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DOI: 10.1039/x0xx00000 Blending two or more m-conjugated polymers together provides a means of manipulating charge transport properties and

potentially improving the performance of organic thermoelectrics. Previous results have shown that n-conjugated polymer
blends can display higher Seebeck coefficients than either of the individual polymers; however, increased power factors,
and ultimately improved thermoelectric performance, in polymer blends as compared to the individual polymers has not
yet been demonstrated. The purpose of this work is to theoretically and experimentally probe how the electronic properties
of the individual polymers influence the Seebeck coefficient, electrical conductivity, and power factor in the polymer blends.
Specifically, the influence of energetic disorder, energy offsets between the transport states in the two polymers, and
charge-carrier localization lengths are investigated based on a theoretical model introduced by Arkhipov and Bassler. These
calculations show that gains in the power factor should be attainable when the two polymers have a small (e.g., 0.1-0.2 eV)
offset in their density of states (DOS) distributions and the polymer with the higher energy DOS has a wider DOS distri-bution
and a larger localization length. Experimentally, power factors in an appropriate polymer blend are demonstrated to exceed
the power factors of the individual polymers by nearly two-fold.  Through the applied theoretical and experimental
approach, this work provides guidance in regards to the energetics, density of states, and charge-carrier mobilities for
designing higher performing organic thermoelectrics with n-conjugated polymer blends.

o Department of Chemistry, University of Kentucky, Lexington, Kentucky 40506,
United States.

b-pepartment of Physics, University of Kentucky, Lexington, Kentucky 40506, United
States.

< Department of Physics, Transylvania University, Lexington, Kentucky 40508,
United States

d-Department of Chemical and Materials Engineering, University of Kentucky,
Lexington, Kentucky 40506, United States

e Department of Chemistry, Purdue University, West Lafayette, Indiana 47907,
United States

+ Footnotes relating to the title and/or authors should appear here.

Electronic Supplementary Information (ESI) available: [details of any supplementary

information available should be included here]. See DOI: 10.1039/x0xx00000x

Please do not adjust margins




Journal of-Materials' Chemistry A

Introduction

Increasing energy efficiency and providing continuous power
for remote sensors or wearable electronic devices is a
continuously growing challenge. Thermoelectric (TE) devices
are an appealing technology to address this challenge, as
these devices can convert waste heat produced by various
mechanical, chemical, biological and other processes into
electricity.’ Inorganic TE materials such as bismuth
chalcogenides and lead telluride have been studied for half a
century and show relatively high performance over a wide
temperature range, but the high cost of materials and device
fabrication, as well as their rigid form factors, have limited
their practical use.*® Organic semiconductors, and
particularly m-conjugated polymers, are emerging as
promising alternative TE materials for low grade waste heat
recovery owing to the use of potentially low-cost materials
and fabrication methods, mechanical flexibility, and low
weight.®712

The maximum energy conversion efficiency achievable by a
TE device is prgportional to the thermoelectric figure of merit
ZT, ZT = TSTG, where S is the Seebeck coefficient, o the
electrical conductivity, k the thermal conductivity and T the
temperature.’®> The Seebeck effect refers to the
electromotive force created by a temperature difference
across a material, with S defined as the electrical potential
difference induced by a 1 K temperature differential (with
units of volt per Kelvin). The Seebeck -coefficient is
determined by the average energy of charge carriers (with
respect to the Fermi energy) contributing to the electrical
conductivity at a certain temperature. Since polymers are
generally poor thermal conductors, and have similar thermal
conductivity (0.1-0.3 WmK?1),111418 the power factor
(P=S%c) is the primary metric that must be improved to
increase the efficiency of organic TE devices.

Most intrinsic m-conjugated polymers have low electrical
conductivities, which limits their TE performance. By
introducing additional charge carriers in T-conjugated
polymers, typically through molecular doping, o increases
significantly and they can reach reasonably high TE
performance, with record ZT values in the range of 0.1-0.42
at room temperature, with some uncertainty due to potential
artifacts arising from the Seebeck coefficient measurement
geometry.1920 Increasing the charge carrier concentration,
as is typically accomplished through increasing the dopant
concentration, can lead to higher o, but the increase in o
typically comes at the expense of S. This trade-off between
o and S limits the power factor.1>172122 Commonly, ¢ in -
conjugated polymers varies much more drastically than S,
which has driven extensive efforts to increase o by choosing
different dopants,®1417:19.21.23-26  manjpulating the doping
method,!?2728 designing new polymer structures,®2°3% or
varying the material processing conditions.%917:21,22
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Another method to improve the power factor of both organic
and inorganic TE materials is through manipulating the
density of states (DOS),31733 such as may be accomplished by
blending two different polymers or a polymer with carbon
nanotubes or graphene.3*3> These blend systems provide a
potential means to surpass the power factors of the
individual materials imposed by the trade-off between o and
S. The idea with polymer blends is that by adding a polymer
with a different energetic distribution of states to the initial
polymer, the energy difference between the Fermi energy
and the transport states can be more controllably adjusted
and even increased. To date, this approach has primarily led
to higher Seebeck coefficients in blends of m-conjugated
polymers, but not significantly higher power factors.
Previously Zuo et al.3® showed that by blending different
polymers the Seebeck coefficient in the blend can surpass S
of the individual polymers. In their work, blends of P3HT-
0.1:PTB70.9 and P3HTo05:TQlos reached S of =1100 uVK™* and
=2000 pVK?, which surpassed S for the single polymers
(SngT=142 |J.VK'1, Spr87=469 IJ.VK'1 and S101=1560 LLVK_l).
Conceptually, the polymer with the lower energy states can
pin the Fermi energy, which results in the other polymers
DOS lying further from the Fermi energy. When the polymer
with the lower energy states is included at a low
concentration, a significant amount of transport may occur
through the material with states at higher energies with
respect to the Fermi energy. Thus, the charge carriers
contributing to o have a higher average energy and S
increases.31,32,36

