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Abstract

Thermoelectric and Charge Transport
Properties in Heavily Doped Semi-
Crystalline Polymers

Juhyung Park

DEPARTMENT OF ELECTRICAL AND
COMPUTER ENGINEERING
COLLEGE OF ENGINEERING

SEOUL NATIONAL UNIVERSITY

Harnessing low-grade waste heat, an inevitable byproduct of various
industrial and energy conversion processes, is crucial for addressing the escalating
concerns of environmental pollution and energy crises. Conjugated polymer-based
thermoelectric (TE) devices offer a promising solution to this issue, as they present
a sustainable and environmental-friendly approach by directly converting low-grade
waste heat into electricity. Nonetheless, enhancing their TE performance remains a
challenge due to the intrinsic structural and energetic disorders in these materials,
which lead to the power law relationship between Seebeck coefficient (o) and
electrical conductivity (o) showing no local power factor (PF) maximum.

This thesis demonstrates that degenerately doped semi-crystalline polymers,
achieved through sequential doping, can overcome the power law relationship
between o—o, achieving local PF maxima. Firstly, I demonstrate an ideal o—o
relationship where the a is inversely proportional to the o, using two donor-acceptor
type (D-A type) semi-crystalline polymers, poly[(4,4'-
(bis(hexyldecylsulfanyl)methylene)cyclopenta[2,1-b:3,4-b"]|dithiophene)-alt-
(benzo[c][1,2,5]thiadiazole)] (PCPDTSBT) and poly[(2,5-bis(2-
hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-



ylbenzo[c][1,2,5]thiadiazole)] (PPDT2FBT), which were degenerately doped via
sequential doping approach. This technique enables efficient modulation of the
electronic structure of the polymer while preserving—or even enhancing—the
highly ordered microstructure, allowing for the attainment of PF's nearing theoretical
maxima and the observation of metallic behavior. Additionally, I revealed that the
PF maxima of the films appear where their electronic structure transitions from non-
degenerate to degenerate by thoroughly studying their structure-property
relationship.

In the second part of this thesis, I successfully modulate the electronic
structure of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
films, which is one of the promising TE materials among conjugated polymers,
without compromising their highly ordered microstructure by introducing sequential
acid-base treatments. This approach enables the fabrication of a solution-processable
high-performance TE device with a PF of 534.5 pyW m™! K™%, accompanied by the
inverse relationship between o and ¢. Furthermore, it allows the observation of the
coherent charge transport characteristics such as the Hall effect, negative
temperature dependency of o, and weak localization. Through a comprehensive
analysis of the structure-property relationship using various techniques, it has been
demonstrated that the P/ can be further improved by mitigating conformational
disorders induced by dopants.

The innovative methodologies employed herein lay a solid groundwork for
advancing the development of high-performance TE devices and deepening our
understanding of the intricate structure-property relationships in conjugated
polymers. The far-reaching implications of this work encompass the potential for
substantial energy savings and minimized environmental footprint through the
efficacious harnessing of low-grade waste heat, ultimately propelling both industry

and society towards a greener and more sustainable future.
Keyword: low-grade waste heat, polymer thermoelectrics, structure-property

relationship, charge transport, disorders
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Chapter 1. Introduction

The escalating demands for sustainable and efficient energy conversion techniques
are critical in the face of increasing energy consumption and environmental
concerns| 1]. Exploiting waste heat, an inevitable byproduct of numerous industrial
and energy conversion processes (€.g. power plants, and transportation) has surfaced

as a viable solution to tackle these challenges[2]. Waste heat is defined as the

unconverted or untapped thermal energy, resulting in energy losses and inefficiencies.

In contemporary industrial settings, over 60% of the total energy is lost as waste heat
across diverse manufacturing and processing facilities (Figure 1.1, left)[3]. While
high-temperature waste heat can be readily captured and repurposed, low-
temperature waste heat (primarily below 200°C) presents difficulties for recovery
and reuse through conventional energy conversion technologies such as steam
turbines[4] and organic Rankin cycles[5] due to its inferior quality and energy
density. Such low-grade waste heat, accounts for 45% of the total waste heat
produced[6]. In addition, countless real-life low-grade waste heat sources, such as
body heat[7] and microelectronic devices, are being wasted, emphasizing the need

for effective waste heat recovery solutions.

Electricity

Total primary energy

Power plants

J—\L <‘,f""'

-

Seebeck effect

Transportation
. o lowT ) o
dimip =" <00 § 2
Uncountable waste heat - (]
a
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Figure 1.1 Sources of low-grade waste heat and their potential heat-to-

electricity conversion through thermoelectric generators via Seebeck effect.
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Thermoelectrics (TE) has emerged as a promising technology for waste heat
recovery, offering the potential to convert waste heat directly into electrical energy
via the Seebeck effect (Figure 1.1, right)[8]. Thermoelectric generators (TEGs), are
solid-state devices that exploit this phenomenon to transform waste heat into useful
electricity, thereby enhancing the overall energy efficiency of systems and reducing
greenhouse gas emissions. Compared to other energy harvesting techniques[9], TE
devices exhibit several advantageous features, such as compact size, scalability,
absence of moving parts, and low maintenance requirements. These properties make
TE devices particularly suitable for a wide range of applications, including wearable
devices that can harvest body heat for energy supply[10], small-scale electronic
devices[11] to large industrial processes[12]. Historically, inorganic semiconductors
based on bismuth telluride have been widely used in TE devices due to their high
efficiency[13, 14]. However, the high cost and scarcity of tellurium, a key element
in these materials, along with their toxicity, heaviness, and brittleness, which make
them less suitable for use with heat sources like the human body, have necessitated
the exploration of alternative materials that can provide comparable performance at
a lower cost and with more abundant resources[15]. To overcome this challenge,
researchers have focused on developing novel materials[16] with optimized
properties, such as carbon-based materials[17-19], organic materials[20] and
organic-inorganic hybrids[21, 22]. These efforts have led to significant
improvements in Z7 values and the discovery of new materials with promising

thermoelectric performance.



1.1 Organic thermoelectrics

Organic materials, particularly conjugated polymers, have recently
emerged as a promising material for TE applications[20, 23-25]. These polymers are
a class of organic materials defined by an extended m-conjugated system, which
enables efficient charge transport due to electron delocalization along the polymer
backbone[26]. Various classes of p-type conjugated polymers[27] have shown
promise for organic TEs, including widely investigated poly(3,4-
ethylenedioxythiophene) (PEDOT)-based polymers[28-44], classic semicrystalline
polythiophene-based polymers like poly(3-heylthiophene) (P3HT)[45-47], and
poly(2,5-bis(thiophen-2-yl)thieno-[3,2-b]thiophene) (PBTTT)[48], as well as
donor—acceptor (D—A) copolymers such as benzothiadiazole (BT)-based
copolymers[49] and diketopyrrolopyrrole (DPP)-based copolymers[50] (Figure 1.2).
These materials offer several advantages over their inorganic counterparts, such as
low-cost  production[51], lightweight nature, flexibility[52], solution-
processability[42, 53], and biocompatibility[43], making them highly attractive for
various energy conversion applications, including waste heat recovery. Their unique
features further enable the fabrication of conformable, lightweight devices suitable
for wearable[54] and implantable applications[43]. Moreover, conjugated polymers
have tunable electrical properties, allowing for optimization of their TE performance
through molecular engineering and doping strategies[55]. Additionally, these
materials exhibit intrinsically low thermal conductivity, which contributes two
improved TE efficiency, which is generally evaluated by a dimensionless figure of
merit, ZT = a’cT/k, where a, o, T and x are the Seebeck coefficient, electrical
conductivity, absolute temperature, and thermal conductivity, respectively. Based on
these enormous potentials conjugated polymers, multidisciplinary efforts, including

advancements in material synthesis[56, 57], doping engineering[47, 58-60], device



engineering and device physics[48], are accelerating the development of polymer-
based TE devices, leading to continuous progress in this promising field. A major
challenge lies in the relatively lower TE performance, particularly power factor (PF)
(represented as a’c), of the conjugated polymers compared to inorganic counterparts,
which necessitates further improvements for various applications such as Internet of

Things sensors or wearable energy harvesters.
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Figure 1.2 Chemical structure of p-type conjugated polymers. Figure adapted

with permission; doi:10.1016/j.progpolymsci.2022.101548



1.2 Structural and energetic disorders in conjugated polymers

The TE performance (i.e., o, a and ) of conjugated polymers are largely
linked to their structural and energetic disorders, as they influence phonon and
electronic transport[61]. Structural disorders in conjugated polymers refer to the
irregularities in the arrangement and organization of polymer chains, resulting from
factors such as chain defects, polydispersity in molecular weight, or the kinetics of
solidification from solution or melt states[46, 62-64]. These irregularities can lead to
the formation of amorphous regions with different electronic properties compared to
more ordered, crystalline regions (Figure 1.3). Energetic disorder, on the other hand,
is related to the variations in energy levels within the material. It can arise from
conformational changes in the polymer backbone or disruptions in intermolecular
interactions, which can affect the electronic levels and, consequently, the electronic
properties of the material. The bandgap of conjugated polymers, which originates
from the interaction between the m and m* orbitals of the repeat units along the

polymer chain, can be influenced by these energetic variations[24, 65-68].
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Figure 1.3 A schemtaic illustration of crucial microstructural attributes in
conjugated polymers is presented. The mesoscale aspect of a device comprises
both ordered and amorphous areas. Tie chains facilitate connectivity between
ordered sections. Reprinted with permission from (Macromol. Rapid

Commun. 2018, 39, 1-9). Copyright (2018) John Wiley & Sons, Inc
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Molecular doping, an inevitable process for controlling electrical and TE properties,
can further exacerbate the structural and energetic disorders in conjugated polymers
by introducing electron donor (n-doping) or electron acceptor (p-doping) molecules.
Unlike atomic substitutional doping in inorganic semiconductors, molecular doping
in conjugated polymers promotes polaron formation—localized charge carriers
accompanied by lattice distortions—through charge transfer or redox reactions
between polymer and dopant molecules, which can disrupt the chain conformation,
increasing structural disorder[48, 69, 70]. Furthermore, the larger size of dopant
molecules compared to single atoms in inorganic semiconductors can contribute to
more pronounced structural alterations by disrupting the regular chain packing and
7-1 stacking interactions in the polymer matrix[62]. These dopant-induced structural
perturbations can concomitantly give rise to energetic disorders within the materials,
leading to a substantial broadening of the electronic density of states (DOS)[64].
This may result in the formation of trap states that adversely impact TE and charge
transport properties, such as charge carrier mobility («). Therefore, it is essential to
mitigate structural perturbations during the doping process to maximize the power
factor PF. In the following section, one such method, sequential doping, which
enables to efficiently control the electronic structure of the polymers while

preserving their microstructure or even enhancing it, will be introduced.



1.3 Sequential molecular doping

Doping methodologies significantly impact the structural order of doped
conjugated polymers. While co-processing, which involves depositing a mixed
solution of polymer and dopant, is widely adopted for its simplicity (Figure 1.4, left),
it often leads to aggregate formation and reduced electrical conductivity due to
solubility limitations[58]. Sequential doping, on the other hand, deposits dopant onto
a pre-formed polymer film, resulting in enhanced film morphology and more
efficient control of doping levels, thus optimizing electronic properties (Figure 1.4,
right). For instance, Kang et al. demonstrated successful doping of PBTTT using
solid-state diffusion of FATCNQ in crystallized polymer films, maintaining the local
crystalline n—x stacked structure and achieving electrical conductivity over 200 times
greater (~250 S cm ') than the solution co-deposition method[70]. Various sequential
doping methods including solid-state diffusion[70], ion-exchange[71], and double
doping[72] have recently been developed, which facilitates the modulation of
electrical properties in conjugated polymers while preserving their structural order,

serving as a key strategy to enhance thermoelectric device performance.

Co-processing Sequential doping
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Figure 1.4 Schematic illustration of doping methodologies for conjugated

polymers. (a) co-processing, and (b) sequential doping



1.4 Seebeck coefficient—electrical conductivity relationship

The TE performance of a material is closely tied to its charge carrier
concentration[8]. However, accurately measuring # in semiconducting polymers can
be challenging due to the disordered nature and lower o of the polymer films, which
make conventional measurement methods like Hall effect measurements|[73]
unsuitable for various polymers[63, 64]. Therefore, deciphering the empirical TE
relations (i.e., relations of PF—o and a—o0) as a function of doping becomes an
important challenge to mitigate above difficulties[68], which allow to establish
another strategy to maximize PF and provides insight into the charge transport of
doped conjugated polymers having significant structural and energetic disorder[74-
77].

