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TOPICAL REVIEW — Organic and hybrid thermoelectrics
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Poly(3,4-ethylenedioxythiophene) (PEDOT) has proved its quite competitive thermoelectric properties in flexible
electronics with its excellent electrical and mechanical properties. Since the early discovery of PEDOT, considerable
experimental progress has been achieved in optimizing and improving the thermoelectric properties as a promising organic
thermoelectric material (OTE). Among them, theoretical research has made significant contributions to its development.
Here the basic physics of conductive PEDOT are reviewed based on the combination of theory and experiment. The
purpose is to provide a new insight into the development of PEDOT, so as to effectively design and preparation of advanced
thermoelectric PEDOT material in the future.

Keywords: PEDOT, charge transport, organic thermoelectric material, structure
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1. Introduction
Thermoelectric (TE) materials have always been one of

the hotspots of scientific research owing to its attractive abil-
ity of green energy harvesting, that is, realizing the mutual
conversion of heat and electricity without excess emissions.
Recently, organic thermoelectric (OTE) material has gained
the growing attention due to the strong demand and poten-
tial applications in flexible microelectronics, promoting great
attention to its thermoelectric performance for environment-
friendly energy conversion in spite of the presence of potential
challenges.[1–4]

The dimensionless figure of merit (ZT) directly related to
the efficiency of thermoelectric energy conversion is usually
used to evaluate the thermoelectric performance of materials,

ZT =
σS2

κ
T =

σS2

κL +κE
T, (1)

where σ , S, κ , and T are the electrical conductivity, Seebeck
coefficient (thermopower), thermal conductivity, and absolute
temperature, respectively.

The Seebeck coefficient is an open circuit voltage (V ) in-
duced by a temperature gradient from hot to cold end of a ma-
terial, defined as

S =− dV
dT

. (2)

The negative sign in Eq. (2) represents the type of semicon-
ductor, that is, the gradient direction of the voltage and the
temperature gradient are opposite resulting in a positive S, in-
dicating a p-type (hole) semiconductor; reversely, it is an n-

type (electron). Seebeck coefficient is a measure of entropy
per carrier depending on Femi level (EF), where the charge
carriers are allowed to participate in transport,[5] and directly
relates to the conductivity density of states (DOS), σ(E):

S =−kB

e

∫ E−EF

kBT
σ(E)

σ
dE, (3)

where kB is the Boltzmann constant, and e is the charge.
As a promising thermoelectric material, a typical fea-

ture of PEDOT is its low thermal conductivity less than
∼ 1.0 W·m−1·K−1 owing to typically amorphous or semi-
crystalline,[6–8] which makes it very close to the characteris-
tics of phonon glass.[5] By considering the difficulty of testing
the thermal conductivity of PEDOT films simultaneously, the
power factor (σS2) is usually directly used to evaluate their
thermoelectric properties. The thermal conductivity is derived
from the contributions of phonons (lattice vibrations, κL) and
electrons (κE)

κ = κL +κE. (4)

For highly doped organic materials, the electronic thermal
conductivity can be evaluated by the Wiedemann–Franz law
(WFL)

κE = LσT, (5)

where L is the Lorenz number (∼ 2.45× 10−8 W·Ω·K−2).
Note that, the Lorenz number is allowed to significantly de-
crease as the bandwidth of the electron or hole dispersion be-
comes smaller according to theoretical calculation.[9]

Since the discovery of conducting polymers (CPs), par-
ticular concern has been paid to them in the field of organic
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electronics including thermoelectric energy harvesting. In
the past half century, on the research of thermoelectric ma-
terials, poly(3,4-ethylenedioxythiophene) (PEDOT) has been
regarded as one of the most prominent polymers among
countless CPs, such as polyaniline, polythiophene, polypyr-
role, etc. Recently, many research groups have contributed
good reviews to the research and development of thermo-
electric PEDOT,[10–13] mainly focusing on material prepara-
tion and processing methods as well as the relationship be-
tween structure and properties. Remarkable progress on ex-
perimental preparation and performance optimization of ad-
vanced PEDOT thermoelectrics has been made. Special atten-
tion has also been put into its carrier thermoelectric transport
theory.[14–16] However, to our best knowledge, there are few
reports specifically on PEDOT carrier thermoelectric trans-
port. The purpose of this review is to summarize the current re-
search status and basic physics including thermoelectric trans-
port in PEDOT, aiming to clarify possible ways for the future
development of the state-of-the-art OTE materials.

2. Development of thermoelectric PEDOT

PEDOT is one of the first CPs to realize commer-
cial applications, and it plays a crucial role in the field
of organic electronics. PEDOT with the oxygen-bearing
substituent in thiophene ring allows more stable free radi-
cals and positive charges by further delocalization overcom-
ing the fundamental drawback of polythiophenes which is
instability in highly conductive forms in humid air.[17] It
is easy to synthesize PEDOT based on its monomer 3,4-
ethylenedioxythiophene (EDOT) through simple chemical ox-
idation or electrochemical oxidation polymerization, as shown

in Fig. 1(a). Moreover, its electrical conductivity can span a
large range by further oxidation or reduction realizing semi-
conductor to semi-metallic. The development of synthe-
sis technology (e.g., vapor phase polymerization[18]) contin-
ues to contribute to the enhancement of electrical conductiv-
ity (> 1000 S·cm−1) owing to improved ordering and sta-
bility of PEDOT. Considering solubility and processability,
a commercially available poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) dispersion was success-
fully prepared by combining the non-conductive polystyrene-
sulfonic acid (PSS) as a counterion in water, which further
promotes its application.

