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ABSTRACT: Tuning carrier concentration via chemical doping is
the most successful strategy to optimize the thermoelectric figure
of merit. Nevertheless, how the dopants affect charge transport is
not completely understood. Here we unravel the doping effects by
explicitly including the scattering of charge carriers with dopants
on thermoelectric properties of poly(3,4-ethylenedioxythiophene),
PEDOT, which is a p-type thermoelectric material with the
highest figure of merit reported. We corroborate that the PEDOT
exhibits a distinct transition from the aromatic to quinoid-like
structure of backbone, and a semiconductor-to-metal transition
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with an increase in the level of doping. We identify a close-to-unity charge transfer from PEDOT to the dopant, and find that the
ionized impurity scattering dominates over the acoustic phonon scattering in the doped PEDOT. By incorporating both
scattering mechanisms, the doped PEDOT exhibits mobility, Seebeck coeflicient and power factors in very good agreement with
the experimental data, and the lightly doped PEDOT exhibits thermoelectric properties superior to the heavily doped one. We
reveal that the thermoelectric transport is highly anisotropic in ordered crystals, and suggest to utilize large power factors in the
direction of polymer backbone and low lattice thermal conductivity in the stacking and lamellar directions, which is viable in

chain-oriented amorphous nanofibers.

1. INTRODUCTION

Thermoelectric (TE) devices are one of the solid-state green
energy solutions that utilize the TE materials to directly convert
heat energy to electricity known as power generators, or
electricity to temperature difference known as freezers."”” The
TE technology is particularly promising for powering human
support on long manned missions during space flight. To
compete with other clean energy solutions, highly efficient TE
materials and devices are desired. The energy conversion
efficiency of TE devices depends on an intrinsic material
parameter known as the dimensionless TE figure of merit zT =
S26T/k, in which S is the Seebeck coefficient, also known as the
thermopower, ¢ is the electrical conductivity, T is the average
absolute temperature of the hot and cold junctions, and « is the
thermal conductivity. In solids, both electrons and phonons are
heat carriers, so the overall thermal conductivity is contributed
by electrons as well as the lattice vibrations. The efficient TE
materials are usually semiconductors, with high electrical
conductivity, large thermopower, and low thermal conductivity.
The optimization of TE efficiency is extremely challenging,
because the electrical transport coefficients are interrelated and
often contradict with each other. For example, the Seebeck
coefficient usually decreases as the electrical conductivity
increases. Engineering the electronic band structure and lattice
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thermal conductivity have been recognized as two effective
strategies to improve the TE efficiency, which can be acquired
simultaneously in one material.

Organic electronic materials are low-cost, easy to process,
lightweight, and possess relatively low Iattice thermal
conductivity, making them advantageous over inorganic
electronic materials for TE applications.”” The first break-
through is seen on PEDOT, where a zT of 0.25 was achieved
through accurate control of the oxidation level with p-
toluenesulfonate (Tos) as counterions,® and 0.42 was reported
via the minimization of total dopant volume with poly-
(styrenesulfonate) (PSS) as counterions.” The optimized zT
of PEDOT:PSS is 2 orders of magnitude higher than the
nonoptimized one obtained in an early research.'’ Despite the
experimental advance made, more up-to-date investigations
point out that the measurement uncertainty in both Seebeck
coefficient and thermal conductivity may cause overestimation
of the zT value. For example, it has been shown that the
transport properties of PEDOT samples are highly sensitive to
the processing condition, so that an accurate zT value has to be
obtained from measurements of the three transport properties
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on exactly the same sample along the same direction."" Besides,
it has been proposed that an inappropriate choice in the device
geometry can lead to systematic errors in the measured value of
Seebeck coefficient, by a factor of 3 or more.'> Anyhow, tuning
the carrier concentration via chemical doping has been
demonstrated as one of the most successful strategies to
maximize the performance of organic TE materials,”"” which
decreases the Seebeck coefficient and increases the electrical
conductivity simultaneously, resulting in a maximum of power
factor at the optimal doping level. It is anticipated that the
dopants mixed in the conducting polymers not only increase
the carrier concentration, but also alter the configuration of the
conducting host molecules, and influence their charge transport
process. Because of inefficiency of the molecular doping,
removing those dopants that make no contributions to doping
has been shown to significantly enhance the TE efficiency.”

Density functional theory (DFT) investigations on the
doping mechanism have been conducted for several organic
semiconductors,"*™'® but the fundamental aspects underlying
the doping effects on the ground state configuration, electronic
structure and most importantly TE transport remain elusive at
the molecular level for PEDOT. Inspired by the state-of-art
experimental advances to optimize the TE figure of merit via
the accurate control of doping level, in this work we uncover
from first-principles the doping effects on the TE transport
properties of PEDOT. To account for the doping effects, the
counterions Tos have to be incorporated explicitly in the host
model. As far as we have noticed, the explicit effect of doping
on the TE transport properties, especially the scattering of
charge carriers with the counterions, has never been explored
before. Very recently, conducting polymers with excellent
transport properties comparable or even superior to PEDOT
have been reported.'”™** we hope that our study on the doping
control to improve the TE efficiency of PEDOT could
stimulate more innovative research on conducting polymers
as TE materials.

