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ABSTRACT

We report on both the electrical and thermoelectric transport properties as a function of temperature in poly(3,4-ethylene dioxythiophene)
(PEDOT)-poly(styrene sulfonate) conducting polymers for a wide range of dimethyl sulfoxide (DMSO) additives. Whereas an insulating-
like electrical behavior is found over the whole temperature range, a metallic-like thermopower is mainly observed. We show that the
resistivity appears to be governed by a three-dimensional variable range hopping mechanism due to disordered regions with a decreasing
localization temperature T, and an increasing scaling factor p, as a function of the DMSO ratio. The correlation between T, and p, demon-
strates that they are both controlled by the localization length &,, which is strongly enhanced by the DMSO in agreement with the morpho-
logical evolution of the PEDOT chains with the additive. On the other hand, the high-T positive metallic-like thermopower seems rather
unaffected by the additive in contrast to its low-T counterpart, which appears negative below a characteristic temperature Tyy,. By showing
that the latter is closely related to the localization temperature, we propose to ascribe this sign switch to the thermoelectric contribution
originating from disordered regions, which competes with the metallic ones due to ordered domains. While still controlled by the localiza-
tion temperature, this negative contribution appears to be consistent with a phonon-drag component with a scaling behavior as T,T>.
These analyses allow us to discuss the overall temperature dependent thermoelectric properties in a consistent way by considering a hetero-
geneous structure with both ordered and disordered domains. By relating explicitly the electrical resistivity to the thermopower, our results
do not only reconcile these transport coefficients, but they also provide a unified picture of the properties of the conducting polymers.
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1. INTRODUCTION doping in PEDOT-PSS, namely, the charge carriers concentration,
its thermoelectric performance”® could compete with the ones mea-
sured in inorganic compounds. Its thermoelectric performance has
even exceeded the one previously measured in the parent polymer
PEDOT-Tos according to the pioneering work of Bubnova et al.’
This highlights the versatility of its transport properties by stressing
the importance of the influence of the solvents (additives) used

By offering a unique combination of properties not available
from any other known materials, the conducting polymers"” have
now demonstrated their interest in a wide variety of applications.
They can be used in organic photovoltaic’ and thermoelectric
devices,” as well as for bioelectronic purposes due to their flexibil-
ity.”" Among them, the poly(34-ethylene dioxythiophene)-poly during its processing'”"® as well as the following post-
(styrene sulfonate) (PEDOT-PSS) is one of the most prominent con-  treatments.''* Nevertheless, most of the performed investigations
ducting polymers due to its outstanding electrical properties,"chemi- have been focused on room temperature properties) which do not
cal stability, biocompatibility, and commercial availability.” As a  allow a full understanding of the underlying mechanisms.'”'® As a
matter of fact, it has been shown for instance that by fine-tuning the consequence of this lack of temperature dependent measurements,
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the interpretation and then the origin of their transport properties
are in particular still under debate. This also results from the influ-
ence of the complex structure of the conducting polymers on their
properties.' >’ Instead of being fully crystalline’’ or amorphous™
materials, they are actually considered to be semicrystalline,”**
namely, with crystallites (ordered regions) more or less connected
together and embedded in amorphous regions. Therefore, various
transport models have been proposed in order to describe their prop-
erties, ranging from hopping-like by assuming localized charge carri-
ers” to metallic-like by considering nearly or fully delocalized
ones.”>”” The former models account for the insulating-like tempera-
ture dependence of the electrical conductivity usually observed for
instance, whereas the latter ones are able to describe the metallic-like
T-dependence of the thermopower’™” and its scaling
properties.”>””*~> On the other hand, distinct approaches have
been proposed following the pioneering ideas of Kaiser,'>*”’" which
consist in considering the conducting polymers as a heterogeneous
medium with highly conducting (metallic) crystalline regions con-
nected by less conducting (insulating) disordered ones.”””* Whereas
the original Kaiser model'>>’ requires the use of unknown form
factors, which limit the quantitative analysis of the transport proper-
ties, the recently introduced Heterogeneous Oriented Structure
(HOSt) model succeeds in overcoming this difficulty.”* Originally
introduced in order to account for the thermoelectric transport prop-
erties in highly oriented conducting polymers, it has also demon-
strated its wide applicability to non-oriented ones by considering an
effective heterogeneous medium. This model consists in introducing
three parameters in order to describe the complex structure of the
polymers with the crystallinity, the preferred orientation of the
ordered regions and their anisotropy. The crystallinity accounts for
the proportion of ordered or crystalline domains and is then defined
as the ratio between the volume of the ordered regions and the total
one. It can vary from 0 in the case of completely amorphous polymer
up to 1 if it is perfectly crystallized. The preferred orientation of the
domains is originally related to the experimental method used to
align the ordered domains such as the high temperature rubbing.”
This leads to introduce an alignment factor y, which accounts for the
degree of orientation along the rubbing direction. Thus, y = 1 if the
ordered domains are parallel to the latter direction and the measure-
ments are performed along with, and y = 0 for perpendicular mea-
surements. The anisotropy results from the quasi one-dimensional
molecular structure of the polymer backbone, which should influence
the charge transport depending on the stacking of the chains in the
ordered domains. It has been necessary to describe quantitatively the
transport properties measured in highly oriented polymers. The
introduction of the crystallinity ratio and the alignment degree allows
to remove the unknown geometrical factor in such an heterogeneous
model and then to relate the experimentally inferred transport coeffi-
cients to those characterizing both ordered and disordered domains.
Interestingly, it has been shown that non-oriented conducting poly-
mers could also be described according to the HOSt model by consid-
ering an effective heterogeneous medium with an intermediate
alignment degree such as y = 1/2. This means that the random distri-
bution of the domains orientation can be projected onto both ori-
ented configurations, namely, parallel and perpendicular. In other
words, the non-oriented conducting polymer is then considered a
parallel oriented one connected in series to a perpendicular one.
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So here, we report on the temperature dependence of the ther-
moelectric transport properties, both electrical conductivity (or
resistivity) and thermopower, in PEDOT-PSS thin films by varying
the amount of solvent added prior to the deposition. We analyze
our results first independently by inferring microscopic quantities
and then try to correlate them in order to discuss their consistency
in the general frame of the HOSt model and then to improve our
understanding of their thermoelectric properties.

