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CHAPTER 2

Based upon Table 2.1, a resistivity of 2.82 uQ-cm < 1 mQ-cm, and aluminum is a conductor.

2.2

Based upon Table 2.1, a resistivity of 10® Q-cm > 10° Q-cm, and silicon dioxide is an insulator.

2.3

I = (107

J(S,um)(lym)(W) =500 mA

um

_ ) 1.81/2 cm _

=(2.82x10°W - cm) (5310-"cm) (110~ "om) =144 W

~ oy 1.8J/2 cm _

=(2.82x107°W - cm) (5x10-"cm)(0.5x10-"cm) 287 W

_ ) 1.842 cm _

= (1.66x10"°W-cm) (5310-*om) (10 "em) 94.5 W
1.8J2 cm — 160 W

(1.66x10‘6W— cm)

(5x10 ‘4cm)(0.5x10 ‘4cm)
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x 0 10%
B 8x kT @
1.12

E, 0,,=1 )
(10) =1.08x10%T *expg-——"—b
¢ 8.62x107°T ¢
Using a spreadsheet, solver, or MATLAB vyields T=305.23K
Define an M-File:

function f=temp(T)
f=1e20-1.08e31*T"3*exp(-1.12/(8.62e-5*T));

Then: fzero('temp',300) | ans=2305.226 K
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2.7

n, = ¢BT3 eXp(—%;?’W)
For silicon, B =1.08X 10°" ard Eg = 1.12 eV:
1

3 3

-19 3 9 13
n; =5.07x10 /cm 6.73 x10 /cm 1.69x 10 /cm .

30
For germanium, B=2.31 x 10 and E; = 0.66 eV:

-4 3 13 3 15 3
n; =2.63 x10 /cm 2.27 x10 /cm 2.93x10 /cm.

2.8
(a) Define an M-File:

function f=temp(T)
ni=1E15;
f=ni"2-1.08e31*T"3*exp(-1.12/(8.62e-5*T));

n; = 10"/cm? for T = 602 K

10% + 15\ 15) 2
(b) N, =10"/cm®, n* =10" /cm3: n= \ =1.62x10" / cm®

! 2
2 30
L Lls =6.18x10* / cm?®
n 1.62x10

p
(c) Atroom temperature, Ny >>n/’.

2 20
\n =N, =10%electrons/ cm® and p="- =10

10" =10°holes / cm®
n

2.9

n, = \/BT}exp(_862Ef0iT) with B =1.27x10"Kem™
0Lx ’

T=300K and Eg = 1.42 eV: n, = 2.21 x10%cm’
3 10 3

T =100 K: n;=6.03 x 10°%cm T=450K:n,=3.82x10 /cm

T=300K and Eg = 1.42 eV: n, = 2.21 x10%cm’
3 10 3

T =100 K: n; =6.03 x 10"%cm T=450K:n,=3.82x10 /cm
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2.10

2 cm? Oz V © 6 CM
vV, =-mE=¢- 700—_8 -2000 +=+1.40x10
e V -sg cmg S
em’ % 2000 Y 9= -5.00x10° <™
e V -sgé cmg S
-19 )"’E 17 1 0z e CMO s A
j =-gnv.=(-1.60x10 C’¢10 1.40x10 —=+=2.24x10
o =-anv, =( (10 ,=¢1.40x10 —= p—
:
i =anv, = (L 60x10-19c)@103i9§ 5.00x10° ™= _g 00x10-1 A
e cmeé S g cm’
2.11
10 \E 18i6‘ae 7Cm(j s A MA
j |=gnv. =(1.60x10 C ¢10 10 ——1 60x10 =1.60
[In| =anv, ( & cmo cm’® cm’®

ae o
i,|= anv, = (1.60x102¢) 107 - 1 %07oMm0-y goxa00 A g0 PA

¢ cm’ee s cm? cm?
s A -4 -4
| =|j,|- Area=1.60x10 — (10 cm)(25x10 cm)=400 mA
cm
MA
2.12 cm’
=Qv=(0.4 < )(107 C’”) 4x10°
cm S€C
2.13
H 2
_d_ 2500A/cm — 2 510° cm
Q 0.01C/cm? S
2.14
& cm? 0z V 0 s CM
o = M E = ~¢1000 7 —sg- 1500 _+=+1.50x10 —__
V -Sg mﬂ

9

; ..
25-1500-"_2= -6.00x10° £

&
v, =+M E =+¢400-"
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g V -sgé cmag S

i, =-qnv, = (~1.60x10C)10° “E+1.50x10° M= -2 40x100 A
e cmee s g cm?

