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If a, 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 a, 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:

—h? 9°¥(x,1)

™ % +V(x)-‘{‘(x,t)

7 B‘P(x, t)
ot

Assume the solution is of the form:

Wl 1) = ul exp[ J[m_(gm

RegionI: ¥(x)=0. Substituting the
assumed solution into the wave equation, we
obtain:

-# 2 { il exp[f[kx_(%}ﬂ
+ag—(;)exp[j(h_(§}ﬂ}
) ,h[% J.u(x) exp[f[’“ ‘(%}ﬂ

which becomes

_hz{(jk)zu(x)eXp -

2m

1
<
—
T
/—l\
S+ | by
———
—

. au(x) ) E
2k ——— kx—| —
+2) P expl:]( (h

— +Buly p[f[’“[g}ﬂ

This equation may be written as

ou(x) N 0%ulx) N 2mE y

ox ox? K’ (X)ZO

—kPulx)+2jk

Setting M(X) =u, (X) for region [, the

equation

becomes:
d’u (x) . du (x)

dxlz +2]k?—(k2 —(x2)u1(x) =0

where

,  2mE
o = 3

Q.ED.

In Region II, V(x) =V, . Assume the

same
form of the solution:

e fo )]

Substituting into Schrodinger's wave
equation, we find:

o <,-k>2u<x>exp[j[kx-[§ j}
dul x
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This equation can be written as:
ou(x) N 92u(x)
ox ox’

—k2ulx)+2jk

2mV, 2mE
- hzou(x)+ Zz u(x)=0

Setting u(x) =u, (X) for region II, this
equation becomes
2
Pusla] y  diol]
dx’® dx

2
—(kz -’ + ,Zz/o }Z(x) =0

where again

, 2mE
o = 2 Q.E.D.
33
We have
2
. eNEY L LS
X

Assume the solution is of the form:
u,(x) = Aexpl jla—k)x]
+B exp[— jla+ k)x]
The first derivative is

d”c;_)(cx) = jlo—k) Aexp| jlor—k)x]

- j(a + k)B exp[— j(a + k)x]
and the second derivative becomes
d’ u (x )

dx?

=[jla—k)]* dexp| jla—k)x]

+[jla+k)]* Bexp|— jla+k)x]
Substituting these equations into the
differential equation, we find

—(o—k)* A expl jlo—k)x]
—(a’+k)2Bexp[— j(a+k)x]

+2 k| jla—k) A exp| jlor — k)x]
—j(a+k)B exp[—j(a+k)x}
—(k* —ar® )| A expl (o — k)]
+Bexp[—j(a+k)x]} =0

Combining terms, we obtain

- (a? =20 + k%) = 2k{ ot — &) = [k — ]
X A exp[j(a —k)x]

+-la? + 20k + 12 )+ 2k + &) - [k — o2
X B exp[— Jjloe +k)x] =0
We find that
0=0 Q.E.D.
For the differential equation in %, (X) and

the
proposed solution, the procedure is exactly
the same as above.

3.4
We have the solutions

u,(x) = Aexp| jla — k)]
+Bexp[—j(05+k)x]
for 0<x<a and
uy(x) = C expl j( k)]
+Dexp[—j(ﬁ+k)x]
for -b<x<0.

The first boundary condition is
U (0) =Uu, (O)

which yields
A+B-C-D=0
The second boundary condition is

du, _du,
dx |v—o  dx |0
which yields
(¢—k)A—(a+k)B—(B—k)C
+(B+k)D=0

The third boundary condition is
u (a) = uz(_b)
which yields
A exp[j((x — k)a] +B exp[— j(a + k)a]
= Cexp|j(B—K)(-b)]
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+ D exp|— j(B+k)(-b)]

and can be written as
A exp[j(a - k)a] +B exp[— Jlo+ k)a]
— Cexp|— j(B—k)b]

—Dexp[j(ﬁ+k)b] =0
The fourth boundary condition is

du, _du,
dx |x=a dx |x=—»
which yields

Jjla—k)Aexp| jla—k)al
—j(a+k)B exp[—j(a+k)a]
= jB—k)C expl j( B —k)(—b)]

