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Thermoelectric power of aligned and randomly oriented carbon nanotubes
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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.

Carbon nanotubes continue to attract much research intethen centrifuged at 5000 rpm for 10 min to extract macro-
est due to their unique electrical properties and potential apscopic particles, filtered using a Qudn pore size, and finally
plications. Thermoelectric powdTEP) measurements have washed in distilled water. The MWNT-containing deposit
been used to elucidate the electronic properties of multiwallyas then scraped from the filter membrane, shaped into a
nanotube (MWNT) bundles and single-wall nanotube 1 mmx3mmx 100um bar across the electrical contacts on
(SWNT) “mats.” * In both cases positive and moderately the temperature-controlled platform of the TEP measurement
large TEP’s with unusual temperature dependencies that aRystem, and allowed to dry. A similar-sized sample was pre-

proach zero ad—0 are observed in the range 0-300 K. hareq for conductivity measurements and electrical contacts
Hone et al. observe similar TEP characteristics for smteredmade by silver paste in the conventional four-contact con-

and unsintered SWNT mat samples and conclude that thg, aiion SWNT's used in this study were produced by the
measured TEP is an intrinsic property of the constituen

nanotubes. Tian et al. tacitly assume the TEP of a MWNT atho@_c arc deppsmon methdcRurification of th? SGWNT'

bundle is similarly intrinsié.YI'he aim of this work is to show containing ma}enal was by the method of Tokfial.” The

that this positive TEP is not an intrinsic property of the nano-m""ter.""‘I was finally filtered and mats prepared by the method

tubes but rather is a consequence of random orientation (gfescnbed abo_ve. .

intertube contacts relative to the thermal gradient employed_ 1N€ cathodic arc deposition process for both MWNT and

in the measurement. The temperature variation of diffusior®"WNT samples produces nanotubes with a distribution of

TEP for randomly oriented nanotube systems is not that of £/€ctronic structure ranging from the semiconductor to me-

simple metal or semiconductor, nor is a power-law depentallic. For this reason the TEP of macroscopic nanotube mats

dence observed—a signature of the variable range hoppirgas been modeled as parallel semiconducting and metallic

(VRH) regime. This unusual TEP has been interpreted irpathways.

terms of a variation of the Nordheim-Gorter relation for par- TEP measurements were performed with a MMR tech-

allel metallic and semiconducting pathwdysiere results nologies SB-100 Programmable Seebeck Controller unit.

are interpreted in terms of the fibrillar conducting path model  For a homogeneous medium and energies close to the

of Kaiser? Fermi energyEg, TEP is given by the standard Mott
The MWNT bundles used in this study produced by ca-formula’

thodic arc deposition are described elsewteFae material

comprises aligned MWNT's close packed into bundles of 912

outer diameter several tens of nanometers. These bundles in _r kT dina(E) 1)

turn form bigger fiberlike structures of length 1-3 mm and 3e dE '

approximate diameter 100m with individual MWNT axes

aligned parallel to the main axis. These macroscopic struc-

tures exhibit a high degree of alignment, as evidenced by theherek is the Boltzman constant, is temperaturee elec-

observation of electronic quantum transport properties nortronic charge, and(E) a conductivitylike function of elec-

mally associated with single-mesoscopic structdrébe fi-  tron of energyE.

berlike structures were first heated in air at 700 °C to remove For heterogeneous media comprising fibrillar current

a thin overcoating of graphitic flakes and amorphous carborpaths, TEP is given by analogs of the Nordheim-Gorter rule

MWNT mats were produced by first grinding the fiberlike for metallic diffusion TEP in the presence of different scat-

structures, dispersing the ground material in twice micellartering mechanism&in the following analyses it is assumed

concentration sodium dodecyl sulfate solution, and standinghat heat current follows the same fibrillar path as electrical

in an ultrasound bath to form a suspension. The suspensiogsirrent. By inserting the total conductivity of two pathways

were left for several days during which any large fragmentsl and 2,0= o+ o5, into Eq.(1), (i) for a medium compris-

of material collected in the sediment. The liquid phase wasng parallel two-type current paths,

Er
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where S;,S, are their respective TEP'gji) for a medium
comprising a fibrillar current path intermittently broken by 2
series-connected “barrier” regions, o
x 1.0 B
s AT, s AT, 3 "
whereS;= AV, /AT, is the characteristic TEP produced by a "E\é
temperature differencAT,, V; is the voltage drop across (a)
regioni, andAT is the temperature gradient across the entire 0.5 50 150 250 250 350 18— . .
sample. If the barrier regions are randomly oriented relative 024 027 030 033
to AT and the Wiedemann-Franz law holds, that is, electrical T(K) YT (K™

resistance is proportional to thermal resistance, o _ _
FIG. 1. Temperature variation of normalized resistance(dpr

R, R, the MWNT bundle and mat samples, afil SWNT mat, from this
S== S+ 55, (4)  plot Ty=7000K.

