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In/homogeneous semiconductors
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Last week

 Tight-binding (LCAO for a solid)

* Bloch sums for an atomic (“exploded”) crystal and for a
real crystal

* From levels to bands

 How many bands are filled?

e Band structure of graphene, carbon nanotubes

* Semiconductors — basic electrical and optical properties
* Density of carriers at thermal equilibrium

* Density of available states

* Law of mass action
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Intrinsic case
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Impurity levels

Adding impurities can lead to controlled domination of one carrier type
— n-type is dominated by electrons
— p-type is dominated by holes

Adding other impurities can degrade electrical properties

Impurities with close
electronic structure to host

Impurities that create deep levels

p-type n-type deep level
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Impurity states as “embedded” hydrogen atoms

e Consider the weakly bound 5% electron in phosphorus as a modified hydrogen atom
¢ For hydrogenic donors or acceptors, we can think of the electron or hole,
respectively, as an orbiting electron around a net fixed charge

e We can estimate the energy to free the carrier into the conduction band or valence
band by using a modified expression for the energy of an electron in the H atom
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Thus, for the ground state n=1, we can see already that since & is of the order
of ~10, the binding energy of the carrier to the impurity atom is <0.1eV

Expect that many carriers are then ionized at room T:

® Bacceptorin Si: 0.046 eV
® PdonorinSi: 0.044 eV

® Asdonorin Si: 0.049
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Impurity types, levels
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Fig. 4.14 Measured ionization energies for the most commonly encountered impurities in Ge,
Si, and GaAs. The levels above midgap are referenced to E. and are donor-like or multiply
charged donors, unless marked with an A which identifies an acceptor level. The levels below
midgap are referenced to E, and are acceptor-like or multiply charged acceptors, unless marked
with a D for donor level. (From Sze."”) Reprinted with permission.)



Temperature dependence of majority carriers
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Conductivity in semiconductors

Conductivity in (doped) semiconductors can be computed as in
metals once we know the density of charge carriers (at every T):

O = Nc€lhe T PyClhp

Table 3 Carrier mobilities at room temperature, in em*/V-s

Crystal Electrons Holes
Diamond 1800 1200
Si 1350 480
Ge 3600 1800
InSb 800 450
InAs 30000 450
InP 4500 100
AlAs 250
AlSh 900 400

Crystal

GaAs

GaSh

PbS

PbSe

PbTe

AgCl

KBr (100 K)
SiC

Electrons

8000
5000
550
1020
2500
50
100
100

Holes

300
1000
600
930
1000

10-20



ELECTRONIC BANDS IN SODIUM CHLORIDE -
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Equilibrium carrier densities of
impure/extrinsic/doped semiconductors (simplified)

n-type doping:  [Ngq >> N,

2
mn:
nNe =~ Nd =
c P Ny
p-type doping: [N, > Ny
_ 2
DPv = N, Ne = an

How does the chemical potential move?

n-type doping: Ng > N,
Ng
p=pi +kpT'ln| —

n;

N, o
p-type doping: Ny, > Ny d/a > N,

N,
p=p; —kgT'ln (—)

ng
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Figure 13.3 The Fermi level in silicon as a function of temperature, for
various doping concentrations. The Ferm{ levels are expressed relative tc

the band edges. A small decrease of the energy gap with temperature has
been neglected. :

Semiconductor carrier engineering

e Silicon at room temperature

- n;: ~109%¢m3

add 10'%cm3 (~1ppm) phosphorous donors: nc~Ng
- n~10%cem3, p,~10% (n2/Ny)

conductivity is proportional to the # of carriers leading to 6 orders
of magnitude change in conductivity!

Impurities at the ppm level drastically change
the conductivity (6 orders of magnitude)
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Basic electronics: the transistor

The first point contact transistor
William Shockley, John Bardeen, and Walter Brattain
Bell Laboratories, Murray Hill, New Jersey (1947)

Bardeen Brattain

Emitter

Shockley

December 16, 1947 - Nobel Prize - 1956

Abrupt junction

Figure 29.1
The impurity densities along
a p-n junction in the case of
an “abrupt junction,” for
which donor impurities dom-
inate at positive x, and
acceptor impurities at nega-
: tive x. The donors are repre-
n-type sented by (+) to indicate
Ny their charge when ionized,
and the acceptors by (—).
For a junction to be abrupt,
- - - + + + + the region about x = 0 where
P R the impurity concentrations
change must be narrow com-
pared with the “depletion
layer” in which the carrier
densities are nonuniform.
(Typical plots of the carrier
densities are superimposed
on this figure in Figure 29.3.)

