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Thermoelectric power of aligned and randomly oriented carbon nanotubes

M. Baxendale, K. G. Lim,* and G. A. J. Amaratunga
Cambridge University Engineering Department, Trumpington Street, Cambridge CB2 1PZ, United Kingdom

~Received 28 October 1999!

Thermoelectric power was used to elucidate the electrical transport properties of aligned and randomly
oriented carbon nanotube systems in the temperature range 77–450 K. A weakly negative thermoelectric
power, comparable with that of a graphite flake, was observed for a macroscopic bundle of multiwall carbon
nanotubes with individual axes aligned parallel to the main axis. However, mats of randomly oriented multi-
wall carbon nanotubes gave a strongly positive thermoelectric power, as did mats of single-wall nanotubes.
This is evidence of the importance of intertube contacts in the interpretation of the thermoelectric power data
for carbon nanotube systems. Models for thermoelectric power behavior incorporating contact effects are
described.
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Carbon nanotubes continue to attract much research in
est due to their unique electrical properties and potential
plications. Thermoelectric power~TEP! measurements hav
been used to elucidate the electronic properties of multiw
nanotube ~MWNT! bundles and single-wall nanotub
~SWNT! ‘‘mats.’’ 1 In both cases positive and moderate
large TEP’s with unusual temperature dependencies tha
proach zero asT→0 are observed in the range 0–300
Hone et al. observe similar TEP characteristics for sinter
and unsintered SWNT mat samples and conclude that
measured TEP is an intrinsic property of the constitu
nanotubes.1 Tian et al. tacitly assume the TEP of a MWNT
bundle is similarly intrinsic.1 The aim of this work is to show
that this positive TEP is not an intrinsic property of the nan
tubes but rather is a consequence of random orientatio
intertube contacts relative to the thermal gradient emplo
in the measurement. The temperature variation of diffus
TEP for randomly oriented nanotube systems is not that
simple metal or semiconductor, nor is a power-law dep
dence observed—a signature of the variable range hop
~VRH! regime. This unusual TEP has been interpreted
terms of a variation of the Nordheim-Gorter relation for pa
allel metallic and semiconducting pathways.1 Here results
are interpreted in terms of the fibrillar conducting path mo
of Kaiser.2

The MWNT bundles used in this study produced by c
thodic arc deposition are described elsewhere.3 The material
comprises aligned MWNT’s close packed into bundles
outer diameter several tens of nanometers. These bundl
turn form bigger fiberlike structures of length 1–3 mm a
approximate diameter 100mm with individual MWNT axes
aligned parallel to the main axis. These macroscopic st
tures exhibit a high degree of alignment, as evidenced by
observation of electronic quantum transport properties n
mally associated with single-mesoscopic structures.4 The fi-
berlike structures were first heated in air at 700 °C to rem
a thin overcoating of graphitic flakes and amorphous carb
MWNT mats were produced by first grinding the fiberlik
structures, dispersing the ground material in twice micel
concentration sodium dodecyl sulfate solution, and stand
in an ultrasound bath to form a suspension. The suspens
were left for several days during which any large fragme
of material collected in the sediment. The liquid phase w
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then centrifuged at 5000 rpm for 10 min to extract mac
scopic particles, filtered using a 0.4mm pore size, and finally
washed in distilled water. The MWNT-containing depo
was then scraped from the filter membrane, shaped in
1 mm33 mm3100mm bar across the electrical contacts
the temperature-controlled platform of the TEP measurem
system, and allowed to dry. A similar-sized sample was p
pared for conductivity measurements and electrical cont
made by silver paste in the conventional four-contact c
figuration. SWNT’s used in this study were produced by t
cathodic arc deposition method.5 Purification of the SWNT-
containing material was by the method of Tohjiet al.6 The
material was finally filtered and mats prepared by the met
described above.

The cathodic arc deposition process for both MWNT a
SWNT samples produces nanotubes with a distribution
electronic structure ranging from the semiconductor to m
tallic. For this reason the TEP of macroscopic nanotube m
has been modeled as parallel semiconducting and met
pathways.1

TEP measurements were performed with a MMR te
nologies SB-100 Programmable Seebeck Controller unit.

For a homogeneous medium and energies close to
Fermi energyEF , TEP is given by the standard Mo
formula:7

S5
p2k2T

3e

d ln s~E!

dE U
EF

, ~1!

wherek is the Boltzman constant,T is temperature,e elec-
tronic charge, ands(E) a conductivitylike function of elec-
tron of energyE.

