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Abstract: Compared with inorganic thermoelectric materials,
organic thermoelectric (OTE) materials have attracted increas-
ing attention due to their advantages of low toxicity, high
mechanical flexibility, and large-scale solution processability.
In the past few years, OTE materials have made remarkable
progress in terms of their design, synthesis, and device
performance. However, some challenges remain, including
the low doping efficiency in n-type materials, poor doping

stability with molecular dopants, and the largely reduced
Seebeck coefficient after heavily doping, etc. All these factors
hinder the further development of OTEs for commercial
applications. In this Minireview, we highlight several key
challenges during the development of OTEs and summarize
recent understandings and efforts to address these chal-
lenges.

J

1. Introduction

To date, the best thermoelectric materials are based on
inorganic compounds (e.g. Bi,Te;), which usually contain low
Earth abundance or toxic elements and require complex high
temperature and high vacuum processing routes." Recently,
organic thermoelectrics (OTEs) have attracted ever-increasing
attention because OTEs have shown figure-of-merit approach-
ing those of the inorganic materials at low-temperature range
(<200°C), while keeping good large-area processability and
high mechanical flexibility.”) The thermoelectric performance of
a material is generally evaluated by the dimensionless figure of
merit, ZT,

52
=297 (1)
K

where T is the absolute temperature, S is the Seebeck
coefficient, o is the electrical conductivity, and « is the thermal
conductivity. Organic semiconductors (OSCs) usually have low
thermal conductivities (<0.3 W/mK),®! since they form solids
through van der Waals interactions with poor lattice thermal
conductivity. Hence power factor (PF=5%0) is often used for
evaluating the performance of an OTE material. Besides, to
realize a high-performance thermoelectric device, both p- and
n-type OTEs with comparable performance are required.” To
date, p-type conjugated polymer PEDOT: PSS has shown high
conductivities over 100 Scm™' and ZT values over 0.4;*” and n-
type small molecule A-DCV-DPPTT® can achieve conductivities
over 5Scm™" and ZT values over 0.2 at low-temperature range
(Figure 1). For commercial applications, ZT values over 1 with
good stability are expected. Therefore, further enhancing the
thermoelectric performance (both o and S) of organic semi-
conductors are essential.

The electrical conductivity of a material is determined by its
carrier charge g, electron mobility u, and charge carrier
concentration n: o=gnu. OSCs usually have low charge carrier
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density and thereby low conductivities, both of which can be
effectively enhanced via chemical doping. However, the
efficiency and stability of doping are always unsatisfactory. Low
doping efficiency is often due to the mismatch of the energy
level and the poor miscibility between the OTE materials and
dopants.” After doping, de-doping caused by dopants diffusion
and evaporation can also decrease the electrical
conductivities.” Hence, improving both doping efficiency and
doping stability is a key issue to achieve good electronic
performances of 0SCs.” For all types of thermoelectric materi-
als, the Seebeck coefficient always shows an inverse relation-
ship with charge carrier density, while the Seebeck coefficient
of organic materials decreases significantly after heavily
doping,?” which, to date, is poorly understood and still under
debate.

In this Minireview, we highlight several key challenges in
the development of OTEs and summarize recent progress on
addressing the challenges. For enhancing the electrical con-
ductivity (o), we focus on analyzing factors that may influence
the doping efficiency and doping stability, including energy
level mismatch, miscibility, counterion effects, and dopant
diffusion issues. As for the Seebeck coefficient (S), we try to
present recent understandings on charge transport mecha-
nisms, doping-induced structural and energetic disorders, and
their effects on S. The aim of this review is to provide chemists
some basic knowledge of OTE materials, as well as some
material design strategies and device optimization approaches
for high-performance OTE materials.