2. METHODS

2.1. Model Setup and Electronic Structure Calculations. In a
real polymer thin film, both crystalline and amorphous domains
present. As a first step, an ideal crystal model representing the
crystalline domains is chosen. To mimic different levels of doping, two
crystal models of doped PEDOT:Tos were set up with different
amount of the Tos counterions in the unit cell. One is lightly doped
PEDOT with eight EDOT moieties and one Tos in each unit cell, and
the other is heavily doped PEDOT with eight EDOT moieties and two
Tos in each unit cell. The eight EDOT are from four chains, each
chain contributes two. It should be clarified that in the chemical model
we choose the whole unit cell is kept neutral, and charge transfer
between PEDOT and Tos occurs in the electronic structure
calculations. The starting crystal structures of pristine and heavily
doped PEDOT were taken directly from Jean-Luc Brédas’s work,'® in
which refined structural models were built upon crystallographic data
of PEDOT and other substituted polythiophenes. The lattice
parameters and ionic positions of the starting structures were then
optimized by the projector augmented wave (PAW) method with the
Perdew—Burke—Ernzerhof including dispersion (PBE-D) exchange
correlation functional in the Vienna ab initio simulation package
(VASP, version 5.3.2).>°7*" The starting structure of lightly doped
PEDOT:Tos was built on the basis of heavily doped one by removing
one of two Tos in the unit cell and simulated annealed via the ab initio
molecular dynamics simulations. It was slowly heated to 370 K during
the period of 1.5 ps, equilibrated for 1.5 ps at 370 K, and slowly
annealed to 0 K during the 1.5 ps simulation. Throughout the
calculations, the convergence criterion of the total energy was set to

1075 eV in the self-consistent field iteration. The cutoff energy for the
plane-wave basis set was set to 600 eV. The spin—polarization was not
considered. The cutoff radius for pair interactions was set to be 50 A.
The Monkhorst—Pack k-mesh of 1 X 2 X 2 was used during the
simulated annealing and that of 2 X 4 X 4 used during the
optimization. The single-point energy and charge density calculations
were performed on the k-mesh of 4 X 8 X 8. The charge transfer
between the host, PEDOT and the dopant, Tos in doped PEDOT:Tos
was analyzed with the Bader charge analysis code developed by
Henkelman group.*®

2.2. Transport Property Calculations. The Boltzmann transport
theory in the relaxation time approximation was applied to model the
microscopic electrical transport process.”” By solving the steady-state
Boltzmann transport equation in the external fields, such as the electric
field or thermal gradient, the electrical transport coeflicients including
the electrical conductivity o, the Seebeck coefficient S, and the thermal
tensor k, can be expressed as
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where f, (&) = 1/ (&= #/BT 4 1) is the Fermi—Dirac distribution
function, v, = V,&,/h is the group velocity of a charge carrier in a
specified band, & is the band energy at a given k-point, y is the Fermi
level. The electronic thermal conductivity can be expressed as

K, =k, — S’oT 4)

The group velocity can be derived from the first-principles band
structure calculations. The band energies on a fine Monkhorst—Pack
k-mesh of 11 X 41 X 41 were calculated for both pristine PEDOT and
doped PEDOT:Tos crystals, and interpolated onto a mesh 5 times
denser with the smoothed Fourier interpolation method proposed by
Madsen and Singh.*® All the electrical transport coefficients are then
derived by evaluating the transport distribution function Z,v,vi7y,
where 7 is the relaxation time and a measure of how quickly the
charge carriers restore their equilibrium distribution via scatterings
with acoustic and optical phonons, impurities or defects. The acoustic
phonon scattering was considered in pristine PEDOT. In doped
PEDOT:Tos, the ionized impurity scattering with the counterions was
included in addition to the acoustic phonon scattering, and by
assuming these scatterings are independent, the total relaxation time
can be written as 1/7 = 1/7,. + 1/Typ,

The acoustic phonon scattering in both pristine PEDOT and doped
PEDOT:Tos was modeled by the deformation potential (DP)
theory®' with the scattering matrix element taking the form |
M(kKk')* = kyTE2/C,. Both the elastic constant C; and deformation
potential constant E; were derived from first-principles, with details
provided in SL The DP theory has been successfully applied by us to
predicting charge carrier mobility of graphene and other carbon
allotropes.”*~>* The Brooks—Herring approach was adopted to model
the screened Coulomb scattering caused by the ionized counterions in
doped PEDOT:Tos. The screened potential takes the form V(r) =
( (qoe)e_(r/ o)) /(47ee,yr), where qo is the charge of impurity ions; Ly,
((eeoksT/(€Ny)) 2 is the Debye screening length; Nj is the free
carrier concentration; ¢ is the relative permittivity of a material and &,
is the dielectric constants of vacuum.** The randomly located n
scattering centers per unit cell are assumed to scatter independently.
The scattering matrix element takes the form of IM(kk')I* = (n(gee)*/
(Q%(ego)*(Lp” + q°)%), where # is the number of dopants per unit cell;
q = (k' — k) is the scattering wavevector; Q is the unit cell volume.
The relative permittivity of PEDOT was set to be 3.5.%° The electrical
transport coefficients were calculated by the BoltzTraP program,””’
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Figure 1. Crystal structures of pristine, lightly, and heavily doped PEDOT crystals. (a,b) ab and ac planes of pristine PEDOT. (c,d) ab and ac planes
of lightly doped PEDOT. (e,f) ab and ac planes of heavily doped PEDOT. The red dashed lines represent the crystal lattices. The hydrogen atoms

have been removed for the sake of clarity.

in which we incorporated the calculation of relaxation times based on
the DP theory and screened Coulomb scattering mechanism.**~*'

3. RESULTS

The pristine PEDOT is nonconductive or shows very little
conductivity, so the oxidant is usually added as a doping agent
to improve the conductivity. As a result positive charges are
introduced to the backbone of PEDOT and these positive
charges are balanced by the counterions provided by the anions
of the doping agent. The halides have been previously
employed as dopants to increase the polymer conductivity,
but their high reactivity and tendency to diffuse may cause
serious problems. Other than the halides, organic anions
including Tos and PSS, and small molecules such as 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F,-TCNQ) are
frequently used.

