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1.1
(a) fcc: 8 corner atoms X 1/8 =1 atom
6 face atoms X ' =3 atoms
Total of 4 atoms per unit cell

(b) bee: 8 corner atoms X 1/8 = 1 atom
1 enclosed atom =1 atom
Total of 2 atoms per unit cell

(c) Diamond: 8 corner atoms X 1/8 =1 atom
6 face atoms X Y5 =3 atoms
4 enclosed atoms =4 atoms
Total of 8 atoms per unit cell

1.2
(a) 4 Ga atoms per unit cell

. 4
Density =

— =
(5.65x10™)

Density of Ga = 2.22x10” em”™
4 As atoms per unit cell, so that

Density of As =2.22x10" cm™
(b)
8 Ge atoms per unit cell
8

Density = ——— =
(565x10™)

Density of Ge = 4.44x10% c¢m™

1.3
(a) Simple cubic lattice; a =2r

Unit cell vol =4’ = (2r)’ =8/

4’
1 atom per cell, so atom vol. = (1)
3

)

3

Then

Ratio =
8r
(b) Face-centered cubic lattice

d
d=4r=a\/E:> a=—==22r

N

Unit cell vol =’ = (2\/51’)3 =16v2 1

4mr’
4 atoms per cell, so atom vol. =4

3
Then
4 -
3
Ratio =————=x100% = Ratio = 74%
1642 F° _—
(c) Body-centered cubic lattice
4
d=4r=a~3 :>a=Tr
3

4 3
Unit cell vol. =4’ = (_,,)

NE

4mr’
2 atoms per cell, so atom vol. =2| ——
3
Then
4’
2 3
Ratio=———7-x100% = Ratio = 68%

4r
J3
(d) Diamond lattice

8
Body diagonal =d =8r = a\/g =a= Tr
3

8r )
Unit cell vol. =4’ = (_)

5

4’
8 atoms per cell, so atom vol. § ——

x100% = Ratio = 52.4%

3
Then
A’
8 3
Ratio = —— X 100% = Ratio = 34%
) e
NE)
1.4

From Problem 1.3, percent volume of fcc atoms
is 74%; Therefore after coffee is ground,

Volume = 0.74 cm’
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1.5

. 8
(a) a=543 4 From 1.3d, azTr
3
sothat r=——=—"—--=1184
8 8

Center of one silicon atom to center of nearest
neighbor =2r = 236 4

(b) Number density

8 . 22 -3
=—————— = Density =5x10" cm

(543x10™)
(c) Mass density
_ N(4rwr)  (5x107)(2809)

Then mass density is
485x10™

=
(28x10™)’

p=221gm/cm’

=p
N, 6.02x10”
p =233 grams/ cm’
1.6
(a) a=2r, =2(1.02)=2.04 4
Now

2, +2r, = a3 = 2r, = 2.04/3 - 2.04
so that 7, =0.747 A
(b) A-type; 1 atom per unit cell

Density = W =

Density(A) = 1.18x10™ cm™
B-type: 1 atom per unit cell, so
Density(B) =1.18x10" ¢m™

1.8
@) av3=2(22)+2(18)=8 A
so that

a=4624

Density of A =

= 1.01x10” cm™
(462x10")

Density of B = ——
(4.62x10™)

(b) Same as (a)
(¢) Same material

= 101x10% cm”

1.9
(a) Surface density
1

1
= = =
a2 (4624107 )2
331x10" em™

Same for A atoms and B atoms
(b) Same as (a)
(¢) Same material

1.7
()
a=18+10=> a=284
(©
1/2
Na: Density = / T = 2.28x10% em”™
(2.8x10‘8) —_—

Cl: Density (same as Na) = 2.28x10* ¢m™

(d)

Na: At.Wt. =22.99
Cl: At. Wt.=35.45
So, mass per unit cell

1 1
—(22.99) +—(35.45)
2 2

= - =485x10""
6.02x10

1.10

1
(a) Voldensity =—

o

1
a2

o

Surface density =

(b) Same as (a)

1.11
Sketch

1.12
(@)

g
(

,l):> (313)
1

W | =

(b)

> >

! l): (121)
274

| =
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1.13
(a) Distance between nearest (100) planes is:

d=a=5634

(b)Distance between nearest (110) planes is:

5.63
d——a\/_ \/— \/—

d=398 A4

(c) Distance between nearest (111) planes is:

5.63
Lot

or

2 atoms u
=—5 = 988x10" cm

(450x10™)
(i1) (110) plane, surface density,

2 atoms “
== 699x10" cm

V2(450x10™)’

(iii) (111) plane, surface density,

1 1
(3'+3-)
6 2) 4

V3, VBasoxio®Y
) a

or 114x10° em™

or
d=3254

1.14

(a)

Simple cubic: a =450 4

(1) (100) plane, surface density,
1 atom

=————— = 4.94x10" cm”
(450x10°) ———————
(i1) (110) plane, surface density,

1 atom o
=5 = 349x10 cm

V2(450x10")

(iii) (111) plane, surface density,

(&) ‘

3| — | atoms —

1 2
7a\/5-x l.a ﬁ \/ga
(2)) e

1 14 -2
=———5 = 285x10 cm
J3(as0x10%)
(b)
Body-centered cubic
(1) (100) plane, surface density,

Same as (a),(i); surface density 4.94x10" cm™

(i1) (110) plane, surface density,

2 atoms “
=== 69910 cm

J2(450x10")

(iii) (111) plane, surface density,

Same as (a),(iii), surface density 2.85x10" cm™

(©
Face centered cubic
(1) (100) plane, surface density

1.15
(a)

(100) plane of silicon — similar to a fcc,
2 atoms

AN =
(543x10™)
6.78x10" cm™

surface density =

(b)
(110) plane, surface density,

4 atoms w
=—— = 95910 cm

2
V2(543x10")

(c)

(111) plane, surface density,

4 atoms RN
=75 > 78310 cm

V3(543x10™")

1.16
d=4r= a\/z
then
4r  4(2.25)
=—==—-—"=06364 4
NCRENEY
(a)
4 atoms

Volume Density = ;
(6.364x107)

155x10% em™

(b)
Distance between (110) planes,
1 2 a 6.364
=—a = =
V2 2
or
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C 16
. 5x10")(30.98)
Surface density (a) Fraction by weight = —( 22) =
_ 2atoms _ 2 (5x107)(28.06)
Vaa' \a(6364x10") 110x10°
or (b) Fraction by weight
3.49x10" cm™ ) (10")(1082)
(5x10)(30.98) +(5x107 )(28.06)
1.17 7715107

Density of silicon atoms = 5x10” ¢m™ and 4
valence electrons per atom, so 1.21

Density of valence electrons 2x10* cm™

1
Volume density = — =2x10" cm”
d

1.18 So
Density of GaAs atoms d=794x10° cm =794 A
8 atoms n 4 ,
= =444x10" em We have a, =543 4
(5.65x10™) So
An average of 4 valence electrons per atom, d 79 d
Density of valence electrons 1.77x10% em”™ a_ - E = a_ =146
— o ° o
1.19
16
(a) Percentage = - x100% =
5x10
4x10” %
15
(b) Percentage = - x100% =
5x10

2x10°%
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2.1 Computer plot 1o h_ 6.625x107"
p  54x107
2.2 Computer plot or
A=1234

2.3 Computer plot

2.4

2mx
For problem 2.2; Phase = — — w¢ = constant

Then
21 dx dx (l)
——-w=00 —=v =+0| —
A dt dt ’ 27

2mx
For problem 2.3; Phase = 7 + ¢ = constant

Then
27 dx dx (l)
——+w=0 o —=v =-0 —
A dt dt 2
2.5

hc hc
E=hv=—=21=—
A E

Gold: E = 4.90 e = (4.90)(1.6x10") J
So

(6.625x107)(3x10") .
A= (4.90)(1.6x10_19) = 2.54x10" cm

or
A =0254 um

Cesium: E =190 e = (190)(16x10") J
So

(6.625x107)(3x10") s
A= (1.90)(1.6)510_19) = 6.54x10 " cm

or
A = 0.654 tm

2.6
(a) Electron: ) K.E. =T =1eV =16x10" J

p=~2mT = \[2(9.11x10")(16x10™")

or

(i) K.E. =T =100 eV =1.6x10" J
p=~N2mT = p=54x10"kg—m/s

Chapter 2
Problem Solutions

h .
A=—= A=1234
p -

(b) Proton: K.E. =T =1eV =16x10" J

p=~2mT = \/2(1.67x10‘”)(1.6x10“"’)

or
p=231x10" kg—m/s
h 6.625x107"
A=—= . =
p  231x10
or

A=0287 4
(c) Tungsten Atom: At. Wt. =183.92
For T=1eV =16x10" J

p=~N2mT

= \/2(183.92)(1.66x10’27)(1.6x10’19)

or
p=313x10" kg=m/s
h 6.625x107"
A=—= . =
p  3.13x10
or

A=00212 4

(d) A 2000 kg traveling at 20 m/s:
p =mv =(2000)(20) =

or
p=4x10" kg—m/s
h  6.625x107"
A=—=———
p 4x10
or

A=166x10" 4




Semiconductor Physics and Devices: Basic Principles, 3™ edition

Solutions Manual

2.7

3 3
E ==kT ==(00259) =
2 2

avg
or

av,

E  =001727 eV

Now

Do =/ 2mEm,g

= 2(9.11x10™)(001727)(16x10™")

or
P = 71x107™ kg—m/s
Now
- h 6.625x107
p  711x107°
or
A=9334
2.8
he
Ep = hvp =—
A
V4
Now

o’ h 1 (nY
E, =— and pe=/l—:> E =—|—

A

e

2m 2m

e

Set £, =E, and 4,=104,
Then

he 1 (Y (1)
ﬂ,p 2m\ 1, 2m 7Lp

which yields
_ 100A

2mc

2(9.11x10™)(3x10")°
= =
100

So
E =164x10" J =103 keV

2.9

(@) E-= %mvz = %(9.1 1x107")(2x10")

10

or
E=1822x10" J= E =114x10" eV

Chapter 2
Problem Solutions

Also
p=my=(911x10"")(2x10') =

p=1822x10"" kg—m/s

Now
h o 6.625x107"
= = =
p 1822x107°
A=364 4
(b)
h 6.625x107"
p=—="""""—"==
A 125x10
p=53x10""kg—m/s
Also
53x107
y=2_ YT 582x10° m/ s
m 11x10°
or
v=582x10° cm/ s
Now

E= %mvz = %(9.1 1x10™")(582x10° )’

or
E=154x10"" J= E =9.64x10" eV

2.10
he  (6.625x107)(3x10°)
(a) E=hv=—= .
A 1x10°
or
E=199x10" J
Now

E=eV=199x10" = (L6x10"" )V
SO
V =124x10"V =124 kV

(b) p=2mE = \/2(9.1 1x10™")(1.99x107™)

=6.02x10" kg—m/s
Then

h o 6.625x107" .
; = W = A=0114
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2.11
B 1.054x107°
(@ Ap=—=—"""=
Ax 10
Ap =1.054x107" kg—m/ s
(b)
h
= —C = hc(gj = pc
A h
So

AE = c(Ap) = (3x10°)(1054x10™ ) =
or
AE =316x10" J = AE =0.198¢V

2.12
A 1.054x107"

(@ Ap=—=—""""—
Ax  12x10°

Ap =878x107" kg—m/s

(b)
1 (ap) 1 (878x107)
2 om 2 5x10”
AE =771x107 J = AE =482x10" eV

AE

213
(a) Same as2.12 (a), Ap =8.78x10™° kg—m/s

(b)

1 (ap)' 1 (878x107)
2 m 2 5x107
AE =771x107 J = AE =482x107 eV

AE

2.14
ho 1.054x107°
p=—=——"—"—=1054x10
Ax 10
Ap  1.054x107"
p=mv=a>Av=—=—"-""=
m 1500
or
Av=7x10" m/s
2.15
A 1.054x107"
(@ Ap=—=—""""

Ax 107"
Ap =1.054x10"" kg—m/ s

b) A 1.054x107*
==
(1)(1.6x10™)
or
At =6.6x107"° 5
2.16

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

-1’ 'Y (x,t OV, (x,t
—'¢+V(x)‘{’l(x,t) - jhﬂ
2m ox
and
A ACH oV, (x,¢
—-¢+V(x)‘{’2(x,t) =jhﬁ
2m ox ot
Adding the two equations, we obtain
-n o

E.Ebc_z[\yl(x,t)wl‘z(x,f)]

V([ (x,0) + P, (x,7)]

= jh 9 [ (x,0)+¥, (x,)]
ot

which is Schrodinger’s wave equation. So
W (x,1)+¥,(x,¢) is also a solution.
(b)

If ¥ - ¥, were a solution to Schrodinger’s wave

equation, then we could write

-n' 9
B (‘{Jl "{Jz)+V(x)(‘{J1 ‘{Jz)
m ox
0
=]h_(\ill ‘{Jz)
ot

which can be written as

-n'| 9, Y oY oY,
—| ¥ +'¥, +2—-

2m ox’ ox’ ox  ox

Y, ¥,

+V(x)¥, Y, = jn| ¥, +¥, —

ot ot

Dividing by ¥, - ¥, we find

-n'| 1 Y, 1 9¥¢, 1 9¥ 9Y¥,
_ + —- + _—

2m |[¥, ox ¥ o’ YWY, ox ox
1 0¥, 1 9%
+V(x) = jo| ——>+——

Y, ot ¥ ox

11
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Since ¥, is a solution, then

-1 Y 1 ¥

Subtracting these last two equations, we are left
with

-0’ [ 19",

2m

2 0¥ oY,

PR + —_—

Y, ox’ YWY, ox ox

" 1 9Y¥,

= ] —_—
¥, ot

Since ¥, is also a solution, we may write

-n 1 'Y

Subtracting these last two equations, we obtain

-n° 2 ¥ 9,
— L —2 7 (x)=0
2m WYY, ox ox

This equation is not necessarily valid, which

means that ¥\, is, in general, not a solution to

Schrodinger’s wave equation.

2.17
¥(x,1) = Afsin(mx)]exp(—jax)

J|T(x,t)|2dx =1= |A|2J.sin2 (7oc)dx

-1 -1

or
1 1 +1
|47 -[—x——sin(Zﬂx):| =1
2 4r 4
which yields
A|=1 or A=+l,~-1,+j,—j
2.18

W(x,t) = A[sin(nmx)]exp(—jr)
[ (e, dx = 1=] 4 [ sin’ (nm)dx

or

+1

1 1
|4’ -|:Ex——sin(2n7zx):| =1

dnrw o
which yields

|A|2 =2 or

A=+2 -2, + 2, -2

2.19
Note that j\y Py =1
0

Function has been normalized
(a) Now

“ft 2 —X ’
P= —exp| — || dx
0 ao ao

which yields
P =0393

(b)
“f? 2 —-X ’
P= J. —exp| — | | dx
a”/4 an aa
2P (2x
=— J. exp| — ldx
an a”/4 an
2 (—a{)) (—Zx)a”/z
=—| —= |exp| —
a 2 a, ),
or
-1
P= —1|:exp(—l) - exp(;):|

which yields
P =0239

(©)

2% (-2x 2 (—ao) —2x )"
=—jexp — dx =—| — |exp| —
a,’, a a, \ 2 a, ),
or
P =—1[exp(-2)-1]
which yields
P =0865

Chapter 2
Problem Solutions

12
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2.20
(a) kx— o =constant
Then
dx dx 0}
k—-0=0= —=v =+—
dt dt k
or
15x10" .
v, = o= 10" m/s
1.5x10
v, = 10° em/ s
(b)
2r 2r 2r
k=—=A=—-= ;
A k 1.5x10
or
A=419 4
Also
h 6.625x107"
p=_ ="
A 419x10
or
p=158x10" kg—m/s
Now
he  (6.625x107)(3x10°
oy e (o510 )(3010)
A 419x10"
or

E=474x10" J = E =296x10" eV

2.21
v(x)=4 exp[—j(kx + a)t)]

where

A 2mE

h
J2(0.11x10™)(0.015)(16x10™)

k:

1.054x107
or

k=627x10°" m"

Now
E (0.015)(L6x10™)

o 1.054x10™

or
=228x10" rad /s

13

2.22
' (1054x107) 7’
2ma” 2(9.11x10™)(100x10™")’
SO
E =6.018x10"n" (J)
or
E =376x10"n" (eV)
Then
n=1= E =376x10" eV
n=2= E,=150x10" eV
n=3= E, =338x10" eV
2.23
nn'n’
(a) E= ;
2ma
(1.054x107*) s’
2(9.11x107)(12x107™)’
=481x107"'n" (J)
So

E, =418x10" J= E, =026leV

E,=167x10" J = E,=104¢V
(b)

hc hc
E,-E =hv=—=2A=—
A AE
or
(6.625x107)(3x10")
167x107™ —4.18x10™
A=159x10"° m
or
A =159 um
2.24
(a) For the infinite potential well
n'n'n’ , 2ma’E
= =n =
2ma’ '
SO
2(10°)(10) (107
200Ny 0)
(1054x10™) 7°
or
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n=135x10"
(b)
hZﬂZ
AE == [(n+1) =]
2ma
W’
; 2n+1)
2ma
or

(1054x10™) 7 (2)(135x10”)

2(107)(107)’

AE =148x107" J

Energy in the (n+1) state is 1.48x10™" Joules

larger than 10 mJ.
(c)

Quantum effects would not be observable.

2.25

For a neutron and n= 1:
L (L054x107 )7’

2ma” 2(166x107)(10™)

or
E, =2.06x10° eV

For an electron in the same potential well:

(1054x107™) 7’
2(911x107)(10™Y

or
E =3.76x10" eV

2.26
Schrodinger’s wave equation

0’ l//(x) 2m

ox’
We know that

(E V(x)y(x)=0

y(x)=0 for x> < and x < —
2 2

+
V(x)=0 for —<y< 2
2 2

so in this region
0’ l//(x) 2mE
ox’
Solution is of the form
v (x) = Acos Kx + Bsin Kx

14

2mE
h 2
Boundary conditions:

where K =

(x)=0 at +a —-a
y(x)=0at x=—,x=—
2 2
So, first mode:
v, (x) = AcosKx
T '’
where K =— so E, = ;
a 2ma
Second mode:
v,(x) = Bsin Kx
2 ar’n’
where K =— so E, = ;
a 2ma
Third mode:
v, (x) = Acos Kx
3n on’n’
where K=— so E, = ;
a © 2ma
Fourth mode:
l//4(x) = Bsin Kx
4r 167°n’
where K =— so £, = .
a 2ma
2.27

The 3-D wave equation in cartesian coordinates,
for V(x,y,z) =0

o'y(x,y,2) N 2'y(x,y,2) N o'y (x,y,2)
ox’ dy’ oz’

z)=0

Use separation of variables, so let

y(x,»,2) = X(x)Y(y)Z(z)
Substituting into the wave equation, we get

X Y aZ 2mE

YZ—+XZ—+ XY —

ox dy oz’ "

o . , 2mE
Dividing by XYZ and letting £~ = ——, we
obtain

1 °X 1 9Y 1 9 ,

) — =¥+t 5+ =0

X ox Y o° Z oz
We may set
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2

1 o’'X ,
—5 = —k_ so ;
X ox ox

Solution is of the form
X(x) = 4sin(k x)+ Bcos(k x)
Boundary conditions: X(0)=0= B =0

+k’X=0

nw
and X(xza)zO:>kX= -
a
where n, =1,2,3,...
Similarly, let
1 0y , 1 9°Z ,
——=-k, and —-——=—k;
Y oy Z oz
Applying the boundary conditions, we find
nm
k,=——,n =1,2,3,..
a
nm
k. =——,n=1,2,3,...
a

From Equation (1) above, we have
—kf —kf_ —k: +k'=0

or
2mE
2 2 2 2

k +ky +kl =k = P

so that
W'’
E=E  , = 2(nz+nz+nz)
Y 2ma ‘ ’

2.28

For the 2-dimensional infinite potential well:

I'y(x,y) . d'y(x,y) | 2mE
ox’ 9y’ n’
Let y(x,y)=X(x)¥(y)
Then substituting,
X Y 2mE

v(x,y)=0

Y — 4+ X —+——XY=0
ox ady
Divide by XY
So
1 9°X 1 9°Y 2mE
o 2 - 2 + 2 :O
X ox Y oy fi
Let
19X r
X o *
or

15

)X
—2+kXX=0
ox

Solution is of the form:

X = 4sin(k x) + Bcos(k x)
But X(x=0)=0=B=0
So

X=4 sin(kxx)
Also, X(x=a)=0=>ka=nnm
Where n, =1,2,3,...

nmw
So that k£ =—
a
We can also define
1 oY .
Y ayz v

Solution is of the form
Y==C sin(k}_y) +D cos(k}_y)

But

Y(y=0)=0=D=0
and

Y(y=b)=0= kb=nm
so that

nrw

k =—

) b
Now

—k! =k +——=0
TETT
which yields

wr'(n® o n
E=E, = —+ 2
i 2m \ a b

Similarities: energy is quantized
Difference: now a function of 2 integers

2.29
(a) Derivation of energy levels exactly the same
as in the text.

'’
(b) AE = - (n} -n?)

Forn,=2,n =1
Then
3n'n’

2
2ma
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) a=44
3(1.054x10™) 7’

i 2(1.67x107)(4x10™")’
AE =385x10" eV’

(ii) a=05cm
3(1.054x10™) 7’

2(167x1077)(0.5x107 )’

AE =246x107"7 eV

2.30
(a) ForregionlIl, x >0

o’ 2
—"'Zz(x) + 2 E-v)y.(x)=0
ox f

General form of the solution is

v, (x) = Az exp(szx) + Bz exp(_szx)
where

2m
hZ
Term with B, represents incident wave, and

K =

2

(E-7,)

term with A, represents the reflected wave.
Region I, x <0

o’ 2mE
W—‘z(x)+ "y, (x)=0
ox h

The general solution is of the form

w,(x) = 4, exp(jK x) + B, exp(— jK,x)
where

2mE
hZ
Term involving B, represents the transmitted

wave, and the term involving A, represents the

reflected wave; but if a particle is transmitted
into region I, it will not be reflected so that

4=0.
Then

v, (x) = B, exp(—jK x)

v, (x) = 4, exp(jK,x) + B, exp(—jK,x)
(b)

Boundary conditions:

My (x=0)=y,(x=0)

16

oy, (x)|
ox

Applying the boundary conditions to the
solutions, we find

B =4 +B,
KzAz - Ksz = _KIBI
Combining these two equations, we find

K, -K, 2K,
A4, = B, and B = B,
K, +K K, +K

The reflection coefficient is

* 2
oA (K=K
BB K, +K,

oy, (x)|

x=0 ax

2)

x=0

272
The transmission coefficient is
4K K,
(Kl + KZ )2

T=1-R= T=

2.31
In region II, x > 0, we have

v, (x) = 4, exp(-K,x)
where
2m(V, — E)
hZ
For V,=24¢el and E =21eV

K:

2

1/2

2(9.11x107")(2.4 - 2.1)(1.6x10™")

2

(1054x10™)’
or
K, =281x10" m™
Probability at x compared to x = 0, given by

2

v.(x)
y,(0)
(a) For x=12 4

P = exp[-2(281x10°)(12x10™°")] =

= exp(—2K,x)

P=118x10" =0.118%
(b) For x =48 4°
P = exp[-2(281x10°)(48x10™"")| =

P=19x10"%

2.32
For V,=6eV ,E=22¢V
We have that
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T= 16(%)(1 - VE[)) exp(-2K,a)

where
K, - 2m(V02— E)
n
2(9.11x10” )(6-22)(16x10™) |
(1054x107™)’
or

K, =9.98x10" m”

For a=10" m

T= 16(%)(1 - %) exp[-2(9.98x10")(10™)]

or
T=050

For a=10"m

T=797x10"

T = 3exp[-2(4.124x10")(15x10™°)]
or
T=127x10"

2.33
Assume that Equation [2.62] is valid:

T= 16(%)(1 - Vﬁo) exp(-2K,a)

(a) For m=(0.067)m,

‘- [2m(v, - E)
2 hz

2(0.067)(9.11x10™ )(0.8 - 0.2)(1.6x10™")

1/2

(1.054x107*)’
or
K, =1.027x10" m"
Then

T= 16(%)(1 - %) exp[~2(1.027x10°)(15x10™")]

0.8

or
T=0138

(b) For m= (1.08)m0

2(1.08)(9.11x10™ )(0.8 - 0.2)(1.6x10™")

2

(1054x107™)’
or

K, =4.124x10" m™
Then

2.34
V,=10x10° eV , E =3x10" eV ,a=10"m
and m=167x10"" kg
Now
2m(V, - E)

hz

K =

2

2(1.67x10”)(10-3)(10°)(16x10™) |

(1054x107™)’

or
K, =580x10" m™

So

T= 16(1)(1 - i) exp[-2(580x10" )(10™)]
10\ 10

or
T=306x10"

2.35

RegionI, ¥ =0 (x < 0) ; Region II,
V=V,(0<x<a);Regionlll, ¥ =0 (x>a).
(a) Regionl;

v, (x) = 4 exp(jK x)+ B, exp(—jK x)

(incident) (reflected)

Region II;

w,(x) = 4, exp(K,x) + B, exp(-K,x)
Region III;

v, (x) = 4, exp(jK x) + B, exp(—jK,x)
(b)
In region 111, the B, term represents a reflected

wave. However, once a particle is transmitted
into region III, there will not be a reflected wave

which means that B, =0.
(c)
Boundary conditions:
For x=0:y =y, > 4 +B =4,+B,
d d
W _ Ve KA - KB, =KA KB
dx dx
Forx=avy,=y, =
A, exp(Kza) + B, exp(—Kza) = A, exp(jKla)
And also

2
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dy, dy,
— ==
dx dx
K, A, exp(K,a) - K,B, exp(—K,a)
= JK A, exp(jKla)
Transmission coefficient is defined as
A4,
AIAI*
so from the boundary conditions, we want to
solve for A, interms of A4, . Solving for 4, in

T

terms of A, , we find

+jA
Al = H{(K; - Klz )[exp(Kza) - exp(—Kza)]
-2jK K, [exp(Kza) + exp(—Kza)] } exp(jK,a)
We then find that
A A,
AA =—332—J(K! - K )exp(K,a
1771 (4K1K2)2 {( 2 1 )[ ( 2 )
—exp(—Kza)]2
+4K'K, [exp(Kza) + exp(—Kza)]2 }
We have
2m(V, - E)
h2
and since V, >> E , then K,a will be large so
that
exp(Kza) >> exp(-K,a)
Then we can write

K, =

AA
4,4 =—=—{(k: - k] lexp(K,a)]
1 1 (4K1K2)2 2 1 2
HK'K! [exp(Kza)]z}
which becomes
A A
A =—2—(K, + K )exp(2K,a)
1 1 (4K1K2)2 2 1 2

Substituting the expressions for K and X, , we
find
2mV,
K +K =—*
h
and

2m\V, — F 2mE
K‘szz[ (1:2 )}[ n }

18

2m
= (T)(Vo = E)(E)
or
2m Y E
K12K22 = (_rznj Vo(l __)(E)
VO
Then
2mV, Y
AzAz( 'Zz 0) exp(2K,a)
Al Al* = 2
2m E
16 (2) vi1-—|(E)
VO
_ A4,
E E
16(}(1 - ) exp(-2K,a)
VO o
or finally

A A, E E
T=—""=16{ — | 1-— |exp(-2K,a)
AA v v

2.36
Region: V' =0
0’ 2mE
al/il + 2 I//1 = O =
X h

v, = A4, exp(jK x)+ B exp(—jK x)
(incident wave) (reflected wave)
2mE
hZ
RegionII: V' =V,
oy, .\ 2m(E -V))

1

where K, =

ox’ " v.=0=
v, =4, exp(szx) + B, exp(—szx)
(transmitted (reflected
wave) wave)

/2 E -
where K, = %

Region IIl: V' =V,
azl//z 4 Zm(E — Vz)
ox’ n’
v, =4, exp(jK3x)
(transmitted wave)

2m(E -7V,
where K| =1,m(h—22)

There is no reflected wave in region III.

y,.=0=
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The transmission coefficient is defined as
v} A3 AS* K3 A3 A:
vl Al Al* Kl Al Al*

From boundary conditions, solve for A, in terms

T =

of 4, . The boundary conditions are:

x=0 vy, =y,= A4 +B =4,+B,

0 d
N, _ Vs = KA -KB =KA -KB,
ox ox
x=a yY,=y, =
A, exp(sza) + B, exp(—sza)
= A, exp( jKSa)
oy, Jy,
i N o N
ox ox

K, A, exp(jK,a) - K B, exp(~jK,a)
= K, 4, exp(jK a)
But K,a =2nrw =
exp(sza) = exp(—sza) =1
Then, eliminating B, , 4, , B, from the above
equations, we have
K, 4K

T=—3-—12:> T =
K, (K +K,)

4K K,
(K +K,)

2.37

(a) Regionl: Since V, > E, we can write
azl//1 _ zm(Vo — E)

ox’ n’

RegionII: ' =0, so
0’ 2mE
Faaa

x
RegionIll: V' - o=y, =0
The general solutions can be written, keeping in

v, =0

mind that y  must remain finite for x <0, as
v, = B exp(+K,x)
v, = 4, sin(K,x)+ B, cos(K, x)

v,=0
where
2m(V. — E 2mE
K = —m( ;2 ) and K, = ::2

19

(b)

Boundary conditions:
x=0 vy, =y,= B =B,
dy, Jy,
R Uk & NN
ox ox
x=a y,=y,=
A, sinK,a+ B, cosK,a=0

Kl Bl = KZ AZ

or
B, =-4,tanK,a
(©

Kl
KB =KA4 = A4, =|—|B,
and since B, = B, , then
Kl
Az = Bz
KZ
From B, = —A4, tan K a , we can write

Kl
B, =—| — |B,tanK a
KZ

which gives

Kl
l=— — (tanK,a
KZ

In turn, this equation can be written as

\/VO—E \/ZmE
1=- tan —-a
E h
E /2mE
= —tan — a
V,—E h

This last equation is valid only for specific
values of the total energy £ . The energy levels
are quantized.

or

2.38

4
—m e
0

E = (J)
" (4me)2n’n’
3
me
=—>——(eV)
(4m e ) 2n'n’

~(9.11x107")(1.6x10™")’

i [47(885x10™)] 2(1054x107)"n’

—1358
E = ; (eV)

n

Then
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n = L € d‘//mo _ l 1 2 ex -r
n=2= E,=-3395¢V - P
n=3= E =-15leV so that
n=4= E,=-0849 ¢V i(,z dY 1,
We have =T FeXpl — | = — |SXP| —
3/2 \/; ao aa an an
_ 1 ) i -r Substituting into the wave equation, we have
l//100 - \/_ €Xp s
T o\4, 4, -1 1 ) -\ 7 —r
A — rexp| — |——exp| —
and r \/; a, a, a, a,

a1 (= 2 .
P=4m’ WIOOWIOO = Tl T | XP 2ma /] 1 1 —r
T \a, a, +—E+ 1—= 11— | exp| — [=0

mar a a
or [ 0 0
4 o where
P= o exp| — -me —i
(a,) a, E=F=———— = F=——
To find the maximum probability (4me,) 2n ma,
dpP(r) .
=0 Then the above equation becomes
dr 3/2 )
4 ) ) 5 1 1 -r -1 ) r
- =2r =2r —_—| — exp| — r——
= 3 | — |exp| — |+2rexp| — \/; a P a r'a a
(a ) a a a 0 0 0 0
o 0 0 0 , R
which gives n 2m, ( —h + h —0
—r W \2ma mar
=—+1:> r:ao o o 0o o
a or
? 3/2
or ¥ = a, is the radius that gives the greatest (1 exp =
probability. r \a, a,
-2 1 -1 2
2.40 x{—+—2+(—2+—)}=0
v, is independent of 6 and ¢, so the wave ar a, a, ar
equation in spherical coordinates reduces to which gives 0 = 0, and shows that  , is indeed
1 9 d i i
-z ( ‘l/j <m, ( E-V(-)w=0 a solution of the wave equation.
r-oor or
where 241
) . All elements from Group I column of the
V(r)= e _ = periodic table. All have one valence electron in
dre, v mar the outer shell.
For

1 1 v —-r
YV =7 — eXpl — |=
A\/; aa an
302
SRV EIWE
Jr a,

Then

20
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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
—h a ¥(x,t) 0¥ (x,t)

V( )- ‘1-’(x t) jhi————
2m X t
Let the solution be of the form

W) = u(x) exp[ j(kx _ (%)t”

RegionI, V(x) = 0, so substituting the proposed
solution into the wave equation, we obtain

=l el +(5))]
252 (k=1 ) ]
_ Jh( h ju(x)exp[f(’“ ( jﬂ

which becomes

L] s {i-(£)]

Al (- (£))]

2l -2 )]}
A )

This equation can then be written as
ou(x) o'u(x) 2mE
+ +—

2
X ox

+2 jk

—k’u(x)+2jk

cu(x)=0

Setting u(x) = u,(x) for region I, this equation
becomes

d di
() +2jk MI(X)—(kZ—az)ul(x)=O
dx’ dx
where
,  2mE
o = -

Q.E.D.
In region II, ¥ (x) = V. . Assume the same form
of the solution

Y(x,t) =u(x) exp|:j(kx - (%) t):|

Substituting into Schrodinger’s wave equation,
we obtain

Lo (-(2)]
i)
()]
s (o))
v (o]

This equation can be written as

au(x) 9’u(x)

2

+2 jk

—k’u(x)+2jk
X ox

2mV, 2mE
- 20 u(x) + ; u(x)=0
h h

Setting u(x) = u,(x) for region II, this equation

becomes
d’u,(x) 12 kduz(x)
dx’ dx
2mV,
—(kz -’ + m2 2 juz(x) =0
h
where
,  2mE
o = P

Q.ED.

23
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We have
d’ d
“‘Ex) YA —(k = o )u,(x) =0
dx dx

The proposed solution is
u,(x) = Adexp[j(o— k)x]+ Bexp[—j(c + k)x]
The first derivative is

d”l_(x) = j(a-k)4 exp[j(OC - k)x]

X
—j(a+k)Bexp[—j(a+k)x]
and the second derivative becomes

d :;Ex) =[j(a— k)] 4exp[j(o—k)x]

+[j(a+ k)] Bexp[—j(o +k)x]
Substituting these equations into the differential
equation, we find

~(0 = k)" A explja - k)x]
—~(a+ k)’ Bexp[—j(a + k)x]
+2,jk{ (o — k) Aexp[ j(o — k)x]
—j(a+k)Bexp[—j(a+k)x]}
~(%* — o { Aexp[ j(a — k)x]
+Bexp[—j(a+k)x]} =0
Combining terms, we have
{~(o 20k + k)~ 2k(cx k)

—(k2 -o )}A exp[ (o — k)x]
+{~(o” +20k + k) +2k(ct + k)
—(k2 - (xz)}B exp[—j(o+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) = Aexp[j(or— k)x]+ Bexp[—j(o + k)x]
for0<x<a

u,(x) = Cexp[j(B - k)x]+ Dexp[—j(B+k)x]
for -b<x<0

The boundary conditions:

u[ (0) = uz (0)
which yields

24

A+B-C-D=0

Also

du, 3 du,

dx |x=0 dx |x=0
which yields

(a-k)A—(ax+k)B-(B-k)C+(B+k)D=0

The third boundary condition is
u,(a) = u,(=b)
which gives
Aexp[ j(o - k)a]+ Bexp[—j(a + k)a]
= Cexp[j(B~ K)(=b)]+ Dexp[~j(B+Kk)(~b)]
This becomes
Aexp|j(o - k)a]+ Bexp[—j(a + k)a]
~Cexp[~j(B~k)b]~ Dexp[ j(B+k)b]=0
The last boundary condition is
du, 3 du,
dx ly=a  dx
which gives
J(ou—k) Aexp[j(or = k)a]
—j(a+k)Bexp[-j(a+k)a]
= Jj(B-k)Cexp[j(B-Kk)(-b)]
~j(B+k)Dexp[-j(B+k)(-b)]

This becomes
(o —k)Aexp[ j(o - k)a]
~(oc+k)Bexp[—j(o +k)a]
~(B-k)Cexp[-j(B- k)]
+(B+k)Dexp[j(B+k)b]=0

x==b

3.5 Computer plot

3.6 Computer plot

3.7
, sinoa
P +cosoa = coska
oa
Let ka=y,0a =x
Then
,sinx
P +cosx =cosy

X

d
Consider — of this function
dy
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d -1 .
—{[P’ (x) L smx] + cosx} =—siny
dy

We obtain

_ d _ d
P'{(—l)(x) ? sinx— + (x) " cosx _x}
dy dy
. dx )
—sinx— =-—siny
dy
Then

de | | -1 . cosx : .
— P | —sinx+ —sinx p=-siny
dy X X

For y=ka=nm,n=0,1,2,...

=siny=0
So that, in general, then
dx 0= d(oa) do

dy d(ka) dk
And

omE  da  1(2mEN"(2m\dE
o= 2 == 2 e
h dic 2\ h n ) dk

This implies that

da dE nr
—=0=— for k=—
dk dk a
3.8
sin oa
floa)=9 +cosou = cos ka

(a) ka=m = coska =-1
1 point: o = 7r: 2™ point: oa = 1.667
(2™ point by trial and error)
Now

2mE oaa W
oa=a = E=|—| —
h a 2m

(aa)  (1054x107)

(5x10™) 2(9.11x10™) -

E = (0a)’[2439x10™] (J)
or

E =(0a)’(0.1524) (eV)
So

oa=m1= E =1504 eV

oa =166 = E, =4145eV
Then

25

AE =2.64 eV
(b)
ka =21 = coska = +1
1™ point: oa =2n
2" point: oa = 2.547

Then
E, =6.0165elV
E, =9704 eV
o)
AE =3.69 eV
(c)

ka =31 = coska = -1
1™ point: aa =37
2" point: oa = 344n

Then
E =13537 eV
E =17799 eV
o)
AE =426¢elV
(d)

ka =4n = coska = +1
1™ point: oa = 4n
2" point: oa = 4371

Then
E, =24.066 eV
E, =28724 eV
o)
AE =4.66 eV
3.9

(a) O<ka<m
For ka =0 = coska = +1
By trial and error: 1¥ point: aa = 0.8227
2™ point: o =1
From Problem 3.8, E = (o)’ (0.1524) (eV)
Then

E =10163 eV
E, =15041eV
)
AE = 0488 eV
(b)
T<ka<2rm

Using results of Problem 3.8
1* point: 0@ = 1.667
2" point: o =27

Then
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E, =4145¢V
E, =60165eV
SO
AE =187 eV
(c)

2w < ka <31
1* point: 0@ =2.54rx
2" point: o = 37

Then
E . =9.704 eV
E =13537eV
o)
AE =383 eV
(d)

3m<ka<4rm
1* point: o = 3441
2" point: o = 471

Then

E, =17.799 eV

E, =24.066 eV
SO

AE =627 eV
3.10
sin aa
6 + cosaa = coska
oa

Forbidden energy bands

(a) ka = = coska = —1

1" point: ca =7

2" point: oa = 1567 (By trial and error)
From Problem 3.8, E = (o)’ (0.1524) eV’
Then

E, =1504 eV
E, =3.660 eV
SO
AE =216 eV
(b)

ka =2m = coska = +1
1* point: 0w =27
2" point: o = 2427

Then
E, =60165elV
E, =8809 eV
o)

AE =279 eV

26

(c)

ka =31 = coska = -1
1™ point: aa =37
2™ point: oa = 3337

Then
E, =13537 eV
E =16.679 eV
o)
AE =314 eV
(d)

ka =4n = coska = +1
1™ point: oa = 4n
2" point: oa = 4267

Then

E.=24.066 eV

E, =2729¢eV
SO

AE =323 eV

3.11
Allowed energy bands
Use results from Problem 3.10.
(a)

O<hka<m

1* point: aa = 0.7597 (By trial and error)
2™ point: o =1
We have
E =(0a)’(01524) eV
Then
E = 08665V

E, =1504 eV

so
AE =0.638 eV

(b)
T <hka<2r
1* point: aa = 1567
2™ point: oa =27

Then
E. =3.660 eV
E, =6.0165¢eV
o)
AE =236¢elV
(c)

2w < ka <31
1™ point: ca =242n
2" point: oa =37

Chapter 3
Problem Solutions



Semiconductor Physics and Devices: Basic Principles, 3™ edition

Solutions Manual

Chapter 3
Problem Solutions

Then
E, =8809 eV
E =13537eV
o)
AE =473 eV
(d)

3n <ka<4m
1* point: o = 3.337
2" point: o = 47

Then

E,=16679 eV

E, =24.066 ¢V’
SO

AE =139 eV
3.12
(4.73x107*)(100)’
T=100K; E,=1170- =
636+ 100
E, =1164 eV

T=200K = E, =1147 ¢V
T=300K = E, =1125¢eV
T=400K = E, =1097 ¢V
T=500K = E, =1066 eV
T=600K = E,=1032eV

3.13
The effective mass is given by

(1 &FEY
mo=|
ndk

We have that
d’E d’E
?(cw’ve A) >— (curve B)
so that

m*(curve A) < m*(curve B)

3.14
The effective mass for a hole is given by

) 1 |d*E
mp= h_2

dk’
We have that
d’E

2

-1

(curve 4) >|——|(curve B)

2

27

so that

mp (curve A) < mp (curve B)

3.15

oF
Points A, B: — < 0 = velocity in —x direction;

oE

Points C, D: 8_ > (0 = velocity in +x direction;
X
2

Points A, D; 8_2 < 0= negative effective
k

mass;
2

Points B, C; 8—2 >0 = positive effective
k

mass;

3.16

Atk=01(4) = ~=104"=10"m

1
k
So

k=10" m"
For A:

(10°) (1.054x107)’

(0.07)(1.6x10™) =

2m
which yields
m=496x10" kg
)
m
curve A; — = 0.544
m()
For B:

(10°)(1.054x10™)’

(0.7)(1.6x10™) = 5

which yields
m=496x10"" kg
SO

m
Curve B: — = 0.0544
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k=01(4) =10 m"
For Curve A:
(10") (1054x107)

(0.08)(1.6x10™") = 5
m

which yields

m
— =0.476
m

o

m=434x10" kg =

For Curve B:

(04)16:10") = (10") (1.054x107)

2m
which yields

m=868x10" kg = —— = 00953
m

o

3.18
(@) E=hv
Then
£ (142)(16x10™")
“ b (6625x10™)
v =343x10" Hz
(b)
c 3x10° ,
A=—=—"——"—=875x10"m
v 343x10
or
A =0875 um
3.19

(c) Curve A: Effective mass is a constant
Curve B: Effective mass is positive around

. . T
k =0, and is negative around k& =+—.

