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We combine ab initio density functional theory with transport calculations to provide a micro-
scopic basis for distinguishing between ‘good’ and ‘poor’ metal contacts to nanotubes. Comparing
Ti and Pd as examples of different contact metals, we trace back the observed superiority of Pd to
the nature of the metal-nanotube hybridization. Based on large scale Landauer transport calcula-
tions, we suggest that the ‘optimum’ metal-nanotube contact combines a weak hybridization with
a large contact length between the metal and the nanotube.
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Outhline

e motivation: contacting carbon nanotubes (CNTs)

e microscopic ab-initio study of the metal /CNT-interface
e extracting parameters for tight-binding (TB) calculations
e TB-model for large scale transport calculations

e evaluation of the contact resistance

e work in progress: non-epitaxial contacts
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Motivation

CNT-transport measurements — typical experimental setup:

e CNT on an insulating (underetched) substrate
e backgate control possible

e contacts 2 100nm by metal evaporation (e.g. Au, Cr, Pd etc.)
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Experimental facts and puzzles

e material dependent contact resistance:
Au/Cr < Ti< Pd

e varying results about the effective contact size

e gate dependent contact resistance:
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Electronic structure at the interface
microscopic DF T-study, using SIESTA (LDA-PZ)

e metal/CNT interface modelled by graphene/metal-monolayer:

metal-111- monolayer —

/Q/’I/Q/

e lattice constant: 2.5 A
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Electron density redistribution

Ap(r) = pumeso(r) = (pme(T) + po(r))

top view >
PSR - e

-

Pd: accumulation of electrons in interlayer region
= lowering of the scattering potential at the interface?
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Band structure of hybrid system

combined system
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Band structure at contact: Ti1 vs. Pd

2Pd/C |
/ / electron-transfer: from graphene to Pd

AVL rigid shift of graphene bands: AF =0.41¢eV
/< weak hybridization near K-point: ~0.15eV
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electron-transfer: from Ti to graphene
rigid shift of graphene bands: AE=—1.56eV
strong hybridization near K-point: ~0.80eV
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CNTs in TB-approximation
CNT (6,6)

band structure density of states
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Hamiltonian:
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Landauer transport

CNT (6,6)

band structure

density of states

transmission

left lead conductor right lead
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Coating wide-band leads

wide-band approximation: |14 AU
> =—1A ‘ :

(independent for each atom,

independent of energy)

L =100nm (fixed), L < 100 nm (variable)

Wide-band constant A
2
A= <7carbon> X L]:)Osmetal—surface

metal

From ab initio calculation:
Apg~0.02eV, A1;~0.10eV
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Transmission with .
coating wide-band leads ke Ly e L

Raw transmission data T'h(£) and T}, 4(E):
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Transmission with S
coating wide-band leads ke Ly e L

Raw transmission data T'h(£) and T}, 4(E):

Lol Lo = 25 nm | .
L.= 6 nm For fixed length L_:
8t = Thand -
——A4=0.01eV weak coupling A:

resonant tunneling (whole tube)

0 |
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Transmission with .
coating wide-band leads ke Ly e L

Raw transmission data T'h(£) and T}, 4(E):

ol Lo = 25 nm ! .
L.= 6 nm For fixed length L_:
81 = Thand |
——A4=0.01eV weak coupling A:
m— A =0.1eV :
5 | resonant tunneling (whole tube)
~
* intermediate coupling A:
| | nearly perfect transmission
O | | | | | | | | | | |
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Transmission with =
coating wide-band leads ke Ly e L

Raw transmission data T'h(£) and T}, 4(E):

o Lo = 25 nm .
M L.= 6 nm For fixed length L_:
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Contact resistance

o Lo =25 nm
L.=6nm
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(cover several resonances, massless bands only)
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10 >4  Optimum transmission at _
_ p=peA" / ]

A < Agpt: weak coupling regime

— conventional Breit-Wigner broadening
of individual resonances

1o-4i A > Agpt: Strong coupling regime

L. has no effect
(CNT effectively cut off at contact-edge)

105}
L=128 nm

106|
&L=512 nm

/

1 — inverse Breit-Wigner broadening
001 0.1 1 10 of individual resonances

A(eV)
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Effective contact length Lig

i i
le— L. —le— Ly —>f¢— L. —3|

. . . . . strong coupling regime:

| —
1of ] ps(A) = A2
< weak coupling regime:
O L.A
% Pw(Le, A)=co exp( - )

border of both regimes:
pw(Les(A),A) = ps(A)

0.01}
i C . a1y, Q2
0 20 40 60 80 T R Leff(A) = Luc A In A
I—C(nm) with the length of the unit cell £ =0.25nm

numerical fit gives: a1 =1.32¢eV, as=9.14eV
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Putting it together

i i
le— L. —le— Ly —f¢— L. —3|

Pd Ti
A =(%arbon)2xLDosmeta._su,face 0.02 eV | 0.1 eV

metal

C . a1 a2
of = ZUCAIHA ~30nm | ~4nm

Effective scattering region longer than uncovered region:
Lo< L8 < Lo+2LS%:

— Fabry-Perot 7

http://www-mcg.uni-r.de/ Nov 9, 2005 Contact dependence and carrier injection in carbon nanotubes: An ab initio study N. Nemec 20



Nonepitaxial interfaces

Model 1: disordered contacts
A, € [(1 — Wrel)Aan; (1+ Wrel)Aan] (uniform random distribution)

no disorder W.=0.5 W.=2.0
10— — —
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Nonepitaxial interfaces

Model 2: diluted contacts

no disorder dilusion = 50% dilusion = 1%
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Summary

e realistic (ab initio) description of the metal /CNT interface
o effective TB hamiltonian for the CNT + contact system

e weak coupling (poor metal) + long contact
— optimal charge injection

e enhanced effective scattering region

o effect robust against disorder at the interface

Outlook

e more on disorder, more detailed microscopic modelling
e charge-transfer (selfconsistent calculation)
e ferromagnetic contacts ( — spin transport)

e superconducting contacts
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