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What makes polymers so
interesting?

Why not have a flexible mobile display printed at home? Electronics that are
printable like an ordinary newspaper would revolutionize everyday life. Twenty
years ago this seemed like a sci-fi dream, today commercial applications already
exist. This is due to the discovery of organic light emitting diode (OLED) tech-
nology by Ching Tang and Steven Van Slyke from the Eastman Kodak Company
in 1987 [TS87|. This breakthrough discovery gave rise to a growing interest by the
research community and the commercial sector. As a result of the unique features
of polymers, years later, a new generation of display devices and electronic equip-
ment has been introduced into the market [DDO0§|, [Fix08|, [KHO08|, [LBNLOS§|
such as organic field-effect transistors, |[Koc08|, organic light emitting diode televi-
sion [Son09| and displays, photovoltaic cells (OPVCs), coatings, sensors, memory
cells [Koc07].

Among the immediate advantages of polymer-based electronic devices are
their simpler and cheaper manufacturing compared to conventional semiconduc-
tors. Printing is one of the fastest and cheapest processing methods. Further
benefits are flexibility, lower cost and, what is perhaps even more important,
the lower energy consumptions of devices which translates into environmental

friendliness [GJF100].

It is crucial for organic electronics that polymers are showing characteristics
of metals, insulators and semiconductors in order that basic components of con-
ventional silicon-based technology can be replaced by organic materials. The
field of organic materials took a revolutionary leap forward in 1977 when H.
Shirakawa, A. G. MacDiarmid and A. J. Heeger [SMHO00| discovered intrinsically
conducting polymers (ICP), for which they were awarded the Nobel Prize in 2000.
A conducting polymer poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) has been widely used first in antistatic and later on in electronic
applications and is one of the most commonly used conducting polymers on the
market [KRO5|.



Growing research and industrial interest in the field of organic electronics
means an answer to the following fundamental question is dearly needed: what
is the nature of the charge transfer mechanism in PEDOT:PSS? Surprisingly, a
fuller the understanding of the charge transfer mechanism is still lacking. Optical
conductivity in the far infrared region has not been investigated yet. We aim
to better understand the charge transfer mechanism of PEDOT:PSS. To achieve
this, we will apply the time-domain terahertz spectroscopy to derive the dielectric
properties and the conductivity of PEDOT:PSS thin films.

Time-domain terahertz spectroscopy (TD-TS) is a sensitive tool for charge
carrier investigation. Low photon energies correspond to the low excitation en-
ergy of weakly bound charge carriers in materials, thus TD-TS reveals information
about charge transport properties. Ultrashort laser pulses, in transmission mea-
surements, cause an excitation of an electric field with a frequency w/27 from
10 to 30 THz, 1 THz corresponds to an energy of 4.1 meV. The Fourier trans-
formation of the temporal electric field transmitted through a PEDOT:PSS thin
film and a silicon wafer for reference, gives the complex transmission: Q(w) =

EEL“S((W)), which, in turn, contains the material’s response function. Further,
reference

it allows the extraction of material properties in the THz frequency range: the
complex refractive index n, the complex dielectric function é and the complex
conductivity .

Although electronic devices with applied PEDOT:PSS are usually operated
at room temperature, it is useful to analyze the temperature dependence of the
conductivity. Scattering processes in solids, like electron-electron and electron-
phonon scattering, are temperature-dependent. Investigating the temperature de-
pendence of conductivity also allows observing the temperature-induced changes
in the scattering processes and by that a more precise identification of conduction
mechanisms in solids. Thus, the conductivity was measured in a wide range of
temperatures: from 4 K to 320 K.

The objective of this thesis is to measure and understand the dielectric prop-
erties and conductivity of self-prepared thin films of the conducting polymer
PEDOT:PSS. In the first chapter of this work I give a general overview of con-
ducting polymers and particularly of PEDOT:PSS. In the second chapter two op-
tical material parameters determined by THz spectroscopy are introduced. The
following conductivity models are described: the Drude model and it’s generaliza-
tion - the Drude Smith model, as well as two hopping conduction mechanisms: the
variable range hopping (VRH) and quantum mechanical tunneling. Furthermore,
[ will refer to these conductivity models to interpret the experimentally deter-
mined optical conductivity. Chapter 3 contains experimental details concerning
sample preparation, atomic force microscopy (AFM) and THz spectroscopy. In
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this part I also present the morphology of PEDOT:PSS obtained by AFM mea-
surements. Separately I present the results obtained with time-domain terahertz
spectroscopy, which are the steady-state THz responses of PEDOT:PSS: the op-
tical conductivity, the complex dielectric function and the complex refractive
index. Additionally, in the Appendix, a thorough description of the material pa-
rameter extraction from THz measurements is given. It covers a derivation of the
model for complex dielectric functions. Previously an approximation was used
for the dielectric function calculation [Kam05|. Due to thin film phenomena, this
approximation was not valid in the case of the PEDOT:PSS dielectric function
extraction. The general formula had to be solved, for which a numerical approach
was used. Finally, results obtained for various film thicknesses will be compared.






