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Chapter 38 
Solids and the Theory of Conduction 
 
Conceptual Problems 
 
1 •  
Determine the Concept The energy lost by the electrons in collision with the ions of the 
crystal lattice appears as Joule heat (I2R). 

 
*2 •  
Determine the Concept The resistivity of brass at 4 K is almost entirely due to the 
″residual resistance, ″ the resistance due to impurities and other imperfections of the 
crystal lattice. In brass, the zinc ions act as impurities in copper. In pure copper, the 
resistivity at 4 K is due to its residual resistance, which is very low if the copper is very 
pure.  
 
3 •  

Picture the Problem The contact potential is given by 
e

V 21
contact

φφ −
= , where φ1 and φ2 

are the work functions of the two different metals in contact with each other. 
 

(a) Express the contact potential in 
terms of the work functions of the 
metals: 

e
V 21

contact
φφ −

=  

joined. are nickel and potassium occur when  willfunctions
 workebetween th differencegreatest   that thesee  we2,-38 Table Examining

 

 
(b) Substitute numerical values and evaluate Vcontact: 
 

( )( ) V10.3
C1060.1

J/eV1060.1eV1.2eV2.5
19

19

contact =
×

×−
= −

−

V  

 
4 •  

Picture the Problem The contact potential is given by 
e

V 21
contact

φφ −
= , where φ1 and φ2 

are the work functions of the two different metals in contact with each other. 
 

(a) Express the contact potential in 
terms of the work functions of the 
metals: 

e
V 21

contact
φφ −

=  
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joined. are gold andsilver  occur when  willfunctions
 workebetween th differenceleast   that thesee  we2,-38 Table Examining

 

 
(b) Substitute numerical values and evaluate Vcontact: 
 

( )( ) V100.0
C1060.1

J/eV1060.1eV7.4eV8.4
19

19

contact =
×

×−
= −

−

V  

 
5 •  
Determine the Concept If the valence band is only partially full, there are many 
available empty energy states in the band, and the electrons in the band can easily be 
raised to a higher energy state by an electric field. ( ) correct. is c  

 
6 •  
Determine the Concept Insulators are poor conductors of electricity because there is a 
large energy gap between the full valence band and the next higher band where electrons 
can exist. ( ) correct. is b  

 
7 •  
(a) True 
 
(b) False. The classical free-electron theory predicts heat capacities for metals that are not 
observed experimentally. 
 
(c) True 
 
(d) False. The Fermi energy is the energy of the last filled (or half-filled) level at T = 0. 
 
(e) True 
 
(f) True 
 
(g) False. Because semiconductors conduct current by electrons and holes, their 
conduction is in both directions. 
 
*8 •  
Determine the Concept The resistivity of copper increases with increasing temperature; 
the resistivity of (pure) silicon decreases with increasing temperature because the number 
of charge carriers increases. 
 
9 •  
Determine the Concept Because a gallium atom can accept electrons from the valence 
band of germanium to complete its four covalent bonds, ( ) correct. is b  
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10 •  
Determine the Concept Because phosphorus has 3 electrons that it can donate to the 
conduction band of germanium without leaving holes in the valence 
band, ( ) correct. is d  

 
11 •   
Determine the Concept The excited electron is in the conduction band and can conduct 
electricity. A hole is left in the valence band allowing the positive hole to move through 
the band also contributing to the current. 
 
12 •  
Determine the Concept 
 
(a) Phosphorus and antimony will make n-type semiconductors since each has one more 
valence electron than silicon. 
 
(b) Boron and thallium will make p-type semiconductors since each has one less valence 
electron than silicon. 
 
 
13 •  
Determine the Concept Because a pn junction solar cell has donor impurities on one 
side and acceptor impurities on the other, both electrons and holes are 
created. ( ) correct. is c  

 
Estimation and Approximation  
 
14 •   
Picture the Problem We can use the list of tables on the inside back covers of volumes 1 
and 2 to find tables of material properties. A representative sample is included in the 
following table in which all the units are SI: 
 
Table Material property Largest 

value 
Smallest 

value 
Ratio (order of magnitude) 

 
13-1 Mass density 

 
22.5×103 
(Osmium) 

0.08994 
(Hydrogen) 

 

105 

20-3 Thermal 
conductivity 
 

429 
(Ag) 

0.026 
(air) 

104 

20-1 Thermal expansion 51×10−6 
(ice) 

 

10−6 
(invar) 

102 

12-8 Tensile strength 520 
(steel) 

2 
(concrete) 

102 
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12-8 Young’s modulus 200 
(steel) 

 

9 
(bone) 

10 

18-1 Heat capacity 4.18 
(water) 

 

0.900 
(Al) 

1 

 
15 •  
Picture the Problem Figure 38-21 is reproduced below. We can draw tangent lines at 
each of the voltages and estimate the slope.  The differential resistance is the reciprocal of 
the slope.   

 
 

V (V) 1/slope (Ω) 
  

–20 
 

∞  

+0.2 
 

40  

+0.4 
 

20  

+0.6 
 

10  

+0.8 
 

5  

Remarks: Note that, because of the difficulty in determining the slopes, these results 
are only approximations. 
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The Structure of Solids 
 
16 •   
Picture the Problem We can use the geometry of the ion to relate the volume per mole 
to the length of its side r0 and the definition of density to express the volume per mole in 
terms of its molar mass and density. 
 
Because the cube length/ion is r0, 
the volume/mole is given by: 
 

3
0Amol 2 rNV =  

Solve for r0: 
 3

A

mol
0 2N

Vr =  

 
The volume/mole is given by: 
 ρ

MV =mol  

where M is the molar mass of KCl. 
 

Substitute for Vmol in the expression 
for r0: 
 

3

A
0 2 N

Mr
ρ

=  

 
Substitute numerical values and evaluate r0: 
 

( )( ) nm315.0
molparticles/1002.6g/cm984.12

g/mol55.74
3

2330 =
×

=r  

 
17 •   
Picture the Problem We can use the definition of density and the geometry of the ions to 
compute the density of LiCl. 
 
The density of LiCl is given by: 
 

cellunit 

cellunit 

V
M

=ρ  

 
Express the volume of the unit cell: 
 

( )30cellunit 2rV =  
 

Because the unit cell has four 
molecules, its mass is given by: 
 A

cellunit 
4
N
MM =  

 
Substitute for Vunit cell and Munit cell to 
obtain: 
 

( ) ( )30A
3

0

A

2
4

2

4

rN
M

r
N
M

==ρ  

 
Substitute numerical values and evaluate ρ: 
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( )
( ) ( )[ ]

3

3

2
36

3923

g/cm07.2

cm10
m1g/m1007.2

m10257.02molparticles/1002.6
g/mol4.424

=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
××=

××
=

−
ρ

 

 
*18 •   
Picture the Problem We can solve Equation 38-6 for n. 
 
Equation 38-6 is: 
 ( ) ⎟

⎠
⎞

⎜
⎝
⎛ −−=

nr
kerU 11

0

2

0 α  

and 

( ) ⎟
⎠
⎞

⎜
⎝
⎛ −=

nr
kerU 11

0

2

0 α  

 
Solve for n to obtain: 
 ( )

2
001

1

ke
rrU

n

α
−

=  

 
Substitute numerical values and evaluate n: 
 

( ) ( )

( )( )

4.64

nmeV44.17476.1

nm257.0
kJ/mol47.96

paireV/ion 1
kJ/mol741

1

1
=

⋅

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

−

=n  

 
19 ••  
Picture the Problem We can substitute numerical values in Equation 38-6 to evaluate 
U(ro) for n = 8 and n = 10. 
 
