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Abstract

Conducting polymers have drawn considerable attention in the field of wearable and implantable 

thermoelectric devices due to their unique advantages, including availability, flexibility, lightweight, 

and non-toxicity. To date, researchers have made dramatic breakthroughs in achieving high-

performance thermoelectrics; however, the figure of merit ZT of conducting polymers is still far below 

that of the high-performance thermoelectric Bi2Te3-based alloys at room temperature. This challenge 

lies in the complex interrelation between electrical conductivity, Seebeck coefficient, and thermal 

conductivity. In this review, we overview the state-of-the-art on conducting polymers and their 

thermoelectric devices, starting with the summary of the fundamentals as well as several well-accepted 

theoretical models. Furthermore, this review examines the key factors determining the charge transport 

mechanisms in this family of materials and previously reported optimization strategies are discussed 

and classified. Finally, this review further introduces several favourable device fabrication techniques 

including illustrating and demonstrating the performance of several typical thermoelectric prototypes, 

which highlights the bright future of polymer-based flexible thermoelectric devices in wearable and 

implantable electronics.
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1. Introduction

Exploiting abundant waste energy, to generate green electricity power is a viable solution to solve 

both energy shortage and environmental pollution directly caused by the massive consumption of fossil 

resources [1-6]. Thermoelectric (TE) technology converts heat directly to electricity and thereby has 

attracted considerable attention [7-10]. This technology applies materials that are known as TE 

materials for their ability to produce electrical potential with temperature gradient at two ends based 

on the Seebeck effect [11]. Figure 1a shows the progress of TE materials since the discovery of the 

Seebeck coefficient, S. Other than thermal couples, a device used for TE power generation is named 

as TE generator (TEG). However, one single thermoelement can only produce rather small TE voltage 

and output power. Therefore, a TEG normally consists of a large number of n-type and p-type 

thermoelements alternatively connected electrically in series and thermally in parallel so that 

sufficiently high TE voltage and output power can be obtained to power electronics [12].

TEGs possess many merits. For examples, TEGs operate in a silent and green mode since no 

harmful by-products are produced during their operation. TEGs are also able to obtain electrical power 

from low-grade heat at low temperature, and generally have a long working life [13]. These merits 

enable TEGs being considered for broad applications where traditional engines are not suitable, and 

this attracts both scientists and engineers to develop and synthesize better TE materials over the past 

two centuries. So far, many state-of-the-art inorganic materials, such as bismuth telluride (Bi2Te3)-

based alloys [14-16] and SnSe [17], have been developed. Apart from these TE materials, the emerging 

conductive polymers (CPs) and related materials attract significant attention from when they were 

synthesized in a laboratory in 1973 [18]. These materials are composed of abundant elements, mainly 

carbon, oxygen, sulfur, and nitrogen, making them non-toxic, easily available, and flexible, as shown 

in Figure 1b. Additional merits are their environmental stability, low weight, and typically low thermal 

conductivities [19]. These merits make CPs promising materials for applications in TEGs.
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A TEG made of CPs is termed as flexible TEG (FTEG) due to its excellent flexibility. The FTEGs 

can be applied to power micro-watt electronics such as sensors or watches. Implantable devices based 

on the nontoxic FTEGs may also be suitable to supply power for heart pumps [20]. Such applications 

of FTEGs are favoured in applications where the FTEGs exploit human body heat instead of chemical 

energy [21]. With the higher figure of merit ZT of CPs, the energy efficiency of an FTEG increases, 

as shown in Figure 1c. Notably, when ZT of the TE material reaches 1, the efficiency is 1 % with a 

hot end temperature of 36.5 ℃. With such a small temperature gradient, even the Carnot engine shows 

an efficiency of not higher than 6 %. Therefore, the suitable applications for FTEGs should be at the 

micro-watt level to serve as a power source by exploiting the body heat. Here, ZT is used to 

quantitatively evaluate the performance of TE materials. Its definition is given below [22-26]:

(1)𝑍𝑇 =
𝑆2𝜎𝑇

𝜅

where σ represents the electrical conductivity, κ denotes the thermal conductivity, and T is the absolute 

temperature. Particularly, S2σ is defined as the power factor used to evaluate the output power of TE 

materials. The energy conversion efficiency is given by the following formula [20]:

(2)𝜂 =
𝑇h ― 𝑇c

𝑇h ( 𝑍𝑇avg + 1 ― 1

𝑍𝑇avg + 1 + 𝑇c 𝑇h
)

where Th and Tc are respectively the hot end temperature and cold end temperature. ZTavg is estimated 

by the average ZT at a particular temperature ranging from Th and Tc.
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Figure 1. a) Progress in the development and application of thermoelectric (TE) materials since the 

discovery of the Seebeck effect; b) Merits of conducting polymers (CPs); c) Theoretical conversion 

efficiency of CPs-based flexible TE generators (FTEGs) for commercial applications.

CPs are not composed of rigid crystal structures which generally exist in crystalline inorganic 

materials. Such dissimilarity disables the common strategies used for the performance improvement 

of inorganic TE materials, e.g., band or nanostructure engineering [27-34], to be applied to enhance 
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the TE properties of CPs. In fact, their unique molecular structure requires different approaches 

including doping [35-38], secondary doping [39-41], polymerization [42,43], post-treatment [44-47], 

and hybridization [48,49]. To date, the highest ZT of CPs-based TE materials had been improved to 

0.42 [50] and 0.58 [48] for pure poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 

(PEDOT:PSS) and PEDOT/Bi2Te3 at room temperature, respectively. The former work presented a 

decent TE performance of pure CPs by ethylene glycol (EG) post-treatment, while the latter work 

adopted physical vapor deposition (PVD) and vapor phase polymerization (VPP) techniques to 

hybridize the PEDOT matrix and Bi2Te3 filler to exploit both high S2σ of Bi2Te3 and low κ of PEDOT, 

resulting in the highest ZT of CPs-based TE material so far. These two pieces of work as well as other 

studies [49,51,52] suggest that further ZT improvements in CPs-based TE materials are achievable by 

suitable optimization methods [53,54]. Although researchers have achieved considerable progress on 

CPs-based thermoelectrics, it should be noted that compared to most conventional inorganic TE 

materials (ZTs > 1.0), CPs-based TE materials still show relatively low ZTs, and their application 

temperatures are always lower than that of inorganic materials due to the fact that CPs can be damaged 

by high temperatures. Generally, although CPs have received extensive attention in thermoelectric 

research fields, there is still a huge gap in their applications. Therefore, more emphasis should be 

placed on basic research issues. For example, the challenges lie in the decoupling of σ and S to realize 

synergetic enhancement in these two electrical properties, and this will require a deeper understanding 

of the charge transport within the polymers due to their morphological complexity [55]. Similarly, 

there are other considerable challenges including the development of theoretical models, the in-depth 

understanding of the organic-inorganic interaction mechanisms in hybrid-based materials, the 

topological design of FTEGs, the standardization of CPs-based TE materials and devices, the 

commercialization of FTE devices, and the interdisciplinary applications of CPs-based TE materials 

and devices.
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Over the decades, there have been some reviews covering two aspects of CPs: strategies used to 

enhance the TE performance of CPs and the potential applications of CPs-based FTEGs in low power 

portable electronics [56-59] and the physical basics of charge carrier transport in CPs [60,61]. 

Therefore, a comprehensive review covering recent theoretical studies and summarizing those 

proposed models is highly essential. To achieve this goal, this review starts with recent theoretical 

work on CPs and several well-known models. Meanwhile, the underlying physics of charge carrier 

transport are also discussed in detail. With regard to the performance optimization of CPs, several 

significant factors affecting the TE properties of CPs including oxidation level, morphological 

crystallinity and filtering effect, and their correspondent strategies are elucidated. Moreover, we have 

also reviewed several typical prototypes and their correspondent device fabrication techniques reported 

recently. By performance analysis, some of these prototypes presented power output high enough to 

sufficiently power portable electronics, which appreciates the significance of proper structure design 

for FTE devices. Lastly, we figure out the controversies, challenges, and outlooks toward future 

developments of FTE materials and devices.

2. Fundamentals for Conducting Polymers

This chapter firstly builds up a connection between the unique structures and electrical properties 

of CPs. Generally, the special molecular structures of CPs (sp2 hybridization and backbones) enable 

the excitation of π bond electrons and the viable transportation for those excited electrons [13]; 

however, that is not sufficient for high electrical performance. The intrinsically low quinoid (favoured 

for uncoiled structures) percentage hinders the effectiveness of electronic charge transport [62]. 

Therefore, strategies, such as increasing the doping level or controlling the polymerization rate [63,64], 

should be applied to depress the benzoid structure. These strategies also lead to a narrower bandgap 

between the valence band (Highest Occupied Molecular Orbital, HOMO) and conduction band 

(Lowest Unoccupied Molecular Orbital, LUMO), making CPs more like metals in terms of the band 

structure [65]. The quinoid and benzoid structures further form crystalline domains and disordered 
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regions in CPs where charge carriers behave very differently. Excited charges directionally move in 

the crystalline domains like in metals, while excited charges transfer in the disordered regions with 

thermally-assisted hopping or fluctuation-induced tunnelling. The efficiency of electronic charge 

transport in a crystalline domain is much higher than that in a disordered region since both hopping 

and tunnelling are transport pathways with low carrier mobility µ. As a result, promoting the formation 

of crystalline domains strongly improves the electrical performance of CPs.

In the second part, several typical theoretical transport models for CPs are summarized. Due to 

the non-crystalline structure of CPs, the band theory suitable for crystalline materials cannot be applied 

to describe the transport mechanism in CPs. Therefore, exploiting other ways to understand how the 

charge carrier transport occurs in CPs is essential. However, there is no universal theory for CPs due 

to their complicated microstructures. Notably, the variable range hopping (VRH) model and mobility 

edge (ME) model proposed by Mott initially in the realm of disordered systems are two well-known 

theoretical models applied to predict the electrical properties of CPs [13]. The VRH model describes 

the hopping behaviour of charge carriers in the disordered region, while in the crystalline domains, the 

transport of charges can be described by the ME model. These two models indeed grasp the essence 

of some important transport parameters, but the preliminary assumptions cannot cover the complexity 

of CPs and match the simulation results with the experimental data very well. As a result, in the past 

decades, many researchers have endeavoured to elaborate on Mott’s models and adapt them to different 

CPs. The recently emerging models are discussed in detail later.

A summary of some basic insight of thermal conduction in CPs is discussed in the end. Dissimilar 

with traditional semiconductors, electronic charges barely contribute to overall thermal conductivity κ 

due to the amorphous morphology of CPs. Therefore, the lattice thermal conductivity κl is dominant 

with regard to thermal conduction within CPs. In the assessment of κ, several factors are highlighted, 

including the chain length, chain structure, crystallinity, and chain orientation. Generally, highly 

amorphous CPs composed of poorly oriented short backbones with multiple side chains has lower κ.
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2.1 Molecular and Nanostructures

The discovery of CPs in 1977 not only awarded the discoverers the 2000 Nobel Prize [66], but 

also developed a pathway for the development of flexible devices. Since then, new types of CPs have 

been gradually developed, and summarized in Figure 2, which shows several conventional CPs and 

their molecular formulae.

Figure 2. Several common CPs, including Polyacetylene (PA), Polyaniline (PANI), Polythiophene 

(PTH), Polypyrrole (PPY) and Poly(3,4-ethylenedioxythiophene): Poly(styrenesulfonate) 

(PEDOT:PSS), and the ball-stick model of their monomers.

2.1.1 Sp2 Hybridization and Backbones

CPs are conjugated polymers consisted of consistent unsaturated conjugated π-π bonds, enabling 

electrons in the outer layer of carbon atoms to be easily activated and transported along the backbones 
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due to the relatively unstable shared electron orbitals [13]. As shown in Figure 3a, carbon atoms of 

conjugated polymers are sp2 hybridized with three electrons from their outer shells filling out three 

low energy hybridized orbitals; while the last electron is consequently delocalized in the high energy 

orbital with electron density dominant in the z direction pointing perpendicular to the skeleton. These 

pz orbitals of the successive carbon atoms, due to overlapping, form a consistently interactive carbon 

chain, i.e., backbones as shown in Figure 3b. The orbitals interaction between different conjugated 

monomers leads to the evolution of the divided π orbitals and π* orbitals with a bandgap between 

them, as illustrated by Figure 3c [67]. The π orbitals form valence bands with HOMO as the top 

border, while π* orbitals emerge from the conduction band, bordered by LUMO. The longer the length 

of the backbone, the narrower the bandgap that can form between HOMO and LUMO [19]. Notably, 

unexcited electrons tend to fill the traps within HOMO instead of the delocalized status beyond LUMO 

where they behave in a similar way to electron behave in metals. Therefore, the conjugated system is 

necessary but not sufficient for high electrical performance.
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Figure 3. Schematic diagrams of a) sp2 hybridization, b) backbones in CPs, and c) evolution of band 

structure with increasing the number of EDOT repeated units.

2.1.2 Benzoid and Quinoid Structures

Benzoid and quinoid structures are two resonant structures based on sp2 hybridized carbon atoms, 

and segments of conjugated chains in thiophene-based conjugated polymers. Both generally exist 

simultaneously. The benzoid structure favours a coiled conformation where the Cα-Cβ bond between 

two thiophene rings is strong and similar to the bond with a low density of π electrons [68]. In contrast, 

the quinoid structure favours an uncoiled conformation where the bond length alternation of the 

conjugated chain occurs (single bonds become double bonds and vice versa), and the thiophene rings 

can be nearly oriented in the same plane, leading to stronger electron cloud overlapping between every 
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two thiophene rings [69]. Obviously, the charge carriers tend to be localized in the benzoid structure, 

while the uncoiled structure in the quinoid structure facilitates their movements in orientation due to 

the weak binding between the thiophene rings throughout the entire conjugated chain.

The benzoid/quinoid ratio in a conjugated polymer is tuneable. Two main factors are generally 

found to impact the quinoid percentage in a conjugated polymer, i.e., doping level and polymerization 

rate [63]. Specifically, increasing the doping level induces a larger quinoid percentage due to the 

electronic charge states that transition from neutral to polaron or even bipolaron. Polaron and bipolaron 

are quasi-particles composed of positive charges, which are associated with the local lattice distortion 

[70]. Without positive charge, the quasi-particles are called neutral. These three electronic charge 

states can be found in polymers [71,72]. In undoped conjugated polymers, neutral is the dominant 

state, but can be transformed into polarons and bipolarons when the polymers are oxidized chemically 

or electrochemically [73,74]. As the number of counter-ions increases, more neutrals can be 

transformed into polarons and bipolarons where bond length alternation occurs [65]. In this case, some 

polymers, e.g. PEDOT, can even present stretched conjugated chains, as schematically shown in 

Figure 4a. Therefore, the quinoid percentage increases. As for the polymerization rate, rapidly 

polymerized conjugated polymers have a relatively lower percentage of quinoid structure than those 

synthesized with inhibitors [63]. Figure 4b shows that lowering the polymerization rate, leads to the 

longer backbone and shorter conjugated length of the bipolaron [63]. As a result, more polarons and 

bipolarons and a higher percentage of quinoid structure can be obtained. Another uncommon factor 

that was found to be effective in the conformation change from the benzoid structure to the quinoid 

structure of PEDOT:PSS is ultraviolet (UV) irradiation [68]. Such a change stems from the interaction 

between the dipole moment within the conjugated PEDOT chains and the electric field of the UV 

irradiation.
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Figure 4. Schematic diagrams of a) stretched PEDOT chains after the benzoid-to-quinoid character 

transformation and b) longer polymer chains by lowering the polymerization rate.

2.1.3 Crystalline Domains

With increasing the structural order and molecular organization of CPs, such as increasing the 

chain alignment, S and σ of CPs can be simultaneously enhanced [75], which are mainly derived from 

the significantly improved μ [76,77], contributing to a high S2σ [78]. In order to compare the ordered 

and disordered structures in CPs, we first introduce the definition of crystalline domain. Crystalline 

domains mainly consist of orderly oriented quinoid segments, where charge carriers behave like in 

metals, showing metallic temperature-dependent σ at ~0 K [65]. Two parameters, namely the 

crystallinity and the structural coherence length Lstruct are used to describe the crystalline domains. The 

former parameter is defined as the volume fraction of the crystalline phase, and the latter one stands 

for the dimension of the crystalline domain, as illustrated in Figure 5a [19,65]. Obviously, the 
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crystallinity and Lstruct together determine the effectiveness of electronic charge transport within the 

crystalline domains of conjugated polymers. With high crystallinity, the conjugated polymers present 

high electrical performance, while without large Lstruct, charge carriers suffer exponential decay in the 

disordered regions which separate the crystalline domains, leading to poor electrical performance.

The crystallinity and Lstruct are two intrinsic parameters partly determined by the degree of 

polymerization when CPs are prepared. Generally, a rapid reaction can result in higher concentrations 

of defects or a lower degree of polymerization, which usually leads to low crystallinity and small Lstruct 

for the prepared polymer [63,79]. However, the polymerization rate can also be controlled. By 

applying inhibitors such as Poly(ethylene glycol)-block-poly(propylene glycol)-blockpoly(ethylene 

glycol) triblock copolymer (PEPG) in the polymerization process [80], the reaction rate will slow down, 

inducing large Lstruct and high crystallinity. Except for inhibitors, the basicity of the dopant also has a 

considerable influence upon the reaction rate. Generally, dopant with higher basicity would reduce the 

reaction rate and potentially enable the polymer to possess higher percentage of conjugated structures, 

while increasing the acidity of the dopant would rather boost the reaction rate and lead to a decreased 

quinoid/benzoid ratio [63]. Figure 5b shows such two opposite effects of dopants with different 

basicity on the synthesis of PEDOT. Here the dopants OTf, OTs, DBSA, BNSA and CSA refer to 

triflate, tosylate, dodecylbenzenesulfonate, butylnaphthalenesulfonate and camphorsulfonate 

respectively. They possess distinctive acidities which are evaluated by the pKa values [63,81]. Taking 

the PEDOT:OTs and PEDOT:DBSA as instances, the former material possesses higher percentage of 

conjugated structure than the latter one, since the stabilization effect of positive charges created by the 

counter-ion is enhanced with increasing basicity of the doping anions (i.e. -2.8 for OTs and -1.8 for 

DBSA), making it possible to sustain a higher conjugated length in the bipolaron [63]. Notably, 

although the σ of a polymer is determined by multiple factors, doping with dopant with high basicity 

would in general yields a higher σ. It was reported that PEDOT:OTf exhibits an ultrahigh σ of nearly 
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5000 S∙cm-1 [82], much higher than most other PEDOT family members, including PEDOT:OTs [52] 

and PEDOT:DBSA [63].

Another significant factor is doping, whose influence upon the crystallinity and Lstruct varies from 

different CPs and dopants [37,63,83]. It was reported that the introducing of 2,3,5,6-tetrafluoro-

7,7,8,8-tetracyanoquinodimethane (F4TCNQ) into P3HT imposes no impact on the degree of 

crystallinity and Lstruct of the matrix, as the dopants reside primarily in the amorphous regions of the 

film as well as in the P3HT lamellae between the side chains, but do not π-stack within the polymer 

crystallites. However, in PEDOT:PSS, the long PSS polyanion resides in the matrix and twists with 

the PEDOT chains, resulting in an amorphous polymer with limited crystallinity and Lstruct [63]. Small 

molecule-doped PEDOT (for example, tosylate (OTs) or triflate (OTf)) has higher σ and S because of 

the closed compact and ordered polycrystalline structure [84]. 

2.1.4 Disordered Regions

The disordered region is the other component of a conjugated polymer and mainly consists of 

benzoid structures where charge carriers are localized. Instead of crystalline domains, disordered 

regions are more like matrices in conjugated polymers due to their soft long conjugated chains which 

tend to coil and entangle together rather than be orderly arranged in rigid arrays. Figure 5a shows 

schematic nanostructures of the disordered region where the conjugated chains interact with each other 

in the form of three ways, such as tie chains, entanglements, and disconnected chains [19]. The inter-

connected nanostructures (tie chains and entanglements) are responsible for the macro properties such 

as ductility and flexibility, accounting for the fact that most of the conjugated polymers are flexible. 

In terms of electronic transportation, given the complex structures in disordered regions, the charge 

carriers in conjugated polymers transfer through the disordered region between two crystalline 

domains by both inter-chain hopping/tunnelling between entanglements and intra-chain movement 

along the same chain [60]. As the intra-chain movement is very different from the inter-chain 

hopping/tunnelling, these two electronic behaviours will be further discussed separately later.
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As revealed in the buckets effect, the strength of a system is determined by its regions of weakness. 

Similarly, the electrical performance of disordered regions (weakness) usually determines the overall 

electrical performance of a conjugated polymer film. As a result, improving the effectiveness of 

electronic charge transport within the disordered regions is of critical significance for high electrical 

performance. Several post-treatments methods have been proposed to modify the disordered structures 

in conjugated polymers, including annealing at relatively high temperature (235 ℃) for PBTTT [44], 

mechanical stretching for P(MeOPV-co-PV) [47], and dedoping treatments for PEDOT:PSS [46,85]. 

The enhanced µ in the samples after these post-treatments indicates the effectiveness for the 

modification of the disordered regions in polymers. The typical morphological changes within 

conjugated polymers after post-treatments are schematically illustrated in Figure 5c.
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Figure 5. Schematic diagrams of a) nanostructures in conducting polymers; b) schematic diagram 

showing the two opposite effects of dopants with different basicity on the synthesis of PEDOT. The 

pKa value can be used to evaluate the acidity (positive value) or basicity (negative value) of a material; 

Reproduced under a Creative Commons Attribution 4.0 International License [63]; Copyright 2017, 

Springer Nature. c) morphology change within conjugated polymers after post-treatments. Reproduced 

with permission [86]; Copyright 2013, Wiley-VCH.

The molecular structures and microstructures play indispensable roles in the electronic charge 

transport in CPs. These structures are interrelated and eventually determine the electrical performance 
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of conjugated polymers. The sp2 hybridization and conjugated backbones build up the cornerstone of 

electrical conduction, in which the transition from benzoid to quinoid structure further facilitates the 

charge transport. Such benzoid and quinoid structures form disordered regions and crystalline domains 

at the sub-micron scale. The ratio and texture (lengths and orientations) of these two microstructures 

determine the electrical performance of a conjugated polymer. The interdependency of the electrical 

performance upon these structures will be further discussed in the later part.

2.2 Electronic Charge Transport

For conventional inorganic TE materials [9,87,88], charge carrier concentration (n, where ne 

indicates electron carriers and np indicates hole carriers) is a key parameter that couples the main 

thermoelectric parameters by  and σ = neμ [6], where kB is the Boltzmann constant, 𝑆 =
8𝜋2𝑘2

B

3𝑒ℎ2 𝑚 ∗ 𝑇( 𝜋
3𝑛)2/3

e is the electrical charge, h is the Planck constant, and m* is the carrier effective mass. It can be seen 

that tuning n can result in optimized S2σ. However, these relationships are not suitable for CPs, 

although there is a similar definition of n. Pristine CPs show poor electrical properties due to their low 

n and unaligned structures. Generally, n can be modified by effectively doping. Larger numbers of 

charge carriers can be excited from the base states in HOMO to the energized states in LUMO for 

charge transport (metallic transport, hopping, and tunnelling). Suitable post-treatments of CPs can 

facilitate the achievement of high µ in order to induce higher charge transport. However, S is generally 

reversely proportional to n since S is proportional to the average energy per unit charge, which 

decreases when the bandgap between LUMO and HOMO becomes narrower due to the increased n. 

