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1. INTRODUCTION

Thermoelectric materials have attracted a lot of attention from
the science community due to their interesting transport proper-
ties and potential applications in cooling and power generation.
The efficiency of a thermoelectric material is given by the dimen-
sionless figure of merit

ZT ¼ S2σT
ðke þ kpÞ ð1Þ

In this formula, S is the Seebeck coefficient, σ is the electrical
conductivity, T is the absolute temperature, and ke and kp are the
electron and phonon contributions to the thermal conductivity,
respectively. Good thermoelectric materials behave as glass for
phonons and crystal for electrons,1 and one therefore must try to
maximize the power factor (S2σ) and minimize the thermal
conductivity (k = ke + kp). As these transport coefficients (S, σ,
and k) are coupled with each other and related to the crystal
structure and carrier concentration, it is very difficult to signifi-
cantly improve the thermoelectric performance of conventional
materials, which has a highest ZT value of about 1.0.2,3 In 1993,
Hicks et al. theoretically predicated that by using low-dimen-
sional or nanostructures, one could obtain ZT value much higher
than that of the corresponding bulk materials.4 The reason can be
attributed to a reduction of kp by surface/interface phonon
scattering, as well as the enhanced S2σ due to quantum con-
finement effect.

Amongmany nanostructures, carbon nanotubes (CNTs) have
been extensively studied since their discovery in 1991.5 It is, thus,

nature to ask if CNTs can be used as thermoelectric materials.
As ideal one-dimensional quantum wires, CNTs were found to
exhibit ballistic electron transport,6�10 and the reported elec-
trical conductivity can be as high as 106∼108 S/m11�15 at room
temperature (RT). However, the results from both experimental
measurements11,16�19 and theoretical calculations20�24 indicate
that the RT thermal conductivity of CNTs are also very high
(102∼104 W/m 3K). This seems limit the thermoelectric appli-
cation of CNTs. Indeed, most of previous works were focused on
the measurement of Seebeck coefficient of CNTs, which have
an absolute value ranging from tens to hundreds μV/K around
RT.19,25�29 Recently, Zhang et al.30 fabricated CNT bulk sam-
ples by spark plasma sintering and found that the thermal con-
ductivity can be decreased to 4.2 W/m 3K at RT because of
intensive tube�tube interactions. It is thus favorable to use them
as thermoelectric materials that require low thermal conductivity
but high electrical conductivity. Prasher et al.31 also found that
the strong tube�tube interactions in a random network of CNTs
can lead to a significant reduction of the measured thermal
conductivity. The ZT value of the so-called “CNT bed” structure
was estimated to be 0.2 at RT, which is about 2 orders of
magnitude larger than that of isolated CNTs. Using nonequili-
brium Green’s function approach, Jiang et al.32 investigated the
phonon and electron transports in the zigzag CNTs (n,0) with
mod (n,3) 6¼ 0. The maximum ZT value they obtained is about
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ABSTRACT: The electronic transport of three kinds of ultrasmall
single-wall carbon nanotubes are studied by using nonequilibrium
Green’s functionmethod. It is found that the transmission function
displays a clear stepwise structure that gives the number of electron
channels. The calculated power factor of these nanotubes can be
optimized to much higher values in a wide temperature range.
Using nonequilibrium molecule dynamics simulations, the lattice
thermal conductivity of these nanotubes are predicated with
quantum correction. Our calculations indicate that the (4,2) tube
has relatively higher room temperature figure of merit (ZT value)
compared with those of the (5,0) and (3,3) tubes. Moreover, the thermoelectric performance of these nanotubes can be greatly
enhanced by surface design, formation of bundles, increasing the tube length, and so on, which significantly reduce the phonon and
electron-derived thermal conductance.
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0.2 at RT. Although these pioneering works discussed the possi-
bility of using CNTs as thermoelectric materials, the reported
ZT value is still not comparable to that of the best commercial
materials. In this work, we use a combination of nonequilibrium
Green’s function method and molecular dynamics simulation to
study the thermoelectric properties of three kinds of ultrasmall
single-wall carbon nanotubes, namely, the zigzag (5,0), the chiral
(4,2), and the armchair (3,3). These nanotubes were fabricated
by a templating method and have a diameter of about 0.4 nm,33

probably at or close to the theoretical limit. We shall see that all
these nanotubes could be optimized to exhibit much higher ZT
value by significantly reducing the phonon and electron derived
thermal conductance, which suggests their promising thermo-
electric applications.

