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Thermoelectric properties of organic semiconductors have been intensively studied over the last 15 years
for their application in converting waste heat into electricity. Optimism in the field of organic thermoelectrics
points at the possibility of achieving figures of merit (ZT) approaching or exceeding one. Despite tremendous
research effort over the years, however, such market-competitive values of ZT have not been demonstrated.
The efficiency of waste heat to electricity conversion using organic semiconductors depends on their transport
physics. This physics is understood through the interrelationship between the electrical conductivity (o),
the Seebeck coefficient (S), and the thermal conductivity (). Several thermoelectric transport models
were developed to explain the observed relationship between these coefficients in organic semiconductors.
Most models predict the measured thermoelectric transport behavior within a limited range, either in the
nondegenerate regime of low electrical conductivity or in the near-degenerate regime of high electrical
conductivity. Here, we deploy a simple model based on hopping transport to explain the experimentally observed
relationship between the electrical conductivity and the Seebeck coefficient in organic semiconductors. This
hopping-based transport model spans a broad range of charge carrier densities encompassing both the
nondegenerate regime and the near-degenerate regime. The model was originally used to identify polaronic
transport in multifunctional conductive oxide-based materials and is shown here to be applicable to organic
semiconductors. Our work spotlights an alternative explanation for recent experimental observations in
organic thermoelectrics within a unified description. It documents factors that keep ZT ~ 1 elusive in single
layers of organic semiconductors, despite their understood merits in thermoelectrics.
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Introduction

Over the last few decades, organic semiconductors have enabled
a revolution in flexible electronics. As a class of materials pro-
cessed into functional devices from solution, they are an integral
choice for applications in electronics and energy generation,
which necessitate deployment over large areas. The deposition
of organic semiconductors is done using low-cost fabrication
routes such as inkjet printing, spray coating, screen printing,
and 3-dimensional printing. These deposition routes remain
distinct from those used to fabricate electronic devices from inor-
ganic semiconductors. In addition, the multifunctional proper-
ties of organic semiconductors are tailorable through chemical
design of their constituent molecular units. The unique ability to
design organic semiconductors with optimized properties offers
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applications the added benefit of materials choice. The above are
select attributes that preserve the relevance of organic semicon-
ductors in emerging technological applications such as large-
area thermoelectric waste heat harvesting.

Organic semiconductors are suited for thermoelectric appli-
cations owing to their low thermal conductivities (), relatively
large and tunable Seebeck coeflicients (S), and their ability to
conduct charge carriers with reasonably high electrical conduc-
tivities (o). Since the thermoelectric figure of merit is defined as
ZT = (S’o/x)T, an organic semiconductor havingx =0.3 Wm ™"
K" and a power factor S’c ~ 10~ W m™" K> should effortlessly
demonstrate the benchmark figure in thermoelectrics of ZT ~
1 at 300 K. Although these values of the power factor and the
thermal conductivity are, independently, very much within the
parameter space covered by organic semiconductors, they have
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been difficult to achieve simultaneously. This difficulty has kept
an unambiguous demonstration of ZT ~ 1 out of bounds. To
gauge whether ZT ~ 1 is achievable using organic semicon-
ductors, an in-depth understanding of the interrelationship
between the electrical conductivity, the Seebeck coeflicient, and
the thermal conductivity within the parameter space covered
by organic semiconductors is necessary. Several attempts have
been made in the recent past to understand this interdepen-
dency, but a conclusive and universally accepted comprehen-
sion of the same is yet to emerge.

This review article is not written to purely summarize the
various pieces of literature on organic thermoelectrics to describe
the status quo. There are several articles that do such a task well.
Rather, ours is written in a manner that attempts to piece together
various prominent measurements of thermoelectric transport
coefficients on organic semiconductors published in the litera-
ture. In adopting a broad perspective, and in prioritizing sim-
plicity in modeling the observations, we attempt to show how
the comprehensive landscape of measurements in the literature
on organic thermoelectrics coherently points at the role of
mobile polarons in carrier transport. Based on this inference,
we estimate the intrinsic upper bound on ZT achievable within
an organic semiconductor where rapid electronic transport is
polaron mediated.

There is a pressing need for the observations in the literature
on organic thermoelectrics to be coherently explained within
a unified framework. It is preferable that such a framework be
not overtly complex to deter one’s visualization of the micro-
scopic transport mechanisms at play. As of now, many of the
observations in the literature have been explained using a com-
bination of localized hopping transport and delocalized metal-
lic transport together with transitions from one to the other
upon increasing the density of charge carriers within the organic
semiconductor. At times, the temperature-dependent electrical
conductivity is explained using hopping models, but the accom-
panying temperature-dependent Seebeck coeflicient in the same
system is modeled based on the Mott formula for metals. This
dissonance in the literature is addressed herein. We purport a
view that organic semiconductors are intrinsically van der Waal’s
bonded materials that enable large effective mass polaronic charge
transport within narrow bands. This view universally explains
the observations and unites the nondegenerate regime with the
near-degenerate regime using a single simplified transcendental
equation connecting the Seebeck coeflicient with the electrical
conductivity. The structure of this review article is organized as
follows. After a brief description of organic semiconductors, we
summarize their Seebeck coefficient, and their electrical con-
ductivity measured in 2 different transport regimes. The first
regime is the nondegenerate regime of low electrical conductiv-
ity where the carrier density remains much smaller than the total
number of available states that mediate their motion. The second
regime is what we refer to as the near-degenerate regime of high
electrical conductivity where the carrier density approaches the
total number of available states. Once these observations have
been highlighted, we describe the Jonker model that is routinely
used in thermoelectrics to link the Seebeck coeflicient with the
carrier density in the nondegenerate regime. Upon introducing
corrections to the Jonker model at high carrier densities to
account for polaronic hopping within narrow bands, we show that
this modified Jonker model replicates the salient features observed
in the literature in a manner consistent over a broad range of elec-
trical conductivities spanning both the nondegenerate regime
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and the near-degenerate regime. We discuss how temperature-
dependent measurements of the electrical conductivity and the
Seebeck coefficient in organic semiconductors are consistent
with the modified Jonker model that supports the existence of
polarons at large carrier densities. The exposition is wrapped
up by highlighting alternative applications of organic thermo-
electrics beyond power generation, in the case where polaronic
transport in organic semiconductors becomes an intrinsic deter-
rent to achieving ZT ~ 1.

Organic Semiconductors: Structure, Disorder,
and Carrier Transport

Organic semiconductors are macromolecular carbon-based sys-
tems in the form of polymers and small molecules. A few chemi-
cal structures of organic semiconductors are shown in Fig. 1.
For ease of readability in this review article, these organic semi-
conductors will be referred to by the accompanying shorthand
names shown in Fig. 1 rather than by their original elaborate
chemical names. A distinguishing feature of these macromo-
lecular systems is that they contain conjugated rings within their
backbones leading to delocalized 7 electron clouds that envelope
them. When packed in the solid state, the repulsion between z
electron clouds of adjacent organic molecules keep them from
collapsing on each other. The typical 7 - 7 stacking distance is
around 3.7 A but can vary depending on extraneous molecular
incorporation [1]. In organic films, long chains of repeated mono-
mer units line up against each other to form ordered domains on
the nanoscale or on the microscale depending on the extent
of spatial ordering induced during self-assembly. Organic small
molecules possess ordering over much larger length scales span-
ning entire crystals, millimeters in size.

The intrinsic nature of carrier transport within organic poly-
mers and organic small molecules differs on account of the
degree of carrier localization induced by the extent of disorder
in the solid state. When talking of disorder in organic semi-
conductors, one normally refers to a combination of various
contributions. On the microscale, morphological disorder is
caused by the presence of grain boundaries within the solid
state that impedes carrier motion through scattering. On the
nanoscale, structural disorder could be caused in polymers by
hairpin bends having high bending curvatures. In small mol-
ecules, it can be caused by a change in the relative orientation
of a molecule within lattice packing. On the molecular scale,
positional disorder could be caused by a misplacement of alkyl
side chains from an expected packing motif. Also on the molec-
ular scale, torsional disorder is caused in polymers having large
twists within the polymer backbone due to rotations about
single bonds. Energetic disorder refers to disruptions in the
energetic landscape within which carriers move. It is indicated
by how wide or how narrow the density of trap states is and
bears contributions from the previously mentioned types of
disorder. Dynamic disorder is seen in molecular semiconduc-
tors that are affected by thermal motion. It leads to dynamic
variations in the spatial extent of the wavefunction of charge
carriers, localizing them in transience.

From a measurement viewpoint, the combined extent of
disorder is inferred from the magnitude of the charge carrier
mobility (), its dependence on temperature, its modulation
under applied electric fields (as in organic transistors), and
its measurement under applied magnetic fields (as in the Hall
effect and in magnetoconductance). Organic polymers typically
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Fig.1. Organic semiconductors. A selection of organic semiconductors used in electronics and thermoelectrics.

have carrier mobilities around 1 cm’/Vs. Small molecules and
molecular crystals have shown carrier mobilities in the tens
of cm?/Vs. The carrier density-dependent modulation of the
Seebeck coefficient is another measurement using which dis-
order can be estimated [2-4].

Charge carriers are introduced into an organic semiconduc-
tor via injection from a metal electrode under the influence of
an electric field across a solid-state dielectric layer. Such is the
case in conventional polymer dielectric organic field effect tran-
sistors. They can also be induced using ionic gel gating where
the capacitance of the mixed dielectric is 10 times larger than
those used in conventional organic field effect transistors [5-7].
Ionic gel gating is thus an avenue to generate carrier densities
10 times larger than that of solid-state polymer dielectric-based
organic transistors. In addition to gating, charge carriers can
also be introduced through molecular doping, which involves
having donor molecules infuse themselves into organic semi-
conductor matrices and donate charge carriers to their host [8].
Organic semiconductors are intrinsically nonconducting unless
field effect gated or doped. This is because most carriers are
localized in trap states within the density of states (DOS) that
must first be filled before mobile states at higher energies can
be accessed. Organic semiconductors only conduct charges that
have been injected or introduced into them. They do not sup-
port minority carrier conduction. This limitation makes them
operational only in a charge accumulation regime within field
effect devices. They contrast inorganic semiconductor-based
field effect devices in which conduction can operate in an inver-
sion regime in addition to the accumulation regime.
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Charge carriers within organic polymers travel via stochastic
hopping down their molecular backbones or down their 7 - z
stacking directions. The alkyl side chains within organic poly-
mers are useful in ensuring that they can be dissolved and pro-
cessed from solution but are known to impede carrier transport
owing to a lack of charge conjugation in them. Their presence
causes organic polymers to display an anisotropy in carrier trans-
port properties.

