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Chapter 1

Problem Solutions

1.1
(a) fcc: 8 corner atoms x1/8 =1atom
6 face atoms x1/2 =23 atoms
Total of 4 atoms per unit cell
(b) bcc: 8 corner atoms x1/8 =1atom
1 enclosed atom =1 atom
Total of 2 atoms per unit cell
(c) Diamond: 8 corner atoms x1/8 =1atom
6 face atoms x1/2 =3 atoms

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

1.2
(a) Simple cubic lattice: a =2r
Unit cell vol =a’ = (2r)3 =8r’

3
1 atom per cell, so atom vol = (I{ drr J

3
4zr?
3

8r
(b) Face-centered cubic lattice

d=4r:a\/§3a:i:2\/§-r
V2

Unit cell vol =4’ =(2\/E-r)3 =16x/§-r3

Then

Ratio = x100% = 52.4%

4 3
4 atoms per cell, so atom vol = (4{ ﬂ; J

( 4 Arr’
3

16V2 -3

(c) Body-centered cubic lattice

d=4r:a\/§3a:i~r
J3

3
Unit cell vol =a® = [i.rJ

Then

Ratio = x100% = 74%

V3

A3
2 atoms per cell, so atom vol = (2{ ﬂ; ]

Then

Ratio = x100% = 68%

3

)
V3

(d) Diamond lattice

Body diagonal =d =8r = a3 =a :i.r
J3

8 3
Unit cell vol =a® = [—r]

V3

drd
8 atoms per cell, so atom vol = (8{ il ]

3
Then
3
(8{47? J
Ratio = S x100% = 34%
J3
1.3

(a) a=5.43A ; From Problem 1.2d,

a=
J3
Then r=ﬂ=w=1.1762

Center of one silicon atom to center of

nearest neighbor =2r=2.35A
(b) Number density

=L=5><1022 cm™

(5.43x10°)
(c) Mass density
N(Awe)  (5x102)28.09)

N, 6.02x10%

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

Number density = ————~

(5.65x107)

= Density of Ga atoms =2.22x10*cm "
4 As atoms per unit cell

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

3

3

Number density = ———————
umber density (5.65><10‘8)3

= Density of Ge atoms =4.44x10%cm

1.5
From Figure 1.15

(@ d= (%)(@J —(0.4330)a

— (0.4330)(5.65) = d =2.447 A

(%)\/5 =(0.7071)a

(b) d

= (0.7071)5.65)= d =3.995 4

b a=2(1.035)=2.074
1
(c) A-atoms: # of atoms =8x g =1

1
(2.07x107 ]
=1.13x10" cm ™

Density =

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

Density = W

=3.38x10% cm™

1.6
a

242
sm(gjzz :ﬁ:>9=54.74°
2) a g V32
2

= 60=109.5°

17
() Simple cubic: a=2r=39A

o

4r
(b) fcc: a=—==5.515A
V2

4r o
(c)bcc: a=—==4.503 A

J3
(d) diamond: a = 2(4r )

V3

~9.007 A

1.8
@) 20103512 =2(1.035)+2r,

r, =0.4287 A

1.9
(1) a=2r=45A

# of atoms =8><%=1

Number density = ————
umber density (4.5“0_8)3

=1.097x10%cm ™
N(AtWr.)

N,
(1.0974x107 )12.5)
6.02x10%

=0.228 gm/cm’

Mass density = p =

b) a=—L_51964

NG

# of atoms 8x%+1:2

oz
(5.196x107)
=1.4257x10% cm ™
(1.4257x10* J12.5)

6.02x10”
=0.296 gm/cm*

Number density =

Mass density = p =

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

Volume = 0.74 cm

Downloaded by Burhan SaifAddin (bksaif@gmail.com)



Semiconductor Physics and Devices: Basic Principles, 4™ edition

By D. A. Neamen

Chapter 1
Problem Solutions

111
(b)a=18+10=28A4
(c) Na: Density :L%
(2.8x107)

=2.28x10%cm ™
Cl: Density =2.28x10*cm ™
(d) Na: At. Wt. =22.99
Cl: At. Wt. =35.45
So, mass per unit cell

@ ](22.99)+ (;J(35.45)

= 3 =4.85x107%
6.02x10
Then mass density
=23
p= %103 =2.21 grams/cm’
(2.8x10*)

1.12
@ a3 =2(22)+2(1.8)=8A4

Then a=4.62A

Density of A:
1
= —————=101x10%cm ™
(4.62x107 )
Density of B:
1
= ————=101x10%cm
(4.62x10°%)

(b) Same as (a)
(¢) Same material

1.13
0= 222+208) 004

V3

(a) For 1.12(a), A-atoms

Surface density = Lz = ;2
a’  (4619x107)
=4.687x10" cm 2

For 1.12(b), B-atoms: a = 4.61924

Surface density = Lz =4.687x10" cm
a

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

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

1
= =3.315x10" cm
a*y2
B-atoms;
Surface density
1
= =3.315x10" cm ™
a*\2

For 1.12(b), A-atoms; a = 4.6192
Surface density
1

a*\2
B-atoms;

Surface density
1

R

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

=3.315%10" cm 2

=3.315x10" cm

1.14

. 1
(a) Vol. Density = —
PE

o

Surface Density =

1
N

(b) Same as (a)

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

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

(iii) (220) plane = G,%,wj:@, 1,0)

Same as (110) plane and [110] direction
(iv) (321) plane = (1 , 1 , lj =(2,3,6)
321
Intercepts of plane at
p=2,q=3,5=6
[321] direction is perpendicular to
(321) plane
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1.16
(@)

111
(b)
111
(Z,E,Zj:(m)

1.17
Intercepts: 2, 4,3 = l,l,l =
2 4°3

(634) plane

1.18
() d=a=5284

a

2

a3

© d=57 _3.048 A

® d=2 37344

1.19
(a) Simple cubic
(i) (100) plane:

. 1 1
Surface density = —- =

a’ (473x10 )

=447%x10" ¢cm >

(i1) (110) plane:
1
Surface density =
a*\2
=3.16x10" cm ™

(>iii) (111) plane:

Area of plane = %bh

where b=a2 =6.689 A
Now

= o) _[aﬁ j -3 o)

2

By

So h="2(473)=5.793 A

Area of plane

_ %(6.68923 %10~ 5.79304x10™)

=19.3755x10 "% cm?
3><l

Surface density = PP ——
19.3755x10"

=2.58x10" cm 2

(b) bee
(1) (100) plane:
Surface density = LZ =4.47x10" cm ™
a
(>ii) (110) plane:
2
Surface density =
a*\2
=6.32x10" cm ™
(iii) (111) plane:
3x 1
6

Surface density = PP ——
19.3755x10"

=2.58x10" cm ™2

(c) fcc
(i) (100) plane:
Surface density = % =8.94x10" cm ™
a
(i) (110) plane:
2
Surface density =
a*\2
=6.32x10" cm
(>iii) (111) plane:
3x 1 +3x 1
2

Surface density = PP ———
19.3755x10"

=1.03x10" cm 2

1.20
(a) (100) plane: - similar to a fcc:

Surface density = m
43x

=6.78x10" cm
(b) (110) plane:

4
V2(5.43x107 )

=9.59x10" cm

Surface density =
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(c) (111) plane:

Surface density = (

2
J3/2)5.43x10° )

=7.83x10" cm

1.21
a= % - 4(337) = 6.703 A
2 2
8><l+6><— 4
() #em®=—8 2 .
a (6.703x10% )
=1.328x10%cm ™
4><l+2><%
(b) #fem?=—23 2
a’y2
2

(6.703x107 f v2
=3.148x10" cm 2

© d= “‘25 - (6'7023>‘E —474 A

(d) # of atoms = 3'xl+3><l =2
6 2
Area of plane: (see Problem 1.19)
b=av2 =9.4786 A

V6a

2

n=Y% _2099 A

Area
1

=3.8909x107" cm?

. 2
3.8909x107"
=5.14x10" ¢cm 2

d= g - —(6'7033)‘/5 =387 A

#/cm

= Jbh= % (0.4786 10 )8.2099x10 )

1.23
Density of GaAs atoms
- 444x10%em”

3

(5.65x10*)

An average of 4 valence electrons per atom,
So
Density of valence electrons

=1.77x10%cm

1.24

1 17
(a) %xm%:lo*%

5x10

15
(b) &XIOO% =4x10"°%

5x10%

1.25
(a) Fraction by weight

_ [2x10")10.82)

= =1.542x107’
5x10?[28.06)
(b) Fraction by weight
18
= (10 30.98) =2.208x107

" (5x102)28.06)

1.26
Volume density = % =2x10"°cm ™
d

So d=3.684x10°cm = d =368.4 A

We have a, =5.43A

Then 4 _3684 67.85
a 5.43

o

1.22
3

Density of silicon atoms =5x10* cm -
4 valence electrons per atom, so

and

Density of valence electrons =2x10” cm

1.27

Volume density = dl_3 =4x10" cm ™

So d=630x10"cm = d = 630 A

We have a, :5.432
i_ 630
a 5.43

o

Then =116
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2.1 2.6
Sketch h 6.625x107
@ p=7=———"-
A 550%10
2.2 =1.205x10""kg-m/s
Sketch ) 7
ete U:E:M:l.32x103mls
m  9.11x107"
23 or v=1.32x10° cm/s
Sketch h  6.625x107*
b p=F=—"—"—+
A 440%10
24 =1.506x10""" kg-m/s
) 1.5057x1077
2 P _ - 3
From Problem 2.2, phase = %—a}t . olix10 1.65x10° m/s
= constant or v=1.65x10°cm/s
Then (c) Yes
27 dx dx m( A j
— ——0=0=>—=v, =40 —
A dt dt 27 27
5 .
From Problem 2.3, phase = Y ot @ ®
A p=~2mE =[2(0.11x107' J1.2)1.6x107")
= constant s
Then =5.915%x10"" kg-m/s
34
z_ﬂ.ﬂ_ka):O:ﬂ:U = — i l=ﬁ=6'62‘5—x102521.12x1079m
A dt ar " 2 P 5.915x107*
or A=1124
2.5 (i) p = 20.11x10 ™ J12)1.6x10™)
E:hv:%:}ﬂ,:% =1.87x107** kg-m/s
6.625x107*
. _ -19 A=—"T"" — _=354x10"m
gold. E=490eV=(4.90)1.6x10")J A0
0»

(6.625x10*(3x10) . or A=3.54A
(4.90)1.6x1077) ~ 20 Tem (i) p =+2(9.11x107" f120)1.6x10™?)

" =025 =5.915x10 2 kg-m/s
= . m
) 6.625x10 »
Cesium: E =1.90eV = (1.90)1.6x10™) J hm e = 11210 m
So, >
- 10 or A=1.12A
_(6:625x10 X3><1190 ) ¢ a0 em
(1.90)1.6x107"?)
or
A=0.654 ym
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(b)
p=+2(1.67x107 J1.2)f1.6x10 ")
=2.532x10 ® kg-m/s
34
228025107, 107 m
2.532x107%
or 1=0262A
2.8
3 3

Epp=3KT=|3 (0.0259)=0.03885 eV
Now

pavg = szavg

= 20011107 }0.03885)1.6x10 ")

or

Pave =1.064x10 % kg-m/s
Now

34
2= P00 65r5x10°m
p 1.064x107"

or

A=62254

2.9
hc

Ep = th = /1—1)

Now

2 2
E :Pe and pg:i:E(:L{iJ

© 2m A, 2m | A4,
Set E,=FE, and A, =104,
Then

2 2
he () _1f1on
A, 2m\ 4, 2m\ A4,

which yields

A, = 1004
2mc
2
EP:E:E: he m :2mc
A 1004 100

P

200.11x10 7 J3x10°f
100

=1.64x107"°J =10.25keV

2.10
h o 6.625x107
(@ p=—=——"—"
A 85x10
=7.794x107° kg-m/s
oo P _ 7.794x107%°
m  9.11x107"

or v0=8.56x10°cm/s

=8.56x10* m/s

E=Ltmu?= % (0.11x10 (8.56x10* |
=3.33x107'7J
=21
or E=23107 ) hevi02ev
1.6x107"

(b) E-= %(9.11x10*31 Jex10° )

=2.915x107%]J
£ 2.915x107%
1.6x107"
p=mv=(9.11x10""J8x10°)
=7.288x10"" kg-m/s
_h_6.625x107%
p 7.288x1077

=1.82x10"*eV

-9.09x10*m

or  A=909A

2.11
-34 8
(a E=hv =E - (6'625><10 X3><10 )
A 1x107"°

=1.99x107"J
Now

-15
Feev oy L _199x10 7
e 1.6x107"

V =124x10*V=124kV
(b) p=~2mE =/2(9.11x10" f1.99x107)
=6.02x10 " kg-m/s
Then
Joh_6625x107
p  6.02x107%

=1.10x10""'m

or

A=0.11A
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2.12
B 1.054x107*
Ap e —————
Ax 10°°
=1.054x10*kg-m/s
2.13
(@) () ApAx=h
34
Ap = KOO ¢ es 10 ke-mis
12x107"°
2
(ii)AE:d_E.Ap:i P ap
dp dp\ 2m
_2P PR
2m m
Now p=+2mE
= 20x107" Ji6)1.6x10™)
=2.147x107* kg-m/s
o ap_ (21466x107 [3.783x10 )
9x107"
=2.095x107"]J
-19
or M:M:I.SleV
1.6x107"

(b) () Ap =8.783x107* kg-m/s

(i) p =/2(5x10* J16)1.6 10"
=5.06x10"> kg-m/s
(5.06x10 J8.783x10)

5x107%
=8.888x107%'J
=21
or AE=S888X107 oo 02ey
1.6x107"
2.14
34
ap =T L0054 10-% kgoms
Ax 1072
Ap  1.054x107

p=mv=>Av=—
m 1500

Av=Tx10"° m/s

2.15
(a) AEAt=Hh
-34
Ar= 0 g o300
(0.8)1.6x107°)
ho 1.054x107*
b) Ap=—=
® A= = S0 ™
=7.03x107> kg-m/s
2.16

(a) If ¥,(x,7) and ¥, (x,t) are solutions to
Schrodinger's wave equation, then

—n* Y, (x.1) . 0¥, (x,1)
2m 'a;—2+V(.X)‘Pl()C,l’): Jhla—t
and

—n? W, (x,1) 0P, (x,1)
W-a;—z-i-V(x)‘I’z(x,t): ]hza—t
Adding the two equations, we obtain

_hZ 2

W'ax_z[\yl(x’t)—f—\PZ(x’t)]

+ V(x)[‘I’l (x, t)+ ¥, (x, t)]
= 0 [ () 2, )

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

(b) If ¥,(x,z)-¥,(x,z) were a solution to
Schrodinger's wave equation, then we
could write

_hz 62
om Gx_z[\yl 'T2]+V(x)[\P1 .\112]
., 0
L]

which can be written as
—h? o*Y o’Y, 0¥, oY
h ¥, 2+, Ly L. -2
ox? ox? ox Ox

2m

_+\IJ -
¢ o

+V(x)\w, -, = jh[‘l’l 0%, aq’l}

Dividing by ¥, -, , we find
-r*| 1 %Y, 1 0¥, L2 v oy,
Y, x* ¥, &’ VYVY, o o

oY oY
+V(x)=jh 1% 1T
Y, o Y, o

2m
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Since ¥, is a solution, then 2.19
2 2 % )
—hT 1 oY ...V(x):jh.i.% NotethatJ.‘P-‘P"dle
2m ¥, o’ Y, ot 0
Subtracting these last two equations, we have Function has been normalized.
-n*| 1 oY, L2 vy, (a) Now
. )
2m | ¥, ox* WPV, ox ox “ 5 iy
1 oY, p= J. 1/— exp[—J dx
= jh-—- . [V a, a,
Y, ot )
Since P, is also a solution, we have 2 ¢ —
2 oty 1 ow Ta, J R
-1 = +V(x)= jh-— 2 ¢ 0
2m \PZ ox \Pz ot 2 -a, —2x /4
Subtracting these last two equations, we obtain "L\ T2 9P, .
—n? v, oY ‘ ’
hm 2 oW 2 _v(x)=0 or
2m WY\¥Y, ox O oy 1
This equation is not necessarily valid, which P= (— l)i:exp( 2 ]— 1} =1- exp(—j
.. . 4a 2
means that V|V, is, in general, not a solution °
to Schrodinger's wave equation. which yields
P=0.393
(b)
a 2
2.17 o

2|3 (-1Y|
A {" B =1 2 [—ag] —2x %/
=— exp| —
.1 a,\ 2 a, Ja,/
so A =E or
or |A|:L P=(—l{exp(—l)—exp(_—lﬂ
J2 2
which yields
P=0.239
2.18 (c)
+1/2

a, 2
J.AZ cOsz(nﬂx)dx=1 P= {Jzexp(ij:l dx
-1/2 0 ao ao
AZFJF—Sin(Z”m)T/Z—l 2% (-2x
2 dnz e =— jeXp[ de
a, s a
1 (1 1
A =——|-=||=1=A% = - -
{4 ( 4)} [2) _2 ;”jexp(ﬁ]
ao
or 4=+ ~ (Dfexp(-2)-1]

which yields
P =0.865
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2.20

=2 l+0_l_i
4 8 4r

or P =0.0908

+al2

(c) P= .[ [%)cosz %jdx

—al2

)
) EM(_“}FS"E(ST%”)

or P=1
2.22
o 8x10" .
a) v =—-= =10"m/s
@ (v, ==

or up:1060m/s
_z_ 27
kK 8x10®

=7.854%x10"° m
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or A=7854A
(i) p = mv = 0.11x107 J10*)
=9.11x10"" kg-m/s

E :%muz =%(9.11x10*3‘ Ji0* ¥

=4.555x107%]

_ 4.555x107%

1.6x107"

. o 1.5x10"

® v, == 50
or v, = —10° cm/s
2 2rm
¥ 15%10°

=285x10""eV

=-10*m/s

=4.19%x10°m

or A=419A
(i) p=-9.11x10"kg-m/s
E=285x10"eV

_2m 2z
T A 1.454x10°°
o=ko=(432x10" |5x10*)
=2.16x10"rad/s
® p=(0.11x10" )i0°)
=9.11x10" kg-m/s

=432x10*m™

34

A= 6625;1025 =727x10""m
9.11x10"

27 g64x10°m"!

[ S—
7.272x107"
o= (8.64x10°J10° )= 8.64x10" rads

2.23
(a) \P(x’ t) = Ae_j(kx+(ut)

(b) E=(O.025)(1.6><10"19):%m02
~Lorix10%1
2

s0 [ =9.37x10* m/s =9.37x10° cm/s
For electron traveling in —x direction,
v =-9.37x10° cm/s
p=mv=(0.11x10" |-9.37x10")
=-8.537x107* kg-m/s

h  6.625x107* "
=T a0 - 107
:%=ﬁ=8.097><108m’1

. X

o=k-Ju|=(8.097x10* f0.37x10*)
or ®="7.586x10" rad/s

2.24

@ p=mo=0.11x10""f5x10*)
=4.555x10 " kg-m/s

_h_6.625x107"

» W=1.454><1078m

2.25
B Wn’n? _ r12(1.054><10’34)27rz
" 2ma’ o.11x107 f75%1070 )

E, =n*(1.0698x107')

E

or
o _n’(1.0698x10)
! 1.6x107"
or E, =n2(6.686><10’3)eV
Then
E, =6.69x107eV
E, =2.67x107eV
E, =6.02x107eV
2.26
@ B M n(1.054x10* ) 72
"o2ma® 20.11x107 Ji0x107°
=n*(6.018x10™ )1
or = M =n?(0.3761) eV
! 1.6x107"
Then
E, =0376eV
E, =1.504eV
E, =3385¢eV
he
®) 2=2
AE =(3.385-1.504)1.6x10™)
=3.01x107"7J
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(6.625x10* [3x10°)
3.01x10™"

=6.604x10" m
or A =660.4 nm

A=

2.27
hin*r?
2

(a E, =

2ma

ise10 - (10sax107 ) 72
2(15x107 J1.2x1072

15x10° =n?(2.538x10)

or n=7.688x10%
(b)y E, =15m]
(¢c) No

2.28
For a neutron and n=1:

_wz _ (1.054x10* )

E -
b o2ma® afleex107 1o )
=3.3025x107"J

or

-13
E, =330200 7 ) 6105y
1.6x107"

For an electron in the same potential well:
(1.0s4x10™ ) 7

2(0.11x107 10 f

=6.0177x107"°J

E =

or
E - 6.0177x107"

. =3.76x10° eV
1.6x107"

2.29
Schrodinger's time-independent wave
equation

o’w(x) 2m
TV 2y (=0
We know that

a —a

x)=0 for x>— and x<—

w(x) > >
We have

V(x)=0 for oxcd
2 2

so in this region
0’ 2mE
V/gx) + _n12 l//(x) =0
Ox h
The solution is of the form
w(x)= Acoskx+ Bsin kx

where

i = ’Z;lan

Boundary conditions:

l,//(x)=0 at x:_—za, x=+—2a

First mode solution:
v, (x) = A, cosk,x
where

222

V4 T°h
kl:—:>E1=

a 2

2ma
Second mode solution:

¥, (x) =B, sink,x
where

2z 4r’h?

k, = 7 =Fk,= P
Third mode solution:

v, (x) = A, cosk,x

where

3 9r’h?
k, :—”:> E, = il 5
a 2ma
Fourth mode solution:

l//4(x)= B, sin k,x

where

4 167 K>
k4:—7r:E4: 67 z
a

2ma

2.30
The 3-D time-independent wave equation in
cartesian coordinates for V(x, v, z) =0 is:

*w(x.y, z) N 62!//(x, ¥,2) N azy/(x, ¥,2)
6x2 ayZ 6Z2

2mE
+ };"2 w(xy,2)=0

Use separation of variables, so let

wlx y.2)= X () (y)z(z)
Substituting into the wave equation, we
obtain
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2 2 2
YZa X—i—XZa Y+XYa Z

ox’ oy’ oz’
+2mE vz -0
hZ
Dividing by XYZ and letting k* = z;;E , we
find
2 2 2
(1) LoxX 10¥ 102 1oy
X ox* Y oy Z 87
We may set
2 2
L2 X:—k2:>6 X+kfX:0

X ox’ } ox’
Solution is of the form

X (x)= Asin(k_ x)+ Bcos(k_x)
Boundary conditions: X (O) =0=B=0

and X(x=a)=0=k, ==
a

where n, =1,2,3....
Similarly, let
2 2
12 fz—kf and .9 ?z—kf
Y oy : Z 0z )

Applying the boundary conditions, we find

W
= s ny:1,2,3....
a

k=" 0 =123
a

From Equation (1) above, we have
—kf —kf —kf +k%=0

or
2mE
2 2 2.2
k;+k, +k; =k = e
so that
2_2
E—>E _hx (n2+n2,+n,2)
nynyn, Yma 2 x y z
2.31

*w(x.y) o*wlx,y) 2mE

o et )=
Solution is of the form:
w(x, y)=Asink x-sin k,y

(a)

We find
M = Ak, cosk x-sink y
Ox :
2
W ——Ak?sink, x-sink,y
X

M = Ak, sink x-cosk y
Oy i

62y/(x, y) 2 . .
— 5~ =—Ak; sink x-sink,y

Substituting into the original equation, we
find:

2mE

n:

0

(1) —k;—k;+
From the boundary conditions,
Asink .a=0, where a=40A
n.mw

So k,=——, n,=123,...
a

Also Asinkyb=0, where b:ZO;X

l/lyﬂ'
So ky :T, }’ly :1,2,3,...

Substituting into Eq. (1) above

2_2
E h? nfﬁz n,mw
= —_— + —
Nyly 2m a2 bZ

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

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

i’
0 AE="2 (o)
For n, =2,n, =1
Then
2_2
AE = 3n 7r2
2ma

(i) For a=4 A
3(1.054x10 %} 72

AE =
2(1.67x1077 fax107 ]
=6.155x10]
=22
r AE =% =3.85x107 eV
1.6x10"
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@ii) For a=0.5cm
3(1.054 x 107 ' 7
2(1.67x10"7 Jo.5x 1072
=3.939x107]J

or
3.939x107%

x0T =246x10"7 eV
OX

2.33
(a) ForregionIl, x>0

’w,(x) 2m
ax—zz“Lh_z(E_Vo)'//z(x):O
General form of the solution is

v, (x) =A, eXp(jkzx)"' B, eXP(_ ijX)
where

2
S TP

Term with B, represents incident wave and
term with A, represents reflected wave.
Region I, x<0
%y, (x) 2mE
+ x)=0
axz h 2 l//l ( )
General form of the solution is
v, (x)= A, exp(jk, x)+ B, exp(- jk,x)
where

2mE
k, = / P

Term involving B, represents the

transmitted wave and the term involving A,
represents reflected wave: but if a particle is
transmitted into region I, it will not be
reflected so that A, =0.
Then
L4 (x) =B, exp(— jklx)
¥, (x) =4, eXp(jkzx)"" B, exp(— jk2X)
(b)
Boundary conditions:
)y, (x=0)=p,(x=0)
0 0
) ¥ _9¥,
Ox |x=0  OX |x=0
Applying the boundary conditions to the
solutions, we find
B, =A,+B,
kyA, —k,B, =—k\B,

Combining these two equations, we find

k,—k
AZZ(kZ ]\J'B2
2+k1

2k,
B, = -B,
k, +k,

The reflection coefficient is
* 2
Rl MAs (kz ~k, j
B,B, \k,+k
The transmission coefficient is
4k k,
(ky +&,)°

T=1-R=>T-=

2.34
v, (x)= A, exp(~k,x)

2
P= |l//(xl* = exp(— 2k2x)

A4,

2m(V, —E)
hZ
V20.11x107|3.5-2.8)1.6x10"°)

1.054x107**
k, =4.286x10°m ™

where k, =

(@) For x=5A=5x10""m
P= exp(— 2k2x)
— expl-2(4.2859x10° 5x107° ]
~0.0138
(b) For x=15A=15x10""m
P =exp|-2(4.2859x10° J15x107° )]
=2.61x10"°
(c) For x=40A=40x10""m
P =exp|-2(4.2859x10° Y40x10 " )]
=1.29x107"

2.35

E E
T= 16(z}(1 - V_(,j exp(— 2k2a)

2m(V, —E)

hZ
V20.11x107 J1.0-0.1)1.6x107°)
1.054x107*

where k, =
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or  k,=4860x10"m™
(a) For a=4x10""m

r= 16[?;)(1_%J eXp[— 2(4.85976><109 X4X 10—10)]

=0.0295
(b) For a:12><10’10m

=1.24x 10‘5
(¢) J=N,ev, where N, is the density of
transmitted electrons.
E=0.1eV=1.6x10"]J

~ Lt =Lo11x107
2 2
= 0=1.874x10" m/s =1.874x10" cr/s

1.2x107 =N, (1.6x10™ f1.874x107 )

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

8
(2 HO02X107 4 357,10 ¢
0.0295
2.36
E
=16| — | 1—— |expl—2k,a
(VOJ[ J P 2)
(a) For m 67 m,
Vo —E
. ( Y, 1)
7}

_ {2(0-067)(9.11“031 J0.8-02)1.6x10 )}”2

(1.054x107 )

or
k, =1.027x10° m™
Then

(g [1-63)

xexpl-2(1.027x10° {15x10° ]
" o
(b) For m= (I.OS)mU

k,=

{2(1 08)0.11x10~ J0.8-0.2)1.6x10™" )}“2

(1.05s4x10 )

or
k, =4.124%x10° m™!
Then

-5

xexp|-2(4.124x10° f15x107° ]
or

T=127x107°

T= 16(%](1—%} exp(-2k,a)

2m(V, —E)

hZ
V2(1.67x1077 J12-1)x10° x(1.6x10"°)
- 1.054x107*

=7.274%10" m ™
(a)

T= 16(%)(1—%} exp|-2(7.274x10" f107)]

=1.222 exp[-14.548]

—5.875%10°7
(b)
—(10)5.875x107)

—1.222exp|-2(7.274x10" )]

2(7.274%10" Ja = m(Lzﬁj

5.875x10

2.37

where k, =

or a=0.842x10"m

2.38
Region I (x<()), V=0
Region 11 (0<x< a), V=V,
Region III (x > a), V=0
(a) RegionI:
v, (x)= A, exp(jk, x)+ B, exp(- jk, x)
(incident) (reflected)
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where
2mE
k, = 2
Region II:

v, (x) =A, eXp(kzx)"' B, exp(— kzx)
where

2m(V,, —E)
ST

Region III:
v, (x)= A, exp(jk, x)+ B, exp(- jk,x)
(b)
In Region III, the B, term represents a

reflected wave. However, once a particle
is transmitted into Region III, there will
not be a reflected wave so that B, =0.
(c) Boundary conditions:
At x=0:y, =y, =
A +B =A,+B,
Ay, _dv,
dx dx
Jk\A, — jkB, =k, A, —k,B,
At x=a:y, =y, =
A, exp(k,a)+ B, exp(—k,a)
= A, exp(jkla)
dy, _dy; _
dx dx
k,A, exp(kza)— k,B, exp(— kza)
= jkA; exp(jkla)
The transmission coefficient is defined as
. AA;
AA
so from the boundary conditions, we want
to solve for A, in terms of A, . Solving

for A, interms of A;, we find

+JjA
R
-2 jkk, [exp(kza)+ exp(— kza)] }
xexp(jik,a)
We then find

. AA

AA = (4k1k2 )2 {(k22 —kl2 exp(kza)

—exp(—k,a)]’
+ 4k 2k [explk, @)+ exp(—k,a)f |
We have

2m(V,, —E)
ST

If we assume that V, >> E, then k,a will
be large so that

exp(kza) >> exp(— k,a)
We can then write

AA;
AA =22 k2 —k] fexplk,a)]’
14 (4k1k2)2 {( 2 Tk exp( za)]
+ 4k 2k [exp(k,a)f |
which becomes
. AA]

AA = W (k22 +k; )exp(Zkza)
Substituting the expressions for k, and
k,, we find

k2 +k = 2’:210
and

K2 - {2m(x7/:2 —E)}{Z;E}

Then
2mV, \’
A A, exp(2k2a)
AA = — .
16{( ’Z’j Vo(l—J(E)}
V()
_ AsAy
16 £ 1o £ exp(—2k,a)
VO VO
Finally,

AA]
T="23—16 £l £ exp(~2k,a)
AA v, v,

1471
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2.39
RegionI: V=0
’w,(x) 2mE
ax—lz + h_z v, (x) =0=

v, (x)= A, exp(jk, x)+ B, exp(- jk, x)
incident reflected
where

2mE
k, = f 2
Region II: V =V,
O.), 2mlE-v)

o 2 Vv, (x) =0=
v, (x) =A, eXp(jkzx)+ B, eXP(_ ijX)
transmitted reflected
where

/2m E-V
k2: (hz 1)

Region III: V =V,
Susla), 20lE-v,)

o e Vs (x) =0=
Vs (x) = A, exp(ijx)
transmitted
where

2m(E—-V,)
k3 = h—2

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

v Ak A

v, AA k AA
From the boundary conditions, solve for A,

in terms of A,. The boundary conditions are:

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

ox ox
kiA —k B, =k,A, —k,B,
At x=a: y, =y, =
A, exp(jk,a)+ B, exp(— jk,a)
=A, exp(jk3a)

oy, 0y,
EREE
k, A, exp(jk,a)—k,B, exp(- jk,a)

=k, A, exp(jk3a)

But k,a=2n7r =

exp(jkza) = exp(— jkza) =1

Then, eliminating B,, A, , B, from the

boundary condition equations, we find

ks ak; kK,

ky ("1"']‘3)2 (k1+k3)2

2.40
(a) RegionI: Since V, > E, we can write
o’y (x) 2m(V —E)
axlz - hOZ (//l (x) = O
RegionII: V =0, so
o? 2mE
v, (x) mE |, (1)=0

—
RegionIII: V > 0=y, =0

ox?

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

finite for x <0, as
¥, (x)= B, eXp(klx)
w,(x)= A, sin(k,x)+ B, cos(k,x)

Vs (x) =0
where
2m\V, - E 2mE
k, = < and k, = [—

(b) Boundary conditions
At x=0: y, =y, = B, =B,
0 0
Ve B, =k, A,
Ox Ox
At x=a:y, =y, =
A, sin(kza)+ B, cos(kza) =0
or
B, =-A, tan(kza)
(©
kl
kB, =k, A, > A, =| — [B,
k2
and since B, = B, , then

k
A, = [k—‘]Bz
2
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From B, =-A, tan(kza), we can write

‘ P= 43~rzexp(_2rj
B,=— —|B, tan(kza) (aO) . o S
k, To find the maximum probability
or dP(r) -0
k dr
1= —[k—‘j tan(k,a) A 5 )
2 3 —= (r2 )exp —=r
This equation can be written as (a,) |\a, a,
V,-E
1=—\/ g -tan \/sz-a
E n’
or

+2r exp(_—zr}
aD
which gives
E 2mE
=—tan|,|[——-a
V,-E R

0=—"+1=r= a,
a{l
This last equation is valid only for specific or r=a, is the radius that gives the greatest
values of the total energy E . The energy probability.
levels are quantized.
243
2.41 W, 1s independent of € and ¢, so the wave
_ -m,e’ o) equation in spherical coordinates reduces to
" (4ze,)2n’n’ 1 AN
(47e,)2nn _2£ 2o +#(E—V(r))u/:O
-m,e’ re or or /]
( dre )2 h2n? V) where
° 2 2
—e —h
—(0.11x10™ J1.6x10 ) v(r)= =
= > T dre, r m,a,r
[az(8.85x1072 f 2(1.054 %10 ) For
or
-13.
E - 3.58

n

— (V)

3/2
1 r
Vo =—7—="| — €Xp| —
Via a, a
n
n=1=FE, =-13.58eV

Then
n=2=FE, =-3395eV

p—

3/2
—_— T ——— . — — eXp —
n=3=E, =-15leV or 7 \4, a
n=4=E, =—0.849¢V

o at)
SO
5 | | 5/2
pp V0 T L e I
or \/; a, a,
2.42 We th btai
We have ¢ then obtain

512
. S ., 0 (rz 61//100J: -1 [ 1 j
=—| —| exp|—
Yo Tw e ) M

or or Jr \a,

-r r’ -r
) . x| 2rexp| — |—| — |exp| —
P=47r¥ 00V 100 { [auj (ao] (a H
3
:4ﬁr2~l~(ij exp£_2rJ

and

a

o
Substituting into the wave equation, we have
T \a, a

o

or
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5/2
[t Y T O e IO s
ENA v a, ) 0, e,

2m, n’
+ E+
n® m,a,r
1 1 3/2
X|—= || — exp| — |=0
(@] [ p(J
where
_ 4 _ 42
E=E =— "¢ L

(4ze, ) 2n* - 2m,a’
Then the above equation becomes

TR

or

-2 1 -1 2
X y——+—+| —+—|;=0
al)r aO ao a()r

which gives 0 = 0 and shows that y,, is
indeed a solution to the wave equation.

2.44
All elements are from the Group I column of
the periodic table. All have one valence
electron in the outer shell.
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31
If a, were to increase, the bandgap energy
would decrease and the material would begin
to behave less like a semiconductor and more
like a metal. If a, were to decrease, the
bandgap energy would increase and the
material would begin to behave more like an
insulator.

3.2
Schrodinger's wave equation is:

2 2
%”@"T@”) V() 9(ur)
oY (x,1)
ot
Assume the solution is of the form:

Wt = ulx )exp[ [k_@zﬂ

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

22 o fo (5]
= %xp{ (m—@ H}

which becomes

Lt o (£)]
2 o (£}
bl (£
- st {2}

This equation may be written as

u(x) N 62u(x) N 2mE u(x)= 0
ox ox’ n’

—kzu(x)+ 2jk

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

dzul(x) ,dulx
2k :
L) )

2
where
o’ = Z;nZE
In Region II, V(x)=V, . Assume the same
form of the solution:

Wt = ulx )exp[ (k_@zﬂ

Substituting into Schrodinger's wave
equation, we find:

2 Gkl >exp{ (o[£

2m

Q.E.D.

3
o8] fo ()]

el ()]
ot fis-(£)
st o2}

This equation can be written as:

—ku(x)+2j o Qulx) | Oulx)

ox?

2mV, 2mE
- o2 0 u(x)+ ;:12 u(x):O
Setting u(x) =u, (x) for region II, this
equation becomes

dzl/lz(x)+2jk duZ(x)
dx® dx
a2 90
where again
2 Z;E QED
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33
We have

—dzul(x)+2jk%()c)—(k2 —a” Juy(x)=0

dx?
Assume the solution is of the form:
u, (x) =A exp[j(a - k)x]
+B exp[— j(a + k)x]
The first derivative is
du,_(x) = j(a - k)A exp[j(a - k)x]

dx
— j(a + k)B exp[— j(a + k)x]
and the second derivative becomes

L) [ explia—k )]

de
+jla+ k)] Bexpl- jla+ k)]
Substituting these equations into the
differential equation, we find

—(a - k)2 Aexp[j(a - k)x]
- (a + k)2 B exp[— jla+ k)x]
+2jk{j(e—k)A exp[j(a —k)x]
— jla+k)Bexpl- jla+k)x]
—(k2 -a’ ){Aexp[j(a—k)x]
+B exp[— j(a + k)x]} =0
Combining terms, we obtain
[ o? - 20k +k7)-2k( k)~ (k> )
X Aexp[j(a —k)x]
+ [— (a2 +20k +k* )+ 2k(o:+k)—(k2 —-a’ )]
xB exp[— j(a + k)x] =0
We find that
0=0 Q.E.D.
For the differential equation in u, (x) and the

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

34
We have the solutions

u, (x)= Aexp[j(a—k)x]
+B exp[— j(a + k)x]
for 0O<x<a and
u, (x) = C expl (B~ k)]
+Dexpl- j(B+k)x]
for -b<x<0.
The first boundary condition is

1, (0)=u,(0)

which yields
A+B-C-D=0
The second boundary condition is
du, _ du,
dx |0 dx
which yields
(a—k)A—(a+k)B—(B—k)C
+(B+k)D=0
The third boundary condition is
u, (a) =U, (_ b)
which yields
A exp[j(a - k)a]+ B exp[— j(a + k)a]
= Cexplj(f—k)-b)]
+Dexpl- (5 +k)-b)]
and can be written as
A exp[j(a - k)a]+ B exp[— j(a + k)a]
~Cexpl- j(B k)]
—Dexplj(8+kp]=0
The fourth boundary condition is

x=0

du, _ du,
dx x=a dx x=—b
which yields

jla=k)Aexplj(a—k)a]
— jla+k)Bexp[- j(o+k)a]
= j(B-k)Cexplj(B—k)-b)]
— j(B+k)Dexpl- j(B+k)-b)]
and can be written as
(a ~k)A exp[j(a - k)a]
—(a+k)B exp[— jla+ k)a]
~(B-k)Cexp[-j(B k]
+(B+k)Dexplj(+k)Pp]=0

3.5
(b) (i) First point: aa =7
Second point: By trial and error,
oa=1.7297
(i1) First point: aa =27
Second point: By trial and error,
aa=2.617r
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3.6 3.8
(b) (1) First point: ca =7 (@ aa=r
Second point: B}i trial and error, om E
aa=15157 < La=nrx
(ii) First point: aa =27 h
Second point: By trial and error, 72h2 (z) (1 054x107 )2
oa=2.375% E = =

C2m,a® 2(0.11x107 fa2x107 )

=3.4114x107"]
3.7 From Problem 3.5

sin aa =
P’ +cosaa =coska a,a=1.729x

aa 2m E,
Let ka=y, ca=x h—z-a=1.7297r

Then 5
sin x (17297 ) (1.054x10 )
P’ +Cosx=cosy E, = . =%
x 2(9.11x107 f4.2x107)
Consider a4 of this function. =1.0198x107"J
dy AE=E, -E,
4 {[p’ (x)" sin x]+ Cosx}: “sin y =1.0198x107" —3.4114x107"
dy =6.7868x107"J
We find 6.7868x10™"
, . dx » dx or =—1 6x10° =424V
P (—IXx) sin x-— +(x)™" cosx-— -OX
dy dy (b) a,a=2rx
dx
i = —si 2m E
—sin x — = —sin oL
dy Y 1/—}%2 -a=2r
Then

(27)(1.0s4x10™ )
dx | -1 . cosx . . Es = 2
P| = sin x+=——=|~sin x; = —sin y 2(0.11x107 f4.2x107°)

dy | Lx x
_ -18
For y=ka=nx, n=0,1,2,... =>siny=0 =1.3646x10""J
From Problem 3.5,

So that, in general,

~2.617
dx d(aa) da @@ g
& alka) " dk 2m, E
Y a h;z‘t ca=2.617x
And
L _ [2mE o _ (26177) (Losax10™ )
0 Y 2011x107 fa2x1070 ]
S0 " =2.3364x107%
d_a:lK_szj (Z_mjd_E AE=E, -E,
2 2
dk 2\ n h ) dk =2.3364x10™" ~1.3646x10™"
Th;s(;mphesctl};at - —0.718x10
92 0= for k=22 =
dk dk a 971810 767 v
1.6x107"°
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(@) Atka=rn,aa=n

2m E,
e a=r

o __ (a)fLosaxio™ )
=
2(0.11x107" J4.2x107° f
=3.4114x107"7J
At ka=0, By trial and error,
a,a=0.8597
(0.8597)(1.054x10™ |
200.11x107 Ja2x107° f
=25172x107"J
AE=E, -E,
=3.4114%x107"° —=2.5172x107"
=8942x107°7J
8.942x107%

or AE="""""-_=0559 eV
1.6x10°

(b) At ka=2rx, aya=2rx

2m, E,
h—2 -a=2xw

(27)(1.054x10™ |
2(0.11x10 f4.2x107° f

=1.3646x107"%]
At ka = . From Problem 3.5,
a,a=1.7297

E, =

E, =

2m E,
h2

-a=1.729x

(1.7297)*(1.054x 10 |

2(0.11x107 f4.2x107°
=1.0198x107"%J

AE=E, —E,

=1.3646x107"* —1.0198x10"®

=3.4474%x107"]

3.4474x107"

©1.6x107™"

E,=

or AE =2.15eV

3.10
(@ aqa=r

2m E,
h—2 -a=7r

g &) (1.0sax10*
2(9.11x107" J4.2x107° f

=3.4114%x107"7J
From Problem 3.6, a,a=1.5157

om E
1/L~a=1.515ﬂ
hZ

(1.5157)*(1.054x10 % f
2001110 f4.2x10° f

=7.830x107"7J
AE=E, —E,

E, =

=7.830x107" =3.4114x107"
=4.4186x107"J
AE = 4.4186x107"°

1.6x107"
(b) aja=2r

2m E,
h—z‘ a=2r

(27) (1.054x10™ |
2(0.11x10 f4.2x107° f

=1.3646x107"%J
From Problem 3.6, a,a=2.3757

2m E,
——=.a=2375%
hz

(2.3757)(1.054x10™ |

=2.76eV

E, =

E =
Y 20.11x107 fa2x1070 )
=1.9242x107"%J
AE=E, -E,
=1.9242x107"® —=1.3646x10™"®
=5.597x107"7J
-19
AE = 5.597><1019 3506V
1.6x10"

Chapter 3
Problem Solutions
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3.11
(@) Atka=rn,aa=n

2m E,
e a=r

g o) (1.0sax10
2(9.11x107" J4.2x107° f

=3.4114x107"7J
At ka =0, By trial and error,
a,a=0.72Tr

2m E
° 2 .a=0727r

h2

(0.7277)(1.054x10™* f

2(9.11x107" Jd.2x107 )
=1.8030x107"J

AE=E, -E,
=3.4114x107" -1.8030x107"
=1.6084x107"J
_ 1.6084x107"

1.6x107"
(b) At ka=2r, a,a=2rx

2m, E,
h—z -ad= 272'

(27)(1.054x10™ |
2(0.11x107 f4.2x107° f

=1.3646x107"%]J
At ka =, From Problem 3.6,
a,a=15157

E, =

=1.005eV

E, =

2m E,

14

-a=1.515x

(1.5157)*(1.054x10* f
2(9.11x10™ J42x107° f
=7.830x107"7J
AE=E,—E,
=1.3646x107"* —7.830x107"
=5.816x107"]
 5.816x107"
©1.6x107"°

E, =

=3.635eV

3.12
For T =100K,

(4.73x10 J100)?
636+100
E, =1.164¢V

T=200K, E, =1.147eV
T=300K, E,=1.125¢eV
T=400K, E, =1.097eV
T=500K, E, =1.066eV
T=600K, E,=1032eV

E, =1.170-

8

E
Eg
E
E

8

3.13
The effective mass is given by

(L aE)
K dk*

We have

2

2
" (curve A) > dkf (curve B)

sothat m’ (curve A) <m’ (curve B)

3.14
The effective mass for a hole is given by

. {L. dzEjl
"R |dk?
We have that
2 ZE
= (curveA)> 2 (curveB)

so that m; (curve A)< m; (curve B)

3.15

. dE L. . .
Points A,B: E < 0= velocity in -x direction

E
Points C,D: C:i_k >0 = velocity in +x direction

d*E

Points A,D: <0=
k 2

negative effective mass
d’E

Points B,C:
dk*

>0=>

positive effective mass

Downloaded by Burhan SaifAddin (bksaif@gmail.com)



Semiconductor Physics and Devices: Basic Principles, 4™ edition

By D. A. Neamen

Chapter 3

Problem Solutions

3.16
For A: E=Ck’
At k=0.08x10""m™", E=0.05eV
Or E=(0.05)1.6x10")=8x107'J
So 8x102" =C,(0.08x10" ]
=C, =1.25x107"

. 2 (1.0s4x1074f
Now m™ = =
2C,  2l1.25%x107*
=4.44x10""kg
. 4.4437x107

or m -m,
9.11x107*
m" =0.488m,
ForB: E=C,k’

At k=0.08x10""m™, E=05eV
or E=(0.5(1.6x10"")=8x10J
S0 810 = C,(0.08x10" )
=C, =1.25x107"

.0t (L0sax107*)
Now m" =——=
20, 20.25x1077)
=4.44%x10" kg
. 4.4437x107"
:—-mo
9.11x107"
m" =0.0488m,

or m

3.17
ForA: E-E,=-C,k>

—(0.025)1.6x10")=—C, (0.08x10'

=C, =625x107"
. —n® —(1.054x10)
m = =
2¢,  2(6.25x107)
=-8.8873x107" kg
. —8.8873x107"
or m =—————-m,
9.11x10™"
m' =——0976m,
ForB: E-E, =-C,k*
—(0.3)1.6x10™"°)=-C, (0.08x10"f
=C,=75x10"

. 1> —(1.054x10™f
m = =
2¢,  2(7.5x107)
=-7.406x10"" kg

. —7.406x107"

or m = -m,
9.11x107"
m" =-0.0813m,
3.18
(@ () E=hv
-19
o o E_(42)16x10")
h 6.625x107*
=3.429x10" Hz
10
iy p=te e X0
E v 3.429x10"
=8.75x10° cm=875nm
© vk (1.12)1.6x10™)
h 6.625x107*
=2.705x10" Hz
10
(i) /1=£= 3x10 .
v 2.705%10
=1.109x10* cm=1109 nm
3.19

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

around k =0, and is negative

V4
around k=+—.

