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Problem Solutions

Chapter 5

5.1
@
1 1

PN, (Lex10]1300)107)

=4.808 Q2 cm
11
p 4.8077

(b) o= = 0.208 () -cm)

—1

5.2
o=eu,N,
c 1.80
N = =
T T en,  [1.6x1077)(380)

=2.96x10"°cm —3

53

(a) o= elunNd
10=(1.6x10"" ), NV,

From Figure 5.3, for N, = 6x10'® cm

=3 we find ¢, =1050 ¢cm 2 /V-s which

gives
o =(1.6x107")(1050)(6x10"°)

=10.08 (Q -cm) !

® PN

1
1.6x<107" |Ju , N

0.20 =
(

a

From Figure 5.3, for N, =10" cm —3
we find 4, =320 ¢m 2 /V-s which gives

1
1.6x107'°)(320)(10"
Q -cm

54

@ Py

03 = exi0 ™ Ju v

V4 a

From Figure 5.3, for N, =8x10'®cm

—3 we find #, =220 ¢m 2 /V-s which
gives

1
P = ex10 " 220)[8x10"°)
=0.355 Q3 -cm
(b) o=eu,N,

120 =(1.6x107" Ju, N,
From Figure 5.3, for N, = 2x10"7 cm
=3, then i, = 3800 ¢cm 2 /V-s which gives
o =(1.6x107"")(3800)(2x10"7)
=121.6 (Q -cm) !

55
pL L L
R:—:—:
A o4 (eu,N, )4
"y = L
o ST (eN, )RA
2.5

“Tl.ex10"]2x10")(70)(0.1)
=1116 cm 2 /V-=s

5.6
(@ n,=N,=10"cm 3
and
n’ i 62
». :i:—(l 8;;11? ) —3.24%107*
cm —3
(b)
J=eu,nE

For GaAs doped at N, =10"°cm —3 ,
M, =7500 cm 2 /V-s
Then
J =(1.6x107")(7500)(10'°)(10)
or
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J =120 A/cm 2

®) () p,=N,=10"cm =3

rR=L L
@ o4 leu,N,]4
2
n,=—-=324x10"*cm 3

For N, =2x10'°cm =3, then
b,

(ii) For GaAs doped at N, =10'® cm

K, =400 cm 2 /V-s
. R _ (0.075) _ _
[ =310 em > Vs 1.26;2.09“)2(400)(%10 [8.5x107*]
=r- 2
J=ep,p,E

= =0.0290 A
R 68.93

or 1 =29.0mA
=(1.6x107"°)(310)(10')(10)
or

J =4.96 A/cm 2

(b)
Ro< L= R =(68.93)(3) =206.79 Q
=Y 2 000967 A
5.7 R 206.79
(@) V=IR=10=(0.1)R or I =9.67mA
or ¢y J=ep,v,
R=100Q 3
(b) For@), J =210 3415
I I 8.5%x10~
R=a:>0-=a Alcm 2
or Then
_ J 34.12
107° _
= 0 =1 = 0.01 (€ -cm) ! Uy
(100)(10
(C) o= e#nNd

ep,  [1.6x10"°[2x10']
=1.066x10" cm/s

or

-3
For (b, 7 — 26710
0.01=(1.6x10")(1350) V,
Then

2510 =11.38 A/cm
DX

2
N, =4.63x10"% cm —3 _ 11.38
¢ Vg -19 16
@ o=eu,p, (1.6x107"°)[2x10']
or =3.55%10%cm/s
0.01=(1.6x10"")(480)p,
Then 5 5.9
po :1.30)(10 Cme ZNQ_Nd (a) For Nd =2X1015Cm_3,then
So 1, = 8000 cm?/V-s
N, =1.30x10" +10" =1.13x10" V 5
cm =3 R=—=—"-—-=200Q
. . I 25x10°
Note: For the doping concentrations
obtained, the assumed mobility values are R= L
valid. (e.unNd )4
5.8

or L = (ell'tnNd )RA
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= (1.6x107")(8000)(2x10'5)(200)(5x1¢
=0.0256 cm

