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ABSTRACT: The Seebeck coefficient, a defining parameter for thermoelectric materials, depends on the
contributions to conductivity of charge carriers at energies away from the Fermi level. Highly conductive
materials tend to exhibit conductivity from carriers close to the Fermi level. In this article, we propose
polymer blends in which ground state hole carriers, created by doping a minor additive component, are
mainly at an orbital energy set below the hole energy of the major component of the blend. Transport,
however, is expected to occur through themajor component. This leads to a regime inwhich hole conductivity
and Seebeck coefficient may be increased in parallel. While the absolute conductivity of the composite, and
thus ZT, are not particularly high, this work demonstrates a route for designing thermoelectric materials in
which increases in Seebeck coefficient and conductivity do not cancel each other.

Introduction

Thermoelectric materials are of interest for a wide range of
applications in power generation and refrigeration, such as for
deep space energy production, automotive waste-heat recovery,1

and on-chip and larger scale cooling modules.1-3 The layout of a
generic thermoelectric module is shown in Figure 1. When
current is driven through the device, heat can be extracted from
a region intended to be cooled, as charge carriers absorb heat and
are elevated into higher energy states. Recombination of holes
and electrons drifting in response to the heat source allows energy
extraction at the bottom of the module in the powering mode.

For near room temperature applications, such as refrigeration
andwaste heat recovery up to 200 �C, Bi2Te3-Sb2Te3 alloys with
ZT ≈ 1 have been used for both n- and p-type thermoelectric
systems.4 For midtemperature power generation (500-900 K),
materials based on group IV tellurides are typically used, such as
PbTe,GeTe, or SnTe.5,6 For the highest-temperatures (>900K),
thermoelectric generators have typically used Si-Ge alloys for
both n- and p-type legs.3

The performance of thermoelectric materials is determined by a
dimensionless quantity called the figureofmerit, ZT, definedby eq 1

ZT ¼ S2σT=K ð1Þ
whereS is theSeebeck coefficient (thermoelectric power, the change
in voltage per unit temperature difference in a material), σ is the
electrical conductivity, T is temperature in kelvin at which the
properties were determined (or the average device temperature),
and κ is the thermal conductivity. ZT≈ 1 for several currently used
thermoelectric materials1,7-12 with their efficiency as cooling ele-
ments 10-30% of that of compressor refrigerators.13 ZT in bulk
materials has barely doubled even after decades of development.14

Values of S associated with ZT > 1 materials are on the order of
hundreds of μV/K.15 In metals, S is much lower.

Organic and polymeric semiconductors (OSCs) have been
considered as potentially high-ZT materials because of their
acknowledged low value of κ, 2-3 orders of magnitude below

inorganic semiconductors and metals,16,17 though the σ/κ ratio
may not be particularly high in OSCs. The quantity S in doped
OSCs is on the order of tens of μV/K,18 well below inorganics,
though pure (and low-conductivity) organics can have S as high
as inorganics.19 Low values of S in doped organics may be due to
unfavorable energy and spatial distribution of the density of
states relative to the ground state charge carrier energy. In various
theoretical models for S, the increase in number of states with
respect to energy at or just above the Fermi level is the major
determining factor.18,20

Recent progress in the design of OSCs for transistors and solar
cells has established high charge carrier mobilities at definite
energy levels associated with particular conjugated subunits.21-24

However, the intentional establishment of a Fermi level with
respect to the orbital energies of themolecular components of the
high-mobility solids has not yet been reported. Enormous pro-
gress has beenmade in preparing and evaluatingOSCs for charge
transport. The availability of an increasing library of high
mobility OSCs with varied energy levels25-32 provides a unique
opportunity to revisit the field of organic thermoelectrics and to
carry out a new design approach.