Chapter 1

Introduction to polymers

Polymers are high performance materials. Put into water solutions they can be
easily processed, without a need for clean room facilities or highly precise lithogra-
phy. Growing prices of conventional semiconductors make polymer applications
more and more attractive. A constant quest for more powerful, smaller, thin-
ner, flexible and cheaper electronics brought polymers to the focus of scientific
research. Important members of the polymer family are conjugated polymers.

1.1 Conjugated polymers

Conjugated polymers are important due to their conducting behavior. They
can overtake a role of metals in classical semiconductor devices. Conjugated
polymers have a band structure of a semiconductor [Nar07]. This may seem
to be a contradiction. The band structure of PEDOT:PSS will be discussed in
details in section 1.3.2.

Conducting polymers have delocalized valence 7 electrons. Their carbon
chains have double bonds alternating with single bonds and overlapping p, or-
bitals. The carbon backbone can be linearly composed of alternating bonds or
it can contain a phenyl ring [Bar05]. Figure 1.1 shows structures of common
conjugated polymers.

The electron configuration of carbon is 1s?2s%2p?. Four valence electrons
from 2s and 2p shells can form single, double or triple bonds. In conjugated
polymers are three sp? hybridized orbitals and one unhybridized p. orbital. Two
sp? orbitals from each carbon atom form o bonds with hybridized orbitals of
neighboring carbon atoms in a polymer chain. The third hybrid orbital forms
a bond with a C atom or an atom of a side group. The remaining p, orbital
forms a m bond with a p, neighbor orbital (Fig.1.2). The perpendicular to the
internuclear axis m bonds, unlike o bonds, are weak, which results in electron
delocalization [Bru08|.

In conjugated polymers electrons in 7 bonds are responsible for conduction.
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Figure 1.1: Examples of conjugated polymers [SR07|. Characteristic are double
bond alternating with single bonds along the polymer structure.

There are conduction electrons from partially filled shells in a periodic potential
of carbon bonds. Therefore they form a half filled band, which is characteristic
for metals. In each molecule forming the polymer chain two characteristic orbitals
can be distinguished: the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO). In 7 polymers are single C' — C
and double C' = (' bonds which form the periodic potential. Their lengths
are different, which results in splitting of the interacting orbitals in monomer
units. The split orbitals form the band structure. This leads to a formation of
a valence band from the highest occupied molecular orbitals of monomer units
and and a conduction band from the LUMOs in the hole chain like in solid state
semiconductors. The band structure is one dimensional and is formed along the
polymer chain, as interchain coupling is rather small [Koc07|. An energy gap in
conjugated polymers arises from the difference in length between short (double)
bonds and long (single) bonds |[Nar07|. The energy gap ranges typically from
1.5 eV to 3.0 eV and can be varied by doping [Bru08|. Such a 7 system extends
over a large number of monomers. As 7 electrons are responsible for conduction,
conduction is strongly anisotropic: much higher along the conjugated chain.

In the intrinsic state the conduction band is practically not occupied. This is
due to the large band gap, like 1.5 eV for PEDOT:PSS [GJFT00]. To generate
mobile carriers a polymer has to undergo oxidation (p-doping) and/or, less fre-
quently, reduction (n-doping). The whole conjugated chain is composed of single
molecules joined with each other by covalent bonds. The energy diagram of a
conjugated polymer, a single molecule and the whole crystal, is shown in Fig.1.3.
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7 orbital }bonding
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Figure 1.2: Conjugated 7 electron system. (left) o bond in the atomic plane
and 7 bonds formed from p, orbitals in plane perpendicular to the atomic plane.
(right) Energy diagram of a m conjugated systems. The lowest optical excitations
are between the bonding 7 and anti-bonding 7* orbital [Bru08|.

1.2 Electronic and optical properties of polymers

Owing to the structure of conjugated polymers intramolecular electronic inter-
actions are much stronger than intermolecular electronic interactions. Overlap
between electronic wave functions even in neighboring molecules is poor that’s
why the excited states are localized on single chains [Bru08].