1
by J= i =en,v,

or U, =

A(eno)
25x107°

(5x107°)(1.6x107"°)[2x10" ]

=1.56x%10° cm/s
© I=(en,v,)4

=(1.6x107")(2x10")(5x10°)(5x10 |

=0.080 A
or [ =80mA
5.10
(a) E=K=—=3V/cm
L
4

vd ZﬂnE:} ,un :_dz%
or

M, =3333c¢m 2 /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
4
tt :i:—lo 28.33X10_”S
v, 12x10°
For GaAs: v, =7.5x10°cm/s
Then

d 107*
tt :—:—6
v, 7.5%10
(b) Silicon: For E=50kV/cm,
v, =9.5x10° cm/s

Then

=1.33x10"""¢

107

~ 9.5%10°
For GaAs: v, = 7x10° cm/s
Then

=1.05x107""s

t

107
/=

.= =1.43%x10""s
7%x10°

5.12
1 1

p= =
epn, +ett,p, e, +u,n,
(@ N,=N,=10"cm =3
=i, =1350cm 2 /V=s
u, =480 cm 2 /V=s

1

P = 6x10 1350+ 480)[1.5x10"

=2.28x%10> Q -cm

(b) N,=N,=10"cm -3
= u, =1250cm 2 /V-s
H,=410cm 2 /V-s

1
1.6x107'°)(1250+410)(1.5x10" |
=2.51%10>  -cm
(¢) N,=N,=10"cm 3

= U, =290cm 2 /V-s

a

H,=130cm 2 /V-s
e 1
1.6x107'°)(290+130)(1.5x10'|
=9.92x10°> Q -cm
5.13

(a) GaAs:
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c=eu,p,=5=1.6x10"|u p,

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

p, =1.3x10"7 cm —3 and

,Up =240 cm 2
/V-s
Then
2 6)2
; 1.8x10
n, _nt _lusxio)® 17) —2.49%107
P, 1.3x10
cm —3
(b) Silicon:
G = i E e:l‘tnnu
or
1 1
n

° " pew, (8)[1.6x107°](1350)
which gives
n, =5.79x10" cm —3

and
2 10 )2
; 1.5x1
po = n—l = M = 3.89)(105
n, 5.79x10
cm —3

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

5.14
0, = eni(lun +:up)
Then
10 =(1.6x107" (1000 + 600)x,
or
n;(300K)=3.91x10° cm —3
Now

n’ =N_N, exp —E
1 c v kT

or

N N
Eg:len[ ¢ “J

2
n;

=(0.0259) h{ﬂ}

(3.91x10°)?

which gives

E, =1.122¢v
Now
nf (500K)

(0.0259)(500/300)
=5.15x10%°

_(10”) exp[ —1.122 }

or
n;,(500K)=227%10"% cm —3
Then

o, =(1.6x107")(2.27%10")(1000 + 600)
which gives
O, (500K)=5.81x10"> (L -cm)

5.15
(a) (i) Silicon: 0; = eni(lun +ll'tp)

o, =(1.6x10™°)(1.5x10'°)(1350 + 480)
or
o, =4.39%107° (£ -cm) !
(i1) Ge:

o, =(1.6x107")[2.4x10" 3900 +1900)
or
o, =2.23x1072 (L -cm) !
(iii) GaAs:

o, =(1.6x107" )[1.8x10°)(8500 + 400)
or
o, =2.56x107° (Q -cm) 1

L
b) R=—
(b) >
@) Si:
200%x107*

= 9
(4.39><10‘6 )(85><1()—8) =5.36x10" Q
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(i1) Ge:

B 200107
(2.23x107%)[85%x10°*
(ii1) GaAs:

B 200%x107*
 [2.56x107°)(85x10°®

5.16
(a) o = elunNd
0.25=(1.6x10"" ), N,
From Figure 5.3, for N, =1.2x10" cm
=3 then U, =1300 cm 2 /V=s
So
o =(1.6x107")(1300)(1.2x10"9)
=0.2496 (Q -cm) !
(b) Using Figure 5.2,
(i) For T =250K (—23°Q),
= u, =1800 cm 2 /V=s

o =(1.6x107")(1800)(1.2x10"7)
= 0.346 (Q -cm) !
(ii) For T =400K (127° C),
= U, =670cm 2 /V-s

o =(1.6x10")(670)(1.2x10")
=0.129 (Q -cm) !