Therefore, tuning n to achieve an optimal compromise between σ and S is essential for high electrical 

performance of CPs. In order to clarify the meaning of the term “doping” here, we suggest that the 

process can be best understood as a kind of redox reaction where the original neutral CP loses outer 

layer electrons to transform into an ionic complex made up of a polymer cation/anion and a counter-

ion which is the reduced/oxidized form of the oxidizing/reducing agent.
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The conjugated system facilitates the formation of band-like broad regions of electronic states 

with a relatively broad bandgap (1~4 eV), as illustrated in Figure 3c. Similar to the band structures of 

inorganic crystalline materials, these two band-like regions correspond to the valence band with 

HOMO (top edge) and conduction band with LUMO [89]. The electronic states in HOMO and LUMO 

are respectively localized states and delocalized states. Electronic charges occupying delocalized states 

can be transported like in metals while localized charges are transported either by hopping or tunnelling. 

The overall effects of these three transport behaviours of electronic charges together define the 

electrical conduction of a CP. Notably, the effectiveness of metallic conduction is much higher than 

that of either hopping or tunnelling. This is why most disordered CPs show poor σ. Generally, three 

factors have been proven to influence the electrical conduction: temperature, morphology, and 

oxidation level. Charges are more easily delocalized under high temperatures. As for morphology, the 

energy disorder caused by the structural disorders introduces obstacles in the transport of electronic 

charges, while highly ordered structures induce relatively uniform potential distribution within the CPs, 

as shown in Figures 6a and 6b. The oxidation level directly determines the amounts of charge carriers 

contributing to the electrical conduction of CPs, which, simultaneously, directs the morphology 

towards that of crystalline materials by the repulsive Coulomb force between counter-ions. A 

conjugated polymer with highly crystalline structures and high oxidation levels at room temperature 

has a higher σ than that of some inorganic crystalline semiconductors, e.g., iodine doped polyacetylene 

(PA) [18,66]. 

In undoped CPs, electrons are seldom excited above LUMO to transfer like in metals, leading to 

small n of <1014 cm-3 for undoped CPs. The electrostatic potential landscape created by the counter-

ions (i.e. positive charges) is discontinuous with significant energy barriers that electrons can seldom 

overcome [90]. The range of the attractive Coulomb potential field, i.e., the localization length lLoc, 

induced by each counter-ion is 20 nm in radius. These Coulomb potential fields, known as Coulomb 

traps, suppresses the mobility of electrons. As a result, the transport of charge carriers highly depends 
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on the assistance of the local lattice, i.e., phonon-assisted hopping between two energy levels in a 

Gaussian disorder [65]. In this case, the morphology dominates in the determination of electrical 

conduction. The phonon-assisted hopping of charge carriers on the polymer chains is impacted by two 

key parameters, namely the residence time τ and the electronic transfer energy [91-93]. The disorder 

of the molecular structures for CPs decreases the electronic transfer energy to hinder the transport of 

charge carriers, leading to an increase τ when electrons pass a Coulomb trap [94,95]. If τ is larger than 

the typical time for a vibrational mode (~10-13 s), which usually occurs in highly disordered CPs, the 

polymer chain has enough time to relax its structure locally by absorbing the kinetic energy of the 

electron and create new localized electronic states. This is known as the localization of electronic states 

[90]. which can also be explained by the wave function of the electron as a function of the position. 

Specifically, two types of wave functions can be summarized with different degrees of localization, as 

shown in Figures 6c and 6d. The wave function of Figure 6c indicates the possibility of distribution 

of electrons under localized conditions, while the wave function of Figure 6d shows a strong 

localization case. Obviously, for strong localization, the wave function is maximized with a very sharp 

slope extending to positions far away, indicating that the probability of a charge carrier is near unity. 

In both localization conditions, the potential barriers between different sites cannot be neglected and 

these depend on the activation energy that determines if hopping can occur. Usually, charges under 

strong localization conditions require higher activation energy (e.g., lattice vibration under high 

temperature) to complete the hopping behaviour. More specifically, for charges with sufficient 

activation energy to complete the hopping, their hopping destinations are rather determined by two 

factors, namely the spatial distance and the energy barrier between two sites. If the energy barrier is 

not able to be neglected, both two factors together determine the site to where the charge jumps and 

this location is within a variable range rather than in the nearest space, as shown in Figure 6e, which 

is also known as VRH. However, in the case that all electronic states locate in a narrow energy band, 

the energy barrier between each pair of sites is able to be neglected to make the energy-dependency 
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less decisive, thus distance-dependency dominates. As a result, electronic charges tend to jump to the 

sites nearest in space, as shown in Figure 6f, and this behaviour is called nearest-neighbouring hopping 

(NNH). These two hopping behaviours usually occur in disordered domains, resulting in poor charge 

transfer efficiency.

As the degree of disorder decreases, the crystalline domains gradually play a role in electrical 

conduction that cannot be neglected. The ordered structures enable the electronic charge to pass a 

Coulomb trap with small τ. If τ is smaller than the typical time (occurring in highly ordered structures 

in CPs), a large probability of the charges are delocalized and transport on the conjugated chains like 

in metals, leading to relatively high µ, as demonstrated in a previous study [96], in which µ as high as 

~88.08 cm2∙V-1∙s-1 has been observed in single-crystal Poly(3,4-ethylenedioxythiophene) nanowires 

produced by vapor-phase polymerization. This value is much higher than its pristine counterpart 

[97,98], owing to the high crystalline structures with a small π-π stacking distance.
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Figure 6. Potential wells landscapes in a) disordered structures and b) ordered structures [99]. Wave 

functions of c) weak localized state and d) strong localized state [90]. Diagrams of charges in the form 

of e) variable-range hopping behaviours and f) nearest-neighbouring hopping behaviours [100].

Except for increasing the degree of ordering, increasing the oxidation level is another effective 

method to enhance σ of conjugated polymers. Plenty of charge carriers are produced due to the redox 

reaction between matrices and dopants, leading to σ in a broad range from 10-9 S∙cm-1 to 105 S∙cm-1 

[101]. At the atomic level, the introduced dopant molecules capture π electrons to form negative 

counter-ions, leaving positive polarons (bipolarons) in the conjugated chains. The electrostatic 

potential needs to be overcome by the dopant molecules, and energy is absorbed by the polaron 
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(bipolaron), which produces a localized electronic state in the forbidden gap resulting from a local 

upward shift Δɛ of HOMO and downward shift of LUMO [74]. Such new localized energy levels are 

also known as polaronic (bipolaronic) levels. Electrons occupying the bonding level can be excited up 

to the antibonding level by consuming less energy, i.e., the ionization energy is lower by an amount 

Δɛ. The activation energy can be measured in the ultraviolet-visible-infrared absorption spectrum, as 

shown in Figure 7a [73]. The electronic optical transition at ~600 nm corresponds to neutral (from 

HOMO to LUMO) due to the large excitation energy required to overcome the bandgap. As the energy 

gaps between polaronic levels and bipolaronic levels become narrower, polarons and bipolarons 

require less excitation energy to accomplish the electronic optical transition (from bonding level to 

antibonding level) by absorbing photons with longer wavelengths of ~900 and ~1000 nm, respectively.

Figure 7b shows the evolution of the band structure of CPs for oxidation levels of higher than 30 

%. In this case, the distance between counter-ions can be reduced down to around 1.5 nm [65]. The 

neighbouring Coulomb traps strongly overlap with each other to facilitate the charge transport within 

the coupling range. Two types of coupling can be found in CPs, namely inter-chain coupling and intra-

chain coupling [65]. The inter-chain coupling is created by the interaction of (bi)polarons in adjacent 

chains, while the intra-chain coupling occurs in the same carbon chain. The chain or the assembly of 

chain coupling can produce many continuous (bi)polaronic levels below LUMO and above HOMO, 

which form the band-like structures. Obviously, the formation of two band-like structures further 

narrows the energy gap, making it much easier for electronic charges to be delocalized and transport 

like in metals. Figure 7b also plots the evolution of DOS distribution with increasing oxidation level. 

As the local lattice distortion around two charges is stronger than one charge, the energy shift Δɛ (i.e., 

the reduce of ionization energy) for a bipolaron is larger than that for a polaron. Therefore, the 

bipolaronic levels are further away from the band edge than the polaronic levels. Moreover, in the case 

of inter-chain or intra-chain coupling, the coupling effect leads to a Gaussian DOS distribution region 

consisting of various electronic states with quasi-continuous energy levels. The transport energy level 
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Et (corresponds to the mobility edge) assumed to be fixed at the centre of the Gaussian peak is an 

energy boundary over which the charges are delocalized to transport effectively [100,102].

The increase of the oxidation level has a significant influence on µ of CPs. For undoped CPs, 

their poor n (< 1014 cm-3) induces a discrete distribution of charges and isolated Coulomb traps, as 

shown in Figure 7c (I). The energy barrier ΔU is large enough to suppress the charge hopping from 

one trap to another, resulting in poor µ, as shown in Figure 7d. When the doping level is at the range 

from 0.01 % to 1 %, the augmentation of dopants is not sufficient to produce enough charges to achieve 

the overlapping of their Coulomb traps, and the dopant molecules suppress µ by scattering the charges. 

In this situation, µ is negatively linked with doping level. When the doping increases to a high level 

with a high n of ~1017 cm-3 and the decreased ΔU, the overlapping between Coulomb traps occurs to 

facilitate the hopping of charges, as shown in Figure 7c (II). When the effect of the overlapping of 

Coulomb traps begins to overtake the scattering effect of dopant molecules, µ starts to increase. Such 

a tendency can be maintained until the doping limit. Notably, with a high doping level, the CP with 

crystalline structures could present an electrical potential landscape as smooth as that in inorganic 

crystalline materials, as shown in Figure 7c (III) and (IV).
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Figure 7. a) Electronic optical transition for neutron, polaron, and bipolaron; a) Reproduced with 

permission [73]. Copyright 2012, American Chemical Society. b) Schematic diagram of the energy 

band structures for CPs with different doping levels; c) Schematic diagram of the energy barriers 

distribution for CPs with different degrees of ordering, U(x) denotes the potential energy; d) Evolution 

of µ with doping level. Reproduced with permission [65]. Copyright 2012, Royal Society of Chemistry.

2.3 Theoretical Models for S and σ

In CPs, electronic charges with energy higher than a particular value, i.e. mobility edge Ec or 

transport edge Et, are delocalized and transport like in metals, whereas charges carrying energy lower 

than those values transport mainly by hopping between localized states. These distinct behaviours of 

electronic charges demand different approaches to describe σ and S for CPs when compared to those 

of crystalline inorganic semiconductors. Particularly, σ in CPs does not follow the Drude model 

 [103], which is commonly used in crystalline materials; instead, σ of CPs follows either 𝜎 = 𝑛𝑒𝜇 𝜎 =
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 (in the non-degenerate limit) [100] or  (in the degenerate limit) [60]. 𝜎0exp [ ― ( ∆
𝑘B𝑇)𝛾

] 𝜎 = 𝜎0( ∆
𝑘B𝑇)𝑠

Here Δ(T) is activation energy, the power exponent γ depends on the materials and the transport 

parameter s equals 3 for most CPs. The Drude model is barely applied in CP system because the existed 

localized electronic charges transport by hopping rather than free-like transportation. Instead, the 

electrical properties can be derived from the generalized Boltzmann transport equations and σ can be 

described as [60]:

(3)𝜎 = ∫𝜎E( ―
∂𝑓
∂𝐸)𝑑𝐸

where σE is transport function and f is the Fermi distribution function. For S, it can be defined as the 

average energy of charge carriers (relative to the Fermi energy) weighted by their contribution to σ 

[61]:

(4)𝑆 =
1
𝜎(𝑘

𝑒)∫(𝐸 ― 𝐸F

𝑘B𝑇 )𝜎𝐸( ―
∂𝑓
∂𝐸)𝑑𝐸 = (𝑘𝐵

𝑒 )〈𝐸 ― 𝐸F〉
𝑘B𝑇

where <E-EF> is the average energy of the electrons relative to the Fermi energy EF. Similar with the 

crystalline semiconductors, S of CPs is strongly related with the doping level. In the degenerate limit, 

EF shifts into the delocalized states band where plenty of delocalized electronic charges transport with 

small “excess energy” <E-EF>, hence S is generally poor. Instead, decreasing the doping level by 

reduction treatment can effectively improve S by even two magnitudes of order [45,52].

In general, the hopping behaviour of electronic charges can be described by either the NNH model 

[104] or the VRH model [105]. In contrast, the metallic conduction of charges above Ec or Et is 

calculated using the mobility edge model or transport edge model.

2.3.1 Nearest-Neighbour Model

Hopping is a continuous behaviour by which electronic charge transfers from site B to site C, 

leaving site B filled by another charge simultaneously. It can be used under the circumstance that the 

CPs are heavily doped. It is one of the most fundamental models that explain the carrier transport 

behaviour of CPs, especially under the thermal excitation. It is simple and easily understand, but the 
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drawback is that the accuracy needs further improvement. The hopping rate νij is used to characterize 

probability of a charge to successfully complete its hopping between two localized states. νij can be 

determined by both spatial and energy-dependent factors as below [104]:

(5)𝜈𝑖𝑗(𝑟,𝐸𝑖,𝐸𝑗) = 𝜈0exp ( ―
2𝑟𝑖𝑗

𝑙Loc) × exp ( ―
𝐸𝑗 ― 𝐸𝑖 + |𝐸𝑗 ― 𝐸𝑖|

2𝑘B𝑇 )
where lLoc is the localization length, rij denotes the distance between site i and j, E is the energy level 

of the site, and the pre-exponential factor ν0 is usually assumed to be of the order of the phonon 

frequency (~1013 s-1). When the localized states mainly distribute in a narrow energy band around EF 

with a width smaller than kBT, the energy-dependent term is neglectable when comparing to the spatial 

term. As a result, electronic charges tend to hop to the special nearest sites, as shown in Figure 8a. 

Specifically, σNNH can be expressed as [65]:

(6)𝜎NNH = 𝜎0exp ( ―
𝐸𝐴

𝑘B𝑇)
where EA is the activation energy, and σ0 is the pre-exponential coefficient depending on various 

factors including density of localized sites between which charges hop, characteristic hopping distance, 

n, hopping rate, and temperature. However, this dependence is often neglectable compared to the much 

stronger temperature dependence of the exponential term. SNNH is given as [65]:

(7)𝑆NNH =
1
𝑒

𝐸A

𝑇 +𝑊

where W represents a temperature-dependent kinetic term. Figure 8a schematically shows the typical 

charge transport path described by a nearest neighbour hopping model. Figure 9a plots the σ-T-1 curve 

of the spin-coated PEDOT:PSS film, verifying the linear relationship between lnσ and T-1 predicted by 

Equation (6). Such a transport is ascribed to hopping behaviours of charges between more widely 

spaced molecular sites compared to the in-plane charge transport [106]. Notably, since the contact 

resistances between the probes and the PEDOT:PSS films during the measurements have not been 

taken into consideration, further experiments should be required for more accurate conclusion.
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2.3.2 Variable-Range Hopping Model

If the localized states distribute in a large energy band, the energy-dependent term is no longer 

neglectable in the determination of σ. Electronic charges do not necessarily jump to the spatial nearest 

sites, as shown in Figure 8b. Similar to the NNH model, VRH model can be used under the 

circumstance that the CPs are heavily doped, and it is also a fundamental model that explain the carrier 

transport behaviour of CPs, especially under the thermal excitation.

Figure 8. Typical transport paths for a) the nearest neighbouring hopping (NNH) behaviour and b) the 

variable-range hopping (VRH) behaviour.

The overall effects of both the spatial and energy-dependent terms govern which sites the charges 

hop to, and the characteristic hopping distance is in a variable range. σVRH can be expressed as [105]:

(8)𝜎VRH = 𝜎0exp [ ― (𝑇0

𝑇 )𝛾]
where T0 is the characteristic temperature, which is a constant for a given sample, γ is a dimensionless 

parameter that depends on the degree of disorder of the morphology of CPs, usually equals 1/(s+1) for 

s dimension system. Here the pre-exponential coefficient σ0 is determined by [107]:

(9)𝜎0 = 0.39[𝑁(𝐸F)𝑙LOC/𝑘B𝑇]1/2𝜈0𝑒2
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where ν0 is the hopping attempt frequency and is usually assumed to be the order of optical phonon 

frequency (1013 s-1). Such a description of σ has been demonstrated in the experimental in-plane σ and 

the results are shown in Figure 9b. As can be seen, the ln σ of spin-coated PEDOT:PSS measured in 

in-plane direction (||) where charge transport follows VRH model is linearly proportional to T-1/4. S in 

VRH regime can be also derived by Mott and track to T1/2 as below [105]:

(10)𝑆VRH =
𝑘2

B(𝑇0𝑇)1/2

2𝑒
∂ln𝑁(𝐸)

∂𝐸 |𝐸𝐹

where N refers to the density of state. This T1/2 dependence of S has been proved by many previous 

experimental studies [106,108,109], and (dlnN/dE) at EF was found to be ~2 eV-1 [110].

The hopping model gives mathematical descriptions for charge transportation in the disordered 

CPs, while metallic conduction in crystalline structures requires more suitable models that can 

accurately quantify the charge behaviour, i.e., mobility edge model [111] and transport edge model 

[60]. Besides, based on formulars (8)-(10), with increasing the temperature, σ and S tend to show an 

upward trend. Therefore, by increasing the temperature, the thermoelectric properties (especially S2σ) 

of CPs can be improved within a certain range.
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Figure 9. σ versus temperature relations in line with a) nearest neighbouring hopping model and b) 

variable-range hopping model. The symbols are the measured data [106] while the dashed lines are 

fits to Equations (4) and (6); c) σ versus S relations in line with the mobility edge model. The symbols 

are measured data [112] and the dashed line is fit to Equation (11); d) σ versus S relations in line with 

transport edge model. The dashed lines are fitted to Equation (16). Plotted together are measured data 

for polyacetylene, PA with various dopants (×) [61], for poly(3-hexylthiophene), P3HT (○) and 

Poly(2,5-bis(3-tetradecylthiophen-2yl)thieno(3,2-b)thiophene), PBTTT (Δ) [113], for 2,3,5,6-

tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCN)-doped P3HT (●), (tridecafluoro-1,1,2,2,-

tetrahydrooctyl)-trichlorosilane (FTS)-doped P3HT (●), PBTTT-C14 (▲) and poly(2,5-bis(thiphen-

2-yl)-(3,7-diheptadecantyltetrathienoacene)) (P2TDC17-FT4) (■) [108,114].
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2.3.3 Mobility Edge Model

For electronic charges excited beyond the mobility edge Ec into the delocalized states, hopping is 

no longer useful in the quantization of electrical conduction. In the mobility edge model, σME can be 

expressed by Mott [111] as:

(11)𝜎ME = 𝜎minexp ( ―
𝐸C ― 𝐸F

𝑘𝑇 )
where σmin is σ at the mobility edge in the 0 K limit. A plot of lnσME as a function of 1/T yields a straight 

line if the energy gap between EC and EF is linearly proportional to T in the measured temperature 

range [90]. As the electronic charges carry “excess energy” ever the Fermi level, S contributed by 

charges above the mobility edge is given as [111]:

(12)𝑆ME = ―
𝑘B

𝑒 (𝐸F ― 𝐸V

𝑘B𝑇 + 𝐴)
where A is the average energy of the transported charges measured with respect to EV. The value of A 

is normally a constant between 2 and 4 [90]. By substituting Equation (11) into Equation (12), S-σ 

relation can be obtained as [111]:

(13)𝑆ME =
𝑘B

𝑒 [𝐴 ― ln (𝜎ME

𝜎min)]
The relation between  matches well with some CPs [108,115], e.g., polypyrrole and 𝑆ME ∝ ln𝜎ME

polyacetylene as shown in Figure 9c [112], accounting for their much higher σ compared to other CPs 

whose charge transportations follow the hopping models [60].

2.3.4 Transport Edge Model

The mobility edge model works well with the undegenerated CPs. However, in the degenerate 

limit, EF shifts into the delocalized state. In this case, the electrical conduction can no longer be 

described by the mobility edge model. Figure 9d shows some advanced CPs such as PA, P3HT, 

PBTTT, F4TCN)-doped P3HT, FTS-doped P3HT, PBTTT-C14 and P2TDC17-FT4 have shown high 
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σ approaching that of metals and well follows  empirical power law. This phenomenon is 𝑆 ∝ 𝜎1/4

explained using the transport edge model which is given below [60]:

(14)𝜎E(𝐸,𝑇) = 𝜎𝐸0(𝑇) × (𝐸 ― 𝐸t

𝑘B𝑇 )𝑠
(𝐸 > 𝐸t)

where  is the temperature-dependent and energy-independent transport coefficient, s is transport 𝜎𝐸0(𝑇)

parameter, and Et denotes the transport edge beyond which charges transport in a similar was to that 

within metals while below which no charges have any contribution to σ. In the degenerate limit, σ was 

given as [61,108]:

(15)𝜎TE = 𝜎𝐸0(𝐸F ― 𝐸t

𝑘B𝑇 )𝑠

S can be expressed as:

(16)𝑆TE =
𝑘B

𝑒
𝜋2

3 𝑠(𝐸F ― 𝐸t

𝑘B𝑇 ) ―1

and the S-σ relation derives from Equation (14) and (15):

(17)𝑆TE =
𝑘B

𝑒
𝜋2

3 𝑠(𝜎TE

𝜎𝐸0
) ―1/𝑠

The transport edge model theoretically explains the physical mechanisms behind the empirical 

relation . So far, this model is valid for many CPs with high σ.𝑆 ∝ 𝜎1/4

2.3.5 Heterogeneous Media Model

From the structural point of view, CPs are not entirely disordered or crystalline. Normally, carbon 

chains of CPs are usually not aligned with each other over their whole length, but only in small 

crystalline domains whose typical dimensions range from 10 to 50 nm [116]. These crystalline domains 

are interconnected by disordered regions and connect with each other by several extended polymer 

chains. Instead of using one model to describe the electrical conduction over the entire sample, Kaiser 

[61] proposed that a similar heterogeneity plays a significant role in the conduction process for CPs, 

which is based on the idea that the disordered regions determine the total conduction with poor σ. In 
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general, the expression for the total σ in the series heterogeneous model with both high and poor σ 

sections in series was given as [110]:

(18)𝜎 ―1 = ∑
𝑖𝑓𝑖𝜎𝑖

―1

where the geometric factors fi are defined by:

(19)𝑓𝑖 =
𝐿𝑖𝐴
𝐿𝐴𝑖

where L and A are the total effective length and cross-sectional area of the sample, Li and Ai are the 

length and effective cross-sectional area of the micro-region with intrinsic σi. This model was applied 

to predict σ for PEDOT polymerized with OTf anion (PEDOT:OTf) by combining the quasi-1-D 

metallic conduction in crystalline domains [117], fluctuation induced tunnelling [118], and the 

disordered metallic conduction [100] in the disordered regions together [82].

In contrast to the contributions of heterogeneous structures to σ, the overall S is not determined 

by the electrical resistances, but weighted by the thermal resistance as [61]:

(20)𝑆 = ∑
𝑖(𝑊𝑖/𝑊)𝑆𝑖

where Wi is the intrinsic thermal resistances and Si the intrinsic S of various micro regions. The series 

heterogeneous model can be used in a system either composed of several CPs whose charges transport 

mechanisms are distinct or consisted of only one CP with different microstructures.

