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TOPICAL REVIEW — Organic and hybrid thermoelectrics
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Organic semiconductors, especially polymer semiconductors, have attracted extensive attention as organic thermo-
electric materials due to their capabilities for flexibility, low-cost fabrication, solution processability and low thermal con-
ductivity. However, it is challenging to obtain high-performance organic thermoelectric materials because of the low intrin-
sic carrier concentration of organic semiconductors. The main method to control the carrier concentration of polymers is
the chemical doping process by charge transfer between polymer and dopant. Therefore, the deep understanding of doping
mechanisms from the point view of chemical structure has been highly desired to overcome the bottlenecks in polymeric
thermoelectrics. In this contribution, we will briefly review the recently emerging progress for discovering the structure–
property relationship of organic thermoelectric materials with high performance. Highlights include some achievements
about doping strategies to effectively modulate the carrier concentration, the design rules of building blocks and side chains
to enhance charge transport and improve the doping efficiency. Finally, we will give our viewpoints on the challenges and
opportunities in the field of polymer thermoelectric materials.

Keywords: conductive polymer, organic thermoelectric material, chemical doping, side chain engineering
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1. Introduction
Thermoelectric (TE) material can realize the direct con-

version of a temperature difference into an electric voltage
by using the migration of carriers inside the materials.[1] Be-
cause of the advantages of simple device structure, control-
lable size, no pollution to the environment, the thermoelectric
energy conversion technologies have attracted extensive atten-
tion from both the academic community and the industry in
recent years.[2] Compared with traditional inorganic TE ma-
terials, organic TE materials, especially conjugated polymer
semiconductors, have the merits of solution processibility, me-
chanical flexibility, low-cost fabrication. They are of great ex-
pectation to be widely used in the field of wearable electronic
devices for power supply.[3]

The thermoelectric performance of a given material can
be evaluated by the dimensionless thermoelectric merit, ZT =

S2σT/κ , where S is the Seebeck coefficient, σ is the electri-
cal conductivity, κ is the thermal conductivity, and T is the
temperature. For polymer semiconductors, due to their low
thermal conductivity (< 0.5 W·m−1·K−1), the power factor,
PF(PF = S2σ), is often used to compare their thermoelectric
properties instead. The intrinsically low carrier concentration
of organic semiconductors and the complex charge transport
model, compared with traditional inorganic semiconductors,
lead to a low electrical conductivity and thus a low power

factor. Moreover, the S and σ are oppositely dependent on
the carrier concentration and often show unfavorable oppos-
ing trends, therefore, the optimization of the power factor is
not straightforward and great attention should be paid to the
synergistic control of carrier concentration and carrier mobil-
ity by chemical doping associated with the design of molecular
structures.

In this review, we summarize the latest research progress
on organic polymer thermoelectric materials from the view of
chemical doping methods and materials design rules. Firstly,
we discuss some efficient doping strategies for significantly
improving the thermoelectric performance. And then, struc-
ture design of polymer backbone and polymer side chains will
be described. Finally, we give our viewpoints on the chal-
lenges and opportunities in this emerging field.

2. Molecular doping of polymer semiconductors
2.1. Understanding about doping mechanism

Chemical doping has been a key method to adjust the car-
rier concentration of polymer semiconductors based on redox
reactions. In a p-type doping process, a dopant with a deep-
lying lowest unoccupied molecular orbital (LUMO) level can
extract an electron from the polymer with a high-lying high-
est occupied molecular orbital (HOMO) level. Similarly, in a
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n-type doping process, a dopant with a shallow HOMO level
can donate an electron to the polymer with a low-lying LUMO
level (Fig. 1). Great efforts have been made to optimize the
doping methods. Shirakawa et al. exposed polyacetylene
to iodine vapor to achieve the doping of polyacetylene and
the electrical conductivity of the doped film reached up to
10 S·cm−1.[4] The small size of iodine molecule has strong
volatility and high reactivity, leading to an obvious perfor-
mance degradation in ambient, which is not suitable for ac-
curate control of carriers concentration and commercial appli-
cation. Nowadays, the widely used dopants consist of Lewis-
acid dopants,[5–8] Brønsted-acid dopants,[9,10] organic conju-
gated small molecule,[11–13] etc. Nevertheless, deep under-
stating about doping mechanism is urgently desired. We will
discuss the recent progress about small conjugated molecules
as dopants below.