Charge carriers injected into a polymer form polarons along the conjugated
chain [CLRRO8|, which can be positively and negatively charged. A polaron
is a moving charge carrier plus an induced lattice polarization, which forms an
accompanying cloud of phonons. It behaves like a heavy particle, so it undergoes
scattering processes accordingly to [MD71]. An electron with a following group
of phonons forms a negative polaron.

Polymer chains are composed of single molecules forming segments (see Fig.1.4).
In the highest occupied molecular orbital (HOMO) defect holes can also form po-
larons, which are positively charged in this case. Disorder and polaronic behavior
of charge carriers are the known reasons for hopping transport (more details in
section 2.4).

Two polarons with opposite charges can form an exiton, a bound electron-hole
pair [Koc07]. These excitons are strongly bound and localized in one molecule.
This type of excitons is called Frenkel excitons. The exciton radius is comparable
with the molecule diameter and is in the order of nanometers, which results
in high binding energies ~ 0.5 eV. In conventional semiconductors the exciton
binding energies are lower than the thermal energy at room temperature 25 meV,
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Figure 1.3: Energy diagram of a 7 conjugated system [SWO05|. I is the ionization
energy of the molecule, A is the electron affinity.

a) Energy diagram of a single molecule forming the conjugated chain. It consists
of the ground state Sy and excited singuletts .5,,.

b) Energy diagram of the ionized crystal. Overlapping HOMOs form a valence
band (VB) and LUMOs form a conduction band (CB). Ej,, E. - energy of holes
and of conduction electrons. E, = E. — Fj, is the energy gap and P,, P, - average
polarization energies of electrons and holes.

c¢) Shows the statistical distribution of the electron and hole polarization energies
P., Py. They form a density of states, corresponding G, (F) and G.(E).

d) A disturbance of a periodic structure, through molecule disorder, leads to
creation of traps with a certain density of states G;(F). Polarization energies
P., P, depend on the ionization and affinity of the molecule and the crystal
Pe:Ac—Ag, thfg—fc.
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which means that absorption of light results immediately in charge separation.
Charge carriers in conjugated polymers cannot be separated easily because of
these high exciton binding energies |Bru0§|.

There are three different types of interaction between electrons and phonons
in amorphous materials: Phonons can scatter an electron contributing to the re-
sistance; Phonons can be absorbed or emitted by electron in hopping conduction;
Phonons can be trapped by electrons and form a polaron.

1.3 Conducting polymer PEDOT:PSS

PEDOT:PSS is a widely used conducting polymer. Desired features for an in-
trinsically conducting (IC) polymer suitable for commercial applications are of
course high conductivity, comparable with metals, high stability in air or other
processing conditions and easy processability. A breakthrough in achieving this
aim was the invention of polymers of the bicyclic ethylenedioxythiophene group
and its derivatives by Bayer Corporate Research Laboratories [KR05].

1.3.1 Macroscopic properties

The PEDOT:PSS water solution has a deep blue color, PEDOT:PSS films are
transparent in the visible range [PGI02]. There is a considerable difference be-
tween PEDOT and PEDOT:PSS. PEDOT in situ is highly conductive. Un-
der strictly controlled conditions conductivities as high as 1000 S cm~! can be
achieved for PEDOT [KRO05]. The conductivity of PEDOT:PSS complex is sig-
nificantly lower (Tab.1.1). The use of solvents, like sorbitrol, affects the poly-
mer structure and electric properties of intrinsically conducting PEDOT [Nar(7].
Conductivity enhancement is possible via chemical additives.

As the solid content of a PEDOT:PSS water solution is in the range of 1% to
3%, added non-volatile components or an impurity content of only 1% can influ-
ence the film composition up to 30%. The stability of PEDOT:PSS is excellent,
it can be heated in air at 100°C for over 1000 h with only a minimal change in
conductivity [GJF100].

Spin coating of the aqueous dispersion of PEDOT:PSS is an easy and con-
venient way to deposit thin films on silicon substrates. Film thicknesses in the
range 20 nm — 2400 nm can easily be achieved.

1.3.2 Structure

PEDOT:PSS belongs to the poly(ethylenedioxythiophene) group. It is an in-
trinsically conducting polymer, however it is unstable in air and not soluble in
common solvents, which limits its applicability considerably. Addition of a nega-
tively charged PSS group has a stabilizing function for positively charged PEDOT

11



PEDOT:PSS | Solid contents [%] | Conductivity [S cm™!] | Application

1:2.5 1.3 1 Antistatics

1:6 1.5 1073 OLEDs

1:20 3.0 1075 Passive matrix displays

Table 1.1: PEDOT:PSS ratio dependent characteristics.