3.1. Doping Effect on Backbone and Packing
Structures. Each PEDOT monomer contains two EDOT
moieties with two sulfur atoms arranging in the trans-
conformation in a plane (Figure S1). According to the
experimental crystal structures of 2,2-bi(3,4-ethylenedioxythio-
phene) (BEDOT) containing EDOT moieties, the C—C bond
of two ethylenedioxy groups in the unit cell of PEDOT was set
to be the opposite stereoisomers.*” The distance between sulfur
and oxygen atoms (S-~-O) is 2.96 A, which is significantly
shorter than the sum of the van der Waals radii of sulfur and
oxygen atoms (3.25 A).** This intrachain nonbonded
interaction can help to maintain the planar polymer backbone.
The distance of S---O in lightly and heavily doped PEDOT:Tos
is 2.91 and 2.89 A respectively, shorter than that in pristine
PEDOT, suggesting the stronger S---O nonbonded interactions
in doped PEDOT:Tos, which indicates addition of the
counterions can increase the planarity of PEDOT backbone.
The C—C bond lengths along the conjugated backbone vary in
an alternating pattern (Figure S2), and with an increase in the
doping level the PEDOT backbone exhibits a transition from
aromatic to quinoid-like structure, as identified in the previous
calculation of Jean-Luc Brédas et al.'®

The initial crystal model of PEDOT:Tos was constructed
based on the X-ray diffraction by K. E. Aasmundtveit et al.”
They proposed that in doped PEDOT:Tos, the lamellar
structure of pristine PEDOT crystal is retained with the Tos
ions locating between the adjacent PEDOT stacks, and forming
monolayers,*’ which has also been proved by the experimental
structures of PFs doped PEDOT," ClO,” doped alkyl-
substituted PEDOT,* trifluoromethanesulfonate (OTF)
doped PEDOT, and so on.*® Recently, Lee et al. proposed
that PEDOT:PSS also prefers a lamellar stacking between two
alternate PEDOT and PSS layers via X-ray diffraction
analysis."”

The orientation of the Tos ions within the monolayer was
determined by the calculation of Jean-Luc Brédas et al.'® In
their published model of heavily doped PEDOT:Tos the
experimental unit cell size was doubled in the direction
perpendicular to the Tos layer and only the cell length in the
direction of backbone was optimized by using the BLYP
functional. In the current investigation, we started from their
crystal model of pristine PEDOT and heavily doped
PEDOT:Tos, and optimized both the lattice parameters and
ionic positions by using the PBE-D functional including the
long-range dispersion correction, which is believed to be
significant where noncovalent interactions are present. The
optimized lattice parameters are provided in Table SI and
comparison with the experimental data and the published
theoretical model is available.

The pristine PEDOT is monoclinic with the 7—7 stacking
direction parallel to the ¢ crystal axis. In the ab plane, the
polymer chain extends along the b crystal axis and the
insulating layer lines along the a crystal axis (Figure 1a,b). Both
lightly and heavily doped PEDOT:Tos shows a lamellar
structure with the polymer layers and Tos layers alternatively
lining along the a crystal axis in an orthorhombic unit cell. The
distance between adjacent PEDOT layers in lightly doped
PEDOT:Tos is larger than heavily doped one due to lack of a
monolayer of Tos in the former, because of the stronger charge
transfer interactions between PEDOT and Tos as will be
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Figure 2. Band structures, DOS, and projected DOS. (a,d) Pristine PEDOT. The highest valence band and lowest conduction band are highlighted
in red. (b,e) Lightly doped PEDOT:Tos. (c,f) Heavily doped PEDOT:Tos. The band energies are shifted relative to the Fermi level. The reciprocal
coordinates of high-symmetry k-points in the first Brillouin zone are I = (0, 0, 0), Y = (0, 0.5, 0), Q = (0, 0.5,0.5), Z = (0, 0, 0.5) and X = (0.5, 0, 0).

The Fermi level is drawn in red dashed line.

discussed below. In the ac plane, the 7—7 stacking direction is
along the c crystal axis (Figure 1d,f). The interchain distance in
the 7—x stacking direction decreases from 3.52 A for pristine
PEDOT, to 3.37 and 3.36 A for lightly and heavily doped
PEDOT:Tos, which hints on the stronger interactions between
conjugated backbones upon addition of Tos. This is due to the
formation of quinoid-like structure in doped PEDOT:Tos,
making the polymer backbones more rigid and planar than the
aromatic structure in pristine PEDOT. It has been evidenced
that the benzoid structures prefer coiled configurations, yet the
quinoid structures prefer linear or extended configurations.'’
So, the counterions tend to make the PEDOT backbones
undergo a transition to the more rigid and planar quinoid
structures, which facilitates the formation of more ordered
packings between conjugated backbones and increases the
crystallinity of conducting polymers.