R R
whereR; is the resistance of the fibrillar patR, the resis- whereas that of the MWNT mat is strongly positive, as is
tance of the barrier regio®R=R;+ R, the total resistance of that for the SWNT mat. The sign and magnitude of the TEP
the pathway, ané; ,S, are the TEP of the fibrillar pathway of the mat samples are comparable with previously reported
and barrier regions, respectively. If, however, the barrier redata! Since the MWNT bundle and mat used in the measure-
gions are oriented perpendicular to the temperature gradiemient are taken from the same source material they are ex-
AT, the barrier region will lie on an isotherm, henad,  pected to contain nanotubes with the same distribution of

=0 and Eq.(4) will reduce to electronic properties. Therefore, there are two possible ex-
planations for the difference of the MWNT mat and bundle
S=5;. (5) TEP behavior: either the orientation of the intertube contacts

relative toAT is critical, or the mechanical deformation of

In this case TEP is determined entirely by the fibrillar individual nanotubes in a random network significantly alters
path with no contribution from the barriers even though thetheir electronic structure. Recent calculations by Nardelli
barriers may make a significant contribution to electrical re-show that SWNT’s maintain their basic electrical properties
sistance. Previous studies have tacitly assumed intertube basven in the presence of large mechanical deformafions.
riers are negligible and Eq2) applied for parallel metallic = Since their electrical and thermal properties are likely to be
and semiconducting pathways. determined by the outer layer it is reasonable to assume that

Comparison of the TEP’s of oriented and randomly dis-the same is true for MWNT's. The recent observation of the
persed systems can be achieved with the MWNT bundle anflharonov-Bohm effect in a single MWNT is convincing
mat samples, respectively. Although the TEP of MWNT's proof that the electric current flows in the outermost
may be complicated by interlayer interactions, such a comgraphene sheet only, at least at low temperalue70 K.1°
parison using SWNT's is not possible because macroscopic |n the case of the MWNT bundle, the intertube barriers
samples of aligned SWNT'’s are not available at present. are perpendicular tdA T so the measured TEP is that of the

The temperature variation of normalized electrical resisnanotube conducting pathways according to &, which
tance for the three samples used in this experiment is givepan be justifiably modeled as parallel semiconducting and
in Fig. 1. The abrupt changes in resistivity for the matmetallic components. Assuming the absence of phonon-drag
samples at hlgh temperature is an indication of the fibri"areffects in the temperature range of the measurement, the me-

nature of the current path: steps occur when current is remllic diffusion TEP in the phonon scattering regime using
routed by thermal expansion of the sample. Within this tem+the free-electron approximation7is

perature range the resistance of the MWNT mat is essentially

constant, that of the MWNT bundle is weakly semiconduc- k2

torlike but does not have the temperature dependence of any S, =—T. (6)

common conduction mechanism, indicating that both eEr

MWNT samples have mixed-conductivity mechanigns. . .

However, the resistance of the conceptually simpler SWNTThat for a nondegenerate semiconductor is

mat obeys the Mott expression for VRHr=oyexd

—(To/MY], as shown by the linearity of Fig.(H). 82=E m+ @
The TEP data for each sample and that for the in-plane el T Bl

TEP of a high-quality pyrolitic graphite flake in the tempera-

ture range 77-425 K are given in Fig. 2. Clearly there is avhere\ is the gap temperature measured from the midgap to
dramatic difference between the MWNT bundle and mathe band edge and is a constant. In Eq$6) and(7), elec-
samples. The TEP of the aligned MWNT bundle sample igron and hole transport is indicated by negative and positive
weakly negative and comparable with that of graphitesigns, respectively.
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50 — Mat TABLE I. Best fits parameter values achieved with E@.and
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in Fig. 2. The signs ofA—C indicate electronlike metallic
TEP, holelike semiconductor TEP, and the magnitudes
correspond to very narrow energy gaps energy of 6 and 20

.10 e > TAT meV. Since all the forms Eq$8)—(11) give reasonable fits
50 100 150 200 250 300 350 400 450 | to the data and that some degree of misalignment will give
T(K) rise to a positive component of TEP, direct interpretation of

