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Chapter 5

5.1
(a)

    1519 101300106.1

11



dnNe



            808.4 -cm

(b) 208.0
8077.4

11 


 (  -cm)

1

_______________________________________

5.2
          apNe 

     or    380106.1

80.1
19


p

a e
N




                 161096.2  cm 3

_______________________________________

5.3
(a) dnNe 

         dnN19106.110 

  From Figure 5.3, for 16106dN cm

3  we find 1050n cm 2 /V-s which 
gives

          1619 1061050106.1  
          08.10 (  -cm) 1

(b)
apNe

 1

         apN19106.1

1
20.0




     From Figure 5.3, for 1710aN cm 3  

we find 320p cm 2 /V-s which gives

    195.0
10320106.1

1
1719









 -cm
_______________________________________

5.4

(a)
apNe

 1

          apN19106.1

1
35.0 



   From Figure 5.3, for 16108aN cm

3  we find 220p cm 2 /V-s which 
gives

         1619 108220106.1

1







           355.0  -cm

(b) dnNe 

          dnN19106.1120 

      From Figure 5.3, for 17102dN cm

3 , then 3800n cm 2 /V-s which gives

              1719 1023800106.1  
              6.121 (  -cm) 1

_______________________________________

5.5

           ANe

L

A

L

A

L
R

dn
 

     or   RAeN

L

d
n 

    1.070102106.1

5.2
1519 




                1116 cm 2 /V-s
_______________________________________

5.6

(a) 1610 do Nn cm 3

and

        
  4

16

262

1024.3
10

108.1 
o

i
o n

n
p

cm 3

     (b)
         onneJ 
     For GaAs doped at 1610dN cm 3 ,

        7500n cm 2 /V-s
     Then

             10107500106.1 1619J
     or
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        120J A/cm 2

(b) (i) 1610 ao Np cm 3

             4
2

1024.3 
o

i
o p

n
n cm 3

      (ii) For GaAs doped at 1610aN cm
3 ,

               310p cm 2 /V-s

                 op peJ 

     1010310106.1 1619
        or
                96.4J A/cm 2

_______________________________________

5.7
(a)  RIRV 1.010 
or

         100R

     (b)

        
RA

L

A

L
R  


     or

            01.0
10100

10
3

3

 



 (  -cm) 1

(c) dnNe 
or

           dN1350106.101.0 19
     Then

        131063.4 dN cm 3

(d) op pe 
or

           op480106.101.0 19
     Then

        141030.1 op cm 3
da NN 

     So

        151514 1013.1101030.1 aN

cm 3

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

5.8

(a)  ANe

L

A

L
R

ap


  For 16102aN cm 3 , then 

                      400p cm 2 /V-s

 
     41619 105.8102400106.1

075.0
 

R

             93.68

          0290.0
93.68

2 
R

V
I A

   or    0.29I mA

(b)
    79.206393.68RLR

           00967.0
79.206

2 
R

V
I A

     or   67.9I mA

(c) doepJ 

   For (a),  12.34
105.8

100.29
4

3









J

A/cm 2

   Then

  1619 102106.1

12.34





o

d ep

J

                  410066.1  cm/s

  For (b), 38.11
105.8

1067.9
4

3









J A/cm

2

              1619 102106.1

38.11




d

                  31055.3  cm/s
_______________________________________

5.9

(a) For 15102dN cm 3 , then 

                                  8000n cm 2 /V-s

      


  200
1025

5
3I

V
R

       ANe

L
R

dn


  or   RANeL dn
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       51519 1052001028000106.1  
           0256.0 cm

(b) doenA

I
J 

  or   od enA

I

   15195

3

102106.1105

1025


 



             61056.1  cm/s

(c)  AenI do

    561519 105105102106.1  
          080.0 A
  or  80I mA

_______________________________________

5.10

(a) 3
1

3 
L

V
V/cm

         nd 
3

104




 d
n




     or
        3333n cm 2 /V-s
     (b)

          3800 nd 
     or

        3104.2 d cm/s

_______________________________________

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

        6102.1 d cm/s

     Then

        
11

6

4

1033.8
102.1

10 






d

t

d
t


s

     For GaAs:  6105.7 d cm/s

     Then

        
11

6

4

1033.1
105.7

10 






d

t

d
t


s

(b) Silicon:  For 50 kV/cm,

        6105.9 d cm/s

     Then

        11

6

4

1005.1
105.9

10 





tt s

     For GaAs: 6107d cm/s

     Then

        11

6

4

1043.1
107

10 





tt s

_______________________________________

5.12

            ipnopon nepene 






 11

(a) 1410 da NN cm 3

                               1350 n cm 2 /V-s

                                    480p cm 2 /V-s

    1019 105.14801350106.1

1







            51028.2 -cm

(b) 1610 da NN cm 3

                              1250 n cm 2 /V-s

                                   410p cm 2 /V-s

    1019 105.14101250106.1

1







             51051.2 -cm

(c) 1810 da NN cm 3

                             290 n cm 2 /V-s

                                  130p cm 2 /V-s

    1019 105.1130290106.1

1







             51092.9 -cm
_______________________________________

5.13
(a) GaAs:
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          opop ppe  19106.15 
     From Figure 5.3, and using trial and error, we 
     find

