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ABSTRACT: Semiconductors are generally considered far superior to metals as 10" ™ Higher power factor in metallic
thermoelectric materials because of their much larger Seebeck coefficients (S). However, s
a maximum value of S in a semiconductor is normally accompanied by a minuscule
electrical conductivity (c), and hence, the thermoelectric power factor (P = S*c)
remains small. An attempt to increase ¢ by increasing the Fermi energy (Eg), on the
other hand, decreases S. This trade-off between S and o is a well-known dilemma in
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1

developing high-performance thermoelectric devices based on semiconductors. Here, we 10°

show that the use of metallic carbon nanotubes (CNTs) with tunable Ep solves this §

long-standing problem, demonstrating a higher thermoelectric performance than 10

semiconducting CNTs. We studied the E; dependence of S, o, and P in a series of 102

CNT films with systematically varied metallic CNT contents. In purely metallic CNT 102 10° 107 10t 10° 10°
films, both S and ¢ monotonically increased with Ej, continuously boosting P while Conductivity (Sm’)

increasing Eg. Particularly, in an aligned metallic CNT film, the maximum of P was ~$

times larger than that in the highest-purity (>99%) single-chirality semiconducting CNT film. We attribute these superior
thermoelectric properties of metallic CNTs to the simultaneously enhanced S and ¢ of one-dimensional conduction electrons
near the first van Hove singularity.

KEYWORDS: thermoelectric, single-wall carbon nanotubes, nanomaterials, ionic liquid, electrical double-layer technique,
one dimension

here is an increasing recognition that efficient conversion factor P = S’ continuously remains small as one varies the Ep.
of waste heat to electrical power is key to the successful This trade-off between S and ¢ is a well-known dilemma,”
development of wearable electronics and photonics. Much preventing the development of high-performance thermo-
recent attention has been paid to nanostructured semi- electric devices.
conductor materials, including semiconducting polymers and A special case arises in certain 4f-electron metals, which have
carbon nanotubes (CNTs), for the development of wearable exhibited unusually large P values.” This can be explained as a

thermoelectric devices because of their flexibility and scalability
in addition to their expected superb thermoelectric properties.'
Semiconductors have always been preferred for thermoelectric
device applications, and little attention has been paid to metals
because of their typically small Seebeck coefficient ().

A maximum S in a semiconductor is achieved when the
Fermi energy, Eg, is shifted from the middle of the band gap, or
the charge neutrality point (CNP), by an amount on the order
of the thermal energy kzT. However, at this value of Ey, the
carrier density, and hence electrical conductivity o, is very
small; see Figure 1a. When the Ey. is further moved away from

result of the existence of a narrow 4f-electron peak in density of
states (DOS) in the vicinity of Ep, as, in general, the best
thermoelectric is expected in materials that have a sharp
singularity in DOS very close to Ep.® CNTs can embody this
scenario if Ep can be precisely tuned to a one-dimensional
(1D) van Hove singularity (vHs), as pointed out by Hicks and
Dresselhaus.” Previous experiments have examined the
thermoelectric properties of various types of single-wall CNT
(SWCNT) samples.” ' Semiconducting SWCNTSs have been

the CNP gradually, increasing the carrier density either on the Received: July 23, 2019
p- or n-side, o tends to increase monotonically, but S tends to Revised:  September 3, 2019
decrease monotonically. Therefore, the thermoelectric power Published: September S, 2019
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Figure 1. Mechanism of how a Fermi-energy-tuned metallic carbon
nanotube can outperform a semiconducting nanotube as a thermo-
electric material. The expected behaviors of the Seebeck coefficient
(S) and electrical conductivity (6) of (a) semiconducting and (b)
metallic carbon nanotubes as a function of Fermi energy (Eg)
measured from the charge neutrality point (Ecyp). Note that the
thermoelectric power factor is P = S%6, so a high P requires
simultaneously large S and o, which is possible only in metallic
nanotubes. (c) Schematic diagram of the experimental setup used for
measuring thermoelectric properties of carbon nanotube films using
electrolyte gating.

11,14,17-21 .
shown to possess a large S." ™" In contrast, metallic

SWCNTs have been largely disregarded in thermoelectric
studies because of their typically small S under normal
circumstances,'” and, in fact, a great deal of effort has been
expended to remove small amounts of metallic SWCNTs from
semiconductor-enriched SWCNT specimens because they
degrade thermoelectric properties.”” However, since metallic
SWCNTs also possess vHs in DOS, one should observe
thermoelectric enhancement if Ep is moved far away from the
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charge neutrality point (CNP) and tuned to coincide with a
vHs, where the o is also enhanced; see Figure 1b.