3.20
E=E,-E, cos[a(k -k, )]
Then

i_f =(-E,)-a)sin[a(k-k,)]

=+E,asin[alk—k, )|
and
d’E

e =Ea’ cos[a(k -k, )]
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Then
1 _1 d’E| _Ed’
YR dk? e, h?
or
; h?
m. =
Ea’
3.21

@ miy=4(m, Fm, ]
= 42](0.0821m, )? (1.64m, )|

m,, =0.56m,

3 2 1 2 1
b)) —=—+—= +
m, m, m 0082m, 1.64m,
2439 N 0.6098
m{l m(}

m,, =0.12m,

3.22
@y =[m V2 om, )2
—[0.45m, }> +(0.082m, )2 [
=[0.30187+0.02348]""* -m,
my, =0.473m,

(b) m* (mhh )3/2 + (mlh )3/2

T ()" g, )"
_(045) +(0.082)"*
0.45)""* +(0.082)"*

m;, =0.34m,

4

2 2 2
yz2 )2(+XZa 12/+XYa f
ox Oy 0z
2E xyz-0
hZ

Dividing by XYZ , we obtain

1 0°X 1 0*Y 1 0°Z 2mE
- +—- +—- + =
X 8x2 Y ayZ Z aZZ h2
Let

1 0°X

0

0°X
=kl =
X ox Ox
The solution is of the form:
X(x)z Asink x+Bcosk x
Since w(x,y,z)=0 at x=0, then X(0)=0
so that B=0.
Also, y/(x, ¥, z)z 0 at x=a, so that
X(a)=0. Then k a=n_r where

+k1X =0

n,=12.3,...
Similarly, we have
2 2
LY o g LOZ_ s
Y oy ; Z 0z )

From the boundary conditions, we find
kja=n 7 and ka=nr

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

From the wave equation, we can write

Kk o+ 2E g
X ¥ z h2

The energy can be written as

n? 7\
E=E, , , :—(nx2 +n’ +n.2{—j
xltylz 2m y z

a

3.23
For the 3-dimensional infinite potential well,
V(x)zO when O<x<a, O0<y<a,and
0< z<a. Inthis region, the wave equation
is:
O’y(x.y.2) Oylx.y.2) Ow(x.y.2)
ax2 ayZ az 2

2mE
+Z—2t//(x,y71)=0

Use separation of variables technique, so let
wlxy.2)= X () (y)z(z)
Substituting into the wave equation, we have

3.24

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

2
gT(k)dk _ rk 3dk ‘a3
v

where

2mE
h 2
We can then write

V2mE

h
Taking the differential, we obtain

k* =

k=
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gt L L gL [ >
n 2 JE n \2E o(E)= 1 V2(0.067)9.11x10~)
Substituting these expressions into the density (1 054x107* X?Z) JE
of states function, we have
za® (2mEY 1 \/7 o) =120 '05\5/11018 m>J!
EME = |2 aE E
& (EM 7:3(;12)71 2E
Noting that
_h 3.26
2z (a) Silicon, m, =1.08m,
this density of states function can be 4 (2 . )3/2
simplified and written as g.(E)= e, [E-E
47Ta3 s L( ) h3 c
gT(E)dE: 3 (2’") E -dE ( *)3/2 E,+2kT
h 47\2m,
L s . T E-E, -dE
Dividing by a” will yield the density of h ;
states so that ( )g P
axl2m* | o) E,+2kT
47(2m)*"? =) 2 (E—E J?
g(E):—h3 \/E h3 3 ( c) E
3/2
4z\2m’
= M.Z.(Qkﬂ“z
3.25 e s
For a one-dimensional infinite potential well, B 47[[2(1 .08)(9. 11x107 )] z . (2kT)3/2
2m,E _ n272r2 e (6.625x107 f 3
st botur o = (7.953x10% J2kT)"
istance between quantum states (i) At T =300 K. KT = 0.0259 ¢V
r T\ =«
ko =k, = (n+ 1{—] = (n)(—j == = (0.0259)(1.6x10™")
a a) a
Now =4.144x107'7J
o (o = 2% Then g, =(7.953x10% |2(4.144x10>' |
T
z =6.0x10"m™
(‘J or g, ,=60x10"cm”
Now
1 : (i) At T =400K, kT =(0.0259 400
kzg-,IZmnE 300
N =0.034533 eV
dk =~ = |2 dE = (0.034533)1.6x10 ™)
n 2 E
Then =5.5253x107"J
Then
2a 1 2m, 55 21\P/2
gr(EME == —\|=2 -dE g. =(7.953x10% J2(5.5253x10'
Divide by the "volume" a, so =9.239x10" m
(E)= 1 [2m) or g, =924x10"cm™
sW= E (b) GaAs, m" = 0.067m,
az[2(0.067)0.11x107 )2 2
g = - = (2kT)
(6.625x107) 3

= (1.2288x10% J2kT)"
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(i) At T =300K, kT =4.144x10 ]
g. =(12288x10% |2(4.144x10 [

=9.272x10% m
or g, =9.27x10" cm

(ii) At T =400K, kT =55253x10']
g. =(1.2288x10% |2(s.5253x10 ']}

=1.427x10%*m™?
g, =1.43x10%cm

3.27
(a) Silicon, m, =0.56m,
arlom® 3/2
gU<E>=”(+) E,~E
« \3/2 E
4r\2 ¢
g, = G mj) E,—E-dE
h E,—3kT
47[(27”;)3/2 _2 3/2
=) [ZZNE —E)
N [ 3 J( ? ) E,-3kT
arlom® )" [
an l';p) ( sz[_(w)m]

_ 4x](056)0.11x10 )] ( %)(%T)m

(6.625x10* )
= (2.969x10% J3kT)*"?
(DAt T=300K, kT =4.144x107"J
g, =(2.960x10% 3(a.144x10 ']}
=4.116x10"m
or g, =4.12x10"” cm
(i) At T =400K, kT =5.5253x10" 1
2, =(2.969x10% J3(5.5253x10 ']
=6.337x10"m
or g, =6.34x10"cm™
(b) GaAs, m’, =0.48m,
_ 4n]2(0.48)0.11x10 | ( ngkT)m
(6.625x107 )
= (2.3564x10% J3kT)"?

3/2

1%

()At T=300K, kT =4.144x107']
g, = (2.3564><1055 13(4.144><10‘21)]3’2

=3.266x10" m
or g, =3.27x10"cm™

(i)At T =400K, kT =5.5253x107"J
g, =(23564x10% J3(5.5253x10 ' )} *

=5.029x10® m ™
or g, =503x10"cm™

3.28
* \3/2
(@ gC(E):% E
47[[2(1.08>(9.11x10—3|)]3/2 .

JE-E
(6.625x10 ) ‘
=1.1929x10°° JE—E,

For E=E_; g.=0
E=E +0.1eV; g, =1509x10"m>J"
E=E,+02eV;,  =2.134x10“m>J"
E=E_+03eV;  =2614x10"m>J"
E=E, +04eV;  =3.018x10“m>J"'

.« \3/2
(b) gfﬂ E E

3 12

_4zp(056)0.11x10 )}
~ (6.625x107)
— 4.4541x10% [E, —E
For E=E_; g,=0
E=E, -0.leV; g, =5634x10"m>J"
E=E,-02eV;  =7.968x10"m~J""
E=E, —03eV; =9.758x10" m>J"
E=E, —04eV; =1.127x10*m >

E, -E

3.29

(a) 8c _ (m; )?/2 :(%Jyz —2.68

by S (m; )" :(0.067j3/2 _
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3.30
Plot
331
IR T
(@ W, = N!g, —N, ) (7N10-7)
_ (10)OX8)7) _ (10)9X8) _
@6 GXN)
. 120 _ (12)1r)i0)
(b) () W, ~(oi2-10) — (10)2)1)
=66
iy w120 (12)11)10)fo)s)
i (8|X12 8) (8!)(4)(3X2)(1)
=495
3.32
7By s
1+exp[ kT . j
1
@ E-E, =kT, f(E)= Trexp(l)
f(E)=0.269
1
®) E-Ep =SKT, f(E)= o=
f(E)=6.69x10"
1
© BB, <IKT . f(E)={ o=
f(E)=4.54x10"
3.33
1
l—f(E)zl_Hexp(E— J
kT
or
1-f(E)=
1+exp[
@ E;—E=kT,1-[(E)=
(b) E, ~E=5kT, 1- f(E ) 69“0_3

(c) E,—E=10kT, 1- f(E)=4.54x10""

3.34
— (E —E; )
a =zexpl —
(@ fr p[ T }
-0.30 6
E=E ; =e =9.32x10
i Jr Xp{o.ozw}
E+ KT fo —exp —(0.30+0.0259/2)
2 0.0259
=5.66x107°
—(0.30+0.0259)
E +kT; =exX (—
‘ Tr p[ 0.0259 }
=3.43x10°°
-(. .0259/2
E RELZ fo—exp (0.30+3(0.0259/2))
2 0.0259
=2.08x107°
E +2KT: f, —exp —(0.30+2(0.0259))
0.0259
=1.26x10"°
1
b) I-fp=l-————
®) 1-fr [ L }
1+exp
kT
_(EF _E)
Zexpl —————
=]
-0.25 S
E=E ;1-f,. =ex =6.43x10
v 1= p[0.0259}
P —(0.25+0.0259/2)
2 0.0259
=3.90x107
—(0.25+0.0259)
E, —kT; 1-f, =exp| —————~
v Ir Xp[ 0.0259 }
=236x107
g M,
2
—(0.25+3(0.0259/2))
1-f, =ex
Ir p{ 0.0259
=1.43x107
E, -2kT;
—(0.25+2(0.0259))
1-f, =ex
Ir p[ 0.0259 }
=8.70x107°
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3.35
- —(E-E,)] —(E, +kT—E,)
fr —eXp{—kT e T —
and
—\E.—-F
l_fF:eXp|: ( ]:T ):|
) exp{—m (&, —kr»}
kT
S exp[_(Ec +kT—E, )}
kT
_ exp{_(EF —E, + kT)}
kT
Then E +kT-E, =E, —E, +kT
E.+E,
Or EF = 2 = Emidgap
3.36
hn’r’
" 2ma*

For n =6, Filled state
(1.054x10 ) (6)* (z)?
2(9.11x10 f12x10 7™ )
=1.5044x107"]J

_1.5044x107"

© " 1.6x107"
For n =7, Empty state

(1.054x10* J (7)*(z)?

E,=

or =9.40eV

E. =
" 20.11x107 f12x1070 )
=2.048x107"]
—-18
E, = % —12.8eV
1.6x10~

Therefore 9.40< E, <12.8eV

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

2
2mE
P =(nf +n, +nf{£)

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

2 2
E; =;—(nf +n§ +nf (Zj

nm a

(1.05ax10 () (22 +22 +12)
~ 20a1x107 fi2x10™
=3.761x107"]

_3.761x107"

or E,=
T 16x107"
For the next quantum state, which is empty,
the quantum state is n_ =1, n,=2n_=2.

=235eV

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

(b) For 13 electrons, the 13™ electron
occupies the quantum state
n, :3,ny =2,n, =3;50
(105ax10 F (z)* (32 +22 +3?)
2(9.11x10 f12x107°
=9.194x107"]J
9.194x107"

or E‘13 = W =5.746 eV

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

13

the same energy, so
E,. =5746eV

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

fI(EI): 1 = 1

E -E, AE
1+exp 1+exp| —
kT kT

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

1- f,(E,)=1-

1

E,-E
1+ exp(szFJ

o AE
I PLUkr

so f,(E)=1-f,(E,) Q.ED.
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3.39
(a) Atenergy E,, we want

1 1

E-E,) E -E
CXP(lkTF] 1+ exp(lkTFJ
=0.01

1

E -FE
1+ exp(lkTF]

This expression can be written as

E -E,
1+exp( 1kT *j
-1=0.01

E —-F
exp(lkT FJ

1= (0.01)exp( £ k_TEF j

Then
E, = E, +kTn(100)

or

or

E, =E. +4.6kT
(b)

At E=E, +4.6kT,

1 1
E )= =
7E) (EI—EFJ 1+exp(4.6)
1+exp
kT

which yields

f(E,)=0.00990 = 0.01

or exp[%fs} = ﬁ =50
0.25
— =In(50
- =n(50)

or

kT =22 0.063906 = (0.0259)(ij
in(50) 300

which yields 7 =740K

3.40
(a)
—(E-E,) —(5.80-5.50)
= —_— | = —_—
T Xp{ kT } Xp{ 0.0259
=9.32x107°
(b) kT =(0.0259 7901 _ 0060433 eV
300
-0.30 S
=exp| ——— | =6.98%x10
Ir p[0.060433}
~(E, ~E)
c) 1-f, zexp ———
SEWNECEL]
0.02= exp{_o'zs}
kT

341
(a)
1

E)= =0.00304
f( ) 7.15-7.0
1+exp] ——
0.0259
or 0.304%

(b) At T=1000K, kT =0.08633 eV
Then

1
f(E)= [7.15_7.0) =0.1496
l+exp| —— "~

0.08633

or 14.96%

© f(E)= ! -0.997

6.85-7.0
I+exp| —————
0.0259
or 99.7%
(d
At E=E,, f(E)= % for all temperatures

3.42
(a) For E=E,

f(E)-— p[(E oL )}

E -E;
1+eXp T

Then

-0.30 S
E )=ex =9.32x10

/(E) p[0.0259j
For E=E,, E, -E, =1.12-030=0.82 eV

Then
1- f(E)=1-

1

-0.82
1+exp
0.0259

or
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0.0259
(b) For E, —E, =04¢eV,
E -E.=072eV

= exp( —0.82 ] =1.78x107"

At E=E,,

ol (i)

or

f(E)=8.45x107"
At E=E,,

(E, —E, )}

1- f(E) = exp[
=ex ( . j
P 0.0259

1- f(E)=1.96x10"

or

-04
=exp
[0.0259]

or 1-f(E)=1.96x107"

3.43
(a) At E=E,

f(E)= eXp[M} _ exp[ ~0.30 ]

kT 0.0259

or

f(E)=9.32x10"°
At E=E,, E, —E, =142-03=1.12eV
So

or
1- f(E)=1.66x107"
(b) For E, —E, =04,
E -E.=102eV
At E=E,,

pe-eol oo )

f(E)=7.88x107"
At E=E,,

or

3.44

or

df (E) (;le exp(E;f )

dE E-E
{1 + exp( F H
kT

(a) At T=0K, For

0 [N\ e

df

E<E, =expl-0)=0=—=0
F p( ) JE

df 0

E>E, :>exp(+oo)=+oo:>E:

At E=E, :>£:—oo
dE

(b) At T=300K, kT =0.0259 eV

dj
For E << E, d—JI;:O

dj
For E>>E d—Jl;:O

At E=E,,

da [0.(;2159j<1)
dE. (1+1)

=-9.65(V) ™
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(c) At T=500K, kT =0.04317 eV

For E << E,, £=O
E
For E>>E, i:O
dE
AtE=E,,
df (O O:L;IJ(I)
= L =579(eV)
dE (1+1)
3.45
(@ At E=E, 00
1 1
f(E)= =

l+e p(E_EFJ 1 il
X +ex
kT Plokr

Si: E, =1.12eV,

F(E)- 1

1+ex _ Lz
Pl 2(0.0259)

f(E)=4.07x107"

or

Ge: E, =0.66eV

F(E)= 1

1+ ex 0766
P 2(0.0259)

f(E)=2.93x10"
GaAs: E, =142eV
1

o )

f(E)=124x107"

(b) Using the results of Problem 3.38, the
answers to part (b) are exactly the same as
those given in part (a).

or

f(E)=

or

3.46

@ fr =exp{@}

kT

0.60
1078 =ex
p[ kT }

kT = =0.032572eV
1ni1o8 i

0.032572 = (0.0259
300

so T=377K

—0.60
b) 107° =ex
0 10° —en] 209

0.60

— =mn(10**)

0.60

kT = —(—) =0.043429

0.043429 = (0.0259
300

or 7=503K

3.47
(a) At T=200K,

kT (0 0259 200 =0.017267 eV
300

1

E-E
1+exp( kTF]

E-E
exp( F]:L—1:19

fr =005=

kT 0.05
E—E, =kT(19)=(0.017267)In(19)
=0.05084 eV
By symmetry, for f. =0.95,
E—E, =—-0.05084¢eV
Then AE =2(0.05084)=0.1017 eV
(b) T=400K, kT =0.034533 eV
For f. =0.05, from part (a),
E—E, =kTn(19)=(0.034533)In(19)
=0.10168 eV
Then AE =2(0.10168)=0.2034 eV
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4.1

2 -k,
n: =N_N, exp
kT

3
T Y -E
= NrONUO (%j exp{ kTg J

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

(a) Silicon

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

(b) Germanium (c) GaAs

T (K) n; (cm’S) n, (cm’S)
200 2.16x10" 1.38
400 8.60x10" 3.28x10°
600 3.82x10'° 5.72x10"
4.2
Plot
4.3

-E
a) n>=N_N, exp —=
() 1 c 12 p( kT]

300

(510" ) =(2.8x1019X1.04x1019{Lj‘

. ~112
P (0.0259)7/300)
3
2.5x10% =(2.912x10° | -
300

e —(1.12)300)
P (0.0259)T)
By trial and error, 7 =367.5K

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

- (2.912><1038(LT exp{m}

300 (0.0259)T)
By trial and error, T =417.5K

4.4

At T=200K, kT =(0.0259 200
300

=0.017267 eV
At T =400K, kT =(0.0259 400
300

=0.034533 eV

i

J_
7(200)  (1.40x102) 0107

3 —-E

400 exp| ———
300 0.034533

X
200\’ -E,
300 0.017267

E E
=8exp L J
0.017267 0.034533

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

or

17
E,(28.9561)= m[@} =38.1714

n2(400) (7.70x10"
n

or Eg =1.318¢eV

Now
3
(70x10" ) =N, [ 20
“w| 300
1318
xexp| —————
(0.034533j

5.929x10” =N N,, (2.370)2.658x10"" )
so NN, =9.41x10" cm™
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4.5

o [—1 10}
n(B) P\ kT :exp(—o.zoj
n

(A) (—0.90)
exp| ———
kT
For T =200K, kT =0.017267 eV
For T =300K, kT =0.0259 eV
For T =400K, kT =0.034533 ¢V

- kT

(a) For T=200K,

n,(B) -0.20
=P 0.017267

j =9.325%107°

(b) For T=300K,

n(B) _ exp( —0.20 ] —4.43x107
n,(A) 0.0259
(¢) For T=400K,
n(B) _ exp( —0.20 j =3.05x107
n,(A) 0.034533
4.6

(@ g.frx \/E——Ecexp{%}
] ]

kT
Let E-E =x

—-X
Then ¢ f, ocv/xexp —
gLfF p(kT]

To find the maximum value:

d(gch)oclx—uz exp —-x
dx 2 kT

which yields

1 x1/2
2x1? - kT _7
The maximum value occurs at
kT
E=E +—
2

(b)

uli-1,) B B )

kT

Let E,—E=x

Then gu(l—fF )oc \/;exp(_—x)
kT
To find the maximum value

) S e o

Same as part (a). Maximum occurs at

kT
r= L
2

or

E=E, _kT

2
4.7
VBB oo 5]

n(E,) kT

n(E,) mexp{—(ﬁ’z; E, )}
where

E =E_+4kT and E, =FE. +k7T
Then

n(E,) _ kT exp[—(El - E, )}

nE,)  [kT kT

2
=22 exp{— (4—%)} =22 exp(-3.5)

or

() _ 0.0854

”(Ez)

4.8

Plot
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4.9
Plot

4.10

m*
EFi _Emidgap Z%kT]Il[mZ J

Silicon: m, =0.56m,, m, =1.08m,
Ey— Eppgpop=—00128eV
Germanium: m, =0.37m

E,,—E

midgap

> m, =0.55m,
=-0.0077 eV
Gallium Arsenide: m, =0.48m,,

m, =0.067m,
Ep—E, 00, =+0.0382 eV

4.11

1 N
EFI' _Emidgap: E(kT)]n( NU J

c

19
= %(kT)ln[MJ = —0.4952(kT)

2.8x10"
T (K) kT (eV) (Ep— Em,.dgap)(eV)
200 0.01727 —0.0086
400 0.03453 -0.0171
600 0.0518 —0.0257
4.12
'
(a) EFI - Emidgap = é len[ Z ]
4 m,
=§(0.0259)1n 070
4 1.21
= —10.63 meV
3 0.75
b) E.—-FE . =—(0.0259)In| ——
( ) Fi midgap 4 ( ) (0080)
= +43.47 meV

4.13
Let g, (E) = K =constant
Then

= [ BV (e

Let

o

_E‘
n= T = so that dE = kT -dn

We can write
E-E;. :(Ec _EF)+(E_EC)
so that

exr{%} = exz{%} -exp(-7)

The integral can then be written as

©

n, = K'kT-exp{%H exp(—n ¥y

0
which becomes

n, = KkTexp[M}
kT

4.14
Let g, (E)=C,(E-E,) for E>E,
Then

n

0

8. (E)f 1 (EME

©

o [—EE) 4
' (E—EFJ
E.1+exp
kT

=C, ]C' (E-E. )exp{@}af

kT

I
8

Let

E-E. o that dE=kT-d
= SO a = .
n=— n

We can write
E-E, =(E-E,)+(E -E,)
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Then
—\E —-FE
n, =C, exp{—( CkT F)}
[ -(E-E,)
E—FE < |\dE
XJ( L)eXp{ e
or

n, =C, exp[—_ (E”k;Eﬁ )}

(kT Yo fexp(=n){&T)dn

X

Oy 8

We find that

0

J nexp(-nyn =exp(-n)-n —1)1: =+1

0

4.15

h o
We have —=¢, | —
a

o

For germanium, €,=16, m = 0.55m,,
Then

. (@(ﬁ% = (29)0.53)

or

o
r=154A
The ionization energy can be written as

E:[Z—J[i )2(13.6)(-:\/

= ((1)'65; (13.6)= E =0.029eV
4.16
We have =€, (m‘; j
a, m

For gallium arsenide, €,=13.1,

m' =0.067m,
Then

1 o
—(13.1) —— |(0.53)=104 A
=l )(0.067j( )

The ionization energy is

*

E:(m—j[e” j2(13.6): 0.067 (13 6)

m, \ €, (13.1)°
or
E =0.0053eV
4.17
N,
() E, -E, :len( j
no
19
=(0.0259)In 28x10
7 x 1015

=0.2148 eV
) E,-E,=E,—(E.~E,)
=1.12-0.2148 =0.90518 eV

~(E, -E,)
C =N exp —£ v/
© p,=N, p{ T }
— (1.04x10" Jexp| ~22018
0.0259
=6.90x10°cm ™
(d) Holes
€ E,-E, :kTh{n”j
n;
15
=(0.0259)In Lom
1.5x10
=0.338eV
4.18
N
(a) E,—E, :len( J
P,
19
=(0.0259)In %
2x10
=0.162eV

(b) EL'_EFZEg _(EF_EU)
=1.12-0.162 =0.958 eV

0,958
c =(2.8x10" Jexp| ——
© = Jexp ( 0.0259j

=2.41x10%cm
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d) E, —E, =kT1n[p"J
n;

16
= (0.0259)111[&J

1.5%10"°
=0.365eV

4.19

(@) E, —E, =kT1n[N”]
n

o

19
= (0.0259)111(&}

2x10°

=0.8436eV

E,~E,=E, ~(E.~E,)
=1.12-0.8436

E,—E, =02764 eV

—0.27637
b =(1.04x10" Jexp| —=—~—
® = ) p( 0.0259 j

=2.414x10" cm
(c) p-type

4.20

(a) kT = (O 0259 375 =0.032375eV
300

3/2
n, = (4.7><1()17 375 exp _—028
300 0.032375

=1.15x10"cm 3
E.—E,=E,—(E.-E,)=142-028
=1.14eV

3/2
375 _1.14
—(7x10' exp| —t_
p. = (300) p[0.032375}
=4.99x10°cm

17
(b) E,—E, =(0.0259)]n[ﬂj

1.15x10"
=0.2154¢eV
E,-E,=E,—(E.—E,)=142-02154
=1.2046eV
~1.2046
=7x10"* Jexp| ——
p. = ) p[ 0.0259 }

=4.42x102cm ™

4.21

(a) kT = 00259 375 =0.032375eV
300

n, = 28 1019(ﬁ _—028
300 P 0032375
=6.86x10"° ¢cm

E,-E,=E,—(E.,-E,)=1.12-0.28
=0.840eV

3/2
P, =(1.04x10° | 22| exp —0840
300 0.032375

=7.84x10"cm

b) E, -E, =kT1n[N”]
n

o

19
= (0.0259)11{ﬂ}

6.862x10"
=0.2153eV
E, —E, =1.12-0.2153=0.9047 eV

—0.904668
— (1.04x10" Jexp| —2222008
.= >Xp[ 0.0259 }

=7.04x10°cm

4.22
(a) p-type

E
(b) E,-E, =Tg=%=O.ZSeV

— _(EF_EU)
po_NueXp|: kT

= (1.04x10" exp| — 228
0.0259

=2.10x10" cm
Ec _EF :Eg _(EF _Eu)
=1.12-0.28=0.84eV

no :N(; exp[_(E" ;EF )i|

k
= (2.8><10'9)exp —0.84
0.0259

=230x10°cm
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4.23

EF _EFI
a n =n eXpl———
(@ n,=n, p{ T }

— (1.5%10" Jexp| 22
0.0259

=7.33%x10" cm

EFi _EF
=n. exXpl ——
P, i P[ T }

= (1.5 x10'° )exp —0.22
0.0259

=3.07x10°cm ™

E.—-E..
b) n =n, exp| ——~
o rrome ]

:(1.8><106)exp{ 0.22 }

0.0259
=8.80x10°cm

E.—-F
P, =n; CXP[%}

= (1.8x10° )exp{%}

=3.68x10>cm

4.24

N
(a) EF—EU:len( J
P,

= (0.0259)1{%}
5x%10
=0.1979eV
(b) E.~E,=E,—(E,-E,)
=1.12-0.19788 =0.92212 eV
1) | —0.92212
© n,=(2.8x10 )exp{m}

=9.66x10°cm
(d) Holes

© E, —E,= len[ﬂj
n.

15
=(0.0259)In x10
1.5x10"
=0.3294eV

4.25

kT = (0.0259 4001 _ 0.034533eV
300

3/2
N, = (1.04x10" | 220
300
=1.601x10" cm
3/2
N, =(2.8x10") 22
300

=4.3109x10" cm ™
n? =(4.3109x10" f1.601x10")

-1.12
exp| ———
0.034533

=5.6702x10*
=n, =2.381x10”cm

N
(a) EF—EU=kT1n( ]
P,
19
=(0.034533)In 1.601x107
x10"
=0.2787 eV
(b) E,—E, =1.12-0.27873=0.84127 eV
—0.84127
¢) n =14.3109%10" Jexp| ———
© n, = ) p[o.o34533}

=1.134x10° cm
(d) Holes

€ E, —E, = len[ﬂj
n.

1

15
=(0.034533)In Lon
2.381x10

=0.2642eV

4.26

~025
=(7x10" =
@ p, =7 )eXp[o.osz

=4.50%x10" cm
E,—E, =142-025=1.17eV

n, = (4.7x1017)exp{ 117 }

0.0259
=1.13x10%cm
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(b) kT =0.034533 eV

3/2
N, =(7x10%) 220
300

=1.078x10"cm ™

3/2
= (47x107) 20
300

=7.236%x10"7 ¢cm ™

n, = (4.311>< 1019)exp{_0'77175}

0.034533
=8.49x10°cm

N
E,-E, = kT]n[ v
p()
19
=(0.034533)In 1078x10
4.50x10"
=0.3482¢eV
E —E, =142-0.3482=1.072¢eV
n, =(7.236x10" )exp| L1177
0.034533
=2.40x10%cm ™
4.27
-0.25
a =(1.04x10" Je
@ = ) Xp{o.osz

=6.68x10"“cm
E —-E, =112-0.25=0.870eV

—0.870
=(2.8x10" Jexp| ———
= ) p[0.0259}

n, =7.23x10*cm
(b) kT =0.034533 eV

3/2
N, =(1.04x10) 20
300
~1601x10"em >
. =(2.8x10" 400Y
300

=4311x10" ¢cm ™

4.28
(a) n, :%NCFIIZ(UF)
bia
For E,. =E, +kT/2,
_EF—EC_kT/Z
T T
ThenFl,Z(nF);l.O

=05

, :%(Z.SXIOW )1.0)

=3.16x10" cm ™

n

2
(®) n, :ﬁNcFI/Z(nF)
2

“Jr

=5.30x10" ¢cm

(4.7x10" J1.0)

Chapter 4
Problem Solutions

4.29
2 ,
P, = \/;NUFIIZ(ﬂF)

2

\/; (1 04><1019) 1/2(77F)

So F1/2(771’r):4'26

5x10" =

E, -E,
kT
E, —E, =(3.0(0.0259)=0.0777 eV

We find 7, 23.0=

4.30
E.—E, 4T _

C

kT kT

@ ng =

E, -E, :len[ Then F,;(UF)E 6.0
n,=—=N.F,(n,)
= (0. 034533)11{1601X1019J Jw
6810 -2 (2.8x10" 6.0)
=0.3482 eV Jr

E —-E,=112-0.3482=0.7718eV =1.90x10* cm
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(b) n, == (4.7x10" |6.0)

Jr

=3.18x10% cm ™

4.31

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

)

n e .

or

n(E)= 4nlom; )" {—(E —E; )}

k

o P T
KT |E-E, exp -(E-E,)
kT kT

Define

Then
n(E) - n(x) =K+x exp(— x)
To find maximum 7n(E)— n(x), set

—d’;ix) =0= K{% x 2 exp(— x)

+ x'2(=1)exp(~ x)}

or
-1/2 1
0=Kx exp(— x{a—x}
which yields
E-E
x=l= C:>E=Ec+lkT
2 kT 2

For the hole concentration
p(E)=g,(E)i- £, (E)]

Using the Boltzmann approximation

« \3/2
47\2m
o)==
_(EF _E)
ol
or

o(E)= arlom, " eXp{—(EF —E, )}

n’ kT
X\/ﬁ Eu -E exp{_(E“ _E)i|
\' &7 kT

Then
plx)= K'\x' exp(—x')
To find maximum value of p(E)— p(x'), set

d ’
% =0 Using the results from above,
X

we find the maximum at

E=E, -1
2

4.32

(a) Silicon: We have
—(E —-FE
na — NC exp M
kT

We can write

E.-E, :(Ec _Ed)+(Ed _EF)
For

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

n, = (2.8>< 1019)exp{

~0.045
0.0259

—(2.8x10" )exp(~4.737)

or
n, =245x10" cm™

We also have
—(E, -E,)

=N, exp| ———+/

p{) v p[ kT }

Again, we can write

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

E.—-E,=3kT and E,—E, =0.045¢eV
Then

P, :(1.04x1019)exp{—3—

0.0259
= (1.04x10" Jexp(~ 4.737)

0.045 }

or
p, =9.12x10"cm
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(b) GaAs: assume E,—E, =0.0058eV 1 a2
10 10 52
Then n, =——+ ( . J +(1.722x10")

2
~ o ~0.0058
"o _(4'7X10 )CXP[ 0.0259 } =1.029x10" ¢cm

= (4.7x10" Jexp(-3.224) (722100

or o = 02910
n, =1.87x10"cm™
Assume E, —E, =0.0345¢eV 435
Then @ p,=N,-N, —4x10" 10"
—0.0345
P, :(7“0]8)6"1{—_3} =3x10"cm ™
0.0259 e}
= (7x10" Jexp(~ 4.332) n, == L2 2 )  08x107 cm
or D, 3x10
p, =9.20x10"°cm (b) n,=N,=3x10"cm™
1.8x10° )’
= =1.08x10"*cm ™
433 P o
. Plot () n,=p,=n =1.8x10°cm™
3
d) n? :(4.7><1017X7.0x1018(ﬁj
4.34 300
(@) p,=4x15-10" =3x10%cm cexp —(1.42)(300)
(0.0259)375)

1.5x10" ) ]
=£—L =7.5x10*cm ™ =n, =7.580x10%cm

3x10"
() n,=N,=3x10"cm™

g 10)2 7.580%10° )
_ 1.5%x10 —75%10% em > n, :Qzl.&lxlozcm 3

o

p, =N, =4x10"cm™

Po 3%10'° 4x10"
3
(©) n,=p,=n, =1.5x10"cm © ”l,2 =(4.7X]017X7.0X]018(%)
3
375
A n? =(2.8x10")1.04x10"| 2= (142)300)
300 X exp
(0.0259)450)

e {—(1.12)(300)}

P (0.0259)375) = n, =3.853x10"cm

—n, =7.334x10" cm n,=N,=10"cm”
l _ 10 )2
P, =N, =4x10"cm” :4L(3'853X10 =1.48x10"cm

0 14
~(7.334x10" 10

2
n ) =1.34x10%cm
4x10°

0

3
2 19 19y 450} 4.36
© n?=(2.8x10")1.04x10 (%) @ Ge: n, =24x10" em ™

{ —(1.12)(300) }

2
. N, N, 2
P (0.0259)(450) (Dn, ===+ L_j o

2 2
=n, =1.722x10" cm ™ 15 151
ZZX;O +\/{2X;0 J +(2.4x10% )
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or Then
nOENd=2><1015t:m’3 ¥ (E): 1
2 13 )2 4 0.245
2 (24x107) 1+exp| 1+
P, = P T()” 0.0259
? or
=2.88x10" cm ™

(i) p, =N, - N, =10" =7x10"

=3x10"cm ™

2 13 \?
n; 2.4x10°"

1 ax1of
P, 3x10
=1.92x10" c¢m >

(b) GaAs: n, =1.8x10°cm
()n, =N, =2x10" cm
~(1.8x10°)

=1.62x10%cm
Po 2x10"

(i) p, =N, -N,=3x10"cm™
_(1L.8x10°)

n, = =1.08x10"cm ™
3)(1015

(c) The result implies that there is only one

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

4.37
(a) For the donor level
M _ 1
N E,—-FE
L 1 exp| 44—
2 kT
_ 1
1 0.20
1+—exp
2 0.0259
or

Ma _gg5x107
N

d
(b) We have
1
(E)Yz ——MM
f+(E) L
1+exp!
kT
Now

E-E,=(E-E)+(E,-E,)

or

E—E, =kT+0.245

fr(E)=2.87x10"°

4.38
(@ N,>N, =p-type
(b) Silicon:

p,=N,-N,=25x10" —1x10"
or

p, =15x10"cm

Then
2 10 )2
; 1.5x1
n, =n_‘=£5><—013L=]‘5X]07 cm ™
P, 1.5x10
Germanium:

2
N, -N N, -N
Po =" "+\/( 5 "j +n]
13 13)?
:(1.5210 J+\/(1.5x210 J +axi0n )

or

p, =3.26x10"cm
Then

2 132
g ot _RAXIOT e

 p, 3.264x10"
Gallium Arsenide:

p,=N,-N,=15x10"cm™

and
2 6 \2
n, =1 LAY o16em
p, 15x10"
4.39

(a) N, >N, =n-type
(b) n,=N,-N,=2x10" -1.2x10"

=8x10"%cm ™

2 10 2
p =t W0 ) g i105em

n, 8x10"
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(C) pOE(N:z—’_Na)_Nd
4x10° = N/ +1.2x10"° —2x10"

= N/ =4.8x10"cm ™

_(L5x10

2
n, ) =5.625x10*cm ™
4x10"

4.40

2 10 \?
o=l X0 ) s 10" em

op, 2x10°
n, > p, = n-type

4.41

n? =(1.04x10"[6.0x10'®
300

~0.66
=P (0.0259)(250/300)

=1.8936x10*
=n, =1.376x10" cm
2 2
n =—':n—i:>n§ =—ni2
p, 4n, 4
=>n,=—n,
2
So n,=6.88x10"cm™,
Then p, =2.75x10" cm ™

N, N N, 2+ N
= n.
pa 2 2 i

2
[2.752><10]2 _NTJ

2
N
:( 2“ j +1.8936x10°**

2
N
7.5735x10% - (2.752x10"* N, +( - j

2
N
:( 2“] +1.8936x10**

sothat N, =2.064x10"”cm

4.42
Plot

4.43
Plot

4.44
Plot

4.45

2
N,-N N, -
noz d a+ d Na +7’l,2
2 2

2x10™ -1.2x10"
2

\/(2><1014—1.2><1014J2 ,
+ > +n

(1.1x10™ —4x10" ) = (4x10"*) +n
49x107 =1.6x10” +n’
so n, =5.74x10%cm

n}  33x10”
n 1.1x10"

1.1x10" =

=3x10"cm ™

(a N,>N, =p-type
Majority carriers are holes
p,=N,—N,=3x10"-1.5x10"
=1.5x10"cm ™
Minority carriers are electrons

2 10 \?
N 1.5x10 =1.5x10*cm ™

no 1
p, 1.5x10"
(b) Boron atoms must be added
po = N; +Nu _Nd
5x10" =N! +3x10'° —1.5x10"
So N! =35x10"°cm™
(15x10")

n =~ 7 —45x10°cm™
5%x10'°
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4.47

(a) p, <<n; = n-type

2 n’
®) p,=—=n,=—
n() p[)

10 )2

L= 12“134 =1.125%10"cm
X

= electrons are majority carriers
p, =2x10"cm
= holes are minority carriers
(¢) n,=N,—N,
1.125x10'° =N, =7x10"

so N, =1.825x10"cm™

4.48

n.

i

E,—E, =kT]n(p"]

For Germanium

T (K) kT (eV) n,(cm™)
200 0.01727 2.16x10"
400 0.03453 8.60x10"
600 0.0518 3.82x10'"

2
N N
p,=—%+ | —=~| +n’ and
2 2
N,=10" ¢cm™
T (K) p,(cm™) (E,, —E,)(eV)
200 1.0x10% 0.1855
400 1.49%x10" 0.01898
600 3.87x10' 0.000674
4.49

(a) E. -E, :ler{ N"j
N

d

19
= (0.0259)111(&)

d

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

10"em ™, E, —E, =0.1459¢eV

N
(b) E,-E, = len(—dj
n;
N
=(0.0259)In| —~—
1.5x10

For 10" cm™, E, —E,, =0.2280eV
10°cm ™, E, —E,, =0.2877eV
10°cm™, E, —E,, =03473eV
10"em ™, E, —E,, =0.4070eV

4.50

2
N N
(a) nosz+ (Td\J +l/li2

n, =1.05N, =1.05x10"cm
(1.05x10"* —0.5x10"* ]
=(05x10" ) +n?

so n] =5.25x10%
Now

3
n? :(2.8><1019X1.04x1019(ij

300

~1.12
exp|l ——————
p{(0.0259)(T/300)}
3
5.25x10% = (2.91%10”{%}

{— 12972.973}
exp — 7

By trial and error, 7 =536.5K
(b) At T=300K,

N,
E, —E, =len[ j

n()
2.8x10"
E,-E, =(0.0259)In| =————
10"
=0.2652¢eV
At T =5365K,

kT = (0.0259 33651 0.046318 eV
300

3/2
N, =(28x10") 2202
: 300

=6.696x10" ¢m
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N,
E —-E, = kT]n(—‘)
n

o

E -E, = (0.046318)h{Mj
1.05x10°
=0.5124eV
then A(E,~E,)=0.2472eV
(c) Closer to the intrinsic energy level.

4.51

E, -E, :len[p”j
n.

1

At T =200K, kT =0.017267 eV

T =400K, kT =0.034533 eV
T =600K, kT =0.0518 eV

At T =200K,

3
n} :(2.8><1019X1.O4><1019 200
300

~1.12
Xexp| ————
{0.017267}

=n, =7.638x10*cm
At T =400K,

3
n? =(2.8x10° f1.04x 10" | 220
300

~1.12
X exp| ————
{0.034533}

=n, =2.381x10%cm
At T =600K,

3
n? = (2.8x10" JL.o4x10" | &0
300

-1.12
X exp
{0.0518}
=n, =9.740x10"* cm
At T=200K and T =400K,

p,=N,=3x10"cm™
At T=600K,

N, N N, 2+ )
= n:
p, 5 5 i

15 152
:3“20 +\/(3X120 ) +(0.740x10% )

=3.288x10" ¢cm ™

Then, T =200K, E, —E, =04212¢V
T =400K, E,, —E, =0.2465eV
T =600K, E,, —E, =0.0630eV

4.52
()

N N
E, —E, :len[ ”J=(0.0259)1n( £ j
n.

. 1.8x10°
For N, =10"cm™, E,, —E, =0.4619eV

N,=10"cm™, E,, —E, =0.5215eV
N,=10"cm™, E, —E, =0.5811eV

N,=10"cm™, E, —E,=0.6408 eV
(b)

N . 8
E,-E, = kTh{ v J = (0.0259)111(MJ
N N

a

a

For N, =10"cm™, E, —E, =0.2889 eV
N,=10"cm™, E, —E, =0.2293 eV
N,=10"cm™, E, —E, =0.1697 eV
N,=10"cm™, E, —E, =0.1100 eV

4.53
3 m,
(a) EFI _Emidgap :_len[ * J
4 m,
= %(0.0259)111(10)
or

Epi —E,igeqp=10.0447 eV
(b) Impurity atoms to be added so
E,iap— Er =045eV
(1) p-type, so add acceptor atoms

(i) E, —E, =0.0447+0.45=0.4947 eV
Then

E.—-E;
=nNn. X —_—
pt) i p( kT j

0.0259
or

p,=N,=197x10"cm™
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4.54
—(E —-E
n,=N,—-N,=N, exp{—( CkT F)}

SO

N, =5x10" +(2.8><1019)exp(_0'215j

0.0259
=5x10" +6.95x10"
or
N, =12x10"cm™

4.55
(a) Silicon

N
(i)EC—EF:len( j
Nd
19
=(0.0259)In w =0.2188eV
6x10"

(i) E, —E, =0.2188-0.0259 = 0.1929 eV
-(E.-E,)
N, =N, ex S
d c p|: kT :|

= (2.8><10'9)exp —0.1929
0.0259

N, =1.631x10""cm ™ = N/, +6x10"

— N’ =1.031x10'° cm ~ Additional

donor atoms
(b) GaAs

17
()E,-E, = (0.0259)11{Mj

1015

=0.15936¢eV
(i) E, —E, =0.15936-0.0259 =0.13346 eV

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

=2.718x10"cm ® = N/, +10"

= N/, =1.718x10" cm * Additional
donor atoms

4.56
N,
(a) E,—E; :len(N J

a

19
=(0.0259)In M =0.1620eV
2x10

b) E, -E,= kT]n( N ]

d

19
=(0.0259)In 28310 1 1876 v
2><1016
(c) For part (a);
p, =2x10"°cm™
n? (15x10")
no = — :—6
r, 2x10"
=1.125x10*cm
For part (b):

n, =2x10"cm™

a2 (1.5x10")
Po = 2x10'°

=1.125x10*cm

4.57
E,.—-E,
n, =n, exp| ———=-
kT
= (1.8x10° Jexp| 22
0.0259
=3.0x10"cm ™
Add additional acceptor impurities
no = Nd _Na
3x10° =7x10" - N
=N, =4x10"cm
4.58
@) E,, - len[p”j
n

15
00259 ln(l3 10 j 0.3161eV

(b) E, EF,:kThm( ]

%10'°
0 0259 ]n[ j 0.3758 eV

() Er=Ep
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d) E, —E, =kT1n[p"J
n.

i

15
_(0.0250f 373 375 n 4x10
300) | 7.334x10"
=0.2786eV

) E,—E, = krm(”—"j
n;

14
_ (0.0250) 430 450 n 1.029%x10
300) (1.722x10"

=0.06945 eV

4.59

N
(a) EF—EU:len[ J
P,

18
=(0.0259)In % =0.2009 eV
3x10

18
(b) E,—E, =(0.0259)In Llo4
1.08x10"

=1.360eV

18
() E,—E,=(0.0259)in %
1.8x10

=0.7508 eV
375
d E,-E,=(0.0259
d E,-E,=( )( Ooj

h{(mxlo”g )375/300)*"2 }

4>< 1015

=0.2526¢eV
450

e) E,-E,=(0.0259

© E = )(300)

) ln{(mx 10" (450/300)*'> }

1.48x107
=1.068eV

4.60
n-type

E, -E, = len[ﬂj
n;

~ (00259)]11[1.125><1016

" ] = 0.3504 eV
1.5x10

4.61

5.08x10" :w

(5.08x10"" —2.5x10"
= (2.5x10") +n?
6.6564x10% =6.25x10% + 1’
=n; =4.064x10%

2 —E,
n: =N_N,exp
kT

kT =(0.0259) =— 3301 _ 0.030217 ev
300

2
. =(12x 1019(350} =1.633x10"cm

1 8x 10‘%350) =2.45%10"cm

Now
4.064x10% = (1.633x10" [2.45x10" )

— Eg
exp| ———
0.030217

(1.633x10" )2.45x10")
4.064x10*

So

= (0.030217)11{

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

N, =(0.05)7x10" )=3.5x10"cm
Replace As atoms = Silicon acts as an
acceptor

N, =(0.95)7x10' )= 6.65x10" cm
(b) N, >N, =p-type
(¢) p,=N,-N, =6.65x10" -3.5x10"

=6.3x10" cm
2 6 \?
n, =2 :ﬁ—wo - =5.14x10"" cm
p, 6.3x10
d E, -E, :len[p”]
n;
6.3x10"
=(0.0259)In| ————— |=0.5692 eV
1.8x10
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5.1 1
1 1 P= -
@) p= - - . (1.6x107 J220)8x10'° )
eu, N, (1.6x107°f1300){10" ) =0.355 Q -cm
=4.808Q2-cm (b) o=eu,N,
® o=t-— Ll _0208(Q-cm)"! 120=(16x10™" Ju, N,
p 48077

From Figure 5.3, for N, =2x10"7 cm

then g, =3800 cm*/V-s which gives

5.2 o =(1.6x107" (3800)2x10" )
o=eu,N, -1
=121.6 (€2 -cm)
o 1.80
or N, = = —
err,  (1.6x107°)380)
=2.96x10" cm 55
oL L L
R=‘—=_-=___ =
A oA (eu,N,)A
53 L
(a) o=eu,N, or ﬂn_m
10=(1.6x10" Ju, N, 25
From Figure 5.3, for N, =6x10'cm ™ we ~ (1.6x10™ J2x10" [70)0.1)
find z, =1050 cm*/V-s which gives =1116cm?/V-s
o =(1.6x10™ f1050)6x10* )
=10.08(Q -cm) ' 5.6
_ —1nl6 -3
® p= (@ n,=N,=10"cm
eu,N, and
1 2 of
0.20= - p, == (8310 i em
(1L6x107" Ju N, n, 10'°
From Figure 5.3, for N, =107 cm ™ we (b)
J =eu,n,E
find x, =320 cm ?/V-s which gives » \
For GaAs doped at N, =10"cm
p= L =0.195 Q -cm 2
(1.6x107 [320)(107) Hy = 7500 cm™/V=s
Then
7 =(1.6x107 Y7500)(10' 10)
54 or
1 J =120A/cm*®
@ p= 16
et N, ® @) p,=N,=10cm”
1 2
0.35= U “em™
16x10-" u N, nn—pu =3.24x10"cm
From Figure 5.3, for N, =8x10"°cm ™~ we (ii) For GaAs doped at N, =10"°cm >,
find 4, =220 cm?/V-s which gives u, =310cm?/V-s
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J=eu,p,E
= (1.6x107 (310)10* J10)
or
J =496 A/cm?
5.7
(a) V=IR=10=(0.1)R
or
R=100Q
(b)
R = i > 0 = L
oA RA
or
107

GZW)IO.OI(Q-CHI)_I

() o=eu,N,
or

0.01=(1.6x10" Y1350)N,
Then

N, =4.63x10" cm ™

d) o= eu,p,

or

0.01=(1.6x10"" 480)p,
Then

p, =130x10"cm > =N, - N,
So

N, =130x10" +10"” =1.13x10" cm

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

5.8
L

@ R=L-
oA l\eu,N

a

For N, =2x10'cm , then
u, =400 cm?/V-s
(0.075)
(1.6x107 J400)2x10" J8.5x10*)
=68.93Q
Yo 2 0004
R 6893
or [=29.0mA

(b) Roc L= R=(68.93)3)=206.79Q
V.2
"R 206.79
or 1=9.67mA
() J=ep,v,

=0.00967 A

29.0x107°
8.5x107*
J 34.12

Them 04 == (L6x10™ J2x10)

=1.066x10* cm/s
9.67x107

4

For (a), J = 34.12 A/lcm?

For (b), J = 11.38 A/cm >

8.5x10

11.38
(1.6x107" J2x10')
=3.55x10"cm/s

U,

5.9
(a) For N, =2x10"” cm ™, then
4, =8000 cm?/V-s
rReY__ 5

I 25x107°
L
(e/unNd )A
or L= (elunNd )RA

= (1.6x107 Y8000)2x10"* ) 200)5x10~*)

=0.0256 cm

=200Q2

(b) J=%=enoud
1
or v, :m
25%107°
(5x10° J1.6x107" f2x10")
=1.56x10° cm/s
() I=(en,v,)A
= (1.6x107™ J2x10 [5x10° [5x10~*)

=0.080 A
or [ =80mA
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5.10
(a) E=K=§=3V/cm
L 1

’
U, :IunE:> My =%=%
or
4, =3333cm?*/V-s
(b)
v, = u,E =(800)3)
or

v, =2.4x10°cm/s

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

v, =1.2x10°cm/s

Then
4
=L 10 _g3307s
v, 1.2x10
For GaAs: v, =7.5x10°cm/s
Then
4
=L o0 _133x007s
v, 7.5x10

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

b) N,=N,=10"cm™
= 4, =1250cm*/V-s
u, =410cm’/V-s
1
(1.6x107 J1250 +410)(1.5x10" )
=2.51x10° Q-cm
(¢) N,=N,=10%cm"™
=, =290cm?*/V-s
u, =130cm?/V-s
1
P = {6x107 (290 + 130)(1.5%10" )
=9.92x10° Q -cm

Then
-4
t, 10 —=1.05x10"s
9.5x10
For GaAs: v, =7x10° cm/s
Then
-4
t, = 10 —=1.43x107"s
7x10
5.12
1 1

P e, veu,p, e, +a
(@ N,=N,=10"cm™
= 4, =1350 cm*/V-s
u, =480cm?/V-s
~ 1
= L6x107 1350 + 480)1.5x10" )
=2.28%x10° Q -cm

513

(a) GaAs:
ozeu,p, =>5= (1.6><10’19 )ypp(,

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

p, =1.3x10" cm

and
4, =240 cm */V-s
Then

2 6 \2
_ni_(18x0°) =2.49x1075 cm

p, 1.3x10"
(b) Silicon:

o

oc=—=eu,n,
P
or

1 1
~ peu,  (8)1.6x107"° |1350)
which gives

n, =579x10"cm >
and

n

0

7 (15x10"f

n,  5.79x10"

o

. =3.89x10°cm ™
Note: For the doping concentrations obtained
in part (b), the assumed mobility values are
valid.
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5.14 o oL
O'i:enl.(,un+up) (®) =
Then @) Si:
% _ -19 -4
10 = (1.6x107" {1000+ 600}, R 20X10% g
or (4.39x107° J85%107%)
n, (300 K)=3.91x10° cm (i) Ge:
4
Now - 20()?10 - =1.06x10° Q
) ~E, (223x1072 J85%10%)
n; =N_N, exp
kT (iii) GaAs:
—4
or R=p— 200 _919x1020)
NN (2.56x107° J85x107*)
E, =kTln| —*
n;
1Y 5.16
=(0.0259)In JIO—LZ @ o=eu N
9 ltl)l d
(3.91x10°) B
which gives 0.25=(1.6x10™ Ju, N,
Eg =1.122eV From Figure 5.3, for N, = 1.2x10% cm =,
Now then g, =1300 cm?*/V-s
n? (500K) = (10" exp{ 112 } So & =(1.6x10" J1300)1.2x10")
(0.0259)(500/300) 02496 (€2 <cm) -
=5.15x10% (b) Using Figure 5.2,
or (i) For T =250K (—23°C),
n, (500 K)=2.27x10" cm = 4, 1800 cm*/V-s
Then o =(1.6x107" 1800)1.2x10"* )
o, =(1.6x10™ [2.27x10" )1000+600)

R =0.346 (Q -cm) !
which gives (i) For T = 400K (127° C),

_ -3 -1
o, (500 K)=5.81x10" (Q -cm) s 4 =670cm? Vs

o =(1.6x107° f670)(1.2x10")

5.15 =0.129(Q -cm) !
(a) (i) Silicon: o; =en,; (,un +,up)

&, =(1.6x107 J1.5x10 (1350 + 480)

5.17
or 1 ! 1 ! —x
o, =439x10°(Q -cm) ! Ty =7 '[ ol = I o, eXp(7jdx
(i) Ge: 0 0
o, =(1.6x107 )2.4x10" (3900+1900) % d)exp[;xj ‘
or t 0
o, =223x107(Q -cm) -o,d —t
(ii) GaAs: Y {eXp(Yj _1}
o, =(1.6x107 f1.8x10° | 8500+ 400) (20(03) s
or —|1-e
Eale|

o, =2.56x107(Q -cm) ™!
=3.97(Q -cm) ™
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5.18
1%
a) E=—=—~
(@ L 150x107*

(b) O'(x) =eu,N, (x)

T
1 6 X
o =eu -—|2x107]1- dx
ag = T-([( ( l.lllT)

en, (2><10]6){x_ 2(1xz }

=133.3 V/cm

T

T A11T) o
_eyn(leOm){T_ T’ }
- T 2(1.1117)
= eu, (2x10 0.55)

= (1.6x107 (750)2x10* J0.55)
O 4 =1.32(Q -cm) -
~(1.32)7.5x10" 10 )
150x107*

[\

() I= s A Vv
L

~=1.32x107° A
or I=132uA
(d) Top surface;
o =(1.6x10™ f750)2x10")
=24(Q-cm) ™
J =oB =(2.4)133.3)=320 A/cm?
Bottom surface:
o =(1.6x10" [750)2x10")
=0.24(Q -cm)
J =oE =(0.24)133.3 =32) A/em?

