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In the name of the best within you, do not sacrifice this world to those who are its worst. In
the name of the values that keep you alive, do not let your vision of man be distorted by the
ugly, the cowardly, the mindless in those who have never achieved his title. Do not lose your
knowledge that man's proper estate is an upright posture, an intransigent mind and a step
that travels unlimited roads. Do not let your fire go out, spark by irreplaceable spark, in the
hopeless swamps of the approximate, the not-quite, the not-yet, the not-at-all. Do not let the
hero in your soul perish, in lonely frustration for the life you deserved, but have never been
able to reach. Check your road and the nature of your battle. The world you desired can be
won, it exists, it is real, it is possible, it's yours.

Ayn Rand
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Foreword.

The field of polymer electronics was given birth by the discovery of Shirakawa, Mac
Diarmid and Heeger in 1977, that oxidized conjugated polymers could behave electrically as a
metal.? Since then, those (semi)conducting polymers have been used in the fabrication of
flexible organic solar cells,® flexible organic light emitting diodes,* or flexible sensors.” The
thermoelectric properties of conducting polymers have gained the attention of the scientific
community in the recent years, due to promising thermoelectric efficiencies with respect to
their inorganic counterparts.® Although the effect of the oxidation level to the thermoelectric
and electrical properties has been thoroughly studied in the litterature,”® the influence of other
structural (crystallinity) and electronic (charge carrier mobility) parameters on the efficiency

of thermoelectric devices needs to be better apprehended.

Consequently the aim of this Ph.D. is to provide alternative approaches for the
enhancement of thermoelectric properties and to relate the increase of thermoelectric
efficiency to the electronic and structural properties of the polymer material. Several
optimization routes have been investigated in this study, either by a fine tuning of the
synthetic parameters leading to the thermoelectric material or by associating organic and

inorganic materials in a thermoelectric composite.

The manuscript is organized in six chapters covering the various studies on thin films
of poly(3,4-ethylenedioxythiophene) (PEDOT) derivatives doped with p-toluenesulfonate
(Tos) molecules with one underlying theme related to a deeper understanding on the
structure/properties relationships. The first chapter provides some highlights from the

literature with a focus on the state-of-the-art studies in the field of polymer thermoelectrics.
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The aim of this chapter is to briefly summarize the existing knowledge and understanding on
the thermoelectric properties of polymers. The following chapters describe the works and
studies realized during this Ph.D. and are presented under the form of manuscript submitted or
to be submitted in order to highlight the main results. Some redundancies are thus presented
throughout the manuscript (mainly in the introduction of each chapters). Finally, at the end of
this manuscript, three appendices provide some insights on the thermoelectricity theoretical
background, the experimental procedures and other studies on polymer thermoelectrics,

respectively.
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Chapter 1: State of the art and literature
highlights.

1.1 Early studies on thermoelectric polymers and p-type
thermoelectric polymers:

The first Seebeck measurements on semiconducting polymers were conducted in
polyacetylene, as a means to understand its behavior with respect to the conduction
mechanism. Particularly, Heeger and coll. have varied the carrier doping of polyacetylene

showing that the Seebeck coefficient decreases for high carrier concentrations, following the

behavior of typical inorganic semiconductors (Figure 1a). 1%
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Figure 1: (a) The Thermopower (Seebeck coefficient) versus the concentration of the iodine dopant
for polyacetylene,' (b) the Seebeck coefficient plotted against temperature for non-oriented (filled)

and oriented (hollow) heavily doped polyacetylene.™
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Additionally, low temperature Seebeck measurements were performed in order to investigate
the metallic behavior of conducting polymer materials. A material with a typical metallic
behavior has a linear Seebeck dependence with the temperature, as it can be observed in
Figure 1b for polyacetylene. Nevertheless, due to its metallic nature, the measured Seebeck
coefficient of highly conductive films was relatively low (< 20 pV/K), and the scientific
community did not consider at this time conducting polymers for thermoelectric

applications.****
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Figure 2: Seebeck coefficient versus Temperature for (a) PEDOT:PSS™ and (b) Polyaniline.™

In the later years, Seebeck measurements were conducted on other conducting
polymers as a means to elucidate their conduction behavior. Heeger and coll. and Kaiser and
coll. have reported measurements on polyaniline'® and polypyrrole’, and retrieved as well a
linear behavior of the Seebeck coefficient as regards to the temperature associated to
relatively low values. Additionally, Kim et al. have conducted Seebeck measurements on
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) in order to
understand the conductive properties of this newly discovered conductive ink (Figure 2).*°

The measured Seebeck coefficient of the PEDOT:PSS and its behavior against temperature
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were reminiscent of that of a heavily doped semiconductor in the metallic regime of the

Mott's transition. 8

One of the first attempts to systematically focus on the thermoelectric properties of
conducting polymers for application in thermoelectric devices, was reported from Leclerc and
coll. in the 2000°s.*% The authors investigated the effect of the chemical structure of
polycarbazoles on the conducting and thermoelectric properties. Although these polymers
exhibited low thermoelectric efficiencies, with electrical conductivities in the order of
magnitude of 10 S/cm, the Seebeck coefficient was around 400-500 uV/K, highlighting the

potential of semi-conducting polymers for thermoelectric applications.**%

This potential was strengthened through the studies of Jiang et al. on PEDOT:PSS.#
In comparison with other conducting polymers, PEDOT:PSS is relatively stable in ambient
conditions, and can be printed in films showing a high electrical conductivity (> 100 S/cm),
making it a prospective candidate for any investigations in thermoelectrics. Kim and coll.
discovered that the addition of a high boiling point solvent improved the figure of merit of the

conducting polymer due to an enhanced electrical conductivity.*

Another systematic study on the thermoelectric properties of conducting polymers
with regards to its optimization for thermoelectric applications was reported by Crispin and
coll.?? In this study the authors focused on the thermoelectric properties of the semiconducting
poly(3-hexylthiophene) (P3HT). Solid state formalisms were applied on the measured
properties in order to understand the thermoelectric behavior. This work was among the first
registered attempts to optimize the thermoelectric properties of a polymer material by tuning
its carrier concentration (Figure 3). Through this optimization, the P3HT Power Factor was
increased by more than four decades but was still lower than the one of inorganic

thermoelectric materials. However, this study highlighted that the relatively low
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thermoelectric efficiencies of semi-conducting polymers can be further enhanced by a proper

tuning of the electronic properties.?

410"
300 r?‘t"
E
E
= e =
E = - 280 =
& = | 416" Th
o 2.1 2
T oy 5
£ Flw| 4
- us e
‘E E| o =
(5] ]
5- 50 |
_I:I —l'l:l:
'|l:|-i d " 1 L L ki L '} 1 " 1 ki L i 'l E
a g 10 18 i 28 a0 38 40

Doping level (%)

Figure 3: Electrical conductivity and Seebeck coefficient plotted against the doping levels for the

P3HT.*

In 2011, Bubnova et al. published a study on poly(3,4-ethylenedioxythiophene)
(PEDOT) derivatives doped with p-toluenesulfonate (Tos) molecules (PEDOT:Tos) and its
thermoelectric optimization by reductive vapors.® The authors had synthesized conductive and
insoluble PEDOT:Tos films through in-situ oxidative polymerization, and then optimized
their thermoelectric properties by exposing the films to tetrakis-dimethylaminoethylene
(TDAE) reductive vapors. By reducing the material, the Seebeck coefficient increased while
the electrical conductivity decreased, following a behavior similar to the one observed in
inorganic materials (Figure 4). However, in comparison to inorganic thermoelectric materials,
the PEDOT:Tos films exhibited a relatively low thermal conductivity of 0.2-0.25 W/mK. As a
result, the Power Factor was optimized from 38 to 324 pW/mKZ, which was the highest
reported for conducting polymers. In this study the figure of merit, ZT, was calculated to 0.25,

a record for a polymer material. This study was the first to really highlight the strong potential
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of conducting polymers for thermoelectric applications and subsequently inspires many

studies on the thermoelectric properties of conducting polymers.®®
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Figure 4: The electrical conductivity, o, the Seebeck coefficient, a, and the Power Factor, oa?, versus

the oxidation levels of the PEDOT:Tos films.®

Following the breakthrough of Bubnova et al,® Park et al. published a report on
PEDOT:Tos synthesized with in-situ polymerization with the presence of a block-copolymer
surfactant.?® The authors argued that the introduction of a block-copolymer assisted the
structuration of the PEDOT:Tos films, resulting in a high electrical conductivities of 1355
S/cm. Furthermore, cyclic voltammetry was used as a means to reduce the material - in a
similar manner as Bubnova et al.”® Using this methodology, they managed to optimize the
thermoelectric efficiency of PEDOT:Tos films to a record Power Factor of 1270 pW/mK?

(Figure 5).%
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Figure 5: (a) Electrical conductivity, Seebeck coefficient and (b) Power Factor versus the applied

potential for the electrochemical dedoping of the PEDOT:Tos films.*

The next record value for the ZT of a conducting polymers was reported in 2013 by
Kim et al.?* The authors optimized the thermoelectric and electrical properties of PEDOT:PSS
by using solvent additives and post-treatments, such as dimethylsulfoxide (DMSO) and
ethylene glycol (EG). At first they introduced these small molecules into the conductive ink,
where they acted as plasticizers for the PEDOT chains during the thin film deposition. After
bathing the PEDOT:PSS films in DMSO and EG to remove any excess of insulating PSS,
they managed to enhance the polymer Power Factor to 469 pW/mK?22* Combined with a

relatively low thermal conductivity of 0.42 W/mK, the figure of merit reached 0.42 (Figure

6).
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Figure 6: The figure of merit ZT versus the EG post-treatment time for PEDOT:PSS films deposited

with the addition of EG (open squares) or DMSO (filled circles).**

Palumbiny et al. later demonstrated that this kind of treatment enhances the thin film
crystallinity, highlighting the importance of the structure on the electrical properties of the

PEDOT:PSS (Figure 7).2>%°

21



EG-post-treated

Y
£ n -n-stacking
=
"R . Y e EG ’
r . . 2 > #
¢ wate - erosZR evaporation "\,7 ~ <
e ethylene glycol o N R '7’0\3;3-':‘“ 5. - oY
AN N o, o ;,\\‘m\\\ - %
* bss GRRT .  SRRYTVEO
2
= PEDOT decreasein g additional PEDOT
n-n-stacking edge-on orientation
o » »ﬁ\
A M@;f\ 2>%
VRIR = V92
s EEE
{dz Lo
% S =5 %, ==
90\ t Z\ =0
» ~ o’b\ e

Figure 7: The effect of plasticizing agents like EG on the PEDOT:PSS structure. When EG is added to
the PEDOT:PSS material (b), the crystallization process is slowed down resulting in better stacked
chains, in comparison to the pure (a) material. When the thin films are further treated with a EG

bath, the system recrystallizes and shift from an face-on to an edge-on configuration.”

Nevertheless, the origin of these interesting thermoelectric properties was still unclear.
A first explanation was provided by Bubnova et al. in 2013.*" The authors showed that
conductive polymers with increased crystallinity can behave as semimetals, thus exhibiting
both a high electrical conductivity and a high Seebeck coefficient (Figure 8). Additionally, a
correlation between the enhanced thermoelectric properties and a broad band edge near the
chemical potential was demonstrated. In PEDOT systems of high crystallinity, the w-orbitals

of the PEDOT units recombine into a wider n-system, which broadens all the w-orbitals of the

22



polymer, thus increasing the slope at the Density of States and the Seebeck coefficient (See

Appendix A for the theoretical background related to this assertion).
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Figure 8: (a) the Seebeck coefficient versus the electrical conductivity, (b) the normalized electrical

conductivity versus temperature for the various PEDOT species for various PEDOT based systems.”’

This kind of extended n-system obtained for systems of high crystallinity was referred by the
authors as a bipolaron network since the majority of the charge carriers are bipolarons. As a
result, vapor phase polymerized PEDOT:Tos films exhibit Power Factors as high as 454

uW/mK?2?’

With the rising interest for polymer thermoelectric materials, the accuracy of the
thermoelectric measurements in a thin film configuration was also discussed by Kemerink
and coll. They demonstrated that a rigorous device geometry is needed for an accurate
Seebeck measurement.?® In particular, the length of the gold electrodes, L., should not be
larger than the channel length between the two electrodes, L. , in order to obtain an accurate

thermovoltage signal (Figure 9).%
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Figure 9: The typical device for the thermoelectric measurement. The various geometrical

parameters have to be optimized in order to accurately determine the Seebeck coefficient.?®

Nevertheless, the main challenge in order to evaluate the thermoelectric performance
appears to be the measurement of the thermal conductivity, «.>*® Most reports provided the
Power Factor in the in-plane direction, i.e., along the thin film substrate. The in-plane thermal
conductivity has consequently to be determined in order to calculate the overall
thermoelectric efficiency. Segalmann and coll. used time-domain thermoreflectance in
combination with measurements of elastic constants to track down the in-plane thermal
conductivity of PEDOT:PSS films evaluated to 1W/mK.** Wei et al. determined the in-plane
thermal conductivity of PEDOT:PSS films by measuring the thermal diffusivity of the
material, extracting a value of 0.8 W/mK for PEDOT:PSS.3*? Meanwhile, Weathers et al.
measured the in-plane thermal conductivity of PEDOT:Tos films fabricated from various
synthetic routes, in order to extract a relationship between in-plane x and ¢. The thermal
conductivity was obtained with a 4-point measurement microdevice.®*** They found that the
two parameters follow a linear relationship, highlighting that « is also a parameter to be

considered in the thermoelectric optimization of polymers. Highly crystalline and highly
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doped conductive materials with a semi-metallic behavior are expected to exhibit a high
thermal conductivity (around 1 W/mK). Nevertheless, this value is still relatively low with

respect to the one of inorganic thermoelectric materials.*

Another lever to modulate the thermoelectric properties of conducting materials was
reported by Wei et al. * and Crispin and coll.*® The effect of the humidity on the
thermoelectric properties of PEDOT:PSS was studied as such kind of materials are expected
to absorb a significant amount of water. The swelling of the PEDOT:PSS films did not
significantly affected the electrical properties (Figure 10). However, the Seebeck coefficient
benefits from such treatment, increasing from 10 to 215 uV/K. The origin of this effect is
related to the diffusion of ions due to the applied temperature difference. Hence, this novel
thermo-ionic effect opens a new window of opportunity to enhance the thermoelectric

properties of polymers for energy harvesting.*
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Figure 10: (a) Electrical conductivity and (b) Seebeck coefficient plotted against humidity.*
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1.2 N-type thermoelectric polymers:

All the aforementioned reports referred to p-type polymer materials. For a
thermoelectric generator both a p- and n- type materials are required. However, n-type
polymers are usually unstable since they are oxidized in the atmosphere. Besides most
reported systems lack in electrical conductivity, in comparison to their p-type equivalents.*”*
Consequently doped fullerene or TTF.TCNQ salts were used as n-type organic
thermoelectrics instead of polymers until the 2010°s.23%*" The first step towards efficient and

stable n-type polymers were reported by Zhu and coll. in 2012 with the synthesis of metal

coordination polymers such as poly(Ni-1,1,2,2-ethenetetrathiolate) depicted in Figure 11.*
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Figure 11: The synthetic route for the metal coordination polymers that Zhu and col. reported.*

In the metal coordination polymers, a metal is linked to organic ligands inside the
polymer repetitive unit. By changing the metal and the ligands of the organic repetitive unit,
various p- and n-type polymers can be synthesized for thermoelectric applications.
Concerning the n-type compartment, the poly(Ni-1,1,2,2-ethenetetrathiolate) was stable in

ambient conditions and exhibited a Power Factor of 66 pW/mK?.*

Soluble n-type polymers were subsequently reported by Chabinyc and coll.** and
Segalman and coll. in 2014.** These naphthalene derivatives (Figure 12) exhibited a low

Power Factor of 1.4 uW/mK?, due to an intrinsically low electrical conductivity (0.5 S/cm).
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Figure 12: The naphthalene derivatives reported by Segalman and col. *

However, the Seebeck values of such n-type polymers are in the order of magnitude of
200 uV/K, making these materials quite appealing for thermoelectric applications.** Shi et al.
reported in 2015 a family of soluble n-type Benzodifurandione Paraphenylenevinylidene
BDPPV derivatives with electrical conductivities as high as 14 S/cm and a Power Factor of 28
uW/mK?2 % These authors highlighted the importance of the backbone structure on the
electrical and thermoelectric properties, as the introduction of halogen groups to the polymer

backbone proved to be detrimental for the thermoelectric behavior of the material.*®
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1.3 Thermoelectric polymer nanocomposites:

In the recent years, a large number of studies on thermoelectric properties of polymers
were focused on the fabrication of polymer/inorganic nanocomposites. By introducing an
inorganic material in a polymer matrix, a (nano)composite material can be obtained and
benefits from the different properties of the two materials.”® For example, the intrinsically
high Seebeck coefficient of an inorganic material can be associated with an electrically

conductive and thermally insulating polymer matrix.**

Promising studies on
nanocomposites formed from the association of carbon nanotubes with PEDOT:PSS* or
polyaniline® were published in 2010, where the nanocomposites showed Power Factors as
high as 20 and 25 pW/mK?, respectively. At the same time, a study on PEDOT:PSS / bismuth
telluride nanocomposites was also published and a promising Power Factor of 48 pW/mK?

was obtained depending of the amount of the inorganic charges introduced in the polymer

matrix.>!

In all these approaches, the importance of the concentration of the inorganic charges
and the interface between the polymer and the inorganic materials was pinpointed. The effect
of the interface on the nanocomposite properties was systematically studied by Segalman and
coll. who published work on nanocomposites of PEDOT:PSS with tellurium nanowires
(Figure 13), exhibiting Power Factor close to 100pW/mK?2*" *® Particularly, these authors
investigated the interfacial influence from a solid state physics approach, in order to elucidate
the origin of the nanocomposite properties, hence highlighting the importance of the interface
between polymer and inorganic material, for a high performance thermoelectric
nanocomposite. Particularly, they showed that the charge carrier transport in such

nanocomposites is occuring in the interface of the conducting polymer/inorganic material.*®*’
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Figure 13: Electrical conductivity and Thermopower (Seebeck coefficient) versus the nanowire

length, diameter and polymer weight percent.*

However, the former approaches only involved p-type materials. An study for a n-type
thermoelectric nanocomposite was published by Ireland et al. in 2016.>* The authors
introduced SnCl; in a pyrromellitic diimide polymer matrix and observed a gradual increase

of the thermoelectric properties with the concentration of the inorganic charge (Figure 14).
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Figure 14: (a) The pyromellitic polymer used by Ireland et al. (b) the resulting Seebeck coefficient,

electrical conductivity and Power Factor versus the SnCl, weight percent.*
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As a result, the nanocomposite reached a Power Factor of 100 pW/mK2. Using Ultraviolet
Photoelectron  Spectroscopy (UPS) measurements, the authors observed that the
nanocomposite shows a modified electronic structure with additional states near the band
edge (Figure 15). These extra electronic bands originate from the interfacial charge transfers
between the two materials which eventually contribute to the tuning of the thermoelectric

properties of the nanocomposite.>
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Figure 15: The UPS spectra at low binding energies for the polymer (dotted line), tin(ll) chloride

(dashed line), and the nanocomposite (red line).>

Muller and coll. published in 2016 an interesting approach based on the blending of
P3HT with p- and n-type carbon nanotubes (Figure 16).>* The low thermal conductivity (0.29
W/mK) and the high Seebeck coefficient (1000 uV/K) of P3HT was combined with the high
electrical conductivity of the carbon nanotubes. The main accomplishment reported in this
study was the observed shift on the sign of the thermovoltage from p- to n-type obtained by
the UV irradiation of the nanocomposite. This behavior was correlated with the tuning of the

doping levels of the polymer matrix under such treatments. Using this methodology to
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fabricate p- and n-type legs, a 5 nA output current at 5 mV thermovoltage was obtained from

a printed thermoelectric generator under a 35°C temperature gradient (Figure 17).%

Figure 17: One possible configuration of the thermoelectric generator composed of the p- and n- legs
from P3HT / carbon nanotubes nanocomposites. Each leg has a 5mm width and they are arranged in

a wristband in order to harvest the thermal energy of the human body.*

The introduction of a n-type charge in a p-type matrix was also reported by Wang et
al, using PEDOT:Tos as a matrix.>* The authors synthesized in-situ polymerized PEDOT:Tos
containing n-type. When the PEDOT:Tos had an oxidation level of 34% - typical for as-cast
PEDOT:Tos films -, the nanocomposite behaves as a p-type conductor. However, upon
reduction, the nanocomposite exhibited an n-type behavior, with a thermovoltage in the order
of magnitude of a few mVs, as the contribution of the n-type carbon nanotubes dominates the
intrinsic p-type behavior of the PEDOT:Tos matrix (Figure 18). With this treatment, the

nanocomposite Power Factor reached a value of 1050u\W/mK?>*
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Figure 18: The electrical conductivity and thermopower (Seebeck coefficient) for the carbon
nanotubes / PEDOT:Tos nanocomposites before (hollow) and after (filled) the chemical reduction of

PEDOT:Tos for various carbon nanotube concentrations.”
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1.4 Conclusions & Ph.D. scope:

The field of thermoelectric polymers can still be considered in its infancy as regards to
other “organics electronics” fields. Most reported studies involved p-type materials and the
optimization of their thermoelectric properties. To become competitive in the energy recovery
landscape, additional breakthroughs are needed. Following the works led by the group
Linkoping University, the thermoelectric behavior of p-type conducting polymers is rather
well-understood even if some important challenges remain to be tackled, in particular on the
polymer structure / thermoelectric relationships. On the other hand, for a fully functional
thermoelectric generator, an n-type material is also needed. Due to the limited thermoelectric
performance of n-type polymers, inorganic / organic nanocomposites constitute an interesting
alternative and have already shown a high potential in order to modulate the thermoelectric
behavior from p- to n-type. Besides such developments are also needed for the fabrication of
fully operational thermoelectric generators. The evaluation of the power output delivered by

such devices is crucial to evaluate the “organic thermoelectrics” technology.
Consequently my Ph.D. had two main objectives :

i.  The development of efficient thermoelectric materials based on conducting polymers
with a particular emphasis on the relationships between the polymer structure and the
thermoelectric properties. This study was associated to the development of the
characterization means needed to properly evaluate the thermoelectric efficiency of the
materials which were nonexistent at my arrival in Bordeaux (in particular the Seebeck
coefficient set-up). During these studies, a strong emphasis was given to the characterization
of the structural features (crystallinity, chain orientation) as regards to the synthetic routes

used to design the materials.
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ii.  The development of a n-type thermoelectric polymer material which we first
envisioned as a composite material between a n-type charge and a polymer matrix following
the literature review. This study had to result in the fabrication of organic thermogenerators

for the evaluation of thermoelectric devices based on organic materials.

The different chapters of this Ph.D. manuscript reflect these two objectives. In the first
four chapters, PEDOT:Tos thin films were synthetized from various formulations in order to
better apprehend the relationships between crystallinity and thermoelectric / electrical
properties. Eventually a correlation between the PEDOT:Tos electronic structure and the
Seebeck coefficient was established as regards to the structural features exhibited by the
PEDOT:Tos thin films. Finally the anisotropic electronic and thermal properties of the
PEDOT:Tos thin films were investigated leading to an experimental correlation between the
thermoelectric Figure of Merit and the charge carrier mobility. The last chapter of this
manuscript is dedicated to the design of n-type materials through a novel methodology
consisting of the fabrication of a “junction” between a n-type substrate and a PEDOT:Tos
film. Such stack provides an elegant way to modulate the Seebeck coefficient through the
variation of the PEDOT:Tos thin film thickness. As a result, novel hybrid thermoelectric

generators were fabricated.