QQQQOQ

SO,H SO,H SO,H SO, SO,H

Figure 1.4: PEDOT:PSS chemical structure [Koc07|. See text for details.

ions [KR05]. PEDOT:PSS is composed of a conducting poly(3,4 - ethylene-
dioxythiophene) polycation (PEDOT) and an insulating poly(styrenesulfonate)
polyanion (PSS). The chemical structure is shown in the Fig.1.4. PEDOT is
a p-type semiconductor, with a low band gap of 1.5 - 1.6 e¢V. Due to doping
with —SO3 groups from PSS [SGFO07|, two excess positive charges are injected
over six monomer units. This gives rise to valence band population and good
conductivity.

The polystyrene sulfonic anion (PSS) has two main functions. First, PSS
is a source for the charge balancing counter ions. In the absence of PSS an
oxidation product is formed on the PEDOT site. Secondly, because PEDOT
alone is hydrophobic and PSS hydrophilic, PSS keeps PEDOT segments dispersed
in a water solution. PEDOT = chains (light) are stack with a repeating distance
0.68 nm Fig.1.5. The counter ions from PSS (dark) are incorporated between
PEDOT stacks. The size of the whole structure depends on the counter ions
[KRO5].

Small nanometer sized core-shell agglomerates with PSS shells are being
formed in aquarious dispersions [Koc07|. As a result the PEDOT-PSS complex
forms a stable, easy to process, water solution.

A structural model is shown in the Fig.1.6 During polymerization oligomeric

12
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Figure 1.5: PEDOT:PSS stack, a 5 counter ion-dependent layer distance between
stacks [KRO5].

PEDOT is formed (primary structure) and attached to the long PSS chains,
which form the secondary structure. PEDOT:PSS chains are swollen by wa-
ter [GJET00]. PSS has a much higher molecular weight than PEDOT and as
it is hydrophilic is attracts water. As a results a gel with 90% to 95% water
content is formed with a solid content depending PEDOT to PSS ratio (tertiary
structure). Free PSS chains may gather at the surface of gel particles forming
a thin negatively charged layer, which results in electrostatic repulsion between
particles [SGF07]. The gel form of the PEDOT:PSS water solution is easy to
process and widely used in industry [KR05]|.

Depending on the PEDOT to PSS ratio, optical and electric properties change.
So the ratio of the solid content can be adjusted to meet custom applications. In
the table 1.1 are summarized properties of three grades of PEDOT:PSS solutions
[KRO5|. Conductivity decreases with increasing solid content (increasing PSS
content).

1.3.3 Applications
Antistatic Coatings

PEDOT:PSS found its first commercial application in antistatic coatings. High
transparency in the visible range together with good conductivity, stability and
processability are important features for antistatic layers for photographics films.
During photographic film processing sides of the film rub against each other, what
can result in charge accumulation and rapid electric discharges, which can destroy
parts of the film and thus contained information. To avoid such effects films have
to be coated with a conductive material. Each year the total optical film surface
coated with PEDOT:PSS to form transparent antistatic layers is in the order of
100 million square meters. AGFA company developed for this purpose a special
PEDOT solution called Orgacon [GJET00].

Also to avoid discharging effects PEDOT:PSS is used for antistatic treatment
of plastics. Adhesion of PEDOT:PSS on substrates such as glass and plastics is

13



Structure of PEDOT:PSS

Polymer-complex
PEDOT:PSS

Tangle of PEDOT:PSS chains
primary

secondary Gel particle (95% water,

% 5% polymer)

and tertiary structures
PSS-chain with PEDOT oligomers

Figure 1.6: PEDOT:PSS primary, secondary and tertiary structure [KR05].

effective, thus PEDOT:PSS is also used for antistatic treatment in other appli-
cations e.g. packaging of electronic components.

Capacitors

PEDOT:PSS is an excellent choice of material for electrodes in capacitors Fig.1.7.

Bodies of modern capacitors consist of highly porous media in order to maxi-
mize their surface. Figure 1.7 shows a schematic picture of a Ta/TayO5 capacitor
with tantalum (gray) and next layer of thin metal - oxide dielectric (white).
PEDOT:PSS (blue) when applied as a solution penetrates easily the porous ca-
pacitor body resulting in a very good contact.

Its conductivity is roughly 1000 times higher than that of previously used
MnO,. PEDOT:PSS, because of the solution processing form, penetrates porous
media much better than other substances in a solid form, making thus a much
better electric contact [KR05]. The equivalent series resistance (ESR), which has
a direct impact on the high frequency performance of a capacitor, is much lower
when PEDOT:PSS is used as an electrode material.