Il. EXPERIMENTAL

The investigated conducting polymers are all made from the
mixing of commercial PEDOT-PSS (Clevios PH1000) with anhy-
drous dimethyl sulfoxide (DMSO, Sigma-Aldrich). The PEDOT-PSS
is a blend of two distinct polymers with the PEDOT, which is a con-
ducting conjugated polymer, while the PSS is an insulating polymer
with a styrene backbone and a sulfonate group allowing the solubility
of the blend and acting as the PEDOT counterpart dopant. The
PEDOT-PSS has an entangled-like chain structure leading to an het-
erogeneous film morphology with crystallized grains and amorphous
regions depending on the processing conditions. The investigated
PEDOT-PSS is actually known to allow to reach best electrical con-
ductivity due to the ratio of PEDOT to PSS (1:2.5 w/w),” especially
when solvents such as DMSO or ethylene glycol (EG) are added
prior to the deposition for instance. Here, several volumes of DMSO
have been added to PEDOT-PSS in order to prepare 1%, 2%, 3%,
4%, 5%, 6%, 7%, 8%, and 10% (v/v) solutions. The solutions were
stirred for 1h by 1000 rpm magnetic agitator and then the thin
films were deposited in air by spin coating 20 1l of the solution on
9 x 9 mm? pre-cleaned glass substrates. Prior to the spin coating, the
substrates were first cleaned for 5min in an ultrasonic isopropanol
bath, then dried in forced-air oven, and, finally, treated in an argon
plasma during 300s in a Cressington sputter coater 108. Each film
was spin coated at 4000 rpm for 60s and finally dried 15min at
150°C on a hot plate. This procedure has yielded a reproducible
thin film thickness of 53 (+2) nm as checked with a dektak profil-
ometer according several averaged measurements.

In order to allow thermoelectric measurements, gold elec-
trodes have been deposited on the films through a mask, on which
copper connectors have been silver pasted and dried on hot plate
for 10 min at 130 °C.

The overall transport measurements have been performed
using the standard four points method with a physical properties
measurements system from Quantum Design. This method allows
to measure both the electrical resistivity and thermopower as a
function of temperature under high vacuum (P < 107> mbar) by
using a commercial Thermal Transport Option from Quantum
Design. Note that such a vacuum is necessary to measure the only
temperature dependence of the resistivity and not a combined
effect of the pressure-temperature dependence, which should
induce spurious behavior. Temperature rise of 3% has been applied
in order to measure thermopower and electrical current of typically
10 #A has been used for resistivity measurements.

lll. RESULTS AND DISCUSSION

We have measured the T-dependence of both the electrical
resistivity p and the thermopower a from room temperature down
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500 S/cm, followed by a slight reduction. This kind of behavior is

1073 *, : ;:2 gmgg —=t 222 gmggf usually explained by the polarity of the additive, which can screen
%%% 3% DMSO < | 7% DMSO the coulombic interaction between the PSS chains and the PEDOT

“%qtﬁ 4 4% DMSO i ?:ﬁ’/D[’\)/:ﬁgo ones. As a result, the morphology of the PEDOT chains is altered

102 N ? by enabling a better packing, and it has also been suggested that a
S ‘“’q%% consecutive change from the benzoid to quinoid structure favors a

] %, more linear structure and then a more conducting polymer.””~"" If

too much solvent is added, one can assume that a new kind of dis-
order is introduced, which leads to a decrease in conductivity as
observed for DMSO ratios higher than 7%.