At the end of the manuscript, three extended appendices provide some insights on the
theoretical background used throughout the manuscript, the experimental procedures (detailed
characterization methodologies, experimental set-up) and studies on the synthesis of
PEDOT:Tos and the application of hydroxymethylated PEDOT:Tos as p-type thermoelectric

polymer.
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Chapter 2: Structurally-driven enhancement of
the thermoelectric properties of PEDOT:Tos thin
films.

Preface:

In this chapter the structural properties of PEDOT:Tos thin films are tailored by
adding a high boiling point additive to the oxidant formulation. Molecules like
Dimethylsulfoxide or Dimethylformamide have a plasticizing effect on the PEDOT chains
during the annealing step of the synthesis, resulting in PEDOT:Tos thin films of higher degree
of crystallinity with a major population of edge-on oriented crystallites. The Seebeck
coefficient of the resulted PEDOT:Tos films was not significantly affected by these
treatments. However an important increase of the electrical conductivity was noticed and was
correlated to an increase of the hole mobility of the PEDOT:Tos thin films. In order to
investigate the effect of the structural modifications to the electronic properties of the
material, the product of the relative crystallinity with the edge-on orientation fraction of the
films was plotted against the in-plane hole mobility. As a result, a correlation was found
between the in-plane mobility and the amount of edge-on crystallites. Thus, these structural
modifications leads to an enhancement of the PEDOT:Tos Power Factor from 25 to 78.5
W/mK?Z. This chapter transposes the results published in Scientific Reports in the article
entitled “Structurally driven enhancement of thermoelectric properties within Poly(3,4-

ethylenedioxythiophene) thin films”.!
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2.1 Introduction:

Thermoelectric (TE) materials have the potential to convert vast amounts of waste
heat directly into electricity, therefore reducing the dependence on fossil fuel.? Combined
with the rising need for clean energy, efficient thermoelectric materials are a subject of great
interest.>* In thermoelectrics, the concept of a phonon glass/electron crystal (PGEC) is often
used to describe an ideal thermoelectric material. According to PGEC, a good TE material
should inhibit the conduction of phonons (thus having a low thermal conductivity) while
efficiently conducting electronic charge carriers. In order to quantify the efficiency of TE
systems, the figure of merit, ZT, is used as a measure of performance. It is defined as ZT =
S?%6T/k, where S is the Seebeck coefficient, o is the electrical conductivity, T is the
temperature and « the thermal conductivity.? Materials engineering is offering unprecedented
routes towards optimizing ZT by tuning the electronic and thermal properties, e.g. by
introducing thermal boundaries and/or structural discontinuities at the nanoscale that
effectively scatter phonons. Thus, values of ZT up to 2.2 have since been achieved with SnSe
crystals over the last decade.” Alternatively, conducting polymers have recently gained
momentum in the TE community for applications at room temperature.>® Their great
advantage is an intrinsically low thermal conductivity at room temperature (0.2-0.6 W/mK)
that is complemented by their easy processability and their low cost. Thin films of poly(3,4-
ethylenedioxythiophene) (PEDOT) derivatives doped with p-toluenesulfonate (Tos)
molecules can exhibit a ZT as high as 0.25 at room temperature,” which is only 4 times lower
than that of conventional Bi,Tes at room temperature,®® thus underlining the high potential of

such systems for future applications.

For a given thermal conductivity, the figure of merit downscales to the Power Factor,

S%0, at a constant temperature leading to a valid method of materials comparison. The
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electrical conductivity can be further broken down for metals and doped semiconductors
using o = eNu, with N being the carrier concentration, x the carrier mobility and e the electron
charge.” For the PEDOT:Tos system, most efforts to optimize the Power Factor have been
focused on tuning N.”*° Note that S decreases with N, while o increases at the same time,’
rendering this optimization quite challenging. An alternative strategy is the enhancement of

mobility while maintaining a constant N.

Transport properties of semiconducting polymers are driven by the polymer structure
in the active layer.***® For example, higher polymer crystallinity results in higher carrier
mobility.** Several methodologies have been proposed in the literature for enhancing the
degree of crystallinity for semiconducting polymers.” As far as the PEDOT-based systems
are concerned, it was proved that the addition of dimethylsulfoxide (DMSO) in the dispersion
delays the crystallization kinetics of PEDOT, thus resulting in an increased degree of
crystallinity and a higher electrical conductivity.**® Several other additives have been studied
with respect to poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), like
ethylene glycol® (EG) and dimethylformamide (DMF).}” For thermoelectric applications,
PEDOT:Tos shows a higher potential since it exhibits a higher Seebeck coefficient with
respect to PEDOT:PSS.® In this work we present, an thorough study of the effect of several
solvent additives on the thermoelectric properties of PEDOT:Tos thin films. The additives
were selected based on gradual increase of their boiling point temperatures, Ty,. Additives with
a high boiling point are expected to reside in the film for longer time during film processing,
acting as a plasticizer and promoting crystallization. A comprehensive characterization of
these films has been performed, with respect to their thermoelectric, electrical and structural

properties.
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2.2 Results and discussion: Effect of high boiling point additives on the
properties of PEDOT:Tos films

In order to investigate the effect of solvent additives (see Table 1) on the
thermoelectric properties, the Seebeck coefficient, S, was first measured and the results
presented in Figure 1. The processing of the PEDOT:Tos thin films with these additives was
found not to significantly affect the resulting Seebeck coefficients, which has a constant value
of 34 £ 5 uV/K. The electrical conductivity was also measured for the various films and, as
apparent in Figure 1 o follows a bell-shaped curve with respect to the additive boiling point,
exhibiting a maximum value of approximately 640 S/cm for DMF. Since S is constant, the
Power Factor, S%s, displays a similar bell-shaped trend as the electrical conductivity, with a

maximum value at 78.5 pW/mK? for DMF.

Additive Tb (°C) o (Slem) S (uV/K) n(x10™cm?/Vs)
No additive (Pristine) - 230+ 10 32+5 24+0.1
Acetonitrile (ACN) 82 275+ 10 3245 -

Toluene (Tol) 110 300+ 10 3345 3.2+0.3
Chlorobenzene (CB) 137 310+ 10 35+5 -
Dimethylformamide (DMF) 153 640 £ 10 35+5 6.6+ 0.4
Dimethylsulfoxide (DMSO) 189 605+ 15 32+5 6.5+0.5
Ethylene Glycol (EG) 197 355+ 10 32+5 3.6+£0.2
Propylene Carbonate (PC) 242 165+ 10 35+5 -

Table 1. Solvent additives and their respective boiling points, T,. The electrical conductivity, o, the
Seebeck coefficient, S, and the in-plane mobilility, u, of the corresponding PEDOT:Tos films are also

reported.
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Figure 1. Thermopower data. S, o, and the corresponding S?c obtained for PEDOT:Tos thin films

prepared with the various Tb additives.

To understand the physical origin of this behavior, the dependence of & with regards to
N and u has to be examined. In semiconducting polymers like the PEDOT-based ones, N is
correlated to the oxidation level, since doping is achieved by oxidizing the polymer chain.”®
Oxidized sulfur atoms are subsequently stabilized by the anion of the tosylate counter-ion.*°
Holes act as the charge carrier of the system as proven by the positive Seebeck coefficients.
Since o can be tuned by either tuning N through doping and/or x, probing the oxidation level
of PEDOT:Tos thin films is an indirect way to investigate any modifications of the carrier
concentration. X-ray photoelectron spectroscopy was used to determine the oxidation level of
each sample. The PEDOT:Tos material has two different sulfur atoms; one in the tosylate
counter-ion molecule (S;) and the other in the thiophene unit (Sp). These two sulfur atoms
have different chemical environments, therefore showing two distinct XPS signatures. S;
resides in a highly electronegative environment due to the presence of three surrounding
oxygen atoms, yielding a signal measured at higher binding energies (168-170 eV), while the
signal at low binding energies (163-166 eV) corresponds to the doublet of S, * XPS spectra

for sulfur S(2p) for three PEDOT:Tos distinct samples are presented in Figure 2. For clarity
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we have chosen to present only the spectra acquired for the pristine PEDOT:Tos film (no
additive used) and those treated with toluene and DMF; exhibiting conductivities of 230
S/cm, 300 S/cm and 640 S/cm, respectively. A perfect overlap of the three S(2p) spectra is
observed, suggesting that there is no significant change in the oxidation level induced by
treatment process. Quantification of the oxidation level was determined via the ratio of the Sy
doublet area with respect to the S, doublet area. An oxidation level of 33% was calculated for
all PEDOT:Tos thin films, which is in accordance with that previously reported in the
literature for PEDOT:Tos.” It can therefore be concluded that the carrier concentration, N, of
the system remains constant throughout. This implies that the measured changes in electrical

conductivity are due to the mobility.
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Figure 2. S(2p) XPS spectra of the reference PEDOT:Tos film (black curve) and those treated with
toluene (magenta) and DMF (green). The red and blue dashed lines represent the fitted doublets for

the Tos and EDOT units, respectively. Inset: chemical structure of PEDOT:Tos.

PEDOT-based polymers are heavily doped semiconductors due to their high carrier
density.* Therefore, conventional transistors are not appropriate for the determination of the

mobility of such polymers owing to the screening of the applied electric field by the charge
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carriers. For this reason, electrolyte gated transistors have been proposed in the literature as an
alternative for the measurement of transport properties.**#?* These transistors incorporate an
ion gel as the dielectric layer, which modifies the density of charge carriers and allows the
observation of field effects. The capacitive properties of the gate electrode and the bulk
dedoping of the PEDOT system were also taken into consideration for the device fabrication

and the calculation of charge carrier mobility.?%

Details on device fabrication,
measurements of the transistor output characteristics and mobility calculation are provided in
Appendix B. The output characteristics of the transistors and the conductance versus the gate
voltage plot are presented for the pristine and DMF added PEDOT:Tos thin films in Figure 3

and 4, respectively.
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Figure 3. Output characteristics of the transistors. (a) for the pristine and (b) DMF added PEDOT:Tos

films.
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Figure 4. Conductance versus the gate voltage. (a) for the pristine and (b) DMF added PEDOT:Tos

films.

The higher drain current for the DMF treated samples in both Figure 3 and 4 is indicative of a
higher charge carrier mobility for that material. The in-plane mobility was retrieved from the
transfer characteristics using a capacitance of 7.5x10° + 0.8x10° F for the PEDOT:Tos films

obtained from the I-V curve (Figure 5) at a constant voltage rate of 0.01V/s (1=C-dV/dt).

2,0x10° F -
<
< 0,0F i
o
5
O

-2,0x10° .

-1 0 1
Voltage (V)

Figure 5: The Current vs Voltage curve for the devices at a voltage rate 0.01V/s. The capacitance o

the polymer film is extracted from the two plateaus.
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The results of the in-plane mobility of the selected films are summarized in Table 1.
Logically, the in-plane mobility versus the additive boiling point plot (See Figure 6) presents
a similar bell-shape as the one reported in Figure 1 for conductivity. This underlines the

direct influence of the mobility on the electrical conductivity behavior.

8.0x10™ ; ; . .
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Figure 6. In-plane mobility of the PEDOT:Tos films plotted with respect to the boiling point of the

various processed additives.

To further assert the correlation between the measured o and u, the electrical
conductivity versus the in-plane mobility was plotted in Figure 7 for the systems under
investigation. A linear dependence of the electrical conductivity with respect to hole mobility
was observed, which is in accordance with the solid state equation o = eNu.? An estimation of
the carrier concentration, N, was obtained from the slope of the linear fit. A value of 5.8 x
10%* carriers/cm®, in accordance with those reported in literature for heavily doped

semiconductors (= 10% - 10** carriers/cm®), was calculated.™
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expression for doped semiconducting, o is directly proportional to u.

Transport properties of organic semiconductors are strongly related to their thin film
morphology. 31218229 15 order to understand the nature of the additive effect on mobility,
the structural properties of the PEDOT:Tos thin films were probed by GIWAXS. The (qr, q.)
2D scattering pattern recorded for the pristine PEDOT:Tos film as well as those recorded for
the toluene-treated and DMF-treated films are presented in Figure 8a. We opt to present these
data because there is a gradual increase in conductivity, from 230 S/cm for the pristine film,
to 300 S/cm for toluene, to 640 S/cm for DMF. Clearly these films scatter anisotropically,
with the majority of scattered intensity along the near out-of-plane axis (qr = 0), that is,
perpendicular to the substrate. This is indicative of preferential orientation of PEDOT
crystallites in the film which will be addressed in the next section. In Figure 8b, the radially
averaged scattered intensity is plotted with respect to the scattering vector g. Note that in all
cases, the scattered intensity is presented after normalization for film thickness and
background subtraction, to allow for quantitative comparison between samples. For all the

PEDOT:Tos thin films, the strong peak at 0.44 A™ and the following at 0.88 A™ are attributed
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to the (100) and (200) reflections, in accordance to the assignment proposed by Aasmundtveit
et al..*® The resultant repeat distance is 14.28 A and corresponds to the unit cell length along
the a axis that is the EDOT direction, perpendicular to the polymer chain axis c. A schematic
of the unit cell showing the directions of the a, b and c axes is provided in Figure 9. A third
peak is observed at around 1.3 A™ that can be assigned to the (300) reflection. However the
very low intensity of this peak suggests a limited long-range order along the a-axis, indicating
a material with paracrystalline distortions. At 1.77 A™ a broad and intense peak is observed

that is assigned to the (020) reflection and corresponds to the m-x stacking direction.®
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Figure 8. GIWAXS characterization of PEDOT:Tos thin films with additives. (a) 2D GIWAXS images
recorded for the pristine PEDOT:Tos and those treated with toluene and DMF. The corresponding 1D
scattering patterns: (b) the radially averaged intensity with respect to the scattering vector g, (c) the
in-plane intensity line-cut and (d) the near out-of-plane intensity line-cut. In all cases the scattering

intensity was normalized by film thickness and the substrate scattering was subtracted.
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Figure 9. PEDOT:Tos structure with its orthorhombic unit cell (Adapted by Aasmundtveit et al.*°) The

b-axis is along the substrate. The unit cell dimensionsarea=14 A, b=6.8A,c=7.8 A.

Besides, an increase of the scattered intensity, particularly apparent for the (100) and
(020) peaks, was observed when the PEDOT:Tos thin films were processed with the
additives. Given the fact that the area below the scattering peaks is indicative of the degree of
crystallinity - the higher crystallinity resulting in higher intensities - the pristine PEDOT:Tos
film is less crystalline than those prepared with additives. Even if the area of the (100) peaks
can lead to a measure of the relative crystallinity, a more rigorous analysis involves the /(y)
polar plots, y being the polar angle defined with respect to the normal direction.®! The area of

the I(x) xsin(y) vs yx plots for the (100) peak (see Figure 10) was subsequently used as a
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measure of the relative crystallinity considering the PEDOT films as “in-plane powders” (i.e.

isotropic in-plane orientation of the crystallites)®* and the results normalized with respect to

the most crystalline sample are presented in Figure 11
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Figure 10. /(x)xsin(x) vs x plots for the (100) peak of the various PEDOT:Tos thin films. The area of the

I(x)esin(x) vs x plots for the (100) peak was subsequently used as a measure of the relative

crystallinity considering the PEDOT films as “in-plane powders” (i.e. isotropic in-plane orientation of

the crystallites). Additionally an estimation of the edge-on fraction is possible through this plot. Given

that I(x)xsin(x) plot represents the orientation distribution function of the (100) crystallites and

considering that edge-on crystallites are oriented with a y between 0° and 45°, the fraction of edge-

on oriented crystallites can be estimated from the ratio between the I(x)xsin(x) vs x integral from 0°

to 45° and the one from 0° to 90°.
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Figure 11. Relative crystallinity and relative amount of edge-on oriented crystallites as a function of
the boiling point of the various additives. The star symbols on both axes correspond to the respective
data obtained for the pristine PEDOT:Tos films. Crystallinity data were normalized by the value

obtained for the most crystalline one.

The relative crystallinity increases with respect to the boiling temperature of the
additive until a maximum for DMF followed by a lower plateau for the higher boiling point
additives. This behavior supports our initial hypothesis that using additives with various
boiling points can favorably alter the crystallization properties of the PEDOT:Tos films.
Given that the main solvent of our dispersion (1-butanol) has T, = 115°C, introducing a
higher boiling point additive, such as DMF or DMSO, would slow the evaporation rate of the
solvents, delay the crystallization kinetics of the polymer chains and allow further
crystallization. These observations are in agreement with other reports in the field of organic

electronics.'+*6:%

In order to examine the anisotropic nature of the 2D images, the in-plane and near out-
of-plane line-cuts are presented in Figure 8c-8d. In the near out-of-plane pattern (1(q,) vs 0z,

Figure 8d), we observe the (h00) group and the (020) reflection, similarly to the 1(q) vs g
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pattern, while in the in-plane pattern (I(qy) vs gy, Figure 8c) the (h00) reflections are absent
and only the broad (020) reflection at 1.77 A™ is observed. The absence of the (h00) group
from the in-plane pattern allows one to conclude that there is a preferential orientation of the
crystallites in the film with respect to the substrate. It further indicates that the PEDOT chains
are mainly oriented in an edge-on configuration, i.e. the thiophene rings of EDOT are
preferentially aligned with their planes normal to the substrate. However crystallites oriented
with face-on, i.e. with the thiophene ring parallel to the film plane, should still be present,
since the (020) peak corresponding to m-7 stacking is apparent in both line-cuts. Quantitative
information on the crystallite orientation can be extracted from the I(y) xsin(y) vs y plots (see
Figure 10). In particular the fraction of edge-on oriented crystallites can be estimated from
the ratio between the I(y) xsin(x) vs y integral from 0° to 45° and the one from 0° to 90°. For
all PEDOT:Tos thin films, the majority of the crystallites (between 0.75 and 0.9) are oriented
edge-on which is consistent with the absence of the (100) peak in the in-plane line-cut

(Figure 8c).

6,12,14

For crystalline semiconducting polymers, both thin film crystallinity and

chain/crystallite orientation™>%"*

influence the charge transport properties. In order to take
into account both parameters, the product between the relative crystallinity with the edge-on
fraction was calculated. This product has in fact a physical meaning, as it represents the
amount of edge-on crystallites in the PEDOT:Tos thin films. Figure 11 shows that the relative
edge-on amount follows clearly the crystallinity progression. Since relative crystallinity has
been taken into account, using this product as a structural parameter allows for direct

comparison between different samples. Interestingly, a clear correlation exists between the

mobility and the relative amount of edge-on crystallites, as shown in Figure 12.
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Figure 12. In-plane mobility of the PEDOT:Tos thin films with various high boiling point additives with

respect to the amount of edge-on oriented crystallites.

The increase in the in-plane mobility with the quantity of edge-on crystallites is in
agreement with the current understanding of efficient charge transport in semiconducting
polymers, where the main transport mechanism occurs by hopping between doped conjugated
chains.® For conducting polymers like PEDOT, it is also accepted that charge transport is
anisotropic, and is dictated by the presence of highly conducting crystalline “metallic” islands
that are embedded in a less conducting amorphous polymer matrix.®* Thus, systems with
higher crystallinity are expected to exhibit higher mobility and therefore electrical
conductivity. Furthermore, it has been shown by Sirringhaus et al."* and Crossland et al.?’ that
charge mobility depends on the orientation of the crystalline lamellae of semiconducting
polymers with respect to the measurement plane. In fact, reported mobilities of crystalline
semiconducting polymers are three times higher along the polymer backbone (c-axis) with
respect to that measured along the n-n stacking direction (b-axis), while that measured along
the a-axis direction is a hundred times lower than that measured along the b-c plane.

Therefore, in order to achieve high in-plane mobility, an edge-on orientation is necessary,
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where the chains are n-stacked along this plane and, thus, interchain and intrachain hopping
transport along the backbone are promoted. Thus, a combination of the aforementioned
structural parameters (i.e. edge-on orientation and crystallinity) is pivotal for polymer films
with high carrier in-plane mobility. This is confirmed with the results displayed in Figure 12;
the films that contain the highest amounts of edge-on crystallites exhibit the highest mobility.
To the best of our knowledge, this study is one of the very few reports regarding a
quantitative correlation between transport properties and structural characteristics in polymer

11,28

semiconductors—" and the only one concerning PEDOT-based materials.
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2.3 Conclusion:

High boiling point additives were used as a tool for tuning the structural, electrical and
thermoelectric properties of PEDOT:Tos thin films. It was observed that processing
PEDOT:Tos with such additives can result in more crystalline films, leading to a threefold
maximum increase in conductivity, with respect to the pristine film. The Seebeck coefficient
remained unaffected and the Power Factor therefore increases with the electrical conductivity.
In order to examine the origin of the improvement, XPS measurements proved that carrier
density is not affected, implying that conductivity should be driven solely by mobility
changes. Indeed, in-plane mobility measurements confirmed the tight relation with
conductivity. Lastly, we demonstrated that the behavior of mobility is dictated by the
structural properties of the PEDOT:Tos films, and specifically by the thin film crystallinity
combined to the preferential edge-on orientation of the PEDOT crystallites. This study
underlines the substantial importance of structural fine-tuning through processing methods.
Enhanced charge transport and improved thermoelectric performance are proven by an
increase of the Power Factor from 25 to 78.5 uW/mK? and can be readily obtained for

PEDOT:Tos thin films following this methodology.
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Chapter 3: Formulation and Structural
engineering of PEDOT:Tos thins films for
efficient thermoelectric material.

Preface:

As a follow-up to the previous chapter, an alternative way is proposed in order to
enhance the thin film crystallinity and electronic/thermoelectric properties of the PEDOT:Tos
material. The synergy between organic bases and plasticizers added in PEDOT formulations
is examined as a novel engineering route to further improve the thermoelectric properties of
PEDOT:Tos thin films. The methodology lies on the control of the polymerization Kinetics
achieved by introducing organic bases that complements the control of crystallinity induced
by plasticizers. The crystallographic and electronic structure optimization leads to enhanced

thermoelectric properties with respect to the pristine films.
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3.1 Introduction:

Organic thermoelectric materials based on poly(3,4-ethylenedioxythiophene)
(PEDOT) conducting derivatives appear as a promising alternative for the development of
low-cost printed thermo-generators for near room temperature applications. As opposed to
their inorganic counterparts, conducting polymers exhibit several advantages such as solution
processability, material abundance and an inherent low thermal conductivity.*? The energy
conversion efficiency for thermoelectric materials can be defined using the figure of merit, ZT
= (§%0T)lk, where S is the Seebeck coefficient, o, the electrical conductivity, and « the thermal
conductivity at a given temperature T.2 The optimization of the thermoelectric properties for
such materials mainly focuses on the improvement of the Power Factor, S?o, as their low and
mostly constant thermal conductivity (0.2-0.4 W/mK) already constitutes a strong asset.*®
As the Seebeck coefficient and electrical conductivity follow an antagonistic behaviour with
respect to the carrier concentration of the system, a proper tuning of the PEDOT doping level
was shown to be crucial for enhanced thermoelectric properties.>* Alternatively, a suitable
engineering of the PEDOT crystalline structure was demonstrated to be highly beneficial to
the thermoelectric efficiency due to a noticeable increase of the charge carrier mobility.®
Additional effects of the structural optimization on the thermoelectric properties can be
retrieved by examining the electronic band structure of the material, notably the Fermi level
position as well as the shape and filling of the density of states (DoS).*’ In particular, the
Seebeck coefficient, S, is proportional to the DoS slope at the Fermi position in Mott’s
formalism — i.e. a steeper slope leading to a higher Seebeck coefficient.® Thus an appropriate
tailoring of the DoS is essential for improved thermoelectric properties. Enhancing PEDOT
crystallinity has been shown to strongly affect the electronic structure of PEDOT derivatives,
by assisting carrier delocalization along the conjugation axis as well as by improving the n-

orbital overlapping along the =-stacking direction.®** As a consequence, the electronic
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transition from a Fermi glass to a semi-metallic behaviour has been reported for PEDOT:Tos
and the corresponding electronic structure was referred as a bipolaron network band structure
by Crispin and co-workers.* Both electrical conductivity and Seebeck coefficient were

positively affected by this band structure modification.