For most thiophene-based semiconducting polymers (e.g. P3HT, PBTTT,
P2TDC,7-FT4), an empirical power law relation of a = (kp/e)(c/00) ", with s =3 or
4, was observed over a wide range of o where the doping level varies substantially,
where 0y, and s are fitting parameters[62, 68] (Figure 1.5). Such a power law leads
to a consistent increase in PF as a function of ¢ with no local maximum, which
contrasts the typical behavior of inorganic semiconductor that usually shows PF
maximum where its electronic structure transitions from non-degenerate to
degenerate[8]. To understand the physical origin behind this empirical behavior
observed in the o—o relationship in various doped polymers, numerous attempts have
been made, and a recent phenomenological model successfully describes the
behavior by incorporating an energy-dependent transport function|76]. It has been
revealed that the power law relations stem from the disordered nature of the films,
where charge transport is heavily influenced by the structural and energetic

disorders[78, 79].
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Figure 1.5 Relationships between TE properties of the doped polythiophene-

based semiconducting polymers. Seeback coefficient and power factor as a
function of 0. The dashed line represents an empirical fit of & and PF with respect to
o. Reprinted with permission from (Adv. Energy Mater.2015,5, 1401072).
Copyright (2014) John Wiley & Sons, Inc

One exceptional case deviating from the above-mentioned power law is the
PEDOT derivatives, which demonstrates one of the highest ¢ and PF among
conjugated polymers[28-38, 40-43, 57, 80, 81]. Unlike other doped semiconducting
polymers, the PEDOT system evidently demonstrate PF maximum points,
accompanied by the a—o relation with s = 1 characteristic[44, 74, 82]. The different
s in PEDOT implies the different charge transport mechanism in this system, and
this behavior is known to be the consequence of the disorder-free charge transport

originating from both the long-range connectivity between PEDOT domains and
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degenerate states[57]. Developing the doped polymers behaving like PEDOT and
understanding their structural-property relationship is important for realizing the

high-performance polymer-based TE devices, which is the aim of this thesis.

1.5 Outline of this thesis

This thesis consists of six chapters. The introductory part, Chapter 1,
describes the necessity of polymer thermoelectrics, the theoretical basis, and
motivation for this research. Chapter 2 discusses the theoretical background of the
thesis, including thermoelectric effects, the relationship between Seebeck coefficient
and electrical conductivity, and the charge transport models. In Chapter 3,
experimental methods for material preparation, device fabrication, and
characterization are presented. Chapter 4 introduces various strategies for achieving
degenerately doped semi-crystalline polymers with ideal Seebeck coefficients and
electrical conductivity that exhibit the local power factor maximum, and thoroughly
analyzes the origins of their high performance. Chapter 5, covers the strategies for
maximizing the thermoelectric performance of PEDOT:PSS, one of the most
promising solution-processable TE materials, and considers their current limitations
and potential. Chapter 6 concludes with the results presented above and discusses

the implications of this thesis.
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Chapter 2. Background Theory

2.1 Thermoelectric effects

The TE effect encompasses a set of phenomena that enable the direct
conversion of thermal energy into electrical energy, and vice versa, through the
exploitation of temperature gradients in specific materials. This effect relies on three

fundamental principles: the Seebeck effect, the Peltier effect, and the Thomson effect.

Figure 2.1 Schematic illustration of Seebeck effect.

In the Seebeck effect, a voltage difference (AV) is generated when a
temperature difference (A7) exists between two junctions of dissimilar conductive
materials (Figure 2.1). This effect can be mathematically represented as AV = aAT,
where a is the Seebeck coefficient. The Peltier effect is the inverse phenomenon of
the Seebeck effect where an electric current / induces heat transfer at the junction of
two dissimilar conductive materials. The Peltier effect can be described by the
following equation, Q = [Il, where Q represents the heat absorbed or released, /7
denotes the Peltier coefficient. The Thomson effect takes place when AT is applied
along a conductive material, leading to the absorption or release of heat, which is
expressed as, Q = KIAT, where K represents the Thomson coefficient. The /7, o and
K are inter-related through the second Thomson law, given by I7/=Ta and, K =
T(da/dT), along with the Onsager reciprocal relations, assuming time-reversal
symmetry.

11 A=



2.2 Seebeck coefficient—electrical conductivity relationship

As described above, the Seebeck coefficient of a material usually exhibits
an inverse relationship with its electrical conductivity. ¢ and a can be generally
characterized by the transport function og(£) describing the capability for electrical
conduction at each energy level in the units of ¢[83]. By solving the Boltzmann

transport equations, the o and o is expressed with og(E) as the following equations:

o= f Og (—%) dE @9
AR He o

Here, f is the Fermi-Dirac distribution function, which is expressed as [ =
1/[1+exp(E—EF)/(ksT)], where ¢, ks and Er are a unit charge, Boltzmann constant,
and chemical potential of the polymer, respectively. The form of transport function
determines the mechanism of charge transport, and various charge transport models
can be interpreted using this functional form. Here, two charge transport models (i.e.,
Kang—Snyder model, and Semi-localized models) that have been widely used for

interpreting the o—o relations of the conjugated polymers are introduced[74, 76].
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2.2.1 Kang—Snyder model

The Kang—Snyder model suggests a novel form of transport function, which
has power law energy dependency with energy £ above the transport edge £,

0(E <E,)

E,T) = E—En°®
76 (E.T) OEo ( X Tt) (E = E)
B

(3)

where ggo(7) and s is the transport coefficient, and transport parameter, respectively.
The proposed model incorporates a transport edge to characterize charge transport
in conducting polymers across a wide energy spectrum, ranging from nearly
insulating polymers (£ << E;) to heavily doped polymers (E >> E\). The transport
edge concept is analogous to a band-edge in crystalline semiconductors, where
carriers with E < E; are fully localized and do not contribute to transport[69]. As a
result, if the Fermi level (EF) is less than the transport edge (E;), carriers must be
thermally excited to participate in transport, with their distribution following the
Fermi-Dirac distribution. By replacing the transport function os(E) (Eq. 1 and 2) with

Eq. 3, the simplified form of ¢ and o can be obtained:

0 = 0go(T) X sFs_1(17) 4)
_kg|[(s+DEMm
‘= q sFs_1(m) ] ®)

Here, Fi(n) is non-normalized complete Fermi-Dirac integral, and # = (Er—E\)/(ksT)
is the reduced chemical potential which is related to the doping level. The above
equations (Eq. 4, 5) enable us to determine ogo, s and # using experimentally obtained
o and a.

The K-S model has been widely adopted to investigate the thermoelectric
response of the doped polymers. One of the great advantages of this model is that it
can predict the intrinsic limit of thermoelectric performance that polymers can

achieve. This can be enabled by the newly designed transport function, which is
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determined to unique value while separating from its dependency on chemical
potential. The transport function of the K—S model (Eq. 3) consists of two essential
fitting parameters ogo and s, which captures the temperature and energy dependency
of the charge carriers respectively. The first term, oro(7) represents the intrinsic
mobility of the polymers, which is correlated to both thermal activation energy

between conductive domains W, and connectivity y:

Wo\Y

950 () [— (e5) ] ©)
Kang and Snyder suggest that finding a constant /¥, can elucidate the fundamental
aspect of transport mechanism of the polymers (y = 1/2 for most conducting
polymers), because this value depends on the morphology and structural
connectivity of the polymers while separated from its dependence on chemical
potential Er. This feature of W, distinguishes the K—S model from commonly used
hopping models, which enables to describe the thermally activated behavior of the
polymers in terms of percolation across a network of conductive domains rather than
the trapping mechanism by localized states within conductive domains[84].

The second term, transport parameter s captures the energy dependency of
the charge carriers, which is an exponent that determines the transport mechanism of
the system. This parameter well distinguishes the PEDOT-based materials (s = 1),
showing metal-like transport, from the most doped semiconducting polymers (s = 3)
showing variable range hopping transport (11, 26). It has been demonstrated that the
s = 1 polymers have much higher oo (typically greater than 10 S cm™") than that of
the s = 3 polymers (0.001 Scm ™ to 0.1 S cm™), indicating that they have an efficient
percolation network between conductive domains. It has been known that the value
of s is be determined from the microscopic features related to the scattering
mechanism such as carrier relaxation time, velocity, and local density of states [75].
The relationship between scattering mechanism and transport parameter s is well
derived from the works of Kang and Snyder. Briefly, in case of inorganic

-
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semiconductors, they suggested that the acoustic phonon scattering is dominant for
the s = 1 materials, and the ionized impurity scattering is dominant for the s = 3

materials.

2.2.2 Semi-localized model

Recently, Yee et al. presented the semi-localized (SLoT) transport model
based on the Boltzmann transport formalisms that modifies the transport function of
the K-S model [74]. They mentioned that the K—S model is difficult to capture the
localized to delocalized transition of the polymers due to the assumption that the
oro(7) is determined to be unique for a given materials. In addition, the s = 3 fit is
inappropriate for describing the electronic bandwidth of the polymers. The SLoT
model was designed to resolve these two deficiencies, which is capturing the
transition in transport behavior in semiconducting polymers as a function of carrier
concentration ratio ¢, and accurately fit the a—o behaviors of the doped polymers at
all doping levels. The transport function of SLoT model is expressed as:

0(E<E)

og(E,T,c) = ~ Wu() (E —E;
O-O eXp kBT X kBT

()

) &= E)

Here, Wy is the localization energy that is related to the spatial and electrostatic
effects. The difference from the transport function of the K—S model is that the
additional term of goexp(—Wu(c)/ksT), which represents Arrhenius-like hopping
contribution of the charge carriers is defined, and the transport parameter s is fixed
to one. As the carrier concentration ratio ¢ becomes larger than the cq (i.e., the carrier
ratios to achieve delocalized transport), the Wy converges to 0, which results in the
transport function of the SLoT model equals to that of the s = 1 case in K—S model.
As the carrier concentration ratio becomes less than the cq, Wu (i.e., hopping-like

contributions) increases, and the transport function decreases, deviating from the s =

¥ 3
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1 fit of the K-S model.

2.3 Temperature-dependent electrical conductivity

Temperature-dependent electrical conductivity o(7) is a crucial property of
materials that reflects how their ability to conduct electric charge varies with changes
in temperature. In most conjugated polymers, the ¢ is influenced by the thermally
activated motion of charge carriers, such as electrons and holes, within the polymer
structure[73, 77, 85]. The o(7) can provide valuable insights into the underlying
mechanisms governing charge transport mechanism. Several charge transport

models for interpreting the o(7) are introduced below.

2.3.1 Variable range hopping (VRH) model

The variable range hopping (VRH) model is a fundamental concept in
condensed matter physics that helps understand the transport properties of disordered
materials[86]. Developed by N.F. Mott in the 1960s, it addressed the limitations of
the classical Drude model in explaining the temperature dependence of conductivity
in disordered systems. The VRH model takes into account the quantum mechanical
nature of electrons and their interactions with the disordered environment, leading
to the phenomenon of localization, where electrons can be trapped in localized states.
Localized electrons can still contribute to o via a thermally activated hopping process
between localized states. The VRH model consists of two main regimes: the Mott
regime, where electron-electron interactions are negligible and conductivity is
governed by temperature and the density of localized states[86], and the Efros-
Shklovskii regime, where electron-electron interactions play a significant role and
lead to the formation of a soft Coulomb gap in the density of states[70]. It is essential

to note that the equations of VRH models are dependent on the dimensionality of the
§ ¥
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system under consideration. For the Mott regime, the temperature dependence of &
can be expressed as o(T) oc exp[—(To/T)""* V], where m represents the dimensionality
of the system. While in the Efros-Shklovskii regime, it is described by o(7) oc
exp[—(To/T)"?]. These mathematical expressions emphasize the distinctive roles of
temperature, electron-electron interactions, and system dimensionality in
determining the hopping behavior and the resulting conductivity in disordered

materials.

2.3.2 Fluctuation induced tunneling (FIT) model

The Fluctuation Induced Tunneling (FIT) model is a theoretical framework
in condensed matter physics that describes charge carrier transport in disordered
semiconducting materials[87]. Introduced by Sheng in 1980, the model addresses
certain limitations of the VRH model and provides a more comprehensive
understanding of the transport mechanisms in these materials.

In the FIT model, charge carrier transport primarily takes place through
transfers between large conducting segments[88], rather than hopping between
individual localized states, as described in the VRH model. These conducting
segments are separated by insulating barriers, and the contact gap between them
forms an effective tunneling barrier with an associated capacitance. The model takes
into account the temperature dependence of ¢, with carriers being thermally activated
and moving from one conducting segment to another by tunneling through the
insulating barriers. This tunneling process is distinct from the quantum mechanical
phenomenon of tunneling and is influenced by local fluctuations in the material
structure and potential landscape. The temperature-dependent electrical conductivity
in the FIT model is given by the equation: o(7) oc exp[—T1/(T +Tv)]. Here, T is the

temperature below which conduction is primarily governed by tunneling through the
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barrier, while 7, represents the temperature above which thermally activated

conduction across the barrier begins to take place[22].
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Chapter 3. Experimental Methods

3.1 Materials

PCPDTSBT (M,= 26 kDa, dispersity = 2.8) and PPDT2FBT (M,= 28 kDa,
dispersity = 2.2) were synthesized according to a previously reported procedure.!'®
32 Briefly, PCPDTSBT was synthesized via microwave-assisted Stille cross-coupling
of 2,6-bis(trimethylstannyl)-4,4'-(bis(hexyldecylsulfanyl)methylene)cyclopenta|2,1-
b:3,4-b'|dithiophene and 4,7-dibromobenzo[c][1,2,5]thiadiazole using Pd»(dba); as a
catalyst in toluene. PPDT2FBT was also synthesized via Stille coupling with
Pd»(dba); as a catalyst in chlorobenzene using a microwave reactor. The number-
average molecular weight (M,) was measured to be 26 kDa (polydispersity index,
PDI = 2.8) and 28 kDa (PDI = 2.2) for PCPDTSBT and PPDT2FBT, respectively.
Cyclic voltammograms of the polymers are shown in Figure 3.1 [EMIM][TFSI] (TCI
Chemicals), PVDF-HFP, FeCl; (Sigma-Aldrich) PEDOT:PSS aqueous solution
(Clevios PH 1000, Heraeus), TFSA (TCI chemicals), methanol and TDAE (Sigma-

Aldrich) were purchased and used as received.
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Figure 3.1 Cyclic voltammograms of PCPDTSBT and PPDT2FBT. The highest
occupied molecular orbital (HOMO) energy levels were determined as —5.10 eV and

—5.45 eV for PCPDTSBT and PPDT2FBT, respectively.

