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ed organic thermoelectrics:
towards flexible thermoelectric modules

Yani Chen, Yan Zhao and Ziqi Liang*

Organic semiconductor materials have advantages of low cost, light weight, mechanical flexibility and low-

temperature solution processability over large areas, enabling the development of personal, portable, and

flexible thermal modules. This review article summarizes the recent progress made in the area of organic

thermoelectrics (TEs), including organic molecular structures, devices, characterization methods, and

approaches to improve the performance. We begin with the discussion of each TE parameter and

particularly their correlations in organic TEs. Then the TE applications of molecular organic

semiconductors, poly(3,4-ethylenedioxythiophene), polymer nanostructures and molecular junctions are

reviewed. Next we turn to highlight the nanocomposites of polymers and carbon nanotubes or

nanocrystals, which lead to enhanced TEs. Interestingly, the merging of TEs and photovoltaics offers a

new direction towards a great capability of electric energy output. Critical challenges of organic TE

materials include stability, sample preparation and measurement techniques, which are also discussed.

Finally, the relationships among organic semiconductor structures, hybrid composites, doping states, film

morphology and TE performance are revealed, and a viable avenue is envisioned for synergistic

optimization of organic TEs.
Broader context

Thermoelectric (TE) energy conversion is considered as an effective means to directly harvest electricity from heat. Thus, TE materials are attractive for
application in waste heat recovery and solar thermal utilization. However, traditional high-performance inorganic TE materials are based on rare elements and
hence lack scalability of production. Recently, organic TE materials have sparked great interest owing to their unique advantages over inorganic counterparts,
offering the potential of high-throughput production of exible thermal modules. The TE performance is characterized by zT ¼ S2sT/k, where z is the gure of
merit, T is the temperature, S is the Seebeck coefficient, s is the electrical conductivity, and k is the thermal conductivity. Intrinsically low k values of organic TE
materials are desirable, yet there remains a trade-off between s and S. This review article summarizes the recent advances in the area of organic TEs, aiming to
unveil the relationship among molecular structures of organic semiconductors, doping states, lm morphology of nanocomposites and TE properties.
1. Introduction

Thermoelectric (TE) materials can directly transform waste heat
from automobile exhaust systems or excess solar thermal ux
into usable electrical power.1–4 TEs are not only technically
simple and reliable but also environmentally friendly; therefore,
TEs have long been recognized as a highly promising trans-
formative technology to reduce global energy consumption.

A suitable TE material must be good at conducting electricity
yet poor at conducting heat. The TE performance is character-
ized by a dimensionless

zT ¼ S2sT

k
(1.1)

where z is the gure of merit, T is the temperature (K), S is the
thermopower or Seebeck coefficient (voltage per unit
versity, Shanghai 200433, China. E-mail:

hemistry 2015
temperature difference, V K�1), s is the electrical conductivity
(S m�1), and k is the thermal conductivity (W m�1 K�1). Among
those parameters, S2s (W m�1 K�2) is oen dened as a power
factor. It is however hard to achieve a high zT in traditional bulk
materials because all of these TE parameters are highly corre-
lated, which poses the challenges of simultaneously enhancing
electrical conductivity and thermopower while also lowering
thermal conductivity.5–8 The maximum conversion efficiency (h)
of a TE material depends on its Carnot efficiency and TE
properties (S, s and k). In a thermoelectric generator (TEG), the
efficiency h is oen expressed by:9

h ¼ Th � Tc

Th

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zTm

p � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zTm

p þ Tc=Th

(1.2)

where Tm ¼ (Th + Tc)/2, and Th and Tc are the temperatures of
the hot and the cold side of the device, respectively.

There have been recently tremendous advances in conven-
tional inorganic TE materials,10–16 which however have draw-
backs such as high cost of production, scarcity of materials,
Energy Environ. Sci., 2015, 8, 401–422 | 401
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toxicity as well as limited scope of applications. To overcome
these intrinsic issues, research on organic TE materials as
alternatives has emerged. Signicant progress has been made
in the past few years for organic material based thermoelectrics,
in particular organic/inorganic nanocomposites have shown
great potential of further enhancing zT.17–20 Owing to their
unique advantages of low cost, light weight, low-temperature
solution processing over a large area compared to inorganic
counterparts, together with intrinsically low thermal conduc-
tivity and high Seebeck coefficient, organic semiconductors are
considered as a promising class of TE materials, allowing for
the development of personal, portable, and exible thermo-
electric modules.21–23

Unique to organic semiconductors is enabling the rational
design and synthesis of molecular structures, tunable band
structures, and controllable doping treatments, all of which
render them ideal candidates for TE applications. The TE
properties of organic semiconductors are however known to be
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coupled with each other and in particular conducting polymers
are known for their morphological complexity and anisotropy in
thin lms. Thus, optimization of zT in conducting polymers
requires a systematic understanding of the inuences of
chemical and electronic structures along with solid-state
morphology on electrical conductivity, thermal conductivity
and Seebeck coefficient. Fortunately, the structure–charge
transport relationship of conducting polymers, which has been
extensively investigated in organic electronics, would in turn
help understanding of various origins of electrical conductivity
and the Seebeck effect in conducting polymers in order to attain
high power factors. To realize the above goals, reliable and
systematic methods for organic thermoelectric property char-
acterization are highly required.

This review article is organized as follows. Firstly, an overview
of TEs is presented by covering several important aspects—
phonons in thermal transport, charge carriers—holes and elec-
trons—in electrical transport, the Seebeck effect, and intimate
correlation of those steps. Second, we discuss the organic semi-
conductors in TEs including general issues of each thermoelec-
tric parameter, molecular organic semiconductors, poly(3,4-
ethylenedioxythiophene) (PEDOT), polymer nanostructures and
molecular junctions. Third, we turn to nanocomposites of poly-
mers and carbon nanotubes or nanocrystals, which offer an
effective method for enhanced TEs. Next and interestingly, the
merging of TEs and photovoltaics (PVs) opens up a new direction.
Still, organic TEmaterials are challenged by several critical issues
such as stability, sample preparation and measurement tech-
niques, which are also discussed. Finally, a conclusion is made
particularly with regard to the relationship between organic
semiconductors and TE performance, and a perspective for
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optimization and construction of exible organic TE modules is
given correspondingly.
2. Organic semiconductors in TEs
2.1 General issues

Organic TE materials are potentially abundant. The majority of
organic TEmaterials in the literature are based on p-conjugated
polymers (or conducting polymers) such as polyaniline, poly-
acetylene, polypyrrole, polythiophene, polyphenylene, and
PEDOT as well as small molecules such as pentacene, fullerene,
tetrathiafulvalene (TTF) and 2,3,5,6-tetrauoro-7,7,8,8-tetracya-
noquinodimethane (F4TCNQ). Molecular structures of these
representative organic TE materials are shown in Table 1.

The development of organic TE materials has just begun and
yet the efficiency is mainly restricted by the relatively low power
factor in comparison to that of inorganic materials. One major
hurdle—similar to their inorganic counterparts—is that the
enhancement of electrical conductivity via doping chemistry is
oen accompanied by the resulting low Seebeck coefficient. It is
therefore crucial to balance the electrical conductivity and the
Seebeck coefficient, thereby maximizing the power factor and
zT. Thus far, a range of conducting polymers as shown in Table
1 have been tested for their TE performance with a variety of
dopants such as I2, camphor sulfonic acid (CSA), and FeCl3. The
concept of optimizing the power factor of conducting polymers
using electrochemical doping has also proved as a versatile tool,
allowing for the control and measurement of the oxidation
Table 1 Molecular structures of representative organic TE materials

Polymers Chemical structure

Polyaniline

Polyacetylene

Polypyrrole

Polythiophenes

Polyphenylene

PEDOT

This journal is © The Royal Society of Chemistry 2015
level. Electrical conductivity is related to electronic charge q (1.6
� 10�19 C), free carrier density pf (cm

�3) and charge carrier
mobility m (cm2 V�1 s�1) as

s ¼ qpfm (2.1)

Typically, for organic semiconductors s is �10�4 S m�1, pf is
�1016 cm�3 and m is �10�4 cm2 V�1 s�1 as seen from the
following reviewed literature. The doping processes (both
chemical and electrochemical treatments) are directly related to
the variation of pf.

pf ¼ N

V
¼ nNA

V
¼ m0NA

MV
¼ mw%NA

MV
¼ rw%NA

M
(2.2)

where m is the mass of the solution, m0 is the mass of dopants,
pf is the carrier concentration, N is the number of dopant
molecules, V is the volume of the solution, n is the molar
number of dopant molecules, M is the molar mass, NA is Avo-
gadro's constant (6.02214129 � 1023 mol�1), w% is the mass
fraction of dopant molecules or the doping level, and r is the
density of the solution. Tunable molecular structures of organic
semiconductors can be acquired through synthetic chemistry,
which has a great impact on intrinsic m. However, the charge
mobility is largely undermined by doping. Thus, it is necessary
to take all these factors into consideration to make tradeoff and
reach remarkable TE performances.

The conduction mechanism in organic TE materials, espe-
cially the conducting polymer, is quite different from that of
inorganic materials and therefore very important for the
Small molecules Chemical structure

Pentacene

TTF

F4TCNQ

C60

Energy Environ. Sci., 2015, 8, 401–422 | 403



Fig. 1 (a) Quasi-1D self-assembledmolecular NWs that are composed
of 1D stacks of planar building blocks loosely held together by van der
Waals or p–p interactions. (b) 1D single molecular chains of con-
ducting polymers. (c) Schematic of the small-polaron transport model
to describe the thermoelectric transport in organic materials shown in
panels a and b. The strong electron–phonon interaction in these
organic materials causes lattice distortions around the electron. The
electron is trapped by the polarized field formed itself. Reprinted with
permission from ref. 24. Copyright 2011 The American Chemical
Society.

Energy & Environmental Science Review
optimization of TE properties. The conduction in conducting
polymers occurs via the polaron/bipolaron formation due to the
strong carrier lattice coupling. As shown in Fig. 1, a small-
polaron model was used to describe such a strong interaction of
electron and phonon in organic materials.24 The strong elec-
tron–phonon interaction causes lattice distortion around the
electron which moves along the chain but is also trapped by the
polarized eld formed itself. Each monomer unit of the con-
ducting polymer can be viewed as a site. Electrical transport
arises from the polarons hopping from one site to another
caused by overlap of the electron wave functions on adjacent
sites, where the intersite coupling is essential for TE properties.