2.4 Thermal Conductivity

κ is used to evaluate the ability of a material to transfer heat under a temperature gradient. Both 

carriers and phonons can contribute to κ, namely electronic thermal conductivity κe and lattice thermal 

conductivity κl. In crystals, κe is usually calculated by the well-known Wiedemann-Franz law:

(21)𝜅e = (𝑘b 𝑒)𝐿𝑇𝜎

where L is the Lorentz number. So far, the applicability of this law on CPs is still controversial. Zhu 

et al. claimed this law is invalid in conjugated polymers due to their strong charge-lattice coupling 

[25], whereas Chen et al. believed that the application of this law is possible by adapting the Lorentz 
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number to different doping level and σ [119]. Generally speaking, if put aside the Wiedemann-Franz 

law and only discuss κ of CPs qualitatively, κe indeed varies remarkably for CPs with different doping 

level. For the lightly doped CPs whose σ is smaller than 2.5×103 S∙cm-1, e.g. doped PANI, only tiny 

variation of κ can be observed when σ expands several orders of magnitude, indicating a negligible κe 

[120]. For moderately doped CPs, such as PEDOT:PSS whose σ is between 102 ~ 103 S∙cm-1, the 

contribution of κe to κ is still controversial. Kim et al. reported that κ of spin-coated PEDOT:PSS was 

unrelated with σ [50], while the κ-σ relation was also presented to be linear for the same material in 

Crispin’s work [121]. The intrinsic disagreement between these two opinions is whether the electronic 

κe is overwhelmed by κl. Particularly, Crispin’s data showed a high κ of 1.8 W∙m-1∙K-1 when σ was 

~450 S∙cm-1 and predicted an even higher κ for PEDOT:PSS films with ultrahigh σ, indicating that this 

CP might not be as promising as expected. For highly doped CPs, such as I-doped PA whose σ is even 

over 104 S∙cm-1, κ might be dominated by κe and κ could reach beyond 10 W∙m-1∙K-1 [122,123]. It 

should be pointed that more experimental data of κ of different CPs with various dopants, doping level, 

and σ should be provided to make a more comprehensive and reasonable summary of the real 

contribution of κe to κ.

Unlike κe, κl can be obtained from the Debye equation [124]:

(22)𝜅l =
𝐶p𝜐𝑙

3

where Cp is the specific heat, υ is the phonon velocity, and l is the phonon mean free path. Compared 

to most crystalline inorganic semiconductors, l of CPs, is extremely small due to the disordered 

structures, accounting for the much lower κl. For conjugated polymer, κl is in the range of 0.1~0.5 

W∙m-1∙K-1 [119]. 



37

Table 1. κ of several CPs.

CPs κ (W∙m-1∙K-1) Ref.
PPy 0.17 [125]

polythiophene (PT) 0.17 [126]
P3HT 0.15~0.2 [127]
PANI 0.09~0.16 [120]

PEDOT 0.19~0.37 [128]
PEDOT:tos 0.37 [52]

Poly[Kx(Ni-ett)] 0.2 [129]
Poly[Cux(Cu-ett)] 0.35 [129]

PA 0.69~13 [130]
poly(3-methylthiophene) (P3mT) 0.15~0.17 [126]

PEDOT:PSS 0.17~0.52 [131]

Table 1 summarizes κ of several typical CPs and most of κ is in the range of 0.1~0.5 W∙m-1∙K-1 

[120,128-130,132-135]. However, molecular dynamics simulations and experimental studies have 

shown that a single polymer chain could possess a remarkable ability to transfer heat, i.e., a very high 

κ even up to 350 W∙m-1∙K-1 when the chain length is longer than 100 nm [136]. Although high κ is not 

acceptable in TE conversion, we still need to figure out how κ is determined in CPs. As reported by 

multiple previous studies [124,137-140], κ of polymers follows general trends: 1) Well-aligned 

crystalline polymers have high κ; 2). Side-chains usually have a negative influence on κ, i.e., κ of 

polymers depends on three factors, including the chain structure, crystallinity, and the orientation of 

the polymer chains.

As polymers are composed of many polymer chains, their κl depends on the transportation of 

phonons both on individual polymer chains and between neighbouring connected chains. The chain 

structure is the first level of structure that determines the thermal conduction in polymers. It usually 

consists of a rigid backbone and soft side chains (functional groups). As revealed by recent large-scale 

molecular dynamics simulations [141-143], the rigid backbone consisted of alternating π bonds in a 

polymer enables a high ν, while the conformational disorders stemmed from side chains tend to induce 
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phonon scattering and thus reduce the phonon mean free path [141,144]. Therefore, polymer chains 

with multiple functional side chains are weak in thermal conduction.

Another factor impacting κ is the crystallinity of polymers. Efficient phonon transport is 

challenging in amorphous areas where individual polymers are entangled with themselves or other 

chains, as the phonon mean free path is greatly shortened by both the strong phonon scattering effect 

and ineffective phonon transportation, as illustrated in Figure 10a. However, in crystallized domains, 

the stretched conjugated chains depress phonon scattering and support the effective transportation of 

phonons following the temperature gradient, as shown in Figure 10b. Generally, crystallization can 

decrease the intrinsic disorder, accounting for the phenomenon that κ is higher in the case of 

crystallized CPs [140]. Besides the overall crystallinity, morphologies of the crystalline polymers also 

affect κ. A previous study [145] has verified that the polymers with thick lamellar structures present 

more efficient thermal conduction than the polymers with thin lamellar structures, suggesting that the 

thick lamellas are responsible for high κ. At the same time, foam-like micro-structures in CPs/carbon 

nanotube nanocomposites are reported to possess an ultralow κ of only ~0.05 W∙m-1∙K-1, although their 

σ is low (0.06 S∙cm-1) due to their foam-like structures [146].

Except for the factors mentioned above, the anisotropy of κ in both in-plane and out-of-plane 

directions is also a primary consideration. As phonons tend to transfer efficiently along the conjugated 

backbone through the strong C-C covalent bonding rather than in the transverse direction through the 

weak van der Waals interaction [147,148], the layer-by-layer stacking polymer chains lead to 

anisotropic κ, i.e.  and . Stacking lamellar structures along the perpendicular direction makes the 𝜅 ⊥ 𝜅 ∥

CP film a poor κ in this direction, with a ratio of  to  ranging from 2~4 times [149-151]. 𝜅 ∥ 𝜅 ⊥

Interestingly, this ratio is not a constant as  is much more stable than . As a result, the increased 𝜅 ⊥ 𝜅 ∥

crystallinity of the CP film by mechanical stretching or/and other methods can further increase the 

ratio of >4 [152].
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Figure 10. Schematic diagrams of a) in-plane thermal conductivity and of b) anisotropic thermal 

conductivity within conducting polymers.

To summarize, thermoelectric conversion in CPs is mainly realized by carrying heat during the 

transport of electrons and phonons. This process involves carrier/phonon scattering and electro-

acoustic coupling, which makes the theoretical research and related application exploration of CP-

based TE materials face huge challenges. Moreover, compared with inorganic TE materials, there are 

weak interactions between organic molecules, and the charge transport mechanism is not clear, 

especially the lack of research on phonon transport and electro-acoustic coupling, which further 
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increases the difficulty on the understanding of the related mechanisms. Generally, to achieve an “ideal” 

structure of CPs, comprehensively considering the multiple transport and scattering mechanisms of 

electrons and phonons, the development of low-dimensional structured CPs and superlattice-like long-

range ordered molecular assemblies is an important direction for the structure regulation of organic 

TE materials. However, the reported conjugated TE molecules are difficult to realize the fine assembly 

of the above-mentioned structure, which need to be further explored in the near future.

3. Optimization Strategies for Conducting Polymers

TE performance of CPs is measured by its ZT and S2σ, both of which are strongly related to the 

electrical properties (S and σ) of CPs [153]. Generally, the electrical properties depend on both n and 

μ. Specifically, σ measures the ability of electronic charges to transport in CPs. Therefore, σ is 

proportional to both n and μ, and S reflects the average energy carried by charges referring to EF. As a 

result, shifting EF away from the delocalized states by decreasing n for a highly doped CP is effective 

in the enhancement of S. For CPs, n is directly related to oxidation level and µ is mainly determined 

by the morphological crystallinity. Experimentally, researchers have exploited several strategies to 

optimize the TE performance by tuning n and μ, including redox-based doping [36,114], secondary 

doping [50,86], post-treatments [150,154], and polymerization [80,96], as summarized in Table 2 

[36,37,43,47,50-52,114,150,154-205]. As can be seen, the most prominent CPs and their derivatives 

have achieved dramatically improved ZT of 0.4 ~ 0.8, indicating a further performance enhancement 

by suitable strategies is highly possible.
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Table 2. A summary of the properties for state-of-the-art conducting polymers and their derivatives.

Materials Strategies ty
pe

σ
(S∙c
m-1)

S
(µV∙
K-1)

κ
(W∙m
-1∙K-1)

S2σ
(µW
∙m-

1∙K-

2)

ZT
max

Ref.

CPs

PA Iodine doping p 111
10

28.4 0.7 896 0.3
8

[114]

PCDTBT FeCl3 doping p 160 34 19 [36]

polyselenophene (PSE) p 0.1~
54

20~
98

0.02~
0.15

13 0.0
34

[206]

PANI Doped with 
various dopants

p 10-

7~3
20

16~
225

0.02~
0.54

0.0
11

[120]

PPy PF6 doped p 155 7.14 0.79 [207]

PPy PF6 doped p 0~3
40

-
1~4

0

0.2 0.0
3

[208]

PTT Electrosynthesiz
ed

p 1.5 85 0.16 1.08 0.0
02
3

[209]

PTh Doped with 
various dopants

p 201 23 10.6 [210]

P3MeT BF4 p 73 76 0.15 0.0
31

[126]

P3HT small molecule 
epitaxy

p 320 269 0.15~
0.2

62.4 0.1 [211]

PEDOT BTFMSI doping 
and hydrazine 

reduction

p 113
4

36 0.19 147 0.2
2

[37]

PEDOT:PSS DMSO 
secondary 

doping and EG 
post-treatment

p 886 73 0.34 469 0.4
2

[50]

PEDOT:PSS Triple post-
treatments with 

formamide 
(CH3NO), 

concentrated 
sulphuric acid 
(H2SO4), and 

p 178
6

28.1 - 141 - [201]
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sodium 
borohydride

PEDOT:PSS Post-treatments 
with acid and 

base

p 217
0

39.2 0.2-
0.34a

334 0.4
9

[150]

PEDOT:PSS Screen-printed 
on

paper

p 800 18 - 26 - [155]

PEDOT:PSS Treating 
PEDOT:PSS 
with ethylene 

glycol, 
polyethylene 

glycol, 
methanol, and 

formic acid

p 190
0

20.6 - 80.6 0.3
2

[154]

PEDOT:PSS Treatment with 
organic solutions 
of inorganic salts

p 147
3

22.6 0.2 75 0.1
25

[156]

PEDOT:PSS Ion 
accumulation on 

surface

p 159
5

63.3 0.26 640 0.7
5

[157]

PEDOT:PSS/DMSO/Tri
ton X-100

Self‐Healing and 
Stretchable 

thermoelectrics

p 137-
94

13.4 0.27 2.5-
2.1

[212]

PEDOT:S-PHEF Doping with 
fluorine-

containing 
polyanion as 

dopant

p 320 17.8 10.1 [213]

P(MeOPV-co-PV) Mechanical 
stretching with 

4.4-fold 
stretching ratio

p 183.
5

43.5 - 34.8 - [47]

PEDOT:Tos Oxidation level 
tuning by vapour 

phase 
polymerization

p 300 40 0.37 324 0.2
5

[52]

Co-polymers

P3BT/PS Mixing in 
solution

p 0.00
2

600 0.25 0.07 - [158]
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PANI/ polyelectrolyte/ 
phytic acid

Self-healing and 
stretchable 

thermoelectrics

p 0.24 750
0

0.449 1600 1.0
4

[214]

P3HT/PEDOT:PSS Electrochemical 
polymerization

p 200.
5

17 - 5.8 - [159]

P3MeT/PEDOT:PSS Electrochemical 
polymerization

p 137.
5

16 - 4.5 - [159]

PTh/PEDOT:PSS Electrochemical 
polymerization

p 125 11.5 - 1.5 - [159]

PANI/PEDOT:PSS Layer-by-layer 
deposition

p 158
5

17.5 - 49 - [159]

PEDOT 
NWs/PEDOT:Tos

Vapor phase 
polymerization

p 127
0

59.3 0.26 446.
6

0.4
4

[160]

PEDOT:PSS/ water-
borne polyurethane 
(WPU)/ ionic liquids 

(ILs)

Drop cast and 
laser patterning

p 140 22 6.77 [215]

Poly(selenophene-co-3,
4-
ethylenedioxythiophene)

Electropolymeri
zation

p 0.91 12 0.01
4

[216]

Organic-inorganic hybrids

PPy/SWCNTs Common 
vacuum

filtration

p 400 22 - 20 - [161]

PANI/graphene Mixing in 
solution

p 856 15 - 19 - [162]

PANI/graphene In-situ 
polymerization

p 814 26 - 55 - [163]

PANI/graphene/DWCN
Ts

Layer-by-layer 
assembling

p 190
0

120 - 2710 - [164]

PANI/graphene/DWCN
Ts

Layer-by-layer 
assembling

p 108
0

130 - 1825 - [165]

PANI/CNTs In-situ 
polymerization

p 61.4
7

28.6 0.5 5.04 0.0
03

[166]

PANI/SWCNTs Hybridization of 
PANI and 

SWCNT to form 
highly 

conductive 
interfaces 

between two 
components

p 769 65 0.43 176 0.1
2

[167]
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PANI/SWCNTs In-situ 
polymerization

p 125 40 1.5 20 0.0
04

[202]

PANI/SWCNTs In-situ 
polymerization

p 144
0

38.9 0.44 217 - [168]

PANI/SWCNTs + Te In-situ 
polymerization

p 345 54 0.3 101 - [169]

PANI/DWCNTs Mixing in 
solution

p 610 61 - 220 - [170]

PANI/Au-doped CNTs Directly spun 
CNT webs

p 150
0

150 3.6 2500 0.2 [171]

PANI/SnSe0.8S0.2 + 
CNTs

SnSe0.8S0.2 
nanosheets are 

chemically 
exfoliated from a 
bulk ingot, and 

camphorsulfonic 
acid-doped 

PANI

(CSA-PANI) is 
coated on the 
surface of the 

nanosheets

p 30 316 - 300 - [203]

PANI/Te Mixing in 
solution

p 102 102 0.21 105 - [172]

PANI/NiO Sol-gel 
combination and 

chemical 
oxidative 

polymerization

p 0.13
9

331 1.25 [217]

PANiPy/SWCNT nanostructured 
polyaniline/

carbon nanotube 
composites

p 425 41 70 [218]

PANI/Bi2Te3 In-situ 
polymerization

p 11.6 36 0.1 1.5 - [173]

P3HT/SWCNTs Mixing in 
solution

p 110
0

29 - 95 - [174]

P3HT/SWCNTs Mixing in 
solution and bar-

coating

p 276
0

31.1 - 267 - [175]

P3HT/Bi2Te3 Mixing in 
solution

p 10 117 0.54~
0.86

13.6 - [176]
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PVAc/CNT/PEDOT Hybridization of 
three 

components to 
form 

interconnected 
network between 

fillers and 
polymer

p 380 27 0.34 25 0.0
2

[177]

PEDOT:PSS/graphene In-situ 
polymerization

p 637 26.8 - 45.7 - [43]

Sb2Te3/PEDOT:PSS-
PVP/Sb2Te3 (STPPST)

Multi-Step 
Coating

p 365 124 563 [219]

PEDOT:PSS/graphene Mixing in 
solution

p 116
0

17 - 32.6 - [200]

PEDOT:PSS coated Te 
(PC-Te) 

nanorod/PEDOT:PSS

Drop cast and 
H2SO4 

treatments

p 204.
6

83.2
7

141.
9

[220]

PEDOT:PSS/graphene 
+ C60

Mixing in 
solution

p 720 34 0.25 83.2 - [178]

PEDOT:PSS/graphene 
+ Te

Mixing in 
solution

p 35 202 0.21 143 - [179]

PEDOT:PSS/SWCNTs Dilution-
filtration method

p 900 30 - 85 - [180]

PEDOT:PSS/SWCNTs Mixing in 
solution

p 100
0

18~
34

- 160 - [204]

PEDOT/a-SWCNT Electro-
polymerization 
and mixing in 

solution

p 347
0

32 350 [221]

PEDOT:PSS/DWCNTs Mixing in 
solution

p 780 43.7 - 151 - [181]

PEDOT:PSS/Vertically
aligned CNTs forest

Using a razor 
blade and 

integration into 
the composite

p 255 55 - 79 - [182]

PEDOT:PSS/SnSe Li-intercalated 
SnSe 

nanosheets; 
physical mixture 
of PEDOT:PSS 

and SnSe 
nanosheets

p 320 110 0.36 387 0.3
2

[51]

PEDOT:PSS/SnSe Li-intercalated 
SnSe 

p 320 110 - 390 - [205]



46

nanosheets; 
physical mixture 
of PEDOT:PSS 

and SnSe 
nanosheets

PEDOT:PSS/ 
Bi0.5Sb1.5Te3

Electroless 
plating and 

solution mixing

p 230
0

37 312 [222]

PEDOT:PSS/ 
SnSe0.97Te0.03

Li-intercalated 
SnSe0.97Te0.03 
nanosheets; 

physical mixture 
of PEDOT:PSS 

and SnSe 
nanosheets

p 18.5 90 - 15 - [183]

PEDOT:PSS/PEDOT-
coated SnSe0.97Te0.03

Li-intercalated 
SnSe0.97Te0.03 

nanosheets 
coated with 

PEDOT; 
physical mixture 
of PEDOT:PSS 
and nanosheets

p 320 80 0.36 200 0.1
8

[184]

PEDOT:PSS/PEDOT-
coated SnSe1-xTex

Li-intercalated 
SnSe1-xTex 
nanosheets 
coated with 

PEDOT; 
physical mixture 
of PEDOT:PSS 
and nanosheets

p 150 124 - 222 - [185]

PEDOT:PSS/Si Spin-coating 
technique

p 49 73 - 26.2 - [186]

PEDOT:PSS/Cu2Se Wet-chemical 
process

p 104
7

50.8 0.25-
0.3

270.
3

0.3 [223]

PEDOT:PSS/Te In-situ synthesis 
to form highly 

conductive 
interfacial layer 

between 
PEDOT:PSS and 

Te nanorods

p 19.3 163 0.22 51 0.1 [187]

rGO/PEDOT:PSS/Te 
NW

Ternary hybrid 
composite by 
wet-chemical 

p 34.9
6

202 143 [179]
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and physical 
mixing methods

PEDOT:PSS/Te Simple and 
efficient 

vacuum-assisted 
filtration method

p 700 28 0.15 50 0.1 [188]

SWCNT/PC-Te vacuum assisted 
filtration method

p 332 56 104 [220]

PEDOT:PSS/Te In-situ synthesis p 11 180 0.16 35 - [189]

PEDOT:PSS/Te In-situ synthesis p 2 150 - 4.5 - [190]

PEDOT:PSS/Te In-situ synthesis p 115 215 - 284 - [191]

PEDOT:PSS/Te-
Cu1.75Te

In-situ synthesis p 17.4 220 - 84 - [192]

PEDOT:PSS/ Sb2Te3 Screen-printing p 341 92.6 0.44 275 0.2 [193]

PEDOT:PSS/ Bi2Te3 Screen-printing n 73 -
137.

8

0.25 147 0.1
6

[193]

PEDOT:PSS/MoS2 Mixing in 
solution

p 125
0

19.5 0.27 45.6 - [194]

PEDOT/Te Electrodepositio
n

p 561.
4

65.4 240 [224]

SWCNT PEI doping n 370
0

-63 - 1500 - [195]

(HA)x (H2O)y

(DMSO)z/TiS2

Hybrid 
superlattice of 

alternating 
inorganic TiS2 

monolayers and 
organic cations

n 790 -
75.5

0.12 450 0.2
8

[196]

PVDF/Ta4SiTe4 Dimensionality/
morphology 

matching 
strategy and a 

proof-of-
principle study

n 95 -250 - 594 - [197]

PCNTI Doped by N-
DMBI-H 
Solution

n 0.19 -
122.

9

250 [225]

PCNDTI Doped by N-
DMBI-H 
Solution

n 0.28 -
72.5

100 [225]
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PCNI-BTI Doped by N-
DMBI-H 
Solution

n 23.3 -
83.3

1000
0

[225]

PCNDTI-BTI Doped by N-
DMBI-H 
Solution

n 0.56 -
94.1

330 [225]

PBTI Doped by N-
DMBI-H 
Solution

n 0.00
2

-
775.

7

110 [225]

P(NDI2OD-T2) doping with N-
DPBI

n 0.00
2

-
300
0

184 [226]

PEDOT:PSS Doping with 
CuCl2

n 0.05
3

-
180
00

1700 [227]

PEDOT:PSS Rhodamine 101 
post-treatment

p 180
1

47.2 401.
2

[228]

BBL:PEI PEI doping in 
BBL

n 8 -65 33.8 [229]

PVDF/Ni NW Solution mixing 
casting and 

compressing 
molding

n 252.
6

-
31.0

1

24.3 [230]

N2200/Co 
nanowires/SWCNTs

Organic–
inorganic 

nanocomposites

n 186
0

-45 1.02 483 0.1
8

[231]

Polyimide/Bi 
chalcogenides

Thermal 
evaporation

n 277 -145 1.315 584 0.1
3

[21]

Polyimide/Sb 
Chalcogenides

Thermal 
evaporation

p 943 169 1.285 2694 0.6
3

[21]

SnSe/SWCNTs Solution mixing p 588 49 14 145 0.0
03

[54]

Bi2Te3/SWCNTs Solution mixing p 253.
9

48 57.8 [53]

PPBH/SWCNTs/PUBI Lychee-like 
polymer core 
covered by 

carbon 
nanotube/polyur

ethane 
segregated 

conducting and 
flexible 

networks, 

p 110 24 - 6.3 - [198]
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fabricated using 
a simple aqueous 
coating strategy

PS/SWCNTs Mixing in 
solution

p 125
0

58 0.3 413 - [199]

3.1 Doping

Intrinsic CPs are generally non-conductive, and doping can generate carriers to conduct electricity. 

By doping effective dopants through chemical doping, electrochemical doping, and proton acid doping 

in CPs, the n can be rationally adjusted via tuning the doping level (or doping concentration), thereby 

significantly improving its thermoelectric performance. Generally, both theoretical and experimental 

results confirmed the influence of the doping level on the σ and S of CPs [20,55], and found that their 

doping behaviours are very similar to that in inorganic semiconductor materials [6], that is, with 

increasing the doping concentration, the n increased, leading to enhanced electrical transport by σ = 

neμ and decreased thermopower by . Based on the formula of , an  𝑆 =
8𝜋2𝑘2

𝐵

3𝑒ℎ2 𝑚 ∗ 𝑇( 𝜋
3𝑛)2/3

𝑍𝑇 =
𝑆2𝜎𝑇

𝜅

“effective doping” in CPs should be carefully controlling the doping concentration to rationally tune 

the n value, which can lead to optimized S2σ and ZT. In order to achieve this goal, carefully choosing 

the dopants, as well as rationally adjust the doping level by controlling the dopant amount and synthesis 

parameters such as temperature and time, are required. Sometimes multiple dopants are needed to finely 

tune the n, therefore achieving an effective doping is a tricky task, and countless work has focused on 

this. It should be noted that the improving of doping efficiency should be based on the doping methods 

and mechanisms of CPs. Compared with inorganic materials, the doping methods and mechanisms of 

CPs are different, which is mainly determined by the jumping model transport mechanism in the CP 

system. Generally, doping in CPs mainly involves the processes of charge transfer between 

molecules/atoms, inducing the generation of carriers, strengthening the charge-to-charge interaction 

(Coulomb correction), and polaron coupling of transition states, which can lead to changes in the local 

state of materials and shifts in energy levels, and in turn boost the thermoelectric properties.
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Doping can enhance σ of CPs by several order of magnitude. For example, iodine doping can 

improve σ from 10-3 S∙cm-1 to 104 S∙cm-1 for polyacetylene (PA), the simplest linear conjugated polymer 

[101]. Other conjugated polymers like PANI show dramatically enhanced σ by doping with HCl or 

camphor sulfonic acid (CSA) [232,233]. In the doping process, electrons automatically tend to transfer 

from donor (matrices) molecules to acceptor (dopants) molecules when there is a positive offset 

between the electron affinity Ea (defined as the energy released for a neutral atom to form an anion) and 

the ionization energy Ei (defined as the minimum amount of energy required for a neutral atom to form 

a cation), creating counter-ions or charge carriers, i.e. polarons or bipolarons in the backbones [234-

236]. Notably, the intercalation of dopants inevitably introduces structure disorder in polymer films. 