Fig. 1. Charge transfer process for n-type and p-type doping process.

2.1.1. Degree of charge transfer

The ideal molecular doping process is to form an ion
pair within the matrix and then all carriers along polymer
chains are mobile and contribute to the electrical conductivity.
However, numerous experiments have shown that complete
integer charge transfer (ICT) is difficult to occur during the
doping process. On the contrary, charge transfer complexes
(CTC) will simultaneously appear and the uncompleted elec-
tron transfer results in a decrease of the amount of carriers per
dopant. Therefore, the existence of CTC, which is ubiquitous
in conjugated molecular dopant and oligomer,[14–17] has be-
come a main drawback to improving the doping efficiency.

The formation of CTC state is related to the stability
of charge transfer state. Many works have proved that the
ICT state is kinetically occurred in the process of molecu-
lar doping while CTC is a more thermodynamically favored
state. Watts et al. systematically studied the conversion pro-
cess from ICT to CTC in the P3HT/F4TCNQ system over time
(Fig. 2).[18] Through a combination of infrared and photoelec-
tron spectroscopies, the conversion of ICT state to the CTC
state was monitored over time accompanied by a significant
conductivity decline.

To improve the doping efficiency, it is necessary to sup-
press the formation of CTC. Stanfield et al. have found that
polymers with high crystallinity could restrain the formation
of CTC, but that fractional charge transfer would still occur to
some extent even in the doped crystalline film by vapor deposi-
tion of dopant.[19] It also has been proved that thermal anneal-
ing could effectively convert CTC to ICT. It is known that the
formation of CTC requires π-stacking of the dopant and poly-
mer, which is kinetically difficult to achieve in highly crys-
talline regions. This makes sense that the design of conductive
polymers should pursue crystalline ICT states for charge trans-
port and let possible CTC states stay in amorphous regions to
avoid the deleterious effect on the charge transport.

Fig. 2. The Fourier infrared spectrum and conductivity changes of ICT tran-
sition to CTC over time.[18]

2.1.2. Double doping of conjugated polymers

Conventional wisdom posits that each dopant produces
only one carrier. However, due to the existence of incomplete
charge transfer, the doping efficiency is usually below 10%.[9]

Therefore, large amounts of dopants are needed to pursuing
a high doping efficiency and excess dopants act as impuri-
ties impeding the charge transport. Surprisingly, Kiefer et al.
has shown that small conjugated p-dopants, such as 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ), can
truly accept two electrons per dopant (Fig. 3) from conjugated
polymers with a low ionization potential.[13] The characteristic
peaks of F4TCNQ dianions were detected in the doped films,
confirming the occurrence of the double doping process. This
means that the doping efficiency can even reach up to 200%.
Therefore, this “double doping” can effectively improve the
electrical conductivity of the polymer up to 100 S·cm−1. This
work demonstrates that, to achieve double doping, the ioniza-
tion energy (IE0) of the polymer should be lower than both the
electron affinity (EA0) of the neutral dopant and the electron
affinity (EA) of its anion. That suggests that the low ionization
energy of the polymer is the key factor for high doping effi-
ciency and all-donor backbone with polar oligoethylene gly-
col side chains would be a good design strategy for achieving
double doping and high electrical conductivity.
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Fig. 3. Chemical structures of (a) F4TCNQ, Li+F4TCNQ•− 2Li+F4TCNQ2− and (b) p(g42T-TT). UV-vis absorption spectra (c) and FTIR ab-
sorption (d) of the cyano stretch vibrations of neutral F4TCNQ, Li+F4TCNQ•− and 2Li+F4TCNQ2−. UV-vis absorption spectra (e) and FTIR
absorption (f) of the cyano stretch vibrations of undoped p(g42T-TT) films and films doped with 10 and 20 mol% F4TCNQ.[13]