(a) Equation 38-6 is: 
 ( ) ⎟

⎠
⎞

⎜
⎝
⎛ −−=

nr
kerU 11

0

2

0 α  

 
Substitute numerical values and evaluate U(r0): 
 

( ) ( )( )( )

eV6.10

J101.60
1eV

8
11

m100.208
J101.60/CmN108.991.7476

199

219229

o

−=

⎟
⎠
⎞

⎜
⎝
⎛

×
⎟
⎠
⎞

⎜
⎝
⎛ −

×
×⋅×

−= −−

−

rU
 

 
(b) The fractional change is given by: ( )

( ) 1
8

10

8

810

0

0 −=
−

=
∆

=

=

=

==

n

n

n

nn

U
U

U
UU

rU
rU
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Substitute numerical values and evaluate U(r0) for n = 10: 
 

( ) ( )( )( )

eV9.10
J101.60

eV1
10
11

m100.208
J101.60/CmN108.991.7476

199

219229

o10

−=

⎟
⎠
⎞

⎜
⎝
⎛

×
⎟
⎠
⎞

⎜
⎝
⎛ −

×
×⋅×

−= −−

−

= rUn  

 
Substitute numerical values and evaluate 
the fractional change in U(r0): 

( )
( ) %83.21

eV6.10
eV9.10

0

0 −=−
−
−

=
∆

rU
rU

 

 
A Microscopic Picture of Conduction 
 
20 •   
Picture the Problem We can use the expression for the volume occupied by one electron 

to show that 
31

s 4
3

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

n
r

π
. 

 
(a) The volume occupied by one 
electron is: 
 

3
s3

41 r
n

π=  

Solve for rs: 31

s 4
3

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

n
r

π
 

 
(b) From Table 38-1: 328

Cu m1047.8 −×=n  

 
Substitute numerical values and 
evaluate rs for copper: ( ) nm141.0

m1047.84
3

3
328s =

×
= −π

r

 
21 •  
Picture the Problem We can use the expression for the resistivity of the copper in terms 
of vav and λ to find the classical value for the resistivity ρ of copper. In (b) we can use 

e
av

3
m
kTv = to relate the average speed to the temperature. 

 
(a) In terms of the mean free path 
and the mean speed, the resistivity 
is: 
 

λ
ρ 2

e

ave

en
vm

=  
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Substitute numerical values and evaluate ρ (see Table 38-1 for the free-electron number 
density of copper): 
 

( )( )
( )( ) ( )

m123.0
nm4.0C1060.1m108.47

m/s1017.1kg1011.9
219328

531

⋅Ω=
××

××
=

−−

−

µρ  

 
(b) Relate the average speed of the 
electrons to the temperature: 
 

e
av

3
m
kTv =  

Substitute for vav in the expression 
for ρ to obtain: kTm

enm
kT

en
m

e2
ee

2
e

e 313
λλ

ρ ==  

 
Substitute numerical values and evaluate ρ: 
 

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

m0708.0
nm4.0C1060.1m1047.8

K100J/K1038.1kg1011.93
219328

2331

⋅Ω=
××

××
=

−−

−−

µρ  

 
*22 ••  
Picture the Problem We can use Equation 38-14 to estimate the resistivity of silicon. 
 
(a) From Equation 38-14: 

λ
ρ 2

e

ave

en
vm

=                         (1) 

 
The speed of the electrons is given by: 

e

F
Fav

2
m
Evv ==  

 
Substitute numerical values and 
evaluate vav: 

( )
( )

m/s101.31

eV 1
J101.60

kg109.11
eV 4.882

6

19

31av

×=

×
×

=
−

−v
 

 
The electron density of Si is given by: 
 

atomAe NMNn =  
where Natom is the number of electrons per 
atom. 
 

Substitute numerical values and evaluate ne: 
 

329
23

3
3

e e/m101.03
atom 

e 2
kg 0.02809

atoms106.02
m
kg102.41 ×=⎟

⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
⎟
⎠
⎞

⎜
⎝
⎛ ×=n  

 
Substitute numerical values in equation (1) and evaluate ρ: 
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( )( )

( ) ( )( ) m1066.1
m1027.0e/m101.03C101.60

m/s101.31kg109.11 8

9329219

631

⋅Ω×=
×××

××
= −

−−

−

ρ  

 
(b) The accepted resistivity of 640 Ω⋅m is much greater than the calculated value. We 
assume that valence electrons will produce conduction in the material. Silicon is a 
semiconductor and a gap between the valence band and conduction band exists. Only 
electrons with sufficient energies will be found in the conduction band. 
 
The Fermi Electron Gas 
 
23 •  
Picture the Problem The number density of free electrons is given by ,MNn Aρ=  

where NA is Avogadro’s number, ρ is the density of the element, and M is its molar mass. 
 

Relate the number density of free 
electrons to the density ρ and molar 
mass M of the element: 
 

MN
n ρ

=
A

⇒ 
M
Nn Aρ

=  

 

(a) For Ag: 
 

( )( ) 322
233

Ag cmelectrons/1086.5
g/mol87.107

molelectrons/1002.6g/cm5.10
×=

×
=n  

 
(b) For Au:  
 

( )( ) 322
233

Ag cmelectrons/1090.5
g/mol97.196

molelectrons/1002.6g/cm3.19
×=

×
=n  

 
1.-38 Tablein   values with theagree results Both these  

 
24 •  
Picture the Problem The number of free electrons per atom ne is given by 

,NnMn Ae ρ= where NA is Avogadro’s number, ρ is the density of the element, M is its 

molar mass, and n is the free electron number density for the element. 
 

The number of free electrons per 
atom is given by: 
 

A
e N

nMn
ρ

=  

Substitute numerical values and evaluate ne: 
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( )( )
( )( ) 00.3

molelectrons/1002.6g/cm7.2
g/mol98.26cmelectrons/101.18

233

322

e =
×

×
=n  

 
25 •  
Picture the Problem The number of free electrons per atom ne is given by 

,NnMn Ae ρ= where NA is Avogadro’s number, ρ is the density of the element, M is its 

molar mass, and n is the free electron number density for the element. 
 

The number of free electrons per 
atom is given by: 
 

A
e N

nMn
ρ

=  

Substitute numerical values and evaluate ne: 
 

( )( )
( )( ) 00.4

molelectrons/10022.6g/cm3.7
g/mol69.118cmelectrons/108.14

233

322

e =
×

×
=n  

 
*26 •  
Picture the Problem The Fermi temperature TF is defined by kTF = EF, where EF is the 
Fermi energy. 
 
The Fermi temperature is given by: 

k
ET F

F =  

 
(a) For Al: 
 

K1036.1
eV/K1062.8

eV7.11 5
5F ×=

×
= −T  

 
(b) For K: 
 

K1045.2
eV/K1062.8

eV11.2 4
5F ×=

×
= −T  

 
(c) For Sn: 
 

K1018.1
eV/K1062.8

eV2.10 5
5F ×=

×
= −T  

 
27 •  
Picture the Problem We can solve the expression for the Fermi energy for the speed of a 
conduction electron. 

