
Nano Energy 67 (2020) 104282

Available online 11 November 2019
2211-2855/© 2019 Elsevier Ltd. All rights reserved.

Sorting-free utilization of semiconducting carbon nanotubes for large 
thermoelectric responses 

Jui-Hung Hsu a, Choongho Yu a,b,* 

a Department of Materials Science and Engineering, Texas A&M University, College Station, TX, 77843, USA 
b Department of Mechanical Engineering, Texas A&M University, College Station, TX, 77843, USA   

A R T I C L E  I N F O   

Keywords: 
Thermoelectric 
Carbon nanotube 
PEDOT:PSS 
Junction 
Semiconducting 
Metallic 

A B S T R A C T   

Semiconducting carbon nanotubes (s-CNTs) are promising organic thermoelectric materials mainly due to their 
large thermopower (or Seebeck coefficient), but it is impractical to pick only s-CNTs out of a mixture of different 
chirality tubes in mass-produced CNTs. Here we report a sorting-free method for getting the large thermopower 
by suppressing electronic transport from metallic CNT (m-CNT). This study employed an organic electrochemical 
transistor (OECT) configuration where poly (3,4-ethylenedioxythiophene): poly (styrenesulfonate) (PEDOT:PSS) 
channel was disposed between two separated CNT films. Based on the experimentally constructed band diagrams 
and theoretical estimation, the PEDOT:PSS channel could create energy barriers for abating the contribution of 
m-CNT to thermopower as well as injecting holes to CNT films. As the gate bias voltage was raised up to 20 V, 
thermopower was noticeably increased, resulting in the maximum power factor. For practical applications 
without an externally supplied bias voltage, nanoscale PEDOT:PSS were deposited on top of one end of CNT films 
for the out-of-plane hole transport, and then PEDOT:PSS was chemically de-doped to adjust the Fermi level like 
the OECT experiment. With six CNT-PEDOT connections, the thermopower was raised up to ~150 μV/K and a 
remarkably high PF was obtained up to ~1.3 � 103 μW/m-K2 at room temperature, which is ~460% improve
ment compared with that of pristine CNT and is comparable to those of inorganic counterparts. This study 
provides not only better understanding of thermoelectric behaviors for organic thermoelectric materials, but also 
a practical method for suppressing the electronic transport from m-CNT, which would be widely applicable to 
other organic materials for thermoelectrics and beyond.   

1. Introduction 

Thermoelectric generator utilizes the Seebeck effect to convert 
thermal energy directly into electricity without moving parts and 
working fluids. Low-grade heat such as heat from humans and power 
consuming devices, which is otherwise wasted, could be utilized to 
power distributed small electronic devices. Recently fully organic ther
moelectric materials have been of great interest because of the potentials 
in delivering power to wearable electronics and the internet-of-things 
(IoT) with benefits of mechanical flexibility, lightweight, disposability, 
easy manufacturing, and low cost, compared with the inorganic ther
moelectric materials [1–8]. The most popular organic materials are 
conducting polymers such as poly (3,4-ethylenedioxythiophene):poly
styrene sulfonate (PEDOT:PSS) and polyaniline (PANI) due to the rela
tively high electrical conductivity [9–11]. The conducting polymers, 
however, are rather brittle and mechanically weak, and their properties 

degrade over time in ambient conditions. 
Carbon nanotubes (CNTs) have the benefit of the conducting poly

mers including high electrical conductivity and lightweight, and addi
tionally provide mechanical robustness and stability. Nevertheless CNTs 
have often been excluded for thermoelectric applications mainly due to 
the intrinsically high thermal conductivity of “individual” CNTs [12]. 
The thermoelectric performance of a material is inversely proportional 
to thermal conductivity according to the dimensionless figure-of-merit 
called ZT ¼ S2σT/κ, where S, σ, κ, T stand for thermopower (or See
beck coefficient), electrical conductivity, thermal conductivity, and 
absolute temperature, respectively. The high thermal conductivity of 
individual CNTs is suppressed when many CNTs are made into bulks or 
films because of large thermal contact resistances at the junctions be
tween CNTs [13]. Here CNTs often make point and line contacts, 
resulting in large thermal contact resistances. For example, the thermal 
conductivity of CNT films along the out-of-plane direction can be as low 
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as 0.1–0.2 W/m-K [14]. It has been also found that the thermal con
ductivity of CNT films can be significantly reduced by making polymer 
composites because polymers intervene in the thermal transport be
tween CNTs [15,16]. 