However, the degree of structure disorder varies under different doping methods. To summarize, the 

effects of doping depends on three factors: dopant, doping level, and doping method.

Figure 11a illustrates a typical process of electron transfer from matrix molecules to dopant 

molecules in P3HT films doped with F4TCNQ [237]. According to the Koopmans theorem [238], the 

values of Ei and Ea are regarded as the negative of the HOMO energy and the LUMO energy. Electrons 

in HOMO of P3HT tend to be captured by dopants as forming an anion can release energy more than 

that absorbed in the ionization process [237]. Notably, for a given matrix, Ei is fixed while different 

dopants with various Ea can introduce distinct energy offsets between these two values, resulting in 

totally different capability for matrices or dopants to form cations or counter-ions and distinct σ 

[239,240]. In general, larger Ea leads to more effective enhancement of σ by doping, and less energy is 

required for the electrons to transfer from matrices to dopants [237,241,242]. Moreover, a linear 

relationship between the energy offset and the amount of charge transfer was used to estimate n for the 

doped CPs [238].

Besides the dopants themselves, the doping level directly determines the amounts of electric 

charges involved in transportation phenomenon associated with electrical conduction. Another term in 

chemistry called oxidation level is defined as the number of counter-ions per repeated monomer of 

https://www.sciencedirect.com/topics/chemistry/conjugated-polymer
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polymer is used to describe σ, because not all the dopants can capture electrons, e.g., commercial 

PEDOT:PSS solution. Both of them impact the electronic transport process in a similar way, however, 

the doping level is more intuitive. Figures 11b and 11c plot S and σ of poly[N-9’-heptadecanyl-2,7-

carbazole-alt-5,5’-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) doped by FeCl3 as 

functions of doping level [36]. Obviously, σ increases with increasing doping level. The same 

phenomenon was reported in another work about poly(3,4-ethylenedioxythiophene):tosylate 

(PEDOT:Tos) whose σ increases from 6×10-4 S∙cm-1 at 15 % doping level to 300 S∙cm-1 at 36 % doping 

level, as shown in Figure 11d [52]. These dramatic enhancements of σ of CPs indicate that doping level 

can significantly impact the electrical conduction properties.
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Figure 11. a) Process of electron transfer from matrix molecules to dopant molecules in poly(3-

hexylthiophene) (P3HT) films doped with F4TCNQ; a) Reproduced with permission [237]. Copyright 

2013, American Physical Society. b) and c) the S and σ of poly[N-9’-heptadecanyl-2,7-carbazole-alt-

5,5’-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) doped by FeCl3; b) and c) Reproduced 

with permission [36]. Copyright 2009, American Chemical Society. d) and e) the TE properties of 

poly(3,4-ethylenedioxythiophene):tosylate (PEDOT:Tos) films as a function of oxidation level. d) and 

e) Reproduced with permission [52]. Copyright 2011, Springer Nature.

Although increasing the doping level leads to higher σ, a high doping level does not always lead 

to better TE performance of CPs, because S usually presents an inversely proportional relationship with 

the doping level. Therefore, to optimize the TE performance, tuning the doping level is necessary. 

Quantitatively, the doping level for optimized TE performance is known as the optimal doping level 

(oxidation level) whose value differs for different CPs, e.g. 14.5 % for PEDOT:PSS [73], 22 % for 

PEDOT:Tos [52] and 77 % for PCDTBT: FeCl3 [36].

Except for the doping level of dopants, the size of dopants affects σ. ClO4, PF6, and 

bis(trifluoromethylsulfonyl)imide (BTFMSI) were applied in the TE performance enhancement of 

PEDOT films and this shows a distinct impact upon σ of the films, as shown in Figure 12a [37]. In 

particular, PEDOT film doped by BTFMSI which has the largest size among three dopants shows the 

highest σ, attributed to the modification of the coil structure of amorphous conjugated polymers. Small 

anions such as ClO4 could smoothly neutralize the positive charges of the chain without any significant 

influence on the backbone of the polymer; while the increase in counter-ion size may produce an 

extension effect that stretches the compactly coiled polymer chain due to electrostatic repulsion between 

neighbouring counter-ions. A similar stretching effect caused by the formation of a hydrogen bond 

between the carbonyl group of CSA and the hydroxyl group of m-resol has also found in PANI doped 

with m-cresol [167].
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The last factor impacting the doping effect is the doping method. Dopant molecules can induce 

structural disorder in the lamellae composed of backbones, especially at a high doping level. Therefore, 

using suitable doping methods can reduce such negative effects. A co-deposited doping process in 

casting solution for blends were developed by simply physically mixing the dopant (F4TCNQ) and the 

matrix polymer (poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno-[3,2-b]thiophene) (PBTTT-C14)) [35], 

as shown in Figure 12b (left side). The favourable energy offset between Ea and Ei facilitates the 

electrons transfer from PBTTT-C14 to F4TCNQ in solutions and films. This doping process completed 

prior to the casting of uniform films, resulting in the highest σ up to 2 S∙cm-1 when the molar ratio of 

dopant to the matrix was 0.25. This σ of doped PBTTT film was improved from 4×10-5 S∙cm-1 of pristine 

PBTTT film, more than four orders of magnitude. Such dramatic enhancement was attributed to 

increased n stemming from doping. The same materials were also studied in work reported by Henning 

Sirringhaus et al [38]. However, they believed that the diffusion of a small molecule of dopant into the 

π-stacked conjugated chains should be responsible for the σ of 2 S∙cm-1, though considerable but not 

high. Hence, they designed an experiment where F4TCNQ was not intercalated into the PBTTT until 

the matrix conjugated polymer was pre-deposited on the substrate by spin-coating, as shown in Figure 

12b (right side). This unique solid diffusion doping process resulted in a much larger σ of 248 S∙cm-1 

for the PBTTT:F4TCNQ film with doping level about 20 % ~ 30 % compared to that obtained by the 

co-deposited doping process. The reason accounting for this difference was that instead of intercalating 

inside the π-stacked conjugated chains, the dopant molecules were incorporated into the layer of side 

chains of the matrix, leading to a highly ordered lamellar microstructure.

3.2 Secondary Doping

Phenomenologically, a secondary dopant is an “inert” substance which can further change the 

physical properties of a primarily doped material, including σ. Although there is no redox reaction 

between these organic compounds and polymers, such a strategy has been referred to as secondary 

doping. Secondary dopants such as methyl sulfoxide (DMSO) [86], N, N-dimethylformamide (DMF) 
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[243], and EG [50] are used to add the PEDOT:PSS aqueous solution to improve σ with ~100 fold 

increase [243-246]. Sometimes a combination of secondary doping treatment and doping engineering 

is used to simultaneously increase S and σ, which can be described as a sequential treatment [26].

Table 3 summarizes σ of PEDOT:PSS films treated by several common secondary dopants, such 

as Ethylene glycol, DMSO, NMP, N,N-dimethylacetomide, and 4-Methoxyphenol. As can be seen, 

compared to the pristine PEDOT:PSS film (σ of 0.2 S∙cm-1), the treated films show dramatically 

enhanced σ, especially for the EG and DMSO treated PEDOT:PSS films. The mechanisms of such 

enhancements through secondary doping remains unclear. One of the most well-known explanations is 

that the secondary dopants induce screening effects between the positively charged polymer chains and 

negatively charged primary dopants to reduce the Coulomb interaction between them, leading to a 

dramatic enhancement in σ [244]. Therefore, such an enhancement ratio has been related to the 

dielectric constants of the secondary dopants [244]. It should also be noted that the physical states of 

the dopants are critical to the enhancement in σ, as the observed σ enhancement only happened after the 

films were baked at a temperature higher than the melting point of the secondary dopant [247]. Crispin 

et al. [243] also reported that the secondary dopant EG can reduce the insulated PSS layers surrounding 

the conductive PEDOT:PSS particles, leading to enhanced σ. The incorporation of secondary dopant 

EG into the PEDOT:PSS aqueous solution can cause conformational changes and improve the 

crystallinity of the PEDOT nanocrystals in the solid films, with an increased μ from 0.045 to 1.7 cm2∙V-

1∙s-1 [86]. Such improved crystallinity can be verified in the 2D grazing-incidence wide-angle X-ray 

diffraction (GIWAXD) patterns of Figure 12c (without EG) and 12d (with 3 % EG). The comparison 

between these two patterns indicates the existence of ameliorated morphology with larger average 

crystal size by adding EG to the solution. Moreover, Figures 12e and 12f plot σ as a function of the 

volume ratios of DMSO and EG for PEDOT:PSS [39,40]. As can be seen, σ rapidly increases from 

nearly 0 to over 600 (500) S∙cm-1 when the volume ratio of DMSO (EG) reaches 5 %, and then decreases 
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as the volume ratio goes beyond 10 %, meaning that the best volume ratio of this secondary dopant 

should be within 5 % to 10 %.

Table 3. Electrical conductivity (σ) of PEDOT:PSS films treated by several common secondary dopants 

with distinct dielectric constant (ɛ) [69].

Secondary dopants ɛ σ (S∙cm-1)
Ethylene glycol 37 200

DMSO 49 143
NMP 46

N,N-dimethylacetomide 37
4-Methoxyphenol 11 20

Non 0.2

Figure 12. a) TE performances of PEDOT films with ClO4, PF6, and bis(trifluoromethylsulfonyl)imide 

(BTFMSI) as dopants; a) Reproduced with permission [37]. Copyright 2014, Royal Society of 

Chemistry. b) Two doping methods for CPs. The left side is the co-deposited doping method while the 

right side is the pre-deposited doping method; b) Reproduced with permission [38]. Copyright 2016, 
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Springer Nature. The 2D GIWAXD patterns of PEDOT:PSS films: c) without EG, and d) with 3 % EG; 

c) and d) Reproduced with permission [86]. Copyright 2013, Wiley-VCH; e) The σ of PEDOT:PSS 

films versus concentration of DMSO relation; e) Reproduced with permission [40]. Copyright 2018, 

Research India Publications; f) The σ of PEDOT:PSS films versus concentration of EG relation. f) 

Reproduced under a Creative Commons Attribution (CC BY) license [39]. Copyright 2015, American 

Institute of Physics.

3.3 Post-Treatments

Increasing σ by ameliorating the morphology or improving S by tuning the over high n has been 

proven to be an effective method to further enhance TE performance for the CPs films. Specifically, 

the strategy applied to the CPs films to improve their TE performance is known as post-treatment, 

including mechanical stretching, annealing treatment, and chemical treatment. Generally, rational post-

treatments could enhance the structural ordering in the polymer microstructures, and remove excess 

insulating phases through phase segregation, and in turn increase σ. These are two fundamental 

functions of post-treatments. Taking chemical treatment for an example, it involves immersing 

fabricated CP films into solutions such as EG [50], DMSO [248], methanol [154], DMF [156], formic 

acid [154], or sulfuric acid [46], and then rinsing. It was reported that for PEDOT:PSS, post-treatments 

by CH3NO and H2SO4 solutions could selectively remove excess insulating PSS within the films, 

leading to higher μ and σ; while subsequent NaBH4 treatment optimized the σ and S by modulating the 

oxidation level, contributing to high S2σ [201]. Other works also indicated that by rational acid-solution 

treatment, stronger ion interactions between dopants and polymers in acid solutions could be achieved, 

including dipole–dipole or dipole–charge interactions [156]. These ion interactions lead to higher σ. In 

this regard, rational post-treatments are of significance to optimize the thermoelectric performance of 

CPs.
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3.3.1 Mechanical Post-treatments

Mechanical stretching is usually used to achieve a high degree of structural order in the crystalline 

domains in CPs. σ of the Poly(2,5-dimethoxyphenylenevinylene) (PMeOPV) film can be increased by 

two orders of magnitudes from 2 to 183 S∙cm-1 without a scarification of S by using mechanical 

stretching [47]. A similar study shows that PEDOT:PSS has an ultrahigh σ value of 4100 S∙cm-1 after 

being stretched under 100 % tensile strain [249]. However, such a high mechanical stretching has a 

negative impact upon the electrical conduction, resulting in cracks, and in turn damages the highly 

interconnected conducting network [249]. Other studies have reported that polypyrrole (PPy) doped 

with hexafluorophosphate shows a high σ value of 1,500 S∙cm-1 improved from 500 S∙cm-1 as its 

polymer chains have been uniaxially oriented after mechanical stretching [250]. Interestingly, no 

crystalline structure was found when PPy was doped by other dopants, indicating that counterions 

considerably influence the structural arrangement [251].

3.3.2 Annealing Post-treatments

Annealing post-treatment is an effective method to improve σ of CPs by increasing μ. As most of 

CPs cannot endure very high temperatures, the annealing treatment is usually carried out below 300 ℃. 

The annealing treatment can form well-aligned microstructures and highly crystallized domains of the 

treated polymer films. PBTTT films presented highly ordered microstructures after annealing 

treatments under different temperatures [44]. Obviously, higher annealing temperature result in highly 

ordered microstructures, leading to high μ of 10 cm2∙V-1∙s-1. A similar phenomenon was also observed 

in the annealed P3HT/PCBM films [252-254], which shows improved crystallinity and increased μ by 

even more than three orders of magnitude. Recently, a radical case was reported where the 5,6-

dihydroxyindole (DHI) eumelanin films presented a remarkable increase of σ, up to 9 orders of 

magnitude, from 10-7 to 318 S∙cm-1 after a simply vacuum annealing treatment [255]. Such an obvious 

improvement in σ was attributed to the structural reorganization within the films [255].
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3.3.3 Chemical Post-treatments

Compared with the mechanical stretching and annealing post-treatment, chemical post-treatment 

is a more common strategy to enhance the TE performance of CPs [256,257]. As one of the most 

favourable CPs, PEDOT:PSS are processable with high TE performance [258]. However, the overly 

doped insulating PSS has a negative effect upon the electrical conduction of PEDOT:PSS. Therefore, 

in order to further improve the TE performance of PEDOT:PSS films, it is necessary to selectively 

remove these extra insulated PSS. Dipping the deposited PEDOT:PSS films inside some hydrophilic 

organic solvents was the technique that was used to selectively remove the extra hydrophilic PSS, 

whereas PEDOT is hydrophobic. Figures 13a-d plots the TE properties of PEDOT:PSS films for 

different EG post-treatments, in which the PEDOT:PSS films secondarily doped with 

dimethylsulphoxide (DMSO) were simply immersed in EG for a sufficient time period [50]. A record-

high peak ZT of 0.42 was observed, which was attributed to the simultaneously improved S and σ, as 

shown in Figures 13a-b. The selective removal of PSS during the EG treatment can result in enhanced 

μ, and in turn this leads to a decrease in tunnelling distance, overwhelming the reduction in n. Except 

for EG, treatments with methanol [259,260], DMSO [85], ethanolamine (MEA) [154,261], etc. were 

also reported to be effective in TE enhancement of PEDOT:PSS films.

In addition to hydrophilic organic solvents, treatments with protonic acids, including sulphuric 

acid [262], hydroiodic acid [263], phosphoric acid [264], etc., can also effectively improve TE 

properties of PEDOT:PSS films. Unlike the organic solvents, the mechanism of using protonic acid to 

selectively remove the extra PSS can be explained by the transfer of protons (i.e. the H+) from strong 

acid to strong based cation (i.e. PSS-), forming the water-soluble weak acid PSSH [265]. For example, 

H2SO4 treatment induces the formation of a dense and interconnected crystalline nanofibril structure 

(Figure 13e), leading to enhanced σ of the PEDOT:PSS film up to 4380 S∙cm-1 (Figure 13f) [46]. Such 

ultrahigh σ stems from enhanced μ, due to the high crystallization of the PEDOT:PSS films after the 

H2SO4 treatment.
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Figure 13. a-d) TE properties of PEDOT:PSS films after EG post-treatment; a)-d) Reproduced with 

permission [50]. Copyright 2013, Springer Nature; e) σ of PEDOT:PSS films as a function of the 

concentration of H2SO4 solvent; f) HAADF-STEM images of PEDOT:PSS films treated with 

concentrated H2SO4. e) and f) Reproduced with permission [46]. Copyright 2013, Wiley-VCH.

Both the hydrophilic organic solvent treatments and the protonic acid treatments are effective 

methods for σ enhancement of CPs by selectively removing the excess non-ionized PSS. However, 

most of S remains unchanged after these treatments, indicating that further enhancement in TE 

performance exits in increasing S. A few reduction treatments by using hydrazine (N2H4), sodium 

borohydride (NaBH4), sodium thiosulfate (Na2S2O3), and tetrakis(dimethylamino)ethylene (TDAE) 

have been applied to tune n to optimize S of PEDOT:PSS films, and significantly increase S from 18 

μV∙K-1 for pristine PEDOT:PSS films to 161 μV∙K-1 for TDAE treated PEDOT:PSS films are observed, 
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as illustrated in Table 4. Such huge enhancement in S is ascribed to the transitions of the charge states 

in the polymer films from di-cations to radical cations or neutral chains.

Table 4. Seebeck coefficient, S of PEDOT:PSS films post-treated by various reducing agents with 

different redox potentials [45].

Reducing agents Redox potentials (V/SHE) S (µV∙K-1)
None N/A 18

Na2S2O3 -0.57 37
TDAE -0.71 161
Na2SO3 -0.93 39

Hydrazine -1.16 153
NaBH4 -1.24 53

Apart from the solo used one single method upon pristine CPs films, the combined reduction 

treatments, such as acid/hydrophilic organic solvent treatments, are developed to optimize TE 

performance of CPs. For example, Ouyang et al. reported a method with sequential acid and base 

treatments to achieve an ultrahigh S2σ of 334 µW∙m-1∙K-2 for PEDOT:PSS film [150], in which σ can 

be dramatically enhanced by more than 100 times with unchanged S. It can be concluded that higher σ 

after the acid (hydrophilic solvents) treatment would potentially lead to a larger S2σ after the reduction 

treatment [201]. Similar results have also been observed in other studies [266-269]. Besides, combining 

the advantages of doping, secondary doping, and post-treatments should be effective to 

comprehensively improve the thermoelectric performance of CPs, but the interactions between different 

strategies should be carefully concerned.

3.4 Polymerization

Polymerization is a process for reacting monomer molecules together in a chemical reaction to 

form polymer chains or three-dimensional networks [270]. Compared to the post-treatment method, the 

polymerization method can effectively tune both the microscopic morphologies and oxidation level of 

CPs. Specifically, lengths and alignment of the polymerized backbones can be tuned by using suitable 

surfactants and controlling the reaction rate. The oxidation level can be modulated by applying 
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reduction treatments to the deposited films or tuning the gate voltage during the polymerization process. 

Typically, classified by the presence or absence of external gate voltage to facilitate the polymerization 

process, there are two types of polymerization methods for CPs, namely electrochemical polymerization 

[271] and oxidative chemical polymerization [52]. However, the electrochemical polymerization 

method is not suitable for application in the fabrication of patterned CP films as the electrolytes usually 

cover the entire substrate during the process. Instead, the oxidative chemical polymerization method 

should be a better alternative. Although the oxidative chemical polymerization method is not as good 

as the electrochemical polymerization method in tuning the oxidation level, the oxidative chemical 

polymerization method performs better in fabricating CP films with various patterns, including 

nanowires or even other specialized patterns.

3.4.1 Electrochemical Polymerization

Classified by conditions, such as the applied voltage and current, the electrochemical 

polymerization method can be divided into potentiodynamic, galvanostatic, and potentiostatic 

electrochemical polymerization [271]. Here, we focus on the potentiostatic electrochemical 

polymerization, which involves the application of constant potential. The value of this electrical 

potential should be high enough to oxidize and polymerize the monomer, but sufficiently low not to 

dissolve the metal or induce corrosion. Therefore, both the rate of polymerization and the oxidation 

level of CP can be controlled according to the applied voltage. Other factors, such as the concentration 

ratio between the matrix and dopants, the solvents used in the polymerization process, and the 

supporting electrolytes, can affect the induced morphologies of the polymerized CPs films [210]. It has 

been reported that electrochemical polymerization solvents (propylene carbonate and acetonitrile) and 

supporting electrolytes (TBAClO4, TBABF4, LiClO4, and LiBF4) have different effects on the 

morphologies of PEDOT films [272]. The supporting electrolytes have only a minor effect, while the 

solvents have a very significant influence on the morphologies of the CPs films. Particularly, films 

prepared in propylene carbonate have a smoother and flatter surface than that prepared in acetonitrile 
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[273]. It should be pointed that over-oxidation has a negative effect on the morphology of PEDOT 

[273,274].

The electrochemical polymerization method was used as an oxidation control approach. Figure 

14c and 14d plots σ and S of PEDOT:PSS films by the function of the gate voltage, in which the 

oxidation level was modulated by the applied gate voltages [73]. Such a process can be realized using 

a simple electrochemical setup, as illustrated in Figure 14b. Similar results were also reported by Kim 

[80], where a high S2σ of 1270 µW∙m-1∙K-2 can be realized in PEDOT:Tos films under a particular gate 

potential of 0.1 V, as shown in Figures 14e and 14f.
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Figure 14. a) Chemical structure of PEDOT–PSS; b) schematic diagram of the electrochemical setup; 

c) and d) the TE properties of PEDOT:PSS films as functions of gate voltage; a)-d) Reproduced with 

permission [73]. Copyright 2012, American Chemical Society; e) and f) TE properties of PEDOT:Tos 
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films as functions of gate potential. e) and f) Reproduced with permission [80]. Copyright 2013, Royal 

Society of Chemistry.

3.4.2 Oxidative Chemical Polymerization

The oxidative chemical polymerization method involves the application of oxidation agents to 

polymerize monomers of CPs [275]. Generally, monomers of CPs are deposited upon substrates where 

oxidation agents have been coated in advance. The polymerization reaction between the monomers and 

the oxidation agents is spontaneous and controllable. Notably, the morphologies of the polymerized 

films can be elaborated by using suitable oxidation agents and a rational supply rate of monomers to 

control the polymerization rate [272]. Typically, a lower polymerization rate is helpful in forming 

crystalline structures with high σ [63]. Other factors, including temperature [276], surfactants [277], 

and the thickness of the oxidation agent layer [278], influence the morphologies of the polymerized 

films. As for the oxidation level, reduction treatments are usually applied to the polymerized films after 

the polymerization process. The oxidation level can be modulated effectively by controlling the 

duration of the reduction treatments.

Oxidative chemical polymerization can be applied to fabricate two types of polymerized CPs films, 

namely the self-assembled films and patterned films. The difference lies in the distribution of oxidation 

agents upon the substrates. Figure 15a shows a typical oxidative chemical polymerization method in 

which oxidation agents cover the entire top surface of the substrates and react with monomers to form 

polymer films in a self-assembled manner. Figures 15b illustrate the optical images of the evolution of 

the crystalline growth and Figures 15c plots the time-dependent  of self-assembled PEDOT films 

fabricated at 30 ℃ [279]. As can be seen, the polymerization process took > 30 minutes to complete 

and the σ of polymerized films reached 4500 S∙cm-1. A similar result was also reported for the self-

assembled PEDOT films showing high σ of 5400 S∙cm-1, as shown in Figure 15d [82]. Such dramatic 
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enhancements in σ was attributed to the highly crystallized microstructures, as shown in Figure 15e, 

which is verified by the metallic granular model [65], as aforementioned in Figure 5a.

Figure 15. a) schematic diagram of two oxidative chemical polymerization approaches; b) crystalline 

growth and c) electrical properties of self-assembled PEDOT films fabricated by oxidative chemical 
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polymerization method at 30 ℃; a)-c) Reproduced with permission [279]. Copyright 2007, Wiley-VCH; 

d) σ versus temperature relation and e) TEM image of the self-assembled PEDOT films. d) and e) 

Reproduced with permission [82]. Copyright 2016, American Chemical Society.

