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 (I°R).

*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 .

contact

Picture the Problem The contact potential is given by V. _#-¢ , Where ¢ and ¢,
e

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

(a) Express the contact potential in v %9

contact —

terms of the work functions of the e
metals:

Examining Table 38 - 2, we see that the greatest difference between the work
functions will occur when potassium and nickel are joined.

(b) Substitute numerical values and evaluate Veongact:

v _(626v-21eV){1.60x10 Jev)

contact 160 x 10—19 C

4 .

contact —

Picture the Problem The contact potential is given by V. _#=¢ , Where ¢ and ¢,
e

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

(a) Express the contact potential in v ¢—9,

contact —

terms of the work functions of the e
metals:
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Examining Table 38 - 2, we see that the least difference between the work
functions will occur when silver and gold are joined.

(b) Substitute numerical values and evaluate Veongact:

4.8eV-4.7eV)|1.60x107" J/eV
V

= =10.100V
contact 1.60 % 10719 C

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. (c) IS correct.

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. | (b)is correct.

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, (b) is correct.
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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,| (d )is correct.

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.| (c)is correct.

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 Smallest Ratio (order of magnitude)
value value
13-1 | Mass density 22.5x10° 0.08994 10°

(Osmium) | (Hydrogen)

20-3 | Thermal 429 0.026 10°
conductivity (AQ) (air)
20-1 | Thermal expansion 51x10°° 10°° 10
(ice) (invar)
12-8 | Tensile strength 520 2 10°

(steel) (concrete)
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12-8 | Young’s modulus 200 9 10
(steel) (bone)

18-1 | Heat capacity 4.18 0.900 1
(water) (AD)

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.

I, mA

Breakdown
voltage

30 20

30
Forward

L0 bias

10

A

Reverse
bias

V (V)
20
+0.2
+0.4
+0.6

+0.8

L1 1 1
0204060810 V.V

10

20—

30+

A

1/slope (©2)

40

20

10

Remarks: Note that, because of the difficulty in determining the slopes, these results
are only approximations.




Solids and the Theory of Conduction 1265

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 ry 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 ry, V., =2N,r}
the volume/mole is given by: °
Solve for ry:
olve 10r ry . Vmol
2N,

The volume/mole is given by: Vo= M
Yo,

mol

where M is the molar mass of KCI.

Substitute for Ve in the expression M
for ry: I, =3
2pN ,

Substitute numerical values and evaluate ry:

74.55g/mol

= =1 0.315nm
° 3\/2(1.984glcm3)(6.02><1023 particles/mol )

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: b M it cet
Vunit cell

. . 5
Express the volume of the unit cell: Vo = (2r0)
Because the unit cell has four AM
molecules, its mass is given by: M it cen = N,

A

Substitute for Vunit cell and Munit cell tO 4M
obtain: N, AM

Substitute numerical values and evaluate p:
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3
o= 4(42.4g/mol) = 2.07x10° g/’ x(—lzm j
(6.02x10% particles/mol )[2(0.257x10~° m )| 10%cm
=|2.07g/cm®
*18
Picture the Problem We can solve Equation 38-6 for n.
Equation 38-6 is: 2
e (e
r n
and
ke 1
uln)|l=a—|1-—
UE)|-a {11
Solve for n to obtain: B 1
U ()l
ake?
Substitute numerical values and evaluate n:
n= L =14.64
leV/ion pair
(741kd/mol)| —————— |(0.257 nm)
96.47 kJ/mol

1-—

(1.7476)(1.44eV - nm)

19 e
Picture the Problem We can substitute numerical values in Equation 38-6 to evaluate
U(r,) forn =8 and n = 10.

(a) Equation 38-6 is: 2
u(r)= —aki(l—lj
r n

Substitute numerical values and evaluate U(ro):

U(ro):_(1.7476)(8.99><109N-mZ/CZ)(1.60><10‘19J)2(1_1j( leV j

0.208x107°m 8 )\ 1.60x10™)
=| -10.6eV
(b) The fractional change is given by: AU(r,) U,_,-U._ U 1
U (rO) U n=8 U n=8
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Substitute numerical values and evaluate U(ro) for n = 10:

(1.7476)(8.99x10°N-m?/C? )(1.60x10™Jf (, 1 leVv
Un:lo(ro)z_ 9 1-— 1 eAu1n-1971
0.208x107"m 10 /{1.60x107J
=-10.9eV
Substitute numerical values and evaluate AU (ro) ~10.9eV
: Sty - ~1=[-2.83%
the fractional change in U(r): U (ro) —106eV 0

A Microscopic Picture of Conduction

20 -
Picture the Problem We can use the expression for the volume occupied by one electron