On the other hand, the temperature dependence of the mea-
sured electrical resistivity in Fig. 1 can be further analyzed.
Actually, by plotting In Ep /py) in Fig. 3 as a function of the reduced
temperature as (T /T)"* for the various investigated DMSO ratios,
the overall results can be scaled onto a single curve. This demon-
strates that the electrical transport is fully governed by a variable
2 T T 0 T T T o T range hopping (VRH) process, which is a typical signature of an
electronic conduction in a disordered medium."*™**

Originally introduced by Mott, this kind of transport is char-

acterized by an insulating-like behavior with a resistivity varying as
FIG. 1. Temperature dependence of the electrical resistivity measured in p = po T/ iith the dimensionality of the transport D, the
PEDOT-PSS for various DMSO ratios. iy

p(Qm)

AN
B

T(K)

localization temperature T, and the scaling factor p,. Here, Ty rep-
resents somehow an energy related to energetic fluctuations
induced by the disorder, which localizes the electronic wave func-
tions over a typical distance known as the localization length &.
The higher the localization temperature, the shorter the localization
length. According to the found scaling in Fig. 3, the electronic

to 2K for various DMSO ratios ranging from 1% up to 10%. As
displayed in Fig. 1, the latter interval allows to broadly vary the
magnitude of the resistivity over several decades. Despite this large
effect, the observed T-dependence remains insulating-like with a

transport is here consistent with a three-dimensional VRH. ®
decreasing resistivity as T increases whatever the DMSO content. Furthermore, both the localization temperature and the §
. 15 . 4 =]
As already observed with DMSO or EG, * the corresponding  scaling factor can then be plotted as a function of the DMSO ratio 5
calculated electrical conductivity ¢ = 1/p mainly increases in 2
Fig. 2 at room temperature as a function of the additive content 5
by revealing a maximum in between 5% and 7% up to roughly 14 §
T T w
1 _ 114 3
131 p=p, exp((T/T)™)
500 12
. 11
2 10
400 // 9 T /T)m
/ N_ e ] o
. ~ 8 s o 1% DMSO
8 £ 7 V o 2% DMSO |
_ 300 ‘ Z 6 v - 3% DMSO
£ - 5] 4 4% DMSO
® 4l v 5% DMSO
e ] & 6% DMSO
& 200 7 31 < 7% DMSO |
/ 2 > 8% DMSO |
1] v «  10% DMSO
1001 / | [ 0 i T T T T T —T T L L I B B
/® 0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14
/ (TO/T)1/4
0 — T T — T T T T T " T " T 1
0 1 2 3 4 5 6 7 8 9 10
DMSO % FIG. 3. Scaling of the measured electrical resistivity as In(p/p;) as a function
o of the reduced temperature as (To/T)"/* for various DMSO ratios, with the
localization temperature Ty and the scaling parameter p,. The overall scaling
FIG. 2. Variation of the room temperature electrical conductivity measured in demonstrates that the electrical transport is governed by a three-dimensional
PEDOT-PSS as a function of the DMSO ratio. variable range hopping mechanism.
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FIG. 4. Variations of the localization temperature Ty (left axis) and the scaling
parameter p, as a function of the DMSO ratio.

in Fig. 4, respectively, on the left and the right axis. The former dis-
plays a huge decrease from nearly 2 x 10° K (2% DMSO) down to
500K (6% DMSO), or equivalently in terms of energy from 15 eV
down to 43 meV. Note that the localization temperature found for
the sample with 1% DMSO is even higher but less well-defined due
to the high electrical resistance measured for this DMSO ratio.
These values illustrate the strong reduction of the disorder induced
by the PSS chains due to the DMSO addition according the afore-
mentioned screening mechanism. Interestingly, it is worthy to note
that whereas the former Tj is of the same order of magnitude than
typical electronic binding energies, the latter one is only twice the
value of the room temperature. This means that such a disorder
could nearly be screened by thermal fluctuations at 300 K and thus
that the electrons are at the edge of delocalization for a DMSO
ratio of 6%.

At the contrary, the right axis in Fig. 4 shows a significant
increase of the scaling factor py, which can be thought of as a
minimum resistivity theoretically reached if T goes to infinity. The
observed tendency suggests that there is an asymptotic saturation
value which could be of the order of 1 mQcm, namely, the same
one as the minimum for a metallic conductivity. This seems to
agree with the previous comment that the polymer is in a regime
very close to metallicity.

On the other hand, the increase of p, with the DMSO ratio
can appear surprising but actually, it could be explained rather
straightforwardly if one admits that it is controlled by the localiza-
tion length. This assumption can in fact be checked by plotting in
Fig. 5 this scaling factor as a function of the localization tempera-
ture. By doing so, the log-log scale allows to evidence a rather well-
defined power law p, oc T '3 Since the localization temperature
can be written such as kgTy ~ 1/ (g(EF)ég), with the Boltzmann
constant kg and the density of states at the Fermi level g(Ef), the
power law observed in Fig. 5 simply suggests that p,oc&,.
Therefore, the variation displayed in Fig. 4 could also represent the
variation of the localization length as a function of the DMSO ratio
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FIG. 5. Variation of the scaling parameter p, here defined as a length by multi-
plying it by the quantum of conductance 2¢?/h, with the elementary charge e
and the Planck constant h, as a function of the localization temperature Tj.