The Seebeck coefficient, a dening parameter for thermo-
electric materials, depends on the contributions to the
conductivity of charge carriers at energies away from the Fermi
level (EF).9,25 According to the Mott relationship for degenerate
semiconductors, S is dened as:

S ¼ p2kB
2T

3q

�
d ln sðEÞ

dE

�����
E¼EF

(2.3)

where kB is the Boltzmann constant (1.38� 10�23 J K�1) and E is
the electron energy (eV). For nondegenerate semiconductors the
Seebeck coefficient is given by the Boltzmann equation:
404 | Energy Environ. Sci., 2015, 8, 401–422
S ¼ kB

q

� ðE � EFÞ
kBT

þ A

�
(2.4)

where A is the heat of transport constant for motion over
extended states in ordinary semiconductors (A y 1) or for the
hopping of carriers in materials with localized states. Normally,
highly conductive materials tend to exhibit the conductivity
from carriers close to the EF. Eqn (2.4) suggests that the doping
level will determine the position of EF and hence the magnitude
of the TE power generation. High doping levels will push EF into
the conduction band due to the increased carrier concentration.
This subsequently causes the number of electronic states above
and below EF to be more equivalent, negatively reducing S. Thus
it is necessary to maximize the electrical conductivity—as long
as the thermal conductivity retains a phononic contribution
while somewhat maintaining unequal distributions in the
density-of-states (DoS).

On the other hand, many recent zT improvements in organic
TE materials originated from thermal conductivity, similar to
those of conventional inorganic TE materials. As for organic
TE materials, the thermal conductivity value is typically below
1 W m�1 K�1 as seen from this review article, approaching
the lowest limit of thermal conductivity of inorganic TE
materials. The thermal conductivity is dened by the relation-
ship of k ¼ Cpra (W m�1 K�1) where Cp is the specic heat
capacity (J kg�1 K�1), r is the density (kg m�3) and a is the
thermal diffusivity (m2 s�1).9,25 The thermal conductivity is also
described by

k ¼ kL + ke (2.5)

where kL corresponds to lattice or phonon contribution and ke

relates to electron contribution. For the phonon contribution, it
is expressed as

kL ¼ 1

3
cvl (2.6)

where c is the heat capacity per unit volume (J K�1 m�3), v is the
sound velocity (m s�1), l is the phonon mean free path (m). The
sound velocity is usually in the range of 103–104 m s�1 in
polymers. Specically, the values of sound velocity for typical
conducting polymers—PEDOT:PSS and poly(3-hexylthiophene)
(P3HT)—are 1.58 � 103 and 2.87 � 103 m s�1, respectively.26,27

For organic polymers, kL is low and oen lies in the range of 0.1–
1.0 W m�1 K�1, and more importantly kL is independent of the
doping level. Enormous studies have shown that point defects
from doping, nanostructuring, and heterostructures or alloys
which create rich hetero-interfaces and grain boundaries can
cause phonon scattering, thus decreasing kL. For the electron
contribution, one can assume the ideal electron gas model,
following the Wiedemann–Franz law:9,25

ke ¼ LsT (2.7)

where L is the Lorentz number. Note that organic semi-
conductors do not typically obey the Wiedemann–Franz law due
to strong charge lattice coupling. The Lorentz factor L ¼ (p2/3)
(kB/e)

2 z 3.29 (kB/e)
2 in the law can be thus modied to L z
This journal is © The Royal Society of Chemistry 2015
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(0.44–1) (kB/e)
2 for typical conducting polymers.24 The coeffi-

cient ranging from 0.44 to 1 depends on the materials and the
doping level. This modication is based upon the Holstein
model for the small-polaron system, which considers strong
charge lattice coupling. For organic semiconductors, given the
typical electrical conductivity of �10�4 S m�1, ke can be esti-
mated to be ca. 10�10 W m�1 K�1 which is totally negligible
compared to kL. As a consequence, the thermal conductivity in
organic TE materials is most likely independent of the doping
level and is probably dominated by phonons. It is likely that
only when electrical conductivities a few orders of magnitude
higher are reached will electron-mediated thermal conductivity
become important.28
2.2 Molecular organic semiconductors

As mentioned before, one advantage of organic semiconductors
used as TE materials is the facile tunability of their chemical
and physical proprieties through simple modications of their
molecular structure to reach the optimum TE performance.
Such structural modications have been found to greatly
impact the charge transport such as electrical conductivity and
charge mobility in conjugated polymers. For instance, a very
early attempt on polymer TEs originated from the work of
Leclerc et al., in which a series of as-synthesized alternating
poly(2,7-carbazole) derivatives were doped with FeCl3 and their
TE properties as a function of the doping level were evaluated.29

One polycarbazole derivative in the study—poly[N-90-heptade-
canyl-2,7-carbazole-alt-5,50-(40,70-di-2-thienyl-20,10,30-benzothia-
diazole)] (PCDTBT)—exhibited a high electrical conductivity of
up to 500 S cm�1 and a relatively high Seebeck coefficient of up
to 70 mV K�1, leading to a maximum power factor value of 19
mW m�1 K�2, superior to that of benchmark polyaniline (PANI)
(�0.4 mW m�1 K�2). The high electrical conductivity was
obtained by introducing a secondary alkyl side-chain on the
carbazole unit and packing units such as benzene and benzo-
thiadiazole units along the conjugated backbone. These strong
interchain interactions facilitated the transport of the charge
carriers through the polymeric structure.

Katz et al. successfully demonstrated that intentional DoS
inhomogeneities in organic-based compositions can be
designed to simultaneously increase the Seebeck coefficient and
conductivity.30 A polymer blend of P3HT and poly(3-hexylth-
iothiophene) (P3HTT) that differed only slightly in oxidation
potential was proposed. It should be noted that those blends
that have larger differences in oxidation potentials could even
dene more precisely tailored DoS proles through the use of
three or more oxidizable species. The ground-state hole carriers
of the poly(alkylthiophene) blends were created by doping a
minor additive component—2,3,5,6-tetrauoro-7,7,8,8-tetra-
cyanoquinodimethane (F4TCNQ), and remained mainly at an
orbital energy set below the hole energy of themajor component
of the blend. Besides, electron-carrying semiconductor mixtures
can be used to provide the companion n-type semiconductor
side of a module as shown in Fig. 2. In both cases, controlled
doping can dene the EF to have an arbitrary offset from the
energy level of the high-mobility component in the blend. In
This journal is © The Royal Society of Chemistry 2015
stark contrast to other TE systems, doping in this regard would
not greatly alter the EF. Electrical transport, however, was
expected to occur through the major component, leading to a
regime in which the hole conductivity and Seebeck coefficient
may be increased in parallel. In short, this work demonstrated a
route for designing TE materials in which increases of both
Seebeck coefficient and conductivity do not compromise each
other. Yet there is ultimately a trade-off between introducing
thermal activation in the conductivity, which increases S, and
having the energy barrier between the ground state and con-
ducting charge carriers being so great that conductivity is
unlikely, lowering s.

The Katz group later found a surprising negative Seebeck
coefficient for the pristine tetrathiafulvalene (TTF)-modied
thiophene copolymer, which is attributed to the strong hole
trapping activity of the TTF group.31 At rst, the pristine thio-
phene polymer was observed to show an increase in the Seebeck
coefficient when initially doped with F4TCNQ. Among them, the
Seebeck coefficient value was found to be positive 75 mV K�1

with 8 wt% of F4TCNQ, as a low-lying hole state was presumably
lled. Further increasing the dopant concentration decreased
the Seebeck coefficient, as expected. In contrast, the TTF-func-
tionalized thiophene copolymer displayed the negative Seebeck
coefficient, which was unexpected. The reason is that, holes
being so thoroughly trapped by TTF and thus electrons in the
highest occupied TTF orbitals could be excited on heating into
impurity states that dominate the Seebeck coefficient. Even if
this occurred to a very small degree and there were no mobile
holes present, a negative Seebeck coefficient would result. Once
a sufficient amount of dopants were added, the material
became hole-dominated again, and the Seebeck coefficient
reverted to a positive sign. While the conductivity was increased
with the dopant level, the power factor remained low (<0.2
mW m�1 K�2) because of the high concentration of TTF traps
and general disorder in the polymer. Much more ordered
polymers, and possibly lower-lying principal orbitals for holes,
would be needed to realize useful power factors from TTF
addition.

An n-type TE couple is highly needed for practical TE appli-
cations, yet n-type organic semiconductors are largely scarce
due to their synthetic difficulty and poor air-stability. However,
recent advances in n-type organic TE materials are encouraging.
For example, Chabinyc et al. demonstrated that n-type
conducting polymer poly[N,N0-bis(2-octyl-dodecyl)-1,4,5,8-
napthalenedicarboximide-2,6-diyl]-alt-5,50(2,20bithiophene)]
(P(NDIOD-T2)) is a promising candidate for organic TEs via n-
type doping.32 Through two n-type dopants—dihydro-1H-ben-
zoimidazol-2-yl (N-DMBI) and 4-(1,3-dimethyl-2,3-dihydro-1H-
benzimidazol-2-yl)-N,N-diphenylaniline (N-DPBI), the electrical
conductivity of P(NDIOD-T2) was increased up to�10�3 S cm�1.
TEM imaging of these two doped polymer structures revealed
the highly ordered structure of the N-DMBI doped P(DNIOD-T2)
through its lm thickness. Owing to their poor solubility in
P(NDIOD-T2), however, very few dopants were electrically active
(i.e., only one out of one hundred dopant molecules) in the
mixture solution, which was estimated to ultimately contribute
a mobile electron to the conduction band of the polymer. As a
Energy Environ. Sci., 2015, 8, 401–422 | 405



Fig. 2 (a) Layout and current paths of a thermoelectric module based on one p–n semiconductor couple. (b) Schematic of the proposed organic
thermoelectric composite, consisting of an additive that sets the Fermi level and a bulk in which charge carriers at higher energy levels are
transported. Reprinted with permission from ref. 30. Copyright 2010 The American Chemical Society.

Energy & Environmental Science Review
result, the dopant molecules aggregated on the top surface,
leaving the polymer morphology largely unchanged. Despite the
phase segregation of dopants, P(NDIOD-T2) exhibited compa-
rable Seebeck coefficient and power factor to p-type polymers
with similar conductivities. It was envisioned that rational
engineering of dopant-polymer miscibility would afford greatly
improved TE performance.

The single p–n TE couple was very recently constructed
based on newly developed n-type and p-type organic TE mate-
rials, both of which have low thermal conductivities, high
electrical conductivities, and reasonable Seebeck coefficients.33

Two n-types of poly[Nax(Ni-ett)] and poly[Kx(Ni-ett)], along with
one p-type of poly[Cux(Cu-ett)], were measured with tempera-
ture dependent TE performances. These two n-type materials
exhibited high zT values of 0.1–0.2 around 400 K, among the
highest for organic materials. The TE module composed of 35
n–p couples was made, which was able to output a voltage of
0.26 V, a current of 10.1 mA, and a power of 2.8 mW cm�2—

among the highest for organic TE devices ever reported under a
temperature bias of DT ¼ 80 K. More importantly, the module
showed very good stability and hence its potential of func-
tioning as a TE refrigerator.