2. Conductivity enhancement by doping

Doping organic semiconductors can be realized by field-effect
gating, electrochemically ion injection, and chemical doping
(Figure 2). Field-induced doping often used in field-effect
transistor (FET) configuration can provide low to moderate
charge carrier concentrations (107-10" cm ™) near the dielectric
surface. FET has been used to understand the intrinsic Seebeck
coefficients of conjugated polymer without counterion interfer-
ence on the charge transport properties.” lon-gel based
electrochemical doping, also using a FET device configuration,
can provide tunable and high charge carrier concentrations
through ion injection (>10%° cm™), e.g. 0.2 holes per monomer
for P3HT,"” and is a good approach to understand the charge
transport properties in heavily doped OTEs."” Chemical doping
using a redox reagent can provide low to extremely high
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Figure 1. Chemical structures of some OTE materials and dopants discussed in this Review.

doping concentrations by controlling the dopant/OSC ratio. It
does not need any specific device structure, and is the most
widely used method in doping OTE materials. Chemical doping
can be performed by direct polymer/dopant mixing or by
sequential doping (Figure 2c). Direct mixing is performed by
blending dopant and polymer in solution and then depositing
polymer and dopant on substrate. This method allows better
chemical reactions but may largely affect the OSC film
morphology. In contrast, sequential doping can sustain the
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morphology of the pre-casted high-quality host film via
subsequent immersion, spin-coating, or vapor deposition to
introduce dopants."? In these chemical doping methods,
doping efficiency, counterion effects, and doping stability play
important roles to influence the electrical conductivity. (Fig-
ure 3).

2.1. Energy level

To achieve high doping efficiency, OSCs and dopants with
appropriate energy level offset are usually expected, i.e. for p-
doping, the dopant’s LUMO energy level should be lower than
the HOMO energy level of the OSC, while for n-type doping, the
dopant’s HOMO energy level should be higher than the LUMO
energy level of the OSC. However, in many cases, the
unfavorable offset between dopant and OSCs for charge
transfer can also provide good doping efficiency and TE
performance." This could be attributed to (1) the energy deficit
for charge transfer can be compensated for by the Coulomb
interaction between the ionized dopants and polarons on the
0SCs;"™ (2) the partial charge transfer between dopants and
0SCs;""™ (3) chemical reactions between dopants and 0SCs, e.g.
proton transfer in p-doping"® or hydride transfer in n-doping."'”!

P-type dopants are abundant, containing small-size inor-
ganic oxidants (e.g. FeCl;) or Lewis acid (e.g. BF;), small
molecules (e.g. F,TCNQ), and polymers (e.g. PSS). These p-type
dopants are strong oxidants or acids and can strongly p-dope
OSCs without significantly disrupting the molecular packing,
yielding high electrical conductivities. To date, p-doped OSCs,
especially thiophene-based polymers, can be doped with high
hole concentrations over 10 cm™ and have exhibited high
electrical conductivities over 1000 Scm™ (>5000Scm™' for
PEDOT:PSS;"® >1000 Scm™' of PBTTT).'"” However, only a few
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Figure 2. Schematic illustration of a electrical field-induced doping using a field-effect transistor device configuration; b ion gel based electrochemical doping

by ion injection; c chemical doping process via sequential casting.
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Figure 3. a) Counterion effect with Coulomb traps according to the different doping levels: (1) steep transport barrier at low doping level; (3) flat transport
barrier at high doping level where U(x) is the electrostatic potential for carriers. b) lonized dopant diffusion for dopant anions in the n-type doping system

caused by electrical field biasing and temperature gradient.

n-doped conjugated polymers demonstrated conductivities
over 10Scm™™ This is probably due to the weak reducing
ability and the large size of most n-type dopants. To achieve
good air-stability for n-dopants, they usually have limited
reducing ability, thus preventing their n-doping ability.

Designing suitable n-dopants is challenging since it requires
high reducing ability, good air stability, and adequate miscibility
with OSCs."" Furthermore, the n-doped OSCs also face air
stability issues due to high-lying LUMO energy levels after
doping. Thus, lowering the LUMO energy level of n-type OSCs is
an effective strategy to enhance both n-doping efficiency and
the OTE materials’ stability.®*” Polymers with low LUMO energy
levels are less, and developing electron-deficient n-type con-
jugated polymers is highly desired. Diketopyrrolopyrrole (DPP)
based polymers have shown high mobilities in FETs,”" never-
theless, their performances in n-type OTEs still lag far behind
those of their p-type counterparts.”? To address this issue, our
group designed and synthesized a new diketopyrrolopyrrole
(DPP) derivative, pyrazine-flanked DPP (PzDPP), which displays
the deepest LUMO level among all DPP building blocks
(Figure 4a).”®