2.2. Generals of doping strategies for high thermoelectric
performance

Electrochemical doping was employed to dope polymer
semiconductors in an early stage. Electrochemical doping of-
ten involves heavy doping of polymer materials accompanying
with electrochemically polymerization, such as the prepara-
tion of PEDOT:PSS.[20] The polymers obtained by this method
usually show high electrical conductivity. Nevertheless, the
polymers cannot be dissolved in common solvents, resulting
in difficulty to control the film microstructure. In contrast, the
chemical doping method shows a wider range of applications
in electronic devices. Traditional chemical doping methods
include dipping doping,[21,22] single-solution blending[23–25]

and sequential doping.[26–29] The development of the doping
method aims to reduce the interruption from dopants on the
packing of polymer chains. For example, for sequential dop-
ing, the pure polymer is deposited first and then the molecu-
lar dopant is deposited on the polymer film so that the mor-
phology of the polymer is largely preserved. Recently, a hy-
brid doping method (Fig. 4) was proposed by Kim’s group, in
which the solution blending and the sequential doping method
were combined together.[30] They proved that the crystalline
region and amorphous region of P3HT and PIDF-BT films
could be fully doped, and the conductivity could be increased
to 81.5 S·cm−1 and 639.1 S·cm−1, respectively, which is 2–3

times higher than that of the sequential doping method.

Fig. 4. Schematic diagram for (a) mixture blending, (b) sequential soaking,
and (c) hybrid doping processes of the pristine and doped-P3HT.[30]

Traditional chemical doping is the charge transfer be-
tween the polymer semiconductor and the dopant to gener-
ate polarons on the polymer backbone. When the polarons
or charge complexes can be successfully dissociated into free
carriers, the doping efficiency can be greatly increased. Anion-
exchange doping, different from chemical doping, was pro-
posed by Yamashita et al. In their work, negative F4TCNQ
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ions produced by chemical doping could be exchanged by

ionic liquid (Fig. 5), which results in high doping efficiency as

almost one charge per monomer unit.[31] The driving force of

spontaneous anion exchange progress is mainly derived from

the entropy increase effect of the mixed system. The doped

film was immersed in an ionic liquid (such as EMIM-TFSI)

with high swelling characteristics to complete the ion–anion

exchange process. By changing the anions and cations of ionic

liquids, they found that an ionic liquid composed of small

cations and large anions would achieve the high doping con-

centration and anion exchange efficiency.[31]

Murrey et al. found that ion exchange is beneficial for
polymers with high ionization energy to achieve high doping
efficiency.[32] For a polymer, PDPP-2T, with a high ionization
energy, the anion exchange of FeCl3-doped film with TFSI
spontaneously occurs and the doping level can be increased by
approximately > 10% after anion exchange. Much research is
needed to address the effect of anion exchange on polaron de-
localization, the polymer film morphology, and the stability
of the doped film in the presence of external ions. Further-
more, the high Seebeck coefficient possibly attributed to the
ionic Seebeck coefficient after ion exchange should be care-
fully taken into consideration.

Fig. 5. Anion-exchange doping process. (a) Conventional molecular doping and (b) anion-exchange doping. The inset at the top right shows the
chemical structures of PBTTT and F4TCNQ.[31]

3. Optimization of polymer chemical structure
3.1. Design and optimization of polymer backbone

The polymers should have suitable HOMO/LUMO en-
ergy levels to achieve charge transfer in the process of molec-
ular doping.[33] The modulation of backbone has been demon-
strated to be an effective approach to adjust the energy level
in organic thin film transistors and solar cells.[34–36] There-
fore, the design of the polymer backbone is important to
regulate the molecular orbital energy level and band gap to
achieve effective molecular doping (Fig. 6). The representa-
tive TE polymers are donor–donor polymers with low ioniza-
tion energy, such as PEDOT, P3HT or PBTTT (Table 1). Re-
cently, Gregory et al. synthesized three analogues of poly (3-
alkylthiophene) by substituting S atom with Se and Te in the
thiophene cores.[37] It is found that the polymer with Te atom
was the easiest one to be doped compared with other two poly-
mers. The electrical conductivity increases as they change the
heteroatom from S to Se and to Te, while the thermopower fol-
lows the opposite trend. Finally, an optimized thermoelectric
performance with a power factor of 13 µW·m−1·K−2 was ob-

tained for the Te-substituted polymer. Scholes et al. achieved
the control of polymer energy levels by statistically replace
some of the 3-hexylthiophene units with 3-heptylselenophene
units along the main chain of P3HT.[38] Although the increase
of 3-heptylselenophene content decreases the band gap of the
polymer, the change of conductivity is not monotonic with
fractional selenophene composition. They further proved that
the crystallinity of the doped state is the dominant factor that
influences the properties of the highly doped semiconducting
polymer films.