Disorder-induced charge localization causes a carrier’s resi-
dence time to be sufficiently long to permit spatial polarization
during transit. Hence, when charge carriers in organic semi-
conductors move, they drag along with them a cloud of polar-
ization arising from a coulombic interaction with the molecule
they skim over. These carriers therefore sport larger effective
masses and lower mobilities compared to carriers in more crys-
talline inorganic semiconductors. The charge carriers accom-
panied by their polarization clouds are composite quasiparticles
known as polarons [9-13]. The spatial extent to which they
polarize their host medium renders them either small polarons
or large polarons. There are reports on the existence of both
small and large polarons in organic semiconductors depending
on the extent of order and organization within the molecular
lattice [14-20]. Large polarons have been observed in organic
single-crystal transistors, with dielectric/organic interfaces hav-
ing low interfacial polarization. In contrast to organic molecu-
lar crystals, organic polymers have a greater extent of energetic
disorder, which stipulates greater spatial localization of charges.
Their transport properties are known to be mediated by small
polarons [12,21]. These polarons diffuse through the host organic
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semiconductor under an external force influence of electric or
magnetic fields, hopping from one available site to another.
Polarons continue to exist in organic semiconductors upon
doping [22-29].

Depending on the extent of disorder within the energetic
landscape and depending on the energy level at which transport
occurs within the DOS, charge carrier hopping takes place
through either an adiabatic process or a nonadiabatic process
[30]. Polaronic hopping between equivalent sites is typically
adiabatic [12,31-33]. This is because the motion of polarons
through an organic semiconductor necessitates the motion of
a charge carrier together with its polarization cloud. This action
cannot take place over a broad energetic range and is limited
to a narrow range of energies, typically on the order of k;T
[12,34]. Governed by this stipulation of polaronic bands being
narrow, and one where all the induced charges access all the
available states for transport at a given temperature, transport
in these systems is described as a function of the fractional
occupancy of states, ¢ [2,12,35,36]. The fractional occupancy
refers to the ratio of carrier density » distributed over a given
number of available states N. This description simplifies the math-
ematical formulation of the Seebeck coefficient in organic semi-
conductors, making it an argument of configurational entropy
that depends solely on the fractional occupancy ¢ = % The con-
ductivity in this scenario is a function of ¢(1 — ¢) and reflects the
probability that carriers hop from a filled state into an available
empty state [35]. The transport coeflicients defined through
fractional occupancies of polarons within narrow bands are a
defining feature of organic semiconductors. The spatial extent
of a small polaron is comparable to the lattice constant of the
medium it moves through. In the case of polymers, this is the
extent of a single monomer unit. For this reason, the total num-
ber of available states N can be computed as the inverse of the

volume occupied by a single monomer unit. This number is
typically around 10°! cm™ available states [2].

In this work, we distinguish 2 regimes of carrier transport.
The first is the nondegenerate regime where the number of
induced charge carriers n < N. This is the regime covered by
organic field effect transistors with conventional solid-state
polymer dielectrics where # is tuned up to a maximum of a few
10" cm™3. The second is the near-degenerate transport regime
where 1 exceeds 10%° ? and begins to be comparable with
N. This regime is covered by ionic gel-gated field effect transis-
tors, molecularly doped organic semiconductors, and electro-
chemically doped organic semiconductors [5,28,37-40].

Thermoelectric Transport in Organic Polymers
within the Nondegenerate Regime of Transport

Organic field effect devices that use polymeric dielectrics such
as Cytop and poly(methyl methacrylate) (PMMA), hundreds
of nanometers thick, achieve a max1mum carrler density in
the accumulation regime of a few 10" cm ™. While organic
transistors have a large in-plane source-drain voltage that
induces motion of charge carriers to generate a current, organic
thermoelectric devices generate carrier flow from much smaller
thermal gradient-induced potential differences. One such
organic thermoelectric device is shown in Fig. 2A. A micro-
fabricated stripe heater is lithographically patterned next to
the source drain electrodes, and within 20 pm from one of
them. The distance between the two 20-pm-wide source and
drain electrodes is 50 pm and constitutes the channel of the
device. An organic semiconductor (shown in purple) is pat-
terned over the source drain micro-electrodes and is coated
with a dielectric layer of either Cytop or PMMA having a thick-
ness of approximately 500 nm. Over this dielectric layer, a
metal gate electrode is deposited as shown in Fig. 2A. Such a
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Fig.2.Seebeck coefficient in organic polymers within the nondegenerate regime of transport. (A) Schematic of a field effect device in which gate voltage-modulated Seebeck
coefficients are measured. (B) Seebeck coefficient as a function of carrier density for a variety of organic polymers that show ambipolar transport. (C) Temperature invariance
of the Seebeck coefficient in organic polymers within the nondegenerate transport regime. (D) Voltage-modulated Seebeck coefficients in 3 well-known organic semiconductors
compared to a model in which all induced carriers contribute to entropy transport. Image taken from [2,3].
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device operates as an organic transistor when the microfabri-
cated stripe heater is left switched off. When a current is run
through the stripe heater, Joule heating causes it to dissipate
heat into the substrate and into the rest of the device, generating
a temperature difference between the source and drain elec-
trodes. The temperature gradient is sustained by the glass sub-
strate upon which the device is fabricated. This is because the
low conductivity glass substrate is around 700 pm thick in
comparison with the complete device stack, which, including
all its constitutional layers, is less than 0.6 pm. Within such a
device, the gate voltage is used to tune the carrier density in the
channel, at the interface between the polymer dielectric and
the organic semiconductor. Due to the applied in-plane tem-
perature difference, a thermal voltage is generated between the
source and drain electrodes, which sensitively depends on the
electronic properties of the bridging organic semiconductor as
well as the carrier density within it. For an on-chip stripe heater
with a power dissipation of about 70 mW, the temperature dif-
ference generated between the source and drain electrodes
50 pm apart is around 2.5 K. The thermal voltage generated in
the nondegenerate organic semiconductor is in the range
of several hundreds of microvolts to a few millivolts. These
are approximate values found in our devices. They will vary
depending on the device geometry, thickness of the heater, the
electrodes, and the thermal properties of the substrate.

The Seebeck coeflicient is the ratio of the measured thermal
voltage response to the applied temperature difference, i.e., a
orS= %. The units of the Seebeck coeflicient are thus % The
units of entropy on the other hand are % This implies that the
Seebeck coefficient is a measure of the entropy per unit charge
carrier, since Vis % / C, where C is a Coulomb [12]. Thus, as
the carrier density within the organic semiconductor is raised,
the Seebeck coefficient is expected to reduce, because upon
increasing the carrier density, there are more carriers that share
in the entropy at the given temperature.

Figure 2B shows the Seebeck coefficient measured in a vari-
ety of ambipolar organic semiconductors based on diketopyr-
rolopyrrole (DPP) core motifs. The Seebeck coefficient is linear
on a linear-log scale when plotted against carrier density # in
this regime of nondegenerate transport where n < N. The slope
of the Seebeck coeflicient on this plot can be used as a com-
parison between the extent of disorder within the various poly-
mers and as a comparison between the relative freedom of holes
and electrons within the same polymer [3]. Figure 2C shows the
temperature dependence of the Seebeck coefficient measured in
2 different polymers, PBTTT and IDTBT, within the nondegen-
erate transport regime [2]. Figure 2D maps the Seebeck coeffi-
cient of 3 organic polymers, PBTTT, PSeDPPBT, and IDTBT,
and compares them to a narrow band model without any carrier
trapping, i.e., the straight lines in Fig. 2D [2]. Overall, Fig. 2
summarizes 3 universal observations in the nondegenerate
regime: (a) The Seebeck coefficient in organic polymers are large,
i.e.,, much larger than ky/e ~ 86 nV/K (e, elementary charge);
(b) they are decreasing functions of increasing carrier concen-
tration »; and (c) they are independent of temperature (within
the measurement error) between the measurable range of 200
and 300 K. Temperature-independent Seebeck coefhicients over
a similar temperature range were also reported for single crystals
of the molecular semiconductors pentacene and rubrene [41].

There were attempts to interpret the Seebeck coefficient and
field effect transistor measurements as functions of temperature
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consistently in terms of disorder-induced variable range hop-
ping (VRH) akin to models used to explain similar measure-
ments in amorphous silicon [42,43]. For PBTTT and PSeDPPBT,
this might be possible, but the fits depend on several unknown
and unmeasurable parameters [36]. In addition, such VRH
models break down for IDTBT [2]. A simpler, more consistent
interpretation of the 3 salient Seebeck features, applicable to all
polymers in the nondegenerate transport regime, is given by a
narrow-band model in which charge carriers experience a small
degree of energetic disorder and can access a temperature-
independent density of thermally accessible sites. The narrow-
ness of the carriers’ energy bands is probably due to polaron
formation [12], an assumption that is supported by charge
accumulation spectroscopy [2]. In the simplest narrow-band
model, the Seebeck coefficient is expressed as [12]

k
a=-2ln
e

(N n>+k?Bln(2)+avib.

It is the sum of 3 contributions. The first contribution is the
change of the entropy of mixing when the density of mobile
polarons is # and the density of thermally accessible sites is N.
The second contribution is the entropy change arising from the
2-fold spin degeneracy. The final term is the high-temperature
limit of the entropy change produced by a polaron altering the
stiffness or frequencies of the molecular vibrations. Only the first
contribution depends explicitly on carrier density. A plot of @
versus the logarithm of the mobile carrier density n yields a

straight line with slope — k?B x In(10) = =198 pV K" decade ™.