3.2 Film preparation

All substrates (i.e., bare glass, ITO-coated glass, and Si/SiO, wafers) were
cleaned by sonication in deionized water, acetone, and isopropyl alcohol sequentially

for 15 min, followed by drying in a vacuum oven for 12 h.

3.2.1 PCPDSBT and PPDT2FBT films

For the overcoated films, PCPDTSBT and PPDT2FBT were first spin-
coated on top of the precleaned substrates from a solution of 8 mg/mL in chloroform
at 2000 rpm for 40 s. Then, the films were doped with various concentrations of
FeCl; solution, which was sequentially spin-coated (at 2500 rpm for 40 s) on top of

the dried polymer film. The thickness of the prepared films was in the range of 100—
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120 nm. Samples doped by the mixing method were prepared by spin-coating the
mixed solution of PCPDTSBT and FeCls (3—45 mol%) at 2000 rpm for 40 s. The
films have a thickness in the range of 60—-80 nm. For thermoelectric and cryogenic
measurements, Au electrodes were deposited onto the films by thermal evaporation
under high vacuum conditions (~3 x 1077 torr) with a deposition rate of 1.0 A s!
through a patterned shadow mask. For the MIS devices, an ion-gel solution was
prepared by following the previously reported method, and it was spin-coated onto
the patterend ITO substrate, resulting in a 150—200 nm of the insulator layer followed
by annealing at 140 °C for 6 h. After spin-coating the active layer, the Au electrodes

were deposited to form a cross-sectional area of 1.4 x 1.4 mm?.

3.2.2 PEDOT:PSS films

After UV—ozone surface treatment, a PEDOT:PSS film was deposited by
spin-coating at 2300 rpm for 20 s, and then annealed at 100 °C for 10 min. The second
PEDOT:PSS layer was sequentially formed under the same conditions, resulting in a
total thickness of 50 nm. For the acid treatment, the pristine PEDOT:PSS film was
immersed in a TFSA bath for 1 min. After that, the film was immediately rinsed with
methanol to remove residual TFSA, followed by annealing at 150 °C for 5 min. This
procedure was repeated several times to optimize electrical properties. For the base
treatment, the as-prepared sample was placed in a pre-heated (100 °C), home-built
vacuum chamber filled with TDAE vapor. The reduction level was controlled by
changing the treatment time. To measure the TE properties, Au electrodes (70 nm)
were deposited on the films by thermal evaporation under a high vacuum (~3x1077

torr) with a deposition rate of 1.0 A s™' through a patterned shadow mask. Two

:l'l ) I:
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electrodes (17 mm x 8§ mm) for the hot and cold sides were separated by 2 mm.
Magnetotransport measurements were conducted using a Hall bar architecture, where
the conductive PEDOT:PSS layers were patterned in order to accurately measure
local potential of probes. The fabrication process for the Hall bars was as follows: A
0.7 mm-thick SiO2 substrate was cleaned by a sonication cleaning processes in
deionized water, acetone, and isopropanol. Electrodes were then lithographically
formed via a standard lift off process. The electrode consisting of titanium (Ti, 7 nm)
and gold (Au, 70 nm) were evaporated through e-gun evaporator at the base pressure
of 5%10—6 torr with a rate of 1.0 A s™'. Channel length (L) and width (W) were 240
pm and 60 pm. Four probes were mounted in between source and drain electrodes,
where the distance between two longitudinal probes along the channel length
(defined as L*) was designed to be 110 pm. The width of the probe was 15 um. After
completing the electrodes, the PEDOT:PSS layer was spin-coated onto the SiO2
substrates, acid and base treatment were conducted as discussed in the manuscript.
Then, parylene-C (1 um) was then deposited onto the PEDOT:PSS films using
parylene coater (PDS2010), which protects the active layer from the subsequent
processing steps. Finally, the photolithography and oxygen plasma etching (150 W
for 5 mins) were performed to pattern the active layer into the precise hall bar
geometry. The second photoresist layer and parylene films were remained as a
protection layer for the active channel. All processes were carried out under
cleanroom conditions with controlled humidity and temperature. For the
magnetotransport measurements using physical property measurement system

(PPMYS), the ball bonder was used for wiring the hall bar device and the PPMS puck.
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3.3 Characterization

3.3.1 Thermoelectric properties

The electrical conductivity was determined from the current—voltage
characteristics obtained by the linear four-point probe method with a Keithley 2634B
source meter. Thermoelectric properties were obtained using a home-made stage
consisting of the two Peltier modules controlled using a Keithley 2200 power supply
and a Keithley 2601B source meter. Two individual T-type thermocouples were used
to detect the temperature of the hot and cold sides of the film. The generated
thermovoltage was measured using a Keithley 2182A nanovoltmeter. The
temperature gradient ranged from 1 K to 5 K and the mean temperature was fixed at
300 K. The Seebeck coefficients were extracted by linear fitting of the

thermovoltage—temperature difference data points.

v
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3.3.2 Temperature-dependent electrical conductivity

The temperature-dependent electrical conductivity was measured using a
four-point probe method with a cryostat by varying the temperature from 20 K to 330
K with a commercial proportional-integral-derivative temperature controller (model

331 Cryogenic Temperature Controller, Lakeshore).

3.3.3 Hall effect and magnetoconductance

The o(T), Hall effect and magnetoconductance were measured using a
physical property measurement system (PPMS, model PPMS-14, Quantum Design)
with a device fabricated with Hall bar geometry. The longitudinal and transverse
voltages were recorded simultaneously while the magnetic field B was swept from 8
T to —8 T at rate of 0.5 T min'. The Hall coefficient Ry, Hall mobility un, and Hall
carrier concentration ny were extracted using the following equations, Ry =
(dVu/dB)x(#/I), un = |Rulo, and nuy = 1/(eRu), where ¢ is the thickness of the active
layer. To extract the actual hall voltage Vi, the B-independent and B-dependent offset
voltages due to the contribution of positive magnetoconductance were subtracted

from the measured AVyy, as reported previously.

3.3.4 Other characterization method

UV-vis spectra were measured using a JASCO V-730 spectrophotometer.
GIWAXS data were measured at the 9A U-SAXS beam line at the Pohang

Accelerator Laboratory, Pohang, Korea. The film thickness and surface morphology
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were characterized in a non-contact mode by AFM (Park systems XE-100 and Veeco,
Nanoscope IV). SPC was characterized by KPFM (Bruker Nanoscope V MultiMode
8) using a Pt/Ir-coated cantilever (S CM-PIT-V2). The local currents of the films
were measured with the contact mode C-AFM using a same cantilever. The work
function of the films was measured using an AXIS ultra-DLD (Kratos) equipped with
He I gas (21.22 eV) as a UV source. The work functions of the films were
characterized by analyzing the surface potential contrast (SPC) data obtained from
KPFM using the similar cantilever. The capacitance—voltage characteristics of the
MIS devices were obtained at a frequency of 100 Hz using an Agilent B2912A
source—measure unit and a Wayne Kerr 4100 LCR meter. The carrier concentrations

were determined from the C >~V plot based on the Mott—Schottky analysis.
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Chapter 4. Heavily doped semi-crystalline polymers

for high performance thermoelectrics

4.1 Introduction

Recently, organic thermoelectric devices have attracted substantial
attention because they can more efficiently convert low temperature waste heat into
electricity than inorganic TE devices. Additionally, the unique properties, such as
light weight, flexibility, and easy processability, enable the utilization of organic TE
devices in a variety of applications[ 15, 24, 89-91]. So far, n-conjugated polymers[20,
26, 35, 46, 51], carbon allotropes[17-19] and small molecules[25, 60, 92] have been
used as active materials in organic TE devices. Among them, conducting polymers
are considered one of the most promising candidates for these active materials
because of their easy processability, high electrical conductivity (o), and low thermal
conductivity (x) compared to other materials.

The performance of TE materials can be described in terms of the
dimensionless figure of merit, ZT = (a’0T)/x, where a and T are the Seebeck
coefficient and absolute temperature, respectively, or the power factor (PF) a’c. In
general, there is a trade-off relationship between « and o depending on the carrier
concentration (n) [8, 57, 65, 93]. Thus, it is essential to determine the o—o
relationship because it can help us understand the charge transport mechanism in
conducting polymers and optimize the TE performance[53, 57, 64, 68, 69, 76, 77,
79, 82, 94, 95]. There have been many studies on this relationship; for instance,
Glaudell et al. found the empirical relationship in which a oc 6", which successfully
fit the experimental data from a variety of doped polymers[68]. However, the
physical origins of this model are unclear. Kemerink et al. suggested a modified

variable-range-hopping (VRH) model that is suitable for non-degenerately doped
o I R |||
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semiconducting polymers[77]. In 2017, Kang and Snyder proposed a charge
transport model using an energy-dependent transport parameter s and an energy-
independent transport coefficient oro, which fits well with the a—o relationship of
polymers over almost the entire range of electrical conductivity[76]. The analysis of
the relationship based on this model elucidates the fundamental charge transport
mechanism and enables the design of an optimized TE device.

In particular, the Kang—Snyder model can be applied for both non-
degenerately and degenerately doped semiconductors by changing the parameter s.
Thus, the energy-dependent parameter s, which is affected by the structural and
energetic disorder of polymers, is important for determining the charge transport
mechanism[69, 76]. For most previously reported conducting polymers, for instance,
P3HT, PBTTT, and poly(2,5-bis(thiophene-2-yl)-(3,7-dihepta-
decanyltetrathienoacene)) (P2TDC,7-FT4), the parameter s = 3, which means that
impurity scattering is the major mechanism of charge transport[76]. However,
materials with lower s values (i.e., s = 1) are required for better electrical
conductivity as well as higher TE performance, which can be obtained with highly
crystalline and/or degenerate polymers[76, 79, 95]. Nevertheless, the s = 1
relationship has not been demonstrated except for crystalline PEDOT and its
derivatives[76] because of the limited ionization of dopants in doped polymers
and/or the poor crystallinity of the doped polymer films due to the need for heavy
doping for a high carrier concentration.

Here, 1 successfully demonstrate degenerately doped semi-crystalline
polymers with the o—o relationship following s = 1 using two semi-crystalline -
conjugated polymers, poly[(4,4'(bis(hexyldecylsulfanyl)methylene)cyclopenta[2,1-
b:3,4-b'|dithiophene)-alt-(benzo[c][1,2,5]thiadiazole)] (PCPDTSBT) and poly[(2,5-
bis(2-hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-

yl)benzo[c][1,2,5]thiadiazole)] (PPDT2FBT). I doped the films with a strong oxidant,

v
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iron chloride (FeCl;), by the overcoating method to achieve degenerately doped
conditions (7 up to ~10*' cm™3) while maintaining their crystallinity. As a result, PFs
of 112.01 uW m™!' K for PPDT2FBT and 49.80 uW m™! K2 for PCPDTSBT were
obtained, which are outstanding values among doped semiconducting polymers
except for PEDOT derivatives. The effect of the dopant concentration on the film
morphology and dopant homogeneity was investigated by grazing incidence wide-
angle X-ray scattering (GIWAXS) measurements and Kelvin probe force
microscopy (KPFM). In addition, the origins of the high PF and charge transport
properties in our doped polymers were systemically studied by analysing the o—o
relationship and the weighted mobility u. based on the Kang—Snyder model and by
measuring the temperature-dependent conductivity of the doped films. The high TE
performance with the charge transport mechanism following s = 1 in degenerately
doped semi-crystalline polymers can be used to suggest a few strategies to develop

high-performance organic TE devices.
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4.2 Characterization of TE properties

To achieve high electrical conductivity, I first introduced two semi-
crystalline D—A type polymers, PCPDTSBT with sp*hybridized C=C double bonds
on its side chain and PPDT2FBT with noncovalent Coulomb interactions (S---O,
S---F, and C-H---N) and intra- and/or intermolecular noncovalent hydrogen bonds,
as shown in Figure 4.1a and 4.1b. As reported previously, both polymer films show
high crystallinity based on their highly planar backbone structures[57, 96]. The
strong p-type acceptor FeCl; was adopted as the dopant. To prepare FeCls-doped
PCPDTSBT and PPDT2FBT films, dopant solutions in acetonitrile with various
concentrations (0.5-60 mM) were coated on top of the pristine polymer films to
preserve the well-ordered film morphology. Here, I denote the films as PCPDTSBT-
OC and PPDT2FBT-OC, respectively. To compare the morphologies of the films, a
sample was prepared by spin-casting the mixture of the PCPDTSBT and dopant
solutions, and this film was named PCPDTSBT-Mix. The resulting films have
thicknesses of ~70 nm and ~100 nm from mixing and overcoating, respectively. The

detailed procedures are described in the experimental section.