_ e B oy T 0 s Cm s A
i, =anv, =(1.60x10 C)glO oy 35600610 2=-060x10
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2.15
(a) E=—2X—=10000% (b) V :%105L9(5x10‘4cm) =50 V

5x10~*cm cm & cmo

2.16
For intrinsic silicon, s =q(m,n, +m,n,) =qn; (m, +m,)

s £10°(W- cm)'1 for an insulator

=5\ _ S 10
n=—S 10~ (W-cm) I 2.497);10
q(m, +m,) (1.602x10*C)(1800+700) —"—" ™
8v—secé
» _5.152x10% 5. & Eo0 .
n? = 22272 —BT3expc- ¢ - with
! cm® P& KT ¢
B=1.08x10""Kcm™, k =8.62x10°eV/K and E ; =1.12eV
Using MATLAB as.in Problem 2.6 yields T<316 6 K
2.17
For intrinsic silicon, s =q(m,n; +m,n,)=qn,(m, +m,)
s 31000(W- cm)'1 for a conductor
s 1000(W-cm)™ _ 3.468x10"
i~ 2 = 3
a(m+my) 1 602x10"C(120+60)-ST—  om
V-SsecC
39
3 0 .
ny :71'203)(30 =BT® expg- Ee 2 ith
cm KT ¢

B =1.08x10*K *cm™®, k = 8.62x10°eV/K and E ; =1.12eV

This is a transcendental equation and must be solved numerically by iteration. Using the HP
solver routine or a spread sheet yields T > 2579.3 K. Note that this temperature is far above
the melting temperature of silicon.
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1

;
+

m
@
i

Donor electron
fills acceptor
vacancy

-
T3

&)

b

-
:

No free electrons or holes (except those corresponding to n;).

2.19
Since Ge is also from column IV, acceptors come from column Il and donors come from
column V. (a) Acceptors: B, Al, Ga, In, Tl (b) Donors: N, P, As, Sb, Bi

2.20

(@) Gallium is from column 3 and silicon is from column 4. Thus silicon has an extra electron
and will act as a donor impurity.

(b) Arsenic is from column 5 and silicon is from column 4. Thus silicon is deficient in one
electron and will act as an acceptor impurity.

2.21

(@) Germanium is from column IV and indium is from column Ill. Thus germanium has one
extra electron and will act as a donor impurity.

(b) Germanium is from column IV and phosphorus is from column V. Thus germanium has
one less electron and will act as an acceptor impurity.

2.22
E=d & AD vV
~  =jr= 5000 (0.02W-cm)=100 , asmall electric field
S § o) cm
2.23
N _ #10% atoms? 210cm O’
T +(0.180mm)(2mm)(0.5mm)¢ + =1800 atoms
e cm® g & mm g
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2.24

(a) Since boron is an acceptor, Na = 7 x 10%%/cm®. Assume Np = 0, since it is not specified.
The material is p-type.

(b) At room temperature, n = /cm®and N -N =7x10%/cm® >>2n,
1010
A D
Sop=7x10"/cm® and n= Si— :7%: 14.3/cm’
(¢) At 200K, 1?=1.08X10(200) exp, - =12 ’ -52840 /e’
T P¢78.62x10°(200)5

9

n =7.27x10'/cm®* N, -N_>>2n,s0p= /cm® and n=""2¢ 185 =7.54x10" / cm®
7x10% /

2.25

(a) Since arsenic is a donor, Np = 3 x 10*’/cm®. Assume Na = 0, since it is not specified. The
material is n-type. > g

, > .
(b) At room temperature, n; =10 /cm® and N, - N, =3x10"" /em® :

2 20 6
So n=3x10"/em? and p = L % =333/cm’
n 3x10" /em
112

8.62x10‘5(250)

(c) AL250K, n’ = 1.08x103'(250)3 exp[— ]=4.53x10'5/cmﬁ

15
n, = 6.73x10 /cm’® N,-N,>>2n, son= 3x10"7 /em® and p = % =0.0151/cm’
3x10

2.26

(a) Arsenic is a donor, and boron is an acceptor. Np = 3 x 10'%/cm?, and Na = 8 x 10%/cm?.
Since Na > Np, the material is p-type.

(b) At room temperature, n = /cm®and N, - N, =5x10*/cm® >> 2n,
1010
So p=5x10*/cm® and n= o _ 10 Jeh 20.0/cm?®

p 5x10®/cm’

2.27

(a) Phosphorus is a donor, and boron is an acceptor. Np = 2 x 10t7/cm?®, and Na = 6 x 10*"/cm®.
Since Na > Np, the material is p-type.

