
INTRODUCTION

Thermoelectric energy conversion, which can achieve the

direct conversion between heat and electricity, is expected to

play a progressively more important role as an alternative

energy technology1. Thermoelectric materials have been widely

used in solid-state electronic cooling and power generation

cooling and power generation with many advantages such as

long life, low maintenance and high reliability2. The efficiency

of a thermoelectric material is related to the dimensionless

figure of merit ZT, which is expressed as ZT = S2T/ρk, where

S, ρ, T and k are the Seebeck coefficient, electrical resistivity,

absolute temperature and thermal conductivity respectively.

Tuning these properties somewhat allows for significant

improvement in the materials thermoelectric performance3.

Carbon nanotubes (CNTs) are promising building blocks

for future nanoelectronics. Buckypaper is a macroscopic sheet

assembly of carbon nanotubes formed by filtration from their

dispersion in organic solvent. Buckypaper a free-standing

porous sheet of entangled CNTs appears to be very attractive

for thermal transport applications4. There is an enormous

interest in developing buckypaper based composite materials

with improved mechanical and electrical properties for a

number of potential applications. Doping is another way to

modify the electrical conductivity of CNTs, i.e., incorporation

of foreign atoms directly into lattice sites5. Several researchers
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have attempted to fabricate CNT-reinforced metal- or ceramic-

matrix composite materials by means of traditional powder-

metallurgy process6. However these attempts have failed to

fabricate the composite with homogenously dispersed metal/

CNTs in the matrix. Semimetals and its alloys like bismuth,

antimony and tellurium7,8 are the existing thermoelectric for

these three semi-poor metals are known to have accentuated

thermoelectric activity. This work focused on the deposition

of these semi-metal Bi, Sb and Te nano particles on the surface

of buckypaperby the thermal evaporation method to study the

ρ(T) and S(T) called as thermo power(S2
σ), which plays a

vital role in improving the thermoelectric properties of

MWCNT buckypaper.

EXPERIMENTAL

MWCNT buckypaper: The buckypaper used in this

study is made from MWCNTs (supplied by UChees, Taiwan)

by the method of vacuum filtration. In order to prepare

buckypaper, CNTs must be dispersed in an appropriate

solvent. This was done by dispersing the MWCNTs in the

distilled water and stabilizing with a non-ionic surfactant

Triton X-100 via ultrasonication (Misonic, 20 KHz, 63 W).

The suspension vacuum filtrated through a nylon filter

membrane, to form a buckypaper. The sample was then placed

in the bath of isopropyl alcohol to wash off the surfactant

completely to get pure CNT buckypaper. After the filtering
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and drying process, the paper was peeled carefully from the

filter membrane, resulting in a thin sheet of MWCNT network

random buckypaper with ca. 110 µm thickness. The flexible

buckypaper made was shown in Fig. 1(a).
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Fig. 1. (a) Flexible buckypaper and (b) Schematic of the thermoelectric

measurement

Deposition of metal on the buckypaper: The deposition

of the thermoelectric metal on the random buckypaper surface

was carried out by thermal evaporation method. Bismuth (Bi),

antimony (Sb) and tellurium (Te) granules (99.99 %, ADMAT

Inc.) was used as a vapour source. The buckypaper substrate

is holding on a ceramic holder and inserted inside the depo-

sition chamber which was then evacuated under a relative

pressure of 10-5 torr and distance from the source is 30 cm.

The total deposition time is ca. 2 min under complete vacuum.

The samples after deposition of Bi, Sb and Te on the surface

of random buckypaper (RBP) were referred as Bi-RBP,

Sb-RBP and Te-RBP respectively.

The surface morphology of the buckypapers was exam-

ined using field emission scanning electron microscope,

FESEM JEOL JSM-7000F. The temperature dependent

electrical resistivity (ρ) measurements for all the samples of

the buckypaper were done by the standard programmable DC

voltage/current detector four-point probe method in the

temperature range from 30-300 K. The Seebeck coefficient

(S) was extracted by applying a temperature gradient along

the sample and measuring the thermoelectric voltage and the

schematic is shown in Fig. 1(b). We also measured the Seebeck

coefficient (S) for 3 sheets of buckypaper connected in series

for all the samples.

RESULTS AND DISCUSSION

Fig. 2(a-c) shows the FESEM images of metal deposited

buckypapers, Bi-RBP, Sb-RBP and Te-RBP respectively.