3
to show that r, = [—] _

drzn
(a) The volume occupied by one 1 _ ﬂﬂ 3
electron is: n 3 °
Solve for rg: 3 y3
r=||—
? (4ﬂnj
(b) From Table 38-1: N, =8.47x10%°m™
Substitute numerical values and 3
. =3 =(0.141nm
evaluate r, for copper: ST\ 4r (8.47 %x10% m—S)

21 -
Picture the Problem We can use the expression for the resistivity of the copper in terms
of v,y and A to find the classical value for the resistivity o of copper. In (b) we can use

3KT
V, = . to relate the average speed to the temperature.
e

(a) In terms of the mean free path _ MV

and the mean speed, the resistivity - neez/l
is:
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Substitute numerical values and evaluate p (see Table 38-1 for the free-electron number
density of copper):

(9.11x10* kg)(L.17 x 10° m/s)

p= =|0.1230-m
(8.47x10% m)(1.60x10° Cf (0.4nm)
(b) Relate the average speed of the _[3KT
electrons to the temperature: Vaw = m,
Substitute for v, in the expression m, 3kT 1
for pto obtain: P= ne’2\ m,  ne’d V3m kT
Substitute numerical values and evaluate p:
3(9.11x107* kg )({1.38x107* J/K )(100 K
_+3lo11x 0)(L.38 oK) _ 0.0708 2Q2-m

(8.47x10% m™®)(1.60x10*° CJ (0.4nm)

*20 oo
Picture the Problem We can use Equation 38-14 to estimate the resistivity of silicon.
a) From Equation 38-14: m.v
( ) q ,O — e 2aV (1)
ne4
The speed of the electrons is given by: 2E
Voo =V = —F

mE
Substitute numerical values and 2(4 88 eV) 1.60x107J
evaluate v,y V,, = - 3 -

(9.11x10%kg)  1lev

=1.31x10°m/s

The electron density of Si is given by: n, = MN,N

atom
where Ngom is the number of electrons per
atom.

Substitute numerical values and evaluate ng;

23
n, 2(2.41x103 k—%j 0.02>10" atoms [ 2¢ j=1.03x1029e/m3
m 0.02809 kg atom

Substitute numerical values in equation (1) and evaluate p:
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_ (9.11x10*'kg)(L.31x10°m/s) _Te6 107G
(1.60x10"°Cf(1.03x10%e/m’)(27.0x10°m)

(b) The accepted resistivity of 640 Q-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 n = pNA/M ,

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

Relate the number density of free n
electrons to the density o and molar N,
mass M of the element:

(a) For Ag:

3

_ (10-5g/cm3)(6,02><1023 electrons/mol)

Ag =| 5.86x10% electrons/cm
107.87 g/mol

(b) For Au:

_ (19-39/Cms)(6.02><1023 electrons/mol)

Ag =| 5.90x10% electrons/cm?®
196.97 g/mol

Both these results agree with the valuesin Table 38-1.

24 .
Picture the Problem The number of free electrons per atom n, is given by
n, =NnNM/pN, ,where N4 is Avogadro’s number, pis 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 n = nM
atom is given by: PN,

e

Substitute numerical values and evaluate ne:
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. (18.1x10% electrons/cm® )(26.98 g/mol)

* = T2.7glem’)[6.02x 107 electronsimol) 0

25 -
Picture the Problem The number of free electrons per atom n. is given by
n, = nM/,oNA ,where Na is Avogadro’s number, p 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 N = nM
atom is given by: PN,

e

Substitute numerical values and evaluate ng;

_ (14.8x107 electrons/cm® )(118.69 g/mol)

* " (7.3g/cm’)(6.022x 10 electrons/imol) 400

n

*26 o
Picture the Problem The Fermi temperature Tr is defined by kTr = Ef, where Eg is the
Fermi energy.

The Fermi temperature is given by: T :E
"k
(a) For Al P\ S VT
8.62x10°eV/K
(b) Fork: P L S Py TIT
8.62x10°eV/K
(c) For Sn: T, - 1028V _FgioK
8.62x107°eV/K

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

m.u?

e

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

N~



Solve for ug:

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

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

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

28 -
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L _ |2(3:24eV)(1.60x107 VeV )
F 9.11x10"* kg

={1.07x10° m/s

_ [2(5.53eV)(L.60x107° J/eV)
- 9.11x10 kg

=11.39x10° m/s

L _ |2(0.2eV)(1.60x10"° JeV)
F 9.11x10"* kg

=11.89x10°m/s

Picture the Problem The Fermi energy at T = 0 depends on the number of electrons per

unit volume (the number density) according to E. = (0.3659V~ nmz)(N/V)

The Fermi energy at T = 0 is given
by:

2/3

/
E. = (O.3659V-nm2)[g]23

(a) For Al, N/V = 18.1x10% electrons/cm® (see Table 38-1) and:

E, = (0.365eV-nm?)(18.1x10% electronsiem® f* =[ 11.7eV

(b) For K, N/V = 1.4x10? electrons/cm?® and:

E, =(0.365eV-nm?)(L.4x10? electrons/em® f* =[ 2.12eV

(c) For Sn, N/V = 14.8x10% electrons/cm® and:

E, = (0.365eV-nm?)(14.8x10% electronsicm® f* = [10.2eV
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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 E.=2E;

by:

(a) For copper, E = 7.04 eV (see E,, =(0.6)(7.04eV)=| 4.22eV
Table 38-1) and:

(b) For lithium, Er = 4.75 eV and: E,, =(0.6)(4.75eV)=| 2.85eV

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

E. = (O.365€V~ nmz)(N/V )3/2 , Where N/V is the free-electron number density and the
Fermi temperature is related to the Fermi energy according to KT, = E.. .