The Seebeck coefficient is not only determined by the
distribution of the mobile charge carriers relative to the
Fermi energy; rather, it is determined by how the charge
carriers in these different energy states contribute to the
total electrical conductivity. In other words, S is determined
by the energy dependence of 6. Thus, the Seebeck coefficient
should increase as the mobility of higher energy charge
carriers increases relative to the mobility of lower energy
charge carriers. Polymer blends provide an ideal platform for
systematically manipulating the energy dependence of
charge transport through blending polymers with different
transport energies and charge-carrier mobilities. In this work
we combine theory and experiments to investigate how the
mobility ratio between the polymers, combined with the
energy offsets between the DOS distributions and the width
of the DOS distributions, contribute to the Seebeck
coefficient, electrical conductivity, and the power factor in
polymer blends. Notably, processing conditions, dopant
choice, polymer structures, and film morphology will also all
influence the thermoelectric properties in these blends, but
they are beyond the scope of this current work.

From the theoretical side, we apply a slightly modified
version of the model introduced by Arkhipov and Béssler to
model how transport occurs in a single polymer and in
polymer blends.3” In this model we use the Miller-Abrahams
jump rate equation to account for jump distance and
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energetic differences between localized states, combined
with Gaussian disorder, to model charge carrier transport in
organic semiconductors.3® Using this model, we primarily
focus on how the width of the DOS, the localization length,
and the energy offset between the DOS of the different
polymers in the blend impact S, o, and the power factor. We
find that in a single polymer a narrow DOS is the most
important requirement for achieving high power factors.
Calculations of polymer blends show that power factors can
be improved over both individual polymers. For this
improvement to be realized, the polymer with its DOS
centered at a higher energy should have a higher localization
length and broader DOS than the polymer with its DOS
centered at a lower energy. Experimentally, we investigate 3
different polymer blend systems, where in each blend the
ratio of the two polymers is varied from 1:0 to 0:1. Our
experimental results are in agreement with theoretical
predictions and show that power factors in polymer blends
can indeed exceed those of the individual polymers at the
same doping concentrations.

Theoretical Results and Discussion
1. Theoretical Model

Since the discovery of electrically conducting polymers,
many groups have investigated charge transport in
disordered systems using different models of transport
mechanisms.527:32,37,39-4646-60 |n  rr-conjugated polymers,
charge transport occurs through jumping between localized
states that are typically described as having a Gaussian
distribution, especially at high charge-carrier concentrations
when most of the low energy trap states are
populated.37:40414561-63 The jump rate between these states
depends on both the spatial distance, localization length, and
energy difference between an occupied starting state and the
nearby unoccupied target states.3740414647 Using the
generalized Einstein equation we can calculate the average
charge-carrier mobility as a function of the energy of the
charge carrier and from there we can calculate o and §.37>!

The Gaussian DOS is given by Equation 1:
9(E) = 2 exp[- 20 ()
V2rA 242
Where g(E) is the distribution of states as a function of
energy, N: is the total number of states per unit volume, 4 is
the width of the DOS, and Ep is the mean energy of all states.
N; for most polymers is usually in the range of 102°-10%* cm3
and A, which is a characteristic of the energetic disorder,% is
in the range of a few KgT (Ksz is the Boltzmann
constant).#14>51.63.64 \We yse the Miller-Abrahams jump rate
equations to explain the jump rate (v) between states, as
given by Equation 2:384160

v(rij,Ei,Ej) = voExp[—R(rij,Ei,Ej)] = v Exp [—2ﬁ -

(£,-E) 4], E }
2 KgT ] (2)
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Where vy is the attempt to jump frequency, R the hopping
parameter, a the localization length, r;j the jump distance,
and E; and Ej are energies for the starting and final states of a
charge carrier. The localization length defines the decay
length between wave functions of localized states, which for
polymers are generally in the range of 1 to 5 A. 3341,46,58,59,65,66
To make a connection between a and the DOS, we define a
parameter called the intrinsic length a (a=N¢%/3). The intrinsic
length has the same units as a, as it is defining an average
length between localized states. In a polymer, a is expected
to be smaller than qg.4%4>46:51.63.65 |n the model introduced by
Arkhipov and Bassler, which we use in this work to calculate
the energy dependent mobility of charge carriers, the
average number of available hoping sites for a charge carrier
starting at energy E; whose hopping parameter is smaller than
R is calculated by Equation 3.

n(E,R) = Za®R*(J7 gu(E), Er)dE; +
_EA3

[ (B ) (1= L) B (3)
Here, gu(E,EF) is the density of unoccupied states and Er is the
Fermi energy. The density of unoccupied states is calculated
using the Fermi-Dirac distribution:

9u(E,Ep) = g(E)(1 — frp(E, EF)) (4)
Where fgmp is the Fermi-Dirac distribution (fzp(E,Er) =
a1+ Exp(%))_l). The Fermi energy can be determined by
solving the following equation:

Ne = [% g(E) feop(E, Er) dE (5)

Where N¢ is the total number of charge carriers per unit
volume. For simplicity, in this study we neglect the effect of
backwards jumps.3” By using a Poisson distribution, the
average hopping parameter <R> and average squared jump
distance <r?> can be calculated, and from there we calculate
the energy dependent mobility, u(E), using the Einstein
relationship (detail of this calculation can be found in Sl
section Il Arkhipov-Bassler model) :

u(E) = %(rz)(E) Exp[—(R)(E)] (1 — frp(E, EF))  (6)

Where e is the elementary charge. Using the energy
dependent mobility, the average charge-carrier mobility
and electrical conductivity can be calculated with
Equations 7 and 8.