FESEM image in the inset of Fig. 1(a), shows the random

entanglement of MWCNTs network structures of pure random

buckypaper. An increase in the diameter of nanotube observed

from the Fig. 2(a-c) indicates the deposition of metal nano-

particles on the surface of nanotubes and decreases the porosity

of buckypaper.

The low temperature resistivity (ρ) measurement in Fig.

3 reveals the semi-conducting behaviour of buckypaper9. It

was observed that, the ρ(T) for all the samples rapidly increase

at low temperature and decreases when temperature increases.

The resistivity value reaches the range of 0.96-1.6 W-cm at 30

K, indicating the insulating properties of the semi-network at

low temperature. When a carrier is transported within the CNT

network structure under a temperature gradient, a hopping

Fig. 2. FESEM images of metal deposited RBP. Inset in (a) FESEM image

of pure RBP
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Fig. 3. Low temperature electrical resistivity for RBP and metal deposited

RBP samples

mechanism for a heterogeneous model may be appropriate10.

It has been reported that the electrical conductivity of a CNT

thin films is dependent on CNT fabricating process, film thickness,

doped chemicals and the functional groups on CNTs11,12. It

was stated that the electric conductivity of the macroscopic

assemblies of CNTs, such as buckypaper, pellet, thin films

and fibers, are dependent on inter-CNT transport of charge

carriers13. The thermally activated tunneling of charge carriers

at inter-CNT contacts is considered as one of possible expla-

nation for the electrical conduction12. Fuhrer et al.14 stated the

activation energy is very low for the conduction through

semiconductor-semiconductor or metal-metal contacts, which

transport the charge carrier easily and for semiconductor-metal

contacts, requires relatively larger activation energy to transport

the charge carrier. It supports our data, that the small

eractivation energy is enough for semi-metal deposited semi-

conducting network of CNT for the enhancement of its electrical

conductivity.
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The Seebeck coefficient (S) is related to the transport of

energetic charges, whereas the electrical conductivity is related

to the transport of all mobile charges15. The Seebeck measure-

ment results are plotted in Fig. 4, indicating that all measured

samples were n-type with negative Seebeck coefficients. The

measured S(T) for a single layer of metal deposited random

buckypaper samples are shown in Fig. 4(a). The quantum

confinement effect of charge carriers within low-dimensional

structures that possess physical dimensions comparable to the

electronic wavelength can potentially increase the Seebeck

coefficient. The observed values are -13.5, -18, -17 and -20.5

(µV/K) for single layer of random buckypaper, Bi-RBP,

Sb-RBP and Te-RBP respectively. The observed variation in

the Seebeck coefficient may originates from the change in

metal doping and the charges transferred in MWCNT/metal

composite films. We also measured the Seebeck coefficient

value for the 3 sheets of buckypaper connected in series, for

all the samples is shown in Fig. 4(b). The values are -31, -36,

-40 and -51 (µV/K)for 3-layers of random buckypaper,

Bi-RBP, Sb-RBP and Te-RBP respectively. Here we found that,

increase the number of layers/surface area of the buckypaper,

thereby increasing the thermoelectric power factor for enhan-

cing the efficiency of the MWCNT buckypaper.

The surrounding metal coated layer results in the enhance-

ment in electron energy filtering effects of semi metal/BP

composite films by blocking or scattering the transport of some

carriers along the carbon nanotubes chain, which is similar to
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Fig. 4. Seebeck coefficient for all samples (a) single layer and (b) 3-layers

in series

the screening of electrons by potential wells in inorganic

materials, thus enhancing the Seebeck coefficient16. Enhanced

power factors and reduced thermal conductivities are both

beneficial to thermoelectric performance. Therefore, in all

respects the method reported here is of great potential to

enhance the performance of thermoelectric materials.

Conclusion

In summary, flexible films of various semimetal/MWNT

composite with enhanced thermoelectric performance were

prepared via thermal evaporation method. We found that the

improved thermoelectric properties are mainly owing to the

greatly increased Seebeck coefficient and increase in the

electrical conductivity. This approach can also be used to deposit

various metals onto nanotube composites and to prepare a

variety of buckypaper-metal composites for a broad range of

potential thermoelectric applications. We reported here the

process of preparing flexible CNT buckypaper to make it a

new type of thermoelectric material for some practical applica-

tions with an acceptable ZT value.
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