2. COMPUTATIONAL DETAILS

The electronic transport has been studied using the none-
quilibriumGreen’s function (NEGF)method, as implemented in
the Atomistix ToolKit (ATK) software package.34,35 As usual, in
the NEGFmodel, the nanotube is divided into a central part con-
nected by the left and right semi-infinite ones. We focus on the
ballistic transport, and the weak electron�phonon scattering
is ignored. During the self-consistent calculations, we use the
Troullier�Martins nonlocal pseudopotentials36 to describe the
electron�ion interactions. The exchange-correlation energy is
in the form of PW9137 and the Brillouin zone is sampled with 1�
1� 100Monkhorst-Pack k-mesh.38 Themixing rate of electronic
Hamiltonian is set to be 0.1, and the convergent criterion for the
total energy is 4 � 10�5 eV. We use a double ζ basis set plus
polarization for the carbon atoms and the cutoff energy is set as
150 Ry. On the other hand, the thermal transport is calculated
using the reverse nonequilibrium molecular dynamics (NEMD)
simulations implemented in the LAMMPS software package.39

We adopt the Tersoff potential40 and solve Newtonian equations
of motion according to the M€uller�Plathe algorithm41 with a
fixed time step of 0.55 fs. To make sure that the system has
reached steady state, a constant temperature simulation of 700000
steps and a constant energy simulation of 300000 steps are
carried out. The nanotubes are then divided into N equal seg-
ments with periodic boundary condition, and the segments at
N/4 and 3N/4 are defined as hot and cold regions, respectively.
The kinetic energies are swapped between the coldest atom(s) in
the hot region and the hottest one(s) in the cold region, then a
temperature gradient responses and thermal flux maintains via
atoms interactions in neighboring segments.22,42 Our calculated
results are carefully tested with respect to the number of divisions
and time steps.

3. RESULTS AND DISCUSSIONS

We begin with the electronic transport of these 0.4 nm nano-
tubes. As mentioned before, we use a standard model where the
central scattering region is connected by two semi-infinite elec-
trodes that are also carbon nanotubes in the present study. To get
reliable results, the length of the central part is carefully tested
and contains 10, 2, and 6 unit cells for the (3,3), (4,2), and (5,0)
tubes, respectively. Figure 1 shows the calculated transmission
functionT(E) of these nanotubes under zero bias voltage.We see
that all of them display a clear stepwise structure that gives the
number of electron channels. The quantized transmission indi-
cates ballistic transport of electrons in the carbon nanotubes, as
suggested by previous studies. It should be mentioned that the

transmission function of (4,2) tube vanishes around the Fermi
level, which is consistent with the fact that among the 0.4 nm
nanotubes, the (4,2) tube is the only semiconductor with a band
gap of ∼0.2 eV.43

Based on the calculated transmission function, the electronic
transport coefficients can be readily obtained.44 As the cross-
sectional area is notwell-defined for quasi-one-dimensional systems
such as CNTs, we will discuss the conductance (G, λe, or λp)

45

instead of the conductivity (σ, ke, or kp) mentioned before. The
dimensionless figure of merit is therefore rewritten as

ZT ¼ S2GT
ðλe þ λpÞ ð2Þ

Let

LmðμÞ ¼ 2
h

Z ∞

�∞
dETðEÞðE� μÞm � ∂f ðE, μÞ

∂E

� �
ð3Þ

where f(E,μ) is the Fermi-Dirac distribution function, we can
then, respectively, write the Seebeck coefficient, the electrical
conductance, and the electronic thermal conductance as