Here, we systematically investigated the Ep dependence of S,
0, and P in a variety of films containing high-purity (>99%)
single-chirality semiconducting SWCNTs, high-purity metallic
SWCNTSs, and their mixtures with different content ratios. In
all samples, in which metallic nanotubes are present, we
observed a nontraditional regime where both S and ¢ increased
with Ep. Correspondingly, S increased with ¢ in this regime.
This novel regime was followed by a traditionally seen regime,
in which S decreased with ¢ in films consisting of both
semiconducting and metallic SWCNTSs. However, in purely
metallic films, S monotonically increased with ¢ throughout
the entire Ep range we covered; namely, the thermoelectric
trade-off problem has been solved by the use of purely metallic
SWCNT films. Notably, the maximum value of P achieved in
an aligned metallic SWCNT film, ~ 300 UWm™ K2 was five
times larger than that obtained in the highest-purity single-
chirality semiconducting SWCNT film.

Table 1 summarizes the main five SWCNT samples we
studied in this work (samples 1—5). We first prepared two

Table 1. Five SWCNT Film Samples with Varying
Semiconductor—Metal Ratios”

(6,5) content  metallic content synthesis and

sample (%) (%) enrichment aligned?

1 >99 <1 CoMoCAT and GC no

2 90 10 mixture of 1 and 4 no

3 50 Nu mixture of 1 and 4 no

4 <1 >99 arc discharge and no
DGU

S <1 >96 arc discharge and yes
DGU

“Note that (6,5) single-wall carbon nanotubes are semiconducting
with a band gap of ~1 eV. Abbreviations: GC = gel chromatography;
DGU = density gradient ultracentrifugation.

highly purified SWCNT ensemble samples: samples 1 and 4.
Sample 1 was enriched in (6,5) semiconducting SWCNTs,
synthesized by the CoMoCAT method, using gel chromatog-
raphy with precise pH control”® with a chirality purity over
99%; sample 4 was enriched in metallic SWCNTs with an
average diameter of 1.4 nm (metallic purity >99%),
synthesized by the arc-discharge method and enriched by
density gradient ultracentrifugation.”* More information about
sample characteristics and chirality purity evaluation methods
can be found in the Supporting Information; see Figures S1
and S2. Furthermore, by mixing samples 1 and 4 at certain
ratios, we prepared sample 2, in which the (6,5)-to-metal ratio
was 9:1, and sample 3, in which the (6,5)-to-metal ratio was
1:1. Finally, we used the controlled vacuum filtration
method””® to prepare a highly aligned metallic SWCNT
film, sample 5. See Figure SS for the basic characteristics of
sample S. To investigate the thermoelectric properties of these
samples as a function of Ep, we emplozred the methods of
electrolyte gating described previously.'"”” Figure lc shows a
schematic illustration of the experimental setup. We injected
electrons and holes through electric double-layer formation,
which was controlled by the gate voltage, V;. The device
structure is schematically depicted in Figure S3.

Figure 2 shows experimentally measured values of ¢, S, and
P for Samples 1S as a function of V. In all plots, the CNP is
set to be at V; = 0. Figure 2a shows o versus V for the five
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Figure 2. Gate-tuning the thermoelectric properties of semiconductor-enriched, type-mixed, and metal-enriched single-wall carbon nanotubes. (a)
Electrical conductivity (), (b) Seebeck coefficient (S), and (c) power factor (P = $%) as a function of gate voltage for a series of samples with
different semiconductor-metal ratios (sample 1, red circles; sample 2, orange squares; sample 3, green triangles; sample 4, blue inverted triangles;

sample S, pink diamonds). See Table 1 for sample descriptions.

samples; all samples exhibited transistor behavior with on/off
ratios varying from ~10° (sample 1) to <10 (samples 4 and S).
Figure 2b shows S versus Vi for the samples, where Ep was
tuned in a wide range, going from the p-type regime to the n-
type regime. In sample 1, positive and negative peaks are
observed slightly below and above the CNP, respectively, with
a sudden change of sign of S at the CNP. This is a typical
behavior for semiconductors, with the peak separation in
energy given by ~kgT. The data for sample 2 in Figure 2b
shows that inclusion of metallic SWCNTSs, even at 10%,
significantly decreases the peak S value from 300 VK™ to 60
VK" and, at the same time, drastically changes the overall Vg
dependence. As the metal content further increases, the peak
structure in the S—V; curve tends to diminish (sample 3), and
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in the 100% metallic case (samples 4 and 5), no peak structure
is observed.