Impurity density




The p-n junction (diode)

p-type material at equilibrium n-type material at equilibrium

pVNNA nCNND
nCNniz/NA pVNniz/ND
N _ Ny
K, =M, —kaln( A] H, = H; +kaln(n_,-J
E. Ec
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, u
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, m
Ey Ey

What happens when you join these together?
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Joining p and n

Carriers flow under driving force of diffusion
until p is horizontal
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An electric field forms due to the deviation from charge neutrality

Therefore, a steady-state balance is achieved
where diffusive flux of the carriers is balanced

by the drift flux

Chemical potential

Figure 29.2

Two equivalent ways of repre-
senting the effect of the internal
potential ¢(x) on the electron and
hole densities of a p-n junction.
(a) The electrochemical potential
1(x) = p + ep(x)is plotted along
the p-n junction. The carrier den-
sities at any point x are those that
would be found in a uniform
semiconductor characterized by
the fixed band and impurity
energies &, §&,, &, and &,, at a
chemical potential equal to . (x).
(b) Here &/(x) = & — e¢(x) is the
energy of an electron wave packet
localized about x formed from
levels very near the conduction
band minimum, and similarly for
&.x). The energies of the local
impurity levels are &,(x) = &, —
e¢(x)and §,(x) = &, — ep(x). The
(constant) chemical potential is
also shown. The carrier densities
at any point x are those that
would be found in a uniform
semiconductor characterized by
band and impurity energies equal
to &(x), &4x), &,(x), and &,(x) at
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What is the built-in voltage V,,;?

Np
ni

up=ui—ka1n(N") W, =W +kI'ln

n.

1

NpN
Vi = KgTln (D—Q“‘) = fin — Hip
ns

(2

The built-in potential is also the one needed to align the Fermi levels!
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Carrier concentration
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1-dimensional monoatomic chain
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Properties

e Unique solutions for k in the first BZ

s+1

u

S

e Phase velocity and group velocity
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Properties

e Standing waves

e Long wavelength limit
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1-dimensional diatomic chain

—~lad - —~ d 1 a =
X . X X . X . X - X X . X L4
na (n+ 1 (n+2a (n+3u (n+4x (n+ 5k (n+6) n+7a

0000 SV 000 VA X0 W RS QOO0 ¥ WA DO M TR0 -V Ve

00 Ressort G
WA, Resson K
III. Equations of motion
dzu,,,
Me—=K (uzﬁ —ub)+ G(uz’,_l —uh)

d?

du
M dz’j’s =X (ul,s - ui!,s) i (ul,n»l E HQ,J)

V. Solutions

& itsa it _ itsa —iat
I{B—Hlé (=4 ,H25—I£2€ (=4

V. Dispersion relations
(Mo - (K +G) )+ (K+Ge ™)y, =0

(K +Ge™ )+ (Ma* - (K +G)uy =0



The homogenous linear equations have a solution only if the determinant of the
coefficients is zero:

(Mo*-(K+G))  (K+Ge™) _
(K+Ge™)  (Mo*-(K+G))

with solutions:

g G iL\/K2 +G* +2KGeoska
M M
u __ K+Ge™
u, |K +Ge™
for each k there are two solutions which are called the two branches of the dispersion
curves.
Figure 22.10 i

Dispersion relation for the
diatomic linear chain. The
lower branch is the acoustic
branch and has the same
structure as the single branch
present in the monatomic
case (Figure 22.8). In addi-
tion, there is now an optical
branch (upper branch.)
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The perfectly harmonic crystal

Phonon: lattice vibration of wave-vector q and frequency w;(q) (j: band
index). Frequencies are calculated from the second derivatives of the
energy (interatomic force constants) versus atomic displacements:

0’E

Cai, ps(Re, RL) = Olin: 10U T
az’ J’

= ai,ﬁj(RL - RL’)

equilibrium

Precisely, phonon frequencies are the eigenvalues of the dynamical
matrix D,; 3,(q), Fourier transform of C; s;(Ryz):

DQi, B3I (q) = Z Cai’ ﬂ](RL) e_":q'RL
L

W ttai = Y _ugiDai p; ()
85
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Frequency (cm™)

Phonon dispersions in diamond
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Phonon dispersions in graphite
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The quantization of vibrations

e Electrons are much lighter than nuclei

(mproton/melectron~1800)

e Electronic wave-functions always rearrange
themselves to be in the ground state (lowest
energy possible for the electrons), even if the
ions are moving around

e Born-Oppenheimer approximation: electrons
in the instantaneous potential of the ions (so,
electrons can not be excited — FALSE in
general)
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Nuclei have some quantum action...

o,1s energy
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The quantum harmonic oscillator (I)

- 2M dz*

\/? Jhm
O =,— a=——-
m h
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( g d—+%kz2j<o<z)=E<o<z>

The quantum harmonic oscillator (1)

T
4\ "
W1= (7) ze /2
1/4
W2=(%) (2az* — 1)e e
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uantized atomic vibrations %%
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Harmonic crystal’s free energy

Quantization of phonons’ energy:
1
E;(q) = hw;(@)(n + 3)
Partition function of one phonon (microcanonical ensemble - T & V

constant):
q) 1 1
Z ex —|—— — e
LA Z P kBT( y) 2sinh 224Q)
Total partition funct|on.
1

Ztotal — H Zq,j = B
q.j Hq,y 2sinh wj (q)

Free energy: ({ai} = lattice parameters)
F({a;},T) = E({ai}) + Foip
= E({a;}) - kBTln Ziotal

hug
= E({a:}) +Z =3 4 kT In( 1—exp(—ﬁ))
q,7
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Heat capacity

Constant volume heat capacity given by:

PF
o ==T
& RS
hwq. ; 1
:ch(qa]):k32< qJ) T
q.j az \2keT/ sinh? (%)

Cp,—C, = TVoBoa3,

1 1 1 1 1
0 500 1000 1500 2000 2500 3000
Temperature (K)
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The quasi-harmonic approximation: principle

F({ai},T) = E({ai}) +Z P90 1 kpT Y In(l - exp(- 1))

q,J

If phonon frequencies assumed constant (harmonic crystal), n
dependence of the vibrational free energy on structure

— no thermal expansion, no temperature dependence of elastic
constants, heat capacity reaching a limit a high temperature, ie. no
anharmonic effects.

Quasi-harmonic approximation: use harmonic expression of the free
energy but add additional dependence of the phonon frequencies on
the lattice parameters {a;}.

MSE 423 Fundamentals of Solid-state Materials - Nicola Marzari (EPFL, Fall 2023)



Thermal expansion

Minimization of quasi-harmonic free energy vs. lattice parameters {a;}:

hwg,;({ai}) hwq,; ({ai
Fi{a;}.T) = E{{a;} +Z : { +kBT§1n(1—exp(—%))

Equilibrium lattice parameters given by that minimization change with
temperature — Thermal expansion (or contraction):

i 8(11'
a; 8T

o; =
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Thermal Contraction in 2-d and 1-d Carbon

a

o (T) (10° K™

Exp. data (A.C. Bailey and B. Yates,
J. Appl. Phys. 41, 5088 - 1970)
Exp. data (H.O. Pierson, Handbook of
carbon, Noyes Publ. 1993, pp. 59-60)
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| |
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Temperature (K) . :

First prepared in 2005 !
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Gruneisen parameters for graphene

Grlneisen parameters

ZA

ZA bending mode
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Grineisen parameters for SWNT

(8,0) SWNT: Grlineisen parameters

Y(Q) “Pinch” mode
J

-4 4

_6 o

TA bending mode
-8 4
F .
TA bending mode
Radial breathing mode ZA bending mode of graphite
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