;s]
= (%}(8)[2(0.8 -0.4)0.2)-(0.2) ]
=0.0864 mA
ki, w
) I, ZT'T(VGS _VT)2
[Ozlgj(s)(o 8-0.4)
=0.1152 mA
(¢) Same as (b), I, =0.1152 mA
ky W
@ 1, == Ves =V )
(Ozlgj(s)(l 2-04)
=0.4608 mA
10.34
kK w
(@ Ip= TP'T[Z(VSG +Vr )VSD _VSZD]
=(0210j 15) [2 (0.8-0.4)0.25)-(0.25)° ]
1, =0.103 mA
k' ow
(®) 1, ZTP'Z(VSG +VT)2
(Ozloj(ls)(o 8-0.4)
=0.12mA
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© I, kzp W (VSG +Vr )

[O;OJ(IS)(I 2-04)

=048 mA
(d) Same as (c), /, =0.48 mA

10.35

W
(@ I,= n'f(VGs_VT)Z

(b) ]D—( j(926)(1 85-0.8)°
=3.06 mA

kI w
© I,= 2 L[2 GS V)VDS_VES]

=0.271mA

10.36
(a) Assume biased in saturation region
Kk w
Iy :%'_(VSG +VT)2

0.10 = 0.12 2000+V;
(%2 Joror, ¥

=V, =+0.280 V
Note: Vg, =1.0V>Vy +V, =0+0.280 V
So the transistor is biased in the saturation
region.

by I, = (0212 j(zo)(o 4+0.289)

=0.570 mA
0.12
) 1, _( > ](20)[2(0 6+0.289)0.15)
—~(0.15)]
or
1, =0293 mA

10.37
_14
| BOMHIOT)
110x10
K _HCul (425)3.138 107 )20)
2L 2(1.2)

=1.111x107 A/V?>=1.111 mA/V?*
@ Ve =0, I,=0
Vis =0.6V, Vp(sat)=0.15V,
1, (sar)=(1.111)0.6-0.45)
=0.025 mA
Ves =12V, V,s(sat)=0.75V,
1, (sat)=(1.111}1.2-0.45)’
=0.625 mA
Vs =1.8V, Vye(sat)=1.35V,
I, (sat)=(1.111)1.8-0.45)*
=2.025mA
Vis =24V, V(sat)=1.95V,
1,(sat)=(1.111)2.4-0.45)
=4.225mA
(¢)I, =0 for Vg <045V
Vis =0.6 V,
1, =(1.111)2(0.6-0.45)0.1)— (0.1 ]
=0.0222 mA
Vis =12V,
1, =(1.111)201.2-0.45)Y0.1)- (0.1 ]
=0.156 mA
Vis =1.8V,
1, =(1.111)201.8-0.45)0.1)- (0.1)*]
=0.289 mA
Vs =24V,
I, =(1.111)2(2.4-0.45)0.1)- (0.1 ]
=0.42 mA

10.38
¢ _Se_ (3.9)8.85x10"*)
t, 110x107*

=3.138x10 " F/cm’
K - #,Co W
Y
~ (210)(3.138x107)35)
- 2(1.2)
=9.61x10™ A/V?=0.961 mA/V’
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(@ V=0, I,=0
Vi =0.6V, V(sat)=0.25V
1, (sat)=(0.961)0.6-0.35)
=0.060 mA
Ve =12V, V,(sat)=0.85V
1, (sat)=(0.961)1.2-0.35)’
=0.694 mA
Vi =1.8V, Vi (sat)=1.45V
1, (sat)=(0.961)1.8-0.35)’
=2.02mA
Ve =24V, Vg (sat)=2.05V

1, (sat)=(0.961)2.4-0.35)

10.40
Sketch

10.41
Sketch

10.42

We have
Vps (sat): Vas =Vr =Vps =V7

so that
Vs =Vps(sat)+V,

Since Vg >V (sat), the transistor is always

biased in the saturation region. Then
I, = Kn(VGS _VT)Z

where, from Problem 10.37,
K,=1.111mA/V*and ¥, =0.45V

Then

Vps =Vas I, (mA)

0
0.336
2.67
7.22
14.0
23.0

O N =l

=4.04mA
(), =0 for Vy; <035V
Ve =0.6V
1, =(0.961)2(0.6-0.35)0.1)— (0.17|
= 0.0384 mA
Ve =12V
1, =(0961)2(1.2-0.35)0.1)— (0.1
=0.154 mA
Ve =18V
1, =(0.961)2(1.8-0.35)0.1)-(0.1)’ ]
= 0.269 mA
Ve =24V
1, =(0.961)2(2.4-0.35)0.1)-(0.1) |
= 0384 mA
10.39

(a) From Problem 10.37, K, =1.111 mA/V?
For V ;o =-08V, I, =0
Vs =0, Vp(sat)=08V
1, (sat)=(1.111Y0+0.8)
=0.711mA
Ves =+0.8V, Vy(sar)=1.6V
1, (sat)=(1.111)0.8+0.8)’
=2.84mA
Vos =16V, V,o(sat)=2.4V
I, (sat)=(1.111)1.6 +0.8)*
=6.40mA

10.43
From Problem 10.38, K, =0.961 mA/V 2

I, =K, [Z(VSG +Vr )(VSD )_ VSZD:I
_oal,

0 VSD Vsp =0

&ga :2Kp(VSG+VT)

For V; <035V, g, =0
For Vg, >0.35V,
2, =2(0.961)V,, —0.35)
For V,; =24V,
g, =2(0.961)2.4-0.35)
=3.94mA/V
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10.44
_ ol,
(a) gm - aVGS
0
= oV o {K [2( Vos =Vr )(VDS) DS]}
= Kn (2VDS)

1.25=K,(2)0.05)
=K, =12.5mA/V?
(b) I,= (12.5)[2(0.8—0.3)(0.05)—(0.05)2]

=0.594 mA

(c) 1,=(12.5Y0.8-0.3)’
=3.125mA

10.45
We find that V;, =02V
Now
T Gal) = W,

S t Il’l}’l ox VGS _ VT )

where

o S _(9)885x10)

ty 425x107
or
C, =8.12x10"F/cm’
We are given W/L =10 . From the graph, for

Vss =3V, we have
1, (sat)=0.033,

then
Wi C
0.033 = | Zer (3_02)
2L
or
Wi Co _ 139 %1073
2L

or
%(10);4,1 (8.12x10)=0.139x10"*

which yields
4, =342 cm?/V-s

10.46
(a)
Vps (Sat): Vos =Vr
or
4=V, —08=V;5 =48V

(b)

ID(Sat):Kn (VGS ~Vr )2 :Kans(Sat)
SO

2x107* =K, (4)

which yields
K,=125uA/NV?
(©)

Voslsat)=V, -V, =2-08=12V
s0 Vs >V (Sat)
I, (sat)=(1.25x107 2 0.8)

or
1, (sat)=18 u A

(d)
V V (sat)
Ly =K, (Vs = Vs Wos — V2]
(25“0_5123 0.8)1)- (1)’
or
I,=825uA
10.47
@ C, _(9)s.85x10™)

180x107°*
=1.9175x10 " F/ecm*
() k! = u,C,, =(450)1.9175x107 )
=8.629x107° A/V?
or k! =86.29 u A/V?

(ii) 1, (sar) = ("2 j(lj(%s Y

L

0.8= [@I i )(2 0.4)

3Z=7.24
L

) (i) k, =u,C,. =(210)1.9175x107")
=4.027x107° A/V?
2 2
or k,=40.27 uA/V

(i) 1, (sat)= (%J{%](Vm +V )
082 (0 04027 )( d j(z 0.4)

2

:K=15.5
L

Chapter 10
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10.48
From Problem 10.37, K, =1.111 mA/V?

0
@ g, = W {K n [2(VGS -V )(VDS )_ VDZS]}
Gs

=K, (2V,)=(1.111)2)0.1)
so g, =0.222 mA/V
0 2
b =— K, (Ves —V,
( ) gmx 6VGS n( GS T) }
=2K, (Vs = V7 )=2(1.111)1.5-0.45)
s0 g,, =233 mA/V

10.49
From Problem 10.38, K, =0.961 mA/V?
0
@ g,.= 67 {Kp [Z(VSG +V; )(VSD )_ VSZD ]}
SG
=K ,(2Vg,)=(0.961)2)0.1)
or g,,=0.192 mA/V
) g =5 K, 0+, ]
ms aVSG p\" SG T
=2K , (Vs +V;)=2(0.961)1.5-0.35)
or g,.=221mA/V

10.50
J2ee, N,
(@) 7—T
Now C - (3.9)8.85x107"
. 150 x10°*
=2.301x107 F/cm*
Then
V2(1.6x1011.7)8.85x10 ' [5x10'° )
= 2.301x107
7y =0.5594 v''?

5x10'
b) ¢, =(0.0259)In| ——— [=0.3890 V
® ¢ = ) (1.5x10‘°j

4(11.7)(8.85x10" XO.3890)T2
(1.6x107" J5x10'°)
=1.419x10"° cm

|05 (max)
= (1.6x10"J5x10" J1.419x10*)
=1.135x107 C/em?

() x,r = |:

|05, (max )

VT() =

ox

_1135x107
2.301x107"

=0.7713 V
_ luncoxW

Kﬂ
2L

+Vpp + 2%

~0.5+2(0.3890)

_ (450)2.301 <107 )

2(1

=3.452x10* A/V 2

2)

or K, =0.3452 mA/V?
For I, =0, Vys =V, =0.7713 V

For 1, =0.5 =(0.3452 )V, —0.7713 )
=V, =1.975V
(¢) ()For Vg =0, V, =V, =0.7713V

(i) Vs =1V,

AV, :(0.5594)[ 2(0.389)+1

=0.2525V
Vy, =0.7713 +0.2525 =1.024 V

(iii) Vg5 =2V,
AV, =(0.5594)[ 2(0.389)+2

=0.4390V
V, =0.7713 +0.4390 =1.210 V

(iv) Vg =4V,

AV, = (0.5594)[,/2(0.389)+4

=0.7294V

—/2(0.389 }]

—,/2(0.389)]

—,/2(0.389)]

Vy, =0.7713 +0.7294 =1.501 V

10.51

or

¢, = (0.0259)11{

1016

1.5x10

10

J =03473 V

AV, =y \/2% +Vg —\/2% ]
=(0. 12)[ 2(0.3473)+2.5

AV, =0.114V

—/2(0.3473 )]
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Now V; =V, +AV,
0.5=V,, +0.114
=V, =0.386 V

10.52
_14
@ C, - (3.9)(8.85><1_(3 )
200 x10
=1.726x10"7 F/em®
B J2ee, N,
7/ - COX
_ V2(16x107° )11.7)8.85x10* 5x 10" )
- 1.726 x10”7
y=02358 V2

5x10%
b =(0.0259 )In| 22— |=0.3294 V
® ¢, = ) [1.5x101°j

AV ==y [\/ 260 +Vss =20, ]
—022 = —(0.2358)[ 2(0.3294 )+ V5

- 2(0.3294)]
=V, =239V

10.53
(a) n" poly-to-p-type = ¢, =—-1.0V

1015
=(0.0259 )In| ———— [=0.288 V
gy = ) [1.5x101°J

also

1/2
4e, ¢ﬁ,
Xy = N

[4(1.7)8.85x10*J0.288)

1/2
_[ (1.6x107 f10') }
or

X, =0.863x10~* cm
Now

104, (max ) = (1.6x10 10" Jo.863 10 *)
or

|05, (max ) =1.38x10™ C/em?
Also

S _(3.9)8.85x107)
t 400 x107*

ox

C =

ox

or

C, =8.63x10"* F/cm’
We find

0!, =(1.6x10"°{5x10°)=8x10~ Clem
Then

| Q;‘D (max) _Q;S
VT = Cax +¢mx +2¢fl’
-8 -9
_(138x10 8:10 ~1.0+2(0.288)
8.63x10"
or
V, =-0357V

(b) For NMOS, apply V, and V, shiftsin a
positive direction, so for V, =0, we want
AV, =+0.357 V.

So
2ee, N,
B g )
or
-19 —14 15
035y V26107 Ji1.7)R85 <10~ fi0*)
8.63x10°"
x [\/2(0.288)+ Vs — \/2(0.288)]
or
0357 =0211[,/0.576 + 7, ~/0.576 |
which yields
Vg =543V
10.54
Plot
10.55
(a)
Wu,C
&m =%(Vss _VT)
W,
= % (VGS -z )
_ (10)400)(3.9)8.85x10™*) (5-0.65)
475x107 '
or
g, =126mS
Now
l+g,r, g, l+g,r,
which yields
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1 (1 1 (1
ro=— | ——1|=—| —-1
‘g, 08 1.26 0.8
¥, =0.198kQ

(b) For Vs =3V, g, =0.683 mS
Then

or

0.683

o956 ms
& =11 (0.683)0.198)
or
8w 0602 oo
g,  0.683

which is a 12% reduction.

10.56

(a) The ideal cutoff frequency for no overlap

capacitance is,

f — gm :Il'ln(VGS_VT)
Y76 27 L?

gs

(400)4-0.75)
27(2x107f

or

f, =5.17 GHz
(b) Now

o

Jr= 2z(C,, +C,,)
where

Cy= ngT(l+ngL)
We find

Cor = C,.(0.75x10 J20x10*)

_ (3.9)8.85x10™)
~ 500x10°°
x(0.75x10 Y20 x10*)

or

Cur =1.035x10 ™ F
Also

m = % (VGS - VT)
~ (20x10)400)3.9)8.85x10 )
~ [2x107*)500x107*)
x(4-0.75)

or

g, =0.8974x107 S

Then
C, =(1.035x1074)
«[1+(0.8974 x107 J10x10° )|
or
C, =1.032x10""F
Now
Cpr =C,(L+0.75x107 )7)
_ (3.9)38.85x10™)
~ 500x10°F
x(2x107 +0.75x10 J20x10 )
or
C,r =3.797 x107F
We now find
m
Jr= 27(c,, +C,,)
B 0.8974 x107*
22(3.797 107 +1.032x10 )

or
f, =1.01 GHz

10.57
(a) For the ideal case

fooa 4x10°
"2zl 2x(2x107)

or
f, =3.18 GHz

(b) With overlap capacitance (using the
values from Problem 10.56),

_ gm
Jr= 22(Coir +C,, )
We find
gm = WCDXUdS
(20x10)3.9)8.85x10 ' f4x10°)
500107

or
g, =0.5522x107 8
We have
Cy = ngT(1+ngL)
= (1.035x107)
<[1+(0.5522 10 {10 x10° )

or
C, =6.750x10"F
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Then
/= 0.5522 x107
T 22(3.797 107 +6.75x1071*)

or
f, =0.833 GHz
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Ex 11.1 Ex11.4
I 1016
DL 1 3 4, =(0.0259)n| — > | 03473 v
I, L-AL | AL : 1.5%10
L
o i _{4(11.7)(8.85“014 )(0.3473)}”2
dar — -19 16
1.6x107" {10
AL\ 1o ox10 fo*)
L 1.35 =0.30x10"cm
(3.9)8.85x107")
From Example 11.1, we have ox = 80x10-°
AL =0.1807 gm
AL 0.1807 =4.314x10"" F/cm?
Then L=———=——"=0.698 um 2
0259 0.259 " _eN,(ex)
Cox(AVT)
-19 16y 7 42
Ex 112 ) (1.6x107 )10 (2J(0.30x10 )
From Figure 11.10, z, =550 cm*/V-s = (4.314“077 Xo.l)
W =5.243%10" cm
Ex11.3 or
 (3.9)8.85x107) W=0524 pm
120x107°%
=2.876 x10~" F/cm? Ex 11.5
10" N N
= _ | = _ a'd
b, (0.0259)1n(15x1010J 0.3473 V v, =V, m{ =
4(11.7)8.85x10 ™ Y0.3473) ] 16 Yy 19
Xar { ( (3(6”019 XIO)EG ] )} =(0.0259)In (3“0—)(102) =0.902 V
' (1.5x10")
=0.30x10"*cm 1/2
2e,V,
oo =28 Tn
do eN,

AVT:_M 5 1+2x_‘fT_1
Co | L r

(1.6x107"° )10 f0.30x10*)
2.876x1077

Joas( | 203)
0.75 0.25

AV, =-0.0469 V

_ {2(1 1.7)8.85x10 ' )(0.902)}”2

(1.6x1077 J3x10™)

=1.973x10" cm=0.1973 #m
x;, =L-x,,=0.8-0.1973 =0.6027 g m
Also

1/2
26&( bi DS)
X, = T

a
or
2
x,eN,

Vi +Vps = ) e
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~(0.6027 x10 J (1.6x10 " J3x10*)
- 2(11.7)8.85x10 %)
Vi +Vps =8.419 V

Then
Vps =8.419-0.902 =7.52 V

Ex 11.6
We find
1015
=(0.0259 )In| ————— |=0.2877 V
Ppo = ) (1.5x10'°j

1/2
4 es Vbi
Xaro = T

[4(1.7)8.85x107)0.2877)

{ (1.6x107 f10') }1/2

=8.630x10° cm=0.863 xm
_ (3.9)8.85x10*)
120x107

=2.876x107" F/cm*
The initial threshold voltage is
eN Xm0
C

ox

=+0.95+2(0.2877)

L (Lex10™ fi0" f.63x107)
2.876x1077

c

ox

Vio :VFBO+2¢ﬁ;O+

Vio =1.573V
Now

Vy =V +AV;

0.40 =1.573 + AV,
= AV, =-1.173V

Negative AV, = implant donor ions

Now
|AVT| _ eDI
Or ox
o e, (1m3)es6x107)

1

e 1.6x107"
=2.11x10"%¢m 2

Ex 11.7
@ N, =(10")120x10")=1.2x10" cm

0!, =(1.2x10")0.2) = 2.4x10" cm

(3.9)8.85x10™")

120107
=2.876 x10~" F/cm?

ox

Then
AVy :—Q—;X:_(2'4><10“X1.6><10*19)
C(;X 2876><10—7
=-0.134V
(b) N, :(1018X80X10_8)=8><]0“ o
Q;'s :(8XI011X02):16X10“ Cm,z
¢ _(Bok8sx10™)
80x1078
=4314%x10"" F/cm?
Then
AV, Z—Q—;S:_(1~6><10“X1.6><10"9)
T Cox 4314 %1077
=-0.0593 V

(c) Threshold voltage shift decreases when
the oxide thickness decreases.

Test Your Understanding Solutions

TYU 11.1

i
]ﬂ = v — exp(VGSl Vs ]
Iy exp[ Vesa J v,

Vi

or

Vst =Vesa =V, h{ﬁiJ

D2

Then
Vst —Vasy =(0.0259)In(10) =0.05964 V

or Vig —Ves, =59.64 mV
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TYU 11.2
C W
(a) ID(Sat)zlunz—Z(VGS_VT)z
1000 J107* |10~
= ;((10“‘)§ )(VGS_OA)z

=5.0x107°(V, —04) A
or 1,(sat)=50V, —0.4) uA
(0) 1y (sat)=WC 0, (Vs = V)
= (10710 \5x10° (¥, —0.4)
=5.0x107(V s —0.4)A
or 1, (sat)=50(V,s —0.4) A

TYU 11.3
L—kL=(071)=L=07um
W —kw=(0.7)10)=W=7um

t, ki, =(0.7)250)=1, =175 4

N 15
N, —Na _3x10
k 0.7

Vy = kV, =(07)3)=V, =21V

=N, =7.14%x10" cm™

TYU 11.4
We have from Example 11.6,

Ve =—0419V, C, =19175x10""F/cm’

eD
Vy =V +—

ox

(1.6x10"°)D,
1.9175 %10~
=D, =8.02x10" ¢cm ™
(1.6x107° ),
1.9175 1077
=D, =2.03x10"cm

(a) +0.25=-0419+

(b) —0.25=-0.419 +
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11.1
(@)

o ool
N t

For Vs =05V,

0.5
Ip =107 eXp{(Z.I)(O.OZWJ -
I,=9.83x10""A
For Vs =0.7V,
I,=388x10""A
For V5 =09V,
I,=154x10"A
Then the total current is:
I, =1,(10°)
For Vs =05V, I, =983 u A
For Vg =0.7V, I, =0.388 mA
For Vs =09V, I, =15.4mA

(b)

Power: P=1,-Vp,
Then
For Ve =05V, P=492uW
For V4o =0.7V, P=1.94mW
For V5 =09V, P=77T mW

Chapter 11
11.3
2)(1016
=(0.0259)In| =——— [=0.3653 V
# = ) (1.5x10‘°J
We find that

[2¢, _\/2(11.7)(8.85x10‘4)
eN, V(1.6x1077)2x10')

=2.544x107° cm/V'"/?