Sðμ,TÞ ¼ 1
eT

L1ðμÞ
L0ðμÞ ð4Þ

Gðμ,TÞ ¼ e2L0ðμÞ ð5Þ

λeðμ,TÞ ¼ 1
T

L2ðμÞ � ½L1ðμÞ�2
L0ðμÞ

( )
ð6Þ

Figure 2 plots the redefined power factor (S2G) as a function of
chemical potential μ and temperature T for the (3,3), (4,2), and
(5,0) tubes. As indicated in the color scale, the red and blue stand
for large and small calculated values of S2G, respectively. Note
here the chemical potential determines the doping level of the
system, and the positive and negative μ correspond to n-type and

Figure 1. Transmission function of 0.4 nm carbon nanotubes: (a)
armchair (3,3), (b) chiral (4,2), and (c) zigzag (5,0) under zero bias
voltage. The insets are ball-and-stick models of these nanotubes that are
divided into a central part connected by the left and right semi-infinite
ones, as usually done in the NEGF approach.
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p-type doping, respectively. As can be seen from Figure 2, the
calculated power factor exhibit one or two highlight areas with
obviously large values in a wide temperature range. This observa-
tion suggests that one can always enhance the thermoelectric per-
formance of these nanotubes by appropriate n-type and p-type
doping. If we focus on the room temperature, we find from
Table 1 that the (4,2) and (3,3) tubes have relatively large value

of S2G compared with that of the (5,0) tube. However, the much
higher electronic thermal conductance λe makes the pristine
(3,3) tube less possible for the thermoelectric applications. The
most favorable candidate should be (4,2) tube, which has a very
small λe but larger S2G with chemical potential close to the
Fermi level.

We now move to the discussion of phonon transport by using
the NEMD simulation, which can handle anharmonicity and
turns out to be an efficient approach to calculate thermal con-
ductivity as long as the temperature is not very low. In the present
work, the nanotubes are divided into 40 equal segments, and the
first (21th) one is set as cold (hot) region. One atom in each reg-
ion exchange their kinetic energy every 80 time steps and others
interact to reach a quasi-equilibrium state until the next exchange
happens. Figure 3a shows the exchanged kinetic energy as a
function of simulation time for the (4,2) tube at 300 K. The sim-
ulation cell is about 135 nm in length. We see that the exchanged
energy increases linearly in the whole simulation time, which
suggests a stable heat flux J from the hot to cold region. As shown
in Figure 3b, there is a linear temperature response along the tube
axis except for the middle hot region and outer cold region. The
temperature gradient 3T is thus obtained by averaging the slope
values of two linearly fitted lines shown in Figure 3b. Inserting
these values into the Fourier’s law

kp ¼ J
ðA 3∇TÞ

ð7Þ

the phonon-derived thermal conductivity kp can be calculated.
Here A is the cross-sectional area for low-dimensional systems
such as CNTs. A proper treatment is using the thermal condu-
ctance λp,

45 which is related to the thermal conductivity by

λp ¼ kpA=l ð8Þ

Figure 2. Calculated power factor S2G of 0.4 nm carbon nanotubes: (a) (3,3), (b) (4,2), and (c) (5,0) as a function of chemical potential μ and
temperature T.

Table 1. Optimized ZT Value at 300 K for the 0.4 nm Carbon
Nanotubes (3,3), (4,2), and (5,0)a

tube μ (eV) S2G (W/K2) λe (nW/K) λp (nW/K) kp (W/ m 3K) ZT

(3,3) 0.78 1.11 � 10�12 1.89 0.21 1615 0.16

(4,2) �0.09 1.39 � 10�12 0.08 0.18 1330 1.6

(5,0) 0.53 5.81 � 10�13 0.96 0.30 2073 0.14
aThe tube length is assumed to be 1 μm. The corresponding chemical
potential μ, the power factor S2G, the electronic thermal conductance λe,
and the lattice thermal conductance λp and conductivity kp are also
indicated.

Figure 3. (a) Typical time variation of the exchanged kinetic energy for
the (4,2) tube; (b) Typical temperature profile for the (4,2) tube at an
average temperature of 300 K; (c) The inverse thermal conductivity
1/kp as a function of inverse tube length 1/l, where the open circles
represent explicit MD results and the solid line indicates a linear fit.

