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We present a scaling analysis of electronic and transport properties of metal-semiconducting carbon nano-
tube interfaces as a function of the nanotube length within the coherent transport regime, which takes fully into
account atomic-scale electronic structure and three-dimensional electrostatics of the metal-nanotube interface
using a real-space Green'’s function based self-consistent tight-binding theory. As the first example, we examine
devices formed by attaching finite-size single-wall carbon nanot¢®@#NT) to both high- and low-work
function metallic electrodes through the dangling bonds at the end, where the length of the SWNT molecule
varies from the molecular limit to the bulk limit and the strength of metal-SWNT coupling varies from the
strong coupling to the weak coupling limit. We analyze the nature of Schottky barrier formation at the
metal-nanotube interface by examining the electrostatics, the band lineup and the conductance of the metal-
SWNT molecule-metal junction as a function of the SWNT molecule length and metal-SWNT coupling
strength. We show that the confined cylindrical geometry and the atomistic nature of electronic processes
across the metal-SWNT interface leads to a different physical picture of band alignment from that of the planar
metal-semiconductor interface. We analyze the temperature and length dependence of the conductance of the
SWNT junctions, which shows a transition from tunneling- to thermal activation-dominated transport with
increasing nanotube length. The temperature dependence of the conductance is much weaker than that of the
planar metal-semiconductor interface due to the finite number of conduction channels within the SWNT
junctions. We find that the current-voltage characteristics of the metal-SWNT molecule-metal junctions are
sensitive to models of the potential response to the applied source/drain bias voltages. Our analysis applies in
general to devices based on quasi-one-dimensional nanostructures including molecules, carbon nanotubes, and
semiconductor nanowires.
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I. INTRODUCTION tors have followed remarkably well the scaling rules for de-
vice miniaturizatiod derived from the semiclassical semi-

It is interesting to note that all the semiconductor devicesonductor transport equatiof8.There are also theoretical
that have had a sustaining impact on integrated microelecarguments that support the use of semiclassical pictures even
tronics were invented before 19¥4he year when Chang, in high-field transpof and nanoscale ballistic silicon
Esaki and Tsu reported the first observation of negative difiransistord?!
ferential resistancéNDR) in semiconductor heterojunction The discovery of single-wall carbon nanotul{@WVNTS
resonant-tunneling diode€RTD).? The operation of such in the early 1990€ has led to intense worldwide activity
semiconductor devices relies on tf@ntrolled presence of exploring their electrical properties and potential applica-
imperfections in otherwise perfect crystdlthrough doping tions in nanoelectronic devicé¥:1® SWNTs are nanometer-
or through interfaces between materials with different elecdiameter all-carbon cylinders with unique structure-property
tronic and/or lattice structures. Doping introduces electronigelations: They consist of a single graphene sheet wrapped
impurities (electrons/holgsinto the otherwise perfect band up to form a tube and their physical properties are controlled
structure through introducing atomic impuri@opant$ into by the boundary conditions imposed on the wrapping direc-
the otherwise perfect lattice structdr&he presence of inter- tions. They provide ideal artificial laboratories for studying
faces, on the other hand, induces spatial charge and potentigansport on the length scale ranging from the molecular
inhomogeneities which control the injection and modulatelimit as all-carbon cylindrical molecules to the bulk limit as
the motion of excess charge carriers within the device. Aquasi-one-dimensional quantum wires with the same lattice
number of fundamental building blocks of microelectronicsconfiguration and local bonding environmé#tt> Many de-
can therefore be identified according to the interface strucvice concepts well known in conventional semiconductor mi-
tures that control the device operatibhjncluding metal-  croelectronics have been successfully demonstrated on a
semiconductor(MS) interfaces, semiconductor honp-n)  single-tube basis, ranging from intramolecular honeserg-
junctions, semiconductor heterojunctions and metaljunctions, modulation doping to field-effect transist&=°
insulator-semiconduct@MIS) interfaces'® Despite the con-  This prompts interest in knowing if the physical mechanisms
tinuous shrinking of feature size and correspondingly the inunderlying the operation of conventional microelectronic de-
creasing importance of hot-carrier and quantum mechanicalices remain valid down to such ultrasmall scales. Research
effects® the design and operation of semiconductor transison SWNT-based nanoelectronic devices therefore presents
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unique opportunities both for exploring novel device tech- The last fact has important implications in the assessment
nology functioning at the nano/molecular-scale and for re-of Schottky barrier effects on the measured transport charac-
examining the physical principles of semiconductor micro-teristics, since transport mechanisms both at the interface and
electronics from the bottom-up atomistic approach. Ininside the active device region have to be considered simul-
addition, the concepts and techniques developed can laneously even for a long nanotube. Since the backscattering
readily generalized to investigate other quasi-one-of electrons by impuriti€§ and the low-energy acoustic
dimensional nanostructures, in particular semiconductophonong®#! are weak in such quasi-one-dimensional sys-
nanowires’ tems, the nature of the electron transport through metal-
Among the device physics problems arising in this con-SWNT interfaces generally depends on the type of the
text, the nature of electron transport through a metalSWNTs (length/diameter/chiralify the type of the contacts,
semiconducting SWNT interfaé&?+26stands out due to its and the temperature and bias voltage range. Experimentally,
simplicity and its role as one of the basic device buildingthis matter is further complicated by the different fabrication/
blocks1>27As the device building block, it is also crucial for contact schemes used and the lack of knowledge of the
understanding the mechanisms and guiding the design @ftomic structure of the SWNT junctions.
SWNT-based electrochemical sens®rsglectromechanical Recent works have studied electrical transport through a
devices?® and field-effect transistor¢NTFET),%%-32 where  metal-long carbon nanotube interface using the kiii-
electron transport through the metal-SWNT-metal junction isnitely long) band structures and electrostatics of ideal
modulated through molecular adsorption, mechanical strairgylinders?>-26For nanoelectronics research, it will be impor-
and electrostatic gate field, respectively. Note that in the casint to explore the device functionality of finite-size carbon
of NTFET, metals have been used as the source, drain anthnotubes with lengths ranging from nanometers to tens of
gate electrodes, in contrast to silicon-based transistors whiamanometers. Since most of the SWNT devices currently in-
use heavily-doped polycrystalline materigfs3? vestigated are based on SWNTs with length of 100 nm or
The nature of charge transport through metal-longer, an investigation of the finite-size effect will shed light
semiconductor interfaces has been actively investigated fawn the scaling limit of carbon nanotube devi¢ésas well
decades due to their importance in microelectronicas establish the validity or viability of using bulk device
technology?”333*but is still not fully resolved, in particular physics concepts in nanotube device research.
regarding the mechanism of Schottky barrier formation/ The finite-size SWNT can be either a finite cylindrical
height and high-field transport phenoméha® Compared to  all-carbon molecule attached to the metal surfaces through
their bulk semiconductor counterpart, metal-SWNT inter-the dangling bonds at the efend-contact schené® a finite
faces present new challenges in thdf Both the contact segment of a long carbon nanotube wire whose ends are
area and the active device region can have atomic-scale dburied inside the metallic electrode@mbedded-contact
mensions{2) The quasi-one-dimensional structyoglindri-  schemg!®6 or a finite segment of a long nanotube wire
cal for nanotube materiglsnakes the screening of electron- which is deposited on top of predefined metallic electrodes
electron interaction ineffective and leads to long rangeand side-contacted to the surfaces of the electrgdieke-
correlation between electrons within SWNT-based devicesgontact schemé347In the case of finite SWNT molecules, a
(3) Last but probably the most important difference lies intransition from the molecular limit to the bullnfinitely
the fact that quasi-one-dimensional wires, no matter howong) limit in the electronic structure will occur as the length
long, cannot be treated as electron reseniihis is partly  of the finite SWNT varies from nanometers to tens of na-
due to the fact that the restricted phase space in such systemgmeters. In the case of long SWNT wires, the electronic
prevents rapid relaxation of injected carriers to a predefinegdtructure of the finite SWNT segment remains that of the
equilibrium state through electron-electron and/or electronbulk (which may be perturbed by the coupling to the elec-
phonon scatterings. But more importantly, this can be undertrodeg, but the electrostatics of the metal-SWNT-metal junc-
stood from a simple geometrical argument: Since the totalion varies with the SWNT length. Due to the nanoscale
current is conserved, there will always be a finite currenttontact geometry and reduced dimensionality of SWNTs, a
density flowing along the wire and consequently a nonequicorrect description of the Schottky barrier formation at the
librium state persists no matter how strong electron-electrometal-finite SWNT interface generally requires an atomistic
and/or electron-phonon scattering is. An equilibrium statedescription of the electronic processes throughout the metal-
can be achieved only through the widerfadiabatig contact SWNT-metal junctions.
with the (three-dimensional metallic electrodegor other The purpose of this work is thus to present a self-
macroscopic measurement apparptadtached to them, consistent atomistic analysis of the electronic and transport
where the finite current density can be effectively “diluted” properties of the metal-SWNT interfaces within the configu-
through the larger cross sectional aféaCorrespondingly ration of metal-SWNT-metal junction as a function of the
electron transport through metal-SWNT interfaces can onySWNT length, which is varied from the nanometer to tens of
be studied within the configuration of metal-SWNT-metahanometer range. In contrast to previous theoretical
junction (as are other quasi-one-dimensional systents  works??2-2® we use a novel Green's function based self-
contrast to the planar metal-semiconductor interface, whereonsistent tight-bindingSCTB) theory in real-space, which
the presence of the second electrode can be implicitly netakes fully into account the three-dimensional electrostatics
glected and the analysis of transport characteristics proceedsd the atomic-scale electronic structure of the SWNT junc-
by analyzing the interface region and the bulk semiconductotions. In accordance with the nanometer length-scale of the
region separatef/. SWNT studied, we treat electron transport within the coher-