A crucial aspect in capacitor manufacturing and usage is safety. Tantalum
capacitors with manganese dioxide as an electrode material would ignite or even

14



Ta.O Epoxy resin

Silver paste electrode

(a) (b)

Figure 1.7: a) PEDOT:PSS applied in capacitors [GJFT00] with high capacitance.
To achieve high surface area, the tantalum electrode is roughen. A thin oxid
TayOs5 layer serves as dielectric. PEDOT:PSS coating forms the counter electrode.
b) A round capacitor with a PEDOT:PSS counter electrode [Sta09|.

explode when overcharged or overheated due to chemical reactions between metal
and manganese dioxide. PEDOT:PSS in similar conditions, e.g. when leakage
currents appear owing to a damage of a thin dielectric layer, losses locally its
conductivity, so the device simply stops working [KR05].

Organic LEDs

A rapidly expanding area of applications are photoluminescent devices, in which
PEDOT:PSS is used for conducting layers. Example devices with PEDOT:PSS
solution called CLEVIOS, manufactured by C.H Starck Company are presented
in Fig.1.8. Clevios is a solution of PEDOT:PSS with a 1 : 6 solid ratio to optimize
OLED performance and minimize disturbing cross talking effects between pixels
and still maintain good conductivity of a PEDOT:PSS layer.

To enhance OLED performance a thin and uniform layer of PEDOT:PSS is
spin coated on an indium tin oxide ITO substrate, conductive anode, and covered
with a next layer - an electroluminescent, organic or polymer [Koc07].

The conducting polymer is also applied in organic light emitting diodes (OLED)
for displays and television screens [JB09| Fig.1.9.

15
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Figure 1.8: PEDOT:PSS in Organic LED applications [Sta09].
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Figure 1.9: ’Incredibly Slim — Only 3mm thin!’ says the advertisement of a new
OLED Digital TV [Son09]. OLED (Organic Light Emitting Diode) television,
featuring a 3mm thin panel and breathtaking image contrast, brightness and
color.
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Chapter 2

Electrical properties of solids

2.1 Dielectric function

Terahertz Spectroscopy, as well as other spectroscopic methods, investigates the
interaction between electromagnetic radiation and matter, to gain information
on, in this case, charge transport properties of material. Let us focus on the
material parameters, in particular on the dielectric function.

Maxwell’s equations describe the interaction of electromagnetic waves with
matter [Jac99|:

V- D = 4mp, (2.1)
. 108

E+-2"=0 2.2
VX E+ c Ot ’ (2.2)
V-B=0, (2.3)

- 185 A7 -
H--"—~="17 2.4
VX c Ot c (2.4)

Interesting is the response of a material to an electromagnetic wave acting at
position 7" and time ¢’ |Jac99|

B(7,t) = Byexp {z((/%’.f'—wt))}, (2.5)

which is the displacement vector Zi-(f', t), at position 7 and time ¢, in a general
case, for anisotropic media, represented as [Jac99|

Bi(.1) / / B (P74 VB (R ), (2.6)
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where €, ; is a dielectric tensor. In the frequency domain their relationship is
given by [Jac99|

Di(F,w) = o, w) By o). 7)
The charge density in the Coulomb’s law Eq.(2.1) has two components [Jac99|

P = Pext T Ppols (28)

where p.. is the external charge density and p,y is the bound charge density,
which is due to the polarization [Jac99]:

Ppol = -V ]3 (29)

In the conducted experiment an electromagnetic wave was projected onto a
sample. The electric field inside the sample rearranges the charge distribution
and induced polarization P. Tt is important to find the relationship between the
induced polarization, which relates to the measured transfer function of a sample
(Appendix A), to the interesting material parameters, e.g. dielectric function.

In a general case, the polarization is not necessarily proportional to the applied
electric field, like in nonlinear media. The dependence of the electric polarization
P on the electric field E (if the field is weak) is given by the Taylor expansion
[STOT7]:

o) 2)
P=> XS E+> X BB+ . (2.10)
J Jk

where Xz(;l) is a nonlinear susceptibility. For linear media P= XE.

The second order expansion describes the Pockel’s effect (see section 3.3.1).
For further considerations we take only the first term of the expansion into ac-
count, and even more, we assume the media is linear. For the investigated mate-
rial, PEDOT:PSS, we assume that it is homogeneous (*1), linear and isotropic,
so that the displacement vector 13(77, t) is proportional to the electric field E(F, t).
These assumptions follow that € ; is a complex scalar € (*2). The displacement
vector is equal to [DGO02]:

— —

D(k,w) = e(k,w)E(k,w) = (1 + 4nx)E(k,w) = E(k,w) + 47 P(k,w), (2.11)

X is the electric susceptibility.