While the localization temperature is expected to vary as &;° 3, with the localiza-
tion length &,, the observed variation py ~ Ty ive strongly suggests that p; is
proportional to &. Whereas the red line is a fit varying as T Y % the dotted line
indicates a power law as Tg1 as it could be expected for one-dimensional VRH.

with first a large increase favoring the conduction process up to a
saturation value suggesting that above typically 5%, the DMSO
content itself could limit the delocalization.

It follows that the scaling factor plotted as a length in Fig. 5
by multiplying it by the quantum of conductance is actually pro-
portional to the localization length. As a consequence, the varia-
tions of both T, and p, displayed in Fig. 4 result from the increase
of the localization len§th with the DMSO ratio. Interestingly, a
departure from the T, /> behavior is observed when the localiza-
tion temperature becomes very high, typically higher than 10° K.
Since the localization temperature is expected to vary as & 7, with
the dimensionality D, this could suggest some kind of dimensional
crossover. As a matter of fact, it has already been reported that in
the pristine PEDOT-PSS, namely, without additive, the resistivity
varies as py e(To/ D' by suggesting that the transport becomes one-
dimensional.”> Therefore, the departure from the T 13 behavior
observed in Fig. 5 may prelude to a variation as T, ' shown by the
dotted line because of such a dimensional crossover.

Now let us turn to the analysis of the thermopower, which is
based on the overall temperature dependence displayed in Fig. 6.
Whatever the DMSO ratio be, it appears continuously increasing
with T, mainly positive over a wide temperature range but with a
sign switch below a characteristic temperature, Tgyitcn, Strongly
dependent on the additive content as it will be further discussed.
With a room temperature value of the order of 12 4V /K, it should
also be noted that all the measured thermopowers are mainly
superimposed as long as T >> T,irr. This suggests that the DMSO
additive does not significantly affect the positive-like thermopower
in contrast to its negative counterpart.

02:€0:80 G20z Asenuer Lg

J. Appl. Phys. 137, 015501 (2025); doi: 10.1063/5.0242275
© Author(s) 2025

137, 015501-4


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

15
e 1%DMSO v 5% DMSO
= 2%DMSO ¢ 6% DMSO
109 & 3%DMSO « 7% DMSO
s 4%DMSO » 8% DMSO
5] * 10% DMSO a~T
—_ 0_
X o ¥
< 4 e L
3 40;‘ At gy o a
= -54 Yy &
3 * [ . .
-10—: e v'v ° =
[ )
A54. " — L *
o M A — . &
2 10 100

T(K)

FIG. 6. Temperature dependence of the thermopower measured in PEDOT-
PSS for various DMSO ratios. Whereas the thermopower is mainly positive over
the whole temperature range, its sign switches to negative at low temperatures
depending on the DMSO ratio by defining a characteristic temperature Tgyjisn
when o vanishes. The red line is the same linear fit as displayed in Fig. 7 and
discussed in the text.

In order to better characterize its common positive part, the
thermopower measured in the 6% DMSO sample is plotted in
Fig. 7 in log-log scales as a function of temperature. It turns out
that if T > Ty, a rather well-defined linear behavior appears
over one decade between 10 and 100 K, which is a typical signature

10’ @ 6%DMSO

<

>3 100-_

> ]
a=n3kJq T/TSs)
T Js = 5500 K

10" — —
3 10 100

T(K)

FIG. 7. Temperature dependence of the thermopower as measured in PEDOT-
PSS with a 6% DMSO ratio. The log-log scales allow to identify a linear behav-
ior between roughly 10 and 100 K consistent with a metallic contribution.
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of a metallic contribution. Interestingly, it should be noted that
such a metallic signature agrees with recent optical spectroscopy
measurements performed in PEDOT-PSS."® This metallic thermo-
power can be further analyzed for instance in the frame of the
so-called Mott formula as reminded in Eq. (1) with the energy
dependent conductivity function o = ¢*7pvigg, with the elemen-
tary charge g, the relaxation time 7z, the quasiparticles velocity vg,
and the density of states gg, where the subscript E indicates a possi-
ble energy dependence,

kg Jln (og)

a:?;kBT{T}EF. (1)

By assuming power law energy dependence such as 7z oc EY,
vé oc EY, and g o< E’s with the exponents 6, v, and Yo it follows
then a simple relation for the thermopower with the introduction
below of the Fermi temperature as Er = kgTr and the sum of the
exponents s = 0 + v + Yo

_7Z'2kB T

a=- 4 To)s’ (2)

Note that one recovers here the exponent s found in most of
the conducting polymers when scaling the thermopower as a func-
tion of the electrical conductivity (aoco~'/%) by varying the
doping,” with usually s = 4. Anyway, Eq. (2) shows that the slope
of the T-linear part of the thermopower in Fig. 7 is in principle
directly related to (Tr/s) which is proportional to the Fermi energy.
Here, the deduced Fermi temperature is Tr/s =~ 5500 K but a direct
interpretation of its magnitude remains difficult at this stage since
the analyzed contribution is metallic, whereas the electrical trans-
port is insulating-like.