205416-2



SCALING ANALYSIS OF ELECTRON TRANSPORT. PHYSICAL REVIEW B 70, 205416(2004)

Drain Source Il. THEORETICAL MODEL

A. Real-space Green’s function based self-consistent tight-
binding (SCTB) theory

Modeling electron transport in hanoscale devices is much
more difficult than in bulk and mesoscopic semiconductor
devices due to the necessity of including microscopic treat-
ment of the electronic structure and the contacts to the mea-
surement electrodes, which requires combining the nonequi-

WJ:F

X 7777 . L .
librium statistical mechanics of a open quantum systeth
Z with an atomistic modeling of the electronic struct&té&®
Y For small molecular-scale devices where the inelastic carrier

scattering can be neglected, this has been donedljgigz)gsf self-
. o . consistent Matrix Green’s functiofSCMGH method;>~":

FIG. 1. (Color onling Schematic illustration of the metal- \ioh compines the Non-Equilibrium I:éareen’s Function
SWNT molecule-metal junction. We have also shown the Coordl_(NEGF) theory of quantum transp&fts’ with an effective
nate system of the SWNT junction. . - L . .

single-particle description of the electronic structure using
density-functional theoryDFT).58 To treat larger nanoscale
systems, e.g., carbon nanotubes or semiconductor nanowires
gfntaining thousands or tens of thousands of atoms, a sim-
pler tight-binding-type theory is more appropriafe®® Cor-
gspondingly, we have developed a real-space self-consistent
ight-binding (SCTB) method which includes atomic-scale
aﬁilescription of the electronic structure and the three-
dimensional electrostatics of the metal-SWNT-metal junc-
tion. The method is essentially the semiempirical version of
épe SCMGF method for treating molecular electronic devices
gnd is applicable to arbitrary nanostructured devices. The

the semiconductor surface layers and contribute to th . o

Schotty barer” formato® >+ Compared to_otner 12 2% spplations of e SCYIGF methad haye been
molecular-scale devices where the individual organic mol- ummary of the self—gonsistent . 'ht—bindin in’? lementation
ecule is self-assembled onto the metallic electrode througﬁ Y 9 gmp '

appropriate end groupé;the SWNT molecule presents a . The method starts from the Hamiltoniédy describing the

. . . isol nanostructure and the bare metallic electr
homogeneous device structure where the only electronic in>0 ated nanostructure and the bare metallic electrodes,

homogeneity is introduced at the metal-SWNT interfaceWhiCh can be obtained using eithab initio or empirical

. . - approaches as appropriate. The effect of the coupling to the
through the ring of dangling-bond carbon atoms. The dev'cgljectrodes is included as self-energy operatbf&The cou-

structure considered here thus provides an ideal system f(?"n to the external contacts leads to charge transfer be-
studying the length dependence of device characteristics twegn the electrodes and the nanostructure E lying a finite
an atomic scale. In particular, the effect of the COUp“ngQias voltage also leads to charge redistrib.ut(sgrgerﬂng
strength can be studied by varing the SWNT end_elec”c’dwithin the nanostructure. Both the effect of the coupling to

surface distance. : e ;
The rest of the paper is organized as follows: We presengm contact and the screening of the applied field thus intro-

the details of the Green'’s function based self-consistent tightt—ouncigg Vggsrc]:?ii(ijn 0 '?hee trﬁgae?e(sjeI;Cgtgls_ﬁ;ngg'rLLTS;%'E;
binding model in Sec. Il. We analyze the evolution of the. 9 P

SWNT electronic structure with the length of the SWNTJunC.tIon o thUSH:HOJr\_/eXPL &V[dp], where an exFernaI po-
molecules in Sec. lll. We devote Sec. IV to analyzing thetentlal of the typeV,(r)=—eEr should be added in the case

nature of Schottky barrier formation at the metal-SWNTO! @ nonzero source-drain_ or gate v_oltage. aiglis the .
molecule interface by examining the electrostaticeange Chénge n the charge d_ensny d_|str|but|on. Given the Hamil-
transfer and electrostatic potential chapgthe electron tonian mat.nx, the density matrlpij.and therefore the_t.ele.c-
transmission characteristics and the “band” lineup. In Sec. \jron O!e”S'ty are calculated 545—'?79 the _Non-Equmbrlum
we present the temperature and length dependence of reen’s FunctiofNEGF) metho from either
SWNT junction conductance. We show in Sec. VI that the G ={E'S-H-3,(E) - Sg(E)}, (1)
current-voltage(I-V) characteristics of the SWNT junction
are sensitive to the spatial variation of the voltage drop dE

. . . . A —_ H r
across the junction. Finally in Sec. VII, we summarize our P—f o imad G'](E), (2
results and discuss their implications for the functioning of
SWNT-based devices. A preliminary report of some of thefor device at equilibrium or
results presented here has been published elsewheve. < _irer a _
use atomic units throughout the paper unless otherwise G =[G BTBCEIIE- )
noted. +i[G'(E)TR(E)GHE)If(E- up), (3

ent transport regim&:41 In this first paper, we consider the
device formed by attaching a finite cylindrical SWNT mol-
ecule to the electrode surface through the dangling bonds
the end(Fig. 1). The case of a finite-segment of long SWNT
wires in both embedded-contact and side-contact schem
will be treated in the subsequent paper.