A new concept of self-doping was more recently employed for
both n-type and p-type organic TE research. Segalman and
Scheme 1 Chemical structures of PDI small molecules with varying alk
Reprinted with permission from ref. 34. Copyright 2013 Wiley-VCH.

406 | Energy Environ. Sci., 2015, 8, 401–422
coworkers reported the way of coupling molecular design of a
perylene diimide (PDI) platform with an effective self-doping
mechanism.34 The electronic properties were achieved by
changing the alkyl spacer length between the charged side
groups and the PDI backbone of such PDI small molecules in
Scheme 1. For example, increasing the length of the alkyl chain
from two to six methylene groups enhances the electrical
conductivity 100-fold, while the Seebeck coefficient was nega-
tive (indicating n-type electronic transport) and remained
approximately constant with spacer length, both collectively
boosting the power factor by two orders of magnitude. Never-
theless, much work is needed to probe the effect of changes in
the alkyl spacer on structural and TE properties and to gain a
deep understanding of the self-dopingmechanism. Similarly, in
a most recent report by Bazan and coworkers, engineering of
ionic side chains of conjugated polyelectrolytes (CPEs) has been
proved to be an effective method to tune the electrical proper-
ties.35 A series of anionic narrow band gap self-doped CPEs
with p-conjugated cyclopenta-[2,1-b:3,4-b0]-dithiophene-alt-4,7-
(2,1,3-benzothiadiazole) backbones have been designed and
synthesized with different counterions (Na+, K+, vs. tetrabuty-
lammonium, TBA) and lengths of alkyl chains (C4 vs. C3). These
materials were readily doped to provide air-stable, water-soluble
conductive materials. The CPE structures which have smaller
yl length (n) between the PDI backbone and the charged side group.

This journal is © The Royal Society of Chemistry 2015



Fig. 3 Dependence of (a) the optimal carrier concentration and (b) the
corresponding maximum value of zT on the carrier mobility and the
lattice thermal conductivity with the effective DoS fixed at Neff ¼ 1021

cm�3 at room temperature. Dependence of (c) the optimal carrier
concentration and (d) the corresponding maximum value of zT on the
carrier mobility and the effective DoS Neff with the lattice thermal
conductivity fixed at kL ¼ 0.2 W m�1 K�1 at room temperature.
Reprinted with permission from ref. 37. Copyright 2014 The American
Chemical Society.

Review Energy & Environmental Science
counterions and shorter side chains exhibited a higher doping
level and thus higher electrical conductivities with lower See-
beck coefficient, thereby leading to a higher power factor.
Meanwhile, these CPEs formed more ordered lms and hence
tighter p–p stacking and better crystallinity. The CPE-C3-Na
showed 0.22 � 0.02 S cm�1, 195 � 5 mV K�1, and thus
0.84 mWm�1 K�2. Of special note, chemical modications of the
pendant side chains do not inuence the out-of-plane thermal
conductivity.

To increase the carrier mobility of organic TE semi-
conductors is regarded as the most viable route to improving
the power factor. Recent progress in organic electronics with the
design of novel conducting polymer structures has led to
intrinsically high carrier mobility achieved at denite energy
levels. Zhu et al. reported a series of high-mobility polymeric
semiconductors used for TEs.36 Two benchmark donor–
acceptor (D–A) copolymers—poly[(4,40-bis(2-ethylhexyl)dithieno
[3,2-b:20,30-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl]
(PSBTBT) and poly[{2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-
dioxopyrrolo[3,4-c]pyrrole-1,4-diyl}-alt-{[2,20:50,20 0-terthiophene]-
5,500-diyl}] (PDPP3T), together with two benchmark conducting
polymers—P3HT and poly(2,5-bis(3-dodecylthiophen-2-yl)-
thieno[3,2-b]thiophene) (PBTTT) were chemically doped by
simply dipping the polymer lms into dopant solution, thus
obtaining high electrical conductivities. Additionally, tempera-
ture-dependent measurements of electrical conductivity and
Seebeck coefficient were carried out to understand the transport
mechanisms and energetic distribution of charge carrier DoS.
As a result, bulk mobilities of these four chemically doped
polymers were extracted, and the positive temperature depen-
dence of Seebeck coefficients was analyzed in order to clarify the
origins of the disparity in their TE properties. Comparisons
were then made as follows. The doping ratio in terms of charges
per sulfur atom can be extrapolated from XPS spectra. Using the
bulk density of polymer repeat units and doping ratios, the
density of charge carriers (cm�3) can be roughly estimated
according to eqn (2.2). Upon high doping, all polymers give a
free carrier concentration above 1020 cm�3. At such high doping
levels, the power factor values of PDPP3T, PSBTBT, and PBTTT
were optimized, in which the Seebeck coefficient increased with
temperature, reaching 25, 3.5, and 14 mWm�1 K�2, respectively,
at 320 K. The inferior TE property of PSBTBT was suggested to
arise from the disordering in molecular stacking and micro-
structures by energy-independent scattering of electrical
carriers. In contrast, heavily doped PBTTT had the highest
mobility of 1.6 cm2 V�1 s�1 and the lowest Seebeck coefficient,
presumably due to the smaller DoS with undesirable prole
around EF at a high doping level, which is in part attributed to
the long interdigitated alkyl side chains.

Oen, doping of organic semiconductors increases the
charge density and yet reduces their mobility, making it chal-
lenging to improve the TE performance. Clearly, there has to be
a compromise between charge density and mobility upon
doping. In a recent theoretical study, Shuai and coworkers
proposed a simple model to quantitatively obtain the optimal
doping level and the zT peak value from the intrinsic carrier
mobility, the lattice thermal conductivity, and the effective DoS
This journal is © The Royal Society of Chemistry 2015
(Neff).37 Assuming that the effective DoS is xed, it can be
deduced that a high intrinsic mobility and a low lattice thermal
conductivity will lead to a low optimal carrier concentration.
Quantitatively, as shown in Fig. 3, the optimal doping level and
the corresponding peak value of zT were plotted as a function of
the intrinsic carrier mobility, the lattice thermal conductivity,
and the effective DoS at room temperature. The intrinsic
mobility and the effective DoS are related to the electronic
structure of a material, and the lattice thermal conductivity is
related to the lattice vibration. The model reveals that high
intrinsic mobility and low lattice thermal conductivity give rise
to a low optimal doping level and a high maximum zT value.
These ndings would guide one in the search of new organic TE
materials and their optimization.

Attention should be paid to the morphology of conducting
polymers, which would greatly impact the charge carrier
mobility. Yang and coworkers have recently built bulk inter-
penetrating networks (IPNs) of conjugated polymer—poly(3-
butylthiophene) (P3BT) nanowires in an insulating polystyrene
supporting matrix.38 This way led to effectively decreased
thermal conductivity and increased electrical conductivity, as
compared to the neat conjugated polymer, without compro-
mising the Seebeck coefficient, and ultimately enhanced zT
value. A key reason for such improvements is the quasi-1D
charge transport in the bulk IPNs, which caused a higher elec-
tric conductivity and a smaller activation energy than neat
P3BT. An additional benet from the bulk IPNs is lower cost,
optical transparency and exibility.
2.3 PEDOT

PEDOT is the most widely used conductive polymer because of
its high conductivity, good stability, and remarkable capabil-
ities of easy doping and solution processing. PEDOT when
Energy Environ. Sci., 2015, 8, 401–422 | 407



Energy & Environmental Science Review
doped with PSS is routinely used as a hole-transporting layer in
organic light-emitting and photovoltaic devices. Another
unique feature of PEDOT is its intrinsically low thermal
conductivity. These advantages make PEDOT attractive for
developing organic-based high-performance TE materials.
PEDOT has been chemically or electrochemically doped to
control the charge density and electrical conductivity while
without signicantly compromising the Seebeck coefficient,
thus achieving the improved TE properties.

PEDOT with high electrical conductivity upon doping with
several counter-ions such as ClO4, PF6 and bis(triuoromethyl-
sulfonyl)imide (BTFMSI) was prepared using electro-
polymerization on gold.39 Aer removing the gold layer, a very
thin semiconducting polymer lm can be isolated. The increase
in electrical conductivity with the change of the counter-ion is
mainly due to the stretching of the polymer chains. By changing
the size of counter-ions, the conductivity of PEDOTwas increased
by a factor of three while the Seebeck coefficient remained at the
same order of magnitude. Also, the conductivity decreased with
the reduction time while the Seebeck coefficient increased. The
best TE efficiency has been observed in PEDOT:BTFMSI, in which
a power factor of 147 mW m�1 K�2 and thermal conductivity of
0.19 Wm�1 K�1 were obtained, resulting in a zT of�0.22 at room
temperature. To increase the electrical conductivity of conduct-
ing polymers, oxidants and mediators for the solution casting
polymerization can be nely controlled.40 For instance, highly
conductive PEDOT lms with high uniformity and large area
accessibility were prepared using a mixture of pyridine and
poly(ethylene glycol)-block-poly(propylene glycol)-b-poly(ethylene
glycol) tri-block copolymer (PEPG) as mediators for the poly-
merization of 3,4-ethylenedioxythiophene (EDOT) in the pres-
ence of Fe-tosylate (Tos). The resulting PP-PEDOT showed an
electrical conductivity of 1355 S cm�1 at an oxidation level of
Fig. 4 Photographic images and electricity generation by the touch of fi
twisting, and (c) cutting with scissors images of PP-PEDOT films. (d) Elec
module reference. (f) Electricity generation (blue squares) and the corres
touch left side, TR: touch right side with fingertips, PCR: a right side Peltie
the temperature difference). Reprinted with permission from ref. 40. Co
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24.1%. Further, by precisely controlling the oxidation level of
PEDOT electrochemically (e.g., reduced at 0.1 V), a maximum
power factor of 1270 mW m�1 K�2 was obtained. The exible TE
generator was achieved by coating a PP-PEDOT lm on PET
substrates (Fig. 4). Such thin thermoelectrics could be bent, fol-
ded, and cut by scissors and used to generate electricity by the
touch of ngertips as shown in Fig. 4.

If its doping level is controlled precisely, a conducting
polymer can achieve both low thermal and high electrical
conductivities, yet the Seebeck coefficient usually decreases
when the electrical conductivity increases. Crispin and
coworkers have accurately controlled the oxidation level in
PEDOT combined with its low intrinsic thermal conductivity
(�0.37 Wm�1 K�1), yielding zT ¼ 0.25 at room temperature.41,42

Aer an extensive oxidation doping process with Tos—switch-
ing the color of PEDOT from a dark blue to a light blue-grey,
PEDOT exhibited very high electrical conductivities up to 1000 S
cm�1, while the Seebeck coefficient was so low that the zT
remained about 10�2–10�3. To resolve this issue of low zT,
Crispin's team slightly de-doped and partially reduced the fully
oxidized PEDOT—using tetrakis(dimethylamino)ethylene
(TDAE) to maximize the Seebeck coefficient as well as the elec-
trical conductivity.