From Fig. 2, the slopes of the linear experimental a-log(n)
plots depend on the specific polymer and exceed =198 pV K~
decade™. These discrepancies are reconciled by accounting for
a fraction fof the n injected carriers, which are trapped in shal-
low traps and do not participate in entropy transport. In this
case, n is replaced by n(1 — f) and the slope of the a-log(#) plot is

increased to — %B xIn(10) / (1—f). This procedure is justified

when the band-tail-like traps are within ~ k, T of the narrow
band of conducting polaron states. One can extract values of f
equal to 0.3, 0.5, and 0.7 for IDTBT, PBTTT, and PSeDPPBT,
respectively. This procedure demonstrates that there is much
less trapping in IDTBT compared to PBTTT or PSeDPPBT. Using
such gate voltage-modulated Seebeck coefficient measurements,
IDTBT was shown to have most of its charge carriers residing
in mobile states. It is now also known that the slope of the Seebeck
coefficient on a-log(n) depends sensitively on the properties of
the polymer at the time of measurement. Since organic polymers
can dynamically alter their properties depending on ambient
influences, a-log(n) plots have also been used to map asymp-
totic stability [44].

To interpret the magnitude of the Seebeck coefficients, we
estimated the number of equivalent sites in the polymers. By
assuming that there is one equivalent site on each polymer
repeat unit (consistent with small polarons), we obtain N=7.4 X
10 cm~ (IDTBT) and N = 8.9 X 10?° cm™3 (PBTTT), based
on reported unit cell parameters [45,46]. The solid black and
red lines in Fig. 2D are the resulting estimates of the Seebeck
coefficients for IDTBT and PBTTT, respectively, on ignoring
any carrier-induced changes in these molecules’ vibrations. The
small discrepancies between the solid lines of Fig. 2D and the
experimental data in Fig. 2D may be assumed to indicate a
vibrational contribution, but in fact, the difference was later
shown to be an artifact of how the magnitude of the Seebeck
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coefficient was extracted using the resistance thermometer’s
estimate of the temperature difference. With a more accurate
estimate of the on-chip temperature difference, the Seebeck coef-
ficients of organic polymers were found to show a negligible
vibrational contribution [3,44,47]. Organic small molecules, on
the other hand, may have a more substantial contribution to the
Seebeck coefficient from vibrational entropy. For example, pen-
tacene was shown to have a vibrational contribution of 265 pV/K
[48]. Preliminary studies on C¢-BTBT and C,,-DNTT were
shown to have a smaller contribution, potentially less than
100 pV/K [49]. In comparison, inorganic materials such as boron
carbides have a vibrational contribution to the Seebeck coeffi-
cient of 200 pV K" at 300 K [50]. Whether the Seebeck coef-
ficient is an appropriate technique to estimate the vibrational
entropy of organic molecular semiconductors requires broader
experimental investigation to arrive at a conclusive answer.

Lastly, the temperature invariance of the Seebeck coeffi-
cient in the nondegenerate regime is a direct consequence of
its expression in terms of the entropy of mixing, spin degen-
eracy, and its vibrational contribution. The lack of temperature
dependence in this equation is due to polaronic bands being
narrow and on the order of k; T, causing all the states for trans-
port to remain available at all temperatures.

As the carrier concentration in the organic semiconductor
is increased, it goes from the nondegenerate regime (n < N)
to the near-degenerate regime # ~ N. In the near-degenerate
regime, the properties of the Seebeck coefficient, the electrical
conductivity, and their interrelationship are significantly differ-
ent from those discussed above and constitute the content of
the next section.

Thermoelectric Transport in Organic Polymers
within the Near-Degenerate Regime of Transport

The semicrystalline semiconducting polymer PBTTT has been
studied intensively for its ability to achieve large electrical con-
ductivities reported to cross 1000 S/cm upon doping [1,51].
Enhanced conductivities such as these are not a consequence of
increased mobility. They are due to an increase in carrier density.
This fact is now known based on Hall effect measurements, which
show that the carrier mobility remains constant as the dopant-
induced carrier density increases [52,53]. Thus, large electrical
conductivities bring the organic semiconductor within the realm
of the near-degenerate transport regime where n~ N.

Figure 3 shows the relationship between the Seebeck coef-
ficient and the electrical conductivity within the near-degenerate
transport regime in PBTTT. In this highly doped regime, it is
customary to plot the Seebeck coefficient against the conductiv-
ity, rather than against the carrier density. The reason for this
is 3-fold. (a) The side-gate geometry of the electrolyte-gated
devices has liquid- or gel-based dielectrics whose exact dimen-
sions are not always known, (b) the dopants can infuse into the
bulk of the organic semiconductor upon gating, and (c) the ease
in performing 4-point probe electrical measurements when the
electrical conductivities are substantial.

It is clear from Fig. 3A, which includes several data points
of PBTTT doped with various doping techniques, that the
Seebeck coeflicient varies with conductivity in a seemingly
counterintuitive fashion. In the low conductivity regime on this
log-log plot, the Seebeck reduces linearly and gradually as the
conductivity increases. At large conductivities, greater than
100 S/cm on this plot, the Seebeck coeflicient reduces drastically
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upon increasing the conductivity. In terms of empirical scaling
laws, the Seebeck-conductivity relationship goes from showing
an S o ""* dependence in the low conductivity regime to an
Sx o' dependence in the high conductivity regime. Figure 3B
shows another plot of the Seebeck-conductivity relationship
in PBTTT from different work [54]. The outcome of both
experiments is equivalent in that they increase the conductivity
from the nondegenerate regime to the near-degenerate regime.
In Fig. 3B, a piecewise subdivision in the Seebeck-conductivity
plot was suggested using 3 empirical scaling laws, namely, S «
o~ in the low conductivity regime suggestive of VRH, S o™
in an intermediate conductivity regime suggestive of weak local-
ization, and S & o' in the high conductivity regime suggestive
of so-called metallic transport [55]. Carrier density modulation
of temperature-dependent conductivity as well as magnetocon-
ductance on this ion gel-gated sample of PBTTT were also car-
ried out to appropriate the various transport regimes shown
on Fig. 3B [54]. Figure 3C shows the behavior of the Seebeck
coefficient and power factor of ionic liquid gated PBTTT [56].
The inset shows a linear-log plot of the Seebeck coefficient
versus conductivity, where the dotted line represents a slope of
-198 uV/K per decade. Clearly, the experimentally measured
slope in the highly doped regime is much shallower than this
nondegenerate value. Across the same region of the transition
where the Seebeck coeflicient begins to plummet upon increas-
ing the conductivity, the power factor registers a maxima. There
is an observed scaling law in the power factor versus conductiv-
ity in the nondegenerate limit of low conductivity, i.e., So «
o' . This is a direct consequence of the power factor being
S’c and of S ¢~ * in the same regime. There is no evident
scaling law for the power factor in the so-called metallic regime
where S 6" . Figure 3D shows the Seebeck coefficient versus
conductivity and the power factor versus conductivity of vari-
ous ion gel-gated DPP-based polymers [57]. Once again, it is
clear from this plot that upon achieving large conductivities, the
Seebeck coeflicient undergoes a rapid reduction. The power fac-
tor exhibits a maxima in these DPP-based polymers around the
same conductivity at which a transition in trend was seen. It is
also clear that the different DPP-based polymers have slightly
different trends, with PDPP4T having the steepest drop in the
Seebeck coeflicient and in the power factor within the measur-
able range. At very large near-degenerate carrier densities, it is
less probable that a large fraction of the induced carrier density
is caught up in trap states as argued in the nondegenerate
regime. The differences between the DPPs on the S — & plot
may thus suggest intrinsic differences in the maximum possible
conductivity achievable in these systems as discussed later in
this review article [35].

It has been suggested that such trend transitions in the con-
ductivity upon increasing the carrier density are akin to an
insulator-to-metal transition where carriers go from being local-
ized to being delocalized [6,7,56]. From a thermodynamic view-
point, however, a metal-insulator transition is a first-order phase
transition. In such a transition, the structure and properties are
expected to change abruptly. In addition, in first-order phase
transitions (such as ice to water), there is a latent heat associated
with the transition and a discontinuity in derivative properties
such as the heat capacity. Such findings are yet to be reported for
highly doped organic semiconductors to unambiguously confirm
the hypothesis linked to the insulator-to-metal transition. There
are indeed structural changes, such as a swelling of the organic
semiconductor to accommodate dopants when doping to high
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Fig. 3. Seebeck coefficient in organic polymers within the near-degenerate regime of transport. (A) Seebeck—conductivity (S — &) plots in PBTTT over a broad range of
conductivities achieved using different methods of doping [56]. (B) Electrical conductivity dependence of the Seebeck coefficientin PBTTT obtained with electrolyte gating at
room temperature [54]. (C) Both Seebeck and power factor dependence on electrical conductivity obtained with electrolyte gating. This figure corresponds to the data shown
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gating in various DPP-based polymers [57]. In all the plots, piecewise smooth empirical scaling laws between sand S have been indicated. Image taken from [54,56,57].

carrier densities, but these changes are gradual [8,56]. Lastly, it
is known that electrochemical doping can also enhance struc-
tural order within a polymer film upon dopant molecule uptake,
and not always introduce structural distortion [58]. Such elec-
trochemical doping-enhanced structural order was seen in the
polymer poly[bis(3-dodecyl-2-thienyl)-2,2-dithiophene-5,5-
diyl] (PQT) with low side chain density [58]. Irrespective of this
enhancement of order, similar S — ¢ trends were seen in PQT
as were seen in PBTTT and in the DPPs shown in Fig. 3. This
suggests that both inducing structure upon doping (as in PQT)
and/or distorting structure upon doping (as in PBTTT) lead to
similar trends in S — o behavior at large carrier densities. It is
hence likely that the observed § — o trends in the near-degenerate
regime are a consequence of a more fundamental and universal
carrier transport property of organic semiconductors.

It ought to be explicitly mentioned here that despite being
overused in the literature, the observed scaling laws of S & o=1/4
and $’c « 6" in the low conductivity regime are purely
empirical [59]. As of this writing, there is still no documented
physical underpinning for why these laws arise, besides being
founded on some form of VRH transport. In the same spirit,
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S ¢~ in the high conductivity regime is only an observation
where a correlation is made based on what metallic transport
is known to look like.