        17103.1 op cm 3   and  

                                               240p cm 2

/V-s
     Then

        
  5

17

262

1049.2
103.1

108.1 



o

i
o p

n
n

cm 3

(b) Silicon:

        onne


  1

     or

            1350106.18

11
19


n

o e
n


     which gives

        141079.5 on cm 3

     and

        
  5

14

2102

1089.3
1079.5

105.1 



o

i
o n

n
p

cm 3

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

5.14

         pnii en  
     Then

           in6001000106.110 196  

     or
        in (300 K) 91091.3  cm 3

     Now

        




 


kT

E
NNn

g
ci exp2



     or

        







2
ln

i

c
g

n

NN
kTE 

                 
  















29

219

1091.3

10
ln0259.0

     which gives
        122.1gE eV
     Now

       2
in (500K)

     






 
3005000259.0

122.1
exp10

219

                        261015.5 
     or
        in (500 K) 131027.2  cm 3

     Then

   60010001027.2106.1 1319  
i

     which gives
        i (500 K) 31081.5   (  -cm)

1

_______________________________________

5.15

(a) (i) Silicon:  pnii en  

   4801350105.1106.1 1019  
i

     or

        61039.4 i (  -cm) 1

     (ii) Ge:

   19003900104.2106.1 1319  
i

     or

        21023.2 i (  -cm) 1

     (iii) GaAs:

   4008500108.1106.1 619  
i

     or

        91056.2 i (  -cm) 1

(b)
A

L
R




     (i) Si:

   


 


9

86

4

1036.5
10851039.4

10200
R
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     (ii) Ge:

   






6

82

4

1006.1
10851023.2

10200
R

     (iii) GaAs:

   


 


12

89

4

1019.9
10851056.2

10200
R

_______________________________________

5.16
(a) dnNe 

         dnN19106.125.0 

    From Figure 5.3, for 15102.1 dN cm

3 , then 1300n cm 2 /V-s
   So

    1519 102.11300106.1  
            2496.0 (  -cm) 1

(b) Using Figure 5.2,
       (i) For 250T K ( 23 C),

                                 1800 n cm 2 /V-s

    1519 102.11800106.1  
                346.0 (  -cm) 1

       (ii) For 400T K ( 127 C),

                                  670 n cm 2 /V-s

    1519 102.1670106.1  
                 129.0 (  -cm) 1

_______________________________________

5.17

           dxx
t

t

avg 
0

1 

dx
d

x

t

t

o 




   exp

1

0



                    
t

o

d

x
d

t 0
exp 





 



                   













 

 1exp
d

t

t

do

                
  

  












 

3.0

5.1
exp1

5.1

3.020

                97.3 (  -cm) 1

 _______________________________________

5.18

(a) 3.133
10150

2
4




 L

V
V/cm

(b)    xNex dn 

  dx
T

x

T
e

T

navg 




   111.1
1102

1

0

16

 
 

T
n

T

x
x

T

e

0

216

111.12

102















 
  













T

T
T

T

e n

111.12

102 216

                55.0102 16 ne

     55.0102750106.1 1619  

      32.1avg (  -cm) 1

(c)

    
2

10150

10105.732.1
4

44









V
L

A
I

avg

          51032.1  A

  or  2.13I A
(d) Top surface;

             1619 102750106.1  
             4.2 (  -cm) 1

            3203.1334.2  J A/cm
2

       Bottom surface:

              1519 102750106.1  
              24.0 (  -cm) 1

            323.13324.0  J A/cm
2

_______________________________________

5.19
     Plot
_______________________________________

5.20
(a) 10 V/cm
so
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           41035.1101350  nd 
cm/s
     or

        21035.1 d  m/s

     Then

        2*

2

1
dnmT 

     2231 1035.11011.908.1
2

1  

     or
        271097.8 T J 81060.5   eV

(b) 1 kV/cm

           61035.110001350 d cm/s

     or

        41035.1 d  m/s

     Then

     2431 1035.11011.908.1
2

1  T

     or
        231097.8 T J 41060.5   eV
_______________________________________

5.21

(a) 