The crystallinity of semi-conducting polymer thin films is strongly dependent on the
synthetic and processing parameters.’>*> For instance, the addition of Dimethylsulfoxide
(DMSO) or Ethylene Glycol (EG) in PEDOT formulations results in thin films of higher
crystallinity.®***® It is commonly accepted that these additives act as plasticizers for the
PEDOT chains during the in-situ polymerization leading to enhanced crystallinity as
confirmed by grazing incidence X-ray scattering experiments.® Increasing the conjugated
polymer molecular weight is a second lever which can lead to enhanced crystallinity,*”* and,
as a result, to improved electronic properties.’>?! Consequently the control of the oxidative
PEDOT polymerization is essential for optimal electronic and structural properties as the
release of free protons during the process induces an acceleration of the polymerization
kinetics which is detrimental for chain length control.?? The introduction of organic bases in
the PEDOT formulations, such as pyridine or imidazole, limits this auto-catalyzed mechanism

leading to higher molecular weight PEDOT chains with larger orbital delocalization.”*?®

Recently, the optimization of the Power Factor of in-situ polymerized PEDOT:Tos
thin films, where Tos is the doping p-toluenesulfonate counter-anion, was reported by using
DMSO or dimethylformamide (DMF) as additives.® This processing methodology leads to an
increase of the thin film crystallinity, which translates into enhanced electrical conductivity
and carrier mobility at a constant carrier concentration. Interestingly the Seebeck coefficient
was not significantly affected by the introduction of additives. In this report, the synergy
between organic bases and plasticizers added in the EDOT formulations is examined as a

novel engineering route to further improve the thermoelectric properties. The methodology
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we propose herein lies on the control of the polymerization Kkinetics achieved by introducing
organic bases that complements the beneficial effect of plasticizers on the crystallinity. The
structural, electronic and thermoelectric properties are affected in a way that a 10-fold

increase of the thermoelectric power with respect to pristine films is achieved.
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3.2 Results and Discussion: Proton scavenging additives for the tuning
of thermoelectric properties of PEDOT:Tos

The thermoelectric properties of PEDOT:Tos thin films were enhanced via tuning the
polymerization Kinetics and crystallisation degree. PEDOT:Tos thin films were prepared by
thermally activated in-situ solution oxidative polymerization of EDOT monomers in the
presence of Fe(Tos)s.>**?* By adding an organic base to the EDOT/Fe(Tos); formulation, the
polymerization process was retarded resulting in higher molecular weight polymer chains.?*#*
2> polymerization kinetics were followed by UV-Vis spectroscopy in formulations with and
without pyridine (Pyr), respectively. Throughout the polymerization, similar shaped
absorbance curves were recorded and Figure 1 highlights the influence of the organic base on

the kinetics by plotting the absorbance at 1600 nm (corresponding to the bipolaron signature)

versus the polymerization time.
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Figure 1: Absorbance at 1600 nm versus polymerization time for the pristine and the pyridine

formulations.
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For the pristine formulation, the bipolaron shoulder developed quickly and remained almost
constant for polymerization time higher than 20 s. This is a clear indication of a fast
polymerization process originated from the oxidative polymerization mechanism.?** As
opposed, the polymerization is retarded in the presence of pyridine as the asymptotic
behaviour related to the maximum conversion of the EDOT monomers is only observed after
200 s. The reaction rate of the oxidative EDOT polymerization (see Equation 1) can be
expressed by taking into account the rate-determining oxidation by Fe(lll) of EDOT to the
EDOT radical cation including a second term inherent to the accelerating influence of

protons:**

r= klchOTCFZe(III) + ko Cy+CeporCreqn 1)

where r is the reaction rate, k; and k; the rate constants for the oxidation of EDOT by the
catalyst and the accelerating influence of protons, respectively, and Cy the concentration of

the different species.

2224 or formation

Accordingly capture of protons by an organic base during the polymerization
of complexes between the organic base and the iron catalyst®* can result in a severe reduction
of the polymerization rate. Those effects lead to the production of higher molecular weight

PEDOT chains as already reported in literature.?®

For conjugated polymers, the electronic properties are improved for chains with larger
n-orbital delocalization.’*® Hole mobilities of the different systems were subsequently
determined by fabricating electrolyte-gated transistors which allow us to retrieve the hole
mobility of such highly doped systems.?”?® The capacitive effect of the gate electrode and the

dedoping of the PEDOT:Tos films in the bulk channel of the transistor (instead of the surface
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monolayer) that might lead into over-estimation of the charge carrier mobility were taken into

consideration for the device fabrication.?®%

Figure 2 shows the current-voltage
characteristics as well as the transconductance versus gate voltage for the systems under
study. The different transistor output characteristics are consistent with the ones reported for

high mobility PEDOT materials.?"*%*"3
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Figure 2: Output characteristics of the electrolyte-gated transistors and transfer curves (a, d) for the
pristine, (b, e) Pyr formulated, (c, f) Pyr/DMSO formulated PEDOT:Tos films, respectively. The

transfer curves were recorded for a Vd=2V.

The treatment with pyridine results in higher drain current, Iy (Figure 2b), in the

output characteristics, while the transistors turn “off” faster; a feature evident in both the
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output and transfer curves of the materials (Figures 2a-2b, 2d-2e). This characteristics are
consistent with a higher charge carrier mobility for the pyridine treated PEDOT:Tos films.
The mobility values were retrieved from the analysis of the transfer curves (see Table 1 and
calculation details in Appendix B). It is noteworthy that the treatment with pyridine induces a
two fold increase of the mobility value which is coherent with larger z-orbital delocalization
of PEDOT:Tos chains, subsequently leading to improved charge transport characteristics.'®
We further examined both systems by measuring the electrical conductivity and Seebeck
coefficient in thin film configuration. The results are presented in Table 1 and a drastic
enhancement of the electrical conductivity was observed for the PEDOT film prepared from

the formulation with pyridine.

Samples o (S/cm) S(WV/K)  S% (uW/mK?)  px10™%(cm?/Vs)
Pristine PEDOT 230+ 10  33+5 25+8 24+0.1

Pyr PEDOT 58020  40+2 96 + 12 6.9+ 0.3
(Pyr/DMSO) PEDOT 1222+32  44+2 237 +27 124+10

Table 1: Electrical, electronic and thermoelectric properties of the PEDOT:Tos films

As the oxidation level probed by XPS spectroscopy (Figure 3) is constant for the PEDOT:Tos
films under study, this increase is directly related to the increase of charge carrier mobility (a
carrier concentration of 5.8x10%* carriers/cm® was obtained from the slope of o versus x plot
for the various films). PEDOT films prepared from the pyridine formulation also presented a
mild enhancement of the Seebeck coefficient resulting on an overall 4-fold increase of the

Power Factor, S%o.
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Figure 3: S(2p) XPS spectra of the reference PEDOT:Tos film (black curve) and those treated with
pyridine (magenta) and Pyridine+DMSO (green). The red and blue dashed lines represent the fitted
doublets for the Tos and EDOT units, respectively.

As exposed in the previous chapter, the introduction of DMSO allows an overall
increase of crystallinity as well as an improvement of the thermoelectric properties for
PEDOT:Tos thin films;® an evident follow-up consists to combine DMSO and pyridine in the
same formulation in order to achieve a synergetic effect on the final thermoelectric properties.
Such a synergy was indeed observed as both the electrical conductivity and the Seebeck
coefficient increase with regards to the pristine material (from ¢ = 230 to ¢ = 1222 S/cm and
from S = 33 to S = 44 pV/K) resulting to a Power Factor of 237 pW.m™.K? without any
modification of the oxidation level (i.e. 33% for all the PEDOT:Tos thin films under study,
see Figure 3). This optimized value stems from an improved hole mobility (x = 12.4x10™ +
10 cm2.V*.s™) as evidenced by the output and transfer characteristics of the electrolyte-gated

transistors presented in Figure 2c-2f.
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As transport properties of polymer semiconductors are strongly related to
morphological features,>***>%3 GIWAXS experiments were performed to elucidate the
structural origin of the enhanced electronic and thermoelectric properties. The 2D scattering
patterns for the various films are presented in Figure 4 after being corrected for the flat field,
polarization, solid angle and efficiency. They have also been normalized by the incident
photon flux, the acquisition time (30 s) and the scattering volume, in order to allow for direct
comparison between samples. A clear anisotropic signature can be observed on the patterns.
As the majority of the scattered intensity is along the near out-of-plane q, axis, a preferential
orientation of the PEDOT crystallites perpendicular to the substrate is retrieved for all
PEDOT thin films.*> Additionally a large increase of the scattered intensity is apparent for
PEDOT thin films prepared from the Pyr and Pyr/DMSO formulations. The radially averaged
scattered intensity profiles, plotted in Figure 4d, are coherent with the PEDOT:Tos
orthorhombic crystalline structure reported by Aasmundtveit et al and presented in Chapter
2.% Indeed three reflections that correspond to the (h00) peak family (gnoo = 0.44, 0.88, 1.3 A)
as well as a broader (020) peak at 1.77 A are apparent. No modification of the unit cell related
to the different formulations was observed. Furthermore the radially averaged scattered
intensity depicted in Figure 4d allow us to relate the film crystallinity to the formulation
process by comparing the area of the (100) peak. A gradual increase of crystallinity is evident

from the pristine sample to the Pyr/DMSO sample.
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Figure 4: (a, b, c) The GIWAXS patterns for the pristine, Pyr and Pyr/DMSO formulated PEDOT:Tos

films, (d) the radially averaged intensity plotted against the scattering vector gq.

The addition of DMSO to PEDOT formulations was already shown to increase the
crystallinity of PEDOT:Tos thin film due to a plasticization effect during the evaporation of
the solvents.®* Nevertheless the introduction of pyridine in the PEDOT formulation is acting
on a different level; this increase of crystallinity is most probably related to the lower EDOT
polymerization rate associated with the formation of higher molecular weight chains™® (Note
that pyridine is expected to evaporate concurrently to 1-butanol that is the main solvent of the
formulation, due to their similar boiling points). Combining pyridine and DMSO leads to
PEDOT:Tos thin films with the highest crystallinity as a synergetic effect occurs between the

two additives.

According to the formalism developed by Crispin and co-workers,* the Seebeck

coefficient of semi-crystalline n-conjugated materials benefits from an asymmetry of the DoS
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near the Fermi level. For n-conjugated systems, this asymmetry can be achieved by proper
doping, leading to bipolaron bands extending the valence and conduction bands. This
asymmetry can be further assisted by the delocalization of the charge carriers to ultimately
generate a bipolaron network. From a structural point of view, a higher charge carrier
delocalization can originate from both a longer conjugation length of the doped chains and
from an increased structural order.™* In both cases, overlapping of the m-orbitals into a
widened n-system is promoted leading to an asymmetry in the DoS. This can be true for
polymers that exhibit a high crystallization degree and/or highly doped chains,* as it is the

case for the highly crystalline PEDOT films under study.

Ultra-violet Photoelectron Spectroscopy (UPS) measurements were performed on the
different PEDOT materials to enlighten their electronic structure and relate it to the enhanced
electrical and thermoelectric properties observed upon the addition of pyridine and DMSO in
the formulation. The normalized UPS spectra are presented in Figure 5a and are in
accordance with previously reported PEDOT:Tos spectra.*3*%" The distinct signatures
observed at 15.8, 9.5 and 6.1 eV correspond to the inelastic electron scattering at the film
surface and o states, respectively.*® Figure 5b presents a magnified view at the lower binding
energies, at which the band edge corresponding to deeper n-orbitals is localized. A broadening
of the band edge is evident for the synergetic PEDOT:Tos sample which is related to a higher
delocalization of the charge carriers in these deeper m-orbitals.®® A similar broadening
should extend to all =-bands (including the ones near the Fermi position) which would result
in a more asymmetric DoS at the Fermi level.*®3 This is further translated into an increase of
the Seebeck coefficient for the Pyr/DMSO PEDOT:Tos material since the DoS slope is

proportional to S through the Mott formula.*
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Figure 5: (a) UPS spectra of the pristine and Pyr/DMSO PEDOT:Tos thin films as well as (b) a

magnified view of their respective band edge in the low binding energy region.

This extended overlapping of the = orbitals retrieved from the UPS analysis and intrinsic of
the increased thin film crystallinity, is also beneficial for the electrical conductivity of the
polymer film.* In conducting polymers, the main charge transport mechanism is hopping
transport of the charge carriers between low-energy “metallic” islands inside the amorphous
polymer matrix.”> From an electronic point of view, these areas can be considered as the
overlapping 7 orbitals of the crystalline doped conjugated chains.** Hence, the hopping of the
carriers along these regions is assisted by decreasing the structural disorder of the
PEDOT:Tos thin films. This macroscopically results in higher carrier mobility and thus higher

o, as observed for the Pyr/DMSO thin films (see Table 1).

With this structural engineering the thermoelectric Power Factor of the PEDOT:Tos
was increased one order of magnitude from 25 to 237 uW/mK?, with a constant oxidation
level of 33%. An alternative strategy for the optimization of the thermoelectric Power Factor
is the tuning of the doping levels of the material.®> The Seebeck coefficient and the electrical
conductivity follow an antagonistic behavior with respect to the oxidation levels of the

material.® However, through proper tuning of the doping levels, the Power Factor can reach an
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optimum value for the material. Bubnova et al reported an optimization of the PF of
PEDOT:Tos by reducing the material with Tetrakisdimethylamino ethylene (TDAE) vapors.®
Alternatively, Park et al used cyclic voltammetry in order to reduce the PEDOT:Tos and
optimize its thermoelectric properties.** Electrochemical techniques like cyclic voltammetry
or chronocoulometry can provide a quantitative and precise control of the oxidation levels of
the polymer material.** Consequently, chronocoulometry was used for a rigorous control of
the material redox state. By using chronocoulometry, charges are injected into the material at

a constant voltage over a fixed time, allowing a controlled reduction of the system.*®
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Figure 6: The electrical conductivity, Seebeck coefficient and Power Factor plotted against the

oxidation levels of the PEDOT:Tos films.

In Figure 6 are presented the electrical conductivity, Seebeck coefficient and Power
Factor against the oxidation levels for the PEDOT:Tos (Pyr/DMSOQO) films. Electrical
conductivity and Seebeck coefficient are following the expected antagonistic behavior with
respect to the oxidation levels of the materials. Hence, the Power Factor reached an optimum

value of 420442 pW/mK? at an oxidation level of 21%, which was determined by XPS
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spectra as shown in Figure 7 for the precursor film and the optimized film. The optimized
oxidation level of the PEDOT:Tos films is close to the one reported from Bubnova et al

(22%) for the chemical reduction of PEDOT:Tos thin films.?
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Figure 7: The S(2p) spectra of the PEDOT:Tos films before (upper) and after (down) optimization,

respectively.

The optimized properties of the PEDOT:Tos films remained constant for a period of
one week as presented in Figure 8 under ambient conditions. After a period of one week the
Seebeck coefficient starts to decrease and the electrical conductivity to increase, a behavior

inherent to the oxidation of the material from the oxygen of the atmosphere.
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Figure 8: The Seebeck coefficient (red square, left axis) and electrical conductivity (black square, right

axis) of the optimized PEDOT:Tos samples vs time.

3.3 Conclusions:

Tuning the polymerization kinetics of PEDOT:Tos thin films with pyridine leads to
enhanced electric and thermoelectric properties as attested by both a mild increment of the
Seebeck coefficient and a three-fold increase of the electrical conductivity. Processing these
PEDOT:Tos thin films from formulation containing both pyridine and DMSO synergistically
results in a Power Factor as high as 237 pW/mK? inherent to an increased charge carrier
mobility and a higher degree of crystallinity. Origins of these effects have been traced by UPS
to a band broadening near the Fermi level due to a more extended m-orbital system. These
findings are consistent with the current understanding on the correlation between electronic
and structural properties since PEDOT:Tos thin films with the highest crystallinity exhibits as
well the most broadened band edge due to extended =m-orbital overlapping, and thus, the
higher thermoelectric efficiency. Eventually, the thermoelectric Power Factor was optimized

(237 to 420 pW/mKZ) through an electrochemical tuning of the oxidation levels.
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Chapter 4: Structure - Property correlations for
conducting polymers for the design of efficient
thermoelectric materials.

Preface:

The optimization of the thermoelectric properties of PEDOT:Tos thin films obtained
in the previous chapters was traced to a mobility driven enhancement. This chapter acts as a
follow-up to two previous chapters with an investigation on the correlation between the
Seebeck coefficient and the charge carrier mobility for the various PEDOT films of constant
carrier concentration. The origin of this coupling comes from the modifications of the
electronic structure inherent to the increase of the thin film crystallinity. Furthermore, a link
between the crystallographic and electronic structure with the charge transport mechanism is
highlighted. Finally, a transition on the conductivity behavior was observed at low
temperatures for the PEDOT:Tos films under study, while at higher temperatures the material
behavior approaches that of a semimetal. The implications as regards to the thermoelectric

properties of the various materials are subsequently discussed.

79



4.1 Introduction:

Conducting polymers are a category of heavily doped organic semiconductors that
have gained the attention of the scientific community due to their a wide range of applications
(e.g. hole injection layers in organic solar cells or organic light emitting diodes 2, transparent
electrodes ). Recent highlights on conducting polymers have shown their high potential for

the fabrication of thermoelectric converters*® due to an encouraging figure of Merit, zT =

S20T
K

~ 0.4 at room temperature, where S is the Seebeck coefficient, ¢ the electrical

conductivity and « the thermal conductivity, at a given temperature T."® Besides their inherent
low thermal conductivity (0.5-1 W/mK) constitutes a strong asset with respect to their
inorganic counterparts, which has led the scientific community to focus on the optimization of
the Power Factor, S?’c. Both parameters can be expressed as regards to intrinsic material

transport characteristics. Firstly the electrical conductivity for such materials is expressed as:
oc=q"N-pu 1)

where q is the electric charge, N the carrier concentration and p the charge carrier mobility.

The carrier concentration is correlated with the filling and shape of the Density of States
(DoS) of the material,** while the charge carrier mobility is linked to the shape of the DoS
for conducting polymers for which the dominant charge transport mechanism is

hopping.®*>** On the other hand, the Seebeck coefficient can be expressed as:

_ T (o)
S(E’ T) T3 q ( 0E )E=Ef (2)

where k is the Bolzmann constant and E; the Fermi Level (the chemical potential at 0 K).
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Equation (2) is often referred as Mott's equation and implies that the Seebeck coefficient is
analogous to the slope of the DoS at the Fermi Level.***> Therefore, the Seebeck coefficient is
particularly sensitive to the filling and shape of the DoS as well as the position of the Fermi
level. These theoretical concepts were proven to be consistent for conducting polymers such
as poly(3,4-ethylenedioxythiophene) (PEDOT).? Particularly a Power Factor optimization was

16-18 \while it was described in

readily associated to a careful tuning of the carrier concentration,
a later report that polymer materials with a steeper DoS near the Fermi position exhibit higher
S and . From a molecular point of view, the broadening of the band edges (i.e. concurrent
with a steeper DoS at the Fermi level) occurs due to an increased number of states near the
chemical potential, as a consequence of the delocalization of charge carriers both at the
intrachain and interchain levels. Practically, this interchain carrier delocalization is
accomplished through the increase of the thin film crystallinity leading to an extended

overlapping of m-orbitals.*® On the other hand, a higher carrier delocalization at the intrachain

is obtained for higher conjugation length polymer chains.®

As reported in the previous chapters, the electrical conductivity of PEDOT doped with
toluenesulfonate small molecules (PEDOT:Tos) was enhanced, due to higher thin film
crystallinity.”® This was accomplished by using plasticizers, like dimethylesulfoxyde
(DMSO), during the in-situ oxidative polymerization of the PEDOT:Tos thin films.
Interestingly, the Seebeck coefficient was not significantly affected by these treatments. As
opposed the incorporation of an organic base in the in-situ oxidative polymerization media
has been shown to result in a concurrent increase of the electrical conductivity and Seebeck
coefficient, which was translated in a ten-fold increase of the Power Factor of the PEDOT:Tos
thin films (Chapter 3). It was shown in both cases that the electrical and thermoelectric
behavior of the PEDOT:Tos thin films was mobility driven as the carrier concentration

remained unaffected by the various treatments.'® This allows to distinguish the influence of
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and N, on S, enabling a rigorous investigation of the coupling between S and x. Thus, in the
present study we aim to systematically investigate the relationship between polymer structural
and electronic properties, to the thermoelectric behavior of conducting polymers, providing an

alternative way for thermoelectric optimization of polymer materials.
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4.2 Results and Discussion: Relationships between mobility and
Seebeck coefficient in PEDOT:Tos thin films

PEDOT:Tos thin films obtained from different oxidative polymerization formulations
were selected to study the relationship between the charge carrier mobility and the Seebeck
coefficient. Table 1 listed the values of the Seebeck coefficient, S, the electrical mobility, o,
and the charge carrier mobility, «, determined for the different PEDOT:Tos thin films. As
already reported, the increase of the charge carrier mobility for the PEDOT:Tos thin films
formulated with additives is related to an increase of the crystallinity of the system while XPS
measurements demonstrated a constant charge carrier concentration notwithstanding the type
of additives.’® Accordingly, the enhanced charge carrier mobility leads to an increase of the
electrical conductivity which is clearly evident from Equation (1). Nevertheless a concurrent
increase of the Seebeck coefficient was as well observed for the systems with the highest
charge carrier mobility (i.e. the PEDOT:Tos thin films synthesized from a formulations

containing pyridine) as shown in Figure 1.

Additives o (Slcm) S (uV/K) 1 x10™(cm?/Vs)
No additive (Pristine) 230+ 10 320+5 24+0.1
Toluene (Tol) 300+ 10 32.6+5 3.2+0.3
Dimethylformamide (DMF) 640+ 10 351+5 6.6+ 0.4
Dimethylsulfoxide (DMSO) 605+ 15 322+5 6.5+ 0.5
Ethylene Glycol (EG) 355+ 10 34.0+5 3.6+£0.2
Pyridine 580 +20 40.0+2 6.9+ 0.3
Pyridine+Toluene 600 + 20 405+2 7.0£0.3
Pyridine+DMSO 1220+ 32 44.0+2 124+ 1.0
Pyridine+DMF 1225+ 40 44.0+3 12.8+0.9
Pyridine+EG 890 =70 422+5 9.8£0.2

Table 1: The electrical conductivity o, Seebeck coefficient S and charge carrier mobility u, of the

PEDOT:Tos films synthesized with the various additives.
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Figure 1: Seebeck coefficient versus carrier mobility for the PEDOT:Tos thin films in log-scale. The red

line corresponds to the S ~ p°2 power law fit.