The junction can also significantly affect the electrical properties, 
which are indicated by the numerator of ZT, S2σ called the power factor 
(PF). In fact, the electrical properties govern the thermal-to-electrical 
energy conversion so the PF is the most important parameter in ther
moelectric materials. It has been shown that the PF of CNT can be widely 
changed by dispersants mainly because the size of the CNT bundles and 
contacts between CNTs are different [17]. With more de-bundled CNTs, 
the contact surfaces between CNTs are larger with less pores, and the 
electrical conductivity gets higher. 

The interposed polymers can affect the electrical transport positively 
or negatively depending on the properties and characteristics of the 
polymers. Although quite a few papers about polymer-CNT composites 
have been recently published [18–20], the aforementioned interesting 
behaviors have not been rigorously studied. In fact, this study is quite 
complicated because as-grown CNTs consist of both semiconducting and 
metallic tubes with various chirality. Interestingly a recent study have 
shown that semiconducting CNTs (s-CNTs) with controlled chirality 
distribution and carrier density yielded a high PF. It was reported that 
s-CNTs have higher thermopower than those of metallic CNTs (m-CNTs) 
and unsorted CNTs, significantly improving the PF up to ~110 μW/m-K2 

for s-CNT with uncontrolled chirality [21] and ~340 μW/m-K2 for 
controlled chirality and carrier density [22]. These results have 
demonstrated that s-CNTs could be a very promising thermoelectric 
material, but arduous sorting of specific s-CNTs out of as-grown CNTs 
precludes them as practical thermoelectric materials. 

Herein we report a method of attaining the transport properties of s- 
CNTs without sorting them from a mixture of s-CNT and m-CNT. 
Controllable junctions between CNTs were designed so as to selectively 
allow electrical transport from s-CNT using energy barriers whose 
heights were modulated using an organic electrochemical transistor 
(OECT) configuration by serially connecting CNT, PEDOT:PSS, and CNT. 
The gate bias voltage can reversibly dope or de-dope PEDOT:PSS so as to 
vary the Fermi level, and thereby change the energy barrier height. The 
thermopower and electrical conductivity were measured, and their be
haviors were analyzed in conjunction with the barrier heights obtained 
from the energy band diagrams constructed by multiple characterization 
techniques. Similar concepts have been implemented using chemical de- 
doping of PEDOT:PSS for practical applications instead of the OECT 
configuration requiring a gate voltage. 

2. Results and discussion 

2.1. Enlarging thermopower by selective transport through s-CNT 

Unsorted CNTs consist of various chirality, and the electronic density 
of states (DOS) vary depending on the chirality. Typical CNT films 
contain millions of CNTs with various chirality, and the electrical 
properties in experiments come from average collective behaviors. 
Despite the complexity, it is notable that m-CNT has non-zero, contin
uous DOS in contrast to s-CNT. For example, the DOS of semiconducting 
(9,4), (12,1), (13,0), and metallic (6,6), (9,9) tubes [23] are overlaid 
when the middle of the band gap was set to 0 eV in the y-axis, as shown 
in Fig. 1a. Suppose that these chirality tubes are abundant and DOS are 
simply added together to see the collective behaviors qualitatively, and 
then combined DOS can be plotted as depicted in Fig. 1b. Thermopower 
can be described as [24]. 