As for the patterned films, the oxidation agents should be coated upon the substrates with designed 

patterns, followed by the deposition of monomers. The reaction between the monomers and the 

oxidation agents results in the ordering of CPs in a pattern. Figures 16a and 16b show the typical 

procedure and structural characteristics of single-crystal PEDOT nanowires [96]. σ of >8000 S∙cm-1 can 

be observed in PEDOT nanowires (Figure 16c). Such an overwhelming value was attributed to the 

highly crystalline structures with dramatic enhancement in µ. Notably, σ of polymerized films can span 

a huge range from 2 to ~10000 S∙cm-1 [280-283], stemming from the dopant anions used, such as 

tosylate [52], poly(styrenesulfonate) [73], Cl- [284], and surfactants [276,278,285]. For example, σ of 

3400 S∙cm-1 can be observed in PEDOT films synthesized with 5800 Da PEG-PPG-PEG, which is much 

higher than that of PEDOT film synthesized with 2900 Da PEG-PPG-PEG [276]. Such a difference can 

be attributed to the sheet-like morphology induced by the addition of 5800 Da PEG-PPG-PEG into the 

oxidant solution [276].

In summary, polymerization is one of the most effective strategies to improve the TE performance 

of CPs, in which the morphology and oxidation level of polymers can be modulated by controlling the 

polymerization conditions. Polymerization is not only applied to pure CPs, but is also used as a part of 

the hybridization methodology for polymer-inorganic composite TE materials [48].
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Figure 16. a) Schematic illustration of the procedure used to fabricate a single-crystal PEDOT nanowire; 

b) A TEM image of a PEDOT nanowire and the corresponding SAED patterns; c) σ versus wire width 

relation of the PEDOT nanowires. Reproduced with permission [96]. Copyright 2014, American 

Chemical Society.

3.5 Metal-based coordination polymers

The linear coordination polymers formed by transition metal ions and ethylenetetrathiolate (ett) 

are ladder-like polymers with a narrow bandgap degenerate semiconducting character. The lack of 
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rotatable single-bond connections in their molecular structures makes their conjugated backbones more 

rigid and stretched out, supporting a highly efficient intra-chain charge carrier transport. Therefore, they 

are expected to possess excellent TE performance as those of typical inorganic TE materials. Figure 

17 shows the temperature dependencies of the TE properties of several typical metal-based coordination 

polymers. Clearly, all polymers, no matter n-type or p-type, show positive dependency of σ on 

temperature, as shown in Figure 17a, which usually occurs when thermally-assisted hopping behaviour 

dominates the charge carriers transport [90]. Interestingly, the absolute values S of these polymers also 

increase with the temperature, similar to doped conducting polymers such as polythiophenes [286] and 

polypyrrole [208]. Although the S-T relations of the latter two were concluded as linear relation, the 

metal-based coordination polymers might actually follow the S-T1/2 relation as described by equation 

(10) for VRH model. Figure 17c shows the κ of the metal-based coordination polymers. The positive 

dependencies of all polymers can be ascribed to the enhanced electronic component of κ as the σ 

increases with temperature. The deduced figure of merits ZT for all polymers were also presented here 

in Figure 17d, showing a pretty high value over 0.32 at 400 K. Notably, these metal-based coordination 

polymers show not only excellent TE performances but also better photosensitivity than pure polymers, 

indicating that they can be used as both TEGs [129] and photo detectors [287].
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Figure 17. Temperature dependencies of a) σ, b) S, c) κ and d) ZT of four metal-based coordination 

polymers. Plotted together are measured data for poly(Ni-ett) (■) (reproduce with permission [288], 

copyright 2016, Wiley-VCH), poly[Cux(Cu-ett)] (●), poly[Nax(Ni-ett)] (▲) and poly[Kx(Ni-ett)] (▼) 

(reproduce with permission [129], copyright 2012, Wiley-VCH).

3.6 Selenium-substituted polymer

Selenium substitution is an important strategy for fine-tuning the conjugated structure and 

intermolecular interaction of organic semiconductors, thus serving as an effective approach to realize 

high mobility [289]. Take diketopyrrolopyrrole (DPP) as example, the selenium-substituted DPP 

derivatives (PDPPSe-12) show significantly enhanced charge mobility than the sulfur-based DPP 

derivatives (PDPPS-12). As a result, the power factor of the PDPPSe-12 is more than twice that of 
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PDPPS-12. Figure 18a shows the chemical structures of PDPPS-12 and PDPPSe-12, where the S atom 

in the thiophene group is substituted by a larger Se atom. Such Se substitution leads to a superior 

crystallinity than the PDPPS-12, which can be indicated by the clearer multi-ordered diffractions along 

the qz axis and the higher intensity of the p-stacking peak along the qxy axis, as presented in Figure 18b 

and c. This phenomenon was ascribed to the more compact lamellar stacking resulting from the 

increased π-π stacking distance of 0.07 Å due to the larger size of the Se atoms, as can be seen in Figure 

18d and e that show the schematic diagrams of the molecular packing of PDPPS-12 and PDPPSe-12. 

Such compact and highly crystalline molecular structures of PDPPSe-12 lead to significantly enhanced 

TE performance compared to the PDPPS-12. Figure 18f, g and h show the temperature dependencies 

of the σ, S and power factors of both PDPPS-12 and PDPPSe-12. The remarkably enhanced σ (more 

than 3 times that of PDPPS-12) of PDPPSe-12 gives an over doubled power factor even though the S 

is slightly depressed, indicating that such a significant enhancement of power factor mainly comes from 

the improvement of carrier mobility.
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Figure 18. a) Schematic diagrams of PDPPS-12 and PDPPSe-12; GIXRD images of b) PDPPS-12 and 

c) PDPPSe-12; Schematic diagrams of molecular packing of d) PDPPS-12 and e) PDPPSe-12; 

Temperature dependencies of f) σ, g) S and h) power factor of both PDPPS-12 and PDPPSe-12. 

Reproduced with permission [289]. Copyright 2019, Wiley-VCH.

4. Hybrid Composites based on Conducting Polymers 

The intrinsically low κ of CPs is naturally uncoupled with the electrical properties as electric 

charges rarely contribute to κ [65]. However, S2σ of most CPs is inferior to that of some excellent 

inorganic TE materials which possess highly coupled κ and electrical properties [290-301]. Therefore, 

a strategy of combining both CPs and inorganic fillers can be expected to inherit both merits and achieve 

the synergistic optimization of the electrical properties and κ. In addition to significantly improve the 
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electrical transport, the introduced interfaces tend to block the low energy charge carriers due to the 

filtering effect, and this in turn effectively improves S of the polymer matrix [64,176]. However, at this 

stage, there is still a lack of systematic and accurate characterization and research methods for the 

energy filtering effect. Inorganic materials and high-conductivity carbon materials usually have 

relatively high thermal conductivity, and when combined with conductive polymers, phonon scattering 

through the interface can effectively reduce the κ of the system. At the same time, the organic 

components can act as stabilizers and dispersants in the solution to improve the dispersion stability of 

the inorganic components in the solution.

Generally, the inorganic fillers that have been applied involve carbon-based nanomaterials and 

inorganic TE semiconductors. The carbon-based nanomaterials usually refer to single-wall carbon 

nanotube (SWCNT) [167], multi-wall carbon nanotube (MWCN) [166], graphene [275], etc. Their 

relatively high σ partially accounts for their population as fillers in polymers composites. Besides, these 

carbon-based molecules can be easily dispersed evenly within the liquid states of polymers such as 

PEDOT:PSS aqueous solutions. This process is very significant in the preparations of polymer 

composites films with uniformly distributed fillers. Besides, most inorganic TE semiconductors are 

potential fillers in the polymer composites. Particularly, several inorganic nanoparticles, including 

tellurium (Te) [187], bismuth telluride (Bi2Te3) [48], and tin selenide (SnSe) [51], were commonly 

applied in the fabrication of high-performance hybrid composites films. The advantages of being 

inorganic fillers lies in their outstanding and tunable TE properties so that the TE performance of the 

polymer composites films can be effectively optimized. However, as these inorganic fillers always tend 

to aggregate together and sink downward during the solidification process of the polymer composites 

films, a special technique was required to fabricate high-quality polymer composites films with uniform 

distribution of inorganic fillers. In addition to inorganic semiconductors and carbons, organic insulating 

materials can also participate in the construction of composite/hybrid systems, and their role is mostly 

to improve the solution processability and flexibility of the systems. For example, in the 
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TTF:TCNQ/PVC [52] and Bi2Se3/PVD systems [302], PVC and PVDF improved the processability of 

the material (can be used for inkjet printing), or helped the composite system to achieve high flexibility.

Except for the fillers mentioned above, polymers were also applied in the preparation of polymer 

composites films through a layer-by-layer deposition technique to form multi-layer structures with 

appropriate band alignments [164]. The mechanism behind this structure is known as modulation 

doping, accounting for the charge carrier diffusion between two materials due to the energy fluctuations 

between their energy band structures [186]. However, it should be noted that for the organic/inorganic 

composite material systems, the most significant challenges are making the two components with 

obvious differences in morphology and density uniformly disperse, and closely contact to achieve the 

hybrid effect, which are problems that needs to be faced during the preparation process, otherwise the 

performance of the composite system may not be beyond the upper limit of individual components.

4.1 Carbon-based Nanomaterials as Fillers

For carbon-based nanomaterials such as CNTs and graphene, although they have different 

morphologies, they both have high μ, which can increase the σ of the hybrid systems. Carbon-based 

molecules have drawn tremendous attention as fillers for polymer composites due to their high σ of >104 

S∙cm-1 [303]. Graphene is the most well-known carbon-based molecule as graphene has broken many 

records in terms of mechanical properties and energy conduction [304-306]. The ultrahigh σ of graphene 

stems from the two-dimensional sheet-like structure with sp2 hybridization, where electronic charges 

can transfer with remarkably high μ of >200,000 cm2∙V-1∙s-1 [307]. On the other hand, by rolling the 

graphene sheets along an axis, the obtained CNTs would retain the excellent properties of graphene. 

Specifically, the number of rolled graphene sheets determines the form of CNT, such SWCNTs which 

consists of one single sheet of graphene, and MWCNTs composed of several single tubes nested inside 

each other with the same rolling axis. CNTs have excellent electrical transport properties, and can form 

close contact with CPs through interaction to carry out effective charge transport. At the same time, the 

one-dimensional structure of CNTs can form an effective connection between the conductive regions 
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and improve the efficiency of carrier transport. These advantages have prompted more attention to the 

composite and hybridization of CNTs and CPs. Notably, as the ultrahigh σ of these materials mainly 

originates from their remarkably high μ, using them as fillers in polymer composites usually improves 

σ without sacrificing S, leading to noticeable enhancement in their S2σ. Unfortunately, the 

enhancements of S2σ are followed by the inevitable increase of κ because of the outstanding intrinsic 

thermal conductivity of these carbon-based molecules [177], and this explains why most polymer 

composites with carbon-based molecules as fillers present high S2σ but common ZT.

Carbon-based nanomaterials are effective fillers for polythiophene-based CPs such as P3HT, 

PEDOT, and PEDOT:PSS. The minor incorporation (2 wt%) of graphene into PEDOT:PSS 

dramatically improves the overall S2σ to 11.09 µW∙m-1∙K-2 due to the large increase in μ by over ten 

times [307]. This result was attributed to the high μ of graphene and its large surface area bridging the 

carrier transport by means of the strong π-π interaction with the rings of PEDOT:PSS [307]. In addition 

to polythiophene-based CPs, PANI is also a suitable organic matrix that can form high-performance 

organic-inorganic hybrid. Similar to polythiophene, introducing carbon-based nanomaterials such as 

CNTs and graphene is an effective way to achieve high performance in the hybrids [308]. In terms of 

the mechanism, in addition to the interaction between PANI and CNTs, group modification of CNTs 

can also promote the connection and orderly arrangement between the two components [162]. 

Sometimes, in order to further improve the TE performance of the PANI/carbon composite system, a 

third material can be introduced to construct a ternary composite system [309]. The introduction of the 

third component may increase the system interface, enhance the energy filtering effect, increase the S, 

or improve the contact between the original two components, increase the μ, and optimize the S2σ [309]. 

It was reported that high values of S2σ were obtained by blending PANI with exfoliated graphene 

nanoplatelets (GNPs) at 50 wt% loading [310]. The grinding and cold compression moulding of PANI-

HCl with graphene grown by the chemical vapor deposition (CVD) method resulted in a S2σ of 14 

µW∙m-1∙K-2, showing a 1000-fold enhancement with respect to the raw PANI polymer [310]. Such a 
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dramatic enhancement in S2σ was attributed to the sufficient addition of GNPs, which enables the 

increase of σ and introduces plenty of interfaces to improve S according to the energy filtering effect, 

although κ also increases with the GNP contents. Other CPs such as PPy are also suitable organic matrix 

to form hybrids with carbon nanomaterials. At present, research on the TE properties of composites 

based on PPy focuses more on the composite system of PPy and carbon-based nanomaterials (CNTs, 

graphene). In terms of the main reason, firstly, carbon-based nanomaterials usually have relatively high 

σ. In the composite system, it can improve the σ of PPy to a certain extent; secondly, through the 

interaction of carbon-based nanomaterials and pyrrole monomer/PPy molecular chains, it can be in-situ 

polymerized. In the mixing process, the two components are brought into close contact, and the 

molecular arrangement is improved, which is conducive to the transport of carriers. Finally, similar to 

other polymer/carbon composite systems, the low κ of PPy is beneficial to suppress the κ of the entire 

composite system, thereby improving the TE performance. As for metal-based coordination polymers, 

the research on their organic-inorganic hybrids is still at a preliminary stage, such as recently reported 

poly (Ni-ett)/CNT/PVC [311] and copper-phenylacetylide PhC2Cu nanobelts/SWCNTs systems [312].

In terms of the selection of carbon-based nanomaterials, although experiments have verified the 

potential of graphene to be a kind of good filler in polymer composites, the aggregation of fillers as a 

result of Van der Waals interactions needs to be overcome. Researchers have found that the graphene 

oxide (GO) presented a good ability to be dispersed in polymer aqueous solutions as GO contains 

oxygen functionalities (epoxides and alcohols) [313]. However, the TE performance of polymer 

composites with GO is unacceptable due to the poor σ of GO [313]. It was reported that the PANI/GO 

composite showed σ of 7.5 S∙cm-1 and ZT of only 4.86×10-4 [313]. Therefore, chemical or thermal 

reduction is necessary for the GO to regain its high σ, where reduced graphene oxide (rGO) was 

incorporated into PEDOT:PSS to improve σ from 380 S∙cm-1 to 518 S∙cm-1 without decreasing the S 

[275]. Compared with graphene, polymer composites with CNTs as fillers have garnered more attention 

as they presented better TE performances [177,202,204,314,315]. Unlike the 2D structures in graphene 
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where phonons can transfer easily, the 1D structure of CNT enables the scattering of phonons at the 

interface between two CNTs, which results in a relatively low κ for the composites. The observed 

energy filtering effect was also helpful in the enhancement of S. It was initially reported that the addition 

of MWCNTs remarkably enhanced S and S2σ of the PANI/MWCNT composites due to the size-

dependent energy filtering effect in the PANI coated CNT bundles [166]. The related typical 

microscopic structures are shown in Figures 19a-d [166]. As can be seen, the conformation expansion 

of PANI in a solution process using m-cresol solvent prior to the blending of CNTs enables the 

formation of highly conductive interfaces between two components. This unique effect dramatically 

improved σ from 300 S∙cm-1 to nearly 800 S∙cm-1 (Figure 19e), exceeding the values obtained from the 

series-connected model, and increased S monotonically up to ~65 μV∙K-1 (Figure 19f) as predicted by 

the model, indicating that the conductive interfaces did not suppress the energy filtering effect between 

two components [167]. On the other hand, κ of the composites remain basically unchanged as the 

conductive interfaces did not contribute to thermal conduction. As a result, the peak overall S2σ and ZT 

reached 176 µW∙m-1∙K-2 and 0.12 [167].
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Figure 19. a) SEM image of PANI/MWCNT composites; b) TEM image of individual MWCNT 

bundles coated with a PANI layer; a) and b) Reproduced with permission [166]. Copyright 2010, Wiley-

VCH; c) SEM images of PANI/SWCNT composite; d) TEM image of individual SWNT bundle coated 

with a PANI layer; e) and f) electrical properties of the PANI/SWCNT composite films. The dash lines 

represent the values calculated using the series-connected model; c)-f) Reproduced with permission 

[167]. Copyright 2014, Royal Society of Chemistry.
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Distinct effects were also observed in other polymer composites with CNTs. Figure 20a shows a 

schematic diagram of the synthesis process of poly(vinyl acetate) (PVAc)/CNT. As a result, the σ of 

poly(vinyl acetate) (PVAc)/CNT exponentially increased from nearly 0 to around 50 S∙cm-1 with the 

contents of CNT while both S and κ slightly changed, as shown in Figures 20b and 20d [316]. The 

results were attributed to the segregated-network CNT-polymer composites where thermally 

disconnected, but electrically connected junctions were believed to be present, as shown in Figure 20a 

and 20c. Besides, such a segregated network structure also suppressed the energy filtering effect 

between two components, accounting for the unchanged S.

Figure 20. a) Schematic process of CNTs blended with PVAc; b) σ and S of PVAc/CNT composite as 

functions of CNT contents; c) cross-sectional SEM image of the PVAc/CNT composite at 5 wt% 
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loading; d) κ of the PVAc/CNT composite as a function of CNT contents. Reproduced with permission 

[316]. Copyright 2010, American Chemical Society.

The abovementioned work obtained an improved TE performance for PVAc/CNT composites due 

to the segregated-network between the fillers and the polymer. The improved TE performance is also 

observed in the PVAc/CNTs composites by incorporating highly conductive PEDOT:PSS to modify 

the junctions between CNTs and PVAc, as schematically shown in Figure 21a [177]. Figure 21b and 

c plot the measured σ and S. As can be seen, σ was improved from 50 up to 400 S∙cm-1 while S remained 

at the same level [177]. This result can be attributed to the decoration of PEDOT:PSS particles on the 

surfaces of CNTs, enabling the electronic charges to transfer across the junctions between CNTs. As 

for κ, it remains comparable to conventional polymeric materials due to the dissimilar bonding and 

vibrational spectra between CNT and PEDOT:PSS [177].
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Figure 21. a) CNTs form a three-dimensional network along the surface of spherical emulsion particles; 

b) σ and c) S of the PVAc/CNT/PEDOT:PSS composite; Reproduced with permission [177]. Copyright 

2010, American Chemical Society.

4.2 Inorganic TE Semiconductors as Fillers

To date, the highest ZT of CPs cannot reach half of that of the start-of-the art inorganic TE 

materials, especially Bi2Te3-based alloys. As a result, incorporating inorganic particles into CPs as 

fillers becomes a promising strategy to combine the advantages of both types of materials and achieve 
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high-performance TE materials with excellent flexibility. However, depending on incorporation 

methods, the inorganic filler/polymer composites usually suffer major problems that cause ineffective 

loadings, such as inhomogeneity, large particle size, and oxidation [64]. Generally, there are four 

incorporation methods, namely physical mixture [317,318], in-situ synthesis [176,187], physical vapor 

deposition (PVD) loading [48], and electrochemical intercalation [196].

4.2.1 Physical mixing

By simply distributing the inorganic particles into the polymer matrices (usually aqueous solutions) 

and stirring, the polymers and fillers were physically mixed. The downside is that the polymer-inorganic 

particle composites may suffer from the previously mentioned problems. Specifically, the incorporated 

inorganic particles tend to aggregate together and sink downward to be stratified from the polymer 

layers due to their large densities. Stratification can be observed in the physically mixed products. A 

typical case is shown in PEDOT: PSS/Bi2Te3 composites (Figure 22a), which was drop-cast and dried 

out upon substrates. In addition, the composite films suffer from inhomogeneity with large particles. 

Acid treatment (HCl) were used to remove the oxidation layers of the ball-milling inorganic fillers. As 

a result, the highest S2σ that was reached was 131 µW∙m-1∙K-2 at 10 wt% Bi2Te3-loaded of PEDOT:PSS 

(Figure 22b) [317]. In another study, Bi2Te3-based nanosheets (BST NS) were synthesized by an 

lithium ion intercalation method and physically mixed with PEDOT:PSS to form BST NS/PESOT:PSS 

composite films using both drop-casting and spin-coating and the microstructure of BST 

NS/PESOT:PSS composite films is shown in Figure 22c [319]. The Bi2Te3-based nanosheets with the 

thickness of 3-4 nm were claimed to be well dispersed within the PEDOT:PSS aqueous solution and 

thus in the composite films [320-322]. However, no solid evidence such as a cross-sectional SEM image 

was provided to prove the uniform distribution of the BST NSs. The peak S2σ of drop-casting BST 

NS/PESOT:PSS composite films was 32.26 µW∙m-1∙K-2 with the BST NSs loading of 4.1 wt% (Figure 

22d) [319].
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Except for Bi2Te3-based alloys, SnSe NSs were also used as fillers in the PEDOT:PSS [51,205]. 

SnSe is a typical layer-structured semiconductor with a bandgap of ~0.9 eV [299,300,323], which 

exhibit high S of >250 μV∙K-1 at room temperature [323-331], and thus has been treated as a promising 

filler for incorporation into flexible TE materials. The SnSe NSs with sizes of 200~300 nm were 

exfoliated from bulk SnSe by a lithium intercalation method [332], and their morphologies are shown 

in the FE-SEM images of Figure 22e. As can be seen, SnSe NSs were well dispersed within the 

composite films. σ and S of the composite films respectively monotonically decreased and increased 

with the weight fraction of SnSe in the films, resulting from the reduced n after the incorporation of 

SnSe NSs. Besides, κ slightly increased with a higher weight fraction of SnSe, which is insensitive to 

the filler loading compared with the electrical properties. As a result, the peak S2σ and ZT were nearly 

400 µW∙m-1∙K-2 and 0.32, respectively, as shown in Figure 22f [51]. Interestingly, the TE performance 

of SnSe under low temperature (lower than 373 K) is far worse than that of Bi2Te3-based alloys [15-

17,333-335], indicating that the TE performance of the composite film cannot be simply determined by 

the averaged TE performance of each component.
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Figure 22. a) Cross-sectional SEM image of PEDOT:PSS/Bi2Te3 composite film; b) S2σ of the 

PEDOT:PSS/Bi2Te3 composite films; a) and b) Reproduced with permission [317]. Copyright 2010, 

American Chemical Society; c) surface SEM image of PEDOT:PSS/BST nanosheets composite film; 

d) S2σ of the PEDOT:PSS/BST nanosheets composite films; c) and d) Reproduced with permission 

[319]. Copyright 2014, American Chemical Society; e) surface SEM images of SnSe nanosheets and 

their polymer composite; f) ZT of the PEDOT:PSS/SnSe nanosheets composite films; e) and f) 

Reproduced with permission [51]. Copyright 2016, American Chemical Society.

4.2.2 In-situ synthesis

Another favourable method used to prepare polymer composites is to synthesize the inorganic 

fillers in the polymer solution environment, meaning that by the time each particle has been synthesized, 

the fillers have been well dispersed within the polymer solution. This method is also known as in-situ 

synthesis. The in-situ synthesis approach can fabricate nanoscale particles. The oxidation problem of 

these particles can also be avoided as there is little chance that the particles will be exposed to oxygen. 

However, the only disadvantage of this method is its weak universality. Mild synthesis conditions for 

the fillers such as moderate temperature and low pressure are prerequisites, as high temperature and 

pressure can decompose the polymers.

One successful case which applies the in-situ synthesis method is the PEDOT:PSS/Te composite 

films whose fillers were synthesized in the PEDOT:PSS solution, as shown in Figure 23a [187]. The 

precursors of Te nanoparticles reacted under 90 ℃, providing a mild condition to maintain the TE 

performance of PEDOT:PSS. SEM images showed that the produced Te nanorods were passivated with 

PEDOT:PSS, as shown in Figure 23b, forming highly conductive interfacial layers between the two 

materials. Although the intrinsic TE performance of both PEDOT:PSS and Te are poor, S2σ (70.9 

µW∙m-1∙K-2) and ZT (0.1) of the composite films exceeded that of the two components due to the highly 

enhanced σ, as indicated in Table 5 [187]. Based on this study, further research work blended 
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PEDOT:PSS with the PEDOT:PSS functionalized Te nanorods (PF-Te) and investigated the TE 

performance of the composite films [188]. It turned out that σ monotonically increases with higher 

functionalized Te content whereas S monotonically decreased, resulting in a peak S2σ of 51.4 µW∙m-

1∙K-2 at 70 wt% loading of functionalized Te [188].

