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A B S T R A C T   

Solar and thermal energy conversion are two major renewable energy technologies highly sought after in the past 
two decades by academia, industry, and policymakers. Besides the traditionally large-size solar and thermal 
energy convertors, more recently, lightweight, flexible solar cells and thermoelectric generators (TEGs) based on 
organic semiconductor materials have attracted much attention due to the booming development of wearable 
electronics. In this article, we comprehensively review the scientific advances in the field of organic photovol
taics and organic thermoelectric materials and devices, focusing both on the fundamental processes as well as the 
development of flexible devices. This review brings together state-of-the-art technological advancements in the 
field of hybrid photovoltaic-thermoelectric energy harvesters, with overarching relevance and implications for 
the development of self-powered wearable electronics for internet-of-things (IoT) applications.   

1. Introduction 

1.1. Photovoltaic technology 

The beginning of solar cell technology can be associated with the 
discovery of the photovoltaic effect by a young French scientist named 
Edmond Becquerel, who in 1839 [1], measured the impact of a photo
chemical reaction between two chemically dissimilar liquids. It was not 
until 40 years after the discovery of the photoelectric effect that the first 
working photoactive device based on selenium was reported by Charles 
Fritts in 1883 [2]. In 1953 at Bell Laboratories, Gerald Pearson and 
Calvin Fuller, in an accidental discovery, found that doped silicon re
sponds to light. This discovery led to the first-ever silicon-based solar 
cell fabricated by Chaplin et al., which was reported in 1954 [3]. This 
was later followed by the fabrication of the first silicon solar cell module 
for outdoor purposes in 1955 [4]. For the next 20 years, spacecraft 
provided the primary application field for photovoltaics [4]. The po
tential of solar cells was further demonstrated when ‘Vanguard, the first 

American satellite equipped with solar cells, was launched [5]. The mid 
1970’s witnessed a sudden growth of module technology due to oil 
embargoes and the application of photovoltaics in large telecommuni
cation systems, resulting in the first modern module which was designed 
in 1976 [4]. Although in the last several decades, silicon-based solar 
cells dominated the photovoltaics markets, and have steadily matured to 
possess high efficiency, stability, and a reduced energy payback time 
[6], the downside is brittle nature, energy-intensive manufacturing, and 
considerable module weight. 

In 1960, over a century after the discovery of the photovoltaic effect, 
anthracene was the first organic compound in which photoconductivity 
was observed [7]. In 1977, Heeger, MacDiarmid, and Shirakawa showed 
that polyacetylene, the most straightforward polyconjugated system, 
can be rendered electrically conductive by reaction with bromine or 
iodine vapors. The exposure of polyacetylene to halogen vapor resulted 
in the oxidation of the polymer chain, and an increase in conductivity 
from a semiconductor to 38 S cm− 1 was observed [8]. This striking 
discovery inspired researchers to develop a variety of non-acetylenic 

* Corresponding author. 
E-mail address: pakdela@tcd.ie (A. Pakdel).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Applied Materials Today 

journal homepage: www.elsevier.com/locate/apmt 

https://doi.org/10.1016/j.apmt.2022.101614 
Received 22 April 2022; Received in revised form 15 July 2022; Accepted 3 August 2022   

mailto:pakdela@tcd.ie
www.sciencedirect.com/science/journal/23529407
https://www.elsevier.com/locate/apmt
https://doi.org/10.1016/j.apmt.2022.101614
https://doi.org/10.1016/j.apmt.2022.101614
https://doi.org/10.1016/j.apmt.2022.101614
http://creativecommons.org/licenses/by/4.0/


Applied Materials Today 29 (2022) 101614

2

polymers in both neutral and oxidized states such as poly(p-phenylene)s, 
polypyrroles, poly(p-phenylenevinylene)s, polythiophenes and poly
anilines (leucoemeraldine) [9–13]. In order to impart solubility and tune 
optoelectronic properties, side-chain(s) introduction was widely used 
which led to the synthesis of alkyl-substituted semiconductors [14]. 
Further efforts to produce materials with extended optical coverage, 
finely tuned molecular energy levels, desired solubility, and ideal 
intramolecular and intermolecular interactions at solid-state was the 
impetus to the development of many structures for applications in 
organic electronics [15–18]. As a result, the last two decades have seen 
an explosion of academic as well as industry interest in utilizing con
jugated polymers, oligomers, and small molecular semiconductors [19] 
across a range of electronic devices [20]. Particularly after the discovery 
of electro-luminescence in conjugated polymers [21], this class of ma
terials has been used extensively to design optoelectronic devices such 
as diodes, transistors [22], organic photovoltaic (OPV) devices [23], 
organic photodetectors [24], and thermoelectric devices [25]. The 
research progress in this field is well reflected in the application of 
organic semiconductors in modern-day smart electronics such as flexible 
solar cells and high-resolution curved displays, which are not science 
fiction anymore. 

1.2. Thermoelectric technology 

Thermoelectric (TE) technology is based on the direct conversion of 
thermal energy to electrical energy and vice versa through the ther
moelectric effect [26]. The TE effect consists of the Seebeck, the Peltier, 
and the Thomson effects, dating back to early 19th century [27]. 
Particularly, the Seebeck effect is responsible for converting the tem
perature differences to electricity, and this principle is the basis for 
operation of all thermocouples [28]. A device that can produce elec
tricity from a temperature gradient is called a TE generator (TEG). TEGs 
possess several interesting characteristics such as silent operation, sim
ple design, and a wide range of operating temperatures. Generally, these 
devices are constructed from n- and p-type semiconducting materials as 
TE legs in order to produce electrical power from waste heat. Recently, 
thermal energy harvesting from complex surfaces which act as the heat 
sources has triggered significant research focus on flexible TEGs [29]. 
Based on the TE effect, by applying a temperature difference along a 
sample, the charge carriers of the hot side transport to the cold side, 
producing an electrical voltage. The TE efficiency of a material is eval
uated by a dimensionless figure of merit, ZT = S2σ

k T, where S, σ, k, and T 
are the Seebeck coefficient, the electrical conductivity, the thermal 
conductivity, and the absolute temperature, respectively [30]. There
fore, to have a good thermoelectric efficiency, a material should be 
electrically conductive but thermally insulating. 

Several classes of TE material have been developed for use in a wide 
range of working temperatures, such as chalcogenides, skutterudites, 
oxides, half-Heuslers, Zintl phases, clathrates, SiGe alloys, organic 
semiconductors, and semiconducting composites [31–33]. For 
high-temperature applications, oxides, Zintl phases, SiGe alloys, and 
Half-Heuslers have been used as high ZT (in the range of 1-1.5) TE 
materials [34]. In the mid-temperature range, Skutterudites, 
Half-Heuslers, and Clathrates have been introduced as TE materials that 
possess ZT of 1.3–2.2 [35]. At low temperatures, Chalcogenide and 
organic materials with the ZT of 0.4–1.86 have been used [35]. It has 
been reported that nanostructured, low dimensional, and super lattice 
forms of these materials can significantly improve the ZT value due to 
quantum confinement and filtering of charge carriers at the interfaces 
[36]. The characteristics of inorganic TE materials such as high fabri
cation costs, rigidity, and toxicity, have hindered their applications in 
flexible TEGs [33]. Accordingly, organic TE materials have been intro
duced as a new class of TE materials which not only overcome the 
limiting factors of their inorganic counterparts but also illustrate 
promising compatibility with flexible TEGs [37]. For instance, organic 

TE materials are compatible with solution-based fabrication methods 
which can significantly reduce the costs associated with flexible TEGs 
[38]. 

1.3. Flexible TEG and PV devices for wearable applications 

Recently, wearable electronics with multi-functional features that 
can fit the human body curvatures have attracted much attention due to 
the booming fields of Internet of Things (IoT) and sensor networking 
[39–41]. Wearable devices should be small, lightweight, flexible, and 
portable [42]. Although development of wearable technology has grown 
rapidly over the past decade, it is still in its infancy and is confronted by 
several obstacles towards widespread application. One of the main is
sues with wearable electronic devices is the lack of a sustainable power 
source in place of conventional batteries for powering the operating 
sensors and actuators [43]. Such power sources must overcome the 
problems associated with traditional batteries such as large size, rigidity, 
high weight, and limited lifetime [44]. This bottleneck has induced a 
new wave of interest in self-powered wearable devices that utilize en
ergy harvesting technologies for providing power from surrounding 
energy sources [45]. In this regard, solar and thermal energy sources are 
easily available from the sunlight and the human body. Therefore, 
flexible PV and TEG systems are two types of energy conversion devices 
that can convert sunlight and human thermal energies to electricity, 
respectively, for supplying the required power for wearable devices 
[46]. Flexible, thin, and conformal TEGs and PVs should be made of 
light-weight materials that can be easily processed and allow for 
stretching and bending for integration into curved surfaces [47]. 
Recently, research about hybrid TEG/PV devices has gained much in
terest for synergetic energy harvesting that could be a large driving force 
for self-powered wearable electronics [48]. Consequently, appropriate 
organic materials for applications in flexible and wearable TEGs and PVs 
have become remarkable vectors of innovation [49,50]. 

2. Organic semiconductors 

Materials that fall within this category of semiconductors are a large 
family of carbon-based compounds comprising alternating single and 
double bonds of carbon atoms, also known as a conjugated system [19]. 
Conjugated materials with high molecular weights are commonly clas
sified as polymers, whereas materials with a lower molecular weight are 
classified as small molecules and oligomers. In such units, the electrons 
are delocalized because of the sp2 hybridization of the carbon atoms, 
imparting semiconducting behavior to organic materials. 

Unlike inorganic semiconductors, which consist of a 3D crystal lat
tice in which energy levels form conduction and valence bands 
throughout the material, in the case of organic solids, the molecules are 
bound with weak van der Waals forces. As a result, the occupied and 
unoccupied states are usually localized, and the electronic structure of a 
single molecule or a polymeric chain is preserved (Fig. 1) [51]. 

The validity of band theory in such systems is limited, and the charge 
transport proceeds with a hopping mechanism between the localized 
states, resulting in reduced charge carrier mobility in organic solids 
compared to crystalline inorganic semiconducting solids. Thus, the 
chemical design of materials which determines the energies and distri
bution of molecular frontal orbitals in π-conjugated materials [52] plays 
a vital role in determining their electronic and optical properties. 

Most organic semiconductors intrinsically have relatively high ab
sorption coefficients (~ ≥ 105 cm− 1) [53]. Therefore, a 100 nm thin film 
is usually enough to get sufficient photogeneration in the photoactive 
organic film for optimum device performance [54]. Unlike inorganic 
semiconductors where free charge carriers are generated, primary photo 
excitations in organic semiconductors, due to their low dielectric con
stant, lead to electron-hole pairs. The photo-generated electron-hole 
pairs, also called excitons are bound with Coulomb forces and require 
strong electric fields to dissociate due to their high binding energy [55]. 
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3. Organic solar cells 

The interest in the research and development of organic solar cells 
(OSCs) has rapidly progressed in the last two decades [56] due to their 
ability to be lightweight, solution-processable, mechanically flexible, 
and the potential to tune the color, transparency, and other electrical 
properties. The first reported OSCs were fabricated by sandwiching a 
thin organic light-absorbing layer between two electrodes of different 
work function [57], where one of the electrodes is transparent (such as 
indium tin oxide) to allow for light to reach the organic layer. 

When a photon incident on the device is absorbed by the photoactive 
layer, an electron in the highest occupied molecular orbital (HOMO) is 
excited and jumps to the lowest unoccupied molecular orbital (LUMO), 
forming a neutral excited state or exciton in the organic semiconductor 
[58] with a binding energy of 0.1 - 1 eV [59]. In order for the charges to 
be transported to the respective electrodes, the photo-generated exciton 
need to dissociate. 

A significant breakthrough was achieved in the field of OPVs in 1986 
when Tang introduced the concept of bilayer hetero-junction and re
ported an efficiency of ~ 1% from a device made by sandwiching two 
organic semiconducting materials (phthalocyanine and a derivative of 
perylenetetracarboxylic acid) [60]. The performance enhancement 
observed in bilayer devices was attributed to the improved dissociation 
of charges at the donor-acceptor interface. However, in the case of 
bilayer devices, the efficiency is often limited by the small diffusion 
length [61] of the photo-generated exciton. This problem was subse
quently overcome through the concept of bulk hetero-junction (BHJ) 
first reported by two different research groups led by Heeger and 
Holmes in 1995, by creating polymer-fullerene and polymer-polymer 
mixtures [62,63]. The BHJ approach depends on creating a complex 
morphology of electron donor and acceptor materials such that the 
phases are separated by a distance less than the exciton diffusion length, 
where the charge dissociation happens at the donor-acceptor interface. 

The significantly increased interfacial area between the donor and 
acceptor in BHJ devices as compared to the bilayer structures, 

dramatically enhances the charge dissociation [64]. Unlike bilayer de
vices where the donor and acceptor materials are selectively in contact 
with the anode and cathode, in the case of BHJ devices, a bi-continuous 
and interpenetrating network of the donor and acceptor materials is 
responsible for electron and hole transport to the respective electrodes. 
Therefore, the device performance of BHJ device is susceptible to the 
nanoscale morphology of the active layer as well as the charge trans
port/selective layers used between the active layer and the electrodes 
[65]. Simultaneous optimization of active and interlayer material 
properties and device design has thus led to the development of highly 
efficient OSCs with power conversion efficiencies (PCEs) now reaching 
19% [66]. Meanwhile, to enhance the performance of OSCs by com
plementary and efficient photo-absorption, strategies such as tandem 
[67] and ternary [68] solar cells have also been studied and developed. 
More recently, this approach of a multi-component active layer in OSCs 
has been further extended to quaternary systems [69], even utilizing 
machine learning-enabled experimental setup for quick and automated 
optimization and characterization of such complex systems. In this 
section, we review the progress made in single-junction OSCs, with 
emphasis on the development of materials, interface engineering, 
morphology control, and processing of devices. 

3.1. Organic solar cell materials 

3.1.1. Donor materials 
Attempts to improve charge transport and other optoelectronic 

properties of conjugated materials have led to the synthesis of a variety 
of simple to complex high molecular weight polymers, oligomers, and 
molecules. The conjugated polymers can be categorized into first, sec
ond, and third generation. Polyacetylene [19] represents the first gen
eration which witnessed the initial efforts to fabricate OSCs. Some of the 
most studied second-generation semiconducting polymers are poly 
(paraphenylene) (PPP), poly(phenylene vinylene) (PPV) and poly
thiophenes (PTh) (Fig. 2) [70]. These materials were used in the fabri
cation of solar cells to yield reasonable PCE. Moreover, the development 

Fig. 1. Schematic depicting the electronic structure using potential well in the case of (a) hydrogen atom, (b) molecules with more than one atom, (c) solid organic, 
(d) and (e) simplified energy level diagram of a molecular solid shown in (c). Ig, Ag, and I and A are the gas phase and solid phase ionization energy and electron 
affinity, respectively. Φ denotes the work function, and Eg is the band-gap between the HOMO and LUMO. (Schematic adapted from Ref. [51]). 
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of these materials and their use in solar cells have served as a benchmark 
to enhance the understanding of film microstructures and device opti
mization techniques. 

One of these is PPV based materials, which are among the first class 
of materials investigated in-depth due to their unique physical proper
ties such as conductivity, electroluminescence, and solubility of their 
derivatives. For instance, MEH-PPV and CN-PPV are electron donor and 
electron-deficient conjugated polymers, respectively, used to study 
charge transfer in BHJ solar cells. Indeed, the study [63] revealed that 
the blend of the two materials provides an interpenetrating network in 
solid-state, and a relatively efficient charge generation was observed in 
solar cells. Moreover, the blend allowed pathways towards the opposite 
electrodes for charge collection in devices [63]. A further investigation 
of a blend of MEH-PPV and CN-PPV in solar cells yielded a PCE up to 
1.7% under white light illumination [71]. Another class of homopoly
mers that have garnered the attention of researchers in the field of OPVs 
are polythiophenes. Even though the first report on the synthesis of 
polythiophenes dates back to 1884, the synthesis of polythiophenes with 
many repeating units was not achieved until the Yamamoto group 
developed the Grignard coupling reaction using 2,5-dibromothiophene 
as a monomer in 1980 [72]. The Grignard coupling reaction gave a 
relatively longer thiophene chain. However, the solubility in organic 
solvents of the material was minimal and hence difficult to process. The 

introduction of alkyl and aryl substituents to improve solubility and 
processability was a key development in polythiophenes that led to the 
synthesis of alkyl or aryl substituted thiophene based monomers and 
polymers. In 1986, soluble and processable oligothiophenes were pre
pared by introducing alkyl side chains on to the backbone of the 
thiophene-based polymer. The side chains played a role in reducing 
polymer chains organization, crystallization, and hence promoting sol
ubility in organic solvents [73]. To improve the electrical property of the 
polyalkyl thiophenes, the synthesis of regioregular polyalkylthiophene 
by McCullough and coworkers reported in 1992 and 1993 was a decisive 
step [74,75]. In their work, Kumada cross-coupling reaction on 2-bro
mo-5-bromomagnesio-3-dodecylthiophene in the presence of Ni(dppp) 
Cl2 as catalyst gave a polymer with high regioregularity (91% head-tail 
coupling) and high electrical conductivity (up to 1000 S cm− 1) for the I2 
doped polymer. Poly (3-hexyl thiophene) (P3HT) is undoubtedly one of 
the structures widely used in photovoltaic research due to its remarkable 
electrical and optical properties as well as its better balance between the 
solubility and electric properties [76,77]. PCE up to 7.4% using P3HT as 
a donor and indene C70 bisadduct as an acceptor with solvent additive 
have been reported [78]. Even though the PCE of P3HT based devices 
have shown improvement, the polymer still has an inherent drawback of 
mismatched absorption ranges, with an onset of absorption of 650 nm 
that can allow the harvesting of only up to 22.4% of the available 

Fig. 2. (a) Examples of second-generation homopolymers. (b) Resonance contributors of thiophene-benzobisthiadiazole chain.  
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photons, giving a maximum theoretical current density of 14.3 mAcm− 2. 
Research has shown that extending the onset of absorption to 1000 nm 
will allow the harvesting of 53% of the available photons and could 
enable the generation of a maximum current density of 33.9 mAcm− 2 

[79]. Moreover, P3HT has a relatively higher-lying HOMO energy level 
(~-5.0 eV) that will result in lower open-circuit voltages (VOC) in devices 
and eventually reduce the PCE of the final solar cell device [80]. Such 
drawbacks of polythiophenes and other homopolymers have served as 
an impetus for researchers to find alternative ways to extend the optical 
absorption coverage of the materials to a longer wavelength region and 
to produce materials with deeper HOMO energy levels to fulfill the re
quirements for successful solar cell materials. One of the key 

developments to circumnavigate these inherent problems in homopol
ymers is the emergence of the donor-acceptor (D-A) design motif, where 
the backbone of the polymer/oligomer/molecule is constructed from an 
electron-rich (D) and electron-deficient (A) aromatic segments linked 
together by a covalent bond using reactions such as metal-catalyzed 
cross-coupling reactions (e.g., Suzuki and Stille). The role of the D-A 
design motif to reduce band gap and to engineer the molecular energy 
levels of the polymers was first observed by Havinga et al. [81]. The 
intramolecular charge transfer interaction between the D and A units 
enhances the double bond character between the repeating units, sta
bilizes the quinoid form, reduces the bond length alternation and hence 
results in low bandgap materials [82,83]. For example, a D-A polymer 

Fig. 3. Examples of D-A solar cell polymers.  
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containing thiophene (D) and benzobisthiadiazole (A) forms four reso
nance structures due to the intramolecular interaction between thio
phene and bisthiadiazole (Fig. 2). The unhybridized donor (thiophene) 
has higher-lying HOMO and LUMO energy levels while the unhybridized 
benzobisthiadiazole acceptor has deeper-lying HOMO and LUMO en
ergy levels. The covalent bonding of thiophene and benzobisthiadiazole 
will cause the mixing of the orbitals of the two units that bring the 
HOMO and LUMO energy levels of the coupled system closer, giving a 
narrower bandgap and optimized HOMO and LUMO energy levels 
(Fig. 2). 

Subsequently, the synthesis of D-A polymers with various combina
tions of donors and acceptors became a common practice that led to the 
development of numerous structures, and their optical, electrical, and 
device properties were studied. The following section offers only a 
glimpse of the structures developed with the D-A strategy, focusing only 
on benchmark and historically significant materials. Among the first 
class of D-A polymers are polyfluorenes (Fig. 3). Polyfluorenes were 
studied for solar cell applications owing to the relative ease of synthesis, 
deep HOMO, and high stability. For example, Andersson’s group 
developed poly(2,7-(9,9-dioctyl-fluorene)-alt-5,5-(4’,7’-di-2-thienyl-2’, 
1’, 3’-benzothiadiazole)) (APFO-3) which consist of a fluorene donor 
and benzothiadiazole acceptor with thiophene aromatic unit inserted as 
a π-spacer (Fig. 3). Devices fabricated from a blend of APFO-3 and 
PC61BM ([6,6]-phenyl C61-butyric acid methyl ester), have yielded up 
to 3.5% PCE, which was one of the highest achievements in the early 
days of OPVs [84]. Several other electron-deficient aromatic structures 
such as quinoxaline and pyrazinoquinoxaline were developed by the 
same group to prepare numerous APFO series D-A polymers. Structures 
with multiple chromophores in the backbone of the polymers (which are 
nowadays called terpolymers) were also among the structures developed 
with the intention of manipulating the optoelectronic properties 
[85–88]. 

The introduction of nitrogen at C-9 of the fluorene structure resulted in 
an analog donor molecule known as carbazole, where the first synthesis of 
D-A polymers based on 2,7-carbazole was reported in 2001 with an alkyl 
group attached to the nitrogen atom of the structure to promote the 
solubility and influence the inter-polymer chain interactions [89,90]. 
Poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’, 7’-di-2-thienyl-2’,1’, 
3’-benzothiadiazole)] (PCDTBT) (Fig. 3) is among the first carbazole 
based polymers, which consist of a benzothiadiazole acceptor and thio
phene π-bridge. PCDTBT has an absorption onset of 660 nm and an esti
mated HOMO and LUMO of -5.5 and -3.6 eV. A 1:4 blend of PCDTBT and 
PC61BM in a BHJ device gave a PCE of 3.6% with short circuit current (JSC) 
= 6.92 mAcm− 2, VOC = 0.89 V, and FF = 63% [91]. Further optimization 
of the processing conditions and device parameters of PCDTBT based solar 
cells have resulted in a PCE over 7% [92]. 

The development of cyclopentadithiophene (CPDT) and silicon 
bridged CPDT is an essential step towards lowering the bandgap 
of polymers. Poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b; 
3,4-b’]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) and 
poly[(4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2’, 3’-d]silole)-2,6-diyl-alt- 
(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT) (Fig. 3) are examples of 
CPDT- based polymers and were found to possess an excellent optical 
absorption that extends to the near IR region (up to 900 nm). PCPDTBT 
showed a PCE of 3.2% in combination with PC71BM in photovoltaic 
devices [19]. On the other hand, the silicon heteroatom-containing 
polymer (PSBTBT) revealed an improved PCE due to the higher crys
tallinity content and high hole mobility. Interestingly, PSBTBT showed 
three times higher hole mobility (3 × 10− 3 cm2V− 1s− 1) than PCPDTBT. 
A PCE as high as 5.1% was reported from a PSBTBT-based device [93, 
94]. 

Thiophene is a commonly used electron-rich molecular unit used in 
numerous D-A polymers such as poly[2,3-bis-(3-octyloxyphenyl) 
quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1), which is a copol
ymer of thiophene and quinoxaline monomers (Fig. 3). TQ1 is endowed 
with interesting properties such as easy synthesis, excellent solubility, 

ideal molecular energy levels (HOMO = -5.7 eV and LUMO = -3.3 eV), 
good film-forming, and other beneficial electrical properties. Ander
sson’s group in 2010 reported a 6% PCE by blending TQ1 with PC71BM 
in a 1:3 ratio, processed with o-dichlorobenzene (ODCB). The solar cell 
device gave a corresponding JSC = 10.5 mAcm− 2, VOC = 0.89 V, and FF 
= 64% [95]. Further optimization of the nanomorphology of a blend of 
TQ1 and PC71BM with the use of solvent additives such as 1,8-octanedi
thiol (ODT), 1,8-diiodooctane (DIO), diphenylether (DPE), and 1-chlor
onaphthalene (CN)) to ODCB processing solvent, resulted in an 
improved PCE of over 7% [96]. Other modifications of TQ based poly
mers (poly(6-fluoro-2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-dyl-alt-
thiophene-2,5-diyl), FTQ and poly[6,7-difluoro-2,3-bis(3-(octyloxy) 
phenyl)quinoxaline-alt-thiophene], PTQF2) with the use of a mono 
and difluorinated quinoxaline as acceptors were reported [97,98]. 

Oligothiophenes as donors were also used in various structures. For 
instance, a combination of oligothiophene with benzothiadiazole 
and bisbenzothiadiazole yielded D-A polymers referred to as poly 
[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3′’’-di(2-octyldo
decyl)-2,2′;5′,2′’;5′’,2′’’-quaterthiophen-5,5′’’-diyl)] (PffBT4T-2OD), 
(poly[(2,1,3-benzothiadiazol-4,7-diyl)-alt-(4’,3’,-difluoro-3,3’’’-di(2- 
octyldodecyl)-2,2’;5’,2’’;5’’,2’’’-quaterthiophen-5,5’’’-diyl)] (PBTff4T- 
2OD) and poly[(naphtho[1,2-c:5,6-c’]bis[1,2,5]thiadiazol-5,10-diyl)- 
alt-(3,3’’’-di(2-octyldodecyl)-2,2’;5’,2’’;5’’,2’’’-quaterthiophen-5,5’’’- 
diyl)] (PNT4T-2OD) (Fig. 3). These polymers were found to give an 
optimum morphology when combined with different fullerene-based 
acceptors. The photovoltaic device performances were insensitive to 
thickness of the films. The films possessed a high crystallinity and yet 
reasonably small domains that needed for efficient charge generation 
yielding a FF over 70% and PCE over 10.8% [99]. 

