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Electrical and thermal transport properties of magnetically aligned single
wall carbon nanotube films
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Dense, thick films of aligned single wall carbon nanotubes and nanotube ropes have been produced
by filtration/deposition from suspension in strong magnetic fields. Electrical resistivity exhibits
moderate anisotropy with respect to the alignment axis, while the thermopower is the same when
measured parallel or perpendicular to this axis. Both parameters have identical temperature
dependencies in the two orientations. Thermal conductivity in the parallel direction exceeds 200
W/mK, within a decade of graphite. @000 American Institute of Physics.
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Bulk samples of parallel single-walled nanotubes  Figure 1 shows the temperature dependence of the nor-
(SWNT9 would constitute a fascinating new material, with malized resistancR for the thick material, measured in both
highly anisotropic electrical and thermal transport propertiesorientations on two different samples using a standard four-
In this letter we report quantitative measurements of the anprobe in-line technique. Before annealifyshows a metal-
isotropic electrical and thermal transport properties oflic temperature dependence above 150 K and nonmetallic
aligned thin films of SWNT ropes deposited from suspensiorbehavior below, consistent with previous results on random
in a high magnetic field. The aligned samples show high as-growft and purified material. After annealingR(T) is
electrical (©) and thermal &) conductivity parallel to the nonmetallic over the entire range, again consistent with pre-
H-alignment axis, whiler is significantly lower in the per- vious results on unoriented materiahlthough the longitu-
pendicular direction. The thermoelectric power is independinal and transverse conductance of a single crystalline rope

dent of orientation. should exhibit different temperature dependencies, we ob-
The structural anisotropy of the two samples studied iS€"ve that the normalizeR(T)s are essentially identical in
described in the previous letteThe “thin” and “thick” both directions, both before and after annealing. Since the

samples had effective thicknesses~o0f.3um and~5 pm,
respectively, where we defing; as the measured mass per 04
unit area divided by 1.33 g/cinthe ideal density of close- "
packed tubes of average radius 1.4 nm. Using the same ap- C
proach, the effective density was the highest yet observed on L
any bulk SWNT material, about half the crystallographic

value. The SWNT ropes were aligned in the magnetic field

direction, with a mosaic spread of 28° in the thin sample and
35° in the thick sample. Our measurements in the as-
deposited, or unannealed state, were performed with the
films still on their nylon filter membranes. Another series |
was measured after peeling the film off the filter and vacuum L
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annealing at 1200 °C, a process which is known to remove F
acid and surfactant residues from the purification and filtra- - R
tion, and to improve the crystallinityThe films peel away p Unamealed | |
. . . 08 L TR L PRI M -
from the filter in the form of long narrow strips parallel to 0 50 100 150 200 250 300

the field direction, a consequence of rope alignment. We T(K)
therefore measured multiple samples to make sure that in-
cipient tearing along thel direction did not affect the trans- g, 1. Resistance vs temperature, normalized to 300 K, for the thick

verse properties and thus overestimate the anisotropy. aligned SWNT sample before and after annealing. The unannealed sample is
weakly metallic above~150 K while theT dependence after annealing is
nonmetallic over the entire range. In both caBesindR, display identical
3Electronic mail: fischer@sol1.Irsm.upenn.edu temperature dependencies.
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TABLE I. Rqom—t(_emperature resistivities of aligned SWNT sam_plrm;ed performed using a comparative technique. Heat was passed
on an gfft_agtlvg thickness to accour.lt.for porokity the parallel direction, into the sample through a constantan rod, whose
the resistivity is close to that of Individual SWNT ropes. .
temperature-dependent thermal conductance was previously
Sample py(MQ cm) p.(MQ cm) p.lpy calibrated. The sample conductance was measured by com-
paring the temperature drop across the sample to that across

Thin unannealed 0.095 2.3 24 . .