Figure 4. Top-view of the fully relaxed structures for (a) the (4,2) tube
chemisorbed with two hydrogen atoms, (b) the doublet bundle of (3,3)
tube, and (c) the triplet bundle of (5,0) tube.
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where l is the length of CNTs and in the order of micrometer size
for most carbon nanotube samples.

It is well-known that the thermal conductivity kp of bulk
materials is only determined by their composite and is size inde-
pendent. This is however not the case for low-dimensional sys-
tems. Both experiment measurement29 and MD simulations20,46

indicate that the thermal conductivity of CNTs are related to
their length. As most thermal energy is transported by acoustic
phonons that scatter at the boundary of the tubes and the pho-
nonmean free path is limited by the size of the simulation cell, the
thermal conductivity increases with increasing tube length within
the ballistic transport regime. When the transport extends to the
diffusive regime, the thermal conductivity diverges as kp ∼ lβ,
where the exponent β depends on the temperature and tube
length l. To obtain a fully diffusive thermal conductivity of our
systems, the kp with different tube lengths are calculated and
extrapolated to obtain a good estimate at infinite length. A simple
approach of effective phonon travel path leff is given by

1=leff ¼ 1=l∞ þ 4=l ð9Þ
where l is the length of simulated CNTs, l∞ is the phonon mean
free path for infinite system, and the factor 4 means that phonons
will be at an average distance l/4 from either the cold region
or the hot one where the last anharmonic scattering event
occurred.42 This formula suggests that a plot of 1/kp versus 1/l
should be linear and that the thermal conductivity of CNTs at
any length can thus be calculated. Figure 3c gives the results for
the (4,2) tube, where the solid line is fitted from the 1/kp at a
series of tube length. If the tube has a typical length of 1 μm, the
thermal conductivity can be readily obtained by extrapolating
to 1/l = 0.001 nm�1.

It should be mentioned that, in our MD simulation, the
temperature is defined by the formula

ÆEæ ¼ ∑
N

i¼ 1

1
2
mv2i ¼ 3

2
NkBTMD ð10Þ

where ÆEæ is the mean kinetic energy,N is the number of atoms in
the simulation cell,m is the atomic mass, νi is the velocity of atom
i, and kB is the Boltzmann constant. However, this formula is
valid only when the temperature is higher than the Debye tem-
perature ΘD. If we are interested in the room or intermediate
temperature region, which is lower than the ΘD of CNTs
(usually 500�1000 K), a quantum correction to both the MD
temperature and the thermal conductivity must be carried out.
This is done by redefining the MD temperature as47

3NkBTMD ¼
Z ωΘ

0
DðωÞnðω,TÞpωdω ð11Þ

where D(ω) is the phonon density of states obtained from
density functional perturbation theory, n(ω,T) is the Bose�Einstein

distribution, and ωΘ is the Debye frequency. The quantum
corrected thermal conductivity kp as well as the thermal con-
ductance λp for the 0.4 nm nanotubes at 300 K are summarized in
Table 1, where the tube length is assumed to be 1 μm. We find
these three kinds of nanotubes have quite different thermal con-
ductivity although they are nearly of the same diameter. It is
generally accepted that the acoustic branches play a significant
role in the thermal conductivity of carbon nanotubes.48 As the
calculated heat capacity and the phonon group velocity of those
0.4 nm nanotubes are more or less similar to each other, we
believe that the large difference in the thermal conductivity (or
thermal conductance) is mainly due to their different phonon
mean free path.

Based on the calculated power factor S2G, the electronic
thermal conductance λe, and the phonon-induced thermal con-
ductance λp, we are able to evaluate the figure of merit according
to eq 2. Due to relatively larger S2G and smaller λe and λp (see
Table 1), we find that the (4,2) tube has the highest ZT value
among the three kinds of 0.4 nm tubes, which is 1.6 (at length of
1 μm) at room temperature. This value is already larger than
those reported previously for larger diameter carbon nanotubes
or their composites.31,32,49 We further find that chemisorptions
of hydrogen on the (4,2) tube could result in a significant reduc-
tion of both the λp and λe, while maintaining good power factor
S2G. For the optimized product where two hydrogen atoms
chemisorbed on top of the C�C bond that has the lowest angle
with the tube axis (see Figure 4a), we see from Table 2 that the
calculated λp (λe) is only 0.067 nW/K (0.038 nW/K) compared
with 0.18 nW/K (0.08 nW/K) of the pristine (4,2) tube. The
maximum ZT value of the chemisorbed (4,2) tube is, thus, in-
creased to 3.5, which is comparable to that of the best commercial
materials.