Benzodithiophene (BDT) is another popular electron-rich aromatic 
structure used in D-A polymers. The BDT molecular structure is known for 
its rigidity and planarity, allow the formation of an extended π-conjuga
tion and favorable inter-chain π-π interaction in polymers. The synthesis 
of BDT based monomers is reasonably easy and scalable. Alkoxy, alkyl, 
and aryl containing substituents can be introduced as a side group to 
manipulate the optoelectronic properties [100–102]. An important class 
of materials is the PTB family where the BDT based donor and thieno[3, 
4-b]thiophene based acceptor monomers are linked covalently with or 
without the insertion of a π-linker. It is known that the thieno[3,4-b] 
thiophene molecular aromatic unit is known to enhance the quinoidal 
character and hence leads to the formation of narrower bandgap poly
mers. Among the PTB family, poly [[4,8-bis[(2-ethylhexyl)oxy]benzo[1, 
2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl] 
thieno[3,4-b]thiophenediyl]] (PTB7) (Fig. 3) consists of a 2-ethylhexy
loxy substituted BDT and a fluorinated and 2-ethylhexyloxy ester modi
fied thieno[3,4-b]thiophene core structure. PTB7 was found to have good 
solubility in organic solvents and was prepared in high molecular weight. 
The hole mobility of the polymer was determined to be in the order of 10− 4 

cm2/Vs. A blend of PTB7 and PC71BM gave a PCE of 7.4% when processed 
with a mixture of ODCB and 3% DIO solvent. An inverted structure using a 
water-soluble PFN polymer and MoO3 as an electron and hole trans
porting layer, respectively, resulted in a PCE of over 9% [103]. To 
optimize the polymer structure, alkyl thiophene was introduced to the 
BDT core unit and used together with the thieno[3,4-b]thiophene 
acceptor to yield 2D π-extended system (poly[4,8-bis(5-(2-ethylhexyl) 
thiophen-2-yl)benzo[1,2-b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-ethylh 
exyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)], PTB7- 
Th). PTB7-Th showed a relatively deeper HOMO (-5.22 eV) compared 
to PTB7, and hence PTB7-Th is expected to give a higher VOC in solar cells. 
The use of PTB7-Th devices together with PC71BM processed from a DIO 
(1.5% V/V) and NMP (1.5% V/V) mixed solvent additive to ODCB as the 
primary solvent gave a high PCE of 10.8%, indicating the potential of the 
BDT- thieno[3,4-b]thiophene D-A system for high performing solar cells 
[104]. 

Another versatile electron-deficient unit widely known is the thieno 
[3,4-c]pyrrole-4,6(5H)-dione (TPD), which is known for its structural 
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flexibility for tuning the solubility and packing property in conjugated 
polymers. For instance, different alkyl groups were attached to the TPD 
unit to optimize the molecular structure and combined with a BDT donor 
unit to give three polymers (Fig. 3). The polymers were blended with 
PC61BM in solar cells which resulted in a PCE ranging between 4.0% and 
6.8%, depending on the size and shape of the alkyl solubilizing groups 
[105]. 

Benzodithiophene-dione (BDD) is another successful acceptor that 
was combined with BDT to yield high performing solar cell materials 
(Fig. 3). The first solar cell polymer in the series is made from an alkoxy 
BDT donor and BDD acceptor units without the introduction of thio
phene as a π-bridge. The material resulted in a low PCE of 0.73%, mainly 
due to the backbone twisting due to an unfavorable interaction and low 
charge carrier mobility of the device [106]. However, the use of a 
2D-BDT as a donor (with an attachment of alkyl thiophene) and the 
insertion of a thiophene ring between the donor and acceptor yielded 
poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’] 
dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo 
[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)] (PBDTBDD, aka PBDB-T) 
(Fig. 3). A mixture of this polymer with PC61BM/PC71BM gave an 
improved PCE in the range of 6.67 to 7.45%. The polymer was blended 
with 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5, 
11,11-tetrakis(4-hexylphenyl)-dithieno [2,3-d:2’,3’-d’]-s-indaceno[1, 
2-b:5,6-b’]dithiophene (ITIC) (Fig. 5) (non-fullerene acceptor) to fabri
cate a solar cell (ITO)/ZnO/BHJ-layer/MoO3/Al) that showed a JSC 
=16.80 mAcm− 2, VOC = 0.899 V, and FF = 74.2%, yielding a PCE of 
11.21%. The improvement of the solar cell with the use of ITIC 
(compared to that of PC61BM/PC71BM) is attributed to the comple
mentary optical absorption behavior of the materials and the improved 
and balanced electron and hole mobility of the blend (3.13 × 10− 4 

cm2V− 1s− 1 and 2.10 × 10− 4 cm2V− 1s− 1) [107,108]. The introduction of 
fluorine to the 2D-BDT unit employed in the synthesis of the PBDTBDD 
structure resulted in another polymer, represented as PM6 (Fig. 3), with 
a deeper HOMO of -5.45 eV (-5.25 eV for PBDTBDD), which is known to 
benefit the generation of high VOC for the PM6 based solar cell devices. 
An inverted configuration solar cell with a device structure of 
ITO/PFN/PM6: PC71BM/MoO3/Au resulted in a high PCE of 9.2% with 
75 nm thin film [109]. 

In another work, poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen- 
2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-bis 
(2-ethylhexyl)benzo[1′,2′-c:4′,5′-c’] dithiophene-4,8-dione)] (PM6) was 
blended with a non-fullerene acceptor NFA (IDIC) (2,2’-((2Z, 2’Z)-((4,4, 
9,9-tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b’]dithiophene-2,7-diyl) 
bis(methanylylidene)) bis(3-oxo-2,3-dihydro-1H-indene-2,1-diylidene)) 
dimalononitrile) with a complimentary optical absorption in the range of 
300 to 800 nm, which facilitates obtaining high JSC in PSCs. The structure of 
the NFA-PSCs used to probe the photovoltaic properties was ITO/PEDOT: 
PSS/PM6: IDIC/PFN-Br/Al, where the champion device gave a PCE of 11.9% 
[110]. A ladder-type multi-fused ring low bandgap acceptor (2,2’-((2Z, 
2’Z)-((12,13-bis (2-ethylhexyl)-3,9-diundecyl-12,13- dihydro-[1,2,5] 
thiadiazolo[3,4-e] thieno[2,’’3’’:4’,5’] thieno[2’,3’:4,5], Y6) (Fig. 5) with 
a benzothiadiazole core unit was reported by Yuan et al. [111], and used as 
an acceptor with PM6 donor material to fabricate a conventional device solar 
cell (ITO/PEDOT: PSS/PM6: Y6/PDINO/Al) to yield up to 15.7% PCE. 

The BDT donor was modified with the attachment of a thioalkyl side 
chain and the introduction of fluorine, which was combined with the BDD- 
based acceptor to yield a polymer represented as poly[(2,6-(4,8-bis(5-(2- 
ethylhexylthio)-4-fluorothiophen-2-yl)-benzo [1,2-b:4,5-b’]dithiophene))- 
alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-bis(2-ethylhexyl) benzo[1′,2′-c:4′,5′-c’]dith 
iophene-4,8-dione)] (PBDB-T-SF) (Fig. 3). The polymer showed a moderate 
optical band gap of 1.80 eV and enhanced absorption peak, showing strong 
π–π intermolecular interactions. The hole and electron mobility of PBDB-T- 
SF and IT-4F (9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)- 
indanone))-5,5,11,11-tetrakis (4-hexylphenyl)-di) (non-fullerene acceptor) 
were found to be slightly improved compared to the parent structures (PBDB- 
T and ITIC). Photovoltaic properties of the polymer were investigated by 

blending the polymer with IT-4F (Fig. 5) (ITO/ZnO/active layer/MoO3/Al) 
to yield a PCE of 13% [112]. 

Most recently, a 2D-BDT donor unit was combined with a three- 
membered thioolactone acceptor ring with alkyl thiophene inserted in 
between to give D16 (Fig. 3). D16 possesses an optical band gap of 1.95 
eV estimated from the onset of the optical absorption of the polymer. 
The HOMO and LUMO energy levels of the polymer were determined to 
be -5.48 eV and -2.83 eV using cyclic voltammetry (CV). A conventional 
solar cell device with a configuration of ITO/PEDOT:PSS/active layer/ 
PDIN/Ag was fabricated to evaluate the photovoltaic properties of the 
polymer. An NFA (in this case, Y6) was used as a counterpart that led to a 
PCE of 16.72% with corresponding VOC = 0.85 V, JSC = 26.61 mA cm− 2, 
and FF = 73.8%. The high performance of the polymer in solar cells was 
explained in terms of the balanced and relatively higher electron and 
hole mobility (in the order of 10− 4 cm2 V− 1 s− 1). The blend also revealed 
a clear nanofiber morphology with a diameter around 16 nm which 
favors exciton dissociation and charge transport, thus leading to high JSC 
and FF [113]. 

The use of a fused ring dithienobenzo[1,2-c][1,2,5]thiadiazole 
(DTBT) acceptor and a fluorinated 2D-BDT gave D18 (Fig. 3). The 
polymer showed an optical band gap of 1.98 eV, similar to D16. The 
HOMO and LUMO energy levels, as estimated from a CV measurement, 
are -5.51 eV and -2.77 eV, respectively. A solar cell device with a 
structure of ITO/PEDOT: PSS/D18: Y6/PDIN/Ag was made to evaluate 
the performance of D18. The D/A ratio, active layer thickness, additive 
content, and solvent vapor annealing (SVA) time were optimized to give 
a PCE of 18.22%. The high hole mobility (in the order of 10− 3 cm2 V− 1 

s− 1), favorable morphology and aggregation tendency were suggested as 
the reasons for the high performance of the devices [114]. 

3.1.2. Small donor molecules 
Like conjugated polymers, the development and characterization of 

electron donor small molecules have gained the attention of the scien
tific community in the last few decades. It is known that small molecules 
can be synthesized in high purity, unlike conjugated polymers that suffer 
from batch-to-batch variations in terms of solubility, molecular weight, 
polydispersity, and purity, which leads to different processing properties 
and performances. There are many reported cases where different 
batches of polymers perform differently and provide completely 
different photovoltaic properties. The unique advantage of small mo
lecular donors is that they are relatively immune from such differences 
[115,116]. 

Among the wide array of small molecules developed in the past, 5,5’- 
bis([4-(7-hexylthiophen-2-yl)thiophen-2-yl]-[1,2,5]thiadiazolo[3,4-c] 
pyridine)-3,3’-di-2-ethylhexylsilylene-2,2-bithiophene (DTS(PTTh2)2) 
(Fig. 4) developed by Sun et al. possesses an acceptor/donor/acceptor 
backbone composed of thiadiazolo[3,4-c]pyridine (acceptor) sand
wiched between an electron-rich segment containing dithienosilol (DTS) 
and bithiophene electron-rich units. The molecule showed an ideal op
tical property with a solid-state absorption onset extending to 815 nm. 
The molecular energy levels (HOMO = -5.2 eV, LUMO = -3.6 eV) were 
estimated with CV. A solar cell device with a structure of ITO/MoOx/ 
DTS(PTTh2)2:PC71BM/Al was fabricated by blending DTS(PTTh2)2 with 
PC71BM and processing the film with chlorobenzene and DIO solvent 
additive. The best device gave a PCE of 6.70%, JSC = 14.5 mAcm− 2, VOC 
= 0.78 V and FF = 59.3%% when processed from chlorobenzene with 
0.25% (V/V) DIO additive [116]. 

Another small donor molecule is benzodithiophene terthiophene 
rhodanine (BTR) (Fig. 4), which is composed of a core 2D-BDT unit 
sandwiched between two segments made up of terthiophene and rho
danine groups. BTR displayed absorption onset and absorption 
maximum (λmax) of 681 nm and 523 nm, respectively. The HOMO and 
LUMO of BTR were estimated from a CV measurement to be -5.34 eV and 
-3.52 eV, respectively. The planar and extended conjugated system 
displayed hole mobilities up to 0.1 and 1.6 × 10− 3 cm2 V− 1 s− 1 recorded 
by an organic field-effect transistor (OFET) and space-charge-limited 
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current (SCLC) methods, respectively. A blend of BTR: PC71BM sand
wiched between PEDOT: PSS coated ITO and a Ca/Al back cathode 
resulted in a PCE of 9.3% with a JSC of 13.90 mA cm− 2, VOC of 0.90 V and 
a high FF of 74.0% [117]. A thickness-dependent solar cell performance 
of BTR was also carried out, and the performance varied from 6.8% (80 
nm thick film) to 8.3% (250 nm thick film). The FF remained close to 
70% even at a 400 nm thick film, which showed less sensitivity of the 
material to thickness. 

Three medium bandgap molecules with an electron-rich segment 
made up of thiophene, thienothiophene, and BDT and end-capped with 
0, 1 and 2 F atoms modified H-indene-1,3(2H)-dione were developed 
(Fig. 4) which showed excellent molecular properties, such as low 
HOMO levels (-4.91 to -5.05 eV), good crystallinity and high hole 
mobility. The materials were used in solar cells and yielded a 8.21%, 
10.37% and 11.08% PCE when blended with PC71BM in an inverted 

device structure of ITO/ZnO/active layer/MoOx/Ag) [118]. 
A BDT triamer was end-capped with rhodanine, and different alkyl 

groups, namely, ethyl, n-butyl, n-hexyl, and n-octyl were attached to 
yield DRTB-TCX small molecules (Fig. 4). The molecular structure 
shifted from edge-on to face-on as the alkyl side chain length increased, 
affecting the photovoltaic properties. The four compounds show iden
tical absorption spectra with an absorption maximum at 500–600 nm, 
and absorption onsets in the films were found in the range 620 nm–629 
nm. A CV study revealed the HOMO levels to be in the range of ~-5.50 
eV–5.52 eV. The photovoltaic properties were investigated by blending 
with IT-4F (Fig. 4) and using a device structure of ITO/ZnO/DRTB-TCX: 
IT-4F/MoO3/Al, yielding a PCE of 9.52%, 11.24%, 10.52% and 9.4% for 
the devices prepared based on C2, C4, C6, and C8, respectively. The high 
PCE is closely related to the enhancement in charge mobility and the 
correlation length of π-π stacking [119]. 

Fig. 4. Small molecular donor structures.  
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A modification of BTR (discussed above), gave BSFTR. This was 
achieved with the introduction of a thioalkyl thiophene and fluorine 
atom on the 2D-BDT and a solubilizing group attached to the rhodanine 
end-capping electron-deficient unit. BSFTR was studied in depth using 
spectroscopic and electrochemical methods. It was also used as donor 
material to fabricate solar cells. Shown in Fig. 5, Y6, with complemen
tary absorption that extends to longer wavelengths, was used as an 
acceptor counterpart for the fabrication of solar cells. BSFTR was found 
to have a HOMO and LUMO of -5.59 eV and -3.69 eV, respectively. The 
optical absorption range of the photovoltaic blend was 300 nm to 930 
nm. The photovoltaic properties of a blend of BSFTR and Y6 were tested 
using a device structure of ITO/PEDOT: PSS/BSFTR: Y6/ZrAcac/Al, to 
give a PCE of 13.69%, with an active layer processed from chloroform 
solution and treatment of the film with solvent vapor and thermal 
annealing [120]. 

3.1.3. Acceptor materials 
Fullerenes are a class of roughly spherical carbon-based molecules 

predominantly made up of sp2 bonds. These molecules, such as C60 and 
C70, have a high EA and good electron conductance (~ 10− 4 S cm− 1), 

resulting in them being one of the most used acceptors in heterojunction 
OSCs. Photoinduced electron transfer from a conjugated polymer to C60 
was first reported by Sariciftci et al. [121]. Morita and colleagues [122] 
later observed that the conductivity in a C60 - conjugated polymer blend 
improved with C60. Relatively more soluble derivatives of C60 were then 
used as acceptors in polymer-fullerene solar cells [123–125]. Subse
quently, a range of fullerene derivatives were synthesized and studied as 
acceptor materials in OPV devices (Fig. 5) [126–129]. 

Despite the early success in the development of polymer-fullerene 
solar cells [130], organic solar cell performance and stability were 
limited mainly due to the weak absorption of PCBM in the visible and 
near infra-red (NIR) region [131], poor mechanical and morphological 
stability [132], as well as the inability to significantly alter their electron 
affinity (EA) and ionization energy (IE) using modifications to their 
chemical structure, which limits the generation of high VOC in devices. 

Recently, a range of NFA materials, both polymers as well as small 
molecules, have emerged as an efficient replacement of fullerene de
rivatives in OSCs [133]. The use of n-type polymeric acceptors together 
with p-type polymers has demonstrated long-term optical, thermal, 
environmental, mechanical, and morphological stabilities, which are 

Fig. 5. (a) Electron deficient non-fullerene core units and n-type polymer. (b) non-fullerene n-type molecular acceptors.  
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properties required in large-area and flexible devices. The most widely 
known electron-deficient core units to synthesize n-type polymers 
include naphthalene diimide (NDI) [134], naphthodithiophene diimide 
(NDTI) [135], perylene diimide (PDI) [136], B’N bridged bipyridine 
(BNBP) [137] and bithiophene imide (BTI) [138] (Fig. 5). 

For example, n-type polymers based on a naphthalene diimide (poly 
([N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)- 
2,6-diyl]-alt-5,5’-(2,2’-bithiophene)), N2200) (Fig. 5) [139] or a per
ylene diimide [140] core have been demonstrated as efficient acceptor 
materials in OSCs. After the structure showed high performance in 
organic thin-film transistors [141], N2200 became popular as an NFA 
for OSCs. For instance, Mu et al. blended N2200 with a NT-based donor 
polymer to give a promising PCE of 5% due to the relatively favorable 
morphology of the NT: N2200 blends [139]. However, due to the rigid, 
planar, and strong π-π intermolecular interactions, N2200 can easily 
become overly crystalline, which can result in unsatisfactory 
morphology and give rise to poor PCE in solar cells. The use of random 
terpolymers is currently being investigated as a strategy to tune prop
erties such as crystallinity, optical absorption, and molecular energy 
levels. For instance, thiophene, furan or selenophene have been added as 
a third component to a combination of NDI and bithiophene to yield 
three terpolymers: PNDI-Fu10, PNDI-Th10, and PNDI-Se10 [142], 
having a 10% of NDI-furan, 10% of NDI-thiophene and 10% of 
NDI-selenophene, respectively, in the backbone of the polymers. 

The polymers were used as n-type acceptors together with FTQ 
(donor) (Fig. 3) in solar cells. Devices (ITO/PEDOT: PSS/ active layer/ 
PDINO/Al) based on PNDI-Fu10, PNDI-Th10, and PNDI-Se10 gave PCEs 
of 4.75%, 5.88% and 5.25%, respectively. For comparison, a device 
based on the reference alternating copolymer P(NDI2OD-T2) (N2200) 
yielded a PCE of 5.36%. All terpolymers based films give a smooth 
surface with root mean square (rms) roughness in the range of 
0.81–0.92 nm (AFM). However, PNDI-Th10 based films revealed a 
preferential π-face-on crystal orientation with relatively large crystal
lites. Such orientation of PNDI-Th10 chains minimizes bimolecular/ 
geminate recombination in devices and hence yields higher JSC, FF, and 
overall PCE. 

A wide range of other n-type polymers based on moieties such as 
DPP, isoindigo, 2,1,3-benzothiadizole and [2,2′-bipyridine-3,3′-dia
minato] tetrafluorodiboron adduct (BNBP) have also been developed 
[143]. 

Unlike PCBM, the ability to tune the optical and electronic properties 
of NFA materials has led to the emergence of a range of small molecule 
NFA materials with fused-ring acceptor-donor-acceptor type moiety 
such as ITIC, IDTBR, IEICO, Y6 (Fig. 5). These NFA acceptors have a 
strong visible-NIR light-harvesting capability and excellent electron 
mobility, significantly contributing towards improvement in OSC per
formance [144–148]. PCEs of upto19% have already been accomplished 
for single-junction OSC, [66,114] and are estimated to surpass 20% 
[149]. 

For instance, ITIC is a multicyclic system with a push-pull intra
molecular interaction between electron-rich and electron-deficient units 
installed in the structure, developed by Lin et al. in 2015 (Fig. 5) [150]. 
ITIC revealed strong and broad optical absorption with an onset 
extending to 780 nm, low LUMO (-3.83 eV) and HOMO (-5.48 eV) en
ergy levels, good electron transportability (3.0 × 10− 4 cm2 V− 1 s− 1), and 
good miscibility with polymer donors materials; all important features 
needed for high performance in solar cells. ITIC was blended with 
PTB7-Th (Fig. 3) to yield a PCE of 6.8% compared to a 7.52% PCE when 
PC71 BM was used as an acceptor. This potential NFA was combined with 
various donor materials to yield promising PCE as high as 11.21% [108, 
151]. The modification of ITIC by the introduction of fluorine atoms 
resulted in a molecular acceptor called IT-4F (Fig. 5), which was sub
sequently used in solar cells. The use of PBDTBDD and IT-4F as a pho
toactive material in a device structure of (ITO)/ZnO/active 
layer/MoO3/Al resulted in a high efficiency of 13.1%, attributed to 
down-shifted molecular energy levels, broad optical absorption range, 

and enhanced absorption coefficient [112]. Another molecule is 
IEICO-4F (Fig. 5) [152], constructed based on indaceno [1,2-b:5,6-b’] 
dithiophene and 2-(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile. 
The NFA showed a PCE of up to 10% when combined with PTB7-Th 
(Fig. 3). 

IDTBR acceptors [153] (Fig. 5) were reported to have an indaceno
dithiophene (IDT) core sandwiched between benzothiadiazole rings and 
terminated with rhodanine rings. The structures were reported to be 
planar due to the increased quinoidal character of the phenyl-thienyl 
bond. A device structure of glass/ITO/ZnO/P3HT: IDTBR/MoO3/Ag 
was used to evaluate the photovoltaic properties with P3HT used as a 
donor. The blend resulted in well-matched optoelectronic properties and 
gave an optimized morphology that enabled a PCE of up to 6.4%. Y6 
(Fig. 5) was also combined with another D-A copolymer (D-18) (Fig. 3) 
to yield a PCE of 18% [114]. 

3.1.4. Transparent electrode materials 
The electrodes are an essential component of a device as it acts as a 

medium between the semiconducting/photoactive layer and the 
external circuit. Ideally, they should be chemically stable and unreactive 
to the functional material layers, have very low resistance, and must 
possess high transmission to be used as a transparent electrode in OSC. 
The majority of OSC devices use a conducting metal electrode and a 
transparent conducting electrode, usually an oxide such as ITO or 
fluorine-doped tin oxide (FTO) due to their wide bandgap and trans
parency to wavelengths of over 400 nm. For better-performing devices, 
the low sheet resistance of the electrodes is desirable to minimize charge 
losses, as the direct correlation of device area and degradation in device 
performance is well known and has been attributed to the high sheet 
resistance of underlying electrodes. 

With an increased focus on the development of flexible OSC and 
flexible electronics in general [154], research efforts have intensified on 
developing a low-cost and scalable replacement for the expensive and 
brittle ITO despite its high transparency, low sheet resistance, and high 
tolerance to bending. A range of organic and inorganic materials [155] 
have been explored as transparent electrode materials for OSC. In the 
last few years, alternative approaches have also emerged utilizing 
nano-composite materials consisting of carbon nanotubes, graphene, 
conducting polymers, and silver nano-wires [156,157]. Such materials 
show promise as transparent electrode materials with excellent elec
trical and optical properties and demonstrated compatibility with the 
roll-to-roll processing and printing [158,159]. Even though ITO is still 
the most widely used transparent electrode material in OSC due to 
relatively low sheet resistance and high transmittance, examples of 
ITO-free devices are available [160]. Recently, Han et al. have reported 
the use of a silver-copper grid as a transparent electrode in large area 
OSC, achieving a PCE of over 12% [161]. Another approach using 
bimodal silver nanowire (AgNW-BM) films composed of silver nano
wires of two different aspect ratios has been utilized to achieve highly 
transparent electrodes with optical transmission of ~80% over the 
visible spectrum and sheet resistance of 10 Ω sq− 1 when used in 
conjunction with a thin layer of PEDOT: PSS [162]. Semitransparent 
OSC based on PTB7-Th: IEICO4F and utilizing AgNW-BM electrodes 
resulted in a PCE of 7.49%, with an average visible transmittance of 
33%. Although silver nanowire composites and silver grids have shown 
great promise for use as transparent electrodes, research efforts should 
focus on further reducing the sheet resistance of composite electrodes 
and increasing the tolerance of such electrodes to repeated bending and 
deformation, for applications in flexible devices. 

3.2. Charge generation and energetics 

The efficiency of OSC is often limited by the dissociation of the 
strongly bound Frenkel excitons into free charges [163,164]. As dis
cussed in Section 3, in order to overcome the exciton binding energy and 
separate the coulombically bound excitons [59] generated upon 
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photoabsorption, a heterojunction between two semiconductors 
(“donor” – material with lowest IE and “acceptor” – material with 
highest EA) having different electrochemical potential (Fig. 6a, b) is 
used [60]. The photo-generated exciton can dissociate via two channels: 
(i) the photo-excited electron from the “donor” can be transferred to the 
high EA material, and (ii) when the acceptor is excited, a ground-state 
electron is transferred from the “donor” to the “acceptor” [165]. In 
BHJ OSC, these two channels of exciton dissociation are believed to be 
driven by the energetic offset between the EA and the IE of the “donor” 
and “acceptor” materials, respectively. 