— j(B +k)D exp[— j B +k)(—b)]
and can be written as
(o —k)A exp[j(a—k)a]
—(a+k)B exp[— j(a +k)a]
~(B~k)C expl- j( B~ k0]
+(B+k)Dexp|j(B+k)p]=0

3.5
(b) (i) First point: Xd =T
Second point: By trial and error,
oa=1.7297
(ii) First point: 0@ = 27w
Second point: By trial and error,
oa=2.617r

3.6
(b) (i) First point: Xa =T
Second point: By trial and error,
oa=15157
(ii) First point: oa =27
Second point: By trial and error,

oa=2375x

3.7
, sin ca

P + cos ata = cos ka

Let ka=y 6 OQa=X
Then

,sin x

P +cosx=cosy

X

d
Consider —— of this function.

dy
i{[P“(x)*1 sin x]+cosx} =—siny
dy
We find
P'{(—l)(x) *sinx-—+(x) " cosx —}
'y a4
—s1nxd—y=—s1ny
Then

dx{ ,[—1. cosx} . } .
—P| —sinx+ —sinxp=—siny
dy x X

For y=ka=nn  n=0,1,2,...
=siny =0
So that, in general,

ax  _ dlea) _ de
dy dlka) dk
And
2mE
o= 2
So
do _1(2mE " (2m\dE
dk 2\ #? h* ) dk
This implies that
aa _o_9E ; ,_1%
dk dk a
3.8
() Xja=7x
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o w2t (75)2(1,054><10‘3“)2
' 2m,a® 29.11x107 |[4.2x10710)

=3.4114%10""17
From Problem 3.5

a,a=1.7297

2m FE

M2 4 =1.7297
h2

_ (1.7297)%(1.054 %107

P 20.11x107)(4.2x107°)?

—1.0198x107'%J
AE=E,—E,

=1.0198x107"* —3.4114x107"
=6.7868x107"71]

-19
or AE = 6:8668501?9 =424 eV
.OX

(b) Qa=2m

2m E,

e -a=271
o (27)?(1.054x 107 )
=

2(9.11x107" [4.2x107"°)?

=1.3646x107"%J
From Problem 3.5,
o,a=2.617x

2m E,

h2

ca=2.617r

 (2.6177)(1.054x107% )

P 20.11x107%)[4.2x10710)

=2.3364%x107"%]
AE=E, - E,

E

=2.3364x10""® —1.3646x10"'®
=9.718x10""°1J
9.718x107"

or AE =
1.6x107"

=6.07 eV

3.9

@) Atka=m, ta=7
2m E,
T 7T
2 342
o __ |7 (1.054x107%)
=

2(9.11x107")4.2x1071°)?

=3.4114x10""J
At ka = 0, By trial and error,
o,a=0.8597

(0.8597)(1.054x107 )
E, =
2(9.11x107')(4.2x107° )

=2.5172%x107"°17
AE=E,-E,

=3.4114x107" —2.5172x107"
=8.942x1072°J
8.942x107*°
1.6x107"
(b) At ka=2x, @;a=27x
2m E,
hz

or AE = =0.559 eV

-a=27

(27)(1.054%x107 )

E. =
P 2lo.11x107 |(4.2x10710)?

=1.3646x10""%J
At ka = & . From Problem 3.5,
a,a=1.7297
2m E,
h2
 (1.7297)%(1.054x 1072
, =
2(9.11x107')[4.2x107°)

=1.0198x107'8J
AE=E,-E,

-a=1.7297

E

=1.3646x10""'* —1.0198x10"*
=3.4474%10""°1]
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-19
or AE=HTAX10 7 5 sy
1.6x107"
3.10
(@ ja=n

2m E,
D a=7

(7)(1.054x107)?
2(9.11x107"|[4.2x107°)?