Fig. 6. Structures of D-D type polymer, A-A type polymer, and D-A type
polymer.
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Table 1. The electrical conductivity, Seebeck coefficient and power factor of representative p-type thermoelectric materials recently reported.

Polymer/dopant σatmaxPF (S·cm−1)) SatmaxPF (µV·K−1) PFmax (µW·m−1·K−2) Doping method Ref.

PEDOT:PSS 265 400 23.5 Electrochemical de-doping [39]

PEDOT:PSS 2170 39.2 334 Treated with H2SO4/NaOH [40]

PBTTT/F4TCNQ 670 42 120 Vapor doping-annealed/OTS treated [41]

P3HT/TFSI 50 N/A 26 Soaking [42]

P3HT/FeCl3 45 122 56 Sequential-drop-cast [43]

PDPP3T/FeCl3 86 226 276 Sequential-drop-cast [43]

P3RSe/FeCl3 52 89 13 Soaking [37]

PDPPSe-12/FeCl3 997 70 300 Soaking [44]

PCQ/Gav N/A 600 10 Solution blending [45]

pBBTa26-2T/F4TCNQ 43.1 N/A 11.8 Soaking [46]

PPy/Nap 78.27 5.23 0.21 Solution blending [47]

pBBT-2T-TT/ FeCl3 287 65.4 65.2 Sequential solution [48]

PCDTFBT/F4TCNQ 8.73 946 31.5 Solution blending [49]

PCDTPT/F4TCNQ 5.13 878 21.8 Solution blending [49]

PDPP(6-DO)2TT/CN6-CP 70 N/A N/A Solution blending [33]

p(g42T-T)/ F4TCNQ 100 N/A N/A Solution blending [50]

PCPDTSBT/B(C6H5)3 7.47 426.75 7.73 Solution blending [51]

PDPP-g32T0.3/ FeCl3 360 56 110 Soaking [52]

Fig. 7. Chemical structures of p-type thermoelectric polymers mentioned in Table 1.
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The polymer crystallinity plays a key role in film mobil-
ity. The proper choice of building block for polymer backbone
would allow strong interchain interaction providing smooth
charge transport paths. Compared to all-donor conjugated
polymers, alternative donor–acceptor (D-A) polymers have
been used as thermoelectric materials due to their high intrin-
sic carrier mobility. So far, few D-A polymers have shown
promising TE performance.[53] Most D-A polymers are dif-
ficult to be doped because of their low-lying HOMO level
mismatched with common dopants.[54] Therefore, improving
the doping efficiency of the D-A polymer is challenging and
meaningful for high thermoelectric properties. The doping
efficiency of the D-A polymers can be improved by intro-
ducing strong donor units. By copolymerizing two different
donors with a typical electron acceptor unit, diketopyrrolopy-
rrole (DPP), Zhong et al. synthesized two D-A polymers.[55]

By adjusting the the initial carbazole (CZ) donor unit to reg-
ulate the electron donating ability, the polymer with strong
donor cores, dithieno[3,2-b:2′,3′-d] pyrrole (DTP), was easier
to be doped. The power factor of PDTP-DPP can be enhanced
up to 85.5 µW·m−1·K−2 through the synergistic effect of ther-
mal activation and thermal induced dedoping.

Li et al. synthesized a polymer P(BDTTT-DPP) with
two-dimensional structure by introducing a highly two-
dimensional electron donor unit, BDTTT, into the main chain
of the polymer.[56] Compared with its analogue with one-
dimensional conjugated backbone, P(BDTTT-DPP) shows a
higher doping efficiency and its power factor is 26 times higher
than that of its analogue doped with FeCl3. The morphology
analysis further indicates that P(BDTTT-DPP) maintains short
π–π stacking (010) distance after the doping process and the
longer lamellar stacking distance allows FeCl3 dopant staying

between the side chains, resulting in favorable crystallinity and
carrier transport.