_ 1 o
u= N_cf—oog(E) fro(E, Ep)u(E) dE (7)
o=eNgi= [ o(E)E =

e[”, 9(E) fep(E, Ep)u(E) dE

(8)

The Seebeck coefficient is proportional to the average energy

(with respect to the Fermi energy) of conducting charge-

carriers weighted by their contribution to the total electrical

conductivity, as given by equation 9.

1 po o(E) 1
= == (E — Ep)dE = —(Er — Ep) 9)

Tred-o o
Here, the transport energy, Er, is the average energy of
charge carriers weighted by their contribution to the total
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electrical conductivity. To allow more direct comparison
between m-conjugated polymers with varying charge-carrier
mobility and DOS distributions, the total density of charge
carriers is kept constant in further calculations. The other two
remaining parameters, the localization length and DOS width,
are variable. To make the calculations as comparable as
possible, we keep the ratio between the average distance
between states (@) and a constant in our initial calculations.
1. Single Polymer

Figure 1a and b show the results of calculations performed
with equations 8 and 9 as a function of the width of the DOS
and a. The intrinsic length is calculated such that the total
number of states is between 1x102° and 1x10%! cm™ and a
adjusted such that % equals 10. Changing the % ratio does
affect the trends in TE properties and further discussion can
be found in the SI, section Ill. The results presented in Figure
1a show that as the DOS narrows for a particular localization
length o increases and S decreases. Additionally, as a
increases for a given DOS width, o increases and S decreases.
Figure 1b shows that the power factor increases by
approximately two orders of magnitude as the DOS width of
the polymer decreases from 6 to 1 KgT, which is primarily
attributed to the change in 0. A more specific discussion
follows to rationalize the various trends, but in general the
modeling shows that for a single polymer it is most beneficial
to have a narrow DOS.%¢°164  Although the trends are
accurate, the absolute value of the electrical conductivity will
depend heavily on the value of vq.

The increase in o with narrowing of the DOS is rationalized by
considering that on average there will be more available
states nearby that are energetically accessible for a charge

carrier to jump to. To put it more quantitatively, according to
Eg. 2 a smaller energetic offset in a jump will lead to an
exponential increase in the jump rate. The decrease in S with
decreasing width of the DOS can be explained by considering
that charge carriers at lower energies will contribute more to
the electrical conductivity in a narrow DOS. As illustrated in
Figure 1c, when the DOS is narrow the average transport
energy is lower since there are more lower energy states
available for the carriers to move through. By contrast, when
the DOS is wide charge carriers are forced to move through
higher energy states more often due to a lack of nearby lower
energy states.

Figure 1a also shows that as the localization length increases
for a particular DOS width, o increases and S decreases. The
increase in o is rationalized by the increased available sites to
hop to (i.e., the charge carrier can access more states due to
the larger localization length), while the decrease in S arises
from a lowering of the average transport energy due to the
ability to access more lower energy states from a given site.
Figure 1d illustrates two cases, one with a larger localization
length (blue arrows) and one with a smaller localization
length (red arrows). If these two polymers have the same
DOS width, the one with the larger localization length will
allow a charge carrier to access more states around it. As a
result, in the polymer with the larger localization length
transport will occur on average through lower energy states
and S will be smaller. Regardless of the DOS width, going
from a localization length of 1 A to 1.7 A results in a similar S
change of ca. 150 pVK™. By contrast, the changes in electrical
conductivity resulting from the increased localization length
are much more pronounced when the DOS is broader.

1 L 1 1 1 1 - C) os
a) 400 . L b) 5 ® a=1 A .('Y_ ) —— Density of States
c y 109 0 a=1.18A 3 045/ Density of Charge Carriers
S ] ¢ NS v a=135A . Ovy, 03| ----- TransportEnergy
Z 300 ‘ . X 10 a=152A -
= ] = o . e 2 ma=17A e 7 m
2 3007 = 1kgT , o = 40°- i
2 1w a =
% 250:,\-2KBT . ° - ) .
1A= ] o
8 ] A =3 KBT ° v .S v d) Transport Energy for system with Small localization length
X ] n o & 2 - Transport Energy for system with Large Localization length
§ 200 - A=5KgT - o a-) 10'7 n .. S '''' Fermi Energy
1= = 5]
© 5 4 x 5 -4 =
10 10 10 10 10 10 ¢ |
Electrical Conductivity S/m Electrical Conductivity S/m Distance

Figure 1. (a) Seebeck coefficient and (b) power factor as a function of electrical conductivity for varying DOS widths (indicated by color) and localization lengths (indicated by
symbol). Here Nc=3x10%° cm3, vy=1012s1, a has values of 1, 1.18,1.35, 1.52 and 1.7nm (correspondent to N;=10, 6.09, 4.06, 2.85 and 2.06 x102° cm-3), A has values of 1-6KT and a
values of 1,1.18, 1.35, 1.52, and 1.7 A. For each point, the intrinsic length is chosen so -=10. (c) Schematic illustration comparing average transport energy of two DOS
distributions with the same a but different DOS widths. (d) Schematic illustrating how a affects the average transport energy.