PEDOT/PEDOT:PSS is fortunate to be a distinctive
representative in OTEs (Fig. 1(b)), thanks to its good en-
vironmental stability, biocompatibility, mechanical proper-
ties, easy preparation and handling as well as high electrical
conductivity.[10,19] Before 2000, there were few experimen-
tal reports on PEDOT thermoelectric performance, and the
dominant work focused on the factors affecting its charge
transport property. In 2008, Xu and his co-workers systemati-
cally reported the thermoelectric performance of PEDOT:PSS
for the first time, including temperature-dependent electrical
conductivity, Seebeck coefficient, and thermal conductivity.[6]

They found that ZT of PEDOT:PSS gained an enhanced value
(∼ 10−3) with a low thermal conductivity (0.17 W·m−1·K−1)

at room temperature after secondary doping with dimethyl sul-
foxide (DMSO) or ethylene glycol (EG). In 2010, they further
achieved a high ZT value of 10−2 at room temperature by fab-
ricating PEDOT:PSS films.[20] The enhanced thermoelectric
performance is attributed to the increased electrical conductiv-
ity and the changeless Seebeck coefficient. This is very attrac-
tive for improving the thermoelectric properties of materials,

Fig. 1. (a) Schematic of PEDOT obtained by polymerization of EDOT monomers and its neutral (PEDOT) and polaron/bipolaron (PEDOT+/2+)
states as well as doping-dependent electrical conductivity. (b) Scheme of conductive PEDOT with charge carrier movement under temperature
gradient for thermoelectric power generator.
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because electrical the conductivity and Seebeck coeffi-
cient are generally opposite to the carrier concentration
(n). In 2011, Crispin and his co-workers gained a ZT =

0.25 at room temperature due to a low in-plane ther-
mal conductivity (0.37 W·m−1·K−1) by accurate control
of the oxidation level in PEDOT exposed to a vapour
of tetrakis(dimethylamino)ethylene (TDAE) molecules.[7] In
2013, Pipe et al.[21] further increased the ZT of PEDOT to
0.42 at room temperature by reducing the dopant volume of
PSS with EG treatment to effectively optimize the carrier con-
centration. In 2021, Bao and her-coworkers achieved an upper
bound for the room temperature ZT of 0.81 for PEDOT:PSS
with the high power factor (800 µW·m−1·K2) and the low in-
plane thermal conductivity (∼ 0.31 W·m−1·K−1) by a com-
bination of solution-shearing deposition and directionally ap-
plied solvent treatments. Over the past ten years, the contin-
uous refresh and improvement of ZT for PEDOT have been
witnessed. However, it is still the key issue for PEDOT to fur-
ther improve its power factor while revealing its mechanism.

Advanced theory is the most powerful tool for early ex-
ploration of OTE materials to provide significant support for
in-depth optimization and design of high-performance PE-
DOT. Presently, the computational investigation for thermo-
electric transport focused on crystals or highly ordered model
systems to predict thermoelectric performance of PEDOT.
Kim and Brédas developed the first comprehensive three-
dimensional model by using density functional theory (DFT)
methods combined with an extensive analysis of crystallo-
graphic data for the geometric and electronic structures of PE-
DOT in the pristine and doped states.[14] They demonstrated
that the ethylenedioxy substitution enabled the planarization
of polythiophene backbone and the reduction in intrachain
charge carrier effective masses due to the shorter intrachain
O· · ·S binding (2.96 Å) between adjacent monomeric units
than the sum of the van der Waals radii of sulfur and oxy-
gen atoms (3.25 Å),[15] while the crystal of pristine PEDOT
had a monoclinic lamellar structure with inclined π-stacks.
However, the bandgap reduction observed in experiment was
attributed to a stronger destabilization of the valence band
(t = 99 meV) than the conduction band (t = 170 meV) after
donor-type substitution. In addition, they found that tosylic
acid (Tos) doping resulted in a two-dimensional-like metal PE-
DOT:Tos crystal and also eliminated the intrastack inclination
of the PEDOT chains. Furthermore, Shuai and his coworkers
revealed the transition from semiconductor to metal with the
increase in doping level of Tos and the dominated scattering by
ionized impurity in PEDOT:Tos.[15] At the core of thermoelec-
tric theory is the question of OTE transport composed of two
processes of charge and heat transports. For PEDOT, similar
to other OTE materials, its thermoelectric transport is more

complicated and involves many coefficients including elec-
trical conductivity, Seebeck coefficient, electronic and lattice
thermal conductivity, etc. Moreover, the molecular interaction
among PEDOT chains is the weak van der Waals force, which
gives it a complex microstructure and variable macroscopic
transport behavior. Therefore, more advanced theories need
to be further developed in order to predict the thermoelectric
transport properties of PEDOT more accurately.

3. Band structure
3.1. Orbital energy levels

PEDOT is a typical low-bandgap (Eg = 1.5 eV in the un-
doped state[22]) conjugated polymer from sp2 hybridization in-
volving the covalent bonding between C–C and C–H atoms in
thiophene rings; however, the remaining 2pz orbital forms π

(bonding) and π* (antibonding) orbitals stemming from the
coupling of conjugated monomers into a longer polymer chain
leading to energy level splitting, so that the wavefunctions of
C atoms along the polymer backbone overlap, resulting in the
delocalized state and semiconducting properties. Compared
to polythiophene, PEDOT exhibits a reduced bandgap due to
the impact of the ethylenedioxy substitution on the energies
of the frontier levels of the π system. Theoretical calculations
have indicated that the pristine (neutral) PEDOT is aromatic-
like.[23] Moreover, the C–C bonds in EDOT rings become
shorter, while the C=C bonds become longer with the increase
in the backbone chain length.