Another pertinent and closely related observation in the
near-degenerate transport regime is the temperature depen-
dence of the conductivity and the Seebeck coefficient of highly
doped organic polymers. Shown in Fig. 4 is the temperature
dependence of PBTTT films doped using 3 different techniques
of varying doping efficiency [60]. It is interesting to note here
that although the conductivity is thermally activated, the
Seebeck coefficient displays a linear dependence on tempera-
ture. This behavior in the highly doped near-degenerate regime
contrasts the temperature invariance seen in the Seebeck coef-
ficient within the nondegenerate regime. The linear depen-
dence in temperature on the S — T plot has caused intense
speculation on whether highly doped polymers sport metallic
transport governed by the Mott formula under the rigid band

27 2
approximation, namely, S = _rks' T [dan]E . [60]. The fact
=LFf

3e dE

that the measured conductivity is indicative of hopping trans-
port, but the Seebeck coefficient is assumed to be metallic,
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represents a clear dissonance in the literature. Although an
explanation was attempted for these tandem observations in
the semicrystalline polymer PBTTT, and said to indicate metal-
lic conduction within ordered domains [60], a more convinc-
ing explanation may be built based on polaronic transport in
organic semiconductors. We build arguments for such a case
later in this work.

All told, the salient features of thermoelectric transport in
highly doped organic semiconductors within, or close to, the
near-degenerate regime are as follows. First, the Seebeck coef-
ficient in highly doped organic polymers is small, i.e., smaller
than kg/e = 86 pV/K. Second, the Seebeck coefficient varies
linearly with conductivity on a log-log plot for nondegenerate
conductivities but shows a sudden drop at near-degenerate con-
ductivities. The curve remains continuous and differentiable at
the transition. Third, empirical scaling relationships between
S and o seem to fit only small segments of the full S — o curve,
but a universal fit over the whole carrier density range is not
possible. Fourth, the power factor registers a maxima at very
large near-degenerate carrier densities. Fifth, the slope of the
S —log(o) is much shallower than its nondegenerate value of
—198 pV/K per decade. Sixth, the electrical conductivity shows
a hopping-like behavior as a function of temperature, but the
Seebeck coeflicient shows a metallic-like behavior with a direct
proportionality to temperature.

The above 6-fold observations of thermoelectric transport in
highly doped organic semiconductors may be explained based on
a narrow band polaron model as described in the next section.

Jonker-Type Analysis for Polaronic Transport in
Organic Semiconductors

In this section, we demonstrate how the empirical trends of
S o """ and §%6 x "> may fundamentally be a consequence
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of polaronic charge carrier hopping in the organic semicon-
ductor within the nondegenerate regime of carrier densities,
10" cm™ or fewer, and within the applicability of Boltzmann
statistics [2-4]. We also show how the § — o relationship, inter-
preted within the dictates of polaronic hopping, explains the
origin of the 6-fold observations of the near-degenerate trans-
port regime.

The characteristic features of small polaron conduction can
be seen through equations for their electrical conductivity and
Seebeck coefhicient. The electrical conductivity is given by the

Nernst-Einstein equation, ¢ = (Nc)ey = (IZC);D, where N is the
B

total density of available hopping sites, with ¢ being its frac-
tional occupancy. y is the carrier mobility, T'is the temperature,
e is the electronic charge, kj is the Boltzmann constant, and D

is the small polaron diffusivity, D = g(1— c)eazvexp< - If—HT)
B

[35]. In the equation for the small polaron diffusivity, g is a
geometric factor, a is the jump distance between equivalent
hopping sites, v is the lattice vibrational frequency, and Ej is
the hopping energy. The polaron conductivity is thus written

= Mexp( - li_HT ) The small polaron Seebeck

as o kT
2(1—¢)
c

coefficient on the other hand is S = + %Bln[ ], where the

parameters hold their usual meanings [61-63]. The sign + indi-
cates the polarity of the small polaron, either hole or electron.
The polarity of the Seebeck coefficient can invert depending
on the fractional occupancy, ¢, here [64].

A characteristic of small polaron hopping is the % depen-
dence in the prefactor of the conductivity. One way to validate
this temperature dependence in the prefactor is to fix the carrier
density in the system and measure the conductivity as a func-
tion of temperature over a broad range. In the presence of
smaller hopping energies that come into effect at high carrier
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densities, there is a tendency for the exponential term in the
equation for the conductivity to cancel out the k;T term in the
denominator of its prefactor. This implies that the conductivity
tends to show an even weaker thermally activated behavior from

its original exp< ) dependence. Such a transition in trend

hasindeed already been observed in the doped polymer PBTTT,
reproduced in Fig. 4, where its solution-doped (low doping effi-
ciency) avatar is strongly “thermally activated”, while its anion
exchange-doped (high doping efficiency) avatar shows a much
weaker temperature dependence in the conductivity [60].
Several decades ago, Jonker [65] developed quantitative
relationships between transport parameters in semiconductors
of either p-type, n-type, or mixed conduction by plotting “pear-
shaped” curves between the Seebeck coeflicient and the con-
ductivity. Several insights into the conduction parameters can
be obtained using “Jonker-pears”, such as the DOS-mobility
product and the intrinsic bandgap of the semiconductor. Jonker
mentions in his work that the analysis is applicable to nonde-
generate semiconductors where Boltzmann statistics can be
applied. He unequivocally states in his paper that an uncer-
tainty in the construction of § —log(s) can arise for higher
doping concentrations. For this reason, in his original paper,
Jonker generates the plot of S lo%(a) in PbS with carrier den-
sities that go up to only 10" ]. Jonker’s well-known

model proposed the existence of a slope having a value — k— or
—86.15 uV/K on a plot of S — In(o). This can also be written
as — k—ln(lO) which is =198 pV/K per decade on a plot of

log(a) [65]. The same value of slope arises on a plot of
— In(n) when assuming transport in narrow bands and where
the Seebeck coefficient takes the form of the temperature invari-

ant Heikes formula, S ~ Bln ) [2,13,34,55,66-68]. Heikes

formula is based on the entropic argument that considers the
number of ways the carrier density # can be statistically dis-
tributed over N available states. It is another way to justify why

the observed slope on an S — log(n) plot is equal to — kfln(lO)

in the absence of trap states [67].

The original analysis of the Seebeck coefficient and the elec-
trical conductivity in the nondegenerate regime was developed
by Jonker in 1968 [65] and later modified by Nell and coworkers
in 1989 [35] to account for observed transport trends in the
near-degenerate regime within conductive oxides. When the
carrier density in organic semiconductors crosses the 10°° cm™
threshold, a condition achieved in ionic gel-gated organic
devices, carrier transport enters the near-degenerate regime as
discussed earlier [54,56-58]. Within this near-degenerate regime,
Boltzmann statistics does not hold and corrections to the Seebeck
coefficient and the conductivity from their nondegenerate behav-
ior need to be accounted for. Such corrections lead to a maximum
in the power factor irrespective of chemical composition of the
organic semiconductor as shown in this work.

By defining the ratio g = ¢/(1 — ¢), one can use the previ-
ous expression for the polaronic Seebeck coefficient, namely,
S=+ k—Bln[z(l_C)] to write g = —— = 2exp( +Se/kp) for an

n-type polaronic system or g = —— = 2exp(—Se/kg) for a
p-type polaronic system. The product ¢(1 = ¢) can thus be
written as,

c(l-¢)=

(1+4)
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The same product appears in the expression for the polar-
onic conductivity above, namely, c( 1-¢)=
Q=2

- k
will be corrected for later in this article), namely, that the hopping

energy E;, the lattice vibrational frequency v, and the number
of available states N do not change upon doping, the maximum

M

conductivity o, will occur at ¢ = 0.5. Normalizing the conduc-
tivity thus leads to the following equation:
c(l-¢) ¢
0.5 Omax

On grouping the equations relating to c(1 — ¢), we arrive
at a transcendental equation that links the Seebeck coefficient
with the conductivity, namely,

1_4 _ o
0.5% (1+q)2 Gmax'

In the case of a p-type polaronic system, this can explicitly be
written in terms of S and o as,

Se
1 2exp<—g> _ &

0.52 Se 2 O-max.
[1 +2exp<—g )]

For an n-type polaronic system, the transcendental equa-
tion reads
Se
2
1 eXp( kg ) _ o

0.5 [ g>]2 O max
kg

Similar S — o relationships can be derived for spinless bipo-
larons, should it be the case that bipolaron formation dictates
transport in doped organic semiconductors at large carrier
densities [69].

A plot of both p-type and n-type relationships between the
Seebeck coeflicient and the electrical conductivity dictated by
these equations are shown in Fig. 5A. Figure 5A also plots the
Jonker slope for a semiconductor as a dotted line. Salient fea-
tures of small polaron conduction as predicted by the model
of Fig. 5A are as follows. First, at large conductivities close to
the near-degenerate regime, the Seebeck coefficient is small,
i.e.,, much smaller than kp/e = 86 pV/K. Second, in the regime
of low electrical conductivity, the Jonker model (whether for
band type or for small polarons) has a very similar slope to that
of the small polaron model. In the regime of large conductivi-
ties, however, the 2 models diverge. This is because the assump-
tions of the Jonker model no longer hold close to the highest
conductivities in polaronic conductors. Third, the Seebeck
coeflicient decreases gradually on the linear-log plot of S — ¢
at low conductivities. At larger conductivities, close to the
maximum supported by the polaronic conductor, the Seebeck
coeficient drastically reduces. Fourth, the Seebeck coefficient
can invert in sign at carrier densities beyond the maximum
carrier density. In other words, it can show a negative (positive)
polarity, although polarons may be p-type (n-type).

Figure 5B plots only the p-type component of the small
polaron Seebeck coeflicient in the regime of positive Seebeck
coeflicients on a log-log plot. This log-log plot visualization is

1+2exp<+
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(D) Comparisons of the p-type polaron model with empirical relationships used in literature for the nondegenerate transport regime.

done because most published works have plotted S — o relation-
ships on a log-log plot [56,57,59,70-73]. Figure 5B also shows
dotted lines of 3 empirical trends, namely, S « e " Sx o
and S « 6. None of these empirical trends fit the transition,
but they go to show that their gradual change from one to the
other does envelope the continuous polaron function. Such a
transition in empirical trend was used to justify the possible
presence of an insulator to metal transition between a hopping
regime of transport and a metallic regime of transport. The
S — o plot constructed in Fig. 5B for polarons is both continu-
ous and differentiable and so may not represent an unambigu-
ous first-order phase transition.