For heterogeneous media comprising fibrillar curre
paths, TEP is given by analogs of the Nordheim-Gorter r
for metallic diffusion TEP in the presence of different sca
tering mechanisms.7 In the following analyses it is assume
that heat current follows the same fibrillar path as electri
current. By inserting the total conductivity of two pathwa
1 and 2,s5s11s2 , into Eq.~1!, ~i! for a medium compris-
ing parallel two-type current paths,
12 705 ©2000 The American Physical Society
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S5
s1

s
S11

s2

s
S2 , ~2!

whereS1 ,S2 are their respective TEP’s;~ii ! for a medium
comprising a fibrillar current path intermittently broken b
series-connected ‘‘barrier’’ regions,

S5
DT1

DT
S11

DT2

DT
S2 ~3!

whereSi5DVi /DTi is the characteristic TEP produced by
temperature differenceDTi , Vi is the voltage drop acros
regioni, andDT is the temperature gradient across the en
sample. If the barrier regions are randomly oriented rela
to DT and the Wiedemann-Franz law holds, that is, electr
resistance is proportional to thermal resistance,

S5
R1

R
S11

R2

R
S2 , ~4!

whereR1 is the resistance of the fibrillar path,R2 the resis-
tance of the barrier region,R5R11R2 the total resistance o
the pathway, andS1 ,S2 are the TEP of the fibrillar pathwa
and barrier regions, respectively. If, however, the barrier
gions are oriented perpendicular to the temperature grad
DT, the barrier region will lie on an isotherm, henceDT2
50 and Eq.~4! will reduce to

S5S1 . ~5!

In this case TEP is determined entirely by the fibrill
path with no contribution from the barriers even though
barriers may make a significant contribution to electrical
sistance. Previous studies have tacitly assumed intertube
riers are negligible and Eq.~2! applied for parallel metallic
and semiconducting pathways.1

Comparison of the TEP’s of oriented and randomly d
persed systems can be achieved with the MWNT bundle
mat samples, respectively. Although the TEP of MWNT
may be complicated by interlayer interactions, such a co
parison using SWNT’s is not possible because macrosc
samples of aligned SWNT’s are not available at present.

The temperature variation of normalized electrical res
tance for the three samples used in this experiment is g
in Fig. 1. The abrupt changes in resistivity for the m
samples at high temperature is an indication of the fibri
nature of the current path: steps occur when current is
routed by thermal expansion of the sample. Within this te
perature range the resistance of the MWNT mat is essent
constant, that of the MWNT bundle is weakly semicondu
torlike but does not have the temperature dependence of
common conduction mechanism, indicating that bo
MWNT samples have mixed-conductivity mechanism8

However, the resistance of the conceptually simpler SW
mat obeys the Mott expression for VRH,s5s0 exp@
2(T0 /T)1/4#, as shown by the linearity of Fig. 1~b!.

The TEP data for each sample and that for the in-pl
TEP of a high-quality pyrolitic graphite flake in the temper
ture range 77–425 K are given in Fig. 2. Clearly there i
dramatic difference between the MWNT bundle and m
samples. The TEP of the aligned MWNT bundle sample
weakly negative and comparable with that of graph
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whereas that of the MWNT mat is strongly positive, as
that for the SWNT mat. The sign and magnitude of the T
of the mat samples are comparable with previously repo
data.1 Since the MWNT bundle and mat used in the measu
ment are taken from the same source material they are
pected to contain nanotubes with the same distribution
electronic properties. Therefore, there are two possible
planations for the difference of the MWNT mat and bund
TEP behavior: either the orientation of the intertube conta
relative toDT is critical, or the mechanical deformation o
individual nanotubes in a random network significantly alte
their electronic structure. Recent calculations by Nard
show that SWNT’s maintain their basic electrical propert
even in the presence of large mechanical deformatio9

Since their electrical and thermal properties are likely to
determined by the outer layer it is reasonable to assume
the same is true for MWNT’s. The recent observation of t
Aharonov-Bohm effect in a single MWNT is convincin
proof that the electric current flows in the outermo
graphene sheet only, at least at low temperatureT,70 K.10

In the case of the MWNT bundle, the intertube barrie
are perpendicular toDT so the measured TEP is that of th
nanotube conducting pathways according to Eq.~2!, which
can be justifiably modeled as parallel semiconducting a
metallic components. Assuming the absence of phonon-d
effects in the temperature range of the measurement, the
tallic diffusion TEP in the phonon scattering regime usi
the free-electron approximation is7

S15
pk2

eEF
T. ~6!