The device configuration considered here represents
atomic-scale analogboth the contact area and the active
device region are atomic-scaleto the planar metal-
semiconductor interface, where dangling bonds also exist
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dE __ density matrixp from the Green’s function by integrating
P=f gG (B), (4)  over a complex energy contd8f%5469and evaluating the
net charge on atomic-sitéfrom 6N, =(pS); ~N°, whereN? is

for device at nonequilibrium. Her8 is overlap matrix and the number of valence electrons on atomic-sité the bare
f(E-u(r) is the Fermi-Dirac distribution function at the left SWNT. Note that the advantage of the present self-consistent
(right) electrode. The Green’s functio® and G< are de- tight-binding treatment is thaio adjustable parameters have
fined in the standard mann&®’3, g is the self-energy op- been introducedbesides those that may be present in the
erator due to the coupling to the lafight) electrode which initial Hamiltonian Ho.

is calculated from the metal surface Green’s function, while Once the self-consistent calculation converges, we can
FL(R):i(EL(R)_(EI(R)) (see Refs. 54 and 56 for details calculate the transmission coefficient through the SWNT

Within the local-density-approximation of density- junction from
functional theory® the long range part o8V is just the Cou- T(E,V) = T (E, V)G (EV)TREWVGTEW)], (7)
lomb potential &V(r)=[(Sp(r')/|r—r'|)dr’. For self- _ _
consistent treatment of the charging effect within the tight-and the spatially-resolved local density of sta{e®OS)
binding formulation, we follow the density-functional tight- from
binding (DFTB) theory developed by Frauenheim and 1
co-worker§€® by approximating the charge distribution as a n(r,E)=-= lim >, imag[G{j(E+ ié)]qbi(r)qb}(r). (8)
superposition of normalized atomic-centered charge distribu- T 50" ij
tions 5p(r)=Ei5Nipi_(r__ri_)’ Where_ﬁNi is the net numbe_r o The spatial integration of LDOS gives the density of states,
electrons on atomic-site and p; is taken as a normalized
Slater-type functiorpi(r)=(1/N§i)e‘§ir and [drp;(r)=1. The
exponent(; is chosen such that the electron-electron repul-
sion energy due to two such charge distributions on atomic-
site i equals the difference between the atomic electronic => n(E), (9)
affinity and ionization potentialfdrdr’p;(r)p;(r')/|r—r’| i
=1;—A;,%° which incorporates implicitly the short-range on-
site electron-electron interaction effect. In this way, the
change in the electrostatic potential can be written a
superposition of atomic-centered potentialssV(r)
=3,;6N,V,(r —r;). The advantage of the present approximation

n"(E):jdrn"(r,E):—i lim Tr{imad G'"(E+i9)]S}
60"

where the atomic site-resolved density of stateqiE)
=—(1/m)lim g :[imad G (E+i8)]S];. Within the coherent
%ransport regime, the terminal current is related to the trans-
mission coefficient through the Landauer fornwtad

is that Vi(r—ry)=/dr'p(r'=r;)/[r=r’| can be evaluated 2e
analyticallys565 =" | dETEV[HE-p) - f(E-pna]. (10
Vo= (1 -l + g = rili2)r = ril. (5)

where we can separate the current into two components, the

For the metal-SWNT-metal junction considered here, we tunneling” componentl,,, and the “thermionic emission”
take into account the image-potential effect by includingc®mponenty, as follows:

within 6V contributions from both atom-centered charges el [mr m +o0

and their image charge&entered around the image posi- |=|tun+|th=—lf + (f +f )}dET(E,V)
tions), rather than imposing an image-type potential correc- h L - BR

tion on éV. The charge transfer-induced electrostatic poten- X[F(E = 1) - F(E = up)]. (11)

tial change is thus

Similarly, we can separate the zero-bias conductance
SV(r) = 2 [NV = 1) + MNiimagdVi(r = iimagd], (6)
|

2¢? df
G=—| dET(E)| - ——(E-Ef) [ =Gy + G (12
where the image charge;.inage and their positions.jmage h dE

are defcerm;rggd from  standard ~ electrostalicSiyig the tunneling contributionG,,,=(262/h)T(Ef) and
consideration§7-® The self-consistent cycle proceeds by thermal-activation contributios,=G-G
th™ tun-

evaluating the matrix elements of the potentidV/,,
=[dr ¢,(r)éV(r)gn(r) using two types of schemesl) If
m,n belong to the same atomic site we calculate it by
direct numerical integration(2) If m,n belong to different In this work, we takg10, ) SWNT as the protype semi-
atomic sites, we calculate it from the corresponding on-sitesonducting SWNT. Since for metal-semiconductor contacts,
element using the approximatior¥V,,,=1/2S,(6Vmm  high- and low- work function metals are used for electron
+ 6V, whereS,, is the corresponding overlap matrix ele- injection and hole-injection, respectively, we consider both
ment. We also calculate the matrix elements of the externajold (Au) and titanium(Ti) electrodes as examples of high-
potential V., by direct numerical integration whenever ap- and low- work function metalgwith work functions of 5.1
plicable. Given the Hamiltonian matrbd=Ho+ Vet 6V, the  and 4.33 eV respectively’?). The work function of th&10,
self-consistent calculation then proceeds by calculating th®) SWNT is taken the same as that of the graphite

B. Device model

205416-4



SCALING ANALYSIS OF ELECTRON TRANSPORT. PHYSICAL REVIEW B 70, 205416(2004)

(4.5 eV).1817 In this paper, the Hamiltoniak, describing (a) Charge distribution in isolated SWNT
the bare SWNT is obtained using the semiempirical Ex- § o4f { : : : :
tended Huckel TheoryEHT) with corresponding nonor- 3
thogonal Slater-type basis sefg(r) (Refs. 72 and 78de- 5 %28 ;
scribing the valencésp) electrons of carbon, while the self- g o " 4 4 4 4 4
energy due to the contact to the metallic electrodes is {2_0_2 E - H H H : ]
evaluated using tight-binding parameters obtained from fit- £ g 5 10 15, 20 25
ting accurate bulk band structut®’4 The calculation is per- (b) Position along NT axis (nm)
formed at room temperature. € o4l

The (10, 0 SWNT has a diameter of 7&) and unit cell § )
length of 4.1A). The unit cell consists of 4 carbon rings with 5 02
10 carbon atoms each. The calculated bulk band gap using § o] -
EHT is =0.9eV). Since the contacts involved in most trans- 2 —
port measurement are not well characterized, a microscopic 2 '0-2'(-) . 70

study as presented here necessarily requires a simplified .fosmon abf',g NT axise(Angstmm)
model of the interface, which is illustrated schematically in

Fig. 1. Here the finite SWNT molecules are attached to the FIG. 2. (a) shows net electron distribution in the isolated SWNT
electrode surface through the ring of dangling-bond carbomolecule as a function of SWNT length for seven different lengths.
atoms at the ends. We neglect the possible distortion of thé) shows magnified view at the left end of all SWNT molecules
SWNT atomic structure induced by the open end and it$tudied. Here the solid lines show the results obtained using EHT
subsequent adsorption onto the electrode suffatfée as- with self-consistent correction, while the dotted lines show the re-
sume that the axis of the SWNT moleculle Z-axis) lies sults obtained using EHT without self-consistent correction.
perpendicular to the electrode surfatlke XY-plang. Only

nearest-neighbor metal atoms on the surface layer of theection, except that there is no self-energy operator associ-
electrode are coupled to the SWNT end, the surface Green&ted with the contact in the case of the bare SWNT molecule.
functions of which are calculated using the tight-binding pa-The result is shown in Fig. 2, where we plot the net electrons
rameter of Ref. 74 assuming a semi-inifinte substrate correP€r atom as a function of position along t(t0,0 SWNT
sponding to th€111) and hcp surface for the gold and tita- axis obtained from both EHT and the self-consistent EHT
nium electrodes, respectively. calculations. The self-consistent treatment suppresses both

The lengths of th&10, 0 SWNT molecule investigated the magnitude and the range of the charge transfer, which are
areL=2.0, 4.1, 8.4, 12.6, 16.9, 21.2, and 25m), corre- approximately the same for all the SWNT molecules inves-
sponding to 5, 10, 20, 30, 40, 50, and 60 unit cells, resped;jgated, reflecting the I0(_:alized nature of the perturbation in-
tively. As discussed in the following sections, the variation ofduced by the end dangling bonfisig. 2(b)]. _