2

3.20

E=E,—E cojo(k-k,)]

L (e )-wsinfa(k -k,

=+E asin[o(k - k,)]

So

d’E

=E o’ cosla(k -k

"= pa coda(ik, )]

Then

28

d’E ,
. =E o
dak” ey,
We have
I 1 dI'E_Ead
m R dk’ I/
or
h2
m* = ;
Ea
3.21

For the 3-dimensional infinite potential well,
V(x)=0 when 0<x<a, 0<y<a,and
0 <z <a. In this region, the wave equation is

2'y(x,y,z) N 2'y(x,y,2) N I'y(x,y,2)
ox’ oy’ oz

2mE

—y(x,y,2)=0
h

+

Use separation of variables technique, so let
w(x,y.2) = X(x)Y(y)Z(2)
Substituting into the wave equation, we have

X 'Y 9°Z
YZ——+XZ—+ XV —

ox ay dz
2mE

+ T XYZ=0
h

Dividing by XYZ, we obtain
1 9°X 19Y 1 9Z 2mE
——t 2+—.—2+ ; =0
X ox Y oy Z oz h

Let

1 °X , X
: =—k = +k X=0

X o’ ! x>
The solution is of the form
X(x)= Asink x+ Bcosk x
Since y(x,»,z)=0 at x =0, then X(0)=0 so
that B=0.
Also, w(x,y,z)=0 at x=a, then X(a)=0s0

we must have k a =n m , where

n.=1,2,3,..

Similarly, we have
1 0y , 1 0°Z ,
——=-k, and —-—=—k;
Y dy Z oz

From the boundary conditions, we find
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ka=nmand ka=nrn
and n_=1,2,3,...
From the wave equation, we have
2mE
: 0
h
The energy can then be written as

2 2
P +nj)(ﬁ)

2m a

where n,=1,2,3,...

—kj—kj—kj+

3.22

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

mwcldk

-a

g, (k)dk =

3
where
, 2mE
k= P
We can then write

1
=—-2mE
h
Taking the differential, we obtain

1 11 1 | m
dk =—-~\2m-—-——=-dE = —-.|— -dE
h 2 JE n \2E

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

ma’ (2mE\ 1 | m
g, (E)dE = — ( - )-—-J—-dE
T h h o\ 2E

Noting that

h

2m
this density of states function can be simplified
and written as

4

3
ma
g, (E)E == (2m)" NE -dE
Dividing by a” will yield the density of states,
so that

3/2

g@)=@-ﬁ

3.23

n

h3

an(2m)” —

C

g.(E)=

29

Now
am(2m’)" B
g, =% [JE-E, -aE
E.
_ 471'(2”::)3/2 (EJ(E _ EC)3/2 Eqkr
h 3 E,
_ 47'[(2’:1: )3/2 (%)(kT)s/z
h 3
Then
47[2(0.067)(9.11x10™)] " ( 2)
g, = . =
(6.625x10™) 3
[ (0.0259)(16x10™")]"”
or

g, =328x10" m” =328x10" cm”

3.24
) an(2m’)”
g, (E) = - E -E
Now
an(2m’)” &
g = [\E -E-aE
E —kT
_ 47[(2m;)3/2 (__2)(E _E)M f
h’ 3 Ey—kT
_ 47[(2”1;)3/2 (g)(kT)s/z
W 3

an[2(0.48)(9.11x10™" )] (2)
g = ; -
(6.625x10™) 3

3/2

x(0.0259)(1.6x10™")]

or
g, =629x10" m” =629x10" cm”
3.25
an(2m’)”
() g.(E)= — E-E,

~4r[20108)(911x10™)] (16x10")"JE
— . - c

(6625x107")’

=4.77x10°\JE-E, m J"
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or

gC(E) =7.63x10"\/E — E. cm eV

Then

E_ 8c

E.+005eV 1.71x10" em eV

E_+010eV 2.41x10%

E.+015¢eV 2.96x10

E_+020eV 3.41x10"
an(2m’)”

(b) g, (E) :h—"[ E, -E

) 47[2(056)(9.11x10™

3/2
) (16x10") " JE, - E

1%

(6625x107")’

=178x10"\E, - E m"J"
gV(E) = 2.85x102111EV —E cm eV

E_ g, (E)

E, —0.05eV 0.637x10" em™ eV
£, -010eV 0.901x10”
E,-015eV 1.10x10*
E,—020eV 1.27x10"

3.26

3.27
Computer Plot

3.28
g! 10!

N (g - N,)! ) 81(10-8)!
_ (10)(9)8Y _ (10)(9) -
6Ny - @

3.29

1
@ f(E)=

(E,+kT)- EC:|
kT

1+ exp|:

30

= f(E)=0269

:1+exp(l)
(b)
1
1-(E)=1- (E, —kT)-E
1+exp[" o V:|
e f(E)=0269
1+exp(-1)
3.30
(£)=—
S —1+ (E—EF)
ex
P kT
(a) E—EFZkT,f(E)=rXp(1):>
F(E) = 0269
1
(b) E—EF=5kT,f(E)=rp(5):>
X

f(E)=669x10"

1

(¢) E—E, =10kT, f(E)=——— =
1+exp(10)

f(E)=454x10"

3.31
1

1- f(E)=1- (E
1+exp

or

k] F)
1

- () =
1+exp( £ )
kT

(@) E,—E=kT, 1-f(E)=0269

(b) E,—E=5kT, 1- f(E)=6.69x10"

() E,—E=10kT, 1- f(E)=454x10"

3.32
(a) T =300K = kT = 0.0259 eV’

f(E)= 1E—E zexp[%}
1+ exp( £ )
kT
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E /(E)

E. 6.43x10”°
E,+(1/2)kT 3.90x10~
E +kT 2.36x10°
E.+(3/2)kT 143x107°
E_+2kT 0.87x10"

(b) T =400K = kT = 0.03453

£ f(E)

E. 717x107

E.+(1/2)kT 4355107

E_+kT 2.64x10™

E.+(3/2)kT 1.60x10™"

E_+2kT 0.971x10™
3.33

't (1054x107) n’n’

©o2ma® 2(9.01x10™)(10x107)
or
E, =6018x10""n" J =0376n" eV
Forn=4=FE, =602el,

Forn=5=E,=940¢el .

As a 1™ approximation for 7 > 0, assume the
probability of n =5 state being occupied is the
same as the probability of n =4 state being
empty. Then

1 1 B 1
E —E ) E -E,
1+exp( 4 *) 1+exp( : *)
kT kT
1 1
= E —E\ E—E
1+exp( £ “) 1+exp( : F)
kT kT
or
E,+E,
B =B =E-F, = FE ==
Then

_ 6.02+9.40

F

= E, =77leV

3.34

(a) For 3-Dimensional infinite potential well,
2_2

E =

— (n2 +n + nz)

_ (1054x10™) 7° ()
2(0.01x107)(10°) T

=0376(n’ +n’ +n’) eV
For 5 electrons, energy state corresponding to
n.nn =221=122 contains both an electron
and an empty state, so
E, =(0376)(2° +2° +1') =
E,=3384elV

(b) For 13 electrons, energy state corresponding
to n.n n_=323 =233 contains both an

electron and an empty state, so
E, =(0376)(2° +3 +3") =
E,=8272eV

3.35
The probability of a state at £, = E, + AE
being occupied is

1 1

1+ exp( Lote ) 1+ exp()
kT kT

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

1_fz(E2):1_

1

E -FE
1+exp( Zk F)
T

or

1= f(E) = ——7~
1+exp()
kT

Hence, we have that

f(E)=1-£(E,) QED.

31
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3.36
(a) Atenergy E, , we want

1 1

(EI_EF) (EI_EF)
exp 1+exp
kT kT
1
E -E
1+ exp( R )
kT
This expression can be written as
E -E
1+ exp( e )
kT
E -E
exp( S )
kT
E -E,
= 1=(0.01) exp( S )
kT

or
E =E_+ kT In(100)
Then
E =E, +4.6kT

=0.01

-1=10.01

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

1 1

E = =
f( ‘) E-E, 4.6kT
1+ exp I+exp| —
kT

kT
which yields
f(E,)=0.00990 = 0.01

3.37
() E,.=625eV,T=300K,At E=650elV

1
6.50 — 6.25 )
0.0259

=6.43x10"

or
6.43x10°%
(b)

950
T = 950K = kT = (0.0259)| —
300

or
kT =0.0820 eV’

Then

32

(c) 1-0.01= =0.99

1
. (—0.30)
expl| —
kT
Then

-0.30 1
1+ exp(—) =——=10101
kT 0.99

which can be written as

(+o.30) 1
exp = =99
kT 0.0101

Then
0.30 0.30
—=1n(99) = kT = =0.06529
kT In(99
So
T=756K
3.38
(@)
7(E) = : =0.00304
: - (7.15—7.0)_ '
1+exp
0.0259
or
0.304%
(b)

At T =1000K = kT =0.08633 eV
Then
1

E =
S(E) (7.15—7.0)
I+exp| ——
0.08633

= 0.1496

or14.96%

(©)

or

(d)
1
At E=E,_, f(E)=— forall temperatures.
2

3.39
For E=FE,,

1
E = = R S E— A
f( ) (EI_EF) exp|: T
1+exp
kT

Then
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f(E) 0309, f(E)=93x10" *
= €X =%9.5Xx _
! p 0.0259 ! f(E) =7.88x10 '8
For E=E,, E,—E, =112-03=082¢V AtE=E,,
1 —~(E,-E,) —0.4
- f(E)=1l-———— 1—f(E)=exp|:#:|=exp( )
f(E) ( -0.82 ) kT 0.0259
1+ exp
0.0259 or
or 1- £(E)=196x10"
—-0.82
1-f(E)=1-|1-exp
0.0259 3.41
082 E-ENT
= exp( ) = 1-f(E)=178x10" f(E)= [1 + exp( £ ﬂ
0.0259 kT
(b) SO
For E, —E, =04 = E —E, =072 eV df(E) NP E—EF -
AtE=E,, ?‘(_) +exp
—E —-E, -0.72
f(E)= exp[M} = exp( ) i
kT 0.0259 kT
SO or
f(E)=845x10" (E E, )
exp
AtE=E,, df(E): kT kT
—(E. -E -0.4 dE
1-f(E)= exp|:—( L2 ):| = exp( ) |:1 + exp( ):|
kT 0.0259
SO (a) T=0,For
_ -7 d
1= f(E)=196x10 E<Ef_:exp(—°o)=O:l=0
dE
d
3.40 E>E, :>exp(+oo)=+oo:—f=O
() At E=E, dE
—(E-E, -0.30 af
f(E)ZGXp[—( *):|=exp( ) At E=E, =—— —o0
kT 0.0259 dE
or
F(E)=93x10" 3.42
— () AtE=E . |,
At E = E, , then “
E,—E, =142-03=112¢V, F(E) = IE = : 5
So 1+exp( - F) exp( ¢ )
—~(E, - E,) -112 kT 2kT
l—f(E):exp ——— [=exp . _
kT 0.0259 Si: E, =112 eV,
or 1
1— £(E) =166x10" f(E) = 0
1 p o
®) [2(0.0259)}
For E, —E, =04 = E —E,=102eV, or
AtE=E, F(E)=407x10"
[HEE)] (e e
f(E)=exp =exp Ge: E, =066V,
kT 0.0259

33



Semiconductor Physics and Devices: Basic Principles, 3™ edition

Solutions Manual

Chapter 3
Problem Solutions

1

J(E)= [ 0.66 }
I+exp| ————
2(0.0259)

or
f(E)=293x10"

GaAs: E, =142 eV,
1

J(E)= 142
p[2(0.0259)}
or
f(E)=124x10"

(b)
Using results of Problem 3.35, the answers to
part (b) are exactly the same as those given in

part (a).

343
1
E)=10"=——
/() (o.ssj
I+exp| —
kT
Then
0.55 1 “
l+exp| — |=——=10" =
kT 10
0.55 0.55
exp(—) ~10" = (—) = ln(IO(’)
k kT
or
0.55
kT ~= T=461K
In(10°)

34

3.44
At E=E,, f(E,)=005

So
1
E -F
1+ exp( L )
kT
Then

Ez _EF

0.05 =

=1n(19)

By symmetry, at £ =E , l—f(El) =0.05,
So
E

-E
£ —1n(19)
kT

Then
E

-E
21 = 21n(19)
kT
(a)
At T =300K, kT =0.0259 eV’
E, —E, = AE =(0.0259)(2) In(19) =
AE =0.1525 eV

(b)
At T =500K , kT = 0.04317 eV’
E, —E, = AE =(0.04317)(2)In(19) =
AE = 0254 eV
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Chapter 4

Problem Solutions
4.1
2 _Eg
n, = N_N, exp e
(a) Silicon
T(°K) kT (eV) nl_(cmd)
200 0.01727 7.68x10"
400 0.03453 2.38x10"
600 0.0518 9.74x10"
(b) Germanium (c) GaAs
T(°K) n (cmd) n (cmd)
200 2.16x10" 1.38
400 8.60x10" 3.28x10°
600 3.82x10" 5.72x10"
4.2

2 _ _Eg
n, = N_N, exp e

(107) = (2.8x10")(104x10 )(300) exp

kT
Then

112 Ty
exp(—) = (2.912x10“‘)(—)
kT 300

By trial and error
T =381K

4.3
Computer Plot

4.4

2 3 _Eg
n, =NCONV0'(T) 1 €Xp T

So
2 3
n(T) (T expl - [
n (1) \7 KT, T

At T, = 300K = kT = 0.0259 eV

2

At T =200K = kT = 0.01727 eV
Then

37

583x107 ) (300)3 [ E( 1 1 )}
— | =| — | exp| - -

182x10 200 00259 001727
or

1.026x10" = 3.375exp[(1929)E, ]

which yields
E =125¢eV

For T =300K,

i -1.25
(583)(?107) = (NCONVO )(300)3 exp( 00259)

or
NN, =115x10”

4.5

—(E-E,
(a) gcf/-' xﬂexp[%}

k

o ] A o )

kT

Let E-E_=x
Then

-Xx
gofr < \/;exp(—)
kT
Now, to find the maximum value

decty) 1 e (—x)

dx 2

This yields

1 x'? kT
12 =T mX=
2x kT 2

Then the maximum value occurs at

kT
E=E.+—
2

(b)

& (1) =E,~E p[u}

kT

«\E -E eXp[ _(E; ; 2 ):|exp[ m Ol E)}

kT

Let E, -E=x
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Then

-Xx
gV(l —fF) o< \/;exp(—)

kT
To find the maximum value

Anl] 4T e )]0

dx
Same as part (a). Maximum occurs at
kT

or

E -E. exp[_(E‘ — Ec)}

kT

e
n(E,) ﬂexp[—(%—ffc)}

kT
where

kT
E =E_+4kT and E,=E, +—
2

Then

or
E
E) _ o 0854
n(E,)
4.7
Computer Plot
4.8
exp .
'(4) KT (£, -E,)
——— = = exp
,( ) _EgB kT
exp
kT
or

B [—(1—1.2)}_ [ +0.20 }
~ P 200259) |~ P 2000259)

or
(4
D s
n.(B)
4.9
Computer Plot
4.10

3 m
E.—-E . =—kIhn —
i midgap 4 m*

Silicon: m = 0.56m_,m =1.08m
P [ n [

E.-F =-0.0128 eV

Fi midgap

Germanium: mp =037m,, mh =0.55m,

E, -E =-0.0077 eV

Fi midgap

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

E. - Emidgap = +0.038 eV
4.11
3 m
(@) E, —Emidgap =—kTIn| —+
4 m
3 1.4
==(0.0259)In| — |=
4 0.62
E. - Emidgap =+0.0158 eV
(b)
3 0.25
E,. - Emidgap = 2(0.0259) In E =
E, - Emidgap =-0.0288 eV
4.12

1 N,
EFi - Emidgap = (kT) In
2 N

C

1 1.04x10"
= = (kT)In| ———— | = ~0.495(kT)
2 28x10

19

38
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T(O K) kT (eV) EFi - Emidgup (eV)
200 0.01727 —0.0085

400 0.03453 -0.017

600 0.0518 —0.0256

4.13

Computer Plot

4.14

Let g.(E)= K = constant

Then,

n, = [ 2BV, (E)

Ec

:KT ! dE

E-E,
Ecl+exp( p f)
T

e 225,

C

Let
E-E

n= so that dE = kT -dn

We can write
E_El-' = (EC _EF)_(EC _E)
so that

exp[ﬂ} = exr{%} ~exp(-1)

kT
The integral can then be written as

—(E.—-E_) |7
n,=K-kT- exp[Ml[ exp(—n)dn
kT s
which becomes

n, =K-kT-exp[

(£ - EF)}

kT

4.15
Let g (E)=C(E-E,.) for E>E,

n0=

—

g (E)f, (E)dE

=

C

39

—CI (E-£) dE
S E-E,
Ec1+exp( *j
kT
or
T ~(E-E,)
n,=C (E—E)exp|:—F dE
o IEJ; C kT
Let
-E
n= TC so that dE = kT - dn

We can write
(E_E[-') :(E_EC')+(EC _EI-')

Then
—(E . —E_
n,=C, exp[—( £ *)}
kT

xj(E -E.) exp[ﬂ}m

kT
or
—(E. —E,
=C exp[—( € f):|

kT

[ (e lexp(-m)) (k)

We find that

o -n
e -
[ nexp(=nn = T(—n —1)|; =+l
So
~(E.-E
n, = C,(kT)’ exp[M}
kT
4.16
T, m
We have — =€ ( 0)
a m

[
For Germanium, € = 16, m = 0.55m,,
Then

1
= (16)(—)% =29(0.53)
055
SO
r=154 4

The ionization energy can be written as

E= (m—j(e—"j (136) eV
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0.55
(16)°

(136) = E =0.029 eV

4.17

We have —- =€, (m‘))

a, m

For GaAs, € =13.1,m = 0.067m,
Then

= (13.1)(Lj(o.53)
0.067

or
r=104 4

The ionization energy is

E= (m—](e—) (13.6) = 0'0672 (13.6)
m, \ e, (13.1)

or
E = 00053 eV
4.18
w (15x10°)
@ p=m=
n, 5x10

Py = 45x10° ecm” p, >n, = p-type
(b)

E, —E, = kT h{ﬁj
n.

i

45x10"
=(0.0259)1n -
1.5x10

or
E,—-E, =03266¢elV
4.19
~(E,-E,)
Po = NV exp[#}
" -0.22
=1.04x10" exp
0.0259
SO

p, =2.13x10" em”
Assuming
E . -E, =112-022=090eV
Then

40

(£ - Eﬁ)}

n, =N, exp[ T

3 s -0.90
=28x10"exp
0.0259

or
n,=227x10" em”

4.20
(a) T=400K = kT =0.03453 eV

N —ameion[400) _ -
- =47x107| — =724x10" cm

300
Then
—(E.—-E
n, =N, exp[g}
kT
. -0.25
=724x10" exp
0.03453
or
n, = 519x10" em™
Also
N 0o
N, =7x10"| — =1.08x10" cm
300
and
E,.—-E =142-025=117 eV
Then
" -1.17
p, =1.08x10" exp
0.03453
or
D, = 2.08x10* em™
(b)

NC
E ,—E, =kTln
nO

4.7x10"
=(0.0259) In| ————
519x10

or E.—E, _=0176eV

Then
E,—E, =142-0176=1244 eV
and
—1.244
p, =(7x10" exp( )
o= ) 0.0259
or p,=9.67x10" cm”
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4.21

b, o E2E]

kT
or

NV
E, —E, =kTln
P,

1.04x10"
=(0.0259) In| ————
10

) =024 eV

Then
E.—E_=112-024=088¢lV

So
—(E. —-F
n, = Nc exp[w}
kT

B " —-0.88
=28x10" exp
0.0259

or

n, = 49x10* cm™

4.22

E.-E,
(@ p,=nexp| ——
kT

0 0.35
15x10" exp
0.0259

or

p, =11 1x10" em™

(b)
From Problem 4.1, n.(400K) = 2.38x10" cm”

400
kT = (0.0259)(—) =0.03453 eV’
300

Then

E, —E, =kT ln(%j

i

1.11x10"
=(0.03453) In| ———
23

8x10"

or

E, —E, =0292eV
(c)
From (a)

Z (15x10")

n() = - = —1()

p, 111x10

or

41

n, =2.03x10" cm™
From (b)

* (238x10°)

ni
n,="""= 16
D, 1.11x10
or
n, = 510x10° cm™
4.23
E_-FE
(@ p,=n exp(uj
kT
0.35
= (1.8x106)exp( )
0.0259
or

D, = 1.33x10° em™
(b) From Problem 4.1,

n (400K) = 328x10" cm™, kT =0.03453 eV
Then

E,—E, = kT h{ﬁj
n.

i

1.33x10"
=(0.03453) In| ————

3.28x10’
or

E, —E, =0207 eV
(c) From (a)

n o (18x10°)

n =—-=

° p, 133x10°

or

n, =244 cm”
From (b)

(3.28x10°)’

nO = 12
1.33x10

or

n, =8.09x10° cm™
4.24
Forsilicon, 7=300K, E, = E,

’ V_EF ’
n=—"—L=0=F, (1) =0.60
kT

1/2

We can write
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2 2
p,=——N,F, _(n")=—=(1.04x10")(0.60)
[ \/; 1/2 \/;( )
or
D, = 7.04x10" em™
4.25

Silicon, 7'=300K , n, = 5x10"” cm”
We have

n0=

NCE/Z (TIF)

-

or

5x10" = i(z.leo”)Fm (n,)

Jr

which gives

F,(n,)=158
Then
E_—-FE
n,=13= £ <
kT

or E,—E, =(13)(0.0259) =
E,—E, =—0034cV

4.26
For the electron concentration

n(E) =g (E)f,(E)

The Boltzmann approximation applies so

n(E) =w /E_EC exp[ﬂ}

kT
or
*\3/2
4n(2m, —(E —-E
e ) RG]
kT
-F —(E-E
XN kT < exp[ ( C)}
kT kT
Define
E-E,
X =
kT
Then

n(E) — n(x) = K\/;exp(—x)
To find maximum n(E) — n(x), set
dn(x)

dx
or

=0= K[%xm exp(—x) +x"* (1) exp(—x):|

42

1
0=Kx" exp(—x)[;— x:|

which yields
1 E-E, 1
x=—= = E=E_+—kT
2 kT 2

For the hole concentration

p(E) =g, (EN1-f,(E)]
From the text, using the Maxwell-Boltzmann
approximation, we can write

*

o(E) = 4”(2}1”:,;)‘ \/ﬁexp[—(& —E)}

kT
or
%\ 3/2
4|2 —(E -E
h kT
E —-E —(E, - FE
x\/ﬁf , exp[(V )}
kT kT
, E, -E
Define x" =
kT
Then

p(x’) = K'\x exp(—x")
To find the maximum of p(E) — p(x”), set

dp(x’
M = 0. Using the results from above, we

dx’
find the maximum at

1
E=E, ——kT
2

4.27
(a) Silicon: We have

n, =N, exp|:—_(EC — EF)}

kT
We can write
EC_EF :(EC_Ed)+(Ed _EF)
For
E.-E, =0.045€V,E4—EF =3kT

n, = (2.8x1019)exp[_o'm5 - 3}
=

0.0259
2.8x10" ) exp(~4.737)
or
n, = 245x10"7 em™

We also have




Semiconductor Physics and Devices: Basic Principles, 3™ edition Chapter 4

Solutions Manual Problem Solutions
—(E —-E 13)2
=N, exp[ (£, V)} _n_(ax0)
. kT ° " p. 295x10"
Again, we can write L
E,-E, =(E,-E)+(E -E,) n, =195x10" cm
For (b)
E,—E, =3kT,E,—E, = 0045V N,-N NN Y .
Then n() = 2 “+ 2 - + ni
o 0.045
p, = (104x10" ) exp| -3 - Then
0.0259 . T
= (1.04x10" ) exp(—4.737) n, = 210 20 (24x10")
2 2
or
D, = 9.12x10" em™ or B
(b) n, =5x10" cm
GaAs: Assume E_, — E, = 0.0058 eV’ and
Then w (24x10°)
-0.0058 Po= =5
n, = (4.7x1017)exp|: - 3} n,  5x107
0.0259 no
] p, = L15x10" cm
=(4.7x10" ) exp(-3.224)
or 4.30
n,= 1.87x10" em™ For the donor level
Assume E, — E, = 0.0345 eV/ M !
Then Nd l+1€Xp(Ed_EF)
" —0.0345 2 kT
D, = (7x10 )exp -3
0.0259 _ 1
_ 18 1 0.20
=(7x10") exp(-4.332) | +exp( )
or 2 0.0259
D, = 9.20x10" em™ or
L 885x10™"
4.28 N,
Computer Plot And
1
E —
4.29 £ (E) E-E,
(a) Ge: 1+exp
; kT
pozNa_Nd_i_\/(Na_Nd) +n,-2 Now
2 2 E_EI":(E_EC)+(EC_E1-‘)
Then or
E—-E,=kI'+0245
10" 10"y . Then
p, =——+.|| — | +(24x10") 1
1. (E) ( 0.245 )
or I+exp| 1+
0.0259

D, = 2.95x10° em”

ond f.(E)=287x10"

43
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4.31
(@) n,=N,=2x10" cm”

w (15x10°)
2x10"

p, = 1125x10° cm™

(b)
p, =N, =10"cm”

Z (15x10")

—-112
0.03453

n =—= =
? P, 10"
n, = 2.25x10* em™
(©)
n,=p,=n = 15x10" em™
(d)
T = 400K = kT = 0.03453 eV
400\’
n = (2.8x1019)(1.04x1019)(—) exp(
300
or
n = 2.38x10" cm™
Na (Na )2 2
P, =—"+ +n
2 2
=5x10" + \/(leo”)z +(2.38x10”)’
or
p, = 1.0x10" em™
Also
w o (238x107)
BT E T2
D, 10
n, =566x10" cm™
(e)

T'=500K = kT = 0.04317 eV

n = (2.8x10“”)(1.o4x10‘9)(5

or

n, =854x10" cm”
Now

300

00 ) (
exp

-1.12
0.04317

)

)

44

=5x10" + \/(leo”)z +(854x10")’

or

n, =149x10" cm™
Also

n o (854x10°)

Po = Z T 149x10"

p, =489x10" cm”

4.32

(@) n,=N,=2x10" cm”

o (18x10°)

Po

n,  2x10°
p, =162x10" cm”
(b)
p,=N, = 10 em™
Z o (18x10°)
o ="= 16 =
D, 10
n,=324x10" em”
(c)
n,=p,=hn = 1.8x10° em™
(d)
kT = 0.03453 eV’
400')’ —142
n = (4.7x10”)(7x1018)(—) exp( )
300 0.03453
or
n =328x10" cm”
Now
p, =N, =10" cm”
and
n o (328x10°)
o ="= 14 =
D, 10
n, = 1.08x10° ¢m™
(e)
kT =0.04317 eV
500 ~1.42
n = (4.7x10”)(7x1018)(—) exp( )
300 0.04317

or
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n, = 2.81x10" em™
Now

n,=N,= 10" em”

Also

© (281x10")
T
, 10

D, = 7.90x10° ¢m”

& |N=

by =

4.33
(@ N,>N,= p-type
(b) Si:

p,=N, —N,=25x10" -1x10"
or

D, = 15x10" ¢m™

Then
n (15x10°)
D, 1.5x10
n, =15x10" cm”
Ge:

15x10" 15x10" Y .
= + +(24x10%)
2 2

or
p, =326x10" cm”
Then
. " (2.4x101322
D, 3.26x10"°
n,=177x10" cm”
GaAs:
D, = 15x10" em™
And
. " (1.8x101)2
D, 1.5x10
n, =0216 em”

45

4.34
For T'=450K
450')’
n = (2.8x1019)(1.04x1019)(—)
300
~L12
X exp
{(0.0259)(450/300)}
or
n =172x10" cm”
(a)
N, > N, = p-type
(b)

N - N N -N.Y
poz a d+ ( a d) +I’l‘.2
2 2

~ 1.5x10" —8x10"
2

(1.5x10‘5 —8x10"
+ e —

2
) +(1.72x10")’

2
or
p, =N, —N,6 = 7x10" em™
Then
w (L72x10%)
Mo =" =T W
P, 7x10
n, =423x10" cm”
(©)

Total ionized impurity concentration
N,=N,+N, =15x10" +8x10"
or
N, =23x10" cm”

4.35
n (15x10°)
n =—=———

Cp, 2x10°
n, =1125x10" cm”

n,>p, = n-type
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4.36

200
kT = (0.0259)(—) =0.01727 eV
300

0.01727

200
n = (4.7x1017)(7x1018)(—)
300
[ 142
X exp,
or
n = 138 cm™
Now

_ 2 2 _ 2
noPo =M :SPO_ni
or\

D, =%:> p, =0.617 em”

3

n,=5p,= n,=309cm

n, = 1x10" em™

Then
2 (15x10"°)
po = —_—= —16 =
n, 10
P, = 225x10" em™
(b)

N, >N, = p-type
p, =N, —N,=3x10"-2x10"

4.37
Computer Plot

4.38
Computer Plot

4.39
Computer Plot

4.40

n-type, so majority carrier = electrons

N N, Y
n,=—=+ ( d) +n
2 2

=10" +\/(10”)2 +(2x10")’

or
D, = 2.8x10" em™
Then
2
o (15x10°)
o ="= 6
D, 2.8x10
n, =8.04x10" cm”
4.42

(@) n,<n = p-type

(b) n, = 45x10" cm™ = electrons: minority

carrier

w o (15x10°)

L=

n 45x10

D, = 5x10" cm™ = holes: majority carrier

(©
P, =N,=N,
SO
5x10°" =N, -5x10" = N, =10" cm”

Acceptor impurity concentration,

N, = 5x10"” c¢m™ Donor impurity

concentration

4.43

E, —E, = kT h{ﬁj
n

i

For Germanium:

or

n, =324x10" cm”
Then

w (2x10°)

n, 324x10

D, = 123x10" em™
4.41

(@ N,>N_, = n-type
n,=N,-N, =2x10"-1x10"
or

T(°K) | kT(eV) n(cm™)
200 0.01727 2.16x10"
400 0.03454 8.6x10"

600 0.0518 3.82x10"
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N N ’ 2 15 =3
p,=—"+ =~ | +n, and N =10" cm

2 2
7CK) | p,(em™) E, —E, (V)
200 1.0x10" 0.1855

400 1.49x10" 0.01898

600 3.87x10" 0.000674

4.44

nO
E,~E, = kTln| ~*

For Germanium,
T =300K = n, =24x10" cm”

Nd(cm ) no(cmfz) E.-E, (eV)
10" 1.05x10" 0.0382
10 10" 0.156
10" 10" 0.2755
4.45
N N Y
n,=—*+ ( s ) +n
2 2
Now
n, = O.OSnO
SO

n, =15x10" + \/ (15x10°) +[(0.05)n, T
which yields

n, =3.0075x10" cm”
Then

n, =1504x10" cm”
We have

2 _Eg
n, =N_N, exp| —
kT

SO

47

3
(1504x10")" = (4.7x1017)(7x1018)(ij

300

~1.42
Xexp| ———————
|:(0.0259)(T/300)}

By trial and error

T=762K
4.46
Computer Plot
4.47
Computer Plot
4.48
3 m
(a) EFi - Emidgap == kT ln —‘:
4 m,
3
=—(0.0259)In(10) =
4
Ep = E, ey = 100447 eV
(b)
Impurity atoms to be added so
E e —E-=045eV

(1) p-type, so add acceptor impurities
(i) E,, —E,=00447+045=04947 eV

E. -E, ) 0’ ( 0.4947 )
— | = exp
kT 0.0259

p, =N, =197x10" cm”

P, =n, exp(

or

4.49
—(E —-F
n,=N,-N =N_ exp[M}
kT
SO

N 5x10" " -0.215
, =5x107 +2.8x10" exp
0.0259

=5x10" +6.95x10"

SO
N, =12x10" cm™
4.50
—-(E,.-E
(@ p,=N,=N, exp[M}
kT
or
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+(EF _EV)
kT

1.04x10"
7x10"

exp[

N{J
Then

E, - E, = (00259)1n(149x10")

or

=1.49x10’

E,—E, =0189 eV

(b)
If E,—E, =01892-00259 =0.1633 eV’
-0.1633

Then
0.0259 )

=190x10" em™

N, =104x10" exp(

so that
AN, =1.90x10" - 7x10" =

AN, =12x10" em™

Acceptor impurities to be added

4.51

15

N, 1
(@) E,—E, =kTln =(0.0259) In
, 1.5x1

n

or
E,—E, =02877 eV
(b)
N
E, —E, = kTln| —= | = 02877 eV
n.
(c)
For(a), n, =N, = 10° ¢m™
For (b)
w o (15x10")
n,=——=—"—"—-—""=
D, 10
n, =225x10" cm”
4.52
E,-E, =kTln| 22
ni
— (0.0259) 1n(&j — 045 eV
n.
Then

)

045
0.0259
p, =632x10" cm”

P, = (1.8x10°)exp(

) S
Now

P, < N, Donors must be added

p():Nu_Nd :>Nd =Na—p0
SO

N, =10"-632x10" =

d
N, =9.368x10" cm™

Chapter 4
Problem Solutions

4.53
Nd
(@ E,-E,=klln —
ni
2x10"°
= (0.0259)In —|=
1.5x10
E,—E, =03056 eV
(b)
N
E, —E, =klln| —
ni
1016
=(0.0259)In —|=
1.5x10
E, —E,=03473 ¢V
(©
E[" = E["i
(d)

kT =0.03453 eV, n, = 2.38x10" cm”

E, —E, = kT h{ﬁj
n.
j .
(e)

kT =0.04317 eV, n_ = 854x10" cm”

",
EF—EFI_ = kT In n—
):>

= (0.04317)111(

14

= (0.03453) In| ———
2.38x10

E, —E, =01291 eV

1.49x10"
8.54x10"
E, - E, =00024 eV

48
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4.54
Nd
(@ E,.—E_=kIln
ni
2x10"
=(0.0259)In -|=
1.8x10°
E,—E, =05395eV
(b)

N{J
E,~E, =Kl —

1016
=(0.0259)In - |=
1.8x10

E, —E, =05811eV

(c)

(d)
kT =0.03453 eV, n, =3.28x10" cm”

3.28x10°
E, -E,=03565¢V

1014
E, - E, = (0.03453) 1{—) =

49

(e
kT =0.04317 eV, n. =281x10" cm”

n()
E,~E, = kTln| ~*

1014
=(0.04317)In| ——— |=
281x10

E,—E, =02536 ¢V

4.55
p-type

E, —E, =kT ln(%j

i

5x10%
=(0.0259)In —|=
1.5x10

E, —E, =0329 eV




Semiconductor Physics and Devices: Basic Principles, 3™ edition Chapter 4
Solutions Manual Problem Solutions

(page left blank)

50



Semiconductor Physics and Devices: Basic Principles, 3™ edition

Solutions Manual

Chapter 5
Problem Solutions

Problem Solutions
5.1
(@ n,= 10° em™
and
n o (18x10°)
Po = Z = 10—16 =
D, = 324x10" em™
(b)
J=eunE

For GaAs doped at N, =10" cm™,
u, = 7500 cm’ |V — s
Then
J = (16x10"")(7500)(10" )(10)
or
J =120 A/ cm’

(b) () p, =10 cm™, n, =324x10" cm”

For GaAs dopedat N, =10" em™,
M, ~310cm’ |V —s

(i)

Chapter 5

J=eu,pE
= (1.6x10™")(310)(10")(10) =
J=496 A/ cm’
5.2
(@) V=IR=10=(01R)=
R=100Q
(b)
L L
R=—>D0="12>=
oA RA
10°

7" (100)(107) -
0 =001(Q-cm)”

(©

o=elU N,
or

0.01=(1.6x10™)(1350) N,
or

53

N, =463x10" cm”

(d)
o=el,p,=
0.01=(1.6x10™"")(480)p,
or
p, =130x10" em” =N, -N,=N, -10"
or
N, =113x10" cm”

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

53

L L
(a) R:p—:— and o =eu N,
A

oA
For N, = 5x10" em™, u, =1100 em’ |V —s
Then

0.1
R =
(1.6x10™)(1100)(5x10")(100)(10™)’
or
R=1136x10" Q
Then
v
[=—=——= [=044m4
R 1136x10° ————
(b)

In this case
R =1136x10" Q
Then

V
[:—:
R
(©)
E:

—————= I=44md
1136x10° —————

~ S

5
For(a), E=——=50V/cm
0.10

And
v, = E=(1100)(50) or v, =55x10" cm /s

And
v, =(1100)(500) = v, =55x10" cm /s
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5.4
(a) GaAs
pL VvV 10
R=—=—=—=05/Q=—
A I 20 (o]
Now
o=eu N,

For N = 107 em™, M, =210 em’ |V —s
Then

o =(1.6x10")(210)(107) = 3.36 (@~ cm) ™
So

L = Rod = (500)(3.36)(85x10™")

or
L =143 um

(b) Silicon
For N, = 107 em™, M, =310 em’ |V —s
Then

o = (1.6x10")(310)(10") = 4.96 (Q — cm)”
So

L = Rod = (500)(4.96)(85x10™)

1

Then

t =

t

(b)
Silicon: ForE =50 kV / em

v, = 95x10° em/ s

= ¢ =133x10"s

d 10"
v, 75x10°

Then
d 10"
t,=—= o= 1= 1.05x10 "~ s
v, 95x10 _
GaAs, v, =7x10° cm /s
Then
d 10"
{=—= -= 1, =143x10" s
v, 7x10 _—
5.7

For an intrinsic semiconductor,
o =en(u, +u,)
(a)
For N,=N_ = 10" em™,
u,=1350cm™ |V s, =480 cm’ /V —s
Then
o, = (L6x10™"")(15x10")(1350 + 480)
or

o, =439x10" (Q-cm)”

(b)
For N,=N_=10"em™,
u, =300 em’ |V —s, u, =130 em’ |V —s
Then
o, = (L6x10")(15x10" )(300+130)
or
G, =103x10" (Q—cm)”

or
L =211 um
5.5
(a E=—=—=3V/cm
v, 10*
Vd :unE:un ==
E 3
or
WU, =3333cm’ |V —s
(b)
v, = u E =(800)(3)
or
v, =24x10" cm/ s
5.6

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

v, = 1.2x10° em/ s
Then

t =

t

= ¢ =833x10"s

d 10"
v, 12x10°

For GaAs, v, = 75x10° em/ s

5.8
(a) GaAs

C=ell p,=5= (1.6x10_19),upp0
From Figure 5.3, and using trial and error, we
find

p, = 1.3x10"7 em™ , u, =240 em’ |V —s
Then
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n o (18x10°)

n,=——=———"—— 0I n,= 249x107 em™ 5.10
p,  13x10 (a) (i) Silicon: o, =en,(u, +4,)
-19 10
(b) Silicon: o, =(L16x10"")(15x10" )(1350 + 480)
1 or
o=—= _
P o, =439x10° (Q - cm)”
or (i1) Ge:
I S ! o, =(16x10"")(2.4x10")(3900 +1900)
° pew, (8)(16x107")(1350) or
or 6, =223x107 (Q—cm)”
n, = 5.79x10" em™ (iif) GaAs:
and o, = (1.6x10™)(1.8x10°)(8500 +400)
niz (1.5)61010)2 s or
P, =_=—14:> P, =3.89x10" cm _ 9 -1
n,  579x10 o, =256x10" (Q—cm)
Note: For the doping concentrations obtained in
part (b), the assumed mobility values are valid. (b) R= _A
O
5.9 , 200x10°
(i) R= - =
o =en(u,+u,) (4.39x10°)(85x10™)
Then R =536x10" Q
10" = (1.6x107" )(1000 + 600)7. -
( ) ’ . 200x10~
or (i) R= 5 =
1 (300K) = 391x10" em” (2.23x107)(85x10™)
Now R =1.06x10" Q
_E i
200x10
n’=N_N, exp( g) (iii) R = 9x —=
kr (2.56x10”)(85x10™)
or
)2 R=919x10" Q
NN, (10”) S —
E, = kTln| == | =(0.0259) In| —————
n, (3.91x109) 5.11
or —5-
E =l12eV @ p=5= el N
R — n d
Now Assume g =1350 cm® /V -
-1122
n*(500K) = (10" exp Then
(0.0259)(500/300) v - 1 R
= 515¢10" * (16x107)(1350)(5)
o L N, =9.26x10" cm”
ni(SOOK) =227x10" cm (b)
Then T=200K - T =-75C
o, = (L6x10™"")(227x10" )(1000 + 600) T'=400K — T =125C
. From Figure 5.2,

_ —_10" -3
o (500K) = 581x10" (Q—cm)” I'==75C, N, =107 em” =

55
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p, =2500 cm’ |V —s J=0E=eun,E
T=125C, N, =10" em™ = = (1.6x10™")(1000)(10")(100)
p, =700 cm’ |V —s or
_ 2
Assuming n, = N, =9.26x10" cm~ over the S =160 4 em
temperature range, (b) o) . o) : .
For T = 200K A 5% increase is due to a 5% increase in electron
’ | concentration. So
p= N = 2
(16x10™)(2500)(9.26x10") n = 105x10" = e 4 (ﬂ) o
p=27Q—cm 2 2
For T = 400K We can write
| (1.05x10" =5x10")" = (5x10") +»’
= -19 14 =
(16x10™)(700)(9.26x10" ) s0
p= 9.64 Q—cm I’l’,2 = 5.25)61026
Y -E
:(2x1019)(1x1019)(—) exp| —*
5.12 300 kT
Computer plOt which ylelds
7Y (-110
5.13 2625x107"° = (—) exp(—)
(@ E=10V/ecm=|v,|=uE 300 kT
. By trial and error, we find
v, =(1350)(10) = v, =135x10" cm/ s T = 456K
SO
1. 1
T =—mv: =—(108)(9.11x10™)(135x10°)’ 515
2 n-d 2 niz
or (a) o=eun,+eu,p, and n,=——
_ . p
T=897x107 J = 56x10" eV ’
Then
(b) e
E=1kV/cm, o =—""+ell,p,
v, =(1350)(1000) = 135x10° cm / 5 Po N
Then To find the minimum conductivity,
1 . do 0 (e n’ N
-31 4 — =U=——+¢€ =
T= 5(1.08)(9.11x10 )(1.35x10") . = M,
or which yields
T=897x107 J = 56x10" eV w )’
p, =n|— (Answer to part (b))
K,

514 Substituting into the conductivity expression

2 _ _Eg 2
(@ n =N_N, exp| — el n,

1/2
kT G=O'mm=—l/2+e‘up[ni(un/up) ]
RV ~110 ["(u u,) ]
- (me )(1x10 )exp 0.0259 which simplifies to
=7.18x10" = n =847x10" cm™ . =2en \[1u,

u u 3 The intrinsic conductivity is defined as
For N, =10" cm™ >>n, = n,=10" cm

Then

56
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O.