(a) The Fermi temperature for iron T = E

is given by: ok

Substitute numerical values (see T - 11-2iV _[130x10°K
Table 38-1) and evaluate T: 8.62x107eV/K

(b) The Fermi energy at T=0is

N 3/2
— 2
given by: Er= (O.3659V-nm )[v]

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

E, = (0.365eV-nm?})(17.0x10% electronsicm® f* =[11.2eV

*31 oo

, where Naom 1S the number of

i N, N
Picture the Problem We canuse n, = pV = PN aom
m

electrons per atom, to calculate the electron density of gold. The Fermi energy is given
by Ep = 3m,VZ.

(a) The electron density of gold is

pN Naom
given by: n, = pV =—~—tmn

m

Substitute numerical values and evaluate ne:
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[19.3><103k%j(6.02x1023atoms)( e )
N = m latom) _

. 5.90x10% e/m*
0.197 kg

(b) The Fermi energy is given by: E, = meVE

N~

Substitute numerical values and evaluate Eg:

1 o leV
E. = 2(9.11x10"kg)(L.39x10°m/s | — =S¥ | ~[5.50eV
F 2( <10 kg .30 )(1.60><1019J]

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

At room temperature 5.50eV

kT = 0.026 eV. Substitute numerical = =212
0.026 eV

values and evaluate f:

(d) Er 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 e
Picture the Problem We can solve PV =2 NE,, for P and substitute for E,, in order to

express P in terms of N/V and E.

Solve PV =2NE,, for P: _g(ﬁj
- 3 V av
— 3 .
Because E,, = 2E;: P— E(EJG EF) - E(E)EF
3\V A5 5\V

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

P= %(8.47 x10% eIectrons/cm3)(7.O4ev)(1,60 <1079 J/eV)
[ 3.82x10° N/m? | = 3.82x10" N/m? x latm
101.325%10° N/m

=| 3.77 x10° atm
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33 oo

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

2NE,

show that P = =CV %and B =

(a) From Problem 32 we have:

-3 .
Because E,, = 2E;:

The Fermi energy is given by:

Substitute to obtain:

(b) The bulk modulus is given by:

Substitute for P from equation (1) to
obtain:

2NE,

2p= .
3

-3

" 20m, \ 7z

E)
2 2/3

SEN
8m, \ 7V

p_E(E]h_Z(ﬁ
5(v )em, 7z

2

2( N

g[vjEF (1)

h? (3N )
(_j V72/3

8m, \ 7

23
J V -2/3

CcvV -5/3

5/31,2 2/3
where C = N""h (gj is a constant.
20m, \( 7
B=—v I _ v 9 foys]
dv dv
=—CV (—ﬁv —8/3j _ ¢y s
3 3

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

B= %(8.47 x10% electrons/cm® )(7.04 eV)(l.GO x107*° J/eV) =

From Table 13-2:

By = 140 GN/m?

63.6x10° N/m?
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Divide the calculated value for B by B  63.6GN/m?

= =04
the value from Table 13-2 to obtain: B, 140GN/m? 0.455
or
B =|0.454B,
34 -
Picture the Problem The contact potential is given by V_ ... = M where ¢, and ¢,
e

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

The contact potential is given by: v _ 49

contact —
(5]

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

(4.7eV—4.1eV)(1.60x10 J/eV)

V = =(0.6V
contact 160 « 10—19 C
(b) For Ag and Ni:
. -19
Vcomam:(s.Zev 4.7ev)(1.i8><10 YeV)_rosv
1.60x107C
(c) For Caand Cu (see Table 38-1):
_ -19
v, _latev 3.2€V)(1.(_512x10 YeV) _roov
1.60x107C

Heat Capacity Due to Electrons in a Metal

*35 oo
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 °RT
Equation 38-29: Cv=

The Fermi energy is given by:
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Substitute for Tr to obtain: ' 7°RKT
VoO2E,

Substitute numerical values and evaluate C',, :

- leV
72(8.31/mol K )(1.38x10% J/mol)[l_Goxlo_wJ](aoo K)

2(5.53eV)