That for a nondegenerate semiconductor is

S25
k

e F ulu
T

1b G , ~7!

wherel is the gap temperature measured from the midga
the band edge andb is a constant. In Eqs.~6! and ~7!, elec-
tron and hole transport is indicated by negative and posi
signs, respectively.

FIG. 1. Temperature variation of normalized resistance for~a!
the MWNT bundle and mat samples, and~b! SWNT mat, from this
plot T057000 K.
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PARALLEL METALLIC
AND SEMICONDUCTING PATHWAYS

If the conductivity of the semiconductor paths2
}exp(2l/T), and the metallic conductivity iss1 , general
expressions can be derived from Eq.~2! whereA, B, andC
are constants.

~i! s15const,s1@s2 ,

S5AT1FBl

T
1CGexpS 2l

T D . ~8!

~ii ! s1}1/T, s1@s2 ,

S5AT1@BT1CT#expS 2l

T D . ~9!

~iii ! s1 is a const,s1!s2 ,

S5A expS l

TD1FBl

T
1CG . ~10!

~iv! s1}1/T, s1!s2 ,

S5
A

T
expS l

TD1FBl

T
1CG . ~11!

The first and second terms in Eqs.~8!–~11! represent the
weighted contributions of metallic and semiconducti
TEP’s, respectively.

The MWNT bundle TEP data in Fig. 2 can be fitted
equations of the form Eqs.~8!–~11! by a procedure that re
quiresB andC to be of the same sign—as is required in E
~7!—andl to have a physically reasonable value. Adequ
fitting of the data to Eqs.~8!–~11! using the actual form ofs
shown in Fig. 1 and the various forms ofs1 ands2 outlined
above can be also achieved.

The best fits are achieved with Eqs.~8! and ~9! with val-
ues ofA–C, l given in Table I and are shown as a solid lin

FIG. 2. Temperature variation of TEP for the various nanotu
samples and that of in-plane TEP of high-quality pyrolitic graph
Solid lines are the fits to the models described in the text. T
schematic diagrams to the right of the plot are 2D representation
the nature of the thermal current paths~dotted lines! for the aligned
nanotube bundle, mat, and pellet samples in the TEP measurem
The spatial extent of intertube barriers is schematically indicated
the gray areas.
.
e

in Fig. 2. The signs ofA–C indicate electronlike metallic
TEP, holelike semiconductor TEP, and the magnitudesl
correspond to very narrow energy gaps energy of 6 and
meV. Since all the forms Eqs.~8!–~11! give reasonable fits
to the data and that some degree of misalignment will g
rise to a positive component of TEP, direct interpretation
the fitting parameters in terms of the electronic structure
the individual nanotubes is likely to lead to false conc
sions. At best it can be said that some form of parallel c
duction path model can describe the TEP of the MWN
bundle. Since there is no contribution to TEP from intertu
barriers, the weakly negative characteristic of the MWN
bundle, not the positive TEP of the randomly oriented ma
is likely to be the intrinsic property of the nanotube syste

A strongly positive TEP is measured for the mat sampl
this is consequence of the random distribution of intertu
barriers relative toDT for the reasons described abov
Hence, the TEP for a mat is best modeled as a pathwa
semiconducting nanotubes broken by series-connected i
tube barriers, in parallel with a similar metallic pathwa
Electrical conductivity through the barrier region is likely
be by hopping—the VRH conduction is present in t
SWNT mat sample, see Fig. 1~b!, and is likely to be a com-
ponent of the MWNT mat conductivity.

In the VRH regime7

Sh5
k2

2e
~T0T!1/2

d ln s~E!

dE U
EF

, ~12!

whereT0 is the parameter contained in the 3D VRH condu
tivity expression,s5s0 exp@2(T0 /T)1/4#; the sign ofSn in-
dicates the carrier type.

PATHWAY OF METALLIC FILAMENTS BROKEN BY
SERIES-CONNECTED BARRIERS IN PARALLEL

WITH A SIMILAR SEMICONDUCTING PATHWAY

The series combination of pathway and barrier was m
eled using Eq.~3!, and combined with Eq.~2! to describe the
parallel connection of metallic and semiconducting pa
ways. The equations below assumeRb@Rm,Rs whereRb is
the barrier resistance andRm ,Rs the resistance of a metalli
and semiconducting nanotube, respectively, andA8–E are
constants. Here conductivity through the barrier is by
VRH: the form of Rb is derived from the expression fo
conductivity and the contribution of the barrier to TEP
given by Eq.~12!.

~i! Rm5 const,

S5A8T expS 2T

T0
D 1/4

1B8expS 2l

T D
3expS 2T

T0
D 1/4FC8l

T
1DG1ET1/2. ~13!

e
.
e
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TABLE I. Best fits parameter values achieved with Eqs.~8! and
~9! for A–C, l.

