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ABSTRACT

Nowadays, more than half of the primary energy of fossil fuels is lost worldwide as waste
heat. Effectively recycling such waste heat is helpful to overcome the global energy crisis.
Thermoelectrics can directly realize the two-way conversion between electricity and
heat and provide a promising approach to solve the energy dilemma. High performance
thermoelectric materials require high electrical conductivity (o) and Seebeck coefficient
(S), as well as low thermal conductivity (x). Compared with organic materials,
conventional inorganic materials are typically more efficient for energy conversion due
to their high electrical conductivity and Seebeck coefficient, hence, leading to a
figure-of-merit, ZT=S20/k, typically exceeding ZT=1. However, their high thermal
conductivity, high cost, brittleness and toxicity restrict, in some cases, their further
development. Organic materials have attracted substantial attention because of their
remarkable advantages, such as intrinsically low thermal conductivity, abundance of raw

materials, low weight, convenience to be processed, and structural flexibility.

In the present thesis we provide a comprehensive study on the optical and
thermoelectric properties of PEDOT:PSS thin films. In particular, we focus on two
relevant aspects: (i) the thickness dependent optical and thermal properties of
PEDOT:PSS thin films, and (ii) the modification of their optical and thermoelectric
properties through mixing with ZnO nanocrystals (ZnO NCs) and graphene quantum
dots (GQDs).

In Chapter 1, we provide a general description on the fundamentals of thermoelectricity,
providing the main approximations and equations to describe thermoelectric energy
conversion. We also provide the guidelines to optimize the thermoelectric properties to

maximize their energy conversion potential.

In Chapter 2, we highlight various fabrication methods of PEDOT:PSS films, in particular,
we discuss the fabrication process of PEDOT:PSS thin films with a thickness gradient.
Moreover, the synthesis procedure of ZnO NCs is reproduced based on previous
publications, and the preparation methodology of ZnO NCs/PEDOT:PSS and
GQDs/PEDOT:PSS hybrid films is presented. In Chapter 3 we introduce the basics of the
different optical and thermoelectric characterization methods used throughout this

thesis.

Chapter 4 presents the optical properties of various PEDOT:PSS films obtained by drop
casting and blade coating. All samples were studied using variable angle spectroscopic
ellipsometry in the visible-UV spectral range. We discuss several differences observed in
the optical spectra arising from different content of PSS, as well as the influence of DMSO
treatment. We investigate the optical anisotropy of the complex refractive indices which
arises from the in-plane arrangement of the PEDOT backbones and relate it to structural

changes detected by Raman scattering. Finally, we have also studied the morphology of
i



the thin films and established that not only local structural changes of the chain
conformation are significant in the interpretation of Raman spectra, but also the overall

morphology of the composite films.

In Chapter 5, we focus on the optical and thermal properties of blade-coated PEDOT:PSS
thin films. In order to tune the thermal conductivity of the PEDOT:PSS films, two
strategies were adopted: (i) To fabricate thickness dependent PEDOT:PSS films. We
studied samples with thickness gradients deposited on glass microscope slides, where
the thickness of the PEDOT:PSS thin film changes along the deposition direction. We
show that the thermal conductivity of PEDOT:PSS (Al 4083) films decreases remarkably
by increasing the film thickness, which originates in the change in conjugated lengths
distribution. (ii) To blend PEDOT:PSS with ZnO NCs and GQDs. We address the influence

of the concentration of nanoparticles on the thermal conductivity.

Furthermore, we investigated the optical properties of PEDOT:PSS thin films blended
with dispersed ZnO NCs and GQDs using spectroscopic ellipsometry. The data is
analyzed within the framework of the Drude approximation, where the fitted
parameters obtained from the Drude model provide further insights on the influence of
nanoparticle concentration on the electrical properties. As the nanoparticle
concentration increases, we observe the rising polaron band and the concomitant
decreasing bipolaron concentration, indicating the dedoping of PEDOT chains. In
addition, Bruggeman effective medium approximation model was also used to fit the

relative volume ratio of the components of GQDs/PEDOT:PSS films.
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I. Introduction

1.1 Overview

Currently, global energy consumption mainly depends on the contribution of fossil fuels.
However, fossil fuels emit greenhouse gases during combustion process, leading to
global warming and variable environmental problems. According to related statistics,
fossil fuels will run out in a few decades on current trendsl. Human beings are facing a
very urgent demand for clean and renewable energy under the background of energy
crisis and global warming. In the last few decades, many efforts have been made to
explore and develop alternatives and varied forms of renewable energy sources have
attracted people’s attention, such as solar, wind and hydropower, etc. Among these
sustainable energy sources, thermoelectricity can directly realize the two-way
conversion between electricity and heat with zero pollution, which provides a promising
way to solve the energy dilemma.

Thermoelectric generators (TEGs) convert heat into electricity through the Seebeck
effect, and work without moving parts and are free of noise and vibrations. Compared
with traditional heat-electricity conversion, TEGs are resource-saving and
environment-friendly. If used in the reverse direction, thermoelectric (TE) systems can
also convert electricity into thermal energy for cooling or heating through the Peltier
effect. For example, TE refrigerators use no refrigerants and may be expected to produce

negligible emissions of greenhouse gases.

In principle, TE devices can use any heat source such as waste heat, which is a common
heat source that is present in almost all mechanical and thermal processes, including
heated water or gas released to the environment, heat equipment surfaces and heated
products, etc2. However, in general, the heat sources of TEGs are various. For example,
solar energy is concentrated to create heat in solar thermoelectric generators (STEGs).
Moreover, the heat source of radioisotope thermoelectric generators (RTGs) is from the
nuclear decay of the radioisotope. RTGs are used in remote power supply, such as space
or deep ocean explorations3. Furthermore, wearable/implantable TEGs use human body
as the heat source to provide health support. There are still many other heat sources
that TEGs can utilize.

All these features make TE materials gain lots of research attention. Herein, we are first

going to introduce key parameters and equations about TE materials.



1.2 Figure of merit (ZT) and Carnot efficiency (1max)

The performance of TE energy conversion is typically given by the dimensionless figure
of merit (ZT), which indicates the potential of a material to convert heat into electricity

and it is expressed as:

S2%0T
T =
K

(1.1)

where S is the Seebeck coefficient, o is the electrical conductivity, x is the thermal
conductivity, and T is the average temperature between the hot (7 and cold (7o)
temperature poles and it is given by Type = (Thor + Teota)/2- Note that within the
previous definition, the values of o and x must be projected into the same direction (oy
and xy, 0, and «,), which becomes especially relevant for anisotropic materials, where o
and xare represented by a tensor rather than by a scalar (isotropic media). As shown by
Eq. (1.1), ZT is determined by three material parameters (o, x and .5) which can be
optimized to enhance the performance of the TE material. Hence, the strategy that is
typically followed to enhance the ZT, is to seek for a maximum of S?¢ (power factor)
and a minimum x However, these three parameters are strongly interconnected, e.g., an
increase in o typically leads to lower values of 5. Furthermore, in the high doping regime
oand k are proportional according to the Wiedemann-Franz law, i.e., larger values of o

lead to larger values of x

1
1018 1019 1020 1021
Carrer Concentration (cm)

Figure 1.1 TE parameters as a function of carrier concentration. The curves shown here

were obtained by numerical modelling of Bi;Tes. (Reproduced from the references*-7)



Figure 1.14-7 qualitatively illustrates how g, S, and kdepend on the carrier concentration.
In addition, the figure also displays the resultant PF=S?¢ and the ZT as a function of o.
As can be seen from this figure, increasing carrier concentration leads to larger values
for 0 and x with a corresponding decrease of S. Hence, maximizing ZT is achieved
through a suitable compromise between g, S and x However, optimizing the properties
of a material to obtain maximum thermoelectric conversion efficiency still presents
significant challenges due to the strong coupling between g, S, and #8°. In fact, this is
evidenced by the different values of o, corresponding to the maxima of ZT (o) and PF(o)

as displayed in Figure 1.1.

The energy conversion efficiency of thermoelectric materials can be expressed as:3.10.11

Tpn =T, J14ZTgpe—1 |
Ny = h c ave (1_2)

Th aY 1+ ZTave + Tc/Th-
Te -V 1+ ZTqpe — Th/Tc_

ST =Tl J14ZTppe+1

e (1.3)

Here, 7, represents the power generation efficiency, 7. is the refrigeration efficiency,
(T, — T.)/T, is the maximum efficiency (Carnot efficiency), T, is the absolute
temperature of the cold pole, T}, is the absolute temperature of the hot pole, ZT e is the
average ZT of the n-type and p-type legs. Since the properties of each material depend
on temperature, the average ZT is defined through integration of the temperature as

follows:12

LTape =

Th
f ZT(T)dT (1.4)

Th =T T¢

We recall that the Carnot cycle is a theoretical ideal thermodynamic cycle proposed by
Sadi Carnot in 1824. The Carnot efficiency illustrates the maximum thermal efficiency
that a heat engine can achieve as permitted by the second law of thermodynamics, and it
is expressed as follows:

T,
Nmax = 1 — T_ (1.5)
h

As can be seen from Eq. (1.2) and Eq. (1.3), the efficiency of TE devices is closely related
to ZTae and the temperature difference between the hot and cold poles. As shown in
Figure 1.291113-15 3 higher ZTw. and a larger temperature difference are needed to
generate higher power generation efficiency. Apart from this, when ZTay. is less than or
equal to 1, the power generation efficiency is always lower than 10% even for

temperature differences of up to 125 K.
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Figure 1.2 Power generation efficiency as functions of temperature of the hot end and
ZTave. The top curve shows the Carnot efficiency. The other six curves represent power
generation efficiency under different ZTav.. The temperature of the cold pole is constant

at 300 K. (Extracted from references%11.13-15)

Finally, we point out that current available TE devices are still not widely used, partly
due to their rather low efficiency!l. Practically, currently available TE materials exhibit a
maximum conversion efficiency of 5%~20%?1%. Applications of TE materials have been
limited to narrow fields requiring low powers, e.g., wearable devices. Therefore, it is
critical to synthesize TE materials with higher ZT, in order to promote their practical
application. In fact, for ideal TE materials, the ZT should be equal to or larger than 1 to
obtain a conversion efficiency >10%14 However, in order to compete with other
renewable energy sources, the TE material should have ZT >4516, which is still larger

than current accepted values.

1.3 Seebeck coefficient (S)

The Seebeck effect was discovered in 1821 by Thomas Johann Seebeck. An applied
temperature difference between two ends of a semiconductor results in a voltage
difference between these two ends. Specifically, as displayed in Figure 1.3, a simple
power generator consists of two heavily doped semiconductor legs which are connected
electrically in series and thermally in parallell”.18, These two semiconductors are n-type

and p-type, respectively. One side of each semiconductor is connected to a heat source,
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and the other side to a colder heat sink. Charge carriers (electrons or holes) at the hot
ends have higher energy, i.e. carriers at the hot ends are more active than those at the
cold ends. Therefore, on average, more carriers will flow from the hot ends to the cold
ends, which generates a voltage difference. It is worth noting that if both semiconductors
were of the same type (both n-type or both p-type), there would be no current flowing in
the circuit, since the equal and opposite voltages would cancel out. In other words, a
measurable Seebeck effect only takes place in two leads of two distinct materials. For

identical materials, no Seebeck voltage would be measured in the complete circuit®.

Ry

7
£

]
1l

Figure 1.3 Schematic of the Seebeck effect. An applied temperature difference induces
electrons and holes in two different semiconductors (pink) to diffuse from the hot side

(red) to the cold side (blue), resulting in current flowing through the circuit.

The Seebeck coefficient quantifies the magnitude of Seebeck effect and it is also called
thermopower. The thermopower is defined as the ratio of the voltage difference 4V and
temperature difference 47, where the voltage difference is caused by a temperature

difference. The Seebeck coefficient is expressed as follows:

Aav

S:ﬁ

(1.6)

The sign of the Seebeck coefficient depends on the charge of majority carriers. For $> 0,
which implies a p-type material, the majority of moving charges are holes. On the

contrary, for §<0, the material is n-type and electrons are the majority carriers.

For the case of degenerate semiconductors, the Seebeck coefficient can be expressed in

terms of DOS effective mass19-22,



_ 8n?kj
"~ 3qh?

m*T(%)2/3 (1.7

where kg is the Boltzmann constant, q is carrier charge, h is the Planck constant, m*
is the effective mass, T is the temperature, and n is the carrier concentration. As is
evident from Eq. (1.7), S strongly depends on m* and n.

Typical values of the Seebeck coefficient for metals, semiconductors, and insulators are
~5, ~200, and 1000 pV/K, respectively?2. We note that an ideal TE material should
exhibit a large Seebeck coefficient (>200 pV/K)14, hence, indicating a large

voltage-generation ability with its corresponding power production.

1.4 Electrical conductivity (o)

The “Drude model” of electrical conduction was proposed in 1900 by Paul Drude to
explain how a metal or heavily doped semiconductor responds to an externally applied
uniform electric field E23. It assumes that the microscopic behavior of electrons in
materials looks like a pinball machine, and electrons are scattered randomly by
immobile positive ions as shown in Figure 1.4. Additionally, the electrons move in
straight lines, and do not interact with each other or positive ions. The only possible
interaction of a free electron with its surrounding environment is via instantaneous

collisions.

Figure 1.4 Schematic diagram of Drude model. Electrons (black point) move in straight

lines and constantly bounce between heavier, stationary crystal ions (red).

E
Drude model gives the average drift velocity of electron. vgirr = % T

After deduction, the following formulas are obtained.
6
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Carrier mobility: u = — = (1.8)

Electrical Conductivity: ¢ = nugq (1.9)

where g is carrier charge, m is effective mass, vg,r; is average drift velocity of
electron, Fis electric field intensity, 7 is average time between collisions, n is carrier
concentration. As can be seen from Eq. (1.9), higher carrier concentration and mobility
lead to higher electrical conductivity. On the other hand, note that the Seebeck
coefficient decreases with increasing carrier concentration, and increases for larger

effectives mass as seen from Eq. (1.7).

For metals, the carrier concentration does not change much with temperature.
Nevertheless, as temperature increases collisions happen more often, and the average
time between collisions decreases. According to Eq. (1.8), the carrier mobility shows the
same decreasing trend with the average collision time, consequently, the electrical
conductivity decreases with increasing temperature. For semiconductors, increasing
temperature promotes electrons into the conduction band, which leads to a larger
carrier concentration. In this case, the electrical conductivity is mainly governed by the
carrier concentration and increases exponentially?4. In fact, the temperature dependence
of electrical conductivity is rather complex and it is also affected by other factors, such as
lattice vibrations, impurity scattering, etc.

The electrical conductivity and its inverse, i.e. the electrical resistivity, are key
parameters which define the performance of TE materials. For samples with regular
shapes, the electrical conductivity can be calculated from their resistance and geometric

dimensions as follows.

1
g===pc=— (1.10)

where R is resistance, S is cross-sectional area, [ is material length, p is electrical
resistivity. Note that whereas the electrical conductivity and electrical resistivity are
intrinsic material properties, the electrical resistance and conductance depend on the

geometry of the samples2s.

1.5 Thermal conductivity (k)

Heat transport in materials is generally understood and modelled through three main
heat transport mechanisms: conduction, convection, and radiation. Conduction is the
most significant heat transport mechanism for solids, or between solid objects in
thermal contact. Heat conduction occurs when two objects at different temperatures are

in direct contact with each other. Heat flows from a hot to a cold end until reaching

7



thermal equilibrium, i.e, the same temperature. Typically, solids are better heat

conductors as compared to liquids, and liquids are better conductors than gases.

The heat conduction law, also known as Fourier’s law, is an empirical equation which
was first proposed in 1822 by Fourier who concluded that “the heat flux resulting from
thermal conduction is proportional to the magnitude of the temperature gradient and

opposite to itin sign”. Its differential form can be expressed as:
g=-k-VT (111

where § is the heat flux density vector, VT is the temperature gradient in the direction
of heat flow, and the proportionality constant xis the thermal conductivity. We note that
within this approximation, the heat flow direction is normal to isothermal planes.
Furthermore, negative sign in this equation indicates that the heat flows in the opposite

direction of the temperature gradient.

