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Chapter 4
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where cON  and ON  are the values at 300 K.
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4.4
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4.8
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4.9
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4.10
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4.11
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4.13

     Let    KEg c constant
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4.14

     Let    cc EECEg  1  for cEE 
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4.15

     We have  
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4.16
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4.19
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_______________________________________

4.20
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  2154.042.1  FcgF EEEEE 

                    2046.1 eV

           



 

0259.0

2046.1
exp107 18

op

               21042.4  cm 3

_______________________________________

4.21

(a)   032375.0
300

375
0259.0 





kT e

V

  



 








032375.0

28.0
exp

300

375
108.2

2/3
19

on

               151086.6   cm 3

  28.012.1  FcgF EEEEE 

                         840.0 eV

  



 








032375.0

840.0
exp

300

375
1004.1

2/3
19

op

              71084.7  cm 3

(b) 







o

c
Fc n

N
kTEE ln

  








15

19

10862.6

108.2
ln0259.0

                      2153.0 eV

9047.02153.012.1  EEF eV

  



 

0259.0

904668.0
exp1004.1 19

op

             31004.7  cm 3

_______________________________________

4.22
(a) p-type

(b) 28.0
4

12.1

4
 g

F

E
EE  eV

        
 







 


kT

EE
Np F

o


 exp

               



 

0259.0

28.0
exp1004.1 19

            141010.2  cm 3

        EEEEE FgFc 
                     84.028.012.1  eV

       
 







 


kT

EE
Nn Fc
co exp

              



 

0259.0

84.0
exp108.2 19

            51030.2  cm 3

_______________________________________

4.23

(a) 





 


kT

EE
nn FiF
io exp

               





0259.0

22.0
exp105.1 10

             131033.7  cm 3

       





 


kT

EE
np FFi
io exp

             



 

0259.0

22.0
exp105.1 10

            61007.3  cm 3

(b) 





 


kT

EE
nn FiF
io exp

               





0259.0

22.0
exp108.1 6

              91080.8  cm 3

        





 


kT

EE
np FFi
io exp

                



 

0259.0

22.0
exp108.1 6

              21068.3  cm 3

_______________________________________

4.24

(a) 







o
F p

N
kTEE 

 ln
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  








15

19

105

1004.1
ln0259.0

                      1979.0 eV

(b)  EEEEE FgFc 

92212.019788.012.1  eV

(c)   



 

0259.0

92212.0
exp108.2 19

on

             31066.9  cm 3

(d) Holes

(e) 







i

o
FFi n

p
kTEE ln

  








10

15

105.1

105
ln0259.0

                       3294.0 eV
_______________________________________

4.25

            034533.0
300

400
0259.0 





kT eV

           
2/3

19

300

400
1004.1 





N

                              1910601.1  cm 3

           
2/3

19

300

400
108.2 





cN

                              19103109.4  cm 3

            19192 10601.1103109.4 in





 

034533.0

12.1
exp

                24106702.5 
      1210381.2  in cm 3

(a) 







o
F p

N
kTEE 

 ln

             








15

19

105

10601.1
ln034533.0

           2787.0 eV

(b)
84127.027873.012.1  Fc EE e

V
(c)

  



 

034533.0

84127.0
exp103109.4 19

on

             910134.1  cm 3

(d) Holes

(e) 







i

o
FFi n

p
kTEE ln

  








12

15

10381.2

105
ln034533.0

                       2642.0 eV
_______________________________________

4.26

(a)   



 

0259.0

25.0
exp107 18

op

             141050.4  cm 3

       17.125.042.1  Fc EE eV

          



 

0259.0

17.1
exp107.4 17

on

             21013.1  cm 3

(b) 034533.0kT eV

        
2/3

18

300

400
107 





N

             1910078.1  cm 3

        
2/3

17

300

400
107.4 





cN

             1710236.7  cm 3

        







o
F p

N
kTEE 

 ln

  