CgHq7
PCPDTSBT CeH13 PPDT2FBT

Figure 4.1 Molecular structure of semi crystalline polymers. (a) PCPDTSBT and
(b) PPDT2FBT

Generally, molecular doping in a polymer film modulates the ¢ value by the

formation of (bi)polaron states[46, 72, 93]. To observe this phenomenon, I first
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measured the UV—vis absorption of the films as a function of the FeCls concentration.
As shown in Figure 4.2, in both the PCPDTSBT-Mix and PCPDTSBT-OC films, the
neutral absorption peaks at approximately 830 nm gradually fade, while the polaron
absorption over 900 nm increases as the dopant concentration increases, showing
that PCPDTSBT can be efficiently doped by FeCls regardless of the doping method.
This result is also supported by the change in the work function obtained in the cutoff
region in the ultraviolet photoelectron spectroscopy (UPS) spectra (Figure 4.2e).
The work function of the pristine PCPDTSBT film was 4.31 eV. As the FeCls
concentration increased, the work function of the PCPDTSBT-OC and PCPDTSBT-
Mix films increased to 5.09 eV and 4.79 eV, respectively, at the maximum dopant
concentration. This gradual increase in the work function indicates that the Fermi
level and the HOMO level of the polymer approach each other because of the
increased number of the free charge carriers[53, 97]. The PPDT2FBT films also have

similar results in terms of the absorption spectra and the work function, as shown in

Figure 4.2c and 4.2e.
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Figure 4.2 Characterization of doped semi-crystalline polymers. UV-vis
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absorption spectra of the (a) PCPDTSBT-Mix, (b) PCPDTSBT-OC, and (c)
PPDT2FBT-OC as a function of the FeCl; concentration, and their (¢) UPS spectra

as well as corresponding work functions.

To investigate the TE properties of the doped polymer films, I measured ¢
with a four-point probe method and measured o with a customized measurement
system as illustrated in Figure 4.3a. The detailed measurement configuration is
described in the experimental section. Figure 4.3b and 3¢ show the TE properties of
the PCPDTSBT-OC and PPDT2FBT-OC films, respectively. In both overcoated
films, the o values drastically increased as the FeCls concentration increased due to
the increased number of free carriers, as confirmed by the UV—vis absorption and
UPS spectra; in the PCPDTSBT-OC film, ¢ was 0.002 S cm™! at 0.25 mM and
increased to 205.9 S cm™! at 50 mM, which is almost 5 times higher than that of the
maximum ¢ in PCPDTSBT-Mix (41.9 S cm™' at 40 mol%) (Figure 4.3d).
Additionally, these values are considerably higher than those given in our previous
report on the same polymer in which [B(C¢Fs);] was mixed as a dopant (7.5 S cm ™)
[57]. The PPDT2FBT-OC film also showed a high ¢ of 125.1 S cm™' at 60 mM,
which is 5-orders of magnitude higher than that at 5 mM FeCl; (0.008 S cm™'). Both
FeCls-overcoated films demonstrated excellent o values based on the use of a strong
dopant and an efficient doping method compared with other doped semiconducting
polymers (Table 4.1). Moreover, the typical trade-off relationship between ¢ and a
is observed for all the films. The Seebeck coefficient of PCPDTSBT-OC decreases
from 793.5 uV K™ at 0.25 mM to 28.8 uV K™! at 50 mM, while that of PPDT2FBT-
OC changes from 893.5 uV K" at 5 mM to 66.0 uV K™! at 60 mM. PPDT2FBT-OC
showed slightly higher o values than PCPDTSBT-OC due to its deeper HOMO
energy level (i.e., —5.45 eV for PPDT2FBT and —5.10 ¢V for PCPDTSBT). The

maximum PFs of PCPDTSBT-OC and PPDT2FBT-OC were 49.80 pW m ™' K2 at 5

mM and 112.01 pW m™! K2 at 45 mM, respectively, which are consideral_?ly higher
L 1TH Bl
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than those of the other doped semiconducting polymer TE devices (Table 4.1). The
performance of all the devices as a function of the dopant conditions is summarized
in Table 4.2. It is interesting that the PF values of the PCPDTSBT-OC and
PPDT2FBT-OC films as a function of the FeCl; concentration reach a peak at a
certain dopant concentration (i.e., 5 mM for PCPDTSBT-OC and 45 mM for
PPDT2FBT-OC) much earlier than reaching the maximum point of ¢. By contrast,
PCPDTSBT-Mix shows the maximum PF at the saturated dopant concentration
(Figure 4.3d) similar to many other doped polymers previously reported[68, 93].
The PF maximum is obtainable when the electronic state of the semiconductor
changes from non-degenerate to degenerate[79, 98]. To verify the transition related
to the PF maximum in our cases, | analyzed the a—o relationship with the Kang—

Snyder model.
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Figure 4.3 Thermoelectric characterization of doped semi-crystalline polymers.
(a) Schematic illustration of the thermoelectric device. (b) Thermoelectric properties

of (¢) PCPDTSBT-OC and (d) PPDT2FBT-OC, and (¢) PCPDTSBT-Mix.
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Table 4.1 Thermoelectric properties of various doped conducting polymers.

Dopant /

c

a

PF

Polymer — yiethods (Sem™) @@VKY @Wm'k? Reb
ppDT2FBT . FeCh/ 573 139.8 112.0
Overcoating
OVIZ‘;S;t/m 11.9 204.6 49.80 VTVEE
PCPDTSBT —— ¢ " £
e’ 41.9 56.0 13.14
Mixing
FTS / Vapor 1000 33 110
[66]
FsTCNQ/ 220 39 32
Vapor
EBSA/ 1300 14 25
PBTTT Dipping [65]
F,TCNQ/ 3.51 60 13
Mixing
FsTCNQ/
Solid-state 120.4 71.7 61.9 [69]
diffusion
PDPP3T FeCls / 52 217 247 [50]
Overcoating
PDPP-4T FeCl; / 15 150 3375 [99]
Mixing
PDPPSe-12 FeCl; / ~900 ~57 300 [100]
Dipping
F,TCNQ/
Solid-state 3.3 66.9 1.48 [69]
P3UT diffusion
FTS / Vapor 27.7 60 9.97 [68]
FeCls / 4 105 46 150]
Overcoating
FsTCNQ/
CDT-BTZ  Solid-state 4.4 147.37 9.55 [69]
diffusion
pcpTFBT  TTCNQ/ 6.91 213 315
Mixing (93]
PCDTPT FsTCNQ/ 5.13 211 21.8
Mixing
PEDOT:Tos  OAE/ 90 190 325 [20]
Vapor
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Table 4.2 Thermoelectric properties of PCPDTSBT-OC, PCPDTSBT-Mix, and

PPDT2FBT-OC.
Polymer Films (S c(;n’l) (uVaK’l) (W (IﬁglK’z)
02smM 00 (£ 73:39) 0.097
0smM G0 644) 1.46
08mM () (£'5578) 6.72
N 73 11.00
25mM (5 (£4572) 49.76
PCPDTSBT-OC 5 mM E549) TRy 49.80
omM - 2%% (« 6:44) 28.99
0mM (2600) 9 13) 29.76
omM - 299, (£034) 1785
somM - 29079 (093) 17.07
3mol% (0 (' $2:54) 0.05
Smol% (,'9.003) 5337) 0.33
smol% (. 0007) (£4431) 047
wmol% o) 7360 0.61
RIS s S GEG
9mot% %55, (- 1234) 1.57
2mol% G 931 7.82
Bmol G =337) 11.68
somot%  Fi5%) Eem 13.14
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45 mol% ( f819225 ) (3[233) 017
> mM (io;%%§6) (i89973,'26) 0.61
7.5 mM (io(')(.)g ! 6) (177652.‘384) 3.34
0mM GG @05 4.00
> mM (il(f313) (133? 0l 2) 2244
pppT2FRT. ™M (141733) (i2125.'367) 35.71
e 3% M, me
smM 2 «16.10) 110.34
45 mM @ 53%) 05 112.01
50 mM (il §>7536) (ig;.gg) 0187
60 mM =o15) 3534 54.49

4.3 TE properties—charge transport relationships

Analysis of the a—o relationship using the Kang—Snyder model is useful to
understand the charge transport behaviors[69]. The a—o relationship of various
conducting polymers has been well described with this model, which newly defines
the form of the transport function og(E) using two essential parameters, a transport
edge E: and a transport parameter s (Eq. 3). In this model, s is a parameter that

determines the conduction mechanism, and ogo presents the transport ability.
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Figure 4.5 Mott-Schottky analysis for extracting carrier concentration. (a)

Scheme of the MIS device structure. (b) Capacitance—voltage characteristics of the

pristine PPDT2FBT and PCPDTSBT films. The inset shows the C, 2~V plot to

extract the carrier concentration. (¢) The carrier concentration of PCPDTSBT and

PPDT2FBT calculated from the Cp >~V plot.
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As shown in Figure 4.4a and 4.4b, the Kang—Snyder model fits our
experimental data well over the entire conductivity range. Interestingly, the o—o
curves with s = 1 have an excellent fit with the data of the overcoated samples,
PCPDTSBT-OC and PPDT2FBT-OC. This result is meaningful because the
relationship with s = 1 has been shown only in PEDOT derivatives but has not yet
been shown in molecular doped semiconducting polymers which generally follow s
= 3 (including the PCPDTSBT-Mix sample) [23]. As described above, the parameter
s is associated with the charge transport mechanism. In detail, the o—o relationship
with s = 1 means that phonon scattering mainly affects the charge transport, which
can be observed in materials possessing a narrow DOS due to high crystallinity
and/or degenerate energy states. In the case of s = 3, charge transport is governed by

impurity scattering, as seen in several typical semiconducting polymers with a

relatively broad DOS[76, 95]. When n < 1 (i.e., a non-degenerate regime), the

shape of the curves is nearly the same as that of a oc Ino regardless of parameter s.

However, in a degenerate region (3 > 1), the o—o curves with s = 1 take the form

of a oc ¢!, which is steeper than those with s = 3 possessing a oc o~ 13.

For a more quantitative analysis, [ extracted the carrier concentration of the
samples using the Mott—Schottky equation via metal-insulator-semiconductor (MIS)
admittance spectroscopy. Figure 4.5a shows a schematic illustration of the MIS
device structure with an architecture of indium-tin-oxide (ITO)/ion-gel
insulator/polymer/Au. For the ion-gel insulator, I used a mixture of poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) and 1ethyl-3-methylimidazolium
bis(trifluoromethylsulfony)imide ((EMIM][TFSI]). The carrier concentration can be
calculated from the capacitance—voltage characteristics in the depletion region using

the following equation[101-103]:
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n=— (8)

(50

qeoér\ 3y

where ¢ is the permittivity of free space, ¢ is the dielectric constant of the active
layer, and C; is the specific capacitance of the device. Figure 4.5b shows an example
of this calculation with the C,—V and C, >-V characteristics of the MIS device using
pristine PCPDTSBT and PPDT2FBT as the active layers. The charge carrier
concentrations of the PCPDTSBT-OC and PPDT2FBT-OC films as a fucntion of the

FeCls concentrations were shown in Figure 4.5¢.
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Figure 4.6 MIS admittance spectroscopy of doped polymers. C,—V characteristics
of (a) PCPDTSBT-Mix, (b) PCPDTSBT-OC, and (c) PPDT2FBT-OC to extract the

carrier concentration.

The C,—V characteristics of the other doped films are displayed in Figure
4.6. The undoped PCPDTSBT and PPDT2FBT films have n values of 3.6 x 10'¢
cm™ and 2.6 x 10'® cm™?, respectively. As the FeCls concentration increased, the n
of PCPDTSBT-OC and PPDT2FBT-OC consistently increased and reached a
maximum of 6.0 x 10*' cm™ at 50 mM and 3.1 x 10?° cm ™ at 60 mM, respectively,
as shown in Table 4.3. These are exceptionally high values for doped
semiconducting polymers and are comparable to the  of typical metallic conducting
polymers, causing the a—o relationship to follow s = 1, as shown above[57, 69, 104].
Therefore, the two overcoated polymer films seem to possess a narrow DOS, a low
level of disorder, and/or high crystallinity, which might be the reason for the
appearance of the maximum PF. Meanwhile, the PCPDTSBT-Mix film (40 mol%)
also showed a high n 0f 4.7 x10?° cm™ (Table 4.3). Although this value is almost an
order of magnitude lower than that of PCPDTSBT-OC, it is still as high as the value
of other heavily doped polymers[103]. This result indicates that » is not the sole

factor affecting the parameter s. For further investigation of this phenomenon, I
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systematically studied the TE properties and the charge transport mechanism in the
samples in terms of the arrangement of the polymer chains during the doping process

and the dopant distribution, which can also affect the charge transport properties.

Table 4.3 Carrier concentrations of PCPDTSBT-OC and PPDT2FBT-OC

derived from admittance spectroscopy.

Polymer FeCl; concentration Carrier concentration (cm_3)

Pristine 3.64 (£ 1.09) x 10"

5 mM 3.71 (& 2.12) x 10"

PCPDTSBT-OC 10 mM 473 (£236)x 10"
30 mM 3.93 (+0.94) x 10°"

50 mM 5.97 (£0.75) x 10"

PCPDTSBT-Mix 40 mol% 474 (+ 0.34) x 10
Pristine 2.62 (£ 0.28) x 1016

10 mM 435(+1.50)x 10"

PPDT2FBT-OC 20 mM 7.09 (+2.84) x 10"
30 mM 2.99 (+1.67)x 10"

60 mM 3.09 (& 2.19) x 102
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4.4 Characterization of morphological properties

PCPDTSBT | Mi ' 22 mol% 40 mol% 45 mol%

PCPDTSBT
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PPDT2FBT
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0 05 10 15 05 1.0 15 05 10 15 05 10 15 0 05 10 15
Gy (A1)
Figure 4.7 Two-dimensional GIWAXS patterns of doped polymers. (a)

PCPDTSBT-Mix, (b) PCPDTSBT-OC, and (c) PPDT2FBT-OC at various dopant

concentrations.