[
Q
S &~ Ax—>
T,+ AT Ty

Figure 1.5 Heat flow in a uniform cylinder along its length direction. The total length of
the cylinder is [. Thin slice with the length of Ax is studied.

Fourier's law in its one-dimensional form is written as follows:

dT
qx = —Ka (1.12)

and its integral form is:

0Q _ AT

E = —K E (113)

In Eq. (1.12) and (1.13), q, is heat flux density in x-direction, x is the thermal
conductivity, dT/dx is temperature gradient along x-direction, dQ/dt is the heat flux
transferred per unit time, A4 is the cross-sectional area, AT is the temperature difference

between two ends, Ax is the distance between two ends.

Fourier's law provides the empirical definition of the thermal conductivity and becomes
the basis of many methods for determining the thermal conductivity. Combining
Fourier's law with the principle of conservation of energy, leads to the well-known

diffusive heat equation, also known as the parabolic heat equation:

8
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5t - Paz (1.14)

where D = k/pC, is thermal diffusivity, C, is the specific heat capacity, and p is the
density of the material. The previous partial differential equation (1.14) describes how
the temperature field evolves over time in a one-dimensional solid medium. It is valid for
a uniform medium with temperature gradient lying along the length direction as

illustrated in Figure 1.5.

The thermal conductivity is the property of a material which describes how efficiently it
transports heat, and it is given by a tensor in an anisotropic solid. The thermal
conductivity of bulk polymers is usually very low and in the range, 0.1-0.5 W/(m-K)26. In
general, the thermal conductivity is the most difficult parameter to measure among the
three key parameters which define the ZT of a TE material. In a TE material, the thermal
conductivity consists of two contributions??: (i) electrons and holes (), and (ii)
phonons or lattices vibrations (x;):

K=K+ K (1.15)

The electronic contribution to the thermal conductivity, x. is proportional to the
electrical conductivity (o) and it is computed through the Wiedemann-Franz law:

Ko = LaT (1.16)

where L is Lorenz constant (2.45x108 V2K2 for metals and 1.5x10%8 V2K-2 for
non-degenerate semiconductors!4), and it varies with carrier concentration2s. As shown
by the Wiedemann-Franz law, the electronic part of thermal conductivity is proportional
to electrical conductivity, which reveals an inherent conflict for achieving high ZT.
Additionally, for metals and inorganic materials with high electrical conductivity, x. is

much greater than x;, hence, dominating x

The lattice thermal conductivity within the Debye model and the single model relaxation

time approximation (RTA) is given by29:

1
K; = §vasﬂ'ph (117)

where C, is the specific heat capacity, v; is the propagation velocity. 4,, is the
phonon mean free path, and it is commonly defined as A,, = v,7, where 7is the average

relaxation time of the thermal phonons.



1.6 Strategies to optimize TE properties

Herein, we introduce the classical strategy to enhance ZT, which is based on the concept
of a phonon-glass/electron-crystal (PGEC) as originally proposed by Slack3? and
discussed in detail by Nolas3! and Cahill32. The electron-crystal requirement originates
from the fact that crystalline semiconductors have shown to be the best candidates at
meeting the compromises required to maximize ZT through the power factor4, PF=S52¢.
The phonon-glass requirement stems from the fact that amorphous glasses exhibit very
low lattice thermal conductivity and, hence, also contribute to maximize the ZT. The
PGEC concept sets the design rules for ideal TE materials, and has become the general

guideline for the design and fabrication of TE materials.

Some alloy materials are good examples of TE materials that meet the principles of
PGEC3334, The guest atom in alloy material acts as a scattering center, which reduces the
lattice thermal conductivity and enhances the electrical properties!4. Thus, alloying is an
effective strategy to achieve high ZT. For example, Liu et al. have shown that alloying has
a significant influence on the band gap and ultimately on the Seebeck coefficient35, and
Nolas et al. proposed that the guest atoms act as “rattlers”, which are efficient scattering

centers for phonons33,

Doping is another extensively adopted approach to improve TE performance of materials.
A heavily doped semiconductor exhibits a higher power factor than its undoped
counterpart436, Generally, doping boosts carrier concentration and, hence, enhances the
electrical properties. Especially, doping engineering has been widely used to tune the

poor electrical performance of organic semiconductors?37.

Nanostructured materials (nanowires, nanotubes, supperlattices, etc) are known to be
advantageous in enhancing ZT. Quantum confinement and the energy-filtering effect play
key roles when particles size is small enough143839, In this case, increasing the density of
states leads to a higher Seebeck coefficient, eventually increasing power factor142s,
Moreover, the thermal conductivity of nanostructured materials is decreased via phonon

scattering from interfaces and surfaces21.40,

Nanocomposite is a multiphase material that incorporates nanosized particles into a
matrix of a standard material#!. The properties of nanocomposites rely not only on their
individual properties, but also on their morphology and interfacial characteristics4243.
Especially, organic/inorganic nanofiller composites attract much research attention
because organics have low thermal conductivity and inorganic nanofillers show good
electrical properties. On the other hand, strong phonon scattering takes place at the
interfaces, which is generally believed to be the main reason of improving the TE

properties of nanocomposites?8.

10



1.7 m-conjugated polymer: PEDOT:PSS

Organic TE materials attract people’s attention because of their remarkable advantages,
such as abundance of raw materials, low cost, convenience to be processed and
flexibility44-46. Most importantly, organic materials have low thermal conductivity, and
are good candidates for TEs. However, they exhibit poor electrical properties which have
limited their application to thermoelectricity. Anyway, the thermoelectric performance
of organic TE materials can be improved further by doping with highly conductive

inorganic fillers.

Conjugated polymers are organic macromolecules with alternating double- and
single-bonds in the backbone chains. The carbon-carbon single bond is a ¢ bond,
whereas the carbon-carbon double bond consists of a o bond and a m bond. The
overlapping p-orbitals create delocalized m-electrons in the molecular skeleton, leading

to interesting and useful optical and electronic properties at macroscopic scales.

Poly(3,4-ethylenedioxythiophene) (PEDOT), as one of the most extensively studied
m-conjugated polymers, is well known for its high conductivity, transparency in the
visible, environmental stability and solution processability by doping with polystyrene
sulfonate (PSS). Based on these properties, PEDOT:PSS is widely used in energy
conversion and storage devices*’. Most commonly, PEDOT:PSS acts as the electrode layer

of solar cells.

Figure 1.6 Chemical structure of PEDOT:PSS with a doping level of about 0.33.
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PEDOT:PSS dispersions are prepared via polymerizing EDOT monomers chemically or
electrochemically in aqueous solution in the presence of polyanion PSS. The hydrophilic
PSS forms water-soluble polyelectrolyte complexes with the insoluble PEDOT. The
chemical structure of PEDOT:PSS is given in Fig. 1.6. The oxidation level of pristine
(polymerized) PEDOT is around 33%, i.e., one positive charge for every three EDOT
monomer units#-51, In this system, PSS functions both as the dopant and stabilizer for
PEDOT#95152, A certain amount of PSS provides negative charges to balance the positive
charges of PEDOT, however, excessive PSS (also called free PSS) keeps the PEDOT:PSS

complex dispersible in water.

In some cases, the electrical transport of PEDOT:PSS films is connected with their
morphologys354. It is widely accepted that the well-conducting PEDOT-rich grains are
surrounded by the non-conductive PSS matrix556. In other words, the PEDOT:PSS

system exhibits a core-shell structures+57.8,

The charge carriers in polythiophenes and its derivatives are polarons and bipolaronss°.
Polarons and bipolarons represent singly and doubly charged quasiparticles,
respectively, that are localized along the polymer chains due to strong electron—phonon
coupling®0. The localized charge and its induced lattice distortion is called polaron or
bipolaron. PEDOT, one of the polythiophene derivatives, is typically p-doped, so the
polarons and bipolarons in PEDOT represent positively charged “hole” quasiparticles.
The chemical structure of polarons and bipolarons in PEDOT chain are represented in
Fig. 1.7. Generally, the charge carriers in lightly and moderately doped states are
polarons, and bipolarons become the dominant charge carriers in heavily doped
statesl62, Interestingly, since PEDOT:PSS is heavily doped¢?, the charge carriers in
pristine PEDOT:PSS are most likely bipolarons.
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Figure 1.7 Chemical structure of neutral and doped PEDOT units.
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II. Material Synthesis and Samples Fabrication

Reagents and equipment used in this chapter are compiled in Table 2.1. Here, material

synthesis and samples fabrication methods will be introduced.

2.1 Thick films: drop casting

We used commercial glass microscope slides as substrates. Prior to film deposition, the
glass substrates were ultrasonically cleaned for 15 min in soap, acetone, and isopropanol
(IPA), successively. Subsequently, the substrates were transferred into an UV ozone
cleaner device for longer than 30 min to improve their wettability. The substrates were

used as soon as possible once they were taken out from the UV ozone cleaner.

Bulk PEDOT:PSS films were fabricated by drop casting onto the previously prepared
glass substrates inside a fume hood. The water evaporation speed in the fume hood was
relatively fast due to the drying effect of continuous air flow. The glass slide was cut into
three pieces, and the size of each piece was around 2.5 cm X 2.5 cm. Prior to the drop
casting process, the PEDOT:PSS aqueous solution was filtered by a syringe filter (PTFE
membrane, 0.22 um pore-size) to remove the larger particles. As Figure 2.1 displays, the
films were prepared by drop casting 400 pL of the PEDOT:PSS solution onto a
pre-cleaned glass substrate. The as-cast films were then placed on a hot plate to drive off
the excess solvent, with the hotplate temperature incrementally increased from 30 to
60 °Cin 10 °C intervals (10 min each). The final thermal step at 60 °C lasted 5 min, after
which a dried PEDOT:PSS film was obtained. Finally, the samples were removed from the
hot plate to avoid cracks due to excessive heating. A drop-cast bulk film is displayed in

Figure 2.2.

U Evaporation
®
&
L)

1111

Substrate Substrate Substrate
A

Figure 2.1 Schematic illustration of the drop casting process. The droplets spread out

covering the whole substrate and the solvent evaporates at controlled temperature.
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Figure 2.2 Photograph of a drop-cast PEDOT:PSS (AI 4083) film on a glass substrate.

2.2 Thin films: spin coating and blade coating

Thin PEDOT:PSS films were fabricated by spin coating and blade coating. We studied two
different formulations of PEDOT:PSS purchased from Sigma-Aldrich 483095 and
Heraeus Al 4083. The main difference between these formulations is their electrical
conductivity, with values around 1 S/cm and 0.0002-0.002 S/cm for the PEDOT:PSS from
Sigma-Aldrich 483095 and Heraeus Al 4083, respectively. Note that the different
electrical conductivity of these formulations arises from the different PEDOT to PSS ratio
(1:1.6 for Sigma Aldrich, and 1:6 for Heraeus).

We used the same methods as those described in section 2.1 to clean all the glass
substrates, and to filter the PEDOT:PSS solutions. A filtered PEDOT:PSS from
Sigma-Aldrich 483095 solution with a dispersion content of 1.3% in water was used to
fabricate thin films without mixing with IPA. On the other hand, the filtered PEDOT:PSS
solution from Heraeus Al 4083 with a dispersion content of 1.3-1.7% in water was
mixed with IPA at a volume ratio of 1:2. The IPA-mixed PEDOT:PSS aqueous solution was

stirred for 1 h prior to coating.

Spin coating is a common technique for fabricating thin films on flat substrates. The
substrate is mounted on a rotary chuck, and the centrifugal force drives the liquid
radically outward. The centrifugal force and the surface tension of the liquid create a
relatively uniform surface covering during high speed rotation. The higher the spinning
speed is, the thinner the film will be. The two main factors affecting film thickness are
the spin speed and the viscosity of the solution. Spin coating is an excellent technique at
laboratory scale to produce uniform thin films, while its disadvantage is the difficulty
with large area samples. The PEDOT:PSS layers deposited onto the glass substrates were
coated at a spin rate of 2000 rpm for 90 s. Figure 2.3 illustrates the spin coating process
of a PEDOT:PSS thin film.
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Figure 2.3 Schematic diagram of static dispense spin coating process.

]"'C

Compared with spin coating, blade coating can deposit thin films with larger area.
Filtered PEDOT:PSS solutions with or without co-solvent addition were blade coated on
glass substrates. PEDOT:PSS (Al 4083) films were deposited at a blade speed of 90
mm/s at 65 °C. PEDOT:PSS (Aldrich 483095) films were deposited at a blade speed of 70
mm/s at 110 °C. After that, all films were annealed at 120 °C on a hot plate for 15 min.
The complete fabrication process of blade-coated PEDOT:PSS films is depicted in Figure
2.4. A typical film is shown in Figure 2.5. After the annealing process, the PEDOT:PSS
thin films were kept in a moisture free atmosphere to avoid water absorption.

R _ e - _
s- -l -

Figure 2.4 Complete fabrication process of PEDOT:PSS thin films. The filtered
PEDOT:PSS solution was blade coated and annealed on a hot plate.

\’»\

\i

Figure 2.5 Photograph of a blade-coated PEDOT:PSS (Aldrich 483095) thin film on a

glass slide.
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Regarding the homogeneity of the PEDOT:PSS thin films, the coffee ring effect leads to
inhomogeneous films, as typically observed for blade-coated films. The capillary flow
induced by the drop evaporation causes the coffee ring effect. At first, the evaporation
rate of the edges is faster. To maintain the original size of droplets, the resulting outward
flow carries the dispersed material from the interior to the edge. Finally, there is more
dispersed material on the edge, hence, resulting in an inhomogeneous film. Nevertheless,
the coffee ring effect can be avoided by setting suitable blade parameters. The coating

parameters used in this thesis were optimized to avoid the coffee ring effect.

2.3 Thickness gradient in thin films

The thickness of the PEDOT:PSS thin film was continuously varied along the deposition
direction, which was set parallel to the long axis of a glass slide. The blade-coating
parameters of PEDOT:PSS films with thickness gradients have been presented in section
2.2,

Doctor blade is an ideal means for solution-based deposition of thin films onto large area
substrates. In addition, it allows for the fabrication of thin films with a wide range of
thickness from 10 nm to ~260 nm depending on PEDOT:PSS solution formulation and
coating parameters. During the blade coating process, a constant relative movement is
established between the blade and the substrate. In our case, the blade moves and the
substrate is stationary as illustrated in Figure 2.6. The liquid flow on the substrate
originates from the shear stress caused by the blade motion, which drags the coating
solution through the small gap (150 pm, in our case) formed between the substrate and
the blades3. The key parameters that can be modified to control the deposition of the
thin films are: (i) the distance between the blade and the substrate surface. A big gap
increases the maximum thickness, resulting in a big thickness gradient. (ii) the speed of
the blade. The faster the blade speed moves, the thicker the film will be. (iii) the volume
of the solution. A relatively small volume of the solution that aims to be deposited
naturally leads to a thickness gradient along the deposition direction on the glass slide.
(iiii) the temperature of the blade-coating hot plate. The diagrammatic drawing of a
PEDOT:PSS film with a thickness gradient is shown in Figure 2.7.
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Blade

Blade moves.
Substrate is stationary.

Substrate

Figure 2.6 Sketch of blade coating process using a blade that is moving relatively to the
stationary substrate.

Glass

I

Figure 2.7 Schematic representation of a blade-coated PEDOT:PSS film with a thickness
gradient along the length of a glass slide.

The one-dimensional thickness distribution of both studied PEDOT:PSS formulations, i.e.
Al 4083 and Aldrich 483095, is illustrated in Figures 2.8.a and 2.8.b, respectively. For Al
4083, the thickness distribution is linear and ranges from 50 nm to 280 nm. On the other
hand, the thickness gradient of PEDOT:PSS (Aldrich 483095) film ranges from 80 nm to
220 nm. The lower boundary of the thickness gradient can be as low as 10 nm by

adjusting fabrication parameters. However, the upper boundary is typically below 300
nm.
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Figure 2.8 Thickness gradients of PEDOT:PSS films parallel to the long axis of glass slides.
(a) A14083; (b) Aldrich 483095.