From Fig. 5B, the magnitude of the Seebeck coefficient in
highly doped organic devices within the near-degenerate regime
is also smaller (about tens of pV/K) than those in the nondegen-
erate regime (about hundreds of pV/K). That said, it is still larger
than the magnitude of the Seebeck coefficient in a conventional
metal with a well-defined Fermi sea (less than tens of pV/K).

Figure 5C uses the S — o predictions of the polaron model
shown in Fig. 5B to construct the power factor of the system.
The conductivity used here is the normalized conductivity of
the polaronic system ——, which is why the units have been

max
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changed appropriately. It is evident from Fig. 5C that the model
clearly predicts a maximum in the power factor for polaronic
conduction. Figure 5C also plots the empirical scaling behavior
§’6 « "%, showing an agreement between the model and the
empirical trend over the region of normalized conductivity
close to the maxima.

Figure 5D plots both the polaronic model for the Seebeck
coefficient and the power factor together with the empirical

scaling trends, S « o7 and $?6 o a%, but only over 2 orders of
magnitude, as this is the range measured in prior experiments
shown in Fig. 3. It is evident that the polaronic model resembles
the empirical scaling trends over these 2 orders of magnitude.
One can argue that the agreement would be improved if a ran-
domized scatter resembling experiment is superposed over the
polaron model prediction.

So far, Fig. 5 can simulate 4 of the 6-fold observations of the
experiments in the near-degenerate regime. First, it dictates
that the Seebeck coeflicients in the near-degenerate regime are
small. Second, it predicts both the original Jonker slope in the
regime of low conductivities (nondegenerate regime) and the
sudden drop in the Seebeck coefficient at large conductivities
(near-degenerate regime). Third, the continuous trendin § — ¢

10
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supports the piecewise empirical relationships used in the lit-
erature (Fig. 3) between S and 6, namely, S x ™ and S 6.
Fourth, it predicts a maximum in the power factor at near-
degenerate carrier densities.

To predict the fifth observation, namely, reduced slopes

98 k L .
Sog) < ZIn(10) on the § — log(o) plot of Fig. 3 in the high

conductivity regime, one needs to understand the shortcoming
of the polaron model and apply justifiable corrections. In
deriving the S — o,,,,, used in Fig. 5, it was assumed that the
maximum conductivity, o,,,, that was used to scale the total
conductivity o in the polaronic system had the same total num-
ber of available hopping sites N, the same frequency v, and the
same hopping energy E;. The frequency v and the hopping
energy E,; need not be constant upon doping the system to
increase its electrical conductivity. Both the electrical conduc-
tivity and the Seebeck coeflicient in the system are transport
parameters reliant on the hopping parameters. As the doping
in the system is increased, it is expected that the hopping rate
will also increase. An increased hopping rate will increase the
maximum conductivity of the system but is expected to simul-
taneously reduce the Seebeck coefficient from its ideal value
shown in Fig. 5. This is intuitively understood based on how
the Seebeck coefficient is linked with the electrical conductivity
in the most general case [74]. To incorporate the above ratio-
nale, we introduce a corrective dimensionless scaling factor y
to reduce the Seebeck coeflicient upon doping. Within the litera-
ture, such a single-parameter scaling of the Seebeck coefficient
was done to explain S — o relationships in carbon nanotubes
[75]. Another potent article that incorporates the scaling factor
for organic polymers specifically is by Mateeva et al. [76]. In
their work, the scaling factor is refered to as a “pure number”.
The pure number, when equal to 1, represents a polymer system
with the maximum possible ZT. Our y parameter analysis is
also similar to the single-parameter electronic quality factor
developed to understand and compare the power factors in
inorganic thermoelectrics [77]. A scaling factor greater than 1
is an indication that the system cannot be characterized exactly
by the transport equations for polarons shown earlier, and that
the assumption on the conductivity made, namely, that the hop-
ping energy Ey, the phonon frequency v, and the number of
available states N do not change upon doping, must be called
into question. A scaling factor greater than 1 could also indicate
a departure from the adiabatic case for polaron motion, since
the equations for conductivity used in our analysis are for adia-
batic hopping of polarons.

Intuitively, when considering a reduction in the hopping
energy E;; upon doping, we assume that the Seebeck coefficient
would reduce to S/y, where y goes from 1 to approximately 10
in organic semiconductors. On a log-log plot, the scaling factor
y preserves the sudden drop in Seebeck at the absolute maxi-
mum permissible conductivities. Figure 6 shows the effect of
this intuitive dimensionless factor y on the relationship between
the Seebeck coefficient and the electrical conductivity. Figure 6A
shows, on a log-log plot, how the Seebeck coefficient reduces
upon increasing y from 1 to 9.

To understand how such an analysis affects the slopes of
the Seebeck coefficient on an S —log(s) plot and predict

as
Togt) < ln(IO) Fig. 6B plots the contents of Fig. 6A on

alinear-log plot. It is evident from this plot that an increasing
value of y gives rise to a reduced slope. Although plotted for
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normalized conductivities down to 107%, it should be empha-
sized that these reduced slopes will affect only the near-
degenerate regime of conductivities in actual experrments
Such slopes on an S — log(#n) plot, smaller than — —1n(10)
in magnitude, have indeed been observed in measurements on
ion gel electrolyte-gated Seebeck measurements on organic
semiconductors [56,57]. Slopes smaller than — —ln(lO) in
magnitude on a plot of $ — log () have also been observed
in material systems such as carbon nanotube-based com-
posites. In single-walled carbon nanotube networks, for
example the onset of the deviation from dl ( 5 = ln(IO)

< - —ln(lO) is seen at carrier densities greater than

3log( )
10 cm™ [78].

One way to understand why the slopes on an S — log(n)
plot can be lower than — —ln(10) in magnitude within the
near-degenerate regime is ‘o understand that in the near-

degenerate regime of measurement, the implicit assumptions
of the Jonker analysis break down. At these large carrier densi-
ties, configurational entropy may not primarily govern the
Seebeck coefficient any longer, and Heikes formula may be
violated. The reduced carrier concentration dependence of
the Seebeck coefficient may be due to this manifestation of
Boltzmann statistics becoming insufficient possibly due to the
Fermi level (E;) approaching the state distribution (i.e., n < N
does not hold). In such a regime, the narrow-band description
for which Heikes formula is applicable becomes inappropriate,
and it is speculated that the actual DOS of the networks needs
to be considered [78].

Another class of materials in which 5 ags(n) < - —1n(10) has

been observed is the multifunctional conductive oxides [79,80].
Amorphous conductive oxides and organic semiconductors
have much in common from a transport point of view, seeing
as disorder can be a governing factor for the electronic trans-
port behavior they demonstrate. In amorphous InGaZnO, for
example, the slopes on the § — log(o) plot are between —54 pV/K
and —70 pV/K per decade, i.e., much smaller than the expected
ideal slope of —198 pV/K per decade. This behavior was ascribed
to the hydrogenation of InGaZnO, which rendered its con-
duction metallic. A related example where the ideal slope of
— log(o) deviated from that predicted by the Jonker analysis
is in Al-doped ZnO [81]. Further examples of the same devia-
tion were seen in several oxide-based systems from spinel ferrites
and nonstoichiometric oxides to highly doped systems such
as LaCrO,:Sr and Mn,;O,;:Fe [35]. In the latter, a Jonker-like analy-
sis was used to distinguish small polaron hopping from band-type
semiconductivity. This work included a balanced discussion
of the strengths and limitations of Jonker’s analysis [65].
All told, within our intuitive assumption of scaling the
Seebeck coefficient by a dimensionless quantity y in highly doped

organic semiconductors, reduced slopes as( 5 <-k ln(l())
are predicted.

To use the scaled model of Fig. 6 to fit experimental plots of
S — o, one will need to multiply the normalized conductivity
Oporm With the maximum conductivity o,,,, obtained from the
experiment. This will shift the conductivity appropriately along
the x axis. Along the y axis, the Seebeck coefficient of the model
is shifted down by dividing the Seebeck coefficient by y to
meet the experimental curve. Figure 6C shows an § — ¢ data-

set of doped polymer PDPP4T published in the supplementary
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fo

materials of [70]. Clearly, the data show a maximum in the
conductivity, o,,,,, after which there is a reversal in trend. Our
scaled polaron model can be fit to the high conductivity regime
of the measurement with a y = 2.65. The maximum conductiv-
ity in this system is around 6 S/cm. At even lower conductivity
on this plot, there is a deviation in trend from the polaronic
model most probably because of the operation of a different
hopping mechanism [82].

Figure 6D shows a comparison of the unscaled or ideal (y = 1)
polaron model with a narrow band transport function that has
been used in the past to describe similar S — o trends within
oxides where conduction occurs in narrow bands [83]. The nar-
row band transport function plotted here is described by [83]

o Se Se
—[1+exp<+—> [1+exp<——>]=1.
OE, kp kg
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The normalized conductivity of this narrow transport func-

(4

tion plotted in Fig. 6D is 0,y = —— where oy is the scaling
Eo

factor. The polaron model we deploy has much in common
with this narrow transport function. While the trends are simi-
lar, the polaron model clearly shows a maximum o, in the
conductivity within the positive range of the Seebeck coefhicient
after which there is a reversal in trend. Since such behavior
has been observed in doped organic semiconductors, such as
shown in Fig. 6C, the function that describes polaronic trans-
port is probably more appropriate to use when analyzing most
organic semiconductors. The polymer IDTBT may behave dif-
ferently when doped to high carrier densities. On account of
its narrow bands, it may be better described with the narrow
transport function shown in Fig 6D where the maxima in con-
ductivity occurs when the Seebeck coefficient is 0 pV/K.
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Doping is sometimes known to introduce morphological
changes to the ordering within the lattices of organic semicon-
ductors. An increased lattice ordering upon doping has the
potential to increase the overall conductivity of the system by
boosting the mobility in addition to the carrier concentration.
Such a situation is expected to increase o,,,, within the system.
In cases where the mobility is lower on account of reduced
ordering, the point of reversal in the conductivity, i.e. 0,
tends to occur at smaller values. Hints of such an observation
were seen recently in the case of TrTPFB-doped P3HT [84].