A ~mV/K2! B C l ~K!

Eq. ~8! 213.3 28.8mV/K 2.2 mV/K 57
Eq. ~9! 20.057 331025 mV/K2 0.06mV/K2 201
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TABLE II. Best fit parameter values achieved with Eqs.~13! and ~14! for A–E, l.

A8 B8 C8 ~mV/K ! D ~mV/K ! B ~mV/K3/2! l ~K!

MWNT mat: Eq.~13! 20.019mV/K2 625 331025 0.06 1.32 201
MWNT mat: Eq.~14! 2231025m V/K3 560 331025 0.06 1.21 201
SWNT mat: Eq.~13! 20.007 616 331025 0.06 1.37 201
SWNT mat: Eq.~14! 2831026 601 331025 0.06 1.32 201
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~ii ! Rm}T,

S5A8T2 expS 2T

T0
D 1/4

1B8expS 2l

T D
3expS 2T

T0
D 1/4FC8l

T
1DG1ET1/2. ~14!

The first, second, and third terms in Eqs.~13! and ~14! rep-
resent the weighted contributions of metallic, semicondu
ing, and hopping TEP’s, respectively.

Equations~13! and ~14! were fitted to the mat TEP dat
using the semiconductor gap temperaturel and the intrinsic
constants of semiconducting TEP,B and C, found in the
fitting of the MWNT bundle data to Eq.~9!—inserted into
the equations as constantsC8 andD ~italicized in Table II!—
andA8, B8, andE varied. The intrinsic metallic TEP,A, that
from Eq.~6! equalspk2/eEF , cannot be inserted in the sam
way becauseA8 contains unknown geometric factors th
enter Eqs.~13! and~14! via Rm . The value ofT057000 K is
determined from the SWNT mat conductivity data, Fig. 1~b!.
The best fit parameter values are given in Table II: both E
~13! and ~14! gave identical quality fits as indicated by th
solid lines in Fig. 2.

Comparable quality fits, with parameters of the same s
can be achieved with the values ofC8, D and l from the
fitting of Eq. ~8! to MWNT bundle data so it would be wron
to quantitatively interpret the above values. However, it c
be concluded that the measured mat TEP can be qualitat
described in terms of the above model with an electron
metallic component, a holelike semiconductor compone
and a holelike hopping component. The change of sign
TEP when the nanotubes are randomly dispersed is ca
by the introduction of the exp(2T0/T)1/4 factors and the posi
tive hopping termET1/2 in the form of total TEP. Further
evidence of this analysis was obtained from the TEP o
t-
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a

SWNT pellet sample made by applying several MPa to
SWNT mat~Fig. 2!. In pellet form the intertube contact are
is increased relative to a mat so the probability of intertu
hopping along an isotherm is greatly increased. This is s
as a TEP intermediate between the aligned and rando
oriented TEP behaviors.

In contrast to the results reported here, Tianet al. have
reported a positive TEP for a MWNT bundle.1 We speculate
that this due to a lower degree of nanotube alignment in th
bundle, giving rise to positive TEP components. In this sen
TEP can be viewed as an indicator of the quality of nanotu
alignment. We measured the TEP of several other MWN
bundles and found them all to be weakly negative althou
some had more positive components than that of the bun
in Fig. 2. The source of the positive TEP components cou
be either intrinsic or due to poorer quality of nanotube alig
ment. Thermal cycling of these bundles tended to lessen
positive components suggesting that this was due to so
disorder being annealed out of the conducting pathway. T
MWNT bundle TEP shown in Fig. 2 was unchanged by the
mal cycling, and therefore assumed to be that of an entir
intrinsic conduction process. There was little sample-
sample variation of mat TEP’s as is to be expected in t
presence of random orientation.

In conclusion, the TEP of aligned and randomly orient
nanotube systems are of different sign and magnitude
cause the orientation of intertube barriers relative toDT is
significant. When these barriers are aligned perpendicula
DT, intertube hopping occurs along an isotherm so they p
vide no contribution to the total TEP, which is weakly neg
tive. However, if these barrier regions are randomly oriente
significant positive components of TEP are introduced a
the total becomes strongly positive. This effect must be
cluded in the interpretation of TEP for nanotube systems a
a model is proposed. TEP measurements can be use
probe the degree of alignment in nanotube systems.
*Present address: Department of Electrical Engineering and E
tronics, University of Liverpool, Liverpool L69 3GJ, U.K.
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