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Nanotubes.

NTRODUCTION

thermoelectric power (or thermopower), S, defined as
AV/AT and also known as Seebeck coefficient, is a
asure of the Seebeck effect. By the Seebeck effect, an
ical potential, AV, can be established when the two
of a conductor or semiconductor have a temperature
rence AT In a microscopic view, the Seebeck electri-
3 107 otential is resulted from diffusion of charge carriers

: e sample due to a temperature gradient. In a metal or
ggenerate semiconductor, S is related to the carrier den-
n, by §=(8mk3/(3eh?))m* T (m/3n)*?, where m* is
fective mass of the charge carrier.! More generally,
value of a material can be written as?

1 fy o(E)(E—Ep)dE

S o(E)dE

8 =

=T )

€ eand T are the electron charge and temperature,
Pectively, E,. is the Fermi level, o(E) is the energy-
Hd}%nt differential electrical conductivity that is mainly
fimined by the scattering mechanism and density of
¢ (DOS). Equation (1) shows that S is also a measure
© asymmetry in electrical conductivity with respect to
Thfirefore, measurement of the S values can provide
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We report here a method for measurement of thermoelectric power of quasi-one dimensional nano-
materials with a simple platform, where individual nanomaterial is assembled with nano-probes in
a scanning electron microscope. This approach allows repeated manipulation and thermoelectric
measurement of the same loaded nanosample with adjustable number of individual nanotubes or
nanowires. It also allows assembly of multiple samples on one measurement stage. For multi-walled
carbon nanotube bundles, we have observed a weak trend that, when the number of individual
tubes in a bundle varies from ten millions to around a hundred thousand, the thermoelectric power
almost remains at around 10 uV/K. When the tube number in the bundle is further reduced, the
up-limit of the thermoelectric power gradually increases to a value near 20 pV/K.
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clues about the charge carrier density, DOS near the Fermi
level, and insight into the electronic structure of conven-
tional thermoelectrics, organic semiconductors and even
molecular junctions.'®

The thermoelectric power is also one of the four param-
eters that determine the dimensionless figure-of-merit, ZT,
of a thermoelectric material by ZT = S?0'T/k, where o
and k are electrical conductivity and thermal conductiv-
ity of the material, respectively, and T is the absolute
temperature. The theoretically predicted high ZT value
in low-dimensional thermoelectrics,**'4 has been demon-
strated in 2-dimensional (2D) superlattices with a ZT value
of 2.4, which is twice as large as those of the best
bulk thermoelectric materials. It is predicted that one-
dimensional (1D) materials such as nanowires and nano-
tubes may exhibit even higher ZT values due to size effects
and surface effects, yet this have not been experimentally
observed. The best room temperature Z7T value reported
in 1D nanomaterials, is measured around 0.5 at the room
temperature'®!” from Si nanowires, far from the theoret-
ically predicted values.”!'* Partially due to the difficulty
in thermoelectric measurement of nanomaterials, only a
small portion of the thermoelectric nanowires, nanobelts
and nanotubes ever synthesized have been characterized
for all the parameters of S, o, k and Z7.'"®> Reliable §

value of a nanomaterial that measured with a relatively
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simple method is helpful for searching for novel 1D ther-
moelectric materials with high ZT.

The thermoelectric power of single nanowire or nano-
tube has been measured with sophisticated devices that
are fabricated with electron-beam lithography, thin film
deposition and etching techniques,'® 122 or, by tech-
nique of in sifu scanning tunneling microscope (STM)
techniques.>>*2> However, for the thermoelectric studies
of novel nanomaterials, to date only a few groups are able
to perform these complicated measurements. In this paper
we demonstrate that the thermoelectric power of nanowires
or nanotubes can be measured with a much simpler plat-
form with reasonable measurement error. This has been
realized with the help of commercial nano-probes installed
in a scanning electron microscope, which allow us to
repeat the procedure of changing the number of individual
nanosamples loaded on the platform and perform thermo-
electric measurements, until only a single nanotube or a
nanowire is remained, therefore to obtain statistic informa-
tion of the same nanomaterial. By using this measurement
approach, we demonstrate that for multi-walled carbon
nanotubes with an average diameter of thirty nanometers,
their thermoelectric power increases from around 10 wV/K
to near 20 uV/K when the tube number in the bundle
decreases from the order of 107 to below ten.