(b) At room temperature, n = /cm®and N, - N, =4x10"/cm® >> 2n,
1010

6 o 10 TOh__o5p gy

Sop=4x10"/cm® and n= il
Y a4AX1U 7 UIT
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2.28

N, > N ,: The material is n- type. N, — N, =3x10" =2x10" =1x10" /em’
2n, =2x10" /cm®; Need to use Eq. (2.11)

107 + J(m”)z +4(10”)2

n 5 =1.62x10" /em’
2 34
p= L/ Lﬂ =6.18x10" /em’
n 162x10

2.29

N,>N, N,-N,=5x10°-10" = 4x10" /em® >>2n, =2x10" /cm’
n’ 107

p=N,-N,=4x10"/cm’ | n=—"1=—"—=250x10"/cm’
p  4x10

The material is p - type.

2.30
Np =5 x 10%/cm3. Assume Na = 0, since it is not specified.
N, >N, : The material is n-type. | N, - N, =5x10"° /cm® >>2n =2x10" /cm®

n_2 1020
n=5x10°/cm® | p="t=—"_-=2x10°/cm®
5x10
6 3 cm? cm’
Np,+N,=5x10 /cm | Using the equations in Fig. 2.8, m = 885V andm, :198V
-3 -3

r= 1 = " 1 625410 6:0.141W—cm
am,n (L.602x10*C) gg5 oM "2xd0

2 16

¢ V-spgoom’ g

2.31
Na = 2.5x10%/cm3. Assume Np = 0, since it is not specified.

18 3 10 3

N, >Ny : The material is p-type. | N, -N,=2.5x10 /cm >>2n,=2x10 /cm

2 20
p=2.5x10"/cm® | =" = 2 g em?

p 2.5x10"
8 3 cm? cm?
N, +N,=25x10 /cm | Using the equations from Fig. 2.8, m_ =187 andm_ = 58.7V
-S -3
r= 1 = 1 - - =425 mW-cm
qmpp & o¢
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m 2.5x10
2 18

& Vosi o’ g

1.602x107°C 58.7-C
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2.32

Indium is from column 3 and is an acceptor. Na = 8 x 10'%/cm3. Assume Np = 0, since it is not
specified.

N, >N, : material is p-type | N, - Ny =8x10" / cm® >>2n, =2x10"° / cm®

2 20
p=8x10"°/cm*® | nzrl—i:Lw:l.ZS/cm3
p 8x10
19 3 sz sz
N,+N,=7x10 /cm Using Fig. 2.8, m, =66.2 andm_=46.1
o+ N, | Using Fig Vs b Vs
p=—Lt - 1 - 5 =169 mW-cm
AP 1 go2x10°C " 46,1-C0—*8X10
2 19
& VospE om® g
2.33

16 3 16 3
Phosphorus is a donor: N, =4.5x10 /cm | Boron is an acceptor: N, =5.5x10 /cm

N, >Ny : The material is p-type. | N,-N=10" /cm®>>2n =2x10" /cm®

2 20
p=10"/cm® | n="0 = 1015 =10*/cm®
p 10
17 3 cm’® cm?
N,+N,=10 /cm | Using Fig. 2.8, m =727 andm_ =153
o+ Ny | Using Fig " Vs b Vs
1 1
r= = " > =4.08 W-cm
mn & 2 fz10%6 0
N1 go2xa0 e c o153 20—
¢ V-sgéem’g
2.34
~ 1 1.16x10%

| w,p= (

qu,p 1.602x107°C)(0.054Q - cm) ¥ =em =5

An iterative solution is required. Using the equations from Fig. 2.8 and trial and error:

Na Hp Hp P
1018 70.8 7.08 x 1019
2 x1018 61.0 1.22 x 1020
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1.90 x 1018

61.6

1.17 x 1020

1.89 x 1018

61.6

1.16 x 1020
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2.35
1 1.25x10"

(1.602x107C)(0.5Q - cm) “V-cm-s

1
p = | upp =
qu,p

An iterative solution is required. Using the equations in Fig. 2.8 and trial and error:

Na Hp Hp P
1016 318 3.18 x 1018
4 x 1016 214 8.55 x 1018
7.5x 1016 170 1.28 x 1019
7.2 x 1016 173 1.25x 1019
2.36

Yes, by adding equal amounts of donor and acceptor impurities the mobilities are reduced, but
the hole and electron concentrations remain unchanged. See Problem 2.39 for example.
However, it is physically impossible to add exactly equal amounts of the two impurities.