The influence of the donor-type substitution is the desta-
bilization of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) levels
by comparison of EDOT and thiophene monomers, as shown
in Fig. 2. The orbital energy levels have changed appar-
ently to a certain extent owing to the antibonding interactions
between the O and backbone C atoms. As expected from
the evolution of the electronic structure in EDOT oligomers,
the change in orbital energy levels is similar to that of thio-
phene oligomers,[24] the structural parameters and bandgap
become smaller and show convergence with increasing num-
ber of EDOT unit cell.[25,26] Note that, a common empirical
scaling factor is required for DFT calculations to successful
comparison with experiment values owing to a discontinuity in
exchange-correlation potentials upon removal/addition of an
electron.[14] The experimental HOMO and LUMO energy lev-
els can be extracted from the oxidation/reduction potentials of
PEDOT through ultraviolet photoelectron spectroscopy (UPS)
or combination of cyclic voltammetry (CV) and optical transi-
tions measurements. Control of the band gap in π-conjugated
polymers such as PEDOT is important because low band gap
conjugated polymers are of great interest in the optimization
of thermoelectric performance for OTE materials.
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Fig. 2. Evolution of the frontier molecular orbital energies with increas-
ing number of EDOT repeat units. The top and bottom of the plot are the
wavefunction patterns in thiophene and EDOT. All the calculations were
performed within the generalized gradient approximation (GGA) by using
the BLYP exchange–correlation functionals.

3.2. Packing structure

The shape of the electronic structure in pristine PEDOT
with isolated chain is similar to that of polythiophene. Its va-
lence band is composed of two dispersive and two flat sub-
bands. Experimental evidence suggests that PEDOT chain
backbones can be allowed to adopt a lamellar structure in an
orthorhombic unit cell (a/b/c = 7.935/10.52/7.6 Å) for both
neutral and doped states (Fig. 3).[15,22] In the case of the min-
imum energy for PEDOT crystal, the rotation angle is 8.9◦

with a stacking distance of 3.754 Å, leading to a reduction in
the total energy by 1.4 kcal/mol per unit cell compared that
without rotation between chain backbone and (001) crystal
planes.[14] The ethylenedioxy groups in a backbone are still
coplanar (ab plane) with corresponding thiophene rings by in-
clining toward the adjacent chains between the lamellar space
along the b axis in Figs. 3(a) and 3(b). Note that, countless
studies have suggested that DFT calculations with experimen-
tal lattice constants enable the missing attractive interactions
to be effectively compensated, thereby accurately gaining the

geometry of molecules, pressure-dependent molecular orien-
tations, intra- and intermolecular vibrational properties within
a unit cell.[27,28]

The doped PEDOT:Tos still maintains a good lamellar
structure by alternate packing of PEDOT layers and Tos lay-
ers along the a crystal axis in Figs. 3(c)–3(f).[15] Compared
to pristine PEDOT (2.96 Å), the intrachain O· · ·S binding be-
comes stronger with the smaller distance in lightly (2.91 Å)
and heavily (2.89 Å) doped PEDOT:Tos, leading to the sig-
nificant increase in planarity of PEDOT backbone due to the
counterions (Tos). The interchain distance between PEDOT
chains in the π–π stacking along the c crystal axis gradually
decreases in the order of 3.52 Å (pristine) > 3.37 Å (lightly
doped) > 3.36 Å (heavily doped), revealing the strong inter-
actions between PEDOT backbones after doping of Tos. Re-
cent experimental data indicate that the monoclinic crystal PE-
DOT shows the π–π stacking distances of 4.64 Å and 3.4 Å
for PEDOT:Cl[29] and PEDOT:PSS,[30] respectively. A larger
doping molecule results in a larger chain spacing. Moreover,
the moderate doping allows the more ordered packing of PE-
DOT backbones by forming a quinoid-like structure. Many
experimental efforts have confirmed that the quinoid struc-
ture (conductive) in doped PEDOT is prone to linear or ex-
tended conformation, rather than benzoid structure (neutral)
with coiled conformation.[6,31,32] Nevertheless, excessive dop-
ing can easily cause the more disordered packing for PE-
DOT chains leading to degradation of charge transport prop-
erty, such as PEDOT:PSS (PH1000). This also provides a
broad space for optimizing the PEDOT thermoelectric trans-
port properties through adjustment of conformation.

a

c

a

c

a

b

a

b

Fig. 3. Calculated structure of the pristine ((a) and (b)), lightly ((c) and (d)), and heavily ((e) and (f)) doped PEDOT crystals. The red dashed lines
are the crystal lattices.[15]

027201-4



Chin. Phys. B 31, 027201 (2022)

3.3. Density of states

The carbon atoms in conjugated polymer backbones are
composed of alternating single and double bonds at differ-
ent length scales. In general, it usually presents linear and
coiled as well as its multiphase blend conformations allowing
the crystalline, semi-crystalline and amorphous nature due to
substrates,[33] preparation method,[30] film thickness,[29] etc.
The coiled chains in the conjugated polymer system weaken
the overlap of wavefunction between conjugated bonds, re-
sulting in the localized states with various energies. In order
to well understand the localized states, the DOS and EF of
the polymer system are used to study the electrical conductiv-
ity and Seebeck coefficient in homogeneous conjugated poly-
mers. For experimental samples, the PEDOT films are usually
composed of 3–10 π–π stacked chain crystallites embedded in
the amorphous region of the free-ordered chains.[34] For PE-
DOT film, its DOS is essentially dictated by the morphology
of the film. The derivative (d(lnσ(E))/dE, Eq. (3)) of DOS
at EF is related to the Seebeck coefficient of PEDOT.[16] For
heavily doped PEDOT, the EF position locates deeply into the
VB substantially leading to the decrease of the Seebeck coeffi-
cient. Mũnoz et al.[35] proposed a multiscale modeling of elec-
tronic structure for PEDOT according to a realistic model of
its morphology. They demonstrated that the character of DOS
gradually changes from an insulating to a semi-metallic state
as the increase of carrier concentration leading to a collapse
of the gap between the bipolaron and valence bands. There-
fore, the regulation of DOS has become an important means
to optimize the thermoelectric performance of PEDOT.