={ 0.192J/mol-K

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 p= m.\v,,
the mean speed, the resistivity is: ne’l
Solve for A to obtain: 2= m.\v,,
ne’p
From Problem 27 we have: e na =1.07x10° m/s
ey =1.39x10° m/s
and

He s, =1.89x10° m/s

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

e = (9.11x10* kg )(1.07 x 10° m/s)

.= > =|34.2nm
(2.65x10% electrons/em® )(1.60x10° CJ (4.2 z€2 - cm)




Solids and the Theory of Conduction 1277

Proceed as above for Au:

(9.11x10* kg )(1.39x10° m/s)

Apu = > =| 41.1nm
(5.90x102 electrons/cm® )(1.60x10° CJ (2.04 2 -cm)
Proceed as above for Sn:
h - (9.11x10* kg)(1L.89x 10° m/s) a3
" (14.8x10% electrons/cm® J(1.60x10"° Cf (10.6 z2-cm)
*37 (L]

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.

(@) In terms of the mean free path p = MeVay _ MeUe
and the mean speed, the resistivity ' ne’l  ne*j
is:
Solve for A to obtain: 1= m.Ug

L onep,
Express the Fermi speed Ug in 2E.
terms of the Fermi energy Eg: Ur = m,
Substitute to obtain: 2m.E

A =N"e7F
' ne’p,

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

o \2911x10* kg)(7.04eV)({L60x10 1 JeV)

" (8.47x10% electrons/m? )(1.60x10° Cf (10° Q- m)

(b) From Equation 38-16 we have: 1

Solve for 7 r%: » 1
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Substitute numerical values and 2 1

evaluate 7zr’: ! (8.47x10% m~*)(66.1nm)

=1.79x10% m? =| 1.79x10™* nm?

Band Theory of Solids

38 -
Picture the Problem We can use E; = hc//l to calculate the energy gap for this
semiconductor.

The lowest photon energy to increase he

conductivity is given by: E, = 2

Substitute numerical values and evaluate (6.63 %107#] -s)(3 %108 m/s)
= E, =

(380x10°m)(1.60x10™° J/eV )
=|3.27eV

*39
Picture the Problem We can relate the maximum photon wavelength to the energy gag
using AE = hf =hc/A.

Express the energy gap as a function AE = hf = E
of the wavelength of the photon:

Solve for A: 4o he
AE
Substitute numerical values and . 1240eV-nm _[1.09,m
evaluate A: 1.14eV
40 o

Picture the Problem We can relate the maximum photon wavelength to the energy gag
using AE = hf =hc/A.

Express the energy gap as a function AE = hf = E
of the wavelength of the photon:

Solve for A: hc
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Substitute numerical values and . 1240eV-nm _[1.68,m
evaluate A: 0.74eV
41 -

Picture the Problem We can relate the maximum photon wavelength to the energy gag
using AE = hf =hc/A.

Express the energy gap as a function AE = hf = E
of the wavelength of the photon:

Solve for A: P E
AE
Substitute numerical values and P 1240eV-nm _[177mm
evaluate A: 7.0eV
42 e

Picture the Problem We can use AE = hf = hc/ A 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 AE = E

function of the wavelength of the A

photon:

Substitute numerical values and AE — 1240eV-nm _ 0.3706V
evaluate AE: 3.35um

(b) The temperature is related to the T = 5

energy gap E4 according to: k

Substitute numerical values and _ 0-370_95V _[229x10°K
evaluate T: 8.617x107eV/K

Semiconductors

43 o
Picture the Problem We can use AE = KT to find the temperature for which
kT =0.01eV

Express the temperature T in terms AE
of the energy gap AE: K
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Substitute numerical values and 0.01eV
evaluate T: T=

leVv

1.38x1072 JKx—————
1.60x107

=| 116K

*44 e
Picture the Problem We can use E = hf to find the energy gap of this semiconductor.

The energy gap of the E _hf - he
semiconductor is given by: ’ A
where
hc = 1240 eV-nm
i i 1240eV -nm
Substitute numerical values and = Oe _10.670eV
evaluate Eg: 1.85 um
45 e

Picture the Problem We can make the indicated substitutions in the expression for a, (=
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 _Ke, h? K&, m,h?

the expression for a, to obtain: g 2 2
TMe€" mMMe

_ KM, € h® &, a
- = .
my 7me> m.

For silicon:
a, = 12m, (0.0529nm)=| 3.17nm
0.2m,
For germanium: _ 16m, (O 0529nm): 826
®0Am, :

*46 e

Picture the Problem We can make the same substitutions we made in Problem 45 in the
expression for E; (= 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 ezmeff ezmemeff

th ion for E; to obtain: E, =- =
€ expression 1or £, 10 obtain 1 8(1(' EO)th 8meK2 6(2) h2

2
_ mg e'm,
2 2 2 K2
mik“ €, 8¢, h

mef‘f

=t _p

mu? e
For silicon:

(@) For silicon E, = 22™ (136ev)=[18.9meV
m,(12)

b) For germanium:

(b) For germaniu E, =21 (13 6ev)=[5.31mev
m, (16)

47 oo

Picture the Problem We can use the expression for the resistivity p of the sample as a
function of the mean free path A of the conduction electrons in conjunction with the
expression for the average speed v,, of the electrons to derive an expression that we can
use to calculate the mean free path of the electrons.

