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3. ELECTRICAL CONDUCTIVITY
Two truths are told



Kinetic Theory of Gases: Electron y
Gas

ll l di ib i
2 3/ 2 2

Maxwell-Boltzmann distribution
( ) exp( / )n v Av T Bv T dv−= −

Assumptions for Drude Model:
1. Collisions btw electrons are 

neglected and the electronsneglected and the electrons 
undergo collision with the 
metal ions

2. The mean free path is . e ea ee pat s
governed by the lattice 
spacing in the crystal and 
independent of the p
electron’s speed



Electrical Conduction: Drude
Model
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1. Drude model: kinetic theory of gas 
21 3

2 2t Bmv k T=

2. Avg. electron thermal velocity 106 ms-1

Mean free path: 10 nm
Let τ be the time of flight between collision

2 2

Let, τ be the time of flight between collision



Conductivity: Drude ModelConductivity: Drude Model
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Classical treatment (drift, scattering): 
1 Force exerted on a single electron in a field: F eE

Let, τ be the time of flight between collision

1. Force exerted on a single electron in a field:  F= eE
2. Acceleration experienced by the electron (a):  ma = eE,  (by the Newton’s law)
3. Average velocity in the electric field (aτ) :

d
ev E
m

τ=

4. Current density (J=I/A):
m

2
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d
neJ nev E
m
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= =

5. Drift mobility
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2,             This is just the Ohm's law (V=RI).ne m
m ne
τσ ρ

τ
∴ = =

2 e dvne neτ τσ μ μ= = = =
Drift mobility values
Si single crystal: 1500 cm2V-1s-15. Drift mobility 

6. Drift and diffusion: 

,        
m

ne
m E

σ μ μ= = = =

   dnJ ne E eD
dx

μ= +

Si single crystal: 1500 cm2V-1s-1

Pentacene: 4 cm2V-1s-1

C60: 0.3 cm2V-1s-1



Sheet ResistanceSheet Resistance

Sh i i li bl di i l h h hi fil i• Sheet resistance is applicable to two-dimensional systems where the thin film is 
considered to be a two dimensional entity. It is equivalent to resistivity as used in three-
dimensional systems. When the term sheet resistance is used, the current must be 
flowing along the plane of the sheet, not perpendicular to it.

• In a regular three-dimensional conductor, the resistance can be written as

h i th i ti it A i th ti l d L i th l th Th

L LR
A Wt

ρ ρ= =

• where ρ is the resistivity, A is the cross-sectional area and L is the length. The cross-
sectional area can be split into the width W and the sheet thickness t.

• By grouping the resistivity with the thickness, the resistance can then be written as

s
L LR R

t W W
ρ

= =

• Rs is then the sheet resistance. Because it is multiplied by a dimensionless quantity, the 
units are ohms. The term ohms/square is sometimes (but not universally) used because 
it gives the resistance in ohms of current passing from one side of a square region to 
the opposite side regardless of the size of the square For a square L = W Therefore R

t W W

the opposite side, regardless of the size of the square. For a square, L = W. Therefore, R
= Rs for any size square.



Fermi Energy: Fermi-Dirac gy
Quantum Statistics

• Sommerfeld 1928: Quantum mechanical approach• Sommerfeld 1928: Quantum mechanical approach
• Fermi-Dirac distribution function, f(E)
• Fermi level (EF): energy at which the probability of electron 

occupancy is ½occupancy is ½
• Density of state, S(E)

1( )f E 1( )
exp[( ) / ] 1F B

f E
E E k T

=
− +

2( )S E CE=

( ) ( ) ( )N E dE S E f E dE( ) ( ) ( )N E dE S E f E dE=

Note that  (1) kBT is only 0.026 eV at 300 K , and (2) EF of metal is several eV



Electromagnetic WavesElectromagnetic Waves
0 cos( )E E wt kx= −  :  Phase velocity

2     : angular freq. of the wave
2k

w πν
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Frequency : νFrequency : ν

For EM wave, phase velocity v=ω/k=λν=c,  (3.00 x 108 ms-1)





Photons as Particles: Group 
Velocity

• Photoelectric effect Einstein 1905: Light as the ‘energy packet’ or• Photoelectric effect, Einstein 1905: Light as the energy packet  or 
‘quanta’

• Wave-particle duality can be better understood by realizing that 
the electron can be represented by a combination of several wavethe electron can be represented by a combination of several wave 
trains having slight different freq. and wave number. 

