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ABSTRACT

With the solution and thermal processability and coupled with the ability to tuning
electronic properties through molecular doping, semiconducting conjugated polymers (CPs) have
been increasingly explored in enabling organic thermoelectric (TE) for thermal energy harvesting
and management. While the effort has been focused on optimizing TE material performance,
functionally graded materials (FGMs) where the material properties are spatially controlled have
been proven to further improve TE device performance, especially as thermoelectric (Peltier)
coolers for thermal energy management and cooling applications. However, the concept of FGMs

has not been explored in the context of organic materials.

In this thesis, we aim to enable organic FGMs by leveraging molecularly doped
semiconducting CPs through two approaches. The first approach is to spatially control the dopant
composition across the film where the first series of organic FG polymer films, i.e., double-
segmented and continuously graded thin films are achieved. Specifically, the focus of the Chapter
2 centers around a fundamental understanding of spatial structure-transport properties of
molecularly doped poly(2,5-bis(3-alkyl-2-thienyl)thieno[3,2-b]thiophene) (PBTTT) through
characterizations of double-segmented thin films. Moreover, Chapter 3 reports on continuously
graded thin films relevant to improved thermoelectric (Peltier) cooling. Spatial compositional
control of the molecular dopant, FATCNQ (2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane), in PBTTT yield 1D profiles in electrical conductivity and Seebeck
coefficient (orand @). First principle calculations based on linear Onsager theory and conservation

of charge and energy are used to model the cooling performance using the experimentally derived
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oand aspatial profiles. The grading oand aprofiles allow for efficient redistribution of the Joule

heating and Peltier cooling effects to improve cooling compared to equivalent uniform films.

For the second route, we utilize the thermal processing to vary the microstructure of
polymer films in order to enable the functional gradient. The variation in microstructure is first
investigated in uniform poly(dodecyl-quaterthiophene) (PQT) thin films where polymorphs with
interdigitated side chains coexist. The interdigitation of side-chain significantly affects the doping
efficiency, which leads to a large variation in thermoelectric properties upon vapor doping with
FATCNQ. Chapter 5 follows the work from the previous chapter and realize spatial gradient in &
and a by coupling microstructure change in PQT with molecular doping. The variation in
microstructure is achieved by apply a temperature gradient across the polymer film, which is
captured directly through IR imaging. The cooling performance of the graded PQT film is

predicted to be greater than the uniform equivalent.

Lastly, we look into the a — o relationship of doped thiophene-based polymers by applying
Kang-Snyder charge transport model in Chapter 6. This fundamental investigation in modelling a
— o relationship of conjugated polymers enables more possibilities of future functional grading
designs by precisely tailoring the values and profiles of conductivity and Seebeck coefficient to

achieve enhanced device performance in TE applications.
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Chapter 1: INTRODUCTION

Semiconducting conjugated polymers (CPs) have demonstrated great potential for low-
cost, light-weight, and flexible organic electronic devices such as organic photovoltaics (OPVs),
organic light-emitting diodes (OLEDs) and thin film transistors (TFTs).!"® The family of such
polymers has the advantages in its low weight and solution-processing ability compared to
inorganic semiconductors and organic m-conjugated small molecules.”® In addition, the solution
processability provides the opportunity to industrial manufacturing of large-area devices such as

roll-to-roll processing and printing technologies.”!°

One emerging application of semiconducting CPs involves organic thermoelectrics (OTEs),
which interconverts heat and electricity.!""!> Polyacetylene is the simplest and one of the earliest
studied conjugated polymer.!? It was found that polyacetylene could have thermoelectric
performance comparable to inorganic materials upon exposure to halogens and other oxidizing
agents.!> However, doped polyacetylene is insoluble in most solvents and has poor stability in
ambient condition, which limited the realization of its promise. Therefore, the focus has been
shifted to more stable semiconducting CPs, such as poly(3-alkylthiophenes) (P3HT) and poly[2,5-

bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT).

Molecular doping process is a major approach to improve thermoelectric (TE) properties
of semiconducting CPs, which is achieved by the addition of small molecules as dopants into the
polymer.'*!'7 Sequential doping method where a dopant infiltrates into polymer matrix from
solution or vapor phase has been a promising approach to maintains the crystalline order and long-

range chain connectivity, which leads to high carrier mobility and thus better electrical



performance.'®2° There have been studies on charge transport mechanisms in doped CPs to
understand the connection between two key properties that define the performance of TE materials,
Seebeck coefficient (a) and electrical conductivity (o). The strategies are to investigate the
correlation using charge transport models, which will benefit the design of future polymer — dopant

systems, leading to improved TE material performance.

Along with the effect to increase the material properties and performance, the use of
functionally graded materials (FGMs) opens up alternative pathway to further enhance the TE
device performance. Compared to inorganic materials, semiconducting polymers has the inherent
advantage to spatially tune their material properties by leveraging the control of dopant
composition as well as polymer microstructure. By utilizing FGMs, it enables more efficient
distribution of heat and leads to better TE performance, especially in the case of thermoelectric

(Peltier) cooling applications.

The scope of this dissertation will focus on developing organic functionally graded
materials as organic thermoelectrics by leveraging molecularly doped semiconducting polymers
and investigating the performance of such functionally graded polymer thin films as TE (Peltier)

coolers.

1.1 Basic of Thermoelectrics

Thermoelectric (TE) is a technology that interconverts heat and electricity. By definition,
thermoelectric effect is the direct conversion between a temperature gradient and electric
voltage.?! TE materials exhibit Seebeck and Peltier effect, which are reversible effect of the same

physical process:



1. Seebeck effect, which was found in 1821, disclosed the generation of an electric voltage
gradient when a temperature gradient is applied. The temperature gradient serves as a
driving force for charge carriers to diffuse from hot end to the cold end, resulting in an
electric field across the TE material. Seebeck effect is used for power generation by
capturing heat or temperature gradient as a thermoelectric generator (TEG) (Figure 1.1a).

2. Peltier effect was discovered in 1834 which demonstrated the presence of heating or
cooling at the junction when an external electric field is applied. This effect can be used
for cooling applications as a thermoelectric cooler (TEC), also referring as a Peltier

cooler (Figure 1.1b).
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Figure 1.1: Schematic showing the operating principles of TE devices: (a) Seebeck effect for the
power generation as TE generator, (b) Peltier effect for the active refrigeration as TE cooler. ¢)
In-plane (printable) TE architecture from Ref. [22].

A thermoelectric device comprises multiple pairs of n-type and p-type semiconductor legs
that are connected thermally in parallel and electrically in series. For a conventional inorganic TE
device, it consists of pairs of bulk pellets that are built on the ceramic substrates as demonstrated
by the schematics in Figure 1.1. Suggested by this geometry, the thermal/temperature gradient is
perpendicular to the substrate. However, this geometry is not suitable for many solution

processable organic materials that follows an in-plane architecture. As shown in Figure 1.1c, the



thermal gradient and charge transport direction are both in the plane of the substrate, which benefits

the development of alternative fabrication and processing methods to realize more flexible and

conformal OTE devices.

The performance of a TE material is characterized by a combination of its thermal and

electrical properties, including Seebeck coefficient, electrical conductivity and thermal

conductivity.

1

Seebeck coefficient (S), also referred as thermopower (a), is defined as a =

—AV /AT, and quantifies the induced voltage in response to a temperature gradient
across the TE material. Seebeck coefficient can be a positive or negative value,
depending on whether the charge carriers are electrons (n-type, negative «) or holes
(p-type, positive a). The SI unit of « is volts per kelvin (V/K), but it is more often
given in microvolts per kelvin (LV/K)

Electrical conductivity, denoted as o, is the measure of how easily the charge carriers
can move within a material. o is directly proportional to charge carrier concentration,
n, and carrier mobility, u, as ¢ = nep, where e is the unit charge (1.602 x 10° C).
The SI unit of ¢ is siemens per meter (S/m), although siemens per centimeter (S/cm)
is used in this dissertation.

Thermal conductivity, x, measures the ability of heat flux moving across a material.
Thermal conductivity consists of two components: k = kL + Ke, Where kL is lattice
contribution, and K. is electronic contribution, representing for two heat transport
mechanisms: (1) through the crystal lattice vibration, and (2) through the charge

carrier transport.?3 The SI unit of « is watts per meter-kelvin (W/mK).



TE materials performance is characterized by the dimensionless figure of merit, Z7, by

combining these three material properties at temperature, 7, through Equation 1.1:

7T = 227 (1.1)

A good thermoelectric material should have a high ZT, which requires a high o to ensure a
large induced voltage and needs to be a good electrical conductor (a high ), and a poor thermal
conductor (a low x). However, the TE properties are interrelated as functions of carrier
concentration, n.* Seebeck coefficient is related to the density of states of a material, and reflects
the average entropy transported per charge carrier. This indicates that o decreases with increasing
n. Electrical conductivity is directly proportional to » and x also increases with n. The key
challenge in developing inorganic thermoelectric materials is lowering x while not sacrificing their
electrical transport properties (a and o). However, in the case of organic materials, the disordered
morphology of semiconducting polymers leads to a low lattice contribution of thermal
conductivity, and the electronic contribution of the thermal conductivity for polymers is not
significant until large electrical conductivities (> 500 S/cm). Therefore, enhancing the power factor
value (PF = a?0) has been recognized as a primary strategy in optimizing the Z7 value in the case
of semiconducting CPs. So far, the organic material with best TE material performance reported
has been poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) thin films with
a ZT=0.75.%° For non-PEDOT p-type conjugated polymer, the highest reported PF is around 2000
uW/m'K? for chain aligned PBTTT, which results in a Z7 of 0.5 based on the thermal conductivity
reported.?’ The state of art PF and ZT values reported for various conjugated polymers are

highlighted in Table 1.1.



Overall, the materials properties (a and o) of semiconducting CPs has strong dependence
with molecular design, chemistry of polymers as well as processing approaches such as molecular
doping and structure control. The effect on charge transport in CPs and TE properties of

molecularly doped polymers are discussed in the following section.

Table 1.1: State-of-the-art thermoelectric performance among the organic material candidates.

Material Type | Dopant or | o PF K T Ref.
counterion | (WV/K) | (S/em) | (nW/m'K?) | (W/mK)
PA p 5] 28.4 1.1x10° | 896 0.7 0.38 | [26]
PEDOT p Tos ~200 ~80 324 0.37 0.25 | [27]
PEDOT p PSS ~65 ~1600 | 754 0.3 0.75 | [25]
P3HT p FeCls 5.4 570 21 [20]
PBTTT p FeCls 9.4 2.2x10° | 1944 1.2 0.5 [20]
Poly[Kx(Ni- | n -151.7 | 63.1 145 0.31 0.2* | [28]
ett)]
*ZT at 450 K

1.2 Molecular Doping of Semiconducting Polymers

Semiconducting polymers possess alternating single and double carbon-carbon bonds
along the polymer backbone (referred as conjugated backbone), which contains delocalized m and
n* symmetry molecular orbitals serving as valence and conduction bands. The electrons in the
unoccupied p-orbitals are mobile and can transport along the conjugated backbone. The energy
gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) is called the band gap, which can be modified by varying the conformation and
synthetic architecture of polymers. A range of semiconducting conjugated polymers are shown in

Figure 1.2. Side chains are usually added onto the conjugated backbones to improve the solubility



polyacetylene polyaniline
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Figure 1.2: Chemical structures of conjugated polymers from Ref. [29]. For the donor—acceptor
architectures, donor and acceptor moieties are indicated in blue and red, respectively.

of such polymers in organic solvent as well as lower the melting point to enhance processability.
Semiconducting CPs with alkyl side chains, such as P3HT, poly[bis(3-dodecyl-2-thienyl)-2,2'-
dithiophene-5,5'-diyl] (PQT) and PBTTT, have been widely investigated as organic thermoelectric
materials in literatures. The addition of side chains to the polymer backbone helps control the
molecular packing and thus electronic transport in semiconducting CPs. The electronic transport
in CPs is highly anisotropic and depends on the transport direction. The fastest transport occurs
along the conjugated backbones. The n-n stacks that arises from electronic interaction between
planar backbones also facilitate electron transport through interchain hopping. The transport along
the insulting alkyl side chains or lamellar stacking direction is inhibited.
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However, just conjugation is not enough to enable conjugated polymers as TE applications
as the pristine state of CP is still insulating. For example, the ¢ of pristine state P3HT is at the
order of 10 S/cm. Therefore, additional charge carriers need to be introduced into polymers in
the form of holes or electrons. This process is known as ‘doping’, which was first proposed by
Heeger, MacDiarmid and Shirakawa in 1977 when they introduced halogen vapor to oxidize
polyacetylene and improve the conductivity over 100 times.!*** This discovery on enhancing
conductivity of CPs opened up the possibility of leveraging doped conjugated polymers as
thermoelectric applications. Since then, researchers have investigated on the doping process of
semiconducting CPs, including molecular design of host polymers and dopants, appropriate
doping methods development, understanding of doping mechanism and optimization of TE

properties of molecularly doped polymers (Figure 1.3).

Molecular design Doping method Doping mechanism TE performance

Electrode Carrier density —
H*/H-k y ZT or PF
s c
Host material

e K
HOMO () ==

e
HOMO;}M
— Doping level —

Figure 1.3: The schematic illustration of doping engineering in semiconducting conjugated
polymers toward TE applications from Ref. [14].



The doping process is accomplished by introducing a dopant as either an oxidizing (p-type
doping) or reducing (n-type doping) agent into the polymer.'4~!7 It is challenging to synthesize and
design n-type dopants due to their instability under ambient condition. In this thesis, I focus on p-
type doping of semiconducting polymers using a common p-type dopant, 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (FATCNQ) and its fluorinated-derivatives. In general, the p-
type doping process is energetically favorable when the HOMO level of the semiconducting
polymer is higher than the LUMO level of the dopant, as shown in Figure 1.3. This energy gap
enables the charge transfer, i.e., the electron transfer from HOMO level of the polymer to the
LUMO level of the dopant, leaving behind the positively charged carriers, polaron (holes), in the
semiconducting polymer. The molecular structures and LUMO levels of some p-type dopants are

shown in Figure 1.4. The dopant molecule extracts the electron and becomes negatively charged

p-type dopants LUMO level (eV)
-4.6 -4 -5.6 -5.8 -6.0
E 5 \ C o
F;COC, R " N
S S

— N N\___CN

>—</:>—( )i;[ CN V‘( cocr=3 "
F,coc R CN

F2TCNQ DDQ FATCNQ FETCNNQ Mo(tfd), CN6-CP

Figure 1.4: Molecular structures and corresponding LUMO levels of p-type dopants from Ref.
[14].

anion. When the extent of doping, i.e., the ratio of dopant molecule to polymer monomer, is larger
enough, two polarons can be pair up to form a bipolaron, which is a +2 positively charged
species.>!3? It is worth noting that at initial stage of doping, i.e., the ratio of dopant to polymer
monomer is small, dianion could be formed when the energy level of dopant anion is still lower or

approaching the HOMO level of the polymer.*



However, unlike inorganic semiconductor materials that have crystalline structures, the
pristine polymers already possess a semicrystalline microstructure where the ordered (aggregates)
and disordered (amorphous) regions coexist. The polymer chains form amorphous regions outside
of the crystallites, which leads to electronic disorder. Specifically, the reduced conjugation length
of amorphous parts leads to a broader band gap compared to the order region, resulting in lower
carrier mobility and prohibiting transport from aggregates to amorphous regions. It is shown that
the charge carriers can only move across the amorphous regions via single polymer chains referred
as tie chains.>**> Upon doping, the dopants infiltrate into the polymer matrix, affecting the solid-
state structure as well as the processability of the polymer.!” The generated charge carriers are
delocalized along the backbone, which stiffen the polymer chains.*®*” Therefore, the processing
and doping methods used will have strong effect on the film microstructure and thus the

thermoelectric properties of semiconducting polymers.

bt o dopant solution

dopant
molecule

blend
solution

solution co-processing sequential doping

Figure 1.5: Schematic of solution co-processing (left) and sequential doping by dopant vapor
(middle) and solution (right) from Ref. [46].

In general, there are two approaches to introduce dopant molecules into the polymer matrix

(Figure 1.5). The first one, known as solution mixing method, dissolves the polymer and dopant

10



in the same solvent and cast the doped film from the solution mixtures. This approach takes
advantage of solution processability and precise control of amount of dopant input. However, the
resulting polymer and film morphology is hard to control due to the formation of charged
polymers, leading to precipitation or aggregation. This undesirable microstructure often results in
limited materials performance, e.g. low conductivity values.’®3° An alternative approach to
overcome these problems is the sequential doping method where the dopant can be infiltrated into
the polymer matrix through an orthogonal solvent or from the vapor phase.!”*** Through
sequential doping, the polymer morphology is being preserved as nanostructure formation is
controlled before the dopant infiltration, which leads to better electrical properties. Patel et al. has
shown that sequentially doped PBTTT thin films by F4ATCNQ leads to a PF of c.a. 120 uWm™'K-
2, which is over two orders of magnitude higher than a PBTTT thin film doped through solution
mixing approach.*! More recently, Brinkmann and co-workers have presented a record PF of
around 2000 pWm'K"? for solution processable semiconducting polymers by sequentially doping

of a chain aligned PBTTT.?° Sequential vapor doping method is applied for all studies in this thesis.

1.3 Charge Transport Models

By compiling extensive molecularly doped semiconducting polymer studies from the past
literature, there have been fundamental research on thermoelectric properties of such polymers,
particularly in the context of understanding the correlation between « and o by investigating
charge transport mechanisms.?**’->® Two models pioneered by Mott were first used to describe the
transport in polymer semiconductors.*%>* The variable hopping model represents carriers
hopping between localized states and yields a Seebeck coefficient on the order of 10 pV/K, which
is much smaller than the actual values for doped polymers. Mott’s mobility edge model is

characterized by a mobility edge above which the charge carriers are mobile. However, this model

11



also fails to predict the & - o relation compared to experimental observations as it only takes
account the mobile free charge carriers. Later on, Glaudell et al. presented an empirical relation as
shown as dashed line in Figure 1.6a where o ~ ¢ “/# by compiling series studies of doped
thiophene-based polymers.?* This correlation fitted well for two very different doping methods in
their study (solution mixing and sequential vapor doping), suggesting the TE properties are
dominated primarily by the polymer:dopant system, rather than the doping mechanism. However,

the authors did not specify the physical explanation for this empirical relationship.

More recently, there have been increasing interests in utilizing the charge transport model
proposed by Kang and Snyder (referred as Kang-Snyder model) to study a - ¢ relation and
understand the charge transport mechanism of conducting and semiconducting polymers (Figure
1.6¢).47-325455 The Kang-Snyder model takes into account both mobile charge carriers and carriers
in the localized states by introducing a transport edge, E:. Unlike the mobility edge in Mott’s
transport model, £; does not limit on metal-like free carrier transport above the edge but it still
accounts for hopping transport between localized states.*’ This model has two characteristic
parameter: s is an energy dependent parameter, which is related to energetic disorder nature of
polymers and determine the shape of the a-o curve (Figure 1.6b) and oy is called the transport
coefficient, which is independent with energy. The value of g5 reflects the magnitude of electrical
conductivity and serves as a weighted carrier mobility, which affects the horizontal position of the
a-o curve as shown in bottom graph of Figure 1.6b. By applying the Kang-Snyder model, past
literatures including my own research have found good fits with the o - ¢ relationship of
semiconducting conjugated polymers over a significant range of ¢ from 10 S/cm to 10* S/cm.
More detailed charge transport study on specific conjugated polymer with polar side chains using

Kang-Snyder model can be found in Chapter 6 of this dissertation.
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Figure 1.6: (a) Seebeck coefficient (top) and PF (bottom) as a function of electrical conductivity
for FATCNQ-doped polymers (yellow) and FTS-doped polymers (blue) from Ref. [23]. The
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Figure 1.6 continued: dashed lines indicate an empirical fit of a proportional to ¢ ~'/* and PF
proportional to 6 ' (b) Top: The measured electrical conductivity (normalized byog,) and
Seebeck coefficient will depend on the reduced chemical potential 7 as described with the model
curve. The curve shape depends only on the transport parameter s. Bottom: The Seebeck
coefficient versus conductivity relation obtained by eliminating the parameter 7 in top graph.
The curve has only two fitting parameters: s determines the curve shape and the transport
coefficient oy, determines the magnitude of the conductivity. (¢) Compilation of literature data
showing the range of o5, values found in polymer semiconductors. The dashed lines are obtained
with the Kang-Snyder s = 3 model.*’ (d) @- o plot showing that a nominal s = 1 Kang—Snyder
model (black line) cannot explain the P3HT-FeCls experimental data (green squares, each data
point representing a unique sample measurement). The SLoT model (green line) accounts for a
localization energy that decreases with increasing carrier concentration.”!

In addition, there are other studies on understanding charge transport in semiconducting
polymers. Built upon Kang-Snyder model, Gregory et al. have proposed a semi-localized transport
(SLoT) model where they modified the transport coefficient, ogq as a function of both temperature
and carrier concentration.’! The SLoT model captures a large spectrum of transport in polymers
and emphasizes the localized to delocalized transition, which helps tailor thermoelectric properties
of molecularly doped polymers more accurately (Figure 1.6d). Moreover, the charge transport
mechanisms in doped semiconducting CPs have been examined with respect to the homogeneity
of dopant distribution*® as well as the paracrystallinity>® in polymers. Both studies simulated the
relation between the degree of disorder and the density of states and highlighted the importance of
controlling dopant distribution and degree of disorder for high performing organic TE, motivating
further investigations on the role of polymer-dopants interaction on thermoelectric properties of
molecularly doped semiconducting polymers.

Going forward, the fundamental studies on charge transport relationship in doped
semiconducting polymer will lead to strategies towards proper polymer and dopant systems that
balance the correlation between TE properties, and thus ultimate PF and ZT for better TE material

performance.
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So far, there have been numerous studies on uniform polymer films to optimize material
performance by understanding the fundamentals of processing-structure-properties relationship of
semiconducting CPs. Researchers have investigated various processing methods to achieve diverse
polymer morphologies. Coupled with the benefit of structural control, molecular doping is also
applied to modulate carrier concentration in the polymer film to improve thermoelectric properties
and thus material performance (Z7 or PF). In addition to increasing TE material properties, new
architecture designs of TE modules offer alternative pathway to realize and enhance their TE
performance. In particular, the ease in solution and thermal processability of semiconducting CPs
enables spatial control of TE properties across the length of the polymer films, e.g. formation of
gradients in dopant composition or polymer microstructure. Materials with such graded
configurations are known as functionally graded materials (FGMs). To date, FGMs as
thermoelectric have been studied exclusively in the context of inorganic materials and proved to
improve the TE device performance compared to their uniform/homogenous counterpart, which
will be discussed in more details in the following section. The approaches to achieve FGMs by
leveraging molecularly doped semiconducting CPs are potentially easier than in inorganic

materials and will be the major focus of my thesis work.

1.4 Functionally Graded Materials as Thermoelectrics

1.4.1 Functionally Graded Materials Concept

The concept of functionally graded material (FGM) has been proposed to achieve favorable
gradients in chemical, magnetic, mechanical, thermal and electrical properties, which results from
gradually tuning the composition, microstructure or pore size/porosity spatially across the volume

of a material.”> FGMs are inhomogeneous materials that are designed as segmented or
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continuously graded structures, depending on the areas of application and with the aim of
performing specific functions.®®®® Functionally graded materials are utilized in variety of
industries and have demonstrated great potential in other emerging applications. Currently, FGMs
are being applied in the areas including automobile, aerospace, biomedical, electronic/electrical

and energy applications.>64-68

Of particular interest in the field of thermoelectric, there has been significant effort to
enhance the performance of single-phase/homogeneous TE materials. Along with the efforts to
improve the material performance (i.e. ZT and PF), introducing FGMs provides alternative
pathways to further improve the TE device performance as well as overcome some of the
difficulties associated with homogenous materials.®*’! Essentially, TE materials possess strong
temperature-dependent material properties (a and ), which leads to operation issue that device
with homogeneous material can only operate efficiently over a limited temperature range. This is
due to the variation in Z7 values over temperature. Therefore, the position-dependent TE properties
(a(x), o(x) and k(x)) needs to be taken into account when working with TE devices over a wide

temperature range to achieve local optimization of TE performance.