Express the resistivity p of the _myv,,
sample as a function of the mean P = nel
free path A of the conduction ¢
electrons:
Solve for A to obtain: 1= MeVy 1)
ne’p
The average speed v,, of the 3KT
electrons is given by: Vav ®Vims = [——
me
Substitute for v, in the expression
m 3kT  4/3km.T
for 1 to obtain: A=—02 = -
ne“p\ m, n.e p

Substitute numerical values and evaluate A:

,_AJ311.38x10 % /K )(0.2)(9.11x10 * kg [800K) _ -

(10" cm*)(L.6x10" CJ(5x10° Q-m)

The number density of electrons n, PuNA
is related to the mass density pm, n, = M
Avogadro’s number Np, and the

molar mass M.:

Substitute numerical values (For copper, p = 8.93 g/cm® and M = 63.5 g/mol.) and
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evaluate ng:

N = (8-939/Cm3)(6.02><1023electrons/mol)

e =8.47x10% electrons/m?
63.5g/mol

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

=| 38.8nm

. (9.11x10 ™ kg )(1.57 x10° m/s)
“ (8.47 x10% electrons/m‘“’)(1.6><10’lg C)2 (1.7 %1028 Q- m)

The mean free paths agree to within 4.02%.

48 oo
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

1
given by: R= n_q )

Because R >0, g > 0and conduction is by holes and the sample contains
acceptor impurities.

Solve equation (1) for n: = 1
= R
Substitute numerical values and N 1
evaluate n: ~(0.04V-m/A-T)(1.6x107°C)

=11.56x10°m™®

Semiconductor Junctions and Devices

49 oo
Picture the Problem The following graph of I/l versus V, was plotted using a
spreadsheet program.
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Picture the Problem The base current is the difference between the emitter current and
the plate current.

The base current Ig is given by: lg=1-1,
We’re given that: l. =0.881 =25.0mA
Solve for | to obtain:
| = 200MA oo i mA
0.88
Substitute numerical \{alues for | |, =28.4mA-250mA = 3.4mA
and I¢ and evaluate Ig:

*51 e
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: Voltage gain = :° .

Substitute numerical values and _ ((;.SbmA)(lo kQ)

evaluate the voltage gain: Voltage gain = 10,A) (2k0)
=| 250

7R

Picture the Problem The number of electron-hole pairs N is related to the energy E of
the incident beam and the energy gap E,.
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(a) The number of electron-hole E
pairs N is given by: N = E_
g

Substitute numerical values and evaluate 660 keV
N N=————=]09.17x10°

' 0.72eV
(b) The energy resolution of the detectoris  AE _ AN
given by: E N
For AN=1and N =+/9.17x10° : AE__ 1 o410

E  9.17x10°
=1 0.104%

53 L 1]

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

(€Y (b)

______

*54 e
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 Vv,

resistance: R= 1 (1)

From Problem 47, the current across | = |0(eeVn/kT _1) @)

a pn junction is given by:

For eV << KT: ST 11y ev, _ eV,
KT KT

Substitute to obtain: eV,

| = 1,2

KT



Substitute for I in equation (1) and
simplify:

Substitute numerical values and
evaluate R:

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

ev,
Evaluate —for V, =-0.5V:
KT

Evaluate equation (3) for
Vp=-05V:

eV
(c) Evaluate —2 for
KT

Vp,=+05V:

Evaluate equation (3) for
Vp= +0.5V:

(d) Evaluate R, = dV/dI to obtain:

Substitute numerical values and
evaluate Ry:

55 oo
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Vo KT
Vi el

O kT

R =

_ (0.025eV)(1.60x107° J/eV)
~ (1e0x10™C)10°A)

25.0MQ

Vb
IO eeVb/kT -1

eV, (1.60x10%°C)(-0.5V)

R= 3)

KT~ (1.38x10 2 J/K)(293K) 198
~05V

R= A 1) 500 MO

eV, (160x10°C)05V) 108

KT (1.38x10%J/K)(293K)

0.5V
R= A1) 1.26Q

(e )

-1
— el_oeevb/kT :k_Te—eVb/kT
KT el,

R, =(25MQ)e™® =| 0.0629Q

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

B

V. =
" nte
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the Hall voltage V:

Solve for n to obtain:

Substitute numerical values and
evaluate n:

B
teV,

n

(0.2A)(0.4T)
(1.omm){L.60x107° C)(5mV)

=11.00x10%m™®

n=

p - type.

