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ABSTRACT

Carbon nanotubes (CNTs) show great promise as a new class of electronic materials owing to a control on their
electrical propertieswith chirality of the nanotube. On one hand, they can rival the best metal as an interconnect and
on the other, a semiconducting nanotube can work as a channel in a nano field effect transistor. The energy band
structure and density of states of single wall nanotubes (SWNTSs) with different chiralitiesis reviewed here and then
using adiameter dependent model, the electrical conductance of aSWNT, amulti wall nanotube (MWNT) and bundle
of CNTscontaining MWNTsissimulated and analyzed. It isfound that conductance of aCNT dependslargely onits
geometry. An MWNT shows very high conductance which varies with average tube diameter, length and number of
shellsinthetube. Similarly, we can play with the conductance of aCNT bundle by varying itsdimensions and density
of nanotubes inside the bundle. This study would play an important role in understanding the working of various

CNT based electronic devices.

1.INTRODUCTION

Carbon nanotubes (CNTs) were discovered in
1991 by Sumio lijimd* and sincethenthey have turned
into ahot areaof research activity, fuelled by experi-
mental breakthroughsthat have led torealistic possi-
bilitiesof usingthemin ahost of commercia applica
tionslikefield emission based flat pand displays, semi-
conducting devices, hydrogen storage and ultra-sensi-
tive chemical and e ectromechanica sensors.

Inmicroelectronics, the scaling of deviceshasled
to the desireto use nanowiresin termsof vias, inter-
connects, field effect transistors (FETS) and memory
elements. Carbon nanotube having huge current-carry-
ing capacity, highmechanicd andthermad Sability isiden
tified asanideal component to be used in two main
areas of integrated circuits (1) asan interconnect be-
tween thetransistorsand (2) asthechannel materia in
FETS?7. Experimentsand theorieshaverevea ed that
thed ectrical propertiesof carbon nanotubescan match
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or even exceed that of the best metal s and semicon-
ductorsknown. Touse CNTsinvariouseectronic de-
vicesor gpplications, it isessential to understand their
basi c e ectrical properties. Inthispaper, wereport the
dependenceof dectrica conductanceof CNTsontheir
geometry and analysethe conductance of SWNTsand
MWNTSE9,

2. Sructureof singlewall carbon nanotubes

A single-wall carbon nanotubeisarolled-up seam-
less cylinder of graphene sheet made of benzene-type
hexagonal carbon ringswith diameter of theorder of a
nanometer. Multi wall nanotubesarerolled-up stack of
graphenesheetsin concentric cylinders. Thus, aSWNT
consistsof oneshell whereasaMWCNT hasmultiple
number of shells. Depending onthedirectioninwhich
thegrapheneshest isrolled up (chiraity), CNT dem-
ongrateseither meta lic or semi-conducting properties.
Threetypesof nanotubesare possible, called armchair,
Zigzag and chird nanotubes, depending onhow thetwo-
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Figurel: Depiction of agraphitesheet for [3, 2] nanotube

dimensiona graphenesheet is“rolled up”.

Assingle-waled CNT can be constructed concep-
tudly by rolling up asingle sheet of grgphiteaong one
of its 2 D lattice vectors B = nR1 + mR2 to form a
nanotube with diameter D = g 3(n?+ nm + m?)]Y2/xt
and chiral angled = arctan (N3m/[2n + m])1*122 where
a=1.421 A is the carbon-carbon-atom distance in a
graphiteshedt. Itisconvenient to specify CNT interms
of apair of integerd n,m]. Whenm =0, atypeof CNT
classfied aszigzag tubeisformed whosediameter D =
\3na/n and chiral angle ® = 0° and an armchair tube
with diameter D = 3na/m and chiral angle 6 = 30°is
obtained by taking n = m. All other nanotubes, with
chira anglesintermediate between 0° and 30° are chiral
nanotubes.

Anexampleof achird?¥ nanotubeisshowninfig-
urel. Thevector T isthe 1D trandation vector (T =
t R, +t R)) of thenanotubed ongtheaxis. Theunit cell
marked astherectangleinvolves4(n? + nm+m?) /d
atomswithd thehighest divisor of (2n+m, 2m-+n)tt12,

Theremarkable property of SWNTsisthat their
electricd natureisdetermined by thevauesof nand m.
They show metallic propertieswhen n=mor n-mis
multi pleof 3 and semi-conducting behaviour whenn-m
isnotamultipleof 3.