Double Segment Continuous Grading
Multiple(N)-segments

Sz

x=0 x=L X=

=0
Variety of functional grading motifs

Figure 1.7: Configurations of Functionally Graded Materials

FGMs for TE can be classified as segmented structures (e.g. staging, segmentation or

cascading) or continuously graded structure along the operation gradient (Figure 1.7). Major types
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of FGMs includes material species graded, dopant concentration graded, composition graded, and
microstructure graded. Throughout the years, researches have been carried out to realize
functionally graded motifs based on inorganic materials by leveraging proper material selection,
joining technology and fabrication methods.®"%>7>7> However, fabrication and processing of
inorganic materials require high pressure and temperature, which could prevent such materials
from being candidates in achieving appropriate segmented or gradient configurations.®*’+78
Instead, most research has been focused on the theoretical modeling and simulation with
conventional inorganic TE materials to elaborate optimal gradients in TE properties and establish
the theoretical limits of TE performance.”* Simulation works based on inorganic material

database as well as fabrication process on inorganic FGMs as TE devices will be further discussed

in the following section.

1.4.2 Studies on Functionally Graded Materials as TE Applications

Theoretical studies of functionally graded TE materials and devices aims to provide
guidelines for optimal graded configuration of TE materials which results in optimum device
operation.” 828693 Qpecifically, FGMs has been implemented in thermoelectric cooling
applications by leveraging inorganic TE materials. In principle, the heat is absorbed from the
environment at the cold side of a TEC and transferred to the hot side by charge carrier diffusion.
The absorbed heat has three contributions, the Peltier cooling effect, which removes heat from the
cold side, the Joule heating that uniformly heats the material, and the thermal conduction that
transports heat from the hot side to the cold side. The functional gradient in TE properties leads to
more effective redistribution of Joule heating and Peltier cooling effects, which enables larger
cooling temperatures, resulting in better device coefficient of performance (C.O.P.) of compared

to single or homogeneous TEC.”8788 It is worth noting that, in most of the theoretical studies, the
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TE device is consider as an ideal device with no thermal losses and no contact resistance. In
addition, one dimensional transport is adapted, indicating the heat flux and electrical current are
parallel to each other. For simplicity, previous studies normally considered a TE leg as a single-
element TE device with fixed length and cross-sectional area to investigate the functional grading
strategies by following the linear Onsager theory.”* More detailed analysis and derivation can be
found in Chapter 3, Chapter 5 and in the literatures.>%%7%3 Based on different boundary
conditions and varying profiles of material properties, temperature gradient across the TE device,

T(x), and C.O.P. of the device can be determined, leading to evaluation of TE performance.

Theoretical and numerical studies on FGMs have been carried out since 1990s to
investigate the design and performance of such materials in TE applications. Back in 1991, Mahan
proposed the idea of inhomogeneous thermoelectrics where the material properties (a, ¢ and k)
were continuously varied throughout the length of a TE device. The C.O.P. of inhomogeneous
profile was calculated to be higher than its homogeneous equivalent.3’ Muller and his coworkers
have conducted a series of studies on probing local optimal composition and property profiles for
FGMs as thermoelectrics and also developed a finite element script to numerically solve the
temperature profiles and TE device performance of FGMs.%*86:87.9093 Through modelling, Muller
et al. have demonstrated the 3D plot of C.O.P. of a continuously graded TE element as a function
of current density and the cold side temperature (Figure 1.8a) and also shown the improvement in
cooling temperature of the continuously graded profile compared to uniform equivalent (Figure
1.8b). Moreover, there are studies that focused on designated TE property profiles where analytical
solution can be modeled. Bian, Shakouri and coworkers have proposed specific a(x) and g(x)
profiles as shown in Figure 1.8c with power factor, PF = a(x)?a(x) = C remaining constant as well

as constant thermal conductivity, where they calculated that the maximum cooling performance of
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Figure 1.8: Examples of theoretical studies on FGMs enhancing TE performance. (a) C.O.P. of a
continuously graded element at T, = 300 K as a function of current density and the cold side
temperature. The material properties: c = 650 S/cm, xk = 1.35 W/(m K) with a linear profile of the
Seebeck coefficient as (S) = 157.5 uV/K and the ratio S¢/Si = 0.5. (b) Cooling temperature of a
continuously graded element. Material parameters: (S) = 180 pV/K, (c) = 1400 (Q cm) !, x =
1.35 W/(m K), independently of temperature. (a) and (b) from Ref. [86] (¢) Cooling
enhancement of staircase Seebeck profile (x) and the continuously graded material (). Inset
shows the Seebeck profile of the staircase configuration as a function of distance. (d) The
cooling curves of the uniform Silicon with the largest ZT, and the average of 8-section profiles
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Figure 1.8 continued: and the continuously graded material according to its linear fitting. (¢) and
(d) from Ref. [79] (e) Sigmoid gradation profiles. (f) Peak efficiency versus the property
gradation parameter (power index) for a PbTb—SiGe graded nanocomposite. (e) and (f) from Ref.
[97]

graded (both segmented and continuously graded) profiles is always greater than uniform materials
(Figure 1.8d).7>8%88 Zabrocki et al presented the modelling with a linear continuous gradient in a
and k but constant ¢ and observed the enhancement in power output.” Jin et al investigated the
effect of exponential gradients in a, o and k on the TEG efficiency and reported an improvement
of 30% in efficiency when the material properties gradients are selected so that the value of ZT
increases towards the hot end of the device.”® Following the previous work, Jin and Wallace also
reported on the enhancement of sigmoid property gradients (profiles as in Figure 1.8¢) on the
performance of functionally graded TE device.”” They have proved that the device efficiency of
FG thermoelectric are always higher than the homogeneous one over the power index of the

sigmoid function ranging from 0.01 to 10.0 as shown in Figure 1.8f.

In parallel to theoretical studies, there have been efforts on achieving segmented or
continuously graded TE materials through fabrication and processing methods of inorganic
materials over the past two decades. Kuznetsov et al. has developed a BixTes-based FGM by
control the dopant gradient across the TE leg and observed an increase in energy conversion
efficiency from 8.8% to over 10% under operation temperature gradient.’® Muller et al achieved a
five-layer segmented TE material by doping iron disilicide with aluminum, cobalt or manganese.
The segmented FGM was fabricated by hot pressing powder mixtures of doped and non-doped
FeSi, at specific weight ratios.” In 2014, an n-type FGM based on phase-separated matrix of
(Pbo.95Sno.0sTe)o.92(PbS)o.0s was developed by Hazan et al., where they applied simultaneous hot
pressing coupled with Pbl, doping at two different compositions.” By finite element simulation,

the authors have observed enhanced device efficiency of FGM compared to both non-graded doped
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materials. In 2016, Li et al. has proposed a one-step spark plasma sintering method to fabricate
both n-type and p-type segmented TE legs based on BirTes.”” They found in the study that
interfacial resistance between each segments has a significant effect on the overall electrical
resistance of the TE legs and would result in a depression in the actual power output and device

efficiency.

Overall, the fabrication of inorganic materials requires high temperature (~1000 K) and
pressure (~50 MPa), which could prohibit the functional grading designs. In contrast, organic
materials, especially semiconducting polymers which possess good solution processability, are
better candidates to explore variety functionally graded motifs. Compositional gradient can be
achieved by spatial control of doping process while thermal processing enables the gradient in
polymer microstructure. To best of our knowledge, the principles of functional grading have not
been explored for organic thermoelectric materials. Our goal is to develop organic functionally
graded materials that can be used in TE applications through a single uniform material by
leveraging molecularly doped semiconducting polymers. In this dissertation, I aim to investigate
on different forms of functionally graded polymer thin films achieved by two approaches: 1.

Control of molecular dopant composition and 2. Control of polymer microstructure.
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Chapter 2: LEVERAGING SEQUENTIAL DOPING OF
SEMICONDUCTING POLYMERS TO ENABLE
FUNCTIONALLY GRADED MATERIALS FOR ORGANIC
THERMOELECTRICS

Reprinted (adapted) with permission from (Macromolecules 2020, 53, 8, 2882—-2892). Copyright
(2020) American Chemical Society

With the ability to modulate electronic properties through molecular doping coupled with
ease in processability, semiconducting polymers are at the forefront in enabling organic
thermoelectric devices for thermal energy management. In contrast to uniform thermoelectric
material properties, an alternative route focuses on functionally graded materials (FGMs) where
one spatially controls and optimizes transport properties across the length of a thermoelectric
material. While primarily studied in the context of inorganic materials, the concept of FGMs for
organic thermoelectrics has not been explored. Herein, we introduce how molecular doping of
semiconducting polymers enables spatial compositional control of thin-film FGMs. Specifically,
we utilize sequential vapor doping of poly[2,5-bis(3-tetradecylthiophen-2-yl) thieno [3,2-
b]thiophene] (PBTTT) with the small molecule acceptor 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ) to fabricate the simplest form of FGMs — double-segmented
thin films. The two thin-film segments are of equal length (7.5 mm), but each set to different
doping levels. Our study focuses on understanding the thermoelectric properties (Seebeck
coefficient, a, and electronic conductivity, 6) and structural properties (through X-ray scattering,
UV-vis-NIR spectroscopy, and Raman spectroscopy) within and across the two segments. We

observe the presence of a small diffuse interfacial region of 0.5 — 1 mm between the two segments
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where the doping level and transport properties vary continuously. Despite the diffuse interface,
the measured effective Seebeck coefficient (caeff) across the two segments is simply the average
of o within each segment. Importantly, this experimental result is consistent with reported
mathematical models describing aeff in graded thermoelectric materials. Our results demonstrate
the facile fabrication and characterization of functionally graded organic thermoelectric materials,

providing guidelines for further development on more complex FGMs.
2.1 Introduction

Molecular doping is an essential process in controlling charge carrier concentration, and in
turn, the electronic transport properties of conjugated polymeric semiconductors.> Doped
semiconducting polymers are of broad interesting spanning organic electronic and energy
applications.!® Recently, doped semiconducting polymers have emerged as promising materials
for thermoelectrics — devices that interconvert heat and electricity.>!° Polymers for
thermoelectrics span poly(ethylene dioxythiophene) (PEDOT), polythiophene derivatives (e.g.,
poly(2,5-bis(3-alkyl-2-thienyl)thieno[3,2-b]thiophene) [PBTTT] and poly(3-alkythiophene)
[P3AT]), and more advanced polymers based on donor-acceptor conjugated moieties. Organic
thermoelectrics based on these polymers can enable new device geometries and architectures that
are challenging to achieve through traditional inorganic-based materials. By leveraging the
processability of polymers, modules may be flexible and conformable.!!~!* In turn, unique designs,
such as annular or corrugated modules facilitate broader implementation towards waste heat

harvesting, local temperature control (cooling), and low-power wearable electronics.'*!7

Fundamentally, challenges lie in controlling the highly interrelated material properties that
dictate thermoelectric performance, which include electronic conductivity (o), Seebeck coefficient

(or thermopower) (a), and thermal conductivity («).'® The thermal-to-electrical energy conversion
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efficiency is related to the dimensionless figure of merit, ZT = a?cT/x, where T is the temperature
in Kelvin and oo is the power factor (PF). Unifying each transport property is the connection to
the charge carrier concentration (7). In principle, the magnitude of ¢ increases as function of »
while, in contrast, the magnitude of o decreases with n.>'® For the case of thiophene-based
semiconducting polymers, the quantitative addition of a molecular p-dopant such as a small
organic acceptor (FATCNQ, 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane) leads to an
electron transfer between the host polymer and dopant molecule, which modulates 7.'? In addition,
the introduction of the dopant must maintain the underlying hierarchical structure (crystalline
order, orientation, and long-range morphology) enabling efficient charge transport in

semiconducting polymers.

Therefore, how the dopant molecule is introduced into the polymer matrix is critical to
controlling the thermoelectric material properties.?®?! One approach includes casting films from
solution mixtures of the polymer and dopant. While this process takes advantage of solution
processability, controlling the morphology of films is difficult due to the formation of charged
polymers, which results in significant aggregation or precipitation at high dopant loadings that
leads to poor quality films.?? An alternative and most promising approach is the sequential doping
method where one first casts a neat thin film and then the dopant is infiltrated into the polymer
matrix either with an orthogonal solvent or from the vapor phase.???° It has been shown when
casting a thin film of PBTTT and then vapor doping with F4TCNQ leads to a thermoelectric PF
around 120 pWm™'K"2, which is substantially higher relative to a film cast from a polymer/dopant
solution (1.3 pWm™K?).2° The high PF is achieved because the infiltration of the dopant into the
polymer matrix maintains the crystalline order, orientation, and long-range chain connectivity

permitting high charge carrier mobility.? Applying a similar approach, a recent publication from
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Brinkmann and co-workers has shown that sequential doping of chain aligned PBTTT leads to a

PF of about 2000 pWm'K? — a record for modern solution-processable semiconducting

polymers.*°

Inspired by facile processability of semiconducting polymers and the utility of the
sequential doping process, we are exploring a new direction towards functionally graded forms of
doped semiconducting polymers. Functionally graded materials (FGMs) are engineered materials
where properties are varied spatially either continuously or a step-by-step (segmented) fashion
throughout the volume of the material.’!~3* Spatial control through composition, microstructure,
and orientation can tune local properties across the FGM.*? Implementation of the functional
grading principles offers an opportunity of increasing the efficiency of thermoelectric devices for
power generation or cooling by employing appropriate distribution of #» and microstructure.’*
The effectiveness of FGMs has been exclusively investigated with inorganic thermoelectric
materials (e.g., Bi2Tes, PbTe).!®%64 For perspective, a wide operating temperature range (up to
c.a. 1000 K) for power generation through inorganic materials leads to thermoelectric properties
to be a strong function of temperature.'® Therefore, by tuning the dopant composition (carrier
density) or microstructure across the operating temperature gradient permits local optimization of
thermoelectric properties.>> Alternatively, spatial variation of the thermoelectric properties enables
more efficient distribution of heat when operating thermoelectrics as Peltier coolers.>’>° This
design, referred to as the distributed Peltier effect, leads to larger cooling temperature gradients
and coefficient of performance. Utilization of FGMs in the context of thermoelectric cooling
applications (e.g., medical cooling devices, seat coolers, and thermal management for batteries)

where the operating temperatures amenable to polymeric materials (e.g., ~60 °C - 0 °C) will be

most promising.
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To understand the influence of segmented to continuously graded thermoelectric
properties, significant focus has been on developing mathematical models of FGMs based on first
principles in order to establish the theoretical limits of performance.’’ %4447 Experimentally,
these models provide guiding principles for the fabrication and implementation of FGMs.
However, the experimental synthesis and processing of conventional inorganic thermoelectric
materials typically require high temperature (~1000 K) and pressure (50 MPa) conditions to
produce ingots with appropriate gradient in dopant concentration or microstructure. Therefore,
executing the principles of functional grading can be prohibitive due to extreme synthetic and
processing conditions. In contrast, solution processability of semiconducting polymers and low
temperature thermal processing conditions permits a deeper exploration of various forms of
functionally graded motifs through a single material. In particular, gradient in microstructure can
be achieved with solvent or thermal annealing while the sequential doping method enables spatial
control of dopant composition. To best of our knowledge, the principles of functional grading have

not been explored for organic thermoelectric materials.

To this end, we report on the fabrication, structure, and thermoelectric properties (¢ and o)
of symmetric double-segmented thin films — simplest form of a 1D functionally graded thin films.
By design, the focus of the work is not motivated by device optimization, but centered around a
fundamental understanding of spatial structure-transport properties of molecularly-doped
semiconducting polymers through double-segmented thin films. We utilize the high mobility
semiconducting polymer poly(2,5-bis(3-tetradecylthio-phen-2-yl)thieno[3,2-b]thiophene)
(PBTTT). The approach for this study employs compositional control of the molecular dopant
F4TCNQ to modulate doping level (carrier concentration) within each macroscopic segment.

Through a custom-designed vapor doping apparatus, we show how sequential vapor doping leads
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to facile fabrication of compositionally controlled double-segmented thin films. Through a
combination of grazing incidence wide angle x-ray scattering (GIWAXS) and Raman
spectroscopy, we characterize the local order and the lateral spatial distribution of the dopant
within and across the boundary of the two segments. In addition, the spatial distribution of o is
measured through an array of microfabricated electrodes. The measurements reveal a more
complex picture encompassing multiple forms of functional gradients across multiple length scale.
In particular, the fabrication process leads to the formation of diffuse interface at the boundary of
two segments comprising a sigmoidal-like profile in doping and electronic conductivity. Lastly,
the macroscopic a is measured within and between the segments to provide insight on the spatial

average of a.
2.2 Results and Discussion

2.2.1 Fabricating Double-Segmented Films through Sequential Vapor Doping

For facile fabrication of symmetric double-segmented PBTTT:FATCNQ thin films, we
employ sequential vapor doping to spatially control dopant composition in the lateral direction
(Figure 2.1). It has been established that thin film processing controls the thermoelectric transport
properties of molecular-doped semiconducting polymers like PBTTT. Therefore, for consistency,
all neat PBTTT thin films are processed in the same manner in this study: spin-coated from
chlorobenzene solution and soft annealed at 80 °C (as-cast thin films of c.a. 30 nm). By focusing
on the thin film regime, we can ensure uniform composition of dopant through the thickness of the
film (out-of-plane direction),?’ and thus, spatial variation only occurs in the lateral direction (1D
profile). In Figure 2.1b, we show a schematic of our home-built apparatus for controlled vapor
doping of polymer thin films in an argon atmosphere glovebox. More details are provided in the

methods section and supporting information. In short, a pellet of FATCNQ in an alumina crucible
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is placed at the bottom of the doping chamber where the base is heated to ~200 °C to sublime
FATCNQ. The dopant vapor infiltrates a PBTTT thin film that has been placed in a Teflon holder
at the top of the doping chamber. The extent of doping is controlled through vapor dopant exposure

time.
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Figure 2.1: a) Chemical structure of PBTTT and F4ATCNQ. b) Schematic of fabrication process
used in this study to achieve double-segmented PBTTT thin films. c¢) Picture of a double-
segmented thin film.

We calibrated our doping chamber to determine the extent of doping and conductivity as
function of F4ATCNQ vapor exposure time. Figure 2.2a shows a semi-log plot for the evolution of
the four-probe electronic conductivity. We observe the typical superlinear increase in conductivity
where the conductivity rapidly increases and then eventually plateauing at longer doping times.
The values for conductivity are 0.10 S/cm at 1.5 min, 8 S/cm at 2 min, and 200 S/cm at 4 min. The
corresponding UV-vis-NIR absorption spectra are shown in Figure 2.2b indicating efficient charge

transfer between PBTTT and FATCNQ. For neat PBTTT, the primary absorption peak is observed
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at 2.3 eV and a broad shoulder at 2.1 eV. After vapor exposure, absorption intensity of the primary
peak decreases along with the appearance of absorption structure in vicinity of 0.5 eV
corresponding to the positive polaron of PBTTT and the appearance of peaks near 1.4 and 1.6 eV
corresponding to the radical anion of FATCNQ." These absorption features reveal the integer

charge transfer doping mechanism.!
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Figure 2.2: a) Electronic conductivity of PBTTT thin films doped with F4ATCNQ via vapor

doping method for various times. Conductivity of neat PBTTT was measured to be 1.5 X 107
S/cm. b) UV-VIS-NIR spectra of PBTTT thin films vapor-doped with FATCNQ for various
times. N = neat, L. = low, M = medium, and H = high doping levels.
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The doping levels in our films were estimated with the deconvoluted UV-Vis-NIR spectra
using Beer’s law (Figure 2.3). The FATCNQ anion concentration was determined using the
FATCNQ anion molar extinction coefficient at 1.4 eV (¢ = 50000 L mol! cm™)*® and the
underlying monomer concentration was estimated from PBTTT extinction coefficient at 2.3eV (&
= 50000 L mol™! cm™) (see Appendix for detailed calculation). The estimated molar ratio (MR) of
the dopant anion to monomer (F4ATCNQ anion:PBTTT monomer) are 0.04, 0.09, 0.23 for 1.5 min
doped, 2 min doped and 4 min doped films, respectively. The high doping level is approaching
reported studies of PBTTT doped with FATCNQ where the maximum MR is in the range of 0.25-
0.30.20272° With these results, we designate four doping and conductivity levels for our study: neat
(undoped) (N), MR = 0.04 = low (L), MR = 0.09 = medium (M), and MR = 0.23 = high (H). To
generate segmented films, we utilized a Teflon bar to mask parts of the film from exposure to the
dopant vapor (Figure 2.1b). More details are provided in the experimental methods section. Going
forward, we will focus on the characterization of neat-high (NH), low-high (LH), and medium-

high (MH) double-segmented samples.
2.2.2 Influence of Molecular Doping on Local Structure and Dopant Distribution

By performing grazing incidence wide angle X-ray (GIWAXS) scattering experiments, we

can determine how molecular doping influences the local ordering of the polymer chains and

provide insight on the distribution of the dopant within and across the two segments. The GIWAXS
images of our neat PBTTT thin film conveys the characteristic scattering pattern for as-cast
PBTTT (Figure 2.4). The GIWAXS image indicates side-chain stacking (h00) peaks up to the 4th
order in the out-of-plane direction along with the backbone reflection (113) as well as the

reflection (110) related to the n-m stacking in the in-plane direction.**>! This observation indicates
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a preferential edge-on orientation of polymer crystallites, resulting from the casting conditions

used in this particular study.
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Figure 2.3: Absorption spectra fits for PBTTT thin films vapor doped with FATCNQ for various
times. (a) 1.5 min = low (L), (b) 2 min = medium (M), and (c) 4 min = high (H).
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For FATCNQ-doped films, representative GIWAXS images are shown for the LH
segmented film in Figure 2.5a and for the NH and MH segmented films in Figure 2.6. Overall, the
scattering patterns for all segmented films are qualitatively similar to neat PBTTT. This indicates
that vapor infiltration with FATCNQ only causes minimal disruption to the underlying
semicrystalline morphology of PBTTT, which is consistent with previous reports.?’ Quantitative
changes upon vapor doping are seen through the side-chain stacking and n-n stacking distances.
We focus on the (200) reflection to due to background scattering from the beamstop and substrate
reflectivity present near the (100) reflection. In segment H, we observe an increase in the side-
chain spacing distance (d200) to 1.14 nm relative to 1.06 nm for neat PBTTT. In addition, we
observe a compression of the m-n stacking distance to 0.354 nm relative to 0.371 nm for neat

PBTTT.

Figure 2.4: 2D GIWAXS image of neat PBTTT.

These changes are consistent to recent reports showing that dopant FATCNQ anion resides
within regions of the aliphatic side chains where an expansion of the side-chain stacking direction
(h00) and compression of the n-m stacking distance are observed.?>?* The decrease in the m-n
stacking distance upon doping is widely observed in molecularly doped conjugated
polymers.!?23253 Recently, it has been shown that doping-induced polaron delocalization between

adjacent backbones leads to electrostatically attractive intermolecular interactions, and, thus,
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accounts for the reduction in the n—m stacking distance.* Moreover, the extent of the changes in
the distances is a function of doping level. Therefore, we can use the relative changes in side-chain

and nt-w stacking distances to monitor the compositional distribution of the dopant.
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Figure 2.5: a) 2D GIWAXS images collected at L (low doping) segment, interface and H (high

doping) segment, respectively; Domain spacing of b) (200) peak, d2o0, and ¢) (110) peak, di1o, at
different positions on LH segmented thin films obtained from GIWAXS.
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Figure 2.6: 2D GIWAXS images collected on NH segmented film at (a) N segment, (b) interface
and (c) H segment, respectively. 2D GIWAXS images collected on MH segmented film at (d) M
segment, (e) interface and (f) H segment, respectively.

GIWAXS experiments as function of angle of incidence were performed to determine the
dopant composition through the thickness of the film (out-of-plane direction). In Figures 2.7, we
show the scattering profiles measured at different angles of incidence for segments L and H.
Overall, the changes to side-chain stacking and n-n stacking distances are the same at each angle
of incidence, which signifies uniform distribution of dopant through the thickness of the film.
These results are consistent with previous reports for PBTTT thin films used in this study (c.a., 30
nm).*°

The lateral distribution of both side-chain stacking and n-x stacking distances are shown in
Figure 2.5b and 2.5c¢, respectively, for the LH segmented film and in for NH and MH segmented
films. Measurements were carried out on nine different spots laterally across the double-segmented

film (7.2 mm distance). The center location (x = 0 mm) was designated as the location of edge of
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the Teflon bar during vapor doping, which establishes the interface between the two segments.
Seven measurements were conducted across the interface of the segments. The distance between
adjacent spots is approximately 200 pm, which is the width of the X-ray beam. Measurements

within each segment were 3 mm away from the edge of the interface of the two segments.
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Figure 2.7: (a) Out-of-plane and (b) In-plane scattering profiles of L. segment at different
incident angles; (c) Alkyl stacking spacing (d200) and m-stacking spacing (di10) at different
incident angles. (d) Out-of-plane and (e) In-plane scattering profiles of H segment at different

incident angles; (f) Alkyl stacking spacing (d200) and z-stacking spacing (di10) at different
incident angles. The critical angle of PBTTT is about 0.12°, and the critical angle of the Si
substrate is about 0.166°. The scattering profiles have been vertically shifted for clarity. Note the
difference in the scattering intensity is on the account variation in scattering volume at different
angle of incidence.