Because the local structural order of polymer films is highly related to the
TE properties[53, 63, 65], I investigated the change in the film morphology and
crystallinity due to FeCls doping with GIWAXS. The two-dimensional GIWAXS
images and corresponding in-plane (IP) and out-of-plane (OOP) line-cut profiles are
shown in Figure 4.7 and Figure 4.8, respectively. From the data, I also extracted the
d-spacing and the crystalline coherence length (CCL) of the samples (Figure 4.9 and
Table 4.4). In the pristine state, both polymers show a pronounced face-on

orientation with strong OOP scattering (010) at ¢, = 1.67 A" (d-spacing = 3.76 A
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and CCL =24.1 A) for PCPDTSBT and ¢, = 1.68 A™' (d-spacing = 3.74 A and CCL
=24.2 A) for PPDT2FBT, mainly originating from their high planarity. As described
in our previous reports on these polymers, chain planarity is extended with strong
interchain packing via sp>-hybridized bis(alkylsulfanyl)methylene side chains and
sulfur—sulfur (S—S) chalcogen interactions in PCDPTSBT[57]. PPDT2FBT also
shows tight n—r stacking owing to its strong interchain interactions via noncovalent
Coulomb interactions, intra/intermolecular noncovalent hydrogen bonds, and strong
dipole—dipole interactions. The tight interchain packing of both polymers results in
high charge transport capability[67, 96].
a b c
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Figure 4.8 GIWAXS line-cut profiles. (a) PCPDTSBT-Mix, (b) PCPDTSBT-OC,

and (c) PPDT2FBT-OC.
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Table 4.4 Packing parameters derived from GIWAXS.

Crystallographic parameters of

Do 4-.(010)
Polymers oping Films
Y method q, d-spacing CCL
(A) (A) (A)
Pristine 1.670 3.76 24.1
1 mM 1.699 3.70 27.5
5SmM 1.707 3.68 27.8
Overcoating
10 mM 1.715 3.66 29.8
PCPDTSBT 50 mM 1.719 3.65 33.8
8 mol% 1.652 3.80 24.2
22 mol% 1.715 3.66 25.3
Mixing
40 mol% 1.717 3.66 25.2
45 mol% 1.702 3.69 22.4
Pristine 1.682 3.74 24.2
7.5 mM 1.691 3.72 27.3
PPDT2FBT 15 mM 1.700 3.70 28.0
Overcoating

30 mM 1.700 3.70 28.6
60 mM 1.700 3.70 29.0
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By doping the films, no noticeable change in the scattering pattern was
found in either overcoated film, whereas the (010) peak of the PCPDTSBT-Mix film
was disrupted at high dopant concentrations. This shows that the doping method
significantly affects the morphology. In the PCPDTSBT-Mix film, the d-spacing and
the CCL were maintained as the FeCls; concentration increases up to 40 mol%.
However, when the 45 mol% solution was mixed, the CCL decreased from 24.1 A
(the pristine film) to 22.4 A, and in turn, ¢ decreased. This result may be attributed
to blending a large amount of dopant, which is likely to disrupt the growth of the
crystalline phase and thus hinder charge transport[45, 70]. In contrast, in the
PCPDTSBT-OC film, the CCL increases up to 33.8 A at 50 mM while maintaining
the d-spacing , showing that the overcoating method does not disturb the crystallinity
of the polymer even up to the degenerate doping level. Consequently, I can infer that
the high crystallinity of the PCPDTSBT-OC film is related to the transport parameter
s =1 as well as the high ¢ (>200 S cm™') and high n (>10*' cm™). The PPDT2FBT-
OC film also exhibits changes in the packing parameters by doping similar to the
changes observed in PCPDTSBT-OC. The morphology difference can also be found
in the atomic force microscopy (AFM) images of the films (Figure 4.10). The
pristine films of PCPDTSBT and PPDT2FBT have well-ordered semi-crystalline
fibril structures and smooth surfaces with low root mean square (RMS) roughness
values of 0.71 nm. The overcoated films show no significant change even at a high
dopant concentration of 0.99 nm and 1.05 nm for PCPDTSBT-OC at 50 mM and
PPD2FBT-OC at 60 mM, respectively. In contrast, PCPDTSBT-Mix with 45 mol%
doping shows significant phase segregation with isolated particles that are

precipitated due to the solubility limit, resulting in a large RMS roughness (3.30 nm).
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Figure 4.10 AFM height images. (a) PCPDTSBT-Mix, (b) PCPDTSBT-OC, and (¢)

PPDT2FBT-OC as a function of the FeCl; concentration.
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4.5 Spatial distribution of dopants in doped films

50 nm
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Figure 4.11 Spatial distribution of dopants in doped films. (a) SPC histograms,
(b) SPC maps, and (c) height images of PCPDTSBT-Mix, PCPDTSBT-OC, and
PPDT2FBT-OC at the maximum dopant concentration. The size of all the AFM

images is 5 um x 5 ym.

The reasons for the differences in the transport parameter s were further
studied by examining the spatial distribution of dopants as a function of the doping
method. Because Seebeck coefficients are proportional to the slope of the DOS, g(E),
according to the Mott formula, o oc d(In[g(E)])/dE, I can infer that the distinct shape
of the a—o relationship in the PCPDTSBT-OC and PPDT2FBT-OC films correlates
with the DOS[44, 68]. A recent study reported by Boyle et al. suggested that the
clustering of dopants in doped polymer films can significantly affect the DOS, which
changes the transport parameter s[95]. In detail, homogeneous doping reduces the
energetic disorder and lowers s, leading to higher TE performance. To investigate

the FeCl; distribution in the degenerately doped films as a function of the doping
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method, I compared the surface potential contrast (SPC) of PCPDTSBT-Mix,
PCPDTSBT-0C, and PPDT2FBT-OC using KPFM, as shown in Figure 4.11, which
provides the surface potential difference in a spatial regime. The SPC distributions
(Figure 4.11a) are plotted from the SPC map shown in Figure 4.11b and are fitted
to a Gaussian function to estimate the full width at half maximum (FWHM) of the
distribution. The result clearly shows that the SPC distribution in PCPDTSBT-OC
is much narrower than that in PCPDTSBT-Mix. The FWHM of PCPDTSBT-Mix is
1.45 X 1072, whereas that in PCPDTSBT-OC is 7.6 X 1073. In addition, the
surface topology at the same position in the SPC image is shown in Figure 4.11c,
displaying that the mixed film has a much rougher surface than the sequentially
doped film. Similar to the PCPDTSBT-OC film, the PPDT2FBT-OC film has a sharp
SPC distribution with an FWHM of 7.9 X 107* and a smooth surface. The results
indicate that the dopant homogeneity and the film morphology can be improved by
the overcoating method. Also, considering the SPC distribution, I anticipate that s is

highly correlated to the DOS.
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4.6 The PF maximum in the s =1 system

Figure 4.12a shows the PF—o relationship of all the films. The data points
of all the doped films agree well with the simulation curves based on the Kang—
Snyder model. Here, I can observe that the relationship between PF and ¢ also varies
with the parameter s. The PF curve with s = 3 steadily increases in proportion to o.
As seen in the plot, both the higher ogo (i.e., the higher carrier mobility) and the
higher # (i.e., the higher doping level) lead to a higher PF for a given ¢[69, 82]. In
contrast, the PF—o relationship following s = 1 shows a PF maximum at a certain o,
which decreases after that point; this trend is typically found in degenerate
semiconductors with a narrow parabolic band[69, 79]. The s = 1 system also has a
higher PF when ok is higher similar to the s = 3 system, but there is an optimal #
corresponding to the maximum PF. By comparing the PF—o relationships with two
different parameter s values, it is suggested that the s = 3 system is better than the s
= 1 system because the PF progressively increases as o increases; thus, an extremely
high PF can be obtained. However, reaching a high PF is not achievable in practice;
for example, the PCPDTSBT-Mix may reach the PF of PCPDTSBT-OC (49.80 uW
m ! K2)if I increase o from 41.9 S cm™! to 2705.3 S cm™! (where # = 62.60) in the
s = 3 system. At that time, the corresponding n should be ~10?> cm™ when I assume
that the mobility is not changing. However, in general, it would be impracticable to
increase 7 to such a high value by mixing dopant molecules due to the limitation of
the solid solubility[45, 93]. As shown above, maintaining the film morphology is
also difficult. Thus, the PF of a doped polymer system following s = 3 can be
theoretically higher than that following s = 1, but it cannot be realized. On the other
hand, the polymers following s = 1 are likely to attain an optimal PF at a relatively

low dopant concentration. The PCPDTSBT-OC and PPDT2FBT-OC films follow
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this trend, showing maximum PFs (49.80 yW m ' K2 and 112.01 ytW m ' K™2) ata

feasibly low ¢ of 11.9 S cm ™! and 57.3 S cm™!, respectively.
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Figure 4.12 Effect of the transport parameter s on PF. (a) The markers are the
PFs of PCPTDTSBT-Mix, PCPDTSBT-OC, and PPDT2FBT-OC. The solid and
dashed lines present the simulated PFs from the Kang—Snyder model with s = 1 and
s =3, respectively. (b) The weighted mobility from the experimental data is marked
with circles. The curves are the calculated weighted mobility values (solid lines)
consisting of the degenerate limit (dashed lines) and the non-degenerate limit
components (dotted lines). The vertical lines across the graphs, light blue for
PCPDTSBT-OC and light red for PPDT2FBT-OC, show that the PF maximum

coincides with the area of transition from the non-degenerate regime to the

degenerate regime.

It is important to determine when the maximum PF appears for s = 1

systems to establish a strategy to improve the performance of TE devicejs_ll utilized
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the weighted mobility uw, which enables the identification of the electronic structure
and charge transport mechanisms, as recently reported by the Snyder group using a

and o, as follows[48]:

3 3 la] exp[ la] —2]
s = 3h30 n2kg/q N kg/q ©)
w
81mq(2mokgT)3/2 [ ( || )] [_ ( la| )]
e 1+exp5—k8/q+1 1+ exp SkB/q+1

where & is Planck’s constant and m. is the electron mass. Experimental (markers)
and simulated xw—o (solid lines) plots are shown in Figure 4.12b, showing noticeable
differences depending on the value of s in the a—o relation. In detail, u for s =3
consistently increases with respect to o, whereas u,, for s = 1 is almost constant over
the entire o region. The large change in uy for s = 3 is known as a sign of the deviation
from the free electron model because of the presence of grain boundaries and/or
impurity scattering[ 105, 106]. The calculated uw values of PCPDTSBT-OC and
PPDT2FBT-OC are 6.7-7.5 cm® V! 7" and 10.6-11.5 cm? V! 57!, respectively.
Meanwhile, the PCPDTSBT-Mix film exhibits a uy of ~0.2 cm? V7' s at a low o
range and ~2.9 cm? V™! s7! at the maximum o. Although the theoretical value of uw
of PCPDTSBT-Mix can increase continuously, a higher puy is unachievable due to
the restrictions explained above.

Furthermore, I rewrite u, by dividing it into two components, iy = fiwd +
Hwnd, Where uwa (corresponding to the first term in Equation (5) and pwnd
(corresponding to the second term in Equation (5)) are the analytical results for the
degenerate limit and for the non-degenerate limit, respectively; then, uw, twa and
lwna curves are drawn in Figure 4.12b using the a and ¢ values obtained from the
best fits with different s values. A significant finding in this graph is that the PF
maxima in the overcoated films (following s = 1) appear at a o where 4 starts to
contribute to uw, as indicated by the vertical lines in Figure 4.12a,b. In other words,
the PF maximum is obtained when the doping state switches from non-degenerate
to degenerate. This result is also highly consistent with the recent literature repprting
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that the maximum PF is shown with the insulator-to-metal transition[79]. Based on
these results, I can conclude that the s = 1 system is more favourable than the s = 3
system to achieve high TE performance. Additionally, the theoretical PF maximum

point can be enhanced by increasing ogo (i.e., intrinsic mobility of polymers).
4.7 Charge transport in heavily doped polymers