5.19
Plot

5.20
(a) E=10V/cm
SO
v, = 1, E =(1350)10)=1.35x10"* cm/s
or
v, =1.35x10% m/s
Then

1 ® 9
T=—m,v
2 n~d

= %(1.08)(9.11><10’31 J135x102

or
T=897x107J=5.60x10" eV

(b) E=1kV/cm

v, =(1350)1000)=1.35x10° cm/s
or

v, =1.35x10* m/s
Then

T = %(1 08)9.11x10™ f1.35x10* |

or
T=897x102J=5.60x10"* eV

5.21
(@ n}=N_N,exp it
' o kT

= (2><1019X1><1019)exp[ _1'10]

0.0259
=7.18x10"

or
n, =8.47x10°cm
For N, =10"ecm>>>n, = n, =10"cm ™
Then
J=0oE =eu,n,E
= (1.6x10" J1000)10* J100)
or

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

2
n, = 1.05x10" = &+ & +”i2
2 2
which becomes

(1.05x10™ =510 ] =(5x10"*f +n
and yields
n} =525x10%

> (-E
:(2x1019X1><10]9ILj exp| —=
300 kT
or

3
2.625x1072 =(LJ exp 1 U
300 (0.0259)1/300)

By trial and error, we find
T =456 K
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5.22
n?
(a) o=eu,n,+eu,p, and n,=—
P,
Then
2
=51 e p,

o

To find the minimum conductivity, set
do __ (_1)6—"2‘”2 n
dp, P,

which yields

eu,

172
p,=n; A (Answer to part (b))
Hy

Substituting into the conductivity expression

oo oo CHN]
min |ni (,Un/,up )1/2

vt o, 1, )"
which simplifies to

O = 200,11, 1,

The intrinsic conductivity is defined as
o.

H, T H,
The minimum conductivity can then be
written as

2Gi /’lnfup
. =— "
H, TH,

min

5.23
(a) n-type: n, =N, =5x10""cm™

n_[1.5x10")

i

P, =

n,  5x10'
=45x10°cm
p_type: P, :Na :2X1016 cm -3
10 2
N £ TO) A

o

2x10'°

compensated: n, =N, —N,
=5x10" —2x10"
=3x10"° cm

53100 s

3x10"

o

(b) From Figure 5.3,
n-type: a, =1100cm*/V-s
p-type: 4, =400cm?/V-s
compensated: £, =1000cm?/V-s
(c) n-type: o =eu,n,
= (1.6x10 J1100)5x 10" )
=8.8(Q -cm)™
p-type: o =eu,p,
= (1.6x10™ J400)2x10" )
=1.28(Q -cm)™
compensated: & =eu,n,
= (1.6x107 Y1000)3x 10" )
=48(Q -cm) ™
J

d J=cE=E=2
o

—
=)

2 =13.6 V/cm

n-type: E =

— 00
S ®

2

p-type: E= =93.75 V/cm

—_
[\

12
compensated: E = 4—;) =25V/cm

5.24
1 1 1 1
TR
1 1 1
2000 1500 500
=0.00050+0.000667 +0.0020
or
1
—=0.003167
u
Then
1=316cm?*/V-s
5.25

302 372
T 300
=(1300) — =(1300) —
m,=( {30()) ( )( - j

(a) At T =200K,
3/2
u, = (1300)@%8) =2388 cm?/V-s

(b) At T=400K, u, =844cm>/V-s
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5.26
L L 0
Mooy, 250 500
Then

1=167cm?*/V-s

5.27
Plot

5.28
Plot

5.29

0.01-0

14
0.19= (1.6><1019X25{Mj

J,=eD, dn :eD{—SXlO]4 _n(O)j
dx

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

=5x10" —n(0)

5.30

‘]n :eDn_:eDn_
dx Ax

16 15
J, = (1'6x10*19X27 M
0-0.012

J, =-5.4A/cm”

5.31

(a J,=eD, @:eDn an
dx Ax
15
—2=(1.6><1019X30{10_—n(xl)}

0-20x107"

4x107 =4.8x107° —4.8x10® n(x,)
which yields
n(x,)=1.67x10" cm ™

15
® —2=(1.6x 1019)(230){10_—”(’“‘)}

0-20x10"*
4x107 =3.68x107 —3.68x 10" n(x,)
n(xl):8.91><1014 cm™

5.32

2
J,=-en, P —_op 9 1016[1+ﬁj
dx dx L

16
——eD, A0 o1 X
L L

(a) For x=0,
, _—lLex10™ Yoo o)
! 12x107*

=-26.7 A/lcm?
(b) For x=-6 um,

—(1.6x1019X10)(10‘6X2)(1—162J
J =

’ 12x107™*
=—-13.3 A/cm?
(¢) For x=—12 ym,
J,=0

5.33
For electrons:

J,=eD, dn _ eD, i[1015 et ]
dx dx

_—eD, (1015 k—len
- L

n

At x=0,
_—{L6x10)25)10")
- 2x1073

J =-—2A/cm*>

n

For holes:
dp d
JP =—6‘D1)E=—€DP—)C
B —er(5><1015
L

p

[5X1015e+x/Lp

+x/L,

For x=0,
—(1.6x107™ J10)5x10')
JI’ = 5)(1074
‘I7btal::‘In(szz())_k‘l17(x ::O)

=2+(~16)=-18 Alem?

=—16 A/cm?
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5.34
dp d —x/L,
Jp:—erE:—erE[leolse ‘]
L
. (1.6x10" J10)5%10')
@ G) J,= X
50x10
=1.6 A/cm*
-19 15
i Jp:(1.6><10 X48)(§><10 )
225%10°
=17.07A/cm?’
® @ _(1L6x107° J10)(5%10" )
! 50x107*
=0.589 A/cm*
iy (1.6x107 J48)(5x10" )
(i) J,= "
22.5%10"
=6.28 A/lcm*
5.35
J,=eu,nE+eD, dn
dx
or
—40= (1.6><10'9X960{10'6 exp(;—gﬂla
+(1.6x10° Y25)10")
) O PR
18x10 )" T\ 18
Then
—X —X
—40=(1.536) exp| = | [E—22.22exp| —*
( ){ p(lSﬂ p(lfs]
We find
(22.22)exp(;;)—40
E:
- X
1.536)exp|
PE
or

+X
E=14.5-(26. —
5 (60)exp( 18)

5.36
@ 7, =eD, ™= e, L px10% ]
dx dx

_ —eD, (2><1015 )e’”L

L
(1.6x107 J27)2x10" Je~*
15x107*
=-576¢'"
(0) J, =Sy —J, =-10-(-5.76¢'")

=[576¢'* ~10] Arem?
(c) We have J, =0t :(e,uppo)E

5760 10 = (1.6x10™ (420)(10" )&
So E=[8.57¢- ~14.88] Viem

5.37
dn(x)
dx
We have g, =8000cm?/V-s, so that
D, =(0.0259)8000) =207 cm? /s
Then
100 = (1.6x107" Y8000 )12)n(x)
dn(x)
dx

(@ J= e,unn(x)E +eD,

+(1.6x107°(207)

which yields
100 = (1.536x10™ (x)+(3.312><1017)d2—(x)
X

Solution is of the form

n()= A+ B exp[—?xj

so that
dn(x) _ ﬁ exp[ —_x]
dx d d

Substituting into the differential equation, we
have

100 = (1.536><1014{A+Bexp£_7xﬂ

(3'312XI017)Bexp(_x)

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

or
A=6.51x10"
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Also

1.536x10 "B exp[_?x)

B (3.312><1017)Bexp[—_x] 0
d d

which yields
d =2.156x10" cm
At x=0, eu,n(0)E =50
so that
50 = (1.6x10™ [8000)12) A+ B)
which yields

B =-3.255x10"
Then

n(x)=6.51x10'° =3.255x10'* exp[%} cm ™

(b)
At x=0, n(0)=6.51x10" —3.255x10"
Or
n(0)=3.26x10" cm
At x=50 um,

n(50)=6.51x10" =3.255x10" exp| —
21.56

or

n(50)=6.19x10" cm =
(©)
At x=50 ym,

Sy =t ”(SO)E

= (1.6x107" (8000)6.19x10" 12)

or

J 4y (x=50)=95.08 A/em
Then

J 4ir(x=50)=100-95.08

or
J 4 (x=50)=4.92 A/em
5.38
E,-E,
n=n, exp| ——=-
kT

(a) E.—E,=ax+b, b=04
0.15=a(107)+0.4

which yields
a=-2.5x10?

Then
E,—E, =04-25x10%x
SO
0.4-2.5%10%x
n=n,expl ———
kT

dn
b) J =eD —
( ) n n d_x

(—2.5><1on [0.4—2.5x102xJ
=eD, n, exp

kT kT
Assume 7 =300K, so &T =0.0259 eV and

n, =15%x10"cm

Then
o —(1.6x107? (25)(1.5%10" 2.5x10?)
" (0.0259)
(O.4—2.5><1()2x}
Xexp| ———————
0.0259
or

_ 2
J, =-5.79%x10"* exp(wJ

0.0259
(i) At x=0, J, =-2.95x10" A/cm’
(ii) At x=5um, J, =-23.7A/cm’

5.39
dn
(a J,=eu,nE+eD, —
dx

80 = (1.6><10"9X1000)(1016(1—%jE

+(1.6x10‘9X25.9)("1£16]

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

~80=(1.6)E— (1.6)(10%}3 —41.44
or
80 = (1.6{% —1}12 +41.44

Solving for the electric field, we find

E :ﬂ V/em

)
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(b) For J, =-20 A/cm?
20=(1.6)(%—1JE+41.44

Then

5.42

(kTJ 1 an,(x)
E =- — | ——.

* e Nd(x) dx
For Nd(x)szoe”‘/L

So E, = 0'0259 =500 V/cm

Which yields L=5.18x10" cm

5.40
@ E, :_(k_Tj' 1 dnN,(x)
e ) N, (x) dx
0.0259) d —x
do
_ ;V(o.o_zjﬁ)_( _Tl J N, et
do®
_0.0259 _ 0.0259
L 10x107*

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

——(25.9)10x10*)=~0.0259 V
or ¢=-259mV

541
From Example 5.6

L (00259)10") _ (0.0259)10)
10 -10"x)  (1-10°x)

10~

V=- jExdx
0

1074

dx
= —(0.0259)(10°) ! o)
=—(0.0259)10° {%) infi-10° x|

=(0.0259)[In(1-0.1)-n(1)]

107

0

or
V =-273mV

5.43

(a) We have
dN
= eD, dn_ eD, —= )
dx dx

e ﬂ N, ex (__XJ

= (_ L) do XP L

We have

D, =u, [E) =(6000)0.0259)
e

n

or
D, =155.4cm?/s
Then
—(1.6x107"?)155.4)5%10"° -
L = e (0.15104))(X )eXp(ij

or

J

aig = —1.243% 10° exp(_Tx] Alcm?

(b)
0=J 4 +J 4y
Now

J 4 =ep,nE

= (1.6x107"°6000)(5 10'6{exp(_7xﬂE

or

Ty = (48{exp(_—LXHE

We have
Jary = aigy
SO

—Xx 5 —-Xx
48) exp| — | [E =1.243x10° exp| —

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

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

8
b) @ =—=3089 2/V-
b ) u, 0.0259 cm s
35
ii =—— =1351cm?/V-s
(ar) al 0.0259
5.46

L=10"cm, W=102cm, d =10"cm
(@)

s LB, —(12x107 5x107)
T ned  (2x102)1.6x107° f107)
=-1.875x107V
or V, =-1.875mV
(b)
E, = =w ——0.1875 V/cm
W 10
5.47
(@ Vy = i
ned
~ —(250x10°)5x107?)
~ (5x10°"J1.6x107" [5%10°)
or
V, =-03125mV
(b)
g o Vu _—03125x107
Tow 2x1072
or
E, =-1.56x107 V/cm
(c)
L
O enV Wd
B (250x10°)10)
~ (1.6x107° J5x10*"f0.1)2x107* [5x10~7)
or

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

5.48

(a) V, <0= n-type
~1,B,  —-(0.50x10")0.10)
edV,  (1.6x107°)107° |-5.2x107)
=6.01x10" m~
or n=6.01x10"cm™
I L
enV,Wd
(0.5x10°)10)
(1.6x10" J6.01x10*' [15)10~* J10~*)
=0.03466 m > /V-s
or u,=346.6cm?*/V-s

(b) n=

) u,=

5.49

@ V, =E,W=—(165x10")5x107)
or
V, =—0.825mV

(b) V, =negative = n-type
-1_B

() n=—2"¢
edV,
 —{05x107f6.5%107)
~ (1.6x107°J5x107* J-0.825x107*)
or

n=4924x10"m = =4.924x10" ¢cm
(d
1L
O enV Wd

(0.5x107)0.5x102)

(1.6x107% J4.924x10*' J1.25)5x10~* J5x10~*)
or
4, =0.1015m?*/V-s=1015cm*/V-s
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(a) V, =negative = n-type
(b) -1 x B z
n=——
edV,

~ —(25x10*)2.5x107?)
~ (1.6x107°J0.01x10% [~ 4.5x107 )

or
n=868x10"m~ =8.68x10" cm ™
© u - DL
Hn = enV Wd
[ 25x107Jo.s5x10?)
(1.6x107"°)8.68x10%°)2.2)
. 1
(0.05x102 J0.01x10°2)
or

4, =0.8182m?*/V-s=8182cm*/V-s
(d) (7=l=e,unn
P

= (1.6 x107" X8182)(8'68 x 1014)

or
£ =0.88(Q -cm)

This document is available free of charge on StUDOCU.com

Downloaded by Burhan SaifAddin (bksaif@gmail.com)


https://www.studocu.com/row?utm_campaign=shared-document&utm_source=studocu-document&utm_medium=social_sharing&utm_content=semiconductor-physics-and-devices-4th-edition-neaman-pdf

Semiconductor Physics and Devices:

By D. A. Neamen

Basic Principles, 4™ edition Chapter 6

Problem Solutions

Chapter 6
6.1 (b) Generation rate = recombination rate
n,=N,=5x10"cm™ Then
2.25%10*
2 1) G=""""— —1.125%10°ecm s
’. _nt _(t5xa0"f —4.5x10*cm ™ 20x10°
N, 5x10" ©
(a) Minority carrier hole lifetime is a R=G=1.125x10° cm s
constant.
T, =7, =2x107"s
p, _45x10* 3 6.4
, =——=——"—=225x10"cm s 34 8
P 0 @ E=hv=%= (6.622;01(;) mX:smxlo )
. p,+®  45x10° +10% X
(b) R, = = - or
»0 2x10 E =3.15x107" J; energy of one photon
=5x10"cm s Now
1 W=11J/s =3.17x10" photons/s
Volume = (1)(0.1) =0.1 cm*
6.2 Then
p():Na :2X1016Cm_3 3.17><1018

n =

op, 2x10"
14
@ R=2_ 200 gy
T, Sx107
©) R, Lol
Tpt z-nt TnO
L Pe (2><1016)
"o, ™ (L62x107*
=6.17x10"s

2 6 \2
"—f=£—1'8“0 ) ~1.62x10" cm

0.1
=3.17x10" e-h pairs/cm? -s

6.3
(a) Recombination rates are equal
no _ po
z-nO TpO
n,=N,=10"cm™
2 10 )2
n; 1.5x10
n, 10
Then
10" _ 2.25x10*
7,0 20x107°

which yields
7,, =8.89x10%s

=2.25%10*cm ™

(b)
-3 -1
s o= = gr=(3.17x10" f10x10°)
or
Mm=p=317x10" cm
(5x107)
6.5
We have
op + 14
— =—VeF + -
ot »r T8 7,
and

J,=eu,pE—eD Vp
The hole particle current density is

F* :J_P:ﬂ pE-D Vp
P (+e) P P
Now

VeF' =u,Ve(pE)-D, VeVp
We can write
Ve(pE)=EeVp+ pVeE
and
VeVp=V’p
SO
VeF' =y, (EeVp+pVeE)-D V’p
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Then

g—f=—ﬂp(E°Vp+pV°E)

+D[,V2p+gp —T£

P
We can then write

D,V’p—u,(EeVp+ pVeE)

p _0p
+ — -
& r, o
6.6
From Equation (6.18),
op . )4
—=-VeF +g ——
P P
ot »
0
For steady-state, @ _ 0
ot
Then
0=-VeF '+g, —R,
For a one-dimensional case,
dF’
14 20 19
?=gp—Rp=10 —2)(10
or
dF*

P —8x10"cm 3!

6.7
From Equation (6.18),

+

dF
0=——2"+0-2x10"
dx

or
+

L = 2x10Ycm 2s™!

6.8
We have the continuity equations

(1) D,V*(dp)-u,[EeV(D)+ pVeE]
p _ o)

+g]7 -
7, Ot

and
(2) D,V?(h)+u,[EeV(sh)+nV eE|

By charge neutrality,
S=p == V(n)=V(p)

and
aon) _ olep)
Vi(on)=V" d =—22
(6)= V(@) and Z =
Also
g,=8,=g, L="=R
T, T,

Then we have
(1) D,V?*(6n)-p,[EeV(n)+ pV e E]

o Olon)
+g—-R= o
and
(2) D,V?(h)+u,[EeV(sh)+nV eE|
_o(on)
te-R="5

Multiply Equation (1) by x,n and Equation
(2) by w,p . and add the two equations.
We find
(4,nD,, + 41, pD, I* ()
+ 44,41, (p—n)E® V()
+(p,n+p1,pg—R)
o(0n)
t

= (ﬂn”+ﬂpp)a—

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

(lunnDp +/'lppDn ]Vz(&’l)
Ht [, p

{unﬂp(p—n)

+ _—

M0+, p

}EOV(&)

Define
o _ Dy +,pD, DD, (n+p)
M+, p D,n+D,p

and
,_ sty (p—n)
M+, p
Then we have
DV (80)+ 1E e V(50)+ (g~ R) = %
QED.
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6.9
p-type material;
minority carriers are electrons

(@) u'=u,
From Figure 5.3, 1, =1300cm*/V-s

(b) D'=D, =(k—T) u, =(0.0259)1300)
e

=33.67cm?/s
() 7,=1,=10"s
p,=N,=7x10"cm™
_n_(Lsxi0)
TN, 7x10"
=3.21x10*em
n, _ P,
Tt Tt
3.214x10*  7x10"
0’ 7,

so 7, =2.18x10"s

6.10
For Ge: n, =2.4x10" cm ™

2 2

=5.124x10% c¢cm
n? (24x10°)

P T s 124%10"

(a) We have:
4, =3900cm?/V-s, D, =101cm?/s
2 2
4, =1900cm*/V-s, D,=492cm"/s

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

13 13?2
_ 4x10 +\/{4X10 j +(2.4x107 )

=1.124x10"%cm

r

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

=542cm?/s
and

. muu,(p—n)
Mt ,p
~ (3900)(1900)(1.124x10"* —5.124x10")
~ (3900)5.124x10" )+ (1900)(1.124x10" )
=-1340cm*/V-s
(b) Forholes, 7, =7,,=2x10"s

For electrons,

n_r

Ty Tho

5.124x10"  1.124x10"
r ©2x10°°

nt

=7, =9.12x107"s

6.11
o=eu,n+eu,p
With excess carriers
n=n,+on and p=p, +Pp
For an n-type semiconductor, we can write
Gi=d=p
Then
o=eu,(n, +p)+eu,(p, +P)
or
o=eu,n, +ep,p, +elu, +u, |P)
o)
Ao = e(,un +u, X@?)
In steady-state, p =g’z
So that
Ao = e(#n +/up Xg'TPO)

6.12
@ p,=N,=10"cm™
2 10 )2
n :"_f:wzz.zsxlo“cm-3
p, 10'

o=ep,(n, +)+eu,(p, +)
=ep,p, +elu, + 1, Jon
Now sh=p=g'r, (l—e””"o )
= (8x10 J5x107 f1—¢ "/ )
=4x10" (1 —e /™o ) cm™
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Then o =(1.6x107 (380)10")
+(1.6x107 J900+380)
x(4x10" f1—¢ %0 )
o =0.608+0.0819(1—¢ '™ ) (2 -cm)~!
(b) (i) o(0)=0.608 (Q -cm) !
(ii) o(0) = 0.690 (Q -cm) ™

6.13
(a) For 0<¢<10°s,

Mm=p=g'r, (l—e_’/r”o )
~ (%102 \5x10* Ji—e /|
= (2><1O14 Xl—efm”(’ ) cm
At t=10"s
3(10°)= (210" fi— 101510
=2x10"cm
Then for 7 >10"°s,
o= (2x10" 0 e oy 3
(b) n, =5x10"cm ™
o=eun, +e(/¢n +u, )&a
For 0<¢t<107°s
= (1.6x107 Y7500)5x10")
+(1.6x107 {7500+ 310)
x(2x10" f1—e ")
= 6.0+o.250(1—e"“!’° ) (Q-cm) !
For 1>107°s
= 6.0+0.250¢ 0 e (Q-cm)”!

6.14

For N, =N, +N, =8x10" +2x10"
=10"cm
Then, u, =1300cm*/V-s
. 2
4, =400cm"/V-s
o =eu,n, +€(ﬂn +/¢p)@7

—t/7po

where op=g'r e
= (8x10% J5x107 /770
:4X1014e*f/fpo cm ™

o = (1.6x10™ (1300)8x 10 —2x10")
+(1.6x107 1300 + 400)
><(4><1014)e*m”0
o =1.248+0.109¢ "

[1.248+0.109¢ " [10 f10)
0.05

=2496x107° +2.18x10%e "' A
or 1=2.496+0.218¢" 7" mA

I:

6.15
=N,-N,=2x10" -6x10"
=1.4x10" cm ™
(@ m=p=g'r,
5x10" =2x10"' 7,
=7,,=2.5x10"s
b) S=p=g'r,yll—e"™)
=5X1014(1_e—t/r,10)
., m 5x10M (1_6_,,%0)

T, 25x107
_ 2><1021( e e )Cm% !

i) [%j 5><1014 5><1014(1—ef”r"° )
t

(ii)(
t=7,,n(2)=1.73x107s

(111)[ J 5><1014 5><1014(1—ef'“”° )

=17, ]n(4): 347x107 s
(iv) (0.95)5x10™ )= 5x10" (1—¢ /™ )
1=1,,1n(20)=7.49x107" s

7,,In(1.3333)=7.19x10"*

)(5x10‘4)=5x1014(1—e”fno)

| =
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6.16

At +=2x10"s,

n,=N,-N,=8x10" —2x10" o, = 5X1014ef(leoff’)/(sxloq)

=6x10" cm ™

i =9.16x10"” cm™
2
» =n_i=!1.8><106! — 54104 em For +>2x107%s

n,  6x107 s1=(5x10% ~0.16x10™ f1—¢ "/ )
4
@ R, =L —axipr 22810 +9.16x10"
o Tro = 4.908x10" (1—¢ /™ }+9.16x10" cm
-8
so 7,, =1.35x107" s

(b) () 3(0)=5x10"cm ™
(i) 3(2%10)=9.16x10" cm =
(iii) &1(o0) = 5%10™ cm

d) P=g'r,, =(2x107)1.35x10%)
=27x10"cm™
(© 7=17,= 1.35x107%s

6.19
6.17 p-type; minority carriers - electrons
(a) (i)For 0<r<5x107s D, =(Ejm =(0.0259)(1200)
pl)=g'7, (1—e‘”’w) e
- =31.08cm?/s
—(5x10™ 5x107 fi—e ')
L =Ip _[31. 10- 1/2
=2.5><1014(1—e7'”"“)cm*3 n =NPaTno [(3 08)( 0 )]
-7 =5.575x10" cm
At t=5x10""s, R .
& =2.5x10"(1—¢"") (@ &ifx)=dp(x)=2x10" ™" cm
=1.58x10"cm (b) J,=eD, (o) =eD, di[leo“‘e*“L”]
X
For +>5x107"s

—eD,
5P(t)= 1.58><10146*(#5“0*7)/5,0 em _

(i) 3p(5x107)=1.58x10" cm =
(b) (i) For 0<r<2x107°s
plt)=2.5x10" (l—efm”o ) cm™
At t=2x10"s,

(2><1014 k—x/L,,

_—(1.6x10"°)31.08)2x10')
- (5.575x107)
J, =-0.1784¢ " AJem?

Holes diffuse at same rate as minority carrier

-x/L,

e

, R lectrons, so
— 1y (107 )fsx1077) € )
o =2.5%x10 (1 e ) J, —40.1784¢ """ AJem >
=2454%x10" cm
For t>2x107%s,
@(t) =2.454x1 014 e,(;,le()4 )/ po cm -3 6.20
(a) p-type; p,, =10"“cm™
i) p|2x107° )=2.454x10"* cm !
(ll)él’( x10 ) 54x10" cm ond
2 10\2
; 1.5x1
6.18 Ny = h ( SIXOS ) =225x10°cm™
* ppO
(a) For 0<r<2x107°s (b) Excess minority carrier concentration
&l(l‘):glrnoeiﬂrno &:n[) _npo
=(1021 XSX]OJ){”T”O At x=0, n, =0 so that

=5x10"e™"™ cm 5n(0)= 0-n,, =-2.25x10°cm™
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(c) For the one-dimensional case,

2
D, () & _,
dxz Z-nO
or
2
dd)(g”)_ﬁzzo where Lf, =D,7,

The general solution is of the form

—-Xx +x
on=Aexp| — |+ Bexp| —
p(L"j p[l‘nj

For x — oo, o remains finite, so B=0.
Then the solution is

—X
on= —l’lpo eXp[L—n]

éh(x)= 5%10% e ™ cm

where L, = '\/Tz-n() - [(25)(1076 )]1/ 2

6.21

=5x10"cm
J, =eD, % —eD, % [5x101 )=/ ]

__ efn (5X1014)€—x/L,,

(1.6x10"°f25)5x10™) _,,..

B TS B

J, =-0.4e™"" Alem?
(a) For x=0,
&(0)=5x10" cm
J,(0)=-0.4 A/cm?
J,(0)=+0.4A/cm’

(b) For x=L, =5x10"cm,
on(L,)=(5x10" " =1.84x10" cm
J,(L,)=-04e" =-0.147 Alcm?
J,(L,)=+04e™" =+0.147 A/em

(c) For x=15x10"cm=3L,

(3L, )=(5x10" e =2.49x10"cm
J,(3L,)=-0.4¢ = -0.020 A/cm
J,(3L,)=+0.4¢" = +0.020 A/cm ?

6.22
n-type, so we have
2
b @) E, dp) » _,
"odx g dx 7,
Assume the solution is of the form
Pp=A exp(sx)
Then
2
@ = Asexp(sx), d (fp) =As’ exp(sx)
dx x

Substituting into the differential equation
2
D, As exp(sx)— u,E, As exp(sx)
A exp(sx) —0
7,0
or

1
2
D,s"—u,E,s——=0
7,0
Dividing by D, , we have
o HE 1
2
D L,

P

=0

The solution for s is

Define
3 ,uprED

Then
s=i[ﬁim]

In order that gp =0as x — +oo, use the
minus sign for x>0 and the plus sign for
x <0. Then the solution is

b= Aexp(sfx) for x>0

p= Aexp(s+x) for x<O
where

a:i[ﬂimj
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6.23
Plot

6.24
(a) From Equation (6.55)

2
n d (?1)+/'IIIEO d(&)_ﬁ
dx dx Tn()

D =0

or
2

d2(Gn) g dlon) o _
dx? D, ° dx Li

We have that

D kT .
== [—J so we can define

u, \e
Mg _ B, _ 1
D, ° (kT/e) L’

Then we can write
d*(m) 1 d(n) o
+ —_ _
dx? L' dx L
The solution is of the form
o= n(0)exp(—ax) where a >0
Then
2
%in) =—a(on) and % =a’(on)
Substituting into the differential equation, we
find

=0

L L
or
» a 1
- E =
which yields

1L, LY
a=— +.| —=— | +1
L,|2L 2L’

We may note that if E, =0, then L' — o

and a = 1
Lll
(b)
kT
L, =yD,r,, where D, =u | —
e
so

D, =(1200)0.0259)=31.1cm? /s
and

L, =(31.1{5x107) =39.4x10 cm

or
L,=394um
For E, =12 V/cm, then
L (kT/e) _ 0.0259
E 12

o

=21.6x10"*cm

and

a=5.75x10cm™
(c) Force on the electrons due to the electric
field is in the negative x-direction. Therefore,
the effective diffusion of the electrons is
reduced and the concentration drops off faster
with the applied electric field.

6.25

p-type so the minority carriers are electrons
and

D,¥2 (o) B ¥l 2 )

TnO at

Uniform illumination means that

V(é‘n)z Vz(c‘fn)z 0. For 7,, =, we are
left with

d(on S

# =g’ which gives n=g't+C,

t

For t<0, m=0=C, =0
Then

on=Glt for 0<t<T

d(6n)

For t>T, g'=0 sothat ——==0
dt

And
on=G,T (norecombination)

6.26

n-type, so minority carriers are holes and
o _ddp
DV (6p)- 1, Eo V(@) g/~ - AF)
7,0 ot

We have T, =%, E=0, and

@ =0 (steady-state). Then we have
2 2 !
D, d (@)-i-g':O or CCD) (5p)=_g_
"odx? dx® D

P

For —-L <x<+L, g'=G/=constant. Then

_d(@n) =—&x+Cl
dx D

p
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and

G/
5p:—2D” x> +Cx+C,

P

For L<x<3L, g'=0 so we have

2
&?p) 0 so that Mz@ and
dx dx

Pp=C;x+C,
For -3L<x<-L, g'=0 so that

2
M=O so that @zQ and
dx dx

Pp=Csx+Cg
The boundary conditions are:
(1) p=0 at x=43L
(2) p=0at x=-3L
(3) p continuous at x=L
(4) Jp continuous at x =—L
d(op)
dx

d(3p)
(6) .

continuous at x =L

(&)

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

G!
Pp=-=
2D,
G)L
& =—2"(3L—x) for L<x<3L
D,
G)L
@:DL(?)L+x)for —3L<x<-L

p

(SL2 —xz) for —-L<x<+L

6.27
E, :K:i:ZOV/cm
L 04

o d 025
#r B, (0)32x10)
=390.6cm?*/V-s
_ (/LlpEO )2 (At)2
r 16¢,

[(390.6)20)F (9.35x10° )
16(32x10°)
D, =1042cm?/s

We find
D
_r _ w =0.02668 V
u, 390.6

This value is very close to 0.0259 for
T =300K.

6.28
(a)
2
Assume that f (x, t)= (477 Dr )71/2 exp (:;_]_x)tj

is the solution to the differential equation

2
pl Lo
ox? ot
To prove: we can write

_ _ 2
@ :(47rDz‘)7”2 _2x exp *
Ox 4Dt 4Dt

and

82 f nl(=2x) (=2
=4z Dt —_—
Ox? (7[ ) 4Dt xp 4Dt
)5
+| —— |exp| ——
4Dt 4Dt
Also

af _1/2 —Xz -1 —x2

— =(4xz Dt — = le
ot (47D1) (4DJ£t2] Xp(4Dt
+(47Z'D)_]/2 ! "% exp —
2 4Dt

2

and

Substituting the expressions for 3
X

Zi into the differential equation, we find

0=0.
Q.E.D.
(b)

Consider

dx = du _ _du
2x  2Ju
Let a = L
4Dt
Now
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= ZI 7 exp(— au)du = IL exp(— au)du
0 u 0 u
= % = JamDr
a
Then
*jf 1 —x? J J4nDt
———exp = =
N ArDt 4Dt JArDt
6.29
Plot
6.30
n
(@ E,-E, :kThm( j
n;
16
=(0.0259)In LOIO
1.5x10
=0.383225¢eV
(b) =dp=g'r,, =(2x10"f5x107)
=10"cm?
+on
E. —E :len[n” j
n;
16 15
=(0.0259)In M
1.5x10
=0.383865¢e¢V
+
Ep—E,, = kT]n[p”—J
n;
15
= (0.0259)In 10
1.5x10"
=0.28768 eV
() E, —E, =0.383865—0.383225
=0.000640eV
or =0.640 meV

6.31
(a) p-type
E.—-E; :len(&J
n;
1015
~ (0.0259)in| 2210
1.5x10
or
E, —E, =032%eV
(b)
&1:@7:5X1014Cm73
and
2 10 )2
. :n_i:m:4.5><104cm'3
p,  5x10”
Then
+on
E,—Ep, :kT]n[n” J
n;
4 14
:(0'0259)111 4.5%10 +5];<10
1.5x10
or
E,, —E; =02697 eV
and
+
E;—E,, = kT]n{p”—J
n;
15 14
=(0.0259)In M
1.5x10
or

E, —E,, =03318eV

6.32
(a) For n-type,
E, —E; = (EFn _EFi)_(EF _EFi)

:len[n” +5nj—len(&J
n[. ni
_ kT]n[n" +é’n]

n

5><1015+éhj

So 0.00102 =(0.0259)In ~
5x10"

5x10' 46 = 5x10"° exp[0.00IOZ)

0.0259
Which yields on=2x10"cm™
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n.

i

on
) E,,~E, =kT1n("” u J

15 14
1.5%x10"

=0.33038 eV

© Ep—E = len(@)

n;

2x10™ ]

=(0.0259)In
( ) (1.5x10“’

=0.2460eV

6.33
() E, —E, = len[@J

n;

E, -E,..
or d=n, exp[%}

= (1.5x1010)exp|:ﬂ}

0.0259
=5.05x10" cm

n;

®) Ep—E,, = len(Lj

6><10'5+5.05><10'4J

=(0.0259)In
( ) [ 1.5%10"

=0.33618¢eV
(©) @) EF _EFp Z(EFi_EFp)_(EFi_EF)

:len(MJ—kTm[p”J
n; n;

(i) E, —Eg,

6x10" +5.05x10"*
6><1015

= (0.0259)111[

=2.093x107eV
or =2.093 meV

|

6.34
+
@ () Ep, —Ep, =kT1n[”” "j
n;
1.02)}10"°
=(0.0259)In (Lo 06
1.8x10
=0.58166eV
(i) Ep —Ep, ;kT]n(@j
n;
16
=(0.0259)In w
1.8x10
=0.47982eV
. 1.1x10"
b) () E,. —E,.. =(0.0259)In| ———
(b) () Ep, ~Ep, =(0.0259) (I_MOJ
=0.58361eV
.. 0.1x10'°
(i) E., —E,, =(0.0259)ln| —
= Erp = ) [1.8x106j
=0.52151eV
6.35
Quasi-Fermi level for minority carrier
electrons:
+on
E., —Ep :len[n” j
n;
2 6 )2
n0="—":£—11'8“18 =3.24x10" cm
P, 10
We have
&:(1014(ij
50
Then
3.24x107* +(10"* x/50
EFn_EFi:len . +(6 X/ )
1.8x10
We find
x (4 m) (Ep, —Ep) (eV)
0 -0.581
1 +0.361
2 +0.379
10 +0.420
20 +0.438
50 +0.462
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Quasi-Fermi level for holes: we have

Po+5pJ

n.

1

E,~E, = len[

We have p, =10"°cm ™ and o =cp.
We find

x(/um) (EFi_EFp)(eV)

0 +0.58115
50 +0.58140

6.36
(a) We can write

E, —E, :kThm[p”J
n;
and
+
E,, EFp—len[p" 5’7]
n;

or
+
E.—E,, = kT]n(MJ =(0.01 kT
P,
Then
+
Lot ® _ o(0.01)=1.010
P,
or

o)
L _0.010= low injection, so that

P,
op=5x10"cm™
(b)
E,, —E, = len(@J
n;
12
=(0.0259)In LO]O
1.5x10
or
E,, —E, =0.1505 eV
6.37
Plot

6.38
P
@@ Ep—E,, =kT h{n—
= (0.0259)1n(i]0j
1.5x10
p=10"cm>, E,—E,, =0.04914eV
10" 0.10877
10" 0.16841
10" 0.22805
10" 0.28768
+on
(b) E, ~E, = len["" J
n;
16
=(0.0259)In M
1.5x10
n=10"cm>, E, —E, =0.365273eV
10" 0.365274
10" 0.365286
10" 0.365402
10 0.366536
6.39
(a)

B C,ICPN,(np—nf)
_Cn(n+n')+Cp(p+p')
(p—n?)
rl,o(n+n')+rn0(p+p')
Let n'=p'=n,. For n=p=0

f— 2 —
R= n; _ n;
Tp()ni +Tn0ni TpO +Tn()

(b) We had defined the net generation rate as
g—-R=g, +g'—(R0 +R')
where g, = R, since these are the thermal

equilibrium generation and recombination
rates.
If g'=0,then g—R=-R" and

R,= _ni
TpO + T.0
n;
so that g—R=+—
TpO +Tn0

Thus a negative recombination rate implies a
net positive generation rate.
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6.40
We have that

CnCpN,(np—nf)
Cn(n+n')+Cp(p+p')
(p—n)
7ol tn )+7,0(p+n;)
If n=n,+06n and p=p, +dn,then
(no +&1Xp0 +&1)—ni2
z'po(no +&1+ni)+rn0(p0 +é’n+ni)
n,p, +on(n, +p,)+(on)’ —n}
B Tpo(no +&7+ni)+fn0(Pa +&7+”i)

R=

If on << n,;, we can neglect (&1)2 : also
n,p, =n;
Then

on(n, +p,)
TpO(no +n; )+ Tno(p() +n; )
(a) Forn-type; n, >> p,, n, >>n,
Then

R 1
_=_=10+7S—1

Th0

R=

(b) For intrinsic, n, = p, =n,

Then
R 2n,
n Tpo(zni)+ TnO(zni)
or
5_ 1 _ 1
M T,,+7,, 107 +5x107
R 1 67x107 5
on

(c) Forp-type; p, >>n,, p, >>n,
Then
R 1

o, sao7 T
no X

6.41
(a) From Equation (6.56)

2
p L@ & _,
P dxz TpO

Solution is of the form

-X +x
p=g't , +Aexp| — |+ Bexp| —
SRR B

P p

At x =+, @):g'rpo sothat B=0,
Then

P=8'7,,+ Aexp(_—xJ
L,
We have
L dl)
P
dx
We can write
d(¢p)
———| =—and =g't ,+A
dx L (5p & Tro
Then
—-AD,
LP
Solving for A, we find
—s8'7 0

x=0

= s(g'z'po + A)

J_{_s

[7
The excess concentration is then

" (b, /L, )+s L,

where
L, =D,z,, =J10f107)=10"cm
Now

o =10 )i107)

Xll‘(lo/15-3 )p(fﬂ

or
104 1-—2 expl =X
¥ { 10* +s pLP

(i) For s =0,

5p=10140m’3

(>i1) For s =2000 cm/s,

H=10"]1-0.167 exp[z—xﬂ

P

(iii) For s =0,

o =10"1—-ex -
w2
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(b)
(i) For s =0,

#(0)=10" cm
(>ii) For s =2000 cm/s,
(0)=0.833x10" cm 3
(iii) For s = o0,

(0)=0
6.42
Ln = VDnTnO = (25)5X1077
=35.4x10"*cm
(a) At x=0,
27,0 =(2x10° f5x107)=10'" cm
or
(0)=g'r,, =10" cm
For x>0
2 2
p @) & de) s
dx* 1, > L

The solution is of the form

—-x +x
on=Aexp| — |+ Bexp| —
p(Lnj p[LnJ

At x=0,
sn=om(0)=A+B
At x=W,

n=0=A exp[ﬂJ +B exp{ﬂJ
Ln Ln

Solving these two equations, we find
- sn(0)exp(+2w/L, )
© 1-exp(+2wW/L,)

and
)
1-exp(+2w/L,)
Substituting into the general solution, we find

&l:

which can be written as

&(o)smh{WL‘x}

n

sinh {W}
Ln
where

(0)=10"cm= and L, =354 um
(b) If 7,, =0, we have
d’(on)
dx’
so the solution is of the form
n=Cx+D
Applying the boundary conditions, we find

o= a‘n(o)[l —%}

S1=

=0

6.43
For T,0 =%, We have
2
d (ozp) 0
dx
So the solution is of the form
p=Ax+B
At x=W
d
14 (é)) - S(@)*
dx x=W x=W
or
~D,A=s(AW+B)
which yields

B="2(p, +sw)
N

At x =0, the flux of excess holes is

10 =-D, d@)| _ -D,A
dx x=0
so that
19
A=_10 =-10%cm™
10
and

18
p=10 (10+sW):1018(2+Wj
A S

The solution is now

@=1018[W—x+2j
N
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(a) For s=o0,
®=10"(20x10" ~x) cm

Then
d(op
J,=-eD, (x )
= —(1.6x107™ J10)-10")
or
J,=16A/km?

(b) For s=2x10°cm/s,
®=10"(70x10" - x) cm
Also
J,=16A/km’

6.44
For -W<x<0

4’(en)

dx

D

n

+G! =0
so that

G!

@:— ~x+C,
dx D

n
and

G/
5n=—2D" x*+Cx+C,

n

For O<x<W,
d*(on)
de
so that
mn=Cx+C,
The boundary conditions are
(1) s=0 at x=—-W so that

=0

a@)|
dx x=—W

(2) s = at x=+W so that
nW)=0

(3) on continuous at x=0
d
4 @ continuous at x =0
dx
Applying the boundary conditions, we find
G\W G\wW?*
C =C,=- DU and C, =C, =+—=2

n n

Then for —-W <x<0

G,

on= (—xz—ZWx+2W2)
2D

and for O < x <+W
G'W
oh=—"— (W—x)
D

n

6.45
Plot
6.48
(a) GaAs:
Vo2 0
I 2x107°

R =

(A(I;)A and Aaze(,un +yp)§a
P =28,y = (10" J5x10*)=5x10" cm
For N, =10"°cm , from Figure 5.3,
4, =7000 cm*/V-s, u, =310 cm’/V-s
Ao =(1.6x107° (7000+310)5x10")

=0.05848 (Q -cm)
Let W=20um

Then A=Wd =(20x10*4x10+)

=80x10"°cm?
L
(0.05848)80x10°*)

Which yields L=4.68x10"cm
(b) Silicon:
R=10°Q, p=5x10"cm™
For N, =10"°cm , from Figure 5.3,
4, =1300 cm* /V-s, H, =410cm*/V-s
Ao =(1.6x10"° {1300+ 410)5x10" )

=0.01368 (Q -cm) '
Let W=20um

Then A =Wd =(20x10~ f4x10™)
=80x10*cm?
L
(0.01368)80x10~*)

Which yields L=1.09x10"cm

So R=10° =

So R=10° =
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7.1
vV, =V, ln[Na]sz j
ni
(@) )
15 15
(i)V,; =(0.0259)In M)
| (15%10")

=0.611V

15 16
(i) V,, = (0.0259)in| 2310 A2x10 }

(1.5x10° )

Chapter 7

(b)N, =5x10"cm ™, N, =5x10"cm
Si: V,, =0.778 V
Ge: V,, =0.396 V
GaAs: V,, =125V
()N, =10"ecm™, N, =10"cm ™
Si: V,, =0.814 V
Ge: V, =0432V
GaAs: V,, =128V

=0.671V
(i) V,; =(0.0259)In [2x10" Jox107)
l . 5x10"° )
l -
=0.731V
(b) ] _
17 15
i)V, =(0.0259)In ﬁ&xle_zo)
(1.5x10")
=0.731V
I 17 16)]
(i) V,; =(0.0259)In MZ“_?)
L (1.5 %10 ) |
=0.790V
I 17 17 )]
Giiyv,, = (0.0259)n| 2107 J2x107)
(1.5x10")
=0.850V
7.2

Si: n, =1.5x10"% cm
Ge: n, =2.4x10" cm
GaAs: n, =1.8x10°cm
V, =V, h{N“in J and V, =0.0259 V

i

(N, =10"cm™, N, =10"cm ™"
Then  Si: V,, =0.635V
Ge: V,, =0.253V
GaAs: V,, =1.10V

7.3

(a) Silicon (T =300K)

Vv, = (0.0259)111{—N“N" )2}

(1.5x10"

For N, =N, =10"cm™; V,, =0.4561 V
=10" ;. =05754V
=10" ;. =0.6946V
=10" ; =08139V

(b) GaAs (T =300K)

V, = (0.0259)1{M}

(1.8x10°
For N, =N, =10"cm~; V,, =0.9237V
=10" ;. =1.043V
=10" ;. =1162V
=10" ;. =1282V

(c) Silicon (400 K), kT =0.034533
n, =2.38x10"” cm ™
For N, =N, =10"cm~; V,, =0.2582 V

=10" : =04172V
=10" ;. =0.5762V
=10" : =0.7353V

GaAs(400 K), n, =3.29x10”cm
For N, =N, =10"cm™; V,, =0.7129 V
=10" ;. =0.8719V
=10" ; =1031V
=10" ;. =1.190V
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7.4
(a) n-side
N
E,-E, = lenL—dJ
n;
15
=(0.0259)In LOIO
1.5x10
or
E, —E,, =03294eV
p-side
N
B, ~E, - m{ : J
n;
17
=(0.0259)In 10
1.5x10'"°
or
E, —E, =0.4070eV
(b)
V,, =0.3294+0.4070
or
Vv, =0.7364 V
(©)

N_N
Vbi :Vr hl(a—sz

i

= (0.0259)1{&%]5)]

(1.5x10"
or
V, =0.7363V

(d)

1/2
2e,V, (N, 1
x =|—>| 4| —
e \N,\N,+N,

_[[2(11.7)8.85x10 J0.736)
1.6x107"”

10" 1 v
X
[5><1015 J{lo” +5><1015j
or

x, =0.426x10™ cm=0.426 £ m
Now
_14
. {2(11.7)(8.85x10 J0.736)

B

1.6x107"

15 1/2
[ 3%10 [ 1 j
10" 107 +5%x10%

or
x, =0.0213x10™ cm=0.0213 x m

We have

|E 3 eN ,x,

max

€

s

(16310 510" Jo.426 10~
(11.7)8.85x107)

or

|E =3.29x10* V/cm

max

7.5
(a) n-side

N
E,-E, = kT]n{n—d]

16
=(0.0259)In ZLOW
1.5x10

or
E.—-E, =03653eV
p-side
N
E.—-E,= len{—“J
n.