S¼
1
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R
EτDðEÞð∂fFD=∂EÞ
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dE
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σdðEÞ dE

R
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(1)  

where q, T, E, Ef, D(E), τ, fFD, and σd indicate electron elementary charge, 
absolute temperature, energy, the Fermi energy, DOS, relaxation time, 
the Fermi-Dirac distribution, and differential electrical conductivity, 
respectively. When the relaxation time is approximated asτ ¼ τ0Er, 
where r ¼ 0.5 under the assumption that scattering due to acoustic 
phonons is dominant [8,25]. The differential electrical conductivity can 
be calculated as Fig. 1c assuming that the Fermi level is located at 0.3 eV 
from the middle of the band gap. The integrand of the numerator in 
thermopower (Eq. (1)) is plotted in Fig. 1d. The shaded area in red on the 
left is negative, and that in blue on the right is positive. The numerator of 
thermopower is the summation of the two shaded areas. Thus, ther
mopower becomes larger when the electronic carriers corresponding to 
the negative part — which mainly comes from m-CNT — do not 
participate in the electronic transport, as conceptually illustrated in 
Fig. 1e. The following experiment is to test the feasibility of improving 
the PF by suppressing the contribution of m-CNT in electrical transport. 

2.2. Design of experiments with organic electrochemical transistors 

Here we designed a PEDOT:PSS channel between two in-line CNT 
films (Fig. 2a), and then poly (4-styrenesulfonic acid) (PSSH) was 
sprayed on the PEDOT:PSS to create an OECT (Fig. 2b). Fig. 1c sche
matically illustrates a stacked configuration of PEDOT:PSS and PSSH. 
The gate bias alters the Fermi level of the PEDOT:PSS, which changes the 
electronic transport through the channel. We tested three kinds of CNTs, 
single-wall CNT (SWCNT), double-wall CNT (DWCNT), and multi-wall 

Fig. 1. (a) The density of states (DOS) for m-CNTs whose chirality is (6,6) and (9,9), and s-CNT with (9,4), (12,1), and (13,0). The middle of band gap is set to 0 eV 
and a half DOS is shown for clarity. (b) The summation of the DOS from the tubes in (a). (c) The differential electrical conductivity, σd. (d) The integrand of the 
numerator in thermopower. (e) The integrand of the numerator in thermopower without the contribution from m-CNT. 
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CNT (MWCNT) whose bandgaps, Fermi levels, and electrical properties 
are different. Note that typical purified grade CNTs are mixtures of 
various diameter and length tubes. The device is designed to have longer 
CNT regions (30 mm � 2 ¼ 60 mm) than the PEDOT:PSS (3 mm) so that 
the source-to-drain electrical properties mainly come from CNT rather 
than PEDOT:PSS. The electrical conductivities of PEDOT and CNT are 
comparable (Fig. S7). 

The PEDOT in PEDOT:PSS is initially doped by the counter PSS , 
which is indicated by PEDOTþPSS in Fig. 1c. When a positive gate 
voltage (Vg > 0) is applied, Hþ in PSSH is repelled and then coupled with 
the negatively charged PSS in PEDOT:PSS [26], which can be described 
by the following reaction. 

PEDOTþPSS þ Hþ þ e ���!
Vg>0

PEDOT0 þ HþPSS (2) 

The Hþ coupled with PSS de-dopes PEDOTþ by electron injection 
(Fig. 1d). The reduced hole doping concentration of PEDOT shifts the 
Fermi level. 

2.3. Determination of the Fermi level and band edges 

The main contributors for altering electrical conductivity and ther
mopower with the gate bias are the Fermi level (i.e., doping concen
tration) and electronic band locations. Therefore, to understand the 
thermoelectric transport through the source-to-drain, the Fermi level 
and band edges were experimentally obtained. The highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) were determined by cyclic voltammetry (CV) measurements, as 
shown in Fig. 3a for SWCNT, Fig. 3b for PEDOT:PSS, and Fig. S2 for 

DWCNT. HOMO/LUMO of SWCNT, DWCNT, and PEDOT:PSS were 
estimated to be 5.03/4.36 eV, 4.91/4.51 eV, and 4.83/3.98 eV, respec
tively. The bandgap (0.67 eV) for SWCNT is larger than that (0.4 eV) of 
DWCNT whose diameter is larger than SWCNT. The bandgaps (Egap) are 
close to the values predicted by Egap�0.839 eV/dCNT (nm) [27], where 
dCNT is the diameter of CNT, and they are estimated to be 0.56 eV for 
SWCNT and 0.37 eV for DWCNT (mean dSWCNT ~1.5 nm; mean 
dDWCNT ~ 2.25 nm according to the manufacturers’ specifications). 

