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Chapter 1 
 

Exercise Solutions 
 

Ex 1.1 

     (a)  Number of atoms per unit cell 

           46
2

1
8

8

1
=+=  

     (b)  Volume Density 
( )383

1025.4

44

−
==

a
 

                                       
221021.5 = cm 3−  

_______________________________________ 

 

Ex 1.2 

     Intercepts of plane; p=1, q=2, s=2 

     Inverse;  








2

1
,

2

1
,

1

1
 

     Multiply by lowest common denominator, 

     ( )211  plane 

_______________________________________ 

 

Ex 1.3 

(a) Number of atoms per (100) plane 

            2
4

1
41 =+=  

     Surface Density 
( )282

1025.4

22

−
==

a
 

                                
151011.1 = cm 2−  

(b) Number of atoms per (110) plane 

            2
4

1
4

2

1
2 =+=  

     Surface Density   

                    
( )( ) ( ) 21025.4

2

2

2
28−

==
aa

 

                    
141083.7 = cm 2−  

_______________________________________ 

Test Your Understanding Solutions 
 

TYU 1.1 

     Number of atoms per unit cell 1
8

1
8 ==  

     Volume Density 
3

22 1
104

a
==  

     
81092.2 −= a cm 

o

A92.2=  

     Radius 
o

Aar 46.12 ===  

_______________________________________ 

TYU 1.2 

(a) Number of atoms per (100) lattice plane 

           1
4

1
4 ==  

      Surface Density 
( )282

1065.4

11

−
==

a
 

                                    =
141062.4  cm 2−  

(b) Number of atoms per (110) lattice plane 

              1
4

1
4 ==  

        Surface Density  

                     
( )( ) ( ) 21065.4

1

2

1
28−

==
aa

 

                      
141027.3 = cm 2−  

(c) Number of atoms per (111) lattice plane 

             
2

1

6

1
3 ==  

        Lattice plane area bh
2

1
=  

        where 2ab =  

                    ( )
2/1

2
2

2
2

1
2






















−= aah  

                        
2

3

2

1
2

2/1

22 aaa =







−=  

         Then lattice plane area  

                          ( ) 2

2

3

2

3
2

2

1
aaa =














=  

         Surface Density  

           

( )

14

28

1067.2

1065.4
2

3

2

1

=



=

−

cm 2−  

_______________________________________ 

 

TYU 1.3 

(a) For (100) planes, distance 
o

Aa 83.4==  

(b) For (110) planes, distance  

                        
( ) o

A
a

42.3
2

283.4

2

2
===  

_______________________________________ 
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TYU 1.4 

(a) 8 corner atoms 

(b) 6 face-centered atoms 

(c) 4 atoms totally enclosed 

_______________________________________ 

 

TYU 1.5 

     Number of atoms in the unit cell 

          84
2

1
6

8

1
8 =++=  

     Volume Density 
( )383

1043.5

88

−
==

a
 

                                 
22105= cm 3−  

_______________________________________ 
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Chapter 1 
 

Problem Solutions 

 
1.1 

(a) fcc: 8 corner atoms 18/1 = atom 

              6 face atoms 32/1 = atoms 

       Total of 4 atoms per unit cell 

(b) bcc: 8 corner atoms 18/1 = atom 

               1 enclosed atom        =1 atom 

       Total of 2 atoms per unit cell 

(c) Diamond: 8 corner atoms 18/1 = atom 

                        6 face atoms 32/1 = atoms 

                        4 enclosed atoms   = 4 atoms 

       Total of 8 atoms per unit cell 

_______________________________________ 

 

1.2 

(a) Simple cubic lattice:  ra 2=  

   Unit cell vol ( ) 333 82 rra ===  

   1 atom per cell, so atom vol ( )













=

3

4
1

3r
 

   Then 

        Ratio %4.52%100
8

3

4

3

3

=















=
r

r

 

(b) Face-centered cubic lattice 

        r
d

aard ==== 22
2

24  

   Unit cell vol ( ) 3
3

3 21622 rra ===  

        4 atoms per cell, so atom vol ( )













=

3

4
4

3r
 

       Then 

        Ratio 

( )

%74%100
216

3

4
4

3

3

=
















=
r

r

 

(c) Body-centered cubic lattice 

        raard ===
3

4
34  

   Unit cell vol 

3

3

3

4













== ra  

  2 atoms per cell, so atom vol ( )













=

3

4
2

3r
 

 

 

 

  Then 

        Ratio 

( )

%68%100

3

4

3

4
2

3

3

=





























=

r

r

 

(d) Diamond lattice 

  Body diagonal raard ====
3

8
38  

  Unit cell vol 

3

3

3

8













==

r
a  

  8 atoms per cell, so atom vol ( )













=

3

4
8

3r
 

  Then 

        Ratio 

( )

%34%100

3

8

3

4
8

3

3

=





























=

r

r

 

_______________________________________ 

 

1.3 

(a) 
o

Aa 43.5= ; From Problem 1.2d,   

                                                        ra =
3

8
 

   Then 
( ) o

A
a

r 176.1
8

343.5

8

3
===  

   Center of one silicon atom to center of  

   nearest neighbor 
o

Ar 35.22 ==  

(b) Number density 

( )
22

38
105

1043.5

8
=


=

−
cm 3−  

(c) Mass density 

        
( ) ( )( )

23

22

1002.6

09.28105..




===

AN

WtAtN
  

   33.2=   grams/cm 3  

_______________________________________ 
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1.4 

(a) 4 Ga atoms per unit cell 

  Number density 
( )381065.5

4

−
=  

    Density of Ga atoms 
221022.2 = cm 3−  

      4 As atoms per unit cell 

    Density of As atoms 
221022.2 = cm 3−  

(b) 8 Ge atoms per unit cell 

  Number density 
( )381065.5

8

−
=  

    Density of Ge atoms 
221044.4 = cm 3−  

_______________________________________ 

 

1.5 

     From Figure 1.15 

(a) ( )a
a

d 4330.0
2

3

2
=






















=  

           = ( )( )
o

Ad 447.265.54330.0 =  

(b) ( )a
a

d 7071.02
2

=







=  

           ( )( )
o

Ad 995.365.57071.0 ==  

_______________________________________ 

 

1.6 

          ===







74.54

23

2

3
2

2
2

2
sin



a

a

 

          = 5.109  

_______________________________________ 

 

1.7 

     (a) Simple cubic:  
o

Ara 9.32 ==  

     (b)  fcc:  
o

A
r

a 515.5
2

4
==  

     (c) bcc:  
o

A
r

a 503.4
3

4
==  

     (d) diamond:  
( ) o

A
r

a 007.9
3

42
==  

_______________________________________ 

 

1.8 

(a) ( ) ( ) Br2035.122035.12 +=  

        
o

B Ar 4287.0=  

 

(b) ( )
o

Aa 07.2035.12 ==  

(c) A-atoms:  # of atoms 1
8

1
8 ==  

Density 
( )381007.2

1

−
=  

              
231013.1 = cm 3−  

           B-atoms: # of atoms 3
2

1
6 ==  

          Density 
( )381007.2

3

−
=  

                       
231038.3 =  cm 3−  

_______________________________________ 

 

1.9 

(a) 
o

Ara 5.42 ==  

# of atoms 1
8

1
8 ==  

Number density 
( )38105.4

1

−
=  

                           
2210097.1 = cm 3−  

Mass density 
( )

AN

WtAtN ..
==   

                         
( )( )

23

22

1002.6

5.12100974.1




=  

                         = 228.0 gm/cm 3  

(b) 
o

A
r

a 196.5
3

4
==  

# of atoms 21
8

1
8 =+  

Number density 
( )3810196.5

2

−
=  

                           
22104257.1 = cm 3−  

Mass density 
( )( )

23

22

1002.6

5.12104257.1




==   

                      296.0= gm/cm 3  

_______________________________________ 

 

1.10 

     From Problem 1.2, percent volume of fcc  

     atoms is 74%;  Therefore after coffee is  

     ground, 

             Volume = 0.74 cm 3  

_______________________________________ 
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1.11 

(b)
o

Aa 8.20.18.1 =+=  

(c) Na:  Density 
( )

( )38108.2

2/1

−
=  

                                     
221028.2 = cm 3−  

       Cl: Density 
221028.2 = cm 3−  

(d) Na:  At. Wt. = 22.99 

Cl:   At. Wt. = 35.45 

        So, mass per unit cell 

            

( ) ( )
23

23
1085.4

1002.6

45.35
2

1
99.22

2

1

−=










+









=  

       Then mass density 

            
( )

21.2
108.2

1085.4
38

23

=



=

−

−

  grams/cm 3  

_______________________________________ 

 

1.12 

(a) ( ) ( )
o

Aa 88.122.223 =+=  

  Then  
o

Aa 62.4=  

  Density of A:   

         
( )

22

38
1001.1

1062.4

1
=


=

−
cm 3−  

  Density of B: 

         
( )

22

38
1001.1

1062.4

1
=


=

−
cm 3−  

(b) Same as (a) 

(c) Same material 

_______________________________________ 

 

1.13 

          
( ) ( ) o

Aa 619.4
3

8.122.22
=

+
=  

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

          Surface density 
( )282

10619.4

11

−
==

a
 

                                    
1410687.4 = cm

2−
 

     For 1.12(b), B-atoms:   
o

Aa 619.4=  

          Surface density 
14

2
10687.4

1
==

a
cm 2−  

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

 

 

 

 

 

(b)  For 1.12(a), A-atoms; 
o

Aa 619.4=  

            Surface density 

                           
2

1

2a
=

1410315.3 = cm 2−  

            B-atoms; 

            Surface density 

                            14

2
10315.3

2

1
==

a
cm 2−  

     For 1.12(b), A-atoms; 
o

Aa 619.4=  

            Surface density  

                            
2

1

2a
=

1410315.3 = cm 2−  

           B-atoms; 

           Surface density 

                            
14

2
10315.3

2

1
==

a
cm 2−  

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

_______________________________________ 

 

1.14 

(a) Vol. Density 
3

1

oa
=  

Surface Density 
2

1

2

oa
=  

(b) Same as (a) 

_______________________________________ 

 

1.15 

(i) (110) plane 

                (see Figure 1.10(b)) 

 

     (ii) (111) plane 

                (see Figure 1.10(c)) 

 

     (iii) (220) plane  ( )0,1,1,
2

1
,

2

1









  

          Same as (110) plane and [110] direction 

     (iv) (321) plane ( )6,3,2
1

1
,

2

1
,

3

1









  

           Intercepts of plane at 
                 6,3,2 === sqp  

           [321] direction is perpendicular to 

                             (321) plane 

 

_______________________________________ 
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1.16 

     (a)  

           ( )313
1

1
,

3

1
,

1

1









 

     (b) 

           ( )121
4

1
,

2

1
,

4

1









 

_______________________________________ 

 

1.17 

     Intercepts: 2, 4, 3  









3

1
,

4

1
,

2

1
 

          (634) plane 

_______________________________________ 

 

1.18 

(a) 
o

Aad 28.5==  

(b) 
o

A
a

d 734.3
2

2
==  

(c) 
o

A
a

d 048.3
3

3
==  

_______________________________________ 

 

1.19 

 (a) Simple cubic 

       (i) (100) plane: 

Surface density 
( )282

1073.4

11

−
==

a
 

                          
141047.4 = cm 2−  

(ii) (110) plane: 

Surface density 
2

1

2a
=  

                          
141016.3 = cm 2−  

(iii) (111) plane: 

Area of plane bh
2

1
=  

    where 
o

Aab 689.62 ==  

    Now   

     ( ) ( )2
2

2
2 2

4

3

2

2
2 a

a
ah =














−=  

     So  ( )
o

Ah 793.573.4
2

6
==  

 

 

 

 

 

  Area of plane  

       ( )( )88 1079304.51068923.6
2

1 −− =  

       
16103755.19 −= cm 2  

  Surface density 
16103755.19

6

1
3

−



=  

                            
141058.2 = cm 2−  

(b) bcc 

       (i) (100) plane: 

Surface density 
14

2
1047.4

1
==

a
cm 2−  

(ii) (110) plane: 

Surface density 
2

2

2a
=  

                         
141032.6 = cm 2−  

(iii) (111) plane: 

Surface density 
16103755.19

6

1
3

−



=  

                         
141058.2 = cm 2−  

(c) fcc 

       (i) (100) plane: 

Surface density 
14

2
1094.8

2
==

a
cm 2−  

(ii) (110) plane: 

Surface density 
2

2

2a
=  

                         
141032.6 = cm 2−  

(iii) (111) plane: 

Surface density 
16103755.19

2

1
3

6

1
3

−

+

=  

                          
151003.1 = cm 2−  

_______________________________________ 

 

1.20 

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

   Surface density 
( )281043.5

2

−
=  

                              
141078.6 = cm

2−
 

(b) (110) plane: 

   Surface density 
( )281043.52

4

−
=  

                             
141059.9 = cm 2−  
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(c) (111) plane: 

  Surface density 
( )( )281043.523

2

−
=  

                             
141083.7 = cm 2−  

_______________________________________ 

 

1.21 

          
( ) o

A
r

a 703.6
2

37.24

2

4
===  

(a) #/cm 3

( )383
10703.6

42

1
6

8

1
8

−
=

+

=
a

 

                  
2210328.1 = cm 3−  

(b) #/cm 2

2

2

1
2

4

1
4

2a

+

=  

                  
( ) 210703.6

2
28−

=  

                  
1410148.3 = cm 2−  

(c) 
( ) o

A
a

d 74.4
2

2703.6

2

2
===  

(d) # of atoms 2
2

1
3

6

1
3 =+=  

Area of plane:  (see Problem 1.19) 

                         
o

Aab 4786.92 ==  

                         
o

A
a

h 2099.8
2

6
==  

Area 

( )( )88 102099.8104786.9
2

1

2

1 −− == bh  

           
15108909.3 −= cm 2  

 

 

           #/cm 2

15108909.3

2
−

=  

                        =
141014.5   cm 2−  

         
( ) o

A
a

d 87.3
3

3703.6

3

3
===  

_______________________________________ 

 

1.22 

    Density of silicon atoms 
22105= cm

3−
 and 

           4 valence electrons per atom, so 

    Density of valence electrons 
23102= cm 3−  

_______________________________________ 

 

1.23 

    Density of GaAs atoms 

           
( )

22

38
1044.4

1065.5

8
=


=

−
cm 3−  

     An average of 4 valence electrons per atom,  

            So 

     Density of valence electrons  

                                     
231077.1 = cm 3−  

_______________________________________ 

 

1.24 

(a) %10%100
105

105 3

22

17
−=




 

(b) %104%100
105

102 6

22

15
−=




 

_______________________________________ 

 

1.25 

(a) Fraction by weight 

          
( )( )
( )( )

7

22

16

10542.1
06.28105

82.10102 −=



  

(b) Fraction by weight 

          
( )( )

( )( )
5

22

18

10208.2
06.28105

98.3010 −=


  

_______________________________________ 

 

1.26 

     Volume density 
16

3
102

1
==

d
cm 3−  

      So  
610684.3 −=d cm 

o

Ad 4.368=  

     We have  
o

o Aa 43.5=  

     Then  85.67
43.5

4.368
==

oa

d
 

_______________________________________ 

 

1.27 

     Volume density 
15

3
104

1
==

d
cm 3−  

     So  
61030.6 −=d cm 

o

Ad 630=  

     We have 
o

o Aa 43.5=  

     Then  116
43.5

630
==

oa

d
 

_______________________________________ 
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Chapter 2 
 

Exercise Solutions 
 

Ex. 2.1 

(a) 
( )( )

8

1034

10100

10310625.6
−

−




===




hc
hE  

                             
17109875.1 −= J 

    or   124
106.1

109875.1
19

17

=



=

−

−

E eV 

(b) 
( )( )

8

1034

104500

10310625.6
−

−




==



hc
E  

                            
1910417.4 −= J 

     or    76.2
106.1

10417.4
19

19

=



=

−

−

E eV 

_______________________________________ 

 

Ex 2.2 

  (a)  mEp 2=  

            ( )( )( )  2/119331 106.110121011.92 −−− =                

            
2610915.5 −= kg-m/s 

        
8

26

34

1012.1
10915.5

10625.6 −

−

−

=



==

p

h
 m 

          or  
o

A112=  

(c) 
10

34

10112

10625.6
−

−




==



h
p  

                                  
2610915.5 −= kg-m/s 

       
( )

31

2262

102.2

10915.5

2

1

2

1
−

−




==

m

p
E  

                                   =
2110952.7 − J 

      or  2

19

21

1097.4
106.1

10952.7 −

−

−

=



=E eV 

_______________________________________ 

 

Ex 2.3 

(a) 
2

222

2ma

n
En


=  

             
( )
( )( )21031

22234

10121011.92

10054.1

−−

−




=

n
 

             
22010179.4 n−=  J 

   or  2

19

220

261.0
106.1

10179.4
n

n
En =




=

−

−

eV 

  Then  

  261.01 =E eV, 045.12 =E eV, 351.23 =E eV 

(b) 
2

222

2ma

n
En


=  

             
( )
( )( )21027

22234

10121067.12

10054.1

−−

−




=

n
 

             
2231028.2 n−=  J 

     or  
19

223

106.1

1027967.2
−

−




=

n
En  

                
2410425.1 n−= eV 

     Then 4

1 10425.1 −=E eV 

              4

2 1070.5 −=E eV 

              3

3 1028.1 −=E eV 

_______________________________________ 

 

Ex 2.4 

        ( )( )25312 101011.9
2

1

2

1 −== mE  

            
2110555.4 −= J 

     Now 

        ( )EV
m

k o −=
22

2


    Set EVo 3=  

     Then 

        ( )Emk 22
1

2


=  

              
( )( )( ) 

34

2/12131

10054.1

10555.421011.92
−

−−




=  

     or 

        9

2 10222.1 =k m 1−  

         dkP 22exp −=  

(a) 10101010 −==
o

Ad m 

        ( )( )( ) 109 101010222.12exp −−=P  

     or 

        68.80868.0 =P % 

(b) 1010100100 −==
o

Ad m 

        ( )( )( ) 109 1010010222.12exp −−=P  

     or 

        
911 1043.21043.2 −− =P % 

 

_______________________________________ 
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Ex 2.5 

(a) 
( )

22

2



EVm
k O −=  

        
( )( )( )

( )234

1931

10054.1

106.112.02.11011.92

−

−−



−
=  

        
9103236.5 =  m 1−  

     Then 

    







−










2.1

12.0
1

2.1

12.0
16T  

                      ( )( ) 109 105103236.52exp −−  

       
31002.7 −T  

(b) 







−










2.1

12.0
1

2.1

12.0
16T  

                    ( )( ) 109 1025103236.52exp −−  

       
121097.3 −T  

_______________________________________ 

 

Ex 2.6 

           From Example 2.6, we have 

          
( ) 222

0992.0

7.11

58.13

nn
En

−
=

−
= eV 

           2.991 −=E meV, 8.242 −=E meV,  

           0.113 −=E meV 

_______________________________________ 

 

Test Your Understanding 
 

TYU 2.1 

(a) 
10

34

108

10054.1
−

−




=


=
x

p


 

             
2510318.1 −= kg-m/s 

(b) p
m

p

dp

d
p

dp

dE
E 


























==

2

2

 

              
m

pp
p

m

p 
==

2

2
 

        
( )( )

31

2523

1011.9

10318.1102.1
−

−−




=E  

              
1810735.1 −=  J  or  85.10= eV 

_______________________________________ 

 

 

 

 

 

 

 

TYU 2.2 

(a) ( )( ) 1919 1028.1106.18.0 −− ==E eV 

       16

19

34

1023.8
1028.1

10054.1 −

−

−

=



=


=
E

t


s 

(b) Same as part (a), 
161023.8 −=t s 

_______________________________________ 

 

TYU 2.3 

(a) 
( )

22

2



EVm
k O −=  

            
( )( )( )

( )234

1931

10054.1

106.11.08.01011.92

−

−−



−
=  

             =
910286.4  m 1−  

       







−










8.0

1.0
1

8.0

1.0
16T  

                    ( )( ) 109 1012102859.42exp −−  

       
51097.5 −T  

(b) 
( )( )( )

( )234

1931

2

10054.1

106.11.05.11011.92

−

−−



−
=k  

             
910061.6 = m 1−  

       







−










5.1

1.0
1

5.1

1.0
16T  

                    ( )( ) 109 101210061.62exp −−  

       
71079.4 −T  

_______________________________________ 

 

TYU 2.4 

        
6105 −=T  

                   ( )ak 22exp
8.0

08.0
1

8.0

08.0
16 −








−








=  

      so that  ( ) 5

2 1088.22exp =+ ak  

                     571.122 2 =ak  

       
( )( )( )

( )234

1931

2

10054.1

106.108.08.01011.92

−

−−



−
=k  

            
9103467.4 = m 1−  

       Then 

           
( )

9

9
10446.1

103467.42

571.12 −=


=a m 

       or  
o

Aa 46.14=  

_______________________________________ 
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Chapter 2 
 

 

2.1 

     Sketch 

_______________________________________ 

 

2.2 

     Sketch 

_______________________________________ 

 

2.3 

     Sketch 

_______________________________________ 

 

2.4   

     From Problem 2.2, phase t
x





−=

2
 

                                                           = constant 

     Then 

        







+===−










2
,0

2
p

dt

dx

dt

dx
 

     From Problem 2.3, phase t
x





+=

2
 

                                                         = constant 

     Then 

        







−===+










2
,0

2
p

dt

dx

dt

dx
 

_______________________________________ 

 

2.5 

        
E

hchc
hE === 


  

     Gold:  90.4=E eV ( )( )19106.190.4 −=  J 

     So, 

        
( )( )
( )( )

5

19

1034

1054.2
106.190.4

10310625.6 −

−

−

=



= cm 

     or 

         254.0= m 

     Cesium:  90.1=E eV ( )( )19106.190.1 −=  J 

     So, 

        
( )( )

( )( )
5

19

1034

1054.6
106.190.1

10310625.6 −

−

−

=



= cm 

     or 

         654.0= m 

_______________________________________ 

 

 

 

2.6  

     (a)  
9

34

10550

10625.6
−

−




==



h
p  

                     
2710205.1 −= kg-m/s 

            3

31

27

1032.1
1011.9

102045.1
=




==

−

−

m

p
 m/s 

       or  
51032.1 = cm/s 

     (b)   
9

34

10440

10625.6
−

−




==



h
p  

                
2710506.1 −= kg-m/s 

             3

31

27

1065.1
1011.9

105057.1
=




==

−

−

m

p
 m/s 

        or  
51065.1 = cm/s 

     (c) Yes 

_______________________________________ 

 

2.7 

(a) (i)  

 ( )( )( )1931 106.12.11011.922 −− == mEp  

                   
2510915.5 −= kg-m/s 

       
9

25

34

1012.1
10915.5

10625.6 −

−

−

=



==

p

h
 m 

  or  
o

A2.11=  

(ii) ( )( )( )1931 106.1121011.92 −− =p  

                 
241087.1 −= kg-m/s 

      10

24

34

1054.3
108704.1

10625.6 −

−

−

=



= m 

 or  
o

A54.3=  

(iii) ( )( )( )1931 106.11201011.92 −− =p  

                  
2410915.5 −= kg-m/s 

      10

24

34

1012.1
10915.5

10625.6 −

−

−

=



= m 

 or  
o

A12.1=  
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(b) 

       ( )( )( )1927 106.12.11067.12 −− =p  

                   
2310532.2 −= kg-m/s 

       11

23

34

1062.2
10532.2

10625.6 −

−

−

=



= m 

  or  
o

A262.0=  

_______________________________________ 

 

2.8 

        ( ) 03885.00259.0
2

3

2

3
=








== kTEavg eV 

     Now 

        avgavg mEp 2=  

                ( )( )( )1931 106.103885.01011.92 −− =  

     or 

        
2510064.1 −=avgp kg-m/s 

     Now 

        
9

25

34

10225.6
10064.1

10625.6 −

−

−

=



==

p

h
 m 

     or 

        
o

A25.62=  

_______________________________________ 

 

2.9 

        
p

pp

hc
hE


 ==  

     Now 

        
m

p
E e

e
2

2

=  and  

2

2

1













==

e

e

e

e

h

m
E

h
p


 

     Set ep EE =  and  ep  10=  

     Then 

        

22

10

2

1

2

1














=













=

pep

h

m

h

m

hc


 

     which yields 

        
mc

h
p

2

100
=  

        
100

2
2

100

2mc
mc

h

hchc
EE

p

p ====


 

               
( )( )

100

1031011.92
2831 

=
−

 

               
151064.1 −= J 25.10= keV 

_______________________________________ 

 

 

2.10 

(a) 
10

34

1085

10625.6
−

−




==



h
p  

           
2610794.7 −=  kg-m/s 

        4

31

26

1056.8
1011.9

10794.7
=




==

−

−

m

p
 m/s 

or     
61056.8 = cm/s 

       ( )( )24312 1056.81011.9
2

1

2

1
== −mE  

           
211033.3 −= J 

or    2

19

21

1008.2
106.1

10334.3 −

−

−

=



=E eV 

(b) ( )( )2331 1081011.9
2

1
= −E  

           
2310915.2 −= J 

or    4

19

23

1082.1
106.1

10915.2 −

−

−

=



=E eV 

       ( )( )331 1081011.9 == −mp  

           
2710288.7 −= kg-m/s 

        
8

27

35

1009.9
10288.7

10625.6 −

−

−

−



==

p

h
 m 

or     
o

A909=  

_______________________________________ 

 

2.11 

(a) 
( )( )

10

834

101

10310625.6
−

−




===




hc
hE  

            
151099.1 −= J 

   Now 

        
19

15

106.1

1099.1
−

−




===

e

E
VVeE  

        
41024.1 =V V 4.12= kV 

(b) ( )( )1531 1099.11011.922 −− == mEp  

         
231002.6 −= kg-m/s 

   Then 

        
11

23

34

1010.1
1002.6

10625.6 −

−

−

=



==

p

h
 m 

   or 

        
o

A11.0=  

_______________________________________ 
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2.12 

    
6

34

10

10054.1
−

−
=


=
x

p


 

          
2810054.1 −= kg-m/s 

_______________________________________ 

 

2.13 

(a) (i) = xp  

       26

10

34

10783.8
1012

10054.1 −

−

−

=



=p kg-m/s 

(ii) p
m

p

dp

d
p

dp

dE
E 













==

2

2

 

            
m

pp
p

m

p 
==

2

2
 

Now  mEp 2=  

         ( )( )( )1931 106.1161092 −− =  

         
2410147.2 −= kg-m/s 

so 
( )( )

31

2624

109

10783.8101466.2
−

−−




=E  

           
1910095.2 −= J 

or 31.1
106.1

10095.2
19

19

=



=

−

−

E eV 

(b) (i) 2610783.8 −=p kg-m/s 

      (ii) ( )( )( )1928 106.1161052 −− =p  

              
231006.5 −= kg-m/s 

        
( )( )

28

2623

105

10783.81006.5
−

−−




=E  

             
2110888.8 −= J 

  or 2

19

21

1055.5
106.1

10888.8 −

−

−

=



=E eV 

_______________________________________ 

 

2.14 

    32

2

34

10054.1
10

10054.1 −

−

−

=


=


=
x

p


kg-m/s 

      
1500

10054.1 32−
=


==
m

p
mp   

      
36107 −= m/s 

_______________________________________ 

 

 

 

 

 

 

 

2.15 

(a) = tE  

        
( )( )

16

19

34

1023.8
106.18.0

10054.1 −

−

−

=



=t s 

(b) 
10

34

105.1

10054.1
−

−




=


=
x

p


 

             
251003.7 −= kg-m/s 

_______________________________________ 

 

2.16 

(a) If ( )tx,1  and ( )tx,2  are solutions to  

       Schrodinger's wave equation, then 

 

   
( )

( ) ( )
( )
t

tx
jtxxV

x

tx

m 


=+






− ,
,

,

2

1

12

1

22




 

   and 

   
( )

( ) ( )
( )
t

tx
jtxxV

x

tx

m 


=+






− ,
,

,

2

2

22

2

22




 

   Adding the two equations, we obtain 

    ( ) ( ) txtx
xm

,,
2

212

22

+





−
 

                    ( ) ( ) ( ) txtxxV ,, 21 ++  

                                 ( ) ( ) txtx
t

j ,, 21 +



=   

   which is Schrodinger's wave equation.  So 

   ( ) ( )txtx ,, 21 +  is also a solution. 

 

(b) If  ( ) ( )txtx ,, 21   were a solution to 

Schrodinger's wave equation, then we 

could write 

     ( ) 21212

22

2
+






−
xV

xm


 

                                            21 



=

t
j  

   which can be written as 

    
















+




+






−

xxxxm

21

2

1

2

22

2

2

1

2

2
2


 

            ( )  











+




=+

tt
jxV 1

2

2

121   

   Dividing by 21  , we find 



















+







+








−

xxxxm

21

21
2

1

2

1
2

2

2

2

2 211

2



            ( ) 













+






=+

tt
jxV 1

1

2

2

11
  
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   Since 1  is a solution, then 

    ( )
t

jxV
xm 





=+









− 1

1
2

1

2

1

2 11

2



 

   Subtracting these last two equations, we have 

     

















+








−

xxxm

21

21
2

2

2

2

2 21

2


 

                                                   
t

j






= 2

2

1
  

     Since 2  is also a solution, we have 

   ( )
t

jxV
xm 





=+









− 2

2
2

2

2

2

2 11

2



 

   Subtracting these last two equations, we obtain 

     ( ) 0
2

2

21

21

2

=−













−
xV

xxm


 

   This equation is not necessarily valid, which  

   means that 21  is, in general, not a solution  

   to Schrodinger's wave equation. 

_______________________________________ 

 

2.17 

          1
2

cos2

3

1

2 =








+

−

dx
x

A


 

         
( )

1
2

sin

2

3

1

2 =







+

+

−

xx
A  

         1
2

1

2

32 =














 −
−A  

     so  
2

12 =A  

     or  
2

1
=A  

_______________________________________ 

 

2.18 

          ( ) 1cos2

2/1

2/1

2 =
+

−

dxxnA   

         
( )

1
4

2sin

2

2/1

2/1

2 =







+

+

−



n

xnx
A  

         







==
















−−

2

1
1

4

1

4

1 22 AA  

      or  2=A  

_______________________________________ 

 

 

 

 

2.19 

     Note that 1

0

* =


dx  

     Function has been normalized. 

(a) Now 

  dx
a

x

a
P

oa

oo

2

4

0

exp
2


























 −
=  

         dx
a

x

a

oa

oo
 












 −
=

4

0

2
exp

2
 

         
4

0

2
exp

2

2 oa

o

o

o a

xa

a 











 −







 −
=  

  or 

     ( ) 






 −
−=












−












 −
−=

2

1
exp11

4

2
exp1

o

o

a

a
P  

  which yields 
     393.0=P  

(b) 

      dx
a

x

a
P

o

o

a

a oo

2

2

4

exp
2


























 −
=  

           dx
a

x

a

o

o

a

a oo
 












 −
=

2

4

2
exp

2
 

            
2

4

2
exp

2

2 o

o

a

ao

o

o a

xa

a 











 −







 −
=  

   or 

        ( ) ( ) 














 −
−−−=

2

1
exp1exp1P  

  which yields 
        239.0=P  

(c) 

        dx
a

x

a
P

oa

oo

2

0

exp
2


























 −
=  

            dx
a

x

a

oa

oo
 












 −
=

0

2
exp

2
 

            
oa

o

o

o a

xa

a 0

2
exp

2

2












 −







 −
=  

            ( ) ( ) 12exp1 −−−=  

   which yields 
        865.0=P  

_______________________________________ 
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2.20 

          ( ) dxxP
2

=   

(a) dx
x

a

a

















 2

cos
2 2

4/

0


 

       

4/

04

2
sin

2

2
a

a

a

x

x

a




































+







=





 

        





































+


















=

a

a

a 



4

2
sin

2

42
 

         
( )( )









+








=

4

1

8

2 aa

a
 

     or  409.0=P  

(b) dx
a

x

a
P

a

a

















= 


2/

4/

2cos
2

 

           

2/

4/4

2
sin

2

2
a

a
a

a

x

x

a




































+







=





 

           
( )





































−−









+








=

a

a

a

a

a 







4

2
sin

84

sin

4

2
 

            







−−+=

4

1

8

1
0

4

1
2  

   or  0908.0=P  

(c) dx
a

x

a
P

a

a

















= 

+

−

2

2/

2/

cos
2

 

           

2/

2/

4

2
sin

2

2
a

a
a

a

x

x

a

+

−



































+







=





 

          
( ) ( )




























−
−







 −
−









+








=

a

a

a

a

a 







4

sin

44

sin

4

2
 

or  1=P  

_______________________________________ 

 

 

2.21 

(a) dx
a

x

a
P

a

















= 

2
sin

2 2

4/

0

 

           

4/

0

2
4

4
sin

2

2
a

a

a

x

x

a




































−







=





 

           
( )



























−








=

a

a

a 



8

sin

8

2
 

or  25.0=P  

(b) dx
a

x

a
P

a

a

















= 

2
sin

2 2

2/

4/

 

           

2/

4/

2
4

4
sin

2

2
a

a
a

a

x

x

a




































−







=





 

          
( ) ( )



























+








−









−








=

a

a

a

a

a 







8

sin

88

2sin

4

2
 

or  25.0=P  

(c) dx
a

x

a
P

a

a

















= 

+

−

2
sin

2 2

2/

2/

 

           

2/

2/

2
4

4
sin

2

2
a

a
a

a

x

x

a

+

−



































−







=





 

       
( ) ( )




























−
+







 −
−









−








=

a

a

a

a

a 







8

2sin

48

2sin

4

2
 

or  1=P  

_______________________________________ 

 

2.22 

(a) (i) 4

8

12

10
108

108
=




==

k
p


 m/s 

    or     
610=p cm/s 

            
9

8
10854.7

108

22 −=


==



k

m 
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    or     
o

A54.78=  

(ii) ( )( )431 101011.9 −== mp  

                   
271011.9 −= kg-m/s 

       ( )( )24312 101011.9
2

1

2

1 −== mE  

           
2310555.4 −= J 

or   4

19

23

1085.2
106.1

10555.4 −

−

−

=



=E eV 

(b) (i) 4

9

13

10
105.1

105.1
−=

−


==

k
p


 m/s 

or  
610−=p cm/s 

       9

9
1019.4

105.1

22 −=


==



k

m 

  or  
o

A9.41=  

(ii)   271011.9 −−=p kg-m/s 

        
41085.2 −=E eV 

_______________________________________ 

 

2.23 

(a) ( ) ( )tkxjAetx +−= ,  

(b) ( )( ) 219

2

1
106.1025.0 mE == −

 

                                     ( ) 2311011.9
2

1
−=  

    so  
41037.9 = m/s

61037.9 = cm/s 

For electron traveling in x− direction, 

         
61037.9 −= cm/s 

      ( )( )431 1037.91011.9 −== −mp  

                   
2610537.8 −−= kg-m/s 

      9

26

34

1076.7
10537.8

10625.6 −

−

−

=



==

p

h
 m 

      
8

9
10097.8

1076.7

22
=


==

−






k m 1−  

      ( )( )48 1037.910097.8 ==  k  

or  
1310586.7 = rad/s 

_______________________________________ 

 

2.24 

(a) ( )( )431 1051011.9 == −mp  

           
2610555.4 −= kg-m/s 

       
8

26

34

10454.1
10555.4

10625.6 −

−

−

=



==

p

h
 m 

 

       8

8
1032.4

10454.1

22
=


==

−






k m 1−  

      ( )( )48 1051032.4 ==  k  

          
131016.2 = rad/s 

(b) ( )( )631 101011.9 −=p  

           
251011.9 −= kg-m/s 

       10

25

34

1027.7
1011.9

10625.6 −

−

−

=



= m 

       9

10
1064.8

10272.7

2
=


=

−


k m 1−  

      ( )( ) 1569 1064.8101064.8 == rad/s 

_______________________________________ 

 

2.25 

        
( )

( )( )21031

22342

2

222

10751011.92

10054.1

2 −−

−




==

 n

ma

n
En


 

        ( )212 100698.1 −= nEn J 

     or 

          
( )

19

212

106.1

100698.1
−

−




=
n

En  

     or  ( )32 10686.6 −= nEn eV 

     Then 

           3

1 1069.6 −=E eV 

           
2

2 1067.2 −=E eV 

           
2

3 1002.6 −=E eV 

_______________________________________ 

 

2.26 

(a) 
( )

( )( )21031

22342

2

222

10101011.92

10054.1

2 −−

−




==

 n

ma

n
En



      ( )202 10018.6 −= n J 

or     
( )

( )3761.0
106.1

10018.6 2

19

202

n
n

En =



=

−

−

eV 

Then 

          376.01 =E eV 

          504.12 =E eV 

          385.33 =E eV 

(b) 
E

hc


=  

      ( )( )19106.1504.1385.3 −−=E  

            
191001.3 −= J 
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( )( )

19

834

1001.3

10310625.6
−

−




=  

             
710604.6 −= m 

or      4.660= nm 

_______________________________________ 

 

2.27 

(a) 
2

222

2ma

n
En


=  

       
( )

( )( )223

22342
3

102.110152

10054.1
1015

−−

−
−




=

n
 

       ( )6223 10538.21015 −− = n  

    or  
2910688.7 =n  

(b) 151 +nE mJ 

(c) No 

_______________________________________ 

 

2.28 

     For a neutron and 1=n : 

        
( )
( )( )21427

2234

2

22

1

101066.12

10054.1

2 −−

−




==



ma
E


 

              
13103025.3 −= J 

     or 

        6

19

13

1 1006.2
106.1

103025.3
=




=

−

−

E eV 

     For an electron in the same potential well: 

        
( )
( )( )21431

2234

1

101011.92

10054.1

−−

−




=


E  

              
10100177.6 −= J 

     or 

        9

19

10

1 1076.3
106.1

100177.6
=




=

−

−

E eV 

_______________________________________ 

 

2.29 

     Schrodinger's time-independent wave  

     equation 

        
( )

( )( ) ( ) 0
2

22

2

=−+



xxVE

m

x

x





 

     We know that 

        ( ) 0=x  for 
2

a
x   and 

2

a
x

−
  

     We have 

        ( ) 0=xV  for 
22

a
x

a +


−
 

 

 

     so in this region 

        
( )

( ) 0
2

22

2

=+



x

mE

x

x





 

     The solution is of the form 

        ( ) kxBkxAx sincos +=  

     where 

        
2

2



mE
k =  

     Boundary conditions: 

        ( ) 0=x  at 
2

,
2

a
x

a
x

+
=

−
=  

     First mode solution: 

        ( ) xkAx 111 cos=  

     where 

        
2

22

11
2ma

E
a

k


==  

     Second mode solution: 

        ( ) xkBx 222 sin=  

     where 

        
2

22

22
2

42

ma
E

a
k


==  

     Third mode solution: 

        ( ) xkAx 333 cos=  

     where 

        
2

22

33
2

93

ma
E

a
k


==  

     Fourth mode solution: 

        ( ) xkBx 444 sin=  

     where 

        
2

22

44
2

164

ma
E

a
k


==  

_______________________________________ 

 

2.30 

     The 3-D time-independent wave equation in  

     cartesian coordinates for ( ) 0,, =zyxV  is: 

        
( ) ( ) ( )

2

2

2

2

2

2 ,,,,,,

z

zyx

y

zyx

x

zyx




+




+



 
 

                                           ( ) 0,,
2

2
=+ zyx

mE



 

     Use separation of variables, so let 

        ( ) ( ) ( ) ( )zZyYxXzyx =,,  

     Substituting into the wave equation, we  

     obtain 
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2

2

2

2

2

2

z

Z
XY

y

Y
XZ

x

X
YZ




+




+




 

                                                  0
2

2
=+ XYZ

mE


 

     Dividing by XYZ  and letting 
2

2 2



mE
k = , we  

     find 

(1) 0
111 2

2

2

2

2

2

2

=+



+




+




 k

z

Z

Zy

Y

Yx

X

X
 

     We may set 

        0
1 2

2

2
2

2

2

=+



−=




 Xk

x

X
k

x

X

X
xx  

     Solution is of the form 

        ( ) ( ) ( )xkBxkAxX xx cossin +=  

     Boundary conditions: ( ) 000 == BX  

     and  ( )
a

n
kaxX x

x


=== 0  

     where ....3,2,1=xn  

     Similarly, let 

        
2

2

21
yk

y

Y

Y
−=




  and  2

2

21
zk

z

Z

Z
−=




  

     Applying the boundary conditions, we find 

        
a

n
k

y

y


= ,  ....3,2,1=yn  

        
a

n
k z

z


= ,  ...3,2,1=zn  

     From Equation (1) above, we have 

        02222 =+−−− kkkk zyx  

     or 

        
2

2222 2



mE
kkkk zyx ==++  

     so that 

        ( )222

2

22

2
zyxnnn nnn

ma
EE

zyx
++=→


 

_______________________________________ 

 

2.31 

     (a) 
( ) ( )

( ) 0,
2,,

22

2

2

2

=+



+




yx

mE

y

yx

x

yx





 

        Solution is of the form: 

          ( ) ykxkAyx yx sinsin, =  

       We find 

          
( )

ykxkAk
x

yx
yxx sincos

,
=




 

          
( )

ykxkAk
x

yx
yxx sinsin

, 2

2

2

−=


 
 

 

          
( )

ykxkAk
y

yx
yxy cossin

,
=




 

          
( )

ykxkAk
y

yx
yxy sinsin

, 2

2

2

−=


 
 

      Substituting into the original equation, we 

find: 

    (1)      0
2

2

22 =+−−


mE
kk yx  

     From the boundary conditions, 

          0sin =akA x , where 
o

Aa 40=  

     So  
a

n
k x

x


= ,  ...,3,2,1=xn  

     Also  0sin =bkA y , where 
o

Ab 20=  

     So  
b

n
k

y

y


= ,  ...,3,2,1=yn  

    Substituting into Eq. (1) above 

          













+=

2

22

2

222

2 b

n

a

n

m
E

yx

nn yx


 

(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 

(b) ( )2

1

2

22

22

2
nn

ma
E −=


 

   For 1,2 12 == nn  

   Then 

        
2

22

2

3

ma
E


=  

  (i) For 
o

Aa 4=  

        
( )

( )( )21027

2234

1041067.12

10054.13

−−

−




=


E  

               
2210155.6 −= J 

   or  3

19

22

1085.3
106.1

10155.6 −

−

−

=



=E eV 
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  (ii) For 5.0=a cm 

        
( )

( )( )2227

2234

105.01067.12

10054.13

−−

−




=


E  

                
3610939.3 −= J 

     or 

        17

19

36

1046.2
106.1

10939.3 −

−

−

=



=E eV 

_______________________________________ 

 

2.33 

(a) For region II, 0x  

        
( )

( ) ( ) 0
2

222

2

2

=−+



xVE

m

x

x
O 




 

  General form of the solution is 

        ( ) ( ) ( )xjkBxjkAx 22222 expexp −+=  

  where 

        ( )OVE
m

k −=
22

2


 

  Term with 2B  represents incident wave and  

term with 2A  represents reflected wave. 

  Region I, 0x  

        
( )

( ) 0
2

122

1

2

=+



x

mE

x

x





 

  General form of the solution is 

        ( ) ( ) ( )xjkBxjkAx 11111 expexp −+=  

  where 

        
21

2



mE
k =  

  Term involving 1B  represents the 

transmitted wave and the term involving 1A  

represents reflected wave:  but if a particle is 

transmitted into region I, it will not be 

reflected so that 01 =A . 

  Then 

        ( ) ( )xjkBx 111 exp −=  

        ( ) ( ) ( )xjkBxjkAx 22222 expexp −+=  

(b) 

  Boundary conditions: 

(1) ( ) ( )00 21 === xx   

(2) 
0

2

0

1

== 


=





xx xx


 

      Applying the boundary conditions to the 

solutions, we find 

        221 BAB +=  

        112222 BkBkAk −=−  

 

 

      Combining these two equations, we find 

          2

12

12

2 B
kk

kk
A 











+

−
=  

           2

12

2

1

2
B

kk

k
B 











+
=  

       The reflection coefficient is 

            

2

12

12

*

22

*

22














+

−
==

kk

kk

BB

AA
R  

       The transmission coefficient is 

             
( )2

21

214
1

kk

kk
TRT

+
=−=  

_______________________________________ 

 

2.34 

          ( ) ( )xkAx 222 exp −=  

          
( )

( )xk
AA

x
P 2*

22

2

2exp −==


 

     where  
( )

22

2



EVm
k o −=  

             
( )( )( )

34

1931

10054.1

106.18.25.31011.92

−

−−



−
=  

        9

2 10286.4 =k m 1−  

(a) For 
101055 −==

o

Ax m 

             ( )xkP 22exp −=  

                 ( )( ) 109 105102859.42exp −−=  

                 0138.0=  

(b) For 
10101515 −==

o

Ax m 

          ( )( ) 109 1015102859.42exp −−=P  

              
61061.2 −=  

(c) For 
10104040 −==

o

Ax m 

           ( )( ) 109 1040102859.42exp −−=P  

               
151029.1 −=  

_______________________________________ 

 

2.35 

          ( )ak
V

E

V

E
T

oo

22exp116 −












−













  

     where 
( )

22

2



EVm
k o −=  

             
( )( )( )

34

1931

10054.1

106.11.00.11011.92

−

−−



−
=  
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     or        2k
910860.4 = m 1−  

(a) For 
10104 −=a m 

( )( ) 109 1041085976.42exp
0.1

1.0
1

0.1

1.0
16 −−








−








T

    0295.0=  

(b) For 
101012 −=a m 

( )( ) 109 10121085976.42exp
0.1

1.0
1

0.1

1.0
16 −−








−








T

    
51024.1 −=  

(c) eNJ t= , where tN  is the density of  

                 transmitted electrons. 

       1.0=E eV
20106.1 −= J 

                          ( ) 2312 1011.9
2

1

2

1
 −== m  

        
510874.1 = m/s

710874.1 = cm/s 

          ( )( )7193 10874.1106.1102.1 = −−

tN  

         810002.4 =tN  electrons/cm 3  

     Density of incident electrons, 

      10
8

10357.1
0295.0

10002.4
=


=iN cm 3−  

_______________________________________ 

 

2.36 

          ( )ak
V

E

V

E
T

OO

22exp116 −












−













  

(a) For ( ) omm 067.0=  

      
( )

22

2



EVm
k O −=  

( )( )( )( )
( )

2/1

234

1931

10054.1

106.12.08.01011.9067.02















−
=

−

−−

 

     or 

          
9

2 10027.1 =k  m 1−  

     Then 

          







−








=

8.0

2.0
1

8.0

2.0
16T  

                      ( )( ) 109 101510027.12exp −−  

     or 
          138.0=T  

(b) For ( ) omm 08.1=  

 

 

 

 

 

          2k = 

     
( )( )( )( )

( )

2/1

234

1931

10054.1

106.12.08.01011.908.12















−

−

−−

 

     or 

          9

2 10124.4 =k  m 1−  

     Then 

          







−








=

8.0

2.0
1

8.0

2.0
16T  

                          ( )( ) 109 101510124.42exp −−  

     or 

          
51027.1 −=T  

_______________________________________ 

 

2.37 

          ( )ak
V

E

V

E
T

oo

22exp116 −












−













  

    where  
( )

22

2



EVm
k o −=  

       
( )( ) ( )

34

19627

10054.1

106.1101121067.12

−

−−



−
=  

       
1410274.7 = m 1−  

     (a) 

  ( )( ) 1414 1010274.72exp
12

1
1

12

1
16 −−








−








T  

       548.14exp222.1 −=  

      
710875.5 −=  

     (b) 

     ( )( )710875.510 −=T  

                     ( ) a1410274.72exp222.1 −=  

          ( ) 









=

−6

14

10875.5

222.1
ln10274.72 a  

     or  
1410842.0 −=a m 

_______________________________________ 

 

2.38 

        Region I ( )0x , 0=V ; 

        Region II ( )ax 0 , OVV =  

        Region III ( )ax  , 0=V  

(a) Region I: 

          ( ) ( ) ( )xjkBxjkAx 11111 expexp −+=  

                           (incident)       (reflected) 
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      where 

              
21

2



mE
k =  

     Region II: 

          ( ) ( ) ( )xkBxkAx 22222 expexp −+=  

     where 

          
( )

22

2



EVm
k O −=  

     Region III: 

          ( ) ( ) ( )xjkBxjkAx 13133 expexp −+=  

     (b) 

        In Region III, the 3B  term represents a  

     reflected wave.  However, once a particle  

     is transmitted into Region III, there will  

     not be a reflected wave so that 03 =B . 

     (c) Boundary conditions: 

          At 0=x : = 21   

                     2211 BABA +=+  

                          =
dx

d

dx

d 21 
 

                    22221111 BkAkBjkAjk −=−  

          At ax = : = 32   

                    ( ) ( )akBakA 2222 expexp −+  

                                               ( )ajkA 13 exp=  

                          =
dx

d

dx

d 32 
 

                    ( ) ( )akBkakAk 222222 expexp −−  

                                            ( )ajkAjk 131 exp=  

     The transmission coefficient is defined as 

          
*

11

*

33

AA

AA
T =  

     so from the boundary conditions, we want  

     to solve for 3A  in terms of 1A .  Solving  

     for 1A  in terms of 3A , we find 

  ( ) ( ) ( ) akakkk
kk

jA
A 22

2

1

2

2

21

3

1 expexp
4

−−−
+

=  

             ( ) ( ) akakkjk 2221 expexp2 −+−  

                                       ( )ajk1exp  

     We then find 

 

 

 

 

 

 

 

 

        
( )

( ) ( ) akkk
kk

AA
AA 2

2

1

2

22

21

*

33*

11 exp
4

−=  

                                           ( )22exp ak−−  

                   ( ) ( )  2

22

2

2

2

1 expexp4 akakkk −++  

     We have 

          
( )

22

2



EVm
k O −=  

     If we assume that EVO  , then ak 2  will  

     be large so that 

          ( ) ( )akak 22 expexp −  

     We can then write 

          
( )

( ) ( ) 22

2

1

2

22

21

*

33*

11 exp
4

akkk
kk

AA
AA −=  

                                       ( )  2

2

2

2

2

1 exp4 akkk+  

     which becomes 

          
( )

( ) ( )akkk
kk

AA
AA 2

2

1

2

22

21

*

33*

11 2exp
4

+=  

     Substituting the expressions for 1k  and  

     2k , we find 

          
2

2

2

2

1

2



OmV
kk =+  

     and 

          
( )
















 −
=

22

2

2

2

1

22



mEEVm
kk O

 

                    ( )( )EEV
m

O −







=

2

2

2


 

                    ( ) ( )E
V

E
V

m

O

O 












−








= 1

2
2

2
 

     Then 

          

( )

( )



























−


















=

E
V

E
V

m

ak
mV

AA

AA

O

O

O

1
2

16

2exp
2

2

2

2

2

2

*

33

*

11




 

                    

( )ak
V

E

V

E

AA

OO

2

*

33

2exp116 −












−













=  

     Finally, 

      ( )ak
V

E

V

E

AA

AA
T

OO

2*

11

*

33 2exp116 −












−













==  

_____________________________________ 
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2.39 

     Region I: 0=V  

          
( )

( ) =+



0

2
122

1

2

x
mE

x

x





 

          ( ) ( ) ( )xjkBxjkAx 11111 expexp −+=  

                          incident             reflected 

     where 

          
21

2



mE
k =  

     Region II: 1VV =  

          
( ) ( )

( ) =
−

+



0

2
22

1

2

2

2

x
VEm

x

x





 

          ( ) ( ) ( )xjkBxjkAx 22222 expexp −+=  

                          transmitted        reflected 

     where 

          
( )

2

1

2

2



VEm
k

−
=  

     Region III: 2VV =  

          
( ) ( )

( ) =
−

+



0

2
32

2

2

3

2

x
VEm

x

x





 

          ( ) ( )xjkAx 333 exp=  

                          transmitted 

     where 

          
( )

2

2

3

2



VEm
k

−
=  

     There is no reflected wave in Region III. 

     The transmission coefficient is defined as: 

 

          
*

11

*

33

1

3

*

11

*

33

1

3

AA

AA

k

k

AA

AA
T ==




 

     From the boundary conditions, solve for 3A   

     in terms of 1A .  The boundary conditions are: 

     At 0=x :  = 21   

                   2211 BABA +=+  

                       



=





xx

21 
 

                   22221111 BkAkBkAk −=−  

     At ax = :  = 32   

                   ( ) ( )ajkBajkA 2222 expexp −+  

                                                 ( )ajkA 33 exp=  

 

 

 

 

 

 

 

                       



=





xx

32 
 

                   ( ) ( )ajkBkajkAk 222222 expexp −−  

                                                  ( )ajkAk 333 exp=  

     But = nak 22  

          ( ) ( ) 1expexp 22 =−= ajkajk  

     Then, eliminating 1B , 2A  , 2B  from the  

     boundary condition equations, we find 

          
( ) ( )2

31

31

2

31

2

1

1

3 44

kk

kk

kk

k

k

k
T

+
=

+
=  

_______________________________________ 

 

2.40 

(a) Region I: Since EVO  , we can write 

          
( ) ( )

( ) 0
2

122

1

2

=
−

−



x

EVm

x

x O 



 

       Region II: 0=V , so 

          
( )

( ) 0
2

222

2

2

=+



x

mE

x

x





 

       Region III: 03 =→ V  

     The general solutions can be written,  

     keeping in mind that 1  must remain  

     finite for 0x , as 

          ( ) ( )xkBx 111 exp=  

          ( ) ( ) ( )xkBxkAx 22222 cossin +=  

          ( ) 03 =x  

     where 

          
( )

21

2



EVm
k O −=  and  

22

2



mE
k =  

     (b) Boundary conditions 

     At 0=x :  = 21  21 BB =  

                       2211

21 AkBk
xx

=



=



 
 

     At ax = : = 32   

                         ( ) ( ) 0cossin 2222 =+ akBakA  

     or 

          ( )akAB 222 tan−=  

     (c) 

          1

2

1

22211 B
k

k
AAkBk 










==  

     and since 21 BB = , then 

          2

2

1

2 B
k

k
A 










=  
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     From ( )akAB 222 tan−= , we can write 

          ( )akB
k

k
B 22

2

1

2 tan









−=  

     or 

          ( )ak
k

k
2

2

1 tan1 









−=  

     This equation can be written as 

          













−
−= a

mE

E

EVO
2

2
tan1


 

     or 

          











−=

−
a

mE

EV

E

O
2

2
tan


 

     This last equation is valid only for specific 

values of the total energy E .  The energy 

levels are quantized. 

_______________________________________ 

 

2.41 

        
( ) 222

4

24 n

em
E

o

o

n


−
=


(J) 

              
( ) 222

3

24 n

em

o

o



−
=


(eV) 

              
( )( )

( )  ( ) 2234212

31931

10054.121085.84

106.11011.9

n−−

−−



−
=


 

     or 

           
2

58.13

n
En

−
=  (eV) 

         58.131 1 −== En eV 

        395.32 2 −== En eV 

         51.13 3 −== En eV 

         849.04 4 −== En eV 

_______________________________________ 

 

2.42 

     We have 

          











 −













=

oo a

r

a
exp

11
2/3

100


  

     and 

          
*

100100

24  rP =  

              











 −













=

oo a

r

a
r

2
exp

11
4

3

2


  

     or 

 

 

 

          
( ) 












 −
=

oo
a

r
r

a
P

2
exp

4 2

3
 

     To find the maximum probability 

          
( )

0=
dr

rdP
 

                     
( )

( ) 











 −



















 −
=

ooo
a

r
r

aa

2
exp

24 2

3
 

                                                   


















 −
+

oa

r
r

2
exp2  

     which gives 

          o

o

ar
a

r
=+

−
= 10  

     or oar =  is the radius that gives the greatest  

     probability. 

_______________________________________ 

 

2.43 

     100  is independent of   and  , so the wave  

     equation in spherical coordinates reduces to 

        ( )( ) 0
21

2

2

2
=−+
















 


rVE

m

r
r

rr

o


 

     where 

         ( )
ramr

e
rV

ooo

22

4

−
=



−
=


 

     For 

        











 −













=

oo a

r

a
exp

11
2/3

100


  

     Then 

        











 −












 −













=





ooo a

r

aar
exp

111
2/3

100




 

     so 

        











 −















−
=





oo a

r
r

ar
r exp

11 2

2/5

1002




 

     We then obtain 

        

2/5

1002 11















−
=

















oar
r

r 


 

                     
























 −













−












 −


ooo a

r

a

r

a

r
r expexp2

2

 

     Substituting into the wave equation, we have 
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























 −
−











 −















−

oooo a

r

a

r

a

r
r

ar
expexp2

11 2
2/5

2 
 

               







++

ram
E

m

oo

o
2

2

2 


 

                         0exp
11

2/3

=











 −




























oo a

r

a
 

     where 

        
( ) 2

2

22

4

1
224 ooo

o

am

em
EE





−
=



−
==


 

     Then the above equation becomes 

        














−

−

























 −















oooo a

r
r

ara

r

a

2

2

2/3

2
1

exp
11


 

                      0
2

2 22

2
=




















+

−
+

ramam

m

oooo

o 


 

     or 

        
























 −















oo a

r

a
exp

11
2/3


 

                    0
2112

22
=


























+

−
++

−


raaara oooo

 

     which gives 0 = 0 and shows that 100  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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Chapter 3 
 

Exercise Solutions 
 

Ex 3.1 

          
2

2

1
mE =  

     So 

          ( )  dmdmdE == 2
2

1
 

     or 

          
( )( )
( )( )531

1912

101011.9

106.110
−

−−




=


=




m

E
 

                 
61076.1 −= m/s 

     or  
41076.1 −= cm/s 

_______________________________________ 

 

Ex 3.2 

     At =ka , we have 

          a
a

a





cos

sin
81 +=−  

     From Example 3.2, we have 141.52 =a , 

         or 19

2 10958.7 −=E J. 

     At 2=ka , we see that  23 =a  so 

          2
2

2

3 =a
mE


 

     or 

          
( )

2

22

3
2

2

ma
E


=  

               
( ) ( )

( )( )21031

2342

105.41011.92

10054.12

−−

−




=


 

               
1810189.1 −= J 

     Then 

          23 EEE −=  

                
1918 10958.710189.1 −− −=  

                
1910929.3 −= J 

     Or 

          46.2
106.1

10929.3
19

19

=



=

−

−

E eV 

_______________________________________ 

 

 

 

 

 

 

 

Ex 3.3 

(a) 
( )

dEE
h

m
N

eV

= 
2

0

3

2/3
24

 

            
( ) eV

E
h

m 2

0

2/3

3

2/3

3

224
=


 

            
( ) 

( )334

2/331

10625.6

1011.924

−

−




=


 

                                   ( )  2/319106.12
3

2 −  

                  
281028.1 =  m 3−  

      or 

              
221028.1 =N cm 3−  

(b) 
( ) eV

eV

E
h

m
N

2

1

2/3

3

2/3

3

224
=


 

            
561006286.1 =  

                     ( )( ) 2/3192/32/3 106.112
3

2 −−  

            
271029.8 =  m 3−  

 or 

        
211029.8 =N cm 3−  

_______________________________________ 

 

Ex 3.4 

           
( )

dEEE
h

m
N

E

kTE

p
−= 

−











3

2/3
24

 

             
( )

( )






 E

kTE

p
EE

h

m

−



−






 −
=

2/3

3

2/3

3

224
 

 

             
( )( ) 
( )334

2/331

10625.6

1011.956.024

−

−




=


 

                      ( ) ( )( )  2/319106.10259.01
3

2 −−






 −
  

                
241092.7 = m

3−
 

     or 

            
181092.7 =N cm 3−  

_______________________________________ 

 

Ex 3.5 

      
( ) ( )

( )( )( )
( )( )( )

45
12!8

!8910

!810!8

!10

!!

!
==

−
=

− iii

i

NgN

g
 

_______________________________________ 
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Ex 3.6 

(a) ( )
( )








 −−


kT

EE
Ef F

F exp  

                  
( )








 −+−
=

kT

EkTE Fc 4
exp  

                  
( )








 +−
=

0259.0

40259.030.0
exp  

                  =
61026.7 −  

(b) ( )
( )








 −−


kT

EE
Ef F

F exp  

                   
( )








 +−
=

0259.0

0259.030.0
exp  

                  
61043.3 −=  

_______________________________________ 

 

Ex 3.7 

        ( )
( )








 −−
=

kT

EE
Ef F

F exp  

        
( )








 +−
= −

kT

025.030.0
exp108 6

 

        
51025.1

325.0
exp =







+

kT
 

        ( ) 736.111025.1ln
325.0 5 ==
kT

 

        ( ) 







===

300
0259.002769.0

736.11

325.0 T
kT  

     so 

          321=T K 

_______________________________________ 

 

Ex 3.8 

   

( )

02.0

exp1

1

exp1

1
exp

=








 −
+








 −
+

−






 −−

kT

EE

kT

EEkT

EE

F

F

F

 

   
( )

02.01exp1exp =−















 −
+







 −−

kT

EE

kT

EE FF  

 

 

 

 

 

 

 

  Then 

            
( )

02.0exp =






 −−

kT

EE F  

           kTkTEE F 9.3
02.0

1
ln =








=−  

_______________________________________ 

 

 

Test Your Understanding Solutions 
 

TYU 3.1 

     At 2=ka , we see that  23 =a , so 

          2
2

2

3 =a
mE


 

     or 

          
( )

2

22

3
2

2

ma
E


=  

                
( ) ( )

( )( )21031

2342

105.41011.92

10054.12

−−

−




=


 

                
1810189.1 −=  J 

     At the other point, a4  is in the range 

             32 4  a .  Then from 

          a
a

a
4

4

4 cos
sin

81 



+=+  

     we find, by trial and error, 

          870.74 =a .  Then 

          
( )

2

22

4
2

870.7

ma
E


=  

                
( ) ( )
( )( )21031

2342

105.41011.92

10054.1870.7

−−

−




=  

                
18108649.1 −= J 

     Then 

          34 EEEg −=  

                
1818 10189.1108649.1 −− −=  

                
1910762.6 −= J 

     or 

          23.4
106.1

10762.6
19

19

=



=

−

−

gE eV 

_______________________________________ 
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TYU 3.2 

     From Example 3.2, for =ka ,  = a1   

          and  19

1 10972.2 −=E J. 

     For   a0  and 0=ka , we have 

         a
a

a





cos

sin
81 +=+  

     By trial and error, 529.2=a rad. 

     Then 

          529.2
2

2
=a

mE


 

   
( ) ( ) ( )

( )( )21031

2342

2

22

105.41011.92

10054.1529.2

2

529.2

−−

−




==

ma
E


 

              
19109258.1 −= J 

     Then 

          
1919 109258.110972.2 −− −=E  

                
1910046.1 −= J 

     or 

          654.0
106.1

10046.1
19

19

=



=

−

−

E eV 

_______________________________________ 

 

TYU 3.3 

     We have 2

1kCEE c =−  

          ( )( )19106.132.0 −−+ cc EE  

                                          

2

101
1010











=

−


C  

     so that  39

1 101876.5 −=C  

     We have 

          
1

2

1

2

22 Cmm

m

C
m

oo


==




 

               
( )

( )( )3931

234

101876.51011.92

10054.1
−−

−




=  

     or 

          175.1=


om

m
 

_______________________________________ 

 

TYU 3.4 

     We have 
2

2kCEE −=−   

          ( )( )19106.1875.0 −−−  EE  

                                      

2

102
1012











−=

−


C  

     so that  
38

2 100426.2 −=C  

 

     We have  
2

2

2 Cmm

m

oo

p 
=



 

          
( )

( )( )3831

234

100426.21011.92

10054.1
−−

−




=  

     or  2985.0=



o

p

m

m
 

_______________________________________ 

 

TYU3.5 

     ( )








 −
+

−=−

kT

EE
Ef

F

F

exp1

1
11  

                      
( )








 −−


kT

EEFexp  

(a) ( )
( )( )








 +−
=−

0259.0

20259.035.0
exp1 Ef F  

                       
71020.8 −=  

(b) ( )
( )( )








 +−
=−

0259.0

20259.0335.0
exp1 Ef F  

                        =
71002.3 −  

_______________________________________ 

 

TYU 3.6 

     We find ( ) 034533.0
300

400
0259.0 =








=kT eV 

(a) ( )
( )








 −+−
=

kT

EkTE
Ef Fc

F

4
exp  

                   
( )








 +−
=

034533.0

4034533.030.0
exp  

                   
41031.1 −=  

(b) ( )
( )








 +−
=

034533.0

034533.030.0
expEf F  

                  
51021.6 −=  

_______________________________________ 
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TYU 3.7 

      We find ( ) 034533.0
300

400
0259.0 =








=kT  

(a) ( )
( )( )








 +−
=−

034533.0

2034533.035.0
exp1 Ef F

                
51041.2 −=  

(b) ( )
( )( )








 +−
=−

034533.0

2034533.0335.0
exp1 Ef F

                
61085.8 −=  

_______________________________________ 
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Chapter 3 
 

3.1 

     If oa  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 oa  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: 

        
( )

( ) ( )txxV
x

tx

m
,

,

2 2

22

+


−
 

                                                  
( )
t

tx
j




=

,
  

     Assume the solution is of the form: 

        ( ) ( )




























−= t
E

kxjxutx


exp,  

     Region I:  ( ) 0=xV .  Substituting the  

     assumed solution into the wave equation, we  

     obtain: 

        ( )




























−







−
t

E
kxjxjku

xm 


exp

2

2

 

               
( )



































−




+ t

E
kxj

x

xu


exp  

              ( )




























−







 −
= t

E
kxjxu

jE
j


 exp  

     which becomes 

        ( ) ( )




























−



−

t
E

kxjxujk
m 


exp

2

2
2

 

                  
( )





























−




+ t

E
kxj

x

xu
jk


exp2  

                        
( )



































−




+ t

E
kxj

x

xu


exp

2

2

 

                           ( )




























−+= t
E

kxjxEu


exp  

     This equation may be written as 

    ( )
( ) ( )

( ) 0
2

2
22

2
2 =+




+




+− xu

mE

x

xu

x

xu
jkxuk


 

 

 

     Setting ( ) ( )xuxu 1=  for region I, the equation  

     becomes: 

        
( ) ( ) ( ) ( ) 02 1

221

2

1

2

=−−+ xuk
dx

xdu
jk

dx

xud
  

     where 

        
2

2 2



mE
=                                         Q.E.D. 

     In Region II, ( ) OVxV = .  Assume the same  

     form of the solution: 

        ( ) ( )




























−= t
E

kxjxutx


exp,  

     Substituting into Schrodinger's wave  

     equation, we find: 

        ( ) ( )




























−



−

t
E

kxjxujk
m 


exp

2

2
2

 

                 
( )





























−




+ t

E
kxj

x

xu
jk


exp2  

                       
( )



































−




+ t

E
kxj

x

xu


exp

2

2

 

                           ( )




























−+ t
E

kxjxuVO


exp  

                               ( )




























−= t
E

kxjxEu


exp  

     This equation can be written as: 

        ( )
( ) ( )

2

2
2 2

x

xu

x

xu
jkxuk




+




+−  

                            ( ) ( ) 0
22

22
=+− xu

mE
xu

mVO


 

     Setting ( ) ( )xuxu 2=  for region II, this  

     equation becomes 

        
( ) ( )

dx

xdu
jk

dx

xud 2

2

2

2

2+  

                         ( ) 0
2

22

22 =







+−− xu
mV

k O


  

     where again 

        
2

2 2



mE
=                                       Q.E.D. 

_______________________________________ 
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3.3 

     We have 

        
( ) ( ) ( ) ( ) 02 1

221

2

1

2

=−−+ xuk
dx

xdu
jk

dx

xud
  

     Assume the solution is of the form: 

        ( ) ( ) xkjAxu −= exp1  

                                ( ) xkjB +−+ exp  

     The first derivative is 

        
( )

( ) ( ) xkjAkj
dx

xdu
−−=  exp1  

                            ( ) ( ) xkjBkj +−+−  exp  

     and the second derivative becomes 

        
( )

( )  ( ) xkjAkj
dx

xud
−−=  exp

2

2

1

2

 

                        ( )  ( ) xkjBkj +−++  exp
2

 

     Substituting these equations into the  

     differential equation, we find 

        ( ) ( ) xkjAk −−−  exp
2

 

          ( ) ( ) xkjBk +−+−  exp
2

 

            ( ) ( ) xkjAkjjk −−+  exp2  

               ( ) ( ) xkjBkj +−+−  exp  

                 ( ) ( )  xkjAk −−−  exp22  

                    ( )  0exp =+−+ xkjB   

     Combining terms, we obtain 

        ( ) ( ) ( ) 2222 22  −−−−+−− kkkkk  

                  ( ) xkjA − exp  

     ( ) ( ) ( ) 2222 22  −−++++−+ kkkkk  

                  ( )  0exp =+− xkjB   

     We find that 

        00 =                                                Q.E.D. 

     For the differential equation in ( )xu2  and the  

     proposed solution, the procedure is exactly  

     the same as above. 

_______________________________________ 

 

3.4 

     We have the solutions 

        ( ) ( ) xkjAxu −= exp1  

                          ( ) xkjB +−+ exp  

     for ax 0  and 

        ( ) ( ) xkjCxu −= exp2  

                           ( ) xkjD +−+ exp  

     for 0− xb . 

     The first boundary condition is 

        ( ) ( )00 21 uu =  

 

 

     which yields 
        0=−−+ DCBA  

     The second boundary condition is 

        
0

2

0

1

==

=
xx dx

du

dx

du
 

     which yields 

        ( ) ( ) ( )CkBkAk −−+−−   

                                         ( ) 0=++ Dk  

     The third boundary condition is 

        ( ) ( )buau −= 21  

     which yields 

        ( )  ( ) akjBakjA +−+−  expexp  

                       ( )( ) bkjC −−= exp  

                                   ( )( ) bkjD −+−+ exp  

     and can be written as 

        ( )  ( ) akjBakjA +−+−  expexp  

                       ( ) bkjC −−− exp  

                                     ( )  0exp =+− bkjD   

     The fourth boundary condition is 

        
bxax dx

du

dx

du

−==

= 21  

     which yields 

        ( ) ( ) akjAkj −−  exp  

           ( ) ( ) akjBkj +−+−  exp  

               ( ) ( )( ) bkjCkj −−−=  exp  

                     ( ) ( )( ) bkjDkj −+−+−  exp  

     and can be written as 

        ( ) ( ) akjAk −−  exp  

            ( ) ( ) akjBk +−+−  exp  

                ( ) ( ) bkjCk −−−−  exp  

                     ( ) ( )  0exp =+++ bkjDk   

_______________________________________ 

 

3.5 

     (b) (i) First point:  =a  

               Second point: By trial and error, 
                                   729.1=a  

         (ii) First point:  2=a  

               Second point: By trial and error, 
                                   617.2=a  

_______________________________________ 
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3.6 

     (b) (i) First point:  =a  

               Second point: By trial and error, 
                                    515.1=a  

          (ii) First point:  2=a  

               Second point: By trial and error, 
                                    375.2=a  

_______________________________________ 

 

3.7 

        kaa
a

a
P coscos

sin
=+ 




 

     Let yka = ,  xa =  

     Then 

        yx
x

x
P coscos

sin
=+  

     Consider 
dy

d
 of this function. 