Figure 2c shows the corresponding Vi dependence of the
power factor, P, for the five samples, exhibiting sharp peaks. A
peak in P is expected to appear when the Ej coincides with the
first vHs either in the valence or conduction band.'"' The
sharpness of the power factor peak for sample 1 indicates that
fine-tuning of Vg is necessary for achieving and maintaining a
high power factor in a highly purified (6,5) SWCNT sample.
When the chirality purity is higher, the peak power factor value
is higher at the vHs, as demonstrated by the data for Samples
1,2, and 3 in Figure 2c. However, in sample 4 (>99% metallic)
at a high V|, such as when Vg < =2 V, it is seen that P
continues to increase, reaching the value for the highest-purity

DOI: 10.1021/acs.nanolett.9b03022
Nano Lett. 2019, 19, 7370-7376


http://dx.doi.org/10.1021/acs.nanolett.9b03022

Nano Letters

~

~

,6

) o S
000 0 o °e® 00 8o,

-
o
o

10

Seebeck coefficient (LK)

odboo

— = LR Cal. #1 t=40fs

LR Cal. #2t=T7fs
— -LRCal.#31t=3fs
— - Mott Cal. #4

I
I
#5 !
I
I
I

100 100 10> 10 10°

0
10 4
Conductivity (Sm )

Power factor (uWm 'K?)

10> 10*

10°
Conductivity (Sm'1)

Figure 3. Seebeck coefficient and power factor of carbon nanotube films with different semiconductor-metal ratios. (a) Relationship between
Seebeck coefficient and conductivity of the five samples with different semiconductor-metal ratios (see Table 1). (b) Relationship between power
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triangles; sample S, pink diamonds). The dashed lines in part a are theoretical simulations. Mott’s formula, eq 1, was used for sample 4 (Mott Cal.),
whereas the linear response theory combined with the thermal Green’s function method within the constant-relaxation-time approximation was

used for samples 1—3 (LR Cal.).
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between Seebeck coefficient and electrical conductance and (b) relationship between power factor and electrical conductance for a (6,5) SWCNT
(red circles) and a (10,10) SWCNT (blue triangles) calculated using the nonequilibrium Green’s function method.

semiconducting sample (sample 1). Finally, the peak P value of
an aligned metallic film (sample S) exceeds that of sample 1.

Figure 3a is a summary of the relationship between S and ¢
for the five samples. This figure highlights the following three
points: (1) In the metallically purified SWCNT samples
(samples 4 and $), S increases monotonically with o, i.e., the
trade-off between them is fully eliminated. (2) As the content
of semiconducting species increases (samples 2 and 3), the
range where the trade-oft is lifted becomes narrower and shifts
toward a lower o region, and a plateau region develops. (3) In
the highest-purity semiconducting sample (sample 1), the
unconventional regime is absent, i.e., S decreases with
increasing ¢ in the entire range.

In the highest conductivity region, 6 > 10* Sm™’, only the S
of the purely metallic samples continues to increase, while
those of the other samples rapidly decrease with increasing o.
The same behavior is also seen in the power factor, P, as shown
in Figure 3b. Sample 1 exhibits a peak at 6 ~ 6 X 10> Sm™,
while samples 2 and 3 show peaks at 6 ~ 1 X 10* Sm™".
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Samples 4 and S show a continuous increase of P with ¢ up to
the highest value of . The highest value of P of sample 4
(achieved at the highest o) is essentially equal to that of sample
1 (achieved at 6 ~ 6 X 10° Sm™") within the experimental
error. Sample S exhibits an even higher P than sample 4, as
expected from the fact that alignment leads to an enhanced
6, while S remains constant.”® The highest value of P of
sample S is ~300 yWm™' K™%, which is the highest among all
the samples studied. That is, the aligned and metallically
enriched SWCNT film outperforms the highest-purity semi-
conducting SCWNT film in terms of thermoelectric power
factor.