14

19

1050.4

10078.1
ln034533.0

                       3482.0 eV

         072.13482.042.1  Fc EE
eV



Semiconductor Physics and Devices: Basic Principles, 4th edition                                                    Chapter 4
By D. A. Neamen                                                                                                                  Problem Solutions
______________________________________________________________________________________

  



 

034533.0

07177.1
exp10236.7 17

on

               41040.2  cm 3

_____________________________________

4.27

(a)   



 

0259.0

25.0
exp1004.1 19

op

             141068.6  cm 3

        870.025.012.1  Fc EE
eV

         



 

0259.0

870.0
exp108.2 19

on

       41023.7 on cm 3

(b) 034533.0kT eV

       
2/3

19

300

400
1004.1 





N

            1910601.1  cm 3

       
2/3

19

300

400
108.2 





cN

            1910311.4  cm 3

      







o
F p

N
kTEE 

 ln

  








14

19

1068.6

10601.1
ln034533.0

                     3482.0 eV

7718.03482.012.1  Fc EE e
V

  



 

034533.0

77175.0
exp10311.4 19

on

           91049.8  cm 3

_______________________________________

4.28

     (a)  Fco FNn 


2/1

2

        For 2kTEE cF  ,  

          5.0
2





kT

kT

kT

EE cF
F

        Then   0.12/1 FF 

             0.1108.2
2 19


on

                191016.3  cm 3

 (b)  Fco FNn 


2/1

2

         0.1107.4
2 17


       171030.5  cm 3

_______________________________________

4.29

           Fo FNp 


  2/1

2

   FF 


 2/1
1919 1004.1

2
105

     So    26.42/1 FF 

     We find  
kT

EE F
F


  0.3

             0777.00259.00.3  FEE

eV
_______________________________________

4.30

     (a) 4
4 




kT

kT

kT

EE cF
F

        Then   0.62/1 FF 

           Fco FNn 


2/1

2

                 0.6108.2
2 19


                201090.1  cm 3

     (b)   0.6107.4
2 17


on

       181018.3  cm 3

_______________________________________

4.31
     For the electron concentration
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             EfEgEn Fc
     The Boltzmann approximation applies, so

           
c

n EE
h

m
En 

3

2/3*24

                                           
 







 


kT

EE Fexp

     or

     






 


kT

EE

h

m
En Fcn exp

24
3

2/3*

 







 


kT

EE

kT

EE
kT cc exp

     Define

        
kT

EE
x c



     Then
             xxKxnEn  exp

     To find maximum    xnEn  , set

        
   xxK
dx

xdn 
  exp

2

1
0 2/1

                                            
    

 xx exp12/1

     or

          



   xxKx

2

1
exp0 2/1

     which yields

        kTEE
kT

EE
x c

c

2

1

2

1 




     For the hole concentration

              EfEgEp F 1
     Using the Boltzmann approximation

           
EE

h

m
Ep

p  


3

2/3*24

                                         
 







 


kT

EEFexp

     or

     






 


kT

EE

h

m
Ep Fp 

exp
24

3

2/3*

 







 


kT

EE

kT

EE
kT  exp

     Define

        
kT

EE
x


 

     Then

           xxKxp  exp

     To find maximum value of    xpEp  , 

set

        
 

0



xd

xdp
  Using the results from above,

     we find the maximum at

        kTEE
2

1 

_______________________________________

4.32
(a) Silicon:  We have

        
 







 


kT

EE
Nn Fc
co exp

     We can write

           FddcFc EEEEEE 
     For 
        045.0 dc EE eV and

kTEE Fd 3 eV
     we can write

          



  3

0259.0

045.0
exp108.2 19

on

                737.4exp108.2 19 
     or

        171045.2 on cm 3

     We also have

        
 







 


kT

EE
Np F

o


 exp

     Again, we can write

            EEEEEE aaFF 
     For
        kTEE aF 3   and

045.0 EEa eV
     Then
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  



 

0259.0

045.0
3exp1004.1 19

op

                 737.4exp1004.1 19 
     or

        161012.9 op cm 3

(b) GaAs:  assume 0058.0 dc EE eV
Then

          