 
Express the Fermi energy in terms 
of the Fermi speed a conduction 
electron: 
 

2
Fe2

1
F umE =  
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Solve for uF: 
 

e

F
F

2
m
Eu =  

 
(a) Substitute numerical values (see 
Table 38-1 for EF) and evaluate uF 
for Na: 
 

( )( )

m/s1007.1

kg1011.9
J/eV1060.1eV24.32

6

31

19

F

×=

×
×

= −

−

u
 

 
(b) Substitute numerical values and 
evaluate uF for Au: 
 

( )( )

m/s1039.1

kg1011.9
J/eV1060.1eV53.52

6

31

19

F

×=

×
×

= −

−

u
 

 
(c) Substitute numerical values and 
evaluate uF for Sn: 
 

( )( )

m/s1089.1

kg1011.9
J/eV1060.1eV2.102

6

31

19

F

×=

×
×

= −

−

u
 

 
28 •  
Picture the Problem The Fermi energy at T = 0 depends on the number of electrons per 
unit volume (the number density) according to ( )( ) .nmeV365.0 322

F VNE ⋅=  

 
The Fermi energy at T = 0 is given 
by: 
 

( )
32

2
F nmeV365.0 ⎟

⎠
⎞

⎜
⎝
⎛⋅=

V
NE  

(a) For Al, N/V = 18.1×1022 electrons/cm3 (see Table 38-1) and: 
 

( )( ) eV7.11cmelectrons/101.18nmeV365.0 323222
F =×⋅=E  

 
(b) For K, N/V = 1.4×1022 electrons/cm3 and: 
 

( )( ) eV12.2cmelectrons/104.1nmeV365.0 323222
F =×⋅=E  

 
(c) For Sn, N/V = 14.8×1022 electrons/cm3 and: 
 

( )( ) eV2.10cmelectrons/108.14nmeV365.0 323222
F =×⋅=E  
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29 •  
Picture the Problem The average energy of electrons in a Fermi gas at T = 0 is three-
fifths of the Fermi energy. 

 
The average energy at T = 0 is given 
by: 
 

F5
3

av EE =  

(a) For copper, EF = 7.04 eV (see 
Table 38-1) and: 
 

( )( ) eV22.4eV04.76.0av ==E  

(b) For lithium, EF = 4.75 eV and: 
 

( )( ) eV85.2eV75.46.0av ==E  

 
30 •  
Picture the Problem The Fermi energy at T = 0 is given by 

( )( ) 232
F nmeV365.0 VNE ⋅= , where N/V is the free-electron number density and the 

Fermi temperature is related to the Fermi energy according to FF EkT =  . 

 
(a) The Fermi temperature for iron 
is given by: k

ET F
F =  

 
Substitute numerical values (see 
Table 38-1) and evaluate TF: 
 

K1030.1
eV/K108.62

eV2.11 5
5F ×=

×
= −T  

(b) The Fermi energy at T = 0 is 
given by: 
 

( )
23

2
F nmeV365.0 ⎟

⎠
⎞

⎜
⎝
⎛⋅=

V
NE  

Substitute numerical values (see Table 38-1) and evaluate EF: 
 

( )( ) eV2.11cmelectrons/100.17nmeV365.0 323222
F =×⋅=E  

 
*31 ••  

Picture the Problem We can use 
m
NNVn atomA

e
ρρ == , where Natom is the number of 

electrons per atom, to calculate the electron density of gold. The Fermi energy is given 
by 2

Fe2
1

F vmE = . 
 
(a) The electron density of gold is 
given by: 
 m

NNVn atomA
e

ρρ ==  

 
Substitute numerical values and evaluate ne: 
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( )
328

23
3

3

e e/m1090.5
kg 0.197

atom 1
1eatoms106.02

m
kg1019.3

×=
⎟
⎠
⎞

⎜
⎝
⎛×⎟

⎠
⎞

⎜
⎝
⎛ ×

=n  

 
(b) The Fermi energy is given by: 
 

2
Fe2

1
F vmE =  

Substitute numerical values and evaluate EF: 
 

( )( ) eV50.5
J101.60

eV 1m/s101.39kg109.11
2
1

19

2631
F =⎟

⎠
⎞

⎜
⎝
⎛

×
××= −

−E  

 
(c) The factor by which the Fermi 
energy is higher than the kT energy 
at room temperature is: 
 

kT
Ef F=  

At room temperature  
kT = 0.026 eV. Substitute numerical 
values and evaluate f: 
 

212
eV 0.026

eV 5.50
==f  

(d) EF is 212 times kT at room temperature. There are so many free electrons present that 
most of them are crowded, as described by the Pauli exclusion principle, up to energies 
far higher than they would be according to the classical model. 
 
*32 ••  
Picture the Problem We can solve av3

2 NEPV = for P and substitute for Eav in order to 

express P in terms of N/V and EF. 
 

Solve av3
2 NEPV =  for P: 

 
av3

2 E
V
NP ⎟
⎠
⎞

⎜
⎝
⎛=  

 
Because :F5

3
av EE =  

FF 5
2

5
3

3
2 E

V
NE

V
NP ⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=  

 
Substitute numerical values (see Table 38-1) and evaluate P: 
 

( )( )( )

atm1077.3

N/m10101.325
atm1N/m1082.3N/m1082.3

J/eV1060.1eV04.7cmelectrons/1047.8
5
2

5

23
210210

19322

×=

×
××=×=

××= −P

 

 



 Chapter 38       
 

 

1274 

33 ••  
Picture the Problem We can follow the procedure given in the problem statement to 

show that 35F

5
2 −== CV

V
NEP and 

V
NEPB
3

2
3
5 F== . 

 
(a) From Problem 32 we have: av3

2 NEPV =  

 
Because :F5

3
av EE =  

FF 5
2

5
3

3
2 E

V
NE

V
NP ⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=        (1) 

 
The Fermi energy is given by: 
 

32
32

e

232

e

2

F
3

8
3

8
−⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛= VN

m
h

V
N

m
hE

ππ
 

 
Substitute to obtain: 
 

3535
32

e

235

32
32

e

2

3
20

3
85

2

−−

−

=⎟
⎠
⎞

⎜
⎝
⎛=

⎟
⎠
⎞

⎜
⎝
⎛

⎟
⎠
⎞

⎜
⎝
⎛=

CVV
m
hN

VN
m
h

V
NP

π

π
 

where 
32

e

235 3
20

⎟
⎠
⎞

⎜
⎝
⎛=
πm

hNC is a constant. 

 
(b) The bulk modulus is given by: [ ]

P

CVVCV

CV
dV
dV

dV
dPVB

3
5

3
5

3
5 3538

35

=

=⎟
⎠
⎞

⎜
⎝
⎛−−=

−=−=

−−

−

 

 
Substitute for P from equation (1) to 
obtain: FF 3

2
5
2

3
5 E

V
NE

V
NB ⎟

⎠
⎞

⎜
⎝
⎛=⎥

⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛=  

 
(c) Substitute numerical values and evaluate B for copper: 
 

( )( )( ) 2919322 N/m106.63J/eV1060.1eV04.7cmelectrons/1047.8
3
2

×=××= −B  

 
From Table 13-2: BCu = 140 GN/m2 
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Divide the calculated value for B by 
the value from Table 13-2 to obtain: 

455.0
GN/m140
GN/m6.63

2

2

Cu

==
B
B

 

or 

Cu454.0 BB =  

 
34 •  

Picture the Problem The contact potential is given by 
e

V 21
contact

φφ −
= , where φ1 and φ2 

are the work functions of the two different metals in contact with each other. 
 

The contact potential is given by: 
e

V 21
contact

φφ −
=  

 
(a) For Ag and Cu (see Table 38-1): 
 

( )( ) V6.0
C1060.1

J/eV1060.1eV1.4eV7.4
19

19

contact =
×

×−
= −

−

V  

 
(b) For Ag and Ni: 
 

( )( ) V5.0
C1060.1

J/eV1060.1eV7.4eV2.5
19

19

contact =
×

×−
= −

−

V  

 
(c) For Ca and Cu (see Table 38-1): 
 

( )( ) V9.0
C1060.1

J/eV1060.1eV2.3eV1.4
19

19

contact =
×

×−
= −

−

V  

 
 
Heat Capacity Due to Electrons in a Metal 
 
*35 ••  
Picture the Problem We can use Equation 38-29 to find the molar specific heat of gold 
at constant volume and room temperature.  
 