Starting from within segment L (x = -3.6 mm), the 2™ order side-chain spacing, daoo, is
1.07 nm and maintains this value when approaching the interface (x = -0.6 mm). Importantly, finer
spatial measurements across the interface and towards segment H revealed a steady increase in
da00 where the value reaches 1.14 nm at x =+0.6 mm. This d2oo is equal to the value within segment
H (x =+3.6 mm). The distribution can be qualitatively described to follow a sigmoidal-like profile.
As shown in Figure 2.5c, the spatial distribution for n-r stacking distance shows similar sigmoidal-

profile, but inversely correlated. The profile reveals that while the doping level is homogenous
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within each segment, there exist a thin diffuse interface where the doping level gradually changes.
This distribution was also observed in NH and MH segmented films (Figures 2.8 and 2.9). Overall,
the width of the diffuse interface is c.a. 1 mm for NH and LH, and c.a. 0.5 mm for MH segmented

films.
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Figure 2.8: Out-of-plane (200) scattering peak profiles at different positions on (a) NH, (c) LH
and (¢) MH segmented films. In-plane scattering profiles for (113) and (110) at different
positions on (b) NH, (d) LH and (f) MH segmented films. Dotted lines represent the
measurements in the segments and solid lines represent the measurements across the interface.
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Figure 2.9: (a), (c) Alkyl stacking spacing (d200) and (b), (d) z-stacking spacing (di10) at
different positions on NH and MH double-segmented PBTTT thin films obtained from
GIWAXS.

2.2.3 Raman Spectroscopy Reveals Spatial Distribution of Charge Carriers

Raman spectroscopy was used to further characterize the spatial distribution of charge
carriers (doping level) within and across the double-segmented PBTTT thin films. Charge carriers
here correspond to the formation of positive polarons, which can be observed through changes in
Raman vibrational modes of the conjugated core of PBTTT. Note that the determination of positive
polarons through Raman spectroscopy is used to quantify the local doping level and should not be
equated to be free charge carriers contributing to conduction.’® Raman spectra of neat PBTTT and
PBTTT:F4ATCNQ thin films at various vapor doping times are shown in Figure 2.10b. For neat
PBTTT, we observe four major Raman modes, appearing at 1394 cm™! (mode A), 1415 cm™ (mode

B), 1460 cm™ (mode C) and 1490 cm™ (mode D). These modes are in good agreement with
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Figure 2.10: a) Raman maps of peak height ratio of mode A/mode D on segment L, segment H,
and across the interface, respectively. b) Raman spectra for N, L, M, H films with labeled Raman
modes. ¢) Peak height ratio of mode A/mode D as a function of distance across a LH segmented
film. Raman results for NH and MH segmented films are provided in the supporting information.

previous reports>®>8

and are further summarized in Figure 2.11 and Table 2.1. The relevant modes
to monitor polaron formation are A and D, which correspond to C=C stretching mode from the
thienothiophene core and C=C/C—C stretching/shrinking mode from the outer thiophene rings,
respectively.’*8 Relative intensity change of Mode A indicates the formation of positive polarons
(hole carriers) while the change to Mode D relates to neutral (undoped) chains. In tandem, the
appearance and growth of the peak at 1642 cm™! corresponds to the formation of FATCNQ anion
(mode E), which further emphasizes the correlation to doping level. To best express relative

changes between individual peak modes, we normalized all neat and doped Raman spectra to mode

A. With this normalization scheme, the intensity of mode D is shown to decrease significantly
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upon doping with F4ATCNQ. In turn, taking the peak height ratio of mode A/mode D approximates
the positive polaron (hole) concentration. For example, the peak height ratio of mode A to mode
D increases from 0.92 for neat PBTTT to 1.9 when PBTTT doped for 4 minutes. This relation
provides us a pathway to spatially map out the charge carrier concentration across key regions of

the segmented film.
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Figure 2.11: Chemical structure of PBTTT

Table 2.1: Raman mode assignment for neutral and F4TCNQ vapor-doped PBTTT

Mode Wavenumber (cm™) Description®’
Neat 1.5 min 2 min 4 min
A 1394 1392 1391 1390 C,-C, intra-ring stretch
B 1415 1415 1413 1414 Cp-Cp intra-ring stretch
C 1461 1461 1461 1461 Cu-Cy inter-ring stretch
D 1490 1490 1489 1489 Co-Cp intra-ring
E N/A N/A 1642 1642 F4sTCNQ anion

Figure 2.10a shows the Raman maps of peak height ratio of A/D for different spots of the
LH segmented film. Note that the spatial resolution of the Raman mapping is approximately 0.65
um based on the aperture of the microscope and laser wavelength. Moreover, each “pixel” of the
color map is “coarse-grained” to a 10 um by 10 um square, which is based on the step size for each
measurement. Here, purple corresponds to regions of lowest charge carrier concentration while
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red corresponds to regions of highest charge carrier concentration. Within segment H, we observe
near uniform distribution of charge carriers. On the other hand, segment L shows a less
homogenous charge carrier distribution suggesting dopant segregation at lower doping levels.
Raman maps with finer scale (1 um step size) were also obtained to confirm this inhomogeneity
(Figure 2.12). While doping level is uniform when macroscopically-average, the Raman
experiments show the inhomogeneity of doping at the sub-micron scale, and thus, the hierarchical

nature of compositional dopant control inherent with the sequential vapor doing process.

a) L segment b) H segment

2.2

Figure 2.12: Raman maps with finer scale of peak height ratio of mode A/mode D on (a) L and
(b) H segment.

The interfacial region between both segments, moreover, shows a gradual change in charge
carrier concentration (Figure 2.10a and Figure 2.13). To quantify width of the gradual change, we
plot the lateral average of the ratio of modes A and D (Figure 2.10c, Figure 2.13b and 2.13d). The
peak height ratio A/D is 1.1 + 0.2 within segment L. while the A/D ratio is 2.0 + 0.4 within segment
H. The large error arises from the heterogeneity of the charge carrier distribution. Across the
interface region, the peak height ratio gradually increases from 1.0 (average of first three points)
near segment L to 2.1 (average of last three points) near segment H. This gradual change describes

a diffuse interface, which occurs across a width of approximately 1 mm for the LH segmented
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film. The presence of a diffuse interface is consistent with the analysis of the GIWAXS

measurements discussed earlier.
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Figure 2.13: a) Raman maps of peak height ratio of mode A/mode D for a) NH and ¢) MH
segmented films, respectively. Peak height ratio of mode A/mode D as a function of distance
across b) NH and d) MH segmented films, respectively.

2.2.4 Determination of Spatial Electronic Conductivity

The spatial distribution of the electronic conductivity was characterized within and across
the interface of the segments through an array of interdigitated electrodes (IDEs). Note that we
designate the center IDE (x = 0) as the spot where the edge of the Teflon mask was located during
vapor doping, which establishes the boundary between the two segments. Each IDE measures a
100 pm by 300 um region and is laterally spaced apart by 200 pm, which yields a total distance of
6 mm (3 mm for each segment). Shown in Figure 2.14 is the spatial electronic conductivity for the
three double-segmented thin films. The spatial distribution reveals uniform conductivity within

each segment, but with the presence of a diffuse interface that has a sigmoidal-like conductivity
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profile. The width of the diffuse interface is dependent on the doping time and is c.a. 1.5 mm for
NH, c.a. 1.0 mm for LH, and c.a. 0.6 mm for MH segmented films. Importantly, the conductivity
profile within the diffuse interface correlates well with the presence of a graded doping profile as

observed through GIWAXS and Raman spectroscopy.
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Figure 2.14: Electronic conductivity across the double-segmented films (measured by an array of
IDEs, see supporting information). The center spot (0 mm) is as the location where the edge of
the Teflon mask was placed during vapor doping.

2.2.5 Description of Functional Gradient Forms in Our Double-Segmented Films

Conductivity, GIWAXS, and Raman experiments reveal that the fabrication of the double-
segmented film leads to a more intricate description encompassing multiple forms of functional
grading across multiple length scales. Specifically, the description accounts for composition and
structural characteristics spatially controlled from nano- to macro-scales. Our functionally graded
films comprise macroscopic segments set to a specific doping level. As observed through Raman
mapping, the dopant composition is heterogenous in the sub-micron length scale. The

heterogeneity and hierarchical dopant composition control the measured macroscopic electronic
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conductivity and Seebeck coefficient within each segment. Between the two segments is a diffuse
interface where the dopant composition and conductivity vary continuously. Qualitatively, the
functional grading profile of our double-segmented film can be described by a Sigmoidal-like
curve. The intricate nature of the functional gradient forms in our films will regulate the spatial
average of the Seebeck coefficient (to be discussed in the next section). We posit the formation of
the diffuse interface arises from the inhomogeneity of dopant infiltration from shadowing effects
at edge of the bar and vapor diffusion underneath the microscopic gap between the bar and film
surface. While solid-state lateral drift-diffusion can contribute to the diffuse interface, we believe
this process is negligible in our experiments (see Appendix for more details). In total, these

processes lead to a gradient in dopant concentration across the boundary of the two segments.
2.2.6 Determination of Macroscopic Seebeck Coefficient

In this section, we present and discuss the results for the measured macroscopic a values
within and between the two segments. In Figure 2.15a, we show the geometry and arrangement of
the gold contacts used to measure the Seebeck coefficient of the double-segmented films. The
larger gold pads were used to measure the temperature difference while the narrow gold strips are
used to measure the voltage difference. Measurements were taken each 1 mm apart to ensure
sufficient voltage response. The Seebeck coefficient was spatially measured at five spots across
the double-segmented film. The middle contact pair were for measurements between the interface
of the two segments. Note that the distance of 1 mm is approximately similar to or larger than the
width of the diffuse interface. In addition, the location of the metal contacts was controlled so that

measurement equally weights each segment when measuring across the interface.

Measurements within segments L and H yielded values of a7 ;=177 + 17 pV/K and a;,=

178 £ 17 nV/K, and ag;= 33 + 3 pV/K and ay,= 34 + 3 pV/K. In addition, the MH segmented
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film yielded values of ;=71 =7 uV/K and a;,,= 70+ 7 pV/K, and ag;=33 +3 pV/K and oy,

= 30 £ 3 puV/K. Overall, these values reveal the homogeneity of the macroscopic Seebeck
coefficient within each segment. The measurement of o across the segments yielded values of a;
=97+ 9 uV/K and aoyz=48 + 5 uV/K for the two segmented films. Upon closer inspection, a; i
and a4 is the average of the a values of each corresponding homogenous segment (Figure 2.15b).
This observation holds true when a is measured along a longer distance of 3 mm across the two

segments (Figure 2.16).

- | b)
! ! 200, e LH
; < { % ¢ MH
| | =
|

CO 2 150+
: “— > > —> : =
1 Qx1  @xa | Qyz Ay [ :8
| I = 100+ )
| <+ > I 8 i

[&]
| S 4 é
| Ayy | &)
I j 8 904 L
! : 3 - *
| | n
T | 04
L/M <— Interface ——> H Ay1 Axz Qyxy Qy Ay,

Figure 2.15: a) Schematic of the contact geometry for spatial Seebeck coefficient measurements
on LH and MH segmented films; b) Seebeck coefficient at different regions of LH and MH
segmented films. (X =L or M; Y = H).

This averaging effect can be validated by considering the general integral expression for

the spatial average (oavg) for a graded a profile:

L
Uy = %L a(x)dx (2.1)

where a(x) is the spatial distribution function of the graded Seebeck coefficient and L is the total

lateral distance of the graded profile.*>> For our symmetric double-segmented films, the integration
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can be simplified as the sum of the rectangular integration of each segment (oL, + a,L,).
Dividing by the total length (L = L1 + L>) leads to the average Seebeck coefficient. Note our double-
segmented films are symmetric so L1 = L; therefore, Equation 1 simplifies down to (a; + a,)/2,
or the average of each homogenous segment. Indeed, a; ; is measured to be 97 +£ 9 pV/K, which
is the same as the integrated average, 105 = 10 uV/K, within error. Similarly, for the MH

segmented film, the integrated average 51 + 5 uV/K which is equivalent to the measured o,y =

48 +5 uV/K.
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Figure 2.16: a) Schematic of contacts geometry for Seebeck measurements across 3 mm on LH
and MH segmented films; b) Seebeck coefficient at different regions on LH and MH segmented
films. (X=L or M; Y =H).

The above analysis does not account for the small diffuse interface between the two
segments where the doping level has a sigmoidal-like profile. While we could not experimentally
map out the local Seebeck coefficient, it can be reasonably assumed the spatial distribution for a
inversely correlates to the dopant composition and conductivity profiles shown earlier. For
discussion purposes, we calculated the spatial a profile using the experimental spatial conductivity

in Figure 2.14 and the empirical power law correlation previously reported for polythiophene-
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based polymers (o proportional to 64, Figure 2.17).? The calculated local a spatial profile for the
segmented-films are shown in Figure 2.18. With a nearly symmetric sigmoidal-like profile, the
average of the two asymptotic values corresponds to the inflection point of the curve. As noted
earlier, the experimental measurement distance of 1 mm for a is approximately similar to or larger
than the width of the diffuse interface. Consequently, the Au Seebeck contacts reside on the

asymptotes of the Sigmoidal-like profile where the asymptotes track each homogenous segment.

1000 e Solution-doped P3HT
— 8 m  Vapor-doped P3HT
(a 6 m Vapor-doped P3ATs
N m Vapor-doped PBTTT
> 4
=
— .
2
8 . 8
O ‘mmE
& 100 R |
0] 8 o
(@] 6 ~“~
(&] “~.
X 4 S
O s o
)
3 s
8 2
> £ 1/4
10

||||I'm| Illlml'l ||||mmrme
0.01 0.1 1 10 100 1000

Conductivity (S/cm)

Figure 2.17: Seebeck coefficient as a function of electrical conductivity for FATCNQ-doped

polymers, P3HT (e,m), PBTTT (m) and P3BT, P30T, P3DDT (m). The black dash line
represents the empirical relationship of o proportional to ¢4,

By design, the experimental o measurement equally balances each segment, thus the measured o
across the segment is equivalent to the local a at the midpoint point (inflection point) within the
diffuse interface. Therefore, due to the symmetry of the a profile and equal weighting of each
segment, the spatial distribution of a within the diffuse interface does not impact the determination

of the average Seebeck coefficient of our double-segmented films.
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Figure 2.18: Predicted Seebeck profile across the (a) NH, (b) LH and (¢) MH segmented film.



2.3 Conclusion

We have presented a facile process in fabricating symmetric double-segmented PBTTT
thin films where each segment is sequentially doped with F4ATCNQ from the vapor phase. To
characterize the lateral dopant composition profile, we correlated the changes in the characteristic
side-chain stacking and n-m stacking distances to the presence of dopant anion molecules. While
uniform side-chain stacking and ©-m stacking distance were seen within each segment (uniform
doping level), a gradual change in these characteristic spacings was seen across the interface of
the segments (gradient in doping level). Of note, the length of this diffuse interface is 0.5 — 1 mm
between the two segments. In addition, Raman spectroscopy provided complementary details in
the localized doping level. While Raman mapping revealed inhomogeneity of doping at the sub-
micron scale, the macroscopic average of the spatial doping profile follows the trends observed
with GIWAXS. Spatial conductivity measurements through an array of microelectrodes indicate
sigmoidal-like profile tracking well with the dopant compositional profile Lastly, the Seebeck
coefficient (o) was measured within and the across the segments. The measurements reveal
homogeneity of the macroscopic Seebeck coefficient within each segment. Even with presence of
the diffuse interface, the spatiality integrated a is simply the average of the a values of the

segments.

Our work showcases how sequential vapor doping is an enabling technique for applying the
principles of functional grading for organic thermoelectrics. While this study is limited to
symmetric double-segmented films, going forward, more complex designs spanning multi-
segments to continuously-graded profiles are possible. Moreover, for judicious selection of graded
profiles, the design process can be coupled with mathematical transport models revealing

theoretical limits of thermoelectric performance. Overall, semiconducting polymers as FGMs are
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an enabling platform to further advance our understanding of structure-transport properties and the

development of more efficient organic thermoelectric devices.

2.4 Experimental Methods

Materials. Poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT) and
anhydrous chlorobenzene (CB) was purchased from Sigma-Aldrich (My 40,000-80,000) and used
as received without further purification. 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane

(FATCNQ, >98%) was purchased from TCI Chemicals.

Thin Film Preparation. Thin film samples for GIWAXS experiments were prepared on
silicon with native oxide wafer substrates (15 mm x 15 mm % 0.5 mm, University Wafer). Thin
film samples for UV-VIS-NIR spectroscopy, Raman spectroscopy, and electrical characterization
were prepared on quartz substrates (15 mm x 15 mm % 0.5 mm, University Wafer). All substrates
were cleaned by sonicating in acetone and isopropanol for 10 min each, followed by plasma-
cleaning for 3 min. For neat PBTTT thin film preparation, PBTTT was dissolved in anhydrous CB
(10 mg/mL), and the solution was heated at 80 °C for 2 hours to fully dissolve the polymer. Then
thin films were spin-coated using SCS G3P spin coater from the heated solution (80 °C) using a
two-step spin condition of 2000 rpm for 40s followed by 3000 rpm for 25s. Films were heated at
80 °C for 10 min to remove residual solvent. All solution preparation, spin-coating, and drying
steps were performed in an Argon glovebox. Thickness of neat films were measured via

ellipsometry, which was determined to be approximately 30 nm.

Vapor Doping Process. Vapor doping was performed in an Argon glovebox.
Approximately 2 mg of FATCNQ powder was pressed into a pellet (approximately 3 mm in
diameter) and placed in an aluminum oxide crucible (OD 6.8 mm x H 4 mm from Government

Scientific Source Inc.), which was in turn placed in a glass insert (diameter ~ 5 cm, height ~ 4.5
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cm). A stainless-steel container was then preheated for 30 min on a hot plate to allow the chamber
to reach a steady temperature at 200 °C (measured vial thermocouple at the base of the chamber).
The glass insert with the dopant inside was put into the metal chamber to produce dopant vapor.
For uniform doping of films (unsegmented films), a neat PBTTT thin film was held in a Teflon
holder and placed on the top of the doping chamber. The doping level was controlled as a function
of dopant exposure time. For this study, we define four doping levels: neat (N, 0 min), low (L,
~1.5 min), medium (M, ~2 min), and high (H, ~4 min) (Figure 2.2).

Double-segmented films were fabricated through a sequential vapor doping process. First,
the whole polymer film was exposed to F4ATCNQ vapor to achieve L doping level or M doping
level. Second, the Teflon holder being was removed from the chamber and a Teflon bar (see
dimensions in Figure 2.19 in Appendix) was then used as a mask to cover half of the film. Then,
the holder was put back onto the chamber to further expose the uncovered half of the film to
F4TCNQ vapor. For the film at L doping level, the film was exposed to FATCNQ vapor for an
additional 3 min to achieve an LH segmented film. For the film at M doping level, the film was
exposed to FATCNQ vapor for an additional 2 min to achieve a MH segmented film. Starting with
a neat film, the films was exposed to F4TCNQ vapor for 4 min to achieve an NH segmented film.

UV-VIS-NIR. UV-VIS-NIR spectra of neat PBTTT and vapor-doped thin films on quartz
substrates were obtained using the Shimadzu UV-3600 Plus UV-VIS-NIR Dual Beam
Spectrophotometer housed in the Soft Matter Characterization Facility (SMCF) (Pritzker School
of Molecular Engineering, University of Chicago). Measurements were taken within a wavelength
range of 300 to 3300 nm.

Grazing Incidence Wide Angle X-ray Diffraction. GIWAXS experiments were

conducted at the Advanced Photon Source (Argonne National Laboratory) at beamline 8-ID-E.
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The energy of the incident beam was at 10.91 keV, and a Pilatus 1MF pixel array detector (pixel
size = 172 um) was used.’® The measurement time for one image was 10 seconds. All samples
were placed and measured in a low vacuum chamber (10~ mbar) to reduce the air scattering as
well as to minimize beam radiation damage. There are multiple rows of inactive pixels between
the detector modules when the images were collected at one position. To fill these inactive gaps,
the detector was moved down to a pre-set new position along the vertical direction after each
measurement. After the image was collected at the new spot, the data from these two detector
positions were combined using the GIXSGUI package for MATLAB to fill the inactive gaps.®
The absence of artifacts in the combined image demonstrates that the scattering from the sample
does not change during the exposure. The GIXSGUI package was also used to output the GIWAXS
signals as intensity maps in (qr, q-) space, and take the linecuts along out-of-plane (q.) and in-plane
directions (qr).

GIWAXS images of segmented thin films were taken at a grazing incident x-ray angle of
0.14°, which is above the critical angle of the polymer film and below the critical angle of the
silicon substrate. GIWAXS images measured laterally across nine different spots for the double-
segmented films. One measurement within each segment were 3 mm away from the interface of
the segmented film. Other seven measurements were conducted laterally across the interface of
the segmented films. The distance between adjacent spots is 200 um, which is the width of the X-
ray beam. Lastly, for the depth dependent experiments on doped PBTTT thin films, images were
taken across a range of incidence angles (0.08°, 0.10°, 0.12°, 0.14°, 0.16°, 0.18°, 0.20°) to obtain
scattering from the surface, bulk, and the polymer/substrate interface of doped PBTTT thin films

(Figures 2.7).
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Raman Spectroscopy. Raman spectroscopy experiments were performed under ambient
conditions using the Horiba LabRAM HR Evolution NIR confocal Raman microscope housed in
Chicago Materials Research Center. Raman spectra of neat and doped PBTTT thin films was
collected using a 1000 objective and a 532 nm wavelength laser. The Raman spectra on segmented
thin films were collected using 500 objective and the same 532 nm wavelength laser. The spatial
resolution of each measurement is dependent on the numerical aperture of the microscope
objective, the wavelength of the laser used, and the pinhole size of the confocal imaging mode. In
our configuration, the spatial resolution of each Raman spectra is calculated to be 0.65 pm. Laser
power and accumulation time was set to 1% and 10 s to minimize local heating and material
degradation. Spatial Raman spectra within each segment were acquired using a step size of 10 um
for a 100 um x 100 pm region or using a step size of 1 pm for a 10 pm x 10 pm region for finer
measurements. Spatial Raman spectra across the interface of the two segments were acquired using
a step size of 10 um for 1000 um x 20 pm region. The time to collect a Raman map of 100 um x
100 um is about 5 — 6 minutes. This minimized possible degradations that occurred during the

measurement.

To generate a Raman color map, the ratio of peak intensity of mode A (representing the
C=C stretching mode on the thienothiophene core) and mode D (representing the C=C stretching
localized on the thiophene rings) was recorded for every Raman spectrum. The recorded ratios
were autosaved in text file by the software, and then exported into Wolfram Mathematica to plot
as color maps. The color scale for every Raman map followed a rainbow color scheme where

purple represents neat (ratio = 0.9) and red represents highly doped (ratio = 2.2).

Conductivity and Seebeck Measurements. Gold electrical contacts (75 nm thick) for

electronic conductivity (o) and Seebeck coefficient (o) measurements were deposited onto either
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uniform or segmented PBTTT thin films via thermal evaporation through shadow masks designed
in our lab. Electronic conductivity was measured in the in-plane direction using four probe
geometry with a 0.2 mm spacing between electrodes and electrodes length of 1 mm. Seebeck
coefficient was measured with two 1 mm? gold pads, which are either 3 mm or 1 mm apart. A
detailed schematic is provided in Figure 2.20. Four probe conductivity measurements were
performed using a custom-designed probe station in an Argon glovebox. Voltage and current
measurements were performed using a Keithley 2400 source meter and Keithley 6221 precision
current source. A constant current was applied to the outer contacts, and the resultant steady-state
voltage response was recorded from the two inner contacts. The resistance (R; ohms) of the sample
was extracted from the slope of the IV sweep using Ohm’s law (V= IR). The thin film conductivity

o was then calculated using the following equation:

In2
o =
7hR

where & = 30 nm is the thickness of the sample.