Figure 7 shows polaron model fits to 4 different datasets of
S — o available in the literature. In Fig. 7A, a polaronic model
fit to S — o is made for doped P3HT [85]. In achieving this fit,
y=6.lando,,, =150 S/cm. o,,,, used here was the maximum
seen in experiment, not the point of conductivity trend reversal,
since the experiment had not shown this. On the same plot,
and for comparision, 2 other recent models, namely, the semi-
localized transport (SLoT) model and the Kang-Snyder model,
have also been shown [55,85]. It is arguable that the functional

form of the scaled polaronic model fits the data over the entire
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range of conductivities in a manner better than the other 2 used
models. Figure 7B shows a fit of the polaronic model to S — ¢
data for poly(3,4-ethylenedioxythiophene) (PEDOT) [85].
Once again, a comparison is made with the SLoT model and
the Kang-Snyder model. In the scaled polaron fit, y = 1.3 and
Opmax = 200 S/cm. All 3 models fit the data reasonably well,
although the scaled polarnoic model fits the data better in the
regime of very large conductivities too. Figure 7C shows a fit
to S — o data of PBTTT [56]. In this scaled polaron fit, y = 9.0
and o,,,, = 600 S/cm. Lastly, Fig. 7D shows a fit to S — ¢ data
of PDPP4T [70]. This dataset is different from that of Fig. 6C
in that a commercially available polymer material was used here
that has a higher conductivity. In this fit, y = 4.5 and o,,,, = 32 S/
cm. Once again, as in Fig. 6C for PDPP4T, the scaled polaronic
model deviates from the data at low conductivites potentially
due to a change in the nature of transport. It ought to be high-
lighted that doped polymers P3HT, PEDOT, and PBTTT all
have maximum conductivites over 100 S/cm and often in the
several hundreds of S/cm. The doped PDPP4T samples had
maximum conductivites below 10 S/cm or in the low tens of
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S/cm, so it is conceivable that the transport mechanism at lower
conductivities may have a larger contribution from thermally
activated hopping or VRH rather than purely from polaronic
transport.

In the absence of knowing the simultaneous contributions
that influence the lumped dimensionless scaling parameter y
that we have used above, it is difficult to know how this param-
eter changes depending on tuning specific microscopic material
parameters incorporated by other models in the literature. At
the moment, we consider, out of conscious intent one must add,
7 to be a coarse-level dimensionless scaling parameter that
encompases the microscopics in doped organic materials, and
see it as a high-level way to scope out organic thermoelectric
materials as will be demonstrated later on in this work. Right
now, we only use it to highlight that the polaron model fits the
experimental data well over a large range of conductivites, argu-
ably better than existing models on the market, re-iterating the
role of mobile polarons within organic thermoelectrics at large
carrier densities. A robust y — o,,,, relationship was not found
from the 5 datasets analyzed in this work, but what seems clear
is that the upper bound on y is around 10. This is because there
is no experimental data in the literature showing that the Seebeck
coeflicient in organic semiconductors can be below 100 pV/K
when its electrical conductivity is below 107 S/cm. A deeper
understanding of the y — o, interrelation may become clear as
more experimental data continue to be published. There is also
aneed for comprehensive S — o experimental datasets from the
same laboratory to remove any ambiguity and calibration errors
related to how the Seebeck coefficient and the conductivity are
extracted from experiment.

To account for the deviant low conductivity behavior in the
S — o relationships of PDPPA4T, the data in literature have been
analyzed using an approach summarized in Fig. 8 [70,86]. Figure
8A shows the measured S — o relationship of PDPP4T published
in the original paper. Evidently, the efficiency of doping seems
to depend on the temperature at which the doping process was
carried out. Improved doping efficiency leads to more ideal
behavior at very large conductivities as seen for PDPP4T doped
at 75 °C. Figure 8B to D highlights the postulation that the spatial
distribution of dopants in the conjugated polymers has a pro-
found impact on the shape of the Seebeck versus conductivity
curve, and that it is the clustering of dopants in the polymer that
modifies the shape of the DOS and alters the trend of Seebeck
versus conductivity curve. Figure 8B and C shows 2 types of
densities of states: one a conventional Gaussian with a DOS
width of 3k,T, and the second a heavy-tailed distribution. The
corresponding Seebeck versus conductivity curves shown in Fig.
8D are color coded to correspond to different positions of the
Fermi level in the DOS of Fig. 8B and C, below which the DOS
is filled. Figure 8D can simulate the reduction in the Seebeck
coeflicient upon doping quite well, together with the reduced
slope on the S — o plot upon doping. However, it does not simu-
late the point of maximum in the conductivity shown earlier in
Fig. 6C of the same work. The study summarized in Fig. 8
attempted to establish that the shape of the S — ¢ curve depends
on the clustering of the dopants in the conjugated polymer. The
dopant distribution affects the DOS, with dopant clustering
dramatically increasing the energetic disorder, which in turn
affects charge transport properties. The shallower S — ¢ trends
with heterogeneous spatial distributions of dopants in the sample
suggested that a heterogeneous distribution of coulombic
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potentials from doping broadens the DOS and thus depresses
the Seebeck coefficient. The modeling that was used to arrive at
these conclusions was based on hopping between localized sites
with Miller Abrahams hopping rates [86]. The model, although
implemented very carefully by the authors, depends on multiple
parameters such as the localization length of charge carriers, the
jump frequency, an average distance between sites, an externally
applied electric field, the dopant cluster density, the number of
dopants per cluster, and a few others. From an applied stand-
point, it is very difficult to maximize the power factor of the
organic thermoelectric material by optimizing multiple variables
in such disorder hopping models, some of which can be quanti-
fied through experiment and some of which cannot. It is for this
reason alone that we have attempted to look at the experimental
data of § — oin the literature with an ultra-simplified univariate
polaronic model and attempt an understanding of whether ZT
> 1 may ever be achievable in organic thermoelectrics.

Alternative Explanation for Reduced Slopes on
S —log(c) Plots Based on Hall Mobility Trends

An alternative, quasi-speculative, understanding of why the slopes
ofthe § — log(o) plots change depending on whether the measure-
ment is done in the nondegenerate regime, or the near-degenerate
regime, can be understood from Fig. 9, which collates data pub-
lished in existing literature [3,57,60,87]. This alternative viewpoint
can explain both reduced slopes in S — log(o) plots and the max-
ima in the power factor within the highly doped regime. It may
be able to connect the measurements of the Seebeck coefficient
with measurements of the Hall effect in organic semiconductors
in a cohesive fashion. Figure 9A shows the measurement of S —
log(o) for various DPP-based polymers in the nondegenerate
and near-degenerate regimes. We have demarcated a boundary
around 10 S/cm that divides the 2 regimes, although such a
division here is purely for argument’s sake and may be variable
depending on the material under investigation.

In semiconducting oxide systems exhibiting polaronic trans-
port, such as in Al-doped ZnO, the mobility is observed to
increase proportional to an increase in the conductivity. In
other words, u « (o, where { is a constant of proportionality.
When this observation is seen, the slope of S — log(o) goes
from being — %Bln(IO) to being — %Bln(lo) X (1—nef) [81].
Beyond the oxide hopping conductors, such a trend of y « {o
is seen in various FATCNQ- and TFSI-doped PBTTT polymers
[60]. Extracted data from this work are plotted in Fig. 9B. A
similar trend was also measured within the ion gel [EMIM]
[TFSI] gated organic semiconductor C8-DNBDT-NW, again
plotted in Fig. 9B [87].

The region of interest in Fig. 9A is the high conductivity
regime of several tens of S/cm, not achievable within solid-state
organic thin-film transistors. The mobility values shown in Fig.
9B are the measured Hall mobilities. We can extract a propor-
tionality coefficient { = 0.00413 cm’/(S-V's) for FATCNQ-
doped PBTTT and ¢ = 0.026 cm”/(S-Vs) for ion gel-gated
C8-DNBDT from Fig. 9B. L

Using the modified Jonker slope of — ?Bln(IO) X (1—nef)

together with these values of ¢, and with carrier densities

n~2x10°° cm™ as is the case for both the doped and the
ion gel-gated samples, FATCNQ-doped films will not have

much of a reduction in the expected slope since — kTBln(IO) X
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(1-2x102%x1.6x1079x0.00413) = —0.87"731n(10)> whereas
in the ion gel-gated organic semiconductor C8-DNBDT,
~ 5 1n(10)x (1 -2x10%x1.6x 10719%0.026) =—0.17 2 In(10y

nel is dimensionless since cm™ X C X cm’/(S-Vs) all cancel out.

In other words, the exact reduced Seebeck-conductivity
slope, quantified not by an arbitrary dimensionless y param-
eter as done before, but through an experimentally mea-
sured { parameter in the high conductivity regime, may be
justified through a modification of the Jonker slope to the

Venkateshvaran et al. 2024 | https://doi.org/10.34133/adi.0067

value of — kTBln(IO) X (1 —ne¢). The slope may be very much

{ dependent rather than dependent on carrier concentration

alone.
When u « {o, the Jonker formula for the Seebeck coefficient,

which is originally § = —%B{ —Ino +In[euy N exp(A)] }, calls

for modification. It becomes S = —kf{ —Inc +1n( o+ O')+

In [eNcexp(A)] } All parameters hold their usual meanings
in the context of semiconductor thermoelectrics in these
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conductivity in the near-degenerate regime is an indicator of how reduced the slope is in comparison to the nondegenerate Jonker limit of — k:”ln(lO).

equations. In simpler terms, the Seebeck coefficient can now be
writtenas S = kTB(l —K) X (Ino — C), where K and C are empiri-

cal constants. This equation indicates that the Seebeck coefficient
measured in such a regime is also reduced in magnitude com-
pared to the original predictions of Jonker’s formula for S stated
above. Thus, both a smaller magnitude of the Seebeck coefhi-
cient and a reduced Seebeck slope are accounted for. Using this

equation for the Seebeck coefficient S = %B(l —K)X (In6-C),

2
a maximum exists in the power factor since taking ag_: =0

yields an optimum on the S’ versus o plot. In polaronic systems,

the relationship between mobility and conductivity, i.e., 4 & (o,
and the magnitude of the proportionality constant { may thus
be crucial in quantifying the reduction in slopes in an alter-
native way.