2. EXPERIMENTAL DETAILS

As shown in Figure 1(A), the sample platform consists
of two separated copper blocks, namely “Stage 17 and
“Stage 27, each having a volume of 1.8 cm’. The copper
blocks are fixed on a piece of glass slide, where two pieces
of plastic rings are used as spacers to reduce thermal con-
ductance between the copper block and glass slide (Fig. 1).
Each copper stage is embedded with a Pt100 temperature
sensor for accurate measurement of the temperatures, T
and T,, of Stages 1 and 2 respectively. During measure-
ment, Stage 1 is externally heated or cooled, while Stage 2
is maintained at room temperature. This enables us to
establish a temperature difference up to 80 K between the
two stages. Since copper surface may be easily oxidized
and a bulk surface may have huge roughness in the view
of nanoscale, we have mechanically fixed several pairs of
25 pm-diameter Au-wire to the copper stages as exten-
sion of the electrodes. Each pair of Au-wire has a gap in
between, which can be adjusted to several microns to tens
of microns, depending on the sample lengths. Several pairs
of Au-wire electrodes can be mounted on a single sample
stage, as shown in Figure 1(B). This enables us to start an
experiment by mounting multiple nanosamples, measure
them and then remove the assembled nano-samples indi-
vidually with a sharp tungsten tip of a nano-probe system,
and measure the rest samples again. This procedure can be
repeated till only one nanosample is remained on one pair
of Au-wries (Fig. 1(B)).
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Fig. 1. (A) Schematic diagram of the measurement stage with tw
per blocks, Stage 1 and 2, and a pair of 25-um-diameter Aty
the extension of electrodes. Two Pt100 temperature sensors are.
ded close to the Au-wries. CNT samples are mounted between..
of Au-wire electrode with a nanoprobe system in a SEM. (B) Scl
diagram of the central part of the testing stages, showing that
nanosamples (here 5 in the figure) can be assembled on the stage:
the first measurement, the loaded nanosamples can be partially 1
in situ with a nanoprobe system for next thermoelectric measure
this procedure can be repeated several times until only one nat

is remained on the stages. '

The samples of multi-walled carbon nan
(MWCNTSs) examined in this work are synthesized
a chemical vapor deposition (CVD) method usin
rocene as catalyst and cyclohexane as carbon sou
The lengths of these MWCNTS range from 2 to 3
As revealed by scanning electron microscope (S
micrographs and transmission electron microscope (
images, the MWCNTSs in these samples have an a
diameter of 30+ 5 nm (Fig. 2).

MWCNT bundle samples are assembled onto
pair of Au-wire electrodes with a nano-probe §
(Kleindiek MM3A) installed in a field-emission SEM
XL 30F). This nano-probe system has 4 tungste
tips that can be moved up and down, backwards atl
wards, with nanometer resolution in space. Therefor
have been applied to manipulate individual nanow
nanotubes for in sifu characterization of their ele
transport, photo-electrical and mechanical properti®
The voltage difference, AV = V,,, between two end

J. Nanosci. Nanotechnol. 10, 4985-499%;




Thermoelectric Measurement of Multi-Walled Carbon Nanotube Bundles by Using Nano-Probes

' A'SEM micrograph of a thick MWCNT bundle sample that
ured in this work. (B) A low-magnification TEM images
| MWCNTSs, which have an average diameter of 3035 nm.
esolution TEM image of MWCNT with an inner diameter of
r diameter of 27 nm. (D) A TEM image showing a 33 nm
WOCNT with lattice distortions.

at is assembled bridging Stages 1 and 2 through
s measured with a Keithley 2182A nanovolt-
e resolution of voltage measurement is around
calibration, a 25 wm-diameter Au-wrie has been
d directly connecting the two copper blocks as
g sample.