Figure 23. a) Schematic diagram of the in-situ synthesis process of the PEDOT:PSS/Te composite 

films; b) SEM and TEM images of the synthesized Te nanorods; a) and b) Reproduced with permission 

[187]. Copyright 2010, American Chemical Society; c) HRTEM image of PEDOT:DBSA/Cl-Te 

nanocomposite films; d) TE properties of the PEDOT:DBSA/Cl-Te nanocomposite films; c) and d) 

Reproduced with permission [64]. Copyright 2018, Wiley-VCH.
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Table 5. Room temperature TE properties of Te/PEDOT:PSS nanocomposite film and its components 

[187].

System σ
(S∙cm-1)

S
(µV∙K-1)

S2σ
(µW∙m-1∙K-2)

κ
(W∙m-1∙K-1)

ZTmax

Te/PEDOT:PSS 19.3±2.3 163±4 70.9 0.22-0.30 0.1
PEDOT:PSS 1.32±0.12 18.9±0.2 0.05 0.24-0.29 6×10-5

Te nanowires 0.08±0.03 408±69 2.7 2 4×10-4

Figure 23c shows an SEM image of PEDOT:DBSA/Cl-Te composites films, in which Te quantum 

dots were randomly incorporated in PEDOT:DBSA/Cl through in-situ synthesis [64]. The obtained 

composite films successfully avoided the aforementioned three problems, resulting in homogeneous 

films containing evenly distributed and well-protected Te quantum dots. The well-distributed Te 

quantum dots yield a great quantity of interfaces where strong energy filtering effect occurs. As a result, 

S was significantly enhanced. On the other hand, the effective co-doping of DBSA- supported a high 

doping level up to 42.9 %, which brought a dramatic σ enhancement for the composite film. As a result, 

the peak S2σ reached 100 µW∙m-1∙K-2 at only 2.1~5.8 wt% Te loadings, as shown in Figure 23e. 

Similarly, energy filtering effect was also observed in the ternary PANI/SWNT/Te nanocomposite film 

with a high S2σ of 101 µW∙m-1∙K-2 [169]. Such a S2σ was ascribed to the enhanced energy filtering 

effect at the dual interfaces of PANI/SWNTs and PANI/Te. These two instances suggest that 

introducing interfaces is an effective approach to achieve a high TE performance in polymer-inorganic 

composites.

4.2.3 Wet chemical method

The wet chemical method is similar to in-situ synthesis and can be regarded as an extension of the 

in-situ synthesis method. Figure 24a shows a typical process of PEDOT:PSS/CuxSey (PC-CuxSey) 

composite films by using the wet chemical method [223]. Obviously, this process involves several steps 

and might be more complex when compared to the in-situ synthesis method. However, for some 

polymer-inorganic composites that cannot be synthesized by the in-situ synthesis method, the wet 

chemical method would be a good alternative [179,192]. Figure 24b plots the temperature-dependent 
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σ, S, and S2σ of the PC-CuxSey films starting from different Cu/Se nominal molar ratios at room 

temperature [223]. It was pointed out that the PC-Cu3Se1 film exhibits the highest S2σ of 270.3 µW∙m-

1∙K-2, which was ascribed to the intrinsic high S of Cu2Se since this film consists of Cu2-xSe and Cu2Se 

phases, besides a small amount of Cu phase. Figure 24c plots the temperature-dependent σ, S, and S2σ 

of the PC-Cu3Se1 composite film. The tendency of S and σ matches with that of the Cu2-xSe pretty well 

[223], and eventually an even higher S2σ of 389.7 µW∙m-1∙K-2 can be observed. This work indicates that 

some medium-temperature inorganic TE materials could be good alternative for polymer-inorganic 

composites films applied within 200 ℃.
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Figure 24. a). Schematic demonstrating the preparation of PEDOT:PSS/CuxSey (PC-CuxSey) composite 

films; b) TE parameters of the PC-CuxSey films starting from different Cu/Se nominal molar ratios at 

RT; c) Temperature-dependent σ, S, and S2σ of the PC-Cu3Se1 composite film. Reproduced with 

permission [223]. Copyright 2019, American Chemical Society.
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4.2.4 Physical vapor deposition incorporation

Another innovative method to incorporate inorganic fillers into polymer composite films is 

physical vapor deposition incorporation [336-339]. Inorganic fillers are thermally evaporated and 

deposited on the substrates. Combining these fillers with some patterning techniques (like lithography 

and reactive etching), the inorganic fillers can be deposited upon the surface of a substrate in a designed 

pattern. Figure 25a shows the scheme for the controllable design of the PEDOT/Bi2Te3 composite films 

[48]. The prepared films were composed of polymerized PEDOT:Tos and uniformly dispersed Bi2Te3 

in ordered cylinder arrays, as shown in Figure 25b. As the deposition process of the fillers was carried 

out in an inert atmosphere, the Bi2Te3 arrays have not suffered from the oxidation problem. Besides, 

the size and the distribution of the fillers were highly controlled, yielding the highest S2σ of 1350 µW∙m-

1∙K-2 in the composite films at a Bi2Te3 loading of 30 vol% (Figure 25c). Besides, a peak ZT of 0.58 

(Figures 25d-e) at room temperature was also achieved due to an ultralow in-plane κ of 0.7 W∙m-1∙K-1. 

Interestingly, the in-plane κ was depressed with higher filler contents, attributed to the strong phonon 

scattering effect.
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Figure 25. a) the scheme of controllable design for PEDOT/Bi2Te3 composite films; b) SEM image of 

the deposited Bi2Te3 arrays on a substrate; c)-e) TE properties of the PEDOT/Bi2Te3 composite films 

as functions of Bi2Te3 contents. Reproduced under a Creative Commons Attribution 4.0 International 

License [48]. Copyright 2018, Springer Nature.
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4.3 Polymer-Polymer Composite Films

Unlike the other polymer composites, the polymer-polymer composites usually present layer-by-

layer structures where matrices and fillers were deposited alternatively by bilayer or multilayer 

deposition techniques [340-346]. This method can achieve highly enhanced σ while keeping S at an 

optimum value by maintaining unequal distributions in the density of states by blending materials with 

different orbital energy [159]. It was reported that a PEDOT:PSS/PANI–CSA multilayer structure by 

solution processing through which a synergistic improvement in σ was achieved [159]. The resulted σ 

and S2σ of 5 PEDOT:PSS/PANI-CSA multilayer films are 1.3 and 2 times higher than those of a single 

PEDOT:PSS layer while S is without obvious variation [159]. The enhancement of σ occurs via 

stretching PEDOT and PANI chains and hole diffusion from the PANI-CSA layer to the PEDOT:PSS 

layer. Such carrier diffusion is governed by the modulation doping mechanism, leading to band 

alignment in the multilayer structure, which not only enhances σ but also maintains the S at an optimum 

value [159].

4.3.1 Multi-layer polymer-polymer composites

Although PEDOT:PSS/PANI-CSA composites have presented enhanced TE performance at room 

temperature, its S2σ is still far below that of the excellent inorganic semiconductors (e.g., Bi2Te3 based 

alloys) [164]. As show in Figure 26a, an 80 quad-layers thin film comprised of a PANI/graphene-

PEDOT:PSS/PANI/DWNTPEDOT:PSS repeating sequence, exhibits unprecedented σ of 1.9 × 103 

S∙cm-1 and S of 120 μV∙K-1, yielding an unrecorded S2σ of 2710 μW∙m-1∙K-2 for a completely organic 

material, as show in Figure 26b [164]. Such high TE performance was ascribed to the highly ordered 

structure in the multilayer assembly prepared using the layer-by-layer technique. The interconnected 

architecture of intrinsically CP-covered DWNTs, bridging between graphene sheets (seen in Figure 

26c), enables the fluent transfer of charge carriers, leading to the improved σ and S [164].

Modulation doping can be applied to account for the TE performance enhancements of the 

aforementioned lay-by-layer polymer/polymer composite films [347]. This mechanism describes the 
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transportation behaviour of charge carriers from a more doped material to adjacent less doped material 

with high mobility, as shown in Figure 26d. Specifically, n, as well as the energy drop of EF (higher in 

the highly doped materials), would drive the charge carriers to complete the modulation doping process 

(filtering low energy charges), leading to enhanced S of the doped materials [153,347,348]. A highly 

doped PEDOT:PSS/intrinsic Si (001) bilayer composite films presented improved TE performance 

through the modulation doping process, in which S and S2σ can be increased up to 7.3 fold and 17.5 

fold compared to those of pristine PEDOT:PSS films [186], respectively. To extend, the modulation 

doping process would be an effective approach to modulate the electrical properties of one 

semiconductor by coating a layer of another semiconductor with different doping level. 
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Figure 26. a) Schematic of the layer-by-layer deposition process; b) S2σ of the PANI/graphene-

PEDOT:PSS/PANI/DWNTPEDOT:PSS composite films as a function of number of cycles; c) SEM 

image of the PANI/graphene-PEDOT:PSS/PANI/DWNTPEDOT:PSS composite; a)-c) Reproduced 

with permission [164]. Copyright 2016, Wiley-VCH; d) Schematic comparison of the energy filtering 

mechanism and modulation doping mechanism; d) Reproduced with permission [186]. Copyright 2016, 

Royal Society of Chemistry.

4.3.2 Ionic thermoelectric copolymers

So far, most of the proposed energy-harvesting solutions are lack of the necessary mechanical 

properties, which makes them susceptible to damage by repetitive and continuous mechanical stresses, 

leading to serious degradation in device performance. Thereby, developing new energy materials that 

possess high deformability and self-healability is essential to realize self-powered devices [212]. 

Recently, an intrinsically self-healable and stretchable ionic TE hybrid material, composed of a 

conjugated polymer (polyaniline), a non-conjugated anionic polyelectrolyte (poly(2-acrylamido-2-

methyl -1- propanesulfonic acid)), and phytic acid, was reported to exhibit an excellent ZT as well as 

remarkable stretchability (up to 750 %) and autonomous self-healability without any external stimuli 

[214]. Figure 27a shows the schematic illustration of the proton diffusion in a PANI:PAAMPSA:PA 

ternary hybrid film under a temperature difference. As an ionic TE copolymer, the ternary TE hybrid 

film has a built-in concentration gradient of ions upon a temperature gradient and can generate 

thermopower based on the Socret effect [349-351]. Unlike normal CPs, the primary mobile ionic 

species (the protons) diffuse from the hot end to the cold end through the sulfonic acid groups in the 

immobile polymer hybrid instead of the conjugated carbon chains. Figure 27b-d plot the thermovoltage 

and TE properties of the ternary TE hybrid films. As can be seen, ZT reaches 1.04 at a humidity of 

90 %, which is an ultrahigh value for CP-based TE materials. Such a high ZT was attributed to the 

simultaneously increase of both S and σ with higher humidity. Also, the maximum stress of the ternary 
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hybrid film also showed similar humidity dependency, increasing from 100 % to 750 % when the 

humidity increases from 30 % to 80 %, as shown in Figure 27g. Such a humidity dependency of both 

electrical and mechanical properties is ascribed to the more dynamic electrostatic interaction between 

PANI and PAAMPSA and hydrogen bonding interaction in PANI/PA and PAAMPSA/PA with 

moisture adsorption. This ternary TE hybrid film shows remarkable durability in its self-healing process, 

as the original S and σ can be retained even after 30 cycles of self-healing. This emerge of the self-

healable hybrid film paves the way for non-toxic, flexible, and wearable TE device with both excellent 

TE performance and mechanical stability and durability. 

Figure 27. a) Schematic illustration of the proton diffusion in a PANI:PAAMPSA:PA ternary hybrid 

film under a temperature difference; b) Thermovoltage of the ternary TE hybrid films as a function of 
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ΔT, at RH 50 % and 90 %; c) S, σ and S2σ of the TE hybrid at different humidity levels; d) κ and ZT of 

the TE hybrid film at different humidity levels; e) Photograph of a free-standing ternary TE hybrid film; 

f) Photograph of a TE hybrid film during the self-healing and stretching test; g) Stress–strain curves of 

the TE hybrid films at various RH levels. Reproduce with permission [214]. Copyright 2020, Royal 

Society of Chemistry.

5. Flexible Thermoelectric Devices based on Conducting Polymers and their Derivatives

Compared with inorganic TE materials, CPs are not suitable in supplying large amounts of output 

power with high conversion efficiency due to their relatively low ZT and poor durability at high 

temperature. However, the flexibility and non-toxicity enable the CPs to be applied as wearable and 

implantable devices where traditional inorganic materials are constrained [352]. Therefore, the potential 

applications of CPs-based TE devices should be focused on energy supply for micro-watt portable 

electronics by harvesting low-grade energy, including human body heat and solar energy [353-356]. 

Unlike inorganic materials, most CPs can exist in the forms of aqueous solution or organic solvent 

solution, which can be applied to large-scale device fabrication by suitable techniques. Such easy-

availability enables CPs to take the first step in industrialization and commercialization [20,357].

Typically, TEGs usually consist of certain pairs of p-type and n-type TE elements which are 

alternatively connected electrically in series and thermally in parallel [358]. A typical case is shown in 

Figure 28a. However, a p-p legs configuration composed of one type of TE material is also proposed 

due to the rareness and poor environmental stability of n-type polymer-based TE materials (Figure 

28b) [13]. Many previous works have reported home-made FTE modules based on this configuration 

[155,201,359,360]. However, this configuration could incur heat loss because heat transfers from heat 

source to heat sink by thermal conduction from the metal wires, which causes degradation of the device 

performance. 
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Figure 28. Schematic diagrams of two types of flexible TE device consisting of a) p-n legs and b) p-p 

legs. Reproduce with permission [361]. Copyright 2011, IOP Publishing.

Table 6 summarizes the design routes and performance of conductive-polymer-based FTE devices, 

including the p-type and n-type TE elements used, substrates, sizes, units (couples), output voltages, 

output powers, output power densities, and applied temperature defference ΔT 

[151,155,171,180,188,193,197,201,362-365]. It should be noticed that compared the conventional TE 

devices, the performance of FTEGs still need further improvement [366]. However, considering their 

wide application range due to their much lower dimensions or high-flexibility features, FTE devices 

are still essential members in the TE family with a fantastic speed of development [25,26,367-372].

Table 6. A summary of the design and performance of conductive-polymer-based flexible devices.

p-type 
Material

n-type 
Material

Substrate Size 
(cm/c
m2)

Unit ∆T 
(K)

Outp
ut 
Volta
ge 
(mV)

Outpu
t 
Power 
(μW)

Outp
ut 
Power 
Densit
y (μW 
cm-2)

Ref.

PP-PEDOT 
(roll)

Bi2Te3 Polyimide - 36 10 9~13 0.16 - [362]

PEDOT:PSS N-doped 
graphene

Plastic 8×10 - 10 3 ~1.92 ~0.02
4

[360]

PEDOT:PSS - Polyimide - 14 12 2.9 - ~1 [201]
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PEDOT:PSS Te Polyimide - 8 13 2.5 - - [188]
Sb2Te3 + 
PEDOT:PSS

Bi2Te3 + 
PEDOT:PS
S

Polyimide - 7 50 85.2 - 1220 [193]

- Bi2Te3-
epoxy

Polyimide - 62 20 109 25 - [363]

PEDOT:PSS/
SWCNTs

PEI-doped 
SWCNTs

Polyimide - 6 50 28 0.22 - [180]

PEDOT:PSS Ni Kapton - 144 65 260 46 - [364]
PEDOT:PSS - Paper - 14 50 12 16.8 - [155]
PEDOT:PSS - PES - 5 25 2 - - [151]
CNT-coated 
activated 
carbon textile

- PET + 
Fabric + 
Wire

2×2 2 31 0.000
472

0.184 0.046 [365]

Au-doped 
CNT/PANI 
webs

PEI-doped 
CNT webs

PANI + 
CNT Web

- 7 20 ~11 1.74 ~0.4 [171]

PEDOT:PSS constantan silicone 
rubber

10×4 10 30 12 0.38 ~0.1 [373]

Sb37Bi2Te61 Bi19Te75Se6 Polyimide 12×12 112 ~13 1.41 26.3 18.63 [21]
PEDOT:PSS - wadmal 53×53 65 7.28 1.2 0.04 [374]
SWCNT/WP
U/PVA

- VHB tape 10 55 11 0.23 [375]

P3HT doped 
by AuCl3

- 3 M flip 
film

7×130 10 10 4 1.9 0.0185 [376]

Polyurethane/ 
EMIM:DCA

PTFE 0.4 10 0.0002
4

[377]

PEDOT:PSS PEDOT:PS
S/CuCl2

PET 2×6 10 4.5 1550 0.09 0.038 [227]

Bi2Te3/PDM
S

60×40 8 24 233 9.7 [378]

Ag2Se/PVP Polyimide 20×5 6 36.
2

39.9 8.2 1.37 [379]

- PVDF/Ta4S
iTe4

Polyimide 0.5×1 4 35.
5

34 1.7 - [197]

5.1 Criteria for Performance Optimization

Equation (2) is used to evaluate the maximum energy efficiency of a TE device under ideal 

conditions. In reality, the actual efficiency of a TE device is impacted by various factors including heat 

loss, electrical and thermal contact resistances, yielding a lower temperature difference between the hot 

end and the cold end than expected. As reported previously [380], the real efficiency could be 30 % ~ 
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60 % lower than the calculated maximum efficiency using Equation (2). Therefore, one corrected 

equation is reported to evaluate the experimental efficiency of a TE system as [380]:

(23)𝜂 =
𝑃

𝑃 + 𝑄𝑐

where P is the output power of the system, and Qc denotes the heat dissipated from the cold end of the 

system. Equation (23) excludes the energy loss from the lateral surfaces, giving an overestimated 

efficiency. Practically, for flexible/wearable TE devices, the efficiency is quite low as the quality of the 

exhausted heat we utilize is very poor. Instead, we tend to focus on their output power so as to meet the 

demands of the portable electronics. The output power density  is given as [381]:𝑝m

(24)𝑝m =
𝑃m

𝑊𝐿 =
𝑃𝐹𝑡∆𝑇2

2∆𝑥2

where Pm is the identical peak output power, t denotes the internal resistance of TE system, ΔT is the 

temperature difference of the TE system and Δx denotes the length of a TE element. This equation is 

valid when the external load equals the internal resistance of the TE device. Notably, for a 

flexible/wearable TE film, ΔT is directly determined by Δx and t of each TE element with a given κ. 

Quantitatively, according to Fourier’s heat transfer equations [382], the temperature transition can be 

completed within a very small region; on the other hand, a longer element would also suffer from larger 

internal resistance, leading to a lower output power density. Therefore, to maximize the output power 

density, the film length should be as short as possible on the premise of guaranteeing the temperature 

gradient. Figure 29a and 29b plot the one-dimensional simulated temperature distributions along the 

length for different t and several κ [381]. Clearly, with smaller t and κ, the temperature transition would 

complete in a narrower region, as the thermal conduction is proportional to the t and κ. By applying 

suitable Δx for PEDOT:PSS films with given t and κ, a high output power density of 3 µW∙cm-2 was 

obtained. This work provides a way for insightful device design method to realize high-performance 

FTE devices. 
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Figure 29. The one-dimensional simulated temperature distributions along the length for different a) 

film thickness (t) and b) film thermal conductivity (κ). c) The Output power densities of flexible TE 

devices in recent reported [52,129,195,381,383-386]. The inset shows the designed model of the actual 

module. Reproduce with permission [381]. Copyright 2020, Royal Society of Chemistry.

5.2 Fabrication Techniques

Generally, there are three effective fabrication techniques for FTE devices, such as the drop-

casting technique [201], printing technique [387], and vacuum filtration technique [188]. The drop-cast 
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technique can fabricate free-standing films and requires further assembly processes to make a device, 

while the printing technique and vacuum filtration technique can directly fabricate devices.

5.2.1 Drop-casting

The drop-casting technique is successfully used to deposit highly uniform and good adhesion CPs-

based FTE films and devices. Taking the fabrication of PEDOT:PSS-based flexible thin films as an 

example [201], drop-casting refers to “dropping” the PEDOT:PSS filtrate onto the substrates (such as 

silicon dioxide) that was precleaned with various techniques such as detergent, deionized water, acetone, 

isopropanol, and plasma cleaner. After being dried in an oven at 60 °C under vacuum or low-oxygen 

atmosphere, the solutions are “cast” into thin films. Due to the simplicity of the process and high cost-

effectiveness, the drop-casting technique has been widely used to fabricate CPs-based FTE thin films.

Figure 30a shows a schematic diagram of the drop-casting technique for fabricating PEDOT:PSS-

based FTE thin films and devices, by which free-standing polymer films can be obtained as the films 

can be automatically lifted up from the substrate during the H2SO4 post-treatment [201]. Further 

reduction treatment can optimize the TE performance of these films. The viability of applying post-

treatments upon the free-standing CP films to improve their TE performances is one of the merits of 

the drop-casting technique. Instead of quartz substrates, filter papers can also be applied to the drop-

casting technique [265]. After the drying process, the filter paper was coated with CPs which were 

dissolved in acetone to obtain free-standing CP films [265]. However, it should be noted that drop-

casting is relatively time-consuming, which makes it be less efficient in device fabrication.

5.2.2 Screen-printing

The screen-printing (or stencil printing) technique [387] refers to using emulsion screens, 

mesh‐mount, or frameless metal stencils to deposit inks and pastes, which contain CPs onto various 

substrates [388]. Owing to their extensive advantages, such as low capital cost, versatile pattern designs, 

simple operation, and little waste, a screen-printing technique is one of the most widely used methods 

in fabricating FTE electronics or devices [387]. Currently, the printed FTE thin films can achieve a 



102

thickness of up to ~50 µm, which can satisfy the requirements for the application of FTE devices. 

Generally, the TE properties of screen-printed CPs-based FTE thin films are largely related to the 

conductive pastes/inks, which depend on solid loading, particle dispersion, viscosity and rheological 

behaviour, particle specific surface area, and density [389]. In this regard, an appropriate design for the 

inks or pastes is significant in order to achieve a high TE performance in a screen-printed TE device 

[389].

Figures 30b shows a schematic diagram of the screen-printing technique [155], from which the 

organic TE modules are screen-printed onto paper by using PEDOT:PSS and silver paste. Clearly, 

efficient device fabrication is the most prominent advantage of these printing techniques. For the screen-

printing technique, the patterns of CPs can be well controlled by the metal mask. After the polymer 

arrays have been fabricated on each panel, a series of connections between every two panels are applied 

in order to achieve higher open-circuit voltage, which can illuminate light-emitting diodes [155]. The 

proof-of-concept module has shown high stability, which was tested at 100 ℃ for over 100 h without 

any encapsulation [155]. However, one issue is that device performance may be decreased due to the 

degradation of the interface between the CPs and silver paste. In this regard, the stability of the interface 

must be improved during the screen-printing process.