As observed in most conducting polymers, this apparent con-
tradiction can be removed by considering that these materials
consist in an heterogeneous medium with ordered domains (crys-
tallites or coherent aggregates) coexisting with disordered ones
(amorphous regions). Early raised by Kaiser in particular, the het-
erogeneity of the conducting polymers makes the quantitative
interpretation of the transport coefficients very tricky. Nevertheless,
a recent theoretical framework has been proposed in order to
address quantitatively this issue according to the so-called
Heterogeneous Oriented Structure (HOSt) model. It has been first
applied to highly oriented conducting polymers by considering par-
allel both ordered and’ disordered domains with proportions
described by a crystallinity ratio y. Then, the introduction of an
alignment degree ¥ allows to account for the orientation of these
domains with respect to the current and temperature gradient. If
y =1 (0), the domains are parallel (perpendicular) to the gradients.
Furthermore, non-oriented conducting polymers can also be
described by considering that the random distribution of the crys-
tallites can be projected onto both oriented configurations, namely,
parallel and perpendicular. This leads to an effective heterogeneous
medium with an alignment degree y = 1/2 which includes a paral-
lel component connected in series to a perpendicular one, each of
them being heterogeneous. In order to connect more deeply the
alignment degree to the microscopic orientation of the crystallites,
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it should be noted that the value y = 1/2 represents the absence of
preferred orientational order. The latter is usually related to a
nematic-like order parameter"17 S with S =1 and S = 0, which cor-
respond, respectively, to the parallel orientation of the ordered
domains (nematic phase) and to the random distribution of their
orientation (isotropic phase). In three dimensions for instance, the
nematic order parameter is given by S;p = (3 cos?d —1)/2.
Actually, such a definition results from the fact that a random ori-
entational distribution in D dimensions (Appendix A) is character-
ized by {cos? @) = 1/D and then that the nematic order parameter
Sp should be proportional to (D cos? 8 — 1) in order to vanish in
the isotropic phase. As a consequence, Sp must be normalized by

(D—1)as Sp = (ch% in order to fulfill Sp = 1 in the nematic
phase It follows therefore that if D = 2 the nematic order parame-
ter"® will change as Sop = (2 cos® 6 — 1) = (cos(26)). Interestingly,
one recovers here that in the nematic phase with an angular orien-
tational distribution defined with a Dirac function as f(6) = 6(0),
the order parameter is S;p = 1 and in the transverse nematic phase
with an angular orientational distribution as f(8) = §(6 — 7 /2),
the order parameter is S,p = —1. In addition, it follows in the case
of an in-plane random distribution with f(6) =1 that:
Sap = (cos(26)) = [; cos(260)f(6)d6 = 0. As a consequence, the
alignment degree appears as a reformulation of the orientational
order parameter in two dimensions as y = (Syp + 1)/2, with the
correspondence between the parallel configuration (y = 1) with the
nematic phase (0 =0, S;p = 1), the perpendicular one (y =0)
with the transverse nematic phase (0 = 7/2, S;p = —1) and the
non-oriented configuration (y = 1/2) with the isotropic phase
(S2p = 0). This description and the in-plane random orientation of
domains is well supported by previously reported experimental
results, which have shown that spin coated thin films was found to
consist of horizontal layers of flattened PEDOT-rich particles ran-
domly oriented."’

Therefore, the HOSt model allows to relate all the transport
coefficients, the thermopower as well as the electrical and the
thermal conductivities, as a function of those characterizing the
ordered and the disordered domains according to the orientational
order. Thus, it results that the transport coefficients as the electrical
conductivity and the thermopower inferred from the HOSt
model™ can be explicitly related below to the effective nematic
order parameter (Appendix B),

ZO'HGL
o= , (3)
(1 =Sp)o + 1+ Sp)oy

K K
0(:(1—"821))2—0“+(1—SZD)—(ZL. (4)
KH 2K'J_

Note that the definition of the thermal conductivity follows
the electrical one. In addition, if the disordered domains resistivity
(its perpendicular component p, j in the terminology of the HOSt
model) is much higher than the ordered domains one, it can be
shown that the measured p is mainly dominated by p, 4 as
p~(1—Sp)1 —xpLas/2= 10— x)pLa/2 with S;p = 0. This
explains the insulating-like behavior observed in Fig. 1.
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On the other hand, the thermopower is expected to be the
sum of two components weighted by relative thermal conductivi-
ties.”* If the ordered domains conduct much more than the disor-
dered ones both heat and charge, one would then expect in the
frame of the HOSt model that o ~ maom + ags with here