2.4 Zn0 nanocrystals and nanowires synthesis

A considerable number of methods have been developed to produce ZnO nanowires
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(NWs), such as electrodepositioné+65, physical vapor deposition®, hydrothermal
methods7.68, etc. Among all these methods, the hydrothermal method is very attractive
due to its low reaction temperature and good potential for upscaling. Moreover, it does
not present any strict requirements for the type of substrate, which means that almost

any substrate can be used®s.

Well-aligned ZnO NWs produced by hydrothermal method were grown using a
three-step process. In the first step, we used the methodology developed by Pacholski et
als’ to synthesize ZnO nanocrystals (NCs). 15.6 ml NaOH in methanol (0.03 M) was
added dropwise into 30 ml zinc acetate dihydrate in methanol (0.1 M) at 60 °C with
continuous stir, and the reaction lasted for two hours. The experimental device for

synthesizing the ZnO NCs is shown in Figure 2.9.

Figure 2.9 Experimental set-up used for synthesizing ZnO nanocrystals. The

thermocouple detects real-time temperature and controls the hot plate.

The synthesized ZnO NCs methanol solution was deposited at a spin rate of 6000 rpm on
alcm X 1 cm Si wafer. After uniformly coating every layer, the Si wafer was annealed at
150 °C for several minutes to enhance the particle adhesion. In the third step, oriented
ZnO NW arrays were prepared from ZnO NCs by hydrothermal process¢8. As illustrated

in Figure 2.10, a Si wafer coated with ZnO NCs was placed upside down in a glass beaker.
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Aqueous solutions of zinc nitrate hydrate (0.025 M) and methenamine (0.025 M) were
added into the vessel at a volume ratio of 1:2. They were stirred at 90 °C for 8 h. In order
to improve the distribution uniformity of ZnO NWs, the solutions were replaced every

one hour. Finally, the Si wafer was washed with deionized water and dried.

[ ; |

Q Q

Figure 2.10 Schematic diagram of synthesizing oriented ZnO nanowires by hydrothermal
method.

2.5 Fabrication of hybrid films: ZnO NCs/PEDOT:PSS and GQDs/PEDOT:PSS

The vacuum filtration method¢® was used to fabricate thick ZnO NCs/PEDOT:PSS hybrid
films, as shown in Fig. 2.11. Briefly, the synthesized ZnO NCs in methanol were added
into the PEDOT:PSS aqueous solution dropwise with continuous stir. The resulting
mixtures were stirred for 30 min. Subsequently, 1 ml of a well-dispersed mixture was

added in the vacuum filtration apparatus (0.1 pm PTFE filter paper).

Well-dispersed Mixture

Filter Paper—

PUMP

Figure 2.11 Schematic illustration of vacuum filtration apparatus. Evaporated solvents

from the suction flask were trapped by isopropanol and ice in the conical flask.
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The as-prepared hybrid films were cut into small pieces, and the films were transferred
from filter paper to the glass substrate at 60 °C. IPA (or water) moisten the films, which
do helps in films transferring. As illustrated in Figure 2.12, the IPA was dropped on the
glass or the filter paper. We note that the IPA consumption volume should be moderate,
since we have observed that an excessive amount of IPA can cause the fracture and

dislocation of the films during transferring process.

Filter Paper
Film

Glass

Hot Plate

Figure 2.12 Relative position of layers during the film transferring from the filter paper

to the glass. Droplets represent isopropanol.

Although we fabricated thick ZnO NCs/PEDOT:PSS films by vacuum filtration, they were
not suitable for some of our measurements due to the big surface roughness they
exhibited. In order to get smoother films, we fabricated ZnO NCs/PEDOT:PSS hybrid thin
films using the blade coater. The cleaning of the glass substrates was the same to that
described in section 2.1. Subsequently, the well-mixed ZnO NCs/PEDOT:PSS solution was
deposited on a glass substrate by blade coating. The mass ratios of ZnO to PEDOT:PSS we
studied are 0, 1/600, 1/400, 1/200 and 1/100. In other words, we have investigated the

range with ZnO concentrations below 1% in mass.

The graphene quantum dots (GQDs)/PEDOT:PSS hybrid thin films were also deposited
on glass substrates by blade coating. The mass ratios of GQDs to PEDOT:PSS we
investigated are 0,1/10,1/2 and 1/1.

The coating parameters of ZnO NCs/PEDOT:PSS and GQDs/PEDOT:PSS composites were
listed in the following Table 2.2. All composite samples were always kept inside a

moisture and oxygen free atmosphere after fabrication.
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Table 2.2 Blade-coating parameters of ZnO NCs/PEDOT:PSS and GQDs/PEDOT:PSS

hybrid films
] Mass Ratio of Filler | Temperature | Blade Speed
Composite
to PEDOT:PSS (°C) (mm/s)
0 65 90
1/600 65 90
ZnO NCs/AI 4083 1/400 65 90
1/200 65 90
1/100 65 90
0 110 70
1/600 110 50
Zn0 NCs/Aldrich 483095 | 1/400 110 50
1/200 110 30
1/100 110 70
0 65 70
1/10 65 70
GQDs/AI 4083
1/2 65 80
1/1 75 90
0 110 40
) 1/10 110 50
GQDs/Aldrich 483095
1/2 110 60
1/1 110 60

2.6 Phase-separated films

In the following we describe a DMSO-induced phase separation in PEDOT:PSS films by a
slow drying process. The glass substrates (1.25 cm x 1.25 cm) were cleaned with the
aforementioned method. The filtered PEDOT:PSS aqueous dispersion was blended with
DMSO at a 1:1 volume ratio. The mixture was stirred under room temperature for more
than 1 h, and then a 130 pL mixed solution was drop casted onto the glass substrates

and slowly dried under room conditions for one week.

After complete drying, the dark PEDOT-rich film was surrounded by a transparent film,
as shown in Figure 2.13. According to Liangqgi Ouyang’s research5!, the transparent area
mainly consists of PSS, and the dark film is the concentrated PEDOT:PSS. In good
agreement, our studies also confirm that PEDOT only exists in the dark area. We have
observed that the dark regions are electrically conducting, whereas the transparent
region is electrically insulating. The assignment was also confirmed by Raman

spectroscopy, as we will discuss in further detail in Chapter 4.
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(b)

Figure 2.13 Photograph of DMSO-induced phase separated PEDOT:PSS films after
complete drying. (a) Al 4083; (b) Aldrich 483095. The dark PEDOT:PSS films were

surrounded by transparent PSS films.

The formation of the separated components arises from the faster evaporation rate of
water as compared to DMSO under room conditions, which originates from the higher
vapor pressure of water (24 mmHg at 25 °C). It was observed that when water
evaporated, the dark PEDOT:PSS complexes were no longer soluble and precipitated,
whereas a certain amount of colorless free PSS still remained dispersed in liquid phase
DMSO during this slow drying process. After drying, these free PSS formed a transparent
film around concentrated PEDOT:PSS film.

2.7 Suspended PEDOT thin films

A new PEDOT formulation with a dispersion content of 1.5-2.5% in toluene was used to
fabricate suspended PEDOT thin films. The PEDOT solution from Heraeus Clevios™ (HTL
Solar 3) use an alternative counter ionomer to PSS to allow for the dispersion in toluene.
In order to get suspended PEDOT film, a sacrificial layer was initially deposited by spin
coating on the glass substrate. Subsequently, the PEDOT layer was deposited at a spin
rate of 3000 rpm for 90 s, as depicted in Figure 2.14. As sacrificial layer we have used
poly(sodium-4-styrenesulfonate) (PSSNa), which is ideal due to the good wettability of
the PEDOT toluene solution on the surface of the PSSNa film. Most importantly, PSSNa
can be easily removed by dissolving it into water, which does not damage the PEDOT
layer.

PEDOT

PSSNa HZO
(sacrificial layer)

Glass

Figure 2.14 Schematic shows 2-layer stack to get a suspended PEDOT thin film.
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Finally, the PEDOT film was released by immersing the sample into a water sink. A
square scratch was made on the film before immersing, which is beneficial for the film
separation from the substrate. The suspended PEDOT film (see Figure 2.15) was
captured by a gasket, and it was left under ambient conditions until it was totally dried.
The film morphology was studied by optical microscopy. As shown in Figure 2.16,
although long range wrinkles are observed on the surface after the evaporation of water,

the films resulted homogenous on smaller scales.

o

Figure 2.15 Suspended PEDOT thin film on a gasket.

Figure 2.16 Optical micrograph of the surface of the suspended PEDOT thin film. Scale
bar represents 30 pm.
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III. Experimental Characterization Techniques

Basic working principles of the used equipment as well as representative

characterization results used as examples will be introduced in this chapter.

3.1 Surface characterization methods

Atomic force microscopy (AFM) is a surface analysis technique with resolution on the
order of fractions of a nanometer. It is widely used for imaging surface topography. It can
provide detailed three-dimensional topographies and give information about roughness,
grains, phase difference, etc. AFM is essentially applied to investigate the mechanical,
electrical, physical and other properties of a sample’s surface. Alternatively, it also can

be used to determine the thickness of very thin samples.

As illustrated in Figure 3.1, AFM uses a cantilever with an extremely sharp tip
(collectively called probe) to scan the sample’s surface line by line, while the interaction
between the sample’s surface and the tip is detected. The motion trajectory of the probe
is tracked by a laser beam reflected off the cantilever. This reflected laser beam is
monitored by a position sensitive photodiode which records the vertical and lateral
motion of the probe, which is calibrated to account for the displacement of the tip
caused by the sample’s topography.

Cantilever&Tip

Sample
Piezoelectric

scanner

Figure 3.1 Schematic displaying the basic principle of AFM.

According to the degree of contact between the probe and the sample, there are three
operating modes in AFM: contact mode, non-contact mode and tapping mode. In contact
mode, the tip is in direct contact with the surface of the samples. Contact mode is
perhaps the most basic imaging mode, and it is most suitable for imaging relatively hard

and smooth surfaces. Non-contact mode is typically chosen for measuring soft materials
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without damaging or polluting samples, e.g. biological samples and organic thin films.
Tapping mode, also called intermittent contact mode, is the most frequently used mode

when operating in ambient conditions.

We used the tapping mode of AFM (Keysight 5100) to measure the surface topography
of PEDOT:PSS films as depicted in Figure 3.2. The tip type is App Nano FORT. The stylus
force is between 10 nN and 100 nN. The image sizes are typically 5x5 pm2and 2x2 pm?2.

8,0 nm
7,0
6,0
5,0
4,0
3,0
2,0

1,0
0,0

Figure 3.2 Topography image of a blade-coated PEDOT:PSS (AI 4083) thin film with a
thickness of 55 nm. The image depicts an area of 2X2 um2. Scale bar represents 500 nm.

Profilometry is a technique used to extract a surface’s topographical information. It can
be used to detect step height, roughness and morphology. There are two different types
of profilometers (called profiler for short), which are: the stylus profiler and optical

profiler.

For the stylus profiler, as the diamond stylus moves across the film’s surface, the small
surface variations in vertical stylus displacement are detected as a function of lateral
position, as illustrated in Figure 3.3. Subsequently, the height position signal is converted
into a digital signal, stored, analyzed, and displayed. The prominent advantage of the
stylus profiler is that it is a direct measurement, i.e. it is independent on the material
properties. In contrast, the optical profiler uses light instead of a physical probe, i.e. it is
a non-contact surface metrology technique. The light from a lamp is split into two paths
by a beam splitter. One path directs the light onto the sample surface, and the other path
directs the light to a reference mirror. Reflections from the two paths are recombined
and projected onto an array detector. When the path difference between the recombined
beams is on the order of a few wavelengths of light or less interference can occur. This

interference includes information about the surface contour.

In our particular case, the profiler is mainly used to measure the film thickness. An
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artificial scratch was made on the film. The stylus profiler we used is a KLA Tencor
D-500 with step heights from nanometers to 1.2 mm. The scan speed is 0.1 mm/s. As
PEDOT:PSS films are soft, a small stylus force (0.03 mg) is applied so as to avoid

unnecessary damage induced by the stylus.
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Figure 3.3 Surface profile of a PEDOT:PSS (AI 4083) thin film with the thickness of
215nm.

Scanning electron microscope (SEM) is a non-destructive structural characterization
technique. SEM uses a focused beam of high-energy electrons to scan the sample surface.
The signal that derives from electron-sample interactions contains information about
external morphology (texture), chemical composition, crystalline structure and
orientation of solid materials. Among the signal emitted by the incident electrons, the
secondary electrons emitted are most valuable for providing morphology and
topography, and the backscattered electrons are most valuable for illustrating contrasts

in composition in multiphase samples.

For electrically conductive samples, high vacuum mode with higher energy electrons
(10-15 kV) is recommended. However, for less conductive samples, it is better to choose
low vacuum mode and less energetic electrons (5-10 kV) to allow the residual
atmosphere to reduce charging of the sample. In extreme circumstances, depositing a

metal layer on the surface will greatly improve the electrical conductivity and thereby
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improve the imaging quality.

In this thesis, we used a SEM (FEI Quanta 200 FEG) to detect the morphology of ZnO
nanowires under high vacuum mode. The working distance between the final pole piece

of the lens and the sample is 10.0 mm. The spot size is 3.5 nm.

3.2 Optical characterization
3.2.1 Spectroscopic ellipsometry

Spectroscopic ellipsometry (SE) measures the polarization change of light upon
reflection from or transmission through a sample. The polarization change is
represented as the amplitude ratio, ¥, and the phase difference, 4. The measured
response depends on the film thickness, and on the optical properties of the material.
Therefore, SE is mainly used to determine film thickness and optical constants.
Furthermore, it also provides information about roughness, composition, doping
concentration and other material properties associated with a change of the optical

response.

SE is a powerful non-destructive test method and has many advantages, such as its high
accuracy and good repeatability. It is a self-normalized technique whose result is
unaffected if only part of reflected beam is collected, or by fluctuating source intensity or

absorption by ambient atmosphere.

3.2.1.1 Components

Sample

Figure 3.4 A typical ellipsometry experimental setup.

As depicted in Figure 3.4, the basic components of SE consist of light source, polarizer,
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polarization analyzer, and detector. Initially, light exits from the lamp and goes into the
polarizer which changes the incident unpolarized light into linearly polarized. Linearly
polarized light is reflected on the sample’s surface and, in the general case, becomes
elliptically polarized light. The polarization changes (amplitude and phase) due to the
light-sample interaction are detected by the polarization analyzer. Finally, optical

information is converted to an electric signal using a photodiode.

3.2.1.2 Fundamental principle

For a non-magnetic sample, SE only considers the electric field vector which can be
decomposed into two orthogonal components, p-wave (parallel to the plane of incidence)
and s-wave (perpendicular to the plane of incidence) as shown in Fig. 3.5. When two
linearly polarized waves with the same frequency are combined out of phase (#90°), the

resultant wave is elliptically polarized.

Linearly Polarized Light

Elliptically Polarized Light
P E

Figure 3.5 Schematic diagram of ellipsometry measurement. The incident linearly
polarized light with p- and s- components interacts with the sample, producing outgoing
elliptically polarized light.

As we can see from Figure 3.5, the p-waves and the s-waves reflect from the surface.
Upon reflection, there is a phase shift between the p-wave and the s-wave, as well as an
amplitude change for both waves, which are related to the film thickness and optical

functions of the isotropic sample.
The phase shift 4, is expressed as

where §; is the phase difference between the p-wave and the s-wave before the
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reflection. §, is the phase difference between the p-wave and the s-wave after the
reflection. The range of 4 is between -180 °to +180 ° (or from 0 ° to 360 °).

The amplitude ratio tani, is the ratio of the magnitudes of the Fresnel reflection
coefficients for the p-wave (R,) and the s-wave (Ry). The range of i is from 0° to 90°.
Fresnel reflection coefficients are defined as the ratio of the amplitude of the outgoing

light to the amplitude of the incident light for each of the two polarizations.

_ IRy
tanyp = R (3.2)
N

Using the definitions in Eq. (3.1) and (3.2), we write the fundamental equation of

ellipsometry in an isotropic sample as follows.

. R
p = tane'd = L (3.3)
R
where p is defined as the complex ratio of the total reflection coefficients. The term
tani provides the magnitude of p, whereas the exponential function e*® provides the
phase of p.