2e,
A= o o+ Vs ~y Vs at)]

(@) Vps(sat)=V -V, =1.0-04=0.6V
AL =(2.544x10")
«[03653+2 ~1/0.3653 + 0.6
AL =1.413x10"cm=0.1413 zm
(b) Vps(sat)=V -V, =1.0-04=0.6V
AL =(2.544x10")
«[03653 +4 - /03653 + 0.6
AL=2.816x10" cm=0.2816 1z m
(©) Vps(sat)=Vye -V, =2.0-04=16V
AL =(2.544x10")
% [J0.3653 +2 - 1/0.3653 +1.6
AL =3.461x10"° cm=0.0346 1 m
(d) Vps(sat)=Vy -V, =2.0-04=16V

nv,

€Xp

~
S
—

VGSI
n,

I
Vosa Ve =nV, IH{I_DZJ

D1

(@) Vs —Vas =(0.0259)In(10)

=0.059 V

(b) Vesy —Veas =(1.5)0.0259)In(10)
=0.0895 V

(©) Vesy —Vas =(2.1(0.0259)In(10)
=0.125V

GS2
1y, nv, _ exp{ (Vcsz Vs )

AL=(2.544x10°%)
x[V03653 +4 - 03653 + 1.6
AL =1.749x107° cm=0.1749 1 m

11.4
2)(1016

L =(0.0259)In| ==—— |=0.3653 V

# = ) (1.5x10‘°J

We find that

[2¢, _\/2(11.7)(8.85x10‘4)
eN, V(1.6x107J2x10')

=2.544 %107 c/V "2
Vps(sat)=Vys -V, =2.0-04=16V

2e

AL = eN: [\/¢_/p Vs =9, +VDS(sat)]
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(a) AL=(2.544x107)
% [0.3653 +3 -103653 1.6
AL=1.10x10"cm=0.110 £z m

Now 2L _ g 102 9110
L L
—L=1.10um

(b) AL=(2.544x107)
«[J0.3653 +5 03653 + 1.6
AL =2.326x10"cm=0.2326 4 m
0.2326

Now £=0.10=
L
=L=2326 um

11.5
Sy _(3.9)8.85x107)
t 120 x107*

ox

=2.876x1077 F/cm?

0.
VFB = ¢ms - C

ox

(4x10")1.6x10™)
2.876 <107’

C:

ox

Vi =—-05223 V

Now
0Oy, (max
vy =|SD(§—1+VFB +2¢,,

We find

4><1016
=(0.0259)In| === |=0.3832V
#y = ) [1.5x10‘°J

[0 7)s.85x10 Yo.3832) |
Tl (ex10" Jax10™)

=1.575x10 % cm
|QL;D (max]
= (1.6x107 f4x10" )1.575x10)
=1.008x1077 C/cm
So
~ 1.008x107

 2.876x107
—0.595 V

~0.5223 +2(0.3832)

T

Vs (sat)=V s -V, =1.25-0.595 =0.655 V

\/2 e, :\/2(11.7)(8.85x10']4)

eN, \(1.6x107J4x10')
=1.799 x10 ° cm/V 2

(a) AL= {z; [\/¢ﬁ, Vs (sat)+ AV,
—,/¢ﬁ, +VDS(Sat)]
(i) AL=(1.799x10)

«[V0.3832 +0.655 +1 - /0.3832 + 0,655 |
AL =7.35x10"° cm=0.0735 um

(i) AL=(1.799x10)
x[V0.3832 +0.655 +2 — /03832 +0.655 |
AL =1303x10"" cm=0.1303 x#m

(iii)y AL=(1.799x107)
«[V0.3832 +0.655 + 4 /03832 +0.655 |

AL =2.205x107° cm=0.2205 1z m

02205
L

a

AL

b) —=0.12
(b) 7

L=184um

11.6
16
¢, =(0.0259 )m(LowJ =0.3758 V

1.5x10

2e,  [201.7)8.85x10™)
eN, \(1.6x1077J3x10'°)
=2.077x10 7 cm/V""?

(a) Ideal,
ki W
I, = 5 'Z(VGS_VT)z

= (%j[l—sj(l 0-0.4)

2 ) 0.80

=0.16875 mA
(i) Vps(sat)=1.0-0.4=0.6V

AL=(2.077x10")
«[J0.3758 +2 - /03758 + 0.6
=1.150x10°cm=0.115 zm

L
I, = 1
=[5 o
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- (—0'80 j(0.16875)

0.80—0.115
=0.19708 mA
(i) AL =(2.077x107)

«[J0.3758 +4 10,3758 +0.6
=2.293x10"° cm=0.2293 #m

L
1) = ¥
b =( o

- (—0'80 j(0.16875)

0.80 - 0.2293
= 0.23655 mA
(b)
) :( AL J‘ {(0.23655 —0.19708 )x 10~ }l
| ar,, 42

=r =507x10* Q=50.7kQ
() Vpslsat)=Vys -V, =2.0-04=16V
(i) AL=(2.077x107)
«[03758 +2 - 03758 1.6 ]
=2.819x10°cm=0.02819 #m

L
I, = -1
b =( g )

= (Lj(o. 16875)

0.80—0.02819
=0.17491 mA
(i) AL =(2.077x107)
«[J03758 +4 —0.3758 +0.6
=1.425x10"cm=0.1425 ym

L
I =] —— |1
=[5 o

= (Lj(o. 16875)

0.80—-0.1425
=0.20532 mA

-1
AI/
r, = D
)

_ {(0.20532 —0.17491)x10" }1

4-2
r, =6.577x10* Q=65.77kQ

11.7

(@)
. _k, w IR
i I,= ) L(VGS VT)

- (O'O%j(m)(o.s ~0.35)°

=0.07594 mA=75.94 u A
(i) 7}, =1, (14 2V )
=(75.9375 1+ (0.02)1.5)]
=782 u A
1 1
7 = = 0.02)75.94)
=0.658 M Q=658 kQ

(b)
@1, = (O'O%j(lo)(l.% -0.35)
=0.30375 mA
(i) 7} =(0.30375 1 +(0.02)1.5)]
=0.3129 mA

(iii) r, = ( !

———=165kQ
0.02)0.30375)

Chapter 11
Problem Solutions

11.8
Plot

11.9
(a) Assume Vg (sat) =1V. Then

Vs (sat)
L

sat

We find

L(um) | E,, (Vicm)

3 3.33x10°

1 1x10*
0.5 2x10*
0.25 4%10*
0.13 7.69x10*

(b)
Assume u, =500 cm’/V-s, we have
v=u,E
Then
For L=3pum, v=1.67x10°cm/s

sat

For L=1xm, v=5x10°cm/s
For L<0.5um, v=10" cm/s




Semiconductor Physics and Devices
By D. A. Neamen

: Basic Principles, 4™ edition

Chapter 11
Problem Solutions
11.10 (@)
, M, €, 1 I,L OAL
k Iun ox — T . = #2 AP
ox 7'0 (L - AL) aVDS
_ (425)3.9)8.85x10™)

110x107°
=1.334x10"* A/V? =0.1334 mA/V*

[
= [%)( 12(; j(o 8-0.45)°

=0.1362 mA
a0

=
= .ID
r, OV, OVpe|\L-AL

0

[L-aL]”

OAL
OV ps

I, =

=1,L-

DS

=1,L(-1)\L-AL)? [—

__ Dl |
(L-ALy

OAL
oV ps

AL =

\/¢fp +Vps — \/¢/p +VDS sat ]

6 VD s
We find

2e, _ [2017)8.85x10)
eN, \(1.6x1077J3x10'°)
=2.077x10 " cm/V'"?

3x10'°
=(0.0259 )In| ———— |=0.3758 V
# = ) (1.5x10 J

Vs =Vps(sat)+ AV g =Vog =V, + AV
=0.8-0.45+2=235V

eNa Sy 470 )

Now

-5
oAL _ (2.077x10°) =6.290 x10 % cm/V
Vps 2403758 +2.35

AL = (2.077 x107° 1\/0.3758 +2.35

—4/0.3758 +o.35]
=1.660x10°cm=0.166 1 m

~(0.1362 %10 J1.2x10)

 J12-0.166)x10
—9.615x10°°

=7, =1.04x10° Q=104 kQ
(b)

1 (0.1362 107 J0.8x10)

(6.290x10)

-(6.290x10°°
r, [08-0.166)x107] | )
=1.705x10"°
=7, =5.865x10"Q=58.65kQ
11.11
(a)
Wu,C
1, (sal)— ’L;L = (VGS -V; )2
- (%)(500 Y6.9x107 )7y -
or

1, (sat)=0.173(V,s —1)° (mA)

VI, (sat) =~+0.173 (V5
(b)

-1/3
E .
efl
Let u,5 = p0 [E_j
c

Where ,, =1000 cm?*/V-s and

_1) (mA)l/Z

E. =2.5x10*V/em

Let E,, =—%
tl)X
We find
¢ _Eyy Su_ (3.9)8.85x10")
Tt tC, 6.9x107"

or

¢, =500 A
Then
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Vs Eeﬁ" Heg I, (Sat)
1 - - 0

2 4x10° 397 0.370

3 6x10° 347 0.692

4 8x10° 315 0.989

5 10x10° 292 1.27

(c) The slope of the variable mobility curve is
not constant, but is continually decreasing.

11.12
Plot
11.13
@ C - (3.9)8.85x10™")
. 200 x107°
=1.726x10"" F/cm*
x MGl
" 2L
_ (475)(1.726 x107 J10)
- 2(1.0)

=4.10x10" A/V? =0.410 mA/V *
For Vg —V, =2V, Vps(sat)=2V
() 1, =(0.410)2(2)0.5)(0.5) |
=0.7175 mA
(ii) 1, =(0.410)2(2)(1.0)- (1.0)? ]
~1.23mA
(iif) 7, =(0.410)2(2)(1.25)—(1.25) |
=1.409 mA
(iv) 1, =(0.410)2(2)2)- ()]
=1.64mA
(b) 1,=nC, (VGS -V )Uds
=(10)1.726 x10 7 J2)o,
=(3.452x10 ™, A
= (3.452x107 b, mA

(i) For Vs =05V, v, :[%)(4“06)

=1.6x10° cm/s
I, =(3.452x107 )1.6x10°)
—0.552 mA

(ii) For V,, =1.0V, v, =(%)(4x106)
=3.2x10° cm/s
I, =(3.452x107)3.2x10°)
=1.10mA
(iii) For Vs =1.25V, v,, =4x10°cm/s
1, =(3.452x107 Jax10°)
=1.38mA
(iv) For Vs =2V, v, =4x10°cm/s
I, =138 mA
(c) For part (a), V) (sat) =2V
For part (b), Vs (sat)=1.25V

11.14
Plot

11.15
(a) Non-saturation region
1

W
I,= 5 1,C (f)[z(VGS —Vr )VDS - V;S ]

We have

and

W=kW, L=kL
also

Vios = Vg, Vs = kVpg
So

L L (G
o=l T ke

><|_2(kVGS _VT)kVDS _(kVDS)ZJ
Then
I, =>=kl,

In the saturation region,

1 C,.\kw
IDZEﬂn( X j{ﬁj[kVGs_VT]z

Then
I, =>=kl,
(b)
P=1,V,, = kI, \kV,,)=k*P
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11.16
ID (Sat) = WCox (VGS - VT )Umt

()
= (k W{ ]:;x j(k VGS - VT )Usut

or
1, (sat)= = ki, (sat)

11.17
(@)
: KV oy
(1)ID(maX)— 5 T (VGS VT)

- (%}(%)(3 ~0.45)°

2.438 mA
(i1) Scaled device:
Vy =Ves =k(3)=(0.65)3)=1.95V
k! = (Oi) = (ﬁJ =0.2308 mA/V >
k 0.65
L=k(1.2)=(0.65)1.2)=0.78 um
W =k(6)=(0.65)6)=3.90 zm

v, = NeXar | I}y Har
Co | L y

(1.6x10 J5x10" )1.419x10)
2876 <107

(025 [, 2(0.1419)
0.80 0.25

AV, =-0.0569 V

Then
0.2308 ) 3.9 2
I = = 1(1.95-0.45
)= 22| 32195 -0.45
=1.298 mA
(b) (i) P(max)=1,(max )V, =(2.438)3)
=7.314mW
(ii) P(max ) = (1.298 {1.95)
=2.531 mW
11.18
¢ o (3.9)8.85x10"*)
t 12010~

ox

=2.876x1077 F/cm?

5x%10'®
- =(0.0259 )In| ———— [=0.3890 V
¢_fp ( ) (I.SXH)IOJ

- _[401.7)8.85x10 " fo.3590)]
T (Lex107f5x10™)

=1.419x10° cm

11.19

(3.9)8.85x107")
80x107"

=4.314x1077 F/em*

2X1016
L =(0.0259)In| ==—— |=0.3653 V
4 = ) (1.5x10‘°J

ox

o _[400.7)885x10 " f0.3653)]
Tl (Lex107 J2x10")

=2.174x10" cm
(16310 J2x10' J2.174 x10°)

AV, =
g 4314x107
L 030( | 202174)
0.70 0.30
AV, =-0.0391V
Vy =V +AV,

0.35=V,, —0.0391
= V,, =038V

11.20

_ (3.9)8.85x10™)

o 200 x107°
=1.726 x10” F/cm?

3x10'°
- =(0.0259 )In| 2=~
? = ) (1.5x10‘°

o _[401.7)885x104)0.3758)]
o (1.6x1077 J3x10")
=1.80x10 " cm

J =0.3758 V
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AV, =-0.15

(1.6x10 " J3x10" J1.80x10)

1.726 107"

L

0.15 = (0.5006 {%}(0.4832)

= L =048 yum

0.30

{0'30 [ . 20.13)

)

11.21
We have
L'=L—(a+b)
and from the geometry
(M (‘H’”./)z + X0 :(’”_i +de>2
and
2) (b+rj)2 +x§T :(rj +de)2
From (1)
(a+r P =, +x5 f =x2
so that
a= (”j +de)2 —Xur -t

which can be written as

or

Define

2 2
2 _ Xas —Xar
ot =——F"

T

We can then write

r.

2
a=r, 14 22as | g2 —1}
J

Similarly from (2), we will have

2x
b=r, ,1+i+ﬂ2 —1}
r.
L J
where

2 2
ﬂz _ Xap ~ Xar
2

Ly

2
2x X X
a:rj 1+i+ s _| Zdr_
T T T

The average bulk charge in the trapezoid (per
unit area) is
, L+L'
|QB|'L =eN, x,; [—j
2
or
, L+L'
10| =N, x,r (T]
We can write
L+L 1 L 1 1
b e —[L—(a+b)]
2L 2 2L 2 2L

which is
L+L' 1 a+b
2L 2L

Now, |Qf3| replaces |Q;D (max] in the
threshold equation. Then

oy, =121 [0 (max)
COX COX
_ eN ,x [1_ a +b}_ eN ,x
C, 2L C,
or
AV, = NoXar (a+b)

C 2L

ox

Then substituting, we obtain

N r, 2
sy -t 21 { N _1}
r.

ox J

2
+{ 1+ 2 g2 —1]}
Ty

Note thatif x,, =x,, =x,,then = =0
and the expression for AV, reduces to that

given in the text.

11.22
We have L'=0, so Equation (11.27)
becomes

L+L' L 1
:> JE— J—
2L 2L 2

5 1+2xl_1 :l
L r 2

Then Equation (11.28) is
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' 1 eN X, [ EX4r
=eN x| — AV, =—4 4| 2

|QB| a”vdT ( 2) T Cax ( W

Then change in the threshold voltage is
5 1 ¢ (1.6x10 7 J3x10" J1.80x10° | =
AV, = |QB| _ |QSD(rmXX _ 2
"G G, (4314x107 J2.2x107)
or AV, =+0.0257 V
(l/zxeNa xdT) (eNa xdT)
AV, = -
COX C()X
which becomes 11.27
-14
AV, _ 1 eNxy c - (3.9!8.85x1£ )
2 C, 120 x10
=2.876 x10 " F/cm>
10 16
11.23 ¢, =(0.0259 )m[—mJ =0.3473 V

Plot 1.5x10

{4(11.7)(8.85 ><10-“‘)(0.3473)T2
Xar =

11.24
Plot (1.6x107 f10'°)
=3.0x10" cm
11.25 AV, :M "Exi
c, \w
AVT:—M r_f{ 1+2xi_1} In this case, £ =1
C,. L r; So
_ _5\2
({Naj(kxﬂ) 0,045 - 16x107 10" J1.0)3x10~)
L _\k fry | [ 2k (2.876 x107 )
C,. k kr; =>W=111uym
k
o 11.28
A A :
V, = kAV, Plot
11.26 » 11.29
= (3.9)8.85x107) Nt (Exy
80x107" TToc, W
=4314x10" F/lem® Assume that & is a constant, then
3x10' N
¢, = (0.0259)111(WJ =0.3758 V d > (k)
k gkxdT
1/2 AVT =
_[401.7)s.85 %10 Y0.3758) [CJ kW
“ (1.6x1077 J3x10") k
=1.80x10 cm or

AV, = kAV,
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11.30
(@)
%
HE, =—
t()’(
6><1 6 — VG
200%10°*
>V, =12V
@) Vg =%=4V
(b)
V,
)6x10° = G
® 80x107"
=V, =48V
1)V, —%=1 6V
11.31

@) V,=(@8)3)=24=E 1, =(6x10°)r,.)
¢, =4x10%cm
or t, =40 nm:400;1
®) Vo =(2)3)=36=E,.1,, =(6x10°)z,.)

t,, =6x10°cm

or ¢, =60nm=600 21

11.32
Snapback breakdown means aM =1, where

I
=(0.18)1 —92
a ( )Oglo[?)xlo_g]

and
1

VBO
Let V3, =15 Vand m=3. Now when

(21

3
1— Vﬂ
15
we can write this as

3
”
1—(%} =a=Vy =151-a

aM =1=

Now
I, a Vee
107 0.0941 14.5
107 0.274 13.5
107 0.454 12.3
10°° 0.634 10.7
10 0.814 8.6
107 0.994 2.7
11.33

One Debye length is

{es (kT/e)]/z
L, =|—=——~
eN,
[(1.7)8.85x10 " 0.0259) ]
(1.6x107 f10'°)
or

L, =4.09%10"cm
Six Debye lengths is then
6L, =0.246x10*cm=0.246 £ m

From Example 11.5, we have
X0 = 0.336 1 m, which is the zero-biased

source-substrate junction width.

At near punch-through, we will have
X4 +6L,+x, =L

where x, is the reverse-biased drain-

substrate junction width. Now
0.336 +0.246 +x, =1.2

or
x,; =0.618 ym

Then, at near punch-through we have

|:2€s (Vbi +VDS):|1/2
X, =|————~*

eN,
or
Ve _xjeNa
bi+ DS — 265.
_(0.618x10 F (1.6x10"f10*)
~ 2(11.7)8.85x10™)
which yields

Vy+Vps =295V
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From Example 11.5, we have V,, =0.874 V,
s0
Vs =2.08V

which is the near punch-through voltage. The
ideal punch-through voltage was
Vps =49V

11.34
(10" )3x10')
(1.5x10" )

The zero-biased source-substrate junction
width is given by

1/2
265 Ibi
‘de = T

V, = (0.0259)11{ ] =0.902 V

[201.7)8.85x10 7 }0.902)

1/2
_[ (1.6x107" J3x10') }
or

X0 =0.197x10* cm=0.197 £ m
The Debye length is

- eN,

B {(11.7)(8.85 X107 )(0.0259)}”2

1 (16x1077)3x10')

D

or
L, =236x10"cm
so that
6L, =0.142x10*cm=0.142 z m
Now
X4 +6L,+x, =L
We have for V,; =5V,

x, :|:2 Sy (Vbi +VDS):|”2

eN

a

[2(11.7)(8.85x1074}0.902 +5

{ (1.6x107 J3x10') )T

x, =0.505x10 ™ cm=0.505 #m

Then
L=0.197 +0.142 +0.505

or

or
L=084 um

11.35
With a source-to-substrate voltage of 2 volts,

1/2
2e, (Vhi +VSB)
Xa0 = oN

a

[2(11.7)(8.85x10)0.902 + 2

{ (1.6x107 J3x10") )T

X, =0.354x10"* cm=0.354 4z m
We have 6L, =0.142 ym from the previous

problem.
Now
1/2
{2 € (Vbi +Vps ¥V )}
X, =
eN,

[201.7)8.85x10"f0.902 +5+2)]"
_{ (1.6x1077 J3x10") }
or
x, =0.584x10 " cm=0.584 um
Then
L=x,,+6L,+x,
—0.354+0.142 +0.584

or
L=1.08 um

11.36

-14
(3.9)8.85x10 —2.876x10"7 F/em?

120 x107°
eD,

ox

AV, | =
Implant acceptor ions for a positive threshold
voltage shift.

_Av,(C,)  (080)2.876x107)
e 16x107™"
=1.438x10"”¢m 2

D,

11.37

_ (3.9)8.85x10)
~ 180x10°®
=1.9175 x10 " F/cm >
eD,

C

Implant donor ions for a negative threshold
voltage shift.

ox

AV, | =
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b _A7C (0.60)1.9175 x107)
! e 1.6x107"°
=7.19x10" cm 2

11.38
@) ¢, =-108V

_(3.9)8.85x10™)

150 x107
=2.301x107 F/cm >
129

VFB = ¢ms - C.

ox

(5x10 f1.6x10")
2301x107

=-1.08—

=-1.115V

6x10"
- =(0.0259 )In| ———— |=0.3341 V
¢y = ) (1.&10“’)

Xar

[4(1.7)8.85x104)0.3341)]"”
| (ex10™ ex10")

=3.797x10 " cm
|05 (max )
= (1.6x10 (610" J3.797 x10 )
=3.645x10"* C/em?
|Q;‘D (rrﬁx]

Vip =————+V + 2¢ﬁ’

ox

-8
J3O5A0 - s +2(0.3341)
2.301x107

Vo =—0.2884 V

(b) For a positive threshold voltage shift, add

acceptor ions.
AV, =V, =V =0.50—(~0.2884)
=0.788 V

Then
(a7,)C, _(0.788)2.301x107)

e 1.6x107"
=1.13x10" ¢m

D, =

! 11! —19?
—41.08— 107 \1.6x10

1.9175 x10~7
=+0.9966 V
2 x 1016

= (0.0259 )In| =——— |=0.3653 V
¢ = ) (1.5x10‘°J

o {4(1 1.7)(8.85x10 " )0.3653 )}”
o (1.6x1077 J2x10'°)
=2.1744 x10 *cm

|05 (max )

=(1.6x10" J2x10" 2.1744 x10 )

=6.958x10"* C/em*

_ |05, (max)
C

VTO + VFB - 2¢ﬁ1

ox

-8
_ 099810 9966 - 2(0.3653)
1.9175x1077

Vo =—0.0969 V
(b) For a negative threshold voltage shift,

add donor ions.
AV, =V, =V =—0.40 —(=0.0969)

11.39
(a) ¢, =+1.08V

_ (3.9)8.85x107)

o 180 x107®
=1.9175 x10 7 F/cm 2

=-0.3031V
|AVT Cax
Then D, =——
e
~(0.3031)1.9175 %107 )
1.6x107"
=3.63x10" cm
11.40

4x10"
a =(0.0259 ) In| ———
@ ¢ = ) [1.5x10‘°

_(3.9)8.85x10™)

80x107°
=4.314%107 F/cm >

o[ 7)s.85x10Y0.3236) |
T (1ex10" Jax10")

=4.576 10 cm

|Q:§D (rm'x)
= (1.6x107 f4x10" J4.576 x10* )
=2.929x10"* C/em?