Thin annealed 0.72 the constantan, both of which were measured using 0.000 25
Thick unannealed 0.125 0.770 6 in. diameter thermocouple wires. At high temperatures,
Thick annealed 0.825 5.0 6 losses due to radiation can lead to an overestimate; @f

second constantan rod was used to measure the heat flow out
of the sample to correct for these small losses. Above 300 K,
alignment is not perfecit is likely that current flow is pri-  a self-heating techniglievas used to measureof a sample
marily along ropes in both directions, following a tortuous small enough €1 mm) that the calculated losses due to ra-

path in the perpendicular direction. diation were insignificant. The thermal conductivity curves
Table | showsp=1/0 at 300 K, for four representative measured using both techniques match well at 300 K.
samples, calculated usirgg;. In all cases is higher in the From 10 to 400 K, the thermal conductivity increases

perpendicular direction than in the parallel direction, reflect-smoothly with increasing temperature, and displays a tem-
ing the structural anisotropy. For the thin sample, the anisotperature dependence similar to that of unoriented SWAT.
ropy is ~24, while the ratio is~6 for the thick sample, room temperature, the thermal conductivity is greater than
consistent with a larger mosaic spread in the l&t@nneal- 200 W/m K, within an order of magnitude of that of diamond
ing does not improve the anisotropy of the thick sampleor graphite® and an order of magnitude greater than the pre-
while x-ray diffraction reveals a large improvement in viously reported thermal conductivity of unoriented
crystallinity? This suggests that large scale movement, asnaterial® Above 300 K, the thermal conductivity increases
would be required to reorient or straighten misaligned orand then levels off near 400 K. Graphite and diamond, on the
bent/curved ropes, does not occur at 1200°C while thgther hand, show a decreasing thermal conductivity with in-
smaller-scale motion required to crystallize imperfect ropegreasing temperature abovel50 K due to phonon-phonon
does occur at this temperature. Annealing also removes rejmklapp scattering. Extending this measurement to higher
sidual acid and surfactant, apdincreases by a factor7,  temperatures may provide insight as to whether the low di-
consistent with earlier observationghis behavior is most mensionality of nanotubes suppresses Umklapp processes, in

likely due to electronic “doping” of the SWNTSs by the acid. \yhich case better-aligned nanotubes could exhibit higher
The resistivity of the annealed material is of the same ordey 5 es at highT than graphite.

as that of individual SWNT ropes, WhiGCh typically display @ By measuring the thermal and electrical conductivities
four-probe resistivity 100~20@€ cm.>® This provides fur-  of 4 material, we can determine the electronic contribution to
ther evidence that interrope contacts do not dominate thg,e thermal conductivity. In the measured sample, the ratio
resistivity of bulk sampleS. _ /o T has a value of %10 6VZK2 at 300 K, essentially
Figure 2 shows«(T) for the thick sample measured in ,qenendent of temperature. This is more than two orders of
the parallel direction. Measurements from 10 to 300 K Werenagnitude greater than the value expected for electrons, in-
dicating thatx is dominated by phonons, at least down to 10
K. We also note thai/oT is identical in the oriented and
250 [T T T e e e unoriented material, even though their thermal conductivities
I g differ by an order of magnitude. Therefore the anisotropy in
H-aligned SWNTs -~ ] the thermal conductivitfwhich we have not been able to
200 = measure reliably due to tears in the filishould follow the
I ] anisotropy in the electrical conductivity in aligned materials.
Aligned ] Furthermore, it is likely that single ropes, which have a con-
. ductivity ~5 times that ofo, will have a correspondingly
] larger thermal conductivity, and that individual tubes will
] have still higher thermal conductivities.
- Figure 3 shows the measured thermoelectric power
] (TEP) of the thick sample. After annealing, the TEP is large
and positive and increases with characteristic of a moder-
] ately p-doped semiconductor. This behavior is similar to that
] of as-grown SWNT? Recent reports have shown that the
- . 1 positive TEP in SWNTs is a result of exposure to oxygen.
0 I ___/ ] Our samples were handled in air after the vacuum-annealing
0 50 100 150 200 250 300 350 400 step, so the positive TEP is consistent with oxygen doping.
T (K) The unannealed sample also shows a positive temperature-
FG. 2. Thermal conductivity of the “tick" od o of alianed dependent TEP but smaller in magnitude. This is suggestive
. 2. ermal conauctivity o e IC annealed sampie or aligne H H H
SWNT, measured in the partgllel direction. At 300 Kis muchK;]igher th%n of a stronger hole-doplng Process by the acids used in

v . 12 . .
in unaligned material, and is within an order of magnitude of gragpiae-  PUrification; WhICh are rgmoved b_y f”mnealmg- Both
allel to the layersor diamond. samples show virtually identical behavior in the parallel and
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reflected in the isotropic nature of the thermoelectric power.

30 H ‘1.‘ N dS‘WNTJ S R I Further enhancements in transport anisotropies, in particular
-ausne s o4 further gains in the parallel components, should be attainable
25 o parallel pooo"% ] by optimization of the alignment/filter deposition process.
i - perpendicular p_oow ] . )
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