3.2. Doping Effect on Electronic Structures. The
pristine PEDOT is a direct band gap semiconductor with the
band gap calculated to be 0.16 eV locating at the I'-point
(Figure 2a). The band gap of nondoped PEDOT films is 1.64
eV measured by vis—NIR absorption spectra,”® which is much
larger than our prediction based on the PBE-D functional, due
to the deficiency of DFT in the band gap calculation. The band
gap predicted with the hybrid functional HSEO6 is 0.53 eV, still
far below the experimental result. From the projected density of
states (PDOS) analysis (Figure 2d), we find that the oxygen
atoms in the ethylenedioxy contribute to both HOMO and
LUMO, leading to a charge delocalization, which is a clear
evidence for the participation of oxygen atoms in the backbone
conjugation. In contrast, the sulfur atoms only contribute to
LUMO. Moreover, the band structure of pristine PEDOT
exhibits strong anisotropy: the bandwidths of both conduction
band (CB) and valence band (VB) along the I'Y direction (1.82
and 1.60 eV respectively) are 4 times larger than those along
the I'Z direction (0.46 eV for CB and 0.30 eV for VB); and the
bandwidths of both CB and VB are zero along the I'X direction.
Such feature of band structure is a result of its lamellar
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structure, and suggests two-dimensional charge transport in
pristine PEDOT.

It is evident that for the two doped PEDOT:Tos, the Fermi
levels have shifted into the VBs (Figure 2b,e and c,f), showing a
metallic behavior, which is in accordance with the ultraviolet
photoelectron spectroscopy (UPS) measurement conducted by
Xavier Crispin et al.*’ Their experimental results indicate that
there are s-electron signals at the Fermi level for both
PEDOT:Tos and PEDOT:PSS. The metallic band structure
explains the dramatic increase in the conductivity observed for
doped PEDOT.® The hole concentration in lightly and heavily
doped PEDOT:Tos is 1.37 X 10*° cm™ and 5.77 X 10* cm™
respectively, as obtained from the position of Fermi level
according to the expression N, = Z/VBg(S) [1 = fo(Tep)] de,
where g(e) is the density of states and fo(T,e,p) is the Fermi—
Dirac distribution function. Thus, we estimate the doping
efficiency, which is defined as the ratio of the density of mobile
charge carriers to the density of dopants, to be 20.6% for lightly
and 41.5% for heavily doped PEDOT:Tos. It is speculated that
the upper limit of doping efficiency of PEDOT:Tos is ~40% as
realized in heavily doped PEDOT:Tos crystal that contains
eight EDOT moieties and two Tos counterions per unit cell,
since there is no more space to accommodate additional
counterions in the unit cell.

The band structures of both lightly and heavily doped
PEDOT:Tos are analogous to pristine PEDOT. If removing the
flat bands in the energy range between —1.0 eV and —2.0 eV,
which are contributed by Tos and lead to sharp peaks in the
density of states, the valence band structure resembles that of
pristine PEDOT. The relative contribution of C, S, and O
elements to the density of states at the position of Fermi level is
largely the same in lightly and heavily doped PEDOT:Tos, and
it is also close to that at the valence band edge in pristine
PEDOT. The derivative of density of states at the position of
Fermi level is related to the Seebeck coeflicient. Since the
position of Fermi level in heavily doped PEDOT:Tos has
shifted deep inside the valence band, the Seebeck coefhicient
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substantially decreases as will be seen below. The valence band
dispersion along the I'Y, namely, the conjugated backbone
direction is 1.42 eV for lightly doped and 1.26 eV for heavily
doped PEDOT crystals, and that along the I'Z, namely, the
m—r stacking direction is 0.12 and 0.16 eV respectively. The
bandwidths of doped PEDOT:Tos are smaller than those of
pristine PEDOT (1.60 eV along the I'Y and 0.30 eV along the
['Z directions), which is caused by the structural difference
between pristine PEDOT and doped PEDOT:Tos. The
pristine PEDOT adopts a face-to-face stacking between
thiophene rings (Figure la) which maximizes the electronic
coupling, but doped PEDOT:Tos adopts a face-to-face stacking
with a shift of about half thiophene ring along the conjugated
backbone (Figure 1ce), which decreases the electronic
coupling. As a result, despite the 7—x stacking distance of
doped PEDOT:Tos is smaller than pristine PEDOT as shown
above, the band dispersion in that direction decreases because
the electronic coupling is determined not only by the stacking
distance but also by the nodal structure of frontier orbitals and
their relative positions in space. The bandwidth along the
backbone direction is smaller in doped PEDOT:Tos because
the positive charge located on the thiophene rings induced by
doping makes the electron less delocalized.