J =0.3236 V
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|05, (max )

Vip =———+Vp +2¢fp

_2.929x10°°
4314x107’
=-0.5349 V
(b) For a positive threshold voltage shift, add
acceptor ions.
AV, =V, =V =0.40 —(—0.5349)
=0.9349 V
(A VT )Cox
e
(0.9349)4.314x107)
1.6x107"
=2.52x10"% cm
(¢c) Add acceptor ions.
AV, =V, =V =—0.40 — (= 0.5349)

~1.25+2(0.3236)

Then D, =

=0.1349 V
-7
Then D, = (0.1349)4.314 x107)
1.6x107"
=3.64x10" cm
11.41

The total space charge width is greater than
X, , so from Chapter 10

2ee, N,
AV, :C:[\/2¢ﬁ’ +Vg —\/2% ]
Now
1014
b= (0.0259)111[WJ o8 v
and
500 x10°°
=6.90x10*F/cm 2
Then
AV,
_ [2(1.6><10—19X11_7)<8.85X10714X10.4)]1/2
6.90x107°
o8] 7, - 2028
or

AV, =0.0834 [\/0.456 +Vg —\/0.456]

Then
Vg (V) AV (V)
1 0.0443
0.0987
5 0.1385
11.42
(@)
(0.0259)in|
- =(0.0259 )In| ——— |=0407 V
Z (1.5><1010j
and

o _[417Ys 85x10 Y0.407)
T (1.6x1077 J10")

=1.026x10"° ¢m
n" poly on n-type ¢, =-032V
We have
104, (max ) = (1.6x10 10" )1.026 10

=1.64x10"7 C/em?

Now
Vip =|-1.64x107 —(1.6x107° {5x10" )
8
oS0035 2(0.407)
(3.9)8.85x10 )
or

Vp ==1.53 V (Enhancement PMOS)
(b) For V, =0, shift threshold voltage in

positive direction, so implant acceptor ions.
eD AV, !
AVT — I - D[ — ( T )Cm
C e

ox

SO
(1.53)3.9)8.85x10 ")
(80x107* f1.6x107)

I

or
D, =4.13x10% cm
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11.43 11.45
The areal density of generated holes is We have the areal density of generated holes
= (8x10"2)10% {750 x10~* )= 6x 102 cm 2 as
The equivalent surface charge trapped is - (g )(7 )(tw()
_ (0 10)(6>< 10 ): 6x10" em where g is the generation rate and y is the
Then radiation dose. The equivalent charge trapped
0’ is
AV, = —C—” =xgyt,,
o where x is the fraction of generated holes
_[6x10" J6x107 f750 x10°¢) trapped.
(3.9)8.85x10™) Then
: to
or AV, =— o __ex&rl, _ | exgy (tox )2
AVT =-2.09 v Cox (enx /to.\') Eax
or

2
11.44 Ay o =(t,,)

The areal density of generated holes is
6x10"cm . Now
e, (39)885x10)

C(]X =
L. 750 x107®
=4.6x10" F/cm?
Then
v, =L (6x10" Jx)1.6x10")

C 4.6x107°

where x is the fraction of holes that may be
trapped. For AV, =-0.50 V we find

x=0.024 =>x=2.4%
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Ex12.1
1

RaRe

1

L[5x107 Y10 0.80)
10" 201 0.60

=0.9967
Ex 12.2
o - 1 B 1
' Y5 COSf{lzj
COS EZ; 10.0
=0.9928
Ex 12.3
0= J : 14
1+ r0 .exp _J
0 2,
B 1
. 1.2x1077 . —-0.65
1804x10° ) P 2(0.0259)
=0.99976
Ex 12.4
1
7/:
1| Vo | Pe | X5
IVE l)B xE
0.9950 = ~ !
1+ 5__|(1.0)1.0
(6><1018]( X1.0)

= N, =3.02x10"cm

cosh £
LB
From Example 12.5, L, =10 g m.

Then
0.9980 =

HJro.exp[—Vgs)
J0 2V,
1
1+(108 J~e>qo[_VBEJ
1071 27,
exp(_ Ve ] _ 0005025 _ 5 15106

2y, 1078
IO—H
or

|
V.. =2V In| ——
B ! [5.025x106j

=2(0.0259 )(12.201)
Ve =0.6320 V

0.9950 =

Ex 12.7

(@) 5= !

J -V
1+ rO_eXp BE
J, 2,

1

s 5x107° oo 055
2x10- ) Y 2(0.0259)

=0.99392
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a = yor, 5 =(0.9980 ¥0.9980 §0.99392 )

=0.98995
Then p=_% - 09895 g0
- 1-0.98995
®) 5= 1
1o 5x107 ) [ -065
2x10 ) 2(0.0259)
=0.9911
a = ya .5 =(0.9980 X0.9980 }(0.99911)
=0.99512
po @ _ 09512
l-a 1-0.99512
Ex 12.8

The space charge width extending into the
base region is

1/2
[ 2e, (Vbi+VBC) Ne o 1
“w e N, (N,+N,)

) {2(]1.7)(8.85><10'4XVM V)

1.6x107"

1/2
2x10" 1
X .
5x10' (5x10' +2x10")

={0.956x102 ), +V )}
N,N, J

2
n.

i

Now V,, =V, 11’1(

_ (0.0259)1{%.2“0”)}

(1.5x10" )
= 0.6946 V
For V., =2V,
% = {0,956 x10 72 )0.6946 +2)}
=5.18x10 °cm=0.0518 #zm
For V., =10V,

%5 = {9.956 %1072 )0.6946 +10)}'"?
=1.03x10°cm=0.103 zm
Neglecting the B-E space charge width, we
find the neutral base width to be:
Vg =2V,
Xp =Xgy —X, =0.70-0.0518 =0.6482 u'm

Vep =10V,

xp =0.70-0.103 =0.597 £ m

Ex 12.9
Neglecting bandgap narrowing,

2 10 )2
n; !1.5><10 ' 9225 em

Ppo =7~

N, 10%
From Figure 12.26, AE, =0.23 eV for
N, =10"cm™,

' 7’!12 g
= e)q)
Pro N kT

(Lsx10") (023
10% » 0.0259
=1.618x10*c¢m

Ex 12.10
2
@ v, - szo N, (N]; +N,)
s C
_(1.6x107" Jo.80x10
2(11.7)8.85x10 )
(5x10'*f2x10" +5x10")
X
2x10")
v, =643V

(b) From Figure 7.15, BV =180V

Ex 12.11
(a) From Figure 7.15, BV 5, =125V
BV,
(b) BV, =—22 15 sy
Jfp 125
Ex 12.12
We find

VCE(sat):thn|: ]C(l_aR)+IB a_F:|

aply _(l_aF)IC ap

(0.5)1-0.05)+0.05 0.992
:(0'0259)11{(0.992)(0.05)—(1—0.992)(0.5)' 0.05 }

Ve (sat)=0.141V
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Ex 12.13
1
We have [ =
4 2rr, C,
Or C ! !

T

2z, f 22(2.6x10° J35x10°)
C, =1.75x10"*F=1.75pF

Ex 12.14
14 .
re,:_,:_002596 =5180
I, 50x10~
. =r-C, =(518)0.40x10 )
=2.072x10"""s=207.2ps

¥ (05x10*)

" Top T 2(2s)

=5x10"s=50ps

r, =N _ 2.4x107*
v, 107

=2.4x10"s=24ps
r.=r.-C, =(20)0.05x10™")
=1x10"%s=1ps
Now
T,e =7, +Tb +Z'd +Tc

=207.2+50+24+1=282.2ps
Then

PR 1

" 2w, 272(282.2x107)

=5.64x10° Hz =564 MHz
Also

fﬁz

Jr _ 564x10°
B 100
=5.64x10° Hz=5.64 MHz

Test Your Understanding Solutions

TYU 12.1

Npo =

n? (1.5x10")f

N, 10"
=225%x10*cm ™

V
(a) nB(O): Rgo eXp( BE]

%

t

0.61
=225x10%e
Xp[o.ozwj

=3.81x10"cm
(b) Using Equation (12.15a), we find
Xy x,/2 2/2

At x s = =0.10
L, 10
Then
sinh(0.10) = 0.100167
sinh(0.20) = 0.20134
So
4
il m, 12)= 2:25%10)
(0.20134)
0.61
~1(0.100167 )—(0.100167
X{em[o.owj }( )= )}
or

Sn(x=x,/2)=1.8947 x10" cm
(c) For an ideal linear function
3.8084 x10"
2
=1.9042 10" cm

5n5(x=x3 /2):

Ratio = 1.8947 =0.9950
042
TYU 12.2
2 10 2
n? (1.5x10") .
=——=—— 7 =225x10"¢cm
Pro NE 1018

- (2.25 x10° )e)‘p(o%;; )

=3.808x10"%cm >
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(b) We have

sini{xE/ZJ = sinh(0.5) = 0.5211

L

and
sinh(1)=1.1752
Then, using Equation (( 12.21a), X
3.808 x10'? |0.5211)
x'=x,/2)=
Pplx'=x,/2) 75
=1.689x10"” ¢m

TYU 12.3

Pc(x”)z Pco+Wc =Pco {1_37@(%}}

c
Then

_x”
095=1-¢
Xp( LC J

or

—x" +x" 1
€ =0.05 =>e =
XP( Lc J Xp[ Lc J 0.05

TYU 12.4

We have L, :,1(20 ilO’7 i:1.414><10’3 cm
L, =+/(8)10%)=2.828x10 cm

1
n ProDely tanh(xB/LB)
ngoDyL, tanh(x, /L)

Now

7/:
1

TYU 12.5
5%10'° (8) 1.414 %1073
y=l4| Y| = | ———
5%10™ 20 A 2.828 x10~*

[ tanh(0.07072))|
tanh(0.3536)

or y=0.99586
Then
a = ya,; 8 =(0.99586 }0.9967 )(0.9967)
=0.9893
Now
po 0.9893 o,

l—a 1-09893

TYU 12.6
1 1
aT = = "

Xg 0.80x10

cosp — coshpf ——————
L, 1.414x10°°

=0.9984
Then

a =(0.9967 X0.9984 )(0.9967 ) = 0.9918
Now
0.9918
ﬁ =

1-09918

1
Vs ( 8 ) 1.414 %10 ) tanh(0.0707)
N, 20 | 2.828 x10~* | tanh(0.7072)

or

1

1+ []]:[’Bj(o.mw)

E

0.9950 =

which yields

Ny =0.02167
N

E
or N, =1.08x10" cm ™

TYU 12.7
o 252
ox,L
We find
o= eypNB
= (1.6x107"° Y400)10*)
=0.640 (Q -cm) '
Then
5x107*
(0.640)0.80x10~* f10x10~*)
=9.77x10° Q
(b) AV =IR=(5x10°)9.77x10°)
=0.04883 V
or AV =48.83mV
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Ve (x=0) TYU 12.10
Je=0) L v e N,(N+N,)
© = t Poe N
J(x=5/2) Vo (x=5/2) . . 2
o 0 - (1.6x10" Jo.7x10*)
AV 0.04883 2(11.7)(8.85x10 )
=CXp| — =exp( . ) o . |
(V, ] 0.0259 X(3>< 0" )3x10' + N, )
=6.59 N,
= N, =5.81x10%cm ™
TYU 12.8
14
. otV
IC
or
I - Ve +V,
rO
Now
o = 8+125 _ 6650 mA
200
and
Ie, = 24125 ) 6350 mA
200
Then
Al =0.6650 —0.6350 =0.030 mA
or
A[C =30 A
TYU 12.9
1
(a) Oy =

cosh -2

LB
For x; =0.80 £ m, a, =0.9984
For xz; =1pm, a, =0.9975

So
0.9975 <, £0.9984

(b) a=a,(0.9967X0.9967)

So that
0.9909 < <0.99182
Then

f=—2 =109<p<121
-
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12.1
Sketch Then
-3
Vg =(0.0259 ) In &13
Sketch = Uy, =0.6237V
12.3 12.5
eD, Ay.n
(a) I, =——neeliso @ = @ _ 0.9850 657
Xp l-a  1-0.9850
~(Lex107)18)5%10 f4x10°) (b)
- 080X10_4 (1) FOI’ IC :38.27’[1A
=72x10"" A 1B:]_C 3827 ——=05828uA
v B 65.67
by I.=1 exp[ﬂJ J
4 1=t 3827 s
a  0.9850
()1 0=(7.2x10" Jexp 0.58 (ii) For I, =0.571 mA,
' 0.0259 0.571
=3.827x10° A=3827 u A Iy =5 o7 = 0:008695 mA
. =8.695 A
(i) 7. = (7.2x1071% Jexp| 282 H
0.0259 0.571
p = ———=0.5797 mA
=5.710x10* A=0.571 mA 0.9850
iii) For /. =8.519 mA
o s 0.72 (iii) c ,
(iii) I = (7.2x10 )exp[m 5519

B

89 51297 mA
~8.519x10"° A=8.519 mA 65.67

1, =231 g 649 ma
0.9850
12.4
b4 (© =220 _ 65
.| el Apg Ugp 1-0.9940
(a) |lc| = “Npo - €XP : _
B v, (i) For I, =38.27 u A,
-19
pe10- (1.6x107°)22)4,, LB o0 ua
0.80x10~* 165.7
27
4 0.60 I, =527 3850 A
><<2><10 )exp(o.o259 £ = 0.9940 H
ii) For /. =0.571 mA,
= A,, =1.975x10 " cm (i1) 0571
(1.6x10"° )22)(1.975x10~) I, = =2 =0.003446 mA
(b) 5x107° = = 165.7
0.80x10 _3.446 uA
x(2x10*)e Xp( J 0.571
I, =—>—=0.5744 mA
00259 £0.9940

5x107° =(1.738x107" )e BE
( )Xp 0.0259
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(iii) For 7, =8.519 mA,

1, =31 _ 005141 ma
165.7

=5141uA
E:&:S.SmmA
0.9940
12.6
1 .
(@ p=-5= 0.625 =148.8
I, 0.0042
:L:@:Qg%?,
1+ 149.8
I
I, =-5%= 0.625 =0.6292 mA
o 0.9933
1 .
(b) :_62@20.9851
I, 1273
8= o _ 0.9851 —66.0
l-a 1-0.9851
1 .
IB:—C:%:O.OI%mA
p 66
=190u A
150

c) a=——=0.99338
© 151

I.=p1I,=(150)0.065)=9.75 u A
I, =(0+p), =(151)0.065)=9.815 1 A

12.7
(c) For i, =0.05 mA,
i = pi, =(100)0.05)
or
i =5mA
We have
Oer =Vee —icR=10—(5)1)
or
O =5V

12.8
(a) For Ve =3V, 1.=0
(D) Ve =Vee —1cRe
02=3-1.(25), I.=0.112mA
(i) For Vy =0= Ve =V, =0.65V
0.65=3—-1.(25), I.=0.094mA

(b) For V, =3V, I.=0
) Veg =Vee =1cRc
02=3-1.(10), I, =0.28 mA
(i) For Vey =0= Vo, =V, =0.65V
0.65=3-1.(10), I. =0.235 mA

12.9
@ Ppgo :ﬁz (1-5X10110)2
N, 8x10"7
=2.8125x10%>¢cm ™

n? (15x10")

n = =
PN, 2x10'
=1.125x10*cm
n? (1.5x10")
Poo = =5

N, 10"
=2.25%10° ¢cm ™

vV
(b) nB(O): ) exp( VBE)

t

:(1.125><104)exp( 0.640 )

0.0259
=6.064x10" ¢m
V
Pe (O): Pro em(%}

t

= (2.8125 xlOz)exp(wj

0.0259
=1.516x10%¢m

12.10
n? (15x10")
@ npy=——="—"—"773"—
N, 5x10
=4.5x10"cm
2 (1sx10")
PN, T 0
=2.25x10*cm ™
n? (15x10")
Neo =7 =715

N, 10"
=225x10°c¢cm ™
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V

At x=0,
) ps(0)=ps exp

=924%x10"%¢m

dx |x=0 :|
(2 25%10 ) 0.615
0.0259 B
= 4.62x10" cm ™ l{xg }
v xcosh — [+1
R (O): o exp( — J ?
v, At x =x,,
:(4.5x102)e><p[ 0615 j d(5”3) _ "o exp Ve ~1
0.0259 o e " %
L, sinh

n X5
12.11 AL,
2

n? (15x10")

Taking the ratio
@) g == L 8
PN, 2x10" d(ony)
=1.125x10*cm > dx  |e=x,
Now d(ony)
15 -3 E—
n,(0)=(0.1N,)=2x10"cm dx o
v,
_ngoeXp[ ;EJ oxp Vee |1 14 cosH X2
! v, Ly
2)(1015 =
— s V
Then ¥, (0.0259)111(1.125 ><104j {exp(;g}l]cos{ %B ] "
t B
=0.6709 V !
- n? (15x10") =
== X
Pro N,  8x10" cost{LBJ
—~2.8125x10%cm ’
X
Ve (a) For =% =0.1=> Ratio =0.9950
pE(O):pEO €Xp v + L,
t
X
b) For =2 =1.0 = Ratio =0.648
— (2.8125 107 Jexp| 2579 ®rers,
0.0259 X
5.0%10" em (c) For i=10 = Ratio =9.08x107
We have In the base of the transistor, we have
d(5”3) __ "o e Ve -1 D dz(éns (x))_ﬁnB(X)_O
dx ® V B 2 B
sin X ! dx F50
L, or

et I

where L, =.\/D,7,,
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The general solution to the differential
equation is of the form

&B(x):Aem(i]+Bem(z_jJ

From the boundary conditions, we have
51, (0)= A+ B=n,(0)-ng,

VBE
=n,,|e -1
BOI: XP[ v j :|
Also

&B(XB)=Aexp{;_BJ+BeXp(—LxBJ

B B

=—Npo
From the first boundary condition, we can
write

v
A=n,, |exp| £ |-1|-B
BOI: XP( v J :|

Substituting into the second boundary
condition, we find

ol A2
ol ol o

Solving for B, we find

V
nB({exp[ ;E J—]j|~exp[zBJ+nBO
t B

B =
2 sini\[xB]
LB
We then find
V —-X
—Hgo |:eXp(BEJ - 1} €Xp [B] ~Mpo
V, Ly
A =
2 sinh(“j
LB
12.14

In the base of the pnp transistor, we have
2
p, Llsl5)_ebale)_,
dx Tpo

or
dz(apB (x))_ Py (x) -0
dx L,

where L, =/D,7p,

The general solution is of the form

5173(’6)=Aem(i]+3em[2—3

From the boundary conditions, we can write
Py (0): A+B=pyg (O)_pBO

v
=Pso |:exp {VL[B] - 1}
Also

5p3(x3>:Aem(z_B]+Bem(_LxB]

B B

=~Pso
From the first boundary condition equation,
we find

%
A :pBO{eXp(ﬂJ—l}—B
Vi

Substituting into the second boundary
equation, we obtain

V X
m{w(ﬁj—l}'em{i}pw
2sinh[xgj

LB
and then we obtain
Vg —Xp
— e P ——— _1 .e _—
pBO|: XI)[V[ j :| xp[ L, ] Pso
2sinr{x‘?]
LB

Substituting the expressions for 4 and B into
the general solution and collecting terms, we
obtain

wﬂmjﬁﬂexp(ﬁﬂﬂ

B=

A=

B

wsinh| 22— | _ginh|
LB LB

12.15

For the idealized straight line approximation,
the total minority carrier concentration is
given by
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The excess carrier concentration is and
&B(X)Z”B(x)_”go . xp
sin

so for the idealized case, we can write _BJ =1.1752

SR e

1
At x =—x,, we have X
2 5’130(3J

2
2
x 1 4
ol ) :
: {em[fﬂ(o.so —0.4434)-1.0+0.8868

For the actual case, we have

x n V 1 Ve
ong| 2 |=—22 exp| 25 |1 exp[ -1
B[ 2 j . h(xb,] Vt 2 Vt
sinh| —
Vv
Again assume that exp [%} >>1. Then the

xsinh[ ol ]—sinh( all ] ratio becomes |
2L, 2L,

= 0.0566 =0.1132 = 11.32%

t

(a) For X5 _ 0.10, we have
B

sinh[ ZXLB J = 0.0500208 12.16
B
and (@) py (xB):_5X103 ==Pso
N = pgo =5%10°cm
sinh| — [=0.100167 )
B Dy =i
Then po N,
Xp Xp nt (1.5x10°)
o B — 0y By >Ny=——=—+"—"/
Ppo 5x10°
5,130()619) =4.5%x10" cm ™
2
v,
v épB(O)E Pso GXP(%J
exp(VBEJ (0.50 —0.49937 )—1.0 + 0.99875 :
_ d Py (0)
= VEB = Vt In| ———
le (VMJ_I Ppo
Xp
2 Vr 1015
v = (0.0259)1n( 3]
If we assume that exp[ﬂJ >>1, then we 5x10
Vi =0.6740 V
find that the ratio is (b) Using the linear approximation,
:%zo,o()l% = 0.126% |J| —eD, d(@?s (x)) ~ eDyp g, exp @
dx Xp v,
(b) For x—B:I.O,W€have Since x, << L,, |J| E|J|
B x=0 xX=xpg
Then

sinh[ all J:o.szn
2

B
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- (1.6x 10 J10)(5 x 103)exp( 0.674 j

0.8x107*

=20.0A/cm’
(c) Using Equation (12.15a),
d(épB (0)) ~Pso

0.0259

dx
L, ~sinh(xBJ
L

B

o foof ool 2

Now
|J|:eD d( B(x)) eDBpBO
B

=n
{m(VVJl}{LJ*{L—J}

For x=0, sinh(1)=1.1752 , cosh(l)=1.5431

cosh(O): 1.0
Then
v - (1.6x10 " J10)5x10°)
= (10x107)1.1752)

x |:exp(0'6740 j - 1}(1.5431 )+ (1.0)}

0.0259

| =2.1042 A/em?

x=0
For x =x,,

1

~(L.6x10J10)5%10°)
e (10x107)1.1752)

x{em(%}l}ﬁ.oﬁ (1.5431)}

V| =1.3636 A/em?