• Group velocity (vg): speed at which the wave packet propagates

dv ϖ
=gv

dk
=

R. E. Hummel, 3rd ed



Schrődinger Equations:Schrődinger Equations:  
H Eψ ψ=

1 D F El V 0

2
2
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• 1-D Free Electron: V=0

Equation
2

2
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Eigenfunctions
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Particle in a BoxParticle in a Box

2 2d Eψ ψ22
E

m dx
ψ ψ− =

2 2

,
2

ikx ikx kAe Be E
m

ψ −= + =

Boundary Conditions: 

(0) ( ) 0LΨ = Ψ =

i.e.
2 2 2 2 2 2 2k n n hE π
sin( ), 1, 2,3,...quantumsn

nC x n
L
π

Ψ = =

2 22 2 8nE
m mL mL

= = =

Note the ground state energy when n=1



Heisenberg’s Uncertainty PrincipleHeisenberg s Uncertainty Principle
xx p h

E t h
Δ Δ ≥
Δ Δ ≥E t hΔ Δ ≥

ikxAeψ =   momentum described exactly! What about the position?p k=
cos sinikxe kx i kx= +

* ( )*( )ikx ikxAe Aeψ ψ =

Real partImaginary  
part

2 , .independent of A const x=
Very uncertain in position

To make the location better-
defined, you need to have , y
momentum uncertainty by 
superposing several waves 
with different k values.



Quantum Mechanical TunnellingQuantum Mechanical Tunnelling

Finite height potential barrier (V)

P. W. Atkins



Kronig Penny Model in 1930Kronig-Penny Model in 1930
22α note that  replaces k of free electron case

note that  gets k when  is very low

d h i b ' i l i b ' h
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=
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and that it becomes 'particle in a box' when  is very large

strength of t  mV b
γ

γ = he barrier

2 2

2
E

m
α

=

Allowed range of α gives allowed range of E



Brillouin zone & Bragg ReflectionBrillouin zone & Bragg Reflection 

3rd B ill i
Bragg reflection at the Brillouin

Reduced wavevector presentation

3rd Brillouin zone zone boundary
2n aλ =

p

Because the same  and thus E is obtained, for k and (k+2 na)
sin a

α π
αsincos cos ( ) aka a a
a
αα γ

α
= +



Band Formation : Si crystalBand Formation :  Si crystal

1s22s22p63s23p21s 2s 2p 3s 3p

How many atoms in 1 kg of silicon? 1026 atoms --- Energy level splitting of the same number 



Metal Semiconductor InsulatorMetal, Semiconductor, Insulator

Eg of semiconductor
T i ll 0 1 3 VTypically 0.1-3 eV
Si (1.1 eV), GaAS (1.4eV)

• Process of electronic conduction: valence band electron takes the energy• Process of electronic conduction: valence band electron takes the energy 
from the field and change its energy state, i.e. move to a higher lying 
energy level: partly-filled band is able to conduct but fully-filled band is 
not. 
S i d t i i d ti it ith T d/ li ht ill i ti• Semiconductor: increasing conductivity with T and/or light illumination



Electrons and HolesElectrons and Holes
To describe the electron in a valence band much like the free electron 
b t ith difi d ( *) t

2 2 2 2 2

2 2 2

but with modified mass (m*), we can put

*
2 * * /

k d EE m
m dk m d E dk

→= = =→

Curvature of E-k curve determines the effective mass.

m* is positive at the bottom but negative at 
the top of the valence band 

N ti * th l f thNegative m* means the reversal of the 
momentum upon application of electric field

Therefore use of the ‘hole’ with positive charge p g
and positive effective mass is convenient



DopingDoping 
n-doping: P, As, Sb, Bi; 
Increasing E

4
3

  

exp( )D

Extrinsic carrier generation

En BT −
=

Δ
Increasing EF

eand goes to n =ND at

exp( )

sufficiently high T
0.05 

2

D

e
B

E eV

n
k T

BT=

Δ ≈
0.025 Bk T eV=

Intrinsic carrier generation

p-doping: B, Al, Ga, In
Decreasing EF

3/2
i

B

-Egn =AT exp( )
2k

1.1 
T

Eg eV=
Decreasing EF

0 05 0 16E eVΔ ≈ −

0.025 kBT eV≈

0.05 0.16 
0.025 eV

A

B

E eV
k T
Δ ≈ −

=

Localized energy levels within band gap
1. Trap: temporary removal (trap) of carriers
2. Recombination center: permanent removal of carriers



Quantum WellsQuantum Wells
Q t h i l fi t

Eg of GaAs: 1.43 eV
Eg of AlGaAs: 1 43-2 16

Quantum mechanical confinement

Eg of AlGaAs:  1.43 2.16 
depending on the 
composition



Molecular Electronics 
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Pentacene: Organic SemiconductorPentacene: Organic Semiconductor 
• Hole drift mobility: 5.5 cm2V-1s-1y
• HOMO: highest occupied molecular orbital
• LUMO: lowest unoccupied molecular orbital
• What is the origin of the different HOMO/LUMO values 

in gas and crystal?g y
• Note the small band width of HOMO and LUMO

Source : Wikipedia



Polyacetylene: Conducting PolymerPolyacetylene: Conducting Polymer 

• Homework #1: Read the Nobel 
i t ti h d dprize presentation speech and do 

the web search for polyacetylenes. 
Report on the polyacetylene
history, facts, and future: 5 pages of 

i li h d b
y p g

A4  in English due 29 September. 