The molar specific heat is given by 
Equation 38-29: 

F

2

V 2T
RTc' π

=  

 
The Fermi energy is given by: 
 FF kTE =  ⇒ 

k
ET F

F =  
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Substitute for TF to obtain: 
 

F

2

V 2E
RkTc' π

=  

 
Substitute numerical values and evaluate :Vc'  
 

( )( ) ( )

( )
KJ/mol192.0

eV 5.532

K 300
J101.60

eV1J/mol1038.1K J/mol8.31 19
232

V

⋅=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×

×
=

−
−π

c'  

 
Remarks: The value 0.192 J/mol K is for a mole of gold atoms. Since each gold atom 
contributes one electron to the metal, a mole of gold corresponds to a mole of 
electrons. 
 
Quantum Theory of Electrical Conduction 
 
36 •  
Picture the Problem We can solve the equation giving the resistivity of a conductor in 
terms of the mean free path and the mean speed for the mean free path and use the Fermi 
speeds from Problem 27 as the mean speeds. 

 
In terms of the mean free path and 
the mean speed, the resistivity is: 
 

λ
ρ 2

ave

ne
vm

=  

Solve for λ to obtain: 
 ρ

λ 2
ave

ne
vm

=  

 
From Problem 27 we have: 
 

m/s1007.1 6
NaF, ×=µ  

m/s1039.1 6
AuF, ×=µ  

and 
m/s1089.1 6

SnF, ×=µ  

 
Using the Fermi speeds as the average speeds, substitute numerical values and 
evaluate the mean free path of Na: 
 

( )( )
( )( ) ( )

nm2.34
cm2.4C1060.1cmelectrons/1065.2

m/s1007.1kg1011.9
219322

631

Na =
⋅Ω××

××
=

−

−

µ
λ  
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Proceed as above for Au: 
 

( )( )
( )( ) ( )

nm1.41
cm04.2C1060.1cmelectrons/1090.5

m/s1039.1kg1011.9
219322

631

Au =
⋅Ω××

××
=

−

−

µ
λ  

 
Proceed as above for Sn: 
 

( )( )
( )( ) ( )

nm29.4
cm6.10C1060.1cmelectrons/108.14

m/s1089.1kg1011.9
219322

631

Sn =
⋅Ω××

××
=

−

−

µ
λ  

 
*37 ••  
Picture the Problem We can solve the resistivity equation for the mean free path and 
then substitute the Fermi speed for the average speed to express the mean free path as a 
function of the Fermi energy. 

 
(a) In terms of the mean free path 
and the mean speed, the resistivity 
is: 
 

i
2

Fe

i
2

ave
i λλ

ρ
ne

um
ne

vm
==  

Solve for λ to obtain: 
 i

2
Fe

i ρ
λ

ne
um

=  

 
Express the Fermi speed uF in 
terms of the Fermi energy EF: 

e

F
F

2
m
Eu =  

 
Substitute to obtain: 

i
2

Fe
i

2
ρ

λ
ne

Em
=  

 
Substitute numerical values (see Table 38-1) and evaluate λi: 
 

( )( )( )
( )( ) ( ) nm1.66

m10C1060.1melectrons/1047.8

J/eV1060.1eV04.7kg1011.92
8219328

1931

i =
⋅Ω××

××
=

−−

−−

λ  

 
(b) From Equation 38-16 we have: 
 2

1
rnπ

λ =  

 
Solve for π r2: 

λ
π

n
r 12 =  
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Substitute numerical values and 
evaluate πr2: ( )( )

24222

328
2

nm1079.1m1079.1

nm1.66m1047.8
1

−−

−

×=×=

×
=rπ

 
Band Theory of Solids 
 
38 •  
Picture the Problem We can use λhcE =g  to calculate the energy gap for this 
semiconductor. 
 
The lowest photon energy to increase 
conductivity is given by: 
 λ

hcE =g  

Substitute numerical values and evaluate 
Eg: 
 

( )( )
( )( )

eV27.3

J/eV101.60m10380
m/s103sJ106.63

199

834

g

=

××
×⋅×

= −−

−

E
 

*39 •  
Picture the Problem We can relate the maximum photon wavelength to the energy gag 
using .λhchfE ==∆  

 
Express the energy gap as a function 
of the wavelength of the photon: 
 

λ
hchfE ==∆  

Solve for λ: 
E

hc
∆

=λ  

 
Substitute numerical values and 
evaluate λ: 

m09.1
eV14.1

nmeV1240 µλ =
⋅

=  

 
40 •  
Picture the Problem We can relate the maximum photon wavelength to the energy gag 
using .λhchfE ==∆  

 
Express the energy gap as a function 
of the wavelength of the photon: 
 

λ
hchfE ==∆  

Solve for λ: 
E

hc
∆

=λ  
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Substitute numerical values and 
evaluate λ: 

m68.1
eV74.0

nmeV1240 µλ =
⋅

=  

 
41 •  
Picture the Problem We can relate the maximum photon wavelength to the energy gag 
using .λhchfE ==∆  

 
Express the energy gap as a function 
of the wavelength of the photon: 
 

λ
hchfE ==∆  

Solve for λ: 
E

hc
∆

=λ  

 
Substitute numerical values and 
evaluate λ: 

nm177
eV0.7

nmeV1240
=

⋅
=λ  

 
42 ••  
Picture the Problem We can use λhchfE ==∆ to find the energy gap between these 

bands and T = Eg/k to find the temperature for which kT equals this energy gap. 
 
(a) Express the energy gap as a 
function of the wavelength of the 
photon: 
 

λ
hcE =∆  

Substitute numerical values and 
evaluate ∆E: 

eV370.0
m35.3
nmeV1240

=
⋅

=∆
µ

E  

 
(b) The temperature is related to the 
energy gap Eg  according to: 
 

k
E

T g=  

Substitute numerical values and 
evaluate T: 

K1029.4
eV/K10617.8

eV370.0 3
5 ×=

×
= −T  

 
Semiconductors 
 
43 •  
Picture the Problem We can use ∆E = kT to find the temperature for which  
kT = 0.01 eV 
 
Express the temperature T in terms 
of the energy gap ∆E: 
 

k
ET ∆

=  
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Substitute numerical values and 
evaluate T: 

K116

J101.60
eV1J/K1038.1

eV01.0

19
23

=

×
××

=

−
−

T

 

 
*44 ••  
Picture the Problem We can use hfE = to find the energy gap of this semiconductor. 

 
The energy gap of the 
semiconductor is given by: 
 

λ
hchfE ==g  

where 
hc = 1240 eV⋅nm 

Substitute numerical values and 
evaluate Eg: 

eV670.0
m85.1
nmeV1240

g =
⋅

=
µ

E  

 
45 ••  
Picture the Problem We can make the indicated substitutions in the expression for a0 (= 
0.0529 nm) to obtain an expression the Bohr radii for the outer electron as it orbits the 
impurity arsenic atom in silicon and germanium.  
 