517

_ (20)(0.3) [1—

(1.5)
=397 (Q -cm) !

)=l.06><106 Q

)=9.19><1012 Q

5.18
V 2

) E=—=——
® L 150x107*

) olx)=eu,N,(x)

=133.3 V/cm

T
1 16 X
c,, =eu, -—|12x10° )| 1 ——— [x
e #n T-[( )( l.lllTjd

0

e, (2x10') 2
e
T 2(1.1117) |o

e, (2x10) S
- T 2(1.1117)

= eu (2x10')(0.55)

=(1.6x107"?)(750)(2x 10" )(0.55)
O g =132(Q -cm) —1

(c)
o A —4 —4
7 G ‘V=(1.32)(7.5><10 o) |
L 150x10~*
=1.32x10°A

or I =132u A
(d) Top surface;
o =(1.6x10"")(750)(2x10'¢)
=2.4(Q -cm) !
J =oEF =(2.4)(133.3) =320 A/cm

Bottom surface:
o =(1.6x107")(750)(2x10")
=0.24(Q -cm) !
J =oF =(0.24)(133.3 =32) A/em

5.19
Plot

5.20
(@ E=10V/cm
$0
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v, = u,E=(1350)(10) =1.35x10*

cm/s
or

v, =1.35%10° m/s
Then

1 * 2
T=—m 0
2 n~d

- %(1.08)(9.11><10‘31)(1.35><102)2

or
T =897x107"J= 5.60x10"* eV

(b) E=1kV/em
v, =(1350)(1000) =1.35x10° cm/s
or
v, =1.35x10* m/s
Then

7= %(1.08)(9.11><10‘31)(1.35><104 ’

or
7T =897x1021= 5.60x107* eV

5.21

@ n?=N_N,exp| 2=
kT

B " " ~1.10
=(2x10"|(1x10 )exp(—0.0259j

=7.18x10"
or
n, =8.47x10° cm —3
For N, =10"cm =3 >>pn, = n, =10"
cm —3
Then
J=0oE =eu,n,E
= (1.6x107")(1000)(10"* )(100)
or
J =1.60 A/em 2
(b) A 5% increase is due to a 5% increase in

electron concentration, so

2
N N
n, =1.05x10" :Td+ (TdJ +n]

which becomes

1.05x10™ —5x10")* =(5%x10")* + 2
and yields
n} =5.25x10%°

S (—E
:(2><1019)(1x10‘9)(%j exp( kTgJ

or

3
2.625%10°"% = L exp —1.10
300 (0.0259)(77/300)

By trial and error, we find
7 =456K

5.22
n’
(a o=ep,n,+ell,p, and n, =——
P,
Then
2
G:M—l_euppo

o

To find the minimum conductivity, set

-1 2
do _,_| )eﬁztnn, ve,
dp, P,
which yields

P

1/2
p, =n; [ﬁ] (Answer to part (b))
Substituting into the conductivity expression
e, n’
mlu,
vet, nlu, /)]

min

)1/2

which simplifies to

O min = 2en, |1, 1,

The intrinsic conductivity is defined as
i
u,+u,

The minimum conductivity can then be
written as

oF :eni(lun +fup):> en; =
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261’ #}1#17
M, +H,

o . =

min

5.23
(@) n-type: n, =N, =5x10""cm —3

n?  (1.5x10")°

Po T T %10

=4.5%10°%cm
p-type: p, =N, =2x10"° cm —3

2
a0t iotem

2x10'°

compensated: n, =N, —N,

o

=5%10'"" —2x10'°
=3x%10'"°cm 3
(1.5x10%)?