It is however difficult to precisely control those chemical
doping processes, partly because the measurement of the exact
oxidation level is not straightforward, and also the choice of
counterions is limited. Therefore, an electrochemical doping
process was demonstrated by the Crispin team as a versatile tool
of optimizing the TE power factor of conducting polymers. In
their work, the researchers controlled electrically the TE prop-
erties of PEDOT doped with PSS by varying the gate voltage.43

Electrochemical doping facilitates the control and measure-
ment of the oxidation level via tuning of the electrode potential
ngertips of the flexible PP-PEDOT thermoelectric film. (a) Bending, (b)
tricity generation by fingertip touch at one side with air and (e) a Peltier
ponding temperature gradient (black squares) measured from (e). (TL:
r device cooling, and PCL: a left side Peltier device cooling to generate
pyright 2013 The Royal Society of Chemistry.
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while enabling the measurement of the charging currents.
Moreover, many counterions are available to balance the doping
charges along the polymer chains simply by adding different
salts in the electrolyte. This work has provided clear experi-
mental evidence that further optimization of the TE properties
of conducting polymers will require better knowledge of the
details of the DoS close to EF, including the effects of disorder
and the nature of the charge carriers, as indicated in Fig. 5. It
would be expected that good TE polymers might be those with
sharp DoS at EF, and hence a rst strategy would be to reduce
the disorder. This method provides an easy tool to study the
physics behind the TE properties while optimizing the polymer
TE performance.

Furthermore, the Crispin team lately reported the trans-
formation of semiconducting polymers as semi-metallic.44,45

Semi-metals, exemplied by bismuth, graphite and telluride
alloys, are suitable for TE applications in that they have no
energy bandgap and a very low DoS at the EF, and typically have
a higher Seebeck coefficient and lower thermal conductivities
compared with metals. As shown in Fig. 6, through creating a
network of bipolarons which initiated the transition from a
Fermi glass to a semi-metal, the electrical conductivity of
PEDOT was enhanced and correspondingly a marked increase
was observed in the Seebeck coefficient. The high Seebeck
value, the metallic conductivity at room temperature and the
absence of unpaired electron spins together make polymer
semi-metals attractive for both TEs and spintronics.

The dedoping method mentioned above was also used for
treatment of PEDOT:PSS nanolms by over-coating a mixture of
dimethyl sulfoxide (DMSO) and hydrazine (HZ), a strong
chemical reducing agent, to enhance the TE properties.46 This
over-coating step led to molecular reorganization of PEDOT:PSS
nanolms by removal of excess PSS chains and formation of
neutral states of PEDOT chains. Such conformational changes
resulted in an improvement in the Seebeck coefficient from 30
to 142 mV K�1, and a decrease in the electrical conductivity from
726 to 2 S cm�1. By controlling the concentration of HZ, an
optimized power factor of 112 mW m�1 K�2 was obtained with
0.0175 wt% of HZ in DMSO at room temperature. The corre-
sponding electrical conductivity and Seebeck coefficient under
Fig. 5 (a) Seebeck coefficient of electrochemically doped PEDOT:PSS as
results suggest exponential growth of the Seebeck coefficient upon poly
below ET. (c) Conduction band (CB) and valence band (VB) with localize
Reprinted with permission from ref. 43. Copyright 2012 The American C
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optimized conditions were 578 S cm�1 and 67 mV K�1,
respectively.

As equally important as control of the doping level to maxi-
mize zT is reducing the dopant volume in organic semi-
conductors, as found by Pipe et al.47 By minimizing the total
dopant volume, all three parameters constituting zT varied were
simultaneously improved so that zT increased. This stands in
sharp contrast to inorganic semiconductors, for which these
parameters have trade-offs. Using in-plane values for both
power factor and thermal conductivity, maximum zT values of
0.42 and 0.28 were obtained for DMSO and ethylene glycol (EG)
mixed PEDOT:PSS, respectively, at room temperature.

In addition, a multilayered structure was found to improve
the electrical conductivity by the quantum effect.48 Specically,
a pure organic PEDOT:PSS nanolm was used as a working
electrode to electrodeposit polymer lms of polythiophene
(PTh) and its derivatives in a boron triuoride diethyl ether
(BFEE) solution, fabricating a novel generation of three bilay-
ered nanolms. The electrical conductivities of these
PEDOT:PSS/PTh, PEDOT:PSS/poly(3-methylthiophene)
(P3MeT), and PEDOT:PSS/P3HT nanolms reached 123.9,
136.5, and 200.5 S cm�1, respectively. These three bilayered
nanolms displayed good electrochemical stability and
enhanced TE performances. The temperature dependences of
TE parameters in a range of 300–100 K were studied. The elec-
trical conductivities of all the three samples decreased with the
decreasing temperature, indicating a semiconductor behavior.
Seebeck coefficients were positive at room temperature, sug-
gesting the presence of holes asmajority carriers, and decreased
with the decreasing temperature. At 300 K, PEDOT:PSS/PTh
nanolms exhibited a power factor of 1.57 mW m�1 K�2,
whereas those of PEDOT:PSS/P3MeT and PEDOT:PSS/P3HT
were 4.43 and 5.79 mW m�1 K�2, respectively.

It is worth noting that organic semiconductors have a
preferred molecular orientation during the lm formation,
which could produce an anisotropic lm. Anisotropic TE
properties of benchmark PEDOT:PSS lms, for instance, in the
in-plane and through-plane directions have been studied.49 It
was found that the PEDOT:PSS lms had highly anisotropic
carrier transport properties and thermal conductivity. The
a function of fractional charge carrier concentration. The experimental
mer electrochemical reduction. (b) Gaussian DoS with localized states
d bands formed by polarons/bipolarons at the forbidden energy gap.
hemical Society.
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Fig. 6 Charge carriers in PEDOT. (a) In the neutral form, each repeat unit is best represented by the aromatic form with two double bonds. (b)
Removal of one electron leads to a singly charged polaron; a positive charge that induces a rearrangement of the double bonds in the repeat
units. The plus symbol is the positive charge and the dot is a radical (unpaired electron). (c) Removal of another electron leads to a bipolaron
having two positive charges delocalized along the backbone. (d) The bipolarons move in a thermal gradient to form an electrical potential in
PEDOT:Tos. Reprinted with permission from ref. 45. Copyright 2014 Nature Publishing Group.
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anisotropic carrier transport properties can be explained by the
lamellar structure of the PEDOT:PSS lms where the PEDOT
nanocrystals could be isolated by the insulating PSS in the
through-plane direction. The anisotropic thermal conductivity
was mainly attributed to the lattice contribution from PSS
because the polymer chain was oriented along the substrate.
The use of small molecule dopants along with the control of the
crystal orientation could be an effective strategy for optimizing
the TE performance.
2.4 Polymeric nanostructures

As its dimensions decrease, the TE properties of a material
would undergo remarkable changes.9,25 One-dimensional (1D)
nanostructures such as nanowires, nanotubes or nanobers
have been recently utilized for TE applications. For instance, a
notably high power factor was obtained in quasi-1D self-
assembled organic molecular nanowires based on a rigorous
theoretical evaluation, indicating that the use of low-dimen-
sional structures can indeed be a promising direction to achieve
high TE performance.

Yang et al. theoretically studied the TE properties (i.e., elec-
trical conductivity, Seebeck coefficient, and power factor) of
those quasi-1D self-assembled molecular nanowires (NWs)
based on a rigorous evaluation of the Kubo formula using the
Holstein model.24 The molecular NWs were composed of either
1D conducting polymer chains, coupled by covalent bonds, or
linear stacks of planar building blocks, held together by van der
Waals or p–p interactions. These 1D molecular NWs are
expected to be excellent TE materials because (i) the thermal
conductivity along the stacking direction can be very small due
to interfacial phonon scattering and (ii) the Seebeck coefficient
could be very large due to the narrow and sharp DoS. The
authors then systematically studied the dependence of TE
properties on a variety of physical parameters, including inter-
site coupling, electron–phonon interaction, chemical potential
410 | Energy Environ. Sci., 2015, 8, 401–422
(doping concentration), and temperature. It was found that the
TE properties were strongly affected by the intersite coupling
and the dielectric constant. If the phonon thermal conductivity
is assumed to be 0.2 Wm�1 K�1, the zT value of a molecular NW
theoretically can reach 15.2. The model was further applied to
study the TE properties of 1D polymer chains of P3HT and
PEDOT:PSS. The power factor can reach 0.05 W m�1 K�2 for a
PEDOT:PSS chain. This study indicates that low-dimensional
conducting polymers could be promising high-zT TE materials.

As one experimental example, enhanced TE properties were
observed in ultra-long electrodeposited PEDOT nanowires.50

These NWs were prepared by electropolymerizing EDOT in
aqueous LiClO4 within a template prepared using the litho-
graphically patterned nanowire electrodeposition process.
These nanowires were 40–90 nm in thickness, 150–580 nm in
width, and 200 mm in length. The electrical conductivity and
Seebeck coefficient were measured from 190 K to 310 K by
fabricating heaters and thermocouples on top of arrays of 750
PEDOT nanowires. As shown in Fig. 7, S increased in direct
proportion to T for both PEDOT thin lms and nanowires,
which is in accord with the predictions of the following Mott
equation:

S ¼ p2kB
2m*T

ð3p2Þ23 ħqpf
2
3

(2.8)

where ħ is Planck constant and m* is the effective mass of
majority carriers. Due to the lower carrier concentrations, such
PEDOT nanowire arrays consistently produced higher S values
than those for PEDOT lms, that is, up to �122 mV K�1 for
nanowires and �57 mV K�1 for lms at 310 K. Interestingly, the
PEDOT nanowires also had a higher electrical conductivity than
neat lms, because electron mobility was greater in nanowires
by a factor of 3. As a result, power factors up to 9.2 � 10�5

W m�1 K�2 was obtained.
This journal is © The Royal Society of Chemistry 2015



Fig. 7 (a) Measured S versus nanowire height for PEDOT nanowires
and films at 310 K. (b) S versus temperature over the range from 190 K
to 310 K. Error bars represent 1s for 2–4 measurements at each
temperature point. (c) S versus carrier concentration fitted with the
Mott relationship (eqn (2.8)). (d) Electron mobilities versus the film or
nanowire height, showing also (horizontal line) the mean mobility
value. Reprinted with permission from ref. 50. Copyright 2011 The
American Chemical Society.
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Nevertheless, theory of Yang et al. on 1D conducting poly-
mers24 was unable to apply to the insulating polymers. For
example, recent investigations on polymer nanobers showed
extraordinarily high thermal conductivities, which spurred
much interest in thermally conductive polymers. High-modulus
polymer bers were recently studied to advance an under-
standing of the mechanisms for thermal transport in 1D
bers.51 Among the high modulus bers as examined, liquid
crystalline polybenzobisoxazole (PBO) bers were found to have
the highest thermal conductivity of 20 W m�1 K�1 at room
temperature, surpassing the conductivity of highly crystalline
polyethylene. For both ber types, thermal conductivity near
room temperature scaled with temperature, suggesting an
intrinsic limit to the thermal conductivity governed by anhar-
monicity, not structural disorder. Because of the high degree of
elastic anisotropy, longitudinal acoustic phonons at a direction
along the ber axis are most likely to dominate the thermal
transport in PBO. Higher thermal conductivities might be
possible if the molecular structure or polymer morphology can
be modied to increase the lifetimes of the high-frequency
longitudinal acoustic modes that propagate along the rigid
polymer chain.