SWNT |ength from 5 to 60 unit Ce”s Spans the entire range ) To eVaIUate the evolutlon of SWNT eleCtronIC StrLl.CtUre
from the molecular limit to the bulk limit. To evaluate the With molecule length, we calculated the local density of
dependence of Schottky barrier formation on the strength oftates in the middle unit cell of the SWNT molecule using
metal-SWNT interface coupling, we consider three sWwNTthe self-consistent EHT and compared them with those of the
end-metal surface distances alL.=2.0, 2.5, and 3(@).  bulk (infinitely long) SWNT. The results for SWNT lengths
Note that the average of the nearest-neighbor atom distan@¥ 2.0, 8.4, 16.9, and 25Am) are shown in Fig. 3. Here the

in the SWNT and Au/Ti electrode is around @&1. From LDOS of the isolated finite SWNT molecule is artificially
our previous work on first-principles based modeling of mo-Proadened by inserting a small but finite imaginary number
lecular electronic device,we find that increasing metal- (9=10"%(eV)) into the retarded Green’s functio®’(E+id).
molecule distance by 1(8) is sufficient to reach the weak Therefore only the band edge Ipcatlon but not the_exact value
interfacial coupling limit. Therefore the three choices of Of the LDOS should be examined when evaluating the ap-
metal-SWNT distance are sufficient to demonstrate the trenBroach to the bulk limit with increasing nanotube length. The
of Schottky barrier formation as the strength of interfacelDOS of the shortest SWNT molecul@.0 nm shows com-
Coup”ng Varies from the Strong Coup”ng to the Weak Cou_pletely d|fferent structure from that Of the bulk In pal’tlcular,
pling limit. there are peaks located within the conduction-valence band
gap of the bulk SWNT caused by the localized dangling
bond states at the end, which decays into the interior of the
short SWNT molecule. This is illustrated by the position-
dependent LDOS along the NT axis in Fig. 4. We can there-

The danglings bonds at the open end of the SWNT mol- fore characterize the 5-unit cell SWNT as being in the mo-
ecule lead to charge transfer between carbon atoms at the efetular limit. The magnitude of the localized dangling-bond
and carbon atoms in the interior of the SWNT. This shouldstates in the middle is suppressed exponentially with increas-
be corrected self-consistently first and gives the intial chargéng SWNT length and is negligible for all other SWNT mol-
configurationNiO for determining the charge transfer within ecules studied.
the metal-SWNT-metal junction in later sections. The self- The development of the SWNT valence bands with mol-
consistent calculation proceeds as described in the previowtule length is clear from Fig. 3. The development of the

IIl. EVOLUTION OF THE ELECTRONIC STRUCTURE OF
THE SWNT MOLECULE WITH LENGTH
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gh ER i ozl=20 (n/n] | = (10,0) NT: L=2.0 (nm)

. -5 -45 -4 -3.5

i F12L=8.4(nm) =
“ | AALY 0
-5 -4.5 -4 -35

M::L=16.9(nm)

LDOS at the middle of NT (states/eV)

Local density of states (states/eV)

% e 55 -5 -4.5 -4 35
5(a K V Sk . L-25.40m) I
| A_ Z Position along
0 2 . #Z NT axis (Angstrom)
-6 -5.5 -~ -4.5 -4 -3.5 5
Energy (eV)
(b) (10,0) NT: L=25.4(nm)

FIG. 3. Local density of states in the middle of ti#0, 0
SWNT molecule calculated using the self-consistent EHT for
SWNT lengths of 2.0, 8.4, 16.9, and 26wh), respectively. The
vertical line atE=-4.5eV) denotes the Fermi-level position of the
bulk SWNT. The dotted line is the LDOS of the butk0, 0 SWNT.

For clarity, the figures have been cut off at the top where necessary.

SWNT conduction bands is less regular since tight-binding
theory constructed for valence electrons generally describes
the valence bands better than the conduction banhdse
approach to the bulk band structure is obvious for SWNT
longer than 40 unit cells and complete for the SWNT mol-
ecules of 60 unit cells long. Therefore the variation of
SWNT length from 5 to 60 unit cells spans the entire range
from the molecular limit to the bulk limit. Note that as the £G4 (color online Local density of states as a function of
length of the SWNT molecule changes, the energy of localpgsition along the axis of the 5-unit cett) and 60-unit cell(b)

ized dangling bond states also changes, which saturates 89/NT molecule. The LDOS is obtained by summing over the 10
the SWNT approaches the bulk limit. For the 60-unit cell carbon atoms of each ring of ti&0, 0 SWNT. Each cut along the
SWNT, it is located around -4(8V), i.e., the Fermi-level of energy axis for a given position along the NT axis gives the LDOS
the bulk SWNT. This is consistent with the previous obser-at the corresponding carbon ring. Each cut along the position axis
vation in semiconductor interfaces, where it has been arguefdr a given energy illustrates the spatial extension of the corre-
that the dangling bond level plays the role of “charge-sponding electron state. For the 5-unit cell SW&)Tlocalized dan-
neutrality-level” (CNL) in band lineup involving semicon- gling bond state exists around -e®), whose wave function de-
ductors, which is located around the midgap for semiconduccays into the interior of the SWNT molecule. For the 60-unit cell

tors with approximate|y Symmetric conduction and Va'encesWNT which has approached the bulk limit, the localized dangling
band structure&:77 bond state is located instead around <&\, i.e., the middle of the
conduction/valence band gap.

Local density of states (states/eV)

7200 Position along
35 250 NT axis (Angstrom)

IV. SCALING ANALYSIS OF SCHOTTKY BARRIER nature of which can be understood qualitatively from the
FORMATION AT METAL-SWNT MOLECULE complex band structure of the bulk semiconductor by ex-
INTERFACES trapolating the energy band into the band gap region. Upon

contact with the metal electrodes, the intrinsic semiconductor
surface states are replaced by Metal-Induced Gap States
(MIGS), which are the tails of the metal wave function de-
We start with a brief summary of Schottky barrier forma- caying into the semiconductor within the band gap since the
tion at an ideal planar metal-semiconductor interf&&’’to  wave functions there are now matched to the continuum of
motivate our discussion of metal-SWNT interface in laterstates around the metal Fermi-leV&f° The corresponding
sections. An ideal metal-semiconductor interface is formeaharge transfer induces an interface dipole layer due to the
by reducing the distance between a metal and a semi-infinitglanar structure, the electrostatic potential drop across which
semiconductor until an intimate and abrupt interface fottns, shifts rigidly the semiconductor band relative to the metal
as illustrated in Fig. 5. Fermi-levelEg. Additional electrostatic potential change can
The open-end of the semi-infinite semiconductor leads t@lso occur if the semiconductor is doped and a space-charge
localized surface states whose wave functions decay expdéayer forms due to the depleted dopant charges, as illustrated
nentially into the vacuum and inside the semiconductor, thén Fig. 5. The total potential shift must be such that the two

A. Schottky barrier formation at planar metal-semiconductor
interfaces
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Schottky Barrlers at Metal-Semiconductor Interfaces (1) AU-SWNT-AU 4 -2, (Angstrom] I-SWNT-Ti
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FIG. 5. Schematic illustration of the formation of Schottky bar-

rier at the planar metal-semiconductor interfageg.n-type semi- AUu-SWNT-AU 4| .20 (Angstrom)li—SWNT-Ti

—
N
~

conductor;(b) p-type semiconductoMV,,,, W, are the work func- < 05 @05
tions of the metal and semiconductor respectively, is the % 0&‘ j j j 1 1 Omﬁﬁ%’ﬂ
Schottky barrier height for electrothole) injection at then-type =
(p-type) semiconductor interfac&/y is the additional potential shift %’ -0.5 -0.5
inside the semiconductor due to the depleted dopant charges. I 0 10 20 0 10 20
£ 05 (b)0.5 ~—
g
£ 0 \/% 0
Fermi-levels across the interface lineup. The potential varia- 05 _05-\/
tions away from the interface dipole layer introduced by the 3 e 05 1 15 ’ o o5 1 s
space charge layer are slden the order of magnitude of 3-0.46 (c)
~0.5V) within hundreds of nm or longgdue to the small E 0.08
percentage of dopant atorffsThis leads to the picture of 3 /\/\/\/\' 0'0795\/\/\/\/
band shift following electrostatic potential change since such 50_465 0.079
potential variation occurs on a length scale much longer than £ 12 125 13 135 12 125 13 135