In this article, we report our initial results on semiconductor
blends in which the major component, “bulk” molecular sub-
units, are designed to have carrier energies just above orbital
energies of a minor component “additive”. The Fermi level is
established by the additive, while the current from injected charge
is carried predominantly in the higher energy orbitals of the bulk,
as shown in Figure 2. Interestingly, an equimolar “blend”, in the
form of a hole-stabilizing tetrathiafulvalene side chain on a
polyvinylcarbazole, has been reported, though not contemplated
for thermoelectricity.33 The additive is not a dopant; in fact, a
dopant could be added as a third component to increase con-
ductivity. According to a recent report, the “doping” could even
be supplied via a gate electrode.34 Doping would not greatly alter
the Fermi level, in contrast to previously described systems
considered for thermoelectric applications (see below). This
situation is effectively equivalent to having a large derivative of
density of states with respect to energy. In cooling mode, injected
charge transfers energy across a sample. In powering mode, the*To whom correspondence should be addressed.
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thermal excitation of additive-centered charge carriers in one
region of the sample will lead to the migration of some of them
into the bulk energy levels of another region of the sample,
producing a thermovoltaic effect.

The significant new result reported here is that unlike in any
previous studies a regime is identified inwhich Seebeck coefficient
and electrical conductivity both increase as a result of doping.
This phenomenon is not observed in controlswithout the additive
in which charge carriers are more stable.

Theory of Thermoelectricity. General theoretical princi-
ples have been reviewed by Tritt and Subramanian,15 by
DiSalvo,13 and by Chen and Dresselhaus et al.11 Thermo-
electric cooling occurs when carriers are injected at a certain
energy level, usually near a pn junction, and are transported
in a higher energy band. The heat flowing away from the
injection site, not corrected for heat regeneration, is propor-
tional to the current flowing away from that site (eq 2):

Q ¼ Π I ð2Þ
where Q is heat flow, I is current, and Π is the Peltier
coefficient.

However, resistive (I2R,R=resistance) heating as a result
of the current tends to counter the desired cooling, as does
thermal conductivity (κΔT), which leads to reverse heat flow
from the heat sink back to the injection site.1 When charge
carriers are the dominant mechanism of heat transfer, such
as inmany inorganics, a decreasedR (lower resistive heating)
leads to greater thermal conductivity, and vice versa. In such
cases, increasing the current by using more electrically con-
ductive materials is generally counterproductive. However,
in low-mobility polymers, thermal conductivity is probably
dominated by phonons,35 so raising electrical conductivity
would be helpful. Of course, reducing the resistive heating by
lowering the current also lowers the attainable cooling effect
in the first place. Thus, there is an optimal current at which
the coldest attainable junction temperature is obtained; this
temperature is proportional to Π2/Rκ

The quantities Π and S are related by eq 3:

Π ¼ ðSn -SpÞT ð3Þ

where subscripts refer to the different materials at the pn
junction and S carries the sign of its dominant carrier and so
are generally additive. Because Π2 is thereby proportional to
S2, and R is inversely proportional to σ, the material figure of
merit ZT = S2σT/κ (eq 1) is derived. Cooling efficiency is
roughly linear in ZT for ZT < 1. Power generation efficiency
also increases with ZT, but via a more complicated function of
the hot and cold temperatures that is approximately propor-
tional to (1þZT)0.5 forZTof about 1 andTof about 350K.1,15

The major factor limiting increases in S is the suboptimal,
and in many cases poorly understood, band structure of the
semiconductors. Energy levels of organic materials are gov-
erned primarily by molecular orbitals, which are more easily
estimated than are band structures in inorganics, because the
dispersions in the bands are generally lower inorganics than in
inorganic semiconductors, and relationships between orbital
energy levels and molecular structures are well understood
from physical organic chemistry. Orbital energies are deriva-
ble by combinations of spectroscopy, electrochemistry, and
semiempirical calculation.We thus have a considerable degree
of control over densities of states in organic solids.

Background onOrganic andPolymerThermoelectrics.Gao
has published a numerical model applicable to organic
materials.18,20 The main conclusion is that the Seebeck co-
efficient S increases as greater proportions of the electrical
conductivity occur at energies different from the Fermi level.
This in turn depends on the existence of states away from the
Fermi level, the probability of their occupancy, and the charge
carriermobility in these states.After showing that themodelwas
applicable to an exemplary inorganic, CsBi4Te6, the model was
successfullyused toanalyzeS fordopedpoly(3-decylthiophene).
Agreementbetween theoryandexperimentwasachieveddespite
the possibility that chemical effects other than simple carrier
creation could result from the doping and that the band model
used to investigate conductivity in inorganicsmaywell not apply
topolymers.Gao concluded that an improvedmaterial couldbe
obtained if it had localized bands near the Fermi level as well as
highly dispersive (highmobility) bands above theFermi level. A
chemical structure was suggested, which while expected to be
unstable, gave a theoretically predicted 5-fold increase in S
compared to polythiophene. The highly dispersive transport
bandranged0.3 eVabove theFermi level andhigher.Adifferent
numerical analysis based on percolation of a high conductivity
organic component through a low conductivity/high S organic
matrix projected an enormous ZT, on the order of 10, if the
conducting component has conductivity >100 Ω-1 cm-1 and
has a very low percolation threshold.36,37