2.37
P 1 _ 2.08x10"
qu,n L (1 .602.r10"°C)(3Q—cm) V—cm-s
An iterative solution is required. Using the equations in Fig. 2.8 and trial and error:
Np Hn Hn1d
1015 1360 1.36 x 1018
1.5x 1015 1340 2.01 x 108
1.6 x 1013 1340 2.14 x 1018
1.55x 1015 1340 2.08 x 1018
2.38

Based upon the value of its resistivity, the material is an insulator. However, it is not intrinsic
because it contains impurities. The addition of the impurities has increased the resistivity.

Since N, - N,=0, n=p=n;, and s =q(m,n,+m_n,)=qn,(m, +m)

N, +N, =10 /cm® which yields m) =45.9 and m, =64.3 using the

equations from Fig. 2.8.

s = L £ L =5.66x10° W-cm

an; (m, +m ) (1_602x10‘19C)(101°cm‘3)(64.3+ 45.9) aeﬂﬂ—{i
gv—secé
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2.39 (a)
1 _ 6.24x10"
(1 .602,\;10“*’6)(0.0019 —cm) V-em-s

qu,n

| un=uN, =

An iterative solution is required. Using the equations in Fig. 2.8 and trial and error:

Np Hn Hn1d
1019 108 1.08 x 102!
7 x 1019 67.5 4.73 x 102!
1 x 102! 64.3 6.43 x 102!
9.67 x 1019 64.5 6.24 x 102!
(b) 1
p= 1 | wp=wN, - 1 _ 6.24x107
qu,p ’ ' (1.602x107°C)(0.001Q-cm)  V —cm—s
An iterative solution is required using the equations in Fig. 2.8 and trial and error:
Na Hp Hp P
1 x1020 45.9 4.96 x 102!
1.2 x1020 45.8 5.93 x 102!
1.4 x1020 45.7 6.17 x 102!
1.37 x 1020 45.7 6.26 x 102!
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2.40

(a) For the 1 ohm-cm starting material:

— | u,p~u,N, =(

p =
qu,p

1

_ 6.25x10"

To change the resistivity to 0.25 ohm-cm:

=—— | wp~uN, =

qu,p

Iterative solutions are required using the equations with Fig. 2.8 aand trial and error:

1.602x10'19C)(1§! ~cm) Ve-cm-s

2.5x10"

NIninininin Ny Hp B P
Oo— [
1 Ohm-cm 2.51x1016 249 6.25x 1018
0.25 Ohm-cm 2.2 x 1017 147 2.5x 1018

(1 .602.\-10']°C)(0.259 ~cm) "V —em-s

Additional acceptor concentration = 2.2 x 10'"- 2.5 x 10"° = 1.95 x 10'*/cm”
(b) If donors are added:

Np Np + Ny Hn Np - Nj e}
3 x 1016 5.5x 1016 864 0.5x 1015 4.32x 1018
5x 1016 7.5% 1016 794 2.5x 1016 1.98 x 1019
6 x 1016 8.5x 1016 765 3.5x 1016 2.68 x 1019
5.74 x 1016 8.24 x 1016 772 3.24 x 1016 2.50 x 1019

So Np =5.7 x 10"%/cm® must be added to change achieve a resistivity of 0.25 ohm-cm.

silicon is converted to n-type material.

The
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241
Boron is an acceptor: Na = 1016/cm3 and pp = 318 cm2/V-s from equations with Fig. 2.8.
-19 ( 16) — M
W-cm
Now we add donors until = 4.5 (Q-cm) -1:
_45(W-cm)™  2.81x10"

s=gmn | mn>m (N;-N,)= 1.602x10™°C "V -cm-s

Using trial and error:

Np Np + Np Hn Np - Nu Hn 1

8 x 1016 9 x 1016 752 7 x 1016 5.26 x 1019

5x 1016 6 x 1016 845 4 x 1016 3.38 x 101°

4 x 1016 5x 1016 885 3 x 1016 2.66 x 101°
4.2 x 1016 5.2 x 1016 877 3.2x 1016 2.81 x 101°
2.42
Phosphorus is a donor: Np = 1016/cm3 and up = 1180 cm?2/V-s from Fig. 2.8.