        ( )   yxxxP
dy

d
sincossin

1
−=+

−
 

     We find 

        ( )( ) ( )








+−
−−

dy

dx
xx

dy

dx
xxP cossin1

12
 

                                              y
dy

dx
x sinsin −=−  

     Then 

        yx
x

x
x

x
P

dy

dx
sinsin

cos
sin

1
2

−=








−







+

−
  

     For nkay == ,  ...,2,1,0=n 0sin = y  

     So that, in general, 

        
( )
( ) dk

d

kad

ad

dy

dx 
=== 0  

     And 

        
2

2



mE
=  

     So 

        
dk

dEmmE

dk

d
















=

−

2

2/1

2

22

2

1




 

     This implies that 

        
dk

dE

dk

d
== 0


 for 

a

n
k


=  

_______________________________________ 

 

 

 

 

 

 

3.8 

(a)  =a1  

     =a
Emo

2

12


 

    
( ) ( )

( )( )21031

2342

2

22

1

102.41011.92

10054.1

2 −−

−




==



am
E

o


 

          
19104114.3 −= J 

   From Problem 3.5 

      729.12 =a  

    729.1
2

2

2 =a
Emo


 

   
( ) ( )
( )( )21031

2342

2

102.41011.92

10054.1729.1

−−

−




=


E  

         
18100198.1 −= J 

   12 EEE −=  

          
1918 104114.3100198.1 −− −=  

          
19107868.6 −= J 

or  24.4
106.1

107868.6
19

19

=



=

−

−

E eV 

(b)  23 =a  

       2
2

2

3 =a
Emo


 

     
( ) ( )

( )( )21031

2342

3

102.41011.92

10054.12

−−

−




=


E  

           
18103646.1 −= J 

    From Problem 3.5, 

      617.24 =a  

     617.2
2

2

4 =a
Emo


 

     
( ) ( )
( )( )21031

2342

4

102.41011.92

10054.1617.2

−−

−




=


E  

            
18103364.2 −= J 

      34 EEE −=  

            
1818 103646.1103364.2 −− −=  

            
1910718.9 −= J 

    or 07.6
106.1

10718.9
19

19

=



=

−

−

E eV 

_______________________________________ 
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3.9 

(a) At =ka ,  =a1  

     =a
Emo

2

12


 

     
( ) ( )

( )( )21031

2342

1

102.41011.92

10054.1

−−

−




=


E  

           
19104114.3 −= J 

        At 0=ka ,  By trial and error, 

                             859.0=ao  

       
( ) ( )
( )( )21031

2342

102.41011.92

10054.1859.0

−−

−




=


oE  

             
19105172.2 −= J 

        oEEE −= 1  

               
1919 105172.2104114.3 −− −=  

               
2010942.8 −= J 

     or 559.0
106.1

10942.8
19

20

=



=

−

−

E eV 

(b) At 2=ka ,  23 =a  

       2
2

2

3 =a
Emo


 

      
( ) ( )

( )( )21031

2342

3

102.41011.92

10054.12

−−

−




=


E  

            
18103646.1 −= J 

  At =ka . From Problem 3.5, 

                           729.12 =a  

     729.1
2

2

2 =a
Emo


 

    
( ) ( )
( )( )21031

2342

2

102.41011.92

10054.1729.1

−−

−




=


E  

          
18100198.1 −= J 

    23 EEE −=  

          
1818 100198.1103646.1 −− −=  

          
19104474.3 −= J 

   or  15.2
106.1

104474.3
19

19

=



=

−

−

E eV 

_______________________________________ 

 

 

 

 

 

 

 

 

3.10 

(a)  =a1  

      =a
Emo

2

12


 

      
( ) ( )

( )( )21031

2342

1

102.41011.92

10054.1

−−

−




=


E  

            
19104114.3 −= J 

    From Problem 3.6,   515.12 =a  

       515.1
2

2

2 =a
Emo


 

       
( ) ( )
( )( )21031

2342

2

102.41011.92

10054.1515.1

−−

−




=


E  

             
1910830.7 −= J 

      12 EEE −=  

             
1919 104114.310830.7 −− −=  

             
19104186.4 −= J 

  or 76.2
106.1

104186.4
19

19

=



=

−

−

E eV 

(b)  23 =a  

        2
2

2

3 =a
Emo


 

       
( ) ( )

( )( )21031

2342

3

102.41011.92

10054.12

−−

−




=


E  

             
18103646.1 −= J 

   From Problem 3.6,   375.24 =a  

       375.2
2

2

4 =a
Emo


 

       
( ) ( )
( )( )21031

2342

4

102.41011.92

10054.1375.2

−−

−




=


E  

              
18109242.1 −= J 

        34 EEE −=  

               
1818 103646.1109242.1 −− −=  

               
1910597.5 −= J 

     or 50.3
106.1

10597.5
19

19

=



=

−

−

E eV 

_____________________________________ 
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3.11 

(a) At =ka ,  =a1  

       =a
Emo

2

12


 

        
( ) ( )

( )( )21031

2342

1

102.41011.92

10054.1

−−

−




=


E  

              
19104114.3 −= J 

      At 0=ka , By trial and error, 

                                727.0=ao  

           727.0
2

2
=a

Em oo


 

            
( ) ( )
( )( )21031

2342

102.41011.92

10054.1727.0

−−

−




=


oE  

                  
19108030.1 −= J 

          oEEE −= 1  

                 
1919 108030.1104114.3 −− −=  

                 
19106084.1 −= J 

      or  005.1
106.1

106084.1
19

19

=



=

−

−

E eV 

(b) At 2=ka ,   23 =a  

       2
2

2

3 =a
Emo


 

        
( ) ( )

( )( )21031

2342

3

102.41011.92

10054.12

−−

−




=


E  

              
18103646.1 −= J 

         At =ka , From Problem 3.6, 

                                515.12 =a  

     515.1
2

2

2 =a
Emo


 

     
( ) ( )
( )( )21034

2342

2

102.41011.92

10054.1515.1

−−

−




=


E  

           
1910830.7 −= J 

    23 EEE −=  

          
1918 10830.7103646.1 −− −=  

          
1910816.5 −= J 

        or  635.3
106.1

10816.5
19

19

=



=

−

−

E eV 

_______________________________________ 

 

 

 

 

 

3.12 

     For 100=T K,  

                   
( )( )


+


−=

−

100636

1001073.4
170.1

24

gE  

                                  164.1=gE eV 

             200=T K,   147.1=gE eV 

             300=T K,   125.1=gE eV 

             400=T K,   097.1=gE eV 

             500=T K,   066.1=gE eV 

             600=T K,   032.1=gE eV 

_______________________________________ 

 

3.13 

     The effective mass is given by 

        

1

2

2

2

* 1
−














=
dk

Ed
m


 

     We have 

        ( ) ( )Bcurve
dk

Ed
Acurve

dk

Ed
2

2

2

2

  

     so that   ( ) ( )BcurvemAcurvem **   

_______________________________________ 

 

3.14 

     The effective mass for a hole is given by 

        

1

2

2

2

* 1
−














=
dk

Ed
m p


 

     We have that 

        ( ) ( )Bcurve
dk

Ed
Acurve

dk

Ed
2

2

2

2

  

     so that   ( ) ( )BcurvemAcurvem pp

**   

_______________________________________ 

 

3.15 

   Points A,B:   0
dk

dE
velocity in -x direction 

   Points C,D:   0
dk

dE
velocity in +x direction 

   Points A,D:   0
2

2

dk

Ed
 

                                         negative effective mass 

   Points B,C:   0
2

2

dk

Ed
 

                                          positive effective mass 

_______________________________________ 
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3.16 

     For A:  2kCE i=  

        At 
101008.0 +=k m 1− , 05.0=E eV 

             Or ( )( ) 2119 108106.105.0 −− ==E J 

        So ( )210

1

21 1008.0108 = − C  

         38

1 1025.1 −=C  

        Now  
( )
( )38

234

1

2

1025.12

10054.1

2 −

−





==

C
m


 

                       
311044.4 −= kg 

            or  omm 



=

−

−


31

31

1011.9

104437.4
 

                 omm 488.0=  

     For B: 2kCE i=  

       At 
101008.0 +=k m 1− ,  5.0=E eV 

            Or  ( )( ) 2019 108106.15.0 −− ==E J 

       So ( )210

1

20 1008.0108 = − C  

         37

1 1025.1 −=C  

       Now 
( )
( )37

234

1

2

1025.12

10054.1

2 −

−





==

C
m


 

                      
321044.4 −= kg 

           or  omm 



=

−

−


31

32

1011.9

104437.4
 

                omm 0488.0=
 

_______________________________________ 

 

3.17 

     For A:  2

2kCEE −=−   

             ( )( ) ( )210

2

19 1008.0106.1025.0 −=− − C  

              39

2 1025.6 −=C  

           
( )
( )39

234

2

2

1025.62

10054.1

2 −

−




−
=

−
=
C

m


 

                  
31108873.8 −−= kg 

      or  omm 


−
=

−

−


31

31

1011.9

108873.8
 

            omm 976.0−−=
 

     For B: 
2

2kCEE −=−   

              ( )( ) ( )210

2

19 1008.0106.13.0 −=− − C  

              
38

2 105.7 −=C  

 

 

 

           
( )
( )38

234

2

2

105.72

10054.1

2 −

−




−
=

−
=
C

m


 

                 
3210406.7 −−= kg 

      or  omm 


−
=

−

−


31

32

1011.9

10406.7
 

           omm 0813.0−=  

_______________________________________ 

 

3.18 

(a) (i) hE =  

   or  
( )( )

34

19

10625.6

106.142.1
−

−




==

h

E
  

             
1410429.3 = Hz 

        (ii) 
14

10

10429.3

103




===




c

E

hc
 

                  
51075.8 −= cm 875= nm 

(b) (i) 
( )( )

34

19

10625.6

106.112.1
−

−




==

h

E
  

                
1410705.2 = Hz 

       (ii) 
14

10

10705.2

103




==




c
 

                 
410109.1 −= cm 1109= nm 

_______________________________________ 

 

3.19 

(c) Curve A:  Effective mass is a constant 

Curve B:  Effective mass is positive  

                 around 0=k , and is negative  

                 around 
2


=k . 

_______________________________________ 

 

3.20 

        ( ) OO kkEEE −−= cos1  

     Then 

        ( )( ) ( ) OkkE
dk

dE
−−−=  sin1  

               ( ) OkkE −+=  sin1  

     and 

        ( ) OkkE
dk

Ed
−=  cos2

12

2
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     Then 

        
2

2

1

2

2

2*

11



E

dk

Ed

m okk

==
=

 

     or 

        
2

1

2
*

E
m


=  

_______________________________________ 

 

3.21 

(a) ( )  3/123/24 ltdn mmm =  

               ( ) ( )  3/123/2 64.1082.04 oo mm=  

        odn mm 56.0=  

(b) 
ooltcn
mmmmm 64.1

1

082.0

2123
+=+=


 

               
oo mm

6098.039.24
+=  

        ocn mm 12.0=  

_______________________________________ 

 

3.22 

(a) ( ) ( )  3/22/32/3

lhhhdp mmm +=  

               ( ) ( )  3/22/32/3
082.045.0 oo mm +=  

                 om+=
3/2

02348.030187.0  

        odp mm 473.0=
 

(b) 
( ) ( )

( ) ( ) 2/12/1

2/32/3

lhhh

lhhh

cp
mm

mm
m

+

+
=  

               
( ) ( )

( ) ( )
om

+

+
=

2/12/1

2/32/3

082.045.0

082.045.0
 

       ocp mm 34.0=
 

_______________________________________ 

 

3.23 

     For the 3-dimensional infinite potential well,  

     ( ) 0=xV  when ax 0 , ay 0 , and  

     az 0 .  In this region, the wave equation  

     is: 

        
( ) ( ) ( )

2

2

2

2

2

2 ,,,,,,

z

zyx

y

zyx

x

zyx




+




+



 
 

                                  ( ) 0,,
2

2
=+ zyx

mE



 

     Use separation of variables technique, so let 

        ( ) ( ) ( ) ( )zZyYxXzyx =,,  

     Substituting into the wave equation, we have 

 

 

        
2

2

2

2

2

2

z

Z
XY

y

Y
XZ

x

X
YZ




+




+




 

                                               0
2

2
=+ XYZ

mE


 

     Dividing by XYZ , we obtain 

        0
2111

22

2

2

2

2

2

=+



+




+








mE

z

Z

Zy

Y

Yx

X

X
 

     Let 

        0
1 2

2

2
2

2

2

=+



−=




 Xk

x

X
k

x

X

X
xx  

     The solution is of the form: 

        ( ) xkBxkAxX xx cossin +=  

     Since ( ) 0,, =zyx  at 0=x , then ( ) 00 =X   

        so that 0=B . 

     Also, ( ) 0,, =zyx  at ax = , so that  

        ( ) 0=aX .  Then xx nak =  where  

         ...,3,2,1=xn  

     Similarly, we have 

        
2

2

21
yk

y

Y

Y
−=




   and  2

2

21
zk

z

Z

Z
−=




  

     From the boundary conditions, we find 

        yy nak =   and  zz nak =  

     where 

        ...,3,2,1=yn   and  ...,3,2,1=zn  

     From the wave equation, we can write 

        0
2

2

222 =+−−−


mE
kkk zyx  

     The energy can be written as 

        ( )
2

222
2

2








++==

a
nnn

m
EE zyxnnn zyx


 

_______________________________________ 

 

3.24 

     The total number of quantum states in the  

     3-dimensional potential well is given  

     (in k-space) by 

        ( ) 3

3

2

a
dkk

dkkgT =



 

     where 

        
2

2 2



mE
k =  

     We can then write 

        


mE
k

2
=  

     Taking the differential, we obtain 
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        dE
E

m
dE

E
mdk ==

2

11

2

1
2

1


 

     Substituting these expressions into the density  

     of states function, we have 

        ( ) dE
E

mmEa
dEEgT 








=

2

12
23

3




 

     Noting that 

        
2

h
=  

     this density of states function can be  

     simplified and written as 

        ( ) ( ) dEEm
h

a
dEEgT =

2/3

3

3

2
4

 

     Dividing by 
3a  will yield the density of  

     states so that 

        ( )
( )

E
h

m
Eg =

3

2/3
24

 

_______________________________________ 

 

3.25 

     For a one-dimensional infinite potential well, 

          2

2

22

2

2
k

a

nEmn ==





 

     Distance between quantum states 

          ( ) ( )
aa

n
a

nkk nn


=








=








+=−+ 11  

     Now  

          ( )










=

a

dk
dkkgT



2
 

     Now 

          Emk n

= 2
1


 

          dE
E

m
dk n =

2

2

11


 

     Then 

          ( ) dE
E

ma
dEEg n

T =

2

2

12


 

     Divide by the "volume" a, so 

          ( )
E

m
Eg n



=
21


 

 

 

 

 

 

 

 

     So 

( )
( )( )

( )( )
E

Eg

31

34

1011.9067.02

10054.1

1
−

−





=



          ( )
E

Eg
1810055.1 

=  m 3− J 1−  

_______________________________________ 

 

3.26 

     (a) Silicon, on mm 08.1=  

   ( )
( )

c

n

c EE
h

m
Eg −=



3

2/3
24

 

        
( )

dEEE
h

m
g

kTE

E

c

n

c

c

c

−= 
+ 2

3

2/3
24

 

              
( )

( )
kTE

E
c

n
c

c

EE
h

m 2
2/3

3

2/3

3

224 +

−=


 

               
( )

( ) 2/3

3

2/3

2
3

224
kT

h

mn =


 

      
( )( ) 
( )

( ) 2/3

334

2/331

2
3

2

10625.6

1011.908.124
kT




=

−

−
 

      ( )( ) 2/355 210953.7 kT=  

(i) At 300=T K, 0259.0=kT eV 

                                  ( )( )19106.10259.0 −=  

                                  
2110144.4 −= J 

   Then ( ) ( )  2/32155 10144.4210953.7 −=cg  

                  
25100.6 = m 3−  

   or       19100.6 =cg cm 3−  

 (ii) At 400=T K, ( ) 







=

300

400
0259.0kT  

                                 034533.0= eV 

                                 ( )( )19106.1034533.0 −=  

                                 
21105253.5 −= J 

   Then  

          ( ) ( )  2/32155 105253.5210953.7 −=cg  

                
2510239.9 = m

3−
 

  or     
191024.9 =cg cm 3−  

(b) GaAs, on mm 067.0=
 

  
( )( ) 
( )

( ) 2/3

334

2/331

2
3

2

10625.6

1011.9067.024
kTg c 




=

−

−
 

        ( )( ) 2/354 2102288.1 kT=  
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(i) At 300=T K, 
2110144.4 −=kT J 

       ( ) ( )  2/32154 10144.42102288.1 −=cg  

            
2310272.9 = m 3−  

  or 171027.9 =cg cm 3−  

(ii) At 400=T K, 
21105253.5 −=kT J 

     ( ) ( )  2/32154 105253.52102288.1 −=cg  

          
2410427.1 = m 3−  

    181043.1 =cg cm 3−  

_______________________________________ 

 

3.27 

(a) Silicon, op mm 56.0=
 

     ( )
( )

EE
h

m
Eg

p
−=







3

2/3
24

 

      
( )

dEEE
h

m
g

E

kTE

p
−= 

−

 







3

3

2/3
24

 

         
( )

( )






 E

kTE

p
EE

h

m

3

2/3

3

2/3

3

224

−



−






 −
=  

         
( )

( ) 2/3

3

2/3

3
3

224
kT

h

m p
−







 −
=


 

    
( )( ) 
( )

( ) 2/3

334

2/331

3
3

2

10625.6

1011.956.024
kT












=

−

−
 

    ( )( ) 2/355 310969.2 kT=  

  (i)At 300=T K, 
2110144.4 −=kT J 

       ( ) ( )  2/32155 10144.4310969.2 −=g  

            
2510116.4 = m 3−  

  or 
191012.4 =g cm 3−  

 (ii)At 400=T K, 
21105253.5 −=kT J 

       ( ) ( )  2/32155 105253.5310969.2 −=g  

             
2510337.6 = m 3−  

  or  
191034.6 =g cm 3−  

(b) GaAs, op mm 48.0=
 

( )( ) 
( )

( ) 2/3

334

2/331

3
3

2

10625.6

1011.948.024
kTg 












=

−

−
  

      ( )( ) 2/355 3103564.2 kT=  

 

 

 

 

 

(i)At 300=T K, 
2110144.4 −=kT J 

   ( ) ( )  2/32155 10144.43103564.2 −=g  

               
2510266.3 = m 3−  

    or  191027.3 =g cm 3−  

  (ii)At 400=T K, 
21105253.5 −=kT J 

        ( ) ( )  2/32155 105253.53103564.2 −=g  

              
2510029.5 = m 3−  

  or   191003.5 =g cm 3−  

_______________________________________ 

 

3.28 

(a) ( )
( )

c

n

c EE
h

m
Eg −=



3

2/3
24

 

           
( )( ) 
( )

cEE −



=

−

−

334

2/331

10625.6

1011.908.124
 

           cEE −= 56101929.1  

For cEE = ;           0=cg  

  1.0+= cEE eV;   4610509.1 =cg m 3− J 1−  

  2.0+= cEE eV;        
4610134.2 = m 3− J 1−  

  3.0+= cEE eV;        
4610614.2 = m 3− J 1−  

  4.0+= cEE eV;        
4610018.3 = m 3− J 1−  

(b) 
( )

EE
h

m
g

p
−=







3

2/3
24

 

          
( )( ) 
( )

EE −



=

−

−




334

2/331

10625.6

1011.956.024
 

          EE −= 
55104541.4  

For EE = ;           0=g  

  1.0−= EE eV;  
4510634.5 =g m 3− J 1−  

  2.0−= EE eV;        
4510968.7 = m 3− J 1−  

       3.0−= EE eV;        
4510758.9 = m 3− J 1−  

       4.0−= EE eV;        
4610127.1 = m 3− J 1−  

_______________________________________ 

 

3.29 

(a) 
( )
( )

68.2
56.0

08.1
2/3

2/3

2/3

=







==





p

nc

m

m

g

g



 

(b) 
( )
( )

0521.0
48.0

067.0
2/3

2/3

2/3

=







==





p

nc

m

m

g

g



 

_______________________________________ 



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

By D. A. Neamen                                                                                                                  Problem Solutions 

______________________________________________________________________________________ 

 

3.30 

     Plot 

_______________________________________ 

 

3.31 

(a) 
( ) ( )( )!710!7

!10

!!

!

−
=

−
=

iii

i

i
NgN

g
W  

             
( )( )( )( )

( )( )
( )( )( )
( )( )( )

120
123

8910

!3!7

!78910
===  

(b) (i) 
( )( )

( )( )( )
( )( )( )12!10

!101112

!1012!10

!12
=

−
=iW  

                  66=  

       (ii) 
( )( )

( )( )( )( )( )
( )( )( )( )( )1234!8

!89101112

!812!8

!12
=

−
=iW  

                   495=  

_______________________________________ 

 

3.32 

        ( )








 −
+

=

kT

EE
Ef

Fexp1

1
 

(a) kTEE F =− , ( )
( )


+

=
1exp1

1
Ef  

              ( ) 269.0=Ef  

(b) kTEE F 5=− , ( )
( )


+

=
5exp1

1
Ef  

              ( ) 31069.6 −=Ef  

(c) kTEE F 10=− , ( )
( )


+

=
10exp1

1
Ef  

              ( ) 51054.4 −=Ef  

_______________________________________ 

 

3.33 

        ( )








 −
+

−=−

kT

EE
Ef

Fexp1

1
11  

     or 

        ( )








 −
+

=−

kT

EE
Ef

Fexp1

1
1  

(a) kTEEF =− , ( ) 269.01 =− Ef  

(b) kTEEF 5=− , ( ) 31069.61 −=− Ef  

(c) kTEEF 10=− , ( ) 51054.41 −=− Ef  

_______________________________________ 

 

 

 

3.34 

(a) 
( )








 −−


kT

EE
f F

F exp  

cEE = ; 
61032.9

0259.0

30.0
exp −=







 −
=Ff  

2

kT
Ec + ; 

( )







 +−
=

0259.0

20259.030.0
expFf  

                        
61066.5 −=  

kTEc + ; 
( )








 +−
=

0259.0

0259.030.0
expFf  

                       
61043.3 −=  

2

3kT
Ec + ; 

( )( )







 +−
=

0259.0

20259.0330.0
expFf  

                         
61008.2 −=  

kTEc 2+ ; 
( )( )








 +−
=

0259.0

0259.0230.0
expFf  

                         
61026.1 −=  

(b) 








 −
+

−=−

kT

EE
f

F

F

exp1

1
11  

                 
( )








 −−


kT

EEFexp  

EE = ; 






 −
=−

0259.0

25.0
exp1 Ff

51043.6 −=  

2

kT
E − ; 

( )







 +−
=−

0259.0

20259.025.0
exp1 Ff  

                            
51090.3 −=  

kTE − ; 
( )








 +−
=−

0259.0

0259.025.0
exp1 Ff  

                           
51036.2 −=  

 

2

3kT
E − ;  

          
( )( )








 +−
=−

0259.0

20259.0325.0
exp1 Ff  

                     
51043.1 −=  

kTE 2− ; 

         
( )( )








 +−
=−

0259.0

0259.0225.0
exp1 Ff  

                    
61070.8 −=  

_______________________________________ 
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3.35 

( ) ( )







 −+−
=







 −−
=

kT

EkTE

kT

EE
f FcF

F expexp  

and 

 
( )








 −−
=−

kT

EE
f F

F exp1  

                                 
( )( )








 −−−
=

kT

kTEEF exp  

So  
( )








 −+−

kT

EkTE Fcexp  

                                   
( )








 +−−
=

kT

kTEEF exp  

  Then  kTEEEkTE FFc +−=−+   

  Or  midgap

c

F E
EE

E =
+

=
2

  

_______________________________________ 

 

3.36 

          
2

222

2ma

n
En


=  

     For 6=n , Filled state 

          
( ) ( ) ( )

( )( )21031

22234

6

10121011.92

610054.1

−−

−




=


E  

                
18105044.1 −= J 

     or  40.9
106.1

105044.1
19

18

6 =



=

−

−

E eV 

     For 7=n , Empty state 

           
( ) ( ) ( )

( )( )21031

22234

7

10121011.92

710054.1

−−

−




=


E  

                 
1810048.2 −= J 

     or   8.12
106.1

10048.2
19

18

7 =



=

−

−

E eV 

     Therefore  8.1240.9  FE eV 

_______________________________________ 

 

3.37 

(a) For a 3-D infinite potential well 

      ( )
2

222

2

2








++=

a
nnn

mE
zyx




 

     For 5 electrons, the 5th electron occupies 

the quantum state 1,2,2 === zyx nnn ; so 

        ( )
2

222
2

5
2









++=

a
nnn

m
E zyx


 

 

 

              
( ) ( ) ( )

( )( )21031

2222234

10121011.92

12210054.1

−−

−



++
=


 

               
1910761.3 −= J 

   or   35.2
106.1

10761.3
19

19

5 =



=

−

−

E eV 

   For the next quantum state, which is empty, 

the quantum state is 2,2,1 === zyx nnn .  

This quantum state is at the same energy, so 

        35.2=FE eV 

(b) For 13 electrons, the 13th electron 

occupies the quantum state  

       3,2,3 === zyx nnn ; so 

     
( ) ( ) ( )

( )( )21031

2222234

13

10121011.92

32310054.1

−−

−



++
=


E  

             
1910194.9 −= J 

   or  746.5
106.1

10194.9
19

19

13 =



=

−

−

E eV 

The 14th electron would occupy the quantum 

state 3,3,2 === zyx nnn .  This state is at 

the same energy, so 

     746.5=FE eV 

_______________________________________ 

 

3.38 

     The probability of a state at EEE F +=1   

     being occupied is 

        ( )







 
+

=








 −
+

=

kT

E

kT

EE
Ef

F exp1

1

exp1

1

1

11  

     The probability of a state at EEE F −=2  

     being empty is 

        ( )








 −
+

−=−

kT

EE
Ef

F2

22

exp1

1
11  

        








 −
+








 −

=








 −
+

−=

kT

E

kT

E

kT

E
exp1

exp

exp1

1
1  

     or 

        ( )







 
+

=−

kT

E
Ef

exp1

1
1 22  

     so ( ) ( )2211 1 EfEf −=                      Q.E.D. 

_______________________________________ 
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3.39 

(a) At energy 1E , we want 

    01.0

exp1

1

exp1

1

exp

1

1

11

=








 −
+








 −
+

−








 −

kT

EE

kT

EE

kT

EE

F

FF

 

This expression can be written as 

    01.01

exp

exp1

1

1

=−








 −








 −
+

kT

EE

kT

EE

F

F

 

or 

     ( ) 






 −
=

kT

EE F1exp01.01  

Then 

    ( )100ln1 kTEE F +=  

or 

    kTEE F 6.41 +=  

(b) 

    At kTEE F 6.4+= , 

    ( )
( )6.4exp1

1

exp1

1

1

1
+

=








 −
+

=

kT

EE
Ef

F

 

which yields 

     ( ) 01.000990.01 =Ef  

_______________________________________ 

 

3.40 

     (a)  

    
( ) ( )








 −−
=







 −−
=

0259.0

50.580.5
expexp

kT

EE
f F

F  

          
61032.9 −=  

(b) ( ) 060433.0
300

700
0259.0 =








=kT eV 

      
31098.6

060433.0

30.0
exp −=







 −
=Ff  

(c) 
( )








 −−
−

kT

EE
f F

F exp1  

        






−
=

kT

25.0
exp02.0  

 

 

 

 

  or  50
02.0

125.0
exp ==







+

kT
 

                   ( )50ln
25.0

=
kT

 

  or   

  
( )

( ) 







===

300
0259.0063906.0

50ln

25.0 T
kT  

  which yields  740=T K 

_______________________________________ 

 

3.41 

      (a) 

        ( ) 00304.0

0259.0

0.715.7
exp1

1
=








 −
+

=Ef  

     or    0.304% 

(b) At 1000=T K, 08633.0=kT eV 

Then 

        ( ) 1496.0

08633.0

0.715.7
exp1

1
=








 −
+

=Ef  

or   14.96% 

(c) ( ) 997.0

0259.0

0.785.6
exp1

1
=








 −
+

=Ef  

or   99.7% 

(d) 

    At FEE = , ( )
2

1
=Ef  for all temperatures 

_______________________________________ 

 

3.42 

(a) For 1EE =  

( )
( )








 −−









 −
+

=
kT

EE

kT

EE
Ef F

F

1

1

exp

exp1

1

Then 

    ( ) 6

1 1032.9
0259.0

30.0
exp −=







 −
=Ef  

     For 2EE = , 82.030.012.12 =−=− EEF eV 

     Then 

        ( )







 −
+

−=−

0259.0

82.0
exp1

1
11 Ef  

     or 
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        ( ) 














 −
−−−

0259.0

82.0
exp111 Ef  

        
141078.1

0259.0

82.0
exp −=







 −
=  

(b) For 4.02 =− EEF eV,  

                               72.01 =− FEE eV 

At 1EE = , 

    ( )
( )








 −
=







 −−
=

0259.0

72.0
expexp 1

kT

EE
Ef F  

or 

    ( ) 131045.8 −=Ef  

At 2EE = , 

    ( )
( )








 −−
=−

kT

EE
Ef F 2exp1  

                                       






 −
=

0259.0

4.0
exp  

or 

    ( ) 71096.11 −=− Ef  

 _______________________________________ 

 

3.43 

(a) At 1EE =  

     ( )
( )








 −
=







 −−
=

0259.0

30.0
expexp 1

kT

EE
Ef F  

or 

     ( ) 61032.9 −=Ef  

At 2EE = , 12.13.042.12 =−=− EEF eV 

So 

    ( )
( )








 −−
=−

kT

EE
Ef F 2exp1  

                                             






 −
=

0259.0

12.1
exp  

or 

    ( ) 191066.11 −=− Ef  

(b) For 4.02 =− EEF , 

                                       02.11 =− FEE eV 

At 1EE = , 

    ( )
( )








 −
=







 −−
=

0259.0

02.1
expexp 1

kT

EE
Ef F  

or 

    ( ) 181088.7 −=Ef  

At 2EE = , 

 

 

    ( )
( )








 −−
=−

kT

EE
Ef F 2exp1  

                                       






 −
=

0259.0

4.0
exp  

or  ( ) 71096.11 −=− Ef  

_______________________________________ 

 

3.44 

        ( )
1

exp1

−
















 −
+=

kT

EE
Ef F  

     so 

        
( )

( )
2

exp11

−
















 −
+−=

kT

EE

dE

Edf F  

                                      






 −










kT

EE

kT

Fexp
1

 

     or 

        
( )

2

exp1

exp
1
















 −
+








 −







 −

=

kT

EE

kT

EE

kT

dE

Edf

F

F

 

(a) At 0=T K,  For 

        ( ) 00exp ==−
dE

df
EE F  

        ( ) 0exp =+=+
dE

df
EE F  

        At −==
dE

df
EE F  

(b) At 300=T K, 0259.0=kT eV 

   For FEE  , 0=
dE

df
 

   For FEE  , 0=
dE

df
 

   At FEE = , 

     

( )

( )
65.9

11

1
0259.0

1

2
−=

+








 −

=
dE

df
(eV) 1−  
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(c) At 500=T K, 04317.0=kT eV 

  For FEE  , 0=
dE

df
 

  For FEE  , 0=
dE

df
 

 At FEE = , 

  

( )

( )
79.5

11

1
04317.0

1

2
−=

+








 −

=
dE

df
(eV) 1−  

_______________________________________ 

 

3.45 

(a) At midgapEE = , 

    ( )














+

=








 −
+

=

kT

E

kT

EE
Ef

gF

2
exp1

1

exp1

1
 

Si:  12.1=gE eV, 

    ( )

( )






+

=

0259.02

12.1
exp1

1
Ef  

or 

     ( ) 101007.4 −=Ef  

 

 

Ge:  66.0=gE eV 

    ( )

( )






+

=

0259.02

66.0
exp1

1
Ef  

or 

    ( ) 61093.2 −=Ef  

GaAs:  42.1=gE eV 

    ( )

( )






+

=

0259.02

42.1
exp1

1
Ef  

or 

    ( ) 121024.1 −=Ef  

(b) Using the results of Problem 3.38, the 

answers to part (b) are exactly the same as 

those given in part (a). 

_______________________________________ 

 

 

 

 

 

 

3.46 

(a) 
( )








 −−
=

kT

EE
f F

F exp  

       






−
=−

kT

60.0
exp10 8

 

  or  ( )810ln
60.0 +=
kT

 

        
( )

032572.0
10ln

60.0
8
==kT eV 

      ( ) 







=

300
0259.0032572.0

T
 

  so  377=T K 

(b) 






−
=−

kT

60.0
exp10 6

 

        ( )610ln
60.0 +=
kT

 

          
( )

043429.0
10ln

60.0
6
==kT  

         ( ) 







=

300
0259.0043429.0

T
 

     or  503=T K 

_______________________________________ 

 

3.47 

(a) At 200=T K,   

                ( ) 017267.0
300

200
0259.0 =








=kT eV 

      








 −
+

==

kT

EE
f

F

F

exp1

1
05.0  

        191
05.0

1
exp =−=







 −

kT

EE F  

         ( ) ( ) ( )19ln017267.019ln ==− kTEE F  

                      05084.0= eV 

    By symmetry, for 95.0=Ff , 

           05084.0−=− FEE eV 

    Then  ( ) 1017.005084.02 ==E eV 

(b) 400=T K,  034533.0=kT eV 

    For 05.0=Ff , from part (a), 

          ( ) ( ) ( )19ln034533.019ln ==− kTEE F  

                       10168.0= eV 

   Then  ( ) 2034.010168.02 ==E eV 

_______________________________________ 
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Chapter 4 
 

Exercise Solutions 
 

Ex 4.1 

          
( )








 −−


kT

EE
f F

F exp  

               
( )








 −+−
=

kT

EkTE Fcexp  

               
( )








 +−
=

0259.0

0259.025.0
exp  

          51036.2 −=Ff  

          
( )








 −−
=

kT

EE
Nn Fc

co exp  

               ( ) 






 −
=

0259.0

25.0
exp107.4 17

 

          131002.3 =on cm 3−  

_______________________________________ 

 

Ex 4.2 

(a) ( )
2/3

19

300

250
1004.1 








=N  

              
18109115.7 = cm 3−  

        ( ) 021583.0
300

250
0259.0 =








=kT eV 

        
( )








 −−
=

kT

EE
Np F

o


 exp  

              ( ) 






 −
=

021583.0

27.0
exp109115.7 18

 

        1310919.2 =op cm 3−  

(b) Ratio 3

15

13

1054.4
1043.6

10919.2 −=



=  

_______________________________________ 

 

Ex 4.3 

(a) For 400=T K, 

       ( )( )
3

18172

300

400
107107.4 








=in  

                          
( )( )





 −


3004000259.0

42.1
exp  

             
1910081.1 =  

or 

 

 

 

        91029.3 =in cm 3−  

For 250=T K, 

   ( )( )
3

18172

300

250
107107.4 








=in  

                          
( )( )





 −


3002500259.0

42.1
exp  

        
71009.5 =  

or 

      31013.7 =in cm 3−  

(b) 

      
( )
( )

5

3

9

1061.4
10135.7

10288.3

250

400
=




=

i

i

n

n
 

_______________________________________ 

 

Ex 4.4 

(a) GaAs 

       













=−





n

p

midgapFi
m

m
kTEE ln

4

3
 

                            ( ) 







=

067.0

48.0
ln0259.0

4

3
 

                         25.38+ meV 

(b) Ge 

       ( ) 







=−

55.0

37.0
ln0259.0

4

3
midgapFi EE  

                           70.7− meV 

_______________________________________ 

 

Ex 4.5 

         
( )








 −−
=

kT

EE
Np F

o


 exp  

               ( ) 






−
=

0259.0

215.0
exp1004.1 19

 

               
151058.2 = cm 3−  

     We find 905.0215.012.1 =−=− Fc EE eV 

         
( )








 −−
=

kT

EE
Nn Fc

co exp  

               ( ) 






−
=

0259.0

905.0
exp108.2 19

 

               
41087.1 = cm

3−
 

_______________________________________ 
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Ex 4.6 

         ( )Fco FNn 


2/1

2
=  

         ( ) ( )FF 


2/1

1920 108.2
2

105.1 =  

     So ( ) 748.42/1 =FF   

     From Figure 4.10,  
kT

EE cF

F

−
= 2.3  

         ( ) 08288.00259.02.3 ==− cF EE eV 

_______________________________________ 

 

Ex 4.7 

(a) 250=T K 

 ( ) 19

2/3

19 1013.2
300

250
108.2 =








=cN cm 3−  

  ( ) 021583.0
300

250
0259.0 =








=kT eV 

    
( )








 −−
+

=
+

kT

EE

N

Nnn

n

dc

d

cdo

d

exp
2

1

1
 

                 
( )

( ) 






 −
+

=

02158.0

045.0
exp

102

1013.2
1

1

16

19
 

                 
31050.7 −=  

(b) 200=T K 

( ) 19

2/3

19 10524.1
300

200
108.2 =








=cN cm 3−  

 ( ) 017267.0
300

200
0259.0 =








=kT eV 

  
( )

( ) 






 −
+

=
+

017267.0

045.0
exp

102

10524.1
1

1

16

19
do

d

nn

n
 

                
21075.1 −=  

(c) Fraction increases as temperature 

decreases. 

_______________________________________ 

 

Ex 4.8 

(a) 250=T K 

  ( ) 18

2/3

19 10912.7
300

250
1004.1 =








=N cm

3−
 

   ( ) 021583.0
300

250
0259.0 =








=kT eV 

 

 

   
( )

( ) 






 −
+

=
+

021583.0

045.0
exp

104

10912.7
1

1

16

18
ao

a

pp

p
 

                   
21091.3 −=  

(b) 200=T K 

   ( ) 18

2/3

19 10661.5
300

200
1004.1 =








=N cm 3−  

      ( ) 017267.0
300

200
0259.0 =








=kT eV 

     
( )

( ) 






 −
+

=
+

017267.0

045.0
exp

104

10661.5
1

1

16

18
ao

a

pp

p
 

                    
210736.8 −=  

_______________________________________ 

 

Ex 4.9 

     From Example 4.3, 

          ( ) 7100.7250 =in cm 3−  

          ( ) 121038.2400 =in cm 3−  

     Then 

(a) 250=T K 

   2

2

22
i

adad

o n
NNNN

n +






 −
+

−
=  

    
2

103107 1515 −
=  

              ( )27

2
1515

107
2

103107
+












 −
+  

          
15104=on cm 3−  

          
( )

225.1
104

107
15

272

=



==

o

i

o
n

n
p cm 3−  

(b) 400=T K 

        
2

103107 1515 −
=on  

        ( )212

2
1515

1038.2
2

103107
+












 −
+  

          
15104on cm 3−  

          
( ) 9

15

212

10416.1
104

1038.2
=




=op cm 3−  

_______________________________________ 
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Ex 4.10 

     For 250=T K, 

         ( )( )
3

18192

300

250
1061004.1 








=in  

                               
( )( )





 −


3002500259.0

66.0
exp  

               
2410894.1 =  

     or  1210376.1 =in cm 3−  

     For 350=T K, 

          ( )( )
3

18192

300

350
1061004.1 








=in  

                                
( ) 







 −


3003500259.0

66.0
exp  

               
2810236.3 =  

     or  141080.1 =in cm 3−  

(a) 250=T K 

      
2

102 14
=on  

               ( )212

2
14

10376.1
2

102
+












 
  

   
14102on cm 3−  

   
( ) 9

14

2122

1047.9
102

10376.1
=




==

o

i

o
n

n
p cm 3−  

(b) 350=T K 

       
2

102 14
=on  

               ( )214

2
14

1080.1
2

102
+












 
  

        
1410059.3 =on cm 3−  

       
( ) 14

14

214

10059.1
10059.3

1080.1
=




=op cm 3−  

_______________________________________ 

 

Ex 4.11 

(a) 
2

da

o

NN
p

−
=  

                       
2

2

2
i

da n
NN

+






 −
+  

 

 

 

 

 

    
2

108104 1516 −
=op  

          ( )210

2
1516

105.1
2

108104
+












 −
+  

    16102.3 =op cm 3−  

     
( ) 3

16

2102

1003.7
102.3

105.1
=




==

o

i

o
p

n
n cm 3−  

(b) 10105.1 === ioo nnp cm 3−  

_______________________________________ 

 

Ex 4.12 

          1515 105108 −=−= ado NNn  

          15103=on cm 3−  

          












=−

o

c

Fc
n

N
kTEE ln  

                        ( ) 
















=

15

19

103

108.2
ln0259.0  

          2368.0=− Fc EE eV 

_______________________________________ 

 

Ex 4.13 

          












=−

o

c

Fc
n

N
kTEE ln  

     We have ( ) ( )FddcFc EEEEEE −+−=−  

                       ( )0259.0305.0305.0 +=+= kT  

                       1277.0= eV 

     So ( ) 












=

o

c

n

N
ln0259.01277.0  

     Or  ( ) 45.1389305.4exp ==
o

c

n

N
 

     Then 
45.138

108.2

45.138

19
== c

o

N
n  

               
171002.2 =on cm 3−  

_______________________________________ 
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Test Your Understanding Solutions 
 

TYU 4.1 

        
( )








 −−
=

kT

EE
Nn Fc

co exp  

             






 −
=

0259.0

22.0
exp108.2 19

 

             
151073.5 = cm 3−  

     Now 

        90.022.012.1 =−=− EEF eV 

        
( )








 −−
=

kT

EE
Np F

o


 exp  

              






 −
=

0259.0

90.0
exp1004.1 19

 

              
31043.8 = cm 3−  

_______________________________________ 

 

TYU 4.2 

        






 −
=

0259.0

30.0
exp100.7 18

op  

              
131053.6 = cm 3−  

     Now 

        12.130.042.1 =−=− Fc EE eV 

        






 −
=

0259.0

12.1
exp107.4 17

on  

             0779.0= cm 3−  

_______________________________________ 

 

TYU 4.3 

(a) ( )( )
3

19192

300

200
1004.1108.2 








=in  

                              
( )( )





 −


3002000259.0

12.1
exp  

             
910827.5 =  

          
41063.7 = in cm 3−  

(b) ( )( )
3

19192

300

450
1004.1108.2 








=in  

                             
( )( )





 −


3004500259.0

12.1
exp  

             
2610967.2 =  

           
131072.1 = in cm 3−  

 

 

 

 

 

 

(c) 
( )
( )

8

4

13

1026.2
106334.7

107224.1

200

450
=




=

i

i

n

n
 

_______________________________________ 

 

TYU 4.4 

(a) ( )( )
3

18172

300

200
100.7107.4 








=in  

                            
( )( )





 −


3002000259.0

42.1
exp  

            874.1=  

           37.1= in cm 3−  

(b) ( )( )
3

18172

300

450
100.7107.4 








=in  

                           
( )( )





 −


3004500259.0

42.1
exp  

            
2110485.1 =  

           101085.3 = in cm 3−  

(c) 
( )
( )

10
10

1081.2
369.1

10853.3

200

450
=


=

i

i

n

n
 

_______________________________________ 

 

TYU 4.5 

(a) ( )( )
3

18192

300

200
100.61004.1 








=in  

                            
( )( )





 −


3002000259.0

66.0
exp  

            
2010639.4 =  

          101015.2 = in cm 3−  

(b) ( )( )
3

18192

300

450
100.61004.1 








=in  

                             
( )( )





 −


3004500259.0

66.0
exp  

              
3010820.8 =  

             
151097.2 = in cm 3−  

(c) 
( )
( )

5

10

15

1038.1
101539.2

109699.2

200

450
=




=

i

i

n

n
 

_______________________________________ 
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TYU 4.6 

          













=−





n

p

midgapFi
m

m
kTEE ln

4

3
 

(a) ( ) 















=−

08.1

56.0
ln

300

200
0259.0

4

3
midgapFi EE

                   505.8− meV 

(b) ( ) 















=−

08.1

56.0
ln

300

400
0259.0

4

3
midgapFi EE

                   01.17− meV 

_______________________________________ 

 

TYU 4.7 

(a) GaAs: 

       
( )22

4

42 














−

=





em
m

m

E

o

o
 

    
( )( )( )

( ) ( )( ) 212234

41931

1085.81.13410054.12

106.11011.9067.0

−−

−−



−
=


 

    
22104823.8 −−= J 

or  30.5−=E meV 

Also 

     
( )( )

5.195
067.0

1.1311 ==







=

m

m

a

r o

r

o

 

(b) Ge: 

Conductivity effective mass 
11

21 082.0

2

64.1

1
3

21
3

−−









+=












+=
mmm

m

o

ce

        120.0=  

     
( )( )( )

( ) ( )( ) 212234

41931

1085.80.16410054.12

106.11011.912.0

−−

−−



−
=


E  

         
21100184.1 −−= J 

     or  37.6−=E meV 

     Also 

          
( )( )

3.133
12.0

1611 ==
oa

r
 

_______________________________________ 

 

TYU 4.8 

(a) ( )Fco FNn 


2/1

2
=  

For Fc EE = ,  0=F and ( ) 65.002/1 F  

       ( )( )65.0108.2
2 19=


on  

       
191005.2 =on cm 3−  

 

(b) ( )Fo FNp 



= 2/1

2
 

For FEE = , 0=
F and ( ) 65.002/1 F  

        ( )( )65.01004.1
2 19=


op  

         181063.7 =op cm 3−  

_______________________________________ 

 

TYU 4.9 

        
( )








 −−
+

=
+

kT

EE

N

Npp

p

a

a

ao

a

 exp
4

1

1
 

                       

( )







 −
+

=

0259.0

045.0
exp

104

1004.1
1

1

17

19
 

     or 

        179.0=
+ ao

a

pp

p
 

_______________________________________ 

 

TYU 4.10 

     We have 

        ( )
2/3

19

300
108.2 








=

T
N c  

     For 100=T K, 
1810389.5 =cN cm 3−  

            200=T K, 1910524.1 =cN cm 3−  

            300=T K, 19108.2 =cN cm 3−  

            400=T K, 
1910311.4 =cN cm 3−  

        ( ) 







=

300
0259.0

T
kT  

     For 100=T K, 008633.0=kT eV 

           200=T K, 01727.0=kT eV 

           300=T K, 0259.0=kT eV 

           400=T K, 03453.0=kT eV 

     Fraction of ionized impurity atoms 

        
do

d

nn

n

+
−=1  
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(a) For 100=T K, 

        
( )








 −−
+

=
+

kT

EE

N

Nnn

n

dc

d

cdo

d

exp
2

1

1
 

               

( )







 −
+

=

008633.0

045.0
exp

102

10389.5
1

1

15

18
 

               0638.0=  

     Now, percentage ionized atoms 

        ( ) 62.931000638.01 =−= % 

(b) For 200=T K, 

        
( )








 −−
+

=
+

kT

EE

N

Nnn

n

dc

d

cdo

d

exp
2

1

1
 

               

( )







 −
+

=

01727.0

045.0
exp

102

10524.1
1

1

15

19
 

               001774.0=  

     Now, percentage ionized atoms 

        ( ) 82.99100001774.01 =−= % 

(c) For 300=T K, 

        
( )








 −−
+

=
+

kT

EE

N

Nnn

n

dc

d

cdo

d

exp
2

1

1
 

               

( )







 −
+

=

0259.0

045.0
exp

102

108.2
1

1

15

19
 

               000406.0=  

     Now, percentage ionized atoms 

        ( ) 96.99100000406.01 =−= % 

(d) For 400=T K, 

        
( )








 −−
+

=
+

kT

EE

N

Nnn

n

dc

d

cdo

d

exp
2

1

1
 

               

( )







 −
+

=

03453.0

045.0
exp

102

10311.4
1

1

15

19
 

               000171.0=  

     Now, percentage ionized atoms 

        ( ) 98.99100000171.01 =−= % 

_______________________________________ 

 

 

 

 

 

 

TYU 4.11 

         1516 105102 −=−= dao NNp  

               
16105.1 = cm 3−  

     Then 

        
( )

16

262

105.1

108.1




==

o

i

o
p

n
n  

              
41016.2 −= cm 3−  

_______________________________________ 

 

TYU 4.12 

     (b)   2

2

22
i

dd n
NN

n +







+=  

     Then 

        ( ) 22141415 105105101.1 in++=  

     which yields 

        292 101.1 =in  

     Now 

        












 −
=

kT

E
NNn

g

ci exp2

  

        ( )( )
3

191929

300
1004.1108.2101.1 








=

T
 

                                      
( )( )





 −


3000259.0

12.1
exp

T
 

     By trial and error, 

                       552T K 

_______________________________________ 

 

TYU 4.13 

     At 550=T K, 

     ( )( )
3

19192

300

550
1004.1108.2 








=in  

                                   
( )( )





 −


3005500259.0

12.1
exp  

            
29100236.1 =  

     or  
141020.3 =in cm 3−  

           2

2

22
i

dd

o n
NN

n +







+=  

      Set  do Nn 05.1=  
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     Then  

              ( )  2

2

2

2
5.005.1 i

d

d n
N

N +







=−  

               ( ) id nN =22913.0  

     or  15
14

1040.1
22913.0

1020.3
=


=dN cm 3−  

_______________________________________ 
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Chapter 4 
 

4.1 

        












 −
=

kT

E
NNn

g

ci exp2

  

             












 −








=

kT

ET
NN

g

OcO exp
300

3

  

 

where cON  and ON  are the values at 300 K. 

 

  (a) Silicon 

T (K)  kT (eV)  in (cm 3− ) 

200  

400  

600  

01727.0  

03453.0  

0518.0  

41068.7   
121038.2   
141074.9   

 

                          (b) Germanium    (c) GaAs 

T (K)  in (cm 3− ) in (cm 3− ) 

200  

400  

600  

101016.2   
141060.8   
161082.3   

38.1  
91028.3   

121072.5   

 

_______________________________________ 

 

4.2 

     Plot 

_______________________________________ 

 

4.3 

(a) 












 −
=

kT

E
NNn

g

ci exp2

  

    ( ) ( )( )
3

1919211

300
1004.1108.2105 








=

T
 

                                
( )( )





 −


3000259.0

12.1
exp

T
 

   ( )
3

3823

300
10912.2105.2 








=

T
 

                                
( )( )
( )( ) 





−


T0259.0

30012.1
exp  

By trial and error, 5.367T K 

 

 

 

 

 

 

(b) 

 ( ) 252122 105.2105 ==in  

     ( ) ( )( )
( )( ) 





−








=

T

T

0259.0

30012.1
exp

300
10912.2

3

38  

By trial and error,  5.417T K 

_______________________________________ 

 

4.4 

     At 200=T K, ( ) 







=

300

200
0259.0kT  

                                                   017267.0= eV 

     At 400=T K, ( ) 







=

300

400
0259.0kT  

                                                    034533.0= eV 

          
( )

( )
( )
( )

17

22

210

2

2

10025.3
1040.1

1070.7

200

400
=




=

i

i

n

n
 

                            








 −








 −





















=

017267.0
exp

034533.0
exp

300

200

300

400

3

3

g

g

E

E

 

                           







−=

034533.0017267.0
exp8

gg EE
 

       ( ) 9578.289139.57exp810025.3 17 −= gE  

     or   

        ( ) 1714.38
8

10025.3
ln9561.28

17

=











 
=gE  

     or  318.1=gE eV 

 

     Now 

     ( )
3

210

300

400
1070.7 








= ocoNN   

                                              






 −


034533.0

318.1
exp  

      ( )( )1721 10658.2370.210929.5 −= ocoNN   

     so    
371041.9 =ocoNN  cm 6−  

_______________________________________ 
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4.5 

          
( )
( )








 −
=








 −








 −

=
kT

kT

kT

An

Bn

i

i 20.0
exp

90.0
exp

10.1
exp

 

     For 200=T K,  017267.0=kT eV 

     For 300=T K,  0259.0=kT eV 

     For 400=T K,  034533.0=kT eV 

 

(a) For 200=T K, 

          
( )
( )

610325.9
017267.0

20.0
exp −=







 −
=

An

Bn

i

i
 

(b) For 300=T K, 

          
( )
( )

41043.4
0259.0

20.0
exp −=







 −
=

An

Bn

i

i
 

(c) For 400=T K, 

          
( )
( )

31005.3
034533.0

20.0
exp −=







 −
=

An

Bn

i

i
 

_______________________________________ 

 

4.6 

(a) 
( )








 −−
−

kT

EE
EEfg F

cFc exp  

                 
( )








 −−
−

kT

EE
EE c

c exp  

                                         
( )








 −−


kT

EE Fcexp  

     Let xEE c =−  

     Then  






 −


kT

x
xfg Fc exp  

     To find the maximum value: 

        
( )








 −
 −

kT

x
x

dx

fgd Fc exp
2

1 2/1
 

                       0exp
1 2/1 =







 −
−

kT

x
x

kT
 

     which yields 

        
22

1 2/1

2/1

kT
x

kT

x

x
==  

     The maximum value occurs at 

        
2

kT
EE c +=  

 

 

 

 

 

  

    (b) 

        ( )
( )








 −−
−−

kT

EE
EEfg F

F exp1   

                          
( )








 −−
−

kT

EE
EE 

 exp  

                                             
( )








 −−


kT

EEF exp  

     Let xEE =−  

     Then  ( ) 






 −
−

kT

x
xfg F exp1  

     To find the maximum value 

        
( ) 

0exp
1

=














 −


−

kT

x
x

dx

d

dx

fgd F  

     Same as part (a).  Maximum occurs at 

        
2

kT
x =  

     or 

        
2

kT
EE −=   

_______________________________________ 

 

4.7 

        
( )
( )

( )

( )







 −−
−








 −−
−

=

kT

EE
EE

kT

EE
EE

En

En

c

c

c

c

2

2

1

1

2

1

exp

exp

 

     where 

        kTEE c 41 +=   and  
2

2

kT
EE c +=  

     Then 

        
( )
( )

( )







 −−
=

kT

EE

kT

kT

En

En 21

2

1 exp

2

4
 

             ( )5.3exp22
2

1
4exp22 −=
















−−=  

     or 

        
( )
( )

0854.0
2

1 =
En

En
 

_______________________________________ 

 

4.8 

     Plot 

_______________________________________ 

 

 

 



Semiconductor Physics and Devices: Basic Principles, 4th edition                                                    Chapter 4 

By D. A. Neamen                                                                                                                  Problem Solutions 

______________________________________________________________________________________ 

 

4.9 

     Plot 

_______________________________________ 

 

4.10 

        













=−

*

*

ln
4

3

n

p

midgapFi
m

m
kTEE  

     Silicon: op mm 56.0* = , on mm 08.1* =  

        0128.0−=− midgapFi EE eV 

     Germanium: op mm 37.0* = , on mm 55.0* =  

        0077.0−=− midgapFi EE eV 

     Gallium Arsenide: op mm 48.0* = ,  

                                                  on mm 067.0* =  

        0382.0+=− midgapFi EE eV 

_______________________________________ 

 

4.11 

        ( ) 












=−

c

midgapFi
N

N
kTEE ln

2

1
 

              ( ) ( )kTkT 4952.0
108.2

1004.1
ln

2

1
19

19

−=
















=  

 

T (K) kT (eV) ( midgapFi EE − )(eV) 

200  

400  

600  

01727.0  

03453.0  

0518.0  

0086.0−  

0171.0−  

0257.0−  

 

_______________________________________ 

 

4.12 

(a) 













=−

*

*

ln
4

3

n

p

midgapFi
m

m
kTEE  

              ( ) 







=

21.1

70.0
ln0259.0

4

3
 

               63.10− meV 

(b) ( ) 







=−

080.0

75.0
ln0259.0

4

3
midgapFi EE  

                47.43+ meV 

_______________________________________ 

 

 

 

 

 

 

4.13 

     Let ( ) == KEg c constant 

     Then 

        ( ) ( )dEEfEgn F

E

co

c




=  

              dE

kT

EE
K

cE
F











 −
+

=

exp1

1
 

               
( )

dE
kT

EE
K

cE

F











 −−
 exp  

     Let  

        
kT

EE c−
=  so that dkTdE =  

     We can write 

        ( ) ( )cFcF EEEEEE −+−=−  

     so that 

  
( ) ( )

( )−






 −−
=







 −−
expexpexp

kT

EE

kT

EE FcF  

     The integral can then be written as 

        
( )

( )  d
kT

EE
kTKn Fc

o 


−






 −−
=

0

expexp  

     which becomes 

        
( )








 −−
=

kT

EE
kTKn Fc

o exp  

_______________________________________ 

 

4.14 

     Let ( ) ( )cc EECEg −= 1  for cEE   

     Then 

        ( ) ( )dEEfEgn F

E

co

c




=  

              
( )

dE

kT

EE

EE
C

cE
F

c











 −
+

−
=

exp1

1  

                ( )
( )

dE
kT

EE
EEC F

E

C

c








 −−
− 



exp1  

     Let  

        
kT

EE c−
=  so that dkTdE =  

     We can write 

        ( ) ( )FccF EEEEEE −+−=−  
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     Then 

        
( )








 −−
=

kT

EE
Cn Fc

o exp1  

                      ( )
( )

dE
kT

EE
EE c

E

c

c








 −−
− 



exp  

     or 

        
( )








 −−
=

kT

EE
Cn Fc

o exp1  

                      ( )( ) ( ) ( )  dkTkT − 


exp

0

 

     We find that 

        ( ) ( )( ) 11expexp
0

0

+=−−−=−




  d  

     So 

        ( )
( )








 −−
=

kT

EE
kTCn Fc

o exp
2

1  

_______________________________________ 

 

4.15 

     We have  







=

*

1

m

m

a

r o

r

o

 

     For germanium, 16=r , omm 55.0* =  

     Then 

        ( ) ( )( )53.029
55.0

1
161 =








= oar  

     or 

        
o

Ar 4.151 =  

     The ionization energy can be written as 

        ( )6.13

2
*































=

s

o

om

m
E eV 

            
( )

( ) 029.06.13
16

55.0
2

== E eV 

_______________________________________ 

 

4.16 

     We have 







=

*

1

m

m

a

r o

r

o

 

     For gallium arsenide, 1.13=r ,  

                                                  omm 067.0* =  

     Then 

        ( ) ( )
o

Ar 10453.0
067.0

1
1.131 =








=  

 

 

     The ionization energy is 

        ( )
( )

( )6.13
1.13

067.0
6.13

2

2
*

=





























=

s

o

om

m
E  

     or 

        0053.0=E eV 

_______________________________________ 

 

4.17 

(a) 












=−

o

c

Fc
n

N
kTEE ln  

                      ( ) 
















=

15

19

107

108.2
ln0259.0  

                      2148.0= eV 

(b) ( )FcgF EEEEE −−=−   

                 90518.02148.012.1 =−= eV 

(c) 
( )








 −−
=

kT

EE
Np F

o


 exp  

             ( ) 






−
=

0259.0

90518.0
exp1004.1 19

 

             
31090.6 = cm 3−  

(d) Holes 

(e) 












=−

i

o

FiF
n

n
kTEE ln  

                      ( ) 
















=

10

15

105.1

107
ln0259.0  

                      338.0= eV 

_______________________________________ 

 

4.18 

(a) 












=−

o

F
p

N
kTEE 

 ln  

                      ( ) 
















=

16

19

102

1004.1
ln0259.0  

                      162.0= eV 

(b) ( )EEEEE FgFc −−=−  

                      958.0162.012.1 =−= eV 

(c) ( ) 






 −
=

0259.0

958.0
exp108.2 19

on  

            
31041.2 = cm 3−  
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(d) 












=−

i

o

FFi
n

p
kTEE ln  

                       ( ) 
















=

10

16

105.1

102
ln0259.0  

                       365.0= eV 

_______________________________________ 

 

4.19 

(a) 












=−

o

c

Fc
n

N
kTEE ln  

                      ( ) 
















=

5

19

102

108.2
ln0259.0  

                    8436.0= eV 

        ( )FcgF EEEEE −−=−   

                       8436.012.1 −=  

        2764.0=− EEF eV 

(b) ( ) 






 −
=

0259.0

27637.0
exp1004.1 19

op  

             
1410414.2 = cm 3−  

(c) p-type 

_______________________________________ 

 

4.20 

(a) ( ) 032375.0
300

375
0259.0 =








=kT eV 

     ( ) 






 −








=

032375.0

28.0
exp

300

375
107.4

2/3

17

on  

           
141015.1 = cm 3−  

     ( ) 28.042.1 −=−−=− FcgF EEEEE   

                    14.1= eV 

       ( ) 






 −








=

032375.0

14.1
exp

300

375
107

2/3

18

op  

             
31099.4 = cm 3−  

(b) ( ) 
















=−

14

17

1015.1

107.4
ln0259.0Fc EE  

                      2154.0= eV 

     ( ) 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 eV 

          ( ) 






 −








=

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−  

_______________________________________ 
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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  

                      ( ) 
















=

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 eV 

(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−  
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(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 

          ( ) 






−
=

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 eV 

 

 

 

 

       ( ) 






−
=

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−  
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     (b) ( )( )0.6107.4
2 17=


on  

       
181018.3 = cm 3−  

_______________________________________ 

 

4.31 

     For the electron concentration 

        ( ) ( ) ( )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 

        ( ) 







−−=

0259.0

045.0
3exp1004.1 19

op  

              ( ) ( )737.4exp1004.1 19 −=  

     or 

        
161012.9 =op cm 3−  
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(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

2
1414

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 cm 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  

              
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

2
1515

104.2
2

102

2

102
+












 
+


=  
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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 

        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

2
1313

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−  
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(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−  

_______________________________________ 

 

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

2
1414

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−  

_______________________________________ 
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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)  

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−  
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      












=−

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, 

        ( )( )
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

2
1515

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
exp10 5

 

     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

=
















= eV 

(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−  

     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

=
















= eV 

(b) 












=−

i

o

FiF
n

n
kTEE ln  

             ( ) 3758.0
105.1

103
ln0259.0

10

16

=
















= eV 

(c) FiF EE =  
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(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

=
















= eV 

(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

=

















= eV 

______________________________________ 

 

4.61 

        2

2

22
i

aa

o n
NN

p +







+=  

        
2

105
1008.5

15
15 
=  

                                       2

2
15

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 cm 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 

_______________________________________ 
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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 cm 3−  

(d) 












=−

i

o

FFi
n

p
kTEE ln  

            ( ) 5692.0
108.1

103.6
ln0259.0

6

15

=
















= eV 

_______________________________________ 
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Chapter 5 
 

Exercise Solutions 
 

Ex 5.1 

           opdrf peJ  = apNe  

          ( )( ) ( )120480106.175 19

aN
−=  

     which yields  151014.8 =aN cm 3−  

_______________________________________ 

 

Ex 5.2  Using Figure 5.2; 

(a) = 25T C, 

(i) 1610=aN cm 3− , 410 p cm 2 /V-s 

       (ii) 1810=aN cm 3− , 130 p cm 2 /V-s 

(b) 1410=aN cm 3− , 

(i) = 0T C, 550 p cm 2 /V-s 

(ii) =100T C, 300 p cm 2 /V-s 

_______________________________________ 

 

Ex 5.3 

     (a)  For 1617 108108.2 +=+= daI NNN  

                         
17106.3 = cm 3− ,   

                 200= p cm 2 /V-s 

      (b) ( )dap NNe −=   

               ( )( )( )1719 102200106.1 = −  

           4.6= ( -cm) 1−  

(c) 156.0
4.6

11
===


  -cm 

_______________________________________ 

 

Ex 5.4 

(a) =


==
−

2500
102

5
3I

V
R  

(b) 
( )( )

=


==
−

−

083.2
102.1

102500
3

6

L

RA
 -cm 

(c) 480.0
083.2

11
===


 ( -cm) 1−  

                   apNe=  

  Then  
18

19
1000.3

106.1

48.0
=


=

−apN  

  Using Figure 5.3 and trial and error, 

      
15103.7 aN cm 3−  

(d) 410p cm 2 /V-s 

_______________________________________ 

 

 

Ex 5.5 

          
dx

dp
eDJ pp −=  

                 pLxp e
dx

d
eD

−
−= 1610  

                ( ) pLx

p

p e
L

eD
−













 −
−=

1
1016

 

                
( )

pLx

p

p
e

L

eD −+
=

1610
 

                
( )( )( )

pLxe
−

−

−




=

4

1619

102

108106.1
 

          












 −
=

p

p
L

x
J exp64  

(a) For 0=x , 

         64=pJ A/cm 2  

(b) For 
4102 −=x cm, 

         54.23
102

102
exp64

4

4

=















−
=

−

−

pJ A/cm 2  

(c) For 
310 −=x cm, 

         431.0
102

10
exp64

4

3

=















−
=

−

−

pJ A/cm 2  

_______________________________________ 

 

Ex 5.6 

      
( ) ( ) Lxd e

Ldx

xdN −−=
1610

 

     So 

          
Lx

Lx

x
e

e
L

e

kT
−

−













 −









−=

16

16

10

10

 

               
2102

0259.01
−

=















=

Le

kT
 

     or  295.1= x V/cm 

_______________________________________ 
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Ex 5.7 

          
0259.0

215
=









=

e

kT

Dn
n  

          8301=n cm 2 /V-s 

_______________________________________ 

 

Ex 5.8 

     From Equation (5.59), 

          
( )( )

L

WdepV
I

xp

x


=  

     
( )( )( )( )( )( )

2.0

108101010106.1320 421619 −−− 
=  

          410048.2 −=xI A 

     or  2048.0=xI mA 

     From Equation (5.53), 

          
( )( )

( )( )( )62219

24

10810106.1

10510048.2
−−

−−




==

epd

BI
V zx

H  

                
4108 −= V 

     or 80.0=HV mV 

_______________________________________ 

 

 

 

 

Test Your Understanding Solutions 
 

TYU 5.1 

        
141415 1091010 =−=−= ado NNn cm         

     Also 

        
( ) 5

14

2102

105.2
109

105.1
=




==

o

i

o
n

n
p cm 3−  

     Now 

        ( ) += onopondrf nepneJ   

                ( )( )( )( )351091350106.1 1419 = −
 

     or 

        80.6=drfJ A/cm 2  

_______________________________________ 

 

TYU 5.2 

(a) For  
16107=IN cm 3− , 

  1000n cm 2 /V-s; 350p cm 2 /V-s 

 

 

 

 

 

(b) ( )adn NNe −   

            ( )( )( )1619 1031000106.1 = −  

       or 

              8.4= ( -cm) 1−  

       We find 

               208.0
8.4

11
===


 ( -cm) 

_______________________________________ 

 

TYU 5.3 

        



1

== dnNe  

     So  

        ( ) 10
1.0

1
106.1 19 == −

dnN  

        191025.6 =dnN  

     Using Figure 5.3 and trial and error, 

        16106dN cm 3−  and 

        1050n cm 2 /V-s 

_______________________________________ 

 

TYU 5.4 

        











 −













−==

−
n

nndiff
L

x
eD

dx

dn
eDJ exp

10

10
4

15

 

     We have 25=nD cm 2 /s 

                     
410 −=nL cm 1= m 

     Then 

        






 −
−=

1
exp40

x
J diff A/cm 2  

(a) 0=x ,  40−=diffJ A/cm 2  

(b) 1=x m,  7.14−=diffJ A/cm 2  

(c) =x ,  0=diffJ  

_______________________________________ 

 

TYU 5.5 

        
dx

dp
eDJ pdiff −=  

     So 

        ( )( )
( )010.00

10106.120 19

−


−= − p

 

       pp −== 1717 1041025.1  

     And 

        ( ) 171075.201.0 ==xp cm 3−  

_______________________________________ 
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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 =  

       ( ) dnN19106.110 −=  

  From Figure 5.3, for 16106=dN cm 3−  we 

find 1050n cm 2 /V-s which gives 

      ( )( )( )1619 1061050106.1 = −  

          08.10= ( -cm) 1−  

(b) 
apNe


1

=  

       
( ) apN19106.1

1
20.0

−
=  

     From Figure 5.3, for 
1710=aN cm 3−  we 

find 320p cm 2 /V-s which gives 

      
( )( )( )

195.0
10320106.1

1
1719

=


=
−

  -cm 

_______________________________________ 

 

5.4 

(a) 
apNe


1

=  

        
( ) apN19106.1

1
35.0

−
=  

   From Figure 5.3, for 
16108=aN cm 3−  we 

find 220p cm
2

/V-s which gives 

 

 

 

      
( )( )( )1619 108220106.1

1


=

−
  

           355.0=  -cm 

(b) dnNe =  

        ( ) dnN19106.1120 −=  

      From Figure 5.3, for 17102=dN cm 3− , 

then 3800n 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 1610=dN cm 3− , 

        7500n cm 2 /V-s 

     Then 

        ( )( )( )( )10107500106.1 1619−=J  

     or 

        120=J 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 
1610=aN cm 3− , 

               310p cm 2 /V-s 
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                = op peJ   

                    ( )( )( )( )1010310106.1 1619−=  

        or 

                96.4=J 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 
16102=aN cm 3− , then  

                      400p cm
2

/V-s 

       
( )

( )( )( )( )41619 105.8102400106.1

075.0
−− 

=R  

            = 93.68  

          0290.0
93.68

2
===

R

V
I A 

   or    0.29=I mA 

 

 

 

(b) ( )( ) == 79.206393.68RLR  

           00967.0
79.206

2
===

R

V
I A 

     or   67.9=I 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 15102=dN cm 3− , then  

                                  8000n cm 2 /V-s 

      =


==
−

200
1025

5
3I

V
R  

      
( )ANe

L
R

dn
=  

  or  ( )RANeL dn=  

    ( )( )( )( )( )51519 1052001028000106.1 −− =  

           0256.0= cm 

(b) doen
A

I
J ==  

  or  
( )o

d
enA

I
=  

             
( )( )( )15195

3

102106.1105

1025




=

−−

−

 

             
61056.1 = cm/s 

(c) ( )AenI do=  

          ( )( )( )( )561519 105105102106.1 −− =  

          080.0= A 

  or  80=I mA 

_______________________________________ 
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5.10 

(a) 3
1

3
===

L

V
V/cm 

        = nd 
3

10 4

=


= d

n


  

     or 

        3333=n 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: 6107=d 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 

                                    480p cm 2 /V-s 

       
( )( )( )1019 105.14801350106.1

1

+
=

−
  

           = 51028.2 -cm 

 

 

 

(b) 1610== da NN cm 3−  

                              1250 n cm 2 /V-s 

                                   410p cm 2 /V-s 

        
( )( )( )1019 105.14101250106.1

1

+
=

−
  

            = 51051.2 -cm 

(c) 1810== da NN cm 3−  

                             290 n cm 2 /V-s 

                                  130p cm 2 /V-s 

        
( )( )( )1019 105.1130290106.1

1

+
=

−
  

            = 51092.9 -cm 

_______________________________________ 

 

5.13 

(a) GaAs: 

        ( ) opop ppe  19106.15 −=  

     From Figure 5.3, and using trial and error, we  

     find 

        17103.1 op cm 3−   and   

                                               240p 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. 

_______________________________________ 
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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 

        122.1=gE 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  

     (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 =  

       ( ) dnN19106.125.0 −=  

    From Figure 5.3, for 15102.1 =dN cm 3− , 

then 1300n cm 2 /V-s 

   So ( )( )( )1519 102.11300106.1 = −  

            2496.0= ( -cm) 1−  

(b) Using Figure 5.2, 

       (i) For 250=T K ( −23 C), 

                                 1800 n cm 2 /V-s 

            ( )( )( )1519 102.11800106.1 = −  

                346.0= ( -cm) 1−  

       (ii) For 400=T 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−  

 _______________________________________ 
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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 = −  

      32.1=avg ( -cm) 1−  

(c) 
( )( )( )

2
10150

10105.732.1
4

44





==

−

−−

V
L

A
I

avg
 

          
51032.1 −= A 

  or  2.13=I 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 

        ( )( ) 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 1410=dN cm 3− >> 1410= oi nn cm 3−  

     Then 

        =J = onne  

            ( )( )( )( )100101000106.1 1419−=  

     or 

        60.1=J 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 

        456=T K 

_______________________________________ 
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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 

        
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:  1100n cm 2 /V-s 

p-type: 400p cm 2 /V-s 

compensated: 1000n 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 200=T K, 

        ( ) 2388
200

300
1300

2/3

=







=n cm 2 /V-s 

(b) At 400=T K, 844=n cm
2

/V-s 

_______________________________________ 
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5.26 

        006.0
500

1

250

1111

21

=+=+=


 

     Then 

        167= cm 2 /V-s 

_______________________________________ 

 

5.27 

     Plot 

_______________________________________ 

 

5.28 

     Plot 

_______________________________________ 

 

5.29 

        
( )















−

−
==

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  

          4.5−=nJ 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 0=x , 

          
( )( )( )( )

4

1619

1012

21010106.1
−

−



−
=pJ  

                  7.26−= A/cm 2  

(b) For 6−=x m, 

          

( )( )( )( )

4

1619

1012

12

6
121010106.1

−

−











−−

=pJ  

                3.13−= A/cm 2  

(c) For 12−=x m, 

            0=pJ  

_______________________________________ 

 

5.33 

     For electrons: 

           nLx

nnn e
dx

d
eD

dx

dn
eDJ

/1510
−

==  

               
( )

n

Lx

n

L

eeD n/1510
−

−
=  

     At 0=x ,   

     
( )( )( )

2
102

1025106.1
3

1519

−=


−
=

−

−

nJ A/cm 2  

     For holes: 

           pLx

ppp e
dx

d
eD

dx

dp
eDJ

/15105
+

−=−=  

                
( )

p

Lx

p

L

eeD p/15105
+

−
=  

     For 0=x , 

    
( )( )( )

4

1519

105

10510106.1
−

−



−
=pJ 16−= A/cm 2  

          ( ) ( )00 =+== xJxJJ pnTotal  

                   ( ) 18162 −=−+−= A/cm 2  

_______________________________________ 
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5.34 

           pLx

ppp 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)  Lx

nnn e
dx

d
eD

dx

dn
eDJ /15102 −==  

                
( )
L

eeD Lx

n

/15102 −−
=  

                
( )( )( )

4

/1519

1015

10227106.1
−

−−



−
=

Lxe
 

                
Lxe /76.5 −−=  

     (b) ( )Lx

nTotalp 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 8000=n 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 

        
( )








 −−
=

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  
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     Also 

        






 −
 −

d

x
B exp10536.1 14

 

                     
( )

0exp
10312.3 17

=






 −
−

−

d

x
B

d
 

     which yields 

        
310156.2 −=d cm 

     At 0=x ,  ( ) 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 0=x , ( ) 1515 10255.31051.60 −=n  

     Or 

        ( ) 151026.30 =n cm 3−  

     At 50=x m, 

      ( ) 






 −
−=

56.21

50
exp10255.31051.650 1515n  

     or 

        ( ) 151019.650 =n cm 3−  

     (c) 

     At 50=x 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 +=− ,  4.0=b  

        ( ) 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 300=T K, so 0259.0=kT 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 

        











 −
−= −

0259.0

105.24.0
exp1079.5

2
4 x

J n  

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

     (ii)  At 5=x m, 7.23−=nJ 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 
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(b) For 20−=nJ 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
 

              
( )  Lx

doLx

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 

        73.2−=V mV 

_______________________________________ 

 

 

 

 

 

5.42 

          
( )

( )
dx

xdN

xNe

kT d

d

x 







−=

1
 

     For ( ) Lx

dod eNxN /−=  

     So  500
0259.0

==
L

X V/cm 

     Which yields  
51018.5 −=L cm 

_______________________________________ 

 

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 

        4.155=nD 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 

_______________________________________ 
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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 

          
110 −=L cm,  

210 −=W cm,  
310 −=d cm 

     (a)   

        
( )( )

( )( )( )51922

23

10106.1102

105102.1
−−

−−



−
=

−
=

ned

BI
V ZX

H  

               
310875.1 −−= V 

         or   875.1−=HV 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 

        3125.0−=HV 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
−−−

−−




=  

 

     or 

        3125.0=n 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   6.346=n cm 2 /V-s 

_______________________________________ 

 

5.49 

(a) ( )( )23 105105.16 −− −== WV HH  

     or 

        825.0−=HV 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 

        1015.0=n m 2 /V-s 1015= cm 2 /V-s 

_______________________________________ 
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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 

        8182.0=n 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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Chapter 6 
 

Exercise Solutions 
 

Ex 6.1 

            
6

10/15

10

10
6

−

− −

==
t

no

n

en
R




cm 3− s 1−  

    For 0=t ,      21

6

15

10
10

10
==

−nR cm 3− s 1−  

          1=t s,   

              20

6

1/115

1068.3
10

10
==

−

−e
Rn cm 3− s 1−  

         4=t s, 

              19

6

1/415

1083.1
10

10
==

−

−e
Rn cm 3− s 1−  

         10=t s, 

              16

6

1/1015

1054.4
10

10
==

−

−e
Rn cm 3− s 1−  

_______________________________________ 

 

Ex 6.2 

(a) 11450/14 1010 −− = ee t
 

       50= t ns 

(b) 
1350/14 1010 =−te  

( ) 7

13

14
9 1015.1

10

10
ln1050 −− =













=t s 

       or 115=t ns 

_______________________________________ 

 

Ex 6.3 

(a) ( ) ( )pot

po egtp



/

1
−

−=  

                ( )( )( )pot
e

/721 110105
−− −=  

                ( )pot
e

/14 1105
−

−=  

 (i) ( ) ( ) 011050 014 =−= −ep   

(ii) ( ) ( )1/1147 110510 −− −= ep  

                                    
141016.3 = cm 3−  

      (iii) ( ) ( )1/5147 1105105 −− −= ep  

                                  
1410966.4 = cm 3−  

(iv) ( ) ( )−−= ep 1105 14  

                                  
14105= cm 3−  

(b) ( ) ( ) dNp 01.0105max 14 ==  

Yes, low-injection condition is met. 

_______________________________________ 

 

 

 

Ex 6.4 

(a) ( )( )  2/1710525 −== nonn DL   

             
310536.3 −= cm 

    or  36.35=L m 

(b)   nLx
en

/1510
−

=  ( 0x ) 

    or  nLx
en

/1510
+

=  ( 0x ) 

   (i)
15015 1010 == en cm 3−  

  (ii)
1436.35/3015 1028.410 == −en cm 3−  

 (iii)
1436.35/5015 1043.210 == −en cm 3−  

 (iv)
1336.35/8515 1004.910 == −en cm 3−  

  (v)
1336.35/12015 1036.310 == −en cm 3−  

_______________________________________ 

 

Ex 6.5 

      ( )
( )

( )












 −−
=

−

tD

tx

tD

e
txp

p

p

p

t p

4
exp

4
,

2

0

2/1

/ 0 






 

(a) ( )( )( ) 37

0 10410100400 −− == tp cm 

or  40= m 

        (i) 20=x m. 

                
( )

















−−


=

−

−

− 6

23

3 104

102
exp

10545.3

36788.0
p  

                     18.38=  

        (ii) 40=x m, 

                 0exp
10545.3

36788.0
3−

=p  

                     8.103=  

       (iii) 60=x m, 

                 
( )

















−


=

−

−

− 6

23

3 104

102
exp

10545.3

36788.0
p  

                 18.38=p  

     (b) 40=x m 

        (i)
8105 −=t s, 

              
( )

















−


=

−

−

− 6

23

3 102

102
exp

1050663.2

60653.0
p  

                   75.32=  
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        (ii)
710 −=t s, 

                0exp
10545.3

36788.0
3−

=p  

                    8.103=  

       (iii)
7102 −=t s, 

                
( )

















−−


=

−

−

− 6

23

3 108

104
exp

10013.5

1353.0
p  

                    65.3=  

_______________________________________ 

 

Ex 6.6 

(a) For 15105=dN cm 3−  in GaAs, from  

                Figure 5.3,  7500n cm 2 /V-s. 

       ( )( )( )1519 1057500106.1 == −

dnNe  

          6= ( -cm) 1−  

     Then 
( )( )

6

1085.81.13 14−
=


=


 d  

                   
131093.1 −= s 

      or    193.0=d ps 

(b) For 16102=aN cm 3−  in silicon, from 

                 Figure 5.3, 400p cm 2 /V-s. 