The Seebeck coefficient measurements were performed on the same probe station. Two
Peltier elements were placed 5 mm apart to provide the temperature difference (AT = Tu— Tc).
Two thermocouples were used to collect the hot and cold side temperatures, and two probes were
used to measure the corresponding voltage value. A minimal amount of thermally conductive
silicone paste was applied to the tips of the thermocouple to ensure good thermal contact between
the thermocouple and the gold pads. A delay of 200 s was used for voltage measurements to ensure
that a steady-state temperature gradient and voltage was reached. The Seebeck coefficient was
calculated from the slope of a linear fit for the AV versus AT plot. A representative plot can be

found in Figure 2.21. The measurements were taken within an approximate A T of = 3 K around
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300 K so that the Seebeck coefficient did not change significantly over T + AT. A series of
measurements on Nickel foil (0.03mm, >99.9%) were carried out at 25 °C to determine the
systematic error (Figure 2.22). The measured Seebeck coefficient of Ni is —20.3 + 1.3 uV/K, which

matched with reported value in literatures (—19 pnV/K at 25 °C). 6163

The spatial measurements of the electronic conductivity were performed using an array of
interdigitated electrodes (IDEs). Interdigitated electrode devices were fabricated at Pritzker
Nanofabrication Facility, University of Chicago (see detailed fabrication process in Appendix and
Figure 2.23). The measurements were performed using DC measurement method. The extracted
resistance R was then used to calculate the electronic conductivity oipg according to the following
equation:

1 d
Olpp = ——————
IPE™ R I(N - Dh

Here, d = 8 pm is the separation distance between electrodes, / = 100 pm is the electrode length,

N =40 is the number of electrodes and # = 30 nm is the thickness of the film.
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2.6 Appendix

Determination of doping level

The doping level (MR), the molar ratio of FATCNQ anion to PBTTT monomer repeat unit,
was determined through Beer’s law by using the absorption intensity of the FATCNQ anion at 1.4
eV and the primary absorption peak of neat PBTTT at 2.3 eV. The absorption spectra of all doped
samples were deconvoluted to the neutral, anion, and polaron components using the peak shape
and relative intensities (Figure 2.3). Then, the dopant concentration (Crs’) was estimated using
Beer’s law with the FATCNQ anion molar extinction coefficient (¢ = 50000 L mol! cm™)* and
the underlying monomer concentration was estimated from PBTTT extinction coefficient at 2.3eV

(€ = 50000 L mol! cm™).
PBTTT molar extinction coefficient calculation

Density of PBTTT is calculated from mass of repeat unit per unit cell. The unit cell volume

of PBTTT, V., is calculated as:

V,e= abC\/l — cos(oz)2 - cos(ﬁ)2 — cos(}/)2 + 2 e cos(a) e cos(f) « cos(y) = 1060 A3

with the following parameters®*% : a=21.5A, b=54A,c=135A, a =137°,=86° and y =

89°.
Density of PBTTT, ppprrr, is then calculated as:

Myrrr XN, 694 g e mol™!
Ny X Ve 6.022 X 1083mol™" x 1060 X 10-24 ¢ m3

PPBTTT = ~1.1gecm=3
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where, MprrT is the molar mass of repeat unit, N is the number of repeat units per unit cell (1 in

the case of PBTTT) and Na is the Avogadro constant.

With density of PBTTT as 1.1 g/cm?, the molar concentration of PBTTT, Cpgrrr, is found to be:

BTTT

Using Beer’s law, the molar extinction coefficient of PBTTT at 2.3 eV is estimated as:

A
epprrr = — 2L 50000 L e mol™" e cm-1
Crprrr X

Where, ApprrT is the absorption of neat PBTTT at 2.3eV and L is the optical path length, in this

case, the polymer film thickness (30 nm).

Origin of the formation of interface region

6.8 cm

O.Scm[ Mask /

6.1 cm

Figure 2.19: Schematic of the Teflon mask used in fabrication of double — segmented thin films.

Since conductivity measurement, GIWAXS and Raman experiments all confirmed the
existence of a diffuse interface region between the two segments of our samples, it is important to
understand the origin of the formation of this interfacial region. One possible explanation is the
diffusion of dopant/anion during vapor doping process or after the segmented film is established.

While the specific diffusion coefficient of FATCNQ in PBTTT has not been reported yet, the
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diffusion process of FATCNQ in a similar thiophene-based polymer, P3HT upon thermal annealing
has been studied.®® Assuming that the diffusion coefficients of FATCNQ dopant/anion in PBTTT
is the same as in P3HT, we can estimate that the diffusion length of dopant/anion at 60 °C (during
vapor doping) or under room temperature (after establishing segmented film) lies in the
micrometer scale which is much lower than the observed width of the interfacial region in our
study. Therefore, the formation of this interface is unlikely due to dopant or anion diffusion. We
thus attribute the origin of the formation of the interface region to our specific fabrication process.
In our experiments, the Teflon mask was placed slightly above the polymer surface to avoid
scratches on the film. We suspect that this minor gap between the bar and polymer allowed a small
amount of dopant vapor to diffuse underneath the bar, leading to the formation of the diffuse
interface. This also explains why the interface regions are narrower in LH and MH segmented

films as the time for dopant vapor diffusion is shorter.
Set-up and calibration for Seebeck measurement

Figure 2.20 shows the customized setup of the Seebeck coefficient measurement. Two
peltier elements were placed 5 mm apart to provide the temperature difference (AT = Tu — Tc).
Gold contact pads 1 mm or 3 mm apart were evaporated onto the sample. The sample was placed
in a way where the midpoint between gold pads was approximately the midline of the gap between

the Peltier elements.

The thermocouples for temperature measurements and the tungsten tips for voltage
measurements were aligned at the same vertical position when we did our Seebeck measurements.
The thermocouple tip was placed at the edge of the gold pad, which was in vertical alignment with

the strip for the voltage probe. This setup would allow the distance between the thermocouple
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probes to be the same as distance between voltage tips in all of the measurements, which led to
accurate Seebeck measurements. A minimal amount of thermal conductive silicon paste was
applied to the thermocouple beads to ensure good thermal contact between the thermocouple and
the sample. The Peltier elements were connected to make one side hot and one side cold when
+1V applied and reverse the temperature gradient under —1V. There was a 200s settling time to
reach the steady-state temperature gradient. At each temperature gradient, five consecutive
measurements were taken 1 s apart. A typical Seebeck measurement scan is shown in Figure 2.21.
For each sample, both forward and reverse scan were carried out to obtain an average Seebeck

value.

Thermocouple probes

Tlfvlv s

2

Evaporated
gold pads

I
\Smm /

Peltier elements

— o Polymer

Figure 2.20: Schematic of Seebeck measurement setup.

Calibration measurements were carried out on multiple Nickel (>99.9%) samples from the
same foil (Figure 2.22). After subtracting Seebeck coefficient of gold at 25 °C (+1.94 uV/K)*, the
average Seebeck coefficient of Ni was calculated to be —20.3 £+ 1.3 puV/K, which matched well
with previous literatures (—19 pV/K at 25 °C).81-% The systematic error was estimated from the

standard deviation of the measurements, which is approximately 10%. Seebeck coefficients of
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FATCNQ-doped thiophene based polymers were measured using our Seebeck set-up (Figure 2.17).
The dash line is an empirical relation between a and o, which obeys a power law as o proportional

to o "4 and matches with previous study on transport properties.>

3.0x10" = Slope = -37.2 uV/K
Seebeck = 37.2 pV/K
25 .,
L}

— 20 - "o.

=

3 154 LN
1.0 - .
054 ]a =- AV/AT "

Figure 2.21: Typical Seebeck coefficient measurement curve (4 min doped PBTTT). Seebeck
coefficient is the negative of the slope from the linear fit through the (AT, AV) points. 5
measurements for each steady-state AT are recorded.
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Figure 2.22: Seebeck coefficients of Nickel measured at 25°C.
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Interdigitated electrode (IDE) fabrication

Si wafers with 1 um of thermal oxide were first cleaned with a 300W oxygen plasma. A
monolayer of hexamethyldisilazane (HMDS) is then deposited on the wafer in a vacuum oven at
110 °C under N2 flow to promote photoresist adhesion. AZ nlof 2020 negative photoresist was
spun cast at 3500 rpm for 45 seconds onto the wafer. IDE pattern was written with a Heidelberg
MLA150 Direct Write Lithographer and AZ 300 MIF developer (tetramethylammonium
hydroxide in water) was used to remove the patterned areas of the photoresist. E-beam evaporation
of 5 nm titanium followed by 95 nm of gold was then applied to create the electrodes using an
Angstrom EvoVac electron-beam evaporator. Liftoff of the excess metal and removal of the
remaining photoresist was achieved by soaking the wafer in an 80 °C bath of n-methyl-2-
pyyrolidone (NMP) overnight followed by sonication in fresh NMP. Wafers were subsequently
rinsed with acetone, IPA, and deionized water. A single 4” wafer contains as many as 24 IDE

devices. The work flow for fabrication of the IDEs is shown in Figure 2.23.

-2”’“- — |

Vaper HMDS prime and _ Expostire With 3750m _

spin-coat AZ nLof 2020 laser, development

Silicon wafer with 1um thermal oxide
negative photoresist with AZ 300 MIF

_—
E g _ sl b
SnmTi, 95nm Au removal of remaining

photoresist

Figure 2.23: Workflow for fabrication of micron sized IDEs.
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Chapter 3: CONTINUOUSLY GRADED DOPED
SEMICONDUCTING POLYMERS ENHANCES
THERMOELECTRIC COOLING

Reprinted from [Applied Physics Letters 119, 013902 (2021)], with the permission of AIP
Publishing.

Spatial control of thermoelectric (TE) material properties through functional grading is a
promising strategy in improving cooling performance. Notably, studies on organic-based FGMs
for thermoelectrics have been limited compared to their inorganic-based counterparts. In this
chapter, we demonstrate how the inherent processability of semiconducting polymers coupled with
molecular doping provides for a facile approach in fabricating continuously graded (CG) thin films
beneficial for thermoelectric (Peltier) cooling. We achieve CG thin films with 1D profiles in
conductivity (o) and Seebeck coefficient (o) through spatial compositional control of the
molecular p-dopant 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane  (FATCNQ) in
semiconducting poly[2,5-bis(3-tetradecylthiophen-2-yl) thieno [3,2-b]thiophene] (PBTTT). Using
the experimentally derived ¢ and a spatial profiles, linear constitutive relations coupled with
conservation of charge and energy are used to model the cooling performance of the CG thin films.
In comparison to their equivalent uniform (EU) conditions, the CG thin films yield higher cooling
temperature (A7c = Tu — Tc) and higher Coefficient of Performance (C.O.P). The enhanced
performance arises from efficient redistribution of the Joule heating and Peltier cooling effects.
Moreover, the model calculations reveal that the magnitude of the ¢ profile and the slope of the o

profile are specific attributes leading to the enhanced cooling in CG thin films. Overall, this study
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highlights a simple yet powerful strategy to enhance the cooling performance of thermoelectric

materials through functionally graded doped semiconducting polymers.
3.1 Introduction

Thermoelectric (TE) systems have been a promising technology that interconverts heat and
electrical energy.'® TEs can be used for both energy harvesting by capturing waste heat as in
thermoelectric generators and thermal energy management by controlling local temperature as in
Peltier coolers. The efficiency of TE devices is characterized by its figure of merit, Z7, defined as
ZT = & oT/k, where ois the electronic conductivity, «is the Seebeck coefficient, xis the thermal
conductivity and 7 is the temperature in Kelvin.! Over the years, researchers have been focusing
on enhancing the material’s Z7 to improve the performance of thermoelectric devices. Along with
the effort on material optimization, the use of functionally graded materials (FGMs) offers
alternative ways to further improve device performance, especially in the case of Peltier coolers.
FGMs are engineered materials whose properties are varied spatially either in a continuous or step-
by-step (segmented) fashion throughout the volume of the material.”® To date, implementing
FGMs in Peltier cooling applications has been exclusively investigated with inorganic TE
materials such as BixTe; and PbTe.”'* In principle, functionally grading motifs with spatial
variation in the thermoelectric properties enable more efficient redistribution of the Joule heating
and Peltier cooling effects. This redistribution of heat leads to larger cooling temperature gradients
and coefficient of performance (C.O.P) compared to thermoelectric materials with uniform
properties.®!>"!® Importantly, modeling and simulations of inorganic FGMs as TE devices have
been critical to elaborate optimal gradients in TE properties and establish the theoretical limits of
cooling performance.'”"!-2> However, implementing the principles of functional grading using

inorganic materials could be prohibitive as the fabrication and processing of conventional
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inorganic TE materials would require high temperature and pressure to achieve appropriate

graded/segmented configurations.®!0-12:26.27

In contrast to inorganic-based materials, semiconducting conjugated polymers with their
inherent processability opens the pathway for easier experimental methods of achieving FGMs.
Together with solution and thermal processability, principles of molecular doping of
semiconducting polymers controls the carrier concentrations modulating thermoelectric
properties.?® ! In recent years, due to their promising performance near room temperature, cooling
ability of polymeric materials has been demonstrated to reveal the Pelter effect in organic thin film
devices.*** Particularly, for the case of thiophene-based semiconducting polymers, the addition
of a molecular p-dopant such as a small organic acceptor (e.g. FATCNQ, 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane) leads to electron transfer between the host polymer and dopant
molecule, which modulates the carrier concentration and therefore tuning the thermoelectric
properties.>>* In our prior work, we showcased the first report on organic FGM for thermoelectrics
by first casting a thin film of poly[2,5-bis(3-tetradecylthiophen-2-yl) thieno [3,2-b]thiophene]
(PBTTT) and then infiltrating with FATCNQ via the vapor doping method.?” By using a home-
built vapor doping apparatus, we were able to achieve a macroscopic double segmented FGMs
where each segment were tuned to have different doping level. Our work showcased the facile
fabrication and characterization of functionally graded polymer thin films for TE materials, which
opened pathways for further development on more complex FGMs.

In this chapter, we report on continuously graded (CG) thin films relevant to improved
thermoelectric (Peltier) cooling. Spatial compositional control of the molecular p-dopant FATCNQ
in semiconducting PBTTT yield 1D profiles in o and ¢. Moreover, first principle calculations

based on linear Onsager theory and conservation of charge and energy are used to model the
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cooling performance of using the experimentally derived o and « spatial profiles to demonstrate

the utility of the CG thin films.
3.2 Results and Discussion

3.2.1 Fabricating Continuously Graded Films through Sequential Vapor Doping

CG thin films of PBTTT:F4ATCNQ, i.e. samples that have an in-plane, 1D Ilateral
compositional gradient in molecular doping, were fabricated through sequential vapor doping
(Figure 3.1). In the vapor doping process, a neat PBTTT thin film is spin coated prior to the
addition of FATCNQ. As reported previously, this process largely preserves the molecular and
long-range order of the polymer thin film, resulting in higher ¢ compared to films made through
the solution-mixing doping process.’>** " Importantly, sequential vapor doping allows for a
relatively simple approach in achieving doping gradients along the in-plane, lateral direction of
the thin film. Figure 3.1b shows a schematic of our home-built apparatus for controlled vapor
doping of polymer thin films in an argon atmosphere glovebox. We use a cover mask where the
side facing the PBTTT thin film has a c.a. 0.10° wedge grading angle that leaves a narrow gap
between PBTTT thin film surface and the mask. This gap controls the mass flux of F4ATCNQ to
the thin film and, thus, controls the doping level gradient as a function of doping time.

To first demonstrate the feasibility of this approach in achieving CG thin films, a neat
PBTTT thin film (ca. 30 nm) was vapor doped by FATCNQ with the cover mask using a doping
time of 4 min (see Figure 2.3 and Table 3.1 for the correlation of doping time and doping level in
PBTTT:F4TCNQ films).3” Spatial distribution of o for the resulting PBTTT:F4TCNQ thin film
was measured through arrays of interdigitated electrodes (IDEs) across the dopant graded thin film
in order to determine the presence of a continuous gradient in o (Figure 3.1c). There are in total
20 IDEs and each IDE measures a 100 um by 300 pwm region and is laterally spaced apart by 200
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um, thus measuring spatially across a total distance of 4 mm. This spatial distribution reveals the
presence of a gradual gradient in o where o increases across the graded region from the neat side

to the doped side of the film.
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Figure 3.1: a) Chemical structures of the semiconducting polymer (PBTTT) and the molecular p-
dopant (FATCNQ). b) Schematic drawing of setup used to vapor dope PBTTT with FATCNQ to
achieve continuously graded (CG) thin films. The bottom schematic highlights the small wedge
grading angle (c.a. 0.10°) of the cover mask which controls the mass flux of FATCNQ to the thin
film, which allows for an in-plane, 1D lateral compositional gradient in doping. c) 1D
conductivity profile of as a function of distance along the doping gradient for a representative
CG thin film.

Table 3.1: Doping time and molar ratio at different doping times

Doping Time (min) MR
0 0

1.5 0.04
2 0.09
4 0.23
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To verify the gradient in o arises from the compositional gradient of the dopant, grazing
incidence wide angle X-ray scattering (GIWAXS) experiments were performed on a representative
CG thin film. GIWAXS images of PBTTT:F4TCNQ neat to doped graded films are shown in
Figure 3.2. The overall scattering patterns are qualitatively similar to neat PBTTT, which indicates
that vapor infiltration with FATCNQ largely preserves the semicrystalline morphology of PBTTT

and is consistent with previous reports.>>374!

0 0.5

p
a, (A7)

q, (A7)

Figure 3.2: 2D GIWAXS images collected at different positions across PBTTT:FATCNQ
continuously graded film every 2 mm from neat to doped side.

By taking linecuts along the out-of-plane and in-plane directions (Figure 3.3), we can
observe quantitative changes through the characteristic side-chain stacking (di00) and n-m stacking
(dr-n) distances measured from neat side of the film to the doped side. Starting from neat side, d100
= 2.05 nm and maintains this value within the first 2 mm. Then, we observe a gradual increase of
dioo to 2.27 nm over a total 4 mm distance until stabilizing at the doped side of the film (Figure
3.4a). As shown in Figure 3.4b, the spatial distribution dr-x shows similar trend, but inversely
correlated. These changes di00 and drn are arises from the dopant FATCNQ anion residing within
regions of the side chain domain where an expansion of dioo and compression dr.r are observed.
Therefore, both spatial profiles of dioo and drx indicate a gradient in dopant distribution of c.a. 4
mm, which correlates well with the gradient profile distance as observed in IDE conductivity

measurements.
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Figure 3.3: (a) Out-of-plane (200) scattering peak profiles and (b) In-plane scattering profiles for
(113) and (110) across the continuously graded films every 400 um. The black curve represents
the measurement on neat side and light pink curve represents the measurement on doped side.
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Figure 3.4: a) Side chain stacking spacing (dioo) and b) m-stacking spacing (d110) across graded
PBTTT thin films obtained from GIWAXS.

3.2.2 Continuously Graded Profiles in Seebeck Coefficient and Conductivity

To explore different gradient profiles, we fabricated three CG thin films with varying
magnitudes in gradient of both ¢ and & across a 4 mm distance. These different gradients were
achieved by varying the vapor doing time in our fabrication process described above. The graded

profiles of the three thin films are shown in Figure 3.5 and are assigned CG1, CG2 and CG3.
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Figure 3.5: Experimentally measured Seebeck coefficient (o, blue square) and conductivity (o,
black square) values along the 1D gradient distance, X, for three CG thin films exhibiting
different extent of grading: (a) CG1 (b) CG2 and (c) CG3 thin films. The dashed lines represent
fits to o and o data from x = 0 to x =4 mm. a(x) follows a linear profile while 6(x) follows an
exponential profile (note log-scale on the plot). Fit values are summarized in Table 1. In this
profile, hot side (Th) is set at x =4 and the cold side (T¢) set at x = 0.

82



Both a and o were spatially measured at four spots along the desired in-plane, lateral
gradient direction (Figure 3.6). The measured values of ¢ and « across CG thin films are
summarized in Table 3.2 & 3.3. As seen in Figure 3.5, « follows a linear profile whereas the
conductivity follows an exponential trend (note the log-scale of the conductivity axis). The spatial
distribution in a(x) was fit to a linear equation [@(x) = kx + m] and the spatial distribution in
o(x) was fit to an exponential equation [o(x) = aexp(bx)], where k, m, a and b has the unit of
wV/mm-K, uV/K, S/cm and mm!, respectively. The fit values for these equations are provided in
the Table 3.4. The slope of the afx) profile increases from CG1 to CG3. Specifically, a(x) slopes
are 10.1, 16.8 and 30.1 uV/mm-K for CG1, CG2 and CG3, respectively. Moreover, the decay in
o(x) profile increases from CG1 to CG3. The spatial averages of the conductivity (gavg) and
Seebeck coefficient (@avg) for CG thin film were calculated by integrating the gradient profile

expressions across the total lateral distance (L) of 4 mm (see details in Appendix).

Measured across 4 mm

Figure 3.6: Geometry of gold contacts for Seebeck coefficients and conductivity measurements
of continuously graded films. Seebeck coefficient and conductivity were measured with across a
1 mm interval at 4 positions along the graded film.
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Table 3.2: Seebeck coefficient data across the continuously graded PBTTT:FATCNQ films

Sample a; (WV/K) o (WV/K) oz (WV/K) oy (WV/K) Oave (LWV/K)
x=05mm) | (x=1.5mm) | (x=2.5mm) | (x=23.5mm)

CaGl1 38.9 48.7 61.4 68.5 54.4

CG2 37.9 53.5 62.5 90.8 61.2

CG3 344 59.9 103.0 120.4 79.4

Table 3.3: Conductivity data across the continuously graded PBTTT:F4TCNQ films

Sample o1 (S/cm) a2 (S/cm) o3 (S/cm) o4 (S/cm) Oavg (S/cm)
x=0.5mm) | (x=1.5mm) | (x=2.5mm) | (x=3.5mm)

CGl1 22.0 791 3.51 1.64 3.58

CQG2 29.9 10.2 3.00 0.610 1.92

CG3 453 2.35 0.600 0.140 0.308

Table 3.4: Thermoelectric Transport Properties and Model Calculated Cooling Temperature
(AT:) of CG PBTTT:F4ATCNQ Thin Films

o ()’ ) S P JT (B ar
Film (S/cm) (LV/K) (S/em) | (UV/K) mA/mm? C.0.P=0.8
CaGl 31.5exp(—0.86x) | 10.1x + 34.1 3.58 54.4 0.75 10.5
CG2 64.2exp(—1.29x) | 16.8x +27.6 | 1.92 61.2 1.64 9.78
CG3 72.9exp(—1.87x) | 30.1x +19.2 | 0.308 79.4 12.8 3.51

2 x 1s in the unit of mm.

Here, these spatial average values were used to define an equivalent uniform (EU)

condition for each corresponding experimentally derived CG thin film.
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3.2.3 Model-Based Calculations of Cooling Performance for the Experimentally Derived

Continuously Graded Films
To better understand the utility of the experimentally derived CG profiles compared to their
EU values, we modeled the cooling performance through first principle calculations based on

linear Onsager theory and conservation of charge and energy.*? Following the work of Miiller and

co-workers,?? the generalized constitutive equations for isotropic conditions are as follows

j=0E—o0aVT (3.1)
q=aTlj—«kVT (3.2)

where, j is the current density, E is the electrical field, ¢ is the heat flux, T is temperature, o is the
electronic conductivity, « is the Seebeck coefficient, k is the thermal conductivity. Additionally, at

steady-state conditions, conservation of charge and energy are the following:

V-j=0 (3.3)
V.g=j-E (34

Based on the experimentally derived CG profiles, the constitutive equations can be
reasonably simplified to model the case of 1D transport along the x-direction as shown in Equation
3.5. More detailed derivation of this equation and explanation on contribution of the different heat

fluxes in a Peltier cooler can be found in the Appendix.

92T(x) _ j? _ .da(x)
K T Ta T(x) (3.5)

2
The term on the left-hand side of the equation (—x aaLX(ZX)) refers to thermal conduction, the

12
first term on the right-hand side (%) refers to Joule heating and the second term on the right-hand
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side (—j dz—ix)T(X)) refers to Peltier cooling. Importantly, the derivation of Equation 3.5 assumes

Kk is constant across the length of the CG film where composition of dopant varies. While such an
assumption is valid for the range in doping levels used this study based on reported values of k for
PBTTT:F4TCNQ thin films,® it is important to note that other material with higher doping levels

and ¢ will need to account for the doping level dependence in k.