:W: 75)(103
X

o

cm —3

(b) From Figure 5.3,
n-type: M, =1100 cm 2 /V-s
p-type: 4, =400 cm 2 /Vs
compensated: i, =1000cm 2 /V-s
(c) n-type: O =el,n,

=(1.6x107")(1100)(5x10'¢)
=8.8(Q -cm) !
p-type: O =¢ell ,p,

= (1.6x107"?)(400)(2x10'®)
=1.28(Q -cm) !

compensated: O =el,n,

=(1.6x107")(1000)(3x10'¢)
=4.8( -cm) !
J

d J=cE=E==
(o}

120
n-type: E=——=13.6 V/cm
8.8

120
type: BE= 22 =93.75 V]
pype 1.28 em

120
compensated: E = Ty =25V/em

5.24
1 1 1 1
TR
1 1 1
= + +
2000 1500 500
=0.00050+0.000667 +0.0020
or
1
— =0.003167
y7i
Then
H =316 cm?2 /V=s
5.25

T —-3/2 300 +3/2
=(1300)| —— =(1300)| —
=100 555 | = (1300 72

(a) At T =200K,

3/2
u, =(1300) 300 =2388cm 2 /V-s
200

(b) At T =400K, i, =844cm 2 /V-s

5.26
Tt vt bl 6006
Moo, 250 500
Then

M =167 cm?2 /V-s

5.27
Plot

5.28
Plot

5.29
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dn D (5)(1014—1’1(0)]

J,=eD,—=e
dx 0.01-0

14 16
5x10 —n(o)J D _10L _2(1+£J

0.19 =(1.6x107")(25
1.6 I )( 0.010 i’ L
Then (a) For x=0,
(0.19)0.010) _ o 10 o) ;o —(1.6x107)(10)(10"¢)(2)
(1.6x1077)(25) P 12x107*
which yields =_-26.7 Alem 2
n(0) =0.25%x10" cm —3 (b) For x =—6 4 m,
5.30 —(1.6><10‘19)(10)(10“’)(2)[1—162]
_op dn_ o An J =
Jy=eD, o=eD » 12x10~
=—13.3 A/lcm 2
o 16><10-‘9)(27) 2x10'* —5x%x10" (c) For x=—12 um,
o 0-0.012 J,=0
J,=-54A/cm?2
5.33
5.31 For electrons:
) _ ﬂ_ i 15 —x/L,
@ J,=eD, =D, 2 Ty =eD, gr=eD, gliote
X
B _eDn (1015 e—x/Ln
10" — - L
—2=(1.6x10"?}(30) —”(xll
0—-20x10" Atx=0,
;o —[L6x10™J25)(10") _ |
4x107° =4.8x107° —4.8x10 " n(x, ) ! 2x107°
which yields A/em 2
For holes:

n(x1)=1.67><1014cm—3
J,=—eD, P = —ep 4 [sx10" "
dx

P P dx =
_—eD,[5x10' )e "0
(b) Ly
1015_n(x) For x=0,
_ -19 1
~2=(1.6x10 KBO){W , _=lexioJio)fsx10")
r 5%107*
4%107 =3.68x1072 —3.68x10" 7 p(x,) = 16Akm?
14 JTotal =Jn('x:0)+‘]p(x:0)
n(x,) =8.91x10" cm —3
=—2+(—16)=—18 A/em 2

32
53 5.34
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d -
J, =D, P —_ep 4 |sx107
dx

r P dx

e[binlO”)eﬂ”L

LP
(@ (@)
_(1.6x107°)(10)(5%10")
g 50x10™*
=1.6A/cm?2
(i1)
(1.6x107" )(48)(5x10")
J =
i 22.5x107*
=17.07 A/em 2
(®) @®
_(1.6x107?)(10)(5x10'% Je
b 50x107*
=0.589 A/cm 2
(i1)
(1.6x107)(48)(5%10"% Je!
J =
b 22.5%107*
=6.28 A/cm 2
5.35

J,=eu,nE+eD, dan
dx
or

—40=(1.6x10" )(960){1016 exp(;—g j:|E

+(1.6x107"°)(25)(10"¢)

i)

o1
{18><10‘4

Then

—40=(1.536) [exp[ HE 22.22 exp[ 1;

We find

(22.22 exp( g] 40

" (1.536) exp(ng

or

E=14.5—(26.0) exp[“;g)