Since several studies have suggested that electron-deficient
modification of the donor moiety can enhance the electron
affinity of the D—A polymers,***? we employed an electron-
deficient “donor”, 3,3"-dicyano-2,2'-bithiophene to further lower
the LUMO energy level of the polymer. The polymer, P(PzDPP-
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CT2) showed better planarity and stronger electron affinity
compared to a reference polymer thiophene-flanked DPP
polymer, P(TDPP-CT2). When doped with a commonly used
dopant N-DMBI, P(PzDPP-CT2) film showed higher doping level
as demonstrated by the absorption spectra and other character-
ization methods. The higher n-doping efficiency endows
P(PzDPP-CT2) film with high n-type conductivities of up to
84 Scm™', much higher than that of the reference polymer
(0.39 Scm™). The polymer also exhibited a high PF value of
573 WWm™'K™, which is among the highest in solution-
processed n-doped conjugated polymers. For n-type OTE
materials, lowering LUMO energy level is an effective strategy,
which has been widely employed recently.””

2.2. Miscibility issue

Miscibility is another key factor that strongly influences the
doping efficiency. For a typical doping process, only when the
dopant and OSC have close contact, the doping, either electron
or proton/hydride transfer, can happen,” which requires the
small-molecule dopants to insert into the molecular packing of
OSCs. This process is not trivial and requires good miscibility,
otherwise, the dopant and OSC would form separated phase
and hinder the transport of carrier charges. Recently, several
molecular design strategies to enhance the miscibility have
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Figure 4. a) Energy level comparision for several DPP building blocks and molecular structures the D—A polymers P(PzDPP-CT2) and P(TDPP-CT2). Adapted
with permission from Ref. 38. Copyright 2019 American Chemical Society. b) Strategy on controlling the solution-state P(PzDPP-CT2) aggregates at 1-CN to
achieve the optimal microstructures and miscibility with dopants in the solid state. Adapted with permission from Ref. 38. Copyright 2021 Wiley-VCH Verlag
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been reported, such as the introduction of polar ethylene glycol
(EG) side chains,”® using twisted polymer building block®” and
“kinked” donor moieties.”” Polar groups, such as ethylene glycol
side chains, can interact with the ionized counterions and allow
the counterions to be uniformly distributed in the polymer
matrix. “Twisted” or “kinked” polymer building blocks reduce
the strong m-m interactions in high-mobility conjugated poly-
mers and contribute to efficient diffusion of dopants into the
polymer matrix, achieving higher doping efficiency. However,
these molecular design strategies always result in disordered
molecular packing (EG chains vs. alkyl chains) and poor
interchain interactions (“twisted” or “kinked” vs. planar), thus
leading to significantly decreased charge carrier mobilities and
finally low electrical conductivities. To overcome these limita-
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tions, our group recently reported a general approach to
enhance the miscibility and doping efficiency in conjugated
polymers without modifying molecular structures.” Because of
the strong interchain interactions in high-mobility conjugated
polymers, many studies have reported that conjugated poly-
mers tend to aggregate even in dilute solutions.”” Using
P(PzDPP-CT2) as an example, we found that the polymer
aggregation behavior in solution has a profound influence on
the dopant-polymer miscibility (Figure 4b). P(PzDPP-CT2)
strongly aggregated in poor solvents (e.g. p-xylene) even at
high temperatures. In a good solvent 1-chloronaphthalene (CN),
the polymer can be fully disaggregated at 200°C. More
importantly, conjugated polymers have slow dynamics after
being disaggregated. These features allow us to modulate the
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polymer aggregates by tuning the processing solvents, temper-
atures, and aging time. After carefully tuning the polymer
aggregates in solution, the polymer-dopant miscibility and
doping efficiency in solid-state can be greatly enhanced. The
disaggregated P(PzDPP-CT2) polymer exhibited one order of
magnitude higher conductivities of up to 32.1Scm™', much
higher than the strongly aggregated polymer solutions (e.g., in
p-xylene, 2.6 Scm™). Using the same strategy, the electrical
conductivity of a widely studied n-type polymer N2200 was also
doubled, suggesting that our method could be general for
different types of conjugated polymers.