The CNT and PEDOT are all p-type materials so the locations of 
HOMO are crucial. To confirm the HOMO level, ultraviolet photoelec
tron spectroscopy (UPS) was used, and the cut-off and onset regions of 
the UPS spectra are shown in Fig. 3c and d for SWCNT and PEDOT:PSS, 
respectively, and Fig. S3 for DWCNT and MWCNT. The Fermi (EF) and 
HOMO (EHOMO) levels were determined by |EF | ¼ |hν  Ecutoff | and | 
EHOMO| ¼ |hν  (Ecutoff  Eonset)|, where Ecutoff is the crossover point of the 
sloping line and x-axis, Eonset is the onset binding energy of the spectra, 
and hν is the energy of the incident photon. EF and EHOMO of SWCNT 
from UPS were found to be 5.02 eV and 5.00 eV, respectively. The 
HOMO of SWCNT is close to that of CV results (5.03 eV). The HOMO 
levels of PEDOT:PSS from CV (4.83 eV) and UPS (4.81 eV) are also 
similar. 

As the Fermi level is one of the key parameters to determine the 
energy barrier for the electronic carriers, we used another technique, 
Kelvin probe force microscopy (KPFM) to cross-check the Fermi level. 
The work function of a sample (WFsample) can be determined by 
WFsample ¼WFtip  CPDsample, where CPD is a contact potential difference 
between the probe tip and a targeted material. The work function of the 
microscope probe tip (WFtip) was calibrated using pure gold as a refer
ence, WFtip ¼WFAu þ CPDAu. Fig. 3e shows the CPD profiles of PEDOT: 

Fig. 2. The OECT fabrication process (not to 
scale): (a) source, drain, and gate electrodes 
made of CNT and PEDOT:PSS channel con
necting the source and drain, and (b) PSSH 
gate for bias voltage modulation. The sub
strate is orders of magnitude thicker than the 
CNT and PEDOT:PSS films so that tempera
ture profile is linear along the source-to- 
drain direction when thermopower was 
measured. Illustrations showing the PEDOT: 
PSS channel with the PSSH gate when the 
gate bias (Vg) is (c) 0 V and (d) greater than 
0 V.   
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PSS, SWCNT, DWCNT, and MWCNT, and Fig. 3f shows those of PEDOT: 
PSS with gate voltages of 0, 5, 10, 15, and 20 V (see Table S1 for the 
Fermi levels). The Fermi levels obtained by KPFM were close to those 
obtained by UPS. 

The energy levels of PEDOT, SWCNT, DWCNT, MWCNT obtained 
from CV, UPS, and KPFM are summarized in Fig. 4a. The Fermi level of 
SWCNT is on its HOMO, and that of DWCNT is located at the inside of 
the band, which would be one of the reasons that DWCNT showed 
higher electrical conductivity than SWCNT. MWCNT is metallic (no 
band gap) and its work function is smaller than SWCNT and DWCNT. 
The Fermi level of PEDOT:PSS is located within the band gap and is 
closer to its HOMO, indicating a p-type character. The positive gate 
voltage shifted the Fermi level toward the middle of the band gap from 
4.68 eV at Vg ¼ 0 V to 4.52 eV at Vg ¼ 20 V, indicating that the hole car
rier concentration was reduced. 