For a deeper understanding of the charge transport properties of the films,
I measured the temperature-dependent electrical conductivity of each film with
maximum o at temperatures from 20 K to 330 K. As shown in Figure 4.13a, I can
observe that ¢ increases as the temperature increases above a certain temperature.
Interestingly, the ratio of (20 K)/a(330 K) in PCPDTSBT-Mix (5.1) is higher than
those of the other samples with the overcoating method, with values of 2.0 for
PCPDTSBT-OC and 2.9 for PPDT2FBT-OC. This means that the mixed film
possesses a higher level of disorder[84], which corresponds to the GIWAXS and
KPFM data. It is also notable that the ¢ values of all the films become constant as
the temperature decreases below a certain temperature, implying insulator-to-metal
transition in low-temperature regions. These characteristics originate from the
improved coupling between the polymer chains with reduced vibrational amplitudes
at low temperatures, which is generally found in films with a highly ordered
structure[15, 57]. This finding can also be supported by the reduced activation
energy W(T) vs. T (the Zabrodskii plot), which is expressed as W(T) =
din[o(T))/dIn(T). As shown in Figure 4.13b, all films in this study exhibit a positive
slope, indicating that the transport regime of the films has a metallic nature, as
reported previously[57, 84]. I also extracted the activation energy E. using the
Arrhenius equation o = ogoexp(E/ksT), where oo is a temperature-independent

prefactor, as shown in Figure 4.13c. In the low-temperature region, an extremely
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low E, of 0.3-0.6 meV was obtained for all films, which also supports the electrical
properties close to metal. Meanwhile, the E, extracted at the high T region was 28.2
meV, 10.7 meV, and 14.8 meV for PCPDTSBT-Mix, PCPDTSBT-OC, and
PPDT2FBT-OC, respectively. Although these values are higher than those in the low
T region, they are still much lower than those of typical doped organic materials[17,
107]. This result indicates that the electron charges were efficiently transferred from
the polymer chains to the dopant molecules, and thus, the tail states of the DOS were
filled with a larger number of charge carriers in the doped films[108]. In addition, it
is notable that the E, of the PCPDTSBT-OC film was evidently lower than that of
the PCPDTSBT-Mix film, which can be attributed to the high » and low structural
disorder originating from the well-maintained crystallinity under heavily doped

conditions, as shown in the GIWAXS patterns.
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Figure 4.13 Charge transport properties of doped polymers. (a) Temperature

dependence of the electrical conductivity ¢ and (b) the reduced activation energy
W(T) of the samples at the maximum dopant concentration, and their (c) activation
energy E, and (d) the transport barrier ,. Inset images show the Ing vs 7! and Inago
vs T2 plots, respectively. (e,f) Schematic images of film morphology of (e) the
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One peculiar phenomenon is that the PCPDTSBT-Mix film, with a positive
slope in the Zabrodskii plot (Figure 4.13b), has s = 3 in the o—o relationship. In
general, charge transport is highly related to the size of the ordered regions and their
connectivity by tie molecules[61, 76, 79]. As shown in the GIWAXS, the
PCPDTSBT-Mix film had smaller crystalline domains; however, it is not significant
to show lower o than PCPDTSBT-OC. Therefore, based on the SPC and AFM data,
it is expected that the PCPDTSBT-Mix film has structural disorder (accompanying
energetic disorder) mainly originating from inhomogeneous dopant distribution that
can hinder charge transport between conductive domains. To verify this hypothesis,
I calculated the transport barrier W, from the relationship oro(7) o exp(—W,/ksT)
(where y = 0.5 for most conducting polymers) (for details, see the Supporting
Information), as shown in Figure 4.13d[53, 57, 76]. It is known that W,, the
activation energy between intercrystallite domains, increases as the structural
disorder increases. The PCPDTSBT-Mix film exhibits a W, of 1.10 eV, which is
considerably higher than that of the overcoated films. Thus, I can infer that the mixed
films possess larger structural disorder (due to dopant aggregation) as well as slightly
smaller crystalline domains than the overcoated films, as illustrated in Figure 4.13¢
and 4.13f. For this reason, the s = 3 relationship in the mixed film is attributed to the
extended percolation length due to structural disorder. On the other hands, the
PCPDTSBT-OC and PPDT2FBT-OC films exhibit W, values of 0.16 eV and 0.20
eV, respectively, which are comparable to that of chemical vapor deposition (CVD)-
grown PEDOT (< 0.18 eV) showing metallic behaviour[57]. This result is
meaningful because a low energy barrier with a highly ordered structure can be
achieved even in molecular doped polymer films using semi-crystalline polymers, a

strong acceptor, and a sequential doping method.
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4.8 Summary

In this work, I introduce two new polymeric systems using the semi-
crystalline polymers PCPDTSBT and PPDT2FBT, which were doped by
sequentially overcoating the strong electron-acceptor, and a high thermoelectric
performance was demonstrated. With elaborate studies on a and PF as a function of
o based on the Kang—Snyder model, I show that the o — o relationship follows a
unique s = 1 curve, which is the first report among molecular doped semiconducting
polymers. Moreover, through a cryogenic electrical conductivity experiment, it is
confirmed that the systems with s = 1 exhibit charge transport close to the onset of
metallicity owing to the significantly low transport barriers. In addition, I show that
the PF maxima is achieved in this system when the doping state changes from non-
degenerate to degenerate. Based on these results, I can suggest that the degenerately

doped polymer system (s = 1) helps obtain a better TE performance.
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Chapter 5. High TE performance in PEDOT:PSS

films with improved structural connectivity

5.1 Introduction

Recently, there has been a growing interest in energy harvesting as one of
environmentally sustainable energy sources to meet the world-wide demands for
coping with climate change[1]. Among various energy harvesting technologies,
thermoelectric generation, which can directly convert thermal energy into electricity,
has been regarded as a promising energy conversion system based on
semiconductors, leading to extensive research and commercial production of TE
generators (TEGs) based on inorganic semiconductors[8, 13, 109]. However, their
low heat-to-electricity conversion efficiency from low-temperature thermal energy
that occupies about 60% of the total waste heat restricts the practical application of
TEGs in our daily life. Efficient harvesting of low-temperature heat resources, such
as a human body, would be a promising way of supplying electricity to low-power
wearable devices and Internet of Things sensors[6, 110, 111].

For this purpose, conducting polymers are one of the most suitable
materials for low-temperature TEGs owing to their inherent nature of lightweight,
flexibility, low-toxicity, as well as cost-effective synthesis and solution
processability[15, 43, 91]. Also, gradual development of material design and doping
methods have led to the improvement of polymer film-based TE performance which
is typically expressed as a power factor PF = o’c, where a and o are the Seebeck
coefficient and electrical conductivity, respectively[20, 44, 47, 59, 62, 65]. To
maximize the PF, fine-tuning of charge carrier concentration n through doping
and/or de-doping with an additive is known as the key strategy because of the

interplay between o and o with respect to n[46]. However, it is not always a
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straightforward proposition, because a typical doping/de-doping process can induce
a structural perturbation of the polymer backbones causing an energetic disorder[58,
66, 70, 71]. This dopant-induced disorder strongly affects the charge transport in
polymer films with complicating the inter-relationship among », charge carrier
mobility x, and the other TE parameters, which makes it difficult to predict the
maximum PF as a function of #n[63]. Thus, as a new guiding principle to find out the
optimum PF of polymer TE devices, the importance of unraveling the relation
between a and ¢ continues to grow[68, 74, 76]. So far, a power law of a oc ¢! has
been widely used for describing the empirical a—c relationship in conjugated
polymers, where s is determined by the degree of disorder[69, 79]. Several
researchers have shown that doped semiconducting polymers empirically exhibit a
power law with s = 4 due to the intrinsic- and/or dopant-induced disorders[24, 93].
However, this a oc 6 relation is ineffective in optimizing the PF, because the PF
in this case is roughly proportional to ¢ and thus unceasingly increases with no
local maximum, though it cannot be realized.

A few recent studies have suggested that the s value can be decreased more
by reducing the disorder of doped polymer films[94, 95]. In particular, it is
demonstrated that heavily doped semicrystalline polymeric systems follow the o oc
o ! relation with metal-like charge transport characteristics[48, 55, 56]. For instance,
Takenobu et al. tuned the doping level of the doped PBTTT thin film to the
degenerate state by electrolyte gating, and showed that s = 1 in the high-conductivity
region[79]. I also previously reported two degenerately doped semi-crystalline
polymer films exhibiting the empirical relation of a o« 67!, and proved that they
necessarily have a higher PF than non-degenerately doped polymer films with higher
s values[55]. In both research, the films possess high crystallinity and long-range
connectivity that can facilitate delocalized charge transport. One figure that deserve

to be highlighted from previous works is that a polymer system exhibiting the o oc
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o ! relation obviously presents a maximum PF point that can be readily predicted
from the o—o relationship[55, 79]. It implies that the highest PF in such a polymer
system (i.e., s = 1) can be more easily obtained with less endeavors for optimization
of experimental conditions.

Among a few polymers with high crystallinity, PEDOT:PSS has been
investigated the most, because of its high tunability in its electronic state and
microstructure through various treatment methods using organic solvents,
surfactants, salts and acids[30, 40, 84]. The ¢ of a PEDOT:PSS film reaching ~4000
S cm! is incomparably higher than other solution-processable polymers, and its
metal-like charge transport behavior enables the development of high-performance
TE devices with low output impedance[112, 113]. To enhance the PF of PEDOT:PSS
films, there have been several attempts that can increase a by adjusting the electronic
state of PEDOT:PSS using a reducing agent, such as sodium hydroxide[29, 33],
sodium borohydride[36], and hydrazine[41]. However, these reducing agents not
only disturb the microstructure during permeation but also remain oxidized
counterions in between the PEDOT chains which can act as a scattering center[29,
36, 41]. Thus, until now, only a few of PEDOT:PSS-based TE devices have shown a
high PF accompanied by the s = 1 feature[74, 76], meaning that the TE performance
of PEDOT:PSS films can be further improved.

Here 1 demonstrate a solution-processed, high-performance TE device
based on a PEDOT:PSS thin film, which exhibits the a o« ¢! relation. I first
fabricated a highly conductive PEDOT:PSS films using a strong acid,
trifluoromethanesulfonic acid (TFSA), in which the ¢ values increased up to ~3600

Scm™!

owing to the highly ordered microstructure with PSS removal. Because the
residual triflate anion from TFSA stably interacted as an electrostatic counterion to
positively charged PEDOT, the PEDOT:PSS—TFSA film presented no significant

deterioration of crystallinity during a consecutive reduction process for PF
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optimization. As a result, a solution-processed PEDOT:PSS film exhibited a high PF
of 534 uW m 'K ? and a delocalized metal-like charge transport property. However,
this empirical maximum PF was lower than our theoretic expectation, implying the
existence of additional limiting factors. The fundamental cause of the PF limitation
was found to originate from the increased conformational disorder by analyzing the
temperature-dependent o, Hall effects, and magnetoconductance of the films. I
believe that our strategies to improve the TE performance and the findings on the
origin of the PF limitation would contribute to the development of an advanced
polymer systems for high-performance TEGs as well as the fundamental

understanding on polymer-based TE devices.

5.2 Optimization of the TE performance

To enhance ¢ of the pristine PEDOT:PSS film, I introduced TFSA
(CF3SO;H) as a post-treatment agent, which can more effectively protonate PSS (R-
S037) and remove excess PSSH owing to its relatively strong acidity (pK. = —14.7)
in comparison with other acids[37, 38]. Also, the triflate anion (CF3SOs’, as a
conjugate base of TFSA) can form stable electrostatic interaction with positively
charged PEDOT, partially resulting in a complex form of PEDOT* and CF3SO;[38].
This is analogous to the molecular structure of PEDOT:trifluoromethanesulfonate
(PEDOT:OTY) which is known to have an excellent TE performance and a metallic
behavior with high crystallinity[32, 42, 114]. Contrary to the solution-processible
PEDOT:PSS, however, insoluble PEDOT:OTT needs to be synthesized to a solid
state via in situ polymerization of 3,4-ethylenedioxythiophene (EDOT) with
Fe(OTY);, limiting the processibility (e.g., substrate, patterning) and scalability for
its practical use. Meanwhile, our PEDOT:PSS—TFSA can be easily formed in a series
of solution processes, which potentially enables the fabrication on any substrates in

a variety of shapes and sizes suitable for its application. Also, I can expect the
=2 v
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PEDOT:PSS-TFSA film to have superb thermoelectric and charge transport

properties by taking advantages of the triflate anions.
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Figure 5.1 Optimization of TE performance through super-acid treatments. (a)
sheet resistance and thickness, b) ¢ and «, and c) a?c of PEDOT:PSS-TFSA films

according to the number of treatments.

The PEDOT:PSS-TFSA films were prepared through the TFSA immersion
treatment, as described in the experimental section. Based upon optimization of the
treatment conditions (Figure 5.1), ¢ was dramatically improved from 0.6 S cm™ in
the pristine PEDOT:PSS film to 3595 S cm ™ in the PEDOT:PSS-TFSA film. Such
a high ¢ in PEDOT:PSS can be achieved by the increment of the polaron (~900 nm)
and bipolaron states (over 1300 nm) confirmed in UV-vis-NIR absorption spectra
(Figure 5.2) and morphological rearrangement of the core—shell-like PEDOT:PSS

structure into the well-aligned fiber-like PEDOT chains with partial removal of

PSS[39], as illustrated in Figure 5.3a.
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Figure 5.2 Effects of the acid-base treatments on the electronic structure of the
films. UV-Vis—NIR absorption spectra of the pristine and PEDOT:PSS-TFSA films
with different TDAE treatment time. The spectral intensity around at 620 nm, 900
nm, and 1300 nm indicates the neutral, polaron and bipolaron states in the PEDOT

chains, respectively.
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Figure 5.3 Thermoelectric and structural properties of TDAE-treated
PEDOT:PSS-TFSA films. (a) Schematic illustrations of PEDOT and PSS networks
in the pristine, PEDOT:PSS-TFSA, and TDAE-treated PEDOT:PSS—TFSA films. (b)
Two-dimensional GIWAXS patterns of the films along with the TDAE-treatment
time. (c) Illustrative structure of the TE devices and measurement. Thermoelectric
performance of the PEDOT:PSS—TFSA films in terms of (d) o, a, and (¢) PF as a

function of the TDAE-treatment time.

To verify the formation of the fibrous crystalline PEDOT network in the
PEDOT:PSS-TFSA film, I investigated the 2D grazing incident wide angle X-ray
scattering (GIWAXS) pattern, as shown in Figure 5.3b. Contrary to the pristine film,
strong consecutive (/00) diffraction peaks are appeared in the PEDOT:PSS-TFSA
films, which is attributed to the alternating lamellar spacing between PEDOT and
PSS chains along the out-of-plain direction (¢, = 0.47, 0.91, and 1.34 A,

respectively)[81]. In addition, a strong (020) diffraction peak can be also observed
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along the in-plain direction (gx, = 1.82 A), which corresponds to the edge-on oriented
n—n stacking between PEDOT chains. This alignment of the PEDOT chains is
beneficial for achieving high TE performance by facilitating the intra- and/or inter-
chain charge transport. The TE properties of the films were characterized with a
customized setup illustrated in the Figure 5.3c. The PEDOT:PSS—TFSA film with
the highest conductivity (3595 S cm™') exhibited a« of 22.3 uV K™, and the resultant
PF of 179.5 uW m™! K2 (Figure 5.1¢).