‘LLH +‘LLIV

The minimum conductivity can then be written
as

o, =e",-(#n +,up):> en, =

20411,
min un + up
5.16
1
o=elun =—
P
Now
_Eg
exp
1/p, 1/50 5 ol0- 24T
/p. 15 50 ~E
/o, oxp|
2kT,
or
1 1
010=exp| —E,| —————
2kT 24T,
kT =0.0259

330
kT, = (0.0259)] — | = 0.02849
300

1 1
——=19305 , — =17550
2kT 2

Then
Eg(19.305 —17.550) = In(10)

or

2

E =1312elV
5.17
1 1 1 1
L I
1 1 1
2000 1500 500
= 0.00050 + 0.000667 + 0.0020
or
u=316cm*/V—-s
5.18

T -3/2 300 +3/2
u = (1300)(—) = (1300)(—)
300 T

57

(a)
At T=200K, u =(1300)(1837) =

U =2388cm’ |V —s

(b)
At T =400K , 1, = (1300)(0.65) =

U =844 cm’ |V —s

5.19
11 1 1 1
—=— 4 —=—4+—=0.006
woouou, 250 500
Then
wu=167cm’ |V —s
5.20
Computer plot
5.21
Computer plot
5.22
dn 5x10" —n(0)
JII = eDII = eDII -
dx 0.01-0
5x10" —n(0
0.19 = (L6x10™")(25) 5x10” - n(0)
0.010
Then
0.19)(0.010
# =5x10" —n(0)
(L6x10™)(25)
which yields
n(0) = 025x10" em™
5.23
dn An
J=eD —=eD —
dx Ax
10°-10"
= (1.6x10™")(25)] ———
0-0.10
or
|J| =036 4/cm’

For A =0.05cm’
I=A4J=(0.05)(036)= I=18mA
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5.24
dn An
J’I = eDH - = eD’I —
Ax
)
107 —6x10"
-400 = (L6x10™")D,| ——————
0—4x10"
or
—400=D, (-16)
Then
D, =25 cem’ /s
5.25
d
J= —er @
dx
dl . x -10"
=—eD —|107|1-— ||=—eD,
P dx L ! L
(L6x10™")(10)(10")
- 10x10™
or
J =16 A/cm’ =constant at all three points
5.26

dp
J, (x=0)= —eD, ;|x:0

10°  (L6x10™)(10)(10%)

=—eD =
"(-L,) 5x10™
or
J(x=0)=324/cm’
Now
d
J(x=0)=eD, & 0
dx
5010 (L6x10™)(25)(5x10")
= eDn = S
L 10°
or
J(x=0)=24/cm’
Then

J=Jp(x=0)+J”(x=0)=3.2+2
or
J=52A4/cm’

58

dp d s -X
J,=-eD —=-eD —| 10" exp| —
dx dp 22.5

Distance x isin um , so 22.5— 22.5x10™ cm .
Then

_ s -1 —-X
J,=en,(10 )(22.5x10“‘ )eXp(zz.sj
+(1.6x107™)(48)(10%) ( —x )
= exp
225

22.5x10™
or
—x ,
J,=34lexp| — | A/cm
225
5.28
dn
J =eu nE+eD —
dx
or

40 = (1.@10“"’)(960)[10‘6 exp(z—;)}E
-19 16 -1 —-x
+(1.6x10™)(25)(10 )( oy )exp( > )

Then

40= 1.536|:exp(_—x):|E ~222 exp(_—x)
18 18
Then
—X
222 exp() -40
18
=

1536 (_x)
536exp| —
18

+x
E=145-26 exp(—)
18

E=

5.29
Jo=J , +J

n,drf p.dif

(@ J

p.dif

d
=—eD)—p and
" dx

—X
p(x)=10" exp(—) where L =12 um
L

SO

-1 —-X
15
JM./ = —er(lO )(7) exp(T)

or
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p.dif

(L6x10™)(12)(10") (_x)
exp

12x10™ 12
or
—x ,
J, o =tloexpl — | A/cm
L
(b)
Joir ==y
or
-x
derf =48—-1.6exp T
(c)
Jouy =€M,nE
Then

(1.6x10™)(1000)(10" )E

—X
=48-16 exp(—)
L
which yields

E=[3—1xexp(_—x):| V/cm
L

5.30
dn(x)
dx
Now g =8000 cm’ /V —s so that
D =(0.0259)(8000) = 207 cm’ / s
Then
100 = (16x10™)(8000)(12)n(x)

(ay J= eunn(x)E +eD,

d
+(16x10™ )(207)M
dx
which yields
L d
100 = 1.54x10 " n(x) +3.31x10™ ?
X

Solution is of the form

n(x)=A+B exp(_—x)
d

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

Substituting into the differential equation, we
have

100 = (154x10™ )[A +B exp(_—x):|

d

(3315100 )Bexp(__x)
d d

This equation is valid for all x, so

100 =154x10™" 4
or

A=65x10"
Also

154x10™ B exp(—x)
d

(331x10™7) (_x)
——Bexp| — |=0
d d

which yields
d =2.15x10" cm
At x=0, e/,t”n(O)E =50
so that
50 = (1.6x10™)(8000)(12)(4 + B)

which yields B =-324x10"
Then

n(x) = 65x10" - 324x10" exp(_—x) cm’”
d

(b)
At x =0, n(0) = 6.5x10° —3.24x10"
Or
n(0) =326x10" cm™
At x =50 um,

-50
n(50) = 6.5x10" —3.24x10" exp(—)
215

or
n(50) = 6.18x10" cm™

©
At x =50 um, J, =eu n(50)E

= (1.6x10™")(8000)(6.18x10*)(12)
or

J,, (x=50)=949 4/ cm’

Then
J‘m (x=50)=100-949 =

Jdl_f(x =50)=51A4/cm’
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5.31

E —-FE_
n=n, exp(#)
kT

(@ E,-E_=ax+b, b=04
0.15=a(107)+04 so that a = ~25x10°
Then
E,—E,=04-25x10"x

So
04 -25x10"x
n=nexp| ————
kT
(b)
dn
J” = eD” —
dx
—2.5x10° 04-25x10"x
=eDn, exp
kT kT

Assume T = 300K, kT = 0.0259 eV, and

n =15x10" cm”

Then
, ~(1.6x107™)(25)(1:5x10")(25x10°)
" (0.0259)
0.4-2.5x10"x
Xexpl —————
0.0259
or

. 04-25x10"x
J, =-579x10" exp| —————
0.0259

(i) At x=0, J =-295x10" A/cm’

(ii) At x=5um, J =-237 A/cm’

5.32

dn
(@ J,=eunE+eD —
dx

80 = (1.6x10“"’)(1000)(10”’)(1 - %)E

+(1.6x10“"’)(25.9)(_1L016 )

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

80 = L.6E - 1.6(%)15 —4144
10°

60

or
x
80 = 1.6(— - le +41.44
L

Solving for the electric field, we find
3856

E JR—
X
L
(b)

For J =-204/ cem’

20 = 1.6(i - 1)15 +4144

L
Then
2144
E=
X
L
5.33
dn
(@) J=eunE+eD —
dx
Letn=N,=N,, exp(—ox) , J =0

Then
0= ,u”Ndo[exp(—ch)]E +D N, (—a)exp(—ox)
or

D
0=E+—(-a)
‘Llh
D kT
Since —=—
u, e
So

(b)
1o a
kT
V=- Jde = —a(—) J.dx
0 € /o

AN -2

5.34
From Example 5.5

~ (00259)(10")  (0.0259)(10°)

©(10-10"x)  (1-10'x)
107 . 107 dx
= - [E.dx=-(00259)(10°) [ ————
v '([Exx (0.0259)( ){ (10
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-1 107 (b)
=—(0.0259)(10" )| — |Inf1-10’ _
(OO 59)( 0 )(103) 1’1[ 0 x]o 0= Jdrf +Jdi/
= (0.0259)[In(1 - 0.1) - In(1)] Now
or Jdrf = eunnE
V==273mV N ; —x
— = (1.6x10™")(6000)(5x10" )| exp| — | |E
L
5.35 —x
From Equation [5.40] =48E exp(Tj
E = _(ﬂj[ ! j.—de (x) We have
e Nd('x) dx JM = _Jdi/
Now 50
1 dN (x) _ _
1000 = —(0.0259)( )— 48E exp(—") ~ 124x10° exp(—x)
() dx L L
or which yields
dN = ’
d(x) +386x10° Nd(x) _0 E=258x10"V /cm
dx
Solution is of the form 5.37
N,(x) = Aexp(—ox) Computer Plot
and
dN 5.38
ﬁ =—Aoexp(—ox) kT
dx — —
(a) D= u(—) =(925)(0.0259)
Substituting into the differential equation e
—Aocexp(—ox) + 3.86x10° A exp(—ax) = 0 s0
which yields D=2396cm’ /s
o =386x10" cm™ (b)
At x =0, the actual value of N, (0) is arbitrary. For D=283cm’ /s
283 1093 em™ / V
‘U = —1 /J = cm )
5.36 0.0259
(@ J,=J,+J,=0
dn dN,(x) 5.39
S =eDn;=eD” ax Wehave L=10"em=10"m,
eD, —x W=10"cm=10"m,d=10" cm=10"m
Ten e (@
We have
We have
kT 2 16 -3 2 -3 -3
D =u | — |=(6000)(0.0259) = 1554 cm” / s p=10"cm =10"m ", I =1mA=10" 4
e Then
Then -3 -2
I B 107 )(3.5x10
~(1.6x1077)(1554)(5x10") [ —x V,=——"= ( 1)9( = ) -
= - exp| — epd  (16x10™)(107)(107)
(0.1x10™)
or
or v, =219mV

5 X 2
J,, =—124x10 exp(T) Alcm
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(b)
v, 219x10°
E,=— =—"=%
w 10°
or
E,=0219V/cm
5.40
1B ~(250x10°)(5x107)
(a) VH = ‘ = 21 -19 -5
ned  (5x10")(1.6x10™")(5x107)
or
v, =-03125mV
(b)
Y -0.3125x10"
ow 2x107
E, =-156x10"V /cm
(©
IL
u, =
enV Wd

(250x10°)(107)
~ (16x10™)(5x10” )(0.0)(2x10™)(5x107)

or
U =03125m’ /V —s=3125cm’ |V -

5.41
(a) V, =positive = p-type
(b)
I B
yom il Ly o e
epd eV,d
~ (07sx107)(10")
~ (16x10™)(58x107)(107)
or

p =8.08x10" m~ =8.08x10" cm™
(c)

1L
u, =
epV Wd
(0.75x107)(107)
(L6x10™)(8.08x107)(15)(10™)(107)

or
u,=387x10" m" |V —s=38T cm’ |V —s

62

5.42
(@ V, =EW=-(165x10")(5x10")

or

Vv, =-0825mV
(b)
V,=negative = n-type
(©)
—IXBZ
n=——
edV,
~(05x107)(65x107)
~ (16x107)(5x107)(—0825x10°7)
or
n=492x10" m” =4.92x10" em”
(d)
1L
u,=—
enV Wd

(05x107)(0.5x107)
~ (16x10™)(4.92x10 )(1.25)(5x10™)(5x107)

or
U, =0102m" /V —s=1020cm’ |V —s

5.43
(a) ¥V, =negative = n-type

B
(b) n=——== n=868x10" cm™

edV,

X

enV Wd

() u, = = p, =8182cm’ |V —s

1

(d) o=—=eun=(1.6x10")(8182)(8.68x10")
P

or p=088(Q-cm)
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225x10° R
6.1 G = W = G =1125x10" cm s
n-type semiconductor, low-injection so that ©) x
13
,_ O _5x10 R=G=1125x10" cm”s”
-6
T 10
or 6.4
’ -3 -
R’ =5x10" em”s” he  (6:625x107)(3x10")
() E=hv=—= "
A 6300x10
6.2 or
@ R, = Mo E =315x10"" J This is the energy of 1
0 photon.
and Now
2 (10°) 1W=1J/s= 317x10" photons/s
N 4 3
T 10" cm Volume = (1)(0.1) = 0.1 cm”
o
Then Then
10° _317x10"
o = -= R,= 5x10"° em”s™ &= 01 =
2x10° :
(b) g =317x10" e—h pairs/cm’ —s
R 10 R 50" ey ®
" ) ~ox10” o K =oXIT e s on=0p=g1= (3.17x101°)(10x1076)
SO or

AR =R - R =5x10"-5x10" =
AR = 5x10" em”s™

on =38 =317x10" em™

(631); Recombination rates are equal
Mo _ Po
7.0 Tpo
n,=N,=10" cm”
nt (15x10") .
Po=""="" =225x10 cm
n, 10
So
10" 2.25x10"
T 20x10°
or

7, =889x10" s

(b) Generation Rate = Recombination Rate
So

6.5

We have
%)
_p:_V.F;:_ng_i
ot T

and
J,=eu pE—eD Vp

P

The hole particle current density is

F'=—"—=u pE-D Vp
" (+e) T !
Now

VeF =uVe(pE)-DVeVp
We can write
Ve(pE)=EeVp+pVeE
and
VeVp=V’p
)
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VeF =u (EeVp+pVeE)-D V'p

Then

op P
EZ —up(EOVp+pVOE)+DpV2p +g, —T—
We can then write

DV'p—u (EeVp+pVeE)

P

by PP
"t ot
P
6.6
From Equation [6.18]
9
_p:_V.F;:_ng_i
ot T

P

dp
For steady-state, 8_ =0
t

Then
0=-VeF +g —-R

and for a one-dimensional case,

dF+ 20 19
=g —R =10"-2x10" =
dx P P
dF”
L =8x10" em”s™
dx
6.7
From Equation [6.18],
dF’ 0
0=——2+0-2x10
dx
or
= _2x10"° em”s™
dx
6.8

We have the continuity equations
(1) D,V (%)~ p,[EeV(&)+pV+E]

p _ )
"o, ot
and
(2) D V*(6n)+u [EeV(n)+nVeE]
n  9(on)
+g ——=
T ot

n

By charge neutrality
on=38 == V(dn)=V(dp)

&) _ )
ot ot

and V’(én)=V’(&) and

Also

p n
g, =8,=g, —=— R
T T
P n
Then we can write

(1) D V*(&1)—u, [EeV(én)+pVeE]

d(én)
+g—R=
g ot
and
(2) D V*(6n)+u [EeV(én)+nVeE]
d(én
+g—-R= (on)
ot

Multiply Equation (1) by i » and Equation (2)
by 4, p, and then add the two equations.
We find
(u,nD, +p,pD, )V’ (&n)
+u, i (p—n)EeV(dn)
a(dn)
+(p,n+p,p)g-R)=(,n+u,p) -

Divide by (,u”n + ,upp) , then

nD + D
(—u" » T H,P7, sz(ﬁn)
Hn+up
-n
JHt =) e s
un+p p
o(én)
Hg-R) ="
ot
Define
. punD, +p pD, D”Dp(n +p)
- mn+pu,p - Dn+D, p
, o, (p—n)
and 4 =—
un+pp
Then we have
a(én)

D'V (én)+u'EeV(én)+(g—R) =

Q.ED.
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6.9
For Ge: T =300K, n, =2.4x10" cm”

=10" + \/(10”)2 +(24x10")

or
n=236x10" cm™
Also
> (24x10°
n
=L = (—13) =1.6x10"° cm”
n 3.6x10
We have

u, =3900, = 1900
D,=101,D, =49.2

Now
, DD, (n+p)
- Dn+D, p
(101)(49.2)(3.6x10" +1.6x10")
~(101)(3.6x10") + (49.2)(1.6x10" )
or
D' =584 cm’ /s
Also
, ., (p=n)
8 patp,p
(3900)(1900)(1.6x10" - 3.6x10")
~ (3900)(3.6x10") +(1900)(16x10")
or
w=-868cm’ |V —s
Now
nop 3.6x10°  1.6x10"
n_r_ _
., T, T, 24 us
which yields
T, =54 us
6.10

o=eln+el,p
With excess carriers present
n=n,+on and p=p, +dp
For an n-type semiconductor, we can write

on=p=0p

67

Then
o= eun(no + 5p) + eup(pa + 5p)
or
o =en, +ept p,+e(u, +u,)(8)
S0
Ao =e(u, +u,)(dp)
In steady-state, dp = g'7
So that
Ao =efu, +1,)(g7,,)

6.11
n-type, so that minority carriers are holes.
Uniform generation throughout the sample
means we have
o & ()
T, ot

Homogeneous solution is of the form

(5p)H = Aexp(_—tJ
Tpo

and the particular solution is
’
(), =¢'7,
so that the total solution is

-t
(op) = g"l.'po + 4 exp(—j

T,
At t=0, p =0 so that
0=g'7,+4d=>A=-g"t

Then

—t
&= g'1p0|:1 - exp(—j:|
Tpo

The conductivity is
o =eln,+el p,+ e(u” + up)(Sp)
~ e n, +e(u, +u,)()

PO

SO
o = (1.6x10™)(1000)(5x10")

+(1.6x10™)(1000 + 420)(5x10™ )(107)

[rof2]

Then
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—t
o=8+0114[ 1—exp| —
T

where 7 =107 s
PO

6.12
n-type GaAs:

Ao =e(u, +u,)(dp)
In steady-state, op = g’z . Then

Ao = (16x10™)(8500 +400)(2x10™" )(2x107")

or
Ac =057 (Q—cm)”

The steady-state excess carrier recombination

rate
R =g =2x10" ecm”s™

6.13
For t < 0, steady-state, so

»(0)=g'r,, =(5x10")(3x107) =

& (0) = 1.5x10" em™
Now
o = ept,n, +e(u, +p,)(é)
For t >0, & = (0) exp(—t/rpo)
Then
o = (1.6x10™)(1350)(5x10")

+(1.6x107")(1350 + 480)(1.5x10" ) exp(~¢/7 ,, )

or
o =108+0439exp(-/7,,)
We have that

AoV
I=A4J=AcoE =——
L
SO
107)(5)
= %[108 +0439 exp(—1/7 )]
or

1 =[54+220exp(~t/7,,)] m4

where

T,=3x10"s

68

6.14
(a) p-type GaAs,
O
DV (6n) + 11 E e V(on)+ g’ — —
T

no

Uniform generation rate, so that
V(6n) =V?(én) =0, then
, on _ d(on)

T ot

no
The solution is of the form

on=g't [1-exp(-t/7,,)]
Now

on

_9(n)
Y

R =—=g1-exp(-t/7,,)]

no

(b)

Maximum value at steady-state, n, = 10" cm™

So

(5’1)0 = g,TnO = TnO =

or
=10"s

Tn()

(©)

Determine ¢ at which
(i) on =(0.75)x10" em™
We have
0.75x10" = 10"[1 - exp(~t/7 )]
which yields

(511)0 B 10"
g/ 1020

1
tzrwln( ):> t =139 us
1-0.75 E——

(ii) o =05x10" cm™
We find

1
tzrwln(l_os): t=0.693 s

(iii) o =025x10" em™
We find

1
t=7,, ln( j = t=0.288 us
1-0.25 _—

6.15
(a)
w o (15x10°) .
Pop=—""="""7""225x10 cm
n, 10
Then
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D, p 2.25x10°
Rp0= :>Tp0=R0 = 1 11
T, o 0
or
T, =225x10" s
»
Now
.8 10"
=L — 5
T, 225x10
or

R =444x10" cm”s”
Recombination rate increases by the factor

R 444x10” ’
N L 4.44x10°

R 10" R

PO PO

(b)
From part (a), 7, = 225x107 s

where 7, = 10° s

At t=2x10"s
n(2 ps) = (10" )[1 - exp(~2/1)]

or
on(2 us) = 0865x10" em™

For ¢t >2x10° s
~(t-2x10")

T

no

on = 0.865x10" exp|:

Chapter 6
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(b) ()Att=0, n=0
(i) At £ =2x10" 5, on = 0.865x10" cm™
(iii)At t > o0, on=0

6.16
Silicon, n-type. For 0<¢<107 s

o= g'Tpo[l - exp(—t/’rpo )]

= (2x10")(107 )1 - exp(~t/7 )]

& = 2x10"[1-exp(1/7,, )]
Att=10" s >

#(107) =2x10"[1- exp(-1)]

or

or

»(107) =126x10" cm™

For t>107 s,

& = (126x10") exp{ﬂ}

T,

where
S

T =10"s

y2ed

6.17
(@) For 0<t<2x10" s

on=g't [1-exp(-t/7,)]

= (10*)(10™)[1 - exp[-/7,, ]]

on=10"[1-exp(~/7,)]

or

6.18
p-type, minority carriers are electrons

on)
=0, then

In steady-state,
ot

(a)
D d’(6n) _ﬁ
dx’

=0
no

or

d’(6n) on B

dx’ Li

Solution is of the form

on = Adexp(-x/L )+ Bexp(+x/L,)
But &n =0 as x — o sothat B=0.

At x=0,m=10" cm™

0

Then
o1 =10" exp(~x/L)
Now
kT
L =Dz, ,where D = ,u(—)
e
or

D = (0.0259)(1200) = 31.1 em’ /s
Then

L =,(311)(5x107) =

or
L, =394 um
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(b)
d(dn) eD,(107)
J =eD = —x/L
=D, S = el )
—(1.6x10™)(31.1)(10"
= ( * )( _4)( )exp(—x/Ln)
39.4x10
or
J =-126exp(-x/L) mA/cm’
6.19

(a) p-typesilicon, p , =10" cm” and

1
Do 10
(b) Excess minority carrier concentration
on=n,—n,

Atx=0,n,=0 so that
on(0)=0-n, =-225x10" cm™

(c) For the one-dimensional case,

> RCONC
dx’ T,
or
d’(n) on

P —— =0 where L'=Drt,
x L

The general solution is of the form
on = Adexp(-x/L )+ Bexp(+x/L,)
For x — oo, fn remains finite, so that B=0.
Then the solution is
on=-n, exp(—x/L )

6.20
p-type so electrons are the minority carriers
on  J(o
DV (8n)+p EeV(on)+g ——= (on)
TnO at

on
) =0 and for x>0,

For steady state,

ot
g’'=0,E=0,s0 we have
d’(n) on d’(n) on
D” 5 _ = or 2 — —2 =
dx T, dx L

where L' =D7T
The solution is of the form
on = Adexp(-x/L )+ Bexp(+x/L)

70

The excess concentration én must remain finite,
sothat B=0. At x=0,(0)=10" cm™, so
the solution is

o1 =10" exp(-x/L,)
We have that y =1050 cm’ |V — s, then

kT
D = u”(—) =(1050)(0.0259) =272 cm’ / s

e
Then
L =+/D, =4/(272)(8x107) =
L =46.6 um
(a)
Electron diffusion current density at x =0
d(on
Jn = eDn ( ) |x:0

=eD, j_x[lo15 exp(—x/Ln )]x:0

—eD,(10°)  —(16x10™)(272)(10")

L 46.6x10™

n

or
J =-0934 4/cm’

Since dp = on, excess holes diffuse at the same
rate as excess electrons, then

J (x=0)=+0934 4/ cm’

(b)
At x=1L,
d(on eD (10"
J, —eD” ( ) x=L, — ( )exp(—l)
dx " (-L)
~(1.6x10™)(27.2)(10")
= ; exp(-1)
46.6x10
or
J =-0344 4/ cm’
Then
J, =+0344 A/ cm’
6.21
n-type, so we have
d’* (&) d(ép) &
Dp > Hpto -—=0
dx dx T

PO
Assume the solution is of the form
&p = Aexp(sx)
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Then

d(g
ﬂ = Asexp(sx),
dx x
Substituting into the differential equation

d’ (&
(&) _ As” exp(sx)

2 =

D[)As2 exp(sx) - E, Asexp(sx) — T
PO

or

5 1
Dys —uE,;s——=0
PO
Dividing by D,
1
s'——LE s— —=0
D L
P P
The solution for s is

1
§=— H—'E t

2| D
P

We may define

ﬂ = ‘uprEO

2 Dp
Then

s=—[peaiep]

»
In order that dp = 0 for x > 0, use the minus

sign for x > 0 and the plus sign for x < 0.
Then the solution is

op(x) = dexp(s x) for x>0
dp(x) = Adexp(s,x) for x<0

+

A
exp(sx) ~o

where
1
s, :—[ﬁi\/1+ﬁ2]
L
»
6.22
Computer Plot

71

6.23
(a) From Equation [6.55],
d’(on) d(én) én
D, ; E, -——=
x dx T,
or
d’ (& d(én) &
) Hop dO) &
dx D, dx L
We have that
D kT
—==| — | so we can define
u, €
u, E, 1

Then we can write
d’(on) . 1 d(om) én

dx’ L dx r

n

Solution will be of the form
6n = on(0) exp(—ox) where o >0
Then
d(on)

dx
Substituting into the differential equation, we
have

d2(6”) =(X2(5n)

=-o(on) and

2

L 2
—+ ( ) +1
L 2L 2L

1
Note thatif E, =0, L — o, then o0 = —
L

(b)

dT
e
or

D =(1200)(0.0259) =311 cm’ /s
Then

L, =+/(L1)(5x107) = 39.4 um

For E, =12V /cm , then
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L =~——2=—"""2-216x10" cm
E, 12
Then
o =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.

6.24
p-type so the minority carriers are electrons, then
2 , on 8(5}’1)
DV (én)+u EeV(dn)+g' ——=
T, ot

Uniform illumination means that
V(6n)=V*(n)=0. For 7 , = oo, weare
left with
d(on) , . ,
0 =g’ whichgives én=gt+C,
For t <0, on =0 which means that C, =0
Then

=Gt for 0<t<T

, d(én)
For t > T, g =0 so we have =0
dt
Or
on = G,T (No recombination)
6.25
n-type so minority carriers are holes, then
, o )
DV (&p)-u,EeV(op)+g ——=
T, ot
P
0
Wehave 7, = ,E=0, (a5p) =0 (steady
t
state). Then we have
d’(§ d’(§ ’
D, (f))+g’=o or (zp)z_g_
dx dx D,
For —L <x<+L, g’ =G, = constant. Then
d G/
(%) =-—"x+C, and
dx D,
p=-——2=x"+Cx+C,
2D,

For L<x<3L,g =0 sowehave

72

d’(§ d(§
(2p) =0 so that —( p) =C, and
dx dx

o =Cx+C,

For -3L <x<-L,g" =0 so that

d’(p) 0 d(&p)
dx’ " dx
p=Cx+C,
The boundary conditions are
(1) p=0atx=+43L;(22) p=0 at
x=-3L;
(3) &p continuous at x =+L; (4) op
continuous at x = —L ; The flux must be
continuous so that

d () d(%)

continuous at x = +L; (6)
dx dx

continuous at x = —L.
Applying these boundary conditions, we find

=C., and

5

)

% (50 =x%) for ~L<x<+L
14

G/L

o=

o= (3L-x) for L<x<3L

P
’

G L
p=—""@L+x) for -3L<x<-L
D

6.26
d 0.75
p o=—=—————=1875cm’ /V ~s
"B ¢t 25 »
T (160x10°)
Then

[(1875)(21'5)}2 (755x10°)

B 16(160x10™)

which gives
D =489 cm’ /s
From the Einstein relation,
D, kT 489
—=—=——=0.02608
M, e 1875




Semiconductor Physics and Devices: Basic Principles, 3™ edition

Solutions Manual

Chapter 6
Problem Solutions

6.27
Assume that f(x,7) = (42D¢)™"” exp| —
4Dt
is the solution to the differential equation
0’ )
FEIAR
ox ot
To prove: we can write
d L 2x —x’
LA = (4nD1)™"” (—j exp| —
ox 4Dt 4Dt

and
az o ) 2 2
O (ampey [ 225 exp| 2
2
ox 4Dt 4Dt

) —x’
+(47Dt) lu(—)exp -
4Dt 4Dt
Also

¥y [1)(—_1) exp(lj
ot 4D N\t 4Dt

nf -1 —x’
+(4mD)™" (—)t‘m exp -
2 4Dt

L : 9f J
Substituting the expressions for —- and —
ox ot

into the differential equation, we find 0 =0,

Q.E.D.

6.28
Computer Plot

6.29
n-type
dn=0p=gr,=(10")(10")=10" cm™

We have n, =10" cm”

p, =——=-——""=225x10" em™
¢ n, 10"
Now
n, +on
E. —-E. =kl
n.

10 +10"°
=(0.0259) In| ————
1.5x10

E, —E, =03498 eV

or

73

and
+ 6
E,-E, =k Zo7%
ni
225x10" +10"
=(0.0259) In| —————
1.5x10
or
E,—E, =02877 eV
6.30
(a) p-type

E, —E, =kT ln(%j

i

5x10"
=(0.0259) In "
1.5x10

or
E,—-E,=0329% ¢V
(b)
o =8 =5x10" em™
and
15x10")°
n,= % =45x10" em™
5x10
Then
n, +on
E, -E, =kl
ni
45x10* +5x10"
=(0.0259) In —
5x10
or
E,.—-E,.=020697 eV
and

+ &
E,—E, =kT 1n[%j

5x10" +5x1014j

= (0.0259) In —
5x10

or
E,-E, =03318eV
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6.31
n-type GaAs; n, = 5x10" em™
> (1.8x10°
n
po=""= % =648x10" cm”
n, 5x10
We have
on=38=(01)N, =5x10" cm”
(a)
n, +on
E, -E, =kl
ni
5x10" +5x10"
=(0.0259) In EE—
1.8x10
or

E, -E,=06253el
We have

Nd
E, ~ E, = kTln| —

5x10"
=(0.0259) In -
18x10°

or
E,—E, =06228 eV

Now
EFn _EF = (EFn _EFi)_(EF _EFi)
=0.6253-0.6228

SO
E, —E, =00025eV
(b)
+§
E,-E, =kl Z2=%F
ni
5x10"°
=(0.0259)In -
1.8x10
or
E,—-E, =05632¢V
6.32

Quasi-Fermi level for minority carrier electrons

n, +on
E, —E, =kTn

n

i

We have

Sn = (10“‘)(ﬁ)

74

Neglecting the minority carrier electron

concentration
(10*)(x) }

E, —E, =kT ln|:

(50 m)(18x10°)
We find
x(um) E, -E, (eV)
0 —0.581
1 +0.361
2 +0.379
10 +0.420
20 +0.438
50 +0.462

Quasi-Fermi level for holes: we have

+9
E,—E, =kT 1n(uj
i D n

i

We have p, = 10° em™ , 8p =én

We find
x(um) | E,~E, (V)
0 +0.58115
50 +0.58140
6.33

(a) We can write

E, —E, =kT ln(%j

i

and

n

i

+ 6
E,—E, =kT ln[uj

so that
(£,-E,)-(E, ~E)=E, -E,

+
=T 2P| 11| Lo
ni n‘.

or
+ 6
E,—E, = kT ln[uj = (001)kT
Po
Then
+9
LoD _ exp(0.01) = 1010 =
Po
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op o
— =0.010 = low-injection, so that
Po

& =5x10" em™

(b)

E, —E, =kT 1n(@)
n.

5x10"
=(0.0259) In
15

x10"
or
E,. —-E,.=01505eV
6.34
Computer Plot
6.35
Computer Plot
6.36
(a)
B C”CpN,(np—niz)
C(n+n")+ Cp(p +p')
(np - n,.z)
T (n+n)+7 (p+p’)
Forn=p=0
2
-n -n
R= . = R= :
T, oM+ T, Tot+T,
(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,

n.
then g— R=-R’ and R’ = ——— so that
Tt T
n )
g—R=+ : . Thus a negative

TpO + TnO

recombination rate implies a net positive
generation rate.

75

6.37
We have that

B C”CpN,(np—niz)
C”(n+n')+Cp(p+p')
2
(np =n7)
T o(n+n)+t,(p+n)

If n=n,+6n and p=p, +on,then
(no+5n)(po-i—5n)—ni2
Tpo(n0+5n+ni)+1:”0(p0+5n+nl_)
nopo+5n(no-i-po)+(5n)2 —n,.2
‘L'po(no+5n+n,)+rn0(p0+5n+n,,)

R:

If én <<n , we can neglect the (6n)"; also

n,p, = nf
Then
R 5n(n0 + po)
T,o(n, +1,)+7,,(py +11)
(a)
For n-type, n, >> p, ,n, >>n,
Then
£ - L =107 5"
on 0
(b)
Intrinsic, n, = p, =n,
Then
R 2n

or
R 1 3 1
o t,+7, 107 +5x107
R +6 -1
—=1.67x10" s
on
(c)
p-type, p, >>n,,p, >>n
Then
R 1 1 “
—=——=—"—-=2x10"s
on T 5x10

no
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6.38
(a) From Equation [6.56],
d (9 o)
b “(9p) v ® g
dx’ T,

Solution is of the form
&= g'Tpo + 4 exp(—x/ Lp) +B exp(+x/ Lp)
sothat B=0,

P

At x=oo,5p=g'rpo,
Then

p=gt,+4 exp(—x/Lp)
We have

d(dp)
Dp x=0 S(QU)L( 0
dx
We can write
d(5p)| _ -4

x=0
dx

Then

—AD
£ = (g'rp0+A)

’
O:g1p0+A

»
Solving for A4 we find
—sg’rpo

The excess concentration is then

- [ w7 )

where

L = (10) 10’7 =107 cm

Now

& = (10“)(10‘7)[1 _mexp(;—jﬂ

or
& =10"1- 4S exp -
10" +5 L,

() s=0, p=10"cm™
(i) s=2000cm/s,

& = 10“‘{1 ~0.167 exp(_—xj:|
L
»

76

(i) s=oo, = 1014|:1—exp(_—x]:|
L

(b) () s=0, (0)=10" cm™

(i) s=2000cm/s, dp(0)=0833x10" cm™
(iii) s=oo, p(0)=0

6.39
(25)(5x107) = 35.4x10" cm

(a)

Atx=0,g't, =(2x10")(5x107) = 10" cm”

Or on,=g't, =10" em™

For x>0
D d’(én) on

d’ (511) on

dx’ T dx’ r

no n

n

Solution is of the form
on = Aexp(-x/L))+ Bexp(+x/L,)
At x=0, on=0n,=A+B
At x=W,
Sn=0= Aexp(-W/L, )+ Bexp(+W/L))
Solving these two equations, we find
B —on, exp(+2W/L”)
~ l-exp(2w/L)
on

_ o
1-exp(2W/L,)
Substituting into the general solution, we find

on

o

" [exp(+/L,) - exp(-/L,)]
x{exp[+(W - x)/Ln] - exp[—(W - x)/Ln ]}

Sn,, sinh[(W - x)/ L ]

5”[ =
sinh[ W/ L ]

where
on, =10" cm”
(b)
If 7, = oo, we have
d’(n)

dx’
so the solution is of the form
on=Cx+D

and L =354 um

=0
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Applying the boundary conditions, we find

X
on = 5n0(1 - —)

w
6.40

For 7 , =, we have

d*(§ d(§
(&) =0 so that (&)
dx dx
op=Ax+B
At x=W

d(g
Dp % x=w =5 (5p)|x:W

=A4 and

or
-D 4= s(AW + B)
which yields

-4
=—(D, +sw)
s P
At x =0, the flux of excess holes is

d(o
1019=—D1 (p)|
"odx

0 = —DpA
so that
_1019
10

A= =-10" em™

and

10" 10
B=—(10+sW)= 10”‘(—+ W)
S N

The solution is now

10
&= IOIS(W—x+—)

N

(a)
For s =0,

& =10"(20x107" —x) cm™
(b)

For s =2x10° cm/ s

& =10"(70x10" = x) em”

77

6.41
For -W<x<0,
d*(n
D, (2)+G;=
dx
so that
d(6n G’
) _ G e
dx Dp
and

4

G
on=-——=2 xz+C1x+C2

2D,
For O0<x< W,
d’*(én d(on
(2): , SO ( ):Cz,6n:Cz.x+C4
dx dx ‘ ‘
The boundary conditions are:
d(én)
(1) s=0 at x=-W,so that |x:_W=O
X

(2) s=o0 at x =+W, sothat n(W)=0

(3) on continuous at x =0

d(on .
“4) continuous at x =0
X
Applying the boundary conditions, we find
G Gw
C1=C3=_ 5C2=C4=+ D

n n

Then, for - W < x <0

’

on = i(—x2 —2Wx + 2W2)
2D

n

and for 0 < x <+W
5 G

(W —x)

n

6.42
Computer Plot
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C
71 N, = 107 em™ N, = 10" em™
NN, Then
V, =V In - Si:V. = 0814V, Ge:V, = 0432V,
l ) As:V =12
where ¥ = 00259 7 and n, = 15x10" cm” Cads:V, =128V
We find
(a) 7.3
For N, =1 0" em” v ) Computer Plot
(i) N, =10"cm™ | 0575V 7.4
. ter Plot
(i) N, =10 cm” | 0.635 Computer Plo
(i) N, =10"cm” | 0.695 75
(iv) Na _ 1018 cm-z 0.754 (a) n-side:
Nd
E,—E, = kT'ln| —*
(b) n
For N, =10" em™ v.(V) 5x10"°
. 15 -3 = (00259)11’1 "
(@) N, =10"cem” | 0754V 15x10
(@) N, =10"cm” | 0814 or
(iii) Na — 1017 cm73 0874 E[', - EH. = 03294 eV
-side:
(v) N, =10" cm” | 0.933 P .
E. —E, =kT ln(—”j
ni
72 (0.0259)1 107
.. _ 10 -3 = R n
Si: n, =1.5x10" cm 15x10"°
Ge: n, =24x10" cm™ or
GaAs: n, = 18x10° cm™ b, —E, =04070 eV
NN (b)
V,=VInf ——%| and ¥, =0.0259 ¥ V. =03294+0.4070
n.
! or
(2) v, =07364V
N,=10"ecm™ , N, =10" cm” © —_—
Then NN
Si:V, =0.635V, Ge:V, =0253V, Vb,-=V,1n( asz
Gads.V, =110V K
17 15
(b) B (10 )(5x10 )
N 5e10" o B . =(0.0259) Inf ~—————=
,=5x10"cm™ , N, =5x10" cm (1.5x10 )
Then or
Si: VIH_ =0.778V . Ge: Vm‘ =039V . Vbi =0.7363V

Gads:V, =125V

83
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(d)

1/2
2¢V, (N, 1
X, =
e \N, AN +N,

) {2(1 1.7)(8:85x10™*)(0.736)

1.6x10™"
1017 1 1/2
X
(sxlo” j( 10”7 +5x10" )}
or
x = 0426 um
Now
2(11.7)(8.85x10™*)(0.736)
x —
: 1.6x107"
5x10" ( 1 ) "
X
107 )\10"7 +5x10°
or
x, = 00213 um
We have
|E _ eN x,
(1.6x10™")(5x10")(0.426x10™)
(11.7)(8.85x10™)
or
[E_|=329x10"V /cm
7.6
(a) n-side
2x10"°
E,—E, =(0.0259)In =
i 10
1.5x10
E,—E,_=03653eV
p-side
2x10"
E. —E, =(00259)In —|=
1.5x10
E, —E, =03653eV
(b)
V. =03653+03653 =
V. =07306V
()

84

2x10")(2x10"
=(0.0259) In M
(15x10")
or
v, =0.7305V
(d)
2(11.7)(8.85x10™*)(0.7305)
X =
! 1.6x10™"
2x10" 1 "
X 16 ( 1 16)
2x10"° A\ 2x10" +2x10
or
x =0.154 um
By symmetry
x, =0.154 um
Now
|E _ eN ,x,
(16x10™)(2x10)(0.154x10™)
(11.7)(8.85x10™)
or
|E,.|=476x10"V /cm
7.7
—(E_-E
(b) n, = Nc exp[M}
kT
o -0.21
=28x10" exp
0.0259
or
n,=N,= 8.43x10” cm™  (n-region)
~(£,-E,)
Py = NV exp[#}
o -0.18
=1.04x10" exp
0.0259
or
p, =N =997x10" cm™ (p-region)
(c)
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(00259)1 (9.97x10")(8:43x10")
= U n

(15x10")

or
v, =0690V

7.8
(a) GaAs: V, =120V, n =18x10° cm”

x, =020 =02(x, +x,)

or
X
£ =025
xn
Also
xp Nd
N,x = Nﬂxp =5—=—-=025
x, N,
Now
NaNd
V, =V Inf —
ni
or
025N’
120 = (0.0259) In —
ni
Then
025N’ ( 120 )
T = €xXp
n 0.0259
or
1.20
N, =2n exp| ———
2(0.0259)
or
N, =4.14x10" cm”
(b)

N,=025N, = N, =104x10" cm”
(©)

1/2
2¢V, (N, 1
X, = —
e \N, AN +N,

2(13.1)(8.85x10™*)(1.20)
1.6x107"