The complex refractive index & and the complex dielectric function N are two common
descriptors for the optical properties of a material. They are complex second-rank
tensors which for isotropic samples are complex scalars. Both are composed of real and
imaginary parts and give information about how material and light interact. They can be

transformed mutually in terms of the following equation:
§=N? (3.4)

The complex refractive index N, describes the change of a light wave due to its

interaction with a material.
N=nt+ik (3.5)

where i is the imaginary unit number. The real component n, is the refractive index,

which describes how fast light travels through the material relative to vacuum.

The imaginary component, given by k, is the extinction coefficient, which describes the
intensity of wave absorbed by the material. The relationship between the extinction

coefficient and the absorption coefficient is expressed as:
k=a— (3.6)

where «a is absorption coefficient, and A is wavelength in vacuum. When light passes
through an absorbing material, a fraction of light is absorbed and k is larger than zero.

For transparent materials, k is typically zero.

The complex dielectric function €, describes the response of a material to the electric
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field vector of a light wave.
é = 81 i igz (37)

where the real component g, is related to polarization. The imaginary component &5,

exhibits the absorption properties of the material.

The physical connection between the real optical function, &;, and the imaginary optical
function, &, is known as Kramers-Kronig (KK) relation, and it is given by the following

relation:

2 (PEg(E) . .
P denotes the Cauchy principal value. E’ is angular frequency variable running through

the whole integration range.

A full KK integration requires a complete optical spectrum of &,(E’) because the range
of E’is from 0 to oo as Eq. (3.8) suggests. However, typical ellipsometry measurements
work from the ultraviolet (A~200 nm) to the near infrared (A~2000 nm). In other words,
ellipsometry measurement could not cover all frequencies of &,(E"). Therefore, KK
consistency only gives the general shape of curve &;. In order to get the absolute
magnitude of &;, the high-frequency dielectric constant &, is needed. Most oscillator
models include &, which compensates for missing absorption not represented in KK

integration.

3.2.1.3 Models

For any transparent material and absorbing material at the wavelengths where they are
transparent, the index of refraction increases towards shorter wavelength. This is
referred to as normal dispersion. The Cauchy equation (see Eq. 3.9) is used to describe
the wavelength dependence of the refractive index of transparent materials, or
absorbing materials in the transparent spectral region.

B C
7’1(7\) =A+ }\—2 + }\—4 (39)
where A is the wavelength. A, B and C are Cauchy coefficients. A is the principal part of
refractive index, and it gives the value of refractive index at longer wavelengths. B and C
control the curvature of the refractive index curve. "B” value is generally between 0.002

and 0.02, and "C" value is close to 0.0007°.

Cauchy equation does not give any restriction to the shape of refractive index curve.
However, the variation of refractive index of materials in the transparent spectral region

with the wavelength should conform to the normal dispersion. Thus, after calculation
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using Cauchy equation, it is necessary to check the curve shape of refractive index to

confirm it follows normal dispersion.

The Drude model has been widely used to describe the optical properties of metals,
inorganic conductors and heavily doped semiconductors. The dielectric function

according to the Drude model is expressed as follows7%.72,

2
Ep

E)=¢,———=
e() = & — i iEr

(3.10)

where E is the photon energy, ¢, is the high frequency dielectric constant, i is the
imaginary unit, E,, is the plasma energy, and I' is the Drude broadening.

The plasma energy increases with carrier concentration, A, as Eq. (3.11) shows73-75. The
Drude broadening, also called broadening coefficient or damping coefficient, can be
interpreted as the result of carrier-carrier scattering and/or collisions with molecules,
atoms, and/or ions?2. The Drude broadening is inversely associated with carrier mobility,
U, as shown in Eq. (3.12).

E, = Ne* 3.11
p gm* (3.11)
U= ¢ 3.12

*1-1 ( . )

where ¢, is the dielectric constant of free space, e is the electron charge, and m* is

the effective mass of the charge carriers.

Effective medium approximation (EMA) models were used to describe the rough sample
surface during the regression analysis of SE. Within this model, the rough surface was
regarded as a layer consisting of a mixture of the materials above and below the
interface. It is assumed that both materials mix well, but retain their own optical
properties’0. The EMA theory allows us to calculate the optical properties of a

heterogeneous sample from its constituents.

Bruggemann effective medium approximation (BEMA) model is typically used in
modeling the surface roughness or the intermixing layer of binary constituents. It is
assumed that the size and separation distance of particles are smaller than the optical
wavelength so that the medium behaves homogeneously’¢. BEMA equation is expressed

as follow:

f €4 — €EMA € — €EMA
A~

= 3.13
& +28ma P T+ 28ema ( )

where €gp4 is the effective complex dielectric function of the composite material, &,

and €5 are the complex dielectric functions of component A and B, f;, and fp are the
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volume fractions of A and B. Mathematically, two components A and B play the same role
in computing &gy, which means there is neither host nor inclusion in the BEMA

model7s,

In our case, the BEMA model was used to obtain the GQDs/PEDOT:PSS film thickness
and the relative volume fraction of the components. The calculated GQDs fraction based
on the BEMA model is in good agreement with the set value in the fabrication process,
and the fitted film thicknesses are consistent with the ones from the profiler. These

results will be presented in Chapter 5.

3.2.2 Raman spectroscopy

Raman spectroscopy is a potent analysis technique which gives insight into chemical
structure, crystal lattice and molecular backbone, phase and polymorphy, etc. In
combination with mapping systems, it is possible to get morphology information in

inhomogeneous samples.

Raman spectroscopy is based on the interaction of light with the chemical bonds within
a material. The incoming light from a laser source is scattered by the molecules. Most of
the scattered light is at the same frequency as the laser source and does not provide
useful information (Rayleigh scattering). However, a small amount of light
(approximately 1 in 10 million photons) is scattered at different frequency, which
depends on the chemical structure of the measured material. This is called Raman
scattering. Raman scattering occurs in two ways. If the scattered light is of lower
frequency than the incoming light, then it is called Stokes scattering. If it is of higher
frequency, then it is called anti-Stokes scattering. Noteworthy, it is nearly always the
Stokes Raman scattering detected in Raman spectroscopy because the Stokes Raman

scattered light is more intense than the anti-Stokes.

The Raman spectrometer we used is WITec alpha300 RA. We show the Raman spectrum
of an 89 nm PEDOT:PSS (Al 4083) film in Figure 3.6. All peaks are from PEDOT, and each
peak of the Raman spectrum corresponds to a specific molecular bond vibration?7.78. The

corresponding vibrational modes of the labeled peaks are listed in Table 3.1.
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Figure 3.6 Raman spectrum of a blade-coated PEDOT:PSS (AI 4083) thin film with a
thickness of 89 nm. The excitation wavelength is 785 nm.

Table 3.1 Summary of vibrational modes in the Raman spectrum of a PEDOT:PSS film

(89 nm) at 785 nm excitation wavelength according to Ref.77.78,

Peak Wavenumber(cm1) Vibrational Modes

a 439 oxyethylene ring deformation
b 577 oxyethylene ring deformation
c 701 symmetric C-S-C deformation
d 989 oxyethylene ring deformation
e 1257 Ce—Cq inter-ring stretching

f 1365 Cp—Cg stretching

g 1430 symmetric C«=Cg stretching

h 1529 asymmetric Cq=Cpg stretching
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3.3 Thermal characterization: frequency-domain thermoreflectance technique

Frequency-domain thermoreflectance (FDTR) technique is a non-destructive contactless
optical method which can simultaneously determine the thermal conductivity and heat
capacity of a sample, as well as the thermal boundary conductance between material

layers7o.

The optical principle of FDTR technique was pictured in Figure 3.7. A pump laser (405
nm) and a probe laser (532 nm) were used to locally heat and probe the local
temperature, respectively. A modulated pump laser in the frequency range between 30
kHz and 20 MHz is focused on the sample surface. The surface temperature changes
periodically due to the imposed heat flux, leading to the change of the sample’s surface
reflectivity which is detected by the probe laser. In order to enhance the thermal
sensitivity of the technique881, a 60 nm Au transducer was evaporated onto the surface
of the samples, as displayed in Fig. 3.8. The key quantity that we address is the phase lag
between the pump heat wave generated by the pump laser, and the harmonic response
of the sample as detected by the probe laser. The frequency dependent phase lag is
modelled by solving the parabolic heat equation. As depicted in Figure 3.9, our fits are in

good agreement with the experimental data.

In the data processing, the thermal conductivity of glass substrate and gold were
independently measured and fitted first. Afterwards, we fitted the thermal conductivity
of the PEDOT:PSS film using the thermal conductivity of gold and glass substrate as
input parameters. The thicknesses of gold and film layers are from profiler or
ellipsometer. The heat capacity and density of PEDOT:PSS films82 we used are 1666
]/ (kg-K) and 1200 kg/m3, respectively. More parameters are listed in Table 3.2.
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Figure 3.8 A PEDOT:PSS film with a 60 nm gold layer for FDTR measurement.
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Figure 3.9 Change in the phase lag of a 100 nm blade-coated PEDOT:PSS film with the
frequency. The red circles represent the experimental data. The black curve represents
the fitting result.

Table 3.2 Parameters in FDTR fitting process

Layers Heat Capacity Density Thickness Thermal Conductivity
J/(kgK)) (kg/m3)  (m) (W/(mK))

Gold 129 19300 X1 K1

PEDOT:PSS Film 1666 1200 X2 K2

Glass substrate 840 2500 1x103 K3
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3.4 Electrical determination methods (g, S)

3.4.1 Van der Pauw method

Figure 3.10 Schematic of a square film for the Van der Pauw measurement. Silver paste

was deposited on the four corners.

The Van der Pauw method33 is a technique used to measure the sheet resistance and the
Hall effect of flat samples of arbitrary shape. In order to use this method, the following

conditions must be satisfied.

(1) Four probes are placed in the perimeter of the sample.

(2) The four contacts between probes and the sample should be as small as possible.
(3) The samples show good thickness homogeneity.

(4) The sample composition is homogeneous, and does not have any holes.

Furthermore, the Van der Pauw method is only suitable for isotropic materials. The
sample thickness must be much less than its width and length. The sheet resistance of
samples fulfilling the above-mentioned conditions can be calculated in terms of the

following formula.

e TR1234/Rs | @~TR2341/Rs — 1 (3.14)

where R is the sheet resistance. Then the electrical conductivity is: ¢ = 1/tR;. tis the
thickness.

Ry;34 has dimensions of resistance, and is calculated from the measured voltage
between the contacts 3 and 4 per unit current that is injected through the contacts 1 and

2. The serial numbers of corners are labeled in Fig. 3.10. Ry, 34 = U3y /115

Equation (3.14) is the simplest version of Van der Pauw method. In practice, R;z34 is
averaged by also measuring with three other (theoretically identical) measurements by
reversing the direction of the current and/or switching the current and voltage contacts.
The Seebeck coefficient is determined directly from the slope of the AV-AT plot by slowly
heating one side of the sample, while measuring the temperatures of the thermocouples

and the Seebeck voltage across the sample.
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3.4.2 A custom setup for o

A custom setup (see Fig. 3.11) consisting of a sourcemeter (Keithley 2604B) and a
testing stage with micromanipulators to contact the sample can determine the sheet

resistance of thin films.

— 5 ‘ KEITHLEY 2604B (9
N \»__ o oo

Figure 3.11 A custom setup for the measurement of sheet resistance, in the case of thin

\
B ——

films.

Figure 3.12 PEDOT:PSS thin film for electrical conductivity measurement. The film lies in
the transparent area and gold covers the remaining area on the glass substrate. The

length, width and thickness of the film are L, w and d, respectively.

As displayed in Figure 3.12, a gold layer with a thickness of 60 nm was evaporated on
both sides of the film prior to the measurement, forming a rectangular capacitor-like
geometry. Two probes on the testing stage are used to contact the two sides of the film
(gold film with or without additional silver paste). The current flows from one probe
and arrives at the other one via the film. Before the experiment, a resistance box with

variable known resistances is used to calibrate the setup.

The geometry of the film was measured. Then the electrical conductivity is calculated

based on the following formula:

L
_ L (3.15)

7= Rwd

Q|-
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where o is electrical conductivity, p is electrical resistivity, R is the measured
resistance, L isthe length, w is the width and d is the film thickness.

In our case, this custom setup was used to determine the sheet resistances of ZnO
NCs/PEDOT:PSS and GQDs/PEDOT:PSS hybrid thin films.
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IV. Advanced Optical Characterization of PEDOT:PSS Thin Films

4.1 State of the art

PEDOT:PSS is a widely used organic material in many fields of application84, particularly
in optoelectronic devices: as flexible electrode for solution-processed solar cells and
light-emitting diodes, acting as hole transport and hole injection layer, respectivelyss.
Understanding the optical properties of these films to model the optical behavior of such

devices is important for their proper design and optimization.

It is widely accepted that PEDOT:PSS thin films are optically anisotropic displaying
uniaxial behavior with the optic axis perpendicular to the film plane8s. Other PEDOT
composites have similar optical anisotropy, since it originates in the in-plane
arrangement of the PEDOT backbones that results from most solution processes. The
anisotropy is also influenced by the composite nature of the films in which PEDOT:PSS
grains are surrounded by excess non-conductive PSS. Therefore, the final structure and
properties of the films mainly depend on the PSS content of the specific formulation, but
also on other film treatments, like DMSO addition, that modify the morphology8+85. This
structural variability is reflected in the anisotropic complex refractive indices of the
films which are usually determined by spectroscopic ellipsometry. However, most
investigations disregard the anisotropy and assume that PEDOT:PSS films are optically
isotropic for simplicity?7387. This assumption may be approximately valid sometimes but
not always, and in fact it may lead to erroneous conclusions when optical simulation of
the devices is neededs?. In addition, even if not many authors have published reference
values of anisotropic complex refractive indices of PEDOT:PSS, considerable scatter of
data is found in literature which is also partly due to use of isotropic approximations
without clear comparison between isotropic and anisotropic analyses evidencing which
kind of errors can be expected when anisotropy is not considered. The two components
of the uniaxial complex refractive index of PEDOT:PSS in a wide spectral range were
reported in the seminal work of Pettersson et a/8¢ for spin-coated films of the Baytron P
formulation (1:1.25 ratio by weight). Other reported values are those of Heraeus
PH5008% and PH100074, both also containing 1:2.5 weight ratio. Finally, spin coated films
of Heraeus Al 4083 (1:6) were reported to be optically almost isotropic, although their
electrical conductivity was found to be clearly anisotropic®6. A systematic optical
investigation of different formulations including anisotropy and structural

considerations is not found at hand.

In this work, we set to rationalize changes in anisotropic complex refractive indices
observed in different PEDOT:PSS films. We discuss the anisotropic optical behavior of
two quite different commercial PEDOT:PSS formulations, namely Sigma-Aldrich 483095
(1:1.6 ratio by weight) and Heraeus Al 4083 (1:6), comparing with values found in

literature. We also compare these results to isotropic approximations and examine the
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ellipsometric analysis for very different film thicknesses, from rather thick drop-cast
samples to thinner films obtained by blade coating, similar to those used in actual
devices. We also study DMSO treated material and correlate the observed variations to

structural changes that can be identified from Raman measurements.

4.2 Ellipsometry data fitting

In what follows we describe in detail, as an illustrative example, the analysis of
ellipsometry data for the more conductive studied formulation of PEDOT:PSS, namely
Aldrich 483095, which displays stronger optical anisotropy. We fit the measured
ellipsometric magnitudes tani and cosA using both an isotropic model and an
uniaxial anisotropic model in which the optic axis of the film is perpendicular to its
surface and compare both results. Since all films have low roughness, for the analysis we
just consider one film on the isotropic glass substrate which was separately measured

and fitted as reference.