A critical electronic process of molecular doping is charge
transfer between the dopants and the host molecules, which
generates sufficient free charge carriers to participate in the
transport under the external field. If not taking into account the
recombination and dissociation processes of charge carriers,
high amount of charge transfer usually gives rise to high doping
efficiency. Unfortunately, it has been proved difficult to achieve
high doping efficiency for organic semiconductors practically.
First, the intermolecular geometrical configuration between the
host organic semiconductors and the dopants plays a crucial
role to the doping efficiency, such as in D—A copolymers,
dopants like F,-TCNQ located in the vicinity of the acceptor
units contribute little to charge transfer.””>* Second, it has been
shown that in the case of p-doping the frontier orbital
hybridization between HOMO of organic semiconductors and
LUMO of dopants, leads to the formation of a ground-state
charge-transfer complex with reduced energy gap between a
doubly occupied bonding and an unoccupied antibonding
hybrid orbital. Occupation of all available states follows the
Fermi—Dirac statistics. To achieve high doping efficiencies, it
demands reduced intermolecular resonance integral in addition
to increased electron affinity of dopants.'*'°

The UV—vis or NIR spectroscopy and X-ray photoelectronic
spectroscopy (XPS) are common methods to infer the doping
levels. In the case of PEDOT, the doping occurs during the
polymerization and Tos act as counterions instead of oxidants.
In our chemical model, number of Tos included in each unit
cell indicates the level of doping. Here, we estimate the amount
of charge transfer between PEDOT and Tos with the assistance
of Bader’s population analysis.”® By analyzing the atomic
charges in lightly and heavily doped PEDOT:Tos labeled in
Figure 3, we can estimate that 0.89 and 0.87 electrons are
transferred from PEDOT to each Tos for lightly and heavily
doped PEDOT:Tos, respectively. By comparing the atomic
charges in doped PEDOT:Tos with those in pristine PEDOT
and isolated Tos, we conclude that the major electron donating
atoms are carbon atoms bonded to the ethylenedioxy groups
and sulfur atoms in the thiophene rings, and the electron
acceptors are mainly located on the three oxygen atoms of Tos
(Figure 3a—c). Previous theoretical work has demonstrated that
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Figure 3. Atomic charge analysis and a schematic illustration of charge
transfer in doped PEDOT:Tos. (a) Pristine PEDOT and isolated Tos.
(b) Lightly doped PEDOT:Tos. (c) Heavily doped PEDOT:Tos. (d)
Energy level diagrams of undoped PEDOT and isolated Tos as well as
their frontier orbitals. The atomic charges of hydrogen are not shown

for the sake of clarity.

the amount of charge transfer from oligothiophene derivatives
to F,-TCNQ falls into the range betwen 0.4 and 0.7 electrons
according to the natural orbital population analysis.'”
Compared to that, the amount of charge transfer from
PEDOT to Tos is close to unity, so the doping efficiency of
PEDOT:Tos should be higher. The different exchange-
correlation functionals including PBE-D, LDA and PBE, have
been tested, and we find negligible influence of the choice of
functionals on the amount of charge transfer (Table S4).

The absolute energy levels of frontier orbitals of undoped
PEDOT and isolated Tos, with respect to the vacuum energy
level are obtained, and the charge transfer process is
schematically illustrated in Figure 3d. The vacuum level
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calibration method has been demonstrated in Figure S3. As can
be seen from the energy level diagrams of PEDOT and Tos, the
HOMO of Tos is below that of PEDOT and singly occupied
with electron density located on oxygen atoms. There is barely
no electron density on oxygen atoms in the LUMO of Tos. We
infer that a charge transfer occurs from the HOMO of host
polymer to the HOMO of Tos, since we see in the above
atomic charge analysis the electron acceptors of the charge
transfer process are the oxygen atoms of Tos. The close-to-
unity charge transfer from PEDOT to Tos is consistent with
the known fact that the Tos act as counterions in the oxidation
and polymerization of EDOT.

3.3. Doping Effect on Transport Properties. We derived
the TE transport properties based on the Boltzmann transport
equation and the relaxation time approximation.”” For pristine
PEDOT, we include only the acoustic phonon scattering of
charge carriers. Since PEDOT is a p-type semiconducting
polymer, we focus on the hole transport in the following,
Within the rigid band approximation, the Seebeck coefficient
and electrical conductivity are obtained as a function of charge
carrier concentration by varying the position of Fermi level. As
shown in Figure 4, the Seebeck coefficient decreases linearly
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Figure 4. Electrical conductivity, Seebeck coeflicient, TE power factor,
electronic thermal conductivity and relative Lorenz number of pristine
PEDOT, as a function of the hole concentration at 298 K. The
relaxation times are computed based on the DP theory. The Seebeck
coefficient and relative Lorenz number are plotted versus the
logarithm of the hole concentration. The intrachain direction
represents the backbone direction along the crystal axis b, and the
interchain direction represents the stacking direction along the crystal
axis c.

with the logarithm of the carrier concentration, whereas the
electrical conductivity increases linearly with the carrier
concentration at low carrier concentrations. Consequently, a
maximum of power factor S’ is achieved at certain carrier
concentration denoted as the optimal doping level. The
corresponding electrical transport coefficients at the optimal
doping level have been included in Table 1. The electronic
thermal conductivity also increases linearly with the carrier
concentration, and a linear relation between the electronic