X=xp

(d) For part (b),

x=0
For part (c),

J
13636
2.1042

=0.648

12.17

(a) For an npn transistor biased in saturation,
the excess minority carrier electron
concentration in the base is found from

p, Loy,

2 =
dx T30

or
d’(on, (x) oy (x)
dx’ L,

where L, =./D,7,,
The general solution is of the form
X —Xx
onylx)=Aexp| — |+ Bexp| —
()= tew| 2o new| )

If x, << L,,thenalso x << L,, so that

on(x)= A(Hi}rl{l_é}
=(A+B)+(A_B{LLJ

B

=0

which can be written as

oy (x)= C+D(Li]

B
The boundary conditions are

sn,(0)=C= nw{exp(%J—l}

and

iy (xy)= C+D(;—2] - n80|:e)q)(VVBtC j—l}

The coefficient D can be written as

o[t {1
[~

The excess electron concentration is then
given by

&(){{m[”lﬂl_}
o)
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(b) The electron diffusion current density is
d(on
J,, —e DB ( B (X))
dx

-epmfon] 21| (2]
R
el ) o]

(c) The total excess charge in the base region
is

xp

O = _eI&B (x)dx

0

Ve x®
=— ZBE 1| x—
+| exp Voc -1]- X
v, 2,
which yields
T ClpoXp Ve
=———"—1exp| — |1

xp

0

12.18
(a) Using the linear approximation, we can
write

eD,n V V
J | =S80 | BE | _ axp| —2C
n X Xp v Xp v

) (Lsx10”)

Npo

N, 5x10
=4.5x10° cm
Then
s _ L6x10™Jo5)4.5x10°)

0.7x107*

Lo 070 (Vi
Ploozse ) Py,

4
4.8611x10" =5.4662 x 10" —exp[%)

Ve =(0.0259)In(6.051x10' )
=0.6430 V
(b) Ve (sat)=V,, —Vye =0.70 -0.6430
=0.057 V
(c) We have

Qn NpoXp Ve Ve
== lexp| £ |+
e 2 ® v, » v,

(4.5x10° Jo.7x10)
2

o 070 ), [ 0.643

Plo.0259 )" 0.0259
=(0.1575)[5.466 x10" +6.052x10" ]
0,

e
(d) In the collector,

ot i

=9.56x10"" cm ™

Now
od.f i
€ 0

el o2l

V
=PeoLe CXP(%J

t

We find
2 (15x10")
Pco = N, = 1075
=225%x10°cm
Then

e (2.25x10% 35 %10~ )exp(wj
e

0.0259
=4.77x10"% ¢cm 2

n2 (1.5x10")

m o =2.25x10"cm
B
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n? (15x10")
= X777 ) 321104 em
Peo N.  7x10"
At x=x,,
”
ng (xB): Npo em[ﬂJ
V,
0.565
=(2.25x10% Je
( ) Xp(o.ozwj
or ny(x,)=6.7x10"%cm
At x"=0,
V..
pC(O):pCO eXp(iJ
4
0.565
=(3.21x10*)e
: ) Xp(o.ozw)

or p.(0)=9.56x10" cm
(c) From the B-C space charge region,

Vo = (0.0259)1{M}

(1.5x10" )
—0.745V
Then
2(11.7)8.85x10™ (0.745 —0.565)
T 1.6x10°"

1/2
y 7x10% ( 1 j
107 N 7x10" +10"7

or x, = 1.23x10™° cm

From the B-E space charge region

Viia :(0.0259)111[M}

(1.5x10" )
=0.933V
Then
2(11.7)8.85x10 7 (0.933 +2)
po = -19
1.6x10
1/2
10" ( 1 ]
X
10" N 10" +10"
or

x,, =1.94x107 cm
Now
Xp =Xpo TXp1 "X
=1.20-0.0123 -0.194

or
Xz =09% um

12.20
Low-injection limit is reached when
pc(0)=(0.10)N, =(0.10)5x10")
or
pc(0)=5%x10"cm ™

We have
n?  (1.5x10")
=1 37" ) —45%x10°cm™
Peo =N T sx10™
Also
v
Pc (O): Pco exp[ﬂJ
v,
or
0
Vey =V, ll'l(pC( )J
Pco
13
=(0.0259)In LOS
4.5%10
or
Vs =048V
12.21
(a)
() 7= L _ ! =0.99305
P, T 00035
1+-2= 1+
I, 0.50
1 )
(i) o, :i:ﬂzo_ggo
I, 050
I . +1
(i) § =—2E —2F
I, +1, +1pE
0.50 +0.0035 — 0.990167

0.50 +0.005 +0.0035
(iv) @ = & ,6 =(0.99305 )(0.990 }0.990167 )
=0.97345
a 0.97345
™ = " 0045
B 120
1+48 121

(b) For f=120=a =

a=0.991736
Then y =a, =6 =0.997238

I I
a; =0.997238 =< = ﬁ
nk .

= 1, =0.4986 mA
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y=0997238 =+ 1
1+[LE 1+ T
1., 0.50
=1,;=0.00138 mA=138 uA

1, +IpE
TR
0.50 +0.00138
0.50+ 1, +0.00138

=1, =0.00139 mA=139u A

0.997238 =

12.22
(a) Using Equation (12.37)
— eDBpBOABE
LB

<{H]

x +
sinh| 2 tanh 2
LB LB

. _nf_(Lsxa0f

N, 10'¢
=2.25%x10*cm

L, =D,z =+10)5x107)

=2.236x10"cm
We find

NS [ 0.70x107*
smhf — [=sSmh ——
L, 2.236x107°

=0.03131

Xp 0.70x107*
tanhl — | = tanhj ————
L, 2.236 x10

=0.03130

[nC

Now

Then
(1.6x107 J10)2.25x10* 5x10)
2.236x107°

oo 0550,
*0.0259 1
X +

0.03131 0.03130

i =

nC

I,.=429x10" A=0429 mA

(b) 7= !

1+ Vs P Xp
Ny Dy x;
= ! =0.95969
10" Y15 0.7
1+ ) [
5x10'7 10 N 0.5
1 1
a, = =
X 0.70x10~*
cosh — cospf ————
L, 2.236x107°
=0.99951
a =y, 8 =(0.95969 )(0.99951 )(0.995 )
=0.95442
po % 0.95442 o,
l-a  1-0.95442
Then

I, =pI, =(20.94)0.80)=16.75 u A
() I.=al, =(0.95442)125)=1193 u A

12.23
(a) We have
{em( VBE J _ 1:|
g = eDynyg, v, N 1
Ly tan s sin X
LB LB
We find that
2 10 )2
Moy = ]’z,— - K—Ll'jxllgm —45x10% cm ™
3 X
and

L, =D,75 =+/15)\5%x107)

=8.660x10* cm

Then
(1.6x10™° J15)4.5x10°)
JnE = —4
8.66x10
o060
10,0259 !
X +
0.70) . (0.70
tanh —— sinh] ——
8.66 8.66
or

J,; =1.779 A/cm?
We also have
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D v,
g, = Pepro exp[ij_l o
: ’ h(xJ
tan

E

Now
2 10 )2
; 1.5x10
Poo :n_’:(><—]8):2.25><102cm’3
N, 10
and

L, =D, =J(8i10*8 )
=2.828x10"*cm
Then
(1.6x10 " (8)2.25x10°)
2.828x107*

e ( 0.60 j_l _ 1
1 0.0259 h( 0.8 }
tanh| ———

2.828

o =

or
J r =0.04251 Alem’

We can find
J o = eDyny,
nC LB

VBE
exp| — |—1
{ xp{ Vi J } 1
+
sinh L2 tan X
LB LB

(1.6x10" J15)4.5x10°)
8.66x10™*

o 0.60 1
1 0.0259 1
X +
. 0.7 0.7
sin tanh| ——
8.66 8.66

X

or
J,e =1.773 Alem’

The recombination current density is

V
Jp=J,, exp| =&
R ro m(th]

—(3x10~* )exp{ﬂ}

2(0.0259)
or
J, =3.218x107° A/em?

(b) Using the calculated current densities, we
find

Y e
Joe ¥ 5 1779 +0.04251

v

or
¥ =0.9767

We also find

or
o, =0.9966

Also
Jog +J i
Tt
~ 1.779 +0.04251
1.779 +0.003218 +0.04251

or
5=0.9982
Then
a = ya,; 8 =(0.9767 }0.9966 )(0.9982 )
or
a=09716
Now

p=

or
B =342

a 09716
l-a 1-09716

12.24
(a) We have

or finally
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(i1)
We have
7;1_&.&.“ =1-K'
Ny Dy xg
Then
I_K/_XBO
)/(C)_ 2x,
7(A) 1 K! xBO
Xg
;(1—1('-@](“1('-’10
2xp
:1_K'.XL0+K'.xﬂ
B 2x, X
=1+K'- £
2x
or

7(C)_1+N30 Dy Xso

7(‘4) Ny Dy 2x;

(b) (i) We find
ar (B )

or finally

a;(C) 3{%}2

=1+=
a,(4) "3 L,

(c) Neglect any change in space charge width.
1

S v
1+ roO 'exp BE
']sO 2Vt

@
K
1—
5(B)  Jus {1— K J{H K j
5(14) 1_ K - J.YOB JsOA
JSOA
K K
=1- +
JYOB JSOA
Now
2
Jo Chgo =——
B
s0
5(B) _ |_2NoK  NyoK | NyoK
5(4) C c C
Then finally
4
Jy e}q) _ " BE
s8)_,__" [ 2, ]

(i1) We find

-V,
JrO exp( 2VBEJ
t

eDyng,
Xp
(d) Device C has the largest . The emitter

injection efficiency, base transport, and
recombination factors all increase.

12.25
(a) We have
1 1
"N, D, x, N
1+—8.7E. 78 14K.B
Np Dy xg E
or
y;l—K~&
NE
(i) Then
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N
1-K-—2
7(3): 2N
N
7(‘4) I—K B
Ngo
=(1-K- N 1+K- N
2N, N
=1-K- Ny +KoNB
2NEO NF()
N
=1+K-—2
2N o
or
LB):LF NB &X_B
7(A 2Npo Dy xg
(i1)) Now
y = 1 El_K’.x_B
1+K'- 8 e
Xg
Then
Xp

Xp

=1-K"-

or finally
V(C)_l Ny Dy X

V(A) Ny Dy xg
(b) We have

|

(c) Neglect any change in space charge width.

o= r; ! %
1 ro — " BE
+JSO em( 2Vt J
K
T Jio
sO
(1)
- K
5(3) JSOB ( K J(
o\B)_ =|1- 1+
5(,4) 1—- K J o8
JSOA
K K
=1 +
JSOB Js()A
Now
J,o !
sO NExE
SO
o(B ’ Y
%A;:l_]( (ZNEO)'f‘K(NEo)
or
5(B) ,
—~~Z-1-K'-N
6(/1) EO

Recombination factor decreases
(i1)) We have

) (C ) Xro

——<=1-K" == |+ K"(x

5( A) ( > ( EO )
or

5(C) 1
21+ K"-
5(4) T2t e

Recombination factor increases

12.26

=2.59x10%¢m

Now

(b)
2 10 )2
My = = 15“2 =2.25x10%cm
N, 10
Then
y
ny (0): %) eXp{ﬂJ
v,
0.6
=(2.25x10% Je
( ) x1{0.0259}
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J .= eDyn, (0)
e
~(16x1077)20)2.59x10")
- 107

or
J,c =0.828 A/em”?
Assuming a long collector

D V
JpC:e cPro exp( BCJ

Lc v,
where
2 10 )2
; 1.5x1
Py = :ﬁ—wg ~225x10* cm
N. 10
and

Lo =(Detoy =+J15)\2x107)

=1.732x10 ¢m

Then
,_lex10 Jis)a2sx10¢)
- 1.732x10°°
Xexp( 0.6 j
0.0259
or

J ,c =0.359 A/em 2
The collector current is
Io=(,c+J,c)4
=(0.828+0.359)10°*)

or
I. =1.19mA

The emitter current is
I, =J,c-A=(0.828)107)

() For D, =Dy, L, =Ly, x; =x5,we
have

1 1
7/ = =
1+(pEO/nBO) 1+(NB/NE)
and f= .
1-y
N, /NE Y B
0.01 0.990 99
0.10 0.909 9.99
1.0 0.50 1.0
10.0 0.0909 0.10

(¢c) For x, /L, <0.10, the value of g is

unreasonably large, which means that the
base transport factor is not the limiting factor.
For x, /L, >1.0, the value of S is very

small, which means that the base transport
factor will probably be the limiting factor.

If N, /N <<0.01, the emitter injection

efficiency is probably not the limiting factor.
If, however, N, /N, >0.01, then the current

gain is small and the emitter injection
efficiency is probably the limiting factor.

or
I, =0.828 mA
12.27
(a)
1 a
a, =————— and f=—07F
" cosh(x,/L,) g l1-a;
xB/LB ar B
0.01 0.99995 19,999
0.10 0.995 199
1.0 0.648 1.84
10.0 0.0000908 =

12.28

We have
eDyn g,
Js() =
L, tanh(x, /L, )

Now
2 10 )2
ng, =;—i=£1'5rTll(7)L=2.25><103cm3
B
and
L, =Dy, =+(25)107)
=15.8x10"*cm
Then
_ (L6x10 J25)2.25x10°)
" (15.8x107* )tanh(0.7/15.8)
or
J,o =1.287x107"° A/em”*
Now
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5= y ! ; 0.99656 = — !
1470 gl Vo 14] 2x10 [8j(0.80j
Jo 20, N, N\23)0.35
_ 1 = N, =4.61x10"* cm ™
2x107° Vg
+ (S
1.287 x107" Xp{z(o.ozw)
12.30
or -8 2
(a) (a) We have J,, =5x107" A/cm
5 1 We find
B v, n? (15x10") .
1+(15.54)e £ Mgy =——=~————"7=45x10"cm
15.54) Xp(o 0518) ON,  5x10'°
and and
(b) 5 L, =Dy, =+(25)107)
/5’=§ =15.8x10 *cm
Then
Now Dyn
Vi 5 B o = 2780
tanh( s/Ls)
0.20 0.7535 3.06 o
0.40 0.99316 145 ( 1.6x107" J25)4.5x10° )
0.60 0.999855 6,902 ~ (15.8x10* )tanh(x, /Z,)
or
(c) If Vp; < 0.4V, the recombination factor is 1.139 x10 1!
likely the limiting factor in the current gain. s0 = tanh(xB / LB)
We have
12.29 5= !
L 10 993377 11000 g =VeE
l+ﬂ 151 J 2V,
o=y For T=300K and V,, =0.55 V.
0.993377 = (yar, )0.9975)
= ya,; =0.995867 5=0.995
Let x, =0.80 um _ 1
5x107° x -0.55
L, =D, 7, =+(23)2x107) 14— |-tanh| =2 |-¢ [ J
pon ( (1.139><10“J h[LBJ P 0.0518
=2.145%x10" cm . .
Then Wh)lCCh yields
1 1 ZE —0.0468
aT = = = LB
{xg ] r{ 0.80x10 J
cosh — | cosh ——— or
Ly 2.145%10 x, =(0.0468 (15.8)=0.739 1 m
=0.99930 (b) For T=400K and J,, =5x10"° A/em*,
Now
—E
o 0993377 _ 0 gocse e p
a6 (0.99930 )0.9975) n50(400) _ [400 ] (0.0259 400/300)
) 1 1,0(300) | 300 -E,
- €
Ny Dp xy 1 0.0259
N, D, x,

For Eg =1.12¢eV,
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1,50, (400)

(b)

i - Vep +V, 24160

I. 0.25

=648k Q

1 1
i =—=——=0.00154 (kQ )"
(i) g, o8 kQ)

o

=1.54x10°(Q)"

(i) 7, = 4190 _ 253 ma
1236
p o AVee pp oAV 52
Al r 180

Al. =0.01667 mA=16.67 u A

=1.175x10°
150(300)
or
1,0(400) = (1.175x10° f4.5x10°)
=529%x10%cm
Then
~ (1.6x107)25)(5.29x10% )
"2 (15.8x107* )tanh(0.739/15.8)
or
Jo =2.865x107° A/em?
Finally
5= !
N 5x107 . -0.55
2865x10° 7 2(0.0259 Y400,/300)
or
5 =0.9999994
12.31
Plot
12.32
Plot
1233
Plot
12.34
Plot
12.35
1 Ve +V
@ Io=—Vu+V,)=r, _ Ve +7)
ro IC
@ r, = 2120 101 670
(ii) Lo hoooss kQ)™
SRR TN
=9.84x107°(Q)"
(iii) 7, =120 20 mA
101.667

1/2
- 2€s(Vbi+VCB) & 1
@ e N, (N,+N,.)

[201.7)8.85x107 ), + V)
- 1.6x107"°

1/2
2x10" 1
X .
2x10" (2x10"° +2x10™°)

1/2

= {5.8832x10" )7, + V05 )}

Now
N, N
Vbi = Vt ln( £ c]
n;
15 16
=(0.0259)In K_L)leo ZXI?
(1.5x10')

—0.6709 V

(i) For Vg =4V, x4 =0.1658 1 m
(i) For Vi =8V, x, =0.2259 ym
(iii) For Vg =12 V, x5 =0.2730 tm
Neglecting the B-E space charge width,
(i) For Vo =4V,
xy; =0.85-0.1658 =0.6842 ' m
(ii) For Vo =8V,
xp; =0.85-0.2259 =0.6241 um
(iii) For Vo =12V,
x; =0.85-0.2730 =0.5770 £ m
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nt_(15x10")

N, 2x10'¢

=1.125x10*cm ™
SO

C

(1.6><10'19X25)(1.125><104)exp( 0.650
X, 0.0259
_ 3.5686 x107 Aemn?
xB
()For Vo3 =4V, J.=52.16 Alcm’
(ii)For Vo, =8V, J.=57.18 A/lem*
(iii)For Vy =12V, J. =61.85 A/em’
AT J
®) AVCCE Ve iVA
61.85-52.16  52.16
12-4 4+0.650 +V,

=V, =384V

12.38
We find

2 ( 10 !2
_ i _{15x10 =7.5%x10"cm ™

N, 3x10'°

Npo

and

12(0)= 14 exp(VBEj

v,

t

- (7.5x103)e"p(0,0.259]

or
n,(0)=4.10x10" cm
We have
J=eD, dn, _ eDBnB(O)
dx Xp

(1.6x10 " )20)4.10x10'* )

Xp

or
J:1.312><10_2

Xp

Alem?

Neglecting the space charge width at the B-E

junction, we have

Xg =Xpo—X,

Now

v, =(0.0259)In

(310" J5x10')
(1.5x10"f

or
v, =0.705V

Also

12
v = 2e, (Vbi +VCB) Ne 1
g e Ny N Ng+N,

[2011.7)8.85x1074 ¥, + Ve )
- 1.6x107"

1/2
y 510" [ 1 j
3x10' \5x10" +3x10'°

x, =[6.163x10 ¥, + Ve )|
For Vg =5V, x,=0.1875 ym
For Ve =10V, x, =0.2569 um

(a) For xz, =1.0um

or

For Vo =5V,
xp =1.0-0.1875 =0.8125 um
Then
-2
_ 1312107 6 s Aem?
0.8125x107*
For Vi =10V,
xp =1.0-0.2569 =0.7431 um
and
-2
g =207 136 6 Ajem?
0.7431x10~
We can write
A
J= (VCE + VA)
CE
where
A A 176.6-161.5
AV AV 10-5
=3.02 A/em?*/V
Then
161.5=(3.02)5.7+V,)
which yields
V,=478V
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(b) For x,, =0.80 ym

For V., =5V,
x, =0.80-0.1875 =0.6125 ym
Then
-2
_ 1312x107 —=214.2 A/em’
0.6125 <10~
For Ve =10V,
xp =0.80-0.2569 =0.5431 ym
and
-2
g 312107 —=241.6 A/em’
0.5431 %10~
Now
A AJ 241.6-2142
AV AV 10-5
=548 A/lem’ /V
We can write
A
J = Ve +V
AV, ( CE A)
or
214.2=(5.48)5.7+V,)
which yields
V,=334V
(c) For x,, =0.60 g m
For Ve =5V,
xp =0.60-0.1875 =0.4125 ym
Then
-2
g 1312x107 _=318.1 Alem’
0.4125 %10~
For Ve =10V,
xp =0.60-0.2569 =0.3431 ym
and
-2
J= 2312107 e 4 Ajem?
0.3431x10°*
Now
AT AJ  382.4-318.1
AV AV, 10-5

=12.86 A/lem* /V
We can write

AT
J:F(VCE +VA)

CE
or
318.1=(12.86)5.7+V,)

which yields
V,=19.0V

1/2
- 2e, (Vbi+VBC) & 1
@ e N, (N,+N.)