The pristine crystal exhibits that PEDOT is a direct
bandgap semiconductor, which can be observed at the Γ -point
(Fig. 4(a)).[14] Shuai and his co-workers gave the similar elec-
tronic band structure for pristine crystal PEDOT.[15] The in-
terchin interactions in the Γ X zone lead to the increase in
bandwidths and reduction in bandgap. The subband splitting
in the Γ Z zone indicates that the intrastack interactions along
the c axis cause these significant changes. By contrast, the sub-
bands are flat in in the ΓY zone (along the b axis). Also, the
electronic coupling in the π-stacking direction is apparently
much stronger for the LUMO level than that for the HOMO
level owing to the presence of nodes on the sulfur atoms lead-
ing to a more limited interchain wavefunction overlap. For
the doped PEDOT:Tos crystal (Fig. 4(b)), the EF has shifted
into the valence band (VB), indicating a metallic band struc-
ture. Moreover, whether it is lightly or heavily doped PEDOT
crystals, the similar shift of EF has been evidenced,[15] which
is also in agreement with the experimental UPS measurement
for both PEDOT:Tos and PEDOT:PSS.[16] However, the crys-
tal with the flat subbands at EF in the ΓY zone is not conduct-
ing in the direction perpendicular to the PEDOT layers (the
right plots). The metallic nature and orientational anisotropy

of the doped PEDOT:Tos conform to the optical reflectance
and spectroscopic ellipsometry measurements,[36,37] and are
consistent with the significant electrical conductivity.[38] The
doping affects both intrachain and interchain bandwidths of
PEDOT crystals, more prominently for the latter.[14] These
band structures show strong anisotropy due to their lamel-
lar structure, demonstrating the two-dimensional (2D) charge
transport in both the pristine and doped PEDOT crystals. Such
2D features are indicative to analyze the coherence of charge
transfer in PEDOT crystals thereby assisting in obtaining a
new method for optimizing the thermoelectric performance.

Fig. 4. Band structure and density of states (DOS) of the pristine PE-
DOT (a) and the PEDOT:Tos (b) crystals. The high symmetry k-points in
the first Brillouin zone are X = (0.5, 0, 0), Y = (0, 0.5, 0), Z = (0, 0, 0.5),
and U = (0.5, 0, 0.5), respectively. To the right of the plots is an illustration
of the charge density at Fermi level (EF).[14]

4. Charge transport
4.1. Hopping model

An ideal crystal has translational symmetry. How-
ever, when disorder is strong enough, the localization of
charges’ wavefunctions occurs and the energy band theory
is invalid.[39] In the localized state, the metal transforms
into an insulator and assumes the Fermi glass state, and the
emergence of electrical conductance can only be achieved
through thermally activated tunneling or hopping process of
charge carriers from a localized site to another. The pio-
neering work of Mott and Anderson showed that the metal–
insulator (MI) phase transition can come from the repulsion
between electrons (Mott phase transition) or the localized elec-
tron wavefunctions caused by disorder (Anderson phase tran-
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sition). Charge transport in PEDOT films is similar to that
of other conjugated polymers, such as polyacetylene (PAc),
polythiophene (PTh), and polypyrrole (PPy), related to the de-
gree of structural disorder.[40] The PEDOT films usually ex-
hibit the increase in electrical conductivity with the increase
of temperature.[6,16] Such behavior indicates that the charge
is transported through phonon-induced electron tunneling be-
tween localized sites randomly distributed in energy and posi-
tion through phonons.[41] Note that, the electrical conductivity
is independent of the temperature for the impurity scattering,
but decreases with the increase of temperature for the case of
phonon scattering for the band transport in metals and semi-
conductors.

The electrical conductivity for conducting polymers in-
cluding PEDOT films can be evaluated by

σ = neµ. (6)

Here, n is the carrier density, e is the electronic charge, and µ

is the mobility.
The Mott variable-range hopping between localized states

can be described by

σVRH (T ) = σ0exp[−(T 0/T )1/(d+1)], (7)

where σ is a constant with the characteristic of overall con-
ductivity, T0 related to the activation energy (W ) is the energy
barrier between localized states, and d is the dimensionality
of the transport. In general, the plots of lnσ vs. 1/T show a
non-liner behavior, but a more nearly straight-line trend for
lnσ vs. T−1/4 or T−1/2 at lightly doped state, indicating
the typical transport in disordered and amorphous systems.
Heeger et al.[42] found that the PEDOT:PSS (Bayer corpora-
tion) films exhibited the temperature dependent electrical con-
ductivity (σ300 K < 20 S·cm−1) with d ≈ 1(1/(d + 1) is be-
tween 0.42 and 0.53) over the temperature range from 300 K
to 6 K. Interestingly, this behavior with d ≈ 1 was also ob-
served for the highly electrical conductivity (∼ 1000 S·cm−1)

of PEDOT:PSS films from 300 K to 200 K.[43] A lower T0

value reveals an easier hopping between PEDOT chains and
the less disorder due to the improved intrachain and inter-
chain packing of the PEDOT-rich segments. Note that, vari-
ous values of d (= 1, 2, and 3) were observed for VRH behav-
ior in PEDOT:PSS, which significantly depends on the pro-
cessing method, morphology, and microstructure.[44] Never-
theless, the quasi-1D (d ≈ 1) VRH measured in PEDOT:PSS
films continue to account for the majority.