This coupling between S and w is related to a co-dependence of both parameters with the DoS
shape®!2. Taking into consideration the energy dependent electrical conductivity (valid in

energies close to Fermi position),

o(E) = qD(E)u(E) (3)

where D(E) is the density of states and w(E) is the charge carrier mobility, the Mott's

formalism on thermoelectricity (Equation 2) can be rewritten as:

21,2
g =T kT (la_” _|_la_D) (4)
3 q \WOE ' DOE/g

Equation (4) implies that the Seebeck coefficient is the sum of a mobility dependent term and
a Density of States dependent term. In most thermoelectric studies, the first term is considered
negligible due to the high dependence of Seebeck to the carrier concentration.®?*?! However,

Sun et al recently proved that the mobility dependent Seebeck term becomes important in
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inorganic systems with large temperature dependent charge carrier mobility,° providing an
alternative way for thermoelectric optimization. For polymer materials, many studies reported
a relationship between the Seebeck coefficient and the electronic properties of the material.?"
28 However, it is not trivial to decorrelate the effect of 4 and N on the Seebeck coefficient, as
any changes of N would affect both 4 and $.**% As a result, in most reports, the Seebeck
coefficient is decreasing with the electrical conductivity, as an increased charge carrier
concentration is detrimental for the thermoelectric behavior of the material.'"?*®
Nonetheless, in 2013, Bubnova et al. proved that highly crystalline polymer systems with
high electrical conductivity can also be thermoelectrically efficient, due to a wider DoS at the
Fermi position.? In a highly crystalline conducting polymer, the z-orbitals of the conjugated
chains overlapped forming an extended n-system. These broader n-bands are being translated
into a sharper slope of the DoS at Ef, which benefits the thermoelectric behavior of the

polymer material (cf. Equation (2)).*%*?

It is commonly accepted that charge carrier mobility in conducting polymers is linked
both to the thin film crystallinity of the system and the electronic structure of the
material.*21*19%"28 gpecifically, thin films of higher degree of crystallinity would have higher
charge carrier mobility, as the hopping transport between the conducting sites for the polymer
is promoted.’ Consequently, Seebeck coefficient and charge carrier mobility are
interdependent to the thin film crystallinity of the conducting polymer, which implies that
there should be a relationship between the two parameters. A first experimental investigation
on the effect of charge carrier mobility on the thermoelectric properties of conducting
materials was provided by Zhang et al. in 2016 who highlighted that the Seebeck coefficient
of a conducting polymer is directly related to the PEDOT charge carrier mobility. These
findings were based on the theoretical formalism that both Seebeck coefficient and charge

carrier mobility are related to the shape of the Density of States.®'? The effect of thin film
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crystallinity and charge carrier mobility is indeed apparent in Equation (4). The first term, the
mobility dependent Seebeck term, is related to the relaxation of the charge carriers in the

conducting media and becomes important for temperature dependent charge carrier mobility

semicrystalline systems.?’ On the other hand, the second term, ( a—D) , IS proportional to the
Ey

1

D OE
slope of the logarithm of DoS at E; . For a conducting polymer, a high degree of crystallinity
leads to an important slope of the DoS, inherent to broadened z-orbitals (See Chapter 3).2
Thus, the polymer structure is indirectly related to the Seebeck coefficient. For the
PEDOT:Tos thin films under study, the charge carrier concentration is constant. Consequently
the observed increase of the Seebeck coefficient has to originate from the DoS slope or/and
the mobility dependent term of Equation (4). However, the high charge carrier density of
these m-conjugated polymers would be detrimental for the second term of Equation (4),
hindering the effect of the thin film crystallinity."® Meanwhile, these systems follow a low-

20,29

mobility hopping conduction which would not favor the first term of Equation (4), as

proposed by Sun et al.*

Consequently, a mild mobility dependency of the Seebeck coefficient
has to be expected in agreement with the tendency observed in Figure 1 (S ~ z%?). As both the
Seebeck coefficient and the charge carrier mobility are related to the broadening of the DoS at
the Fermi position, the electronic structure of the materials has to be investigated in order to

elucidate the behavior observed in Figure 1.

Ultraviolet Photoelectron Spectroscopy (UPS) was performed on four key samples in
order to characterize the electronic structure as regards to the PEDOT:Tos formulations of
gradual increase in thin film crystallinity (i.e. pristine, formulated with DMSO, pyridine and
DMSO + pyridine). The resulting UPS spectra are presented in Figure 2 and are in good
agreement with previous reports on PEDOT:Tos materials with a extracted work function
value of 4.6-4.8 eV.>® Three distinctive peaks - one at 15.8 eV related to the inelastic electron

scattering due to the sample surface, and two at 9.5 and 6.1 eV which are o states of the
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systems, respectively - are retrieved from the UPS spectra.’’ Besides, as the thin film
crystallinity increases, the intensity of the HOMOZ@ is increasing with respect to the intensity
of HOMOua. This phenomenon is related to the distribution of the carriers over the different

energy states and thin films of higher crystallinity exhibit more populated high energy states.

T T T T T T T T T
5 Pristine
3x10° —— DMSO 7
Pyridine
—— Pyridine + DMSO
2x10° | .
@
c
S
o
o
1x10° - .
O 1 1

20 15 10 5 0
Binding Energy (eV)

Figure 2: The UPS spectra for the various PEDOT:Tos samples.

By focusing on energies lower than 4.5 eV (Figure 3), deeper m-orbitals states can be
examined which allow us to notice a broadening of the DoS for the most crystalline
samples.*®3%? |Indeed a higher degree of crystallinity is translated in conducting polymers to
an extended overlapping of the m-orbitals.*® This broadening of the band-edge is concurrent to
enhanced charge carrier mobility and Seebeck coefficient (see Figure 3), highlighting the

coupling between these parameters in the PEDOT:Tos films under study.
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Figure 3: The UPS spectra for the four representative PEDOT:Tos thin films zoomed in the lower

binding energies, were the band edge is apparent.

It is commonly accepted that this band broadening is transferred to all intermolecular
n-bands, including the ones close to the Fermi position.3**? Consequently a higher slope of
the DoS at the Fermi position is retrieved leading to higher Seebeck coefficient values for the
most crystalline films. It is noteworthy that this formalism does not fully explain the
dissimilar Seebeck coefficients observed for the DMSO treated and the pyridine treated
PEDOT:Tos films, as their correspondent UPS spectra are overlapped (See Figure 2 and 3).
One possible explanation is related to the macromolecular structure of the PEDOT chains
obtained from pyridine formulation. As pyridine reduces the polymerization kinetics, the
resulting PEDOT chains are expected to be of higher molecular weight. As a result, an
intrachain hopping transport has to be considered and would heavily affect the overall charge
transport behavior of the PEDOT:Tos material.*® When an intrachain hopping transport is
substantial (comparatively to the interchain hopping transport), the material would exhibit a

semi-metallic behavior and, thus, enhanced thermoelectric efficiency.
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Temperature-dependent electrical conductivity measurements were performed in order
to track down these effects on the four key PEDOT:Tos systems.®2#334 The results are
presented in Figure 4. The electrical conductivity of all PEDOT:Tos films was normalized

with respect to their room temperature value.

1.2 T T

0.8
8 O Pristine
o O DMSO
($2) A Pyridine
~— % DMSO+Pyridine
E 04t —— Fitted curve |
©
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Figure 4. Normalized electrical conductivity (with respect to room temperature) versus temperature

for PEDOT:Tos thin films. The full lines are the fitting curves according to the VRH model.

For all samples it appears that the electrical conductivity is thermally activated. For semi-
crystalline conducting polymer systems, charge transport mainly occurs through hopping of
the charge carriers between “metallic” islands (i.e. doped PEDOT:Tos crystallites) dispersed
in an amorphous matrix.?***% Consequently the most crystalline PEDOT:Tos thin films have
inherently a lower amount of thermally activated traps, favoring the charge carrier hopping
between these “metallic” sites.”>**3® The Variable Range Hopping (VRH) model (Equation

(5)) can be used to describe the hopping transport in such systems.**2%2°

T
o=0," e~ T’ (5)
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where the pre-factor o, has a negligible dependence over T, T, is a hopping parameter related
to the DoS at the Fermi level. The factor p = ﬁ is related to the dimensionality, d, of the

charge transport of the system, being 1-D, 2-D or 3-D for p = 0.5, 0.33 and 0.25, respectively.

The VRH model satisfactorily fits the behavior of the different samples (see Table 2 for the

VRH parameters), as previously reported for similar PEDOT based materials.?®33%
Additive 6 (S/cm) S (uV/K) n x10™ (cm?/Vs) P ToK)  Gratiok)
No additive (Pristine) 230+ 10 325 24+0.1 0.66 170 0.11
Dimethylsulfoxide (DMSO) 605+ 10 3B5+5 6.5+0.3 0.59 135 0.09
Pyridine 580+£20  40+2 6.9+023 033 68 0.10
Pyridine+DMSO 1222432 44+2 124+10 032 50 0.08

Table 2. The electrical and thermoelectric properties of the examined system. In the table are

presented the electrical conductivity, o, the Seebeck coefficient, S, the in-plane moblility, u, the

1

calculated VRH parameters p and T, , and the calculated 0,440, = Z—; ,at T =10 K for the PEDOT:Tos

films.

A progression of p with respect to the degree of crystallinity of the sample is noticed, from p
= 0.66 for the less crystalline sample to p = 0.33 for the most crystalline one. For conducting
polymers, a value of p = 0.5 is often reported and corresponds to 1-D charge transport in the
VRH formalism, even if such behavior is impractical for such disordered systems.**° These
systems are thus considered as effective 3-D systems in which charge transport mainly occurs
along the 7-stacking direction, hence the 1-D behavior.>"**“° Values close to p = 0.33 were
also reported for PEDOT materials, although such systems cannot strictly be treated as 2-D
due to the semicrystalline nature of the material.?®° Nevertheless, in the PEDOT:Tos thin
films of higher degree of crystallinity, a quasi-2-D charge transport mechanism could be
envisioned as hopping transport occurs along both the n-stacking direction and the chain

backbone, resulting in a dominant 2-D hopping transport.
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As reported by Sun et al,®® a VRH dominated charge transport mechanism would
hinder the effect of the first term of Equation (4) - the “mobility dependent” Seebeck term.
According to this formalism, this particular term becomes important when du/dT > u. For the

heavily doped systems studied herein, the charge carrier concentration is constant, thus the
ratio oyatio = i-j—: can be used as a qualitative means in order to compare x with du/dT at a

given temperature. Consequently, this ratio was calculated for the lowest measured
temperature, 10 K, for all the PEDOT:Tos systems. As shown in Table 2, oo is much lower

than 1 for all the samples. Consequently the du/dT < x and we can assume that the first term
of Equation (4), ig—ﬁ, is not significantly affecting the Seebeck coefficient.”” The observed

characteristics of Figure 1 originate thus from a higher slope of the DoS at Ez..

However, the tendency observed in Figure 4 does not correspond to the semi-metallic
behavior expected for an efficient thermoelectric material,® while the measured Seebeck was
representative of that of a semi-metallic polymer. This implies that a transition in the charge
transport has to occur over the temperature range probed during the temperature-dependent

electrical conductivity measurements. In order to gain further insights in the observed

Ino

behaviors, the reduced activation energy, W =g—

T Was plotted versus the temperature

(Figure 5) as it allows to discriminate between different conduction behaviors. 429333941

Depending of the value of the slope of W, a material belongs in the "metallic" (positive slope),
"insulating” (negative slope) or “critical" regime of the Mott's Metal-Insulator Transition
(MIT) (zero slope), respectively .}*?°3% Most semi-conductors fall into the insulating

14,29

regime,™*? while most semi-metals belong to the critical regime of the MIT 142942
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Figure 5: Reduced activation energy, W, versus temperature for PEDOT:Tos thin films.

For all the systems, a transition is observed around 30 K. As the slope of W is positive
below 30 K, the systems fall into the metallic regime. Above 30 K, the slope of W is negative
and tends at higher temperature towards a constant value (i.e. the MIT critical regime) for the
highest crystallinity systems. This kind of behavior is typical of inorganic semi-conductors
like Germanium,**** but it is usually observed at a lower temperature (~10 K). Furthermore
the sharpness of the transition at 30 K is clearly dependent of the PEDOT:Tos formulations
with a rather feeble transition for the most crystalline thin films. This can be explained by the
lower proportion of temperature activated charge traps which consequently have a limited
contribution in the charge transport mechanism at all temperatures. Indeed, with increasing
degree of crystallinity, the amount of temperature activated charge traps inherent to structural
defects diminishes. The effect of those traps becomes more important in lower temperatures,
as there are less phonons that could otherwise assist overcoming any vibrational barriers. As a
result, any existent transitions in the hopping transport behavior ,which would be otherwise
invisible, become evident in the low temperature range. Thus, in systems of high crystallinity,

the phonon scattering is lower, leading to smoother transitions between the conduction
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regimes in accordance with the behaviors observed in Figure 5. Additionally, the systems of
Figure 5 fall in the MIT critical regime at higher temperatures, which is in agreement with the
ones obtained on a PEDOT:Tos system of higher crystallinity falling in the MIT critical

regime over a large range of temperatures without any visible transition.®
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4.3 Conclusion:

Through various processing modifications, the structural, electronic and
thermoelectric properties of in situ polymerized PEDOT:Tos were tuned. It was found that
samples with increased degree of thin film crystallinity would result in PEDOT of higher
carrier mobility and higher Seebeck coefficient. A mild dependency of the S on the carrier
mobility was found, S ~ 1°? ,which was correlated with the broadening of the m-orbitals near
the band edge observed by UPS. In order to further investigate the dominant charge transport
behavior, low temperature electrical conductivity measurements were conducted on the
samples. All samples followed the Mott's Variable Range Hopping model, while a transition
from 1-D to 2-D hopping transport was observed with the gradual increase of the thin film
crystallinity. A transition from the metallic to the insulating regime was found at 30 K, whose
intensity diminishes with the increase of the thin film crystallinity of the systems. Our
findings highlight the coupling between structure to the electronic/thermoelectric properties
and charge transport behavior of conducting polymers, providing an alternative road towards

more efficient polymer thermoelectric converters.
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Chapter 5: The anisotropic thermoelectric
properties of Poly(3,4-ethylenedioxythiophene)
thin films

Preface:

In the previous chapter a relationship between the Seebeck coefficient and the charge
carrier mobility of the PEDOT:Tos material was established. However, to obtain a complete
description of the thermoelectric efficiency, the accurate determination of the thermal
conductivity is needed. This chapter acts as a final follow-up to the previous discussions with
a strong emphasis on the relationships between the electronic and thermal conductivities. The
electronic and thermal properties of PEDOT:Tos thin films were studied with respect to the
structural anisotropy in the in-plane and out-of-plane directions. It was observed that the
anisotropy between the charge carrier mobility and the thermal conductivity is amplified for
higher degree of crystallinity. In parallel, these structural modification decrease the ratio
between the electrical and thermal conductivities towards the value of a typical semimetal or a
metal. This observed behavior is in agreement with the semimetallic behavior of the
PEDOT:Tos at higher temperatures, presented in the previous chapters. Finally, a relationship
is extracted between ZT and x, allowing the estimation of the thermoelectric Figure of Merit

from charge carrier mobility and charge carrier concentration measurements.
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5.1 Introduction:

As the semi-crystalline PEDOT:Tos thin films are anisotropic, the measured electronic
and thermal properties are dependent of the direction of the measurement.! For instance, the
charge carrier mobility of the poly(3-hexylthiophene) (P3HT) thin films varies over few
orders of magnitude between the directions along and perpendicular to the substrate. This
electronic anisotropy is related to the n-stacking chain conformation, which was normal to the
substrate in this case. Indeed, when the chains are n-stacked, the interchain distance is reduced
which benefits to the hopping transport of the charge carriers. When the direction of the -
stacking chains is along the thin film substrate, the chain conformation is called edge-on,
while the opposite case is called face-on. This anisotropy was also reported for PEDOT:PSS
thin films, for which the out-of-plane electrical conductivity was much lower than the in-

plane electrical conductivity.?®

As reported in the previous chapters, a high degree of crystallinity is beneficial to the
thermoelectric efficiency of PEDOT:Tos thin films. As reported by Wei et al, the Seebeck
coefficients of PEDOT derivatives measured along the in-plane and out-of-plane directions
are of the same order of magnitude, implying that S is fairly independent of the structural
anisotropy of such polymer thin film.? On the other hand, the thermal conductivity, «, of
conducting polymer thin films has been shown to follow an anisotropic behavior between the
in-plane and out-plane directions.?*> The origin of this dissimilarity is not only the
anisotropic structure of the polymer thin films but also the electronic contribution of the

charge carriers to the thermal conductivity.>®

In metals and heavily doped inorganic semiconductors, x is separated into two
contributions, the structural, xs, and the electronic contribution, x., as the charge carriers of

the material also contribute to the propagation of phonons in the material.®’ For metals the
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electronic contribution is dominant in the thermal conductivity and the Lorenz number, L, is

defined as the ratio between x and ¢ :

z=1 ®

oT

and is based on the fact that the charge carriers are involved in both the heat and charge
transport in the material.® For metals the Lorenz number is equal to the Sommerfield value,

2 2
L, = %(kf) ~ 2.45 x 10® WQ/K? and it is commonly used to calculate the thermal

conductivity from the electrical conductivity in metals.” However, for inorganic
semiconductors, the Lorenz number deviates from the Sommerfield value, due to the
introduction of disorder into the system.” Weathers et al. reported in 2015 that the in-plane
thermal conductivity of conducting PEDOT derivatives increases with the in-plane electrical
conductivity, implying that this heavily doped semiconductor follows a behavior similar to
that of the typical inorganic materials.® It was shown that the origin of this increase in the in-
plane x; was inherent not only to the anisotropic structure of the material, but also to the
degree of crystallinity and the heavily doped nature of the material, as more crystalline and
doped materials had also higher x;.>° On the other hand, & is also dependent on the doping
and the structure of the material via the charge carrier concentration and the charge carrier
mobility. Nevertheless, the electrical conductivity is more sensible than x to any structural
modifications of the polymer thin film, due to its linear dependence on . Thus, for a constant
carrier concentration, the Lorenz number is expected to show a mild dependency to polymer

structural modifications.

In the previous chapters, the electrical conductivity of PEDOT:Tos thin films were
enhanced by various treatments. These treatments increased the thin film crystallinity without

modifying the carrier concentration of the systems.'® In this chapter, the thermal and
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electronic properties of the PEDOT:Tos thin films are measured as a means to examine the

dependence of the Lorenz number as regards to the thin film crystallinity.
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5.2 Results and discussion: Anisotropic thermoelectric properties and
their relationships to the structure in PEDOT:Tos thin films

Various PEDOT:Tos thin films were produced using the different synthetic strategies
presented in the Chapters 2 and 3. The relative crystallinity was extracted from the GIWAXS
patterns presented in the previous chapters. The in-plane charge carrier mobility, u;,, was
extracted for these PEDOT:Tos systems from the transfer characteristic electrolyte-gated
transistors (Table 1 and Chapters 2-4).**2 As observed from Figure 1, the in-plane mobility
of the PEDOT:Tos gradually increases with the relative crystallinity of the films, which is in

agreement with other works on PEDOT:Tos systems.'°

1,5x10° - - 1,5x107°
| |

1,0x10° — 41,0x10°
— ?
2 2
: : 3
~ 5,0x10™ ¢ 15,0x10* £

4_ ] L)
0,0 - - 0,0
0,0 0,4 0,8 1,2

Relative crystallinity

Figure 1: The out-of-plane (left, black) and in-plane (right,red) charge carrier mobilities for the

PEDOT:Tos samples as a function of the relative thin film crystallinity.

A different approach was used for the extraction of the out-of-plane charge carrier

mobility. Rutledge et al. calculated the out-of-plane mobility of PEDOT:PSS films from the

103



space-charge-limited-current (SCLC) region of the J-V curves for out-of-plane devices.** The

authors had taken advantage of the relationship:
9 v?
J=5 &g )

where, d is the polymer thickness, & and ¢, the relative permittivity of the conducting polymer

and of the free space respectively.**

The relative permittivity of the conducting polymers was taken as a constant and equal to
2.2.2 At low voltages, below 1 V, the electrical behavior of the material follows an ohmic
law, and thus Equation (2) is not valid. As opposed, in the higher voltage region (i.e. above 1
V), J follows a linear relationship wih V2 in the space charge regime (as shown in Figure 2b
for the most-conducting PEDOT:Tos thin film) and Equation (2) becomes valid, thus
allowing the extraction of the out-of-plane charge carrier mobility.* Hence, this approach was
used to extract the out-of-plane mobility of the PEDOT materials. Details on the device

fabrication are presented in the Appendix B.

0.03 . ' ’ . 0,03
(a) (b) .
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Figure 2: (a) The J-V curve for the most conducting PEDOT:Tos thin film (Pyr+DMSO). (b) The
respective J-V° curve for the same material. In voltages above 1V the current follows a linear law with

the V2.
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The resulted g values are summarized in Table 1 for the various PEDOT:Tos films.
As observed in Figure 1, the out-of-plane mobility increases following a similar trend to that
of the in-plane mobility as regards to the relative crystallinity of the thin films. Even if the
out-of-plane mobility is lower than the in-plane mobility, the values are of the same order of
magnitude. As observed from the GIWAXS patterns of the PEDOT:Tos materials presented
in Chapters 2 and 3, face-on crystallites are also presented in the PEDOT:Tos films, and thus,
contribute to the charge transport along the out-of-plane direction. Nevertheless, as the
majority of the crystallites are oriented edge-on, a higher yy is retrieved. Consequently the
ratio wy/u. is indicative of the electronic anisotropy of the PEDOT:Tos films and is plotted in
Figure 3 with respect to the relative thin film crystallinity. It is observed that the anisotropy
between the two parameters gradually increases with the degree of crystallinity. This has to be
correlated with the increase of the amount of edge-on oriented crystallites with the thin film
crystallinity (see Chapter 2 for details) which amplifies the structural and charge carrier

mobility anisotropies.°

4 : : 20
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Figure 3: The ratio between the in-plane and out-of-plane charge carrier mobilities (black) and

thermal conductivities (red) for the various PEDOT:Tos films.
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Additionally, as shown by Wei et al., the thermal conductivity of PEDOT:PSS is also
affected by the structural anisotropy of the material.> The electronic contribution to x is
affected by the direction of the bipolaronic conduction, along the m-w stacking.” The out-of-
plane thermal conductivity, x, was measured by heterodyne picosecond time-domain
thermoreflectance,’® and the results are summarized in Table 1 and Figure 4. It appears that
kL is not significantly affected (= 0.15-0.2 W/mK) by the thin film crystallinity as shown in

Figure 4.

0,4 T T T T

K, (W/mK)

0’0 1 1 1 1
0,00 0,25 0,50 0,75 1,00

Relative crystallinity

Figure 4: The out-of-plane thermal conductivity versus the relative crystallinity of the various

PEDOT:Tos films.