ULTS AND DISCUSSION

 shows SEM micrographs of four assem-
WCNT bundle samples of varied diameters. The
T samples exhibit extremely high Young’s mod-
crefore they can be firmly wrapped around the

diameter Au-wire electrodes with a low contact
31
€,

AV,,

Sau = SCu - A—T—“
Au

2)
w 18 the Seebeck coefficient of the Cu stage, AV,
W T, =T —T, are the measured differences
¢ and temperature between two ends of the Au-
iple, respectively. The measured AV, /AT,, was
02 WV/K, as shown in Figure 4, where the volt-
have been enlarged by a factor of 100. Here
lated standard deviation of the fitted slope is only
V/K. Since S, is 1.83 wV/K, we obtained Sy,
0.05 wV/K, which is consistent with the value of

ci. Nanotechnol. 10, 4985-4991, 2010

Fig. 3. SEM images of 4 assembled MWCNT bundle samples with dif-
ferent numbers of CNT tubes in each sample.

bulk Au, 1.94 ;£ V/K. Figure 4 shows that we have achieved
a measurement error of around 3% for the very small §
value of a 25-micron-diameter Au-wrie over a temperature
range of 300-315 K.

"The MWCNT bundle samples were assembled between
Stages 1 and 2 through Au-wires. We assumed the temper-
ature difference in each piece of the Au-wire was negligi-
ble as compared to that in the bundle sample under test.
The volumes of the copper block stages, Au-wires and the
MWCNT bundle samples are of the order of 10° mm?,
10% wm?, and 102 um?, respectively. Therefore the ratios
among them are 10'*:10%:1. These huge ratios ensure that
the temperature difference between the Au-wire and the
copper stage, and between the nanosample and the Au-
wire, are not large. We can take the temperature difference
between two copper stages, AT, = T; — T, as the tempera-
ture difference between two ends of the assembled sample,

it -
s “’&@ o -
3 20} Sy, ]
2 -300 - -
AVenr
-400 B, ]
: i
_500 [ PIRTIRT SR SN ST WY SOl Y P B | IR | dermebmmmlemmetnmmcbumremeliedam sl

o 2 4 6 8 10 12 14 16
ATy, (K)

Fig. 4. Experimental AV — AT, data that measurement from a 25-um
diameter Au-wrie and a MWCNT bundle sample with a tube number

“around 30.
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ATy Thatis, AToyy & AT),. And, considering the Ohmic
contact between the Au-wire and copper block, and MWC-
NTs are all metallic,> we have AVeyp &~ AV. Thus the §
value of a MWCNT bundle, Scyr, can be calculated by

A VCNT

()
ATCNT

Sent = Sca —
where S, is the thermoelectric power of the Cu stage,
AV and ATy are the voltage and temperature differ-
ences between two ends of the assembled MWCNT bundle,
respectively. Figure 4 plots one set of original measurement
data AV — AT, of one MWCNT bundle sample. The slope
is calculated to be —17.39 uwV/K. By using Eq. (3), the
S value of the MWCNT sample is thus determined to be
19.240.5 wV/K. To reduce the possible temperature gra-
dient in the Au-wire, one can further improve the platform
by reducing the length of the Au-wire electrodes extending
out of the copper blocks to a few microns.

The error in voltage measurements was less than 0.1 wV
over a signal range of 10-100 wV (see Fig. 4), which leads
to an upper limit of 0.1-1%. For the error in temperature
measurement, we define 7, as the temperature difference
between the measured data of Stage 1 and that of one end
of the MWCNT bundle connecting to the stage. Similarly,
we define ¢, for the Stage 2 side. Briefly #, and #, should
be functions of the absolute temperature and contact situ-
ation (e.g., the thermal contact resistance) at the sample-
electrode regions. The absolute error in measurement of
the temperature difference between two ends of the assem-
bled sample is then ¢ = ¢, +1, (or t, —t,, depending on the
signs). In our measurements, the temperature of Stage 1,
T, is increased from ~300 K to 310-380 K, while the
temperature of Stage 2, 15, is kept at ~300 K. Assum-
ing the contact is stable and the thermal contact resistance
remains the same, we expect that the values of ¢, and ¢,
do not change remarkably within this temperature region.
And, the thermoelectric power S is calculated from the
slope of AV — AT}, curve, as shown in the Eqs. (2) and
(3) and Figure 4. Therefore, constant ¢; and £, (thus #) will
lead only to a horizontal shift of the measured AV — AT,
curve, and this will not affect much the calculated value
of §. Thus the measurement error in S values is deter-
mined rather by the relative change of #; and 7, in the
measurement procedure.