In analogy to the relationship between the displacement vector and the electric
field Eq.(2.7), we can derive the relation between the current and the electric
field, additionally we assume that there is a local relationship between the given
quantities, but their variation in space is identical and therefore their ratio does
not depend on position (*3) [DGO02|.
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D(F) = ¢E(F), (2.12)

J(F) = 6E(7). (2.13)

Thus in the frequency domain both quantities are independent of the wavevec-
tor. It follows [DGO02]:

t(w) = €1(w) + e(w), (2.14)

0(w) = o1(w) + o2 (w). (2.15)

From the Maxwell’s equations follows the relationship between the complex
conductivity and the complex dielectric function [DG02]:

.
e=1+""4 (2.16)
w
.
e=e + 9L (2.17)
w

where D = ¢E. ¢, describes the phase shift of the electromagnetic wave caused
by the media and e; = 4”:% is the change in magnitude, of the electromagnetic
wave when passing through the media.

Additionally, we define a complex index of refraction as a sum of the real
refractive index and the extinction coefficient [DGO2]:

N =n+ik = \/eu = /e, (2.18)

where the real index of refraction gives the relationship between the phase
velocity of electromagnetic wave in a material and speed of light in vacuum
Uph = %

We assume there are no magnetoresistive effects in PEDOT:PSS. Thus the
permeability is 4 = 1+ 0 (*4).

To summarize, here are the assumptions (*) for material parameter derivation.

1. sample is homogeneous
2. sample is linear
3. sample is isotropic

4. PEDOT:PSS’s permeability is i = 1 + 0: (*4)

This assumption is valid if length scales of interest, e.g. electron mean free
path, are larger that the boundary conditions of the problem. However, in
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the discussed experiment, the focus of the laser spot, defining the bound-
ary conditions, is approximately 104 pm, where the localization lengths of
electrons in PEDOT:PSS are in the order of 50 nm [Nar07]. For this reason
we can assume €(7) = € and 6(7) = &

2.2 Conduction models

In this section the mechanism describing conduction will be discussed? A sim-
plified phenomenological approach to understand the electrical conduction pro-
vides the Drude Model, which was proposed by Paul Drude [Dru00| to explain
the transport properties of electrons in metals. Electrodynamic response of a
material consists of intraband and interband transitions. The first are optical
transitions between states in a partially filled band, while interband transitions
occur between different bands. The Drude Model describes the contribution of a
free electron gas, thus transitions occurring in a partially filled band of metals -
intraband transitions [Deg06|.

2.3 Drude model

The Drude theory of metallic conduction, which was presented at the beginning
of the twentieth century [Dru00|, shows an approach to explain how materials
conduct electricity based on the kinetic theory of gases. In this theory a metal
is considered to be a gas composed of electrons. These electrons are valence
electrons of an atom. Only they form an electron gas, as positively charged ions
are considered immobile. This situation is presented schematically in Fig.2.1.
Each atom of an atomic number Z, has Z, electrons with a total charge —eZ,,
where e = 1.60 - 107! C' is the electron charge. A part Z of these electrons
are weakly bound and are the valence electrons, they detach from the atom and
become conduction electrons in the electron gas. The rest Z,—Z are core electrons
and are strongly bound to the nucleus. They don’t participate in the conduction
process.
There are two major assumptions concerning electron behavior:

1. electrons are independent

2. electrons are free

The first assumption says that electrons don’t interact with other electrons
(no electron-electron interaction). Due to the second assumption there is no
interaction with positively charged ions (no electron-ion interaction). The electric
field produced by both electrons and ions is neglected.
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Figure 2.1: Drude conduction model [AM76]: a) an isolated atom b) the nucleus
and the ion core of an atom is immobile, valence electrons form electron gas.

Electrons, as gas particles in the kinetic theory of gases, are treated as identical
solid spheres. Their motion is governed by Newton’s laws. The electron equation
of motion has a form Eq.(2.19) [AMT76]:

WY _ 2D fio), (2.19)
dt T

where p(t) is electron’s momentum.

The first term originates from the Newton’s law, the second is a damping and
the third is a driving force.

Electrons move uniformly on straight lines until they collide with other elec-
trons or with ions. Collisions are instantaneous and occur with a probability 1/7
per unit time, which means that an electron will travel on average for 7 until
the next collision. 7 is called a relaxation time. The electron velocity after col-
lision does not depend on the velocity before collision. It depends only on the
local temperature. For higher temperatures the electron speed after collision is
higher [AM76].