The complex dielectric function of PEDOT:PSS can be parameterized using well-known
analytic lineshapes®. The metallic-like behavior given by the bipolaron band8s is
described using the Drude model whereas other observed contributions such as the
polaron band or interband transitions are added as generalized Lorentzians, e.g,
zero-dimensional critical points (CPs). Hence, the general lineshape used is:
E,? Aje'®s

E) = w—#q- -
“E)= o~ primn, t LE—E il
J

(4.1)
where E, corresponds to the unscreened plasma energy of the free carriers and 7,
gives their scattering rate. The screened energy of the free-carrier plasma oscillations is
E, / \V€w .The parameters of each CP are the amplitude 4; the phase ¢, the transition
energy £; and the broadening /; The Drude model parameters can be related to the
electrical resistivity according to:

dmh [, I
p (2-cm)=— > = 0.58695 > (4.2)
& Exkp EokEp

The unit of p in Eq. (4.2) is 2-cm when both 7, and E, are inserted in eV. The
values of resistivity calculated in this way are helpful to establish relative comparison
between films and to provide estimated values which are often smaller than the dc
resistivity obtained from electrical measurements. One reason for this discrepancy is the
simplistic model but also the higher sensitivity of the electrical measurement to the
presence of macroscopic defects in the film71. The Drude parameters are also useful to
estimate the carrier mobility x# and concentration N, which are given by u(cm? /
Vs) =7.2739 /I, m* and Np(cm™3) = 7.2525 X 102°Eje,,m”, respectively, where m*
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is the effective mass of the charge carriers and both 7, and E, are expressed in eV. To
establish relative comparisons, the effective mass can be taken as 1 although a better
estimate could be the value from theory that the effective mass along the chain axis for
holes is 0.09392.

Figure 4.1.a shows the complex refractive index components n + ik = v/¢ obtained for
several films. Since all the fit functions are parameterized using Eq. (4.1) we display
values extrapolated to lower energy which are relevant for the discussion when the best
fit results for both isotropic and anisotropic models are compared. Regarding the
anisotropic components, PEDOT:PSS films display positive birefringence, that is, the
extraordinary (out of plane) refractive index is larger than the ordinary (in plane) one.
The spectral behaviors agree with the in-plane arrangement of PEDOT backbones and
obvious conductive behavior of the corresponding component compared to the
out-of-plane nonmetallic character. As can be expected from the measurement
configuration, the general spectral behavior of the isotropic solution is similar to that of
the anisotropic in-plane component?. However, its value is not in between both
anisotropic components but it is lower, which seems counterintuitive but it is a
consequence of the positive birefringent film optics. It is worth noticing that although
the fit in the thick bulk-like drop-cast film data is improved with the anisotropic model
(MSE reduced by a factor 1.5), the improvement is most evident in the thinner films
when optical interferences appear, from the ~ 1 pm thick film (shown in Fig. 4.1.b) down
to device-relevant thicknesses of around 60 nm, which cannot even be properly fitted
using Eq. (4.1) and an isotropic optical model (see Fig. 4.2) even if the anisotropy is
comparatively smaller than in the drop-cast. In these cases, the MSEs are reduced almost
one order of magnitude. The discrepancies using isotropic models are quite clear at
angles of incidence around the Brewster angle, which for these films is close to 55
degrees. The Drude parameters determined using the isotropic model are unreliable, &,
and 7, are underestimated, while E,, is overestimated. More important, the fitted film
thicknesses become quite inaccurate for the isotropic approximations in the thinner

films according to profilometer measurements.
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Figure 4.1 (a) Complex refractive index components for different films of PEDOT:PSS

(Aldrich 483095). (b) Experimental spectra at five angles of incidence and their best fits

using both isotropic and anisotropic models for the thinner (d=930 nm) drop-cast film.
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Figure 4.2 Ellipsometric spectra at two angles of incidence for the thin blade-coated film
of PEDOT:PSS (Aldrich 483095) and regression fits. Experimental points (black dots) are
well fitted by the uniaxial anisotropic model (red lines) but cannot be reproduced by
assuming the same analytic expression and an optically isotropic model (blue lines). The
film thickness determined by profilometry is 60 nm, the anisotropic fit result is 64 nm

and the isotropic fit result is 79 nm.

In order to reproduce the measured spectral dispersions using Eq. (4.1) we need to
include up to three CP terms: a rather weak structure often detected close to 1.5 eV
which corresponds to the polaron absorption, a prominent peak observed around 5.3 eV
which has been attributed to the PSS component, and a higher energy broad peak that
represents the contribution of higher lying absorptions in a phenomenological way. This
third component is actually added for convenience as it helps to match correctly the
experimental background of the spectra. However, this term alters the value of &.
Therefore, to obtain reliable Drude parameters from the fits using Eq. (4.1), it is
convenient to consider just the two first terms and restrict the spectral range for fitting

to the lower energy portion of the spectra, as recommended by Humlicek et al. in Ref.71.
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A convenient cutoff energy in our case is 3 eV. Since for PEDOT:PSS a weak polaron
contribution may be present in the fitted range, in this work we keep three terms
including one possible CP to represent the polaron to obtain accurate parameters for use
in Eq. (4.2). The relevant Drude parameters obtained for films plotted in Fig. 4.1 are
listed in Table 4.1 together with other pertinent results.

In summary, the analysis of ellipsometric data provides both values of film thickness and
optical functions whose spectral characteristics can be quantitatively related to the
metallic behavior of the PEDOT:PSS films, in particular revealing information about
effective doping and electrical parameters. All these magnitudes are seen to depend not
only on the specific formulation (or PEDOT to PSS ratio) but also on structural variations

that occur during deposition or post treatment.

Table 4.1 Parameters determined from ellipsometry and Raman spectra for selected
samples studied in this work. The deposition methods are abbreviated as BC (blade
coating) and DC (drop casting). The birefringence An = n, —n, is given at an energy of
2.5 eV as indication of the optical anisotropy of each film. The Drude parameters
correspond to the ordinary component.

PEDOT:PSS Aldrich 483095 (1:1.6 ratio by weight)

Deposition  An (2.5 eV) £o E,(eV) I,(eV) o(cm?') HWHM (cm?)

BC 0.20 1.68 1.28 0.51 1422 41
DC 0.36 1.78 1.48 0.70 1422 41
DC&DMSO  0.15 1.59 1.67 0.82 1427 41

PEDOT:PSS Al 4083 (1:6 ratio by weight)

BC 0.01 1.52 1.27 0.67 1437 44
BC 0.12 1.58 1.03 0.72 1432 42
DC 0.12 1.56 1.01 0.74 1431 43
DC & DMSO | 0.04 1.68 1.10 0.74 1429 39

4.3 Interpretation of Raman spectra

Raman spectroscopy is a well-established optical method to obtain structural
fingerprints based on measured vibrational signatures of the samples. In particular, it
has been extensively applied to PEDOT:PSS based on experimental knowledge and the

vibrational modes calculations performed by Garreau et al’? which help to assign the
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origin of each mode in PEDOT and deliver valuable insights into the structural
transformations of PEDOT upon doping. Despite all this knowledge, controversial
statements are found in this abundant literature when partial evidences coming just
from Raman spectra are considered. In this context, it is useful to discuss both

vibrational and optical spectra together.

It is well known that the Raman spectra of PEDOT:PSS show some dependence with the
laser excitation wavelength with usual lasers in the near-infrared and visible range. In
particular, the positions of the Raman bands which are associated to the m-bonding
system exhibit small shifts with different wavelength excitation due to preferential
resonant enhancement of specific segments of the polymer. Longer wavelengths
selectively enhance always the segments with longer effective conjugation lengths77.94.
However, the main interpretation of the spectra is common to all of them and
comparison between samples is possible if spectra are measured with the same
excitation. In this work, we choose to work with A = 785 nm (1.58 eV) because it has
a large resonant effect on the segments of the conjugated thiophene backbone that
contribute to the electrical conductivity. This is convenient for correlation with the
ellipsometric spectra as well as to obtain reasonably intense signals from very thin films,
since we must use low laser powers to prevent heating and degradation of the polymer.
In addition, degradation is further reduced by using a less energetic laser in the near

infrared.
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Figure 4.3 Raman spectrum of a drop-cast PEDOT:PSS (Aldrich 483095) film. The fitted
components are shown and the obtained Raman shifts are compared to calculated
frequencies for PEDOT, given in parentheses according to Ref.””.
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A typical Raman spectrum is shown in Fig. 4.3. In the fit, each Raman band is initially
represented by a pseudo-Voigt function because some bands are better represented by
Gaussian and others by Lorentzian lineshapes; once established, these plain lineshapes
are chosen. In general, we find that sharper modes are Lorentzian and broader ones are
Gaussian. Some bands are obviously asymmetric and are fitted by split profiles. The most
intense band near 1422 cm- is always well reproduced by a symmetric profile with
mixed pseudo-Voigt lineshape. The modes that are sensitive to changes in conjugation
length are those above 1200 cm}, as is clear from Fig. 4.4. Among them, the most intense
band shows the largest variation upon doping, spanning about 25 cm-! total shift in the
PEDOT:PSS complex8. This large variation may be an apparent effect since the band
possibly contains two components’8, However, these components do not always appear
resolved and experimentally it is practical to just fit one average peak. The origin of
these two assumed components is the benzoid-quinoid tautomerism of PEDOT chains, in
which the higher frequency component would arise from the benzoid structure and the
lower frequency one from the quinoid, agreeing with a longer conjugation length in the
latter. This is an idealization because a continuous distribution of molecular
conformations is the most probable scenario. Experimentally, the shift upon doping is to
the blue, leading to a contradiction with the ground state of PEDOT being aromatic. In
addition, calculations support the change to quinoid conformation by doping?%.
Therefore, other mechanisms must counterbalance and be more effective in shortening
the conjugation length by increasing doping and the observed Raman shifts cannot be
simply interpreted in terms of quinoid to benzoid transformation as frequently done.
One possibility could be some twisting of the thiophene backbone??, even if PEDOT is
considered to be essentially planar. In addition, both intra-chain linearity and inter-chain

packing enhance conjugation.

Enhanced linearity is associated to the quinoid conformation. On the other side,
enhanced planarity results from PEDOT agglomeration and alignment into large
domains. This second mechanism, which is more related to film morphology, could be
the dominant one in a real film with phase separation. Another relevant parameter is the
linewidth of the main Raman band, which arises from the distribution of conjugation
lengths. A narrower band implies more homogeneous distribution of conjugated
domains which usually seems to appear for films with red shifted Raman, although in

principle, the average position and the linewidth must not necessarily be correlated.
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Figure 4.4 Graphical representation of the main modes of PEDOT according to Ref.7”.
Main bond contributions are represented by thicker lines and angles are also

proportionally drawn to their variations.

4.4 Spectroscopic results and discussion

As is the case with the electrical conductivity, the measured optical functions represent
the response from the combined PEDOT:PSS medium. In particular, observed
anisotropies are the result of morphological characteristics of the conducting
PEDOT-rich particles embedded in the rather isolating and isotropic PSS-rich host.
Hence, PSS richer films are less anisotropic and display lower electrical and optical
conductivity. In contrast, Raman scattering is mainly sensitive to PEDOT vibrations; in
our experimental conditions we do not detect any PSS vibrations. However, the results of
both optical techniques depend on the general film morphological traits. A systematic
investigation of both Raman and optical functions including anisotropy is thus helpful to
establish the link between optical and structural properties using non-invasive
measurements. In the following, we consider the results from different formulations and

morphologies to investigate this link.

4.4.1 Dependence with PSS content

The two investigated formulations differ mainly in the ratio of PEDOT to PSS. Despite the
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notable difference of proportions 1:1.6 vs. 1:6, in both cases PSS is present in excess in
the PEDOT:PSS polyelectrolyte complex and the oxidation level (doping) of PEDOT can
be similarly high. The maximum attainable is around 33% ionized sites equivalent to one
positive charge every three monomer units. As already mentioned, the films consist of
PEDOT:PSS grains embedded in an amorphous PSS matrix. The optical properties of the
films correspond to this composed medium, in particular the Drude model parameters
of Eq. (4.1) reflect the composite behavior, whereas the critical points are characteristic
optical transitions more localized in the components. Note that the weak polaronic
transition is localized in PEDOT and its absence or weakness qualitatively indicates the
high doping level in all studied films. The largest difference in the two studied
formulations being the PSS content, is mostly reflected in the Drude parameters. In
particular, the plasma energy gives an indication of the overall PSS content. Regarding
the optical anisotropy, we already mentioned that it is larger for the lower PSS content
Aldrich 483095 films but we find that films of Al 4083 are still anisotropic, especially if
dropcast?. In both formulations, the anisotropy in blade-coated films is comparatively
smaller due to faster drying which leads to a morphology with smaller phase
separation5! implying smaller aggregation of PEDOT:PSS grains. Figure 4.5 shows the
complex refractive index components for films of Al 4083 showing different anisotropy.
The Raman spectra of the same films show up to 5 cm-! difference in position of the main
peak, which is a quite large dispersion compared to 9 cm difference in position
between the drop-cast films of the two formulations. It seems clear that the usual
identification of main Raman peak position, or in other words conjugation length, solely
determined by doping of the PEDOT chain is not valid. Interestingly, the Raman results
for films of the same formulation displayed in Fig. 4.5 suggest that the different
anisotropy is related to different Raman shift (see Table 4.1). Unfortunately, anisotropy
is also related to the PSS content because the PSS matrix is rather isotropic. However, in
comparable films, increasing anisotropy gives decreasing Raman shift, pointing to an
important influence of inter-chain packing in aggregated grains within the film as
mechanism to enhance conjugation length. The linewidth is not clearly reduced,
suggesting that the dispersion in conjugated lengths changes very little even if the

average is enhanced.
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Figure 4.5 Complex refractive index components for different films of PEDOT:PSS (Al
4083). Results obtained both using isotropic and anisotropic models for the thinner

films are shown.

4.4.2 Effect of DMSO addition

The role of morphology regarding the optical properties can be further clarified by
considering the optical properties of films modified by DMSO addition. The effects of
DMSO are most clearly appreciated in drop-cast films in which drying time is longer and
changes can develop to a greater extent. Also, the changes induced by DMSO are also
more clear in lower PSS content films, in our case of the Aldrich 483095 formulation. In
all cases the measurements were done far from the film border where PSS segregation is

noticeable. Relevant resulting parameters for all samples selected in this study are listed
in Table 4.1.

In all cases, DMSO addition tends to reduce the optical anisotropy. This reduction may be

due to smaller PEDOT:PSS grains in the PSS matrix or a lower overall correlation of
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in-plane order among the grains. At the same time, the optical spectra (see Fig. 4.6)
display more clear polaron bands, consistent with literature®s, indicating dedoping of the
PEDOT:PSS regions. Both facts support the explanation that the higher electrical
conductivity is mainly related to a change in phase separation structure that leads to

improved connectivity of the PEDOT:PSS regions in the film9.

2.0 | A
PEDOT:PSS (Aldrich) w. DMSO
18 r 1 1.8 F 1
1.6 .
1.6 4
1.4+ .
1.4| 7 PEDOTPSS (Al4083) w.DMSO { 1, | \ 1
f ] f } f 1.0
L i 1.4
0.3 — iso PEDOT:PSS
ord PEDOT: PSS 1.2 +
—— ext PEDOT:PSS
0.2} —— iso PSS g 1.or
—— ord PSS
0.8
——— ext PSS ~
0.1Ff . 0.6
0.4 F
00 | | 0.2 |
1 1 1 1 1 0.0 L 1 1 1 1 1 a
1 2 3 4 5 1 2 3 4 5
energy (eV) energy (eV)

Figure 4.6 Optical functions of PEDOT:PSS modified with DMSO. The isotropic model
results are given by the black curves, whereas the anisotropic model results are the
orange (ordinary) and red (extraordinary) curves. The results obtained for the
segregated PSS film are also plotted in (a), the result is virtually isotropic and we do not
observe clear interband transitions in the measured spectral range. Comparing the n
and k of the PEDOT:PSS to the pristine drop-cast samples, the main changes are a lower
birefringence, a higher plasma energy (due to the smaller excess PSS content), and the
appearance of a weak polaron signature near 1.5 eV that indicates some dedoping.
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Figure 4.7 Main Raman band for the drop-cast PEDOT:PSS films before and after DMSO

treatment.

Figure 4.7 shows the main Raman band for the four drop-cast films. The shifts in this
band give indication of the local changes in the PEDOT:PSS grains. Although there is
dedoping in both cases, the change in position for every formulation is different. Clearly,
the Raman shift is not correlated with the overall PSS content in the film and in
particular the large blue shift for the lower PSS containing film suggests that
morphology change plays the main role in the shift which indicates a decrease in
correlation length. In general, the position of the Raman band seems to result from at
least two contributions with opposite sign: a red shift due to dedoping and a blue shift
that is likely due to reduction of the grain size. The first predominates in higher PSS
content film where the grains are already small without DMSO, and the second in the
lower PSS content film that has larger aggregates without DMSO which allow an
increased dispersion of the aggregated domains upon DMSO addition, in consonance

with recent studies®°.