Another example suggested that individual chains of poly-
ethylene (PE)—the simplest and most widely used polymer—
can have extremely high thermal conductivity.52 Practical
applications of these polymers may also require that the indi-
vidual chains form bers or lms. In this respect, high-quality
ultra-drawn PE nanobers were fabricated with diameters of
50–500 nm and lengths up to tens of millimeters. A comparison
between micrometer and nanometer sized bers was made that
the thermal conductivity generally increased with increasing
This journal is © The Royal Society of Chemistry 2015
draw ratios where the thermal conductivity of microbers
saturated when the draw ratio was above 100 while that of
nanobers did not show saturation, indicating that there is still
room for enhancement. The thermal conductivity of the nano-
bers was found to be as high as �104 W m�1 K�1, which is
larger than the conductivities of about half of the pure metals.
The high thermal conductivity is attributed to the restructuring
of the polymer chains by stretching, which improves the ber
quality toward an ‘ideal’ single crystalline ber.

Opposing inuences of 1D nanostructures on thermal
conductivity can be seen in the above two types of examples—p-
conjugated molecular nanowires and nonconjugated crystalline
nanobers. Possible explanations are as follows. In the
p-conjugated nanowires, phonon transport occurred along the
p-conjugated backbone and between the p-stacks, in the latter
of which interfacial phonon scattering decreased the thermal
conductivity. By contrast, in the nonconjugated nanobers,
reduced entanglements through remarkable stretching of
polymer chains in the anisotropic direction decreased phonon
scattering and thus largely increased the thermal conductivity.
Apparently, more work is needed to gain a better understanding
of the origins of thermal conductivity in low-dimensional con-
ducting nanostructures in comparison to that of insulating
polymers.
2.5 Molecular junctions

The strong coupling effect of electrical and thermal conductivity
(eqn (2.7)) is known to be detrimental to increasing the Seebeck
coefficient. Physically, the magnitude and sign of the Seebeck
coefficient can be approximately understood as the amount of
entropy “dragged along” by the ow of charge inside a material;
in other words, it is the entropy per unit charge in the material.9

A high thermal conductivity will reduce the entropy difference,
which is the driving force for charge transport under thermal
diffusion, through the electron–phonon interaction between
the hot and cold regions. A favorable combination of high
electrical conductivity yet low thermal conductivity has been
recently realized in hybrid metal–polymer–metal molecular
junctions, where the ohmic metal–polymer contacts allow for
the formation of good electrical conductivity while the phonon
scattering at metal–polymer interfaces minimizes the thermal
conductivity.

Segalman, Majumdar and coworkers at UC Berkeley for the
rst time studied thermoelectricity in small molecule based
thin lm devices.53 Molecular junctions were formed by trap-
ping molecules between two gold electrodes and then the See-
beck coefficient was obtained by measuring the voltage-
generated across them when a temperature bias was imposed
difference across the junction. Such metal/molecule/metal
heterojunctions can provide the transport through either the
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) energy levels while having
very low vibrational heat conductance. As a result, the junction
Seebeck coefficients of 1,4-benzenedithiol (BDT), 4,40-dibenze-
nedithiol (DBDT), and 4,400-tribenzenedithiol (TBDT) were
measured at room temperature to be 8.7 � 2.1, 12.9 � 2.2, and
Energy Environ. Sci., 2015, 8, 401–422 | 411



Fig. 8 (A) Schematic description of the experimental setup based on an STM break junction. Molecules of BDT, DBDT, or TBDT are trapped
between the Au STM tip kept at ambient temperature and a heated Au substrate kept at temperature DT above the ambient temperature. When
the tip approaches the substrate, a voltage bias is applied and the current is monitored to estimate the conductance. When the conductance
reaches a threshold of 0.1 G0, the voltage bias and the current amplifier are disconnected. A voltage amplifier is then used to measure the
induced thermoelectric voltage,DV, and the tip is gradually pulled away from the substrate. (B) A plot of the thermoelectric voltagemeasured as a
function of the tip–sample distance when a temperature differentialDT¼ 20 K is applied (Au tip at ambient temperature and substrate at ambient
temperature + 20 K). The blue curve is obtained when an Au–BDT–Au junction is broken. The red curve shows a control experiment
performed on a clean gold substrate. (C) Typical thermoelectric voltage traces for tip-substrate temperature differentials of 0, 10, 20, and 30 K for
Au–BDT–Au junctions. Reprinted with permission from ref. 53. Copyright 2007 American Association for the Advancement of Science.
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14.2 � 3.2 mV K�1, respectively, as shown in Fig. 8. The positive
sign unambiguously indicates hole conduction in these heter-
ojunctions, whereas the EF position of Au for Au–BDT–Au
junctions was identied to be 1.2 eV above the HOMO energy
level of BDT. The ability to study thermoelectricity in molecular
junctions provides the opportunity to address the fundamental
questions about their electronic structure and to begin
exploring molecular TE energy conversion.

The Berkeley team further studied thermoelectricity in
fullerene (i.e., C60, [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM), and C70)–metal molecular heterojunctions in which a
single-molecule was trapped between metal electrodes (i.e., Pt,
Au, Ag) to understand transport properties at organic–inorganic
interfaces.54 Electronic transport in these systems can be
described by the Landauer formalism, where charge carriers
transmit between opposite electrodes, through a molecular
bridge. The transport was highly dependent on the energy level
alignment between the molecular orbitals and the EF (or work
function) of the metal contacts. To date, the majority of single-
molecule measurements have focused on simple small mole-
cules where transport is dominated through the HOMO energy
level. In these systems, energy level alignment was limited by
the absence of electrode materials with low EFs (i.e., large work
functions). Alternatively, more controllable alignment between
molecular orbitals and the EF can be achieved with molecules
whose transport is dominated by the LUMO because of readily
available metals with lower work functions. Fullerene junctions
in this study demonstrated the rst strongly negative (n-type)
molecular thermopower corresponding to transport through
412 | Energy Environ. Sci., 2015, 8, 401–422
the LUMO, which achieved the remarkably high thermopower
of �33 mV K�1 in comparison to an Au–Au junction thermo-
power of �2 mV K�1 or BDT thermopower of �8 mV K�1. While
the electronic conductance of fullerenes was highly variable,
due to the multiple orientations and electrode coupling of
molecules between the junctions, the thermopower showed
predictable trends based on the alignment of the LUMO with
the work function of the electrodes. Both the magnitude and
trend of the thermopower suggested that heterostructuring
organic and inorganic materials at the nanoscale can further
enhance the TE performance, thereby providing a new pathway
for designing TE materials. This work also suggested that
organic dopants at inorganic interfaces can lead to further
enhancements of TE efficiency.

As such, Lee et al. lately performed TE measurements of BDT
and C60 molecules with Ni and Au electrodes using a home-
built scanning tunneling microscope.55 The thermopower of
C60 was negative for both Ni and Au electrodes, indicating the
transport of carriers through the LUMO energy level in both
cases, as expected from the work functions. The Au–BDT–Au
junctions exhibited a positive thermopower, yet the Ni–BDT–Ni
junctions surprisingly exhibited a negative thermopower, due to
the strong spin hybridization of the HOMO level at EF of BDT
coupled with s- and d-states of the ferromagnetic Ni electrode
according to rst-principles calculations. This work demon-
strated the tuning of the thermopower of molecular junctions
using the spin degrees of freedom.

Polymer based molecular junctions for TE applications have
also been studied.56 For instance, Hu et al. fabricated a hybrid
This journal is © The Royal Society of Chemistry 2015
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metal/polymer/metal thin-lm device to obtain a large Seebeck
effect by using high-electrical conducting metals and low-
thermal conducting polymers.57 This was demonstrated with
p-type doped conducting polymer—polypyrrole and photovol-
taic polymer blend—P3HT:PCBM composite. Such hybrid
device structures exhibited strong electrical conduction yet
weak thermal conduction, as schematically indicated in Fig. 9.
For the electrical conduction in such metal/polymer/metal thin-
lm devices, the ohmic metal/polymer interface together with a
p-type doped polymer lm allowed the holes to transport
through the HOMO energy level in the polymer lm. However,
the doped polymer lm functioned as a bottleneck to limit
thermal conduction in the entire devices. The metal/polymer
interface further reduced the thermal conduction through two
possible mechanisms—acoustic mismatch due to different
phonon densities and velocities, and phonon scattering due to
interface imperfections and boundaries.

Furthermore, PEDOT:PSS was used in a hybrid metal/poly-
mer/metal thin lm design and achieved a high Seebeck coeffi-
cient of 252 mV K�1 on a relatively low temperature scale.58 The
polymer lm thickness was varied in order to investigate its
inuences on the Seebeck effect. (i) The observed high Seebeck
effect indicated that the metal/polymer/metal design can
develop a large entropy difference in internal energy of charge
carriers between high and low-temperature metal electrodes
under a temperature difference. This large entropy difference
can lead to a sufficient electrical potential for the development of
signicant Seebeck effect due to charge transport through ohmic
Al/PEDOT:PSS interfaces and bulk PEDOT:PSS lm. (ii) On the
other hand, the low thermal conductivity of the bulk PEDOT:PSS
lm along with phonon scattering at Al/PEDOT:PSS interfaces
Fig. 9 (a) Electronic levels to indicate allowed charge transport in the
hybrid metal/polymer/metal thin-film device. (b) Schematic thermal
transport to indicate limited thermal conduction in the hybrid metal/
polymer/metal thin-film device. Reprinted with permission from ref.
57. Copyright 2011 Wiley-VCH.
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formed a bottleneck to limit the thermal conduction from a high
to low-temperature metal electrode in the Al/PEDOT:PSS/Al
device. This limited thermal conduction maintained the entropy
difference between high and low-temperature metal electrodes
towards the development of the Seebeck effect. Therefore, the
Al/PEDOT:PSS/Al device can exhibit a signicant Seebeck effect.
The temperature-dependent Seebeck coefficient suggested that
increasing temperature can largely boost electrical conduction
through charge density but still limited thermal conduction
through interfacial phonon scattering in the Al/PEDOT:PSS/Al
device. As a consequence, a high Seebeck effect can be developed
at a high temperature. (iii) In addition, changing polymer lm
thickness can vary the Seebeck coefficient in the Al/PEDOT:PSS/
Al device through surface and bulk electron–phonon coupling.
Clearly, the hybrid metal/polymer/metal thin-lm design
showed an effective structure to combine high-electrical con-
ducting inorganic metals and low-thermal conducting polymers
for the development of efficient Seebeck devices.