       ( )( )( )1619 102400106.1 == −

apNe  

           28.1= ( -cm) 1−  

      Then 
( )( )

28.1

1085.87.11 14−
=


=


 d  

                     
131009.8 −= s 

        or     809.0=d ps 

_______________________________________ 

 

Ex 6.7 

        1516 10310 −=−= dao NNp  

              
15107= cm 3−  

         
( ) 4

15

2102

10214.3
107

105.1
=




==

o

i

o
p

n
n cm

3−
 

(a) In thermal equilibrium, 

          












=−

i

o

FFi
n

p
kTEE ln  

                          ( ) 
















=

10

15

105.1

107
ln0259.0  

                          33808.0= eV 

 

 

 

 

(b) Quasi-Fermi levels, 

        











 +
=−

i

o

FpFi
n

pp
kTEE


ln  

               ( ) 















+
=

10

1415

105.1

104107
ln0259.0  

               33952.0= eV 

         











 +
=−

i

o

FiFn
n

nn
kTEE


ln  

              ( ) 















+
=

10

144

105.1

10410214.3
ln0259.0  

              26395.0= eV 

_______________________________________ 

 

Ex 6.8 

    n-type;  1510=on cm 3− , 51025.2 =op cm 3−  

                 1410== pn  cm 3− , 

                  
7105 −== pono  s 

     We have 

        
( )( ) 

( ) ( )ionoiopo

ioo

nppnnn

nppnn
R

+++++

−++
=



 2

 

   ( )( ) ( ) 210141415 105.1101010 −+  

            ( )( ) 14157 1010105 + − ( )( )147 10105 −+  

     or 

        
201083.1 =R cm 3− s 1−  

_______________________________________ 

 

Ex 6.9 

(a) For 00
0

0

0 =













==

p

sp

Bssp pp



  

         From Equation (6.109), 

( ) pp LxLx

p BeAegxp
//

0

−+
++=   

         As 
14

0 10, ==→ pgpx  cm 3−  

                                       0= A  

         As 00,0 pgBpx  −==→  

         Then  ( ) ( )pLxp egxp
/

0 1
−

−=   

(b) ( ) 00 ==xp  

(c) 
( ) ( )

=== R
pp

R
sp 0

00

0






 

    Note: ( ) 00 =p is a result of =R . 

_______________________________________ 
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Ex 6.10 

(a) ( )
( ) 














+
−=

−

sLD

se
gxp

pp

Lx

p

p/

0 1  

   (i) For →s , 

         ( ) ( )pLxp egxp
/

0 1
−

−=   

  (ii) For 0→s , 

         ( ) 0pgxp  =  

(b)  

(i)  For →s , ( ) 00 =p  

       (ii)  For 0→s , ( ) 00 pgp  = , 

                                 ( ) = xp constant 

_______________________________________ 

 

 

Test Your Understanding Solutions 
 

TYU 6.1 

(a) p-type; Minority carriers = electrons 

(b) ( ) ( ) 











 −
=

no

t
ntn


 exp0  

  Then 

       ( ) 










−
=

−6

15

105
exp10

t
tn cm 3−  

_______________________________________ 

 

TYU 6.2 

(a) p-type; Minority carriers = electrons 

(b) ( )
























 −
−=

no

no

t
gtn


 exp1  

             ( )( ) 


















−
−=

−

−

6

620

105
exp110510

t
 

   or  ( ) 


















−
−=

−6

14

105
exp1105

t
tn  

(c) As →t ,  ( ) 14105=n cm 3−  

_______________________________________ 

 

TYU 6.3 

       ( ) ( ) ( )












 −
==

pL

x
nxpxn exp0  

       ( )( ) 46 106.311010 −− === popp DL  cm 

     Then 

       ( ) ( ) 










−
==

−4

15

106.31
exp10

x
xpxn  cm 3−  

_______________________________________ 

 

TYU 6.4 

     n-type; Minority carriers = holes 

        
( )( )
dx

xpd
eD

dx

dp
eDJ ppdiff


−=−=  

                
( )( )( )








 −

−


−=

−

−

6.31

10
exp

)106.31(

1010106.1
4

1519

 

     Then hole diffusion current density 

        369.0+=diffJ A/cm 2  

     We have 

        diffJ (electrons) diffJ−= (holes) 

     Then electron diffusion current density 

        369.0−=diffJ A/cm 2  

_______________________________________ 

 

TYU 6.5 

        
( )

( ) 2/1
4

exp

tD

t
p

p

po






−
=  

(a) 
( )

( )( )( ) 
0.73

10104

51exp
2/16

=
−

−
p


 

(b) 
( )

( )( )( ) 
7.14

105104

55exp
2/16

=


−

−
p


 

(c) 
( )

( )( )( ) 
15.1

1015104

515exp
2/16

=


−

−
p


 

(d) 
( )

( )( )( ) 
120.0

1025104

525exp
2/16

=


−

−
p


 

Now 

        ( )( )ttx op 10386==   

Then 

(a) 6.38=x m 

(b) 193=x m 

(c) 579=x m 

(d) 965=x m 

_______________________________________ 
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TYU 6.6 

     Using the results from TYU 6.5, we find 

        
( )

( )
( )













 −−


−
=

tD

tx

tD

t
p

p

op

p

p

4
exp

4

exp
2

2/1






  

(a) (i) tx op−  

           ( )( )( )62 101038610093.1 −− −=  

           
31007.7 −=  

( )

( )( )( ) 
( )
( )( ) 












 −


−
=

−

−

− 6

23

2/16 10104

1007.7
exp

10104

51exp


p  

      
( )
( )( ) 












 −
=

−

−

6

23

10104

1007.7
exp0.73  

      or 
        9.20=p  

           (ii) tx op−  

              ( )( )( )63 10103861021.3 −− −−=  

              
31007.7 −−=  

         
( )
( )( ) 












 −−
=

−

−

6

23

10104

1007.7
exp0.73p  

       or 
         9.20=p  

(b) (i) tx op−  

           ( )( )( )62 105103861064.2 −− −=  

           
3101.7 −=  

    
( )
( )( )
















−
=

−

−

6

23

105104

101.7
exp7.14p  

  or 
     4.11=p  

    (ii) tx op−  

          ( )( )( )62 105103861022.1 −− −=  

          
3101.7 −−=  

    
( )
( )( ) 
















−−
=

−

−

6

23

105104

101.7
exp7.14p  

   or 
     4.11=p  

 

 

 

 

 

 

 

 

 

(c) (i) tx op−  

           ( )( )( )62 1015103861050.6 −− −=  

           
3101.7 −=  

       
( )
( )( )
















−
=

−

−

6

23

1015104

101.7
exp15.1p  

    or 
        06.1=p  

        (ii) tx op−  

              ( )( )( )62 1015103861008.5 −− −=  

              
3101.7 −−=  

          
( )
( )( ) 
















−−
=

−

−

6

23

1015104

101.7
exp15.1p  

       or 
           06.1=p  

_______________________________________ 
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Chapter 6 
 

6.1 

          15105== do Nn cm 3−  

          
( ) 4

15

2102

105.4
105

105.1
=




==

d

i

o
N

n
p cm 3−  

(a) Minority carrier hole lifetime is a 

constant. 

              
7

0 102 −== ppt  s 

  11

7

4

0

1025.2
102

105.4
=




==

−
p

o

po

p
R


cm 3− s 1−  

(b) 
7

144

0 102

10105.4
−

+
=

+
=

p

o

po

pp
R




 

               
20105= cm 3− s 1−  

_______________________________________ 

 

6.2 

          16102== ao Np cm 3−  

          
( ) 4

16

262

1062.1
102

108.1 −=



==

o

i

o
p

n
n cm 3−  

(a) 21

7

14

0

10
105

105
=




==

−
n

n
R




cm 3− s 1−  

(b) 
0n

o

nt

o

pt

o

p

nnp
R


===  

       
( )

( )
( )7

4

16

0 105
1062.1

102 −

−





== n

o

o

pt
n

p
  

             
131017.6 = s 

_______________________________________ 

 

6.3 

(a) Recombination rates are equal 

        
pO

o

nO

o pn


=  

        
1610== do Nn cm 3−  

        
( ) 4

16

2102

1025.2
10

105.1
=


==

o

i

o
n

n
p cm 3−  

     Then 

        
6

416

1020

1025.210
−


=

nO
 

     which yields 

        
61089.8 +=nO s 

 

 

 

(b) Generation rate = recombination rate 

Then 

        9

6

4

10125.1
1020

1025.2
=




=

−
G cm 3− s 1−  

     (c) 

        
910125.1 == GR cm 3− s 1−  

_______________________________________ 

 

6.4 

(a) 
( )( )

10

834

106300

10310625.6
−

−




===




hc
hE  

or 

        
191015.3 −=E J; energy of one photon 

     Now 

        1 W = 1 J/s 
181017.3  photons/s 

     Volume = (1)(0.1) = 0.1 cm 3  

     Then 

        
1.0

1017.3 18
=g   

             
191017.3 =   e-h pairs/cm 3 -s 

     (b)  

        ( )( )619 10101017.3 −===  gpn  

     or 

        
141017.3 == pn  cm 3−  

_______________________________________ 

 

6.5 

     We have 

        
p

pp

p
gF

t

p


−+•−=



 +
 

     and 

        peDpeJ ppp −=   

     The hole particle current density is 

        
( )

pDp
e

J
F pp

p

p −=
+

=+   

     Now 

        ( ) pDpF ppp •−•=• +   

     We can write 

        ( ) •+•=• ppp  

     and 

        pp 2=•  

     so 

        ( ) pDppF ppp

2−•+•=• +   
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     Then 

        ( )•+•−=



pp

t

p
p  

                               
p

pp

p
gpD


−++ 2  

     We can then write 

        ( )•+•− pppD pp 2
 

                                                 
t

pp
g

p

p



=−+


 

_______________________________________ 

 

6.6 

     From Equation (6.18), 

        
p

pp

p
gF

t

p


−+•−=



 +  

     For steady-state, 0=




t

p
 

     Then 

        ppp RgF −+•−= +0  

     For a one-dimensional case, 

        
1920 10210 −=−=

+

pp

p
Rg

dx

dF
 

     or 

        
19108=

+

dx

dFp
cm 3− s 1−  

_______________________________________ 

 

6.7 

     From Equation (6.18), 

        
1910200 −+−=

+

dx

dFp
 

     or 

        
19102−=

+

dx

dFp
cm 3− s 1−  

_______________________________________ 

 

6.8 

     We have the continuity equations 

(1) ( ) ( ) •+•− pppD pp 2
 

                     
( )
t

pp
g

p

p



=−+




 

     and 

(2) ( ) ( ) •+•+ nnnD nn 2
 

                       

                              
( )
t

nn
g

n

n



=−+




 

 

     By charge neutrality, 

        ( ) ( )pnnpn  ==  

     and 

        ( ) ( )pn  22 =   and  
( ) ( )

t

p

t

n




=



 
 

     Also 

        ggg pn = ,  R
np

np

=


 

     Then we have            

        (1) ( ) ( ) •+•− pnnD pp 2
 

                                                   
( )
t

n
Rg




=−+


 

     and 

(2) ( ) ( ) •+•+ nnnD nn 2  

                                            
( )
t

n
Rg




=−+


 

     Multiply Equation (1) by nn  and Equation  

     (2) by pp , and add the two equations.   

     We find 

        ( ) ( )npDnD nppn  2+  

                ( ) ( )nnppn  •−+  

                       ( )( )Rgpn pn −++   

                              ( ) ( )
t

n
pn pn




+=


  

     Divide by ( )pn pn  + , then 

        ( )n
pn

pDnD

pn

nppn





2















+

+
 

                   +
( )

( )n
pn

np

pn

pn





•













+

−
 

                                          ( )
( )
t

n
Rg




=−+


 

     Define 

        
( )

pDnD

pnDD

pn

pDnD
D

pn

pn

pn

nppn

+

+
=

+

+
=




 

     and 

        
( )

pn

np

pn

pn






+

−
=  

     Then we have 

        ( ) ( ) ( )RgnnD −+•+ 2 ( )
t

n




=


 

                                                                Q.E.D. 

_______________________________________ 
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6.9 

     p-type material;  

          minority carriers are electrons 

(a) n =  

    From Figure 5.3, 1300n cm 2 /V-s 

(b) ( )( )13000259.0=







== nn

e

kT
DD   

             67.33= cm 2 /s 

(c) 7

0 10 −== nnt  s 

       15107== ao Np cm 3−  

       
( )

15

2102

107

105.1




==

a

i

o
N

n
n  

            
41021.3 = cm 3−  

        
pt

o

nt

o pn


=  

         
pt

15

7

4 107

10

10214.3 
=


−

 

    so  
41018.2 =pt s 

_______________________________________ 

 

6.10 

     For Ge:  
13104.2 =in cm 3−  

        2

2

22
i

dd

o n
NN

n +







+=  

             ( )213

2
1313

104.2
2

104

2

104
+












 
+


=  

             
1310124.5 = cm 3−  

       
( ) 13

13

2132

10124.1
10124.5

104.2
=




==

o

i

o
n

n
p cm 3−  

(a) We have: 

        3900=n cm 2 /V-s,  101=nD cm 2 /s 

        1900=p cm 2 /V-s,  2.49=pD cm 2 /s 

   For very, very low injection, 

  
( )

pDnD

pnDD
D

pn

pn

+

+
=  

       
( )( )( )
( )( ) ( )( )1313

1313

10124.12.4910124.5101

10124.110124.52.49101

+

+
=  

       2.54= cm 2 /s 

     and 

 

 

 

 

   
( )

pn

np

pn

pn






+

−
=  

( )( )( )
( )( ) ( )( )1313

1313

10124.1190010124.53900

10124.510124.119003900

+

−
=  

         1340−= cm 2 /V-s 

(b) For holes, 
6

0 102 −== ppt  s 

For electrons, 

  
0pnt

pn


=  

  
6

1313

102

10124.110124.5
−


=



nt
 

61012.9 −= nt s 

_______________________________________ 

 

6.11 

        pene pn  +=  

     With excess carriers 

        nnn o +=   and  ppp o +=  

     For an n-type semiconductor, we can write 
        ppn  =  

     Then 

        ( ) ( )ppepne opon  +++=  

     or 

        ( )( )pepene pnopon  +++=  

     so 

        ( )( )pe pn  +=  

     In steady-state, pOgp  =  

     So that 

        ( )( )pOpn ge  +=  

_______________________________________ 

 

6.12 

(a) 1610== ao Np cm 3−  

       
( ) 4

16

2102

1025.2
10

105.1
=


==

o

i

o
p

n
n cm

3−
 

       ( ) ( )ppenne opon  +++=  

           ( ) nepe pnop  ++  

   Now ( )0/

0 1 nt

n egpn
 −

−==  

                 ( )( )( )0/720 1105108 nt
e

−− −=  

                 ( )0/14 1104 nt
e

−
−=  cm 3−  
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   Then     ( )( )( )1619 10380106.1 −=  

                     ( )( )380900106.1 19 ++ −  

                                      ( )( )0/14 1104 nt
e

−
−  

      ( )0/
10819.0608.0 nt
e

 −
−+=  ( -cm) 1−  

(b) (i) ( ) 608.00 = ( -cm) 1−  

           (ii) ( ) 690.0= ( -cm) 1−  

_______________________________________ 

 

6.13 

(a) For 
6100 − t s, 

       ( )0/

0 1 pt

p egpn



−

−==  

                    ( )( )( )0/821 1105104 pt
e

−− −=  

                    ( )( )0/14 1102 pt
e

−
−=  cm 3−  

       At 
610 −=t s, 

               ( ) ( )( )86 105/10146 110210
−− −− −= ep  

                             
14102= cm 3−  

       Then for 
610 −t s, 

                ( ) ( ) 0
6 /1014102 pt

ep



−−−

= cm 3−  

(b) 15105=on cm 3−  

        ( ) pene pnon  ++=  

   For 
6100 − t s, 

         ( )( )( )1519 1057500106.1 = −  

                     ( )( )3107500106.1 19 ++ −
 

                               ( )( )0/14 1102 pt
e

−
−  

              ( )0/
1250.00.6 pt
e

−
−+=  ( -cm) 1−  

    For 
610 −t s, 

           
( ) 0

6 /10
250.00.6 pt
e




−−−
+=  ( -cm) 1−  

_______________________________________ 

 

6.14 

          
R

V
I = ;  

A

L
R


=  

     V
L

A
I =


 

     For 
1515 102108 +=+= adI NNN  

                   
1610= cm 3−  

             Then,  1300n cm 2 /V-s 

                         400p cm
2

/V-s 

          ( ) pene pnon  ++  

 

 

     where  0/

0
pt

p egp



−

=  

                      ( )( ) 0/720 105108 pt
e

−−=  

                      0/14104 pt
e

−
=  cm 3−  

      ( )( )( )151519 1021081300106.1 −= −  

                          ( )( )4001300106.1 19 ++ −  

                                        ( ) 0/14104 pt
e

−
  

       0/
109.0248.1 pt
e




−
+=  

       
 ( )( )

05.0

1010109.0248.1 5/ 0 −−
+

=
pt

e
I



 

          0/43 1018.210496.2 pt
e

−−− += A 

  or  0/
218.0496.2 pt
eI

−
+= mA 

_______________________________________ 

 

6.15 

          1516 106102 −=−= dao NNp  

                
16104.1 = cm 3−  

(a) 0ngpn  ==  

        0

2114 102105 n=  

       7

0 105.2 −= n s 

(b) ( )0/

0 1 nt

n egpn
 −

−==  

                    ( )0/14 1105 nt
e

−
−=  

       ( )0/

7

14

0

1
105.2

105
nt

n

e
n

R




 −

−
−




==  

            ( )not
e

/21 1102
−

−= cm 3− s 1−  

(c) 

     (i) ( ) ( )0/1414 1105105
4

1
nt

e
−

−=







 

         ( ) 8

0 1019.73333.1ln −== nt  s 

    (ii) ( ) ( )0/1414 1105105
2

1
nt

e
−

−=







 

         ( ) 7

0 1073.12ln −== nt  s 

   (iii) ( ) ( )0/1414 1105105
4

3
nt

e
−

−=







 

         ( ) 7

0 1047.34ln −== nt  s 

  (iv) ( )( ) ( )0/1414 110510595.0 nt
e

−
−=  

         ( ) 7

0 1049.720ln −== nt  s 

_______________________________________ 
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6.16 

          1515 102108 −=−= ado NNn  

               
15106= cm 3−  

          
( ) 4

15

262

104.5
106

108.1 −=



==

o

i

o
n

n
p cm 3−  

(a) 
0

4
4

0

104.5
104

pp

o

o

p
R



−
==  

       so 
8

0 1035.1 −=p s 

(b) ( )( )821

0 1035.1102 −== pgp   

            
13107.2 = cm 3−  

(c) 8

0 1035.1 −== p s 

_______________________________________ 

 

6.17 

(a) (i)For 
71050 − t s 

          ( ) ( )0/

0 1 pt

p egtp



−

−=  

                   ( )( )( )0/720 1105105 pt
e

−− −=  

                   ( )0/14 1105.2 pt
e

−
−=  cm 3−  

   At 
7105 −=t s, 

          ( )1/114 1105.2 −−= ep  

               
141058.1 = cm 3−  

    For 
7105 −t s 

      ( ) ( ) pOt
etp




/10514
7

1058.1
−−−

= cm 3−  

    (ii) ( ) 147 1058.1105 = −p cm 3−  

(b) (i) For 
61020 − t s 

        ( ) ( )0/14 1105.2 pt
etp




−
−=  cm 3−  

     At 
6102 −=t s, 

         
( ) ( )( )76 105/10214 1105.2

−− −−= ep  

              
1410454.2 = cm 3−  

      For 
6102 −t s, 

           ( ) ( ) pOt
etp




/10214
6

10454.2
−−−

= cm 3−  

      (ii) ( ) 146 10454.2102 = −p cm 3−  

_______________________________________ 

 

6.18 

(a) For 
61020 − t s 

       ( ) 0/

0
nt

n egtn
 −=  

                ( )( ) 0/721 10510 nt
e

−−=  

                0/14105 nt
e

−
= cm

3−
 

 

 

 

        At 
6102 −=t s, 

            
( ) ( )76 105/10214

1 105
−− −= en  

                   
121016.9 =  cm 3−  

             For 
6102 −t s 

            ( )( )0/1214 11016.9105 nt
en

 −
−−=  

                                                         
121016.9 +  

         ( ) 12/14 1016.9110908.4 0 +−=
− nt
e


cm 3−  

(b) (i) ( ) 141050 =n cm 3−  

(ii) ( ) 126 1016.9102 = −n cm 3−  

(iii) ( ) 14105=n cm 3−  

_______________________________________ 

 

6.19 

     p-type; minority carriers - electrons 

          ( )( )12000259.0=







= nn

e

kT
D   

                  08.31= cm 2 /s 

          ( )( )  2/16

0 1008.31 −== nnn DL   

                
310575.5 −= cm 

(a) ( ) ( ) nLx
expxn

/14102
−

==  cm 3−  

(b) 
( )  nLx

nnn e
dx

d
eD

dx

nd
eDJ

/14102
−

==


 

             ( ) nLx

n

n e
L

eD /14102
−


−

=  

           
( )( )( )

( )
nLx

e
/

3

1419

10575.5

10208.31106.1 −

−

−



−
=  

      nLx

n eJ
/

1784.0
−

−= A/cm 2  

  Holes diffuse at same rate as minority carrier 

electrons, so 

      nLx

p eJ
/

1784.0
−

+= A/cm 2  

_______________________________________ 

 

6.20 

(a) p-type; 
1410=pOp cm 3−  

     and 

       
( ) 6

14

2102

1025.2
10

105.1
=


==

pO

i

pO
p

n
n cm 3−  

(b) Excess minority carrier concentration 

        pOp nnn −=  

     At 0=x , 0=pn  so that 

        ( ) 61025.200 −=−= pOnn cm 3−  
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(c) For the one-dimensional case, 

        
( )

0
2

2

=−
nO

n

n

dx

nd
D




 

     or 

        
( )

0
22

2

=−
nL

n

dx

nd 
  where nOnn DL =2  

     The general solution is of the form 

        











 +
+











 −
=

nn L

x
B

L

x
An expexp  

     For →x , n  remains finite, so 0=B . 

     Then the solution is 

        











 −
−=

n

pO
L

x
nn exp  

_______________________________________ 

 

6.21 

          ( ) nLx
exn

/14105
−

= cm 3−  

     where ( )( )  2/16

0 1025 −== nnn DL   

                      
3105 −= cm 

          
( ) ( ) nLx

nnn e
dx

d
eD

dx

nd
eDJ

/14105
−

==


 

               ( ) nLx

n

n e
L

eD /14105
−

−=  

               
( )( )( )

( )
nLx

e
/

3

1419

105

10525106.1 −

−

−




−=  

          nLx

n eJ
/

4.0
−

−= A/cm 2  

(a) For 0=x , 

          ( ) 141050 =n cm 3−  

          ( ) 4.00 −=nJ A/cm 2  

          ( ) 4.00 +=pJ A/cm 2  

(b) For 
3105 −== nLx cm, 

          ( ) ( ) 14114 1084.1105 == −eLn n cm 3−  

          ( ) 147.04.0 1 −=−= −eLJ nn A/cm
2

 

          ( ) 147.04.0 1 +=+= −eLJ np A/cm 2  

(c) For 
31015 −=x cm nL3=  

        ( ) ( ) 13314 1049.21053 == −eLn n cm 3−  

         ( ) 020.04.03 3 −=−= −eLJ nn A/cm
2

 

         ( ) 020.04.03 3 +=+= −eLJ np A/cm 2  

_______________________________________ 

 

 

 

 

6.22 

     n-type, so we have 

        
( ) ( )

0
2

=−−
pO

opp

p

dx

pd

dx

pd
D







 

     Assume the solution is of the form 

        ( )sxAp exp=  

     Then 

        
( )

( )sxAs
dx

pd
exp=


, 

( )
( )sxAs

dx

pd
exp2

2

2

=


 

     Substituting into the differential equation 

        ( ) ( )sxAssxAsD opp expexp2 −   

                                                    
( )

0
exp

=−
pO

sxA


 

     or 

        0
12 =−−
pO

opp ssD


  

     Dividing by pD , we have 

        0
1
2

2 =−


−
pp

op

L
s

D
s


 

     The solution for s is 

        

















+













=

2

2

4

2

1

p

o

p

p

o

p

p

LDD
s


 

     which can be rewritten as 

        

















+












 



= 1

22

1
2

p

opp

p

opp

p D

L

D

L

L
s


 

     Define 

        
p

opp

D

L

2





  

     Then 

        




 += 21

1


pL
s  

     In order that p 0= as +→x , use the  

     minus sign for 0x  and the plus sign for  

     0x .  Then the solution is 

        ( )xsAp −= exp   for 0x  

        ( )xsAp += exp   for 0x  

     where 

        




 +=

21
1


pL

s  

_______________________________________ 
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6.23 

     Plot 

_______________________________________ 

 

6.24 

(a) From Equation (6.55) 

        
( ) ( )

0
2

2

=−+
nO

onn

n

dx

nd

dx

nd
D







 

     or 

        
( ) ( )

0
22

2

=−+
n

o

n

n

L

n

dx

nd

Ddx

nd 
 

     We have that 

        







=

e

kTD

n

n


 so we can define 

        
( ) LekTD

o

o

n

n





=

1
 

     Then we can write 

        
( ) ( )

0
1

22

2

=−


+
nL

n

dx

nd

Ldx

nd 
 

     The solution is of the form 

        ( ) ( )xnn  −= exp0   where 0  

     Then 

        
( )

( )n
dx

nd



−=   and  

( )
( )n

dx

nd


 2

2

2

=  

     Substituting into the differential equation, we  

     find 

        ( ) ( )  0
1

2

2 =−−


+
nL

n
n

L
n


  

     or 

        0
1
2

2 =−


−
nLL


  

     which yields 

        














+









+


= 1
22

1
2

L

L

L

L

L

nn

n

  

     We may note that if 0= o , then →L   

     and 
nL

1
=  

     (b) 

        nOnn DL =   where 







=

e

kT
D nn   

     so 

        ( )( ) 1.310259.01200 ==nD cm 2 /s 

     and 

        ( )( ) 47 104.391051.31 −− ==nL cm 

 

 

    or 

        4.39=nL m 

     For 12= o V/cm, then 

        
( ) 4106.21

12

0259.0 −==


=
o

ekT
L cm 

     and 

        
21075.5 = cm 1−  

(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 

        ( ) ( )
( )
t

nn
gnnD

nO

nn



=−+•+






2

 

     Uniform illumination means that 

        ( ) ( ) 02 == nn  .  For =nO , we are  

     left with 

        
( )

g
dt

nd
=


  which gives 1Ctgn +=  

     For 0t , 00 1 == Cn  

     Then 

        tGn o
=   for Tt 0  

     For Tt  , 0=g  so that 
( )

0=
dt

nd 
 

     And 

        TGn o
=   (no recombination) 

_______________________________________ 

 

6.26 

     n-type, so minority carriers are holes and 

        ( ) ( )
( )
t

pp
gppD

pO

pp



=−+•−






2  

     We have =pO  , 0= , and  

     
( )

0=




t

p
(steady-state).  Then we have 

        
( )

0
2

2

=+ g
dx

pd
Dp


 or  

( )

pD

g

dx

pd 
−=

2

2 
 

     For LxL +− , oGg = = constant.  Then 

        
( )

1Cx
D

G

dx

pd

p

o +


−=

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     and 

        21

2

2
CxCx

D

G
p

p

o ++


−=  

     For LxL 3 , 0=g  so we have 

        
( )

0
2

2

=
dx

pd 
 so that 

( )
3C

dx

pd
=


 and 

        43 CxCp +=  

     For LxL −−3 , 0=g  so that 

        
( )

0
2

2

=
dx

pd 
 so that 

( )
5C

dx

pd
=


 and 

        65 CxCp +=  

     The boundary conditions are: 

  (1) 0=p  at Lx 3+=  

        (2) 0=p at Lx 3−=  

(3) p  continuous at Lx =  

(4) p  continuous at Lx −=  

(5) 
( )
dx

pd 
 continuous at Lx =  

(6) 
( )
dx

pd 
 continuous at Lx −=  

     Applying the boundary conditions, we find 

        ( )225
2

xL
D

G
p

p

o −


=  for LxL +−  

        ( )xL
D

LG
p

p

o −


= 3  for LxL 3  

        ( )xL
D

LG
p

p

o +


= 3  for LxL −−3  

_______________________________________ 

 

6.27 

          20
4.0

8
0 ===

L

V
V/cm 

          
( )( )6

00 103220

25.0
−

=


=
t

d
p  

                6.390= cm 2 /V-s 

          
( ) ( )

0

22

0

16t

t
D

p

p


=


 

                 
( )( )  ( )

( )6

262

103216

1035.9206.390
−

−




=  

           42.10=pD cm
2

/s 

 

 

 

 

 

     We find 

          02668.0
6.390

42.10
==

p

pD


V 

     This value is very close to 0.0259 for  

     300=T K. 

_______________________________________ 

 

6.28 

     (a) 

     Assume that ( ) ( ) 











 −
=

−

Dt

x
Dttxf

4
exp4,

2
2/1

  

     is the solution to the differential equation 

        
t

f

x

f
D




=

















2

2

 

     To prove:  we can write 

        ( ) 











 −







 −
=



 −

Dt

x

Dt

x
Dt

x

f

4
exp

4

2
4

2
2/1

  

     and 

        ( ) 











 −











 −
=



 −

Dt

x

Dt

x
Dt

x

f

4
exp

4

2
4

22

2/1

2

2

  

                                           


















 −







 −
+

Dt

x

Dt 4
exp

4

2 2

 

     Also 

        ( ) 











 −







 −












 −
=



 −

Dt

x

tD

x
Dt

t

f

4
exp

1

4
4

2

2

2
2/1

  

                       ( ) 











 −







 −
+ −−

Dt

x
tD

4
exp

2

1
4

2
2/32/1

  

     Substituting the expressions for 
2

2

x

f




 and  

     
t

f




into the differential equation, we find  

     0 = 0. 

                                                                   Q.E.D. 

     (b) 

     Consider 

        dx
Dt

x

+

−













 −

4
exp

2

 

     Let 
2xu = , then dxxdu = 2  or 

            
u

du

x

du
dx

22
==  

     Let 
Dt

a
4

1
=  

     Now 
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        dx
Dt

x
dx

Dt

x

+

−













 −
=












 −

0

22

4
exp2

4
exp  

        ( ) ( )duau
u

duau
u

−=−= 


exp
1

exp
2

1
2

00

 

        tD
a




4==  

     Then 

        
tD

tD
dx

Dt

x

tD 



 4

4

4
exp

4

1 2

=











 −

+

−

1=  

_______________________________________ 

 

6.29 

     Plot 

_______________________________________ 

 

6.30 

(a) 












=−

i

o

FiF
n

n
kTEE ln  

                       ( ) 
















=

10

16

105.1

104
ln0259.0  

                        383225.0= eV 

(b) ( )( )721

0 105102 −=== pgpn   

                    
1510= cm 3−  

        











 +
=−

i

o

FiFn
n

nn
kTEE


ln  

                         ( ) 















+
=

10

1516

105.1

10104
ln0259.0  

                         383865.0= eV 

        











 +
=−

i

o

FpFi
n

pp
kTEE


ln  

                         ( ) 
















10

15

105.1

10
ln0259.0  

                         28768.0= eV 

(c) 383225.0383865.0 −=− FFn EE  

                        000640.0= eV 

   or                  640.0= meV 

_______________________________________ 

 

 

 

 

 

 

 

 

6.31 

(a) p-type 

        












=−

i

o

FFi
n

p
kTEE ln  

                        ( ) 
















=

10

15

105.1

105
ln0259.0  

     or 

        3294.0=− FFi EE eV 

     (b) 

        14105== pn  cm 3−  

     and 

        
( ) 4

15

2102

105.4
105

105.1
=




==

o

i

o
p

n
n cm 3−  

     Then 

        











 +
=−

i

o

FiFn
n

nn
kTEE


ln  

                     ( ) 















+
=

10

144

105.1

105105.4
ln0259.0  

     or 

        2697.0=− FiFn EE eV 

     and 

        











 +
=−

i

o

FpFi
n

pp
kTEE


ln  

                     ( ) 















+
=

10

1415

105.1

105105
ln0259.0  

     or 

        3318.0=− FpFi EE eV 

_______________________________________ 

 

6.32 

(a) For n-type, 

      ( ) ( )FiFFiFnFFn EEEEEE −−−=−  

                      












−











 +
=

i

o

i

o

n

n
kT

n

nn
kT lnln


 

                      











 +
=

o

o

n

nn
kT


ln  

   So  ( ) 















+
=

15

15

105

105
ln0259.000102.0

n
 

        







=+

0259.0

00102.0
exp105105 1515 n  

  Which yields  
14102n cm 3−  
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(b) 











 +
=−

i

o

FiFn
n

nn
kTEE


ln  

                  ( ) 















+
=

10

1415

105.1

102105
ln0259.0  

                  33038.0= eV 

(c) 












−

i

FpFi
n

p
kTEE


ln  

                  ( ) 
















=

10

14

105.1

102
ln0259.0  

                  2460.0= eV 

_______________________________________ 

 

6.33 

(a) 












−

i

FiFn
n

n
kTEE


ln  

    or 






 −
=

kT

EE
nn FiFn

i exp  

             ( ) 







=

0259.0

270.0
exp105.1 10

 

             
141005.5 = cm 3−  

(b) 











 +
=−

i

o

FpFi
n

pp
kTEE


ln  

              ( ) 















+
=

10

1415

105.1

1005.5106
ln0259.0  

              33618.0= eV 

(c) (i) ( ) ( )FFiFpFiFpF EEEEEE −−−=−  

                  












−











 +
=

i

o

i

o

n

p
kT

n

pp
kT lnln


 

                   











 +
=

o

o

p

pp
kT


ln  

        (ii) FpF EE −  

               ( ) 















+
=

15

1415

106

1005.5106
ln0259.0  

                
310093.2 −= eV 

     or        093.2= meV 

_______________________________________ 

 

 

 

 

 

 

 

 

6.34 

(a) (i) 











 +
=−

i

o

FiFn
n

nn
kTEE ln  

                    ( )
( )( )
















=

6

16

108.1

1002.1
ln0259.0  

                     58166.0= eV 

       (ii) 












−

i

FpFi
n

p
kTEE


ln  

                      ( ) 
















=

6

16

108.1

1002.0
ln0259.0  

                      47982.0= eV 

(b) (i) ( ) 
















=−

6

16

108.1

101.1
ln0259.0FiFn EE  

                        58361.0= eV 

      (ii) ( ) 
















=−

6

16

108.1

101.0
ln0259.0FpFi EE  

                          52151.0= eV 

_______________________________________ 

 

6.35 

     Quasi-Fermi level for minority carrier  

     electrons: 

        











 +
=−

i

o

FiFn
n

nn
kTEE


ln  

        
( ) 4

16

262

1024.3
10

108.1 −=


==
o

i

o
p

n
n cm 3−  

     We have 

        ( ) 







=

50
1014 x

n  

     Then 

        
( )












+
=−

−

6

144

108.1

50101024.3
ln

x
kTEE FiFn  

     We find 

                    x (  m)  ( FiFn EE − ) (eV)  

                             0 

                             1 

                             2 

                            10 

                            20 

                            50 

-0.581 

+0.361 

+0.379 

+0.420 

+0.438 

+0.462 
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     Quasi-Fermi level for holes:  we have 

        











 +
=−

i

o

FpFi
n

pp
kTEE


ln  

     We have 1610=op cm 3−  and pn  = . 

     We find 

                    x (  m)  ( FpFi EE − ) (eV)  

                              0 

                            50 

+0.58115 

+0.58140 

_______________________________________ 

 

6.36 

(a) We can write 

        












=−

i

o

FFi
n

p
kTEE ln  

     and 

        











 +
=−

i

o

FpFi
n

pp
kTEE


ln  

     so that 

        ( ) ( ) FpFFFiFpFi EEEEEE −=−−−  

                      












−











 +
=

i

o

i

o

n

p
kT

n

pp
kT lnln


 

     or 

        ( )kT
p

pp
kTEE

o

o

FpF 01.0ln =











 +
=−


 

     Then 

        ( ) 010.101.0exp ==
+

o

o

p

pp 
 

     or 

        = 010.0
op

p
low injection, so that 

        12105=p cm 3−  

     (b)  

        












−

i

FiFn
n

p
kTEE


ln  

                         ( ) 
















=

10

12

105.1

105
ln0259.0  

    or 

        1505.0=− FiFn EE eV 

_______________________________________ 

 

6.37 

     Plot 

_______________________________________ 

 

 

6.38 

(a) 












−

i

FpFi
n

p
kTEE


ln  

                         ( ) 









=

10105.1
ln0259.0

p
 

     1110=p cm 3− ,  04914.0=− FpFi EE eV 

             
1210                                 10877.0  

             
1310                                 16841.0  

             
1410                                  0.22805 

             
1510                                  0.28768 

(b) 











 +
=−

i

o

FiFn
n

nn
kTEE


ln  

                  ( ) 















+
=

10

16

105.1

102
ln0259.0

n
 

    
1110=n cm 3− ,  365273.0=− FiFn EE eV 

            
1210                                 0.365274 

            
1310                                 0.365286 

            
1410                                 0.365402 

            
1510                                 0.366536                            

_______________________________________ 

 

6.39 

     (a) 

        
( )

( ) ( )ppCnnC

nnpNCC
R

pn

itpn

+++

−
=

2

 

            
( )

( ) ( )ppnn

nnp

nOpO

i

+++

−
=



2

 

     Let inpn == .  For 0== pn  

        
nOpO

i

inOipO

i n

nn

n
R

 +

−
=

+

−
=

2

 

(b) We had defined the net generation rate as 

        ( )RRggRg oo
+−+=−  

     where oo Rg = since these are the thermal  

     equilibrium generation and recombination  

     rates. 

       If 0=g , then RRg −=−  and 

          
nOpO

inR
 +

−
=  

     so that   
nOpO

inRg
 +

+=−  

     Thus a negative recombination rate implies a  

     net positive generation rate. 

_______________________________________ 
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6.40 

     We have that 

        
( )

( ) ( )ppCnnC

nnpNCC
R

pn

itpn

+++

−
=

2

 

             
( )

( ) ( )inOipO

i

npnn

nnp

+++

−
=



2

 

     If nnn o +=  and npp o += , then 

        
( )( )

( ) ( )ionOiopO

ioo

nnpnnn

nnpnn
R

+++++

−++
=



 2

 

            
( ) ( )

( ) ( )ionOiopO

ioooo

nnpnnn

nnpnnpn

+++++

−+++
=



 22

 

     If inn  , we can neglect ( )2
n :  also  

     2

ioo npn =  

     Then 

        
( )

( ) ( )ionOiopO

oo

npnn

pnn
R

+++

+
=




 

(a) For n-type; Oo pn  , io nn   

Then 

        710
1 +==
pOn

R


s 1−  

(b) For intrinsic,  ioo npn ==  

Then 

        
( ) ( )inOipO

i

nn

n

n

R

22

2

 +
=  

     or 

        
+

=
+

=
−− 77 10510

11

nOpOn

R


 

        
61067.1 +=

n

R


s 1−  

 

(c) For p-type; oo np  , io np   

Then 

        
6

7
102

105

11 +

−
=


==

nOn

R


s 1−  

_______________________________________ 

 

6.41 

(a) From Equation (6.56) 

        
( )

0
2

2

=−+
pO

p

p
g

dx

pd
D




 

     Solution is of the form 

        












 +
+













 −
+=

pp

pO
L

x
B

L

x
Agp expexp  

 

     At +=x , pOgp  =  so that 0=B , 

     Then 

        












 −
+=

p

pO
L

x
Agp exp  

     We have 

        
( )

( )
00 ==

=
xx

p ps
dx

pd
D 


 

     We can write 

        
( )

px L

A

dx

pd −
=

=0


 and ( ) Agp pO

x

+=
=


0

 

     Then 

        ( )Ags
L

AD
pO

p

p
+=

−
  

     Solving for A , we find 

        

s
L

D

gs
A

p

p

pO

+

−
=


 

     The excess concentration is then 

        
( ) 


























 −


+
−=

ppp

pO
L

x

sLD

s
gp exp1  

     where 

        ( )( ) 37 101010 −− === pOpp DL  cm 

     Now 

        ( )( )721 1010 −=p  

                      
( ) 


























 −


+
−

−
pL

x

s

s
exp

1010
1

3
 

 

     or 

        


























 −


+
−=

pL

x

s

s
p exp

10
110

4

14  

     (i) For 0=s ,  

        
1410=p cm 3−  

     (ii) For 2000=s cm/s, 

        


























 −
−=

pL

x
p exp167.011014  

     (iii) For =s , 

        


























 −
−=

pL

x
p exp11014  
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     (b) 

       (i) For 0=s , 

           ( ) 14100 =p cm 3−  

       (ii) For 2000=s cm/s, 

           ( ) 1410833.00 =p cm 3−  

       (iii) For =s , 

           ( ) 00 =p  

_______________________________________ 

 

6.42 

        ( )( )710525 −== nOnn DL   

              
4104.35 −= cm 

(a) At 0=x ,  

              ( )( ) 15721 10105102 == −

nOg  cm 3−  

     or 

        ( ) 15100 == nOgn  cm 3−  

     For 0x  

        
( ) ( )

00
22

2

2

2

=−=−
nnO

n
L

n

dx

ndn

dx

nd
D






 

     The solution is of the form 

        











 +
+











 −
=

nn L

x
B

L

x
An expexp  

     At 0=x , 

        ( ) BAnn +== 0  

     At Wx = , 

        











 +
+











 −
==

nn L

W
B

L

W
An expexp0  

     Solving these two equations, we find 

        
( ) ( )

( )n
n

LW

LWn
A

2exp1

2exp0

+−

+−
=


 

     and 

        
( )

( )nLW

n
B

2exp1

0

+−
=


 

     Substituting into the general solution, we find 

        
( )

























 −
−











 +
=

nn L

W

L

W

n
n

expexp

0
  

                  
( ) ( )




















 −−
−







 −+


nn L

xW

L

xW
expexp  

     which can be written as 

 

 

 

 

 

 

        

( )

















 −

=

n

n

L

W

L

xW
n

n

sinh

sinh0

  

     where 

        ( ) 15100 =n cm 3−  and 4.35=nL m 

(b) If =nO , we have 

        
( )

0
2

2

=
dx

nd 
 

     so the solution is of the form 
        DCxn +=  

     Applying the boundary conditions, we find 

        ( ) 







−=
W

x
nn 10  

_______________________________________ 

 

6.43 

     For =pO , we have 

        
( )

0
2

2

=
dx

pd 
 

     So the solution is of the form 
        BAxp +=  

     At Wx =  

        
( )

( )
WxWx

p ps
dx

pd
D

==

=− 


 

     or 

        ( )BAWsADp +=−  

     which yields 

        ( )sWD
s

A
B p +

−
=  

     At 0=x , the flux of excess holes is 

        
( )

AD
dx

pd
D p

x
p −=−=

=0

1910


 

     so that 

        18
19

10
10

10
−=

−
=A cm 4−  

     and 

        ( ) 







+=+= W

s
sW

s
B

10
1010

10 18
18

 

     The solution is now 

        







+−=
s

xWp
10

1018  
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(a) For =s , 

        ( )xp −= −418 102010  cm 3−  

     Then 

        
( )
dx

pd
eDJ pp


−=  

              ( )( )( )1819 1010106.1 −−= −  

     or 

        6.1=pJ A/cm 2  

(b) For 
3102=s cm/s, 

        ( )xp −= −418 107010  cm 3−  

     Also 

        6.1=pJ A/cm 2  

_______________________________________ 

 

6.44 

     For 0− xW  

        
( )

0
2

2

=+ on G
dx

nd
D


 

     so that 

        
( )

1Cx
D

G

dx

nd

n

o +


−=


 

     and 

        21

2

2
CxCx

D

G
n

n

o ++


−=  

     For Wx 0 , 

        
( )

0
2

2

=
dx

nd 
 

     so that 

        43 CxCn +=  

     The boundary conditions are 

       (1) 0=s  at Wx −=  so that 

              
( )

0=
−= Wxdx

nd 
 

       (2) =s  at Wx +=  so that 

              ( ) 0=Wn  

       (3) n  continuous at 0=x  

       (4) 
( )
dx

nd 
 continuous at 0=x  

     Applying the boundary conditions, we find 

       
n

o

D

WG
CC


−== 31  and 

n

o

D

WG
CC

2

42


+==  

 

 

 

 

 

 

     Then for 0− xW  

        ( )22 22
2

WWxx
D

G
n

n

o +−−


=  

     and for Wx +0  

        ( )xW
D

WG
n

n

o −


=  

_______________________________________ 

 

6.45 

     Plot 

_______________________________________ 

 

6.48 

(a) GaAs: 

    =


==
−

6

6
10

102

2

I

V
R  

    
( )A
L

R


=   and  ( ) pe pn  +=  

    ( )( ) 13821

0 10510510 === −

pgp  cm 3−  

 For 1610=dN cm 3− , from Figure 5.3, 

     7000n cm 2 /V-s, 310p cm 2 /V-s 

     ( )( )( )1319 1053107000106.1 += −  

           05848.0= ( -cm) 1−  

  Let 20=W m 

  Then  ( )( )44 1041020 −− ==WdA  

                
81080 −= cm 2  

  So 
( )( )8

6

108005848.0
10

−
==

L
R  

  Which yields  
21068.4 −=L cm 

(b) Silicon: 

       = 610R ,  13105=p cm 3−  

   For 
1610=dN cm 3− , from Figure 5.3, 

       1300n cm 2 /V-s,  410p cm 2 /V-s 

       ( )( )( )1319 1054101300106.1 += −  

             01368.0= ( -cm) 1−  

   Let 20=W m 

   Then ( )( )44 1041020 −− ==WdA  

                 
81080 −= cm 2  

   So 
( )( )8

6

108001368.0
10

−
==

L
R  

  Which yields  
21009.1 −=L cm 

_______________________________________ 
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Chapter 7 
 

Exercise Solutions 
 

Ex 7.1 

(a) 













=

2
ln

i

da

tbi
n

NN
VV  

(i)  ( )
( )( )
( ) 

















=

210

1715

105.1

10105
ln0259.0biV  

            736.0= V 

(ii) ( )
( )( )

( ) 
















=

210

1516

105.1

102102
ln0259.0biV  

            671.0= V 

     (b) 

       (i)  ( )
( )( )
( ) 

















=

26

1715

108.1

10105
ln0259.0biV  

                   20.1= V 

       (ii) ( )
( )( )

( ) 
















=

26

1516

108.1

102102
ln0259.0biV  

                    14.1= V 

 _______________________________________ 

 

Ex 7.2 

        













=

2
ln

i

da

tbi
n

NN
VV  

              ( )
( )( )

( ) 
















=

210

1516

105.1

105105
ln0259.0  

              7184.0= V 

     Then 

        

2/1

12



























+












=

dad

abis

n
NNN

N

e

V
x  

              
( )( )( )

( )






=

−

−

19

14

106.1

7184.01085.87.112
 

                    

2/1

161516

15

105105

1

105

105















+
















  

     
61011.4 −= nx cm 

 

 

 

 

 

 

 

        
( )( )( )

( )






=

−

−

19

14

106.1

7184.01085.87.112
px  

                    

2/1

161515

16

105105

1

105

105















+
















  

     
51011.4 −= px cm 

     Now 

        
56 1011.41011.4 −− +=+= pn xxW  

             
51052.4 −= cm 

     Now 

        
s

nd xeN


=max  

                  
( )( )( )

( )( )14

61619

1085.87.11

1011.4105106.1
−

−−




=  

                   
41018.3 = V/cm 

_______________________________________ 

 

Ex 7.3 

(a) 













=

2
ln

i

da

tbi
n

NN
VV  

              ( )
( )( )

( ) 
















=

210

1615

105.1

105105
ln0259.0  

              718.0= V 

  
( )

2/1

12



























+











+
=

dad

aRbis

n
NNN

N

e

VV
x  

        
( )( )( )







+
=

−

−

19

14

106.1

47184.01085.87.112
 

                

2/1

161516

15

105105

1

105

105















+
















  

        
510054.1 −= cm 

  or 1054.0=nx m 

  
( )

2/1

12



























+











+
=

daa

dRbis

p
NNN

N

e

VV
x  

         
( )( )( )







+
=

−

−

19

14

106.1

47184.01085.87.112
 

                

2/1

161515

16

105105

1

105

105













+
















  

           
410054.1 −= cm 
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   or  054.1=px m 

     
( )

2/1

2

























 ++
=

da

daRbis

NN

NN

e

VV
W  

          
( )( )( )







+
=

−

−

19

14

106.1

47184.01085.87.112
 

                           
( )( )

2/1

1615

1615

105105

105105

















+
  

           
410159.1 −= cm 

   or  159.1=W m 

(b) 718.0=biV V 

        
( )( )( )







+
=

−

−

19

14

10106.1

87184.01085.87.112
nx  

                

2/1

161516

15

105105

1

105

105















+
















  

               
510432.1 −= cm 

     or  1432.0=nx m 

          
( )( )( )







+
=

−

−

19

14

106.1

87184.01085.87.112
px  

                

2/1

161515

16

105105

1

105

105















+
















  

                 
410432.1 −= cm 

      or  432.1=px m 

         
( )( )( )







+
=

−

−

19

14

106.1

87184.01085.87.112
W  

                                
( )( )

2/1

1615

1615

105105

105105

















+
  

              
410576.1 −= cm 

    or  576.1=W m 

_______________________________________ 

 

Ex 7.4 

          













=

2
ln

i

da

tbi
n

NN
VV  

                ( )
( )( )

( ) 
















=

26

1615

108.1

103105
ln0259.0  

                173.1= V 

          
( )

2/1

max

2



























+

+
=

da

da

s

Rbi

NN

NNVVe
 

   

 

   Now  ( ) ( )( )

( )( )







+
=

−

−

14

19
24

1085.81.13

106.12
102.7 Rbi VV

 

                                        
( )( )















+




1615

1615

103105

103105
 

          ( )Rbi VV += 99 101829.110184.5  

          382.4173.1 =+=+ RRbi VVV  

     Then  21.3=RV V 

_______________________________________ 

 

Ex 7.5 

(a) 













=

2
ln

i

da

tbi
n

NN
VV  

              ( )
( )( )

( ) 
















=

26

1516

108.1

105102
ln0259.0  

              16.1= V 

(b) 
( )( )

2/1

2 







++


=

daRbi

das

NNVV

NNe
C  

            
( )( )( )

( )



+


=

−−

4162.12

1085.81.13106.1 1419

 

                              
( )( )
( )

2/1

1615

1615

102105

102105





+


  

       
91048.8 −=C F/cm 2  

(c) 
( )( )( )

( )



+


=

−−

8162.12

1085.81.13106.1 1419

C  

                              
( )( )
( )

2/1

1615

1615

102105

102105





+


  

       
91036.6 −=C F/cm 2  

_______________________________________ 

 

Ex 7.6  For a one-sided junction 

          
( )

2/1

2 







+


=

Rbi

as

VV

Ne
C  

          ( )CCAC == −510  

     
1210105.0 −  

   ( ) ( )( )( )
( )

2/1
1419

5

765.032

1085.87.11106.1
10













+


=

−−

− aN  

       ( ) ( ) ( ) aN
3225212 1020.21010105.0 −−− =  

   So  
151001.5 =aN cm 3−  
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  We have  













=

2
ln

i

da

tbi
n

NN
VV  

  Then  












=

t

bi

a

i

d
V

V

N

n
N exp

2

 

                   
( )













=

0259.0

765.0
exp

1001.5

105.1
15

210

 

              171002.3 =dN cm 3−  

_______________________________________ 

 

 

Test Your Understanding Solutions 
 

TYU 7.1 

(a) ( )
( )( )
( ) 

















=

210

1617

105.1

10102
ln0259.0biV  

              772.0= V 

  
( )

2/1

12



























+












=

dad

abis

n
NNN

N

e

V
x  

        
( )( )( )








=

−

−

19

14

106.1

7722.01085.87.112
 

                    

2/1

161716

17

10102

1

10

102















+











 
  

         
510085.3 −= cm 

  or  3085.0=nx m 

 

  
( )

2/1

12



























+












=

daa

dbis

p
NNN

N

e

V
x  

        
( )( )( )








=

−

−

19

14

106.1

7722.01085.87.112
 

                    

2/1

161717

16

10102

1

102

10















+














  

         
61054.1 −= cm 

  or  0154.0=px m 

  
( )

2/1

2

























 +
=

da

dabis

NN

NN

e

V
W  

       
( )( )( )








=

−

−

19

14

106.1

7722.01085.87.112
 

                                    
( )( )

2/1

1617

1617

10102

10102

















+
  

 

       
510240.3 −= cm 

  or  3240.0=W m 

   
s

nd xeN


=max  

              
( )( )( )

( )( )14

41619

1085.87.11

103085.010106.1
−

−−




=  

              
41077.4 = V/cm 

(b) ( )
( )( )

( ) 
















=

210

1615

105.1

103104
ln0259.0biV  

             699.0= V 

     
( )( )( )








=

−

−

19

14

106.1

6994.01085.87.112
nx  

                

2/1

161516

15

103104

1

103

104















+
















  

           
61096.5 −= cm 

    or 0596.0=nx m 

     
( )( )( )








=

−

−

19

14

106.1

6994.01085.87.112
px  

               

2/1

161515

16

103104

1

104

103















+
















  

           
510469.4 −= cm 

  or  4469.0=px m 

  
( )( )( )








=

−

−

19

14

106.1

6994.01085.87.112
W  

                               
( )( )

2/1

1615

1615

103104

103104

















+
  

        
510064.5 −= cm 

   or 5064.0=W m 

     
( )( )( )

( )( )14

61619

max
1085.87.11

1096.5103106.1
−

−−




=  

                
41076.2 = V/cm 

_______________________________________ 

 

TYU 7.2 

       ( )
( )( )

( ) 
















=

26

1516

108.1

105105
ln0259.0biV  

              186.1= V 

          
( )

2/1

12



























+












=

dad

abis

n
NNN

N

e

V
x  
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( )( )( )








=

−

−

19

14

106.1

186.11085.81.132
nx  

                     

2/1

161516

15

105105

1

105

105















+
















  

                 
610590.5 −= cm 

       or  05590.0=nx m 

            
( )

2/1

12



























+












=

daa

dbis

p
NNN

N

e

V
x  

            
( )( )( )








=

−

−

19

14

106.1

186.11085.81.132
px  

                     

2/1

161515

16

105105

1

105

105















+
















  

                   
510590.5 −= cm 

        or  5590.0=px m 

              
( )

2/1

2

























 +
=

da

dabis

NN

NN

e

V
W  

              
( )( )( )








=

−

−

19

14

106.1

186.11085.81.132
W  

                                     
( )( )

2/1

1615

1615

105105

105105

















+
  

                    
510149.6 −= cm 

          or  6149.0=W m 

           
s

nd xeN


=max  

           
( )( )( )

( )( )14

61619

max
1085.81.13

1059.5105106.1
−

−−




=  

                     
41086.3 = V/cm 

_______________________________________ 

 

TYU 7.3 

(a) ( )
( )( )

( ) 
















=

210

1516

105.1

105105
ln0259.0biV  

             718.0= V 

  Now for 8=RV V, 

       
( )

2/1

12



























+











+
=

dad

aRbis

n
NNN

N

e

VV
x  

     or 

 

 

 

 

        
( )( )( )

( )





+
=

−

−

19

14

106.1

8718.01085.87.112
nx  

                     

2/1

151615

16

105105

1

105

105















+
















  

      410432.1 −= nx cm 

        
( )( )( )

( )





+
=

−

−

19

14

106.1

8718.01085.87.112
px  

                     

2/1

161516

15

105105

1

105

105















+
















  

       
510432.1 −= px cm 

     Now 

        
41058.1 −=+= WxxW pn cm 

     Also 

        
( ) ( )

4max
10575.1

8718.022
−

+
=

+
=

W

VV Rbi  

                  
51011.1 = V/cm 

 

(b) For 12=RV V 

     
( )( )( )







+
=

−

−

19

14

106.1

12718.01085.87.112
nx  

                

2/1

161515

16

105105

1

105

105















+
















  

   or  
41073.1 −=nx cm 

      
( )( )( )







+
=

−

−

19

14

106.1

12718.01085.87.112
px  

                

2/1

161516

15

105105

1

105

105















+
















  

   or 
51073.1 −=px cm 

   Also 

        
41090.1 −=+= pn xxW cm 

   Now 

        
( )

4max
1090.1

12718.02
−

+
=  

                   
51034.1 = V/cm 

_______________________________________ 
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TYU 7.4 

        ( )
( )( )
( ) 

















=

210

1516

105.1

108103
ln0259.0biV  

              717.0= V 

        
( )

2/1

2 

























++


=

da

da

Rbi

s

NN

NN

VV

e
AC  

   ( ) ( )( )( )
( )




+


=

−−
−

Rbi VV2

1085.87.11106.1
105

1419
5  

                                
( )( )

2/1

1516

1516

108103

108103















+


  

     or 

        ( )
2/1

16
5 10232.5

105








+


=

−
−

Rbi VV
C  

(a) For 2=RV V, 

        ( )
2/1

16
5

2717.0

10232.5
105









+


=

−
−C  

            
131094.6 −= F 694.0= pF 

(b) For 5=RV V, 

        ( )
2/1

16
5

5717.0

10232.5
105









+


=

−
−C  

            
131078.4 −= F 478.0= pF 

_______________________________________ 
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Chapter 7 
 

7.1 

          













=

2
ln

i

da

tbi
n

NN
VV  

     (a) 

       (i) ( )
( )( )

( ) 
















=

210

1515

105.1

102102
ln0259.0biV  

                 611.0= V 

      (ii) ( )
( )( )

( ) 
















=

210

1615

105.1

102102
ln0259.0biV  

                 671.0= V 

    (iii) ( )
( )( )

( ) 
















=

210

1715

105.1

102102
ln0259.0biV  

                731.0= V 

     (b) 

      (i) ( )
( )( )

( ) 
















=

210

1517

105.1

102102
ln0259.0biV  

                731.0= V 

     (ii) ( )
( )( )

( ) 
















=

210

1617

105.1

102102
ln0259.0biV  

                790.0= V 

    (iii) ( )
( )( )

( ) 
















=

210

1717

105.1

102102
ln0259.0biV  

                850.0= V 

_______________________________________ 

 

7.2 

     Si: 
10105.1 =in cm 3−  

     Ge: 
13104.2 =in cm 3−  

     GaAs: 6108.1 =in cm 3−  

        













=

2
ln

i

da

tbi
n

NN
VV  and 0259.0=tV V 

     (a)
1410=dN cm 3− , 

1710=aN cm 3− ' 

     Then      Si: 635.0=biV V 

                  Ge: 253.0=biV V 

              GaAs: 10.1=biV V 

 

 

 

 

 

     (b) 16105=dN cm 3− , 16105=aN cm 3−  

                   Si: 778.0=biV V 

                  Ge: 396.0=biV V 

              GaAs: 25.1=biV V 

     (c) 1710=dN cm 3− , 1710=aN cm 3−  

                   Si: 814.0=biV V 

                  Ge: 432.0=biV V 

              GaAs: 28.1=biV V 

_______________________________________ 

 

7.3 

(a) Silicon ( 300=T K) 

       ( )
( ) 















=

210105.1
ln0259.0 da

bi

NN
V  

 For 1410== da NN cm 3− ; 4561.0=biV V 

                       
1510=          ;       5754.0= V 

                       
1610=          ;       6946.0= V 

                       
1710=          ;       8139.0= V 

(b) GaAs ( 300=T K) 

       ( )
( ) 















=

26108.1
ln0259.0 da

bi

NN
V  

     For 1410== da NN cm 3− ; 9237.0=biV V 

                            
1510=          ;       043.1= V 

                            
1610=          ;       162.1= V 

                            
1710=          ;       282.1= V 

(c) Silicon (400 K),  034533.0=kT  

                                    121038.2 =in cm 3−  

     For 1410== da NN cm 3− ; 2582.0=biV V 

                            
1510=          ;       4172.0= V 

                            
1610=          ;       5762.0= V 

                            
1710=          ;       7353.0= V 

        GaAs(400 K),  
91029.3 =in cm

3−
 

     For 
1410== da NN cm 3− ; 7129.0=biV V 

                            
1510=          ;       8719.0= V 

                            
1610=          ;       031.1= V 

                            
1710=          ;       190.1= V 

_______________________________________ 

 

 

 



Semiconductor Physics and Devices: Basic Principles, 4th edition                                                    Chapter 7 

By D. A. Neamen                                                                                                                  Problem Solutions 

______________________________________________________________________________________ 

 

7.4 

(a) n-side 

        












=−

i

d

FiF
n

N
kTEE ln  

                        ( ) 
















=

10

15

105.1

105
ln0259.0  

     or 

        3294.0=− FiF EE eV 

     p-side 

        












=−

i

a

FFi
n

N
kTEE ln  

                       ( ) 














=

10

17

105.1

10
ln0259.0  

     or 

        4070.0=− FFi EE eV 

     (b) 

        4070.03294.0 +=biV  

     or 

        7364.0=biV V 

     (c) 

        













=

2
ln

i

da

tbi
n

NN
VV  

              ( )
( )( )
( ) 

















=

210

1517

105.1

10510
ln0259.0  

     or 

        7363.0=biV V 

     (d) 

        

2/1

12



























+












=

dad

abis

n
NNN

N

e

V
x  

             
( )( )( )









=

−

−

19

14

106.1

736.01085.87.112
 

                    

2/1

151715

17

10510

1

105

10















+














  

     or 

        
410426.0 −=nx cm 426.0= m 

     Now 

        
( )( )( )









=

−

−

19

14

106.1

736.01085.87.112
px  

                  

2/1

151717

15

10510

1

10

105















+











 
  

   

 

 

     or 

        
4100213.0 −=px cm 0213.0= m 

     We have 

        
s

nd xeN


=max  

                  
( )( )( )

( )( )14

41519

1085.87.11

10426.0105106.1
−

−−




=  

     or 

        
4

max 1029.3 = V/cm 

_______________________________________ 

 

7.5 

(a) n-side 

        












=−

i

d

FiF
n

N
kTEE ln  

                        ( ) 
















=

10

16

105.1

102
ln0259.0  

     or 

        3653.0=− FiF EE eV 

     p-side 

        












=−

i

a

FFi
n

N
kTEE ln  

                        ( ) 
















=

10

16

105.1

102
ln0259.0  

     or 

        3653.0=− FFi EE eV 

     (b) 

        3653.03653.0 +=biV  

     or 

        7306.0=biV V 

     (c) 

        













=

2
ln

i

da

tbi
n

NN
VV  

               ( )
( )( )

( ) 
















=

210

1616

105.1

102102
ln0259.0  

     or 

        7305.0=biV V 

     (d) 

        

2/1

12



























+












=

dad

abis
n

NNN

N

e

V
x  
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( )( )( )









=

−

−

19

14

106.1

7305.01085.87.112
 

                    

2/1

161616

16

102102

1

102

102















+
















  

     or 

        410154.0 −=nx cm 154.0= m 

     By symmetry 

        
410154.0 −=px cm 154.0= m 

     Now 

        
s

nd xeN


=max  

                  
( )( )( )

( )( )14

41619

1085.87.11

101537.0102106.1
−

−−




=  

     or 

        
4

max 1075.4 = V/cm 

_______________________________________ 

 

7.6 

     (b) 






 −
=

kT

EE
nN FiF

id exp  

                 ( ) 







=

0259.0

365.0
exp105.1 10

 

     or   dN
161098.1 = cm 3−  

            






 −
=

kT

EE
nN FFi

ia exp  

                   ( ) 







=

0259.0

330.0
exp105.1 10

 

     or   aN
151012.5 = cm 3−  

     (c)  

         ( )
( )( )

( ) 
















=

210

1615

105.1

1098.11012.5
ln0259.0biV  

               695.0= V 

_______________________________________ 

 

7.7 

     200 K; 017267.0=kT ; 38.1=in cm 3−  

     300 K; 0259.0=kT ;     
6108.1 =in cm 3−  

     400 K; 034533.0=kT ; 
91028.3 =in cm

3−
 

     For 200 K; 

       ( )
( )( )

( ) 









 
=

2

1615

38.1

104102
ln017267.0biV  

             257.1= V 

 

     For 300 K; 

       ( )
( )( )

( ) 
















=

26

1615

108.1

104102
ln0259.0biV  

             157.1= V 

     For 400 K; 

       ( )
( )( )
( ) 

















=

29

1615

1028.3

104102
ln034533.0biV  

             023.1= V 

_______________________________________ 

 

7.8 

          ( )pnn xxWx +== 25.025.0  

          pn xx 25.075.0 = 3=
n

p

x

x
 

          apdn NxNx = 3==
n

p

a

d

x

x

N

N
 

        So  ad NN 3=  

(a) ( )
( ) 















=

210105.1
ln0259.0 da

bi

NN
V  

       ( )
( ) 















=

210

2

105.1

3
ln0259.0710.0 aN  

  or  ( ) 







=

0259.0

710.0
exp105.13

2102

aN  

 which yields  1510766.7 =aN cm 3−  

                       
161033.2 =dN cm 3−  

     

2/1

12



























+












=

dad

abis

n
NNN

N

e

V
x  

          
( )( )( )








=

−

−

19

14

106.1

710.01085.87.112
 

                          
( )

2/1

1510766.74

1

3

1
























  

  
61093.9 −= nx cm 

  or  0993.0=nx m 

( )( )( )








=

−

−

19

14

106.1

710.01085.87.112
px  

                            
( )

2/1

1510766.74

1

1

3
























  

       
510979.2 −= cm 

   or 2979.0=px m 
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Now 

   
s

nd xeN


=max  

       
( )( )( )

( )( )14

41619

1085.87.11

100993.01033.2106.1
−

−−




=  

              
41058.3 = V/cm 

(b) From part (a), we can write 

          ( ) 







=

0259.0

180.1
exp108.13

262

aN  

      which yields  1510127.8 =aN cm 3−  

                            1610438.2 =dN cm 3−  

      
( )( )( )








=

−

−

19

14

106.1

180.11085.81.132
nx  

                              
( )

2/1

1510127.84

1

3

1
























  

            
510324.1 −= cm 

      or  1324.0=nx m 

           
( )( )( )








=

−

−

19

14

106.1

180.11085.81.132
px  

                             
( )

2/1

1510127.84

1

1

3
























  

                  
510973.3 −= cm 

        or  3973.0=px m 

       
s

nd xeN


=max  

      
( )( )( )

( )( )14

41619

1085.81.13

101324.010438.2106.1
−

−−




=  

                 
41045.4 = V/cm 

_______________________________________ 

 

7.9 

(a) ( )
( )( )
( ) 















=

210

1516

105.1

1010
ln0259.0biV  

     or 

        635.0=biV V 

     (b) 

        

2/1

12



























+












=

dad

abis

n
NNN

N

e

V
x  

 

 

 

 

 

           
( )( )( )









=

−

−

19

14

106.1

6350.01085.87.112
 

                                

2/1

151615

16

1010

1

10

10















+












  

     or 

        4108644.0 −=nx cm 8644.0= m 

     Now 

        

2/1

12



























+












=

daa

dbis

p
NNN

N

e

V
x  

              
( )( )( )









=

−

−

19

14

106.1

6350.01085.87.112
 

                                  

2/1

151616

15

1010

1

10

10















+












  

     or 

        
41008644.0 −=px cm 08644.0= m 

     (c) 

        
s

nd xeN


=max  

                   
( )( )( )

( )( )14

41519

1085.87.11

108644.010106.1
−

−−




=  

     or 

        
4

max 1034.1 = V/cm 

_______________________________________ 

 

7.10 

     (a) ( )
( )( )

( ) 
















=

210

1617

105.1

104102
ln0259.0biV  

             80813.0= V 

     (b) biV  increases  as temperature decreases    

     At 300=T K, we can write 

        ( )2102 105.1 =in  

    ( )( ) 






 −
=

0259.0

12.1
exp1004.1108.2 1919K  

      659.4=K  

     At 287=T K, 024778.0=kT eV 

( )( )
3

19192

300

287
1004.1108.2 








= Kni  

                                       






 −


024778.0

12.1
exp  

     ( )( )( )2038 103404.2105496.2659.4 −=  

      So  
192 10780.2 =in  
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     Then   

        ( )
( )( )













=

19

1617

10780.2

104102
ln024778.0biV  

    82494.0= V 

     We find 

        
( ) ( )

( )
%100

300

300287


−

bi

bibi

V

VV
 

 %08.2%100
80813.0

80813.082494.0
=

−
=  

                                                     %2  

_______________________________________ 

 

7.11 

       













=

2
ln

i

da

tbi
n

NN
VV  

    ( )
( )( )











 








=

2

1516 102104
ln

300
0259.0550.0

in

T
 

     Using the procedure from Problem 7.10, we  

     can write, for 300=T K, 

       ( )2102 105.1 =in  

         ( )( ) 






 −
=

0259.0

12.1
exp1004.1108.2 1919K  

    659.4=K  

     At 300=T K, 

        ( )
( )( )

( ) 
















=

210

1516

105.1

102104
ln0259.0biV  

              68886.0= V 

     For 550.0=biV V, 300T K 

    At 380=T K,  032807.0=kT eV 

    Also 

    ( )( )( )
3

19192

300

380
1004.1108.2659.4 








=in  

                                            






 −


032807.0

12.1
exp  

          
2410112.4 =  

     Then 

        ( )
( )( )













=

24

1516

10112.4

102104
ln032807.0biV  

              5506.0= V  550.0 V 

_______________________________________ 

 

 

 

 

 

 

7.12 

(b) For 1610=dN cm 3− , 

        












=−

i

d

FiF
n

N
kTEE ln  

                         ( ) 














=

10

16

105.1

10
ln0259.0  

     or 

        3473.0=− FiF EE eV 

     For 1510=dN cm 3−  

        ( ) 














=−

10

15

105.1

10
ln0259.0FiF EE  

     or 

        2877.0=− FiF EE eV 

     Then 

        28768.034732.0 −=biV  

     or 

        0596.0=biV V 

_______________________________________ 

 

7.13 

(a) 













=

2
ln

i

da

tbi
n

NN
VV  

                  ( )
( )( )
( ) 















=

210

1612

105.1

1010
ln0259.0  

     or 

        456.0=biV V 

     (b) 

        
( )( )( )









=

−

−

19

14

106.1

456.01085.87.112
nx  

                                   

2/1

161216

12

1010

1

10

10















+












  

     or 

        
71043.2 −=nx cm 

     (c) 

        
( )( )( )









=

−

−

19

14

106.1

456.01085.87.112
px  

                                    

2/1

161212

16

1010

1

10

10















+












  

     or 

        
31043.2 −=px cm 
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     (d) 

        
s

nd xeN


=max  

                  
( )( )( )

( )( )14

71619

1085.87.11

1043.210106.1
−

−−




=  

     or 

        
2

max 1075.3 = V/cm 

_______________________________________ 

 

7.14 

     Assume silicon, so 

        

2/1

2 












=

d

s

D
Ne

kT
L  

     
( )( )( )( )

( )

2/1

219

1914

106.1

106.10259.01085.87.11


















=

−

−−

dN
 

     or 

        

2/1
510676.1












 
=

d

D
N

L  

     (a) 14108=dN cm 3− ,  1447.0=DL m 

     (b) 16102.2 =dN cm 3− , 02760.0=DL m 

     (c) 17108=dN cm 3− ,  004577.0=DL m 

     Now 

     (a) 7427.0=biV V 

     (b) 8286.0=biV V 

     (c) 9216.0=biV V 

     Also 

        
( )( )( )










=

−

−

19

14

106.1

1085.87.112 bi

n

V
x  

                       

2/1

17

17

108

1108






















+











 


dd NN
 

     Then 

     (a) 096.1=nx m 

     (b) 2178.0=nx m 

     (c) 02730.0=nx m 

     Now 

     (a) 1320.0=
n

D

x

L
 

     (b) 1267.0=
n

D

x

L
 

     (c) 1677.0=
n

D

x

L
 

_______________________________________ 

 

7.15 

          

2/1

max

2



























+
=

da

da

s

bi

NN

NNeV
 

     We find 

          
( )

( )( )
7

14

19

100904.3
1085.87.11

106.122 −

−

−

=



=

s

e
 

     (a) 

      (i) For 1710=aN , 1410=dN ; 6350.0=biV V 

      (ii)                               
1510= ;      6946.0= V 

      (iii)                              
1610= ;      7543.0= V 

      (iv)                              
1710= ;      8139.0= V 

      

       (i) For 1710=aN , 

                  1410=dN ; max
410443.0 = V/cm 

       (ii)             
1510= ;           

41046.1 = V/cm 

       (iii)            
1610= ;           

41060.4 = V/cm 

       (iv)            
1710= ;            

4102.11 = V/cm 

     (b) 

      (i) For 1410=aN , 1410=dN ; 4561.0=biV V 

      (ii)                               
1510= ;     5157.0= V 

      (iii)                              
1610= ;     5754.0= V 

      (iv)                              
1710= ;     6350.0= V 

 

      (i) For 1410=aN , 

             
1410=dN ;

4

max 10265.0 = V/cm 

      (ii)                
1510= ;         

410381.0 = V/cm  

      (iii)               
1610= ;         

410420.0 = V/cm 

      (iv)               
1710= ;         

410443.0 = V/cm 

 

(c) max  increases as the doping increases, 

and the electric field extends further into 

the low-doped side of the pn junction. 

_______________________________________ 

 

7.16 

(a) ( )
( )( )
( ) 

















=

210

1516

105.1

10105
ln0259.0biV  

             6767.0= V 

(b) 
( )

2/1

2

























 ++
=

da

daRbis

NN

NN

e

VV
W  
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  (i) For 0=RV , 

      
( )( )( )








=

−

−

19

14

106.1

6767.01085.87.112
W  

                                   
( )( )

2/1

1516

1516

10105

10105

















+
  

          
510452.9 −= cm 

      or  9452.0=W m 

  (ii) For 5=RV V, 

      
( )( )( )







+
=

−

−

19

14

106.1

56767.01085.87.112
W  

                                     
( )( )

2/1

1516

1516

10105

10105

















+
  

           
410738.2 −= cm 

   or  738.2=W m 

(c) 
( )
W

VV Rbi +=
2

m ax  

  (i)For 0=RV ,  

        
( ) 4

4max 1043.1
109452.0

6767.02
=


=

−
V/cm 

  (ii)For 5=RV V, 

         
( ) 4

4max 1015.4
10738.2

56767.02
=



+
=

−
V/cm 

_______________________________________ 

 

7.17 

(a) ( )
( )( )

( ) 
















=

210

1617

105.1

104102
ln0259.0biV  

              8081.0= V 

(b) 

  
( )

2/1

12



























+











+
=

dad

aRbis

n
NNN

N

e

VV
x  

        
( )( )( )







+
=

−

−

19

14

106.1

5.28081.01085.87.112
 

               

2/1

161716

17

104102

1

104

102















+
















  

          
4102987.0 −= cm 

      or  2987.0=nx m 

  
( )

2/1

12



























+











+
=

daa

dRbis

p
NNN

N

e

VV
x  

 

 

 

        
( )( )( )







+
=

−

−

19

14

106.1

5.28081.01085.87.112
 

               

2/1

161717

16

104102

1

102

104















+
















  

         
61097.5 −= cm 

     or  0597.0=px m 

     
( )

2/1

2

























 ++
=

da

daRbis

NN

NN

e

VV
W  

          
( )( )( )







+
=

−

−

19

14

106.1

5.28081.01085.87.112
 

                                
( )( )

2/1

1617

1617

104102

104102

















+
  

          
4103584.0 −= cm 

   or  3584.0=W m 

    Also 3584.0=+= pn xxW m 

(c) 
( ) ( )

4max
103584.0

5.28081.022
−

+
=

+
=

W

VV Rbi
 

                 
51085.1 = V/cm 

(d) 
( )( )

2/1

2 







++


=

daRbi

das

NNVV

NNe
AC  

     ( ) ( )( )( )
( )




+


=

−−
−

5.28081.02

1085.87.11106.1
102

1419
4  

                                
( )( )

2/1

1617

1617

104102

104102















+


  

           
121078.5 −= F 

   or  78.5=C pF 

_______________________________________ 

 

7.18 

(a) 













=

2
ln

i

da

tbi
n

NN
VV  

              













=

2

280
ln

i

d

t
n

N
V  

  We find   

        












=

t

bi

id
V

V
nN exp80 22  

                   ( ) 







=

0259.0

740.0
exp105.1

210
 

                   
3210762.5 =  
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       1510684.2 = dN cm 3−  

            1710147.2 =aN cm 3−  

(b)  

  
( )

2/1

12



























+











+
=

dad

aRbis

n
NNN

N

e

VV
x  

     
( )( )( )







+
=

−

−

19

14

106.1

10740.01085.87.112
 

         

2/1

1517 10684.210147.2

1

1

80













+








  

        
410262.2 −= cm 

      or  262.2=nx m 

  
( )

2/1

12



























+











+
=

daa

dRbis

p
NNN

N

e

VV
x  

   
( )( )( )







+
=

−

−

19

14

106.1

10740.01085.87.112
 

       

2/1

1517 10684.210147.2

1

80

1













+








  

    
61083.2 −= cm 

   or  0283.0=px m 

(c) 
( )
W

VV Rbi +=
2

m ax  

                
( )

( ) 4100283.0262.2

10740.02
−+

+
=  

                
41038.9 = V/cm 

(d) 
( )( )

2/1

2 







++


=

daRbi

das

NNVV

NNe
C  

           
( )( )( )

( )



+


=

−−

10740.02

1085.87.11106.1 1419

 

                  
( )( )

2/1

1517

1517

10684.210147.2

10684.210147.2















+


  

       
91052.4 −=C F/cm 2  

_______________________________________ 

 

7.19 

(a) ( ) ( )abiabi NVNV −3  

             
( )












−












=

22
ln

3
ln

i

ad

t

i

ad

t
n

NN
V

n

NN
V  

     ( )











−
























+=

22
lnln3ln

i

ad

t

i

ad

t
n

NN
V

n

NN
V  

 

              ( ) ( ) ( )3ln0259.03ln == tV  

              02845.0= V 

(b) 
( )

2/1

2 







+




Rbi

as

VV

Ne
C  

   So  
( )
( )

732.13
33

2/1

==








=




a

a

a

a

N

N

NC

NC
 

(c) For a larger doping, the space charge 

width narrows which results in a larger 

capacitance. 