4 1 1/2
1\ 4.14x10" +1.04x10

x, = 0366 um

or

85

(d)
x, =025x, = x, =00916 um
(®)
E - eNx, _ eN x,
max e e
(1.6x10™)(1.04x10")(0366x10™)
(13.1)(8:85x10™)
or
E_=525x10"V /cm
7.9
1016 1015
(a) ¥, =(0.0259)In ()—(2)
(15x10")
or
v, = 0635V
(b)

1/2
2¢V, (N, 1
xn: _— — _—
e \N, AN +N,

2(11.7)(8.85x10™*)(0.635)
- 1.6x10™"

1016 1 1/2
X 15 ( 16 15)
10 107 +10
Now
1/2
2€V, | N, 1
X, =l | =
e N AN, +N,

) [2(1 1.7)(8.85x10™* )(0.635)

or x, =0864 um

1.6x107"

10" | 12
X 16 ( 16 15)
10 107 +10

or x, =0.0864 um

(©
E - eN ,x,
(S
(16x10™)(10")(0864x10™)
(11.7)(8.85x10™)
or

E _ =134x10"V /cm
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7.10

2 _Eg
n, = NN, exp| —
kT

We can write

or

N N, T E,
vV, =V|In — =3In| — |+—
NN, 300/ kT

or

T
040 = (0.0250)(—)
300

(5x10%)(10") ( T )
X| In —3In| —
(2:8x10" )(1.04x10") 300
112
4+
(0.0259)(7/300)
Then
( T ) ( T ) 4324
1544 =| — || 1558 =3In| — |+
300 300/ (7/300)
By trial and error
T = 490K
7.11
NN,
() K,,:V,ln( 5 )
ni
5x10")(10"
= (0.0259)1n w
(15x10")
or

v, =08556V

(b)

For a 1% change in V,, , assume that the change

. 2 .
is due to n, , where the major dependence on

temperature is given by

|
\_/ \_/

= {1n[(5x10”)(10”)]

~In[(2.8x10")(1.04x10”)] + E}
Am[(5x107)(10")]
(

~In[(2.8x10")(1.04x10")] + g}

l

s
Ko

o)

or

bi 2

V(T E
W(T) 79.897 — 88.567 + —*

1

—~ |
N
~

We can write

kT, kT,
0.990 = 117 =
86T 4 3457
0.0259

so that

Eg 1.12

=4290 = 7
kT, (0.0259)( : )
300
We then find
T =3024K

86
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7.12
(b) For N, =10" cm ",

Nd
E, ~ E, = kTln| —

1016
=(0.0259) In -
1.5x10

E,—E, =03473 eV

or

For N, =10" em™,

10
E,—E, =(0.0259)In
15x10

or
E, —E, =02877 eV
Then
v, =03473-02877
or
v, =00596V
7.13
N N,
(@ V, =V Inf —
ni
10"°)(10"
=(0.0259) In L(z)
(15x10")
or
V. =0456V
(b)
2(11.7)(8:85x10*)(0.456)
X =
! 1.6x107"
1012 1 1/2
X 1 ( 1 12 )
10" N10"° +10
or
x, = 2.43x107 cm
(©)
2(11.7)(8.85x10™*)(0.456)
x =
! 1.6x107"
1016 1 1/2
X 12 ( 16 12 )
10” 10" +10
or

x, = 243x107 cm

87

(d)
|E _eN,x,
~(16x10™)(10")(243x107)
(11.7)(8.85x10™)
or
|E,_|=375x10" ¥ /cm
7.14

Assume Silicon, so

1/2
L e kT
° esz

| (117)(885x10™)(0.0259)(1.6¥10™)

(16x10™°) N,

1676x10° )
L=
Nd

(@) N,=8x10" cm™, L, =0.447 um

or

(b) N,=22x10"cm™, L, =0.02760 um

(¢) N,=8x10" em™, L, =0.004577 um
Now

(a) V, =07427V

(b) ¥, =08286V

(c) V. =09216V

bi

Also
2(11.7)(8:85x10™)(7,)
x —
! 1.6x107"
17 1/2
8x10 1
x 17
N, A\ 8x10"7 +N,
Then

(@ x, =1.096 um
(b) x, =02178 um
(c) x, =0.02731 um
Now

LD
(a) —=0.1320
X

n

1/2
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LD
(b) —2=0.1267

xh
LD
(c) —2=01677
xh
7.15
Computer Plot
7.16
N N,
(@ V,=VIn .
ni
2x10"°)(2x10"°
=(0.0259) In M
(15x10")
or
v, =0671V
(b)

e {2 eV, +7,) [Nﬂ +N, H”Z
e N N,
2(11.7)(885x10™)(¥,, +7,)
) { 16x10™"

y 2x10° +2x10° ||
(2x10")(2x10")
or

w=[712x10"(v, +7,)]

For V, =0, W =0.691x10" cm

For V, =8V, W =248x10" cm
(©
E =

max

207, +V,)
w
For V,=0, E_ =194x10" V' /cm

For V, =8V, E,_ =70x10"V/cm

7.17
(@ V,=VIn —
ni
— (0.0259)11,1 M
(15x10"°)
or

88

v, =0856V

1/2
2¢(V, +V,)( N, 1
X =|— || —
! e N, AN, +N,

) [2(1 1.7)(8.85x10™*)(5.856)

L6x107™"
5x10" 1 "
X 17 17 17
1x10"7 A\ 5x10"7 +1x10
or
x, =0.251 um
Also

1/2
2¢(v, +v,)( N, 1
X =|———— _—
? e N, AN +N,

) {2(1 1.7)(8:85x10™*)(5.856)

1.6x107"
1x10" 1 "
X 17 17 17
5x10 5x10° +1x10
or
x, =0.0503 pim
Also
W = x, +x,
or
W = 0301 um
(c)
_— 2, +7,) __2(5856)
" w 0.301x10™
or
E = 3.89x10° V /cm
(d)
e4 (117)(885x10™)(107)
T ow 0301x10™
or
C, =344 pF
7.18

NaNd
(@) V, =V,In| ==
ni

2

50N
= (0.0259) In| ———
(15x10")
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We can write

( 0.752 ) 50N
exp =

00259/ (15x10")’
or

1.5x10" { 0.752 }

N = exp
50 2(0.0259)

and

N, =428x10" cm”
Then

N, = 214x10" em™
(b)

1/2
. :W{ze(Vl,ﬁVk)(Lﬂ
! e N,

[2017)(885x10™)(10.752) -
| (16x10™)(4.28x10")

or
x, =180 pm

©
o e Na 12
20, +7,)

2(10.752)
or
C’'=574x10" F/cem’

{(1@10“9 )(11.7)(8:85x107)(4.28x10") }”2

7.19
(a) Neglecting change in V,,

2 1/2
c'2n,) {(2% +Nd)}

c'(N,) (anLNj

Foran'p= N,>> N,
Then

c@n,)_ V2 =1414
c'(N)

a

so a 41.4% change.

89

(b)

2NN,
kT In| ==
v,(2N,) ,

i

V;n‘ (Na ) kT ll’l( Na Nd )

2
n

i

N_N,
kTIn2 + kT In| "2
n

N N,
KT In| —*
ni
So we can write this as

V(2N kTin2+7, (V)
L) )

bi bi

SO
AV, = kT1n2 = (0.0259)In2
or
AV, =1795mV

17.20
(@)

{2 e, +7.) (Na N, H
w(4) e N N

a” dd

w(B) - |:2 e (me + VR) (N" +N, ):|1/2

N N

a” " dB

e

or

W(A) — {(V;M +VR) . (Na + Nd/l) '[Ndﬂ j}”z
we) |L(,+v,) (N,+N,)
We find

7. =(00259)In = 07543V

V.. =(00259)In = 08139 ¥

So we find
w(4) (5.7543) 10% +10° Y 10° )]~
W(B) 58139 \ 10" +10" )L 10"

LACORNE
W(B)

or
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(b) 9x10" = 122x10°(V, +V,) =
V. +V,)
A t7,) V.+V, =377V
E(A) — W(A) — W(B) . (VbiA + VR) and
) 2V +V) W) (7, +7,) Y
w(B) (b)
_ ( Ry )( 5.7543) (4x10°)(4x10")
313 A 58139 v, =(00259)In v |7
(15x10")
or
E(4) v, =0826V

——==0316
E(®) (3x10°)’ {

(c)

e NN, -
Ci(4) L V. +V )N, +N‘M)}
C/(B) eNN, " which yields
{ 2V, +V,)(N, +Nd3):|

biB

2(1.6x10™) }(V )
oy [t

(11.7)(8.85x10™

[<><>}

4x10" +4x10"

vV, +V, =8007V

s and
K J(V;,BJFV )(NﬁNdB ﬂ Vv, =718V
Vhl/l + V Nu + NdA (C)
58139 10" +10° )] (4x107)(4x10")
K ) ( — 7, =(0.0259) In| ~——————*
57543 A 10" +10 (15x10")
o (0 v, =0886V
c’(4
——=0319 e 2(16x10™)
() (3x107) = = (Vi +7)
~ (11.7)(8.85x10™)
17 17
17.21 . (4x10"7)(4x10")
(4x10")(4x10") 4x10" +4x10"
(@) 7, =(0.0259)In W which yields
> V.4V, = 1456V
V. =0766V and
Now V. =0570V
|- 207 +v)( NN, \|"
b c N, +N, 17.22
(a) We have
50 1/2
) 2(16x10™) € NN,
(3x10°) = (v, +7,) C (0) (N AN
(11.7)(8.85x10™) | " (0 _ (N, +N,)
(10 e
(4x1015)(4x10”) ,( ) |: eNN :|
| 410" + 42107 2V, +V, )N, +N,)
or
or 1/2
C,(0) _apne| Bt
C/(lo) V;i

90
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For V, =10V, we find

(313)V, =V, +10
or
v, =114V
(b)
x, =020 =02(x, +x,)
Then

£ =025=—%
X N,
Now
NaNd
V.=V In| ; =
ni
SO
025N’
114 = (0.0259) In| —————
| (18x10°)

We can then write

18x10° [ 114
N =

B exp
V0.25 | 2(0.0259)

or

N, = 1.3x10" em™
and

N, =325x10" cm™
7.23

7. =(0.0259)In

(10°)(5x10")

7.24
1/2
, ee NN,
C =
2, +V,)(N. +N,)

(10")(10%)

(15x10")

and
V.= (0.0259) In

or
vV, =0754V

For N, >> N, we have

- [(L6x10™)(11.7)(8.85x10™)(10") ]”
) 20, +7,)
or
, _8.28x10_”:|”2
o | 82810
vy,

For V, =1V, C'=687x10" F/cm’
For V, =10V, C'=2.77x10" F/cm’
If 4=6x10" cm’, then
For V, =1V, C=412 pF
For V, =10V, C = 1.66 pF
The resonant frequency is given by
1

Jo=idic

so that
For V, =1V, f, =167 MHz

For V, =10V, f, =2.63 MHz

(18x10°)’
or
v, = 120V
Now
1/2
|: l :|
C.;(VRI) _ Vbi +VR1 _ Vbi +VR2
c(,.) "
Vbi + VRZ
So
3’ = 1.20+7V,,
1.20+1
VR2 =186V

7.25

|E _ eN ,x,

max

+ . .
Fora p'n junction,

2¢(,+7)]"
X =|———
! eN

d
so that

ZeN 1/2
| 2]

Assuming that V,, <<V, then

| max
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_ € Efm B (1 1.7)(8.85x10*14)(10(,)2

d

2eV, 2(16x10™")(10)
or
N, =324x10" cm™
7.26
x, =01 =01(x, +x))
which yields
5 _ N
xﬂ N{J

We can write

N.N,
th=thn Hz
ni
2

9N
=(0.0259) In| ——+—

(15x10")
We also have
, C. 35x107" 5 ,
= =————=0636x10" F/cm
A 55x10
SO
1/2
" ee NN,
6.36x10" = -
2V, +V )N, +N,)
Which becomes
4.05x107"
(L6x10™)(11.7)(8.85x10™ )N, (9N,)
27, +V, (N, +9N,)
or
L, 146x10°°N
4.05x10" = ———~

, +7,)
If V, =12V, then by iteration we find
N, =9.92x10" cm™
v, =0632V

N, =893x10" cm™

7.27

NaNd
@ ¥, =, =

(5x10")(10%)

(15x10")

=(0.0259)In

92

or
vV, =0557V

1/2
2¢V, (N, 1
X =|—| — || ——
e \N, AN +N,

) [2(1 1.7)(8.85x10™)(0.557)

(b)

1

L6x107™"

1014 ( 1 ) 1/2
X
5x10° N10" +5x10"

x, = 532x10° em

or

Also

1/2
2¢V, (N, 1
x — —_— —_— —_—
e \N, AN +N,

) [2(1 1.7)(8.85x107*)(0.557)

B

1.6x107"

15 172
5x10 ( 1 )
X
10" 10" +5x10"

x, = 2.66x107 cm

or

(c)
For x, = 30 um , we have

2(11.7)(8:85x10™)(v,, +7,)
16x10™"

is 12
5x10 1
x 14 14 15
10 107 +5x10
which becomes

9x10™ = 127x107 (¥, +V,)
We find
Vv, =703V

30x107 = [

7.28
An n’p junction with N =10" em™,

(a)

A one-sided junction and assume V, >>V, , then

1/2
2eV,
x, =
eN,

SO
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~2(117)(885x10™ )7,

(SOX10_4 )2 - 19 14
(L6x10™)(10")
which yields
V., =193V
(b)
X N N
£ = ":>x”=xp 5
xn Na Nd
S0
1014
x, = (50x1074) —|=
10
or
x, =05 um
(©
_— 20, +V,) __2(193)
- W 50.5x107
or

E_ =772x10"V /cm

ma:

7.29

(10")(5x10%)

(@ ¥, =(0.0259)In

" (15x10")
or
v, =079V
coacrod ——esNN
a0 ), +N,)
_ (5x105)|:(1.6x10‘9)(1 1.7)(885x10™)
207, +7,)
(10")(sx10%) |"
g (10" +5x10%)
or
_16 12
- (5x105)|:4.121x10 }
", +7,)

For V, =0, C=114 pF
For V, =3V, C=0521 pF
ForV, =6V, C=0389 pF

We can write

(i)z _ 20+ r)(, + N,)
C A ee NN,

93

For the p'n junction

(i)ﬂl 2V, +7,)
C A| eeN,

so that
Ay 1 2
AV, A4 eeN,
We have

Ly .
For V,=0,|— | =7.69x10
C

1Y y
For V, =6V, = =6.61x10

Then, for AV, =61,

A(1/C) =584x10"
We find
2 1

N =
‘T Aee (A(I/C)Zj

AV,
2

(5x10°) (1.6x10™")(11.7)(885x10™)
1

584x10*
6
so that

N, =496x10" = 5x10" cm”

Now, for a straight line

X

y=mx+b
A(l/C) 584x10™
m= =
AV, 6

R
2
1 23
ALY, =0, | — | =7.69x10% = b

Then

1Y (584x10™ N
—| =| —— |7, +7.69x10
c 6

1 2
Now, at (—) =0,
C
584x10™ ”
0= B -V, +7.69x10"

which yields
vV,==V =-0790V

R
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or
v, =096V
(b)
1 6
v, =(0.0259)In M
(15x10")

or

v, =08607

(L6x107")(11.7)(8.85x10™)
207, +7.)

) (10")(6x10") }”2

(10" +6x10")

C= (5x10_5)|:

or

4689x10" ]"
c= (5x105)|:—x:|

Vbi + VR
Then
For V, =0, C=3.69 pF

For V, =3V, C=174 pF
ForV,=6V, C=131pF

7.30

4 10°
(a) For a one-sided junction

1/2
= eeN,
207, +7,)

where N, is the doping concentration in the
low-doped region.

We have V, +V, =0.95+0.05=1.00V
Then

(13x107)’
(L6x10™)(11.7)(8.85x107™ )N,
2(1)

which yields
N, =2.04x10" cm”

N, N
V;i:V;h’l( Lij
n

where N, is the doping concentration in the

high-doped region.
So

94

(2.04x107)N,,
0.95 = (0.0259) In| ~——— "

(15x10")°
which yields
N, =9.38x10" cm™

7.31
Computer Plot

7.32

N N
—r

(c) p-region

dE p(x) _—eN,,

dx IS €
or

—eN x
E= “—+C
€
We have
_eNaox »
E=0at x=-x, = C =—7r
€

Then for —x, <x< 0
—eN
E = - (x+xp)

n-region, 0 <x < x,

or

2¢e
n-region, x, < x <Xx,

dE, 3 p(x) _eN,

dx € €
or
eN x
E, =—"—+(,
€

Wehave E, =0 at x = x_, then

C - —eN  x,

3
(S

so that for x, < x <x,

We also have
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E,=E atx=x, eN, 2
Then |¢| - 2e (x+x0)
N —-eN =
€ 40x0+C2= el 4o (xn_x(;) At x 1 um
2e € (16x10™)(5x10") .
or lo,| = —[(-1+2)x10"]
“oN 2(11.7)(8:85x10™)
P Yo
CZ - xn - or
€ 2
Then, for 0 <x < x,, |¢‘|__3'$6V L )
- Potential difference across the intrinsic region
E = Nio® N (x _x_o) |0,| = E(0)-d = (7.73x10*)(2x10"*)
2€ € 2 or
lo| =155V
7.33 By symmetry, potential difference across the p-
d’¢(x) —-p(x) —dE(x) region space charge region is also 3.86 V. The
@) & e dx total reverse-bias voltage is then
For -2 < x < —1 um, p(x) — +€Nd VR = 2(386)+ 155= VR =232V
So
dE _eN, eN,x 7.34
= =E= +C (a) For the linearly graded junction,
dx € € (x) = eax
At x=-2um=-x,,E=0 p ’
So Then
dE  p(x) eax
_eNdx0 eNde Bl = —
O = + Cl = Cl = dx e e
€ € Now
Then R
eN E= ﬂd _ea X C
E=—"(x+x,) - ex_e'Z+l
€
At x=0, E(O)zE(xz—l/Jm),so At x=+x, and x=-x,, E=0

So
N
E(0) = Ny (-1+2)x10™ ea x, —ea | x,
€ 0=—/|—|[+C =>C =—| —
(1L6x107")(5x10")

- - (1x104) Then
(11.7)(8:85x10™) ea , ,
which yields k= 2—e(x - x”)
E(0) =7.73x10" V' / cm (b)
(c) —ea| x’
Magnitude of potential difference is ¢(x) = _J Edx = ” e ?_ X, x [+C,
eN,
|¢|:J.de:?j(x+xo)dx Set(b:() at x=—x0,then
3 3
eN, [ x° e 7 S I NN el
= ed(?+xo.xj+cz 2€|: 3 o 2 2 Je
Th
Let ¢ =0 at x = —x,, then o R R
—ea | x ) eax,
eN, (x) eN x. ¢(x)=—| ——x,-x |+
0=—2% 2% [+C, =C =—2 2e\ 3 3e
e \ 2 2e

Then we can write

95
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7.35
We have that
2 1/3
= ea €
[12(% + VR)}

then

(72x107)’

| a(16x10™)[(117)(8.85x107™)]
12(0.7 +3.5)

which yields

a=11x10" em™

96
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The cross-sectional area is
8.1 I 10x107 5210~ e’
. =—= =5x cm
In the forward bias J 20
We have

or

(a)
1,

For -=10= ¥V -V, =599 mV =60 mV
1,

(b)
I,

For —-=100=V, -V, = 1193 mV = 120mV’
1,

8.2

=1l )

or we can write this as

1 (eV)
—+1l=exp| —
I kT

N

so that

kT 1
V=—/|In] —+1
e 1
In reverse bias, / is negative, so at

1
— =-0.90, we have

N

¥ =(0.0259) In(1 - 0.90) =

or
V ==59.6 mV

8.3

Computer Plot

101

v, 0.65
J=Jexp| — |= 20=J exp
v 0.0259

so that
1 ' Dp \
N d T PO

J, =252x10"" A/ cm’
We can write
=0.10

1 D
J, = en,,2 —_— -
Nﬂ Tn(?

We want

D

n

1
N \r7,
R Dn L
N(l T, N, T,0

1

N, 5x107
25

1
N, \/leo” \/sxlo”

7.07x10’
= = 0.10

N,
7.07x10° +—=(4.47x10°)
N

d

or

which yields

N
—~=14.24
d
Now

J, =252x10™ = (1.6x10")(1.5x10")’

X[ 1 25 1 [ 10 }
(1424)N, \'sx10” " N, Vsx10”
We find

N, = 7.1x10" em™
and

N, =101x10" cm”
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8.5

(a)
eDnnpO
Jn _ Ln
J, +J, eDn, eDp,
L L
n P
D, n,.2
— TnO Na
Dn ni2 D[’ n12
. + .
7,0 Nu T[)() Nd
1
1+ D, (N)
DnTpO Nd
We have
ﬂ - ﬁ - L and —< = i
D u, 24 7, 0l
)
J, 1
J+J \/ 1 1(N
0 » b — ] P
24 01N,
or
1

J +J N
T 14(2.04)
N

d

(b)
Using Einstein’s relation, we can write
e, n’
n _ Ln Na
J,+J, el . ”,-2 N ey, . n,.2
L N L N,
n a P
_ eu, N,
= L
el N, + . el N,
r
We have

o,=eu, N, and 0o, =elU N,
Also

L Dt, |24
=m0 [T =490
L Dzt 0.1

P p - pO

Then

. _ loJs,)

J,+J, (o,/0,)+490

8.6
For a silicon p'n junction,
1 D
I, = Aen’ - — L
Nd TpO
1 12
= (107)(16x10™)(15x10" ) - —— [ —
10 10
or
I, =394x10" 4
Then
V 0.50
I, =1 exp| — |= (3.94x10_15)exp( )
, 0.0259
or
1,=954x10" 4
8.7
We want
— =095
J +J
eDnnpO D,
_ Ln _ LnNa
eD1np0 erp”O D N Dp
L L LN, LN,
DI1
— L"
- Dn DP Na
+ _—
L L N,
n P
We obtain
L =+/Dr,, =4/(25)(01x10°) =
L =158 um
-6
L =D, =10)(0.1x10°) =
L, =10 um
Then
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25
15.8

2 10N,
158 10 \ N,

which yields

0.95 =

N
“=0.083
N

d

8.8

(@) p-side: E, —-E, = len( j
0

)

5x1
=(0.0259) h{

E, —E, =0329 ¢V

Nd
E,-E, =kl —*
ni
1017
= (0.0259) In —|=
15x10

E,—E, =0407 eV

Also

n-side:

(b)
We can find

D =(1250)(0.0259) =324 cm” / s

D, =(420)(0.0259) =109 cm’ / s
Now

o

= (1.6x10™)(15x10" )’

32. 4 10.9
5x10‘5 “ 10” 0’
or

J, =448x10"" 4/ cm’

Then
I, =A4J; =(107)(448x10™")
or
I, =448x10" 4
We find

103

VD
I =1 exp| —
v

= (4.48x10™") exp( 02 )

0.0259

or

1=108 ud
(©

The hole current is proportional to

P U )
,ocen - A-
Nd Tpo

=(1.6x10“9)(1.5x10‘°)2(1o“‘)( 1 ) 109

107 V10”7
or
I,376x10" 4
Then
I, 3.76x107"° I,
L= —£=00839
I 448x10 I
8.9

{2

Fora p'n diode,

eD p D i
I, = A('—OJ =A4le | ——
Lp T N,

10 (24x10")

=(107)[ (1.6x10™)

10° 10
or
1,=291x10" 4
(a)
For V. =+02V,
5 0.2
= (2.91x10”)] exp -1
0.0259
or
1=655u4
(b)
For V. =02V,
-0.2
1= (2.91x10“")[exp( ) - 1}
0.0259
~-291x10" 4
or I=-I;=-291n4
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and

g0 L =D, =4/(35)(04x10°) =

Foran n p silicon diode

L =374 um
I, = Aen — Also
Fo w o (15x10°) Lser
(10“‘ )(16x107")(1.5x10")" [ 25 T x10° em”
10" 10° Then
or L €Dy (1L6x10™")(35)(4.5x10")
-15 = =
I, =18x10"° 4 T (37.4x107)
(a) or
For 7, =05V J = 674x10"" A/ cm’
v 05 e
1, =1 exp| = |=(18x107")exp For A=10" c¢m’, then
v 00259 1,=674x10" 4
or
I, =436x107 4 ©
N.N,
(b) V, =V Inf —=
For V. =-05V n,
I, =-1,=-18x10" 4 5x10")(10"
> : =(0.0259) In w
(15x10")
8.11W o or
(a) We fin i V. =0617V
D =u, (—) =(480)(0.0259) = 12.4 cm’ / s Then for
e 1
and V=V, = 03097
=D, (12.4)(0.1x10°) = We find
— ev,
L, =111 um b =p. exp( )
Also kT
0309
nt o (15x10") =(2.25x10%) exp
Po=""="-—""=2 25x10° em™ 0.0259
N, 10
or
Then o S p, = 342x10"° em™
eD p,, (1.6x10‘ )(12.4)(2.25x10°) @
o L (111x107) The total current is
eV
o o , 1= (Ipo + Iﬂo)exp(—”)
J, =402x10" A/cm kT
For 4 =10 cm’, then = (4.02x10™" +6.74x10“5)exp( 0399 )
[, =402x10" 4 00259
’ or
(b) [=713x10" 4

We have
The hole current is

kT
D = u”(—) =(1350)(0.0259) =35 cm’ / s
e
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% (x-x) (L6x107")(8)(381x10") [ -3
I =1 _exp|—" |exp| —— J = exp
P p P —4
kT L, 2.83x10 2.83
The electron current is given by or
1 =1-1, J,=0597 A/ cm’
=7.13x10” - (4.02x10™") (©)
We have
( 0.309 ) —(x-x) eDn eV
X exp exp J o= exp| —=
0.0259 L, "o L kT

A 1 . We can determine that
tx=x +— 5 i
2 7 n,=45x10"cm " and L =10.7 um

1,=713x10" - (6.10x10") ! Then
= /15X —\ 0. exXp| — _
" ¥ P53 (16x10™)(23)(4.5x10) ( 0610 )
= €X
or " 10.7x10™ 0.0259
I,=343x10" 4 or
J, =0262 A/ cm’
8.12 We can also find
(a) The excess hole concentration is given by J,=1724/ cm?
5pn = pn - pnO
Then, at x =3 um,
ev, -X
= P X~ —1 [exp T J, (3 m) = J,,+J,, = J,(3 um)
r =0.262+1.72-0.597
We find or
nt o (15x10") . J,(3 um) =139 4/ cm’
Po="—=""7—"—=225x10 cm
N, 10
and 8.13
(a) From Problem 8.9 (Ge diode)
L =D 1, =/(8)(001x10°) = Low injection means
_ 10l -3
L, =283 um p,(0)=(0.1)N, =10" cm
Then Now
&, = (225x10") w_(24x10") 0
! Po="—="—"—=576x10" cm
X[ (0.610) 1} ( —x ) N, 10
exp —1|exp| ——
0.0259 283x10° We have
or Va
p,(0)=p, exr{—j
14 —X 3 V
&, =381x10 exp(—4) cm !
2.83x10 or
(b) p,(0)
We have V, =V In »
d 6 no
J =—-eD ( p”) 15
» » 10
dx =(0.0259) In| ————
eD (381x10") - >76x10
= N SXp = or
(2.83x107) 2.83x10 v — 02537
At x =3x10" cm, (b)

For Problem 8.10 (Si diode)
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n,(0)=(0)N, =10" cm”

N, 10
Then
n (0
nf)
n,,
1015
=(0.0259) In| ——
2.25x10
or
V.=0635V
8.14

The excess electron concentration is given by

5np =n,—n,

ev —-X
=n|exp| — |- 1|exp| —
kT L
The total number of excess electrons is

N = Aj5n dx
P P
0

We may note that

h —-x x|
Jexp — |ldx=—L exp| — || =1L,
0 Ln Ln 0

Then
ev,
N,=ALn,,| exp T -1
We can find

D =35cm’/s and L =592 um
Also

Then
N, =(107)(59.2x10™)(2.81x10")

eV
kT
or
44
Np = O.l66[exp(—”) - 1}
kT

Then we find the total number of excess
electrons in the p-region to be:

(@ V,=03V, N, =178x10’

(b) ¥, =04V, N, =846x10’

() V, =05V, N, =4.02x10

Similarly, the total number of excess holes in the
n-region is found to be:

14
N = AL p”0|:exp(—”) - 1:|
? kT

We find that
D =124cm’ /s and L, =111um
Also

(15x10") .
Po=""". =225x10 em"
10
Then
ev
N, =(250x107 )|:exp( - )— 1}
kT
So

(2 V. =03V, N =268x10’
(b) V. =04V, N, =127x10°
(¢) V. =05V, N, =6.05x10°

8.15

)i 2 eV, -E g eV,
o< 1. exp| —* | o< exp exp| —=
kT kT kT

Then

eV —E
I o< exp| —=
kT

SO

or
I eV —eV —-E +FE,
— =exp
I, kT
We have
10x10~ 0.255-0.32-0.525+ Eg2
=ex
10x10™ 0.0259
or
R E  —-059
10" = exp| ——
0.0259
Then
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E,, =059 +(0.0259)In(10")

which yields
E , =0769 eV

8.16
(a) We have

1 1 ’D
I, = Aeni2 |:— - :|
N N, T,

which can be written in the form
I, =C 'nl.z

C'N._N ( d )3 £,
= — | exp
T\ 300 kT

3 —EH
I, =CT exp| —
kT
(b)
Taking the ratio
-E,
exp| ——
I, _[T) 25
[Sl T exp —Eé'
T
3
T 1 1
=|— | -exp|+E | ———
T KT AT,

1
1
For T = 300K , kI = 0.0259, k_ =38.61
T

1

or

1
For T, = 400K , kT, = 0.03453 ,— = 28.96
kT,

(1) Germanium, E_ = 0.66 e/’

I 400’
sz (—) exp[(0.66)(38.61—28.96)]
I 300

s1
or

—%=1383
1

S1

(i1) Silicon, £ =112 eV
g

I 400’
sz (—) -exp[(1.12)(38.61-28.96)]
I 300

s1
or

=2 = 117x10°
I

S1

107

8.17
Computer Plot

8.18
One condition:

oo 7)
exp
I s 4
U _ \kr) = exp(e—") =10
I Jy kT
or
kT A 0.5
e n(10*) n(10%)
or
kT r
— =0.05429 = (0.0259)| —
e 300
which yields

T=629K
Second conditon:

Iy eD”npo erp”O
’ L L

( ; - j

= Aen, 2 + z
D

= AeN_N, j
B kT

which becomes

10 =(10)(1.6x10™)(2.8x10" )(1.04x10")

(5 1018 —7 1015 —7 J (

+E o
exp| —= | =4.66x10
kT

For Eg =110elV,

or

E, 110
kT = 10 = 10
In(4.66x10")  In(4.66x10")
or
T
kT = 0.04478 eV = (0.0259)(—)
300
Then

T=519K
This second condition yields a smaller

temperature, so the maximum temperature is
T=519K
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8.19
(a) We can write for the n-region
(&) o _,
dx’ r
14
The general solution is

o, =4 exp(+x/ Lp) +B exp(—x/ Lp)

The boundary condition at x = x, gives

.
5 = — -1
».5) p”o{exp(”,j }

=4 exp(+xn /Lp) +B exp(—x”/Lp)
and the boundary condition at x = x + W gives
&, (x, +1,) =0

= dexp[(x, +W,)/L |+ Bexp[~(x, + W)/ L ]
From this equation, we have
A=-Bexp[-2(x, +W)/L ]

Then, from the first boundary condition, we
obtain

v
{7
=B exp[—(x” +2W )/Lp] +B exp(—xn /Lp)
= Bexp(—x, /L, )[1-exp(-27, /1, )]

We then obtain
v
P, expl = -1
4
B —

~oxp(—x, /L, [1-exp(-27,/1,)]
which can be written in the form

pno{exp(?j - 1} expl(x, +17,)/L,]

B — !
CXp(VV” L[))_ exp(_VVn/Lp)
Also
V
—p”o[e"p[l/a) ) 1} exp[~(x, +7)/L,]
A — 1

exol, /1, )~exp(W, /1,
The solution can now be written as

108

V
)]
p, = L
. w
2s1nh[ ”)
LP
{ {(W)} [(w)}}
X4 exp| ———— [—exp| ———=
Lp Lp

or finally,

) x +W —x
V [ LP j
&, =p,|exp| = [-1]
V

(b)
d(§
J =-eD (p) |
dx X=x,
v,
—eD p,,| exp ; -1
. W
smh[ ]
L
»
-1 x +W —x
X| — |cosh| ——— |
Lp Lp X=X,
Then

8.20

v
I, = n exp| —=
4

For the temperature range 300 < 7' < 320K,
neglect the change in N_ and N,
So

—Eg (eVD)
I, o<exp| — |-exp| —
kT kT

|:_(Eg - eVD):|
< exXpl ————
kT

Taking the ratio of currents, but maintaining 7,
a constant, we have
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exp{—(Eg - eVDl):|

&

exp{ ‘(Egk—T eVm)}

2

E —eV, B E —eV,

kT kT,
We have
T'=300K,V, =060V and

1= =

i,
kT =0.0259 eV ,— =0.0259 V
e

T =310K

i,
kT, =0.02676 eV, =0.02676 V
e

T =320K

i,
kT, = 0.02763 eV ,— = 0.02763 V
e

So, for T =310K,
112-0.60 112-V

0.0259 0.02676
which yields
v, =05827V
For T =320K,
1.12 -0.60 3 L12-V,,
0.0259 0.02763
which yields
V,, =05653V
8.21
Computer Plot
8.22
e / 2x10°
g = —- =
kT " 00259
or
g, =00772 §
Also
1( e
Cd = 5 (E)(IpOTpO + InOTnO)
We have

-6
To=T,= 10" s

-3
Ipo +1,=2x10" 4
Then

109

d

(2x107)(10°)
2(0.0259)
C, =386x10" F

Then
Y=g, +joC,
or
Y = 00772 + jw(386x10™)

8.23 Fora p'n diode

1 I 7
gd — DQ , Cd — DQ ~ pO
4 2y,
Now
-3
g, = =386x10" S
0.0259
and
107)(10”7
C, = w =193x10" F
2(0.0259)
Now
1 1 g, - joC,

- Y_gd+ijd _gj+a)2Cj
We have o =27nf ,

We find:
f=10kHz: Z=259-;0.0814

£ =100 kHz: Z=259—- j0814
f=1MHz: Z=236- 741
£ =10 MHz: Z=238— j7.49

8.24

(b)

Two capacitances will be equal at some forward-
bias voltage.

For a forward-bias voltage, the junction
capacitance is

1/2
ceNN, }
)

C =4
’ [2(% —V )N, +N,
The diffusion capacitance is

1
C, = [;)([potpo + 1”01”0)

t

where
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and
Aen D, v
I, = exp
N, V7, 4
We find

D, =(320)(0.0259) =829 cm’ / s
D =(850)(0.0259) =22.0 cm’ / s

and
(107)(5x10")

v, =(0.0259)In -
(15x10")

=0.7363 1V

Now, we obtain

¢ =(10%) (L6x10™)(11.7)(8.85x107™)

. 21, -.)

(5x10°)(10") "
O A S——
(5x10° +107)
or
16 V2
c - (104){3.94&10 }
| v, -7.)

We also obtain

~(107)(16x10™)(15x10")

po

8.29
10" 107

X exp(

AR

|

or

V
I =3278x107" exp| -~
PO 14

Also

(107)(16x10™)(15x10")" [ 22
I —
" 5x10‘5 10°
xexp(

RS |N

|

or

-
I,=3377x10" exp(—"j
v

We can now write

110

= [(3:278x107)(107)

2(0.0259)

+(3377x10™°)(10”)]- exp(%j

t

or

v
C, =6583x10™" -exp( j
4

We want to set C, = C,
So

(10 ){ 3.945x10™" }

0.7363 -V,

=6.583x10‘2°-exp( s )
0.0259

By trial and error, we find
V. =0463V

At this voltage,
C, =C, =38 pF

8.25

Fora p'n diode, 1, >>1,, then

Then
-6
7,,=2(00259)(2.5x10 )

or
7,=13x10" s

At 1md,
C, =(25x10°)(10°) =
C,=25x10" F

8.26
1( e
@) C, -l ALt ,+1,7,)

For a one-sided n" p diode, 1, >>1 ,

1( e
C, = E(E)A(I”"T””)

, then
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SO

o

or
I,=1,=0518m4
(b)
I,= A%exp(z)
L, 4
We find
L =+/Dt, =158 um and
n .
n,= — =225x10" cm
Na
Then
0.518x10~
(L6x10™)(25)(2.25x10%)(107)
- 158x10™
or

14
0.518x10" =5.70x10"" exp( .