3. Energy disper son diagramsand el ectronicden-
sity of states of SWNTs

In ananotube, dectronsinthecircumferential di-
rection are confined inthetube. Sothecircumferentia
component of thewave vector, which satisfiesthe peri-
odic boundary condition, can only takethe vauesful-
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fillingtheconditionk. B, = 2nq where q is an integer.
Theallowed energy states of the tube are cuts of the
graphene band structure. When these cuts passthrough
aFermi point (K point of thefirst Brillouin zone), the
tubeismetdlic. In caseswhereno cut passesthrougha
K point, thetubes are semiconducting.

Intheenergy band diagrams, theN" bandin CNT
iIsequivaent toits1* band. So zonefolding methodis
usedtofindtheenergy dispersondiagramof CNT from
that of 2D graphend®¥. Thisgivesthe energy disper-
sonrdationas
E,(K)=E 2Lk (K/K,)+qK ] where
q=0,12...N-1and -n/T <k <m/T )
whereK, = (-t,b, +t b,)/N and K, = (mb,-nb,)/N arereciprocal
lattice vectorsof CNT and b, = 2ri/3a+ 2 j/v3aand b, = 2mi/

3a- 2nj/N3aarereciprocal lattice vectorsfor 2D grapheneand
E° is the energy dispersion relation of 2D graphite which

(using tight binding calculation) is given by
E,P(K,.K,) =%, (1+4cos(3k a/2) cos(«l3kya/2)
+4 cos*(\3k a/2))* (2)

where v, is the nearest neighbor transfer integral (also called
the hopping matrix element) and its value is found to lie be-
tween2.5-3.2¢V.

Theelectronic density of states are obtained from
theenergy dispersionrelation.
DOS(E) = 2/n £ J|OE ., /0k | * dE €)

CNT

Case |

For armchair CNTs, m=nandk_isinthecircum-
ferentid direction. Applying the boundary condition
3nak =2nq, |T|=v3ainegn.(2), we get
E,2meha (k) = £y, (1 + 4 cos(r q/n) cos(V3ka/2)

+ 4 cosX(V3ka/2)12, )
whereq=0,1, ... n;-n/3a<k<n/\3a

Therearen+1 dispersion relationsfor both con-
duction and valence bands. Out of these (n+1) rela
tionstwo bandsare nondegenerateand therest n-1 are
doubly degenerate. Thelowest conduction band and
the highest valence band arefound to cross each other
(figure2a) a thefermi level. Thissignifiesthat dl arm-
chair tubesare metalicin nature. The DOS diagram
(figure2b) aso showsthe presence of satesat thefermi
energy.

Casell

For zigzag CNTs, m=0and ky isinthecircumfer-
entid direction. So, after applying the boundary condi-
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Theband diagram showsthat thereisnegligiblegap
between the lowest conduction band and highest va-
lence band when nisamultiple of 3 (figure 3a) and
definite no. of states are present at the fermi energy
(figure3b), inwhichcase CNT ismetallic or semime-
talicinnature. Thereexistsagap whennisnot amul-
tipleof 3and it behaves asasemiconductor (figure4a).

Caselll

In Chiral CNTs aso, the band diagram shows a
gap at thefermi levd whennisnotamultipleof 3anda
semiconducting behaviour isdepicted (figure5a) butin
case, nisamultipleof 3then CNT showsametallic
behaviour.

Thedengty of satesat Fermi leve iszerofor semi-
conducting CNTswhereasit hasadefinitevaluefor
metallic CNTs. Thedifference between thetwo pesaks
on both thesidesof thefermi energy givestheva ue of
the energy band gap for semiconducting CNTswhich
can be written as E,= 2ay,/d which shows that the
energy band gap variesinversdy with tubediameter (d).

4. Conductanceof carbon nanotubes

M ost existing studies have shown that individual
SWNTssuffer from ahigh ballistic resistance of ap-
proximatdly 6.5kQ though they have electron mean free
paths of the order of amicron™. Accordingtothere-
centfindings, dl shelsinaMWNT can conduct if they
areproperly connected to the contact, leadingto avery
low overall resistance™. A 25 um long MWNT with
anouter diameter of 100nmisshownto haveanoveral
resistance of 36Q1*%, Thisisasignificant improvement
over theearly experimenta resultsof resistancevalues
in KQ/MQ ranges where only one outer shell in a
MWNT conducts*®. Bundlesof these CNTsin paral-
lel can providevery high conductance®*l.