[201.7)8.85x10" ), + V)
- 1.6x10"°

1/2
10" 1
>< .
10" (10" +10™)

1/2

— {11766 x107° ), + V0 )}

Now
=, m[ch]
n;
=(0.0259 )In M
(15x10" )
=0.6350 V

For Vy. =1V, x,, =0.1387 um
For V. =5V, x,, =0.2575 um
Then Ax, =0.2575-0.1387 =0.1188 xm

eDypp,A V
(b) IC: BF B0O“"BE e}q)[ EB]
Xp v,
We find
n? (15x10"°)
pBO :N_ = 10I6
B
=2.25%x10*cm
Then
, _[16x10" Jio)f2.25x10* fi0~)
o=
Xp
0.625
10,0259
-7
_LOs74x107
xB
1.0874 x1077

For V,. =1V, I, =
#e ¢ (0.70-0.1387)x10~*

=1.937x10°A=1.937 mA
1.0874 x1077
(0.70 —0.2575 )x10~*

=2.456x107° A =2.456 mA

For V. =5V, I. =

Then
Al =2.456 —1.937 = 0.519 mA
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Al . _ 1.
AVye Vie+V,
0.519x107  1.937x10~

(©

5-1  1+0.625+V,
V,=133V
V.tV . .
@ r =Vec A:1625+13i33
I, 1.937 x10~
=7.705%x10° Q=7.705 kQ
12.40

Let xu, =x;, Ly, =L,, Dy =D,

Then the emitter injection efficiency is

y= 1 _ 1
14 Pe0 1+nf25 Ny
Npo N, n;

where n,, =n’.
. 2 2
For no bandgap narrowing, n, =n;

i

With bandgap narrowing,
AE
2 2 g
ny =n; e
iE i m[ kT J
Then
)= 1
NB AEg
1+ —exp
N, kT

(a) No bandgap narrowing, so AE, =0
a=ya;6=y(0.995) . We find

1241
(a) We have
1
ProDrLy .tanh(xB/LB)
ngoDyL, tanh(x,/L,)
For x, =x;, L, =L, , Dy =D, , we obtain
1

7/:
NB AE&’
1+ —exp

NE

7/:

1+

For N, =10" cm ™, we have AE, =80 meV

Then
1

L No [ 0.080
10° P 0.0259

which yields
N, =1.83x10" cm ™

(b) Neglecting bandgap narrowing, we would
have

0.996 =

which yields
N, =4.02x10"cm ™

Ng V4 a B

10" 0.5 0.495 0.980
10" 0.909 0.8999 8.99
10" 0.990 0.980 49.3
10% 0.9990 0.989 90.2

(b) Taking into account bandgap narrowing,
we find

N, AE, (meV) ¥ a p

10" 0 0.5 0.495 | 0.98
10" 25 0.792 | 0.784 | 3.63
10" 80 0.820 | 0.812 | 432
10°° 230 0.122 | 0.121 | 0.14

12.42
(@)
o poNtenga)_ (512

Area a(xBL)
(5/2)
ie,upNB ixBL)
1
(1.6x107 J250 )2 x10")
5x107"
“To65 10 Josx10)
R=3.846x10° Q=3.846 k Q
(i) AV =(1,,/2)R =(5x10 )3.846 x10° )
=0.01923 V
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Ve (x = S/Z) Now
i) on,(x=5/2) P17 0.0259 Ro_ L (5/2)
iii =
o, (x=0) e {VBE(XZO)} Ny XL
0.0259 1
545 .8 =
0.60 (1.6x107 250 )2 x 10" )
B Xp{o.om } y (5/2)
~ [o.60+aV (0.65x10*J25x10 )
¢ { 0.0259 } =85=142x10"cm=142 ym
B exp{ —AV }
0.0259 12.44
—-0.01923 (a)
= exp _—
Then 5 = Np0)OD Xy
5"3 (x = S/2) =0.476 where
&1, (x=0) N,(0)
(b) a=hn >0
1 Ny (xB )
()R= — and is a constant. In thermal equilibrium
(1.6x107 250 \2x10™) iN,
1.5)(104 Jp:eﬂpNBE—er N :0
X
(0.65x10* J25x10~*) s0 that
=1.154x10° Q=1.154k Q g Pe 1 dN, :(k_TJ_L.dNB
(i) AV = (1, /2)R = (5x10 )1.154x10°) Hy Ny dx e ) Ny dx
=0.005769 V which becomes
_ kTY) 1 —a —ax
(i) &zg(x_s/z):exp —AV E:(_j.N_.NB(O). _J.exp( J
o, (x = 0) 4 e B Xp Xp
~0.005769 _(AT\[za) L
=eXp| ———— B
0.0259 e ) x, ) N,
Then or
I,(x=5/2) o E=-— [E)
51, (x=0) x; \ e
which is a constant.
12.43 (b) The electric field is in the negative
n (x =5/2) _AV x-direction which will aid the flow of
m =0.90 =exp 7 minority carrier electrons across the base.
B - t
Then (c)
1 1 dn
AV =V, m(—j = (0.0259)111(—] J, =eu,nE+eD, —
0.90 0.90 ! ! " dx
AV =0.002729 V=(I,/2)R Assuming no recombination in the base, J,
_ (5 %1076 will be a constant across the base. Then

dx \ D, eD,  dx |7V,

t

_ J
R=545.80Q d’h{&}.nE: n =d”+n(£]
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where V, = (Ej
e

The homogeneous solution to the differential
equation is found from

d
Py An, =0
dx
where A= E

t

The solution is of the form
ny =Ny (O)exp(— Ax)

The particular solution is found from
np,-A=B

n

J
where B=——
e

n

The particular solution is then

Jn
B eD" _ JnI/t _ Jn

n,=—=

T4 (EJ _eDnE_eynE

V,
The total solution is then
0= J"E 1,y (0)exp (- Ax)

eu,

_ n[2 VBE Jn
)=

12.46
We want BV ,, =60 V
Then
BVCEO — BVCBO = 60 — BVCBO
B Y50
which yields
BVpo =221V

For this breakdown voltage, we need
N, =15x10"cm™

The depletion width into the collector at this
voltage is

Xe =X,
_ 2e, (Vbi+VBC) Ny 1 "
- { e (N_CJ[ N, +N. ﬂ
We find
V, = (0.0259)11{%%016)} =0.646 V
(1.5x10")
and
Ve =BV =60V
so that
o {2(11.7)(8.85x10"4X0.646 +60)
‘ 1.6x107"°
10'° 1 v
X[1.5><1015 J(lo‘6 +1.5x10" ﬂ
or

X, =6.75x10 " cm=6.75 um

12.45
(a) For N =2x10"cm ™,
BV =180V
a 0.9930
b = = =141.86
®) 4 l-a 1-0.9930
BVyey 180

BVyeo = =345V

g 314186
(c) For N, =5x10"cm ™,
BV, =19V

12.47
(@) For N, =8x10"cm™,
BVipy =64V
(b) V — ex;o . NB (NC +NB)
pt
2€e, N

(1.6x10" Jo.50x10
2(11.7)(8.85x10 )
[5x10" Jsx10" +5x10")
8X1015

V, =700V
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12.48
@ V =ex12?0.NB(NC+NB)
"o2e N

(1.6x10 J0.65x10 f
2(11.7)8.85x10 %)
_2x10"f5x10" +2x10")
5x15

V, =326V
(b) From Chapter 7,

1/2
_[2eV, (NN,
| e, \N,+N,

~[2(1.6x107)32.6)

_{(11.7)(8.85x1014)
><|:(5X1015X2x1016):|}1/2

5x10" +2x10'
=2.01x10° V/em

|Emax

|E

max

12.49

v :exzzgo_NB(NC"'NB)
"ooe, N,
 (16x107)x2,)
~2(11.7)8.85x107)
(5%10" 310" +5x10')
X
3)(1015
= X, =1.483x10°cm=0.1483 ym

12.50
We have

Ve (sat)=7, h{

I.(1—ay)+1, a_ﬂ
aply _IC(I_aF) ap

We can write

eXp{VCE (s‘”)} _ (1-02)+1, [0.99]

0.0259 | (0.99)r, —(1)1-0.99)\ 0.20

or

M)

0.0259

( 0.8+1, j(4.95)

0.9971,-0.01

(a) For V, (sat) =0.30V, we find

xp{ 0.30 }:1.0726“05

0.0259
_ 0.8+1, (4 95)
0.9971, -0.01
We find

I,=0.01014 mA=10.14 u A
(b) For V¢, (sat)=0.20V, we find
I,=0.0119mA=119uA
(c) For Vg (sat)=0.10 V, we find
I,=0.105mA=105uA

12.51
For an npn transistor biased in the active
mode, we have V. <0, so that

VBC
exp| — |=0. Now

t
I+l +1.=0=>1,=—(I.+1,)

Then we have

fosecnfnliz ]

12.52
We can write

V
1 exp( BE J—l
ES{ I/t
v
=aR1C{exp(%]—l}—lE
t

Substituting, we find

1. = 1 Ve 1|—1
c TAp\Uplcg| €XP —l =1
v,
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From the definition of currents, we have
I, =-1I, forthe case of I, =0. Then

V
1. :aFaRICS[exp( ;C]—l}+alplc
t

ol

When a C-E voltage is applied, then the B-C

BC

v,
becomes reverse biased, so exp(7j =0.

t

Then
Io=-apapleg+aplc+1g

Finally, we find

I (1 —pap )

_aF

Io =1 =

12.53

(@ I.=a,l {exp{VBEJ 1}
c ~YFrlEs I/t -
[CS|:6XP( v ] l:l

For V. =02V,
[ 0.20
I.=(0.992)5x10™] e -1
e = )( XP(0.0259) }
I v
—l10™"]e LIS |
( i Xp(0.0259
=1.1197 x107'°

I v,
_ 10713 e BC _1
( Xp(o.ozwj }

For Vi ==V =-05V
I, =1.1197x107"" —2.4214 x10°°
=2421x10°A=-2421 uA

For Vi =V, =—025V
I, =1.1197 x10™" -1.5561 x10~°

=-1.44%x107 A
For Ve ==V 20V

I, =1.1197x10™" A
(b) For Vy, =04V,
I.=25277x107

Vv
—(107" ) exp| —25— |1
( {Xp(o.ow

For Ve ==V =—05V
I.=25277x107 —2.4214 x10~°
=-2396x10" A=-24 u A

For Vi ==V, =—025V

I. =2.5277x1077 —1.5561 x10~°

=2.51x107 A=+0.251 u A

For Vo ==V, 20V

I.=25277x107 A=0.2528 u A

(¢) For V. =0.6V,
I.=5.7063x107"

%
—107" ) exp| —Z<— |1
( { Xp(0.0259
For Vi ==V =-05V

I.=5.7063x10" —2.4214 x10~°

=5.464 x107* A =0.5464 mA
For Vi ==V 2025V

I, =5.7063 107" A =0.5706 mA

12.54

Ver (sat) =V, ln|:

[C(l_aR)+IB a_F:|
aply _(l_aF)[C ag

_ (0,0259)11{ (5)1-0.15)+1, [0.975 ﬂ

(0.975)1,, —(1-0.975)5)1 0.150
4.25+1,
=(0.0259 )h{m (6.5)}
I, =0.15A, V. (sat)=0.187 V
I,=025A, V,(sat)=0.143 V
I, =0.50A, Vo (sat)=0.115 V
I, =1.0A, V. (sat)=0.0956 V

12.55

v
(@ (@) = Ve 2 00259
IE

=0.1036 kQ

r, =7/C,, =(103.6)0.35x10")
=3.626x107" s =36.26 ps

¥ (0.65x10*)

2D,  2(25)

=8.45x107" s=84.5ps

(i) 7, =
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X, 22x107°
Y
=22x10"s=22ps
() 7, =r.(C, +C,)
= (18)(0.020 +0.020)x 10 "2
=72x10""s=0.72ps
b)r,. =7,+7,+7, +7,
=36.26+84.5+22+0.72 =143 .48 ps
1 1
O e = T 2a(a3 48 <10 )

=1.109x10° Hz =1.109 GHz
~ fr 1.109x10°

(iii) , =

d _Jr
@ fy 5 5
=8.87x10° Hz=8.87 MHz
12.56
2 -4 )2
T, = al (O‘SXIO ) =6.25x10"s
2D, 2(20)
We have
7, =027,
so that
7,.=3.125x10""s
Then
1 1
Jr= =

277, 27(3.125x107°)
or
fr =5.09x10°Hz =509 MHz

12.57
We have
T, =T,+7T,+7,+7,
We are given
7, =100 ps and 7, =25ps

We find
ry =S 20T g
v, 10
or
7, =12 ps
Also

r. =r.C, =(10)0.1x10"2)=10"
or

7, =1ps
Then

7, =25+100+12+1=138 ps
We obtain

1 1

A 27(138 x102)

=1.15x10° Hz

or
f, =1.15GHz
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Exercise Solutions
Ex 13.1 ea’N,
N,N Vo =5 c
Vbl.thln{ "zd] ’ ,
n, _(1.6x10™ Jo.40x10*  (10'°)
16 Y1 18 B 2(11.7)8.85x10 7"
=(0.0259)In (2X10—)(102) =0.832V 1 236\(, X )
(1.5x10") -
Vo =Vy —V, =0832—(~2.50) 1, (sat)=1,, 1_3(£J 1-2 [V
=332V Vo ) 3o
Now
0.8139
1/2 — _
[2e 7 =(0.23735 ){1 3[ 36 ]
eN,
2 [0.8139
[2011.7)8.85x107)3.332) " {1_5\/ 1236 }}
(1,610 J2x10'°) 0,013 mA
=4.64x10 cm=0.464 £ m Or
I, (sat)=22.13 u A
Ex 13.2
ea’N, Ex 13.4
Voo = e From Ex 13.3, V,, =0.8139 V,

(1.6x10" J0.4x10F (10")
2(11.7)8.85x107*)
~1236V

!1018 !1016 '
(1.5x10f
V, =V, —Vy =1.236-0.8139 =0.422V

p

V, = (0.0259)11{ ] =0.8139 V

Ex 13.3

1
o 6e, L

(900)[(1.6x107 10 )J
6(11.7)8.85x107)

){(5O><104X0.40x104)3}

5%107*
=237x10" A=0.237 mA

18 16
V, = (0.0259)111FM10—)] =0.8139 V

(1.5x10f

V,o=1236V, I, = 0.23735 mA
Then

31, Vii
= 1—
g, (max) % { }

PO VPO

~3(0.23735) - [0.8139
1.236 1.236

g, (max)=0.1086 mA/V

Ex 13.5

v ea’N,

P e,
~(L6x107)0.40x10 4 (5x10')
- 2(13.1)8.85x10 %)
~0.5520 V

NC
NI

4.7x10"

=(0.0259)In —|=0.1177V
5x10
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Vy =g~ 9, =085-0.1177 =0.7323 V

Vy =V, =V,0 =0.7323 -0.5520
=0.1830 V
Ex 13.6
N 4.7x10"
=V In| —< |=(0.0259 )In
¢n t (Nd J ( ) ( 10|6 J

=0.097 V
V, =0.89-0.0997 =0.790 V
V.o =Vy =V =0.790 —0.25 = 0.540 V
Then
a*(1.6x107° )10")
2(13.1)8.85x107*)

=a=0.280 gm

0.540 =

k=M S w
2al
_ (7000)(13.1)8.85x 10 25 x 10~ )
2(0.40x10* )0.8x10~*)
=3.17x107 A/V?* =3.17mA/V*
Ip (Sat):kn (VGS _VT)2
From exercise problem Ex 13.5,

V, =0.180 V
Then
1,,(sat)=(3.17)0.50-0.180 )
=0.325 mA
Ex 13.8
Vs (sar))r

{2 es
{2 (11 7)(8 85101 )2.5) r

(1.6x107 f10')
=0.5688 x10 * cm = 0.5688 xm

Vs (1)=V s (sat))}”z

[2 (11 7)(8 85107 )2.0) }”2

(1.6x107 f10')
=0.5088 x10 * cm = 0.5088 1m

0 )]
- (4‘0){9.71?56

1,;1(1)=1m{ m}
10
- (4.0){9.7456
Now

o= VDS(Z)_VDS(I)

‘Az, (2)-ary, (1)
~ 25-2.0
411709 —4.10442

} =4.11709 mA

} =4.10442 mA

=39.46kQ

Ex 13.9
eu,N,a’
T 2re, I’
~(1.6x10°)1000 {5x10" Jo.50 x 10 )
© 22(11.7)8.85x1074 Jax107 ]
fr =7.69x10° Hz=7.69 GHz

Test Your Understanding Solutions

TYU 13.1

Vi = (0.0259 ) m[M]

(1.8x10°
~1305V

1/2
2€, V,,, _a 1
N +N,

2{ 13.1)(8.85><1() “)1.305)

1.6x107"

18 1/2
y 5%10 ( 1 J
5%x10" N 510" +5%10"

which yields

x, =6.147x10° cm=0.6147 um
We want

06147

=0.512 um
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So that TYU 13.3
) :
_(L.6x10™ Jos123 x10 ' (5x10) ~(1L.6x107 J400)2x10' f0.50 10~ ]
2013.1f8.85x10™) © 27(11.7)8.85x10 7 Jax107* )
Then 0905V f, =3.07x10° Hz=3.07 GHz
V, =V, —V,, =1.305-0.905
=V, 24040V TYU 13.4
£ = eu,N, a’
TYU 13.2 2ze, L'
PG {E} _ (1610 J6500 (3 x10"* J0.50 x10*
"7 6e, L 27(13.1)8.85x10 " J10* |
B {(400 [1.6x10 f2x10" )] fr =1.07x10"' Hz=107 GHz
| 6(11.7)8.85x107)

X(40x10"‘X0.50x10“‘)3}
5x107*

or I, =6593x10"*A=0.6593 mA
Now
ea’N,

_ a
Vo=

2€e,

(1.6x1070.50x10~ J' (2x10")
2(11.7)8.85x107)

or V,,=3863V

Also

| (15x10")

=0.8736 V
Now

V, 2 v,
Iy (sat)=1,41-3 =2 |1-2 |2
Vo | 3700

or 1, (sat)=0.3538 mA
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13.1
Sketch
132
Sketch
133
ea’N,
@ Vo= 2e,
oy _ (L6x10° Jo.40x10 ' (3x10")
7 2(13.1)8.85 %107
—3312V
16 18
(i) ¥, =(0.0259)In %2“20)
(1.8x10°)
~1.328V
V, =V, ~V,, =1328-3312
——1.9%4 V
2e, (Vbi +Vps _VGS) v
(b) h, = A
eN,
(@) h,

_ {2(13.1)(8.85 X107 )1.328 +o_(_0,5))}“2

(1.6x1077 J3x10")
h, =2.97x107 cm=0.297 um
a—h, =0.40-0.297 =0.103 z m
(ii) 7,
[2(13.1)8.85x10 " )1.328 + 0.5 (-0.5)) |
(1.6x107 3x10™)
h, =3.35x10”° cm=0.335 um
a—h, =0.40-0.335 = 0.065  m
(ii) £
[2(13.1)8.85x10 " J1.328 + 2.5 (~0.5))]
- (1.6x107 J3x10'")
h, =4.57x107 cm=0.457 um
h,>a=a-h,=0

(©) Vps (Sat) = VpO - (Vbi Vs )
() Vs (sat)=3.312 —(1.328 - 0)

—1.984V
(ii) Vs (sat)=3.312 —(1.328 (- 1.0))
—0.984 V
13.4
ea’ N
@ V,= . exd
. (1.6x10" J0.40x10 J' (3x10")
(1) VpO = -14
2(11.7)8.85x107)
~3.709 V
16 18
(ii) ¥, =(0.0259)In M
(1.5x10")
~0.860 V
V, =V, ~V,, =0.860 —3.709
— 2849V
1/2
(b) h, = 2e, (Vbi +Vps _VGS)
? eN,
(@ h,

_[2(11.7)8.85x 10 }0.860 +0~(-0.5)) | *
(1.6x1077 J3x10™)
h, =2.42x10°cm=0.242 um
a—h,=040-0.242 =0.158 1 m
(if) &,
[201.7)8.85x10 " }0.860 +0.5-(=0.5) |
- (1.6x107 J3x10'°)
h, =2.83x107 cm=0.283 um
a—h, =040-0.283 =0.117 ' m
(iif) £,
_[2(11.7)8.85x 10 J0.860 +2.5 - (<0.5))]
(1.6x1077 J3x10")
h, =4.08x10~° cm=0.408 xzm
h,>a=a—-h,=0
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(©) Vps (Sat ) = VpO - (Vbi Vs )
(i) V ps (sat) = 3.705 —(0.860 —0)

=2.845V
(ii) Vs (sat)=3.705 —(0.860 — (~1.0))
=1.845V
135
ea’N, 2¢€, V0
@ Vyo=—"=N,= ea2”

_ 2(13.;)(8.85><10"4X2.75)
(1.6x107°J0.65x10~* ]
=9.433x10" em ™

(b) ¥, = (0.0259)]]{(9.433 x10" XIOIS ):|
| <1.8><1()6)2

=1.280V
V,=V,o—Vy=275-1280
=147V
(¢) a—h,=0.15=0.65-h,
h, =0.50 g m
h, :{25: (Vbi +Vsp +VGS):|1/2
eN

a

(0.50x10)

[2(13.1)8.85x10 1 J1.28+0+ V)
- (1.6x1077)0.433x10"*)