)

exp
v

V

a

t

|

0.0259
We find
V. =059V
(c)
g =| — ) =— =
! kT )" 7,
0.0259
e T ——
0.518x10
or
r, =50Q
8.27
(a) p-region
L L L
Rp = pp = =
4 o,4 Aleu,N,)
so
R - 0.2
7 (107)(16x107" )(480)(10")
or
R, =26Q
n-region
L L L
Rn = p” = =
A4 o,4 Aleu,N,)
S0

111

. 0.0
" (107)(16x107™)(1350)(10")

or
R =463Q
The total series resistance is
R=R +R =26+463=

R=723Q
(b)
V=1IR=01=1(72.3)
or
I=138md
8.28
L L
P (n)+Pp (p)
A(n)  A(p)
(02)(107) (0.1)(107)
= +
2x10°° 2x107°
or

R=150Q

We can write

]D
V=IR+V In 2
I

@) () I,=1m4

107
v =(107)(150) +(0.0259) ln( m)
10
or
v =0567V

(i) 1,=10mAd

-10

10x107
V:(10x10_3)(150)+(0.0259)1n[ ); )
1

or V=198V
(b)
For R=0
6] I, =1m4
107
V =(0.0259) In =
10
V=0417V
(ii) I, =10mA
10x107°
V =(0.0259) In ” =
10

V=0477V
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8.29
1
r,=48Q=—= g =0.0208
&4
We have

e
g, = s 1, = 1, =(0.0208)(0.0259)
T

or
1, =0539 m4
Also
V I,
I, =1 exp| = =V =V Inf —
v I
SO
0.539x10°
V. =(00259)In| —————
V.=0443V

8.30
1 dl, 1

(@ —=——=1I|—|exp
4V, v

1 10" ( 0.020 )
— = - exp
r, 00259 0.0259

which yields
r,=12x10" Q

N
N——

(b)
For V, =-0.020 V",

1 10" (—o.ozo)
—= - eXp
r, 00259 0.0259

or

r, =56x10" Q

8.31
Ideal reverse-saturation current density

eDn . eDp,

0
J, =—"

’ L L

n 4

We find

and

112

18x10°)’
D, :—( o ) =324x10" em™
Also
L, =D, =/(200)(10") = 14.2 yom
(6)(10™) =2.45 um
Then
(1L6x107")(200)(3.24x10™)
7 142x10™
(L6x10™)(6)(3.24x107)
’ 245x10”
SO

J, =857x10"" 4/ cm’
Reverse-biased generation current density
_enW
21

o

gen

We have

(10°)(10°)

= (0.0259)In
(18x10°)’

or
v, =116V

y_[2eCn) (nan
e N/N,

) [2(13.1)(8.85x10” )(116 +5)

L6x107™"

10°+10° ||
x —
(1016)(1016)

or
W =134x10" cm
Then
(16x10™)(1.8x10°)(134x10™)
T = 2(10")
or

J,, =193x10" 4/ cm’

Generation current dominates in GaAs reverse-
biased junctions.
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8.32
(a) We can write

11 [p 1 |D
Jo=en | — Ly — =
Nu 7,0 Nd T[)()

25
5x107

1 10
+ 16 -7
10 \ 5x10

J, =n’(185x10™")
We also have
3 enW

27,

= n,.2 (l.6xlO19 )|:L

10"

or

gen

For V. +V, =5V ,we find W =114x10" cm
So
(L6x10™)(1.14x107 )n,

2(5x107)
or
J,, =n(182x107")
When J;=J_ .,
185x10"'n, = 1.82x10 "
which yields
n =988x10" cm”
We have
el
n, = N.N,exp| —
kT
Then

3
(9.88x10") = (2.8x10‘9)(1.o4x10‘9)(i)

300

[ ~112
=P (0.0259)(7/300)

By trial and error, we find
T =505K
At this temperature

Jo=J,, =(182x10"")(9.88x10") =
Jo=J,, =18x10" 4/ cm’

|

113

(b)

. v,
Joexp| = |=J,, exp| —
V. 27,

At T = 300K
J, =(15x10")"(185x10™")

or
J, =4.16x10" 4/ cm’
and

J,, =(15x10")(182x10") =

ger
or
J,, =273x10" A/ cm’

Then we can write

v Jo  273x107 ;
exp| —= |= = = ———=656x10

w ) g, 416x10™"
so that
V. =2(0.0259)In(6.56x10° ) =
V. =0455V
8.33

(a) We can write

1 |p 1 |D,
Jy=en|— |[—+— [—
Nu Tn() Nd T[)()

We find

D =(3000)(0.0259) = 77.7 cm’ / s

D, =(200)(0.0259) =518 cm’ / s
Then

J, =(1.6x10_19)(1.8x106)2|: LT

107V 10°°

1 [518
+
107 V10

or
J, =575x10" A/ cem’
SO

I, =4J,=(107)(575x10™)

5
or

I, =575x10" 4
We also have
3 enWA
T2

o

gen

Now



Semiconductor Physics and Devices: Basic Principles, 3™ edition

Solutions Manual

Chapter 8
Problem Solutions

N.N,
th=thn Hz
ni

(107)(107)

= (0.0259)In
(18x10°)

or
v, =128V
Also

1/2
- 2e¢(V, +V,)( N, +N,
e NﬂNd

2(131)(8.85x10™ )(1.28 +5)
- 1.6x10™"

y 10" +10" V|
(1017)(1017)

or
W =0427x10" cm
SO
(16x10™)(1.8x10°)(0.427x10)(10™)
fon = 2(107)
or

I, =615x10" 4

The total reverse-bias current
I,=1 +1, =575x10" +6.15x10"
or
1,=615x10" 4

Forward Bias: Ideal diffusion current
For V =03V

v, . 0.3
1, =1 exp| = |=(575x10)exp
4 0.0259

t

or
1,=617x10"" 4

For V =05V

05
1, =(575x107) exp( )
0.0259

or

1,=139x10" 4

Recombination current
For V, =03V :

114

L6x107™" 10*

b |:2(13.1)(8.85x10‘4 )(128-03) ( 2x10" H”z

or
W =0.169x10" cm
Then

en WA V
I =— exp| ——
27, 2

(16x10™)(1.8x10°)(0.169x10™ )(10™")

2(10™)
03
exp| ———
2(0.0259)
or
I =796x10" 4
For V =05V
. 2(13.1)(885x107)(128- 0.5) (210”7 |~
- 1.6x10™" 10*
or
W =0.150x10" cm
Then
(1.6x10™)(1.8x10°)(0.15x10™)(10™")
o 2(10™)
05
xXexp| ———
2(0.0259)
or

I =336x10" 4

Total forward-bias current:
For V, =03V ;

1,=617x10"" +7.96x10™"
or

1, =796x10" 4
For V =05V

I, =139x10" +3.36x10”
or

1,=336x10" 4

(b)
Reverse-bias; ratio of generation to ideal
diffusion current:

L 6.15x107"

gen

I.  575x107%

N
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Ratio = 1.07x10’

Forward bias: Ratio of recombination to ideal
diffusion current:

For V =03V
I 796x10™"
1, T 6175107
Ratio = 1.29x10°
For V =05V
I 336x10”
Z " 139x10™"

Ratio = 2.42x10"

8.34
Computer Plot

8.35
Computer Plot

8.36
Computer Plot

8.37
We have that
np — n

i

R=
T (n+n)+1 ,(p+p’)

4 4
Lett,=7,=7,and " =p =n,

We can write

E_-FE_
n=n exp(u)
kT

EFi _EF,;
p=n exp| ———
kT

We also have
(El-'n _EH)+(E .~ E, ):eVa

Fi Fp
so that
(El-'i _Efp) = eVa _(El"n _El-'i)
Then
p=n eXp|:eVﬂ _(EFn _EF,'):|
kT

(eV;) |:_(E1-'n_EH):|
=n, exp| —= |-exp| ——=—
kT kT

Define

eV E, -E,
n,=—— and n=| ———
kT kT

115

Then the recombination rate can be written as

- 2
(n,.e" )(n,.e"“ e ") -n,

‘L'O[nie" +n +ne” e+ n,,]

ni(e"" - 1)

70(2+e" +e™ -e_")

R=

or

R:

To find the maximum recombination rate, set
dR

or
! '(—1)[2+e" +e™ 'efn]_2

X[en —e™ .e—n]
which simplifies to
—ni(e"" - 1) [e" —e" -eil’]
To [2+e" +e" -ef"]2

The denominator is not zero, so we have

O:

e"—e"e"=0=>
1

e"=e" =>n=—n,
2

Then the maximum recombination rate becomes

n, (e"“ - 1)

10[2 PPLTCINPL -efn"/z]

ni(e"“ - 1)

10[2 ety e""/z]

~ n,,(e"" —1)
- 21'0(e”“/2 + 1)

which can be written as

ol )

_ ' kT

h 210|:exp(eV")+l:|
2kT

kT
£V >> (—) , then we can neglect the (-1)
e

term in the numerator and the (+1) term in the
denominator so we finally have

max

or

max

R
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n (eV )
R =——exp| —=
27, 2kT

Q.E.D.
8.38
We have
w
J jede
0
In this case, G = g" = 4x10"” cm” s, thatis a
constant through the space charge region. Then
o = eg'W
We find
NaNd
V, =V In| —
ni
(5x107)(5x10")
=(0.0259)1In ——5—|=0659V
(15x10")
and

1/2
- 2¢(V, +V,)( N, +N,
e NﬂNd

B {2(1 1.7)(8:85x10™)(0.659 +10)

1.6x10™"

y 5x10" +5x10"° -
(5x107)(5x10")

or

W =2235x10" cm
Then

J_, =(1.6x10")(4x10")(2.35x10)

gen

or
J,, =15x10" A/ em’

8.39

e

= (1.6x10™)(L5x 10“’){

3x10" 10‘7

1 |6
+ 18 -7
10" V10

or

116

J, =164x10" 4/ cm’

Now
nene
, =Jexp v
Also
J=0=J_-J,
or

14
0=25x10" —1.64x10™" exp(—”j
14

which yields

14
exp| == | = 1.52x10’
4

or
v, =V, n(152x10")
SO
V,=0548V

or
(11.7)(885x107*)(4x10°)’
2(L6x10" )N,

which yields

N,=N,=173x10" cm™

8.41
For the breakdown voltage, we need

N, = 3x10"” ¢m™ and for this doping, we find
p, =430cm’ /V —s. Then

D, =(430)(0.0259) = 1114 cm’ / s

For the p'n junction,

[)

—en —
,;0
(16x107")(15x10")" [11.14
3x10" 107
or
J, =127x10" A/ em’
Then

Chapter 8
Problem Solutions
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V
I=J Aexp| —
4

o 0 0.65
2x107 = (127x10™" ) A exp
0.0259

Finally
A=199x10"" cm’

8.42
GaAs, n'p,and N, =10 cm™
From Figure 8.25

v, =15V

We can write
€

max

eN

d

(4x10°)(11.7)(8.85x10™")
(16x10™)(5x10")

X =

n

or
x, = 518x107 cm
We find

(5x10")(5x10)

V. =(0.0259)In =0.778V

(15x10")

Now

1/2
2¢(V, +V,)( N, 1
x =
' e N, AN +N,

or

(s18610°) 2(11.7)(8.85x10™)
10X =
16x10™"

5x10" 1
X (V;l + VR) 16 16 16
5x10 5x10° +5x10

which yields
2.68x10” =129x107"(V, +V)
SO

V,+V,=207= V, =199V

117

8.44

For a silicon p'n junction with
N, =5x10" cm” and V, =100V
Neglecting V. compared to V,

1/2
2eVl,
x” =
eN,

) {2(1 1.7)(8.85x10™ )(100)]2

(16x10™)(5x10")

or
x,(min) = 5.09 um

8.45
We find

(10*)(10")

v, =(0.0259)In = =09337
(15x10")
Now
E - eN ,x,
max e
SO
. (16x10™)(10")x,
(11.7)(8.85x10™)
which yields
x, =647x10" cm
Now
1/2
X =|———| — —_—
e N, \ N, +N,
Then

2(11.7)(8.85x107™"
(647x10°) =[ W ol )
1.6x10

10" 1
X(Vbl +VR) 18 ﬁ
10" N10" +10

which yields
V,+V, =6468V
or
V,=554V
8.46

Assume silicon: Foran n'p junction

{2 (v, +VR)}“
X, =|l———

eN,
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Assume V, <<V,

(a)
For x, =75 um
Then
2(11.7)(8.85x107" )"
(75x10%) = ( )V

(L6x107")(10")

which yields V, = 435x10° V
(b)
For x =150 um , we find
Vv, =174x10" v
From Figure 8.25, the breakdown voltage is

approximately 300 V. So, in each case,
breakdown is reached first.

8.47
Impurity gradient

2x10"
a= ”
2x10
From the figure
v,=15V

=10" em™

8.48

IR
(a) If —=02
F
Then we have

t, I, 1 1
e]/’f _— = = =
T L+l (e 1402

1,
or
tS
erf =0.833
T
We find
tS tS
=0978 = =0.956
T T
(b)
]R
If —=1.0, then
[F
tg 1
erf [— =—-=05
T 1+1
PO
which yields

t
S =0.228
T
8.49
We want
t
=02
T
Then
£ 1
erf = =erf~0.2
T I,
o 1+
IF
where
erf~0.2 = erf(0447) = 0473
We obtain
I 1 I
L 1= £=111
I, 0473 I,
We have
—t
exp( 2 ]
t T I
erf | +—=LL=1+(01) = |=111
0] IF
»

By trial and error,

t
- =0.65

PO

8.50
C =18pF at V,=0

J

C, =42 pF at V, =10V
Wehave 7, =7 =10"5s, I, =2mA
»

no

10
And I, =—Lt=—=1m4
R 10
So
I 2
t, =7, In| 1+—= =(107)ln(1+—)
! I, 1
or
ty=11x10" s
Also
18+4.2
= =111 pF

The time constant is
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T, =RC,, =(10")(111x10") = L11x10” s 2(11.7)(8:85x10*)(1.14 - 0.40)
Now - 16x10™
Turn-off time = ¢, +7, = (11+111)x 107 s "
Or 5x10” +5x10"
o 20 XD
221x107 s (5x1019)2
which yields
8.51 W=619x10" cm=619 4
2
(5x10)
v, =(0.0259) In| ———— =114V
(15x10") 8.52

Sketch

We find

1/2
wo |2V =) (N +N,
e N N,

119



Semiconductor Physics and Devices: Basic Principles, 3™ edition Chapter 8
Solutions Manual Problem Solutions

(page left blank)

120



Semiconductor Physics and Devices: Basic Principles, 3™ edition

Solutions Manual

Chapter 9
Problem Solutions

Chapter 9
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9.1 @ ¢, =90 —-x=51-401
(a) We have or
. N, ¢, =109V
e =e n| -
n ' Nd (b)
N
2.8x10" =V In| =<
- (0.0259)ln[ - ] = 0.206 e ¢, =V M
10 a
19
©) — (0.0259)In| 220 Z 02651
¢, =0, —x=428-401 10"
or Then
¢y =027V V. =¢,—¢ =109-0265
and or
V.=¢, —¢ =027-0206 V. =0825V
or ©
V. =0064V rer 1"
Also W=x, =|—2=
eN,

1/2
2¢7,
i
]
~[2017)(8:85x107™)(0.064) "
1 (1ex10™)(10")

or
X, = 9.1x10™° cm
Then
|Em _ eN x,
(16x10™)(10")(9.1x10°)
©(117)(885x10™)
or
|E_|=141x10"V /cm
(d)
Using the figure, ¢, =055V
So -
V,=¢,-¢ =055-0206
or
V,=0344V
We then find

x,=211x10" cm and E__ =326x10"V /cm

123

~[2017)(885x10™)(0825) "
| (16x10™)(10%)

or
W =1.03x10" cm
(d)
|E 3 eN x,
(16x10™)(10")(1.03x10™)
(11.7)(8.85x10™)
or
[E,.|=159x10"V /em
9.3

(a) Gold on n-type GaAs
x=407V and ¢ =51V

¢, =0 —x=51-407
and
¢,, =103V

(b)

NC
¢ =V In
Nd
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4.7x10"
= (0.0259)111 T
5x10"
or
¢ =0.0580V
(©
V.o=¢,—¢ =103-0058
or
v, =0972V
(d

2e(r,+7) |
x = | 2w RS
eN

- d

[2(131)(885x10™)(0.972+5) | *
- (16x10™)(5x10")

or
x, = 0416 um
(e)
| =Nt
| =
(16x10™)(5x10")(0.416x10™")
(13.1)(885x10™)
or
|E,|=287x10°V /cm
9.4

¢, =086V and ¢ =0.058V (Problem9.3)
Then

V.=¢,—¢ =086-0058
or
v, =0802V
and
r 1/2
2¢(V, +7,)
X, =|—
- eNd

~[2031)(885¢10™)(0802+5) |~
B (16x10™)(5x10")

or]
x, = 0410 um
Also
€

124

(16x10™)(5x10")(0.410x10™)
(13.1)(8.85x10™)

or

|E,_|=283x10"V /cm

max

9.5
Gold, n-type silicon junction. From the figure,

¢, =081V

For N, = 5x10" em™, we have

NC
¢ =V In|
Nd
28x10"

= (0.0259) ln( o ) =¢,=0224V
X

Then
v, =081-0224=05861

(a)

Now

- ee N, ”2
RECRYS
{(1.6;;10‘9)(1 1.7)(8.85x1014)(5x1015):|1/2

2(0.586+4)
or
C'=950x10" F/cm’
For A=5x10" em’, C=C’'4

So
C =475 pF

(b)
For N, = 5x10" em™, we find

(2.8);10” )
¢ =(0.0259)In — |=0.1647
5x10
Then
V. =081-0164 = 0646V
Now
o (16x107")(11.7)(8.85x10™*)(5x10"°) |~
2(0.646 +4)
or
C'=299x10" F/cm’
and
C=C'A
SO

C=15pF
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9.6
(a) From the figure, V,, =090V

(b) We find

| 2
Al — 15
(c’) 3x10°-0

AV,  2-(=09)

=1.03x10"

and

1.03x10" =
eeN,

Then we can write
2

(L6x10™)(13.1)(8.85x107*)(1.03x10")

d

or
N, =105x10" em”

(c)

NC
¢ =V In
Nd

4.7x10"
=(0.0259) In| ———
1.0

5x10"
or
¢, =0.0985V
(d)
¢, =V, +¢ =090+0.0985
or
¢, =09985V
9.7
From the figure, ¢, =055V
(a)
N
¢” ) Vr ln[ C )
Nd
2.8x10"
=(0.0259) In - =0206V
10
Then
V.=¢,—-¢ =055-0206
or
V. =0344T1
We find

1/2
2¢,
x,=|——"
eN,

125

[201.7)(885x10)(0344) |
B (16x10™)(10")

or
x, = 0211 pum
Also
|E - M
ol =
(L6x10™)(10")(0211x107)
(11.7)(8:85x10™)
or
[E,.|=326x10"V/cm
(b)
N £ [ (16x10™)(326x10°)]"
*Nire 47(11.7)(885x10™)
or
A =200 mV
Also
e
xm =
V167 € E
(16x10™)
| 167(11.7)(885x107*)(3.26x10")
or
x =0307x10" cm
(©
For V, =4V

[2017)(885x10 ) (0344 +4) |
T (16x10™)(10")

or
x, =075 um
and -
(1L6x107")(10")(0.75x10™)
ol = (11.7)(885x10™)
or
|E,|=116x10"V /em
We find
AG = :E = Ap=378mV
T e —
and



Semiconductor Physics and Devices: Basic Principles, 3™ edition Chapter 9

Solutions Manual Problem Solutions
o, 12
. - [ e & x = 0163410° cm _ 2(13.1)(8:85x10™*)(0.812)
16w € E (L6x107")(5x10")
08 or
e x, = 0153 um
—e Then
—(D(x) = - Ex eN x
167 € x E, |= S
or €
& (16x10™)(5x10")(0.153x107)
e¢(x) = + Eex = o
167 € x (13.1)(8:85x10°™)
Now or
2
d(eg(x)) _ __ ¢ e [E,. | =106x10°V /cm
dx l6m e x (b)
Solving for x°, we find We want A¢ to be 7% or ¢, ,
xz _ e So
T lercE Ao = (0.07)(0.87) = 0.0609
or Now
o ¢E (49 )(4m &)
X = _xm = A(D = = E =
lér e E 4 e e
SO

Substituting this value of x,, = X into the
2 -
equation for the potential, we find - (0.0609) (4”)(13-1)(8-853‘10 M)

As e . e 1.6x107"
= +
e Vi6m e E or
lérw e

E = 338x10° V' / cm

l6mr € E N m
which yields ow
eN ,x, cE
_ e¢E Emax = = xd [
A0 = 4r € € eN,
)
9.9 (13.1)(8:85x10™)(338x10°)
. = - )
Gold, n-type GaAs, from the figure ¢, =087V (1-6XI0 19)(5)610”)
(@ or
N x, =049 um
¢,=V.In NC Then
d 2¢(,+7,)]"
S .
4.7x10" - -4 _ b VR
=(0.0259) In| ———— |=0.058 ¥ x, =049x10 |: oN :|
5x10" d
Then or we can write
2
V;n‘ = ¢Bn — ¢” = 0.87 - 0.058 (I/b‘ " VR) _ eNd.xd
or
% 2082Y (16x10™")(5x10"*)(049x10™)’
Also -

b 2(13.1)(8.85x10™)
eN,

126
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V. +V, =828V =0812+,
or
V., =147V

9.10
Computer Plot

9.11
(@) ¢,, =0 —x=52-407
or

¢,, =113V

(b)
We have

1
(Eg _e(DO _e¢3n) = \/26 € Nd(¢l£n _¢r1)
eDil

ei

eD, 6

[0, - (x+90,,)]

which becomes
e(1.43-0.60-¢, )

1
1013
el —
e

[2(1.6x10™)(13.1)(8:85x107)

1/2

x(10)(¢,, - 0.10)]

(8:85x10™)
- 10" [52 - (407 + ¢Bn )]
e()(25x108)
e
or
083-¢,,
=0.038,/¢, =010-0221(113-¢, )
We then find
¢, =0858V
(©

If ¢ =45V ,then
0, =0, —x=45-407
or
¢,, =043V

From part (b), we have
083-¢,

=0.038,/¢, —0.10 —0.221[4.5-(4.07 + ¢, )]

We then find
¢, =0733V

127

With interface states, the barrier height is less
sensitive to the metal work function.

9.12
We have that

(Eg —eq)o—eq)gn)

_ jwe €N, (9, -9,)
(S8
- eD, 6 [(Dm ~lar e )]

Let eD, = D/ (em”eV™"). Then we can write

(112 - 0.230 - 0.60)

= % [2(16x10™)(11.7)(885x10™")

it

x(5x10"*)(0.60 - 0.164)]

(8.85x10™)
————[4.75-(4.01+0.60)]
D!(20x10™)

We find that
D,-: =497x10" cm eV

9.13
N,
(a) (])n = V, In| —
Nd
2.8x10"
=(0.0259)1n pw
1
or
¢ =0206V
(b)
V.=¢, —¢ =089-0206
or
V. =0.684V
()

. —e
J,=AT exp(&)
kT

For silicon, 4" =120 A/ cm’/° K*
Then

-0.89
J,, = (120)(300)° exp( )
0.0259

or
J, =13x10" 4/ cm’
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(d) Now
eV, -0.68
J =J, exp(—) J,, = (120)(400)" exp
kT (0.0259)(400/300)
or or
J 2 J. =539x10" A/ cm’
V.=V In| == [=(0.0259)In — o = 9-39x cm
o 1.3x10 For I =1mA,
* v =(0 0259)(400)1 ( 2 )
= =0 pyodl " sy
Y, = 04887 300 539x10°
or
9.14 V. =0125V
(a) From the figure, ¢, =0.68V For 7 =10 mA.,
Then
400 20
o -9, v, =(00259) — |In| ————
J,=AT exp 300 5.39x10
Vr or
-0.68 V =0204V
=(120)(300)’ exp( ) S T
0.0259 For 1 =100 mA,
> v =(0 0259)( 400)1 ( 200 )
_ -5 2 = . E— n —m/m
J, =428x10" A/cm a 300 539x10"
-3 B 2 or
For 71 =10 A:>Jn=5x10_4=2A/cm V. =0284V
We have
J, 9.15
V,=V,In 7 (a) From the figure, ¢, =086V
ST
2 4t _¢Bn
= (O.O259)1n(—5) Ja=AT e"p[ p j
428x10 ‘
or , -0.86
=(112
V,=0278V (112)(300) eXp( 0.0259)
For [ =10mAd = J, =20 4/ cm’ or
And J, =383x10" 4/cm’
20 Now
v, =(0.0259)In| ———— V
4.28x10 J =J, exp( - j
or f
V,=0338V and we can write, for J =5 A4/ cem’
For 1 =100 mA=>J, =200 A/ cm’ J
And V. =V In| —
200 o
V. =(00259)In| ———— 5
428x10° =(0.0259) In| ———
or 3.83x10°
V., =0398V or
) - V. =0.603V

For T = 400K, ¢, =068V

128
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(b)
For J =10 Alem’

10
V. =(0.0259) ln(—
3.83x10

-10

SO
AV, =0.621-0.603 =

): 0.621V

AV =18 mV
9.16
Computer Plot
9.17

From the figure, ¢, =086V

J, = AT exp(ﬂj exp(&j
v, Vi

-0.68

=(120)(300)’ exp( exp[ﬂj
0.0259 v

or

A
J, =4.28x10" exp(%j

t

We have

eE
A =
e
Now
N
9, =V, In| —<
Nd
2.8x10"
=(0.0259) In > =0.206V
10
and
V.=¢, —¢, =068-0206=0474V
(a)

We find for V, =2V,

2, +7) ]
X =|——=
eN

L d

[2(11.7)(885x107)(2.474)

(16x10™)(10")

or
x, =0.566 um
Then

}1/2

129

eN x

d”"d

|E

max

~ (1:6x10™)(10° )(0566x10)
(11.7)(8:85x10™)

or
|E,_|=875x10" ¥ /cm

Now
[(uex10™)(s75x10°)
| 4x(11.7)(885x10™)
or
A = 00328 ¥
Then

0.0328
J, =428x10" exp( )

0.0259
or

J, =152x10" A/cem’
For A=10" ¢m’, then
1, =152x10" 4

(b)
For V, =4V,

[2017)(885x10™)(4.474) "
L (16x107)(10")

or
x, =0.761 um

(L6x10™)(10")(0.761x10™)
(11.7)(8.85x10™)

| max

or
|E
max
and

ro |:(1.6x10_19)(1.18x105):|”2

4m(11.7)(885x10™")

=118x10" V' / cm

or

A¢p =0.0381V
Now
s 0.0381
J,, =428x10  exp
0.0259

or
J,, =186x10" 4/cm’
Finally,
I, =186x10" 4
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m —e
JS_*N)I = 2 _” exp( - )
9.18 ‘ h kT
We have that - -
= X jv exp Y dv
o, = [van ' 2T )
| - Vox
Ee oo * 2 oo "
The incremental electron concentration is given % jexp -myv, v X J‘ exp _mn"; dv.
by 2 Y 2kT
dn =g (E)f,(E)dE We can write that
We have
( *)3/2 l}”’l"Vz = e(V - V )
47[ 2m n"ox T bi a
n 2
E)=—"T"\JE-E
g:(£) n ¢ Make a change of variables:
and, assuming the Boltzmann approximation mvf Lo e(Vm- -V )
—(E-E -
f(E)= exp[u} 2kT kT
kT or
Then 2 2kT 2 e(V;;i — Va)
4 (2 *)3/2 (E E ) v o= o + T
w(2m —(E - m
=—— " JF_ . ~ r7 "
dn = n E-E exp[ kT :|dE Taking the differential, we find
. . . 2kT
If the energy above E . is kinetic energy, then v.dv, = ( : ) odo
1 * ) mﬂ
—myv =E-E_
2 ' We may note that when v_=v_ _ , o0 =0.
We can then write Other change of variables:
L my g ur)”
—_ =Yy —_— = vv = —* .
‘ 2 2kT CA\m
and 2 172
1 my. o, | 24T
dEz;m:-Zvdvzm:vdv 2kT_y =V = mn v
We can also write Substituting the new variables, we have
E_E[-':(E_EC)+(EC_E1-‘) _ m ' 2kT ’ —e
1 JS%M = 2 - ! * exp -
= —m:v2 +eg, h " kT

kT

(m* JS (—eq) ) (—m*sz 5
dn=2 —* | exp = |-exp| —— |-4mv’dy N Noa [ >
h kT 2kT % J exp(—B B J exp(~7* )y

We can write

so that X exp[M} . I aexp(—a’ Mo
0

2 2 2 2
vVi=vo4v 4

The differential volume element is 193'01r9the Schottky diode,
4m'dv = dvxdvydvz J, = 3x10° A/em® , A=5x10" em’
The current is due to all x-directed velocities that For I =1mA,
are greater than v, and for all y- and z-directed 10°
velocities. Then J= =2 A/cem’
5x107
We have

130
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J
-
Jg

2
= (0.0259)1n( 8 )
3x10°

or
V, = 0467 V _(Schottky diode)

For the pn junction, J_ = 3x10™° 4/ cm’
Then

2
V. =(0.0259) ln( - )
3x10°

or

V. =0.705V _(pn junction diode)

9.20
For the pn junction diode,

J, = 55107 A/em’ , A =8x10" e’
For I =12mA,

12x107 ,
J= = 154/ cm
8x10
Then
J
()
JS
= (0.0259)1n( — ) =0.684V
5x10°

For the Schottky diode, the applied voltage will
be less, so

V =0.684-0265=0419V

We have
V
I=A4J, exp| —
4
sO
0419
12x10" = A(7x10‘8)exp( )
0.0259
which yields

A=162x10" cm’

9.21
(a) Diodes in parallel:
We can write

%
I.=1, exp( ‘”j (Schottky diode)
14

t

and

131

V
I, =1, exp( 2 ) (pn junction diode)
i V

t

Wehave I +1, =05x10" 4,V =V
Then

”
05x107 = (1, +1,) exp(—”j

V
or
0.5x107
V,=V,In
I+,
0.5x107
=(0.0259) In ———, |=0239V
5x107° +10°
Now
N 0.239
I, =5x10"exp
0.0259
or
I, = 0.5x10" 4 (Schottky diode)
and
; 1012 0.239
= exp
PN 0.0259
or

1,, =102x10" 4 (pnjunction diode)

(b) Diodes in Series:
We obtain,

0.5x10°
V. =(0.0259)1n
‘ 5x1

-8

or

as

¥ =02397 (Schottky diode)

and

0.5x10°
vV  =(0.0259)In
apn 10712

or

apn

V. =0519V (pnjunction diode)

9.22
(a) For I =08mA,we find

0.8x10°°
J =

7x10™
We have

J
v, =V In =
JS

For the pn junction diode,

=114 A/ cm’
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V. =(0.0259) ln(

114 )
3x1077

V. =0.691V
For the Schottky diode,

1.14 )
4x10°°

vV, =0445V

or

V. =(0.0259) ln(

or

(b)

For the pn junction diode,

2 T ’ _Eg
Jyoen oo — | exp| ——
300 kT
Then
J,(400)
J(300)
(400)3 -E, E,
= — | €Xp +
300 (0.0259)(400/300)  0.0259

or

112 112 }
0.0259  0.03453

=2.37 exp|:
We find

J, (400)

J, (300)
Now

0.691
I=(7x10")(1.16x10°)(3x107"
( ¥ )( ¥ )( ¥ )eXp(o.o3453)

or

=116x10°

1 =120 mA
For the Schottky diode

—e
J, o< T’ exp(&)
kT

Now
I (400)

J,,(300)

(400 )2 _¢30 ¢30
=|——| exp +

300 (0.0259)(400/300)  0.0259
or

=178 exp|:

We obtain

0.82 0.82 }
0.0259  0.03453

132

Jo (400)
Jo (300)
and so

0.445
I=(7x10")(4.85x10°)(4x10”*
( ¥ )( ¥ )( ¥ )eXp(o.o3453)

or

=485x10

1 =537mA

9.23
Computer Plot

9.24
We have

= | exp| /=
_\e kT
AT
which can be rewritten as

ln|:RCA*T2 } _ 9,
(kT/e) kT
SO
o))
5 e (kT/e)

(107)(120)(300)° }

R

C

=(0.0259)In
0.0259

or
¢, =0216V

9.25
(b) Weneed ¢ =¢ —y =42-40=020V
And

NC
¢ =V In
Nd

or

28x10"
0.20 = (0.0259) In
N

d

which yields
N, =124x10" cm”

(©)
Barrier height = 0.20
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9.26
We have that
—eN
E=——*(x,-x)
€
Then
eN, X
¢=—jde= x - x——|[+C,
IS 2

Let =0at x=0=C, =0
So

eN, x:
o=V, =t
e 2
or
2eV,
x” =
eN,
Also
V,= ¢BO - ¢n
where
N
9, =, In —<
Nd
For
0.70
o= P 07055y
2 2
we have
1.6x10™" )N
5= ( ) [, (50x10)
(11.7)(885x10™)
(50x10™)’
2
or

0.35="7.73x10" N, (x, —25x10")
We have

{2(1 1.7)(8.85x107™), ]2
X =

(L6x107" )N,

and
v, =070-¢,
By trial and error,
N, = 35x10" em™

9.27
NV
(®) ¢,,=¢,=VIn N
1.04x10"
=(0.0259) In —
5x10°
¢,, =0138V
9.28
Sketches
9.29
Sketches
9.30
Electron affinity rule
AEC = e(xn _Zp)

For GaAs, y =4.07; and for AlAs, y =3.5,

If we assume a linear extrapolation between
GaAs and AlAs, then for

Al .Ga,,As = x =390

Then
|E.|=407-390=
|E.|=017 eV

9.31

Consider an n-P heterojunction in thermal
equilibrium. Poisson’s equation is
d¢  p(x) dE

dx’ € dx
In the n-region,

For uniform doping, we have

eN, x
E = —+ C.

n 1

€

The boundary condition is
E, =0 at x =—x, , so we obtain

_ eNdnxn
=
e”
Then
eN
E, =—*(r+x,)
(S

n

In the P-region,
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dE, eN

dx €,

which gives

eNan
E,=- +C,

€p

We have the boundary condition that
E, =0 at x =x, so that

C2 — eNanP
€,
Then
eN
EP = = (xP - x)
S

»
Assuming zero surface charge density at x =0,
the electric flux density D is continuous, so
e, E,(0) =¢, E, (0)
which yields

Ndnxn = NanP
We can determine the electric potential as

9,(x)=~[E, dr

eN dnxz eN, x x
=- + +C,
2€, €

n

Now
v, =10,(00-9,(-x,)
o |:C B eN, x eNdnxz}
3 3
2€, =

or

3 eN x

bin 2 e

134

Similarly on the P-side, we find

2
B eNHPxp
biP
2e,
We have that
2 2
eN x eN x

V=V +V,, =" +——

2€, 2e,

We can write
. [ N, )
P n NaP
Substituting and collecting terms, we find
- |:e e, NN, +ee N’ :|'xj
2 eneP NaP

Solving for x, , we have

1/2
; { 2¢,¢, NV, }
eNdn(eP N11P+ en Ndn)

Similarly on the P-side, we have

172
2 en eP Ndn I/bi
x —
' eNaP (EP N(IP + en Ndn )
The total space charge width is then

W=x +x,

Substituting and collecting terms, we obtain

12
W = 26”61, I/;Ji(NuP+Ndn)
eNanuP(en Ndn+eP N )

aP
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Chapter 10
Problem Solutions i, =17.64 mA
10.1 10.5
Sketch . 510
(@ B="c="—= B=85
10.2 i, 6
Sketch 85
— a=i=—:> o =0.9884
1+ 8 ———
103 D4 i, =i +i,=510+6= i, =516 ud
e. n -
(a) |Ig| — n“"BE""BO (b)
s 265 g s
-19 4 4 == =
_ (16x10™)(20)(107)(10%) 0.05
107 53
i a=—= o=09815
or I, =32x10™" 4 54 @ —
i =265+005= i =270mA
(b) p P
o 05 —_
(1) i.=32x10 " exp =
0.0259 10.6
i.=7.75uA (c) Fori, =0.05mA4,
=1
06 i. = Bi, =(100)(0.05) = i.=5mA
(i) i. =32x10™" exp( . ) = We have —_—
0.0259 ,
i = 0368 md Ver =Vee i R=10-(5)(1)
e m or
0.7 _
(iii) i =32x10" exp( ) - Ver =5V
0.0259
i, =175m4 10.7
) V.=IR+V, +V,
10.4 )
a 0.9920 10=17.(2)+0+06
(@) B= = = B=124 or
l-a 1-09920 —— B
(b) From 10.3b I.=47m4
. . o 775
(i) Fori.=775pd;i,=—=—= 10.8
B 124 @
i =0.0625ud,
d n’ (l.leOlo) 5 25510" emr
1+ 125 o= =—————=225x10" cm
iE = (—ﬁ) iC = (—)(775) = PO NB 101(
B 124 At x=0,
i, =781 ud v
(ii) For i, = 0368 md, i, =2.97 ud, n,(0) =n,, exp i
i, =0371mA or we can write

(iii) For i.=175md, i, =0.141m4,

139

n (0)
2
n,
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We want 7,(0) =10% x 10" =10" cm ™, or
So x,, =0118 um
V,, =(0.0259)In T2500" X, =X, =X, —x,, = 110-0207 - 0118
25x
or or
x, =0.775 um
V,=0635V T
(b)
At x' =0, 10.9 2
v © nt (15x10")
— BE a) p, = —_—
P.(0)=p,yexp v PN, 5x10”
where P,, =45x10" em™
> (15x10" 2
p = U u =225x10° cm™ nl_2 (1.5x1010)
no N 1017 n80=_=—15:>
Then : N 10
0.635 n,, = 225x10" em™
p (0)=225x10" exp
n 5 10\2
0.0259 n o (15x10°)
p (0)=10" cm” Peo = N, TS =
() DPeo = 225x10° em™

From the B-C space charge region,

2e ) (VY1) ©
x =ttt T - v,
’ e N, A\N_+N, n,(0)=n,, GXP( V j

We find
(1016 )(1015)

t

= (2.25x10“)exp( 0.025 )

V. =(0.0259)In == 0635V 0.0259
(15x10") or
Then n,(0) = 680x10" cm™
2(11.7)(8.85x107™*)(0.635 + 3) Also
X =
" 1.6x10™"

.
p,(0)=p, eXp( ;E j

t

1015 1 1/2
X(l 0" ](—1 0" +10° H , 0.625
+ = (4.5x10" ) exp

0.0259

or
x,, =0207 pm or
13 =3
We find p,(0) =136x10" cm

(107)(10°)

V. =(0.0259)1n = =0754V 10.10
10
(15x10") i (15x10°)
Then (a) nEO =——= —18 =
. N, 10
2(11.7)(8.85x10™*)(0.754 - 0.635) £
X = L6x10-" Ny, = 225x10° em™

2

1017 1 1/2 n, (1.5x1010)2
p = =
x(lole )(1017 10 ):| o N, 5x10'°

140
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Dyo = 45x10° em™

w (15x10°)
= =

N, 107

n, =225x10" em”

nCO =

(b)
v,
14

t

R 0.650
= (4.5x10 )exp
0.0259

or
p,(0)=357x10" cm”

Also

v,
n,(0)=n,, exp( ;” j

= (2.25x102)exp( 0.650 )

d(5n8)
)
d(SZB) 0)

(2) For -2 =01 = Ratio= 09950
)

B

X
(b) For =% =1.0=> Ratio = 0.648
L

B

X
(¢) For =% =10 = Ratio = 9.08x10
L E—

B

0.0259
or
n (0)=178x10" cm™
10.11
We have

gl

X
x cosh| —& |+1
LB

At x=x,,
d(ang) |(x ) _ Ny
B
dx L, sinh(x”J
LB

o )

Taking the ratio,

10.12
In the base of the transistor, we have

b d*(on,(x)) ~ on,(x) _

B

0

dx’ T

BO

d(81,(x) n,(x) _
dx’ r

B

where L, = 1/DB'CBO

The general solution to the differential equation
is of the form,

on,(x)=4 exp(i) +B exp(_—xJ
LB LB

From the boundary conditions, we have
o, (0)=A+B=n,(0)-n,

V
Also

x —x
on,(x,)= Aexp| == |+ Bexp| —= |=-n,,
LB LB

From the first boundary condition, we can write

v
A=n,|exp| — |-1|-B
4

0
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Substituting into the second boundary condition
equation, we find

x -X
LB LB
x
|:exp( ;;E - 1:| exp(L—j +n,,
which can be written as

T )

2 s1nh( )
We then find

A=

2 smh( )
10.13

In the base of the pnp transistor, we have
d*(&,(x)) &,(x)
dx’ T

BO

D

B

=0

d*(&,(x)) &,(x)
dx’ L

B

where L, =/D,7,,

The general solution is of the form

&,(x)=4 exp(i) +B exp(_—xJ
LB LB

From the boundary conditions, we can write
®,(0)=4+B=p,(0)-p,

y
Also
-X,
&,(x,)= Aexp| == |+ Bexp| —= |=-p,,
LB LB

From the first boundary condition equation, we
find

v,
=refoul 1o

Substituting into the second boundary equation

=0

142

V X
4 L,
2 sinh(xg)
LB
and then we obtain
V —-X
4 L,
2 sinh| -2
LB

Substituting the expressions for 4 and B into the
general solution and collecting terms, we obtain

B =

A=

»,(x)=pgo

V, —
exp| =% [—1|-sinh L7 ginn|
VI LB LB

X

)C
sinh| —
L,
10.14

For the idealized straight line approximation, the
total minority carrier concentration is given by

e
4 X,

The excess concentration is
on, = nB(x) -n,,
so for the idealized case, we can write

o
v, X,

1
At x =—
2

x,, we have

e o]

For the actual case, we have

(1 )
5"3 _xB :nBO
2
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xB
(a) For —=0.1, we have
L

B

. X
smh(—”) =0.0500208

2L,
and
X
sinh| —£ | =0.100167
LB
Then

v
{exp(ﬂ)} (050 -0.49937) — 1.0 + 0.99875
vV

- 1 V
_ exp BE _ 1
2\,
which becomes

v
(0.00063) exp( e )— (0.00125)
v

- 1 (v
—exp| £ |-1
2 4

V
£ ) >> 1, then we find

v

t

If we assume that exp[

that the ratio is

0.00063
=0.00126 = 0.126%
0.50
(b)
X
For —% =1.0, we have
LB
X
sinh| — | =0.5211
2L,
and
X
sinh| —£ |=1.1752
LB
Then

143

(0.50—0.4434) — 1.0+ 0.8868

V..
eXp BE
4
1 V..
—exp| =5 |—1
2\,

which becomes

(0.0566) exp(?ﬁj -(0.1132)

1 V.
—exp| == |-1
2 4

A : VBE
ssuming that exp >>1
v

t

|

Then the ratio is
3 0.0566

0.50

=01132 = 1132%

10.15
The excess hole concentration at x = 0 is

v
&,0)=p,, |:exp( = )— 1:| =8x10" em™
V

and the excess hole concentration at x = x, is

o, (xB) =—p,, = —2.25x10* em™
From the results of problem 10.13, we can write

w(x)=p,,

or

&, (x)=

(8x10") sinh[x”L_xj ~(225x10") sinh(;)

B B

sinh(x”J
LB

Let x, = L, =10 um, so that
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X
sinh| —% |=1.1752
LB

Then, we can find 5P3(x) for (a) the ideal linear

approximation and for (b) the actual distribution
as follow:

x (a) o, () dp,
0 8x10" 8x10"
0.25L, 6x10" 56x10"
0.50L, 4x10" 3.55x10"
0.75L, 2x10" 1.72x10"
10L, -2.25x10° -2.25x10"
(c)

For the ideal case when x, << L, then
J(0)=J(x,), so that
J(x,) _

=1
J(0)

For the case when x, = L, =10 um

eD

J(0) = —Bi{(sxlo“‘ ) sinh[ i x)
. x. |dx L
smh(”j ?
B
—(2.25x10“)sinh[ij} |
LB x=0
eD,

. {_—1(8x1014)cosh( olin x)
sinh(1) | L, L,
—i(z.zsxlo“)cosh[ij} |

L L x=0

B

or

J(0) =

which becomes
—eD, 1
=—2 . 1(8x10 h(1
L, sinh(1) {( ' )COS M
+(2.25x104 ) cosh(O)}

We find
0) ~(1.6x10™")(10)
(10x107)(1.175)

o[ (8x10)(1.543) + (2.25x10° )(1)]
or

J(0)=-1.68 4/ cm’

Now

144

J(x/s) &

= L simb(D) {(leo )cosh(O)

+(2.25x10" ) cosh(1)}
~(1.6x10™")(10)

(10x107)(1175)
[ (8x10")(1) +(225x10")(1.543)]

We obtain
J(x,)=-1.089 4/cm’
Then
J(x,) _ -1089 J(x,) 0648
J(0)  -168 J(0)
10.16

(a) npn transistor biased in saturation

b dz(ﬁnﬁ(x)) ~ on,(x) _

B

0

2
dx T oo

or

d*(on,(x)) B on,(x) _
dx’ L

B

where L, = 1/DB'CBO

The general solution is of the form

on,(x)=4 exp(ij +B exp(_—xJ
LB LB

If x, << L,, thenalso x << L, so that

on,(x) = A[l +i)+ B[l —i)
LB LB

=(A+B)+(A-B)(i)
L

B

0

which can be written as

on,(x)=C+ D[ij
L

B
The boundary conditions are

o, (0)=C=n,, |:exp[ Vue j— 1}
4

and

v
on,(x,) = C+D(X—B) = n80|:exp( Bcj—l:|
L, 4

Then the coefficient D can be written as




Semiconductor Physics and Devices: Basic Principles, 3™ edition Chapter 10

Solutions Manual Problem Solutions
eD
L JP= BpBO [e p( EBj_eXp[ CB)}
D=|—=% { exp| == |-1 Xy ¢ 4
X5 4 We have
v, W (15x10°)
_n80|:e)(p[ BE)_1:|} P :—':%2225)610 em”
4 N, 10
The excess electron concentration is then given Then
by

(1.6x10™)(10)(2.25x10°)

on, (x)= Ny, {|:exp( Vue j— 1:| . (l—ij 105= 0.7x10™
4 L,
0.75 V
” . ><|:exp( ) - exp( - j:|

4 or
VCB
4

t

(b)
The electron diffusion current density is 3.208x10" =3.768x10" — exp

d(6
(6, (x)) which yields
dx = (0.0259)In(056x10" ) =

V 1 VCB
= eDBnBO{|:exp[ == )— 1:| . [—j V.,=070V
4 Xp (b) —
+ exp Ve |4 L V. (sat)=V_ -V, =075-070=
4 X, V. (sat) =005V

J =eD

n B

or (c)
eD n v v Again, extending the results of problem 10.16 to
_ B "BO _BE | BC R .
0w €xXp €xp a pnp transistor, we can write
xB Vz Vz V V
ep,, X

The total excess charge in the base region is 2 4 4

¥ 16x10")(2.25x107)(0.7x10™

0,= —eJ.5nB (x)dx = ( )( ; )( )
0

x[3.768x10” +0.56x1012:|
=—en exp Voe -1
V or

xz . 0, =545x10" C/cm’
+ exp Vic : 2— | or
x 0
L - : 0,
which yields =
e
—en, x V
QnB — BO B{ exp[ BE) (d)
2 In the collector, we have
V —-X
+ exp Vic 1 on (x)=n,,| exp| == |=1|-exp| —
14 4 L.

