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The electron transport properties of three-terminal carbon-nanotube junctions are investigated
within the Landauer theory of quantum conductance. Using a realistic tight-binding Hamiltonian,
we demonstrate that the experimentally observed rectifying behavior is not an intrinsic property of
the junction, but rather of the contact geometry. When semiconducting nanotubes are connected to
metallic leads, nontransmitting states are induced at the nanotube—metal interface, leading to
asymmetric transmission curves and potentially rectifying behavior of the nanodevie®0®
American Institute of Physics[DOI: 10.1063/1.1533842

Carbon nanotubes have attracted much interest sincgtrated by Papadopoulous and coworkéraho performed
their early discovery, due to their peculiar electronic and electronic  transport measurements on  multiwalled
geometrical properties.More recently, the possibility of Y-junctions and showed that they behave as intrinsic nonlin-
forming seamless junctions between different carbon nancear devices, displaying strong rectifying behavior at room
tubes has stimulated much modeling and experimental rdemperature. This finding elevated the three-terminal carbon-
search. Seamless nanotube connections are realized via th@notube systems to the rank of the ultimate single-
introduction of topological defect§.e., pentagons and hep- Molecule-based transistor.
tagons in the otherwise perfectly hexagonal lattice, while [N & series of papers;** Andriotis et al. theoretically
keeping the threefold coordination of each atbmBesides ~Investigated the electron transport properties of carbon nano-
single or multiple connections betweawo different carbon ~ {UP€ Y-junctions. An almost perfect rectification behavior
nanotubeg; 8 the possibility of connectinghree”® four,? or ~ Was calculated for semiconducting,0) symmetric systems

moré® nanotubes has increased the potential of these sySOUPled to metallic leads, independently of the angle be-

tems for use as active components in nanoscale electronfy€en the branches of the junctions. In the present letter, we

devices investigate the origin of the rectification and examine three-
Thrée-terminal T- or Y-junctions have been observed interminal junctions with and without metallic leads. Our re-
carbonaceous deposits formed during arc discharge gro ults explicitly demonstrate the critical role played by the
contacts in the rectification process, and show that a three-
as early as 1995 A controlled growth of large amounts of terminal geometry is not nec?essary tor rectification
Y—junctiozls2 has been made possible using nanostructured The local density of stated DOS) and coefficiént of
f/zr:;ghastem.etl\r?g(;z ﬁ‘cergg}nmu;ZIXizg;;?nﬁ gesetr;:]zv?rt]i?u;?transmission are evaluated using a Green’s function and
) . _189 g mt 1al sy y transfer-matrix-based approach for computing transport in
ing three-termindP~8and up to five-terminal system$An- extended systeni€?’ generalized for multi-terminal
other promising routg tg -multltermlnal nanotube systgms '%ransporlz.g The method is applicable to any general Hamil-
to directly connect '|nd|V|duaI' carbqn hanotubes using Monian that can be described within a localized-orbital basis.
electron beam welding techniqdeThis procedure has the In the present work, a Slater—Koster tight-binding Hamil-
unique advantage of allowing the formationsifigle-walled 421 is used.
muIti.terminaI junctions. Turning to theory, models .of multi- Consider a system consistingmterminals meeting at a
terminal systems were proposed soon after the discovery Qfranching region, referred hereafter as the “conductor” re-
carbon nanotubes® Their stability has been theoretically gion. The current flowing from thith to thejth terminal for
confirmed:® while their electronic and conductance proper- set of applied voltaggs={V;...V,} is given by the Lan-

ties were the focus of various studies?* dauer formul3®

The key element that makes branched nanotube systems 262
so potentially attractive has been experimentally demon- ()= TJ Tij (T,E) X[ fo(E— wi— Vi) — fo(E— k|
¥Electronic mail: meunierv@ornl.gov —Vj)]d E, (1)
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FIG. 1. () Electron transmission between any two terminals of the FIG. 2. (a) Electron transmission between any two terminals of a metal-
nanotube-terminated symmetric Y-junction, constructed from tlii€e0 terminated symmetric Y-junction, constructed from th(&6,0 nanotubes

nanotubes shown in the ins¢h) The same calculation for a perfe(dt0,0 shown in the inset(b) The same calculation for a perfe(®0,0 semicon-

semiconducting nanotube. Note the different scales foythgis in the left ducting nanotube. Note the different scales forytkexis in the left and right

and right panels. panels.

