Chapter 3

Prob.3.1 .
Caleulate Bohr radius for donor in Si (m, = 0.26 my).

From Eq.(2-10) with n = 1 and using &, = 11.8 for Si;

. 4ne,£0h” _ 118(885x10712)(6.63x107%)>
mg*  w(026)9.11x107)1.6x1071%)?
r=241x10""m=24.14

Note that this is more than four lattice spacings a (5.43A)

Prob. 3.2
Plot Fermi function for Eg = 1 eV.

f(E)={l+e(E-E,)/kT]—l

We will choose £ in eV and therefore use kT = 0.0259

E(eV) (E-Epr)kT AE)
0.75 -0.6525 0.99994
0.90 ~3.8610 0.97939
0.95 -1.9305 0.87330
0.98 -0.7722 0.68399
1.02 +0.7722 0.31600
1.05 +1.9305 0.12669
1.10 +3.8610 0.02061
1.25 +9.,6525 0.00006

1.0
0.75
AE)
0.5
025:
!
0 o5 1.0 1.3
E el
i8

18



Prob. 3.3

Calculate the density-of-states effective mass associated with the X minimum for the

given band structure.

Given that near the energy minimum along [10 0], the band structure is:
E= EO - Acos(ukx) - B{cos(Bky) + cos(ka)}
which can be Taylor expanded near the minima :

S S = AR LY

~(E, —A—-28)+~‘§a2kf +—§B’(ky’ +£)

The effective massis defined as: m” = ;ﬁ%
, aK?
1 Along (10 0)direction (longitudinal direction), the effective mass becomes :
dE Ao
dig
Along the two transverse directions, the effective mass becomes :
= hzz _ hzz
4L 3B
dicy

Finally, the density-of-states effective mass is given by:

* — » 32 1/3 — hz
DOS. m =(mm, ) —W
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Prob. 3.4
For the given band structure, find the temperature at which the number of electrons in

the T minima and the X minima equal.

From Eq.(3-15), we have:
X

ny Ny ~a

ny N, oy

Given that there are 6 X minima along the < 100 > directions, from Eq.(3- 16b) we get :

{ Nzes 6-(0.30)/2
Nop o= (0.065)

035
ﬁzg. =§HX ——“0.30 e T
Ap 0.065

‘When Ny =ny, we obtain
3
0.35 2
T =6x 0.30 »2
0.065
Thatis: kT =0.0857eVor, T =988K

Prob. 3.5
For the given band structure, calculate and sketch how the conductivily varies from low

T to high T and find the ratio of the conductivities at 1 000°C and 300°C.

0.30
n=np + g = Ap, 1+(15)3/26 kT
= constant, independent of temperature according to the problem

From Eq.(3-15), we have:

30
A Nep ot
nr Ner

Ep-Ey
nercre &

E,~Ey -E, N2 -E, -E
ng=Njge T e ___(_m‘ﬁ npe T = (15) 2nre ¥
r
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o =glnpir +nglty )= glnrir + 0 }5%]

12 930

030
n 15P/% ==
=q 0.30“1- 1+( 5); e T
1+(15)2e 4T
/2 03¢
(Bl
=qnir 530
1+(15)*2%e 4T

=gnritr| 1+

f 0.30
! 58.1 e‘TT

=q"”‘l‘§ 0
]'l+58,1><e kT

T<<§];’-, G =G = gnlir

T>>-%’—, o =0, =q”ur(1+1'16)

1+58.1

O,
o(000°C) _ 4254
5(300°C)
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Ifthe T to L separation is assurned to be 0.35 eV instead of 0.30 eV, we get:

6.35
58.1 5%

1+ %
R ) I ¥
14+58.1xe *7

5 (1000°C) _ o0
& (300°C)

AR e e

v

E/k T

|
%
.
.
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Find E, for Si from Fig. 3-17.