To summarize, in the presence of a sizable ¢ [>0.01 cm’/
(S-Vs), for example], and for carrier densities >10" cm™, the
Seebeck slope on the § — log(o) curve can be smaller in mag-

nitude than — kTBln(IO), and the new “reduced Seebeck slope”
is % =— k?Bln(lo) X (1 —nel). First evidence for such behav-
ior in a polaronic system was shown in [81]. In the regime of
these observations, the power factor of the system also registers
a maxima. Quantifying the proportionality constant { between
the Hall mobility and the conductivity in highly doped organic
semiconductors and connecting this proportionality constant
with the reduction in the Seebeck coeflicient upon increased
doping may be a new way to analyze data in the literature in
future. Such an analysis may provide an avenue to directly con-
nect the carrier mobility with the Seebeck coefficient in highly
doped organic semiconductors, something that is currently
lacking. The analysis presented in Fig. 9 is only a guideline at
this point. Seeing as Hall mobilities in the DPP polymers are
not currently present in the literature, it is difficult to analyze
our hypothesis for data presented in Fig. 9A.
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Revisiting the Observations Claiming
Semiconductor to Metal Transitions, and
Metallic Transport, in Measurements of
the Seebeck Coefficient in Highly Doped
Organic Semiconductors

In previous work that measured the Seebeck coeflicient and
the electrical conductivity in doped organic semiconductors
(reproduced in Fig. 3), a semiconductor to metal transition was
claimed to be observed as the carrier density in the system
increased from the nondegenerate regime to the near-degenerate
regime [54,56,57]. Hints at metallic transport (S « T) were also
seen in measurements of the temperature dependence of the
Seebeck coefficient shown in Fig. 4, although the temperature
dependence of the conductivity in these doped organic systems
still appeared temperature activated [60]. The temperature
dependence of the Seebeck coeflicient and the temperature
dependence of the electrical conductivity have so far never been
explained within a single self-consistent framework for organic
semiconductors. A prospect at unifying this observation with
the other observations in organic thermoelectrics arises within
a polaronic transport framework [30]. The work of Emin on
small polarons might provide a fertile ground that unifies these
seemingly uncorrelated results on carrier hopping and trans-
port in organic semiconductors. Emin believes that in the
presence of structural disorder such as in amorphous semicon-
ductors, or where hopping occurs between inequivalent sites,
an energy band of small polaron states occurs, resulting in an
additional term that is approximately linear in temperature
such that ' = S + T [88]. S is the Seebeck coeflicient, S is the
standard configurational entropy term, and $ is a constant of
proportionality. In particular, the overall Seebeck coefficient S’
measured for such small polarons is much larger (about tens
to few hundreds of pV/K) than the Seebeck expected for a
degenerate semiconductor or a metal with a well-defined
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Fermi sea (about tens of pV/K) [89]. Linear trends in the
Seebeck coefficient with temperature in small polaron sys-
tems are indeed seen in materials such as silicon carbide as
shown in [88]. A theoretical formalism for the same was shown
in [30]. In Emin’s own words, “For weakly degenerate small-
polaron hopping among a broad distribution of inequivalent
sites the Seebeck coeflicient is reasonably close to the observed
form, §" = S + ST The configurational entropy term S reduces
with higher carrier concentration, of course. This small polar-
onic framework may provide one explanation for the discussion
around Fig. 4.

On a somewhat related note, polaronic hopping may also
be the foundation for what has been referred to in the litera-
ture as “band-like transport” for high-mobility organic
semiconductors. Since the mobility function for polarons
. _ g(l—c)eazv
isp =S
such a functionality can give rise to an increase in the mobil-

exp( fT) at temperatures around 300 K,

ity upon reducing the temperature when the hopping energy
is small.

In what follows, we introduce a different conceptual frame-
work to explain trends in the Seebeck coefficient that resemble
a semiconductor to metal transition.

For thin polymer films, we consider that the Seebeck coef-
ficient is a function of 2 independent variables, and that
charges move in a plane along x and y directions, which are the
vector components of the total charge flow. This assumption is
justified in materials such as PBTTT with transport anisotropy
where charge hopping across the alkyl side chains is small
compared to along the backbone plus the 7—z stacking direc-
tion. By considering that the radial component of this vector

L Lo N-
can be given in terms of a saturation index, r = T” we pro-

pose that the Seebeck coeflicient satisfies a diffusion-type

equation like the porous medium equation. Given that the
underlying process consists of charge transport in a spatially
constrained medium, it is natural to propose that the gov-
erning equation is like a nonlinear diffusion one, e.g., the
porous medium equation [90]. Similar approaches have been
used to described charge transport phenomena, particularly
in dye-sensitized solar cells [91-93]. In the stationary regime
and in the radially symmetric case, this porous medium

equation is 19 (ris'") = C, where C is a constant in r but

ror\ or
may capture temperature dependence. Rearranging this equa-

tion leads to % (r%Sm) = Cr, and integrating in space gives

us (riS’” ) = Cr? + C, This equation can be rearranged to give

%S =Cr+C,: ~, and integrating in space once again gives us
S"=Cr +C, ln(r)+C

In the nonsaturated case, i.e., a case of low carrier density,
we consider the linear case where the exponent m = 1 and that
the constant C is small. We thus get S = C, In (r) + C,, which

. . N-n
for our chosen saturation index parameter r = — has the
same form for the Seebeck coeflicient shown earlier, i.e.,

k N-— k
a= fln(—”) + ZIn(2) + ayy,

In the regime of larger carrier densities, we consider higher
exponents of m, namely, m = 3, that the constant C depends
linearly on temperature, and that the constants C, and C, are

2/3
small, leading to S = Cr*/?> = C (% - 1) . By expanding the
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expression in the parenthesis and keeping the first-order term,

2/3
we have § = Cr?/3 = CN?/3 (i ) . This equation is similar to

8 ZkBZ T % 2 2/ . o
S=—/—"_——m (—) , where the effective mass m” is defined
3eh s\ 3n s
2/3 .
asm; = (N K *) / m; The respective parameters were defined

in the context of thermoelectrics earlier; N‘*, is the effective
valley degeneracy, K* is the effective carrier pocket anisotropy,
and m? is the inertial effective mass [94].

What we demonstrate above is that the porous medium
equation for polaron diffusion is able to capture the transition
of the Seebeck coefficient in its functional form for low carrier

= ) to a functional form for high carrier

density, namely,

2/3
density, namely, S  N%/3 <%> . These functional forms are

just like those used to justify claims of semiconductor to metal
transitions in doped organic semiconductors. We speculate that
the accompanying temperature trends in the 2 regimes are cap-
tured by the constants in the radial porous medium equation.
The complete development of a transport model for the Seebeck
coefficient based on the radial porous medium equation goes
beyond this review article, but we have taken the opportunity to
show briefly how the nondegenerate and the near-degenerate
regimes may be characterized by values of the exponent m =1
and m = 3, respectively, as these exponents generate function-
alities similar to those of a semiconductor to metal transition
shown previously in the literature on organic thermoelectrics.

Limitations on ZT within a Polaronic Framework
of Thermoelectric Transport

With the above discussion laid out based on comprehensive
experimental observations in the literature, we proceed to
understand whether it is theoretically possible to achieve a figure
of merit ZT > 1 in polaronic hopping systems such as organic
semiconductors. It has long been argued that the thermal con-
ductivity, «, in or%amc semiconductors is low, hovering at frac-
tions of W m™ K™ [95,96]. These low thermal conductivities are
predominantly seen in undoped organic semiconductors or in
organic semiconductors within the nondegenerate regime of
transport. As the doping in these systems is increased to enter
the near-degenerate regime, the total contribution to the thermal
conductivity, &, comes not only from its phonon contribu-
tion, K,ponon DUt also from its conductivity-dependent electronic
contribution, Keqon = LooT [97]. L, is the Lorentz number, and
T is the temperature. Written explicitly, Ky = Kphonon + Loo T
Considering this equation, the total thermal conductivity in the
near-degenerate regime does not profit from the rhetoric that
organic semiconductors have low thermal conductivities, which
can boost the figure of merit ZT. Figure 10A shows the thermal
conductivity of FATCNQ-doped PBTTT along with a few other
organic polymers. It demonstrates that as the electrical conduc-
tivity is increased to greater than 10 S/cm, the overall thermal
conductivity increases to more than 1 W m™ K™ [97].

In this section, we assume that the electronic contribution
to the thermal conductivity in the doped organic semiconduc-
toris 1dea1 and is a function of the Lorentz number L, = 2.44 X
10~° V*/K>. In the literature, however, there are varying accounts
on the actual value of the Lorentz number in organic semicon-
ductors. In some cases, the Lorentz number was reported to be
well above the ideal value of L, while in other cases the value
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Fig. 10. Thermal conductivity and figure of merit ZT in polaronic conductors in the near-degenerate regime. (A) Thermal conductivity in polymers doped to large electrical
conductivities in the near-degenerate regime showing a significant increase in the thermal conductivity from its nondegenerate value. (B) ZT computed based on the power
factor of a polaronic system with free parameters of ko000 aNd 01y, This is @ best-case scenario for ZT with y = 1and is hence called ZT,,,,,. Image 10 (A) taken from [97].

was lower [98,99]. In the likelihood that the Lorentz number
is nonideal in the case of organic semiconductors, one will need
to scale the electronic contribution to the thermal conductivity
appropriately in our model.

To compute the maximum ZT, we compute the Seebeck
coeflicient, and the power factor based on the polaronic model
deployed earlier in this work. It is known that the scaled power
factor exhibits a maxima for large electrical conductivities as
shown in Fig. 5C. We multiply this scaled power factor by a
variable value for the maximum conductivity and divide it by
the total thermal conductivity at 300 K. We then pick out the
maximum of the resulting composition. In other words, we com-
pute ZT = §°6,,,.0,na/ (Kophonon T LoGnormOmax 1) for T=300 K, plot
A Kphonon T LoGnormOmax ]) VETSUS 0y 0o and extract
the maximum value for ZT on this plot. These values are what
we call ZT,,,,, and are plotted on Fig. 10B as a function of Ky on0n
and o,,,,. As is evident from Fi%. 10B, a ZT, > 1 is possible
only for Kyponen < 0.2 W m™ K and 6, > 300 S/cm. These
values represent the most ideal case. o, it must be re-iterated
again, is the measured value of conductivity at the point of
trend reversal on the S — o plot in the near-degenerate regime
of polaron transport (see Fig. 5A for a reminder).