2.5%107 =(1.5363 %10 [1.28+ V)
Vs =0.347 V

2 S (Vbi +Vsp +VGS):|”2

(d) #, = o

a

(0.65x10)

[213.1)8.85x10 " J1.28+ 7,
| (6x10™)0.433x10")

(0.65x10 J =(1.5363 x10° )1.28+ 7,

=V, =147V
13.6
2e .V
(a) Na = - zpo

ed
~2(11.7)(8.85x107(2.75)

~ (16x107°Jo.65x10* )

or
N, =8.425x10" cm ™

(b) ¥, = (0.0259)1{(8'425 X10‘5)(1018)}

(1.5x10"f
—0.8095 V
V, =V, ~V, =2.75-0.8095
—1.9405 V

(c) a—h, =0.15=0.65—h,
=h, =0.50 um

1/2
2e, (Vbi +Vsp +VGS)
hy = eN

a

(0.50x10}

[2(11.7)8.85x10 7 }0.8095 +0+ Vs )
B (1.6x10 " )8.425x10")

2.5x107 = (1.536 <10 )0.8095 + ¥ )
= Vs =0.8178 V

1/2
2e, (Vbi +Vop + Vs ):|

eN

(d) h, :|:
(0.65x10* )

[2(11.7)(8.85x10™(0.8095 +7,)
| (ex107)8.425x10%)

(0.65x107F =(1.536x10 }0.8095 +¥,)
= Vg =194V

13.7

i

16 18

NN
(a) Vbi = I/t hl[ 2 < J

(1.5x10 )
=0.860 V
szVpO_Vbi
3.0=V,,-0.860 =V,, =3.86 V
1/2
2e. V
Now a:{ : po}
eN,

B {2(1 1.7)8.85 x10‘4X3.86)]/2

| (ex10 f2x10™)
=5.0x107°cm=0.50 z m
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(b) V,, =38V
© Ve (Sat): Voo _(Vbi +VGS)

() Vg (sat)=3.86-0.86=3.0V

(i) Vp (sat)=3.86—(0.86 +1.5)=1.5V

13.8

N, N
(a) Vblzl/tln[ ”2‘1}

- (0.0259)1{—(2><1016 Jsx10” )}
(1.8x10° ]
~138V
V,=V.o—V,
3.0=V,, 138 =V,, =4328 V

1/2
2e V
a= s ' pO
eN,

B {2(13.1)(8.85 X107 X4.328)T2

| (Lex107?f2x10')
=5.60x10"cm=0.560 z m
(b) V,,=4.328V
© Ve (Sat): Vp() _(Vbi +VGS)
() Vg (sat)=4.328 —(1.328 +0)=3.0V
(i) Vp (sat)=4.328 —(1.328 +1.5)=1.5V

13.9
@ Vps (Sat ) = VpO - (Vbi Vs )
Now
16 18
v, =(0.0259)In (““O—X‘mf)
(1.5x10")

=0.886 V
We find
5=V, —0.886 = Vo= 5.886 V

a:|:2€S I/,p():|1/2

eN,
[201.7)8.85x10)(5.886)]
1 (6x107 J4x10'°)

=436x107 cm=0.436 Hm
(b) (1) Vpo =5.886V

(i) v,=V,-V,, =0886-5886=-5.0V

13.10
() V, = (0.0259)1{&5)(1018)}
(1.8x10° )
=124V
Vep(sat)= Voo ~(V +Ves)
35=V,,—(1.264+1.0) = V,, =5.764 V

1/2
2e .V
a= s '~ pO
eN,

B {2(13.1)(8.85 ><10-“‘)(5.764)}”2

| (6x107 Jsx107)
=1.293x10*ecm=1.293 um

(b)
(i) V,, =5.764 V

(i) V, =V, —V,, =5.764 1264

=45V
13.11
(a)
H,(eN, ) Wa’
Ipy=—7—"""—
6e, L
~ (1000)[(1.6x107 f10 )
~ 6(11.7)8.85x107)
_a00x10~)o.5x10)
20x107*
or
I, =1.03mA
(b)
yo_ ea’N,
PO — 2 EX
[ {Lex107?)0.5x10 ) (10%)
| 2(11.7)8.85x107)
or
Vo =193V
Also
v, =(0.0259)In " 10162) =0.874 V
(1.5x10')

Now
Vps (Sat): Vo _(Vbi - VGS)
=1.93-0.874 +V

or
Vs (sat)=1.056 +V
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We have

Vo =V, —Vpo =0.874-1.93 = -1.056 V
Then
(i) For Vs =0, V,s(sat)=1.06 V

(ii) For V4 = % V,=-0.264V,
Vs (sat) =0.792V
(iii) For Vg = %VP =-0.528 V,

Vy(sat)=0.528 v

(iv) For 7, :%VP =-0.792 V,

Vy(sat)=0.264 Vv
(©)

PO

« _2 Vii =Ves
3 Veo
=(1.03)1-3 0.874 Vo5
1.93

2 [0.874 -V
3V 193

(i) For Vye =0, I,,(sat)=0.258 mA
(ii) For V4 =—0.264 V,
1,,(sat)=0.141 mA
(iif) For Vs =—0.528 V,
1,,(sat)=0.0608 mA
(iv) For Vs =—0.792'V,
1,,(sat)=0.0148 mA

13.12

V V 1/2
g =G 1_[ bi GSJ
d Oll: VPO

where
o 3 _31.03x107)
Y 1.93

or
G, =1.60x107°S=1.60mS
Then

Vs (Vbi Vs )/ Veo g4 (mS)
0 0.453 0523
-0.264 0.590 0371
-0.528 0.726 0.237
-0.792 0.863 0.114
-1.056 1.0 0
13.13
n-channel JFET - GaAs
(a)
N W
GO] — e:un d a
L
~ (L6x1077)8000 \2x10")
10x107*
x(30x10)0.35x10*)
or
Gy =2.69x107°S
(b)
Vis(sat)=V,o =V =Vas)
We have
ea’N,
Veo = )
ES
(Lex107)0.35x10* ) (2x10")
2(13.1)8.85x10 ')
or
Voo =1.69V
We find
18 16
b, = (0.0259)in| 5x10" J2x10")
(1.8x10°)
or
v, =134V
Then

Vo=V, —Vp =134-1.69=-035V
We then obtain
Vs (sat)=1.69 —(1.34 =V )= 0.35+ Vs

For Ve =0, V,s(sat)=035V
1
For Vs ==V, ==0.175 V,

Vps(sat)=0.175 v
(©)

PO

% 1_% Vi =Vas
3 Veo
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where
H, (eNd )2 Wa ’
Iy = 6—
e, L
_ (8000 {1610 J2x10 |}
6(13.1)8.85x10 )
B0x10 o35 %10 )
1010
or
I, =1515mA
Then
1.34-7,
1, (sat)= (1.515){1 —3(79“J

{1_3 134~ Ves J] (mA)
3V 169

For Vs =0, I, (sat)=0.0506 mA
and
For Vs =-0.175V,

1,,(sat)=0.0124 mA

13.14
g5 = 3y, 1— Vi =Vas
Vio Vio
We have

I, =1.03mA, V,, =1.93V, V,, =0.874 V

The maximum transconductance occurs when
Vss =0. Then

3(1.03) 0.874
max )= 1-
s ()= =100 [ V'1.93
2,5 (max)=0.524 m$S
For W =400 gm, we have
_0.524
400 x10~*

or

& s (max)

or
2, (max)=13.1mS/cm = 1.31 mS/mm

13.15
The maximum transconductance occurs for
Ves =0, s0 we have

37 V..
(a) gms(max)=,,—”(l— ﬁ}

PO VPO

which can be written as

V..
gms(max)z Go{l_ . J

VPO

We found
Gy, =2.69mS, V,, =134V, V,, =1.69V

Then

2,5 (max)= (2.69{1—%}

or
2, (max)=10.295 mS

This is for a channel length of L =10 ¢ m.

(b) If the channel length is reduced to
L =2 um, then

g,,s(max)=(0.2947 {%j =1.47 mS

13.16
n-channel MESFET - GaAs
(a)
yo_ ea’N,
PO 2 EX
~(L6x107)0.5x10 J (1.5x10")
- 2(13.1)8.85x10 )
or
Voo =2.59V
Now
Vi =05, — 9,
where
17
6, =V, m( N J = (0.0259)1{%)
N, 1.5x10
or
¢, =0.0892 V
so that
V, =0.90-0.0892 =0.811 V
Then
V, =V, =V, =0.811-2.59
or
V,=-1.78V

(b)If V, <0 for an n-channel device, the
device is a depletion mode MESFET.
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13.17
n-channel MESFET - GaAs
(a) Wewant V, =+0.10 V
Then
Ve =V =Veo =05, =P, —Vro

SO
N ’N
V, =0.10 =0.89 -V, In| —< |- <24
N, 2€,
which can be written as
17
(0.0259)11{@}
d
(1.6x10°)0.35x10* ] N,
S =0.89-0.10
2(13.1)8.85x10 ')
or
17
(0.0259)111(@}
d

+(8.453%x1077 Vv, =0.79
By trial and error,
N, =8.1x10"cm
(b) At T=400K

3/2
o) (0

N_(300) | 300
Then
N, (400)=(4.7x10" )1.54)
=7.24x10" cm
Also
v, =(0.0259 )(@) =0.03453
300

Then

8.1x10"
—(8.453x107'7)8.1x10")

17
V, =0.89—(0.03453 )h{wj

which becomes

V, =+0.050 V
13.18
1/2
2e V
(a) a{—S }
eN,

[203.1)8.85x10)1.5)

1/2
{ (1.6x10" J2x10'°) }

=3.30x10°cm=0.330 x m

(b) VT = Vbi - VpO

We find
N, . 17
g, =7, In| | = (0.0259 )in| 2710
N, 2x10
=0.0818 V
Vy =6z, —¢, =0.87-0.0818 =0.788 V
Then

V,=0.788-15=-0.712V

2e, (Vbi +Vps _VGS) v
eN,

(© h :{

[ 2013.108.85 %10 NV, + Vs ~Ves) |
- (1.6x107" J2x10")
(i) h, =[7.246 107 0.788 +0—0.4)] *

=1.677x10° cm=0.1677 4 m
a—h, =0.330-0.1677 =0.1623 ' m

(i)
h, =[7.246 x10 1 J0.788 +1.0-04)]'
=3.171x10°ecm=0.3171 g m
a—h, =0330-03171 =0.0129 4 m
(iii)
h, = [7.246 x107° 0.788 + 4.0—-0.4)|
=5.64x10"cm=0.564 £ m
h,>a=a—-h,=0

13.19
ea’N,
@ Vio= 2€,
~(L6x107)0.50x10* F (5x10')
2(13.1)8.85x10 %)
~0.8626 V
We find
4.7x10"7
= (0.0259 )In| 2=
4. 00z )uf 4707
=0.1177 V
Vi =B —, = 0.87—0.1177
—0.753 V
Vy =V, =V, =0.7523 —0.8626
——0.1103 V
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4.7x10" and
() ¢, =(0.0259)in| =50 [=0.0713V V, =@, — 8, =0.82—0.206 = 0.614 V
V. =4, —4 —087—00713 With Vs =0 and Vg =0.35V, we find
=0 7987V a—h=0.075 ><1074
1/2
Ve :Vbi_VpO :a_|:2€s (Vbi_VGS):|
or V,, =V, —V; =0.7987 —(~0.1103) eN,
=0.909V so that
Then a=0.075x10"
1/2
_{263 Vpo} 2(11.7)8.85x10 " f0.614 —0.35)]
a=|———— +
eN, (1.6x107 f10'°)
2(13.1)8.85x10 4 (0.909) ] or
(1.6x107° J3x10')

a=026x10"cm=0.26 # m
=2.095x10"° cm = 0.2095 1z m

Now

ea’N,
Ve =V, =Vpo =0.614 —
2e
13.20 or
Ve =Vy=Vpo = ¢Bn _¢n Vo
We want V, =0.5V, so

s

2
v —0614- (1.6x10" Xo.zéxlo*i) (10')
2(11.7)8.85x10 )
05=085-¢, =Vso We obtain
Now V, =0.092 V
47x10" (b)
¢, =(0.0259 )h{—d J ) (sat) =V )
and = (Vbi -V )_ (Vbi Vs )
ea’N or
Vro = 2e ; V,s(sat)=V s -V, =0.35-0.092
) which yields
(1.6x107° Jo25x10* f N,

or

Vp(sar)=0.258 v
2(13.1)8.85x10 )

Vo = (431x10"7 )N, 1322 .
Then (@ ¢, = (00259)1“(%}
4.7x10" 210
0.5=10.85—(0.0259 ) In| ———— =0.0818 V
‘L (i) V, =, — ¢, =0.90—0.0818
~(431x1077 v, =0818V
By trial and error ed® N
N, =5.45x10"cm (i) Vo =—
13.21

s

n-channel MESFET - silicon

(a) For a gold contact, ¢,, =0.82 V.

_ (1.6%10*19 Jo.65x10~* f (2x10")
We find

2(13.1)8.85x107¢)

=583V

(iii) ¥, =V, ~V,, =0.818 ~5.83
=-5012V
¢, =(0.0259)In 28x1071 506 v
n 1016
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(®) Vs (Sat) = VpO - (Vbi Vs )
(i) Vps(sat)=5.83—-(0.818 —(~1.0))

=401V
(ii) Vs (sar)=5.83-(0.818 —(-2.0))
=301V
(iii) ¥ (sat)=5.83-(0.818 —(~3.0))
=201V
13.23
M, W
@ k, ==
_ (6500)(13.1)8.85x 10 f12x10~)
2(0.25x10* 1.5x107*)
=1.206x107 A/V?* =1.206 mA/V *
(b) 1p(sat)=k, (Vo5 =V, )
(i) 1,,(sat)=(1.206)0.25-0.15)’

=0.01206 mA =12.06 u A

(ii) 1 p, (sat)=(1.206)0.45-0.15)
=0.1085 mA
©) Vps (Sat) =Ves =Vr
(i) Vps(sat)=0.25-0.15=0.10V
(ii) Vs (sar)=0.45-0.15=030V

13.24
ol o ,
= = %k, (Ve -V,
(a) gms aVGS aVGS [ n( GS T) ]
:2kn (VGS _VT)

1.25 = 2k, (0.45-0.15)
=k, =2.083 mA/V’
e W

k= Ha €
2al

08310 - (6500)13.1)8.:85x107
2(0.25x10* J1.5x107*)
=W =2.073x10" cm=20.73 um
(d) I, (sat): k, (VGS -V )2
(i) 1,,(sat)=(2.083)0.25-0.15)
=0.02083 mA =20.83 u A
(ii) 1 p, (sat)=(2.083)0.45-0.15)’
=0.1875 mA

13.25
Plot
13.26
Plot
13.27
18 16
V,: =(0.0259)In wﬂoz)
(1.5x10)
=0.8424 V
ea’N
Vo = 2€, ;

_ (6x107" Jo.50x10 J (3x10)
2(11.7)8.85x107*)

=5795V
(@) Vps (sat) =V,0— (Vbi Vs )
=5.795-0.8424 =4.953 V

AL :{2 e, Vs —VDS(Sat))}uz

eN,

[201.7)8.85x10" J10-4.953)]"
- (1.6x107" J3x10")

AL = 4.666 x10~° cm
Now

L 1—M =0.90
L L
AL 4.666x107°
- 2(0.10)  2(0.10)
L=2333x10"cm=2.333 um
(b) Vs (Sat) =V,0 _(Vbi _VGS)
=5.795 —(0.8424 +3)
=1.953 V

o | 2017)f8.85x10 " J10-1.953)]
(1.6x107 J3x10')

=5.802x10"° ¢cm
Then

AL 5.892x10°7°
~2(0.10) 2(0.10)
=2.946x10"* cm=2.946 ' m
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13.28
We have that

;o L
“‘“(E@ﬂi)

Assuming that we are in the saturation region,
then 1}, =1, (sat)and I,, =1,,(sat).
We can write

, 1
Iy (Sat)= Ip (sat)-l—

If AL << L , then
I, (sat)=1,, (sat{l +

AL
L
We have that

M_P%WthwaQ

- eN,

12
_ 2e, Vps 1— VDS(Sat)
eN, Vs

which can be written as

1/2
AL=V,, 2e, [1 Vs (sat)j
eN,Vps Vps

If we write
I, (sat) =1, (sat)1+ AV )
then by comparing equations, we have

1/2
ﬂ:i 2€e, - VDS(sat)
2L | eN, Vs Vs

The parameter A is not independent of V.
Define

N | —

VDS

Vs (Sat)
and consider the function

s
X X

which is directly proportional to 4. Then

X

x f(x)
1.5 0.222
1.75 0.245
2.0 0.250
2.25 0.247
2.50 0.240
2.75 0.231
3.0 0.222

So that A is nearly a constant.

13.29

(a) Saturation occurs when E =1x10*V/cm.
As a first approximation, let

E= h
L
Then

Vs =E-L=(10*\2x10*)=2V
(b) We have that

2e (V, +Vps—Ves) ]
h2 :hsa, :|: K bi DS GS :|

eN,
and
18 16
V, =(0.0259)In M‘m?)
(1.5x10")
or
V, =0.8915 V

bi

For V5 =0, we obtain

2(11.7)8.85x10 4 )0.8915 + 2

. ) 1/
sat (1.6><10_19x4><1016)

or
h,, =0.306x10"* cm=0.306 x m
(c) We then find
Iy, (Sat) =eN,v,, (a —hy, )W
= (1.6x107"° Jax10' 107)
%(0.50-0.306 Y10 J30x10*)

or
I (Sat) =3.72mA

(d) For V;, =0, we have

v, v,
1, (sat)=1,, 1—3(¢J 1-2 |
Veo 3V Vo

Now
_ /un (eNd )2 Wa }

IPI 6
e, L
(1000 )(1.6x10" Yax10' )
~ 6(11.7)8.85x107)
_Box10~Jo.5x10+)
o]
or
I, =1236 mA
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Also
ea’N,

2e

(1.6x107)0.5x10~ } (410"
2(11.7)8.85x10 ™)

Veo =

or
Vo =7.726 V

Then

1, (sat)= (12.36{1_3[ 0.8915 j

2 f0.8915
x| 1——
3V 7.726

or
1, (sat)=9.05mA

13.30
(a) If L =1 m, then saturation will occur
when
Vs =E-L=(10*)ix10*)=1V
We find

1/2
ho—h _|:2€S (Vbi+VDS_VGS):|
2 = sar — eN

d

We have V,; =0.8915 V and for V;; =0, we
obtain

L _[ 20178 85x107 Yo.8015 +1)|
- (1.6x107"7 J4x10')

sat

or
h,, =0.247 x 10*ecm=0247 um
Then
]Dl (Sat) = eNd U,s‘ut (a - hsat )W
= (1.6x107"° Jax10' 107)

x(0.50-0.247 )10 J30x10~)

or
I,,(sat)=4.86 mA

If velocity saturation did not occur, then from
the previous problem, we would have

1, (sat)=(9.05 )(%] =18.1mA

(b) If velocity saturation occurs, then the
relation 7, (sat) oc (1/ L) does not apply.