With all the experimentally obtained energy levels, the band dia
grams of CNT/PEDOT junctions were constructed (Fig. 4b). The energy 

barrier height (Eb) for holes (majority carrier) based on the band dia
gram can be obtained using: 

Eb¼
 
χpþEg;p

�
 φp  

� 
χCNT þEg;CNT

�
 φCNT

�
(3)  

where Eg is the band gap energy for the indexed material (p: polymer); φ 
is the work function; and χ is the electron affinity. For metallic tubes, the 
bracket containing the last three terms becomes zero. When PEDOT:PSS 
is doped, polaron and bi-polaron states are created within the band gap 
[28,29]. The absence of pronounced UV–vis–NIR absorption peak from 
the PEDOT:PSS in this study (Fig. S4) is indicative of the bipolaron 
states. Therefore the energy barrier height due to the bipolaron bands 
(Eb,po) are expected to be smaller than Eb although the exact location of 
the bipolaron bands are uncertain, as illustrated in Fig. 4b and c. 

2.4. Electrical conductivity and thermopower 

The electrical conductivity and thermopower of the OECT with 

Fig. 3. Cyclic voltammograms for (a) SWCNT and (b) PEDOT:PSS. The x-intercepts by the red sloping lines indicate the onset potentials for oxidation and reduction. 
(c) A cut-off region and (d) an onset region of the UPS spectra for SWCNT and PEDOT. (e) CPD profiles of PEDOT, SWCNT, DWCNT, and MWCNT obtained from 
KPFM. (f) CPD profiles of PEDOT when the gate voltages of 0, 5, 10, 15, and 20 V were applied. 
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SWCNT (Fig. 5a), DWCNT (Fig. S5a), and MWCNT (Fig. S6a) were 
measured as a function of gate voltage, and corresponding PF values are 
shown in Fig. 5b, Fig. S5b, and Fig. S6b, respectively. For comparison, 
the electrical properties of CNT and PEDOT:PSS were plotted together. 
When Vg ¼ 0 V, the source-to-drain thermopower of SWCNT in the OECT 
configuration is 78 μV/K, which is higher than those of individual 
components, SWCNT and PEDOT:PSS (Fig. 5a). The extra increment in 
thermopower apparently indicate that the thermopower does not follow 
the macroscopic effective medium theory when SWCNTs are connected 
by PEDOT:PSS. Then the thermopower was further increased to 124 μV/ 
K at Vg ¼ 15 V. 

We believe that the large increase in thermopower is unlikely to be 
caused by ionic effects [20] because the thermopower of PEDOT:PSS 
only sample shows much smaller thermopower values, ~30 μV/K, 
compared with an extremely large value on the order of 103 μV/K with 
ion dominant cases [20,30–32]. Furthermore, the response time was fast 
in contrast to slow response due to the sluggish thermally-driven ion 
transport. When composites were formed with inorganic-polymer ma
terial pairs [33–37] and organic-polymer material pairs [15,16,19,25, 
38–45], some improvements in the PF (typically small increase in the 

PF) have been reported in the past. The origin of the improvement has 
not been discussed or has been often conjectured to be energy dependent 
electronic filtering without detailed experimental evidences. A recent 
study pointed out that the origin of the improvement in the PF of 
polymer composites could be attributed to the morphology changes of 
the polymers near the fillers [46], but it is still under debate. In this 
study, it should be noted that we used two separated CNT films con
nected by PEDOT, which is different from the commonly studied com
posites where mixture of polymer precursors (or polymers) and fillers 
are often chemically processed together to generate newly-formed, large 
amount of polymer/filler interfaces. 

