Handout 28

Ballistic Quantum Transport in Semiconductor Nanostructures

In this lecture you will learn:

« Electron transport without scattering (ballistic transport)
* The quantum of conductance and the quantum of resistance
* Quantized conductance

Rolf Landauer (IBM) Lester F. Eastman (Cornell)
(1927-1999) (1928-)
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Electron Transport Physics in Nanoscale Systems

Hydrodynamic and ballistic transport

Quantized conductance

Coulomb blockage of tunneling and single electron transistors
Coherent carrier transport

Universal conductance fluctuations

Integer and fractional quantum Hall effects

Charge density wave and spin density wave transport
Anderson localization and weak localization

Metal-insulator transitions and Mott insulators

Molecular electronics and polarons

Strongly correlated electrons: Ferromagnets, aniterromagnets, and high-Tc
superconductors, spin liquids, topological insulators
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Conductors and Dissipation
Traditional View of Conductors:

.
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Power Dissipation in Conductors:

E&M (energy continuity equation) tells us that the power dissipation per

unit volume of a resistor is: J2
=JE=cE?=""_
o
Power dissipation in the entire resistor is:
2
P=JE(AL)=.12ﬁ=J2A2£=IL’R=L
o oA G
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Characteristic Velocity for Conduction

Consider a 3D solid in which the energy dispersion for k
conduction band near a band minimum is given by: _er E y
22 1 1k i T E-Ex
- n°k ~ (i > E=E x
E(k)=E.+2 = v (k)="v.E(k)="C E=E, %
2m, /]

e N
Current Density: ’ 4-\\

Jj=-2e 1(2”)3 f(k+ 3 E)vc() f(h‘”éj*—'z Ky

a3k [ A, er 2 v (k
=—2e><j'(2”)3|:f®+hE-VEf(k)i| Vc( )

—2ex d3R er = . af(E) vV ; ;

2ol B EVERT 0
~ 3k ( fF(EN[z - 2V (& | ﬂ ok
_Zezrxf(2”)3(_ oE J[E VC(k)]Vc( ) ;i p :
=ne TE I/’ ‘ '

Only electrons close to the Fermi energy contribute to the conductivity in
metals or heavily doped semiconductors at low temperatures
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Characteristic Velocity for Conduction and Mean Free Path
Characteristic Velocity:

The characteristic velocity is the average velocity of those electrons that contribute to

o condusty dk (_of(E)\ (x) ofi
<v2>=F£Z(2”)d (_ oE J"(“)-V(k)
dk (_ 6f(E)j
rez (27)? oE

For metals and heavily doped semiconductors at low temperatures: <V2> = VE

For low doped semiconductors at high temperatures: /<v2> ~ |9 KT
me

Mean Free Path:
The mean free path € is defined as the average distance an electron travels before it

scatters. It is given by:
= <v2> T

where 7 is the scattering time.
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Ballistic Electron Transport

The length scales involved in the smallest transistors and nanoscale devices, such as
carbon nanotubes and molecular conductors, can be small enough so that the
electrons do not scatter during the time it takes to travel through the device

Intel’s 30 nm transistor ; ‘ N
) source

Single atom transistor

When the length L of the conductor becomes much
smaller than the mean free path € the transport is termed
“ballistic” meaning that the electrons do not scatter
during the time it takes to travel through the conductor

Ballistic transport condition: L << /

Questions:
* What happens when L << € ?

* The formulas for conductivity that have the scattering time 7 in them are clearly no
longer valid since there is no scattering: nezr
ag =

fr > o
hat about dissipation? me
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Consider a 1D conductor (example, a quantum nanowire) that is contacted at both
ends by an external circuit.

Drain

L

Ballistic Electron Transport in a 1D Conductor

Source

the quantum wire is:

10E.(k
Vibp)= 1 els)

The electron density (

E.(k;)=E.+E4+ 5

The dispersion relation for the electrons inside

hz k2 Assume
z only one
e subband
— hkz
mg

number per unit length) is:

n= ZX_T % f(Ec(kz)_Ef)

The length L of the wire is short enough such that:

L<</

E
Ef
___&/____. EC+E1
_______________ Ec
k,
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Electric Fields, Chemical Potentials, and Voltage Sources
Now suppose a voltage source is applied from outside:

L
|— Drain Source —|
(V)=
\_/
In electronics, one never applies “electric fields” nor even “electrostatic potential

differences” to circuits but only “chemical potential differences” by using voltage
sources

The voltage source will raise the chemical potential (or the Fermi level) on one side of

the conductor with respect to the other by an amount eV

E E
E
Eﬂ_ Iev R
_____\/___E_c_f’a EET_A/___.
Ec Ec
k,
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Electron Currents
At the left contact, the current due to electrons moving in the right direction is:

I ,r= (_ e)2 X I% Vc(kz) f(Ec(kz)_ EfL)

At the right contact, the current due to electrons moving in the left direction is:

0 dk
Irs = (_ e)2x ) ”z Vc(kz) f(Ec(kz)_ EfR)
I/ PN Arrovys in_dicate
Drain - | Source the direction of
|_ —| electron flow (not
V) the direction of
E g E current, which is
opposite)
Er
Eﬂ_ IeV
____& L. EetBr EcxEN |/
S I
k, k,
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Ballistic Transport

Electrons do not scatter in the quantum ] /LR
wire. Therefore: |— Drain Source [

* All electrons that enter the wire from the
left contact make it to the right contact
* All electrons that enter the wire from the
right contact make it to the left contact

Total Current:

The net current is the sum of the currents

due to the right-moving and left-moving k, k,

electrons:
I=1p+lgsL

- e[ 5 vellr) FEL(k,)~En )+ (-e2x | 5 vellr) FE(k,)-E)

=0 2x[ 5% velks) [F(Eclhe) - Ere)~F(Eclh) - En )]
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Ballistic Transport Conductance
Total Current:

I=e 2)(10% Vc(kz) [f(Ec(kz)_EfR)_ f(Ec(kz)_ EfL)]
=2xy T GE O velks) FE-E)-(E- )
—2x-° | dE [f(E-EgR)-f(E—Ey)] Very simple

27 h g +E,
Assume T = 0K:
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e
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Conductance:
I=cgv =m0
2 e el
e
= G=— k,
T h
——
ECE 407 — Spring 2009 — Farhan Rana — Cornell University
Quantum of Conductance
The relation:
2 /) Ip,y1
I=GV = G-= e |— Drain [— <] Source —|
wh V)
defines the quantum of conductance as: I
2
Gg=2=772x10"°s
T h
The quantum of resistance is therefore: Rq = Gi = ”2h =12.95 kQ
Q €

The Quantum of Conductance:

* The quantum of conductance is the smallest possible non-zero conductance of a
completely ballistic conductor. Equivalently, the quantum of resistance is the
highest possible resistance of a completely ballistic conductor.

* All completely ballistic conductors (whether in 1D, 2D, or 3D) will have
conductance that is in multiples of the quantum conductance value (one can think
of ballistic conductance in 2D and 3D as a number of 1D conductors in parallel)
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The Question of Energy Dissipation

not scatter — they go ballistic. So where is the energy being dissipated?

The relation:
v 1] 1
I=GgV =_— LR RoL
Rq |— Drain [ ~—| Source —|
suggests that there should be power V)
dissipation in the conductor given by: e '
v2
P=1’Rg =
Rq

But, as we have seen, electrons do not loose any energy in the conductor — they do

Electrons loose energy and E, E,

the contact k,

E E
Answer:
- . . . EfR
The energy is dissipated in
the contact not in the En| & leV

conductor! \ E, +E, E, +;\ /

thermalize when they reach  ------|-===---- === ===7[~--~
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Multiple Subbands: Quantized Conductance

h2k2
3 Subbands = Ec(p,kz)=Ec+Ep+2mz {p=123
3 e
=1=%2x-2 | dE [f(E-Er)-Ff(E—Ey)]
p=1 27 hEE,
=3GqV

Conductance increases in multiples of G (quantized conductance!)

IR Ir1

|— Drain <«—|Source —|
(V)
\—/
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Quantized Conductance: Experiments with 1D Quantum Wires
Semiconductor Quantum Point Contacts:

« Electrons are confined in 2D in the quantum well

* Negative bias on metal gates repel electrons from
underneath the gates creating a narrow 1D channel
for electrons in the spacing between the gates

* The gate voltage can also control how many
subbands of the 1D channel are below the Fermi GaAs

level Quantum well
12 v - - v v

AlGaAs

Phys. Rev. Lett., 60, 848 (1988)

The conductance (and resistance)
is quantized so effectively in
Quantum Hall Effect that it can
give a value of the Plank’s
constant to one part in 108
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Vg (mV)
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Scattering and Conductance in 1D

What if there is one scatterer (like an impurity atom) in the 1D channel?

L

Quantum Mechanical Reflection and Transmission from a Potential Barrier:

Consider what happens when there is a potential barrier in the path of an electron in

a 1D quantum wire:
d r |—| Ec2 t
—

Ec1 EC1
n2k? n2k?
Ecq(k;)= Ecq+Eq+ Zm: Eco(k,)=Ecp+Eq+ 2m:
Left Side Solution: Right Side Solution:
#(F)=F(x,y) ™ +r f(x,y) e™"e* #(F)=t f(x,y) e

. - 2
Transmission probability: =

P v Te M Assume they are energy
Reflection probability: R, = ‘r‘z =1-T independent
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Conductance as Transmission: Landauer’s Formula

1= (ceex G2 velbs) T A(Eolle )~ En )+ (-e)2x | G velky) f(Exlhe)-Enm
+(-e)2x] “ZVC(k)R HE,(k;)-Erg) >
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Landauer’s formula

2
G= %Tc
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Conductance as Transmi7§sion: Higher Dimensions \
—C
Eq evd EfR
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