_______________________________________ 

 

7.20 

(a) ( )
( )( )

( ) 
















=

210

1715

105.1

104104
ln0259.0biV  

     or 

        766.0=biV V 

     Now 

        
( )

2/1

max

2



























+

+
=

da

da

s

Rbi

NN

NNVVe
 

     or 

        ( ) ( )( )

( )( )







+
=

−

−

14

19
25

1085.87.11

106.12
103 Rbi VV

 

                                  
( )( )






+




1715

1715

104104

104104
 

     or 

        ( )Rbi VV += 910 10224.1109  

     so that 

        ( ) 53.73=+ Rbi VV V 

     which yields 

        8.72=RV V 

(b) ( )
( )( )

( ) 
















=

210

1716

105.1

104104
ln0259.0biV  

     or 

        826.0=biV V 

     We have 

        ( ) ( )( )

( )( )







+
=

−

−

14

19
25

1085.87.11

106.12
103 Rbi VV

 

                                        
( )( )






+




1716

1716

104104

104104
 

     so that 

        ( ) 008.8=+ Rbi VV V 
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     which yields 

        18.7=RV V 

(c) ( )
( )( )

( ) 
















=

210

1717

105.1

104104
ln0259.0biV  

     or 

        886.0=biV V 

     We have 

        ( ) ( )( )

( )( )







+
=

−

−

14

19
25

1085.87.11

106.12
103 Rbi VV

 

                                     
( )( )






+




1717

1717

104104

104104
 

     so that 

        ( ) 456.1=+ Rbi VV V 

     which yields 

        570.0=RV V 

_______________________________________ 

 

7.21 

     (a) 

        
( )
( )

( )

( )
2/1

2/1

2

2

























 ++

























 ++

=

dBa

dBaRbiBs

dAa

dAaRbiAs

NN

NN

e

VV

NN

NN

e

VV

BW

AW
 

     or 

     
( )
( )

( )
( )

( )
( )

2/1




























+

+


+

+
=

dA

dB

dBa

dAa

RbiB

RbiA

N

N

NN

NN

VV

VV

BW

AW
 

     We find 

        ( )
( )( )
( )

7543.0
105.1

1010
ln0259.0

210

1518

=















=biAV V 

         

        ( )
( )( )
( )

8139.0
105.1

1010
ln0259.0

210

1618

=















=biBV V 

     We find 

        
( )
( ) 




















+

+








=

1618

1518

1010

1010

8139.5

7543.5

BW

AW
 

                                                    

2/1

15

16

10

10




















  

     or 

        
( )
( )

13.3=
BW

AW
 

 

 

 

     (b) 

        
( )
( )

( )
( )

( )
( )

( )
( ) RbiB

RbiA

RbiB

RbiA

VV

VV

AW

BW

BW

VV

AW

VV

B

A

+

+
=

+

+

=




2

2

 

                  















=

8139.5

7543.5

13.3

1
 

     or 

        
( )
( )

316.0=




B

A
 

     (c) 

        
( )

( )

( )( )

( )( )

2/1

2/1

2

2










++












++



=




dBaRbiB

dBas

dAaRbiA

dAas

j

j

NNVV

NN

NNVV

NN

BC

AC
 

               

2/1



























+

+














+

+













=

dAa

dBa

RbiA

RbiB

dB

dA

NN

NN

VV

VV

N

N
 

               

2/1

1518

1618

16

15

1010

1010

7543.5

8139.5

10

10



























+

+





















=  

     or 

        
( )

( )
319.0=





BC

AC

j

j
 

_______________________________________ 

 

7.22 

     (a) We have 

        
( )

( )

( )( )

( )( )

2/1

2/1

2

2

10

0










++












+



=




daRbi

das

dabi

das

j

j

NNVV

NN

NNV

NN

C

C
 

     or 

        
( )

( )

2/1

13.3
10

0













 +
==





bi

Rbi

j

j

V

VV

C

C
 

     For 10=RV V, we find 

        ( ) 1013.3
2

+= bibi VV  

     or 

        137.1=biV V 

     (b) 

        ( )npp xxWx +== 2.02.0  
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     Then 

        
a

d

n

p

N

N

x

x
== 25.0  

     Now 

        













=

2
ln

i

da

tbi
n

NN
VV  

     so 

        ( )
( ) 















=

26

2

108.1

25.0
ln0259.0137.1 aN  

     We can then write 

        
( )






=

0259.02

137.1
exp

25.0

108.1 6

aN  

     which yields 

        161023.1 =aN cm 3−  

     and 

        151007.3 =dN cm 3−  

_______________________________________ 

 

7.23 

     ( )
( )( )

( ) 
















=

26

1516

108.1

105102
ln0259.0biV  

           162.1= V 

     

Rbi VV
C

+


1
 

     So  
( )
( ) 1

2

2

1

Rbi

Rbi

R

R

VV

VV

VC

VC

+

+
=




 

                
5.0162.1

162.1
50.1 2

+

+
= RV  

           ( )
662.1

162.1
50.1 22 RV+=  

    which yields  58.22 =RV V 

_______________________________________ 

 

7.24 

(a) ( )
( )( )

( ) 
















=

210

1615

105.1

104102
ln0259.0biV  

             6889.0= V 

        
( )( )

2/1

2 







++


==

daRbi

das

NNVV

NNe
ACAC  

 

 

 

 

 

     ( ) ( )( )( )
( )




+


=

−−
−

RV6889.02

1085.87.11106.1
105

1419
4  

                                  
( )( )
( )

2/1

1615

1615

104102

104102





+


  

        

RV
C

+


=

−

6889.0

102806.6 12

 

   (i) For 0=RV , 

        567.7=C pF 

  (ii) For 5=RV V, 

        633.2=C pF 

(b) ( )
( )( )

( ) 
















=

26

1615

108.1

104102
ln0259.0biV  

              157.1= V 

        
( )( )

2/1

2 







++


==

daRbi

das

NNVV

NNe
ACAC         

  ( ) ( )( )( )
( )




+


=

−−
−

RV157.12

1085.81.13106.1
105

1419
4  

                                  
( )( )
( )

2/1

1615

1615

104102

104102





+


  

    

RV
C

+


=

−

157.1

106457.6 12

 

 (i) For 0=RV , 

        178.6=C pF 

(ii) For 5=RV V, 

        678.2=C pF 

_______________________________________ 

 

7.25 

        ( )
( )( )

( ) 
















=

210

1517

105.1

105102
ln0259.0biV  

               7543.0= V 

(a) 
( )( )

2/1

2 







++


==

daRbi

das

NNVV

NNe
ACAC  

     ( ) ( )( )( )
( )




+


=

−−
−

107543.02

1085.87.11106.1
108

1419
4  

                                  
( )( )
( )

2/1

1517

1517

105102

105102





+


  

        
1210904.4 −=C F 

        
( )2
2

1

2

1

fC
L

LC
f


==  
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( ) ( ) 2612 1025.1210904.4

1


=

− 
L  

            
310306.3 −= H 306.3= mH 

(b) 

   (i) For 1=RV V, 14.12=C pF 

        
( )( )  2/1123 1014.1210306.32

1

−− 
=


f  

            
51094.7 = Hz 794.0= MHz 

  (ii) For 5=RV V, 704.6=C pF 

        
( )( )  2/1123 10704.610306.32

1

−− 
=


f  

            
610069.1 = Hz 069.1= MHz 

_______________________________________ 

 

7.26 

        
( )

2/1

m ax

2











+


s

dRbi NVVe
 

     Let 75.0biV V 

(a) ( )25105.2   

              
( )( )

( )( ) 













+
=

−

−

14

19

1085.87.11

1075.0106.12 dN
 

    
161088.1 = dN cm 3−  

(b) ( )2510  

              
( )( )

( )( ) 













+
=

−

−

14

19

1085.87.11

1075.0106.12 dN
 

     
151001.3 = dN cm 3−  
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7.27 

        ( ) ( )( )pnp xxWx +== 20.020.0  

        ( ) ( ) np xx 2.08.0 =  

           pn xx 4=  

        ( )pdndpa xNxNxN 4==  

     da NN 4=  

(a) 











=

2
ln

i

da

tbi
n

NN
VV  

              ( )
( ) 















=

26

2

108.1

4
ln0259.0 dN

 

        
( )( )

2/1

2 







++


==

daRbi

das

NNVV

NNe
ACAC  

 

          ( ) ( )( )( )
( )




+


=

−−
−

22

1085.81.13106.1
10

1419
4

biV
 

                                                     
( )
( )

2/1
2

5

4








d

d

N

N
 

        
2

10724.2106.0 2012

+
= −−

bi

d

V

N
 

     By trial and error, 

        1510504.1 =dN cm 3− ,  

        1510016.6 =aN cm 3− , 

        10.1=biV V 

(b) From part (a), 

        
5

10724.2106.0 2012

+
= −−

bi

d

V

N
 

     By trial and error, 

        1510976.2 =dN cm 3− , 

        161019.1 =aN cm 3− , 

        135.1=biV V 

_______________________________________ 

 

7.28 

(a) ( )
( )( )
( ) 

















=

210

1415

105.1

10105
ln0259.0biV  

     or 

        5574.0=biV V 

     (b) 

        

2/1

12



























+












=

daa

dbis

p
NNN

N

e

V
x  

              
( )( )( )









=

−

−

19

14

106.1

5574.01085.87.112
 

                         

2/1

151415

14

10510

1

105

10















+














  

     or 

        
61032.5 −=px cm 

     Also 

        

2/1

12



























+












=

dad

abis

n
NNN

N

e

V
x  
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( )( )( )









=

−

−

19

14

106.1

5574.01085.87.112
 

                         

2/1

151414

15

10510

1

10

105















+











 
  

     or 

        41066.2 −=nx cm 

(c) For 30=nx m, we have 

        
( )( )( )









+
=

−

−

−

19

14

4

106.1

1085.87.112
1030 Rbi VV

 

                         

2/1

151414

15

10510

1

10

105















+











 
  

     which becomes 

        ( )Rbi VV += −− 76 10269.1109  

     We find 

        4.70=RV V 

_______________________________________ 

 

7.29 

     An pn+  junction with 1410=aN cm 3− , 

(a) A one-sided junction and assume  

      biR VV  .  Then 

        

2/1

2







 


a

Rs

p
eN

V
x  

     or 

        ( ) ( )( )
( )( )1419

14
24

10106.1

1085.87.112
1050

−

−

−




= RV  

     which yields 

        193=RV V 

     (b) 

        












==

d

a

pn

a

d

n

p

N

N
xx

N

N

x

x
 

     so 

        ( ) 












= −

16

14
4

10

10
1050nx  

             
41050.0 −= cm 50.0= m 

     (c) 

        
( )

4max
105.50

15.19322
−

=
W

VR  

     or 

        
4

max 1065.7 = V/cm 

_______________________________________ 

 

 

 

7.30 

(a) ( )
( )( )

( ) 
















=

210

1517

105.1

102102
ln0259.0biV  

              7305.0= V 

(b) 
( )

2/1

2









+


=

Rbi

ds

VV

Ne
ACAC  

           = ( ) ( )
( )




+

 −
−

Rbi VV2

106.1
10

19
5  

                     ( )( )( ) 2/11514 1021085.87.11  −  

        

Rbi VV
C

+


=

−1310287.1
 

   (i) For 1=RV V,  
1410783.9 −=C F 

  (ii) For 3=RV V,  
1410663.6 −=C F 

 (iii) For 5=RV V,  
1410376.5 −=C F 

_______________________________________ 

 

7.31 

(a) ( )
( )
( ) 

















=

26

16

108.1

108
ln0259.0 d

bi

N
V 20.1=  

        ( ) ( ) 







=

0259.0

20.1
exp108.1108

2616

dN  

     151036.5 = dN cm 3−  

(b) 
( )( )

2/1

2 







++


==

daRbi

das

NNVV

NNe
ACAC  

        
( )
( )




+


=

−
−

0.120.12

106.1
1010.1

19
12 A  

( )( )( )( )
( )

2/1

1516

151614

1036.5108

1036.51081085.81.13





+




−

 

     
51056.7 −= A cm 2  

(c) ( ) ( )
( )




+


=

−
−−

Rbi VV2

106.1
1056.71080.0

19
512  

  
( )( )( )( )

( )

2/1

1516

151614

1036.5108

1036.51081085.81.13





+




−

 

        

Rbi VV +


=

−
−

8
8 101585.2

100582.1  

  RRbi VVV +==+ 20.1161.4  

        96.2=RV V 

_______________________________________ 

 



Semiconductor Physics and Devices: Basic Principles, 4th edition                                                    Chapter 7 

By D. A. Neamen                                                                                                                  Problem Solutions 

______________________________________________________________________________________ 

 

7.32 

     Plot 

_______________________________________ 

 

7.33 

(a) 













=

2
ln

i

dOaO

tbi
n

NN
VV  

     (c) p-region 

        
( )

s

aO

s

eNx

dx

d


−=


=

 
 

     or 

        1C
xeN

s

aO +


−=  

     We have 

        0=  at 
s

paO

p

xeN
Cxx


−=−= 1  

     Then for 0− xx p  

        ( )p
s

aO xx
eN

+


−=  

     n-region, Oxx 0  

        
( )

s

dO

s

eNx

dx

d


=


=



2

1 
 

     or 

        21
2

C
xeN

s

dO +


=  

     n-region, nO xxx   

        
( )

s

dO

s

eNx

dx

d


=


=

 2  

     or 

        32 C
xeN

s

dO +


=  

     We have 02 =  at nxx =  

        
s

ndO xeN
C


−= 3  

    so that for nO xxx  , we have 

        ( )xx
eN

n

s

dO −


−= 2  

     We also have 12 = at Oxx =  

     Then 

        ( )On

s

dO

s

OdO xx
eN

C
xeN

−


−=+


2
2

 

     which gives 

        







−


−=

2
2

O

n

s

dO x
x

eN
C  

 

     Then for Oxx 0  we have 

        







−


−


=

22
1

O

n

s

dO

s

dO x
x

eNxeN
 

_______________________________________ 

 

7.34 

     (a)
( ) ( ) ( )

dx

xdx

dx

xd

s


−=


−=


2

2

 

     For 12 −− x m, ( ) deNx +=  

     So 

        1C
xeNeN

dx

d

s

d

s

d +


=


=


 

     At 2−=x m Ox− , 0=  

     So 

        
s

Od xeN
C


=1  

     Then 

        ( )O
s

d xx
eN

+


=  

     At 0=x , ( ) ( )10 −== x , so 

        ( ) ( ) 410210 −+−


=
s

deN
 

                
( )( )
( )( )

( )4

14

1519

101
1085.87.11

105106.1 −

−

−





=  

     or 

        ( ) 410726.70 = V/cm 

     (c) Magnitude of potential difference is 

        = dx ( )dxxx
eN

O

s

d

 +


=  

             2

2

2
Cxx

xeN
O

s

d +












+


=  

     Let 0= at Oxx −= , then 

        
s

Od

O

O

s

d xeN
CCx

xeN


=+














−


=

22
0

2

22

2

2

 

     Then we can write 

        ( )2

2
O

s

d xx
eN

+


=  

     At 1−=x m 

        
( )( )
( )( )

( ) 24

14

1519

1 1021
1085.87.112

105106.1 −

−

−

+−



=  

     or 

        863.31 = V 

     Potential difference across the intrinsic region 
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        ( ) ( )( )44

2 10210726.70 −== d  

     or 

        45.152 = V 

     By symmetry, the potential difference across  

     the p-region space-charge region is also  

     3.863 V.  The total reverse-bias voltage is  

     then 

        ( ) 2.2345.15863.32 =+=RV V 

_______________________________________ 

 

7.35 

(a) 
B

crits

B
eN

V
2

2
=  

   or   

( )( )( )
( )( )40106.12

1041085.87.11

2 19

25142

−

−




=


=

B

crits

B
eV

N  

  Then     1610294.1 == aB NN cm 3−  

(b) 
( )( )( )

( )( )20106.12

1041085.87.11
19

2514

−

−




=BN  

  Or  161059.2 == aB NN cm 3−  

_______________________________________ 

 

7.36 

      
( )( )( )

( )( )80106.12

1041085.87.11

2 19

25142

−

−




=


=

B

crits

a
eV

N  

            
151047.6 = cm 3−  

_______________________________________ 

 

7.37 

(a) For 
1610=dN cm 3− , from Figure 7.15, 

         75BV V 

(b) For 
1510=dN cm 3− , 

          450BV V 

_______________________________________ 

 

7.38 

(a) From Equation (7.36), 

      
( )

2/1

max

2



























+

+
=

da

da

s

Rbi

NN

NNVVe
 

    Set crit=max   and  BR VV =  

       ( )
( )( )

( ) 
















=

210

1616

105.1

102102
ln0259.0biV  

             7305.0= V 

 

 

   Then 

        
( )( )

( )( )







+
=

−

−

14

19

5

1085.87.11

106.12
104 Rbi VV

 

                                
( )( )

2/1

1616

1616

102102

102102















+


  

         77.51=+ Bbi VV V 

    So  04.51=BV V 

(b) 

        ( )
( )( )

( ) 
















=

210

1515

105.1

105105
ln0259.0biV  

              6587.0= V 

   Then 

        
( )( )

( )( )







+
=

−

−

14

19

5

1085.87.11

106.12
104 Rbi VV

 

                                
( )( )

2/1

1515

1515

105105

105105















+


  

        1.207=+ Rbi VV   

    So 206RV V 

_______________________________________ 

 

7.39 

     For a silicon np +  junction with  

     
15105=dN cm 3−  and 100BV V, then,  

     neglecting biV  we have 

        

2/1

2







 


d

Bs

n
eN

V
x  

              
( )( )( )
( )( )

2/1

1519

14

105106.1

1001085.87.112












=

−

−

 

     or 

        ( ) 41009.5min −=nx cm 09.5= m 

_______________________________________ 

 

7.40 

     We find 

        ( )
( )( )
( )

933.0
105.1

1010
ln0259.0

210

1818

=















=biV V 

     Now 

        
s

nd xeN


=max  

     so 
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( )( )
( )( )14

1819

6

1085.87.11

10106.1
10

−

−




= nx  

     which yields 

        61047.6 −=nx cm 

     Now 

        
( )

2/1

12



























+











+
=

dad

aRbis

n
NNN

N

e

VV
x  

     Then 

        ( ) ( )( )








=

−

−
−

19

14
26

106.1

1085.87.112
1047.6  

                        ( )














+












+

181818

18

1010

1

10

10
Rbi VV  

     which yields 

        468.6=+ Rbi VV V 

     or 

        54.5=RV V 

_______________________________________ 

 

7.41 

     Assume silicon:  For an pn+  junction 

        
( )

2/1

2







 +
=

a

Rbis

p
eN

VV
x  

     Assume Rbi VV   

     (a) For 75=px m 

        ( ) ( )( )
( )( )1519

14
24

10106.1

1085.87.112
1075

−

−

−




= RV  

     which yields 

        
31035.4 =RV V 

     (b) For 150=px m 

        ( ) ( )( )
( )( )1519

14
24

10106.1

1085.87.112
10150

−

−

−




= RV  

     which yields 

        
41074.1 =RV 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 

        22

4

18

10
102

102
=




=

−
a cm 4−  

     From Figure 7.15, 15BV V 

_______________________________________ 

 

7.43 

     (a) For the linearly graded junction 

        ( ) eaxx =  

     Then 

        
( )

ss

eaxx

dx

d


=


=

 
 

     Now 

        1

2

2
C

xea
dx

eax

ss

+


=


=   

     At Oxx +=  and Oxx −= , 0=  

     So 

        















−=+
















=

22
0

2

11

2

O

s

O

s

xea
CC

xea
 

     Then 

        ( )22

2
O

s

xx
ea

−


=  

     (b) 

        ( ) 2

2
3

32
Cxx

xea
dxx O

s

+







−


−=−=   

     Set 0=  at Oxx −= , then 

        
s

O

O

O

s

eax
CCx

xea


=+












+

−


−=

332
0

3

22

3

3

 

      

Then 

        ( )
s

O

O

s

eax
xx

xea
x


+












−


−=

332

3

2
3

  

_______________________________________ 

 

7.44 

     We have that 

        
( )

3/1
2

12 











+


=

Rbi

s

VV

ea
C  

     Then 

        ( )39102.7 −  

               
( )( )( ) 

( ) 













+


=

−−

5.37.012

1085.87.11106.1
21419a

 

     which yields 

        
20101.1 =a cm 4−  

_______________________________________ 
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7.45 

(a) 
( )

2/1

2









+


=

Rbi

as

j
VV

Ne
ACAC  

    Let 15105=aN cm 3− << dN  

  Then ( )
( )( )

( ) 
















=

210

1517

105.1

105103
ln0259.0biV  

                 7648.0= V 

 Now 

        
( )
( )




+


==

−
−

57648.02

106.1
1045.0

19
12 AC j  

                 ( )( )( ) 2/11514 1051085.87.11  −  

        ( )912 10476.81045.0 −− = A  

    
51031.5 −= A cm 2  

(b) ( ) ( )
( )




+


=

−
−

Rbi

j
VV

C
2

106.1
10309.5

19
5  

                  ( )( )( ) 2/11514 1051085.87.11  −  

        

Rbi

j

VV
C

+


=

−12100805.1
 

   (i) For 5.2=RV V,  598.0=jC pF 

  (ii) For 0=RV ,        24.1=jC pF 

_______________________________________ 
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Chapter 8 
 

Exercise Solutions 
 

Ex 8.1 

       
( ) 3

16

2102

105.4
105

105.1
=




==

a

i

po
N

n
n cm 3−  

       
( ) 4

16

2102

10125.1
102

105.1
=




==

d

i

no
N

n
p cm 3−  

       ( ) 












=−

t

a

popp
V

V
nxn exp  

                      ( ) 







=

0259.0

650.0
exp105.4 3

 

                      
141057.3 = cm 3−  

       ( ) 












=

t

a

nonn
V

V
pxp exp  

                   ( ) 







=

0259.0

650.0
exp10125.1 4

 

                   
141092.8 = cm 3−  

     We have that 

       ( ) app Nxn −   and  ( ) dnn Nxp   

     so low injection applies. 

_______________________________________ 

 

Ex 8.2 

     













+=

po

p

dno

n

a

is

D

N

D

N
enJ



112  

           ( )( )2619 108.1106.1 = −  

           













+




−− 816715 105

8

102

1

10

210

108

1
 

     
181030.3 −=sJ A/cm 2  

_______________________________________ 

 

Ex 8.3 

     We find  

          nonn DL =  

               ( )( ) 37 10583.410210 −− == cm 

          popp DL =  

                ( )( ) 48 10325.61058 −− == cm 

 

 

 

 

          
( )

15

262

108

108.1




==

a

i

po
N

n
n  

                
41005.4 −= cm 3−  

          
( )

16

262

102

108.1




==

d

i

no
N

n
p  

                 
41062.1 −= cm 3−  

          ( ) 







−







=− 1exp

kT

eV

L

neD
xJ a

n

pon

pn  

                         
( )( )( )

3

419

10583.4

1005.4210106.1
−

−−




=  

                                           







−







 1

0259.0

05.1
exp  

          ( ) 20.1=− pn xJ A/cm 2  

          ( ) 







−








= 1exp

kT

eV

L

peD
xJ a

p

nop

np  

                      
( )( )( )

4

419

10325.6

1062.18106.1
−

−−




=  

                                          







−








 1

0259.0

05.1
exp  

          ( ) 1325.0=np xJ A/cm 2  

      The total current density is: 

          ( ) ( )nppnT xJxJJ +−=  

                1325.020.1 +=  

          33.1=TJ A/cm 2  

_______________________________________ 

 

Ex 8.4 

     In the n-region,  for 16102=dN cm 3− , 

                                             6000n cm 2 /V-s 

          ndnNeJ =   

     or   

         
( )( )( )1619 1026000106.1

3325.1


==

−
dn

n
Ne

J


 

               0694.0= V/cm 

     In the p-region, for 
15108=aN cm 3− , 

                                            320p cm 2 /V-cm 

          papNeJ =   

     or 
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( )( ) 1519 108320106.1

3325.1


==

−
ap

p
Ne

J


 

               25.3= V/cm 

_______________________________________ 

 

Ex 8.5 

     From Example 8.5, we have 

          
1

1

2

2

kT

eVE

kT

eVE agag −
=

−
 

     Let 3102 =T K, 3001 =T K, 42.1=gE eV,  

     and  050.11 =aV V. 

     Then 

          
300

050.142.1

310

42.1 2 −
=

− aV  

     which yields 

          0377.12 =aV V 

     so  0123.0050.10377.1 −=−=V V 

     or  3.12−=V mV per 10 C increase in  

                                                     temperature. 

_______________________________________ 

 

Ex 8.6 

(a) 













+=

00

2 11

p

p

dn

n

a

is

D

N

D

N
enJ


 

             ( )( )2619 108.1106.1 = −  

    













+




−− 816815 105

8.9

108

1

105

207

102

1
 

  or  1710677.1 −=sJ A/cm 2  

(b) ( )
( )( )

( ) 
















=

26

1615

108.1

108102
ln0259.0biV  

             174.1= V 

       
( )

2/1

2

























 ++
=

da

daRbis

NN

NN

e

VV
W  

            
( )( )( )







+
=

−

−

19

14

106.1

5174.11085.81.132
 

                              
( )( )

2/1

1615

1615

108102

108102

















+
  

 or  
410141.2 −=W cm 

 

 

 

 

 

 

02

Wen
J i

gen =  

        
( )( )( )

( )8

4619

1052

10141.2108.1106.1
−

−−




=  

  
1010166.6 −=genJ A/cm 2  

(c) 7

17

10

1068.3
10677.1

10166.6
=




=

−

−

s

gen

J

J
 

_______________________________________ 

 

Ex 8.7 

        
no

n

a

i

Sn

D

N

en
AI



2

=  

        ( ) ( )( )
715

21019
3

105

25

102

105.1106.1
10

−

−
−




=  

     or 

        1310273.1 −=SnI A 

        
po

p

d

i

Sp

D

N

en
AI



2

=  

          ( ) ( )( )
716

21019
3

10

10

108

105.1106.1
10

−

−
−




=  

     or 

        
15105.4 −=SpI A  

     Then 

        
1310318.1 −=+= SpSnS III A 

(a) 












=

t

a

SD
V

V
II exp  

             ( ) 







= −

0259.0

550.0
exp10318.1 13

 

             
4102.2 −= A 

(b) ( ) 







= −

0259.0

610.0
exp10318.1 13

DI  

             
31023.2 −= A 

Now 

(a) =


==
−

118
102.2

0259.0
4

D

t

d
I

V
r  

(b) =


=
−

6.11
1023.2

0259.0
3dr  
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We find 

      












=

t

a

SppO
V

V
II exp , 













=

t

a

SnnO
V

V
II exp  

Then 

(a) 610511.7 −=pOI A; 

410125.2 −=nOI A 

(b) 510617.7 −=pOI A; 

310155.2 −=nOI A 

 

We find 

         nOnOpOpO

t

d II
V

C  +












=

2

1
 

So 

(a) 
( )

( ) ( )76 1010511.7
0259.02

1 −−=dC  

                              ( )( )74 10510125.2 −− +  

   or  91007.2 −=dC F 07.2= nF 

(b) 
( )

( )( ) 75 1010617.7
0259.02

1 −−=dC  

                              ( )( )73 10510155.2 −− +  

  or  81009.2 −=dC F 9.20= nF 

_______________________________________ 

 

 

         

Test Your Understanding Solutions 
 

TYU 8.1 

        
( ) 5

16

262

1048.6
105

108.1 −=



==

a

i

po
N

n
n cm 3−  

       
( ) 4

15

262

1048.6
105

108.1 −=



==

d

i

no
N

n
p cm 3−  

    For ( )maxaV , 

       ( ) 












=

t

a

nonn
V

V
pxp exp  

   so that 

    
( ) ( )









=













=

no

d

t

no

nn

ta
p

N
V

p

xp
VV

1.0
lnln  

          ( )
( )( )













=

−4

15

1048.6

1051.0
ln0259.0  

   or ( ) 067.1max =aV V 

_______________________________________ 

 

 

TYU 8.2 

(a) 












=

t

a

no

n

a

i

n
V

VD

N

en
AI exp

2


 

            ( ) ( )( )
16

21019
3

105

105.1106.1
10




=

−
−  

                            












− 0259.0

625.0
exp

105

25
7

 

  or  41054.1 −=nI A 154.0= mA 

(b) 












=

t

a

po

p

d

i

p
V

VD

N

en
AI exp

2


 

             ( ) ( )( )
16

21019
3

101

105.1106.1
10




=

−
−

 

                                 









− 0259.0

625.0
exp

10

10
7

 

  or  
31009.1 −=pI A 09.1= mA 

(c) pnTotal III +=  

                
34 10087.110538.1 −− +=  

                
31024.1 −= A 

  or  24.1=TotalI mA 

_______________________________________ 

 

TYU 8.3 

     From TYU 8.2, 154.0=nI mA 

     Now 

        












=

t

a

n

nop

p
V

V

W

peD
AI exp  

     We find 

        
( ) 4

16

2102

1025.2
10

105.1
=


==

d

i

no
N

n
p cm 3−  

     Then 

        ( ) ( )( )( )
4

419
3

102

1025.210106.1
10

−

−
−




=pI  

                                                     









0259.0

625.0
exp  

     or  44.5=pI mA 

_______________________________________ 

 

 

 

 

 

 

 

 



Semiconductor Physics and Devices: Basic Principles, 4th edition                                                    Chapter 8 

By D. A. Neamen                                                                                                                  Exercise Solutions 

______________________________________________________________________________________ 

 

TYU 8.4 

(a) 














t

a

s
V

V
JJ exp  

      













+=

po

p

dno

n

a

is

D

N

D

N
enJ



112  

            ( )( )21019 105.1106.1 = −  

           













+




−− 716715 10

10

108

1

10

25

102

1
 

       1010891.2 −=sJ A/cm 2  

  Then ( ) 







 −

0259.0

35.0
exp10891.2 10J  

               
410137.2 −= A/cm 2  

(b) ( )
( )( )

( ) 
















=

210

1615

105.1

108102
ln0259.0biV  

             7068.0= V 

  We find 

       
( )( )( )







−
=

−

−

19

14

106.1

35.07068.01085.87.112
W  

                                
( )( )

2/1

1615

1615

108102

108102

















+
  

            
510865.4 −= cm 

      Then  

          












=

t

a

o

i

rec
V

VWen
J

2
exp

2
 

             
( )( )( )

( )7

51019

102

10865.4105.1106.1
−

−− 
=  

                                            
( )








0259.02

35.0
exp  

             
410020.5 −=recJ A/cm 2  

(c) 35.2
10137.2

10020.5
4

4

=



=

−

−

J

J rec  

_______________________________________ 

 

TYU 8.5 

        
no

n

a

i

Sn

D

N

en
AI



2

=  

         ( ) ( )( )
715

2619
3

105

207

102

108.1106.1
10

−

−
−




=  

     or  
2110274.5 −=SnI A 

 

 

        
po

p

d

i

Sp

D

N

en
AI



2

=  

           ( ) ( )( )
716

2619
3

10

8.9

108

108.1106.1
10

−

−
−




=  

     or  
2310415.6 −=SpI A 

     So 
2110338.5 −=+= SpSnS III A 

(a) 







= −

0259.0

970.0
exp10338.5 21

DI  

             
51083.9 −= A 

(b) 







= −

0259.0

045.1
exp10338.5 21

DI  

              
31078.1 −= A 

Now 

(a) =


==
−

264
10828.9

0259.0
5

D

t

d
I

V
r  

(b) =


=
−

6.14
10779.1

0259.0
3dr  

We have 

   












=

t

a

SppO
V

V
II exp ,  













=

t

a

SnnO
V

V
II exp  

We find 

(a) 610181.1 −=pOI A; 51071.9 −=nOI A 

(b) 510137.2 −=pOI A; 

310757.1 −=nOI A 

Now 

        nOnOpOpO

t

d II
V

C  +












=

2

1
 

So 

(a) 
( )

( )( ) 76 1010181.1
0259.02

1 −−=dC  

                                ( )( )75 1051071.9 −− +  

              
101040.9 −= F 940.0= nF 

(b) 
( )

( )( ) 75 1010137.2
0259.02

1 −−=dC  

                                 ( )( )73 10510757.1 −− +  

              
81070.1 −= F 0.17= nF 

_______________________________________ 
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TYU 8.6 

     From Figure 5.3, for 16108=dN cm 3− ,  

                       900 n cm 2 /V-s 

                                 For 15102=aN cm 3− , 

                        480 p cm 2 /V-s 

     In the n-region, 

        dnNe   

             ( )( )( )1619 108900106.1 = −  

             52.11= ( -cm) 1−  

     Then 

        
( )

( )( )
===

−
868.0

1052.11

01.0
3A

l
Rn


 

     In the p-region, 

        apNe   

            ( )( )( )1519 102480106.1 = −  

            1536.0= ( -cm) 1−  

     Then 

        
( )

( )( )
===

−
1.65

101536.0

01.0
3A

l
R p


 

     The total resistance is 

        =+= 66pn RRR  

_______________________________________ 

 

TYU 8.7 

(a) 
RF

F

pO

s

II

It
erf

+
=


 

Now 

        5.0
4

2
==

R

R

R
R

V
I mA 

So 

        778.0
5.075.1

75.1
=

+
=

pO

sterf


 

From Appendix G, 864.0
pO

st


 

So that 

        ( ) ( ) 772
10746.010864.0 −− ==st s 

 

 

 

 

 

 

 

 

 

 

(b) 
( )

( ) 









+=

−
+

F

R

pO

pO

pO I

I

t

tt
erf 1.01

exp

2

22







                        ( ) 0286.1
75.1

5.0
1.01 =








+=  

By trial and error 

        25.12 
pO

t


 

  ( )( ) 77

2 1025.11025.1 −− == t s 

_______________________________________ 
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Chapter 8 

8.1 

     In forward bias 

        









kT

eV
II Sf exp  

     Then 

        ( )







−








=



















= 21

2

1

2

1
exp

exp

exp

VV
kT

e

kT

eV
I

kT

eV
I

I

I

S

S

f

f
 

     or 

        





















=−

2

1

21 ln
f

f

I

I

e

kT
VV  

     (a) 

        For 10
2

1
=

f

f

I

I
, then 

        ( ) ( )10ln0259.021 =−VV  

     or 

        6.5921 =−VV mV 60 mV 

     (b) 

        For 100
2

1
=

f

f

I

I
, then 

        ( ) ( )100ln0259.021 =−VV  

     or 

        3.11921 =−VV mV 120 mV 

_______________________________________ 

 

8.2 

     
( ) 4

15

2102

108125.2
108

105.1
=




==

a

i

po
N

n
n cm 3−  

     
( ) 5

15

2102

10125.1
102

105.1
=




==

d

i

no
N

n
p cm 3−  

        ( ) 












=

t

a

nonn
V

V
pxp exp    

        ( ) 












=−

t

a

popp
V

V
nxn exp  

(a) 45.0=aV V, 

       ( ) ( ) 







=

0259.0

45.0
exp10125.1 5

nn xp  

                   
121095.3 = cm

3−
 

       ( ) ( ) 







=−

0259.0

45.0
exp108125.2 4

pp xn  

or 

        ( ) 111088.9 =− pp xn cm 3−  

(b) 55.0=aV V, 

       ( ) ( ) 







=

0259.0

55.0
exp10125.1 5

nn xp  

                   
141088.1 = cm 3−  

       ( ) ( ) 







=−

0259.0

55.0
exp108125.2 4

pp xn  

                      
131069.4 = cm 3−  

(c) 55.0−=aV V 

       ( ) ( ) 






 −
=

0259.0

55.0
exp10125.1 5

nn xp  

                   0  

        ( ) ( ) 






 −
=−

0259.0

55.0
exp108125.2 4

pp xn  

                       0  

_______________________________________ 

 

8.3 

      
( ) 5

16

262

101.8
104

108.1 −=



==

a

i

po
N

n
n cm 3−    

      
( ) 4

16

262

1024.3
10

108.1 −=


==
d

i
no

N

n
p cm 3−  

(a) 90.0=aV V, 

       ( ) ( ) 







= −

0259.0

90.0
exp1024.3 4

nn xp  

                   
11100.4 = cm 3−  

        ( ) ( ) 







=− −

0259.0

90.0
exp101.8 5

pp xn  

                        
10100.10 = cm 3−  

(b) 10.1=aV V 

       ( ) ( ) 







= −

0259.0

10.1
exp1024.3 4

nn xp  

                   
141003.9 = cm 3−  

        ( ) ( ) 







=− −

0259.0

10.1
exp101.8 5

pp xn  

                       
141026.2 = cm 3−  

(c) ( ) 0nn xp  

        ( ) 0− pp xn  

_______________________________________ 
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8.4 

(a) 
( )

16

2102

105

105.1




==

a

i

po
N

n
n  

                        
3105.4 = cm 3−  

        
( )

15

2102

105

105.1




==

d

i

no
N

n
p  

                          
4105.4 = cm 3−  

   (i) ( ) 












=

t

a

nonn
V

V
pxp exp  

     or  
( )









=

no

nn

ta
p

xp
VV ln  

                ( )
( )( )













=

4

15

105.4

1051.0
ln0259.0  

                599.0= V 

   (ii) n-region - lower doped side 

(b) 
( )

15

2102

107

105.1




==

a

i

po
N

n
n  

                         
410214.3 = cm 3−  

       
( )

16

2102

103

105.1




==

d

i

no
N

n
p  

                         
3105.7 = cm 3−  

   (i) 
( )












=

po

a

ta
n

N
VV

1.0
ln  

             ( )
( )( )













=

4

15

10214.3

1071.0
ln0259.0  

             6165.0= V 

  (ii) p-region - lower doped side 

_______________________________________ 

 

8.5 

(a) ( ) 












=−

t

a

n

pon

pn
V

V

L

neD
xJ exp  

                      












=

t

a

no

n

a

i

V

VD

N

en
exp

2


 

      
( )( )

816

2619

105

205

105

108.1106.1
−

−




=  

                                             









0259.0

10.1
exp  

      849.1= A/cm 2  

    ( ) ( )( )849.110 3−=−= pnn xAJI A 

     or  85.1=nI mA 

 

(b) ( ) 












=

t

a

p

nop

np
V

V

L

peD
xJ exp  

                    












=

t

a

p

p

d

i

V

VD

N

en
exp

0

2


 

          
( )( )

816

2619

10

80.9

10

108.1106.1
−

− 
=  

                                          









0259.0

10.1
exp  

          521.4= A/cm 2  

       ( ) ( )( )521.410 3−== npp xAJI A 

       or  52.4=pI mA 

(c) 37.652.485.1 =+=+= pn III mA 

_______________________________________ 

 

8.6 

     For an pn+  silicon diode 

        
nO

n

a

iS

D

N
AenI



12 =  

              
( )( )( )

616

210194

10

25

10

105.1106.110
−

−− 
=  

     or 

        
15108.1 −=SI A 

     (a) For 5.0=aV V, 

        














t

a

SD
V

V
II exp  

              ( ) 







= −

0259.0

5.0
exp108.1 15

 

     or 

        71036.4 −=DI A 

     (b) For 5.0−=aV V, 

        ( ) 







−






 −
= − 1

0259.0

5.0
exp108.1 15

DI  

     or 

        
15108.1 −−=− SD II A 

_______________________________________ 
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8.7 

       













+=

0

2 11

p

p

dno

n

a

is

D

N

D

N
enJ


 

             ( )( )21319 104.2106.1 = −  

        













+




−− 617615 102

48

102

1

102

90

104

1
 

          410568.1 −=sJ A/cm 2  

(a) 












=

t

a

s
V

V
AJI exp  

           ( )( ) 







= −−

0259.0

25.0
exp10568.110 44

 

            
41044.2 −= A 

     or  244.0=I mA 

(b) ( )( )44 10568.110 −− −=−=−= ss AJII  

           
810568.1 −−= A 

_______________________________________ 

 

8.8  

(a) 













+=

0

2 11

p

p

dno

n

a

is

D

N

D

N
enJ


 

             ( )( )21019 105.1106.1 = −  

         













+




−− 815717 108

10

108

1

10

25

105

1
 

          
1110145.5 −=sJ A/cm 2  

        ( )( )114 10145.5102 −− == ss AJI  

             
1410029.1 −= A 

(b) 












=

t

a

s
V

V
II exp  

   (i) ( ) 







= −

0259.0

45.0
exp10029.1 14I  

          
71061.3 −= A 

  (ii) ( ) 







= −

0259.0

55.0
exp10029.1 14I  

          
51072.1 −= A 

 (iii) ( ) 







= −

0259.0

65.0
exp10029.1 14I  

          
41016.8 −= A 

_______________________________________ 

 

 

 

8.9 

     We have 

        











−













= 1exp

t

S
V

V
II  

     or we can write this as 

        












=+

tS V

V

I

I
exp1  

     so that 

        












+= 1ln

S

t
I

I
VV  

     In reverse bias, I  is negative, so at 

        90.0−=
SI

I
, we have 

        ( ) ( )90.01ln0259.0 −=V  

     or 

        6.59−=V mV 

_______________________________________ 

 

8.10 

     Case 1:  












=

t

a

s
V

V
II exp  

            







= −

0259.0

65.0
exp1050.0 3

sI  

           
1510305.6 −= sI A

1210305.6 −= mA 

           
4

12

102

10305.6
−

−




==

A

I
J s

s  

                 
810153.3 −= mA/cm 2  

     Case 2: 












=

t

a

s
V

V
II exp  

                     ( ) 







= −

0259.0

70.0
exp102 12

 

             or  093.1=I mA 

                 
3

12

101

102
−

−




==

A

I
J s

s  

                       
9102 −= mA/cm 2  

     Case 3: 












=

t

a

s
V

V
AJI exp  

            So 







=

s

ta
AJ

I
VV ln  

                       ( )
( )( )






=

−− 74 1010

80.0
ln0259.0  

                  6502.0=aV V 

 



Semiconductor Physics and Devices: Basic Principles, 4th edition                                                    Chapter 8 

By D. A. Neamen                                                                                                                  Problem Solutions 

______________________________________________________________________________________ 

 

     Then 

                 ( )( ) 1174 101010 −−− === ss AJI mA 

     Case 4:  









=














=

0259.0

72.0
exp

20.1

exp
t

a

s

V

V

I
I  

                   1210014.1 −=sI mA 

                   
8

12

102

10014.1
−

−




==

s

s

J

I
A  

                       
51007.5 −= cm 2  

_______________________________________ 

 

8.11 

(a) 

p

nop

n

pon

n

pon

pn

n

L

peD

L

neD

L

neD

JJ

J

+

=
+

 

                   

d

i

po

p

a

i

no

n

a

i

no

n

N

nD

N

nD

N

nD

22

2

+



=




 

           














+

=

d

a

pon

nop

N

N

D

D




1

1
90.0  

           1
90.0

1
−=















d

a

pon

nop

N

N

D

D




 

             







−= 1

90.0

1

nop

pon

d

a

D

D

N

N




 

                     
( )( )

( )( )
( )1111.0

10510

1025
7

7

−

−


=  

              07857.0=
d

a

N

N
or  73.12=

a

d

N

N
 

(b) From part (a), 

                







−= 1

20.0

1

nop

pon

d

a

D

D

N

N




 

                        
( )( )

( )( )
( )4

10510

1025
7

7

−

−


=  

                 828.2=
d

a

N

N
or  354.0=

a

d

N

N
 

_______________________________________ 

 

 

8.12 

     The cross-sectional area is 

        4
3

105
20

1010 −
−

=


==
J

I
A cm 2  

     We have 

        







=















0259.0

65.0
exp20exp S

t

D

S J
V

V
JJ  

     which yields 

        1010522.2 −=SJ A/cm 2  

     We can write 

        













+=

pO

p

dnO

n

a

iS

D

N

D

N
enJ



112  

     We want 

        10.0
11

1

=

+



pO

p

dnO

n

a

nO

n

a

D

N

D

N

D

N




 

     or 

        

77

7

105

101

105

251

105

251

−−

−


+






da

a

NN

N
 

               =

( )
10.0

10472.410071.7

10071.7

33

3

=

+



d

a

N

N
 

     which yields 

        23.14=
d

a

N

N
 

     Now 

        ( )( )2101910 105.1106.110522.2 == −−

SJ  

        
( ) 













+




−− 77 105

101

105

25

23.14

1

dd NN
 

     We find 

        
141009.7 =dN cm 3−  

     and 

        
161001.1 =aN cm 3−  

_______________________________________ 

 

8.13 

     Plot 

_______________________________________ 
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8.14 

     (a) 

        

p

nop

n

pon

n

pon

pn

n

L

peD

L

neD

L

neD

JJ

J

+

=
+

 

                      

d

i

po

p

a

i

no

n

a

i

no

n

N

nD

N

nD

N

nD

22

2

+



=




 

                      














+

=

d

a

pon

nop

N

N

D

D




1

1
 

     We have 

        
4.2

1
==

n

p

n

p

D

D




  and  

1.0

1
=

po

no




 

     so 

        














+

=
+

d

apn

n

N

NJJ

J

1.0

1

4.2

1
1

1
 

     or 

        

( ) 












+

=
+

d

apn

n

N

NJJ

J

04.21

1
 

     (b) Using Einstein's relation, we can write 

        

d

i

p

p

a

i

n

n

a

i

n

n

pn

n

N

n

L

e

N

n

L

e

N

n

L

e

JJ

J
22

2

+



=
+ 



 

                       

ap

p

n

dn

dn

Ne
L

L
Ne

Ne





+

=  

     We have 

        dnn Ne =   and  app Ne =  

     Also 

        90.4
1.0

4.2
===

pop

non

p

n

D

D

L

L




 

     Then 

        
( )

( ) 90.4+
=

+ pn

pn

pn

n

JJ

J




 

_______________________________________ 

 

 

 

8.15 

     (a) p-side;   

        












=−

i

a

FFi
n

N
kTEE ln  

                        ( ) 
















=

10

15

105.1

105
ln0259.0  

     or 

        329.0=− FFi EE eV 

     Also on the n-side; 

        












=−

i

d

FiF
n

N
kTEE ln  

                        ( ) 














=

10

17

105.1

10
ln0259.0  

     or 

        407.0=− FiF EE eV 

     (b) We can find 

        ( )( ) 4.320259.01250 ==nD cm 2 /s 

        ( )( ) 29.80259.0320 ==pD cm 2 /s 

     Now 

        













+=

pO

p

dnO

n

a

iS

D

N

D

N
enJ



112  

              ( )( )21019 105.1106.1 = −  

                   











+




−− 717615 10

29.8

10

1

10

4.32

105

1
 

     or 

        
1110426.4 −=SJ A/cm 2  

     Then 

        ( )( )114 10426.410 −− == SS AJI  

     or 

        
1510426.4 −=SI A 

     We find 

        












=

t

D

S
V

V
II exp  

           ( ) 







= −

0259.0

5.0
exp10426.4 15

 

     or 

        
61007.1 −=I A 07.1= A 

     (c) The hole current is 

        












=

t

D

po

p

d

ip
V

VD

N
AenI exp

12


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        ( )( ) ( ) 







= −−

17

421019

10

1
10105.1106.1  

                                           














−
t

D

V

V
exp

10

29.8
7

 

     or 

        












= −

t

D

p
V

V
I exp10278.3 16   (A) 

     Then 

        0741.0
10426.4

10278.3
15

16

=



==

−

−

S

pp

J

J

I

I
 

_______________________________________ 

 

8.16 

(a) 
d

i

po

p

p

nop

sp
N

nD
eA

L

peD
AI

2

=













=


 

( )( ) ( )
16

210

8

419

105.1

105.1

108

10
105106.1







=

−

−−  

         
1410342.1 −=spI A 

(b) 
a

i

no

n

n

pon

sn
N

nD
eA

L

neD
AI

2

=













=


 

( )( ) ( )
16

210

7

419

105

105.1

102

25
105106.1







=

−

−−

         1510025.4 −=snI A 

(c) ( )
( )( )

( ) 
















=

210

1616

105.1

105.1105
ln0259.0biV  

             746826.0= V 

   ( ) ( )( ) 59746.0746826.08.08.0 === bia VV V 

       ( ) 












=













=

t

a

d

i

t

a

nonn
V

V

N

n

V

V
pxp expexp

2

 

                   
( )













=

0259.0

59746.0
exp

105.1

105.1
16

210

 

                   
141056.1 = cm 3−  

(d) ( ) ( ) 












==−

t

a

snnnpn
V

V
IxIxI exp  

                      ( ) 







= −

0259.0

59746.0
exp10025.4 15

 

                      
5101981.4 −= A 

 

 

 

 

 

 

(e) ( ) 












=

t

a

spnp
V

V
IxI exp  

                   ( ) 







= −

0259.0

59746.0
exp10342.1 14

 

                   
4103997.1 −= A 

          pnTotal III +=  

                   
45 103997.1101981.4 −− +=  

                   
410820.1 −= A 

  Now    

    ( )
( )













 −
=








+

p

p

nppnp
L

L
xILxI

21
exp

2

1
 

               ( ) 






 −
= −

2

1
exp103997.1 4

 

               
5104896.8 −= A 

  Then 

     







+−=








+ pnpTotalpnn LxIILxI

2

1

2

1
 

               
54 104896.810820.1 −− −=  

               
510710.9 −= A 

_______________________________________ 

 

8.17 

     (a) The excess hole concentration is given by 

        nonn ppp −=  

             












 −












−













=

pt

a

no
L

x

V

V
p exp1exp  

     We find 

        
( ) 4

16

2102

1025.2
10

105.1
=


==

d

i

no
N

n
p cm 3−  

     and 

        ( )( )61001.08 −== pOpp DL   

              
410828.2 −= cm 828.2= m 

     Then 

        ( ) 







−







= 1

0259.0

610.0
exp1025.2 4

np  

                                            










−


−410828.2
exp

x
 

     or 

        ( ) 










−
=

−4

14

10828.2
exp1081.3

x
pn  cm 3−  
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(b) We have 

        
( )
dx

pd
eDJ n

pp


−=  

              
( )












−




=

−− 44

14

10828.2
exp

10828.2

10808.3 xeDp
 

     At 
4103 −=x cm, 

( )
( )( )( )








 −




=

−

−

828.2

3
exp

10828.2

10808.38106.1
3

4

1419

pJ  

     or 

        ( ) 5966.03 =pJ A/cm 2  

     (c) We have 

        












=

t

a

n

pon

no
V

V

L

neD
J exp  

     We can determine that 

        
3105.4 =pon cm 3−  and 72.10=nL m 

     Then 

        
( )( )( )

4

319

1072.10

105.423106.1
−

−




=noJ  

                                                









0259.0

610.0
exp  

     or 

        2615.0=noJ A/cm 2  

     We can also find 

        724.1=poJ A/cm 2  

     Then at 3=x m, 

        ( ) ( )33 pponon JJJJ −+=  

                  5966.0724.12615.0 −+=  

     or 

        ( ) 39.13 =nJ A/cm 2  

_______________________________________ 

 

8.18 

 (a) Problem 8.7 

       












=

t

a

pop
V

V
nn exp  

       or  
( )












=














=

ai

a

t

po

p

ta
Nn

N
V

n

n
VV

2

1.0
lnln  

                 
( )












=

2

21.0
ln

i

a

t
n

N
V  

                  ( )
( )( )
( ) 

















=

213

215

104.2

1041.0
ln0259.0  

                  205.0= V 

 

 

(b) Problem 8.8 

      












=

t

a

non
V

V
pp exp  

     or  







=

no

n

ta
p

p
VV ln

( )












=

di

d

t
Nn

N
V

2

1.0
ln  

                
( )












=

2

21.0
ln

i

d

t
n

N
V  

                ( )
( )( )
( ) 

















=

210

215

105.1

1081.0
ln0259.0  

                623.0= V 

_______________________________________ 

 

8.19 

     The excess electron concentration is given by 

        popp nnn −=  

                











 −












−













=

nt

a

po
L

x

V

V
n exp1exp  

     The total number of excess electrons is 

        dxnAN pp 


=

0

  

     We may note that 

        n

n

n

n

L
L

x
Ldx

L

x
=












 −
−=












 − 



0

0

expexp  

     Then 

        











−













= 1exp

t

a

ponp
V

V
nALN  

     We find that 

        25=nD cm 2 /s  and  0.50=nL m 

     Also 

        
( ) 4

15

2102

1081.2
108

105.1
=




==

a

i

po
N

n
n cm 3−  

     Then 

        ( )( )( )443 108125.2100.5010 = −−

pN  

                                                   











−













 1exp

t

a

V

V
 

     or 

        ( )











−













= 1exp1406.0

t

a

p
V

V
N  

     Then, we find the total number of excess  

     electrons in the p-region to be: 
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     (a) 3.0=aV V,  
41051.1 =pN  

     (b) 4.0=aV V,  
51017.7 =pN  

     (c) 5.0=aV V,  
71040.3 =pN  

 

     Similarly, the total number of excess holes in  

     the n-region is found to be 

        











−













= 1exp

t

a

nopn
V

V
pALP  

     We find that 

        0.10=pD cm 2 /s  and  0.10=pL m 

     Also 

        
( ) 4

16

2102

1025.2
10

105.1
=


==

d

i

no
N

n
p cm 3−  

     Then 

        ( )











−













= − 1exp1025.2 2

t

a

n
V

V
P  

     So 

     (a) 3.0=aV V,  31041.2 =nP  

     (b) 4.0=aV V,  51015.1 =nP  

     (c) 5.0=aV V,  61045.5 =nP  

_______________________________________ 

 

8.20 

        




















 −
















kT

eV

kT

E

V

V
nI ag

t

a

i expexpexp2  

     Then 

        












 −


kT

EeV
I

ga
exp  

     so 

        













 −













 −

=

kT

EeV

kT

EeV

I

I

ga

ga

22

11

2

1

exp

exp

 

     or 

        












 +−−
=

kT

EEeVeV

I

I ggaa 2121

2

1 exp  

     We then have 

      












 +−−
=




−

−

0259.0

525.032.0255.0
exp

1010

1010 2

6

3
gE

 

     or 

 

 

 

 

        












 −
=

0259.0

59.0
exp10

23 gE
 

     Then 

        ( ) ( )3

2 10ln0259.059.0 +=gE  

     or 

        769.02 =gE eV 

_______________________________________ 

 

8.21 

     (a) We have 

        













+=

pO

p

dnO

n

a

iS

D

N

D

N
AenI



112  

     which can be written in the form 

        2

iS nCI =  

              












 −








=

kT

ET
NNC

g

OcO exp
300

3

  

     or 

        












 −
=

kT

E
CTI

g

S exp3  

     (b) Taking the ratio 

        













 −













 −











=

1

2

3

1

2

1

2

exp

exp

kT

E

kT

E

T

T

I

I

g

g

S

S
 

               






















−+










=

21

3

1

2 11
exp

kTkT
E

T

T
g  

    For 3001 =T K, 0259.01 =kT , 61.38
1

1

=
kT

 

    For 4002 =T K, 03453.02 =kT , 96.28
1

2

=
kT

 

     (i) Germanium: 66.0=gE eV 

        ( )( ) 96.2861.3866.0exp
300

400
3

1

2 −







=

S

S

I

I
 

     or  1383
1

2 =
S

S

I

I
 

     (ii) Silicon:  12.1=gE eV 

        ( )( ) 96.2861.3812.1exp
300

400
3

1

2
−








=

S

S

I

I
 

     or  
5

1

2 1017.1 =
S

S

I

I
 

_______________________________________ 
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8.22 

     Plot 

_______________________________________ 

         

8.23 

     First case: 

          












=

t

a

s

f

V

V

I

I
exp  

      or  
( )

05049.0
102ln

50.0

ln

4
=


==

s

f

a

t

I

I

V
V V 

       Now ( ) 







=

300
0259.005049.0

T
 

       8.584=T K 

     Second case: 

        













+=

po

p

dno

n

a

is

D

N

D

N
AenI



112  

         ( )( )( )21946 106.1105102.1 in
−−− =  

           













+




−− 717715 10

10

102

1

105

25

104

1
 

       or  272 102519.8 =in  

      Now 

            












 −
=

kT

E
NNn

g

ci exp2

  

   ( ) ( )( )
3

191927

300
1004.1108.2102519.8 








=

T
 

                                     
( )( )





 −


3000259.0

12.1
exp

T
 

     
( )( )
( )( ) 





−








= −

T

T

0259.0

30012.1
exp

300
108337.2

3

11  

    By trial and error, 

           502T K 

    The reverse-bias current is limiting factor. 

_______________________________________ 

 

8.24 

          ( )( ) 37 101010 −− === popp DL  cm 

       or  10=pL m;   pn LW   

(a) ( ) 












=

t

a

n

nop

np
V

V

W

peD
xJ exp  

 

 

 

 

 (i) ( ) ( ) 












==

t

a

nodnn
V

V
pNxp exp1.0  

                                  


























=

t

a

d

i

V

V

N

n
exp

2

 

       or 
( )












=

2

21.0
ln

i

d

ta
n

N
VV  

                 ( )
( )( )
( ) 

















=

210

215

105.1

1021.0
ln0259.0  

            5516.0=aV V 

       (ii) 


























=

t

a

d

i

n

p

p
V

V

N

n

W

AeD
I exp

2

 

                  
( )( )( )( )

( )( )154

210193

102107.0

105.110106.110




=

−

−−

 

                                                    









0259.0

5516.0
exp  

             
310565.4 −=pI A 

             












=

t

a

n

pon

n
V

V

L

nAeD
I exp  

         


























=

t

a

a

i

no

n

V

V

N

nD
Ae exp

2


 

         ( )( ) ( )
17

210

7

193

102

105.1

105

25
106.110







=

−

−−  

                                                      









0259.0

5516.0
exp  

          
61026.2 −=nI A 

             pn III +=  

                
36 10565.41026.2 −− +=  

                
310567.4 −= A 

       or   567.4=I mA 

     (b)  (i) ( ) ( ) 












==−

t

a

poapp
V

V
nNxn exp1.0  

                                               


























=

t

a

a

i

V

V

N

n
exp

2

 

          or 
( )












=

2

21.0
ln

i

a

ta
n

N
VV  

                    ( )
( )( )
( ) 

















=

210

215

105.1

1021.0
ln0259.0  

               5516.0=aV V 
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        (ii) 


























=

t

a

d

i

n

p

p
V

V

N

n

W

AeD
I exp

2

 

                   
( )( )( )( )

( )( )174

210193

102107.0

105.110106.110




=

−

−−

 

                                                        








0259.0

5516.0
exp  

              
510565.4 −=pI A 

               


























=

t

a

a

i

no

n

n
V

V

N

nD
AeI exp

2


 

         ( )( ) ( )
15

210

7

193

102

105.1

105

25
106.110







=

−

−−  

                                                      









0259.0

5516.0
exp  

                4102597.2 −=nI A 

                 pn III +=  

                    
54 10565.4102597.2 −− +=  

                    
410716.2 −= A 

           or  2716.0=I mA 

_______________________________________ 

 

8.25 

     (a) We can write for the n-region 

        
( )

0
22

2

=−
p

nn

L

p

dx

pd 
 

     The general solution is of the form 

        












 −
+













 +
=

pp

n
L

x
B

L

x
Ap expexp  

     The boundary condition at nxx = gives 

        ( )











−













= 1exp

t

a

nonn
V

V
pxp  

                      












 −
+













 +
=

p

n

p

n

L

x
B

L

x
A expexp  

     and the boundary condition at nn Wxx +=   

     gives 

        ( ) 0=+ nnn Wxp  

           
( )













 +−
+













 +
=

p

nn

p

nn

L

Wx
B

L

Wx
A expexp  

     From this equation, we have 

        
( )











 +−
−=

p

nn

L

Wx
BA

2
exp  

 

 

     Then, from the first boundary condition, we  

     obtain 

        











−













1exp

t

a

no
V

V
p  

              
( )













 −
+











 +−
−=

p

n

p

nn

L

x
B

L

Wx
B exp

2
exp  

              


























 −
−













 −
=

p

n

p

n

L

W

L

x
B

2
exp1exp  

     We then obtain 

        



























 −
−













 −












−














=

p

n

p

n

t

a

no

L

W

L

x

V

V
p

B
2

exp1exp

1exp

 

     which can be written as 

         

        













 −
−
























 +












−













=

p

n

p

n

p

nn

t

a

no

L

W

L

W

L

Wx

V

V
p

B

expexp

exp1exp

 

     We can also find 

        

( )













 −
−
























 +−












−












−

=

p

n

p

n

p

nn

t

a

no

L

W

L

W

L

Wx

V

V
p

A

expexp

exp1exp

 

     The solution can now be written as 

        


























−













=

p

n

t

a

no

n

L

W

V

V
p

p

sinh2

1exp

  

     
( )























 −+−
−











 −+


p

nn

p

nn

L

xWx

L

xWx
expexp  

     or finally 

      



























 −+













−












=

p

n

p

nn

t

a

non

L

W

L

xWx

V

V
pp

sinh

sinh

1exp  
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     (b) 

        
( )

nxx

n

pp
dx

pd
eDJ

=

−=


 

               =


























−













−

p

n

t

a

nop

L

W

V

V
peD

sinh

1exp

 

                            
nxxp

nn

p L

xWx

L =












 −+













 −
 cosh

1
 

     Then 

        











−



























= 1expcoth

t

a

p

n

p

nop

p
V

V

L

W

L

peD
J  

_______________________________________ 

 

8.26 

        














t

D

iD
V

V
nI exp2  

     For the temperature range 320300 T K, 

     neglect the change in cN  and N . 

     Then 

        




















 −


kT

eV

kT

E
I Dg

D expexp  

             
( )








 −−


kT

eVE Dg
exp  

     Taking the ratio of currents, but maintaining  

     DI a constant, we have 

        

( )

( )







 −−








 −−

=

2

2

1

1

exp

exp

1

kT

eVE

kT

eVE

Dg

Dg

 

     We then have 

        
2

2

1

1

kT

eVE

kT

eVE DgDg −
=

−
 

     We have 

        300=T K , 60.01 =DV V and 

           0259.01 =kT eV, 0259.01 =
e

kT
V 

        310=T K , 

           02676.02 =kT eV, 02676.02 =
e

kT
V 

        320=T K , 

           02763.03 =kT eV, 02763.03 =
e

kT
V 

 

     For 310=T K , 

        
02676.0

12.1

0259.0

60.012.1 2DV−=
−

 

     which yields 

        5827.02 =DV V 

     For 320=T K , 

        
02763.0

12.1

0259.0

60.012.1 3DV−=
−

 

     which yields 

        5653.03 =DV V 

_______________________________________ 

 

8.27 

(a) We can write 

        







=

kT

eV
nCI a

iD exp2
 

     where C is a constant, independent of  

     temperature. 

       As a first approximation, neglect the  

     variation of cN  and N  with temperature  

     over the range of interest.  We can then write 

        

























 −
=

t

ag

D
V

V

kT

E
CI expexp1  

              
( )








 −−
=

kT

eVE
C

ag
exp1  

     where 1C  is another constant, independent of  

     temperature.  We find 

        









=

−

D

ag

I

C

kT

eVE
1ln  

     or 

        

















−=

D

ga
I

C

e

kT
EV 1ln  

_______________________________________ 

 

8.28 

(a) 













+=

00

2 11

p

p

dn

n

a

is

D

N

D

N
AenI


 

( )( )( )210194 105.1106.110 = −−  

                  













+




−− 716716 10

10

104

1

10

25

104

1
 

          
1510323.2 −=sI A 

(b) 
02

WAen
I i

gen =  

   We find        
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         ( )
( )( )

( ) 
















=

210

1616

105.1

104104
ln0259.0biV  

               7665.0= V 

    and  

          
( )

2/1

2

























 ++
=

da

daRbis

NN

NN

e

VV
W  

          
( )( )( )







+
=

−

−

19

14

106.1

57665.01085.87.112
 

                               
( )( )

2/1

1616

1616

104104

104104

















+
  

          
510109.6 −=W cm 

Then 

( )( )( )( )
( )7

510194

102

10109.6105.1106.110
−

−−− 
=genI

                 
1110331.7 −= A 

(c) 4

15

11

1016.3
10323.2

10331.7
=




=

−

−

s

gen

I

I
 

_______________________________________ 

 

8.29 

(a) Set genS II = , 

       
000

2

2

11



WAenD

N

D

N
Aen i

p

p

dn

n

a

i =













+  

            













+

 −− 716716 10

10

104

1

10

25

104

1
in  

                                      
( )7

5

0 102

10109.6

2 −

−
==



W
 

      so  
1313

2

1050.2109528.3

100545.3
−− +


=in  

                 
1410734.4 = cm 3−  

Then   

     
292 102407.2 =in  

           ( )( )
3

1919

300
1004.1108.2 








=

T
                                

   
( )( )
( )( ) 





−








= −

T

T

0259.0

30012.1
exp

300
106947.7

3

10
 

   By trial and error, 

                                   567T K 

   We have  

 

 

   
02

WAen
II i

gens ==  

( )( )( )( )
( )7

514194

102

10109.610734.4106.110
−

−−− 
=

   Then  

        gens II +
610314.2 −= A 

  or  314.2== gens II A 

(b) From Problem 8.28 

      1510323.2 −=sI A 

      
1110331.7 −=genI A 

  So 












=













=

t

a

gen

t

a

s
V

V
I

V

V
II

2
expexp  

    ( ) 












 −

t

a

V

V
exp10323.2 15  

                       ( ) 












= −

t

a

V

V

2
exp10331.7 11  

     
15

11

10323.2

10331.7

2
exp

exp

−

−




=





























t

a

t

a

V

V

V

V

 

     4101558.3
2

exp =













t

a

V

V
 

     ( )4101558.3ln2 = ta VV  

          5366.0= V 

_______________________________________ 

 

8.30 

          ( )( )55000259.0=







= nn

e

kT
D   

                5.142= cm 2 /s 

         ( )( ) 70.52200259.0 ==pD cm 2 /s 

 

     (a) 

(i)













+=

00

2 11

p

p

dn

n

a

is

D

N

D

N
AenI


 

          ( )( )( )26194 108.1106.1102 = −−  

 













+




−− 816816 102

70.5

107

1

102

5.142

107

1
 

      
221050.1 −=sI A 
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  (ii) 












=

t

a

sD
V

V
II exp  

             ( ) 







= −

0259.0

6.0
exp1050.1 22

 

             
1210726.1 −= A 

 (iii) ( ) 







= −

0259.0

8.0
exp1050.1 22

DI  

             
910896.3 −= A 

  (iv) ( ) 







= −

0259.0

0.1
exp1050.1 22

DI  

              
610795.8 −= A 

(b)
02

WAen
I i

gen =  

           ( )
( )( )

( ) 
















=

26

1616

108.1

107107
ln0259.0biV  

                  263.1= V 

            
( )( )( )







+
=

−

−

19

14

106.1

3263.11085.81.132
W  

                                
( )( )

2/1

1616

1616

107107

107107

















+
  

                 
510201.4 −= cm 

(i)Then 

( )( )( )( )
( )8

56194

1022

10201.4108.1106.1102
−

−−−




=genI

        
1410049.6 −= A 

  (ii) 












=

t

a

rorec
V

V
II

2
exp  

              ( )
( )









= −

0259.02

6.0
exp106 14

 

              
910436.6 −= A 

(iii) ( )
( )









= −

0259.02

8.0
exp106 14

recI  

               
710058.3 −= A 

  (iv) ( )
( )









= −

0259.02

0.1
exp106 14

recI  

               
510453.1 −= A 

_______________________________________ 

 

 

 

 

 

 

8.31 

     Using results from Problem 8.30, we find 

     4.0=aV V,   161064.7 −=dI A, 

           101035.1 −=recI A, 101035.1 −TI A 

     6.0=aV V,   121073.1 −=dI A 

           91044.6 −=recI A,  91044.6 −TI A 

     8.0=aV V,   91090.3 −=dI A 

           71006.3 −=recI A,  71010.3 −=TI A 

     0.1=aV V,   61080.8 −=dI A 

           51045.1 −=recI A,  51033.2 −=TI A 

     2.1=aV V.   21099.1 −=dI A 

           41090.6 −=recI A,  21006.2 −=TI A 

_______________________________________ 

 

8.32 

     Plot 

_______________________________________ 

 

8.33 

     Plot 

_______________________________________ 

 

8.34 

     We have that 

        
( ) ( )ppnn

nnp
R

nOpO

i

+++

−
=



2

 

     Let OnOpO  =  and inpn ==  

     We can write 

        






 −
=

kT

EE
nn FiFn

i exp  

     and 

        












 −
=

kT

EE
np

FpFi

i exp  

     We also have 

        ( ) ( ) aFpFiFiFn eVEEEE =−+−  

     so that 

        ( ) ( )FiFnaFpFi EEeVEE −−=−  

     Then 

        
( )








 −−
=

kT

EEeV
np FiFna

i exp  

            
( )








 −−








=

kT

EE

kT

eV
n FiFna

i expexp  
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     Define 

        
kT

eVa
a =  and  







 −
=

kT

EE FiFn  

     Then the recombination rate can be written as 

        
( )( )
 iiiiO

iii

neennen

neenen
R

a

a

+++

−
=

−

−







2

 

     or 

        
( )

 



 −++

−
=

eee

en
R

a

a

O

i

2

1
 

     To find the maximum recombination rate, set 

        0=
d

dR
 

                
( )   1

2
1 −−++

−
= 




eee

d

den
a

a

O

i  

     or 

        
( )

( )  2
21

1
0

−−++−
−

= 



eee

en
a

a

O

i  

                                                     −− eee a  

     which simplifies to 

        
( )  

 22

1
0





 −

−

++

−


−−
=

eee

eeeen

a

aa

O

i  

     The denominator is not zero, so we have 

        
 −−= eee a0  

     or 

        aee
 =2

 
2

a =  

     Then the maximum recombination rate  

     becomes 

        
( )

 22max
2

1

aaa

a

eee

en
R

O

i





 −
++

−
=  

                 
( )

 22
2

1

aa

a

ee

en

O

i





 ++

−
=  

     or 

        
( )
( )12

1
2max
+

−
=

a

a

e

en
R

O

i






 

     which can be written as 

        









+
















−








=

1
2

exp2

1exp

max

kT

eV

kT

eV
n

R

a

O

a

i



 

     If ( )ekTVa  , then we can neglect the (-1)  

     term in the numerator and the (+1) term in the  

     denominator, so we finally have 

 

 

        







=

kT

eVn
R a

O

i

2
exp

2
max


 

                                                                   Q.E.D. 

_______________________________________ 

 

8.35 

     We have 

        =
W

gen eGdxJ

0

 

     In this case, 19104== gG cm 3− s 1−  and is  

     a constant through the space charge region.   