Integration of Equation 3.5 was performed to calculate the 1D temperature profile 7(x) at
specific values of j for two cases: Case I — EU conditions where ¢ and & are spatially constant
and Case 2 — CG profiles of a(x) and o(x). Note that 7(x) is calculated assuming no heat transfer
between the thin film and glass substrate. For Case I, Equation 3.5 can be further simplified, and
an analytical solution can be obtained (see Appendix for details). The values of ¢ and & when
solving for Case 1 were determined through spatial averaging of o(x) and a(x) (Equations S3.1
and S3.2) as described earlier and reported in Table 3.4. For Case 2, the inclusion of the spatial
dependence of o(x) and o(x) leads to non-linear differential equation requiring numerical
integration of Equation 3.5, which was done using custom Python code. For both cases, a mixed
boundary condition was applied where the hot side 7x (x = L) is fixed to 300 K and the heat flux
on the hot side is constant. Upon determining the 7(x) profile, the cooling temperature, AT, is
calculated from 7y minus the resulting temperature at the cold side (7c = T (x=0)).

To calibrate for the range of j values in determining 7(x) and ATc, the coefficient of
performance (C.O.P) were calculated using the gradient profiles of the CG thin films. C.O.P. is a
metric used for cooling efficiency and is defined as the cooling power (absorbed heat per time per
cross-sectional area) divided by the net power input density (electrical power input per cross-

sectional area):
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[a(x)T(x) j- Km

C.0.P 9% x=0 (3.6)
Jyta(0 252+ L ax

where, L is the length of the CG profile (4 mm). Note that Equation 3.6 is specific to materials
with a linear spatial gradient in TE properties. In comparison to the C.O.P. of a uniform material
(Equation 3.7), the Joule heating term in the numerator is eliminated at the cold side due to the
distributed Joule heating effect. In Figure 3.7, C.O.P of the three CG thin films are plotted against
Jj. The value of j is within a reasonable range as the absolute current is in the order of pA, which is
unlikely to cause any damage to the thin films. For all CG thin films, shape of the C.O.P. curve is
similar where it increases and plateaus at higher j. For example, at j = 3 mA/mm?, the C.O.P. is

0.35, 0.55, 0.89 for CG1, CG2, and CG3, respectively. Overall, CG3 yields the highest C.O.P.

across the full range of ;.

1.0 4
0.8
o 063
O E
O 043
0.2 — CG1
E — CG2
E — CG3
O'O ~ I I L] 1 I L] T T I I L] 1 L] 1
0 5 10 15

j (MA/mm?)

Figure 3.7: Model calculated Coefficient of Performance (C.O.P.) using Equation 3.6 for the CG
thin films as a function of current density (j).

For comparison, C.O.P. of conventional materials with uniform properties can be

calculated through the following equation:
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As shown in Figure 3.8 for the EU conditions, the C.O.P. profile show a different trend where

C.O.P decreases with j until reaching negative values. Note that for the uniform case, the Joule
heating term (% j? i) increases more rapidly than the Peltier effect term (aT.j), which will

eventually lead to a negative C.O.P value at higher j (at 0.2 mA/mm? for EU3). Meaning, the
applied electrical current is producing more heat than that the heat being pumped by the Peltier
effect, which leads to a net temperature increase. The transition to negative C.O.P. highlights the
limited utility of the EU thin films based on the calculated gavg and caye. The difference in C.O.P.
behavior between the CG and EU conditions illustrates an advantage for FGMs where the
redistributed Joule heating and Peltier cooling allows for a wider operational range of high

efficiency.
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Figure 3.8: Model calculated Coefficient of Performance (C.O.P.) using Equation 3.7 for the
equivalent uniform (EU) as a function of current density (j).
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Figure 3.9: Temperature profiles, T(x), for the three continuously graded (CG) thin films and
their corresponding equivalent uniform (EU) condition at (a) constant j of 3 mA/mm? and (b)
constant C.O.P. of 0.80. The hot side (Tu = 300 K) is at x =4 and cold side (T¢) is at x = 0.

The model calculated 7(x) and AT, were determined upon integrating Equation 3.5 for two
cases: (1)j=3.0 mA/mm? and (2) C.O.P. = 0.80. T(x) profiles of CG and EU conditions are shown
in Figure 3.9 and the corresponding A7¢ are shown in Figure 3.10 and summarized in Table 3.4. It
is clear the EU condition exhibit negligible cooling for both cases where, for example, AT¢ is 0.15
K, 0.29 K, and 0.71 K at j = 3.0 mA/mm? for EU1, EU2, and EU3, respectively. On the other hand,
all three CG thin films yield marked improvement in cooling. Compared to the EU conditions, the
T(x) profile exhibits greater extent of curvature from the hot side to the cold side arising from
improved heat pumping across the length of the gradient. At j = 3.0 mA/mm?, AT, of the CG thin
films are 0.75 K, 1.64 K and 12.8 K for CG1, CG2 and CG3, respectively. It’s clear that CG3
profile leads to the highest AT¢. At a fixed C.O.P. = 0.80, the corresponding j are 10 mA/mm?, 6.9
mA/mm?, and 1.6 mA/mm? for CG1, CG2 and CG3, respectively. In turn, the resulting AT, is 10.5

K for CGlI, 9.8 K for CG2, and 3.5 K for CG3. The higher A7: of CG1 and CG2 arises from the
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Figure 3.10: Model calculated cooling temperatures (AT. = Tn - Tc) of continuously graded (CG)
thin films and their equivalent uniform (EU) conditions at (a) constant current density (j) of 3
mA/mm? and (b) constant C.O.P. of 0.80.

larger j providing more heat pumping power. Moreover, while AT. of CG3 is lower at this
condition, a higher A7, can be achieved at comparatively lower j; for example, AT. = 10.5 K is
achieved at j = 2.7 mA/mm? for CG3. It should be noted that AT continues to increase with j for
all CG thin films, especially CG3 (Figure 3.11). This continuous increase in AT likely arises from
the assumption in solving Equation 3.5 where TE properties are independent of temperature and
the application of a mixed boundary condition where the heat flux is constant at the hot side. One

should take these AT, values as the idealized upper bound in the cooling temperature. Overall, the
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results of the two conditions emphasizes CG thin films allows for significant improvements in
Peltier cooling and where the specific gradient profile of CG3 yields comparatively higher

performance (more than an order of magnitude improvement in AT¢).
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Figure 3.11: Cooling temperatures (A7.) of CG3 graded sample at various input current density.

Analysis of the model-based calculations reveals important features of the o(x) and a(x)
profiles leading to higher cooling temperature. Specifically, we compare the two extreme cases of

CG1 and CG3. As seen from Equation 3.5, the cooling temperature 7(x) is strongly dependent on

da(x)
dx

o(x) and the spatial gradient of a(x), First, the exponential o(x) profile of CG3 has a higher

o at the cold side and a wider range in o (72.9 S/cm at x =0 to 0.0411 S/cm at x = L) compared
to CG1 (31.5 S/cm at x =0 to 1.01 S/cm at x = L). Additionally, the decay in o is greater near the

colder side for CG3 compared to CG1. These features in o(x) reduces the magnitude in Joule

heating closer to the colder side. Second, the value of d‘;—ix) of the linear a(x) profile is higher for

CG3 (30.1 uV/mm-K) compared to CG1 (10.1 uV/mm-K). This higher d‘;—ix) is an important
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feature to provide for a larger contribution from Peltier effect term to offset the contribution from
Joule heating. Lastly, while the experimental validation of improved cooling is difficult with thin
film system used in this study (see Appendix for more details), future studies should consider
alternative strategies with thicker films and full devices to demonstrate functional-grading cooling

effect with sufficient power.

3.3 Conclusion

In summary, sequential vapor of PBTTT with FATCNQ has been described as a
straightforward approach of fabricating compositionally controlled continuously graded (CG) thin
films. This approach leverages the inherent processibility of polymers and molecular dopants to
yield various gradient profiles. In turn, we specifically fabricated three CG thin films with varying
magnitudes in 1D gradient profiles of both o and ¢racross a 4 mm distance to explore how different
gradient profiles control cooling performance. By applying model-based calculations through
coupled energy and charge transport relations, we predicted the cooling temperature (A7;) and
coefficient of performance (C.O.P) of the CG thin films compared to their equivalent uniform
(EU) conditions. Specifically, CG3 profile leads to the highest A7. of 12.8 K compared to 0.71 K
for the corresponding EU condition. The enhancement in cooling arises from the magnitude of the
oprofile and the slope of the e profile distinctive to the CG3 thin film. In turn, these features allow
for efficient redistribution of the Joule heating and Peltier cooling effects to improve cooling.
Overall, this work together with Chapter 2 showcase that semiconducting polymers as FGMs are
promising directions to further advance the development of more efficient organic thermoelectric

devices.
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3.4 Experimental Methods

Materials and uniform thin film preparation are following the description in Chapter 2.

Vapor Doping Process. Vapor doping was performed in an Argon glovebox.
Approximately 2 mg of FATCNQ powder was pressed into a pellet (approximately 3 mm in
diameter) and placed in an aluminum oxide crucible (OD 6.8 mm x H 4 mm from Government
Scientific Source Inc.), which was in turn placed in a glass insert (diameter ~ 5 cm, height ~ 4.5
cm). A stainless-steel container was then preheated for 30 min on a hot plate to allow the chamber
to reach a steady temperature at 200 °C (measured vial thermocouple at the base of the chamber).

The glass insert with the dopant inside was put into the metal chamber to produce dopant vapor.

Continuously graded samples used for conductivity and Seebeck measurements (CGl1,
CG2, CG3) were fabricated through a sequential vapor doping process. First, the whole polymer
film was exposed to FATCNQ vapor for 2 min, 1.5 min and 1 min for CG1, CG2 and CG3,
respectively. Second, a cover mask with a c.a. 0.10° wedge grading angle was used to cover half
of the film. Then, the sample was put back onto the chamber to further expose the uncovered part
of the film to F4ATCNQ vapor. For CG1 sample, the film was exposed to F4ATCNQ vapor for an
additional 2 min to achieve optimal doping level on the doped side. For CG2 and CG3 samples,
the films were exposed to FATCNQ vapor for an additional 2.5 and 3 min, respectively.

GIWAXS Experiments. The detailed setup of GIWAXS experiments is shown in Chapter
2. GIWAXS images of continuously graded thin films were taken at a grazing incident x-ray angle
of 0.14°, which is above the critical angle of the polymer film and below the critical angle of the

silicon substrate. GIWAXS images measured laterally across 30 different spots for the graded
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films. Measurements were conducted laterally across the interface of the segmented films. The

distance between adjacent spots is 200 um, which is the width of the X-ray beam.

Conductivity and Seebeck Measurements. Gold electrical contacts (75 nm thick) for
electronic conductivity (o) and Seebeck coefficient (o) measurements were deposited onto
continuously graded PBTTT thin films via thermal evaporation through shadow masks designed
in our lab. Electronic conductivity was measured in the in-plane direction using four probe
geometry with a 0.2 mm spacing between electrodes and electrodes length of 1 mm. Seebeck
coefficient was measured with two 1 mm? gold pads, which are 1 mm apart. A detailed schematic

is provided in Figure 3.6.

The spatial measurements of the electronic conductivity were performed using an array of
interdigitated electrodes (IDEs). Interdigitated electrode devices were fabricated at Pritzker

Nanofabrication Facility, University of Chicago following the process in Chapter 2.
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3.6 Appendix

Correlation of doping time and doping level

The doping level in the PBTTT:FATCNQ film was characterized by the molar ratio (MR)
of FATCNQ anion to PBTTT monomer repeat unit, which was estimated by deconvoluting UV-
Vis-NIR spectra using Beer’s law in Chapter 2. The absorption spectra of all doped samples were
deconvoluted to the neutral, anion, and polaron components using the peak shape and relative
intensities. MR was calculated using the absorption intensity of the FATCNQ anion at 1.4 eV and
the primary absorption peak of neat PBTTT at 2.3 eV. Table 3.1 summarizes the estimated MR
values at selective vapor doping times. By increasing the doping time, MR increases up to 0.23,
which is approaching the maximum MR range of 0.25-0.30 as reported in studies of PBTTT doped

with F4TCNQ.*46
Seebeck and conductivity profiles

Seebeck coefficients are fitted to follow a linear profile, a(x) = kx + m, for each sample
while the conductivities are following an exponential profile, 0(x) = a * exp(bx). The fitting

relations are as follow:

agy = 10.1x + 34.1

agy = 16.8x + 27.6

agz = 30.1x + 19.2
0s1 = 31.5exp(—0.86x)
0gy = 64.2exp(—1.29x)
0g3 = 72.9exp(—1.87x)

Where, « is in the unit of uV/K, o is in the unit of S/cm and x is in the unit of mm.
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Spatial averages of &rand o for each sample are calculated using Eq. (S3.1) and (S3.2).

L
Aavg = %fo a(x)dx (S3.1)

Lol Ly (S3.2)

Oavg LYo a(x)

Derivation of Governing Equation

In this section, we derive the differential equation describing the 1D temperature profile
across a thermoelectric film (Equation 3.5). Our continuously graded polymer film is serving as a
p-type leg of a Peltier cooler. The Peltier effect discussed in this study’s framework is based on

linear Onsager theory and follows the formulation applied by Miiller and co-workers.?>*?

Considering the gradient is in the in-plane, lateral direction of the thin film, we simplify
the expression as a 1D model along the x direction. Additionally, the temperature profile is

determined at a constant electrical current density, j. From Eq. (3.1), we can get the following:

RN,
E=Ltat (S3.3)

Substituting Eq. (S3.3) into Eq. (3.4) yields

o __ . (L aT
2q=] (a+aax) (S3.4)

Substituting Eq. (3.2) into the left-hand side of the Eq. (S3.4) yields
d . ar\ _ j* , . 9T
&(an —KE) =Ltjaz (S3.5)

Here, we assume thermal conductivity, k, is a constant value in our system. a and o are
position-dependent following 1D profiles a(x) and o(x). Note that we assume temperature

dependence of a and o are neglected, which means that properties at each point across our graded
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films will remain unchanged when a temperature gradient is presented. Such an assumption is

valid for small values of AT. In this case, Eq. (§3.5) can be expanded as:

da(x) dT(x) d%T(x) j? dT (x)

—T(x) +ja(x) Ko T +j0((x)7 (S3.6)

Further simplification by cancelling out similar terms leads to the following expression

T(x) — e 0 = I (S3.7)

Tox? o(x)

dzx(x)

Rearranging Eq. (S3.7), we can get the equation

%T(x) _ j? _ .da(x)
K =50 ) Tax T(x) (S3.8)

The term on the left-hand side of Equation S3.8 (—KaZT(ZX)

) refers to thermal (heat) conduction,
the first term on the right-hand side ( ) refers to Joule heating and the second term on the right-

hand side (— ] d T(X)) refers to Peltier cooling effect. These three components contribute to the

heat absorbed at the cold side of the film (a p-type leg of a Peltier cooler) as shown in Figure 3.12.
The Peltier effect removes heat from the cold side (7¢), the joule heating uniformly heats the leg,

and the heat conduction transports heat from the hot side 74 to the cold side.

Heat Conduction
f———————

gh

Joule Heating

Joule Heating
—————
Peltier Cooling
—————

Figure 3.12: Schematic of one p-type leg of a Peltier cooler with heat contributions assigned.
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Eq. (S3.8) is integrated to determine the 1D temperature profile, which are solved for the
following two cases: (1) Uniform profile with constant @ and o, and (2) Gradient profiles of a(x)
and o(x). Mixed boundary conditions shown in Eq. (S3.9) are applied to solve 7(x) in both cases.

We fix hot side temperature, Th, at 300 K and assume constant heat flux at the hot side of the film.
T(x=L)=Ty, q(x=1)=q) (S3.9)
For simplicity, we set g = aTyj, which yields % (x=L)=0

Case 1: Uniform profile with constant & and o

Considering a uniform Peltier leg with constant material properties, a, o and k, the j ZE{X)

T(x)

term in Eq. (S3.8) goes to zero and the relation will become

0T - ($3.10)

axz o)

The analytic solution of Eq. (S3.10) is a parabolic temperature profile

T(x) = —('12—°x2 +cix + ¢y (S3.11)

12
Where ¢ = i , ¢1 and ¢ can be determined by boundary conditions.

Case 2: Gradient profiles of a(x) and o(x)

As there is no general analytical solution to Eq. (S3.8), numerical integration of Eq. (S3.8)
was done with Python to obtain the solution of temperature across the film, 7(x). From the solved

T(x) profiles, AT = Tu — Tc, was calculated for both continuously graded and uniform profiles. The
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results have demonstrated that AT of graded samples are significantly improved compared to that

of the uniform profile.

Maximum Cooling

It is known that maximum cooling, i.e. maximum temperature difference, A Tmax, 1S

occurring when cooling power is at zero and can be calculated by solving Eq. S3.10 for Peltier leg

with constant materials properties, which is equal to %Z TZ.'” By comparing Eq. (S3.8) and (S3.10),

we found that the Peltier term, jdz—ix)T(x) is appeared to reduce the Joule heating effect in the

continuously graded case. Note that previous studies have chosen specific a and ¢ profiles to
quantitively calculate the maximum in A7; for continuously graded materials. For instance, Bian

et al. have proposed a(x) and o(x) profiles with power factors a(x)?a(x) = C remaining constant,

N |-

where they calculated ATmax == ZTZ X F(a) with F(a) always greater than 1.2

Experimental difficulties on confirming cooling effect

While the model-based calculation reveals enhanced cooling effect of our graded thin films,
it would be difficult to experimentally achieve the film conditions stated in our assumptions. For
instance, the boundary conditions with constant heat flux and temperature at the hot side would be
hard to achieve in reality. In addition, as the graded polymer films we studied are coated on glass
substrate, the heat transfer between the graded film and glass substrate needs to be taken into
account, which leads to a different cooling scenario. The cooling effect of thicker polymer films
(thickness in the range of 2 — 14 um) have been experimentally studied in the literature where a

thermally suspended device was fabricated and tested.*> With thicker films and full device as
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alternative strategies, the functional-grading cooling effect can be demonstrated by leveraging our

graded polymer films in the future studies.
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Chapter 4: POLYMORPHISM CONTROLS THE
THERMOELECTRIC PROPERTIES OF MOLECULAR

DOPED POLY(DODECYL-QUARTERTHIOPHENE)
This chapter will be published in the future as a journal article.

Molecularly doped conjugated polymers play a vital role in realizing lightweight and
flexible organic electronics. To enhance the solution processability of such polymers, linear alkyl
side chains have been added to the conjugated backbone. However, long alkyl chains could lead
to a polymorphism microstructure where side chains transit from fully extended to partially
bended. This interdigitation effect on side chains correlated with structure and charge transport
performances of doped conjugated polymers have not been adequately exploited up to date.
Herein, by investigating poly(dodecyl-quaterthiophene) (PQT) vapor doped by
tetracyanoquinodimethane (FATCNQ), we show that polymorphs with interdigitated side chains
have significant effect on doping efficiency and thus the charge transport properties. Thermal
annealing was leveraged as a post-cast treatment to achieve PQT samples having different
polymorphs. Two different polymorphs were observed when PQT is recrystallized from annealing
temperatures at 100 °C and 130 °C, respectively. Ellipsometry and X-ray scattering experiments
were utilized to characterize the conformal order and backbone orientation of polymorphs within
both as-cast and annealed polymer thin films. The resulting charge transport properties (Seebeck
coefficient and conductivity) of doped PQT films were measured. 130 °C annealed samples were

found to have a maximum & as high as 6.1 = 0.3 S/cm while 100 °C annealed samples only exhibit
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a ¢ of (6.1 £ 0.4) x 10 S/cm due to significantly low doping efficiency resulting from stronger

interdigitation of side chain.

4.1 Introduction

Semiconducting conjugated polymers (CPs) are promising for the realization of
lightweight, environmentally friendly and flexible electronics.!™ In particular, there has been
increasing attraction in leveraging such polymers as active layers in organic thermoelectrics
(TE).*7 The performance of TE devices is defined as the dimensionless figure of merit, ZT =
&’ oT/k, where o is the Seebeck coefficient, o is the electrical conductivity, x is the thermal
conductivity, 7 is the temperature in Kelvin and ¢ ois the power factor (PF).*® A promising CP
candidate for TE application should simultaneously exhibit high PF and low & In principle, PF is
related to both a and ¢ as the magnitude of ¢ increases positively as function of charge carrier
concentration, n while, in contrast, the magnitude of o, which reflects the average entropy transport
per charge carrier, decreases with the increase of n.>° Due to the interplay relationship of o and o,
a more practical strategy to improve PF is via tuning the molecular packing (e.g. crystallinity,
packing orientation, and polymorphs) of CP to achieve high o and ¢ at the same time rather than

increasing the charge carrier concentration monotonically.

Molecular doping is a powerful approach to control n in CPs by the addition of a molecular
dopant to either oxidize (p-type doping) or reduce (n-type doping) the polymer backbone.>!0-12
For the case of thiophene-based polymers, p-type acceptors, e.g. 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (FATCNQ), are introduced as oxidant molecules, leading to charge

transfer between the host polymer and dopant molecule. Doping methods are found to strongly

affected the charge transport in CPs where optimal properties are achieved when their underlying
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hierarchical structure are maintained. Specifically, sequential doping methods where the dopant is
infiltrated into the polymer matrix either from an orthogonal solvent-dopant mixture or from the
dopant’s vapor phase are promising approaches to preserve the underlying local ordering and
morphology.'>'7 In contrast to the solution co-processing method where the formation of

aggregation leads to films with poor quality,!*!*

the sequentially doping of the polymer maintains
the crystalline order and long-range connectivity, which results in high charge carrier mobility p,

¢ and thus higher PF.

Previous studies on F4ATCNQ-doped polythiophenes have demonstrated that the dopant
anions are located between alkyl side chains within crystalline domains,'® which results in an
increase in side chain spacing while a compression in n—n stacking upon doping.'*?* Hence, it is
crucial to understand the interrelation between doping mechanism and the solid-state packing in
semiconducting CPs with solubilizing alkyl side chains as well as the subsequent effect on the
charge transport properties. Particularly, linear alkyl side chains are the most commonly used side
chains in semiconducting CPs, e.g. poly(3-hexylthiophene) (P3HT). Another class of thiophene-
based CPs is the poly(dodecyl-quaterthiophene) (PQT) with longer alkyl chains, which provides
relatively higher stability compared to P3HT.?* However, despite improving solubility, long alkyl
chains could lead to a polymorphism of thiophene-based derivatives resulting from conformational
freedom of these long chains. Specifically, polymorphs exist where side chains transit from fully
extended to partially bended. The side chain interdigitation phenomenon was firstly observed and
studied in quarterthiophene oligomers.”> Pan et al. demonstrated two polymorphs of
quarterthiophene oligomers with long pendant side chains parallel and perpendicular to the
quarterthiophene core.?® Different polymorphs were shown to be tunable by changing the

substituent of quarterthiophene core and the crystallization conditions. Later, similar polymorph
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conformations were demonstrated in polythiophenes with long alkyl chains.?2® For example,
Jacobs et al. investigated the effect of the polymorphism on molecular doping mechanism in P3HT
thin films.2® The alkyl chains were selectively packed (parallelly and perpendicularly to the
backbone) by changing the crystallization conditions of P3HT films. FATCNQ was used as
molecular dopant and integer charge transfer mechanism was enabled by the polymorph with side
chain stacking perpendicularly to the polythiophene backbone while fractional charge transfer
mechanism was found in the polymorph with side chain stacking parallelly to the polythiophene
backbone. As a result, the doped P3HT film with integer charge transfer mechanism shows a two
order of magnitude higher electronic conductivity (2.1 S/cm) than that of the P3HT film with
fraction charge transfer mechanism. Controlling the polymorph of the polythiophene-based
semiconductor with long side chains becomes an imperative approach for achieving high

molecular doping efficiency and thus, high electronic conductivity.

It is of great importance in the field of molecularly doped CPs to investigate how the
interdigitated packing of side chains affect the doping level and thus the charge transport
properties. Strategies used to control the polymorphs are normally as follows. First, changing the
substituents on the thiophene backbone or the repeating unit of the thiophene backbone favors one

polymorph over another.?>2%3

Second, control over the crystallization conditions (e.g. film
deposition methods, thermal treatment and solvent vapor exposure) will also potentially tune the
polymorphs of CPs.?%*132 In this work, the overall research objectives are two-fold. First, we
examine the formation of the polymorphs and chain orientations in PQT films by thermal treatment
and verify the structural changes via grazing incidence wide angle x-ray scattering (GIWAXS) and

ellipsometry experiments. Second, we investigated the structural and charge transport properties

of as-cast and annealed PQT films coupled with sequential vapor doping of molecular dopant,
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FATCNQ. A combination of spectroscopy technique and GIWAXS were utilized to compare the
conformal order and doping efficiency within each polymorph upon doping the PQT thin films
with different annealing conditions. The charge transport properties were measured, and samples
annealed at 130°C were found to have a maximum 6 of 6.1 = 0.3 S/cm while samples annealed at
100°C only exhibit a 6 of (6.1 £ 0.4) x 10~ S/cm due to significantly low doping efficiency. On
the other hand, o of PQT thin films follow the opposite trend where samples annealed at 100°C
have the largest o at 474 + 34 pV/K. The results obtained from the structure-property relationship

for PQT with different polymorphs will provide new design principle for organic TE.