The total number of excess electrons in the
collector is

10.17
(a) Extending the results of problem 10.16 to a
pnp transistor, we can write

145
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N, = j5np (x)dx

)

CB

|4
=-n,,L.| exp p

Then the total number of electrons is
N, =(45x10")(35x10™)(0.56x10")
or

N, = 8.82x10" electrons | cm’

3 0565
= (225x10" ) exp
0.0259
or

n,(x,)=67x10" ecm™
0,

V..
PO =1, {7}

t

At x” =

0.565 )
0.0259

p.(0)=956x10" cm™

= (3.21x104)exp(
or

(c)

From the B-C space-charge region,

(107)(7x10")

V,, =(0.0259)In :
(15x10")

=0.745V

Then

{2(1 1.7)(8:85x107)(0.745 - 0.565)
X, =

1.6x107"
7x10" 1 "
X 17 ( 15 17 )
10 7x10" +10

X, = 1.23x10° em

From the B-E space-charge region,

(10”)(10")

or

V.. =(0.0259)In =0933V
(15x10")
Then
2(11.7)(8.85x107*)(0.933 +2)
X =
r 1.6x107"
1019 1 1/2
X 17 ( 19 17 )
107 \10” +10
or
X, = 1.94x107 cm
Now

Xy =Xp =X, —X,, = 1.20-0.0123-0.194
or
x, = 0994 um

10.19
Low injection limit is reached when

D, (0) = (O.IO)NC , so that
2.(0) = (0.10)(5x10") = 5x10" em”*
We have

5x10"
=(0.0259)In -
45x10

v, =048V

or

146
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10.20
(a)
o= JnC
Syt +J,
1.18
== «a=0787
120+ 0.20+0.10 E—
(b)
JnE
J”E + J
1.20
=——= y=0923
1.20+0.10 _—
(c)
J. 118
o, = =—= o, =0983
J, 120
(d)
_ Jp T
St tJ .
1.20+0.10
== §=0867
120+ 0.20+0.10 —
(e)
a 0.787
ﬁ ==
l-a 1-0.787
or
B =369
10.21
nt o (15x10")
ng, =—=—17=225x10 cm”
N, 10
Then
V..
n,(0)=n, exp| =
4
R 0.50
=(225x10") exp
0.0259
or

n,(0) =545x10" cm”

As a good approximation,
eD, An B(O)

Xy

_ (16x10™)(20)(10™ )(5:45x10")
10"

147

or
1.=174u4
(b)
Base transport factor
1
o0 =—
cosh( /L )
We find
=D, (20) 10‘7 =141x10" cm
so that
1
=——>= 0o, =09975
cosh(1/141) ~ —-—

Emitter injection efficiency
Assuming D, =D,, x, =x,,and L, = L;
then

1 1
= = = y=0.909
4 N, 10" }/—
1+ 1+
. 1018
Then
a = ya,8 =(0.909)(0.9975)(1) =
a =0.9067
and
o 0.9067
= = = B=972
- 1-0.9067 —_—
For I, =15m4,
I.=al, =(09067)(1.5)= I_.=136mA
(c)
For I, =2 ud,

I, =PI, =(972)2)= I, =194 pu4

10.22
(a) We have

V.
exp| & |-1
_ eDBnB() 1 + V;
L X

We find that
nt o (15x10°)
n,, =—=—16=45x10 cem”
N,  5x10
and
L,=+/D,t,, =4/(15)(5x10") = 8.66x10™ cm
Then
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(L6x107")(15)(4.5x10")
8.66x10™

( 0.60 )
exp
1 0.0259
X +
) 0.70 0.70
sinh| — tanh| ——
8.66 8.66

J =179 A/ cem’

nkE

nkE

or

We also have

eD Vv 1
JPE — EpEO exp BE _1 .
L, 4 ( j
tanh| —

E

Also
> (15x10"
Dpo = B (—) =225x10°" em™
18
N, 10
and
L, =+/D,7,, =,/(8)(10") =2.83x10" cm
Then
(L6x107")(8)(2.25x10°)
e 2.83x10™
0.60 1
x| exp -1 08
0.0259 @ nh()
283
or

J, =00425 4/ cm’
We can find

ev,,
Jo=J, exp(i)
2kT

= (3x10_8)exp(ﬂ)

2(0.0259)

J, =322x10" A/em’

(b)

Using the calculated currents, we find
J 1.79

nkE

Y = = =
Jp+J,  179+0.0425
Y =0.977
We find
J 1.78

nC

o, =—=—"= 0o,=099%
J 1.79 _—

nkE

and
St 1.79 + 0.0425

Jo+d,+J, 1794000322 +0.0425

nkE

or
6 =0.998
Then
o =ya,8 =(0.977)(0.994)(0.998) =
o =0.969
Now
a 0.969

—=——— = B=313
l-a 1-0969 ———

[ ( 0.60 ) }
exp -1
J =eDBnBO 0.0259 N 1
nC
L
8 sinh(x”J tanh(xﬁ)
LB LB

(L6x10™)(15)(45x10)
( 0.60 )
exp
0.0259 !

8.66x10~
+
. 0.7 0.7
sinh| — tanh
8.66 8.66

or
J. =178 4/ cm’

The recombination current is
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or

(i)

(b)

(i)

or
a,(C) x
o,(4) 2L,

(c) Neglect any change in space charge width.
Then

(1)

K
o))
6(4) | K J s
’].vOA
K K
=l-—+—
Js()B '].vOA

Now

Then
_VBE
J,exp
s(8) ( 27, )
5(4) eDn,,
xB
(i1)
We find
_VBE
J,exp
3(0) ( 27, )
=1+
5(4) eD.n,,
xB
(d)

Device C has the largest 3. Base transport

factor as well as the recombination factor
increases.

10.24
(a)
1 1
’}/: =
14 Mo Pe Xy e N
N, D, x, N,
or
y=1-K-—=
E
(1) Then
NB
y(B) 2N,,

N
N N
(1w 1]
2NE0 NEO

N
~1-K —2 4 K.
2NEO N.’:O
or
=1+K —2
2N

or
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@=1+
y(4)

NB DE xB
2N,, D, x

E

(i)

Now

1
’}/:—zl—K"x—B

Then

’ xB

r(0) _ (¥,0/2)
/}/(A) I_K"‘Xi

x
=1-2K"-—% R
xl:O xl:O
—1-K
xEO
or
& — 1_ NB . Dl: xB
y(A) NE DB xEO
(b)
1 x ’
o, =1- —(—”j
2\ L,
SO
®
o,(B) 4
o, (4)
and
(i)
@) _
o,(4)
(c)
Neglect any change in space charge width
1
o=
J V..
1+ —%exp| —%
JSO 2V!
1 k
= ~ 1 -
PRI
J

150

SO

(i)
58) ,
5(,4)_1 kK'(2N,)+k(N,,)

or
8(B) _
6(4)
(recombination factor decreases)
(i)
We have
s(C)

- 1—k”-(xﬂ)+k”.(xw)

5(4) 2

l_k,'(NEo)

or

0

Q: 1+lk”x
5(4) 2

(recombination factor increases)

EO

10.25
(b)
> (15x10"
n,, =—— = % =225x10" cm”
N, 10
Then
v,
n,(0)=n,, exp( ;}C j
0.6
= (2.25x103)exp( ) =259x10" em”
0.0259
Now
eD,n,(0)
nC =
xB
(1L6x10™)(20)(2.59x10")
- 10°
or
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J.=0829 A/cm’
Assuming a long collector,

eD.p, Vv
J[}C — C O exp BC
L. 4

(15)(2x107) = 1.73x10" cm

(1.6x10™")(15)(2.25x10") ( 06 )
= exp

1.73x10° 0.0259
or

J . =0359 A/ cm’
The collector current is
I.=(J,+J,) 4=(0829+0359)(107)
or
I, =119 md

The emitter current is
1,=J,-4=(0829)(107)

or
I, =0.829mA
10.26
(@)
1 o
o, =——— B= !
cosh( /L) -,

%, /L, a, B
0.01 0.99995 19,999
0.10 0.995 199

1.0 0.648 1.84
10.0 0.0000908 =
(b)
For D, =D, ,L,=1L,,x, =x,,wehave
1 1
’}/ = =
+(po/ny)  1+(N,/N,)
and
Y
p=——
-y

151

N,/N, 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 f3 is

unreasonably large, which means that the base
transport factor is not the limiting factor. For

x,/L, > 10, the value of B 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.

10.27
We have
— eDBnBO
YL tanh(xB/LB)
Now
nt o (15x10°)
n,, =—=—l7=225x10 cm”
N, 10
and
L,=4+/D,7,, =+/(25)(107) =158x10" cm
Then
(L6x10™)(25)(2.25x10°)
" (158x10™) tanh(0.7/15.8)
or

J,=13x10" 4/cm’
Now

~ 2x10” v,
1+ o Xp
1.3x10 2(0.0259)

or
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(@)
1
o=
-V
1+(15.38) exp(”")
0.0518
and
(b)
g = 6
1-6
Now
VBE 5 ﬁ
0.20 0.755 3.08
0.40 0.993 142
0.60 0.99986 7,142
(©

If V,, < 0.4V, the recombination factor is likely
the limiting factor in the current gain.

10.28
o B
For f=120=—=0=——
-« 1+
So
120
oa=—=09917
121
Now
o =yo,8=09917 = (0.998)x"
where
x=0,; =7y =09968
We have

o, = =0.9968

1
! x
cosh(”}
LB
which means
xB
— =0.0801

B

We find

=D,T,, =+/(25)(107) =158 pm

Then
xB(max) =(0.0801)(158) =

x,(max) = 1.26 um

We also have
1

| P Do L, tanh(x,/L,)
n, D, L, tanh(x,/L,)

BO

’}/:

152

where

-

(10)(5x10™) = 7.07 um
Then
1

L4 Do ( 10 )( 158 ) tanh(1.26/15.8)

n, \25/\7.07) tanh(0.5/7.07)

BO

0.9968 =

which yields
Pro _

nBO E

Finally

N, 10
= =

0.003186  0.003186

N, =3.14x10" cm™

P =

10.29

(a) Wehave J
We find

=5x10"° A/ cm’

and

=JD,7,, =~/(25)(107) =158 um

Then
eD n

B "BO

L, tanh(xB/LB)
_ (1:6x10™)(25)(45x10")
~ (158x10™) tanh(x, /L,)

s0 T

or
1.14x107"
tanh( /L)

sO

We have
1

J -V
1+ exp| —%
JSO ZV;
For T'=300K and V,, =055V,
6 =0995=

5=

1

5x10° X, -055
+| | tanh| — [-exp| ————
114x10 L, 2(0.0259)

which yields
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2o 20,047
B
or
x, =(0.047)(158x10") =
x, = 0.742 um
(b)
For T=400K and J, =5x10" 4/cm’,
_Eg
exp
n,,(400) (400)3 (0.0259)(400/300)
n,,(300) \ 300 ‘o -E,
(0.0259)
For £ =112V,
400
(00 170
n,,(300)
or

n,,(400) = (117x10°)(4.5x10°)

=527x10" em™
Then
(16x10™)(25)(527x10")

(158x10™ ) tanh(0.742/15.8)

sO

or
J, =284x10" 4/ cm’
Finally,
1

© 510" [
1+ exp

~0.55
2.84x10° 2(0.0259)(400/300)

or
6 =0.9999994

10.30
Computer plot

10.31
Computer plot

10.32
Computer plot

10.33
Computer plot

153

10.34
Metallurgical base width =12 um = x, +x,
We have

and

.
p,(0)=p,, exr)[f)

t

. 0.625
=(2:25x10" ) exp
0.0259

=6.8x10" em”
Now
0
J =eD, Lo = eDB[pB( ))
)
dx X,
(1.6x10™)(10)(6.8x10")
- .
or
1.09x10°
» =
xB
We have

(10°)(10%)

v, =(0.0259)In -
(15x10")

=0.635V

We can write

2(11.7)(885x10™)(v, +7,)
T 16x10™

1015 | 12
X 16 15 16
10 107 +10
or

x, ={(1177x10™)(w, +7,)} "
We know

x, =12x10" —x,
ForV, =V, =5V

x =0258x10" cm = x, = 0.942x10" cm
Then

J, =116 A/ cm’

ForV, =V, =10V,



Semiconductor Physics and Devices: Basic Principles, 3™ edition

Solutions Manual

Chapter 10
Problem Solutions

x, =0354x10" cm = x, = 0846x10" cm
Then

J, =129 A/ cm’

ForV, =V, =15V,

x =0429x10" em = x, =0.771x10" cm
Then

J, =141 4/cem’

(b)

We can write
J, =gV +V,)

where
, AN, 141-116
ST ar, 10
or
g =025md/cm’ |V
Now

J, =116 A/ cm’ at

V.=V _+V, =5+0.626=5626V
Then
11.6=(0.25)(5.625+V,)
which yields
v, =408V

10.35 We find

or
n,(0) =4.10x10" cm™
We have
J—ep. B _ €D, (0)

B

dx X,

(16x10™)(20)(4.10x10")

Xp

or
1.312x10°
J=—

X

154

Neglecting the space charge width at the B-E
junction, we have

X, :)CBO—Xp

Now
16 15
V, =(0.0259)In M
(15x10")
or
v, =0705V
and

1/2
ZG(V/71+VCB) NC 1
x = —
! e N, A\N.+N,

2(11.7)(8:85x10™)(¥, +7,,)
- 16x10™"

15 1/2
5x10 1
X 16 15 16
3x10 5x10° +3x10
or

x, ={(6163x10™")(¥, +¥,,)} "
Now, for V,, =5V, x, = 0.1875 um , and
For ¥, =107, x, = 02569 tum

(a)

x,, =10 um

For V, =5V ,x,=10-0.1875= 08125 um
Then

1.312x107 ,
J=——"——=16154/cm

08125x10™
For V,, =10V, x, = 10— 02569 = 0.7431 pum
Then

1.312x107 ,
J=—""——=1766 A/cm

0.7431x10™
We can write

J = i(V +7))
AVCE CE A
where

AJ AJ 1766-1615

AV, AV, 5

CE CB

=302 A4/em’ |V
Then
1615=3.02(57+V,) =
V,=478V
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(b)

x,, =080 um

For V, =5V ,x,=080-01875=0.6125 um
Then

1312x107 ,
J=—————=21424/cm
0.6125x10

For V_, =10V, x, =0.80-0.2569 = 0.5431 um
Then

1.312x107 ,
J=————=2416 4/ cm
0.5431x10
Now
Al A 2416-2142
AV, AV, 5

=548 A/cem’ |V
We can write

AT
J=_(VCE +VA)

CE

or
2142 =548(57+V,) =
Vv, =334V
(©)
X,y = 0.60 um

For V., =5V ,x, =0.60-0.1875= 04124 um
Then

1.312x107 ,
J=——"——=31814/cm
0.4125x10°

For V_, =10V, x, =0.60—-0.2569 = 0.3431 um
Then

1312x107 ,
J=——""-=3824 A/l cm
0.3431x10"
Now
A A 3824-3181
AV, AV, 5

=1286 A/cm’ |V
We can write
AJ
J=——WW_+V
AVCE ( CE /1)
SO
3181=1286(57+V,) =

V,=190V

155

10.36
Neglect the B-E space charge region

o (15x10")
n U510 seior en

n = — =
N, 10"
Then
V.
n,(0)=n,, exp( ;lb j
3 0.60 13 -3
=225x10" exp =259x10" cm
0.0259
J=ep, %o b1, (0)
dx X,
(L6x107")(20)(2.59x10")
= .
or
8.29x10°
J=——"
xB
(a)

Now x, =x,, -x,
Now
(10°)(0")

v, =(0.0259)In -
(15x10")

=0.754V

Also

1/2
2t +V,) (N Y1
X = —
! e N, A\N_+N,

) [2(1 1.7)(885x10™)(¥, +7,,)

L6x107™"

1016 1 1/2
X 17 16 17

107 N\ 10" +10

x, =[(L177x10™") (¥, +7,)]

or

For V,, =1V, x (1)= 4544x10° cm

For V,, =5V, x (5) =8229x10" cm
Now
Xy =X, =X, = L1x10™ - X,
Then
For V,, =1V, x,(1) = 1.055 um
For V_, =5V, x,(5)=1.018 um
So
Ax, =1.055-1018 =
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or
Ax, =0.037 um
(b)
Now
8.29x10° ,
J(1) = ——— =07858 A/cm
1.055x10
and
829x10~ ,
J(5) = —————=08143 4/ cm
1.018x10"
and
AJ =0.8143—-0.7858
or
AJ =0.0285 4/ cm’
10.37
Let x, =x,,L, =L, ,D, =D,
Then the emitter injection efficiency is
1 1
’}/ = = 2
1+ @ 1+ N . NB
Myo NE I’l;

where n, =n’
For no bandgap narrowing, n; = n,.2 .
. . 2 2 AES’
With bandgap narrowing, n, = n, exp| — |,
kT

Then
1

Y= N NG
1+ —exp| —=
N . kT

E
(a)
No bandgap narrowing, so AE_=0.

o =yo, 8 =y(0.995)" . We find

N, Y a B

El7 05 0.495 0.980

E18 0.909 0.8999 8.99

E19 0.990 0.980 49

E20 0.9990 0.989 89.9
(b)

Taking into account bandgap narrowing, we find

156

N, AE, (meV) Y o B
El7 0 0.5 0.495 0.98
E18 25 0.792 0.784 3.63
E19 80 0.820 0.812 4.32
E20 230 0.122 0.121 0.14
10.38
(a) We have
1
’}/ =
1+ pEODELB . tanh(xB/LB)
nB()DB LE tanh(xE /LE)
For x, =x,,L, =L, ,D, =D,, we obtain
1 1
Y= = >
1+@ 1+(”1/NE)eXp(AEg/kT)
Mo (n‘_2 /NB)

or
1

Y= N AE
1+—2exp £
N kT

For N, =10” cm”, we have AE_ =80 meV .
Then

E

1
N, 0.080
+—, €xXp
10 0.0259
which yields

N, =183x10" em”

0.996 =

(b)

Neglecting bandgap narrowing, we would have

= 0.996 =

B B

N 10"

E

’}/:

1+

which yields
N, =4.02x10" cm”
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4x10™"

(1.6x10™)(400)(10*)(100x107*)(0.7x10™)

or
R=2893Q

(b)
V = IR =(10x10")(893) =
vV =893mV

(c)
At x=0,

V..
n, (0)= n,, exp( ;:‘ j

and at x = —,
2

, V000893
n (0)= n, exp(”"—)

V

t

Then

[ v, - 0.00893j
npo eXp

V..
n ., exp —E
4

—-0.00893
=exp| — | =0.7084
0.0259

n (0)

=70.8%

10.40
From problem 10.39(c), we have

e
n©) U7

where V' is the voltage drop across the S/2

length. Now

-V
090 = exp( )
0.0259

which yields V' =2.73 mV
We have

Vo 273x107

I 10x10°
We can also write

S/2
R=—"1"—
ep,N,(Lx,)

157

Solving for S, we find
S=2Ru eN, Lx,

=2(273)(400)(1.6x10™)(10")
x(100x107)(0.7x107™)

or
S =245 um
10.41
(a)
—ax
N, =N,(0)exp| —
xb‘
where

N, (0
a= ln[ﬁj >0
N,(x,)
and is a constant. In thermal equilibrium

dN,
J,=eu NE-eD =0
dx

so that

or

which is a constant.

(b)

The electric field is in the negative x-direction
which will aid the flow of minority carrier
electrons across the base.

(c)
dn
J =eu nE+eD —
dx
Assuming no recombination in the base, J, will
be a constant across the base. Then
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The homogeneous solution to the differential
equation is found from

dn

L+ 4n, =0
dx "

where 4 =—
vV

t

The solution is of the form
n, =n,(0)exp(—Ax)

The particular solution is found from
n,-A=B

n

eD

n

where B =

The particular solution is then

J)‘l
eD, ) _JV. __J,

The total solution is then

J
n=—"—+n,(0)exp(—Ax)
eu E

and

Ve ’ v,
n(0)=n , exp| = | = 4 exp| =
4 N, (0) 4

Then

10.42
(a) The basic pn junction breakdown voltage

from the figure for N, =5x10" em™ is
approximately BV_,, =90V .

'BO
(b)
We have

BV

CEO
For n =3 and a = 0.992 , we obtain

BV, =90-A/1-0992 =(90)(0.20)

or

=BV _Al-«a

CBO

BV_ =18V

CEO

(c)
The B-E breakdown voltage, for

N, = 10" ¢m™ , is approximately,
BV, =12V

10.43
Wewant BV, =60V
So then
BVCEO — BVCBO = 60 — BVCBO
B 3/50
which yields
BV, =221V

CBO
For this breakdown voltage, we need

N_.= 1.5x10% em™

The depletion width into the collector at this

voltage is
2 € (I/;n + VBC) NB 1 -

X, =X, =y—" — | — | —/———

e N.AN,+N,
We find

(15x10%)(10")

v, =(0.0259) In| ~——————=| = 0.646 V/
(15x10")
and V,. =BV, =60V
so that
2(11.7)(8.85x10™)(0.646 + 60)
X =
¢ 1.6x107"
1016 1 1/2
X 1 ( 16 1 )

15x10° A\ 10" +1.5x10"

or
x, =675 pum

10.44

(3x10")(5x10")

v, =(0.0259) In| ——————— = 0824V
(15x10")

At punch-through, we have
x, =070x10" =x (V,. =V,)-x,(V,. =0)

BC Iz

)

which can be written as
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0.70x10™
~J2017)(885x10™)(7, +7,)
- 1.6x10™"

17 1/2
5x10 1
X 16 17 16
3x10 5x10° +3x10

{2(1 1.7)(885x10™*)(0.824)

1.6x107"

17 12
5x10 ( 1 )

X
3x10" A\ 5x10"7 +3x10"

which becomes

0.70x10™ = (0.202x107), /¥, + 7,

~(0.183x10™)

We obtain
V,+V, =191V
or
v, =183V

Considering the junction alone, avalanche
breakdown would occur at approximately
BV =25V .

10.45
(a) Neglecting the B-E junction depletion width,

el N(N.+N,)
" 2e N

C

(16x10")(0.5x10™)’
2(11.7)(8.85x10™)

(107)(10” +7x1015)}

(7x10%)

or
Vv, =295V

However, actual junction breakdown for these
doping concentrations is = 70 /. So punch-

through will not be reached.

10.46
At punch-through,

1/2
2¢(,+7,) (NY 1
X =y————— | — || —————
¢ e N, \N,+N,

Since V =25V, we can neglect V, .

Then we have

159

2(11.7)(8.85x10™)(25)
1.6x10™"

1016 1 1/2
x 16
N, N10"+N,
We obtain

N, = 1.95x10" em™

(0.75x107) = {

10.47

kT I.(1- 1
() e
€ al-'IB_(l_al-')[C o,

We can write

o (VCE (sat)) . (D(a-02)+1, (0.99
PU00259 )~ (0.99)1, —(1-0.99)(1) L 0.20
08+1,

V. (sat
exp( (50 )) - (4.95)
0.0259 0997, —0.01

(a)
For V,, (sat) =030V , we find

( 0.30
exp
0.0259
08+1,

= — l(4.95)
0.991, -0.01
We find

1, =0.01014 m4

) =1.0726x10’

(b)
For V,, (sat) =020V , we find

I, =0.0119 mA

(©)

For V_, (sat) =0.10V , we find
I, =0105md

)

10.48
For an npn in the active mode, we have V,. <0,

v
so that exp| == [=0.
4

Now
I+1,+1.=0=1,=—(I_+1,)
Then we have
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] _ ] VBE
» = 01| exp 1|+
v
(v
—{—aRICS -1, _exp[ I;E )— 1:|}
or

V
I, = (l—aF)IES|:exp( ;E —1:|—(1—(xR)ICS

t

10.49
We can write

v
ool
v
= ocRICS|:exp( ;’C )— 1:|— I,

Substituting, we find

Vv
I = aF{(xRICS|:exp[ N ) - 1} -1}
vV
Vv
From the definition of currents, we have
1, =—1_ for the case when /, = 0. Then

Ve
I.=a,al.|exp -1
4
V
‘ol -1 |:exp( ;;C ) - 1}

When a C-E voltage is applied, then the B-C

V.
becomes reverse biased, so exp(iJ = 0. Then
v

t

[C = _al-'aRICS + al-'[C + Ics

For V,. <= 01V, exp = 0and
v

t
1. = constant. This equation does not include

the base width modulation effect.
For vV, =02V,

0.2
1. =(098)(10™) exp( ) +5x107"
0.0250

or
1.=222x10" 4

For vV, =04V,
1.=5x10" 4
For vV, =06V,

1. =113x10" 4

We find
I =1 _ ]CS(I_aFaR)
C CEO (l_a[')
10.50
We have

v
I = (xFIES|:exp[ ;IE j— 1}

10.51
Computer Plot
10.52
(a)
C(kTY 1 00259
rﬂz(—)-—z —=518Q
e/ I, 05x10
So
T, =rC, =(518)(08x10") =
or
T,=414 ps
Also
x (07x107)
o= 2D 2(25)
or
T, =98 ps
We have

t. =r(C, +C)=(30)(2)(0.08x10™") =

or

T, =48 ps
Also
x, 2x10°
Td =7 = +7 =
v, 10
or
T,=20ps
(b)

T,=T,+T,+7T,+7T,
=414+98+48+20=
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or 10.54
T, =164.2 ps We have
Then T, =T, +7,+7,+7,
1 1 We are given
S = = = 7, =100 ps and 7, =25 ps
" ome. 2n(1642x10) Wer TP
o X, 12x107 o
fr=97OMHZ ‘L'd=—=—7=1.2x10 N
Also Vs 10
or
970
ﬂ=£=_:> ‘L’dZIZpS
50
B Also
or -12 -12
= =(1 Axl =1
f, =194 MHz 7. =nC = (10)(01x107) =10 s
__ or
T,=1ps
10.53 Then
» (05x107) T =25+100+12+1=138 ps
T, = = =625x10 s We obtain
2D, 2(20)
1 1
We have 7, =027, S = = — = 115x10" Hz
So that 2nr, 2m(138x107™)
T, =3125x10" s or
Then f, =115 GHz
f 1 1
o oomr, 2m(3125x107)
or

f, =509 MHz
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11.1

(a) p-type, inversion
(b) p-type, depletion
(c) p-type, accumulation
(d) n-type, inversion

Chapter 11

Then

) |:4(16)(8.85x10"4)(0.156):|1/2

(L6x10™)(10")

11.2
(a) For T'=300K

N
q)p:V,ln ‘
ni

16

10
=(0.0259)In — |=0347V
1.5x10

or
x, = 0235 um
Then
|0, (max)| =3.76x10" C/ cm’
(b)
For T =200K,

200
V. =(0.0259) — |=0.01727V
300

Silicon: n, = 7.68x10" cm”
We obtain ¢ = 0442V and

Now x,, = 0388 um , |0} (max)| =54x10" C/cm’
r 1/2
4 _
x, = e_(b} GaAs: n =138 cm”
L eN, We obtain ¢ =0.631) and
r _ 1/2
[4(17)(885x10 “‘)(0.347)} x, = 0428 um |0/, (max)| = 685x10™ C/ cm’
-19 16
(1'6XI0 )(10 ) Germanium: n, = 216x10" cm™
o 030 We obtain ¢, = 02257 and
x,, =030 um i
Ao x, =0282 um, |Q5,D(max)| =45x10" C/cm’
0, (max)| = eN
. 113
=(1.6x10"")(10")(0.30x10™) ) y )
(a) We want | SD(max)| =75x10" C/cm
or
We have
! (max)|=4.8x10" C/cm’ ,
|QSD( )| |QSD(maX)| = eNdxd,,
GaAs: where
1016 1/2
= = 4 e ¢ n N
9, (0.0259)1n(18x106j 0.581V x, = = and ¢, =V I —*
’ eN, n,
and ..
For n-type silicon,
4(13.1)(8.85x10™)(0581) |~ , ) 2
X, { (131( )_Cw )E, )} |0/ (max)| = 7.5x107 = [4eNd € %]
(16)C10 )(10 ) -19 —14 12
o =[4(1.6x10")(11.7)(8.85x10 )N ,9,
x,, = 0410 um or
- 2
Then (75x107) = (6.63x10™")N,9 ,
|0/ (max)| = 656x10" C/cm’ which yields
Germanium: Nd‘PM =8.48x10"

16

10
¢ =1(0.0259)In < [=0156V
? 2.4x10

and
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- e
By trial and error or

N, = 327x10" em™

Nd
¢,=021= (0.0259) In "
1.5x10

(b)
o, =-2¢, which yields
where N, =498x10" cm”
327x10" (b)
9, = (0.0259)In ———[=0259V . o
1.5x10 p  polysilicon gate:
Then E,
6 = 05187 0. =|—=+0,|=-035=(056+9¢,)
s 2e
or
1.4 0, =-091V
p-type silicon
(a) Aluminum gate This is impossible, cannot use a p* polysilicon
, , E, gate.
9, =9, | X +2—+¢,,, (c)
¢ Aluminum gate:
We have
E
N 6.x1015 ¢/m = ¢m _(% +_g_¢/n)
¢, =V In—|= (0.0259)In - 2e
n, 1.5x10 or
Or ~0.35=320—(325+056-9¢,)
¢, =033V which yields
Then
N
¢, =[320-(325+056+0334)] ¢, =026 =(0.0259) ln( Tl )
or " 1.5x10
6 =—0944V or finally,
) RALEEE N, =343x10" em™
" polysili te:
n~ polysi 1c2n gate 116
- == - s €
¢ (2e + q),pj (0.56+0.334) 'y _& and € =S
or
¢ =-089%4V @) D
© —_— For ¢, =500 4
c :
Then
* polysili te: B
b polysTiieon gate . _GOssswor)
E =—=069x cm
¢ = (—g - ¢"’j =(0.56-0.334) 500x10™
2e n" polygate-to-n type silicon,
or
E
¢, =+0226V o, = —(—g - ¢’”j
—_— 2e
115 where
: 15
We want, for n-type silicon, ¢, =-035V". ¢m _ (0'0259) ln( . j — 0288V
(a) n" polysilicon gate:
Then
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¢ =-(056-0288)=-0272V

(i) For O/, =10" cm™ , we have
1.6x10™)(10"
6.9x10
or
V. =-0295V
(ii) For 0/ =10" cm” =
V., =-0504V
(i)  For Q) =5x10" ecm™ =
v, =-143V
(b)

For ¢t =250 4 , we find

C =138x10" F/cm’
Then

(i) For 0. =10" em™ = V. =-0284V
SS FB

(i)  For Q. =10"cm> = V_ =-0388V
SS FB

iii For Q' =5x10" em™ =
(ii1) O
V,=-0852V

11.7

’ ’ Eg

¢mx = ¢m - Z + o + ¢/!’
2e

where

16

2x10
9, = (0.0259) In —|=0365V
1.5x10

Then
¢ =320- (3.25+0.56+0.365) = -0.975V
Now

VFB = ¢ms -

’
QSS

ox

= Q.;S = (¢ms - VFB )Cr)x

We have
(3.9)(8:85x10™)

450x10"

ox

e{)t
C =— =
t
ox

or\

C =767x10" F/cm’
SO now

0., =[-0975-(-1)]-(7.67x10™)

or

169

Q. =192x10" C/cm’

or
28

e

=12x10" em™

11.8

b = (10l (max)|- Q;a( j o +20,
(S

ox

We find

15

2x10
¢, =(0.0259)In — |=0306V
1.5x10

and

~[401.7)(885x10)(0306) |~
Tl (16x10™)(2x107)

or

x, =0.629 um
Also

|07, (max)| = (1.6x10™")(2x10")(0.629x10™)
or

|Q;D(max)| =201x10" C/em’
and

0 =(2x10")(1.6x10™)
or

0l =32x10" C/em’
Then

(2.01x10°™ = 3.2x10°)(450x10°°)
e (3.9)(885x10™)
+¢, +2(0.306)

or

v, =0457+¢,
(a)

For an aluminum gate:
¢, =320-(3.25+056+0.306) = -0916 V
Then
V., =0457-0916
or
V, =-04591V

(b)
For an n" polygate:
¢, =—-(056+0.306) =—-0.866 V

so that
V., =-04091V
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(c)
Fora p' polygate:
0 =(0.56-0306) = +0254 ¥

so that
V. =+0711V
11.9
We find
1015
¢, =(0.0259)In — |=0288
15x10
So
_4 c ¢/n 1/2
X =|—
dr i eNd
[4(11.7)(885x107)(0288) |~
| (ex10™)(10%)
or
x, =0863 um
Also
|0) (max)| = eN x,,
= (1.6x10™")(10")(0.863x10™)
or

|Q;D(max)| =138x10" C/cem’

We have
0, =32x10" C/cm’
Now
’ ’ tox
v, =—( QSD(max)| + 0 )[—j +9,.-20,
c
SO
(1.38x10™ +32x10™) .
g ——(450x10)
(3.9)(885x10™)
+¢  —2(0.288)
or
V,==117T+¢,
(a)

Aluminum gate:
¢, =320—(325+056-0.288) =—0322V

so
v, =

L =-149V
(b)
n" polygate:

¢mx = _(0'56 - 0-288) =-0272V

SO

170

v, =—144V
(c)
p’ polygate:
¢ = +(0.56+0288) = +0.848 V

ms

SO
v, =-0322V

11.10

15

5x10
9, = (0.0259) In —[=0329V
4 1.5x10

Surface potential:
¢, =29, = 2(0.329) = 0.658 V
We have

0,
V["B = ¢ms - CSS

ox

=-090V

Now
’ (max
v, = —|QSD( )| +o +V,,
C s

We obtain
r 1/2
4 e ¢,p :|

eN,

dar

~[4017)(8:85x10™)(0.329)
(L6x10™)(5x10")

or
x, =0413 um
Then
|07, (max)| = (1.6x10™")(5x10")(0.413x10™)
or
|07, (max)| = 330x10" C/ cm’
We also find
(3.9)(8:85x10™)

400x10°°

ox

e{)t
C =— =
t
ox

or

C_=863x10" F/cm’
Then

3.30x10°°
V -

= — +0.658 — 0.90
8.63x10

or
v, =+0.140 ¥
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11.11

V,y = (|0, (max)| - Q;s)[fj +9, +20,

ox

We have
’ ’ Eg
¢»m = ¢m | X T (D/n
2e

=320-(325+056+9¢,)

or
¢, =-061-9¢_
Also
112
. - {4 €9, }
eN,
and

, 1/2
|0/ (max)| = eN x,, = [4eN" € q)ﬁ}]
Then, the threshold voltage can be written as
+0.80

—{[4(16x10")(11.7)(885x10"*)N, 0, |”

. 750x10™
~L6x107" | ———————
(3.9)(8.85x107™)
-061-¢ +2¢,
which becomes

8 12
1758 =1.77x10"(N,9, ) +9,

We also have

N
0, =(0.0259)1n( Z )
1.5x10

By trial and error
N, =171x10" cm”

11.12
We have

v, = —(|Q;D(max)| +0. )[ L j +9,.-20,

€

ox

We find

’ ’ Eg
¢,=0, - | X +—-9,
e

=320-(325+056-9¢,)

or
¢, =-06l+¢,

where

171

N
0, = (0.0259)1n( — )
1.5x10

Also

4c ¢m 12
x, =|—=
dar eNd
Also
’ 1/2
|Q5,D(max)| =eN,x, = [4 € equ)fh]

Now the threshold voltage can be written as
-150

= {[a17)(885010™ (16310 )N 0, ]

N 750x10°°
+16x10" | —————
(3.9)(8.85x10™)
-0.61+¢, —2¢,
which becomes

B 1/2
0542 =177x10"(N,0,)" +9,
By trial and error
N, =77x10" em”

11.13

0.
(a) V["B = ¢m - C:S:
Now

15

10
9, = (00259)In| ——|=0288
1.5x10

and

’ ’ Eg
¢,=0, | x+_—+0,
2e

=320-(325+056+0.288) = —0.898
We find

o (3.9)(8.85x10™)
" 450x107

or

C =767x10" F/cm’
Then

(3x10")(1.6x10™")
v, =-0898— -
7.67x10°
or
v, =-152V
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(b)
We have

106 (max)

T

+2¢, +V,

‘B
ox

We find
4(11.7)(8:85x10*)(0.288)

1/2
Xar = -19 15
(L6x10™)(10") }

or

x,, = 0.863 um
We obtain

|07, (max)| = (1.6x10™")(10")(0.863x10™)
or

|07, (max)| = 138x10" C/ em’

Then
1.38x10°
V, = ————+2(0288)-152
7.67x10
or
V. =-0764V
11.14

(a) We have n-type material under the gate, so

4 c ¢/n 1/2
xdT = tC = eN
d

where
15

10
9, =(0.0259)In — |=02887
15x10

Then

~[401.7)(885x10)(0.288) "
T (Lex107™)(10%)

or
x, =1, =0863 um

(b)

t
Vr=_(

0, (max)| + Qs's)[ ) +0,, =29,

€

ox

Foran n" polygate:

E
¢, =-| -9, |=-(056-0288)
‘ 2e

or
¢, =-0272V
Now

|07, (max)| = (1.6x10™")(10")(0.863x10™)

or

172

|0! (max)| = 1.38x10" C/cem’
We find

0., =(16x10"")(10") = 1.6x10” C/ cm’
We then find

~(1.38x10™ +1.6x10”) S
v - ——(500x10™)
(39)(8:85x10™)

-0.272-2(0.288)

or
V,=-107V
11.15
’ ’ Eg
®) ¢,=0,-|x+—+9,
2e
where
¢; -x ' =-020V
and

16

10
9, = (0.0259)In| ——— |= 0347V
1.5x10

Then
¢ =-020- (0.56+0.347)

or
¢ =-111V
(©
For Q) =0,
, {,
Vi = IQSD(max)I(e j+ 9, +20,
We find :
4(11.7)(8.85x10™)(0.347) |~
T (1.6x10™)(10°)
or
x,, =030 um
Now
|0, (max)| = (L6x10™")(10")(0.30x10™)
or
|0/ (max)| = 4.8x10" C/em’
Then
48x107")(300x10™
. (48x10°) i )-1.11+2(0.347)
‘ (3.9)(8:85x10™)
or

v, =+0.0012V
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11.16
Computer plot

11.17
Computer plot

11.18
Computer plot

11.19
Computer plot

11.20

(a) For f=1Hz

We have

e (39)(88

ox

ox

or

5x10™)

¢ 400x10™

C =863x10"° F/cm’

ox

€

’ ox

3

kT) €
e eN”

(3.9)(8.85x10™)

(0.0259)(11.7)(885x10™")

39
400x107° + ()
1.7

or

(L6x10™)(10")

C/, =643x10" F/cm’

where
1/2
4¢,9,
xdT = eN”
Now

10
¢, =(0.0259)In
1.5x1

Then

16

10

) =0347V

) [4(1 1.7)(885x

107" )(0.347)]2

(L6x10™)(10")

or

173

x, =030 um
so that
) (3.9)(8.85x10™)
Cmm = 3 9
400x10™" + (11'7)(0.30x10“‘)

or

C' =247x10" F/cm’
Also

C'(inv)=C,_ =863x10" F/cm’
(b)

For f =1 MHz, we have
C =863x10"° F/cm’

ox

C' =643x10"° F/cem’

FB

Cl =247x10" F/cm’

mi)

and
C'(inv) =C,, =247x10" F/cm’

(©
o8
VFB = ¢ms - =

For the ideal MOS capacitor, Q. =0, then
V., =0 =32-(325+056+0347)

FB

or
v, =-0957V
Also
0., (max)| = (1.6x10™)(10")(0.30x10™)
or
|07 (max)| = 4.8x10" C/em’
Now
, t,
Vi = IQSD(max)I(e j+ 9,.+20,
(4.8x10™)(400x10™)
= -0.957 +2(0.347)
(3.9)(8:85x10™)
or
v, =+0293V
11.21
(a) At f=1H:z
o _C (3.9)(8.85x10™)
" 400x107
or
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C =863x10" F/cm’

€

’ ox

CFB
= (kT ) €,
tGX + T T
¢, e eN,

(3.9)(8.85x10™)

—14
400x10°° + (39) (0.0259)(1 1-7)(8.85x10 )
17 (1.6x10™")(5x10™)

or
C/, =342x10" F /cm’
Now
, (S
Cmm = =
(S
L, + — “Xar
e
We find

14

5x10
9, = (0.0259) In -
1.5x10

j =0270V

and

4e¢/n 1/2
X, =|——
dr eNd

) {4(1 1.7)(8.85x10™ )(0.270)}”2

(16x10™)(5x10")

or
x, =118 um
Then
) (39)(8.85x10™)
C —
min 3 9
400x10™ + (L18x10™)
117
or
C' =0.797x10" F/cm’
Also

C'(inv)=C, =863x10" F/cm’
(b) At f=1MHz
C =863x10" F/cm’

C/, =342x10" F/cm’

' =0.797x10" F /cm’

and
C'(inv)=C. =0797x10" F/cm’

(c)

For the ideal oxide,
V,=¢ =32- (3.25+0.56-0.27)

FB
or

v, =-034V
We find

|07, (max)| = (1.6x10™)(5x10" )(1.18x10™ )
or

|07, (max)| = 0.944x10™ C/ cm’

Then
’ tax
= _|QSD (max)|( j + ¢m - 2¢/n
S

~(0.944x107)(400x10™)
(3.9)(8.85x10™)

~0.34-2(027)

v, =-0989 1

11.22
The amount of fixed oxide charge at x is
p(x)Ax (C / sz)

By lever action, the effect of this oxide charge on
the flatband voltage is

1 X
AV, = ——(—Jp(x)Ax
c \t

If we add the effect at each point, we must
integrate so that

1 “XP(X)
AV[-’B == _[
Cox 0 ox
11.23
_ 9
(a) Wehave p(x)=
At
Then
__ J xp(x)
ax 0
tox ,
B H(Q_)d
Cnx (t,x—At) L, At
1 (0]
el vy OO0
C \ At : C,
or
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~ —(1.6x10™)(5x10")(750x10")
B (3.9)(885x10™)

or
AV, =-174V

(b)

