PHY 752 Solid State Physics
11-11:50 AM  MWF Olin 103

Plan for Lecture 30: Chap. 13 of GGGPP
Basic properties of semiconductors

1. Estimates of electron and hole
concentrations in intrinsic
semiconductors

2. Impurity states
Lecture notes prepared using materials from GGGPP text.
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Semiconductor properties

valence band

conduction band

=y

The top of the valer:
is Eg = E; - Ey

e Fermi level at zero semperature lies at the middle of the band gap.
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Boltzmann distribution for Fermi particles of energy E

FE) =

e E-w)/kpT 4 1°

chemical potential

Density of electrons in the conduction band at temperature T:

L "% 1
noy = [ ne® By dE = [ el By ey .
Je Je, AE—pifhaT

Density of holes in the conduction band at temperature T:
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For an intrinsic semiconductor: #no(T) = po(T).

Simplification of analysis for

E. — u(T) % kgT and u(T)— E, 3 ksgT

no(T) = N(TyeEe-mifkaT

where
o

NAT) _} ne(EyeE-EMbaT y4p
¥

po(T) = Ny (T)e B-EihaT

where
-E,
Nu(T) I ny( Eye B ENRT g

~
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Chemical potential for intrinsic semiconductor

!1(](T) = ['(1(T).

> N.(T)e (Ec—pi ) kg T = N,(T)e {p;—E, IH.;,J'.

1 1
w(T)==(E, + E.)+<kgTln

N.(T)
N:(T)

ni(T) = pi(T) = \/NAT)N,(T) ¢ Ec/2ksT

Mass action relationship:

in,,l?’)p,ll}'r = N AT)N.(T)e Ec/kaT o :rl"‘tT: = p,-'n}"l .

11/9/2015 PHY 752 Fall 2015 — Lecture 30 6




Two parabolic band model

conduction Eu(k) = E.

Figure 13.3 [sotropic two-band model semiconductor; the valence band profile has been reported
in bold to remind its full occupancy by electrons at T = ()
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Two parabolic band model -- continued

nAE) = [%-‘HF. (k) - Eydk = ’ + E, E]-hk:dk.

&
Tl

o {m.‘T):'. kgTo 1
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T 10" em
For T,=300 K
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Two parabolic band model -- continued

Similar analysis of valence band:

v 1

3in
Nu(T) = ) kg TP

Chemical potential

)= ME + B+ SkgTin ™
1i(T) = =(Ey + E.) + SkgTIn—2.
L 2 P m?
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Effects of impurities
Bloch states of perfect lattice

[L { 'I.-'n_ril] alk. r) = EL (k). (k. r):

Schroedinger equation for system with impurities

»
.

+ Vir) 4 \‘;cn]mr] = Egir).
=
Expression of impurity wavefunction in terms
of Bloch states: ; "
$r) =Y Ak ) (K. 1)
nk
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Effects of impurities -- continued

(r) = Z A (k') (K 1)
n'k’

[EL (k) — E]AL(K) + Jow Tk, K YA (K) =0,

where 1/, (k.K') = I Y (K. P) Vi () (K. 1) dr

For two parabolic band model
Case for impurity states near conduction band

2m;

Kk - y .
[ + E F.].-\[kr . Lf'lk.k?.‘\lk!=“.
K

Uik.K') = I E K. P Ve (K . T
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Case for impurity states near conduction band -- continued

Uik.K) = ’u:i\.rm,ik'. rje KK () dr

P e Y
& v lf (LE "Viir) dr:

Define envelope function

W

g
Fry=— Y Ake*r,
2>

K,
[ _r__‘"~ A ],-'Hr;] F(r) =(E E.)F(r).
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Case for impurity states near conduction band -- continued

Mn_, &
[ -.-l vi_ 2 ]Fln:it’ E VFir),
2m? Byl

‘ approximation to V,

Bound states — donor levels

A = mt 1
gy =E. - Ejy = 13.606—=— {(cV),
m g

m
a4 = ag=—=~;
"
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Example of donor impurity states

Substitutional As exire tron in the
3 ol

jon impurit

“1} 1 Lnpunty

electron bound in

ionized
the donor level
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Case for impurity states near valence band

v 4 'r'nrl] F(r)=(E - E,)F(r)

L35

] Fir)=—(E - E,)F(r)
Eyr

Bound state solutions for accepter impurity levels

| :
&y = Ey — Ey = 13.606—— (eV).
m gy
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Example of acceptor impurity states

Substitutional Ga~ missing electron (extra hole)
in the valence band

\/

hole bound in ionized
the acceptor level

100 L prity
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conduction [
band sdge

E; =066 oV

(GERMANIL ]

valence

s (meV) fior varsous dosor and sceeplor isparitics
il germanium. For d impiarities.
i ‘ E,j is reponted: for acceplor impurities the hole binding
cnergy fy = Eq — Ey is reported, The data an taken from A. K. Ramdas and 5. Rodriguez,
Rep. Proge Phys. 44, 1297 (1981)
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Mobile electrons and holes in doped semiconductors
as a function of temperature

(a) 4 & (b AE
conduction band conduction band |
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Probability that E, is occupied by an electron of either spin

1

] ) = .
P(Ey) (/DeE—maT 71

Density of electrons in conduction band

[no(T) = Nall — P(Eg)] + po(T) .

E " (1 /2)e Ea—p)/inT
NoAT)e EmmiisT _ N !
llfa:,!u-‘, wifksT 4

Atlow temperature:  No(T)e BT = Sy o kaT

no(T) = No(T)ye™ Ec—wikaT - J“:"IT'T" e

N AT je—in-EdaT
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At moderate temperatures
no(T) = No(Tye ‘Ec—m/kal = N .
WT)=E. +kgTIn
N,
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hInn(7T)

al B T
I
saturation region | freezi
high o |7‘|.'F

temperature temperature

Figure 13.8 Schematic varation of the electron concentration as a function of 1/Ag? i an

n-type semicondocior with Ny donor impurities per unit volume
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Note that similar analysis applies to the acceptor levels; in
general a given semiconductor can have concentrations of
both N, donors and N, acceptors.
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