Another factor that may cause extra error or even fail-
ure in thermoelectric measurement of a nanomaterial is
the electrical contact between the sample and the Au-wire
electrodes. When the contact resistance is much smaller
than the input impedance (about 10 G{1) of Keithley
2182A Nanovoltmeter used in our measurements, the con-
tact resistance does not affect the voltage measurement
across the sample. For MWCNT bundle samples, we can
apply a suitable excitation current to reduce the contact
resistance by 1-2 orders of magnitude from the original
setup. Figure 5(A) shows SEM images of a thin MWCNT
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bundle loaded on a pair of Au-wire electrodes. T,
voltage—current measurement data (Fig. 5(B)) o
nal electrical resistances measured from the three di
runs, defined as R = V/I, are 6.73, 0.632, and 0 3¢;
respectively. This resistance consists of contact reg;
at the MWCNT-bundle/Au-wire region, the resistan
the MWCNT bundle, Au-wire, copper block apg
surement cables. The linear V-I curve of the th
in Figure 5 clearly shows that Ohmic contact hag
established between MWCNT and Au wire, and png
trical potential exists at the contact region. The me

10_6'5
<
510"' °
[ ‘§ O
3 1% ©
1 O
10_8'5
: o) Ooo
AL |
0.1

Voltage (V)

Fig. 5. (A) A SEM image of a thin MWCNT bundle {oaded O
of Au-wire electrodes by using two W-tips. The inset is an enlarg
image of one end of the bundle sample that connects O the
electrode. (B) In situ measurement data of V—I of the Joaded
sample, where after applying an excitation current to the lﬂﬁde‘;i
for minutes, the measured resistance of the third run is ten times
than that of the first run, and Ohmic contact of the MW CNT b
the Au-wire electrodes has been achieved.
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Thermoelectric Measurement of Multi-Walled Carbon Nanotube Bundles by Using Nano-Probes

—

sistivity of 2.8 x 107 Q-cm is consistent with
reported data of CVD-made MWCNTs.
markable decreases of the total resistance in the
d third runs are mainly resulted from decrease
tact resistance at the MWCNT-bundle/Au-wire
This is achieved by applying an electrical cur-
‘ per intensity that causes Joule heating at these
gions, which removes surface impurities such
water or gas molecules by enhanced diffusion
porization. CNT has a very high melting point
remains undamaged. We have shown that, by
current with suitable intensity, one can also
ood electrical contact between a W-tip and
ed CNT,** between a W-tip and a ZnO rod or
noparticle,” or eliminate the amorphous carbon
2 on the CNT surface.®® Electrical Joule heat-
also be used to remove surface oxide layer of a
as W has also a very high melting point.

er, we have noted that if the surface layer of
or oxide of a nanomaterial was too thick that
ical current could be passed through, then the
ating method failed. In such cases the electrical
esistance was comparable to or larger than the
pedance of the voltmeter, therefore we could not
the voltage signals and obtain the thermoelectric
1ue of the sample.

ering the complexity and uncertainty of thermal
rical contact between MWCNT bundles and Au-
estimated that the measurement error in ther-
ric power values was at the order of 10%, good
for a qualitative analysis.

markable advantage of our measurement method
casibility of modifying assembled samples in situ
ated measurements of the same nanomaterial
and after the modification. Figure 6 shows in situ
lation of a MWCNT bundle sample with a W-tip.
ginally assembled MWCNT bundle sample con-
firoughly 500 nanotubes, and its thermoelectric
as measured to be 16.0+ 0.5 wV/K. Then the
Wwas put back to the SEM and the major part of
dle was removed with a W-tip (Figs. 6(A and B)).
1aining sample (Fig. 6(C)) consisted of only around
0 nanotubes, with a thermoelectric power of 19.4 +
K. For very thick bundles, we have assembled the
by fixing them directly under two pieces of cop-
es on Stages 1 and 2, respectively, as shown in
3(D).

he same bunch of MWCNT samples grown on one
ilicon substrate, we have measured bundles sam-
t consist of varied number of individual tubes, N,
e order of 10 to 107. The number of tubes in
ndle is estimated based on its diameter measured
micrograph, by taking the average diameter of
NT tube as 3045 nm (Fig. 2). The S values of
hples range from around 10 wV/K to 20 uV/K, as

