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Charge and thermoelectric transport should be closely correlated with each other; however, little
is known regarding the origin of thermopower in semicrystalline π-conjugated polymers, particularly
those doped with molecular dopants. It is controversial whether the well-established Mott formula is
valid for such conducting polymers, which inevitably have finite structural disorder. We show that a
truly metallic regime that can be realized in a highly crystalline domain gives rise to thermopower,
which is demonstrated unambiguously by the observation of a linear temperature dependence of
the Seebeck coefficient in semicrystalline polythiophene-based conducting polymers. The presence
of onset metallicity is also verified comprehensively by the Hall effect and Drude optical response,
which indicates that the Mott formula, which is frequently used for degenerated semiconductors and
metals, can be applicable to highly crystalline conjugated polymers. This provides a novel insight
into the structure-thermoelectric property relationships in semicrystalline conducting polymers.

The Seebeck coefficient is consistent thermodynami-
cally with the amount of entropy accompanied by the
flow of charge in a material. Entropy for electrons is con-
fined to electrochemical potential; therefore, an in-depth
understanding of electronic band structure would pro-
vide a fundamental guide to thermoelectric properties.
In a typical metal and degenerated semiconductor, the
electrochemical potential lies within a delocalized band,
where only a fixed population of electrons with the Fermi
energy close to a few kBT contributes to both charge and
thermoelectric transport. Narrowing of the Fermi-Dirac
distribution towards lower T results in a linear decrease
of the Seebeck coefficient with T . Under the rigid band
approximation, the Mott formula is often employed for
interpretation of the thermopower, S [1, 2]:

S = −
π2k2BT

3e

[

d lnσE

dE

]

E=EF

, (1)

where σE(E) denotes a transport function at a given en-
ergy level, E. In an intrinsic or lightly doped semiconduc-
tor, mobile electrons should obey the Boltzmann statis-
tics, so that the electrochemical potential lies within a
band gap; therefore, the energy difference between the
electrochemical potential and the occupied level defines
the Seebeck coefficient [3, 4]. Given the Kelvin relation,
the Seebeck coefficient is proportional to the inverse tem-
perature, i.e., S ∝ T−1 [5, 6].
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The Mott formula shown in Eq. 1 gives a convenient
guide to not only understand the thermoelectric prop-
erties, but also to search for candidate thermoelectric
materials [7]. The Mott formula can be applicable to
metals and degenerate semiconductors, where electron
transport occurs only near the Fermi level, i.e., the
occupation of electrons follows the Fermi-Dirac statis-
tics. In addition to this, the transport function σE

should change weakly around the chemical potential in
the range of a few kBT . Under the rigid band approx-
imation in conjunction with the Boltzmann transport
framework, σE(E) is given by the product of the energy-
dependent relaxation time τ(E), the velocity of the mo-
bile carrier v(E), and the density-of-states (DOS) N(E),

(i.e., σE(E) = e
2

3
τ(E)v2(E)N(E)) [1, 2]. From this as-

sumption, in Eq. 1, a steep change in d lnσE

dE
≈ d lnN

dE
near

EF gives an increase in S. This fact has motivated a
usage of low-dimensional materials, where their density
of states is likely to possess a nonuniform profile in en-
ergy space [7, 8]. In a similar fashion, the Mott formula
has been frequently employed with organic thermoelec-
tric materials to interpret their thermoelectric properties
and to design high-performance organic compounds [9–
11]. However, it is controversial whether the Mott for-
mula is valid in organic materials, particularly in con-
jugated polymers, and it is more reasonable to envis-
age that the Mott formula is violated due to the follow-
ing reasons. Firstly, charge transport in such conduct-
ing polymers is likely to undergo hopping transport be-
tween localized states, which results in failure of the rigid
band approximation. Secondly, localized tail states are
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FIG. 1. Optical microscope image of a thermoelectric device
of PBTTT thin film with a thickness of 40 nm. The channel
length and width are designed to be 300 µm and 80 µm, re-
spectively. Note that a layer of doped PBTTT is patterned
via laser etching, such that no overlaps with the heater are
established to ensure electrical isolation between the heater
and the sensors.

likely to result in EF being pinned deep in the band gap,
even though carrier filling is controlled by doping. Both
phenomena originate from the non-crystalline nature of
conducting polymers, i.e., structural disorder inevitably
found in conducting polymers.