4.5 Conclusions

Both spectroscopic ellipsometry and Raman scattering are noninvasive and versatile
methods able to probe different structural traits related to the optoelectronic properties

of PEDOT:PSS films. The combined study using these optical spectroscopies provides
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detailed insights into diverse significant aspects of this complex material. The main
optical information extracted from ellipsometry are the optical constants of the
composite medium including anisotropic behavior, as well as their spectral
characteristics related to average doping and optical conductivity. In addition, interband
transitions are signatures of more local properties, in particular the appearance of a
weak polaron band is related to the doping state of the PEDOT:PSS domains. On the
other hand, the main information obtained from the position of the main Raman band is
associated to the correlation length for PEDOT in the same domains. Previous literature
suggested that correlation length depends only from the chain conformation given by
the doping state, roughly related to the PSS content. In this work, we find that the film’s
phase separation nanomorphology gives a likewise important contribution to the Raman
shift. Since the morphology is connected to the optical anisotropy, there is a correlation
between anisotropy and Raman shift in films with the same PSS content, so that higher

anisotropy is found together with longer correlation length.

Films obtained with DMSO addition tend to be less anisotropic. This may seem
surprising but is consistent with the morphology change induced by this additive. The
segregation of PSS caused by DMSO gives as a result some dedoping and improved
alignment of the fibrils in the PEDOT:PSS domains but it also tends to cause misaligned
and smaller aggregated grains that as a result are closer. Hence, even if the correlation
length in a grain may be reduced, their closer proximity can lead to improved optical and
electrical conductivity. This effect is largest in the low PSS content formulation we have
studied, and is relatively small in high PSS content, since the phase separation of the

pristine films is already quite small.

Finally, we must emphasize that it is very difficult to generalize trends which depend
from a complex interplay of different parameters. In fact, not only PSS contents and the
different solvent/additives can give rise to films with different properties. Different
deposition methods and different conditions can also result in different morphologies.
Therefore, the availability of advanced optical characterization procedures as outlined in
this study are expected to be very useful in understanding and optimizing PEDOT:PSS

films for optical and thermoelectric applications.
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V. Thermal and Optical Properties of PEDOT:PSS Based Films

5.1 State of the art

Poly(3,4-ethylenedioxythiophene) (PEDOT)-based polymers are currently among the
best candidates for thermoelectric harvesting of waste heat targeting near-room
temperature applications, i.e., below 150 °C. PEDOT:PSS is an extensively studied organic
thermoelectric material. High performance thermoelectric materials require high

electrical conductivity and Seebeck coefficient, as well as low thermal conductivity.

When investigating the thermoelectric properties of PEDOT:PSS films, most effort is
focused on the electrical conductivity and Seebeck coefficient, and considerably less on
the thermal conductivity. Jun Liu et al8? studied the thermal conductivity variation of
drop-cast PEDOT:PSS films with the DMSO concentration. They found that out-of-plane
thermal conductivity (k,) stays constant with the increase of DMSO concentration, 0.3
W/(m-K), whereas in-plane thermal conductivity increases from 0.6 W/(m-K) to 1
W/(m-K). G-H. Kim et al37 report that k, decreases from 0.30 W/(m-K) to 0.22 W/(m-K)
in DMSO-mixed PEDOT:PSS films and from 0.32 W/(m-K) to 0.23 W/(m-K) in EG-mixed
PEDOT:PSS films with increasing solvent treatment time. Nelson et a/1%0 found that k. of
PEDOT:PSS/Te nanowires hybrid films decreases from 0.36 W/(m-K) to 0.06 W/(m-K)
with the increase of Te nanowire weight fraction up to 1%.

In this thesis, we emphasize research on the thermal conductivity of PEDOT:PSS films. In
order to tune their thermal conductivity, two strategies were adopted: (i) to fabricate
thickness dependent PEDOT:PSS thin films, and (ii) to blend it with inorganic
nanoparticles, in particular ZnO nanocrystals (ZnO NCs) and graphene quantum dots

(GQDs).

The semiconductor zinc oxide has gained much research interest because it has a wide
band gap (3.37 eV) and a large exciton binding energy (60 meV), which contributes to its
numerous applications, such as piezoelectric devices, sensors, ultraviolet lasers,
photo-electric devices, etc. In addition, ZnO nanoparticles are notable because of their
various remarkable chemical and physical properties depending on the different ways
they are synthesized. Lin et all®! observed that the electrical conductivity of ZnO
nanoparticles (35 nm)/PEDOT:PSS hybrid thin films rises with the ZnO fraction at 300 K.

The improved conductivity is mainly due to the enhanced carrier mobility.

GQDs, with a size of several nanometers, attract a lot of attention in recent years due to
their unique properties. They have high electron mobility, low toxicity, good solubility in
many solvents, and excellent optical and electronic properties, which makes them
interesting candidates for a wide range of applications. It has been demonstrated that
GQDs can be used in diverse areas related to energy harvesting and efficiency such as in

photovoltaic devices, organic light-emitting diodes, etcl02, Kim et al/1%3 and Du et al*
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both observed that the electrical conductivity and Seebeck coefficient of PEDOT:PSS
films increase significantly after incorporating GQDs. Wang et al* found that the
thermal conductivity of GQDs/PEDOT:PSS (PH1000) films slightly increases from 0.8
W/(m-K) to 0.95 W/(m-K) when the mass ratio of GQDs to PEDOT:PSS increases from
0.1% to 10%.

In this work, we report on the thermal and optical properties of PEDOT:PSS thin films.
Three types of PEDOT:PSS films have been studied: (i) PEDOT:PSS thin films with
different thicknesses; (ii) ZnO NCs/PEDOT:PSS hybrid thin films; (iii) GQDs/PEDOT:PSS
hybrid thin films. To the best of our knowledge, the change of thermal conductivity of
PEDOT:PSS films versus thickness, and the thermal conductivity of ZnO NCs/PEDOT:PSS
hybrid films have not been reported before. Our work tries to fill this gap and provide
promising routes for tuning the thermal conductivity of PEDOT:PSS films applied to
thermoelectric conversion. Mastering how to tune the thermal conductivity and
understanding the reason for thermal conductivity changes are important for optimizing
ZT. Furthermore, our investigation of the optical properties of these films is relevant for
optimizing organic electronics including organic solar cells and organic field-effect
transistors because it helps to model the optical behavior of these devices.
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5.2 Thermal conductivity of PEDOT:PSS thin films with thickness gradients

a Al 4083 ]
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0 20 40 60 80 100 120 140 160 180 200 220 240 260
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Figure 5.1 Out-of-plane thermal conductivity of blade-coated PEDOT:PSS films measured
by FDTR as a function of the film thickness. (a) Al 4083; (b) Aldrich 483095. Dashed line

is a guide to the eyes.
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Figure 5.1 shows the dependence of the out-of-plane thermal conductivity (k.) on the
film thickness in blade-coated PEDOT:PSS films for two different commercially available
PEDOT:PSS formulations. The measured thermal conductivity data are mostly located in
the grey areas. With the decrease of the film thickness, the thermal conductivity of Al
4083 films remains stable at around 0.31 W/(m-K) at first before starting to rise when
the thickness reaches down to 140 nm, exhibiting a maximum value of 0.51 W/(m-K) in
the thinnest film point. On the other hand, we did not observe a similar thermal
conductivity change in Aldrich 483095 films within our measurement accuracy, as
depicted in Fig. 5.1.b. The average thermal conductivity of Aldrich 483095 films is
around 0.37 W/(m-K).

What is the origin of the change in thermal conductivity with thickness observed in Fig.
5.1.a.? And why do these two types of PEDOT:PSS films display different thermal
conductivity dependence with film thickness? In order to answer these questions, let us
consider which physical magnitudes can influence the result. Three possible
mechanisms are proposed. Firstly, charge carriers affect the thermal conductivity. We
measured the electrical conductivity of Aldrich 483095 films (See Fig. 5.2) and used the
maximum value to calculate the electronic contribution to thermal conductivity (k)
according to the Wiedemann-Franz law. The resulting k. is 1.6x10-3 W/(m-K). As we
introduced in the first chapter, the thermal conductivity has contributions from the
electronic part (charge carriers) and the lattice part (phonons). In this case, the
contribution to the thermal conductivity from the electronic part is much smaller than
the measured one. Therefore, the detected thermal conductivity of Aldrich 483095 films
is dominated by the phonon contribution. The same holds true for Al 4083 films, since
they are even less electrically conductive than Aldrich 483095 films. The second possible
mechanism is that structural variations lead to the thermal conductivity change. Last but
not least, morphology change may also play a role in the change of thermal conductivity
of PEDOT:PSS films. To evaluate the structural modifications as function of PEDOT:PSS

film thickness, Raman spectroscopy and AFM measurements were performed.
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Figure 5.2 Electrical conductivity of PEDOT:PSS (Aldrich 483095) films versus thickness.
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Figure 5.3 Main peak position versus thickness in the Raman spectra of PEDOT:PSS films.

0 20 40 60 80 100 120 140 160 180 200 220 240 260
Thickness (nm)

(a) Al 4083; (b) Aldrich 483095. The insets show the main peak linewidth.

Figure 5.3 shows the main peak position versus the film thickness in the Raman spectra
of PEDOT:PSS films (shown in Fig. 3.6). The main peak which is assigned to the
symmetric C,=Cg stretching gradually shifts to a lower wavenumber with the decrease of
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the thickness, spanning about 8 cm! and 10 cm-! total shift in Al 4083 films and Aldrich
483095 films, respectively. Generally, a red shift in Raman spectra indicates an increased
average conjugation length. This is possibly due to the decrease of doping level of PEDOT
chains from bipolaron to polaron or neutral state!04105, The thin films tend to be more
ordered resulting from improved alignment of the fibrils in the PEDOT:PSS domains.

The insets represent the change in main peak linewidth with the thickness. The most
intense band becomes narrower as the thickness decreases. The linewidth of Al 4083
films decreases from 39.3 to 27.3, while the linewidth of Aldrich 483095 films decreases
by less, from 39 to 34.8. The linewidth of the most intense band arises from the
distribution of conjugation lengths. A narrower band implies a more homogeneous
distribution of conjugated domains, which is probably the main mechanism for the
enhancement of the thermal conductivity of Al 4083 films. As depicted in the inset of Fig.
5.3.a, the linewidth of the most intense band decreases slightly from 39.3 to 37.3 as the
thickness decreases from 240 nm to 130 nm, and then it declines rapidly from 37.3 to
27.3 in the thickness range of (0-130) nm. As a result, with the decrease of the thickness,
the thermal conductivity of Al 4083 films keeps stable at first before rising remarkably.
Likewise, the thermal conductivity of Aldrich 483095 films almost does not change

which correlates with the small linewidth change in the whole thickness range.

Figure 5.4 Topography images of PEDOT:PSS (AI 4083) films with different thicknesses.
(a) 15 nm, Root mean square roughness (sq) =0.88 nm; (b) 257 nm, sq=1.1 nm. All
images depict an area of 2X2 pmz2. Scale bars represent 500 nm.
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Figure 5.5 Topography images of PEDOT:PSS (Aldrich 483095) films with different
thicknesses. (a) 10 nm, sq=1.8 nm; (d) 221 nm, sq=2.9 nm. All images depict an area of
2X2 umz2, Scale bars represent 500 nm.

The surface topography of PEDOT:PSS films was measured by AFM. Fig. 5.4 and Fig. 5.5
demonstrate the morphology of Al 4083 films and Aldrich 483095 films, respectively.
The observed roughnesses are 0.88 nm (Fig. 5.4.a), 1.1 nm (Fig. 5.4.b), 1.8 nm (Fig.
5.5.a), and 2.9 nm (Fig. 5.5.b). The topography images of both PEDOT:PSS formulations
similarly highlight the growing roughness and the bigger phase separation between
PEDOT:PSS grains and excess PSS with increasing film thickness, i.e. the thin films are
more homogeneous than thick films. This good homogeneity may have an influence on
the high thermal conductivity of thin Al 4083 films. On the other hand, although the
homogeneity of Aldrich 483095 films also changes with the thickness, the thermal
conductivity of Aldrich 483095 films does not increase. Accordingly, it can be concluded
that the morphology of PEDOT:PSS films does not affect their thermal conductivity.

In sum, the thermal conductivity of PEDOT:PSS (Al 4083) films can be significantly
enhanced by decreasing the film thickness. As indicated by Raman measurements, this
remarkable enhancement is attributed to more homogeneous distribution of conjugated
domains.
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5.3 Characterization of ZnO nanocrystals and nanowires

We considered two different possibilities of ZnO nano-objects to mix with PEDOT:PSS
and form hybrid films, nanocrystals and nanowires. Their synthesis was described in

Chapter 2.4 and their characterization is discussed in the following.

The synthesized ZnO nanocrystals were deposited on silicon substrates and measured
with spectroscopic ellipsometry to evaluate the size of the ZnO NCs. The fitted
thicknesses of one-layer and four-layer ZnO NCs films were 6 nm and 19 nm, respectively.
Thus, a linear thickness dependence on the layer numbers was observed which gave a
rough estimate of the size of ZnO NCs, around 5 nm.

The spectral absorption coefficient of the ZnO NCs detected from 1/13 ZnO
NCs/PEDOT:PSS hybrid film by ellipsometry is shown in Figure 5.6. The inset displays
the theoretical dependence of ZnO NCs radius on the absorption wavelength06.107, The
broad band centered at 356 nm from the ensemble of ZnO NCs in our film is consistent
with an average diameter of 5 nm according to the theoretical calculation196.197, and is in

good agreement with the above estimated size.
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Figure 5.6 Optical absorption coefficient spectrum of ZnO nanocrystals detected from
1/13 ZnO NCs/PEDOT:PSS hybrid film by ellipsometry. The inset displays the theoretical

dependence of ZnO nanocrystals radius on the absorption wavelength106.107,
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Figure 5.7 SEM images of ZnO nanowire arrays synthesized by hydrothermal method. (a)
to (c), Top view. Scale bars are 2 um, 1 pm and 500 nm, in turn. (d) Cross-sectional view.

Scale bar is 1 um. These images are representative of the entire surface.

The morphology of ZnO nanowire arrays was characterized by scanning electron
microscopy (see Fig. 5.7). As we can see from images (a), (b), (c), ZnO NW arrays are
uniformly distributed on the substrate. The cross section of a single nanowire is
hexagonal. The average diameter of single nanowire is around 70 nm. The
cross-sectional image of the arrays (Fig. 5.7.d) suggests that ZnO NWs penetrate the
nanocrystals layer and grow nearly vertically. The length of ZnO NWs is up to 1.31+0.1
um after growing for 8 h. Accordingly, the aspect ratio of ZnO NWs approaches 20.

Figure 5.8 shows the Raman spectrum of these same ZnO NWs. The peak at 520.7 cm-! is
due to the silicon substrate. The other peaks labelled by arrows are from ZnO NWs. It is
reported that ZnO NWs manufactured by the hydrothermal method possess wurtzite
structure®8. Qur Raman spectrum is consistent with the literature!8, indicating the

hexagonal wurtzite structure of ZnO NWs.
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Figure 5.8 Raman spectrum of ZnO nanowires. Excitation wavelength is 532 nm. The
peak at 520.7 cm! is due to the silicon substrate.

We selected ZnO NCs for the hybrids. There are two reasons for choosing ZnO NCs over
NWs. On one hand, ZnO NCs are dispersed in methanol, which is mutually soluble with
the solvent of PEDOT:PSS, water. Therefore, it is rather easy to obtain well-mixed ZnO
NCs/PEDOT:PSS solutions. On the other hand, the fabrication process of ZnO
NWs/PEDOT:PSS hybrid films is quite complicated and more steps are needed:
synthesizing nanowires, removing nanowires from the substrate, dispersing them in
PEDOT:PSS solution. On balance, we therefore chose ZnO NCs as fillers. In what follows,
we report on ZnO NCs/PEDOT:PSS (called ZnO/PEDOT:PSS for short hereafter) hybrid

films.