The primary variable influencing the power factor is the DOS
width, which is consistent with previous findings.>>? As the
DOS width decreases from 6 to 1 KgT, the power factor
increases by a factor of 100. Interestingly, the trend in power
factor with localization length variations is not consistent
across the varying DOS widths. For a broad DOS the greatest

4| J. Name., 2012, 00, 1-3

localization length leads to the highest power factor, whereas
for a narrow DOS the smallest localization length gives rise to
the highest power factor. This trend arises due to the larger
influence of the localization length on o for the broad DOS
relative to the narrow DOS. For a broad DOS (6 KgT), as the
localization length increases from 1 to 1.7 A, o increases by a

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 14



Page 5 of 14

factor of 10 and S decreases by a factor of 1.6. As a result of
the large changes in o, the power factor increases with
localization length when the DOS is broad. On the other
hand, for the narrow DOS (1 KgT) as the localization length
increases from 1 to 1.7 A, o increases by a factor of 1.7 and S
decreases by a factor of 1.9. Owing to the dependence of the
power factor on S?, the increase in electrical conductivity with
increasing localization length is outweighed by the decrease
in the Seebeck coefficient and the power factor reaches a
maximum at lower localization lengths when the DOS is
narrow.
. Polymer Blends

Our model of polymer blends expands upon the single
polymer model described in Section Il. The two polymers are
treated as a homogenous blend and the total density of
states is described by Equation 10.

Ibiena(E) = Caga(E) + Cpgp(E) =

Nta _ (E-Eo.n)” Nt _ (E-Eq)?
Ca NI Exp [ 2042 +0Cp VZmAg Expl 2052 ]

(10)
Where C is the concentration of polymer and the indices A
and B refer to the different polymers in the blend (Ca+Cg=1).
The average number of available hoping sites is described
with Equation 11.

n(E,R) = %Rs (CAaA3 f_E;, gu,A(Ej' EF)dEJ' +

; E;i-E;\3
fEEz e ‘g“'A(Ej'EF) (1 B KJBT R) dEj) +

2R (Cos? 121, 90 (B B ), +

_EA3

fEEil+KBTRgu,B(Ej'EF) (1 _ IZTE;) dE]-)
(11)

The first term correlates with polymer A and second term is
for polymer B. Unoccupied states are denoted as gy 4 0r gu,s,
(9u,i(E,Ep) = 9:(E)(1 — frp(E, Ep))). The Fermi energy is
derived from equation 5, but instead of equation 1, equation
10 is used. For simplicity, the DOS in the blends is treated as
a linear combination of the individual polymer DOS, which
neglects any broadening or energetic shifts that may occur as
a result of interactions between the different polymers.
Experimentally, ultraviolet and inverse photoelectron spectra
of organic semiconductor blends have been fit well with a
linear combination of the two individual pure materials,
albeit the energies of the individual components can shift in
the blends.%768 Equations S6 and S8 are used to find the
average jump parameter and the average squared jump
distance. These parameters are then used to calculate the
energy dependent mobility using equation 6, followed by the
charge carrier mobility, o, and S using equations 7, 8 and 9.
According to equation 11, the localization length of initial
states is neglected, i.e., the available hopping sites are
determined based on the energy distribution and localization
length of the final states. Since we have two different
polymers, the hopping parameter for a jump from polymer A

This journal is © The Royal Society of Chemistry 20xx
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to B should be different from a jump from polymer A to A. To
more appropriately account for jumps between polymer A
and polymer B, we have extended equation 11 to include the
probability of the charge carrier starting from polymer A or
polymer B and an effective localization length that accounts
for jumps between polymer A and polymer B, as discussed in
detail in Sl section V. Based on S| Figure S6 and S7 and the
discussion in Sl section V, we conclude that including these
additional parameters to account for jumps between
polymers A and B changes the absolute values of the TE
properties and results in maximum TE power factors in the
blends occurring with slightly different parameters, but they
do not change the general trends or resulting conclusions. For
simplicity, we use equation 11, for the bulk of the discussion
herein.

The equations for modeling the polymer blends include 10
independent variables at a constant temperature: Cs Nia,
Nt,B, AA, AB, EO,B - Eo,A (AEo), ap, O, Nc and Vo. To make the
results as directly comparable as possible, we keep the
concentration of charge carriers constant at 3x10'° cm=3 and
vo=10'251, as we did for a single polymer. The concentration
of polymer B is varied from 0 to 100% in increments of 2.5%,
which provides sufficient resolution to display general trends.
The total number of states in the polymer blends is kept
constant, which leaves 5 independent variables, A4, Ag, ax ag
and AE,. The DOS width is varied between 1.5 and 6 KgT and
a between 1 and 5 A. The DOS width and « of polymer A are
kept constant near the middle of the range, 4,=2.5 KgT and
a=2.5 A. The DOS width and o of polymer B are varied
through the specified ranges and AEj is set to 0.15eV. These
parameters allow analysis of a wide range of scenarios with
varying DOS widths and charge-carrier mobility ratios.

When two polymers are blended together the Fermi energy
relative to the individual polymers DOS distributions will vary,
and thereby the average transport energy of the charge
carriers will change. This variation in the Fermi energy
obtained through blending two polymers together was the
motivation for the Katz group’s initial work on polymer blend
thermoelectrics.3! Figure 2a and b, as well as S| Figure S3
depict how the Fermi energy changes as the polymer blend
composition changes when AB is broad (6 KBT) and narrow
(1.5 KBT), respectively, with a constant AEO of 0.15 eV. As is
evident, when the DOS of polymer B is broad, there is
minimal change in the Fermi energy as the concentration of
polymer B increases. Alternatively, when the DOS of polymer
B is narrow there is a relatively large change (0.18 eV) in the
position of the Fermi energy as the blend composition is
varied. Accounting for the Fermi energy relative to the DOS
in these two situations, when AB is broad the charge carriers
will be relatively distributed between the two polymers;
however, when AB is narrow most charge carriers will remain
on polymer A. Thus, polymer A will dominate charge
transport until polymer B reaches high concentrations.
Intuitively, it can be expected that when one polymer
dominates charge transport it is unlikely that the power

J. Name., 2013, 00, 1-3 | 5
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factor in the blends will improve over the single polymers.
Thereby, we expect that the most likely scenario to show an
improved power factor for the blends is one where the Fermi
energy changes gradually and charge carriers are distributed
over both polymers.