Wuesten et al.19 considered a similar model but allowed for
hopping transport andeffects ofdefects typical oforganics, such
as grain boundaries, that produce additional localized states.
Conductivity versus temperature follows stretched forms of
exp(-EH/kT), where EH is the activation energy for hopping.
Both the Gao and Wuesten models predict the experimental
observation that high doping levels decrease S because the
Fermi level is brought closer and closer to the energy level
where charge transport is favored.38 This behavior has been
observed in poly(3-decylthiophene),18 perylenetetracarboxylic
dianhydride (PTCDA),19 vanadyl and zinc phthalocyanine
(VOPc andZnPc),39,40 polyaniline and polypyrrole,38 and poly-
(3,6-dihexyl-2,7-carbazolenevinylene) (PCVH).41 S approaches
1 mV/K in some of the least doped cases but rapidly falls as
doping levels approach 20%. The dropoff is greater for ZnPc
than for VOPc.40 PCVH is notable for retaining significant S
even at 20% doping. A recent and promising report describes
doped carbazole polymers with S of 70 μV/K and with an
unusually high electrical conductivity of up to 500 S/cm.42,43

Table 1 summarizes properties of these materials.

Figure 1. Layout and current paths of a thermoelectric module based
on one pn semiconductor couple.

Figure 2. Schematic of proposed organic thermoelectric composite,
consisting of an additive that sets the Fermi level and a bulk in which
charge carriers at higher energy levels are transported.
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While all of these organic materials were studied as
mixtures with dopants, in none of these cases were additional
compounds introduced to alter the level at which charge
carriers were induced by the dopants, and no effort wasmade
to control or maximize charge carrier mobility above the
Fermi level as dopants were added. This paper represents a
first attempt to engineer OSCs with these goals in mind.

Experimental Section

Materials. Poly(3-hexylthiophene) (P3HT) was purchased
from Rieke Metals Inc. and purified by the Soxhlet extraction44

with methanol, hexane, ethyl acetate, and dichloromethane. Its
conductivity as a nominally “neat” film was in the range of
10-7-10-6 S/cm.45 Poly(3-hexylthiothiophene) (P3HTT) was
purchased from Rieke Metals Inc. and used as received. Tetra-
fluorotetracyanoquinodimethane (F4TCNQ) was purchased
from Aldrich and used as received. Cytop, a hydrophobic
polyperfluoroalkenyl vinyl ether, was purchased from Asahi
Glass Co.

Sample Fabrication. P3HT, P3HTT and F4TCNQ were each
separately dissolved in chlorobenzene at appropriate concentra-
tions, and then different ratios of them were mixed together and
drop-cast on glass substrate with prepatterned gold electrodes (8
mm in width, 2.5 mm in length, ca. 100 nm thickness by vapor
deposition). Films were slowly dried in a dish at room tempera-
ture for 2 days (Figure 3a). Themorphology and thickness of the
cast films were acquired by AFM. Roughness assayed by AFM
was around 100 nm (Figure 4), indicating that the films were
reasonably continuous, with thickness varying from the average
by 10-15% in different regions.