However, due to the low dielectric constant of the organic semi
conductors, the electron-hole pair formed at the donor-acceptor inter
face due to the exchange of charge carriers experiences a coulombic 
attraction, and is commonly known as the charge transfer (CT) state 
(Fig. 6) [166]. The CT state can dissociate into separated charges by 
using excess energy from the singlet state or by thermal excitation from 
the relaxed CT state [167]. However, CT excitons can also recombine to 
the ground state either radiatively or non-radiatively. Thus, the CT states 
are believed to play a significant role in the charge generation of OSC, 
and the ultimate functionality of OSC depends on the dissociation of 
these excitons. The excitonic character of the CT state can be demon
strated by the sub-bandgap photo-absorption [168] and the corre
sponding photoluminescence of the CT state [169], as well as by 
applying an external bias to a solar cell injecting free charges which 
recombine from the lowest available energy state (CT state) resulting in 

electroluminescence radiation [170]. A complete understanding of the 
existence of CT state and the mechanism behind the charge separation 
into free charges and CT recombination, is a matter of continuing 
research [171] and has been reviewed comprehensively in the literature 
[167,172]. 

Kästner et al. has demonstrated a significant dependence of the CT 
states on the molecular order and local morphology at the donor- 
acceptor interface (Fig. 6), highlighting the importance of developing 
a clearer understanding on the correlation between the CT energy (Ect) 
and the morphology-dependent material energetics, to give valuable 
insights for quantifying energy losses in OSC [170,173]. This is of high 
significance as the molecular frontal orbital energies, namely the IE and 
EA of organic semiconductors are also known to be dependent on the 
morphology [174]. The impact of material energetics on the resultant 
charge generation and device performance of OSCs has therefore 
attracted a lot of research interest [175]. 

In the case of fullerene-based OSC, fullerene molecules have been 
commonly used as the electron acceptor [176], and empirically a EA 
offset of ~ 0.3 eV has been estimated as a minimum driving force 
required for charge generation [177]. However, contrary to previous 
observations, Kawashima et al. in 2015 reported OSC based on a 
naphthobisoxadiazole-based polymer and PCBM, demonstrating a 
reduced energy loss of around 0.5 eV attributed to the small EA offset of 
~ 0.12 eV [178]. To accomplish further improvements in OSC perfor
mance and to design high-performing materials, the field of OSC is in 

Fig. 6. (a) A schematic depicting the photoex
citation of an electron into the LUMO level of a 
donor, and subsequent transfer into the LUMO 
of the acceptor before the separated charges 
migrate away from the donor-acceptor inter
face. (b) The formation of a bound interfacial 
charge transfer (CT) state, where EB

exc and Eb
CT 

are the excitons and CT state binding energies, 
respectively. (Reprint permission from 
Ref. [166]) (c) Schematic depiction of the cor
relation between different morphological pha
ses at the polymer-PCBM interface to the 
intermolecular CT state transition energies. 
(Reprint permission from Ref. [170]).   
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need of a scientific consensus on the minimum driving force required for 
efficiently separating the charges [179–184]. The recent emergence of 
NFA molecules as efficient acceptor materials in OSC has further 
intensified research activities in this direction. 

In 2016 Li et al. reported a indacenodithiopheno- 
indacenodiselenophene based novel fused ring NFA acceptor 
(IDTIDSe-IC), which in combination with a wide bandgap donor poly
mer (J51) and having a small IE offset of 0.1 eV, demonstrated efficient 
hole transfer [185]. Consistent with these findings, Chen et al. in 2017 
reported a wide-bandgap donor polymer PvBDTTAZ, which along with 
an NFA O-IDTBR and having a small IE offset of ~0.4 eV, resulted in OSC 
with high PCE of over 11% and low energy losses [186]. These obser
vations were later confirmed by Li et al., where they studied six different 
donor-acceptor systems with IE offset ranging from -0.05 eV to 0.21 eV 
[187]. The authors demonstrated that NFA OSC made of 
PTQ10-HC-PCIC as the donor-acceptor system with an IE offset of 0 eV 
resulted in PCEs of 10.42%, whereas for an active layer composed of 
PBDB-TF: HC-PCIC having an IE offset of 0.06 eV between the donor and 
acceptor, a PCE of 11.75% was achieved [187]. While the authors found 
a retarding effect of a negative IE offset on the hole transfer, the same 
study found an ultra-fast hole transfer (≤ 4.6 ps), which was indepen
dent of an IE offset of more than 0 eV. Another donor-acceptor system 
composed of PBDBTF as a donor and a novel quinoxaline containing 
fused core NFA AQx-2 with a negligible driving force for charge sepa
ration was shown to have good hole transfer and suppressed charge 
recombination [188]. This resulted in OSC with PCEs of over 16% and 
FF of over 76%. Utilizing a polymer PTQ10 as an electron donor (IE = - 
5.6 eV) systematically with pristine as well as alloys of ZITI-S (-5.8 eV) 
and ZITI-N (-5.53 eV) as NFA acceptor materials, Zhang et al. has shown 
that only a low IE offset of ~ 40 meV is essential for efficient exciton 
dissociation [184]. Recently, Zhong et al. studied blends of m-ITIC NFA 
with a range of donor materials with varying IE, namely P3HT, PBTTT, 
J61, and PCDTBT and reported an intrinsically fast hole transfer on a 
sub-picosecond time scale even for an IE offset of close to 0 eV [189]. 

Similarly, reduced EA offset between the donor and NFA has also 
been shown to result in an efficient electron transfer [182,190]. Baran 
et al. reported efficient charge separation in OSC with an active layer 
composed of a PffBT4T-2DT: FBR blend, having a small EA offset of less 
than 0.1 eV [191], resulting in high VOC of 1.12 V and a PCE of 7.8%. 
Chen et al. using PffBT2T-TT (EA = 3.55 eV, IE = 5.51 eV) as the donor 
and O-IDTBR (EA = 3.52 eV, IE = 5.42 eV) as the acceptor materials, 
further demonstrated that by minimizing both the EA and IE offset, 
efficient hole and electron transfer can still be achieved [192]. 
PffBT2T-TT and O-IDTBR-based OSC with negligible EA and IE offset 
resulted in a PCE of 10.4% and a small voltage loss of 0.55 eV. 

Yang et al. investigated the influence of the energetic offset on the 
exciton dissociation efficiency and performance of OSC made of PBDB- 
TF as a donor and several variants of the NFA ITIC with different fron
tal orbital energies [179]. Contrary to the above findings, the authors 
found a direct correlation between the EA and /or IE offsets to the 
exciton dissociation, where IE offset > 0.2 eV was found to result in 
higher exciton dissociation efficiency compared to an IE offset of close to 
0 eV. Such a dependence on the IE offset was also confirmed by Jin et al. 
for all polymer OSC based on PBDB-T (IE = 5.33 eV), PTQ1 (IE = 5.4 
eV), PTP8 (IE = 5.56 eV) as donor polymers and N2200 as the acceptor 
polymer. The highest PCE of 6.35% was achieved for PBDB-T-N2200 
devices as compared to 4.3% and 3.3% for PTQ1 and PTP8 devices. 
Importantly, the hole transfer rate from N2200 to PBDB-T was found to 
be the fastest (~ 5 ps), as compared to PTQ1 and PTP8 (~ 100 ps) de
vices, which was attributed to the relatively larger IE offset and better 
crystal orientation. Systematically using block copolymers consisting of 
a P3HT donor block linked to a push-pull polymer acceptor, Aplan et al. 
also demonstrated the importance of energetic offset for exciton disso
ciation [193]. More recently, Karuthedath et al. demonstrated that in the 
case of low-bandgap non-fullerene donor acceptor BHJ blends, to ach
ieve high internal quantum efficiencies and efficient charge transfer, an 

IE offset of around 0.5 eV is essential [175]. 
The findings of the current literature are therefore not conclusive as 

to why some donor-acceptor combinations undergo efficient charge 
separation with negligible EA and/or IE offsets, while the others do not. 
Thus, in order to present a design rule for future NFA solar cells with an 
optimal current-voltage tradeoff, a more thorough understanding of the 
design of high performing donor and NFA molecules [194] is required. 
For example, the barrier-less charge generation has been reported in 
state-of-the-art low energetic offset PM6-Y6 donor- NFA systems [195, 
196], where the photocurrent has been found to be independent of the 
external bias. Efficient charge transfer in this system has been attributed 
to low energetic disorder and is believed to be primarily driven by en
tropy [197]. Thus the efficient dissociation of excitons in NFA solar cells 
having near-zero EA and IE offsets suggests the presence of a possible 
internal driving force intrinsic to the molecule, and perhaps the mech
anism of charge generation in NFA solar cells may be different to that 
previously known [198]. 

In 2019, Yao et al. reported OSCs comprising a novel polymer donor 
PTO2 and IT-4F as the NFA, to have a high PCE of 14.7%, where efficient 
charge generation was attributed to the molecular electrostatic potential 
(ESP) and the intermolecular electric field [199]. As discussed in Sec
tion 3.1.3, since the NFA molecules are often designed with an 
electron-donating (D), and electron-withdrawing units (A), NFA mole
cules themselves may also be susceptible to an internal electric field or 
polarization, as a result of photoinduced intramolecular charge transfer 
[200], role of which should be further understood in future studies to 
unravel efficient charge generation in NFA OSC. Furthermore, 
charge-quadrupole moments of NFAs are also known to have an 
orientation-dependent impact on the IE and EA of molecular films [201], 
such that different molecular orientation could provide the required 
driving force for charge dissociation [202,203]. 

In 2020, Dong et al. has demonstrated that in the case of poly
crystalline films of α-sexithiophene (α-6T), the boundaries between the 
crystalline domains of α-6T with different orientations can have elec
trostatically driven energetic offsets. When used as homo-junction solar 
cells, upon photo-excitation, such interfaces can efficiently dissociate 
charges by enabling the formation of hybridized singlet and charge 
transfer states [204]. Recently, Wu et al. have also reported single 
component OSCs based on a donor-acceptor block co-polymer 
PBDB-T-b-PYT [205]. These devices achieved a high PCE of over 11%, 
had better operational stability and reduced non-radiative voltage loss 
compared to binary devices. These early demonstrations of single 
component OSCs opens up exciting avenues for designing organic solar 
cell materials and devices, which will potentially simplify device fabri
cation, besides providing better control over structural stability and 
modulation of material energetics. 

3.3. Interfacial engineering 

3.3.1. Energy levels 
In addition to discovering new and high-performing materials, the 

field of OSC has also witnessed an increased focus on developing a better 
understanding of interfacial processes at metal-organic and organic- 
organic interfaces [206–208]. For device interfaces, the energetics 
such as the work function [209], IE, and EA of materials govern the 
electronic transport through the device under operating conditions. In 
this regard, the frontier molecular orbital energies of organic materials 
have been extensively studied [210–212]. Though non-trivial, devel
oping an understanding of how the energetics of organic semiconductors 
evolve when such semiconductors are molecularly mixed in BHJ blends 
could give further insights into the voltage-limiting and charge gener
ation mechanisms at the donor-acceptor interface in binary and ternary 
device systems. 

3.3.2. Metal-organic interfaces 
In this section, we briefly introduce and discuss some basic concepts 
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of energy level alignment at interfaces in the context of understanding 
the role of n-type and p-type charge transport / work function modifi
cation layers used in OSC. We refer the readers to thorough reviews on 
the interfacial energetics, for more details [51,208]. When OSC are 
fabricated, organic materials are often sequentially deposited over an 
electrode surface, forming a metal-organic interface [51], which are 
often not atomically sharp. The underlying electrode surfaces can have 
native oxide and hydrocarbon contaminations due to ambient exposure, 
electronically and physically decoupling the continuum of states be
tween the electrode and the organic thin film. When an organic semi
conductor is deposited on a conducting electrode, it results in a shift of 
the vacuum level across the electrode-semiconductor interface and is 
explained by the integer charge transfer (ICT) model (Fig. 7) [208]. 

Since π-conjugated materials are electronically soft materials, the 
addition or removal of electronic charges can induce self-localized 
polaronic or bipolaronic states within the bandgap, due to lattice 
deformation. Therefore, the energy needed to remove one electron from 
the molecule / polymer resulting in a fully relaxed state is called the 
positive integer charge-transfer state (EICT+), whereas the energy gained 
by adding an electron to the molecule/polymer resulting in a fully 
relaxed state is called the negative integer charge-transfer state (EICT-). 

As per the ICT model, in the case of weakly interacting electrode- 
organic semiconductor interfaces, the energy level alignment depends 
on the electrode work function (ϕsub) relative to the negative (EICT-) or 
positive (EICT+) integer charge transfer energy of the organic material. 
Three possible scenarios can occur, as shown in Fig. 7: (a) when the 
substrate work function is larger than the EICT+ of the semiconductor, 
electrons will flow from the semiconductor to the electrode, and the 
Fermi level is pinned to the EICT+ of the semiconductor, (b) no Fermi 
level pinning takes places when the Fermi level of the substrate is be
tween EICT- and EICT+, and the resultant work function is substrate- 
dependent, and (c) when the substrate work function is smaller than 
the EICT- of the semiconductor, electrons will flow from the substrate to 
the semiconductor, and the Fermi level will be pinned to the EICT- of the 
semiconductor. 

It must be noted that although the validity of the ICT models in 
limited to weakly interacting interfaces, it explains most of the metal- 
organic interface phenomenon observed experimentally. Given the 
importance of interfacial properties in tuning the charge injection bar
riers across the electrode-semiconducting interface, the ICT model has 
been widely accepted and used as a guide for the selection of interfacial 
materials at the interface. 

3.3.3. n-type and p-type interlayers 
In OSC, interlayers are often used between the electrode and the 

active layer to modify the electrode work function, such that it matches 
that of the charge carriers resulting in ohmic contact. In OSC, both 
inorganic and organic materials have been used as n-type (between the 
cathode and active layer) and p-type (between the anode and the active 
layer) interlayer in an energetically favorable manner, enabling unipolar 
extraction of photo-generated charges and an enhanced charge selec
tivity [214]. 

In conventional OSC, PEDOT: PSS is the most commonly used hole 
transport layer (HTL), which is known to increase the ITO work function 
as well as reduce the surface roughness. On the other hand, calcium (Ca) 
or lithium fluoride (LiF) was widely employed as an electron transport 
layer (ETL) in early days of OSC [215,216], where a thin layer of LiF 
between the active layer and the metal electrode has been shown to 
significantly reduce the electrode work function by inducing an ener
getically favorable dipole, resulting in enhanced electron transport and 
hence better performing devices. Over the years, various oxide materials 
have been effectively used as charge transport layers in OSC. For 
interested readers, the interfacial energetics of metal-organic, and 
organic-organic interfaces is reviewed in detail [51,206,208,217,218]. 

Though the interface materials are beneficial in enhancing the device 
performance, the degradation of devices due to interfacial instability has 

been an issue. For example, the acidic and hygroscopic nature of PEDOT: 
PSS is known to etch the ITO electrode, resulting in indium and tin 
migration in the PEDOT: PSS layer [219] which can be detrimental to 
the device performance [220]. Similarly, the oxygen-sensitive nature of 
the low work function materials used at the ETLs has also been shown to 
be a significant driver of device degradation [221]. 

Inverted device structures, in which the transparent electrode (ITO in 
most cases) acts as a cathode and the high work function metal electrode 
behaves like an anode have been shown to improve the stability of de
vices [222]. However, with an increased focus on scalable methods of 
fabricating flexible OSC such as printing, high-temperature processing 
of thin films of metal oxides [223–227] makes them incompatible with 
the plastic substrates such as polyethylenenaphthalate (PEN) and poly
ethyleneterephthalate (PET). This has led to much research activity on 
the development and use of organic interlayer materials in OSC. 

Recently, modified fullerenes [228], polyelectrolytes [229], π-con
jugated [230], amine and pyridine based materials [231–234] and small 
molecules [235] have emerged as work function reducing interlayers, 
which have been shown to improve the electrical properties and ener
getics of the active layer and the cathode interface. Zhou et al. demon
strated the use of a simple aliphatic amine-containing polymer 
ethoxylated poly-ethylenimine (PEIE), to significantly reduce the elec
trode work function [236]. PEIE has been further demonstrated to 
effectively modify the work function of PEDOT: PSS to be used as an ETL 
[160] and is capable of passivating oxide surfaces for enhanced device 
lifetimes [237]. Zheng et al. have reported a conjugated polymer poly(3, 
3′-([(9′,9′-dioctyl-9H,9′H-[2,2′-bifluorene]-9,9-diyl)bis(4,1-phenyl
ene)] bis(oxy))bis(N,N-dimethylpropan-1-amine)) (PFPA-1), which was 
demonstrated to reduce the surface work function and alter the surface 
energy of the underlying electrode [238]. Due to the incompatibility of 
large scale roll-to-roll fabrication technologies with toxic chlorinated 
solvents commonly used for processing semiconducting organic mate
rials, there has been a prominent shift in focus towards green solvents 
[239], especially for n-type interlayers [240]. In recent years, a range of 
alcohol processable interlayer materials [241] such as poly [(9,9-bis 
(3́-(N, N - dimethylamino) propyl)-2,7-fluorene)- alt -2,7-(9, 
9–dioctylfluorene) (PFN) [242], poly(4–vinylpyridine) [232], poly[N, 
N’-bis(3-dimethylaminopropyl)naphthalene-1,4,5,8-bis(dicarbox
imide)-2,6-diyl]-alt-2,5-thiophene) (PNDIT10N) [231], Phen-NaDPO 
[235], P2G [23], perylene diimide derivative PDIN and PDINO [243] 
has been reported. 

Though amine-containing interlayers have been demonstrated to 
work remarkably well with the polymer-fullerene OSC [231], they have 
not been found to be universally compatible with NFA materials. Hu 
et al. reported an unfavorable interaction between ITIC and PEIE, where 
PEIE was found to act as a nucleophile with C=O moiety of ITIC, 
resulting in altered optical properties of ITIC due to severely impacted 
intramolecular charge transfer [244]. Xiong et al. has recently proposed 
the protonation of PEIE using water as a strategy to make it compatible 
with NFA materials and reported a PCE of 12.5% in PTB7-Th-IEICO-4F 
OSC using protonated PEIE as an n-type interlayer [245]. Recently, 
You et al. reported an amine-functionalized perylene-diimide (PDINN) 
interface material which has been demonstrated to be compatible with 
non-fullerene active layers, and resulted in a high PCE of 17.23% for 
OSC with PM6: Y6 as the photoactive materials [246]. 

In OSC, PEDOT: PSS has been one of the most used organic HTLs so 
far due to its suitable work function, transparency, and good electrical 
conductivity. PEDOT: PSS is hydrophilic in nature and has mostly been 
used in conventional device structures. It is not equally well suited to be 
coated over the hydrophobic active layer in inverted device structures 
due to poor wetting issues. To overcome this issue, various strategies 
such as the use of fluorosurfactant [247] and metal oxide-polymer 
composites [248] have been employed. Recently, Zheng et al. reported 
a tungsten oxide (WOx) nanoparticles - PEDOT: PSS composite as a novel 
HTL in NFA solar cells, which resulted in enhanced PCE of over 14.5% 
and a remarkable fill factor of 80.79% [249]. However, the acidic nature 
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Fig. 7. Schematic representation of the 
energy-level alignment at the interface of a 
conducting electrode and a π-conjugated 
organic molecule or polymer when (a) ϕsub >

EICT+, (b) EICT- < ϕsub < EICT+, and (c) ϕsub <

EICT-. (Reprint permission from Ref. [208]) 
Energy-level diagrams depicting the evolu
tion of built-in internal fields (Ein) in 
metal-semiconductor-metal devices when in 
open circuit (top) and short-circuit (bottom) 
with (d) no interlayer, (e) paired CTLs, and (f) 
EDLs. Δ shows the change in vacuum energy 
level, Φ is the energetic barrier, and µ is the 
electric dipole moment. (Reprint permission 
from Ref. [213]).   
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of PEDOT: PSS remains an issue for its interactions with the active layer 
as well as long-term device stability. This has led to research on the 
development of PH-neutral HTL materials [250]. Cui et al. reported a 
novel p-type conjugated polymer PCP-Na, which was found to be 
self-doping in nature [251] and with tunable work function controlled 
by the size of the counter ion used [252]. Lee et al. found that when a 
pair of strong p-type and n-type EDLs (p-doped PFPs and PFN for 
example) are used in a device as compared to a pair of traditionally used 
charge transport layers (CTLs) (PEDOT:PSS and ZnO for instance), the 
difference in the effective work function of the electrodes is maximized, 
resulting in a relatively higher internal built-in field (Fig. 7d–f), hence 
better charge extraction [213]. 

With the emergence of 2D hybrid materials, transition metal disul
fides has also been studied as CTLs in OSC [253]. Lin et al. have reported 
the use of WS2 as an efficient HTL in OSC, achieving PCEs of 17% for a 
ternary BHJ solar cell [254]. The use of self-assembled monolayers 
(SAM) is another well-established example in the literature which has 
been used to improve charge injection in organic electronic devices via 
work function modification of electrodes [255]. Recently, the use of a 
carbazole-based SAM with phosphonic acid linkers has been demon
strated as an efficient hole selective material in OSC, resulting in 18% 
PCE [256]. Overall, compared to the emergence of new ETL materials, 
progress in the development of HTL materials for OSC has been limited 
and should be the focus of future work, in particular of the p-type 
polyelectrolyte and polymer interlayer materials. 

3.4. Morphology and thermal stability 

Operational lifetime and thermal stability of OSC are still significant 
challenges that need to be addressed. In particular, the thermal stability 
of organic semiconductors and their blends are an essential prerequisite, 
as OSC are often exposed to increased temperatures [132] during 
fabrication and operation. Thus, in order to be certified as thermally 
stable as per the International standard ASTM E 1171 requirements 
[257], OSC must be stable under repeated thermal treatments to at least 
85 ̊C. 

The BHJ active layers of OSC comprise of at least partially immis
cible blend of conjugated electronic materials such as polymer-polymer 
or polymer-small molecules, where the optimal device performance 
significantly depends on the nanostructure morphology of the active 
layer. For efficient devices, an intermediate degree of phase separation 
between the donor and acceptor materials is desirable, which results in a 
high interfacial area between donor and acceptor domains, enabling 
efficient charge separation. At the same time, it is also essential to have 
percolating domains of pure donor and acceptor phases to minimize 
charge recombination during transport to the electrode [258]. The 
as-deposited semiconducting material is ‘frozen in morphology’ and is 
often not in thermodynamic equilibrium. The morphology of polymeric 
materials and blends can continue to evolve until the polymer chains 
relax to their lowest energy conformation, altering the optoelectronic 
properties. 

Over the years, several strategies such as the use of different solvents 
and additives [259], self-organization of polymer blends [260], modi
fied fullerene derivatives [261], molecular engineering [262], process
ing treatments [263], and aggregation of polymers [99], have been 
employed to tune the active layer morphology of both fullerene and 
non-fullerene solar cells. 

However, the exposure of active layers composed of donor-acceptor 
blends to elevated temperatures higher than the glass transition tem
perature (Tg) of the BHJ blend components can change the blend 
morphology and microstructure [264], impacting the device perfor
mance. For BHJ blends composed of semi-crystalline donor polymers 
such as P3HT and PC61BM, thermal treatment at temperatures higher 
than the Tg can improve [265] the device performance, and the crys
tallization of P3HT has been shown to result in blends with higher 
thermal stability [266]. However, annealing of BHJ blend films 

composed of an amorphous donor polymer poly[2, 
3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl- alt -thiophene-2,5-diyl] 
(TQ1) and PCBM [95], at temperatures higher than the Tg results in 
crystallization of PCBM and is detrimental for device performance 
[267]. For such donor-acceptor systems, the use of a ternary OSC 
approach incorporating acceptor alloys [268] has been used to prevent 
large scale crystallization of PCBM. A combination of PC61BM and 
PC71BM acceptors was shown to hinder large scale crystallization for 
PCBM due to vetrification [264], whereas pure fullerenes were used as 
nucleation sites to arrest large scale crystallization in TQ1:PCBM blends 
when added as a third component (Fig. 8a) [257]. 

In the case of non-fullerene acceptors such as the widely studied 
small molecule ITIC, the mechanism of crystallization has been found to 
be fundamentally different from that in fullerenes. ITIC molecules were 
found to be fully localized and ‘frozen’ at temperatures below 0.8 x Tg. 
However, ITIC has been shown to undergo a glass-crystal transition of 
low-temperature polymorphs (polymorph I) (Fig. 8b) [269], resulting in 
the formation of nanoscale crystallites which can arrest further crystal 
growth up to the high Tg temperature of 180◦C, making such materials 
thermally very stable. Further annealing above Tg but below the melting 
temperature (Tm) resulted in long-range mass transport leading to the 
formation of larger polymorph II crystals. 

It is clear from these studies that the intrinsic thermal properties, in 
particular, the Tg of organic semiconductors and their blends, de
termines the thermal stability of BHJ morphology. To establish design 
rules for thermally stable OSC, it is therefore imperative to measure the 
Tg of organic semiconductors precisely [270], and understand the cor
relation between molecular structures, thermal transition, and stability 
[271]. An improved understanding of thermomechanical properties of 
semiconducting polymers and small molecules is becoming urgent with 
the rapid evolution of printable and wearable electronic devices, which 
involve a higher degree of mechanical strain and physical deformation 
[272]. 

Differential scanning calorimetry (DSC) is one of the most widely 
applied techniques for determining the Tg of polymers [273]. For 
organic semiconductors, which are believed to possess a large fraction of 
the amorphous phase, measuring Tg using DSC is non-trivial. On the 
other hand, a new class of high performing polymer materials 
comprising more complex moiety such as naphthalene diimide (NDI), 
diketopyrrolopyrroles (DPP), isoindigo copolymers and 
indacenodithiophene-based polymers are known to have disordered 
aggregate morphology with no long-range order and little or no amor
phous phase [274,275] (Fig. 8c–e). Since only the amorphous fraction of 
the polymer exhibits a glass-transition, measuring a traceable signal in 
such materials using DSC is often difficult. 