     Then 

        WgeJ gen =  

     We find 

        













=

2
ln

i

da

tbi
n

NN
VV  

               ( )
( )( )

( ) 
















=

210

1515

105.1

105105
ln0259.0  

     or 

        659.0=biV V 

     Also 

        
( )

2/1

2

























 ++
=

da

daRbis

NN

NN

e

VV
W  

             
( )( )( )








+
=

−

−

19

14

106.1

10659.01085.87.112
 

                                     
( )( )

2/1

1515

1515

105105

105105























+
  

     or 

        
41035.2 −=W cm 

     Then 

        ( )( )( )41919 1035.2104106.1 −− =genJ  

     or 

        
3105.1 −=genJ A/cm 2  

_______________________________________ 
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8.36 

        













+=

pO

p

dnO

n

a

iS

D

N

D

N
enJ



112  

           ( )( )







=

−

−

716

21019

10

18

103

1
105.1106.1  

                                                     





+

−718 10

6

10

1
 

     or 

        1110638.1 −=SJ A/cm 2  

     Now 

        












=

t

D

SD
V

V
JJ exp  

     We want 

        DG JJJ −== 0  

     or 

        












−= −−

t

D

V

V
exp10638.110250 113  

     which can be written as 

        9

11

3

10526.1
10638.1

1025
exp =




=













−

−

t

D

V

V
 

     We find 

        ( )910526.1ln = tD VV  

     or 

        548.0=DV V 

_______________________________________ 

 

8.37 

(a) =


==
−

6.21
102.1

0259.0
3

DQ

t

d
I

V
r  

      
( )( )

( )0259.02

105.0102.1

2

63
0

−− 
==

t

DQ

d
V

I
C


 

                           
81016.1 −= F 

   or  6.11=dC nF 

(b) =


=
−

216
1012.0

0259.0
3dr  

       
( )( )

( )0259.02

105.01012.0 63 −− 
=dC  

            
91016.1 −= F 

   or  16.1=dC nF 

_______________________________________ 

 

 

 

 

 

8.38 

(a) 
V

Q
C d




= ,  For 2.1=DI mA 

       ( )( )38 105010158.1 −− == VCQ d  

              
101079.5 −= C 

(b) For 12.0=DI mA 

        ( )( )39 105010158.1 −− == VCQ d  

              
111079.5 −= C 

_______________________________________ 

 

8.39 

     For a np +  diode 

        
t

DQ

d
V

I
g = ,  

t

pODQ

d
V

I
C

2


=  

     Now 

        2
3

1086.3
0259.0

10 −
−

==dg S 

     and 

        
( )( )
( )

9
73

1093.1
0259.02

1010 −
−−

==dC F 

    We have 

        
222

11

dd

dd

dd Cg

Cjg

CjgY
Z





 +

−
=

+
==  

     where f 2=  

 

     We obtain 

        10=f kHz ,    0814.09.25 jZ −=  

        100=f kHz ,  814.09.25 jZ −=  

        1=f MHz ,     41.76.23 jZ −=  

        10=f MHz ,   49.738.2 jZ −=  

_______________________________________ 

 

8.40 

     Reverse bias 

     
( )( )

2/1

2 







++


==

daRbi

das

j
NNVV

NNe
ACAC  

     ( )
( )( )

( ) 
















=

210

1517

105.1

108105
ln0259.0biV  

           790.0= V 

    ( ) ( )( )( )
( )




+


=

−−
−

Rbi

j
VV

C
2

1085.87.11106.1
102

1419
4  

                                     
( )( )

2/1

1517

1517

108105

108105















+


  
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rbi

j

VV
C

+


=

−12101078.5
 F 

 

        RV (V)             jC (pF) 

10 1.555 

5 2.123 

3 2.624 

1 3.818 

0 5.747 

      20.0−                6.650 

      40.0−                8.179 

       

     Forward bias 

     For nopoda IINN   

     Then 

  
( )
( )

( ) po

po

t

ppo

d I
I

V

I
C 6

8

0
10544.1

0259.02

108

2

−

−

=


==


 

      


























=

t

a

d

i

p

p

po
V

V

N

nD
AeI exp

2

0
 

    ( )( ) ( )
15

210

8

194

108

105.1

108

10
106.1102







=

−

−−  

                                                            














t

a

V

V
exp  

         ( ) 












= −

t

a

po
V

V
I exp10006.1 14  A 

 

      aV (V)    dC (F)       +    jC (F)      = TotalC (F) 

0.20 
1217 10650.61051.3 −− +  

                                             
1210650.6 −  

0.40 
1214 10179.81092.7 −− +  

                                             
1210258.8 −=  

0.60 ...1079.1 10 + −  

                                             
101079.1 −  

_______________________________________ 

 

8.41 

     For a np +
 diode, nOpO II  , then 

        ( )pOpO

t

d I
V

C 












=

2

1
 

     Now 

        
6105.2

2

−=
t

pO

V


F/A 

     Then 

 

 

        ( )( )6105.20259.02 −=pO  

     or 

        
7103.1 −=pO s 

 

     At 1 mA, 

        ( )( )36 10105.2 −−=dC  

     or 

        9105.2 −=dC F 

_______________________________________ 

 

8.42 

(a) nopoda IINN   

  (i) 
t

ppo

d
V

I
C

2

0
=  

 or  
( ) ( )( )

7

9

0 10

100259.022
−

−

==
p

dt

po

CV
I


 

             
41018.5 −= A 

 or  518.0=poI mA 

(ii) 












=

t

a

d

i

p

p

po
V

V

N

nD
AeI exp

2

0
 

          ( )( )
7

1943

10

10
106.110510518.0

−

−−− =  

                                        
( )




















t

a

V

V
exp

108

105.1
15

210

 

          ( ) 
















=

−

−

14

3

1025.2

10518.0
ln0259.0aV  

               618.0= V 

       (iii) =


==
−

50
10518.0

0259.0
3

D

t

d
I

V
r  

     (b)  

       (i)
( ) ( )( )

7

9

0 10

1025.00259.022
−

−
==

p

dt

po

CV
I


 

                 
410295.1 −= A 

        or 1295.0=poI mA 

      (ii) ( ) 
















=

−

−

14

3

1025.2

101295.0
ln0259.0aV  

                5821.0= V 

     (iii) =


=
−

200
101295.0

0259.0
3dr  

_______________________________________ 
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8.43 

     (a)  p-region: 

        
( )ANe

L

A

L

A

L
R

app

p

p



===  

     so 

        
( )( )( )( )21619 1010480106.1

2.0
−−

=pR  

     or 

        = 26pR  

     n-region: 

        
( )ANe

L

A

L

A

L
R

dnn

n

n



===  

     so 

        
( )( )( )( )21519 10101350106.1

10.0
−−

=nR  

     or 

        = 3.46nR  

     The total resistance is 

        3.4626+=+= np RRR  

     or 
        = 3.72R  

     (b) 

        ( )3.721.0 IIRV ==  

     which yields 

        38.1=I mA 

_______________________________________ 

 

8.44 

        
( )
( )

( )

( )pA

pL

nA

nL
R

pn


+=  

            
( )( ) ( )( )

5

2

5

2

102

101.0

102

102.0
−

−

−

−


+


=  

     or 
        =150R  

     We can write 

        












+=

S

D

tD
I

I
VRIV ln  

     (a) (i) For 1=DI mA, 

        ( )( ) ( ) 












+=

−

−
−

10

3
3

10

10
ln0259.015010V  

     or  567.0=V V 

     (ii) For 10=DI mA, 

        ( )( ) ( ) 












+=

−

−
−

10

2
2

10

10
ln0259.015010V  

     or  98.1=V V 

 

 

     (b) Set 0=R  

     (i) For 1=DI mA, 

        ( ) 












=

−

−

10

3

10

10
ln0259.0V   

     or  417.0=V V 

 

     (ii) For 10=DI mA, 

        ( ) 












=

−

−

10

2

10

10
ln0259.0V  

     or  477.0=V V 

_______________________________________ 

 

8.45 

(a) 
32

0259.0
===

d

t

D

D

t

d
r

V
I

I

V
r  

   or  41009375.8 −=DI A 

     












=

s

D

ta
I

I
VV ln  

          ( ) 
















=

−

−

12

4

105

1009375.8
ln0259.0  

     4896.0=aV V 

(b) 4103167.4
60

0259.0 −===
d

t

D
r

V
I A 

        ( ) 
















=

−

−

12

4

105

103167.4
ln0259.0aV  

              4733.0= V 

_______________________________________ 

 

8.46 

     (a)  


























==

t

a

t

S

a

D

d V

V

V
I

dV

dI

r
exp

11
 

     or 

        







=

−

0259.0

020.0
exp

0259.0

101 13

dr
 

     which yields 

        = 11102.1dr  

     (b) 

        






 −
=

−

0259.0

02.0
exp

0259.0

101 13

dr
 

     which yields 

        = 11106.5dr  

_______________________________________ 
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8.47 

     (a) If 2.0=
F

R

I

I
 

     Then we have 

        
2.01

1

1

1

+
=

+

=
+

=

F

RRF

F

pO

s

I

III

It
erf


 

     or 

        833.0=
pO

sterf


 

     We find 

        956.0978.0 ==
pO

s

pO

s tt


 

     (b) If 0.1=
F

R

I

I
, then 

        50.0
11

1
=

+
=

pO

sterf


 

     which yields 

        228.0=
pO

st


 

_______________________________________ 

 

8.48 

(a) erf
RF

F

p

s

II

It

+
=


 

        erf 3.0 = erf ( )5477.0     

                                      erf ( ) 56332.055.0 =   

     Then  

F

R

I

I
+

=

1

1
56332.0  

     775.01
56332.0

1
=−=

F

R

I

I
 

(b) erf ( ) 









+=



























 −

+
F

R

p

p

p I

I

t

t

t
1.01

exp

0

2

0

2

0

2







 

                                            ( )( )775.01.01+=  

                                            0775.1=  

    By trial and error,  80.0
0

2 
p

t


 

_______________________________________ 

 

 

8.49 

        18=jC pF at 0=RV  

        2.4=jC pF at 10=RV V 

     We have 

        
710 −== pOnO  s ,  2=FI mA 

     and 

        1
10

10
==

R

V
I R

R mA 

     So 

        ( ) 







+=










+ −

1

2
1ln101ln 7

R

F

pOs
I

I
t   

     or 

        7101.1 −=st s 

     Also 

        1.11
2

2.418
=

+
=avgC pF 

     The time constant is 

        ( )( )124 101.1110 −== avgS RC  

              
71011.1 −= s 

     Now, the turn-off time is 

        ( ) 71011.11.1 −+=+= Ssoff tt   

     or 

        
71021.2 −=offt s 

_______________________________________ 

 

8.50 

        ( )
( )
( )

136.1
105.1

105
ln0259.0

210

219

=

















=biV V 

     We find 

        
( )

2/1

2

























 +−
=

da

daabis

NN

NN

e

VV
W  

            
( )( )( )








−
=

−

−

19

14

106.1

40.0136.11085.87.112
 

                                    
( )

2/1

219

1919

105

105105
























+
  

     which yields 

        
71017.6 −=W cm

o

A7.61=  

_______________________________________ 

 

8.51 

     Sketch 

_______________________________________ 
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8.53 

       From Figure 7.15,  15109dN cm 3−  

                               Let  17105=aN cm 3−  

       ( ) ( ) 












===

t

a

nodnn
V

V
pNxp exp1091.0 14  

      
( ) 4

15

2102

105.2
109

105.1
=




==

d

i

no
N

n
p cm 3−  

     Then ( ) 6295.0
105.2

109
ln0259.0

4

14

=
















=aV V 

     











=














=

−

0259.0

6295.0
exp

1050

exp

3

t

a

s

V

V

I
I  

          
1210389.1 −= A 

     
0

2

p

p

d

i

p

nop

s

D

N

Aen

L

pAeD
I


=  

      
1210389.1 −  

         
( )( )

715

21019

102

10

109

105.1106.1
−

−




=
A

 

     ( )1112 10828.210389.1 −− = A  

   or  
21091.4 −=A cm 2  

_______________________________________ 
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Chapter 9 
 

Exercise Solutions 
 

Ex 9.1 

        48.007.455.40 =−=−=  mB V 

        ( ) 
















=













=

15

17

105

107.4
ln0259.0ln

d

c

tn
N

N
V  

              1177.0= V 

        3623.01177.048.00 =−=−= nBbiV  V 

        

2/1

2







 

=
d

bis

n
eN

V
x  

             
( )( )( )
( )( )

2/1

1519

14

105106.1

3623.01085.81.132












=

−

−

 

             
51024.3 −= cm 

        
s

nd xeN


=max  

                  
( )( )( )

( )( )14

51519

1085.81.13

1024.3105106.1
−

−−




=  

                  
41024.2 = V/cm 

_______________________________________ 

 

Ex 9.2 

        From Figure 9.3, 

        64.0biV V 

        
12

12

2

10335.2
64.03

105.8

1

=
+


















RV

C
 

     Then  

R

s

d

V

C

e
N


















=
2

1

12
 

      
( )( )( )( )121419 10335.21085.81.13106.1

2


=

−−
 

     or  
181062.4 =dN cm

3−
 

_______________________________________ 

 

 

 

 

 

 

 

 

 

 

 

Ex 9.3 

     
( )

2/1

2







 +

=
d

Rbis

n
eN

VV
x  

           
( )( )( )

( )( )

2/1

1619

14

10106.1

1085.87.112















+
=

−

−

Rbi VV
 

           ( )( )  2/1910294.1 Rbi VV += −  

(a) 1=RV V, 334.0=biV V 

        510155.4 −= nx cm 

        
s

nd xeN


=max  

                  
( )( )( )

( )( )14

51619

1085.87.11

10155.410106.1
−

−−




=  

                  
41042.6 = V/cm 

     Then 
s

e




=




4
 

                     
( )( )

( )( )

2/1

14

419

1085.87.114

1042.6106.1












=

−

−


 

               0281.0= V 

(b) 5=RV V, 

        510309.8 −=nx cm 

         
( )( )( )

( )( )14

51619

max
1085.87.11

10309.810106.1
−

−−




=  

                   
510284.1 = V/cm 

         
( )( )

( )( )

2/1

14

519

1085.87.114

10284.1106.1












=

−

−


  

          0397.0= V 

_______________________________________ 

 

Ex 9.4 

   
3

24

h

kem
A n



 =


 

     Assume on mm =
, then 

( )( )( )
( )334

2233119

10625.6

1038.11011.9106.14

−

−−−





=


A  

      
61020.1 = A/K 2 -m 2  

  120= A A/K 2 -cm 2  

_______________________________________ 
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Ex 9.5 

          














t

a

s
V

V
AJI exp  

     so that 












=

s

ta
AJ

I
VV ln  

     For the pn junction: 

          ( )
( )( )

















=

−−

−

114

6

1066.310

1010
ln0259.0aV  

                5628.0= V 

     For the Schottky junction: 

          ( )
( )( )

















=

−−

−

54

6

1098.510

1010
ln0259.0aV  

               1922.0= V 

_______________________________________ 

 

Ex 9.6 

        











 −
==



























 −

tS

ST

t

a

S

t

a

ST

VI

I

V

V
I

V

V
I

3.0
exp1

exp

3.0
exp

 

     Then 

        ( ) 






 −
= −

0259.0

3.0
exp105 7

SI  

      121066.4 −= SI A 

_______________________________________ 

 

Ex 9.7 

     We have 

          

2/1

2







 

=
d

bis

n
eN

V
x  

               
( )( )( )
( )( )

2/1

1819

14

107106.1

80.01085.81.132












=

−

−

 

               
610287.1 −= cm 

    or   
o

n Ax 7.128=  

_______________________________________ 

 

Ex 9.8 

     From Example 9.8, 70.0= E eV. 

     We find 

        
( ) 11

15

2132

1076.5
10

104.2
=


==

d

i

no
N

n
p cm 3−  

     Now 

 

 

 

        












+=

P

n

no

Po

bi
N

N

p

p
kTEeV




 ln  

        ( )
( )( )

( )( )










+=

1811

1815

1071076.5

10610
ln0259.070.0  

     or  889.0=biV V 

_______________________________________ 

 

 

Test Your Understanding Solutions 
 

TYU 9.1 

(a) 49.001.45.4 =−=Bo V 

(b) 












=

d

c

tn
N

N
V ln  

            ( ) 237.0
103

108.2
ln0259.0

15

19

=
















= V 

        253.0237.049.0 =−=−= nBobiV  V 

(c) 
( )

2/1

2







 +

=
d

Rbis

n
eN

VV
x  

            
( )( )( )

( )( )

2/1

1519

14

103106.1

5253.01085.87.112











+
=

−

−

 

   or  
410505.1 −=nx cm 

  Then 

        
s

nd xeN


=max  

                
( )( )( )

( )( )14

41519

1085.87.11

10505.1103106.1
−

−−




=  

    or 
4

max 1098.6 = V/cm 

(d) 
( )

2/1

2 







+


=

Rbi

ds

VV

Ne
C  

( )( )( )( )
( )

2/1
151419

5253.02

1031085.87.11106.1









+


=

−−

      or  
91088.6 −=C F/cm 2  

_______________________________________ 

 

TYU 9.2 

(a) 05.107.412.5 =−=Bo V 

(b) ( ) 131.0
103

107.4
ln0259.0

15

17

=
















=n V 

       919.0131.005.1 =−=biV V 
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(c) 
( )( )( )

( )( )

2/1

1519

14

103106.1

5919.01085.81.132











+
=

−

−

nx  

  or  41069.1 −=nx cm 

  Now 

        
( )( )( )

( )( )14

41519

max
1085.81.13

1069.1103106.1
−

−−




=  

  or  
4

max 107= V/cm 

(d) 
( )( )( )

( )



+


=

−−

5919.02

1085.81.13106.1 1419

C  

                                               ( ) 2/115103  

   or 
91086.6 −=C F/cm 2  

_______________________________________ 

 

TYU 9.3 

        
s

e




=




4
 

              
( )( )

( )( )

2/1

14

419

1085.87.114

1098.6106.1












=

−

−


 

     or  0293.0= V 

        


=
s

m

e
x

16
 

            
( )( )( )

2/1

414

19

1098.61085.87.1116

106.1












=

−

−


 

    or  71010.2 −=mx cm
o

A0.21=  

_______________________________________ 

 

TYU 9.4 

        












=

t

a

S
V

V
II exp  

     Then 

        












=

S

ta
I

I
VV ln  

(a) For the pn junction diode 

     ( ) 596.0
10

10100
ln0259.0

14

6

=











 
=

−

−

aV V 

       For the Schottky diode 

     ( ) 298.0
10

10100
ln0259.0

9

6

=











 
=

−

−

aV V 

 

 

 

 

 

(b) For the pn junction diode 

    ( ) 656.0
10

10
ln0259.0

14

3

=












=

−

−

aV V 

        For the Schottky diode 

     ( ) 358.0
10

10
ln0259.0

9

3

=












=

−

−

aV V 

_______________________________________ 
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Chapter 9 
 

9.1 

     (a) We have 

        












=

d

c

tn
N

N
eVe ln  

               ( ) 206.0
10

108.2
ln0259.0

16

19

=











 
= eV 

     (c) 

        01.428.4 −=−=  mBO  

     or 

        27.0=BO V 

     and 

        206.027.0 −=−= nBObiV   

     or 

        064.0=biV V 

     Also 

        

2/1

2







 
=

d

bis

d
eN

V
x  

             
( )( )( )

( )( )

2/1

1619

14

10106.1

064.01085.87.112












=

−

−

 

     or 

        6101.9 −=dx cm 

     Then 

        
s

dd xeN


=max  

                  
( )( )( )

( )( )14

61619

1085.87.11

101̀.910106.1
−

−−




=  

     or 

        
4

max 1041.1 = V/cm 

     (d) 

     Using the figure, 55.0=Bn V 

     So 

        206.055.0 −=−= nBnbiV   

     or 

        344.0=biV V 

     We then find 

        
51011.2 −=nx cm 

     and 

        
4

max 1026.3 = V/cm 

_______________________________________ 

 

 

 

 

9.2 

(a) nBbiV  −= 0  

         












=

d

c

tn
N

N
V ln  

              ( ) 
















=

15

19

105

108.2
ln0259.0  

               =0.2235 V 

        4265.02235.065.0 =−=biV V 

(b) ( ) 











 
=

16

19

10

108.2
ln0259.0n  

            2056.0= V 

      4444.02056.065.0 =−=biV V 

    biV increases, 0B remains constant 

(c) ( ) 











 
=

15

19

10

108.2
ln0259.0n  

             2652.0= V 

       3848.02652.065.0 =−=biV V 

   biV decreases, 0B remains constant 

_______________________________________ 

 

9.3 

(a) 09.101.41.50 =−=−=  mB V 

(b) nBbiV  −= 0  

       












=

d

c

tn
N

N
V ln  

            ( ) 2056.0
10

108.2
ln0259.0

16

19

=











 
= V 

           8844.02056.009.1 =−=biV V 

(c) 
( )

2/1

2







 +
=

d

Rbis

n
eN

VV
x  

  (i)
( )( )( )

( )( )

2/1

1619

14

10106.1

18844.01085.87.112











+
=

−

−

nx  

           
510939.4 −= cm 

   or  4939.0=nx m 

     
s

nd xeN


=max  

               
( )( )( )

( )( )14

51619

1085.87.11

10939.410106.1
−

−−




=  

               
41063.7 = V/cm 

 



Semiconductor Physics and Devices: Basic Principles, 4th edition                                                    Chapter 9 

By D. A. Neamen                                                                                                                  Problem Solutions 

______________________________________________________________________________________ 

  

(ii)
( )( )( )

( )( )

2/1

1619

14

10106.1

58844.01085.87.112











+
=

−

−

nx  

           
510727.8 −= cm 

   or  8728.0=nx m 

       
( )( )( )

( )( )14

51619

max
1085.87.11

10727.810106.1
−

−−




=  

                 
51035.1 = V/cm 

_______________________________________ 

 

9.4 

(a) 03.107.41.50 =−=−=  mB V 

(b) ( ) 1177.0
105

107.4
ln0259.0

15

17

=
















=n V 

(c) 9123.01177.003.1 =−=biV V 

     (d) 

        (i)
( )( )( )

( )( )

2/1

1519

14

105106.1

19123.01085.81.132











+
=

−

−

nx  

                 
510445.7 −= cm 

         or  7445.0=nx m 

          
( )( )( )

( )( )14

51519

max
1085.81.13

10445.7105106.1
−

−−




=  

                    
41014.5 = V/cm 

      (ii)
( )( )( )

( )( )

2/1

1519

14

105106.1

59123.01085.81.132











+
=

−

−

nx  

                
410309.1 −= cm 

        or  309.1=nx m 

           
( )( )( )

( )( )14

41519

max
1085.81.13

10309.1105106.1
−

−−




=  

                     
41003.9 = V/cm 

_______________________________________ 

 

9.5 

     (b) 1177.0=n V 

(c) 7623.01177.088.0 =−=biV V 

     (d) 

      (i) 
( )( )( )

( )( )

2/1

1519

14

105106.1

17623.01085.81.132











+
=

−

−

nx  

               
510147.7 −= cm 

      or  7147.0=nx m 

       
( )( )( )

( )( )14

51519

max
1085.81.13

10147.7105106.1
−

−−




=  

                 
41093.4 = V/cm 

 

     (ii) 
( )( )( )

( )( )

2/1

1519

14

105106.1

57623.01085.81.132











+
=

−

−

nx  

               
410292.1 −= cm 

      or  292.1=nx m 

      
( )( )( )

( )( )14

41519

max
1085.81.13

10292.1105106.1
−

−−




=  

                
41092.8 = V/cm 

_______________________________________ 

 

9.6 

(a) 
( )

2/1

2









+


=

Rbi

ds

VV

Ne
C  

  We have 88.00 =B V 

     ( ) 











 
=

15

19

10

108.2
ln0259.0n 265.0= V 

    615.0265.088.0 =−=biV V 

  

(i)

( ) ( )( )( )( )
( )

2/1
151419

4

1615.02

101085.87.11106.1
10 









+


=

−−
−C

    
131016.7 −= F 

  or  716.0=C pF 

(ii) 

( ) ( )( )( )( )
( )

2/1
151419

4

5615.02

101085.87.11106.1
10 









+


=

−−
−C

    
131084.3 −= F 

  or  384.0=C pF 

(b) ( ) 206.0
10

108.2
ln0259.0

16

19

=











 
=n V 

      674.0206.088.0 =−=biV V 

 (i) 

( ) ( )( )( )( )
( )

2/1
161419

4

1674.02

101085.87.11106.1
10 









+


=

−−
−C

    
121022.2 −= F 

  or  22.2=C pF 

(ii) 

( ) ( )( )( )( )
( )

2/1
161419

4

56745.02

101085.87.11106.1
10 









+


=

−−
−C

     
121021.1 −= F 

  or  21.1=C pF 

_______________________________________ 
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9.7 

     (a)  From the figure, 90.0=biV V 

     (b) We find 

        
( )

15
15

2

10034.1
90.02

0103

1

=
−−

−
=















RV

C
 

     and 

        
ds Ne

=
2

10034.1 15  

     We can then write 

( )( )( )( )151419 10034.11085.81.13106.1

2


=

−−dN  

     or 

        161004.1 =dN cm 3−  

     (c) 

        












=

d

c

tn
N

N
V ln  

              ( ) 
















=

16

17

1004.1

107.4
ln0259.0  

     or 

        0986.0=n V 

     (d) 

        0986.090.0 +=+= nbiBn V   

     or 

        9986.0=Bn V 

_______________________________________ 

 

9.8   

     From Figure 9.5,  63.0BO V 

(a) ( ) 224.0
105

108.2
ln0259.0

15

19

=
















=n V 

       406.0224.063.00 =−=−= nBbiV  V 

  (i)
( )( )( )

( )( )

2/1

1519

14

105106.1

1406.01085.87.112











+
=

−

−

nx  

           
510033.6 −= cm 

   or  6033.0=nx m 

    
( )( )( )

( )( )14

51519

max
1085.87.11

10033.6105106.1
−

−−




=  

              
41066.4 = V/cm 

  (ii)
( )( )( )

( )( )

2/1

1519

14

105106.1

5406.01085.87.112











+
=

−

−

nx  

             
410183.1 −= cm 

   or  183.1=nx m 

 

     
( )( )( )

( )( )14

41519

max
1085.87.11

10183.1105106.1
−

−−




=  

               
41014.9 = V/cm 

(b) 

  (i) 
s

e




=




4
 

            
( )( )

( )( )

2/1

14

419

1085.87.114

1066.4106.1












=

−

−


 

            0239.0= V 

      


=
s

m

e
x

16
 

     
( )

( )( )( )

2/1

414

19

1066.41085.87.1116

106.1












=

−

−


 

 

or 

           mx
71057.2 −= cm 

  (ii) 
( )( )

( )( )

2/1

14

419

1085.87.114

1014.9106.1












=

−

−


  

             0335.0= V 

  
( )( )( )

2/1

414

19

1014.91085.87.1116

106.1












=

−

−


mx  

        
71083.1 −= cm 

_______________________________________ 

 

9.9 

     We have 

        ( ) x
x

e
x

s

−


−
=−




16
 

     or 

        ( ) ex
x

e
xe

s

+


=



16

2

 

     Now 

        
( )( )

e
x

e

dx

xed

s

+


−
==

2

2

16
0




 

    Solving for x, we find 

        


==
s

m

e
xx

16
 

     Substituting this value of mxx =  into the  

     equation for the potential, we find 

        


+




=
s

s

s

e

e

e







16

16
16
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     which yields 

        
s

e




=




4
 

_______________________________________ 

 

9.10 

     From Figure 9.5,  88.0BO V 

(a) ( ) 0997.0
10

107.4
ln0259.0

16

17

=











 
=n V 

      780.00997.088.00 −=−= nBbiV  V 

      
( )( )( )

( )( )

2/1

1619

14

10106.1

780.01085.81.132












=

−

−

nx  

            
510362.3 −= cm 

  or  3362.0=nx m 

     
( )( )( )

( )( )14

51619

max
1085.81.13

10362.310106.1
−

−−




=  

               
41064.4 = V/cm 

(b) ( )( ) 044.088.005.0 == V 

             
s

e




=

4
 

      ( )
( )
( )( )14

19
2

1085.81.134

106.1
044.0

−

−




=


 

       
( ) ( )( )( )

19

142

106.1

1085.81.134044.0
−

−




=


 

           
510763.1 = V/cm 

  Now  

      
( )( )
( )( )14

1619

5

1085.81.13

10106.1
10763.1

−

−




== nx  

   
410277.1 −= nx cm 

  And 

      ( )242 10277.1 −=nx  

             
( )( )( )

( )( )1619

14

10106.1

780.01085.81.132
−

−



+
= RV  

   5.10= RV V 

_______________________________________ 

 

9.11 

     Plot 

_______________________________________ 

 

9.12 

     (a) 07.42.5 −=−=  mBO  

     or 

        13.1=BO V 

 

     (b) We have 

        ( )BnOg eeE  −−  

                      ( )nBnds

it

Ne
eD

 −= 2
1

 

                                     ( ) Bnm

it

i

eD



+−


−  

     which becomes 

        ( )Bne −− 60.043.1  

          ( )( )( ) 1419

13
1085.81.13106.12

10

1 −− 














=

e
e

 

                                      ( )( ) 2/116 10.010 − Bn  

               
( )

( )
( ) Bn

e
e

+−
















−

−

−

07.42.5

1025
10

1085.8

8
13

14

 

     or 

        Bn−83.0  

               ( )BnBn  −−−= 13.1221.010.0038.0  

     We find 

        858.0=Bn V 

     (c) 

        If 5.4=m V, then 

        07.45.4 −=−=  mBO  

     or 

        43.0=BO V 

     From part (b), we have 

        Bn−83.0  

     ( ) BnBn  +−−−= 07.45.4221.010.0038.0  

     We then find 

        733.0=Bn V 

     With interface states, the barrier height is less  

     sensitive to the metal work function. 

_______________________________________ 

 

9.13 

     We have that 

        ( )BnOg eeE  −−  

                    ( )nBnds

it

Ne
eD

 −= 2
1

 

                                     ( ) Bnm

it

i

eD



+−


−  

     Let itit DeD = (cm 2− eV 1− ) 

     Then we can write 
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        ( )60.0230.012.1 −−e  

             ( )( )( ) 1419 1085.87.11106.12
1 −− 


=
itD

 

                              ( )( ) 2/116 164.060.0105 −  

                    
( )

( )
( ) 60.001.475.4

1020

1085.8
8

14

+−



−

−

−

itD
 

     We then find 

        111097.4 =itD  cm 2− eV 1−  

_______________________________________ 

 

9.14 

(a) ( ) 224.0
105

108.2
ln0259.0

15

19

=
















=n V 

(b) 666.0224.089.0 =−=−= nBnbiV  V 

(c) 






 −
= 

kT

e
TAJ Bn

sT


exp2

 

               ( )( ) 






 −
=

0259.0

89.0
exp300120

2
 

        81029.1 −=sTJ A/cm 2  

(d)  

   ( ) 









=













=

−81029.1

5
ln0259.0ln

sT

ta
J

J
VV  

         512.0=aV V 

_______________________________________ 

 

9.15 

(a) 63.00 B V 

       ( )( ) 






 −
=

0259.0

63.0
exp300120

2

sTJ  

              
410948.2 −= A/cm 2  

       ( )( ) 844 10948.210948.210 −−− ==sTI A 

   (i) 












=

sT

ta
I

I
VV ln  

             ( ) 
















=

−

−

8

6

10948.2

1010
ln0259.0  

             151.0= V 

   (ii) ( ) 
















=

−

−

8

6

10948.2

10100
ln0259.0aV  

              211.0= V 

  (iii) ( ) 














=

−

−

8

3

10948.2

10
ln0259.0aV  

              270.0= V 

 

(b)  ( ) 030217.0
300

350
0259.0 =








=kT eV 

        ( )( )( ) 






 −
= −

030217.0

63.0
exp35012010

24

sTI  

              
610296.1 −= A 

  (i) 











−













= 1exp

t

a

sT
V

V
II   

      ( )











+




=

−

−

1
10296.1

1010
ln030217.0

6

6

aV  

              0654.0= V 

  (ii) ( ) 







+




=

−

−

1
10296.1

10100
ln030217.0

6

6

aV  

             1317.0= V 

 (iii) ( ) 
















−

−

6

3

10296.1

10
ln030217.0aV  

              201.0= V 

_______________________________________ 

 

9.16 

(a) 88.0Bn V 

(b) ( )( ) 






 −
=

0259.0

88.0
exp30012.1

2

sTJ  

              
1010768.1 −= A/cm 2  

(c) ( ) 









=

−1010768.1

10
ln0259.0aV  

             641.0= V 

(d) ( ) ( ) ( )2ln0259.02ln == ta VV  

               0180.0= V 

_______________________________________ 

 

9.17 

     Plot 

_______________________________________ 

 

9.18 

     From the figure, 68.0=Bn V 

        











 












 −
=

tt

Bn

ST
VV

TAJ


expexp2*  

                ( )( ) 











 







 −
=

tV


exp

0259.0

68.0
exp300120

2
 

     or 

        











 
= −

t

ST
V

J


exp10277.4 5  
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     We have 

        
s

e




=




4
 

     Now 

        












=

d

c

tn
N

N
V ln  

             ( ) 2056.0
10

108.2
ln0259.0

16

19

=











 
= V 

     and 

        4744.02056.068.0 =−=−= nBnbiV  V 

     (a) We find for 2=RV V, 

        
( )

2/1

2







 +
=

d

Rbis

d
eN

VV
x  

              
( )( )( )

( )( )

2/1

1619

14

10106.1

4744.21085.87.112












=

−

−

 

     or 

        410566.0 −=dx cm 566.0= m 

     Then 

        
s

dd xeN


=max  

                  
( )( )( )

( )( )14

41619

1085.87.11

10566.010106.1
−

−−




=  

     or 

        
4

max 10745.8 = V/cm 

     Now 

        
( )( )

( )( )

2/1

14

419

1085.87.114

10745.8106.1












=

−

−


  

     or 

        0328.0= V 

     Then 

        ( ) 







= −

0259.0

0328.0
exp10277.4 5

1STJ  

     or 

        
4

1 1052.1 −=STJ A/cm 2  

     For 
410 −=A cm

2
, we find 

        
8

1 1052.1 −=RI A 

     (b) For 4=RV V, then 

        
( )( )( )

( )( )

2/1

1619

14

10106.1

4744.41085.87.112












=

−

−

dx  

     or 

        
410761.0 −=dx cm 761.0= m 

 

 

 

     Also 

        
( )( )( )

( )( )14

41619

max
1085.87.11

10761.010106.1
−

−−




=  

     or 

        
5

max 10176.1 = V/cm 

     and 

        
( )( )

( )( )

2/1

14

519

1085.87.114

10176.1106.1












=

−

−


  

     or 

        03803.0= V 

     Then 

        ( ) 







= −

0259.0

03803.0
exp10277.4 5

2STJ  

     or 

        4

2 1086.1 −=STJ A/cm 2  

     Finally, 

        8

2 1086.1 −=RI A 

_______________________________________ 

 

9.19 

     We have that 

        dnJ

cE

xms 


−

→ =   

     The incremental electron concentration is 

        ( ) ( )dEEfEgdn Fc=  

     where 

        ( )
( )

c

n

c EE
h

m
Eg −=

3

2/3*24
 

     and assuming the Boltzmann approximation 

        ( )
( )








 −−
=

kT

EE
Ef F

F exp  

     Then 

        
( )

c

n EE
h

m
dn −=

3

2/3*24
 

                                     
( )

dE
kT

EE F








 −−
exp  

     If the energy above cE  is kinetic energy, then 

        cn EEm −=2*

2

1
  

     We can then write 

        
2

*

n

c

m
EE =−  

     and 
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         dmdmdE nn

** 2
2

1
==  

     We can also write 

        ( ) ( )FccF EEEEEE −+−=−  

                     nn em  += 2*

2

1
 

     so that 

        






 −














=

kT

e

h

m
dn nn 

exp2

3
*

 

                           


d
kT

mn 2

2*

4
2

exp 












 −
  

     We can write 

        
2222

zyx  ++=  

     The differential volume element is 

        zyx dddd  =24  

     The current is due to all x-directed velocities  

     that are greater than Ox  and for all y- and  

     z- directed velocities.  Then 

        






 −














=−

→
kT

e

h

m
J nn

ms


exp2

3
*

 

                      x

xn

x d
kT

m

Ox




















 −
 



2
exp

2*

 

                          y

yn
d

kT

m







−












 −


2
exp

2*

 

                                z

zn d
kT

m






−













 −


2
exp

2*

 

     We can write 

        ( )abiOxn VVem −=2*

2

1
   

     Make a change of variables: 

        
( )
kT

VV

kT

m abixn −
+=

2

2

2

2*




 

     or 

        
( )








 −
+=

kT

VVe

m

kT abi

n

x

2

*

2 2
  

     Taking the differential, we find 

         d
m

kT
d

n

xx 












=

*

2
 

     We may note that when Oxx  = , 0= . 

     We may define other change of variables, 

 

 

 

        
















==

2/1

*

2

2*
2

2
n

y

yn

m

kT

kT

m
 

        
















==

2/1

*

2

2*
2

2
n

z

zn

m

kT

kT

m
 

     Substituting the new variables, we have 

        






 −






























=−

→
kT

e

m

kT

h

m
J n

n

n

ms


exp

2
2

2

*

3
*

 

               
( ) ( )  d
kT

VVe abi




−






 −−


0

2expexp  

                         ( ) ( )  dd 


−



−

−− 22 expexp  

_______________________________________ 

 

9.20 

     For the Schottky diode, 

          ( )( ) 












= −−−

t

a

V

V
exp106101080.0 843  

(a) ( ) ( )
( )( )










=

−−

−

84

3

10610

1080.0
ln0259.0SBVa  

                    4845.0= V 

  Then  

        ( ) 7695.0285.04845.0 =+=pnVa V 

(b) ( ) 







= −−

0259.0

7695.0
exp101080.0 113

pnA  

    
55 1010998.0 −− = pnA cm 2  

_______________________________________ 

 

9.21 

     For the pn junction, 

          ( )( ) 16134 104.6108108 −−− ==sI A 

(a) ( ) 
















=

−

−

16

6

104.6

10150
ln0259.0aV  

             678.0= V 

(b) ( ) 
















=

−

−

16

6

104.6

10700
ln0259.0aV  

             718.0= V 

(c) ( ) 
















=

−

−

16

3

104.6

102.1
ln0259.0aV  

             732.0= V 
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     For the Schottky junction, 

          ( )( ) 1294 108.4106108 −−− ==sTI A 

(a) ( ) 
















=

−

−

12

6

108.4

10150
ln0259.0aV  

             447.0= V 

(b) ( ) 
















=

−

−

12

6

108.4

10700
ln0259.0aV  

             487.0= V 

(c) ( ) 
















=

−

−

12

3

108.4

102.1
ln0259.0aV  

             501.0= V 

_______________________________________ 

 

9.22 

(a) (i) 80.0=I mA in each diode 

(ii)

( ) ( )
( )( )










=

−−

−

94

3

106108

108.0
ln0259.0SBVa  

             490.0= V 

( ) ( )
( )( )










=

−−

−

134

3

108108

108.0
ln0259.0pnVa

             721.0= V 

(b) Same voltage across each diode 

       pnSB III +== −3108.0  

              ( )( ) 












= −−

t

a

V

V
exp106108 94  

                      ( )( )













+ −−

t

a

V

V
exp108108 134  

               ( ) 












+= −−

t

a

V

V
exp104.6108.4 1612  

  Then 

      ( ) 








+


=

−−

−

1612

3

104.6108.4

108.0
ln0259.0aV  

      49032.0=aV V 

      ( ) 







= −

0259.0

49032.0
exp108.4 12

SBI  

    7998.0= SBI mA 

      ( ) 







= −

0259.0

49032.0
exp104.6 16

pnI  

   107.0 pnI A 

_______________________________________ 

 

 

 

9.23 

     (a) For 8.0=I mA, we find 

        143.1
107

108.0
4

3

=



=

−

−

J A/cm 2  

     We have 

        












=

S

ta
J

J
VV ln  

     For the pn junction diode, 

        ( ) 6907.0
103

143.1
ln0259.0

12
=










=

−aV V 

     For the Schottky diode, 

        ( ) 4447.0
104

143.1
ln0259.0

8
=










=

−aV V 

     (b) For the pn junction diode, 

        












 −










kT

ET
nJ

g

iS exp
300

3

2  

     Then 

        
( )
( )

3

300

400

300

400








=

S

S

J

J
 

                  
( )( ) 








+

−


0259.03004000259.0
exp

gg EE
 

                         







−=

03453.0

12.1

0259.0

12.1
exp37.2  

     or 

        
( )
( )

51017.1
300

400
=

S

S

J

J
 

     Now 

        ( )( )( )1254 1031017.1107 −− =I  

                                                









03453.0

6907.0
exp  

     or 

        120=I mA 

     For the Schottky diode, 

        






 −


kT

e
TJ BO

ST


exp2

 

     Now 

        
( )
( )

2

300

400

300

400








=

ST

ST

J

J
 

                   
( )( ) 








+

−


0259.03004000259.0
exp BOBO 

 

                         







−=

03453.0

82.0

0259.0

82.0
exp778.1  
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     or 

        
( )
( )

310856.4
300

400
=

ST

ST

J

J
 

     Then 

        ( )( )( )834 10410856.4107 −− =I  

                                              









03453.0

4447.0
exp  

     or 

        3.53=I mA 

_______________________________________ 

 

9.24 

     Plot 

_______________________________________ 

 

9.25 

(a) ===
−

−

1.0
10

10
3

4

A

R
R c  

(b) ===
−

−

1
10

10
4

4

A

R
R c  

(c) ===
−

−

10
10

10
5

4

A

R
R c  

_______________________________________ 

 

9.26 

(a) =


==
−

−

5
10

105
5

5

A

R
R c  

  (i) ( )( ) 551 === IRV mV 

 (ii) ( )( ) 5.051.0 === IRV mV 

(b) 50
10

105
6

5

=


=
−

−

R   

  (i) ( )( ) 50501 === IRV mV 

 (ii) ( )( ) 5501.0 === IRV mV 

_______________________________________ 

 

9.27 

          
2

exp

TA

V
V

R
t

Bn

t

c 















=



 

   or  











=



t

c

tBn
V

TAR
V

2

ln  

(a) ( )
( )( )( )











 
=

−

0259.0

300120105
ln0259.0

25

Bn  

              258.0= V 

 

 

 

(b) ( )
( )( )( )











 
=

−

0259.0

300120105
ln0259.0

26

Bn  

              198.0= V 

_______________________________________ 

 

9.28 

     (b) We need 20.00.42.4 =−=−=  mn V 

     And 

        












=

d

c

tn
N

N
V ln  

     or 

        ( ) 











 
=

dN

19108.2
ln0259.020.0  

     which yields 

        161024.1 =dN cm 3−  

     (c) 

        Barrier height = 0.20 V 

_______________________________________ 

 

9.29 

     We have that 

        ( )xx
eN

n

s

d −


−
=  

     Then 

        2

2

2
C

x
xx

eN
dx n

s

d +












−


=−=   

     Let 0=  at 00 2 == Cx , so 

        












−


=

2

2x
xx

eN
n

s

d  

     At nxx = ,  biV= , so 

        
2

2

n

s

d

bi

xeN
V 


==  

     or 

        
d

bis

n
eN

V
x


=

2
 

     Also 

        nBObiV  −=  

     where 

        












=

d

c

tn
N

N
V ln  

     Now for 

        35.0
2

70.0

2
=== BO

 V 

     we have 
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( )

( )( )
( ) 8

14

19

1050
1085.87.11

106.1
35.0 −

−

−





= n

d x
N

 

                                                   
( )







−

−

2

1050
28

 

     or 

        ( )814 10251073.735.0 −− −= nd xN  

     We have 

        
( )( )
( )

2/1

19

14

106.1

1085.87.112
















=

−

−

d

bi

n
N

V
x  

     and 

        nbiV −= 70.0  

     By trial and error, we find 

        18105.3 =dN cm 3−  

_______________________________________ 

 

9.30 

     (b) 












==

a

tpBO
N

N
V  ln  

                  ( ) 
















=

16

19

105

1004.1
ln0259.0  

     or 

        138.0=BO V 

_______________________________________ 

 

9.31 

     Sketches 

_______________________________________ 

 

9.32 

     Sketches 

_______________________________________ 

 

9.33 

     Electron affinity rule 

        ( )pnc eE  −=  

     For GaAs, 07.4=  and for AlAs, 5.3= . 

     If we assume a linear extrapolation between  

     GaAs and AlAs, then for 

          Al 3.0 Ga 7.0 As  90.3=   

     Then 

        17.090.307.4 =−= cE eV 

_______________________________________ 

 

 

 

 

 

 

9.34 

     Consider an n-P heterojunction in thermal  

     equilibrium.  Poisson's equation is 

        
( )

dx

dx

dx

d 
−=


−=


2

2

 

     In the n-region, 

        
( )

n

dn

n

n eNx

dx

d


=


=

 
 

     For uniform doping, we have 

        1C
xeN

n

dn

n +


=  

     The boundary condition is 

     0= n at nxx −= , so we obatin 

        
n

ndn xeN
C


=1  

     Then 

        ( )n
n

dn

n xx
eN

+


=  

     In the P-region, 

        
P

aPp eN

dx

d


−=


 

     which gives 

        2C
xeN

P

aP

P +


−=  

     We have the boundary condition that 

     0= P at Pxx = , so that 

        
P

PaP xeN
C


=2  

     Then 

        ( )xx
eN

P

P

aP

P −


=  

     Assuming zero surface charge density at  

     0=x , the electric flux density D is  

     continuous, so ( ) ( )00 PPnn = , which  

     yields 

        PaPndn xNxN =  

     We can determine the electric potential as 

        ( ) dxx nn −=  

                  3

2

2
C

xxeNxeN

n

ndn

n

dn +













+


−=  
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     Now 

        ( ) ( )nnnbin xV −−=  0  

               













+


−−=

n

ndn

n

ndn xeNxeN
CC

22

33
2

 

     or 

        
n

ndn

bin

xeN
V


=

2

2

 

     Similarly on the P-side, we find 

        
P

PaP

biP

xeN
V


=

2

2

 

     We have that 

        
P

PaP

n

ndn

biPbinbi

xeNxeN
VVV


+


=+=

22

22

 

     We can write 

        












=

aP

dn

nP
N

N
xx  

     Substituting and collecting terms, we find 

        
2

2

2
n

aPPn

dnnaPdnP

bi x
N

NeNNe
V 















+
=  

     Solving for nx , we have 

        
( )

2/1

2









+


=

dnnaPPdn

biaPPn

n
NNeN

VN
x  

     Similarly on the P-side, we have 

        
( )

2/1

2









+


=

dnnaPPaP

bidnPn

P
NNeN

VN
x  

     The total space charge width is then 

        Pn xxW +=  

     Substituting and collecting terms, we obtain 

        
( )

( )

2/1

2









+

+
=

dnnaPPaPdn

dnaPbiPn

NNNeN

NNV
W  

_______________________________________ 
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Chapter 10 
 

Exercise Solutions 
 

Ex 10.1 

          ( ) 
















=













=

10

15

105.1

102
ln0259.0ln

i

a

tfp
n

N
V  

                3056.0= V 

         

2/1
4







 

=
a

fps

dT
eN

x


 

                
( )( )( )
( )( )

2/1

1519

14

102106.1

3056.01085.87.114












=

−

−

 

         51029.6 −=dTx cm 

   or  629.0=dTx m 

_______________________________________ 

 

Ex 10.2 

          ( ) 














=













=

10

16

105.1

10
ln0259.0ln

i

a

tfp
n

N
V  

                347.0= V 

         

























++−= fp

g

mms
e

E


2
 

               ( ) 347.056.025.320.3 ++−=  

        957.0−=ms V 

_______________________________________ 

 

Ex 10.3 

     From Figure 10.16, 03.1−ms V 

         
( )( )

8

14

1040

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

                
710629.8 −= F/cm 2  

     Then 

          
ox

ss

msFB
C

Q
V


−=   

                 
( )( )

7

1910

10629.8

106.1102
03.1

−

−




−−=  

          034.1−=FBV V 

_______________________________________ 

 

 

 

 

 

 

 

 

 

Ex 10.4 

     From Figure 10.16, 28.0+ms V 

     We find 

          ( ) 
















=













=

10

16

105.1

102
ln0259.0ln

i

a

tfp
n

N
V  

                 3653.0= V 

          

2/1
4







 

=
a

fps

dT
eN

x


 

                 
( )( )( )
( )( )

2/1

1619

14

102106.1

3653.01085.87.114












=

−

−

 

                  
510174.2 −= cm 

           ( ) dTaSD xeNQ = max  

                   ( )( )( )51619 101744.2102106.1 −− =  

                   
810958.6 −= C/cm 2  

     Then 

          ( )( ) fpms

ox

ox

ssSDTN

t
QQV  2max ++















−=  

( ) ( )( ) ( )
( )( )14

810198

1085.89.3

1080102106.110958.6
−

−−−



−
=

                                                 ( )3653.0228.0 ++  

           ( )3653.0228.01539.0 ++=TNV  

                  16.1= V 

_______________________________________ 

  

Ex 10.5 

     From Figure 10.16, 06.1ms V 

     We find 

          ( ) 
















=













=

10

16

105.1

102
ln0259.0ln

i

d

tfn
n

N
V  

                 3653.0= V 

          

2/1
4







 

=
d

fns

dT
eN

x


 

                 
( )( )( )
( )( )

2/1

1619

14

102106.1

3653.01085.87.114












=

−

−

 

                  
510174.2 −= cm 
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           ( ) fndSD eNQ = max  

                  ( )( )( )51619 101744.2102106.1 −− =  

                             
810958.6 −= C/cm 2  

     Now 

      ( )  fnms

ox

ox

ssSDTP

t
QQV  2max −+















−−=  

( ) ( )( ) ( )
( )( )14

819108

1085.89.3

10200106.110510958.6
−

−−−



−−
=

                                                 ( )3653.0206.1 −+  

      ( )3653.0206.14495.0 −+−=TPV  

  or  12.0−=TPV V 

_______________________________________ 

 

Ex 10.6 

        
( )( )

8

14

1080

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

               
710314.4 −= F/cm 2  

        ( ) 3758.0
105.1

103
ln0259.0

10

16

=
















=fp V 

       
( )( )( )
( )( )

2/1

1619

14

103106.1

3758.01085.87.114












=

−dTx  

              
51080.1 −= cm 

     Now 

       

dT

s

ox

ox

ox

xt

C


















+


=

min  

              
( )( )

( )58

14

1080.1
7.11

9.3
1080

1085.89.3

−−

−









+


=  

              
810076.5 −= F/cm 2  

     We find 

        1177.0
10314.4

10076.5
7

8
min =




=



−

−

oxC

C
 

Now 

        

a

st

s

ox

ox

ox

FB

eN

V
t

C



















+


=  

( )( )
( )( )( )

( )( )1619

14
8

14

103106.1

1085.87.110259.0

7.11

9.3
1080

1085.89.3












+


=

−

−
−

−

        
710174.2 −=

FBC F/cm 2  

 

 

     We find 

        504.0
10314.4

10174.2
7

7

=



=



−

−

ox

FB

C

C
 

_______________________________________ 

 

Ex 10.7 

     We find 

        
( )( )

8

14

1080

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

                
710314.4 −= F/cm 2  

     Then 

        ( )( )710314.4650 −== oxnn Ck   

              
410804.2 −= A/V 2  

     or  2804.0=nk mA/V 2  

     Now 

        ( )2

2
TGS

n

D VV
L

Wk
I −


=  

              ( )( )2
4.012

2

2804.0
−= GSV  

(a) ( )( ) 269.04.08.06826.1
2
=−=DI mA 

(b) ( )( ) 077.14.02.16826.1
2
=−=DI mA 

(c) ( )( ) 423.24.06.16826.1
2
=−=DI mA 

_______________________________________ 

 

Ex 10.8 

     We find 

        
( )( )

8

14

1080

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

                
710314.4 −= F/cm 2  

        ( ) ( )2

2
TGS

oxn

D VV
L

CW
satI −=


 

     Then 

( ) ( ) ( )1212
2

GSGS

oxn

DD VV
L

CW
satIsatI −=−


 

        
33 10132.010295.0 −− −  

      
322 10687.5101489.1107176.1 −−− =−=  

     Then 

   
( ) ( )

( )
( )0.125.1

5.12

10314.46
10687.5

7

3 −


=

−

− n
 

     Or 

    n=











  −
−

7

2
3

10628.8
25.0

10687.5
 

        600 n cm 2 /V-s 
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     We now find 

  
( )( )( )

( )
( )2

7
3 0.1

5.12

10314.46006
10132.0 TV−


=

−
−  

        TV−=
















−

−

0.1
101768.5

10132.0
2/1

4

3

 

        495.0=TV V 

_______________________________________ 

 

Ex 10.9 

(a) ( ) 














=













=

10

16

105.1

10
ln0259.0ln

i

a

tfp
n

N
V

 

              3473.0= V 

       
( )( )

8

14

10120

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

              
710876.2 −= F/cm 2  

       
ox

as

C

Ne
=

2
  

    
( )( )( )( )

7

161419

10876.2

101085.87.11106.12

−

−−




=  

       200.0= V 2/1  

(b)  fpSBfpT VV  22 −+=  

  (i) TV  

        ( ) ( ) ( ) 3473.0213473.02200.0 −+=  

        ( ) 8334.03018.1200.0 −=  

     0937.0= TV V 

  (ii) TV  

       ( ) ( ) ( ) 3473.0223473.02200.0 −+=  

       ( ) 8334.06415.1200.0 −=  

      162.0= TV V 

_______________________________________ 

 

Ex 10.10 

        
( )

22 L

VV
f TGSn

T


 −
=  

              
( )( )

( )24102.12

4.05.1420

−

−
=



91011.5 = Hz 

     11.5= Tf GHz 

_______________________________________ 

 

 

 

 

 

Test Your Understanding Solutions 
 

TYU 10.1 

(a) 












=

i

d

tfn
n

N
V ln  

             ( ) 3415.0
105.1

108
ln0259.0

10

15

=
















= V 

      

2/1
4







 

=
d

fns

dT
eN

x


 

             
( )( )( )

( )( )

2/1

1519

14

108106.1

3415.01085.87.114












=

−

−

 

             
510324.3 −= cm 

   or  3324.0=dTx m 

(b) ( ) 3832.0
105.1

104
ln0259.0

10

16

=
















=fn V 

       
( )( )( )

( )( )

2/1

1619

14

104106.1

3832.01085.87.114












=

−

−

dTx  

              
510575.1 −= cm 

  or  1575.0=dTx m 

_______________________________________ 

 

TYU 10.2 

        ( ) 
















=













=

10

16

105.1

103
ln0259.0ln

i

a

tfp
n

N
V  

     or 

        376.0=fp V 

     We have 

        ( )376.0560.0
2

+−=













+−= fp

g

ms
e

E
  

     or 

        936.0−=ms V 

_______________________________________ 

 

TYU 10.3 

     From TYU 10.2, 

        376.0=fp V 

     We have 

        376.0560.0
2

−=













−= fp

g

ms
e

E
  

     or 

        184.0+=ms V 

_______________________________________ 
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TYU10.4 

       
ox

ss

msFB
C

Q
V


−=   

       ( ) 3758.0
105.1

103
ln0259.0

10

16

=
















=fp V 

     From Equation (10.17) 

        3758.0
2

12.1

2
−=−= fp

g

ms
e

E
  

               1842.0= V 

        
( )( )

8

14

10160

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

                
710157.2 −= F/cm 2  

 

         
( )( )

7

1910

10157.2

106.1108
1842.0

−

−




−=FBV  

                 125.0= V 

_______________________________________ 

 

TYU 10.5 

       ( ) 3758.0
105.1

103
ln0259.0

10

16

=
















=fp V 

       
( )( )( )

( )( )

2/1

1619

14

103106.1

3758.01085.87.114












=

−

−

dTx  

              
51080.1 −= cm 

       ( ) dTaSD xeNQ = max  

                      ( )( )( )51619 1080.1103106.1 −− =  

                      
810644.8 −= C/cm 2  

     From Figure 10.16, 13.1−ms V 

        ( )( ) fpms

ox

ox

ssSDTN

t
QQV  2max ++















−=  

( )( ) ( )

( )( )14

10198

1085.89.3

105106.110644.8
65.0

−

−−



−
=+ oxt

                                            ( ) ( )3758.0213.1 +−+  

   ( ) 7516.013.1102713.265.0 5 +−=+ oxt  

        
61052.4 −=oxt cm 

   or  2.45=oxt nm
o

A452=  

_______________________________________ 

 

 

 

 

 

 

 

 

TYU 10.6 

        ( )2

2
TGS

n

D VV
L

Wk
I −


=  

     From Ex 10.7, 2804.0=nk mA/V 2  

     Then 

        ( )2
4.00.1

2

2804.0
100.0 −
















=

L

W
 

        98.1=
L

W
 

_______________________________________ 

 

TYU 10.7 

        
( )( )

8

14

10220

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

               
710569.1 −= F/cm 2  

     Now 

        ( )2

2
TSG

oxp

D VV
L

WC
I +





















=


 

            
( )( )

( ) ( )2
7

4.060
2

10569.1310
−







 
=

−

SGV  

              ( )( )23 4.010459.1 −= −

SGV  A 

     Then 

        1=SGV V    525.0= DI mA 

        5.1=SGV V 77.1= DI mA 

        2=SGV V    74.3= DI mA 

_______________________________________ 

 

TYU 10.8 

        ( )2

2
TSG

oxp

D VV
L

WC
I +





















=


 

        
( )( )
















 
=

−
−

L

W

2

10569.1310
10200

7
6  

                                                        ( )2
4.025.1 −  

     4.11=









L

W
 

_______________________________________ 
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TYU 10.9 

(a) 
( )( )

8

14

10120

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

              
710876.2 −= F/cm 2  

        
ox

as

C

Ne
=

2
  

   
( )( )( )( )

7

151419

10876.2

101085.87.11106.12

−

−−




=  

        0633.0= V 2/1  

(b) ( ) 














=













=

10

15

105.1

10
ln0259.0ln

i

a

tfp
n

N
V

       2877.0= V 

      fpSBfpT VV  22 −+=  

  (i) TV  

         ( ) ( ) ( ) 2877.0212877.020633.0 −+=  

         ( ) 7586.02551.10633.0 −=  

       0314.0= TV V 

 (ii) TV  

        ( ) ( ) ( ) 2877.0222877.020633.0 −+=  

        ( ) 7586.06048.10633.0 −=  

        0536.0= TV V 

_______________________________________ 

 

TYU 10.10 

        Lm

gdT

M Rg
C

C
+=1  

     We find 

        
( )( )

8

14

10180

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

               
7109175.1 −= F/cm 2  

        ( )TGSoxnm VVC
L

W
g −








=   

               ( )( )( )4.05.1109175.1420
2.1

24 7 −







= −

 

               
310772.1 −= A/V 

     Then 

        ( )( )33 1010010772.11 += −

gdT

M

C

C
 

                  178=  

_______________________________________ 
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Chapter 10 
 

10.1 

     (a) p-type;  inversion 

     (b) p-type;  depletion 

     (c) p-type;  accumulation 

     (d) n-type;  inversion 

_______________________________________ 

 

10.2 

(a) (i) 












=

i

a

tfp
n

N
V ln  

                  ( ) 
















=

10

15

105.1

107
ln0259.0  

                  3381.0= V 

      

2/1
4








 
=

a

fps

dT
eN

x


 

             
( )( )( )
( )( )

2/1

1519

14

107106.1

3381.01085.87.114












=

−

−

 

            
51054.3 −= cm 

  or  354.0=dTx m 

  (ii) ( ) 
















=

10

16

105.1

103
ln0259.0fp  

              3758.0= V 

      
( )( )( )

( )( )

2/1

1619

14

103106.1

3758.01085.87.114












=

−

−

dTx  

             
51080.1 −= cm 

  or  180.0=dTx m 

(b) ( ) 03022.0
300

350
0259.0 =








=kT V 

       












 −
=

kT

E
NNn

g

ci exp2

  

            ( )( )
3

1919

300

350
1004.1108.2 








=  

                                       






 −


03022.0

12.1
exp  

            
221071.3 =  

   so  
111093.1 =in cm

3−
 

  (i) ( ) 
















=

11

15

1093.1

107
ln03022.0fp  

            3173.0= V 

     
( )( )( )
( )( )

2/1

1519

14

107106.1

3173.01085.87.114












=

−

−

dTx  

            
51043.3 −= cm 

  or  343.0=dTx m 

  (ii) ( ) 
















=

11

16

1093.1

103
ln03022.0fp  

               3613.0= V 

        
( )( )( )

( )( )

2/1

1619

14

103106.1

3613.01085.87.114












=

−

−

dTx  

               
51077.1 −= cm 

      or  177.0=dTx m 

_______________________________________ 

 

10.3 

(a) ( )
2/1

4
max 







 
==

d

fns

ddTdSD
eN

eNxeNQ


 

                           ( )( )  2/1
4 fnsdeN =  

  1st approximation:  Let 30.0=fn V 

  Then 

( )281025.1 −  

( )( )( )( )( )( ) 30.01085.87.114106.1 1419 −− = dN

   
141086.7 = dN cm 3−  

  2nd approximation: 

       ( ) 2814.0
105.1

1086.7
ln0259.0

10

14

=
















=fn V 

  Then 

 ( )281025.1 −  

( )( )( )( )( )( ) 2814.01085.87.114106.1 1419 −− = dN

     
141038.8 = dN cm

3−
 

(b) ( ) 2831.0
105.1

1038.8
ln0259.0

10

14

=
















=fn V 

        ( ) 566.02831.022 === fns  V 

_______________________________________ 
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10.4 

     p-type silicon 

     (a) Aluminum gate 

        

























++−= fp

g

mms
e

E


2
 

     We have 

        












=

i

a

tfp
n

N
V ln  

               ( ) 334.0
105.1

106
ln0259.0

10

15

=
















= V 

     Then 

        ( ) 334.056.025.320.3 ++−=ms  

     or 

        944.0−=ms V 

     (b) 
+n polysilicon gate 

        













+−= fp

g

ms
e

E


2
( )334.056.0 +−=  

     or 

        894.0−=ms V 

     (c) +p polysilicon gate 

        ( )334.056.0
2

−=













−= fp

g

ms
e

E
  

     or 

        226.0+=ms V 

_______________________________________ 

 

10.5 

        ( ) 3832.0
105.1

104
ln0259.0

10

16

=
















=fp V 

        













++−= fp

g

mms
e

E


2
 

               ( )3832.056.025.320.3 ++−=  

        9932.0−=ms V 

_______________________________________ 

 

10.6 

(a) 17102dN cm 3−  

(b) Not possible - ms  is always positive. 

(c) 15102dN cm 3−  

_______________________________________ 

 

 

 

 

 

 

10.7 

     From Problem 10.5, 9932.0−=ms V 

        
ox

ss

msFB
C

Q
V


−=   

(a) 
( )( )

8

14

10200

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

              
710726.1 −= F/cm 2  

       
( )( )

7

1910

10726.1

106.1105
9932.0

−

−




−−=FBV  

              040.1−= V 

(b) 
( )( )

8

14

1080

1085.89.3
−

−




=oxC  

              
710314.4 −= F/cm 2  

       
( )( )

7

1910

10314.4

106.1105
9932.0

−

−




−−=FBV  

              012.1−= V 

_______________________________________ 

 

10.8 

(a) 42.0−ms V 

       42.0−== msFBV  V 

(b)  

( )( ) 7

8

14

10726.1
10200

1085.89.3 −

−

−

=



=oxC F/cm 2  

  (i)
( )( )

7

1910

10726.1

106.1104
−

−




−=


−=

ox

ss

FB
C

Q
V  

                0371.0−= V 

 (ii)
( )( )

7

1911

10726.1

106.110
−

−




−= FBV  

                0927.0−= V 

(c) 42.0−== msFBV  V 

     
( )( ) 7

8

14

10876.2
10120

1085.89.3 −

−

−

=



=oxC F/cm 2  

         (i)
( )( )

7

1910

10876.2

106.1104
−

−




−= FBV  

                       0223.0−= V 

        (ii)
( )( )

7

1911

10876.2

106.110
−

−




−= FBV  

                       0556.0−= V 

_______________________________________ 
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10.9 

        













++−= fp

g

mms
e

E


2
 

     where 

        ( ) 365.0
105.1

102
ln0259.0

10

16

=
















=fp V 

     Then 

        ( )365.056.025.320.3 ++−=ms  

     or 

        975.0−=ms V 

     Now 

        
ox

ss

msFB
C

Q
V


−=   

     or 

        ( ) oxFBmsss CVQ −=   

     We have 

        
( )( )

8

14

10450

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

     or 

        81067.7 −=oxC F/cm 2  

     So now 

        ( )  ( )81067.71975.0 −−−−=
ssQ  

               
91092.1 −= C/cm 2  

     or 

        
10102.1 =



e

Qss
cm 2−  

_______________________________________ 

         

10.10 

      ( ) 3653.0
105.1

102
ln0259.0

10

16

=
















=fp V 

      
( )( )( )
( )( )

2/1

1619

14

102106.1

3653.01085.87.114












=

−

−

dTx  

                
510174.2 −= cm 

      ( ) dTaSD xeNQ = max  

                  ( )( )( )51619 10174.2102106.1 −− =  

                   
810958.6 −= C/cm 2  

     
( )( ) 7

8

14

10301.2
10150

1085.89.3 −

−

−

=



=oxC F/cm 2  

 

 

 

 

 

 

 

      
( )

fpms

ox

ssSD

TN
C

QQ
V  2

max
++

−
=  

              
( )( )

7

19108

10301.2

106.110710958.6
−

−−



−
=  

                                      ( )3653.02++ ms  

              ms+= 9843.0  

(a) n +  poly gate on p-type:  12.1−ms V 

          136.012.19843.0 −=−=TNV V 

(b) p +  poly gate on p-type: 28.0+ms V 

          26.128.09843.0 +=+=TNV V 

(c) Al gate on p-type: 95.0−ms V 

           0343.095.09843.0 +=−=TNV V 

_______________________________________ 

 

10.11 

      ( ) 3161.0
105.1

103
ln0259.0

10

15

=
















=fn V 

      
( )( )( )
( )( )

2/1

1519

14

103106.1

3161.01085.87.114












=

−

−

dTx  

              
510223.5 −= cm 

      ( ) dTdSD xeNQ = max  

              ( )( )( )51519 10223.5103106.1 −− =  

              
810507.2 −= C/cm 2  

     
( )( ) 7

8

14

10301.2
10150

1085.89.3 −

−

−

=



=oxC F/cm 2  

      
( )

fnms

ox

ssSD

TP
C

QQ
V  2

max
−+











 +
−=  

             
( )( )












+
−=

−

−−

7

10198

10301.2

107106.110507.2
 

                                                 ( )3161.02−+ ms  

       msTPV +−= 7898.0  

(a) n +  poly gate on n-type: 41.0−ms V 

          20.141.07898.0 −=−−=TPV V 

(b) p +  poly gate on n-type: 0.1+ms V 

          210.00.17898.0 +=+−=TPV V 

(c) Al gate on n-type: 29.0−ms V 

          08.129.07898.0 −=−−=TPV V 

_______________________________________ 
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10.12 

        ( ) 3294.0
105.1

105
ln0259.0

10

15

=
















=fp V 

     The surface potential is 

        ( ) 659.03294.022 === fps  V 

     We have 

        90.0−=


−=
ox

ss

msFB
C

Q
V  V 

     Now 

        
( )

FBs

ox

SD

T V
C

Q
V ++


= 

max
 

     We obtain 

        

2/1
4








 
=

a

fps

dT
eN

x


 

               
( )( )( )

( )( )

2/1

1519

14

105106.1

3294.01085.87.114












=

−

−

 

     or 

        410413.0 −=dTx cm 

     Then 

   ( ) ( )( )( )41519 10413.0105106.1max −− =
SDQ  

     or 

        ( ) 810304.3max −=
SDQ  C/cm 2  

     We also find 

        
( )( )

8

14

10400

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

     or 

        810629.8 −=oxC F/cm 2  

     Then 

        90.0659.0
10629.8

10304.3
8

8

−+



=

−

−

TV  

     or 

        142.0+=TV V 

_______________________________________ 

 

10.13 

        
( )( )

8

14

10220

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

               
710569.1 −= F/cm 2  

        ( )( )1019 104106.1 = −

ssQ  

               
9104.6 −= C/cm

2
 

     By trial and error, let 
16104=aN cm

3−
. 

 

 

 

 

     Now  

        ( ) 
















=

10

16

105.1

104
ln0259.0fp  

               3832.0= V 

        
( )( )( )
( )( )

2/1

1619

14

104106.1

3832.01085.87.114












=

−

−

dTx  

               
510575.1 −= cm 

        ( )maxSDQ  

               ( )( )( )51619 10575.1104106.1 −− =  

               
710008.1 −= C/cm 2  

        94.0−ms V 

     Then 

        
( )

fpms

ox

ssSD

TN
C

QQ
V  2

max
++

−
=  

               
7

97

10569.1

104.610008.1
−

−−



−
=  

                                            ( )3832.0294.0 +−  

     Then  428.0=TNV V 45.0 V 

_______________________________________ 

 

10.14 

        
( )( )

8

14

10180

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

                
7109175.1 −= F/cm 3−  

        ( )( )1019 104106.1 = −

ssQ  

               
9104.6 −= C/cm 2  

     By trial and error, let 16105=dN cm 3−  

     Now 

        ( ) 
















=

10

16

105.1

105
ln0259.0fn  

               3890.0= V 

        
( )( )( )

( )( )

2/1

1619

14

105106.1

3890.01085.87.114












=

−

−

dTx  

                
510419.1 −= cm 

        ( )maxSDQ  

                ( )( )( )51619 10419.1105106.1 −− =  

                
710135.1 −= C/cm 3−  

        10.1+ms V 

     Then 
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( )( )

fnms

ox

ssSD

TP
C

QQ
V  2

max
−+

+
−=  

               
( )

7

97

109175.1

104.610135.1
−

−−



+
−=  

                                            ( )3890.0210.1 −+  

     Then  303.0−=TPV V, which is within the 

specified value. 

_______________________________________ 

 

10.15 

     We have 710569.1 −=oxC F/cm 2  

                     9104.6 −=
ssQ C/cm 2  

     By trial and error, let 14105=dN cm 3−  

     Now 

        ( ) 
















=

10

14

105.1

105
ln0259.0fn  

               2697.0= V 

        
( )( )( )

( )( )

2/1

1419

14

105106.1

2697.01085.87.114












=

−

−

dTx  

               
410182.1 −= cm 

        ( )maxSDQ  

              ( )( )( )41419 10182.1105106.1 −− =  

               
910456.9 −= C/cm 2  

        33.0−ms V 

     Then 

        
( )( )

fnms

ox

ssSD

TP
C

QQ
V  2

max
−+

+
−=  

               















+
−=

−

−−

7

99

10569.1

104.610456.9
 

                                         ( )2697.0233.0 −−  

               970.0= V 

     Then  970.0−=TPV V 975.0−  V which 

meets the specification. 

_______________________________________ 

 

10.16 

(a) 03.1−ms V 

       
( )( )

8

14

10180

1085.89.3
−

−




=oxC  

              
7109175.1 −= F/cm 2  

 

 

 

 

 

  Now   

        
ox

ss

msFB
C

Q
V


−=   

               
( )( )

7

1019

109175.1

106106.1
03.1

−

−




−−=  

        08.1−=FBV V 

(b) ( ) 














=

10

15

105.1

10
ln0259.0fp  

              2877.0= V 

       
( )( )( )

( )( )

2/1

1519

14

10106.1

2877.01085.87.114












=

−

−

dTx  

              
510630.8 −= cm 

        ( )maxSDQ  

             ( )( )( )51519 10630.810106.1 −− =  

             
810381.1 −= C/cm 2  

     Now 

        
( )

fpFB

ox

SD

TN V
C

Q
V 2

max
++


=  

               ( )2877.0208.1
109175.1

10381.1
7

8

+−



=

−

−

 

   or  433.0−=TNV V 

_______________________________________ 

 

10.17 

     (a) We have n-type material under the gate, so 

        

2/1
4








 
==

d

fns

CdT
eN

tx


 

     where 

        ( ) 288.0
105.1

10
ln0259.0

10

15

=














=fn V 

     Then 

        
( )( )( )

( )( )

2/1

1519

14

10106.1

288.01085.87.114












=

−

−

dTx  

     or 

        
410863.0 −== CdT tx cm 863.0= m 

     (b) 

        ( )( ) fnms

ox

ox

ssSDT

t
QQV  2max −+















+−=  

     For an 
+n polysilicon gate, 

        ( )288.056.0
2

−−=













−−= fn

g

ms
e

E
  

     or 
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        272.0−=ms V 

     Now 

        ( ) ( )( )( )41519 10863.010106.1max −− =
SDQ  

     or 

        ( ) 81038.1max −=
SDQ  C/cm 2  

     We have 

        ( )( ) 91019 106.110106.1 −− ==
ssQ  C/cm 2  

     We now find 

        
( )
( )( )

( )8

14

98

10500
1085.89.3

106.11038.1 −

−

−−




+−
=TV  

                                                ( )288.02272.0 −−  

     or 

        07.1−=TV V 

_______________________________________ 

 

10.18 

     (b)   













++−= fp

g

mms
e

E


2
 

     where 

        20.0−=− m V 

     and 

        ( ) 3473.0
105.1

10
ln0259.0

10

16

=














=fp V 

     Then 

        ( )3473.056.020.0 +−−=ms  

     or 

        107.1−=ms V 

     (c) For 0=
ssQ  

        ( ) fpms

ox

ox

SDTN

t
QV  2max ++















=  

     We find 

        
( )( )( )

( )( )

2/1

1619

14

10106.1

3473.01085.87.114












=

−

−

dTx  

     or 

        
41030.0 −=dTx cm 30.0= m 

     Now 

        ( ) ( )( )( )41619 1030.010106.1max −− =
SDQ  

     or 

        ( ) 810797.4max −=
SDQ  C/cm 2  

     Then 

 

 

 

 

 

    

        
( )( )

( )( )14

88

1085.89.3

1030010797.4
−

−−




=TV  

                                              ( )3473.02107.1 +−  

     or   

        00455.0+=TV V 0 V 

_______________________________________ 

 

10.19 

     Plot 

_______________________________________ 

 

10.20 

     Plot 

_______________________________________ 

 

10.21 

     Plot 

_______________________________________ 

 

10.22 

     Plot 

_______________________________________ 

 

10.23 

(a) For 1=f Hz (low freq), 

        
( )( )

8

14

10120

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

                
710876.2 −= F/cm 2  

        

a

st

s

ox

ox

ox

FB

eN

V
t

C



















+


=  

( )( )
( )( )( )

( )( )1619

14
8

14

10106.1

1085.87.110259.0

7.11

9.3
10120

1085.89.3

−

−
−

−












+


=

        
710346.1 −=

FBC F/cm 2  

        

dT

s

ox

ox

ox

xt

C


















+


=

min  

     Now 

        ( ) 3473.0
105.1

10
ln0259.0

10

16

=














=fp V 

        
( )( )( )

( )( )

2/1

1619

14

10106.1

3473.01085.87.114












=

−

−

dTx  

               
51000.3 −= cm 
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     Then 

        
( )( )

( )58

14

min

1000.3
7.11

9.3
10120

1085.89.3

−−

−









+


=C  

                 
810083.3 −= F/cm 2  

        C  (inv) 710876.2 −== oxC F/cm 2  

(b) 1=f MHz (high freq), 

        710876.2 −=oxC F/cm 2   (unchanged) 

        710346.1 −=
FBC F/cm 2   (unchanged) 

        8

min 10083.3 −=C F/cm 2   (unchanged) 

        C  (inv) 8

min 10083.3 −==C F/cm 2  

(c) 10.1−== msFBV  V 

       
( )

fpFB

ox

SD

TN V
C

Q
V 2

max
++


=  

   Now 

        ( ) dTaSD xeNQ = max  

               ( )( )( )51619 1000.310106.1 −− =  

               
81080.4 −= C/cm 2  

   ( )3473.0210.1
10876.2

1080.4
7

8

+−



=

−

−

TNV  

   2385.0−=TNV V 

_______________________________________ 

 

10.24 

(a) 1=f Hz (low freq), 

        
( )( )

8

14

10120

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

               
710876.2 −= F/cm 2  

        

a

st

s

ox

ox

ox

FB

eN

V
t

C



















+


=  

( )( )
( )( )( )

( )( )1419

14
8

14

105106.1

1085.87.110259.0

7.11

9.3
10120

1085.89.3












+


=

−

−
−

−

        
810726.4 −=

FBC F/cm 2  

        

dT

s

ox

ox

ox

xt

C


















+


=

min  

  Now 

        ( ) 2697.0
105.1

105
ln0259.0

10

14

=
















=fn V 

 

 

        
( )( )( )

( )( )

2/1

1419

14

105106.1

2697.01085.87.114












=

−

−

dTx  

                
410182.1 −= cm 

  Then 

        
( )( )

( )48

14

min

10182.1
7.11

9.3
10120

1085.89.3

−−

−









+


=C  

                 
910504.8 −= F/cm 2  

        C  (inv) 710876.2 −== oxC F/cm 2  

(b) 1=f MHz (high freq), 

        710876.2 −=oxC F/cm 2   (unchanged) 

       810726.4 −=
FBC F/cm 2   (unchanged) 

       9

min 10504.8 −=C F/cm 2   (unchanged) 

       C  (inv) 9

min 10504.8 −==C F/cm 2  

(c) 95.0= msFBV  V 

       
( )

fnFB

ox

SD

TP V
C

Q
V 2

max
−+


−=  

  Now 

        ( ) dTdSD xeNQ = max  

             ( )( )( )41419 10182.1105106.1 −− =  

             
910456.9 −= C/cm 2  

  Then 

        ( )2697.0295.0
10876.2

10456.9
7

9

−+



−=

−

−

TPV  

        378.0+=TPV V 

_______________________________________ 

 

10.25 

     The amount of fixed oxide charge at x is 

        ( ) xx   C/cm 2  

     By lever action, the effect of this oxide charge  

     on the flatband voltage is 

        ( ) xx
t

x

C
V

oxox

FB 












−= 

1
 

     If we add the effect at each point, we must  

     integrate so that 

        
( )
dx

t

xx

C
V

oxt

oxox

FB −=

0

1 
 

_______________________________________ 
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10.26 

     (a) We have   x
Q

t

SS( ) =



 

       Then 

        V
C

x x

t
dx

FB

ox ox

oxt

= −
( )z1

0


 

                  −
F

HG
I
KJ
F
H

I
K

−

z1

C

t

t

Q

t
dx

ox

ox

oxox

ox

SS

t t

t

 b g
 

           = −


− − = −
F

H
I
K

1

C

Q

t
t t t

Q

C
ox

SS

ox ox

SS

ox


a f  

       or 

        V Q
t

FB SS

ox

ox

= − 


F
HG

I
KJ 

                 =
−   



− −

−( )

16 10 8 10 200 10

3 9 8 85 10

19 10 8

14

.