AE, = 0.15eV, Ay = 2.5KgT, Ag = 6KgT AE, = 0.15eV, A, = 2.5K5T, Ag = 1.5KgT

a) b)
—>i— i
0.015 eV polymerB | | g0y 100%
90%
: 80%
i / 50%
5 L
— B
polymer A 0%
-04  -0.2 0 0.2 0.4 0.6 04 02 0 02 04 0.6
----- Fermi Energy in blend —— Total Density of State
----- Fermi Energy of 100% polymer A —— Density of states of polymer A
----- Fermi Energy of 100% polymer B —— Density of states of polymer B

¥ Density of Occupied states
Figure 2. DOS of two polymer blends with varying compositions. In (a) the polymer
with its DOS centered at higher energies has a broader DOS than the polymer with
its DOS centered at lower energies and in (b) the polymer with the higher energy
DOS has a narrower DOS. In both cases the DOS distributions of the polymers
display a 0.15 eV energy offset.

Figure 3 shows how the calculated S, o, and power factor vary
as a function of the DOS width and a of polymer B. Here, the
DOS width and a of polymer A are kept constant at 2.5 KgT
and 2 A, respectively. In pure polymer A S is 190 pVK? and o
is 0.005 Sm, while in pure polymer B S is 377, 240, and 217
uV/K and o is 6.2x10® Sm, 0.035 Sm™ and 0.12 Sm™ for
localization lengths of 1, 4, and 5 A, respectively. The primary
findings from these calculated parameters are 1) when the
DOS of polymer B is narrow, the Seebeck coefficient in the
blend can exceed that of either polymer by ca. 60%; 2) the
Seebeck coefficient improvements in the blend are higher
when polymer B has a larger delocalization length; 3)
electrical conductivity improvements are only seen when
polymer B has a broad DOS (6KgT) and a large localization
length; and 4) power factors in the blend can surpass the
power factors of the pure polymers when polymer B has a
broad DOS and larger localization length.

When polymer B has a narrower DOS and higher localization
length, an improvement in S appears in the blends. This
observation is similar to results presented by Zuo et al.3¢ and
J. Sun et al.?® The improvements are more pronounced when
the DOS of polymer B is narrower and the localization length
of polymer B is greater. These trends can be rationalized by
considering the energy separation between the Fermi energy
and the available states in polymer B combined with the
charge transport properties of polymer B. As highlighted in
Figure 2, the energetic separation between the DOS of

6 | J. Name., 2012, 00, 1-3

polymer B and the Fermi energy increases as Ag becomes
narrower. When the electronic states in polymer B are
further separated from the Fermi energy and have higher
localization lengths than states in polymer A, the average
energy (transport energy) of charge carriers that contribute
to conduction increases. In other words, when states at
higher energies with higher charge-carrier mobilities are
introduced S increases. The transport and Fermi energies for
the blends with varying DOS width and «, as shown in SI
Figure S4, highlight how both DOS width and a impact the
transport energy relative to the Fermi energy and thereby
the Seebeck coefficient.

a 1 ,I L
)450- ® og=1A Ag=15KsT

0 ag=4A Ag=25KT
4004 m og=5A -
¥ 3504
= ]
= 3004
w E
2501

L) T

0 20 40 60 80 100
Polymer B Concentration

Figure 3. (a) Seebeck coefficient, (b) electrical conductivity and (c) power factor
of polymer blend systems. Polymer A has fitting parameters of aA=2 A, Nt,A=
6.1x1020 cm-3, AA=2.5 KBT and E0,A=0 eV and polymer B has fit parameters of
aA=1,4 and 5 A, Nt,B= 6.1x1020 cm-3, AA=1, 2.5 and 6 KBT and E0,B=0.15 eV
(AE0=0.15 eV). Other fit parameters are v0=1012s-1, T=300 K and NC=3x1019
cm-3.

Power factor ( 10'3me'1K2) 2 ‘

Although the Seebeck coefficient in the blends increases as
Ap decreases, the opposite is true for 0. As highlighted in
Figure 2, the separation between the DOS of polymer B and
the Fermi energy increases with decreasing DOS width, and
thus there are less charge carriers populating the states on
polymer B. On the other hand, Figure 3b shows that when 4g
is broad (6 KgT) the electrical conductivity of the blend can
slightly exceed the electrical conductivity of either of the two
pure polymers. As a result of the increased electrical
conductivity and Seebeck coefficient trend, the power factor

This journal is © The Royal Society of Chemistry 20xx
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for blends with a Ag of 6KsT and as of 4-5 A exceed those of
either of the individual polymers. For the parameters
examined in Figure 3, the highest power factor gains in the
blend relative to the two polymers independently is ca. 20%
and occurs for Ag=6KsT and as=5 A.

