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ABSTRACT: We demonstrate how processing methods affect
the thermoelectric properties of thin films of a high mobility
semiconducting polymer, PBTTT. Two doping methods were
compared: vapor deposition of (tridecafluoro-1,1,2,2-
tetrahydrooctyl)trichlorosilane (FTS) or immersion in a
solvent containing 4-ethylbenzenesulfonic acid (EBSA).
Thermally annealed, thin films doped by FTS deposited
from vapor yield a high Seebeck coefficient (α) at high
electronic conductivity (σ) and, in turn, a large power factor
(PF = α2σ) of ∼100 μW m−1 K−2. The FTS-doped films yield
α values that are a factor of 2 higher than the EBSA-doped films at comparable high value of σ. A detailed analysis of X-ray
scattering experiments indicates that perturbations in the local structure from either dopant are not significant enough to account
for the difference in α. Therefore, we postulate that an increase in α arises from the entropic vibrational component of α or
changes in scattering of carriers in disordered regions in the film.

The ability to capture the abundant low-temperature waste
heat (<200 °C) using thermoelectric devices can have a

profound impact on thermal energy harvesting and manage-
ment.1 While inorganic materials have dominated the field,2

organic semiconductors are candidates for low-temperature
applications due to their solution processability and mechanical
flexibility, which can enable conformal modules.3,4 While there
are many highly conductive organic materials, the current best
p-type organic thermoelectrics are based on poly-
(ethylenedioxythiophene) (PEDOT). It is therefore of great
interest to understand if this result is unique or if other
materials can be optimized to the level of performance of
PEDOT (or greater).
The concentration of charge carriers (n) strongly governs the

essential properties for thermoelectrics: electronic conductivity
(σ), Seebeck coefficient (α), and thermal conductivity (κ). The
thermal to electrical energy conversion efficiency is related to
the dimensionless figure of merit, ZT = α2σT/κ, where T is the
temperature in Kelvin and α2σ is the power factor (PF).
Optimizing ZT is quite challenging because each parameter
correlates to the carrier concentration of the materialas n
increases, σ and κ increase, and α decreases. In general, κ is the
sum of both the electronic (κe) and phonon (κi) contributions.
Polymers tend to have a low κi, while contributions from κe may
occur at sufficiently high σ (∼500 S/cm for PEDOT:PSS).5

Through advances in molecular design and processing
techniques, the charge carrier mobilities, μ, of holes and
electrons in polymers can now exceed 1 cm2 V−1 s−1 in field
effect devices and should lead to high σ.6 The generation of

charge carriers in thermoelectric materials, however, is achieved
through static electrical doping by molecular species. Therefore,
it is of great interest to understand the role of processing in
translating the high μ observed in neat polymers to stably
doped systems. Furthermore, it remains an open question what
the upper bound for α is at high σ for organic materials.7−9

Semiconducting polymers can be chemically doped (i.e., by
exposure to I2, NOPF6, F4TCNQ, or other oxidants) or
electrochemically doped to generate charge carriers.10−12 In
addition to increasing σ, the introduction of charge carriers
affects the magnitude of α, which is related to the population in
the electronic density of states (DOS) and carrier scattering
processes.13 The introduction of dopants perturbs the
molecular packing and likely the morphology relative to the
neat material. To achieve electrical conductivities on the order
of 100 S/cm, approximately 1/10 monomers would be charged
(n ∼ 1020 cm−3) assuming μ of ∼1 cm2 V−1 s−1. At such high n,
a strong structural perturbation should likely change the
electronic DOS, making it difficult to predict α from models
assuming a static DOS (as used in transport studies of thin film
transistors). Because of these factors, it is difficult to make
predictions of the thermoelectric properties due to the strong
coupling with processing methods.
In this letter, we chose to study how processing changes σ

and α of doped thin films of poly(2,5-bis(3-tetradecylthiophen-
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2-yl)thieno[3,2-b]thiophene) (PBTTT-C14). Specifically, we
studied two distinctly different dopants (EBSA, 4-ethyl-
benzenesulfonic acid, and FTS, (tridecafluoro-1,1,2,2-
tetrahydrooctyl)trichlorosilane) (Figure 1). By choosing these

two dopants, we can evaluate how doping from immersion in
solvent (EBSA) or from exposure to vapor (FTS) affects the PF
at high electrical conductivity (>100 S/cm). Overall, we
observe a PF of 110 ± 34 μW m−1 K−2 for vapor FTS-doped
PBTTT, which is approaching the highest reported PF of 469
μW m−1 K−2 for PEDOT:PSS.14