5.36
(a)
dn

J,=eD, P =D, i[leOISe_X/L
dx

_—eD (2><1015) e

—(1.6x107)(27)(2x10'% Je /"

15%107*
=—-5.76e 't

(b)
J, = JTotal - Jn

) = —10—(-5.76¢ 7'
=[5.76¢=*'* —10| Alem 2

(c) Wehave J, =GE=(e,uPpO)E

5.76¢*' —10 = (1.6x107"" )(420)(10" |E

So E=[8.57¢*'* —14.88] Viem

5.37
dn(x)
X
We have i, =8000cm 2 /V-s, so that
D, =(0.0259)(8000) = 207 cm 2 /s
Then
100 = (1.6 %107 )(8000)(12)n(x)
dn(x)
dx

(a) J= e,unn(x)E+eDn

+(1.6x107?)(207)

which yields

100 = (1.536x107 Jn(x) +(3-312X1017)%

Solution is of the form

n(x)=A+Bexp(_7xj

so that
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dn(x) - B (—xj
=—exp| —
dx d d

Substituting into the differential equation, we

have

100 =(1.536x107"* )|:A +B exp(_?x ﬂ

d
This equation is valid for all x, so
100 =(1.536x107" ) 4
or
A=6.51x10"

[3.312x1077) Bexp[—_x)
d

Also
1.536><10'4Bexp[_7x)

_(3.312x1077) Bexp(—_sz 0
d d

which yields
d=2.156x10"cm
At x=0, e,unn(O)E =50

so that

50 = (1.6x107")(8000)(12)( A4 + B)
which yields

B =-3.255x10"
Then

n(x) =6.51x10" —3.255x10" exp(_?xj

cm —3
(b)
At x=0,
n(0) =6.51x10'"° —3.255%x10"°
Or
n(0) =3.26x10"° cm —3
At x =50 ttm,

n(50) =6.51x10" —3.255x10" exp[

or
n(50) =6.19%10"° ¢cm —3

(©

—-50
21.56

At x =50t m,
J 4y =ep,n(50)E

=(1.6x107")(8000)(6.19x10" )(12)
or
J 4y [x =50) =95.08 A/em 2
Then
J 4y [x =50) =100—95.08
or
J gy (X =50) =4.92 Ajem 2

538
n=n, exp(M]
kT
@ Ep—Ep=ax+b, b=0.4
0.15=al107)+0.4
which yields
a=-2.5x10>

Then
E,—E, =04-25x10"x
SO

0.4—2.5x10°x
kT

n=n, exp[

(b) J,=eD, dan
dx

—2.5x10? 0.4—-2.5%x10°x
=eD,n,| ——— |exp
kT kT

Assume 7 =300K, so k7 = 0.0259 eV
and

n, =1.5%10" cm —3
Then

, _—lrex10)25)(1.5x10" [2.5x10°)
" (0.0259)

ox 0.4—2.5x10%x
P 0.0259

or

J
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n

J, =-5.79%10""* exp
0.0259

(i) At x=0,J, =-2.95x10° A/em 2
(i) At x=5um, J, =—23.7 A/em 2

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

—80 =(1.6x10""")(1000)(10"° )[1—%

+(1.6><10“’)(25.9)[_1]?16 )

where 7. =10x10* =103 cm
We find

—80=(1.6)E—(1.6)[1(;C_3 )E—41.44

or

80 = (1.6)[%—1)E+41.44

Solving for the electric field, we find
24.1

1_1 V/em
L

E=

(b) For J, =—20 A/cm 2

20 =(1.6)[%—1)E+41.44

0.4—2.5><102xJ

_ _(0-0%5/2) ‘i[Ndoe_X/L]
N e dx

~ —(0.0259) (-1 L
N ot |\ L do©
do

~0.0259 _ 0.0259
L 10x107*

or E, =259V/cm

b) ¢= —_[Ede — (25.9)(2—0)

= —(25.9)(10x107*) = —0.0259 v
or ® =—259mvV

5.41
From Example 5.6

~(0.0259)(10") _ (0.0259)(10°]