A more complete analysis of how the TE properties of
polymer blends vary as a function of polymer concentration
(x-axis) and mobility ratio of added polymer (y-axis) to the
host polymer (;—B) is displayed in Figure 4. Here, we compare
TE properties based on the mobility ratio since it is an
experimentally measurable parameter and therefore
provides a more concrete guide for selecting polymers. As
displayed in equations 3 and 6, the charge-carrier mobility in
a single polymer increases as a increases or the DOS narrows.
In these calculations, polymer A has a localization length of 2
A and DOS width of 2.5 KgT with N; 4= 6.1x10%° cm3 (a,=1.18
nm) which gives a ratio of % = 5.9. The maximum of the DOS
for polymer Bis located at 0.15 eV above the maximum of the
DOS of polymer A. To study the effects of energetics and
localization length on the TE properties, the total number of
states and charge carrier density are kept constant in all
calculations. A wide range of localization lengths (from 0.9
to 5 A) for polymer B are used so the ratio of% will range from
3.5 to 18. As discussed in Sl section 1b, % ratios above 3 lead
to reasonable results. Each column in Figure 4 represents a
constant DOS width for polymer B and varying localization
lengths. For a constant A, the localization length is the
parameter that affects the mobility. Thus, higher localization
lengths correspond to higher mobility and higher mobility
ratios between polymers B and A.

Focusing on the Seebeck coefficient, Figure 4a shows that
blending a polymer with a narrower DOS width at higher
energies will lead to up to a 58% improvement in S in the
blends compared to the pure polymers. The gain in S in the
blends relative to the pure polymers increases as the charge-
carrier mobility of polymer B increases. This result is in line
with expectations, as the relative contribution of the higher
energy charge carriers to o increases as the mobility of those
higher energy charge carriers increases. As Agincreases to
2.5 KgT (SI Figure S5), the increase in S in the blends becomes
smaller, and at 6KgT S no longer increases for the blends. For
this wide DOS, the Seebeck coefficient changes gradually to
lower values as the concentration of polymer B is increased
with mobility ratios above 1. However, when the mobility
ratio decreases below 1 the Seebeck gradually increases to
higher values as the concentration of polymer B is increased.
These trends arise due to the influence of localization length
on transport and the Seebeck coefficient, as discussed
previously and highlighted in Figure 1d.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. (a,b) Seebeck coefficient, (c,d) electrical conductivity, and (e,f) power
factor calculated for polymer blends. Polymer A fitting parameters are aA=2A,
Nt,A= 6.1x1020 cm-3, AA=2.5 KBT and EO,A=0 eV. Each column has a different DOS
width for polymer B, AB=1.5 KBT (a,c,e), and AB=6KBT (c,d,f). The other parameters
for polymer B are Nt,B= 6.1x1020 cm-3 and EO,B=0.15eV (AE0=0.15eV) and the
common parameters are v0=1012s-1, T=300K and NC=3x1019 cm-3. The results for
AB=2.5KBT can be found in Sl figure S5. Dashed lines correspond to the data
presented in Figure 3. One data line for AB=6KBT was less than 10-3, which is out of
the range shown in the heat map.

The electrical conductivity varies more drastically across the
blend composition space when Agis smaller and when the
mobility ratio is further from 1. Furthermore, o varies over a
much greater range than the Seebeck coefficient, as
discussed previously in regards to Figure 3. Therefore, in the
blends with Ag of 1.5 and 2.5 the electrical conductivity
changes more drastically and dominates the power factor,
which results in maximum power factors occurring for either
pure polymer A or pure polymer B. On the other hand, when
Ag is 6 KgT the maximum power factors are reached with a
mixture of both polymer A and polymer B. Overall, these
models show that power factor enhancements over pure
polymers should be attainable in polymer blends with the
right combination of energy offset, DOS widths, and charge-
carrier mobility differences.

Experimental Results and Discussion

We selected polymers for this study with varying charge-
carrier mobilities, ionization energies (IE), and extents of
disorder, as shown in Figure 5. Regioregular and regiorandom
poly(3-hexylthiophene) (RR-P3HT and RRa-P3HT,
respectively) are structurally similar polymers with charge-
carrier mobilities that differ by several orders of magnitude
and IEs that differ by ca. 0.2 eV.2570 The hole mobility of RR-
P3HT can reach 0.1 cm?V-1s'! and we have measured its IE to
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be 4.56+0.05 eV.”! On the other hand, RRa-P3HT has a lower
hole mobility of 10°-10% cm?V-'s?! and a higher IE of
4.7340.05 eV.’? The other two polymers are based on
diketopyrrolopyrrole (DPP) and thiophene units and show
high hole mobilities of ca. 1 cm?V-1s1,7374 and have similar IEs
of 5.03+0.05 and 5.09+0.05 eV for PDPP-4T and PDPP-T-TT-T,
respectively. With PDPP-4T and PDPP-T-TT-T both having
relatively high IEs, we use the dopant molybdenum tris-[1,2-
bis(trifluoromethyl)  ethane-1,2-dithiolene] (Mo(tfd)s),”>
which we recently measured by inverse photoemission
spectroscopy to have an EA of 5.59 eV.?® All polymer blends
are doped at ca. 10% by volume in an attempt to maintain
similar charge-carrier concentrations. In this series of blends,
PDPP-4T serves as the host polymer and the polymer blended
with PDPP-4T is varied. The measured S and o values for the
three different blend systems are presented in Figure 6.

RR-P3HT -~ 4.56eV

RR-P3HT TN

RRa-P3HT ™ 4.73eV
CgHyz CioHzy —
k@\ (kcr;nH:‘ N(Kc;m.- E

\\ s \\ [ \s/ n > | PDPP-AT__, 503ev

© YA R YL NS ED —_

., .y, 5
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EA=5.51eV Mo(tfd),
|

F s CF3
3::@)‘“453\ Féj Mo(tfd),
NS

3

d 2.0 I I L
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— —~ — RRa-P3HT
S 084 L S 1.5 — PDPP-4T |
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Binding Energy (eV) Binding Energy (eV)
Figure 5. (a) Molecular structure of polymers and dopant, RR-P3HT, RRa-P3HT,
PDPP-4T, PDPP-T-TT-T and Mo(tfd)3. (b) lonization energy (IE) of polymers
and electron affinity (EA) of dopant26. Normalized (c) secondary cutoff and (d)
HOMO onset regions of undoped polymers measured by ultraviolet
photoemission spectroscopy (UPS).