. . X Position along NT axis (nm Position along NT axis (nm
the semiconductor unit cell size. 9 (nm) 9 (nm)

The band lineup at the planar metal-semiconductor inter- £ 6. Charge transfet) and electrostatic potential chang®
face is determined by the overall charge neutrality conditionyt the Au-finite SWNT-Au and Ti-finite SWNT-Ti junctions as a
and the corresponding one-dimensional electrostatic considanction of SWNT length for seven different lengths at SWNT-
erations: Qn+ Qs+ Qs=0, whereQy, Q;;, and Q. are the  metal distance ofAL=2.0/A). For each junction, we have also
surface charge density within the metah) surface layer, shown the magnified view both at the metal-SWNT interféoe
semiconductor surface layer due to the interface stasgs and in the middle of the longe&5.4 nn) SWNT moleculgc). The
and semiconductor space-char@gec) layer, respectively, horizontal lines in the potential plg2) denote the work function
which are obtained by averaging the three-dimensionatiifferences between the electrodes and the bulk SWNT.
charge density over the plane parallel to the interface. For
n(p)-type semiconductor, the Schottky barrier heiyftfor B. Electrostatics of the metal-SWNT molecule interface
electron(hole) injection is determined b#r and the conduc-
tion (valence band edge. Since electrons can easily tunnel The calculated charge transfer and electrostatic potential
through the interface dipole layer, current transport occurs bghange at the gold-SWNT-gold and titanium-SWNT-titanium
charge carriers injected into the bulk conduction/valencgunctions are shown in Figs. 6—8 for metal-SWNT distance
band states by tunneling through or thermionically emittedof AL=2.0,2.5,3.04), respectively. The electrostatic poten-
over the interface barrier. So the Schottky barrier heightial change is obtained as the difference between electrostatic
alone can be used for characterizing the transporpotentials within the metal-SWNT-metal junction and the
characteristicg’ bare SWNT molecule, which is calculated from the trans-
Two key concepts thus underlie the analysis of Schottkyferred charge throughout the SWNT using E). Due to the
barrier formation at the planar metal-semiconductor intermolecular-scale dimension of both the SWNTs and the con-
face: (1) The separation into the interface regi¢dipole tact area, the transferred charge across the interface is con-
layen and the bulk semiconductor regiaincluding the fined in a finite region. Unlike the dipolyer at the bulk
space-charge laypwith well-defined Fermi-level(2) The  metal-semiconductor interface which induces a stepwise
rigid band shift following the local electrostatic potential change in the electrostatic potential, the transferred charge
change due to the planar interface structure. Both conceptcross the metal-SWNT interface takes the form of
are not valid in analyzing Schottky barrier formation at molecular-size dipole, the electrostatic potential of whieh
metal-SWNT interfaces. cays to zero in regions far away from the interf&éé* In
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. . FIG. 8. Charge transfdfl) and electrostatic potential chan@®d
FIG. 7. Charge transfet) and electrostatic potential changd at the Au-finite SWNT-Au and Ti-finite SWNT-Ti junctions as a

at thg Au-finite SWNT-Au and Ti-finitg_ﬁSWNT—lTi jul:ctions as & fynction of SWNT length for seven different lengths at SWNT-
functllon_of SWN-If—A Ie_ngth/{or seven r'] _erent_ engt shat SWlNT- metal distance ofAL=3.0(A). For each junction, we have also
metal distance oAL=2.5A). For each junction, we have also shown the magnified view both at the metal-SWNT interfdoe

Sh°".“” the magnified view both at the metal-SWNT interigu and in the middle of the longe&25.4 nm) SWNT moleculgc). The
and in the middle of the longe25.4 nm SWNT molecule(c). The horizontal lines in the potential plg2) denote the work function

horizontal lines in the potential plg2) denote the work function differences between the electrodes and the bulk SWNT.
differences between the electrodes and the bulk SWNT.
oscillation in both the transferred charge and electrostatic

addition, the SWNT molecule is undoped. The occupation opotential change in the middle of the SWNT are due to the
the electron states within the SWNT is determined by thentrinsic two-sublattice structure of the zig-zag tube, and per-
Fermi-level of the electrodes, even for a long SWNT whichsist in an infinitely long zig-zag tub#:83
has reached the bulk limit and a Fermi-level can be defined As AL increases from 2.0 A to 3.0 A, the magnitude of
from the bulk band structure. the charge transfer oscillation at the interface decreases with

Note that despite the delocalized nature of SWNT electhe decreasing interface coupling strength, but the magnitude
tron states in the conduction/valence band, for a given metabf charge transfer inside the SWNT molecule is almost inde-
SWNT distancelL, both the magnitude and the range of the pendent of the coupling strength across the interface. For the
charge transfer at the metal-SWNT molecule interface aréu-SWNT-Au junction, there is a small positive charge
approximately independent of the SWNT length, reflectingtransfer of 4.<10* per atom in the middle of the 60-
the localized nature of interfacial charge transfer proé&ss. unitcell SWNT, while for the Ti-SWNT-Ti junction, there is
The charge transfer adjacent to the metal-SWNT interfacinstead a small negative charge transfer of >61®™° per
shows Friedel-type oscillatioff. Such Friedel-type oscilla- atom?82
tions of transferred charge have also been observed in planar Due to the long-range Coulomb interaction, the electro-
metal-semiconductor interfac&finite atomic chain§! and  static potential change is determined by the transferred
molecular tunnel junction®°° The oscillation of the charge throughout the metal-SWNT-junctififq. (6)]. For a
interface-induced charge transfer dies out quickly inside thegjiven metal-SWNT distancaL, its magnitude in the middle
SWNTs as the length of the SWNT molecule increases. Thef the SWNT increases with the increasing SWNT size al-
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though the charge transfer is small except at the several lay- (a) Au-SWNT-Au: L=8.4(nm)A L=2.5(Angstrom)
ers immediately adjacent to the electrodes. The magnitude of : :

the potential change in the interior of the SWNT saturates at
the same length where the finite SWNT approaches the bulk
limit, i.e., 50 unit cells corresponding to a length of
21.2(nm), for both Au-NT-Au and Ti-NT-Ti junctions. For a
given metal-SWNT distanc&L, the magnitude of the poten- p
tial shift at the metal-SWNT interface is approximately con-
stant for all the finite SWNTs studied.