 


kT

E
NNn

g
ci exp2



   




 

0259.0

10.1
exp101102 1919

             191018.7 
or

        91047.8 in cm 3

     For 1410dN cm 3 >> 1410 oi nn

cm 3

     Then
         J  onne
                 100101000106.1 1419
     or
        60.1J A/cm 2

(b) A 5% increase is due to a 5% increase in 
electron concentration, so

        2

2

14

22
1005.1 i

dd
o n

NN
n 





     which becomes

    221321314 1051051005.1 in
     and yields

        262 1025.5 in

   




 







kT

ET g
exp

300
101102

3
1919

     or

   






 





 

3000259.0

10.1
exp

300
10625.2

3
12

T

T

     By trial and error, we find
        456T K
_______________________________________

5.22

(a) opon pene    and  
o

i
o p

n
n

2



     Then

        op
o

in pe
p

ne



 

2

     To find the minimum conductivity, set

        
 

p

o

in

o

e
p

ne

dp

d 
 




2

21
0

     which yields

        

2/1













p

n
io np




 (Answer to part (b))

     Substituting into the conductivity expression

          2/1

2

min

pni

in

n

ne




 

                                         2/1
pnip ne 

     which simplifies to

        pnien  2min 

     The intrinsic conductivity is defined as

         
pn

i
ipnii enen









     The minimum conductivity can then be 
     written as
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pn

pni









2
min

_______________________________________

5.23

(a) n-type:  16105 do Nn cm 3

                 
 

16

2102

105

105.1




o

i
o n

n
p

                                            3105.4  cm
3

        p-type: 16102 ao Np cm 3

  4

16

210

10125.1
102

105.1





on cm 3

        compensated:  ado NNn 

1616 102105 
                                     16103 cm 3

                
  3

16

210

105.7
103

105.1





op

cm 3

(b) From Figure 5.3,
n-type:  1100n cm 2 /V-s

p-type: 400p cm 2 /V-s

compensated: 1000n cm 2 /V-s

(c) n-type: onne 

    1619 1051100106.1  

                       8.8 (  -cm) 1

       p-type: op pe 

   1619 102400106.1  

                       28.1 (  -cm) 1

      compensated: onne 

    1619 1031000106.1  

                       8.4 (  -cm) 1

(d)


 J
J 

n-type: 6.13
8.8

120  V/cm

p-type: 75.93
28.1

120  V/cm

compensated: 25
8.4

120  V/cm

_______________________________________

5.24

        
321

1111




             
500

1

1500

1

2000

1 

              0020.0000667.000050.0 
     or

        003167.0
1 


     Then
        316 cm 2 /V-s
_______________________________________

5.25

   
2/32/3

300
1300

300
1300
















T

T
n

(a) At 200T K,

          2388
200

300
1300

2/3






n cm 2 /V-s

(b) At 400T K, 844n cm 2 /V-s
_______________________________________

5.26

        006.0
500

1

250

1111

21




     Then
        167 cm 2 /V-s
_______________________________________

5.27
     Plot
_______________________________________

5.28
     Plot
_______________________________________

5.29
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001.0

0105 14 n
eD

dx

dn
eDJ nnn

    





  

010.0

0105
25106.119.0

14
19 n

     Then

        
  

    0105
25106.1

010.019.0 14

19
n

 

     which yields
          141025.00 n cm 3

_______________________________________

5.30

          
x

n
eD

dx

dn
eDJ nnn 



   









 

012.00

105102
27106.1

1516
19

nJ

          4.5nJ A/cm 2

_______________________________________

5.31

(a)
x

n
eD

dx

dn
eDJ nnn 



    











 


4

1
15

19

10200

10
30106.12

xn

 1
1833 108.4108.4104 xn 

which yields

         14
1 1067.1 xn cm 3

(b)

    











 


4

1
15

19

10200

10
230106.12

xn

 1
1723 1068.31068.3104 xn 

          14
1 1091.8 xn cm 3

_______________________________________

5.32

















 

2
16 110

L

x

dx

d
eD

dx

dp
eDJ ppp

                




 

L

x

L
eD p 12

1016

(a) For 0x ,

          
     

4

1619

1012

21010106.1





pJ

                  7.26 A/cm 2

(b) For 6x m,

    
4

1619

1012

12

6
121010106.1












 

pJ

                3.13 A/cm 2

(c) For 12x m,

            0pJ

_______________________________________

5.33
     For electrons:

           nLxnnn e
dx

d
eD

dx

dn
eDJ /1510 

               
 

n

Lx
n

L

eeD n/1510 


     At 0x ,  

     
    