S;p = 0 and if the anisotropy is neglected. Since the positive part
of thermopower appears in Fig. 6 mainly unaffected by the varia-
tion of the DMSO which strongly influences the disorder as dem-
onstrated in Fig. 4, it seems likely in this high temperature (HT)
regime that ayr ~ mami, Kg;s being essentially governed by
the lattice-like contribution. This means that the disordered contri-
bution to the thermopower seems negligible within this regime.
Now, if the disordered domains thermal conductivity mimics the
ordered domains one with a lower magnitude, the previous relation
could explain the observed metallic linear temperature dependence
in Fig. 7. This could be justified in this rather high temperature
regime because the thermal conductivity of the ordered domains
should be mainly given by their lattice contribution, the electronic
component being a decreasing function of temperature. This also
illustrates the difficulty to interpret quantitatively the found effec-
tive Fermi temperature since it is inferred from the slope, which
involves a thermal conductivity ratio and the crystallinity.
Nevertheless, the heterogeneity of the conducting polymers allows
to reconcile the insulating-like electrical transport and the metallic-
like thermopower.

Furthermore, one must emphasize that whereas it seems justi-
fied to neglect the disordered regions thermopower if & varies line-
arly with T, it appears no more valid at low temperatures when o
turns out to be negative below Tgyi. In contrast to the previously
discussed regime, one expects at low temperatures that the thermal
conductivity of the ordered domains should be given by the sum of
a lattice contribution ka0 and an electronic component ko
proportional to the corresponding electrical conductivity according
to the Wiedemann-Franz law’' as Ko = Kiarord + Kelord. Since
Kelord increases when T decreases, it can be assumed at low temper-
ature (LT) that o4 & Keiord > Kais. Then, it follows within this
regime that the thermopower becomes governed by the disordered
component as oy ~ mamd ~+ ot4is = agis. This could explain
the two distinct thermopower regimes observed in Fig. 6, with the
positive mainly linear one related to the ordered domains and the
negative one associated with the disordered regions. As a matter of
fact, by plotting in Fig. 8, the temperature Ty, at which the ther-
mopower vanishes as a function of the localization temperature
deduced from the resistivity measurements, a correlation between

both is unveiled such as Tyt o€ T0 . This behavior strongly sug-
gests that the thermopower change of sign is related to the disor-
dered domains.

Even if the positive metallic contribution is rather negligible at
low temperature, it appears relevant to remove it from the mea-
sured thermopower in order to plot it as the positive quantity
—(a — Qpet), With Qe = ”3 quTFT/ and the previously determined
Tr/s = 5500 K. By doing so, the absolute value of the disordered
component of the thermopower is then represented in Fig. 9 as a
function of T/ T . The normalization of the temperature by T /3
allows thus to scale this component whatever the DMSO content
by demonstrating a power law variation such as o oc To/T>.
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FIG. 8. Variation of the switch temperature Tgyicr @s a function of the localiza-
tion tempera}uze To. The observed behavior demonstrates a power law such as
Tsuitch = ZTO/ .

Once more, this points out the influence of the disorder in this
regime by making a direct correlation between the electrical con-
ductivity and the low temperature thermopower in full agreement
with the heterogeneous picture of the PEDOT-PSS as described in
the frame of the HOSt model.

Furthermore, these results imply that the total thermopower
can be written as @ = Qe + gz with o = AT and
agis = —BT,/T°, A being a function of the effective Fermi

10* 5
103; o
10°4
_ i e« 1%DMSO
§ .1 = 2%DMSO
2 107 < 3%DMsO
2 ] 4 4%DMSO
P o] 7 5%DMSO
] ¢ 6%DMSO
< 7% DMSO
10°] > 8%DMSO
* 10% DMSO
-3
T =
10° — —————T :
10" 10°

T/TO1/3 (K2/3)

FIG. 9. Scaling of the disordered component of the thermopower as
—agis = —(ot — Oet), With et = %2%5%/5 as a function of the temperature

as T/ Tg/ %, This behavior demonstrates a variation as agis o< To/ T2, with the
localization temperature Ty as shown in the red line.
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temperature according to the Eq. (2) affected likely in magnitude
by the thermal conductivity ratio as previously discussed. When o
vanishes at the temperature Ty, it follows then that o

= —agis 0 ATgien = BTy/ waitch. Therefore, it results automati-

cally that Ty = (B/A)l/ 4TS/ * as previously observed in Fig. 8.
This means that the overall temperature dependence of both
and oy;; fully agree with the power law behavior of Ty, as a func-
tion of the localization temperature T, inferred from the electrical
conductivity. The high consistency of this analysis firmly demon-
strates that the PEDOT-PSS must be considered as a heterogeneous
material with both ordered (metallic) and disordered regions and
that the HOSt model is a relevant paradigm in order to analyze its
thermoelectric transport properties.

So finally, let us deeply discuss the observed low temperature
dependence of the thermopower. One must first emphasize that in
a VRH regime, the thermopower is expected to vary as T(P—D/(P+D
with the dimensionality”’ D, which implies in particular that in
three dimensions™ o oc (T T)l/ 2. This is clearly not observed here
and the only contribution to our knowledge consistent with the
found T3 variation involves the so-called phonon-drag thermo-
electric contribution.”’ Basically, this effect results from the elec-
tron-phonon interaction, which relates the electric charge current
to the heat current through the lattice leading, therefore, to an
unusual thermoelectric behavior.”