However, the electronic contribution, x., to the thermal conductivity is benefitted by the
direction of the & stacking in the system, as this contribution is dependent to the charge
transport mechanism of the material. Hence, an edge-on orientation of the chains is not
expected to benefit the out-of-plane thermal conductivity.® This argument is further supported
by the measured x_ values, which are similar to those of typical slightly doped or undoped
polymer semiconductors in which the electronic contribution is nonexistent or not

significant.® Although measurements of out-of-plane thermal conductivity are quite common

106



in the literature, >

there are only a few reports on the measurements of the in-plane thermal
conductivity, x;. One accurate way to calculate x; is by measuring the thermal diffusivity
along the direction normal to the substrate.>*® Then the thermal conductivity is calculated as
the product between the density, p, the heat capacity, c,, and the thermal diffusivity, D.
Alternatively, Weathers et al. used a 4-probe measurement technique'® based on the 3o
method to measure the in-plane thermal conductivity of conducting PEDOT systems.® They
demonstrated that «; is linearly correlated with the in-plane electrical conductivity (similarly
to the inorganic semiconductors) (x =~ 2.3-Ly"T-0). Consequently, we used this relationship in
order to predict x, from ¢ for the PEDOT:Tos thin film under study and the estimated x;
values are summarized in Table 1. The ratio between the in-plane and out-of-plane thermal
conductivities was calculated and plotted versus the relative crystallinity (see Figure 3). It is
noteworthy that the anisotropy in the thermal properties of the PEDOT:Tos materials follows
a similar trend than the one observed for the electronic conductivity. A rationalization of this
phenomenon can also be made by considering the increased amount of edge-on crystallites in

the system for the most thermally anisotropic films since the heat transport is facilitated

between the charge carriers in “metallic” domains.’
g

Rel. cryst. 1y x10™(cm?/Vs) . x10%(cm?/Vs) Ky (WImK) 1 (W/mK)

Pristine 0.22 2.4+0.1 1.29+0.1 1 0.25+0.02
Toluene 0.36 3.2+0.3 1.524+0.1 11 0.17+0.02
DMSO 0.40 6.5+0.5 2.21+0.4 1.5 0.16+0.01
Pyridine 0.56 6.9+0.3 2.30+0.2 1.4 0.18+0.01
Pyridine+DMSO 1.00 12.4+1.0 4.08+0.6 2.5 0.18+0.01

Table 1: The relative crystallinity, in-plane and through plane charge carrier mobilities and thermal

conductivities for the various PEDOT:Tos thin films.
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The anisotropic thermal and electronic conductions in the PEDOT:Tos thin films is
also expected to influence the Lorenz number. In fact two Lorenz numbers, the out-of-plane
L. and the in-plane L;, can be derived. In order to calculate the Lorenz number, the
determination of the electrical conductivity in the two directions is required. The in-plane
electrical conductivity was measured with a 4-point probe setup.'® From the values of ¢ and
wi, the charge carrier concentration was calculated as 5.8x10%* carriers/cm?®. Consequently, by
using the charge carrier concentration and the measured out-of-plane charge carrier mobility,
the out-of-plane electrical conductivity was extracted and values are summarized in Table 2.
The out-of-plane L. and the in-plane L, were as well calculated and plotted against the
relative degree of crystallinity (Figure 5). It is noteworthy that both values are in the same
order of magnitude than the one obtained for metals and semimetals (= 2.45x10° WQ/K?),’
which mirrors the semi-metallic behavior observed from the temperature dependent electrical
conductivity measurements in the previous chapter.?’ However, as reported by Weathers et al,
any deviations of the Lorenz number from the Sommerfield value for conducting polymers at
high temperatures (= 300 K) originates from the inelastic scattering of phonons in the
material, which is inherent to a lower degree of crystallinity.>’ Consequently, the Lorenz
number is expected to decrease towards the Sommerfield value with the increase of the degree

of crystallinity, which is the tendency observed in Figure 5.

oy(Slem) o (Slem)  Sy(uV/K) L x10® (WQ/K?) L,x10® (WQ/K?)
Pristine 230+10 119+9 32+5 7.1+1.0 14.6+3.0
Toluene 310+10 141+9 32.145 4.1+0.7 11.9£2.0
DMSO 600+10 204+30 35+5 2.7+0.6 8.4+1.0
Pyridine 580+20 213+18 40+2 2.9+0.4 8.1+1.0
Pyridine+DMSO 1220+30 379+55 4442 1.6+0.3 6.9+0.6

Table 2: The in-plane and out-of-plane electrical conductivities and Lorenz numbers for the various

PEDOT:Tos films.
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Figure 5: The out-of-plane and in-plane Lorenz numbers for the various PEDOT:Tos films.

However, in conventional inorganic thermoelectrics, a parallel increase of x and o
usually originates from an increased charge carrier concentration, which is unfavorable for the
Seebeck coefficient. As a result, such treatments are detrimental for the thermoelectric
efficiency of the material, as the Figure of Merit, ZT = S%L, is eventually decreased.® On the
other hand, when the charge carrier concentration is constant, the Lorenz number is indicative
of the thermoelectric efficiency of the material, as a decreasing L is beneficial to the ZT. This
is the case for the current study. As presented in Figure 6, the in-plane Figure of Merit is
inversely proportionate to the in-plane Lorenz number, reaching a value of 0.03 for the lowest
L. However, this behavior should originate from the increased degree of crystallinity of the
systems, as the Lorenz number was shown to be decreasing with these structural

modifications.
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Figure 6: The in-plane ZT plotted against the in-plane Lorenz number for the various PEDOT systems.

In order to further elucidate this behavior, Figure 7 presents the in-plane and out-of-
plane Figure of Merit for the PEDOT:Tos systems plotted against the relative crystallinity. As
shown by Wei et al.,? the out-of-plane Seebeck coefficient is close to the in-plane value,
following a ratio of 0.9 for PEDOT derivatives. Based on this formalism, the out-of-plane
Seebeck was calculated from the measured in-plane Seebeck using this particular ratio and the
out-of-plane ZT was extracted. The increase of the thin film crystallinity appears to be
beneficial to the ZT. This behavior originates not only from the decreasing Lorenz number,
but also from an increased Seebeck coefficient with the degree of crystallinity (as shown in
Chapter 4). As a result, for the most crystalline material, the Figure of Merit reached the
values of 0.028 and 0.095 for the in-plane and out-of-plane directions, respectively. It should
be noted though, that the lower out-of-plane thermal conductivity is the main factor resulting

in the higher out-of-plane ZT.
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Figure 7: In-plane and out-of-plane ZT plotted against the relative crystallinity for the various

PEDOT:Tos films

In the Chapter 4, it was shown that the in-plane Seebeck coefficient follows a power
law with respect to the in-plane mobility (S~4°?). Considering that the electrical conductivity
follows the law o = eNu, and that the thermal conductivity is analogous to &, a relationship
can be extracted between the in-plane Figure of Merit and the in-plane charge carrier

mobility. Particularly, for constant charge carrier concentration, ZT can be derived as:

1.4

~ ] M i
ZT ~ A~ ©)

where A, b and c are fitting parameters (Table 3).

The parameter A is analogous to the N, T and the elemental charge g as:
A=a-q'N 4)
while the parameter b is analogous to the charge carrier concentration as:

b=w-q-N (5)
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Using these parameters and Equation (3), a first estimation of the Figure of Merit for a

material of given o, N and x could be extracted.

Parameters Fitted values

A 671 (Vslcm?)™*

o 2.4x10° ((Vs/cm?) ™ cm®/CK)
b 1174 (Vs/cm?)

w 1.3x107 (Qcm)

c 0.59

Table 3: The fitted parameters on equation (5) from the data plotted in Figure 5.

In Figure 8 is plotted the in-plane ZT against the u; for the various PEDOT:Tos
samples, while with a red line is presented the fit of the experimental data to Equation (3).
The ZT appears to be correctly described by Equation (5), and the fitted parameters are
presented in the Table 3. This finding not only highlights the importance of the electronic and
structural properties to the thermoelectric efficiency of the material, but also provides a first
estimation of the Figure of Merit for conducting polymers without the need of any thermal or
thermoelectric measurements. Hence, the design of more thermoelectrically efficient polymer
materials could be facilitated, as only the electrical and electronic measurements would be

needed as a guiding rule for the development of new materials.
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Figure 8: The in-plane ZT vs the in-plane charge carrier mobility. With red is the fitted line with
respect to the model described by Equation (5).
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5.3 Conclusions:

In this chapter we highlighted the anisotropy of the electronic and thermal properties
of PEDOT:Tos materials. Due to its constant carrier concentration, the observed anisotropic
properties were directly attributed to the polymer structural properties. The dependence of the
charge carrier mobility of the conducting polymer to an preferential edge-on orientation of the
crystallites is underlined as the in-plane charge carrier mobility is three orders of magnitude
higher than out-of-plane one. The out-of-plane thermal conductivity was not significantly
affected by the structural modifications. Afterwards, the Lorenz number was calculated in
both directions and was found to decrease with the degree of crystallinity towards the typical
values encountered for metals and semimetals. On the other hand, these structural
modifications are beneficial for the Figure of Merit, which is increasing with the relative
degree of crystallinity. Finally, a relationship was extracted between ZT and x in the in-plane
direction, which can be used to predict the thermoelectric efficiency of new polymer

materials.
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Chapter 6: Silicon / PEDOT:Tos hybrid
thermoelectric generators.

Preface:

The previous chapters aimed at the enhancement of the thermoelectric properties of a
p-type polymer thermoelectric material. Nevertheless, a n-type component is also needed for
the fabrication of a thermoelectric generator. The PEDOT:Tos thin films synthesized in the
previous chapters were thus combined with inorganic n-type materials towards the fabrication
of hybrid thermoelectric generators. PEDOT:Tos thin films were deposited on silicon
substrates of various doping and electrical conductivities. It was observed that the measured
Seebeck coefficient of the junction was dependent of the thickness of the PEDOT:Tos layer.
A model of two voltage sources connected in parallel is proposed in order to describe the
PEDOT:Tos-Si junction. Additionally, charge exchanges between the two materials were
observed by the Capacitance vs Voltage graphs (Mott-Schotky plots) and UPS measurements.
The thermoelectric converters that were fabricated with this procedure were exceeding the
correspondent inorganic converters. Consequently, a power output of 671 nW was measured

for a 5-legs generator.
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6.1 Introduction:

Harvesting waste heat by thermoelectric generators (TEG) acts as a potential
alternative to conventional petroleum based fuels. Currently, TEGs fabricated from inorganic

thermoelectric materials are dominant in the market due to their higher efficiencies, ZT =

2
%.1’2 State-of-the-art thermoelectric inorganic materials can reach ZT as high as 1 close to

room temperature.® An less conventional approach for the fabrication of TEGs is to use
conducting polymer materials.®® As opposed to their inorganic equivalents, conducting
polymers are characterized by an intrinsic low thermal conductivity (= 0.6W/mK), whereas
high values of & (= 1200 S/cm) can be achieved by a proper tuning of the polymer structure.>®
Considering their lower cost and higher processability, TEGs based on conducting polymers

show great promises even if ZT values comparable to the ones of inorganic materials need yet

to be achieved.

The main detrimental feature of organic materials for thermoelectricity is related to the
intrinsically low Seebeck coefficient."**® Furthermore, a strong bottleneck for the
development of organic TEGs is the n-type thermoelectric polymers which are usually
unstable and less efficient than their p-type compartments. Consequently most published

reports on polymer thermoelectrics involved either strategies to enhance the Seebeck

3-5,9-12

coefficient of the organic materials or novel synthetic routes towards efficient and stable

n-type polymers."® Common approaches for the engineering of new n-type materials involved

13-16 5,11,17,18 49,10

macromolecular engineering, structural tuning, charge carrier optimization and

polymer/inorganic nanocomposites,**%

with the later showing encouraging results in
producing an n-type leg. Indeed, by controlling the interface between the organic matrix and
the inorganic charge, the electronic structure of the polymer can be modified leading to a

tuning of its electrical and thermoelectric properties.**?* Another remarkable approach was
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recently presented by lIreland et al. where SnCl, was introduced into n-type polymer
semiconductors leading to Power Factor as high as 100 pW/mK?2?* Alternatively, p- or n-
doped carbon nanotubes blended into a semiconducting polymer matrix were used to fabricate
a printed TEG, in which the n-type leg was formed from the bend of n-type carbon nanotube
with a p-type semi-conducting polymer.”* Following those reports, an alternative approach is
presented herein, in which PEDOT:Tos thin films are deposited on p- and n-type Si substrates

leading to a controlled modulation of the Seebeck coefficient of the junction.
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6.2 Results and discussion: Si/PEDOT hybrid materials

Silicon was chosen as the inorganic substrates due to its high industrial importance
and its fair thermoelectric (S = 700-1000 pV/K) and thermal (x = 100 W/mK) properties at
room temperature. Although the thermal conductivity of the silicon can be decreased by
introducing holes and defects in the structure,? the main drawback of silicon is its inherent
low electrical conductivity (1-20 S/cm), in comparison to the conventional bismuth telluride
(> 2000S/cm).2®?" On the other hand, conducting polymers, like poly(3,4-
ethylenedioxythiophene) doped with toluenesulfonate counter ions (PEDOT:Tos), have a
relatively high electrical conductivity (500-1200 S/cm) but exhibit a small Seebeck coefficient
(= 30 wV/K).>® A combination of silicon substrates and PEDOT:Tos thin films could
potentially result in a hybrid material that benefits from the advantages of the two

components, hindering their corresponding drawbacks.

PEDOT:Tos thin films were deposited on top of silicon wafers, by in-situ
polymerization of the polymer on the wafer. The synthesis procedure is described in
Appendix B. The neat polymer thin film displays on glass substrate an electrical conductivity
of 1200 S/cm and a Seebeck coefficient of 44 pV/K (See Chapters 2 and 3). The silicon
substrates chosen for this study were of p- and n-type with various electrical conductivities
(Table 1). The Seebeck coefficients of the p- and n-type silicon substrates were measured as
1000 pV/K and -1100 pV/K, comparable to the reported values.?®? Details on the Seebeck
measurements are provided in the Appendix B. Upon deposition of the PEDOT:Tos films,
the electrical conductivity of the system measured with a 4-probe set-up remained unchanged,
equal to the value of the PEDOT:Tos thin film on glass, while a remarkable increase of the

measured Seebeck coefficient was observed as presented in Figure 1.
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Substrates osi (Slcm)

n-Si 0.05,0.2,0.7, 2.0, 20.0

p-Si 0.7, 20.0

Table 1: The electrical conductivities of the various Silicon substrates used.
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Figure 1: Seebeck coefficient of the hybrid systems against the thickness of the deposited PEDOT:Tos
films. With filled points are the values corresponding to n-doped wafers, while the blank points

represent p-doped wafers.

A first striking feature apparent in Figure 1 is that the absolute value of the Seebeck
coefficient increases with reduction of the polymer thickness towards the values measured for
the Si substrates. For high PEDOT:Tos film thicknesses, the Seebeck coefficient reaches a
plateau value dependent of the Si substrate doping type. For the case of a p-type silicon
subsatrte, the measured Seebeck coefficient of the thicker PEDOT:Tos samples (800nm) is of

the same order of magnitude as the one of the PEDOT:Tos on glass. On the other hand, a
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negative value is retrieved for PEDOT:Tos films on n-type Si substrate showing the strong
influence of the substrate doping on the thermopower. Consequently this approach allows the

tuning of the Seebeck coefficient sign depending of the doping of the substrate.

This behavior was investigated for Si substrates of various doping and conductivities
as shown in Figure 2 and the measured Seebeck coefficient was accordingly tailored by both
the PEDOT:Tos film thickness and the doping level of the substrates. Interestingly the plateau
value obtained for thick PEDOT:Tos film shows a strong dependence to the intrinsic

conductivity of the Si substrates.
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Figure 2: (a) The Seebeck coefficient plotted against the thickness of the polymer layer for the
various doping Silicon wafers. (b) With lines are depicted the results of the model (See Equation 1).

The thickness of all Silicon wafers used in this study is 500 um.

In order to gain some insights into the origin of these measured thermoelectric effects,
a model considering the PEDOT:Tos-Silicon system as two sources with resistances in
parallel was applied to the experimental data (see Figure 3). Hence, the calculated total

Seebeck coefficient for the junction is described as:
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1+5pol"7pol'tpol
_ . Ssiositsi
Smeasured - SSi (1)

where Ssi, Spal, 0si, opal, tsi, tool are the Seebeck coefficient, the electrical conductivity and the

thicknesses of the Si substrate and PEDOT:Tos film, respectively.

This resulting Seebeck coefficient data are plotted along the experimental Seebeck coefficient

for the various devices on Figure 2.

R1 R2

Figure 3: The model system of the two voltage sources and resistances connected in parallel, which

was used to describe the thermoelectric properties of the hybrid materials.

This model allows to satisfactorily fit the experimental data for the n-Si/PEDOT:Tos
junction but fails to accurately predict the observed behavior of the p-Si/PEDOT:Tos junction.
One possible explanation for these discrepancies is related to the role of the interface between
the two components which has been shown to play an important role for thermoelectric
“nanocomposite” systems.’®** As reported by Kislyuk et al. and Jackle et al., Schottky
junctions are formed between PEDOT:Tos thin films and p-type inorganic semiconductors,*
while a p/n junction is retrieved for n-type inorganic substrates.®® This asymmetry is a

possible explanation to the different thermoelectric behaviors observed for p- and n-type
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substrates. To investigate the role of the interface in these SI/PEDOT:Tos junctions, the
interface between the Si substrate and the PEDOT:Tos thin film was severed with a
passivation layer following a methodology described by Chua et al.** The passivation layer
IS a benzocyclobutene derivative which is crosslinkable upon thermal annealing, resulting in
films (= 50nm) that severe the junction between the inorganic material and the polymer.>*
For the passivated junction, the measured Seebeck coefficient was comparable to bulk
PEDOT:Tos samples (S = 20 uV/K) for both p- and n-type substrates which supports the role
of the interface in the observed modifications of the Seebeck coefficient. We further
exanimated the role of the interface by using Si substrates with a fresh native oxide layer
(obtained after a plasma treatment of the wafers). As summarized in Table 2, the measured
thermoelectric properties of the resulting junctions were similar to the ones measured for the
junctions fabricated from as-received Si wafers. However, for silicon wafers of thicker SiOx
layer, the phenomenon is again diminishing, as the measured Seebeck values are comparable
to the ones of the polymer on glass (Table 2). This behavior can be supported by a tunneling
effect in the SiOy thin layer, which is severed when the oxide layer becomes too thick or when

a passivation layer is applied on top of the wafer.®3**

Substrates Seebeck coefficient (uV/K)
Plasma treated n-Si (6=2S/cm) -900 + 50
n-Si with 100nm SiOx +11+£3
n-Si (6=2S/cm) -983 £+ 30
Plasma treated p-Si (6=0.7S/cm) 452 +32
p-Si (6=0.7S/cm) 499 + 65

Table 2: The Seebeck coefficient of devices fabricated with etched and un-etched Silicon wafers.
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However, this tunneling effect does not provide an explanation of the measured high
Seebeck coefficient. The Seebeck coefficient of the polymer material is dependent to its
Density of States. Thus, any changes in the shape of the DoS, the filling of the DoS, or the
Fermi position have to affect the material thermoelectric behavior.*> As shown in Chapters 3
and 4, PEDOT:Tos with higher charge carrier mobility and higher Seebeck coefficient had
also a steeper Density of States at the Fermi Level. Ireland et al. had reported that the shape of
DoS of a polymer/nanocomposite material is affected by both the DoS of the polymer and the
DoS of the inorganic compartment.?? So, PEDOT:Tos of different DoS shapes (and different
charge carrier mobilities) should result in hybrid materials of different Seebeck coefficients.
Subsequently, PEDOT:Tos of two different DoS shapes (presented in Chapters 3-4) were
deposited on the various Si substrates. As presented in Figure 4, for polymer films of higher
carrier mobility, the absolute Seebeck values were lower for n-doped wafers and higher for p-
doped wafers, than that of the lower mobility PEDOT films. Consequently, the hybrid
material obtained from the polymer with a steeper DoS at the Fermi Level had also a Seebeck

coefficient closer to the bulk values of PEDOT:Tos.
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Figure 4: The measured Seebeck coefficient versus the thickness of the deposited PEDOT layer of

varying carrier mobility and for p and n-doped wafers of varying electrical conductivity.

In order to correlate these findings to the Density of States of the systems, Ultraviolet
Photoelectron Spectroscopy (UPS) was conducted on the PEDOT films with different
mobilities on the various Si substrates (details on the UPS measurement are provided in the
Appendix B). The UPS spectra are presented in Figure 5 and clear signatures of the inelastic
scattering of electrons in the surface at high binding energies and of the PEDOT:Tos HOMO
bands at lower binding energies are retrieved. The work functions of the various materials can
be extracted from the UPS data and are presented in Table 3. Band alignment is evident for n-
SI/PEDOT:Tos junctions for the n-Si substrate of higher conductivity as shown in the Figure
5b, where the work function of the n-Si/PEDOT:Tos and the bare n-Si overlapped, as opposed
to the one of glass/PEDOT:Tos. Additionally, in the lower binding energy area, the band edge

of the n-SI/PEDOT:Tos and Glass/PEDOT:Tos overlapped. Consequently, the different
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Seebeck coefficients measured on n-Si/PEDOT:Tos and Glass/PEDOT:Tos do not originate

from modifications of the band edge structure. Thus, the different Seebeck coefficients were

attributed to probable charge exchange at the interface. On the other hand, for n-

SI/PEDOT:Tos of lower charge carrier mobility, the work function of the material differs

from the one of n-Si substrate, which is indicative of dipoles at the interface of the two

materials (Figure 5a and 5d). Additionally, for the p-Si/PEDOT:Tos junctions (Figure 5c),

the work function is also different to that of the p-Si substrate, regardless of the PEDOT:Tos

mobility, implying again the formation of dipoles between the two materials. This finding also

highlights the difference between the junctions of the p-SI/PEDOT and n-Si/PEDOT, for the

highly conducting PEDOT:Tos films.
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Figure 5: The UPS spectra of the PEDOT:Tos samples on the Silicon substrates with n-doping and

0s=25/cm (a) and comparatevely for PEDOT:Tos (u=12.4x10" cm?/Vs) on glass (b) , p-doping and

05=0.75/cm (c) and n-doping and 05=0.25/cm (d)
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Substrates Bare wafer Work PEDOT:Tos (1=12.4x10cm?/Vs) PEDOT:Tos (u=2.4x10cm?/Vs)

function (eV) Work function (eV) Work function (eV)
n-Si 4.4 4.4 4.8
(c=2S/cm)
n-Si 4.4 4.5 4.8
(6=0.2S/cm)
p-Si 4.4 4.8 4.7
(6=0.7S/cm)
glass -- 4.7 -

Table 3: The work function of the PEDOT:Tos films on the various Silicon wafers.

A strong tool to further study the interfacial effects between the Si substrate and the
PEDOT:Tos film is the measurement of the capacitance of the system versus the applied
voltage. Details on the device fabrication are provided in Appendix B. Through the Mott-
Schotky plots (1/Cversus V), valuable information on interfacial effects can be obtained such
as the presence of depletion/inversion layers,***> the Density of States at the interface,"3%4
and injection phenomenon of majority or minority charge carriers along the interface.** In
Figure 6 the Mott-Schotky plots for devices with a 200 nm PEDOT:Tos film are presented
for different doping of the Si substrates. A distinct peak at reverse bias is observed for all the
samples on n-doped Si. This peak is due to inductive effects which originate from the
injection of minority carriers (i.e. electrons) from the Si substrate to the PEDOT:Tos film
through the interface. This result is in accordance with the work on Stallinga et al. on the
interfacial behavior of Si and semiconducting polymer junctions.** This feature becomes more
distinct with the increase of the silicon electrical conductivity (doping) leading to an increased

injection of electrons in the PEDOT:Tos film for higher doping. On the other hand, for the p-

128



SI/PEDOT:Tos junction, the injection signature appears at forward bias. Consequently, holes
are injected from the p-doped Si substrate into the PEDOT:Tos film. In both cases, charge

exchange phenomena are observed in the Mott-Schottky graphs.
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Figure 6: The Mott-Schotky plots for the various Si/PEDOT:Tos junctions. For clarity, the inverse of
the square capacitance of the samples on n-doped silicon were normalized to their corresponding

value at 3V, while for the p-doped sample it was normalized with respect to the value at -3V.