16
=(0.0259)In 2x10_
1.5x10"°
or
E, —E, =03653eV
(b)
V,, =0.3653+0.3653

or
vV, =0.7306 V

(©)
N N
v, =V, h{ “2"]

i

16 16

(1.5x10" )

or
V, =0.7305V

(d)

1/2
NEEEAALA 1
" e (N, \N,+N,
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_[[2(11.7)8.85x10 0.7305)
1.6x10™"°

16 1/2
[ 2x10 ( 1 j
2x10"° N\ 2x10" +2x10'

x, =0.154x10*cm=0.154 u m
By symmetry
x, =0.154x10" cm=0.154 4 m

Now

or

|E B eN ,x,
max | ES
~(1L6x10)2x10" J0.1537x10)
(11.7)8.85x107'*)
or
|E o | = 4.75x10* Viem
7.6
E, —E,,
(b) N, =n, exp(%j
=(1.5x 101°)exp(&65j
0.0259

or N,=198x10"cm™

E.-F
Na =n; exp[%}

= (1.5>< IOIO)exp[ 0-330 ]

0.0259
or N,=5.12x10"cm™
(©

vV, = (0.0259)1n[

(5.12x10" J1.98x10')
(15x10" )
—0.695V

7.7
200 K; kT =0.017267 ; n, =1.38cm -3
300 K; kT=0.0259; n, =1.8x10°cm ™
400 K; kT =0.034533 ; n, =3.28x10° cm
For 200 K;
vV, = (o.omm)m[mxm}
(1.38)°
=1.257V

For 300 K;

vV, =(0.0259)In M)
S (1.8x10°)

=1.157V
For 400 K;

15 16
Vb,.=(0.034533)1n{2><10 4x10 }

(3.28x10° )
~1.023V

7.8

x, =0.25W =0.25(x, +x,)

n

X
P
=3
X

n

0.75x, =0.25x, =

N X
x,N, :xpNa:N—d:—p:3

a ‘xn
So N, =3N,
(@ V, =(0.0259)in %
(1.5x10)

2
0.710 = (0.0259)In Lz
(1.5%10")

or 3N} = (1.5><1010)2 exp( 0.710 J

0.0259
which yields N, =7.766x10"” cm
N, =2.33x10"cm ™

1/2
2e,V, (N, 1
x =<—=2 2| 2| —
" e \N,\N,+N,

_[2(11.7)8:85x10*)0.710)
1.6x10™"°

(L)

=x, =9.93x10"cm

or x,=0.0993 ym

i ={2(11.7)(8.85x10‘4X0.710)
! 1.6x107"

3 1

(]

=2.979x107° cm
or x, =0.2979 ym
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Now
_eNyx,

max |

|E

(S]

s

(1.6x10"?)2.33x10* J0.0993x10 )
(11.7)8.85x107*)

=3.58x10* V/cm
(b) From part (a), we can write

3N = (1.8x10°  exp| 180
0.0259

which yields N, =8.127x10"” ¢cm ™
N, =2.438x10" cm ™

. _203.1)885x10)1.180)
' 1.6x10™°

(s

=1.324x10"cm
or x,=0.1324 ym

. _[203.1)f8.85x10*J1.180)
! 1.6x107"”

()

=3.973x10" cm
or x,=03973 um

|E B eN,x,

max

€

(1.6x10 J2.438x10 Jo.1324x10
(13.1)8.85x107)

=4.45%x10*V/cm
7.9
16 15
(@ V, =(0.0259)In 10~ o -
(1.5%10")
or
Vv, =0.635V
(b)

1/2
265 Vbi Na 1
x =<—=2 2| 4 -
" e (N, \N,+N,

_[2(11.7)8.85x10 " J0.6350)
1.6x10™°

10 : 1/2
(o L)
10° \10'" +10"
or

x, =0.8644x10™ cm=0.8644 11 m
Now

1/2
2¢.V, (N, 1
X =—| — J—
’ e N, N, +N,

[2(11.7)8.85%10 " |0.6350)
- 1.6x107"?

15 1/2
10 ( 1 ]
X
(10'6 ) 10" +10"
or

x, =0.08644x10~* cm = 0.08644 11 m
(©

|E = M
es
~(1L6x10)10" Jo.8644x10™)
- (11.7)8.85x107)
or
|E oy | =1.34x10* V/iem

7.10
17 16
@) V,, =(0.0259)n 2x107 Jax 120
(1.5x10)
~0.80813 V

(b)V,, increases as temperature decreases
AtT =300 K, we can write

n? =(1.5x10"f

“1.12
=K|(2.8x10" \1.04x10" )e -
( | ) Xp[o.0259j

= K =4.659
At T =287K, kT =0.024778 eV

3
n? = K(2.8x10" fL.oax10" | 227
300

~1.12
Xexp| ————
[0.024778]
= (4.659)(2.5496x10™ [2.3404x10 ™ )
So n; =2.780x10"
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Then
17 16
v, = (0.024778)11{(2“0—%“1?)}
2.780%10
=0.82494 V
We find
v, (287)-v,,(300)
v, (300)
_ 0.82494-0.80813
0.80813

x100%

x100% = 2.08%

=2%

7.11

NnNd
V, =V, In| =
n

i

16 15
0.550 = (0.0259)(L] I{M}
300

2
n

i

Using the procedure from Problem 7.10, we
can write, for T =300K,

n? =(1.5x10")

- K(2.8><1019X1.04><1019)exp( “L12 J

0.0259
= K =4.659
At T =300K,
16 15
v, =(0.0259)In @XIO—XZXI?)
(1.5x10)
= 0.68886 V

For V,, =0.550 V, =T >300K

At T =380K, kT =0.032807 eV
Also

380’
n? = (4.659)(2.8><1019X1.04><1019(ﬁj

~1.12
exp| ——————
0.032807
=4.112x10*
Then
16 15
v, =(0.032807)in @“O—XZXIZ?)
4.112x10

=0.5506V =0.550V

7.12

(b) For N, =10"cm,

N
E,—E, = len[—"J
n.

16
=(0.0259)In Lm
1.5x10
or
E, —E, =03473eV

For N, =10"cm ™

( ) 1015
E, —E,, =(0.0259)In| ———
oo (1.5><1010J

or
E.-E, =02877¢eV
Then
V,; =0.34732-0.28768

or
V, =0.0596 V

7.13

N,N
(a) Vb,.:V,]n( sz

i

= (0.0259)111[M]

(1.5x10" )
or
V, =0456 V
(b)
. _[201.7)f8.85x10" Jo.456)
! 1.6x107"”

1/2
y 10‘2( 1 j
10" \10"™ +10'
or

x, =2.43x107 cm
(©
i :{2(11.7)(8.85><10'14X0.456)
3 1.6x107"”

1016 ( 1 ) 1/2
X
10" \10"™ +10'
or

x, =243x10"cm
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(d)

|E 3 eN ,x,

max| €,
_(L6x10"°J10"* f2.43x10”7)
(11.7)8.85x107)

or

|E x| =3.75x10% V/ecm

7.14

Assume silicon, so

kT 172
S
L. = s
° (eszJ
1/2
:[(l1.7)(8.85x10"14X0.0259)(1.6><10'19)}

(1L6x10™ ) N,

or
(1.676x105]”2
L,=|—"—
Nd
(@ N, =8x10"cm™, L, =0.1447 um
(b)N, =2.2x10°cm >, L, =0.02760 £ m
()N, =8x10"cm ™, L, =0.004577 g m

Now
@V, =0.7427V

(b)V,, =0.8286 V
©V, =09216 V

Also
[201.7)8.85%10™ v,,)
o { 1.6x107"
172
]t
N, \8x107 +N,
Then

(a)x, =1.096 um
(b)x, =0.2178 um
(c)x, =0.02730 gm
Now

L
(a) =2 =0.1320
X

n

L
(b) =2 =0.1267
X

n

L
()2 =0.1677
X

n

7.15
1/2
£, |- 2¢V,, ( N,N,
ma e, N, +N,
We find
2 2i6xi0) ~3.0904x107
e, (11.7)f8.85x107¢)
(a)
(i) For N, =107 ,N, =10";V,, =0.6350 V
(i) =10"; =0.6946V
(iii) =10"; =0.7543V
@iv) =10"7; =0.8139V

(i) For N, =10",

N, =10"; |E, .| =0.443x10* V/cm
(i) =10"; =1.46x10* V/cm
(iii) =10"; =4.60x10*V/cm
(iv) =10"; =11.2x10* V/cm
(b)
() For N, =10",N, =10";V,, =0.4561V
(ii) =10"; =0.5157V
(iii) =10"%; =05754V
@iv) =107; =0.6350V

() For N, =10",

N, =10";[E .| =0.265x10* V/cm
(i) =10"; =0.381x10* V/cm
(i) =10"; =0.420x10* V/cm
@iv) =10"; =0.443x10* V/cm

© [E

and the electric field extends further into
the low-doped side of the pn junction.

increases as the doping increases,

max

7.16
16 15
@) V, =(0.0259)n ininO_z)
(1.5x10")
=0.6767V
1/2
®) W {2 e, (v, +VR)[Na +N, J}
e N,N,
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(1) For vV, =0,
W {2(1 1.7)8.85x10*)0.6767)

1.6x107"

5x10 +10° ]|
X
[isxlo“” i0'5 J
=9.452x10 cm
or W=0.9452 um
(ii) For V, =5V,
W [200.7)f8.85x10f0.6767 +5)
1.6x107"

5x10 +10° ]|
X
|:i5><1016 ilols ’:|

=2.738x10"cm
or W=2738 um
2V, +V
(C) |Emax — ( bi R)
w
())For V, =0,
|E x| = M =1.43x10*V/cm
0.9452x10~
(i))For V, =5V,
IE e :—2(0'676”3) —4.15%10* V/em
2.738x10~
717
2 1 17 4 1 16
@ V, =(0.0259)n M
(1.5x10")
=0.8081V
(b)

1/2
2e, (V,, +V,)[ N, 1
X ={—= /| = || —
" e N, \N,+N,

_ [2(11.7)8.85x10* J0.8081+2.5)
1.6x107"

17 1/2
y 2x10 ( 1 j
4%10"° \2x10"7 +4x10'

=0.2987x10"* cm
or x, =0.2987 ym

1/2
2e, (V,, +V,)( N, 1
X =R—| — —_—
? e N, \N,+N,

_[2(11.7)8.85x10* J0.8081+2.5)
1.6x10"°

16 1/2
[ 4x10 ( 1 j
2x10"7 \2x10"7 +4x10'

=5.97x10°cm
or x,=0.0597 um

1/2
W:{zes v, +VR)[Na +N, J}

e N,N,

_ [2(11.7)8.85x10* J0.8081+2.5)
1.6x107"7

{2”0” +4x10' }}'
(2x10"7 J4x10™)
=0.3584x10""cm

or W=0.3584 uym
Also W=x, +x,=0.3584 £ m
2V, +Ve)  2(0.8081+2.5)
W 0.3584x10°*
=1.85x10° V/cm
@ C:A{ ee, N,N, }”2

2V, +V, XN, +N,)

_ox10™ (1.6x10"°)11.7)8.85x10")
B 2(0.8081+2.5)

{M}}m

(C) |E max

2x10"7 +4x10"

=5.78x10"*F
or C=5.78pF

7.18

NaNd
(@ V, =V, In 02

We find

V, i
80N =n} exp(v—”J

t

= (1.5><101°)2 exp( 0.740 ]

0.0259
=5.762x10%
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= N, =2.684x10" cm
N, =2.147x10"7 ¢cm
(b)

1/2
2e, (V,, +V,)[ N, 1
X ={—= /| = || —
" e N, \N,+N,

_ {2(1 1.7)8.85x104)0.740+10)

1.6x107"°

80 1 1/2
([ )
1 A 2.147x10" +2.684x10"

=2.262x10"* cm
or x,=2262um

1/2
2¢e, (V,, +V,)( N, 1
X =<—2 /| —
? e N, \N,+N,

_[2(11.7)8.85x10* }0.740 + 10)
1.6x10™°

1 1 1/2
{5 )
80 A\ 2.147x10"7 +2.684x10"

=2.83x10"%cm
or x,=0.0283 4m
2(Vm' +VR)
w
2(0.740+10)
(2.262+0.0283)x10~*
=9.38x10* V/cm
o C':{ ee, N N, }1/2
2V, +V N, +N,)

[(1.6x107°)11.7)8.85x10"*)
- 2(0.740+10)

max |~

© [E

{(2'147 x10"7 )2.684x10" )}}”2

2.147x10" +2.684x10"
C'=4.52x10" F/cm?

7.19
(@ V, (3Na )_Vbi (Na )

=V, In(3)=(0.0259)In(3)
=0.02845V

c N 1/2
e

b C’E s a

® {—zmﬁv,e)}

c'(n,) [3n,]"
So ”:{ } =\3=1.732

cv,) Ln,
(c) For a larger doping, the space charge

width narrows which results in a larger
capacitance.

7.20

B (4x10" Jax10")
(@) V, = (0.0259)1{—(1.5“010 )2

or
V, =0.766 V

Now
1/2
_ 2e(vbi +VR) NN,
- es Na+Nd

2 [201.6x107° )V, +V,)
x107) { (11.7)(8.85x1bO’”)R

(4x10" J4x10"7 t}
X

|E

max

or

4x10" +4x10"
or
9x10" =1.224x10°(V,, +V,)
so that
(V,, +V,)=73.53V

which yields
Ve =728V

() V, = (0.0259)111[MM}
(1.5x10" )
or
vV, =0.826V
We have
f3x10° ) = {2(1.6x1019 WV, +Vi)
(11.7)8.85x10™)

(4x10" J4x10" q
X

4x10"° +4x10"

so that
(V,; +V,)=8.008 V
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which yields
V=718V
©) V, = (0.0259)111[MM}
(1.5x10" )
or
Vv, =0.886 V
We have

2 [20.6x107° )V, +V,)
x107) { (11.7)(8.85><1})0’14)R

><(4x10”X4x10”)}

4x10"7 +4x10"

so that
(V,, +V,)=1.456 V
which yields
V,=0.570V
7.21
(@)
q1/2
l:zex (me +VR)[Na +NdAJ
w(a) e NNy )|
w(z) {z (Vi +vR>(Na Ny, ]
e NaNdB i
or
W(A):|:(VbiA +VR). (Na +NdA).(NJB :|1/2
W(B) (VhiB +VR) (Na+NdB) NdA
We find

i 18 15 ]
V,. =(0.0259)In % =0.7543V

i 18 16 ]
V,; =(0.0259)In % =0.8139 V

We find

w(A) _ (5.7543} 10" +10"
w(B) [\5.8139 | 10" +10'

or

M=3.13
w

W(B) Vi +V
E(B) 20y +Vi) W(A) V,y +Vy
w(B)

(1 Y57543
3.13 | 5.8139

es NaNdA i|l/2
2V +Vi N, + Ny

|
)
N

(©
cjla
c'(B

)_
)

Z(Vb[B +Vi )(Na + Ny
1/2
— dA VbiB +VR Na + NdB
Np \Vyu +Ve \N,+N
1/2
(10" 5.8139) 10" +10'°
10" )\ 5.7543 L 10" +10"

C'(A)

J

C'(B

J

or

=0.319

~—

7.22
(a) We have

For V, =10V, we find

(3.13)’v,, =V,, +10
or
Vv, =1.137V

(b)
x, =02W=02(x, +x,)
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Then
X N J

_r
X, N

SO

2
1.137 = (0.0259)In O'ZS—N”}
(1.8x10°)
We can then write
1.8x10° [ 1.137
= o2 eXp_z(0.0259)}
which yields
N, =123x10"cm ™
and
N, =3.07x10" cm

N

7.23
16 15
V,: =(0.0259)In M
(1.8x10°)
=1.162V
C'oc !
Vi + Vi

SO C,(VRI) — Vhi +VR2

C’(VRZ) Vbi +VR1

1.162+V
150 = [ e
1.162+0.5

1.162+V

(1.50)" = ——%2

1.662

which yields V,, =2.58V

7.24
15 16
(@ V, =(0.0259)in M
(1.5x10)
~0.6889V
N N 1/2
C= AC/ =A €E; a”'d
2(Vbi + VR XNH + Nd )

_(s5x10” (1.6x10°°Y11.7)s.85x10°")
) 2(0.6889+V )

_x107 X4><1016)}”2

(210" +4x10")

C- 6.2806x107"

J0.6889+V,

(i) For vV, =0,
C =7.567 pF
(i) For V, =5V,
C =2.633pF
2x10" |4x10'"
®) V, =(0.0259)n (210" Jax 20
(1.8x10°)
=1.157V
1/2

’ ees NaNd

C=AC'=A
Z(Vbi +VR)(Na +Nd)

2(1.157 + V)

(2x10" X4><1016)}”2

X
(2x10" +4x10")
c- 6.6457x107"2

J1157+V,

~(5x 104){(1.6 x107J13.1)8.85x 10™)

(i) For V., =0,
C =6.178pF
(i) For V, =5V,
C =2.678 pF
7.25
17 15
V,, =(0.0259)In (2x10" 5 1?
(1.5x10)
=0.7543V

ee, NN, "
2V, +Ve N, +N,)

_ (8><10’4 (1.6><10*19X1 1.7)(8.85>< 10714)
) 2(0.7543+10)

_x107)5x10) 1"
(2107 +5x10")

C=4904x10"2F
1

2nNLC

(a) C=AC’=A{

=L=

clrf)
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Lo 1 (10 (1.6x10"°)13.1)8.85x10)
(4.904x107 Joz(1.25x10° )} 2v,,+2)
X =3.306x10 " H=23.306 mH av2))"
X
®) 5N,)
(i) For V, =1V, C=12.14pF d
N
f= ! — 0.6x107"% =2.724x10™* d
27[3.306x107 f12.14x1072 )] Vy +2
— 7.94x10° Hz=0.794 MHz By trial and error,
(ii) For V, =5V, C=6.704 pF N, =1.504x10" cm ™,
f 1 N,=6.016x10"cm~,
27[3.306x10 J6.704x102 )| 2 Vy =110V
=1.069%10° Hz = 1.069 MHz (b) From part (a),
N
0.6x10™"* =2.724x107 4
V,+5
7.26 ' By trial and error,
B, |= {Ze(Vbl- +Vi )Nd} N, =2.976x10" cm >,
Ss N, =1.19x10cm~,
Let Vhi =~0.75V Vbi =1.135V
@ (25x10°)
_ {2(1.6“0(19 )(o.75+10))Nd] 78
(11.7)8.85x107" 15 Yy o4
10 1
6 s (@ V, =(0.0259)In <5X0—XOZ)
=N, =1.88x10" cm (1.5><101°)
® (10°) or
[2(1.6x10™ J0.75+ 10)N, (b)vb" = 05574V
(11.7)8.85x107) s
— N, =3.01x10% cm ™ o |28V (Naf 1
a = ’ e (N, \N,+N,
_{2(11.7)(8.85><10‘4X0.5574)
7.27 B 1.6x10"°
x, =(0.20W =(0.20)x, +x,) .
14
0.8)r, =(0.2)x | 10 [ ! j
P n
x =dx 5%10" 10" +5x10"
n P
or
N,x, =N x, =N, /\4x
N an olo) x, =532x10"°cm
¢ ¢ Also

NuNd 1/2
@ V, =V, In| —-~ 2¢, Vi [ N, !
i " e N, \N,+N,

= (0.0259)111[4#2)2}

(1.8x10°

! ees NaNd v
C=AC'=A
2V, +Ve N, +N,)
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_[201.7)g.85x10 " J0.5574)
1.6x10"°

15 1/2
y 5x10 ( 1 j
10" 10" +5x10"

x, =2.66x10" cm
(c) For x, =30 u m, we have
2(11.7)8.85x107 )V, +V,,)
1.6x107"

15 1/2
y 5x10 [ 1 ]
10" 10" +5x10"

which becomes

9x107° =1.269x107 (V,; +V,)
We find

V, =704V

or

30x107* {

7.29
An n" p junction with N, =10 cm >,
(a) A one-sided junction and assume
Ve >>V,.. Then

’ v 172
S

x s R

b |: eN, }

2(11.7)8.85x107*
(1.6x107"J10™)

I

or

(50x107) =

which yields
Ve =193V

SO
10"
%, =(50x10 {1016

=0.50x10"*cm=0.50 £ m

(c)
= 2V, _ 2(193.15)
"W 50.5%107
or
|E o | = 7.65x10* Viem

7.30

B (2x10" J2x10")
(@) V, = (0.0259)1{—(1.5“010 )2

=0.7305V

172
N
(b) C=AC'=A- ¢S Na
Z(Vhi+VR)

_ (10_5{!1.6“019 )
2V, +Vy)
x(11.7)8.85x10"* (210" )}"?

~1.287x107"°

- JVi + Ve

(i) For V, =1V, C=9.783x10""F

(ii) For V, =3V, C=6.663x10"F
(iii) For V, =5V, C=5.376x10""F

C

7.31

(@ V, =(0.0259)In M =1.20
(1.8x10°)

(8)(1016 )Nd = (1.8><106 )2 exp(O.l(;(ng

=N, =536x10"cm™

ee, NN, 1
2(‘/bi +VR XNa + Na')
(1.6x10™)
2(1.20+1.0)

B 172
(13.1)f8 8510 f8x10" f5.36x10" )

(8x10' +5.36x10")
= A=7.56x10"cm?

(b) C:AC’:A{

1.10x107"* = A{

-19
(© 0.80x107"? =(7.56x10" f16x10)
2(Vbi +VR)
- 1/2
_(13.1)fg 8510 f8x10" f5.36x10" )
(8x10' +5.36x10")
2.1585x10"°
Vi +Ve
=V, +V,=4161=1.20+V,
Ve =296V

1.0582x10°% =
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7.32
Plot
7.33
N, N
@ V, =V, h{n—J

(c) p-region
dE_pl) g

dx €, €,

or
eN ,x
E=- +C,
eS
We have
eN ,,x
E=0at x=—x,=>C, =— bt <
€

s

Then for —x, <x< 0

N
—ee—"o(x+xp)

s

E=

n-region, 0 <x<x,
dE, p(x) _eNy

dx €, _265

N

or

2€,
n-region, x, <x<x,
dE, _ p(x) _ eN 4
dx €, €,

or

Wehave E, =0 at x=x,

eN o x

:>C3 __ _do"n
S

s

so that for x, <x<x,, we have

eN
EZ == “ (xn _'x)
We also have E, =E,at x=x,
Then
eN ,,x,

+C, =——==
2e, S

which gives

C2=—eN"0 (xn_x_OJ

Then for 0 < x < x, we have

g, = NaoX _Naof _Xo
2€, € 2

s

7.34
a*¢(x) __plx) __dB(x)
(a)———= =
dx €, dx
For 2<x<-1pum, p(x)=+eNd
So

N N
dE_eNo g Nex o
dx €, €,

At x==2pum=-x,, E=0
So
c :eNde
1 ES
Then
N
E=S d(x+x0)

At x=0, E(0)=BE(x=-1), 0
)_ eNd

E(0 (-1+2)x107*

s

(Lex10fsx10”)
~ (11.7)8.85x10™) x107)

or
E(0)=7.726x10* V/cm
(c) Magnitude of potential difference is

|¢| :Ide = N j(x+x0)dx

ES

N 2
= {%+x0 -xj-i—C2

€

s

Let ¢ =0at x=-x,, then

Ozdv—d[i—xéj+cz =C, = N X

€, 2 2e,
Then we can write
N
|¢| = ;ei (x+x0 )2
At x=—lpum
1.6x107"? |5x10" P
1= (2(11.7)(8.8§><1014))[(_1+2)X10 '
or
|#,|=3.863V

Potential difference across the intrinsic region
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I6,| = E(0)-d = (7.726x10* |2x10™)
or

p,|=15.45V
By symmetry, the potential difference across
the p-region space-charge region is also
3.863 V. The total reverse-bias voltage is

then
V, =2(3.863)+15.45=23.2V

7.35
(a) V _ € s zrit
P 2eN B

or

crit

2eV, 2(1.6x107° J40)

Then N,=N,=1294x10""cm™

(11.7)8.85x107"* Jax10°
2(1.6x107"°|20)

Or Ny,=N,=259x10"cm™

& B, (117)885x10 J4x10° ]

Ny

(b) NB:

Then

0 {2(1.6x 1072 )V, + Vi)

(11.7)8.85x107)

{M}}w

2x10" +2x10'

=V, +V,=51L77V
So V,=51.04V

7.36
N (11.7)8.85x107* Jax10° f
‘T 2eV, 2(1.6x107" )80)
=6.47x10" cm ™
7.37
(a) For N, =10"°cm *, from Figure 7.15,
Ve =75V
(b) For N, =10"cm ™,
V, =450V
7.38

(a) From Equation (7.36),

12
_ 2¢(V, +Vi)( NN,
€ N,+N,

s

|E

max

=E_, and V, =V,

%10'6 XZX 1016 ):l

_ L
v, _(0.0259)111[ (1.5><10‘° )2

Set |E

max crit

=0.7305V

(b)
15 15
v, =(0.0259)In M
(1.5x10)
=0.6587V
Then
. 2(1.6x107 )V, +V,)
(11.7)8.85x107)
1/2
[ 5x10% fs5x10)
5x10" +5x10"
=V, +V, =207.1
So V, 2206 V
7.39

For a silicon p*n junction with
N, =5x10"cm ™ and V, =100 V, then,
neglecting V,, we have

2 V 1/2
IS

X, =|— B

|: eN, }

[2(1.7)8.85x10™ J100) |
L (ex10™ f5x10")
or

x, (min)=5.09x10"* cm=5.09 £ m

7.40
We find
18 18
V,, =(0.0259)In (10—X102) =0.933 V
(1.5x10")
Now
g = NaX
max ES
SO
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10 L6x107 J10" ),

(11.7)8.85x107™)

which yields
x, =6.47x10°cm
Now
1/2
2e, (V,, +V )N, 1
X =|-——— —_—
" e N, \N,+N,
Then
14
(647510 = 2(11.7)8.85x107"*)
1.6x107"°
10" 1 j
x(V,, +V
\Z R)[lo“‘ j(1018+1018 }
which yields
V, +V, =6.468 V
or
V, =554V
7.41

Assume silicon: For an n* p junction

2¢€, (Vbi +VR) "
x =|Z=s Ve TR
i’ eN,
Assume V,, <<V,
(a) For x, =75 um
2(11.7)8.85x10™*

(1.6x107°f10%)

(75x107f =

which yields

V, =4.35x10°V
(b) For x, =150 £ m
2(11.7)8.85x107* I,

42 _
(150x10) = (L.6x107 f10")

which yields
V, =1.74x10*V
Note: From Figure 7.15, the breakdown

voltage is approximately 300 V. So, in each
case, breakdown is reached first.

7.42
Impurity gradien
2 ] 18
o0 0 2 =102cm™
2x10~

From Figure 7.15, V, =15V

7.43
(a) For the linearly graded junction
p(x) = eax
Then
dE p(x) _eax
& e e
Now

.[—dx_ﬂ x—+c

At x=+x, and x=-x,, E=0

So

ea | x; ea | x,
0 {—0J+C1:>C1———( OJ

€, e | 2
Then

ea

)
(b)

[.3
=—J.de=— « x——xé-x +C,
2e.| 3

s

Set ¢ =0 at x=-x,, then

_ ] 3
0:—;—:[ ;CO +xo_+C2 =C, = Za:
Then
3 3
__ea [x eaxy,
o) 2e, [ 3 O J+ 3e,
7.44
We have that
1/3
ea e
C'=| —/—2—
{12(1/,,, +V )}
Then
(72x10°
alex10™ Ja1.7)8.85x10 )}
12(0.7+3.5)
which yields

a=1.1x10"cm™
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7.45

N T
ee

a) C,=AC'zA.| —*~
® |:2(Vbi +Vi )}

Let N, =5x10"cm ® << N,

Then V,, = (0.0259)1{(3XLX'5X10'5)}

(1.5x10"
=0.7648 V
Now
C. =045x10""=A M
/ 2(0.7648 +5)

><(1 1'7)(8'85X10_14X5><1015)}”2
0.45x10"% = A(8.476x10° )
= A=5.31x107 cm?

-19
b) C. =(5309x10"° (16x10
® € =[50 ){z<vb,.+vk)
x(11.7)8.85x1075x10" )} "*
c :1.0805x10‘]2
SN (A

(i) For V, =25V, C; =0.598pF
(ii) For V, =0, C, =1.24pF
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8.1 or
In forward bias n, (—x,,):9.88><10”0m’3
I, =1 exp(ﬂj (b)y V,=055YV,
kT
Then p,(x,)= (1.125x105)exp[%j
I exp LA —1.88x10™ 3
Ifl kT |:( e \](V 1% ):| =1.80x cm
e N2 el \ SR £} 0.55
1 1% kT )=
no exp(ezj n, (- x, )= (2.8125x10* ex p(o()zsg]
or =4.69x10" cm ™
e () V,=-055V
VimVa=|— |7 ~0.55
€ r2 p,(x,)= (1.125><105)exp )
0.0259
(a)
For 1! 10, th =0
or L then
Ifz —x,)=(2 8125x104)exp( (())25559J
V, -V, =(0.0259)In(10)
or =
V, -V, =59.6mV = 60 mV
(b) 8.3
1 2
For —- =100, then _n _(1.8x10°) 8 110" em
T T
V, -V, =(0.0259)In(100 o
or Pro = 18><112) =3.24x10"cm ™
V, -V, =1193mV =120 mV Nd 10
(@ V,=090V,
. 0.90
82 p.(x,)=(3.24x10 4)exp[0'0259j
2 10 )2
n,, =— =—(1'5X10 ) =2.8125x10*cm ™ =4.0x10"cm™

TN 8x10'S

“ _ 0.90
"iz _ (1.5><101°)2 S0 e nl,(—xp):(&lxlo )exp[—oozsgj

No o 2x107 —10.0x10" ¢m ™
v, (b) V, =110V
p.(x,)= pmeXpV .
p,(x,)=(3.24x10" )exp[o 6259]
mx)=m, eXp[ J —9.03x10% cm ™
(@ V, =045V, nl,(—xp)=(8.1><105)exp£ 1.10 j
0.0259
p.(x ):(1 125%10° )exp 045
me i 0.0259 =226x10" cm ™
~3.95x10%cm © Pn((xn)z)O
0.45 n,\-x,)=0
np(—x],)—(2.8125><10 )exp[00259]
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8.4
@ _np_[15x10)
po N, 5%10'°
=4.5x10°cm ™
~n? (15x10"°f
Pro =N T 510
=4.5x10*cm ™

i _ Yo
IR
or V, =V, ln{—p" (x” )}

pﬂ(}
=(0.0259)In (0.f5x10")
4.5x10*
=059V

(i1) n-region - lower doped side
n? (15x10" )

b) n =
®) N, 7%x10"
=3.214x10*cm
_n? (15x10"°)
Pro N, 3x10'°
=75%10°cm ™
, (0.1)N,
(i) V, =V, In| ——<
n
po
15
:(o'ozsg)mw
3.214x10
=0.6165V

(i) p-region - lower doped side

8.5

(@ J, (—xp):%exp(‘;ij
t

n

en’ |D, v,
=— -exp| —
N a Tnu Vt

(Lex10)1.8x10°) [ 205
5x10' 5x10°

1.10
X exp| —————
[0.0259]
=1.849 A/cm 2

1, =AJ,(-x,)=(10")1.849) A
or I, =1.85mA

pprm V_
V.

en iz D, v,
=— -exp
N, \t v,

po

_(L6x10™ J1.8x10°f [9.80

10' 107
Xp( 1.10 )
0.0259
=4.521 Alem?
1,=4J,(x,)=(10")4.521) A

or Ip =4.52mA
(o I=1, +1, =1.85+4.52=6.37mA

8.6

For an n" p silicon diode

I, = Aen} B
N, N7
_(10*)iex10 1.5x10"° ] [ 25
- 10'¢ 107
or
I, =18x10" A

(@ForV, =05V,

I, =1,exp —=
=~ X
D s €Xp v

=(1.8x10" ls)exp[

0. 0259)
or

1,=436x10"7 A
(b) For V, =—0.5V,

(18x107% | exp[ =22 |4
0.0259

=-1.8x107"" A

ID

or

I1,=-I,
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8.7

A

= (L6x10" ‘°X24 10°)

|:4><1015 V2><10 - 2><1017 V2><10 }

1.568x107* A/cm 2

(@ I=AJ —-
ex
K p Vt

= (10 J1.568x10" )exp( 025 j

0.0259
=244x107* A
or [ =0.244mA
(b) I=-1, =—AJ, =—(10*)1.568x10™)
=—-1.568x107° A

8.8

1 |D 1 |D
@) J, =en’|— | 4+— |22
Na z-no Nd z-0

=(1.6x10" 19X15><10“’

{suo” \/10‘7 8x1015 \/8x10‘8}

J, =5.145x10" A/em >

I

. =AJ, =(2x10*)5.145x10™)
=1.029x107™™ A

\%
b) I=1 Za
v p(vj

(@)1 =(1.029x10" 14)exp( 045 J

0.0259
=3.61x107 A

0.55
i) I =(1.029x107"* Jex
(@) ( ) p(00259)

=1.72x107° A

0.65
iii) 7 = (1.029x107" e
i) = ) Xp(o 0259j

=8.16x10*A

8.9
We have

)

or we can write this as

1 1%
—+1=exp| —
I v,

so that

V=V In L+1
IS

In reverse bias, I is negative, so at
I
I =-0.90, we have

V =(0.0259)In(1-0.90)
or

V =-59.6 mV

8.10

1%
Case 1: =1, exp| —
‘ Vi

0.50x107° =1, exp 0.65
0.0259

=1, =6305x10"° A=6.305x10""mA
I, 6305x107"

A 2x10™*
=3.153x10"° mA/cm*

1%
Case 2: I =1_exp| —
' Vi

(2><10 lz)e Xp| ——— 0.70
0.0259

or I=1.093mA

I, 2x107"

A 1x107°
=2x10" mA/cm >

1%
Case 3: [ =AJ, exp| —
‘ Vi

SoV, =V, In 1L
Al

0.80
=(0.0259)In
( ) {104 1077 }

s

V, =0.6502 V
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Then
1, =47, =(10*)107)=10"mA
Cased: I, = ! = 1.20
Vo) exof 072
Py ) “Po.0259
I, =1.014x10"?mA
Al _ 1.014x107"2
J, 2x107
=5.07x107cm?
8.11
EDrlnpo
‘In Ln
(a)
J, +J eDn, eD,p,
L, L,
D, n
Tno N(t
Dn nl2 + DP nl2
Tno Na z-]70 Nd
0.90 = !
Dpr,w [N J
1+ ==
anpo Nd
Dpz',m N, B 1 |
Dz, \N,) 090
N, B Dnrpo( 1 1)
N, \D,r,, 090
-7
(25 (0.1111)
(1of5x107"

N
¢ =0.07857or —+=12.73
N, N

(b) From part (a),
N, Dnr,m( 1 lj
N, D r 10.20

(25)107 (4)

4
(10)5x1077)

N
¢ =2.8280r —%=0.354
N

d a

8.12
The cross-sectional area is
-3
A=i=w=5x10*“cm2
J 20

We have

J=Jg exp =20=J; exp[ 0.65 )

V, 0.0259

which yields

Jg =2.522x107"" A/em?
We can write

1 /D 1 |D
Jy=en’| — | +— |2L
Nu TnO Nd z-pO

We want
1.
N,
=0.10
1 [p, 1
N, \7,0 Nd
1 [
Na 5%x107
7\’5x107 \l5x10*7
3
_ 7.07;]><10 010
7.071x10° + - (4.472x10° )
Nd
which yields
< —14.23
d
Now

Ty =2.522x107"° = 16x10‘19X15><10“’

[ 2 1
{1423 5><107 N, 5><107:|

We find

N, =7.09x10" cm
and

N, =1.01x10"cm ™

8.13
Plot
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8.14
(@)
eD,n,
Jll Lll
J +J eDnnpo 6‘Dppnn
+
L, Lp
D, n}
z-Il() N(l
Dn nzz DP nz'z
+ _ .
Tno Na z-]70 Nd
_ 1
Dz, (N
1+ |- ( “J
DnTpo Nd
We have
Dy 4 1 g T L
D, u, 24 7, 0.1
SO
J, B 1
J, +J, N
P 1+ LL a
24 0.1 | N,
or

J,+J, N
1+(2.04) —©
Nd

(b) Using Einstein's relation, we can write

elun . ni

We have
o,=eu,N, and o, =eu,N,
Also

= %: fﬁ:4,90
D,, 0.1
Then
5, le.e,)

J +J o /o )+4.90
n 4 ("/ 17)

8.15
(a) p-side;

N
E, —E, =kT1n£ J
n;

15
=(0.0259)In LOIO
1.5x10

or
E, —-E, =0329eV
Also on the n-side;

N
E,-E, = kT]n(n—d]

= (0.0259)11{Lj

1.5x10"
or
E, —E,, =0407eV
(b) We can find
D, =(1250)0.0259)=32.4cm?>/s

, =(320)0.0259)=8.29cm” /s

Now
~(1L6x10- '9X15 10°)
[324 8.29
x +
{sno” 10° 10” 107
or

Js =4.426x107" AJem?
Then

Iy =AJs =(10* fa426x10™")
or

I, =4.426x107"° A
We find

Vv
I=1I, exp(vl:J

— (4.426x10" ls)exp[

0. 0259}
or

1=1.07x10°A=1.07u A
(c) The hole current is
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=(1.6x10")1.5x10" f (10- “{ o”j

i)

or
-16 VD
1,=3278x10""exp| — | (A)
Vl
Then
] J -16
DI _ 3.278x10 15 —0.0741
I J, 4426x10°
8.16

(a) Isp :A( Ppna]_ P i
pa
( 15x10‘°)
1.6x107" \5x10~
( )( ) 8x10™*  1.5x10'

1, =1342x107" A

eD n, D, n}
(b) Im:AL—‘7 =eA |[— .

T N

no a

25 (15x10°)

=(1.6x10" f5x10™) ST o

1, =4.025x10"" A

(c) Vb‘ =(00259)1I1 (SXIOIOXI.SX]OIG)
| (1.5><101° )2

=0.746826 V
Vv, =(0.8)v,, =(0.8)0.746826) = 0.59746 V

p (_x ):p exp V_“ :ﬁexp V_”
n n no ‘/[ Nd Vt
(15x10"f  (0.59746
= exp)
1.5x10'° 0.0259
=1.56x10" cm

(d) In(—xp)zln(xn):lm exp(“i—“J

— (4.025x1071% exp| 222730
0.0259

=4.1981x107° A

Va
(e) Ip (xn )= Isp exp(v—tJ

= (1.342x107 )exp[o's 9746)

0.0259
=1.3997x107* A
=1,+1,
=4.1981x107° +1.3997x10™*
=1.820x10* A

1

Total

Now

P
= (1.3997x10°* )exp[_?lj

=8.4896x107° A
Then

1 1
In(xn +ELPj:IT0ml_1P[x" "rELp]

=1.820x107* —8.4896x107°
=9.710x107° A

8.17
(a) The excess hole concentration is given by

Dy =Py~ P

= ex Ve 1]-ex —
pl’l() p Vt p Lp

We find

2 10 )2
> (1.5x10")
p =t W07 o510t em

N, 10'°
and

L, =D,z,, =80.01x10°)

=2.828x10"*cm =2.828 ym
Then

0.610
= (225x10*) -1
%, = { X1{().0259] }

—X
Xexp| —
p[ 2.828x107* J

or

=(3.81x10'" )ex (_—XJ em ™
P, ( ) P 2.828x107*
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(b) We have
d(p,)
J,=-eD, I
_eD,(3:808x10") p( x
2.828x10"* 2.828x10°*
At x=3x10""cm,
-19 14 _
1,6) (1.6x107"°)8)3.808x10 )exp( 3
2.828x10"* 2.828
or

J,(3)=0.5966 A/em

(c) We have
eD,n,, %
‘]110 = -__________'(3)(13 —=
l;n ‘C

We can determine that

n,=45x10cm™ and L, =10.72 um

po

Then
(1.6x10 J23)4.5x10°)

10.72x107*
0.610
exp
0.0259

no

or
J,, =0.2615 A/cm*
We can also find
J ,, =1.724 Alcm 2
Then at x=3 um,
1,G)=1,,44,,-7,0)
=0.2615+1.724—-0.5966
or
J,(3)=1.39 A/cm?

(b) Problem 8.8

e a
= X i
P = Pno €XP v

or V, =V, h{ﬁ -V, m{M}

,léz //l\fzi
_y h{(m

- (0.0259)111[ MZ]

(1.5x10" )

=0.623V

8.18
(a) Problem 8.7

V
n,=n,,expl —
t

2

- (0.0259)]]{ (0.10fax10% ) }

(2.4x10"f
~0.205V

8.19

The excess electron concentration is given by

é’np =n,—n,,

=n_|ex Vs —1|-ex —r
— "po p ‘/; P l;n

The total number of excess electrons is
N, = AJ on de
0

We may note that

©

—Xx —Xx

'([ exp(L—anx =-L, exp[:} . =L,
Then

N,=ALn, {exp(v" J—l}

‘/;

We find that

D,=25cm?’/s and L, =50.0um
Also

2 2
noo=—i =ML =2.81x10*cm™

"N, 8x10"
Then
N, =(107)50.0x10* J2.8125x10* )

i

X

or

V{l |
N, = (0.1406{exp[7J -1

Then, we find the total number of excess
electrons in the p-region to be:
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@V, =03V, N,=151x10" 107 [Egz —0.59J
=exp| ———_—
(b)V, =04V, N, =7.17x10’ 0.0259
(©V, =05V, N, =340x10’ Then 3
E,, =0.59+(0.0259)i(10° )
Similarly, the total number of excess holes in or
the n-region is found to be E, =0.769 eV
Vll
P, =AL,p,,|exp v -1
! 8.21
We find that (a) We have
2
D,=100cm"/s and L, =10.0 um A1 (D, 1 [D,
Ig =Aen; | — | —+— |—
Also § "IN \r N, \7
5 102 a no d poO
Do = S (1'5 x10 =2.25x10*cm ™ which can be written in the form
N, 10" I = C?
s=Ln;
Then 3
T -
V =C' - A
P =(p25x10° {CXP[V_QJ_I} CNC.ONUo&OO) exp( r J
So or
3 3 -k,
(@V,=03V, P, =241x10 I, =CT" exp| k_T
bV, =04V, P, =1.15x10’ . .
©®V, " 510 (b) Taking the ratio
(©V,=05V, P, =545x10° [_E J
8
3 €Xp
Ip (L) _\*)
8.20 I T ~E,
exp)
2 Vu _EQ’ eVa kT{
I cn; exp| — |ocexp| —— |-exp
V. kT kT 7V | |
Th =| 2| -exp| +E | ———
" [T] p{ g(le kTﬂ
eV, —E,
I oc exp| —— 1
kT For T, =300 K, k7, =0.0259, T 38.61
S0 !
eVy—E, For T, =400 K, kT, =0.03453, L 2896
exp| ————— kT,
I, kT . :
—_—=— (i) Germanium: £, =0.66eV
1, (eVaz —Eng L
expl ———— I
kT Lo _[200 expl(0.66)(38.61-28.96)]
I 300
or
I—lzexp eVal—eVaz—Eg1 -i-Eg2 or &:1383
1, kT 51

We then have (ii) Silicon: E, =1.12eV

-3 0.255-0.32-0.525+E 1 400’
10107 _ 02 RECI [_J expl(1.12)(38.61-28.96)]
10x10°° 0.0259 I,  \300
or

| ~

or =% =1.17x10°

S1

~
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8.22
Plot
8.23
First case:
I, v,
— :exp —_
I, v,
\% .
or V,=—*—= 0.50 ; =0.05049V
1| m2x10")
IY

Now 0.05049 = (0.0259 I
300

=T =584.8K
Second case:

1 D 1 D
I, =Aenl.2 — | — |
Na T/m Nd Tpo

12x10° = (510 )1.6x10™ Jn?)

y 1 (25 . 1 (10
4x10° V5x107  2x10"7 V1077

or n,.2 =8.2519x107
Now

2 —E,
n; =N_N, exp :
kT

2100107 et oo L

y -1.12
P (0.0259)1/300)

3
2.8337x107"" = (Lj exp[w}

300 (0.0259)1)

By trial and error,
T =502K
The reverse-bias current is limiting factor.

8.24

L, =D,z,, =[10)107)=10"cm

or L,=10um; =W, <<L,

eD p,. 1%
(a) Jp(xn)=v:/—pexp[_“J

V

n t

\4
(1) pn (‘xn )= (Ol)Nd = pno exp(vaJ

t

_ n i2 ex Va
N d P Vr

2
orV, =V, ln{(o‘l)sz :I

ni
= (0.0259)In (0.02x10" )
(1.5 %101 )2
V, =05516 V

(i) AeD, ( n} v,
i), =—2| — |ex
v w N, P V,

n

(102 J1.6x10"* J10)1.5x10'
(0.7x107* J2x10")

0.5516
Xp| ————
0.0259

I,=4565x10"A

AeDnnpo Vv
I)l = exp _a
L Vv

n t

D,(n} |4
= Ae | 2| i exp| —
z-rw Na Vt
10 )2
~ (107 f6x10 ) |2 .(1'5“017)
5x10° 2x10

0.5516
Xexp| ————
0.0259

1,=226x10"°A
I1=1,+1I,
=226x10"° +4.565x10

=4.567x10" A
or I=4567 mA

() ()n, (—x], )= (O.I)Na =n,, exp(“//_“

= n"z ex Ve
Na p VI

= (0.0259)]1{(0.1) 2%10" f }
(1.5><1010 )2

2
orV, =V, ln[(o'l)zN" }
n

V,=0.5516V
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AeD ( n? v Then, from the first boundary condition, we
(i1, = Pl — |exp| = obtain
Wn N d Vt

Ve
_ (10 J.6x10 Ji0)1 5x10" Pro {GXP (V_J_l}

(0.7x107* J2x10") t

—(x, +2W -
0.5516 =-B eXP{y}rBeXP[ anJ
exp| ——— ,
Pl 0.0259 o '
Ip :4.565X10_5A =Bexp _'xn l—exp _2Wn
2 Lp Lp
D, | n; v,
I, =Ae . N €xXp v We then obtain
no a t Va
(10‘3X16XI0‘19)/ 35 (1.5x10°) pn{eXp v J—l}
= ) . g
5107 2x10" B=

- 2
ol 93516 exp{ al }{l—exp{ W, J]
0.0259 L, L,

1 =22597 <10~ A which can be written as
I=1,+1, v, X +W,
=2.2597x10™ +4.565x10"° Puo| &XP| - =1 |-exp)
t P
=2.716x10*A B=
or 1=02716mA exp W —exp W
Lp Lp
8.2 We can also find
.25
(a) We can write for the n-region —-p |:exp(v“J - 1} . exp{_(x"_'_wn)}
no V L
4’ (,) @, _, A= , ’
> W W
P exp| — |—exp &
The general solution is of the form L, L,
+x —x The solution can now be written as
op, =Aexp| — |+ Bexp| —
Lp Lp ( : j
Puo| €Xp| o =1
The boundary condition at x = x, gives &, = v,
% ’ (W,
p,x )= exp| —= |—1 2sinh| —*
P, (x,) pn{ p(V,J } {LJ
{+an (—an {xn +W, —x} {—(xn +Wn—x)}
= Aexp| —— |+ Bexp| — X 4 exp! —exp
Lp Lp Lp LP
and the boundary condition at x =x, +W, or finally
gives inh| X +W, —x
@n('xn_'_wn):o V st
a {_11. P
A x, +W, +B —(x, +W,) B =P {CXP(VJ 1} 1%
=Aex exp| ——* t . n
p Lp p Lp sinh
P

From this equation, we have

A=-B exp{—_ 2(x£ W )}

p
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(b)
d(%p,)
Jp =—er |
Va
_er p}l() exp 7 _1
W
sinh[ " J
L[’
[_1j n(xn +Wn_xJ
x| — |cosh) ——*—
L, L,
Then

For T =310K,
1.12-0.60 1.12-V,,
0.0259  0.02676
which yields
V,, =0.5827V
For T =320K,
1.12-0.60 1.12-V,,
0.0259  0.02763
which yields
V5 =0.5653V

eD,p, W, 1%
J, :p—pcoth —|-| exp| — |1
L, L, v,
8.26

\%
I, ocn?exp| -2
D i p(v,j

For the temperature range 300 <7 <320K,
neglect the changein N, and N, .
Then

I, «ex — ex Vo
o FEP T P e

[<_>}

Taking the ratio of currents, but maintaining
I,, a constant, we have

exp{ - (Egk— eV, )}

7,

exp{— (E, —eVy, )}

kT,

1=

We then have
E,-eV, E,—¢eVp,
kT, kT,
We have
T =300K, V, =0.60V and

kT,
kT, =0.0259eV, —- =0.0259 V
e

T =310K,

kT, =0.02676¢eV, M, _ =0.02676 V
e

T=320K,

kT, =0.02763 eV, kl =0.02763 V
e

8.27

(a) We can write

ev,
T

I,=C-n’ -exp( p

where C is a constant, independent of
temperature.
As a first approximation, neglect the

variation of N, and N, with temperature
over the range of interest. We can then write

-C,- ~F Yo
- €X] -€X
P oy

k

where C, is another constant, independent of
temperature. We find

E,-eV, I Q
kT I,

8.28

o s L B

=(10*J1.6x10" “"Xl 5x10"f

X + 10
4><1016\/10'7 4><1016 1077

1,=2323x10" A
Aen W

27,

) I

gen

We find
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16 16
=(O.0259)1n{4><10 4x10 }

(1.5x10" )
—0.7665V

1/2
_ Zes (Vbi +VR) Nu +Nd
- e N,N,
_ [2(11.7)8.85x10™* J0.7665+5)
1.6x107"”

and

1/2
y 4%x10" +4x10'"
i4><1016 i4><1016 i

W =6.109x107 cm

Then
;10 Lex107°)1.5x10" f6.109x10°)
s 2(107)
=7.331x10"" A

1., 7331x107"
(© =
I,  2323x10”

=3.16x10*

8.29
(@ SetIy=1,,,
Aen? 1 /D, 1 D, _ AenW
N,\z,, N, T po 2z,
, 1 25 1 10
1 24%10° V107 4x10" V10~
_ W _6.109x107
27, 2(107)
3.0545%10>
" 3.9528x107"° +2.50x107"
=4.734%x10" cm
Then

n? =2.2407x10%

T 3
=(2.8x1019X1.04x10'9(—j
300
7.6947 x107'° :(ljs exp M
300 (¢

0.0259)T)
By trial and error,
T =567K
We have

Chapter 8
Problem Solutions

I -1 - Aen,W
c T e T
(10 )16x107*f4.734x10'*6.109x 10 )
- 2(107)
Then

IS+Igen=2.314><1()'6A
or I, =1, =2314uA

gen

(b) From Problem 8.28
1,=2323x10"" A

I, =7331x10" A

Sol=1I¢e Yo I,.¢€ Y
= X = X —_—
s p ‘/[ gen p 2Vt

(2323%1071% )exp| Ve
Vf
v
=(7.331x10™"" Jexp| —
2,
( J 7.331x107"
{ ] 2.323x107"
exp[

a<1

j 3.1558x10*

V, In(3.1558x10*)
5366V

8.30
D, =[ﬂj u, =(0.0259)5500)
e

=142.5cm’ /s
D, =(0.0259)220)=5.70cm? /s

]
(2><10*‘X1 6><10‘19X1 8x10°)

5 142.5 . { 5.70
7><1o16 2x107% 7x10“” 2x107%

1, =1.50x107 A

(a)

1)1, = Aen; [
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.. v,
() l, =1, exp(V—J

t

:(1.50><1022)exp( 0.6 j

0.0259
=1.726x10"* A
(iii) 1, = (1.50 1022)exp(0_g‘2859j
~3.896x10 A
(iv) 1, = (1.50x lO"Zz)eXp( 0.:) ;)59)
~8.795x107° A
01, =2
“ = o,
V, = (0.0259)1{M}
(1.8x10°)
~1263V
W {2(13.1)(8.85><10'4X1.263+3)
1.6x107"°
{7“016 +7x10% }}”2
(7x10" Y7x10™)
=4.201x107 cm
(i)Then
,_x107J16x107°)1.8x10° J4.201x10°)
“ 22x107%)
—6.049x10™ A

t

~ (6 10”)‘3"1’(2(()?0;259))

=6.436x107° A

(i) I I e Ve
= X
rec ro p 2V

(i) 7,,. = (6>< 10 14)exp(m]
=3.058x107 A
()1, =(6x 10”)exp(Lj
2(0.0259)
=1.453x107 A

8.31
Using results from Problem 8.30, we find

V,=04V, I,=7.64x10"°A,
1, =135x10""A, I, =1.35x107"° A
V,=06V, I,=173x10""A
I, =644x107A, I, =644x107°A
V, =08V, I,=390x10"A
1, =3.06x107A, I, =3.10x10" A
V,=10V, I,=880x10°A
1, =145x107A, I, =233x107A
V,=12V. I,=199x10"A
I, =690x107*A, I, =2.06x10"A

8.32
Plot

8.33
Plot

8.34
We have that

np—ni2
rpo(n+n’)+ z’no(p+ p')

—_ 3 r_ r_
Let7,,=7,,=7,and n'=p'=n,

R=

We can write

E. —E
n=mn, exp(%]

and
' kT
We also have
(EFn _EFi)+(EFi _EFp): eVa
so that
(EFi - EFp): ev, _(EFn - EFi)
Then
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Define
eV E. —E._.
_ a and — Fn Fi
T = %r 7 ( kT J
Then the recombination rate can be written as

- 2
(nl.e" Xn[e”“ e’ )—n.