=3.4114x107"17
From Problem 3.6, &¢,a =1.5157x

2m E,
———-a=15157
hZ

_ (1.5157)*(1.054x10)°
: 2(9.11><10_31 )(4-2><10‘10)2

=7.830x107"°J
AE=E,—E,

E, =

E

=7.830x107"° —3.4114%107"
=4.4186%x10""1J

—19
or AE = 4"1”686;01_?9 =2.76eV
.OX
(b) aya=27
2m E,
e -a=21x
. (27)2(1.054x107%)?

, =
2(9.11x107")4.2x107°)?
=1.3646x10""%]

From Problem 3.6, & ,a =2.3757

2moE4

R

a=2375%

_ (2.3757)*(1.054x107 )’
) 2(9'11X10_31)(4-2><10‘10)2

=1.9242x107'%J
AE=E,-E,

E

=1.9242x10"'® —1.3646x107"8
=5.597x107"1J
5.597x107"

or AEF =
1.6x107"

=3.50¢eV

3.11
(a) Atka=n,xa=7

2m E,
h—z.azﬂj

(7)?(1.054%x107)°
E, = _
2(9.11x107")(4.2x107°)

=3.4114x10""J
At ka = 0, By trial and error,
o,a=0.727x

2m E

o o

h2

-a=0.727n1

(0.7277)?(1.054 %1073 )
2(9.11x107"|[4.2x107)?

=1.8030x107"°1J
AE=E, -E,

E, =

=3.4114%10"" —1.8030x10""°

=1.6084x10""1]
or

—-19
AE = 1.6084%10
1.6x107"

(b) At ka=2x, 0tya=27

=1.005¢V
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(27)2(1.054 %107 )

2 2
£ (curve A) >

o 2 (curveB)

sothat " (curve A) < m™ (curve B)

E, =
2(9.11x107")4.2x1071°)?
=1.3646x107'%]
At ka = & , From Problem 3.6,
o,a=1515x

om E
MoB2 15157

hZ

(1.5157)%(1.054x 107 )

E. =

* 2(9.11x107)(4.2x107°)?
—7.830x10"°J

AE=E, ~E,

=1.3646x107"% —7.830x107"
=5.816x10""J

5.816x107"
or AE=22"20"" _3635¢v
1.6x10"
3.12
For T =100K,
—4 2
5 —1 190 |473x10 (100) _
s 636+ 100
E, =1.164 ¢y
T=200K, E,=1.147¢y
T=300K, E,=1.125¢y
T =400K, E, =1.097 ¢y
TZSOOK, Eg =1.066QV
T=600K, £, =1.032¢y
3.13

The effective mass is given by

(1 4 -
KR dk?

We have

3.14
The effective mass for a hole is given by

-1
. (1 |d’E
"=\ w T
We have that
2
d E(curveA)>

k2

2
(curve B )

kz

so that m; (curve 4) < m; (curve B)

3.15
i dE o
Points A,B: r < 0 = velocity in -x
direction

i dE oo
Points C,D: T > 0 = velocity in +x

direction
d’E

k2

Points A,D: <0=

negative effective mass
d’E
dic*

Points B,C: >0=

positive effective mass

3.16
For A: E=Cik2
At £k =0.08x10"°m 1, E=0.05

eV
Or

E =(0.05)(1.6x10"") =8x1072'J
So 8x1072' = C,(0.08x10" )
= C, =1.25x107°"

n> (1.054x107)°
2¢,  2(1.25%107%)
=4.44%10 ' kg
. _ 44437107

9.11x107*!
m” =0.488m,

Now m" =

or m

o
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ForB: E=C,k’

At £k =0.08%x10""m -1, E=0.5
eV

Or
E=(0.5)(1.6x10"") =8x1072°J

So 8x1072° = (,(0.08x10" )’
= C, =1.25x107"

. r* [1.054x107)

Now m = =
2¢,  2[1.25x1077|
= 4.44%1072 kg
. 4.4437x107%
:—-mo
9.11x107"

m”* =0.0488m,

or m

3.17
ForA: E—E, =-C,k*

—(0.025)(1.6x107"°) = —C, (0.08x10"°)°

= C, =6.25x107"

. —h? —(1.054x10)?
m = = — 9
2C,  2(6.25%1077)
=—8.8873x10 kg
. —8.8873x107"
or m = -m,
9.11x107*"
m*=——0976m,
ForB: E—E, =—C,k’

—(0.3)(1.6x107"°) = —C, (0.08x10" )
= C, =7.5%x10"*

.=k —[1.054x107)?
m = =
2C,  2|7.5%x107%)
=—7.406x10? kg
. —7.406x107*
or m = -m,
9.11x107*!