CNT conductancemode

The conductance of acarbon nanotubeisobtained
usingthetwo-termind Landauer-Buttiker formula This
formulastatesthat, for a1-D systemwith N channdsin
parallel, the conductance G=(Ne#/h)T,

whereT isthetransmiss on coefficient for eectrons
through the sample*3. Due to spin degeneracy and
subl attice degeneracy of electronsin graphene, each
nanotube hasfour conducting channdsinpardld (N=4).
Hencethe conductanceof asinglebalistic SWNT as-
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Figure6: Cross-section of MWNT

suming perfect contacts(T=1), is4e?/h=155uS, which
yieldsaresistance of 6.45 KQ™, Thisisthe funda-
mental resistance associated withaSWNT that cannot
be avoided¢, Thisfundamenta resistanceisequally
divided between thetwo contacts on either side of the
nanotube.

An earlier conductance model*® expresses the
conductance per channel as.
G=G/(L+!/A) (5)
where G, is quantum conductance, | isthelength of CNTsand

A isthe mean free path. This equation leads to different con-
ductance values according to different | values (for | <A) e.g.

for1=0.51, G=0.667G,and G = 0.556G, for | = Oh.

Thesevauesareincons stent withthebdlistic prop-
ertiesof CNTs. Theballistic conductanceof theCNT
should beaconstant for any valueof | <A, 1%, There-
fore, themodel of*® based on egn. (5) was modified
by Wei wang et al.[*¥ to provide an accurate conduc-
tance anaysisof the nanotubes.

According to this model, the conductance of a
MWNT or aSWNT isdetermined by two factors. the
conducting channd sper shell and thenumber of shells.
A SWNT consists of 1 shell whereasinaMWCNT,
thenumber of shellsisdiameter-dependent, i.e.

N, =1+[(D,,. -D, .)/28]

shell inner

where 6=0.34nm isthe Vander Waalsdistance, D___ and D.

outer nner

are the maximum and minimum shell diameters respectively.
Thus, the diameter of each shell is

d =D, +ix28,wherei=0,1,...,Nshell-1 @)

Assumingthemetallictuberatioisr, the approxi-
mate number of conducting channelsper shell is:
N ovena =(ad+b)r ;d>6nm

=2r ; d<6nm €))

wherea=0.1836 nm* and b =1.2751Y

Generdly, wehaver =1/ 3inMWNT or abundle
of CNT94, then
N =(ad+b)/3

chan/shell ! d>6 nm
=2/3

:d<6nm
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One conducting channel of the CNT will provide
@ther intring c conductance (Gi) or Ohmic conductance
(Go) accordingtothetubelength|. For low biassitua
tion (V,<~0.1V), thediameter-dependent channel con-
ductancefor oneshdl isgivenby

sheu (d )= G N chan/shell * <=2
=G,N (> A 9)

chan/shell ?
Wherethe mean free path A = v,_d/at is diameter-dependent!*?,
a is the total scattering rate, t is temperature and v, is the

Fermi velocity of graphene.

Ohmic conductance Go=2¢? A/h | isdiameter de-
pendent!®, and the channel intrinsic conductanceisa
constant!*, i.e., G = 2¢ /h = 1/12.9k Q (where his
Planck’s constant, q the charge of an electron and 1 the
tubelength). Here, we consider the perfect contact and
neglect the contact resi stance sincerecently developed
fabori cation techni ques can provide contactswith very
small resstancevalues®¥,

Usingegn.(9), theconductanceof ametalic SWNT

(Nyqa = 2) for diameter d (0.4nm < d< 4nmi¥) and
alengthl,is
Gy (di]) =2G, ;l<=i

=2G, I>A

consistent withtheandysisin®9.

Thenumber of shellsinanMWNT isdetermined
by D, based onegn. (6). Each shell hasitsownd, A
andN _ .., whicharederivedfromD___

Hence, thetotal conductanceisthe summation of

conductanceof dl theseshdlls:
D

G,, (D, N=2G_, @ =2 G, @) (10
N

MW ( outer

shell inner

We have considered the conductance at room tem-
perature T = 300K inthetubedirection and theimpact
of inter-shell interaction!*! isnot included. It can be
seen from egn. (10) that when the outer diameter of a
MWNT increasesand the number of shellsremainsthe
same, the conductancewill gradually increase. Asthe
outer diameter reachesacertain value, the MWNT will
have onemore shdl and itsconductance will increase
dramaticaly. In caseof CNTswithlengthlarger than .,
the conductance startsto decrease dueto the effect of
Ohmicresstance.