This led to the use and development of alternative methods to 
measure the Tg of conjugated polymers. Variable temperature ellips
ometry [277], combinations of UV-vis [278] with optical microscopy 
[264], plasmonic nano spectroscopy [279], oscillatory shear rheometry 
[280], and fast scanning calorimetry [281] have been explored. Hop
kinson et al. used dynamic mechanical thermal analysis (DMTA) in 
cantilever bending mode to perform direct measurement of the Tg of 
P3HT and P3HT:PCBM blends. However, the results had a significant 
signal-to-noise issues [282]. Schroeder et al. used a polyimide template 
for measuring thermo-mechanical properties of conjugated polymers 
using DMTA [283]. Recently, Sharma et al. reported a glass fiber-based 
DMTA method with high sensitivity to measure not only the Tg of 
organic semiconductors but also the sub-Tg and melt transitions of pure 
materials [284]. This technique was further applied to a range of poly
mers, polymer-polymer blends, and polymer-small molecule blends, 
with high precision [24,269,275,285–289]. Sharma et al. demonstrated 
that polymers with flexible backbones and large alkyl side chains have 
two thermal transitions originating from the side chain as well as from 
the backbone, more resembling classical polymers that have both crys
talline and amorphous phases in varying amounts. On the other hand, in 
the case of polymers with rigid backbone and long branched side chain, 
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the thermal transitions from the side chain can be the most dominant 
and the relaxation of the backbone is seldom detected, implying almost 
no amorphous phase in such materials [275]. 

3.5. Towards flexible OPVs: processing and scalability 

3.5.1. Reel-to-reel compatible fabrication 
With PCE of single-junction OSC now approaching 20% and the cost 

of industrially produced modules estimated to be under €10 m− 2 [290], 
OSC technology seems commercially more relevant than ever before. 
However, the upscaling of OSC technology currently faces several 
challenges. Success in transitioning this technology from the lab-scale to 
an industrial scale (Fig. 9) would largely depend on the ability to pro
duce cost-effective and stable devices using industrially scalable 
methods [291] and compatible materials [292]. Research has intensified 
on the development of industrially relevant fabrication methods for OSC 

[293] to realize the low-cost potential and high power-to-weight ratio 
that this technology promises. This has resulted in various attempts to 
apply existing reel-to-reel compatible fabrication and coating technol
ogies such as slot-die coating [294] screen printing [295], 
knife-over-edge coating [296], aerosol jet printing [297], brush painting 
[298], thin-film transfer printing [299], inkjet printing [159], electro
spraying [300], blade coating [301], and lamination [302] to fabricate 
OSC. Such reel-to-reel compatible fabrication methods for 
manufacturing OSC [296] has the potential to enable cost-effective 
large-area production of OSC [303]. However, continuing research ef
forts are needed to reduce the scaling problem between the lab-scale 
device efficiencies and those achieved using scalable methods [304] 
since the choice of coating method can have a significant impact on the 
resultant morphology and device behavior [305]. 

Fabrication methods such as lamination [302], which involves 
sandwiching various material layers by lamination rather than 

Fig. 8. (a) Vitrification using PC71BM and nucleation using C60 are presented as two different methods to avoid the formation of large fullerene crystals otherwise 
found in TQ1: PC61BM binary blends when exposed to elevated temperatures (Reprint permission from Refs. [257,264,268,276]) (b) depiction of isothermal 
crystallization of ITIC molecules at different temperatures. ITIC molecules are depicted in blue, whereas concentric yellow circles show the accessible volume. 
(Reprint permission from Ref. [269]) Schematic depiction of the semiconducting polymer thin film with different microstructures: (c) semicrystalline polymer film 
with ordered domains (darker shadowed areas) interconnected by long polymer chains (red lines), (d) polymer films with short-range/disordered aggregate along 
with some amorphous phase, represented by spaghetti-like structures, and (e) a fully amorphous polymer film. (Reprint permission from Ref. [274]) (For inter
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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sequential deposition, have received renewed research attention in the 
past few years. Lamination is a promising technique as it is not only 
compatible with reel-to-reel processing, but it also offers greater control 
over the optimization of each material layer. Laminated devices are 
self-encapsulated, and thus by a selection of an appropriate barrier 
substrate, an additional encapsulation step [306] could potentially be 
avoided, making the entire fabrication process a relatively less sophis
ticated and cost-effective method. A laminated OSC with a 
polymer-polymer bi-layer structure was reported by Granstrom et al. in 
1998 [307]. Since then, not much research was conducted in this field 
until 2008 when Yang’s group published an organic heterojunction solar 
cell fabricated by lamination [308]. As the device performance of OSC is 
improving rapidly, research groups around the world have recently 
focused on various lamination methods to fabricate OSC. Bergqvist et al. 
in 2018 reported flexible semitransparent ITO free polymer-PCBM solar 
cells utilizing slot-die coated PEDOT: PSS electrodes, and achieved a 
maximum PCE of over 4% [160]. 

3.5.2. Industrially relevant non-halogenated solvents 
Though the field of OSC has witnessed tremendous progress in the 

development of solution-processed scalable methods of fabricating 
flexible devices [309], the commonly used halogenated solvents are 
toxic and incompatible with scalable industrial fabrication, and counter 
to the environmentally friendly nature of OSC technology [310,311]. 
This has led to a push towards green solvent (Fig. 9d) processing of OSC 
[312]. 

Research efforts have been multidimensional to process existing 
active layer materials via non-halogenated solvents [313], design and 
development of donor [15], acceptor and interlayer materials that can 
be processed using environmentally benign solvents [230,234, 
314–317], and the use of water or alcohol-based organic nanoparticle 
suspensions as active layer inks in OSC. Recently, several 
non-halogenated solvents [318] including anisole [319], 2-methyl-tetra
hydrofuran (MeTHF) [320], o-xylene [321], o-methylanisole [322], 1,2, 
4-trimethylbenzene (TMB) [323], and mesitylene [324], have been 
successfully used to fabricate fullerene and non-fullerene OSC. The use 
of non-halogenated solvents for depositing the active layer has, in 

Fig. 9. Schematic showing the transitioning of the OSC fabrication from (a) lab-scale using non-scalable methods, to (b) flexible devices fabricated in the lab, and (c) 
scalable manufacturing of flexible OSC using reel-to-reel methods. (Reprint permission from Ref. [325]) (d) Chemical structures of halogenated (left) and 
non-halogen-free (right) solvents utilized for the processing of OSC. (Reprint permission from Ref. [326]). 
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several cases, been shown to enable devices with better PCE and stability 
than their counterparts processed using chlorinated solvents [325]. 
However, the use of non-halogenated organic solvents is cost-ineffective 
due to their high cost and the required solvent recovery system, and 
their large-scale use can still be a risk to the ecosystem. More work needs 
to be done towards the use of sustainable and economically viable and 
industrially relevant green solvents, which has the potential to truly 
revolutionize the scalability of OSCs. 

3.5.3. Solar paints 
High performing OSC fabricated using water or alcohol-based solar 

inks have the potential to be one of the ideal ways to achieve cost- 
efficient, scalable and eco-friendly processing of OSC. Emerging solar 
paint or colloidal nanoparticle ink technology is a promising method to 
realize such devices [327], circumventing the complexities of designing 
water or alcohol processable materials. For OSC applications, the sem
iconducting nanoparticles can either be produced using a mini-emulsion 
method [328] or a precipitation method [327]. While the mini-emulsion 
method results in a more stable particle suspension with the help of 
surfactants [329], this method is known to occur in nanoparticles with a 
core-shell structure [330], in contrast to the thoroughly blended nano
particle morphology formed using the precipitation method [331]. Xie 
et al. demonstrated a robot-based optimization procedure of P3HT:ICBA 
nanoparticles prepared using the precipitation method, and the resulting 
OSC exhibited an impressive PCE of 4.5% for an alcohol-based suspen
sion [332]. For PBDTTPD:PC71BM system, D’Olieslaeger et al. used the 
mini-emulsion method and reported a PCE of 3.8% [333]. 

Due to the reproducibility of the mini-emulsion method in achieving 
stable nanoparticle suspensions, this method has been applied to a range 
of polymer-fullerene and polymer-NFA systems including TQ1:PC71BM 
[334], PTNT:PC71BM [286], P3HT:IC61BA [335], P3HT: PC71BM [336], 
PBDTTPD:PC71BM [333], PCDTBT:PC71BM [337], PDPP5T:PCBM 
[330], PTB7-T H:EH-IDTBR [338]. However, the PCEs of most of these 
systems still fall short compared to their optimized BHJ counterparts, 
with non-ideal nanoparticle morphology and the use of insulating sur
factant being the two primary performance limiting factors. While an 
excess of surfactant has been demonstrated to be detrimental for devices 

[330], Xie et al. have reported the use of poloxamer as a temperature 
modulated stabilizer and reported a PCE of 5.3% and 7.5% for P3HT: 
o-IDTBR and PBQ-QF: ITIC nanoparticle solar cells, respectively [339]. 
On the other hand, the core-shell structure of nanoparticles results in 
weak exciton dissociation and enhanced bimolecular charge recombi
nation, resulting in lower photo-generated currents, smaller fill factors 
and thus low PCEs [330]. 

In recent years a range of strategies [340] such as the use of polymers 
with different molecular weight [341], vacuum-assisted mini-emulsion 
methods [335], the use of high boiling point solvent for particle syn
thesis [337], and thermal annealing of nanoparticles close to the glass 
transition temperature of the polymer [334], has been applied to tune 
the donor-acceptor morphology within the nanoparticles. Holmes et al. 
used thermal annealing to engineer an intermixed three-phase micro
structure (Fig. 10) from pristine P3HT and PCBM nanoparticles, which 
resulted in a significant improvement in the exciton dissociation effi
ciency [285], highlighting the importance of the interconnecting path
ways between the donor and acceptor phases. Future work on 
nanoparticle solar cells should thus be focused on synthesizing smaller 
nanoparticles with a narrow size distribution, as well as on developing 
alternative methods of stabilizing nanoparticle suspensions. 

3.5.4. Flexible/ultra-thin OSCs for wearable electronics 
As we embark upon the era of IoT, flexible and lightweight OSC offer 

a promising platform that could be used as a portable power source for 
rapidly growing flexible and wearable electronic devices [342], 
including biomedical and sensing applications [343]. Key aspects to this 
are the use of (a) flexible bottom and top electrodes with high bending 
durability, and (b) thin and mechanically flexible substrates. ITO is one 
of the most commonly used and commercially available transparent 
electrodes, even though its brittle nature and high-temperature pro
cessing make it not so compatible with plastic substrates. This has led to 
the development of a range of flexible transparent electrodes based on 
conducting polymers, silver nanowires, nanocomposites, ultra-thin 
metal films and carbon-based materials such as graphene and carbon 
nanotubes, as also discussed in Section 3.1.4 [344]. Here we discuss 
selected recent examples of the development of flexible (> 10 μm) and 

Fig. 10. Morphology evolution of thin films composed of P3HT and PCBM nanoparticles as a result of thermal treatment: (a) film with two-phase microstructure, (b) 
composition of two different phases, highlighting the presence of crystalline as well as amorphous P3HT subdomains in the P3HT phase, (c) formation of a continuous 
film when nanoparticles are sintered, (d, e) an intermixed phase is formed. (Reprint permission from Ref. [285]). 
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ultra-thin (1–10 μm) OSC, and their demonstrated applications. 
A large part of the research on flexible OSC has employed substrates 

(~ 100–300 µm) based on plastic materials such as PET and PEN, which 
enabled scalable manufacturing of flexible OSC [345,346]. However, 
due to the relatively low Tg of PET and PEN as compared to glass sub
strates, these devices are prone to low thermal stability, in addition to 
being sensitive towards mechanical deformation [347]. In the last few 
years, paper [348], silk fibroin [349], and fabric [350] have also been 
demonstrated as non-plastic alternative substrates for flexible OSC. 
Recently, Wang et al. used flexible glass substrates (100 μm thick) to 
fabricate ITO-free OSC based on a BQR: PC71BM donor-acceptor system 
and achieved a PCE of 8% [351]. Nevertheless, Xiong et al. has reported 
flexible OSC fabricated on an ITO coated PET substrate, using water 
processable PEIE as an ETL and PTB7-Th: IEICO-4F as the 
donor-acceptor system, demonstrating a high PCE of 12.5%. The cell 
was found to be reasonably stable to mechanical bending and retained 
90% of its initial PCE after 2000 cycles of bending with a radius of 5 mm 
[245]. Yan et al. used a ternary approach to fabricate flexible OSC on a 
PET substrate using PEDOT: PSS as the transparent electrode and PM6: 
Y6: PC71BM as the BHJ active layer. The flexible ternary device achieved 
a PCE of over 14%, an impressive FF of > 72%, and retained over 90% 
PCE after 500 cycles of bending with a small diameter of 2 mm [352]. 

Low-weight and conformability is the key to realize the full potential 
of OSC, for example in providing self-powering functionality to skin- 
interfaced health monitoring devices. For these devices to adhere 
conformably to skin or textiles [353], an ultra-thin flexible substrate, 
with a thickness of ~ < 10 µm is preferred. PET [354], and various 
biocompatible materials including cellulose [355], PDMS, ecoflex, 
solaris, silbione and parylene have been used as flexible substrates for 
organic electronic devices [343]. 

Kaltenbrunner et al. in 2012 reported a flexible and low-weight OSC 
on an ultra-thin PET foil substrate with a thickness of ~ 1.4 μm 
(Fig. 11a), where high conductivity PEDOT: PSS was used as transparent 
electrode and P3HT:PCBM as the BHJ blend. These devices resulted in a 
PCE of 4%, and the device was found to be mechanically resilient to up 
to 70% compression and 50% stretching, with minimal loss in the per
formance [356]. 

Jean et al. used a vapor-deposited ultra-thin parylene substrate 
coated with indium zinc oxide films as the transparent electrode, to 
fabricate flexible and ultra-light (3.6 g m− 2) bilayer OSC [359]. The 
photoactive layer in these devices was deposited by evaporating DBP 
and C60 as the donor-acceptor system, resulting in a PCE of 2.2%. 
Though modest, this PCE corresponds to a weight specific power of more 
than 6 W g− 1, demonstrating the potential of this technology as a 

Fig. 11. (a) Schematic of an OSC fabricated on an ultra-thin PET substrate. (b) Demonstration of the ability to bend flexible OSC around a human hair. (c) 
Demonstrated stretchability of OSC when attached to an elastomer under the varying amount of compression. (Reprint permission from Ref. [356]) (d) Image 
depicting an ultra-flexible and washable OSC. (Reprint permission from Ref. [357]) (e) Schematic representation of a flexible OSC structure with 1D gratings. (f) 
Image of an ultra-thin OSC wrapped around a rod. (g) Image showing a flexible OSC integrated with OECT in a wearable sensor. (Reprint permission from Ref. [358]) 
(h) Schematic of an ink-jet printed flexible and ultra-light OSC device structure. (i) Image of the ultra-light OSC inside a soap bubble. (Reprint permission 
from Ref. [159]). 
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portable power-source for wearable electronics. Subsequent progress 
was made in the development of ultra-thin OSC, when Jinno et al. re
ported a highly flexible and stretchable OSC fabricated on a 1 μm thin 
parylene substrate, incorporating an air-stable PNTz4T: PC71BM active 
layer resulting in a PCE of 7.9% and a high FF of over 70% (Fig. 11d) 
[357]. Besides being conformal to human skin and textile, the encap
sulation of devices with an acrylic elastomer (3M VHB Y-4905) provided 
mechanical stretchability while simultaneously making them water 
stable. OSC encapsulated by the elastomer on both sides retained 80% of 
their PCE after 100 min of water exposure, and 20 cycles of being me
chanically compressed by 52%. In another work, Park et al. have 
designed an ultra-thin OSC (3μm with encapsulation) on an ITO coated 
parylene substrate and used this as a power source for organic electro
chemical transistors (OECT) as a sensor for detecting cardiac signals 
(Fig. 11e–g) [358]. In this study, ZnO, and PBDTTT-OFT:PC71BM 
comprised the ETL and BHJ active layer respectively, and a 1D grating 
pattern was formed on both these layers using sequential molding with a 
PDMS mold to maximize optical gains. This resulted in devices with PCE 
of 10.49%, corresponding to a weight-specific power of 11.46 W g− 1. 
Jakešová et al. later utilized parylene based ultra-thin H2Pc and PTCDI 
bilayer OSC, which gave voltages of 2.5–4.5 V when connected in series 
or in tandem, to power the high resistance electrophoretic ion pumps 
[360]. 

Xu et al. reported the use of a transparent polyamide as the ultra-thin 
polymer substrate for flexible OSC. Besides high transparency, the use of 
polyamide is of particular interest due to its high Tg of 265◦C, which 
makes it compatible with high-temperature fabrication processes. OSC 
comprising a BHJ layer of PBDTTT: PC71BM and fabricated on a 1.3 μm 
polyamide substrate were highly flexible with a bending radius of 10 μm 
and resulted in high PCE of 10% [361]. High thermal stability of the 
active layer, as well as that of the polyamide substrate, enabled the 
integration of the ultra-flexible OSC to textile using a hot-melt process at 
120◦C, with no significant deterioration observed in the device perfor
mance. Koo et al. has further utilized thin films of polyimide as a transfer 
carrier and substrate for graphene electrodes, achieving high trans
mittance of over 92% [347]. Flexible polyimide-based graphene, when 
used as a transparent electrode in OSC based on PM6: Y6 photoactive 
layer, resulted in a high PCE of 15.2% and exceptional mechanical sta
bility retaining over 90% of PCE after 1000 bending cycles at a bending 
radius of 2 mm. In another work, a transparent and conformal electrode 
stack based on PPZA (polyimide, silver nanowires, ZnO, and polystyrene 
spheres) was used to fabricate flexible ternary OSC consisting of PM6: 
N3:PC71BM as the photoactive layer [362]. These devices resulted in a 
high PCE of 16.1% and retained over 85% of the performance when 
repeatedly bent with a small radius of 1 mm, over 5000 cycles. Recently, 
Bihar et al. designed an inkjet-printed, low-weight, and conformal OSC 
on ultra-thin (1.7 μm) parylene substrate (Fig. 11i) [159]. In this study, 
the authors utilized GOPS as a cross-linking agent for PEDOT: PSS, 
which was used as the transparent electrode. The photo-active layer 
composed of P3HT: O-IDTBR and fully inkjet-printed ultra-thin OSC 
resulted in a PCE of 3.6%, and importantly encapsulated devices were 
found to be stable in aqueous environments, which is imperative for 
biological and skin-interfaced applications. 

The above discussed works successfully demonstrate the feasibility 
of producing ultra-thin and lightweight OSC with efficiencies compa
rable to their ITO/glass counterparts. The compatibility of scalable 
methods such as ink-jet printing for manufacturing ultra-thin OSC de
vices further makes it industrially relevant, and such flexible and light 
weight OSC have immense potential for applications in wearable 
electronics. 

4. Organic thermoelectric (OTE) materials & generators (OTEGs) 

Organic materials provide a fertile platform for next generation 
flexible TEGs due to several notable characteristics, particularly their 
intrinsic low thermal conductivity [33]. Different types of organic TE 

materials such as coordination polymers, conducting polymers, small 
molecules, single molecules, carbon-based materials, and their com
posites, have been developed to obtain high performance flexible and 
wearable TEGs. The recent progress of ZT at 300K for p-and n-type OTE 
materials is shown in Fig. 12a, b. Furthermore, a development timeline 
for OTEGs and their applications is illustrated in Fig. 12c. In the 
following sections these organic TE materials are classified and 
analyzed. 

4.1. p-Type organic TE materials 

4.1.1. Conducting polymers 
Conducting polymers are a major class of organic TE materials. They 

have many advantages such as high solubility in various solvents, 
tunability of electrical and thermal properties via molecular doping, and 
a variety of molecules that can be used for their doping. The presence of 
both amorphous and crystalline phases in the structure of a typical 
conducting polymer makes it difficult to precisely control its structural 
properties [384]. The π-conjugated units in the backbone of these 
polymers determine their electronic properties and the miscibility of 
dopants with the polymers [385]. Oxidation and reduction of conju
gated polymers result in p-type and n-type doping through the removal 
and addition of π-orbital electrons, respectively. During oxidation, an 
electron is removed from the backbone of a polymer and a polaron is 
created (a quasiparticle with a positive charge). Subsequent oxidation 
(further doping) by removing another electron results in a bipolaron 
with a double positive charge (Fig. 13). Increasing the doping level in a 
conjugated polymer can transform bipolaron levels to a bipolaron band 
and reduce the electronic band gap [386]. 

Polyvinylidene fluoride (PVDF), polyacetylene, polypyrrole, poly 
(3,4-ethylenedioxythiophene), polythiophene, poly(2,7-carbazolylene 
vinylene), poly(3-octylthiophene), poly(3-hexylthiophene), poly(ani
line), and poly(3-methylthiophene) are some of the well-established 
conducting polymers as TE materials. Their chemical structures are 
shown in Fig. 14. 

A derivative of polythiophene, known as poly(3,4-ethylenedi 
oxythiophene) or PEDOT, possesses good chemical and physical stability, 
biocompatibility, transparency, and adjustable electrical properties. The 
solubility of PEDOT in water is very low, but compounding PEDOT and 
polystyrenesulphonic (PSS) makes it dispersible in water [388]. PEDOT:PSS 
is a well-known p-type conducting polymer whose charge carrier concen
tration can be controlled by various doping processes [389]. For instance, 
treatment of PEDOT:PSS with H2SO4 resulted in a high electrical conduc
tivity of 4380 S cm− 1 due to the creation of a structure with highly ordered 
chains [390]. Also, a comparison of PEDOT doping with ClO4

− , PF6
− and bis 

(trifuoromethylsulfonyl)imide (BTFMSI) has revealed BTFMSI to be the 
most efficient for improving the TE properties, resulting in a power factor 
(PF) of 147 µW m− 1K− 2, corresponding to a three-fold increase of electrical 
conductivity while keeping the Seebeck coefficient in the same order of 
magnitude [391]. Improvement was also reported in the case of PEDOT:PSS 
treated with a dielectric solvent, dimethyl sulfoxide (DMSO). For example, 
Scholdt et.al. [392] reported that the treatment of PEDOT:PSS (both PH750 
and PH500 types) with 5 vol% DMSO resulted in a ZT of 9.2 × 10-3 at 300 K. 
In another report, Chu et al. [393] used formic acid, methanol, polyethylene 
glycol, and ethylene glycol (EG) as secondary dopants to PEDOT:PSS which 
resulted in electrical conductivities of 1900, 1300, 800, 640 S cm− 1, 
respectively, whereas the Seebeck coefficient decreased to ∼20 µV K− 1. A ZT 
of 0.32 was achieved for the PEDOT:PSS treated with formic acid. These 
enhancements were attributed to the improvement of the electrical con
ductivity by increasing the charge carrier mobility, more ordered PEDOT: 
PSS chains, and keeping the oxidation level of PEDOT constant [393]. 

Bubnova et al. [364] reported that the TE properties of PEDOT-Tos 
can be regulated by the alteration of the oxidation level through expo
sure to tetrakis(dimethylamino)ethylene (TDAE). In this case, a PF of 
324 µW m− 1K− 2 and a ZT of 0.25 were achieved at room temperature 
(RT) at an oxidation level of 22%. Following these results, as a proof of 
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Fig. 12. Progress of ZT at 300 K over time for OTE materials, (a) p-type (PEDOT:PSS/Te (Reprint permission from Ref. [363]), PEDOT:Tos (Reprint permission from 
Ref. [364]), PEDOT:PSS/DMSO (Reprint permission from Ref. [365]), PEDOT:PSS/SnSe (Reprint permission from Ref. [366]), PEDOT:PSS (Reprint permission from 
Ref. [367]), PEDOT:PSS/IL (Reprint permission from Ref. [368]), Bi0.5Sb1.5Te3/CuPc (Reprint permission from Ref. [369])). (b) n-type (PEDOT:PSS/Bi2Te3 (Reprint 
permission from Ref. [370]), C60 (Reprint permission from Ref. [371]), PEDOT:PSS/Bi2Te3 (Reprint permission from Ref. [372]), poly(Ni-ett) (Reprint permission 
from Ref. [373]), A-DCV-DPPTT (Reprint permission from Ref. [374]), C60/TiS2 (Reprint permission from Ref. [375]), SWCNT/Bi2Te3 (Reprint permission from 
Ref. [376]), PEDOT/Ag2Se/CuAgSe (Reprint permission from Ref. [377]), Ta4SiTe4/GDY/PVDF (Reprint permission from Ref. [378])). (c) Development roadmap for 
OTEGs and their applications over time (OTEG (Reprint permission from Ref. [364]), E-skins (Reprint permission from Ref. [379]), ionic OTEGs (Reprint permission 
from Ref. [380]), Pseudo-TE technology (Reprint permission from Ref. [381]), OPV-OTEG hybrid (Reprint permission from Ref. [382]), Printed OTEGs (Reprint 
permission from Ref. [383])). 

Fig. 13. The oxidation process of an oligothiophene (left structure): the creation of a polaron (middle structure), and a bipolaron (right structure). (Reprint 
permission from Ref. [386]). 
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concept, a TE unicouple made of PEDOT-Tos (p-type leg), carbon black 
(n-type leg), and gold (electrode) was fabricated by ink-jet printing. The 
fabricated TE unicouple, when connected to a load with an electrical 
resistance of 39 Ω, showed an output power of 1.13 nW at ΔT = 1.5 ◦C 
after exposure to TDAE for 10 min [364]. Since PSS is hydrophilic and 
PEDOT is hydrophobic in nature, a hydrophilic solvent can selectively 
de-dope the PSS and can optimize the TE properties of PEDOT:PSS. 
Inspired by this, Kim et al. [365] de-doped the mixture of PEDOT:PSS 
and DMSO with ethylene glycol (EG) for 100 min, resulting in a ZT of 
0.42 at 300 K due to a simultaneous increase of the Seebeck coefficient 
and the electrical conductivity, and a reduction of the thermal conduc
tivity [365]. These enhancements originated from the de-doping and 
formation of highly ordered structures in PEDOT:PSS through the EG 
and DMSO treatments. The former effect raises the polaron or bipolaron 
concentration while the latter effect increases the mobility of charge 
carriers [394]. Likewise, PF of 7.26 µW m− 1K− 2 and 22.28 µW m− 1K− 2 

were achieved in PEDOT:PSS treated by sorbitol and TDAE, respectively 
[395]. In the case of the TDAE treated PEDOT:PSS, a ZT of 0.026 at 300 
K was obtained [395]. To avoid using common and toxic organic sol
vents for the de-doping process, new “green” solvents such as deep 
eutectic solvents (DES) have been used to treat PEDOT:PSS. For 
instance, a mixture of choline chloride and EG increased the PF of 
PEDOT:PSS to 24.08 µW m− 1K− 2 [396]. 