thermal conductivity and the electrical conductivity holds, k, =
LoT, which is known as the Wiedemann—Franz law. For free-
electron gas, the Lorenz number is the theoretical Sommerfeld
value L, = (7*/3)(ky/e)* The calculated Lorentz number is
lower than the Sommerfeld value at low carrier concentrations,
such as in the case of lightly doped PEDOT:Tos, and it
approaches the theoretical Sommerfeld value at high carrier
concentrations where a semiconductor-to-metal transition
occurs, such as in the case of heavily doped PEDOT:Tos.
Our observation is in agreement with a recent measurement of
thermal conductivity of drop-cast PEDOT:PSS films, in which
the increase in thermal conductivity as a function of electrical
conductivity can be related to the electronic component of
thermal conductivity by applying the Wiedemann—Franz law
with conventional Sommerfeld value of the Lorenz number.”” It
indicates that the calculated electronic thermal conductivities
are close to those experimentally derived values at the same
electrical conductivities. In another measurement, thermal
conductivity of the PEDOT:Tos samples was found to increase
with the electrical conductivity, and the increase exceeds that
predicted by the Wiedemann—Franz law based on the
Sommerfeld value of the Lorenz number.'" They ascribed the
larger Lorenz number to both phonon-assisted hopping and a
bipolar contribution in the disordered barrier regions of
PEDOT."" It should be mentioned that the theoretical model
used by us is based on an ideal crystal and delocalized band
transport, and a more elaborate transport model incorporating
charge localization effect could be considered in the future.

A linear relationship between the Seebeck coeflicient and the
logarithm of the electrical conductivity shows up (Figure Sa).
As illustrated in an earlier work of us,*" this simple relation can
be easily derived by assuming that the carrier concentration is
low and the carriers only transport in one band

kg kg

S= - Ino, + — ln(Neffe,%) )
The above equation indicates that the slope of the S—Ino curve
—kg/e is determined by two elementary constants, the
Boltzmann constant kg and the elementary charge e. The
intercept (kp/e) In(N,gep,) is related to the effective density of
states N¢ and the charge carrier mobility . The experimental
results of PEDOT TE properties have been plotted in Figure Sa
for comparison. In the experiments, PEDOT is often doped
with PSS or Tos. An early research reported a relatively low and
nonoptimized zT value around 1.75 X 10~ for PEDOT:PSS."’
By replacing the counterions PSS with smaller Tos to prevent
generation of insulating phase with polyanions, and by
accurately controlling the oxidation level via step by step
reduction, the zT value was optimized to 0.25.° In a parallel
experiment, large power factors of 12.7 yW cm™' K™ has been
achieved for PEDOT:Tos films by the precise control of the
oxidation level via the electrochemical approach.”* The
measured Seebeck coefficients and the logarithm of con-
ductivities indeed display a well-defined linear relationship with
a uniform slope equal to — kg/e. It has also been shown that
minimizing the total volume of dopants by removing the
nonionized dopant species from PEDOT:PSS can improve the
TE figure of merit,’ because the nonionized dopants in
PEDOT:PSS can significantly alter the configuration of
conducting hosts, reduce the carrier mobility and TE power
factor. These state-of-the-art experiments all stress the
importance of doping optimization in the improvement of
TE efficiencies. Because the available experimental data for
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Table 1. TE Transport Properties of Pristine PEDOT at the Optimal Doping Level and Two Explicitly Doped PEDOT:Tos,

Compared with Available Experimental Results

carrier concentration 26
directions (10 cm™3) SmVK?') 6(10°Secm™) (W' K?) kW 'K u(em?V'is™?) L/L,
pristine b 0.65 0.16 12.0 312 0.06 1.25 x 10° 0.71
c 0.77 0.15 1.05 24.8 0.006 94.5 0.75
lightly doped b 1.37 0.13 1.95 31.5 0.01 89.0 0.77
c 0.11 0.16 2.09 0.0008 7.28 0.66
heavily doped b 5.77 0.01 92.6 9.21 0.68 1.00 x 10° 1.00
c 0.005 12.1 0.31 0.08 131 0.93
PEDOT:Tos" 0.22 0.08 3.50
PEDOT:PSS’ 0.07 0.90 4.50
PEDOT:Tos>* 0.12 0.92 127
a b
) 1000 prrempreemmresmmpresmmy ey R ) . .
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Figure 5. Mobility, electrical conductivity, and Seebeck, a comparison between theory and experiments. (a) Seebeck coefficient and logarithm of
electrical conductivity relationship. (b) Predicted and measured mobilities of PEDOT.

PEDOT:PSS span a narrow range of carrier concentrations, we
cannot unambiguously identify the slope between the Seebeck
and the logarithm of conductivity. We noticed that all the
experimental data distribute below the theoretical line, with the
intercept smaller than the prediction, which according to eq 5
indicates that the carrier mobility calculated within the rigid
band approximation and including merely the acoustic phonon
scattering has been overestimated due to the neglection of the
explicit doping effect.

In fact, all the earlier investigations of the TE transport has
adopted the rigid band approximation, without explicitly
accounting for the doping effect. In this approximation, the
doping effect is mimicked by shifting the chemical potential in
the Fermi—Dirac distribution function and assuming band
structures of conducting molecules remain unchanged in the
process of doping. This approximation is usually valid at low
carrier concentrations, but the effect of doping on the TE
transport cannot be explicitly included. In the above we have
demonstrated the doping effect on the geometry and electronic
structure of PEDOT. In the following we explore explicitly the
doping effect on the charge and TE transport properties of
PEDOT. In doped PEDOT:Tos the Tos are partially ionized
and they can scatter charge carriers via screened Coulomb
interactions, in analogy to the ionized impurity scattering
mechanism. In addition, inclusion of the counterions in the
host matrix also altered the phonon scattering effect, mainly
because different packing structures between pristine PEDOT
and doped PEDOT:Tos, with intercalation of the counterions
in the latter, lead to different elastic constants. To obtain the
total relaxation time of charge carriers, we assume that the two
scattering mechanisms are independent of each other and
Matthiessen’s rule can be applied. The dopant scattering
probability is proportional to its concentration, which is 6.65 X