In the first case, PDPP-4T is blended with RR-P3HT. Here,
there is a large offset between the IEs of the two polymers
and the higher IE polymer, PDPP-4T, has a hole mobility that
is approximately an order of magnitude greater than that of
RR-P3HT. In the second case, PDPP-4T is blended with RRa-
P3HT. In this case there is a large energy offset between the
two polymer IEs and the lower IE polymer, RRa-P3HT, has a
hole mobility that is three to four orders of magnitude lower
than that of PDPP-4T. In the final case PDPP-4T is blended
with PDPP-T-TT-T. In this blend the IE difference between the
polymers is small and both polymers display similar charge-
carrier mobilities. PDPP-4T:RR-P3HT follows one of the
theoretically predicted guidelines for observing enhanced PFs
in the blends, i.e., the polymer with the higher IE has a
charge-carrier mobility that is an order of magnitude higher
than that of the mobility in the lower IE polymer. According

8 | J. Name., 2012, 00, 1-3

to the theoretical modeling, the other two blends do not have
electronic properties that would lead to enhanced power
factors.
The PDPP-4T:RR-P3HT blend indeed shows an improvement
in power factor, as the blend with 85% PDPP-4T displays a
power factor that is nearly double that of the pure polymers.
At 10% doping by volume, pure PDPP-4T displays an electrical
conductivity (52 Sm1) that is four times lower than pure RR-
P3HT (223 Sm™) at the same doping ratio. In this blend the
increase in S and decrease in ¢ are more comparable, which
means that neither parameter will overwhelm the power
factor. These more gradual changes lead to a higher power
factor in the blend than in either of the two pure materials.
The fitting parameters shown in Table 1 suggest RR-P3HT has
a narrower DOS (1.2 KgT compared with 4 KgT) with slightly
higher localization length (2.8A>2A) located at lower
energies. The ratio in the DOS width (3.3) is similar to the
scenario shown in the second column of Fig 4 (2.4), and as
modeled for the higher mobility ratios there is an increase in
the power factor.
Next, we examine the other two blend systems that are not
expected to give rise to higher power factors. For the PDPP-
AT:RRa-P3HT blend system, the charge-carrier mobility of
RRa-P3HT is 3 to 4 orders of magnitude smaller than that in
PDPP-4T, and thus the contribution of PDPP-4T is likely to
dominate over RRa-P3HT in determining the power factor.
Indeed, the 3+ order of magnitude difference in the electrical
conductivity and the higher Seebeck coefficient for PDPP-4T
leads to PDPP-4T dominating transport and the power factor
in the blends. The fitting parameters for the PDPP-4T and
RRa-P3HT blends (Table 1) suggest that PDPP-4T has a
broader DOS with higher localization length at higher
energies (details of fitting parameter determination can be
found in the SI).
The final blend system we examine is PDPP-4T:PDPP-T-TT-T,
where there is almost no charge-carrier mobility difference.
Surprisingly, the electrical conductivity of PDPP-T-TT-T is
much smaller than that of PDPP-4T (0.9 Sm™ compared to
31.8 Sm™). Increasing the ratio of PDPP-4T in the blend leads
to a constant decrease in S from 404 pVK?! to 204 puvK?,
which opposes the changes in electrical conductivity. The
large Seebeck coefficient and low electrical conductivity in
pure PDPP-T-TT-T suggests a low charge-carrier
concentration and high total number of states, which agrees
with the fitting parameters (Nt pppp-1-1r-1=1022cm3 and Nc,pppp-
1rrr=1.5x10%%cm3 or NCPDPP_T-TT-T _ 1.5%). Furthermore,
. Nt ppPP-T-TT-T
the fitting parameters for these two polymers suggest we
have blended two polymers with almost similar disorder and
similar localization length with 0.08 eV energetic offset. This
scenario can be best represented by the calculated data in SI
Figure S5 when the mobility ratio is small, and as predicted
by the model there is not any improvement in the power
factor.
deflection

Photothermal spectroscopy (PDS)

measurements,’®’” as shown in Sl Figure S12, were carried
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out in an effort to obtain experimental evidence into the DOS
widths for the different polymers.5* From these PDS spectra
the Urbach energy was extracted, where the Urbach energy
provides a quantitative measurement of the extent of
disorder. Unfortunately, the polaron absorbance in the
polymers extends beyond the limits of the PDS system and
therefore the un-doped polymers were investigated. In the
un-doped polymers, the Urbach energies of RR-P3HT, PDPP-
4T, and PDPP-T-TT-T are similar at 42 to 45 meV, whereas
RRa-P3HT is significantly higher at 170 meV. Considering that
the Urbach energy should reflect the DOS width, these values
are in disagreement with the values extracted through fitting
the experimental data with the theoretical model. We
suspect that this discrepancy arises from the PDS
measurements being performed on the un-doped polymers.
Adding chemical dopants has previously been shown both
experimentally and theoretically to significantly alter the
relative disorder and DOS widths in the polymers.5275463
Experimentally probing disorder in these doped systems is a
direction that we will pursue in future work.