Moreover, a poly(2-methoxy-5-(20-ethylhexyloxy)-p-phenylene
vinylene) (MEH-PPV) based multilayer was used in such hybrid
thin-lm structure, in which photoexcitation can lead to a large
Seebeck coefficient of 305 mV K�1 under the light intensity of 16
mW cm�2.59 Upon light illumination, the electrical conductivity
was increased by one order of magnitude to 8.2 � 10�5 S cm�1

because of the increased charge density through the dissociation
of photogenerated excited states. Therefore, photoexcitation led
to a simultaneous increase on electrical conductivity and Seebeck
coefficient in excited states among these ITO/MEH-PPV/Au
devices, in sharp contrast to that induced by doping—increasing
electrical conductivity but decreasing Seebeck coefficient.
3. Organic-based nanocomposites
for TEs

Recently, organic-based nanocomposites have become the
central focus of developing the next generation TE materials in
that it is possible to enhance the electrical conductivity while
signicantly reducing the thermal conductivity in such bulk
nanocomposites.19,20 Two main physical mechanisms account
for the TE performance enhancements of nanocomposites: (1)
the nanoscale grain size or inclusion which enhances phonon-
boundary scattering even at elevated temperatures, and (2) the
energy ltering effect of charge carriers at the boundary and/or
via enhanced ionized impurity scattering at the organic/inor-
ganic interfaces, both of which strongly scatter the heat
phonons and thus largely decrease the lattice thermal conduc-
tivity of nanocomposites and increase the power factor. Note
that the Fermi level of each component of the composite has to
match each other in order to avoid unnecessary energy barrier.
As a result, recent advances in TE nanocomposites exhibited
remarkable performances and also showed great promise of
printing large-area, exible TE modules.
3.1 Polymer/carbon nanotube composites

The limitation of low zT values in TE nanocomposites was
attempted by employing the computational modelling to
Energy Environ. Sci., 2015, 8, 401–422 | 413
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accelerate the selection of suitable pairs of conductive polymers
and inorganic TE materials.19,20 For instance, researchers have
recently worked on the improvement of electrical conductivity
of a variety of polymers by incorporating carbon nanotubes
(CNTs) in the polymer matrix with different methods. CNTs
were found to give improved conductivity and mechanical
strength to the polymer matrix. On the other hand, coating the
CNTs with a thin polymer layer to enhance the size-dependent
energy-ltering effect and to increase the carrier mobility can
simultaneously enhance the electrical conductivity and Seebeck
coefficient of the composites. It is however critical to homoge-
neously disperse and obtain a good interfacial connection
between the polymer and CNTs to maximize desired properties.
In this respect, an in situ interfacial polymerization seems to be
a good method for uniform dispersion.

Carbon nanotubes—either single-walled (SW) or multi-wal-
led (MW)—can be used to p-doped P3HT and the resulting
composites displayed an encouraging TE performance.60 A
maximum power factor value of �6 � 2 mW m�1 K�2 in
P3HT:MWCNT composites was estimated for the MWCNT
composition of 10–40 wt%. In contrast, a power factor value of
25 � 6 mW m�1 K�2 was found in P3HT:SWCNT composites
for the SWCNT composition at only 8 wt% and moreover
a maximum power factor value of �95 � 12 mW m�1 K�2 at
42–81 wt%. The reason is that SWCNTs consistently resulted
in a higher electrical conductivity with a maximum value above
103 S cm�1; more importantly, thermal conductivities of
composites of 8–10 wt% contents of SWCNTs did not
compromise low bulk thermal conductivity of the P3HT matrix,
which are still comparable to that of reference P3HT (ca. 0.19 �
0.05 W m�1 K�1) and thus promised a high zT > 10�2 at room-
temperature. All P3HT:CNT composites can be readily prepared
on plastic substrates, emphasizing their suitability for large-
area, exible TE applications.

Likewise, composites of SWCNTs and PANI were prepared,
exhibiting abnormally enhanced TE transport properties.61

Such hybrid lms were prepared by casting the suspension
containing well-dispersed SWCNTs and camphor sulfonic acid
(CSA)-doped PANI. With the increasing SWCNT content, the
electrical conductivity of the hybrid lm rst increased and
then decreased, while the Seebeck coefficient increased mono-
tonically in the present SWCNT content range. At 64 wt%
SWCNT, the electrical conductivity reached the maximum value
of 769 S cm�1 while the Seebeck coefficient was up to 65 mV K�1.
Both values of hybrid lms were about several times higher than
the pure PANI or SWCNT lm. Such abnormally simultaneous
enhancements of electrical conductivity and Seebeck coefficient
were attributed to the highly ordered PANI interface layer on the
SWCNT surface. The XRD and Raman analyses revealed the
synergetic effect of the chain-expansion by the chemical inter-
actions between PANI and solvent and the chain-ordering
aligned by the p–p conjugation between PANI and CNT. By
contrast, the thermal conductivities still remained at a low level
of 0.43 W m�1 K�1. Consequently, the best TE power factor and
zT value at room temperature reached 176 mW m�1 K�2 and
0.12, respectively.
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In addition, by using thick CNT networks as the template,
remarkably enhanced Seebeck coefficients and power factors
were both obtained in PANI/CNT composites, which are several
times larger than either of their individual components.62 This
behavior may be attributed to the size-dependent energy-
ltering effect caused by the nanostructured PANI coating layer
enwrapped around the CNTs. Relatively low thermal conduc-
tivities were also obtained. Moreover, this nanocomposite
exhibited great exibility—can be rolled up, bent, or twisted
easily, and even folded without cracking. More recently, a 3D
CNT network was used in such PANI-based composites for
enhanced TE performance.63 The 3D CNT network maintains an
extremely low thermal conductivity of only 0.035Wm�1 K�1 in a
standard atmosphere at room temperature. Its electrical
conductivity could be adjusted through a convenient gas-
fuming doping process. By potassium (K) doping, the original p-
type CNT network was converted to n-type, whereas iodine (I2)
doping enhanced its electrical conductivity. The self-sustain-
able homogeneous network structure of the as-fabricated 3D
CNT network made it a promising candidate as the template for
polymer composition.

Furthermore, multilayered CNTs/polyvinylidene uoride
composites were made into multiple element modules that
resemble a felt fabric.64 The TE voltage generated by these
fabrics is the sum of contributions from each layer, resulting in
increased power output. Since these fabric-modules have the
advantages of low cost, light weight, and simple process over
inorganic TE counterparts, the overall performance of the fabric
shows good promise as a realistic alternative in numerous
applications such as portable electronics.

The CNT/polymer nanocomposites can be also printed on a
exible polyethylene naphthalate lm substrate to obtain ex-
ible and lightweight thermoelectric generators (TEGs).65 The TE
composites consisting of CNTs and polystyrene contained
approximately 35 vol% of voids, which resulted in remarkably
lightweight TEG (�15.1 mg cm�2). A high power output of
approximately 55 mW m�2 was observed in the TEG at a
temperature difference of 70 �C. The TEG maintained no
mechanical damage even under bending at a radius of less than
6 mm.

Yu and Grunlan et al. have prepared phase-segregated
nanocomposites based on the CNT network and polymer, and
measured their TE properties as a function of CNT concentra-
tion at room temperature (Fig. 10).66 This study showed that
electrical conductivity can be dramatically increased by creating
a network of CNTs in the composite, while the thermal
conductivity and thermopower remained relatively insensitive
to the ller concentration. This behavior was believed to result
from thermally disconnected yet electrically connected junc-
tions in the nanotube network, which makes it feasible to tune
the properties for higher zT values. With a CNT concentration of
20 wt%, these composites exhibited an electrical conductivity of
4800 S m�1, thermal conductivity of 0.34 W m�1 K�1 and a zT
value of >0.006 at room temperature.

It was further found that the TE properties of CNT-lled
polymer composites can be enhanced by modifying junctions
between CNTs using PEDOT:PSS, yielding high electrical
This journal is © The Royal Society of Chemistry 2015



Fig. 10 Thermoelectric performance of CNT–polymer composites at room temperature: (a) thermal conductivity and (b) electrical conductivity
(indicated by red circles) and thermopower (indicated by blue squares) as a function of the CNT concentrations (up to 20 wt%). Reprinted with
permission from ref. 66. Copyright 2008 The American Chemical Society.
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conductivities (up to �40 000 S m�1) without signicantly
altering the Seebeck coefficient.67 This is because PEDOT:PSS
particles were decorated on the surface of CNTs and presumably
bridged tube–tube junctions, thereby electrically connecting
junctions between CNTs. This electrically conducting
PEDOT:PSS assisted electrons (i.e., holes) to travel more effi-
ciently in the composites, resulting in high electrical conduc-
tivity. On the other hand, thermal transport across the tube–
tube junctions remained comparable to typical polymeric
materials due to the dissimilar bonding and mismatched
vibrational spectra between CNTs and PEDOT:PSS. This
behavior was very different from that of typical semiconductors
whose TE properties are strongly correlated. The decoupled TE
properties, which is ideal for developing better TEmaterials, are
believed to be due to these thermally disconnected and elec-
trically connected contact junctions between CNTs.

The nanocomposites of CNT/PEDOT:PSS (CLEVIOS PH1000
and PH500) were found to exhibit very high electrical conduc-
tivities and relatively constant thermopowers which were weakly
correlated with electrical conductivities.68 This resulted in a
large power factor of�160 mWm�1 K�2 in the in-plane direction
of the composites at room temperature, which are orders of
magnitude larger than those of typical polymer composites. The
optimum nanotube concentrations for better power factors
were identied to be 60 wt% in a blend. The highest electrical
conductivity and thermopower along the in-plane direction
reached 1.35 � 105 S m�1 and 41 mV K�1 at room temperature,
respectively. Without additional DMSO doping, PH1000 showed
higher thermopowers while PH500 had better electrical
conductivities. In contrast, the thermal conductivities of the 60
wt% nanotube composites in the out-of-plane direction were
measured to be 0.2–0.4 W m�1 K�1 at room temperature. It was
however noticed that high nanotube concentrations above 60
wt% decreased the electrical conductivity of the composites due
to less effective nanotube dispersions.