PBTTT was chosen because its thin-film microstructure and
semiconducting properties have been well-characterized.15−20

In addition, PBTTT has a liquid crystalline phase that can be
used to form highly ordered films by thermal annealing, and
thus leading to a high charge-carrier mobility of ∼1 cm2 V−1 s−1

in thin-film transistors.21−23 By doping PBTTT-C14 after
casting and annealing, we can probe how subsequent
processing affects the thermoelectric properties. EBSA serves
as a small molecule aromatic dopant incorporated from solvent.
Thin films are rendered conductive through protonation, and
the EBSA anion serves as the counterion for charge
neutrality.24,25 On the other hand, FTS can be deposited
from the vapor phase and forms a thin layer on the
semiconducting polymer surface.26 While the precise doping
mechanism is still unclear, FTS doping may occur through the
following two routes.26 (1) The FTS layer on the surface of the
polymer film induces charge carriers through electrostatic
doping arising from the permanent dipole. (2) FTS doping may
be occurring through protonic doping from the highly acidic
silanol groups present from self-polymerized FTS forming a
partially cross-linked siloxane polymer. Because FTS serves as
an interfacial dopant, thin films with a thickness around ∼20
nm are needed to render the bulk of the film conductive. In
addition, FTS-doped films must be in a N2 atmosphere to
ensure long-term stability (∼24 h) as described in more detail
in refs 7 and 26. A commonality between EBSA and FTS is the
resulting proton-based doping. Detailed doping procedures and
atomic force microscopy (AFM) images describing the
topography of the doped films can be found in the Supporting
Information (Figures S1−S3). In short, PBTTT-C14 thin films
annealed at 180 °C (18−25 nm) were doped through
immersion in an EBSA/acetonitrile solution at varying times.
The annealed thin films were FTS doped using a vacuum
chamber heated to 80 °C for approximately ∼20 h to reach
maximum doping.26

UV−vis−NIR optical-absorption measurements reveal that
EBSA efficiently dopes PBTTT-C14 (Figures S4 and S5). The
optical-absorption spectrum of a neat PBTTT-C14 has a
primary absorption peak at ∼2.20 eV attributed to the π to
π* transition, which decreases in intensity as a function of

increasing doping time. In addition, a new absorption peak
develops at ∼1.45 eV along with the development of a broad
absorption feature around 0.5 eV at high doping levels
corresponding to the combination of polaronic and bipolaronic
charge carriers.27−29 These above transitions do not match the
reported charge-modulated absorption spectra for interfacial
polarons in PBTTT transistors.27 The optical absorption of the
profile of FTS-doped PBTTT has been reported elsewhere.26,30

To evaluate the thermoelectric properties, four-probe in-
plane conductivity measurements (σ) and Seebeck coefficient
(α) measurements were performed on the doped films. The
films were studied as a function of doping time, and the
highest-performing σ, α, and PF values are summarized in
Table 1. For EBSA doped films, σ increases with increasing

doping time (Figure 2a), while α decreases with doping time.
EBSA doping ∼20 h yields σ = 1300 S/cm and α = 14 ± 2 μV/
K (PF = 25 ± 7 μW m−1 K−2). For the FTS-doped sample, σ =
1000 S/cm and α = 33 ± 5 μV/K (PF = 110 ± 34 μW m−1

K−2). The σ of FTS-doped PBTTT-C14 is in excellent
agreement with the work of Kao et al.26

Typically, the trends in σ and α values are reported as a
function of carrier concentration (n). However, the quantifica-
tion of n is quite challenging for chemically doped polymer
films due to energetic disorder that makes interpretation of Hall
effect measurements difficult.31 Therefore, we present the
trends in α and PF as a function of σ (in Figure 2 and Figure
S6). It is clear that α is inversely correlated with σ for EBSA-
doped filmsa common correlation between α and σ. In
previous work, an empirical trend for a variety of doped-
semiconducting polymers was found where α follows a power
law dependence with σ (α ∝ σ−1/4) and thus PF follows a