*®

m- =-—0.0813m,

3.18

@) (i) E =hv
E  (1.42)1.6x107™"
or v =—

h 6.625x107*
=3.429%10' Hz
10
(i) 1=E=£= 3x10 _
E v 3429x%10
=8.75%10° cm=875nmm

, E (1.12){1.6x107"
(b) (1)v=—=( )( —a
h 6.625x10
=2.705x%10" Hz
10
(i) 1:3:&
v 2.705x10"
=1.109x10"% cm=1109

nm

3.19

(c) Curve A: Effective mass is a constant
Curve B: Effective mass is positive

around & = 0, and is negative

T
around kA =+ —.

3.20

E=E,-E, coslalk—k,)|
Then
Z_i =(—E,)(—a)sin[alk—k,)]

=+E,a sin[a(k -k, )]

and

2

C;k—f =Ea’ cos[a(k—ko)]
Then

1 1 d’E| _Eao’

m" R dk? =k, K
or

. R’
m =
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2 2 2
YZa )2(+XZa §/+XYa ZZ
321 dx dy dz
1/3
@ m, :42/3I(m )2 m ]
‘ o +2ME xvz-0
/7]
= 4*7|(0.082m, )*(1.64m, )| Dividing by XYZ , we obtain

m),, =0.56m,

1 9°X 1 90°Y 1 9°Z 2mE
(b) e I e
3 2 1 2 1 X ox* Y 9 Z oz h
= — —_— +
m'  m, m, 0.082m, 1.64m, Let X ;
_ 2439 0.6098 1.9 )z(z—kf N )2(+kfX=O
m, m, X ox ox
. The solution is of the form:
m, =0.12m, X(x)=Asink x+Bcosk x
Since l/f(X,y,Z) =0 at x =0, then
3.22 x(0)=0
sothat B=0.

2/3
@ m' zlm 32 3/2]
dp ( hh) ( lh) Also, ¥(x,v,2z) =0 at X=a, so that

X(a)=0. Then k.a=n_m where

3/2 3/2(2/3
= [l0.45m, )% +(0.082m,)""?] no=1.2.3..
=[0.30187+0.02348]*"* -m, Similarly, we have
2 2
m), =0.473m, l-a 12/=—k; and l-a Z=—k22
(m )3/2+(m )3/2 Y oy Z 0z’

(b) m, =—"" h From the boundary conditions, we find

’ (mhh)l/2+(mlh)l/2 kya:nyﬂ. and kza:nzﬂ:

here
0.45)*? +(0.082)*"? W
) ((o 45))”2 +Eo 082;1/2 m, n, =1,2,3,... and
C ' n.=1,2,3,...
Mo, = 0-34m, From the wave equation, we can write
2mE
B S S S By
3.23 h
For the 3-dimensional infinite potential well, The energy can be written as
V(x)=0 when 0<x<a,O0<y<a_ and Feg —ﬁn2+n2+n2)£2
0 <z <a. In this region, the wave equation T Tmyn: Ty U Ty T
is:
O’y(x.y.z)  ’wlx.y.z) 0’wlx.y.z) 3.4
ox2 o2 oz 2 The total number of quantum states in the