1

R:

7, lnl.e" +n;, +n;e" -e" +nAJ

i

or

R n; (e”“ —1)
7, [2+e” +e -e"’J

To find the maximum recombination rate, set

dn
:n"(La_l).di[z_,_en +e'a .e,,]]q
o To n
0:@.(_1)[24_6" el .e—rz]‘z
0

x[e” —e' -e'”]
which simplifies to
e o) fer—en o]
T n 1, -n 2
0 2+e" +e' e
The denominator is not zero, so we have
O=¢7 —¢" .7

or

e’ =e' :>77=77—“

2
Then the maximum recombination rate
becomes

n (e —1)

1

7, [2+e"a/2 +e'l ,efna/ZJ

n; (e”" —1)

- 7, |_2+e'7“/2 +e'7"/2J

n, (e”“ —1)
27, ie"”/z +1 '
which can be written as

ex eV 1
n, -
i| eXp T
max eV
27| ex 4+l
"[ p(szJ }

If V, >>(kT/e), then we can neglect the (-1)

term in the numerator and the (+1) term in the
denominator, so we finally have

max

or

max

R

QED.
8.35
We have
w
Jen = jede
0
In this case, G=g'=4x10"cm s and is

a constant through the space charge region.
Then

Jgen = eg,W
We find
N N
Vbi:thn( azd\J
n;
15 15
=(0.0259)In ﬁ_x_)s <107 }5 Xl?
(1.5%10")
or
V, =0.659 V
Also
1/2
W= 2e,(V, +V,)( N, +N,
e N,N,
[2(11.7)8.85x10"*f0.659+10)
1.6x10™"°
5 5x10" +5%10"
(5x10%)5x10" )
or

W =235%x10"cm
Then

J o =(1.6x107 J4x10" f2.35x10*)
or
J gn =1.5x107 A/em?
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8.36
Jg =en; [ +— ]
-19 10
= (1.6x10" Xls 10 {3 T\ To
018 \ - }
or
Js =1.638x107" A/em?
Now
1%
J, =J,exp =<
D s P[V[]
We want
J=0=J,-J,
or

\%4
0=25x10" —1.638x10"" exp| =
v,
which can be written as

V -3
xpf 22 | =210y sp6x10°
V, ) 1.638x10°

We find
V, =V, n(1.526x10°)

or
V, =0.548V
8.37
v, :
(a) r, = ! 2&59322169
I,, 12x10°
o _1oto _[12x107J05x10)
vy 2(0.0259)
=1.16x10*F
or C, =11.6nF
0.0259
b) r,=———=216Q
® = ka0
o _012x107 Jo.sx10°)
¢ 2(0.0259)
=1.16x10°F
or C, =1.16nF

8.38

AQ
a) C,=—, For I,=12mA
@ € AV P

AQ=C, AV =(1.158x10"* [50x10?)

=5.79x107"°C
(b) For I, =0.12mA

AQ=C,-AV =(1.158x10" J50x10)

=579x107"'C
8.39
Fora p“n diode
IDQ IDQTpO
=—, C =
84 7 d 2,
Now
107
=——=386x10"%S
84700259
and
-3 =7
= M:I.%MO’QF
2(0.0259)
‘We have
7= l _ 1 84 —joC,

Y g,+joC, g>+0’C)

where w =27 f

We obtain
f =10kHz, =25.9—0.0814
f=100kHz, Z=25.9-;0.814
f=1MHz, Z=23.6-;741

f=10MHz, Z=238—;7.49

8.40
Reverse bias

C =AC'=A- ¢c: NN, h
- - 2(Vbi +VR XNa + Nd)

V, = (0.0259)111{(5XLX8“015)}

(1.5x10" )
~0.790V
c =(2X104>{(1.6><10‘9X11.7)(8.85x10'4)
g 2(Vbi +VR)

Psxm” 810" )}}”2
X

5x10"7 +8x10"
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12
_ 5.1078 x10 F

C.

' Vi +V,

Ve (V) C;(pF)

10 1.555

5 2.123

3 2.624

1 3.818

0 5.747
-0.20 6.650
-0.40 8.179

Forward bias
For N,>>N,=1,,>>1,,
Then

1o, 1,8x10%)

_ “po”po
4= =

2V, 2(0.0259)
D, (n} 1%
1, =Ae|— | — |-exp| —
T \ Ny v,
10 )
=(2x1o-4X1.6x10-‘9)/ 10 .(1.5x105)
8x107°  8x10"
V(l
xexp| —+
P v

I, = (1.006><1014)exp(“//—”j A

t

= (154410 )

po

Va (V) &(F) + Cj (F) = CTolal (F)

020  3.51x107"7 +6.650x107"

=6.650x107"
040 7.92x107" +8.179x107"

=8.258x107"
0.60 1.79x107" +...

=1.79%x107"°

8.41

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

C, = LZ_‘I/IJ(IPOIPO)

Now

Z'po

=2.5x10"°F/A

t

Then

7,0 =2(0.0259)2.5x10°)
or
7,0 =13x107"s

At1mA,

c, =(2.5x10°)107)
or

C, =2.5x10F

8.42
(@ N,>N,=1,>1I,

(c,)  20.0259)10°)
o = T - 1077
P

=5.18x10"* A
or /,,=0518mA

D 2 Vv
(i) 1,,=Ae - ‘n—'exp(—"j
T, Ny V

t
10
1077

=0t (VJ

8x10" P v,
0.518><103]

0.518x107 = (5x10"* f1.6x107")

v, =(0.0259)In
=l ) [2.25><10‘”
=0.618V
4 .
(i) ry == 2029500
I, 0518x10
(b)
i =G 2(0.0259)0.25x10)
" T 1077
~1.205x10 A

or /,,=0.1295mA
0.1295%10° j

(i) v, :(0.0259)ln[

2.25%x107
=0.5821V
(iii) r, = &93 =200Q
0.1295x10~
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8.43
(a) p-region:
p,L L L
Rp = = =
A o,A leu,N,)A
SO
2 - 0.2
7 (1.6x10™" J480)(10" f10~2)
or
R, =260
n-region:
L
R = pn = L = L

o 0.10
" (1.6x107° J1350)10" J102)

or
R, =463Q

The total resistance is
R=R,+R,=26+463

or

R=723Q
(b)
V=IR=0.1=1(72.3)
which yields
1=1.38mA
8.44
R — an(n)+ pPL(p)
Aln) — Alp)
-2 -2
_(02)102) (0.1)10°)

2x107° 2x107°
or
R=150Q
We can write
1
V=I,R+V, ]n[—DJ

N

(a) (i) For I,, =1mA,

v=(10" X150)+(0.0259)m(118—_3j

10
or V=0.567V
(ii) For 1, =10mA,

v=(0" X150)+(0.O259)1n(11(§)—_2]

10

or V=198V

(b) Set R=0
(i) For I, =1mA,

-3
V= (0.0259)11{&J
10

-10
or V=0417V
(i1) For 1, =10mA,

-2
V= (0.0259)]11(LJ
10

-10

Chapter 8
Problem Solutions

or V=0477V
8.45
\% \% .
@ r=—rog, =Y 0.0259
1, r, 32

or I,=8.09375x10"A

1
vvn{ 2]
IS

0 0259)]1{8.09375“04 J

SX 10712
V. =0.4896 V
V. 0.0259
(b) ID = —=

Ty

=43167x107* A

4
vu:(0.0259)m(4'3167“0 J

5 % 1071 2
=04733V

8.46

dl \%
(a) 1 _dy =1 1 exp| —~
r, dv, v, v,

or

1_10" _exp( 0.020)
r, 0.0259 0.0259
which yields

r, =1.2x10" Q
(b)

1_10" ‘exp(—o.ozj

r, 0.0259 0.0259
which yields

r, =5.6x10" Q
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8.47
IR
(aIf —=02
IF
Then we have

t 1
ef | Lo e 11
T, e+l 1+17R 14+0.2
IF
or
t,
erf |— =0.833
T,
We find
t. t,
— =0.978 = ——=0.956
0 T,

IR
(b) If £ =10, then

F

t
erf |— :L:0.50
T, 1+l

which yields
t
— =0.228
T,0
8.48

’t, 1
(a) erf |— = F
v, Ip+I,

erf /0.3 = erf (0.5477)
=~ erf (0.55) = 0.56332

Then 0.56332 = !
1+-2
IF
1
£ = ! -1=0.775
I, 0.56332

=1+(0.1(0.775)
=1.0775

t
By trial and error, —— =0.80

Tho

8.49
C,=18pFat V; =0
C,=42pFat V, =10V
We have
T =Th0 =10"s, I, =2mA
and
Vv
1, ;_RZEZ A
R 10
So
= m[1+—FJ=(1o7)1n[1+3j
s — " poO
R
or
t, =1.1x107 s
Also
C,. = 18+4.2 C11.1pF

The time constant is
g =RC,, =(10*fi1.1x107?)
=1.11x107"s
Now, the turn-off time is
ty =t, +7s =(L1+1.11)x107
or
ty =221x107s

8.50
19 )2
V,, =(0.0259)n (510 _|=1.136V
(1.5x10)
We find
1/2
W = 265 (Vbi_va> Na+Nd
e N,N,
[2(11.7)8.85x10 " )1.136 - 0.40)
1.6x107"
1/2
5x10" +5x10"’
x 2
(5x10")
which yields
W =6.17x10" cm=61.7 A
8.51
Sketch
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8.53
From Figure 7.15, N, =9x10"” c¢cm ™

Let N, =5x10"cm ™

p.(x,)=(0.1)N, =9x10" = p, exp[v" J

Vl
2 10 )2
pM:”_izﬁ—Llj“Ol —2.5x10*cm ™
N, 9x10"
14
Then V, =(0.0259)In 9L04 =0.6295V
2.5x10
P 50x107°
' Vo) o 0-6295
N 72 B CY R
=1.389x10" A
[ = Aerpm} _ Aenlz &
! L, N, V7,
1.389x107"
AlL6x10 J1.5x10°F [ 10
9x10" 2x107

1.389x10™ = A(2.828x10™")
or A=491x10"cm?
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9.1
(a) We have

N
ed, =eV, In| —
N,

2.8x10"

=(0.0259 )In =0.206eV
1016

(©

Buo =B, — 7 =4.28—-4.01
or

$po =027V

and
Vi =0po — ¢, =0.27-0.206

or
V,, =0.064 V
Also

1/2
x, = 265 Vbi
¢ { eN, }
[2(11.7)(8.85x10™ }0.064)

172
{ (1.6x107 f10'°) }
or

x, =9.1x10° cm
Then

_eN,x,

max |~

|E

eS

(1.6x10"° 10" Jo.1%10¢)
(11.7)8.85x10")

or
|E

(d)

Using the figure, ¢,, =055V

So
Vi =g, —0, =0.55-0.206

or
Vv, =0344V

We then find
x, =2.11x10cm
and
|E

=1.41x10* V/cm

max

=3.26x10* V/cm

max

Chapter 9

9.2
(@ V, = ¢BO _¢n

NC
vl 3]

= (0.0259)11{

2.8%10"°

2’
=0.2235V

V, =0.65-0.2235=0.4265V

2.8x10"
®) 4, =(0.0259)1n(l(x)—]6J

=0.2056 V
V, =0.65—-0.2056 = 0.4444 V

V,; increases, ¢,, remains constant

19
© ¢, = (o.ozs9)m(%}

=0.2652V
V,; =0.65-0.2652 =0.3848 V

V,; decreases, @,, remains constant

9.3
@) ¢p =0, —x=51-401=1.09V

b Vv, = ¢BO _¢n
N
— ln c

¢n Vt (N j

d

2.8x10"

= (0.0259)11{ o6 J =0.2056 V

V,, =1.09-0.2056 =0.8844 V

1/2
© «x, =|:2ex (Vbi +VR):|
eN,

i 2(11.7)8.85x10 7 J0.8844+1) ]
v (1.6x107 J10™)

=4.939x107 cm
or x,=0.4939 ym
_eN,x,

max| —

|E

€

s

(1.6x10"° 10" J4.939x10*)
(11.7)8.85x10)
=7.63x10* V/cm
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_ 1/2
iy v, = 2(11.7)(8.85%10 " XO.8844+5)}

(1.6x107 f10')

=8.727x10cm
or x, =0.8728 ym

(1.6x107"° )10 f8.727x10~*)

E |=
o (11.7)8.85x107)
=1.35%x10° V/cm
9.4
@) ¢p =0, —x=51-407=1.03V

4.7x10"

b =10.0259)In =0.1177V
® ¢, =( ) [SxmlsJ

(© V, =1.03-0.1177=0.9123V
(d)
e 172
- 2(13.1)8.85x10 {0.9123 +1)
(1.6x107" J5x10)

=7.445x10"cm
or x,=0.7445 ym

(1.6x10"°J5x10')7.445x10)
(13.1)8.85x10)
=5.14x10" V/cm
iy {2(13.1)(8.85“0"4 )(0.9123+5)]’2
" (1.6x107" J5x10" )

=1.309%x10"*cm
or x, =1.309 #m
~(16x107)5x10"* J1.309x10)
(13.1)8.85x10™*)
=9.03x10* V/cm

|E

max

|E

max

9.5
(b) ¢, =0.1177 V

(©) V, =0.88-0.1177 =0.7623 V
(d)
_ 1/2
) x = 2(13.1)8.85x10 " {0.7623 +1)
(1.6x1077 J5x10" )

=7.147x107 cm
or x, =0.7147 ym
(1.6x107)5x10"*)7.147x10°)
(13.1)8.85x10™*)
=4.93x10* V/cm

|E

max

i x. - 2(13.1)(8.85x}0“4X0.7623+5) "
(1.6x107" J5x10" )

=1.292x10"* cm
or x,=1292 um
(1.6x10"° f5x10'* f1.292x10™)
(13.1)8.85x10™*)
=8.92x10" V/cm

|E

max

9.6

es, N,

1/2
@ ¢ {—z(v,,,. W )}

We have ¢,, =0.88V

2.8x10"
¢, = (0.0259)111[10—15J =0.265V

V, =0.88—0.265=0.615V

()

C= (10—4 (1.6><10—19 Xl l.7)(8.85><10’14 XIOIS ) 1/2
) 2(0.615+1)
=7.16x10°"F

or C=0.716 pF

(ii)

C= (1074 (1.6><10—19 Xl 1.7)(8,85 <107 XIO'S ) 1/2
) 2(0.615+5)
=3.84x107°F

or C=0.384 pF

19
®) 4, =(0.0259)h{2_81>(; 1o J=0.206V
V,, =0.88—-0.206 = 0.674 V

€

C= (10—4 (1.6><10—19 Xl l.7)(8.85><10’14 X1016) 1/2
) 2(0.674 +1)
=222x10"%F

or C=222pF

(ii)

C= (1074 (1.6 x107"° Xl 1.7)(8,85 <107 XIO'(’) 1/2
) 2(0.6745+5)
=121x1072F

or C=121pF
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9.7
(a) From the figure, V,, =0.90 V

(b) We find

| 2
A= 15
C' _3x10” -0

=1.034x10"
AV,  2-(-0.90)

and
2

ee, N,

1.034x10" =

We can then write

2
Na = (16107 13.1)8.85x10 7 |1.034x10" )

or
N, =1.04x10" cm ™

(©
N
¢n = VI hl[ . J
N,
17
=(0.0259)In 4'7X—1016
1.04x10
or
@, =0.0986V
(d)
&5, =V, +6, =0.90+0.0986
or
@, =0.9986V
9.8
From Figure 9.5, ¢, =0.63 V

2.8x10"
a =(0.0259)In| ———— |=0.224V
@ ¢, =( )(MOISJ

V,, = g0 — 8, = 0.63-0.224 = 0.406 V
. 2(11.7)8.85x10 " J0.406+1) "
W= (1.6x107" J5x10")

=6.033x10"cm
or x, =0.6033 um

(1.6x10"°J5x10'*)6.033x 10~

E_|=
o (11.7)8.85x10™)
=4.66x10*V/cm
vy 2(11.7)8.85x10 ™ J0.406+5) ]
" (1.6x107 [5x10)

=1.183x10"cm
or x,=1.183 um

(16x10)5x10"*)1.183x10*)

E | =
o (11.7)8.85x10)
=9.14x10*V/cm
(b)
. eE
1) Ag=
W A¢ 4r e,

[(Lex10 Jae6x10*)]"
| 47(11.7)8.85x107™)

=0.0239V

e
X, = |——
" \lére, E

(1.6x10™) J/z

) {167:(11.7)(8.85 X107 J4.66x10°

or
x, =2.57x107 cm
19 J\T12
(i) Ag— (L.6x10 X9.14x{0)
4x(11.7)8.85x107*)

=0.0335V

o 1.6x107" v
" 167(11.7)8.85x10 7 J0.14x10*)

=1.83x10" cm

Now

degl) e

=0= +Ee
dx l6r e, x°

Solving for x, we find

e
x=xm Y a—
l6r e, E

Substituting this value of x = x,, into the
equation for the potential, we find

Ap= ¢ +E [—¢
e l6r e, E
*\l6z e, E

167
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which yields

eE
Ad =
¢ 4r e,

9.10
From Figure 9.5, ¢,, =0.88 V

4.7x10"
@ ¢,= (0.0259)111[10—16J ~0.0997 V

Vyi = $so — 4, =0.88-0.0997 = 0.780 V
2(13.1)8.85x10 " }0.780) |

X =

" (1.6x107 f10'°)
=3.362x10"cm

or x, =0.3362um

| _(L6x10™ 10 J3.362x10)
e (13.1)8.85x10™*)

=4.64x10*V/cm
(b) A¢g=(0.05)0.88)=0.044V

| €E
4r e,

(0.044)° =

(1L6x10")E
47(13.1)8.85x107*)
(0.044) (47)(13.1)8.85x10* )
1.6x107"

=1.763x10° V/cm
Now

s (L6x10™\10' Jx,
F=1763x107 = ((13.1)(8.85{10}5)
=x, =1277x10"cm
And
x2 =(1.277x10 ]
~ 2(13.1)8.85x10*)0.780+ V)
- (1.6x107"° J10™)

=V,=105V
9.11
Plot
9.12
@) ¢po =0, —x=52-4.07
or
bpo =1.13V

(b) We have
(Eg —ed, _e¢8n)

1
:5\/2665 Nd(¢3n _¢n)

i

€

LAY

which becomes
e(1.43-0.60—¢,,)

=L P6x10" J13.1fg.85x107)

{)
% (10" )4, —0.10)]

_ (385x10™) [5.2-(4.07+4,,)]

6[10” j(25><108)

e

1/2

or
0.83—-¢p,

=0.038,/@,, —0.10 —0.221(1.13— ¢,,,)

We find

¢y, =0.858V
(©

If ¢, =4.5V, then

bpo =B, —x =4.5-4.07
or

$po =043V

From part (b), we have
0.83—¢,,

=0.038,/¢,, —0.10 —0.221[4.5—(4.07 + ¢,,, )]

We then find
@y, =0.733V

With interface states, the barrier height is less
sensitive to the metal work function.

9.13
We have that

(Eg —ed, _e¢Bn)

:e%\/ZeeS Ny (@5 ~¢,)

it

ei
eD,o
Let eD, = D, (cm “eV ")
Then we can write

[¢m - (Z + &5, )]
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e(1.12-0.230-0.60)
= % 2(1.6x107 f11.7)8.85x10™)

x(5x10")0.60-0.164)|

“14
_% [4.75 (4.01+0.60)]

We then find
D, =4.97x10" cm eV

9.14
2.8x10"
(@ ¢, = (0.0259)1n(5—15J —0224V

x10

(b) V, =¢, —¢, =0.89-0.224=0.666 V
(©) J,=AT? exp( k¢3" j

= (120)300)? exp( ~0.89 j

0.0259
J, =129x10"*A/cm?
(d)

v, =v | =(O.0259)1n(;8j
Jor 1.29x10~

V,=0512V

9.15
(@) ¢y =063V

-0.63
=(12 :
J . = (120)300) exp(o'ozsgj
=2.948x107* A/em*
=(10*)2.948x10)=2.948x10* A

IST
. 1
() V, =V, h{—]
IA'T

-6
=(0.0259)In LOS
2.948 %10~

=0.151V
-6
(i) V, = (0.0259)in| 2010 __
2.948x10"
=0211V
-3
(iii) V, =(0.0259)In Lg
2.948x10"
=0270V

(b) kT= (00259{?8} 0.030217 eV

= (107 Y120)350)* exp( 063 )

0.030217
=1.296x10"% A

G I=1 {exp[v"J 1}
sT V_ -

10x10°°
Vv, =(0.030217)In| ———— +1
1.296x10 ¢
=0.0654 V
. 100x107°
(i) V, =(0.030217)1n| 2210
1.296x10"
=0.1317V
107
(iii) V, =(0.030217)In| ————
1.296x107°
=0.201V

9.16
(@) @, =088V

0.88
b) J,,=1(1.12)300
® J, ( )( ) e p[00259]

=1.768x107"° A/cm?
) V,= (0.0259)1n(L)

1.768x107'°
=0.641V
(d) AV, =V, In(2)=(0.0259)In(2)
=0.0180V
9.17
Plot
9.18

From the figure, ¢, =0.68 V

Jog=AT? exp( ¢B”J exp(?/—ﬂ

) . (—06 Ag
= (120)300) eXp[o 0259j exp( v j

t

or

Jgr =4.277x107 exp[A—¢]

t
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We have
e¢E
Ad =
¢ 4r e,
Now
N
¢n = Vt ]n[ - J
Nd
19
= (0.0259)11{%J =0.2056 V
10
and

Vi =g, — 0, =0.68—0.2056 =0.4744 V
(a) We find for V, =2V,

X, =|:26s (Vbi + Vi ):|”2

eN,

[2(11.7)8.85x10* (2.4744)

1/2
{ (1.6x107° J10") }
or

x, =0.566x10™ cm = 0.566 1 m
Then

|Emax :M
GS
~(Lex10)10" Jo.566x10)
~ (11.7)8.85x10™)
or
|E x| =8.745x10" V/iem
Now

Ve (1.6x10™ )8.745x10* )]
4r(11.7)8.85x107™)

or
Ap=0.0328V
Then
0.0328
J o =14.277x107° Jex
s ( ) p(0.0259j
or

J oy =1.52x107* A/em?
For A=10"cm?, we find
I, =1.52x10"° A
(b) For V, =4V, then
[201.7)38.85x10 J4.4744)]"
{ (1.6x107 )10™) }

d

or
x, =0.761x10 " cm=0.761 4 m

Also
B ~(L6x10 )10 Yo.761x10 )
= (11.7)8.85%107)
or
|E x| =1.176x10° V/iem
and

e (1.6x10™ J1.176x10° )]
47(11.7)8.85x10™)

or
Ag=0.03803V

Then

Jom =(a.277x107 )exp(0'03803j

0.0259
or

J o, =1.86x107 A/cm?
Finally,

I, =186x10"° A

9.19
We have that

©

Jon = J‘uxdn

E,

c

The incremental electron concentration is
dn =g, (E)f. (EME
where

% \3/2
(o) g

and assuming the Boltzmann approximation
~(E-E,)
E)=ex = TF)
fr ( ) P|: KT :|
Then

—-(E-E
X exp M dE
kT
If the energy above E, is kinetic energy, then
1 muv’ =E-E,
2

We can then write

5
n

and
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1 * *
dE:Emn -2vdv = m,vdv

We can also write
E_EF :(E_Ec)+(Ec _EF)

1 L)
=—m,0" +e
2 n ¢n

so that

N3
dn=2 "n exp| —<d,
h kT
-mv*
x exp| ——=— |-4zv°dv
2kT

We can write

v’ =v] +v] +0?
The differential volume element is

4zrv’do = dv . dv dv,
The current is due to all x-directed velocities
that are greater than v, and for all y- and

z- directed velocities. Then

N
Ty =2 2o | exp 22
‘ h kT
0 _ * 2
X J.UX exp "0 dv,
2kT ’

Lox

K —-m,v;
X J. exp v,
J 2kT ’
We can write

2w
X jexp =~ dv,
1

Emzuéx :e(Vbi -V, )

a

Make a change of variables:
v? 2\, =V
mnux _ 6(2 + ( bi )

a

2kT kT

Uf _ Zk*T a’+ e(Vbi _Va)
’ m kT
Taking the differential, we find

v do, = [&*Tjada

or

m

We may note that when v, =v,., a=0.
We may define other change of variables,

o %k 1/2
#:'BZSU).:( *] B

m

n

w9 1/2
anz A2 = = 2k
2kT 4 < m 4

n

Substituting the new variables, we have

w3 2
Fom =g Mo | | ZL] exp =%
h m, kT

cexp| —V Vo) | [ explear? e
Rt

kT

X Texp(— Vi }1/3 : ]iexp(— r? )17

—0

9.20
For the Schottky diode,

0.80x10" = (10" f6x10°® )exp[‘;—“J

t

0.80x107°
(@ V,(SB)=(0.0259)In
(53)=( ) {104 6x107° }
=0.4845V
Then
V., (pn)=0.4845+0.285=0.7695V

(b) 0.80x107° = A,,,,(lo”)exP(O'%%)

0.0259
= A,, =0.998x107 =10 cm”

9.21
For the pn junction,

I, = [8x107*[8x107" ) = 6.4x10 " A

—6
@ V,=(0.0259)h %
6.4x10"
=0.678V
-6
(b) Vv, =(0.0259)In Mlom
6.4x10"
=0.718V
-3
© V, =(0.0259)m 1210
6.4x107'

=0.732V
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For the Schottky junction,

I, =(8x10*)J6x10)=4.8x10" A

-6

@ V,=(0.0259)n %
4.8x10°

=0447V

-6

(b) V, =(0.0259)In Mlolz
4.8x10°

=0.487V

1.2x107°

vV =(0.0259)In| —=———
© v, =l ) 4.8x107"?

=0.501V

9.22
(a) (i) I =0.80mA in each diode

(i1)
V,(SB)=(0.0259)In

[ 08x107°
| (8x107* f6x107°)
—0.490V

vV, (pn)=(0.0259)In

[ 0.8x107°
| (8x107* J8x107"%)

=0.721V
(b) Same voltage across each diode

1=08x107 =1y +1,

—(8x10* J6x10™ )exp[‘;—“j

t

+(8x107*)8 1013)exp(V" J

—(4.8x10" +6.4><1016)exp( « J

=

RNIRS

Then

-3
Vv, =(0.0259)1n{ 0810 }

48x107"2+6.4x107"°
V, =0.49032V

I, = (4.8x1012)exp(0'49032J

0.0259
= I, =0.7998 mA

I, = (6.4x1016)exp(w)

0.0259
=1,,=0107u A

9.23
(a) For I =0.8mA, we find
-3
J =w=1.143A/cm2
Tx10~
We have

V,=V.In il
JS

For the pn junction diode,

v, =(0.0259)1n[ﬁ
3x1

0712

j =0.6907V

For the Schottky diode,

1.143
V_ =(0.0259)n
¢ ( ) (4><108

j =0.4447V

(b) For the pn junction diode,

> (-E
Jgocn] o I exp| —=
300 kT

Then
Js(400)_(@]3
J4(300) 300
_Eg Eg
X eXp, +
(0.0259)(400/300) * 0.0259
:2.376)({ L12  LI2 }
0.0259  0.03453
or
75 (400) =1.17x10’
J¢(300)
Now

1=(7x10*f1.17x10° [3x107?)

( 0.6907 J
X eXp

0.03453
or
I =120mA
For the Schottky diode,
—ed
J o ocT? exp| —22
ST P( T J
Now
J5r(400) _(400Y’
J ¢+ (300) 300
exp _¢BO T ¢BO
(0.0259)400/300) * 0.0259
1 778exp] 082 082
' P 00259~ 0.03453
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o (400) ® 4, = (00259 (5x10°° J120)(300)°
Tt ) 4.856x10° S 0.0259
2 (300) 0.198 V
Then e
1=(7x10)4.856x10° Jax10*)
0.4447 9.28
or And
= N
1=533mA ¢n=V,ln( ]
Nd
9.24 o el
Plot 0.20 = (0.0259)11{LJ
d
0.25 which yields
) R 104 N, =1.24x10" cm
@ R=—-=——>=010Q (©)
A 10 Barrier height = 0.20 V
(b) R= R, _107 =10
A 10t
4 9.29
(c) R= R, = 10 =10Q We have that
A 107 —eN
d
E = (x)l _x)
eS
9.26 Then
=5 N 2
(a) R:R":5><10 =5Q ¢=—Ide=e E xn-x—x— +C,
A 107 e, 2
(i) V=IR=(1)5)=5mV Let =0at x=0=C, =0, s0
(ii) V = IR=(0.1(5)=0.5mV eN, 2
5x107 9= xn-x—?
(b) R= 0 =50 Q &
At x=x,, ¢=V,,s0
(i) V = IR=(1)Y50)=50 mV "
(i) V = IR = (0.1(50) = 5mV p=v, =Na X0
S - M e 2
or
9.27 [2e,V,
X, =
V, exp Pon Ny
R - v, Also
< A'T? Vi =s0 =9
R A'T? where
or ¢y =V, ]1{ < } N
; ¢, =V, In| —<
(%10~ )120)(300)* N
@ ¢y, =(0.0259)In| 2= Now for
0.0259 40 0.70
p="20 -2 035V
=0.258V 2 2
we have
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(1.6x107 N,

0.35=
(11.7)8.85x107*

)[xn (s0x10*)

_(50x10% ) ]

2

or
0.35=7.73x10" N, (x, —25x10°)
We have

[201.7)8.85x107 Y, "
"l (1ex10™ )N, }
and

V,, =0.70-9¢,
By trial and error, we find

N, =3.5x10"cm™

9.30
N
(b) ¢BO :¢p :Vt ln[NUJ

a

=(00259)]n[1.04x10‘9j

5x10"

or
By =0.138V

9.31
Sketches

9.32
Sketches

9.33
Electron affinity rule

AE, =€(,‘{n _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 = y=3.90
Then

|AE,|=4.07-3.90=0.17 eV

9.34
Consider an n-P heterojunction in thermal
equilibrium. Poisson's equation is

d’¢ __plx)__dB
& e dx
In the n-region,
dE, _ p(x) _eNg,

n

dx € €

For uniform doping, we have
E - eN , x

n

+C,
(S

n

The boundary condition is
E, =0at x=-x,, so we obatin

eN  x

C] — dn“*n
ell
Then
eN
E,= —& (x +x, )
En
In the P-region,
dEP — ENaP
dx €p
which gives
N
E, =- Tty C,
eP

We have the boundary condition that
E, =0at x=x,, so that

c, = eN pXp
eP
Then
eN
E,=—% (xP —x)
eP

Assuming zero surface charge density at
x =0, the electric flux density D is
continuous, so €, E, (0)=¢, E,(0), which
yields

NgX, =N pXp
We can determine the electric potential as

8,(x)=—[E,ax

2
— | ENdnx + ENdn'xn'x +C3
2e, €

n

Downloaded by Burhan SaifAddin (bksaif@gmail.com)



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

Chapter 9
Problem Solutions

Now
Vbin = ¢n (0)_ ¢n (_ xn )
ENdn xi ENdn xr?
=C,—-|C, - +
2e, €,
or
eNdn xi
bin I —
2e,
Similarly on the P-side, we find
N 2
Vbl'P — 2 anP
2e,

We have that

2 2

eN , x eN ,x

V. =V, +V, 6 =—@"n a7
bi bin biP

2e, 2e,

We can write

N
xP :xn dn
NaP

Substituting and collecting terms, we find

2
V. - ee, N,N,,+tee, N, )
bi .xn
2 €, N
n—P aP

Solving for x, , we have
1/2
2 eneP NaPVbi
X, =
ENdn(eP NaP+€n Ntin)
Similarly on the P-side, we have
2611€P Ndnvbi "
Xp =
eNaP (eP NaP + en Ndn )
The total space charge width is then
W=x,+x,

Substituting and collecting terms, we obtain
_ 2€n€P Vl;i(NaP +Ndn) "
eNanaP (eP NaP+ en Ndn)
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10.1
(a) p-type; inversion
(b) p-type; depletion
(c) p-type; accumulation
(d) n-type; inversion

10.2
N
(a @) ¢fp =V, ]n( na]

i

15
=(0.0259)In LO]O
1.5x10

=0.3381V

de, g, 1/2
Xar = T

4(11.7)8.85x10* }0.3381)

=3.54x10"cm
or x,; =0.354um

3)(]016
(i) ¢, =(0.0259)In| —“—
#r = ) (1.5x10‘°j

=0.3758 V

{4(1 1.7)8.85%10 XO.3758)]/2
Xar =

(1.6x107° J3x10")

=1.80x107 cm
or x, =0.180 um

(b) kT = (0.0259 3507 _ 0.03022 VvV
300

2 —E,
n; =N_N, exp| ——
kT

3
~ (2.8x10" f.04x10" | 222
300

-1.12
exp
0.03022
=3.71x10%
so n, =1.93x10" cm

. 7x10"
(i) ¢, =(0.03022)In| ————
19 = ) (1.93x10“J

=0.3173V

Chapter 10

- _[4017)s.85x10" J0.3173)]
Tl (16x10f7x10")

=3.43x10" cm
or x, =0343 um

. 3x10'¢
i) ¢, =(0.03022)In| ——
(i) ¢, = ) [1.9&10”}

=0.3613V

o _[4017)s.85x10" Yo.3613)]
T (16x107)3x10")

=1.77x10" cm
or x,, =0.177 ym

1/2
{ (1.6x107° f7x10") }

10.3

4ES ¢ﬁ1 :|1/2

(a) |Q;‘D (max)| =eN,x,; =eN, |: eN,

=[(en, Yae, g, )]
1" approximation: Let ¢, =0.30V

Then
(125%10°
=[lL6x10 v, Xa)11.7)8.85%107 0.30)]

=N, =7.86x10" cm
2™ approximation:

7.86x10"

Then
(1.25x10%f
=[(1.6x107 (v, YaX11.7)8.85%10 f0.2814)]
= N, =8.38x10"cm ™

8.38x10'
b) ¢, = (0.0259)11{WJ =0.2831V

¢, =2¢,, =2(0.2831)=0.566 V
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10.4
p-type silicon
(a) Aluminum gate

E
Prs :|:¢,;1 _(Z"“Z_Z‘Wjﬁa j:|

We have

N(l
¢ =V ]n[ . J

i

6X1015

010

= (0.0259)11{ J =0.334V

1.5x1
Then

#,, =[3.20-(3.25+0.56+0.334)]
or

#,, =—0.944V

(b) n* polysilicon gate

Eé’
b= 5, 0 | = —(0.56+0.334)

or
¢, =—0.894V

(¢) p*polysilicon gate
EA'
B = 2—e—¢fp =(0.56-0.334)

or
¢, =+0.226V

10.5
4X1016
b, = (0.0259)111(—]0J =0.3832V

1.5x10

s =, —[}('+£+¢ j
ms m 2e fr
=3.20—(3.25+0.56 +0.3832)
@, =—0.9932V

10.6
(@ N, =2x10"cm™
(b) Not possible - ¢,
(c) N, = 2x10" cm ™

is always positive.

10.7
From Problem 10.5, ¢, =-0.9932 V
0,
Vig =P _C_ox
€. (3.9)8.85x107"
(a) Cox == ( X -8 )
n 200x10
=1.726x10" F/cm 2
10" |1.6x107"
Vi :—0.9932—(5X 0"\ 6X70 )
1.726x10"
=—1.040V
—14
o C. - (3.9)(8.85><180 )
80x10"
=4.314x10" Flem?
10" J1.6x107"
Vi =—0.9932—(5X 0"\ 6X70 )
4.314x10"
=-1.012V
10.8

@) 4, =042V
V=@, =042V

(b)
—14
“ zmmg):m%xm” Flem?
200x10™
. 10 “19
D) AV, :_&:_(4“0 X1.6><1o )
Co. 1.726x1077
=-0.0371V
10" J1.6x107™)
i) AV :_(_L
& 1.726x10"7
=-0.0927V

(©) Vi =, =042V
_ (3.9)3.85x10™)
~ 120x10°°

~ (4x10"J1.6x10™)

AV, =—
() AV 2.876x107
=-0.0223V

11 -19
AV, _ (10" frex10™)

2.876x1077
=-0.0556 V

=2.876x10"" F/cm?

ox
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10.9
’ ’ Eé’
¢m$ :¢m - Z +Z+¢fl’

where

2x10'°
;= (0.0259)1n(—10J =0.365V

1.5%10
Then
@, =3.20— (3.25 +0.56+ 0.365)
or

@, =—0975V

Now
Q5

VFB - ¢mx - Cox
or

Q.;v = (¢mv Vi )Cnx
We have

c _ o _(39)885x10™")

o, 450x107®

or

C,. =7.67x10*F/cm?
So now

0., =[-0975-(-1)]-(7.67x10*)
=1.92x10"° C/ecm*

- C

ox

_ 6958x10™ ~(7x10" f1.6x10™" )

2.301x107"
+¢,. +2(0.3653)

=0.9843+¢,
(a) n" poly gate on p-type: ¢, =—-1.12V
Vin =0.9843-1.12=-0.136 V
(b) p* poly gate on p-type: ¢, =+0.28V
Viw =0.9843+0.28 =+1.26 V
(c) Al gate on p-type: ¢, =—-0.95V
Vin =0.9843-0.95=+0.0343 V

Vin +¢,, +2¢ '

or
&zl.leo“’cm-z
e
10.10
2)(1016
=(0.0259)In| ——— [=0.3653V
P = ) (1.5x10‘°J

[4(11.7)(8.85x10 " f0.3653)

1/
x‘”{ (1.6x107° J2x10") }

= 2.174x10 ¢m
|Q;D (max] =eN x,;
= (1.6x10 J2x10" )2.174x10)
=6.958x10"°C/em?

_B9 8'85“0714): 2.301x10”" F/cm 2

150x107*

0xX

10.11
15
B = (0.0259)1n[3L010J =0.3161V

1.5x10

i {4(11.7)(8.85“0“‘)(0.3161)]’2
“ (1.6x107 J3x10")
=5223x10 cm
|Q;D (max] =eN ,x,
= (1.6x107™° 310" J5.223x10)
=2.507x10"* C/cm?
_ (3.9)8.85x10™)

C, =2.301x10"" F/cm?
‘ 150%107°
|Q' (maxl +0
VTP = _|:SDC— + ¢ms - 2¢ﬁ1

 [2507x107 +(1.6x10"° J7x10")
- _[ 2.301x107 }
+¢,. —2(0.3161)
Vip =—0.7898+ ¢,
(a) n" poly gate on n-type: ¢, =-0.41V
Vi =—0.7898-041=-120V
(b) p* poly gate on n-type: ¢, =+1.0V
Vi =-0.7898+1.0=4+0.210 V
(c) Al gate on n-type: ¢, =-0.29V
Vi =-0.7898-0.29 =-1.08 V
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5x10"

= (0.0259)In| =—— |=0.3294 V
P = ) (1.5><10'0j

The surface potential is
¢, =24, =2(0.3294)=0.659 V
We have

8
VFB = ¢ms - ng = _090 V
Now
« (max
vV, = |QSD(—X + ¢s +Vig
CUX
We obtain

4e, ¢,7, 172
Xar = oN '

4(11.7)(8.85x10 7 )0.3294)

or
X, =0.413x10" cm
Then

104 (max ] = (1.6x107 J5x10" f0.413x10*)

or
|04, (max ) =3.304x10"* C/em?
We also find

c _ o _(39)885x10™)

g, 400x1078
or
C,, =8.629x10"*F/cm?
Then
3.304x107°

= 2629x10" +0.659—-0.90
.629 x

T

or
V, =+0.142V

1/2
{ (1.6x107° J5x10" ) }

Now
4x10'
=(0.0259)In| -2~
P = ) [1.5x10‘°j
=0.3832V

i :{4(11.7)(8.85“0‘”XO.3832)T2
“ (1.6x107" J4x10°)
=1.575x10cm
|05, (max)
= (16x107 f4x10 [1.575x10)

=1.008x107" C/cm?
#,, =094V
Then

_ |5 (max) -0}
_ 1.008x107 —6.4x10~°

1.569x1077
—0.94+2(0.3832)

Then V,, =0428V=045V

V]YV + ¢ms + 2¢ N4

10.13

e, (39)8.85x10")

1, 220x10°°
=1.569x10"" F/em?

0., =(1.6x10™ Y4x10")
=6.4x10"C/cm’

C =

ox

By trial and error, let N, =4x10"°cm .

3

10.14

e, (39)8.85x10")

1, 180x10°
=1.9175x107 F/em *

0., =(1.6x10™ Y4x10")
=6.4x107° C/cm?

By trial and error, let N, =5x10" cm~

C =

ox

3

Now

16

b, = (0.0259)1{%}
~03890V

. :{4(11.7)(8.85“0‘”XO.3890)T2

“ (1.6x107 J5x10")

=1.419x10cm

|05 (max )
= (1.6x107 (5x10" 1.419x107 )
=1.135x107 C/em ™

@, =+1.10V

Then
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los (m;x) +0.), b — 20,
(1.135x107 +6.4x10)

1.9175x107
+1.10-2(0.3890)

Then V, =-0.303V, which is within the
specified value.

Vpp =—

10.15
We have C,, =1.569x107 F/cm*

Q! =6.4x10"C/em*

By trial and error, let N, =5x10" cm ™
Now

5)(1014
=(0.0259 )In| ——
¢fn ( ) (15)(10]0]

=0.2697V

[4(11.7)8.85x10 " f0.2697)]"
1 (Lex10™ )5x10™)

=1.182x10* cm

|05, (max)
= (1.6x107™ 5x10* f1.182x10*)
=9.456x10" C/cm*

dr

$,.=-033V
Then
i (max )+ Q!
Vi :_(IQSD( ) QJA)+¢ms _2¢fn
CUX
_ [9456x107 +6.4x10”
1.569x1077
~0.33-2(0.2697)
=0.970V

Then V,, =-0.970V =-0.975 V which
meets the specification.

(1.6x10™ J6x10"°)
1.9175x107"

=-1.03-

V,, =—1.08V

() ¢, =(0.0259)In 107
" 1.5x10"

—0.2877V
. :{4(11.7)(8.85><10‘4X0.2877)]/2
“ (1.6x107° J10")
=8.630x10cm
|05 (max)
= (1.6x10™ 10" )8.630x10~)
=1.381x10"° C/cm’

Now
op max
Vv :M+Vﬂ3 +2¢,,
-8
_ 138DA0T ) gy 2(0.2877)
1.9175x107"

or V, =-0433V

10.16
@) ¢, =-103V

_ (3.9)g.85x107)

180x107%
=1.9175x10"" F/cm ?

0xX

10.17
(a) We have n-type material under the gate, so

1/2
de.
xdT =IC =|:°—¢f":|

eN,
where
( ) 10"
- =(0.0259)ln| ——— |=0.288 V
iz [1.5x10‘°j
Then

[4(11.7)8.85x10 f0.288)

1/2
x‘”{ (.6x107 10" }
or

X =tc =0.863x10cm=0.863 xm
(b)
’ ’ tox
vT = _(IQSD (maxl + st{ J-i_ ¢ms - 2¢fn

€

ox

For an n” polysilicon gate,

E
G = —{—g ~4, ] = —(0.56-0.288)
2e

or
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¢, =—0272V
Now
104 (max ] = (1.6x107 J10** J0.863x10)
or
|0}, (max ) =1.38x10™® C/em
We have
0., =(1.6x10™)10")=1.6x10" Clem®
We now find
—(1.38x10" +1.6x10”)
T (39)8.85x107)
~0.272-2(0.288)

(500x10°*)

or
V, =-1.07V
10.18
E
®) @, =9, —(l’ +2_: + ¢.pr
where
¢, —x'=-020V
and
10]6
b = (0.0259)111[1.5><1010 J =0.3473V
Then
#,. =—0.20—(0.56+0.3473)
or
¢, =—1.107V

(¢) For 0/, =0

VTN = |Q;D (maxl( ;UX J + ¢ms + 2¢fp

ox

We find

L 4(11.7)8.85x10 " f0.3473) |
T (1.6x107° J10")

or
X, =0.30x10*cm=0.30 #m
Now
104, (max ) = (1.6x107 J10" Jo.30x10~)
or
|04, (max ) = 4.797x10™* C/em?
Then

4.797x107° |300x10~*
( )( )
(3.9)8.85x107')
~1.107 +2(0.3473)

V, =

or
V, =+0.00455V=0V

10.19
Plot

10.20
Plot

10.21
Plot

10.22
Plot

10.23
(a) For f =1Hz (low freq),

. _(39)885x107)

C(IX =
t 120x10°*
=2.876x10"" F/cm?
’ EOX
CFB =

[ (e(vf j VI e.v
o0x + - B
€ eN

s a

(3.9)8.85x10)

(39 [(0.0259)11.7)8.85x10)
120x10 +(11.7J\/ (1L.6x107 10

C5 =1.346x107 F/cm?

€

Coip =——F"~——
(S
t0x+( ij'xdT
ES
Now
1016
- =(0.0259)In| ————— |=0.3473 V
# = ) (1.5x10‘<’)

o _[4017)s.85x107" Y0.3473)|
T (1.6x107 f10')

=3.00x107 cm
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Then
- (3.9)8.85x10™)
120x10- +[ 39 ](3.00><105)
11.7
=3.083x10 " F/cm >
C'(inv)=C, =2.876x10" F/cm

(b) f =1MHz (high freq),

C, =2.876x107 Flcm” (unchanged)
C), =1.346x107F/cm” (unchanged)
C' =3.083x10"F/cm? (unchanged)

min

C'(inv)=C!, =3.083x10"°F/cm’

) Vp=¢,=-110V
Vi = —|QSD( ) +Vop + 2¢ﬁ,
COX .
Now

|Q;D (max] =eN x,;
= (1.6x10™ )10 [3.00x10*)
=4.80x10"* C/ecm?