The Voc/Isc measurements (Fig. 7) for the individual hybrid materials also confirm
macroscopically the observed charge transfer effects discussed here above. The V/ls
response of the n-SiI/PEDOT and the bare Silicon are overlapping (Figure 7a). This
observation is in agreement with the HOMO alignment and the strong charge exchange as
were verified in Figures 5a and 6 for the n-Si/PEDOT:Tos (for osi=2S/cm). Additionally, the
Voo/lsc  responce of the less conducting n-SI/PEDOT (Figure 7b) and p-SI/PEDOT systems

(Figure 7c) are also coherent with the observations in Figures 5 and 6.
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Figure 7: The I, vs V. of the separated legs for n-silicon of (a) 2S/cm and (b) 0.25/cm and for p-silicon

of 0.7S/cm

The observed charge carrier exchanges between the PEDOT:Tos film are strictly
related to a filling/unfilling of the Density of States of the two materials (i.e the PEDOT DoS
is filled and the Si DoS is unfilled). Considering the sensibility of the Seebeck coefficient to
the filling of the DoS, these findings indirectly provide an explanation to the increased
Seebeck values of the hybrid materials. Additionally, Kislyuk et al demonstrated that the
Density of States of a CdS/PEDOT system is modified with the thickness of the polymer
films.?® They reported that the UPS spectra of thinner PEDOT films on CdS are comparable
to the bare CdS spectra, while the HOMO of the PEDOT would be only measured for thicker

films. These findings are coherent with the differences in Seebeck coefficient values observed
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for the PEDOT:Tos films under study, as the value of the Seebeck coefficient is modified

with the polymer thickness (Figure 1).

To strengthen our experimental observations on the Seebeck measurements of
SI/PEDOT:Tos junctions, thermoelectric converters were fabricated using this hybrid
configurations. More details on the device fabrication are presented in the Appendix B.
Measurements in short circuit conditions were conducted inside a Faraday cage using the
same Seebeck measurement setup. For these TEGs, n-doped Si (2 S/cm) and p-doped Si (0.7
S/cm) substrates were used and 50 nm PEDOT:Tos films were deposited on top of the
substrates. The resulted thermovoltages were 1.4, 1.55 and 1.7 mV for a temperature
difference of 1 K at room temperature, and increased to 7.8, 8.8 and 11 mV for a 5 K gradient
for devices with 3, 4 and 5 legs, respectively. In order to compare the hybrid devices with the
respective inorganics, TEGs with only Silicon were also fabricated. As presented in Figure 8,
the devices with only Silicon provide a higher thermovoltage but lower short circuit current

comparatively to the hybrid devices, which is translated in lower generator internal resistance

for the hybrids.
27 ‘ 21 ‘
device 3-legs device 5-le
(a) With polymer o (b) | With polymer CD:I ax :
[ A 5K A 5K
18l . Vv 6K 14 | VvV 6K
> O 7K H O 7K
—_ N 4 8K >
< T J > 9K < li gi
e % o 10K = T K} o 10K
— o s
:w or % No polymer B | :V’ T LF a
é \@ No polymer 0 Py
o > % W < N
N T ofe s 7,
0 25 50 0 35 70
V. (mV) Voe (MV)

Figure 8: The short circuit current plotted against the thermovoltage for devices with 3(a), and 5(b)

legs, for temperature differences form 1 to 10K.
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The Power Output was subsequently calculated as the product between the short
circuit current and the thermovoltage.** Figure 9 presented the output power as function of

the temperature gradient for the TEGs examined in this study.
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Figure 7: Power Output for the various TEGs, plotted against the applied temperature difference, at

room temperature.

It is observed that the power output increased with the temperature difference in a
similar manner to the one reported in the literature for organic thermoelectric generators.>*®
The highest output power, 671nW, was obtained for the device with 5 legs at Tgir = 10K. It is
noteworthy the power output of the SI/PEDOT:Tos junctions exceeded that of the Si devices.
The origin of this feature is attributed to the higher I current measured for the Si/polymer
devices (Figure 8). Nevertheless, to our best knowledge this is a record high Power Output

for a thermoelectric generator with only 5 legs, utilizing a conducting polymer. By increasing
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the legs connected in-series the power output shall also increase, thus higher efficiencies are

expected for devices of i.e. 100 legs.

6.3 Conclusion:

In the present study, the influence of various doping Si-substrates on the Seebeck
coefficient of a SI/PEDOT:Tos junction was examined. It was shown that the Seebeck
coefficient of such junctions can be tuned in magnitude and sign depending of the Si doping
type and electrical conductivity. These findings were explained from modifications on the
Density of States of the hybrid material, which was supported by measuring devices
fabricated with different PEDOT materials and further elucidated by UPS measurements,
where charge exchange phenomena were observed. These phenomena were translated as the
migration of minority charge carriers at the interface between the Silicon and polymer. That
was justified by Capacitance - Voltage characteristics of the systems. Thermoelectric
Generators were also fabricated, utilizing these hybrid materials by putting to our advantage
the observed Seebeck modifications. The Power Output per area was increasing with the
number of legs per generator and with the applied temperature difference, thus resulting to a

record high power of 671 nW, for a 5-legs generator at AT = 10K near room temperature.
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Thesis Conclusions

The main objective of this Ph.D. thesis, the fabrication of an efficient polymer
thermoelectric material was successfully tackled. The basic philosophy of the work was to
elucidate the relationship between structure and thermoelectric/electronic properties of the
material, towards efficient thermoelectric design. Alternatively, the interfacial effects between
the polymer material and an inorganic wafer were utilized in order to fabricate a novel hybrid

thermoelectric generator.

The structure of the PEDOT:Tos systems was tuned via various different methods, all
of which had left unaffected the carrier concentration of the material. In Chapter 2, high
boiling point solvents like DMSO were added to the oxidant solution and acted as plasticizers
during the annealing step of the PEDOT deposition. As a result, the electronic and electrical
properties of the material were enhanced by a factor of 3, resulting to a Power Factor of 75

nW/mK?2,

Afterwards, in Chapter 3, the Power Factor was further increased via the simultaneous
addition of pyridine and DMSO to the synthesis. An organic base like pyridine acts as an
inhibitor to the polymerization process, slowering down the reaction process. As a result, the
crystallinity of the PEDOT:Tos material was highly increased. This lead to a simultaneous
increase of the electrical conductivity, the Seebeck coefficient and the charge carrier mobility
of the material. Hence, the Power Factor was enhanced up to 236 pW/mKZ, which is up to 10

times more than the value of the pristine material, without any additives.

The observed enhancements in the Power Factor of the material presented in the
Chapters 2 and 3 were structurally and mobility driven. Thus, it rose the question if there is a

correlation between Seebeck coefficient and the charge carrier mobility. This question was

137



answered in Chapter 4, where the Seebeck coefficient was shown to follow a mild dependence
on the charge carrier mobility. This correlation was also supported by UPS measurements
were a broadened band edge was observed for the material with the higher Seebeck
coefficient and higher degree of crystallinity. Insights on the charge transport mechanism
were also extracted from low temperature electrical conductivity measurements. All systems
were found to follow the VRH transport model, while a transition was observed at low

temperatures.

The Figure of Merit of those PEDOT:Tos materials was calculated and presented in
Chapter 5. Particularly, the structural anisotropy that was found in Chapters 2 and 3 were
resulting in an anisotropy in both the electronic and the thermal properties of the material. It
was found that the lorenz number of the PEDOT material was decreasing towards the
Sommerfield value with increasing degree of crystallinity, which agreed to the findings on the
conduction mechanism of Chapter 4. Finally, a relationship between the Figure of Merit and
the charge carrier mobility, in the in-plane direction was extracted, as a means to predict the

thermoelectric efficiency of future materials.

In the final chapter of this thesis, the PEDOT:Tos material was combined with p and n
type Silicon wafers. It was observed that the measured Seebeck value of the hybrid material
could be tuned via increasing the thickness of the polymer layer. Although the origin of this
behavior is not completely clarified, it could be appointed to interfacial charge transfer
phenomena. That hypothesis was solidified by UPS and capacitance measurements were
charge transfer in the interface of the two materials was observed. Thermoelectric generators
were fabricated by using these hybrid systems and their behavior was recorded with respect to
the temperature difference. A high power output of 671 nW was recorded for a TEG of 5 legs

and a temperature difference 10K. Comparatevely to the literature, this is the highest output
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reported for a hybrid TEG, opening the road for an alternative fabrication of novel

thermoelectric devices.

Direct perspectives of this thesis are not only to thoroughly elucidate the underlying
phenomena after the observation on the polymer/inorganic systems. A different inorganic
material could be used instead of Silicon, while doped inorganic charges could be introduced
in the conducting polymer in order to tune the properties of the hybrid material. Additionally,
further studies should be done with respect the optimized design of the hybrid thermoelectric

generator, as its dimensions are playing important role in the device efficiency.
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Appendix A: Theoritical background

A.1 Classical thermodynamic approach of thermoelectric phenomena:

Thermoelectric phenomena are characterized by a coupling between the heat flux and
the electric current in a material. Thermoelectric devices can either harvest waste heat into
useful energy or act as heat sinks upon an applied voltage. In the first case, a temperature
gradient results in the production of a voltage, the so-called Seebeck effect. As opposed, the
Peltier effect describes the presence of heating or cooling at an electrified junction of two
different conductors. Although, thermoelectric effects were discovered in the 19th century by
Johann Seebeck (1821) and Jean Peltier (1834), actual applications only appears in the
1950’s, due to the complexity to engineer thermoelectric devices'™. Thermoelectric effects are

thus a unique category of thermodynamic phenomena, where fluxes between the charge
carriers, ]_,; and heat carriers E, are intervened, resulting in coupling between the

electrochemical potential xe. and the temperature T.2* Without any temperature gradient, the
system is at equilibrium without any concerted charge carriers diffusion. Whereas, when a
temperature gradient is being applied, the “hot” carriers diffuse from the hot side to the cold

side leading to the establishment of a particle flux. For this system, the conservation of energy

(Jz being the energy flux) is described as:

E=E+ .uec']—N) 1)

Given that the heat and entropy flows are related as:

Jo=T"Js )
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The equation (1) can be transformed as:

E:T'E+ Mec']; (3)

Following the description of Onsager and Callen,* > linear relationships can be established
between the fluxes and the potentials, since wec and T are the driving potentials for the

phenomena described by equation (3):

In| _ [l Lia] [Viee
=l ] ®

The equation (4) can be transformed considering an electrical field E= —que:

I#l:[qun qL12]_ E (5)
0 Tqlyy TLyyl L—yT

q2L11 qLq,

where J, is the flux of electricity and g = Tqly,, TLy,

] is the conductivity matrix (L2 and

L,; obey Onsager's symmetry leading to Ly = Log).

If the system is not under a temperature gradient, then the equation (5) is reduced to

the Ohm’s law:

E = q2L11  E (6)

Consequently the electrical conductivity is given by:
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0= q2L11 (7)

On the other hand, if a temperature gradient is applied to the system (Figure 1b), a
coupling takes place between the heat and particle fluxes. This temperature gradient generates

an electric current which is directly related to the measured thermovoltage. Thus, by applying

a field equal to the produced thermovoltage in order to counter the particle flux (therefore ]_,\_,)

= 0), the equation (5) can be rewritten as:

qZLll E)_ CIL12 V)T = 0

Hence the Seebeck coefficient is defined as:

S

= ®)

E
VT|jy=0  qli1

Furthermore, given the same conditions, the heat flux can be rewritten as the Fourier law:

—_— L —
Jo = (-2 TqLoy + TLyy) - (=VT) ©)
in which the thermal conductivity, «, is defined as k = —qLL“ TqL,, + TL,,
11

For the case of the Peltier effect, an external applied field results in a heat flux, without the
application of an external applied temperature difference. Thus, the equation (5) can be

rewritten as:
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l, l [q L11
TqL,,

Consequently, the Peltier coefficient is defined as:

—

2 I=n (10)

ejvr=0  9Lu1

=
Il
~

Due to Onsager's symmetry, Li» = L and taking into account the definition of the Seebeck

E .
coefficient, S = — = —2 one can write:
VT|Jy=0 qly

=T (11)

Equation (13) implies the reversibility between the two sister thermoelectric phenomena, the

Seebeck and the Peltier effect.}*8

Using the relationships (8) and (10), the conductivity matrix can be re-written as:

o
2= [TSO’ k(1 + ZT)]
In which the dimensionless figure of merit ZT is defined as:

gr =597 (12)

K
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As implied by equations (4), (5) and (11), the observed thermoelectric effects are
heavily dependent of the intrinsic material properties®. Consequently an adequate tailoring of

the material properties is essential for an efficient thermoelectric converter.

A thermoelectric module is comprised of two compartments — the so-called “legs” -
where the one is conducting holes (p-type) and the other is conducting electrons (n-type)
(Figure 1). With this configuration of dissimilar materials, the current can flow in the circuit

under a temperature gradient, and hence produce power.

Heat Source

Heat Sink 4

b

S

Figure 1: A schematic representation of a thermoelectric generator. The hole conducting (p-type) and

electron conducting (n-type) thermoelectric legs are represented in red and blue, respectively.

For such thermoelectric generator, the efficiency of a thermodynamic cycle is defined as:

1=(1-%) % 13)

where W is the produced work and Qy is the provided heat, while (1 - ;—C) is the efficiency of
H

an ideal Carnot engine.
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For a thermoelectric cycle, the efficiency can be expressed as a function of ZT:3489

s = (1-79) (Fzrmh) (14)

As a result, in order to maximize the efficiency of a thermoelectric device, the figure
of merit, ZT, must be also maximized. From a thermodynamic point of view, an efficient
thermoelectric material must have low thermal conductivity and high electrical conductivity
and Seebeck coefficient, at a given temperature. The pursuit of this “balance” between the
three aforementioned properties is the very heart of the thermoelectric materials research
society. In the following paragraph, a solid state description of the parameters influencing

these properties will be presented.
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A.2 Thermoelectric properties - a general solid state physics
approach:

By using the notion of the Density of States, the electrical conductivity and the
Seebeck coefficient can be derived for thermoelectric systems. The Density of available states
or Density of States, D(E), is defined as the number of possible states that an electron can
occupy per unit volume and per energy interval. 1% Figure 2 presents a typical Density of
States diagram for a bulk crystal.'®!* Although the notion of the Density of States is a
mathematical concept, its shape and filling can be used to apprehend the electrical, electronic

and thermoelectric properties of a material.

Density of States

Ef
Energy

Figure 2: Density of States of electrons in a bulk crystal at 0 K. The occupied states are depicted with

the gray area, while the highest filled level is the Fermi Level.

In electron rich systems, quasi-continuous bands (energy levels) are formed, separated
by continuous forbidden regions called band gaps. At 0 K, the charge carriers always fill the

lowest energy level first, inside the valence band, while the highest filled energy state is called
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the Fermi Level, E;. The electronic band above the Fermi Level is called the conduction band
and the forbidden region between them is the Band Gap, Eg , as shown in Figure 3 ."%*° The
possibility of an electron to occupy a certain available state/level of these bands at an absolute

temperature T is described by the Fermi-Dirac distribution fo(E):*?

1

fo(E) = (15)

1+exp (%)
where 1 is the chemical potential and kg the Boltzmann constant.

At temperatures close to 0 K, the aforementioned chemical potential equals the Fermi level, E;

11

— Conduction band

 ie?

- ——e——__— BandGap

~— Valence band

Figure 3: Band structure of a material (at T = 0 K) with filled valence band (blue), and unfilled
conduction band with the Band Gap separating them. This band structure is representative of a

typical semiconductor or insulator.

Considering that D(E) is the number of available states that the carriers can occupy,

and that fo(E) is the probability of an electron to occupy a state, the integral of their product on
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all possible energy levels represents the actual number of charge carriers per volume in the

system, N. Hence, for T>0 and with energy E in the system:'%*

N = [”fo(E) - D(E)dE (16)

N is also called the carrier concentration or the charge carrier density, and is one of the key

parameter in order to tune the properties of semiconducting materials.

A material can be classified as insulator, semiconductor and metal depending on its
band gap and the filling of its Density of States.'*** In Figure 4 the various cases of band

structures for insulator, semimetal, metal and semiconductor are presented.

Figure 4: Band structure for a metal, (a), a semimetal, (b), a p-type semiconductor, (c), a n-type
semiconductor, (d), and an insulator, (e). With white and blue colour are the unfilled and filled states

respectively. With light-blue appear, the partially filled bands.

In metals there is a full overlap between the valence and the conduction bands (Figure

4a), while for semimetals only the bottom of the conduction band overlaps with the top of the
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valence band (Figure 4b). In both cases the band gap is inexistent and the Fermi Level exists
inside one of these two bands. On the other hand, insulators (Figure 4e) usually have a filled
valence band and a band gap above 2 eV. The fourth case, the semiconductor, is an
intermediate case between a metal and an insulator. A semiconductor has a band gap Eg < 2
eV, while differences between the filling of the two bands can result in a p- or n-type
semiconductor. When the conduction band is unfilled and the valence band is semi-filled, the
material is a p-type semiconductor (Figure 4c), and holes (the absence of an electron) are the
major charge carriers. On the opposite, a semiconductor that conducts electrons is
denominated as n-type (Figure 4d). Its valence band is fully filled and there are also filled
states in the conduction band. This partial filling of bands in semiconductors allows to finely
tune the band structure. This tuning can occur either by filling/emptying the states or by

modifying the shape of the Density of States.’**

The effect of those modifications in D(E) become apparent to the macroscopic
properties of the materials, when they are expressed as a function of the Density of States.

The electric current, J, (A/m?), can be re-expressed as:*?

I :%-fvz -r-(qe%)D(E)dE +§-fv2 -T'(%)D(E)dE (17)

where € is the one-dimensional field E | t is the relaxation time and v the drift velocity of the

charge carriers in the system.

Equation (17) can also be reformulated as:

ON
Je =q"N-pe-e+q-a-— (18)

where, N, is the carrier concentration as defined in equation (16), u. is the charge carrier

mobility (m%/Vs) and a is the carrier diffusivity (m?/s).
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Equation (18) is also called the drift-diffusion equation'?. In the first part of this relationship,

the electrical conductivity can be identified as
o=q"N-u (19)
where:

d
_ () o

he = T hE @ (20)
Consequently the electrical conductivity can be defined as:
_ a4, (®. 2. .(%%).
0 =3 fo ve-T (a;) D(E)dE (21)

The importance of the shape and the filling of the Density of States to material
properties is highlighted in the extracted relationships for electrical conductivity and charge
carrier mobility. Practically speaking, the electrical conductivity of a semiconducting material
can be increased either by increasing the carrier concentration (i.e. the filling the states) or by
increasing the carrier mobility. Considering that the carrier mobility is the measure of the
mobile properties of individual electrons in the system, tuning of u. can be achieved by
modifications of the material structure. For example, the mobility of an amorphous
semiconductor is lower than the mobility of a semi-crystalline or crystalline one as the

amorphous material exhibits more structural defects inhibiting the transport of electrons.
Furthermore, following equation (18), the diffusivity of the charge carriers can be written as:

31 vi T foD(B)AE KT
1.° fo(E)-D(E)AE q

a = Ue (22)

Equation (22) is called the Einstein relationship and correlates the mobility with the

diffusivity. This equation is only valid when the distribution function follows a Boltzmann

distribution law.'21>16
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Additionally, the Seebeck coefficient can be derived from the Onsager relationships that

connect S with o, so S is written as:

~ qir'f:o UZ.T.(E_H)-(%)-D(E)dE

S [ v2r(SL2)-pE)aE

(23)

The influence of the Density of States on the Seebeck coefficient is also evident in the
relation (23). But, in contrast to the electrical conductivity, the Seebeck coefficient appears to
have a strong dependence to the position of the chemical potential with respect to the Density
of States, as implied by the (E-x) term inside the integral. Effectively, equation (23) shows
that the Seebeck coefficient is a measure of the average energy of a carrier above the chemical
potential under open circuit conditions, weighted against the differential electrical

conductivity at each energy level.*?

At low temperature close to 0 K, the value of the chemical potential is close to the
Fermi Level. Thus the charge carrier density N(E) is equal to the Density of States, D(E).
Additionally to these assumptions, if metallic conduction is also assumed, equation (21) can

be re-written as:'*#!"1®

2

o =0o(E,T) =%-%-D(E) (24)

where o(E,T) it the Mott's energy dependent electrical conductivity.

With the same assumptions of low temperature and metallic conduction, the mobility can be

re-written as energy dependent:

2

v T (25)

kp'T

He(E,T) =3

and the diffusion coefficient:
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a(E,T) ==-v?-1 (26)

Wl

Subsequently, the Seebeck coefficient is derived as:

. 11'_2 ) kg?T _(9n(a(E))
S(ET) =52 ( - )E=Ef 27)
which can be re-written as:'#1"8
_ kg?T _ 1 _a(ue(E,T)) 1 a(p(E,M)
SEET) = 3 q <(ue(E,T) OE )E=Ef + (D(E,T) OE )E=Ef (28)

Consequently the Seebeck coefficient is analogous to:

e the slope of the Density of States at Fermi Level

e the slope of the energy dependent "metallic" mobility at Fermi Level

Following these arguments, the DoS slope for a metal is close to zero, resulting in low

Seebeck coefficient, as shown in Figure 5a. For a semimetal and a semiconductor, both the

value and the sign of the Seebeck coefficient is adjusted by tuning the position of the Fermi

Level with respect to the Density of States, as shown in Figures 5b-5d. If the slope is

negative at the Fermi level, like for the n-type semiconductor (Figure 5d), the Seebeck

coefficient is negative. On the other hand, a p-type semiconductor has a positive slope and

thus a positive Seebeck coefficient.**4*?
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(a)

Figure 5: The band structure at T close to 0 K for a metal (a), a semimetal (b), a p-type semiconductor
(c), and a n-type semiconductor (d). The red line is representative of the slope of the Density of

States at the Fermi Level. The figure is adapted from Kittel et al. *°

Nevertheless these relationships are only effective at T close to 0 K. When the
temperature starts to increase, the chemical potential is shifting away from the Fermi Level
due to the presence of defects in the material (e.g. structural defects). These defects modify
the distribution of carriers in the different states (i.e. the Fermi-Dirac distribution).""** As a
result, the equations (24)-(28) are strictly valid at low temperatures close to 0 K and energies

near the Fermi position.
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A.3 Charge transport in t-conjugated systems:

The field of polymer electronics was given birth by the discovery of Shirakawa, Mac
Diarmid and Heeger in 1977, that oxidized conjugated polymers could behave electrically as a
metal. Upon exposure to iodine vapors, the doped polyacetylene (Figure 6a) become as

electrically conductive as typical metals, like copper. '9%%

@ A~ ) [\
ltg-:;‘;;ﬂyknc \ /" Polythiophene ’
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Figure 7: Typical semiconducting polymers®

Since then, many other polymer architecture have been synthesized, bearing similar electrical
properties to that of polyacetylene, like polythiophene, polypyrrole and poly
(paraphenylvinylidene) (Figure 6b-6d). All these polymers have a common structural

characteristic; they are all m-conjugated systems.