where f, is the Fermi—Dirac distribution ang.; is the Although Fig. 1 shows conclusively that a perfect

chemical potential of terminal The two-terminal transmis- nanotube-terminated junction does not display a rectifying

sion is given by behavior, it is important to understand the origin of the asym-
T, =Tr(GLT,Ga), ) metry that appears in the transmission curves when the sys-

tem is connected to metallic leads. To this end, LDOS along
and must be re-evaluated for each different set of appliehoth Y-systems have been computed and plotted in Fig. 3.
biasv. The couplingl’; between the conductor and thh  The curves represented in Fig. 3 are averaged over circular
lead is expressed as a function of the advan@gdapd re-  sections perpendicular to the axes of the branches, typically
tarded ¢) self-energies terms of the semi-infinite le&fs":  over 20 sites, except at the joint, where the number of atoms
T =i[S!—32] 3) increases to 26. The aver_ag_epl LDOS of Syste{lﬁig. 3a)]
by resembles the one of an infinit&0,0 nanotube, aside from
while the conductor Green’s functidBc is obtained from resonance donor peaks associated with the six heptagons lo-
n 1 cated at the joint. The intensity of the resonance peaks de-
Ge= ( e—He— E Ei) , (4) creases rapidly along each arm of the junction, when moving
i=1 from the center of the junctiotiop) towards the semi-infinite
wheree=E+i ( arbitrarily smal) is a complex energy, terminal (bottom). For the metal—junction inte_rface, how—_
ever, a large number of peaks are observed in the positive

andH is the Hamiltonian matrix of the conductor region. In ) . b
the present work, the self-energies are conveniently com€n€'dy window{Fig. 3b)]. These states can be regarded as

puted using the surface Green’s function matching thiory scattering states, which correspond to nontransmitting elec-
and an efficient, iterative transfer matrix procedtf&’

In order to isolate the effect of the contacts with the @ ' - - :
metallic leads from the intrinsic properties of the junction, .
two separated systems are considered. In both systems, the E %
central part is made of a Y-junction composed of three finite £ W
(10,0 nanotube branchdsig. 1(a), inseil. In system I, the 2 W
nanotube branches are seamlessly extended by three semi- A W
infinite (10,0 nanotubes, acting as leads. In system I, the W
leads consist of semi-infinite metallic electrod®), as in - : : - e
Ref. 22. The corresponding coefficients of transmission G2 Eneray (V) 3
through any two of the three branches are plotted in Figs. 1 — r . — T
and 2, left panels. As a reference, the same calculations are k A
performed ona singléO,_O) (_:arbon nanotubéigs. 1 and 2, 2 Mw Wl yiy iy WY
right panel$. The transmission of electrons through system | [l VN ——— VY YA
looks much like the one of a puf&0,0 nanotube, except for ) W"\‘M-\EW
a factor of about 2, which is due to the almost even splitting § %
between the branchés.No important asymmetry is ob- — M
served, as expected for undoped semiconductors. J\“—_A"’\z—ww’w"’w

However, the metal-terminated Y-junction displays a -3 2 -1 . 0 &) 1 2. 3
. . Ner;

strongly asymmetric conductance cuf¥ég. 2(a)]. Note that gt
the same effect is also observed in the metal-terminated periG. 3. Averaged LDOS along one branch of the @0,0) Y-nanotube
fect nanotubgFig. 2(b)], which demonstrates that the recti- from the branchingtop) to the nanotube—lead interfadgottom. Panelga)
fication originates from the presence of interfaces betweeﬁ“d (b) correspond to the pure carbon and the metal-terminated systems,

B . . respectively. The origin at the energy scale coincides with the Fermi energy
the “nanodevice” and the metallic leads, as shown SUbseE\f the conductor. The horizontal lines cerrespend fo the zera density of

qguently. states for each curve.
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