To understand these observations more quantitatively, we
first analyzed the relationship between S and ¢ for sample 4
using the standard Mott formula for metals:*

(1)
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Here, 6(V;) is the experimentally measured V-dependent
0. We assume 0Ep/dV; to be constant; that is, Ep = aV, where
a is a fitting parameter. This procedure reproduced the
experimental data for sample 4 well (see Figure 3a), indicating
that, in metallic SWCNTs, the behavior is consistent with the
conventional Mott formula, in which the increase of S can be
attributed to the increase of DOS as Ey increases. Hence, the
simultaneous increase of S and ¢ can be interpreted as a
consequence of the Eg approaching the first 1D vHs in metallic
SWCNTs.

However, high-purity semiconducting samples (samples 1
and 2) cannot be explained within the conventional Mott
formalism (see Figure S4). Equation 1, or an approximate
formula more appropriate for conventional semiconductors,”
completely fails to reproduce the observed behavior. There-
fore, in order to calculate the relationship between S and o in
samples 1—3, we used the linear response theory combined
with the thermal Green’s function method within the constant-
relaxation-time approximation.'” The details of the calculation
procedure are given in the Supporting Information. We
assumed that the electronic dispersions near the conduction-
and valence-band edges of a (6,5) SWCNT can be described as
gapped 1D Dirac bands. The presence of metallic SWCNT
impurities in these samples can be treated by introducing finite
DOS inside the band gap, or “in-gap states,” the amount of
which can be represented by the relaxation time of Dirac
electrons. The calculation results are shown as dashed lines in
Figure 3a. There is a good overall agreement between theory
and experiment.

To further corroborate our finding that metallic SWCNTSs
can be better thermoelectric materials than semiconducting
SWCNTs, we examined the relationships among S, electrical
conductance (G), and P’ = S*G of single (6,5) and (10,10)
SWCNTSs using the nonequilibrium Green’s function formal-
ism (Figure 4). Detailed calculation methods are given in the
Supporting Information. As shown in Figure 4a, for a (6,5)
SWCNT, which is semiconducting, S decreases as G increases;
i.e., the usual trade-off is observed. However, in a (10,10)
SWCNT, which is metallic, we can identify a region where S
and G simultaneously increase, which is similar to the
experimentally observed behavior. These calculations clearly
indicate that this behavior is caused by the enhancement of S
around the first vHs of the metallic SWCNT; see also Figure
S6 and a previous study.”’ Regarding the power factor (Figure
4b), in a large G region (>107* S), the P’ of the (10,10)
SWCNT increases with G, achieving a peak value at G = 2 X
107* S, which is comparable to the peak P’ value of the (6,5)
SWCNT. Although these calculations were performed on
single SWCNTSs and thus cannot be directly compared with
our experimental data on macroscopic films, the results
basically support the notion that a Fermi-energy-optimized
metallic SWCNT can be a better thermoelectric material than
a semiconducting SWCNT.

It is important to emphasize that metallic SWCNTs show
negligibly small S and P when Ey, is near the CNP, consistent
with conventional wisdom that high-purity semiconducting
nanomaterials are far superior to metallic nanomaterials for
thermoelectric applications. However, metallic SWCNTs are
unique in possessing semiconductor-like properties,®”’"
especially wide Fermi-energy tunability. When we move Eg
from the CNP, either to the p- or n-side, both S and o increase.
This behavior can be attributed to the existence of the 1D vHs
in the DOS of metallic SWCNTs. Contrastingly, although
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there is a plateau region where S is almost constant as a
function of o, semiconducting SWCNTs exhibit the conven-
tional trade-off, i.e., S decreases with increasing o. As a result,
the P of metallic SWCNTs can become larger than that of
semiconducting SWCNTs in the largest o region.