Thermoelectric applications using polymeric semicon-
ductors are being studied actively and are recognized
as a cutting-edge application of the next-generation of
printing electronics [12–15]. However, there is no clear
guideline for material design to aim for highly efficient
thermoelectric properties in organic semiconductors with
concomitant finite disorder, both in the crystal struc-
ture and in the energy space. In particular, the cor-
relation between the characteristic microcrystallinity of
polymeric semiconductors and thermoelectric properties
has not yet been clarified; how the non-uniformity of the
DOS in the energy space has an impact on thermoelectric
power, and to what extent the thermoelectric properties
of organic semiconductors can be improved by materi-
als science remain unclear. Thermopower is governed
predominantly by a reduced chemical potential. Many
of the previous studies have already shown changes in
thermopower for such disordered materials with respect
to changes in the Fermi energy by carrier filling i.e., by
chemical doping [16–18]. In addition to carrier filling,
the assessment thermopower with temperature variation
provides an in-depth understanding of the thermoelectric
properties due to modulation of the reduced chemical po-
tential, which is generally more effective rather than car-
rier filling. However, little is known to date regarding
the temperature dependence of the Seebeck coefficient in
thin films of conducting polymers.

In this letter, we present the temperature dependence
of electrical conductivity and the Seebeck coefficient in a
semicrystalline conjugated polymer, PBTTT (poly(2,5-
bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene), that is
chemically doped with various molecular dopants. De-
tails of materials and doping methods are given in
the Supplementary Material at [url] (see, also, refer-

ences [19, 20] therein). The charge transport mechanism
varies depending on the doping level, i.e., from thermal
activation at lower doping levels to variable-range hop-
ping at higher doping levels. In a striking contrast, the
Seebeck coefficient shows a linear temperature depen-
dence, predicted by the Mott formula in Eq. 1, indepen-
dent of the doping level. This clearly indicates that a
truly metallic regime that can be realized in highly crys-
talline domains in PBTTT gives rise to thermopower,
and that the Mott formula is valid in such conducting
polymers.

To assess the thermoelectric properties in conducting
polymers, the well-established methodology employed in
previous studies [21, 22] was followed. Figure 1 shows
an optical microscope image of the microfabricated, on-
chip thermometry device used in the present work, where
Cr (3 nm) and Au (30 nm) electrodes are patterned
as a heater, temperature sensor, and potential probes.
This on-chip thermoelectric measurement is applicable
for a wide temperature range down to approximately 30
K. Pairs of longitudinal and transverse potential probes
are patterned across the channel to accurately measure
four-point-probe conductivity, σ, and the Hall coefficient,
RH. The demonstrated configuration allows simultane-
ous measurement of the conductivity, Seebeck coefficient
and Hall carrier density. Details of the fabrication pro-
cess are given in the Supplementary Material at [url] (see,
also, references [16, 21–24] therein).