The contact-induced charge transfer processes are often
characterized as “charge-transfer doping.” If we follow the
common practice in literature, the SWNT is “hole-doped” by
contacting to gold(high work function and “electron-
doped” by contacting to titaniurdow work function elec-
trode. Here it is important to recognize the difference in the
physical processes governing the short-range and long-range
electrostatics of the metal-SWNT interface. The charge (b)
transfer close to the metal-SWNT interface reflects the bond-
ing configuration change upon contact to the metallic sur-
faces, which cannot contribute directly to transport since the
corresponding charge distribution is localiZ8&° Moving
away from the interface, the effect due to the metal-SWNT
coupling is reduced. For the longer SWNT molecule which
has approached the bulk limit, the effect of the interface
coupling on the electron states in the middle of the SWNT
can be essentially neglected. However, since the electron oc-
cupation is determined by the Fermi-Dirac distribution of the
metallic electrodes, the charging state in the interior of the
SWNT which has approached the bulk limit is determined by
the lineup of the SWNT bands relative to the metal Fermi-
level, which in turn is determined by the self-consistent po-
tential shift across the metal-SWNT-metal junction. Within  FIG. 9. (Color onling Cross-sectional view of electrostatic po-
the coherent transport regime, the transfered charge in thential change at the Au-SWNT-Awpper figurg and Ti-SWNT-Ti
interior affects current indirectly by modulating the potential junction (lower figure for SWNT molecule length of 8(#m) and
landscape acrosss the metal-SWNT-metal junction, whiclmetal-SWNT distance ofAL=2.5A). The SWNT diameter is
determines the electron transmission coefficient througl®.78nm). The electrostatic potential change shown here is induced
Eq. (7). by the charge transfer across the interface and calculated using

A common feature of previous theoretical work on carbonEd. (6).
nanotube devices is the use of the electrostatics of an ideal
cylinder??-242643which neglects the electrostatic potential electrostatic potential along the nanotube axis, although this
variation across the narrow region around the cylindrical suris commonly assumed in the literature. This is illustrated in
face where them-electron density is non-negligible. How- the three-dimensional plot of the LDOS as a function of
ever, the electrostatics ofny nanostructure is three- position along NT axis in Fig. 10. Note that although the
dimensional For the cylindrical SWNT, this means that the electrostatic potential varies by an amouwn®.5eV) going
electrostatic potential across the SWNT junction varies botlirom the metal-SWNT interface to the middle of the 60-unit
parallel and perpendicular to the NT axis and on the atomiceell SWNT molecule for both junctiongFig. 7), there is
scale. This is clearly seen from the three-dimensional plot ohlmost no shift of the conduction and valence band edge
the electrostatic potential change in Fig. 9. For (8, O  going from the interface to the middle of the SWNT mol-
SWNT with a diameter of~0.8nm), the variation of the ecule. This is in contrast with the planar metal-
charge transfer-induced electrostatic potential change insidgemiconductor interface, where the band shift away from the
the SWNT cylinder is small, but decays to about 1/4 of itsinterface dipole layer follows the electrostatic potential
value at the cylindrical center(dm) away from the SWNT change since it varies only in one directiand on a length
surface for both the Au-SWNT-Au and Ti-SWNT-Ti junc- scale large compared to the corresponding unit cell size.
tions. The lack of connection between band shift and electro-

The confined cylindrical geometry and three-dimensionaktatic potential change along the SWNT axis is obvious con-
electrostatics of the metal-SWNT interface lead to a prosidering the 3-d nature of the electrostatics: Since the elec-
found change in the physical picture of the band shift, whichtrostatic potential change varies strongly in the direction
applies to both finite SWNT molecules and long SWNT perpendicular to the SWNT axis where the carbpia
wires?546|n particular, the shift of the local density of states electron density is significant, there is no simple connection
along the nanotube axidoes not followthe change in the between the band shift and the electrostatic potential change

o
L

-0.14.

—0.24. |
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...... % 6
- 4
2 Z (nm)
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FIG. 10. (Color online Three-dimensional plot of the local den-
sity of states at the Au-SWNT-A() and Ti-SWNT-Ti(b) junctions i a5
as a function of position along the NT axis for SWNT length of Energy (eV)
25.4nm) and metal-SWNT distance afL=2.5A). Note that the
sharp peaks around —4€8/) due to the dangling bond state at the  FIG. 11. Local density of states at the middle of the Au-
ends of the isolated SWN[Fig. 4(b)] have been replaced by broad- SWNT-Au junction (a) and Ti-SWNT-Ti junction(b) for SWNT
ened peaks within the band gap due to the MIGS at the metallength of 2.0, 16.9, and 25#4m), respectively. Solid line:AL
SWNT molecule interface. =2.0A). Dotted line:AL=2.5A). Dashed line: AL=3.0A). The

vertical lines show the position of the metal Fermi-level.

at the cylindrical surface of the SWNT or at any other dis-

tance away from the SWNT axis. The relevant physics carerent molecular stategr band structure modificatiorde-

be understood as follows: For the nanoscale SWNT consideending on their charge distributions.

ered here, the molecular-size interface dipole induces a long-

range three-dimensional electrostatic potential change of_ . .

~0.5eV) within ~5(nm) of the interface, which is much C. “Band Ilneup find electron transm!sswn across the metal-
weaker than the atomic-scale electrostatic potential variation finite SWNT molecule interface

within the bare SWNT. Since the LDOS of the SWNT junc- For a planar metal-semiconductor interface, the band
tion is obtained from the Hamiltonian corrected by thelineup is determined once the electrostatic potential drop
charge transfer-induced electrostatic potential change, wacross the interface is known. The horizontal lines in the
can expect the effect on the spatial variation of the LDOSpotential plots of Figs. 6«8) denote the work function dif-
away from the interface due to such correction is small comferences between the electrodes and the bulk SWNT. For a
pared to the strong atomic-scale potential variations includetulk metal-semiconductor interface, this would have given
implicitly in the initial Hamiltonian Hy. The effect of the the magnitude of the potential shift which aligns the Fermi-
electrostatic potential change on the LDOS in regions withinevel across the interface. But for the metal-finite SWNT
~5(nm) of the metal-SWNT interface is thus similar to that interface considered here, the band lineup should be deter-
of small molecules in molecular tunnel junctions, where de-mined from the local density of statélsDOS) in the middle
tailed studies in Ref. 50 have shown that the charge transfepf the SWNT. This is shown in Fig. 11 for both Au-
induced electrostatic potential change in the molecular juncSWNT-Au and Ti-SWNT-Ti junctions.

tion does not lead to a rigid shift of the molecular energy The “band” lineup relevant to the transport characteristics
levels (or band edges but can have different effects on dif- can also be determined equivalently from the electron trans-
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FIG. 12. Surface density of states of the gold and titanium elec- » Ti-SWNT-Ti Junction
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mission characteristics of the equilibrium metal-SWNT- § 16.9(nm) ) ;
metal junction, which is calculated using K@) and depends o E H
on the surface electronic structure, the coupling across the § | A il b
. . 2 4
interface and the electronic structure of the SWNT molecule. E = A A: REE
The surface density of states of the bare gold and titanium § '
o

electrodes calculated using tight-binding paramétesse
shown in Fig. 12, while the transmission characteristics of
the metal-SWNT-metal junctions are shown in Fig. 13. For |
the shortest SWNT in the molecular lim{@2.0 nm), there is y Y e Y
significant transmission around the metal Fermi-leizgl Energy (eV)

which is suppressed rapidly with increasing SWNT length. o o

The difference in the electron transmission through the F!G. 13. Electron transmission characteristics of the Au-
SWNT conduction band region in the Au-SWNT-Au and Ti- SWNT-Au (upper figur¢ junction and Ti-SWNT-Ti(lower figurg
SWNT-Ti junctions is mostly due to the difference in the Junction for SWNT length of 2.0, 16.9, and 2Mn) and metal-

electrode band structures abot (sp-band for Au and lSWNThd'StarTce of_2_.0, 2f.5r’1 and 3'8?) respclactlvlely. Theh \.’ert'c.al
d-band for TD- Ines show the pOSItIOI’] of the metal Fermi-level at eac JUI’]C'[IOI’].