Referring to Figure 26 - 28, note that B points out of the page. E isin the y
direction. Therefore, the charge carriers are holes and the semiconductor is

The BCS Theory

56 -

Picture the Problem We can calculate Eq using E; = 3.5KT, and find the wavelength of

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

A= hc/ E,.
(a) From Equation 38-24 we have:
Substitute numerical values and

evaluate Eg:

Express the ratio of Eg to Eg measured:

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

Substitute numerical values and
evaluate A:

E, = 3.5kT,

E, = 3.5(8.617x10°° V/K )(3.72K)
=|1.12meV

E,  1.12meV

=t =187
Eg,measured 6 Xlo eV
or
Eg ~ 2Eg,measured
.
Eg
2= 12808V ) 67.%10° nm
6x107" eV

=| 2.07mm
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Picture the Problem We can calculate Eq using E; = 3.5kT, and find the wavelength of

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

A= hc/ E,.
(a) From Equation 38-24 we have:
Substitute numerical values and

evaluate Eg:

Express the ratio of Eg to Eg measured:

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

Substitute numerical values and
evaluate A:

The Fermi-Dirac Distribution

58 oo

E, = 3.5KT,

E, = 3.5(8.62x10° eV/K )(7.19K)

=|2.17meV
E
o 2LV __ 0795
Eg,measured 2.73x107° eV
or
Eg ~ 0'8Eg,measured
a-le
Eg
_ 12008V-NM _ 4 5410° nm
2.73x10" eV
=| 0.454mm

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:

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

e EEKT _ o%/2T 55 1for T near room

temperature.

f(%Eg)z 1 _[ g &

R
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Substitute numerical values and evaluate f (% Eg) for T =300 K:

—-leV
f4E,) eXp[ 2(8.62x10°° eV/K )(300 K)} -

4.01x10°°

Given that low a probability of finding an electron in a state near the bottom
of the conduction band, the exclusion principle has no significant impact on
the distribution function. With 10°* valence electrons per cubic centimeter,

the number of electronsin the conduction band will be about 4x10™ per

cm?.

(b) Evaluate f(% Eg) for T=300 Kand E; =6 eV:

4.15x107

-6eV
4E,)- eXp[ 2(8.62x10° eV/K )(300 K)} -

The probability of finding even one electron in the conduction band is

negligibly small (approximately 4x10™").

59 L 1]
Picture the Problem The number of energy states per unit volume per unit energy

interval N is given by N ~ g(E)AE , where N is only approximate, because AE is not
_ 8J2my

infinitesimal and g(E)= — E'is the density of states.

The number of states N is the N ~ g(E)AE 1)
product of the density of states and
the energy interval:

The density of states is given by:

8v2mi
g(E) — T g2
Substitute numerical values and evaluate g(E):
-31 3/2 3 3 19 \12
g(E)= 8/27(9.11x10 ™ kg) (1:10 m) (2.ler 1.60x10 J]
(6.63x10J-s) eV

=6.15x10% J*
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Substitute numerical values in equation (1) and evaluate N:

1.60x107%°)
eV

N ~ (6.15x10% J™)(2.20eV — 2.00eV )x 1.97x10

*60 oo
Picture the Problem Equation 38-22a expresses the dependence of the Fermi energy Er
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: h? (3N \*

" 8m, (W]
Use Table 27-1 to find the free- N », electrons
electron number density N/V for V =5.86x10 cm?®

silver:
_ 5 86x10% electrons

m3

Substitute numerical values and evaluate Eg:

_ (6.63x10*Jsf [3(5.86 x10% electrons/m’ )Ts( leV j

" 8(0.11x10 % kg) % 1.60x107°
=|5.51eV
(b) The average electron energy is 3
given by: E. = g Ee
Substitute numerical values and 3
evaluate Eav: E. = 5(5-519V) =|3.31eV
(c) Express the Fermi energy in E.=1m v,f
terms of the Fermi speed of the 2
electrons:
Solve for vg: - 2E,
F
me
Substitute numerical values and 19
evaluate Vi: - 2(3.31eV) (1.60x107J
9.11x10 % kg leV

=11.08x10° m/s
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61 (1]
Picture the Problem We can evaluate the f(Ef) at E = E¢ to show that F = 0.5.

The Fermi factor is: 1
f(E): pEEKT 1

Evaluate f(Eg): B 1 1
f(EF)_ e(EF EF)/kT +1 - 1+1 - 05

62 e
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 AE.

(a) The Fermi factor is: f(E) _ 1

Solve for E:

E=E, +kT |n(%-1}

The difference between the energies is given by:

AE = E(0.1)-E(0.9)
, (138x10™ WK )(300K) ( 1 _1]
1.60x10™ J/eV

0.1
[, [1:38x107 JK)(300K), (L_j
] 1.60x107" J/eV 0.9

_ (1.38x10 /K )(300K) { ( [ oi B H

1.60x107° J/eV
(b) and (c)| Because AE is independent of E., AE is the sameasin (a).