4.80x107°
V, =—— " _1.10+2(0.3473
™ 2.876x107 ( )
V,y =-0.2385V

10.24
(a) f =1Hz (low freq),

c _ o _(39)885x10™)

o _[417)s.85x107 Yo.2697) |
v (1.6x107" J5x10™ )
=1.182x10"* cm

Then
o (3.9)8.85x10)

120x10° +( 22 |1.182x10"*)
17

=8.504x10"° F/cm ?
C'(inv)=C, =2.876x10"" F/cm®

(b) f =1MHz (high freq),
C, =2.876x10" F/cm’

(unchanged)

C'FB =4.726x10"*F/cm* (unchanged)

=8.504x10"" F/cm*

mm

C'(inv)=C., =8.504x10"° F/cm’
© V=6, =095V

0. (max
Vip = _|SDC—] + Vi — 2¢fn

ox

(unchanged)

Now
|Q;D (max] =eN ,x,
= (1.6x10™ [5x10™ J1.182x10*)

=9.456x107 C/cm?
Then

-9
__246x10 95 2(0.2697)

" 2876%x107
V,, =+0.378V

" tax 120)(1078
=2.876x10" Flcm?
' on
CFB =
€. | Vi€
t,+ | ——
(Es j eN,
_ (3.9)8.85x10™)
14
12010~ { 3.9] (0.0259)(11.?9)(8.85><}40 )
11.7 (1.6x107° J5x10™)
C, =4.726x10 " F/cm*
' eox
C

min —
S
ox
tox + ' xdT
<5

Now
5x10"
=(0.0259)In| —— [=0.2697 V
P = ) [1.5x10‘°j

10.25
The amount of fixed oxide charge at x is

p(x)Ax C/em?
By lever action, the effect of this oxide charge
on the flatband voltage is
I x
=——| — |plx)Ax
- (; Jp( )

If we add the effect at each point, we must
integrate so that

AVop

ox ox

ox

t
_L
C 0ox OX
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10.26
O
At

@dx

(»\ 0

m'

.l I% & a f
COX
or
t
r
e{}x

— B x107"
(39)

(a) We have p(x) =

Then

AV =-00742V

(b)
We have
0. Do @ei0C
p(x _ Zss _ - N
. 200% 10°
=64x10" =
Now
L2
ox w\ 0
or
2
t
av, Lot
2 =
_b4 x10° @0 x10°*
 239)kksx 107
or
AV, = 00371V
(©
We find '

L 2Bx 10’”@ 10“’£

—t p,=0i =p
2 “ ¢ 200% 10"
or p,=128x10"

1zxpﬁ|)<

(» 0 “ox

which becomes

or AV,, =—0.0494V

10.27
Sketch
10.28
Sketch
10.29
(b)
N, N
Vig ==V, ==V, h{ 02 < ]
16 16
=—(0.0259)In (10—X102)
(1.5x10)
or
Ve =—0.695V
=3V
For V;, =+3V,
aE__»p
dx €,
n-side: p=eN
E: eN, E _eNd)c+C1
dx € €
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eN,x,
E=0at x=-x,, then C;, = ———
ES
S0
eN
E=——%(x+x,) for —x, <x<0
€

s

In the oxide, p =0, so

E =0 = E =constant. From the
dx
boundary conditions, in the oxide
go_NaX
eS
In the p-region,
E N N
E__p_ N g Nox o
dx € € IS

s s s

E=0at x:(tox—i-xp), then

E:—e:]—"[(to)C +xp)—x]

K

E:_ EN“XP :_eNd'xn
S S

s s

At x=t

ox

Sothat N,x, =N,x,
Since N, =N, ,then x, =x,
The potential is
o= —I Edx
For zero bias, we can write
V,+V, +V, =V,

where V_,

ox?>

V, are the voltage drops

acCross

the n-region, the oxide, and the p-region,
respectively. For the oxide:
eN x t
Vosz't(,X: d*n"ox
€

s

For the n-region:

2
Vn(x): Ny x—+xn x|+C'
2

€

s

Arbitrarily, set V, =0at x=—x,, then

’ eNd‘x:
C'=—— so that
2€,
N
V,(x)= = (e, )
2€,
eNdxf L
At x=0, V, =—— which is the voltage

2€,

drop across the n-region. Because of
symmetry, V, = Vp. Then for zero bias, we

have

2Vn + Vwc = Vbi
which can be written as
eN,x. eN,x,t

+

nox __
_Vbi
ES GS
or
V, €
X2 +x,t, ——2—2=0
eN,

Solving for x,, we obtain
2
tax tux es Vbi
X, =——+ [ = | +—=
2 2 eN,

If we apply a voltage V, then replace V,, by
V,+Vs,s0

2
t t Vi, +V
X, :xp =—>+4 = +—Ex ( bi G)
2 2 eN,

We find

_500x10°8

N \/(soono-* T , (11.7)8.85x107"* 3.695)

2 (1.6x107 J10")
which yields
x, =x, =4.646x 107 cm
Now
v, = eN x,t,,
€

s

(1.6x10"° 10" J4.646 x10* J500x10 %)
(11.7)8.85x107)

or
V, =0359V
We also find
eN ,x;
V, =V, =4
2e,
(L6x107)10" J4.646x10 f
2(11.7)8.85x107)
or
V,=V, =167V
10.30
(a) n-type
(b) We have
-12
= M =1x10"" F/em’
2x107
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Also

S _ € _(39)B.85x107)
“Th. T, 1107

or

t, =345x10°cm=34.5nm=345A

or
—0.80=-050-2x
which yields
Q! =3x10"* C/em* =1.875x10" cm
(d)
€

’ (29

=)

FB —
~[39)s.85x10 )|+ [.45x10

J{ 3.9 j \/(0.0259)(11.7)(8.85“0‘14)}

117N (16x10™ J2x10)
which yields
C,, =7.82x10"* F/cm?
or
C.p =156 pF
10.31

(a) Point 1: Inversion
2: Threshold

3: Depletion
4: Flat-band
5: Accumulation
10.32
We have
Q}’z = _Cvx |_(VGS - Vx )_ (¢ms + 2¢fp )J

-(0% + Q% (max))
Nowlet V. =V, so

Q:z =—C,, {(VGS _VDS)

Jttoa g, )}}

C

ox

For a p-type substrate, Qg, (max) isa
negative value, so we can write

Q =-C, {(GS VDS)
_PQ;D (max)=0. oy, }}

Cc

0x

Using the definition of threshold voltage V.,
we have

Q C [( GS — DS) VT]

At saturation

Vs =Vs (sat ) =Ves =Vr
which then makes Q) equal to zero at the
drain terminal.

10.33
@ I,= k; -%[Z(VGS ~V, Wos ~Vi ]
= (0'—218j(8)[2(0.8 -0.4)0.2)-(0.2) ]
=0.0864 mA
®) 1, =%-%(VGS -V, )
(0218)(8)(0 8-0.4)
=0.1152mA
(¢) Same as (b), I, =0.1152mA
A 1, =%~%(VGS -V, )
(Ozlgj(s)(l 2-0.4)
=0.4608 mA
10.34
@ 1= W b v, W V3]
(ozmj 15) [2 (0.8-0.4)0.25)-(0.25)° ]
1, =0.103 mA
) 1= Y v,y
= [Ozloj(ls)(o 8-0.4)
=0.12mA
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N|§T
h|§

© I,= (VSG +Vr )

=( J(lS)(l 2-0.4)

=0.48 mA
(d) Same as (c), I, =0.48 mA

=
=)

.1

[\.) ‘

10.35

@ I,=

(b) I,= (O6j(9 26)1.85-0.8)°

=3.06 mA
k) w
© 1y =2 oWV =V Wy ~Vis ]
[06j926 [212 0.8)0.15)-(0.15) ]
=0.271mA
10.36
(a) Assume biased in saturation region
k' w
I, ZTP‘I(VSG +Vr )2

0.10= (Ozlzj(zo)(o +V, )

=V, =+0.289V

Note: Vg, =1.0V>V,, +V, =0+0.289V

So the transistor is biased in the saturation
region.

by I,= [Ozlzj(zo)(o 4+0.289)°

=0.570mA
0.12
© I, —( > j(zo)[ (0.6+0.289)0.15)
(0157
or
I, =0.293 mA

10.37
-14
_O8S0™) e
110x107*
_u,C, W (425)3.138x107 )20)
2L 2(1.2)
=1.111x107 A/V*=1.111 mA/V *
(@) Vg =0, 1,=0
Vi =0.6V, Vi (sar)=0.15V,
1, (sat)=(1.111{0.6-0.45)*
=0.025mA
Ve =12V, Vi (sat)=0.75V,
1, (sar)=(1.111)1.2-0.45)’
=0.625mA
Vo =1.8V, Vo (sar)=135V,
1, (sar)=(1.111)1.8-0.45)
=2.025mA
Vs =24V, V,o(sar)=1.95V,
1, (sat)=(1.111)2.4-0.45)’
=4.225mA
()1, =0 for Vg, <045V
Vi =0.6 V,
1, =(1.111)2(0.6-0.45)0.1)- (0.1’
=0.0222mA
Vs =12V,

1, = (1.111)}2(.2-0.45)0.1)- (0.1 |
—0.156 mA
Vs =1.8V,
1, = (1L111)2(.8-0.45)0.1)- (0.17 |
—~0.289mA
Vs =24V,
1, =(L111)2(2.4-045)0.1) (0.1

=0.422mA

0xX

n

10.38
<, _(39)8.85x107™")
CU)C == —

t,, 110x107®

=3.138x107" F/fem 2
:upCGXW

Y
~ (210)(3.138x107 )35)
2(1.2)
=9.61x10"* A/V2=0.961 mA/V ?
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(@ Vg =0, 1,=0
Ve =0.6V, Vg (sar)=025V
1, (sar)=(0.961)0.6-0.35)*
=0.060 mA
Ve =12V, Vg (sar)=0.85V
1, (sat)=(0.961)1.2-0.35)"
=0.694mA
Ve =18V, Vg (sar)=1.45V
1, (sat)=(0.961)1.8-0.35)°
=2.02mA
Vi, =24V, Vi (sat)=2.05V

1, (sar)=(0.961)2.4-0.35)’

10.40
Sketch

10.41
Sketch

10.42

We have
Vs (Sat) =Vas =Vr =Vps =V

so that
Vis =V (sat)+V;

Since V¢ >V, (sat), the transistor is always

biased in the saturation region. Then
I, =K, (VG Vi )2

where, from Problem 10.37,
K,=1.111mA/V*and V, =045V

Then

Vs =Vas I, (mA)

0
0.336
2.67
7.22
14.0
23.0

LA W= oS

=4.04mA
(¢)1, =0 for Vi; <035V
Ve, =0.6V
1, =(0.961)2(0.6-0.35)0.1)— (0.1’
=0.0384 mA
Vi =12V
I,= (0.961)[2(1.2—0.35)(0. 1)-(0. 1)2]
=0.154mA
Ve =18V
I, = (0.961)[2(1.8 ~0.35)0.1)- (0.1)2]
=0.269 mA
Ve, =24V
1, =(0.961)2(2.4-0.35)0.1)- (0.1’
=0.384mA
10.39

(a) From Problem 10.37, K, =1.111mA/V 2
For V5o =08V, I, =0
Vo =0, Vps(sar)=08V
1, (sat)=(1.111{0+0.8)’
=0.711mA
Vi =+0.8V, Vi (sat)=1.6V
1, (sat)=(1.111Y0.8+0.8)’
=2.84mA
Vi =16V, Vi (sat)=2.4V
1, (sat)=(1.111)1.6+0.8)’
=6.40mA

10.43
From Problem 10.38, K, = 0.961 mA/V 2

ID = Kp [Z(VSG +VT )(VSD )_VSZD ]
_a,

84 :ZKp(VSG+VT)

- Vsp [vsp—0
For V,; <035V, g, =0
For Vi, >0.35V,

g, =2(0.961)V,, —0.35)
For Vi, =24V,

g, =2(0.961)2.4-0.35)
=3.94mA/V
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10.44
B ol ,
(a) gm - avGS
0
= avcs {K [Z(VGS -V; )(VDS) DS]}
=K, (ZVDS )

1.25=K,(2)0.05)
= K, =12.5mA/V >
(b) 1, :(12.5)[2(0.8—0.3)(0.05)—(0.05)2J
=0.594mA
) I,=(125Y0.8-03)
=3.125mA

10.45
We find that V,, =0.2V

Now

JI Disati 'u” o VGS—VT)
where

c _ o _(39)885x10™)

ot 425%10°

ox
ox

or
C, =8.12x10* F/cm?

We are given W/L=10. From the graph, for

Ve =3V, we have

1,(sat) =0.033,

then
Wu,C,.
0033 = |~ 1=ex . (3-0.2)
2L
or
Wu,C

% =0.139x107°
2L

or
%(10);4,, (8.12x10)=0.139x10"

which yields
4, =342cm?*/V-s

or
4=V, —08=V, =48V

(b)

Iy (sat)= K, (VGS -Vi )2 = Knvzgs (Sat)
SO

2x107™ = K, (4)°
which yields

K, =125 AIV>

(©
Vs (sat)=Vy —V, =2-08=12V

so Vs >V (sat)

1, (sar)=(125x10 (2-0.8)
or

1,(sat)=18 u A
(d)

Vs <Vps (sat)

Iu = Kn [2(VGS _VT )VI_)S _Vﬁs ]

= (1.25%10 |2(3-0.8)1)- (1)’ |

or

=425 A
10.47
_14
W C. - (39)8.85x10™)
180x10°°

=1.9175%10” Flem
W)k, = 1,C,, =(450)1.9175x107 )
=8.629x10° A/V?
or k! =86.29 1 A/V?

iyt~ 5| Jos 2

L
0.8 = [—0 08629 J[ J(z 0.4)’
2 L
= w =7.24
L

() G0) k, = u,C, =(210)1.9175x107)
=4.027x107° A/V?
! 2
or k, =40.27 uAIV

(i) 1, (sar)= [%J(%j(vsc +V; )

0.8 [004027J(LJ(2 0.4)

2

:K=15.5
L
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10.48
From Problem 10.37, K, =1.111mA/V’

@ gu= % {K n [Z(VGS -Vr )(VDS )_V;S ]}
Gs

=K, (2V,s)=(1.111)2)0.1)
so g,. =0.222mA/V
0 2
b =—— K, (Vg V.
( ) gms aVGS { n( GS T) }
=2K, (Vs —V, )=2(1.111)1.5-0.45)
SO g,, =2.33mA/V

10.49
From Problem 10.38, K], =0.961 mA/V 2
0
@ gu= W {Kp [2(VSG +Vr )(VSD )_VSZD ]}
SG
=K, (2V,,)=(0.961)2)0.1)
or g, =0.192mA/V
0
(b) gms:%[Kp(VSG +VT)2]
=2K, (Vs +V; )=2(0.961)1.5-0.35)
or g, =221mA/V

10.50
J2ee, N,
(@) 7=C—0x
Now ¢ (39)8.85x10™)
150%107°
=2.301x107" F/cm?
Then
V2(1.6x107°J11.7)(8.85x10* |5x10'° )
- 2.301x10~"
y=0.5594 V'

16
) ¢, =(0.0259)n ﬂ =0.3890 V
1.5%10"°

G, - [ 11.7)8.85x10" 14X0389O} "
(1.6x107° J5x10" )
=1.419x10 cm
|05 (max )

= (1.6x10 J5x10" )1.419x10~*)

=1.135x107" C/cm ?

|0, (max )
C

ox

_ 1.135x1077
2301x107
=0.7713V
_HCW
2L
~ (450)(2.301x107 )8)
- 2(1.2)
=3.452x10 A/V?
or K, =0.3452mA/V >
For I, =0, Vg =V, =0.7713V
For 1, =0.5 =(0.3452)V,; —0.7713)’
=V =1.975V
(© () For Vg, =0, V, =V,, =0.7713V
(i) Vg =1V,

= (0.5594)[,/210.389)“
- ,/2(0.389)]
=0.2525V

V, =0.7713+0.2525=1.024 V
(iii) Vg, =2V,

= (0.5594)2(0.389)+2
- 203%9))
=0.4390V

V, =0.7713+0.4390 =1.210 V
(iv) Vg =4V,

= (0.5594)200.389)+ 4
- 203%9)]
=0.7294V

V; =0.7713+0.7294 =1.501 V

Vip = +Vig + 2¢ﬁ7

~0.5+2(0.3890)

10.51

10'¢
=(0.0259)In =03473 V
P = ) (1.5x10‘°J

AV, = 7[\/2¢ﬁ; +Vp _\/2¢fz'z ]
=(0.12)y/2(0.3473)+ 2.5
—,/2(0.3473)]

or
AV, =0.114V
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Now V. =V,, + AV,
05=V,, +0.114
=V, =0386V

10.52
9)8.85x107"
@ Cox:(39!885x(;) )
200x10"
=1.726x10"" F/cm*
J2ee, N,

C

ox

~ 2(16x107)11.7)8.85x1075x10")
- 1.726x107
y=0.2358 V"2

5)(1015
®) ¢, =(0.0259)In| =—— |=0.3294V
4 = ) (1.5x101°J

}/:

AV, = —y[\/2¢fn +Vis =205, ]
-0.22= —(0.2358)[ 2(0.3294)+

| 2(0.3294)]

=V, =239V

10.53
(a) n" poly-to-p-type = ¢, =—1.0V

15

10
=(0.0259)In| ——— |=0.288 V
# = ) (1.5><10“’J

also

de. ¢fp 172
T
[4(11.7)8.85x10 f0.288)

1/2
{ (1.6x107° J10") }
or

x, =0.863x10" cm
Now

104, (max) = (1.6x107 J10"* 0.863x10* )
or

|05, (max ) =1.38x10™* C/cm?

Also
c _ o _(39)885x10™)
", 400x10°

or

C, =8.63x10"* F/em?
We find

0!, =(1.6x107 (5x10 )=8x10~ Clem’
Then
|05 (max) -0,

VT - CUX +¢ms +2¢jj;
1.38x107* —8x10~°
_[ 1810 =810 1 g4 5(0.288)
8.63x10
or
V, =-0357V

(b) For NMOS, apply V, and V, shiftsin a
positive direction, so for V,, =0, we want
AV, =+0.357V.

So
2ee, N,
AV, =C:"L/2¢ﬁ? +Vg =20, ]
or
-19 =y "
+0.357 = \/2(1‘6“0 X11-7)(8-85><10 XIO )
8.63x10°%
x [\/2(0‘288)"' Ve — \/2(0.288)]
or
0357 =02111f0576 V., ~J0.576]
which yields
Vg =543V
10.54
Plot
10.55
(a)
Wu C,
gm = %(VGS -v,)
W,
- % (VG Vi )
_ (10)400)(3.9)8.85x10™) 5-065)
475%x1078 :
or
g, =1.26mS
Now
g =S 8n_gg__ !
I+g,7 Em l+g,r,
which yields
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1 (1 1 (1
ro=— | ——1|=——| ——1
g, 0.8 126 0.8

r. =0.198k Q

(b) For V;, =3V, g, =0.683mS
Then

or

gl = 008 6o ms
1+(0.683)0.198)
or
Em _ @ =0.88
g, 0.683

which is a 12% reduction.

10.56
(a) The ideal cutoff frequency for no overlap
capacitance is,
f — gm — :Lln(VGS _VT)
e 27’

8s

(400)4-0.75)
27(2x107#f

or

fy =5.17GHz
(b) Now

8

Jr = 27(c,.,+C,)
where

Cy =ngT(1+ngL)
We find

Cr =C,.(0.75%10 J20x10*)

_(3.9)8.85x10™)
~ 500107
%(0.75x10 J20x10+)

or

Cor =1.035x10™“F
Also

Em :Wﬂn—Cm(VG _VT)

_ (20x10 J400)3.9)8.85x10")
~ [2x10™*)500x107*)
x(4-0.75)

or

g, =0.8974x107 S

Then
C, =(1.035x10™)
«[1+(0.8974x107 J10x10° ]
or
C, =1.032x10 " F
Now
Cor =C,.(L+0.75x10 W)

_(3.9)8.85x10™)

500x10°*
x(2x10 +0.75x10 J20x10)
or
C,r =3.797x10™F
We now find
&
r 27(C,,, +C,)
~ 0.8974x107
27(3.797x107* +1.032x107)

or
fy =1.01GHz

10.57
(a) For the ideal case

£ 4x10°
"2zl 2x(2x107)
or

fy =3.18 GHz

(b) With overlap capacitance (using the
values from Problem 10.56),

_ gm
Jr= 27(Coir+Cyy)
We find
gm = WCodex
(20x10)3.9)8.85x10"* J4x10°)
500x107°

or
g, =0.5522x107 S
We have
Cy= ngT(l +8,.R, )
= (1.035x10)

«[1+(0.5522x107 J10x10° )
or
C, =6750x10™ F
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Then

0.5522x107°
Ir

~22(3797x107 1 6.75x10™7)

or
f, =0.833 GHz
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11.1 11.3
(@) 16
v ¢, =(0.0259)In Lom =0.3653V
I,=10" exp[LJ 1.5x10
D
(2.1, We find that
For Vg =0.5V, 2e, _\/2(11.7)(8.85><10‘4)
I —10 exp[ 0.5 }: eN, \[.6x107J2x10")
(2.1(0.0259) =2.544x10" cm/V "'?
1,=9.83x10""A 7
For V;, =0.7V, Asz/ eNA [\/¢ﬂ7 + Vs _\/¢/p +VDS(Sat)]
-10
I, =3.88x107"A @) V(sat)=Vy —V, =1.0-04=0.6V
For Vg =09V, AL=(2.544x107 )
=1.54x10" A
’ - . % [J03653+2 ~ 03653+ 0.6
Then the total current is:
6 AL:1.413><10’5cm:0.1413,um
-1,(10°)
For V,, =05V, I, =9.83 1A (b) V,(sat)=Vy -V, =1.0-04=0.6V
For Vi =0.7V, I, =0.388 mA AL=(2.544x10° )

For Vo =09V, I, =154mA
(b)

Power:
Then
For Vo =05V, P=492uW
For Vo =0.7V, P=1.94mW
For Voo =09V, P=T7TmW

pP=1,-V,,

% [J03653+4 ~03653+06
AL=2.816x10"cm=0.2816 um
Vy(sat)=Vy -V, =2.0-04=1.6V

= (2.544x107)

«[03653+2 - 0.3653+1.6
AL =3.461x10"cm=0.0346 zm
Vy(sat)=Vy -V, =2.0-04=1.6V

(©

(d

11.2

~(2.544%107)
«[V03653+4 - 03653+ 1.6 ]

v,
by (nV, —eXp|:(VGS2 ~Vygq )} AL =1.749%x10" cm=0.1749 z'm
Ip, (VGSI J nv,

exp| ——
nv, 11.4
I 2)(1016
Vg =V =nV, In| 22 =(0.0259)In| ——— |=0.3653 V
oroTen [10.] #y = ) (1.5x10‘°J
(@) Veso —Ves =(0.0259)(10) We find that

=0.0596V

(b) Vg, —Veae =(1.5)0.0259)In(10)

=0.0895V
(© Vs —

=0.125V

Vos =(2.1)0.0259)In(10)

2e, _\/2(11.7)(8.85><1014)
eN, V(1.6x10" )2x10")

_2544x10‘i cm/V /2
Vs (sar) ,=2.0-04=16V

AL = \/7[\/%3 +Vps \/¢ﬁ, +V s (sar) ]
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(@ AL=(2544x107)
% [0.3653+3 -103653+ 1.6
AL=1.10x10" cm=0.110 zm

Now £ —0.10= 2110
L L

=L=110xm
(b) AL=(2.544x107)
% [0.3653+5 —+03653+ 16
AL =2.326x10" cm=0.2326 4 m
0.2326

Now gzO.lO:
L
=L=2326um

11.5
¢ _Eo_ (3.9)8.85x10")
t 120x10°*
=2.876x10" F/cm?
0
VFB = ¢ms _C_ox
0 -19
s lax10 X1.6x170 v)
2.876x10~
V,, =—0.5223V
Now
V, = —|Qw( 1 +V,p + 2¢ﬁ7
C()X ’
We find

4x10'
- =(0.0259)In| ———— |[=0.3832V
# = ) (1.5x10‘°J

[4(11.7)8.85x10 f0.3832)

x‘”{ (1.6x107"° J4x10') }

=1.575x10 cm
|05, (max)
= (16x107™ Jax10' )1.575x107)
=1.008x107" C/cm?
So
~ 1.008x107’

" 2.876x1077
—0.595V

~0.5223+2(0.3832)

Vs (sat) =V =V, =1.25-0.595=0.655V

Jzes _\/2(11.7)(8.85x10'14)
eN, \(1.6x107" f4x10")

=1.799%x107° cm/V /2

2
(@) AL= /§ |8+ Vs (st )+ AV g

— ,/qﬁﬁ, +Vps (sat)]

(@) AL=(1.799x10")

% [N0.3832+0.655+1 03832+ 0.655
AL=17.35x10"°cm=0.0735um

(i) AL=(1.799x107)
«[J0.3832+0.655+2 - 03832 +0.655
AL =1.303x10"cm=0.1303 £z m

(i) AL=(1.799x107)
«[J0.3832+0.655+ 4 —/03832+0.655

AL =2.205x10" cm=0.2205 4 m

®) AL _ 0.12 = 0.2205
L L
L=184um
11.6

3>< 1016
b, = (0.0259)111(WJ =0.3758 V

2e, _\/2(11.7)(8.85><10‘4)
eN, \(1.6x107°)3x10)

=2.077x107 cm/V /2
(a) Ideal,

k, W
I, = (VGS -Vr )2

2L

(% G fto09

0.16875 mA
(i) Vs (sat) =1.0-04=0.6V

=(2.077x107)

«[N0.3758+2 ~ /03758 +0.6
=1.150x10°cm=0.115xm

L
I, = -1
b= ) o
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= (&J(O.mms)
0.80-0.115
=0.19708 mA
(i) AL =(2.077x10)
« [0 37584 - J0.3758+ 0.6
=2.293x10"°cm=0.2293 £ m

L
I, = -1
o= ) o

(080
0.80—0.2293
—0.23655 mA

J(O.16875)

(b)

o

(A Y [(0.23655-0.19708)x107 |
AV, 42

=r, =507x10" Q=50.7kQ
() Vy(sat)=Vy -V, =2.0-04=1.6V
(i) AL=(2.077x107)
«[0.3758+2 - J0.3758 1.6 ]
=2.819x10° cm=0.02819 £ m

L
I, = -1
o= ) o

- 0.80
- [0.80—0.02819
=0.17491mA
(i) AL=(2.077x107)
«[N03758+4 - 0.3758-+ 0.6
=1.425x10"cm=0.1425 4 m

L
I, = -1
(g ) o

(080
0.80-0.1425
=0.20532mA

-1
Al

r, = D
AV s

_ {(0.20532—0.17491)><103 }'

j(o. 16875)

j(o. 16875)

4-2
r, =6.577x10* Q=65.77kQ

11.7

(a)
) kI w
1, ZTIZ(VG _VT)2

- [&275)(10)(0.8—0.35)2

—0.07594mA =75.94 1 A

(i) I}, =1,(1+2V,)
=(75.9375)1+(0.02)1.5)]
=7822u A

1
(i 7, = Al,  (0.02)75.94)

=0.658MQ=658kQ
(b)

() I, = [&275}10)(1.25—0.35)2

=0.30375 mA
(i) 1}, =(0.30375)1+(0.02)1.5)]
=0.3129mA
1

i) =1 —165kQ
() 7 = 5.02Y030375)

11.8
Plot

11.9
(a) Assume V (sat) =1V. Then

Vs (sat)
sat L
We find

L(pgm) | E, (Vicm)

3 3.33x10°

1 1x10*
0.5 2x10*
0.25 4%10*
0.13 7.69%x10*

(b)

Assume g, =500 cm*/V-s, we have
v=u,E,

Then
For L=3um, v=1.67x10°cm/s
For L=1um, v=5x10°cm/s
For L<0.5um, v=10" cm/s
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_ (425)3.9)8.85x10™)
110x107°
=1.334x10"* A/V? =0.1334 mA/V ?

1o =[S 2 s
:[0.1334](122)(0 8-0.45)

2
=0.1362mA

1_a, @ ( L )-1
r, 0Vy, oV, |\L-AL) "

0 -
=I,L-——|[L-AL
st li-at)

=1,L(-1\L—-AL)” [— oAL J

OV ps

__fpl  oAL
(L—AL)* 0Vpys

AL = { [\/¢ﬁ,+vm — 85 + Vs ( sat]
avDS \eN (¢ﬁ’ )

We find

2e, _\/2(11.7)(8.85><10”)

eN, V(1.6x10")3x10")
=2.077x107 cm/V '?

3x10'°
= (0.0259)In| ——— |=0.3758 V
#r = ) (1.5><10 J

Vs = Vs (sat)+ AV g = Vg =V + AV
=0.8-045+2=235V
Now

oAL  (2077x107)
Vs - 203758 +2.35
AL =(2077x10% V03758 +2.35
_JoaTsE05)

=1.660x10"cm=0.166 1 m

=6.290x10"% c/V

| I,L  aAL
r (L=ALY 0Vys
~(0.1362x107 J1.2x10*)
[1.2-0.166)x10]
=9.615x10"°
=r, =1.04x10° Q =104k Q
(b)
1 (0.1362x10" J0.8x10)
r,  l08-0.166)x10
=1.705x107
=r, =5865x10"Q=58.65kQ

(6:290x10°°)

(6.290x10)

Wu,C
,UZnL = (VGS =Vi )2

(10) (500)6.9x107* (V45 1)

or
1,(sar)=0.173(V 1)’ (mA)

nd
JI,(sat) =~+0.173(V,s —1) (mA)'2

(b)
E

-1/3
eff
Let /'leﬂ zﬂO(E ]
C

Where g, =1000cm*/V-s and
E. =2.5x10*V/ecm

a

Let E,; tﬂ

e find

¢ _Su_, _Eu_(9)885x10")
“T T, 6.9x10™

or

t =500 A

Then
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Vas Ear Her Ip(sar) (i) For Vs =1.0V, v, =[ﬂj(4x106)

1 - - 0 to1.2s

) 4x10° 397 0.370 =3.2x10° cm/s

3 6x10° | 347 0.692 1, =(3.452x107 )3.2x10°)

4 8x10° 315 0.989 =1.10mA

5 10x10° 292 1.27 (iii) For Vs =1.25V, v, =4x10°cm/s

(c) The slope of the variable mobility curve is
not constant, but is continually decreasing.

11.12
Plot
11.13
@ c _ (3.9)8.85x10™)
” 200x107°
=1.726x1077 F/em*
_u,C W
2L
_ (475)1.726x107 )10)
- 2(1.0)

=4.10x10" A/V? =0410mA/V *
For Vg —V, =2V, Vi (sar)=2V
(i) 1, =(0410)2(2)0.5) (057
=0.7175 mA
(ii) 1, =(0.410)2(2)1.0)- (1.0} |
~1.23mA
(iii) 1, = (0.410)[2(2)(1.25)— (1.25)° ]
= 1.409mA
(iv) 1, =(0.410)2(2)2)- (2)* ]
=1.64 mA
() I,=WC, (Vcs -Vr )Uds
= (10 )1.726x107 ) 2)o,
= (3452x10™ p,, A
= (3.452x107 b, mA

. 0.5 6
For V,, =05V, v, = — [14x10
(1) DS ds [IZSJ( )

=1.6x10°cm/s
1, =(3.452x107 1.6x10°)
~0.552mA

1, =(3.452x107 fax10°)
=1.38mA
(iv) For V,,, =2V, v, =4x10°cm/s
I, =138mA
(c) For part (a), V (sat) =2V
For part (b), V) (sat)=1.25V

11.14
Plot

11.15
(a) Non-saturation region

1 w
I, = 5 u,C,, [IJ[Z(VGS -Vr )VDS _Vgs]

We have

Cox — eox = Cox
t

ox

and

W=kW, L=kL
also

Vioe = kVig, Ve = kV
So

Ll (CaY W
T s vy

x [Z(kVG - VT )kVDS - (kVDS )2 ]
Then
I, =>=kl,
In the saturation region,

1 C,. kW
I, :Eﬂn( A )(Ej[kvcs _VT]2

Then
I, =>=kl,
(b)
P=1,V,, = ki, \kV,,)=k>P
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11.16
ID (Sat) = WCUX (VGS - VT )Usat

= | S v v,

I, (sat):>5 kI, (sat)

11.17
(@)

k
@) Iu(max): 2n .%'(VGS _VT)Z

= [0‘—215][%}(3 ~045)°

2.438 mA
(i1) Scaled device:

V, =V =k(3)=(0.65)3)=1.95V

k=943 (9151 6 2308 marv?
k) o065

L=k(1.2)=(0.651.2)=0.78 zm
W =k(6)=(0.65)6)=3.90 #m

Then
:( 2308)( j(1 95-0.45)"

=1.298 mA
(b) (i) P(m ) o (max )V, =(2.438)3)
=7.314mW
(i) P(max ) = (1.298)1.95)
=2.531 mW

11.18

c _ o _(39)885x10™)

ot 120x107°
=2.876x10" F/cm?

5 X1016
b, = (0'0259)111(WJ =0.3890 V

- _[401.7)s.85x10 Yo.3890) |
T (16x107f5x10")

=1.419x107 cm

AV, :_M 5 1+2xi_1
C,. L v

 (16x10™ 510 J1.419x10°)
- 2.876x107

| 0.25 1+2(0.1419)_1
0.80 0.25

AV, =-0.0569V

11.19
_ (39)8.85x10™)
~ 80x10°*
=4.314x10" F/cm?

2x10'"
=(0.0259)In| =———— |=0.3653 V
# = ) (1.5><10“’J

_ {4(1 1.7)8.85x10 " X0.3653)]/2

(1.6x107° J2x10')
=2.174x107° cm

AV, =— (1.6><10719 X2><1016 X2;174X1075)
4.314x10°

0.30 f 2@0.2174;
X 1+ -1
0.70 0.30
AV, =-0.0391V
Vi =V +AV;

0.35=V,, —0.0391
=V, =0.389V

ox

Xar

11.20
_ (3.9)8.85x10™)
2001078
=1.726x10"7 F/cm?

=(0.0259)In ﬂ —0.3758 V
o 1.5%10"°
. o

- _[400.7)885x10 J0.3758) |
T (Lex10f3x10")

=1.80x10"cm
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AV, =-0.15 The average bulk charge in the trapezoid (per
(1.6x10 J3x10" )1.80x10) unit area) is

=— A , L+L'
1.726x1077 l0y|-L= eNaxdT(Tj

X[oso( . 2018) _lﬂ o
L 0.30 L. L,j

0.30 031 EN“x"T(—
0.15= (0.5006{‘T](0.4832)

2L
We can write

- L+L" 1 L 1 1
= L=0484 um + :—+—:—+—[L—(a+b)]
2L 2 2L 2 2L
which is
11.21 L+L’=l_ﬂ
We have 2L 2L
L'=L-(a+b) Now, |Qy| replaces |Qy, (max) in the
and from the zgeorr;etry i threshold equation. Then
(D (a+rj) + Xar :('"j+de) |0 |Q_’§D(max)
and AVy = c C
5 5 _ ) ox ox
F(z) ((bl;"’,) T Xar = (’"j +de) _eN, x,; {1_ a+b}_ eN ,x,;
rom B
C,, 2L C
a+r.)2:(r.+x )2—x2 " "
J J ds ar or
so that AV __eN,xg (a+b)
a= (rj+xds)2—x§T —rj ! Cnx 2L
which can be written as Then substituting, we obtain
[ 2 2 eN x T 2x
AV, =_—_—aZdl | _J 1+ 22485 4 42 1
a=r; [HXij _{xiJ o ' Coc 2L [ i ’
T Ty
or ) o e ey B -1
5 2 2 T
X X X
a=r; [1+—= +(—“] —[i] -1 Note that if x, =x,, =x, ,then a=£=0
r. r. r.
L / ! ! and the expression for AV, reduces to that
Define given in the text.

2 2
2 _ Xas —Xar
2

T 11.22
We can t_hen write i We have L'=0, so Equation (11.27)
) becomes
a=r,| [1+25 4 g% -1 L+l L 1
r; ==
ok o 2L 2L 2
Similarly from (2), we will have
” - r; 2x 4
2x, 5 =<1-— |1+ -1
b=r;| I+—=+p" -1 L r;
Fy
- - or

where

rl 2 I
52 = Ny ~ar Sl e e | =2
) L r; 2

J
Then Equation (11.28) is
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, 1
|QB| = ENaxdT(E\J
Then change in the threshold voltage is

v, 1241 o

AV, = eN X,z [‘fxdrj

C w

ox

(1.6x107" J3x10' 1.80x10"* )2(’2’}

(4.314x107 J2.2x107¢)
AV, =+0.0257V

COC C(IX
or
AV, = (1/2)(€NaxdT ) _ (ENaxdT )
C())C Cox
which becomes
AV, =— 1 eNoXa
2 C,
11.23
Plot
11.24
Plot
11.25

11.26

_(3.9)8.85x10™)

. 80x107°
=4.314%x10" F/cm?

¢, =(0.0259)In 310 =0.3758 V
S 1.5x10"

o _[4017)s.85x10 Y0.3758) |
T (16x10)3x10")

=1.80x10"°cm

11.27
_ (39)8.85x10™)
“ 0 120%107
=2.876x10"" Flcm?

16
;= (0.0259)1n[L10J =0.3473V

1.5x10

. _[4007)885x10 f0.3473) |
T (1.6x107° J10)

=3.0x107cm
AV :eNa'xdT éxdT
oc, w
In this case, £=1
So
0,045 (16107 J10" 1 0)f3x107*
' (2.876x1077 W)
=W=111um
11.28
Plot
11.29
AV :eNaxdT Exyr
’ C,. w

Assume that £ is a constant, then
e(l\liaJ(kXdT ) Skx
AREE
)
or

AV, =kAV,

AV, =
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11.30
(@)

1%
(E, =—+
t{))f
6x10° - Y%
200x107%
=V, =12V
.. 12
(i) Vg =—=4V
3
(b)
1%
)6x10° =—9
@ 80x107*
=V, =48V

(i) V, =%:1.6V

11.31
@ V,=(8)3)=24=E, 1, =(6x10°)r,.)
t,, =4x10°cm
or t, =40 nm:40021
) V, =(12)3)=36=E1,, =(6x10°)z,.)

t,, =6x10°cm

or 1, =60 nm=600A

11.32
Snapback breakdown means aM =1, where

1
=(0.18)1 —2_
a= 0190, 2 |

and
1

1_(VCE ]
Vo

Let V,, =15V and m=3. Now when

[

3
1— Vﬂ
15
we can write this as

3
VoY
1—[1%) =a=V, =15l-a

aM =1=

Now
I, a Ve
10° 0.0941 14.5
107 0.274 13.5
10°° 0.454 12.3
107 0.634 10.7
107 0.814 8.6
107 0.994 2.7
11.33

One Debye length is

{es (kT/e)]/z
L,=|—2"——~
eN,
[(11.7)8.85x10J0.0259) | "*
(1.6x107 J10'®)
or

L, =4.09x10° cm
Six Debye lengths is then
6L, =0.246x10"cm=0.246 £ m

From Example 11.5, we have
X, =0.336 1 m, which is the zero-biased

source-substrate junction width.

At near punch-through, we will have
X4 +6L, +x, =L

where x, is the reverse-biased drain-

substrate junction width. Now
0.336+0.246+x, =1.2

or
x; =0.618 y4m

Then, at near punch-through we have

X, :|:26x (Vm +Vos ):|1/2

eN,
or
x,eN
Vbi+VDS e —
e.)'
_(0.618x10* F (1.6x10"*)10¢)
~ 2(11.7)8.85x10™)
which yields

V, +V,s =295V

This document is available free of charge on StUDOCU.com

Downloaded by Burhan SaifAddin (bksaif@gmail.com)



https://www.studocu.com/row?utm_campaign=shared-document&utm_source=studocu-document&utm_medium=social_sharing&utm_content=semiconductor-physics-and-devices-4th-edition-neaman-pdf

Semiconductor Physics and Devices: Basic Principles, 4™ edition

By D. A. Neamen

Chapter 11
Problem Solutions

From Example 11.5, we have V,, =0.874 V,
)

Vps =2.08V
which is the near punch-through voltage. The
ideal punch-through voltage was

Vps =49V

11.34
(1019 X3><1016)
(1.5x10"

The zero-biased source-substrate junction
width is given by

172
2 €, vbi
o eN

Vv, = (0.0259)1{ } =0.902V

[2(11.7)8.85%10 J0.902)

1/2
{ (1.6x1077 J3x10" ) }

X0 =0.197x10 cm=0.197 zm
The Debye length is

]

eN,

[(11.7)8.85x10 J0.0259) ]
| (Lex10™)3x10")

or

or
L, =236x10"cm
so that
6L, =0.142x10 " cm=0.142 zm
Now
X4 +OL, +x, =L
We have for V,, =5V,

X, :|:26x (Vbi +Vos ):|”2

eN

[2(11.7)8.85%107 J0.902+ 5

{ (1.6x107 J3x10') )T

x,; =0.505x 10*cm= 0.505 £ m
Then
L=0.197+0.142+0.505

or

or
L=0844 ym

11.35
With a source-to-substrate voltage of 2 volts,

1/2
Ze.r ( bi SB)
Xp0 = T

a

[201.7)8.85x10 " f0.902+2) "
{ (1.6x107 J3x10" ) }
or
X, =0.354x107 cm=0.354 zm
We have 6L, =0.142 ¢z m from the previous

problem.
Now
1/2
|:2 S5 (Vbi Vs +Vg ):|
xd =
eN,

[201.7)(8.85x10 ™ J0.902+5+2

_{ (1.6x1077 J3x10") )]/

x, =0.584x10* cm=0.584 £ m
Then
L=x,+6L, +x,
=0.354+0.142+0.584

or
L=108 m

11.36

~ (3.9)8.85x107™)
~ 120x10°
eD,
C,

o0x

=2.876x10"" F/em?

ox

AV, | =

Implant acceptor ions for a positive threshold
voltage shift.

AR (0.80)(2.876x107)
e 16x10"
=1.438x10"cm >

11.37

 (39)8.85x10™)
~180x10°®
=1.9175x107" Flcm?
eD,

o

Implant donor ions for a negative threshold
voltage shift.

ox

AV, | =
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b _AVilCo (0.60)1.9175x107)
' e 1.6x10™"
~7.19x10" cm

11.38
@ ¢, =-108V
_(39)8.85x10™)
" 150x10°
=2.301x10" F/cm?
(o8
C(rx
(5x10° J1.6x10™")
2.301x10°7

VFB = ¢ms -

=-1.08—

=-1.115V

6x10"
- =(0.0259)In| ——— |=0.3341V
# = ) (1&10“’)

o _[4017)s.85x10 Y0.3341) ]
T (1.6x107° Jex10"7)

=3.797x10  cm
0%, (max)
= (16x107™ J6x10" [3.797 10
=3.645x10"C/cm?
_ |Q:€D (maxl
c

ox

Vio +Vop + 2¢/p

-8
= 3'645—Xl()7—1.115+2(0.3341)
2.301x10"

V,, =—0.2884V
(b) For a positive threshold voltage shift, add
acceptor 0ns.
AV, =V, =V, =0.50—(-0.2884)
=0.788V
Then
(av,)c,.  (0.788)2.301x107)
e 16x107"

=1.13x10%cm 2

D, =

11 -19
_orog 10" i6x10)

1.9175x1077
=+0.9966 V

2x10'
- =(0.0259)In| ==—— |=0.3653 V
P = ) (1.5><10‘°J

i :{4(11.7)(8.85x10‘14X0.3653)T
a (1.6x107° J2x10')
=2.1744x10"cm
|05, (max)
= (1.6x10 J2x10' (2.1744 107
=6.958x10"*C/cm*
|05, (max)

Vm =——— 1V _2¢ﬁ1

ox

8
- 0938x10 4 9966-2(0.3653)
1.9175%10"

Vi =—0.0969 V
(b) For a negative threshold voltage shift,
add donor ions.
AV, =V, —V,, =—0.40—(~0.0969)
=-0.3031V

_ |AVT Cox

Then D, =

e
_(0.3031)(1.9175%107 )
1.6x107"
=3.63x10" cm ™

11.39
() ¢, =+1.08V

_(3.9)8.85x10™)

. 180x107*
=1.9175x107 F/lcm 2

11.40
15
@ ¢, = (0.0259)11{L010] 03236V

1.5x10

_ (3.9)g.85x107)

” 80x107°
=4.314%x10"" F/cm >

o [4(11.7)(8.85 X107 X0.3236)T
v (1l6x107" J4x10")
= 4.576x107 cm
|05 (max)
= (1.6x10 Y4x10'" [4.576x10°%)
=2.929x10"* C/cm?
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_ |Q;D (max]
_2.929x10°°

 4.314x1077
=0.5349V

Vo + Vs +2¢ '

~1.25+2(0.3236)

(b) For a positive threshold voltage shift, add

acceptor ions.
AV, =V, =V, =0.40—(-0.5349)
=0.9349V
(Aav; ).,
e
~(0.9349)4.314x107)
- 1.6x107"
=2.52x102 cm

(c) Add acceptor ions.
AV, =V, =V, =-0.40—(~0.5349)

Then D, =

~0.1349V
-7
Then D, _ (0.1349)4.314x107)
1.6x10"°
=3.64x10" cm
11.41

The total space charge width is greater than
x; , so from Chapter 10

= Zej—oN [\/2% +Vp _\/2% ]

AV,

Now
1014
b, = (0.0259)111(—]()} =0.228V

1.5x10

_(3.9)8.85x10™)

” 500x107
=6.90x10"*F/cm 2
Then
AV,

L(1.6x10)11.7)8.85x10 " 10" ||

and

6.90x107*
x [\/ 2(0.228)+V,, — \/2(0.228)]

or
AV, =0.0834],/0.456+V,, —/0.456]

Then
Vg (V) AV, (V)
1 0.0443
0.0987
5 0.1385
11.42
(a)
( ) 1017
=(0.0259)In| —— |=0.407 V
Z [1.5x101°j
and

i _{4(11.7)(8.85x1014X0.407)]/2
T (ex10™ f107)
~1.026x10”° ¢m
n” poly on n-type ¢, =—-032V
We have
104, (max) = (1.6x107° 10" J1.026 %10 )

=1.64x107" C/cm?

Now
Vip = |[-1.64x107 —(1.6x10™ J5x10" )
-8
w0035 5(0.407)
(3.9)8.85x10")
or

V,» =—1.53V (Enhancement PMOS)
(b) For V, =0, shift threshold voltage in
positive direction, so implant acceptor ions.