2.3.1 Conductivity of solids in the Drude model

Important for interpretation of THz data is the electromagnetic response of an
investigated material. The Drude model provides an useful approach for such
interpretation.

DC Conductivity

When no external electric field is present, electrons will have random velocity,
evenly distributed in all directions, thus the net velocity will be zero. There is no
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current flow in this case. In the presence of an external electric field E electrons
will be accelerated under its influence and thus acquire an additional velocity
%Et. The average time an electron travels between collisions is 7, it is the time
it takes the system to reach equilibrium. The average velocity of the electron gas
is given by [AMT76]:

. eET

Ugpe = ——. (2.20)

m

Current density is parallel to the electron velocity. When n electrons per
unit volume travel with an average velocity v, then in the total charge —env,,.
crosses in time a unit area perpendicular to the direction of electron flow, which
is a current density 7, thus [AMT76]

-

J = enUpye. (2.21)

Substituting Eq.(2.20) to (2.21) gives a general expression for DC conductivity
0o in the Drude model [AM76]:

2

- ent. = -
P = oo F 2.22
F= (CM)E = o 222
2
oo = L. (2.23)
m

AC Conductivity

Solving the electron equation of motion Eq.(2.19) with the above assumptions
under the influence of a time dependent electric field E(t) = Eqyexp(—iwt) leads
to the frequency dependence of conductivity [AM76]:

2 1 wy 1
="~ % . (2.24)
m 1—iwr 1—iwr 4rl/7 —iw
Let 6(w) = o1 (w) + i02(w) where oy = £2T = EW2T
w3t 1
e L - 2.25
o1(w) 4 1+ w?r?’ (2.25)
sz wT
o (w) = (2.26)

Ar 1+ w?r?’
the w, is called a plasma frequency. It is the frequency at which the real part

of the dielectric function vanishes w, = 0. At the plasma frequency the material

changes it optical properties from these of a metal to insulator [Dre].
Integration of Re(d) over all frequencies
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00 [e) w2 d(aﬂ') w2 w2
/0 o1 (w)dw /0 it Wi ir arctan(wr)|g 3 (2.27)

From the relationship between the complex dielectric function and complex
conductivity Eq.(2.16) derived in chapter 2.1 we get an expression for the complex
frequency dependent dielectric function e(w) [AMT76]:

2

awy:1—;7jiy;. (2.28)

The real and imaginary parts are equal to

L
1w
ew)=——=L— (2.30)

wr w? 4772

The for THz spectroscopy interesting optical material parameters, €, €5, 01,
o9 can be characterized by the plasma frequency w, and the relaxation time 7.

2.3.2 Optical properties

The optical properties determine the frequency dependence of optical conductiv-
ity 6 and complex dielectric function €. To better understand the predictions of
the Drude model in the Figure 2.2 are plotted ¢ and ¢ for THz frequencies and
for exemplary values of plasma frequency v, = 3£ = 30 THz and relaxation rate
v =1/2rT = 0.5 THz. Later on we will compare the experimental data with the
here presented Drude response.

Depending on the frequency range there are three main regions of optical

behavior.

w<1l/T
1T <w < w,
wp L W

The extinction coefficient x indicating absorption (see chapter 2.1 for details)
is given by

1 1
k:§¢ e+ (T2 _ ¢ (2.31)

w

and can also be approximated in each regime.
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Figure 2.2: Frequency dependence of dielectric function and conductivity in
Drude model Plots a) and b) show a low frequency behavior in the range of
scattering rate v = 1/277. Plots ¢) and d) are a logarithmic representation of
¢ and &, with visible dominance of DC behavior. e) and f) show the frequency
regime above plasma frequency. Re(€) changes sign and approaches 1. Regions
I, IT and III are referred to in text.
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Low frequency regime

The first (I in Fig.(2.2)), low frequency region, also referred to as the Hagen-
Rubens regime is defined by wr < 1 [DG02]:

o1(w) = 0o, (2.32)
o9(w) = opwr, (2.33)
e(w) =1—w>r® =1—4r7’0y, (2.34)
(w) = “7 (2.35)
Eo\W) = " s .

k(W) = \/? > 1, (2.36)

The real part of conductivity and dielectric function are dominated by the
DC conductivity 0. The imaginary part of conductivity grows linearly with
frequency, while the imaginary part of ¢ decays with w™!. The scattering rate

determines the peak of Im(dy) and change of the dielectric behavior.