Make the indicated substitutions in 
the expression for a0 to obtain: 
 

0
eff

e
2

e

2
0

eff

e

2
effe

2
e0

2
eff

2
0

B

a
m
m

em
h

m
m

emm
hm

em
ha

κ
π

κ

π
κ

π
κ

=
∈

=

∈
=

∈
=

 

 
For silicon: ( ) nm17.3nm0529.0

2.0
12

e

e
B ==

m
ma  

 
For germanium: ( ) nm46.8nm0529.0

1.0
16

e

e
B ==

m
ma  

 
*46 ••  
Picture the Problem We can make the same substitutions we made in Problem 45 in the 
expression for E1 (= 13.6 eV) to obtain an expression that we can use to estimate the 
binding energy of the extra electron of an impurity arsenic atom in silicon and 
germanium. 
 



Solids and the Theory of Conduction 
             

1281

Make the indicated substitutions in 
the expression for E1 to obtain: 
 ( )

12
0

2
e

eff

22
0

e
2

2
0

2
e

eff

22
0

2
e

effe
2

22
0

eff
2

1

8

88

E
m

m
h

me
m

m

hm
mme

h
meE

∈
−=

∈∈
−=

∈
−=

∈
−=

κ

κ

κκ

 

 
(a) For silicon: 
 ( )

( ) meV9.18eV6.13
12
2.0

2
e

e
1 =−=

m
mE  

 
(b) For germanium: 
 ( )

( ) meV31.5eV6.13
16
1.0

2
e

e
1 =−=

m
mE  

 
47 ••  
Picture the Problem We can use the expression for the resistivity ρ of the sample as a 
function of the mean free path λ of the conduction electrons in conjunction with the 
expression for the average speed vav of the electrons to derive an expression that we can 
use to calculate the mean free path of the electrons. 
 
Express the resistivity ρ of the 
sample as a function of the mean 
free path λ of the conduction 
electrons: 

λ
ρ 2

e

ave

en
vm

=  

Solve for λ to obtain: 
 ρ

λ 2
e

ave

en
vm

=                        (1) 

 
The average speed vav of the 
electrons is given by: 
 e

rmsav
3
m
kTvv =≈  

 
Substitute for vav in the expression 
for λ to obtain: 
 ρρ

λ 2
e

e

e
2

e

e 33
en

Tkm
m
kT

en
m

==  

 
Substitute numerical values and evaluate λ: 
 

( )( )( )( )
( )( ) ( ) nm2.37

m105C106.1cm10
K300kg1011.92.0J/K1038.13

3219316

3123

=
⋅Ω××

××
=

−−−

−−

λ  

 
The number density of electrons ne 
is related to the mass density ρm, 
Avogadro’s number NA, and the 
molar mass M.: 
 

M
Nn Am

e
ρ

=  

Substitute numerical values (For copper, ρ = 8.93 g/cm3 and M = 63.5 g/mol.) and 
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evaluate ne: 
 

( )( ) 328
233

e melectrons/1047.8
g/mol5.63

molelectrons/1002.6g/cm93.8
×=

×
=n  

 
Using equation (1), evaluate λCu (see Table 25-1 for the resistivity of copper and Example 
38-4 for uF):  
 

( )( )
( )( ) ( ) nm8.38

m107.1C106.1melectrons/1047.8
m/s1057.1kg1011.9

8219328

631

Cu =
⋅Ω×××

××
=

−−

−

λ  

 
4.02%. within  toagree paths freemean  The  

 
48 ••   
Picture the Problem We can use the expression for the Hall coefficient to determine the 
type of impurity and the concentration of these impurities. 
 
(a) and (b) The Hall coefficient is 
given by: nq

R 1
=                (1) 

 

.impuritiesacceptor 
contains sample  theand holesby  is conduction and 0   0,   Because >> qR

 

 
Solve equation (1) for n: 
 Rq

n 1
=  

 
Substitute numerical values and 
evaluate n: ( )( )

320

19

m1056.1

C106.1Tm/AV04.0
1

−

−

×=

×⋅⋅
=n

 

 
Semiconductor Junctions and Devices 
 
49 ••   
Picture the Problem The following graph of I/I0 versus Vb was plotted using a 
spreadsheet program. 
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50 •  
Picture the Problem The base current is the difference between the emitter current and 
the plate current. 
 
The base current IB is given by: 

CB III −=  
 

We’re given that: mA 25.00.88C == II  
 

Solve for I to obtain: 
 mA4.28

0.88
mA 25.0

==I  

 
Substitute numerical values for I 
and IC and evaluate IB: 

mA4.3mA 25.0mA .482B =−=I  

 
*51 ••   
Picture the Problem We can use its definition to compute the voltage gain of the 
amplifier. 
 
The voltage gain of the amplifier is 
given by: 
 bb

cgain Voltage
RI
RI L=  

Substitute numerical values and 
evaluate the voltage gain: 

( )( )
( )( )
250

k2A10
k10mA5.0

gain Voltage

=

Ω
Ω

=
µ  

 
52 ••   
Picture the Problem The number of electron-hole pairs N is related to the energy E of 
the incident beam and the energy gap Eg. 
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(a) The number of electron-hole 
pairs N is given by: 
 gE

EN =  

Substitute numerical values and evaluate 
N: 

51017.9
eV72.0

keV660
×==N  

 
(b) The energy resolution of the detector is 
given by: N

N
E
E ∆
=

∆
 

 

For ∆N = 1 and 51017.9 ×=N : 

%104.0

1004.1
1017.9

1 3

5

=

×=
×

=
∆ −

E
E

 

 
53 ••   
Picture the Problem The nearly full valence band is shown shaded. The Fermi level is 
shown by the dashed line. 

 
 
(a) 

 

(b) 

 
 
*54 ••   
Picture the Problem We can use Ohm’s law and the expression for the current from 
Problem 49 to find the resistance for small reverse-and-forward bias voltages. 
 
(a) Use Ohm’s law to express the 
resistance: 
 I

VR b=                       (1) 

From Problem 47, the current across 
a pn junction is given by: 
 

( )1b
0 −= kTeVeII       (2) 

For eVb << kT: 

kT
eV

kT
eV

e kTeV bb 111b =−+≈−  

 
Substitute to obtain: 
 kT

eVII b
0=  
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Substitute for I in equation (1) and 
simplify: 

0b
0

b

eI
kT

kT
eVI

VR ==  

 
Substitute numerical values and 
evaluate R: 

( )( )
( )( )

Ω=

×
×

= −−

−

M0.25

A10C1060.1
eV/J1060.1eV025.0

919

19

R
 

 
(b) Substitute equation (2) in 
equation (1) to obtain: 
 ( )1b

0

b

−
= kTeVeI

V
R       (3)             

Evaluate 
kT
eVb for Vb = − 0.5 V: 

 

( )( )
( )( ) 8.19

K293J/K101.38
V5.0C1060.1

23

19
b −=

×
−×

= −

−

kT
eV

 

 
Evaluate equation (3) for  
Vb = − 0.5 V: ( )( ) Ω=

−
−

= −− M500
1A10

V5.0
8.199 e

R  

 

(c) Evaluate 
kT
eVb for  

Vb = + 0.5 V: 
 
 

( )( )
( )( ) 8.19

K293J/K101.38
V5.0C1060.1

23

19
b =

×
×

= −

−

kT
eV

 

Evaluate equation (3) for  
Vb =  +0.5 V: ( )( ) Ω=

−
= − 26.1

1A10
V5.0

8.199 e
R  

 
(d) Evaluate Rac =  dV/dI to obtain: 
 

( )[ ]

kTeVkTeV

kTeV

e
eI
kTe

kT
eI

eI
dV
d

dV
dI

dI
dVR

bb

b

0

1
0

1

0

1

ac

1

−
−

−

−

=
⎭
⎬
⎫

⎩
⎨
⎧=

⎭
⎬
⎫

⎩
⎨
⎧ −=

⎟
⎠
⎞

⎜
⎝
⎛==

 

 
Substitute numerical values and 
evaluate Rac: 

( ) Ω=Ω= − 0629.0M25 8.19
ac eR  

 
55 ••   
Picture the Problem We can use the Hall-effect equation to find the concentration of 
charge carriers in the slab of silicon. We can determine the semiconductor type by 
determining the directions of the magnetic and electric fields. 
 