5.4 Optical properties of ZnO/PEDOT:PSS hybrid thin films

Spectroscopic ellipsometry was used to measure the optical properties of
ZnO/PEDOT:PSS hybrid thin films. The Drude model was used for fitting the film
thickness besides the usual Drude parameters. The metallic-like behavior given by the
bipolaron band is described using the Drude model whereas other observed
contributions such as the polaron band or interband transitions are added as
generalized Lorentzians. Hence, the final model used is:

E,? Aje'®i

E)=¢o———757+ —_—
(B =t mrEn Y LE—E il
]

(5.1)
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where £}, is the plasma energy, 7, is Drude broadening, &, is the high frequency
dielectric constant. 4; is the amplitude, ¢; is the phase, E; is the transition energy
and /; is the broadening of Lorentz peak j. The Drude parameters are useful to estimate

the carrier concentration N, and mobility u which are given as follows.

Np(cm™3) = 7.2525 X 10*°Ejeom” (5.2)
vy = 12739 s
,ucm/s—Fpm* (5:3)

where m” is the effective mass of the charge carriers and both 7, and E, are
expressed in eV. The electric resistivity can be calculated using the obtained Drude

parameters according to:

dmh 1, I,
p(2-cm) =— 5> = 0.58695 5
0 € 1 gooEp

(5.4)

where E),, and 7, are expressed in eV.

The thicknesses of the obtained films are listed in Tables 5.1 and 5.2. We used the mass
ratio between ZnO NCs and PEDOT:PSS to name samples, and the corresponding ZnO
fractions are shown in the tables. The fitted thicknesses using ellipsometry are
compared with the ones measured by profilometry. In general, the fitted thicknesses are
in good agreement with the profiler thicknesses. The big thickness difference in 1/600
ZnO/AI 4083 film probably results from different probed points. Even if we tried to do

both ellipsometer and profiler measurements in a similar position, this was

approximate.
Table 5.1 Thicknesses of ZnO/PEDOT:PSS (AI 4083) films
Sample ZnO fraction | d_prof(nm) | d_ellip(nm)
PEDOT:PSS(AI 4083) 0 109 100
1/600 (Mass ratio of ZnO to PEDOT:PSS) 0.17% 169 114
1/400 0.25% 132 124
1/200 0.5% 200 171
1/100 1% 112 106

Table 5.2 Thicknesses of ZnO/PEDOT:PSS (Aldrich 483095) films

Sample ZnO fraction d_prof(nm) d_ellip(nm)
PEDOT:PSS(Aldrich 483095) 0 94.5 79
1/600 0.17% 87 83
1/400 0.25% 110 86
1/200 0.5% 83 75
1/100 1% 94 80
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Figure 5.9 Drude parameters and conductivity of ZnO/PEDOT:PSS (Al 4083) films
versus ZnO fraction. (a) Plasma energy; (b) Reciprocal of Drude broadening; (c) High

frequency dielectric constant; (d) Conductivity calculated from Drude parameters.

Figure 5.9 displays the Drude parameters and conductivity of ZnO/PEDOT:PSS (Al 4083)
films versus ZnO fraction. The plasma energy reflects the carrier concentration in terms
of Eq. (5.2), to be precise, the bipolaron concentration. The reciprocal of Drude
broadening and the high frequency dielectric constant describe the carrier mobility and
the electronic density of films, respectively. It is clear from Fig. 5.9 that Drude
parameters vary with ZnO fraction. We think the Drude parameters might not only be
affected by ZnO fraction but also the film thickness. In order to determine the effect of
ZnO fraction separately, we focused on the Al 4083 film and 1/100 ZnO/AI 4083 film as
their thicknesses are very close, around 100 nm. As apparent in Figure 5.9.b, the carrier
mobility is the same in these two films. However, the plasma energy of the Al 4083 film
and 1/100 ZnO/AIl 4083 film are 1.44 eV and 1.29 eV, which means the bipolaron
concentration goes down with ZnO fraction. The conductivity of the Al 4083 film is
higher than that of 1/100 ZnO/AI 4083 film because its bipolaron concentration is
higher.
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The absorption spectra of the Al 4083 film and 1/100 ZnO/AI 4083 film were measured
by ellipsometry (Fig. 5.10). We observed a weak and broad band at 911 nm in the
absorption curve of 1/100 ZnO/AI 4083 film. This band is attributed to the polaron
absorption according to the conventional DFT theorys?. However, we did not detect this
polaron band in the Al 4083 film, which is in accordance with the widely accepted idea
that the charge carriers in PEDOT:PSS films are bipolarons. The appearance of polarons
and the decreasing bipolaron concentration illustrate the dedoping of PEDOT chains

from bipolaron to polaron with the increase of ZnO fraction.

36000
—— PEDOT:PSS E_ =1.44eV

32000 | —— 1/100 ZnO/PEDOT:PSS E, =1.29eV
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24000 | l
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Figure 5.10 Absorption coefficient spectra of PEDOT:PSS (Al 4083) film (black) and
1/100 ZnO/PEDOT:PSS hybrid film (red).

Figure 5.11 illustrates the Drude parameters of the in-plane optical response and
corresponding conductivity of ZnO/PEDOT:PSS (Aldrich 483095) films versus ZnO
fraction. Since the thicknesses of all films are around 80 nm, the changes in Drude
parameters occur because of ZnO fraction change. The plasma energy slightly declines
with ZnO fraction, indicating that the bipolaron concentration decreases. The high
frequency dielectric constant remains stable with respect to ZnO fraction, which means
the electronic density of films hardly changes with ZnO fraction. Furthermore, the
reciprocal of Drude broadening increases with respect to ZnO fraction until a maximum
followed by a lower plateau. The conductivity displays the same changing rules as the
reciprocal of Drude broadening, which indicates that the conductivity of ZnO/Aldrich
483095 films depends on the carrier mobility.
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Figure 5.11 Drude parameters of the in-plane optical response and corresponding
conductivity of ZnO/PEDOT:PSS (Aldrich 483095) films versus ZnO fraction. (a) Plasma
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Figure 5.12 depicts the amplitude of the generalized Lorenzian versus ZnO fraction in
the ellipsometry fitting of ZnO/PEDOT:PSS (Aldrich 483095) films. The amplitude of the
Lorenz peak gives information about the polaron concentration in the films. As apparent
in Fig. 5.12, there is an upward trend in the amplitude with the increase of ZnO fraction,
suggesting the increasing polaron concentration. Additionally, the bipolaron
concentration slightly goes down with ZnO fraction, as described in Fig. 5.11.a. These

two results indicate the dedoping of PEDOT chains as ZnO fraction increases.

5.5 Thermal conductivity of ZnO/PEDOT:PSS hybrid thin films
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Figure 5.13 Thermal conductivity of blade-coated ZnO/PEDOT:PSS hybrid thin films

measured by FDTR as a function of ZnO fraction.

Figure 5.13 illustrates the dependence of the thermal conductivity on ZnO fraction in
ZnO/PEDOT:PSS hybrid thin films. Red and black colors represent ZnO/Al 4083 and
Zn0O/Aldrich 483095 films, respectively. The dashed lines are linear fits to the
corresponding data. Adding ZnO significantly increases the thermal conductivity. As ZnO
fraction increases from 0 to 1%, a considerable thermal conductivity increase occurs in
Zn0/AI 4083 films from 0.36 W/(m-K) to 0.72 W/(m-K), while the thermal conductivity
of ZnO/Aldrich 483095 films goes up from 0.38 W/(m-K) to 0.58 W/(m-K).

In order to find the quantitative relation between thermal conductivity and ZnO fraction,
we fitted the first four data points of ZnO/Al 4083 films and all five data points of
ZnO/Aldrich 483095 films. A linear dependence of thermal conductivity with respect to
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ZnO fraction was observed. Stated differently, the composition of ZnO/PEDOT:PSS
hybrid films affects the thermal conductivity. An estimation of the thermal conductivity
of ZnO nanoparticles was obtained from the slope of the fitted curve. In theory, the
thermal conductivity of ZnO nanoparticles in ZnO/Al 4083 and ZnO/Aldrich 483095
films should be the same, i.e. the slopes of two curves should be the same. According to
the fitted equations, we obtained the thermal conductivity of ZnO nanoparticles
(k(Zn0)), 26 W/(m-K) in ZnO/AI 4083 films and 20 W/(m-K) in ZnO/Aldrich 483095
films. These two k(Zn0) values are close although they are not completely equal. If we
fitted all five data points of ZnO/AI 4083 films, the k(Zn0O) value is 36 W/(m-K), which
makes no sense because it is very different from the k(Zn0O) in ZnO/Aldrich 483095
films.

The thermal conductivity of ZnO/Al 4083 films increases significantly from 0.48
W/(m-K) to 0.72 W/(m-K) when ZnO fraction rises from 0.5% to 1%. The thermal
conductivity of 1/100 ZnO/AI 4083 film is far away from the fitted curve. We deduce
there are possibly other factors affecting the thermal conductivity of 1/100 ZnO/AI 4083
film. The composition effect is not the only influencing factor.

In order to find out other factors influencing the thermal conductivity, three possible
mechanisms are proposed. Firstly, free carriers affect the thermal conductivity. We
measured the electrical conductivity (see Fig. 5.14) and calculated the electronic
thermal conductivity in terms of the Wiedemann-Franz law. k. is 7.2X107 W/(m-K) in
Zn0/AI 4083 films and 1.3x10-5 W/(m-K) in ZnO/Aldrich 483095 films. The electronic
contribution to the thermal conductivity was ruled out since the calculated electronic
thermal conductivity is much smaller than the measured thermal conductivity.
Accordingly, the thermal conductivity of ZnO/PEDOT:PSS composite films is dominated
by the phonon contribution. Secondly, structural variations result in the thermal
conductivity change. Thirdly, morphology might have an impact on the thermal

conductivity.
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a ZnO/Al 4083 b ZnO/Aldrich 483095
0.0016 | Based on Wiedemann-Franz law, ] 0.035F Based on Wiedemann-Franz law,
Ke= LT 6pay = 7.2x10"7 W/(m-K) 0.030 Ke= LT 0, = 1.3x107> W/(m"K)
~0.0014 | 2
E £ 0.025 % %
8 9
@ 0.0012 {a %
5 - 0.020
0.0010 | % 1 o015} ;
0.010 |- 8
0.0008 - } { E ?
1 1 1 1 1 L 1 1 1 1 1 0.005 1 1 1 1 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
ZnO fraction (wt%) ZnO fraction (wt%)

Figure 5.14 Electrical conductivity of ZnO/PEDOT:PSS films versus ZnO fraction. (a)
Zn0/AIl 4083; (b) ZnO/Aldrich 483095.
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Figure 5.15 Raman spectra of ZnO/PEDOT:PSS films. (a) Zn0O/Al 4083; (b) Zn0O/Aldrich
483095. The different colors of Raman spectra represent different ZnO fractions. The

Raman spectra were offset vertically to improve visibility.
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Figure 5.16 Main peak linewidth versus ZnO fraction.

Raman spectroscopy was used to investigate the structure change of PEDOT chains with
ZnO fraction. Figure 5.15 depicts the Raman spectra of ZnO/PEDOT:PSS films. With the
increase of ZnO fraction, there are red shifts in the symmetric C,=Cg stretching vibration,
from 1437 cm-1to 1427 cm-! for ZnO/AI 4083 films and from 1430 cm-! to 1416 cm-! for
ZnO/Aldrich 483095 films. The red shifts are only 2 cm-! (ZnO/AIl 4083) and 3 cm'!
(ZnO/Aldrich 483095) when ZnO fraction rises from 0 to 0.5%. However, as ZnO fraction
increases from 0.5% to 1%, the red shift becomes very clear, 8 cm-1 (ZnO/Al 4083) and
11 cm! (ZnO/Aldrich 483095).

As mentioned before, the red shift in Raman spectra indicates the increased average
conjugation length. This is possibly ascribed to the dedoping of PEDOT chains from
bipolaron to polaron or neutral state!04105, This dedoping has been confirmed by the
ellipsometry results in the section 5.4. PEDOT:PSS domains tend to more ordered as ZnO
fraction increases. We think the structure change related to the red shifts is not the
reason for the thermal conductivity change. That is because the thermal conductivity of
Zn0/Aldrich 483095 films grows from 0.38 (0%) to 0.47 (0.5%), finally reaching at 0.58
(1%). The changing speeds of the thermal conductivity and the Raman shift are not

consistent.

Figure 5.16 shows the change in the main peak linewidth with ZnO fraction. It is clear
that the linewidth in ZnO/AI 4083 films declines with the ZnO fraction. In particular, the
linewidth decreases remarkably from 36 to 33.2 when ZnO fraction rises from 0.5% to
1%. As already discussed, the linewidth of the most intense band arises from the
distribution of conjugation lengths. A narrower band implies a more homogeneous

distribution of conjugated domains. So it is possible that the improved homogeneity of
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conjugated domains in 1/100 ZnO/AI 4083 film results in its high thermal conductivity.
On the other hand, we do not observe a significant linewidth change in ZnO/Aldrich
483095 films with different ZnO fractions, which reveals the distribution of conjugation
length does not vary. The unchanged distribution of conjugation length is irrelevant to
the thermal conductivity change of ZnO/Aldrich 483095 films.

The surface morphology of ZnO/PEDOT:PSS films was investigated using AFM in order
to examine its possible impact on the thermal conductivity. Figure 5.17 exhibits the
topography images of ZnO/PEDOT:PSS (AI 4083) films. The observed roughnesses are
1.4 nm, 1 nm, 1 nm, 1.7 nm and 2.6 nm from Figure 5.17.a to e. The images indicate the
growing roughness and the bigger phase separation between PEDOT:PSS grains and
excess PSS with the increase of ZnO fraction. The phase separation in 1/100 ZnO/AI
4083 film is particularly noticeable, indicating bigger aggregation of PEDOT:PSS grains
that is possibly induced by the agglomeration of ZnO nanocrystals. The n-type
aggregated ZnO nanoparticles combine with p-type PEDOT, causing the phase separation.
We are not sure if this phase separation affects the thermal conductivity. It seems that
the phase separation does not play a key role in the thermal conductivity of ZnO/Al
4083 films. That is because a rough morphology corresponds to a low thermal
conductivity in Al 4083 films, according to the result in the section 5.2. However, the
rough 1/100 ZnO/AI 4083 film exhibits the high thermal conductivity in this batch. The
topography images of ZnO/PEDOT:PSS (Aldrich 483095) films were pictured in Figure
5.18. The observed roughnesses are 7.5 nm, 8.7 nm, 10 nm, 9 nm and 6 nm from Figure
5.18.a to e. It seems that the morphology of ZnO/Aldrich 483095 films does not change
significantly with ZnO fraction.

In sum, the composition of ZnO/PEDOT:PSS films is the main cause affecting their
thermal conductivity. The increased homogeneous distribution of conjugated domains
accounts for the additional increment of thermal conductivity in the 1/100 ZnO/AI 4083
film.
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Figure 5.17 Topography images of ZnO/PEDOT:PSS (AI 4083) films. (a) PEDOT:PSS,
sq=1.4 nm; (b) 1/600, sq=1.0 nm; (c) 1/400, sq=1.0 nm; (d) 1/200, sq=1.7 nm; (e)
1/100, sq=2.6 nm. All images depict an area of 1.5X1.5 um2. Scale bars represent
500nm.
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Figure 5.18 Topography images of ZnO/PEDOT:PSS (Aldrich 483095) films. (a)
PEDOT:PSS, sq=7.5 nm; (b) 1/600, sq=8.7 nm; (c) 1/400,sq=10 nm; (d) 1/200, sq=9
nm; (e) 1/100, sq=6 nm. All images depict an area of 1.5x1.5 pum2. Scale bars represent

500 nm.
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5.6 Optical properties of GQDs/PEDOT:PSS hybrid thin films

Here and hereafter we focus on the case of GQDs/PEDOT:PSS hybrid thin films.
Spectroscopic ellipsometry was used to determine the optical properties of
GQDs/PEDOT:PSS films. Bruggeman effective medium approximation (BEMA) model
was used for fitting the relative volume ratio of the components and the film thickness.
BEMA model is expressed as follows:
€ —EEma
P54+ 285ma

f €4 — €EMA
A= ~
Ea+ 2€5ma

(5.5)

where €gp4 is the effective complex dielectric function of the composite material, &,
and g5 are the complex dielectric functions of component A and B, f, and fp are the
volume fractions of A and B. Although GQDs/PEDOT:PSS is actually a three-component
system, we assumed it as a two-component system in which PEDOT:PSS is regarded as a
single material. Note that PEDOT:PSS cannot be modelled using BEMA because its
components interact. Moreover, since Aldrich 483095 films show pronounced optical
anisotropy, we considered the isotropic GQDs phase for each one of the PEDOT:PSS
components with a common volume fraction for both during the regression analysis. To
summarize the fitted anisotropy, we indicate the birefringence An =n, —n, at some

arbitrary energy which seems representative, in this case 2 eV.