Fig. 8. (a) Molecular structures of studied polymers PCZ-DPP and PDTP-
DPP. (b) The temperature-dependence of σ curves of the samples doped
with 0.025 mol/L FeCl3 at 10 min.[55]

Many works have demonstrated that the mobility of
doped films decreases with the addition of dopants due to the
disruption of the nanostructure at high dopant concentration,
which limits the improvement of conductivity and thus power
factor. Li et al. proposed that the random copolymerization of
functional building blocks is a simple but effective strategy to
synergistically improve the doping efficiency and mobility.[52]

They polymerized the D-A type and all-donor type building
blocks with glycol side chains to obtain a series of new random
copolymers (Fig. 9). Strong D-A interchain interactions main-
tain a high degree of crystallinity for efficient charge trans-
port while electron-rich units contribute to the increased dop-
ing level. In addition, these polymers show higher Seebeck
coefficients than that of all-donor polymers because of the al-
ternative monomer sequence providing more energetic disor-
der and tuning the shape of density of states (DOS).[57] As a
result, high PF over 110 µW·K−2·m−1 is obtained for PDPP-
g32T0.3 copolymers.

Fig. 9. Schematic diagram of different types of polymer doping. Random copolymer structure and thermoelectric lifting mechanism.[52]

028203-6



Chin. Phys. B 31, 028203 (2022)

Table 2. The electrical conductivity, Seebeck coefficient and power factor of some representative n-type thermoelectric materials recently reported.

Polymer/dopant σatmaxPF (S·cm−1) SatmaxPF (µV·K−1) PFmax (µW·m−1·K−2) Doping method Ref.
P(NDI2OD-T2)/N-DPBI 2×10−3 3074±77 1.84±0.13 Solution blending [60]
PNDIClTVT/NDI-TBAF 0.20 1854 67 Solution blending [61]

ClBDPPV/N-DMBI 4 -206 17 Solution blending [62]
FBDPPV/N-DMBI 14 141 28 Solution blending [62]

LPPV/N-DMBI 1.1 −133 1.96 Solution blending [59]
P(PzDPP-CT2)/N-DMBI 32.1 / / Solution blending [63]
TBDOPV-T/N-DMBI-H 62 −130 106 Solution blending [64]
FBDPPV/(RuCp*mes)2 0.86 −113 1.1 Solution blending [65]
FBDPPV/(N-DMBI)2 8 −93 7 Solution blending [65]

UFBDPPV/N-DMBI-H 16.0±2.1 −94±3.5 11.6±0.3 Solution blending [66]
PBN-19/TDAE 7.8 178.8 24.8 Sequential vapor [67]

PCNI-BTI/N-DMBI-H 14.5 −83 10 Sequential solution [68]
PDTzTI/TDAE 4.6 −128 7.6 Sequential vapor [69]

pNB-TzDP/N-DMBI 11.6 −214 53.4 Solution blending [70]
PNDI2C8TEG-2Tz 1.5 −346 18 Solution blending [71]

The design rules of backbone for high mobility and dop-
ing efficiency are also suitable for n-type TE polymers (Ta-
ble 2). Reducing the LUMO level of n-type polymer is a
key point for high doping level and film stability. Han et
al. reported high electron conductivity of 38.3 S·cm−1 and
16.1 S·cm−1 by coupling difluoro and dichloro-substituted
BDOPV with dichlorodithienylethene, respectively. Chlori-
nated polymer doped by N-DMBI shows excellent air sta-
bility due to its high crystallinity and ordered molecular
packing.[58] Yang et al. gave an example that the intro-
duction of carbon–carbon double bonds and strong electron-
withdrawing carbonyl groups into polymer backbone (Fig. 10)
leads to a n-type polymer with torsion-free backbone and deep
LUMO levels.[59] The new polymer showed a high electri-
cal conductivity up to 1.1 S·cm−1 and power factor up to
1.96 µW·m−1·K−2 with excellent air stability.