4.2 Results and Discussion

4.2.1 Polymorphism Structure in PQT Films

Differential scanning calorimetry (DSC) study is carried out to probe the thermal and liquid
crystal properties of PQT prior to investigate the annealing effect on microstructure and charge
transport of PQT thin films. The DSC thermogram is shown in Figure 4.1b. Note that the first run
in DSC was discarded because it contains the thermal history of the polymer. Therefore, we have
recorded the second run to minimize the effect of thermal history and to investigate the melt
crystallization behavior. Two peaks are clearly observed upon heating cycle at 90 °C and 110 °C,
which correspond to transition from the crystalline-solid to the liquid-crystalline phase
(melting/disordering of alkyl side chains), and from the anisotropic liquid-crystalline to the
isotropic liquid phase (melting/disordering of facial n—= stacking), respectively. Based on the DSC
results, PQT as-cast films were thermally annealed above each transition. Specifically, each as-

cast film was annealed under Argon atmosphere at either 100 °C or 130 °C for 10 min and cooled
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back to room temperature for recrystallization. As shown in AFM images (Figure 4.2), the as-cast
film did not show any clear crystal feature, while both post-treated films showed long crystal
nanofibrils. Both thermal treatments for cast PQT-12 films could considerably improve self-

assembled nanostructure and its crystallinity, which is consistent as stated in previous studies.*>**
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Figure 4.1: a) Chemical structures of PQT and FATCNQ. b) DSC thermogram of PQT

Figure 4.2: AFM phase images of PQT films. (a) as-cast film, (b) and (¢): annealed at 100 and
130 °C for 10 min and cooled back to room temperature, respectively.

The local order and crystalline structure of both as-cast and annealed PQT films were

investigated by grazing incidence wide angle X-ray scattering (GIWAXS) experiments. 2D
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GIWAXS patterns were shown in Figure 4.3. Two side chain stacking peaks, denoted as (100) at
smaller g value and (100)’ at large g value, are clearly observed in the scattering pattern of as-cast
PQT films (Figure 4.3a), which indicates two polymorphs coexisting in the crystalline region. This
polymorphism of PQT is consistent with previous studies.?®3¢ Quantitative differences in these
two polymorphs are seen through the side chain stacking peaks (Figure 4.3d) and calculated side-
chain spacings (dioo and dioo’). The first polymorph with dioo of 1.83 nm is less interdigitated in
side-chain spacing while the second phase has stronger interdigitation between side chains with
dioo> of 1.17 nm. These two phases are referred to first and second polymorph in further discussion
in this study, respectively. It was found that the polymorphic crystals in PQT films competed
together, strongly depending on the post film treatments. When annealed at 100 °C, the second
polymorph dominates while the first polymorph disappears in the PQT film as shown in Figure
4.3b. In this case, stronger interdigitation between side chains in the second polymorph will have
impact on charge transport in PQT, especially when corporates with molecular dopants as it limits
the dopant infiltration capacity. In contrast, both polymorphs remain in the film annealed at 130
°C. In addition, both (100) and (100)’ peaks become narrower compared to the as-cast film,
indicating larger domains in both polymorphs, which could lead to better charge transport in
annealed PQT film than as-cast sample. It is worth noting that both side-chain and n-stacking peaks
are observed along in-plane direction for the 130°C annealed film (Figure 4.3c), which is
controversial to conventional edge-on/face-on orientation. We suggest the formation of chain-on
orientation with the polymer backbone aligned out-of-plane in the 130 °C annealed PQT thin films.
The average orientations of PQT backbones were further investigated by spectroscopic

ellipsometry measurements. The in-plane and out-of-plane imaginary parts of complex
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permittivity €’ are summarized in Figure 4.4. For as-cast and 100 °C annealed samples, both

exhibit pronounced anisotropic behavior with stronger in-plane than out-of-plane € ', suggesting

= Ascast
= 100°C
= 130°C

Intensity (a.u.)

0.30 0.40 0.50 0.60
q. (A

Figure 4.3: PQT GIWAXS patterns of a) as-cast film, b) 100 °C annealed and c) 130 °C annealed
films. d) Out-of-plane (100) and (100)’ scattering for as-cast and annealed PQT films.

polymer chains have the tendency of lying parallel to the substrate, which has been widely
observed in spin-cast conjugated polymers.3’° 130 °C annealed sample, however, exhibits a much
stronger out-of-plane €’ than the in-plane component. This indicates that PQT backbones in 130

°C annealed sample tend to be perpendicular to the substrate, confirming the chain-on orientation.
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Figure 4.4: In-plane and out-of-plane imaginary permittivities ¢” of (a) as-cast films and films
annealed at (b) 100 and (c) 130 °C

4.2.2 Doping Efficiency Affected by Side-Chain Interdigitation

To investigate the doping efficiency and resulting charge transport properties of as-cast
and annealed PQT films, we leveraged vapor doping of PQT thin films with p-type dopant 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ). UV-vis-NIR absorption spectra of neat
and doped PQT films at each condition are shown in Figure 4.5. For neat PQT, the primary
absorption peak is observed at 2.2 eV. Upon introducing dopant vapor, as-cast and 130 °C annealed
samples share a similar charge transfer process between PQT and FATCNQ as the neutral
absorption peak bleaches while the FATCNQ anion absorption peaks appear near ~1.4 eV together
with the neutral FATCNQ absorption peak near 3.25 eV. As expected, the absorption features due
to charge transfer become more pronounced and the absorption of neutral PQT peak diminishes
with increasing F4ATCNQ vapor doping time, which indicates efficient charge transfer. However,
for 100 °C annealed samples, only weak anion peaks can be observed upon introducing dopant and
the peak intensity does not increase with increasing doping time, suggesting a significant low

doping efficiency between 100 °C annealed PQT films and F4ATCNQ. Side-chain and =n-stacking
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spacings for all doped samples from GIWAXS experiments were analyzed to probe the dopant

distributions in crystalline domains of PQT films as a function of doping time (Figure 4.6). As

expected, dioo of as-cast and 130°C annealed films increase upon doping and saturate at 2.2 nm

and 2.0 nm, respectively. On the other hand, dioo’ of the second polymorph shows little increase

during the doping process, which confirms the much weaker doping efficiency for the second

polymorph.
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Figure 4.5: UV-Vis spectra of FATCNQ-doped a) as-cast sample, b) 100 °C annealed sample and
c) 130 °C annealed sample
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Figure 4.6: (a) Side-chain stacking (d100) and (b) n-stacking distance (do1o) of PQT:FATCNQ thin
films as a function of vapor doping time.

The Seebeck coefficient and conductivity of as-cast and annealed PQT as a function of

FATCNQ vapor doping time are summarized in Figure 4.7. For as-cast and 130 °C annealed films,
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conductivity increases rapidly over two orders of magnitude and saturate after 2 min of doping.
Specifically, as-cast and 130 °C annealed PQT films have a maximum conductivity of 2.1 £ 1.1
S/cm and 6.1 £ 0.3 S/cm, respectively. On the other hand, 100 °C annealed PQT films possess a
much lower conductivity upon doping with FATCNQ due to the low dopant efficiency. The
maximum conductivity of 100 °C annealed samples is (6.1 = 0.4) x 10~ S/cm, which is 3 orders of

magnitude lower than samples under other conditions.
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Figure 4.7: (a) Conductivity (o), (b) Seebeck coefficient (&) and (c) corresponding power factor
(PF = 0%0) of PQT:F4TCNQ thin films as a function of vapor doping time.

As expected, Seebeck coefficients of doped films show an inverse trend with doping time
compared to conductivity profiles. The Seebeck coefficient decreases with increasing vapor
doping time and reaches plateau after 2 min of doping (Figure 4.7b). 100 °C annealed films thus
have a much higher Seebeck than the other samples. The Seebeck coefficients of as-cast, 100 °C
and 130 °C annealed PQT thin films at saturated doping level (15 min) are 83.8 + 3.5 uV/K, 474 +
34 uV/K and 39.8 £ 2.6 uV/K, respectively. The resulting PF is calculated and plot in Figure 4.4c.
It is worth noting that despite high seebeck coefficient, 100 °C annealed sample has the lowest PF
(0.1 puW/mK?) due to significant low conductivity resulting from low doping efficiency. 130 °C
annealed sample, on the other hand, has a maximum PF of 0.6 uW/mK?, which is 6 times higher

than sample annealed at 100 °C.
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4.3 Conclusion

In summary, we investigated the microstructure change and the resulting charge transport
properties of a polythiophene, PQT, via thermal annealing process. Structural characterization
(GIWAXS and ellipsometry) reveals the polymorphism and chain orientation in PQT. Upon vapor
doping with F4TCNQ, we show that polymorphs with stronger interdigitation in side chains have
significant effect on doping efficiency and thus the charge transport properties. 100 °C annealed
sample has a maximum conductivity of (6.1 £ 0.4) x 103 S/cm due to low doping efficiency,
resulting from strong packing of side chains, while 130°C annealed sample exhibits a ¢ as high as
6.1 = 0.3 S/cm. Our findings demonstrate the importance of understanding the interrelation
between solid-state packing and doping efficiency of molecularly doped CPs, which could benefit
the designs of semiconducting polymers with well-defined doping levels for new organic TE

materials.

4.4 Experimental Methods

Materials. Poly (3,3”’-didodecyl quarter thiophene) (PQT, 30 — 80 KDa) was purchased
from Solaris Chem. 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ) was

purchased from TCI Chemicals.

Thin Film Preparation. Thin film samples for GIWAXS, AFM and Ellipsometry
experiments were prepared on silicon with native oxide wafer substrates (15 mm % 15 mm x 0.5
mm, University Wafer). Thin film samples for UV-VIS-NIR spectroscopy and electrical
characterization were prepared on quartz substrates (15 mm % 15 mm x 0.5 mm, University Wafer).
All substrates were cleaned by sonicating in acetone and isopropanol for 10 min each, followed by

plasma-cleaning for 3 min. For as-cast PQT thin film preparation, PQT was dissolved in
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chloroform (5 mg/mL), and the solution was stirred overnight to fully dissolve the polymer. Then
thin films were spin-coated using SCS G3P spin coater using customized recipes based on
thickness requirements. All solution preparation and spin-coating steps were performed in an

Argon glovebox. Thickness of neat films were measured via ellipsometry.

Vapor Doping Process. Vapor doping was performed in an Argon glovebox using the
custom-built vapor doping chamber, which is introduced in Chapter 2. A Peltier module is added
on the top of the holder to provide a constant substrate temperature of 30°C during the doping

process.

Atomic Force Microscopy. The surface topographies of thin film samples were
characterized by a Cypher ES AFM (Asylum Research Oxford) with a FS-1500 AuD cantilever at
room temperature in Soft Matter Characterization Facility (SMCF) (Pritzker School of Molecular
Engineering, University of Chicago). The images were acquired using tapping mode and analyzed

by using Gwyddion software.

Ellipsometry. Variable-angle spectroscopic ellipsometry (VASE) measurements were
performed using the alpha-SE Ellipsometer (J. A. Woollam Co.,). The experiments were carried
out on polymer films deposited using identical conditions onto 3 different Si substrates; one
substrate with a thin layer of native oxide and the other 2 with a layer of thermally grown SiO2
that is 500 and 1000 nm thick. The measurements were performed in reflection mode at 55°, 65°
and 75°. The data were then fit simultaneously using the CompleteEASE software, provided by J.
A. Woollam Co., in order to determine the thickness and optical constants of PQT. To identify the
best fit for PQT optical constants, we built a model such that the sample’s structure was

Si/S102/PQT. The optical constants of the Si, native oxide and thermally grown Si02 were taken
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from CompleteEASE software’s library database. The multisample analysis was necessary to

increase the uniqueness of the fits due to the strong correlations between the fitting parameters.’74°

UV-VIS-NIR absorption spectroscopy, GIWAXS experiments, conductivity and Seebeck

measurements were conducted in the same manner as in Chapter 2 and 3.
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Chapter 5: SEMICONDUCTING POLYMERS WITH A
FUNCTIONAL GRADIENT IN MICROSTRUCTURE AND
RESULTING IMPACT ON THERMOELECTRIC COOLING

This chapter will be published in the future as a journal article.

Functionally graded materials (FGMs) have been a promising approach to enhance the
thermoelectric (TE) cooling performance. However, researches on organic FGMs as TE have been
limited compared to their inorganic counterparts. In this work, we enable continuously graded
(CG) semiconducting polymer thin films by coupling the solution and thermal processability of
such polymer with molecular doping. A custom-built thermal annealing station is used to provide
a temperature gradient across the film. We achieve CG poly(dodecyl-quaterthiophene) (PQT) thin
films through spatially tuning the polymer microstructure along the temperature gradient. 1D
profiles in conductivity (o) and Seebeck coefficient (&) are captured after vapor doped by
molecular p-dopant 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ). Cooling
performance of the PQT CG thin films are modeled through linear constitutive relations coupled
with conservation of charge and energy by using the experimentally derived o and « spatial
profiles. The results show that graded PQT thin films yield higher cooling temperature (A7c = Tu
— T¢) compared to their equivalent uniform (EU) condition. Overall, this work showcases the
strategy to improve the thermoelectric performance in cooling by leveraging functionally graded

semiconducting polymers.
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5.1 Introduction

Functionally graded materials (FGMs), whose properties are varied spatially either in a
continuous or step-by-step (segmented) fashion throughout the volume of the material' =, have
been developed to address a large spectrum of application fields.*” In particular, FGMs has opened
up alternative pathway to enhance the thermoelectric (TE) device performance along with the
effort on optimization of material properties. Thermoelectric has been a promising technology that
used both in TE generators for energy harvesting by capturing waste heat and in Peltier coolers for
thermal energy management by controlling local temperature.®!> The TE energy conversion
efficiency is benchmarked by its figure of merit, ZT, which is defined as ZT = & 6T/ k; where ais
the Seebeck coefficient, ois the electronic conductivity, xis the thermal conductivity and 7 is the

temperature in Kelvin.'?

To date, most of the research on thermoelectric is aiming to design new TE materials with
better material performance. However, for some of TE applications, especially (micro)-distributed
and localized cooling system, the current state-of-art TE materials are already sufficient to provide
competitive performance.'* FGMs, on the other hand, open up another route to further increase the
TE device performance by optimize the configuration in TE properties. So far, FGMs have been
investigated as TE cooling applications based on inorganic TE materials such as Bi;Tes; and
PbTe.>”1518 The spatial variations in TE properties of FGMs enable efficient redistribution of the
Joule heating and Peltier cooling effects, which results in enhanced cooling temperature and
coefficient of performance (C.O.P.) compared to materials with uniform TE properties.>>!*2! The
improvements in cooling performance of inorganic FGMs have been investigated through
modeling and simulation studies, leading to elaboration of optimal gradients in TE material

properties.?! 28 However, researches on FGMs have shown that it could be prohibitive to realize
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functional grading motifs using inorganic materials as the fabrication process would require high

temperature and pressure,?’-!3-1629:30

In contrast to inorganic materials, semiconducting conjugated polymers have the ease to
experimentally achieve FGMs by leveraging the inherent solution and thermal processability.
Recently, polymeric materials have been investigated in Peltier cooling applications as organic
thin film devices due to their promising performance in near room temperature environment.>' 3
In particular, for the case of thiophene-based semiconducting polymers, variety of functional
grading motifs can be realized by either controlling the molecular dopant composition or tuning
the polymer microstructure across the polymer films. In the prior chapters, we present the first
series of reports on organic FGMs through dopant compositional control: the double-segmented
polymer film and the continuously graded polymer film.***> Both studies leveraged the sequential
vapor doping of poly[2,5-bis(3-tetradecylthiophen-2-yl) thieno [3,2-b]thiophene] (PBTTT) by
molecular dopant, FATCNQ. By utilizing a home-built vapor doping apparatus, we were able to
achieve variation in dopant distribution across the films, and thus results in gradient profiles of TE
properties (@ and o). Our work showcased the facile fabrication and characterization of

functionally graded polymer thin films for TE materials, which serves as promising directions to

further advance the development of more efficient organic thermoelectric devices.

Together with implementing the principle of molecular doping, functional gradient can also
be achieved by tuning the microstructure of semiconducting polymers via thermal processing
treatments. Thermal annealing is an effective approach to control the crystallization conditions and
thus modulates the molecular packing of CPs. In this work, we report on the fabrication of
continuously graded (CG) polymer thin films through the microstructure control that help enhance

thermoelectric cooling performance. A temperature gradient is achieved by the custom-built
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thermal annealing station (Figure 5.1), which yields a gradient in PQT microstructure across the
film. The whole film is doped with the molecular dopant FATCNQ, resulting in 1D spatial profiles
of both o and a. Moreover, the cooling performances of the CG thin films are modelled by

coupling the conservation of charge and energy with linear Onsager theory.

5.2 Results and Discussion

5.2.1 Fabricating Continuously Graded Films through Combination of Thermal Annealing

and Molecular Doping.

Poly(dodecyl-quaterthiophene) (PQT) possess unique microstructure at the as-cast state
that two polymorphs with different side chain interdigitations coexist, which has been studied in

past literatures 3638

as well as in Chapter 4. Upon thermal annealing above melting transition of
PQT side chains (100 °C) followed by recrystallization, the first polymorph with larger side chain
spacing disappears and the second polymorph with stronger side chain interdigitation dominates
in the PQT thin film. However, when the film undergoes melting transition of -stacking (annealed
at 130 °C), both polymorphs still coexist, and the crystallite rearrangement leads to a chain-on
orientation. This variation in polymer microstructure resulted from thermal annealing process
gives rise to the difference in the ability of PQT to uptake molecular dopant, e.g. FATCNQ, during
the doping process, and thus leads to variation in thermoelectric materials properties («and o). In

particular, the conductivity values of FATCNQ-doped PQT films are varying over three orders of

magnitude among different annealed states as shown in Figure 5.1.

As PQT microstructure is easily tuned by thermal annealing, a functional graded polymer

film can be fabricated by exposing the PQT thin film to a temperature gradient. Variation in the

126



microstructure of the PQT film along the gradient leads to variation in thermoelectric properties
(oand @) upon optimal doping by FATCNQ. To realize the functionally graded PQT thin films, a
custom thermal annealing stage was fabricated (Figure 5.2, detailed description in Experimental
section) wherein one end is set above the PQT transition temperature (i.e., 130 °C) while the other
end is set to near room temperature. Placing the PQT film substrate across an air gap between the
two stage ends leads to the development of a one-dimensional temperature gradient along the
length of the substrate and the film atop (Figure 5.2b). Using an IR camera, a clear temperature
gradient can be observed across the horizontal direction of the film (Figure 5.2c). By selecting
regularly-spaced points across the film (every 1 mm), the range of the temperature gradient across
the film can be quantified (Figure 5.2d). The temperature profile follows a linear increasing trend
from 40 °C to 130 °C upon equilibrium. After annealing for 10 min, the hot end of the stage is
reduced to near room temperature, allowing the film to cool slowly. The annealed film is then
vapor doped by FATCNQ using a custom doping chamber for 5 min, resulting in a previously

determined optimal doping across the film.
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Figure 5.1: Seebeck coefficient and conductivity values of FATCNQ doped as-cast and annealed
PQT thin films.
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Figure 5.2: (a) Set up of IR Camera and thermal annealing stage. (b) Schematic and (c) IR image
of PQT thin film under temperature gradient. (d) Temperature profile along the gradient
measured by IR camera

Grazing incidence wide angle X-ray scattering (GIWAXS) experiments were performed on
a representative CG thin film to verify the gradient in dopant distribution arises from the variation
in PQT microstructure. GIWAXS images of PQT:F4TCNQ 40 — 130 graded films at an interval of
1.6 mm are shown in Figure 5.3. Figure 5.3a is the 2D scattering pattern taken at the 40 °C side of
the film where two side chain stacking scattering peaks are observed at g values of 0.33 and 0.54
A", representing polymorphs with two different side chain stackings referred as (100) and (100)’.
The side chain spacing distances are calculated to be 1.90 nm and 1.16 nm, respectively. Upon

moving to the right side of the film, the (100) peak becomes less significant while the (100)’ peak
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dominates with increased intensity (Figure 5.3b, ¢ and d). When approaching the 130 °C annealed
side of the film, the (100) peak reappears with higher order in the domain and (100)’ peak intensity
drops as shown in Figure 5.3e. Figure 5.3f summarized the out of plane scattering profiles for both
(100) and (100)’, which clearly demonstrates the gradual change in the interplay between (100)
and (100)’, indicating a gradient of c.a. 7 mm in PQT microstructure across the PQT:F4ATCNQ

film.
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Figure 5.3: (a — e) Representative GIWAXS patterns and (f) Out-of-plane (100) and (100)’
profiles along the graded PQT:FATCNQ film (every 1.6 mm, *red curve is 2.4 mm away from
green)

5.2.2 Continuously Graded Profiles in Seebeck Coefficient and Conductivity

To explore different gradient profiles, we fabricated three CG thin films with varying
magnitudes in gradients of both ¢ and & across a 7 mm distance. These different gradients were
achieved by varying the hot side and cold side temperatures on the thermal annealing station as
described above. Specifically, the temperature ranges are assigned based on the thermal transition

temperature of PQT, i.e., from 40 °C to 130 °C, 40 °C to 100 °C and 100 °C to 130 °C, respectively.

129



The actual temperature gradients from 40 °C to 100 °C and 100 °C to 130 °C across the films can
be found in Figure 5.4. After annealing, all CG films are doped with FATCNQ for 5 min. The
measured o and aprofiles of the three graded films are shown in Figure 5.5 and are assigned CGl1,
CG2 and CG3. Both ¢ and a were spatially measured every 1 mm at 7 spots along the desired in-

plane, lateral gradient direction.
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Figure 5.4: Temperature profiles of (a) 40 °C — 100 °C) and (b) 100 °C — 130 °C samples
measured by IR camera.

The measured values of ¢ and & across CG thin films are summarized in Figure 5.5 and
Table 5.1 & 5.2. For CGl film, starting from the 40 °C side (x = 0 mm), the conductivity value
gradually drops from 2.5 £ 0.1 S/cm to 0.17 £ 0.04 S/cm in the middle of the film, and then raise
up to 4.7 £ 0.5 S/cm when approaching the 130 °C annealing side. The values of Seebeck
coefficients follow the opposite trend as & varies from 43.7 = 5.4 uV/K to 111.8 £ 3.1 uV/K and
then drops back to 46.9 + 4.1 uV/K. For CG2 and CG3 films, the ¢ and « are exhibiting
monochromic increase or decrease profiles along the majority part of the film (5 mm) as shown in
Figure 5.5b and 5.5c. Specifically, ¢ decreases from 2.45 + 0.67 to 0.126 + 0.043 S/cm and «

increases from 42.2 + 1.2 to 98.1 + 10 pV/K for CG2, ¢ decreases from 6.15 + 0.94 to 0.248 +
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Figure 5.5: Experimentally measured Seebeck coefficient (¢, blue square) and conductivity (o,
black square) values along the 1D gradient distance, x, for three CG thin films exhibiting
different extent of grading: (a) CG1 (40 °C — 130 °C) (b) CG2 (40 °C — 100 °C) and (c) CG3 (100
°C — 130 °C) thin films. The dashed lines represent fits to & and o data.
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0.053 S/cm and aincreases from 43.9 + 3.4 t0 97.0 & 5.2 uV/K for CG3 across 5 mm of the film
(see the full spam of ¢ and aprofiles for CG2 & CG3 in Appendix). It is worth noting that for both
CGQG2 and CG3, the conductivity follows an exponential profile while Seebeck coefficient is varying
linearly. The spatial distribution in a(x) was fit to a linear equation [a(x) = kx + m] and the
spatial distribution in o(x) was fit to an exponential equation [0 (x) = aexp(bx)], where k, m, a

and b has the unit of uV/mm-K, pV/K, S/cm and mm, respectively.