- h‘ln;]=h1 Nch "2}%(}‘1‘) B

. E (1
Innp =In NN, — —2-%(? )
2

ForSi, ny =10° at —— = 4x107
T

ny=3x10% ar L=2x107
f

1 1
E, =2kIn(ny/ng5)/ (}:;-E)

 2(862x107%)-In(3x10'/108)
(4-2)-1073

=13eV

This result is only approximate, since we neglect the temperature dependencies of N, Ny,
and B
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Prob. 3.7

Show that Eq.(3-25) results from Eqs.(3-15) and (3-19) and find the position of the Fermi
level relative to E; at 300K

EC

0.347eV

——" e

iy

0.55eV

EV

ny = Ne EmEIAT o\ o~(EENAT (Eg=EAT

= nyeEr BV

po =} g = el E-EVAT

ny = 1016 = LSXIO“} Xe(E;—Ei)/O‘Oz59

Ef - E; = 0.0259 X In(6.667x10°) = 0.347¢V

Prob. 3.8
Find the displacement of E; from the middle of Eg for Si.

E; is not exactly in the middle of the gap because the density of states N¢ and Ny differ.
Equating Egs.(3-21) and (3-23).

N, o E~EMT m o ER 2T
Eg/2~(E, - E)=kTIn(N,/N,)""? = kT In(mp /m;)*'*

For 8iat 300K,
E /2—(E.~E;)= 0.0259 x% in (0.56/11) = -0.013eV

Thus, E; is about 772 below the center of the gap.
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Prob.3.9
(a) Explain why holes appear at the top of the valence band.

Electron energy is plotted “up” in band diagrams such as Fig. 3-5, Thus conduction band
electrons relax to the bottom of the conduction band. Holes, having positive charge, have
energies which increase oppositely to that of negatively charged electrons. That is, hole
energy would be plotted “down” on an electron energy diagram such as Fig.3-5. Holes

therefore relax to the lowest hole energy available to them; i.e. the “top” of the valence
band.

{b) Explain why Si doped with 10" cm™ donors is n-type at 400K, but Ge is not.
_ According Fig. 3-17, the intrinsic concentration m; at 400K is
7 (400K) ~ 10" em for Ge
~ 10" em™ for Si

Thus at this temperature, Ny » n; for Si, Ny « n; for Ge.

Prob. 3.10.
For Si with Ng- N, = 4 X 10" cm”, find Er and Ry,

=Ny =N, =4x10" = p,eErEIAT

= — E; = kT In(ng/n;)
=0.02591n(4x10" /15x10'%) = 0.324eV

Ry =~(gny)™ = —(16x107"? x4x10'%)"! = ~1562.5 em*/C
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Prob. 3.11.

(a) Find the value of ng for minimum conductivity.
O = q(np, + pit,) = q(nt, + W ,nf/n)

do

'Zn" Q(”n - upniz/”z)

Seiting this equal to zero and defining 7, as the electron concentration for minimum
conductivity, we have

n = n e, M 1 =1y [ A,

(b) What iS Gnie?

S min = G (nfHp/iln + My Ha/llp ) = 2gm,[iL,1L,
{c) Calculate Oy and o; for Si

For 8i,
O i = 2006 x1077)(15x10'0)(1350 x 480)'2
=3.9%x10"%(Q: cm)™
;= qn (I, + 1) = (L6X10717)(15%10%)(1830)
=4.4x107%(Q- cm) ™!

or, take the reciprocal of p; in Appendix 111
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i bar 0.1 cm long and 100 un’ in cross sectional area is doped with 107 cm’
antimony. Find the current at 300K with 10V applied.

From Fig.3-23, t,= 700 com®/V-s

6 =qit,m =16x1071° x 700%10!7 =112 (Q- cm)! =p~*!
p=00893Q-cm

R=pL/A=00893%01/107% =893x10° Q
=V/R=10/(893%10°) =1.12mA

epeat for a length of 1um.

w € = 10V/10* cm = 10° V/em, which is in the velocity saturation regime. From
Fig. 3-24, v, = 10 cmv/s

Anv, = (16 x10712)(1076)(10'7)}(107) = 0.16 A

) How long does it take an average electron to drift 1 um in pure Si at an electric field
of 100V/em? Repeat for 10°Viem.

From Appendix III, i, = 1350 cm%/V-s

ow field: V= 1€ = 1350 X 100 = 1.35 x 10° cm/s

t=LAg=10*(1.35x 10°) = 7.4x 10" s = 0.74 s

high field: scattering-limited velocity v, = 107 co/s (Fig. 3-24)
t=10*10"= 10" 5= 10 ps
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Prob. 3.13
A perfect III-V semiconductor is doped with cobumn VI and Il impurities. For the given

Hn Wy calculate the energy levels introduced in the bandgap.