Generally, the hopping model well describes the behavior
of charge transport for the early disordered conducting poly-
mers with a relatively low electrical conductivity. However,
it is limited in explaining the behavior in highly electrical
conductivity in conjugated polymers, such as for the heavily
doped or semi-metallic PEDOT. Later, Sheng proposed a new

hopping model called fluctuation induced tunneling given in
Eq. (8), that is, an electron allows to be removed from a neutral
grain and then re-injected to another neighboring one through
tunneling,[46]

σSheng (T ) = σS exp
(
− T1

T +T2

)
, (8)

here, σS, T1, and T2 are constant, the tunnelling temperatures.
T1 and T2 depend on the barrier geometry and energy. In this
hopping model, energy fluctuations between two close poly-
mer segments are induced via thermal vibrations, resulting in
the occurrence of charge tunneling in heavily doped PAc. For
the semi-metallic PEDOT,[45] the highly delocalized charges
in the first place (Fig. 5(a)) induce the VRH, a less pronounced
disorder allows that charges are close enough (Fig. 5(b)) re-
sulting in a local delocalization and the more densely charge
zones (polaronic and bipolaronic clusters). The polaronic clus-
ters are allowed to exist in crystalline domains or disordered
PEDOT chains. The charge tunneling can occur between two
heavily doped segments despite separated by lightly doped
ones or excess dopant molecules, e.g., PSS. With the advance-
ment of processing and preparation technologies, it has be-
come increasingly possible to produce well ordered PEDOT
films so that coherent transport probably occurs in the absence
of the coupling of charge carriers with counter-ions.

Fig. 5. Schematic diagram illustration of (a) the VRH model vs. (b) the
tunneling model.[45]

The hopping transport in PEDOT has been described in
detial by Crispin et al.[34] Holes belong to polaron (PEDOT+)

or bipolaron (PEDOT2+) bands), and are promoted to the VB
with the help of phonon energy, thereby they are allowed to
travel through PEDOT film via phonon-assisted hopping be-
tween different states. For the VRH, the site where the charge
carrier jumps depends on the trade-off between the ‘cost’ of
hopping in real space and hopping in energy space.[40,47] Ac-
cording to the Miller–Abrahams formula, a hopping transport
model can be used to describe the electron transport in con-
ducting polymers considering the phonon assisted transition
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probability between sites i and j as

vi j =

{
v0 exp

[
− 2R

α
− E j−Ei

kT

]
, ∆E = E j−Ei > 0,

v0 exp
[
− 2R

α

]
, ∆E ≤ 0,

(9)

where v is the intrinsic attempt-to-hop frequency, ∆E is the
energy difference between the sites i (Ei) and j (E j), R is
the distance between sites, and α is the spatial extension of
the states participating in the hopping transport (localization
length (α) of charge carriers in localized states). A vital and
intuitive insight into hopping transport in PEDOT thin films
has been achieved from the approach according to the trans-
port energy concept providing simple semi-analytical expres-
sions for electrical conductivity and Seebeck coefficient by
using the Monte Carlo technique and the semi-analytical ap-
proach, which can be described based on the shapes of the
DOS in conducting polymers, the Gaussian distribution by
Eq. (10) or Eq. (11),[48–51]

g(E) =
N0√

2πσDOS
exp
(
− E2

2σ2
DOS

)
, (10)

g(E) =
N0

2σDOS
exp
(
− |E|

2σDOS

)
, (11)

where N is the concentration of sites, and σDOS sets a scale for
the energy disorder (the broadening of the DOS). It is worth
mentioning that, as to which of these DOS can better repro-
duce the experimental results, more work is still needed to
further confirm. The Seebeck coefficient is given by the ex-
pression with the differential conductivity

S (T ) =
1
|e|T

∫
dE(E−EF)σ

′(E)
σ(T )

=
EF−Etr

|e|T
. (12)

Crispin and his co-workers made a comparison between the
Monte Carlo and semi-analytical approaches for the conduc-
tivity. They found that both approaches exhibit a good quali-
tative agreement for the concentration dependence of the con-
ductivity and the Seebeck coefficient.[49] The semi-analytical
method does not demand extensive computational resources
for analyzing the electric and thermoelectric transport in con-
ducting polymers. Its disadvantage is that it relies on many
assumptions.[34] However, the validity and accuracy of the
semi-analytical approach method allow to be tested against
more rigorous calculation techniques, such as the Monte Carlo
approach, which is widely used for the calculation of the elec-
tron transport in disordered materials. Additionally, Crispin et
al. present the main steps of the Monte Carlo approach as
applied to PEDOT in Ref. [34]. For PEDOT:Tos, the exper-
imental data indicates a hopping model in which localized
states correspond to the polaron/bipolaron quasiparticles ex-
tended over 2–3 PEDOT monomer units with typical jumps
over a distance of 3–4 monomer units. The average hopping
distance (r ≈ 3 nm) extracted from experimental data is sim-
ilar to the fitting parameters obtained from the Monte Carlo
calculation.[7,48]

5. Thermoelectric dependence
5.1. Temperature

Depending on microstructure and doping, PEDOT can be
located near the M–I transition. The temperature dependence
of the electrical conductivity is an important way to observe
the nature of the transport in disordered PEDOT. At a higher
temperature than a certain critical one, the Mott dependence
can be replaced through the reduced activation energy W (T )
in log–log scale by

W (T ) =
dlnσ(T )

dlnT
=

∆E(T )
kBT

, (13)

where E(T ) is the activation energy characteristic of the trans-
port model. The activation behavior for the electrical conduc-
tivity has been observed experimentally[16,54] and theoretically
(the Monte Carlo calculations).[49]