As stated above, the secondary doping process leads to improved 
electrical conductivity due to a morphological change in the PEDOT:PSS 
structure while the de-doping process significantly increases the Seebeck 
coefficient due to a change in the oxidation level of PEDOT (Fig. 15a, b). 
A sequential treatment that includes both secondary doping and de- 
doping processes has been suggested to increase the electrical conduc
tivity and Seebeck coefficient simultaneously to obtain maximum PF. 
For instance, H2SO4 and NaOH were used to treat PEDOT:PSS films 
through the sequential treatment, which resulted in a Seebeck coeffi
cient of 39.2 µV K− 1, an electrical conductivity of 2170 S cm− 1, and a PF 
of 334 µW m− 1K− 2 [367]. The significant improvements observed were 
due to a sequential treatment which contributed to an increase in charge 
carrier mobility through the conformational change of PEDOT:PSS and 
the alteration of carrier concentration by adjusting the oxidation level of 
PEDOT. Moreover, it has been recently reported that a combination of 
solution-shearing deposition and directionally applied solvent treat
ments can drastically improve the TE properties of PEDOT:PSS thin films 

to obtain a high power factor of 800 µW m− 1K− 2 [397]. This significant 
improvement resulted from the structural alignment of PEDOT chains 
and larger-sized domains. A schematic of the sheared deposition of 
PEDOT:PSS and a postdeposition sheared solvent treatment are illus
trated in Fig. 15c, d. 

Another strategy to enhance the TE properties of organic semi
conductors is the fabrication of a hetero-structure of conducting polymer 
and other materials based on the concept of interfacial energy filtering. 
As an example, the hetero-structures of several ionic liquids (ILs) such as 
1-ethyl-3-methylimidazolium tetrafluoroborate, 1-ethyl-3-methylimida
zolium bis(trifluoromethylsulfonyl)imide and 1-ethyl-3-methylimidazo
lium dicyanamide) and PEDOT:PSS were fabricated that significantly 
enhanced their TE properties. A PF of 754 μW m− 1K− 2 and a ZT of 0.75 
at 300 K were obtained for the 1-ethyl-3-methylimidazolium dicyana
mide/PEDOT:PSS hetero-structure [368]. These results are comparable 
to the well-established TE properties of Bi2Te3 at RT. Moreover, the 
authors suggested that this significant enhancement originated from the 
surface energy filtering of low energy charge carriers through the 
accumulated ions of IL on top of the PEDOT:PSS layer (Fig. 15e). 
Characterization of the open circuit voltage (VOC) vs. time, and electrical 
conductivity and Seebeck coefficient vs. relative humidity in IL/PEDOT: 
PSS hetero-structures revealed that the nature of conduction was purely 
electronic in these systems, with no evidence of ionic conduction. 

The TE properties of PEDOT:PSS can also be improved through the 
fabrication of one-dimensional fibers for increasing the chain packing 
order and the proportions of quinoid PEDOT by the spatial confinement 
effect originating from the specific fiber configuration. As shown in 
Fig. 15f, PEDOT:PSS fibers were constructed through a continuous wet- 
spinning process followed by sulfuric acid treatment [398]. The opti
mized fibers resulted in an electrical conductivity of 4029.5 S cm− 1, a 
Seebeck coefficient of 19.2 μV K− 1, and a power factor of 147.8 μW 
m− 1K− 2. The obtained PF was 15 times higher than that of a PEDOT:PSS 
film fabricated at the same condition. These results were due to the high 
order of polymer chain conformations and chain stacking structures. 
Similarly, as illustrated in Fig. 15g, PEDOT:Nafion fibers were fabricated 
through melt extrusion followed by fiber spinning [399]. The fabricated 
melt-spun fibers showed high flexibility that kept their conductivity of 
about 3 S cm− 1 upon stretching to 100% elongation. 

Moreover, lightweight, elastic, and conformal TEGs are needed for 
wearable applications. Although PEDOT:PSS has shown promising TE 

Fig. 14. Chemical structures of the state-of-the-art conducting polymers as organic TE materials. (Reprint permission from Ref. [387]).  
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performance, its thick layers are hard and brittle, making it challenging 
to fabricate effective wearable TEGs from them. To address this issue, 
elastomer composites including PEDOT:PSS, polyurethane, and three 
types of ILs comprising a common 1-ethyl-3-methylimidazolium (EMIM) 
cation and various anions (ethyl sulfate (ES), tricyanomethanide (TCM), 
and tetracyanoborate (TCB)) were developed by aqueous processing 
[400]. These composites showed high conductivity (>140 S cm− 1), su
perior stretchability (>600%), and excellent elasticity. These 
outstanding results originated from favorable percolation networks on 
the nano- and microscale and the plasticizing effect of the IL. 

Another well-established conducting polymer is poly(3- 
hexylthiophene) (P3HT) which possesses the advantages of good 

electrical conductivity, commercial availability, and ease of solution 
processability [401]. It has been reported that the doping of a P3HT film, 
fabricated by drop casting with 20–31% acetonitrile, significantly 
enhanced its PF up to 0.14 µW m− 1K− 2 which was three orders of 
magnitude higher than that of the bare sample [401]. Also, doping of a 
P3HT film with a ferric salt of triflimide (TFSI− ) anions resulted in a PF 
of 20 µW m− 1K− 2, and a ZT of 0.04 at 340 K [402]. This is one of the 
highest reported TE properties of P3HT. 

Polyaniline (PANI) [403] is a conducting polymer with several 
promising features such as a tunable oxidation state, and a doping 
process that is compatible with base and acid. These characteristics 
enable precise control of the electrical conductivity and Seebeck 

Fig. 15. (a) Morphological change in the PEDOT:PSS films caused by the addition of EG in the secondary doping process. (Reprint permission from Ref. [394]) (b) 
Schematic plot of transition of PEDOT chains from bipolaron to polaron and neutral state during the dedoping process (Reprint permission from Ref. [407]). (c) 
Schematic of sheared deposition of PEDOT:PSS. (d) Postdeposition sheared solvent treatment. (Reprint permission from Ref. [397]) (e) Surface energy filtering effect 
in IL/PEDOT:PSS hetero-structures under temperature gradient. (Reprint permission from Ref. [368]). (f) schematic illustration of the set-up for producing PEDOT: 
PSS fibers. (Reprint permission from Ref. [398]) (g) Chemical structures and the processing scheme for the Nafion precursor, activated Nafion, and PEDOT. (Reprint 
permission from Ref. [399]). 
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coefficient through altering dopant type, level of pH, and oxidation 
state. For instance, the doping of PANI with camphor sulphonic acid 
resulted in a Seebeck coefficient of 0.58 V − 1K, and a ZT of 2.14 at 17 K 
[404]. These results implied that PANI can be utilized for TE cooling 
devices, e.g., Peltier coolers for low temperature applications. 

Polypyrrole (PPy) is a conducting polymer that acts as a quasi 1D 
polymer and which possesses good mechanical flexibility for application 
in flexible TEGs [405]. Many attempts have been made to produce 
flexible PPy films [405,406]. However, several drawbacks such as poor 
adhesion to substrates and non-uniform thickness have been reported 
for the fabricated PPy films, which were circumvented to a certain de
gree by using free-standing films of PPy. PPy films fabricated by 
electro-polymerization methods demonstrated a PF of 3.9 µW m− 1K− 2 

and a ZT of 6.8 × 10− 3 [406], which is one of the highest values reported 
for PPy films. 

Polycarbazole (PCz) is a conducting polymer with a well-ordered 
molecular structure. It has been utilized in optoelectronics, nano
electronics, and sensory devices because of its good chemical, physical, 
and electrical properties, and its compatibility with different synthesis 
techniques [408]. The Seebeck coefficient of poly(2,7-carbazole) de
rivatives can be increased by localizing the charge carriers in their 
backbone chain, however the electrical conductivity reduces during this 
process [408]. Lévesque et al. [409] synthesized poly(2, 
7-carbazolylenevinylene) by substituting alkyl side chains to the 3,6 
positions of the carbazole. They showed a maximum PF of 7.5 × 10− 2 

µW m− 1K− 2 through simultaneously keeping the Seebeck coefficient 
constant and increasing the electrical conductivity. Subsequently, 
different types of alkyl side chains have been added to the backbone of 
this polymer. The highest PF of ∼10− 1 µW m− 1K− 2 was achieved in the 
derivatives with the substitution of indolocarbazole on thiophene units 
[410]. The best TE properties have been reported in one of the poly(2, 
7-carbazole) derivatives, poly[N-9′-heptadecanyl-2,7-carbazole-alt-5, 
5′-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole], which was doped with 
FeCl3 [411]. This copolymer resulted in electrical conductivity, Seebeck 
coefficient, and PF of 500 S cm− 1, 70 µV K− 1, and 19 µW m− 1K− 2, 
respectively [411]. 

The polymerization of acetylene results in a conducting polymer 
called polyacetylene (PA). This conducting polymer has been utilized in 
TE applications. It has been reported that the electrical conductivity of 
PA doped with chlorine, halogens, bromine, and iodine was increased by 
up to 11 orders of magnitude [412]. For instance, a free-standing PA film 
doped with iodine illustrated an electrical conductivity of 20,000 S cm− 1 

at RT [412]. It has been reported that the electrical conductivity of PA 
films doped with iodine can be significantly decreased by temperature 
and pressure [412] and increased by stretching [413]. Also, the elec
trical conductivity of PA increased up to 28,500 S cm− 1 by doping with 
chlorine-based dopants [414]. The tunable electrical conductivity of PA 
leads to the optimization of its PF effectively. However, poor air stability 
and lack of solubility in different types of solvents have limited the use of 
PA for fabricating practical flexible TEGs [415]. Consequently, more 
research must be oriented to address these issues for PA as a 
high-performance flexible TE material. 

The development of high-performance conducting polymer TE ma
terials is strongly related to electrical doping. Although many efforts 
have been made in this area, an in-depth study on the efficiency of 
doping in highly doped conducting polymers is still missing. More 
recently, it has been reported that the distribution of dopant molecules 
in a specific position in highly doped conducting polymers strongly in
fluences the Seebeck coefficient and the electrical conductivity [416]. 
Poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene) 
(PBTTT) films were highly doped with 2,3,5,6-tetrafluoro-7,7,8,8-tetra
cyanoquinodimethane (F4TCNQ) by solution-sequential (SSq) and 
vapor doping methods. As shown in Fig. 16a, the SSq doping procedure 
induced F4TCNQ in the amorphous domains of PBTTT films while the 
vapor method deposited the dopant in both the amorphous and crys
talline domains. The results indicated that the F4TCNQ dopant in 

crystalline domains can significantly increase the PF. However, as 
shown in Fig. 16b, Brinkmann et al. reported that the highest TE per
formance was obtained in the preferential location of the dopant tris 
(4-bromophenyl)ammoniumyl hexachloroantimonate), magic blue, in 
the amorphous phase of P3HT [417]. This doping procedure kept the 
structure of P3HT nanocrystals almost unchanged and resulted in an 
electrical conductivity of 3000 S cm− 1 and a PF of 170 ± 30 μW m− 1K− 2 

due to significant improvement of charge carrier mobility. Interestingly, 
it has been reported that mobile electrons contribute substantially to 
charge carrier transport in highly p-type doped conducting polymers 
leading to Seebeck coefficient inversion [418]. Kemerink et al. experi
mental and theoretically revealed that this phenomenon was attributed 
to the density of states filling and opening of a hard Coulomb gap around 
the Fermi energy at high doping levels [419]. 

4.1.2. Small molecules 
Small molecules are another category of organic TE materials that 

generally possess a Seebeck coefficient in the order of mV K− 1 [420]. 
Some examples of small molecules are pentacene, polydopamine (PDA), 
C60, dinaphtho[2,3-b:2′,3′-f] thieno[3,2-b]thiophene (DNTT), polydop
amine (PDA), and 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene 
(C8BTBT) [421,422]. Their chemical structures are shown in Fig. 17. 
von Mühlenen et al. fabricated a field-effect transistor made of penta
cene and carried out TE measurements [423]. They obtained a high 
Seebeck coefficient between 240 and 500 µV K− 1 which was due to the 
surface treatment of the field-effect transistor’s dielectric layer on top of 
the channel. The Seebeck coefficient was independent of the channel 
thickness and applied gate voltage. The authors inferred the formation 
of polarons and the localization of charge carriers in the pentacene 
channel of the field effect transistor. These results showed that the 
transport mechanism in organic materials was influenced by electronic 
polarization phenomena. 

4.1.3. Single molecules 
Charge dynamics at the molecular level can be analyzed using single- 

molecule heterojunctions, by capturing a single molecule between metal 
electrodes. It is desired to develop a device that achieves a balance be
tween the electrical conductivity and Seebeck coefficient. Experimental 
and theoretical research has shown that a system that possesses a 
discrete or even sharp electronic density of state could provide this 
compromise [424]. Single-molecule heterojunctions can meet this cri
terion, and their TE characterization can shed light on the transport 
mechanism at molecular levels and open a new direction in the field of 
thermoelectricity. For TE characterization in single molecules, one of 
the most appropriate techniques is the scanning tunneling microscope 
(STM). In this method, a single molecule is captured between a con
ducting tip and the substrate [424]. The measurement procedure of 
conductance and Seebeck voltage in a single molecule is depicted in 
Fig. 18. The conductance is calculated from the measured current passed 
through a single molecule by means of the STM tip. For Seebeck voltage 
measurement, firstly the formation of a junction between the single 
molecule and the tip is evaluated by applying a voltage bias and 
monitoring the corresponding current. After removing the applied 
voltage bias, the generated VOC is the Seebeck voltage which corre
sponds to the applied temperature difference along the single molecule 
between the substrate and tip. A voltage amplifier is used for measuring 
the Seebeck voltage precisely [424]. 

The electrical conductance measurement of single molecules is an 
innovative approach for thermoelectric transport characterization of 
single molecules [425]. Generally, conductance measurement cannot 
give any information about the type of conduction in a single molecule, 
and the position of the Fermi level between the HOMO and the LUMO 
after forming the contact with metal tips. In this regard, the pioneering 
work on TE characterization of single molecules including both 
conductance and Seebeck coefficient measurements was performed on 
1,4-benzenedithiol (BDT), 4,4′-dibenzenedithiol (DBDT), and 4, 
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4′ ′-tribenzenedithiol (TBDT) by the STM method with a gold tip. See
beck coefficients of +14.2 ± 3.2 µV K− 1, +12.9 ± 2.2 µV K− 1, and +8.7 
± 2.1 µV K− 1 were measured for TBDT, DBDT, and BDT, respectively. 
The obtained results revealed p-type conduction, 1.2 eV energy gap 
between the Fermi level and HOMO of BDT, and a positive linear rela
tion between the Seebeck coefficient and the length of single molecules 
[426]. Recently, a combination of experimental and theoretical work 
revealed that the Seebeck coefficient and electrical conductance of sin
gle organic radical molecules can be simultaneously enhanced due to 
their intrinsic spin state [427]. 1,2,4-benzotriazin-4-yl (Blatter) radical 
molecules with pseudo-meta (meta) and pseudo-para (para) connections 
to two gold electrodes and the closed-shell (non-radical) quinazoline 
analogue have been designed to test this idea. A schematic presentation 
of a single-molecule junction formed by Blatter with para connections to 
two gold electrodes is illustrated in Fig. 18c. Also, the observed coun
terintuitive quantum interference (QI) effect in stable Blatter radical 
molecules with meta-connected radicals resulted in an enhancement of 
TE properties. As a consequence, the PF was improved by more than one 
order of magnitude in radicals compared to an analogous closed-shell 
molecule. These results opened a new research pathway for devel
oping OTE materials working at RT. 

4.2. n-type organic TE materials 

4.2.1. Coordination polymers 
A major class of n-type organic TE materials are coordination poly

mers [421]. These polymers are made of metal ions and ligands which 
act as connectors and linkers in their backbones, respectively [428]. 
Fundamentally, the entropy of electrons located in the d-orbitals of 
transition metals determines the Seebeck coefficient of coordination 
polymers. Historically, coordination polymers including 4,4’-dihy
droxy-3,3’-diacetyl biphenyl bis-thiosemicarbazone (L-1) and 4, 
4’-dihydroxy- 3,3’-dipropionyl biphenyl bis-thiosemicarbazone (L-2) 
were introduced as a pioneering group of organic TE materials. The 
synthesized Cu(II) chelate polymer of (L-1) and (L-2) showed an elec
trical conductivity of ∼10− 5 S cm− 1, and Seebeck coefficient of 
∼1.1–1.2 mV K− 1 [429]. These findings illustrated a very low PF which 
was far from the practical performance. Much attention has been ori
ented toward the TE properties of coordination polymers since Zhu et al. 
introduced poly[Ax(M-ett)] (A = Na+, K+, Ni2+ and Cu2+ M= Ni and Cu 

and ett = 1,1,2,2-ethenetetrathiolate) as a high performance TE material 
[421,428] (Fig. 19a). Many efforts have been carried out to explore the 
synthesis method, structural, magnetic, and TE properties of poly 
[Ax(M-ett)] and their related derivatives [421]. The poly[Nax(Ni-ett)] 
and poly[Kx(Ni-ett)] showed n-type electrical conductivity from 40 to 
44 S cm− 1 and negative Seebeck coefficient from -75 to -121 µV K− 1 at 
RT. The poly[Nax(Ni-ett)] and poly[Kx(Ni-ett)] resulted in the ZT of ~ 
0.042, and ~ 0.1 at 300 K, respectively. On the other hand, poly[Cux(
Cu-ett)] showed a p-type conductivity, and a ZT value of ~ 0.005 at RT. 
Based on these results, the authors fabricated a TEG made of 35 legs of 
n-type poly[Kx(Ni-ett)] and p-type poly[Cux(Cu-ett)] which resulted in a 
maximum power of 750 μW with a load resistance of 33 Ω at ΔT = 82 K 
(Fig. 19b and c) [430]. 

Coordination polymers suffer from poor solubility in common 
organic solvents. To address this problem, a large area of flexible poly 
(Ni-ett) was fabricated through the electrochemical deposition tech
nique (Fig. 19d and e), resulting in the enhancement of solubility and TE 
properties [373]. A maximum PF of 453 µW m− 1K− 2 and a ZT of 0.21 at 
RT were obtained, owing to the polycrystalline microstructure of the 
produced films [373]. The insolubility of coordination polymers can be 
attenuated by hybridization with other polymers, then the composite 
polymer solution can be used for printing processes. For instance, a 
flexible TEG made from the composite of poly[Ax(M-ett)], PVDF, and 
DMSO was fabricated by ink-jet printing on a PET substrate [431]. 
Recently, a sol–gel technique with oxidation was used to improve the 
solubility issue of P(Nax[Niett]) resulting in fabrication of smooth films 
[432], as illustrated in Fig. 19f. An electrical conductivity of 80.3 S 
cm− 1, a Seebeck coefficient of -35.4 μV K− 1, and a maximum power 
factor of 10.1 μW m− 1K− 2 were achieved at 100◦C by controlling the 
annealing temperature. 

Recently, low dimensional coordination polymers have attracted 
extensive attention in the field of thermoelectricity. For instance, n-type 
two dimensional Cu-BHT (BHT = benzenehexathiol) has been developed 
with a high value of electrical conductivity (1580 S cm− 1) at RT [433]. 
The measured Seebeck coefficient was in the range of - 4– - 10 μV K− 1 

[433]. This coordination polymer opens a new pathway for developing 
high performance flexible organic TE materials. Recently, metal-organic 
frameworks (MOFs) have been introduced as a new class of organic TE 
materials that possess two main features of microstructural verities, and 
tailor-ability. For example, n-type nanostructured Ni3(2,3,6,7,10, 

Fig. 16. (a) Schematic descriptions on the experi
mental process and the resulting dopant positions 
yielded by SSq doping and vapor doping. (Reprint 
permission from Ref. [416]) (b) Various doped P3HT 
microstructures: doping of the crystalline domains for 
F4TCNQ and F6TCNNQ; doping of both crystalline and 
amorphous zones for FeCl3 and Mo(tdf-COCF3)3 and 
doping of the amorphous zones of P3HT with magic 
blue. (Reprint permission from Ref. [417]) (For inter
pretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.).   
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11-hexaiminotriphenylene)2 pellets resulted in an electrical conductiv
ity of 58.8 S cm− 1, a Seebeck coefficient of − 11.9 µV K− 1, a low thermal 
conductivity of 0.2 W m− 1K− 1, and a ZT of ∼10− 3 [434]. The solution 
process compatibility, high crystallinity, and tunable pore structure of 
MOFs show promise as organic TE materials for next generation flexible 
TEG. 

4.2.2. Conducting polymers 
Although various conducting polymers have been introduced as 

highly efficient p-type OTE materials, their n-type counterparts have not 
been developed due to the lack of good n-type conducting polymers and 
stable n-type dopants. However, recent advances have been made in this 
regard [435]. A major class of high-performance conducting polymers is 
donor-acceptor (D-A) type polymers comprising electron-donating (D) 
and electron-accepting (A) building blocks [436]. Among them, the 
family of the naphthalene diimide (NDI)-based copolymers has been 
investigated extensively and poly(N,N”-bis(2-octyl-dodecyl)-1,4,5, 
8-naphthalenedicarboximide-2,6-diyl]-alt-5,5’-(2,2’-bithiophene)), 
known as PNDI-T2, is the most well-known example of this family [436]. 
Recently, the PNDI-TVT copolymer was synthesized by substituting T2 
with thienylenevinylene-thienylene (TVT), offering an appropriate 
backbone for enhancing TE properties upon doping [436]. PNDI-TVT 
doped with H-benzimidazoles resulted in a maximum in-plane elec
trical conductivity of 2.4 × 10− 2 S cm− 1 at RT, being almost four times 
larger with respect to both similar n-doped PNDI-T2 and to DMBI-doped 

PNDI-Tz2. Moreover, a complex of NDI with tetrabutylammonium 
fluoride (TBAF) has been used as a dopant for two new n-type con
ducting polymers including PNDIClTVT (synthesized based on a weak 
donor unit dichlorodithienylethene (ClTVT) by Stille coupling in 
ortho-dichlorobenzene (o-DCB)) and PBDOPVTT (synthesized by Stille 
coupling PNDIClTVT in chlorobenzene) [437]. The NDIClTVT doped 
with NDI-TBAF resulted in an electrical conductivity of 0.20 S cm− 1, a 
Seebeck coefficient of -1854 µV K− 1, and a power factor of 67 µW 
m− 1K− 2, which is the highest reported PF in solution-processed n-type 
conducting polymers. 

Another effective strategy to develop n-type conducting polymers is 
acceptor–acceptor (A-A) copolymerization [438]. Recently, a dis
tannylated monomer of strong electron-deficient double B←N bridged 
bipyridine (BNBP) unit has been synthesized as an A-A type conducting 
polymer through Stille polycondenzation [438]. The doped polymers 
with TDAE showed an electrical conductivity of 7.8 S cm− 1 and a high 
power factor of 24.8 µW m− 1K− 2. More recently, McCulloch et al. 
developed three lactone-based rigid backbone conducting polymers 
with A-A properties by molecular engineering [439]. They experimen
tally and theoretically showed that the increase of lactone group density 
by raising the benzene content led to increasing the electron affinities, 
hence improving the n-type doping process by N-DMBI as the dopant. In 
their work, the electrical conductivity was improved by three orders of 
magnitude and reached 12 S cm− 1, resulting in a PF of 13.2 µW m− 1K− 2. 

Fig. 17. Chemical structures of several small molecular organic semiconductors used as TE materials. (Reprint permission from Refs. [421,422]).  
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4.2.3. Small molecules 
Small molecules have attracted extensive attention as TE materials 

due to their stable n-type conductivity and facile purification and crys
tallization processes [420]. C60 has been introduced as a candidate for 
n-type TE materials. It was doped with Cs2CO3, displaying a PF of 28.8 

μW m− 1K− 2 [440]. Moreover, its derivative, [6,6]-phenyl-C61-butyric 
acid methyl ester (PCBM), resulted in an n-type electrical conductivity of 
10− 8 S cm− 1, and extremely low thermal conductivity of 0.03 W m− 1K− 1 

at RT [441]. C60 and its derivatives have been subjected to 3,6-Bis(dime
thylamino)acridine (AOB) [442] and (4-(1,3-dimethyl-2,3-dihy
dro-1H-benzoimidazol-2-yl)phenyl) dimethylamine (N-DMBI) [443] as 
doping agents to increase the TE efficiency. As an example, an electrical 
conductivity, Seebeck coefficient, and PF of 2 S cm− 1, -500 μV K− 1, and 
1 μW m− 1K− 2, respectively, were achieved in PCBM doped with N-DPBI 
and AOB [443]. In the case of another small molecule, 2DQTT-o-OD, 
doping with (2-Cyc-DMBI-Me)2 showed a PF of 33.3 μW m− 1K− 2 

[444]. Recently, new n-type small molecule TE materials have been 
developed based on B←N-incorporated dibenzo-azaacenes 1,2-DBNA-2 
and 1,2-DBNA-5 [445]. The low LUMO energy levels of 1,2-DBNA-2 
and 1,2-DBNA-5 resulted in the efficient n-type doping. For instance, 
the doped 1,2-DBNA-5 with N-DMBI showed an electrical conductivity 
of 0.01 S cm− 1, a Seebeck coefficient of − 244.4 μV K− 1, and a PF of 0.06 
μW m− 1K− 2. 

In the past two decades, the "phonon-glass electron-crystal (PGEC)" 
concept has been explored extensively in inorganic TE materials. In the 
case of OTE materials, they are mostly "phonon-glasses" but far from 
being "electron-crystal". Recently, a molecularly n-doped fullerene de
rivative with an accurate design of the side chain was reported as a PGEC 
OTE material [446]. It resulted in an excellent electrical conductivity of 
>10 S cm− 1 and an ultralow thermal conductivity of <0.1 Wm− 1K− 1, 
and a ZT = 0.34 at 120◦C. 