3-dimensional potential well is given
(in k-space) by

E
wlx,y,z)=0

2 2
. 7 . (k)dk:”k dk.a3
Use separation of variables technique, so let &r e
vlx y.2) = X(x)¥(r)2(z) where
Substituting into the wave equation, we have . YmE

hz
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We can then write 2a 1 o’
N2mE EldE = — —- = -dE
k= 7’;’ sr(E) r 20 \ E
Taking the differential, we obtain Divide by the "volume" a, so
£ hr E
dk=X. o L L gl M
A 2 JE h \2E
Substituting these expressions into the density
of states function, we have
3
T 2mE \ 1
g7 (E)dE ==2 (sz;'\/%"ﬂ s
-\ h (E) 1 J2(0.067)(9.11x107!
Noting that g = :
e (1.054x107**)(z) JE
= — 18
o g(E):l.OSSXIO =3 -1
this density of states function can be JE
simplified and written as
dra’
gr|E)dE = e (2m)** VE -dE 3.26
Sili - =1.08
Dividing by ® will yield the density of (a) Silicon, 72, 3/2'”“
states so that 471'(2m;)
47Z'(2m)3/2 gC(E):h—S E-E,
glE) = — JE
475(2m: )3/2 E.+2kT
g, =— E—-FE_-dE
c h3 c
3.25 E,
For a one-dimensional infinite potential well,
* 2.2 +)372
2m;E=n 727: =k’ :4”(2’";1) E(E—E R& Ecrakt
7] a W3 3 ¢ E
Distance between quantum states ( )3/2 ‘
47\2m’ 2
s =k, = (01 2 )= 2 )= 2 =l 2 (k)
a a a h 3
Now
2- dk _31 3/2
g klak = 2 :47z[2(1.08)(9.11><103 | 2 (ug)?
a] (6.625x107*) 3
Now =(7.953%10% )(247)*"?
1 - () At T =300K, &7 =0.0259 eV
k= % . ﬂ 2mnE
: =(0.0259)(1.6x107")
ae=L.L |2 e = 4.144%1072'J
n 2 E Then
Then

g. = (7.95?))(1055 )[2(4_144X10—21 )]3/2
= 60><1025 m -3
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or g.=6.0x10"cm3
(i) At T = 400K,

kT =(0.0259) 400
300
=0.034533 ¢V

= (0.034533)(1.6x107"

=5.5253%1072"J
Then

g. = (7.953><1055 )[2(5-5253><10_21 )]3/2

=9.239x10* m —3
or g.=9.24x10"cm 3
(b) GaAs, m, =0.067m,,

_ 472(0.067)(9.11x10 ||

(6.625%107% )’
=(1.2288%10% )(24T)*'2

%'(%T)

c

() At T'=300K, k7 = 4.144x107>"]

g. =(1.2288x10%)2(4.144x1072' ||’
=9272%x10*m 3

or g, =9.27x10" cm —3

(i) At T = 400K,

kT =5.5253x1072"J

g. = 1.2288x10% )[2(5-5253X10_2' )]3/

=1.427%10%**m —3
g.=1.43x10" cm 3

3.27
(a) Silicon, m, =0.56m,
axlom’ |
gu(E)=h—3 E,-E
anlom;)”
g, =—20 E,—E-dE
h3
Ep—3kT

_ 475(2:13;)3/2 (_TZ)ED _E)3/2 Ev
Ey—3kT
L \3/2
_ 475(2}’:’131)) (_72)—(3/(T)3/2]

_ 4z2(0.56)9.11x10' I'? (2 37
6.625x107%)° ( j
= (2.969%10% )(3k7)>"?
()At T =300K, k7 =4.144x1072']

gy, = (2.969><1055 )[3(4-144X10’21 )]3/2

=4.116x10>*m —3
or g, =4.12x10" cm —3

(i)At T =400K, k7 = 5.5253x10'
]

g, = (2.969X1055 )[3(5-5253X10‘21 )]3/2

=6.337x10>”m 3
or g, =6.34x10"cm 3
(b) GaAs, m, =0.48m,

31\]3/2

=47;[2(0.48)(9.11x103 | (g)%ﬂm
6.625x107*]

=(2.3564x10% |(347)*'?