Figure 1. Chemical structures for poly(2,5-bis(3-tetradecylthiophen-2-
yl)thieno[3,2-b]thiophene) (PBTTT-C14) and the dopants 4-ethyl-
benzenesulfonic acid (EBSA) and (tridecafluoro-1,1,2,2-
tetrahydrooctyl)trichlorosilane (FTS). Table 1. Highest-Performing Values for Measured Electrical

Conductivity (σ), Measured Seebeck Coefficient α, and
Calculated Power Factor (PF)

dopant σ (S/cm) α (μV/K) PF (μW m−1 K−2)

FTS 1000 ± 70 33 ± 5 110 ± 34
EBSA 1300 ± 10 14 ± 2 25 ± 7

Figure 2. (a) Seebeck coefficient (α) and (b) power factor (PF = α2σ)
vs conductivity (σ) on a log−log scale. Dashed lines are empirical
trends [α = (kB/e)(σ/σα)

−1/4 and PF = (kB/e)
2(σασ)

1/2] followed by
many materials.7 Orange circles correspond to EBSA-doped films at
different immersion times on bare substrate, while purple is for FTS-
doped films on bare substrate (circle) and on HMDS-treated substrate
(square).
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square root dependence with σ (PF ∝ σ1/2).7 The values of σ
and α follow the empirical trends quite well for EBSA-doped
films (Figure 2). Remarkably, the FTS-doped film does not
follow the empirical trends, where α and PF are greater than
predicted at the high σ.
The enhancement in α for FTS-doped films may be

correlated to the structural properties. Structural perturbations
from the physical accommodation of dopant molecules, or from
high carrier densities, may strongly perturb the DOS, to which
the Seebeck coefficient is directly related. Evaluating how both
the EBSA and FTS dopants affect the polymer microstructure is
critical in understanding the electrical conductivity and Seebeck
coefficient.
We performed grazing incidence wide-angle X-ray scattering

(GIWAXS) on the doped films to determine if the two dopants
perturbed the local structure differently. 2D GIWAXS images
are shown in Figure 3 for pristine, ∼20 h EBSA-doped and

∼20 h FTS-doped PBTTT-C14. The intense scattering near the
qz axis corresponds to the lamellar side-chain stacking (h00)
direction, which indicates the lamella-stacked side chains are
oriented out-of-plane (edge-on) relative to the substrate. Along
the qxy axis, we observe two scattering peaks at ∼14.3 nm−1,
assigned to the (−11−3) reflection, and at ∼17.2 nm−1,
assigned to (110) and associated with the π-stacking
direction.18 Comparison between pristine PBTTT-C14 and
EBSA-doped PBTTT shows a very similar diffraction pattern
but with blurring of the off-axis diffraction features. The
GIWAXS pattern for a control sample immersed in CH3CN for
∼20 h (Figure 3b) is identical to the pristine PBTTT. This
observation highlights that solvent swelling does not account
for changes in structural order but entirely from the
incorporation of EBSA counterion.
With the FTS-doped film, we observe a strong amorphous

halo from q ∼ 8 nm−1 to ∼15 nm−1, which corresponds to the
scattering from the polymerized FTS layer on the top of the
PBTTT film (Figure S7), which obscures some of the
scattering features of PBTTT. Nevertheless, we clearly observe
the out-of-plane (100) and (200) alkyl stacking reflections and
the in-plane π−π stacking reflection. The most obvious
difference relative to the pristine pattern is the change in

texture that essentially resembles the orientation of an as-cast
film. Order parameter calculations indicate that the crystallites
still have preferential edge-on orientation (Supporting In-
formation section V). However, it is important to note that
crystallite orientation alone does not dictate charge transport in
PBTTT but is strongly influenced by the macroscopic charge
percolation pathways comprised of crystalline and disordered
domains.16,19,23