Table 5.3 Ellipsometry results of GQDs/PEDOT:PSS (Al 4083) films based on BEMA

model
Sample vf(GQDs)_set | vf(GQDs)_fit | d_prof (nm) | d_fit (nm)
PEDOT:PSS (AI 4083) 0 0.02 55.5 68.5
1/10 (Mass ratio of
0.09 0.09 79 82.7
GQDs to PEDOT:PSS)
1/2 0.33 0.33 68 74.9
1/1 0.5 0.4 89 110
GQDs 1 1 / >5000

Table 5.4 Ellipsometry results of GQDs/PEDOT:PSS (Aldrich 483095) films based on

BEMA model
Sample vf(GQDs)_set | vf(GQDs)_fit | d_prof (nm) | d_fit(nm) | An (2eV)
PEDOT:PSS
_ 0 0.002 60 52.9 0.32
(Aldrich 483095)

1/10 0.09 0.1 67 52.1 0.32
1/2 0.33 0.35 59 52.5 0.2
1/1 0.5 0.65 67 66.8 0.02
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Tables 5.3 and 5.4 show the fitting results of GQDs/PEDOT:PSS films based on BEMA
model. The fitted GQDs fractions are in good agreement with the set values in the
fabrication process, which means GQDs are well dispersed in the hybrid films. However,
the largest difference between the fitted value and the set value lies in 1/1 films. One
possible reason is that GQDs did not disperse very well in 1/1 films. This fact tells us that
the maximum GQDs fraction is between 33% and 50% in order to obtain homogeneous
composite films. Anyway, the fraction differences are acceptable because they are not big.
Moreover, we note that the fitted GQDs fractions in PEDOT:PSS films are 0.02 (Al 4083)
and 0.002 (Aldrich 483095) which represent the small fitting errors. In addition, the
fitted film thicknesses are consistent with the ones from profiler. More importantly, it is
revealed that the anisotropy of PEDOT:PSS (Aldrich 483095) films is reduced by mixing
with GQDs. When the GQDs fraction is 50%, the GQDs/Aldrich 483095 composite film
becomes isotropic.

The complex refractive index was determined for GQDs/PEDOT:PSS films (see Fig. 5.19
and Fig. 5.20).
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Figure 5.19 Complex refractive index of GQDs/PEDOT:PSS (AI 4083) films.
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Figure 5.20 Complex refractive index of GQDs/PEDOT:PSS (Aldrich 483095) films.

Drude model (Eq. 5.1) was used to fit the film thickness and the usual Drude parameters
of GQDs/AI 4083 films. Fitted parameters from the Drude model provide further insights
on the influence of GQDs concentration on the investigated electrical properties. Here,
we do not show the fitted thicknesses any more since they are almost the same as the

ones from BEMA model. Figure 5.21 exhibits the Drude parameters and conductivity of
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GQDs/AI 4083 films versus GQDs fraction. The plasma energy decreases linearly with
GQDs fraction, suggesting the decreasing bipolaron concentration in the composite films.
On the other hand, the high frequency dielectric constant rises linearly, which means the
electronic density of composite films increases with GQDs fraction. Moreover, the Drude
broadening changes slightly with GQDs fraction, fluctuating between 0.65 eV and 0.85 eV.
This implies that the carrier mobility remains stable with GQDs fraction. However, there
is a downward trend in the conductivity. It can be concluded that the main factor that

controls the conductivity of GQDs/AI 4083 films is the plasma energy, i.e. the bipolaron

concentration.
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Figure 5.21 Drude parameters and conductivity of GQDs/PEDOT:PSS (Al 4083) films
versus GQDs fraction. (a) Plasma energy; (b) Drude broadening; (c) High frequency

dielectric constant; (d) Conductivity calculated from Drude parameters.
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Table 5.5 Ellipsometry results of GQDs/PEDOT:PSS (Al 4083) films based on Drude

model. "A” represents the amplitude of the generalized Lorenzian.

Sample A(eV)
PEDOT:PSS (Al 4083) /

1/10 0.007

1/2 0.006

1/1 0.007

Table 5.5 shows the fitting results of GQDs/PEDOT:PSS (Al 4083) films based on Drude
model. "A” represents the amplitude of the generalized Lorenzian, which describes the
polaron concentration. It is clear that polarons appear in the hybrid films, whereas it is
not detectable in the Al 4083 film. The appearance of polarons and the decreasing
bipolaron concentration reveal the dedoping of PEDOT chains from bipolaron to polaron

as GQDs fraction increases.
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5.7 Thermal conductivity of GQDs/PEDOT:PSS hybrid thin films

o077
a GQDs/Al 4083 ]

0.55

0.50 i

0.20 1/10 i YOS

015 1 1 | L | 1 1 L | L | 1 1 1 1 1 | L | 1 1

060 | ' I ' I ! I ' I ! 1 ! I ! 1 ! I ! 1 ! I

0.55 b GQDs/Aldrich 483095 |

0 5 10 15 20 25 30 35 40 45 50
GQDs fraction (wt%)

Figure 5.22 Thermal conductivity of blade-coated GQDs/PEDOT:PSS hybrid thin films
measured by FDTR as a function of GQDs fraction. (a) GQDs/AIl 4083; (b) GQDs/Aldrich

483095. Dashed lines are a guide to the eyes.
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Figure 5.22 illustrates the dependence of the thermal conductivity on GQDs fraction in
GQDs/PEDOT:PSS hybrid thin films. The thermal conductivity decreases rapidly when
adding 0-10 wt% GQDs in the PEDOT:PSS solution and reaches a plateau with additional
GQDs. GQDs/AI 4083 films and GQDs/Aldrich 483095 films display a similar changing

trend.

In order to find out the reason for the thermal conductivity change, we firstly verified
the effect of charge carriers on the thermal conductivity. The electrical conductivity of
GQDs/PEDOT:PSS films was measured and the results are shown in Fig. 5.23. We
calculated the electronic thermal conductivity using the maximum value of the electrical
conductivity in terms of the Wiedemann-Franz law. The resulting k. is 8.9x10-¢ W/(m-K)
in GQDs/AI 4083 films and 1.1x10-5 W/(m-K) in GQDs/Aldrich 483095 films. The
electronic contribution to the thermal conductivity was ruled out since the calculated
electronic thermal conductivity is much smaller than the measured one. Thus the
thermal conductivity of GQDs/PEDOT:PSS films is dominated by the phonon

contribution.
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Figure 5.23 Electrical conductivity of GQDs/PEDOT:PSS films versus GQDs fraction. (a)
GQDs/AI 4083; (b) GQDs/Aldrich 483095.
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Figure 5.24 Raman spectra of GQDs/PEDOT:PSS films. (a) GQDs/AI 4083; (b)
GQDs/Aldrich 483095. The different colors of Raman spectra represent different GQDs
fractions. The Raman spectra were offset vertically to improve visibility.
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Figure 5.25 Main peak linewidth versus GQDs fraction.

To understand the thermal conductivity behaviour further, Raman spectroscopy was
used to investigate structural variations. Figure 5.24 shows the Raman spectra of
GQDs/PEDOT:PSS films. As GQDs fraction increases, the red shifts occur in the
symmetric Cq=Cp stretching vibration, from 1432 cm-to 1417 cm! for GQDs/AI 4083
films and from 1424 cm?® to 1410 cm?! for GQDs/Aldrich 483095 films. As
aforementioned, a red shift indicates an increased average conjugation length. This is
possibly attributed to the dedoping of PEDOT chains from bipolaron to polaron or
neutral state104105, This dedoping has been confirmed by the ellipsometry results in the
section 5.6. PEDOT:PSS polymer chains tend to be more ordered with the increase of
GQDs fraction.

Figure 5.25 illustrates the change in the main peak linewidth with GQDs fraction. There
is a gradual decline in the linewidth of the most intense band, suggesting more
homogeneous distribution of conjugated domains. However, we do not think the
structural variations cause the drop of thermal conductivity, because the improved
distribution homogeneity and more ordered polymer chains would increase thermal

conductivity, not decrease it.

To check whether the aforementioned thermal conductivity results could be correlated
to film morphological changes, we carried out an AFM characterization of
GQDs/PEDOT:PSS composite films. The topography images of GQDs/AI 4083 films and
GQDs/Aldrich 483095 films are shown in Figure 5.26 and Figure 5.27. We did not
observe a clear morphology difference in GQDs/Al 4083 films with different GQDs
fractions. Note that the thermal conductivity decreases significantly from the PEDOT:PSS

film to the 1/10 hybrid film. However, the roughness and the phase separation of these
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two films hardly change. Similar results are also obtained for GQDs/Aldrich 483095
films. In conclusion, the morphology cannot explain the observed drop in thermal
conductivity.

In summary, we presume that the most possible mechanism which controls the thermal
conductivity of GQDs/PEDOT:PSS films is that GQDs act as scattering centers. As the
GQDs fraction increases, the phonon scattering becomes stronger, thus resulting in the
decrease of thermal conductivity. However, a direct proof was not obtained, and further

investigation is still needed.
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Figure 5.26 Topography images of GQDs/PEDOT:PSS (AI 4083) films. (a) PEDOT:PSS,
sq=1.1 nm; (b) 1/10,sq=1.3 nm; (c) 1/2,sq=1 nm; (d) 1/1, sq=1 nm. All images depict
an area of 2X2 pmz2. Scale bars represent 500 nm.
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Figure 5.27 Topography images of GQDs/PEDOT:PSS (Aldrich 483095) films. (a)
PEDOT:PSS, sq=9.4 nm; (b) 1/10, sq=10 nm; (c) 1/2,sq=10 nm; (d) 1/1,sq=12.1 nm.
All images depict an area of 2X2 pm2. Scale bars represent 500 nm.
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5.8 Conclusions

We have demonstrated that it is possible to decrease the thermal conductivity of
PEDOT:PSS (Al 4083) thin films by a factor of two by increasing the film thickness. The
main mechanism that controls the thermal conductivity of PEDOT:PSS films is the
distribution of conjugated lengths. In addition, the key advantages of this thickness
gradient fabrication approach are: (i) the high throughput of experimental results it
provides within one sample, and (ii) the obtained results provide an excellent relative
determination of the influence of the thickness on investigated particular property, since
a single fabrication step is used making each measurement consistently comparable and

eliminating potential sample-to-sample variations.

The thermal conductivity of PEDOT:PSS films can also be significantly varied by doping
with nanoparticles (ZnO NCs or GQDs), depending on the amount of nanoparticles. As
far as ZnO/PEDOT:PSS hybrid films are concerned, a linear dependence of thermal
conductivity with respect to ZnO fraction was observed, which originates from the
composition change of hybrid films induced by varying ZnO fraction. It is worth
mentioning here that the thermal conductivity of 1/100 ZnO/AI 4083 film depends not
only on the film composition, but also on the improved distribution homogeneity of
conjugated domains. For GQDs/PEDOT:PSS composite films, we have found a two-fold
decrease for the thermal conductivity as GQDs fraction increases. The possible
mechanism is that GQDs act as scattering centers and the phonon scattering plays a key

role in the thermal conductivity change.

In this work we have also investigated the optical properties of PEDOT:PSS films blended
with nanoparticles (ZnO NCs or GQDs) by spectroscopic ellipsometry. The decreasing
bipolaron concentration and the appearance of polarons prove the dedoping of PEDOT
chains in nanoparticle/PEDOT:PSS films as the nanoparticle fraction increases. In
particular, the calculated GQDs fraction based on BEMA model is in good agreement with
the set value in the fabrication process. As a remarkable finding, we observed that the
optical anisotropy of PEDOT:PSS (Aldrich 483095) films is reduced after incorporating
GQDs.

Moreover, we find that one should not only emphasize the frequency of the most intense
band in the Raman spectra of PEDOT:PSS films. Instead we note that it is important to
also pay close attention to the linewidth of the most intense band which contains

important structure information.

In sum, the thermal conductivity of PEDOT:PSS films can be significantly tuned by
changing the film thickness or by doping with nanoparticles. These results contribute to
a deeper understanding of the thermal conductivity in PEDOT:PSS films, paving the way

towards optimizing ZT value.
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Conclusions & Outlook

We have systematically investigated the structural and optical properties of PEDOT:PSS
thin films through spectroscopic ellipsometry and Raman scattering. From the
ellipsometry studies we obtained the optical constants of the composite medium
considering its optical anisotropy. In particular, the appearance of a weak polaron band
indicated a change of the doping state within the PEDOT:PSS domains. On the other hand,
the Raman spectra provided information about the conjugation length of the PEDOT
component within the same domains. It is found that not only local structural changes of
the chain conformation, but also the overall morphology of the composite films, are
relevant for the interpretation of the Raman spectra. We have also observed that
addition of DMSO tends to reduce the optical anisotropy of PEDOT:PSS films, which is in
accordance with the morphology change induced by this additive. The observed
segregation of PSS caused by DMSO leads to some dedoping and improved alignment of
the fibrils in the PEDOT:PSS domains but it also tends to cause misaligned and smaller
aggregated grains which results in the reduction of the optical anisotropy. On the other
hand, it is possible that these smaller grains become closer in space, giving rise to
improved electrical conductivity even if the correlation length in a grain may be reduced.
This effect is largest in the lower PSS content formulation we have studied, while is
relatively small in samples with higher PSS content. Here, we note that not only PSS
contents and solvent treatment, but also deposition methods and specific deposition
conditions can affect the final properties of PEDOT:PSS films.

We have also studied the thermal conductivity of the PEDOT:PSS films, and we show that
it can be significantly tuned by changing the film thickness or by doping with
nanoparticles (ZnO NCs or GQDs). It is observed that the thermal conductivity of
PEDOT:PSS (Al 4083) films decreases by a factor of two by increasing the film thickness,
which can be attributed to the change in the conjugated lengths distribution. As far as
ZnO/PEDOT:PSS hybrid films are concerned, the thermal conductivity increases linearly
with ZnO fraction, which originates from the composition change of hybrid films. The
increased homogeneous distribution of conjugated domains accounts for the additional
increment of thermal conductivity in the 1/100 ZnO/AI 4083 film. In the case of
GQDs/PEDOT:PSS hybrid films, the thermal conductivity shows a two-fold decrease as
GQDs fraction increases. These results are understood considering that the GQDs act as
local scattering centers, hence, resulting in a decrease of the thermal conductivity.
Futhermore, we have also investigated the optical properties of PEDOT:PSS films
blended with nanoparticles (ZnO NCs or GQDs) by spectroscopic ellipsometry. Dedoping
of the PEDOT chains is demonstrated by increasing the concentration of nanoparticles
within the hybrid films. We also show that the optical anisotropy of the PEDOT:PSS
(Aldrich 483095) films is reduced after incorporating GQDs.
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Out of interest, further work can be carried out around suspended PEDOT:PSS thin films.
We described the fabrication method of suspended PEDOT:X films in Chapter 2. However,
suspended PEDOT:PSS films are more difficult to be prepared since it is challenging to
find a suitable sacrificial layer which meets two requirements: (i) PEDOT:PSS aqueous
solution shows good wettability on it; (ii) The solvent of this sacrificial solution does not
dissolve PEDOT:PSS films. Once the suspended PEDOT:PSS thin films are prepared
successfully, the following work will be to study their thermal anisotropy. We think that
studying the possible correlation between the thermal and optical anisotropy can be of

relevance for the field.
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