The above having been said, upon entering the near-degenerate
regime where o, is a few hundreds of S/cm (see Fig. 7), we must
account for the dimensionless factor y to scale the Seebeck coef-
ficient. This implies that the measured value of the figure of merit
ZT reduces to ZT,,./y* in the near-degenerate regime. For y = 9,
as is the case for highly doped PBTTT with o, = 600 S/cm
shown in Fig. 7, this leads to the value of ZT,,,, on Fig. 10B need-
ing to be divided by 81. In other words, an expectation of ZT . = 1
upon efficient doping of the polymer will only lead to ZT'~ 0.01 in
practice.

This is potentially the reason why some of the highest ZT
values observed in organic polymers have not been seen in the
degenerately doped regime. For example, the n-type fullerene-
based organic material, doped PTEG-2, has shown a ZT around
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0.3 with a conductivity little over 10 S/cm, a Seebeck coefficient
around —250 pV K™/, and a thermal conductivity of less than
0.1 Wm™' K" [100]. In Fig. 10B, such values correspond to
around 0.3 (assuming of course that o, for doped fullerenes
cannot be as high as for the doped polythiophenes).

In the doped polymer PEDOT-tosylate, ZT = 0.25 was exper-
imentally observed for conductivity around 100 S/cm, a Seebeck
coefficient around 200 pV K™, and a thermal conductivity of
0.37 W m™ K™ [101]. We showed that doped PEDOT shows
asmall y = 1.3 (see Fig. 7B) much smaller than any of the other
polymers studied herein. Because of this small y, the reduction
in ZT upon doping into the high conductivity regime is not as
much as it is for the other polymers. Looking at Fig. 10B, one
finds that the values of PEDOT correspond to ZT,,, ~ 0.22.
Even upon slight reduction by a factor of y, the polaron model
prediction is not too far off from the measured value.

For ZT, .. > 1, one needs to look for 3 properties in doped
organic polymers: (a) a Seebeck coefficient-conductivity rela-
tionship that is nearly ideal (y = 1) within the near-degenerate
regime, (b) a 6,,,,, value extracted in the near-degenerate regime
(at the point of conductivity reversal) of several hundred S/cm,
and (c) a low phonon contribution k., below 0.2 W m™
K. Judging purely from the experimental trends currently in
the literature and in reading the story they tell us over the back-
drop of polaronic transport, it may be challenging to achieve
ZT,. (and hence ZT) > 1 for power generation purposes using
single layers of organic polymers.

Organic crystalline radical ion salts and organic small mol-
ecules are governed by alternative transport mechanisms,
which are known to push the experimental value of ZT beyond
0.1 [102]. Although the morphology of these films plays a cru-
cial role in their power conversion efficiency [103], theoretical
calculations on such materials have shown that ZT > 1 may
indeed be possible [104]. This class of materials may thus
provide some light at the end of the tunnel for organic thermo-
electrics, superseding polaronic organic polymers.
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Even if not considering the role of mobile polarons in trans-
port, there is emerging consensus that the field of organic ther-
moelectrics has hit a roadblock, and that the pathway to
improving the thermoelectric figure of merit beyond 1 is not
as simple as pursuing brute force doping strategies to increase
the electrical conductivity [105]. It is also still not clear as to
what range the transport parameters o, S, and x can be controlled
over, and whether they can be tuned independent of each other.
This is down to several reasons, 3 of which are summarized here.
First, the active layer morphology may or may not be perturbed
by the incorporation of dopant molecules. Second, ionized
dopants in the host may contribute to Coulomb scattering and
charge carrier trapping. Third, the formation of bipolarons upon
doping may be a detriment, as bipolarons can be either immobile
or less mobile compared to single polarons.

A few strategies have been proposed to overcome the exist-
ing roadblocks. One strategy is that of modulation doping,
bottom-up, where dopants preferentially sit in an amorphous
phase, and the actual charge transport occurs in a crystalline
phase [106]. The crystalline phase is thus unaltered in its micro-
structure, and there is a spatial separation between dopants and
mobile charges. A second strategy is that of dopant alignment,
or intentional and directional dopant clustering [105,107].

Both these techniques may enable polaronic transport with a
pure number y = 1. Under modulation doping, for example, the
relationship between S and o for the polarons that participate in
transport will not be affected by the simultaneous effects of dis-
order introduced upon doping and can thus be considered ideal.
The measured value of ZT will not need to be scaled down and
will approach the value of ZT,,,, in our model. These suggested
that doping strategies may thus bring ZT = 1 consistently within

reach. While our work predominantly focuses on the properties
of individual layers of organic semiconductors, and their ability
to show increased ZT, it must be mentioned that newer approaches
based on polymeric multi-heterojunctions have been used
recently to successfully demonstrate ZT > 1 [108].

Applications of Organic Thermoelectrics beyond
Power Generation

Although the field of organic thermoelectrics continues to be
studied with much intensity for applications in power genera-
tion, there are several emerging applications that make use of
their attractive thermoelectric properties that go well beyond
ZT optimization. Three applications can be immediately high-
lighted. First, advanced thermoelectric devices based on poly-
mers have been used in very fast heat sensors. Under infrared
(IR) irradiation at specific wavelengths, chosen molecular
vibrational modes in organic polymers can be excited, opening
a pathway for fast heat transport within molecular films [109].
The prospect of exciting molecular vibrations under IR reso-
nance is a promising pathway to use organic semiconductors
in future ultrafast bolometers. Second, the relatively low ther-
mal conductivity within undoped or gated organic transistors
can be used to monitor thermal runaway and device degrada-
tion under operational conditions [110]. Third, low thermal
conductivities can also be used in devices to detect radiation.
One such thermoelectric radiation sensor (TESS) is shown in
Fig. 11.

Figure 11A shows a functionally integrated TESS, replete
with a thermoelectric element and a high-speed operational
amplifier with 100-fold gain. The circular disc mounted on a
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Fig.11. TESS based on organic semiconductors licensed out to Thorlabs in 2022. (A) Fully integrated TESS based on an organic small-molecule film. (B) Schematic diagram
of the sensor element showing the different layers involved. (C) Fast rise time of the sensor upon laser pulse impingement. (D) Area-independent rise time of TESS. (E) Area-

independent decay time of TESS.
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printed circuit board of the sensor constitutes the thermoelec-
tric element. The cross-section of layers of this element is shown
in Fig. 11B. They comprise an absorber that coats a sandwich
structure of 2 Cu electrodes and an organic small-molecule
film of tetrathiotetracene. This tetrathiotetracene film has a
thickness in the hundreds of nanometers to a few micrometers,
a Seebeck coeflicient greater than 1 mV/K, and a thermal con-
ductivity less than 0.1 W m™" K™". The sensor element is built
within a single vacuum chamber using a sequential deposition
of layers with thermal evaporation. The sensor operation prin-
ciple is based on heat generation at the top Cu electrode when
a laser pulse impacts the sensor and is absorbed. This heat dis-
sipates through the organic sandwiched layer, but a voltage
spike shown in Fig. 11C develops initially on account of the
sensor’s low thermal conductivity. The sensor operates in a
wavelength range between 0.18 and 2.3 pm without the need
for an absorber. However, with the use of an absorber, the wave-
length range can be extended to include the CO, laser wave-
length of 10.6 pm. Additionally, the absorption layer can be
tailored to suit a particular spectral region for a specific applica-
tion if the absorbed radiation can be converted into heat. As a
result, the sensor covers a wide range of applications, spanning
ultraviolet (UV) to IR. The nanosecond rise time of the voltage
signal, shown in Fig. 11D, is both fast and independent of sen-
sor area. The decay time, shown in Fig. 11E, is also area inde-
pendent. This feature permits the TESS to be scaled to much
larger areas on the centimeter scale for radiation detection as
required. The large area scalability of the sensor is a positive
contrast to photodiodes that are typically pinpoint. The area-
independent feature is a consequence of heat transport through
the film in the vertical direction, perpendicular to the device
stack. The 3-fold unique selling point of this TESS is that it is
fast, it operates over a broad spectral range, and it can be scaled
in area, making it independent of size. The TESS technology
was licensed out to Thorlabs for commercialization in 2022. It
is a significant demonstration of the tremendous innovative
potential that organic thermoelectrics has for novel applica-
tions, not reliant on ZT.

Summary

This work was an attempt to consolidate the experimental find-
ings in the field of organic thermoelectrics under a unified
framework based on polaronic hopping. We highlighted the
salient measurements within the literature on organic thermo-
electrics, and rather than just summarize them as is customary
in review articles, we attempted to link the observations with
each other to build a unified picture. The Seebeck coefficient
and the electrical conductivity as functions of carrier density
and temperature were first laid out, and the story they tell was
constructed based on knowledge of how polarons behave in
disordered oxide semiconductors. A plausible unifying expla-
nation was arrived at to justify the observed association between
the Seebeck coeflicient and the conductivity in both a nonde-
generate limit of low conductivity and a near-degenerate limit
of high conductivity. The idea of this work was not to build yet
another model to explain the data in the literature. Rather, it
was to use intuition together with a highly simplified univariate
model where the complex physics of disordered thermoelectric
transport is compacted into one dimensionless quantity y. This
y parameter can be extracted directly from measurements
of § — 0, making scoping easier. Observations in the literature
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point at there being a finite value of y between 1 and 10. To
achieve ZT = 1, one would need a low value of y closer to 1.
Beyond ZT optimization and applications in power genera-
tion, several new applications continue to emerge, which use
the properties of organic semiconductors in new and novel
thermoelectric devices. Few applications were highlighted
herein, which include thermoelectric radiation sensing,
thermal runaway monitoring, and ultrafast bolometers based
on molecular resonances. The intrinsic limitations of organic
thermoelectrics when it comes to power generation do not apply
to newer promising fronts of thermoelectric development.
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