— eDl = D] — (AVT )Cnx
e

AV,

ox

SO

_(153)3.9)8.85x10™)
I -8 -19
(80x107* f1.6x107")

or
D, =4.13x10% cm
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1143
The areal density of generated holes is

= (8x10")10° J750x10* )= 6x10" cm 2
The equivalent surface charge trapped is
= (0.10)6x10” )=6x10" cm

Then
B (6U>x<10“X1.6><10’19X750><10’8)
- (3.9)8.85x107'*)
or
AV, =209V
11.44

The areal density of generated holes is
6x10"” cm . Now

c _ o _(39)885x10™)

ot 750x107*

ox

=4.6x10"* F/cm?
Then

AV, _ 0, (6x107fx)1.6x107"%)
T Cox - 4.6)<10’8

where x is the fraction of holes that may be
trapped. For AV, =-0.50V we find

x=0.024 = x=2.4%

11.45

We have the areal density of generated holes

)

where g is the generation rate and y is the
radiation dose. The equivalent charge trapped
is

= xgyt())(
where x is the fraction of generated holes
trapped.
Then

0;, exgyt,, exgy >
AV, =— =5 = =
! Cox (eox /tox) ( € ](ZOX)

ox

or
A‘/T o= (tnx )2
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12.1 Then
Sketch 5%1073
vy =(0.0259)In
o= ) (1.738x1013]
12.2 =0, =0.6237V
Sketch
12.5
12.3
a 0.9850
a) f=—= =65.7
(@ 1, =LrAurn0 @ = 109850
Xp (b)
_(1.6x107™ J18)5x10~ J4x10°) (i) For 1. =38.27 1 A,
= - ;
0.80>10 1, =2c 23827 _4ser8, A
=72x1075 A B 65.67
I. 3827
_ Vse. =-C= =38.85uA
() I.=1 eXp( v ] £ o 0.9850 #
i) For 1. =0.571 mA,
W1 _(72X10_,5)exp( 0.58 ) (ii) For 1, 1 m
o 0.0259 5= % =0.008695 mA
— SA )
=3.827x10°A=3827 u A —8.605 1 A
N B 0.65 1
(i) I =(7.2x10 'S)eXP( j 1 =997 05797 ma
0.0259 £ 0.9850
=5.710x10* A=0.571mA (iii) For I, =8.519 mA,
_ 0.72 8.519
iii) 7. =(7.2x107" Jex I, =—=0.1297 mA
(@ e ( ) p(o.0259) b 65.67
=8.519x10° A =8.519 mA =39 g s49ma
0.9850
0.9940
= =165.7
12.4 ©7 1-0.9940
@ Jic|= D, Asi o -exp(UBEJ (i) For I, =38.27 u A,
Xg v, 38.27
» s = =02310 4 A
2107 (1.6x107)22)A,, 165.7
(2 104) 0.60 09940 T
AP 50259 (ii) For 1. =0.571 mA,
= A, =1.975x10"cm? I, = 0571 =0.003446 mA
165.7
1.6x107" 22 1. 10
(b) 5x107 _( 6x10™" J22) 9475X o) =3.446 u A
0.80x10" 0571
I, =———=0.5744mA
><(2><104)exp Ve £ 0.9940 "
0.0259
5x107 = (1.738 %107 Jexp| —2£
0.0259
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(iii) For 1. =8.519 mA, (b) For Vg, =3V, I.=0
: ) Vo =V —IR
L =3319 05141 mA ® Var =Vee ~IcRe
165.7 02=3-1.(10), I, =0.28 mA
=5L4lu A (i) For Vg, =0=>V,, =V, =0.65V
- 8519 _ ¢ s70mA 0.65=3-1.(10), 1. =0.235mA
0.9940
12.9
12.6 2 10}
n; 1.5%10
@ pole 0625 e (a) PEo=N—'=£ﬁL
1, 00042 oo
a=L_ 188 _ 40033 ) 25125“0 Cn]lo 2
1+4 1498 n, =l 115x10
I _ N 2x10'°
L =2e 06 0o mA oo
a 09933 =1.125x10" cm
I ) 2 10 )2
) a=scL2%_(ogs oo =l \15x10
I, 1.273 co N, 10'3
IBZL:%:%'O =225x10°cm™
l-a 1-0.9851 v
I. 1254 (®) 1,(0)=ny exp| ~2£
I, ="5=""""-0.0190mA v,
po 0.640
~19.0 4 A = (1.125x10* Jexp| -
150 0.0259
(©) a=-5-=099338  6.064x10" om -
1. =1, =(150)0.065)=9.75 u A |4
e =PI, ~(150)0.065) =975 4 pE(0)=pEoexp( BEJ
1, =(1+p), =(151)0.065)=9.815 u A v,
— (2.8125x10? )exp[oo'()624509]
12.7 Lo
(c) For i, =0.05mA, =1.516x10"cm ™
i = i, =(100)0.05)
or. - 12.10
i =5m 2 10 )2
> (15x1
We have (@) ng = M ﬁSX_OHL
Ve =Vee —icR=10-(5)1) Ny 5x10
or =45x10*cm
Vg =5V _n} (15x10")
pBO NB 1016
12.8 =2.25x10*cm ™
(a) For V., =3V, I.=0 n? (1.5x10")
(i) Vog =V — 1R, N 10
02=3-1.(25), I.=0.112mA —225%10% em >

(i) For Vg =0=V,, =V, =0.65V
0.65=3—-1.(25), I.=0.094mA
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Vv
(®) py (O) = DPpo exp[%)

t

= (2.25x10* )exp(
=4.62x10" cm

ng (O) =Nk exp{%]

0.615
0.0259

t

= (4.5 x10? )exp 0615
0.0259

=924x10%cm

12.11
@ 0 o (15x10")
N, 2x10'°
=1.125x10*cm
Now

ny(0)=(0.1(N,)=2x10"cm

=nNgo exp(%]

2 1 15
Then V,, = (0.0259)111(Lj

1.125x10*
=0.6709V
© ppg =i 510)
N, 8x10"’

=2.8125%x10%cm

V
Pe (O) =Pko eXp{%J +

t

- (2.8125x10 )exp(oo259

0.6709j

=5.0x10"%cm

12.12
We have

d(zz”—m:f; | el ]

At x=0,
d(on,)
dx

_ ~"po exp Ve ~1
x=0 . ‘xB Vt
L, simh| —

LB

Taking the ratio
d (5”3 )

dx X=xp
d(on,)

dx x=0
1%
exp| —2£ |-1|+cos X5
VI LB
Vv
exp| 25 |~1|-cos i 3 +1
VI LB

(a) For i—B —0.1= Ratio =0.9950

B

(b) For ;—B ~1.0 = Ratio =0.648

B

(c) For i—B =10 = Ratio =9.08x10~°

B

12.13
In the base of the transistor, we have

p, ol ),
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The general solution to the differential
equation is of the form

i, <x>:AeXp[LLJ+BeXp(Z_xj

B B
From the boundary conditions, we have
on,(0)= A+ B=n,(0)-n,,

1%
=Ny, {exp(vif) - l}
Also

x -x
&B(xg):Aexp(L—Bj+Bexp[ 7 BJ

B B

="Npo
From the first boundary condition, we can
write

Vv
A:nBO|:exp[ ‘ZEJ—I}—B

Substituting into the second boundary
condition, we find

X —x
B - £
{exp{ L J exp[ L H
\%4 X
=Ny, {exp[ ‘f,E J - 1} . exp(ij +1,,

Solving for B, we find

VBE xB
Nyl exp| — |—1|-exp| — |+n
30{ P[ v ] :l P(LBJ BO

B=
2 sinh(xBJ
LB
We then find
V —
—ng,|exp| 25 |—1|-exp T8 —ng,
Vt LB
A=
2 sinh[xBj
LB’
12.14

In the base of the pnp transistor, we have
2
p, L) an,ls)
dx Tgo

d’ (@73 (x)) P (x)
dx L,

where L, =/Dy7,,

=0

The general solution is of the form

X —Xx
Py (x) =A exp[zj +B exp(ZJ

From the boundary conditions, we can write
@73(0): A+B= pB(O)_pBO

VFB
= exp| — |1
pBO|: p[ VtJ :|
Also

Xp ~ X
5p3(x3): Aexp(L—J+Bexp( i J

B B

=~Pspo
From the first boundary condition equation,
we find
VEB
Vv

el 2]

Substituting into the second boundary
equation, we obtain

\% X
Pgo {CXP[VEIBJ - 1:| . CXP[LZJ + Pgo
2 sinh(xB]
LB
and then we obtain
\%4 -Xx
rufe 2t e S22 )
2sinh R
LB

Substituting the expressions for A and B into
the general solution and collecting terms, we
obtain

wo- gl

B=

A:

B

wsinh| 22— | _ginh| 2=
LB LB
12.15

For the idealized straight line approximation,
the total minority carrier concentration is
given by
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The excess carrier concentration is
ony (x) =ng (x)— Ngo
so for the idealized case, we can write

o S 222

1
At x:ExB,we have

X 1 \%
51’!30 (TBJ =Ngy {E |:CXP[VLIEJ:| — 1}
For the actual case, we have
ofg)- o)
sinh(xBJ ’
B

xsinh( all J—sinh( all J}
2L, 2L,

(a) For X _ 0.10, we have
B

B

sinh| —£— | = 0.0500208
2L
and
- xB
sinh| 22 | =0.100167

B

Then

{exp(‘;j’; H(o.so-o.49937)—1.0+0.99875

and

|:exp( ‘in H(o.so —0.4434)—1.0+0.8868

V
1 exp| 25 -1
2y
V
Again assume that exp[%} >>1. Then the

t

ratio becomes
_0.0566

=0.1132=11.32%

t
V
lexp —2E 11
2

\%
If we assume that exp(%) >>1, then we

t
find that the ratio is
~0.00063
0.50

=0.00126 = 0.126%

(b) For 19 , we have
LB

sinh( all j: 0.5211
2

B

12.16
(@) Py (xB ) =-5x10° = —Ppo

= Py =5x10cm ™

2

_ M
Ppo = N,
2 10 )2
; 1.5x1
Loy, o _fsx100)
Pso 5x10°
=45%10"%cm
\%4
5PB(0)E P o exp[ﬂj
Vt
0
=V, =V, m(%—()J
Po
15
=(0.0259)In 10 -
5x10
=0.6740V

(b) Using the linear approximation,

|J| —eD, d(ébg(x)) = eDyg p g CXP[EJ
dx 1%

Xp

t

Since x, << L,, |J|roE|J|H
= =xp

Then
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(1.6x107°J10)5%10°)  ( 0.674 12.17
|J | = ) ex (a) For an npn transistor biased in saturation,
0.8x10 0.0259 L .
the excess minority carrier electron
=20.0A/cm* concentration in the base is found from
(c) Using Equation (12.15a), b d>? (5,13 (x)) Sy (x) o
d(él;i(o)) _ ~Pso Bt Tho B
L, -sinh(xBj or
L, 41, (5)_eny()
2 2
x| ex Ve | cosh| 22— | 1 coshl - & b
P V. L, L, where L, =,/D,7,,
Now The general solution is of the form
|J|:eDB d(c?pB(x)): Dy P o é’nB(x):Aexp X +Bexp -
dx . Xp LB LB
L, sinh| —
L, If x, <<L,,thenalso x<<L,, so that
\% _ - X X
Mexol Yem | 2t cost X275 |4 cost| 2 &B(x):A(1+L—]+B{1—L—J
Vt LB LB B B
For x=0, sinh(1)=1.1752, cosh(l)=1.5431 - (A+B)+(A_B)[LJ
cosh(0)=1.0 Ly
Then which can be written as
-19 3
u - (1.6x10")10)5%10°) o1, (1) = C+D[LJ
w0 (10x107)1.1752) L,
0.6740 The boundary conditions are
x{| exp —1(1.5431)+(1.0) v
0.0259 51,(0)=C=n,, exp( ;EJ—I
|7| =2.1042A/cm’ '
x=0 and
FOr 5= %5 Sy (xy)=C+D| 22 Vi |
Xp )= — |=ng,| ex -
- (1.6x107*f10)5x10°) ot L, )",
x=xg (10>< 107 X1-1752) The coefficient D can be written as
0.6740 L V
x4| ex —1|(1.0)+(1.5431 D=|-% B -1
(o200t (2o e 1
|[7|  =1.3636 A/em? v
X=xpg — exp(ﬂ] —1
(d) For part (b), v,
7 The excess electron concentration is then
i given by

J

=1.0 v
ong (x) =Ny, {exp[ﬂj - 1} . [1 - i}
x=0 Vt Xp
For part (c),
P Ve X
+| exp! 1| —
e 13636 Vi s
LA =0.648
2.1042

x=0

J
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(b) The electron diffusion current density is
d (61, (x))

dx

:eDM%OHFH{ij 1](55)
R
Ay

(c) The total excess charge in the base region
is

J,=eDg

n

*B

Q. = _eI o (x)dx

0

| x?
=—en ex 1| x-
30{ P( v, ) } [ ZXB]
\% 2 x
+ exp[ BCJ—l (x ] ’
V, 2xp 0
which yields

—€NpoXp Ve
=——"J|exp| — |-1
QnB 2 {{ p( Vr J :l

el

(a) Using the linear approximation, we can
write

D % \%
|Jﬂ| = )1;”30 {exp(%} - exp(%ﬂ
B 1 t

n’ _ (1.5><1()]0)2

N, 5x10'°

=4.5%x10° cm ™
Then

Ny

(1.6x10 J25)4.5x10°)
0.7x10™*

0.70 Ve
x| exp —exp
0.0259 v,

125 =

1%
4.8611x10'" =5.4662x10"! —exp( ‘fcj

t

=(0.0259)In(6.051x10" )
=0.6430V
(b) Vg (sat)=V,, —V,. =0.70-0.6430
=0.057V
(c) Wehave

&:—nBoxB exp Vﬂ J,_exp VLC
e 2 V, v,

_ (4.5x10°J0.7x10™)
2

0.70 0.643
exp) +exp| ———
0.0259 0.0259
= (0.1575)[5.466><10” +6.052x10" |
0,

e
(d) In the collector,

Pex")= pey [CXP(%H'{W( _Liﬂ

Now

p| j@c”ﬁ
e ol
~Peke ”m£w j

=9.56x10" cm 2

We find
n’  (15x10"°)
Pco = N_ = 10
C
=225x10°cm ™
Then
o,
el _ (2.25%10° 3510~ Jexp| 2043
e 0.0259

=4.77x10"% cm 2

12.19
(b)
2 10 )2
L 5 ) PN
N, 10
and
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Pco =

N, 7x10"

At x=x,,

V
ng (xB ): Npo CXP( ‘I;C ]

t

= (2.25 x10° )exp( 0-565 j

0.0259

or n,(x,)=6.7x10"cm
At x"=0,

Vv
Pc (O) =DPco exp[%}

t

= (3.21x10* Jexp| 2202
0.0259

or p.(0)=9.56x10" cm
(c) From the B-C space charge region,

Vi = (0.0259)111]:Mjl

1.5x10"° )
~0.745V
Then
. {2(1 1.7)8.85x10 "4 )0.745-0.565)
a 1.6x10™"°

15 1/2
y 7x10 ( 1 J
10" 7x10" +10"

or x, = 1.23x10°cm
From the B-E space charge region
!1019 !1017 ’]

Vi =10.0259 )In
bi2 ( ) [(I.SXIOIO)Z

~0.933V
Then
i {2(11.7)(8.85x10‘4)(0.933+2)
" 1.6x10™°
X(IO”]( 1 ﬂ”z
10" 10" +10"
or

X =1.94x10" cm
Now
Xp =Xpo =Xp1 TXp02
=1.20-0.0123-0.194

or
x; =0.994 ym

2 10 \2
A _WSXI0 ) 510t em =

12.20
Low-injection limit is reached when

¢(0)=(0.10)N, =(0.10)f5%x10")
or
pe(0)=5%x10"cm

We have
2 10
: 1.5x1
Peo :n_l:£5x—ol4lz4'5x1()5cm*3
N, 5%10
Also

or
0
Vo =V ]n[p_UJ
Pco
13
=(0.0259)In LOS
4.5x10
or
Ve =048V
12.21
(@)
M y=— =L 099305
T, T 00035
1+ = 1+
I, 0.50
I :
(if) = 2¢ = 9995 _ 999
s 050
l.+1,
(iii) § = ————
InE + IR + IpE
_ 050400035 o0 o
0.50 +0.005 +0.0035
(iv) @ = 6,5 =(0.99305)0.990)0.990167)
=0.97345
a 0.97345
v = = =
O = " 1s097385
(b) For ,8=120:>a=L=@
1+8 121
a=0.991736
Then y = a, =& =0.997238
Ie I
o, =0.997238 = 1€ = 1€
0.50

nk

=1, =0.4986 mA
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y =0.997238 = ! = !
1+ILE 1+ Loe
I, 0.50
=1,,=000138mA=1.38 A

I, +IpE
YR
0.50+0.00138
0.50+ 1, +0.00138
—1, =0.00139mA =1.39 1 A

0.997238 =

12.22
(a) Using Equation (12.37)

_ eDy ppoApe
Ly

S

X +
sinh[xBj tanh[xBJ
LB LB

n}  (15x10")

Ppo =7~

N, 10'°
=225x10*cm

L, =Dy, =J(10Y5x107)

=2.236x10"cm
We find

4
sinh Xg —sinh 0.70x10 :
L, 2.236x107°

=0.03131

4
ot 22 ) o 07010 :
L, 2.236x10"

=0.03130

nC

Then
(1.6x10™ J10)2.25x10* 5% 10)
2.236x107°

0.550
exp -1
{ (0.0259] } 1
X +

0.03131 0.03130

I =

nC

1, =429x10" A=0.429 mA

I
1+ Ne De X5
Ny Dy Xxg

_ ! — 0.95969

10" 15Y°0.7
1+ ===
5%10"7 \10 A\ 0.5

1 1

aT = = "
X, 0.70x10
cosnf — coshf ———

L, 2.236x107°

=0.99951

a = ya, 8 =(0.95969)0.99951)0.995)
=0.95442
a 0.95442

B = = =20.94
l—a  1-0.95442

(b) y=

Then
1. =pl, =(20.94)0.80)=16.75 1 A
(©) I.=al,=(095442)125)=1193 u A

12.23
(a) We have
\%
l:exp[BEJ —1}
- eDanO Vv, N 1
b tanh| & sinh| 2
LB LB
We find that
2 10 )2
; !1. 1 '
Ngo =;\l[—’ = :Xl(())m =4.5%x10cm ™
B X
and

L, =Dy, =/(15)5x107)

=8.660x10"* cm

Then
,_l6x10™ Jashasx10°)
" 8.66x10~*
0.60
exp
) 00259 I

+
tanh(o'mj sinh(o‘mj
8.66 8.66
or
J,; =1.779 A/cm?
We also have
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D v (b) Using the calculated current densities, we
7, =LePro {exp(ﬂj - 1} R S find
E ' tanh[xEJ . Je  _ 1.779
£ Joe+J e 1779+0.04251
Now i or
2 10
- . =0.9767
pEozn_’z L>x107) 5 95%10%em ™ 4 .
N, 10'8 We also find
and o - J.o 1773
r = =
LE :1’DETEO :,;(8“10’8 ’ JnE 1779
B N or
T 2.828x10~cm &, =0.9966
en o 5 Also
(1.6x10 J8)2.25x10?) Iy
vE - T T
2.828x10 -
Jp I +J
0.60 1
x{exp(o 0259]_1]W B 1.779 +0.04251
' tanh[zézgj 1.779+0.003218 + 0.04251
’ or
or 6 =0.9982
J ,p =0.04251 A/em? Then
We can find a = ya, 5 =(0.9767)0.9966)0.9982)
o eDyng, or
e =T a=0.9716
g Now
exp Ve -1 B a _ 0.9716
v, 1 l-a 1-09716
x . + . or
sinh(BJ tanh(B] [ =342
LB LB
~(L6x10 15)4.5x10°) .
8.66x107* '
(a) We have
{exp[ 060 H e L NaDen
y 0.0259 N 1 1+&‘&'x73 N, D, x;
sinh 0.7 tanh 0.7 N, D, x,
8.66 8.66 or
or Y= 1-K- &
J . =1.773 Alcm* Ny
The recombination current density is (i) Now
Jo=1,, exp| 22 -2tk
R~ Yro p 2Vr 7(3) — NE
0.60 A4 N
= (310 Jexp| =0 N,
2(0.0259)
or ;[l—ZNi'KJ(l+NBO .KJ
J, =3218x107 Alem? Ne Ne
=1 2N o .K+NBO K
B Ne NE
or finally
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LAP) B0 TE
7’(A) Ny Dy xg
(ii)
We have
y:l_&.&.x_[gzl K .xB
N, D, x, Xg
Then
X
1_K,' BO
7’<C): 2xp
7(A) 1-K' Xpo
'xE
;(1—K'~XBOJ[1+K’~—XBOJ
2x, Xg
~1_K' X o LK XBo
XE Xg
—1+ K280
2x,
or
y(c):1+NBO & Y50
7/(‘4) Ny Dy 2x;
(b) (i) We find
a,(A)

or finally
2
2, (C) :1+§ XBo
a(A) " 8 L,

(c) Neglect any change in space charge width.

o= ! >
1+ exp(_ BE j
sO 2Vt
-V
1 e ) K
JSO 2‘11 JsO
®
K
1— >
5(B) T ( K J{ K J
——== =|1- 1+
é‘(14) 1 _L JAOB JsOA
JSOA
K K
=1- +
JSOB JSOA
Now
2
Jyo gy =——
B
s
5(B) _ | 2NwK  NyK | NyK
5(A) c c C
Then finally

_V .
J  expl —2£
5B)_, " ‘{ zvtj

o(4) Dty
Xp
(i) We find
-V
J ,ex BE
§(C) ro p[ 2V’ J
=1+
s(4)

eDynyg,
'xB
(d) Device C has the largest . The emitter

injection efficiency, base transport, and
recombination factors all increase.

12.25
(a) We have
1 1
Y=TTN, D, x, N
Ny Dy xg E
or
N
y=l-K-—£
NE
1) Then
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LK N, (c) Neglect any change in space charge width.
7(3) _ 2N g o= 1
7(A) I—K NB 1+J7rOeXp _‘/7%
NEO JxO 2Vt
1 K
;(1—[6 Ny ][HIO Ny J =T % EI—J—
2N ko Nio 1+T s0
N N sO
=1-K-—2+Kk.—2 @)
2NE0 NEO K
N 1-
ek COREPS (R (R
£o 6(A) 1_ K JSOB JsOA
or
JAOA
7(_B:1+ Ny &x_B K K
V(A) 2Np Dy xp EI_J +J
(11) NOW sOB SOA
| . Now
y= =1-K'-22 J o 1
X s
1+K"xl e ? Npxp
E SO
Then 5(3)
1 X 5(A):1_K'(2NEO)+K,(NEO)
V(C) _ (xEO /2) or
A e X 5(B) _\_xin
Xgo é.(A) EO
N , 2x, , Xg Recombination factor decreases
=|1-K 'E I+ K 'E (i) We have
s(C) (XEOJ
x X ——=1-K" +K"(x,0)
=]-2K'- 2 +K'.-—E& EO
XEo XEo 5(A) 2
or
xB
=1-K' o\C 1
=K Xro %A;ZI—FEK”.XEO
or fiElgl)ly N D Recombination factor increases
Ne) s Ze X
7/(A) Ny Dy Xxp
(b) We have 12.26
1{x ? ®)
a, =1-—| =% 2 102
d Z(LB] nBozn—’:w:Z.ZSXIOSCm%
0 N, 10
a (B) Then

) e

t

a ) 2(2.25><103)exp[ 0.6 J

0.0259

=2.59%x10"%c¢m 3
Now
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J o = eDyny (0)
nC XB
~ (16x10"}20)2.59x10")
- 107

or
J,. =0.828 A/cm?
Assuming a long collector

D Vv
T, _&cPno exp( BC\J

LC Vt
where
2 10 )2
poo =i :w =225x10*cm™
N, 10
and

L. =+/Do1¢, =1/(15)2x107

=1.732x10 cm

Then
,_lexio Jisfe2sx10t)
e 1.732x10°?
0.6
X exp| ———
0.0259
or

J e =0.359 Alem?
The collector current is
Io=(,c+7,)A
= (0.828+0.359)(10°)

or
I, =1.19mA

The emitter current is
I, =7, -A=(0.828)10")

(b) For D, =D,, L, =L,, x; =xz, we
have

1 1
}/ = =
1""(1’50/”30) 1+(NB/NE)
and f= 2
1-y
Ny/Np 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, /Ly <0.10, the value of g is
unreasonably large, which means that the
base transport factor is not the limiting factor.
For x, /L, >1.0, the value of f3 is very
small, which means that the base transport
factor will probably be the limiting factor.

If N,/N, <<0.01, the emitter injection
efficiency is probably not the limiting factor.
If, however, N, / N, >0.01, then the current

gain is small and the emitter injection
efficiency is probably the limiting factor.

or
I, =0.828 mA
12.27
(@)
1 a
o, =——  and f=—2F
" cosh(x, /L) p l-a,
Xg/Ly Ar B
0.01 0.99995 19,999
0.10 0.995 199
1.0 0.648 1.84
10.0 0.0000908 =~

12.28
We have
_ eDgnpy,
L, tanh(x, /L, )
Now
2 10 )2
Ngo :n—":w:ZZSXIO%m'3
Ny 10
and
L, =Dy, =4(25)107)
=15.8x10"*cm
Then

_(1L6x10°)25)2.25%10°)
" (15.8x10 )tanh(0.7/15.8)
or
J,, =1.287x107" A/em*
Now
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1

1

o=
J -V
1+ 22 ex BE

0.99656 =
2x10' (8 )(0.80)

1+ ===

N, 23 1 0.35

=N, =4.61x10"* cm ™

sO 2’Vt
~ 1
2x107° Ve
+ exp.
1.287x107% 2(0.0259)
or
(a)
5= !
1+(15.54)exp Vi
' 0.0518
and
(b)
)
F=1- 5
Now
Ve [ B
0.20 0.7535 3.06
0.40 0.99316 145
0.60 0.999855 6,902

(c) If V. <0.4 V, the recombination factor is
likely the limiting factor in the current gain.

12.29
a=L__10_ 40993377
1+8 151
a =y o
0.993377 = (yer, )0.9975)
= ya, =0.995867

Let x; =0.80 yum

L, =Dy, =J(23)2x107)

=2.145x10" cm

Then
1 1

aT = = ”
Xy 0.80x10
cosn — cosnf ————
L, 2.145x107°

=0.99930

a 0993377
"= a6 (0.99930)0.9975)
1
7/ - NB DE ‘xB

1+8.78 7B

Ny Dy xg

=0.99656

12.30
(a) We have J,, =5x107° A/em’

We find
2 10 \2
i 1.5x10 =45%x10°cm ™

n
BOON,  5x10'°
and
L, =Dy, =4(25)107)
=15.8x10"*cm

Then
eDgnpg,

Lo = an(x, /L)
_(1.6x10™°)25)4.5x10°)
~ (15.8x107* )tanh(x, /L,

or
_ 1.139x107"

** " tanh(x, /L)

We have
1

o=
J -V
1+ exp| —2E
I, 2w

For T=300K and V, =0.55 V.

0 =0.995
1

- 5x10°* X, ~0.55
I+| ————— |-tanh| —= |-exp
1.139x10 L, 0.0518
which yields
X8 _0.0468
L

B

or
x, =(0.0468)15.8)=0.739 ' m

(b) For T =400K and J , =5x10" A/em?,

“E
8
15(400) ( @T | exp{(0.0259)(400/300)}
ny,(300) | 300 { -E, }
exp
0.0259

For Eg =1.12¢V,
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130 (400) ~1.175x10°
g (300)

or
1 (400) = (1.175x10° [4.5x10°)
=5.29x10°cm
Then
 (1.6x10"°)25)(5.29x10°%)
" (15.8x107* )tanh(0.739/15.8)

or
J,, =2.865x107 A/em?
Finally

5= 1

(b)

W r Ve +V, 24160

Ic

=648k Q

1 1
ii) g, =—=—==0.00154 (kQ) "'
(i) g, 13 (k)

o

=1.54x10°(Q)"

Giii) 7, = 2190 _ 0253 ma
648

, 5x10° 'exp{ ~0.55 }
2.865x107° 2(0.0259)(400/300)
or
5 =0.9999994

12.36
AV AV -
rg:—EC:>AIC= EC :H
Al . T, 180

Al. =0.01667mA =16.67 u A

12.31
Plot

12.32
Plot

12.33
Plot

12.34
Plot

12.35

1
(@ I :r_(VCE +VA):>ra =

4

Q) r, = 2“;1220 ~101.67kQ

IC

1
i) g =—= ~0.00984 (kQ )~
W = =017 (e8)

=9.84x10°(Q)"

(i) 7, =120 5o mA

101.667

12.37

1/2
- 2e, (Vbi+VCB) Ne o 1
@ e Ny, (Ny+N,)

) {2(11.7)(8.85x10‘” v, +Vey )

1.6x107"

1/2
2x10" 1
X .
2x10° (210" +2x10'°)

={5.8832x10"")V,, +V,, )|

Now
V, =V, m[NBIZVCJ
n;
_ (00259 (2x10" J2x10')
' (1.5x10" )
~0.6709V

(i) For Vo =4V, x, =0.1658 4 m
(ii) For Vo, =8V, x, =0.2259 ym
(iii) For Vi =12V, x, =0.2730 # m
Neglecting the B-E space charge width,
(i) For V =4V,
x5 =0.85-0.1658 = 0.6842 11 m
(ii) For V =8V,
xp =0.85-0.2259 =0.6241 um
(iii) For V4 =12V,
x; =0.85-0.2730=0.5770 £ m
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Now

Jo - eDyng, GXP[%J

xB t

n!  (15x10")

N, 2x10'°
=1.125x10*cm

SO

- (Lox10™ Jos).125x10*) ( 0.650 J

0.0259

xB
~3.5686x107°
Xp
()For Vo, =4V, J.=52.16 Alem*
(ii)For Vo, =8V, J. =57.18 A/em”*
(iii)For Vo, =12V, J. =61.85A/cm*

Alcm 2

AJ J
(b) c "¢
AVey Vg +V,
61.85-52.16 52.16
12-4 4+0.650+V,
=V,=384V
12.38
We find
2 10 )2
Ngo :n—i:—(l'SXIO 6) =7.5x10°cm™
N, 3x10'
and

ng (O) =nNgo exp(‘;m ]

t
; 0.7
=(7.5x10 )exp(—o'ozsgj
or
n,(0)=4.10x10" cm
We have
dng eDBnB(O)

J=eD, —
P odx Xp

(1.6x10"° J20){4.10x10")

Xp

or
/o 1.312x1072

Xp

Alcm?

Neglecting the space charge width at the B-E
junction, we have

xB = xBO _xp

Now
16 15
v =(0_0259)1n[(3x10 5x10 )}

(1.5x10" )

or
vV, =0.705V
Also

172
y = 2e, (Vhi +VCB) N 1
! e Ny ANz +N,

[2(11.7)8.85%107 |V, +Vgy )
- 1.6x10™"

is 1/2
[ 3x10 [ 1 j
3x10'° \5x10" +3x10'

x, =[6.163x10™ v, + V¢ )]
For Vg, =5V, x,=0.1875um
For Vi, =10V, x, =0.2569 um

(a) For xz, =1.0um

or

For V, =5V,
xz =1.0-0.1875=0.8125 ym
Then
-2
J :%:161.5 Alecm?
0.8125x10"~
For Vg, =10V,
xp =1.0-0.2569 =0.7431 t m
and
-2
J= M =176.6 A/cm >
0.7431x107*
We can write
AJ
J=——\V, +V
AVCE ( CE A)
where
AJ AJ  176.6-161.5
AVe AV 10-5
=3.02 A/lcm*/V
Then
161.5=(3.02)5.7+V,)
which yields
V, =478V
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(b) For x,, =0.80 um
For V, =5V,
x, =0.80—0.1875=0.6125 u m
Then
/o 1.312x107*
0.6125x107*
For Vg, =10V,
x, =0.80-0.2569 = 0.5431 um
and
;- 1312x10 ?

0.5431x107*
Now

AJ AJ  241.6-214.2

=214.2 A/em?

=241.6 A/cm?

AVy AV 10-5
=548 Alcm*/V

We can write

AJ

J= (VCE +VA)

CE
or
2142 =(5.48)5.7+V,)
which yields
V, =334V
(c) For xz, =0.60 #m
For Vg =5V,
xp =0.60-0.1875=0.4125 4 m
Then
/o 1.312x107?
0.4125x10™*
For V4 =10V,
x5 =0.60-0.2569 = 0.3431 #m
and
-2
;- 1312x10

0.3431x107*
Now

AJ AJ  382.4-318.1

=318.1 A/lcm?

=382.4 A/cm?

AVy AV, 10-5

=12.86 A/lcm?*/V
We can write
AJ

J = (VCE +VA)
CE
or
318.1=(12.86)5.7+V,)
which yields

V, =190V

12.39
()

1/2
. 2e, (V +Vie)[Ne 1
@ e N, (N,+N,)

B {2(11.7)(8.85><1014 WV, + Vi)

1.6x107"

1/2
10° 1
X .
10 (10" +10")

= {1.1766x107°)V,, +V,)f
Now

N,N
v, =V,1n[ BZCJ

n

= (0.0259)11{&1():@]
(15x10" )
=0.6350V
For V. =1V, x, =0.1387 ym
For V. =5V, x4, =0.2575 4 m
Then Ax,, =0.2575-0.1387 =0.1188 um

) I, = eDyppoAgp eXp(VEBJ

B 12
We find
n?  (1.5x10")
Ppo =7 zg—ml
N, 10
=2.25x10*cm
Then
- (1.6x10"° J10)2.25x10* J10~)

Xp

0.625
X exp| ———
0.0259

_ 1.0874x107

Xp

A

1.0874x1077
(0.70-0.1387)x10™*
=1.937x10°A=1.937mA

1.0874x1077
(0.70-0.2575)x107*
=2.456x107 A =2.456mA

For V. =1V, I. =

For V,. =5V, I, =

Then
Al . =2.456-1.937 =0.519 mA
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A, I,
AVye Voo +V,
0.519x107  1.937x107°
5-1  1+0.625+V,
V, =133V
VetV 16254133
I, 1.937x107°

=7.705%x10° Q=7.705k Q

(©

@ r,

12.40
Let x; =x,, Ly, =L,, Dy, =D,
Then the emitter injection efficiency is

)= | 1
14 Pro 1+ ng, Ny
Mgo N n;

where n;, =n’.
For no bandgap narrowing, n, =n’.
With bandgap narrowing,

AE
I’l-z :n.z €X &
iE i p kT

Then
1

7 NB AEX
1+ —exp| ——
Ng kT
(a) No bandgap narrowing, so AE, =0
a=ya,5=y(0.995) . We find

12.41
(a) We have

1
ProDiLy .tanh('xB/LB)
NgoDyLy tanh(xE/LE)
For x; =x., L, =L, , D, =D, , we obtain
1

}/:
NB 8
I+ —=exp| ——
N, kT

For N, =10 cm ™, we have AE, =80 meV
Then

7/:
1+

1

W 0.080
+ m €Xp
10 0.0259

0.996 =

which yields
N, =1.83x10" cm ™

(b) Neglecting bandgap narrowing, we would
have

Y= =0.996 = L
1+ 1+—2
N, 10"
which yields

N, =4.02x10""cm ™

Ny 7 o B

10" 0.5 0.495 0.980
10 0.909 0.8999 8.99
10" 0.990 0.980 49.3
10% 0.9990 0.989 90.2

(b) Taking into account bandgap narrowing,
we find

Ny | AE, (meV) ¥ a p

10" 0 0.5 0.495 | 0.98
10" 25 0.792 | 0.784 | 3.63
10" 80 0.820 | 0.812 | 432
10% 230 0.122 | 0.121 | 0.14

12.42

(2)
oy PXLensn)_ (s72)
Area a(x B L)

(5/2)
ie,upNB ixBL)
1
(1.6x107 J250)2x10'°)
5x107"
X
(0.65x10*)25x107*)
R=3.846x10° Q=3.846k Q
(i) AV =(I,,/2)R = (5x10° )3.846x10°)
=0.01923V
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Xp{vﬁ (x= S/2)}

... ony(x=25/2) 0.0259
(iii) =
ony (xz()) exp Ve (x=0)
0.0259
{ 0.60 }
exp| ————
0.0259
{0 60+ AV }
0.0259
{o 0259}
{ 0. 01923}
0.0259
Then
ony(x=5/2) -
n (x = O) .
(b)
()R = !
(1.6x107 [250)2x10'®)
1.5x107*

“(0:65x1025%10~)
=1.154x10° Q=1.154k Q
(i) AV = (1, /2)R = (5x10° J1.154x10°)
=0.005769 V

o, (x=5/2) exp{—AV}

S, (x=0) - V,

—0.005769
=exp| ————
0.0259

(iii)

Then
ony(x=5/2)

=0.80
onyg (x = 0)

Now
2
R: 1 .M
eu,Ny xzL
545.8 = !

(1.6x107°J250)2x10" )
(5/2)
(0.65x107* J25x107*)
=5=142x10"cm=1.42um

12.43
Sy (x = 5/2)

&13( :O)

~AV
Vt
Then
AV =V, In 1 =(0.0259)In 1
0.90 0.90

AV =0.002729V = (I, /2)R

= (5x10°)R

=0.90= exp{

R=5458Q

12.44
(a)

where

“:l‘lwﬁ)ﬂ”

and is a constant. In thermal equilibrium

dN,
J,=eu,NyE—eD, I =0
so that
p=Pp 1 ANy (KT 1 dNy
H, Ny dx e ) Ny, dx

which becomes

() om0 52 o]
() (—“J % .
=%

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.

(©
J,=eu,nE+eD, dn
dx

Assuming no recombination in the base, J,
will be a constant across the base. Then

dan (| o Ju _dn [ E
dx |\ D, eD, dx |V

t
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where V, :[k—T)
e

The homogeneous solution to the differential
equation is found from

di
&+Anﬂ =0
dx
E
where A=—

t

The solution is of the form
ny =ny (0)exp(- Ax)

The particular solution is found from
n,-A=B

n

eD

n

where B =

The particular solution is then

J)l
B \eD,) JVv, I,

np,=—-=

A (EJ " eD,E euE

V

t
The total solution is then

n= ol +n, (0)exp(- Ax)
eu E

n

and

v ; 14
n(0)=n,, exp[%} = an ) exp(%}
t B t

Then

1 (0)= Nﬁo)e"p(@} .

Vl‘

12.46
We want BV, =60V
Then
BVCE() — BVCBO =60 = BVCBO
/B 350
which yields
BV, =221V

For this breakdown voltage, we need
N, =15x10"cm™

The depletion width into the collector at this
voltage is

Xo =X,
|2e, (V, +Ve)( N, 1 v
|t )
We find
Vv, = (0.0259)1n[m] =0.646 V
(1.5x10°
and
Vye 2BV =60V
so that
i 2{2(11.7)(8.85><1014X0.646+60)
¢ 1.6x107"°
SR
1.5x10" 10" +1.5x10"
or

X. =6.75x10"cm=6.75 um

12.45
(a) For N, =2x10"cm™,
BV, =180V
a 09930
—a  1-0.9930
BV,, 180

B V14186

(c) For N, =5x10"cm ™,
BV,, =19V

=141.86

(b) ,5:1

BV, = =345V

12.47
(a) For N, =8x10"cm™,
BV, =64V
(b) V :exfm_NB(Nc"'NB)
m 2e, N,

~(L6x10)0.50x10* )
~ 2(11.7)8.85x107)
510" J8x10 +5x10*)
8X1015

V,=70.0V

pt
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12.48
2
_ %o .NB(NC +NB)
@ V= 2e, N,
(1.6x10"°J0.65x10 ]
2(11.7)8.85x107)
(2x10 [5x10" +2x10")
X
5x15

vV, =326V
(b) From Chapter 7,

]2V, [ NyN, v
| e, (Ny+N,
_ [2.6x10"°)32.6)

_{(11.7)(8.85><1014)
{ (5x1015 X2X1016):|}1/2

|E max

5x10"% +2x10'

|E x| = 2.01x10° V/iem

max

12.49
_ ex gy .NB(NC +NB)
"2e, N,
 (16x107™ )2, )
2(11.7)8.85x10™ )
(5x10" J3x10" +5x10"°)
X
3><1015
= x,, =1.483x10° cm=0.1483 4 m

12.50
We have

Ve (sat) =V, -ln{

We can write

eXp[VCE(sat)}_ (11-02)+1, [0.99}

0.0259 | (0.99)1, —(1)1-0.99)\ 0.20

exp{‘gci)g:;)} ( 08+1, j(4.95)

Ic(l—a'R)+IB a_F}
aply _IC(I_aF) g

or

0.991,, —0.01

(a) For V (sat)=0.30V, we find

exp[ 0.30 }:1.0726“05

0.0259
_ 0.8+1, ( 49 5)
0.9971, -0.01
We find

1, =0.01014mA=10.14 u A

(b) For Vi, (sat)=0.20V, we find
I,=00119mA=119uA

(c) For V, (sat)=0.10V, we find
1,=0.105mA=105uA

12.51
For an npn transistor biased in the active
mode, we have V. <0, so that

\%4
exp[ﬁj =0. Now
\%

t
Lo+l +1.=0=>1,=—(I.+1I,)
Then we have

1%
I, = —{aFIES {exp(ﬂj—l}+lm }
Vt
V
_{—aRICS —1 {exp(%)—l}}
or

Iy =(1-a; ) {exp(%J—l}

_(l_aR)ICS

12.52
We can write

Vv
I | exp| —=2£ -1
Esl: [{ V,J :|
Vv
:aRICS{exp[%j—l}—lE

Substituting, we find

I = Ve
c =0p gl |exp -1,
Vf
Vv
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From the definition of currents, we have
I, =—I, forthecase of I, =0. Then

1%
I.=arapl {exp( ‘fc J—1}+aFIC
V
—1 {exp(vilc}—l}

When a C-E voltage is applied, then the B-C

. \%
becomes reverse biased, so exp( BC 1~0.
t

Then
I.=—apoap g +apl,+1
Finally, we find

Ip =1y = I (ll:zFaR)
e

12.53

@ I.=a.l l:exp[VBEj 1}
c ~YFlEs Vx -

For V., =02V,

I, =(0.992)5x107"* exp( 0-20 j—l

V
_(10—13 CXP(O BC J_l

=1.1197x107"

—(107]3 exp(%}—l
For Vg =-Vy. =-0.5 \_/ )
I, =1.1197x107" -2.4214x107
=-2421x10° A=-2421 A
For Vo =-V,. =-025V
I, =1.1197x107" -1.5561x10~°

=-1.44x10" A
For Vg ==V, 20V

I.=1.1197x10"" A
(b) For V,, =04V,
I, =2.5277x107

—(107]3 exp Vie -1
0.0259

For Vo =—Vp. =05V
I, =25277x107 —2.4214x107
=-2396x10° A= 24 u A
For Vi ==V, =-025V
1. =25277x107" -1.5561x10"°
=2.51x107 A=+0.251 u A
For Vg =V, 20V
1. =25277x10" A=0.2528 u A
(¢) For V,, =06V,
1. =57063x10""

—(10713 exp Vie -1
0.0259

For Vg, =V, =05V
I, =5.7063x10 —2.4214x107

=5.464x10"* A =0.5464 mA
For Vg =-V,. 2-025V

1. =5.7063x10"* A =0.5706 mA

12.54

Veg (sat) =V, ln|:

IC(l_aR)+IB a_F:|
aFIB _(1_aF)IC ag

=(0_0259)1n[ (5X1-0.15)+1, (0.975)}

(0.975)1,, —(1-0.975)5) 0.150

425+1
=(0.0259)In| ———~——2——(6.5
( {(0.975)13 —0.125( )}

1,=025A, Vg, (sat)=0.143V
I,=050A, Vg (sat)=0.115V
I, =1.0A, Vg (sar)=0.0956V

)

I, =0.15A, V,,(sat)=0.187V
(sar
(

12.55

@) ="
IE

r, =r'C, =(103.6)0.35x10")
=3.626x10"" s =36.26 ps
%2 (065x10*)f

= =" 209)

n

=8.45x107" s=84.5ps

=w:0.1036k9
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4
(i) 7, = Xae _ 2.2><170
L, 10

=22x10"s=22ps
(iv) 7, :rC(Cﬂ +CS)
= (18)(0.020+0.020)x 10"
=7.2x10""s=0.72ps
b)r,, =7,+7,+7, +7,
=36.26+84.5+22+0.72 =143.48 ps
1 1

C = =
© Jr = e 27(143.48x1072)
=1.109x10° Hz =1.109 GHz
1.109%10°
@ f, =t LIOXI0
B 125

=8.87x10° Hz = 8.87 MHz

12.56
T, = i = <0'5X104)2 =6.25x107"s
2D, 2(20)
We have
7, =027,
so that
7,.=3.125x107"s
Then
1 1
Jr= 277, 27(3.125%107°)
or

fr =5.09x10° Hz =509 MHz

12.57
We have
T, =T, +T,+7,+T.
We are given
7, =100ps and 7, =25ps

We find
”
ry =2 120500
L, 10
or
7, =12ps
Also

z, =r.C. =(10)0.1x10 ™2 )=10"s
or

7, =1ps
Then

. =25+100+12+1=138ps
We obtain

1 1
Jr= 2zr,, 27(138x1072)

=1.15x10° Hz

or
fy =1.15 GHz
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13.1
Sketch
13.2
Sketch
133
ea’N,
@ Vo =70
. (1.6x10"° Jo.40x 10~ ] (3x10"°)
@) V/IO = -14
2(13.1)8.85x10 )
~3312V
16 18
(i) V,, =(0.0259)In %2“20)
(1.8x10°)
~1.328V
V, =V, -V, =1328-3312
——1.984V
1/2
®) h, :|:2'es (Vbi +Vis = Vs )j|
eN,
@ h,

[203.1)8.85x10 ™ J1.328+0—(-0.5))]
{ (1.6x1077 3x10") }
h, =2.97x107 cm=0.297 zm
a—hy =0.40-0.297 =0.103 zm
(i) h,
[2(13.1)8.85x10 " J1.328+0.5-(-0.5) |
{ (1.6x107 J3x10") }
h, =3.35x10 7 cm=0.335 m
a—hy =0.40-0.335=0.065 z2m
(iii) h,
[203.1)8.85x10 ™ J1.328+2.5-(-05))]
{ (1.6x107° J3x10") }
h, =4.57x107 cm=0.457 um
h,>a=a-h,=0

© Vps (Sat):Vpo 7 _VGS)
(i) Vs (sar)=3.312-(1.328 - 0)

=1.984V
(ii) V5 (sar)=3.312—(1.328 - (~1.0))
=0.984V
13.4
ea’N,
@ Vio =70
. (1.6x10"° J0.40x 10~ J' (3x10"°)
(1) VI’O = -14
2(11.7)8.85x10™*)
=3.709V
16 18
(ii) V,, =(0.0259)In MM?)
(1.5x10")
=0.860V
V, =V, -V,, =0.860—3.709
=-2.849V
®) h, :|:2'es (Vbi +Vis =Vas )j|1/2
eN,
@ h,

[2(11.7)8.85x10 " }0.860+0—(~05))]
- (1.6x1077 J3x10")

h, =2.42x107° cm=0.242 u'm
a—h, =0.40-0.242 =0.158 zrm
(i) h,
B {2(11.7)(8.85 X107 0.860+0.5—(— 0.5))}”2

(1.6x107° J3x10"
hy =2.83x10cm=0.283 4 m
a—hy, =040-0.283=0.117 um
(iii) 7,
[2(11.7)(8.85x10 " f0.860+2.5-(-0.5))] "
(1.6x107 J3x10™)
h, =4.08x107° cm=0.408 £ m
h,>a=a-h,=0
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© Vps (Sat ) =V,0— (Vbi —Vis )
(i) Vs (sar ) = 3.705 - (0.860 — 0)

=2.845V
(ii) Vs (sar)=3.705-(0.860 - (~1.0))
=1.845V
135
ea’N 2¢,V,
a) V,= ¢ >N, =—""
( ) po 26 a eaz

s

_ 2(13.1)8.85x 10" 2.75)
(1.6x10"° Jo.65x10~* ]
=9.433x10" cm

(b) V, = (0.0259)]n|:(9-433 x10" Xl()l8 ):|

(1.8x10° )
~1.280V
V, =V, =V, =2.75-1.280
—147V
(© a—h, =0.15=0.65—h,
h, =050 um
1/2
W — 2e, (Vbi Ve +VGS)
? eN,
(0.50x10)

[2(13.1)8.85%10 7 J1.28+0+ V)
- (1.6x107" Jo.433x10" )

2.5x107 =(1.5363x10° [1.28+ V)
5V, =0347V

- 172
2e, (Vbi +Vep + Vs ):|

@ b= eN

a

(0.65x10* )

[2(13.1)8.85x107 )1.28+ V)
| (Lex107J9.433x10")

(0.65x10 J =(1.5363x10° )1.28+ V)

=V =147V

or
N, =8.425x10" cm

(®) Vy :(0'0259)111|:(8‘425X10|5 Xlols ):|

(1.5x10" )
= 0.8095V
V, =V,,~V,, =2.75-0.8095
~1.9405V

() a—h, =0.15=0.65—h,
=h, =050 m

1/2
2e, (Vbi +Vp +VGS)
hy = eN

a

(0.50x10)

[2(11.7)8.85%10 }0.8095 +0+ Vs )
- (1.6x107"° J8.425x10" )

2.5x10 = (1.536x10" )0.8095+V,, )
=V =08178V

2e, (V, +Vy +Vy )]
(d) hz :|: s bi SD GS i|

eN

(0.65x10~)

[2(11.7)8.85x107 }0.8095 + V., )
| (6x107)8.425x10")

(0.65x10 ) =(1.536x10" )0.8095+V,,)
=V, =194V

13.6
2¢,V,

2
ea

_ 2(11.7)8.85x107)2.75)
(1.6x10"° Jo.65x10* }

@ N, =

13.7

N N
@ V, =V, ln[—j

n

i

= (0,()259)1{(2XLX3X1018)}

(1.5x10"f
=0.860V
Vp :VpO _Vbi
3.O:Vp0 —0.86O:>Vp0 =386V
1/2
2¢. V
Now a =|: s po}
eN,

[2(11.7)8.85x10 3.86)

1/2
{ (1Ll6x107" J2x10) }

=5.0x107em=0.50 z m
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(b) V,, =386V
(©) VSD(sat) = VpO _(Vbi +VGS)

(i) Vg (sat)=3.86-0.86=3.0V

(i) Vg, (sar)=3.86—(0.86+1.5)=1.5V

13.8
N,N,
(@ V, =V, In| =L

n

—(0.0259)In 10 fox10")
(1.8x10° )
~1.328V
V,=V,,-V,

bi

3.0=V,,-1328=V,,=4328V
1/2

ue 2€, VPO

eN,
[23.1)8.85x10 " J4.328) "
(1.6x107™ J2x10")

=5.60x107 cm=0.560 ' m

(b) V,,=4328V

© VSD(Sat):VpO 7 +VGS)

(i) Vi (sar)=4.328—(1.328+0)=3.0V
(ii) Vp (sar)=4.328—(1.328+1.5)=1.5V

139
(@ Vps (sat): Vio =V _VGS)
Now
16 18
V,, =(0.0259)In M}
(1.5x10)

=0.886V
We find
5 :VpO —0.886 :>Vp0 =5.886V

1/2
2€, V,,O
a:
eN,

_[[201.7)g.85x10 " )5.886) ] "
(1.6x107 J4x10'°)
=4.36x10" cm=0.436 £ m
(b) (i) V,, =5.886 V

aVv,=V,-V,,=0886-5886=-50V

13.10
15 18
@) V, =(0.0259)n (SXN—W
(1.8x10°)
=1.264V
VSD(Sat): Voo _(Vbi +VGS)

p

35=V,,—(1264+1.0) =V, =5764V

1/2
2€e, VI,O
a=
eN,

[203.1)8.85x10 " )5.764)

1/2
{ (1.6x1077 f5x10") }

=1.293x10* cm=1.293 #xm

(b)
@) V,, =5764V

(i) V, =V, ~V,, =5764—1.264

p

—45V
13.11
(a)
Hy (eNd )ZW‘13
Ipy ==
6e, L
~ (1000)[(1.6x107* Y10
~ 6(11.7)8.85x107)
(400x10* J0.5x10* )
X
20x10°*
or
I, =1.03mA
(b)
v ea’N,
PO — 2 ES
1 {16x10™ Josx10 f (10)
| 2(11.7)8.85x107™)
or
Voo =193V
Also
V,; =(0.0259)In M =0.874 V
(1.5x10")
Now

Vs (sat ) =Vpo — (Vbi —Vis )
=1.93-0.874+V

or
Vs (sat) =1.056 + V4
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We have

V, =V, —V,, =0.874-1.93=-1.056 V
Then
(i) For Vg =0, Vye(sar)=1.06 V

(ii) For Vg = iVP =-0.264V,
Vs (sat)=0.792V

(iii) For Vg =—V, =—-0.528V,

< =

s (sat)=0.528 V
(iv) For V, = %VP =-0.792V,

Vs (sat)=0264V
(c)
I, (sat) =1, {1 —S(MJ

PO

« ]_% Vi =Ves
3 Vro
0.874—
=(1.03)1-3 0878 Voy
1.93

.2 [0.874-V,
3 1.93

(i) For Vg =0, I,,(sat)=0.258 mA
(ii) For V;, =-0.264 V,
1,,(sar)=0.141 mA
(iii) For Vg, =-0.528V,
1, (sat)=0.0608 mA
(iv) For Vg =—0.792V,
1,,(sar)=0.0148 mA

13.12
=G.|1 (Vbi _VGS jllz
84 o1 Voo
where
o 3 _ 3(1.03x10°)
v, 1.93
or
G, =1.60x10°S=1.60mS
Then

Vs (Vhi — Vs )/ Vo g, (mS)
0 0.453 0.523
-0.264 0.590 0.371
-0.528 0.726 0.237
-0.792 0.863 0.114
-1.056 1.0 0
13.13
n-channel JFET - GaAs
(2)
eu,N ,Wa
~ (1.6x10" Y8000)2x10")
10x107*
x(30x10* J0.35x10™)
or
G, =2.69x107S
(b)
Vs (Sat ) =Vpo = (Vbi —Ves )
We have
ea’N,
VPO - 2
eS

(1.6x10"°0.35x10~ J (2x10"°)
2(13.1)8.85x107*)

or
Voo =1.69V
We find
vV, = (0.0259)11{&2“016)}
(1.8x10°)
or
V, =134V
Then

Vo=V, —Vp, =134-1.69=-035V
We then obtain

Vs (sat)=1.69—(1.34 =V )= 0.35+V
For Vg =0, Vs (sat)=0.35V

1
For V4 =EVP =-0.175V,

Vs (sat)=0.175v
(c)

I, (sat): I, {1—3[MJ

PO

% 1_2 Vi =Vos
3 Vo
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where
H, (eNd )2 Wa3
Ip = T ec L
e, L
_ (8o00){1.6x107° 2x10"* )}
6(13.1\8.85x10™")
(30x10* 03510 f
X
10x107*
or
I, =1515mA
Then
1.34-V,
1,,(sat)= (1.515){1 - 3[Tg“j

x{l 2 fﬂﬂ (mA)
3 1.69

For Vg =0, I,,(sat)=0.0506 mA
and
For Vs =-0.175V,

1,,,(sar)=0.0124 mA

13.14

85 = 3, 1— Vi Vs
Vo Vo
We have
I, =1.03mA, V,, =193V, V,, =0.874 V

The maximum transconductance occurs when
Vg =0. Then

_3(1.03)(, [0.874
s (max) = =2 {1 V1,93 J
g (max)=0.524 mS
For W =400 y£m, we have

)= 0.524
400x107*

or

g s (max

or
g5 (max)=13.1mS/cm = 1.31 mS/mm

13.15
The maximum transconductance occurs for
Vgs =0, so we have

() gms(max)=?€/l’” [1_ Vi J

PO Vo

which can be written as

V..
8 ms (maX)ZGO{I— #J

PO
We found
G, =2.69mS, V,, =134V, V,, =1.69V
Then

8 s (max) = (2.69)[1_ ﬂ}

1.69

or
g, (max)=0.295 mS
This is for a channel length of L =10 # m.

