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ABSTRACT

Carbon nanotubes have shown great promise as a new class of electronic materials owing to the changein their
properties with chirality of the nanotube. On one hand, they can rival the best metal and on the other, a
semiconducting nanotube can work as a channel in a nano Field effect transistor. Carbon nanotube (CNT)
bundles are being considered for future VLSI applications due to their superior conductance and inductance
propertieswhich areimportant parameterswhile considering any material for an interconnect or viaapplications.
In this paper, we report the variation in electrical and thermal conductance aswell asinductance of a CNT with
itsgeometrical features using adiameter dependent model. Also the dependence of conductance and inductance
of aCNT on the type of nanotubes, tube length and tube diameter has been studied.

Aswe know that at nanometre scale, the electrical and thermal transport properties of the components become
extremely important with regard to the functioning of the device and it is very difficult to accurately measure
these properties, therefore predictions using modeling and simulation play an important role in providing a
guidelinefor design and fabrication of CNT interconnects and understanding the working of variousCNT based

devices. © 2013 Trade Sciencelnc. - INDIA

INTRODUCTION

Since the discovery of Carbon nanotubes
(CNT9)M, researchin the area of nanotechnology has
fuelled our quest to reduce the size of electronic de-
vicesand integrated micro and nano el ectro-mechani-
ca sysems(MEMSand NEMS). Thisisfurther aided
by experimenta breakthroughsthat haveledtoredlistic
possibilitiesof using CNTsinahost of commercia ap-
plicationslikefield emission based flat panel displays,
semi-conducting devices, hydrogen storageand ultra:
sensitive chemical and e ectromechanica sensors.

In microe ectronics, the scaling of deviceshasled
tothe desireto use nanowiresintermsof vias, inter-
connects, field effect transistors (FETS) and memory

elements. Asthe device sizereduces, the power diss-
pation and therma management in these nanosizede-
vices becomethe key factors during the design pro-
cess. Therefore, thedectrical and thermal conduction
propertiesof nanomateriasplay acritical rolein con-
trolling the performance and stability of nano/micro
devices. Among variouspotentid candidatesfor future
MEMS/NEM S gpplications, carbon nanotubeshold a
unique position because of their remarkable properties
likesmal size, great strength, light weight, specid eec-
tronic ructures, huge current-carrying capacity and high
mechanical and thermal stability. Dueto the techno-
logicd difficultiesof synthesizing high-quality and well-
ordered nanotubes, it isvery challenging to perform
electrical and thermal conduction measurementsona


mailto:njainsspl@gmail.com

24 Manoeuvering electrical & thermal parameters of carbon nanotubes

NSNTAIJ, 7(1) 2013

Full Paper =

specific type of tube. Thus, itisessential to observe
theoretica predictionsof theinductanceand eectrica
and thermal conductance and theinfluence of thege-
ometry of tubeson theseva ues.

A singlewall carbon nanotube (SWNT) hasone
shell whileamulti wall carbon nanotube (MWNT) has
severd shells. Depending on thechiraity (conforma-
tional variation), these shellsdemondirate either metd-
lic or semi-conducting properties. Thermd conductance
also varieswith chirality of the shell. Threetypes of
nanotubesareknownto exist, namely armchair, zigzag
and chiral nanotubes, depending onthen and m pa-
rametersused to definea CNT. Armchair nanotubes
are formed when n = mand the chiral angleis 30°.
Zigzag nanotubes are formed when either n or mis
zeroandthechira angleis0°. All other nanotubes, with
chiral angles intermediate between 0° and 30° are
known aschiral nanotubes?4.

ELECTRICAL CONDUCTANCE OFCNT

Most existing studies have shown that individual
SWNTshaveahigh bdlistic res stance (gpproximately
6.5kQ) whereas CNT bundles (CNTs aligned parallely)
provide high conductance®®. Findingshavea so shown
that dl shdlsinaMWNT can conduct if they are prop-
erly connected to the end contactd”, leadingto avery
low overdl resistance. In®, a25 pm long MWNT with
an outer diameter of 100nm is shown to achieve an
overal resstanceof 35Q. This is a significant improve-
ment over the early experimental resultsof resistance
valuesin KQ/MQ ranges whereit was assumed that
only oneouter shell inaMWNT conducts.