The experimental result exhibits the activation energy
of 30.3 meV for PEDOT:PSS film, which is in agreement
with the calculation result through the Monte Carlo approach
(27.5 meV for the Gaussian DOS and 23 meV for the exponen-
tial one in Fig. 6(a)). Kim et al. compared the σ(T ) of various
PEDOT:PSS (Baytron P) films and demonstrated a quasi one-
dimensional (1D) VRH model based on Eq. (7). The slope of
σ(T ), T0, can be interpreted as an effective energy separation
between localized states owing to disorder. The negative slope
of temperature dependence of W (T ) suggests the insulating
regime in PEDOT:PSS films, while the positive slope repre-
sents the metallic state. One could notice that the slope for
PEDOT:PSS film with DMSO addition in Fig. 6(b) is close to
zero implying in the critical regime at the boundary between
metallic and insulating states. Noriega et al.[53] collected the
activation energies (Fig. 6(c)) measured from the temperature-
dependent field effect transistors (FET), as well as the trap
depth/tail width stemming from modelling electrical transport
both from the previous literature and his work. They found that
‘classic’ semicrystalline and poorly ordered polymers exhibit
the significantly lower activation energies and trap breadths
than the mean value observed for amorphous conjugated poly-
mers. It has been confirmed that the greater the disorder in
conjugated polymers, the deeper the traps and the larger the
activation energy. Crispin et al.[16] further made a comparison
between PEDOT:Tos and PEDOT:PSS and found the opposite
relationship of temperature dependences of electrical conduc-
tivity in Fig. 6(d). The PEDOT:PSS films show the semicon-
ducting behavior vis a thermally activated transport, while PE-
DOT:Tos films have the metallic behavior. The distinction in
slope of various PEDOT:Tos films indicates a mixed mode of
transport simultaneously involving the metallic and the hop-
ping conductions with different weights. The similar behav-
ior has been also observed in ordered PEDOT:PSS film from
200 K to 400 K.[55] The critical temperature appears at 325 K,
below which PEDOT:PSS exhibits the semiconducting behav-
ior, while above this value it exhibits metallic properties.
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(i)

(ii)

Fig. 6. (a) Monte Carlo calculations of the temperature dependence of the electrical conductivity for the (i) Gaussian and (ii) exponential DOS.
The experimental data of Ref. [46] is shown by open squares.[49] (b) Temperature dependences of activation energy (W ) of various PEDOT:PSS
(Baytron P) films prepared with organic solvents.[52] (c) Activation energy for transport in semiconducting polymers.[53] (d) Temperature depen-
dence of the electrical conductivity (normalized to 300 K) for PEDOT:Tos and PEDOT:PSS films with and without second addition of organic
solvents.[16]

Fig. 7. (a) Fits of the model to further experimental data, demonstrating
how d|S|/dT changes as α increases from an activated (|S| ∼ 1/T ) regime
in NTCDA to an intermediate (|S| ∼ const.) regime in pentacene to a VRH
(|S| ∼ T ) regime in polyacetylene (PAc).[48] (b) Temperature dependences
of Seebeck coefficient of various PEDOT:PSS (PH1000) films prepared via
direct dilution-filtration with organic solvents.[43]

The temperature dependence of Seebeck coefficient can
be used to characterize the transport likewise in conducting

polymers. Pipe and Kim discussed the fit of the model to ex-
perimental data by Eq. (12) between Seebeck coefficient and
temperature and demonstrated that the relatively delocalized
regime is in agreement with VRH transport for PAc.[48] It
is evidenced that the model accurately exhibits the approxi-
mately linear increase of Seebeck coefficient with temperature
in Fig. 7(a). Note that, a temperature-independent behavior of
Seebeck coefficient can be also observed due to a lower level
of energetic disorder.[56,57] The experimental results have re-
vealed that PEDOT:PSS is a hole transport system and its See-
beck coefficient shows a nearly linear decrease with the de-
crease of temperature,[6,43] which was also observed in previ-
ous report.[52] Moreover, the PEDOT:PSS films with various
organic solvents as additives exhibit the enhanced hopping rate
compared to pristine film with increase in order. The impact of
temperature on Seebeck coefficient is induced by energy disor-
der, which is similar to PAc with a high energetic disorder.[58]

5.2. Doping/dedoping

In order to optimize the thermoelectric performance of
PEDOT, numerous efforts have focused on the precise control
of doping levels, including experimental and theoretical cal-
culations. In addition to the influence of energy disorder, the
hopping transfer of charge carriers in disordered PEDOT can
also be achieved by controlling doping effect in principle. The
doping enables PEDOT to achieve the chemical stability in
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addition of an electron by a dopant, which can be determined
by ionization energy for p-type host polymers (e.g., ∼ 5.1 eV
for PEDOT:PSS and ∼ 5.1 eV for PEDOT:Tos) and the elec-
tron affinity for corresponding p-type dopants.[5] Note that,
the stability of electron carriers in host polymers depends on
their electron affinity which is generally larger than ∼ 4 eV to
avoid unnecessary chemical reaction with environment (e.g.,
water and oxygen)[59] and associated trap states.[60] For con-
ducting polymers, polaron effects are related to the doping
level. According to Eq. (6), a high electrical conductivity can
be gained from the increased doping level for PEDOT crys-
tal. Cho et al.[29] estimated the carrier concentration of single-
crystal PEDOT nanowires obtained by vapor phase polymer-
ization (VPP) with the doping level of ∼ 10% to be about
6.23×1020 cm−3 based on the relation

n =
dNAc
FW

, (14)

where d is the mass density (∼ 1.45 g·cm−3), c is the doping
level (ionization fraction), NA is Avogadro’s number, and FW
is mole mass (140 g·mol−1). The as-prepared single-crystal
PEDOT nanowires achieved the ultra-high electrical conduc-
tivity (8797 S·cm−1) and carrier mobility (88 cm2·V−1·s−1),
which can be attributed to the high crystalline structure involv-
ing a small π–π stacking distance.

It has been evidenced by experimental facts that the
electrical conductivity of PEDOT films can easily exceed
1000 S·cm−1 to achieve semi-metallization by increasing the
doping level. The most typical way is through sulfuric acid
treatment to realize further doping in PEDOT:PSS (n > 1×
1021 cm−3).[62–64] Jia et al.[65] found that PEDOT:Tos ob-
tained by VPP shows the doping level of 25.2%, and then ex-
hibits the enhanced doping level to 39.7% after sulfuric acid
treatment. Note that, the enhanced doping level can also cause
changes in the configuration of PEDOT leading to adverse in-

fluences on charge transport properties, especially in the pres-
ence of inefficient doping, e.g., PEDOT:PSS (discussed be-
low). Ju et al.[61] found through DFT calculations that the
anions (C(N)) showed the strong influences by the binding en-
ergy ∆E of the PEDOT anion complex (Fig. 8(a)), that is, a
larger ∆E of PEDOT-C(N) with a longer alkyl tail leading to
a stronger polarization of molecule, thereby a greater volu-
metric occupation of C(N) and a greater reduction in electro-
static interaction between PEDOT and PSS (Fig. 8(b)). With
the competitiveness of anions C(N) with PSS counterions,
PEDOT-C(N) films overcome the thermoelectric tradeoff re-
lation between Seebeck coefficient and electrical conductivity
to achieve their simultaneous enhancement.