-19 ( 16) :&
W-cm

Now we add acceptors until ¢ = 5.0 (QQ-cm) -1:
_ 5(W-cm)™ _3.12x10"

s=qnp | mpp»mv(NA'ND)‘l.soleo'”C V-cm-s

Using trial and error:

Na Np + Ny Hp N - Np K P
1.00E+17 1.10E+17 147 9.00E+16 1.33E+19
2.00E+17 2.10E+17 116 1.90E+17 2.20E+19
3.50E+17 3.60E+17 95.6 3.40E+17 3.25E+19
3.30E+17 3.40E+17 97.4 3.20E+17 3.12E+19

2.43

_ kT 1.38x107°T

= gozxro 6O
q .602x

v,

T

T (K) 50 75 100 150 200 250 300 350 400
Vr(mV) |431 |646 |861 |129 (172 |215 |258 |[30.1 |345
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244

. & dno dn
=-qD ¢c-—==qV;m,—
S P
# O - 6
j = (1.602x10°C)(0.025v) 350" —=10—"4 KA
2 18
¢ ¢ - = -56.1
¢ V-s5g80.25x10"* -0gcm* cm’
2.45
. dp _19 em’ 10" /em’® X
=—gD —=(-1.602x10""C) 15 - expl-—————
S =T dx ( * )( s )( 2x107* em P 2x107%em

A

Py

cm”

j=1.20x10° exp(—SOOO i)

cm

2

[(0)=j(0)A=(1.20x105 Aﬂ)(lomnz)(m_x"m:)=12.0 mA

cm” um
2.46
. dp I dp dp
Jp = gu,pE —ql "E = qupp(E—V,. ;E] =0—=E=V, ;a
—-107exp(-10*x
E~v, LN 025 (-10%4)
N, dx 10" 410" exp(~10"x)
107 14
E(0)=-0.025—— =250
( ) 1014+1018 cm
107 exp(-5
E(5x10 em) = -0.025— lgp( ) e
10" +10" exp(-5) cm
2.47
Atx =0:
drift 1 & cm 0210 Oz V6 A
j» =amnE=(160x10 C)850 ,  ,+¢+25 +=14.0
8 V—s;gcm%é cma cm?
arif & cm 081.01x10 02 V0 A
- +25
i, =qm pE =(1.60x10 2 18
= am,pE = Clel50 =+ 5 +=+606

3

g V-sg& cm> gt cméa cm
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dif dn 2 cm 0210 -10 O A

-19
j» =aD, =(1.60x10 s 4w
C)¢35010.025 ¢ +=-70.0
dx 8 s ge2x10™cm’g cm?
it dp o P cm 0210 -1.01x10 0 A
j, =-qD, =(-1.60x10 C)¢15010.025 , " ,
o g . . +=30.00M
A S ﬂg 2x10"cm” ¢

J; =14.0+607-70.0+30.0=+580 ,
cm
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At x=1 mm assuming linear distributions:
p(Imm) =1.005x10"* /cm®, n(1mm) =5x10"/cm’

drift 1 & cm 0285x10 Oz Vo _A
j» =am,nE =(1.60x10 , " +=+7.00
C)g350 =g +0+25
¢ V-sgé cm® g¢  cme cm?
drift 19 & cm 0281.005x10 0 Vv © _A
j, =am,pE =(1.60x10 , " +=+603
Clel50 =+ 20425
¢ V-sgg¢ om® g& cmo cm?
diff dn 10 & cm 0810 -10 © A
j» =aD, =(1.60x10 24w
C)¢35010.025 ¢ +=-70.0
dx & s ge2x10™cm’y cm?
it dp o cm 02810 -1.01x10 0 A
i, =-aD, o (-1.60x10 C)ngOX0.0ZS : w I
- _4 4 = .
A S ﬂg 2x10"cm” ¢

J; +7.00+603-70.0+30.0=-570

cm?

248 Na=2Np

2.49

e (6.626x107 = 5)(3x10°m/s)
CE (1.12¢¥)(1.602x10™ ) /e V') =1.108 m

2.50
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Al - Cathode

1

I~ Si0s

n-type silicon

p-type silicon
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2.51
An n-type ion implantation step could be used to form the n* region following step (f) in Fig.
2.17. A mask would be used to cover up the opening over the p-type region and leave the

opening over the n-type silicon.  The masking layer for the implantation could just be
photoresist.

5 — e el lon implantation
Photoresist * 4 * ‘ # + ‘
H [ : 1 [ S = ] [ : ] [
— Si0, —
[ ]
p-type silicon p-type silicon
n-type silicon n-type silicon

Structure after exposure and Structure following ion
development of photoresist layer implantation of n-type impurity

Mask for lon Implantation

Side view

b
LI A
Top View
2.52

(a)N= 8(%) + 6(%) +4(1) =8 atoms

(b) V=1 =(0.543x10” m) = (0.543x107 cm) =1.60x10cm’

() D= SAOMS 5 40, aloms
1.60x10 cm o

3
cm

(d)m= (2.33 g )1.60x1022cm“ =3.73x10"¢g
(e) From Table 2.2, silicon has : mass of 28.086 protons.

Y03 Ul S 3 [
28.082(8) protons proton

Yes, near the actual proton rest mass.
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