. .

b gb gb g
b g  

      or 

        V
FB
= −0 0742. V 

 

     (b) 

      We have 

 x
Q

t

SS

ox

( ) =

=

 



−

−

16 10 8 10

200 10

19 10

8

.b gb g
 

                                         =  =
−

6 4 10
3

. 
O

 

      Now 

        V
C

x x

t
dx

C t
xdx

FB

ox ox

ox

O

ox ox

oxt t

= − = −
( )z z1

0 0

 
 

      or 

        V
t

FB

O ox

ox

= −



2

2
 

                 =
−  



− −

−( )

6 4 10 200 10

2 3 9 8 85 10

3 8
2

14

.

. .

b gb g
b g  

       or 

         VFB = −0 0371. V 

     (c) 

         x
x

t
O

ox

( )
F
HG

I
KJ=  

       We find 

 

 

 

 

 

    
1

2

2 16 10 8 10

200 10

19 10

8
t Q
ox O SS O
 =   =

 



−

−

.b gb g
 

       or  
O
= 

−
1 28 10

2
.  

      Now 

        V
C t

x
x

t
dx

FB

ox ox

O

ox

tox

= −  
F
HG

I
KJz1 1

0

  

                                    = −  z1
2

2

0
C t

x dx

ox

O

ox

oxt

af  

      which becomes 

        V

t

t

x t
FB

ox

ox

O

ox

ox
O ox

ox

t

= −


  = −
F

HG
I
KJ

1

3 3
2

3

0

2
 

af  

      Then 

        V
FB
=
−  



− −

−( )

128 10 200 10

3 3 9 8 85 10

2 8
2

14

.

. .

b gb g
b g  

      or  0494.0−= FBV V 

_______________________________________ 

 

10.27 

     Sketch 

_______________________________________ 

 

10.28 

     Sketch 

_______________________________________ 

 

10.29 

     (b) 

        













−=−=

2
ln

i

da

tbiFB
n

NN
VVV  

                ( )
( )( )
( ) 















−=

210

1616

105.1

1010
ln0259.0  

     or 

        695.0−=FBV V 

     (c) Apply 3−=GV V, 3oxV V 

 

        For 3+=GV V, 

        
sdx

d


−=

 
 

     n-side:  deN=  

        1C
xeNeN

dx

d

s

d

s

d +


−=


−=

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     0= at nxx −= , then 
s

nd xeN
C


−=1  

     so 

        ( )n
s

d xx
eN

+


−=  for 0− xxn  

     In the oxide, 0= , so 

        ==


0
dx

d
constant.  From the  

     boundary conditions, in the oxide 

        
s

nd xeN


−=  

     In the p-region, 

        2C
xeNeN

dx

d

s

a

s

a

s

+


=


+=


−=
 

 

     0= at ( )pox xtx += , then 

        ( ) xxt
eN

pox

s

a −+


−=  

     At oxtx = , 
s

nd

s

pa xeNxeN


−=


−=  

     So that ndpa xNxN =  

     Since da NN = , then pn xx =  

     The potential is 

        −= dx  

     For zero bias, we can write 

        bipoxn VVVV =++  

     where poxn VVV ,,  are the voltage drops across  

     the n-region, the oxide, and the p-region,  

     respectively.  For the oxide: 

        
s

oxnd

oxox

txeN
tV


==  

     For the n-region: 

        ( ) Cxx
xeN

xV n

s

d

n
+













+


=

2

2

 

     Arbitrarily, set 0=nV at nxx −= , then 

        
s

nd xeN
C


=

2

2

 so that 

        ( ) ( )2

2
n

s

d

n xx
eN

xV +


=  

     At 0=x , 
s

nd

n

xeN
V


=

2

2

 which is the voltage  

     drop across the n-region.  Because of  

     symmetry, pn VV = .  Then for zero bias, we  

     have 

 

        bioxn VVV =+2  

     which can be written as 

        bi

s

oxnd

s

nd V
txeNxeN

=


+


2

 

     or 

        02 =


−+
d

sbi

oxnn
eN

V
txx  

     Solving for nx , we obtain 

        
d

bisoxox

n
eN

Vtt
x


+








+−=

2

22
 

     If we apply a voltage GV , then replace biV  by  

     Gbi VV + , so 

        
( )

d

Gbisoxox

pn
eN

VVtt
xx

+
+








+−==

2

22
 

     We find 

        
2

10500 8−
−== pn xx  

    
( )( )( )

( )( )1619

14
2

8

10106.1

695.31085.87.11

2

10500
−

−−




+












 
+  

     which yields 

        
510646.4 −== pn xx cm 

     Now 

        
s

oxnd

ox

txeN
V


=  

       
( )( )( )( )

( )( )14

851619

1085.87.11

1050010646.410106.1
−

−−−




=  

     or 

        359.0=oxV V 

     We also find 

        
s

nd

pn

xeN
VV


==

2

2

 

              
( )( )( )

( )( )14

251619

1085.87.112

10646.410106.1
−

−−




=  

     or 

        67.1== pn VV V 

_______________________________________ 

 

10.30 

     (a) n-type 

     (b) We have 

        7

3

12

101
102

10200 −

−

−

=



=oxC F/cm 2  

     Also 
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( )( )

7

14

101

1085.89.3
−

−




=


=


=

ox

ox

ox

ox

ox

ox
C

t
t

C  

     or 

        61045.3 −=oxt cm 5.34= nm
o

A345=  

     (c) 

        
ox

ss

msFB
C

Q
V


−=   

     or 

        
710

50.080.0
−


−−=− ssQ  

     which yields 

        8103 −=
ssQ  C/cm 2 1110875.1 = cm 2−  

     (d) 

        













 

























+


=

d

s

s

ox

ox

ox

FB

eNe

kT
t

C  

            ( )( )   614 1045.31085.89.3 −− =  

               
( )( )( )

( )( ) 

















+

−

−

1619

14

102106.1

1085.87.110259.0

7.11

9.3
 

     which yields 

        81082.7 −=
FBC  F/cm 2  

     or 

        156=FBC pF 

_______________________________________ 

 

10.31 

     (a) Point 1:  Inversion 

                    2:  Threshold 

                    3:  Depletion 

                    4:  Flat-band 

                    5:  Accumulation 

_______________________________________ 

 

10.32 

     We have 

        ( ) ( ) fpmsxGSoxn VVCQ  2+−−−=  

                                           ( )( )maxSDss QQ +−  

     Now let DSx VV = , so 

        ( )




−−= DSGSoxn VVCQ  

                    
( )

( )

















+−

+
+ fpms

ox

ssSD

C

QQ
 2

max
 

     For a p-type substrate, ( )maxSDQ   is a  

     negative value, so we can write 

 

 

        ( )




−−= DSGSoxn VVCQ  

                      
( )


















++

−
− fpms

ox

ssSD

C

QQ
 2

max
 

     Using the definition of threshold voltage TV ,  

     we have 

        ( ) TDSGSoxn VVVCQ −−−=  

     At saturation 

        ( ) TGSDSDS VVsatVV −==  

     which then makes nQ  equal to zero at the  

     drain terminal. 

_______________________________________ 

 

10.33 

(a) ( ) 22
2

DSDSTGS

n

D VVVV
L

Wk
I −−


=  

             ( ) ( )( ) ( ) 2
2.02.04.08.028

2

18.0
−−








=  

             0864.0= mA 

(b) ( )2

2
TGS

n

D VV
L

Wk
I −


=  

             ( )( )2
4.08.08

2

18.0
−








=  

             1152.0= mA 

(c) Same as (b), 1152.0=DI mA 

(d) ( )2

2
TGS

n

D VV
L

Wk
I −


=  

             ( )( )2
4.02.18

2

18.0
−








=  

             4608.0= mA 

_______________________________________ 

 

10.34 

(a) ( ) 22
2

SDSDTSG

p

D VVVV
L

Wk
I −+


=  

        ( ) ( )( ) ( ) 2
25.025.04.08.0215

2

10.0
−−








=  

        103.0=DI mA 

(b) ( )2

2
TSG

p

D VV
L

Wk
I +


=  

             ( )( )2
4.08.015

2

10.0
−








=  

             12.0= mA 
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(c) ( )2

2
TSG

p

D VV
L

Wk
I +


=  

             ( )( )2
4.02.115

2

10.0
−








=  

             48.0= mA 

(d) Same as (c), 48.0=DI mA 

_______________________________________ 

 

10.35 

(a) ( )2

2
TGS

n

D VV
L

Wk
I −


=  

        ( )2
8.04.1

2

6.0
0.1 −
















=

L

W
 

       26.9=
L

W
 

(b) ( )( )2
8.085.126.9

2

6.0
−








=DI  

             06.3= mA 

(c) ( ) 22
2

DSDSTGS

n

D VVVV
L

Wk
I −−


=  

        ( ) ( )( ) ( ) 2
15.015.08.02.1226.9

2

6.0
−−








=  

        271.0= mA 

_______________________________________ 

 

10.36 

(a) Assume biased in saturation region 

        ( )2

2
TSG

p

D VV
L

Wk
I +


=  

         ( )( )2
020

2

12.0
10.0 TV+








=  

     289.0+= TV V 

  Note: 0.1=SDV V 289.00 +=+ TSG VV V 

    So the transistor is biased in the saturation 

region. 

(b) ( )( )2
289.04.020

2

12.0
+








=DI  

             570.0= mA 

(c) ( ) ( ) ( )15.0289.06.0220
2

12.0
+








=DI  

                                                       ( ) 2
15.0−  

or 

     293.0=DI mA 

_______________________________________ 

 

 

 

10.37 

     
( )( ) 7

8

14

10138.3
10110

1085.89.3 −

−

−

=



=oxC F/cm 2  

      
( )( )( )

( )2.12

2010138.3425

2

7−
==

L

WC
K oxn

n


 

             
310111.1 −= A/V 2 =1.111 mA/V 2  

(a) 0=GSV ,  0=DI  

       6.0=GSV V,  ( ) 15.0=satVDS V, 

               ( ) ( )( )245.06.0111.1 −=satI D  

                            025.0= mA 

      2.1=GSV V,  ( ) 75.0=satVDS V, 

              ( ) ( )( )2
45.02.1111.1 −=satI D  

                           625.0= mA 

      8.1=GSV V,  ( ) 35.1=satVDS V, 

              ( ) ( )( )2
45.08.1111.1 −=satI D  

                           025.2= mA 

      4.2=GSV V,  ( ) 95.1=satVDS V, 

              ( ) ( )( )2
45.04.2111.1 −=satI D  

                           225.4= mA 

(c) 0=DI  for 45.0GSV V 

     6.0=GSV V, 

       ( ) ( )( ) ( ) 2
1.01.045.06.02111.1 −−=DI  

             0222.0= mA 

     2.1=GSV V, 

        ( ) ( )( ) ( ) 2
1.01.045.02.12111.1 −−=DI  

              156.0= mA 

      8.1=GSV V, 

         ( ) ( )( ) ( ) 2
1.01.045.08.12111.1 −−=DI  

               289.0= mA 

       4.2=GSV V, 

           ( ) ( )( ) ( ) 2
1.01.045.04.22111.1 −−=DI  

                 422.0= mA 

_______________________________________ 

 

10.38 

        
( )( )

8

14

10110

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

                
710138.3 −= F/cm 2  

        
L

WC
K

oxp

p
2


=  

               
( )( )( )

( )2.12

3510138.3210 7−
=  

               
41061.9 −= A/V 2 =0.961 mA/V 2  
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(a) 0=SGV ,  0=DI  

       6.0=SGV V,  ( ) 25.0=satVSD V 

             ( ) ( )( )2
35.06.0961.0 −=satI D  

                          060.0= mA 

        2.1=SGV V,  ( ) 85.0=satVSD V 

              ( ) ( )( )2
35.02.1961.0 −=satI D  

                           694.0= mA 

         8.1=SGV V,  ( ) 45.1=satVSD V 

               ( ) ( )( )2
35.08.1961.0 −=satI D  

                            02.2= mA 

          4.2=SGV V,  ( ) 05.2=satVSD V 

                ( ) ( )( )2
35.04.2961.0 −=satI D  

                             04.4= mA 

(c) 0=DI  for 35.0SGV V 

    6.0=SGV V 

        ( ) ( )( ) ( ) 2
1.01.035.06.02961.0 −−=DI  

              0384.0= mA 

     2.1=SGV V 

          ( ) ( )( ) ( ) 2
1.01.035.02.12961.0 −−=DI  

                154.0= mA 

   8.1=SGV V 

       ( ) ( )( ) ( ) 2
1.01.035.08.12961.0 −−=DI  

             269.0= mA 

   4.2=SGV V 

       ( ) ( )( ) ( ) 2
1.01.035.04.22961.0 −−=DI  

             384.0= mA 

_______________________________________ 

 

10.39 

(a) From Problem 10.37, 111.1=nK mA/V 2  

   For 8.0−=GSV V, 0=DI  

          0=GSV ,   ( ) 8.0=satVDS V 

              ( ) ( )( )2
8.00111.1 +=satI D  

                           711.0= mA 

          8.0+=GSV V, ( ) 6.1=satVDS V 

               ( ) ( )( )2
8.08.0111.1 +=satI D  

                            84.2= mA 

          6.1=GSV V,  ( ) 4.2=satVDS V 

                ( ) ( )( )2
8.06.1111.1 +=satI D  

                            40.6= mA 

_______________________________________ 

 

 

 

 

10.40 

     Sketch 

_______________________________________ 

 

10.41 

     Sketch 

_______________________________________ 

 

10.42 

     We have 

        ( ) TDSTGSDS VVVVsatV −=−=  

     so that 

        ( ) TDSDS VsatVV +=  

     Since ( )satVV DSDS  , the transistor is always  

     biased in the saturation region.  Then 

        ( )2

TGSnD VVKI −=  

     where, from Problem 10.37, 

        111.1=nK mA/V 2 and 45.0=TV V 

     Then 

                 GSDS VV =  DI (mA) 

                             0 

                             1 

                             2 

                             3 

                             4 

                             5 

   0 

   0.336 

   2.67 

   7.22 

   14.0 

   23.0 

_______________________________________ 

 

10.43 

     From Problem 10.38, 961.0=pK mA/V 2  

        ( )( ) 22 SDSDTSGpD VVVVKI −+=  

        ( )TSGp
VSD

D

d VVK
V

I
g

SD

+=



=

→

2
0

 

     For 35.0SGV V, 0=dg  

     For 35.0SGV V,   

        ( )( )35.0961.02 −= SGd Vg  

     For 4.2=SGV V, 

        ( )( )35.04.2961.02 −=dg  

              94.3= mA/V 

_______________________________________ 
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10.44 

(a) 
GS

D

m
V

I
g




=  

             ( )( )  22 DSDSTGSn

GS

VVVVK
V

−−



=  

             ( )DSn VK 2=  

     ( )( )05.0225.1 nK=  

   5.12= nK mA/V 2  

(b) ( ) ( )( ) ( ) 2
05.005.03.08.025.12 −−=DI  

             594.0= mA 

(c) ( )( )2
3.08.05.12 −=DI  

             125.3= mA 

_______________________________________ 

 

10.45 

     We find that 2.0TV V 

     Now 

        ( ) ( )TGS

oxn

D VV
L

CW
satI −=

2


 

     where 

        
( )( )

8

14

10425

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

     or 

        
81012.8 −=oxC F/cm 2  

     We are given 10=LW .  From the graph, for  

     3=GSV V, we have 

        ( ) 033.0satID ,  

     then 

        ( )2.03
2

033.0 −=
L

CW oxn
 

     or 

        
310139.0

2

−=
L

CW oxn
 

     or 

        ( ) ( ) 38 10139.01012.810
2

1 −− =n  

     which yields 

        342=n cm
2

/V-s 

_______________________________________ 

 

10.46 

     (a) 

        ( ) TGSDS VVsatV −=  

     or 

        8.48.04 =−= GSGS VV V 

 

 

     (b) 

        ( ) ( ) ( )satVKVVKsatI DSnTGSnD

22
=−=  

     so 

        ( )24 4102 nK= −  

     which yields 

        5.12=nK A/V 2  

     (c) 

        ( ) 2.18.02 =−=−= TGSDS VVsatV V 

     so  ( )satVV DSDS   

        ( ) ( )( )25 8.021025.1 −= −satI D  

     or 

        ( ) 18=satI D A 

     (d) 

        ( )satVV DSDS   

        ( ) 22 DSDSTGSnD VVVVKI −−=  

              ( ) ( )( ) ( ) 25 118.0321025.1 −−= −  

     or 

        5.42=DI A 

_______________________________________ 

 

10.47 

(a) 
( )( )

8

14

10180

1085.89.3
−

−




=oxC  

              
7109175.1 −= F/cm 2  

  (i) ( )( )7109175.1450 −== oxnn Ck   

           
510629.8 −= A/V 2  

   or  29.86=nk A/V 2  

  (ii) ( ) ( )2

2
TGS

n

D VV
L

Wk
satI −















 
=  

        ( )2
4.02

2

08629.0
8.0 −
















=

L

W
 

     24.7=
L

W
 

(b) (i) ( )( )7109175.1210 −== oxpp Ck   

                  
510027.4 −= A/V 2  

    or  27.40=pk A/V
2

 

   (ii) ( ) ( )2

2
TSG

p

D VV
L

Wk
satI +




















 
=  

          ( )2
4.02

2

04027.0
8.0 −
















=

L

W
 

       5.15=
L

W
 

_______________________________________ 
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10.48 

      From Problem 10.37,  111.1=nK mA/V 2  

(a) ( )( )  22 DSDSTGSn

GS

mL VVVVK
V

g −−



=  

                ( ) ( )( )( )1.02111.12 == DSn VK  

   so  222.0=mLg mA/V 

(b) ( ) 2

TGSn

GS

ms VVK
V

g −



=  

            ( ) ( )( )45.05.1111.122 −=−= TGSn VVK  

   so  33.2=msg mA/V 

_______________________________________ 

 

10.49 

     From Problem 10.38, 961.0=pK mA/V 2  

(a) ( )( )  22 SDSDTSGp

SG

mL VVVVK
V

g −+



=  

               ( ) ( )( )( )1.02961.02 == SDp VK  

   or  192.0=mLg mA/V 

(b) ( ) 2

TSGp

SG

ms VVK
V

g +



=  

           ( ) ( )( )35.05.1961.022 −=+= TSGp VVK  

  or  21.2=msg mA/V 

_______________________________________ 

 

10.50 

(a) 
ox

as

C

Ne
=

2
  

  Now  
( )( )

8

14

10150

1085.89.3
−

−




=oxC  

                   
710301.2 −= F/cm 2  

  Then  

( )( )( )( )
7

161419

10301.2

1051085.87.11106.12

−

−−




=

        5594.0= V
2/1
 

(b) ( ) 3890.0
105.1

105
ln0259.0

10

16

=
















=fp V 

  (i)
( )( )( )

( )( )

2/1

1619

14

105106.1

3890.01085.87.114












=

−

−

dTx  

             
510419.1 −= cm 

      ( )maxSDQ  

            ( )( )( )51619 10419.1105106.1 −− =  

                 
710135.1 −= C/cm 2  

 

          
( )

fpFB

ox

SD

TO V
C

Q
V 2

max
++


=  

                 ( )3890.025.0
10301.2

10135.1
7

7

+−



=

−

−

 

                 7713.0= V 

          
L

WC
K oxn

n
2


=  

                
( )( )( )

( )2.12

810301.2450 7−
=  

                
410452.3 −= A/V 2  

    or  3452.0=nK mA/V 2  

     For 0=DI , 7713.0== TOGS VV V 

     For 5.0=DI ( )( )2
7713.03452.0 −= GSV  

          975.1= GSV V 

(c) (i) For 0=SBV , 7713.0== TOT VV V 

(ii) 1=SBV V, 

   ( ) ( ) 1389.025594.0 += TV  

                                        ( )389.02−  

            2525.0= V 

                 024.12525.07713.0 =+=TV V 

              (iii) 2=SBV V, 

                 ( ) ( ) 2389.025594.0 += TV  

                                                       ( )389.02−  

                          4390.0= V 

                    210.14390.07713.0 =+=TV V 

                (iv) 4=SBV V, 

                    ( ) ( ) 4389.025594.0 += TV  

                                                        ( )389.02−  

                              7294.0= V 

                       501.17294.07713.0 =+=TV V 

_______________________________________ 

 

10.51 

        ( ) 3473.0
105.1

10
ln0259.0

10

16

=














=fp  V 

         fpSBfpT VV  22 −+=  

                ( ) ( ) 5.23473.0212.0 +=  

                                                ( )3473.02−  

     or 

        114.0= TV V 
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     Now TTOT VVV +=  

             114.05.0 += TOV  

        386.0= TOV V 

_______________________________________ 

 

10.52 

(a) 
( )( )

8

14

10200

1085.89.3
−

−




=oxC  

               
710726.1 −= F/cm 2  

         
ox

ds

C

Ne
=

2
  

  
( )( )( )( )

7

151419

10726.1

1051085.87.11106.12

−

−−




=  

         2358.0= V 2/1  

(b) ( ) 3294.0
105.1

105
ln0259.0

10

15

=
















=fn V 

         fnBSfnT VV  22 −+−=  

        ( ) ( ) BSV+−=− 3294.022358.022.0  

                                                ( )3294.02−  

         39.2= BSV V 

_______________________________________ 

 

10.53 

     (a) 
+n poly-to-p-type 0.1−= ms V 

        ( ) 288.0
105.1

10
ln0259.0

10

15

=














=fp V 

     also 

        

2/1
4








 
=

a

fps

dT
eN

x


 

               
( )( )( )

( )( )

2/1

1519

14

10106.1

288.01085.87.114












=

−

−

 

     or 

        
410863.0 −=dTx cm 

     Now 

        ( ) ( )( )( )41519 10863.010106.1max −− =
SDQ  

     or 

        ( ) 81038.1max −=
SDQ  C/cm 2  

     Also 

        
( )( )

8

14

10400

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

     or 

 

 

        81063.8 −=oxC  F/cm 2  

     We find 

       ( )( ) 91019 108105106.1 −− ==
ssQ  C/cm 2  

     Then 

        
( )

fpms

ox

ssSD

T
C

QQ
V  2

max
++

−
=  

           ( )288.020.1
1063.8

1081038.1
8

98

+−















−
=

−

−−

 

     or 

        357.0−=TV V 

(b) For NMOS, apply SBV  and TV shifts in a  

positive direction, so for 0=TV , we want 

357.0+= TV V. 

So 

         fpSBfp

ox

as

T V
C

Ne
V  22

2
−+


=  

     or 

( )( )( )( )
8

151419

1063.8

101085.87.11106.12
357.0

−

−−




=+

                 ( ) ( ) 288.02288.02 −+ SBV  

     or 

         576.0576.0211.0357.0 −+= SBV  

     which yields 

        43.5=SBV V 

_______________________________________ 

 

10.54 

     Plot 

_______________________________________ 

 

10.55 

     (a) 

        ( )TGS

oxn

m VV
L

CW
g −=


 

               ( )TGS

ox

oxn VV
tL

W
−


=


 

               
( )( )( )( )

( )65.05
10475

1085.89.340010
8

14

−



=

−

−

 

     or 

        26.1=mg mS 

     Now 

        
smm

m

sm

m

m
rgg

g

rg

g
g

+
==




+
=

1

1
8.0

1
 

     which yields 
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        







−=








−= 1

8.0

1

26.1

1
1

8.0

11

m

s
g

r  

     or 

        198.0=sr k  

     (b) For 3=GSV V, 683.0=mg mS 

     Then 

        
( )( )

602.0
198.0683.01

683.0
=

+
=mg mS 

     or 

        88.0
683.0

602.0
==



m

m

g

g
 

     which is a 12% reduction. 

_______________________________________ 

 

10.56 

     (a) The ideal cutoff frequency for no overlap  

     capacitance is, 

        
( )

222 L

VV

C

g
f TGSn

gs

m

T






−
==  

              
( )( )

( )241022

75.04400

−

−
=


 

     or 

        17.5=Tf GHz 

     (b) Now 

        
( )MgsT

m

T
CC

g
f

+
=

2
 

     where 

        ( )LmgdTM RgCC += 1  

     We find 

        ( )( )44 10201075.0 −− = oxgdT CC  

                 
( )( )

8

14

10500

1085.89.3
−

−




=  

                            ( )( )44 10201075.0 −−   

     or 

        
1410035.1 −=gdTC F 

     Also 

        ( )TGS

oxn

m VV
L

CW
g −=


 

               
( )( )( )( )

( )( )84

144

10500102

1085.89.34001020
−−

−−




=  

                                                     ( )75.04 −  

     or 

        
3108974.0 −=mg  S 

 

 

 

 

     Then 

        ( )1410035.1 −=MC  

                             ( )( ) 33 1010108974.01 + −  

     or 

        1310032.1 −=MC F 

     Now 

        ( )( )WLCC oxgsT

41075.0 −+=  

                 
( )( )

8

14

10500

1085.89.3
−

−




=  

                     ( )( )444 10201075.0102 −−− +  

     or 

        
1410797.3 −=gsTC F 

     We now find 

        
( )MgsT

m

T
CC

g
f

+
=

2
 

              
( )1314

3

10032.110797.32

108974.0
−−

−

+


=


 

     or 

        01.1=Tf GHz 

_______________________________________ 

 

10.57 

     (a) For the ideal case 

        
( )4

6

1022

104

2 −


==





L
f ds

T  

     or 

        18.3=Tf GHz 

(b) With overlap capacitance (using the  

values from Problem 10.56), 

        
( )MgdT

m

T
CC

g
f

+
=

2
 

     We find 

        dsoxm WCg =  

               
( )( )( )( )

8

6144

10500

1041085.89.31020
−

−−




=  

     or 

        
3105522.0 −=mg  S 

     We have 

        ( )LmgdTM RgCC += 1  

                ( )1410035.1 −=  

                             ( )( ) 33 1010105522.01 + −
 

     or 

        
1410750.6 −=MC F 
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     Then 

        
( )1414

3

1075.610797.32

105522.0
−−

−

+


=


Tf  

     or 

        833.0=Tf GHz 

_______________________________________ 
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Chapter 11 
 

Exercise Solutions 
 

Ex 11.1 

        35.1

1

1
=


−

=
−

=


L

LLL

L

I

I

D

D  

     or 

        259.0
35.1

1
1 =−=



L

L
 

 

     From Example 11.1, we have  

          1807.0=L m 

     Then  698.0
259.0

1807.0

259.0
==


=

L
L m 

_______________________________________ 

 

Ex 11.2 

     From Figure 11.10, 550n cm 2 /V-s 

_______________________________________ 

 

Ex 11.3 

        
( )( )

8

14

10120

1085.89.3
−

−




=oxC  

               
710876.2 −= F/cm 2  

        ( ) 3473.0
105.1

10
ln0259.0

10

16

=














=fp V 

        
( )( )( )

( )( )

2/1

1619

14

10106.1

3473.01085.87.114












=

−

−

dTx  

               
41030.0 −= cm 

        



























−+−= 1

2
1

j

dTj

ox

dTa

T
r

x

L

r

C

xeN
V  

                
( )( )( )

7

41619

10876.2

1030.010106.1
−

−−




−=  

                               
( )




























−+ 1

25.0

3.02
1

75.0

25.0
 

        0469.0−= TV V 

_______________________________________ 

 

 

 

 

 

 

 

 

 

Ex 11.4 

        ( ) 3473.0
105.1

10
ln0259.0

10

16

=














=fp V 

        
( )( )( )

( )( )

2/1

1619

14

10106.1

3473.01085.87.114












=

−

−

dTx  

               
41030.0 −= cm 

        
( )( )

8

14

1080

1085.89.3
−

−




=oxC  

               
710314.4 −= F/cm 2  

        
( )
( )Tox

dTa

VC

xeN
W


=

2
 

             

( )( ) ( )

( )( )1.010314.4

1030.0
2

10106.1

7

241619

−

−−













=



 

        
510243.5 −=W cm 

     or 

        524.0=W m 

_______________________________________ 

 

Ex 11.5 

        













=

2
ln

i

da

tbi
n

NN
VV  

              ( )
( )( )
( )

902.0
105.1

10103
ln0259.0

210

1916

=

















= V 

        

2/1

2







 
=

a

bis

dO
eN

V
x  

                
( )( )( )
( )( )

2/1

1619

14

103106.1

902.01085.87.112












=

−

−

 

                
510973.1 −= cm 1973.0= m 

        6027.01973.08.0 =−=−= dOd xLx m 

      Also 

        
( )

2/1

2







 +
=

a

DSbis

d
eN

VV
x  

     or 

        
s

ad

DSbi

eNx
VV


=+

2

2
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( ) ( )( )

( )( )14

161924

1085.87.112

103106.1106027.0
−

−−




=  

        419.8=+ DSbi VV V 

     Then 

        52.7902.0419.8 =−=DSV V 

_______________________________________ 

 

Ex 11.6 

     We find 

        ( ) 2877.0
105.1

10
ln0259.0

10

15

=














=fpO V 

        

2/1

4







 
=

a

bis

dTO
eN

V
x  

                
( )( )( )

( )( )

2/1

1519

14

10106.1

2877.01085.87.114












=

−

−

 

               
510630.8 −= cm 863.0= m 

        
( )( )

8

14

10120

1085.89.3
−

−




=oxC  

                
710876.2 −= F/cm 2  

     The initial threshold voltage is 

        
ox

dTOa

fpOFBOTO
C

xeN
VV ++= 2  

               ( )2877.0295.0 ++=  

                        
( )( )( )

7

51519

10876.2

1063.810106.1
−

−−




+  

        573.1=TOV V 

     Now 

        TTOT VVV +=  

        TV+= 573.140.0  

     173.1−= TV V 

     Negative  TV implant donor ions 

     Now 

        
ox

I

T
C

eD
V =  

     or 

        
( )( )

19

7

106.1

10876.2173.1
−

−




=


=

e

CV
D

oxT

I  

              
121011.2 = cm 2−  

_______________________________________ 

 

 

 

 

 

 

 

Ex 11.7 

(a) ( )( )818 1012010 −=hN
12102.1 = cm 2−  

       ( )( ) 1112 104.22.0102.1 ==
ssQ cm 2−  

       
( )( )

8

14

10120

1085.89.3
−

−




=oxC  

               
710876.2 −= F/cm 2  

     Then 

        
( )( )

7

1911

10876.2

106.1104.2
−

−




−=


−=

ox

ss

T
C

Q
V  

                  134.0−= V 

(b) ( )( ) 11818 108108010 == −

hN cm 2−  

       ( )( ) 1111 106.12.0108 ==
ssQ cm 2−  

       
( )( )

8

14

1080

1085.89.3
−

−




=oxC  

               
710314.4 −= F/cm 2  

     Then 

        
( )( )

7

1911

10314.4

106.1106.1
−

−




−=


−=

ox

ss

T
C

Q
V  

                 0593.0−= V 

(c) Threshold voltage shift decreases when 

the oxide thickness decreases. 

_______________________________________ 

 

 

Test Your Understanding Solutions 
 

TYU 11.1 

        











 −
=





























=
t

GSGS

t

GS

t

GS

D

D

V

VV

V

V

V

V

I

I 21

2

1

2

1 exp

exp

exp

 

     or 

        









=−

2

1

21 ln
D

D

tGSGS
I

I
VVV  

     Then 

        ( ) ( )10ln0259.021 =− GSGS VV 05964.0= V 

     or  64.5921 =− GSGS VV mV 

_______________________________________ 
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TYU 11.2 

(a) ( ) ( )2

2
TGS

oxn

D VV
L

WC
satI −=


 

                    
( )( )( )

( )
( )2

4

38

4.0
102

10101000
−=

−

−−

GSV  

                    ( )25 4.0100.5 −= −

GSV A 

  or  ( ) ( )2
4.050 −= GSD VsatI  A 

(b) ( ) ( )TGSsatoxD VVWCsatI −=   

                    ( )( )( )( )4.01051010 683 −= −−

GSV  

                    ( )4.0100.5 5 −= −

GSV A 

  or  ( ) ( ) 4.050 −= GSD VsatI A 

_______________________________________ 

 

TYU 11.3 

    ( )( ) 7.017.0 ==→ LkLL m 

    ( )( ) 7107.0 ==→ WkWW m 

    ( )( )
o

oxoxox Atktt 1752507.0 ==→  

   15
15

1014.7
7.0

105
=


=→ a

a

a N
k

N
N cm 3−  

   ( )( ) 1.237.0 ==→ DDD VkVV V 

_______________________________________ 

 

TYU 11.4 

     We have from Example 11.6, 

        419.0−=TOV V, 
7109175.1 −=oxC F/cm 2  

        
ox

I

TOT
C

eD
VV +=  

(a) 
( )

7

19

109175.1

106.1
419.025.0

−

−




+−=+ ID  

    111002.8 = ID cm 2−  

(b) 
( )

7

19

109175.1

106.1
419.025.0

−

−




+−=− ID  

    111003.2 = ID cm 2−  

_______________________________________ 
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Chapter 11 
 

11.1 

     (a) 

        
( ) 













= −

t

GS

D
V

V
I

1.2
exp10 15  

     For 5.0=GSV V, 

        
( )( )









= −

0259.01.2

5.0
exp10 15

DI  

        121083.9 −=DI A 

     For 7.0=GSV V, 

        101088.3 −=DI A 

     For 9.0=GSV V, 

        81054.1 −=DI A 

     Then the total current is: 

        ( )610DT II =  

     For 5.0=GSV V, 83.9=TI A 

     For 7.0=GSV V, 388.0=TI mA 

     For 9.0=GSV V, 4.15=TI mA 

     (b) 

        Power:  DDT VIP =  

     Then 

     For 5.0=GSV V, 2.49=P W 

     For 7.0=GSV V, 94.1=P mW 

     For 9.0=GSV V, 77=P mW 

_______________________________________ 

 

11.2 

        
( )








 −
=





























=
t

GSGS

t

GS

t

GS

D

D

nV

VV

nV

V

nV

V

I

I 12

1

2

1

2 exp

exp

exp

 

        









=−

1

2

12 ln
D

D

tGSGS
I

I
nVVV  

(a) ( ) ( )10ln0259.012 =− GSGS VV  

                          0596.0= V 

(b) ( )( ) ( )10ln0259.05.112 =− GSGS VV  

                          0895.0= V 

(c) ( )( ) ( )10ln0259.01.212 =− GSGS VV  

                          125.0= V 

_______________________________________ 

 

 

 

11.3 

        ( ) 3653.0
105.1

102
ln0259.0

10

16

=
















=fp V 

     We find that 

        
( )( )

( )( )1619

14

102106.1

1085.87.1122




=


−

−

a

s

eN
 

                    
510544.2 −= cm/V 2/1  

        ( ) satVV
eN

L DSfpDSfp

a

s +−+


= 
2

 

(a) ( ) 6.04.00.1 =−=−= TGSDS VVsatV V 

       ( )510544.2 −=L  

                    6.03653.023653.0 +−+  

       
510413.1 −=L cm 1413.0= m 

(b) ( ) 6.04.00.1 =−=−= TGSDS VVsatV V 

       ( )510544.2 −=L  

                    6.03653.043653.0 +−+  

       
510816.2 −=L cm 2816.0= m 

(c) ( ) 6.14.00.2 =−=−= TGSDS VVsatV V 

       ( )510544.2 −=L  

                    6.13653.023653.0 +−+  

        
610461.3 −=L cm 0346.0= m 

(d) ( ) 6.14.00.2 =−=−= TGSDS VVsatV V 

        ( )510544.2 −=L  

                      6.13653.043653.0 +−+  

         
510749.1 −=L cm 1749.0= m 

_______________________________________ 

 

11.4 

      ( ) 3653.0
105.1

102
ln0259.0

10

16

=
















=fp V 

     We find that 

        
( )( )

( )( )1619

14

102106.1

1085.87.1122




=


−

−

a

s

eN
 

                     
510544.2 −= cm/V 2/1  

        ( ) 6.14.00.2 =−=−= TGSDS VVsatV V 

        ( ) satVV
eN

L DSfpDSfp

a

s +−+


= 
2
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(a) ( )510544.2 −=L  

                      6.13653.033653.0 +−+  

        
51010.1 −=L cm 110.0= m 

    Now 
LL

L 110.0
10.0 ==


 

    10.1= L m 

(b) ( )510544.2 −=L  

                      6.13653.053653.0 +−+  

       
510326.2 −=L cm 2326.0= m 

   Now 
LL

L 2326.0
10.0 ==


 

    326.2= L m 

_______________________________________ 

 

11.5 

    
( )( )

8

14

10120

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

           
710876.2 −= F/cm 2  

     
ox

ss

msFB
C

Q
V


−=   

             
( )( )

7

1910

10876.2

106.1104
5.0

−

−




−−=  

      5223.0−=FBV V 

  Now 

    
( )

fpFB

ox

SD

T V
C

Q
V 2

max
++


=  

  We find 

    ( ) 3832.0
105.1

104
ln0259.0

10

16

=
















=fp V 

   
( )( )( )
( )( )

2/1

1619

14

104106.1

3832.01085.87.114












=

−

−

dTx  

          
510575.1 −= cm 

  ( )maxSDQ  

         ( )( )( )51619 10575.1104106.1 −− =  

         
710008.1 −= C/cm 2  

  So 

   ( )3832.025223.0
10876.2

10008.1
7

7

+−



=

−

−

TV  

         595.0= V 

  ( ) 655.0595.025.1 =−=−= TGSDS VVsatV V 

 

 

 

 

  
( )( )

( )( )1619

14

104106.1

1085.87.1122




=


−

−

a

s

eN
 

               
510799.1 −= cm/V 2/1  

(a) 
a

s

eN
L


=

2
( ) DSDSfp VsatV ++  

                                            ( )satVDSfp +−   

  (i) ( )510799.1 −=L  

        655.03832.01655.03832.0 +−++  

      
61035.7 −=L cm 0735.0= m 

(ii)  ( )510799.1 −=L  

       655.03832.02655.03832.0 +−++  

       
510303.1 −=L cm 1303.0= m 

(iii)  ( )510799.1 −=L  

       655.03832.04655.03832.0 +−++  

        
510205.2 −=L cm 2205.0= m 

(b) 
LL

L 2205.0
12.0 ==


 

    84.1=L m 

_______________________________________ 

 

11.6 

        ( ) 3758.0
105.1

103
ln0259.0

10

16

=
















=fp V 

        
( )( )

( )( )1619

14

103106.1

1085.87.1122




=


−

−

a

s

eN
 

                     
510077.2 −= cm/V 2/1  

(a) Ideal, 

     ( )2

2
TGS

n

D VV
L

Wk
I −


=  

           ( )2
4.00.1

80.0

15

2

05.0
−
















=  

           16875.0= mA 

  (i) ( ) 6.04.00.1 =−=satVDS V 

    ( )510077.2 −=L  

                6.03758.023758.0 +−+  

           
510150.1 −= cm 115.0= m 

      DD I
LL

L
I 









−
=  
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            ( )16875.0
115.080.0

80.0









−
=  

             19708.0= mA 

   (ii) ( )510077.2 −=L  

                      6.03758.043758.0 +−+  

                 
510293.2 −= cm 2293.0= m 

          DD I
LL

L
I 









−
=  

                 ( )16875.0
2293.080.0

80.0









−
=  

                 23655.0= mA 

(b)  

( )
1

3
1

24

1019708.023655.0
−

−
−










−

−
=

















=

DS

D

o
V

I
r

         41007.5 = or 7.50= k  

(c) ( ) 6.14.00.2 =−=−= TGSDS VVsatV V 

(i) ( )510077.2 −=L  

              6.13758.023758.0 +−+  

           
610819.2 −= cm 02819.0= m 

     DD I
LL

L
I 









−
=  

           ( )16875.0
02819.080.0

80.0









−
=  

           17491.0= mA 

  (ii) ( )510077.2 −=L  

              6.03758.043758.0 +−+  

              
510425.1 −= cm 1425.0= m 

        DD I
LL

L
I 









−
=  

              ( )16875.0
1425.080.0

80.0









−
=  

              20532.0= mA 

          

1−


















=

DS

D

o
V

I
r  

               
( )

1
3

24

1017491.020532.0
−

−










−

−
=  

          
410577.6 =or 77.65= k  

_______________________________________ 

 

 

 

 

11.7 

     (a)  

        (i) ( )2

2
TGS

n

D VV
L

Wk
I −


=  

                 ( )( )2
35.08.010

2

075.0
−








=  

                 07594.0= mA 94.75= A 

       (ii) ( )DSDD VII += 1  

                  ( ) ( )( ) 5.102.019375.75 +=  

                  22.78= A 

       (iii) 
( )( )94.7502.0

11
==

D

o
I

r


 

                 658.0= M 658= k  

     (b) 

        (i) ( )( )2
35.025.110

2

075.0
−








=DI  

                 30375.0= mA 

       (ii)  ( ) ( )( ) 5.102.0130375.0 +=
DI  

                  3129.0= mA 

       (iii)  
( )( )

165
30375.002.0

1
==or k  

_______________________________________ 

 

11.8 

     Plot 

_______________________________________ 

 

11.9 

     (a) Assume ( ) 1=satVDS V.  Then 

        
( )
L

satVDS
sat =  

     We find 

                     L (  m) 
sat (V/cm) 

                              3  

                              1  

                           5.0  

                          25.0  

                          13.0  

31033.3   
4101  
4102  
4104  

41069.7   

     (b) 

     Assume 500=n cm 2 /V-s, we have 

        satn=   

     Then 

        For 3=L m, 
61067.1 = cm/s 

        For 1=L m, 
6105= cm/s 

        For 5.0L m, 
710 cm/s 

_______________________________________ 
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11.10 

        
ox

oxn

oxnn
t

Ck


==


  

              
( )( )( )

8

14

10110

1085.89.3425
−

−




=  

              
410334.1 −= A/V 2

1334.0= mA/V 2  

        ( )2

2
TGS

n

D VV
L

Wk
I −















 
=  

              ( )2
45.08.0

2.1

20

2

1334.0
−
















=  

               1362.0= mA 

        
















−


=




= D

DSDS

D

o

I
LL

L

VV

I

r

1
 

                1−
−




= LL
V

LI
DS

D  

              ( )( ) 
















−−−=

−

DS

D
V

L
LLLI

2
1  

              
( ) DS

D

V

L

LL

LI






−
=

2
 

     Now 

        ( ) satVV
eN

L DSfpDSfp

a

s +−+


= 
2

 

        ( ) 2/1

2

12 −
+


=




DSfp

a

s

DS

V
eNV

L
  

     We find 

        
( )( )

( )( )1619

14

103106.1

1085.87.1122




=


−

−

a

s

eN
 

                    
510077.2 −= cm/V 2/1  

        ( ) 3758.0
105.1

103
ln0259.0

10

16

=
















=fp V 

        ( ) DSTGSDSDSDS VVVVsatVV +−=+=  

                35.2245.08.0 =+−= V 

     Now 

     
( ) 6

5

10290.6
35.23758.02

10077.2 −
−

=
+


=





DSV

L
cm/V 

        ( ) 35.23758.010077.2 5 += −L  

                                                 35.03758.0 +−  

              
510660.1 −= cm 166.0= m 

 

 

 

 

 

     (a) 

        
( ) DS

D

o V

L

LL

LI

r 




−
=

2

1
 

          
( )( )
( ) 

( )6

24

43

10290.6
10166.02.1

102.1101362.0 −

−

−−


−


=  

             
610615.9 −=  

      51004.1 = or 104= k  

     (b)  

    
( )( )
( ) 

( )6

24

43

10290.6
10166.08.0

108.0101362.01 −

−

−−


−


=

or
 

               
510705.1 −=  

      65.5810865.5 4 == or k  

_______________________________________ 

 

11.11 

     (a) 

        ( ) ( )2

2
TGS

oxn

D VV
L

CW
satI −=


 

                     ( )( )( )28 1109.6500
2

10
−








= −

GSV  

     or 

        ( ) ( )2
1173.0 −= GSD VsatI   (mA) 

     and 

        ( ) ( )1173.0 −= GSD VsatI   (mA) 2/1  

     (b) 

     Let 

3/1−


















=

C

eff

Oeff   

     Where 1000=O cm 2 /V-s and 

              
4105.2 =C V/cm 

     Let 
ox

GS

eff
t

V
=  

     We find 

        
( )( )

8

14

109.6

1085.89.3
−

−




=


=


=

ox

ox

ox

ox

ox

ox
C

t
t

C  

     or 

        
o

ox At 500=  

     Then 
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GSV  eff  eff  ( )satID  

1  

2  

3  

4  

5  

-- 
5104  
5106  
5108  

51010  

-- 

397  

347  

315  

292  

0  

0.370 

692.0  

989.0  

27.1  

 

     (c) The slope of the variable mobility curve is  

     not constant, but is continually decreasing. 

_______________________________________ 

 

11.12 

     Plot 

_______________________________________ 

 

11.13 

(a) 
( )( )

8

14

10200

1085.89.3
−

−




=oxC  

              
710726.1 −= F/cm 2  

        
L

WC
K oxn

n
2


=  

              
( )( )( )

( )0.12

1010726.1475 7−
=  

              
41010.4 −= A/V 2

410.0= mA/V 2  

  For 2=− TGS VV V, ( ) 2=satVDS V 

   (i) ( ) ( )( ) ( ) 2
5.05.022410.0 −=DI  

             7175.0= mA 

  (ii) ( ) ( )( ) ( ) 2
0.10.122410.0 −=DI  

            23.1= mA 

(iii) ( ) ( )( ) ( ) 2
25.125.122410.0 −=DI  

            409.1= mA 

 (iv) ( ) ( )( ) ( ) 2
2222410.0 −=DI  

             64.1= mA 

(b) ( ) dsTGSoxD VVWCI −=  

             ( )( )( ) ds210726.110 73 −− =  

             ( ) ds1010452.3 −= A 

             ( ) ds710452.3 −= mA 

  (i) For 5.0=DSV V, ( )6104
25.1

5.0









=ds  

                                         
6106.1 = cm/s 

      ( )( )67 106.110452.3 = −

DI  

            552.0= mA 

 

 

 

 

  (ii) For 0.1=DSV V, ( )6104
25.1

0.1









=ds  

                                          
6102.3 = cm/s 

        ( )( )67 102.310452.3 = −

DI  

              10.1= mA 

   (iii) For 25.1=DSV V, 6104=ds cm/s 

          ( )( )67 10410452.3 = −

DI  

                38.1= mA 

    (iv) For 2=DSV V, 6104=ds cm/s 

            38.1=DI mA 

(c) For part (a), ( ) 2=satVDS V 

           For part (b), ( ) 25.1=satVDS V 

_______________________________________ 

 

11.14 

     Plot 

_______________________________________ 

 

11.15 

     (a) Non-saturation region 

        ( ) 22
2

1
DSDSTGSoxnD VVVV

L

W
CI −−








=   

     We have 

        
k

C

t
C ox

ox

ox

ox 


=  

     and 

        kWW ,  kLL  

     also 

        GSGS kVV  , DSDS kVV   

     So 

        















=

kL

kW

k

C
I ox

nD 
2

1
 

                           ( ) ( ) 2
2 DSDSTGS kVkVVkV −−  

     Then 

        DD kII   

     In the saturation region, 

         2
2

1
TGS

ox

nD VkV
kL

kW

k

C
I −
















=   

     Then 

        DD kII   

     (b) 

        ( )( ) PkkVkIVIP DDDDDD

2=  

_______________________________________ 
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11.16 

        ( ) ( ) satTGSoxD VVWCsatI −=  

                     ( ) ( ) satTGS

ox VkV
k

C
kW −








  

     or 

        ( ) ( )satkIsatI DD   

_______________________________________ 

 

11.17 

     (a) 

       (i) ( ) ( )2

2
max TGS

n

D VV
L

Wk
I −


=  

                          ( )2
45.03

2.1

6

2

15.0
−
















=  

                           438.2 mA 

        (ii) Scaled device:  

              ( ) ( )( ) 95.1365.03 ==== kVV GSD V 

              2308.0
65.0

15.015.0
=








=








=

k
k n mA/V 2  

              ( ) ( )( ) 78.02.165.02.1 === kL m 

               ( ) ( )( ) 90.3665.06 === kW m 

         Then 

           ( ) ( )2
45.095.1

78.0

9.3

2

2308.0
max −
















=DI  

                          298.1= mA 

(b) (i) ( ) ( ) ( )( )3438.2maxmax == DD VIP  

                         314.7= mW 

       (ii) ( ) ( )( )95.1298.1max =P  

                         531.2= mW 

_______________________________________ 

 

11.18 

        
( )( )

8

14

10120

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

                
710876.2 −= F/cm 2  

        ( ) 3890.0
105.1

105
ln0259.0

10

16

=
















=fp V 

        
( )( )( )

( )( )

2/1

1619

14

105106.1

3890.01085.87.114












=

−

−

dTx  

                
510419.1 −= cm 

 

 

 

 

 

 

 

        



























−+−= 1

2
1

j

dTj

ox

dTa

T
r

x

L

r

C

xeN
V  

                 
( )( )( )

7

51619

10876.2

10419.1105106.1
−

−−




−=             

                              
( )




























−+ 1

25.0

1419.02
1

80.0

25.0
 

        0569.0−= TV V 

_______________________________________ 

 

11.19 

        
( )( )

8

14

1080

1085.89.3
−

−




=oxC  

                
710314.4 −= F/cm 2  

        ( ) 3653.0
105.1

102
ln0259.0

10

16

=
















=fp V 

        
( )( )( )
( )( )

2/1

1619

14

102106.1

3653.01085.87.114












=

−

−

dTx  

                
510174.2 −= cm 

        
( )( )( )

7

51619

10314.4

10174.2102106.1
−

−−




−= TV  

                              
( )




























−+ 1

30.0

2174.02
1

70.0

30.0
 

        0391.0−= TV V 

        TTOT VVV +=  

        0391.035.0 −= TOV   

     389.0= TOV V 

_______________________________________ 

 

11.20 

        
( )( )

8

14

10200

1085.89.3
−

−




=oxC  

               
710726.1 −= F/cm 2  

        ( ) 3758.0
105.1

103
ln0259.0

10

16

=
















=fp V 

        
( )( )( )

( )( )

2/1

1619

14

103106.1

3758.01085.87.114












=

−

−

dTx  

               
51080.1 −= cm 
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        15.0−= TV  

                 
( )( )( )

7

51619

10726.1

1080.1103106.1
−

−−




−=  

                                
( )




























−+ 1

30.0

18.02
1

30.0

L
 

        ( ) ( )4832.0
30.0

5006.015.0 







=

L
 

     484.0= L m 

_______________________________________ 

 

11.21 

     We have  

        ( )baLL +−=  

     and from the geometry 

        (1) ( ) ( )222

dSjdTj xrxra +=++  

     and 

        (2) ( ) ( )222

dDjdTj xrxrb +=++  

     From (1) 

        ( ) ( ) 222

dTdSjj xxrra −+=+  

     so that 

        ( ) jdTdSj rxxra −−+= 22
 

     which can be written as 

        

















−













−














+= 11

22

j

dT

j

dS

j
r

x

r

x
ra  

     or 

        

















−













−














++= 1

2
1

22

j

dT

j

dS

j

dS

j
r

x

r

x

r

x
ra  

     Define 

        
2

22

2

j

dTdS

r

xx −
=  

     We can then write 

        













−++= 1

2
1 2

j

dS

j
r

x
ra  

     Similarly from (2), we will have 

        













−++= 1

2
1 2

j

dD

j
r

x
rb  

     where 

        
2

22

2

j

dTdD

r

xx −
=  

 

 

     The average bulk charge in the trapezoid (per  

     unit area) is 

        






 +
=

2

LL
xeNLQ dTaB  

     or 

        






 +
=

L

LL
xeNQ dTaB

2
 

     We can write 

        ( ) baL
LL

L

L

LL
+−+=


+=

+

2

1

2

1

22

1

2
 

     which is 

        
L

ba

L

LL

2
1

2

+
−=

+
 

     Now, BQ  replaces ( )maxSDQ  in the  

     threshold equation.  Then 

        
( )

ox

SD

ox

B

T
C

Q

C

Q
V

max
−


=  

                 
ox

dTa

ox

dTa

C

xeN

L

ba

C

xeN
−







 +
−=

2
1  

     or 

        
( )
L

ba

C

xeN
V

ox

dTa

T
2

+
−=   

     Then substituting, we obtain 

       




















−++−= 1

2
1

2

2
j

dSj

ox

dTa

T
r

x

L

r

C

xeN
V  

                                     




















−+++ 1

2
1 2

j

dD

r

x
 

     Note that if dTdDdS xxx == , then 0==    

     and the expression for TV  reduces to that  

     given in the text. 

_______________________________________ 

 

11.22 

     We have 0=L , so Equation (11.27)  

     becomes 

        
2

1

22
=

+

L

L

L

LL
 

                              



























−+−= 1

2
11

j

dTj

r

x

L

r
 

     or 

        
2

1
1

2
1 =














−+

j

dTj

r

x

L

r
 

     Then Equation (11.28) is 
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        







=

2

1
dTaB xeNQ  

     Then change in the threshold voltage is 

        
( )

ox

SD

oc

B

T
C

Q

C

Q
V

max
−


=  

     or 

        
( )( ) ( )

ox

dTa

ox

dTa

T
C

xeN

C

xeN
V −=

21
 

     which becomes 

        
ox

dTa

T
C

xeN
V −=

2

1
 

_______________________________________ 

 

11.23 

     Plot 

_______________________________________ 

 

11.24 

     Plot 

_______________________________________ 

 

11.25 

        



























−+−= 1

2
1

j

dTj

ox

dTa

T
r

x

L

r

C

xeN
V  

        

( )




























−+



















− 1
2

1
j

dTj

ox

dT

a

kr

kx

kL

kr

k

C

kx
k

N
e

 

     or 

        TT VkV   

_______________________________________ 

 

11.26 

        
( )( )

8

14

1080

1085.89.3
−

−




=oxC  

               
710314.4 −= F/cm 2  

        ( ) 3758.0
105.1

103
ln0259.0

10

16

=
















=fp V 

        
( )( )( )

( )( )

2/1

1619

14

103106.1

3758.01085.87.114












=

−

−

dTx  

               
51080.1 −= cm 

 

 

 

 

 

 

        







=

W

x

C

xeN
V dT

ox

dTa

T


 

             

( )( )( )

( )( )47

251619

102.210314.4

2
1080.1103106.1

−−

−−













=



 

        0257.0+= TV V 

_______________________________________ 

 

11.27 

        
( )( )

8

14

10120

1085.89.3
−

−




=oxC  

               
710876.2 −= F/cm 2  

        ( ) 3473.0
105.1

10
ln0259.0

10

16

=














=fp V 

 

        
( )( )( )

( )( )

2/1

1619

14

10106.1

3473.01085.87.114












=

−

−

dTx  

               
5100.3 −= cm 

        







=

W

x

C

xeN
V dT

ox

dTa

T


 

     In this case, 1=  

     So 

        
( )( )( )( )

( )( )W7

251619

10876.2

1030.110106.1
045.0

−

−−




=  

     11.1=W m 

_______________________________________ 

 

11.28 

     Plot 

_______________________________________ 

 

11.29 

        







=

W

x

C

xeN
V dT

ox

dTa

T


 

     Assume that   is a constant, then 

        

( )





























kW

kx

k

C

kx
k

N
e

V dT

ox

dT

a

T


 

     or 

        TT VkV   

_______________________________________ 
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11.30 

     (a) 

       (i)
ox

G

ox
t

V
  

            
8

6

10200
106

−
= GV  

            12= GV V 

        (ii) 4
3

12
==GV V 

     (b) 

        (i)
8

6

1080
106

−
= GV  

              8.4= GV V 

       (ii) 6.1
3

8.4
==GV V 

_______________________________________ 

 

11.31 

(a) ( )( ) ( )( )oxoxoxG ttV 61062438 ====  

        6104 −=oxt cm 

  or  40=oxt nm
o

A400=  

(b) ( )( ) ( )( )oxoxoxG ttV 610636312 ====  

        
6106 −=oxt cm 

  or  60=oxt nm
o

A600=  

_______________________________________ 

 

11.32 

     Snapback breakdown means 1=M , where 

        ( ) 









=

−910
103

log18.0 OI  

     and 

        
m

BO

CE

V

V
M














−

=

1

1
 

     Let 15=BOV V and 3=m .  Now when 

        
3

15
1

1









−

==

CEV
M


  

     we can write this as 

        3

3

115
15

1  −==







− CE

CE V
V

 

 

 

 

 

     Now 

DI    CEV  

810 −
 

710 −
 

610 −
 

510 −
 

410 −
 

310 −
 

0941.0  

274.0  

454.0  

634.0  

814.0  

994.0  

5.14  

5.13  

3.12  

7.10  

6.8  

7.2  

 

_______________________________________ 

 

11.33 

     One Debye length is 

        
( )

2/1









=

a

s

D
eN

ekT
L  

               
( )( )( )

( )( )

2/1

1619

14

10106.1

0259.01085.87.11












=

−

−

 

     or 

        61009.4 −=DL cm 

     Six Debye lengths is then 

        410246.06 −=DL cm 246.0= m 

     From Example 11.5, we have  

     336.0=dOx m, which is the zero-biased  

     source-substrate junction width. 

     At near punch-through, we will have 

        LxLx dDdO =++ 6  

     where dx  is the reverse-biased drain- 

     substrate junction width.  Now 

        2.1246.0336.0 =++ dx  

     or 

        618.0=dx m 

     Then, at near punch-through we have 

        
( )

2/1

2







 +
=

a

DSbis

d
eN

VV
x  

     or 

        
s

ad

DSbi

eNx
VV


=+

2

2

 

                     
( ) ( )( )

( )( )14

161924

1085.87.112

10106.110618.0
−

−−




=  

     which yields 

        95.2=+ DSbi VV V 
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     From Example 11.5, we have 874.0=biV V,  

     so 

        08.2=DSV V 

     which is the near punch-through voltage.  The  

     ideal punch-through voltage was 

        9.4=DSV V 

_______________________________________ 

 

11.34 

        ( )
( )( )
( )

902.0
105.1

10310
ln0259.0

210

1619

=

















=biV V 

     The zero-biased source-substrate junction  

     width is given by 

        

2/1

2







 
=

a

bis

dO
eN

V
x  

               
( )( )( )
( )( )

2/1

1619

14

103106.1

902.01085.87.112












=

−

−

 

     or 

        410197.0 −=dOx cm 197.0= m 

     The Debye length is 

        
( )

2/1









=

a

s

D
eN

ekT
L  

              
( )( )( )

( )( )

2/1

1619

14

103106.1

0259.01085.87.11












=

−

−

 

     or 

        
61036.2 −=DL cm 

     so that 

        
410142.06 −=DL cm 142.0= m 

     Now 

        LxLx dDdO =++ 6  

     We have for 5=DSV V, 

        
( )

2/1

2







 +
=

a

DSbis

d
eN

VV
x  

              
( )( )( )

( )( )

2/1

1619

14

103106.1

5902.01085.87.112











+
=

−

−

 

     or 

        
410505.0 −=dx cm 505.0= m 

     Then 
        505.0142.0197.0 ++=L  

     or 

        844.0=L m 

_______________________________________ 

 

 

 

11.35 

     With a source-to-substrate voltage of 2 volts, 

        
( )

2/1

2







 +
=

a

SBbis

dO
eN

VV
x  

                
( )( )( )

( )( )

2/1

1619

14

103106.1

2902.01085.87.112











+
=

−

−

 

     or 

        410354.0 −=dOx cm 354.0= m 

     We have 142.06 =DL m from the previous  

     problem. 

     Now 

        
( )

2/1

2







 ++
=

a

SBDSbis

d
eN

VVV
x  

           
( )( )( )

( )( )

2/1

1619

14

103106.1

25902.01085.87.112











++
=

−

−

 

     or 

        410584.0 −=dx cm 584.0= m 

     Then 

        dDdO xLxL ++= 6  

            584.0142.0354.0 ++=  

     or 

        08.1=L m 

_______________________________________ 

 

11.36 

     
( )( ) 7

8

14

10876.2
10120

1085.89.3 −

−

−

=



=oxC F/cm 2  

      
ox

I

T
C

eD
V =  

     Implant acceptor ions for a positive threshold  

     voltage shift. 

      
( ) ( )( )

19

7

106.1

10876.280.0
−

−




=


=

e

CV
D oxT

I  

            
1210438.1 = cm 2−  

_______________________________________ 

 

11.37 

        
( )( )

8

14

10180

1085.89.3
−

−




=oxC  

                
7109175.1 −= F/cm 2  

        
ox

I

T
C

eD
V =  

     Implant donor ions for a negative threshold  

     voltage shift. 
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( )( )

19

7

106.1

109175.160.0
−

−




=


=

e

CV
D

oxT

I  

              
111019.7 = cm 2−  

_______________________________________ 

 

11.38 

(a) 08.1−ms V 

       
( )( )

8

14

10150

1085.89.3
−

−




=oxC  

               
710301.2 −= F/cm 2  

        
ox

ss

msFB
C

Q
V


−=   

                
( )( )

7

1910

10301.2

106.1105
08.1

−

−




−−=  

                115.1−= V 

         ( ) 3341.0
105.1

106
ln0259.0

10

15

=
















=fp V 

         
( )( )( )
( )( )

2/1

1519

14

106106.1

3341.01085.87.114












=

−

−

dTx  

                 
510797.3 −= cm 

          ( )maxSDQ  

                ( )( )( )51519 10797.3106106.1 −− =  

                
810645.3 −= C/cm 2  

          
( )

fpFB

ox

SD

TO V
C

Q
V 2

max
++


=  

                 ( )3341.02115.1
10301.2

10645.3
7

8

+−



=

−

−

 

          2884.0−=TOV V 

(b) For a positive threshold voltage shift, add 

acceptor ions. 

           ( )2884.050.0 −−=−= TOTT VVV  

                    788.0= V 

   Then   

      
( )

e

CV
D oxT

I


=

( )( )
19

7

106.1

10301.2788.0
−

−




=  

             
121013.1 = cm

2−
 

_______________________________________ 

 

11.39 

(a) 08.1+ms V 

      
( )( )

8

14

10180

1085.89.3
−

−




=oxC  

             
7109175.1 −= F/cm 2  

 

 

      
ox

ss

msFB
C

Q
V


−=   

             
( )( )

7

1911

109175.1

106.110
08.1

−

−




−+=  

             9966.0+= V 

       ( ) 3653.0
105.1

102
ln0259.0

10

16

=
















=fn V 

       
( )( )( )
( )( )

2/1

1619

14

102106.1

3653.01085.87.114












=

−

−

dTx  

              
5101744.2 −= cm 

       ( )maxSDQ  

             ( )( )( )51619 101744.2102106.1 −− =  

             
810958.6 −= C/cm 2  

     
( )

fnFB

ox

SD

TO V
C

Q
V 2

max
−+


−=  

           ( )3653.029966.0
109175.1

10958.6
7

8

−+



−=

−

−

 

     0969.0−=TOV V 

(b) For a negative threshold voltage shift, 

add donor ions. 

         ( )0969.040.0 −−−=−= TOTT VVV  

                 3031.0−= V 

  Then 
e

CV
D

oxT

I


=  

                 
( )( )

19

7

106.1

109175.13031.0
−

−




=  

                 
111063.3 = cm 2−  

_______________________________________ 

 

11.40 

(a) ( ) 3236.0
105.1

104
ln0259.0

10

15

=
















=fp V 

       
( )( )

8

14

1080

1085.89.3
−

−




=oxC  

              
710314.4 −= F/cm 2  

       
( )( )( )

( )( )

2/1

1519

14

104106.1

3236.01085.87.114












=

−

−

dTx  

              
510576.4 −= cm 

        ( )maxSDQ  

              ( )( )( )51519 10576.4104106.1 −− =  

               
810929.2 −= C/cm 2  
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( )

fpFB

ox

SD

TO V
C

Q
V 2

max
++


=  

               ( )3236.0225.1
10314.4

10929.2
7

8

+−



=

−

−

 

                5349.0−= V 

(b) For a positive threshold voltage shift, add 

acceptor ions. 

           ( )5349.040.0 −−=−= TOTT VVV  

                    9349.0= V 

   Then  
( )

e

CV
D oxT

I


=  

                    
( )( )

19

7

106.1

10314.49349.0
−

−




=  

                     
121052.2 = cm 2−  

(c) Add acceptor ions. 

           ( )5349.040.0 −−−=−= TOTT VVV  

                    1349.0= V 

  Then 
( )( )

19

7

106.1

10314.41349.0
−

−




=ID  

                  
111064.3 = cm 2−  

_______________________________________ 

 

11.41 

     The total space charge width is greater than  

     ix , so from Chapter 10 

         fpSBfp

ox

as

T V
C

Ne
V  22

2
−+


=  

     Now 

        ( ) 228.0
105.1

10
ln0259.0

10

14

=














=fp V 

     and 

        
( )( )

8

14

10500

1085.89.3
−

−




=oxC  

               
81090.6 −= F/cm 2  

     Then 

        TV  

        
( )( )( )( ) 

8

2/1141419

1090.6

101085.87.11106.12
−

−−




=  

                    ( ) ( ) 228.02228.02 −+ SBV  

     or 

         456.0456.00834.0 −+= SBT VV  

 

 

 

 

 

     Then 

                     SBV (V) TV (V) 

                          1 

                          3 

                          5 

0.0443 

0.0987 

0.1385 

_______________________________________ 

 

11.42 

     (a) 

        ( ) 407.0
105.1

10
ln0259.0

10

17

=














=fn V 

     and 

        
( )( )( )

( )( )

2/1

1719

14

10106.1

407.01085.87.114












=

−

−

dTx  

               
510026.1 −=  cm 

     
+n poly on n-type 32.0−=ms V 

     We have 

        ( ) ( )( )( )51719 10026.110106.1max −− =
SDQ  

                           
71064.1 −=  C/cm 2  

     Now 

        ( )( ) 10197 105106.11064.1 −−= −−

TPV  

                   
( )( )

( )407.0232.0
1085.89.3

1080
14

8

−−





−

−

 

     or 

        53.1−=TPV V  (Enhancement PMOS) 

     (b) For 0=TV , shift threshold voltage in  

     positive direction, so implant acceptor ions. 

        
( )

e

CV
D

C

eD
V oxT

I

ox

I

T


==  

     so 

        
( )( )( )
( )( )198

14

106.11080

1085.89.353.1
−−

−




=ID  

     or 

        121013.4 =ID cm 2−  

_______________________________________ 
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11.43 

     The areal density of generated holes is 

        ( )( )( ) 128512 1061075010108 == − cm 2−   

     The equivalent surface charge trapped is 

        ( )( ) 1112 10610610.0 == cm 2−  

     Then 

        
ox

ss

T
C

Q
V


−=  

                
( )( )( )

( )( )14

81911

1085.89.3

10750106.1106
−

−−




−=  

     or 

        09.2−= TV V 

_______________________________________ 

 

11.44 

     The areal density of generated holes is 

     
12106 cm 2− .  Now 

        
( )( )

8

14

10750

1085.89.3
−

−




=


=

ox

ox

ox
t

C  

               
8106.4 −=  F/cm 2  

     Then 

        
( )( )( )

8

1912

106.4

106.1106
−

−




−=


−=

x

C

Q
V

ox

ss

T  

     where x is the fraction of holes that may be  

     trapped.  For 50.0−= TV V we find 

        %4.2024.0 == xx  

_______________________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

11.45 

     We have the areal density of generated holes  

     as 

        ( )( )( )oxtg =  

     where g  is the generation rate and   is the  

     radiation dose.  The equivalent charge trapped  

     is 

        oxtxg=  

     where x is the fraction of generated holes  

     trapped. 

     Then 

        
( )

( )2

ox

oxoxox

ox

ox

ss

T t
exg

t

texg

C

Q
V 















−=


−=


−=


 

     or 

        ( )2

oxT tV −  

_______________________________________ 
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Chapter 12 
 

Exercise Solutions 
 

Ex 12.1 

        































+

=

E

B

B

E

E

B

x

x

D

D

N

N
1

1
  

           





























 
+

=

60.0

80.0

20

10

10

105
1

1

18

15
 

           9967.0=  

_______________________________________ 

 

Ex 12.2 

        









=











=

0.10

2.1
cosh

1

cosh

1

B

B

T

L

x
  

              9928.0=  

_______________________________________ 

 

Ex 12.3 

        













 −
+

=

t

BE

s

r

V

V

J

J

2
exp1

1

0

0

  

            

( )







 −

















+

=

−

−

0259.02

65.0
exp

10804.1

102.1
1

1

9

7
 

            99976.0=  

_______________________________________ 

 

Ex 12.4 

        































+

=

E

B

B

E

E

B

x

x

D

D

N

N
1

1
  

        

( )( )0.10.1
106

1

1
9950.0

18 









+

=
BN

 

     
161002.3 = BN cm 3−  

_______________________________________ 

 

 

 

 

 

 

 

 

Ex 12.5 

        











=

B

B

T

L

x
cosh

1
  

     From Example 12.5, 10=BL m. 