Use the expression for the Hall-
effect voltage to relate the 
concentration of charge carriers n to nte

IBV =H  
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the Hall voltage VH: 
 
Solve for n to obtain: 
 

HteV
IBn =  

 
Substitute numerical values and 
evaluate n: 

( )( )
( )( )( )

323

19

m1000.1

mV5C1060.1mm0.1
T4.0A2.0

−

−

×=

×
=n

 

 

type.-
istor semiconduc  theand holes are carriers charge  theTherefore, direction.

  in the is page.  theofout  points  that note 28,-26 Figure  toReferring

p

y EB
rr

 

 
The BCS Theory 
 
56 •  
Picture the Problem We can calculate Eg using cg 5.3 kTE =  and find the wavelength of 

a photon having sufficient energy to break up Cooper pairs in tin at T = 0 using 
.gEhc=λ  

 
(a) From Equation 38-24 we have: 
 

cg 5.3 kTE =  

Substitute numerical values and 
evaluate Eg: 

( )( )
meV12.1

K72.3eV/K10617.85.3 5
g

=

×= −E
 

 
Express the ratio of Eg to Eg,measured: 
 

87.1
eV106

meV12.1
4

measuredg,

g =
×

= −E
E

 

or 

measuredg,g 2EE ≈  

 
(b) The wavelength of a photon 
having sufficient energy to break up 
Cooper pairs in tin at T = 0 is given 
by: 
 

gE
hc

=λ  

Substitute numerical values and 
evaluate λ: 

mm07.2

nm1007.2
eV106
nmeV1240 6

4

=

×=
×

⋅
= −λ
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*57 •  
Picture the Problem We can calculate Eg using cg 5.3 kTE =  and find the wavelength of 

a photon having sufficient energy to break up Cooper pairs in tin at T = 0 using 
.gEhc=λ  

 
(a) From Equation 38-24 we have: 
 

cg 5.3 kTE =  

Substitute numerical values and 
evaluate Eg: 

( )( )
meV17.2

K19.7eV/K1062.85.3 5
g

=

×= −E
 

 
Express the ratio of Eg to Eg,measured: 
 

795.0
eV1073.2

meV17.2
3

measuredg,

g =
×

= −E
E

 

or 

measuredg,g 8.0 EE ≈  

 
(b) The wavelength of a photon 
having sufficient energy to break up 
Cooper pairs in tin at T = 0 is given 
by: 
 

gE
hc

=λ  

Substitute numerical values and 
evaluate λ: 

mm454.0

nm1054.4
eV1073.2

nmeV1240 5
3

=

×=
×

⋅
= −λ

 

 
The Fermi-Dirac Distribution 
 
58 ••  
Picture the Problem We can evaluate the Fermi factor at the bottom of the conduction 
band for T near room temperature to show that this factor is given by exp(−Eg/2kT). 

 
(a) At the bottom of the conduction 
band: 

( ) 12gF >>>=− kTEkTEE ee for T near room 
temperature. 
 

We can neglect the 1 in the 
denominator of the Fermi function 
to obtain: 
 

( ) kTE
kTE e

e
Ef 2

2g2
1 g

g

1 −==  
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Substitute numerical values and evaluate ( )g2

1 Ef  for T = 300 K: 

 

( ) ( )( )
9

5g2
1 1001.4

K300eV/K1062.82
eV1exp −

− ×=⎥
⎦

⎤
⎢
⎣

⎡
×

−
=Ef  

 

.cm
per  104about  be  willband conduction in the electrons ofnumber  the

 ,centimeter cubicper  electrons valence10 With function.on distributi the
on impact t significan no has principleexclusion   theband, conduction  theof

 bottom near the state ain electron an  finding ofy probabilit a low Given that

3

13

 22

×

 

 
(b) Evaluate ( )g2

1 Ef  for T = 300 K and Eg = 6 eV: 

 

( ) ( )( )
51

5g2
1 1015.4

K300eV/K1062.82
eV6exp −

− ×=⎥
⎦

⎤
⎢
⎣

⎡
×

−
=Ef  

 

).104tely (approxima small negligibly
 is band conduction in theelectron  oneeven  finding ofy probabilit The

15−×
 

 
59 ••  
Picture the Problem The number of energy states per unit volume per unit energy 
interval N is given by EEgN ∆≈ )( , where N is only approximate, because ∆E is not 

infinitesimal and ( ) 1/2
3

3/2
e28 E

h
VmEg π

= is the density of states. 

 
The number of states N is the 
product of the density of states and 
the energy interval: 
 

EEgN ∆≈ )(                         (1) 

The density of states is given by: 
 ( ) 1/2

3

3/2
e28 E

h
VmEg π

=  

 
Substitute numerical values and evaluate g(E): 
 

( ) ( ) ( )
( )

137

1/219

334

332331

J1015.6

eV
J101.60

eV1.2
sJ1063.6

m101kg1011.928

−

−

−

−−

×=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
×

⋅×

××
=

π
Eg
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Substitute numerical values in equation (1) and evaluate N: 
 

( )( ) 18
19

137 1097.1
eV

J1060.1eV2.00eV20.2J1015.6 ×=
×

×−×≈
−

−N  

 
*60 ••  
Picture the Problem Equation 38-22a expresses the dependence of the Fermi energy EF 
on the number density of free electrons. Once we’ve determined the Fermi energy for 
silver, we can find the average electron energy from the Fermi energy for silver and then 
use the average electron energy to find the Fermi speed for silver. 
 
(a) From Equation 38-22a we have: 3/2

e

2

F
3

8
⎟
⎠
⎞

⎜
⎝
⎛=

V
N

m
hE

π
 

 
Use Table 27-1 to find the free-
electron number density N/V for 
silver: 
 

3
28

3
22

m
electrons5.86x10

cm
electrons5.86x10

=

=
V
N

 

 
Substitute numerical values and evaluate EF: 
 

( )
( )

( )

eV51.5

J101.60
1eVmelectrons/105.863

kg109.118
sJ106.63

19

32328

31

234

F

=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×⎥

⎦

⎤
⎢
⎣

⎡ ×
×

⋅×
= −−

−

π
E

 

 
(b) The average electron energy is 
given by: 
 

Fav 5
3 EE =  

Substitute numerical values and 
evaluate Eav: ( ) eV31.3eV 5.51

5
3

av ==E  

 
(c) Express the Fermi energy in 
terms of the Fermi speed of the 
electrons: 
 

2
Fe2

1
F vmE =  

Solve for vF: 

e

F
F

2
m
E

v =  

 
Substitute numerical values and 
evaluate vF: ( )

m/s1008.1

1eV
J101.60

kg109.11
3.31eV2

6

19

31F

×=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
×

=
−

−
v
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61 ••  
Picture the Problem We can evaluate the f(EF) at E = EF to show that F = 0.5. 

 
The Fermi factor is: ( ) ( ) 1

1
F +

= − kTEEe
Ef  

 
Evaluate f(EF): ( ) ( ) 5.0

11
1

1
1
FFF =

+
=

+
= − kTEEe

Ef  

  
62 ••  
Picture the Problem We can find the difference between the energies at which the Fermi 
factor has the given values by solving the expression for Fermi factor for E and then 
deriving an expression for ∆E. 