To further increase the PF by modulating the doping level of the
PEDOT:PSS-TFSA film, I adopted tetrakis(dimethylamino)ethylene (TDAE) as a
reducing agent which has a high reducing potential[28, 31]. Here, I used TDAE-
vapor treatment to minimize the deterioration of the film morphology. The oxidation
level of the PEDOT:PSS-TFSA films was successfully controlled by varying the
TDAE treatment time, which was confirmed by the consistent reduction of the
bipolaron states (over ~1300 nm) and decrease of the work functions observed by
UV-vis absorption spectra (Figure 5.2) and Kelvin probe force microscopy (KPFM),
respectively (Figure 5.4a, and 5.4b). This was further supported by observation of
the XPS spectra as shown in Figure 5.5. The PEDOT peaks (162—-166 ¢V)
consistently shifted to lower binding energy as a function of the TDAE treatment
time, indicating that the sulfur atoms of the PEDOT accepted electron from TDAE

(Figure 5.5).
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Figure 5.4 Effects of the acid-base treatments on the electronic structure of the
films. (a) The SPC histogram and (b) work functions of the pristine and
PEDOT:PSS-TFSA films with different TDAE treatment time. The work functions

were extracted by fitting the SPC spectra using Gaussian function.
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Figure 5.5 Effects of the acid-base treatments on the chemical structure of the
films. S2p XPS spectra of the pristine and PEDOT:PSS—TFSA films with different
TDAE treatment time. Two S2p peaks were observed in the regions of 162—-166 eV
and 167172 eV, which are corresponding to thiophene of PEDOT and sulfonic acid
of PSS [43]. After TFSA immersion treatment, the relative peak intensity of PEDOT

to PSS noticeably increase, indicating the removal of PSS from PEDOT:PSS film.
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Figure 5.6 Morphological characteristics of the PEDOT:PSS films. 2 um by 2

pm AFM topography and phase images of the PEDOT:PSS films.

Notably, the morphology of fibrous PEDOT:PSS networks and the
structural order of PEDOT chains were well preserved after the de-doping process,
verified with the atomic force microscopy (AFM, see Figure 5.6) and the GIWAXS
data (Figure 5.3 and Figure 5.7). When the TDAE treatment time was increased, the

lamellar stacking distance consistently increased from 13.3 A (g, = 0.47 A™! for 0
o1 - -
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min) to 14.5 A (g, = 0.43 A™! for 30 min), while the n—7 stacking distance almost
unchanged (~3.4 A) as a function of treatment time (Table 5.1). These results suggest
that the TDAE molecules mainly locate between PEDOT and counterions, only
expanding the lamellar spacing while keeping the n—n stacking of PEDOT chains
(Figure 5.8, See packing illustration of PEDOT:PSS—TFSA in the section S3). This
arrangements of the cation state of TDAE (TDAE") could be attributed to the relative
higher affinity of the TDAE" to PSS than PEDOT][80]. I found that there is no peak
splitting or significant broadening in both the in-plain and the out-of-plain directions,
indicating that the original lamellar structure and the molecular arrangement in the
edge-on orientation are strongly maintained over the entire de-doping range. This
can be also supported by the fact that the calculated crystal coherence length (CCL),
particularly for the z— stacking, exhibits little change after de-doping (~1.3 A).
Overall, I could conclude that the TDAE treatment was beneficial for controlling the
electronic state of the PEDOT:PSS—TFSA films without significantly changing the
morphological and structural characteristics. As plotted in Figure 5.3d and 5.3e, an
optimized TDAE treatment (7 min) resulted in a decrease of ¢ from 3595 S cm™! to
447 S cm™! and an increase of o from 22.3 pV K™ to 76.1 uV K, leading to achieve
a superb PF of 534.5 pyW m™! K2, which is one of the highest performances of the

conjugated polymers.
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Figure 5.7 Line-cut profiles obtained from 2D GIWAXS patterns of (a) gxy, and
(b) g, direction of the PEDOT:PSS and PEDOT:PSS-TFSA films as function of
TDAE treatment time. The pristine PEDOT:PSS film showed characteristic peaks at
g =~ 027 A, 051 A, 1.19 A™', and 1.80 A" at g, direction, which are
corresponding to lamellar stacking of PEDOT and PSS, amorphous halo of PSS, and

n-1t stacking of PEDOT [(020) planes of PEDOT], respectively.
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Table 5.1 Information on the diffraction peak parameters derived from

GIWAXS data. The values of crystal coherence length were calculated using the

Scherrer formula.

q-(100) 7% (010)
De-doping d-
Films . q CCL q d-spacing CCL
time ., spacing A . A A
(A) A @A) (A) (A)
(A)
Pristine - 0.27 22.50 35.56  1.75 3.59 16.44
Omin 047 13.34 5235  1.82 3.44  38.98
S5min 048 13.21 4938 1.83 3.43 39.22
PEDOT:PSS
7min  0.46 13.66 49.61 1.84 342 37.49
-TFSA
10 min  0.45 14.07 4419 1.84 342 3723
30min  0.43 14.46 4144 182 3.44  37.66
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Figure 5.8 Illustration of packing arrangement. Lamellar stacking of

PEDOT:PSS-TFSA (left image) and of TDAE treated PEDOT:PSS-TFSA where

TDAE is located between PEDOT and PSS (right image).
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5.3 Analysis of the TE relationships using transport model

To find the origin of outstanding TE performance of our films, I
investigated the a—o and PF—o relationships using the Kang—Snyder (K-S) model.
Among various transport models[74, 76, 94, 95], this model was adopted because it
allows to not only understand the charge transport behaviors but also predict a
theoretical PF' maximum simply from the experimental data of « and ¢. The pairs of
o and a can be fitted through the transport coefficient oro and transport parameter s,
both of which are the essential fitting parameters constituting the transport function
of this model (see the section S4)[76, 83]. The oro represents the intrinsic carrier
mobility, which is determined by the structural connectivity of the polymer. This
value is known to be independent of the chemical potential of the polymer and
reflects the degree of percolation between conductive domains. The s is a component
that determines the energy dependency of the transport function, representing the
charge transport mechanism of the system. It has been known that the value of s is
affected by the microscopic transport properties (i.e., scattering mechanism, local
density of states, and relaxation time) of carriers within an individual crystalline

polymer domain[21, 75].
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Figure 5.9 Seebeck coefficient and power factor of the TDAE-treated
PEDOT:PSS-TFSA films as a function of electrical conductivity. (a) The a—o and
(b) o’o—o relations of the films are obtained by fitting experimental data to the SLoT
and K-S models with various ogo and s. The vertical line represents the transition

point at which the power law of the a—¢ changes.

As shown in Figure 5.9a, the s = 1 (or = 286.4 S cm™") line well fits the
experimental data in the high conductivity regime, specifically, when o > 1289.6 S
cm ! (Region IT) as indicated by a vertical dashed line. The good fit for s = 1 indicates
that the transport function is linearly proportional to the energy of the carrier (see the

section S2), which has recently been regarded as the signature for the delocalized
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charge transport[79]. Most doped semiconducting polymers showing thermally
activated hopping transport exhibits the stronger energy dependency of the transport
function (i.e., s = 3 or 4) with much lower o5 (0.001 S cm ™! to 0.01 S cm™1)[53, 68,
76]. The much higher value of oro reaching 286.4 S cm™! reflects the outstanding
intrinsic carrier mobility of our PEDOT:PSS systems, which may be resulting from
the superb interdomain charge transport between PEDOT domains[57]. These
unique behaviors, which has not been reported for the solution-processed
PEDOT:PSS systems, well maintained with the TDAE-treated films for 7 min,
resulting in the high PF (534.5 yW m™ ! K™2).

On the other hand, the samples at lower o regime (< 1289.6 S cm™!) (Region
I) deviates from the s = 1 relation with oro = 286.4 S cm ™. This deviation suggests a
change in charge transport for our system as it cannot be described with unique
transport function (oro and s). To support the transition in transport behavior as a
function of o, I applied the Semi-localized transport model[74] to our data (blue
dashed line in Figure 5.9a) and investigated the value of the localization energy Wu
which is an essential parameter that constitutes the transport function of the SLoT
model (See the section S3, Figure 5.10, and Table 5.2). It is notable that the
localization energy Wy, which shows almost constant value of zero, abruptly
increases when the de-doping time exceeds 7 min. The increase in Wy indicates that
the Arrhenius-like hopping contribution of charge carriers increases, which well
supports the transition transport behavior as a function of ¢. Additionally, this
transition prevents from reaching the theoretic maximum PF of 863.5 yW m ' K2,
as shown in Figure 5.9b. To explain the origin of the PF limitation, I can suggest
two possibilities using the K—S model—one is the occurrence of the metal-to-
insulator transition—and the other is the decrease in the degree of percolation. Either
of which is reflected by the change in s value from s =1 to s = 3 (grey dash-dotted

line in Figure 5.9a), or gradual left shift of the s = 1 curve accompanying decrease
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in ogo (dashed lines in Figure 5.9a), respectively. The former, metal-to-insulator
transition has been reported in ion-gel gated PBTTT films[79], which well explains
the origin of change in s. The latter, the decrease in degree of percolation between
PEDOT domains, is also reasonable speculation in our case, because the de-doped
films still exhibit high o (447.3-1289.6 S ¢cm™') and there were no significant
structural changes in GIWAXS. In the following section, I intend to systemically
investigate which factors (i.e., insulator to metal transition and/or decrease in
percolation) acted dominantly on the PF limitation by analyzing the temperature-
dependent ¢ (a(7)) and Hall effect measurements that enable to observe the

electronic states of the films.

BT

20
15

10

Localization energy W, (meV)

Dedoping time (min)
Figure 5.10 Change in localization energy Wy as a function of TDAE de-doping
time. The values of Wy of the PEDOT:PSS films were extracted by the SLoT model.
When the Wy converges to zero, the transport function of SLoT model equals to the

s =1 case of the K-S model.

Table 5.2 SLoT modelling and material parameters for the n(c) and Wu(c)

relationships.
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WH,max WH,slope M, P kT
Films Cmax Ao Ay N
(meV) (meV) (gmol™) (gem™)  (meV)

PEDOT:
PSS 05 02 6 710 1200 142 1.0 1.0 25.88

—TFSA
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5.4 Temperature-dependent electrical characterizaions
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Figure 5.11 Characterization of charge transport properties of PEDOT:PSS—
TFSA films depending on TDAE treatment. (a) Schematic illustration of the Hall
bar measurement and (b) its optical micrograph image of the device. The longitudinal
(Vx) and transverse voltages (Vi) were recorded simultaneously by applying a
constant dc current (/). (c) The temperature-dependent ¢ as a function of de-doping
time. The FIT model well fits the experimental data at 7 below the critical
temperature. (d) The Hall voltage when the B field was ramped up to 8 T and then
down to —8 T at various temperatures from 20 K to 300 K. The scale bar represents

1 V.

Figure 5.11a and 5.11b shows the PEDOT:PSS films fabricated with Hall
bar geometry, which allows for the simultaneous analysis on the o(7) and
magnetotransport measurements (see the section S4). I can observe the negative
temperature coefficient of o (do/dT < 0), which indicates the presence of metallic
states[70, 78, 79], for the PEDOT:PSS—TFSA film above the critical temperature, as
shown in Figure 5.11c. Interestingly, this metallic behavior (do/d7T < 0) is still

observable near room temperature even after de-doping for 30 min. Additionally, our
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o(T) data below the critical temperature exhibit a good fit with fluctuation induced
tunneling (FIT) model (Figure 5.11c and section S4), which is commonly used to
describe the o(7) of highly conductive organic materials such as carbon
nanotubes[88] and PEDOT derivatives[84]. The variable range hopping model that
has been adopted to describe the insulating behaviors of the polymers fails to fit our
o(7T) data in any dimensions, which can be confirmed by the slope of —1/m of the
Zabrodskii plot (Figure 5.12, section S4). The delocalized charge transport of the
PEDOT:PSS films is further confirmed by Hall effect measurement. As shown in
Figure 5.11d, the PEDOT:PSS—TFSA film shows clear Hall voltage signal in a wide
range of temperatures from 20 K to 300 K, indicating the metallic behavior of
delocalized charge carriers. Although the sample was de-doped, a clear Hall voltage
still appears, and no sign anomalies was observed (Figure 5.13) [73, 115]. These
findings suggest that the metallic behaviors are well-maintained even after de-doping,
indicating the PF limitation does not originate from the metal-to-insulator transition.
Then, 1 consider the effects of the decrease in percolation on PF limitation by
simultaneous comparison on the value of oro, transport barrier between PEDOT

domains and the charge carrier mobility x upon de-doping.
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Figure 5.12 Zabrodskii plot of the PEDOT:PSS films. The slope of the fit line

equals to the value of —1/m, which gives the information of the dimension m of the

VRH mechanism.
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Figure 5.13 Hall effect measurements for the PEDOT:PSS films. (a-f) The
extracted Hall voltages of the TDAE-dedoped PEDOT:PSS—TFSA films for 3, 5, 7,
10, 20, and 30 min, respectively, when B field was ramped up to 8 T and down to —8

T at various temperatures from 20 K to 300 K.
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Figure 5.14 Characterization of charge transport properties of PEDOT:PSS—
TFSA films depending on TDAE treatment. (a) The transport coefficient oo of
the films when s = 1. (b) The tunneling barrier 71 and Hall carrier mobility uu as a

function of the TDAE de-doping time.