  3

0259.0

0058.0
exp107.4 17

on

                224.3exp107.4 17 
     or

        161087.1 on cm 3

     Assume 0345.0 EEa eV
     Then

          



  3

0259.0

0345.0
exp107 18

op

                 332.4exp107 18 
     or

        161020.9 op cm 3

_______________________________________

4.33
     Plot
_______________________________________

4.34

(a) 1515 10310154 op cm 3

        
  4

15

210

105.7
103

105.1 

on cm

3

(b) 16103 do Nn cm 3

      
  3

16

210

105.7
103

105.1 

op cm

3

(c) 10105.1  ioo npn cm 3

(d)

  
3

19192

300

375
1004.1108.2 





in

  
   







 
3750259.0

30012.1
exp

              1110334.7  in cm 3

        15104 ao Np cm 3

        
  8

15

211

1034.1
104

10334.7 


on

cm 3

(e)

  
3

19192

300

450
1004.1108.2 





in

  
   







 
4500259.0

30012.1
exp

               1310722.1  in cm 3

  213

21414

10722.1
2

10

2

10 





on

             1410029.1  cm 3

       
  12

14

213

1088.2
10029.1

10722.1





op

cm 3

_______________________________________

4.35

(a) 1515 10104  dao NNp

             15103 cm 3

  3

15

262

1008.1
103

108.1 



o

i
o p

n
n c

m 3

(b) 16103 do Nn cm 3

      
  4

16

26

1008.1
103

108.1 

op cm

3

(c) 6108.1  ioo npn cm 3

(d)

  
3

18172

300

375
100.7107.4 





in

  
   







 
3750259.0

30042.1
exp
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              810580.7  in cm 3

        15104 ao Np cm 3

         
  2

15

28

1044.1
104

10580.7 


on

cm 3

(e)

  
3

18172

300

450
100.7107.4 





in

  
   







 
4500259.0

30042.1
exp

             1010853.3  in cm 3

        1410 do Nn cm 3

        
  7

14

210

1048.1
10

10853.3 op

cm 3

_______________________________________

4.36

(a) Ge: 13104.2 in cm 3

 (i) 2

2

22 i
dd

o n
NN

n 





  213

21515

104.2
2

102

2

102 




 

or

      15102 do Nn cm 3

      
 

15

2132

102

104.2




o

i
o n

n
p

             111088.2   cm 3

   (ii) 1516 10710  dao NNp

              15103 cm 3

         
 

15

2132

103

104.2




o

i
o p

n
n

              111092.1  cm 3

(b) GaAs: 6108.1 in cm 3

    (i) 15102 do Nn  cm

  3

15

26

1062.1
102

108.1 



op cm 3

    (ii) 15103 dao NNp cm 3

         
  3

15

26

1008.1
103

108.1 



on cm

3

(c) The result implies that there is only one 
minority carrier in a volume of 310 cm 3 .

_______________________________________

4.37
     (a) For the donor level

        





 




kT

EEN

n

Fdd

d

exp
2

1
1

1

                









0259.0

20.0
exp

2

1
1

1

     or  

        
41085.8 

d

d

N

n

     (b) We have

        
 





 




kT

EE
Ef

F
F

exp1

1

     Now  

           FccF EEEEEE 
     or
        245.0 kTEE F

     Then

        
 






 



0259.0

245.0
1exp1

1
Ef F

    or

          51087.2 Ef F
_______________________________________

4.38
(a)  da NN p-type
(b) Silicon:

        1313 101105.2  dao NNp
     or
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        13105.1 op cm 3

     Then

        
  7

13

2102

105.1
105.1

105.1 



o

i
o p

n
n

cm 3

     Germanium:

        2

2

22 i
dada

o n
NNNN

p 



 






  213

21313

104.2
2

105.1

2

105.1 




 




 

     or

        131026.3 op cm 3

     Then

  13

13

2132

1076.1
10264.3

104.2 



o

i
o p

n
n  cm

3

     Gallium Arsenide:

        13105.1  dao NNp cm 3

     and

        
 

216.0
105.1

108.1
13

262





o

i
o p

n
n cm 3

_______________________________________

4.39
(a)  ad NN n-type
(b)

1515 102.1102  ado NNn

            14108 cm 3

  5

14

2102

1081.2
108

105.1 



o

i
o n

n
p cm

3

(c)   daao NNNp 

151515 102102.1104  aN

            15108.4  aN cm 3

        
  4

15

210

10625.5
104

105.1 

on

cm 3

_______________________________________

4.40

  15

5

2102

10125.1
102

105.1 



o

i
o p

n
n cm

3

         oo pn n-type
_______________________________________

4.41

  
3

18192

300

250
100.61004.1 





in

   






 
3002500259.0

66.0
exp

                24108936.1 
              1210376.1  in cm 3

            22
22

4

1

4 io
o

i

o

i
o nn

n

n

p

n
n 

                io nn
2

1

      So      111088.6 on cm 3 ,   

      Then  121075.2 op cm 3

          2

2

22 i
aa

o n
NN

p 





        
2

12

2
10752.2 



  aN

                            24

2

108936.1
2





 aN

 
2

1224

2
10752.2105735.7 



 a

a

N
N

24

2

108936.1
2





 aN

     so that  1210064.2 aN cm 3

_______________________________________



Semiconductor Physics and Devices: Basic Principles, 4th edition                                                    Chapter 4
By D. A. Neamen                                                                                                                  Problem Solutions
______________________________________________________________________________________

4.42
     Plot
_______________________________________

4.43
     Plot
_______________________________________

4.44
     Plot
_______________________________________

4.45

          2

2

22 i
adad

o n
NNNN

n 



 






          
2

102.1102
101.1

1414
14 

2

21414

2

102.1102
in




 

    221321314 104104101.1 in

          22727 106.1109.4 in

     so  131074.5 in cm 3

          13

14

272

103
101.1

103.3 



o

i
o n

n
p cm

3

_______________________________________

4.46
(a)     da NN p-type

    Majority carriers are holes

1616 105.1103  dao NNp

      16105.1  cm 3

   Minority carriers are electrons

  4

16

2102

105.1
105.1

105.1 



o

i
o p

n
n

cm 3

(b) Boron atoms must be added

          daao NNNp 

161616 105.1103105  aN

   So  16105.3 aN cm 3

          
  3

16

210

105.4
105

105.1





on cm

3

_______________________________________

4.47
(a)  io np n-type

(b)
o

i
o

o

i
o p

n
n

n

n
p

22



           on

  16

4

210

10125.1
102

105.1





 cm 3

             electrons are majority carriers

            4102op cm 3

              holes are minority carriers

(c) ado NNn 

        1516 10710125.1  dN

   so  1610825.1 dN cm 3

_______________________________________

4.48

        







i

o
FFi n

p
kTEE ln

     For Germanium
T (K) kT (eV) in (cm 3 )

200

400

600

01727.0

03453.0

0518.0

101016.2 
141060.8 
161082.3 

        2

2

22 i
aa

o n
NN

p 



   and  

                                               1510aN  cm
3

T (K) op (cm 3 )     FFi EE  (eV)
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200

400

600

15100.1 
151049.1 
161087.3 

        1855.0

        01898.0

        000674.0

_______________________________________

4.49

(a) 







d

c
Fc N

N
kTEE ln

                        




 
dN

19108.2
ln0259.0

For 1410 cm 3 ,  3249.0 Fc EE eV

       1510 cm 3 ,  2652.0 Fc EE eV

       1610 cm 3 ,  2056.0 Fc EE eV

       1710 cm 3 ,  1459.0 Fc EE eV
       

(b) 







i

d
FiF n

N
kTEE ln

  








10105.1

ln0259.0 dN

For 1410 cm 3 ,  2280.0 FiF EE eV

       1510 cm 3 ,  2877.0 FiF EE
eV
       1610 cm 3 ,  3473.0 FiF EE
eV
       1710 cm 3 ,  4070.0 FiF EE
eV