 
(a) The Fermi factor is: ( ) ( ) 1

1
F +

= − kTEEe
Ef  

 
Solve for E: 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+= 11lnF Ef

kTEE  

 
The difference between the energies is given by: 
 

( ) ( )
( )( )

( )( )

( )( )

eV114.0

1
9.0

1ln1
1.0

1ln
J/eV1060.1

K300J/K1038.1

1
9.0

1ln
J/eV1060.1

K300J/K1038.1

1
1.0

1ln
J/eV1060.1

K300J/K1038.1
9.01.0

19

23

19

23

F

19

23

F

=

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ −−⎟

⎠
⎞

⎜
⎝
⎛ −

×
×

=

⎭
⎬
⎫

⎩
⎨
⎧

⎟
⎠
⎞

⎜
⎝
⎛ −

×
×

+−

⎟
⎠
⎞

⎜
⎝
⎛ −

×
×

+=

−=∆

−

−

−

−

−

−

E

E

EEE

 

 
(b) and (c) ).(in  as same  theis  , oft independen is  Because F aEEE ∆∆  
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*63 ••  
Picture the Problem The probability that a conduction electron will have a given kinetic 
energy is given by the Fermi factor. 

 
The Fermi factor is: 
 

( ) ( ) 1
1

F +
= − kTEEe

Ef  

 
Because EF – 4.9 eV >> 300k: 
 

( ) 1
10

1eV9.4 =
+

=f  

  
64 ••  
Picture the Problem We can solve Equation 38-22a for V and substitute in Equation 38-
41 to show that ( ) ( ) 2123-

F23 EENEg = . 

 
From Equation 38-22a we have: 32

e

2

F
3

8
⎟
⎠
⎞

⎜
⎝
⎛=

V
N

m
hE

π
 

 
Solve for V to obtain: 
 

23

Fe

2

8
3

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

Em
hNV

π
 

 
The density g(E) is given by 
Equation 38-41: 
 

( ) 21
3

23
e28 E

h
VmEg π

=  

Substitute for V and simplify to 
obtain: ( )

2123
F

21
23

Fe

2

3

23
e

2
3

8
328

EEN

E
Em

hN
h

mEg

−=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

π
π

 

 
65 ••  
Picture the Problem We can use the expression for g(E) from Problem 64 to show that 
the average energy at T = 0 is F5

3 E . 

 
From Problem 64 we have: ( ) 2123

F2
3 EENEg −=  
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Substitute in the expression for Eav 
and simplify to obtain: 
 

( )

∫

∫

∫

−

−

=

⎟
⎠
⎞

⎜
⎝
⎛=

=

F

F

F

0

2323
F

0

2123
F

0
av

2
3

2
31

1

E

E

E

dEEE

dEEENE
N

dEEEg
N

E

 

 
Integrate the expression for Eav: 

F
25

F
23

F

0

2323
Fav

5
3

5
2

2
3

2
3 F

EEE

dEEEE
E

==

=

−

− ∫
 

 
66 ••  
Picture the Problem We can integrate g(E) from 0 to EF to show that the total number of 
states is 23

F3
2 AE . 

 
(a) Integrate g(E) from 0 to EF: 
  

23
F3

2

0

21
F

AEdEAEN
E

== ∫  

 
(b) Express the fraction of N within 
kT of EF: 
 

( )
F

23
F3

2

21
FF

2
3

E
kT

AE
kTAE

N
EkTg

==  

(c) Substitute numerical values and 
evaluate the expression obtained in 
(b) for copper: 

( )( )
( )

3

5

F

1051.5

eV7.042
K300eV/K1062.83

2
3

−

−

×=

×
=

E
kT

 

 
67 ••  
Picture the Problem The probability that a conduction electron in metal is the Fermi 
factor. 

 
Express the Fermi factor: 
  

( ) ( ) 1
1

F +
= − kTEEe

Ef  

 
Calculate the dimensionless 
exponent in the Fermi factor: 
 

( )( )
387.0

K300eV/K108.62
eV5.50eV49.5

5
F

−=
×

−
=

−
−kT

EE
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Use this result to calculate the Fermi 
factor: 

( ) 596.0
1

1eV49.5 387.0 =
+

= −e
f  

 
68 ••  
Picture the Problem We can integrate the density-of-states function, Equation 38-41, to 
find the number of occupied states N. The fraction of these states that are within kT of EF 
can then be found from the ratio of kTg(EF) to N. 

 
The density of states function is: 
 

( ) 21AEEg =  

where 

3

23
e28

h
VmA π

=  

 
Integrate g(E) from 0 to EF to find 
the total number of occupied states: 
  

23
3
2

0

21
F

F

E

E

AEdEAEN == ∫  

 
Express the fraction of N within kT 
of EF: 
 

( )
F

23
F3

2

21
FF

2
3

E
kT

AE
kTAE

N
EkTg

==  

(a) Substitute numerical values and 
evaluate the expression obtained 
above for copper at  
T = 77 K: 

( )( )
( )

3

5

F

1041.1

eV7.042
K77eV/K1062.83

2
3

−

−

×=

×
=

E
kT

 

 
(b) At T = 300 K: ( )( )

( )
3

5

F

1051.5

eV7.042
K300eV/K1062.83

2
3

−

−

×=

×
=

E
kT

 

 
 

69 ••  
Picture the Problem The distribution function of electrons in the conduction band is 
given by ( ) ( ) ( )EfEgEn =  where f(E) is the Fermi factor and g(E) is the density of 

states in terms of EF. 
 

Express the number of electrons n 
with energy E: 
 

( ) ( ) ( )EfEgEn =               (1) 

where 

( ) 2123
F2

3 EENEg E
−=   

and 
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( ) ( ) 1
1

F +
= − kTEEe

Ef  

 
The dimensionless exponent in the 
Fermi factor is: 
 

1g2
1

F >>
−

=
−

kT
EE

kT
EE

 

and 

1exp g2
1

>>⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
kT

EE
 

 
Hence: ( ) ( )

kTEkTE
kTEE

ee
e

Ef −
−

≈= 2g

g2
1

1
 

 
Substitute in equation (1) and 
simplify to obtain: 
 

( ) ( ) kTEkTE
F eEeNEEn −−= 21223

2
3 g  

There is an additional temperature dependence that arises from the fact that EF depends 
on T. At room temperature, exp[(E − Eg/2)/kT] ≥ exp(0.35 eV/0.0259 eV) = 7.4×105, so 
the approximation leading to the Boltzmann distribution is justified. 
        
*70 •••  
Picture the Problem We can follow the step-by-step procedure outlined in the problem 
statement to obtain the indicated results. 