v

(M)At T =300K, k7 =4.144x1072"]

g, = (2.3564x10% |[3(4.144x10-2 )|’
=3.266x10>°m —3
or g, =3.27x10"cm —3
(ihAt T = 400K,
kT =5.5253x1072'J

g, = 2.3564%x10” )[3(5.5253x10—21 ”3/2

=5.029%x10%* m —3
or g, =5.03x10" cm —3
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3.28
. )3/2

475(2mn
)= E-E

@ g (E — e

= 47[’2(1'08)(9-11X]()_31 )]3/2

- E-E,
(6.625%107)
=1.1929x10°° \JE - E
For E=FE_; g.=0
E=E, +0.1ev; g, =1.509%x10*m
—37J-1
E=E_+02¢V; =2.134%x10%*
m-—3J]1
E=E _+03eV; =2614x10%
m—3J1!
E=E_+04¢v; =3.018x10*
m-—37J]-1
«|3/2
4r\2m
o g
h3
_ /
ar[2(0.56)(9.11x107 )"
= - E,—E
(6.625x107)
=4.4541x10% \JE, — E
For E=F; g, =0
E=E,-0.1eV; g, =5.634x10* m
—37]-1
E=E,—02¢V, =7.968x10%
m—37J1
E=E,—-03¢V; =9.758x10%
m—3J—1
E=E,—-04¢v; =1.127x10*
m-—37J-1
3.29

*)3/2

g (m:J"* (1087
(@) g _( *)3/2 _(0.56] =2.68

8. (m;:)yz _(0.067
| 048

3/2
] =0.0521

3.30
Plot
3.31
g.! 1o
@ W, " NAg, =N (7)(10=7)r
_ (10)(9)(8)(7) _ (10)(9)(8) _
B E R P
(®) (@)
B 12! (12)(11)(101)
“(to)(12—=10)  (10(2)(1)
=66
(i)
— 12! _ (12)(11)(10)(9)(8Y)
Co8)2=s8)r  (81(4)(3)(2)(1)
=495
3.32
1
f(E)=1 P E
ol 0
@ E—EszT,f(E)=1+elm=>
f(E)=0.269
() E—E, =5kT,
SE)=—

N 1+exp(5) =
flE)=6.69%107
() E—E, =10kT ,
1
SE)= I+expllo)
flE)=4.54%x10"

or
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1 -0.25
1- flE) = E=E, . 1—f, = e
f1E) E, —E vil=Jr e)(13[0.0259}
1+exp i
kT =6.43%x10
(@ E,—E=kT  1—7(E)=0.269 g _kT.
_ v’
(b) Ep—E=5kT,1- f(E)=6.69%10"
© E,—F=10kT . - = exp[—(o.25+0.0259/2)}
1— f(E)=4.54%10" 0.0259
=3.90%x107°
E, —kT :
- f. = ex13[—(0.25+0.0259)}
3.34 0.0259
—(E-E,) =2.36x107"
=eXpl ———
(@) fF p|: kT i|
_3kT
E=E,; v Ty
—0.30 s
= =9.32x10
S eXp[o.ozs9} —(0.25+3(0.0259/2))
T 1= fr =exp
£ +F 0.0259
2 ( ) =1.43x10°°
B —(0.30+0.0259/2 E, —2kT:
Sr eXp[ 0.0259 }
=5.66x10°° I—f —e —(0.25+2(0.0259))
E. +kT r = ExP 0.0259
B —(0.30+0.0259) =8.70x10°°
Sr = eXp[ 0.0259
=3.43%10°°
Pl
<2 3.35
—(0.30+3(0.0259/2)) (E-E, ~(E, +kT-E,)
=eX =€X =€X
Ir p{ 0.0259 Jr=exp kT P kT
=2.08x10"° and
: —(E,-E
E, +2KkT . 1_fF:eXp{ [, )}
fo—ex —(0.30+2(0.0259)) kT
P eP 0.0259
=1.26x%10"° _ |:_(EF_(Ev_kT))i|
=€Xp kT
l_fF =1- IE E ( )
(b) { - F} —(E, +kT-E
1+exp So ex ¢ F
kT 0 p kT
- _(EF _E)
zexp| ———
kT
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Then E.+kT—E. =E.—E, +kT

E . +E,
OI' EF == midgap
3.36
hen’n?
E =227~
2ma

For n = 6, Filled state
(1.054x107*)*(6)*(7)?