_______________________________________

4.50

(a) 2

2

22 i
dd

o n
NN

n 





        151005.105.1  do Nn cm 3

          21515 105.01005.1 

  2215105.0 in

     so  282 1025.5 in
  Now

  
3

19192

300
1004.1108.2 





 T

ni

   






 
3000259.0

12.1
exp

T

           
3

3828

300
10912.21025.5 





 T





 

T

973.12972
exp

          By trial and error,  5.536T K
(b) At 300T K,

          







o

c
Fc n

N
kTEE ln

  




 
15

19

10

108.2
ln0259.0Fc EE

                         2652.0 eV
       At 5.536T K,

  046318.0
300

5.536
0259.0 





kT eV

           
2/3

19

300

5.536
108.2 





cN

                 1910696.6  cm 3

      







o

c
Fc n

N
kTEE ln

  








15

19

1005.1

10696.6
ln046318.0Fc EE

                      5124.0 eV

   then    2472.0 Fc EE eV

(c) Closer to the intrinsic energy level.
_______________________________________

4.51

          







i

o
FFi n

p
kTEE ln

     At 200T K, 017267.0kT eV
          400T K, 034533.0kT eV
          600T K, 0518.0kT eV

     At 200T K,
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          
3

19192

300

200
1004.1108.2 





in

                                       



 

017267.0

12.1
exp

          410638.7  in cm 3

     At 400T K,

  
3

19192

300

400
1004.1108.2 





in

                                         



 

034533.0

12.1
exp

          1210381.2  in cm 3

     At 600T K,

  
3

19192

300

600
1004.1108.2 





in

                                               



 

0518.0

12.1
exp

          1410740.9  in cm 3

     At 200T K and 400T K, 

              15103 ao Np cm 3

     At 600T K,

    2

2

22 i
aa

o n
NN

p 





  214

21515

10740.9
2

103

2

103 




 

          1510288.3  cm 3

     Then, 200T K,  4212.0 FFi EE
eV
                400T K, 2465.0 FFi EE
eV
                600T K, 0630.0 FFi EE
eV
_______________________________________

4.52
     (a) 
 

  














6108.1
ln0259.0ln a

i

a
FFi

N

n

N
kTEE

     For 1410aN cm 3 ,

4619.0 FFi EE eV

            1510aN cm 3 ,

5215.0 FFi EE eV

            
16

10aN cm 3 ,

5811.0 FFi EE eV

            1710aN cm 3 ,

6408.0 FFi EE eV
     (b)

  




 







aa
F NN

N
kTEE

18100.7
ln0259.0ln 



     For 1410aN cm 3 ,

2889.0 EEF eV

            1510aN cm 3 ,

2293.0 EEF eV

            
16

10aN cm 3 ,

1697.0 EEF eV

             1710aN cm 3 ,

1100.0 EEF eV
_______________________________________

4.53

(a) 











*

*

ln
4

3

n

p
midgapFi

m

m
kTEE

                                10ln0259.0
4

3

     or
        0447.0 midgapFi EE eV

(b) Impurity atoms to be added so
        45.0 Fmidgap EE eV
       (i) p-type, so add acceptor atoms
       (ii)

4947.045.00447.0  FFi EE eV
     Then

        



 


kT

EE
np FFi
io exp

                






0259.0

4947.0
exp105

     or

        131097.1  ao Np cm 3

_______________________________________
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4.54

        
 







 


kT

EE
NNNn Fc
cado exp

     so

  




 

0259.0

215.0
exp108.2105 1915

dN

               1515 1095.6105 
     or

        16102.1 dN cm 3

_______________________________________

4.55
(a) Silicon

(i) 







d

c
Fc N

N
kTEE ln

  2188.0
106

108.2
ln0259.0

15

19










eV
(ii)

1929.00259.02188.0  Fc EE
eV

      
 







 


kT

EE
NN Fc
cd exp

  



 