Apart from engineering polymer structures and processing
conditions, developing highly miscible n-type dopants is also
an effective approach. The most commonly used n-type
dopants are N-DMBI. However, other N-alkyl substituted 1H-
benzimidazoles were also developed.® Different alkyl substitu-
ents on N-DMBI influence the dopant intercalation into the
polymer matrix, and longer alkyl substituents could enhance
the miscibility between dopant and polymer. Recently, Pei and
coworkers reported a new triaminomethane type n-dopant,
TAM (Figure 1), which has an alkyl-substituted guanidine
structure.'””” The counterion of TAM exhibited good miscibility
with the polymer alkyl side chains and can form uniform doping
in polymer matrix without significantly disturbing the polymer
packing in solid state. TAM has a thermally activated doping
mechanism, and thus it is very stable at ambient conditions but
highly active after being heated. By using TAM as the dopant, a
high electrical conductivity over 21Scm™ and a PF over
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51 WWm 'K were achieved in a thick polymer film (>10 pm).
The PF values are much higher than the commonly used N-
DMBI dopant, suggesting a great potential of developing new
dopants to enhance n-doping efficiency.

2.3. Counterion effect

After doping, there exists various charged species including
polaron, bipolaron and ionized dopants in the doped film.
Those ionized dopants attract the carrier with the Coulombic
interaction and exhibit the counterion effect.®" At low doping
level, separated counterions form the steep Coulomb traps
which suppress the mobility. At higher doping level, the
Coulomb traps overlap and decrease the charge transport
barrier (Figure 3a). Due to the influence of transport barrier, the
counterion effect indeed restrict the delocalization of free
charged carriers. Yamashita et al.®*? recently reported an ‘anion
exchange’ approach to overcome the theoretical doping
limitation and reduce the Coulomb interaction between charge
carriers and ionized dopant (Figure 5a). After doping, the p-type
polymer (PBTTT) is oxidized to form polaron or bipolaron, and
the dopant (FATCNQ) is reduced to FATCNQ radical anion. By
immersing in proper ionic liquids, stable and effective anion
exchange can happen, and the FATCNQ™ can be replaced by
different sizes of the anions (Y~) from the ionic liquid. The gain
of the Gibbs free energy is considered as the main driving force
in the anion exchange process, influenced by the size of cations

" -
a L S
N R F N
N Vi I \ Holes
()= Y~ )—<FaTCcNQ -
V4 N >_<:>_< @
N | // PBTTT film
F4TCNQ ,.Holes Coulomb interaction
1417129
¥ /Sls/ 4 PBTTTfim I:b't ?) . -
oulomb interaction - >_< >_<
C1aHag n I LI
PBTTT Free holes
~ X
TFSI ®
PBTTT film g )
b Coulomb ihteraction
M’ Vacuum energy
P(g,2T-T)  shift
S
< _
c GSET
2 -4.15
3 Femi level
. -4.31
11}
-6.33

P(g42T-T)

Figure 5. a) Schematic illustration of the anion exchange process (Li* TFSI~ for example) to enhance the FATCNQ doping efficiency developed by Watanabe
et al. The exchange doping contains three steps: (1) conventional FATCNQ doping process; (2) TFSI~ anion replacing the FATCNQ radical anion; (3) reduced
Coulombic interactions between holes and the larger TFSI™ anions. b) Schematic illustration of the vacuum level shift and ground-state electron transfer
(GSET) between poly (benzimidazophenanthroline) BBL and P(g,2T-T) in the work by Fabiano et al.
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and anions of the ionic liquid. After TFSI~ exchange, the
polymer exhibits near 100% anion exchange efficiency with 2.4
times higher electrical conductivity. Undoubtedly, anion ex-
change is a useful way to fulfill the high-efficiency doping
process. Moreover, charge transport studies reveal that the
conductivity improvement is attributed to both charge carrier
concentration and mobility enhancement, where the latter is
mainly due to the reduced Coulomb interaction between holes
and the larger TFSI™ anions. This approach breaks the wall of
counterion effect and the redox potential limitation by Marcus
theory. Considering the generally existed Coulomb interaction
of ionized dopants, it is important to modulate the counterion
effect for better OTE performance.