When the SWCNT-PEDOT junction is formed without any gate bias 
(Vg ¼ 0 V), an energy barrier for holes is present (Fig. 4b), and, as 
Vg > 0 V, the energy barrier height becomes larger (Fig. 4c). According 
to Eq. (1), it is estimated that Eb,po < 0.13 eV and Eb ~0.13 eV for holes. 
Let’s reconsider the differential conductivity of CNTs (Fig. 1c) whose 
Fermi level is located near the band edge of s-CNT like the CNT in this 
experiment. The non-zero differential conductivity appears over an en
ergy window of ~0.3 eV (Fig. 1c). Thermopower is proportional to the 
average value of E Ef or the ratio of the shaded area in Fig. 1d to that in 

Fig. 4. (a) HOMO, LUMO, and Fermi levels 
of PEDOT:PSS, SWCNT, DWCNT, and 
MWCNT determined by CV, UPS, and KPFM. 
The Fermi levels of PEDOT:PSS were 
measured when the gate voltage of the OECT 
was varied from 0 V to 5, 10, 15, and 20 V. 
(b) The band diagram of SWCNT-PEDOT: 
PSS-SWCNT junction without gate voltage. 
Bipolaron bands are indicated by the shaded 
areas. It is expected that hole transport from 
SWCNT to PEDOT is suppressed while holes 
could be injected from PEDOT to SWCNT. 
(c) The band diagram when Vg > 0 V.   
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Fig. 1c according to Eq. (1). In Fig. 1d, the negative area decreases the 
sum of the shaded area, and imposing an energy barrier could be rep
resented by eliminating the shaded area in Fig. 1d. When the negative 
area gets smaller, the sum of the shaded areas increases (Fig. 1e), sug
gesting thermopower could be raised by diminishing hole transport from 
m-CNT to PEDOT. 

The thermopower was raised and saturated at Vg ¼ 15 V, resulting in 
a remarkably improved PF of ~103 μW/m-K2, compared with those of 
individual materials (SWCNT, PEDOT:PSS) (Fig. 5b). The PEDOT:PSS- 
CNT junction could enable hole injection from PEDOT:PSS to SWCNT, 
as illustrated in Fig. 4b. As PEDOT:PSS has a larger hole carrier con
centration than that of SWCNT [47], the extra holes injected to the cold 
side would result in a larger charge imbalance between the hot and cold 
sides, and thus a larger voltage difference (i.e., thermopower) could be 
observed. 

The contribution of the gate voltage to thermopower (ΔSjunction) was 
further analyzed using the following relation: 

ΔSjunction
 
Vg

�
¼ SOECT

 
Vg

�
 Sintrinsic

 
Vg

�
(4)  

where SOECT considers the energy barrier but Sintrinsic was obtained using 
a simple series circuit model of CNT and PEDOT:PSS without consid
ering the energy barrier. Sintrinsic can be calculated by the sum of ther
moelectric voltage generated by individual CNT and PEDOT as follows: 

Sintrinsic
 
Vg

�
¼

 
SCNT ΔTCNT þ SPEDOT

 
Vg

�
ΔTPEDOT

��
ΔTCNTþPEDOT (5)  

where SCNT is the intrinsic thermopower of CNT (see Fig. 5a); SPEDOT (Vg) 
is the thermopower of PEDOT:PSS as a function of gate voltage 
(Fig. S7c); and ΔT is the temperature difference along the indexed ma
terial. The temperature differences, ΔT’s for CNT and PEDOT are pro
portional to the length of each material (CNT, PEDOT) as a result of a 
linear temperature profile along the source-to-drain direction because 
the CNT and PEDOT thin films are at least 3 orders of magnitude thinner 
than the glass substrate that were heated to create ΔT. 

ΔSjunction and Sintrinsic along with SOECT for SWCNT are shown in 
Fig. 5c, and those for DWCNT and MWCNT are shown in Figs. S8a and b, 
respectively. It is worth noting that the variation of Sintrinsic is small as a 
function of gate voltage despite the large change in SPEDOT with Vg 
(Fig. S7c). This is because SCNT is not a function of Vg and the length of 
PEDOT:PSS is much shorter than that of CNT. As a result, ΔTPEDOT is 
small in Eq. (5) so SPEDOTΔTPEDOT term becomes small. Therefore, it is 
clear that the improvement of thermopower for OECT (SOECT) mainly 
comes from the CNT-PEDOT-CNT junction. 