FIG. 2. Temperature variation of TEP for the various nanotubethe flttlng_ parameters in te_rm_s of the electronic structure of
o . . . I, - the individual nanotubes is likely to lead to false conclu-
samples and that of in-plane TEP of high-quality pyrolitic graphite. _. . -
Solid lines are the fits to the models described in the text. The o > At best it can be said tha.‘t some form of parallel con-
schematic diagrams to the right of the plot are 2D representations Cﬁuctlon pf"lth model'can descrlbe.the TEP of the. MWNT
the nature of the thermal current patidstted line$ for the aligned unc_JIe. Since there is no c_ontrlbutlon to _TEP from intertube
nanotube bundle, mat, and pellet samples in the TEP measuremep@mers’ the Weak'Y_ negative characteristic of _the MWNT
The spatial extent of intertube barriers is schematically indicated bjundle, not the positive TEP of the randomly oriented mats,
the gray areas. Is likely to be the intrinsic property of the nanotube system.
A strongly positive TEP is measured for the mat samples:
PARALLEL METALLIC this is consequence of the random distribution of intertube
AND SEMICONDUCTING PATHWAYS barriers relative toAT for the reasons described above.
o ) Hence, the TEP for a mat is best modeled as a pathway of
If the conductivity of the semiconductor pate,  gemjiconducting nanotubes broken by series-connected inter-
«exp(-NT), and the metallic conductivity isr;, general  ype parriers, in parallel with a similar metallic pathway.
expressions can be derived from EB) whereA, B, andC  Ejectrical conductivity through the barrier region is likely to

are constants. be by hopping—the VRH conduction is present in the
(i) oy=const,o> 0, SWNT mat sample, see Fig(l), and is likely to be a com-
B\ N ponent of the MWNT mat conductivity.
S=AT+|=—=+C ex;{ T) ®) In the VRH regimé
k? AdIna(E)
(||) O'lo(l/T, 0'1>0'2, Sh:E(TOT) T ) (12)
Er

(9) whereT, is the parameter contained in the 3D VRH conduc-
tivity expression,o= o exf —(T,/T)**]; the sign ofS, in-
dicates the carrier type.

~

-\
S:AT+[BT+ CT]GXF<? .

(i) o4 is a consto<0o,,
PATHWAY OF METALLIC FILAMENTS BROKEN BY

S=Aexp<£ + &-l-c ) (10) SERIES-CONNECTED BARRIERS IN PARALLEL
T LT | WITH A SIMILAR SEMICONDUCTING PATHWAY
(iv) o1 UT, 01<05, The series combination of pathway and barrier was mod-
) ) eled using Eq(3), and combined with Eq2) to describe the
A N BN parallel connection of metallic and semiconducting path-
S=gexp |+ 7 +C (1D ways. The equations below assufg> R, R whereR, is

the barrier resistance amj,,R the resistance of a metallic
The first and second terms in Eq®)—(11) represent the and semiconducting nanotube, respectively, a‘etE are
weighted contributions of metallic and semiconductingconstants. Here conductivity through the barrier is by 3D
TEP's, respectively. o _ VRH: the form of R, is derived from the expression for
The MWNT bundle TEP data in Fig. 2 can be fitted to conductivity and the contribution of the barrier to TEP is
equations of the form Eqs8)—(11) by a procedure that re- given by Eq.(12).
quiresB andC to be of the same sign—as is required in Eq. ~ (j) R, = const,
(7)—and A to have a physically reasonable value. Adequate
fitting of the data to Eq¥8)—(11) using the actual form of , ~T\M =
shown in Fig. 1 and the various forms @f and o, outlined S=A"Tex To +B'ex T
above can be also achieved.
The best fits are achieved with Ed8) and (9) with val-

T\YC\
J— - 1/2
ues ofA—C, \ given in Table | and are shown as a solid line . exr{ To ) T T P[TETE 13
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TABLE Il. Best fit parameter values achieved with E¢s3) and (14) for A—E, .

A’ B C' (uV/K) D (uViK) B(uVK¥ \(K)
MWNT mat: Eq.(13) —0.019 uV/K? 625 3X10-5 0.06 1.32 201
MWNT mat: Eq.(14) —2X105uVIK® 560 3X10-5 0.06 1.21 201
SWNT mat: Eq.(13) —0.007 616 3X10-5 0.06 1.37 201
SWNT mat: Eq.(14) —8x10°8 601 3X10-5 0.06 1.32 201
(i) Ry T, SWNT pellet sample made by applying several MPa to a
Ua SWNT mat(Fig. 2}. In pellet form the intertubg_ contact area
S—AIT2 ex;{_— . B’exp( —_?\) is increased relative to a mat so the probability of intertube
To T hopping along an isotherm is greatly increased. This is seen

as a TEP intermediate between the aligned and randomly
—T\Y4C'\ oriented TEP behaviors.
X ex To T+D In contrast to the results reported here, T&tral. have
reported a positive TEP for a MWNT bundi&Ve speculate
The first, second, and third terms in Eq$3) and(14) rep-  that this due to a lower degree of nanotube alignment in their
resent the weighted contributions of metallic, semiconductpundle, giving rise to positive TEP components. In this sense
ing, and hopping TEP’s, respectively. TEP can be viewed as an indicator of the quality of nanotube