=E. +

=| 0.114eV




Solids and the Theory of Conduction 1291

*G3 oo
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: f(E) _ 1
eIE—EF )/KT 1
Because Er — 4.9 eV >> 300k: f(4.9eV): 01 ; :
+
64 e

Picture the Problem We can solve Equation 38-22a for V and substitute in Equation 38-
41 to show that g(E)=(3N/2)E?EY2,

From Equation 38-22a we have: c h? (3N jZ/S
Fsm, \ v
Solve for V to obtain: 3N( h? y2
Tz 8m,E.
The density g(E) is given b ¥
ensity g(E) is given by g(E)zsm/Emezv e
Equation 38-41: h3—
Subsjtitute for V and simplify to g(E)— 87z\/§m§’/2 3N h? 32 -
obtain: 3 7z | 8M.E,
— %EFWZEI/Z
65 (1]

Picture the Problem We can use the expression for g(E) from Problem 64 to show that
the average energy at T=01is 2 E..

From Problem 64 we have: g(E) _ 37N EF-s/zEyz
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Substitute in the expression for E,, 1 B ’
and simplify to obtain: E. = N ! Eg(E)dE
Ee
= i j E ﬁ EF—3/2E1/2 dE
N 3 2
3_
_°E-32 3/2
=2 E; J.E dE

0

; . Er
Integrate the expression for E,: E % E|:3/2 J. E¥24E
0

av

3302
=§EF3/ZgEE/2= EEF

66 oo
Picture the Problem We can integrate g(E) from 0 to Er to show that the total number of
states is 2 AEY?.

a) Integrate g(E) from 0 to Eg: B
0

(b) Express the fraction of N within kTg(E;) KTAEY* [ 3kT

KT of E: N  ZAE¥? | 2E,

(c) Substitute numerical values and 3KT 3(8.62 x10°eV/ K)(SOO K)
evaluate the expression obtained in 2E, B 2(7,04 eV)

(b) for copper: _[551x107

67 oo

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

Express the Fermi factor: f(E) _ 1

- eIE—EF )/kT 1
Calculate the dimensionless E-E; _ 5.49eV -5.50eV
exponent in the Fermi factor: KT (8.62 x107° eV/K)(BOO K)

=-0.387
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Use this result to calculate the Fermi f (5.49 eV) S 33817 [ 0596
factor: e +1
68 oo

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 kKT of E¢
can then be found from the ratio of kTg(Ef) to N.

The density of states function is: g(E)= AE¥?
where

87[\/§me3/2\/
AT

Integrate g(E) from 0 to Ef to find

Ee
_ 12 _2 3/2
the total number of occupied states: N = .([AE dE =3 AEe,

Express the fraction of N within kT kTg(E;) KTAEY® [ 3kT
of Ex: N  ZAE¥? | 2E,
(a) Substitute numerical values and 3kT 3(8.62 x107° eV/K)(?? K)
evaluate the expression obtained 2E, 2(7.04eV)
above for copper at _[1.41x10°3
T=77K: =
(b) ALT = 300 K: 3T 3(8.62x107° eV/K)(300K)
2E, 2(7.04eV)
=| 5.51x10"°
69 oo

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

states in terms of Eg.

Express the number of electrons n n(E)=g(E)f(E) (1)
with energy E: where
3N -3/21)2
o(e)- D e

and
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The dimensionless exponent in the
Fermi factor is:

Hence:

Substitute in equation (1) and
simplify to obtain:

1
f(E)=gE_—EFW+l

1 Eq/2KT | —E/kT
f(E) e e

e

n(E) - (% NE;3/2eEg/2kT )El/ze—E/kT

There is an additional temperature dependence that arises from the fact that Er depends
on T. At room temperature, exp[(E —Ey/2)/kT] > exp(0.35 eV/0.0259 eV) = 7.4x10° so
the approximation leading to the Boltzmann distribution is justified.

*70 (X1

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:

(b) If C >> e KT

(c) The energy distribution function
is:

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

f(E): e(E—EF:)L/kT 1 = e—EF/kT;-E/kT 1
B 1
Sl ceM 41
provided C = e &/
f(E): CeE/:II<-T 1 ~ CelE/kT =| Ae™™
where A=1/C

n(E)dE = g(E)dE f(E)
where

3
g(E)= 87Z'N/Eme 2V E]/z

h3

Y2, @
N = Am [E¥?e ™ "dE
0

h
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The definite integral has the value: T EV2g AT g (kT )3/2 /
2

0

Substitute to obtain: 8z~2m¥A (kT )2
N = ASV M
h 2
Solve for A: J2h® (N 1
A W(V)—(H ik

(d) Evaluate A at T = 300 K:

A J2(6.63x10*J-sfn
8797(0.11x10* kg) **[(1.38 10 J/K )(300K)]
where the units are Sl.