As can be seen from the density of states (DOS)
diagramsof variouskindsof CNTS%Y, they show quan-
tized conductance akinto nanowires. Therefore, con-
ductance of acarbon nanotube can be evaluated using
thetwo-termina Landauer-Buittiker formula Thisfor-
mulastatesthat, for a1-D system with N channelsin
parald, the conductance G=(Ne/h)T, where Tisthe
transmission coefficient for electrons through the
sampl €Y. Dueto spin degeneracy and subl attice de-
generacy of electronsin graphene, each nanotube shell
hasfour conducting channdsinpardle (N=4). Hence
the conductance of asingleballistic SWNT assuming
perfect contacts (T=1), isgiven by 4e2/h = 155 puS,
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which yields aresistance of 6.45 KQY, Thisisthe
fundamental resistance associated withaSWNT that
cannot be avoided*d. Thisfundamentd resistanceis
equally divided betweenthetwo contactson either side
of thenanotube.

An earlier conductance model expressed thecon-
ductance per channd as
G =GO0/(1+/A) 1)
where GO is quantum conductance, | isthelength of
CNTsand » isthemean free path’®. Thisequation led
to different conductancevauesaccording to different |
valuesbe ow themean free path of the CNT:
G =00.667GO0for | =0.51 and
G =0.556G0for | =0.8A.

Thesevduesareincons stent with thebdllitic prop-
ertiesof CNTs. Theballistic conductance of the CNT
should beaconstant for any value of | <», which has
been demonstrate experimentally!®. Therefore, the
model based on (1) was modified*® to provide an ac-
curate conductance analysis of the nanotubes.

According to this model, the conductance of a
MWNT or a SWNT is determined by two factors
namely the conducting channelsper shell and thenum-
ber of shells.

A SWNT consistsof 1 shell and for an MWNT,
thenumber of shellsisdiameter-dependant, i.e.

NsheIl = 1+[(Douler _Dinner)/28] (2)
whered=0.34nmistheVander Waa sdistance, Douter
and Dinner arethemaximum and minimum shall diam-

etersrespectively. Thus, thediameter of each shell is
d.=D, _ +ix28,wherei=0,1,...,Nshell-1 ©)

nner

Assuming themetalictuberatioisr, the approximate
number of conducting channelsper shell isgiven by

<
DGUTE‘.‘I’
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Figurel: Cross-section of MWNT
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N e = (@D+D)r 5 d>6 nm
=2r; d<6nm 4
wherea=0.1836 nm*and b= 1.2752

Generaly, wehaver =1/ 3inMWNT or aCNT
bundlethen (8) becomes
N o = (@D+0)/3 5 d>6nm

=2/3;d<6nm
Oneconductingchannd will providedther intrinsc con-
ductance (Gi) or Ohmic conductance (Go) according
tothetubelength|. For thelow biassituation (V <~
0.1V), thediameter-dependent channel conductance
foroneshell is
Gshell (dl'l) = Gi N chan/shell ; I<: )\'

=Go N chanishell I>2 (5)

where the mean free path A = v_d /aT is diameter-
dependent (« isthetotal scattering rate, Tistempera
tureand v,_isthe Fermi velocity of graphene).

Ohmic conductance Go= 2g? A/ h | isdiameter
dependent and the channel intrinsic conductanceisa
constant!¥, i.e., G, = 2¢? /h = 1/12.9kQ2 (where hiis
Planck’s constant, g the charge of an €lectron and | the
tubelength). Here, we consider the perfect contacts
and neglect the contact resistance sincerecently devel -
oped fabrication techniques can provide contactswith
very small resstancevaues®.