(b) If the channel length is reduced to
L =2 pum, then

g s (max) = (0.2947){%] =1.47mS

13.16
n-channel MESFET - GaAs
(a)
ea’N,
Vo =
2€,
(16x10°)0.5x10 f (1.5x10')
2(13.1)8.85x10™)

or

Voo =2.59V
Now

Vi =05, — 9,
where

17
¢, =V, h{ N j = (0.0259)111[%]
N, 1.5x10

or

¢, =0.0892V
so that

V, =0.90-0.0892 =0.811V
Then

V, =V, —V,, =0.811-2.59
or

V, =-1.78V

(b)If V; <0 for an n-channel device, the
device is a depletion mode MESFET.
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13.17
n-channel MESFET - GaAs

(a) We want vV, =+0.10V
Then

Ve =V, =Vpp = ¢Bn _¢n Vo
SO

N ’N
V, =0.10=0.89-V, m{ < j— T
d 2 Es
which can be written as
17
(0.0259)111(&}
d
(1.6x10™ J035x10* ' N,
— =0.89-0.10
2(13.1)8.85x10™*)
or
17
(0.0259)111(&}
d

+(8.453x10"7 IV, =0.79
By trial and error,
N, =8.1x10"cm
(b) At T =400K

3/2
o) (01",

N_(300) | 300
Then
N, (400)=(4.7x10"" )1.54)
=7.24x10" cm™
Also
vV, = (0.0259)(@j =0.03453
300

Then

8.1x10"
—(8.453x1077 )8.1x10")

24x10"
v, =0.89—(0.03453)1n(uJ

which becomes

V, =+0.050V
13.18
1/2
2e.V
(@ a= {— = }
eN,

_ [2(13.1)(8.85><1()14 )(1'5)]/2

(1.6x10" J2x10'°)
=3.30x10cm=0.330 # m

®) V=V, =V,

P

We find
17
¢, =V, h{ N j = (0.0259)11{%J
N, 2x10
=0.0818 V
V, =5 —¢, =0.87-0.0818=0.788 V
Then

V, =0.788-1.5=-0.712V

2e, (Vbi + Vs _VGS) v
eN,

© h :|:

[ 2(13.1(8.85x107 YV, + Vs ~Vigs) |
_[ (1.6x1077 J2x10'°) }
(i) h, =[(7.246x107°)0.788+0—0.4)] *
~1.677%10 cm=0.1677 4 m
a—h, =0.330-0.1677 =0.1623 1 m
(i1)
h, =|(7.246 %1071 )0.788 +1.0-0.4)]'"*
=3.171x10"cm=0.31714m
a—h, =0.330-03171=0.01291 m
(iif)
hy =[7.246x107°)0.788+4.0-0.4)|
=5.64x107 cm=0.564 £ m
h,>a=a—h,=0

13.19
ea’N
(@ V,, = 2€Sd
~(16x107°)0.50x10  (5x10")
2(13.1)(8.85x10")
= 0.8626 V
We find
4.7x10"
—(0.0259)In| ==
——
~0.1177V
V, =@y, —4, =0.87-0.1177
=0.7523V
V, =V, ~V,, =0.7523-0.8626
~—0.1103V
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4.7x10"
b =(0.0259)In| ——— [=0.0713V
® 4, = ) ( 3%10'° J

V, =@, —¢, =0.87-0.0713

=0.7987V
Ve =Vi=Vso
or V,,=V,,~V, =0.7987(~0.1103)
=0.909V

Then

1/2
e 2€, Vpo
eN,

[2(13.1)8.85%10™ )0.909) "
| (6x10™ J3x10")

=2.095x10" cm=0.2095 £ m

13.20
Vi =V Voo =g, =8, Vo
We want V; =0.5V, so
0.5=0.85-¢, —V,,
Now

17
é, =(o.0259)1n(ﬂj
d
and
v ea’N,
PO — 2 ES
(1.6x10™ Jo.25%10% ) N,
~ 2(13.1)8.85x107™)
or
Vi =(431x107 IV,
Then

d

17
0.5=0.85— (0.0259)111(MJ

—(431x10™" N,
By trial and error
N, =545x10"cm™

and
Vi =@, — 0, =0.82-0.206=0.614V

With V,, =0 and V, =0.35V, we find
a-h=0.075x10"*
1/2
—a— 2€, (Vbi _VGS)
eN,
so that
a=0.075x10""
L[201.7)885x10 Jo.614-035) |
(1.6x107 f10')

or

a=0.26x10"cm=0.26 £ m
Now

V, =V, —V,, =0.614— ea’N,

2€,

or

v o1 (16107 J0.26x10 ] (10")

! 2(11.7)8.85x10™)

We obtain

V, =0.092V
(b)

Vs (sat ) =Veo = (Vbi Vs )
= (Vhi Vi )_ (Vbi Vs )
or
Vs (sat) =V =V, =0.35-0.092
which yields
Vs (sat)=0.258 V

13.21
n-channel MESFET - silicon

(a) For a gold contact, ¢, =0.82V.
We find

2.8x10"
4, = (0‘0259)]1{1()TJ =0.206V

13.22

4.7x10"
@@ ¢, = (0.0259)111[WJ
= 0.0818V
@) V,, = @y, -4, =0.90—-0.0818
~0.818V
Gy V. = easz
v 2¢€,
~(L6x107°)0.65x10 ) (2x10')
- 2(13.1)8.85%10™)
=583V
(iii) V, =V}, =V, =0.818-5.83
— 5012V
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(b) Vs (Sat ): Vo _(be _VGS)
(i) Vs (sar)=5.83-(0.818—(~1.0))
=401V
(ii) Vg (sar)=5.83—(0.818 —(~2.0))
=301V
(iii) V5 (sar)=5.83-(0.818—(~3.0))
=201V

13.23
M, e W
@ &, = 2al
_ (6500)13.1)8.85x10 f12x10°*)
2(0.25x10* J1.5x107*)
=1.206x10" A/V? =1.206 mA/V *
(b) 1y (sar)=k, (Vo5 =V,
(i) 1, (sar)=(1.206)0.25-0.15)°
=0.01206 mA =12.06 12 A
(ii) 1, (sar)=(1.206(0.45-0.15)’
=0.1085 mA
(©) Vps(sat)=Vy -V,
(i) Vps(sar)=025-0.15=0.10 V
(ii) Vs (sar)=0.45-0.15=0.30V

13.24
al, 0 2
(a) gms 8VGS 8VGS n ( GS T ) ]
= 2kn (VGS - VT )

1.25 =2k, (0.45-0.15)
=k, =2.083 mA/V >
e W
2al
-14
2 083 10-) (6500)(13.1)(?.85><10 )W
20.25x107 J1.5x10°¢)
=W =2.073x10"cm=20.73 um
() Iy, (sat): k, (VGS -Vr )2
(i) 1p,(sar)=(2.083)0.25-0.15)°
=0.02083 mA =20.83 1 A
(ii) I, (sat)=(2.083)0.45-0.15)’
=0.1875 mA

k _ Ha

n

13.25
Plot
13.26
Plot
13.27
18 16
V,, =(0.0259)In o 210 )
(1.5%10%)
—0.8424V
ea’N
Vio = 2e, ;
_(L6x107 Jo.s50x10 ' (3x10" )
2(11.7)(8.85x107)
=5.795V
@ Vis(sat)=V,o =V}, ~Ves)

—5.795 0.8424=4953V

AL{zes (Vs ~ Vs (sat))]/z

eN,

[2(11.7)38.85x10 " J10-4.953)]"
- (1.6x1077 J3x10" )

AL =4.666x107 cm

Now
i:hwzo'go
L L
L AL 4.666x107°

~2(0.10) " 2(0.10)
L=2333x10"cm=2333um

(®) Vs (Sat)= VpO -V, _VGS)
=5.795—(0.8424 + 3)
=1.953V

AL 2(11.7)(8.85x10 7 J10-1.953)
(1.6x107 J3x10'®)
=5.892x10~° cm

172

Then
AL 5.892x107°
~2(0.10) " 2(0.10)
=2.946x10"* cm=2.946 £ m
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13.28
We have that

, L
=
Assuming that we are in the saturation region,
then 1), =1}, (sat)and I, =1,,(sar).
We can write

Ibl(sat)=1m(5af)'
1—

Nl»—k —
~ |k

If AL << L, then

1 AL

I, (sat)=1, (sat) 1+—-—

)= 1 ar) 13- 2|
We have that

AL{zes v, _VDS(W))]/Z

eN,

172
_ 2e,Vy 1_VDS (sat)
eN, Vs

which can be written as

5 v ( ) 1/2
1
AL=V, | =S [1— os 134 J
eN Vs Vs

If we write
1}, (sat)= 1, (sar 1+ AV )
then by comparing equations, we have

172
,1=L 2e; 1_V,)S(sat)
2L | eN,V Vs

The parameter A is not independent of V.
Define
Vs

Vs (sat)
and consider the function

-1
X X

which is directly proportional to 4. Then

X

x f(x)
1.5 0.222
1.75 0.245
2.0 0.250
2.25 0.247
2.50 0.240
2.75 0.231
3.0 0.222

So that A is nearly a constant.

13.29

(a) Saturation occurs when E =1x10* V/cm.
As a first approximation, let

E= Vﬂ
L
Then

Vps =E-L=(10*2x10*)=2V
(b) We have that

172
h,=h,, =|:26s (Vbi + Vs = Vs ):|

eN,
and
18 16
Vv, = (0.0259)11{@@}
(1.5x10")
or
Vv, =0.8915V

For V;; =0, we obtain

2(11.7)8.85x10 J0.8915+ 2

) 1/
= { (1.6x107"° J4x10) }
or

h,, =0.306x107"cm=0.306 z m
(c) We then find
IDI (Sat) = eNd Usat ((1 - hsat

= (1.6x10 Yax10" 107)
%(0.50-0.306)10* J30x10~)

or
1, (sat)=3.72mA

(d) For V,; =0, we have

v, V.
1,,(sat)=1,, 1—3(¢) 1_2 b
VPO 3 Vpo

Now
Hy (eNd )ZW‘13
=" L
e, L
~ (1000)(1.6x107"° Jax10")f
~ 6(11.7)8.85x10™)
_ox10-Jo.5x10)
(2x107)
or
I, =1236 mA
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Also
Vo _ ea’N,
PO 2 EA,
(1.6x10"°)0.5x10 J (4x10'¢)
2(11.7)8.85x10™"*)
or
Vo =7.726V
Then
0.8915
1,,,(sat)= (12.36{1—3( oy j
2 [0.8915
X[ 1-—
[ 3V 7.726 H
or

1,,(sar)=9.05mA

13.30
() If L=1 g m, then saturation will occur

when
Vs =E-L=(10*Jix10*)=1V
We find
h,=h,, :|:2€s (Vhi Vs = Vs ):|l/2
eN,
We have V,, =0.8915V and for V, =0, we
obtain

sat

[201.7)8.85x10 " f0.8915+1)]"
{ (1.6x107" J4x10') }
or

h,, =0.247x10"cm=0.247 um

sat

Then
IDl (Sa[) = eNdUmt (a - hmt )W
= (1.6x10 Y4x10" f107)
x(0.50-0.247)10* J30x10)
or
I, (sat) =4.86 mA

If velocity saturation did not occur, then from
the previous problem, we would have

1,,(sat)= (9.05{%} =18.1mA

(b) If velocity saturation occurs, then the
relation 1, (sat)oc(1/L)does not apply.

13.31
(a)
v = 11, E = (8000)5x10° )= 4x107 crn/s
Then

-4
t, :£: 2X107 :5><107125
v 4x10
or
t, =5ps
(b) Assume v=v_, =10’ cm/s
Then
4
td:i:2><1(7) :2X107“S
U.vai 0
or
t, =20ps
13.32
()

v =11, E=(1000)10*)=10 cm/s
Then

4
d:£:2><]0 :2X107115
v 107
or
t, =20ps
(b) For v=v_, =10" cm/s
4
L R ITI SN
v, 107
or
t, =20ps
13.33

The reverse-bias current is dominated by the
generation current. We have

Ve =V, =Vio
We find

V,; =(0.0259)In (SXLX”IOM)
' (1.5x10% ]

or
V, =0.884V

ea’N,
Also Vp, =——

s

1 {Lex107f0.3x10 ] (3x10")

_[ 2(11.7)8.85x10 ) }
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or
Vpo =2.086V

Then
V, =0.884-2.086=—-1.20 V

Let Vo =—1.20V

Now
y = 2e, (Vbi + Vs _VGS) v
" eN,
_[2(11.7)8.85x10"¢)
(1.6x107")
_(0:884+v,, —(-1.20) "
3x10")
or

x, =[[4.314x10° 2,084+ v, )|
(a) For Vo =0, x, =030um
(b) For Vi =1V, x, =0.365um
(c¢) For Vi =5V, x,=0553um

The depletion region volume at the drain is

Vol = (a)(gj(wp (x. Y2a )W)
=(0.3x10™* {%](mx 10)

+(x, Y0.6x107 Y30x10)
or
Vol =10.8x10 + x, (1810

(a) For V,,, =0, Vol=1.62x10"cm”’
(b) For Vi =1V, Vol =1.737x10" cm’
(c) For V,,, =5V, Vol =2.075x10 " cm”?

The generation current at the drain is

I " Vol
= ¢ Vo
DG 21_0

10
=(1.6x10-19{1'5><10 :|-V01

25x107°)

I =(2.4x107)-vol
(a) For V, =0, I,; =0.39pA
(b) For Vo =1V, I,. =042pA
(c) For Vg =5V, I,; =0.50pA

or

13.34
(a) The ideal transconductance for Vg =01is

G 11 Vi
8ms =Uo1| 1=
Veo

where
eu,N ,Wa
Go = T
~(1.6x107" Y4500)7x10")
- 1.5x107*
x(5x10)03x10)
or
Gy =5.04mS
We find
v ea’N,
PO — 2 ES
~(1L6x10°)0.3x10 f (7x10"°)
- 2(13.1)8.85x10™)
or
Vip = 4347V
We have

4.7x10"
$, = (0.0259)111[WJ =0.049 V

so that
Vi =05, —¢, =0.89-0.049=0.841V
Then

[0.841
=(5.04) 1—,|——
8w = )( 4.347}

or
8ms = 2.82mS
(b) With a source resistance
g, = _ & = Em _ _r
I+g,re  8&n 1+8&u7;
For
8w 1
=2 =080=—F+——
g 1+(2.823)r,
we obtain
r, =88.6Q
(©)
popL_ L L
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SO
L=(88.56)1.6x10" (4500)(7x10'° )
x(0.3x10*5x10*)
or
L=0.67x10"cm=0.67 um

13.35
Considering the capacitance charging time,
we have

_ 8w
I 27C

where

_& WL

a
(13.1)8.85x10* [5x10* J1.5x10)
- 0.3x10™*

Co

or

C, =29x10"F
We must use g/ , so we obtain
2.82x10)0.80)

_
Jr= 22(2.9x107"7)
We can also write

fr

=1.238x10" Hz

= - TC =

2rt, 2z fr
SO
1

T, = —~=1.285x10""s
27(1.238x10™)

The channel transit time is
. 1.5x107*
' 10

The total time constant is
r=15x10" +1.285x107"
=1.629x107" s

Taking into account the channel transit time
and the capacitance charging time, we find

PR 1
" 2zr 27(1.629x107)

=1.5x10""s

or
fr =9.77x10° Hz=9.77 GHz

13.36
(a) For constant mobility
elu n N d a :
fr= N 12
2re, L

(1.6x10 J7500){4x10' J0.30x 10 |
27(13.1)8.85x10™ 1.2x107* )
fr =4.12x10" Hz= 412 GHz

(b) For saturation velocity model
U, 107
=™ 27(1.2x10)
fr =1.33x10"°Hz=13.3 GHz

13.37
eu,N, a’
fr="""7
2re, L
(1.6x10"°)1000)2x10' J0.40x10~* |
27(11.7)8.85x107 )
_ 786.975
—
786.975
@ I (3x107)
=8.74x10" Hz=8.74 GHz
786.975
® 5 (15x107)

=3.50x10" Hz=35.0 GHz

fr

13.38

eu N, a*
fr -

a

- 2re, I’

ILI N P 172
e aa
_ {(1.6><10'9 J420)2x10" J0.40x10* Tz

27(11.7)8.85x10™ ),
_18.18

Vi

or

L
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(%j —5.02 S/em = 502 mS/mm

(b) At Vg =0, we obtain

ID(sat)_ v (v _v)
W _(d+Ad)( Var Vo),

_ (122)8.85x10°%)

_ 7
P (2.07-1)2x107)

18.18
(@) L=—e
J5x10°
=2.57x10"* cm=2.57 um
18.18
(b) L=—=>_
V12x10°
=1.66x10"* cm=1.66 £ m
13.39
(a)
AE,
Voﬂ :¢B - B —Vi
where
_ eN,d;
P2 2 EN
~(1L6x107°)f3x10"* 350X 10 ]
2(12.2)8.85x10™)
or
V,, =272V
Then
V,, =0.89-0.24-2.72
or
V,, =207V
(b)

ng :m(‘/g _Va[f)
For Vg =0, we have
_ (122)885x10™)
~ (1.6x107°)350+80)10"*

S

)(2.07)

or
ng =3.25x10%cm 2

or
1 t
b (m ) =5.37 A/lem =537 mA/mm
13.41
AE,
Voﬁ = ¢B - - VP2
e
We want V. =-0.3V, so
-0.30=0.85-0.22-V,,
or
V,, =093V
We have
eN ,d;
Vo, =
2ey
or

2 _ 2ey Vi,
¢ eN,
_ 2(12.2)8.85x10"J0.93)
(1.6x1077J2x10")
We then obtain

d,=2.51x10° cm=251A

13.40
(a) We have
ey W
ID(W):(di—Ad)(Vg V=V v,
We find

[gis 0 ID(sat) _ Ex U

WJ“@VJ w }_(dwd)
_(12.2)8.85x10* J2x107)
~ (350+80)10°%)

or
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14.1

1= 1.24

max
Eg

1.24
a) Si: 4 =—=111uym
@ 1.12 H

max

max

1.04
b) Ge: 4. =——=188um
®) 0.66 #

(c) GaAs: A, = % =0.873 ym

—_
[\

1.
1.

)
=

(d) InP: A, = =0919 um

W

5

Chapter 14

1.24
b) A=—=0.653um
®) 1.90 #
(i) From Figure 14.4, o =2.6x10*cm ™
1,(d)
i) 2
(ii) i

v0

= exp(-ad)

= expl-(2.6x10* J0.80x10* ]
=0.125
Fraction absorbed =1—-0.125 =0.875

14.2
(a) For 4 =480nm,

_ 1.24 1.24 —258eV

A 0.480
For A =725nm,
_ 12 ey
0.725
(b) For E=0.87¢V,
124124
E 0.87
For E=1.32¢V,
A= 1.24 =0.939 um
1.32
For E=1.90eV,
1.24

4=12% 0653 um
1.90 H

For hv =1.3¢eV, lz%zO.%ym

For silicon: @ =3x10%cm ™

Then for 7 (x) =107 W/cm?, we obtain
. (3x10*)107)
& " lex10)1.3)
or
g'=1.44x10" cm 25
The excess concentration is
on=g'r=(1.44x10" )10)
or
M =144x10"cm >

14.3
1.24
1.65
(i) From Figure 14.4, & =9x10°cm ™
. 1,(d)
1) —
(i) i

v0

(a) A= =0.752 um

=exp(-ad)

—expl-(0x107 J1.2x10)]
=0.340
Fraction absorbed =1-0.34 =0.66

14.5

(a) @:g"[p():)g'zi
T,
15
g'= >x10 —=25x10%cm s
2x10"
For hv=1.65¢V,
:ﬁ:%=0.752ym
From Figure 14.4, a =9x10°cm ™'
P 9 (19
v T
a
(2.5%102)1.6x10 " )1.65)
9x10°
=0.733 W/cm*

Downloaded by Burhan SaifAddin (bksaif@gmail.com)

Chapter 14
Problem Solutions



Semiconductor Physics and Devices: Basic Principles, 4™ edition Chapter 14

By D. A. Neamen

Problem Solutions

(b) 14d) _ 0.1=exp(-ad)

0.1= exp[— (9><103 Xd)]

t= (5
9x10* (0.1

=2.56x10" cm=2.56 £ m

14.6
ﬁzﬂzﬁzo.S%ym
E 140
From Figure 14.4, ¢ =4.5x10%>cm '
1,(d
(a) # =0.1= exp(— ad)

v0

LI U U I S U
a \01) 45x10* (0.1

=5.12x107cm=512m

1 1
b) d=—In| —
®) 4.5x10? (0.3)
=2.68x107cm=26.8 um

14.7
GaAs:
For x=1pym= 107 cm, we have 50%
absorbed or 50% transmitted, then

1

ﬁ =0.50= exp(— ax)

10
We can write

o :Gj.m(o_gj:(mﬂ)m(z)

or
a=0.69x10*cm ™

This value corresponds to
A=075um, E=1.65eV

14.8
The ambipolar transport equation for minority
carrier holes in steady state is

d’(p,) P

D, 00 +G, - =0

where L, =,/D,7,

The photon flux in the semiconductor is
O(x)=®, exp(-ax)

and the generation rate is
G, = aCI)(x) =ad, exp(— ax)

so the differential equation becomes

d*(ep,) &, ad
“wr Tz, e

P P
The general solution is of the form

36 o 22 2]

)4 P
ad,7,

_azLi—l

As x >, dp, =0 sothat B=0. Then

— ad,7
&, (x)=A exp{L—xJ - aTg—pl -exp(—ax)
P )4

. exp(— ax)

At x=0, we have

@)
P dx x=0 "
SO we can write

P,

D

x=0

B ad,7,

x=0 azLi -1

and

d(op,)
dx

Then we have
2
AD, a '®,7,D, B sa®,7,

V4

L a’l? -1 a’l? -1

p p p

Solving for A, we find
ad,7, s+aD,
T -1 'L+(DP/LP)}
The solution can now be written as
9, (x)= o0
a’L® —1

P

s+aD, —x
x [m : exp{ZJ - exp(— ax)}

A azd)oz'p

=0 L, o’ -1

P
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14.9
We have

Co)

> I2 D

where L, =,/D,7,

The general solution can be written in the
form

x X
on, (x)= Acosh(L—nJ +B smh(L—n}r G,r,

For s =oat x =0 means &p(O):O. Then
0=A+G,r,>A=-G,;r,

At x=W,

i,

SO we can write

G,r,D BD,
wsinh K cos E
L, L,
w
=5 [ G, 7, cosh{L ]
+Bsinh(LK]+GLrn:|

Solving for B, we obtain

o]
oo )

The solution is then

oo sl

where B was just given.

14.10
=D, 7, =J(25)10°) =5%x10 em
JD 7, w/ 10i5><10 '
=2.236x10"cm
D D
Now Jg 2T P
L,N, L,N,

:(1.6><10"9X1.5><1010)2

{ 25 . 10 }

(5x107 J10') " (2.236x107* f10'?)
s =1.790x107"° A/cm

Iy =AJg =(5)1.79x107)

=8.950x107° A
(@) I, =eG,AW
We find

v, = (0.0259)111[M)} =0.6350 V

(1.5x10° ]

1/2
W= 2¢,V, [N, +N,
e N,N,

_ {2(11.7)(8.85x 10"4)0.635)

1.6x107"

10 +10° ]|
ira )
W =9.508x107° cm
Then
1, =(1.6x10™ J5x10” )5)0.508x10~)
= 0380 A =380 mA

by V.=V, ln(l + I—LJ

N

= (0.0259)111(1 + ﬂ)

8.95x107"°
. =05145V
v, o0
() Lo 03195 410
v, 0635
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14.11
From Problem 14.10, I, =8.95x107° A

1

@ Vv, =V, ln(1+—LJ
S

-3

=(0.0259)In 1+L1010
8.95x10"

=0.4847V

b I1=1, —I{exp(VKJ—l}

100x107% =120%107°

—-8.95x107" {exp{lJ - 1}
VY

=V =04383V

\%4 \4 1
(©) |1+ |exp| = [=1+-%
v, v, I

120x1073
+—
8.95x107"
=1.341x10°%
By trial and error, V, =0.412V
Now

Vi
I,=1,—-1|exp v -1
t

=120x107°

=1

~(895x1071° | exp 2412 |
0.0259

=1, =112.75x107 A=112.75mA
P, =1,V, =(112.75)0.412)
=46.5mW

1% 0.412
d V. =1 R, >R, =2 =
@ V. =L.R, 011275

m

R, =3.65Q

14.12
From Problem 14.10, I = 8.95x107° A
(@)

. IL
@V, =V hl+—

S

3
= (0.0259)in| 1+ 210
8.95%10"

=0420V

% V 1
(i) [ 1+ |exp| —= [=1+-L
Vt V[ IS

10x107
+—
8.95x107"°
=1.117x10"
By trial and error, V, =0.351V
Now

Vm
I, =1, -1 exp v -1

=10x107

~(895%107) exp| 221 |
0.0259

1, =931x10" A=931mA
Then
P, =1,V, =(931)0.351)=3.27 mW
(b)

Vv, = (0.0259)111(1Jr

100x107°
8.95x107"°
=0.480V

\% \% 1
(i) |1+ |exp| = |=1+-%
Vt V[ IS

100x107°
8.95x107"
=1.117x10"
By trial and error, V, =0.407 V
Now

Vm
I,=1,—-1i|exp v -1

=100x107°

(895107 exp| 227 |
0.0259

I, =9.40x107 A=94.0mA

Then
P, =1,V, =(94.0Y0.407)=38.3 mW
P :
(c) = = ﬁ =11.7
P, 327

ml
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14.13 v
S I=50x10" - (4.579x10™" exp{—J—l
Voo =V, m(1+ J—LJ Vi
5 We see that when /=0, V =V,. =0.599 V.
3 .
- (0.0259)11{1+wj We find
N
where V) I (mA)
0 50
J :en? L &-FL & 0.1 50
N\, N7, 0.2 50
) 0.3 50
which becomes 04 4998
Js =(1.6x10" 19)(1 8x10°) 0.45 49.84
0.50 48.89
/ { 0.55 42.36
5x107° 1019 5x10’8 0.57 33.46
or 0.59 14.19
4
Jg = (5.184>< 1077 6.708x10" +1.183%107" (b) The voltage at the maximum power point
N, is found from
Then va Vm 1+ IL
B -ex — = —
N, (em™) | J,(Alem?) Ve (V) v, [Py, I
107 3.477x107" 0.891 . 50x107°
10' 3.478x107% 0.950 O 458x107"2
10" 3.484x107" 1.01 =1.092x10"
10" 3.539x10™* 1.07 By trial and error,
V,=0520V
At this point, we find
14.14 I, =47.6mA
(a) so the maximum power is
1, =7, -A=(25x107)2)=50x10" A P, =1,V, =(47.6)0.520)
We have or
L o 1 P, =24.8mW
Jg=enl| — [ +— | L (c) We have
Nodo Na e, % 0.520
or V:IRER:——lZ‘—73
, I 1 47.6x10
s =(1.6x10™°f1.5x10") or
1 18 1 6 R=109Q
3x10" V5x107° 10" V5x107’
which becomes 14.15
J, =2.289%107"% AJem? 180x1073
(@ Vv, =(0.0259)n| 1+ ——
or . ) ' ( ) ( 2x107°
I, =4579x107" A =0474V
We have V. v, 1,
% (b) | 1+— [exp| — |=1+—
I=1,-1I; expv— -1 v, v I
' 180x107° .
=l+——=9x10
or 2x107°
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By trial and error, V,, =0.402V

‘/"l
ImEIL—ISeXp 7

t

=180x10" —(2><109)exp( 0402 J

0.0259

=1.69x10"' A=169 mA
P, =1,V, =(169)0.402)=67.9 mW
V, 0402

c) R, =—"="2=2379Q
© R, I 0.169

(d R, —>(1.5)2.379)=3.568Q
Now

\% \%
I:R_:IL_IS exp(vJ

L t

14 -3 -9
Y _180x107 —(2x107)e
3.568 ( ) Xp(

By trial and error, V = 0.444V
Then I :L = % =0.1244 A
R, 3.568

P =1V =(124.4)0.444) = 552 mW

0.0259)

14.16
-3
@ V, = (0.0259)1n(1+MJ
10

=0.5367V

\4 \% 1
(b) |1+ |exp| = [=1+-%
v, v I

100x107°
10—10

=1+

=10’
By trial and error, V,, =0.461 V
Then
I, =100x107 —(10'°)exp( 0461 j

0.0259

=9.463x107 A=94.63 mA
P, =1,V, =(94.63Y0.461)=43.62 mW
(c) n= _10 =21.7 > n=22cells
0.461
(d) Now V =(22)0.461)=10.14V
P=1V
52=1(10.14)=1=0.5128 A
, 05128

©0.09463

Then n =542—>n'=6

(e) Then I=(6)0.09463)=0.5678 A

vV 10.14
1

So R, =—= =17.86Q

14.17
Let x =0 correspond to the edge of the space
charge region in the p-type material. Then in
the p-region

rlon,)
dx

dx’® L D
where
G, = aCI)(x) =ad, exp(— ax)
Then we have
d’ (&p ) on, a®,
o o, ot

n n

The general solution is of the form

on,(x)=A exp{_L—x] +B exp(%j

n n

ad,7,
—aTiO_lexp(—ax)

As x >0, &p =0 sothat B=0. Then

on, (x)= Aexp(_xJ—%-eXp(—ax)

L) o’I2-1
ad T
We also have o (0)=0=A——2"1 |
p( ) a’Ll -1
which yields
_ a®,7,
a’l’ -1

We then obtain

@ -
on, (x)= % {exp(L—x] —exp(- ax)}

n

where @, is the incident flux at x=0.

14.18
For 90% absorption, we have

% = exp(—ax): 0.10

o
Then
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1
expl+ax)=—=10
plrax)=o-
or
1
x=|— |-I(10)
a
For hv=17eV, a=10*cm™
Then

x=(1ij-1n(1o)= 2.3x107*cm

04
or
x=23um
and for hv=2.0eV, ¢ =10°cm™".
Then
xz[%j-m(w): 0.23x10™* cm

or
x=023um

14.19
(@ n,=N,=5x10"cm™
I=eu,n AE
= (1.6x107 J1200)5x 10"

x(5x107* {;)
120x10~*

[=0.12A=120mA
®) H=G,r,=10")107)=10" cm "
© Ac=e@u, +u,)
= (1.6x107 10" 1200 + 400)
=2.56x1072 (Q -cm) !
(d) 1, =(Ac)AE
—(2.56x10 5x10™* (;4)
120x10
=32x10°A=32mA
r, =1t
™ eG,AL
32x10°
(1.6x107°J10*' [510* f120x107*)
T, =333

(e)

14.20

n-type, so holes are the minority carrier
(a)

»=G,r,=(10")i0*)
or

p=on=10"cm™
(b)

Ao = e(&yx,un +u, )

= (1.6x10 J10" 8000+ 250)

or

Ao =1.32x107 (Q -cm)

(©
I, =7, -A=(Ac)AE =@

(1.32x102 )10 )5)

100x107*
or
I, =0.66 mA
(d)
1
L, =—="
eG, AL
~ 0.66x10°
(1.6x107"° J10*' f10~* J100x10~*)
or
T, =4125
1421

(D(x) =0, exp(— ax)

The electron-hole generation rate is
g =a®(x)=ad, exp(-ax)

and the excess carrier concentration is
p=r paCD(x)

Now
Ao = e(&yx,un +u, )

and
J, =(Ac)E

The photocurrent is now found from

1, =J'I(Aa)3-dA=TdyT(Aa)z-dx

=Welu, +41, ) [ &p-ax
0

Then
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*o

I, =We(yn +u, )EaCDOz'p J-exp(—axﬁx

0
= We(,u” + U, )an)orp
» [_ L expl ax)} N
a 0

which becomes

I, = We(yn + 4, )E(I)Orp [1 - exp(— ax, )]
Now

1, =(50x10* 1.6x10™"° {1200 + 450)50)

x(10" f2x10 7 Ji-exp(-(5x10* Y10

I, =0.131uA

14.22

Vv, = (0.0259)111[%)(105)}
(1.5x10" )
=0.6530V
L, =D,z =+/(25)5x107)
=3.536x10"cm
L, =Dz, =10)fi07)
=10 cm

1/2
W:{zes (Vbi +VR)(Na +Nd ]}

e N,N,

~[2(11.7)(8.85x1074)0.653+5)

_{ (L6x107)
16 15 12
[ 10° +2x10
(o' i2><1015 i
Then
W =2.095x10"* cm
@) I, =eWG,A

= (1.6x10™ )2.095x10* 10** f10°*)
=3.352x10°A=33.52 u A
(b) Inn-region,
P=G,r,,=(10)107)=10" cm
In p-region,
=G, =(10"f5x107)

=5%x10" c¢cm ™

© I,=eG,AW+L,+L,)
= (L.6x10 10** f10)
x(2.095+35.36+10.0)x10~*
I, =7.593x107* A=0.7593 mA

14.23
In the n-region under steady state and for
E =0, we have

or

a*(®,) @, __ Gu
dx!Z LZ D

P P

where LP =,/Dpz'p and where x' is

positive in the negative x direction. The
homogenerous solution is found from

d’(P,) P

2 g2
dx L,
The general solution is found to be

, _ ’ + ’
D, (x ) =A exp[L—xJ +B exp[L—x]

p P

The particular solution is found from
§pnp _ GL

I’ D

p P

which yields
G.L
§pnp = :

=G, 7 »

P
The total solution is the sum of the
homogeneous and particular solutions, so we
have

p, (x’) =A exp(i] +B exp[i] +G,7,
Ll’ LP

One boundary condition is that dp, remains
finite as x" — oo which means that B=0.
Thenat x'=0, p,(0)=0=¢p,(0)+ p,,.s0
that &,,(0)=~p,o-
We find that

A= —(pno +GLTP )
The solution is then written as

D, (x’) = GLTp - (GLTP + Do )CXp[_L—xJ

p
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The diffusion current density is found as

d(op, (x))
Jp = —er o .
But
d(op,) _ dp,)
dx dx'

since xand x' are in opposite directions.
So

d(p,)
dxl
=eD, |-Gz, +p,0)|

(s

erPnO

JP =+er

x'=0

x'=0
Finally
J,=eG, L, +

§4

14.24
@ J, =e® [I-exp(-aW)]

Diode A: J, =(1.6x10™ [5x10")
«fi—expl- (10* Y2x10 )]
J, =6.92x107 A/em’
Diode B: J, =(1.6x10™° {5x10")
xfi—exp|- (10* f10x 10 )]
J, =8.0x107 A/cm*
Diode C: J, =(1.6x10™° [5x10"" )
xfi—expl- (10* J80x10 )]}
J, =8.0x107 A/cm*
(b) J, =ed, [I-exp(—aW)]
Diode A: J, =(1.6x10™ [5x10")
x1—exp[-(5x10? J2x10 )]
J, =7.613x107° A/cm*
Diode B: J, =(1.6x10™° \5x10")
xfi—expl-(5x10? J1ox10 )]
J, =3.148x107>A/cm*
Diode C: J, =(1.6x10™ [5x10"" )
«1—exp[-(5x10? f80x10* )|
J, =7.853x107 A/em?

14.25
@ G, - _ (10° }0.080)
hv  (1.6x107°)1.5)
=3.33x10"cm s~
Then

G, (x) =G eXP(_ ax)
= (3.33 x10% )exp[— (103 Xx)]

(b)y J, =eD, [l—exp(— aW)]
= eG—LO[l—exp(— aW)]
o
(1.6x10"°)3.333x10*°)
o*)
x{l—exp[— (103 X100><104 )]}
J, =5.33x107 A/em?* =53.3 mA/cm

14.26
(a J, =eWG,
= (1.6x107 J20x107*)10*")
~0.32 Alem’”
(b) J, =ed,[1-exp(-aW)]
= e?TLO[l—exp(— aW)]
(1.6x10"°J10')
10°
xfi—expl- (10° J20x 10 )]
J, =0.138 Alem

14.27
The minimum o occurs when A =1xm

1

which gives @ =10>cm ™. We want

% = exp(—ax): 0.10

o
which can be written as
1
expl+ax)=——=10
p( ) 0.10
Then
x= l1n(1o)= %m(m): 2.30x10cm
a 10
or
x=230um
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14.28

For Al Ga,_ As system, a direct bandgap for

0<x<0.45, we have
E, = 1.424 +1.247x

At x=045, Eg =1.985¢V, so for the direct

bandgap
1424<E, <1.985eV
which yields
0.625<1<0.871 um
14.29
(a) From Figure 14.24, Eg =1.64eV
1.24 1.24
A=—=—-=0.756 um
E, 164
(b) From Figure 14.24, Eg ~1.78eV
ﬂ=&=ﬁ=0.697,um
E, 178
14.30
1212
A 0.670

From Figure 14.23, x=0.35

1431
124124 sy
€74 0670

From Figure 14.24, x=0.38

14.32

(a) For GaAs, n, =3.66 and for air, n, =1.0.

The critical angle is

0, =sin'| 2o =sm1(LJ=15.86°
7, 3.66

The fraction of photons that will not
experience total internal reflection is

20 2(15.86)
360 360
(b)Fresnel loss:

— — \2 2
R=| 21 =(3'66_1j =0.3258
n, +n, 3.66+1
The fraction of photons emitted is then
(0.0881)(1-0.3258) = 0.0594 = 5.94%

=8.81%

14.33

We can write the external quantum efficiency
as

next = ’TITZ
where T, =1—R, and where R, is the

reflection coefficient (Fresnel loss), and the
factor T, is the fraction of photons that do not

experience total internal reflection. We have

_ _ 2

n, —n
R, :(%j

n, +1,

so that

_ _ 2
I-1-R 1(_j
n, +I’l1

which reduces to
4nn,
(’_11 +n, )2
Now consider the solid angle from the source
point. The surface area described by the solid

=

angle is 7z p°. The factor T, is given by

7Z'p2

' 4nR?
From the geometry, we have

sin 22 |2 P2 -y, _opgin|
2 ) R 2

Then the area is
7
A=rp’ :4R27rsin2[7Cj
Now
: 0
LA (05
4R 2
From a trig identity, we have
o 1
=2 C
sin”| — [=—=(l—cosé,
%] mcosan)
Then
1
T, =§(1—cosﬁc)

The external quantum efficiency is now

Mext :’T]TZ :%-l(l_COSHC)
(”1 +”2)
or
T
next = (ﬁ il;lz )2 (1_COS QC)
1 2
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14.34 14.35
For an optical cavity, we have For GaAs:
Ni =L hV=1.4ZeV:>ﬁ=&=0.873,um
2 1.42
If A changes slightly, then N changes slightly Then .
also. We can write A !0.873 x107* :
A ="—= =5.08x10"" cm
N4, _ (N1+1)12 2L 2(75x107*
2 2 or

Rearranging terms, we find
N1/11 (Nl ""1)12 _ N1/11 NI/IZ ﬂvz
2 22 2 2
If we define AA= A, —4,, then we have

Nt
2 2
We can approximate 4, = A4, then

AA=5.08x10" ym
=0

which yields
2
AL = A
2L
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15.1 See diagrams in Figure 8.29

15.2

A 60-0.1
oAV _ 0.60-0 573 250
Al (2-20)x10

Chapter 15

15.3

1 .
min _1

fom s
ZﬂRmij Rp

1 10

= —-1
272(10)2x10°)V 1

=2.39x10"Hz=23.9 MHz

154
(@) n,L= 10”7 cm

1012
i) L= ] =107 cm=10m

0’ -

-3
(ii)r=£:L7=6.667x10’”s
v, 1.5x10

1 1
11 ==
(i) f T 6.667x107"
=1.5x10""Hz=15 GHz
(b)
1012

(i)L:1 =10*cm=1um

0' -

4
(ii)TZi:L=6.667XIO_]2S
v, 1.5x10

1 1
m) f=—=———
(i) f T 6.667x107"7

=1.5x10" Hz=150 GHz

15.5
(a) E:K:L4=6XIO3V/cm
L 15x10~

(b) v, =1.5x107 cm/s

v, 1.5x10’ 0
C :—:—ZIXIO HZ
© 7 L 15x10™

=10GHz

15.6
v 10’ 0
=t = =5x10°Hz
4 2L 2i10x10*“i
=5GHz
15.7
2 2
@ 7 _[1.5x10")

" N, 8x10"
=2.8125x10*cm ™

\%
)on (0)= BE
1) p( ) n,, exp( v J

t

=V, =V, m(&” (O)J

n]m
14
=(0.0259)In L4
2.8125x10
=0.5696 V

(i1) Neglecting any recombination in the base

eDyn A 1%
I .= e exp(%}

Xp '

(1.6x10™ J20)2.8125x10* J0.4)
2x107*

0.5696
exp| ————
0.0259
1. =0.640 A
(b) on,(0)=(0.1)N, =8x10" cm

14
()Vyp = (0.0259)11{&J

2.8125x10°
~0.6234V
iy (1.6x107 J20)2.8125x10* f0.4)
2x107*
0.6234
exp| ———
0.0259
I, =512A
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15.8
(a) From Figure 7.15, BV,. =450V

exé NB(NC+NB)

O V=2 TN,
_(6x1077 f2x10+ ]
2(11.7)8.85x10™*)
(810" Jox10* +8x10" )
6><1014
V, =3544V

(¢) From Figure 7.15, BV, =65V

15.9
From the junction breakdown curve, for
BV, =1000 V, we need the collector doping

concentration to be N =2x10"cm ™.

Depletion width into the base (neglect V).

172
2e, Vy [N, 1
x =| — > | = —
’ e (N, \N,+N,

[2(11.7)8.85x107"* J1000)
- (1.6x1077)

14 1/2
y 2x10 ( 1 J
5x10%° A\ 5x10" +2x10"

X, =3.16x10"*cm=3.16 um

(Minimum base width)
Depletion width into the collector

1/2
2e, Vo (N, 1
x =| 1| —
" e N, )\N,+N,

[2(11.7)(8.85x10™*)1000)

_[ (1.6x107")
5><10]5 1 172
X
(2x1014 J(suo” +2x10" j
or

x, =789x10"cm=789 um
(Minimum collector width)

or

15.10
BV,
(a) BVCEO — CBO
]
1) BV = 300 =139V
Y10
(1) BV = =814V
(b)
1) BV = 125 =58.0V
(i) BV = 125 _ =339V
15.11
(a) We have
/quf :ﬂAﬂB +ﬂA +:BB
SO

180 =254, +25+ 3,
or
155 =264,
which yields
By =596
(b) We have
Brips =ic
or

ﬂg(l_;fA J'iCA =iy
SO

1+25) .
(5.96)[ > j-zm:zo

which yields
o =323A

15.12

(b) PT :[%.Ic,max J(VCEQ)

= I =1.0A

1%
R, =—22 =%=1209

I
=120V

V,

CE,max
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(© P, = [% ’ IC,max J(VCEQ)

2
30 = (E\JVCEQ

= Vg =30V
v,

R, =2 -0 _300
Iy 1

VCE,nnx = 2VCEQ = 2(30) =60V

(d) Same as part (b)

15.13
Vv
(a) Pr :VCEQICQ = [%j'lcg

10=61, =1, =1.667A

R, = Yoo __6__3600
I, 1667

=21, =2(1.667)=3.333A

() 1

C,max

We have
~200-V
~ 100
SO we can write

200-V V?

Iy

15.14
If V. =25V, then

I.(max)= ‘;LLC = % =025 A< 1,0
The power
P=1.Vg :IC(VCC _ICRL)
Now, to find the maximum power point
Z—i =0=V. —2I.R, =25-1.(2)100)
which yields
I.=0.125A
So
P(max) = (0.125)25—(0.125)100)]
or
P(max)=1.56 W < P,

So maximum V. is V. =25V

15.15

V
Now R, =-—2

D
Power dissipated in the transistor
Vs
P = IDVDS = R_

on

100 R,
For T=25°C, R, =2Q.
Then
200V Vo= Vi
100 )
which yields
Vps =392V
The power is
p=|20392 (3.92)=7.60 W
100
We then have
T (O R, (Q) Vs (V) P (W)
25 2.0 3.92 7.69
50 2.33 4.56 8.91
75 2.67 5.19 10.1
100 3.0 5.83 11.3
15.16
(a) We have, for three devices in parallel,
Y Y,V s v(1.51)=5
18 2 22
or
V =3311V

Vv
Then, I =—, so that
R

I, =1.839A
I, =1.656 A
I, =1505A
Now, P=1V,so
P, =6.09W
P, =548 W
P, =498W
(b) Now
V(L+i+Lj=5:>V=3.882V
1.8 3.6 22
Then
I, =2157TA, P =837TW
I1,=1078A, P,=419W
I,=1765A, P,=685W
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15.17
(a) Let the n-drift region doping

concentration be N, =10"cm .

v, =(0.0259)In M
(1.5x10"

=0.516 V
For the base region,

1/2
2¢e, (V,, +V,)( N, 1
X =<—2 /| —
? e N, \N,+N,

_ [2(11.7)8.85x10"* 0516 +200)
1.6x107"

1/2
y 10" ( 1 J
10 \10™ +10"°

x, = 4.86x10 " cm=4.86 um
= channel length

1.6x107"°

1/2
y 10" ( 1 ]
10" \10™ +10°

x, =4.86x107 cm=48.6 um
= drift region width
(b) Assume N, = 10"cm™
V,, =0516V

1/2
2¢e, (V,, +V,)( N, 1
X =<—2 /) —
? e N, \N,+N,

~[2(11.7)8.85x10"*)0.516+80)
- 1.6x107"°

10" ( | j v
X
10 \10" +10"

x, =3.08x10™*cm=3.08 #m
= channel length
i _{2(11.7)(8.85x10‘4X0.516+80)

“14
. - {2(1 1.7)8.85x10"4)0.516 +200)

1.6x107"

1/2
y 10" ( 1 j
10" \10™ +10°

x, =3.08x10”° cm=30.8 um
= drift region width

15.18
(b) In the saturation region,

I, =K, (VG Vi )2 = (O’ZOXVGS _2)2
Vs =Vop —IpR, = 6O_ID(10)
For Vg =4V, I, =08A, V,, =52 V
P=1,V, =(0.8)52)=41.6 W
For Vg =6V, I, =32A,V,, =28V
P=(3.2)28)=89.6 W
For V,; =8V, transistor biased in the

nonsaturation region.
60—V
TDS = (02028~ 2,y -V ]
We obtain 2.0V —25V,; +60=0
=Vp =324V, 1,=5676A
= P =(3.24)5.676)=18.39 W
For Vs =6V, P> P, so transistor may
be damaged.

15.19

2
\%4
R, = bb :@:209
Il)max
\% 1
b P: DD . D,max
\% \%
R, = Db =10=1, ., = LD
I s ’ 10
Then
p=| Yoo | Yoo
2 20
Or
45— Voo
40
=V, =424V
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15.20
We have o, +a, =1. Now
= b and «a, = P
1+ 5, 1+ 4,
)
a +a, = ﬂl J,_L:
1+6, 1+5,

which can be written as
LB B)+ (14 )
(1+ N1+ 5,)

or

1+ 81+ 8,)= 5,1+ 5, )+ B, (1+ 5,
Expanding, we find

1+ 5+ B+ B by

:,B1 +:B1ﬂz +ﬂ2 +131:B2
which yields

BBy =1

15.21
The reverse-biased p-well to substrate junction

corresponds to the J, junction in an SCR. The
photocurrent generated in this junction will be
similar to the avalanche generated current in an
SCR, which can trigger the device.

15.22
Case 1: Terminal 1(+), terminal 2(-), and [,

negative: this triggering was discussed in the
text.

Case 2: Terminal 1(+), terminal 2(-), and [

positive: the gate current enters the P2 region
directly so that J3 becomes forward biased.
Electrons are injected from N2 and diffuse into
N1, lowering the potential of N1. The junction
J2 becomes more forward biased, and the
increased current triggers the SCR so that
P2N1P1N4 turns on.

Case 3: Terminal 1(-), terminal 2(+), and [,

positive: the gate current enters the P2 region
directly so that the J3 junction becomes more
forward biased. More electrons are injected
from N2 into N1 so that J1 also becomes more
forward biased. The increased current triggers
the PIN1P2N2 device into its conducting state.

Case 4: Terminal 1(-), terminal 2(+), and [

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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