5.2.3 Roll-to-roll technique

Similar to the screen-printing technique, the roll-to-roll (R2R) technique has been applied to 

fabricate a super-compact TE device composed of serially connected PEDOT:PSS elements (such as 

18000 units [387]). Since a large number of units may compromise the overall size of the device, 

violating the miniaturization, and providing potential obstacles for the integration of wearable TE 

electronics [20], the tape-like (or roll-up structured) FTE generators have been designed to overcome 

this challenge. These devices mainly employ highly-flexible polyimide or fibre substrates to minimize 

the occupied space and strengthen the flexibility.
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Figures 30c shows the schematic diagram of the R2R printing technique [387]. Different from the 

traditional TE device design which employs complementary p- and n-type materials in order to avoid 

charge build up in the series connected system, the roll-to-roll printing technique employs only one-

type CPs-based TE material for the series connection. When printing the top electrode of a junction, the 

bottom electrode is simultaneously connected with the adjacent bottom electrode, thus allowing for 

directional charge transport [387]. The startling TE efficiency of devices produced by this fabrication 

technique provides an insight into the potential bright future for the commercialization of CPs, although 

the power output of this R2R printing device was poor and this low performance was attributed to the 

limited development of PEDOT:PSS and the poor temperature gradient over the device. The latter factor 

is a consequence of the layer-by-layer assembly technique, which induces electrical potential in the 

perpendicular direction instead of the in-plane direction.

5.2.4 Ink-jet printing

The ink-jet printing technique involves a non-impact dot-matrix printing technology, in which the 

droplets of ink are directly jetted from a small aperture to a specified position on a substrate to create 

thin films [390]. Similar to the screen-printing technique, the key technologies of ink-jet printing are 

ink design, the printer systems, and substrate treatments. Among these, the design of ink-jet inks 

formulated for CPs-based materials is very important in the fabrication of filters for FTE materials and 

devices.

Figure 30d shows the schematic diagram of the ink-jet printing technique [52] for fabricating the 

thermocouple leg of PEDOT:Tos by spontaneous polymerization when the monomer PEDOT:Tos 

deposited with the oxidant (Fe(Tos)3) since the PEDOT:Tos is not soluble. Compared with the other 

two printing techniques, the ink-jet printing technique is not so efficient. However, the ink-jet printing 

technique can enable further optimization of TE performance of the PEDOT:Tos by tuning the 

oxidation level [52]. 
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5.2.5 Vacuum filtration

Vacuum filtration (or suction filtration) is an indispensable technique for distillation, extraction, 

and purification. This method requires a Büchner funnel, filter paper of smaller diameter than the funnel, 

Büchner flask, and rubber tubing to connect to the vacuum source. Vacuum filtration is commonly used 

to remove solid impurities from an organic solution or to isolate an organic solid, such as CPs-based 

solution into thin films. Compared with traditional, gravity-assisted filtration, adding a vacuum to the 

system can greatly increase both the speed and efficiency of filtration. Currently, the vacuum Filtration 

technique is one of the most preferred routes employed for quickly drying out a small batch of solutions.

Figure 30e shows a schematic diagram of the vacuum filtration technique [188]. Driven by the 

pressure difference, CPs can be firmly attached to the filter membrane. Notably, in the case of 

PEDOT:PSS, the vacuum filtration technique is helpful in the removal of small non-ionized particles 

such as PSS, leaving the long conjugated chains coated upon the membrane and showing enhanced TE 

performance [319]. The fabricated films can be subsequently cut into slices to assemble into FTE 

devices after being dried out. Compared with physical mixing, the vacuum filtration technique should 

be a better alternative to fabricate hybrid inorganic-organic TE devices, because the fillers are able to 

be evenly dispersed within the polymers.
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Figure 30. Schematic diagrams for a) drop-cast technique; b) screen-printing technique; Reproduced 

with permission [155]. Copyright 2014, Royal Society of Chemistry; c) roll-to-roll printing technique; 

Reproduced under the terms of the Creative Commons CC BY license [387]. Copyright 2013, Wiley-
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VCH; d) ink-jet printing technique. Reproduced with permission [52]. Copyright 2011, Springer Nature; 

e) vacuum filtration technique. Reproduced with permission [188]. Copyright 2017, Elsevier.

5.2.6 3D printing

As one of the advanced manufacturing techniques, three-dimensional (3D) printing offers 

capabilities to fabricate microscale structures for CPs in a programmable, facile, and flexible manner 

with a freedom of design in 3D space [391,392]. More importantly, this technique supports very fast 

and streamlined fabrications of various CP devices, which provides a promising strategy for cost-

effective, large scale manufacturing of CPs. 

Figure 31a shows the schematic diagram of 3D printing process for PEDOT:PSS multi-layered 

structures [393]. Clearly, the process is very simple and automatic, in which PEDOT:PSS ink with 

favoured rheological properties can be converted into 3D printable CP ink by lyophilisation in 

cryogenic condition and re-dispersion with a solvent and enable the fabrication of multi-layered micro-

structures as well as overhanging features. The key point in such a process is that the formation of 

entanglements among highly concentrated PEDOT:PSS nanofibrils can support hydrogel forms without 

loss of the original microscale structures and with long-term stability in physiological wet environments. 

5.2.7 Moulding and Lithography 

Despite the 3D printing technique exhibits great potential in large-scale manufacturing, the 

resolutions of the printed devices (dozens of microns) cannot meet the demand of some ultrafine 

electronics consisting of nanoscale patterns. Instead, moulding and lithography would be a better 

alternative in fabricating nanoscale structures [96,394-397]. Figure 31b shows the schematic 

fabrication process of PEDOT nano arrays by liquid-bridge-mediated transfer moulding [96]. This 

technique takes the advantages of the interfacial free energy between the mould and the oxidation agent 

(FeCl3) solution when filling the recessed areas of the patterned mould with the solution, and between 

the substrate and the solidified PEDOT when loading the product onto the substrate. On the one hand, 
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the surface free energy oxidative solution is much higher than that of the mould, guaranteeing no 

residues will be left on the raised surfaces of the mould; on the other hand, the surface free energy of 

the substrate is quite closed to the that of the solidified PEDOT, resulting in a strong attractive capillary 

force to provide good conformal contact between them. After drying, the separation of the mould would 

load the PEDOT arrays onto the substrate. 

Beside moulding, lithographical technique is also a sort of mature technique for high-resolution 

fabrication of CPs. The ultraviolet lithography (UVL) and electron beam lithography (EBL) will be 

introduced here. Figure 31c shows the schematic fabrication process of CP by UVL [396]. Generally, 

the blended solution of monomer, oxidant and photoresist is spin-coated on a substrate, followed by 

development by immersion in aqueous developer after UV exposure and the post-exposure bake 

processes. Upon UV exposure, the cross-linking reaction would happen and make the photoresist 

insoluble whereas the unexposed areas are dissolved away, leaving a designed pattern on the substrate. 

Further annealing (post bake) process would boost the polymerization of the monomers and produce 

the targeting CP patterns. Unlike the UVL, the EBL technique gets rid of the pre-prepared mask and 

fabricates designed patterns on the photoresist directly. Figure 31d shows the schematic fabrication 

process of EBL [397]. Following the development of designed patterns, CPs would fill in the patterns 

via chemical polymerization, which results in designed CP patterns after a lift off process. Compared 

with other manufacturing techniques, EBL supports the fabrications of very complicated patterns; 

however, the economy and time costs inhibit its extensive applications. 
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Figure 31. Schematic diagrams for a) 3-dimensional printing. Reproduced under a Creative Commons 

Attribution 4.0 International License [393]. Copyright 2020, Springer Nature; b) liquid-bridge-

mediated transfer moulding; Reproduced with permission [394]. Copyright 2010, Springer Nature; c) 

UV lithography. Reproduced with permission [396]. Copyright 2013, American Chemical Society; d) 

Electron Beam lithography. Reproduced with permission [397]. Copyright 2019, Elsevier.

5.3 Significant Progresses

FTE devices usually possess certain flexibility in their shape without damaging their structure, 

making them good candidates for applications in wearable electronics for power generation and 
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refrigeration. In this regard, excepting the high performance and high stability, high flexibility should 

be considered in the design of FTE device. Noticeably, due to the huge potential for commercial and 

personal uses of FTE device, many advanced design routes have been developed in recent years. The 

well-developed fabrication techniques enable convenient study and optimization for the CP-based FTE 

devices, and significant progresses have been made.

5.3.1 Organic elements

The terms organic-based FTE devices refers to devices in which both the TE elements (legs) and 

substrates are made from organic materials with high flexibility. Because there is no inorganic material 

added into the device except the electrodes and wires, organic devices are usually continuous and can 

be bent many times without internal cracking; thus, they have attracted significant attention.

Generally, organic molecules such as PEDOT:PSS [201,398], polypyrrole [399], polythiophene 

[51,400,401], and PANI [112,120] usually have good flexibility and competitive TE performance, 

although this performance still needs further improvement due to their low pristine S. To achieve this 

goal, many designs based on novel treatments on these organic TE materials have been performed. To 

illustrate this, Figure 32a shows atomic force microscopy (AFM) images of PEDOT:PSS thin films 

after different post-treatments [201], namely formamide (CH3NO), concentrated sulphuric acid (H2SO4), 

and sodium borohydride in sequence, respectively, from which the morphology of the films have been 

significantly changed after different treatments. Figure 32b shows X-ray photoelectron spectroscopy 

(XPS) results for PEDOT:PSS films with different post-treatments [201], the inset shows the cross-

sectional SEM image of the as-designed PEDOT:PSS thin film [201]. The binding energies of sulphur 

atoms of PEDOT and PSS are respectively below and above ~165.5 eV. It can be seen that CH3NO 

treatment leads to a decrease in the mass ratio between PSS and PEDOT, and post-treatment with H2SO4 

further reducing the mass ratio of PSS and PEDOT. After the NaBH4 treatment, the mass ratio is 

generally kept stable while a little shift in the Sp2 binding energy of PEDOT has been detected. These 
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results indicate that rational treatments can tune the ratios and structures of organic components, leading 

to potential high TE performance.

Figure 32. a) AFM images and b) XPS results for PEDOT:PSS films with different treating conditions, 

the inset in b) shows the cross-sectional SEM image of the as-designed PEDOT:PSS thin film; c) 

measured σ, S, and S2σ of the thin film as a function of NaBH4 concentration; d) optical image of the 

as-designed flexible TE device (top) and the output voltage (bottom) under different ΔT by both hotplate 

and human arm as heating sources shown as inset. Reproduced with permission [201]. Copyright 2019, 

American Chemical Society.
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Figure 32c shows measured σ, S, and S2σ of the as-designed PEDOT:PSS-based thin film as a 

function of NaBH4 concentration [201], from which a high S2σ of ~1.41 μW∙cm-1∙K-2 can be achieved 

at 300 K with 10 m ML-1 NaBH4 treatment, derived from a couple of S (~28.1 μV∙K-1) and σ (1786 

S∙cm-1). Such high S2σ is very competitive for some inorganic TE materials, indicating that the structural 

changes by the triple post-treatments can effectively improve the TE performance of organic materials. 

Figure 32d shows a FTE device based on PEDOT:PSS after post-treatments as TE legs and flexible 

polyimide substrate. The legs were connected by Cu wires. The measured thermo-voltages using both 

the human arm and the heating plate as heating sources were provided in Figure 32d, from which a 

promising thermo-voltage of ~11.5 mV can be achieved at ΔT = 30 K, indicating great potentials for 

applying to wearable electronic devices for power generation.

5.3.2 Organic/inorganic composite elements

Although organic TE materials and devices possess high flexibility and promising properties, the 

improvement of their TE performance is historically tricky due to the difficulties of tuning the electrical 

and thermal transport performance derived from the limited means, and there are much fewer 

computational works such as band structure and phonon dispersion calculations to guide the design of 

organic TE materials. To tackle these issues, organic-inorganic composite (or hybrid) materials are 

developed. The flexible TE devices based on such composite materials can achieve a much higher TE 

performance, despite the fact that the flexibility of these devices may be limited. In this regard, to design 

a hybrid-based TE device with both high performance and desirable flexibility is of significance and 

has gained considerable attention in recent years.

To date, many state-of-the-art organic/inorganic composite elements are designed with high TE 

performance, high flexibility, and high stability. Carbon-based inorganic fillers and high-performance 

CPs are commonly used to compose organic/inorganic composite elements with both high performance 

and high flexibility, such as CNTs/CPs-based composite elements (including CNTs/PANI [164-

171,202,402,403], CNTs/PEDOT [404], CNTs/PEDOT:PSS [177,180-182,204,405,406], 
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CNTs/PDMS [407], CNTs/P3HT [174,175,408], CNTs/PPy [161,406], and CNTs/PS [199]), 

graphene/PANI [43,162-165], rGO/PEDOT:PSS [178,179,200], and C60/PEDOT:PSS [178]. In 

addition to carbon/CPs, simple-element/CPs are also attempted, such as Te/PEDOT:PSS [179,187-

192,409-411], Te/PEDOT:DBSA [64], Te/PANI [172], Si/PEDOT:PSS [186], and B/PEDOT:PSS 

[412]. In terms of the compound/CPs-based composite elements which are the most commonly used in 

FTEGs, many unique composites with both high performance and high flexibility have exhibited 

significant potentials, such as VA-VIA/CPs (including Bi2Te3/PEDOT:PSS [48,193,222,413-415], 

Bi2Te3/PANI [173], Bi2Te3/P3HT [176], Sb2Te3/PEDOT:PSS [193], and Bi0.5Sb1.5Te3/PEDOT:PSS 

[416]), tin chalcogenide/CPs (including SnS/PEDOT:PSS [417], SnSe/PEDOT:PSS [51,205,301], 

SnS1-xSex/PANI [203], and SnSe1-xTex/PEDOT:PSS [183-185,418]), copper chalcogenide/CPs 

(including Cu2Se/PEDOT:PSS [223] and Cu2Se/PVDF [419]), MoS2/CPs [194,420], and complex 

compound/CPs including Ta4SiTe4 whiskers/PVDF [197] and MXene/PEDOT:PSS [421].

To illustrate the designs of novel organic/inorganic composite TE elements employed to the 

flexible TE devices, Figure 33a shows structural model of TiS2 single crystal and the 

TiS2[(HA)0.08(H2O)0.22(DMSO)0.03] hybrid superlattice [196], from which the CH3(CH2)5NH3
+ were 

filled into the TiS2 layers. Figure 33b shows high and low magnification (inset) STEM-HAADF images 

of TiS2[(HA)0.08(H2O)0.22(DMSO)0.03] [196], indicating a waved structure and information on the 

orientation of the hexylammonium ions with long alkyl chains. Figure 33c shows T-dependent ZT of 

TiS2 single crystal and the TiS2[(HA)0.08(H2O)0.22(DMSO)0.03] hybrid superlattice [196], from which a 

competitive ZT of ~0.28 at ~375 K can be achieved, derived from the low κ of ~0.55 W∙m-1∙K-1 at this 

temperature. The ZT of TiS2[(HA)0.08(H2O)0.22(DMSO)0.03] hybrid superlattice was much larger than 

that of TiS2 single crystals (~0.075). Figure 33d shows SEM images of Cu intercalated Bi2Se3 

nanoplates/ PVDF TE film, the insets show top view and side view of the film [302], respectively. 

Figure 33e shows TE properties σ, S, and S2σ as a function of the Cu content for the film [302], from 

which a high S2σ of ~1 μW∙cm-1∙K-2 can be achieved via coupling σ and S by tuning Cu content. Figure 
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33f shows fingertip touch response of the as-fabricated film [302], indicating that the TE films can 

continuously convert the body heat into electricity. Figure 33g shows TEM images of MoS2 nanosheets 

exfoliated in N,N-dimethylformamide (DMF) solution [194], the HRTEM and AFM images with 

section line are provided as insets, indicating typical nanostructures. Figure 33h shows cross-section 

SEM with inset of optical image of PEDOT:PSS/MoS2 thin film [194], indicating an average thickness 

of <1 μm for the film. Figure 33i shows TE properties σ, S, and S2σ as a function of the MoS2 content 

for the film [194], from which a competitive S2σ of ~0.45 μW∙cm-1∙K-2 can be achieved via coupling σ 

and S by tuning MoS2 content. These results indicate that there is great potential for employing these 

flexible organic/inorganic composite thin films to flexible TE applications such as wearable devices for 

the human body [422].
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Figure 33. Characterizations of flexible TE composite films. a) Structural model of TiS2 single 

crystal and the TiS2[(HA)0.08(H2O)0.22(DMSO)0.03] hybrid superlattice; b) high and low magnification 

(inset) STEM-HAADF images of TiS2[(HA)0.08(H2O)0.22(DMSO)0.03]; c) T-dependent ZT of TiS2 single 

crystal and the TiS2[(HA)0.08(H2O)0.22(DMSO)0.03] hybrid superlattice. Reproduced with permission 

[196]. Copyright 2015, Springer Nature. d) SEM image of Cu intercalated Bi2Se3 nanoplates/PVDF TE 

film, the insets show top view and side view of the film; e) TE properties σ, S, and S2σ as a function of 

the Cu content for the film; f) fingertip touch response of the film. Reproduced with permission [302]. 

Copyright 2015, Elsevier. g) TEM images of MoS2 nanosheets exfoliated in DMF, the HRTEM and 

AFM images with section line are provided as insets; h) cross-section SEM with inset of optical image 
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of PEDOT:PSS/MoS2 thin film; and i) TE properties σ, S, and S2σ as a function of the MoS2 content for 

the film. Reproduced with permission [194]. Copyright 2016, Royal Society of Chemistry.

5.3.3 Wearable devices

The design of novel TE elements is of significance because they are key components in flexible 

TE devices, and these devices possess considerable potential for application to human life, acting as 

wearable devices or electronics [21,378,379,423-430]. To meet the wearable requirements, the as-

designed TE devices should possess both high flexibility and high TE performance, as well as a certain 

degree of conformability [21,374,428,431-436]. Currently, the design and fabrication of wearable TE 

devices is in its infancy, and many efforts are necessary to further improve the performance of these 

wearable TE devices [437-442]. 

There are two types of wearable TE devices, namely film-base and fabric-base TE devices [75,443-

445]. The former one usually consists of two dimensional polymer films [193,201], while the latter one 

is more of fabric materials knitted by polymer threads or coated by polymers [353,437,446-448]. To 

illustrate the fabrication process of film-base wearable TE devices, Figure 34a illustrates the 

PEDOT:PSS infiltration into the screen-printed TE thick film [193]. A 40 mm-thick TE film was firstly 

screen-printed on a highly flexible polyimide (PI) film substrate and annealed at 450 ℃ in a N2 ambient. 

The sample was then coated by PEDOT:PSS solution with 5 vol% DMSO additive and held for 10 min. 

After that, excess PEDOT:PSS solution was removed by a spinning process at 1500 rpm for 30 s. Finally, 

the sample was dried at 200 ℃ for 1 h. Figure 34b shows both top and side views using SEM images 

for n-type Bi2Te3/PEDOT:PSS hybrid TE films [193]. The fine Bi2Te3 powders acted as “fillers” in the 

films, fabricated by a ball-milling route, and the PEDOT:PSS acted as “substrates” to carry these fillers 

with good distribution in the as-synthesized hybrid films. The deposition of such a hybrid film was 

based on a screen-printing technique, followed by drying and annealing on a flexible polyimide 

substrate. The as-fabricated Bi2Te3/PEDOT:PSS hybrid films acted as n-type legs in the following 
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device design. At the same time, p-type Sb2Te3/PEDOT:PSS hybrid TE films were fabricated with 

similar routes, acted as p-type legs.

Figure 34. Flexible TE generator design. a) Process flow of PEDOT:PSS infiltration into the screen-

printed TE thick film; b) top and side views of SEM images for Bi2Te3/PEDOT:PSS hybrid films; c) 

measured σ, S, κ, and ZT of the films before and after PEDOT:PSS infiltration process; and d) 

performance of a flexible module with 15 p-n couples using the temperature difference between the 

body temperature and the ambient air temperature as illustrated inset. Reproduced with permission 

[193]. Copyright 2014, Elsevier.



117

Figure 34c compares measured σ, S, κ, and ZT of the films before and after the PEDOT:PSS 

infiltration process [193], from which higher σ and ZT can be achieved after inducing PEDOT:PSS in 

the films for both n-type Bi2Te3 and p-type Sb2Te3 despite the κ were also slightly increased, indicating 

that PEDOT:PSS can be beneficial for achieving high TE performance in the hybrid films. Figure 34d 

shows the performance of a flexible module with 15 p-n couples using the temperature difference 

between the body temperature and the ambient air temperature as illustrated inset [193]. A high thermo-

voltage of ~85 mV and a high output power density of 1.2 mW∙cm-2 can be achieved at ΔT = 50 K, 

indicating a high device performance. Meanwhile, an excellent bending fatigue strength was confirmed, 

mainly derived from the flexible polyimide substrate and the flexible organic-inorganic legs, from 

which the organic elements provided the flexibility, indicating that organic-inorganic hybrid TE 

materials and devices are promising approaches for fabrication of wearable electronic devices.

Unlike the film-based wearable TE devices, the fabric-based wearable TE devices are either 

knitted by polymer fibres or made of silk yarns coated by polymers and their derivatives. The polymer 

fibres can be produced by a wet-spinning process [437]. Figure 35a illustrates the wet-spinning process 

of PEDOT:PSS fibre [437]. The aqueous polymer solution is extruded into H2SO4 coagulation bath 

through a blunt needle with specific nozzle diameter to quantitatively control the size of the fibre. The 

following washing process in ethanol/water mixture aims to remove H2SO4 from the obtained fibre, 

which would be collected after drying. Figure 35b and 35c shows the schematic diagram and digital 

image of the fabric-based TE device made of polymer fibre [447]. Although it is p-p configuration, the 

heat loss via the silver yarn from hot end to the cold end can be neglected due to the small temperature 

difference. Figure 35d plots the TE properties of the fabricated PEDOT:PSS fibre. Clearly, S2σ 

increases from 2 µW∙m-1∙K-2 with higher H2SO4 concentration, achieving 30 µW∙m-1∙K-2 at 98 % H2SO4 

concentration [447]. Such an enhancement mainly results from the dramatic improvement of σ from 

100 to over 800 S∙cm-1, while S is basically unchanged. Moreover, S2σ of the PEDOT:PSS fibre might 

be further improved by adding a reducing process to the obtained PEDOT:PSS fibre. With respect to 
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the device performance, an output power of ~2.8 nW can be obtained at a temperature gradient of 40 ℃. 

Such a small output power stems from the insufficient number of connected elements. Thereby, 

effectively achieving electrical connection in series and thermal connection in parallel for the 

conducting fibre in a large scale would be of significance for the future development. 

Compared with the PEDOT:PSS fibre, it seems that coating CPs onto silk yarns is better as it 

shows higher output power. Figure 35g plots the device performance of the conducting silk yarns. 

Clearly, a relatively high output power of around 25 nW was achieved a temperature gradient of 46 K 

[446]. Interestingly, this conducting silk yarns can also serve as satisfactory heating fabric when 

applying suitable voltage, as presented in Figure 35h, indicating that the fabric-based TE devices would 

be a good wearable personalized thermal regulator [446]. 
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Figure 35. a) Schematic diagram of wet-spinning process. Reproduced with permission [437]. 

Copyright 2019, Royal Society of Chemistry; b) Schematic and c) photograph of PEDOT:PSS fibre 

embroidered TE module consisting of ten elements (each comprising one p-type PEDOT:PSS fibre and 

one silver plated nylon yarn); d) TE properties of the PEDOT:PSS fibre; e) Open circuit voltage (Voc) 

as a function of temperature difference (ΔT ) with respect to the cold end (24 °C); f) Output power P as 

a function of load current (Iload) with three temperature differences (23, 34, and 40 °C). Reproduced 

under the terms of the Creative Commons CC BY license [447]. Copyright 2017, Wiley-VCH; g) 

Electrical measurement of the TE device made of Ag NW/PEDOT:PSS coated yarns; h) photograph 
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(left) and IR image (right) of the heating fabric. Reproduced under a Creative Commons Attribution 

Non-Commercial No Derivative Works (CC-BY-NC-ND) 4.0 license [446].Copyright 2020, American 

Chemical Society.