     Then 

        









=

10
cosh

1
9980.0

Bx
 

        ( ) 







= −

9980.0

1
cosh10 1

Bx  

      633.0= Bx m 

_______________________________________ 

 

Ex 12.6 

        













 −
+

=

t

BE

s

r

V

V

J

J

2
exp1

1

0

0

  

        













 −













+

=

−

−

t

BE

V

V

2
exp

10

10
1

1
9950.0

11

8
 

        6

11

8
10025.5

10

10

005025.0

2
exp −

−

−
=














=












 −

t

BE

V

V
 

     or  

        









=

−610025.5

1
ln2 tBE VV  

                ( )( )201.120259.02=  

        6320.0=BEV V 

_______________________________________ 

 

Ex 12.7 

(a) 













 −
+

=

t

BE

s

r

V

V

J

J

2
exp1

1

0

0

  

            

( )











 −



















+

=

−

−

0259.02

55.0
exp

102

105
1

1

11

9
 

            99392.0=  
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        ( )( )( )99392.09980.09980.0==  T  

            98995.0=  

  Then  5.98
98995.01

98995.0

1
=

−
=

−
=




  

(b) 

( )







 −

















+

=

−

−

0259.02

65.0
exp

102

105
1

1

11

9
  

           99911.0=  

       ( )( )( )99911.09980.09980.0==  T  

           99512.0=  

       204
99512.01

99512.0

1
=

−
=

−
=




  

_______________________________________ 

 

Ex 12.8 

     The space charge width extending into the 

base region is 

   
( )

( )

2/1

12






















+


+
=

CBB

CBCbis

dB
NNN

N

e

VV
x  

          
( )( )( )









+
=

−

−

19

14

106.1

1085.87.112 CBbi VV
 

                    
( )

2/1

151616

15

102105

1

105

102















+





  

           ( )( )  2/11210956.9 CBbi VV += −  

     Now  













=

2
ln

i

CB

tbi
n

NN
VV  

                     ( )
( )( )

( ) 
















=

210

1516

105.1

102105
ln0259.0  

                     6946.0= V 

     For 2=CBV V, 

        ( )( )  2/112 26946.010956.9 += −

dBx  

               
61018.5 −= cm 0518.0= m 

     For 10=CBV V, 

        ( )( )  2/112 106946.010956.9 += −

dBx  

               
51003.1 −= cm 103.0= m 

     Neglecting the B-E space charge width, we 

find the neutral base width to be: 

     2=CBV V, 

      6482.00518.070.00 =−=−= dBBB xxx m 

     10=CBV V, 

        597.0103.070.0 =−=Bx m 

_______________________________________ 

 

Ex 12.9 

     Neglecting bandgap narrowing, 

        
( )

25.2
10

105.1
20

2102

0 =


==
E

i

E
N

n
p cm 3−  

     From Figure 12.26, 23.0= gE eV for  

     2010=EN cm 3− , 

        












 
=

kT

E

N

n
p

g

E

i

E exp

2

0  

                
( )












=

0259.0

23.0
exp

10

105.1
20

210

 

                
410618.1 = cm 3−  

_______________________________________ 

 

Ex 12.10 

(a) 
( )

C

BCB

s

B

pt
N

NNNex
V

+



=

2

2

0  

              
( )( )

( )( )14

2419

1085.87.112

1080.0106.1
−

−−




=  

                          
( )( )

( )15

161516

102

105102105



+
  

        643=ptV V 

(b) From Figure 7.15, 180BV V 

_______________________________________ 

 

Ex 12.11 

(a) From Figure 7.15, 125CBOBV V 

(b) 25
125

125

3
===

n

CBO

CEO

BV
BV


V 

_______________________________________ 

 

Ex 12.12 

     We find 

        ( )
( )

( ) 









−−

+−
=

R

F

CFBF

BRC

tCE
II

II
VsatV









1

1
ln  

( )
( )( )

( )( ) ( )( ) 









−−

+−
=

05.0

992.0

5.0992.0105.0992.0

05.005.015.0
ln0259.0

        ( ) 141.0=satVCE V 

_______________________________________ 
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Ex 12.13 

     We have  
 Cr

f
2

1
=  

     Or  
( )( )63 1035106.22

1

2

1


==

 


fr

C  

           121075.1 −=C F 75.1= pF 

_______________________________________ 

 

Ex 12.14 

        =


==
−

518
1050

0259.0
6

E

t

e
I

V
r  

        ( )( )121040.0518 −== jeee Cr  

             
1010072.2 −= s 2.207= ps 

        
( )

( )252

105.0

2

242 −
==

n

B

b
D

x
  

             
11105 −= s 50= ps 

        
7

4

10

104.2 −
==

s

dc

d

x


  

             
11104.2 −= s 24= ps 

        ( )( )121005.020 −==  Crcc  

             
12101 −= s 1= ps 

     Now 

        cdbeec  +++=  

              2.282124502.207 =+++= ps 

     Then 

        
( )12102.2822

1

2

1
−

==
 ec

Tf  

              
81064.5 = Hz 564= MHz 

     Also 

        
100

10564 3
==




Tff  

              
61064.5 = Hz 64.5= MHz 

_______________________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Test Your Understanding Solutions 
 

TYU 12.1 

        
( )

16

2102

10

105.1 
==

B

i

BO
N

n
n  

               
41025.2 = cm 3−  

(a) ( ) 












=

t

BE

BOB
V

V
nn exp0  

                 







=

0259.0

61.0
exp1025.2 4

 

                  
141081.3 = cm 3−  

(b) Using Equation (12.15a),  we find 

At 
2

Bxx = ,  10.0
10

222
==

B

B

L

x
 

Then 

   ( ) 100167.010.0sinh =  

   ( ) 20134.020.0sinh =  

So 

  ( )
( )
( )20134.0

1025.2
2/

4
== Bxxn  

( ) ( )












−







−








 100167.0100167.01

0259.0

61.0
exp

  or 

    ( ) 14108947.12/ == Bxxn cm 3−  

(c) For an ideal linear function 

     ( )
2

108084.3
2/

14
== BB xxn  

                               
14109042.1 = cm 3−  

       Ratio 9950.0
9042.1

8947.1
==  

_______________________________________ 

 

TYU 12.2 

       
( )

18

2102

10

105.1 
==

E

i

EO
N

n
p

21025.2 = cm
3−
 

(a) ( ) 












=

t

BE

EOE
V

V
pp exp0  

                   ( ) 







=

0259.0

61.0
exp1025.2 2

 

                   
1210808.3 = cm 3−  
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(b) We have 

        ( ) 5211.05.0sinh
2

sinh ==










E

E

L

x
 

  and 

        ( ) 1752.11sinh =  

  Then, using Equation (12.21a), 

        ( )
( )( )

1752.1

5211.010808.3
2

12
== EE xxp  

                                  
1210689.1 = cm 3−  

_______________________________________ 

 

TYU 12.3 

        ( )


























 −
−=+=

C

COCCOC
L

x
pppxp exp1  

     Then 

        











 −
−=

CL

x
exp195.0  

     or 

        05.0exp =











 −

CL

x

05.0

1
exp =












 +


CL

x
 

     so 

        3
05.0

1
ln 








=



CL

x
 

_______________________________________ 

 

TYU 12.4 

     We have ( )( ) 37 10414.11020 −− ==BL cm 

                    ( )( ) 48 10828.2108 −− ==EL cm 

     Now 

        
( )
( )EE

BB

EBBO

BEEO

Lx

Lx

LDn

LDp

tanh

tanh
1

1

+

=  

( )
( )












































+

=

−

−

7072.0tanh

0707.0tanh

10828.2

10414.1

20

8
1

1

4

3

E

B

N

N
 

     or 

        

( )2319.01

1
9950.0











+

=

E

B

N

N
 

     which yields 

        02167.0=
E

B

N

N
 

     or  
171008.1 =BN cm 3−  

_______________________________________ 

 

TYU 12.5 

        
















































+=

−

−

4

3

18

16

10828.2

10414.1

20

8

105

105
1  

                                           
( )
( )

1

3536.0tanh

07072.0tanh
−













  

     or  99586.0=  

     Then 

        ( )( )( )9967.09967.099586.0==  T  

            9893.0=  

     Now 

        





−
=

1
4.92

9893.01

9893.0
=

−
=  

_______________________________________ 

 

TYU 12.6 

       


















=











=

−

−

3

4

10414.1

1080.0
cosh

1

cosh

1

B

B

T

L

x
  

              9984.0=  

     Then 

        ( )( )( ) 9918.09967.09984.09967.0 ==  

     Now 

        121
9918.01

9918.0
=

−
=  

_______________________________________ 

 

TYU 12.7 

(a) 
( )

Lx

S
R

B

2
=  

   We find 

        BpNe =  

            ( )( )( )1619 10400106.1 −=  

            640.0= ( -cm) 1−  

   Then 

        
( )( )( )44

4

10101080.0640.0

105
−−

−




=R  

             = 31077.9  

(b) ( )( )36 1077.9105 == −IRV  

              04883.0= V 

    or  83.48=V mV 
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(c) 
( )
( )

( )

( )







 =








 =

=
=

=

t

BE

t

BE

V

SxV

V

xV

SxJ

xJ

2
exp

0
exp

2

0
 

                          







=












 
=

0259.0

04883.0
expexp

tV

V
 

                          59.6=  

_______________________________________ 

 

TYU 12.8 

        
C

ACE

o
I

VV
r

+
=  

     or 

        
o

ACE

C
r

VV
I

+
=  

     Now 

        6650.0
200

1258
1 =

+
=CI mA 

     and 

        6350.0
200

1252
2 =

+
=CI mA 

     Then 

        030.06350.06650.0 =−= CI mA 

     or 

        30= CI A 

_______________________________________ 

 

TYU 12.9 

(a) 











=

B

B

T

L

x
cosh

1
  

  For 80.0=Bx m, 9984.0=T  

  For 1=Bx m,  9975.0=T  

So 

        9984.09975.0  T  

(b) ( )( )9967.09967.0T =  

  So that 
        99182.09909.0   

  Then 

        121109
1


−

= 



  

_______________________________________ 

 

 

 

 

 

 

TYU 12.10 

        
( )

C

BCB

s

B

pt
N

NNNex
V

+



=

2

2

 

          70
( )( )

( )( )14

2419

1085.87.112

107.0106.1
−

−−




=  

                                   
( )( )

C

C

N

N+


1616 103103
 

     151081.5 = CN cm 3−  

_______________________________________ 
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Chapter 12 
 

12.1 

     Sketch 

_______________________________________ 

 

12.2 

     Sketch 

_______________________________________ 

 

12.3 

(a) 
B

BBEn

S
x

nAeD
I 0=  

             
( )( )( )( )

4

3519

1080.0

10410518106.1
−

−−




=  

             
15102.7 −= A 

(b) 












=

t

BE

SC
V

II


exp  

  (i) ( ) 







= −

0259.0

58.0
exp102.7 15

CI  

           
510827.3 −= A 27.38= A 

 (ii) ( ) 







= −

0259.0

65.0
exp102.7 15

CI  

            
410710.5 −= A 571.0= mA 

(iii) ( ) 







= −

0259.0

72.0
exp102.7 15

CI  

           
310519.8 −= A 519.8= mA 

_______________________________________ 

 

12.4 

(a) 












=

t

BE

B

B

BEn

C
V

n
x

AeD
i


exp0  

        
( )( )

4

19

3

1080.0

22106.1
102

−

−

−




= BEA  

                               ( ) 









0259.0

60.0
exp102 4

 

     
410975.1 −= BEA cm

2
 

(b) 
( )( )( )

4

419
3

1080.0

10975.122106.1
105

−

−−
−




=  

                               ( ) 









0259.0
exp102 4 BE

 

        ( ) 







= −−

0259.0
exp10738.1105 133 BE

 

 

 

    Then 

        ( ) 
















=

−

−

13

3

10738.1

105
ln0259.0BE  

     6237.0= BE V 

_______________________________________ 

 

12.5 

(a) 7.65
9850.01

9850.0

1
=

−
=

−
=




  

     (b) 

       (i) For 27.38=CI A,  

                 


5828.0
67.65

27.38
=== C

B

I
I A 

                  


85.38
9850.0

27.38
=== C

E

I
I A 

      (ii) For 571.0=CI mA, 

                 008695.0
67.65

571.0
==BI mA 

                                     695.8= A 

                 5797.0
9850.0

571.0
==EI  mA 

     (iii) For 519.8=CI mA, 

                  1297.0
67.65

519.8
==BI mA 

                   649.8
9850.0

519.8
==EI mA 

(c) 7.165
9940.01

9940.0
=

−
=  

   (i) For 27.38=CI A, 

              2310.0
7.165

27.38
==BI A 

               50.38
9940.0

27.38
==EI A 

   (ii) For 571.0=CI mA, 

               003446.0
7.165

571.0
==BI mA 

                                   446.3= A 

                5744.0
9940.0

571.0
==EI mA 
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   (iii) For 519.8=CI mA, 

                05141.0
7.165

519.8
==BI mA 

                                    41.51= A 

                 570.8
9940.0

519.8
==EI mA 

_______________________________________ 

 

12.6 

(a) 8.148
0042.0

625.0
===

B

C

I

I
  

        9933.0
8.149

8.148

1
==

+
=




  

       6292.0
9933.0

625.0
===



C

E

I
I mA 

(b) 9851.0
273.1

254.1
===

E

C

I

I
  

       0.66
9851.01

9851.0

1
=

−
=

−
=




  

       0190.0
66

254.1
===



C

B

I
I mA 

                                   0.19= A 

(c) 99338.0
151

150
==  

       ( )( )  75.9065.0150 === BC II A 

       ( ) ( )( ) 815.9065.01511 ==+= BE II   A 

_______________________________________ 

 

12.7 

     (c) For 05.0=Bi mA, 

        ( )( )05.0100== BC ii   

     or 

        5=Ci mA 

     We have 

        ( )( )1510 −=−= RiV CCCCE  

     or 

        5=CE V 

_______________________________________ 

 

12.8 

(a) For 3=CEV V, 0=CI  

  (i) CCCCCE RIVV −=  

      ( )2532.0 CI−= ,  112.0=CI mA 

 (ii) For 65.00 === BECECB VVV V 

      ( )25365.0 CI−= ,  094.0=CI mA 

 

 

(b) For 3=CEV V, 0=CI  

 (i) CCCCCE RIVV −=  

     ( )1032.0 CI−= , 28.0=CI mA 

(ii) For 65.00 === BECECB VVV V 

     ( )10365.0 CI−= , 235.0=CI mA 

_______________________________________ 

 

12.9 

(a) 
( )

17

2102

0
108

105.1




==

E

i

E
N

n
p  

               
2108125.2 = cm 3−  

        
( )

16

2102

0
102

105.1




==

B

i

B
N

n
n  

               
410125.1 = cm 3−  

       
( )

15

2102

0
10

105.1 
==

C

i

C
N

n
p  

               
51025.2 = cm 3−  

(b) ( ) 












=

t

BE

BB
V

V
nn exp0 0  

                  ( ) 







=

0259.0

640.0
exp10125.1 4

 

                   
1410064.6 = cm 3−  

        ( ) 












=

t

BE

EE
V

V
pp exp0 0  

                   ( ) 







=

0259.0

640.0
exp108125.2 2

 

                   
1310516.1 = cm 3−  

_______________________________________ 

 

12.10 

(a) 
( )

17

2102

0
105

105.1




==

E

i

E
N

n
n  

               
2105.4 = cm 3−  

        
( )

16

2102

0
10

105.1 
==

B

i

B
N

n
p  

                
41025.2 = cm 3−  

         
( )

15

2102

0
10

105.1 
==

C

i

C
N

n
n  

                
51025.2 = cm 3−  
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(b) ( ) 












=

t

EB

BB
V

V
pp exp0 0  

                  ( ) 







=

0259.0

615.0
exp1025.2 4

 

                  
141062.4 = cm 3−  

        ( ) 












=

t

EB

EE
V

V
nn exp0 0  

                  ( ) 







=

0259.0

615.0
exp105.4 2

 

                  
121024.9 = cm 3−  

_______________________________________ 

 

12.11 

(a) 
( )

16

2102

0
102

105.1




==

B

i

B
N

n
n  

              
410125.1 = cm 3−  

  Now 

       ( ) ( )( ) 151021.00 == BB Nn cm 3−  

                 













=

t

BE
B

V

V
n exp0  

  Then ( ) 
















=

4

15

10125.1

102
ln0259.0BEV  

                  6709.0= V 

(b) 
( )

17

2102

0
108

105.1




==

E

i

E
N

n
p  

               
2108125.2 = cm 3−  

       ( ) 












=

t

BE

EE
V

V
pp exp0 0 + 

                  ( ) 







=

0259.0

6709.0
exp108125.2 2

 

                  
13100.5 = cm 3−  

_______________________________________ 

 

12.12 

     We have 

        
( )


















−
























= 1exp

sinh
t

BE

B

B

BOB

V

V

L

x

n

dx

nd 
 

          
















−









 −









 −


BBB

B

B L

x

LL

xx

L
cosh

1
cosh

1
 

 

 

 

At 0=x , 

      
( )


















−

























−
=

=

1exp

sinh
0 t

BE

B

B

B

BO

x

B

V

V

L

x
L

n

dx

nd 
 

                                                   






+









 1cosh

B

B

L

x
 

     At Bxx = , 

    
( )


















−

























−
=

=

1exp

sinh
t

BE

B

B

B

BO

xx

B

V

V

L

x
L

n

dx

nd

B


 

                                                        
















+

B

B

L

x
cosh  

     Taking the ratio 

        

( )

( )
0=

=

x

B

xx

B

dx

nd

dx

nd

B





 

1cosh1exp

cosh1exp

+





















−























+












−













=

B

B

t

BE

B

B

t

BE

L

x

V

V

L

x

V

V

 

        













B

B

L

x
cosh

1
 

     (a) For = 1.0
B

B

L

x
Ratio 9950.0=  

     (b) For = 0.1
B

B

L

x
Ratio 648.0=  

     (c) For =10
B

B

L

x
Ratio 

51008.9 −=  

_______________________________________ 

 

12.13 

     In the base of the transistor, we have 

        
( )( ) ( )

0
2

2

=−
BO

BB

B

xn

dx

xnd
D




 

     or 

        
( )( ) ( )

0
22

2

=−
B

BB

L

xn

dx

xnd 
 

     where BOBB DL =  
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     The general solution to the differential  

     equation is of the form 

        ( ) 








 −
+









=

BB

B
L

x
B

L

x
Axn expexp  

     From the boundary conditions, we have 

        ( ) ( ) BOBB nnBAn −=+= 00  

                                 











−













= 1exp

t

BE

BO
V

V
n  

     Also 

        ( ) 








 −
+









=

B

B

B

B

BB
L

x
B

L

x
Axn expexp  

                      BOn−=  

     From the first boundary condition, we can  

     write 

        B
V

V
nA

t

BE

BO −











−













= 1exp  

     Substituting into the second boundary  

     condition, we find 

        





















 −
−











B

B

B

B

L

x

L

x
B expexp  

           BO

B

B

t

BE

BO n
L

x

V

V
n +






















−













= exp1exp  

     Solving for B, we find 

      












+





















−













=

B

B

BO

B

B

t

BE

BO

L

x

n
L

x

V

V
n

B

sinh2

exp1exp

 

     We then find 

      












−








 −












−












−

=

B

B

BO

B

B

t

BE

BO

L

x

n
L

x

V

V
n

A

sinh2

exp1exp

 

_______________________________________ 

 

12.14 

     In the base of the pnp transistor, we have 

        
( )( ) ( )

0
2

2

=−
BO

BB

B

xp

dx

xpd
D




 

     or 

        
( )( ) ( )

0
2

2

=−
B

BB

L

xp

dx

xpd 
 

     where BOBB DL =  

 

 

     The general solution is of the form 

        ( ) 








 −
+









=

BB

B
L

x
B

L

x
Axp expexp  

     From the boundary conditions, we can write 

        ( ) ( ) BOBB ppBAp −=+= 00  

                                 











−













= 1exp

t

EB

BO
V

V
p  

     Also 

        ( ) 








 −
+









=

B

B

B

B

BB
L

x
B

L

x
Axp expexp  

                       BOp−=  

     From the first boundary condition equation,  

     we find 

        B
V

V
pA

t

EB

BO −











−













= 1exp  

     Substituting into the second boundary  

     equation, we obtain 

        












+





















−














=

B

B

BO

B

B

t

EB

BO

L

x

p
L

x

V

V
p

B

sinh2

exp1exp

 

     and then we obtain 

     












−








 −












−












−

=

B

B

BO

B

B

t

EB

BO

L

x

p
L

x

V

V
p

A

sinh2

exp1exp

 

     Substituting the expressions for A and B into  

     the general solution and collecting terms, we  

     obtain 

        ( )

















−
























= 1exp

sinh
t

EB

B

B

BO

B
V

V

L

x

p
xp  

                               
















−









 −


BB

B

L

x

L

xx
sinhsinh  

_______________________________________ 

 

12.15 

     For the idealized straight line approximation,  

     the total minority carrier concentration is  

     given by 

        ( ) 











 −



























=

B

B

t

BE
BOB

x

xx

V

V
nxn exp  
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     The excess carrier concentration is 

        ( ) ( ) BOBB nxnxn −=  

     so for the idealized case, we can write 

        ( )












−








 −


























= 1exp

B

B

t

BE

BOBO
x

xx

V

V
nxn  

     At Bxx
2

1
= , we have 

        












−

























=








1exp

2

1

2 t

BE

BO

B

BO
V

V
n

x
n  

     For the actual case, we have 

        

















−
























=








1exp

sinh
2 t

BE

B

B

BOB

B
V

V

L

x

nx
n  

                               
















−












B

B

B

B

L

x

L

x

2
sinh

2
sinh  

     (a) For 10.0=
B

B

L

x
, we have 

        0500208.0
2

sinh =










B

B

L

x
 

     and 

        100167.0sinh =










B

B

L

x
 

     Then 

        


















−









2

22

B

BO

B

B

B

BO

x
n

x
n

x
n





 

   

( )

1exp
2

1

99875.00.149937.050.0exp

−













+−−


























=

t

BE

t

BE

V

V

V

V

 

     If we assume that 1exp 













t

BE

V

V
, then we  

     find that the ratio is 

        %126.000126.0
50.0

00063.0
==  

     (b) For 0.1=
B

B

L

x
, we have 

        5211.0
2

sinh =










B

B

L

x
 

 

 

     and 

        1752.1sinh =










B

B

L

x
 

     Then 

        


















−









2

22

B

BO

B

B

B

BO

x
n

x
n

x
n





 

  

( )

1exp
2

1

8868.00.14434.050.0exp

−













+−−


























=

t

BE

t

BR

V

V

V

V

 

     Again assume that 1exp 













t

BE

V

V
.  Then the  

     ratio becomes 

        %32.111132.0
50.0

0566.0
==  

_______________________________________ 

 

12.16 

(a) ( ) 0

3105 BBB pxp −=−=  

      3

0 105= Bp cm 3−  

        
B

i

B
N

n
p

2

0 =  

      
( )

3

210

0

2

105

105.1




==

B

i

B
p

n
N  

                  
16105.4 = cm 3−  

      ( ) 














t

EB

BB
V

V
pp exp0 0  

     
( )














=

0

0
ln

B

B

tEB
p

p
VV


 

                 ( ) 














=

3

15

105

10
ln0259.0  

                 6740.0= V 

(b) Using the linear approximation, 

      
( )( )














=

t

EB

B

BBB

B
V

V

x

peD

dx

xpd
eDJ exp0

 

      Since BB Lx  , 
Bxxx

JJ
==


0

 

     Then 
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( )( )( )













=

−

−

0259.0

674.0
exp

108.0

10510106.1
4

319

J  

          0.20= A/cm 2  

(c) Using Equation (12.15a), 

       
( )( )













−
=

B

B

B

BB

L

x
L

p

dx

pd

sinh

0 0
 























+








 −












−














BB

B

t

EB

L

x

L

xx

V

V
coshcosh1exp

     Now 

        
( )( )











==

B

B

B

BBB

B

L

x
L

peD

dx

xpd
eDJ

sinh

0
 

 






















+








 −












−














BB

B

t

EB

L

x

L

xx

V

V
coshcosh1exp  

     For 0=x , ( ) 1752.11sinh = , ( ) 5431.11cosh =  

                        ( ) 0.10cosh =  

          Then 

              
( )( )( )
( )( )1752.11010

10510106.1
4

319

0
−

−

= 


=

x

J  

                 ( ) ( )












+







−








 0.15431.11

0259.0

6740.0
exp  

               1042.2
0

=
=x

J A/cm 2  

      For Bxx = , 

               
( )( )( )
( )( )1752.11010

10510106.1
4

319

−

−

= 


=

Bxx

J  

                  ( ) ( )












+







−








 5431.10.11

0259.0

6740.0
exp  

               3636.1=
= Bxx

J A/cm 2  

(d) For part (b), 

           0.1

0

=

=

=

x

xx

J

J
B

  

        For part (c), 

            648.0
1042.2

3636.1

0

==

=

=

x

xx

J

J
B

 

_______________________________________ 

 

12.17 

     (a) For an npn transistor biased in saturation,  

     the excess minority carrier electron  

     concentration in the base is found from 

        
( )( ) ( )

0
2

2

=−
BO

BB

B

xn

dx

xnd
D




 

     or 

        
( )( ) ( )

0
22

2

=−
B

BB

L

xn

dx

xnd 
 

     where BOBB DL =  

     The general solution is of the form 

        ( ) 








 −
+









=

BB

B
L

x
B

L

x
Axn expexp  

     If BB Lx  , then also BLx  , so that 

        ( ) 









−+










+

BB

B
L

x
B

L

x
Axn 11  

                    ( ) ( ) 









−++=

BL

x
BABA  

     which can be written as 

        ( ) 









+=

B

B
L

x
DCxn  

     The boundary conditions are 

        ( )











−













== 1exp0

t

BE

BOB
V

V
nCn  

     and 

      ( )











−













=










+= 1exp

t

BC

BO

B

B

BB
V

V
n

L

x
DCxn  

     The coefficient D can be written as 

        ( )

















−























= 1exp

t

BC

BO

B

B

V

V
n

x

L
D  

                                         

















−












− 1exp

t

BE

V

V
 

     The excess electron concentration is then  

     given by 

        ( ) 









−


















−












=

Bt

BE

BOB
x

x

V

V
nxn 11exp  

                                    




























−












+

Bt

BC

x

x

V

V
1exp  
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     (b) The electron diffusion current density is 

        
( )( )

dx

xnd
eDJ B

Bn


=  

              















 −












−












=

Bt

BE

BOB
xV

V
neD

1
1exp  

                                  




























−












+

Bt

BC

xV

V 1
1exp  

     or 

        

























−













−=

t

BC

t

BE

B

BOB

n
V

V

V

V

x

neD
J expexp  

     (c) The total excess charge in the base region  

     is 

        ( )dxxneQ

Bx

BnB −=

0

  

          












−


















−












−=

Bt

BE

BO
x

x
x

V

V
en

2
1exp

2

 

                          
Bx

Bt

BC

x

x

V

V

0

2

2
1exp
































−












+  

     which yields 

        

















−











−
= 1exp

2 t

BEBBO

nB
V

Vxen
Q  

                                            

















−












+ 1exp

t

BC

V

V
 

_______________________________________ 

 

12.18 

(a) Using the linear approximation, we can 

write 

        

























−













=

t

BC

t

BE

B

BB

n
V

V

V

V

x

neD
J expexp0

 

        
( )

16

2102

0
105

105.1




==

B

i

B
N

n
n  

               
3105.4 = cm 3−  

     Then 

        
( )( )( )

4

319

107.0

105.425106.1
125

−

−




=  

                      

























−










t

BC

V

V
exp

0259.0

70.0
exp  

 

 

 

 

       












−=

t

BC

V

V
exp104662.5108611.4 1111  

        ( ) ( )1010051.6ln0259.0 =BCV  

                6430.0= V 

(b) ( ) 6430.070.0 −=−= BCBECE VVsatV  

                      057.0= V 

(c) We have 

        

























+













=

t

BC

t

BEBBn

V

V

V

Vxn

e

Q
expexp

2

0
 

                     
( )( )

2

107.0105.4 43 −
=  

                      















+









0259.0

643.0
exp

0259.0

70.0
exp  

                  ( ) 1011 10052.610466.51575.0 +=  

              101056.9 =
e

Qn
cm 2−  

(d) In the collector, 

       ( )
























 −




























Ct

BC

CC
L

x

V

V
pxp expexp0  

     Now 

        ( ) xdxp
e

Q

C

p
= 



0

  

         ( )


























 −
−


























=

0
0 expexp

C

C

t

BC

C
L

x
L

V

V
p  

         












=

t

BC

CC
V

V
Lp exp0  

 We find 

        
( )

15

2102

0
10

105.1 
==

C

i

C
N

n
p  

                
51025.2 = cm 3−  

  Then 

     ( )( ) 







= −

0259.0

643.0
exp10351025.2 45

e

Q p

 

              
131077.4 = cm 2−  

_______________________________________ 

 

12.19 

     (b) 

        
( ) 3

17

2102

1025.2
10

105.1
=


==

B

i

BO
N

n
n cm 3−  

     and 
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( ) 4

15

2102

1021.3
107

105.1
=




==

C

i

CO
N

n
p cm 3−  

     At Bxx = , 

        ( ) 












=

t

BC

BOBB
V

V
nxn exp  

                     ( ) 







=

0259.0

565.0
exp1025.2 3

 

     or  ( ) 12107.6 =BB xn cm 3−  

     At 0=x , 

        ( ) 












=

t

BC

COC
V

V
pp exp0  

                   ( ) 







=

0259.0

565.0
exp1021.3 4

 

     or  ( ) 131056.90 =Cp cm 3−  

     (c) From the B-C space charge region, 

        ( )
( )( )
( ) 

















=

210

1517

1

105.1

10710
ln0259.0biV  

               745.0= V 

     Then 

        
( )( )( )








−
=

−

−

19

14

1
106.1

565.0745.01085.87.112
px  

                          

2/1

171517

15

10107

1

10

107















+











 
  

     or  
6

1 1023.1 −=px cm 

     From the B-E space charge region 

        ( )
( )( )
( ) 















=

210

1719

2

105.1

1010
ln0259.0biV  

                933.0= V 

    Then 

        
( )( )( )








+
=

−

−

19

14

2
106.1

2933.01085.87.112
px  

                               

2/1

171917

19

1010

1

10

10















+












  

     or 

        
5

2 1094.1 −=px cm 

     Now 

        21 ppBOB xxxx −−=  

              194.00123.020.1 −−=  

    or 

        994.0=Bx m 

_______________________________________ 

 

12.20 

     Low-injection limit is reached when 

        ( ) ( ) ( )( )1410510.010.00 == CC Np  

     or 

        ( ) 131050 =Cp cm 3−  

     We have 

        
( ) 5

14

2102

105.4
105

105.1
=




==

C

i

CO
N

n
p cm 3−  

     Also 

        ( ) 












=

t

CB

COC
V

V
pp exp0  

     or 

        
( )














=

CO

C

tCB
p

p
VV

0
ln  

                ( ) 
















=

5

13

105.4

105
ln0259.0  

     or 

        48.0=CBV V 

_______________________________________ 

 

12.21 

     (a) 

       (i) 99305.0

50.0

0035.0
1

1

1

1
=

+

=

+

=

nE

pE

I

I
  

       (ii) 990.0
50.0

495.0
===

nE

nC

T
I

I
  

       (iii) 
pERnE

pEnE

III

II

++

+
=  

                 
0035.0005.050.0

0035.050.0

++

+
= 990167.0=  

       (iv) ( )( )( )990167.0990.099305.0==  T  

           97345.0=  

        (v) 7.36
97345.01

97345.0

1
=

−
=

−
=




  

(b) For 
121

120

1
120 =

+
==




  

          991736.0=  

   Then 997238.0===  T  

      
50.0

997238.0 nC

nE

nC

T

I

I

I
===  

            4986.0= nCI mA 
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50.0
1

1

1

1
997238.0

pE

nE

pE I

I

I
+

=

+

==  

             00138.0= pEI mA 38.1= A 

       
pERnE

pEnE

III

II

++

+
=  

        
00138.050.0

00138.050.0
997238.0

++

+
=

RI
 

              00139.0= RI mA 39.1= A 

_______________________________________ 

 

12.22 

(a) Using Equation (12.37) 
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  Now 
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(b) 
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   Then 

        ( )( )  75.1680.094.20 === BC II A 

(c) ( )( )  3.11912595442.0 === EC II A 
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12.23 

     (a) We have 
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     We find that 
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     and 
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     or 

        779.1=nEJ A/cm 2  

     We also have 
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     Now 
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     or 
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     We can find 
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     or 

        773.1=nCJ A/cm 2  

     The recombination current density is 

        



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





=

t
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V

V
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               ( )
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

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     or 
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     (b) Using the calculated current densities, we  

     find 
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     or 
        9767.0=  

     We also find 

        
779.1

773.1
==

nE

nC

T
J

J
  

     or 

        9966.0=T  

     Also 

        
pERnE

pEnE

JJJ

JJ

++

+
=  

             
04251.0003218.0779.1

04251.0779.1

++

+
=  

     or 
        9982.0=  

     Then 

         ( )( )( )9982.09966.09767.0==  T  

     or 
        9716.0=  

     Now 

        
9716.01

9716.0

1 −
=

−
=




  

     or 
        2.34=  
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     (a) We have 
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     (ii) 

        We have 
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(b) (i) We find 
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     (c) Neglect any change in space charge width. 
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(d) Device C has the largest  .  The emitter  

injection efficiency, base transport, and  

       recombination factors all increase. 
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     (c) Neglect any change in space charge width. 
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     Recombination factor decreases 

     (ii)  We have 

        
( )
( )

( )EO

EO xK
x

K
A

C
+








−=

2
1




 

     or 

        
( )
( ) EOxK
A

C
+=

2

1
1




 

     Recombination factor increases 

_______________________________________ 

 

12.26 

     (b) 

        
( ) 3

17

2102

1025.2
10

105.1
=


==

B

i

BO
N

n
n cm 3−  

     Then 

        ( ) 












=

t

BC

BOB
V

V
nn exp0  

                  ( ) 







=

0259.0

6.0
exp1025.2 3

 

                   
131059.2 = cm

3−
 

     Now 
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( )

B

BB

nC
x

neD
J

0
=  

                 
( )( )( )

4

1319

10

1059.220106.1
−

− 
=  

     or 

        828.0=nCJ A/cm 2  

     Assuming a long collector 

        












=

t

BC

C

nOC

pC
V

V

L

peD
J exp  

     where 

        
( ) 4

16

2102

1025.2
10

105.1
=


==

C

i

cO
N

n
p cm 3−  

     and 

        ( )( )710215 −== COCC DL   

               
310732.1 −= cm 

     Then 

        
( )( )( )

3

419

10732.1

1025.215106.1
−

−




=pCJ  

                                             









0259.0

6.0
exp  

     or 

        359.0=pCJ A/cm 2  

     The collector current is 

        ( ) AJJI pCnCC +=  

             ( )( )310359.0828.0 −+=  

     or 

        19.1=CI mA 

     The emitter current is 

        ( )( )310828.0 −== AJI nCE  

     or 

        828.0=EI mA 

_______________________________________ 

 

12.27 

     (a) 

        
( )BB

T
Lxcosh

1
=   and  

T

T






−
=

1
 

  

BB Lx  T    

0.01 

0.10 

1.0 

10.0 

0.99995 

0.995 

0.648 

0.0000908 

19,999 

199 

1.84 

0  

 

 

 

 

     (b)  For BE DD = , BE LL = , BE xx = , we  

     have 

        
( ) ( )EBBOEO NNnp +

=
+

=
1

1

1

1
  

     and     





−
=

1
 

  

EB NN      

0.01 

0.10 

1.0 

10.0 

0.990 

0.909 

0.50 

0.0909 

99 

9.99 

1.0 

0.10 

 

     (c) For 10.0BB Lx , the value of   is  

     unreasonably large, which means that the        

     base transport factor is not the limiting factor.   

     For 0.1BB Lx , the value of   is very  

     small, which means that the base transport  

     factor will probably be the limiting factor. 

 

     If 01.0EB NN , the emitter injection  

     efficiency is probably not the limiting factor.   

     If, however, 01.0EB NN , then the current  

     gain is small and the emitter injection  

     efficiency is probably the limiting factor. 

_______________________________________ 

 

12.28 

     We have 

        
( )BBB

BOB

sO
LxL

neD
J

tanh
=  

     Now 

        
( ) 3

17

2102

1025.2
10

105.1
=


==

B

i

BO
N

n
n cm 3−  

     and 

        ( )( )71025 −== BOBB DL   

              
4108.15 −= cm 

     Then 

        
( )( )( )
( ) ( )8.157.0tanh108.15

1025.225106.1
4

319

−

−




=sOJ  

     or 

        
1010287.1 −=sOJ A/cm 2  

     Now 
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











 −
+

=

t

BE

sO

rO

V

V

J

J

2
exp1

1
  

             

( )





 −




+

=

−

−

0259.02
exp

10287.1

102
1

1

10

9
BEV

 

     or 

     (a) 

        

( ) 






 −
+

=

0518.0
exp54.151

1

BEV
  

     and 

(b) 

        





−
=

1
 

     Now 

BEV      

0.20 

0.40 

0.60 

0.7535 

0.99316 

0.999855 

3.06 

145 

6,902 

 

(c) If 4.0BEV V, the recombination factor is 

likely the limiting factor in the current gain. 

_______________________________________ 

 

12.29 

        993377.0
151

150

1
==

+
=




  

         T=  

        ( )( )9975.0993377.0 T=  

      995867.0= T  

     Let 80.0=Bx m 

        ( )( )7

0 10223 −== BBB DL   

              
310145.2 −= cm 

     Then 

        


















=











=

−

−

3

4

10145.2

1080.0
cosh

1

cosh

1

B

B

T

L

x
  

               99930.0=  

     Now 

        
( )( )

99656.0
9975.099930.0

993377.0
===






T

 

        

E

B

B

E

E

B

x

x

D

D

N

N
+

=

1

1
  

 

        





























 
+

=

35.0

80.0

23

8102
1

1
99656.0

16

EN

 

      181061.4 = EN cm 3−  

_______________________________________ 

 

12.30 

     (a) We have 8105 −=rOJ A/cm 2  

     We find 

        
( ) 3

16

2102

105.4
105

105.1
=




==

B

i

BO
N

n
n cm 3−  

     and 

        ( )( )71025 −== BOBB DL   

              
4108.15 −= cm 

     Then 

        
( )BBB

BOB

sO
LxL

neD
J

tanh
=  

                
( )( )( )
( ) ( )BB Lxtanh108.15

105.425106.1
4

319

−

−




=  

     or 

        
( )BB

sO
Lx

J
tanh

10139.1 11−
=  

     We have 

        













 −
+

=

t

BE

sO

rO

V

V

J

J

2
exp1

1
  

     For 300=T K and 55.0=BEV V. 

 
        995.0=  

  =








 −



























+

−

−

0518.0

55.0
exptanh

10139.1

105
1

1

11

8

B

B

L

x
 

     which yields 

        0468.0=
B

B

L

x
 

     or 

        ( )( ) 739.08.150468.0 ==Bx m 

     (b) For 400=T K and 
8105 −=rOJ A/cm 2 , 

   
( )
( )

( )( )








 −








 −









=

0259.0
exp

3004000259.0
exp

300

400

300

400
3

g

g

BO

BO

E

E

n

n
 

     For 12.1=gE eV, 
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( )
( )

510175.1
300

400
=

BO

BO

n

n
 

     or 

        ( ) ( )( )35 105.410175.1400 =BOn  

                        
81029.5 = cm 3−  

     Then 

        
( )( )( )
( ) ( )8.15739.0tanh108.15

1029.525106.1
4

819

−

−




=sOJ  

     or 

        510865.2 −=sOJ A/cm 2  

     Finally 

  

( )( )





 −





+

=

−

−

3004000259.02

55.0
exp

10865.2

105
1

1

5

8
  

     or 
        9999994.0=  

_______________________________________ 

 

12.31 

     Plot 

_______________________________________ 

 

12.32 

     Plot 

_______________________________________ 

 

12.33 

     Plot 

_______________________________________ 

 

12.34 

     Plot 

_______________________________________ 

 

12.35 

(a) ( )
( )

C

ACE

oACE

o

C
I

VV
rVV

r
I

+
=+=

1
 

   (i) 67.101
2.1

1202
=

+
=or k  

  (ii) 00984.0
67.101

11
===

o

o
r

g (k ) 1−  

              ( ) 161084.9
−− =  

(iii) 22.1
667.101

1204
=

+
=CI mA 

 

 

 

 

 

 

(b) 

   (i) 648
25.0

1602
=

+
=

+
=

C

ACE

o
I

VV
r k  

  (ii) 00154.0
648

11
===

o

o
r

g (k ) 1−  

             ( ) 161054.1
−− =  

 (iii) 253.0
648

1604
=

+
=CI mA 

_______________________________________ 

 

12.36 

        
180

25−
=


=




=

o

EC

C

C

EC

o
r

V
I

I

V
r  

        01667.0= CI mA 67.16= A 

_______________________________________ 

 

12.37 

   
( )

( )

2/1

12






















+


+
=

CBB

CCBbis

dB
NNN

N

e

VV
x  

          
( )( )( )









+
=

−

−

19

14

106.1

1085.87.112 CBbi VV
 

                    
( )

2/1

161516

15

102102

1

102

102















+





  

           ( )( )  2/111108832.5 CBbi VV += −  

      Now 

         













=

2
ln

i

CB

tbi
n

NN
VV  

                ( )
( )( )

( ) 
















=

210

1615

105.1

102102
ln0259.0  

                6709.0= V 

            (i) For 4=CBV V,  1658.0=dBx m 

           (ii) For 8=CBV V,  2259.0=dBx m 

          (iii) For 12=CBV V, 2730.0=dBx m 

     Neglecting the B-E space charge width, 

            (i) For 4=CBV V,   

                       6842.01658.085.0 =−=Bx m  

          (ii) For 8=CBV V, 

                         6241.02259.085.0 =−=Bx m 

         (iii) For 12=CBV V, 

                         5770.02730.085.0 =−=Bx m 
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     Now 

        












=

t

BE

B

BB

C
V

V

x

neD
J exp0  

     where 

        
( )

16

2102

0
102

105.1




==

B

i

B
N

n
n  

                
410125.1 = cm 3−  

     so 

  
( )( )( )









=

−

0259.0

650.0
exp

10125.125106.1 419

B

C
x

J  

         
Bx

3105686.3 −
= A/cm 2  

           (i)For 4=CBV V,  16.52=CJ A/cm 2  

          (ii)For 8=CBV V,  18.57=CJ A/cm 2  

         (iii)For 12=CBV V, 85.61=CJ A/cm 2  

(b) 
ACE

C

CE

C

VV

J

V

J

+
=




 

         
AV++

=
−

−

650.04

16.52

412

16.5285.61
 

       4.38= AV V 

_______________________________________ 

 

12.38 

     We find 

        
( ) 3

16

2102

105.7
103

105.1
=




==

B

i

BO
N

n
n cm 3−  

     and 

        ( ) 












=

t

BE

BOB
V

V
nn exp0  

                  ( ) 







=

0259.0

7.0
exp105.7 3

 

     or 

        ( ) 151010.40 =Bn cm 3−  

     We have 

        
( )

B

BBB

B
x

neD

dx

dn
eDJ

0
==  

            
( )( )( )

Bx

1519 1010.420106.1 
=

−

 

     or 

        
Bx

J
210312.1 −

=  A/cm
2

 

     Neglecting the space charge width at the B-E  

     junction, we have 

 

 

        pBOB xxx −=  

     Now 

        ( )
( )( )
( ) 

















=

210

1516

105.1

105103
ln0259.0biV  

     or 

        705.0=biV V 

     Also 

     
( )

2/1

12



























+








+
=

CBB

CCBbis

p
NNN

N

e

VV
x  

             
( )( )( )









+
=

−

−

19

14

106.1

1085.87.112 CBbi VV
 

                     

2/1

161516

15

103105

1

103

105















+
















  

     or 

        ( )( )  2/11110163.6 CBbip VVx += −  

       For 5=CBV V,  1875.0=px m 

       For 10=CBV V, 2569.0=px m 

     (a)  For 0.1=BOx m 

       For 5=CBV V, 

        8125.01875.00.1 =−=Bx m 

     Then 

        5.161
108125.0

10312.1
4

2

=



=

−

−

J A/cm 2  

       For 10=CBV V, 

        7431.02569.00.1 =−=Bx m 

     and 

        6.176
107431.0

10312.1
4

2

=



=

−

−

J A/cm 2  

     We can write 

        ( )ACE

CE

VV
V

J
J +




=  

     where 

        
510

5.1616.176

−

−
=




=





CBCE V

J

V

J
 

                                 02.3= A/cm
2

/V 

     Then 

        ( )( )AV+= 7.502.35.161  

     which yields 

        8.47=AV V 
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     (b)  For 80.0=BOx m 

       For 5=CBV V,   

        6125.01875.080.0 =−=Bx m 

     Then 

        2.214
106125.0

10312.1
4

2

=



=

−

−

J A/cm 2  

       For 10=CBV V, 

        5431.02569.080.0 =−=Bx m 

     and 

        6.241
105431.0

10312.1
4

2

=



=

−

−

J A/cm 2  

     Now 

        
510

2.2146.241

−

−
=




=





CBCE V

J

V

J
 

                   48.5= A/cm 2 /V 

     We can write 

        ( )ACE

CE

VV
V

J
J +




=  

     or 

        ( )( )AV+= 7.548.52.214  

     which yields 

        4.33=AV V 

     (c)  For 60.0=BOx m 

       For 5=CBV V, 

        4125.01875.060.0 =−=Bx m 

     Then 

        1.318
104125.0

10312.1
4

2

=



=

−

−

J A/cm 2  

       For 10=CBV V, 

        3431.02569.060.0 =−=Bx m 

     and 

        4.382
103431.0

10312.1
4

2

=



=

−

−

J A/cm 2  

     Now 

        
510

1.3184.382

−

−
=




=





CBCE V

J

V

J
 

                   86.12= A/cm
2

/V 

     We can write 

        ( )ACE

CE

VV
V

J
J +




=  

     or 

        ( )( )AV+= 7.586.121.318  

     which yields 

        0.19=AV V 

_______________________________________ 

 

12.39 

     (a)  

   
( )

( )

2/1

12






















+


+
=

CBB

CBCbis

dB
NNN

N

e

VV
x  

          
( )( )( )









+
=

−

−

19

14

106.1

1085.87.112 BCbi VV
 

                                    
( )

2/1

161516

15

1010

1

10

10















+
  

            ( )( )  2/110101766.1 BCbi VV += −  

     Now 

        













=

2
ln

i

CB

tbi
n

NN
VV  

               ( )
( )( )
( ) 















=

210

1615

105.1

1010
ln0259.0  

                6350.0= V 

     For 1=BCV V, 1387.0=dBx m 

     For 5=BCV V, 2575.0=dBx m 

    Then 1188.01387.02575.0 =−= dBx m 

 

(b) 












=

t

EB

B

BEBB

C
V

V

x

ApeD
I exp0  

  We find 

        
( )

16

2102

0
10

105.1 
==

B

i

B
N

n
p  

                
41025.2 = cm 3−  

  Then 

        
( )( )( )( )

B

C
x

I
4419 101025.210106.1 −− 

=  

                                             









0259.0

625.0
exp  

              
Bx

7100874.1 −
= A 

  For 1=BCV V,  
( ) 4

7

101387.070.0

100874.1
−

−

−


=CI  

                            
310937.1 −= A 937.1= mA 

  For 5=BCV V, 
( ) 4

7

102575.070.0

100874.1
−

−

−


=CI  

                            
310456.2 −= A 456.2= mA 

  Then 

       519.0937.1456.2 =−= CI mA 
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(c) 
AEC

C

BC

C

VV

I

V

I

+
=




 

         
AV++


=

−

 −−

625.01

10937.1

15

10519.0 33

 

      3.13=AV V 

(d) 
310937.1

3.13625.1
−

+
=

+
=

C

AEC

o
I

VV
r  

            705.710705.7 3 == k  

_______________________________________ 

 

12.40 

     Let EB xx = , EB LL = , EB DD =  

     Then the emitter injection efficiency is 

        

2

2

1

1

1

1

iB

B

E

iE

BO

EO

n

N

N

n

n

p
+

=

+

=  

     where 22

iiB nn = . 

     For no bandgap narrowing, 22

iiE nn = . 

     With bandgap narrowing,  

                                       












 
=

kT

E
nn

g

iiE exp22  

     Then 

        













 
+

=

kT

E

N

N g

E

B exp1

1
  

     (a)  No bandgap narrowing, so 0= gE  

        ( )2
995.0 == T .  We find 

EN        

1710  
1810  
1910  
2010  

5.0  

909.0  

990.0  

9990.0  

495.0  

8999.0  

980.0  

989.0  

980.0  

99.8  

3.49  

2.90  

 

     (b)  Taking into account bandgap narrowing,  

     we find 

 

EN  gE (meV)       

1710  
1810  
1910  
2010  

0  

25  

80  

230  

5.0  

792.0

820.0

122.0

 

495.0  

784.0

812.0

121.0

 

98.0  

63.3  

32.4  

14.0  

_______________________________________ 

 

 

12.41 

     (a) We have 

        
( )
( )EE

BB

EBBO

BEEO

Lx

Lx

LDn

LDp

tanh

tanh
1

1

+

=  

     For EB xx = , EB LL = , EB DD = , we obtain 

        













 
+

=

kT

E

N

N g

E

B exp1

1
  

     For 1910=EN cm 3− , we have 80= gE meV 

     Then 

        









+

=

0259.0

080.0
exp

10
1

1
996.0

19

BN
 

     which yields 

        151083.1 =BN cm 3−  

(b) Neglecting bandgap narrowing, we would  

     have 

        

1910
1

1
996.0

1

1

B

E

B N

N

N
+

=

+

=  

     which yields 

        
161002.4 =BN cm 3−  

_______________________________________ 

 

12.42 

     (a)  

        (i)
( )( ) ( )

( )Lx
S

Area

Length
R

B

 2
==  

                
( )

( )( )LxNe

S

BBp

2
=  

                
( )( )( )1619 102250106.1

1


=

−
 

                             
( )( )44

4

10251065.0

105

−−

−




     

            846.310846.3 3 ==R k  

       (ii) ( ) ( )( )36 10846.31052 == −RIV B  

                    01923.0= V 
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      (iii) 
( )
( )

( )

( )







 =








 =

=
=

=

0259.0

0
exp

0259.0

2
exp

0

2

xV

SxV

xn

Sxn

BE

BE

B

B




 

                                    








 +










=

0259.0

60.0
exp

0259.0

60.0
exp

V
 

                                     






 −
=

0259.0
exp

V
 

                                     






−
=

0259.0

01923.0
exp  

            Then 

                 
( )
( )

476.0
0

2
=

=

=

xn

Sxn

B

B




 

     (b) 

         (i)
( )( )( )1619 102250106.1

1


=

−
R  

                                 
( )( )44

4

10251065.0

105.1
−−

−




  

                  154.110154.1 3 == k  

         (ii) ( ) ( )( )36 10154.11052 == −RIV B  

                      005769.0= V 

        (iii) 
( )
( ) 







 −
=

=

=

tB

B

V

V

xn

Sxn
exp

0

2




 

                                      






−
=

0259.0

005769.0
exp  

              Then 

                  
( )
( )

80.0
0

2
=

=

=

xn

Sxn

B

B




 

_______________________________________ 

 

12.43 

        
( )
( ) 







 −
==

=

=

tB

B

V

V

xn

Sxn
exp90.0

0

2




 

     Then 

        ( ) 







=








=

90.0

1
ln0259.0

90.0

1
lntVV  

        002729.0=V V ( )RI B 2=  

                                     ( )R6105 −=  

       = 8.545R  

 

 

 

     Now 

        
( )
Lx

S

Ne
R

BBp

21
=


 

        
( )( )( )1619 102250106.1

1
8.545


=

−
 

                                
( )

( )( )44 10251065.0

2
−− 


S

 

     
41042.1 −= S cm 42.1= m 

_______________________________________ 

 

12.44 

     (a) 

        ( ) 








 −
=

B

BB
x

ax
NN exp0  

     where 

        
( )
( )

0
0

ln 







=

BB

B

xN

N
a  

     and is a constant.  In thermal equilibrium 

        0=−=
dx

dN
eDNeJ B

pBpp   

     so that 

        
dx

dN

Ne

kT

dx

dN

N

D
B

B

B

Bp

p









==

11


 

     which becomes 

        ( ) 








 −









 −









=

BB

B

B x

ax

x

a
N

Ne

kT
exp0

1
 

            B

BB

N
Nx

a

e

kT










 −








=

1
 

     or 

        

















−=

e

kT

x

a

B

 

     which is a constant. 

 

     (b) The electric field is in the negative  

     x-direction which will aid the flow of  

     minority carrier electrons across the base. 

 

     (c) 

        
dx

dn
eDneJ nnn +=   

     Assuming no recombination in the base, nJ   

     will be a constant across the base.  Then 

        











 
+==













+

tn

n

n

n

V
n

dx

dn

eD

J
n

Ddx

dn 
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     where 







=

e

kT
Vt  

     The homogeneous solution to the differential  

     equation is found from 

        0=+ H

H An
dx

dn
 

     where  
tV

A


=  

     The solution is of the form 

        ( ) ( )Axnn HH −= exp0  

     The particular solution is found from 

        BAnP =  

     where 
n

n

eD

J
B =  

     The particular solution is then 

        


=


=













 















==
n

n

n

tn

t

n

n

P
e

J

eD

VJ

V

eD

J

A

B
n


 

     The total solution is then 

        ( ) ( )Axn
e

J
n H

n

n −+


= exp0


 

     and 

        ( )
( ) 













=













=

t

BE

B

i

t

BE

pO
V

V

N

n

V

V
nn exp

0
exp0

2

 

     Then 

        ( )
( ) 

−












=

n

n

t

BE

B

i

H
e

J

V

V

N

n
n


exp

0
0

2

 

_______________________________________ 

 

12.45 

(a) For 
15102=CN cm 3− , 

                          1800 BCBV V 

(b) 86.141
9930.01

9930.0

1
=

−
=

−
=




  

        5.34
86.141

180

3

0

0 ===
n

BC

EC

BV
BV


V 

(c) For 
16105=BN cm

3−
, 

                            19EBBV V 

_______________________________________ 

 

 

 

 

 

 

12.46 

     We want 60=CEOBV V 

     Then 

        
3 50

60 CBO

n

CBO

CEO

BVBV
BV ==


 

     which yields 

        221=CBOBV V 

     For this breakdown voltage, we need 

        15105.1 CN cm 3−  

     The depletion width into the collector at this  

     voltage is 

        nC xx =  

          
( )

2/1

12



























+











+
=

CBC

BBCbis

NNN

N

e

VV
 

     We find 

      ( )
( )( )
( )

646.0
105.1

10105.1
ln0259.0

210

1615

=

















=biV V 

     and 

        60= CEOBC BVV V 

     so that 

        
( )( )( )








+
=

−

−

19

14

106.1

60646.01085.87.112
Cx  

                    

2/1

151615

16

105.110

1

105.1

10















+














  

     or 

        41075.6 −=Cx cm 75.6= m 

_______________________________________ 

 

12.47 

(a) For 
15108=CN cm 3− , 

                            640 CBBV V 

(b) 
( )

C

BCB

s

B

pt
N

NNNex
V

+



=

2

2

0  

              
( )( )

( )( )14

2419

1085.87.112

1050.0106.1
−

−−




=  

                          
( )( )

15

161516

108

105108105



+
  

        0.70=ptV V 

_______________________________________ 

 

 

 

 

 



Semiconductor Physics and Devices: Basic Principles, 4th edition                                                  Chapter 12 

By D. A. Neamen                                                                                                                  Problem Solutions 

______________________________________________________________________________________ 

 

12.48 

(a) 
( )

C

BCB

s

B

pt
N

NNNex
V

+



=

2

2

0  

              
( )( )

( )( )14

2419

1085.87.112

1065.0106.1
−

−−




=  

                          
( )( )

155

102105102 161516



+
  

         6.32=ptV V 

(b) From Chapter 7, 

        

2/1

max

2



























+


CB

CB

s

pt

NN

NNeV
 

                   
( )( )
( )( )







=

−

−

14

19

1085.87.11

6.32106.12
 

                              
( )( )

2/1

1615

1615

102105

102105















+


  

        
5

max 1001.2 = V/cm 

_______________________________________ 

 

12.49 

        
( )

C

BCB

s

B

pt
N

NNNex
V

+



=

2

2

0  

        
( )( )
( )( )14

2

0

19

1085.87.112

106.1
15

−

−




= Bx  

                               
( )( )

15

161516

103

105103105



+
  

      5

0 10483.1 −= Bx cm 1483.0= m 

_______________________________________ 

 

12.50 

     We have 

        ( )
( )

( ) 









−−

+−
=

R

F

FCBF

BRC

tCE
II

II
VsatV









1

1
ln  

     We can write 

  
( ) ( )( )

( ) ( )( )









−−

+−
=









20.0

99.0

99.01199.0

2.011

0259.0
exp

B

BCE

I

IsatV
 

     or 

        
( )

( )95.4
01.099.0

8.0

0259.0
exp 











−

+
=









B

BCE

I

IsatV
 

 

 

 

 

 

 

     (a)  For ( ) 30.0=satVCE V, we find 

        
5100726.1

0259.0

30.0
exp =








 

                                     ( )95.4
01.099.0

8.0











−

+
=

B

B

I

I
 

     We find 

        01014.0=BI mA 14.10= A 

     (b)  For ( ) 20.0=satVCE V, we find 

        0119.0=BI mA 9.11= A 

     (c)  For ( ) 10.0=satVCE V, we find 

        105.0=BI mA 105= A 

_______________________________________ 

 

12.51 

     For an npn transistor biased in the active  

     mode, we have 0BCV , so that  

     0exp 













t

BC

V

V
.  Now 

        ( )ECBCBE IIIIII +−==++ 0  

     Then we have 

        












+











−












−= CS

t

BE

ESFB I
V

V
II 1exp  

                       























−












−−− 1exp

t

BE

ESCSR
V

V
II  

     or 

        ( )











−













−= 1exp1

t

BE

ESFB
V

V
II   

                                                         ( ) CSR I−− 1  

_______________________________________ 

 

12.52 

     We can write 

        











−













1exp

t

BE

ES
V

V
I  

                                E

t

BC

CSR I
V

V
I −












−













= 1exp  

     Substituting, we find 

        












−











−












= E

t

BC

CSRFC I
V

V
II 1exp  

                                           











−













− 1exp

t

BC

CS
V

V
I  
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     From the definition of currents, we have  

     CE II −=  for the case of 0=BI .  Then 

        CF

t

BC

CSRFC I
V

V
II  +












−













= 1exp  

                                       











−













− 1exp

t

BC

CS
V

V
I  

     When a C-E voltage is applied, then the B-C  

     becomes reverse biased, so 0exp 













t

BC

V

V
.   

     Then 

        CSCFCSRFC IIII ++−=   

     Finally, we find 

        
( )

F

RFCS

CEOC

I
II





−

−
==

1

1
 

_______________________________________ 

 

12.53 

(a) 











−













= 1exp

t

BE

ESFC
V

V
II   

                                    











−













− 1exp

t

BC

CS
V

V
I  

     For 2.0=BEV V, 

        ( )( ) 







−







= − 1

0259.0

20.0
exp105992.0 14

CI  

                              ( ) 







−







− − 1

0259.0
exp10 13 BCV  

              
10101197.1 −=  

                              ( ) 







−







− − 1

0259.0
exp10 13 BCV  

     For 5.0−=−= BCCB VV V 

         
510 104214.2101197.1 −− −=CI  

               
510421.2 −−= A 21.24−= A 

    For 25.0−=−= BCCB VV V 

         
910 105561.1101197.1 −− −=CI  

               
91044.1 −−= A 

    For 0−= BCCB VV V 

          
10101197.1 −=CI A 

(b) For 4.0=BEV V, 

          
7105277.2 −=CI  

                              ( ) 







−







− − 1

0259.0
exp10 13 BCV  

 

    For 5.0−=−= BCCB VV V 

         57 104214.2105277.2 −− −=CI  

               
510396.2 −−= A 24− A 

   For 25.0−=−= BCCB VV V 

           97 105561.1105277.2 −− −=CI  

                 
71051.2 −= A 251.0+= A 

   For 0−= BCCB VV V 

            7105277.2 −=CI A 2528.0= A 

(c) For 6.0=BEV V, 

             4107063.5 −=CI  

                           ( ) 







−







− − 1

0259.0
exp10 13 BCV  

   For 5.0−=−= BCCB VV V 

       54 104214.2107063.5 −− −=CI  

             
410464.5 −= A 5464.0= mA 

   For 25.0−−= BCCB VV V 

        4107063.5 −=CI A 5706.0= mA 

_______________________________________ 

 

12.54 

        ( )satVCE  
( )

( ) 









−−

+−
=

R

F

CFBF

BRC

t
II

II
V









1

1
ln  

( )
( )( )

( ) ( )( ) 
















−−

+−
=

150.0

975.0

5975.01975.0

15.015
ln0259.0

B

B

I

I

                 ( )
( )

( )








−

+
= 5.6

125.0975.0

25.4
ln0259.0

B

B

I

I
 

     15.0=BI A, ( ) 187.0=satVCE V 

     25.0=BI A, ( ) 143.0=satVCE V 

     50.0=BI A, ( ) 115.0=satVCE V 

     0.1=BI A,   ( ) 0956.0=satVCE V 

_______________________________________ 

 

12.55 

     (a) (i) 1036.0
25.0

0259.0
===

E

t

e
I

V
r k  

                ( )( )121035.06.103 −== jeee Cr  

                  
1110626.3 −= s 26.36= ps 

           (ii) 
( )

( )252

1065.0

2

242 −
==

n

B

b
D

x
  

                       
111045.8 −= s 5.84= ps 

 

 



Semiconductor Physics and Devices: Basic Principles, 4th edition                                                  Chapter 12 

By D. A. Neamen                                                                                                                  Problem Solutions 

______________________________________________________________________________________ 

 

           (iii) 
7

4

10

102.2 −
==

s

dc

d

x


  

                        
11102.2 −= s 22= ps 

            (iv) ( )scc CCr +=   

                        ( )( ) 1210020.0020.018 −+=  

                        
13102.7 −= s 72.0= ps 

(b) cdbeec  +++=  

            48.14372.0225.8426.36 =+++= ps 

(c) 
( )121048.1432

1

2

1
−

==
 ec

Tf  

              
910109.1 = Hz 109.1= GHz 

(d) 
125

10109.1 9
==




Tff  

             
61087.8 = Hz 87.8= MHz 

_______________________________________ 

 

12.56 

        
( )

( )
11

242

1025.6
202

105.0

2

−
−

=


==
B

B

b
D

x
 s 

     We have 

        ecb  2.0=  

     so that 

        
1010125.3 −=ec s 

     Then 

        
( )1010125.32

1

2

1
−

==
 ec

Tf  

     or 

        
81009.5 =Tf Hz 509= MHz 

_______________________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

12.57 

     We have 

        cdbeec  +++=  

     We are given 

        100=b ps  and  25=e ps 

     We find 

        
11

7

4

102.1
10

102.1 −
−

=


==
s

d

d

x


 s 

     or  

        12=d ps 

     Also 

        ( )( ) 1212 10101.010 −− === ccc Cr s 

     or 

        1=c ps 

     Then 

        13811210025 =+++=ec ps 

     We obtain 

        
( )12101382

1

2

1
−

==
 ec

Tf  

              
91015.1 = Hz 

     or 

        15.1=Tf GHz 

_______________________________________ 
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Chapter 13 
 

Exercise Solutions 
 

Ex 13.1 

        













=

2
ln

i

da

tbi
n

NN
VV  

              ( )
( )( )
( )

832.0
105.1

10102
ln0259.0

210

1816

=

















= V 

        ( )50.2832.0 −−=−= pbipO VVV  

                332.3= V 

     Now 

        

2/1
2








 
=

d

pOs

eN

V
a  

           
( )( )( )
( )( )

2/1

1619

14

102106.1

332.31085.87.112












=

−

−

 

           
51064.4 −= cm 464.0= m 

_______________________________________ 

 

Ex 13.2 

        
s

a

pO

Nea
V


=

2

2

 

                
( )( ) ( )

( )( )14

162419

1085.87.112

10104.0106.1
−

−−




=  

                236.1= V 

        ( )
( )( )
( )

8139.0
105.1

1010
ln0259.0

210

1618

=















=biV V 

        422.08139.0236.1 =−=−= bipOp VVV V 

_______________________________________ 

 

Ex 13.3 

        
( )












=

L

WaeN
I

s

dn

P

32

1
6


 

               
( ) ( )( ) 

( )( )14

21619

1085.87.116

10106.1900
−

−




=  

                               
( )( )




















−

−−

4

344

105

1040.01050
 

               
41037.2 −= A 237.0= mA 

        ( )
( )( )
( )

8139.0
105.1

1010
ln0259.0

210

1618

=















=biV V 

 

 

 

        
s

d

pO

Nea
V


=

2

2

 

                
( )( ) ( )

( )( )14

162419

1085.87.112

101040.0106.1
−

−−




=  

                 236.1= V 

        ( )



























−














−=

pO

bi

pO

bi

PD
V

V

V

V
IsatI

3

2
13111  

                      ( )












−=

236.1

8139.0
3123735.0  

                                            

















−

236.1

8139.0

3

2
1  

                      02213.0= mA 

     Or 

        ( ) 13.221 =satI D A 

_______________________________________ 

 

Ex 13.4 

     From Ex 13.3,  8139.0=biV V, 

              236.1=pOV V,  23735.01 =PI mA 

     Then 

        ( )













−=

PO

bi

PO

P

ms
V

V

V

I
g 1

3
max 1  

                         
( )












−=

236.1

8139.0
1

236.1

23735.03
 

        ( ) 1086.0max =msg mA/V 

_______________________________________ 

 

Ex 13.5 

        
s

d

pO

Nea
V


=

2

2

 

                
( )( ) ( )

( )( )14

152419

1085.81.132

1051040.0106.1
−

−−




=  

                5520.0= V 

        












=

d

c

tn
N

N
V ln  

              ( ) 1177.0
105

107.4
ln0259.0

15

17

=
















= V 
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        7323.01177.085.0 =−=−= nBnbiV  V 

        5520.07323.0 −=−= pObiT VVV  

             180.0= V 

_______________________________________ 

 

Ex 13.6 

        ( ) 











 
=













=

16

17

10

107.4
ln0259.0ln

d

c

tn
N

N
V  

             0997.0= V 

        790.00997.089.0 =−=biV V 

        540.025.0790.0 =−=−= TbipO VVV V 

     Then 

        
( )( )

( )( )14

16192

1085.81.132

10106.1
540.0

−

−




=
a

 

     280.0= a m 

_______________________________________ 

 

Ex 13.7 

        
aL

W
k sn

n
2


=


 

             
( )( )( )( )

( )( )44

414

108.01040.02

10251085.81.137000
−−

−−




=  

             
31017.3 −= A/V 2

17.3= mA/V 2  

        ( ) ( )2

1 TGSnD VVksatI −=  

     From exercise problem Ex 13.5,  

                                                180.0=TV V 

     Then 

        ( ) ( )( )2

1 180.050.017.3 −=satI D  

                      325.0= mA 

_______________________________________ 

 

Ex 13.8 

        ( )
( ) ( )( )

2/1

22
2 







 −
=

d

DSDSs

eN

satVV
L  

                  
( )( )( )
( )( )

2/1

1619

14

10106.1

5.21085.87.112












=

−

−

 

                   
4105688.0 −= cm 5688.0= m 

        ( )
( ) ( )( )

2/1

12
1 







 −
=

d

DSDSs

eN

satVV
L  

                  
( )( )( )
( )( )

2/1

1619

14

10106.1

0.21085.87.112












=

−

−

 

                   
4105088.0 −= cm 5088.0= m 

 

 

 

        ( )
( ) ( )







−
=

221
2 11

LL

L
II DD  

                    ( ) 11709.4
7156.9

10
0.4 =








= mA 

        ( )
( ) ( )







−
=

121
1 11

LL

L
II DD  

                   ( ) 10442.4
7456.9

10
0.4 =








= mA 

     Now 

        
( ) ( )
( ) ( )12

12

11 DD

DSDS

ds
II

VV
r

−

−
=  

              46.39
10442.411709.4

0.25.2
=

−

−
= k  

_______________________________________ 

 

Ex 13.9 

        
2

2

2 L

aNe
f

s

dn

T


=



 

          
( )( )( )( )

( )( )( )2414

241519

1021085.87.112

1050.01051000106.1

−−

−−




=


 

        91069.7 =Tf Hz 69.7= GHz 

_______________________________________ 

 

 

Test Your Understanding Solutions 
 

TYU 13.1 

        ( )
( )( )

( ) 
















=

26

1518

108.1

105105
ln0259.0biV  

               305.1= V 

        

2/1

12



























+












=

dad

abis

n
NNN

N

e

V
x  

              
( )( )( )








=

−

−

19

14

106.1

305.11085.81.132
 

                     

2/1

151815

18

105105

1

105

105















+
















  

     which yields 

        
510147.6 −=nx cm 6147.0= m 

     We want 

        512.0
2.1

6147.0
==a m 
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     So that 

        
s

d

pO

Nea
V


=

2

2

 

               
( )( ) ( )

( )( )14

152419

1085.81.132

105105123.0106.1
−

−−




=  

                905.0= V 

     Then 

        905.0305.1 −=−= pObip VVV  

     40.0+ pV V 

_______________________________________ 

 

TYU 13.2 

        
( )












=

L

WaeN
I

s

ap

P

32

1
6


 

              
( ) ( )( ) 

( )( )








=

−

−

14

21619

1085.87.116

102106.1400
 

                                 
( )( )












−

−−

4

344

105

1050.01040
 

     or  
4

1 10593.6 −=pI A 6593.0= mA 

     Now 

        
s

a

pO

Nea
V


=

2

2

 

                
( )( ) ( )

( )( )14

162419

1085.87.112

1021050.0106.1
−

−−




=  

     or  863.3=pOV V 

     Also 

        ( )
( )( )

( ) 
















=

210

1618

105.1

102105
ln0259.0biV  

               8736.0= V 

     Now 

        ( )



























−














−=

pO

bi

pO

bi

PD
V

V

V

V
IsatI

3

2
13111  

                      ( )












−=

863.3

8736.0
316593.0  

                                           

























−

863.3

8736.0

3

2
1  

     or  ( ) 3538.01 =satI D mA 

_______________________________________ 

 

         

            

 

TYU 13.3 

        
2

2

2 L

aNe
f

s

ap

T


=



 

            
( )( )( )( )

( )( )( )2414

241619

1041085.87.112

1050.0102400106.1

−−

−−




=


 

        91007.3 =Tf Hz 07.3= GHz 

_______________________________________ 

 

TYU 13.4 

        
2

2

2 L

aNe
f

s

dn

T


=



 

          
( )( )( )( )

( )( )( )2414

241519

101085.81.132

1050.01036500106.1

−−

−−




=


 

        111007.1 =Tf Hz 107= GHz 

_______________________________________ 
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Chapter 13 
 

13.1 

     Sketch 

_______________________________________ 

 

13.2 

     Sketch 

_______________________________________ 

 

13.3 

(a) 
s

d

pO

Nea
V


=

2

2

 

(i)
( )( ) ( )

( )( )14

162419

1085.81.132

1031040.0106.1
−

−−




=pOV  

           312.3= V 

       (ii) ( )
( )( )

( ) 
















=

26

1816

108.1

102103
ln0259.0biV  

                   328.1= V 

             312.3328.1 −=−= pObip VVV  

                   984.1−= V 

(b) 
( )

2/1

2

2







 −+
=

d

GSDSbis

eN

VVV
h  

(i) 2h  

( )( ) ( )( )
( )( )

2/1

1619

14

103106.1

5.00328.11085.81.132











−−+
=

−

−

      
5

2 1097.2 −=h cm 297.0= m 

     103.0297.040.02 =−=− ha m 

(ii) 2h  

( )( ) ( )( )
( )( )

2/1

1619

14

103106.1

5.05.0328.11085.81.132











−−+
=

−

−

      
5

2 1035.3 −=h cm 335.0= m 

      065.0335.040.02 =−=− ha m 

(iii) 2h  

( )( ) ( )( )
( )( )

2/1

1619

14

103106.1

5.05.2328.11085.81.132











−−+
=

−

−

      
5

2 1057.4 −=h cm 457.0= m 

      022 =− haah  

 

 

 

 

 

 

 

(c) ( ) ( )GSbipODS VVVsatV −−=  

  (i) ( ) ( )0328.1312.3 −−=satVDS  

                    984.1= V 

 (ii) ( ) ( )( )0.1328.1312.3 −−−=satVDS  

                      984.0= V 

_______________________________________ 

 

13.4 

(a) 
s

d

pO

Nea
V


=

2

2

 

(i)
( )( ) ( )

( )( )14

162419

1085.87.112

1031040.0106.1
−

−−




=pOV  

            709.3= V 

(ii) ( )
( )( )

( ) 
















=

210

1816

105.1

102103
ln0259.0biV  

             860.0= V 

        709.3860.0 −=−= pObip VVV  

               849.2−= V 

(b) 
( )

2/1

2

2







 −+
=

d

GSDSbis

eN

VVV
h  

  (i) 2h  

( )( ) ( )( )
( )( )

2/1

1619

14

103106.1

5.00860.01085.87.112











−−+
=

−

−

       5

2 1042.2 −=h cm 242.0= m 

       158.0242.040.02 =−=− ha m 

 (ii) 2h  

( )( ) ( )( )
( )( )

2/1

1619

14

103106.1

5.05.0860.01085.87.112











−−+
=

−

−

        
5

2 1083.2 −=h cm 283.0= m 

         117.0283.040.02 =−=− ha m 

(iii) 2h  

( )( ) ( )( )
( )( )

2/1

1619

14

103106.1

5.05.2860.01085.87.112











−−+
=

−

−

        
5

2 1008.4 −=h cm 408.0= m 

        022 =− haah  
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(c) ( ) ( )GSbipODS VVVsatV −−=  

  (i) ( ) ( )0860.0705.3 −−=satVDS  

                     845.2= V 

 (ii) ( ) ( )( )0.1860.0705.3 −−−=satVDS  

                      845.1= V 

_______________________________________ 

 

13.5 

(a) 
2

2 2

2 ea

V
N

Nea
V

pOs

a

s

a

pO


=


=  

       
( )( )( )

( )( )2419

14

1065.0106.1

75.21085.81.132

−−

−




=aN  

              
1510433.9 = cm 3−  

(b) ( )
( )( )

( ) 
















=

26

1815

108.1

1010433.9
ln0259.0biV  

             280.1= V 

       280.175.2 −=−= bipOp VVV  

             47.1= V 

(c) 22 65.015.0 hha −==−  

       50.02 =h m 

       
( )

2/1

2

2







 ++
=

a

GSSDbis

eN

VVV
h  

      ( )241050.0 −  

       
( )( )( )

( )( ) 













++
=

−

−

1519

14

10433.9106.1

028.11085.81.132 GSV
 

      ( )( )GSV+= −− 28.1105363.1105.2 99  

    347.0= GSV V 

(d) 
( )

2/1

2

2







 ++
=

a

GSSDbis

eN

VVV
h  

       ( )241065.0 −  

            
( )( )( )
( )( ) 














+
=

−

−

1519

14

10433.9106.1

28.11085.81.132 SDV
 

      ( ) ( )( )SDV+= −− 28.1105363.11065.0 924  

    47.1= SDV V 

_______________________________________ 

 

13.6 

(a) 
2

2

ea

V
N

pOs

a


=  

              
( )( )( )

( )( )2419

14

1065.0106.1

75.21085.87.112

−−

−




=  

  

or 

        aN
1510425.8 = cm 3−  

(b) ( )
( )( )

( ) 
















=

210

1815

105.1

1010425.8
ln0259.0biV  

              8095.0= V 

   8095.075.2 −=−= bipOp VVV  

         9405.1= V 

(c) 22 65.015.0 hha −==−  

     50.02 = h m 

       
( )

2/1

2

2







 ++
=

a

GSSDbis

eN

VVV
h  

       ( )241050.0 −  

      
( )( )( )

( )( ) 













++
=

−

−

1519

14

10425.8106.1

08095.01085.87.112 GSV
 

        ( )( )GSV+= −− 8095.010536.1105.2 99  

       8178.0= GSV V 

(d) 
( )

2/1

2

2







 ++
=

a

GSSDbis

eN

VVV
h  

        ( )241065.0 −  

           
( )( )( )

( )( ) 













+
=

−

−

1519

14

10425.8106.1

8095.01085.87.112 SDV
 

   ( ) ( )( )SDV+= −− 8095.010536.11065.0 924  

           94.1= SDV V 

_______________________________________ 

 

13.7 

(a) 













=

2
ln

i

da

tbi
n

NN
VV  

              ( )
( )( )

( ) 
















=

210

1816

105.1

103102
ln0259.0  

               860.0= V 

          bipOp VVV −=  

          86.3860.00.3 =−= pOpO VV V 

     Now  

2/1
2








 
=

a

pOs

eN

V
a  

                   
( )( )( )
( )( )

2/1

1619

14

102106.1

86.31085.87.112












=

−

−

 

                   
5100.5 − cm 50.0= m 
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(b) 86.3=pOV V 

(c) ( ) ( )GSbipOSD VVVsatV +−=  

   (i) ( ) 0.386.086.3 =−=satVSD V 

  (ii) ( ) ( ) 5.15.186.086.3 =+−=satVSD V 

_______________________________________ 

 

13.8 

(a) 













=

2
ln

i

da

tbi
n

NN
VV  

              ( )
( )( )

( ) 
















=

26

1816

108.1

103102
ln0259.0  

              328.1= V 

        bipOp VVV −=  

        328.4328.10.3 =−= pOpO VV V 

        

2/1
2








 
=

a

pOs

eN

V
a  

            
( )( )( )
( )( )

2/1

1619

14

102106.1

328.41085.81.132












=

−

−

 

            
51060.5 −= cm 560.0= m 

(b) 328.4=pOV V 

(c) ( ) ( )GSbipOSD VVVsatV +−=  

   (i) ( ) ( ) 0.30328.1328.4 =+−=satVSD V 

  (ii) ( ) ( ) 5.15.1328.1328.4 =+−=satVSD V 

_______________________________________ 

 

13.9 

(a) ( ) ( )GSbipODS VVVsatV −−=  

  Now 

       ( )
( )( )

( ) 
















=

210

1816

105.1

104104
ln0259.0biV  

             886.0= V 

  We find 

        886.5886.05 =−= pOpO VV V 

        

2/1
2








 
=

a

pOs

eN

V
a  

            
( )( )( )
( )( )

2/1

1619

14

104106.1

886.51085.87.112












=

−

−

  

             
51036.4 −= cm 436.0= m 

(b)  (i) 886.5=pOV V 

  (ii) 0.5886.5886.0 −=−=−= pObip VVV V 

_______________________________________ 

 

13.10 

(a) ( )
( )( )
( ) 

















=

26

1815

108.1

10105
ln0259.0biV  

              264.1= V 

        ( ) ( )GSbipOSD VVVsatV +−=  

      ( )0.1264.15.3 +−= pOV 764.5= pOV V 

         

2/1
2








 
=

a

pOs

eN

V
a  

             
( )( )( )
( )( )

2/1

1519

14

105106.1

764.51085.81.132












=

−

−

 

              
410293.1 −= cm 293.1= m 

(b) 

    (i) 764.5=pOV V 

   (ii) 264.1764.5 −=−= bipOp VVV  

               5.4= V 

_______________________________________ 

 

13.11 

     (a) 

        
( )

L

WaeN
I

s

dn

P


=
6

32

1


 

               
( ) ( )( ) 

( )( )14

21619

1085.87.116

10106.11000
−

−




=  

                                    
( )( )

4

344

1020

105.010400
−

−−




  

     or 

        03.11 =PI mA 

     (b) 

        
s

d

PO

Nea
V


=

2

2

 

                
( )( ) ( )

( )( ) 
















=

−

−−

14

162419

1085.87.112

10105.0106.1
 

     or 

        93.1=POV V 

     Also 

        ( )
( )( )
( )

874.0
105.1

1010
ln0259.0

210

1619

=















=biV V 

     Now 

        ( ) ( )GSbiPODS VVVsatV −−=  

                       GSV+−= 874.093.1  

     or 

        ( ) GSDS VsatV += 056.1  
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     We have 

        056.193.1874.0 −=−=−= PObiP VVV V 

     Then 

     (i)  For 0=GSV , ( ) 06.1=satVDS V 

     (ii)  For 264.0
4

1
−== PGS VV V, 

                                ( ) 792.0=satVDS V 

     (iii)  For 528.0
2

1
−== PGS VV V, 

                               ( ) 528.0=satVDS V 

     (iv)  For 792.0
4

3
−== PP VV V, 

                               ( ) 264.0=satVDS V 

     (c) 

        ( )


















 −
−=

PO

GSbi

PD
V

VV
IsatI 3111  

                                      



















 −
−

PO

GSbi

V

VV

3

2
1  

                       ( )










 −
−=

93.1

874.0
3103.1 GSV  

                                     



















 −
−

93.1

874.0

3

2
1 GSV  

     (i)  For 0=GSV , ( ) 258.01 =satI D mA 

     (ii)  For 264.0−=GSV V, 

                                ( ) 141.01 =satI D mA 

     (iii)  For 528.0−=GSV V, 

                                ( ) 0608.01 =satI D mA 

     (iv)  For 792.0−=GSV V, 

                                ( ) 0148.01 =satI D mA 

_______________________________________ 

 

13.12 

        


























 −
−=

2/1

1 1
PO

GSbi

Od
V

VV
Gg  

     where 

        
( )

93.1

1003.133 3
1

1

−
==

PO

P

O
V

I
G  

     or 

        
3

1 1060.1 −=OG S 60.1= mS 

     Then 

 

 

 

 

GSV  ( ) POGSbi VVV /−  dg (mS) 

0 

-0.264 

-0.528 

-0.792 

-1.056 

0.453 

0.590 

0.726 

0.863 

1.0 

0.523 

0.371 

0.237 

0.114 

0 

_______________________________________ 

 

13.13 

     n-channel JFET - GaAs 

     (a) 

        
L

WaNe
G dn

O


=1  

                
( )( )( )

4

1619

1010

1028000106.1
−

−




=  

                                     ( )( )44 1035.01030 −−   

     or 

        3

1 1069.2 −=OG S 

     (b) 

        ( ) ( )GSbiPODS VVVsatV −−=  

     We have 

        
s

d

PO

Nea
V


=

2

2

 

                
( )( ) ( )

( )( )14

162419

1085.81.132

1021035.0106.1
−

−−




=  

     or 

        69.1=POV V 

     We find 

        ( )
( )( )

( ) 
















=

26

1618

108.1

102105
ln0259.0biV  

     or 

        34.1=biV V 

     Then 

        35.069.134.1 −=−=−= PObiP VVV V 

     We then obtain 

        ( ) ( ) GSGSDS VVsatV +=−−= 35.034.169.1  

     For 0=GSV , ( ) 35.0=satVDS V 

     For 175.0
2

1
−== PGS VV V, 

                             ( ) 175.0=satVDS V 

     (c) 

        ( )


















 −
−=

PO

GSbi

PD
V

VV
IsatI 3111  

                                        



















 −
−

PO

GSbi

V

VV

3

2
1  
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     where 

        
( )

L

WaeN
I

s

dn

P


=
6

32

1


 

              
( ) ( )( ) 

( )( )14

21619

1085.81.136

102106.18000
−

−




=  

                                
( )( )

4

344

1010

1035.01030
−

−−




  

     or 

        515.11 =PI mA 

     Then 

        ( ) ( )










 −
−=

69.1

34.1
31515.11

GS

D

V
satI  

                            



















 −
−

69.1

34.1

3

2
1 GSV   (mA) 

        For 0=GSV , ( ) 0506.01 =satI D mA 

     and 

        For 175.0−=GSV V, 

                              ( ) 0124.01 =satI D mA 

_______________________________________ 

 

13.14 

        












 −
−=

PO

GSbi

PO

P

mS
V

VV

V

I
g 1

3 1  

     We have 

        03.11 =PI mA, 93.1=POV V, 874.0=biV V 

     The maximum transconductance occurs when 

     0=GSV .  Then 

        ( )
( )














−=

93.1

874.0
1

93.1

03.13
maxmSg  

     or 

        ( ) 524.0max =mSg mS 

     For 400=W m, we have 

        ( )
410400

524.0
max

−
=mSg  

     or 

        ( ) 1.13max =mSg mS/cm = 1.31 mS/mm 

_______________________________________ 

 

13.15 

     The maximum transconductance occurs for  

     0=GSV , so we have 

     (a)   ( )













−=

PO

bi

PO

P

mS
V

V

V

I
g 1

3
max 1  

 

 

     which can be written as 

        ( )













−=

PO

bi

OmS
V

V
Gg 1max 1  

     We found 

        69.21 =OG mS, 34.1=biV V, 69.1=POV V 

     Then 

        ( ) ( )













−=

69.1

34.1
169.2maxmSg  

     or 

        ( ) 295.0max =mSg mS 

     This is for a channel length of 10=L m. 