In a m-conjugated system, the electrons of the carbon molecules of the units are
delocalized in an extended n-system due to the double bonds (like in Polyacetylene) or benzyl
groups (like in PPV). 12 This electron delocalization is prerequisite for the expression of the
electronic properties of the polymer, as systems with electron delocalization exhibit a
(semi)conducting behavior. In fact, these n-bonds where the electrons are delocalized are the
HOMO of the material and the n*-anti-bonds are the respective LUMO. If the band gap of the

organic substance is too large, like for ethylene or a simple benzene molecule (bang gap >
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4eV), the material is insulating. For a conjugated chain, the extension of each w-7* bond in
the system results in the recombination of the unit n-orbitals, which is electronically translated
to the addition of states to the HOMO and the LUMO. Consequently, the band gap is being

reduced and the material acts a semiconductor.’%%*%°

Hence, Polyacetylene, due to its structure of alternated =-bonds, is intrinsically
semiconducting. Upon oxidation with iodine vapors, radical ions are formed on the
polyacetylene chain, which are called solitons (Figure 7). The solitons add extra states to the
HOMO-LUMO levels, lowering even more the band gap of the polymer. Hence the polymer

shows increased electrical conductivity associated with a metallic behavior.?22%%°

Figure 7: Polyacetylene (upper) and the formed solitons on the chain upon oxidation (middle and

down) %

On the other hand, materials like undoped polythiophenes are not intrinsically
semiconducting and they have to be doped in order to achieve a semiconducting (or
conducting) behavior. In such un-doped polymers, the electrons are only localized in the z-
orbitals of their unit. When the chain is oxidized (for a n-doped polymer) or reduced (for a n-
doped polymer), an electron is taken (for p) or given (for n) to the polymer units.
Consequently, the thiophene rings configuration is changed to the quinoid form (Figure 8), so

the newly formed double bonds enable the recombination of the w-orbitals, extending the =n-
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system along the chain. As a result, the charge carriers (holes in p-type and electrons in n-
type) are being delocalized in the doped polymer chain, which reduces the band gap and

grants to the material a semiconduncting behavior.'%232>30

- _
o —

Aromatic Quinoid

Figure 8: Aromatic to quinoid form for various semiconducting polymers.*

The charge carriers that are formed in these extrinsically semiconducting polymers are
called polarons or bipolarons. Upon the redox doping, the chain conformation changes from
an aromatic to a quinoid form, leading to a chain lattice relaxation; a polaron. In z-conjugated
systems, a polaron extends over three monomer units (Figure 9) and assists in the extension
of the n-system. As a result, electronic states are added in the HOMO and the LUMO levels

(Figure 10), and are referred to polaron bands.?*?303!
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Figure 9: Formation of a polaron (center) and a bipolaron (left) for an oligothiophene *.
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Figure 10: Band structure of 1 polaron (left), 2 polarons (center) and one bipolaron (right)

Additional doping of the system results in formation of bipolarons instead of multiple
polarons. When a second polaron is being formed in a chain, a bipolaron is spontaneously
created (Figure 10). A bipolaron is an extended lattice relaxation that gives an energy 4Ex to
the system, which is larger than the repulsion between the two ions. Hence, it is
thermodynamically more favorable to form a new polaron besides the already existing
polaron of the chain, than to anywhere else in the chain. Therefore, a bipolaron band of higher
energy is formed (Figure 10). At even higher dopant concentration, the number of bipolarons
is further increased, resulting in the formation of widened bipolaron bands in the material

(Figure 11). 24231

izeVv

Figure 11: Evolution of the polypyrrole band structure upon doping: (a) low doping level, polaron
formation; (b) moderate doping level, bipolaron formation; (c) high (33%) doping level, formation of

bipolaron bands %
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All these electronic states (solitons, polarons or bipolarons) formed in the system,
constitute the Density of States of the polymer, which is filled with the redox processes. At
low dopant concentration, the DoS of the polymer resembles that of a conventional inorganic
semiconductor. On the other hand, when the doping is increased (and the band gap is
decreased), the polymer DoS resembles that of a metal or a semimetal. In these synthetic

metals, the HOMO of the highly doped polymer is the work function of the material.?**>*°

The formation of those energy bands, should result in band transport mechanism of
the charge carriers between the different energy bands in the polymer material. But band
transport prerequisites to have a perfect crystal in the material, which is not the case for
polymers. In reality, the main charge transport mechanism is the thermally activated hopping
transport in which the charge carriers 'hop' between the different units in an interchain and

intrachain level (Figure 12),102123:%8
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Figure 12: (a) Hopping transport in a conducting polymer of low degree of crystallinity, where the
hopping transport occurs mainly in one direction. The red and the blue arrows show the hopping of
the charge carriers between the metallic islands at the interchain level and at a intrachain level,
respectively. (b) Hopping transport in a higher crystallinity system where a 2-D hopping behavior

becomes more dominant.
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These hopping sites are the extended n-systems formed between the chain units, which
are inherently conducting. In highly doped conducting polymers, these conducting formations
are called “metallic” islands and are dispersed inside the amorphous polymer matrix.*
Concerning the DoS of the polymer, the distribution of these metallic islands in the
amorphous matrix heavily affects the shape of the Density of States. Consequently, the
electronic structure and electronic properties of doped polymer materials are highly dependent

on the structural properties such as the degree of crystallinity and the chain orientation.

In a material with a high degree of crystallinity, n-orbitals are able to be recombined,
resulting in a much extended n-system. Hence, larger “metallic islands” are formed in the
amorphous insulating matrix and charge carriers are more mobile in the material. Also, the
chains with a higher conjugation length benefit from the intrachain hopping transport
resulting in an enhanced charge carrier mobility. On an interchain level, the hopping transport
occurs either normal to level of the chain backbone or out-of-normal to the polymer
backbones. The latter configuration is more beneficial to charge transport since the n-orbitals
are at a closer distance leading to an increased hopping between the sites. Hence, the charge
carriers are more mobile along the n-stacking distance, which is usually equal to 3.4 A.** In a
conducting polymer material where all three aforementioned structural parameters are being
satisfied at the intrachain and interchain levels, the w-orbitals recombine into a much extended

n-system (Figure 13), called a “bipolaron network”.®
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Figure 13: A “bipolaron network”. (a) A semicrystalline doped polymer, where bipolarons are the
charge carriers. (b) The same polymer depicted with the m-orbitals of the individual doped
conjugated chains (in blue). The m-orbitals of the various chains recombine (c), extending the m-
system. Finally, due to the high crystallinity of the doped chains, the various m-orbitals overlap,

resulting in a much wider m-system (d), a bipolaron network.”"*>

From a thermoelectric point of view, that ideal conformation of the "bipolaron
network" benefits the Seebeck coefficient of the material. The Mott's equation on
thermoelectricity (equation 27) dictates that the Seebeck coefficient of a material is analogous
to the slope of the DoS at the Fermi Level. In a doped conducting polymer with a “bipolaron
network”, the band edge is broader due to the extended w-system. Hence, the slope of the DoS

at Er is steeper and the Seebeck coefficient of the material is higher.

Of course, for thermoelectric optimization, doping levels of the material must be also

considered. Increasing the carrier concentration will add more states to the HOMO, narrowing
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the band gap. Thus, the slope of the DoS will be decreased, resulting to a lower Seebeck
coefficient of the material. Consequently, proper and detailed material design is needed in

order to achieve high performance thermoelectric materials.**

In most highly conducting systems, like poly(3,4-ethylenedioxythiophene), the
electrical conductivity of the material follows the thermally activated variable range hopping

(VRH) model, proposed by Mott (equation 29).433

Toyp
=)

o =0, e (29)

In this equation, the prefactor o, has a negligible temperature dependence, while the
parameter T, is related to the Fermi position of the polymer and the localization length of the

polymer charge carriers on the chains. The parameter p is connected to the dimensionality, d,
of the hopping transport (p = ﬁ) and can take a value between 0.5, 0.33 and 0.25 which

correspond to 1-D, 2-D and 3-D hopping transport. This dimensionality is an indication of the
preferential hopping direction of the charge carriers.>***3" Due to their semicrystalline nature,
conducting polymers are effectively 3-D systems. Nevertheless, in highly crystalline
materials, the hopping transport occurs either mainly along the n-stacking (thus resembling a
1-D behavior) or both along the n-stack and along the chain backbone (resembling a 2-D

system).*®3°

In the case of p=0.5, the model is called Efros-Shklovski and the parameter T, of

equation 29 is written as:

Ccq?

ES erkpé

(30)
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where ¢ is the dielectric constant, C=9.6, a numerical constant and ¢ is the charge carrier

localization length.*®4%4!

The charge transport behavior of most reported amorphous conducting polymers like
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) was successfully
described by this model.**%"%%> Of course, there are case studies of deviations to the general
VRH model®*. For example, at low temperatures (<50K), systems of low doping, like
PCDTBT, the coulomb interactions between the electrons become significant and the J-V
curves that are used to calculate the electrical conductivity do not follow the typical linear
Ohm's law. Instead, the polymers behaves as a one dimensional Luttinger liquid at these low

temperatures. Thus, the electric current density is accordingly modified:

qV
TL'kBT)

J = JoT**%sinh (V:TVT) r+%+iy (31)

where a is an experimentally derived parameter, Jo and y are fitting parameters, while q and kg
are the electric charge and the Boltzmann constant respectively, and T" is the gamma
function®®.0n the other hand, systems of higher degree of crystallinity and doping may follow
a (UT)° law, instead of an exponential behavior. Hence, the material shows a linear or

constant trend in the o over T graphs.®

Besides the charge transport mechanism, information on the behavior of the
conduction of the system is also obtained from those plots. Particularly, a doped
semiconductor can belong in three distinct conduction behavior regimes, depending on its o
over T law; the metallic regime, the critical regime and the insulating regime of Mott's Metal-

Insulator Transition (MIT).** In order to distinguish the material behavior, the reduced
dlnc

activation energy W, (W = %) must be plotted against the temperature. The slope of the

plot defines in which regime of MIT belongs the material. The material belongs to the
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metallic regime, the critical and the insulating regime of MIT when the slope is positive,
constant and negative, respectively. Most semiconducting materials, and thus most
semiconducting and conducting polymers, fall into the insulating regime of the MIT. In
specific case studies of heavily doped or high crystallinity systems, the material falls in the
metallic regime or the critical regime, hence resembling the electrical behavior of a metal or a

semimetal respectively.#444
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Appendix B: Experimental Section

B.1 Materials and Processing:

e PEDOT:Tos formulations:

The oxidant solution (40% in 1-butanol) was purchased from Heraus (Clevios B40),
while EDOT, its derivative, 2-methanol-3,4-ethylenedioxythiophene (HOM-EDOT) and all
other additives and solvents were purchased from Sigma-Aldrich and used without further
purification. In case of high boiling point solvent-containing films, the various solvent
additives were introduced in the oxidant solutions before EDOT addition, at a constant
volume fraction of 5% v/v with respect to the solution volume. When pyridine is incorporated
in the formulation, pyridine was added in the Fe(Tos)3 oxidant solution in a ratio of 0.5 mol of
pyridine to 1 mol of oxidant. For the samples including both pyridine and solvent additives,
the solvent additives were added in a volume fraction of 3% with respect to the oxidant

solution volume.

All oxidant/additives solutions were stirred for 12 hours in ambient conditions and
stored at 4°C for subsequent use. The EDOT monomers were added to the Fe(Tos); oxidant
solution with an oxidant-to-monomer ratio equal to 2.3:1 based on the fact that 2 moles of
oxidant are needed to polymerize the monomer, plus 0.3 moles to dope the system. The
oxidant/EDOT dispersion was spin-coated on 15x15 mm glass substrates at 1.5 krpm for 30s
to form 180 nm thick films. Films were thermally annealed at 100°C for 15 min to initiate the
polymerization reaction. Afterwards the films were sequentially washed with 1-butanol and
ethanol, to remove the remaining oxidant, and dried under nitrogen flow. Films were further

dried under vacuum overnight.
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e Materials for device fabrication:

Poly(vinylidenefluoride-co-hexafluoropropylene) (P(VDF-HFP)) and 1-ethyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)amide  ([EMI][TFSA]) used for the
fabrication of the electrolyte gated transistors were purchased from Sigma-Aldrich. LiClO,4
and Propylene Carbonate used in chronocoulometry experiments were purchased as well from

Sigma-Aldrich.

Before the polymer deposition, the silicon or glass substrates were washed in baths of

acetone, isopropanol and ethanol for 15 min per washing step.

B.2 Methods and Characterizations:

e Electrical conductivity measurement

Sheet resistance, R, was measured directly on the film surface via a 4-point probe set-
up utilizing a Lucas Lab S-302-4 station having R recorded with a Keithley 2450. The film
thickness, t, measured with a Dektak XT stylus profilometer allowed calculation of the

electrical conductivity via o = 1/(R..t).

e Seebeck coefficient measurement

The Seebeck coefficient was measured in a thin film geometry with a homemade
setup® utilizing two tungsten-pins to measure the voltage, V, (Keithley 2450), whilst the
temperature, T, was recorded with 2 T-type thermocouples (Omega T-08). Substrates were
coated with four 100 nm Au electrodes to ensure proper electrical contact. Temperature

gradients were directly controlled through Peltier plates below the samples fixed using
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thermal pastes. Applied gradients were between 0-5°C at room temperature and the resulting

VIT slope was calculated as the Seebeck coefficient.

To minimize the potential errors on the Seebeck coefficient determination, the
measurement configuration was optimized following a methodology described by van Reenen
et al.? Consequently the geometry of the Au electrodes and the channel length (gap between
the Au electrodes) were chosen such as the channel and electrode aspect ratios (defined as the
ratio of the electrode width to the channel and electrode length, respectively) are lower than 1.
This geometrical configuration allow to minimize errors on the Seebeck coefficient

determination.? The device configuration and dimensions are presented in Figure 1 and Table

1.
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Figure 1: (top panel) The geometry of the used device for the thermoelectric measurement (with
yellow the gold electrodes), (bottom panel) with the polymer on top (blue). The depicted dimensions

are presented in Table 1.

169



Letter | Dimension (mm)
A 12

B 25

a 2

b 1

c 2

d 5

e 8

Table 1: Configuration used for the thermoelectric measurements of the PEDOT:Tos thin films.

To further asset the validity of the Seebeck coefficient determination, Ni foil was used

for calibration of the Seebeck measurement set-up. In Figure 2 the thermovoltage vs.

temperature gradient for Ni foil calibrant is displayed. Value of the Seebeck coefficient

obtained for this material was 19.5 + 0.2 pV/K which is in accordance with reported values in

the literature.® Also, in order to reassure that there is not any errors to the measurement of the

Silicon and hybrid materials due to dissipated heat, the high Seebeck coefficient of those

systems was also measured under vacuum and no discrepancies were found with the results

obtained in ambient conditions (Figure 3).
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Figure 2. Thermovoltage versus temperature gradient for Ni foil calibrant. The dashed line is

the linear fit, whose slope is used for the Seebeck coefficient calculation.
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Figure 3: Thermovoltage vs the temperature difference for PEDOT:Tos on Silicon measured under

vacuum and ambient conditions. The thickness of the PEDOT:Tos sample was 200 nm and its

electrical conductivity, 1222 S/cm.
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e In-plane charge carrier mobility measurement

Electrolyte-gated transistors were fabricated and used for the calculation of the in-
plane mobility of the PEDOT:Tos thin films.* On top of the PEDOT:Tos thin films deposited
on glass substrates, gold electrodes of 100 nm were evaporated via thermal evaporation for
the transistor source-drain and the gate electrodes. The device capacitative effect of the gate
electrode was taken into consideration in device fabrication.>® Afterwards, an ion gel solution
in acetone comprised of P(VDF-HFP) and [EMI][TFSA] was drop-casted and then annealed
for 1 hr at 50°C to remove the excess solvent. The ion gel film had a 6 pm thickness. If the
transistor device was considered as an OFET, then mobility would be calculated following the

relationship:

—49a L
T dve w ()

using the slope of the linear region. However, the dedoping procedure that is observed in
conventional devices does not happen in a monolayer of PEDOT:Tos, (as in the case of top
gated OFET), but it occurs in the bulk of the transistor device. Hence, the transistor should be
considered as an Organic Electrochemical Transistor (OECT). This might result in an
overestimation of the value of the charge carrier mobility. Consequently, the equation for the

calculation of mobility should be re-visited. If Qc, is the charge in the OECT channel:

Ip = —=Qcn/ter (2)
where Ip the drain source and t; the transit time in the channel (¢t = £ with L = 50um the
channel length, Vp the drain voltage and  the charge carrier mobility).

Consequently, the charge passing from the channel is equal to

172



Qen =—C- (Vs —Vrp) 3)
where C is the capacitance, Vr and V¢ the threshold and gate voltages.

Hence, the charge carrier mobility can be extracted as:

c
ID:H'L_Z'(VG—VT)'VD (4)

A Princeton Potensiostat was used for the calculation of the polymer capacitance.

To further elaborate the differences between the two methods (OFET and OECT), the
charge carrier mobility of the commercial PEDOT:PSS was calculated from electrolyte-gated
transistors. Due to the difference in capacitance between gold and gold/PEDOT, the device
would be able to turn off for lower gate voltages, allowing the correct estimation of the charge
carrier mobility of PEDOT:PSS. These features become clear in the Figure 4. In Figure 4a,4c
and 4b,4d are presented the output curves and transfer curves of the devices fabricated with
PEDOT:PSS treated with DMSO. The curves of Figure 4a and 4b represent devices
fabricated only with gold as the gate electrode and the Figure 4c and 4d are extracted for
devices where PEDOT is added to the gate electrode. As observed in Figures 4a and 4c, the
latter devices are able to turn off in lower gate voltages, allowing a correct estimation of the

charge carrier mobility.
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Figure 4: The output curves of transistor devices of PEDOT:PSS where the gate electrode was gold (a)
and where PEDOT was also included in the gate electrode (c). The respective transfer curves (b) and

(d) are also presented.

Using equation for a ion-gel capacitance of 10 pF/cm?, a channel length of 50um and
a channel width of 1.5mm, the mobility is calculated as x = 0.6 cm?/Vs. This value is in the
same order of magnitude to the one reported from Wei et al *. However, when equation (4) is
used for the new devices, the calculated p would be quite different. For a PEDOT layer
capacitance of around 7.5 pF (as in Chapter 2) the new charge carrier mobility is 3.3x10™
cm?Vs, which is three orders of magnitude lower. Additionally, when devices of
PEDOT:PSS without DMSO are fabricated, the calculated mobility is equal to 7.8x107°
cm?/Vs, which is also three orders of magnitude lower than the value (0.045 cm?/V/s) reported

by Wei et al %. These new values on the charge carrier mobilities of PEDOT:PSS allow the
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calculation of the charge carrier concentration of the material, N, as 1.15x10% carriers/cm?,
which is also three orders of magnitude higher. This overestimated values of u for
PEDOT:PSS might lead in misinterpreted correlations between charge carrier mobility and

other material properties , i.e. the Seebeck coefficient .

e OQut-of-plane charge carrier mobility measurements

Sandwich-like devices were fabricated for the calculation of the out-of-plane charge
carrier mobility of the PEDOT:Tos thin films, following the report of Rutledge et al.” The
PEDOT:Tos films were deposited on top of ITO and consequently Al electrodes (100nm)

were evaporated on top of the polymer films.

e Chronocoulometry

For the chronocoulometric analysis, a Princeton Versastat 3 setup was used. An Ag
electrode was used as a counter electrode. The same device geometry as the Seebeck
measurement was used to connect the sample to the voltage source. The PEDOT film and the

counter electrode were bathed in a 0.1M LiCIO4 solution in Propylene Carbonate.

e Out-of-plane thermal conductivity

The calculation of the out-of-plane thermal conductivity was made through heterodyne
picosecond thermoreflectance in the Laboratoire Ondes Matiere d'Aquitaine (LOMA). A
metal layer of silver with diameter 2mm is deposited on the PEDOT:Tos films. Two

femtosecond oscillators were used as pump and probe beams. Their repetition periods are
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slightly different and the two beams are focused on the sample with a microscope objective;
their wavelengths can be adjusted independently. The probe beam is detected with a
photodiode and the signal is recorded by a digital oscilloscope. A beam splitter deviates a part
of the two reflected beam to a photodiode to obtain a synchronization signal. Subsequently,
the thermal conductivity was extracted through optimization of the fitting of the experimental
signal with a theoritical thermal model on the thermal conductivities of the active layer and

the metal film.®

e Grazing Incidence Wide Angle X-ray Scattering GIWAXS

The internal structure of the PEDOT:Tos thin films was probed using Grazing
Incidence Wide Angle X-ray Scattering (GIWAXS). GIWAXS measurements were
performed on the Dutch-Belgian Beamline (DUBBLE CRG), station BM26B, at the European
Synchrotron Radiation Facility (ESRF), Grenoble, France.” The energy of the X-rays was 12
keV, the sample-to-detector distance and the angle of incidence, a;, were set at 11 cm and
0.16°, respectively. The diffracted intensity was recorded by a Frelon CCD camera and was
normalized by the incident photon flux and the acquisition time (30 s). Flat field, polarization,
solid angle and efficiency corrections were subsequently applied to the 2D GIWAXS
images.'® The scattering vector q was defined with respect to the center of the incident beam
and has a magnitude of q = (4n/M)sin(0), where 26 is the scattering angle and 1 is the
wavelength of the X-ray beam. Herein we opted to present the wedge-shaped corrected
images where g, and g are the in-plane and near out-of-plane scattering vectors, respectively.
The scattering vectors are defined as follows: qx = (2n/4)(cos(20r)cos(as)-cos(ai)), Oy =
(2n/2)(sin(265)cos(a)), 0, = (2m/A)(sin(as)+sin(ai)), 02 = Ox* + 2, where oy is the exit angle in
the vertical direction and 26 is the in-plane scattering angle, in agreement with standard

GIWAXS notation.*
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e Ultraviolet photoelectron spectroscopy UPS

UPS measurements were carried out in a UHV surface analysis system equipped with
a Scienta-200 hemispherical analyzer. The base pressure of a sample analysis chamber is 2 %
10® mbar. UPS was performed using a standard He-discharge lamp with Hel 21.22 eV as

excitation source and an energy resolution of 50 meV.

e Device fabrication for capacitance measurements of PEDOT/Silicon systems

Upon deposition of the PEDOT:Tos films on top of 15x15mm silicon substrates, Gold
(100nm) electrodes were evaporated on both sides (top and bottom) of the film.*? The bottom
electrode fully covered the silicon in contact, while on the top of the PEDOT films four
electrodes were evaporated with dimensions depicted in Figure 5. The capacitance was

measured with a SI 1260 Impedance/Gain-Phase Analyser.

Figure 5: The device configuration for the capacitance measurements. a=0.2cm, b=1cm, c=0.275cm,

d=0.25cm. With yellow are depicted the gold electrodes.
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e Thermoelectric generators

Top view

Side view

Figure 6: Schematic representation of the prototype thermoelectric generator.

Thermoelectric converters were fabricated for demostration of the phenomena
reported in this study. PEDOT:Tos was deposited on top of the n and p doped silicon wafers.
The PEDOT+Si wafers were then cut with diamond cutter in dimensions 25x3mm. The legs
were stuck with glue on top of a glass substrate and the connection between the legs was
being made by carbon paste. To further asset the device functionality, the short circuit current
was measured for each device configuration. The measurement took place in the same setup

used for the Seebeck measurement inside the closed Faraday cage.
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Appendix C:

C.1 Optimization of the PEDOT:Tos synthesis.

C.1.1 Introduction:

In-situ polymerized Poly(3,4-ethylenedioxthiophene) was first reported by Jonas et al,
who were working for Bayer in 1991," as an antistatic coating. Its synthesis was presented in
details the later years, highlighting the importance of a rigorous and detailed synthetic route
for an electrically efficient material.>” PEDOT can be obtained either by in-situ oxidative
polymerization, or electrochemical polymerization or by oxidative dispersion
polymerization.? In the present Ph.D., the PEDOT was synthesized with oxidative in-situ
chemical polymerization using iron p-toluenesulfonate as oxidant, resulting to the

PEDOT:Tos derivatives exhibiting high electrical and thermoelectric performance.®*!