Electrical and Thermoelectric Characterization. Cyclic vol-
tammetrywas performed onP3HTandP3HTTversus ferrocene
internal standard in 0.1 M tetrabutylammonium PF6 in acet-
onitrile. The experiment was performed under nitrogen flow

Table 1. Dependence of S on Doping Levels in Previous Organic and Polymeric Materials

material low doping level (mol %) S (μV/K), S2σ (W/mK2) high doping level (mol %) S (μV/K), S2σ (W/mK2)

polythiophene 15 13-18, 3.2 � 10-6 19 5-10 (calcd), 10-5

PTCDA 0 300, 1.2 � 10-9 40 3, 2.9 � 10-11

VOPc 0 1200, 1.4 � 10-14 2, considered “low” 700, 4.9 � 10-11

polyaniline (conductivity 10-3 Ω-1 cm-1) ca. 100, 10-9 (conductivity 102 Ω-1 cm-1) 0, 0
polypyrrole (conductivity 10-1 Ω-1 cm-1) 60, 3.6 � 10-8 (conductivity 102 Ω-1 cm-1) 5, 2.5 � 10-7

PCVH 2 600, 4.7 � 10-9 20 200, 2 � 10-8

PVK copolymer 30 70, 1.9 � 10-5 100 15, 7.5 � 10-6

Figure 3

Figure 4. AFM image of drop-cast blend polymer on Si substrate.
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after a 10-minute nitrogen purge. The reduction potential of
F4TCNQ is approximately 0.1-0.2 V more positive than the
polymers,46 and F4TCNQ is therefore considered to be a strong
dopant in the blends studied here. Conductance was measured
by obtaining I-V curves on a semiconductor parameter analy-
zer. The Seebeck coefficient (S) was measured by mounting a
sample on a thermoelectric heater-cooler pair, with one elec-
trode of the sample over each. Thermal electromotive force
(ΔV) and temperature difference (ΔT) were measured simulta-
neously by probing the pair of electrodes with a source meter
and thermometer and feeding the data into a computer
(Figure 3b). Numerous measurements of ΔV, at least 20 and
typically 50, were made for each value of ΔT, with a standard
deviation of 1-5% (0.01-0.05 mV) per data set. These ΔV are
averaged to eliminate the noise signal induced by the environ-
ment. Several temperature differences (ΔT) are imposed on the
sample. The slopes of plots of averagedΔV vsΔT gave values of
S. The linearity of the data of ΔV and ΔT is used as a key
indicator of valid measurements. In our work, the coefficient
of determination, R2 is invariably above 0.99. Copper wire is
used for voltage leads and has very small Seebeck coefficient
(1.94 μV/K) as compared to our samples; therefore, the thermo-
electric effect from the voltage leads can be neglected. Seebeck
measurement is not very sensitive to the film quality as long
as there are no cracks or defects destroying the continuity

of the film. The Seebeck coefficient measurement was also
calibrated by a pure Ni metal sample that is widely utilized
as a standard sample for calibrating Seebeckmeasurements. A
very good agreement between our result (-21.4 ( 0.42 μV/K)
and reported values (-19.5 and -20.5 μV/K) demonstrates
the accuracy of our Seebeck coefficient data. Since four probes
are not applied for film conductivity measurements, the
contact resistance between Au and P3HT film might have
been an issue. Lei et al. already systematically observed the
contact resistance between Au and P3HT film by EFM and
demonstrated the existence of a high-resistance region in
the P3HT close to the Au-on-P3HT contact, whereas the
P3HT-on-Au contact exhibits good Ohmic behavior.47

Our device was fabricated according to P3HT-on-Au configu-
ration, so the contact resistance between them should be
minimal.

Thermal conductivitywasmeasuredusing the 3-omegamethod48

on a sample of highly F4TCNQ-doped P3HT (sample pre-
pared as in Table 5 sample H, conductivity is ∼1.4 � 10-3 S/cm),
1.9 μm on a Si substrate with Cytop fluorinated polymer spin-
coated as a 9% solution in perfluorodecalin (2000 rpm, 60 s,
thickness around 900 nm). A bare Si substrate with Cytop spin-
coated the same way was used as a control sample. Heater lines
were made by vapor deposition of 250 nm Au on top of the
Cytop through a shadow mask.