Using (5), the conductance of ametallic SWNT
with(N . =2), agivendiameter d (0.4nm < d<
4nm) andalength |, canbewritten as
G, (d)=2G ;<=

=2G,;|>2
Thenumber of shellsSinMWNT isdetermined by D
based on (2). Each shell hasitsownd,2andN __
«ar Which canbederivedfromD_ . Hence, thetotal
conductanceisthesummation of conductanceof al these
shellscan bewritten as

outer

Doum.-"
G M (Do;.".fei'n” = E G shell (("7." . l}) = E G shell ‘fd, ; '].} (6)
Dimler I\:Shﬁn

It can be seen from (6) that when the outer diameter of
aMWNT increases and the number of shellsremains
thesame, theconductancewill gradudly increase. Then,
when the outer diameter reachesacertain vaue, this
MWNT will have one more shell and its conductance
will increasedramaticaly.

In caseof CNTswithlengthlarger than A, the con-
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ductance startsto decrease dueto the effect of Ohmic
resistance. We have considered the conductanceat T
= 300K (room temperature) inthetubedirectionand
theimpact of inter-shell interactionisnot included.

THERMAL CONDUCTANCE OFCNT

Asinthecaseof electrical conductance, thethermal
conductance values of the shellsof aCNT depends
upon thelength and diameter of theparticular shell“l. If
thelength of theshell islessthan the phonon meanfree
path, L i thephononsinthe CNT shell will transport
without scattering®, i.e. the CNT shdll hashadlligticther-
mal conductanceK ... Whichistheproduct of num-
ber of phonon channelsN  and the thermal conduc-
tance per phonon channel K 4,

K i = Kin X Ny @)

ballistic
K, =n*k,*T/3h=9.46X10"T ; wherehisPlanck’s
constant, k, isBoltzmann constant and T isthetem-
perature. N, can becalculated for each CNT shell us-
ingthechird vector indicesnand m

N, =12 (n*mn+m?)/ d.r (8)

whered, isthegreatest common divisor of (2n+m) and
(2m+n). Thediameter of the shell can aso be deter-
mined by nand musing thefollowing expression

d=a/m* (n>mn+m?)»2 9)

wherea, isthelength of unit chira vector andisequal
to “3 b, and b, = 0.142 nm is the equilibrium inter-
atomic distance®. Therefore,
N, =12nd % a2d, (10)
Wecaninfer fromthisexpression that number of phonon
channdlsisdiameter dependant and increaseswith di-
ameter of theshell. Also, there may exist many chira
vectors(different nm) for thesamediameter shelswhich
inturnwould lead to different number of phonon chan-
nels. That meansazigzag, anarmchair andachirad CNT
of the same diameter may have different number of
phonon channels. Also, thearmchair and zigzag tubes
havingvadly different diameterscan havethesamenum-
ber of phonon channelsif their n parameter issameas
shownintheTABLE.

It can be seen that chirality of thetube affectsits
thermal conductanceto agreat extent. Among (7,0)
and (7,3) CNTs, thenumber of phonon channdsismuch
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larger inthechiral CNT (7,3).

Now, consdering thelength of the CNT, whenthe
shell length reachesl ! thetherma conductancewill
achieve saturation and becomeaconstant, at I=I , the
thermal conductance K=K ... . After that, the ther-
mal conductancewill decreaselinearly withtheincrease
initslengthand K=K .. * Imfp/I. Thethermal con-
ductance of ashell can now bewritten as

K=K paisic 1< o 1)

ballistic’

TABLE 1 : CNT parameters associated with thermal
conductance

CNT (n,m) CNT (7,7) CNT (7,00 CNT (7,3)
Type of CNT Armchair  Zigzag Chiral
Nanowbediameter g0 0548 0.696
(nm)

Chiral angle (degrees) 30.0 0.0 17.0
Number of hexa- gons
(unit call) 14 14 158
Atomsin unit cell 28 28 316
Number of phonon 84 84 948
channels
Ballistic thermal
conductance (W/K)  2.38 X 10® 2.38 X 10® 2.69 X 10"
At T=300 K

= Kballistic* |mfp /l’ |>|mfp

The total thermal conductance of a CNT (K ;) can
now be calculated if we know the number of shells, N,
in the nanotube.