E, =
2(9.11x107" 12107 )
=1.5044x10""%J
—18
or E =w=9.40 eV
1.6x107"

For n =7, Empty state
(1.054x107*)*(7)?(x)?
2(9.11x107" [[12x107° )

= 2.048x107'*]
_2.048x107"®

T 16x107"
Therefore 9.40< E, <12.8¢V

E, =

or =12.8¢eV

3.37
(a) For a 3-D infinite potential well

2
2mE T
"z +nf)(—j
a
For 5 electrons, the 5™ electron occupies

the quantum state 7, =2,n, =2,n_ =1;
$0
2

h T :
E,=—|nl+n>+n)| =
S om T Y Z) a

[1.054x107 )’ (7)?(22 +2% +17)
~ 2o.nix10712x1070 )?
=3.761x107"°J
3.761x107"

1.6x107"

For the next quantum state, which is empty,
the quantum state is 7, =lL,n, =2,n, =2
This quantum state is at the same energy, so

or E= =2.35eV

EF =2.35¢eV

(b) For 13 electrons, the 13™ electron
occupies the quantum state
n, 23,}’ly 22,1’12 :3;50

(1.054x107)* (x)? (32 +22 +3?]
2(9.11x107"|[12x107° )
=9.194%107'°J
9.194x107"
1.6x107"

The 14™ electron would occupy the quantum
state 7, =2,n, =3,n_ =3 This state is
at the same energy, so

E. =5746 ¢V

or F =5.746 eV

3.38
The probability of a state at £, = E, + AE
being occupied is

1 1

E —-E,.\ AE
I+exp| ——— | 1l+exp| —
kT kT

The probability of a state at £, = £ —AE
being empty is

HE) =

1
1-fL\E,)=1-
f2( 2) (EZ—EF]
I+exp| ———
kT
ex —AFE
L 1 P
—AE —AE
1+exp| —— 1+exp
kT kT
or
= flEy) = ——
AE
1+exp| —

Ny fl(El)zl_fz(Ez)

Q.ED.

3.39
(a) Atenergy £ , we want
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1 1

E—E,) E —E
kT kT _ 0.01

1

El _EF
1+exp T

This expression can be written as

E —-F
1+exp(1F]
kT
i _E —-1=0.01
ex g

1=(0.01) exp(%j

Then

E, = E, +kT In(100)
or

E, = E, +4.6kT

(b)
At E=FE, +4.6kT ,

or

1 1
E —E,\ l+exp(4.6
1+exp( 1kT F ] exp( )

which yields
7(E,)=0.00990 = 0.01

f(El):

3.40
(@)

~ -(E-E,.)]_ —(5.80-5.50)
Jr _eXp[ i P 00259
=9.32x10"°

(b) kT =(0.0259) 700 _ 6.060433
300

eV

—-0.30
0.060433

-, =)

kT

fr= eXp|: } =6.98x10"°

() 1=/f% Eexp|:

0.02 = exp|:_ 0'25}

kT

+0.25] 1

= =50
kT 0.02
0.25

== =1n(50)
kT

or exp|:

or

=22 _ 0063906 = (0.0259) I
In(50) 300

which yields 7= 740K

3.41
(a)

1

7.15-7.0
l+exp| ————
0.0259
or 0.304%

(b) At 7 =1000K, A7 = 0.08633 eV
Then

flE) = =0.00304

1
7.15—-7.0
1+exp| ——
[ 0.08633 j
or 14.96%
(©)
SE)=

=0.1496

S E)=

1

6.85-7.0
l+exp| ———
0.0259
or 99.7%
(d)