Other approaches to enhance the TE properties of n-type small 
molecules are self-doping and tailoring of the host and dopant misci
bility. Though self-doping of perylene diimides (PDI) resulted in a very 
low PF of 1.4 μW m− 1K− 2, it triggered research interest in self-doped n- 
type small molecules [447], whereas a tailored fullerene derivative (a 
host) and N-DMBI (a dopant) resulted in electrical conductivity, Seebeck 
coefficient, and maximum PF of 2.05 S cm− 1, - 284 μV K− 1, and 16.7 μW 
m− 1K− 2, respectively, at dopant concentration of 40% [448]. 

Despite many efforts to improve their TE properties, the low elec
trical conductivity of n-type small molecules limits the PF. To address 
this issue, organic field-effect transistors with modulated gate voltage 
have been proposed to regulate the TE parameters [449]. The dropyrrolo 
[3,4-c]pyrrole-1,4-diylidenebis(thieno[3,2-b]thiophene) [374], NDI 
(2OD)(4t-BuPh)-DTYM2 [449], NDI3HU-DTYM2 [449], and TDPPQ 
[450] have been incorporated in this kind of organic field-effect tran
sistor. The aromatic structure of the former small molecule’s derivative 
doped with N-DMBI resulted in an electrical conductivity of 3 S cm− 1, a 
Seebeck coefficient of -580 μV K− 1, PF of 100 μW m− 1K− 2, and a ZT of 
0.11 at RT [374]. This significant enhancement originated from tuning 
the electronic structure and mobility by modulating the conjugated 
backbone of organic semiconductors, hence improving the TE perfor
mance by adjusting the electrical conductivity and Seebeck coefficient. 

Recently, both n- and p-type small molecule TE materials were 
constructed by low dimensional TTT2I3 (TTT = Tetrathiotetracene) and 
(DMe-DCNQI)2Cu (DMe-DCNQI = Dimethyl-Dicyanoquinonediimine) 
[451]. The p-type TTT2I3 showed an electrical conductivity of 3.3 × 103 

S cm− 1, Seebeck coefficient of 40 µV K− 1, a PF of 300 μW m− 1K− 2, and 
ZT of 0.04 at RT. The n-type (DMe-DCNQI)2Cu, based on the concept of 
phonon drag, demonstrated a relatively high ZT of ≥ 0.15 below 40 K. A 
TEG made of one leg of TTT2I3 (p-type) and a leg of DCNQI2Cu (n-type) 
resulted in output power of 125 nW at ΔT = 92 K. This work opens a new 
research direction to develop organic TE materials based on crystalline 
low-dimensional molecular metals for low temperature TE applications. 

4.2.4. Single molecule 
Fullerenes and their derivative (C60, PCBM, and C70) were the first 

reported n-type single molecule TE materials reported by Segalman et al. 
[452]. The thermoelectric measurements were carried out using 
different electrodes including Pt, Au, and Ag. The results indicated that 
the variation of electrical conductivity with type of electrode was related 

Fig. 18. STM-break junction technique for measurement of: (a) electronic 
conductance, and (b) Seebeck voltage. (Reprint permission from Ref. [424]) (c) 
Schematic diagram of a single-molecule junction formed by meta-connected 
Blatter radical between gold electrodes. (Reprint permission from Ref. [427]). 
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to the different binding properties of fullerene and electrodes. In the case 
of Seebeck coefficient, the variation was determined by the alignment of 
electrodes work functions and the energy level of LUMO. The most 
important contribution of this work was introducing a new class of 
n-type organic TE materials based on single molecules. Until then, 
magnetic single molecules including [(CpiPr5)Dy(Cp*)]+ [453],[Dy 
(OtBu)2(py)5]+ [454], and the conjugated polymers, e.g., EDOT-based 
molecules [455], were studied as single molecule TE materials. 
Furthermore, numerous techniques for controlling electron and phonon 
transport in molecular devices have recently been established, including 
size effect, chemical modulation, mechanical regulation, electrostatics 
gating, and quantum interference effect in single molecules [456]. For 
instance, constructive quantum interference (CQI) can be translated 
from single molecules to self-assembled monolayers (SAMs) and effec
tively boost both the electrical conductivity and the Seebeck coefficient 
[457]. Recently, multi-component thin films were assembled by using a 
bottom-up method. These films comprised a rigid, highly conductive 
‘sticky’-linker (formed from alkynyl-functionalised anthracenes) and a 
‘slippery’-linker (consisting of a functionalized metalloporphyrin) 
[457]. It has been shown that the addition of either a porphyrin layer or 
a graphene layer to an anthracene-based SAM raises the Seebeck coef
ficient, and the addition of both porphyrin and graphene boosts the 
Seebeck coefficient. These findings have opened a new avenue for 
designing thin film OTE materials using SAMs. 

4.3. Carbon nano tubes (CNTs) 

Low dimensional structures of carbon-based materials such as gra
phene, carbon nanotubes (CNTs), and fullerene, have been extensively 
studied as TE materials [458]. Particular attention has been paid to 
CNTs due to their remarkable electrical and mechanical properties 
suited for fabricating flexible, low cost, and lightweight TEGs [458]. 
Sumio Iijima synthesized the first CNT in 1991 [459]. Two years after 

that, Hicks and Dresselhaus reported ultra-high TE performance in 
nanostructure and low dimensional systems due to the quantum 
confinement of charge carriers [460]. These two prominent findings 
provided a fertile platform for TE materials to exploit the advantage of 
CNT for flexible TEGs. Although CNTs illustrated p-type conductivity 
due to oxygen doping in air [461], many investigations have been per
formed to obtain p-type and n-type conductions by means of different 
dopants [462]. In the case of p-type doping, oxidative dopants such as 
oxygen, acids, and organic molecules are often used for CNTs [458]. As 
an example, p-type CNTs were fabricated using three different disper
sants such as chlorosulfonic acid (CSA), N-methyl-2-pyrrolidone (NMP), 
and deionized water with sodium dodecylbenzenesulfonate (SDBS) 
through three types of fabrication techniques including high-pressure 
carbon monoxide, chemical vapor deposition, and arc discharge 
[463]. The best PF of 550.8 µW m− 1K− 2 was achieved from an electrical 
conductivity of 1.7 × 104 S cm− 1 and a Seebeck coefficient of 18 µV K− 1 

for double-wall CNTs fabricated by chemical vapor deposition utilizing 
CSA solvent [463]. 

In general, the presence of oxygen in air leads to a difficulty for 
producing n-type CNTs. Reduction agents such as NaBH4 and hydrazine 
have been used to achieve n-type CNTs but the doped CNTs were un
stable in air [464]. So far, several other n-type molecular dopants have 
been developed for obtaining n-type CNTs (Fig. 20a) [465]. Typically, 
poly(ethyleneimine) (PEI) [466], reduced viologen [467], prylene dii
mide [468], and their derivatives, are used as n-type dopant for CNTs. 
The doped single wall CNTs (SWCNTs) with perylene diimide (PDINE) 
or naphthalene diimide (NDINE) resulted in n-type stable SWCNTs with 
PFs of 112 μW m-1K− 2 and 135 μW m− 1K− 2, respectively [468]. This 
stability originated from a strong π‒π interaction between dopant 
molecules and CNTs. An output power of 3.3 μW at ΔT = 50◦C was 
obtained from a TEG made of five unicouples of SWCNTs doped with 
SDBS (p-type leg) and NDINE (n-type leg) [468]. Recently, Wang et al. 
utilized a solution-processable method to prepare doped SWCNTs with 

Fig. 19. (a) The molecular structure of poly 
[Ax(M-ett)]. (b) Schematic of the TE module 
consisting of 35 couples. (c) Photograph of the 
module and the measurement system with hot 
plane and cooling fan. (Reprint permission from 
Ref. [430]) (d) Images of poly(Ni-ett) films 
deposited on PI (i), Teflon (ii), quartz (iii), and 
PET (iv) substrates. (e) Flexibility of the thin 
film deposited on PET. (Reprint permission 
from Ref. [373]) (f) Fabrication process of P 
(Nax[Niett]) thin films. (Reprint permission 
from Ref. [432]).   
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Fig. 20. (a) Chemical structures of molecular dopants used for the preparation of n-doped CNTs. (Reprint permission from Ref. [465]) (b) Schematic of the 
fabrication process for n-type SWCNT films based on as-grown SWCNT continuous networks. (Reprint permission from Ref. [470]). (c) Illustration showing the 
fabrication of CNT fiber based-TEGs (Reprint permission from Ref. [473]). 
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N-DMBI in a DMSO solution [469]. High electrical conductivity of 2298 
S cm− 1 was obtained at RT which was higher than other solution pro
cessed SWCNTs. At 373 K, the high electrical conductivity of 3490 S 
cm− 1 resulted in a high n-type power factor of 195 μW m− 1K− 2. They 
concluded that the n-type electrical conductivity was affected by the 
wrapping morphology of the surfactant on SWCNTs. 

Recently, as shown in Fig. 20b, the PEI solution was drop casted on 
SWCNT to produce a stable n-type conductivity [470]. A large PF of 
1500 µW m− 1K− 2 was achieved in the film with PEI concentration of 1 
wt.% due to low inter tube junction resistance and contact resistance. 
Over 180 days of testing, the electrical conductivity and Seebeck coef
ficient showed <5% variation away from their average value [470]. 
Typically, organic molecules containing phosphine or nitrogen are used 
for transferring electrons to CNTs as n-type dopants. Former dopant 
group examples are 1,3-bis(diphenylphosphino)propane (dppp), tri
phenylphosphine (tpp), and bis[(diphenylphosphinomethyl)phenyl
phosphino] methane (dpmppm). Moreover, common surfactants have 
been introduced as another type of effective n-type dopants for CNTs. 
Flexible n-type SWCNT films were prepared through alkylammonium 
cationic surfactant and resulted in a PF of 185.7 μW m− 1K− 2 at RT [471]. 
This improvement was obtained from the regulation of different pa
rameters such as dispersion medium, the length of alkyl chain, cationic 
surfactant types, and type of dopants [471]. In summary, the adsorption 
of dopant molecules on the outer surfaces of CNTs is the basis of the 
doping mechanism. An alternative method for n-type doping of CNT for 
improving its TE properties is encapsulating the dopant molecules, e.g. 
CoCp2, inside the nanotubes [472]. 

Recently, the well-aligned CNT fibers were fabricated by the wet- 
spinning method which enabled the regulation of the longitudinal 
charge carrier mobility [473]. The maximum PF of 432 μW m− 1K− 2 was 
achieved and is attributed to enhanced electrical conductivity due to 
improved charge carrier mobility, without significant alteration of the 
carrier concentration and Seebeck coefficient. The p-type and n-type 
CNTs were produced by doping with 4-hydroxycarbazole (H-carbazole) 
and 1,3-bis(diphenyl phosphino) propane (dppp), respectively 
(Fig. 20c). A flexible TEG constructed from 40 legs of p- and n-type CNT 
fibers resulted in an output power of 2 μW at ΔT = 20 K. 

4.4. Composites of organic TE materials 

Although many efforts have been made to improve the TE properties 
of organic materials, they still suffer from relatively low electrical con
ductivity and Seebeck coefficient. To address this issue, one effective 
strategy is to fabricate organic semiconductor-based composites by 
incorporating either organic or inorganic fillers. The fabricated com
posites can improve the electrical conductivity and Seebeck coefficient, 
making them comparable to state-of-the-art inorganic TE materials. 
Owing to these capabilities, organic TE composites have been widely 
investigated over the years [387,421]. Two main class of materials have 
been introduced as fillers in these composites: (1) carbon-based mate
rials such as CNTs and graphene, and (2) inorganic TE materials such as 
Bi2Te3, SnSe, Te, and PbTe related compounds and nanostructures [387, 
421]. 

4.4.1. Carbon fillers 
CNT and graphene are popular organic fillers due to their high 

electron mobility and electrical conductivity, flexibility, and large spe
cific surface area providing low contact resistance between host and 
filler in the composites. These carbon fillers are mostly incorporated in 
PEDOT:PSS, P3HT, PPy, and PANI for fabricating high performance 
flexible organic TE composites. 

The PANI/CNT composite is a promising TE material because PANI 
chains wrap around CNTs to create a hybrid structure and also the PANI 
chains get aligned parallel to the CNTs . As an example, the well-aligned 
nanofiber composite of PANI/CNT produced by combination of in-situ 
polymerization and electro-spinning is shown in Fig. 21a [474]. The 

ordered microstructure led to a decrease of defects in the backbone of 
PANI and electron localization, increasing the mobility of charge carrier 
in the composite. In this case, the fabricated sample resulted in a PF of 
0.17 µW m− 1K− 2 [474]. Recently, a composite based on SWCNT and a 
copolymer poly(aniline-co-pyrrole) (PANIPy) resulted in a high PF of 70 
μW m− 1K− 2 at RT [475]. 

So far, several strategies applied to PANI-based composites, such as 
cryogenic assisted grinding [476], in-situ polymerization [477], cam
phorsulfonic acid doping [478], and fabrication of complex oxide 
composites [479], have resulted in improved TE properties. For 
instance, the in-situ polymerization followed by solution processing was 
used for fabricating well-ordered SWCNTs/PANI composite films [480]. 
The produced devices showed a PF of 217 μW m− 1K− 2 at SWCNT con
tent of 65% [480]. The reasonably good TE performance was attributed 
to high charge carrier mobility due to the combination of these two 
fabrication processes. 

PEDOT:PSS/CNTs is another promising composite. Historically, 
PEDOT:PSS was used to enhance the binding of carbon materials to the 
host polymer. For example, doped PEDOT:PSS with DMSO has been used 
for the proper dispersion of CNT into a gum Arabic as a host which 
illustrated a PF of 25 µW m− 1K− 2 at 35 wt% of PEDOT:PSS and CNTs 
[481]. Grunlan et al. later [482] showed that by further increasing the 
content of SWCNTs to 60% and PEDOT:PSS to 30% in the composite, 
enhanced device parameters can be achieved with Seebeck coefficient of 
41 μV K− 1, electrical conductivity of 950 S cm− 1, a PF of 160 μW 
m− 1K− 2, and a ZT of 0.12 - 0.24 at RT. Subsequently, synthesis of an 
organic composite made of MWCNTs, DWCNTs, and PEDOT:PSS and 
meso-tetra(4-carboxyphenyl) porphine (TCPP) as the stabilizer resulted 
in an electrical conductivity of 960 S cm− 1, a Seebeck coefficient of 70 
µV K− 1, and a PF of 500 µW m− 1K− 2 at 40 wt% DWCNTs. As shown in 
Fig. 21b and c, the creation of a strong junction between the CNTs by 
PEDOT:PSS and TCPP results in the improvement of charge transport 
and consequently a significant enhancement of TE performance [483]. 

The treatment of PEDOT:PSS and CNTs composites with various 
types of dopants through secondary doping and de-doping processes can 
optimize the PF [484,485]. For instance, the PF of SWCNT/PEDOT:PSS 
composite reached 464 μW m− 1K− 2 at RT by treating the composite with 
DMSO [485]. Moreover, a nanocomposite of PEDOT:PSS and SWCNT 
treated with DMSO and NaOH resulted in a PF of 526 μW m− 1K− 2 

calculated from an electrical conductivity of 1701 S cm− 1, and a Seebeck 
coefficient of 55.6 μV K− 1, and a ZT of 0.39 at RT [486]. 

Several fabrication methods such as layer-by-layer (LbL) assembly, 
template synthesis, melt intercalation, direct mixing, sol-gel process, 
solution processing, and in-situ polymerization have been developed to 
fabricate organic composites [487]. For instance, as shown in Fig. 21d, a 
composite comprising PANI, graphene, PEDOT:PSS, and DWCNT was 
constructed by the LbL deposition method in 20 and 80 cycles [488]. A 
composite consisting of 80 units of PANI/graphene-PEDOT: 
PSS/PANI/DWCNT-PEDOT:PSS layer showed a maximum PF of 2710 
μW m− 1K− 2 which was attributed to enhanced charge carrier mobility as 
a result of a layered structure of composite and interconnected graphene 
sheets [488]. Many efforts have been put into preparing different 
composites of organic TE materials and graphene nanosheets, graphene 
nanoplatelets, and reduced graphene oxide (rGO) [489,490]. Among 
them, a composite of PEDOT:PSS and 3 wt% graphene nanosheets 
treated with hydrazine exhibited a PF of 53.3 μW m− 1K− 2 [489]. 

Another good candidate for preparing composite TE materials with 
CNTs is P3HT due to its good solubility in organic solvents and adjust
able molecular structure [491]. The composites of P3HT with different 
weight percentages of MWCNT and SWCNT have been fabricated by the 
solution process method [491]. Doping of composites with FeCl3 has 
exhibited high electrical conductivity and PF. The doped P3HT/SWCNT 
composite resulted in an electrical conductivity of 1000 S cm− 1, a See
beck coefficient of 29 µV K− 1, and a PF of 95 µW m− 1K− 2. The 
improvement of TE properties was attributed to the crystallization of 
P3HT on the surface of CNTs by means of a strong interaction between 
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them. In the composites comprising CNT fillers, the good connection of 
CNT networks results in a significant enhancement of the electrical 
conductivity. However, a comprehensive applied model is needed to 
describe the underlying mechanisms of these enhancements in the 
composites of organic TE materials and CNTs. On the other hand, the use 
of graphene as a filler in polymer matrices improves electrical conduc
tivity by providing additional electron transport channels and thereby 
enhanced carrier mobility. However, owing to the high thermal con
ductivity of graphene, further efforts are required to achieve high TE 
properties by compromising the electrical and thermal conductivities. 

Recently, CNT has been incorporated in other OTE materials 
including GO, MOFs, and small molecules to enhance their TE proper
ties. Recently, mass-produced MWCNT/GO hybrids doped with an n- 
type dopant of NDMBI resulted in a maximum PF of 195 μW m− 1K− 2 at 
373 K [492]. This outstanding result originated from the high n-type 
Seebeck coefficient of metallic MWCNTs and created a connection be
tween GO and MWCNTs electrically by using dopants containing amine 
groups. Although MOFs have high Seebeck coefficient and low thermal 
conductivity, the TE performance is reduced due to their low electrical 

conductivity. In this case, both p- and n-type composites of Ni3(HITP)2 
were synthesized by introducing p-type pristine CNTs and n-type 
PEI-doped CNTs, respectively [493]. It has been concluded that CNTs 
played a dominant role in the determination of charge carrier types. By 
selective tuning of TE properties, not only the maximum ZT value was 
increased up to 270 times compared with the ZT of a pristine MOF, but 
also it is seven times higher than the reported ZT for MOFs. Moreover, 
the composites of different types of novel butterfly-shaped small mole
cules with SWCNTs have been synthesized as high-performance p-type 
OTE materials [494]. The results indicated that butterfly-shaped small 
molecules significantly enhanced the TE properties in comparison with 
that of the composite based on the analogous planar small molecules. 
The developed composite with SWCNTs resulted in a high PF of 312 µW 
m− 1K− 2. This significant result was attributed to the higher activation 
energy, improved doping level, and charge transport process between 
the small molecules and SWCNTs. 

The performance of n-type organic TE composites is usually lower 
than their p-type counterparts due to the instability of n-type conduc
tivity in air, and inhomogeneous microstructure. To attenuate these 

Fig. 21. (a) Schematic representations of the formation mechanism of DM-CNT/PANI nanofibers. (Reprint permission from Ref. [474]) (b) Schematic of carbon 
nanotubes decorated by PEDOT:PSS and TCPP molecules and the junction formed between them. (c) Schematic depicting the formation of a segregated network 
composite during polymer coalescence as it dries. (Reprint permission from Ref. [483]) (d) Schematic of the LbL deposition process. (Reprint permission 
from Ref. [488]). 
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issues, a composite of DWCNT and graphene stabilized by poly
ethyleneimine (PEI) and polyvinylpyrrolidone (PVP), respectively, was 
fabricated by the LbL deposition technique which resulted in an elec
trical conductivity of 300 S cm− 1, a Seebeck coefficient of -80 µV K− 1, 
and a PF of 190 μW m− 1K− 2 at RT [464]. Creating the bridge between 
graphene sheets by DWCNTs increases the electron mobility, electrical 
conductivity and Seebeck coefficient. The achieved results were stable 
for a period greater than two months in ambient air atmosphere because 
the graphene sheets protected the films from oxygen [464]. Recently, it 
has been reported that composite films comprising P(NDI2OD-T2) 
copolymer and SWCNTs doped with 10 wt% N-DMBI resulted in 
n-type TE performance with the highest PF of 18.1 μW m− 1K− 2 for the 
45.5 wt% SWCNT. Also, the negative Seebeck coefficient of the n-type 
film was stable in air for 8 months [495]. 

4.4.2. Inorganic TE material fillers 
Significant attempts have been made to enhance the TE properties of 

organic TE materials and their composites with inorganic compounds. 
However, their efficiency is still behind conventional inorganic TE ma
terials due to their low electrical conductivity and Seebeck coefficient. 
One strategy to meet this issue is the fabrication of the composites 
comprising high ZT organic and inorganic TE materials to simulta
neously benefit from their respective advantages. 

Inorganic TE materials such as Te, Bi2Te3, and SnSe have successfully 
been incorporated in organic TE materials such as PEDOT:PSS to prepare 
organic/inorganic composites. For instance, a Te/PEDOT:PSS composite 
at 10% of PEDOT:PSS concentration was fabricated through drop- 
casting of PEDOT:PSS and Te NWs solution followed by sonicating 
[496]. This composite resulted in a maximum PF of 25 μW m− 1K− 2 at RT 
[496]. Since the secondary doping of PEDOT:PSS with H2SO4, H3PO4, 
and DMSO can remarkably enhance the TE properties, a PEDOT:PSS 
coated Te (PC-Te) nanorod/PEDOT:PSS composite produced by 
drop-casting was treated with H2SO4 [497]. In this case, a composite 
made of 90 wt% PC-Te nanorods, treated with 12 M H2SO4, demon
strated a maximum PF of 141.9 μW m− 1K− 2, corresponding to an elec
trical conductivity of 204.6 S cm− 1 and a Seebeck coefficient of 83.27 
μV K− 1 at RT [497]. Recently, the effect of length, diameter, and aspect 
ratio of a Te/PEDOT:PSS nanowire composite on TE properties was 
investigated by changing the experimental parameter of ligand molec
ular weight during the synthesis process [498]. Increasing the ligand 
molecular weight led to a larger nanowire aspect ratio that resulted in an 
optimal power factor of ~130 μW m− 1K− 2 at RT for a modest aspect 
ratio of 73. Numerous studies have been carried out to improve the TE 
efficiency of Te/PEDOT:PSS composites [499,500]. However, commer
cialization of these composites is difficult due to the scarcity and high 
cost of Te. To address this issue, the amount of Te inclusion can be 
decreased by incorporating CNT and BiTe-based materials into PANI and 
PEDOT:PSS composites without deteriorating their TE properties [501]. 
Compositionally graded Bi2Te3 nanoparticles or Sb2Te3 nano
flakes/PEDOT:PSS nanocomposites have been introduced to optimize 
the PF along the applied temperature gradient by systematically tuning 
the composition of nanocomposites along the length of the TEG [502]. 
This method improved the capability of organic/inorganic 
composite-based TEGs. 

SnSe is another well-established inorganic TE material with a high 
Seebeck coefficient and relatively low thermal conductivity which can 
be employed to fabricate organic/inorganic composites [503]. SnSe 
nanosheets/PEDOT:PSS composites fabricated by drop-casting resulted 
in a PF of 390 μW m− 1K− 2 and a ZT of 0.32 at RT at 20 wt% of SnSe 
nanosheets [366]. The formation of potential barriers in the composite 
at the interface of SnSe and PEDOT:PSS led to a significant increase in 
the Seebeck coefficient by filtering low energy charge carriers, and a 
slight decrease in the electrical conductivity, hence the improvement in 
PF. 

In another approach, a composite of chemically exfoliated MoS2 
nanosheets (ce-MoS2) and PEDOT:PSS was prepared by the LbL 

deposition method to increase the Seebeck coefficient and electrical 
conductivity simultaneously [504]. The fabricated composite illustrated 
an electrical conductivity of 867 S cm− 1, a Seebeck coefficient of 21.9 
µV K− 1, and a PF of 41.6 µW m− 1K− 2. The improvement of electrical 
conductivity was attributed to the microstructural change and the 
removal of PSS through the secondary doping process. The energy 
filtering effect through the formed potential barrier in the composite and 
the alteration of oxidation level through de-doping with negative 
charged ce-MoS2 led to an increase in Seebeck coefficient. 

Moreover, several inorganic TE materials such as CuI, SnOx, and SiO2 
have been added to OTE materials for developing high performance OTE 
composites. In this case, composites of PEDOT:PSS and SnOx nano
particles were fabricated without any ligand termination inside PEDOT: 
PSS thin films [505]. SnOx nanoparticles generated by spark discharge 
were homogeneously deposited on PEDOT:PSS thin film via a 
low-energy diffusion mode. Strong interactions between the SnOx 
nanoparticles and PSS chains at the top layer resulted in PEDOT chains 
crystalline packing at the bottom layers that effectively enhanced the 
electrical conductivity. Also, the SnOx nanoparticles introduced 
de-doping and energy filtering effects and intensively increased the 
Seebeck coefficient. Ultimately, a power factor of 116 μW m− 1K− 2 was 
achieved that is six times higher than that of the film without SnOx 
nanoparticles. Also, the developed three-dimensional paper PEDOT: 
tosylate/CuI composites resulted in a power density of 4.8 nW cm− 2 at 
ΔΤ = 6 Κ. This value was 10 times higher than that of the pristine paper 
PEDOT:Tos composites [506]. This significant improvement was 
attributed to the addition of the CuI nanocrystals that increase the 
Seebeck coefficient from 65 μV K− 1 to 225 μV K− 1. Recently, 
self-healable and stretchable ionic TE composites have been developed 
by integrating SiO2 nanoparticles in a PANI: poly 
(2-acrylamido-2-methyl-1-propanesulfonic acid): phytic acid (PANI: 
PAAMPSA:PA) ternary polymer [507]. The molecular interaction among 
PANI, PAAMPSA, PA, and SiO2 are illustrated in Fig. 22a. A high ionic 
ZT of 3.74 was obtained in this composite at 80% relative humidity. The 
incorporation of SiO2 nanoparticles effectively led to autonomous 
self-healability and stretchability, and the increase of the mobile proton 
concentration in the composites. 