Sci. Nanotechnol. 10, 4985-4991, 2010

CNT bund]e
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5.00kv 3.0 398x
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i 00}(\(3.0 398x SE:23.7

Fig. 6. SEM images show in sity manipulation of a MWCNT bun-
dle sample in with a W-tip. (A) A MWCNT bundle sample assembled
between a pair of 25-micron diameter Au-wries. (B) The major part of
the MWCNT bundle is removed with a W-tip in a SEM. (C) A remain-
ing thin bundle of around 30 nanotubes of MWCNT between the two
Au-wire electrodes. The scale bar is 100 micron.

shown in Figure 7. The scatter can be naturally understood
in the way that the thermoelectric power of MWCNTs
is sample dependent. Several factors can affect the mea-
sured data, among which are the differences in defect
density, adsorption of gas molecules and impurity level.
Figure 7 reveals a weak trend that thinner bundies have
higher S values. Roughly the up-limit of S value decreases
with increasing number of tubes in the sample, from near
20 wV/K at N of the order of 10, to near 10 pV/K at
N ~10°, then maintains at the level around 10 wV/K till
N~ 107
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Fig. 7. The measured thermoelectric powers of MWCNT bundle sam-
ples with varied number of individual tubes from 107 to around 30. The
value of 10 wV/K is indicated with a dash line.

The dependence of S value on the number of tubes in
the bundle can be understood with the effect of oxygen
adsorption on the tube surface.®* Jin et al.’® reported
a detailed study on CVD-made MWCNT bundles. After
4 MWCNT bundle samples from the same bunch were
not annealed, annealed.at 100, 1250 and 2800 °C in Ar
for 4 hours, their S values at 300 K were measured to
be 15, 13, 8 and —30 wV/K, respectively, and each sam-
ple showed different temperature dependence of their elec-
trical and thermoelectrical properties. For single-walled
CNTs (SWCNTs), Collins et al.* found that their S val-
ues at 350 K were very sensitive to the ambient gas, and
could switch from positive 20 uV/K in ambient oxygen
environment to —10 wV/K in vacuum. Bradley et al.*
showed similar results, that the S values of SWCNTs at
300 K could decrease sharply from a positive value of 15
to 40 wV/K in ambient oxygen environment to a negative
value of —20 to —60 wV/K when the samples were put
in ultrahigh vacuum environment. This has been attributed
to removal of adsorbed oxygen from the tube surface.
The MWCNTs used in our experiments were exposed to
air, therefore had been presumably adsorbed with oxy-
gen. The most available sites of a MWCNT bundle for
oxygen adsorption are the outmost layer of tubes and
some interstitial spaces between the tubes. For tubes at
the inner part of the bundle, the outer layers of tubes
serve as the barrier for diffusion of oxygen molecules,
thus should be less adsorbed with oxygen. Our experi-
mental results imply that, for a bundle having less than
10° individual MWCNTSs, the oxygen adsorption effect
on S value becomes dominant. This trend is consistent
with previously reported S values of carbon nanotube sam-
ples in forms of individual tubes, thick bundles, and thin
films. 34!

Our measurement stages cannot sustain a high anneal-

ing temperature. We have measured several samples in

4990

vacuum for hours with the sample stages being heyy
400 K. However, no remarkable change in the thermg
tric power was observed. Annealing at this xelatlvely
temperature seems not sufficient to remove the g
gasses or other impurities in the samples.

4. CONCLUSION

We have demonstrated here a flexible method for the,
electric measurement of quasi-one dimensional nan
terials, where the number of samples and the numb
individual nanotubes (or nanowires) in the same asses
sample can be adjusted in situ for statistic analysxg
MWCNT bundles, we have observed a weak trend tha
up-limit of thermoelectric power of the samples e,
at around 10 wV/K when the bundle consists of more
10* to 107 tubes, but gradually increases to values
20 wV/K when the tube number in the bundle is redu
the order of ten. We suggest that this may be attribu
the surface effects, e.g., the surface adsorption of o
on the thermoelectric power of the bundles.
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