~ 4x107%n

3/2

The valence electron concentration is typically about 10 m~. To satisfy the

condition that A <<1at room temperature, n should be less than 10 m™2, or

about one millionth of the valence electron concentration. Because A depends
-3/2

on T 7%, the electron concentration may be greater the higher the temperature.

10" cm™ =10% m™. So, according to the criterion in (d), the classical

(e) o :
approximation is applicable.

71 00

Picture the Problem We can approximate the separation of electrons in the gas by

(VIN)*? 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 A and the constant A.

The separation d of electrons is VA
approximately: d= N
From Problem 70: v 3 I 1
N) 8P m (kT AV
Substitute to obtain: d- 2"%h 1
8P ml? (kT ) AV
2% 1

7 2mkT AV
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Express the momentum of an D= h
electron in the gas in terms of its de A
Broglie wavelength 4.

=+/2mK = ,/2mkT

i i 16 1/6
Substitute for ,/2m.KT in the d= 2 Mh hij/g _ 21/2 A/ig
expression for d to obtain: T T

A
= 0.633W

Thus,if A<<1,d>> 1

72 00
Picture the Problem We can follow the procedure outlined in the problem statement to
determine the rms energy of a Fermi distribution.

Express the Eys in terms of g(E): 1 5 V2
ms — _Ig(E)EZdE
0
Th.e density of states g(E) is given 9(E)= 3N E-92EY2
by:
Substitute to obtain: 1 Y2
Evme =| 5 2g7 | EVdE
2NEZ?

Evaluate the integral and simplify:

: plity E, =\EEF _[0.655E,

E,.. > E,, because the process of averaging the square of the energy weighs
larger energies more heavily.

General Problems

73 e
Picture the Problem The number of free electrons per atom n, is given by
n, = nM/,oNA where Np is Avogadro’s number, p 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 n = nM
given by: PN,

e
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Substitute numerical values and evaluate ne:

_ (1.4x10% electronsicm® )(39.098g /mol) _

* (0.851g/cm® )(6.02x10% electrons/mol ) Lo

74 .
Picture the Problem The number of free electrons per atom n, is related to the number
density of free electrons n by n, = nM/,oNA , Where N, is Avogadro’s number, pis the

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

The number of electrons per atom is n = nM

given by: ° pN,

Solve for n to obtain: = n,oN 5
M

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

(2)(1.74g/cm? )(6.02x10% electrons/mol
24.31g/mol

=1 8.62x10% electrons/cm?®

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

(2)(7.1g/cm*)(6.02x 107 electrons/mol )
65.38g/mol

=113.1x10% electrons/cm?

Both results agree with the valuesin Table 38 - 1to within 1%.

75 e
Picture the Problem We can integrate g(E) from 0 to Er to show that the total number of
states is £ AE,f’/ ? 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 E: B
grate g(E) F N = J.AEWdE :%AES/FZ
0

Express the fraction of N within kT KTg(E;.) KTAE/® 3kT
of Er: N  2AE?® 2E
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(a) Substitute numerical values and 3KT 3(8.62 x107° eV/K)(SOO K)

evaluate this fraction for copper at 2E, 2(7.04eV)

300K ~[551x107

(b) Evaluate the same fraction at 3KT 3(8.62 x10°eV/ K)(lOOO K)

1000 K: 2E, 2(7.04eV)
=[1.84x10"°

*76 oo

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 Er for the particular
material, and the temperature T.

The Fermi factor is:

1
"B e

For 10 percent probability: 1

01="Eem

or
pE-ENT _g

Take the natural logarithm of both E-E,
sides of the equation to obtain: KT =In9
Solve for E to obtain: E=E.+kTIn9

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

E =11.0eV +(1.38x10 % J/K (1300 K)[%} In9=[11.2eVv
1.60x107J

17 oo
Picture the Problem The energy gap for the semiconductor is related to the wavelength

of the emitted light according to E = hc/A.

Express the energy gap Eg in terms hc

of the wavelength 1 of the emitted E,= 7

light:

Solve for A: hc
A=—
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Substitute numerical values and 1240eV-nm

: 689 nm
evaluate A: 18eV

Remarks: This wavelength is in the red portion of the visible spectrum.

*78 o00
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 NoJA_ 1Al
N produced in one second is: hc  he
A

Substitute numerical values and evaluate N:

~ (4.0Wim?)(2x10* m?)(775nm)

= =| 3.12x10%s™
(1240eV -nm)(1.60x10™ J/eV ) =0

(b) In the steady state, the rate of N =| 3.12x10%s™
recombination equals the rate of
generation. Therefore:

(c) The power radiated equals the Pa=IA
power absorbed:

Substitute numerical values and P, = (4.0W/m?)(2x10* m?)
evaluate Pag: —[0.800mJ/s
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