A layer of doped PBTTT was spin-coated onto the chip
from a solution of 1,2-dichlorobenzene and was patterned
into an active island. Here, we intentionally fabricated
three different samples with different conductivities via
chemical doping. The sample with the lowest conductiv-
ity at room temperature (σRT ∼ 10−1 S cm−1; solution-
doped) was fabricated via co-deposition of an acceptor
dopant (F4-TCNQ) with the polymer from solution [25].
The sample with σRT ∼ 100 S cm−1 (vapor-doped)
was fabricated via vapor deposition of F4-TCNQ on top
of the PBTTT thin film. This allows the F4-TCNQ
molecules to intercalate into the film, which results in
PBTTT retaining its highly ordered, lamellar microstruc-
ture [26, 27]. The sample with the highest conductivity
(σRT ∼ 350 S cm−1 at 300 K; anion-exchanged [28])
was fabricated via anion-exchange doping. In contrast
to conventional molecular doping, we recently demon-
strated anion-exchange doping to improve the level of
molecular doping, where radical anions based on small-
molecules, acceptor dopants (e.g., F4-TCNQ) are incor-
porated into the polymer film and exchanged instanta-
neously for an additive anion (e.g., a closed shell ion,
bis(trifluoromethylsulfonyl)imide; TFSI−). By control-
ling ionic interaction, the anion exchange reaches 100%
efficiency, so that the molecular doping approached a
doping level of one hole per monomer unit. Note that
with given doping methods, dopants intercalate into the
entire bulk of the PBTTT layer, which was verified by
X-ray reflectivity measurements (See more details in the
Supplementary Material at [url]).
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FIG. 2. Temperature dependence of (a) four-point-probe con-
ductivity and (b) Seebeck coefficient for doped PBTTT thin
films with three different doping levels. Solid lines represent
fitting results. The discrepancy between the experimental
data and fitting result specifically found at low temperatures
in the solution-doped sample may be due to the contribution
of field-assisted tunneling becoming dominant at low temper-
atures, which is consistent with recent theoretical and exper-
imental studies [29, 30]. The maximum compound error in
S that results from propagation of the uncertainties in the
thermal voltage and ∆T was evaluated to be 3 µV K−1 (see
more details in the Supplementary Material at [url]).

Figure 2a shows the temperature, T , dependence of
four-point-probe conductivity for three samples with dif-
ferent σRT. Variation of the dopant and doping method-
ology has an effect on not only the room-temperature
conductivity, but also on the charge transport mecha-
nism. For the solution-doped sample (black symbols),
charge transport is governed predominantly by hopping,
i.e., the thermally activated tunneling of carriers be-
tween localized states. For the vapor-doped and anion-
exchanged samples, the decrease in σ with a decrease in
T is much weaker. To analyze the data, we use the con-
cept of variable-range hopping (VRH), i.e., a carrier may
either hop over a small distance with a high activation
energy or hop over a long distance with a low activa-
tion energy [6, 31–33]. The temperature dependence of
the carrier transport analyzed based on VRH model is
expressed as
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
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where σ0 is the high-temperature limit of conductivity
and T0 is a characteristic temperature. In the general
Mott VRH model, d represents the dimensionality of

charge transport, i.e., d = 3 for three-dimensional VRH
(Eq. 2a). When taking into account coulombic interac-
tions between localized sites, a soft-gap appears in the
DOS near the Fermi energy. The modification from pure
Mott VRH yields the Efros-Shklovskii VRH (ES-VRH)
model, which predicts d = 1 (Eq. 2b), regardless of di-
mensionality [33].We find that the localized transport
models summarized in Eq. (2) give a better fit for the
temperature dependence of conductivity (Fig. 2a). For
the solution-doped sample with the lowest σRT of 10−1 S
cm−1 at room temperature, the temperature dependence
of σ follows a thermal activation process (Eq. 2c), which
is consistent with the previous studies [26, 31, 32]. As the
doping level increases, VRH becomes dominant. The ex-
perimental data can be fitted almost perfectly with d = 1
for the vapor-doped sample with σRT = 100 S cm−1, and
with d = 3 for the anion-exchanged sample with σRT =
350 S cm−1 (see more details in the Supplementary Ma-
terial at [url]). We do not speculate here on the tran-
sition of the charge transport mechanism with respect
to the doping level, but merely note that the transition
from ES-VRH to Mott-VRH has been observed with an
increased doping level [26, 31, 32].
In a striking contrast to the temperature dependence

of σ, where a clear transition from thermal activation
to VRH was observed as the doping level increases, a
universal temperature dependence on the Seebeck coeffi-
cient, i.e., a linear temperature dependence (S ∝ T ), was
experimentally obtained for the three different samples
(Fig. 2b). Note that depending on the charge transport
models, the temperature variation in S is known to be
different, as expected: [2, 3]

S(T ) ∝















T
d−1

d+1 (Mott VRH)

S0 (ES VRH)

T−1 (Arrhenius),

(3a)

(3b)

(3c)