(b) If the channel length is reduced to 

2=L m, then 

   ( ) ( ) 47.1
2

10
2947.0max =








=mSg mS 

_______________________________________ 

 

13.16 

     n-channel MESFET - GaAs 

     (a) 

        
s

d

PO

Nea
V


=

2

2

 

                
( )( ) ( )

( )( )14

162419

1085.81.132

105.1105.0106.1
−

−−




=  

     or 

        59.2=POV V 

     Now 

        nBnbiV  −=  

     where 

        ( ) 
















=













=

16

17

105.1

107.4
ln0259.0ln

d

c

tn
N

N
V  

     or 

        0892.0=n V 

     so that 

        811.00892.090.0 =−=biV V 

     Then 

        59.2811.0 −=−= PObiT VVV  

     or 

        78.1−=TV V 

     (b )If 0TV  for an n-channel device, the    

     device is a depletion mode MESFET. 

_______________________________________ 

 

 

 



Semiconductor Physics and Devices: Basic Principles, 4th edition                                                  Chapter 13 

By D. A. Neamen                                                                                                                  Problem Solutions 

______________________________________________________________________________________ 

 

13.17 

     n-channel MESFET - GaAs 

     (a) We want 10.0+=TV V 

     Then 

        POnBnPObiT VVVV −−=−=   

     so 

        
s

d

d

c

tT

Nea

N

N
VV


−












−==

2
ln89.010.0

2

 

     which can be written as 

        ( ) 











 

dN

17107.4
ln0259.0  

       
( )( )

( )( )
10.089.0

1085.81.132

1035.0106.1
14

2419

−=



+

−

−−

dN
 

     or 

        ( ) 











 

dN

17107.4
ln0259.0  

                                    ( ) 79.010453.8 17 =+ −

dN  

     By trial and error, 

        15101.8 =dN cm 3−  

     (b) At 400=T K 

        
( )
( )

54.1
300

400

300

400
2/3

=







=

c

c

N

N
 

     Then 

        ( ) ( )( )54.1107.4400 17=cN  

                       
171024.7 = cm 3−  

     Also 

        ( ) 03453.0
300

400
0259.0 =








=tV  

     Then 

        ( ) 
















−=

15

17

101.8

1024.7
ln03453.089.0TV  

                                  ( )( )1517 101.810453.8 − −
 

     which becomes 

        050.0+=TV V 

_______________________________________ 

 

13.18 

(a) 

2/1
2








 
=

d

pOs

eN

V
a  

           
( )( )( )
( )( )

2/1

1619

14

102106.1

5.11085.81.132












=

−

 

            
51030.3 −= cm 330.0= m 

 

 

(b) pObiT VVV −=  

    We find 

      ( ) 
















=













=

16

17

102

107.4
ln0259.0ln

d

c

tn
N

N
V  

            0818.0= V 

       788.00818.087.0 =−=−= nBnbiV  V 

     Then 

         712.05.1788.0 −=−=TV V 

(c) 
( )

2/1

2

2







 −+
=

d

GSDSbis

eN

VVV
h  

    
( )( )( )

( )( )

2/1

1619

14

102106.1

1085.81.132















−+
=

−

−

GSDSbi VVV
 

   (i) ( )( )  2/110

2 4.00788.010246.7 −+= −h  

            
510677.1 −= cm 1677.0= m 

         1623.01677.0330.02 =−=− ha m 

(ii)

( )( )  2/110

2 4.00.1788.010246.7 −+= −h  

      
510171.3 −= cm 3171.0= m 

   0129.03171.0330.02 =−=− ha m 

 (iii) 

( )( )  2/110

2 4.00.4788.010246.7 −+= −h  

     
51064.5 −= cm 564.0= m 

    022 =− haah  

_______________________________________ 

 

13.19 

(a) 
s

d

pO

Nea
V


=

2

2

 

               
( )( ) ( )

( )( )14

152419

1085.81.132

1051050.0106.1
−

−−




=  

               8626.0= V 

    We find 

        ( ) 
















=

15

17

105

107.4
ln0259.0n  

              1177.0= V 

        1177.087.0 −=−= nBnbiV   

              7523.0= V 

        8626.07523.0 −=−= pObiT VVV  

              1103.0−= V 
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(b) ( ) 0713.0
103

107.4
ln0259.0

16

17

=
















=n V 

       0713.087.0 −=−= nBnbiV   

             7987.0= V 

       pObiT VVV −=  

    or  ( )1103.07987.0 −−=−= TbipO VVV  

                 909.0= V 

   Then 

        

2/1
2








 
=

d

pOs

eN

V
a  

            
( )( )( )
( )( )

2/1

1619

14

103106.1

909.01085.81.132












=

−

−

 

            
510095.2 −= cm 2095.0= m 

_______________________________________ 

 

13.20 

        POnBnPObiT VVVV −−=−=   

     We want 5.0=TV V, so 

        POn V−−= 85.05.0  

     Now 

        ( ) 











 
=

d

n
N

17107.4
ln0259.0  

     and 

        
s

d

PO

Nea
V


=

2

2

 

                
( )( )

( )( )14

2419

1085.81.132

1025.0106.1
−

−−




= dN

 

     or 

        ( ) dPO NV 171031.4 −=  

     Then 

        ( ) 











 
−=

dN

17107.4
ln0259.085.05.0  

                                          ( ) dN
171031.4 −−  

     By trial and error 

        
151045.5 =dN cm 3−  

_______________________________________ 

 

13.21 

        n-channel MESFET - silicon 

     (a) For a gold contact, 82.0=Bn V. 

     We find 

        ( ) 206.0
10

108.2
ln0259.0

16

19

=











 
=n V 

 

     and 

        614.0206.082.0 =−=−= nBnbiV  V 

     With 0=DSV  and  35.0=GSV V, we find 

        
410075.0 −=− ha  

                 
( )

2/1

2







 −
−=

d

GSbis

eN

VV
a  

     so that 

        
410075.0 −=a  

             
( )( )( )

( )( )

2/1

1619

14

10106.1

35.0614.01085.87.112











−
+

−

−

 

     or 

        
41026.0 −=a cm 26.0= m 

     Now 

        
s

d

PObiT

Nea
VVV


−=−=

2
614.0

2

 

     or 

       
( )( ) ( )

( )( )14

162419

1085.87.112

101026.0106.1
614.0

−

−−




−=TV  

     We obtain 

        092.0=TV V 

     (b) 

        ( ) ( )GSbiPODS VVVsatV −−=  

                       ( ) ( )GSbiTbi VVVV −−−=  

     or 

        ( ) 092.035.0 −=−= TGSDS VVsatV  

     which yields 

        ( ) 258.0=satVDS V 

_______________________________________ 

 

13.22 

(a) ( ) 
















=

16

17

102

107.4
ln0259.0n  

             0818.0= V 

   (i) 0818.090.0 −=−= nBnbiV   

              818.0= V 

  (ii) 
s

d

pO

Nea
V


=

2

2

 

               
( )( ) ( )

( )( )14

162419

1085.81.132

1021065.0106.1
−

−−




=  

               83.5= V 

  (iii) 83.5818.0 −=−= pObiT VVV  

              012.5−= V 
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(b) ( ) ( )GSbipODS VVVsatV −−=  

    (i) ( ) ( )( )0.1818.083.5 −−−=satVDS  

                       01.4= V 

    (ii) ( ) ( )( )0.2818.083.5 −−−=satVDS  

                        01.3= V 

    (iii) ( ) ( )( )0.3818.083.5 −−−=satVDS  

                         01.2= V 

_______________________________________ 

 

13.23 

(a) 
aL

W
k sn

n
2


=


 

             
( )( )( )( )

( )( )44

414

105.11025.02

10121085.81.136500
−−

−−




=  

             
310206.1 −= A/V 2

206.1= mA/V 2  

(b) ( ) ( )2

1 TGSnD VVksatI −=  

   (i) ( ) ( )( )2

1 15.025.0206.1 −=satI D  

                     01206.0= mA 06.12= A 

   (ii) ( ) ( )( )2

1 15.045.0206.1 −=satI D  

                      1085.0= mA 

(c) ( ) TGSDS VVsatV −=  

   (i) ( ) 10.015.025.0 =−=satVDS V 

  (ii) ( ) 30.015.045.0 =−=satVDS V 

_______________________________________ 

 

13.24 

(a) ( ) 2

TGSn

GSGS

D

ms VVk
VV

I
g −




=




=  

               ( )TGSn VVk −= 2  

        ( )15.045.0225.1 −= nk  

     083.2= nk mA/V 2  

         
aL

W
k sn

n
2


=


 

      
( )( )( )
( )( )44

14
3

105.11025.02

1085.81.136500
10083.2

−−

−
−




=

W
 

    
310073.2 −=W cm 73.20= m 

(b) ( ) ( )2

1 TGSnD VVksatI −=  

   (i) ( ) ( )( )2

1 15.025.0083.2 −=satI D  

                    02083.0= mA 83.20= A 

  (ii) ( ) ( )( )2

1 15.045.0083.2 −=satI D  

                     1875.0= mA 

_______________________________________ 

 

 

 

13.25 

     Plot 

_______________________________________ 

 

13.26 

     Plot 

_______________________________________ 

 

13.27 

        ( )
( )( )
( ) 

















=

210

1618

105.1

10310
ln0259.0biV  

               8424.0= V 

        
s

d

pO

Nea
V


=

2

2

 

               
( )( ) ( )

( )( )14

162419

1085.87.112

1031050.0106.1
−

−−




=  

               795.5= V 

(a) ( ) ( )GSbipODS VVVsatV −−=  

                      953.48424.0795.5 =−= V 

        
( )( )

2/1

2







 −
=

d

DSDSs

eN

satVV
L  

           
( )( )( )

( )( )

2/1

1619

14

103106.1

953.4101085.87.112











−
=

−

−

 

         
510666.4 −=L cm 

     Now 

          
( )

90.0
21

1 =


−=


L

L

L

L
 

          
( ) ( )10.02

10666.4

10.02

5−
=


=

L
L  

          
410333.2 −=L cm 333.2= m 

(b) ( ) ( )GSbipODS VVVsatV −−=  

                      ( )38424.0795.5 +−=  

                      953.1= V 

      
( )( )( )

( )( )

2/1

1619

14

103106.1

953.1101085.87.112











−
=

−

−

L  

             
510892.5 −= cm 

     Then 

         
( ) ( )10.02

10892.5

10.02

5−
=


=

L
L  

             
410946.2 −= cm 946.2= m 

_______________________________________ 
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13.28 

     We have that 

        
( ) 











−
=

LL

L
II DD

21
11  

     Assuming that we are in the saturation region,  

     then ( )satII DD 11
= and ( )satII DD 11 = . 

     We can write 

        ( ) ( )

L

L
satIsatI DD 

−

=

2

1
1

1
11  

     If LL  , then 

        ( ) ( ) 






 
+
L

L
satIsatI DD

2

1
111  

     We have that 

        
( )( )

2/1

2







 −
=

d

DSDSs

eN

satVV
L  

              
( )

2/1

1
2


























−


=

DS

DS

d

DSs

V

satV

eN

V
 

      which can be written as 

        
( )

2/1

1
2


























−


=

DS

DS

DSd

s

DS
V

satV

VeN
VL  

     If we write 

        ( ) ( )( )DSDD VsatIsatI += 111  

     then by comparing equations, we have 

        
( )

2/1

1
2

2

1


























−


=

DS

DS

DSd

s

V

satV

VeNL
  

     The parameter  is not independent of DSV . 

     Define 

        
( )satV

V
x

DS

DS  

     and consider the function 

        







−=
xx

f
1

1
1

 

     which is directly proportional to  .  Then 

x  ( )xf  

1.5 

1.75 

2.0 

2.25 

2.50 

2.75 

3.0 

0.222 

0.245 

0.250 

0.247 

0.240 

0.231 

0.222 

 

So that   is nearly a constant. 

_______________________________________ 

 

13.29 

     (a)  Saturation occurs when 
4101= V/cm. 

     As a first approximation, let 

        
L

VDS=  

     Then 

        ( )( ) 210210 44 === −LVDS V 

     (b)  We have that 

        
( )

2/1

2

2







 −+
==

d

GSDSbis

sat
eN

VVV
hh  

     and 

        ( )
( )( )

( ) 
















=

210

1618

105.1

104105
ln0259.0biV  

     or 

        8915.0=biV V 

     For 0=GSV , we obtain 

        
( )( )( )

( )( )

2/1

1619

14

104106.1

28915.01085.87.112











+
=

−

−

sath  

     or 

        410306.0 −=sath cm 306.0= m 

     (c) We then find 

        ( ) ( )WhaeNsatI satsatdD −= 1  

                      ( )( )( )71619 10104106.1 = −  

                            ( )( )( )44 103010306.050.0 −− −  

     or 

        ( ) 72.31 =satI D mA 

     (d)  For 0=GSV , we have 

        ( )



























−













−=

PO

bi

PO

bi

PD
V

V

V

V
IsatI

3

2
13111  

     Now 

        
( )

L

WaeN
I

s

dn

P


=
6

32

1


 

               
( ) ( )( ) 

( )( )14

21619

1085.87.116

104106.11000
−

−




=  

                                     
( )( )

( )4

344

102

105.01030
−

−−




  

     or 

        36.121 =PI mA 
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     Also 

        
s

d

PO

Nea
V


=

2

2

 

               
( )( ) ( )

( )( )14

162419

1085.87.112

104105.0106.1
−

−−




=  

     or 

        726.7=POV V 

     Then 

        ( ) ( )











−=

726.7

8915.0
3136.121 satI D  

                                         




















−

726.7

8915.0

3

2
1  

     or 

        ( ) 05.91 =satI D mA 

_______________________________________ 

 

13.30 

     (a) If 1=L m, then saturation will occur  

     when 

        ( )( ) 110110 44 === −LVDS V 

     We find 

        
( )

2/1

2

2







 −+
==

d

GSDSbis

sat
eN

VVV
hh  

     We have 8915.0=biV V and for 0=GSV , we  

     obtain 

        
( )( )( )

( )( )

2/1

1619

14

104106.1

18915.01085.87.112











+
=

−

−

sath  

     or 

        
410247.0 −=sath cm 247.0= m 

     Then 

        ( ) ( )WhaeNsatI satsatdD −= 1  

                      ( )( )( )71619 10104106.1 = −
 

                        ( )( )( )44 103010247.050.0 −− −  

     or 

        ( ) 86.41 =satI D mA 

     If velocity saturation did not occur, then from  

     the previous problem, we would have 

        ( ) ( ) 1.18
1

2
05.91 =








=satI D mA 

     (b) If velocity saturation occurs, then the  

     relation ( ) ( )LsatI D 11  does not apply. 

_______________________________________ 

 

 

 

 

13.31 

     (a) 

        ( )( ) 73 1041058000 === n cm/s 

     Then 

        12

7

4

105
104

102 −
−

=



==



L
td s 

     or 

        5=dt ps 

     (b) Assume 710== sat cm/s 

     Then 

        
11

7

4

102
10

102 −
−

=


==
sat

d

L
t


s 

     or 

        20=dt ps 

_______________________________________ 

 

13.32 

     (a) 

        ( )( ) 74 10101000 === n cm/s 

     Then 

        11

7

4

102
10

102 −
−

=


==


L
td s 

     or 

        20=dt ps 

     (b) For 
710== sat cm/s 

        
11

7

4

102
10

102 −
−

=


==
sat

d

L
t


s 

     or 

        20=dt ps 

_______________________________________ 

 

13.33 

     The reverse-bias current is dominated by the  

     generation current.  We have 

        PObiP VVV −=  

     We find 

        ( )
( )( )
( ) 

















=

210

1618

105.1

103105
ln0259.0biV  

     or 

        884.0=biV V 

     Also   
s

d

PO

Nea
V


=

2

2

 

                
( )( ) ( )

( )( ) 
















=

−

−−

14

162419

1085.87.112

103103.0106.1
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     or 

        086.2=POV V 

     Then 

        20.1086.2884.0 −=−=PV V 

     Let 20.1−=GSV V 

     Now 

        
( )

2/1

2







 −+
=

d

GSDSbis

n
eN

VVV
x  

              
( )( )

( )







=

−

−

19

14

106.1

1085.87.112
 

                            
( )( )

( )

2/1

16103

20.1884.0







−−+
 DSV

 

     or 

        ( )( )  2/110 084.210314.4 DSn Vx += −  

     (a)  For 0=DSV ,  30.0=nx m 

     (b)  For 1=DSV V,  365.0=nx m 

     (c)  For 5=DSV V,  553.0=nx m 

  

     The depletion region volume at the drain is 

        ( ) ( ) ( )( )( )WaxW
L

aVol n 2
2

+







=  

              ( ) ( )4
4

4 1030
2

104.2
103.0 −

−
− 












 
=  

                             ( )( )( )44 1030106.0 −− + nx  

     or 

        ( )812 1018108.10 −− += nxVol  

     (a)  For 0=DSV ,  
111062.1 −=Vol cm 3  

     (b)  For 1=DSV V, 
1110737.1 −=Vol cm 3  

     (c)  For 5=DSV V, 
1110075.2 −=Vol cm 3  

 

     The generation current at the drain is 

        Vol
n

eI
O

i

DG 












=

2
 

                ( )
( )

Vol











=

−

−

8

10
19

1052

105.1
106.1  

     or 

        ( ) VolI DG = −2104.2  

     (a)  For 0=DSV , 39.0=DGI pA 

     (b)  For 1=DSV V, 42.0=DGI pA 

     (c)  For 5=DSV V, 50.0=DGI pA 

_______________________________________ 

 

 

13.34 

     (a) The ideal transconductance for 0=GSV is 

        













−=

PO

bi

OmS
V

V
Gg 11  

     where 

        
L

WaNe
G dn

O


=1  

                
( )( )( )

4

1619

105.1

1074500106.1
−

−




=  

                                           ( )( )44 103.0105 −−   

     or 

        04.51 =OG mS 

     We find 

        
s

d

PO

Nea
V


=

2

2

 

                
( )( ) ( )

( )( )14

162419

1085.81.132

107103.0106.1
−

−−




=  

     or 

        347.4=POV V 

     We have 

        ( ) 049.0
107

107.4
ln0259.0

16

17

=
















=n V 

     so that 

        841.0049.089.0 =−=−= nBnbiV  V 

     Then 

        ( )













−=

347.4

841.0
104.5mSg  

     or 

        82.2=mSg mS 

     (b) With a source resistance 

        
smm

m

sm

m

m
rgg

g

rg

g
g

+
=




+
=

1

1

1
 

     For 

        
( ) sm

m

rg

g

823.21

1
80.0

+
==


 

     we obtain 

        = 6.88sr  

     (c) 

        
A

L

A

L
rs




==

( )Ane

L

n
=  
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     so 

        ( )( )( )( )1619 1074500106.156.88 = −L  

                                      ( )( )44 105103.0 −−   

     or 

        
41067.0 −=L cm 67.0= m 

_______________________________________ 

 

13.35 

     Considering the capacitance charging time,  

     we have 

        
G

m

T
C

g
f

2
=  

     where 

        
a

WL
C s

G


=  

             
( )( )( )( )

4

4414

103.0

105.11051085.81.13
−

−−−




=  

     or 

        15109.2 −=GC F 

     We must use mg  , so we obtain 

        
( )( )

( )15

3

109.22

80.01082.2
−

−




=


Tf

1110238.1 =  Hz 

    We can also write 

        
T

C

C

T
f

f



 2

1

2

1
==  

     so 

        
( )

12

11
10285.1

10238.12

1 −=


=


 C s 

     The channel transit time is 

        11

7

4

105.1
10

105.1 −
−

=


=tt s 

     The total time constant is 

        
1211 10285.1105.1 −− +=  

           
1110629.1 −=  s 

     Taking into account the channel transit time  

     and the capacitance charging time, we find 

        
( )1110629.12

1

2

1
−

==


Tf  

     or 

        
91077.9 =Tf Hz 77.9= GHz 

_______________________________________ 

 

 

 

 

 

 

              

13.36 

(a) For constant mobility 

        
2

2

2 L

aNe
f

s

dn

T


=



 

     
( )( )( )( )

( )( )( )2414

241619

102.11085.81.132

1030.01047500106.1

−−

−−




=


 

          111012.4 =Tf Hz 412= GHz 

 

(b) For saturation velocity model 

           
( )4

7

102.12

10

2 −
==





L
f sat

T  

            101033.1 =Tf Hz 3.13= GHz 

_______________________________________ 

 

13.37 

        
2

2

2 L

aNe
f

s

dn

T


=



 

          
( )( )( )( )

( )( ) 214

241619

1085.87.112

1040.01021000106.1

L−

−−




=


 

         
2

975.786

L
fT =  

(a) 
( )24103

975.786

−
=Tf  

              
91074.8 = Hz 74.8= GHz 

(b) 
( )24105.1

975.786

−
=Tf  

              
101050.3 = Hz 0.35= GHz 

_______________________________________ 

 

13.38 

        
2

2

2 L

aNe
f

s

ap

T


=



 

   or 

        

2/1
2

2 














=

Ts

ap

f

aNe
L




 

    
( )( )( )( )

( )( )

2/1

14

241619

1085.87.112

1040.0102420106.1


















=

−

−−

Tf
 

        

Tf
L

18.18
=  
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(a) 
9105

18.18


=L  

           
41057.2 −= cm 57.2= m 

(b) 
91012

18.18


=L  

           
41066.1 −= cm 66.1= m 

_______________________________________ 

 

13.39 

     (a) 

        2P

c

Boff V
e

E
V −


−=   

     where 

        
N

dd

P

deN
V


=

2

2

2  

                
( )( )( )

( )( )14

281819

1085.82.122

10350103106.1
−

−−




=  

     or 

        72.22 =PV V 

     Then 

        72.224.089.0 −−=offV  

     or 

        07.2−=offV V 

     (b) 

        
( )

( )offg

N

S VV
dde

n −
+


=  

     For 0=gV , we have 

        
( )( )

( )( )( )
( )07.2

1080350106.1

1085.82.12
819

14

−−

−

+


=Sn  

     or 

        
121025.3 =Sn cm 2−  

_______________________________________ 

 

13.40 

     (a) We have 

        ( )
( )

( ) sOoffg

N

D VVV
dd

W
satI −−

+


=  

     We find 

        
( )

( )ddW

satI

VW

g sND

g

mS

+


=












=







 
 

                    
( )( )( )

( )( )8

714

1080350

1021085.82.12
−

−

+


=  

     or 

 

 

 

         02.5=








W

gmS
S/cm 502= mS/mm 

     (b) At 0=gV , we obtain 

        
( )

( )
( ) sOoff

ND VV
ddW

satI
−−

+


=  

 

             
( )( )
( )( )

( )( )7

8

12

102107.2
1080350

1085.82.12
−

+


=

−

−

 

     or 

        
( )

37.5=
W

satI D A/cm 537= mA/mm 

_______________________________________ 

 

13.41 

        2P

c

Boff V
e

E
V −


−=   

     We want 3.0−=offV V, so 

        222.085.030.0 PV−−=−  

     or 

        93.02 =PV V 

     We have 

        
N

dd

P

deN
V


=

2

2

2  

     or 

        
d

PN

d
eN

V
d 22 2

=  

              
( )( )( )
( )( )1819

14

102106.1

93.01085.82.122




=

−

−

 

     We then obtain 

        
61051.2 −=dd cm

o

A251=  

_______________________________________ 
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Chapter 14 
 

Exercise Solutions 
 

Ex 14.1 

    For silicon,  8.0= m 
310 cm 1−  

                        6.0= m 
3105.4  cm 1−  

    Let 5=d m
4105 −= cm 

(a) For  8.0= m, 

            
( )

( )d
I

dI




 −= exp
0

 

                      ( )( ) 43 10510exp −−=  

                      %7.60607.0 ==  

(b) For  6.0= m, 

            
( )

( )d
I

dI




 −= exp
0

 

                       ( )( ) 43 105105.4exp −−=  

                       %5.10105.0 ==  

_______________________________________ 

 

Ex 14.2 

     For  1= m in silicon, 
210 cm 1−  

     Now 

        24.1
0.1

24.124.1
====


hE eV 

(a) ( ) ( )dIdI  −= exp0  

                 ( ) ( )( ) 42 10510exp10.0 −−=  

                 0951.0= W/cm 2  

        
( ) ( )( )

( )( )24.1106.1

0951.010
19

2

−
==



 

h

dI
g  

             
191079.4 = cm 3− s 1−  

(b) ( ) ( )dIdI  −= exp0  

                 ( ) ( )( ) 42 102010exp10.0 −−=  

                 0819.0= W/cm
2

 

       
( ) ( )( )

( )( )24.1106.1

0819.010
19

2

−
==



 

h

dI
g  

            
191013.4 = cm 3− s 1−  

_______________________________________ 

 

 

 

 

 

 

 

 

 

Ex 14.3 

     (a) We find 

        ( )( )7

0 10190 −== nnn DL   

         
31036.4 −= cm 

    ( )( )8

0 1010 −== ppp DL   

          
41016.3 −= cm 

  Now 

     













+=

dp

p

an

n

iS
NL

D

NL

D
enJ 2

 

            ( )( )2619 108.1106.1 = −  

( )( ) ( )( )








+




−− 164173 1021016.3

10

101036.4

190
 

      1810046.1 −=SJ A/cm 2  

   We find 

      












+=

S

L

toc
J

J
VV 1ln  

             ( ) 
















+=

−

−

18

3

10046.1

1020
1ln0259.0  

              971.0= V 

(b)













=

2
ln

i

da

tbi
n

NN
VV  

          ( )
( )( )
( ) 

















=

26

1617

108.1

10210
ln0259.0  

          24.1= V 

       So 

          783.0
240.1

971.0
==

bi

oc

V

V
 

_______________________________________ 

 

Ex 14.4 

     The photocurrent is given by 

        ( ) += AeGI pnpLL   

             ( )( )( )62119 1010106.1 −−=  

                                      ( )( )( )10104001000 7−+  

        
71024.2 −=LI A 224.0= A 

_______________________________________ 
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Ex 14.5 

     We find 

        













=

2
ln

i

da

tbi
n

NN
VV  

              ( )
( )( )
( ) 















=

210

1515

105.1

1010
ln0259.0  

              575.0= V 

        
( )

2/1

2

























 ++
=

da

daRbis

NN

NN

e

VV
W  

             
( )( )( )







+
=

−

−

19

14

106.1

5575.01085.87.112
 

                                          
( )( )

2/1

1515

1515

1010

1010













 +
  

             
41080.3 −= cm 

     Then 

        ( ) LpnL GLLWeJ ++=  

     From Example 14.5, 4.35=nL m 

                                       0.10=pL m 

  ( )( )( )( )21419 10100.104.3580.3106.1 −− ++=LJ  

        787.0=LJ A/cm 2  

     Now 

        LL eWGJ =1  

               ( )( )( )21419 101080.3106.1 −− =  

               0608.0= A/cm 2  

     Then 

        0773.0
787.0

0608.01 ==
L

L

J

J
 

_______________________________________ 

 

Ex 14.6 

(a) For 
210= cm 1−  

      ( ) WeJ oL −−= exp1  

            ( )( )1719 10106.1 −=  

                        ( )( )  42 102010exp1 −−−  

      
31090.2 −=LJ A/cm 2

90.2= mA/cm 2  

(b) For 
410= cm 1−  

      ( )( )1719 10106.1 −=LJ  

                         ( )( )  44 102010exp1 −−−  

      
2106.1 −=LJ A/cm 2

0.16= mA/cm 2  

_______________________________________ 

 

 

Ex 14.7 

(a) For 15.0=x , 60.1gE eV 

          775.0
60.1

24.1
== m 

(b) For 30.0=x , 76.1gE eV 

           705.0
76.1

24.1
== m 

_______________________________________ 

 

Ex 14.8 

     For GaAs, 8.32 =n  

     For GaP,    2.32 =n  

  Then for GaAs 6.0 P 4.0 , 

        ( )( ) 56.32.36.02.38.32 =+−=n  

   Then 

        315.0
0.156.3

0.156.3
22

12

12 =








+

−
=













+

−
=

nn

nn
 

_______________________________________ 

 

Ex 14.9 

     For GaAs 6.0 P 4.0 , 56.32 =n  (See Exercise  

                                                                 Ex 14.8) 

     Then 

        =







=










= −− 3.16

56.3

0.1
sinsin 1

2

11

n

n
c  

_______________________________________ 

 

 

 

Test Your Understanding Solutions 
 

TYU 14.1 

        ( )xII o  −= exp  

(a) For  1= m, 
210 cm 1−  

   (i) 5=x m 

        ( ) ( )( ) 42 10510exp1.0 −−=I  

             0951.0= W/cm 2  

   (ii) 20=x m 

        ( ) ( )( ) 42 102010exp1.0 −−=I  

              0819.0= W/cm 2  

(b) For  6.0= m, 
3104 cm 1−  

(i) 5=x m 

       ( ) ( )( ) 43 105104exp1.0 −−=I  

             0135.0= W/cm
2
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(ii) 20=x m 

         ( ) ( )( ) 43 1020104exp1.0 −−=I  

              
51035.3 −= W/cm 2  

_______________________________________ 

 

TYU 14.2 

     From Example 14.3,  11106.3 −=SJ A/cm 2  

     Now 

        












+=

S

L

tOC
J

J
VV 1ln  

     We have 

        ( ) 












+=

S

L

J

J
1ln0259.060.0  

     which yields 

        101015.1 =
S

L

J

J
 

     or 

        414.0=LJ A/cm 2  

_______________________________________ 

 

TYU 14.3 

     From Example 14.3, 11106.3 −=SJ A/cm 2  

     We have 31015 −=LJ A/cm 2  

                                 
310150 −=→ LJ A/cm 2  

     Now 

        












+=

S

L

tOC
J

J
VV 1ln  

                ( ) 
















+=

−

−

11

3

106.3

10150
1ln0259.0  

     or  574.0=OCV V 

_______________________________________ 

 

TYU 14.4 

        
S

L

t

m

t

m

J

J

V

V

V

V
+=



























+ 1exp1  

     So 

        101015.1exp1 =


























+

t

m

t

m

V

V

V

V
 

     By trial and error, 

        521.0=mV V 

     We have ( )( ) 414.01414.0 ==LI A 

                    ( )( ) 1111 106.31106.3 −− ==SI A 

 

 

 

     Then 

        











−













−= 1exp

t

m

SLm
V

V
III  

              ( ) 







−







−= − 1

0259.0

521.0
exp106.3414.0 11  

     or  394.0=mI A 

     So 

        ( )( ) 205.0521.0394.0 === mmm VIP W 

_______________________________________ 

 

TYU 14.5 

     Use results from Example 14.5;  

         We have 5.4=RV V 

     Then 

        
( )( )( )







+
=

−

−

19

14

106.1

5.4695.01085.87.112
W  

                                               
( )( )

2/1

1616

1616

1010

1010













 +
  

     or  16.1=W m 

     Now 

        10.0
5

5.0
===

R

V
I R

L mA 

     Then 

        10.0
10

1010.0
3

3

=


=
−

−

LJ A/cm 2  

     We have 

        ( ) LpnL GLLWeJ ++=  

     and 

        ( )( )( ) LG
419 10104.3516.1106.110.0 −− ++=  

     which yields 

        201034.1 =LG cm 3− s 1−  

     For  1= m, 
210= cm 1−  

        24.1
1

24.1
=== hE eV 

        
( )( )










 hG
I

h

I
G L

L ==  

     or 

        
( )( )( )

2

1920

10

106.124.11034.1 −
=I  

              266.0= W/cm
2

 

_______________________________________ 
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Chapter 14 
 

14.1 

        
gE

24.1
m ax = m 

(a) Si:   11.1
12.1

24.1
max == m 

(b) Ge:   88.1
66.0

24.1
max == m 

(c) GaAs:   873.0
42.1

24.1
max == m 

(d) InP:   919.0
35.1

24.1
m ax == m 

_______________________________________ 

 

14.2 

     (a) For 480= nm, 

           58.2
480.0

24.124.1
===


E eV 

           For 725= nm, 

       71.1
725.0

24.1
==E eV 

     (b) For 87.0=E eV, 

        43.1
87.0

24.124.1
===

E
m 

      For 32.1=E eV, 

        939.0
32.1

24.1
== m 

      For 90.1=E eV, 

        653.0
90.1

24.1
== m 

_______________________________________ 

 

14.3 

(a)  752.0
65.1

24.1
== m 

(i) From Figure 14.4, 
3109 cm 1−  

      (ii) 
( )

( )d
I

dI




 −= exp
0

 

                       ( )( ) 43 102.1109exp −−=  

                       340.0=  

           Fraction absorbed 66.034.01 =−=  

 

 

 

 

 

 

(b)  653.0
90.1

24.1
== m 

   (i) From Figure 14.4, 
4106.2  cm 1−  

 (ii) 
( )

( )d
I

dI




 −= exp
0

 

                 ( )( ) 44 1080.0106.2exp −−=  

                 125.0=  

     Fraction absorbed 875.0125.01 =−=  

_______________________________________ 

 

14.4 

        
( )




h

xI
g =  

     For 3.1=h eV,   95.0
3.1

24.1
== m 

     For silicon:  
2103 cm 1−  

     Then for ( ) 210 −=xI  W/cm 2 , we obtain 

        
( )( )
( )( )3.1106.1

10103
19

22

−

−




=g  

     or 

        191044.1 =g  cm 3− s 1−  

     The excess concentration is 

        ( )( )619 101044.1 −==  gn  

     or 

        
131044.1 =n cm 3−  

_______________________________________ 

 

14.5 

(a) 
0

0

p

p

p
ggp




 ==  

       22

7

15

105.2
102

105
=




=

−
g cm 3− s 1−  

        For 65.1=h eV,  

                  752.0
65.1

24.1
== m 

        From Figure 14.4, 
3109 cm 1−  

        
( )( )






hg
I


=0  

               
( )( )( )

3

1922

109

65.1106.1105.2




=

−

 

               733.0= W/cm 2  
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(b) 
( )

( )d
I

dI




 −== exp1.0
0

 

                     ( )( ) d3109exp1.0 −=  

         









=

1.0

1
ln

109

1
3

d  

             
41056.2 −= cm 56.2= m 

_______________________________________ 

 

14.6 

         886.0
40.1

24.124.1
===

E
m 

          From Figure 14.4, 
2105.4  cm 1−  

(a) 
( )

( )d
I

dI




 −== exp1.0
0

 

         









=








=

1.0

1
ln

105.4

1

1.0

1
ln

1
2

d  

             
31012.5 −= cm 2.51= m 

(b) 









=

3.0

1
ln

105.4

1
2

d  

           
31068.2 −= cm 8.26= m 

_______________________________________ 

 

14.7 

     GaAs: 

     For 1=x m
410 −= cm, we have 50%  

     absorbed or 50% transmitted, then 

        
( )

( )x
I

xI

O

−== exp50.0  

     We can write 

        ( )2ln
10

1

5.0

1
ln

1
4









=
















=

−x
  

     or 

        
41069.0 = cm 1−  

     This value corresponds to  

         75.0= m ,  65.1=E eV 

_______________________________________ 

 

14.8 

     The ambipolar transport equation for minority  

     carrier holes in steady state is 

        
( )

0
2

2

=−+
p

n

L

n

p

p
G

dx

pd
D




 

     or 

        
( )

p

L

p

nn

D

G

L

p

dx

pd
−=−

22

2 
 

 

     where ppp DL =  

     The photon flux in the semiconductor is 

        ( ) ( )xx O −= exp  

     and the generation rate is 

        ( ) ( )xxG OL  −== exp  

    so the differential equation becomes 

        
( )

( )x
DL

p

dx

pd

p

O

p

nn 


−


−=− exp
22

2

 

     The general solution is of the form 

        ( )












 +
+













 −
=

pp

n
L

x
B

L

x
Axp expexp  

                                        ( )x
L p

pO





−

−


− exp

122
 

     As →x , 0=np  so that 0=B .  Then 

        ( ) ( )x
LL

x
Axp

p

pO

p

n 



 −

−


−













 −
= exp

1
exp

22
 

     At 0=x , we have 

        
( )

00 ==

=
x

n
x

n

p ps
dx

pd
D 


 

     so we can write 

        
122

0 −


−=

= p

pO

x
n

L
Ap




  

     and 

        
( )

122

2

0 −


+−=

= p

pO

px

n

LL

A

dx

pd




 

     Then we have 

        
11 2222

2

−


−=

−


+−

p

pO

p

ppO

p

p

L

s
sA

L

D

L

AD








 

     Solving for A, we find 

        
( )












+

+


−


=

pp

p

p

pO

LDs

Ds

L
A







122
 

     The solution can now be written as 

        ( )
122 −


=

p

pO

n
L

xp



  

              
( )

( )













−−













 −


+

+
 x

L

x

LDs

Ds

ppp

p



expexp  

_______________________________________ 
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14.9 

     We have 

        
( )

0
2

2

=−+
n

p

L

p

n

n
G

dx

nd
D




 

     or 

        
( )

n

L

n

pp

D

G

L

n

dx

nd
−=−

22

2 
 

     where nnn DL =  

     The general solution can be written in the  

     form 

        ( ) nL

nn

p G
L

x
B

L

x
Axn  +













+












= sinhcosh  

     For =s at 0=x  means ( ) 00 =pn .  Then 

        nLGA +=0 nLGA −=  

     At Wx = , 

        
( )

Wx
po

Wx

p

n ns
dx

nd
D

==

=− 


 

     Now 

        ( ) 












−=

n

nLp
L

W
GWn cosh  

                                       nL

n

G
L

W
B +













+ sinh  

     and 

        
( )














−=

= nn

nL

Wx

p

L

W

L

G

dx

nd
sinh


 

                                             












+

nn L

W

L

B
cosh  

     so we can write 

        












−













nn

n

nn

nnL

L

W

L

BD

L

W

L

DG
coshsinh


 

                   












−=

n

nLo
L

W
Gs cosh  

                                





+













+ nL

n

G
L

W
B sinh  

     Solving for B, we obtain 

  














+




































−












+













=

n

o

nn

n

n

no

n

nL

L

W
s

L

W

L

D

L

W
s

L

W
LG

B

sinhcosh

1coshsinh 

 

 

 

 

 

     The solution is then 

      ( ) 












+


























−=

nn

nLp
L

x
B

L

x
Gxn sinhcosh1  

     where B was just given. 

_______________________________________ 

 

14.10 

        ( )( ) 36

0 1051025 −− === nnn DL  cm 

        ( )( )7

0 10510 −== ppp DL   

                                 
310236.2 −= cm 

      Now  













+=

dp

p

an

n

iS
NL

D

NL

D
enJ 2

 

              ( )( )21019 105.1106.1 = −  

             
( )( ) ( )( )








+




−− 153163 1010236.2

10

10105

25
 

        1010790.1 −=SJ A/cm 2  

        ( )( )101079.15 −== SS AJI  

              
1010950.8 −= A 

(a) AWeGI LL =  

  We find 

     ( )
( )( )
( )

6350.0
105.1

1010
ln0259.0

210

1516

=















=biV V 

      

2/1

2

























 +
=

da

dabis

NN

NN

e

V
W  

          
( )( )( )








=

−

−

19

14

106.1

635.01085.87.112
 

                                       
( )( )

2/1

1516

1516

1010

1010













 +
  

      
510508.9 −=W cm 

   Then 

       ( )( )( )( )52119 10508.95105106.1 −− =LI  

            380.0= A 380= mA 

(b) 












+=

S

L

toc
I

I
VV 1ln  

              ( ) 









+=

−101095.8

380.0
1ln0259.0  

        5145.0=ocV V 

(c) 810.0
635.0

5145.0
==

bi

oc

V

V
 

_______________________________________ 
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14.11 

         From Problem 14.10, 101095.8 −=SI A 

(a) 












+=

S

L

toc
I

I
VV 1ln  

              ( ) 
















+=

−

−

10

3

1095.8

10120
1ln0259.0  

              4847.0= V 

(b) 











−













−= 1exp

t

SL
V

V
III  

        
33 1012010100 −− =  

                             











−













− − 1exp1095.8 10

tV

V
 

        4383.0=V V 

(c) 
S

L

t

m

t

m

I

I

V

V

V

V
+=



























+ 1exp1  

                                       
10

3

1095.8

10120
1

−

−




+=  

                                        
810341.1 =  

        By trial and error, 412.0mV V 

        Now 

           











−













−= 1exp

t

m

SLm
V

V
III  

                 
310120 −=  

                    ( ) 







−







− − 1

0259.0

412.0
exp1095.8 10  

         
31075.112 −= mI A 75.112= mA 

          ( )( )412.075.112== mmm VIP  

                5.46= mW 

(d) 
11275.0

412.0
===

m

m

LLmm
I

V
RRIV  

       = 65.3LR  

_______________________________________ 

 

14.12 

     From Problem 14.10, 
101095.8 −=SI A 

     (a) 

        (i) 












+=

S

L

toc
I

I
VV 1ln  

                   ( ) 
















+=

−

−

10

3

1095.8

1010
1ln0259.0  

                    420.0= V 

 

 

        (ii) 
S

L

t

m

t

m

I

I

V

V

V

V
+=



























+ 1exp1  

                                             
10

3

1095.8

1010
1

−

−




+=  

                                              
710117.1 =  

              By trial and error, 351.0mV V 

         Now 

           











−













−= 1exp

t

m

SLm
V

V
III  

                 
31010 −=   

                         ( ) 







−







− − 1

0259.0

351.0
exp1095.8 10  

           31031.9 −=mI A 31.9= mA 

        Then 

           ( )( ) 27.3351.031.9 === mmm VIP mW 

     (b) 

        (i) ( ) 
















+=

−

−

10

3

1095.8

10100
1ln0259.0ocV  

                  480.0= V 

       (ii)  
S

L

t

m

t

m

I

I

V

V

V

V
+=



























+ 1exp1  

                                            
10

3

1095.8

10100
1

−

−




+=  

                                            
810117.1 =  

             By trial and error, 407.0mV V 

           Now 

          











−













−= 1exp

t

m

SLm
V

V
III  

                
310100 −=  

                     ( ) 







−







− − 1

0259.0

407.0
exp1095.8 10  

           
21040.9 −=mI A 0.94= mA 

        Then 

           ( )( ) 3.38407.00.94 === mmm VIP mW 

(c) 7.11
27.3

3.38

1

2 ==
m

m

P

P
 

_______________________________________ 
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14.13 

        












+=

S

L

tOC
J

J
VV 1ln  

                 ( ) 











 
+=

−

SJ

31030
1ln0259.0  

     where 

        













+=

p

p

dn

n

a

iS

D

N

D

N
enJ



112  

     which becomes 

        ( )( )2619 108.1106.1 = −

SJ  

                   













+




−− 8198 105

7

10

1

105

2251

aN
 

     or 

  ( ) 







+


= −− 15

4
7 10183.1

10708.6
10184.5

a

S
N

J  

     Then 

aN (cm 3− ) SJ (A/cm 2 ) OCV (V) 

1510  
1610  
1710  
1810  

1710477.3 −  
1810478.3 −  
1910484.3 −  
2010539.3 −  

891.0  

950.0  

01.1  

07.1  

_______________________________________ 

 

14.14 

     (a) 

        ( )( ) 33 105021025 −− === AJI LL A 

     We have 

        













+=

p

p

dn

n

a

iS

D

N

D

N
enJ



112  

     or 

        ( )( )21019 105.1106.1 = −

SJ  

              













+




−− 719616 105

6

10

1

105

18

103

1
 

     which becomes 

        
1210289.2 −=SJ A/cm 2  

     or 

        
1210579.4 −=SI A 

     We have 

        











−













−= 1exp

t

SL
V

V
III  

     or 

 

 

        ( )











−













−= −− 1exp10579.41050 123

tV

V
I  

     We see that when 0=I , 599.0== OCVV V. 

     We find 

 

V (V) I (mA) 

0 

0.1 

0.2 

0.3 

0.4 

0.45 

0.50 

0.55 

0.57 

0.59 

50 

50 

50 

50 

49.98 

49.84 

48.89 

42.36 

33.46 

14.19 

     

      (b) The voltage at the maximum power point  

      is found from 

        
S

L

t

m

t

m

I

I

V

V

V

V
+=





















+ 1exp1  

                                         
12

3

1058.4

1050
1

−

−




+=  

                                          
1010092.1 =  

     By trial and error, 

        520.0=mV V 

     At this point, we find 

        6.47=mI mA 

     so the maximum power is 

        ( )( )520.06.47== mmm VIP  

     or 

        8.24=mP mW 

     (c) We have 

        
3106.47

520.0
−

====
m

m

I

V

I

V
RIRV  

     or 
        = 9.10R  

_______________________________________ 

 

14.15 

(a) ( ) 
















+=

−

−

9

3

102

10180
1ln0259.0ocV  

              474.0= V 

(b) 
S

L

t

m

t

m

I

I

V

V

V

V
+=



























+ 1exp1  

                                
9

3

102

10180
1

−

−




+=

7109=  
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    By trial and error, 402.0mV V 

   












−

t

m

SLm
V

V
III exp  

         ( ) 







−= −−

0259.0

402.0
exp10210180 93

 

          
11069.1 −= A 169= mA 

    ( )( ) 9.67402.0169 === mmm VIP mW 

(c) === 379.2
169.0

402.0

m

m

L
I

V
R  

(d) ( )( ) =→ 568.3379.25.1LR  

    Now 

        












−==

t

SL

L V

V
II

R

V
I exp  

   ( ) 







−= −−

0259.0
exp10210180

568.3

93 VV
 

      By trial and error, 444.0V V 

      Then 1244.0
568.3

444.0
===

LR

V
I A 

      ( )( ) 2.55444.04.124 === IVP mW 

_______________________________________ 

 

14.16 

(a) ( ) 











 
+=

−

−

10

3

10

10100
1ln0259.0ocV  

              5367.0= V 

(b) 
S

L

t

m

t

m

I

I

V

V

V

V
+=



























+ 1exp1  

                                       
10

3

10

10100
1

−

−
+=  

                                       
910=  

        By trial and error, 461.0mV V 

        Then 

        ( ) 







−= −−

0259.0

461.0
exp1010100 103

mI  

              
210463.9 −= A 63.94= mA 

        ( )( ) 62.43461.063.94 === mmm VIP mW 

(c) 227.21
461.0

10
=→== nn cells 

(d) Now ( )( ) 14.10461.022 ==V V 

       IVP =  

        ( ) 5128.014.102.5 == II A 

      Then  642.5
09463.0

5128.0
=→== nn  

 

(e) Then ( )( ) 5678.009463.06 ==I A 

So === 86.17
5678.0

14.10

I

V
RL  

_______________________________________ 

 

14.17 

     Let 0=x  correspond to the edge of the space  

     charge region in the p-type material.  Then in  

     the p-region 

        
( )

0
2

2

=−+
n

p

L

p

n

n
G

dx

nd
D




 

     or 

        
( )

n

L

n

pp

D

G

L

n

dx

nd
−=−

22

2 
 

     where  

        ( ) ( )xxG OL  −== exp   

     Then we have 

        
( )

( )x
DL

n

dx

nd

n

O

n

pp



−


−=− exp

22

2

 

     The general solution is of the form 

        ( ) 











 +
+











 −
=

nn

p
L

x
B

L

x
Axn expexp  

                                        ( )x
Ln

nO 



−

−


− exp

122
 

     As →x , 0=pn  so that 0=B .  Then 

        ( ) ( )x
LL

x
Axn

n

nO

n

p 



 −

−


−











 −
= exp

1
exp

22
 

     We also have ( )
1

00
22 −


−==

n

nO

p
L

An



 , 

     which yields 

        
122 −


=

n

nO

L
A




 

     We then obtain 

        ( ) ( )











−−












 −

−


= x

L

x

L
xn

nn

nO

p 



 expexp

122
 

     where O  is the incident flux at 0=x . 

_______________________________________ 

 

14.18 

     For 90% absorption, we have 

        
( )

( ) 10.0exp =−=



x

x

O

  

     Then 
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        ( ) 10
1.0

1
exp ==+ x  

     or 

        ( )10ln
1









=


x  

     For 7.1=h eV ,  
410 cm 1−  

     Then 

        ( ) 4

4
103.210ln

10

1 −=







=x cm 

     or 

        3.2=x m 

     and for 0.2=h eV, 
510 cm 1− . 

     Then 

        ( ) 4

5
1023.010ln

10

1 −=







=x cm 

     or 

        23.0=x m 

_______________________________________ 

 

14.19 

(a) 15105== do Nn cm 3−  

       = AneI on  

          ( )( )( )1519 1051200106.1 = −  

                                   ( ) 











−

−

4

4

10120

3
105  

       12.0=I A 120= mA 

(b) 0pLGp  = ( )( ) 14721 101010 == −
cm 3−  

(c) ( )( )pnpe  +=  

              ( )( )( )400120010106.1 1419 += −  

              
21056.2 −= ( -cm) 1−  

(d) ( ) = AI L   

             ( )( ) 









=

−

−−

4

42

10120

3
1051056.2  

             
3102.3 −= A 2.3= mA 

(e) 
ALeG

I

L

L

ph =  

        
( )( )( )( )442119

3

1012010510106.1

102.3
−−−

−




=  

       33.3=ph  

_______________________________________ 

 

 

 

 

 

14.20 

     n-type, so holes are the minority carrier 

     (a) 

        ( )( )821 1010 −== pLGp   

     or 

        1310== np  cm 3−  

     (b) 

        ( )( )pnpe  +=  

               ( )( )( )250800010106.1 1319 += −  

     or 

        
21032.1 −=  ( -cm) 1−  

     (c) 

        ( )
( )
L

AV
AAJI LL





===  

                            
( )( )( )

4

42

10100

5101032.1
−

−−




=  

     or 

        66.0=LI mA 

     (d) 

        
ALeG

I

L

L

ph =  

                
( )( )( )( )442119

3

101001010106.1

1066.0
−−−

−




=  

     or 

        125.4=ph  

_______________________________________ 

 

14.21 

        ( ) ( )xx O −= exp  

     The electron-hole generation rate is 

        ( ) ( )xxg O  −== exp  

     and the excess carrier concentration is 

        ( )xp p =   

     Now 

        ( )( )pnpe  +=  

     and 

        ( )= LJ  

     The photocurrent is now found from 

        ( ) ( ) dxdydAI

OxW

L == 
00

  

              ( )  +=

Ox

pn dxpWe

0

  

     Then 
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        ( ) ( )dxxWeI

Ox

pOpnL  −+=

0

exp   

              ( ) pOpnWe  +=  

                                           ( )
Ox

x
0

exp
1









−− 


 

     which becomes 

        ( ) ( ) OpOpnL xWeI  −−+= exp1  

     Now 

        ( )( )( )( )504501200106.11050 194 += −−

LI  

            ( )( ) ( )( )( ) 44716 10105exp110210 −− −−  

     or 

        131.0=LI A 

_______________________________________ 

 

14.22 

        ( )
( )( )
( ) 

















=

210

1516

105.1

10210
ln0259.0biV  

              6530.0= V 

        ( )( )7

0 10525 −== nnn DL   

              
310536.3 −= cm 

        ( )( )7

0 1010 −== ppp DL   

              
310 −= cm 

         
( )

2/1

2

























 ++
=

da

daRbis

NN

NN

e

VV
W  

              
( )( )( )

( )





+
=

−

−

19

14

106.1

5653.01085.87.112
 

                                       
( )( )

2/1

1516

1516

10210

10210

















+
  

      Then 

        
410095.2 −=W cm 

(a) AeWGI LL =1  

            ( )( )( )( )321419 101010095.2106.1 −−− =  

               
510352.3 −= A 52.33= A 

(b) In n-region, 

          ( )( ) 14721

0 101010 === −

pLGp  cm
3−
 

        In p-region, 

          ( )( )721

0 10510 −== nLGn   

                                               
14105= cm 3−  

 

 

 

 

(c) ( )pnLL LLWAeGI ++=  

             ( )( )( )32119 1010106.1 −−=  

                          ( ) 4100.1036.35095.2 −++  

        410593.7 −=LI A 7593.0= mA 

_______________________________________ 

 

14.23 

     In the n-region under steady state and for  

     0= , we have 

        
( )

0
2

2

=−+
 p

n

L

n

p

p
G

xd

pd
D




 

     or 

        
( )

p

L

p

nn

D

G

L

p

xd

pd
−=−

 22

2 
 

     where ppp DL =  and where x   is  

     positive in the negative x direction.  The  

     homogenerous solution is found from 

        
( )

0
22

2

=−


p

nhnh

L

p

xd

pd 
 

     The general solution is found to be 

        ( )












 +
+













 −
=

pp

nh
L

x
B

L

x
Axp expexp  

     The particular solution is found from 

        
p

L

p

np

D

G

L

p
−=−

2


 

     which yields 

        pL

p

pL

np G
D

LG
p  ==

2

 

     The total solution is the sum of the  

     homogeneous and particular solutions, so we  

     have 

        ( ) pL

pp

n G
L

x
B

L

x
Axp  +













 
+













 −
= expexp  

     One boundary condition is that np remains  

     finite as →x  which means that 0=B .   

     Then at 0=x , ( ) ( ) nOnn ppp +== 000  , so  

     that ( ) nOn pp −=0 . 

     We find that 

        ( )pLnO GpA +−=  

     The solution is then written as 

        ( ) ( )












 −
+−=

p

nOpLpLn
L

x
pGGxp exp  
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     The diffusion current density is found as 

        
( )( )

0=


−=

x

n

pp
dx

xpd
eDJ


 

     But 

        
( ) ( )

xd

pd

dx

pd nn


−=


 

     since x and x   are in opposite directions. 

     So 

        
( )

0=
+=

x

n

pp
xd

pd
eDJ


 

              ( ) nOpLp pGeD +−=   

                                   
0

exp
1

=












 −













 −


xpp L

x

L
 

     Finally 

        
p

nOp

pLp
L

peD
LeGJ +=  

_______________________________________ 

 

14.24 

(a) ( ) WeJ oL −−= exp1  

  Diode A: ( )( )1719 105106.1 = −

LJ  

                             ( )( )  44 10210exp1 −−−  

                   
21092.6 −=LJ A/cm 2  

  Diode B: ( )( )1719 105106.1 = −

LJ  

                             ( )( )  44 101010exp1 −−−  

                   
2100.8 −LJ A/cm 2  

  Diode C: ( )( )1719 105106.1 = −

LJ  

                             ( )( )  44 108010exp1 −−−  

                   
2100.8 −=LJ A/cm 2  

(b) ( ) WeJ oL −−= exp1  

  Diode A: ( )( )1719 105106.1 = −

LJ  

                          ( )( )  42 102105exp1 −−−  

                   
310613.7 −=LJ A/cm

2
 

  Diode B: ( )( )1719 105106.1 = −

LJ  

                        ( )( )  42 1010105exp1 −−−  

                   
210148.3 −=LJ A/cm

2
 

  Diode C: ( )( )1719 105106.1 = −

LJ  

                        ( )( )  42 1080105exp1 −−−  

                   
210853.7 −=LJ A/cm

2
 

_______________________________________ 

 

 

14.25   

(a) 
( )( )

( )( )5.1106.1

080.010
19

3
0

0 −
==



 

h

I
GL  

              
201033.3 = cm 3− s 1−  

   Then 

        ( ) ( )xGxG LL −= exp0  

                   ( ) ( )( ) x320 10exp1033.3 −=  

 

(b) ( ) WeJ oL −−= exp1  

             ( ) W
eGL 


−−= exp10  

             
( )( )

( )3

2019

10

10333.3106.1 
=

−

 

                         ( )( )  43 1010010exp1 −−−  

        21033.5 −=LJ A/cm 2
3.53= mA/cm 2  

_______________________________________ 

 

14.26 

(a) LL eWGJ =  

             ( )( )( )21419 101020106.1 −− =  

             32.0= A/cm 2  

(b) ( ) WeJ oL −−= exp1  

             ( ) W
eGL 


−−= exp10
 

             
( )( )

( )3

2119

10

10106.1 −
=  

                        ( )( )  43 102010exp1 −−−  

        138.0=LJ A/cm 2  

_______________________________________ 

 

14.27 

     The minimum  occurs when  1= m  

     which gives 
210= cm 1− .  We want 

        
( )

( ) 10.0exp =−=



x

x

O

  

     which can be written as 

        ( ) 10
10.0

1
exp ==+ x  

     Then 

        ( ) ( ) 2

2
1030.210ln

10

1
10ln

1 −===


x cm 

     or 

        230=x m 

_______________________________________ 
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14.28 

     For AsGaAl xx −1  system, a direct bandgap for  

     45.00  x , we have 

        xEg 247.1424.1 +=  

     At 45.0=x , 985.1=gE eV, so for the direct  

     bandgap 

        985.1424.1  gE eV 

     which yields 

         871.0625.0  m 

_______________________________________ 

 

14.29 

(a) From Figure 14.24, 64.1gE eV 

         756.0
64.1

24.124.1
===

gE
m 

(b) From Figure 14.24, 78.1gE eV 

         697.0
78.1

24.124.1
===

gE
m 

_______________________________________ 

 

14.30 

        85.1
670.0

24.124.1
===


gE eV 

     From Figure 14.23,  35.0x  

_______________________________________ 

 

14.31 

        85.1
670.0

24.124.1
===


gE eV 

     From Figure 14.24,  38.0x  

_______________________________________ 

 

14.32 

     (a) For GaAs, 66.32 =n and for air, 0.11 =n . 

     The critical angle is 

        =







=










= −− 86.15

66.3

1
sinsin 1

2

11

n

n
C  

     The fraction of photons that will not  

     experience total internal reflection is 

        
( )

%81.8
360

86.152

360

2
=C

 

     (b)Fresnel loss: 

        3258.0
166.3

166.3
22

12

12 =








+

−
=













+

−
=

nn

nn
R  

     The fraction of photons emitted is then 

        ( )( ) %94.50594.03258.010881.0 =−  

_______________________________________ 

 

14.33 

     We can write the external quantum efficiency  

     as 

        21TText =  

     where 11 1 RT −= and where 1R  is the  

     reflection coefficient (Fresnel loss), and the  

     factor 2T is the fraction of photons that do not  

     experience total internal reflection.  We have 

        

2

12

12

1 












+

−
=

nn

nn
R  

     so that 

        

2

12

12

11 11 












+

−
−=−=

nn

nn
RT  

     which reduces to 

        
( )2

21

21

1

4

nn

nn
T

+
=  

     Now consider the solid angle from the source  

     point.  The surface area described by the solid  

     angle is 2p .  The factor 1T  is given by 

        
2

2

1
4 R

p
T




=  

     From the geometry, we have 

        







==









2
sin2

2

2
sin CC Rp

R

p 
 

     Then the area is 

        







==

2
sin4 222 CRpA


  

     Now 

        







==

2
sin

4

2

2

2

1

C

R

p
T






 

     From a trig identity, we have 

        ( )C
C 


cos1

2

1

2
sin 2 −=








 

     Then 

        ( )CT cos1
2

1
1 −=  

     The external quantum efficiency is now 

        
( )

( )Cext
nn

nn
TT  cos1

2

14
2

21

21

21 −
+

==  

     or 

        
( )

( )Cext
nn

nn
 cos1

2
2

21

21 −
+

=  

_______________________________________ 
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14.34 

     For an optical cavity, we have 

        LN =








2


 

     If  changes slightly, then N changes slightly  

     also.  We can write 

        
( )

2

1

2

2111  +
=
NN

 

     Rearranging terms, we find 

      
( )

0
2222

1

2

221112111 =−−=
+

−
 NNNN

 

     If we define 21  −= , then we have 

        
22

21 
 =

N
 

     We can approximate  =2 , then 

        


 L
NL

N 2

2
1

1 ==  

     Then 

        
2

2

2

1 



=

L
 

     which yields 

        
L2

2
 =  

_______________________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

14.35 

     For GaAs: 

        42.1=h eV  873.0
42.1

24.1
== m 

     Then 

        
( )

( )
7

4

242

1008.5
10752

10873.0

2

−

−

−

=



==

L


 cm 

     or 

         31008.5 −= m 

_______________________________________ 
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Chapter 15 
 

Exercise Solutions 
 

Ex 15.1 

(a) 30
2

== CC

CEQ

V
V V 

       CEQCQT VIP =  

       ( ) 13030 == CQCQ II A 

       ( ) 22max == CQC II A 

       
( )

=== 30
2

60

maxC

CC

L
I

V
R  

(b) 20
2

== CC

CEQ

V
V V 

       CEQCQT VIP =  

       ( ) 5.12030 == CQCQ II A 

       ( ) 32max == CQC II A 

       
( )

=== 3.13
3

40

maxC

CC

L
I

V
R  

(c) 10
2

== CC

CEQ

V
V V 

       ( ) ( )10
2

5

2

1
max max, 








=








= CEQC VIP  

                    25= W 

       ( ) 5max =CI A 

       
( )

=== 4
5

20

maxC

CC

L
I

V
R  

_______________________________________ 

 

Ex 15.2 

(a) 24== DDDSS VBV V 

        2
12

24
max, ===

L

DD

D
R

V
I A 

        















=

















=

2

24

2

2

2

1

2

1
max, DDDT VIP  

              12= W 

(b) 40== DDDSS VBV V 

       5
8

40
max, ===

L

DD

D
R

V
I A 

       















=

















=

2

40

2

5

2

1

2

1
max, DDDT VIP  

             50= W 

_______________________________________ 

 

 

Test Your Understanding Solutions 
 

TYU 15.1 

(a) Collector Region, 

  
( )

2/1

12



























+











+
=

dad

aRbis

n
NNN

N

e

VV
x  

Neglecting biV , 

    
( )( )( )








=

−

−

19

14

106.1

2001085.87.112
nx  

                               

2/1

141614

16

1010

1

10

10















+












  

or  6.50=nx m 

(b) Base Region, 

   
( )( )( )








=

−

−

19

14

106.1

2001085.87.112
px  

                             

2/1

141616

14

1010

1

10

10















+












  

or  506.0=px m 

_______________________________________ 

 

TYU 15.2 

        ECCCCE RIVV −= 2  

                ( )2.020 CI−=  

     So 

        ( )( )2.0max200 CI−=  

     ( ) 100max = CI mA 

     Maximum power at the center of the load line 

        
( )

















=
















=

2

10.0

2

20

2

max

2

2
max

CCC IV
P  

        5.0m ax =P W 

_______________________________________ 
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Chapter 15 
 

 

15.1  See diagrams in Figure 8.29 

_______________________________________ 

 

15.2 

        
( ) 310202

15.060.0
−−

−
=




=

I

V
R −= 25  

_______________________________________ 

 

15.3 

        1
2

1 m in

m in

−=
pj

r
R

R

CR
f


 

             
( )( )

1
1

10

102102

1
9

−


=
−

 

             
71039.2 = Hz 9.23= MHz 

_______________________________________ 

 

15.4 

(a) 1210=Lno cm 2−  

   (i) 3

15

12

10
10

10 −==L cm 10= m 

  (ii)
11

7

3

10667.6
105.1

10 −
−

=


==
d

L


 s 

(iii)
1110667.6

11
−

==


f  

          
10105.1 = Hz 15= GHz 

(b) 

   (i) 4

16

12

10
10

10 −==L cm 1= m 

  (ii)
12

7

4

10667.6
105.1

10 −
−

=


==
d

L


 s 

(iii)
1210667.6

11
−

==


f  

          
11105.1 = Hz 150= GHz 

_______________________________________ 

 

15.5 

(a) 3

4
106

1015

9
=


==

−L

V
V/cm 

(b) 7105.1 d cm/s 

(c) 10

4

7

101
1015

105.1
=




==

−L
f d Hz 

                                            10= GHz 

_______________________________________ 

15.6 

        
( )

9

4

7

105
10102

10

2
=


==

−L
f s

Hz 

             5= GHz 

_______________________________________ 

 

15.7 

(a) 
( )

15

2102

108

105.1




==

B

i

po
N

n
n  

              
4108125.2 = cm 3−  

(i) ( ) 














t

BE

pop
V

V
nn exp0  

    
( )














=

po

p

tBE
n

n
VV

0
ln


 

                ( ) 














=

4

14

108125.2

10
ln0259.0  

                5696.0= V 

(ii) Neglecting any recombination in the base 

       














t

BE

B

poB

C
V

V

x

AneD
I exp  

      
( )( )( )( )

4

419

102

4.0108125.220106.1
−

−




=  

                                         









0259.0

5696.0
exp  

         640.0=CI A 

(b) ( ) ( ) 141081.00 == Bp Nn cm 3−  

   (i) ( ) 


















4

14

108125.2

108
ln0259.0BEV  

               6234.0= V 

 (ii)
( )( )( )( )

4

419

102

4.0108125.220106.1
−

−




=CI  

                                              









0259.0

6234.0
exp  

       12.5=CI A 

_______________________________________ 
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15.8 

(a) From Figure 7.15, 450BCBV V 

(b) 
( )

C

BCB

s

B

pt
N

NNNex
V

+



=

2

2

 

              
( )( )
( )( )14

2419

1085.87.112

102106.1
−

−−




=  

                        
( )( )

14

151415

106

108106108



+
  

        4.354=ptV V 

 

(c) From Figure 7.15, 65BEBV V 

_______________________________________ 

 

15.9 

     From the junction breakdown curve, for  

    1000=CBOBV V, we need the collector doping  

     concentration to be 14102CN cm 3− . 

 

     Depletion width into the base (neglect biV ). 

        

2/1

12



























+









=

CBB

CBCs

p
NNN

N

e

V
x  

              
( )( )( )

( )







=

−

−

19

14

106.1

10001085.87.112
 

                    

2/1

141515

14

102105

1

105

102















+
















  

     or 

        
41016.3 −=px cm 16.3= m 

        (Minimum base width) 

     Depletion width into the collector 

        

2/1

12



























+












=

CBC

BBCs

n
NNN

N

e

V
x  

             
( )( )( )

( )







=

−

−

19

14

106.1

10001085.87.112
 

                    

2/1

141514

15

102105

1

102

105















+
















  

     or 

        
4109.78 −=nx cm 9.78= m 

        (Minimum collector width) 

_______________________________________ 

 

 

 

 

 

15.10 

(a) 
n

CBO

CEO

BV
BV


=  

   (i) 139
10

300

3
==CEOBV V 

  (ii) 4.81
50

300

3
==CEOBV V 

(b) 

    (i) 0.58
10

125

3
==CEOBV V 

   (ii) 9.33
50

125

3
==CEOBV V 

_______________________________________ 

 

15.11 

     (a) We have 

        BABAeff  ++=  

     so 

        BB  ++= 2525180  

     or 

        B26155 =  

     which yields 

        96.5=B  

     (b) We have 

        CBEAB ii =  

     or 

        CBCA

A

A

B ii =








 +






1
 

     so 

        ( ) 20
25

251
96.5 =







 +
CAi  

     which yields 

        23.3=CAi A 

_______________________________________ 

 

15.12 

(b) ( )CEQCT VIP 







= max,

2

1
 

        ( )60
2

1
30 max, 








= CI  

    0.1max, = CI A 

         === 120
5.0

60

CQ

CEQ

L
I

V
R  

          120max, =CEV V 
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(c) ( )CEQCT VIP 







= max,

2

1
 

        CEQV







=

2

2
30  

       30= CEQV V 

         === 30
1

30

CQ

CEQ

L
I

V
R  

          ( ) 603022max, === CEQCE VV V 

(d) Same as part (b) 

_______________________________________ 

 

15.13 

(a) CQCEQT IVP = CQ

CC I
V









=

2
 

       667.1610 == CQCQ II A 

      === 60.3
667.1

6

CQ

CEQ

L
I

V
R  

(b) ( ) 333.3667.122max, === CQC II A 

_______________________________________ 

 

15.14 

     If 25=CCV V, then 

        ( ) 25.0
100

25
max ===

L

CC

C
R

V
I A ratedCI ,  

     The power 

        ( )LCCCCCEC RIVIVIP −==  

     Now, to find the maximum power point 

        ( )( )10022520 CLCCC

C

IRIV
dI

dP
−=−==  

     which yields 

        125.0=CI A 

     So 

        ( ) ( ) ( )( ) 100125.025125.0max −=P  

     or 

        ( ) 56.1max =P W TP  

     So maximum CCV  is 25=CCV V 

_______________________________________ 

 

15.15 

     Now 
D

DS

on
I

V
R =  

     Power dissipated in the transistor 

        
on

DS

DSD
R

V
VIP

2

==  

 

 

     We have 

        
100

200 DS

D

V
I

−
=  

     so we can write 

        
on

DS

DS

DS

R

V
V

V
P

2

100

200
=







 −
=  

     For = 25T C,  = 2onR . 

     Then 

        
2100

200 2

DS

DS

DS V
V

V
=







 −
 

     which yields 

        92.3=DSV V 

     The power is 

        ( ) 69.792.3
100

92.3200
=







 −
=P W 

     We then have 

T (C) onR ( ) DSV (V) P (W) 

25 

50 

75 

100 

2.0 

2.33 

2.67 

3.0 

3.92 

4.56 

5.19 

5.83 

7.69 

8.91 

10.1 

11.3 

_______________________________________ 

         

15.16 

     (a) We have, for three devices in parallel, 

        ( ) 551.15
2.228.1

==++ V
VVV

 

     or 

        311.3=V V 

     Then, 
R

V
I = , so that 

        839.11 =I A 

        656.12 =I A 

        505.13 =I A 

     Now, IVP = , so 

        09.61 =P W 

        48.52 =P W 

        98.43 =P W 

     (b) Now 

        882.35
2.2

1

6.3

1

8.1

1
==








++ VV V 

     Then 

        157.21 =I A,  37.81 =P W 

        078.12 =I A,  19.42 =P W 

        765.13 =I A,  85.63 =P W 

_______________________________________ 
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15.17 

(a) Let the n-drift region doping  

       concentration  be 1410=dN cm 3− . 

        ( )
( )( )
( ) 















=

210

1514

105.1

1010
ln0259.0biV  

              516.0= V 

     For the base region, 

  
( )

2/1

12



























+











+
=

daa

dRbis

p
NNN

N

e

VV
x  

        
( )( )( )







+
=

−

−

19

14

106.1

200516.01085.87.112
 

                            

2/1

151415

14

1010

1

10

10















+












  

   
41086.4 −=px cm 86.4= m 

         = channel length 

 

  
( )( )( )







+
=

−

−

19

14

106.1

200516.01085.87.112
nx  

                             

2/1

151414

15

1010

1

10

10















+












  

   31086.4 −=nx cm 6.48= m 

         = drift region width 

(b) Assume 1410=dN cm 3−  

        516.0=biV V 

  
( )

2/1

12



























+











+
=

daa

dRbis

p
NNN

N

e

VV
x  

        
( )( )( )







+
=

−

−

19

14

106.1

80516.01085.87.112
 

                               

2/1

151415

14

1010

1

10

10















+












  

    
41008.3 −=px cm 08.3= m 

          = channel length 

     
( )( )( )







+
=

−

−

19

14

106.1

80516.01085.87.112
nx  

                               

2/1

151414

15

1010

1

10

10















+












  

       
31008.3 −=nx cm 8.30= m 

             = drift region width 

_______________________________________ 

 

15.18 

(b) In the saturation region, 

        ( ) ( )( )22
220.0 −=−= GSTGSnD VVVKI  

         ( )1060 DLDDDDS IRIVV −=−=  

     For 4=GSV V, 8.0=DI A, 52=DSV  V   

           ( )( ) 6.41528.0 === DSDVIP W 

     For 6=GSV V, 2.3=DI A, 28=DSV V 

            ( )( ) 6.89282.3 ==P W 

     For 8=GSV V, transistor biased in the 

                              nonsaturation region. 

        ( ) ( ) 228220.0
10

60
DSDS

DS VV
V

−−=
−

 

     We obtain 060250.2 2 =+− DSDS VV  

     24.3= DSV V, 676.5=DI A 

     ( )( ) 39.18676.524.3 == P W 

     For 6=GSV V, TPP   so transistor may  

     be damaged. 

_____________________________________ 

 

15.19 

(a) 
















= max,

2

1

2

1
DDD IVP  

        3
22

60
45 max, =
















= D

D I
I

A 

        === 20
3

60

max,D

DD

L
I

V
R  

(b) 




















=

22

max,DDD
IV

P  

        
10

10 max,

max,

DD

D

D

DD

L

V
I

I

V
R ===  

      Then 

        















=

202

DDDD VV
P  

      Or 

        
40

45
2

DDV
=  

      4.42= DDV V 

_______________________________________ 
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15.20 

     We have 121 =+ .  Now 

        
1

1

1
1 




+
=   and  

2

2

2
1 




+
=  

     so 

        1
11 2

2

1

1

21 =
+

+
+

=+







  

     which can be written as 

        
( ) ( )
( )( )21

1221

11

11
1





++

+++
=  

     or 

        ( )( ) ( ) ( )122121 1111  +++=++  

     Expanding, we find 

        21211  +++  

                             212211  +++=  

     which yields 

        121 =  

_______________________________________ 

 

15.21 

The reverse-biased p-well to substrate junction 

corresponds to the 2J  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 GI  

negative:  this triggering was discussed in the 

text. 

 

Case 2:  Terminal 1(+), terminal 2(-), and GI  

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 GI  

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 P1N1P2N2 device into its conducting state. 

 

Case 4:  Terminal 1(-), terminal 2(+), and GI  

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 P1N1P2N2 device into its 

conducting state. 

_______________________________________ 
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