At a phenomenological level, this can be related to the lattice
heat flux density J, induced by the electrostatic force density neE,
with the electronic density #, the charge e, and the electric field E.
This force acts on the charges and works over a typical distance
given by the phonon mean free path A,,. The phonons carrying
thus an energy density of the order of |4 yneE|| with a velocity v,
the sound velocity, the resulting lattice heat flux density can be
written as ]_é = vslp;,nel:f. On the other hand, according to this
energy transfer the lattice heat flux density is also expected to be
proportional to the current density J, = neu,E, with the electronic
mobility x,;. The coefficient relating both flux densities being the
Peltier coefficient IT,us such as ]6 = thd]:, it follows then that
M phg = Vsd p /1. The so-called Kelvin relation between IT,,4 and
thermopower”" &g = I/ T allows then to infer a phonon-drag
contribution as apug = Vil pp /WyT). Such a contribution has
indeed been predicted in semiconductors for instance.” By consid-
ering the electronic mobility due to phonon scattering’”
o< T=3/2, the phonon-drag thermopower is expected to vary
with temperature as @ ppq O T2} ph» depending then on the
phonon mean free path. The latter originates actually from a rather
classical phonon picture since it is closely related to the lattice
thermal conductivity k¥ = 1/3 C,v4 ph With the lattice specific heat
per unit volume C,. Nonetheless, the semi-classical lattice thermal
conductivity can be considered in order to estimate A, by using
the proper scattering mechanism characterized by its energy depen-
dent scattering time 7 oc @?#. It can be shown in this framework
that the low temperature lattice thermal conductivity’* varies as
x oc T30, and then that the phonon mean free path behaves as
A ph € T since C, oc T according to the well known Debye law.
Note that at very low temperature the so-called boundary regime
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(6pn = 0) is recovered with a thermal conductivity proportional to
the specific heat, x oc T3, since the phonon mean free path is
limited by the sample size itself. Furthermore, by considering the
impurity scattering mechanism which is usually relevant for the
lattice thermal conductivity below 50K and is characterized by
0pn = —4, one infers a phonon-drag thermopower contribution as
0 pha 0 TV2+0 oc T35 This is already in good agreement with
the power law T~ observed in Fig. 9.

In fact, the previously deduced theoretical power law T3>
can be refined by considering the phonon polarization and the
crystal symmetry.”>>* It has been demonstrated that an averaged
phonon mean free path could behave as A, o TG/ with the
exponent n varying typically between 2 and 4 depending on polari-
zation and symmetry. It follows that the phonon-drag thermopower
could vary as a g 0c T-®""/2 leading thus to a temperature
dependence between T~*° and T~2° in agreement with the T3
dependence previously observed in germanium™ and the T~ vari-
ation found here.

The fact that our results suggest besides a behavior as ToT >
is of course not predicted theoretically and is very likely a conse-
quence of the variable range hopping regime, which takes place.
One can here guess that due to this specific transport regime
restricting the extension of the electronic wave functions over dis-
tances of the order of the localization length &, oc T '3, the elec-
tronic mobility entering in the definition of the phonon-drag
thermopower could also be affected. For instance, it could seem
reasonable to assume that the mobility could be proportional to the
volume limited by &), namely, fg, since this volume will restrict the
area where the electrons could be scattered by phonons. This
should imply that g, oc & oc 1/T; and then a thermopower contri-
bution proportional to T as observed. We believe, however, that
this result calls for further theoretical investigations in order to
carefully address this specific point.

On the other hand, we precise that even if the metallic part of
the thermopower is weighted by the relative thermal conductivity,
which lowers its contribution at low temperature, the combination
of a phonon-drag component with a metallic one as «
= AT — BT,/ T? is already sufficient to observe a linear high tem-
perature behavior and a crossover at low temperatures toward a
negative thermopower varying as T~>. It should also be noted that
thermopower sign changes have already been observed in other
conducting polymers >”” such as the polyaniline for instance and
have been interpreted by involving polaronic band effects. Since
these previously reported sign changes vary very differently with
temperature in comparison to the switch observed here, we believe
that the suggested interpretations are not relevant in our case.
Finally, one may emphasize that the negative phonon-drag contribu-
tion could suggest electron-like charge carriers in the disordered
domains, but it is worth mentioning that the sign of such a contribu-
tion strongly depends on the complexity of the energy band struc-
ture, which prevents from drawing straightforward conclusion.”’