C.1.2 Results and discussion:

The in-situ oxidative chemical polymerization of EDOT is a rather simple but rigorous
synthetic procedure, as a deviation from the experimental protocol leads to low performance
PEDOT films. Upon adding the EDOT monomer to the FeTos solution (40% in n-butanol,
purchased as Clevios B40 from Heraus), the dispersion is spin coated at 1500 rpm for 30s at a
800 rpm/s? acceleration rate. The resulted thin films were annealed on a hot plate (100°C) in
ambient conditions for 15 min. Afterwards the films were bathed subsequently in n-butanol
baths (twice) and in an ethanol bath for 5 min each. The role of the bathing steps is to remove

the unreacted and insulating oxidant that remained after the end of the polymerization.
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Considering that the FeTos used in the synthesis was dissolved in n-butanol, this solvent is
chosen as a first bathing step. The second and third bathing steps are added to further remove

any remaining oxidant. After the bathing steps, the films are dried with Nitrogen gas.

The most important step of the synthetic route for the production of PEDOT:Tos films
is the stoichiometric addition of EDOT to the oxidant solution.>® The oxidation procedure
under the presence of Iron p-toluenesulfonate (FeTos) oxidant is presented in Figure 1. Upon
oxidation, a free radical is formed on the EDOT monomer, which further reacted to form
EDOT dimers leading susbsequently to PEDOT chains. The ratio between the EDOT

monomer and the oxidant should follow a stoichiometric ratio of oxidant/EDOT = 2.3.
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Figure 1: The oxidative polymerization of EDOT to PEDOT using Iron Toluenesulfonate oxidant. The

effect of a base like Imidazole is highlighted.’

This stoichiometry originates from the fact that two equivalent moles of oxidant are
needed to open the aromatic ring of the EDOT monomer, forming the radical ions, and the 0.3
equivalent moles are used to dope the material. Any declination from this ratio would result in

either underdoped or overdoped PEDOT material which would not have the optimum
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electrical properties.”” This is clearly observed in Figure 2, where the electrical conductivity
of the in-situ polymerized PEDOT:Tos films is plotted against the Oxidant/EDOT ratio. The
Electrical conductivity of the in-stu synthesized PEDOT:Tos films appears to reach an
optimum peak around the 2.3 ratio, which is in agreement with the theoretical stoichiometry.
However, the Seebeck coefficient of the polymer films seems to not be significantly affected

by this ratio.
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Figure 2: Electrical conductivity and Seebeck coefficient vs Oxidant:EDOT ratio.

As highlighted by Ha et al.’and Winther-Jensen et al.*?

, an organic base like imidazole
or pyridine can inhibit the oxidative polymerization of PEDOT. During the oxidative
polymerization, free protons are released in the media and accelerate the polymerization
procedure. Hence, organic bases act as proton scavengers and inhibit the polymerization
kinetics, allowing the synthesis of longer PEDOT chains and films with more efficient

electrical properties.>*® However, an excess addition of the organic base to the oxidant

solution might be detrimental for the PEDOT:Tos electrical performance. As the mole ratio
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between the base and the oxidant increases, the polymerization is hindered and eventually

stopped (see Figure 3).
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Figure 3: The electrical conductivity of PEDOT:Tos thin films versus the mole ratio between the

organic base and the oxidant.

The pKa of an organic base can act as a means to compare the ability of an organic

base to capture a free proton. Hence, various organic bases (Table 1) were added to the iron

toluenesulfonate solution, in order to study the proton scavenging effect on the electrical

properties of PEDOT:Tos. All bases were added in a ratio of 0.5 mol of base to 1 mol of

oxidant. As observed in Figure 4, an increase of the pKa of the organic base has a beneficial

effect on the electrical conductivity.
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Organic base pKa Ty o S ux10™ o (with addition of

(°C) (S/cm) (LV/K)  (cm?/Vs) DMSO) (S/cm)

2,6 di-tert- 3.58 100 450+20 n.d. n.d. 890+10
butyl-pyridine

Pyridine 525 115 551+10 40+5 6.9+0.3 1220+32
2-ethylpyridine  5.89 149 683+30 4344 7.4+0.4 1000£12
4-ethylpyridine  6.08 168  770+40 n.d. n.d. 950422
2,6 lutidine 6.60 144  800+50 4443 8.9+0.5 1400+150
Collidine 7.40 170 855+40 45+5 9.0+0.3 1100450

Table 1: The various organic bases used for the synthesis of PEDOT:Tos thin films and their respective

pKa and boiling points. Thermoelectric properties are reported as well. (n.d. non determined)

20— 77— 7060

800 30

Electrical conductivity (S/cm)
Seeebeck coefficient (uV/K)

400 s 1 s 1 s 1 s 1 s 1 s
5,0 55 6,0 6,5 7,0 7,5 8,0
pKa

Figure 4: Electrical conductivity and Seebeck coefficient versus pKa for the various PEDOT:Tos thin

films synthesized by the addition of the different organic bases.

Additionally, the Seebeck coefficient seems to be slightly improved by the addition of
the various bases. However, from Table 1 it appears that organic bases with high pKa also

have a high boiling point. The main solvent being n-butanol (T, = 117°C), the bases with a
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boiling point above this value also act as a plasticizer.***> As a result, for organic bases with
pKa higher than that of , it is not clear whether the observed enhancement of ¢ is due to the
proton scavenging effect of the base or to a plasticizing effect. Nevertheless, this information

can used in order to synthesize a highly conducting PEDOT:Tos material.

The increased conductivity of pyridine formulated samples has been shown to be
inherent to a higher charge carrier mobility. Consequently, electrolyte gated transistors were
fabricated in order to evaluate the charge carrier mobility as a function of the base used in the
formulation. The calculated mobilities are summarized in Table 1 and it appears that the
addition of the organic bases is beneficial for the charge carrier mobility, in agreement with

the observations reported in the Chapter 3.

C.1.3 Conclusions:

The in-situ synthesis of PEDOT:Tos thin films was studied in order to produce films of high
thermoelectric performance. The importance of the stoichiometry between the oxidant and the
EDOT monomers is underlined in order to retrieve a highly conducting PEDOT:Tos film.
Besides it was shown that organic bases can act as proton scavengers during the PEDOT
polymerization, which appears beneficial to the film properties. Finally, the organic bases can
be combined with a high boiling point solvent additive, like DMSO, in order to lead to highly
conducting and thermoelectrically efficient films. Hence, films treated with 2,6 lutidine and

DMSO exhibited a 6=1400+150S/cm, S=48+6uV/K, and a Power Factor of 322+75 pW/mK?.
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C.2 Hydroxymethylated PEDOT derivatives as
thermoelectric material.

Preface:

In this chapter the structural and electrical properties of a Hydroxymethylated PEDOT
derivative are investigated. The presence of the hydroxymethyl group attached to the PEDOT
unit is expected to modify the crystallization behavior of the polymer, and thus a tailoring of
the electrical properties of the material in the thin film configuration. The synthesized
P(HOM-EDOT):Tos films had an electrical conductivity of 150 S/cm, lower than the 230
S/cm obtained for PEDOT:Tos films. The decrease in the electrical conductivity is related to
an increase in the n-r distance due to the hydroxylmethyl moities. Additionally, a shift in the
S(2p) position of the Tos XPS spectra indicated the existence of weak hydrogen bonds
between the polymer chain and the Tos counter-ions. In order to further improve the electrical
conductivity of the PEDOT derivative, DMF was added in the formulation resulting in films
of higher crystallinity, higher charge carrier mobility and eventually increased electrical
conductivity (450 S/cm). This procedure did not significantly affected the Seebeck coefficient
of the material. Finally, the Power Factor of the formulated P(HOM-EDOT):Tos material was

estimated to 64 pW/mK?, a value lower than the one obtained for PEDOT:Tos thin films.
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C.2.1 Introduction

Conducting polymers have gained the attention of the scientific community during the
recent years due to unique properties inherent to their m-conjugated structure. Upon proper
design, these materials were integrated in various organic devices such as sensors®, OPVs,?
and thermoelectric devices.® The electrical behavior of these z-conjugated systems origins
from the hopping transport of the charge carriers between the conducting sites in the
amorphous polymer matrix. Hence the structural features of the polymers are highly
influential to its electrical properties. As shown in Chapters 2-4, a higher degree of
crystallinity of PEDOT:Tos thin films benefits its electrical conductivity and its

thermoelectric performance.

Another important structural parameter is the orientation of the polymer chains.
Specifically it was shown by Sirringhaus et al. that the direction of the m-stacking chain
conformation is important for the electronic properties of the polymer thin film.® In the =-
stacked conformation, the chains are packed at a distance of 3.4 A, which assists to the
overlapping of the w-orbitals of the chain units. This extended zn-system is beneficial to the
intermolecular hopping transport of the charge carriers, resulting in materials of higher charge
carrier mobility.>® The importance of the chain orientation for conducting polymers like
Poly(3,4-ethylenedioxythiophene) (PEDOT) was recently highlighted by Palumbiny et al.”®
Specifically, these authors investigated the structural origin of the enhancement of the
electrical properties of PEDOT:PSS thin films after treatments with high boiling point
solvents (DMSO). They reported that such treatment would recrystallize the PEDOT chains
and shift the chain orientation from face-on to edge-on, highlighting the importance of the =-
stacking for the electrical conductivity of these systems.” In Chapter 2 and 3, we have

demonstrated that the in-plane charge carrier mobility of PEDOT:Tos derivatives is also
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increasing with the amount of edge-on crystallites of the material.® However, both reports

focused on the properties of conventional PEDOT materials.
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Figure 1: (a) The hydroxymethylated derivative of EDOT, (b) the P(HOM-EDOT) structure.

Another conducting polymer derivated from the EDOT monomers is the
hydroxymethyl-PEDOT, P(HOM-EDOT) (Figure 1). As reported by Ha et al.,” P(HOM-
EDOT) is a perspective candidate for efficient conductive electrode materials exhibiting high
electrical conductivity (¢ > 100 S/cm). Additionally, the hydroxymethyl moieties of the units
can be further functionalized for sensor applications.! However, the addition of the
hydroxymethyl group to the PEDOT unit will modifiy the polymer chain packing, and thus
the distance between the zn-stacked chains in thin film conformation. The aim of this study
was to investigate the electrical and structural properties of this PEDOT derivative, as a

means to elucidate the effect of n-distance to the electrical properties of conducting polymers.
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C.2.2 Results and Discussion

All samples were in-situ polymerized using a procedure reported elsewhere®** for
synthesis of PEDOT:Tos. The synthesized P(HOM-EDQOT):Tos films exhibited an electrical
conductivity, o, of 150+30 S/cm, lower than the respective PEDOT:Tos derivative, 230+10
S/cm. However, o is defined as the product between charge carrier concentration, N, and the
charge carrier mobility x. Thus, this difference in the electrical behavior of the two materials
can originate either from a different N or x or both. Charge carrier concentration is related to
the oxidation levels of those conducting polymers, as the holes of the oxidized chain units are
the charge carriers of the material. Hence, qualitative information on the charge carrier

concentration can be extracted from the oxidation levels of the material.
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Figure 2: (a) The S(2p) XPS spectra of the PEDOT:Tos (black) and P(HOM-EDOT):Tos (red). With blue
are presented the fitted doublets for the Sulfur of the thiophene ring and with green and magenta
are the fitted doublets of the Sulfur of the Tos in the P(HOM-EDOT):Tos and PEDOT:Tos
respectively.(b) The O(1s) XPS spectra for the P(HOMEDOT):Tos (black) and PEDOT:Tos (blue) thin

films.
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The oxidation levels of these conducting polymers were calculated from the S(2p)
spectra recorded from X-ray Photoelectron Spectroscopy (XPS). In the XPS spectra for
PEDOT:Tos and P(HOM-EDOT):Tos (Figure 2a), four distinct signals are observed which
are characteristic of the doublets of the Sulfur of the thiophene unit (163-166 eV) and of the
p-toluenesulfonate counter-ion (167-170 eV). However, the Tos S(2p) signal of the P(HOM-
EDOT) derivative is shifted by 0.6 eV towards the higher binding energies, as regards to the
one of the PEDOT:Tos. This shift originates from the different environment of the Sulfur
atoms induced by the presence of the Hydroxymethyl groups on the PEDOT chains.
Particularly, the hydrogen of the Hydroxymethyl group can form hydrogen bonds with the
Tos Sulfur atoms.***** The formation of hydrogen bonds between the Tos moieties and the
PEDOT chains were also confirmed through the shift towards lower energy observed on the
O(1s) spectra of the P(HOM-EDOT):Tos derivatives (Figure 2b). An oxidation level of 33%
was further calculated as the ratio between the areas under the lower binding and the higher
binding energy signals from the S(2p) spectra, in agreement with values reported in the

literature for in-situ polymerized PEDOT derivatives.®*®

The identical oxidation levels for both PEDOT:Tos and P(HOM-EDOT):Tos thin
films is a strong indication that the charge carrier concentration is also similar. Thus, the
observed differences in electrical conuctivity have to be related to the thin film structure.® In
order to elucidate the structural origin of those changes, GIWAXS experiments were
performed on those samples. The (qr, q;) 2D scattering patterns recorded for the P(HOM-

EDOT):Tos films are presented in Figure 3.

193



2x10’ T : : .

H 3 b Pristine P(HOM-EDOT):Tos
P”Stlne ( ) —— DMF treated
3 \w\
) 5 \
> 1x10° \
= |
c
o)
= b/k
. A
0.0 . 1.0 1.5 2.0 25
q (A"
4.0x107 . . : .
( C) ‘ Pristine P(HOM-EDOT):Tos
(%\ —— DMF treated
/
5 |
8 \
> 2.0x10"
£ W
j o
9]
E
Mw"‘w\
00 v i "M \rye v
0.0 0.5 1.0 1.5 2.0 25
q, (A"
‘\ ' | Pri o P(HOM EE;OT)T
— Pristine 3 :Tos
. \‘ (d) —— DMF Treated
2x10° |
5
8
2
@ 1x10" -
o)
=

Figure 3: (a) The 2D GIWAXS patterns for the pristine (upper) and the DMF treated P(HOM-EDOT):Tos
thin films. (b) The respective radially averaged scattering intensity with regards to the scattering

vector g, (c) near-out-of-plane and (d) in-plane intensity line-cuts.

An anisotropic scattering is observed in both films with the majority of the scattering intensity
along the near-out-of-plane axis that is perpendicular to the substrate. This feature is a strong
indication of a preferential orientation of the crystallites in the P(HOM-EDOT):Tos films. In

Figure 3b, the radially averaged scattered intensity is plotted with respect to the scattering
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vector q. The two first peaks at 0.44 A™ and 0.88 A™ are attributed to the (100) and (200)
reflections, corresponding to a repeat distance of 14.28 A, and are in agreement to the work of
Aasmundtveit et al.**?” for PEDOT:Tos materials. The unit cell proposed by Aasmundtveit et
al. is presented in Figure 4, where the (h00) is along the a axis that is the unit monomer
direction, perpendicular to the polymer chain axis c. It should be noted though, that the low
intensity of the (200) peaks is indicative of a limited long-range order along the a-axis, which

is a typical feature for paracrystalline distortions.
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Figure 4 : The structural model proposed by Aasmundsveit et al, with the three directions on the unit

cell for PEDOT:Tos * (i) and for P(HOM-EDOT):Tos (ii).

A third broad and intense peak at 1.68 A™ is assigned to the respective (020)
reflection; the direction of axis b (w-stacking) of the unit model (Figure 4). It is observed, that
this peak is shifted with respect the one for PEDOT:Tos (see Chapter 2). Consequently, the =n-
distance for the hydroxymethyl derivative of PEDOT is 3.7 instead of 3.4 A for PEDOT. An
increase of the distance of the chains in the m-stacking can explain the lower electronic
properties of for P(HOM-EDOT):Tos thin films, as the intermolecular hopping distance is
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increased. Structural anisotropy was also evident in Figure 3c-3d and a main edge-on

orientation is as well retrieved for the P(HOM-EDOT):Tos films.

Name Ty (°C) o(Slem) S(uV/K) PF (uW/mK?)
Pristine - 150+30 32+2 1543
Acetonitrile 82 210£21 - -

Toluene 1106  195+10 -- --
Chlorobenzene 137 191£10 - -

DMF 153 450+20 3845 64+9

DMAC 165 410+10 - --

DMSO 189 430+20 -- --

Ethylene Glycol 197,3  254+10 -- --

Propylene Carbonate 242 249+22 - --

Table 1: The various solvent additives used in the present study with their respective boiling points
and the electrical conductivity, Seebeck coefficient and Power Factor of the synthesized

P(HOMEDOT):Tos films.

In order to further enhance the electrical conductivity of the polymer thin film, a high
boiling point solvent additive like DMF was added in the oxidant solution.® Such additives
favors the crystallization of the PEDOT chains, resulting in polymer of higher electrical and
electronic properties (see Table 1). As observed in Figure 5, the electrical conductivity of the
P(HOM-EDOT):Tos films is following a similar trend to the one of PEDOT:Tos (Chapter 2).
It is noteworthy, that for both systems, the highest electrical conductivity was measured for

the films formulated with DMF or DMSO (450430 S/cm).
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Figure 5: The electrical conductivity of the P(HOMEDOT):Tos thin films plotted against the boiling

temperature of the various solvent additives, used in the synthesis.

Subsequently, the Seebeck coefficient was measured for the pristine and DMF treated
P(HOM-EDOT):Tos films (Table 1). Both values are quite close to the ones reported for the
respective PEDOT:Tos films (see Chapter 2). Hence, with this treatment the Power Factor of
P(HOM-EDOT):Tos is enhanced from 15 to 64 pW/mK? Nevertheless the Power Factors of
the P(HOMEDOT):Tos samples (pristine and DMF treated) are lower than the respective ones
for the PEDOT:Tos films, which originates from the lower electrical conductivity of the films.

This behavior is inherent to the increased n-distance in the P(HOM-EDOT).

In Chapter 2 is presented that such additives would not affect the oxidation levels of
the PEDOT material ®. A similar behavior is apparent for the new system studied herein, as
the XPS spectra of the pristine P(HOM-EDOT):Tos and the DMF treated are overlapping
(Figure 6). As a result, the increased electrical behavior of the polymer should have a
structural origin.>®Consequently, the 2D GIWAXS patterns are presented for the DMF treated
P(HOM-EDOT) (Figure 3). Similarly to the pristine film, an anisotropic scattering is

observed in the directions along and perpendicular to the substrate. In Figure 3b is presented
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the radially averaged scattering intensity plot vs the scattering vector for this new material.
The (100), (200) and (020) reflections are still apparent, indicating that the unit cell has not
changed. The area under the (100) peak acts as a crystallinity quantifier, allowing to compare
the degree of crystallinity of the two systems. Hence, an increase in the degree of the thin film
crystallinity is observed, as the area under (100) for the DMF treated sample is increased with
respect to the pristine one. So, this finding justifies the observed increase in the electrical
conductivity of the system. However, this increased degree of crystallinity should benefit the

charge carrier mobility of the system,
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Figure 6: the S(2p) XPS spectra for the Pristine (black) and the DMF treated (red) P(HOM-EDOT):Tos
thin films. With blue and magenta are the fitted doublets that correspond to the Sulfur of the

thiophene unit and the Tos counter ions.

Subsequently, electrolyte gated transistors were fabricated with the pristine and DMF
treated P(HOM-EDOT):Tos thin films (see Appendix B for the fabrication of the transistors)

in order to calculate the charge carrier mobility of the P(HOMEDOT):Tos derivatives.>!’ The
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output and transfer curves are presented in Figure 6a-b and 6c-d, respectively. As observed

from Figure 6a, the transistors of the DMF treated sample are turning “off” faster than the

devices of the pristine material; a feature inherent to a higher charge carrier mobility. The

calculated mobilities obtained from the transfer curves are presented in Table 2. From the

values of ¢ and o, the charge carrier concentration, N, is calculated for the P(HOMEDOT):Tos

samples (similarly to Chapters 2-3), as equal to 6.9x10* carriers/cm®, which in the same order

of magnitude to the one of PEDOT:Tos samples. It should be noted that the charge carrier

mobilities of both P(HOMEDOT):Tos samples are lower than the respective values for the

PEDOT:Tos samples (Table 2) which is in accordance with the increased n-m stacking

distance.
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Figure 6: (a)-(b) the output characteristics from the electrolyte gated transistors synthesized from

the pristine and DMF treated P(HOMEDOT):Tos samples. (c)-(d) the respective transfer curves for

these devices.

199



o (Slem)  u x10™*(cm?/Vs)

PEDOT:Tos 230+10  2.4+0.1
DMF treated PEDOT:Tos 640+10 6.6£0.4
P(HOMEDOT):Tos 150+£30 1.44+0.2

DMF treated P(HOMEDOT):Tos 450+20 4.0+0.3

Table 2: The electrical conductivity and charge carrier mobility values for the PEDOT:Tos and

P(HOMEDOT):Tos samples
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C.2.3 Conclusions:

As an alternative to the PEDOT:Tos material, P(HOM-EDOT) was synthesized with
in-situ oxidative polymerization. The resulted films had an electrical conductivity of 150
S/cm, lower than the PEDOT:Tos equivalent. This difference in the material properties is
inherent to the structural characteristics of the films, as the oxidation levels are equal for the
two materials. A shift in the S(2p) XPS spectra of the Tos counter-ions of the P(HOM-
EDOT):Tos was observed and was attributed to hydrogen bonding between the Sulfur atoms
of the Tos units and the Hydroxymethyl group of the thiophene unit. An increased n-nt
distance (from 3.4 to 3.6 A) was also observed by GIWAXS for the P(HOM-EDOT):Tos. The
electrical conductivity of the films was increased to 450 S/cm by adding DMF in the
formulation which was also inherent to an increase of the degree of crystallinity resulting in a
higher charge carrier mobility. The charge carrier mobilities of the P(HOMEDOT):Tos films
were nevertheless lower than the respective values obtained for PEDOT:Tos films, a feature

that is related to the comparatively higher n-distance for the P(HOM-EDOT):Tos films.
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Title : High Performance Polymer and Polymer/Inorganic Thermoelectric Materials

Abstract :

Conducting polymers (CPs) have recently gained the attention of the scientific community
due to their prospective use in thermoelectric applications [1,2]. Particularly, it has been
proven that an important parameter for tuning the thermoelectric properties and the charge
transport behavior of the CP is the shape of the DOS in the band edge, where a more steep
band edge would be translated in a semi-metallic behavior for the system, with higher
thermoelectric efficiencies. In the present study the correlation between material structure,
electronic structure and electronic/ thermoelectric properties, is investigated through careful
material design, towards an efficient thermoelectric polymer material. Additionally, the
hybrid devices were fabricated as an alternative means to further enhance the thermoelectric
efficiency of the material.
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Resume :

Les polymeéres conducteurs ont attiré 'attention de la communauté scientifique en raison de
leur utilisation potentielle dans les applications thermoélectriques [1, 2]. En particulier, il a été
prouvé qu'un parametre important pour accorder les propriétés thermoélectriques et le
comportement de transport de charge du polyméres, est la forme du DOS dans le bord de
bande. Dans la présente étude, la corrélation entre la structure du matériau, la structure
¢lectronique et les propriétés €lectroniques / thermoélectriques, est étudiée par une conception
soigneuse et rigoureux du matériau, vers un matériau polymeére, thermoélectrique efficace. En
outre, les dispositifs hybrides ont été¢ fabriqués comme un moyen alternatif pour améliorer
encore l'efficacité thermoélectrique du matériau.
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