High-resolution specular X-ray scattering on EBSA-doped
films reveals the structural perturbations in the alkyl stacking
direction (h00) (Figure 4, Figure S8 and Table S1). A small

systematic increase in d-spacing is observed where d100 ∼ 2.13
nm for the pristine film and d100 ∼ 2.36 nm for the ∼20 h
EBSA-doped film. A film after immersed in just CH3CN has a
d100 ∼ 2.16 nm, which suggests solvent swelling from CH3CN
has a minimal effect on its own. Thus, the increase in d-spacing
is primarily from the incorporation of the EBSA anion. For
comparison, when PBTTT is blended with PCBM (phenyl-C61-
butyric acid methyl ester), which is about 1 nm in diameter, d100
increases by ∼0.9 nm due intercalation into the aliphatic side
chains and a change in the tilt of the PBTTT backbone.32 On
the other hand, our EBSA-doped PBTTT only results in an
increase in d100 by ∼0.23 nm, which is significantly smaller than
the van der Waals radius of ∼1.3 nm of the EBSA anion. The
overall similarity of the scattering pattern suggests that EBSA
incorporation likely does not strongly change the packing of the
PBTTT chains in the crystallites.
The change in peak width in the (h00) direction reveals the

degree of paracrystalline disorder (Table S1 and Figure S9).
Relative to pristine PBTTT, there is an increase in paracrystal-
line disorder as a function of EBSA doping time. The crystallite
size in the lamellar alkyl stacking direction is ∼20 nm for
pristine PBTTT, ∼19 nm after immersion in just CH3CN, and
∼13 nm for the ∼20 h EBSA-doped film. This is further
evidence of increased disorder in the alkyl stacking direction is
entirely from the EBSA anion incorporation. High-resolution
specular scattering on a FTS-doped film is challenging due to
significant background scattering from the FTS surface layer.
Therefore, we looked at the out-of-plane scattering from the 2D
GIWAXS (Figure 3d, Figure 4a, Figure S11, and Table S3).

Figure 3. GIWAXS images of (a) annealed neat PBTTT, (b)
immersed in acetonitrile for ∼20 h, (c) EBSA-doped for 20 h, and (d)
FTS-doped. The feature (dashed purple circle) in (b) is an artifact
arising from scattering from the edges of the substrate.

Figure 4. (a) High-resolution specular scattering for EBSA-doped
films and out-of-plane GIWAXS line cut for FTS-doped film. Vertical
dashed green line is a guide for the (200) peak position relative to the
pristine film. (b) In-plane (qxy) line cuts from GIWAXS for EBSA- and
FTS-doped films. The two dashed green lines correspond to the
primary peak positions relative to the pristine film. A broad peak at qxy
∼ 11 nm−1 is from the FTS surface layer. Color scheme: black = neat
PBTTT, purple = after immersion in acetonitrile, orange = 20 h EBSA-
doped film, and blue = FTS-doped film.
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While only a minor increase in d-spacing occurs only in the
alkyl stacking direction (d100 = 2.22 nm), a significant increase
in peak width indicates that FTS significantly increases disorder
in the alkyl stacking direction. However, despite the difference
in chemical structure between FTS and EBSA, it is clear that
both affect the order and d-spacing in the alkyl stacking
direction.
Evaluating the perturbation in the π-stacked regions (a

dominant pathway for charge transport23) is also critical in
understanding the thermoelectric properties. For all the EBSA-
doped films studied, the (−1 1−3) reflection does not change
significantly as a function of doping time. On the other hand,
we do observe a change in the (110) peak position with EBSA
doping time (Figure 4b, Figure S10, and Table S2). The d-
spacing decreases from 0.365 nm for pristine PBTTT to 0.353
nm for ∼20 h EBSA-doped PBTTT. In addition, using the peak
width of the (110) reflection, the crystal correlation length
(CCL) decreases from 7.20 nm for pristine PBTTT-C14 to 5.67
nm for ∼20 h EBSA-doped PBTTT-C14. With FTS doping, the
d-spacing slightly decreases (d110 ∼ 0.359 nm) and has a
corresponding CCL of 6.20 nm (Figure 4b, Figure S12, and
Table S3). Overall, both doping methods bring the conjugated
backbones closer together and yield similar CCL values at high
doping levels.
The local order of the thin films does not change