E = -
(10 -10"x)  (1-10°x)
1074
v=—|E.d
! x
1074

= —(0.0259)(10%) J- h—fﬁj

1074

0

= —(0.0259)(10° )[%jln[l ~10° 5]

=(0.0259)[In(1—0.1) — In(1)]

or

V ==2.73 mV
5.42
! e | N,(x) dx

For N,(x)=N_ e "
0.0259

So E, = =500 V/cm

Which yields 7. =5.18x107> ¢cm
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5.43
(a) Wehave

dn _eD, dN ,(x)
dx dx

_(—L) do EXP! I

We have

Jay =€D,

D, =u, [k—TJ= (6000)(0.0259)
e
or
D, = 155.4cm 2 /s

Then

J

= (0.1x10*

or

— X
Jdiﬁ‘ :—1243X105 CXP(TJ A/cm

(b)

0=Jur +Juy
Now

Jur =eu,nE

= (1.6x107)(6000)(5x10"® )[eXp[_Tx HE

or

Sy = (48){exp(_—Lx ﬂE

We have
Jdrf =—J

SO

(48){@(1{% ﬂE =1.243%x10° exp[—_ij

which yields
E =2.59%10° V/cm

difff

5.44
Plot

5.45

_(1.6><10_19 )(155,4)(5><1016) exp(_

@ () D, =(0.0259)(1150) =29.8 cm

2 /s
i) D, =(0.0259)(6200) =160.6
cm 2 /s
i = =308.9 cm 2 /V-
® O u, 5.0259 cm 2 /V-s
i = =1351 cm 2 /V-
(i) ¢, 0.0259 cm 2 /V-s
5.46
L=10"cm, W =10"7cm,
d=10"cm
(@)
, 1B, _ —(1.2x107)[5%1072)
= -

ned  (2x10%)1.6x107°][10]

=—1.875x10">V
or Vi =—1.875mV

(b)
Vy -1 B
E, :_sz:_().1875 \V4
w 10~
/em
5.47
@) Vy =
a =
1 ned

—(250x107)(5x1072)
(5x10%')[1.6x107"°|[5%10~°)

or
V, =—0.3125mv

(b)
E, =

Vi _ —0.3125%107°
w 2x1072

or
E, =—1.56x107> V/em
()
1L
o = v wa

(250x10°)(107)

(1.6x107")(5x107')(0.1)[2x10~* |[5x 1077
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or
M, =03125m2/Vs=3125cm 2 /V-

5.48
(@) Vy <0= n-type

(b)
~1,B,  —(0.50x107)0.10)

edV,  [1.6x107°)[107°)-5.2x1
= 6.01x10%' m 3
or n=6.01x10"cm =3

I,L
enV Wd

() Hy=

(0.5x107)(1072)
(1.6x10™"°][6.01x10'[[15)[10~* {10
—0.03466m 2 /Vs
or M, =346.6cm?2 /V-s

5.49
(a)
v, =E, W =-(16.5%107)(5x102
or
V, =-0.825mV
(b) ¥V, =negative = n-type
_IXBZ

© 7= edV,
—(0.5x107)(6.5%x1072)
(1.6x107")[5%107° ) 0.825x10*)

or
n=4.924x10%'m 3
=4.924x%10" cm 3
(d)

L
= enV Wd
B (0.5%107)(0.5x1072)

u,=0.1015m2/Vs=1015 cm 2 /V-

 [1.6x107°)(4.924x10%")(1.25)|5x10~*

or

5.50
(a) Vi = negative = n-type
b n — - X z
®) edV,

B —(2.5%107)2.5%107?
 (1.6x107°][0.01x107% |- 4.5%x10° |

or
n=28.68x10""m > =8.68x10"

cm 3

VANY &
enlV Wd

(c) £, =

_{ (2.5x107)(0.5x1072) }
| (1.6x107?)(8.68x10%°)(2.2)

>{(0.05><1o—2 ;(0.01><10—2)}

or
i, =0.8182m?2/Vs=8182cm 2 /V-

1
do=—=ecu,n
(d) 5

= (1.6 x 107" )(8182)(8.68 x 10"

or
p =0.88 () -cm)
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