Fig. 10. The design rules and chemical structure of rigid coplanar LPPV.[59]

3.2. Advances of polymer side chain optimization

The modification of side chains is an important design
consideration in addition to the polymer backbone. The
function of side chains includes controlling energy level, ad-
justing dielectric constant, and ensuring compatibility with
dopants, which goes beyond its common ability to increase
polymer solubility. Many studies have shown that the struc-
tures of polymer side chain have a great impact on the crys-
tallization behavior, morphology and electronic properties of
polymers.[11,50,72] Thus, the modification of polymer side
chains has become promising strategy to optimize the TE

performance. Next, we will introduce some representative
achievements in side chain design of conductive polymers.

Oligo ethylene glycol side chains have been demonstrated
to improve the polymer doping efficiency as well as film
processability. Kroon et al. synthesized a polymer, p(g42T-
T) (Fig. 12), with oligo ethylene glycol side chains attached
on the thiophene units.[50] It was verified that the dopant
F4TCNQ prefers to interact with the polar side chain, greatly
improving the doping efficiency and gaining a high conductiv-
ity of about 100 S·cm−1.

Compared with traditional alkyl side chains, polar side
chains can significantly reduce the aggregation of dopant
molecules, which contributes to the homogenous distribution
of dopant molecules in the matrix. By introducing polar side
chains, the doping efficiency and thermal stability can be en-
hanced in n-type TE materials. Liu et al. synthesized poly-
mer semiconductors with polar side chain substituted D-A
structure (Fig. 13) and obtained the highest conductivity up to
0.17 S·cm−1 doped with n-DMBI.[73] In addition, they further
proved that the existence of amphipathic side chain, contain-
ing an alkyl chain segment as a spacer between the polymer
backbone and an ethylene glycol type chain segment, can re-
duce Coulombic interaction and contribute to a higher Seebeck
coefficient for a given electrical conductivity. As a result, an
optimized power factor of 18 µW·m−1·K−2 was achieved in
the doped n-type polymer film.[71]

Li et al. synthesized a series of polythiophene polymers
(Fig. 14) by inserting sulfur atoms between the main chain
conjugated unit and the alkyl side chain.[74,75] The results
showed that the sulfur in the side chain acted as the binding
sites for the dopants so that the addition of dopant will negli-
gibly affect the packing of polymers and induce strong inter-
chain interactions, resulting in smooth charge transport chan-
nels along π–π stacking direction. Moreover, the alkylthio-
substituted polymers have high thermal stability and environ-
mental stability after doping.
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Fig. 11. Chemical structures of n-type thermoelectric polymers mentioned in Table 2.

Fig. 12. Synthesis scheme of p(g42T-T) and its chemical structure.[50]

Fig. 13. The chemical structures of N2200, n-DMBI, and TEG-N2200.[73]

Fig. 14. Chemical structure, conductivity after doping of PTQ12, PTQS12
and PDTDE12.[75]

The conductivity of the doped polymer can be greatly
affected by the length of the alkyl side chain. Liang et al.
synthesized fluorene benzothiazole conjugated polymers with
different lengths of alkyl side chains.[72] Although three poly-
mers show similar optical, thermal and mechanical proper-
ties, the length of the alkyl chain has an obviously effect
on the morphology of the conjugated polymers. The poly-
mer with short alkyl chain shows a higher conductivity than
that of the polymers with long alkyl chain while the See-
beck coefficient is negligibly influenced by the alkyl chain
length. In addition, the isomerization of the side chain
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also has a great influence on the crystallinity of the poly-
mer. The existence of side chain branching site reduces
the stacking of the main chains and improve the doping ef-
ficiency ascribed to the steric hindrance effect. Yoon et
al. synthesized four indigo polymers with different types
of alkyl chains (Fig. 15).[76] They found that charge carrier
mobilities and diffusion efficiencies of the molecular dopant

Fig. 15. Chemical structures and synthesis routes of PIID-TT derivatives
with different side chains (a) and the TE properties of polymers with differ-
ent alkyl length (b).[76]

Fig. 16. Chemical structures and power factor of PCPDTSBT and
PCPDTBT.[51]

are dependent on the size of the alkyl chains. That means
amorphous polymers with bulkier alkyl chains show efficient
dopant diffusion although their carrier mobility is relatively
lower than that of crystalline polymers. The trade-off re-
lationship between mobility and dopant diffusion by side-
chain modification gave an optimized power factor up to
37.8 µW·m−1·K−2.