If the doping efficiency can achieve 100%, how the counter-
ions effect the electrical conductivity of polymer film? To
answer this question, Sirringhaus and co-workers explored the
potential influential factors by using a similar counterion
exchanging method.® Using PBTTT as the host polymer, they
found that at high doping concentrations, the conductivity is
poorly correlated with counterion size, but strongly associated
with the paracrystalline disorder of the film, which can be
strongly influenced by different counterions. This result sug-
gests that the charge carrier-counterion interactions is negli-
gible in the highly doped polymer films, whereas polymer film
crystallinity is more important.

2.4. Doping stability

Doping stability can be divided into air stability and operation
stability. Usually, air stability can be enhanced by lowering the
LUMO energy level of polymers,®¥ or by using certain kind of
encapsulation.” In the current OTE systems, most of the
dopants are small molecules that easily lead to the phase
segregation from polymer network under electrical field or after
being heated.” Recently, Fabiano and co-workers®® reported a
ground-state charge transfer (GSET) phenomenon in all-polymer
donor-acceptor heterojunctions. When a low ionization poten-
tial conjugated polymer (P(g,2T-T), donor) contact with a
polymer with high electron-affinity (BBL, acceptor), GSET can
occur at the interface of the two polymers (Figure 5b).
Characterization results indicated that the GSET interaction
between the two polymers induced the shift of their vacuum
level, suggesting that the interfacial D—A heterojunction can be
considered as a doping process. Due to the GSET interaction, a
quasi-two-dimensional interfacial layer is formed, which creates
channels for both hole and electron transport, leading to five or
six orders of magnitude higher conductivity than the separated
single layers. Traditional doping methods usually use small
molecules as the dopants, where small molecules are not stable
and movable in the polymer matrix. In this work, polymers are
used as the dopant for each other. By blending the donor
polymer (P(g,2T-T)) with the acceptor polymer (BBL), the
polymer system can exhibit p-type or n-type thermoelectric
properties under different blending ratios. More importantly,
the blended films are very stable with low conductivity loss at
elevated temperatures of up to 200°C even after 20-hour
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heating. This work provides a new concept to apply polymer as
the dopant to realize highly stable polymer-polymer doping
systems.

3. Factors influencing Seebeck coefficient

Seebeck coefficient is the open-circuit voltage obtained
between the two ends of a material under an applied temper-
ature gradient, S=AV/AT. The mobile major charge carriers
(electrons or holes) in an OTE material thermo-diffuse from the
hot side to the cold side to generate the thermal current (J,;)
and thermal voltage(Figure 6a).*” From Mott's transport
theory,?¥ the Seebeck coefficient depends on the slope of the
density of state (DOS) near the Fermi level,

ding(E)
dE ‘EF (2)

S|

where g(E) is density of states and E; is the Fermi level of OTEs.
Usually, the Fermi level will shift according to the doping level
and result in different slopes near the E. The slope of the DOS
is determined by the DOS shape of an OTE material (Figure 6b).
For example, in a pristine polymer film, the polymer packing
can influence the electronic coupling between polymer chains
and further change the DOS shape. After doping, structural and
energetic disorder induced by dopants usually broaden the
DOS, reduce the DOS slope, and decrease the Seebeck
coefficient. Considering the close relationship between Seebeck
coefficient and charge transport properties, Kang and Snyder
proposed a model to describe the mechanisms of electronic
conduction for conducting polymers.®® They use the following
equation to describe the charge transport:

E—E\*
oe.1) = ol () ®

where o¢(E,T) is the conductivity of OTEs functionalized by
energy E and temperature T, and og(T) is a temperature-
dependent but energy-independent parameter, called transport
coefficient. In this model, a transport parameter s is used to
describe different transport behavior and related Seebeck
coefficient. They found that s=1 is typically found in crystalline
semiconductors and metals (e.g. PEDOT:tosylate), while s=3
describes most conjugated polymers that have a thermally
activated conductivity. Although this model provides a good fit
for the Seebeck coefficient and electrical conductivity data in
literature, it does not provide a clear structure-property relation-
ship for designing OTE materials. Therefore, further efforts are
needed to understand the factors that influence Seebeck
coefficient.