Table 5.1: Seebeck coefficient data across the continuously graded PQT:FATCNQ films

Sample a (0% as oy as s Qavg
(MV/K) | (UV/K) | (WV/K) | (UV/K) | (UV/K) | (MV/K) | (WV/K)

x =0|x = 1|x = 2|x = 3|x = 4|x =5

mm) mm) mm) mm) mm) mm)
CG2 42.2 453 52.2 60.7 74.2 98.1 62.1
CG3 43.9 52.4 57.8 67.7 86.3 97.0 67.5

Table 5.2: Conductivity data across the continuously graded PQT:FATCNQ films

Sample o1 (S/cm) | 62 (S/cm) | a3 (S/cm) | o4 (S/cm) | o5 (S/cm) | 05 (S/cm) | Ouvg
(S/cm)
x = 0lx = 1|lx =2|x =3|x = 4|x =5
mm) mm) mm) mm) mm) mm)
CG2 2.45 1.85 0.859 0.412 0.223 0.126 0.403
CG3 6.15 4.14 1.40 0.705 0.554 0.248 0.819

The spatial averages of the conductivity (oave) and Seebeck coefficient (vg) for CG2 and
CG3 thin film were calculated by integrating the gradient profile expressions across the total lateral
distance (L) of 5 mm. The values for gavg and ¢y are summarized in Table 5.3. Here, these spatial
average values were used to define an equivalent uniform (EU) condition for each corresponding

experimentally derived CG thin film.
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Table 5.3: Thermoelectric Properties and Model Calculated Cooling Temperature (A7¢) of CG
PQT:FATCNQ Thin Films

CG Thin o(x)* ofx)* ong | awg | ST
Film (S/cm) (LV/K) (Slem) | (WV/K) m’; n?mz
CG2 2.86exp(—0.63x) 10.71x + 354 | 0403 | 62.1 3.0
CG3 6.25exp(—0.65x) 10.76x + 40.6 | 0819 | 67.5 15

2 x 1s in the unit of mm.

5.2.3 Model-Based Calculations of Cooling Performance for CG Films

To better investigate the PQT gradient profiles in terms of Peltier cooling, we modeled the
cooling performance of CG2 and CG3 films using first principle calculations based on linear
Onsager theory and coupled with charge and energy conservation.*>* The performance of their EU
films are also modeled as comparison. From the derivation in Chapter 3 by combining the
constitutive equations with the conservation law, the differential equation of 1D temperature
profile T(x) is shown in Equation 5.1:

92T(x) _ j2 L da(x)

—K = —J T(x) (5.1)

0x2 o(x) dx

More detailed derivation of Equation 5.1 and explanation on contribution of the different
heat fluxes in a Peltier cooler can be found in Chapter 3. Note that the case of 1D transport along
x-direction modelled here is based on the experimentally CG profiles with the assumption of no
heat transfer between the thin film and glass substrate. Integration of Equation 5.1 was performed
to calculate the 7(x) at specific values of j for two cases: Case I — EU conditions where ¢ and &

are spatially constant and Case 2 — CG profiles of o(x) and a(x). For Case I, an analytical solution

can be obtained as the second term on the RHS of the equation (—j dz—ix)T(x)) goes to zero. The
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values of ¢ and & when solving for the EU case were determined through spatial averaging of o(x)
and o(x) as described earlier. For Case 2, numerical integration of Equation 5.1 was applied using
customized Python code as the inclusion of the spatial dependence of o(x) and a{(x) leads to non-
linear differential equation. Detailed derivations for both Case I and Case 2 can be found in
Chapter 3. A mix boundary condition is applied for both cases where the hot side temperature, Th
(x = L) is fixed at 300 K and the heat flux on the hot side is constant. After the 7(x) profile is
solved, the cooling temperature, AT, is calculated from 7y minus the resulting temperature at the
cold side (7c = T (x=0)). The model calculated 7(x) and AT of CG2 film were determined upon
integrating Equation 5.1. It is worth noting that AT, continues to increase with j for CG thin films
as shown in Figure 5.6. One should treat the AT. values as the idealized upper bound in cooling as
we assumed the TE properties are temperature independent when solving Equation 5.1 for 7(x). In
reality, the values of o and a vary over temperature and could only be considered as constant
within a reasonable temperature range. Therefore, a current density of 3 mA/mm? is chosen for

following calculations in this study.

104
BE L
o 63
I -
S 43 e
£ -
23 )
3 -
EL)
IIIII'IIIIIIIII|IIIIIIIII'IIIIIIIIIlIIIII
1 2 3 4 5
j(mA/mm2)

Figure 5.6: Calculated cooling temperatures (A7c = Ty - T¢) for CG2 with j ranging from 1 to 5
mA/mm?
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Figure 5.7: Modeled temperature profiles, 7(x), for (a) CG2 and (b) CG3 and their corresponding
equivalent uniform (EU) condition at constant j of 3 mA/mm?. (c) calculated cooling
temperatures (ATc = Tu - T¢).

T(x) profiles of both CG2 and CG3 and their corresponding EU conditions under input j of
3 mA/mm? and the corresponding AT, are shown in Figure 5.7 and summarized in Table 5.3. It is
clear that both CG thin films enhance the cooling temperature compared to their EU condition.
The T(x) profiles of CG thin films exhibits greater extent of curvature from the hot side to the cold
side arising from improved heat pumping across the length of the gradient. At j = 3.0 mA/mm?,
AT of the CG thin films are 3.0 K and 1.5 K for CG2 and CG3, respectively. The cooling
temperatures of both CG films are more than two times higher than their EU conditions, which are
0.85 K for EU2 and 0.42 K for EU3, respectively. Overall, the results of the two conditions
emphasizes CG thin films enable improvements in Peltier cooling and break the limitation on

material properties. Moreover, the cooling performances of CG thin films are also compared with
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the uniform equivalents at the boundary conditions (i.e. EU with ¢(0) and o{0) and EU with o(L)
and (L), respectively). The model-based calculations of 7(x) profiles of CG2 and the uniform
conditions at input j of 3 mA/mm? are shown in Figure 5.9 in Appendix. The results indicate that
the film with the maximum & and minimum o has the largest cooling temperature despite it

possesses the lowest power factor compared to other uniform conditions.
5.3 Conclusion

In summary, we have utilized thermal annealing to achieve microstructure controlled
continuously graded (CQG) thin films. This approach leverages the inherent polymorphism structure
of PQT and coupled with molecular doping to enable various types of gradients. In turn, we
specifically fabricated two CG thin films with varying values in 1D gradient profiles of both ¢ and
a across a 5 mm distance to explore how different gradient profiles control cooling performance.
Based on the experimental derived profiles, we predicted the cooling temperature (A7c) the CG
thin films compared to their equivalent uniform (EU) as well as maximum/minimum uniform
conditions by applying 1D transport model. Both CG films show enhancement in A7. compared
to their EU conditions, which arises from effective redistribution of the Joule heating and Peltier
cooling effects. Overall, this work together with our previous studies showcase essential functional
gradings of semiconducting polymers as organic thermoelectrics. Moving forward, more complex
designs spanning multi-segments to continuously graded profiles are possible for more efficient

organic TE devices.
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5.4 Experimental Methods

Materials. Poly (3,3”’-didodecyl quarter thiophene) (PQT, 30 — 80 KDa) was purchased
from Solaris Chem. 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ) was

purchased from TCI Chemicals.

Thermal Annealing Station Set-up. The thermal annealing stage consists of two parallel
platforms of equal height, capable of moving closer or further apart, as seen in Figure 5.2. The
cold sink platform consists of Peltier cooling module (Custom Thermoelectric 06311-5L31-
06CGQ, Figure 5.2a, #2) mounted to an aluminum base. A small thermistor (TE Technology, Inc.
MP-3189, Figure 5.2a, #3) is attached to the Peltier module via thermally conductive adhesive,
and copper sheet is placed on either side as a spacer. A silicon wafer (Figure 5.2a, #1) is placed on
top the thermistor and copper sheet using thermally conductive adhesive to serve as the cooling
surface. The Peltier module is controlled using a TE Technology, Inc. TC-720 temperature
controller. The hot source platform consists of an aluminum block (Figure 5.2a, #4) containing an
embedded thermocouple probe (Figure 5.2a, #5) and rod heaters (Figure 5.2a, #6). The temperature
is regulated via an Omega CS8DPT heater controller. Both platforms are mounted to aluminum
posts and insulated with fiberglass felt to ensure uniform heating. Samples are mounted to the
stage using thermally conductive adhesive. IR images and video are captured using a FLIR

ETS320 thermal imaging camera.

Thin Film Preparation and Vapor Doping Process were conducted the same manner as in
Chapter 4. Conductivity and Seebeck measurements were conducted the same manner as in

Chapter 3.

Grazing Incidence Wide Angle X-ray Diffraction. The detailed setup of GIWAXS

experiments is shown in Chapter 2. GIWAXS images of continuously graded thin films were taken
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at a grazing incident x-ray angle of 0.14°, which is above the critical angle of the polymer film and

below the critical angle of the silicon substrate. GIWAXS images measured laterally across 10

different spots for the graded films. The distance between adjacent spots is 800 pm.
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5.6 Appendix
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Figure 5.8: Experimentally measured Seebeck coefficient (¢, blue square) and conductivity (o,
black square) values along the 1D gradient distance, x, for (a) CG2 (40 °C — 100 °C) and (b) CG3
(100 °C — 130 °C) thin films. The dashed lines represent fits to & and o data.
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Chapter 6: CORRELATING CONDUCTIVITY AND SEEBECK
COEFFICIENT TO DOPED POLY(3-

(METHOXYETHOXYETHOXY)THIOPHENE)

This chapter has been published in Ma, T., et al. Correlating conductivity and Seebeck
coefficient to doping within crystalline and amorphous domains in poly(3-
(methoxyethoxyethoxy)thiophene). J Polym Sci. 2021; 59:2797-2808.

Molecular doping of conjugated polymers (CPs) plays a vital role in optimizing organic
electronic and energy applications. For the case of organic thermoelectrics, it is commonly
believed that doping CPs with a strong dopant could result in higher conductivity ¢ and thus better
power factor PF. Herein, by investigating thermoelectric performance of a polar side-chain bearing
CP poly(3-(methoxyethoxyethoxy)thiophene) (P3MEET) vapor doped with fluorinated-derivative
of tetracyanoquinodimethane FnTCNQ (n =1, 2, 4), we show that using strong dopants can in fact
have detrimental effects on the thermoelectric performance of CPs. Despite possessing higher
electron affinity, doping P3AMEET with FATCNQ only results in a modest increase in ¢ (27.0
S/cm) compared to samples doped with other two weaker dopants F2TCNQ and FITCNQ (26.4
S/cm and 20.1 S/cm). Surprisingly, FATCNQ-doped samples display a marked reduction in
Seebeck coefficient oo compared to FITCNQ- and F2TCNQ-doped samples from 42 uV/K to 13
uV/K, leading to an undesirable suppression of PF. Structural characterizations coupled with
Kang-Snyder modeling of the a - ¢ relation show that the reduction of o in FATCNQ-doped
P3MEET samples originates from the generation of low mobility carrier within P3MEET’s

amorphous domain. Our results demonstrate that factors such as dopant distribution and doping
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efficiency within the crystalline and amorphous domains of conjugated polymers should play a

crucial role in advancing rational design for organic thermoelectrics.
6.1 Introduction

Molecularly doped semiconducting conjugated polymers (CPs) have been increasingly
explored to enabling organic electronic and energy applications.!® The use of molecular dopants
allows for effective control of the charge carrier concentration (n), and in turn, the electronic
transport properties of CPs. In the case of organic thermoelectrics, key physical properties that
define the thermoelectric material performance include Seebeck coefficient (&), electronic
conductivity (o) and thermal conductivity (x).!° These properties are a function of # and are highly
interrelated. The thermal-to-electrical energy conversion efficiency of thermoelectrics is
characterized by the dimensionless figure of merit, ZT = & 6T/k, where T is the temperature in
Kelvin and o is the power factor (PF).!! Organic materials have a potential advantage because
of their comparatively low &; and the community has put a concerted effort in optimizing PF while

not sacrificing low xin order to improve the TE performance.

Doping process of CPs is typically achieved via the addition of a molecular dopant to either
oxidize (p-type doping) or reduce (n-type doping) the polymer backbone.*!?"'* For the case of
thiophene-based polymers, p-type acceptors are introduced as oxidant molecules, leading to charge
transfer between the host polymer and dopant molecule. This results in negatively charge dopant
anion and positively charged polymers (polarons) after doping. Optimal charge transport properties
in CPs require doping methods that maintain their underlying hierarchical structure. Specifically,
sequential doping methods where the dopant is infiltrated into the polymer matrix either from an
orthogonal solvent-dopant mixture or from the dopant’s vapor phase are promising approaches to

15-19

preserve the underlying local ordering and morphology. In contrast to the solution co-
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processing method where the formation of aggregation leads to films with poor quality,'*!® the
sequentially doping of the polymer maintains the crystalline order and long-range connectivity,

which results in high charge carrier mobility x4, o and thus higher PF.

In addition to changing doping methods, improving charge transport can be achieved by
permitting efficient polymer-dopant charge transfer by selecting dopants having lowest
unoccupied molecular orbital (LUMO) or electron affinity (EA) level close to or deeper than the
highest occupied molecular orbital (HOMO) or ionization energy (IE) level of the polymer. For
example, Li et al. investigated the doping efficiency of poly(3-hexylthiophene2,5-diyl) (P3HT)
doped with FATCNQ and its ester analogues with lower EA levels.? Interestingly, o of P3HT
doped with ester-substituted dopants is higher than P3HT doped with F4ATCNQ, which indicates
weaker dopants can also lead to efficient doping and thus improvement in o. In another study,
Keifer et al. demonstrated that FATCNQ and a comparatively stronger dopant, 1,3.4,5,7,8-
hexafluoro-tetracyanonaphthoquinodimethane (F6TCNNQ), can transfer two electrons from the
CP to the dopant, leading to double doping and an ionization efficiency close to 200%.2! As for
weaker dopants, Patel et al. has shown that the weaker F2TCNQ dopant does not significantly
sacrifice & compared to the stronger FATCNQ dopant and in turn yields a larger PF.?*> Recently,
our group has shown that the values ¢ are within the same order of magnitude for poly 3-
(methoxyethoxyethoxy) thiophene (P3MEET) when doping with three different fluorinated
tetracyanoquinodimethane dopants (FnTCNQ, n = 1, 2, 4), while the values of ¢ for poly(3-
(methoxyethoxyethoxymethyl)thiophene) (P3MEEMT) decrease significantly with the decreasing
fluorination level of the dopants.? In this regard, organic dopants such as Fn'TCNQ are considered
to be model dopants since the EA levels of FnTCNQ can be easily manipulated by changing the

number of fluorine atoms.**
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In principle, PF is related to both & and ¢ as the magnitude of ¢ increases as function of
n while, in contrast, the magnitude of « decreases with n.!'?* Fundamentally, studies of
thermoelectric properties of semiconducting polymers have been investigated in the context of
charge transport mechanisms where researchers have been exploring the correlation between o
and 0:*° In 2014, Glaudell et al. presented an empirical relation where o ~ ¢ ~/# by compiling
series studies of doped thiophene-based polymers. The authors, however, did not provide physical
explanation of this relationship.?> More recently, Kang and Snyder have proposed a charge
transport model with an energy-dependent parameter s and an energy-independent transport
coefficient oy, which fits well with the o - ¢ relationship of conducting polymers over a
significant range of 6.%¢ Particularly, the authors stated that the transport parameter s is related to
energetic disorder of different polymers and thus determine the mechanism of charge transport.
However, the factors that affect the value of s in the Kang-Snyder model are still unclear. Gregory
et al. have developed a semi-localized transport (SLoT) model modified from Kang-Snyder model
where they treat oz as a function of temperature and carrier concentration.?’ The SLoT model
captures a large spectrum including both hopping-like and metal-like transport in CPs and helps
tailor thermoelectric properties of doped CPs more accurately. Moreover, Boyle et al. examined
the effect of dopant distribution on CPs’ electronic structure, charge transport and the o - ¢
relationship. They found that CPs having non-uniform dopant distribution led to a heavy tailed
DOS, resulting in a flattened o - ¢ but suppressed o due to the high degree of disorder.?® The
results highlighted the importance of controlling dopant distribution for high performing organic
thermoelectrics, motivating further investigations on the role of polymer-dopants interaction,

dopant distribution on CPs’ thermoelectric properties.
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Of particular interest in the field of CPs is studying the role of crystalline (or aggregate)
and amorphous phases on charge transport properties. Specifically, understanding how doping
occurs within the crystalline and amorphous phases in CP films and the consequent effects on o0 —
o relation and thermoelectric performances still remains poorly understood. To explore this
question, in this work we investigate the correlation between conductivity and Seebeck coefficient
of a polythiophene derivative with a polar, oligoethylene glycol side-chain, PAMEET (chemical
structure  shown in  Figure 6.la) vapor-doped with fluorinated-derivatives of
tetracyanoquinodimethane (FnTCNQ, n = 1, 2 and 4). P3MEET belongs to a new class of p-type
semiconducting polymers possessing ethylene oxide polar side chains which has been increasingly
used due to its enhanced processability and thermally stability.?!"?*3¢#! Additionally, choosing
dopants with varying EA not only enables the study of polymer-dopant energy mismatch on charge
transport properties but can also systematically change the doping efficiency between the
crystalline and amorphous part.

In the first part of this chapter, we study the charge transport and thermoelectric properties
of P3AMEET thin films vapor doped with FnTCNQ. P3MEET exhibits a maximum ¢ as high as
27.0 = 3.7 S/cm upon doping with F4ATCNQ, which matches the previous study.* Despite having
higher EA levels, F2TCNQ/FITCNQ — doped P3MEET have a comparable maximum & at 26.4 +
3.1 S/cm and 20.1 £ 0.77 S/cm, respectively. However, a deviation in « is observed at the high ¢
region from 42 + 1 uV/K in FITCNQ-doped sample to 13 + 1 uV/K in F4ATCNQ-doped sample,
which leads to a significant suppression of PF. In the second part of the chapter, origin of this
observation is explored by using a combination of spectroscopy techniques (UV-vis-NIR and
Raman) and grazing incidence wide angle x-ray scattering (GIWAXS). In the last part, we discuss

the a - o relationship of our FnTCNQ-doped P3MEET thin films using Kang-Snyder charge
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transport model, which provides insight into the role of crystalline and amorphous domains on

charge transport and thermoelectric properties of doped P3MEET polymer thin films.

6.2 Results and Discussion

6.2.1 Fabricating PSMEET:FnTCNQ Films through Sequential Vapor Doping

In this work, thermoelectric properties of P3SMEET were investigated upon doping with
three dopants, 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4ATCNQ), 2,5,-difluoro-
7,7,8,8-tetracyanoquinodimethane (F2TCNQ) and 2-fluoro-7,7,8,8-tetracyanoquinodimethane
(FITCNQ) with different electron affinity (EA). PAMEET having MW of 9.2 kg mol! and P of
1.4 was synthesized by the Kumada catalyst transfer polymerization (KCTP) method as described
in our previous publication.*? Figure 6.1a summarizes the EA values of FnTCNQ (n = 1, 2 or 4)
and the ionization energy (IE) of P3SMEET determined by solution CV measurements. The IE of
P3MEET is found to be 4.92 eV, whereas the EA values of FATCNQ, F2TCNQ and FITCNQ are
determined to be 5.25 eV, 5.10 eV and 5.01 eV, respectively (see details of CV measurements in
Ref. [23]). As expected, the EA level decreases with decreasing fluorination level for three dopants.
All dopants have a lower EA than the IE of PAMEET. To introduce molecular dopant into the
polymer, we employed sequential vapor doping method where one first casts a neat thin film and
then the dopant is infiltrated into the polymer matrix from the vapor phase as shown in Figure
6.1b. For consistency, all neat PSMEET thin films are processed in the same manner in this study:
spin-coated from chloroform solution and soft annealed at 80 °C to remove residual solvents within
the polymer films (thin films of c.a. 40 nm). Figure 6.1b shows a schematic of our home-built
apparatus for controlled vapor doping of polymer thin films in an argon atmosphere glovebox.

More details are provided in the methods section and previous chapters.
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Figure 6.1: a) HOMO level of P3MEET together with LUMO levels of the three dopants,
FITCNQ, F2TCNQ and FATCNQ used in this work. (b) Schematic of vapor doping chamber.

UV-vis-NIR absorption spectra (Figure 6.2) indicate efficient charge transfer between
P3MEET and all three dopant. For neat P3MEET, the primary absorption peak is observed at 2 eV.
Notably, there is significant evidence of polaron absorption peaks at around 0.6 eV and 1.5 eV in
neat P3MEET, which indicates the presence of intrinsic charge carriers in the neat thin film. Upon
introducing dopant vapor, charge transfer process can be observed between P3MEET and
FnTCNQ as the neutral absorption peak intensity decreases while the FnTCNQ anion absorption
peaks appear and increases near ~1.4 eV together with the neutral FnTCNQ absorption peak near
3.25 eV. Note that for thin films doped beyond 10 min, the neutral Fn'TCNQ peak becomes
significantly pronounced while the polaron and dopant anion peak intensities remain constant,
indicating accumulation of neutral dopants on the polymer surface after vapor doping beyond 10

min.
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6.2.2 Seebeck Coefficient and Conductivity as Function of Vapor Doping Time

The values of «, 6, and the corresponding PF of P3MEET as a function of FnTCNQ vapor
doping time are summarized in Figure 6.3. Neat P3MEET already processes a ¢ of ca. 0.1 S/cm,
which is significantly higher than other thiophene-based polymers. This observation is consistent
with our UV-Vis results indicating the presence of intrinsic charge carriers in the film. Having the
oxygen atom next to the polythiophene backbone alters the electron-donating ability of the oxygen
to the thiophene core, which results in a low ionization energy of P3SMEET. Thus, the polymer is
prone to oxidation from remaining catalyst and ambient air during the synthesis and handling
processes.*? This leads to much higher “intrinsic” carrier concentration and conductivity at the neat
state. The high conductivity generated simply by ambient doping could open up the door for more
simple doping methods of CPs via engineering their IE. For all dopants, the conductivity of
P3MEET films increases over two orders of magnitude before saturating after doping for 5 min.
The difference in conductivity between the neat and doped films originates from the differences in
both n and u. Note that the carrier concentration is not linearly scaled with the conductivity at high
doping level as mobile carriers with higher mobility are generated. Conductivity of films doped
with FITCNQ reach the maximum sooner than the other two dopants which is likely due to its
faster sublimation rate at a fixed temperature. The conductivities of 10 min FATCNQ, F2TCNQ
and FITCNQ doped P3MEET thin films are 27.0 = 3.7 S/cm, 26.4 + 3.1 S/cm and 20.1 £ 0.77

S/cm, respectively. As expected, o for the doped films show an inverse correlation with doping
time compared to 6. The values of a decrease with increasing vapor doping time and reaches a
plateau after 5 min of doping (Figure 6.3b). The Seebeck coefficients of 10 min FATCNQ,
F2TCNQ and FITCNQ doped P3MEET thin films are 13+ 1 pV/K, 23+ 1 pV/Kand 42 £ 1 pV/K,

respectively. It is clearly shown that thin films doped by FATCNQ have much smaller o compared
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Figure 6.3: (a) Conductivity (o), (b) Seebeck coefficient (at) and (c) corresponding power factor
(PF = 0’6) of PAMEET:FnTCNQ thin films as a function of vapor doping time.
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to doping with FITCNQ and F2TCNQ at the same doping time.

The PFs of all samples are also calculated and plotted in Figure 6.3c. It is worth noting that
at the saturated doping time (10 min), PF of FITCNQ doped film (3.5 pW m™! K*?) is higher than
those doped by F2TCNQ (1.4 uW m™ K?) and FATCNQ (0.48 uW m™ K?). In particular,
FITCNQ-doped P3MEET has a PF that is an order of magnitude higher than FATCNQ-doped
P3MEET. The difference in PF is due to the dominance of « in the formula of PF where PF = a’o.
Thin films doped by FITCNQ have larger values of a while the difference in o is not significant.

One possible explanation for the difference in a is the variation in n between the three doped thin

films as « is inversely related to 7.
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Figure 6.4: EPR spectra of neat and FnTCNQ-doped P3MEET thin films recorded in continuous-
wave mode at room temperature.