The Yu and Grunlan team lately developed both p- and n-
type fabric-like exible light-weight materials by functionalizing
This journal is © The Royal Society of Chemistry 2015
the large surfaces and junctions in CNT mats.69 Original CNTs,
which showed only p-type behaviors with small thermopower
values, were successfully converted into both p- and n-type TE
materials with large self-powering capability. A TE device based
on these CNT lms was fabricated, generating enough electrical
power to operate a glucose sensor. The electronic transport
properties were precisely controlled by changing the amount of
coating on CNTs for p-type lms as well as treating CNTs with
multiple chemical reductants such as polyethylenimine (PEI),
diethylenetriamine (DETA), and NaBH4 for n-type lms. When
CNT surfaces are functionalized by molecules or chemical
agents, electronic transport across CNT–molecule–CNT junc-
tions can be optimized to increase the thermopower by creating
a small energy barrier, while phonon transport are inhibited
due to dissimilar vibrational characteristics between CNTs and
molecules. Thus, by optimizing the mixing ratio of PEI to
DETA at 67 : 33 wt%, n-type thermopower values as large as�86
mV K�1 at 5200 S m�1 were obtained due to synergistic effects
from both large and small dopant molecules. The EF values of
the p-type samples (�4.91 eV) were changed to �4.69 eV aer
PEI/DETA reduction and �4.61 eV aer additional NaBH4

reduction, via Kelvin probe measurements, clearly indicating
n-type conversion aer the doping processes. The n-type CNT
lms exhibited a lower electron mobility (ca. 0.206 cm2 V�1 s�1)
than hole mobility (ca. 0.365 cm2 V�1 s�1), presumably due to
the electrically insulating PEI/DETA that impeded the carrier
transport across the junctions between CNTs. The high carrier
densities of 1.86 � 1021 cm�3 for p-type and 1.25 � 1021 cm�3

for n-type, respectively, suggested that it is necessary to further
increase the charge mobility for obtaining higher electrical
conductivity. The TE device was made of 72 p-type and 72 n-type
CNT lms electrically connected in series and thermally in
parallel in order to maximally utilize temperature gradients.
This device produced 465 mV at a temperature gradient of 49 K,
far exceeding those of other polymer based composites.

Carbon nanosheets were apparently more effective llers
than CNTs, at comparable loading levels, for producing
Energy Environ. Sci., 2015, 8, 401–422 | 415
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polymeric nanocomposites with high thermal conductivity.70

The thermal conductivity of polymeric nanocomposites is
known to be mechanistically limited by the polymer/nanoller
interfacial thermal resistance. Heat transport in polymeric
nanocomposites is conducted by phonons of varying frequen-
cies. When reaching the polymer/nanoller interface, phonons
would slow down due to material characteristics such as the
largely amorphous nature of the polymer. Nanosheets such as
2D nanollers could greatly reduce the overall number of
polymer/nanoller interfaces in the resulting polymeric nano-
composites, which in turn leads to ultrahigh thermal
conductivities.

Graphene—another important class of carbon materials—
has been used with conducting polymers to generate exible TE
modules.71 PANI/graphene nanocomposite lms with three
types of graphenes with different structure characteristics were
prepared through a solution-assistant dispersing method. It
was found that structural defects and oxygen content in the
graphene were closely related to the TE performance of the
resulting composites. Higher TE properties were obtained in the
composite lm using graphene with lower levels of structural
defects and oxygen impurities. The conformation of PANI
molecules was rst changed from a compacted coil to an
expended coil by the chemical interactions between PANI and
m-cresol solvent and then was further expanded by the strong
p–p stacking between PANI and graphene. The highly expanded
molecular conformation of PANI facilitated the chain ordering
during solvent evaporation while decreasing the structural
defects along the backbone, thus leading to the increase in
carrier mobility. Ultimately, the maximum electrical conduc-
tivity and power factor of the composite lms reached 856 S
cm�1 and 19 mW m�1 K�2, respectively.
3.2 Polymer/inorganic nanocrystal hybrids

Another effective approach to enhance the TE properties is to
incorporate high-TE performance inorganic TE components
such as Sb2Te3 and Bi2Te3 in the nanocomposites.19,20 These
nanocomposites are expected to exhibit better TE performance
than the neat polymer due to the synergistic effects from
combined advantages of the polymer and nanocrystal. Gener-
ally, such polymer–inorganic nanostructure based hybrid lms
are easily made by solution processing methods such as spin-
coating, drop-casting, and spraying. Selection of suitable poly-
mer matrices and inorganic TE nanostructures can be accom-
plished via computational modelling such that the interplay
and volume fraction of each phase is optimized to maximize the
zT value of the composite. However, how to rationally engineer
the polymer–inorganic interface to improve the TE performance
remains a challenging task. Some of the concepts in inorganic
nanostructures such as phonon scattering, carrier-energy-
ltering, and carrier-pocket engineering may also be adopted in
polymer TE materials, which yet needs several important prin-
ciples for constructing energy ltering interfaces in polymer–
inorganic nanocomposites.

The TE composites of hexagonal shaped p-type Sb2Te3/
PEDOT were fabricated by embedding PEDOT into a Sb2Te3
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matrix.72 The thermal conductivity of the composites was
signicantly reduced down to 0.148 W m�1 K�1 from 0.398
Wm�1 K�1 of pure Sb2Te3 compounds in the temperature range
of 300–523 K, owing to strong scattering of heat carrying
phonons by plate-like Sb2Te3 nanoparticles and the embedded
PEDOT. The composites displayed good thermal stability and
remained low k even aer 50 periodic thermal cycles in the
temperature range from room temperature to 523 K. The elec-
trical conductivity of the composites was not subject to a
signicant change while S increased. The zT value of the
composites reached 1.18 at 523 K, increased by 60% compared
with that of the pure Sb2Te3 sample. In another example, by
incorporating both n and p-type Bi2Te3 ball milled powders into
PEDOT:PSS (CLEVIOS PH1000), power factors were enhanced.73

Yet, the contact resistance between Bi2Te3 and PEDOT was
identied as the limiting factor for further TE property
improvement.

A facile route was made to PEDOT and PbTe-modied
PEDOT nanotubes for TE applications.74 The nanotubes were
prepared by an in situ interfacial polymerization method by
adding PbTe nanoparticles into a polymerization medium. The
pure de-doped PEDOT exhibited n-type conduction and had an
extremely large Seebeck coefficient of �4088 mV K�1 yet a low
electrical conductivity of 0.064 S m�1. The electrical conduc-
tivity of the composite powders aer cold pressing increased
with an increasing PbTe content, and the power factor could be
tuned by adjusting the PbTe content accordingly.

Water-soluble composites composed of a tellurium (Te)
nanocrystal core functionalized with PEDOT:PSS were prepared
for TE applications.75 Such PEDOT:PSS functionalized Te
nanocrystal lms electronically outperformed either
PEDOT:PSS or unfunctionalized Te nanorods while retaining a
polymeric thermal conductivity, resulting in a room tempera-
ture zT value of �0.1. This combination of electronic and
thermal transport holds great potential for tailored transport in
nanoscale organic/inorganic heterostructures.

Yet, unusual electrical transport behavior was observed in
high-performance TE composites of PEDOT:PSS/Te nanowires.76

With increasing Te contents in the hybrid lms, the electrical
conductivity exhibited a peak while the Seebeck coefficient
increased. This was accurately described by a series-connected
model where carrier transport occurs predominantly through a
highly conductive volume of the polymer that exists at the
nanowire/polymer interface. The results stressed the importance
of understanding and controlling interfacial phenomena in
hybrid organic–inorganic systems, and provided a general route
for enhancing carrier transport in hybrid materials and devices.

Later, microribbons of the Te nanowire/PEDOT:PSS
composite were fabricated by a standard li-off process.77

Positive temperature dependent electrical conductivity and
Seebeck coefficient of the composite were found in the
temperature range of 10–400 K, revealing a complex, thermally
activated mechanism. In addition, aging of the TE device was
investigated. With the oxidation of the Te nanowires, the
resulting composites showed a slight decrease in electrical
conductivity and doubled Seebeck coefficient at room
temperature.
This journal is © The Royal Society of Chemistry 2015
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4. When thermoelectrics meet
photovoltaics—photothermalelectrics

There are two main paths to utilize solar energy, that is,
photovoltaic and thermoelectric techniques. These two paths
are however limited on their own. (1) For photovoltaics, the
transfer of energy from photons to electrons highly relies on the
band gap of the working materials. With a higher band gap,
fewer photons could be absorbed and the quantum efficiency
would be lowered; on the other hand, with a lower band gap
which guarantees high quantum efficiency, the voltage output
capability could be lowered since the energy of the excited state
is too low, leading to energy loss in the photon energy transfer.
As a result, the utilization of photon energy is largely limited. (2)
For thermoelectrics, the energy of photons in the sunlight is
transferred to heat in the rst place, which inevitably leads to
energy loss. Arguably, combination of these two complementary
energy conversion methods would benet each other and
represent a powerful way to harvest the sun energy more effi-
ciently. For example, in two most recent reports, researchers
have demonstrated the integration of an organic solar cell with
a commercial thermoelectric module to improve the electric
energy output capability.

Kim et al. reported the rst near-infrared (NIR) active
conjugated polymer that has photothermal (PT) effect and TE
properties simultaneously.78 Both PT conversion and TE effect
can successfully convert the light-driven heat into electricity,
making photo-thermo-electric (PTE) conversion possible in a
single device. In their work, the poly(3,4-ethyl-
enedioxyselenophene) (PEDOS-C6) lm which displayed a
visible to NIR electrochromic (EC) effect was examined for the
PTE process. Fig. 11 shows the doping control process of the
PEDOS-C6 lm and the fabrication steps of the PTE harvester.
Fig. 11 The doping control of the PEDOS-C6 film and the fabrication of th
films on ITO glass. A SEM image of the pristine CPP film. (b and c) Detachin
the film clearly detached from the ITO glass. (d) Flexible TE device with A
setting of the PTE effect and (f) the vertical type TE harvester on an a
permission from ref. 78. Copyright 2013 Wiley-VCH.
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PEDOS-C6 lms prepared by the constant potential method
(namely, CPP) can be easily investigated according to the lm
thickness and absorption intensity, without invoking the
roughness effect. The CPP lms were strongly colored in the
NIR inactive state (dedoped state), while bleached in the NIR
active state (doped state). This evident visible to/from NIR
electrochromism led to the effective control in the doping
process of the lm. As a consequence, the PT conversion effi-
ciency can be greatly increased from 16.1 to 42.5% while
minimizing the visible light absorption in a doped lm at �0.1
V. Besides, this lm exhibited the highest TE effect with a
maximum power factor of 354.7 mW m�1 K�2 at �0.1 V.
Furthermore, the work demonstrated a exible lm device with
such combined EC, PT and TE properties, which could be also
used for invisible NIR sensors and multifunctional lm
displays.