Polyacetylene: 1-D Kronig-Penney y y g y
Model

• N atoms with separation ‘a’ : no bond 
alternation: Kronig-Penney Model

• Eg is expected to vanish with increasing N to 
give the half-filled metallic band 

2 2 2
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2 2
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2 2
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=
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g LUMO HOMO

E
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Peierls Transition in Polyacetylene:y y
Bond Length Alternation (BLA)

• 1955 Peierls showed that monoatomic metallic chain is unstable and will undergo a 
metal-to-insulator transition at low temperature

• Transition from a metal with no gap at the Fermi level into a semiconductor with a 
gap at π/agap a π/a

• Compromise between elastic energy (displacing the atom) and electronic energy: 
‘electron-lattice coupling’

(1a) ε−

(1a)
ε+



Band Structure of PolyacetyleneBand Structure of Polyacetylene

The greater degree of conjugation
The larger the value of W
The higher the drift mobility

E 1 4 V

The higher the drift mobility

W=2zt

Eg=1.4 eV

Band width (W) : ca 10 eV
z: number of nearest neighbors (2 for PA)
t: transfer integral (2.5 eV for PA)



Conjugated Polymers and Other j g y
Semiconducting Materials 



Charge Transfer (CT) ComplexCharge Transfer (CT) Complex

Low energy CT 
b tiabsorption

Partial electron 
transfer

Conductivities: 
pyrene: 10-12 Sm-1

Iodine:  10-7 Sm-1

C l 1 S 1CT complex: 1 Sm-1



Stacking in CT ComplexesStacking in CT Complexes

• Band width is much 
less (~1 eV) compared to 
the conjugated polymer:.

• CT complex is 
intermolecular 1-D 
conductor, while 
conjugated polymer is a  
1-D intramolecular
conductor.

More chances for higher conductivity



TTF TCNQ: Organic MetalTTF-TCNQ: Organic Metal

A 1:1 TTF:TCNQ salt 
exhibits a high room temp g p
conductivity (5x102 Sm-1) 
and metallic behavior is 
observed as temperature is 
reduced to 54K. 

Segregated 
parallel stacking
(Chem Rev 104(Chem. Rev., 104
(11), 5565 -5592, 
2004)



Doping PolyacetyleneDoping Polyacetylene



Solitons in Polyacetylene(PA)Solitons in Polyacetylene(PA)
• Solitary wave (phase kink) at the boundary of two degenerate BLA states of PA• Solitary wave (phase kink) at the boundary of two degenerate BLA states of PA
• Soliton is an extended wave over about 7 C atoms; mobile, esr active
• Charged soliton (+, -) is a charge carrier in PA; hopping by  the capture of a mobile 

electron from a neutral soliton in an adjacent chain.  
• Doping generates charged solitons which progresses to the formation of soliton band• Doping generates charged solitons which progresses to the formation of soliton band



Polarons and BipolaronsPolarons and Bipolarons
• Defects in conjugated polymers with non degenerate GS• Defects in conjugated polymers with non-degenerate GS
• Positive (negative) polaron is a radical cation (anion); Bipolaron is a bound state of two 

charged polarons of like charge. Polaron refers to the distortion of the lattice.
• Polaron/bipolaron are charge carriers in conjugated polymers with non-degenerate GS



SuperconductivitySuperconductivity
• Superconductivity ≡ vanished resistivity• Superconductivity ≡ vanished resistivity
• 1957 BCS (Bardeen, Cooper, Schrieffer)theory: Attractive interaction btw electrons provided by the 

exchange of phonons to form ‘Cooper Pair’
• Cooper pair have opposite spin (no net spin) and the quasi-particle which does not obey Fermi-Dirac 

statistics. Cooper pairs are able to move through the lattice without any energy exchange in collision, 
which means no resistivitywhich means no resistivity. 

• Currently 135K is the highest record superconductor (oxide material);YBCO, critical temperature 92 K: 
organic CT salt 13K, fullerenes 33K. From about 1993 the highest temperature superconductor was a 
ceramic material consisting of thallium, mercury, copper, barium, calcium, and oxygen, with Tc=138 K. 