» _L6x107P %1013
=X X8

w=L o my =1.6x107*" kg = 0.176mq
100001074 )
cm

m,

m,, =1.408m,
From Eq.(3 - 8) and using the value of the ground state energy of a H atom
(1Rydberg) =13.6eV : :

13.67
Ep =% = 14.2meV below E.

2
>

&4 =113.6meV above £

Prob. 3.14
Find Vywith Hall probes misaligned.

Displacement of the probes by an amount § gives a small IR drop V5 in addition to ¥,

The Hall voltage reverses when B is reversed; however, V; is insensitive to the direction

of the magnetic field. Thus,
with Bpositive: Vig=Vy+ Vs
with@ negative: Vyig =~Vy + Vs

subtracting,  Vig— Vap =2Vy
We obtain the true Hall voltage from Vi =1(Vip - Vzp).
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.3

d the position of the Fermi level for 11 electrons in.an infinite 1-D potential well 1004
wide and the probability of exciting a carrier to the first excited state.

The energy levels are given by:

62 n’n?
E = where m = free electron mass, L =100A

6%(0.00120) eV = 0.0432 6V

—7-=00588eV

- 1 _ 1

E-E; |4 o00588-0.0432)/0.0259
I+e 4T

At 300K, this is 0.354.
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ob. 3.16
105i
1 8 Ny =1014cm-3
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When freeze-out occurs, ionized impurity scattering disappears, and only the phonon
scattering remains. In real 8i, other mechanisms, including neutral impurity scattering,
contribute to mobility.
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Prob. 3.18

Find the hole concentration and mobility with Hall measurement on a p-type
semiconductor bar.

The voitage measured is the Hall voltage plus the ohmic drop. The sign of Vi changes
with the magnetic field, but the ohmic voltage does not.

Vy =V,
True, Vg, = _ﬁ’_z_._.’fz. =3mV
Thus the chmic dropis 3.2-3.0=02mV
From Eq.(3- 50)
_ (3x107° 4)(10x10”*Wh/em?)
9(20x10*cm)(3x1077)

0 =3.125%107cm™3

0.2mV
p=—t3MA ) _4033Q.cm=
__..2«“_2__.._ quppo
500pm X 20pm
1 1

= 600 em?*/(V -5)

b= om0 1.6x107%(0.033)(3.125x10"")

rob. 3.19

Calculate the conductivity of a hypothetical semiconductor at 600K.

The intrinsic conductivity is given as

_E
JNNye 2T |x2000=4x1078(Q- cm)™!

»

0 = qn;(iL, ’H*"p):q

E‘

4x1075 =1.6x10719(10'%)(2000)e 2T
AsT goes from 300K to 600K, £,, N,,, N, do not change, and

B A
e #% increasesto e “**1) where T} = 300K.
Therefore,
E, / po
ST 4x10° _
e 2"(27?)::\{ A 354107
1.6x107"7 x10"7 %2000

6= — = 0.113(Q- cm)™
3.54x10-
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Prob. 3.20

Calculate the number of electrons, holes, and nyin the unknown semiconductor with Er
0.25¢V below E,.

E,
0.25¢V IO*Z"V
Ep
Ep
w 1leV
l :
Incomplete ionization :

FE)=—L=0.1267
1 4 gbw%
n=(1-f)N; =8.733x10"em™?
JEEe
Also, n=N,e T

E-E,
el
N,=ne ¥ =8733x10M x025/00259

=1.359x10%cm> = N,
_Er'Ev
p=Ne M =1359x10" xe (-1-029/00259 - 5 591 10%em 3

n, = np =8.142x10°cm™3

Prob. 321
Referring 1o Fig. 3.25, find the type, cncentration and mobility of the majority carrier.

Given,
B, =10 Wh/ecm?
From the sign of V45, we can see the majority carriers are electrons.

W NP
ro=—d o OO ) 315510
gt(-V4p) 1.6X1077 (107"} 2x107%)
_ R Vepll,  01/107
P=Tiwe Lim 0.5/0.01x1073
1 1

T pany  (0.002)(1.6x107°)(3.125%107)

=0.002Q-cm

- =10,000 cmz(V syt
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