0259.0

1929.0
exp108.2 19

      1610631.1 dN cm 3

15106 dN

     1610031.1  dN cm 3  

Additional
                                                  donor atoms

(b) GaAs

   (i)   




 
15

17

10

107.4
ln0259.0Fc EE

                      15936.0 eV
 (ii)

13346.00259.015936.0  Fc EE
eV

  



 

0259.0

13346.0
exp107.4 17

dN

               1510718.2  cm 3

1510 dN

          1510718.1  dN cm 3  

Additional
                                                      donor atoms

_______________________________________

4.56

(a) 







a
FFi N

N
kTEE ln

            










16

19

102

1004.1
ln0259.0

1620.0 eV

(b) 







d

c
FiF N

N
kTEE ln

  1876.0
102

108.2
ln0259.0

16

19








 e

V
(c) For part (a);

           16102op cm 3

            
 

16

2102

102

105.1




o

i
o p

n
n

                           410125.1  cm 3

       For part (b):

           16102on cm 3

            
 

16

2102

102

105.1




o

i
o n

n
p

                            410125.1  cm 3

_______________________________________

4.57

          





 


kT

EE
nn FiF
io exp

                 





0259.0

55.0
exp108.1 6

                15100.3  cm 3
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     Add additional acceptor impurities
           ado NNn 

            aN 1515 107103

         15104 aN cm 3

_______________________________________

4.58

(a) 







i

o
FFi n

p
kTEE ln

  3161.0
105.1

103
ln0259.0

10

15









 e

V

(b) 







i

o
FiF n

n
kTEE ln

  3758.0
105.1

103
ln0259.0

10

16









 e

V
(c) FiF EE 

(d) 







i

o
FFi n

p
kTEE ln

  















11

15

10334.7

104
ln

300

375
0259.0

              2786.0 eV

(e) 







i

o
FiF n

n
kTEE ln

  















13

14

10722.1

10029.1
ln

300

450
0259.0

            06945.0 eV
_______________________________________

4.59

(a) 







o
F p

N
kTEE 

 ln

  2009.0
103

100.7
ln0259.0

15

18








 e

V
(b)

  








4

18

1008.1

100.7
ln0259.0EEF

             360.1 eV

(c)   








6

18

108.1

100.7
ln0259.0EEF

             7508.0 eV

(d)   






300

375
0259.0EEF

  
















15

2/318

104

300375100.7
ln

             2526.0 eV

(e)   






300

450
0259.0EEF

  
















7

2/318

1048.1

300450100.7
ln

              068.1 eV
_______________________________________

4.60
       n-type

     







i

o
FiF n

n
kTEE ln

  3504.0
105.1

10125.1
ln0259.0

10

16















 e

V
______________________________________

4.61
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        2

2

22 i
aa

o n
NN

p 





        
2

105
1008.5

15
15 

                                       2

215

2

105
in




 

           21515 105.21008.5 

  2215105.2 in

          23030 1025.6106564.6 in

        292 10064.4  in

           






 


kT

E
NNn

g
ci exp2



          030217.0
300

350
0259.0 





kT eV

  19
2

19 10633.1
300

350
102.1 





cN c

m 3

  19
2

19 1045.2
300

350
108.1 





N cm

3

     Now

  191929 1045.210633.110064.4 








 


030217.0
exp

gE

     So

    











29

1919

10064.4

1045.210633.1
ln030217.0gE

      6257.0 gE eV
_______________________________________

4.62
(a) Replace Ga atoms  Silicon acts as a 

                                                               donor

    1415 105.310705.0 dN cm

3

       Replace As atoms  Silicon acts as an 
                                                            acceptor

    1515 1065.610795.0 aN cm

3

(b)  da NN p-type
(c)

1415 105.31065.6  dao NNp

              15103.6  cm 3

  4

15

262

1014.5
103.6

108.1 



o

i
o p

n
n c

m 3

(d) 







i

o
FFi n

p
kTEE ln

  5692.0
108.1

103.6
ln0259.0

6

15








 e

V
_______________________________________