12935

10* cm™ for lightly and 1.39 X 10*' cm™ for heavily doped
PEDOT:Tos. The effective charge of Tos acting as ionized
scattering center is taken to be 0.89 for lightly and 0.87 for
heavily doped PEDOT:Tos. We find that the ionized impurity
scattering dominates over the acoustic phonon scattering over
the temperature range between 10 and 300 K (Figure SS). A
quantitative comparison of electron—phonon and impurity
scatterings based on the first-principles calculations has been
made possible in silicon. The overall mobility calculated agrees
well with the experimental values at room temperature and they
found that the impurity scattering is dominant at carrier
concentrations larger than 10'7 cm™.>° Gleason et al. have
studied charge transport in heavily doped PEDOT with CI™ as
counterions at the carrier concentration higher than 10*° cm™.
By comparing the Hall measurement and the theoretical
calculation, they demonstrated that the charge transport
process in PEDOT:CI is governed by the ionized impurity
scattering mechanism.’® The relaxation times due to ionized
impurity scattering and acoustic phonon scattering both exhibit
a power law temperature dependence, with the former
decreasing faster with the temperature (Figure SS).

After including both acoustic phonon scattering and ionized
dopant scattering effects in the explicitly doped PEDOT:Tos,
charge carrier mobility in lightly doped PEDOT:Tos is lowered
by at least 1 order of magnitude, while that in heavily doped
PEDOT:Tos remains largely unchanged. The reason is that the
carrier concentration in heavily doped PEDOT:Tos is high,
which results in strong Coulomb screening effect and weak
scattering of charge carriers with the counterions. The acoustic
phonon scattering in doped PEDOT:Tos is also weaker than
pristine PEDOT, mainly because the elastic constant in doped
PEDOT:Tos is significantly larger along the crystal axis a due
to the insertion of Tos (Table S6). The Seebeck-conductivity
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data of lightly doped PEDOT:Tos lies right above the
experimental lines of PEDOT:Tos in Figure Sa, with that
along the backbone direction close to the experimental values
reported in ref 54 via electrochemical control of the oxidation
level, and the one along the stacking direction close to the
experimental values reported in ref 8. The Seebeck-conductivity
data of heavily doped PEDOT:Tos locates on the line predicted
within the rigid band approximation, because the charge carrier
mobility, as mentioned above, remains roughly unchanged
upon heavy doping.

The electrical transport coeflicients of lightly and heavily
doped PEDOT:Tos are collected in Table 1, in comparison
with the available experimental data at the optimal oxidation
level. As can be seen from Table 1, with the carrier
concentration increasing from 1.37 X 10* to 5.77 X 10%
cm™, the Seebeck coefficient decreases dramatically, while the
electrical conductivity and electronic thermal conductivity
increase. This behavior has been predicted within the rigid
band approximation. The power factor of heavily doped
PEDOT:Tos is much lower than lightly doped PEDOT:Tos.
Apparently, the heavily doped PEDOT:Tos is over doped, and
its counterion concentration is twice that of lightly doped one,
showing that the doping control for maximized TE efficiency is
delicate and challenging. The power factor of lightly doped
PEDOT:Tos is 31.5 uW cm ™ K™ along the crystal axis b and
2.09 yW cm™ K2 along the crystal axis ¢, which compared
reasonably well with the experimental values of 12.7 gW cm™
K2 reported by Eunkyoung Kim>* and 3.5 yW cm™' K72
reported by Xavier Crispin.”

The experimental measurements were conducted on the
PEDOT thin films, while our calculations are based on the
ordered crystals. We noticed that the charge and TE transport
in the PEDOT crystal is highly anisotropic, with the
conductivity and power factor along the backbone direction 1
order of magnitude larger than those along the stacking
direction. The Seebeck coeflicient is however isotropic, since it
is a measure of the charge carrier movement driven by heat and
represents the entropy per unit charge carried by the electric
current. As seen from eq 2, the Seebeck coefficient can be
expressed as a ratio of two transport tensors. Both of them are
anisotropic due to the anisotropic group velocity and band
structures. The anisotropy of the two tensors is to some extent
canceled out, leading to the isotropic Seebeck coefficient. The
TE figure of merit relies on the electrical transport coefficients
as well as the lattice thermal conductivity. The thermal
transport is also anisotropic, and the electronic thermal
conductivity in lightly doped PEDOT:Tos is usually trivial
compared to the lattice thermal conductivity, in either
direction. To improve the TE efficiency, we should resolve to
utilize the high power factor along the backbone direction and
the low lattice thermal conductivity along the stacking and
insulating directions.