To provide further insight on n, electron paramagnetic resonance (EPR) spectroscopy
measurements were performed to quantify the spin concentration (N) in FnTCNQ-doped P3AMEET
thin films. Here, we take N as a measurement of the polaronic charge carriers generated after
doping. The representative continuous wave (CW) EPR spectra for neat and doped thin films
recorded at room temperature are shown in Figure 6.4. The spin concentration in each sample was
calculated through double integration of the EPR spectrum divided by the volume of the measured

film (Figure 6.5 and Table 6.1). The neat P3MEET film has a spin concentration of (1.9 + 0.3) X
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10" cm™, which is relatively high, indicating the polymer is intrinsically doped as suggested by

the UV-Vis-NIR and conductivity measurements (Figure 6.2 and Figure 6.3a).
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Figure 6.5: Carrier concentration calculated by double integration of EPR spectra as a function of
FnTCNQ doping time for P3SAMEET.

After doping with FATCNQ for 10 min, the maximum spin concentration of doped
P3MEET is (1.9 £ 0.3) x 10*° cm™, an order of magnitude higher than neat sample. Note that EPR
measurements capture the unpaired electrons that interacted with the applied magnetic field. A
decrease in EPR spin concentration could be observed at high doping level when bipolarons are
formed, which could lead to underestimation in the calculated carrier concentration.*> However,
the maximum carrier concentrations measured using other techniques (AC Hall effect,** XPS,-4
and UV-Vis spectroscopy'®*") all lie in the order of 10%° to 10?! cm™, which is in agreement with
our value calculated from EPR, indicating reasonable and commensurable carrier concentrations
in this study. As shown in Figure 6.5, the spin concentration in the 10 min F4ATCNQ-doped film is
more than 50% higher than that in FITCNQ/F2TCNQ-doped films. This difference indicates
greater extent of doping with FATCNQ compared to other two dopants. However, larger spin

concentration does not lead to a significantly higher 6. We posit that a portion of charge carriers
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generated in FATCNQ-doped thin films are trapped in the amorphous region of P3SMEET, which
possesses lower x4 and thus leads to an apparent suppression of . Therefore, values of ¢ for
F1TCNQ- and F2TCNQ-doped thin films are comparable with those of F4ATCNQ-doped thin films.
To investigate our hypothesis, we carried out structural characterization experiments to probe

dopant distribution and polymer chain conformational order in PsMEET thin films.

Table 6.1: Summary of experimental values for conductivity (o), Seebeck Coefficient (o), Power

Factor (PF), spin concentration (N), n and Kang-Snyder model fit parameter 0.

Sample o* a* PF* N (em?)* n* Oro Oko
(nV K from

(S em™) MWm'K?) | gpr |(s=1)| (=1 (s=3)

(S ecm™) (S cm™)

FITCNQ | 20.1+ 42 £ 1 3.5 9.5 x 10" 6.8 23+ (1.7 £ 0.2)
-doped 0.77 0.2 x 1073

F2TCNQ | 264+ 23+ 1 1.4 1.1x 10% 12.2 2.0+ (5.7 £ 0.3)
-doped 3.1 0.2 x 10~%

FATCNQ | 27.0«+ 13+1 0.42 1.9x 10% 21.2 1.4+ (9.7 £ 2.0)
-doped 3.7 0.1 x 107°

*Taken at 10 min doping time.

6.2.3 Influence of Molecular Doping on Local Molecular Order in Crystalline Phase

Grazing incidence wide angle X-ray scattering (GIWAXS) experiments were performed to
investigate how molecular doping influences the local molecular order in crystalline domains of
P3MEET. 2D GIWAXS images of neat and FnTCNQ-doped P3MEET thin films were shown in
Figure 6.6. The diffraction pattern of neat PAMEET suggests the face-on orientation of P3MEET
as the side-chain stacking peak (100) lies along in-plane direction and the n-stacking peak (010)

along out-of-plane direction. In addition, the lack of higher order side-chain diffraction peak
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together with the broad, diffuse diffraction peaks in GIWAXS patterns indicates highly disordered
structure in PAMEET, consistent with our prior studies. Upon introducing dopant into polymer, the
GIWAXS patterns appear similar to the neat sample, indicating that doping with vapor FnTCNQ

induces minimal changes to molecular order and crystallite orientation.

3000
2000
1000

0 0.5 1 15 2
q, (A

Figure 6.6: Representative 2D images of a) neat and b), ¢) and d) FnTCNQ-doped P3MEET thin
films.

Quantitative changes upon vapor doping by FnTCNQ are seen through the side-chain
stacking and n-m stacking distances. We calculate side-chain distance d;00 = 27/qi00 as a function
of Fn'TCNQ doping time, the result of which is shown in Figure 6.7a. Upon introducing FnTCNQ
we observe an increase in dioo for all three dopants due to the intercalation of dopant into the side-
chain spacing, a widely observed phenomenon in polythiophene-based polymers.!7-22:48-50

Specifically, dioo increases initially from 1.79 nm for neat PAMEET to 1.94 nm, 2.01 nm and 2.06

nm for FITCNQ, F2TCNQ and FATCNQ-doped thin films, respectively. For all three dopants,
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d1oo follow the same trend and reach plateaus beyond ca. 10 min of vapor deposition. Along with
the increase in digo, we also observe a decrease in the n-stacking distance, doio during the vapor
doping process, as illustrated in Figure 6.7b. Notably, decrease in doiois 4.7 % in P3MEET after
20 min of doping with FATCNQ, which is more prominent than in FITCNQ (3.5 %) and F2TCNQ

(3.1 %), consistent with higher doping efficiency by FATCNQ.
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Figure 6.7: (a) Side-chain stacking (dioo0) and (b) n-stacking distance (doio) of PAMEET:FnTCNQ
thin films as a function of vapor doping time.
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6.2.4 Raman Spectroscopy Reveals Charge Transfer between Dopants and Amorphous

Domain

We performed Raman spectroscopy to preferentially investigate the chain conformational
order in the amorphous regions of neat and FnTCNQ-doped P3AMEET thin films. Note that because
F1TCNQ sublimated much faster than other two dopants, the accumulation of neutral FITCNQ
on polymer thin film surface is more rapid as indicated in the UV-Vis-NIR spectra. Therefore, we
chose to compare Raman spectra of 5 min F1TCNQ-doped thin film with 10 min F2TCNQ- and
F4TCNQ-doped thin films as they possess similar amount of dopant during vapor doping time.
The excitation wavelength was chosen to be in resonance with the amorphous fraction of the
P3MEET thin film,>! which is 532 nm based on the UV-Vis absorption spectra of solution and thin

film (Figure 6.8).
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Figure 6.8: Absorption spectra of both solution (chloroform) and thin film states in PAMEET
(dashed straight line represents 532 nm).

The normalized Raman spectra of the neat and FnTCNQ-doped P3MEET thin films are
shown in Figure 6.9. For neat PMEET, two strong peaks are observed at 1390 cm™! and 1445 cm”
!, which are assigned to thiophene C — C bond stretching and the symmetric C = C bond stretching,
respectively. In addition, the shoulder at 1415 cm™ corresponds to polymer chains with higher
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conformational order. We attribute the appearance of this shoulder to the stiffening of disordered

polymer chains arising from the planar polaronic molecular structure in neat P3MEET, which is

consistent with previous reports.*7523
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Figure 6.9: Raman spectra of neat and FnTCNQ-doped P3MEET thin films at the excitation
wavelength of 532 nm. This excitation wavelength is preferentially in resonance with the
amorphous regions of the PSMEET thin film.

Upon vapor doping by all three dopants, the characteristic peak positions remain
unchanged compared with the neat PAMEET while the peaks of doped films are slightly broader
than the neat peaks with a relative intensity change of the C — C bond stretching peak. The relative
intensity changes upon introducing dopants into the polymer indicates the formation of additional
positive charge carriers (polarons) in P3MEET. These features are consistent among FnTCNQ-
doped films, which means that amorphous region of P3MEET can be doped by all three dopants
to a certain extent. However, the shoulder at 1415 cm™ in Raman spectrum of FATCNQ-doped
P3MEET has a much higher intensity, indicating a more efficient charge transfer between

F4TCNQ and amorphous P3MEET. The more efficient charge transfer results in more charge
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carriers in amorphous region when doped by FATCNQ compared to the other two dopants, which
can be confirmed by a much larger FATNCQ anion peak around 1650 cm™ compared to FITCNQ
and F2TCNQ anion peaks.>* This difference can be explained as the more disordered polymer
chains in the amorphous domain of P3MEET has a lower HOMO level compared to crystalline

P3MEET, which can limit the charge transfer with FITCNQ or F2TCNQ.

6.2.5 Modelling a - o relation Reveals Charge Transport Mechanism in

P3MEET:FnTCNQ

To study the charge transport relation in Fn'TCNQ-doped P3MEET thin films, we plotted
o as a function of ¢ and compared with previous relations observed for numerous doped CPs.
Figure 6.10a represents an empirical fitting (dash line) proposed by Glaudell et al.>*, where the

vs. o was fit to a power law relation:
q = (2" (6.1)
e “oq )

where, kg/e is the Boltzmann constant divided by unit charge, or the natural unit of thermopower
86.17 uV K'!. The parameter o, is an empirical constant and fit to approximately 1 S cm™. The
magnitude of o, is independent of carrier concentration in the range covered. It is clearly shown
in Figure 6.10a that o continuously decreases with increasing o at low doping regime following
this relation. In the higher doping regime, however, we found deviations from the linear trends of
both transport relationships, similar to observation by Muller et al. where they also found a

-1/4

deviation from the a ~ (Ui) relation in a molecularly-doped glycolated side chain bearing

conjugated polymer p(g42T-T).>¢
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Figure 6.10: Compilation of Seebeck coefficient (a) vs conductivity (o) data from this study: (a)

Power law relations (ot ~ 6™''%) from Glaudell et al. (dashed line) and (b) Kang and Snyder charge

transport model; (¢) Compilation of PF vs ¢ from this study. [s = 1 (solid curve) or s = 3 (dashed
curve)].
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Recently, the charge transport model proposed by Kang and Snyder has been increasingly
used to model a - o relation for understanding the charge transport mechanism of conducting
polymers.?6-303233 In that model, the transport edge, Et, was introduced where the hopping transport
was also taken into account. E; is similar to the mobility edge model but does not require metal-
like transport above the edge while still accounting for hopping conduction between localized

states. Fundamentally, a and ¢ can be described using the following equations:
of
o= [og (— ﬁ) dE (6.2)

__ kg fE-Epog _6_f
a = ?f_kBT 7 aE)dE (63)

Here, ok is the transport function, f{E) is the Fermi-Dirac distribution, Ef, T are the Fermi energy
level and temperature, respectively. In Kang-Snyder model, ok is assumed to have a power law

energy dependence above the transport edge, ET, with a power of s as shown in Equation 6.4:

N

E-E,
o5 E,T) = 05, (1) x () (B> )

=0(E<Ep) (6.4)
Here, o is called the transport coefficient, which is an energy-independent parameter. s is the

transport parameter, which is determined by fitting experimental data. ¢ and ¢ of samples can be

calculated in terms of s and n, where n = (EZ _ft) is defined as reduced chemical potential and

represents the relative position of the Fermi level with respect to Ei. a - o relations of FnTCNQ-
doped P3MEET are fitted using Kang-Snyder model for s = 1 or 3 and are summarized in Figure
6.10b and Figure 6.11. Overall, s = 1 model gives better fits than s = 3 for all dopants. In particular,
FATCNQ-doped thin films have the largest deviation using the s = 3 model. This deviation is also

observed when we fit all data of three dopants together (Figure 6.10b). As stated in Kang and
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Snyder’s work, the s = 1 case was only considered for PEDOT-based materials where they
suggested that charge transport in this type of materials is mainly affected by acoustic-phonon
scattering rather than impurity scattering (s = 3). More recently, Lee et al. also proposed s = 1
model for a - o relation of FeCls-doped thiophene-based polymers.** They assigned the s = 1
mechanism with materials possessing a narrow density of states (DOS) which results from high
crystallinity and/or degenerate energy states (7 >> 1) due to high carrier concentration generated
by FeCls. As seen in Figure 6.6b, fitting with s = 1 gives the better fit than s = 3 for our thin films
which might suggest a narrow DOS in the P3MEET-FnTCNQ systems. In addition, the

relationship between PF and o is summarized in Figure 6.10c, which follows s = 1 better than s =

a) b) c)
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Figure 6.11: a - o relationships of P3MEET films doped by (a) FITCNQ, (b) F2TCNQ and (¢)
FATCNQ. Solid line (s = 1) and dash line (s = 3) are fits to the Kang-Snyder model.?°

The values of 71 for Fn'TCNQ-doped thin films are determined using s = 1 model and
summarized in Figure 6.13 and Table 6.1. The neat P3MEET thin film has an n of 1.2. It is clear
that n increases with charge carrier as approximated through EPR measurements, which is
consistent with previous study on PBTTT-FATCNQ by Kang et al.*?  represents the relative

energetic difference between the Fermi level and the transport edge and serves as an indicator of
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the electronic bandwidth of the polymer. The largest n in our system is around 20 (Er—E; =
0.5 eV), which is physically reasonable, as the full electronic bandwidth of CPs reported in the
literature are 0.5 — 1 eV.2%°>38 In our system, F4ATCNQ-doped thin film has a larger n (n = 21.2)
than F2TCNQ (n = 12.2) and FITCNQ (n = 6.8) doped thin films, indicating more carriers
generated in F4ATCNQ-doped P3AMEET. However, despite the difference in 7 and charge carrier
concentration, there is little variation in the maximum conductivity for three dopants. We attribute
this to the difference in x4 as o is affected by both charge carrier concentration and u. Importantly,
the value of transport coefficient oz is directly related to x4 and determines the magnitude of 0.
As determined by fitting our data, FITCNQ-doped thin films have the largest value of o (2.3 £
0.2 S cm’!) whereas FATCNQ-doped thin films have the lowest oz (1.4+ 0.1 Scm™) in the s = 1
model. The trend in oj, indicates that doping with FATCNQ leads to lower overall average
mobility. We note that while s = 1 gives better fits than s = 3 for all dopants, we observe the same
trend in 059 among the 3 dopants regardless of the value of s (Table 6.1). This trend is consistent
with our hypothesis as thin films doped by FATCNQ generate more charge carriers in the
amorphous regions, which naturally have lower mobility due to the short conjugation length and
more disordered structure compared to the charge carriers generated in crystalline domain. As
F4TCNQ dopes the amorphous region more than the other two dopants, the overall charge carriers
generated by FATCNQ is higher and thus leads to a lower a value. However, a larger portion of
charge carriers are in the amorphous regions when doped by FATCNQ, which does not contribute
significantly to ¢ due to the inherently lower x4 in the amorphous regions. This explains that there

is little variation in ¢ for PAMEET doped by different dopants at their highest doping level.
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Figure 6.12: Charge carrier concentration in PSMEETT:FnTCNQ, N, counted by EPR
measurements variation with 7 determined from Kang-Snyder Model calculation.?®

Balancing the contribution of charge transport between the crystalline and amorphous
regions is a promising strategy in controlling thermoelectric properties. Specifically, our study
indicates preferential doping of the crystalline regions through weaker dopants is needed to achieve
high PF in P3AMEET. A recent study by Liang et al. have demonstrated how to control the sign of
o. by balancing charge carrier concentration and charge-carrier mobilities in the crystalline and
amorphous regions of a doped CP film.> Therefore, going forward, strategies towards proper CP
and dopant pairing need to consider the doping level between the crystalline and amorphous

regions to balance the correlation between a and o, and the ultimate PF.
6.3 Conclusion

In summary, we investigated the charge transport and thermoelectric properties of a
polythiophene derivative with a polar side-chain, P3SAMEET, doped with the p-type molecular
dopants FnTCNQ (n=1, 2 and 4). Upon doping, electronic conductivity (o) increased and plateaus

to a similar value (20 - 27 S/cm) for all three dopants at the maximum doping level. On the other
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hand, the Seebeck coefficient (&) for FITCNQ-doped P3MEET thin film (=42 £ 1 pV/K) was
threefold higher than the FATCNQ-doped P3MEET thin film (o= 13 + 1 uV/K). We assigned this
variation to the difference in doping efficiency, which results in larger carrier concentration in
FATCNQ-doped P3MEET thin film. A combination of X-ray scattering and spectroscopy (UV-Vis-
NIR and Raman) indicated extent of doping between the crystalline and amorphous regions.
FATCNQ possess the highest doping efficiency among three dopants within both crystalline and
amorphous domains while FITCNQ and F2TCNQ primarily doped the crystalline regions. Lastly,
we modeled the & - orelationship of our FnTCNQ-doped P3MEET thin films using Kang-Snyder
model where s = 1 (transport parameter) was found to give the best fit. Despite having the lowest
electron affinity, PMEET thin films doped with FITCNQ were found to have the highest o
(2.3 £ 0.2 S/cm) which is indictive of higher charge carrier mobility, resulting from less carriers
generated in the amorphous region, which eventually led to an optimized PF. Our findings
illustrate the importance of understanding the role of doping in the crystalline and amorphous
domains when considering the thermoelectric transport properties of existing and newly

synthesized semiconducting conjugated polymers.
6.4 Experimental Methods

Materials. Poly 3-(methoxyethoxyethoxy) thiophene (P3MEET) was synthesized by first
synthesizing the monomers 2,5-dibromo-3-(methoxyethoxyethoxy) thiophene [3MEET], then
polymerizing using Kumada Catalyst Transfer Polymerization (KCTP). Additional synthetic
details are provided elsewhere.*? Tetracyanoquinodimethane (FnTCNQ, n = 1, 2 and 4) were
purchased from TCI Chemicals.

Thin Film Preparation. Substrates preparations are the same as previous chapters. For

neat PAMEET thin film preparation, PAMEET was dissolved in chloroform (10 mg/mL), and the
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solution was stirred overnight to fully dissolve the polymer. Then thin films were spin-coated using
SCS G3P spin coater using a two-step spin condition of 2000 rpm for 40s followed by 3000 rpm
for 25s. All solution preparation and spin-coating steps were performed in an Argon glovebox.
Thickness of neat films were measured via ellipsometry, which was determined to be

approximately 40 nm.

Vapor Doping Process. Vapor doping was performed in an Argon glovebox.
Approximately 2 mg of FnTCNQ powder was pressed into a pellet (approximately 3 mm in
diameter) and placed in an aluminum oxide crucible (OD 6.8 mm x H 4 mm from Government
Scientific Source Inc.), which was in turn placed in a glass insert (diameter ~ 5 cm, height ~ 4.5
cm). A stainless-steel container was then preheated for 30 min on a hot plate to allow the chamber
to reach a steady temperature (200 °C for FATCNQ, 180 °C for F2TCNQ and 160 °C for
FITCNQ). The glass insert with the dopant inside was put into the metal chamber to produce
dopant vapor. The Peltier on top of the holder is used to keep the substrate temperature at 30 °C

during the vapor doping process.

The following experiments (EPR, Raman, UV-Vis, GIWAXS, conductivity and Seebeck

measurements) were all performed at room temperature.

Electron Paramagnetic Resonance Spectroscopy (EPR). Continuous wave (CW) X-
band (9-10GHz) EPR experiments were carried out with a Bruker ELEXSYS II ES00 EPR
spectrometer (Bruker Biospin, Rheinstetten, Germany), equipped with a TE102 rectangular EPR
resonator (Bruker ER 4102ST). Measurements were performed at room temperature (T = 295 K).
Thin films on the substrate with dimensions 2 mm x 15 mm were placed in the EPR quartz tubes
with 4 mm i.d. For spin quantification a single crystal of CuSO4*H20 with known spin

concentration was used as a reference sample. Spin quantifications were done by comparing
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double integrals of the experimental and reference EPR signals. For EPR measurement, we

estimate a relative error of ca. 20% for each sample due to variations from experimental conditions.

Raman Spectroscopy. Raman spectroscopy experiments were performed under ambient
conditions using the Horiba LabRAM HR Evolution NIR confocal Raman microscope housed in
Chicago Materials Research Center. Raman spectra of neat and doped P3MEET thin films were
collected using a 100x objective at excitation wavelength of 532 nm. The spatial resolution of each
measurement is dependent on the numerical aperture of the microscope objective, the wavelength
of the laser used, and the pinhole size of the confocal imaging mode. In our configurations, the
spatial resolution of each Raman spectrum is calculated to be ~0.65 um. Laser power and

accumulation time was set to 1% and 20 s to minimize local heating and material degradation.

UV-VIS-NIR absorption spectroscopy, GIWAXS experiments, conductivity and Seebeck

measurements were conducted in the same manner as in previous chapters.
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Chapter 7: CONCLUSION

The research in this dissertation were designed and conducted in the aim of enabling
organic functionally graded materials by leveraging molecularly doped semiconducting
conjugated polymers. The findings in this thesis showcase creative strategies to tailor the
thermoelectric properties across the length of polymer film, e.g. formation of dopant compositional
and microstructure gradients, and provide guidelines on utilizing functionally graded polymer

films to enhance the TE performance, especially in the case of cooling applications.

In Chapter 2, we present a facile process in fabricating the first organic FG polymer film,
symmetric double-segmented PBTTT thin films where each segment is sequentially doped with
molecular dopant FATCNQ from the vapor phase. The approach for this study employs
compositional control of the FATCNQ to modulate doping level (carrier concentration) within each
macroscopic segment. This work showcases how sequential vapor doping is an enabling technique
for applying the principles of functional grading for organic thermoelectrics. By design, the focus
of the work is not motivated by device optimization but centered around a fundamental
understanding of spatial structure-transport properties of molecularly doped semiconducting
polymers through double-segmented thin films. Chapter 3 reports on continuously graded thin
films relevant to improved thermoelectric (Peltier) cooling. Spatial compositional control of the
FATCNQ in PBTTT yield 1D profiles in oand &. Moreover, first principle calculations based on
linear Onsager theory and conservation of charge and energy are used to model the cooling

performance using the experimentally derived o and « spatial profiles. The grading o and «
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profiles allow for efficient redistribution of the Joule heating and Peltier cooling effects to improve

cooling compared to equivalent uniform films.

In Chapter 4, we study the structural and transport properties of a molecularly doped
thiophene-based polymer, PQT, upon thermal annealing. Polymorphism is observed in PQT
resulting from different phase transitions, where polymorphs with interdigitated side-chains
coexist. The interdigitation of side-chain significantly affects the doping efficiency, which leads to
a large variation in thermoelectric properties upon vapor doping with FATCNQ. Chapter 5 follows
the work from the previous chapter and realize spatial gradient in o and & by tuning the
morphology of PQT. The variation in morphology is achieved by apply a temperature gradient
across the polymer film, which is captured directly through IR imaging. The cooling performance
of the graded PQT film is predicted and compared with the uniform equivalent. In Chapter 6, we
investigate the thermoelectric properties of a polythiophene derivatives with polar side-chain,
P3MEET, doped with FA'TCNQ (n = 1, 2 and 4). A combination of X-ray scattering and
spectroscopy (UV-Vis and Raman) indicated that both crystalline and amorphous regions of the
polymer are doped. Kang-Snyder transport model is used to modele the a~o relationship of our
FnTCNQ-doped P3MEET films where s = 1 was found to give the best fit. Despite having the
lowest EA, films doped with FITCNQ were found to have the highest average mobility, resulting
from less carriers generated in the amorphous region, which eventually led to an optimized PF.
Our findings illustrate the importance of understanding the role of crystalline and amorphous
domains in charge transport studies on existing and designing molecularly doped semiconducting

polymers.
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Moving forward, the fundamental investigation in @ — o relationship of conjugated
polymers will benefit the design of future molecularly doped CPs by leveraging the charge

transport models. During my PhD, I have conducted hundreds of conductivity and Seebeck
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Figure 7.1: Compilation of Seebeck coefficient vs conductivity data collected: Fn'TCNQ (n=1, 2
or 4) doped P3ATs (red square, A = B, H, O, D or DD), PBTTT (green diamond), PQT (purple
square), P3MEET (black circle) and copolymer, P3HT-co-POEM (blue triangle). The dashed

lines represent for fits generated from Kang-Snyder transport model with s = 3 and the values of
0go ranging from 1x10* S/cm to 1x107! S/cm.

coefficient measurements for variety of semiconducting CPs, particularly polythiophene-based
polymers, including P3ATs (P3BT, P3HT, P30T and P3DDT), PBTTT, PQT, P3MEET and
copolymer P3BHT-POEM. By collecting and organizing the whole database, it helps to directly
visualize the a — o relationship of these conjugated polymers as shown in Figure 7.1. The dash

lines calculated from Kang-Snyder model and shift up with increasing oz, indicating improved
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relative carrier mobility. Generally speaking, the model fits well over the full range of our data,
covering over 6 orders of magnitude in ¢ values and 3 orders in a values. By understanding the
correlation between a and o allows us to design the future functional grading motifs more precisely

by tailoring the values and profiles of conductivity and Seebeck coefficient.
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