25.4(nm)

From both the LDOS and transmission characteristics of
the 60-unit cell SWNT, we can determine that for the Au-

SWNT-Au junction the Fermi-level location goes from ¢yr inside the SWNT junction. Since the screening of the

slightly below (by ~0.1 eV) the midgap of the 60 unitcell \york function difference inside the SWNT junction is weak,
SWNT to the midgap as the gold-SWNT distance increasege metal Fermi-level should be belgabove the middle of
from 2.0A) to 3.0A). For the Ti-SWNT-Ti junction, the the gap for a highlow) work function metal so that the net
Fermi-level location goes from abou@y ~0.25eV) the  decreasdincreasg of electrons inside the SWNT molecule
midgap of the 60-unit cell SWNT molecule to the midgap shifts the SWNT band edge dowap) relative to the metal
as the titanium-SWNT distance increases from ()0 Fermi-level. Exactly how this is achieved from the interface
to 3.0A). Note that this value is approximately the same forto the middle of the channel will depend on the details of the
SWNTs longer than 40-unit cell16.9 nm), i.e., the same contact(types of metal and strength of interface coupjing
length where the magnitude of the electrostatic potentiat the weak coupling limit, the lineup of the Fermi-level for
change in the middle of the SWNT begins to satuf&igs. the SWNT molecules which have reached the bulk limit is
6-8b)]. such that the perturbation of the electron states inside the
The physical principles of Schottky barrier formation at SWNT molecule is minimal, i.e., at midgap. Note that since
the metal-SWNT molecule interface can thus be summarizethe LDOS around the midgap is negligible inside the SWNT,
as follows: Since the effect of the interface perturbation onthe magnitude of the transferred charge in the middle of the
the electron states inside the SWNT molecule is small, foSWNT molecule is approximately independent of the inter-
the SWNTSs that are long enough to approach the bulk limitface coupling strength despite the different band lineup
the metal Fermi-level position should be close to the middlescheme at three different metal-SWNT distand&sgs.
of the gap since otherwise extensive charge transfer will oc6—8a)].
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\-%ﬁ through potential barriers with constant barrier height. A
""" REREIEIPUR separation of the contact and molecule core effect on the
10 . ‘ S, . tunneling resistance can thus be achieved using the func-
& % 5 10 15 20 25 tional relationR=Rge"", whereR, is the contact resistance
210° | \;Mﬁ\e,wm_n:  L=3.0{Angstrom) ' and d is the inverse decay length for tunneling across the
g | T T SWNT molecule. We find that the Au-SWNT-Au junction
e, .
3 t e ® has the contact resistand&=0.115,1.88,2.5M ) and
c T e .
8 107 fid inverse decay length ofl=1.68,1.68,1.68/nm) for the

0 5 Au-SWNT distance ofAL=2.0,2.5,3.08), respectively.
The Ti-SWNT-Ti junction has the contact resistanBg

FIG. 14. Room temperature conductance of the Au-SWNT-Au=0.023,3.14,4.98 Q) and inverse decay length of
(upper figurg junction and Ti-SWNT-Tilower figurg junctionasa  =1.51,1.52,1.5@/nm) for the Ti-SWNT distance ofAL
fgnctlon of the SWNT length at three different metal-SWNT =2-0,2-5,3-0&), respectively. Note that the contact resis-
distances. tance increases rapidly with the increasing metal-SWNT dis-
tance due to the reduced interface coupling, but the inverse
decay lengthiiwhich is a bulk-related paramejgemains ap-
proximately constarit® The total conductance of the metal-

INTERFACE SWNT-metal junction at room temperature saturates with in-

Given the electrostatic potential change/ across the creasing SWNT length. This is due to the fact that the
metal-SWNT interface, we can calculate the length and tempotential shift extends over a range comparable to the half of
perature dependence of the metal-SWNT-metal junction corthe SWNT length until the SWNT reaches the bulk limit. For
ductance using Eq12). The length dependence of the junc- longer SWNT, the tunneling is exponentially suppressed
tion conductance at room temperature is shown in Fig. 14 fowhile the transport becomes dominated by thermal activation
both Au-SWNT-Au and Ti-SWNT-Ti junctions at the three over the potential barrier whose height is approximately con-
metal-SWNT distances. We have separated the junction corstant for all the SWNTs investigated.
ductance into the tunneling and thermal-activation contribu- The length and temperature dependence of the metal-
tions as discussed in Sec. Il A. finite SWNT-metal junction can also be seen more clearly

The tunne”ng Conductancm|so the zero-temperature from Fig. 15, where we show the conductance of the SWNT
conductancefor both junctions decreases exponentially with junction as a function of temperature for lengths of 2.0, 8.4,
the SWNT length for SWNT longer than 4rim) (Fig. 14), and 16.9nm) in both Au-SWNT-Au and Ti-SWNT-Ti junc-
where the perturbation of the electron states inside th&ons and in the strong coupling limiAL=2.0 A). For the
SWNT due to the interface coupling can be neglected. Thehortest SWNT molecul¢2.0 nm studied, both tunneling
exponential decay with length for tunneling across a finiteand thermal contributions to the conductance at room-
molecular wire in contact with two metal electrodes has beettemperature are significant. So the condutance increases only
analyzed in detail in recent literature using either simpleby a factor of 2 going from 10&) to 25QK) for the
tight-binding theor§* or complex band structures calculated Ti-SWNT-Ti junction and is almost temperature independent
from first-principles theor§® But the essential physics can for the Au-SWNT-Au junction. The thermionic-emission

10 15 20
SWNT length (nm)

V. LENGTH AND TEMPERATURE DEPENDENCE OF THE
CONDUCTANCE OF THE METAL-SWNT MOLECULE
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contribution begins to dominate over the tunneling contribu-tion in order to illustrate qualitatively the importance of the
tion at SWNT length of 8.éhm) and longer, correspondingly proper modeling of the self-consistent screening of the ap-
the increase of conductance with temperature is faster. Butlied source/drain bias voltage%3%4 The fully self-
overall the temperature dependence is much weaker than ti§@nsistent current transport is under investigation and will be
exponential dependence in, e.g., electron transport througl§Ported in future publications.

the planar metal-semiconductor interfages. The three potential response models we choose (&ye:

The length and temperature dependence of the swNYVe assume all the vo!tage drop occurs at the metal-SWNT
terface with the two interface contributing equaliModel

molecule junction can be understood rather straightforwardIy
J 9 ); (2) We assume the voltage drop across the metal-SWNT-

using the Breit-Wigner formul& first introduced by tal iunction is oi ice I del 21- (3) W
Buttiker®® for electron transmission through double-barrier Met&! JUNCUON IS plecewISe inegModel 2y (3) We assume
the voltage drops linearly across the entire metal-SWNT-

tunneling structures. For electron transmission within the enc etal junction(Model 3. The three potential models chosen

ergy gap between the highest-occupied-molecuIar-orbita\lIere re N . ;
. . present the source/drain field configuration at three
(HOMO) and lowest-unoccupied-molecular-orbitaUMO) - igterent limits: In the absence of the SWNT molecule, we

of the SWNT molecule, we can approximate the energy degre |eft with the bareplanay source/drain tunnel junction.

pendence of the transmission coefficient as For ideal infinitely conducting electrodes, the voltage drop
T will be linear with constant electric field across the source/

T(E) ~ > L LR 5, (13)  drain junction. In general, sandwiching the SWNT molecule
izHomo,Lumo (E = E)* + L/A(T, +Tip) between the two electrodes leads to screening effect. If we

o . . . neglect entirely the screening of the applied source/drain
wherel', g ,(' _,HOMO'LUMO) Is the partial width of reso- g0 by the SWNT molecule, we arrive at potential model 3.
nant transmission through the HOMQUMO) level due to |t the nanotube is infinitely conducting, we arrive at potential
elastic tunneling into the leftright) electrode, respectively. mogel 1. In practice, both the electrodes and the SWNT are
Note that as the SWNT molecule reaches the bulk limit, thg,y; infinitely conducting, and the voltage drop can occur