3.1. Structural disorder

Structural disorder is the deviation from the idealized polymer
crystalline structure, which can be evaluated by paracrystallinity
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Figure 6. a) Schematic illustration of the generation process of the thermal
activated hole/electron current which definite the Seebeck coefficient. b)
Schematic illustration of how the DOS slope near the Fermi level determines
the magnitude of the Seebeck coefficient (1) the flat DOS shape generating
the equal electron and hole thermal current; (2) the curving DOS shape
generating the net electron current and; (3) the net hole current where f(E,x)
is the Fermi-Dirac distribution function and N(E) is the density of states of
OTEs.

(). This kind of disorder in OTEs changes the electronic
coupling between molecules and adds more energetic disorder,
which results in localized tail states in DOS of OTEs. Many
studies have suggested that the structural disorder, especially
positional disorder, will bring energetic disorder and affect the
final OTE property. Hippalgaonkar and co-workers” explained
how the paracrystallinity influences charge transport and the
Seebeck coefficient. To understand the carrier transport behav-
ior, the authors first built a two-dimensional tight binding
model and calculated the DOS width of a large number of P3HT
molecules with MD simulation and DFT calculation. They
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showed that the paracrystallinity g indeed correlates with the
energetic disorder and the DOS tail. As the g increasing from 0
to 20%, the DOS tail increase indignantly from 0 to 0.8 eV in
P3HT system. Based on the Kang-Snyder model, the authors
introduced the scattering parameter (r) and the effective DOS
(N/w). The relationship between the Seebeck coefficient and
the electrical conductivity is affected by both the scattering
parameter r and the effective DOS. By fitting the literature data
of PEDOT, P3HT and PBTTT, they suggested that an ideal OTE
material needs high carrier concentration N, narrow DOS width
and a proper scattering parameter r=1.5 rather than r=-0.5.
Here, the scattering parameter r value is consistent with the s
proposed by the Kang-Snyder model (s=r+1.5), but the
authors provide more structure-property correlations in the
study. The authors proposed that building regular three-dimen-
sional molecular packing and effective chain orientation are the
key factors to enhance electrical conductivity without sacrificing
Seebeck coefficient.

3.2. Dopant clustering

In a doped system, unreacted dopants tend to aggregate to
form clusters, which undoubtedly brings extra structural and
energetic disorder and affects the DOS shape. Venkataraman
et al*" found that controlling the size of dopant clusters can
modulate the transport parameter s (Kang-Snyder model)
effectively for better OTE performance. The authors employed
two polymers P3HT and PDPPAT for verifying the influence of
dopant clusters. To exclude the uncertainty of the film
morphology damage during doping and de-doping, the authors
used iodine vapor to dope the polymers. With the character-
ization of Kelvin probe force microscopy (KPFM), the authors
found that iodine dopant clusters in the PDPP4T film had a
smoother spatially distribution under high temperatures and a
uniform dopant distribution will lead to narrow energetic
disorder with enhanced Seebeck coefficient at the same
conductivity. Moreover, the authors found that smaller dopant
clusters tend to generate the Gaussian-type DOS distribution
rather than the harmful heavy-tailed DOS distribution, which
reduces the decrease of Seebeck coefficient. Therefore, the
influence of the dopant aggregation cannot be ignored.
Modulating the size of dopant clusters and increasing the
homogeneity of the film is beneficial to enhance the Seebeck
coefficient while maintaining high electrical conductivity.