IV. CONCLUSIONS

In order to summarize our work, we have investigated both
the electrical and thermoelectric transport properties as a function
of temperature in PEDOT-PSS conducting polymers for a wide
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range of DMSO additives. An insulating-like electrical behavior is
found over the whole temperature range contrasting with the
metallic-like thermopower mainly observed. We have shown that
the resistivity appears governed by a three-dimensional variable
range hopping mechanism due to disordered regions with a
decreasing localization temperature Ty and an increasing scaling
factor p, as a function of the DMSO ratio. The correlation between
T, and p, demonstrates that they are both controlled by the locali-
zation length &;, which is strongly enhanced by the DMSO in
agreement with the morphological evolution of the PEDOT chains
as expected with the additive. On the other hand, the high-T posi-
tive metallic-like thermopower seems rather unaffected by the addi-
tive in contrast to its low-T counterpart, which appears negative
below a characteristic temperature Ty, By showing that the latter
is closely related to the localization temperature, we have proposed
to ascribe this sign switch to the thermoelectric contribution origi-
nating from disordered regions, which competes with the metallic
ones due to ordered domains. While still controlled by the localiza-
tion temperature, the negative thermopower contribution appears
consistent with a phonon-drag component with a scaling behavior
as ToT 3. By relating explicitly the electrical resistivity to the ther-
mopower, our results do not only reconcile these transport coeffi-
cients, but they also provide a unified picture of the properties of
the conducting polymers. The overall high consistency of these
analysis demonstrates that the PEDOT-PSS must be considered as
an heterogeneous material with both ordered (metallic) and disor-
dered regions and that the HOSt model is a relevant paradigm in
order to analyze its thermoelectric transport properties.
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APPENDIX A: D-DIMENSIONAL NEMATIC ORDER
PARAMETER

A nematic order parameter can be built in D dimensions by
considering the following mean value for a random orientational
distribution around the direction given by 6,

<c032 01> _ J.(;r COS2 01 SinD_2 01 d61 ce j(;r sin 0[),2 dQD,Z
J.(;r SiIlD_2 01 d91 s J;)ﬂ sin 9D72 ng*Z

Jo cos? 6y sin”~2 6, d6,

J};r Sil’lD72 91 dt91

In the first line, the integrals over the angle 6p_;, which ranges
from 0 up to 27 have already been canceled out, and in the second
one, the integrals over the angles 8, up to 6p_, also. The following
simplification can then be performed with the replacement
cos’ @, =1 —sin® 6,

j(;[ sinD 91 d01 ID

2
0)=1-F—-——"=1-— .
<COS 1> J;r SiI’lD_2 01 d91 ID—Z

(A1)

Now, Ip can be related to Ip_, by performing an integration by
parts,

T T
Ip = J sin® 6, 6, = J sin®~! 6, sin 6, d6,
0 0

=(D-1) J sin®~2 6, cos® 6, db,
0
.

0

sin®~2 6,(1 — sin® 6,) d6;
= (D - 1){Ip-2 — Ip).

It results that Ip = Ip_,(D — 1)/D and according to Eq. (A1) that

{cos? ;) = 1/D. As explained in the main text, the nematic order

parameter must then be proportional to D{cos® ;) — 1 in order to

vanish in the isotropic phase and be scaled by (D —1) as Sp
D(cos? 6;)—1

= =55 in order to reach 1 in the nematic phase.

APPENDIX B: HOST MODEL TRANSPORT
COEFFICIENTS

As shown in the main text, the relation between the alignment
degree y originally introduced”* and the two-dimensional nematic
order parameter Syp allows to reformulate the transport coefficients
according to Egs. (3) and (4). However, these equations involve the
transport coefficients defined in oriented configurations, parallel
(S;p =1) and perpendicular (S;p = —1), which also imply the
contributions from both disordered and ordered domains as
reminded thereafter. In particular, the electrical conductivity can be
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straightforwardly deduced in both configurations as

O\ = XOord) + (1 _Z)O'dis,H>
Oord, 1 Odis, |
(1 = x)0oraL + X0 aisL

[

Note that the definition of the thermal conductivity follows the
electrical one with the corresponding parameters. On the other
hand, it has been shown™ that the thermopower in the parallel
configuration is a sum of two contributions originating from the
disordered and ordered domains, each being weighted by the corre-
sponding relative electrical conductivity,

_ XOord,| o
XOord)| + (1 — X))

(1 =)o
XOord)| + (1 — )04

a|

ord,||

Qgis,| = Olord,||-

Since the electrical conductivity in the ordered domains is expected
to be much higher than in the disordered domains, one recovers
here that the thermopower in the parallel configuration is mainly
given by the one from the ordered regions. The result is quite dif-
ferent in the perpendicular configuration because the contributions
are now weighted by the inverse relative thermal conductivity as
displayed below:

_ X Kdis, L
-  xKaist + (1= ) Kora L
(1 = )%ora, 1
XKdis, | + (1 _Z)Kord,J.
XKdis, L
T (1= Kora

Qord, |

Qdis, |
Olord, | + Qdis, | -

In order to justify the last line, it should be noted that the thermal
conductivity involves a lattice-like component and even if one
should expect that Kjuord > Kiardis» the difference in magnitude
should not be as large as for the electrical conductivity
(0ord > 04is). This result demonstrates then that a contribution
from the disordered domains can be expected if the contribution
o survives, as it is the case in non-oriented polymers.
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