Methods. SWCNT Film Preparation. A high-purity
ensemble of (6,5) SWCNTs (sample 1) was prepared through
gel chromatography from the original SWCNT's synthesized by
the CoMoCAT method (SG6S, Sigma-Aldrich). Details of this
separation procedure can be found in ref 23. Metallic
SWCNTs (sample 4) were prepared using density gradient
ultracentrifugation from the original SWCNTSs synthesized by
the arc-discharge method (Arc SO, Meijyo Nano Carbon Co.).
The SWCNT concentrations of samples 1 and 4 were adjusted
so that the absorbance at the first vHs becomes the same level.
Samples 2 and 3 were prepared by mixing samples 1 and 4 at
the volume ratios indicated in Table 1. Each sample was
poured into the funnel of a vacuum filtration system and
filtered through a PTFE membrane (Omnipore 0.2 yum PTFE
Membrane, Merck Millipore Ltd.), and surfactants on
SWCNTs such as sodium deoxycholate (DOC) or iodixanol
were replaced by Triton (polyoxyethylene octylphenyl ether,
Wako pure chemical Industries, Ltd.). Subsequently, the
SWCNTs in the redispersed solution were filtered through a
polycarbonate membrane filter (Whatman Nuclepore Track-
Etched membrane 25 mm 0.2 um) to form a thin film.

Aligned Metallic SWCNT Film (Sample 5) Preparation.
Metallic SWCNTs were separated by density gradient
ultracentrifugation in the same manner as sample 4. We then
conducted ultrafiltration (Amicon Ultra-15 Centrifugal Filters
Ultracel, 100 K, Merck Millipore Ltd.) on the resulting
metallically enriched solution to exchange the solvent from
DOC/iodixanol to 0.3% DOC. Subsequently, the obtained
suspension was sonicated with a tip sonicator (XL-2000
Sonicator, Qsonica, 1/4 in. probe, ~30 W) for 5—10 min and
centrifuged for 15—20 min at 38 000 rpm (Beckman-Coulter
Optima L-80 XP Preparatory Ultracentrifuge (BSI414) using a
Beckman SW-41 Ti swing bucket rotor). The upper 80% of the
SWCNT suspension in the centrifuge tube was collected and
then diluted with pure water to have a surfactant concentration
of 0.013% DOC. The suspension was then poured into the
funnel of a vacuum filtration system and slowly filtered through
a polycarbonate membrane filter (Whatman Nuclepore Track-
Etched membrane 25 mm 0.2 um) under well-controlled
conditions to form an aligned SWCNT film. See Figure S5 for
more information on the sample preparation methods and
characteristics of sample S.

Device Preparation. The prepared SWCNT thin film was
transferred onto a polyimide/parylene substrate with prede-
posited gold electrodes (thickness ~ 100 nm). Residual
polymers such as polycarbonate or polyvinylpyrrolidone were
dissolved and washed by chloroform and acetone. The length,
width, and thickness of the film were respectively ~600 pm,
~1 mm, and ~80 nm. To remove residual Triton and organic
solvent, the sample was annealed at 200 °C for 2 h in a vacuum
(<1073 Pa). A heater (KFR-02N-120-C1-11N10C2, Kyowa
Dengyo Co.) was attached on one side of the film, and
thermocouples (KFT(TW)-50-100-050, ANBE SMT Co.)
were fixed on the electrodes at both film ends by silver paste
(D-500 DOTITE, Fujikura Kasei Co.). To make sure that no
chemical reaction occurs between silver and ionic liquid,
insulating sealant (TSE397-C, Momentive Performance
Materials Japan LLC.) covered the silver paste. Ionic liquid
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(TMPA-TFS], Kanto Chemical Co.) was dropped to cover the
SWCNT film and gate electrodes to create an electrolyte
gating system.

Conductivity and Seebeck Coefficient Measurements.
Electrical conductivity and Seebeck coefficient measurements
were conducted in a vacuum (~107° Pa) using a vacuum and
low-temperature probe station (Grail 10, Nagase Techno Co.).
By changing the gate voltage from +3.2 V to —2.8 V, we
injected electrons or holes into the SWCNT film, shifting the
Eg. For the transport measurements, the source-drain voltage
was kept as small as possible, such as 0.1 V for (6,5) and S mV
for metallic SWCNTSs, and then the transport properties were
evaluated in the linear response region. The conductivity was
calculated from the measured resistance of the film at each gate
voltage. The Seebeck coefficient as a function of gate voltage
was measured in the same manner as that described in ref 11.
The Seebeck coefficients were always measured in the same
gate-shift direction, such as from positive to negative, in order
to eliminate the influence of hysteresis during the measure-
ments.

Theoretical Calculations. The details of theoretical
calculations based on the linear response theory combined
with the thermal Green’s function method within the constant-
relaxation-time approximation, and the details of calculated
power factor of single (6,5) and (10, 10) SWCNTs are
described in the Supporting Information.
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