substantially enough to explain the observed enhancement in
Seebeck coefficient of the FTS doping method. If we assume
that σ for FTS-doped films is enhanced from the value expected
from the empirical trend in α, it would require the FTS-doped
films to have nearly an order of magnitude fewer carriers
assuming constant mobility. Such a discrepancy in carrier
concentration would likely manifest as a much-reduced
transparency for the EBSA-doped films, which is not the case.
Alternatively, it is possible that FTS dopes the disordered
regions more effectively than EBSA, an effect that would not be
revealed by GIWAXS, thereby increasing the number of
percolation pathways through additional carriers and leading
to an increase in the apparent mobility by ∼10×.
Modifying the polarity of the substrate using a self-assembled

monolayer (SAM) can improve the charge carrier mobility of a
semiconducting polymer in field-effect transistors. In turn, we
FTS-doped a PBTTT-C14 thin film on a quartz substrate
treated with a HMDS SAM. The value of σ was 200 S/cm, and
the α value was 34 ± 5 μV/K. While we do observe a lower σ
relative to the bare substrate, the α and PF (22 ± 5) values are
above the empirical trends. More importantly, α values are
equal within error between the FTS-doped samples, providing
insight into the mechanism for the enhancement in α.
Consequently, we need to examine the different contribu-

tions to α. Bubnova et al. observed an enhancement in α at high
σ for a semimetallic PEDOT−Tosylate system where all the
charge carriers are bipolarons. For FTS-doped films, electron
spin resonance (ESR) measurements30 and IR spectroscopy
measurements33 indicate a phase separation of metallic and
polaron pair domains. As such, FTS-doped PBTTT films do
not appear to exhibit semimetallic behavior. Emin presented a
general formalism that α for polaronic systems is the sum of the
entropy of mixing, spin entropy, and vibrational entropy
(αpresence) and a mechanism-dependent transport entropy
(αtransport).

34,35 It has been observed in boron carbide36 and
pentacene37 that the vibrational contribution is quite significant,
thus enhancing α. More recently, field-effect modulated α
measurements on various high-mobility semiconducting

polymers showed the vibrational contribution can potentially
be in the range of 50−100 μV/K.38 However, the field-effect
modulated measurements are on pristine polymer films,
whereas we have doped films with a strong local structural
perturbation. Whether the enhancement is due to changes in
the vibrational contribution or differences in scattering at
domain boundaries is not possible to discern at this point.
The observed PF of 110 ± 34 μW m−1 K−2 for our FTS-

doped sample is one of the highest reported values for an
extrinsically doped polymer film (see Table S4). Our FTS-
doped films have a much higher PF relative to other systems
extrinsically doped. For example, PBTTT-C14 immersion
doped with NOPF6 yielded a maximum PF of ∼1 μW m−1

K−2, and PBTTT-C12 immersion doped with Fe(III) trimide
yielded a maximum PF of ∼14 μW m−1 K−2 due to a lower
Seebeck coefficient than observed here.39 In contrast, vapor-
polymerized PEDOT in the presence of the tosylate anion
yielded a high PF value ∼460 μW m−1 K−2.40 With respect to
molecular design, one must consider the effect of packing
density of the backbone for PEDOT (no side chains) and
PBTTT (with long insulating side chains). Endrődi et. al
showed that poly(3-alkylthiopene)s with short alkyl side chains
yield higher values of PF.41 If PBTTT can be solubilized with
shorter side chains, one would suspect the resulting densely
packed structure can result in an additional increase in PF from
a higher σ.
In summary, we find that vapor-doped films of PBTTT-C14

yielded better thermoelectric performance (Seebeck coefficient
∼33 μV/K and power factor ∼100 μW m−1 K−2) that exceeded
that of solution-doped films formed using comparable
processing conditions prior to doping. Extracting ZT is difficult
due to the anisotropy expected in thermal transport and the
lack of a method to measure the thermal conductivity in the
direction of charge transport in these thin organic films.
Nevertheless, our results demonstrate that there is not a simple
connection between α and σ in semiconducting polymers. The
differences in the perturbation of the molecular packing
between doping methods does not account for the enhance-
ment in α at high σ. We postulate that the increase in
thermoelectric performance may arise from an increased
contribution of the disordered regions or from the entropic
vibrational contribution to α. Our work further reiterates that it
is difficult to readily predict thermoelectric properties from the
chemical structure of the semiconducting polymers, but the
dependence on processing must be considered.
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