Decreasing the contact resistance at the interface between the 
organic and inorganic component in the composite is desirable to 
improve both electrical conductivity and Seebeck coefficient at the same 
time. Recently, Nan et al. investigated the mechanisms of multiple in
terfaces on thermal and electrical transport properties in CNTs-Te- 
PEDOT:PSS composite by spatially resolved current and thermal mea
surements [508]. The results indicated that interfacial interactions and 
interface density played critical roles in determining the carrier and 
phonon transport in organic/inorganic composites. Particularly, the 
formation of the highly conductive layers at the interfaces of Te-PEDOT: 
PSS and CNTs-PEDOT:PSS can improve the electrical conductivity and 
Seebeck coefficient simultaneously. Finally, a high power factor of 224 
µW m− 1K− 2 and a ZT of 0.24 at 410 K were achieved by tuning carrier 
mobility and phonon scattering at the multiple interfaces in this com
posite. Moreover, the TE properties of PEDOT:PSS/Bi2Te3 composite 
were improved by creating defects in the crystal structure of Bi2Te3 
through proton irradiation which resulted in a PF of 432 µW m− 1K− 2 and 
ZT of 0.18 at RT [509]. The exceptional PF of 4600 μW m− 1K− 2 and ZT 
of 1.29 at RT was achieved in a composite of (Bi2Te3)0.2(Sb2Te3)0.8 and 
graphene nanosheets [510]. Here, increasing the carrier concentration 
and mobility led to an enhancement of electrical conductivity, whereas 
incorporation of graphene nanosheets into the BiSbTe alloy enhanced 
the phonon scattering by decreasing the lattice thermal conductivity 
[510]. However, the aggregation of nano phases in the composite has 
hindered the wide use of organic/inorganic composites. To address this 
problem, Wang et al. [511] fabricated a flexible PEDOT/Bi2Te3 com
posite with monodispersed and periodically spaced Bi2Te3 particles into 
the PEDOT medium. The size and distance of Bi2Te3 particles were 
precisely tuned from tens to hundreds of nanometers. Also, the samples 
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Fig. 22. (a) Schematic illustration and molecular interaction among PANI, PAAMPSA, PA, and SiO2 in the structure of the organic/inorganic ionic TE composites. 
(Reprint permission from Ref. [507]) (b) Fabrication process of the Ta4SiTe4/GDY/PVDF composite films. (Reprint permission from Ref. [378]) (c) Evolution of 
structure and carrier concentration of TiS2 single crystal with the electrochemical intercalation of HA/TBA molecules and vacuum heating. (Reprint permission from 
Ref. [516]) (d) Illustration of the fabrication and structure of a free-standing highly ordered Bi2Te3/SWCNT hybrid TE material. (Reprint permission from Ref. [376]). 
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were doped by tosylate. This composite showed a PF of ∼1350 μW 
m− 1K− 2, and ZT of 0.58 at RT. These promising values originated from 
the high electrical conductivity of tosylate doped PEDOT, the high 
Seebeck coefficient of Bi2Te3 fillers, the filtering of low energy carriers at 
the interface of PEDOT and Bi2Te3 phases, and the reduction of thermal 
conductivity by phonon scattering at the established interfaces [511]. 

Although p-type organic/inorganic TE composites have been devel
oped successfully, the fabrication of flexible TEGs remains challenging 
due to the instability of n-type organic/inorganic composites in the air. 
In this regard, many attempts have been carried out to improve the 
stability of organic/inorganic composites. As an example, a composite of 
Perylene diimide (PDI)/Te nanowires (NWs) showed good air stability 
and a PF of 17.6 μW m− 1K− 2 at 80 vol% PDI concentration [512]. The 
findings showed that ligand templating on inorganic nanostructures was 
essential for electrical and thermal transport in organic/inorganic 
composites. In another work, Bi2Te3 nanosheets were in situ grown on 
SWCNTs aided by PVP [513]. Various flexible Bi2Te3 nano
sheets/SWCNTs composites were fabricated on PVDF membranes by 
vacuum-assisted filtration. Electrical conductivity of 253.9 S cm− 1 and a 
power factor of 57.8 μW m− 1 K− 2 were achieved at 386 K. The fabricated 
composite kept its TE and mechanical performances for 9 months in an 
Ar atmosphere. Furthermore, the flexible composite of Ni NWs/PVDF 
illustrated stable n-type conductivity in air [514]. The fabricated com
posite containing 80 wt% of Ni NWs resulted in an electrical conduc
tivity of 4701 S cm− 1, a Seebeck coefficient of - 20.6 µV K− 1, a PF of 200 
µW m− 1K− 2, and a ZT of 0.1 at RT. The improved device parameters 
were primarily attributed to the formation of electron transport pathway 
through the Ni NWs networks in the host polymer [514]. Also, Liang 
et al. developed N2200/Co NWs/SWCNTs to fabricate a 
high-performance n-type organic/inorganic composite [515]. The 
presence of N2200 and SWCNTs improved the Seebeck coefficient and 
electrical conductivity of the composite, respectively. The optimized 
composite showed an electrical conductivity of 1860 S cm− 1, a Seebeck 
coefficient of -45 µV K− 1, a power factor of 483 µW m− 1 K− 2, and a ZT of 
0.18 at 380 K. Recently, semiconducting graphdiyne (GDY) has been 
used for developing high-performance n-type organic/inorganic flexible 
TE composites. In this case, as shown in Fig. 22b, Chen et al. developed 
n-type Ta4SiTe4/PVDF/GDY composite films where the homogenous 
distributed GDY inside the composites led to enhancement of electrical 
conductivity by bridging between the Ta4SiTe4 whiskers [378]. The 
optimized composite film had a maximum ZT value of 0.2 at 300 K. 

The formation of layered structures and superlattices is another 
strategy for improving the TE efficiency of n-type organic/inorganic 
composites. These complex structures provide a platform that provides 
ease of transport for charge carriers as well as efficient blocking of 
phonons. For instance, the TiS2[tetrabutylammonium]x[hex
ylammonium]y layered structure comprising a random mixture of tet
rabutylammonium (TBA) and hexylammonium (HA) molecules 
illustrated a PF of 904 μW m− 1K− 2 and a ZT of 0.23 at 300 K [516] 
(Fig. 22c). 

Another strategy to attain high performance n-type flexible TE 
composites is decorating conventional inorganic TE materials with 
nanostructures on top of organic TE materials, which formed the highly 
ordered organic/inorganic TE composites. For instance, a flexible, high- 
performance and stable organic/inorganic composite was fabricated 
through scaffolding the nanocrystal of Bi2Te3 on top of the SWCNT belts 
(Fig. 22d) [376]. The fabricated composite exhibited a PF of ∼1600 μW 
m− 1K− 2 and ZT of 0.89 at RT which was attributed to filtering of 
low-energy carriers and phonon scattering. 

4.5. Summary of approaches for improving organic-based TE materials 

Organic TE materials possess intrinsic low thermal conductivity but 
improving the electrical conductivity and Seebeck coefficient is vital for 
improving the TE efficiency. So far, several approaches have been 
introduced to enhance the TE properties of organic TE materials [384]. 

These strategies are briefly summarized below:  

(a) The TE properties of organic materials strongly relate to their 
physical and chemical properties. Particularly, a polymer with a 
highly ordered microstructure leads to high carrier mobility and 
high TE performance. For example, in the case of PEDOT films 
doped with p-toluenesulfonate molecules, improving the charge 
carrier mobility due to well-oriented PEDOT chains along the 
substrate resulted in a three-fold increase in the electrical con
ductivity. While the Seebeck coefficient remained constant, the 
PF significantly increased from 25 to 78.5 µW m− 1K− 2 [517]. 
Furthermore, the polymer molecular weight, chemical structure 
and thin-film microstructure can influence the electronic and 
thermal charge transport mechanisms [518]. As an example, in 
the case of poly(3-alkylthiophene)s, the shorter alkyl side chains 
resulted in longer nanofibres and also higher electrical conduc
tivity while the Seebeck coefficient was independent of the length 
of alkyl side chains [519].  

(b) The doping process is one of the main methods to regulate the TE 
properties of organic materials. Since an optimal charge carrier 
concentration in TE materials leads to the maximum PF, molec
ular doping of organic materials can effectively optimize the 
concentration of charge carriers in the backbone of polymer, e.g., 
polaron and bipolaron through chemical oxidation or reduction 
process [520]. For instance, the electrical conductivity of the 
polar polythiophene derivative (p(g42T-T)) was increased by four 
orders of magnitude by molecular doping with 2,3,5,6-tetra
fluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) through 
the co-processing method [521].  

(c) The fabrication of organic composites with low dimensional 
carbon-based materials such as CNT, graphene, and C60 can 
significantly enhance their TE properties due to promising 
chemical, physical, thermal, and electrical properties of carbon- 
based materials [33]. One of the main reasons for this improve
ment is the formation of well-aligned polymer chains, which re
sults in an enhanced charge carrier mobility. For example, 
applying the CNTs to PANI resulted in the alignment of PANI 
chains, reduction of π-π conjugated defects, and the charge car
riers’ localization which resulted in higher charge carrier 
mobility and enhanced TE properties [474].  

(d) Another promising approach to enhance the TE properties of 
organic materials is fabricating organic/inorganic composites 
[370]. These types of materials have been introduced as the new 
class of flexible TE materials, which have the advantages of both 
organic and inorganic TE materials. These composites contain 
two main contributions: (1) enhancing the Seebeck coefficient by 
filtering the charge carriers with lower energy at the energy 
barrier formed at the interface of organic and inorganic parts, (2) 
reducing the thermal conductivity by phonon scattering at the 
formed interface [522,523]. The weight of these two contribu
tions depends on the type of organic and inorganic materials, and 
the features of established energy barriers. The rational design of 
interfaces between inorganic and organic materials in a com
posite and understanding the underlying mechanism of formed 
interfaces are the effective methods for obtaining an efficient 
organic/inorganic TE composite. For instance, the PF of 
P3HT/Bi2Te3 composite was improved from 3.9 µW m− 1K− 2 for 
P3HT to 13.6 µW m− 1K− 2 for the composite, as a result of 
enhanced Seebeck coefficient due to the filtering of lower energy 
charge carriers [524]. 

4.6. Fabrication of organic TE devices 

4.6.1. Drop casting 
Drop casting is a simple method for the fabrication of thin films based 

on solutions made of nanoparticles, nanocomposites, and general 
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organic and inorganic compounds [525]. In this method, as shown in 
Fig. 23a, firstly a predetermined amount of solution is dropped onto a 
substrate followed by evaporation at ambient conditions or by heating 
the substrate. The substrate material can be organic or inorganic, in 
flexible or rigid forms. Generally, in this method, a ring pattern named 
the coffee ring effect is produced in the thin film due to the liquid-solid 
surface tension between the edge of the droplet and substrate [525]. So 
far, different approaches, e.g., using anisotropic particles [526], have 
been utilized to suppress the coffee ring effect. Several organic and 
inorganic TE materials and their composites such as P3HT/CNT [480], 
CNT/poly(vinylidene fluoride) (PVDF) [527], SWCNT/PEI [470], 
PEDOT:PSS/Bi2Te3 nanosheet [528] and Bi2Te3 nanoplate [529] have 
been fabricated by this method. 

4.6.2. Spin coating 
Spin coating is a simple solution-based method for the fabrication of 

thin films with thickness in the range of nm to µm. Spin coating can be 
applied to a wide range of organic and inorganic materials and their 
composite materials [530]. In this process, as shown in Fig. 23b, firstly 
the solution is cast on top of a planar substrate which can be spun either 
before or after drop casting. After that, the substrate is spun at a pre
determined speed followed by the evaporation of the solvent. Finally, a 
thin film is fabricated. The solution viscosity, the solution and substrate 
surface energies, spinning speed, and spinning duration, are the four key 
parameters of the spin coating process which determine the thin film 
physical, electrical, and thermal properties [530]. One of the most 
prominent applications of this method is coating the resist layer in the 
photolithography process used in fabrication technology, e.g., for the 
fabrication of TEGs. Several organic TE materials such as PEDOT:PSS 
[365], PEDOT/Si composite [531], and SWCNT/P3HT composite [532] 
have been fabricated through the spin coating process. 

4.6.3. Electrospinning 
Nanofibers can be produced from polymer solutions or melts using 

the electrospinning method, under a high electrical voltage [533]. So 
far, several organic TE materials such as carbon nanofibers (CNFs) 
[534], CNT/PANI composite [474] and PANI/(polystyrene and poly
ethylene oxide) blends [535] have been developed by this method. The 
required high voltage for starting the spinning process is applied to the 
solution. This voltage is connected between a needle of a syringe and 
collectors, then the material is deposited on the collector (Fig. 23c). The 
formation of nanofibers begins when the applied electrical voltage 
prevails over the solution’s surface tension. The chemical and physical 
properties of the produced fibers depend on the solution parameters, the 
process factors, and the ambient conditions during the electrospinning 
process [533]. 

4.6.4. Printing technology 
Printing is a fabrication technique for creating complicated geometry 

in comparison with the subtractive fabrication method. Printing tech
nology creates a new research pathway to thermoelectricity through the 
easy fabrication of TE devices with complex geometry and higher con
version performance [383,536]. The printing processes that use ink for 
the fabrication of TE devices are mainly classified into inkjet, dispenser, 
and screen-printing methods. The physiochemical parameters of inks 
such as dispersibility, concentration, and rheological properties play a 
key role in obtaining high quality products with the desired chemical, 
physical, thermal, magnetic, and electrical properties [537]. In this re
gard, understanding these factors is crucial for the printing process of TE 
materials. One of the significant properties of organic TE materials is 
their good compatibility with the ink printing process. Fig. 23d sche
matically shows the inkjet printing technique which consists of contin
uous and drop-on-demand (DOD) methods [538]. Fig. 23e, f illustrates 
the working principle of screen printing and dispenser printing tech
niques [539,540]. As a recent example, the ink of hybrid Te NWs and 
PEDOT:PSS was formulated followed by the fabrication of high 

performance and flexible TEGs by the dispensing printing method [541]. 
The fabricated composites and flexible TEGs illustrated a maximum 
power factor of 102.42 μW m− 1 K− 2 and a power output of ~ 4.5 µW at 
ΔT = 100 K, respectively. Moreover, a monolithic micro-OTEG was 
fabricated on a plastic substrate by a combination of direct lasering and 
inkjet printing methods [542]. The p- and n-type legs of the micro-OTEG 
comprised PEDOT:PSS and a doped fullerene derivative. The fabricated 
micro-OTEG demonstrated a power density of 30.5 nW cm− 2 under a 
temperature gradient of 25 K around RT. Also, as shown in Fig. 23g, h, 
an OTEG consisting of 100 leg pairs of p-type PEDOT:Nafion composite 
was fabricated using melt extrusion followed by fused filament 3D 
printing [399]. The TE legs were connected by an ABS/Carbon black 
blend. The fabricated OTEGs resulted in a maximum output power of 
∼0.7 nW at ΔT = 53 K. 

5. Hybrid PV-TEG systems 

The sun is undeniably one of the key renewable energy sources 
[546]. PV panels directly convert radiation energy to electricity and 
TEGs directly convert the heat of infrared energy to electricity. There
fore, the combination of PV and TE could be utilized for producing more 
electrical energy than the electricity produced by a single PV or TE 
system. The two most common technologies for fabricating hybrid 
PV-TEG systems to utilize the full solar spectrum are spectrum splitting 
PV-TEG systems and integrated PV-TEG systems. The advantages of 
hybrid PV-TEG systems over single PV and TEG systems are the reduced 
heat dissipation of PV by incorporation of TEGs and using a wide range 
of the solar radiation spectrum from infrared to ultraviolet. A summary 
of different PV-TEG hybrid systems developed so far are discussed in the 
following sections. 

5.1. Spectrum splitting PV-TEG system 

PV devices usually operate optimally when the photon energy is 
close to the band gap energy. However, photons with energy smaller or 
larger than the PV band gap energy can only be used partly. In the 
spectrum splitting PV-TEG system, the solar spectrum is divided into two 
parts: the suitable wavelength for PV in the range of 200 nm to 800 nm, 
and remaining wavelengths in the range of 800 nm to 3000 nm for the 
TEG. In general, spectrum splitting PV-TEG systems consist of a solar 
concentrator, the spectrum splitting device, PV devices, TEGs, and 
cooling systems (Fig. 24a). For the spectrum splitting PV-TEG system, 
several studies have been carried out to investigate their performance 
and practical application [547], including optimization of the cut-off 
wavelength and the power fractions of each segment [548], thermal 
management [549], and the influence of concentration ratio and cooling 
condition [550]. 

5.2. Integrated PV-TEG system 

In integrated PV-TEG systems, the TEG is attached to the back of PV 
modules for thermal energy harvesting (Fig. 24b). Many experimental 
and theoretical works have been performed to study different aspects of 
the integrated PV-TEG system such as optimization of the absorbing 
layer, conducting layer, and insulating layer between the PV and the 
TEG for heat collection [551], providing a sun tracking system [552], 
optimization of the hybrid system structure [553], and the impact of 
high ZT value on total efficiency [554]. 

5.3. Optimization and development of hybrid PV-TEG system 

The hybrid PV-TEG system is a complex system which involves 
additional energy transfer and conversion processes. In general, the use 
of high ZT materials for TEGs, the use of highly efficient PV cells and 
optimizing thermal management of the hybrid system are introduced to 
improve the performance of a hybrid PV-TEG system. Moreover, more 
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Fig. 23. The schematic diagram of: (a) a drop casting method (Reprint permission from Ref. [543]), (b) a spin coating method, (c) a basic electrospinning setup 
(Reprint permission from Ref. [544]), (d) continuous inkjet printing and drop-on-demand inkjet printing (Reprint permission from Ref. [545]), (e) screen printing 
process (Reprint permission from Ref. [540]), and (f) dispenser printing process (Reprint permission from Ref. [539]). (g) Processing schematic for the fused filament 
fabrication 3D printing of the precursor/ABS blend to obtain PEDOT:Nafion bulk structures. (h) Photograph of 100-leg OTEG and the inset shows a single leg pair. 
(Reprint permission from Ref. [399]). 
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components such as cooling medium, concentrator, the geometrical 
parameters of individual PV and TEGs and their hybrid system can be 
optimized to improve the overall efficiency. Additionally, TEG and PV 
cell modules have different behavior with temperature; the former’s 
efficiency improves with higher temperature gradient while the latter’s 
efficiency declines with temperature. This discrepancy makes the opti
mization of hybrid PV-TEG system parameters challenging. Hybrid PV- 
TE performance optimization can be classified into the following 
sections. 

5.3.1. Efficiency temperature coefficient of the PV cell 
The temperature coefficient defines the sensitivity of PV cells to 

temperature rise which is a key factor for designing hybrid PV-TEG 
systems. In this system, for providing temperature differences for TEG 
operation, the intensity of the incident solar radiation on the PV cell is 
increased by a concentrator which leads to an increase PV cell temper
ature. This increasing temperature impacts the electron–hole recombi
nation and consequently decreases the performance of the PV cells. 
Consequently, this temperature regulation is important in the design of 
hybrid PV-TEG systems. It has been reported that the reduction of effi
ciency in hybrid systems can be compensated by the energy generated 
from the TEG when the hybrid system uses PV cells which are not sen
sitive to the temperature rise [555]. 

5.3.2. Material optimization 
The ZT of TE materials is a key parameter of the performance of the 

TEG which strongly affects the total performance of the hybrid PV-TEG 
systems. Therefore, selecting a material with high ZT for a TEG depends 
on the operating temperature of PV-TEG systems. Bi2Te3, PbTe, and SiGe 
were mostly used for operating PV-TEG systems below 500 K, 500 K to 
900 K, and above 900K, respectively. The efficiency of PV-TEG hybrid 
systems can be enhanced using higher ZT materials. However, high 
thermal loss in the TEG causes poor efficiency even when using high ZT 
materials. Furthermore, it has been shown that both organic and 

inorganic materials used in PV play a key role in the development of 
hybrid PV-TEG systems. Both organic and inorganic PV based on dye- 
sensitized [556], polymer [557], Perovskite [558], GaAs [559], and 
silicon-based [554] materials were utilized for the fabrication of PV-TEG 
hybrid systems. 

5.3.3. Structural optimization 
Structural optimization of TEGs implies the determination of the 

number of thermoelements [560], the area ratio of the hot and cold 
junctions [561], the thermoelement area ratio [562], and the geometry 
of TE legs [563] that will result in maximum electrical power. It has been 
reported that the optimal design for a TEG-only system might not be the 
same as that for a hybrid PV-TEG system. For instance, maximum output 
power of a hybrid PV-TEG system has been achieved with symmetric 
thermoelements area while this does not happen in TEGs [564]. In the 
case of PV cells, the use of nanostructured surfaces in the PV cells 
enhanced the solar energy conversion efficiency due to more irradiance 
absorption. Zhou et al. illustrated in two different works that the 
nanostructured surface of the PV cell improved the overall conversion 
efficiency of the PV-TEG system [565,566]. 

5.3.4. Concentration ratio 
Solar concentration affects the performance, and the cost of hybrid 

PV-TEG systems which depend on the type of solar cells employed and 
subsequently on the temperature coefficient [567]. Higher concentra
tion ratios provide greater contribution of the TEG in terms of power 
generation, but there is a trade-off between efficiency contribution of 
the TEG and the PV cell [568]. Beeri et al. [569] experimentally and 
numerically calculated that maximum efficiency of 32% could be 
reached with a concentrated factor (the ratio of the radiant power 
density at the collector to the radiant power density of the sun light 
without any concentration) below 200 in hybrid PV-TEG systems, while 
the TEG efficiency contribution reached 40% at a concentrated factor of 
200 (Fig. 24c). 

Fig. 24. (a) Spectrum splitting in a hybrid PV-TEG system (Reprint permission from Ref. [571]). (b) Schematic of an integrated PV-TEG system. (Reprint permission 
from Ref. [554]) (c) Variation of electrical efficiency of a PV, efficiency of a hybrid PV-TEG, and hot side temperature (Th) of a TEG with concentration factor (X). 
(Reprint permission from Ref. [569]). 
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5.3.5. Convective heat transfer coefficient of the cooling system 
The heat transfer coefficient strongly influences the performance of 

PV-TEG systems due to the dependency of the temperature distribution 
through the layers of the coupled PV-TEG to the level of cooling, espe
cially at higher concentration ratios. Low heat transfer coefficients lead 
to increased cell temperatures and a low temperature difference across 
the TEG, subsequently resulting in lower efficiency of the PV cell and 
low output power generated by the TEG. Conversely, high heat transfer 
coefficient for PV-TEG systems leads to enhancement of the temperature 
distribution across the PV system and a higher temperature difference 
between the junctions of the TEG. Falah et al. [570] developed a 3D 
model of PV-TEG system and showed that the contribution of the TEG to 
the overall performance of the hybrid system increased marginally at a 
convective coefficient of h = 35 W m− 2K− 1, and subsequently decreased 
at higher convective coefficients due to the additional thermal resistance 
produced by attaching TEG to the PV module. Moreover, they reported 
that using an efficient cooling system can improve the total hybrid 
system output at the same operating condition. 

5.4. Inorganic PV-inorganic TEG hybrids 

Many experimental and theoretical studies have been performed to 
design, fabricate, and characterize PV devices. According to these in
vestigations, PV devices can be categorized into the following groups: 
PV devices based on (1) single crystal and polycrystalline silicon which 
are commercialized, (2) thin film amorphous silicon, and CdTe, and (3) 
organic materials and III-V compounds [572,573]. On the other hand, 
TE devices based on inorganic materials such as Bi2Te3 and its related 
compounds are commercially available [574]. Consequently, the hybrid 
PV-TE devices not only can improve the solar conversion efficiency of 
PV, but also may enhance the overall energy conversion efficiency. The 
hybridization of inorganic PV and TE devices has attracted attention due 
to their commercial availability and high energy conversion efficiency. 
In these hybrid systems, the PV part was mostly made of polycrystalline 
and crystalline silicon, multi junctional structure, perovskites, and GaAs 
[574] and the TE part was typically constructed from Bi2Te3 [574]. Most 
of the reported theoretical and experimental investigations have been 
oriented towards thermal management strategies [575], design and 
evaluation of systems with optical concentration tools [576], increasing 
the material efficiency [577], and TE and PV structural optimizations 
[578]. These works have revealed that the hybrid inorganic PV-TE 
system is unable to improve the overall efficiency and can only 
compensate for the decrease of PV efficiency due to rising the 
temperature. 

5.5. Organic PV-inorganic TEG hybrids 

Organic PV devices have been employed in hybrid PV-TE systems 
due to their low-cost fabrication and compatibility with mass production 
process like roll-to-roll printing techniques [574,579,580]. Moreover, 
since organic PV devices are typically semi-transparent in comparison 
with their inorganic counterpart in the range of the visible spectrum, the 
TE parts can effectively utilize this range of light through the adsorption 
layer for converting the thermal energy to electricity [581,582]. Owing 
to relatively low thermal stability of organic materials, the operating 
temperature of these hybrid systems is restricted to below 400 K [583]. 
The inorganic TE module made of Bi2Te3 compounds is used in these 
PV-TEG hybrid devices [556]. In the case of organic PV devices, the 
polymer [584,585], and dye-sensitized [556,586] PV devices have been 
used in these hybrid systems. For instance, a hybrid PV-TE device was 
fabricated in which the PV part was made of P3HT/indene-C60 and 
PEDOT:PSS layers, and the TE part was the commercial TGP-715 chip 
[585]. While a temperature difference along the TE parts was introduced 
through the wasted solar radiation in the form of thermal energy, the 
output power of the hybrid system improved compared with that of the 
PV device alone. At a temperature difference of 9.5 K, the hybrid system 

increased the maximum output power from 6.02 mW cm− 2 to 11.29 mW 
cm− 2, and the Voc from 0.87 V to 1.72 V [585]. 