13.31

(a)

v = 11,E=(8000)5x10° )=4x10" cn/s
Then

LL_ 2x107

= =5x10"s
v 4x107
or
t, =5ps
(b) Assume v=v_, =107 cm/s
Then
-4
= =299 _pi0ts
U, 10
or
t, =20ps
13.32
(a)

v =11,E=(1000)10*)=10 em/s
Then

L 2x10"*
g, =L =20 psi0s
v 107
or
t, =20 ps
(b) For v=v_, =107 cm/s
-4
t, _ L _ 2X1? —2x107'"s
o 10
or
t, =20ps
13.33

The reverse-bias current is dominated by the
generation current. We have

Ve =V =Veo
We find

v, =(0.0259)In M
| (15x10")

or
V, =0.884 V

bi
ea’N,
2€e,
1 {6x107°)0.3x10 F (3x10')

{ 2(11.7)8.85x10 %) }

Also Vp, =
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or
Vo =2.086 V

Then
V,=0.884-2.086 =-1.20 V

Let Vg =—120V

Now
1/2
Y = 2e, (Vbi +Vps _VGS)
! eN,
_[201.7)8.85x107)
(1.6x107"7)
(088447, ~(-120)) v
Bo”)
or

x, =[(4314x107° ) 2.084 + 7, )|
(a) For V4 =0, x, =030 um
(b) For Vs =1V, x,=0.365 um
(¢c) For V), =5V, x,=0553 um

The depletion region volume at the drain is

Voz:(a)(gj(wp(xn Yoa)o7)
=(03x10* {@J@o x107*)

+(x, Y0.6x10 J30x10*)
or
Vol =10.8x10"2 +x, (18x10™*)

(@) For ¥V, =0, Vol=1.62x10" cm’
(b) For Vs =1V, Vol=1.737x10"" c¢m”
(c) For ¥V, =5V, Vol=2.075x10" cm’

The generation current at the drain is

n.
I,;=¢e — |- Vol

=(1.6x10" L5100 |
' 2(5x107)
or

I e =(2.4x107 )-vol
(a) For Vs =0, I,; =0.39pA
(b) For Vs =1V, I,; =042 pA
(c) For Vs =5V, I,; =0.50pA

13.34
(a) The ideal transconductance for Vg =0 is

G 1 bi
Ems = U0 - Vv
] PO

where
G, = eu, ]ZdWa
~(1.6x1077 (4500 (710"
- 1.5x10°*
x(5x10)f0.3x10*)
or
G =5.04mS
We find
yo ea’N,
PO — 2 ES
(L6x107)0.3x10 ] (7x10")
- 2(13.1)8.85x10 %)
or
Vo =4347V
We have

4.7x10"
4, = (0.0259)11{WJ =0.049 V

so that
V=05, —¢, =089-0.049 =0.841 V

Then

s = (5.04{1— MJ

4.347

or

g.,s =2.82mS
(b) With a source resistance

1+g,7, g, l+g.r

For

8w _gg0-— 1

2. 1+(2.823)r,
we obtain

r, =88.6Q
(¢

oL L L
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SO
L=(88.56)1.6x10"° 4500 7x10")
x(0.3x10{5x10™)
or
L=0.67x10"*cm=0.67 u m

13.35

Considering the capacitance charging time,
we have

_ 8n
Jr 2rCy
where
WL
C, ==

(13.1)8.85x10" [5x10* 1.5%10)
- 03x107*

or
C,=29x10""F
We must use g/, , so we obtain

2.82x10"J0.80)

|
fr = 27(2.9x107%)
We can also write

Sfr=

2rT,

=1.238x10" Hz

=T, =

¢ 2rf,
SO

1

To = - =1.285x107"s
27ril.238><10 '

The channel transit time is
. 1.5x107*
’ 107
The total time constant is
r=1.5x10" +1.285x107"
=1.629x10™" s

Taking into account the channel transit time
and the capacitance charging time, we find

o I
" 2rr 2x(1.629x107)
or

fr =9.77x10° Hz=9.77 GHz

=1.5x10"s

13.36
(a) For constant mobility

eu,N,a’
Jr= 2re, I’
(1.6x107 (7500 4 x10' f0.30x 10 ]
27(13.1)8.85x10 " J1.2x10 |
fr =4.12x10""Hz=412 GHz

(b) For saturation velocity model

f _ Usat _ 107
"2zl 2x(1.2x107)

fr =1.33x10"° Hz=13.3 GHz

13.37
eu,N,a’
fr= T dT

- 2re, I’

(1.6x10 )1000 {2 x10" J0.40x10* |
27(11.7)8.85x 107 )L
~ 786.975
-
786.975
(3x10f
=8.74x10" Hz=8.74 GHz
) 5, = 156975
(1.5x10*)
=3.50x10'""Hz=35.0GHz

Ir

@ fr=

13.38

eu N,a’
fr=—t"—

- 2re, L

i N.a* 1/2
L:[ 27[pesafT }
{(1.6><10‘9)(420)(2><10‘6X0.40x10“)ZT2

27(11.7)8.85x10 7 )/,
_18.18

VI

or

L
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(%) =5.02 S/em = 502 mS/mm

(b) At V, =0, we obtain
1, (sat) v (v v\
W (d+Ad)( o =Vobv,

 (12.2)g.85x1012)
(350 +80)10* )

(2.07-1)2x107)

or
I, (sat)

=5.37 A/cm =537 mA/mm

@ L= 18.18
V5x10°
=2.57x10"* cm=2.57 um
) L= 18.18
V12x10°
=1.66x10"* cm=1.66 £ m
13.39
(a)
AEC
Voj}" = ¢B - - VPZ
e
where
3 eN,d;
P2 2€N
(L6x107)3x10" [350 x10* |
2(12.2)(8.85x10 )
or
Vo, =272V
Then
V,; =0.89-0.24-2.72
or
Vy=-207V
(b)

En
== \V -V
s e(d+Ad)( - V)
For V, =0, we have

(12.2)8.85x10 )
(1.6x1077)350 +80)(10~* )

N

(2.07)

or

ng =3.25x10”cm

13.41

AEC
Vojf = ¢B _7 - VPZ

We want Vqﬁ. =-03V,so
-0.30=0.85-0.22-V,,

or
Vo, =093V
We have
3 eN,d;
P2 — 2€N
or
d? = 2ey Ve
eN,
_ 2(12.2)(8.85x100.93)
~ (1.6x10™J2x10")
We then obtain

d, =2.51x10"° cm=251 4

13.40
(a) We have
w
1, (sat)= (ji—Ad) v, -V, —7,)v,
We find

gus | O ID(Sat) &N Uy
(VJ_aVJ w }(dud)
~ (12.2)8.85x10 " 2x107)
~ (350+80)10°F)

or
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Exercise Solutions
Ex 14.1 Ex 14.3
.. - We find
For silicon, A =0.8um = ¢ =10"cm ™' @)
A=06um=a=45x10%cm" £, =Dz, =190)107)
_ -3
Let d =5um=5x10"cm =4.36x10"cm
(a) For A=08um, L,=D,7, =,1(10i10*8i
IV(d):exp(—ad) =3.16x10 *cm
[VO Now
- D
—exp[-(10° J5x10* )] Jomen?| P Do
20607=607% LnNa Lde
b) For 1=0.6 R
®) " @ am —(1.6x10™ f1.8x10°
—— = exp(-ad)
IVO

= exp|-(4.5x10% 5x10 ]
=0.105 =10.5%

Ex 14.2
For A =1gmin silicon, & =10’ cm ™
Now
1.24 1.2
E=hy=122 12

= =124eV
A 1.0

(@ 1,(d)=1,exp(-ad)
= (0.10)exp[- (107 5x10 )]
=0.0951 W/em
. al,(d)  (102)0.0951)
~hv (16x107)1.24)
=4.79x10" cm s
(b) 1,(d)=1, exp(-ad)
= (0.10)exp|- (102 J20x10* ]
=0.0819 W/em
,_al,(d)  (10)0.0819)

7T T lex107)124)
=4.13x10"cm ?s ™!

g

{ 190 . 10 }

(4.36x10 J10'7) * (3.16x10~* f2x10")
J =1.046x10"* A/cm

We find

J
V.=V In1+-+%
JS

-3
= (0.0259 )1n| 1+ —2X19
1.046 x107"

=0.971V
N,N
®Vy, =V, ln[—sz

| )

=(0.0259 )In

(1.8x10° )
—124V
So

V, 0971
1.240

=0.783

o~

Ex 14.4
The photocurrent is given by
I, =eGiz, (yn +u, )AE

=(1.6x107° 10> f10*)

x (1000 + 400107 10)
I, =224x107A=0224 u A
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Ex 14.5
We find

N,N
Vbl.thhq[ 4 "J

n2
!1015 !1015 ']

(1.5x10" )

=(0.0259)In

=0.575V

1/2
W:{z e, (7, +VR)(NG +N, H

e N,N,

_[2(11.7)8.85x10 " f0.575 +5)
1.6x10"

1
y 107 +10"
ilO'S ilols '
=3.80x10"*cm

Then
J=edw+L, +L,)G,

From Example 14.5, L, =354 um
L,=100xm
J, =(1.6x10"°)3.80+35.4+10.0)10* f10*')
J, =0.787 A/em’

Now
J,, =eWG,
= (1.6x10")3.80x10)10”)
=0.0608 A/cm*
Then
J .
ZL W =0.0773
J, 0.787
Ex 14.6

(a) For a=10>cm™
J, :e<I>o[1—exp(—aW)]
=(1.6x10")10")
xfl—exp[- (107 20 <10+ )]
J, =290x107 A/em® =2.90mA/cm*
(b) For a=10"cm™'
J, =(1.6x10")10")
xfl—exp[- (104 2010 )]
J, =1.6x107 A/em* =16.0mA/cm*

Ex 14.7
(a) For x=0.15, E, =1.60eV
ﬂ=&=0.775,um
1.60
(b) For x=030, E, =1.76eV

1.24

A =0.705 g m

Ex 14.8
For GaAs, n, =3.8

For GaP, n, =32
Then for GaAs,, P, ,
n, =(3.8-3.2(0.6)+3.2=3.56
Then

— — \2 2
o ] :[3.56—10) 0315
n, +n, 3.56+1.0

Ex 14.9
For GaAs 4, P,,, n, =3.56 (See Exercise

Ex 14.8)

Then

0, —sin'| 2L =sinl££]:16.3°
n, 3.56

Test Your Understanding Solutions

TYU 14.1
I1,=1, exp(—ax)

(a) For A=1um, a=10*cm ™

()x=5um
1, =(0.1)expl- (102 [5x10 )
=0.0951 W/em?
(i) x =20 g m
1, =(0.1)exp[- (102 J20x10 )]
=0.0819 W/cm

(b) For A=0.6 um, & =4x10° cm™'
() x=5um
1, =(0.1)exp[- (4x10* Y5x10~)]
=0.0135 W/em*
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(i) x=20m

1, = (0.1)exp[-(4x10* J20x107 ]
=3.35x107 W/em”?

TYU 14.2
From Example 14.3, J, =3.6x107" A/em’
Now

J
Voe =V, 1n£l+—LJ

S
We have

J
0.60 = (0.0259 )ln(l + —LJ
S
which yields

J—L=1.15><101°

S
or

J, =0.414 A/em’

Then

Vm
Im:IL_IS €Xp 7 -1
t

0.521
=0.414-13.6x107"" | e -1
( { Xp(o.ozwj }

or I, =03% A

So
P, =1,V, =(0.394)0.521)=0.205 W

m

TYU 14.3
From Example 14.3, J, =3.6x107"" A/cm*

We have J, =15x107° A/em®

—J, =150x107° A/em*
Now

J
Voe =V, ln(1+J—LJ

N

-3
=(0.0259)In 14 13010~
6x107"

or Voo =0574V

TYU 14.4

V V J
1+-2 |exp| -2 |=1+—%
v, v, Js

So

14 14
1+ |exp| == |=1.15x10"
v, V.

By trial and error,
V,=0521V

We have 7, =(0.414)1)=0.414 A
Iy =(3.6x10")1)=3.6x10"" A

TYU 14.5
Use results from Example 14.5;
We have V, =45V

Then
o [201.7)f8.85x10 7 J0.695 + 4.5)
1.6x107"

10" +10"
x i1016 ilOIG ’

or W=1.16 um

Now
V .
I, =—R:E=O.10mA
R 5
Then
-3
01002
We have
J, =e(W+Ln +LP)GL
and

0.10=(1.6x10"(1.16+35.4+10)10* )5,
which yields
G, =1.34x10*cm s

For A=1um, a=10>cm™

E=hv=%:1.24eV

GL Za—lujlu — (GLXhV)
hv a
or
/- (1.34x10 1.24)1.6x10™")
102
= 0.266 W/em?
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14.1
124 (b) l=&=0.653,um
A == m 1.90
g (i) From Figure 14.4, @ =2.6x10* cm ™'
. 1.24 1,\d
(@ Si: A =——72=111uym (ii) ﬁ=exp(—ad)
1.12 o
) Ge: 4 =12 _1g8um = exp[-(2.6x10* J0.80x10* ]
0.6 ~0.125
(C) GaAs: A — 24 =0.873 4m Fraction absorbed = 1_0125 = 0875
142
(d) InP: 4, = % =0919 ym 14.4
’ . al(x)
g hv
14.2 1.24
(a) For A =480 nm, For hv=13eV, /1=F=0.95,um
E:ﬁ:ﬂzzjgev For silicon: a =3x10*cm™
A 0480 Then for 7(x)=10"7 W/ecm?, we obtain
For A =725 nm,
1.24 —

E=——=171eV
0.725

(b) For E=0.87¢V,
lzﬁzﬁzl.%ym
E 087
For £=1.32¢V,
l:ﬁ:0.939ym
1.32
For £=1.90¢V,

A =&=0.653 um
1.90

g

or

3x10° |10~
1.6x1077)1.3)

g'=1.44x10" cm s
The excess concentration is
on=g'r=(1.44x10" J10)

or

on=144%x10"cm ™

14.5

14.3
1.24
a) A=—=0.752 um
@ 1.65 "

i) From Figure 14.4, ¢ 29x10°cm ™
(1) g ,

i 29 _exp(caa)

v0
= exp[—(9><103X1.2><
=0.340
Fraction absorbed =1-0.34

10~

=0.66

(@) p=g'r,,=>g'=

&= x107

Y

Th0

15
. 3x10 =25x102%cm s

For hv=1.65¢V,

= 1'2: =0.752 um

=1

From Figure 14.4,  =9x10°cm ™

L)

(2.5x102)1.6x10"7 )1.65)
9x10°
= 0.733 W/em
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(b) I;(d):&l:exp(—ad)
vO0
0.1=exp|-(9x10° )]
s
9x10° (0.1
=2.56x10"" cm=2.56 £ m
14.6
=£=&=0,886um
E 140

From Figure 14.4, @ = 4.5x10°cm ™'

(a) @ =0.1=exp(-d)

v0

FRRLIE N O S D SN R
a (0.1) 45x10? 0.1

=5.12x10"ecm=51.2 um

1 1
b) d=—In| —
®) 4.5%10° [0.3)
=2.68x107cm=26.8 um

14.7
GaAs:

For x =1z m=10"*cm, we have 50%
absorbed or 50% transmitted, then
Lx) =0.50 = exp(— ax)
IO

We can write

RONTIRER

or
a=0.69%x10"cm™

This value corresponds to
A=075um, E=1.65¢eV

14.8
The ambipolar transport equation for minority
carrier holes in steady state is

p @), o @

r 2
dx »

+G, - =0

or

d*(,) ¥, G,

dx? L? D

p P

where L, =,/D,7,

The photon flux in the semiconductor is
O(x)= @, exp(-ax)

and the generation rate is
G, = a<D(x) =ad, exp(— ax)

so the differential equation becomes

d*(p,) &, a®
Tar T, owtay)

The general solution is of the form

-

P

» »
ad,7,
@1

As x >0, dp, =0 sothat B=0. Then

_XJ ad,7,

S A
L,) a'L,-1

~exp(— ax)

@, (x)= Aexp( exp(-ax)

At x=0, we have

D, d(ép,)
dx

SO We can write

x=0

ad,7,

x=0 azLi -1

and
d(p.)

dx

4 a’d,7,

= L, a’L)-1

P

Then we have
4D, azCDOz'pr sa®,7,

+ =s4-—
272 272
L aLp—l aLp—l

P

Solving for 4, we find

ad,7, { s+aD, }
s+(D,/L,)

The solution can now be written as

_a®,7,
@Un(X)— azLi _1

s+aDp —x
xL—_’_(m-exp[ZJ—exp(— ax)]

T ’
aLp—l
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14.9
We have
d*(on on
D, ( p)+GL——p=0
dx? T,
or

n,) o, a6,

V4

dx? - Li D,

where L, =,/D,7,

The general solution can be written in the
form

X o[ x
on, (x)= Acost{L—nJ+Bsmh[EJ+GLrn

For s =c0at x=0 means 5}11,(0):0. Then
0=4+G,7, > A4=-G;7,
At x=W,
dx
Now

on, (W) =-G,7, COS{LKJ

x=W

SO we can write

GLTnDn . W BDn W
———=sinh| — |- cosh —
Ln L}’l Ln Ln
w
=s, [— G, 7, cosf{L—nJ
+Bsinh(LK]+GLrn}

Solving for B, we obtain

G,4L,sin W +s,7,| cos W -1
Ln LVI
D, w (W
—*cosh — |+s, sinh| —
Ln Ln ( L!’l

B=

The solution is then

on, (x)z G,7, {l—cosr{%ﬂ+3 sinh(%}

where B was just given.

14.10
L,=D,r,, =(25)10°)=5%10" cm
L,=\[D,z,, =4(10)5x107
=2.236x10"cm
2| D Dp
Now J =en; | ——+
LnNa L[)Nd

= (1.6x10 f1.5x10" )

{ 25 . 10 }
(5x107 J10") " (2.236x107* f10")
J¢ =1.790x107"" A/em*
Iy =g =(5)1.79x107°)
=8.950x107"" A
(@) I, =eG,AW
We find
(1016 1015)
(1.5x10f

1/2
2¢,V,, (N, +N,
e N,N,

_ {2(1 1.7)8.85x10 " 0.635)

Vbi

(0.0259 )

} =0.6350 V

w

1.6x107"

104104 )"
X|:(1016 ilols J}
W =9.508 x10 " cm
Then
1, =(1.6x10"J5x10* 5)0.508 10
=0.380 A =380 mA

by ¥V, =V m(nj—LJ

N

- (0.0259)11{1 + &Owj
8.95x10"

Vv, =05145V

V., 0.5145
(© =
Vv, 0.635

i

=0.810
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14.11
From Problem 14.10, 7, =8.95x107"° A

I

@ V, =V, In|1+—+=
]S

-3

= (0.0259 )In| 1+ 122X10
8.95x10"

=04847V

(by I=1,-1 {exp[%}—l}

100x10~° =120x10~°

,
—-8.95x107" e — =1
{X‘{VJ }

=V =04383V

14 14 I
(© |1+ |exp| = |=1+-%
V. Vi I

120x107°
+—
8.95x107"
=1.341x10°
By trial and error, V,, =0.412 V
Now

Vm
]mzlL_IS exp 7 _1
t

=120x10""

~(895x107 | exp 2212 |
0.0259

=1, =112.75x10° A=112.75mA
P, =1,V, =(112.75(0.412)
=46.5mW

=1

v 0.412
d) V. =1 R, >R, =—" =
@ Vo =1,k 011275

m

R, =3.65Q

14.12
From Problem 14.10, 7 =8.95x107'° A

(a)
. IL
WV, =V, m(nl—j

N

-3
~ (0.0259 )1n| 1+ 210
8.95x10°

=0420V

V 14 1
(i) | 1+ |exp| = |=1+-E
v, v, I

10x10°°
+—
8.95x107""
=1.117x10’
By trial and error, V,, =0.351 V
Now

Vm
Im:IL_IS exXp 7 -1
t

=10x107°

~(895x107 | exp[ 2321 |
0.0259

I, =931x10" A=9.31mA
Then
P, =1,V, =(9.31)0.351)=3.27 mW
(b)

Q v, :(0.0259)1n(1+

100 x10~°
8.95x107'°
=0430V

V V 1
(i) |1+ |exp| 2= |=1+-L
v, v, I

100 x10~°
+—
8.95x107"°
=1.117 x10°
By trial and error, V,, =0.407 V

m

=1

Now

v
Im :IL _IS'|:exp[7m)_l}
t

=100x10"°

~(8.95x107° | exp 227 |4
0.0259

I, =9.40x107 A=94.0mA

Then
P, =1,V, =(94.0)0.407)=38.3 mW
P :
(c) m2 _ ﬁ =11.7
P, 327

ml
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14.13 v
J [=50x10" ~(4.579x10™ exp[—]—l
Voe =V, m(uJ—LJ Vi
§ We see that when 7 =0, V' =V, =0.599 V.
-3
= (0.0259)1n(1+w) We find
S
where V) I (mA)
5 D 0 50
Jo=en?| - [P 120 0.1 50
NNz, N,\7, 0.2 50
0.3 50
which becomes 0.4 4998
Js =(1.6x10" ‘9X1 8x10° ) 0.45 49.84
0.50 48.89
0.55 42.36
V5><10 - 10“’ \/5><10*8 0.57 33.46
or 0.59 14.19
4
Js = (5. 184 x1077 {M +1.183 x 10‘5:| (b) The voltage at the maximum power point
N, is found from
Then l I/m Vm 1 [L
- +—|-€ 2 l=1+-—=
N (em?) | Jg(Akem?) Vo (V) v | P I
10 3.477x107" 0.891 50x10°
=l+—
10" 3.478 x107" 0.950 4.58x107"
10" 3.484x107" 1.01 =1.092x10"
10" 3.539x10 1.07 By trial and error,
V. =052V
At this point, we find
14.14 I, =47.6 mA
(@) $0 the maximum power is
1, =J,-4=(25x107)2)=50x10" A  _ [y —(47.6]0.520)
We have or
. o~ 1 D P, =24.8mW
Jg=en’| — | +— | (c) We h
Nz, N\, c) We have ,
.52
or voir=pg=" Vw0520 .
I 1 47.6x10°

Js =(1.6x10")1.5x10" ]

3x10" V5%x10™° 10" V5x1077

which becomes 14.15

J.=2280x10"2 A/em?
s @) ¥, =(0.0259)m| 1+ %
or ; 2x10°
We have
v 14 I
v (b) (1+—'”jexp(—"’J:l+—L
I=1, =I5 ex| - |-1 v, v, I
t -3
or =1+—180X10 =9x10’

2x107°
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By trial and error, V,, =0.402 V

Vm
]mEIL—[SCXp 7

t

~180x10"° —(2><10°)exp( 0.402 j

0.0259

69x107' A =169 mA
v, =(169)0.402) = 67.9 mW
v

© R, =2n-942 5390
I, 0.169

(d) R, —>(1.5)2.379)=3.568 Q

Now

|14 V
I=—=1, -1 exp| —
R, L —1s XP(VIJ

7 _180x10° —(2x109)exp(

m

=1
P, =1

3.568
By trial and error, V' =0.444 V

Then I:L:%=0.1244 A
3.568

L

P=1V =(124.4)0.444) = 55.2 mW

0.0259 )

14.16
100 x10~°
(@ V, :(0.0259)1n[1+10—_]0J

=0.5367 V

14 14 I
(b) |1+ |exp| 2 |=1+-%
V. Vi I

100 x10~°
107"
=10°
By trial and error, V,, =0.461 V
Then

=1+

I, =100x10™ —(lolo)exp( 0.461 J

0.0259

=9.463x10 A =94.63 mA
P, =1,V, =(94.63)0.461)=43.62 mW
© n=—2 _217 5 n=22cells
0.461
(d) Now ¥ =(22)0.461)=10.14 V
P=IV
52=1(10.14)= 1 =0.5128 A
, 05128

= =542 —>n'=6
0.09463

Then n

(¢) Then 7 =(6)0.09463)=0.5678 A

So g, =V 1014

= =17.86 Q
I 0.5678

14.17
Let x =0 correspond to the edge of the space
charge region in the p-type material. Then in
the p-region

2
)
dx T,

or
&) &,

dx’ E D
where
G, = aCD(x): ad, exp(—ax)
Then we have
d’ (5’117 ) 5np ad,
dx? _L_i = —D—eXp(—ax)
The general solution is of the form

on,(x)= Aem(z_xJ"'BeXp(?J

n n

n

n

ad,7

-————expl-ax
a’l’ -1 (- ax)
As x>, o, =0 sothat B=0. Then
—x| a®,7
o, (x)=Adexp| — |-——2"-exp(-ax
) top| 71| 00 -
ad,7,
We also have 5np(0):0:A_aTi—l’
which yields
_ad,7,
a’l -1

We then obtain

&, (x):%[em(z—x]—em(—w)}

where @, is the incident flux at x=0.