2
102

1025106.1
3

1519









nJ

A/cm 2

     For holes:

 pLxppp e
dx

d
eD

dx

dp
eDJ

/15105


                
 

p

Lx
p

L

eeD p/15105




     For 0x ,

    
    

4

1519

105

10510106.1





pJ

16 A/cm 2

             00  xJxJJ pnTotal

                     18162  A/cm 2

_______________________________________

5.34
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 pLxppp e
dx

d
eD

dx

dp
eDJ

/15105


 
p

Lx
p

L

eeD p/15105




(a) (i)

    
4

1519

1050

10510106.1





pJ

                    6.1 A/cm 2

(ii)

    
4

1519

105.22

10548106.1





pJ

              07.17 A/cm 2

(b) (i)

    
4

11519

1050

10510106.1





 e

J p

            589.0 A/cm 2

(ii)

    
4

11519

105.22

10548106.1





 e

J p

            28.6 A/cm 2

_______________________________________

5.35

        
dx

dn
eDneJ nnn  

     or

   












  

18
exp10960106.140 1619 x

                                1619 1025106.1 






 











 18
exp

1018

1
4

x

     Then

  




 













 

18
exp22.22

18
exp536.140

xx

     We find

        

 

  




 






 



18
exp536.1

40
18

exp22.22

x

x

     or

          




 

18
exp0.265.14

x

_______________________________________

5.36
     (a)

 Lxnnn e
dx

d
eD

dx

dn
eDJ /15102 

                
 
L

eeD Lx
n

/15102 


    
4

/1519

1015

10227106.1







Lxe

                Lxe /76.5 
     (b)

 LxnTotalp eJJJ /76.510 

                  1076.5 /   Lxe  A/cm 2

     (c)  We have    opp peJ 

      1619/ 10420106.11076.5 Lxe

        So   88.1457.8 /   Lxe  V/cm

_______________________________________

5.37

(a)    
dx

xdn
eDxneJ nn  

     We have 8000n cm 2 /V-s, so that

           20780000259.0 nD cm 2 /s

     Then

             xn128000106.1100 19

                              
dx

xdn
207106.1 19

     which yields

       
dx

xdn
xn 1714 10312.310536.1100  

     Solution is of the form

          




 
d

x
BAxn exp

     so that
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d

x

d

B

dx

xdn
exp

     Substituting into the differential equation, we 
     have

  












  

d

x
BA exp10536.1100 14

 





 



d

x
B

d
exp

10312.3 17

     This equation is valid for all x, so

         A1410536.1100 
     or
        151051.6 A

     Also

        




  

d

x
B exp10536.1 14

 
0exp

10312.3 17






 



d

x
B

d
     which yields
        310156.2 d cm

     At 0x ,    500 ne n
     so that

             BA  128000106.150 19

     which yields
        1510255.3 B
     Then

  




 
d

x
xn exp10255.31051.6 1515

cm 3

     (b)
     At 0x ,

  1515 10255.31051.60 n

     Or
          151026.30 n cm 3

     At 50x m,

  




 

56.21

50
exp10255.31051.650 1515n

     or
          151019.650 n cm 3

     (c)

     At 50x m,  

          50neJ ndrf 

     121019.68000106.1 1519  

     or

          08.9550 xJ drf A/cm 2

     Then

          08.9510050 xJ diff
     or

          92.450 xJ diff A/cm 2

_______________________________________

5.38

        



 


kT

EE
nn FiF
i exp

(a) baxEE FiF  ,  4.0b
          4.01015.0 3  a

     which yields
        2105.2 a

     Then

        xEE FiF
2105.24.0 

     so

        




 
kT

x
nn i

2105.24.0
exp

(b)
dx

dn
eDJ nn 






 





 
kT

x

kT
neD in

22 105.24.0
exp

105.2

     Assume 300T K, so 0259.0kT eV 
and

        10105.1 in cm 3

     Then

     
 0259.0

105.2105.125106.1 21019 


nJ






 
0259.0

105.24.0
exp

2 x

     or
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0259.0

105.24.0
exp1079.5

2
4 x

J n

     (i)   At 0x , 31095.2 nJ A/cm 2

     (ii)  At 5x m, 7.23nJ A/cm 2

_______________________________________

5.39

(a)
dx

dn
eDneJ nnn  

     




  

L

x
1101000106.180 1619

   




  

L

16
19 10

9.25106.1

     where 34 101010  L cm
     We find

    44.41
10

6.16.180
3










x

     or

          44.4116.180 




 
L

x

     Solving for the electric field, we find

        