4 -19 11
We have p(x) = Oss — (1.6x10 )(5“0 )

¢ 750x10°°

ox

=1.067x10" = p,

Now
t
1 Fxp(x ¢
AVFB———_[ p(x) _Po dex
Cax 0 tax Cnxtax 0
or
Pola
G
~(1.067x107)(750x10™")°
2(3.9)(8.85x10™)
or
AVp — 0869V
(c)
X
P(X)=P0(t—j
We find '
1 " 2(16x10™")(5x10")
—toxp = = p, = -
2 e TR e 750x10°
or p,=213x10"
Now
1 %1 x
AVFB=—C—GX Oj X po Z dx
1 IOX
=—-— p02 Ixzdx
Cnx (tox) 0
which becomes
N SRl S
3

” (6)0) . 3e,
t

Then
—(2.13x107)(750x10°* )’
vy 20 )rs0n0)
3(3.9)(8.85x10™)
or AV_=-116V

FB

175

11.24
Sketch
11.25
Sketch
11.26
N N,
(b) V, ==V, ==V In —
ni
10°)(10"
=—(0.0259) In L(Z)
(15x10")
or
(©
Apply V, ==3V, |V,,|=3V
For V,=+3V,
dE _ p
dx €,
n-side: p=eN,
dE eN, eN ,x
—=——to E=——"4(
dx €, €,
eN ,x
EZOatx:—x”,thenCI:— ”,SO
ES
N
E:_e d (x+x”) for —x <x<0
€
eN x
Note thatat x=0,E = - n
€

s

In the oxide, p =0, so

— = 0= E =constant. From the boundary
dx

conditions. In the oxide:

E:_eNdx”

€

In the p-region,

dE p eN, eN x
—_—=—_—= :>E=

dx €, € €

s s

+C

2

E=0 at x=(t0x +xp),then
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If we apply a voltage V. , then replace V. b
C,=- "(tax+x ),then PPy 8V P w Y
€, ’ V. +V,,so
eN, t t' Y eV +v
E=-—= (t0x+xp)_x] X, =X, =—""+ (—) +—( utYe)
€, 2 2 eN,
eN x, eN x, We then find
AtxZIGX,EZ— =— -8
€, = 500x10
s ‘ X =x =———

Sothat N x =N x, . 2

Since N, =N, = x, =x, 500x10" ) (11.7)(8:85x10™)(3.695)
Now, the potential is *

2 (16x10™)(10")
9= _I Edx which yields
For zero bias, we can write X, =x, = 4.646x10" cm
V.tV +V, =V, Now
where V.V, .,V are the voltage drops across _eNxt,
the n-region, the oxide, and the p-region, o €,
respectively. For the oxide: _ _ .
oN 11 (L6x10™)(10")(4.646x107 )(500x10™)
_E. — d”n"ox =
Vo =Bty == (11.7)(885x10™)
For the n-region: or
N [+ V. =0359V
V,= ed(?ern'xj“LC We can also find
. ’ eN x°
Arbitrarily, set ¥ =0, at x = —x_, then =—<n
2 ' 2 es
. eN x h 5
=, Sofhen (16x10™")(10")(4.646x107)
N 2 2(11.7)(8:85x10™)
_ d
V,(x) = 7e (x X n) or, the voltage drop across each of the
semiconductor regionsis
eN .x2 = =
At x =0, ¥, = —"" which is the voltage drop V.=V, =167V
2 e
across the n-region. Because of symmetry, 11.27
V =V . Then for zero bias, we have (a) n-type
' ' b) We have
w47, =, (
which can be written as = % =1x107 F/cm?
eNdxj eN x 1t 2x10
+ -=V, Also
- - € e (39)(885x10™)
or C,.=—"=>t, =—"=—"—"—"—
2 V;i ES tox Cox 10
xﬂ + xntax - = O Or
eN

d

t =345x10" cm =345 4

Solving for x,, we find

176
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or
~080= 050~ 2
10
or
Q! =3x10" C/cm” =1875x10" cm™
(d

€

’ ox

NG

(3.9)(8.85x10™)

V.=V (sat)=V -V,

which then makes Q' equal to zero at the drain

39
345x10° + () (0.0259)
11.7

or

Cl, =782x10" F/cm’
and

C,, =156 pF
11.28

(a) Point 1: Inversion
2: Threshold

3: Depletion

4: Flat-band

5: Accumulation
11.29
We have

Q,,, = _Cnx[(VGS - I/x ) - ((P,m + 2¢/p )]

~(0 + 0, (max))
Nowlet V =V, ,so

DS

Qn’ = _Cr)x (VGS - VDS)

[%@w)}}

For a p-type substrate, O/ (max) is really a
negative value, so we can write

Qn’ = —COX (VGS - VDS)

Using the definition of threshold voltage V., we
have

Qn, = _Cax [(VGS - Vns ) - V/]
At saturation,

(11.7)(885x10™)
(L6x10™)(2x10")

177

terminal.
11.30
mu,C,
ID (Sat) = T (VGS - VT )2
where
wu ¢ (30x107)(450)(3.9)(885x10™)
20 2(2x107)(350x107)

=0333x107 4/V* =0333m4/ V'’

Wehave V, (sat)=V_ -V, then
(a)
V. v (sat) I, (sat) (mA)
1 0.2 0.0133
2 1.2 0.48
3 2.2 1.61
4 3.2 3.41
5 42 5.87
(b)
J1,(sar) =~N0333(V, - 7,) (m4)"”
then
& NER (sat) (mA)”2
1 0.115
2 0.693
3 1.27
4 1.85
5 2.42
11.31
We have
wu,C,  (15x107)(300)(3.9)(8.85x107")
20 2(15x107)(350x10™)
=0.148mA/V’

We can write
Wu,C, 2
I,(sat) = T(VSG +7,)

and
Vi (sat) =V, +V,




Semiconductor Physics and Devices: Basic Principles, 3™ edition

Solutions Manual

Chapter 11
Problem Solutions

Then Since V, >V, (sat), the transistor is always
& Vy, (sat) 1,(sat) (mA) biased in the saturation region. Then
1 0.2 0.00592 1, =K (V. _VT)2
2 1.2 0.213 where, from Problem 11.30,
3 2.2 0.716 s
4 3.2 1.52 K =0333md/V".
5 4.2 2.61 Then
VDS = VGS ID (mA)
0 0
11.32 1 0.0133
Wu,C, 2 0.48
(a) ID(Sat)=T(VGS—VT)2 3 1.61
4 3.41
wu C
From Problem 11.30, - = 0,333 mA /" 5 5.87
2L
We have
v (sat)=V. -V, 11.36
Then 1, =0.148[2(V,, +,)V,, =V, | (ma)
V. v (sat) I, (sat) (mA) where V. =08V .
2 0 0 Now
-1 1 0.333 Y
0 2 1.33 =—2 =0.148)12(V_. +V. N
g . : )]l m
+1 3 3.0 T, a0 S
+2 4 5.33 Then
+3 5 8.33
Vo g, (mS)
(b) 1 0.0592
We have 2 0.355
3 0.651
J1,(sat) =~0333(v,,, - 7,) (ma)"* ) 0047
Now 5 1.24
& NE (sat) (mA)”2
_% 0 277 1137
0 115 We find that V, =02V
+1 1.73 Now
+2 231
wu C
+3 2.89 V [D(S(lt) = /;n = (Vcs - Vz)
L
where
11.33 e (39)(885x10™)
Sketch O e —
t, 425x10
11.34 or
Plots C, =812x10" F/cm’
11.35 We are given W/L=10.
Wé have From the graph, for V_ =3V,

Vns(sat) = VGS - Vz =

so that
Vs =V (sat) +V,

Vs —V,

DS T

178

\J1,(sat) = 0.033, then
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11

Wu C
0033 = [ HaTe (3_02)
2L

or

wu C 1

PR 01394107 = —(10)u,(8.12x10™)

2L 2

which yields

U, =342cm’ |V s

11.38
(a)

Vo (sat) =V,-V,
or

4=V _—-08= V. =48V
(b)

1,(sat)=K (V.. =V,) = KV (sat)
SO

2x107 = K (4)°
or

K =125u4/V’

(c)

Vv, (sat) =V,
so V. >V, (sat)
1,(sat) = (125x107)(2 - 0.8)°

or

—V,=2-08=12V

ID(sat) =18 ud

(d)
Vo <V, (sat)

[D = Kh [Z(VGS - Vr)VUS - VDZS]
= (125x10° )26~ 08)(1) - (1]

or
I, =425 u4

11.39

(a) We have

G.

Wu,C,
1,(sat) = T(Vs -7

Now
6x10~
w525 (3.9)(8.85x10™
= (—)(—)(—8) (5-0.75)°
LN 2 ) (400x10°)
which yields

179

w
— =147
L
(b)
W‘LL CGX 2
I[)(Sat) = #(VSG + VZ)
We have
6x10~
w\( 300 (3.9)(8.85x107"
= (—)(—)(—8) (5-0.75)°
LN 2 ) (400x10")
which yields
w
— =257
L
11.40

From Problem 11.30, we have
(a) Innonsaturation

1,=033302(V, ~V, )V, - V]

DS DS

Now

%o _ (0333)(27,,)

GS

AtV =05V, we find
g, =0333mS
(b) In saturation
1,=0333V,,-V,)
so that

& =

oy _ 2(0333)(V,, - V.)
GS
For V. =080V andat V=4V,
We obtain
g, =213mS

8us =

11.41
From Problem 11.31, we have
(a) In nonsaturation,

1, =0148[2(V,, +V,)V,, = Vs, ] (mA)
Then
al,
gu =7, =(0148)(2,)

SG

For V,, =05V, we obtain
g, =0148mS
(b) Insaturation
1,=0148(V, +V,)
so that
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ol
g =—2=2(0148)(V,, +V,)
W
For V. =-08V andat V=4V,
We obtain
g, =0947 mS

11.42
We can write, for V,, =0,
! (max
fy =1,y 12y

We find

16

5x10
¢, =(0.0259)In — |=0389 7
1.5x10

and

) {4(1 1.7)(8.85x10™" )(0.389)]/2

(L6x10™)(5x10")
or
X, = 0142 um
Then
|07, (max)| = (1.6x10™" )(5x10*)(0.142x10™)
or
|07 (max)| = 1.14x107 C/em’

Also
o _Ca (39)(885x10™)
"4 400x107
or
C =863x10" F/cm’
Now
114x107
V,y =—05+———+2(0389)
X
or
V., =+l60V
Then
W‘LLHCOX 2
In (Sat) = 2L (VGS - Vz)
10°)( 450
- (—)(—)(8.63x10‘*)(VGS -v,)
2N\ 2
or

1,(sat) =0.097(V,, — V)" (md)
For I (sat)=1mA, V-V, =321V
Now with substrate voltage applied,

e R N

[2(16x10™)(11.7)(8.85x10™ )(5x10")]
8.63x10°

x[\/ 2(0389) +7,, —+/2(0389) ]

T
AV, =149[\[0778 + 7, - 0882]

(o)

We find that
VSB AVT VT
0 0 1.60
1 0.673 2.27
2 1.17 2.77
4 1.94 3.54
11.43

For a p-channel MOSFET,

AV, = ——“zeCEN"[\/ 20,4V, - \/ 20, ]

We find

15

5x10
9, =(0.0259)In —|=0329¥
15x10

and
L (3.9)(8.85x10™)

C = ;
600x10"

ox

N|m

or
C =575x10" F/cm’

Then
AV, =15V
{2(16x10™)(11.7)(885x107)(5x10")]
B 5.75x10"
[\Jo.658+7,, —0811]
or

15 = 0.708[ /0658 + 7, ~03811]

which yields
V=192V
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11.44
(a)
n" poly-to-p type = ¢ =~-10V

1015
¢, =(00259)1n — |=02887
' 1.5x10
also
—4 c (pr 1/2
Xy = v
[4(11.7)(8.85x107)(0288) |~
| (1ex10™)(10%)
or
x, = 0863 um
|07, (max)| = (1.6x10™"")(10")(0.863x10™)
or
|Q;D(max)| =138x10" C/cem’
also
o _Ca (3.9)(8.85x10™")
"4 400x107
or
C_=863x10" F/cm’
Now

0., =(16x10™)(5x10") = 8x10” C/ cm’
Then
vV = (|Q§"D(max)| -

T

st)_i_(pm_'_z(pfp

ox

~ 1.38x10"° —8x10~’
8.63x10™

)— 1.0+2(0.288)

or
V,=-0357V

(b)

For NMOS, apply V,, and ¥V, shifts in a positive

direction, so for ¥, = 0, we want

AV, =+0357V .
So

T

AV, = —”zeCEN"[Jz% +V, =29, ]

ox

J2(16x10™)(117)(885x10™)(10%)

8.63x10°
x[4/2(0288) +7,, ~/2(0288) ]

+0.357 =

181

or

0357 = 0211[,/0576+7,, ~0.759]

which yields
V, =543V

11.45
Computer plot

11.46
(@)

Wu,C,
T (VGS - VT )

8

B (10)(400)(3.9)(8:85x10™)
- 475x10"

(5-0.65)

or
g, =126 mS
Now
, 8, g, 1
"legr g, l+g,r
which yields

1 1 1 1
ro=— — ] |==—] — -1
g \o0s 126 08

or

r. =0.198 kQ
(b)
For V=3V = g, =0683mS
Then
0.683

1+ (0.683)(0198)

4

=0.602 mS

m

So
g 0602

0.88

g 0683

which is a 12% reduction.

11.47
(a) The ideal cutoff frequency for no overlap
capacitance,

gm ‘L[n(VGS - I/1)

" onc 27l

gs

_ (400)(4-0.75)
27(2x107)

or
f, =517 GHz
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(b)

Now

fr = 27r(C

gsT

g,
+C, )
where
c,=C,(1+gR,)
We find that
C,, =C, (075x107)(20x10™)

_ (39)(885x10™)(0.75x10™ )(20x10™)

500x10™
or
C,, =104x10™" F
Also
En = W%C‘”(VGS -7,
_ (20x107)(400)(3.9)(8.85x10™") (4-073)
~ (2x10™)(500x10™) '
or
g =0897x10" S
Then

C, = (104x10™")[1+(0897x10")(10x10")]
or
C, =104x10" F
Now
C,,=C (L+075x107)(W)

gs

B (3.9)(8.85x10™)

“00n10” (2x10™ +0.75x10™*)(20x10™)

or
C_,=38x10"F

gs

We now find
gm
]FT =

2n(C

osT

+CM)

0897x10"
27(38x10™ +1.04x10™")

or
f, =10 MHz

182

11.48
(a) For the ideal case

v 4x10°

ds

Tom 2n(2410°)

I

or
f, =318 GHz
(b)
With overlap capacitance (using the values from
Problem 11.47),

_ &
Jr 27(C

osT

+CM)

We find
g, =wC v

ox ds

(20x107)(3.9)(8:85x10™*)(4x10°)
500x10""

or
g =0552x10"§
We have
c,=C,(1+gR,)

= (1.04x10™)[1+(0552x107)(10x10")

or
C,=678x10" F
Then
~ 0.552x10"
/i 27(38x10™ +6.78x10™)
or

f, =083 GHz
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Problem Solutions

12.1
(@)

1,=10"exp L:|
_(2.1)K
For V=05V,
1,=10"exp L} =
| (2.1)(0.0259)
1,=9.83x10" 4
For V=07V,
1, =388x10"" 4
For V=097V,
1,=154x10" 4
Then the total current is:
1,,=1,(10°)
For V, =05V, 1, =983 ud
For V, =07V, I, =0388 md

Total

For V,, =09V, I, =154mA

(b)
Power: P=1, -V,
Then

For V =05V, P=492 uw
For V=07V, P=19%mW
For V=09V, P=T7T1mW

12.2
We have

2e
AL = /7 8, +V,(sar) + A,
e

=0, Vs (sat)]
where

N 10"
¢, =V In —=|=(0.0259)In -
n, 1.5x10

or
9, =0347V

We find

185

26 [2017)(ss510™) |
eN, | (16x10™")(10")

=0.360 um /V'"?
We have
Vs (Sat) =V =V,
(a)
For V. =5V =V, (sat) =425V
Then

AL = 0360[+/0347 + 5 —+/0.347 + 425
[

or
AL = 0.0606 pm

If AL is 10%o0f L, then L =0.606 um

(b)
For V,, =5V ,V
Then

AL = 0360[+/0347 +5 /0347 +125
[

or

=2V = VDS(sat) =125V

AL =0.377 um
Now if AL is 10% of L, then L =3.77 um

123
2e
N 8, +V,(sar) + A,
e

where

N 4x10"
¢, =V In —=|=(0.0259)In "
' n, 15x10

0383V

<
S
Il

r 12
4e¢m
X, =|—
eN,

[4(11.7)(8.85x10™)(0.383) }

(L6x10™)(4x10")
or

x, =0157 um
Then

00, (max)]| = eN x,,
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= (1.6x10™")(4x10")(0157x10™)
or

|07 (max)| =107 C/cm’
Now

v, = (|0}, (max)| - Q;s)( L j+ 9, +20,
(S

ox

so that
~[107 - (1.6x10"")(3x10")](400x10")

(3.9)(8:85x10™)

T

+0+2(0.383)
or
v, =187V
Now
V. (sat)=V, —V. =5-187 =313V
We find
2e  [20117)(885x107™) "
eN, | (16x107)(4x10")
=180x10"
Now
AL =180x10"-[,0383+3.13+ AV,
—~/0383+313]
or

AL =180x10°[{[3513+ AV, ~+/3513]

DS
We obtain

AV, AL(um)

0 0
1 0.0451
2 0.0853
3 0.122
4 0.156
5 0.188

124

Computer plot

12.5

Plot

12.6

Plot

186

12.7
(a) Assume V, (sat) =1V, We have
E = v (sat)
—L
We find
L(um) E_(V/cm)
3 3.33x10°
1 10*
0.5 2x10°
0.25 4x10°*
0.13 7.69x10°
(b)
Assume p =500 cm’ /V -5, we have
v=uE,
Then

For L=3um, v=167x10° cm/s

For L=1um, v=>5x10"cm/s
For L<05um, v=10" cm/s

12.8
Wehave I/ =L(L-AL)"'I,
We may write

o

8o =

—a(AL))
v

DS

=(-1)L(L-AL)" ID(

DS

L . A(AL)

(L-AL) v
We have

AL = \/%'[\/‘P/p Vs _\/(D/n +VDS(Sat)]

We find

doAL)  [2€ 1
W, \eN, 2,09, +V,

(a)

For V=2V AV =1V ,and
V(sat) =V, -V, =2-08=12V
Also

V.=V (sat)+ AV, =12+1=22V

and

16

3x10
¢, =(0.0259)In — |=0376V
15x10

Now
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2e [2017)(885x107) "
eN, | (16x107")(3x10")
=02077 um/ V"
We find
AL = 0.2077[\/ 0376+22 —/0376 + 1.2]
= 0.0726 m
Then
A(AL) 02077 1
v, 2 J0376+22
= 0.0647 um/V

From the previous problem,
1, =048mA,L=2um

Then
g =—(0.48x107)(0.0647)
’ (2-00726) ( )
or
g, =167x10" S
so that
1
7, =— =598 kQ
&
(b)

If L =1 um, then from the previous problem,
we would have 7, = 0.96 m4 , so that

(0.96x107)(0.0647)

8o

 (1-0.0726)’
or
g, = 722x10° S
so that
1
r=— =138 kQ
8o
12.9
(a)
Wu,C,
I,(sat) = T(VGS -7,)
10 n .
=15 (500)(6.9x10™)(V,; ~1)
or

I,(sat) = 0173(V,, —1)° (mA)
and

\/ID(Sal‘) = \/0173(VGS — 1) (mA)”2

187

(b)

-1/3
_ Ee.tr’
Let u, =u, _E

C

Where 1, =1000cm’ /V —s and
E_=25x10"V/cm.

VGS
Let E =—

ox

We find
e e (39)(885x10™)
C{)X == = tm = —= = —8
t, toC, 6.9x10"
or
t =5004
Then
E Eetf’ ”etf’ 4/ ID (Sat)
1 - - 0
2 4ES 397 0.370
3 6ES 347 0.692
4 8ES 315 0.989
5 10ES 292 1.27
(©)

The slope of the variable mobility curve is not
constant, but is continually decreasing.

12.10
Plot
12.11
’ (max

V.=V, +—|QS"( )| +2¢

We find
N 5x10"
¢, =V In| == |=(0.0259)In -
' n 15x10

or

¢, =038V
and

r 1/2
.- 4e (D/p
dT i eNa
[4(11.7)(8.85x107)(0.389) |~
| (16x10™)(5x10)

or

x, = 0142 um
Now
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|Q5',D(max)| =eN x

a”"dr

= (1.6x10™")(5x10°)(0.142x10™)

or
|0! (max)| = 114x107 C/ cm’
Also
e (39)(885x10™
———(—8)=863 10 F/cm’
‘ t 400x10"
Then
1.14x107
V, =-112+———+2(0.389)
X
or
V. =+090V
(@)
WuﬂCUX
D 2L [Z(VGS - Vr)Vus - VUZS]
and
v, (sat) =
We have

I, = (220)( )(400)(863x10 )

{2V, ~V, W, V]

DS DS
or
1, =0173[2(V,, -V, )VDS v, ] (ma)

For V, =V, (sat) = =1V,

I, (sat)=0.1 73 mA
For V,, =V, (sat) =V, —V, =2V,

I, (sat) = 0.692 mA
(b)

For V, <125V ,u=u, =400cm’ |V —s.
The curve for V_ —V, =1V isunchanged. For
Ve=V,=2V and 0<V, <125V, the curve
in unchanged. For V, 2125V, the current is
constant at

1, =0173[2(2)(125) - (125)’ | = 0595 m4
When velocity saturation occurs,

V, (sat) =125V for the case of

V.-V, =2V.

12.12
Plot

188

12.13
(a) Non-saturation region

= luncax(pf)[ (VGS - Vr)VDs - VDZS]

We have

and
W= kW, K6 L= kL

also
Ve = kV V= kV,

GS * " DS DS
So

e e

Then

(0,

I, ==k,

In the saturation region

e

Then
1, ==K,
(b)
P=1V, = (k) kv, )=k'P

D" DD

12.14
I, (sat)y=wC (V.. -V, )v..
:> (kW)( ];X j(kVGS - VT )vsm‘
or
I, (sat) = kI (sat)
12.15
(a)
(i I,=K (V. -V) =(01)(5-08)’
or
1, =1.764 m4
(i)
I, = (E)[(Oﬁ)(S) -08]
0.6
or
1, =0807 mA
(b)
(i) P=(1764)(5)=> P=882mW

(ii) P =(0807)(0.6)(5) = P =242 mW
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()
_ 0807
Current: Ratio = —— = 0457
1.764
. 242
Power: Ratio = —— = 0274
8.82
12.16
AVT:—eN"x"T n 1+2xﬂ 4
C, L r,
Now
N 10"
¢, =V In| —=|=(0.0259)In -
' n 15x10
or
¢, =0347V
and
—4 c (p/p 1/2
xdT = i eNa
[4(11.7)(885x107)(0347) |~
| (16x10™)(10")
or
x, =030 um
Also
o (3.9)(8.85x10™)
" 450x107
=7.67x10" F/cm’
Then
(16x10™)(10*)(03x10™)
AV, =- —
7.67x10
0.3 2(03
Xq— 1+Q -1
1 03
or
AV, =-0137V
12.17
AVT:—eN”x"T n 1+2xdr_1
C, L r,
Now
3x10"
¢, =(0.0259)In —=0376V
4 1.5x10
and

189

1/2
4eg,
K T

_ A(1 1~7)(8.85x10_14 )(0-376) 12
) (1.6x10719)(3x1016)

or
x,, = 0.180 um
Also
(3.9)(8.85x10™)

800x10°°

ox

e{)t
C =— =
t
ox

or
C,=431x10" F/cm’
Then
(1.6x10")(3x10")(0.18x10™)

431x10°
X{%[ /1+ 2(0.18) 1}}
L 0.6

0319
=-020=-——"
L

AV =-020=-

T

or

which yields
L =159 um

12.18
We have

L'=L—-(a+b)
and from the geometry

(1) (a+r/)2 +x:7_ = (r/. -i—xds)2

and
@) (b+r) +x;=(r+x,)
From (1),

(a +rf)2 = (r/ +de)2 —sz,
so that

a= (rj +de)2 —xjr -

which can be written as

2 2
X, X,
a=r, 1+5 | -] -1
i 7

or
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We can then write

2x
a=r| [1+ S 1o’ -1
k 5

Similarly from (2), we will have

2
b=r/|: /1+ aZl +p’ —1}
r.

where

2 tap T Mar
ﬂ_ 2

The average bulk charge in the trapezoid (per
unit area) is

, L+1L
|QB L= eNaxdT >

or

We can write

L+L 1 L 1 1
=—+—=—+—[L-(a+b)]
2L 2 2L 2 2L
which is
3 (a+b)
2L
Then

, (a+b)
QB = eNaxdT|:1_
| 2L

Now |Q;| replaces |Q;D(max)| in the threshold
equation. Then

w1211 (me0)
COX COX
_ eN x, |:1_ (a +b):|_ eN x,
C, 2L C,
or
AV = eN X, (a+b)
C 2L

ox

Then substituting, we obtain

190

eN x, T 2x
AV=—"—‘”"—’{ +—% 4+’ -1

Cc 2L r

ox J

2
+ /l+ﬂ+ﬁ2 -1 }
r.

Note thatif x,, = x,, = x,., then « =B=0
and the expression for AV, reduces to that given

in the text.

12.19
We have L” =0, so Equation (12.25) becomes

L+l L 1 r 2x,
=—=—=91-2| [1+—L -1
2L 2L 2 L r

or

Then Equation (12.26) is

, 1
e )
The change in the threshold voltage is
AI/I — |Q_I; _ |QS,'D (max)|
C{)X C{)X
or
2N, (e,
! COX COX
or
1)\(eN x
s, ={ s
2 C,
12.20
Computer plot
12.21
Computer plot
12.22

ox

eN x r 2x
AV, = ——— Lol T+—L 1
C L r
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S
k
or
AV, = KAV,
12.23
AV — eNuxdT (éxzﬂ')
oo \w
We find
1016
¢, =(0.0259)In — [=0347V
' 1.5x10
and
—4 c (I),p 1/2
xdT = | eNH
[4(11.7)(8.85x107)(0347) |~
| (16x10™)(10")
or
x, =030 um
Also
o (3.9)(8.85x10™)
" 450x107
or
C =767x10" F/cm’
Then
(L6x10™)(10")(0.3x10™")
AV, = -
7.67x10°
(n/2)(03x10™)
x —
2.5x107
or
AV, = 40118V
12.24

Additional bulk charge due to the ends:

1
AQB = eNaL(E xjrj 2= eNaLxdT(éxd]‘)

where £=1.
Then
eN x°
Apa — a7 dl
cw

ox

191

We find

16

3x10
¢, =(0.0259)In —|=03767
g4 1.5x10

and
r 1/2
4e ¢,p
[4(11.7)(885x107)(0376) |~
| (16x107)(3x10°)
or
X, = 0.180 pm
Also
o (3.9)(8.85x10™)
"4 800x10°
or

C =431x10" F/cm’
Now, we can write

2
eN x

a”~dr

c (Arv)

ox

(16x10™")(3x10")(0.18x10™*)’
(431x10™)(0.25)

or
W =144 um

12.25
Computer plot

12.26

AVT — eNuxdT (éxdr)
c \w

ox

Assume that £ is a constant

=

4 o)
S
k

AV, = kAV,

or

12.27
(a)
V,, =(6x10°)z, =(6x10")(250x10"")

or
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V,=15V

BD

(b)
With a safety factor of 3,

1
v, =—15= V, =5V

BD BD
3

12.28
We want V, =20V . With a safety factor of 3,

then V,, =60V, so that
60 =(6x10"), = ¢, =1000 4"

12.29
Snapback breakdown means aM =1, where

I
a:(O.lS)logm( L 9)
3x10°

and
VBD

Let V,, =15V ,m =3 . Now when

[0

3
1— (VCE)
15
we can write this as

Vo )
1—( C“‘) =a=V,=151-a

oM =1=

15
Now
I_D a V.,
E-8 0.0941 145
E-7 0.274 13.5
E-6 0.454 12.3
E-5 0.634 10.7
E-4 0.814 8.6
E-3 0.994 2.7
12.30
One Debye length is
_e (kT/e) "
L =|——+2
- eN(I
[(11.7)(8.85x10™)(0.0259) |~
| (16x10™)(10%)
or

192

L, =409x10" cm
Six Debye lengths:
6(4.09x10™ ) = 0.246 pm

From Example 12.4, we have x, = 0.336 um,

which is the zero-biased source-substrate
junction width.
At near punch-through, we will have

X, +6L +x,=1L
where x, is the reverse-biased drain-substrate

junction width. Now
0.336+0246+x, =12 = x, =0.618 um at
near punch-through.

We have
1/2
2e(V, +V,)
X, =|—————
eN,
or
xjeN”
Vhi + VDS =
2¢€

(0.618x10™) (1.6x10™)(10")

2(11.7)(8:85x10™)
which yields
V. +V, =295V
From Example 12.4, we have V,, = 0874V, so
that

V.,.=208V

DS
which is the near punch-through voltage. The
ideal punch-through voltage was
V=49V

12.31

(10”)(3x10")
(15x10")

The zero-biased source-substrate junction width:

r 1/2
Zen}
x, =|—

dO
eN
a

7. =(0.0259)In =0.902 ¥

~[2017)(8:85x10™)(0.902) "
| (16x107)(3x10")

or
x,, = 0.197 um
The Debye length is
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- v
L - € (kT/e):|
L eNa
[(11.7)(8.85x10™)(0.0259) |~
| (16x10™)(3x10") }
or
L, =236x10" cm
so that
6L, = 6(2.36x10°) = 0.142 um
Now

X, +6L, +x,=1L
We have for V. =5V,

_2 € (V;n + VDS)}I/2
X, =|—
r 14 1/2
2(11.7)(8:85x10™)(0.902 +5)
B (16x10™")(3x10")
or
x, = 0505 um
Then
L =0.197+0.142 + 0.505
or
L =0844 um
12.32
With a source-to-substrate voltage of 2 volts,
2e(r,+1,) |
xd() = i eNa
r 14 1/2
2(11.7)(8:85x10™)(0.902 +2)
B (16x10™")(3x10")
or
x,, = 0354 um
We have 6L, = 0.142 yum from the previous
problem.
Now
r 1/2
x = ZG(V}71+VDS+VSB)
! L eN,
B _14 1/2
2(11.7)(8:85x10™)(0.902 +5 +2)
| (16x10™")(3x10")
or
x, = 0584 um
Then

193

L=x,+6L, +x,

= 0.354 +0.142 +0.584
or
L =108 um
12.33
2x10"
@ ¢, =(00259)In — |=0306V
” 15x10
and
E, 11
0, = —=+¢, |=—| —+0306
‘ 2e 2
or
¢ =-0866V
Also
_4 c (p/p 1/2
xdT = i eNa
[4(11.7)(8:85x107)(0.306) |~
| (16x10™)(2x10")
or
x, = 0629 um
Now
|05, (max)| = eN,x,,
= (1.6x10™"")(2x10")(0.629x10™)
or

|Q;D(max)| =201x10" C/cm’
We have

0 =(2x10")(16x10™) =32x10" C/ em’
Then

=g} = oo 20,

ox

(2.01x10° = 3.2x10°*)(650x10™* )
(3.9)(8:85x10™)
~0.866 +2(0.306)

which yields
V,=-0478V
(b) We need a shift in threshold voltage in the

positive direction, which means we must
add acceptor atoms. We need

AV, =+0380- (-0478) =128V
Then
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(ar)c,  (128)(39)(885x10™)

e (16x10™)(650x10™)

1

or
D, = 425x10" em™

12.34

16

10
(@) ¢, =(0.0259)In —|=0347¥
1.5x10

and

’ ’ Eg
¢, =90, —| X+ 9,
2

e
=32-(325+056-0.347)

or
¢ =-0263V
Also
) —4 c ¢/n 1/2
Xar = i eNd
[4017)(885x10™)(0347) |
| (Lex10™)(10")
or
x, =030 um
Now
|05, (max)| = eN x,,
=(1.6x10"")(10")(0.30x10™)
or

|Q;D(max)| =48x10" C/cem’
We have

0l =(5x10")(16x10™) = 8x10™ C/cm’
Now

V. = _(|QS'D(max)| + 05 )( Lo )+ 9,.-29,
€

ox

(48x107 +8x10™)(750x10™)
(3.9)(8:85x10™)
~0.263-2(0.347)

which becomes
V,=-374V
(b)
We want V, =—0.50F . Need to shift V, in the

positive direction which means we need to add
acceptor atoms.
So

194

AV, = -050—(-374) =324V

Now
(av,)c.  (324)(3.9)(885x10™)
e (16x10™)(750x107)
or
D, =932x10" em”
12.35

15

10
@ ¢, =(00259)In — |=0288 V¥
” 1.5x10

and
[4e9, "
[4(11.7)(8:85x107)(0288) |
| (Lex10™)(10%) }
or
x,, = 0.863 m
Now
|0) (max)| = eN x,,
= (1.6x10™"")(10")(0.863x10™)
or

|Q;D(max)| =138x10" C/cem’

Also
o _Ca (39)(885x10™)
" 750x107
or
C =46x10" F/cm’
Then
’ (max
V,=V,, +2¢, +—|QS"( )|
138x10™"
= -150+2(0.288) + ———
4.6x10°
or
V. =-0624V
(b)

Want V, = +0.90 V', which is a positive shift and
we must add acceptor atoms.

AV, =090—(-0.624) =152V
Then

(ar,)c, _(152)(46x10")

ox

e 1.6x107"

1
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or
D, =437x10" cm”

(c)
With an applied substrate voltage,

AV, = @[\/Z(D/p Vg _\/2¢fp]

[2(16x10™)(117)(8.85x10™)(10°)]
- 46x10"
x[4/2(0288) +2 - /2(0285)|

or
AV, =+0335V
Then the threshold voltage is
V,=+090+0335

or
v, =124V

12.36
The total space charge width is greater than x,,
so from chapter 11,

F V26, +7 =20, ]

AV, =—

T

Now
14

10
9, = (00259)In| ——|=0228¥
1.5x10

and
e (39)(885x10™)

Cu = (. 500x10°
or

C_=690x10" F/cm’
Then

[2(16x10")(11.7)(8:85x10)(10")] "
AV, = -
6.90x10
x[4/2(0228) +7,, ~/2(0228)]

or

AV, = 0.0834[,0456 + 7, ~/0.456]
Then

Vu (V) AV,(V)
1 0.0443
3 0.0987
5 0.399

195

11.37

17

10
@ ¢, =(00259)In — |=0407V
- 1.5x10

and

_[401.7)(885x10™)(0407) "
Yo T (16x10™)(10")

or

x, =1026x10" cm
n' polyonn = ¢ =-032V
We have

|07, (max)| = (1.6x10™)(10")(1.026x107)
or

|Q;,D(max)| =1.64x107 C/cm’
Now

V,, =[-164x107 — (1.6x10™)(5x10")]

(80x10™)
X —————————0.32 - 2(0.407)
(39)(8:85x10™)
or
V., =-153V , Enhancement PMOS
(b)

For V, =0, shift threshold voltage in positive
direction, so implant acceptor ions

D A
AV, =L D, = @re,
C, e
SO
(153)(3.9)(885x10™)
~ (80x10™)(16x10™)
or
D, =4.13x10" cm™
12.38

Shift in negative direction means implanting
donor ions. We have

eD,
AV, =
where
o _Ca (3.9)(8.85x10™")
" 400x107

or
C_ =863x10" F/cm’
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Now
b - Gar) (8.63x107)(1.4)
' e 16x10™"
or
D, =755x10" em™
12.39

The areal density of generated holes is
=(8x10")(10°)(750x10™") = 6x10” cm™

The equivalent surface charge trapped is
=(0.10)(6x10") = 6x10" em”

Then
’ 6x10")(1.6x107"
AVZ __st =_( X )( X - )(750)(1078)
C. (3.9)(8.85x10™)
or
AV, =209V
12.40

The areal density of generated holes is

6x10” cm™. Now

c _Eu (3.9)(8.85x10™")
" Lo © 750x10°
or
C =4.6x10" F/cm’
Then
4 12 T
Ay =L _ (6x10")(x)(1.6x10™)

T

C 4.6x10°°

ox

For AV, =-050V

Where the parameter x is the maximum fraction
of holes that can be trapped. Then we find
x=0.024 = 24%

196

1241
We have the areal density of generated holes as

=(g)y )(tux) where g is the generation rate
and vy is the dose. The equivalent charge
trapped is = xgy¢, .

Then

AV, = _& - _exgrt, - —exg)/(tm)z

CoG ()

so that
AV, e=(1,)

T
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Chapter 13

Problem Solutions
13.1
Sketch
13.2
Sketch
13.3
p-channel JFET — Silicon
(a)
ea’ N, (16x107")(05x10™)"(3x10")
" 2e  2(117)(885x107)
or
V,, =579V
Now
(5x10")(3x10")
v, =(0.0259)In| ——=——=
(15x10")
or
V. =0884V
SO
V,=V, —V, =579 0884
or
vV, =491V
(b)
1/2
a—h=a-— 2E(Vbi_VDS +VGS)
eN,
@
For V=1V ,V =0
Then
a-h=05x10"
2(11.7)(885x10™)(0884 + 17, ) |~
(16x10™)(3x10")
or
a-h=05x10"
J(431x10™)(1884-7,,,)]
or

a—h=0215 um
(i) For V, =1V ,V, =25V

>" DS

a—h=00653 um

199

(i) For V, =1V ,V,  ==5V
a—h=-0.045 um

which implies no undepleted region.

13.4
p-channel JFET — GaAs
(a)
2a’N, 2(05x10*) (3x10")
7 2e  2(131)(885x107)
or
v, =518V
Now
(5x10")(3x10")
v, =(0.0259)In| ——=———=
(1.8x10%)
or
V. =135V
SO
Vv, =V, -V, =518-135
or
v, =383V
(b)
1/2
a-h=a- 2 E(Vbi Vs +Vcs)
eN,
(i) For V, =1V ,V, =0
Then
a-h=05x10"
213.1)(8.85x10™)(135+1-7,.) |
(1.6x10™")(3x10)
or
a-h=05x10"
[(483x10")(235-7,)]"
which yields
a—h=0163 um
(i)  For V=1V, V, =-25V
a—h=0016 um
(iif) For V. =1V ,V, =-5V

a—h=-0096 um

which implies no undepleted region.
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13.5 02x10™" = 05x10™
eazN _ 12
@ 7, = y |:2(13.1)(8.85x10 N, -v,)
- _
1.6x10™")(8x10")
-19 -4\? 16 (
_ (1‘6X1O )(O.leO ) (8x10 ) which can be written as
—14
2(11.7)(885x10°™) 9x10™ = 1811x10™(V, -7.,)
or or
v, =155V V.-V, =497V
(b) Now
2, -v,) | (3x10")(8x10")
a-h=q-|—2 G2 v, =(0.0259) In| ————
eN, (18x10°%)
SO or
02x10" = 0.5x10" v, =136V
2(11.7)(885x10™)(¥, -7,.) | Then
- V., =V —497=136-497
(1.6x10™")(8x10") oo
or
or Ve=-361V
9x10™" = 1.618x107°(V, —V,,) —_—
which yields 13.7
V, V. =556V i’ N
Now @ V,, = -
2€
3x10")(8x10"
v, =(0.0259)In W (16x10™)(03x10™) (3x10")
1.5x10 =
( ) 2(13.1)(885x10°™)
or
Vi, = 0896V " v, =1863V
Then o
V=0897-556= V. =-4.66V (5x10")(3x10")
= V. =(0.0259)In v
18x10
13.6 (18210)
For GaAs: or
(a) Vv, =135V
easz Then
Vi = o V,=V, -V, =1863-1352
or
-19 -4)? 16
_ (1:6x10™)(05x107) (8x10") vV, =051V
2(13.1)(8.85x10™) (b) (i)
or o [retin)]
v, =138V a-h=a- oN
(b) or "
1/2
a—h:a—|:—26(V”"_VGS):| a-h=(03x10")
eN
‘ 2(13.1)(885x10™)(1352) ]
(16x10™)(3x10")

200
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which yields
a—h=445x10" cm

(i)
a—h=(03x10")

2(13.1)(885x10 ™ )(1351+1) |
1 (16x10™)(3x10")

which yields
a—h=-37x10" cm

which implies no undepleted region.