Based on the above conductance estimation of both
MWNT and SWNT (aspecial caseof MWNT), the
total conductanceinsideamixed CNT bundleisob-
tanedas
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Gyuae=] Gyw )N(D,,,) 9D (11)
whereN(D,, ) |sthetube count and anormal (Gaussian) dis-
tribution W|th amean diameter mD__ and a standard devia-
tionc, " isfollowed by the tubes in the bundle.
Assuming thetotal number of CNTsinthebundle
thetubecount foragivenD_, isgivenby
_ N@My o, * exp(-U2*([D
Douter)2) (12)

Based onegn.(12), adistribution curvefor thetube
count isobtained. Using thisdigtribution curveandthe
corresponding MWNT conductance curve, thetotal
conductance of the mixed bundleisestimated using

egn.(12).

outer ! outer

Douter outer

RESULTSAND DISCUSSION

Themean free path of electronsinaCNT istypi-
caly 1-2um. For CNT lengthslessthanthis, electron
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trangport isessentidly balistic within thenanotubeand
the conductanceisindependent of length. However, for
lengths greater than the mean free path, conductance
decreases(res stanceincreases) with length of the CNT
(figure 7). Thishasa so been confirmed by experimen-
tal observationg*6?%. Figure 8 showsincreasein con-
ductancewith diameter of SWNT.

Figure 9 shows variation in conductance of an
MWNT withitslength which followsthe same pattern
asSWNT. However, incaseof MWNT, themean free
path isfound to be morethan that of SWNTSs. Figure
10 showsvariation in conductance with diameter of
MWNT. We seethat conductanceincreaseswith in-
creasein tube diameter becauseaMWNT of bigger
diameter has more number of shellsand hence more
number of conducting channelswhich giveriseto the
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increased conductance.

To estimate the conductance of CNT bundles, we
need to specify parameterslike bundlewidth, height
and length; average diameter of the CNTs, standard
vaiaioninthediameteranddsoD, /D, apartfrom
density of CNTsinthe bundleand their probability of
beingmetalic(r).

Thesample CNT bundlewith crosssection area:
1um?; length: 8um; density: ~10* tubes/m? and aver-
agetubediameter of 30um, D, /D__ =0.5and prob-
ability of 90% of thetubesto bemetallic wasconsid-
ered for conductance cal culation. Assuming thetube
count distributionversusD_,_, anormal distribution
(figure11) withmeandiameter mD_, =30nmand stan-
dard deviationc, . =5nm, the conductance of each
CNT insidethe bundlevariesaccordingtoitsouter di-
ameter. Using egn. (11), the total conductance was
obtained as4.683849Q* for r = 0.9 whichisequiva
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lent to aresistance of 0.2134996Q).

Other bundleswith same parametersbut of length
(<8um) a so givethe same conductance and resi stance
va ue showing that till 8um thisbundle showsthe mini-
mum resistance. For different bundlesthislength can
bedifferent, beyond which if weincreasethelength,
the conductance decreases. If abundleistaken with
more cross section area, the number of tubesin the
bundleincreasesgiving riseto increasein conductance.
Similarly, predictably increasing thetube density inthe
bundlewill increasethetotal number of tubesand hence
the conductance asshowninfigure 12.

TheD, /D__. ratioimpactsthebundle conduc-
tancethrough changing thenumber of shellsof MWNTSs,
A smadller valueleadsto more shellsand ahigher con-
ductance. It isseen that for short tubelengths (1<),
the conductanceincreasesdramaticaly whenl incresses.
When| >, | has modest effect on conductance im-
provement because the CNTs show ohmic resistance
for thelength beyond several micrometers.

5.CONCLUSION

The above study provides an estimation of con-
ductancefor different geometries of both MWNT as
well as SWNT. In practice, the observed d.c. resis-
tanceof aCNT (at low bias) may be much higher than
theresi stance derived dueto the presence of imperfect
metal -nanotube contactswhich giveriseto an addi-
tional contact resstance. Thetota resistanceof aCNT
isthen expressed asthe sum of resistancesarising from
three aspects: thefundamental CNT resi stance, scat-
tering res tance and theimperfect meta -nanotube con-
tact resistance. Thetotal resistance may becomevery
high so asto mask the observation of intrinsic transport
propertiesof aCNT. Theobserved resstancefor CNTs
hastypically beenintherangeof 100 KQ although the
lowest observed resistance is of the order of 7 KQ
approaching thetheoretica limit4,

Thisstudy would aid in observation of the change
inconductance of nanotubesunder different amospheric
conditionsand whileusing these nanotubesin practica
electronic devices. For realizing an interconnect using
CNTs, it would be agood ideato use MWNTs or a
bundle of CNTsastheresistance associated with an
isolated CNT istoo highto work effectively asanin-
terconnect.
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