There are three additional fitting parameters that differ
between the polymers and have major contributions to the
observed experimental trends. These include the total
density of states, the density of charge carriers and attempt
to jump frequency. The total number of states is equal to the
total number of states that have some contribution to charge
transport. The total number of states is highest for PDPP-T-
TT-T (10x10%°cm3) and lowest for RRa-P3HT (2.96x10%°cm3)
and their value can be affected by multiple parameters,
including morphological factors that restrict transport or the
presence of energetic traps. Despite keeping the
concentration of the dopant constant (Table S1) in the films,
the concentration of charge carriers is not the same for all
polymers. RR-P3HT and RRa-P3HT have the highest charge
carrier concentration (12x10°cm®3) versus PDPP-4T
(6x10*°cm=3) and PDPP-T-TT-T (1.5x10%°cm3). There are a few
possible reasons for these differences, such as dopant
aggregation’®7? or lower energetic offsets between the EA of
the dopant and IE of the polymer,3® both of which can

This journal is © The Royal Society of Chemistry 20xx
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decrease the doping efficiency. The extracted charge-carrier
concentration does correspond with the doping efficiency
expected based purely on the IE of the polymers, with the
carrier concentration decreasing as the polymer IE increases;
however, it is difficult to experimentally verify the exact
concentration of charge carriers. Attempt to jump frequency
should be in order of 10'-10'3 s (i.e., order of phonon
vibration frequency), but the fitting parameters used to fit to
our experimentally measured electrical conductivity are
about two orders of magnitude higher. Predicting a correct
prefactor for electrical conductivity has been a challenge for
analytical models. 32408081Here we have used a linear
combination 2, of two pure polymers to fit to blend systems
(Equation S19).AFM images of these polymer blends, as
displayed in Sl Figure S13, show large aggregates in both pure
PDPP-T-TT-T and PDPP-4T films and in the blends at or above
a PDPP-4T composition of 0.5. These aggregates are absent
in the undoped polymer, and thereby we suspect that they
are dopant rich, either consisting entirely of the dopant or
consisting of highly doped polymers that are rendered
insoluble upon heavy doping.8? Dopant aggregation would
also agree with lower carrier concentration in these DPP
containing polymers as compared to both P3HT polymers.
The morphology of the films can play a large role in
determining the thermoelectric performance, particularly in
polymer blends.3® Importantly for comparison purposes, the
blend systems in this work show similar aggregated
morphologies at higher (>0.5) PDPP-4T compositions where
the increased power factors are observed for the RR-
P3HT:PDPP-4T blends. The analytical model presented
provides a nice framework for wunderstanding the
thermoelectric properties of polymer blends, but moving
forward it will be important to experimentally investigate the
morphologies in detail and incorporate the influence of
morphology into the theoretical model. For example, the
current analytical model may be expanded to include a
perturbation of the probability of hopping between the two
polymers (C's and C'g) based on the morphology.

J. Name., 2013, 00, 1-3 | 9
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Figure 6. (a,c,e) Seebeck coefficient and electrical conductivity and (b,d,f) power factor as a function of PDPP-4T concentration in polymer blend. The blends are PDPP-
4T:RR-P3HT (a,b) and PDPP-4T:RRa:P3HT (c,d) and PDPP-4T:PDPP-T-TT-T (e,f). Dashed lines are the fits to the model as calculated with equations 7 and 8. The fitting
parameters can be found in Table 1.

Table 1. fitting parameters for each polymer in each individual blend system

PDPP-4T:RR-P3HT

Polymer A (KeT) a(A) a (hm) N¢ (10%° cm) Nc (10*°cm3) a/a Eo % (10%° s)
PDPP-4T 4 2.8 1.4 3.64 6 5 0 3.52
RR-P3HT 1.2 2 1.5 2.96 12 12.5 -0.15 44.8

PDPP-4T:RRa-P3HT

Polymer A (KeT) a(A) a (hm) N¢ (10%° cm) Nc (10*°cm3) a/a Eo % (10%° s)
PDPP-4T 4 2.5 1.4 3.64 6 5.6 0 5.43
RRa-P3HT 2 1.2 1.5 2.96 12 12.5 -0.15 2.41

PDPP-4T:PDPP-T-TT-T

Polymer A (KeT) a(A) a (hm) N (10%° cm) Nc (10*°cm3) a/a Eo % (10%° s)
PDPP-4T 3.5 2.5 1.35 4.06 6 5.4 0 4.06
PDPP-T-TT-T 4.5 1.8 1 10 1.5 10 0.08 2.83
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Conclusion

The results presented show that polymer blends are capable of
reaching higher power factors than either of the individual
polymers. For higher power factors to be realized in the blend,
the polymer with its DOS centered at higher energies should
have a broader DOS and higher charge-carrier mobility.
Furthermore, the electrical conductivities of the two polymers
should not be drastically different, as this leads to the polymer
with the higher electrical conductivity dominating charge
transport and minimizing the influence of the other polymer.
From a simple experimental viewpoint of selecting candidate
polymers, the polymers should have similar electrical
conductivities (within an order of magnitude) and Seebeck
coefficients (within a factor of two), and the polymer with the
higher IE should have a higher mobility.

In terms of guiding the design of thermoelectric polymers, our
results indicate that polymers with low energetic disorder (i.e.,
a narrow density of states distribution) and large localization
lengths should be targeted for both polymer blends and pure
polymers. In the case of blends, increases in performance
should be obtainable regardless of the DOS width and
localization length of the lower energy polymer, so long as the
polymer with the higher energy DOS has a broader DOS and
comparable or larger localization length. There are numerous
factors that this work did not account for, such as the
morphology of the polymer blends and the effects of blending
polymers together on the width of the DOS of each individual
polymer, that are likely to be important in determining the
thermoelectric performance of polymer blends. Future work
that accounts for morphology, doping induced disorder, and
polymer interactions will be helpful in further guiding the design
of polymer blend thermoelectrics.
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