3.3. Polaron or Bipolaron

Compared with inorganic materials, OSCs are structurally “soft”.
After doping, the backbone structure of an OSC will reorganize
to stabilize the positive or negative charge, producing the
formation of polarons. The presence of polarons distorts the
local molecular structure, shifts the valence and conduction
band positions, and creates new energy levels in the
bandgap,”® e.g. polymer backbone usually reorganizes from
aromatic to quinoid in many cases.*¥ Further charging a

© 2021 Wiley-VCH GmbH
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conjugated polymer leads to the formation of more polarons in
one polymer chain, and two polarons may combine to form a
bipolaron if the bipolaron is more stable. Polaron and bipolaron
can exist simultaneously and both contribute to charge carrier
transport. Usually, for a material, the Seebeck coefficient
decreases as the conductivity increases. Surprisingly, Crispin
and co-workers studied the thermoelectric properties of various
PEDOT samples and found that the simultaneous enhancement
of the Seebeck coefficient and the electrical conductivity of
PEDOT can be achieved after tuning the solid-state molecular
packing.* They observed that through controlling the oxida-
tion level of PEDOT:Tos, the polymer exhibited high electrical
conductivities over 1000 Scm™ but displayed extremely low
EPR signals, indicating the formation of bipolaron species in
plenty. Considering these phenomena closely related to the
molecular packing orders, they proposed that the discrete
energy levels in bipolarons are arranged to form the specific
semi-metallic band structure (Figure 7). In particular band
structures, their Fermi level located by the side of conduction
band and the electron at both sides have an asymmetry
arrangement. Hence, the DOS slope of the Fermi level is greatly
steeper to produce a higher Seebeck coefficient. The formation
of bipolaron in conjugated polymers might benefit the
simultaneous enhancement of electrical conductivity and
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Seebeck coefficient to achieve higher PF values. Nonetheless,
Schwartz et al. recently found that PBTDTP doped with F,TCNQ
exhibits relatively low electrical conductivities (1x107>Scm™)
as the stable bipolaronic carriers have a poor mobility and
barely contribute to conductivity.”® Thus, the controversy on
the bipolaron effects still remains.

4. Summary and outlook

In this review, presenting several representative examples, we
have summarized and highlighted several key challenges in the
development of OTE materials. According to the parameters
that determine ZT values, the discussions are divided into
electrical conductivity and Seebeck coefficient related issues.
Note that the influence factors of these two parameters are
intertwined. For instance, the miscibility issue in conductivity
discussion is clearly correlated with the dopant clustering. The
counterion Coulomb interaction with polaron may influence the
formation of polaron/bipolaron, and further affect the charge
transport and paracrytallinity.*® Therefore, overall consideration
of all these interconnected factors is essential during the
materials design and device fabrication.

Single chain Chains in the solid phase
a b Decreasing disorder c
—————

Conduction

lence band

Valence band

Polaron

In NCE)

Polaron

E Fermi glass Metal (polaron network)
Decreasing disorder
d e e, f
In N(E)
Conduction Binol
band ipolaron

— //,,

i - ...
Valence band

Bipolaron

Fermi glass Semi-metal (bipolaron network)

E

Figure 7. Electronic structure of doped conjugated polymer a energy level structure of single polaron and d bipolaron on the polymer chain; The logarithm of
the DOS InN(E)-E graph for the polymer Fermi glass solid formed by b polarons and e bipolarons, where E; is the Fermi level; InN(E)-E graph for ¢ the metal
network of polarons and f the semi-metal network of bipolarons with less disorder. Adapted with permission from Ref. 38. Copyright 2014 Springer Nature.
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The past few years have witnessed the thriving of OTE
materials in terms of the diversity of their chemical structures,
deep understanding of the doping and charge transport
mechanisms, and enhancement of device performance. Several
OTE materials, including polymers and small molecules, have
shown ZT values over 0.2 for both p- and n-type materials."*
However, compared with the well-studied inorganic counter-
parts, the performances of OSC-based TE materials are still
lagged far behind, and their doping and charge transport
mechanisms are under debate and lack clear guidance for new
material design. We consider that future studies need to focus
on the following aspects: (1) understanding of the complicated
charge transport mechanism of OSCs system with the dopant
induced disorder; (2) the development of diverse dopant,
doping strategy and new OSCs, especially for n-type materials,
since the stability issue of n-type OTE materials is still very
challenging; (3) exploring new application scenarios and device
integration technologies for OTE materials that can outperform
traditional inorganic counterparts, e.g. low-cost and flexible
distributed power generation, such as mobile devices, wearable
electronics, and sensor networks.
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