14.18
For 90% absorption, we have
)
ﬁ = exp(—ax)z 0.10
(DO

Then
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ELEN
0.1

x=[1j-1n(10)

o

exp(+ax)=

or

For hv=17¢eV, a=10"cm™
Then

x= (%} ‘n(10)=2.3x10"*cm
10
or
x=23um
and for Av=2.0eV, a=10"cm ™.
Then
05

x= (IL) -In(10)=0.23x10"* cm

or
x=023um

14.19
(@ n,=N,=5x10"cm™
I=eu,n,AE
= (1.6x107"° {1200 5x10'*)

x(5x10~ (;4)
12010

[=0.12A=120 mA
(b) H=G,z,=(10")107)=10"cm"
© Ac=ddNu, +4,)
= (1.6x107"° )10 {1200 +400)
=2.56x107 (Q -cm) '
(d) 1, =(Ac)4E
= (2.56x10)5%x10* {;J
120 x10
=32x107 A=32mA
r,=—1t
G, AL
3.2x107°
(1.6x107 J10* 510 120 x10~*)
T, =333

(e)

14.20
n-type, so holes are the minority carrier

(@)

»=G,r,=(0")i0*)
or

p=m=10"cm™
(b)

Ao = e(ép)(,un +,up)

= (1.6x107 10" )8000 +250)

or

Ac=132x107 (Q -cm) ™

()
I,=J,-A=(Ac)4E = (a0)av

(1.32x10 J10)5)

100 x107*
or
I, =0.66 mA
(d)
I
r,=—=
eG, AL
- 0.66x10~
(1.6x107 f10> 10~ 100 x10~*)
or
r,=4125
14.21

(D(x) =®, exp (— ax)

The electron-hole generation rate is
g'=ad(x)=a®, exp(-ax)

and the excess carrier concentration is
p=r paCD(x)

Now
Ao = e(ép)(,un +u, )

and
J, =(Ac)E

The photocurrent is now found from

I, :II(AG)E-dA: TdyT(AO')E-dx

X0
:We(,un +yp)EIé)7-dx
0

Then
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xQ

I, = We(yn +H, )Ea(DOz'p J.exp(—ax)dx

0
= We(,un +H, )EaCDOrp
x {—l exp (- ax)} A
a 0

which becomes

I, = We(ﬂn TH, )ECI)OTP [1—ep(-ax,)]
Now

1, =(50x107* 1.6x107"° {1200 + 450 )(50)

x(10" J2x10 7 Ji-exp (= (5x10* f10*)]

1, =0.131 4 A

14.22

v, =(0.0259 )m{m}
(1.5x10" )
=0.6530 V
L, =Dz, =+(25)5%x107)
=3.536x10"° cm

L, =Dz, =:J10)f107)

=10 cm

1/2
W 2e, (V,,+Vy)( N, +N,
e N,N,

~[2011.7)8.85x107 0653 +5)
- (1.6x107"°)

1/2
{1016 +2x10'9 }}
(10" 2x10"%)
Then
W =2.095x10"" cm
(@) 1, =eWG, A
= (1.6x107 J2.095 x10* 10> J10~*)
=3.352x10" A=33.52 uA
(b) Inn-region,
$=G,7,,=(0")107)=10"cm "
In p-region,
on=G,r, =(10*)5%x107)

=5x10" cm ™

(©) I,=eG AW+L,+L,)
= (1.6x10™° 10> f10*)
x(2.095 +35.36 +10.0)x 10 ~*
I, =7.593x107* A=0.7593 mA

14.23
In the n-region under steady state and for
E=0, we have

d*(p,)

P dx/Z

»,

Ty

D +G, - =0

or
d*(®p,) o, _ G,

dx"? Li D

P

where L, =,/D, 7, and where x' is

positive in the negative x direction. The
homogenerous solution is found from

d2 (@nh)_ épnh —
dx'’? Li
The general solution is found to be
D, (x') =4 exp[_L—x} +B exp[l—x]
P P

The particular solution is found from
_ éan GL

7))
which yields

2

&, - G, L,
D

P

P

=GL2'},

The total solution is the sum of the
homogeneous and particular solutions, so we
have

wp, (x')z Aexp(iJ+ B exp[x—]+ G,
L, L,

One boundary condition is that dp, remains
finite as x’ — oo which means that B=0.
Thenat x'=0, p,(0)=0=a,(0)+p,,, s0
that dp, (0) =—P.o-
We find that

A= —(pno +GLTp)
The solution is then written as

D, (x')= GLTp _(GLTp + Do )eXp[_L_xJ

P
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The diffusion current density is found as

d(ep, (')
Jp - _er dx x'=0
But
d(ép,) _ d(p,)
dx dx’

since xand x' are in opposite directions.
So

dp,)
dx'

=eD, |._(GLTp +pn0)J

Jp =+er

x'=0

Finally

eD,p,o
_ ptn
J,=eG L, +

p

14.24
@) J, =e®,[1-exp(-al)]

Diode A: J, =(1.6x10" |5x10"")
<fi—expl-(10* Y2 x10 )]
J, =6.92x107 A/em’
Diode B: J, = (1.6x107?(5x10'7)
xfl—exp[- 10+ J10x10 )]
J, =8.0x107A/em’
Diode C: J, =(1.6x10"(5x10')
xfi—exp[- (10* Y80 x 10 )]}
J, =8.0x107> A/em*
(b) J, =e®,[1-exp(-al)]
Diode A: J, =(1.6x10" |5x10"")
x1—exp[-(5x10? 2 <10 )]
J, =7.613x107 Alem’
Diode B: J, = (1.6x10™?(5x10'7)
xfi—expl- (510 Jrox107 )]
J, =3.148x10 7 A/em*
Diode C: J, =(1.6x10"5x10'7)
« 11— exp[-(5x102 Y80 x 10 ||
J, =7.853%x107 Alem’

14.25
@ G, % (10° J0.080)
P v (1.6x1077)15)
=3.33x10" cm s
Then

G, (x)z G exp(— a’x)
~ (3.33x10% Jexp[- (107 ()]
(b) J, =e® [I—exp(-ai)]
= 2% [1-exp(-a )

(1.6x107°)3.333x10)
o*)
«fi—exp[- (10° Y100 x10 )]
J, =533x107 A/em® =53.3mA/cm’

14.26
(@) J, =eWG,
=(1.6x10"J20x10* 10*')
=0.32A/cm”

(b) J, =e® [I-exp(-am)]
e )

(1.6x10 J102')
10°

«l—exp[-(10° Joox10* ]}

J, =0.138 A/em*®

14.27
The minimum « occurs when 4 =1xum

1

which gives @ =10 cm ™. We want

%26) =exp(-ax)=0.10

which can be written as
1
=——=10

exp(+ ax) 010
Then

x= l1n(10)= Lzln(m): 2.30x10"2cm

a 10

or

x=230 gm
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14.28

For Al Ga,_, As system, a direct bandgap for

0<x<0.45, we have
E, =1424+1.247x

At x=045, E . = 1.985 eV, so for the direct

bandgap
124 <E, <1.985¢eV

which yields
0.625<1<0.871 um

14.29
(a) From Figure 14.24, £, =1.64eV
ﬂzﬁzﬁzoﬂﬁﬂm
E, 164
(b) From Figure 14.24, E, =1.78 eV
A:ﬂzﬁzowmm
E, 178
14.30
1.24 1.24
=~ =———=18¢eV
A 0.670

From Figure 14.23, x=0.35

1431
= ssey
A 0670

From Figure 14.24, x=0.38

14.32

(a) For GaAs, n, =3.66 and for air, n, =1.0 .

The critical angle is

0, =sin"!| 2L =sin-‘(L):15.86°
i, 3.66

The fraction of photons that will not

experience total internal reflection is
20, 2(15.86)
360 360

(b)Fresnel loss:

— — \2 2
rR=| 20 =[3'66_1j =0.3258
n, +n 3.66+1
The fraction of photons emitted is then
(0.0881)(1-0.3258) = 0.0594 = 5.94%

= 8.81%

14.33
We can write the external quantum efficiency
as
Nexe =TT,
where 7, =1- R, and where R, is the

reflection coefficient (Fresnel loss), and the
factor T, is the fraction of photons that do not

experience total internal reflection. We have

— — \2

n,—n
R, =(%)

n,+1,

so that

_ _ 2
A ey
}’lz-f-l/l1

which reduces to
4nm,
(7, +7, )
Now consider the solid angle from the source
point. The surface area described by the solid

T‘l:

angleis 7 p*. The factor T, is given by

ﬂ'pz

47R’
From the geometry, we have
o 2 0
sin| — =ﬂ:>p=2Rsin =
2 R 2

Then the area is

1

(7
A=rp’ =4R27rsinz(7CJ
Now
: (7
T, =22 —sin?| <
47 R*? 2
From a trig identity, we have
(7 1
s 2 C
sin®| — [=—(l—-cos@
(%] -cosar)
Then
1
T :E(l—coséc)

The external quantum efficiency is now

New =TT, =_4n+f22'1(1—0059c)
(”1 +”2)
or
2n.n
77@,\'1 = (}7 +lﬁz)2 (1_C0S0C)
)
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14.34
For an optical cavity, we have

If A changes slightly, then N changes slightly
also. We can write
Nl 11 (Nl + 1)12
2 2
Rearranging terms, we find
Nlﬂ’l (N] +l)ﬂ‘2 Nlﬂ'l Nlﬂ'z 1’2
2 2 2 2 2
If we define A4 =4, —4,, then we have

Nt
2 2

We can approximate A, =4, then

N, A
leL:lez—L

=0

Then
12,4
2 A 2

which yields
2
A=
2L

14.35
For GaAs:

hv=142eV=> 1 =&=0.873 um
1.42
Then

2 -4 2
A= 08B0 ) 506,007 cm
2L 2(75x10°

or
AAL=5.08x10" um
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Exercise Solutions

Ex 15.1
@) Vegp = % =30V
Po= ICQ 'VCEQ
30=1,,(30)=1, =1A
Io(max)=21,, =2 A

v
R =—cc 90 _3q
Ic(max) 2
V,
®) Vo =%=20V
PT :ICQ 'VCEQ

30=1/(20)= 17, =15A
I.(max)=27,, =3A

V..
RL:—CC :ﬂ:13.3§2
IC(maX) 3
V..
(c) VCEQ= ;‘ =10V
P(max):(l-lc max 'VCEQ = [éj(lo)
2 7 2
=25W
Ic(max)=5A
V,
RL=L:§:4Q
Ic(max) 5
Ex 15.2
(@) BV =V, =24V
V
IDmax: DD:ﬁ:ZA
’ R, 12
1 1 2\ 24
P. = I —-V == —
! (2 ](2 j @(zj
=12 W
(b) BV =V, =40V
I :VDD :ﬂ:5A

D,max RL 8

1 1
P = [E : ID,maxj(E ) VDDJ

=50wW

L3

Test Your Understanding Solutions

TYU 15.1
(a) Collector Region,

1/2
2¢, (V,, +V,)( N, 1
x =4—=2 22—
" e N, \N,+N,

Neglecting V,,,
_14
. {2(11.7)(8.85 <107 )200)

1.6x107"
1/2
10'° 1
X
10" \10'" +10"
or x,=50.6 um
(b) Base Region,

_14
.- {2(11.7)(8.85><10 J200)

1.6x107"

1/2
[ 10" ( 1 j
10" N10% +10"

or x, =0.506 4m

TYU 15.2
Ver =2Vee =1 Ry
=20-1.(0.2)
So
0=20-1,(max)0.2)
= I (max)=100 mA
Maximum power at the center of the load line

LRy

P, =05W
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15.1 See diagrams in Figure 8.29 15.6
A T
152 2L 2(0x107)
R AV 060-015 =>GHz
Al (2-20)x107°
15.7
2 10 \?
15.3 @ n, :”_f:—(l-SXIOIS)
| 2 N,  8x10
= - |min_q _ -
/ 7R\ R, =2.8125x10%cm ™
. 14
) 1 o (@) on,(0)=n,, exp(%]
272(10)2x10° )V 1 N (;))
=2.39x10" Hz=23.9MHz =V =V, ln( L J
n,,
1 14
15.4 - (0.0259)]11[0—4J
@ nL=10"cm 2.8125 x10
’ 12 =0.5696 V
()L = 1315 =10"em=10 um (1) Neglecting any recombination in the base
| 0" ;= eDBnper)qa[VBEJ
()7 === = 6.667x10 s CTox v,
19 DX
N 1 _(1.6x107)20)2.8125 x10* f0.4)
i) f=m= - 2x107*
(it f T 6.667x107" <10 0.5696
_ 0, x € -
o 1.5x10 "Hz =15 GHz Xp(0.0259j
10" I.=0.640 A
. _ _ —4 _
(L= =10 em=lym (b) o1,(0)=(0.1)N, =8x10" cm ™
.. L 107" T 8x10"
(11)‘[:—:—:6.667 x10 N 1)V, 2(0.0259 )In| ——
v, 1.5x10’ 7 = ) 2.8125 x10*
1 1 =0.6234V
(i) f === —7—
6.667x10 " i, — (1.6x107 (20)2.8125 x10* f0.4)
=1.5x10'""Hz=150 GHz < 2x107*
o [O.6234)
1ss | 0.0259
I.=512A
@ E=L=—2 _6x10"Viem ‘
L 15x10°
(b) v, =1.5x107 cm/s
v, 1.5x107 0
¢) f=—t=—"" __1x10"Hz
© / L 15x107*

=10 GHz
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15.8
(a) From Figure 7.15, BV, =450 V

exfz; NB(NC+NB)

®) 7, = 2. N,
~(1.6x107° Jax10~ )
© 2(11.7)8.85x107)
_[8x10"f6x10" +8x10**)
6x10"
v, =354.4V

(¢) From Figure 7.15, BV, =65V

15.9
From the junction breakdown curve, for
BV, =1000 V, we need the collector doping

concentration to be N, =2x10"cm ™.

Depletion width into the base (neglect V,,).

1/2
2e, Vo (N 1
x =|—=| —= (| —
’ e (N, \N,+N,

~[2(11.7)(8.85x10"* {1000
- (1.6x107"7)

1/2
y 2x10" ( 1 j
5x10 A 5x10" +2x10™

x, =3.16x10"*ecm=3.16 um

(Minimum base width)
Depletion width into the collector

1/2
|28 Vie [Ny 1
" e | No \N,+N,

[2(11.7)(8.85x10 " f1000)

{ (1.6x107"7)

5%10" 1 v
X

[2x1014 J(SXIOIS +2><1014j

x, =78.9x10 " cm=78.9 um
(Minimum collector width)

or

or

15.10
BV,
(a) BVCEO — CBO
VB
300
(1) BVCE() = % =139V
300
(i) BV 4 = ol 81.4V
(b)
125

() BV =——=339V
CEO ;;\/%
15.11
(a) We have
:Beﬁ' :ﬁAﬂB +ﬁA +ﬂ3
SO
180 =258, +25+ f,
or
155 =264,
which yields
Py =5.96
(b) We have
Bripi =icp
or
+6,). _.
ﬂB( ﬂAA J'ZCA =le
SO
1+25) .
(5.96)( > ]-ICA =20
which yields
i, =3.23A
15.12

(b) PT = (% '[C,maxj(VCEQ>

30=[ 3 fo0)

=1 =1.0A
14
R, =—22 - 9O 100
Iy 05

Ve max =120V
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2

2
30 = (EJVCEQ

=V =30V

»
R, =—22 - 3030
Iy 1
Vg max = 2Vezp =2(30)=60 V

(d) Same as part (b)

(© P = (l'lc,maxj(VCEQ>

15.13
P =v., I =-|1
(@ P = ceolco = ) co

10= 61 = 1o, =1.667 A

R, = Voo 0 3600
Iy 1667

=21, =2(1.667)=3.333 A

(b) I

C,max

We have

200 -V
100

SO we can write

P:(ZOO—VDSJ_V Vi

ID

DS —

15.14
If Voo =25V, then

Vee _ 25
R, 100

IC(maX)=

The power
P=1.Ve :IC(VCC _[CRL)

Now, to find the maximum power point

=025A<I, 0,

- Vee —2I.R, =25-1.(2)100)
dl,.

which yields

[.=0.125A
So

P(max )=(0.125)25 - (0.125)100)]
or

P(max)=1.56 W< P,

So maximum V. is Ve =25V

15.15
v
Now R, =2
D
Power dissipated in the transistor

y2
P=1,Vps =R_DS

on

100 R,
For T=25°C, R,, =2Q.
Then
200=Vps -V :V_DZS
100 P
which yields
Vs =392V
The power is
p=[20 392 )300)_ 760w
100
We then have
T (C) R, (Q) | Vps(V) P (W)
25 2.0 3.92 7.69
50 2.33 4.56 8.91
75 2.67 5.19 10.1
100 3.0 5.83 11.3
15.16
(a) We have, for three devices in parallel,
LA Sy SN v(1.51)=5
1.8 2 22
or
V=3311V

Then, I = % , so that

I, =1.839 A
1, =1.656 A
I, =1505 A
Now, P=1V, so
P =609W
P, =548W
P, =498 W
(b) Now
V[L+L+LJ=5:>V=3.882V
1.8 36 22

Then
I, =2.157T A, P=837TW

I,=1078 A, P,=4.19W
I,=1.765 A, P,=685W
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15.17
(a) Let the n-drift region doping

concentration be N, =10"*cm ™.

7, =(0.0259)n
w=(00259) (1.5x10"f

=0.516 V
For the base region,

1/2
2e, (Vbi+VR) N, 1

x =J—_—syo R4y

P e N, \N,+N,

_ [2(11.7)8.85x 10 }0.516 +200)
1.6x107"

1/2
y 10" [ 1 )
107 A 10" +10%°

x, =4.86x10 " cm=4.86 4'm

= channel length

1.6x107"

1/2
y 10" ( 1 j
10" \10™ +10"

x, =4.86x10 7 cm=48.6 4 m
= drift region width
(b) Assume N, =10"*cm ™
v, =0.516 V

bi

1/2
2e, (7, +V)( N, 1
X ==L - — R —
’ e N, \N,+N,

_ [2(11.7)8.85 <10 0.516 +80)
1.6x10"°

1/2
y 10" ( 1 ]
10" N10"™ +10"

x, =3.08x10" cm=3.08 4 m
= channel length
2(11.7)(8.85x107* f0.516 + 80

“14
. :{2(11.7)(8.85><10 )0.516 +200)

1.6x107"

1/2
5 10" ( 1 j
10" N 10" +10"

x, =3.08x107 cm=30.8 um
= drift region width

15.18
(b) In the saturation region,

I, =K, (VGS ~Vr )2 = (O'ZOXVGS _2)2
Vos =Vpp —IpR, =60~1, (10)
For Vo =4V, I, =08A, Vs =52V
P=1,V,=(0.8)52)=41.6 W
For Voo =6V, I, =32A, V,, =28V
P=(3.2)28)=89.6 W
For Vs =8 V, transistor biased in the
nonsaturation region.
S - (020252 -7
We obtain 2.0V} —25V, +60 =0
=V, =324V, I,=5676 A
= P=(3.24)5.676)=18.39 W
For V., =6V, P> P, so transistor may
be damaged.

15.19

R, =—oo 9 _q
ID,max 3
vV 1
b P: DD . D,max
V 14
RL: 20 :1Oz>]Dmax: 0
ID,max ' 10
Then
P= VDD . VDD
2 20
Or
VZ
45 = 20D
40
=V, =424V
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15.20
We have o, +a, =1. Now
1+ 4, 1+,
SO
Y

27 1+ 5, +m -

which can be written as
B B)+ (14 5)

(1+5, X1+ 5,)

or
(l+ﬂ1)(l+ﬁ2):ﬂl(l+ﬂ2)+ﬂ2(l+ﬂ1)
Expanding, we find
1+, + B, + B\ B,
=p+p P+ P+ BB,
which yields
BB, =1

15.21

The reverse-biased p-well to substrate junction
corresponds to the J, junction in an SCR. The
photocurrent generated in this junction will be
similar to the avalanche generated current in an
SCR, which can trigger the device.

15.22
Case 1: Terminal 1(+), terminal 2(-), and I

negative: this triggering was discussed in the
text.

Case 2: Terminal 1(+), terminal 2(-), and I

positive: the gate current enters the P2 region
directly so that J3 becomes forward biased.
Electrons are injected from N2 and diffuse into
N1, lowering the potential of N1. The junction
J2 becomes more forward biased, and the
increased current triggers the SCR so that
P2N1PIN4 turns on.

Case 3: Terminal 1(-), terminal 2(+), and 1

positive: the gate current enters the P2 region
directly so that the J3 junction becomes more
forward biased. More electrons are injected
from N2 into N1 so that J1 also becomes more
forward biased. The increased current triggers
the PIN1P2N2 device into its conducting state.

Case 4: Terminal 1(-), terminal 2(+), and I

negative: in this case, the J4 junction becomes
forward biased. Electrons are injected from N3
and diffuse into N1. The potential of N1 is
lowered which increases the forward biased
potential of J1. This increased current then
triggers the PIN1P2N2 device into its
conducting state.
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