While the OECT layout is ideal for systematic studies, it is difficult to 
utilize the OECT as an actual thermoelectric material or a thermoelectric 
device because of the externally supplied bias voltage. Here we further 
studied a practical configuration using a chemical reduction method for 
PEDOT:PSS with hydrazine instead of the bias voltage. CNT films were 
connected by thin PEDOT:PSS layers whose doping level was controlled 
by the exposure of hydrazine, and this process was repeated to fabricate 
multiple CNT-PEDOT:PSS junctions in series (Fig. 6a) so that hole 
transport occurs through multiple CNT-PEDOT:PSS-CNT junctions. The 
de-doping process was controlled by limiting the exposure time to hy
drazine so that the doping concentration by the chemical reduction is 
close to that of OECT. The electrical conductivity of chemically reduced 
PEDOT:PSS was configured to have that of the PEDOT:PSS 
(~1.45 � 104 S/m) at Vg ¼ 15 V, which creates the optimum energy 
barrier height for maximizing the PF according to the OECT results. The 
adjustment of the doping level for PEDOT:PSS could be done prior to the 
deposition so that the hydrazine exposure becomes unnecessary. The 
PEDOT:PSS layers were designed to be thin (~55 nm) so that the 
contribution of PEDOT:PSS to the electrical conductivity is minimized. 

Fig. 6b shows that thermopower was raised by adding more junctions 
and then became saturated at 8 junctions while electrical conductivity 
was gradually decreased. The gradual increase in thermopower with 
more PEDOT junctions in the multi-junction samples could be attributed 
to the much thinner PEDOT layers than the length of the OECT along the 
hole traveling direction. In the multi-junction samples, the carriers 
transport along the very thin (~55 nm) out-of-plane direction, 
compared with the in-plane direction (3 mm) in OECT. PEDOT:PSS is 
composed of two segregated parts, more electrically conducting PEDOT- 
rich parts and more insulating PSS-rich parts [48]. In the PSS part, a 
portion in a form of the sulfonate unit ( SO3

 ) makes a corresponding 
portion of PEDOT in a doped state, and the other portion ( SO3H) does 
not play a role in doping [49]. In addition, the hydrazine treatment 
de-dope portions of PEDOT:PSS, resulting in an electrically inhomoge
neous material. In our samples, the thickness of the PEDOT:PSS layer is 
comparable to the grain size of PEDOT, ranging from several nm to 
several 10’s nm [50,51], in contrast to the much longer PEDOT:PSS in 
OECT along the in-plane direction. We conjecture that the inhomoge
neous nature across the PEDOT:PSS grains creates imperfect barriers, 

Fig. 5. (a) Electrical conductivity and thermopower and (b) power factor of the 
OECT with SWCNT as a function of gate voltage along with those of PEDOT:PSS 
and SWCNT (indicated by P and SW, respectively) for comparison. (c) The 
thermopower (SOECT) of the OECT with SWCNT was divided into two parts, 
contribution from the intrinsic properties (Sintrinsic) of SWCNT and PEDOT:PSS 
and that (ΔSjunction) from the CNT-PEDOT-CNT junction when the gate voltage 
was varied from 0 V to 20 V. 
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which requires multiple PEDOT:PSS junctions to raise the thermopower. 
With 6 junctions, the PF was remarkably enhanced to 
1.3 � 103 μW/m-K2, which is ~460% improvement from the PF of the 
CNT only sample and the highest value for CNT films, to our best 
knowledge (Fig. 6c). It should be noted that this experiment has been 
carried out in order to demonstrate a method for implementing this 
concept in composites. 