The charge carrier mobility is a charge transport property of
great importance, and it relates to the TE transport property via
the conductivity through the relation o = eN. We have pointed
out in an earlier publication that a high intrinsic mobility
usually leads to a high TE figure of merit at the optimal doping
level." The predicted mobilities in both lightly and heavily
doped PEDOT:Tos are provided in Table 1, and summarized
in Figure 5b together with experimentally reported mobilities
for PEDOT.***’~* Overall, our predictions agree reasonably
well with the experimental values. Especially, a high hole
conductivity of 8797 S cm™" and mobility of 88.08 cm* V' 57!

at the doping level of 6.23 X 10*° cm™ have been observed in
single crystal PEDOT nanowires in the direction of 7—n
stacking with CI~ counter-anions,”® which is close to the
predicted values of 1.21 X 10* S cm™ and 131 cm®* V™' s7" at
the carrier concentration of 5.77 X 10*® cm™ in heavily doped
PEDOT:Tos. It is also noticed that the mobility is highly
anisotropic, with the intrachain mobility along the backbone
direction 1 order of magnitude larger than the interchain
mobility along the stacking direction. In practice, polymers are
often characterized by amorphous structures, poor packing
configurations, and low degree of polymerization, which lead to
low charge carrier mobilities. Nevertheless, with improved
fabrication techniques, such as to increase the crystallinity, the
recently reported charge carrier mobilities for conducting
polymers are much higher than before, easily exceeding 10 cm®
V15711 For instance, an ultrahigh intrinsic hole mobility of
71 ecm® V' s7! was reported for the highly oriented nanocrystal
of poly[4-(4,4-dihexadecyl-4H-cyclopenta[1,2-b:5,4-b’]-
dithiophen-2-yl)-alt-[1,2,5]-thiadiazolo[3,4-c]pyridine]
(PCDTPT) in the direction of chain alignment according to
Heeger et al.”” Their work also manifests a strong anisotropy of
charge transport, with mobility in the direction of chain
alignment at least 10-fold higher than that in the perpendicular
direction, which is in accordance with our theoretical prediction
for PEDOT. We believe that a large majority of mobilities
experimentally reported are low because the samples are
amorphous, adopting coiled configurations with chain entan-
glements and folding. The high mobility of conducting
polymers could be acquired once the crystallinity is improved,
such as by changing the size of counterions,’’ and by adding
polar solvent to water dispersion before film preparation or
post-treating the samples in the polar solvent.””*® It has been
demonstrated that some conjugated polymers such as
indacenodithiophene-co-benzothiadiazole (IDTBT) with less
crystalline microstructures than crystalline or semicrystalline,
also exhibit high field-effect mobilities.”* The role of long
polymer chains connecting the crystalline domains and
promoting high mobility in polycrystalline samples of semi-
conducting polymers, has been reported.” The enhanced
mobility should be of benefit to the improvement of power
factors of conducting polymers.

4. DISCUSSION

PEDOT is one of the best organic materials reported so far for
TE applications. The accurate doping control has been
demonstrated as the most successful strategy to enhance its
energy conversion efficiency. The counterions commonly used
include PSS, Tos, and halides. The TE figure of merit for
optimized PEDOT:PSS has been demonstrated to be 2 orders
of magnitude higher than the nonoptimized one. Compared to
polyanions, it is easy to control the amount of small-sized
anions, yet small anions tend to diffuse and such doped
polymers may suffer from stability issues. In addition, the
counterions especially polyanions may change the config-
urations of host polymers, and influence their charge transport
properties. In an earlier investigation, we proposed to search for
organic TE materials with high mobilities, because high
mobility usually leads to high figure of merit and requires
low level of doping. It has been believed that organic
semiconductors and conjugated polymers are often charac-
terized by structural disorder due to their soft nature and weak
van der Waals interactions, and their mobilities are much lower
than inorganic semiconductors. However, recent experimental
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advances demonstrated that by improving fabrication methods
and controlling the morphology, high charge carrier mobility in
the range of 10—20 cm® V™' s7' can be easily achieved in
conjugated polymers including PEDOT. The high mobility
should be of benefit to the improvement of TE properties of
conducting polymers. In this work we investigated the doping
effect on the charge and TE transport in PEDOT, by inclusion
of Tos in the chemical model and explicitly taking into account
their scattering to the charge carriers. The predicted mobility
and power factors are in very good agreement with the state-of-
the-art experimental data. We believe that by an appropriate
control of the doping level, it is viable to attain comparable TE
performance in conjugated polymers with high mobilities other
than PEDOT.

The other key element influencing the TE figure of merit of a
material is the lattice thermal conductivity, which deserves
some discussion. It has been suggested that the electrical
transport properties and the lattice thermal conductivity can be
optimized separately. Similar to charge and TE transport in
highly ordered systems, thermal transport arising from the
lattice vibrations is anisotropic too. Our preliminary calcu-
lations of the lattice thermal conductivity in pristine PEDOT
suggest a thermal conductivity in the direction of backbone 2
orders of magnitude higher than the direction of stacking. As a
result, a higher TE figure of merit is expected in the direction of
stacking, although a higher power factor is obtained in the
direction of backbone. To further enhance the TE efficiency, we
propose to utilize the high power factor in the direction of
polymer backbone, and the low lattice thermal conductivity in
the other two directions. Recently, thermal conductivity of
polymers as an important material property has drawn serious
attention. Engineering thermal conductivity by drawing
polymeric fibres®* or changing interchain interactions has
been reported.®” Interestingly, enhanced thermal conductivity is
discovered in polythiophene nanofibres due to significant
molecular chain orientation along the fiber axis, but the
dominant 6phonon scattering process is still related to structural
disorder.®® For the improved TE figure of merit, both increased
chain alignment and some sort of structural disorder are
desired, and such features are anticipated in amorphous
polymers with high mobility,”* polycrystalline polymers with
long polymer chains connecting the crystalline domains,” or
chain-oriented amorphous polymeric nanofibres.*®
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