5.3.4 Self-powered temperature-pressure sensor

CPs not only are promising candidates for TE devices, but also can be applied in other flexible 

electronics, such as sensors. Particularly, the self-powered sensors that consist of CPs to achieve 

instantaneous and simultaneous sensing of temperature and pressure by exploiting their excellent TE 

performance and high-pressure-sensing sensitivity now are becoming an attractive topic for the 

scientific communities. Figure 36a-j show the schematic illustration of temperature-pressure (T-P) 

sensing mechanism of a microstructure-frame-supported organic TE (MFSOTE) device which is 

constructed by the deposition of organic TE materials on deformable microstructure frames to enable 

their temperature and pressure-sensing properties [449]. When the device is exposed to an object with 

coupled temperature and pressure stimuli, the temperature detection would be achieved via the basic 

Seebeck effect, i.e. Vtherm=ST×ΔT (Figure 36a-d), while the biased pressure can be detected by 

analysing the change of resistance of the device caused by frame deformation (Figure 36e-h). Figure 

36i and j show the validity of the MFSOTE device under different temperature difference and pressure 

stimuli. Clearly, the I-V curve shifted when there was constant temperature difference, and it shifted 

more with larger temperature difference applied. By comparison, the I-V curve deflected when there 

was constant pressure stimuli and it deflected more profound with larger pressure stimuli. The precise 

temperature and pressure sensing sensitivity enables the application of the MFSOTE device in e-skin 

and health-monitoring elements. Figure 36k and l show the graphs display the temperature and 

pressure mapping profiles of pixel signals on the back of the prosthetic hand and on the tip of a 

prosthetic finger. Clearly, the contact information conducted by the human hand was collected by 

monitoring the temperature and pressure on a reconstructed map. The changes in the temperature and 

biased pressure corresponded well to the colours of the pixels in the separated distribution map. This 
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experiment result proved the effectiveness of the MFSOTE device as an e-skin. On the other hand, the 

highly integrated MFSOTE array constructed fingertip also showed excellent ability to reconstruct the 

temperature-pressure signals mapping when touching an ice cube, indicating the precise spatial 

resolution and dual-parameter-sensing capability of the as-fabricated sensing arrays.

Figure 36. a-h) Schematic illustration of temperature-pressure (T-P) sensing mechanism: (a,b) pristine. 

(c,d) a temperature gradient (ΔT) is applied across a MFSOTE device. (e,f) a pressure is loaded. (g,h) 

loading of a coupled temperature and pressure stimuli. Graphs (i and j) show the measured I-V curves 
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of a MFSOTE device taken at various ΔT (i) and different loading pressure (j). Graphs (k and l) display 

the temperature and pressure mapping profiles of pixel signals on the back of the prosthetic hand (k) 

and on the prosthetic fingertip consists of highly integrated MFSOTE array (l). Reproduce under a 

Creative Commons Attribution 4.0 International License [449]. Copyright 2015, Springer Nature.

5.3.5 Vertically-aligned devices

Recently, a new topological structure is proposed to maximize the output power density of the 

flexible TE device, which is vertically aligning TE films upon a flexible substrate. There are mainly 

two advantages of this exotic structure, including a large temperature gradient between the hot side and 

the cold side of the TE film caused by their hanging gestures into the flowing air, and a large quantity 

of TE films upon unit area due to the vertical alignment. As a result, the output power density can even 

reach dozens of µW∙cm-2 [21]. Figure 37a shows the optical images of a 100-leaf-TEG for energy 

harvesting from the human body heat at room temperature. The flexible device can be attached to the 

human arm or other curved surfaces [373]. The vertical alignments of TE elements have high sensitivity 

to flowing air. Figure 37b-d show the dependencies of the temperature difference utilization ratio φth 

(defined by the ratio of the maximum temperature difference across the TE legs to the available 

temperature difference), output voltage Voc, and maximum output power Pmax on the length of each TE 

leg Lleg under various air velocities vair. Under an air flowing condition (vair = 0.2 m∙s-1, Tair = 6 °C), 

both φth and Voc are significantly increased as the Lleg increases from 5 to 10 mm, and then show 

saturated tendencies with a Lleg of 20 mm. However, their dependencies on vair are more complicated. 

Increasing the vair may not lead to higher φth and Voc, which must be taken into consideration when one 

designed similar TE devices using other materials. As for the Pmax, when Lleg is increased to a certain 

value, Pmax reaches a peak value, and when Lleg is kept going up, Pmax then declines. This result indicates 

the existence of a trade-off effect between φth and the internal resistance Rin of the device. Specifically, 

leaf-TEG with shorter leaves has smaller φth and Rin, while the one with longer leaves has larger φth and 
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Rin. This trade-off effect occurs in many TE devices, which can be utilized to achieve output power 

optimization. Figure 37f presents the timing diagram of the response characteristic and sensitivity of 

leaf-TEG. Clearly, the leaf-TEG promptly (delay time <0.1 s) captures the temperature fluctuation (0.2 

°C) and generates corresponding voltage fluctuation (70 µV) even under a short period of 0.2 s. This 

result demonstrates the ultra-high sensitivity of the response characteristic of the leaf-TEG, which 

further reinforces its benefit for the energy harvesting from the environment with limited temperature 

difference and air convention. Figure 37g shows the power output of the 100-leaf-TEG module on an 

arm while walking and standing situation. In a room environment with an ambient temperature of 20 °C, 

a stable Voc of ~52 mV and output power of 7.2 µW are obtained when standing still. While walking at 

a speed of ~1 m∙s-1 and swinging the arms, a larger stable Voc of ~64 mV and higher output power of 

11 µW are obtained, which are very competitive with flexible TEG with some bulk TE elements.

Another similar case is the recently reported vertically aligned F-TEG with self-healing, recycling, 

and Lego-like reconfiguring capabilities [21]. Figure 37h presents the design and fabrication of the 

TEG. The presented images also illustrate several key characteristics, including self-healability, 

recyclability, and Lego-like reconfigurability, of the as-fabricated FTEG. Figure 37i shows the output 

power density Pout as a function of output voltage Vload at various temperature differences ranging from 

6 K to 95 K with the cold-side temperature kept at 20 °C. Clearly, the maximum Pout increases with ΔT 

and reaches 19 µW∙cm-2 at a ΔT of 93 K. The open-circuit voltage per unit area Voc, as shown in Figure 

37j, increases linearly with ΔT and reaches 1 V∙cm-2 at ΔT = 95 K. Figure 37k shows the optical and 

infrared (inset) images of the as-fabricated FTEG attached on a forearm at a room temperature of 25 °C. 

The infrared image gives the infrared measurement of temperature distribution across the device. This 

FTEG attached to the human arm can generate different output power when the wearer was under 

different movements. Figure 37l demonstrates average output power densities of 45 and 83 nW∙cm-2 

and average output voltages of 25 and 33 mV∙cm-2 when the wearer was sitting and walking, which are 

sufficient to power on some portable electronics like sensors and watches [21].
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Although this newly emerging topological structure shows the great potential to generate high 

power and voltage, one should be notified that this special structure requests more space in the height 

direction than other common two-dimensional structures. This characteristic impact engineering 

applications in some situations where usable space is limited. Moreover, no analytical relationship 

between the length of the TE films and other working conditions (including temperature difference, 

material properties, film thickness, and heat convection coefficient) was established. In fact, the output 

power density of these reported devices can be further optimized using the appropriate method to obtain 

optimal lengths of TE films by securing both sufficient temperature difference and minimum internal 

resistance [381].
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Figure 37. a) Optical images of a 100-leaf-TEG for energy harvesting from the human body heat at 

room temperature; b) temperature difference utilization ratio φth, c) Open-circuit voltage Voc, and d) 

maximum output power Pmax of leaf-TEG with different length under different air velocity conditions 

(0.2, 0.5, and 2.0 m∙s-1); e) Maximum output power Pmax varies with the air temperature; f) Timing 

diagram of the response characteristic and sensitivity of leaf-TEG for air temperature fluctuation; g) 

power output of the 100-leaf-TEG module on an arm while walking and standing situation. Reproduced 

under the terms of the Creative Commons CC BY license [373]. Copyright 2021, Wiley-VCH; h) 

schematic diagram of the design and fabrication of the FTEG; i) output power density Pout as a function 

of output voltage (Vload) at various temperature differences (ΔT), with the cold-side temperature kept at 

20 °C. The black points are measurement data; j) Open-circuit voltage (Voc) versus temperature 

difference; k) optical and infrared (inset) images of a TEG attached on an arm; l) Power generation 

(Pout) and output voltage (Vload) of the TEG with 112 TE legs on the human skin when the wearer was 

sitting and walking. Reproduced under the terms of the Creative Commons Attribution-

NonCommercial license [21]. Copyright 2021, Wiley-VCH.

5.4 Mechanical Improvements

The mechanical properties of FTE materials and devices, such as flexibility and the tensile strength, 

are important because these devices will need to function under some mechanical constraints and 

conditions. This mechanical environment may significantly influence the stability of both structures 

and the TE performance [13,153]. In order to maintain acceptable mechanical properties for these FTE 

materials and devices, rational designs are needed during their fabrication. Generally, there are several 

factors that need to be considered, including strengthening the mechanical properties of CPs-based TE 

legs (units), reinforcement of the material interfaces between the legs and substrates (electrodes and 

interconnectors), and careful selection of appropriate flexible substrates that possess both high 

flexibility and high tensile strength.
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For the improvement of mechanical properties of TE legs, due to the organic nature of polymers, 

the pure CPs-based TE legs always possess good flexibility and tensile strengths [154]; while for the 

organic-inorganic hybrid legs, the incorporation of inorganic materials may considerably reduce the 

flexibility of these hybrids [48], one suitable strategy is to reduce the dimensions of these inorganic 

materials, such as using finely ground powders obtained by some specific techniques such as 

mechanical alloying (ball-milling), and using solution-based synthesis routes such as conventional 

aqueous solution [188], hydrothermal [183], and solvothermal syntheses to fabricate nanoscale crystals 

as fillers, such as Te nanorods [188] and SnSe nanosheets [184,203]. Some novel techniques such as 

chemical exfoliation by Li ions have also been employed to achieve a few-layer thick nanosheet from 

a bulk ingot, such as SnSe nanosheets exfoliated from the ingots fabricated by solid-state solutions 

[183]. To evaluate the flexibility and tensile strength of CPs-based legs, there are mainly three factors 

that need to be considered, namely minimum bending radius, stress-strain relationships, and maximum 

bending cycles before cracking. For example, Figure 38a shows a stress-strain curve obtained via 

tensile measurements of the PPBH/CNT/PUBI films, and the inset shows a photograph taken during 

the measurement of the minimum bending radius [198]. The as-designed films possess strength of~6 

MPa, as well as a small minimum bending radius of only 1 mm, indicating both high flexibility and 

high tensile strength. Similarly, Figure 38b shows stress-strain curves from tensile measurements for 

the PPy/SWCNT composite films with different treatments [161], from which the composites with a 

SWCNT: Py ratio of 40 wt% prepared in the medium of water or aqueous ethanol can result in the 

highest tensile stress of ~14.2 MPa. The as-designed films also possess a high tensile modulus of ~655 

MPa and a high elongation at fracture of ~3.1 %, indicating good mechanical performance
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Figure 38. a) Stress-strain curves obtained via tensile measurements of the PPBH/CNT/PUBI films, 

the inset shows a photograph taken during the measurement of the minimum bending radius. 

Reproduced with permission [198]. Copyright 2018, Elsevier; b) stress-strain curves of tensile 

measurements for the PPy/SWCNT composite films. Reproduced with permission [161]. Copyright 

2016, Royal Society of Chemistry; c) resistance changes of the FET module as a function of bending 

radius in chain direction and leg direction, d) resistance changes of the module as a function of the 

number of bending cycles with bending radius of 4 cm. Reproduced with permission [193]. Copyright 
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2014, Elsevier; e) resistance R as a function of temperature and f) number of folding cycles for Au-

doped CNT/PANI webs, where R0 is the corresponding resistance of the original state before annealing 

and folding. Reproduced with permission [171]. Copyright 2016, American Chemical Society.

For the strengthening of material interfaces between TE legs, interconnectors (such as electrodes 

and wires), and flexible substrates, a strong “adhesive force” between these components is needed, 

which can be achieved by carefully choosing appropriate materials for these components. Currently, 

the selection of these materials is still based on experience, and the studies of these interfaces, such as 

direct observation and theoretical models are still at a preliminary stage. For example, in many FTE 

devices, Ag acts as both electrodes and interconnectors (wires) because Ag possesses good adhesive 

force between TE legs and the substrates [188]. To ensure that the TE performance of the devices can 

be maintained during bending or stressing, an evaluation of resistance is needed. Figure 38c shows the 

resistance changes of a FTE module as a function of bending radius in chain direction and leg direction 

[193], and Figure 38d shows the resistance changes of the module as a function of the number of 

bending cycles with bending radius of 4 cm [193]. The as-designed FTE device is composed of 

PEDOT:PSS/Bi2Te3 as n-type legs, PEDOT:PSS/Sb2Te3 as p-type legs, and PI films as flexible 

substrates, fabricated by a typical screen-printing technique. The internal resistance of the unbent TEG 

module is 145.2 Ω. The results indicate that a stable internal resistance can be maintained by either 

increasing bending radius or increasing bending times, which is of significance for maintaining a high 

and stable TE performance for FTE devices during operation.

Furthermore, a careful selection of flexible substrate is also vital for maintaining good mechanical 

performance of a FTE device [195]. At the same time, how to strengthen the ability to bear external 

thermal shock is also a concern in current FTE designs since most of the components in FTE devices 

are organic materials, which are insufficient to resist external heat at high temperatures. Generally, to 

achieve high flexibility in FTE devices, some special substrates such as polyimide are commonly 
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chosen due to their high flexibility and acceptable tensile strengths [188]. At the same time, some 

treatments are needed for the substrates to increase the stability between TE units and substrates [387]. 

For example, for the roll-to-roll printing of thin-film organic FTE devices [360], the plastic substrate is 

originally hydrophobic (contact angle between water and substrate is more than 90°), and subjected to 

surface treatment via different chemical solutions, resulting in tuneable ink wettability. Besides, a novel 

design for the structure of a flexible substrate is also a good choice [182,196]. For example, Figure 38e 

and 38f show the resistance R as a function of temperature and number of folding cycles for Au-doped 

CNT/PANI webs [171], respectively, where R0 is the corresponding resistance of the original state 

before annealing and folding. The FTE device was achieved by embedding CPs into Au-doped CNT 

webs. The CNT bundles, which are interconnected by a direct spinning method to form 3D networks 

without interfacial contact resistance, provide both high σ of >1000 S∙cm-1 and high ZT of >0.2 at room 

temperature [171]. From Figure 38e-f, it is can be clearly observed t no significant change was observed 

in the normalized resistance under condition of thermal shocking, folding, and subsequent crumpling 

tests, indicating good flexibility and high stability.

6. Conclusion and Perspective

Plenty of profound progress has been made since the discovery of CPs. Theoretically, the factors 

including oxidation level, morphological crystallinity, as well as the average energy carried by charges 

were shown to be significant in the determination of the TE properties of CPs. This review elucidated 

the independent influences and the synergetic effects of these factors upon charge and phonon 

transportation within CPs. Generally, increasing the oxidation level improves the σ but depresses S as 

numerous low energy charges make non-negligible contributions, which request further action to 

increase the average energy carried by the effective charges to optimize the TE performance of CPs. 

Furthermore, charge transport models, including the VRH model, NNH model, ME model, TE model, 

and series heterogeneous media model were proposed to account for the obtained experimental results. 

These models cover the charge transport mechanisms for most existing CPs. With regard to 
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experimental progress, much effort has been expended to advance performance by tuning the oxidation 

level and improving the structural crystallinity of CPs by strategies such as redox doping, secondary 

doping, post-treatments, polymerization, metal-based coordination polymer and Se substitution. It has 

been shown that a suitable combination of some of these strategies yielded better results for pure CPs. 

For inorganic-organic hybrid composites, current research work mainly focused on the resolution of 

three major problems, namely large particle size, inhomogeneity and oxidation resulting in ineffective 

loading. Simply by physical mixing, the composite films might suffer two or even all three of these 

problems. Instead, in-situ synthesis and the combination of physical vapor deposition (PVD) and vapor 

phase polymerization (VPP) are better alternatives. To date, the highest ZT of 0.42 achieved for pure 

CPs and 0.58 for Bi2Te3-PEDOT composite films convinced us that there is a bright future for high-

performance CPs and their derivatives. Additionally, FTE devices with rational structure design method 

and promising power output performance have been reviewed and the current status has been 

summarized. The corresponding efficient fabrication techniques were also reviewed. It turned out that 

compact structure-designed devices composed of high performance TE elements presented excellent 

power output under large temperature gradients induced by in-plane heat transfer. Accordingly, a 

rationally designed FTE device could meet the requirements to power microwatt electronics. In addition 

to traditional TE devices, we also reviewed the newly emerging self-powered temperature-pressure 

sensor based on CPs. This idea provides new perspectives for CPs to be applied in e-skin and health 

monitor in the near future.

Despite the progress made in the rapidly-developing CPs, it should be noted that the performance 

optimization of CPs is still in its infancy and there is a need for further creative research effort to 

overcome the challenges ahead. The morphological complexity of CPs invalidates the verified 

knowledge for one CP in another. For inorganic semiconductors, the optimal n is in the range of 

1019~1021 cm-3; however, the optimal oxidation level highly varies for different CPs, e.g. the optimal 

oxidation level is 22 % for PEDOT:Tos [52], but 76.9 % for FeCl3-doped PCDTBT [36], although the 
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trade-off effect between σ and S exists in both types of materials. None of the current models is universal 

in the description of charge transport within all CPs due to the co-existing amorphous and crystalline 

microstructures. Additionally, these models are more suitable for verification of obtained experimental 

results instead of property prediction for unmeasured samples, as the charge transport behaviour varies 

even for the same type of CP synthesized under different conditions. These problems hinder the 

development of charge transport theory, and in turn slow down the progress to achieve higher TE 

performance CPs. For molecular structure, challenges are faced in many aspects such as the basic 

mechanism of charge transport and electro-acoustic coupling effect in molecular systems, the 

relationship between molecular structure and performance, the basic physical image of TE energy 

conversion in organic systems from a molecular scale, the doping mechanism of conjugated molecular 

systems, the key technology of material patterning, and the direction of functional applications. For 

microstructures, advanced characterization techniques are needed to disclose the relationship between 

microstructures and properties, and in turn find new ways to improve the TE performance of CPs from 

the aspect of microstructure, such as balancing the ordering level and κl, as well as further explain the 

mechanism of energy filtering effect at the interfaces between different components. For optimization 

strategies, it seems that ZT has reached the top limit for pure CPs as no other significant breakthroughs 

have been made within the past five years; while inorganic-organic hybrid composites are becoming 

promising in recent years [51,319,450]. For doping, it is an important problem to precisely control the 

doping level (compared to inorganic materials with doping level up to 10 %) [6], and there is a lack of 

efficient and universal dopant in organic thermoelectric research, and n-type dopants also face problems 

such as poor air stability. Besides, because the short-range accumulation of organic molecules is diverse, 

and the long-range arrangement has a huge difference in order, how to control the uniformity and 

crystallinity of CPs has always been an important topic of organic TE research, and this problem has a 

significant impact on the corresponding doping mechanism. For post-treatment, it is still a challenge to 

precisely control the level of post-treatment, and the interactions between different strategies should be 
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carefully concerned. Besides, finding new and effective post-treatment method is still a tricky work. 

For hybrid design, more effort should be directed toward the emerging problems in the hybridization 

of inorganic and organic materials, including the creation of a highly conductive interfacial layer 

between the polymer and fillers, the transition of energy band structure in the inorganic-organic 

interfaces and the impact of the intrinsic parameters such as EF, n and Eg of the applied fillers upon the 

hybrid composites. For preparation methods, more advanced fabrication techniques are needed to be 

developed for achieving stable and high-performance CPs-based TE materials. Especially, many issues 

and unclear points are still existed between the TE properties and preparations, such as mechanisms of 

physical mixing, in-situ polymerization/reaction, and layer-by-layer assembly. By resolving these 

problems, we would be able to understand the charge transport mechanisms on a new level and to 

achieve highly concise control over the performance optimization strategies for CPs. In terms of FTE 

devices, one big challenge is the high cost and low efficiency of device fabrication for high performance 

CPs derivatives, especially for the excellent inorganic-organic hybrid composites whose preparation 

processes are complicated. An effective solution to this problem would lead to a dramatic leap in the 

power output of FTE devices.

In this respect, we summarize several prospects as below:

1) Universal theoretical model. To propose a universal theoretical model that can describe charge 

transport behaviour in all CPs would be unrealistic due to their variable sophisticated 

morphologies. Pragmatically, to give specific and accurate prerequisites for the proposed charge 

transport models would be a better alternative. Oxidation level and µ are two quantitative 

parameters determining the correct model to accurately predict the TE properties of a certain CP. 

Therefore, establishing accurate and one-to-one correspondence relationships between these two 

parameters and the charge transport behaviour such as variable range hopping and nearest 

neighbouring hopping is necessary to direct design of experiments.
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2) Advanced hybrid composites. More effort should be concentrated upon addressing the 

aforementioned emerging problems of inorganic-organic hybrid composites. A complete 

understanding of the causes of the highly conductive interfacial layer between the polymer and 

fillers would enable us to achieve controllable enhancement in σ. In addition, microscopically, the 

energy band structure of the fillers is the key factor that distinguishes the σ of hybrid composites. 

The combination of two materials with high TE performance (PEDOT and Bi2Te3) actually leads 

to a compromised TE performance for the hybrid composite compared with their components; 

however, suitable materials (PEDOT:PSS and Te nanorods) hybridized together would present TE 

performance exceeding that of either component. The mechanism behind this phenomenon is still 

unclear. We believe that by figuring out how the aforementioned intrinsic parameters of fillers 

impact the TE properties of the hybrid composite, rational combinations of CPs and inorganic 

fillers can be found to achieve more significant breakthroughs in performance and further 

development of CPs based TE materials.

3) Flexible device design. FTE generators and refrigerators are particularly attracting significant 

attention because they possess the highest potential for personal use. These devices can be operated 

by directly collecting heat from the human body. Polymer-based flexible TEs are fascinating 

because of their intrinsic flexibility, economical cost, and none or low toxicity. For inorganic TE 

materials as fillers, multi-dimensional nanocrystals with high surface activities and nanometer 

effects are good candidates for developing composites with these organic polymers in order to 

improve the thermopower of the composite thin films. The research on flexible generators are still 

at a very preliminary stage, and more fundamental studies are needed to explore the strategies of 

improving the performance of flexible TE devices, such as understanding the delocalizing carriers 

in conductive polymers, theoretically establishing models that explain carrier transport properties, 

optimizing the effects of fillers through interfacial engineering, intensifying the connections 
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between inorganic particles for highly crystalline films, and overcoming the mechanical 

inflexibility of inorganic TE materials as legs.

4) Commercialization of FTE devices. Lowering the manufacturing cost and increasing the 

manufacturing efficiency are key factors in the commercialization of FTE devices. So far both two 

factors cannot meet the demands of the state-of-the art CPs based TE materials due to the 

unsuitable and outdated fabrication techniques for these emerging materials. Novel and creative 

fabrication techniques are an important and urgent research topic. Current prototypes might suffer 

from non-optimized geometrical parameters, especially the length. For FTE films, their micron-

level thicknesses dramatically diminish the in-plane heat conduction, in case of which optimal 

lengths are far smaller than their current values to hold the same temperature gradients. 

Unfortunately, no study can be found on this field, and hence the relationships that exist between 

the TE performance and the geometrical parameters of the FTE device needs to be established.

5) Interdisciplinary applications of CPs. CPs are well-known for their excellent electrical 

conduction and outstanding flexibility, suggesting that TEG is only one of their possible 

applications. In fact, this versatile material can also be applied in sensor, organic light-emitting 

diode (OLED) and etc. Therefore, by reasonable design, self-powered sensors or OLED are highly 

achievable. We believe the CPs-based self-powered electronics would prevail in the near future 

because of both the non-toxicity and the easy-availability of this materials, and more effort should 

be paid on this meaningful research topic.
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Figure 39. Strategy and prospects for high-performance conducting polymers and their FTEGs.
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