It is very useful for the understanding of transport in PE-
DOT films through studying the thermoelectric parameters de-
pendence of carrier concentration. It is well known that the
dependence of Seebeck coefficient and electrical conductivity
on the carrier concentration is just the opposite, which greatly
hinders the completion of a high thermoelectric power factor
(σS2). In experiments, many efforts can achieve an optimal
value of power factor through compromise of them by the
control of doping level. Shi et al.[15] calculated the thermo-
electric transport properties according to the Boltzmann trans-
port equation and the relaxation time approximation by only
considering the acoustic phonon scattering of charge carriers
in PEDOT (Fig. 9(a)). As expected, contrary to the Seebeck
coefficient, the electrical conductivity of PEDOT exhibits the
linear increase with the logarithm of the carrier concentration
(n < 1×1020 cm−3), allowing a maximum of power factor by
compromise. The electronic thermal conductivity also shows
the linear increase with the carrier concentration. Moreover,
the electronic thermal conductivity exhibits a linear relation to
the electrical conductivity in Eq. (5).

Fig. 8. (a) Binding energy ∆E according to combinations between positively charged PEDOT and different anions C(N) including PTS, C(1), C(6),
and C(13). ∆E was calculated by DFT. N is the alkyl chain length. (b) Schemes of electrostatic interaction of PEDOT:PSS added with C(N) when
N is small or large.[61]
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Fig. 9. (a) Electrical conductivity, Seebeck coefficient, power factor, and electronic thermal conductivity of PEDOT as a function of the carrier
concentration at 298 K. (b) Seebeck coefficient and logarithm of electrical conductivity relationship for PEDOT with various doping level.[15]

In addition, a linear relationship between the Seebeck
coefficient and the logarithm of the electrical conductivity
(Fig. 9(b)) has been derived by assuming that the carrier con-
centration is low and the carriers only transport in on band,
defined as[66]

S =−kB

e
lnσP +

kB

e
ln(NeffeµP). (15)

The experimentally measured Seebeck coefficients and the
logarithm of the electrical conductivities for PEDOT:Tos show
the well-defined linear relationship with a uniform slope
(−kB/e). Compared with the experimental data, the larger
intercept for the theoretical prediction indicates an overesti-
mated carrier mobility owing to the neglection of the explicit
doping effect.

Recently, the state-of-the-art experiments have mainly fo-
cused on the control of doping level for PEDOT to secure a
high thermoelectric power factor. For conducting polymers,
the carrier concentration depends on the filling (doping) and
shape of DOS, while the carrier mobility is related to the
shape of DOS.[67,68] In the dominant hopping transport mech-
anism, the Seebeck coefficient is linked to E−EF according
to Eq. (3). The decrease in the Seebeck coefficient can be at-
tributed to the increase in doping level (c) corresponding to the
carrier concentration, resulting in the movement of EF toward
the position of E based on the equation

EF =−1
2

(
σ (E)2

kBT

)
− kBT ln

(
1
c

)
. (16)

It is evidenced for PEDOT:PSS that the exponential growth of
the Seebeck coefficient has been observed with the decreased
carrier concentration by using electrochemical gating.[54] This
depends on the change in the average energy transported with
the charge carriers when filling the DOS. For highly doped
PEDOT:PSS, the symmetric in-gap states or bands reveal the
presence of polarons/bipolarons. Note that, the width of the

(bi)polaronic bands may be predominately due to energy dis-
order, and some overlap can be observed between the VB and
the mixing polaronic/bipolaronic states. In addition, many
conducting polymers exhibit the striking empirical relation-
ships between their thermoelectric performance, where S ∝

σ−1/4 and σS2 ∝ σ1/2.[5,69] However, the two empirical cor-
relations seem not yet applicable to PEDOT. Regardless of the
dependent correlation, it has been revealed for PEDOT as the
significant strategy to the doping/dedoping optimization in the
enhancement of thermoelectric performance.

5.3. Microstructure/morphology

The electronic/hole transport processes are complicated
in view of various microstructure for conducting polymers.[5]

For highly disordered domain, carrier conduction is generally
thermally activated hopping. By contrast, it exhibits the band
conduction in highly ordered region. Facts have shown that
conducting polymers are neither fully amorphous nor com-
pletely crystalline, but the coexistence of semi-ordered and
amorphous regions.[70] It has been corroborated in conducting
polymers:[71] (i) For the crystalline domains, the thermoelec-
tric power factor is controlled by the electron scattering caused
by counterions owing to the strong electrostatic interactions
between free charge carriers and counterions; (ii) For the poly-
crystalline domains, the power factor strongly depends on the
crystallite orientations and the grain sizes. Like most conduct-
ing polymers, PEDOT generally has a weak inter-chain cou-
pling leading to its intermediate location on the complicated
order–disorder microscale.[53] Charge transport in PEDOT is
dominated by the disordered regions owing to the limitation
of hopping processes.[72] Therefore, the regulation of molecu-
lar microstructure in PEDOT/PEDOT:PSS between polycrys-
talline and amorphous continues to receive considerable at-
tention for enabling high-performance organic thermoelectric
materials due to a fundamental grasp of charge transport prop-
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erties.
The behaviors of temperature dependent electrical con-

ductivity and Seebeck coefficient (thermopower) are complex
with heterogeneous structure, as shown in Fig. 10(a).[5] The
charge transport in conducting polymers does not follow a sin-
gle mechanism, but depends on the weight of ordered and dis-
ordered domains in the microstructure (Fig. 10(b)), between
(poly)crystalline and amorphous). Kaiser gave the general ex-
pressions for the electrical conductivity and Seebeck coeffi-
cient by considering a sample composed of two different types
of materials in series in the conduction path with σ1 and σ2

contributed by the ordered and disordered domains.[73] The
total electrical conductivity in heterogeneous media can be de-
fined as