At E=E,, f(E)z% for all

=0.997

temperatures

342
(a) For £ =F|,
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1
E|= =eXp| ——
f1E) (EI—EF] p[ —
l+exp| ———
Then
—0.30
E )= =9.32x10"°
S1E) eXp(o.0259j 9-32>10
For E=FE,

E.—-FE,=112-030=0.82 ¢V
Then

or

1- £(E) 51—{1_6’“{(;(());529 ﬂ

= exp[ —0.82 j: 1.78x107"

0.0259
(b) For E, —E, =04 ¢V,
E —FE,=072¢v

AtE:El)
—(E,-E,] -0.72
E = _ | =
/12) eXp[ kT P 0.0259
or
f(E)=8.45%10""
At E=E,,
_(EF_E2)
1- f(E) = exp| —L—2~
1161 =ef 1

—exp| —24
Pl 0.0259
or

1— f(E)=1.96%x107"

_(E] _EF)

f(E)=9.32%x10"°
At E=E,,
E,—E,=142-03=1.12¢V

e 2222

_ —1.12
- eXp[ 0.0259 ]
or

1— f(E)=1.66x10""
(b) For E, —E, =04,

E —-E, =102

eV
At E=F,

flE)= exp{M} _ exp( ~1.02 ]

kT 0.0259

or
flE)=7.88x10"""

At E=E,,

1-flE) = m{%}

= exp| =04
Pl 0.0259

or 1— f(E)=1.96x10""

flE)= exp[M} _ exp( ~0.30

0.0259

3.44

o]

SO

or
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aflE) (/ZleeXp[E;fF ]

dE |: [E_EF \]:|2
I+exp
kT

(a) At T =0K, For

af
E<E, =>expl—o)=0=—=0
F XP( ) JE
af
E>FE,.=e¢ + oo =400 = =
F Xp( ) JE
AtE=EF:>£=—oo
dE
(b) At T =300K, kT = 0.0259 eV
ForE<<EF,£=0
dE
ForE>>EF,i=0
dE
At E=E,
-1
d) 0.0259 1)
G _\O < =-9.65
dE (1+1)
(eV) 1

() At T=500K, k7 =0.04317 eV

For E<<EF,£=O
dE

For E>>EF,i=0
dE

AtE:EF>

it N 1)
i_ 0.04317
dE T (141)?

—1

1 1

Problem Solutions

E f— =
f(E) o B —
X +
kT P kT

Si: £, =1.12¢V,

f(E) = 1

lrexp| 12
P 2(0.0259)

or
flE)=4.07x107"°

Ge: £, =0.66¢V

f(E) = 1

l+exp| 066
P 2(0.0259)
or

f(E)=2.93x10"°
GaAs: E, =1.42¢v

1
f(E) ) 1+ex 71'42
P12(0.0259]
or

FlE)=1.24%x107"
(b) Using the results of Problem 3.38, the
answers to part (b) are exactly the same as
those given in part (a).

=579V

3.45
(a) At E= Emidga}? s

3.46

_ _(E_EF)
@@ fr= eXp[k—T}

—0.60}
kT

10°° = exp[

0.60
or —=1In

10+8

0.60

T = o1 =0.032572¢v
ln(lO )

0.032572 =(0.0259) i
300
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so T=377K

—0.60
107¢ =
®) eXp[ kT }

960 _1(10+)
kT

T = 0.60 =0.043429

In(10°

0.043429 = (0.0259)[Lj
300

or T =503K

3.47
(2) At T =200K,

kT =(0.0259) 2001 _ 017267 eV
300

1

E-F,
1+exp T

E-FE
exp( FJ ! 1=19

fr=005=

kT | 005

E—E, =kT'1n(19)=(0.017267) In(19)
=0.05084 eV
By symmetry, for f» = 0.95,
E—E, =-0.05084 ¢V
Then AE =2(0.05084)=0.1017 ¢V
(b) T =400K, kT =0.034533 ¢V
For f» =0.05 from part (a),

E—E, =kTn(19) =(0.034533) In(19)
=0.10168 eV
Then AE =2(0.10168) = 0.2034 ¢V