Equations(13) and (14) were fitted to the mat TEP data alignment. We measured the TEP of several other MWNT
using the semiconductor gap temperatnrand the intrinsic  bundles and found them all to be weakly negative although
constants of semiconducting TEB, and C, found in the some had more positive components than that of the bundle
fitting of the MWNT bundle data to Eq9)—inserted into  in Fig. 2. The source of the positive TEP components could
the equations as constai@$ andD (italicized in Table )—  be either intrinsic or due to poorer quality of nanotube align-
andA’, B', andE varied. The intrinsic metallic TER, that  ment. Thermal cycling of these bundles tended to lessen the
from Eq.(6) equalsmk?/eEg, cannot be inserted in the same positive components suggesting that this was due to some
way becauseA’ contains unknown geometric factors that disorder being annealed out of the conducting pathway. The
enter Eqs(13) and(14) viaR,,,. The value ofT;=7000K is  MWNT bundle TEP shown in Fig. 2 was unchanged by ther-
determined from the SWNT mat conductivity data, Fi¢p)1  mal cycling, and therefore assumed to be that of an entirely
The best fit parameter values are given in Table II: both Egsintrinsic conduction process. There was little sample-to-
(13) and (14) gave identical quality fits as indicated by the sample variation of mat TEP's as is to be expected in the
solid lines in Fig. 2. presence of random orientation.

Comparable quality fits, with parameters of the same sign, In conclusion, the TEP of aligned and randomly oriented
can be achieved with the values 6f, D and\ from the  nanotube systems are of different sign and magnitude be-
fitting of Eq. (8) to MWNT bundle data so it would be wrong cause the orientation of intertube barriers relativeAfd is
to quantitatively interpret the above values. However, it carsignificant. When these barriers are aligned perpendicular to
be concluded that the measured mat TEP can be qualitatively T, intertube hopping occurs along an isotherm so they pro-
described in terms of the above model with an electronlikevide no contribution to the total TEP, which is weakly nega-
metallic component, a holelike semiconductor componenttive. However, if these barrier regions are randomly oriented,
and a holelike hopping component. The change of sign osignificant positive components of TEP are introduced and
TEP when the nanotubes are randomly dispersed is causée total becomes strongly positive. This effect must be in-
by the introduction of the exp{Ty/T)** factors and the posi- cluded in the interpretation of TEP for nanotube systems and
tive hopping termETY2 in the form of total TEP. Further a model is proposed. TEP measurements can be used to
evidence of this analysis was obtained from the TEP of grobe the degree of alignment in nanotube systems.

+ETY2 (14

*Present address: Department of Electrical Engineering and Elec- S. Lefrant, R. Lee, and J. E. Fischer, Carl38 675 (1998.

tronics, University of Liverpool, Liverpool L69 3GJ, U.K. 6K. Tohji, H. Takahashi, Y. Shinoda, N. Shimizu, B. Jeyadevan, .
IM. Tian, L. Chen, F. Li, R. Wang, Z. Mao, and Y. Zhang, J. Appl. Matsuoka, Y. Saito, A. Kasuya, S. Ito, and Y. Nishina, J. Phys.
Phys.82, 3164(1997); J. Hone, I. Ellwood, M. Munro, A. Mi- Chem. B101, 1974(1997.
zel, M. L. Cohen, and A. Zettl, Phys. Rev. L2, 1042(1998. "R. D. BernardThermoelectricity in Metals and Alloy@aylor &
2A. B. Kaiser, Phys. Rev. B0, 2806(1989. Francis, London, 1992
3X. K. Wang, X. W. Lin, V. P. Dravid, J. B. Ketterson, and R. P. 8A. B. Kaiser, G. Disberg, and S. Roth, Phys. Rev.53, 1418
H. Chang, Appl. Phys. Let62, 1881(1993. (1998.
4M. Baxendale, V. Z. Mordkovich, S. Yoshimura, and R. P. H. °M. B. Nardelli, Phys. Rev. B50, 7828(1999.
Chang, Phys. Rev. B6, 2161(1997. 10C. Schmenberger, A. Bachtold, C. Strunk, J.-P. Salvetat, and L.

5p. Bernier, W. Maser, C. Jouret, A. Loiseau, M. L. de la Chapelle, Forro, Appl. Phys. A: Mater. Sci. Proces89, 283 (1999.