• 1964 Little predicted rt superconducting polymer: not achieved yet!



Ionic Conductivity vs. Electronic y
Conductivity

• Ionic conductivity give rise to the time dependent current Ions• Ionic conductivity give rise to the time-dependent current. Ions 
travelling through a sample under the influence of an applied E 
field will accumulates at the defects or at one of the solid 
electrode reducing the ionic current to zero over a period.g p

1.  Presence of ionic conductivity is indicated when the  
h h l i b l Thi i d h d f C l b f

conductivity and permittivity
show the strong correlation as below. This is due to the rdxn of Coulomb forces 
btw ions in a high-permittivity medium

where A and B are constants and  is the static real parlog  t permittivit ys
s

A Bσ ε
ε

= − +

2. Mott and Gurney model applies when ionic conductivity exists.

    where a is the distance btw potential wells associatedsinh   
2 B

eaEJ
k T

∝

with the ionic movement
B



Quantum Mechanical TunnelingQuantum Mechanical Tunneling

tTunneling current  at low applied voltage

where d is thickness and A & B are constants
exp( ) t A Bdσ

σ
= −

tTunneling current  at higher applied voltage 
for symmetrical rectangular barrier

σ

02 [
sin(

CkTI I
CkT

π
π

= 2]exp( )sinh( )
) 2

CVBV−



Variable Range HoppingVariable Range Hopping
• Conjugated polymers and molecular materials are more or less• Conjugated polymers and molecular materials are more or less 

disordered thus the band tails are localized and there exists a mobility 
edge

• The electron motion in localized states is much smaller than in extended 
states. 

• Disordered material- Mean free path is of the order of interatomic
distance – diffusive transport ----mobility is expected to be less than 6 
cm2V-1s-1 (using the Einstein relation btw μ and D)cm V s (using the Einstein relation btw μ and D)

• Electron transport btw localized states: (1) thermally activated process, (2) 
tunneling process, (3) Hopping=thermally assisted tunneling

1
0

Variable range hopping model of Mott

exp[ ( ) ]nTσ σ 0
0

where  for 3-D, n=3 for 2-D, n=2 for 1-D
A h i di i i h

exp[ ( ) ]

n=4

n

T
σ σ= −

Avg hoping distance varies with T 
Thus it is called 'variable range hopping'

⇒



Space Charge InjectionSpace-Charge Injection
• When the electrical contacts are Ohmic I is linear to V at low V region• When the electrical contacts are Ohmic, I is linear to V at low V region 

(volume conductivity dominates). However it becomes superlinear due to 
the injection of excess carriers and thus space-charge limited at higher V. 

2V
3  SCLC m l odeVJ

d
∝

General equation of bulk SCLC 

( )mVd 2

where m=2:  trap-free insulator
           m=3:  double injection (e & h)

m=1/2 : recombina

            

tive space ch

  

arge injectio

(

n

)   mVJ d
d

∝

          m 1/2  : recombinative space charge injection



Schottky and Poole Frenkel EffectsSchottky and Poole-Frenkel Effects
Redistribution of charge in the interface region→’band bending’ or distortion

0.5

Schottky emission

exp( )EJ
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Fowler-Nordheim tunnelling
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g
at higher E
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Poole-Frenkel effect
E-assisted de-trapping

is different from that of Sc oh ttkyβ
0.5
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exp(

o
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AC Conductivity: Complex PermittivityAC Conductivity: Complex Permittivity

AC conductivity comprises
o

0 r0 r "

AC conductivity comprises 
both in-phase and 90  out-of-phase components

I=V(j + )=V(j )A 'C G
d
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d
ε ε ϖϖ ϖ ε ε

+

0

(  admittance,  impedancwhere Y(=j C+G) is Z(=1/Y) is
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Th s
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u

d
ϖ

σ ϖ ε ϖε= " )constε =0    (linear to  when lossless,AC rσ ϖ ε ϖε

4   (0.7<n

)
In reality, unversal law for the dielectrics

; n value doubles at f>10  Hz due to the contact resistance effect<1)

r

n
AC

constε
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AC conductivity of 
Anthracene DerivAnthracene Deriv.



Impedance SpectroscopyImpedance Spectroscopy
  

( )
Debye Equation

s

2 2 2 2

where ε  and ε  are the low- and high-frequency values of the real 

( )'  and "
1 1

s s
r s r

ε ε ε ε ϖτε ε ε
ϖ τ ϖ τ
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∞

∞− −
= + =
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C l C l Di f ITO/PPV/Al

part of the relative permittivity, respectively, and  is a characteristic
ti

τ
me constant of the system

Cole-Cole Diagram for ITO/PPV/Al

bulk Schottky barrier