5.6. Organic PV-organic TEG hybrids 

Many inorganic PV devices have been utilized for the fabrication of 
hybrid PV-TEG systems while fewer investigations have been performed 
on organic PV-based hybrid systems. Surprisingly, almost all the 
research used commercial TEGs or inorganic based TEGs to integrate 
with PV cells. All organic PV-TEG systems can have the advantages of 
being cost-effective, light-weight, flexible, and scalable via solution 
processing. In this regard, for the first time, Suzuki et al. [584] fabri
cated an all organic hybrid PV-TEG system which operated selectively in 
PV or TEG mode using P3HT and PC61BM. However, the efficiency of the 
fabricated device was low, and it could not work in both PV and TEG 
modes at the same time. Subsequently, Lee et al. [557] fabricated 
non-flexible an all organic-based PV-TEG using PEDOT:PSS (Fig. 25). 
More recently, Campoy-Quiles et al. [382] investigated the effect of 
geometry on energy conversion efficiency in all organic PV-TE device. 
They considered reflection, non-contact, and contact transmissions ge
ometries in their work. They concluded that the contact transmission 
geometry resulted in a high energy conversion efficiency due to the 
production of high temperature differences for the TEG. It is worth 
mentioning that apart from the aforementioned reports, work on all 
organic flexible PV-TEG hybrid device systems is yet to be reported. 
Consequently, increased research focus is needed for the development of 
all organic PV-TEG systems, and the realization of wearable and flexible 
energy devices based on this technology. 

6. Summary and outlook 

There has been remarkable progress in the development of organic 
solar cells (OSC) in the last few years, particularly with the emergence of 
NFA materials. Continuing efforts on the design and development of 
novel high-performing materials and devices would be greatly benefited 
by further understanding the direct correlation between the resultant 
material energetics in BHJ blends, to the resultant morphology, voltage 
losses and stability of respective devices. Further research efforts in 
developing water/alcohol processable and sustainable solvent alterna
tives for active layers and compatible HTL materials are likely to 
accelerate the transition of OSC technology from the laboratory scale to 
real-world low-cost technologies with a high power-to-weight ratio for 
future electricity generation. 

Based on recent progress made in the field of organic photovoltaics 
(OPV) at large, it is reasonable to believe that in the next decades, 
photovoltaic technology would be one of the most accessible and pre
dominantly used methods of generating energy. OPV technology is ex
pected to complement rather than entirely replace the silicon-based 
first-generation solar cells, as the advent of low-cost, semitransparent, 
and flexible OSCs in the consumer market will open enormous oppor
tunities for novel applications such as building-integrated photovoltaics, 
green house installations, powering smart wearables and portable 
electronics, and harvesting indoor-lighting for IoT. Unlike electricity, 
which is generated and distributed over long distances, large scale use of 
OPV technology would result in a scenario where clean and portable 
renewable energy would be in ample supply and harvested local to the 
source of consumption. Therefore, future works should focus on 
methods to enhance and consistently evaluate the outdoor reliability of 
OSCs. Further research efforts should also be made to develop low-cost, 
sustainable, and environmentally benign energy storage solutions as 
well as energy-efficient recycling of organic electronic devices. 

The use of flexible organic TEGs to harvest energy from the human 
body to provide a power source for portable and wearable electronic 
devices has sparked much scientific interest. Despite significant im
provements in p-type organic TE materials and a confirmed RT dimen
sionless figure of merit (ZT) of 0.42 in PEDOT:PSS, p-type organic TE 
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materials’ performance remains poor as compared to their inorganic 
counterparts. The preparation of organic/inorganic composites for 
achieving high ZT organic based TE materials has recently been intro
duced as a promising research approach. In this area, interfacial engi
neering and the underlying mechanisms for electronic/thermal 
transport from the viewpoint of analytical and numerical models should 
be well studied. In addition to theoretical studies, further experimental 
work is required to analyze the design of interfacial phases towards 
lowering the electrical resistance and enhancing thermal resistance in 
order to improve the TE efficiency. In contrast to p-type organic TE 
materials, n-type counterparts with comparable flexibility, stability, and 
ZT values are yet to be developed. In this case, small molecules and 
MOFs are good candidates for future research. For instance, butterfly- 
shaped small molecule/SWCNT composites open a new pathway for 
developing a new class of OTE materials. 

In comparison to traditional fabrication methods, printing technol
ogies, which cover a wide range of materials from organics to inorganics 
and allow for the manufacturing of complex structures with tailored 
geometry and functionality, have sparked a new wave of interest in next- 
generation modular organic TE products. However, it should be 
mentioned that printing-based manufacturing of flexible organic TEGs is 
still in its infancy. Nevertheless, these technologies not only illustrate a 
great potential for fabricating highly efficient TEGs for niche energy 
harvesting applications, but also provide the ability to fabricate high ZT 
flexible organic TE materials. For instance, much research should be 
oriented toward improving the durability and enhancing the TE prop
erties of ink-processed and printed TE materials. Future works should 
focus on comprehensive understanding of host-dopant interactions and 
dopant stability in TE inks, for future development of flexible organic 
TEGs. Electrode materials, bonding methods, and metallization of ma
terials in printing technology should be further developed to fabricate 
high-performance flexible organic TEGs. 

Furthermore, the concept of hybrid PV-TEG systems to co-power 
generate from light and heat has attracted extensive attention 
recently. However, there are a limited number of reports in the literature 
for flexible PV-TEG hybrid systems. Consequently, extensive research is 
needed to expound flexible PV-TEG hybrid devices based on organic 
materials for wearables applications. In this context, future directions 
should be oriented towards; (i) novel device-level designs of flexible PV- 
TEG hybrid systems using current state-of-the-art organic semi
conductors, (ii) reduction of the thermal resistance between the PV and 
the TEG, (iii) investigation on the effect of outdoor ambient air atmo
sphere during a full year on the total efficiency of PV-TEG devices, and 
(iv) optimization of PV-TEG hybrid systems towards mass production 
and cost-effectiveness. 
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[115] A. Mishra, P. Bäuerle, Small molecule organic semiconductors on the move: 
promises for future solar energy technology, Angew. Chem. Int. Ed. 51 (2012) 
2020–2067, https://doi.org/10.1002/anie.201102326. 

[116] Y. Sun, G.C. Welch, W.L. Leong, C.J. Takacs, G.C. Bazan, A.J. Heeger, Solution- 
processed small-molecule solar cells with 6.7% efficiency, Nat. Mater. 11 (2012) 
44–48, https://doi.org/10.1038/nmat3160. 

[117] K. Sun, Z. Xiao, S. Lu, W. Zajaczkowski, W. Pisula, E. Hanssen, J.M. White, R. 
M. Williamson, J. Subbiah, J. Ouyang, A.B. Holmes, W.W.H. Wong, D.J. Jones, 
A molecular nematic liquid crystalline material for high-performance organic 
photovoltaics, Nat. Commun. 6 (2015) 6013, https://doi.org/10.1038/ 
ncomms7013. 

[118] D. Deng, Y. Zhang, J. Zhang, Z. Wang, L. Zhu, J. Fang, B. Xia, Z. Wang, K. Lu, 
W. Ma, Z. Wei, Fluorination-enabled optimal morphology leads to over 11% 
efficiency for inverted small-molecule organic solar cells, Nat. Commun. 7 (2016) 
13740, https://doi.org/10.1038/ncomms13740. 

[119] L. Yang, S. Zhang, C. He, J. Zhang, Y. Yang, J. Zhu, Y. Cui, W. Zhao, H. Zhang, 
Y. Zhang, Z. Wei, J. Hou, Modulating molecular orientation enables efficient 
nonfullerene small-molecule organic solar cells, Chem. Mater. 30 (2018) 
2129–2134, https://doi.org/10.1021/acs.chemmater.8b00287. 

[120] Q. Yue, H. Wu, Z. Zhou, M. Zhang, F. Liu, X. Zhu, 13.7% efficiency small-molecule 
solar cells enabled by a combination of material and morphology optimization, 
Adv. Mater. 31 (2019), 1904283, https://doi.org/10.1002/adma.201904283. 

[121] N.S. Sariciftci, L. Smilowitz, A.J. Heeger, F. Wudl, Photoinduced electron transfer 
from a conducting polymer to buckminsterfullerene, Science 258 (1992) 
1474–1476, https://doi.org/10.1126/science.258.5087.1474. %J. 

[122] S. Morita, S. Kiyomatsu, X.H. Yin, A.A. Zakhidov, T. Noguchi, T. Ohnishi, 
K. Yoshino, Doping effect of buckminsterfullerene in poly(2,5-dialkoxy-p- 
phenylene vinylene), J. Appl. Phys. 74 (1993) 2860–2865, https://doi.org/ 
10.1063/1.354639. 

[123] N.S. Sariciftci, D. Braun, C. Zhang, V.I. Srdanov, A.J. Heeger, G. Stucky, F. Wudl, 
Semiconducting polymer-buckminsterfullerene heterojunctions: diodes, 
photodiodes, and photovoltaic cells, Appl. Phys. Lett. 62 (1993) 585–587, 
https://doi.org/10.1063/1.108863. 

[124] G. Yu, J. Gao, J.C. Hummelen, F. Wudl, A.J. Heeger, Polymer photovoltaic cells - 
enhanced efficiencies via a network of internal donor-acceptor heterojunctions, 
Science 270 (1995) 1789–1791, https://doi.org/10.1126/ 
science.270.5243.1789. 

[125] N.S. Sariciftci, L. Smilowitz, A.J. Heeger, F. Wudl, Semiconducting polymers (as 
donors) and buckminsterfullerene (as acceptor): photoinduced electron transfer 
and heterojunction devices, Synth. Met. 59 (1993) 333–352, https://doi.org/ 
10.1016/0379-6779(93)91166-Y. 

[126] Y. He, Y. Li, Fullerene derivative acceptors for high performance polymer solar 
cells, Phys. Chem. Chem. Phys. 13 (2011) 1970–1983, https://doi.org/10.1039/ 
C0CP01178A. 

[127] D.F. Kronholm, J.C. Hummelen, Organic photovoltaics, eds., Wiley-VCH Verlag 
GmbH & Co. KGaA, 2009, pp. 153–178. 

[128] J.L. Delgado, N. Martín, P. de la Cruz, F. Langa, Pyrazolinofullerenes: a less 
known type of highly versatile fullerene derivatives, Chem. Soc. Rev. 40 (2011) 
5232–5241, https://doi.org/10.1039/C1CS15105C. 

[129] M. Drees, H. Hoppe, C. Winder, H. Neugebauer, N.S. Sariciftci, W. Schwinger, 
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Magnetic hysteresis up to 80 kelvin in a dysprosium metallocene single-molecule 
magnet, Science 362 (2018) 1400–1403, https://doi.org/10.1126/science. 
aav0652. 

[455] M. Famili, I.M. Grace, Q. Al-Galiby, H. Sadeghi, C.J. Lambert, Toward high 
thermoelectric performance of thiophene and ethylenedioxythiophene (EDOT) 
molecular wires, Adv. Funct. Mater. 28 (2018), 1703135, https://doi.org/ 
10.1002/adfm.201703135. 

[456] Y.J. Zeng, D. Wu, X.H. Cao, W.X. Zhou, L.M. Tang, K.Q. Chen, Nanoscale organic 
thermoelectric materials: measurement, theoretical models, and optimization 
strategies, Adv. Funct. Mater. 30 (2020), 1903873, https://doi.org/10.1002/ 
adfm.201903873. 

[457] T.L. Bennett, M. Alshammari, S. Au-Yong, A. Almutlg, X. Wang, L.A. Wilkinson, 
T. Albrecht, S.P. Jarvis, L.F. Cohen, A. Ismael, Multi-component self-assembled 
molecular-electronic films: towards new high-performance thermoelectric 
systems, Chem. Sci. 13 (2022) 5176–5185, https://doi.org/10.1039/ 
D2SC00078D. 

[458] X. Wang, H. Wang, B. Liu, Carbon nanotube-based organic thermoelectric 
materials for energy harvesting, Polymers 10 (2018) 1196, https://doi.org/ 
10.3390/polym10111196. 

[459] S. Iijima, Helical microtubules of graphitic carbon, Nature 354 (1991) 56–58, 
https://doi.org/10.1038/354056a0. 

[460] L. Hicks, M.S. Dresselhaus, Thermoelectric figure of merit of a one-dimensional 
conductor, Phys. Rev. B Condens. Matter 47 (1993) 16631, https://doi.org/ 
10.1103/physrevb.47.16631. 

[461] P.G. Collins, K. Bradley, M. Ishigami, D.A. Zettl, Extreme oxygen sensitivity of 
electronic properties of carbon nanotubes, Science 287 (2000) 1801–1804, 
https://doi.org/10.1126/science.287.5459.1801. 

[462] J.S. Yun, S. Choi, S.H. Im, Advances in carbon-based thermoelectric materials for 
high-performance, flexible thermoelectric devices, Carbon Energy 3 (2021) 
667–708, https://doi.org/10.1002/cey2.121. 

[463] Y. Ryu, L. Yin, C. Yu, Dramatic electrical conductivity improvement of carbon 
nanotube networks by simultaneous de-bundling and hole-doping with 
chlorosulfonic acid, J. Mater. Chem. 22 (2012) 6959–6964, https://doi.org/ 
10.1039/c2jm16000e. 

[464] C. Cho, M. Culebras, K.L. Wallace, Y. Song, K. Holder, J.-H. Hsu, C. Yu, J. 
C. Grunlan, Stable n-type thermoelectric multilayer thin films with high power 
factor from carbonaceous nanofillers, Nano Energy 28 (2016) 426–432, https:// 
doi.org/10.1016/j.nanoen.2016.08.063. 

[465] J. Tang, Y. Chen, S.R. McCuskey, L. Chen, G.C. Bazan, Z. Liang, Recent advances 
in n-type thermoelectric nanocomposites, Adv. Electron. Mater. 5 (2019), 
1800943, https://doi.org/10.1002/aelm.201800943. 

[466] M. Shim, A. Javey, N.W. Shi Kam, H. Dai, Polymer functionalization for air-stable 
n-type carbon nanotube field-effect transistors, JACS 123 (2001) 11512–11513, 
https://doi.org/10.1021/ja0169670. 

[467] S.M. Kim, J.H. Jang, K.K. Kim, H.K. Park, J.J. Bae, W.J. Yu, I.H. Lee, G. Kim, D. 
D. Loc, U.J. Kim, Reduction-controlled viologen in bisolvent as an 
environmentally stable n-type dopant for carbon nanotubes, JACS 131 (2009) 
327–331, https://doi.org/10.1021/ja807480g. 

[468] G. Wu, Z.G. Zhang, Y. Li, C. Gao, X. Wang, G. Chen, Exploring high-performance 
n-type thermoelectric composites using amino-substituted rylene dimides and 
carbon nanotubes, ACS Nano 11 (2017) 5746–5752, https://doi.org/10.1021/ 
acsnano.7b01279. 

[469] Y. Wang, Q. Li, J. Wang, Z. Li, K. Li, X. Dai, J. Pan, H. Wang, Understanding the 
solvent effects on polarity switching and thermoelectric properties changing of 
solution-processable n-type single-walled carbon nanotube films, Nano Energy 93 
(2022), 106804, https://doi.org/10.1016/j.nanoen.2021.106804. 

[470] W. Zhou, Q. Fan, Q. Zhang, L. Cai, K. Li, X. Gu, F. Yang, N. Zhang, Y. Wang, 
H. Liu, High-performance and compact-designed flexible thermoelectric modules 

A. Sharma et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.cplett.2010.03.028
https://doi.org/10.1016/j.cplett.2010.03.028
https://doi.org/10.1126/science.278.5336.252
https://doi.org/10.1126/science.278.5336.252
https://doi.org/10.1126/science.1137149
https://doi.org/10.1126/science.1137149
https://doi.org/10.1021/acs.nanolett.1c03698
https://doi.org/10.1002/adma.201104305
https://doi.org/10.1002/adma.201104305
https://doi.org/10.1002/apmc.1979.050790111
https://doi.org/10.1002/adma.201104305
https://doi.org/10.1002/adma.201104305
https://doi.org/10.1098/rsta.2013.0008
https://doi.org/10.1002/aelm.201901172
https://doi.org/10.1038/ncomms8408
https://doi.org/10.1016/j.joule.2017.07.018
https://doi.org/10.1039/D1TA01645H
https://doi.org/10.1002/aelm.202100407
https://doi.org/10.1002/adfm.202010567
https://doi.org/10.1002/ange.202105127
https://doi.org/10.1002/ange.202113078
https://doi.org/10.1002/ange.202113078
https://doi.org/10.1007/s10853-012-6824-1
https://doi.org/10.1007/s10853-012-6824-1
https://doi.org/10.1103/PhysRevLett.110.015902
https://doi.org/10.1002/adma.200305623
https://doi.org/10.1002/adma.200305623
https://doi.org/10.1007/s12200-017-0712-x
https://doi.org/10.1021/acsami.7b07282
https://doi.org/10.1021/acsami.1c08514
https://doi.org/10.1038/s41467-020-19537-8
https://doi.org/10.1038/s41467-020-19537-8
https://doi.org/10.1002/adma.201306116
https://doi.org/10.1002/adma.201701641
https://doi.org/10.1002/adma.201701641
https://doi.org/10.1002/adfm.201404397
https://doi.org/10.1002/adfm.201404397
https://doi.org/10.1002/anie.201604478
https://doi.org/10.1002/adma.201605682
https://doi.org/10.1021/nl2014839
https://doi.org/10.1021/nl2014839
https://doi.org/10.1002/anie.201609685
https://doi.org/10.1126/science.aav0652
https://doi.org/10.1126/science.aav0652
https://doi.org/10.1002/adfm.201703135
https://doi.org/10.1002/adfm.201703135
https://doi.org/10.1002/adfm.201903873
https://doi.org/10.1002/adfm.201903873
https://doi.org/10.1039/D2SC00078D
https://doi.org/10.1039/D2SC00078D
https://doi.org/10.3390/polym10111196
https://doi.org/10.3390/polym10111196
https://doi.org/10.1038/354056a0
https://doi.org/10.1103/physrevb.47.16631
https://doi.org/10.1103/physrevb.47.16631
https://doi.org/10.1126/science.287.5459.1801
https://doi.org/10.1002/cey2.121
https://doi.org/10.1039/c2jm16000e
https://doi.org/10.1039/c2jm16000e
https://doi.org/10.1016/j.nanoen.2016.08.063
https://doi.org/10.1016/j.nanoen.2016.08.063
https://doi.org/10.1002/aelm.201800943
https://doi.org/10.1021/ja0169670
https://doi.org/10.1021/ja807480g
https://doi.org/10.1021/acsnano.7b01279
https://doi.org/10.1021/acsnano.7b01279
https://doi.org/10.1016/j.nanoen.2021.106804


Applied Materials Today 29 (2022) 101614

50

enabled by a reticulate carbon nanotube architecture, Nat. Commun. 8 (2017) 
1–9, https://doi.org/10.1038/ncomms14886. 

[471] X. Cheng, X. Wang, G. Chen, A convenient and highly tunable way to n-type 
carbon nanotube thermoelectric composite film using common alkylammonium 
cationic surfactant, J. Mater. Chem. A 6 (2018) 19030–19037, https://doi.org/ 
10.1039/c8ta07746k. 

[472] L.J. Li, A. Khlobystov, J. Wiltshire, G. Briggs, R. Nicholas, Diameter-selective 
encapsulation of metallocenes in single-walled carbon nanotubes, Nat. Mater. 4 
(2005) 481–485, https://doi.org/10.1038/nmat1396. 

[473] T. Lee, K.T. Park, B.C. Ku, H. Kim, Carbon nanotube fibers with enhanced 
longitudinal carrier mobility for high-performance all-carbon thermoelectric 
generators, Nanoscale 11 (2019) 16919–16927, https://doi.org/10.1039/ 
c9nr05757a. 

[474] Q. Wang, Q. Yao, J. Chang, L. Chen, Enhanced thermoelectric properties of CNT/ 
PANI composite nanofibers by highly orienting the arrangement of polymer 
chains, J. Mater. Chem. 22 (2012) 17612–17618, https://doi.org/10.1039/ 
c2jm32750c. 

[475] S. Wang, F. Liu, C. Gao, T. Wan, L. Wang, L. Wang, L. Wang, Enhancement of the 
thermoelectric property of nanostructured polyaniline/carbon nanotube 
composites by introducing pyrrole unit onto polyaniline backbone via a 
sustainable method, Chem. Eng. J. 370 (2019) 322–329, https://doi.org/ 
10.1016/j.cej.2019.03.155. 

[476] Q. Zhang, W. Wang, J. Li, J. Zhu, L. Wang, M. Zhu, W. Jiang, Preparation and 
thermoelectric properties of multi-walled carbon nanotube/polyaniline hybrid 
nanocomposites, J. Mater. Chem. A 1 (2013) 12109–12114, https://doi.org/ 
10.1039/c3ta12353g. 

[477] K. Zhang, M. Davis, J. Qiu, L. Hope-Weeks, S. Wang, Thermoelectric properties of 
porous multi-walled carbon nanotube/polyaniline core/shell nanocomposites, 
Nanotechnol 23 (2012), 385701, https://doi.org/10.1088/0957-4484/23/38/ 
385701. 

[478] H. Wang, S.I. Yi, X. Pu, C. Yu, Simultaneously improving electrical conductivity 
and thermopower of polyaniline composites by utilizing carbon nanotubes as high 
mobility conduits, ACS Appl. Mater. Interfaces 7 (2015) 9589–9597, https://doi. 
org/10.1021/acsami.5b01149. 

[479] Y. Wang, J. Yang, L. Wang, K. Du, Q. Yin, Q. Yin, Polypyrrole/graphene/ 
polyaniline ternary nanocomposite with high thermoelectric power factor, ACS 
Appl. Mater. Interfaces 9 (2017) 20124–20131, https://doi.org/10.1021/ 
acsami.7b05357. 

[480] L. Wang, Q. Yao, J. Xiao, K. Zeng, S. Qu, W. Shi, Q. Wang, L. Chen, Engineered 
molecular chain ordering in single-walled carbon nanotubes/polyaniline 
composite films for high-performance organic thermoelectric materials, Chem. 
Asian J. 11 (2016) 1804–1810, https://doi.org/10.1002/asia.201600212. 

[481] D. Kim, Y. Kim, K. Choi, J.C. Grunlan, C. Yu, Improved thermoelectric behavior of 
nanotube-filled polymer composites with poly (3, 4-ethylenedioxythiophene) 
poly (styrenesulfonate), ACS Nano 4 (2010) 513–523, https://doi.org/10.1021/ 
nn9013577. 

[482] C. Yu, K. Choi, L. Yin, J.C. Grunlan, Light-weight flexible carbon nanotube based 
organic composites with large thermoelectric power factors, ACS Nano 5 (2011) 
7885–7892, https://doi.org/10.1021/nn202868a. 

[483] G.P. Moriarty, K. Briggs, B. Stevens, C. Yu, J.C. Grunlan, Fully organic 
nanocomposites with high thermoelectric power factors by using a dual-stabilizer 
preparation, Energy Technol. 1 (2013) 265–272, https://doi.org/10.1002/ 
ente.201300018. 

[484] W. Lee, Y.H. Kang, J.Y. Lee, K.S. Jang, S.Y. Cho, Improving the thermoelectric 
power factor of cnt/PEDOT: PSS nanocomposite films by ethylene glycol 
treatment, RSC Adv. 6 (2016) 53339–53344, https://doi.org/10.1039/ 
c6ra08599g. 

[485] J.H. Hsu, W. Choi, G. Yang, C. Yu, Origin of unusual thermoelectric transport 
behaviors in carbon nanotube filled polymer composites after solvent/acid 
treatments, Org. Electron. 45 (2017) 182–189, https://doi.org/10.1016/j. 
orgel.2017.03.007. 

[486] S. Liu, H. Li, C. He, Simultaneous enhancement of electrical conductivity and 
seebeck coefficient in organic thermoelectric swnt/PEDOT: PSS nanocomposites, 
Carbon 149 (2019) 25–32, https://doi.org/10.1016/j.carbon.2019.04.007. 

[487] Z. Soleimani, S. Zoras, B. Ceranic, S. Shahzad, Y. Cui, A review on recent 
developments of thermoelectric materials for room-temperature applications, 
Sustain. Energy Tech. 37 (2020), 100604, https://doi.org/10.1016/j. 
seta.2019.100604. 

[488] C. Cho, K.L. Wallace, P. Tzeng, J.H. Hsu, C. Yu, J.C. Grunlan, Outstanding low 
temperature thermoelectric power factor from completely organic thin films 
enabled by multidimensional conjugated nanomaterials, Adv. Energy Mater. 6 
(2016), 1502168, https://doi.org/10.1002/aenm.201502168. 

[489] J. Xiong, F. Jiang, H. Shi, J. Xu, C. Liu, W. Zhou, Q. Jiang, Z. Zhu, Y. Hu, Liquid 
exfoliated graphene as dopant for improving the thermoelectric power factor of 
conductive PEDOT: PSS nanofilm with hydrazine treatment, ACS Appl. Mater. 
Interfaces 7 (2015) 14917–14925, https://doi.org/10.1021/acsami.5b03692. 

[490] P.A. Zong, J. Liang, P. Zhang, C. Wan, Y. Wang, K. Koumoto, Graphene-based 
thermoelectrics, ACS Appl. Energy Mater. 3 (2020) 2224–2239, https://doi.org/ 
10.1021/acsaem.9b02187. 

[491] C. Bounioux, P. Díaz-Chao, M. Campoy-Quiles, M.S. Martín-González, A.R. Goni, 
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