13.8
(a) n-channel JFET — Silicon

Cea’n,  (16x107)(0.35x107) (4x10")

PO

2e 2(11.7)(8:85x10™)
or
V., =379V
Now
(5x10")(4x10")
v, =(0.0259) In| —————=
(15x10")
or
V. =0892V
so that
V,=V -V, =0892-379
or
v, =-290V
(b)
1/2
a—h=a-— ze(l/bi-'_VDS _VGS)
eN,
We have
a—-h=035x10"

1/2

2(11.7)(8.85x107)(0.892 +¥ 5 — Vs
(1.6x107")(4x10")

or
a-h=035x10"
{(324x10™) (089247, -7,,)]
i)  ForV =0V, =1V,
a—h=0.102 um
(i)  ForV =-1V,V =1V,
a—h=0044 pum

201

(iiiy  For v, =—1V,V, =2V,

a—h=-0.0051 um

which implies no undepleted region

13.9
(5x10")(4x10")
v, =(0.0259)In| ———————=
(1.8x10°)
or
V. =1359V
2e (Vln + VDS - VGS) -
a—-h=a-
eND
or
a—-h=035x10"

B 2(13.1)(8.85x10™ )(1.359 + ¥, V)
(1.6x10™"")(4x10")

We want @ —h = 0.05x10™" ¢cm,
Then

0.05x10™ = 0.35x10™
{(3623x10°)(1359 + 7, ~¥,)]

(a)

For V=0, we find
V.=-1125V

(b)

For V,, =1V, we find
V, =-0125V

13.10

(a)

, _klen,)
" 6el

_ (1000)[(1.6x10™)(10°)]
~ 6(11.7)(885x10™)

(400x107)(05x10™)’

(20x10™)
or
1, =103mA
(b)
easz
VPO =
2¢€
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(16x10™")(05x10™)"(10") (i)  For ¥V, =-0265V =

- 1, (sat) = 0.140 mA
2(11.7)(885x10™) " FDI(V ) fack
111 or V , =—0. =

or

Vpo =193V IDI(SCZI) =0.061 mA4
Also (iv) For V_ =-0.795V =
(10‘9)(10“’) IDI(Sat) =0.0145 mA
V. =(0.0259)In -
(15x10")
13.11
or y y 1/2
V,=0874V g, =G, 1_(u)
Now Voo
Vs (Sat) =V = (Vbl - VGS) where
=193-0874+7V, 37 3(1.03x10°
or ¢ G, =—"= ( ) =1.60x10"
V., 193
Vs (sat) = .06+ Vs or
We have G, =160mS
V,=V -V, =0874-193 Ther,
or
V =106V Ves [(Vm - VGS) / VPO] 84 (mS)
=1
Then 0 0.453 0.523
(i) Vs =0= V, (sat) =106V -0.265 0.590 0.371
| -0.53 0.727 0.236
(ii) V,=—V,=-0265V = -0.795 0.945 0.112
4 -1.06 1.0 0
v, (sat)=0.795V
1
(iif) V,=—V,=-053V = 13.12
2 n-channel JFET — GaAs
Vs (sat)=053V (a)
3 G - ey N Wa
(iv) V.= ZV,, =-0795V = o=,
-19 16 -4 4
V. (sat) = 0265V _ (1.6x10™)(8000)(2x10")(30x107)(0.35x10™)
(c) 10x10°
Im(sat) or

G, =269x10" S
-7 11-3 Vi =Ves 1_% Vi =Ves 2
I | (b)
VPO 3 VPO

Vns(sat) = VPO - (Vb: - VGS)

_ 1.03[1 _ 3( 0874 -V ) We have
193 ea’N,
VPO =
x(l 2 [0874-v, ﬂ 2e
3V 193 (16x10™")(035x10 ) (2x10")
() ForVy=0= I, (sat)=0258 md - 2(131)(8:85x10™)
or
V,, =169V
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We find 13.13
5x10")(2x10" 37 Vv, =V
V. =(0.0259)In w g =—|1- 7=
(l.8x1 0° ) Veo Veo
or We have
V.=134V 1, =103md,V,, =193V ,V, =0874V
Then The maximum transconductance occurs when
V,=V —V, =134—169 Vs =0
or Then
V,=-035V 3(1.03) 0.874
L — gms(max) = 1-
We then obtain 1.93 1.93
V. (sat)=169—(134-V_)=035+V or
For V. =0= V, (sat) =035V g, =0524mS
1 For W =400 um,
For V==V, =-0175V = We have
2
V (sat)=0175V ( ) 0.524 mS
sat) = 0. g, (max)=———
D : 400x10™ cm
© or
I, (sat)

g, =131mS/cm=131mS /mm

=7 11=3 Vi =Ves 1_% Vi =Ves
" V. 3\ 7, 13.14

The maximum transconductance occurs for

where
V.. =0,sowe have
u (eN,) wa’ N
Ly =—""7""" (@)
6elL
19 16\ g (max) = el 1- Vo
_ (8000 (16x10™")(2x10")] v v
6(13.1)(8.85x10™") -
-4 -4\? =G |1- [
(30x107)(035x10™) ( v J
(10?6104) We found
or G, =269mS .V, =134V ,V, =169V
1, =151md Then
Then 1.34
134 -7 g, (max) = (2.69)(1 -1 }—]
1, (sat) =15 1[1 - 3(—) 169
1.69 or
2 [134_p g, (max) = 0295 mS
2 L s
X 1= 3 1.69 (md) This is for a channel length of L =10 um.
For (b) .
V. =0= I, (sat)=00504 mA If the channel length is reduced to L =2 um,
then
and for
10
V., =-0175V = I, (sat) =0.0123 mA g, (max) = (0.295) 5)=

g, (max) = 148 mS
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13.15
n-channel MESFET — GaAs
(a)

ea’N P

2e
~(16x10™)(05x107) (15x10")
B 2(13.1)(8.85x10™)

PO

or
V,, =259V
Now
V,=90,-9,
where

N, 4.7x10"
¢, =V In =(0.0259) In| ———
N 15x10"

d

or
¢ =0.0892V
so that
V., =090-0.0892=0811V
Then
V.=V -V, =0811-259
or
V,=-178V
(b)
If V, < 0 for an n-channel device, the device is a
depletion mode MESFET.

13.16
n-channel MESFET — GaAs
(a)
We want V, =+0.10
Then

VT = V;i _VPO :¢Bn _¢n -V

PO
)
N, easz
V., =010=089—-V In -
N 2e

d
which can be written as

4.7x10"
(0.0259) In| ———
N

d

(16x10™)(0.35x107)' N
2(13.1)(8.85x10™)

£ =089-0.10

or

4.7x10"
(0.0259) In 2 |4 (845x107 )N =079
d
Nd

204

By trial and error
N, =81x10" cm”

(b)
At T = 400K ,

400\
N, (400) = NC(300)(—)
300

=(4.7x10")(1.54)
or
N_(400) = 7.24x10" cm”
Also

400
v =(0.0259) — |=0.03453
300

Then

724x10"
V. =089 -(0.03453)In| ————
8.1x

1015

~(845x10")(8.1x10")

which becomes

V,=+0.051V
13.17
We have
1/2
_ 2e (Vb: + Vns — VGS)
a—h=a-
eN,
where
Ve=9,-9,
Now

4.7x10"
¢ =1(0.0259)In| ——— [=0.058V
’ 5x10"°

Then
V., =080-0.058=0.742V

For V=05V,
a—h=(08x10")

2(13.1)(885x107™)(0.742+ 7, - 05) |~
(L6x10™)(5x10")

or
a—h=(080x10")

{(2898x10"")(0242+7,,)]"°
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Then
Vos (V) a—h (um)
0 0.716
1 0.610
2 0.545
5 0.410
13.18
VT = Vln - VPO = ¢Bn ¢n VPO
We want

V;':O:¢n+VPO:¢Bn

Device 1: N, =3x10" cm™
Then

17

4.7x10
o, = (0.0259) In ———— |=00713V
3x10

so that
V,,=089-0.0713=08187V

Now
2 1/2
:ea N, :a=|:26VP0:|

2e eN,

PO

05=085-¢ -V,

Now
4.7x10"
¢, =(0.0259)In| ———
Nd
and
easz
VPO =
2e
(16x10™)(025x107 ) N,
© 2(131)(885x107)

or

V,, =(431x10")N,
Then

4.7x10"
0.5=0.85-(0.0259) In| ————
N

d
~(431x10" )N
By trial and error, we find
N, =545x10" cm”

d

B 2(13.1)(8:85x10™*)(0.8187)
| (16x107)(3x10")

or
a=0199 um

Device 2: N, =3x10" em”
Then
47x10"
¢, =(0.0259)In| ——— |=0.0116¥
3x10

so that
V,, =089-0.0116 =0.8784 1
Now

1/2
|:2 eV, :|
a =
eN,
[2031)(885x10 ™ )(08784) |
| (16x107)(3x107)

or
a =0.0651 um
13.19
VT = Vbi _VPO = ¢Bn _¢n _VPO

Wewant V, =05V, so

13.20
n-channel MESFET - silicon

(a) Fora gold contact, ¢, =082V .
We find

19

¢, =(0.0259) ln( ) =0206V

and

V.=¢, —¢ =082-0206=0.614V
With V, =0 ,V, =035V
We find

a—h=0075x10"

1/2
[2 ( bi GS)}
=q—-| —m——

eN

d

so that

a=0075x10"

2(11.7)(8:85x10*)(0.614 — 0.35)

+[ (L6x10™)(10")
or

a=026 um
Now

e d
V,=V, -V, =0614-

}1/2
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or so that
(16x10)(026x10*)'(10") v 20L7)(885x10™)(45)
= ool 2(11.7)(8.85x10™) T (16x10")(04x107)’
We obtain or
V,=0092V N, =3.64x10" cm™
(b) which means that
Vi (sat) =V,, = (V, = V) AN, = 3.64x10" —2x10"
=0, =)=V, =Ve) =V =, or
Now AN, = 1.64x10" cm™
Vys(sat) = 035-0.092 Donors must be added

or Then
V (sat)=0258V

19

2.8x10
¢, =(0.0259)In| ———— |=0.172V
3.64x10

1321 so that
(a) n-channel MESFET - silicon
V=9 —¢ v, =080-0172=0.628V
bi Bn n
and We find
2 8x1019 VT = V/;,' - Vpo =0.628-45
¢ =1(0.0259) ln( . - ) =0.188V or
2x10 V., ==-387V
50 Also
V. =080-0.188 V.o=0612V
g = M Vns (Sat) = VPO - (Vbl - VGS)
Now = 45-(0.628—(~1))
2
_ea N, or
Y 2e V. (sat)=287V

(16x10™")(0.4x10™) (2x10)

© o 2(117)(885x107™) 13.22
1, eW
or () k = 7
v, =247V 4 .
Wetmd _ (7800)(13.1)(8.85x10™*)(20x10™)
V.=V, -V, =0612-247 2(0.30x10)(12x10™)
or or
V,=-186V k,=251mA/V’
and (b)
Vs (sat) =V, = (V,, = Vo) Vi (saty=Vv, -V, -V, )=V ~V,
=247-(0612-(-1)) So for V., =15V, = ¥, (sat) = (0.5)(0.12)
or Or
Vs (sat) = 0858V v, (sat) = 0.06 ¥
(b) and for V_ =2V = V_(sat)=(1)(0.12
For V,, = 4.5V , additional donor atoms must be or @ = Vi (sar) = (10012)
added. _
We have V (sat) =012V
v _easz N _2eV, © ,
PO e =N, = ed’ [m(sat)=k”(VGS—V],)
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For V, =15V, = I, (sat) = (2.51)(0.06)°

Or
IDl(sat) =9.04 ud

and for V=2V, =1

D1

(sat) = (2.51)(0.12)°

or
IDl(sat) =361 uA
13.23
(a) We have
8, = an (Vcs - V/)
so that

1.75x10" = 2k (0.50 - 0.25)
which gives
u ew

k =35x10" 4/V° =
2al

We obtain
(35x107)(2)(0.35x107)(10™)

(8000)(13.1)(8.85x10 ™)

or
W =264 tum

(b)

[m(sat) = kn(VGS - V/)2
For V=04V,

1, (sat) = (35x107)(04 - 0.25)’
or

1, (sat) =788 uAd

For V. =0.65V,

1, (sar) = (3.5x107)(0.65-0.25)

or

2

IDl(sat) =0.56 mA

13.24
Computer plot

13.25
Computer plot

13.26

1
Wehave L' =L——AL
2

Or

4

L AL
—=090=1-——
L

1
2 L
We have

1/2
AL = |:2 € (VDS - Vm(sat)):|

- eN

d

and
For V=0, V,, (sat) = Ve =V,
We find

easz

2e
(16x10™)(04x10™) (3x10")
2(11.7)(8:85x10™)

PO

or
v, =371V
and
(10”)(3x10")
v, =(0.0259) In| ~————~=
(15x10")
or
V. =0902V
so that
v, (sat) =371-0902 =281V
Then
2(11.7)(885x10™)(5-281) |~
| (16x10™)(3x10")
or
AL = 0307 um
Now
' 1 AL
= =090=1-——
2 L
or
1 AL
— = =1-09=0.10
2 L
SO

L AL 0.307x10"
2(0.10)  2(0.10)

or

L =154 um

Chapter 13
Problem Solutions
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13.27

We have that I =1 ( L )
ehavethat I =1, L—(l S

Assuming that we are in the saturation region,

then I/ =1, (sat) and I, =1, (sat). We can

write

I (sat) =1, (sat)-
1—

N |

If AL << L, then

AL
Il'”(sat) = Im(sat)[l + —:|
We have that

AL — |:2 € (VDS — VDS(sat)):|l/2

eN

d

| 2e7, . Vv (sat) "
eNd VDS

which can be written as

2 v (sat)\|"
S Sa
eNdV;)S VDS

If we write
I (sat) =1, (sat)(1+AV,,)

DS

N|»—
~

then by comparing equations, we have

1 2e | v (sat) "
2L NV, v,

The parameter is not independent of V.. Define

x = —=— and consider the function
Vs (sat)
1 1 S :
f=— (1 - —) which is directly proportional to
x x
A . We find that
na 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.

208

13.28
(a) Saturation occurs when E = 1x10" V' / cm
As a first approximation, let

L
Then
V, =E-L=(1x10")(2x10™")
or
V=2V
(b)
We have that
172
h=h = 26(1/;:' +Vns_VGs)
2 sat eNd
and
(5x10")(4x10")
v, =(0.0259) In| ~—————=
(15x10°)
or
v, =0892V

For V, = 0, we obtain

o 2(11.7)(885x10™)(0892+2) |~
. (16x10™")(4x10")

or

h,, =0.306 um
)
We then find

I, (sat) = eN v, (a=h, )W

= (1.6x10™")(4x10")(107)(0.50 - 0.306)
x(107)(30x10™)

or
IDl(sat) =3.72 mA

(d)

For V, =0, we have

V. 2 |V
I, (sat) = IP1|:1—3(LJ(1—— $J:|
VPO 3 VPO

Now
u,(eN,) Wa’
6el

I =

Pl
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~ (1000)[(1.6x10™)(4x10")]
~ 6(117)(885x107™)

(30x10™)(0.5x10™)°
(2x107)
or
1, =124 m4
Also
easz
PO = 2 e
(16x10™")(0.5x10™) (4x10")
2(11.7)(8:85x10™)
or
V,, =173V
Then
0892 2 [0892
1, (sat) =124 1-3 — | 1-=|——
7.73 3\ 7.73
or
IDl(sat) =9.08 mA4
13.29
(a) If L =1 um, then saturation will occur
when
V, =E-L=(10")(1x10") =1¥
We find

1/2
ho=h = Ze(Vlyi+VDS_VGS)
2 sat eNd
We have V,, = 0892V andfor V_ =0, we
obtain
. 2(11.7)(8.85x10™)(0892+1) |
- (16x10™)(4x10")

or
h, = 0247 um

Then
Im(Sat) = eNdvsat(a - hsat)W
= (1.6x10™")(4x10")(107)(0.50 - 0.247)
x(107)(30x10™)
or
IDl(sat) =486 mA

If velocity saturation did not occur, then from the
previous problem, we would have

209

2
IDl(sat) = 9.08(;) = Im(sat) =182 mA

(b)

If velocity saturation occurs, then the relation
1, (sat) o< (1/L) does not apply.

13.30
(a)

v = E = (8000)(5x10°) = 4x10” cm /s
Then

L 2x10™
t,=—= -=
v 4x10
or
t,=35ps
(b)
Assume v_ =10" cm/s
Then
L 2x10"
t,=—= —=
v, 10
t, =20 ps
13.31
(a) v=u,E=(1000)(10°)=10" cm/s
. L 2x10™ =0
= — = = = ps
Ty 10 R
(b)
For v = 10" em/s,
L 2x10"
z, =Z= o = 1, =20 ps
13.32

The reverse-bias current is dominated by the
generation current. We have

VP = Vbi - VPO
We find
(5x10")(3x10")
V. =(0.0259)In —_—
(15x10")
or
v, =0884V
and
easz
PO = 2 c
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(1.6x10™)(0.3x10™)"(3x10")
C o 2(117)(885x107)

or
v, =209V
Then
V,=0884-209=-121=V,
Now
1/2
Y = 2e (Vbl +Vns _Vcs)
! eN,
2(11.7)(8.85x10™)(0.884 + 7, — (-121)) |~
B (16x10™)(3x10")
or
x, =[(431x10™)(209+7,,)]"
(@)
For V  =0=, x, =030 um
(b)
For V=1V =, x, =0.365 um
(©

For V, =5V = x, = 0553 um
The depletion region volume is

Vol - (a>(§j<w> +(x)Ca)P)

—4
= (O.3x104)(#)(30x104)

+(x,)(0.6x10*)(30x10™)

or

Vol =108x10" +x (18x10™)
()
For V,, =0= Vol =162x10" cm’
(b)

For V,, =1V = Vol = 1.74x107" cm’
(c)

For V, =5V = Vol =2.08x10" cm’
The generation current is

n (L6x10™)(15x10")
I, .=e ; Vol = 2(5x10_8) Vol
o
or
1, =(24x107%) Vol
(a)

For V,, =0= 1, =039 pd

210

(b)
For V, =1V = I, =042 pd

(c)
For V, =5V = I, =050 pA

13.33
(a) The ideal transconductance for V. =0 is

. (1 /Vb,)
s = Yol 1747
VPO
where
el N Wa
o1 = L
(L6x10™)(4500)(7x10")
15x107

x (5x10™)(03x10™)

or
G, =504mS
We find
easz

2e
(1610 )(03x10) (7x10")
© 2(131)(885x107™)

PO

or
v, =435V
We have

17

4.7x10
9, =(0.0259) In| ——— | =0.049 ¥
7x10

so that
V.=¢, —¢, =089-0.049 =0841V
Then

or

(b)

With a source resistance
’
, g, 8. 1
_Sm  _ Gm_
I+grn g, l+grn

’ 1
g 1+(282)r
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which yields
r=887Q
(©)
pL L L
}/'Y == —= -
4 o4 (ew,n)(03x107)(5x107)
SO

L =(88.7)(16x10"")(4500)(7x10")
x(03x107)(5x107™)

or
L =067 um
13.34
g,
fr=
2nC,
where
e WL
C, =
a
(13.1)(8.85x10™* )(5x10™)(15x10™)
B 03x10”
or
C,=29x10"F

We must use g, so we obtain

(2.82x107)(080)
f = —— =124 GHz
27(2.9x10°™)

We have
1 1 1

=17, = =
2nf,  2n(124x10”)

fT: c

2nt,

or

7. =128x10" s
The channel transit time is
_15x10”
S0
The total time constant is

7=15x10" +128x10™" = 1.63x10™" s
so that

=15x10" s

t

t

1 1
f‘ — —
" ome 27(1.63x107)
or
f, =976 GHz

211

13.35
(a) For a constant mobility

3 e,LLnNda2
el
(1.6x10™")(5500)(10")(0.25x10™)’

27(131)(8.85x10™)(10™)’

or
f, =755 GHz
(b)
Saturation velocity model:
vSﬂf
f]‘ =
2L
Assuming v =10" cm/ s , we find
;o 10’
° 2n(107)
or
f, =159 GH:z
13.36

AE
(a) Vo/f = ¢B - < - sz
e

where
eNdd;
P2 = 2 EN
(16x10™)(3x10" )(350x10™)’
2(12.2)(885x10™)
or
V,, =272V
Then
v, =089-024-2.72
or
v, =-207V
(b)
S
n=—>="—(V -V
’ e(d+Ad)( V)

For V = 0, we have

(12.2)(8.85x10™
ng = — ( ) —(2.07)
(16x10™)(350+80)-10

or
ng =3.25x10" cm”
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13.37
(a) We have
e W
I)(sat)zA'— V.-V =V, )
' (d+Ad)( 0
We find

(%)_i[ln(sat)}_ €, v,

/4 a7, w (d +Ad)
12.2)(8.85x107)(2x10’ S

_ (122)( Jex10) s

(350+80)-10™ em
or
, S
& =502 m_
w mm
(b)

At Vg =0, we obtain

ID(sat)= €, (_ ~ )v
w (d+Ad)” " 77

(122)(8:85x10™)
 (350+80)-10"

(2.07-1)(2x10)

or
I, (sat)
w

=537 A/ cm =537 mA/ mm

212

13.38

V=g, -y
R

off e P2
Wewant V, =-03V,so
-030=085-022-V,,
or
eN,d’
v, =093V =——
2€,

We can then write
dZ — 2 EN VPZ
eN,

B 2(12.2)(8.85x10™)(0.93)

(1L6x10™")(2x10")
We then obtain
d,=251x10" cm=251 4

d
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,a(x)
14.1 I
124 124
(@) 7L=?wn For hv=13eV = A =——=0.95 um
13
Then For sili ~3x10” cm”
Ge: E. =066 eV = A =188 um orsticon, = >xIucm -,
. £ e Then for
Si: E,=112eV = A=L111um 1(x) =102 W / em’
GaAs: £, =142 eV = A =0873 um we obtain

(b)
1.24

T
For A=570nm= E =2.18¢V
For A=700nm= E =177 eV

14.2
(a) GaAs
hv=2elV = A1=0.62um
s0
o = 15x10" em™
Then
1
C) _ exp(cm) = exp[~(1.5%10°)(035x107)]
o
or

1) _

o

0.59

so the percent absorbed is (1-0.59), or
41%

(b) Silicon

Again hv=2eV = A=0.62 um

So

o =4x10" em™
Then
I(x) _ _ 3 —4

= exn(-a) = exp[—(4x10°)(035x107)]
o

or

1) _ o7

1

o

so the percent absorbed is (1-0.87), or
13%

215

(3x107)(107)
(L6x10™)(13) -
g’ =144x10" cm”s™
The excess concentration is
on=g't =(144x10")(10) =

on =144x10"° cm™

14.4
n-type GaAs, 7=10" s
(a)

We want
m=p=10"cm” =g't= g'(10_7)

or

We have
1.24
hv:l.9eV:>/l:—9:O.65,le
1.

so that
o ~13x10* em™
Then

LG

(10”)(16x10™)(1.9)
B 13x10'

(&)
o

or
100)=0234 W /cm’ =1,

(b)
1(x)
1

o

We obtain  x =1.24 um

= 0.20 = exp[~(1.3x10" )]
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14.5
GaAs
(a)
For hv =1.65eV = A =0.75 um
So
o =0.7x10" cm™
For 75% obsorbed,

I(x)

o

Then

1 1 1
ox = ln(—j = x= 7 ln(—)
0.25 0.7x10 0.25

or

=025 = exp(—owx)

x =198 um

(b)
For 75% transmitted,

1(x)
I

o
we obtain
x =041 um

=075 = exp[~(0.7x10")x]

14.6
GaAs

For x =1 um=10" cm, we have 50% absorbed
or 50% transmitted, then

1(x)

o
We can write

o)
X 0.5 10

o =0.69x10* em™

This value corresponds to
A=075um,E=165eV

=0.50 = exp(—ow)

14.7
The ambipolar transport equation for minority
carrier holes in steady state is

p L&), &,
d? ‘ T,
or
(&) & G,
dx’ - r o

where Lj} =D,

The photon flux in the semiconductor is
O(x) = @, exp(—ax)

and the generation rate is
G, = a®(x) = 0@, exp(—ax)

so we have
d’(§ od
(127”)_2;:_ Oexp(—ooc)
dx L

P P

The general solution is of the form

—x +x
o, = Aexp| — |+ Bexp| —
L, L,

oad 7
- 20 " exp(—ax)
al -1
r
At x > oo, =0
So that B =0, then

-X o ,T,
dp, = Aexp| — |- ————exp(-ox)
L aLl -1
At x =0, we have
d(§
D —( p,,) | =sdp
P n
dx x=0 x=0
SO we can write

and

d(‘SPn) | __
dx x=0 L oL -1
r r
Then we have
AD, o’®,t D so®@ T

O p P _ o p
+ 2 2 -
L aL -1 o L —1

4

Solving for A4, we find
oD T [ s+aD }
— r_ . P
2 42
o’L -1 |s+(D, /L))

The solution can now be written as

O@OTp S+OCDI7 —-X
P, = ~exp| —
o'l -1 |s+(D,/L,) L

—exp(-ox) |

216
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14.8
We have
d2(5n)) on
D, —2' +G, -—2=0
dx T,
or

d’ (5}111) on, G,

dx’ L D,

where L' =D T,
The general solution can be written in the form

x x
on, =4 cosh(—j +B sinh[—j +G,T,
L L

For s = o at x =0 means that 5np(0)=0,

Then
0=4+G,t, = A4=-G,7

At x=W,

d(on

( p) | :Sa&/lp |

dx x=W x=W

n

Now

w (W
on (W)=-G,t cosh(—) +B s1nh(—) +G.T
! ! L L !

and
d(6n) Gt . (w) B w
| = ———=sinh| — |+ —cosh| —
dx x=w L L L L
SO we can write
Gt D | w BD, w
———=sinh| — [-—=cosh| —
L” Lﬂ LH Lﬂ
w
=5 [—GL‘L'n cosh| —
L”

R4
+B smh[—}LGLr”]
L

Solving for B, we find

B=

L
D w W
—*cosh| — [+ sinh| —
LH Lﬂ L”

The solution is then

x x
on =G,t |1-cosh| — ||+ Bsinh| —
! L” L”

where B was just given.

217

14.9
JL
V.=V 1+—=
J,
30x10°°
=(0.0259)In| 1+
J,
where
1 D 1 |D,
Js=en, —_— e R
N T N, \T
which becomes
Js = (16x10 (1.8x10°)
/ 225
5x10°  10” Vs5x10°
or
6.7x10*
J; =(518x107) +118x10™"
Na
Then
Na JS(A/sz) Vo((V)
1E15 3.47E-17 0.891
1E16 3.47E-18 0.950
1E17 3.48E-19 1.01
1E18 3.53E-20 1.07
14.10
(@)

1,=J,-4=(25x107)(2) =50 m4
We have

1 D, 1 Dp
Jszen,. —_— |+ [—
N, T, N, T,
or
19 —7 }

J, = (16x10™)(15x10" )’

|:3x10"’ Sa10°
which becomes
J, =229x10" A/ cm’
or
1, =458x10" 4
We have

o
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or

-
1=50x10"—458x10" |:exp(—) - 1}
4

We see that when /=0, V=V, . =059V .
We find

v(v) 1(mA)
0 50
0.1 50
0.2 50
0.3 50
0.4 49.9
0.45 49.8
0.50 48.9
0.55 42.4
0.57 335
0.59 14.2

(b)
The voltage at the maximum power point is
found from

vV 4 1,
I+— |-exp| = |=1+—
4 4 I

50x10~ 0
=1+ ————=1092x10
458x10

By trial and error,
V. =0520V

At this point, we find
I =476mA

so the maximum power is
P =1V =(47.6)(0.520)

m m-m

or
P =248 mW
(©
We have
Vv 0.520
Vle:R:—:i:—z
I I 47.6x10°
or
R=109Q
14.11

If the solar intensity increases by a factor of 10,
then I, increases by a factor of 10 so that

1, =500 mA . Then

4
I=500x10" —4.58x107" |:exp(—j - 1}
14

At the maximum power point

218

|4 |4 I,
I+— |-exp| = [=1+—
v v I

500x10~ .
=1l+———>=1092x10
4.58x10°
By trial and error, we find
V. =0571V
and the current at the maximum power point is
1 =4783mA

The maximum power is then
P =1V =276 mW

m mom

The maximum power has increased by a factor
of 11.1 compared to the previous problem, which
means that the efficiency has increased slightly.

14.12
Let x = 0 correspond to the edge of the space
charge region in the p-type material. Then

p 4) B,

=-G
oA T, ‘
or
2
d (5np)_5np _ G
dx’ L D,
where

G, = a®(x) = a® , exp(—orx)
Then we have
d'(on) o, a0

P o

dx’ r

n

The general solution is of the form

—X +x
on, = Aexp| — |+ Bexp| —
L Lp

od 1
———2 exp(—oax)
2 52
oL -1

Atx—)oo,énsz so that B =0, then

—-X od 1
on, = Aexp[—j ——2 . exp(—ax)
L

exp(—ax)

'L -1
od 1
We also have o (0)=0=4-——2"
P 2 52
oL -1
which yields
od T,
a’'L -1

We then obtain
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where @ is the incident flux at x =0.

14.13
For 90% absorption, we have
D(x
(x) = exp(—ax) = 0.10
o
Then

1
exp(+ox) =— =10
0.1

or

y = (ij 1n(10)
o

For hv=17eV ,o0 = 10" em™
Then

1
X = (—4) ‘In(10) = x =23 um
10 —_—

and for hv=2.0eV , o0 =10" em™, so that
X =023 um

14.14
G, = 10 em™s™ and N, > N, so holes are the
minority carrier.
(a)

p=g't= G,
so that

& =dn=(10")(107)
or

p=m=10" cm™

(b)
Ac = e(3p)(u, +1,)
= (16x10™)(10" (1000 + 430)

or
Ao =229x10" (Q—cm)”
(©
AC)AV
[L — JL A= L
L
(2.29x107)(107)(5)
- 100x10™
or
I, =115m4

219

(d)

The photoconductor gain is

T u
r, =—"1+—
th ‘LLH

where
L r
tn =
‘llIIE uHV
Then
Tuv TV
r, =L(l+ﬂ)= " (u, +u,)
ph 2 2 n P
L u, L
or
107)(5)
= (—)2(1000+430)
(100x107™)
or
r, =715
14.15

n-type, so holes are the minority carrier
(a)
& =G, =(10")(10")
so that
d=6m=10" cm™

(b)
Ao =e(dp)(u, +u,)
= (1.6x10™")(10" )(8000 +250)
or
Ao =132x107 (Q-cm)”

(c)

Aoc)AV
I :JL-A:(AG)AE:L

(132x107)(107*)(5)

100x10™

or [, =0.66 m4
(d)

T, M, TV

Fnh:_(l+_j: 2 ('uﬂ+up)
. u, L
107)(5)
= (—)2(8000+250)
(100x10™)

or I' =413

ph
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14.16
O(x) =D, exp(—ax)

The electron-hole generation rate is
g = od(x) = od, exp(—ox)

and the excess carrier concentration is

op = ’L’pocq)(x)
Now

Ao = e(5p)(,u” + ,up)
and

J, = AcE

The photocurrent is now found from

1, = [[ack-da = TdyTAGE'dx
0 0

X0
= We(u, + 11, )E | &p-dx
0

Then
Xo
1, =we(u, +,le)EO((I)0‘L'p jexp(—(xx)dx
0
1
= We(un + ,up)Eo@OTp [——exp(—ooc)}
o
which becomes
1, =We(u, +u,)E® 7 [1-exp(-ax,)]
Now
= (50x10™)(1.6x10™)(1200 + 450)(50)

x(10")(2x107)[1 - exp(~(5x10")(10™))]

1, =0.131 ud

Xo

0

or

14.17
(@)

(2x10")(10")
(15x10")
The space charge width is

1/2
~ 2¢(V, +V,)( N, +N,
e N,,Nd

~ [2(1 1.7)(8:85x10™*)(0.832 +5)

7. =(0.0259)1n = 0832V

1.6x107"

2x10"° +10" -
x[@xw“xwm)ﬂ

or

220

W = 0.620 um
The prompt photocurrent density is
J,, =eG,W =(L6x10")(10")(0.620x10)
or
J, =992mA/cm’

(b)

The total steady-state photocurrent density is
J,=e(W+L +L)G,
We find

and
L =Dt =./(10)(107) =100 um

Then
J, =(16x107")(0.62 +22.4 +10.0)(10™)(10™)

or

(25)(2x107) =224 um

J,=0528 4/cm’

14.18
In the n-region under steady state and for E =0,
we have

d’(§ )
D L2")+GL—ﬂ=o
"oy’ T,
or
(%) & G,

dx”’ r D
p

P
2 . I .
where L =D t and where x” is positive in

the negative x direction. The homogeneous
solution is found from

d(&,) &, _
dx”’ sz
The general solution is found to be

—x +x
op,, = Aexp| — |+ Bexp| —
Lp Lp

The particular solution is found from
-, _ -G,
2
Lp P

which yields

GL

6p w D

P

GT

The total solution is the sum of the homogeneous
and particular solutions, so we have
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—x’ +x’
dp, = Aexp| — |+ Bexp| — |+G,7,
L, L,

One boundary condition is that dp, remains
finite as x” — oo which means that B = 0. Then
At x"=0, p (0)=0=p,(0)+p,, , so that
&,(0)=-p,,
We find that
A= —(pw + GL’L'p)
The solution is then written as

_x,
o, =G, - (GLTP + pm)exp e
»

The diffusion current density is found as

d(§
J = —ep, 2®.)
dx x'=0
But
d(&,) __d(&,)
dx dx’

. ’ . T
since x and x’ are in opposite directions.
So

d(%,) |
dx’

x'=0

= er[—(GL‘L'p +p, )][;—ljexp(;—x] LO

»
Then

J =+eD
P P

eD p
J =eG,L +—
r Lp L

P

14.19
We have

J, =e® [1-exp(-oi)]

= (16x10™)(10”)[1 - exp(~(3x10")w)]

J, =16[1 - exp(~(3x10")W)] (m4)
Then for W =1um=10" cm, we find
J, =415mA
For W =10 um= J, =152 m4
For W=100 um = J, =16 m4

14.20
The minimum o occurs when A =1 um which

gives o0 =10° em™ . We want

221

D(x)

= exp(—ax) = 0.10
[
which can be written as
1
exp(+ox) =— =10
0.1
Then
1 1
x=—In(10) = —Zln(IO)
o 10

or
x =230 um

14.21
For the Al Ga, As system, a direct bandgap for
0<x <045, we have

E =1424+1247x

At x =045, E_ =1985¢el, so for the direct

bandgap
1424 < E <1985V

which yields
0.625< A <0871 um

14.22
For x =035 in Gads, P, we find

(a) E,=185¢V and (b) A=0.670 um

14.23

(a)

For GaAs, n, = 3.66 and for air, n, =1.0.
The critical angle is

| ]
0.=sin | — [=sin | — [=159°
n, 3.66

The fraction of photons that will not experience
total internal reflection is

20 2(159)
e A7)

C
360 360

8.83%

(b)

Fresnel loss:

m-n ) (366-1Y
R= = =0.326
n,+n, 3.66+1
The fraction of photons emitted is then
(0.0883)(1-0.326) = 0.0595 = 5.95%
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14.24
We can write the external quantum efficiency as

n, =TT,
where T' =1- R, with R, is the reflection

coefficient (Fresnel loss), and the factor 7, is the

fraction of photons that do not experience total
internal reflection. We have

N2
n,—n
_ 2 1
I’l2+1’ll

so that

_ _ 2

n, —n
T=1-R=1-| 2—

1, + 1,

which reduces to

4nn,

(7, +7,)
Now consider a solid angle from the source
point. The surface area described by the solid

1

angle is wp”. The factor T is given by
np’
4nR’

From the geometry, we have

0. 2 0
sin(—cj = i = p=2R sin(—cj
2 R 2

Then the area is
0
A=np’ =4R’rm sinz(—cj
2
Now

2
/4 0.
=" =sin2(—‘)
47R 2

From a trig identity, we have

0 1
sinz(—cj =—(1-cos@
)= L (1-eos0,)

Then

1

1

1
T = E(I—COSQC)

The external quantum efficiency is now

4nn. 1
n,=T T =—"—"=-—(1-cos@,
1 2 (7[1+ﬁz)2 2( C)
or
e
m, = (1meost,)
( l+n2

14.25
For an optical cavity, we have

-

If A changes slightly, then N changes slightly
also. We can write

Nlil _ (Nl + 1)/12
2 2
Rearranging terms, we find
NA, (N +DA, NA, NA, 2

—2 =0
2 2 2 2 2
If we define Al = A, — A, , then we have
Nk
2 2

We can approximate A, = A, then
N A 2L
= = = —

- _r N1
2 A
Then
1 2L y
——Al=—
2 A 2
which yields
2'2
AL =—
2L
14.26
For GaAs,
124 124
hw=142eV = 1=—=——
E 142
or
A =0873 um
Then
2
A 0.873x10™ )
M=—= Q =5.08x10" ¢m
2L 2(0.75x107)
or

AL =5.08x10"" um

222
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15.1 (a)
The limit of low injection means that We have ﬁeff =B.B,+B,+B,
n,(0)=(0.)N, = (0.1)(10") = 10" em” Then
Now 180 =258, +25+ 3,
AeD n_(0) or
[ =—""— 155=268,
s which yields
-19 15
_ (05)(16x107")(20)(10") B, =596
3x10™ (b)
or We have
1,=5334 Bl = icy
or
15.2 5 1+B,) .
From the junction breakdown curve, for B B fea = en
. A
BV, =1000V , we need the collector doping 5o
concentration to be N, = 2x10" em™ 1425
(5.96) i, =20
25
Depletion width into the base (neglect V) which yields
12 i.=3234
! e \N, \N.+N, 155
2(11.7)(8.85x10™*)(1000) Sketch
- 16x10™"
15.6
2)(1014 1 12 We want
X 1 1 24
5x10" (leo‘s +2x10" ) P=—1I. Ve Tl ratea (_j o
or 2 7 2 2 7 2
x =316 wm (Minimum base width) which yields
L Io,ed =333 4
Depletion width into the collector :
2(11.7)(8.85x10™*)(1000) Then
i [ 7)(s85x "
! 1.6x107" LT T
x ICJ'ated 33 3
5x10" ( 1 j - or
X —
2x10" N\ 5x10" +2x10" R =720
or
x =789 um (Minimum collector width) 15.7
= If ¥, =25V, then
V 25
15.3 I, (max)=—<="—=0254<1,_.
Compute plot R, 100 ’
The power
P= ICVCE = [C(VCC _[CRL)

225
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To find the maximum power point, set
dpP
; =0=V,-2I.R, =25-1.(2)100

C

which yields /. = 0.125 4
So

P(max) = (0.125)[25 - (0.125)(100)]
or

P(max) =156 W < P.

So, maximum V. is V. =25V

15.8

Now R =-—*
1

D

Power dissipated in transistor

p2
P = ]DVDS = i
R

We have
B 200-V,,
? 100
SO we can write

P=(200—VDS)V Vs

DS

100 R
For T=25C,R =2Q,
Then
(200 — Vns ) Vps _ Vnzs
100 2
which yields

V,s =392V and
200-3.92
P=|—(392)=7.69W
100

We then have

T R v, P

25 2.0 3.92 7.69

50 233 4.55 8.89

75 2.67 5.20 10.1

100 3 5.83 113
15.9

(a)

We have, for three devices in parallel,

vV Vv Vv
—+—+—=5=2V(151)=5
1.8 2 22

or

V=331V

V
Then, I =—, so that
R

1,=1839 4
I, =16554
1, =1505 4
Now, P=1V,so
P =609W
P =548W
P =498WwW
(b)
Now
1 1 1
V| —+—+— |=5=V(1288)
1.8 36 22
or
V=388V
Then
1, =2164,P=838W
1,=1084,P=419W
I,=1774,P =685W
15.10

For BV =200V, from the junction breakdown
curve, we need the drain doping concentration to
be N, =15x10" em”

For the channel length (neglect V)

s ) )T
1o v, A\n, +N,

2(11.7)(8:85x10™*)(200)
- 1.6x10™

15 1/2
1.5x10 ( 1 )
X
10" 15x10" +10"

or  L(min) =184 um

For the drift region
2(11.7)(8.85x10™*)(200)
W(min) = "
1.6x10°

1016 1 12
X 15 15 16
1.5x10 15x107 +10

or W(min) =123 um

226
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15.11
(b) In saturation region,

1=KV, -V,) =025V, —4)" and
v..=V, —I,R=40-1(10)
We find

V.=5V,1,=0254,V, =375>V, (sat)
V=6V, I, =14,V, =30>V, (sat)
V=7V, 1,=2254,V, =175>V, (sat)

For V=8V and V_ =9V, transistor is
biased in the nonsaturation region. For

VGS =8V.
40—V .
I,=— 2= 0252(8-4),, — V5]
We find
VDS — 292 V S ID = 3.71 A
For VGS =9V >
40—V
[D = 5= 025[2(9 - 4)VDS - VDZS]
10
and we find
V, =188V ,1,=3814

Power dissipated in the transistoris P. =1V, .
We find

V.=5V,P =9315W
V., =6V ,P =30W
V.=V ,P =394W
V.. =8V ,P =108W
V.. =9V ,P =716 W

15.12

Yziev - Y;mh = PD(edevfz‘ase - Gcasefamb)
which can be written as
_ Zdev _ Tz;mb
dev—case PD case—amb
175-25
= ~6=9°C/W
10
Now
T;’,max - Tz;mb 175-125
PD,rated = =
edev—case 9

or

PD‘rated = 167 W

227

15.13
P D rated — E;lax e
dev—case
or
_ jmax T ]:zmb
dev—case PD’mted
150 -25
=—=25°C/W
50
Then
Lo =T = B, D(edev—case + ec'ase—amb)
o)
150-25=P, (25+6_, . .)
or
125=P,(25+6_. ...)
15.14
We have
PD = ID .VDS = (4)(5) =20w
Now
Lo =T = B D(edev—case case—snk T esnk—amb)
or
T, —25=20(175+08+3) =111
which yields
T, =136°C
Also
Tiew = Towe = B "0 ger_cae = (20)(175) = 35
o)
r.=T,—-35=136-35
or
r.=101°C
And
T = Tt = By 0 ey =(20)(08) = 16°C
SO
r.,=r, —16=101-16
or
T, =85C
15.15
We have
Ly =1y = B D(edev—(‘ase + casefamb)
o)
200-25=253+6__ )
or
0. oy =4°CIW
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15.16
We have
I},max - Tz‘zmb 175-25
dev—case = = = 100 C/ W
PD,mted 15
Now
T -
PD — Jj.max amb
edev—case + ecase—snk + esnk—amb
175-25
10+1+4
or
P =10
15.17
Wehave o, +o, =1. Now
a, = L and a, = L
1+, 1+,
SO
o +a,= P, +L:1
1+B8, 1+p,
which can be written as
B(+B)+.(1+B)
(1+8,)(1+8,)
or

(1+p8,)(1+B,) = B,(1+B,) + B,(1+B,)
Expanding, we find

1+B,+B,+ BB,

:ﬁ1+ﬁ1ﬁ2+ﬂ2+ﬂlﬁ2
which yields

ﬂlﬂz =1
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15.18
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.

15.19
Case 1: Terminal 1(+), terminal 2(-), and [,

negative. This triggering was discussed in the
text.

Case 2: Terminal 1(+), terminal 2(-), and I

positive. 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
P2N1P1N4 turns on.

Case 3: Terminal 1(-), terminal 2(+), and /_

positive. 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 [,

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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