Table 2

sample
P3HT, μL
(10 mg/mL)

P3HTT
(N/A)

F4TCNQ,
μL (0.5 mg/mL)

power factor
(W m-1 K-2)

ZT (κ = 0.17-
0.48 W/mK)

film thickness
(cm)

A 200 N/A 10 5.966� 10-9 3.7 � 10-6-1.1 � 10-5 1.75� 10-4

C 200 N/A 30 5.085� 10-9 3.2 � 10-6-8.91 � 10-6 1.75� 10-4

D 200 N/A 40 5.07� 10-9 3.14 � 10-6-8.89 � 10-6 1.75� 10-4

F 200 N/A 60 4.876� 10-9 3.03 � 10-6-8.55 � 10-6 1.75� 10-4

G 200 N/A 70 4.965� 10-9 3.08 � 10-6-8.70 � 10-6 1.75� 10-4

H 200 N/A 80 6.053� 10-9 3.75 � 10-6-1.06 � 10-5 1.75� 10-4

Table 3

sample
P3HT, μL
(10 mg/mL)

P3HTT, μL
(1 mg/mL)

F4TCNQ, μL
(0.5 mg/mL)

power factor
(W m-1 K-2)

ZT (κ = 0.17-
0.48 W/mK) film thickness (cm)

A 200 40 10 7.23� 10-9 4.49 � 10-6-1.27 � 10-5 2.25� 10-4

B 200 40 20 7.26� 10-9 4.50 � 10-6-1.27 � 10-5 2.25� 10-4

C 200 40 30 6.25� 10-9 3.88 � 10-6-1.10 � 10-5 2.25� 10-4

D 200 40 40 7.58� 10-9 4.71 � 10-6-1.33 � 10-5 2.25� 10-4

E 200 40 50 1.16� 10-9 7.2 � 10-6-2.03 � 10-5 2.25� 10-4

F 200 40 60 3.71� 10-9 2.31 � 10-6-6.51 � 10-6 2.25� 10-4

Table 4

sample
P3HT, μL
(10 mg/mL)

P3HTT, μL
(4 mg/mL)

F4TCNQ, μL
(0.5 mg/mL)

power factor
(W m-1 K-2)

ZT (κ = 0.17-
0.48 W/mK)

thickness
(cm)

A 200 40 10 4.62� 10-10 2.87 � 10-7-8.09 � 10-7 2.5� 10-4

B 200 40 20 6.83� 10-10 4.24 � 10-7-1.20 � 10-6 2.5� 10-4

C 200 40 30 9.55� 10-10 5.93 � 10-7-1.67 � 10-6 2.5� 10-4

E 200 40 50 1.12� 10-9 6.95 � 10-7-1.96 � 10-6 2.5� 10-4

F 200 40 60 1.33� 10-9 8.26 � 10-7-2.34 � 10-6 2.5� 10-4

G 200 40 70 1.19� 10-9 7.39 � 10-7-2.08 � 10-6 2.5� 10-4

H 200 40 80 1.26� 10-9 7.87 � 10-7-2.21 � 10-6 2.5� 10-4

I 200 40 90 1.02� 10-9 6.33 � 10-7-1.79 � 10-6 2.5� 10-4

Table 5

sample
P3HT, μL
(10 mg/mL)

P3HTT, μL
(10 mg/mL)

F4TCNQ, μL
(0.5 mg/mL)

power factor
(W m-1 K-2)

ZT (κ = 0.17-
0.48 W/mK

thickness
(cm)

A 200 40 10 1.09� 10-9 6.77 � 10-7-1.62 � 10-6 3.10� 10-4

B 200 40 20 1.66� 10-9 1.03 � 10-6-2.47 � 10-6 3.10� 10-4

C 200 40 30 2.58� 10-9 1.60 � 10-6-3.85 � 10-6 3.10� 10-4

D 200 40 40 3.99� 10-9 2.47 � 10-6-5.95 � 10-6 3.10� 10-4

F 200 40 60 4.82� 10-9 2.99 � 10-6-7.18 � 10-6 3.10� 10-4

G 200 40 70 2.17� 10-9 1.35 � 10-6-3.24 � 10-6 3.10� 10-4

H 200 40 80 4.78� 10-9 2.97 � 10-6-7.12 � 10-6 3.10� 10-4
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Results

Electrochemistry of P3HT and P3HTT. Figure 5 shows
overlaid oxidation and reduction waves for P3HT and
P3HTT. The peak currents for both scanning directions
are ca. 0.15 V more positive for P3HT, indicating that, as
expected, the hole energy for P3HT is slightly higher than
for P3HTT. The energy distributions for each polymer
should be somewhat broadened in a blend due to interchain
interactions. Still, in a blend of a small quantity of P3HTT in
P3HT, holes should be injected and equilibrated in the
P3HTT chains but be promoted into higher energy states
on P3HT chains for the most efficient transport.