 
(a) The Fermi factor is: 
 

( ) ( )

1
1

1
1

1
1

FF

+
=

+
=

+
= −−

kTE

kTEkTEkTEE

Ce

eee
Ef

 

provided kTEeC F−=  
 

(b) If C >> e−E/kT: ( ) kTE
kTEkTE Ae

CeCe
Ef −=≈

+
=

1
1

1
 

where A = 1/C 
 

(c) The energy distribution function 
is: 
 

( ) ( ) ( )EfdEEgdEEn =  

where 

( ) 21
3

23
e28 E

h
VmEg π

=  

 
Substitute for g(E)dE and f(E) in the 
expression for N to obtain: ∫

∞
−=

0

21
3

23
e28 dEeE

h
VmAN kTEπ
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The definite integral has the value: 
 

( ) π
2

23

0

21 kTdEeE kTE =∫
∞

−  

Substitute to obtain: 
 

( ) ππ
2

28 23

3

23
e kT

h
VmAN =  

 
Solve for A: 

( ) 2323
e

23

3 1
8

2
kTV

N
m
hA ⎟

⎠
⎞

⎜
⎝
⎛=

π
 

 
(d) Evaluate A at T = 300 K: 
 

( )
( ) ( )( )[ ]  104

K300J/K1038.1kg1011.98
sJ1063.62 26

2323233123

334

nnA −

−−

−

×≈
××

⋅×
=

π
 

where the units are SI. 
 

re. temperatuhigher the egreater th bemay ion concentratelectron   the,on 
depends  Because ion.concentratelectron   valence theofmillionth  oneabout 

or  ,m10 than less be should  re, temperaturoomat  1  that condition 
esatisfy th To .m 10about   typicallyision concentratelectron   valenceThe

23

323

339

−

−

−

<<

T
A

nA
 

 

(e) 
.applicable ision approximat

classical  the),(in criterion   the toaccording So, .m10cm10 323317 d−− =
 

 
71 •••  
Picture the Problem We can approximate the separation of electrons in the gas by 
(V/N)1/3 and use the for A from Problem 70 and de Broglie’s equation to express the 
separation d of electrons in terms of the de Broglie wavelength λ and the constant A. 

 
The separation d of electrons is 
approximately: 
 

31

⎟
⎠
⎞

⎜
⎝
⎛=

N
Vd  

From Problem 70: 
 ( ) 312121

e
2131

6131 1
8

2
AkTm

h
N
V

π
=⎟

⎠
⎞

⎜
⎝
⎛  

 
Substitute to obtain: 
 ( )

31
e

21

61

312121
e

2131

61

2
12

1
8

2

AkTm
h

AkTm
hd

π

π

=

=
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Express the momentum of an 
electron in the gas in terms of its de 
Broglie wavelength λ: 
 

kTmmKhp e22 ===
λ

 

Substitute for kTme2 in the 

expression for d to obtain: 
 

31

3121

61

3121

61

633.0

22

A

AhA
hd

λ

λ
π

λ
π

=

==
 

λ>><<   1, if Thus, dA  

   
72 •••  
Picture the Problem We can follow the procedure outlined in the problem statement to 
determine the rms energy of a Fermi distribution. 

 
Express the Erms in terms of g(E): 
 ( )

21

0

2
rms

F1
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
= ∫

E

dEEEg
N

E  

 
The density of states g(E) is given 
by: 
 

( ) 2123
F2

3 EENEg −=  

Substitute to obtain: 
 

21

0

23
23

F
rms

F

2
1

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
= ∫

E

dEE
NE

E  

 
Evaluate the integral and simplify: 
 FFrms 655.0

7
3 EEE ==  

heavily. more energieslarger 
ghsenergy wei  theof square  theaveraging of process  thebecause avrms EE >

 

 
General Problems 
 
73 •  
Picture the Problem The number of free electrons per atom ne is given by 

Ae NnMn ρ=  where NA is Avogadro’s number, ρ is the density of the element, M is its 

molar mass, and n is the free electron number density for the element. 
 

The number of electrons per atom is 
given by: 
 

A
e N

nMn
ρ

=  
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Substitute numerical values and evaluate ne: 
 

( )( )
( )( ) 07.1

molelectrons/1002.6g/cm851.0
mol/g098.39cmelectrons/104.1

233

322

e =
×

×
=n  

 
74 •  
Picture the Problem The number of free electrons per atom ne is related to the number 
density of free electrons n by Ae NnMn ρ= , where NA is Avogadro’s number, ρ is the 

density of the element, and M is its molar mass. 
 

The number of electrons per atom is 
given by: 
 

A
e N

nMn
ρ

=  

 
Solve for n to obtain: 
 M

Nnn Aeρ=  

 
(a) Substitute numerical values and evaluate n for Mg: 
 

( )( )( ) 322
233

cmelectrons/1062.8
mol/g31.24

molelectrons/1002.6g/cm74.12
×=

×
=n  

 
(b) Substitute numerical values and evaluate n for Zn: 
 

( )( )( ) 322
233

cmelectrons/101.13
mol/g38.65

molelectrons/1002.6g/cm1.72
×=

×
=n  

 
1%. within  to1-38 Tablein   values with theagree resultsBoth  

 
75 ••  
Picture the Problem We can integrate g(E) from 0 to EF to show that the total number of 
states is 23

F3
2 AE  and then use this result to find the fraction of the free electrons that are 

above the Fermi energy at the given temperatures. 
 

Integrate g(E) from 0 to EF: 
  

23
3
2

0

21
F

F

E

E

AEdEAEN == ∫  

 
Express the fraction of N within kT 
of EF: 
 

( )
F

23
F3

2

21
FF

2
3

E
kT

AE
kTAE

N
EkTg

==  
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(a) Substitute numerical values and 
evaluate this fraction for copper at 
300 K: 

( )( )
( )

3

5

F

1051.5

eV7.042
K300eV/K1062.83

2
3

−

−

×=

×
=

E
kT

 

 
(b) Evaluate the same fraction at 
1000 K: 

( )( )
( )
2

5

F

1084.1

eV7.042
K1000eV/K1062.83

2
3

−

−

×=

×
=

E
kT

 

 
*76 ••  
Picture the Problem The Fermi factor gives the probability of an energy state being 
occupied as a function of the energy of the state E, the Fermi energy EF for the particular 
material, and the temperature T. 
 
The Fermi factor is: ( ) ( ) 1

1
F +

=
− kTEEe

Ef  

 
For 10 percent probability: 

( ) 1
11.0

F +
=

− kTEEe
 

or 
( ) 9F =− kTEEe  

 
Take the natural logarithm of both 
sides of the equation to obtain: 
 

9lnF =
−
kT

EE
 

Solve for E to obtain: 
 

9lnF kTEE +=  

From Table 37-1, EF(Mn) = 11.0 eV. Substitute numerical values and evaluate E: 
 

( )( ) eV2.119ln
J101.60

eV 1K 1300J/K101.38eV0.11 19
23 =⎟

⎠
⎞

⎜
⎝
⎛

×
×+=

−
−E  

 
77 ••  
Picture the Problem The energy gap for the semiconductor is related to the wavelength 
of the emitted light according to .g λhcE =  
 
Express the energy gap Eg in terms 
of the wavelength λ of the emitted 
light: 
 

λ
hcE =g  

Solve for λ: 

gE
hc

=λ  
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Substitute numerical values and 
evaluate λ: nm689

eV8.1
nmeV1240

=
⋅

=λ  

 
Remarks: This wavelength is in the red portion of the visible spectrum. 
 
*78 •••  
Picture the Problem The rate of production of electron-hole pairs is the ratio of the 
incident energy to the energy required to produce an electron-hole pair. 

 
(a)The number of electron-hole pairs 
N produced in one second is: 
 

hc
IA

hc
IAN λ

λ

==  

 
Substitute numerical values and evaluate N: 
 

( )( )( )
( )( )

115
19

242

s1012.3
J/eV1060.1nmeV1240

nm775m102W/m0.4 −
−

−

×=
×⋅

×
=N  

 
(b) In the steady state, the rate of 
recombination equals the rate of 
generation. Therefore: 
 

115 s1012.3 −×=N  

(c) The power radiated equals the 
power absorbed: 
 

IAP =rad  

Substitute numerical values and 
evaluate Prad: 

( )( )
mJ/s800.0

m102W/m0.4 242
rad

=

×= −P
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