 


1

1.24

L

x  V/cm

(b) For 20nJ A/cm 2

          44.4116.120 




 
L

x

     Then

        





 



L

x
1

3.13

 V/cm

_______________________________________

5.40

(a)  
 

dx

xdN

xNe

kT d

d
X 





 1

              
   LxdoLx
do

eN
dx

d

eN
/

/

0259.0 




              
  Lx

doLx
do

eN
LeN

/

/

10259.0 
 





 

               
41010

0259.00259.0



L

    or    9.25 X V/cm

(b)   09.25
0

  Ldx
L

X

    0259.010109.25 4   V

   or  9.25 mV
_______________________________________

5.41
     From Example 5.6

  
 

  
 xx

x 3

3

1916

19

101

100259.0

1010

100259.0







        dxV x



410

0

                 





410

0

3

3

101
100259.0

x

dx

     
410

0

3

3

3 101ln
10

1
100259.0








  x

                  1ln1.01ln0259.0 
     or
        73.2V mV
_______________________________________

5.42

           
 

dx

xdN

xNe

kT d

d
x 





 1

     For   Lx
dod eNxN /

     So  500
0259.0 
LX V/cm

     Which yields  51018.5 L cm
_______________________________________
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5.43
(a) We have

        
 

dx

xdN
eD

dx

dn
eDJ d

nndiff 

                   




 




L

x
N

L

eD
do

n exp

     We have

          0259.06000





e

kT
D nn 

     or
        4.155nD cm 2 /s
     Then

    
  





 








L

x
J diff exp

101.0

1054.155106.1
4

1619

     or

        




 
L

x
J diff exp10243.1 5

 A/cm

2

     (b)
        diffdrf JJ 0

     Now
         neJ ndrf 

     












  

L

x
exp1056000106.1 1619

     or

          












 
L

x
J drf exp48

     We have
        diffdrf JJ 
     so

  




 













 

L

x

L

x
exp10243.1exp48 5

     which yields
        31059.2  V/cm
_______________________________________

5.44
     Plot
_______________________________________

5.45

(a) (i)     8.2911500259.0 nD cm
2 /s

(ii)    6.16062000259.0 nD

cm 2 /s

(b) (i) 9.308
0259.0

8 p cm 2 /V-s

(ii) 1351
0259.0

35 p cm 2 /V-s

_______________________________________

5.46
          110L cm,  210W cm,

310d cm
     (a)  

  
   51922

23

10106.1102

105102.1










ned

BI
V ZX
H

               310875.1  V

         or   875.1HV mV
     (b) 

1875.0
10

10875.1
2

3






W

VH
H V

/cm
_______________________________________

5.47

(a)
ned

BI
V zx
H




  
   51921

26

105106.1105

10510250







     or
        3125.0HV mV
     (b)

        
2

3

102

103125.0







W

VH
H

     or

        21056.1 H V/cm

     (c)

        
WdenV

LI

x

x
n 

  
      542119

36

1051021.0105106.1

1010250
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     or
        3125.0n m 2 /V-s 3125 cm 2 /V-
s
_______________________________________

5.48
(a)  0HV n-type
(b)

  
   3519

3

102.510106.1

10.01050.0










H

ZX

edV

BI
n

211001.6  m 3

   or  151001.6 n cm 3

(c)
WdenV

LI

X

X
n 

  
      542119

33

1010151001.6106.1

10105.0







       03466.0 m 2 /V-s

   or   6.346n cm 2 /V-s
_______________________________________

5.49
(a)

  23 105105.16   WV HH

     or
        825.0HV mV

(b) HV negative  n-type

(c)
H

zx

edV

BI
n




  
   3519

23

10825.0105106.1

105.6105.0







     or
        2110924.4 n m 3

1510924.4  cm 3

     (d)

        
WdenV

LI

x

x
n 

  
      542119

23

10510525.110924.4106.1

105.0105.0







or

        1015.0n m 2 /V-s 1015 cm 2 /V-
s
_______________________________________

5.50
(a) HV negative  n-type

(b) 
H

zx

edV

BI
n




  
   3219

23

105.41001.0106.1

105.2105.2







     or
        201068.8 n m 3 141068.8 
cm 3

(c) 
WdenV

LI

x

x
n 

  
    















2.21068.8106.1

105.0105.2
2019

23

   









 22 1001.01005.0

1

or
        8182.0n m 2 /V-s 8182 cm 2 /V-
s

(d) ne n


  1

    1419 1068.88182106.1  

or
        88.0 (  -cm)
_______________________________________
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