SeebeckCoefficients andConductivities.Data fromfour sets
of films are described here. Sets 1-4 are listed in Tables 2-5,
respectively. As mentioned above, at least 20 voltages were
recorded for any one sample at a given temperature dif-
ference. Each Seebeck coefficient is the slope of a plot of

those voltages versus temperature difference. There are two
particularly notable observations. First, the highest thermo-
power (S2σ) was derived from a polymer blend film (set 2,
sample E). Second, for the blends with increased amounts
of P3HTT (sets 3 and 4), there are regimes in which Seebeck
coefficient and electrical conductivity increase simulta-
neously. Figure 6 shows plots of these two parameters
as a function of doping level for each data set. While the
highest thermopower was actually obtained in set 2, the most
interesting scientific outcome is the trend of sets 3 and 4.Note
that for the first three or four data points in these sets, S
and conductivity both increase as doping level increases. The
acquisition of data set 3 was repeated in its entirety. The
Seebeck coefficients were reproduced to within 20%, as was
the trend of simultaneously increasing Seebeck coefficient and
electrical conductivity for 0.2%-0.7% F4TCNQ. The abso-
lute electrical conductivity in the repeated experiment was an

Figure 5. Molecular structures, orbital energies, and CV measurements of P3HT and P3HTT. The structure and energies for F4-TCNQ are also
shown. The oxidation peak for P3HTT is 0.15 V less positive than for P3HT, indicating a lower hole energy; the difference is indicated by the dotted red
lines. Assignments of absolute energy values are based on P3HT at 5.2 eV.49

Figure 6. Plots of S and conductivity versus sample number for each data set, 1-4, top left, top right, bottom left, bottom right, respectively.
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order of magnitude higher for all samples because of better
quality P3HT. To our knowledge, this is the first report of the
maintenance or increase of S as doping is increased. Even for
set 2, the blending of the two polymers prevents or diminishes
the generally observed decrease in S as dopant is added.

Thermal Conductivity. Six measurements were made on
the P3HT sample corresponding to sample H in the first
chart above. Values were 0.38, 0.41, 0.59, 0.50, 0.53, and
0.46 W/mK, for an average of 0.48 W/mK. This is only
slightly higher than a typical value of 0.17 W/mK for
other nonpolar polymers such as polystyrene.50 Measure-
ments on undoped samples were more erratic. On the basis
of both the Wiedemann-Franz projection of the thermal
conductivity from the electrical conductivity in disordered
conductors51-53 and an experimental comparison of the
electrical and thermal conductivities of poly(pyrrole),54 the
thermal conductivity is most likely independent of doping
level in samples considered here and is probably dominated
by phonons. It is likely that only when conductivities a few
orders of magnitude higher are reached will electron-
mediated thermal conductivity become important.

Conclusions

The importance of this work is not in the absolute values of S,
thermopowers, or associated ZT. As it happens, the values of S
are among the higher ones reported for semiconducting poly-
mers, though the thermopowers are orders of magnitude lower
than those reported for previous polymer systems. Rather, this
work is meant to demonstrate the principle that organic-based
compositions may be designed with intentional density-of-states
inhomogeneities, defined by relative molecular orbital energies
derived from electrochemistry and relativemass fractions, guided
by the theoretically preferred density of states distributions for
thermoelectric materials. The demonstration was successful and
to our knowledge is the first such system explored.

This initial study is of a single pair of polymers that differ only
slightly in oxidation potential, used as a marker for hole energy.
Obviously, different mixtures of semiconducting polymers and
even small molecules can be considered that have larger differ-
ences in oxidation potentials and could even definemore precisely
tailored density of states profiles through the use of three or more
oxidizable species. Of course, electron-carrying semiconductor
mixtures can also be used to provide the companion n-semicon-
ductor side of a module. In both cases, controlled doping can
define the Fermi level to have an arbitrary offset from the energy
level of the principal high-mobility component. There is ulti-
mately a trade-off between introducing thermal activation in the
conductivity, which increases S, and having the energy barrier
between ground state and conducting charge carriers be so great
that conductivity is unlikely, loweringσ. The determinationof the
optimal activation barrier, and the enhancement of mobility,
which would also increase σ and thermopower in these blends, is
the goal of our future work.
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