In addition to the surface design mentioned above, we find
that formation of carbon nanotube bundles could also give an

Table 2. OptimizedZTValue at 300 K for the Chemisorbed (4,2) Tube, the Doublet Bundle of (3,3) Tube, and the Triplet Bundle
of (5,0) Tubea

structure μ (eV) S2G (W/K2) λe (nW/K) λp (nW/K) kp (W/ m 3K) ZT

tube (4,2) + H2 0.81 1.24 � 10�12 0.038 0.067 281 3.5

doublet (3,3) 0.79 3.22 � 10�12 0.13 0.23 885 2.7

triplet (5,0) 0.24 2.49 � 10�12 0.14 0.27 622 1.8
aThe tube length is assumed to be 1 μm. The corresponding chemical potential μ, the power factor S2G, the electronic thermal conductance λe, and
the lattice thermal conductance λp and conductivity kp are also indicated.

Figure 5. Optimized ZT value at 300 K as a function of tube length for
the pristine (4,2) tube, the (4,2) tube with chemisorbed hydrogen, the
triplet bundle of (5,0) tube, and the doublet bundle of (3,3) tube.
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improved ZT value. Here we consider two examples, namely, the
doublet (3,3) and the triplet (5,0). In contrast to the weak
tube�tube interactions found in a bundle of large diameter nano-
tubes, the ultrasmall tubes within the doublet and triplet bundles
are covalently connected,50 as shown in Figure 4b,c. Our MD
simulations indicate that such new forms of bundle are energe-
tically favorable and kinetically stable around room temperature.
Due to very strong tube�tube interactions, we see from Tables 1
and 2 that the electronic thermal conductance λe is lowered by
93% for the doublet (3,3), and 85% for the triplet (5,0). More-
over, there is an obvious increase of the corresponding power
factor S2G and a decrease of the phonon derived thermal con-
ductivity kp. As a result, the calculated ZT value increases sig-
nificantly from 0.14 to 1.8 for the triplet (5,0), and from 0.16 to
2.7 for the doublet (3,3).

It should be emphasized that we have assumed the tube
length is 1 μm in the above discussions. This is not necessarily
the case for a real system where the tube length varies from
sample to sample. As the thermal conductance λp will decrease
with increasing tube length, our calculated ZT values may
further increase as obviously shown in Figure 5. For example,
the ZT value of pristine and hydrogen adsorbed (4,2) tube
with length of 3 μm can be, respectively, enhanced to 2.8 and
6.6 at optimized chemical potential. Similar trends can be
found for the carbon nanotube bundles, which has a ZT value
of 4.1 for the triplet (5,0), and 6.5 for the doublet (3,3) when
the bundle length is 5 μm. If the sample length is further
increased to 10 μm, we see from Figure 5 that the predicated
ZT value can be as high as 11.5 for the (4,2) tube chemisorbed
with hydrogen. The significantly enhanced ZT values suggest
very favorable thermoelectric applications of these 0.4 nm
carbon nanotubes.

4. SUMMARY

In summary, the thermoelectric properties of three kinds of
ultrasmall diameter carbon nanotubes are studied by using non-
equilibrium Green’s function method and molecule dynamics
simulations. Our calculated results indicate that, although these
nanotubes do not have much higher ZT value in the pristine
form, their thermoelectric performance can be significantly en-
hanced via surface design, formation of bundles, increasing the
tube length, and so on. It is, thus, reasonable to expect that these
carbon nanotubes could be very promising thermoelectric
material, which needs further experimental and theoretical
investigations.
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