In another study, researchers in China demonstrated a high-
performance polymer solar cell–thermoelectric (PSC–TE) hybrid
energy-harvesting system, which realized harvesting of elec-
tricity from solar light and solar heat simultaneously.79 In the
PSC–TE devices, a TE module consisting of Bi2Te3 based
compounds was attached to the backside of a PSC device based
on the blend of P3HT and a new indene-C60 bisadduct (IC60BA).
In this hybrid system, the PSC acted as the “top cell” and the TE
module served as the “bottom cell”. PSC and TE were connected
in series and worked as two power supplies. With the PSC
utilizing visible light and the TE module exploiting the
remaining parts of the solar energy as well as converting heat to
electricity, the open-circuit voltage and the power output were
improved dramatically. When a temperature gradient
was introduced across the TE module, the output power of the
PSC–TE system was improved by 46.6% as compared to the
performance of a single PSC, giving the best output power up to
11.29 mW cm�2. Interestingly, the hybrid system can drive a
e PTE harvester. (a) The photo images of doping controlled PEDOS-C6
g process from the ITO glass to transparent tape. A photo image shows
u electrode deposition in the vacuum chamber. (e) The measurement
rm for generating thermoelectricity from body heat. Reprinted with
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commercial light-emitting diode by effectively utilizing solar
energy over a broad wavelength range, which however cannot be
realized by either PV or TE device alone. Overall, such a hybrid
system has proved to be a promising conguration towards
obtaining the electricity by integrating multiple devices with
different functions, and better performance is expected by
optimum materials design and device structures.

5. Challenges of organic TE materials
5.1 Stability

Despite encouraging TE performances, the thermal stability of
organic semiconductors remains a major issue for practical TE
applications. Most organic semiconductors can only sustain the
temperature below 300 �C, while inorganic materials can be
stable over a broad range of temperatures up to 1000 �C. As a
result, organic TE materials will compete with their inorganic
counterparts mainly in cooling systems and low-temperature
power generators, favorably in exible modules. In this regard,
organic TE materials are more likely to extend the TE applica-
tions rather than replacing the inorganic counterparts.

Studies have shown that the stability of low temperature of
organic TE materials is promising. For instance, it was reported
that PEDOT:PSS lms could be heated in air at 100 �C for over
1000 h with only a minimal change in conductivity.80 Addi-
tionally, de-doped PEDOT–Tos was stable at temperatures from
room temperature up to 100 �C in air.41 Both examples have
opened up possibilities of practical applications for organic TE
materials.

Strategies such as increasing molecular weight and regior-
egularity would help improve the thermal stability of organic TE
materials. In this respect, chemistry plays an important role by
rational design of appropriate molecular structures such as
introducing rigid groups in the backbone or side chains. For
instance, the stability of 2,7-carbazole-based polymers was
highly improved by replacing the vinylene unit by electron-
donating conjugated units such as thiophene or bis(3,4-
ethylenedioxythiophene).17

Ambient stability is another concern for organic TEmaterials
due to the sensitivity of organic semiconductors to moisture
Table 2 Summarized methods in the literature for characterizing the th

Parameters

s

pf

k kin-plane

kout-of-plane

S
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and oxygen. Appropriate encapsulation of the organic lms to
block the adsorption of molecular oxygen and water vapor will
be necessary for practical thermal energy harvesting applica-
tions. Fortunately, vast experiences of encapsulation used in
organic electronic devices—especially exible encapsulation
technology—could largely aid the development for practical
organic TE applications. Specically, there existed several
strategies for encapsulation of organic light-emitting diodes
and photovoltaic cells, including multi-layered barriers formed
via plasma enhanced chemical vapor deposition and atomic
layer deposition, and polymer (e.g., poly(dimethylsiloxane),
PDMS) thin lm encapsulation.81 In addition, encapsulation of
exible organic devices can be done by the lamination process
utilizing optically clear adhesive in the form of gasket.82 The use
of the transparent adhesive as gasket could simplify the
encapsulation process while securing the gas barrier properties
in the sealing section.
5.2 Sample preparation and measurement techniques

Sample preparation is crucial for accurate measurements. The
traditional methods of preparing inorganic TE materials
include ball milling and hot pressing, which are yet unsuitable
for solution-processed organic TE materials. Organic TE mate-
rials are usually in the lm form made by spin-coating and
drop-casting. In particular, in situ oxidative/interfacial poly-
merization/intercalation were employed to fabricate organic/
inorganic TE nanocomposites.19

Owing to the anisotropic behavior of organic TE lms caused
by solution processing, characterization of TE properties
becomes sophisticated with various resulting problems. Yet,
some measurement techniques have recently appeared as dis-
played in Table 2, holding good promise for reliable charac-
terization of organic TE materials. Still, more are awaiting.

Special care should be paid to the TE measurements. For
electrical measurements, the resistance of the organic TE
samples must be several orders of magnitude smaller than that
of the substrates; otherwise, the current would go through the
substrates other than the samples. Oen, the electrical
conductivity is measured by two-contact or four-contact
ermoelectric properties of organic thermoelectric materials

Measurements

(1) Four-contact measurement62,67–69

(2) Two-contact method8

(1) Hall measurement10–12

(2) Capacitance–voltage analysis83,84

(1) Steady-state measurement (100 mm)8

(2) Three-omega (3u) method8

(1) Transient-state measurement: (a) ultrafast pump–probe laser ash
technique70,72 and (b) time domain thermal reectance (TDTR)51

(2) Steady-state method (ASTM D5470)67,68

(3) Three-omega (3u) method8

(4) TCi thermal conductivity analyzer (C-Therm Tech.)51

(1) ZEM-3 system (ULVAC Tech.)72

(2) SB-100 system (MMR Tech.)8

This journal is © The Royal Society of Chemistry 2015
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measurement. The four-probe method is more preferred due to
elimination of the contributions of the current leads or the
contacts in the sample voltage measurement.9 The doping level
or carrier concentration in organic semiconductors can be
characterized by the Hall measurement10–12 or favorably by
capacitance–voltage analysis.83,84 But for the measurements of
Seebeck coefficient and thermal conductivity, self-supporting
lms are usually required, which can be achieved by removal of
the substrates using bulk or surface micromachining (e.g., by a
sacricial layer technology or by selective plasma dry etching).9

For instance, a free-standing PEDOT:PSS lm can be obtained
by the following method.49 A 1 mm thick cross-linked PDMS
lm was prepared in a 20 mL polystyrene bottle. Subsequently,
PEDOT:PSS solution was added and the polystyrene bottle was
heated on a hot plate at 70 �C. Aer removing all the solvents,
the PEDOT:PSS lm was easily detached from the PDMS
substrate. The free-supporting lm was then cut into required
rectangular shapes for measurement. In short, reliable TE
measurement techniques—preferably home-made apparatuses
with customized controls—are highly needed to be developed
for organic thin lms on substrates.

6. Conclusions and perspectives

To conclude, we have reviewed recent advances (update to
September 2014) in organic TE materials, in which tremendous
work has been conducted to offer various strategies of improving
the TE performances. Yet some critical issues in TEs need to be
resolved before their well-developments into the stage where
organic (opto)electronics are. The most challenging issue is the
lack of straight yet reliable characterizationmethods owing to the
state of thin lm and anisotropy of organic TE materials.
Encouragingly, some measurement techniques have recently
appeared as shown in Table 2, yet more are awaiting. Moreover,
an effective combination of experimental and simulation work is
expected to be capable of suggesting feasible strategies for
maximal optimization of organic TE performances. A key to this
end is to clarify both electrical and thermal transport mecha-
nisms of organic semiconductors in TE applications. In this
regard, theoretical models will aid the design of suitable organic-
based nanocomposites and properly engineered interfaces, thus
optimizing the TE performance. Experimentally, it is important
to enhance the crystallinity, control the structure and surface
morphology of organic materials, and optimize the doping level,
thereby collectively leading to the balanced TE properties while
simultaneously engineering an electronic structure that provides
favorable DoS and EF.

Arguably, the optimization of TE performance for organic
materials is just in its infancy. Various methods of doping treat-
ments have been adopted to balance the s and S for a maximum
power factor (S2s). However, excessive doping would generate
detrimental defects and traps, which reduces m and limits S. A
reasonable way of TE optimization is to obtain highly intrinsic m

by careful design of suitable molecular structures of organic
semiconductors—planar and regioregular structures favor
molecular packing and facilitate charge transport. Meanwhile, an
optimal low doping level is maintained, yielding a comparatively
This journal is © The Royal Society of Chemistry 2015
low pf. As a result, smaller s is obtained according to eqn (2.1).
However, reduced s can be compensated by signicantly
improved S due to the low level of doping, collectively giving rise
to the maximum power factor. On the other side, the thermal
conductivity in organic TE materials is generally recognized to be
dominated by kL. Thus another parallel way of TE optimization
would be constructing (quasi-)one-dimensional organic nano-
structures which conne thermal vibrations while beneting the
carrier mobility owing to anisotropic charge transport, or fabri-
cating organic–inorganic nanocomposites where the presence of
grain boundaries and rich interfacial interfaces signicantly
scatter phonons. Both approaches largely decrease kL. Together, it
can be seen that TE property parameters are able to be decoupled
in organic TE materials, in stark contrast to those of conventional
inorganic analogues, therefore showing great promise of organic
TEs. Still, the pursuit of new organic materials with more desir-
able TE properties should move forward. Most recently, the rst-
principles studies of hybrid perovskites—CH3NH3AI3 (A¼ Pb and
Sn), which have recently captured great successes in photovoltaic
applications, have suggested that these systems may be excellent
materials for solar TE applications.85 Theoretical predictions
showed that these perovskites might exhibit (i) large values of
intrinsic m due to small carrier effective masses and weak elec-
tron–phonon and hole–phonon couplings, and (ii) large values of
S owing to the multiply degenerate conduction and valence
bands. The zT values of these perovskites could reach 1 to 2, given
pf on the order of �1018 cm�3.

Ultimately, what makes organic TE materials stand out is the
solution processing of exible TE modules, which is indeed
difficult to realize in inorganic TE materials. Owing to the
advantages of cost-effectiveness, light-weight, and scalable
production methods, organic TE materials hold great promise
in a range of applications such as exed or curved TE module
devices and wearable electronic devices operated by body heat.
Additionally, a vast amount of valuable experiences in exible
organic electronic devices could be utilized for the development
of exible TE modules. Interestingly, cuttable, durable and
transparent TE electronic devices could be achieved through
customized organic materials (e.g., PEDOT:PSS). More impor-
tantly, manufacturing methods such as screen-printing, ink-jet
printing and roll-to-roll printing have been shown to be scalable
methods for production of organic TE generators. With all these
exciting advances in organic TE materials, the development of
personal, portable, and exible thermal modules will no longer
be just a possibility.
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