HOMO and LUMO levels give the valence band and con-jqih across the metal-SWNT interface and inside the SWNT.
duction band edge, respectively. For given SWNT moleculesince the potential variation will be the largest close to the
and metallic electrodes,omoumoyLr) IS constant. The jnterface for the homogeneous SWNT assumed here, for
increase of transmission coefficient with energy from themodel 2 we assume the potential profile is such that the
Fermi-level E; towards the relevant band edge is thus ofmagnitude of the field across the first unit cell of the SWNT
Lorentzian form, which is also generally true for nanostruc-at the two ends is 10 times of that in the interior of the
tures with only a finite number of conduction channels. FromswNT molecule. Note that we have neglected the electro-
Eq. (12), the temperature dependence of the conductance Katic potential variation in the direction perpendicular to the
thus determined by the tail of the Lorentzian aroufidav-  source/drain field. For SWNTs with cylindrical structure, this
eraged over a rangekT due to the thermal broading with can be important in a fully self-consistent analysis of the
the  corresponding  weight df/dE(E-E;)=eXp(E  nonlinear current-voltage characteristics as we have seen in
—Ep/kT)/ (kT(exp((E-Ey)/kT)+1)?). This leads to much the previous sections. The three potential models chosen here
weaker-than-exponential dependence on temperature of tlge merely used to demonstrate the importance of the fully
junction conductance, as compared to the metalself-consistent study.
semiconductor interface, where the exponential dependence The calculated current-voltadé-V) characteristics of the
of conductance on temperature is due to the exponential dgnetal-SWNT-metal junctions for SWNT lengths of 2.1, 8.4,
crease of carrier densities with energy large enough to overn6.9nm) and metal-SWNT distance of 24) are plotted in
come the interface barriéf.As the length of the SWNT Fig. 16 for both junctions. For electrostatic potential models
molecule increases, the partial widtiomoLumo)Lr due to 2 and 3, thd-V characteristics are obtained by superposing
tunneling into the electrodes decreases exponentifiltyn  the assumed electrostatic potential profile onto the Hamil-
the WKB approximatioff) leading to the exponential depen- tonian of the equilibrium junction and evaluating its matrix
dence on junction length of the tunneling conductance. element by direct numerical integration. We find that as the
length of SWNT increases, the three different models of
Vl. CURRENT-VOLTAGE CHARACTERISTICS OF THE electrostatic potential response_lead to qualitative_:ly different
METAL-FINITE SWNT INTERFACE current-voltage characteristics in both the _magnltude of the
current and its voltage dependence. This is because current
In principle, to calculate the current-voltage characteristransport is dominated by thermal-activation contribution for
tics of the metal-SWNT-metal junction, a self-consistent cal-all the SWNT molecules investigated except the shortest
culation of the charge and potential response will be needednes. For the Au-SWNT-Au junction, we find that potential
at each bias voltage to take into account the screening of theodels 2 and 3 give qualitatively simil&V/ characteristics,
applied electric field within the junctior?8:2°This is compu-  indicating that potential drop within the SWNT bulk is im-
tationally demanding even for the self-consistent tight-portant. But for the Ti-SWNT-Ti junction, we find that po-
binding method due to the large size of the SWNT moleculetential models 1 and 3 give qualitatively similaiv charac-
Therefore, in this section we calculate the current-voltageeristics for SWNTs longer than Z18m), indicating instead
characteristics using three different models of the electrothat potential drop across the metal-SWNT interface is im-
static potential profiles in the metal-finite SWNT-metal junc- portant.
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Voltage (V) FIG. 17.(Color onling Three-dimensional plot of the local den-

sity of states at the Au-SWNT-A(@®) and Ti-SWNT-Ti(b) junctions
FIG. 16. Current-voltage characteristics of the Au-SWNT-Au as a function of position along the NT axis for SWNT length of
(1) and the Ti-SWNT-Ti(2) junction for SWNT lengths of 2.0, 8.4, 25.4nm) and metal-SWNT distance @fL=2.5A) at source/drain
16.9nm) and metal-SWNT distance of 24). We consider three bias voltage of 0.8/). We assume the voltage drops linearly across
different models of electrostatic potential profile within the SWNT the SWNT junction(potential model 3

junction. . . .
: ploring novel device concepts based on atomic-scale na-

- noengineering techniques and for examining the physical

The contact dependence of the source/drain field e1Lf‘:*‘C;SrincigpIes of %anoelegtronics from the botton?—up at%n{istic
can also be seen more clearly by_ analyzing its effect on th‘épproach. As the first example of the device physics prob-
SWNT electronic structure from Fig. 17, where we show thelems raised in this context, we examine electron transport
three-dimensional plot of the LDOS of the SWNT within the through metal-SWNT interface when the finite SWNT is
Au-SWNT-Au and Ti-SWNT-Ti junctions at applied bias contacted to the metal surfaces through the dangling bonds at
voltage of 0.%V) and assuming potential Model 3. Since for the end, which presents an atomic-scale analog to the planar
the equilibrium SWNT junction, the potential variation is metal-semiconductor interface. Due to the quasi-one-
appreciable over a length scale comparable to half of theimensional geometry of the SWNTs, a correct understand-
SWNT length and up te-10(nm), both the magnitude and ing of the physical mechanisms involved requires an atom-
the voltage-dependence of the current will be sensitive to thitic analysis of the electronic processes in the configuration
spatial variation of the potential response to the applied voltof the metal-SWNT-metal junctions.
age over the same length scale, which may have different We have presented in this paper such a microscopic study
effects on SWNT band structure depending on the metalliof electronic and transport properties of metal-SWNT inter-
electrodes usedFig. 17). Therefore accurate modeling of faces, as the length of the finite SWNT varies from the mo-
this long-range potential variation at the metal-SWNT inter-lecular limit to the bulk limit and the strength of the interface
face will be critical for evaluating the current-transport coupling varies from the strong coupling to the weak cou-

mechanism of the nanoscale SWNT devices. pling limit. Our models are based on a self-consistent tight-
VIl CONCLUSION binding implementation of the recently developed self-
' consistent matrix Green’s functiofSCMGBH approach for

The rapid development of single-wall carbon nanotube-modeling molecular electronic devices, which includes ato-
based device technology presents opportunities both for exmistic description of the SWNT electronic structure, the
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three-dimensional electrostatics of the metal-SWNT interspondingly, an atomic-scale understanding of the gate modu-
face and is applicable to arbitrary nanostructured devicekation effect within the metal-insulator-SWNT capacitor con-
within the coherent transport regime. We present a bottom-ufiguration will also be needed, similar to the planar metal-
analysis of the nature of the Schottky barrier formation, theoxide-semiconductor structu?®.We believe that detailed
length and temperature dependence of electron transpdkhowledge of the electronic processes within both the metal-
through the metal-SWNT interfaces, which show quite dif-SWNT-metal junction and the metal-insulator-SWNT capaci-
ferent behavior compared to the planar metal-semiconductdor are needed before a clear and unambiguous picture on the
interfaces, due to the confined cylindrical geometry and thghysical principles governing the operation of CNTFET can
finite number of conduction channels within the SWNT junc-emerge. In particular, preliminary theoretical results on the
tions. We find that the current-voltage characteristics of thearbon-nanotube field-effect transistors show that for SWNT
metal-SWNT-metal junctions depend sensitively on the elecmolecule end-contacted to the electrodes, the nanotube tran-
trostatic potential profiles across the SWNT junction, whichsistor functions through the gate modulation of the Schottky
indicates the importance of the self-consistent modeling obarrier at the metal-SWNT interfag¢e agreement with re-
the long-range potential variation at the metal-SWNT inter-cent experimen#) which becomes more effective as the
face for quantitative evaluation of device characteristics. length of the SWNT molecule increases. Further analysis is
Much of current interests on the Schottky barrier effect athus needed that treat both the gate and source/drain field
metal-SWNT interface are stimulated by the controversiakelf-consistently within the SWNT junctions, to achieve a
role it plays in the operation of carbon nanotube field-effectthorough understanding of SWNT-based nanoelectronic de-
transistorsl CNTFET),3%-32 where different contact schemes vices.
and metallic electrodes have been used. In general, the op-
eration of CNTFET will be determined by the combined gate
and source/drain voltage effect on the Schottky barrier shape
at the metal-SWNT interface, which may depend on the de- This work was supported by the DARPA Moletronics pro-
tails of the metal-SWNT contact geometry, nanotubegram, the NASA URETI program, and the NSF Nanotech-
diameter/chirality and temperature/voltage range. Correnology Initiative.
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