Lee et al. proved that the introduction of sp2-hybridized
olefinic bis(alkylsulfanyl)methylene side-chains with the ex-
tended chain planarity has a great contribution to the
strong interchain packing and film mobility.[51] Compared
to PCPDTBT with normal ethylhexyl substituents, the
sp2-hybridized olefinic substituted PCPDTSBT, doped with
Lewis acid B(C6F5)3, shows a higher electrical conductiv-
ity of 7.47 S·cm−1 and thus an enhanced power factor of
7.73 µW·m−1·K−2 (Fig. 16).

4. Conclusions and perspectives

Compared with inorganic semiconductors, there is still a
long way for thermoelectric polymers to approach commer-
cial applications. Although the ZT value has been improved
up to 0.2 profited from materials design and film processing,
the conductive polymers with high TE performance are still
rare. Polymer design strategies based on in-depth understand-
ing of the structure-property relationship are urgently required.
Especially, two crucial factors, carrier concentration and car-
rier mobility, are strongly related to the modulation of carrier
transport property. The carrier concentration is generally ad-
justed by chemical doping which can cut both ways. The in-
creased carrier concentration is usually accompanied by the
addition of a large amount of dopants with part of them acting
as impurities to damage the charge transport. Therefore, high
doping efficiency with much low dopant concentration is of
great importance to break the balance between carrier concen-
tration and mobility. To realize this, more attention should be
paid to the development of new dopants as well as the ratio-
nal design of polymer structure to obtain good miscibility and
overcome Coulomb binding energy between dopant anion and
holes along the polymer backbone.

Molecular doping mechanism is still inadequately under-
stood. It is well known that the charge transfer process plays
a key role in the doping efficiency. However, how the charge
transfer complexes overcome Coulomb binding energy, then
convert into free carrier and finally contribute to conductivity
is still a controversial issue. In particular, a myriad of transport
models can be used for doped polymers. It is still challenging
to propose a general description for transport in lightly doped
film or heavily doped film. The lack of deep understanding
how charges move through polymers has been one of bottle-
necks for designing high-performance TE materials.
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The optimization of Seebeck coefficient during the im-
provement of electrical conductivity is largely unexplored.
Since Seebeck coefficient and electrical conductivity are in-
versely correlated, the decoupling of these two parameters is
tough but of vital importance for developing thermoelectric
materials with high power factors. The modulation of density-
of-states has been demonstrated to obtain high Seebeck coef-
ficients. However, this method is just realized in two polymer
blends. A simple and universal system with comprehensively
physical explanation is lacking so far.

Besides the alternative D-A polymers, emerging block
copolymers, random copolymers, and so on, can be new de-
sign strategies to control the morphology and electronic prop-
erty of conductive polymers. All these progresses in material
design combined with processing strategies and nonconven-
tional module architectures open opportunity to realize practi-
cal application of polymer-based thermoelectric materials and
devices. It is a promising direction for future research to re-
alize large-area and printed polymer TE films applied in flexi-
ble power generators, thermal management devices, and multi-
parameter sensors.
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[9] Lüssem B, Keum C M, Kasemann D, Naab B, Bao Z and Leo K 2016

Chem. Rev. 116 13714
[10] Kim G H, Shao L, Zhang K and Pipe K P 2013 Nat. Mater. 12 719
[11] Gao, Weiying, Kahn and Antoine 2001 Appl. Phys. Lett. 79 4040
[12] Kulkarni C, van Son M H C, Di Nuzzo D, Meskers S C J, Palmans A

R A and Meijer E W 2019 Chem. Mater. 31 6633
[13] Kiefer D, Kroon R, Hofmann A I, Sun H, Liu X, Giovannitti A, Ste-

gerer D, Cano A, Hynynen J, Yu L, Zhang Y, Nai D, Harrelson T F,
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