The experimentally observed temperature dependence of
σ is always unlike that expected in a metal, which causes
a conceptional failure of the validity of the Mott formula.
However, the temperature dependence of S is unexpect-
edly linear and independent of the charge transport mod-
els.
The observed linear temperature dependence is inter-

preted using the Mott formula shown in Eq. 1. This
indicates that an electromotive force due to the Seebeck
effect arises from a truly metallic domain in PBTTT, i.e.,
both the rigid band approximation and Boltzmann trans-
port hold in the highly crystalline domains of PBTTT.
The difference in slope for different samples corresponds
to [d lnσE

dE
]E=EF

in Eq. 1, and can be explained by car-
rier filling. At low doping levels, a large slope is ob-
tained due to the steep increase of the DOS in the energy
space (likely because EF positions at a steep tail-state of
the DOS). The energy dependence of the DOS becomes
weaker as carrier filling proceeds, so the slope becomes
small. The shape of the DOS in the energy space for
doped PBTTT has yet to be clarified: therefore, it cannot
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FIG. 3. (a) Evolution of the Hall voltage ∆VHall, measured with the thermoelectric device consisting of doped PBTTT thin
film (F4-TCNQ implanted) at 200 K. Measurements were taken with magnetic field B ramped up to 12 T and down to −12
T. (b) Contour plot of ∆VHall for different excitation currents I and B. Temperature T , dependence of (c) the conductivity σ,
(d) the inverse Hall coefficient (e|RH|)

−1, and (e) the Hall mobility µH, estimated from µH = |RH|σ. The error bars represent
uncertainty in the extraction of ∆VHall from the fitting.

be said quantitatively, but the trend is consistent with
that often observed in degenerate semiconductors. [7, 8]
The presence of onset metallicity is also verified compre-
hensively by the Hall effect and Drude optical response,
as discussed later. Note that the linear T dependence of S
at temperature regimes limited to above 100 K has been
observed in a pellet shape of highly doped polyacety-
lene [34] and polyaniline [35]. However, the presence of
such onset metallicity has been argued for many years,
and little evidence of metallic conduction in such disor-
dered polymers has been demonstrated. In this context,
the observation of metallicity in PBTTT is reasonably
understood by the highly crystalline domain of PBTTT,
so that the rigid band theory in conjunction with the
Boltzmann transport model, which relies fundamentally
on a periodic crystal potential, can be applicable.

It is expected that the metallic thermopower is dom-
inant even in systems that have both metallic and lo-
calized conduction. Previous studies have revealed that
crystalline polymers have a characteristic microstructure
in which the crystalline domains are intermittently con-
nected [36, 37], which means that their crystalline struc-
ture can be approximated to a polycrystal that includes
a grain boundary. Because highly crystalline domains
are not continuously formed between electrodes, charge
transport and thermoelectric transport always occurs
through the grain boundaries. The electrical conductiv-
ity of the grain boundary is significantly smaller than
that of the crystalline domain, and shows a steep tem-

perature dependence (the conductivity decreases expo-
nentially with respect to the temperature); therefore, the
total electrical conductivity is likely to be limited by the
localized electrons in the grain boundary. This model has
been referred to as multiple trap-and-release (MTR). The
total thermopower is also expected to be a linear summa-
tion of the metallic and localized contributions. However,
the temperature gradient that is effectively formed across
the grain boundary, which can be considered as a line de-
fect, is overwhelmingly small; therefore, we expect that
metallic thermopower is dominant in the MTR system.
Such a hybrid transport model that takes into account
the grain boundary seems to explain the results at first
glance; however, the total thermopower should be bal-
anced delicately by the formation of crystalline domains
and grain boundaries.