Figure 5.14a shows the extracted ogo of each sample when the value of s is
fixed to 1. I can observe that oo is maintained by 7 min, and then decreases
significantly from 300.8 to 118.3 S cm™! when de-doping time exceeds 7 min. Since
the decrease in ogo indicates that the charge transport between PEDOT domains
becomes poorer, the transport barrier between PEDOT domains and/or charge carrier
mobility could be significantly changed. To observe this, I first obtained the
tunneling barrier between conductive domains (77) by extracting the fitting
parameters from the FIT model: o = ovexp[—T1/(T+1)], where oo, T, and T) are the o
at infinite 7, absolute temperature, and the characteristic temperature, respectively

(Table 5.3) [17, 22, 84]. Figure 5.14b shows T} and uy as a function of the de-doping
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time.Furthermore, I also calculated the carrier mobility uu and carrier concentration
n of the PEDOT:PSS films using Hall effect measurement at room temperature
(Figure 5.15). The simultaneous comparison of effect of de-doping on 7 and uu
enables to understand how the charge transport between conductive domains
changes, which helps to explain the behavior of ogo. The value of 71 and uu, which
maintained almost the same values, significantly changes when the de-doping time
exceeded 7 min; the 77 increases from 43.7 to 128.4 K, and un decreases from 0.26
t0 0.11 cm? V! ¢! Tt is particularly striking that the turn-over points of them is the
same as those of ogo. This is a strong indication that the percolation between PEDOT
domains is suppressed as the de-doping time exceeds 7 min, which prevents to
achieve higher PF predicted theoretically. In the following section, I further verify
and elaborate our suggestions on the origins of PF limitation by probing the charge

carrier scattering in a local area via longitudinal magnetoconductance (MC)

measurements.
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Figure 5.15 Electrical parameters of PEDOT:PSS films extracted from Hall
effect measurement. (a) Temperature-dependent electrical mobility un and (b)

carrier concentration (eRy) .
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Table 5.3 Calculated oy, 7o, and 71 of PEDOT:PSS-TFSA films as a function of

TDAE de-doping time.

De-doping
Films oo (S cm™) To (K) T) (K)
time (min)
4150.5 81.8 46.9
0
(£27.6) (x4.4) (£2.5)
2503.3 72.3 50.6
3
(+ 16.0) (+3.5) (*2.3)
1836.3 59.4 43.9
5
(+15.8) (+4.3) (*2.8)
PEDOT:PSS— 1593.3 52.7 43.7
7
TFSA (£12.2) (+3.4) (+2.3)
1130.1 55.3 83.8
10
(£9.4) (£2.4) (+2.8)
852.4 50.4 98.3
20
(9.7 *2.7) (£3.9)
629.3 42.4 128.4
30
x9.1) *2.7) (x4.9)
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5.5 Analysis of the magnetoconductance

As shown in Figure 5.16a, the PEDOT:PSS—-TFSA film exhibits a positive
MC—the conductance increases when a magnetic field B is applied perpendicular to
the samples. The positive MC can be explained by the magnetic-field-induced
suppression of the weak localization effect which is originating from the quantum
interference of coherently backscattered electron waves[34, 71, 116]. I can observe
that the magnitude of MC gradually decreased as the T increased, and becomes
almost independent on the B-field as the T approaches to 300 K. This result may be
attributed to the crossover of the conduction mechanism from FIT to the effective
metallic regime as discussed with o(7). The similar phenomena can be observed from
all de-doped films (Figure 5.16b, 5.16¢ and Figure 5.17), and there is no sign of
magnetic-field-induced localization (i.e., negative MC)[70], which allows to

conclude that there is no change in conduction mechanism upon de-doping.
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Figure 5.16 Weak localization in the magnetoconductance of the PEDOT:PSS—
TFSA films as a function of the TDAE treatment time. Effect of B field applied
perpendicular to the substrate on differential conductance (AG = G(B) — G(0)) of the
TDAE-treated PEDOT:PSS-TFSA films at a various temperature; (a) 0 min, (b) 7

min, and (c) 30 min, respectively.
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Figure 5.17 Weak localization in the magnetoconductance of the TDAE-treated
PEDOT:PSS-TFSA films. Effect of B field applied perpendicular to the substrate
on differential conductance (AG = G(B) — G(0)) of the TDAE-treated PEDOT:PSS—
TFSA films at a various temperature; (a) 3 min, (b) 5 min, (¢) 10 min, and (d) 20

min, respectively.
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I further analyze the MC data with 2D Hikami—Larkin—Nagaoka model[117]
to confirm the local carrier scattering mechanism which is directly related to the
transport parameter s (see section S7)[76, 82, 85]. It has been known that the acoustic
phonon scattering corresponds to the s = 1, while the impurity scattering corresponds
to the s = 3[76, 85]. Proving that the scattering mechanism remains constant can
serve as compelling evidence for supporting our argument by showing the constancy
of s. The B dependence of the conductance increment AG(B) = G(B) — G(0) can be

written as,

AG(B) e’ [1 . w(1+B"’>] 10
“— — — — —
22k LB 2" B (10

where /% is the plank constant, B, is the characteristic magnetic field required to
destroy phase coherence, and ¥ is the digamma function. This model well fits the
magnitude and curvature of our MC data, which enables to determine the fitting
parameter By (Figure 5.18). The phase-breaking time 7, and phase coherence length
A were calculated using, B, = h/4qDrp, and 4, = (D1,)"?, respectively, where D, ks,
and g are the diffusion coefficient (D = unks1/q), Boltzmann constant and unit charge,
respectively. The physical meaning of z, and 4, is the time and distance at which a
charge can propagate between inelastic collision by scattering centers while
maintaining phase coherence, respectively. I can understand the scattering
mechanism of the PEDOT:PSS films by interpreting the value of p, which is an index
determining the 7 dependence of 7, as 7, oc 77 (Figure 5.19)[118]. For electron-
phonon scattering, p = 3, and for electron-electron scattering, p = 1.5 (dirty limit) or
p = 2 (clean limit) is expected. As shown in Figure 5.19a, all the samples show p
values between 1.6 and 1.8, indicating that the electron-electron scattering is
dominant. As the de-doping level increases, the carrier scattering mechanism is
maintained, which firmly reconfirmed our suggestion that the value of s remains

constant.
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Figure 5.18 Inelastic scattering characteristics of the PEDOT:PSS—-TFSA films
as a function of TDAE treatment time. Temperature-dependent (a) characteristic
field B, (b) phase-breaking time z,, and (c) inelastic scattering length 4,. The values
of B, were extracted by fitting the differential conductance AG versus B of the

PEDOT:PSS films using 2D HLN model. The scattering parameter p was determined
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Figure 5.19 Scattering parameter of the PEDOT:PSS—TFSA films as a function
of TDAE treatment time. (a) Scattering parameter p extracted by fitting the 7'

relationship. The electron-electron scattering mechanism was observed for all the
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Our assertion that the PF limitation originates from the degradation of
percolation between the PEDOT domains can be elucidated by examining the
behavior of phase coherence length 4, which refers to the maximum physical
distance that charges can travel while maintaining phase coherence[78]. The
crystallinity that can be estimated through GIWAXS gives an information of
structural ordering, but it is difficult to know how the charge propagates inside the
crystallite. Indeed, I can observe that the crystalline coherence length estimated by
GIWAXS is hardly changed (less than one 7 stack ~ 2 A), whereas the A, decreases
on a much larger scale from 8 to 5 nm (~ 3 nm), which as shown in Figure 5.19b.
The tendency of 4, is particularly striking, because like un and T7, it also maintained
a similar value, but abruptly decreased after the de-doping time exceeds 7 min. The
decrease in A, indicates that the electron delocalization in individual PEDOT
domains becomes weakened, leading to the degradation of macroscopic electrical
connections (i.e., percolation) between PEDOT domains which is reflected by the
decrease in u and the increase in 7. The consistency in the physical significance and

trends obtained from independent analyses demonstrates the clarity of our claim on

PF limitation.
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Figure 5.20 Sources for the increased density of scattering centers. (a)

Normalized Raman spectra, and (b) N1s XPS spectra of the PEDOT:PSS-TFSA
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films with different TDAE treatment time. The peaks corresponds to the protonated
amines (401.6 eV) were observed for the pristine and PEDOT:PSS—-TFSA film. As
the TDAE treatment time increases, the peaks shifted to lower binding energy. When
the TDAE treatment time exceeds 7 min, the peaks at 398.3 eV, which corresponds

to the neutral amines, abruptly increases (marked by dotted rectangular).

The aforementioned findings prompt us to uncover the cause of the decline
in Ay, which may be the fundamental origin of the PF limitation. The decrease in A,
suggests the increase in density of scattering centers in individual PEDOT domains
that hinder the efficient long-range charge transport. Since the n-n stacking of the
PEDOT chains almost unchanged as shown in the GIWAXS, I can expect that the
intramolecular structure of the PEDOT altered upon de-doping. To observe this, I
detected the Raman spectra of the films as shown in Figure 5.20a. As the de-doping

time exceeds 7 min, the peak at 1500 cm™

appears and becomes more pronounced
after the treatment time exceeds 7 min (marked by the dotted rectangular), indicating
the transformation of PEDOT chain from planar and rigid quinoid structure to less
planar and flexible benzoid structure[41, 52]. This structural transformation can
increase the conformational disorders, including imperfections, distortions, and
stacking faults, which could function as scattering centers[78]. The remained TDAE
molecules that do not participate in electron transfer may also act as scattering
centers. To investigate this, I examined the N1s XPS spectra of the films as shown
in Figure 5.20b. Notably, a peak corresponding to neutral amine (398.3 eV), which
was absent, exhibits a sudden increase after the treatment times exceeds 7 min. As a
result, the z-electron delocalization in both intra- and inter- PEDOT chains was
degraded by these scattering centers, ultimately leading to a decline in A, The
limitation of charge transport within the PEDOT domain (which might be

corresponding to 4,) inevitably affects the macroscopic charge transport, which can

be observed from the conductive AFM (C-AFM) images as shown in Figure 5.21.
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As the de-doping time increases, not only the size of individual conductive domains
(bright color) but also the contact area between them gradually decreases. Moreover,
this behavior becomes prominent when the de-doping time exceeds 7 min. These
results show that the electrical connection between conductive domains decreases,
which is well corresponding to the analysis I conducted above. Consequently, I found
that the increased scattering centers in the PEDOT domains is the fundamental origin
of the PF limitation that degrades the A,, ultimately hindering long-range charge

transport.
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Figure 5.21 C-AFM images of the PEDOT:PSS-TFSA films as a function of
TDAE treatment time. The electrical concentration between PEDOT domains

abruptly degrades as the TDAE treatment time exceeds 7 min.
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5.6 Summary

The present work demonstrates the solution-processable, high performance
TE devices based on PEDOT:PSS thin films. Our optimized sequential treatment
using super-acid and base has enabled the films have highly ordered microstructure
even after the de-doping process, leading to the efficient long-range delocalized
charge transport with high PF accompanied by the s = 1 relation. Theoretical analysis
using K-S model shows that the PF’ did not reach the theoretical value but saturated
to limited value. Through a comprehensive analysis on the structure-property
relationships using non-trivial techniques including magnetotransport measurements,
Raman spectroscopy and XPS, I revealed that the increase in carrier scattering within
individual PEDOT domains, which originates from conformational disorders and
impurities, degrades the electrical connection between PEDOT domains, preventing
to achieve the theoretical PF maxima.

Considering the above results, I propose several key strategies to overcome
the above limitations and ultimately achieve the theoretical maximum PF. First, high
crystallinity and their structural connectivity are essential for enabling long-range
delocalized charge transport. Second, reducing the density of scattering centers, such
as conformational disorders or residual dopants can play a decisive role to overcome
the PF limitation by mitigating the decrease in 4,. This can be accomplished through
multilateral efforts, including removing remaining PSS and/or residual dopants,
enhancing the intrachain rigidity and crystallinity of the PEDOT:PSS films, and
developing a novel n-type dopant with excellent doping efficiency—capable of
significantly adjusting the doping level of a polymer with even minimal quantities.
Our approaches not only offer insights into the structural-property relationship of the
PEDOT:PSS, but also paves the way for development of TE devices that can

contribute to the future advancement of energy harvesting technologies.
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Chapter 6. Conclusion

In summary, this thesis addresses the challenge of enhancing thermoelectric
performance in conjugated polymer-based devices through sequential doping. This
method effectively modulates the electronic structure to degenerate states without
causing structural perturbations in the highly ordered microstructure of the polymer
films. Consequently, it overcomes the power-law relationship between Seebeck
coefficient and electrical conductivity, achieving local PF maxima. Various
techniques including have been employed to investigate the structure-property
relationships of these degenerately doped polymer systems thoroughly, providing
valuable insighted into the physical origins of their unique TE behaviors.

The research presented in this thesis has far-reaching implications. It lays a
solid groundwork for the development of high-performance TE devices capable of
converting low-grade waste heat into electricity more efficiently. This development
is critical for addressing environmental pollution and energy crises, leading to
significant energy savings and reduced overall energy consumption. Additionally,
the innovative methodologies used in this thesis contribute to a deeper understanding
of the intricate structure-property relationships in conducting polymers. This
knowledge is crucial for further advancements in the field of organic electronic and
has the potential to guide the development of novel materials with improved

properties.
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