Kent =}\:E§hl‘x-_.h (12)
For asinglewall nanotube, N is1.
Therefore, for (7,0) SWNT,
K paigic =K X N, =84 X 9.46 X 10T
=2.38 X 10°W/K (T=300K)
whichiscons stent with the recent findings*”.

For MWNT, number of shells(N) would vary
with theinner and outer diametersof thetubeasgiven
by (2).

Here also, we consider that al the shells of the
MWNT arein contact with themetd electrodesat both
ends, hence contributing to thetotal thermal conduc-
tance of thetube. When the outer diameter of MWNT
increases, the number of shellsincreasegivingrisetoa
subgtantia increasein therma conductanceof thetube,
Theinter shell coupling effect can beignored for the
purposeof caculation of therma conductancesincethis
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effectisvery weak®4,
INDUCTANCE OFCNT

CNT hastwo kinds of inductances: magneticin-
ductanceand kineticinductance.

Kineticinductance

Thekinetic inductance represents the kinetic en-
ergy of electrons, whichisaper unit length quantity for
each conduction channel inaCNT shell™*®. One con-
duction channel cons stsof spin-up and spin-downelec-
tronsanditskineticinductance® is
Lk chan = N/4€7v_=8nH/um (13)
wherehisPlanck’s constant, eisthechargeof asingle
electronand v, istheFermi velocity ingraphite.

The kinetic inductance value of an individual
SWCNT/MWCNT isintherangeof nH/um, which is
severa orderslarger than the corresponding magnetic
inductance (intherange of pH/um). One can neglect
the magneticinductancein such anaysis?.

Asisthecasewith conductance, thekineticinduc-
tance of ananotubewill aso depend on thetota num-
ber of shells, N and the number of conduction chan-
nelsof each shell.

Themetdlicshdls/tubesinadeaCNT bundlecon-
tributeto the number of conduction channelsand sodo
the semiconducting shellswith large diameters(d > 4
nm). For SWCNTs (d < 4nm), only metallic tube has
energy levelsto crossits Fermi level, providing con-
duction channels. Semiconducting tube doesnot pro-
videany conduction channels. However, for MWCNT
Nchan/shell (dl) !

USINg N, e (dh) theMWNT kineticinductance
iscaculated

Li s = Lichan | 2

pa

—\Iah (14)

Here, only room temperature T = 300K isconsidered
andtheinter-shdl interactionisnotincluded. Whenthe
MWNT diameter getslarger, the number of the con-
duction channelsincreases and the kineticinductance
of theMWNT decreases. (14) can estimatethekinetic
inductance of a SWNT asaspecia case: ametallic
SWNT consistsof 2 conduction channels, leadingto
aninductanceof 4nH/um.

Nehan ahe'.l(d.") IlH:’:Lllll
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Magneticinductance

Themagneti cinductance dependsonthemagnetic
fieldsinsideand between thetubes. It involves partia
self-inductance of each tube and themutual inductance
amongst tubes. From (14) we can see that larger
bundles consist of more CNTs and conduction chan-
nels, reducing the kinetic inductance valuesbut for a
sngleCNT and asmall bundle, thekineticinductance
issevera orders higher than the magnetic inductance.
When thebundlewidthincreases, thekinetic part de-
creases more rapidly than the magnetic part. There-
fore, theinductance estimation of alarge CNT bundle
needsto cons der both kinetic and magneticinductances.

RESULTSAND DISCUSSION

Electrical conductance

Themean freepath of el ectronsin SWNT istypi-
caly 1-2 uym. For CNT lengths less than this, electron
trangport isessentidly balistic within thenanotube and
thedectrica conductanceisindependent of length.

