Conductance Quantization

AOne-dimensional ballistic/coherent transport
ALandauer theory

AThe role of contacts

AQuantum of electrical and thermal conductance

AOne-dimensional Wiedemann-Franz law

© 2009 Eric Pop, UIUC ECE 598EP: Hot Chips 1

Al-deal o "‘El-ectri-lx al

[/
4
v

[l ‘
- 4
g

\;
AOhmoés R:avw:[y]/

A Bulk materials, resistivity j : R =} LIA —— [ P ’ = '
L R is additive

A Nanoscale systems (coherent transport)
T R (G = 1/R) is a global quantity
T R cannot be decomposed into subparts, or added up from pieces
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Charge & Energy Current Flow in 1-D

A Remember (net) current J, & xI nl vwhere x =qor E

Net contribution

Jo=aanv, g g flv. - Jq:qmdk
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Je=a Env, :aEk[gkfk]Vk - Je ﬁEkgkfykdl
k K D

ALetds focus on charge curre

A Convert to integral over energy, use Fermi distribution
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Conductance as Transmission
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Jq = 900, TV dk Rolf Landauer ( 1927 1999)
k

A Two terminals (S and D) with Fermi levels p, and p,
A S and D are big, ideal electron reservoirs, MANY k-modes

A Transmission channel has only ONE mode, M =1
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Conductance of 1-D Quantum Wire

1D ballistic channel

gk+ =12

1D
k-space

A Voltage applied is Fermi level separation: qV =y, - W,
A Channel = 1D, ballistic, coherent, no scattering (T=1)
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Quasi-1D Channel in 2D Structure

van Wees, Phys. Rev. Lett. (1988)

Depletion by electro-

static gates

High mobility
2D electron
gas

('ballistic’)

2D 22X 4) 2D

Narrow constriction; quasi-1D
(width d ~ Fermi wavelength i)
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Limited conductance 2e2/h
even without scattering,
regardless of length L:

"contact resistance”
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Quantum Conductance in Nanotubes

A 2x sub-bands in nanotubes, and 2x from spin
AfiBest o con dglt orowest® =6,453 Y

A In practice we measure higher resistance, due to
scattering, defects, imperfect contacts (Schottky barriers)

Javey etal, Phys. Rev. Lett. (2004)
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Finite Temperatures

A Electrons in leads according to Fermi-Dirac distribution

1

A Conductance with n channels, at finite temperature T:

L AT

AAt even higher T: i usdephhsing i
due to inelastic scattering, phonons, etc.)
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Where Is the Resistance?

S.Datta, fAEIl ectr oni cMeboseopics Ppstemao (1995)

One-channel case again:

h scattering from barriers
(zero for perfect conductor)

/
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quantized contact resistance
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Multiple Barriers, Coherent Transport

A Coherent, resonant transport

A L <L, (phase-breaking length);
electron is truly a wave

A Perfect transmission through resonant, quasi-bound states:
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