3. Conclusions 

This work presents a systematic study and a practical method for 
improving the PF of CNT/polymer thermoelectric composites. When 
PEDOT:PSS connects CNT films at their junctions, the thermopower of 
the CNT-PEDOT-CNT films could be higher than those of individual 
components, CNT and PEDOT:PSS, resulting in ~1.3 � 103 μW/m-K2, 
which is the highest PF for CNT films, to our best knowledge. To study 
the origin of the improvement systematically, the OECT configuration 
with a modulated polymer (PEDOT:PSS) channel between CNTs were 
employed. When the junction was formed, we believe that an energy 
barrier was created. Then a positive gate bias voltage further raised the 
energy barrier height, based on the experimentally constructed band 
diagrams and theoretical estimation. Multiple different measurement 
techniques (CV, UV–vis, KPFM) were used to verify the HOMO, LUMO, 
and Fermi levels of CNT and PEDOT. Here the PF and thermopower 
improvements could be attributed to the PEDOT:PSS junction that 
abates the contribution of m-CNT to thermopower as well as injects 
holes to CNT films so that charge imbalance between the hot and cold 
side upon imposing temperature gradients can be enlarged for larger 
thermopower. For practical use without applying an external bias 
voltage required in OECT, multi-junction samples mimicking composite 
structures made of CNT and PEDOT:PSS were created. With six CNT- 
PEDOT connections, the thermopower was raised up to ~150 μV/K 
and a remarkably high PF was obtained up to ~1.3 � 103 μW/m-K2, 

which is ~460% improvement compared with that of pristine CNT and 
is comparable to those of inorganic counterparts. Here the doping level 
of PEDOT:PSS channel was chemically adjusted to match the best con
dition from the OECT experiment. We anticipate that this study shows a 
practical way of utilizing the large thermoelectric response of s-CNT by 
suppressing the contribution from m-CNT as well as provides insight 
about how the junction promotes selective hole transport. The presented 
method for suppressing the electronic transport from m-CNT could be 
widely applicable to other organic materials and composites for ther
moelectrics and beyond. 

4. Method 

To fabricate OECT, CNT solutions were prepared by mixing 10-mg of 
CNT with 30-mg sodium dodecylbenzenesulfonate (SDBS) and 20-g 
deionized (DI) water and then sonicated the mixture with a pen-type 
sonicator for 2 h and an ultrasonic bath for 6 h for dispersion. Then 
the source, drain, and gate CNT electrodes were prepared by spraying 
the CNT solution onto pre-cleaned glass substrates 
(3 inch � 1 inch � 1 mm) masked with a Kapton tape at ~80 �C with a 
spray gun to have a gap of 3 mm between the source and drain elec
trodes. The samples were immersed into DI water overnight for washing 
out excess SDBS, and then dried on a hotplate. The CNT film thickness 
was measured to be 158 � 5 nm. As-purchased PEDOT:PSS was mixed 
with 5 wt% dimethyl sulfoxide (DMSO) for doping and stirred at ~80 �C 
overnight. After removing the Kapton mask, another mask covered the 
CNT area, and then the gap between source and drain was bridged by 
spraying PEDOT:PSS (1 μm � 50 nm). Finally, PSSH was sprayed to 
make a gate insulator on top of the PEDOT and the gate electrode at 
room temperature. 

To fabricate PEDOT/CNT multi-junction samples, CNT films were 
similarly prepared by the spraying method. The PEDOT:PSS solution 
was sprayed through a shadow mask to have an overlapped region 

Fig. 6. (a) Fabrication process of the multiple SWCNT-PEDOT:PSS-SWCNT junctions whose PEDOT:PSS was chemically reduced by hydrazine to have the optimum 
doping level. Note that hole transport occurs along the thickness direction of the PEDOT layer. (b) Electrical conductivity and thermopower and (c) power factor of 
the multi-junction sample when the number of junction was varied from 1 to 8. The electrical properties of SWCNT were plotted together at 0 junction 
for comparison. 
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(~2 mm in length) with the pre-deposited CNT film (~9 mm in length). 
The PEDOT film thickness was measured to be 55 � 3 nm. The PEDOT: 
PSS film was then reduced by treating it with hydrazine vapor in a sealed 
box for 2.5 min while the CNT parts were covered by a mask. These steps 
were repeated until 8 PEDOT-CNT junctions were reached. The details 
about the measurement methods for thermopower and electrical con
ductivity can be found from our earlier papers [30,31]. All other mea
surement details and chemicals used are available in the supplementary 
information. 
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