The delocalized charge transport can be directly con-
firmed and elaborated further by discussion of the Hall
effect measured in the same sample on the on-chip ther-
mometer device (Fig. 1) for the vapor-doped sample, and
a typical Hall voltage with respect to ramping the mag-
netic field B, is shown in Fig. 3a. A clear Hall voltage
signal is observed over a wide range of temperatures from
300 to 20 K, which provides evidence for the metallic be-
havior of delocalized charge carriers. From the sign of the
voltage, hole charge carriers are also confirmed (Fig. 3b).
The observed positive temperature coefficient of conduc-
tivity (Figs. 2a and 3c) does not contradict the existence
of metallic states, because the Hall voltage can be gen-
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erated by summing over the contributions from metallic
grains where Hall voltages are produced, even if there are
grain boundaries in between that prevent observation of
a fully metallic longitudinal conductivity. The inverse
Hall coefficient, (e|RH|)

−1, and Hall mobility, µH, de-
rived in a standard manner, show weak temperature de-
pendence, which is consistent with previous studies [26].
The observed (e|RH|)

−1 ∼ 3 × 1020 cm−3 corresponds to
0.3 charge carriers per monomer unit of PBTTT. With
this high carrier concentration, the localized trap DOS
is likely to be filled because the transport level is close
to the delocalized band edge. Although there remains a
finite contribution of localized carriers that may become
more dominant at lower temperatures, the main contrib-
utor for charge conduction is band carriers. This is also
verified by observation of the Drude optical response in
optical reflectivity measurements. Details of optical re-
flectivity measurements are given in the Supplementary
Material at [url] (see, also, references [38, 39] therein).

Lastly, we discuss how the linear T -temperature de-
pendence of S can be related to a recent theoretical
study with a plot of S versus σ [40]. Kang and Sny-
der have developed a universal charge and thermoelec-
tric transport model to interpret a unique σ-S relation.
In this model, S ∝ σ−

1
4 , which has been observed ex-

perimentally in many polymeric thermoelectric materi-
als [14, 41], was well explained by a transport function,

σE = σE0

(

E−Et

kBT

)s

, with a transport exponent of s = 3.

We emphasized that the linear T -dependence of S does
not contradict this model and even validates it for the
following reasons. First, the Kang-Snyder model holds
only in the degenerate limit, and the Mott formula does
likewise. The Fermi degeneracy in semicrystalline poly-
mers is comprehensively verified experimentally by the
observation of an almost ideal Hall effect (Fig. 3), a
Drude optical response, and Pauli paramagnetism [26].
Secondly, the Kang-Snyder model assumes a simplistic

power law relation,
(

E−Et

kBT

)s

, in the transport function

σE, as does the Mott formula. The linear T -dependence
of S that appears concomitantly with the inverse power
relation S ∝ σ−

1
4 is considered to originate from a unique

structure in doped semicrystalline polymers with a finite
amount of structural disorder, so that S and σ can be op-

timized separately by tuning these microcrystalline struc-
tures and their percolation behavior. We note that our
finding can be applicable not only to PBTTT, but also to
conducting crystalline polymers, as long as the conduc-
tion can be explained in the degenerate limit. The vast
array of recent chemical doping methodologies will allow
for the effective doping of crystalline polymeric semicon-
ductors, and it will even be possible to achieve highly
doped states that approach their degenerate limit. The
present results provide important insight into physical
guidelines for further development and material design
in the future.
In summary, the Seebeck coefficient in highly doped,

semicrystalline PBTTT was measured down to low
temperatures and a linear temperature dependence of
the Seebeck coefficient observed, independent of charge
transport models. The observation of an almost ideal
Hall effect verified that metallic conduction domains do
exist in the semicrystalline domains of PBTTT. The
Mott formula, which is used frequently for degenerate
semiconductors and metals, is confirmed to be also ap-
plicable to highly crystalline conjugated polymers. The
Mott formula gives a convenient guide for the search of
candidate thermoelectric materials, although it is likely
applicable only to semicrystalline conducting polymers.
The energy derivative of the logarithmic of the DOS,
d lnN

dE
, in the expression clearly indicates that the See-

beck coefficient is not only a sensitive probe of electronic
structure, but can also be improved by steeping the DOS
near EF. Polymeric materials that inherently have a one-
dimensional nature can be advantageous in terms of their
nonuniform DOS. In particular, control of the subthresh-
old regime of the DOS in the energy space may lead to
large, controllable thermopower, which can be realized
by microscopic ordering of the polymeric chains.
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