σ
−1 = f1σ

−1
1 + f2σ

−1
2 , (17)

where f1 and f2 are the temperature-independent geometri-
cal weighting factors. By contrast, the Seebeck coefficient ex-
hibits more complex behavior.[74]

For a heterogeneous conducting polymer with a high elec-
trical conductivity, the Seebeck coefficient shows significant
nonlinear temperature dependence with a knee at low tempera-
tures due to the electron–phonon interaction, which is in agree-
ment with a heterogeneously metallic model.[73] Nevertheless,
the behavior of Seebeck coefficient in highly disordered con-
ducting polymers is more in line with VRH model similar to

their electrical conductivity. Structure disorder is related to
electronic localization due to the molecular stacking and elec-
tronic traps, leading to poor electron transport with difficult
understanding.[53] Therefore, design and synthesis conjugated
polymers with a propensity to crystallize through modification
of molecular structure and morphological aggregate referring
to the size of macroscopic domains is one of the current sig-
nificant strategies to improve the electron transport property.

PEDOT has been regarded as a promising candidate due
to its linear structure. Thanks to the emergence of oxida-
tive chemical vapor deposition (oCVD), semi-crystal PEDOT
films can be easily obtained with relatively high mobility.
Sung and his co-workers prepared single-crystal PEDOT
nanowires with orthorhombic lattice units resulting in a re-
markably high carrier mobility, owing to the decreased lateral
chain spacing and π–π stacking distance.[29] Wang et al.[76]

developed the highly conductive PEDOT thin films with a
high mobility by inducing a crystallite-configuration transi-
tion using oCVD. High carrier mobility in conducting poly-
mers enables the decrease in energy barrier and the increase in
the intercrystallite electron transport.[72] Note that, crystallite
size and orientation of ordered domains significantly depend
on the deposition temperature and thickness of film as well as
substrates.[70,77,78] Franco-Gonzalez and Zozoulenko studied

Fig. 10. (a) Temperature dependences of the electrical conductivity (σ ) and the thermopower (α) for conducting polymers with (b) highly disordered
(left), ordered and disordered (centre), and highly ordered (right) microstructure/morphology.[5] (c) Simplified cross-sectional view of the laminated
structure of PEDOT:PSS thin films.[75]
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the morphology of PEDOT:Tos and its crystallization in
aqueous solution by using atomistic molecular dynamics
simulations.[79] It is found that (i) the crystallite PEDOT ag-
gregates are composed of 3–6 π–π stacked chains and linked
by interpenetrating to form percolative paths. (ii) The size of
PEDOT crystallites is related to water content, but the π–π

stacking distance is independent of water content. (iii) Tos
counterions are located either on the top of PEDOT chains or
the side of crystallites and their distribution depends on the
charge concentration. (iv) PEDOT chains and crystallites ex-
hibit bending due to their length and water content. For con-
ventional PEDOT:PSS thick films, Honma et al.[75] demon-
strated the hieratical nature composed of mesoscopic 2D co-
herent tunneling and macroscopic 3D hopping among 2D elec-
tronic states stemming from nanometer-scale laminated PE-
DOT nanocrystals, as shown in Fig. 10(c).

In addition, the thermal conductivity of the PE-
DOT/PEDOT:PSS films exhibits the high anisotropic charac-
teristics due to molecular alignment causing by preparation
process and second doping. For the thick (> 20 µm) drop-
cast PEDOT films with the in-plane σ > 500 S·cm−1, the
in-plane thermal conductivity (κ‖) is about 1.0 W·m−1·K−1,
while the through-plane one (κ⊥) is about 0.3 W·m−1·K−1.[8]

Moreover, different from κ‖ due to a significant electronic con-
tribution, κ⊥ does not increase with the increase in in-plane σ ,
which is similar to the thin (∼ 100 nm) spin-cast PEDOT:PSS
film (κ‖ ∼ 0.29 W·m−1·K−1). Note that, another explana-
tion for anisotropic thermal conductivity is attributed to the
lattice contribution from PSS owing to the orientation of PE-
DOT chain along the substrate.[80] Therefore, this has also
inspired a lot of research on the anisotropic conductance in
PEDOT:PSS films by changing conformational/morphological
structure of PEDOT and PSS with second additives or post-
treatment.[63,64,81–83] For PEDOT/PEDOT:PSS, the theoreti-
cal understanding remains insufficient in many aspects for
realistic films,[84] such as the DOS, effect of solvents, wa-
ter, and counterions (dopants), crystallinity and crystallite ori-
entation, length of the conjugation chain on a subnanome-
ter (or even larger) scale. It is expected that more in-depth
findings will emerge to elucidate the correlation between the
transport properties and structural degrees of freedom in PE-
DOT/PEDOT:PSS.

6. Conclusion
This review focuses on introducing the current basic

physical properties of PEDOT and its progress of thermo-
electric performance. Due to the complexity of thermoelec-
tric transport properties, it does not pay attention to all fea-
sible theoretical models and experimental developments. PE-
DOT has been widely studied as one of the promising organic
thermoelectric materials through theory and experiment. The

study of PEDOT in thermoelectric performance can not only
provide a powerful way to understand the charge transport
properties in organic material, but also have laid out a feasible
way towards high-performance organic thermoelectric materi-
als. Compared with the commercialized inorganic thermoelec-
tric materials, whether in theory or experiment, PEDOT still
addresses the gaps in practical application. It is desired that
more efforts would be put into the research of thermoelectric
performance on PEDOT to complete a greater progress in the
future.
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