However, for lengths greater than the mean free
path, conductance decreases (resi stanceincreases) with
length of the CNT (figure 2). Thishasalso been con-
firmed by experimenta observationg*®. Figure3 shows
increasein conductancewith diameter of SWNT. Fig-
ure 4 shows variation in conductance of an MWNT
withitslengthwhichfollowsthesamepattern asSWNT.
However, in case of MWNT, the mean free path is
found to be morethan that of SWNTs. Figure 5 shows
variationinconductancewith diameter of MWNT. The
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Figure?2: Conductancev/s. tubelength (M etallic SWNT -
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D..o/D.. rétio impacts the conductance through
changing thenumber of shellsof MWCNTs. A smaller
valueleadsto more shellsand hence more number of
conducting channelsleading to ahigher conductance. It
isseen that for short tubelengths (1< 1), the conduc-
tanceincreases dramatically with diameter. When | >
A, there is a modest effect on conductance improve-
ment with diameter sncethe CNT showsOhmicress-

tancefor thelength beyond severa micrometers.
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Thermal conductance

TABLE 1 showstheeffect of chiraity onthether-
mal conductanceof aCNT. Theincreaseindiameter
givesriseto more number of phonon channelshence
increasingitsthermal conductance (figure6).
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3
2 1.5
= ]
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1 2 3 & 5 ]

Tube diameter (nm
Figure6: Thermal conductancev/s. tubediameter (SWNT -
length 4um)

MWNTs possess high thermal conductancevary-
ing with tube diameter, length and number of shellsin
thetube. When D increases, thenumber of thermal
conductance channelsincrease and in case of an end
contact (whereit can be reasonably assumed that all
the shellsare connected to thetwo el ectrodes on either
end with themetal €l ectrodes), each shell of the CNT
would contributeto thethermal conductanceof thetube
accordingtoitsown geometrical parametersleadingto
ahightota conductance(figure9).

Now, considering thelength of the CNT, whenthe
CNT lengthislessthantheL . , thethermal conduc-
tanceismaximum andisequa tothebalistic conduc-
tance, (K=K _,,..)- After that, thethermal conductance
will decreasewith theincreaseintubelengthinaccor-
dancewith (11) (figure 7& 8).

I nductance

Thetota inductanceof aCNT isobtained by add-
ing the kinetic and magnetic partstogether. In caseof a
singleshdl asin SWNT, Magneticinductanceisnegli-
gibleascompared to theKineticinductance (figure 10)
soit canbeignored.

Incaseof aMWNT, theD, /D . ratioimpacts
theinductancethrough changing thenumber of shelsand

hence number of conduction channds(both metalicand
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semiconducting shellscontributeto the conduction chan-
nel 9 decreasing thekinetic inductance and making it

comparabletothemagnetic part inductance (figure 11
& 12).
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Diameter and length areimportant factorsin deter-
mining both magnetic and kinetic inductances. When
thediameter increases, kinetic and magneticinductances
will reduceasnumber of conduction channel sincreases
whereastheincreasein length will have an opposite
effect, increasing inductances.

CONCLUSION

Theaboveresults provide an estimation of electri-
cd and thermal conductance and inductancefor differ-
ent geometriesof both MWNT aswell asSWNT. In
practice, the observed d.c. resistance of aCNT (at
low bias) may be much higher than theresistance de-
rived dueto the presence of imperfect metal-nanotube
contactswhich giveriseto an additional contactresis-
tance. Thetota resstanceof aCNT isthen expressed
asthe sum of resistances arising from three aspects:
thefundamental CNT resistance, scattering resistance
and theimperfect metal -nanotube contact resistance.
Thetotal resistancetherefore becomesso highthat it
masksthe observation of intrinsic transport properties
of aCNT. Theobserved resistancefor CNTshastypi-
caly beenintherangeof 100 KQ although few people
havereported theresistance to be <10 KQ (the lowest
observed res stancebeing ~7 KQ gpproaching thetheo-
retica limit)".

Itisasoto benoted that thetherma conductance
dependslargely onthetubegeometry, mainly itschirdlity,
diameter and length. Similarly inductanceisaso highly
dependent on length and diameter of aCNT. There-
fore, It can be deduced that if we have control onthe
diameter and length of the CNT while synthesizing
them™8| itispossibleto achievethedesired e ectrica
and thermal parameters of the CNTsto beusedina
nano scale device or asan interconnect.

Thisstudy would aid in observation of the change
in conductance and inductance of nanotubesunder dif-
ferent conditions and while using these nanotubesin
practical devices.
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