Relaxation regime

The relaxation regime covers the spectral range determined by both crucial quan-
tities plasma frequency and scattering rate 1/7 << w << w,. The behavior of
o and € is shown as II in the diagram Fig.2.2. In this regime the conductivity
o1(w) decreases with w™2. Tt follows [DG02]:

0o

O'l(u)) = m, (237)
while 09(w) decreases with w™!.
o
oa(w) = —, (2.38)
k(W) = % (2.39)

The real part of the dielectric function also decreases with w=2, the imaginary
part with w3,

w
e(w)=1- w_g’ (2.40)
2
w
ea(w) = w—;;. (2.41)



Transparent regime

For lower frequencies electromagnetic radiation penetrates the metal only to a
certain depth, called the skin depth. At the plasma frequency w, the reflectiv-
ity drops and the material becomes transparent for electromagnetic waves with
w >> wy. Here are approximate expressions describing conductivity and dielec-
tric response. The character of conductivity behavior stays the same [DGO2]:

o1(w) = % (2.42)
a(w) = % (2.43)

The real part of the dielectric constant changes sigh to positive at

w= /w2 —(1/7)% (2.44)

approaches a constant value 1 for high frequencies.

e1(w) — 1, (2.45)

1w
6w) = ————. 2.46
2(w) wT w? + 772 ( )
For high frequencies 4”—;1 < 1 therefore k — 0, which means that the material
does not absorb energy from the incident radiation.

2.3.3 Temperature dependent conductivity in the Drude
model

Temperature dependent measurements reveal information about charge trans-
port. Therefore changes of conductivity and dielectric function with temperature
have to be accounted for.

The plasma frequency defined as w, = /4mne?/m shows a temperature de-
pendence due to volumetric expansion [CWLT00]

(2.47)

1
Wy = Wpo s
P T+ olT —Thy)

where T is a room temperature taken for reference and a the expansion
coefficient.

As electron-electron and electron-phonon scattering have been neglected, the

only mechanism left for electrons to achieve thermal equilibrium is through colli-

1

sions: $m (v?) = 2kgT. However, the relaxation time was assumed to be velocity

independent [AMT76].
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To extend the Drude model, the electron mass m in equation (2.23) will be
replaced by the effective mass m™*. The effective mass m* is effectively a mass an
electron has when moving, as given by the Newton’s laws of motion, in the band
structure of a material. It accounts for the effect of interactions with atoms in
the lattice, then:

62Tn

(2.48)

gg = m*‘

The conductivity depends on the relaxation time. For increasing temperature
the relaxation times shortens, which results in decreasing conductivity.

To further extend the model and to consider the temperature dependence
of the electromagnetic response, it is necessary to extend the Drude model on
the previously neglected scattering mechanisms, which lead to heat exchange via
electron-electron and electron-phonon scattering.

Let us introduce a collision frequency w.. Now let w., be a contribution from
the electron-phonon scattering and w,. from electron-electron scattering.

According to Holstein [Hol54|, [Hol64] and Lawrence [Law76|, [CWLTO00] it
holds . . y

2 ) Zhdz
wep(T) = wol + 4(@)5/0 W]a (2.49)
where © is Debye temperature and wy is a constant determined in a static
limit and
1 ., TA
wee(T') = Ew?’ﬁ[(l@ﬂ? + (hw/27)?]. (2.50)

Er is the Fermi energy, kg the Boltzmann constant, I' a constant averaging
the scattering probability over the Fermi surface, and A the fractional umklapp
scattering. However, a detailed analysis of metallic behavior exceeds the frame
of this work, as the focus is on semiconducting polymers.

In semiconductors the temperature dependence of the charge carrier mobility
is given by [SKSMO02]:

w(T) = peT™, (2.51)

where a = 3/2 for scattering on acoustical phonons and o = 1/2 for scattering
on optical phonons, 1 is mobility at a reference temperature. For lower temper-
atures the scattering on phonons descreases, therefore the charge carrier mobility
oncreases. The conductivity depends linearly mobility ¢ = enu, therefore the
conductivity in band conduction increases for decreasing temperature.

2.3.4 Semiclassical Drude model

The above derivation of the Drude model is based on an assumption that elec-
trons behave like identical solid spheres [Dru00|. Let us now consider electrons as
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quasiparticles, so influenced by the interaction with the solid, which is accounted
for in the effective mass. The effective mass m* is usually different from the
mass of a free electron. Let f(p,7) be a non-equillibrium distribution function,
which is the average occupation number for the state p at point 7. The Boltz-
mann transport equation (2.53), when applied to metals, describes the statistical
distribution of electrons |Gall:

af af S| —
— 4+ U=—e(F+ -t X H)== = ,
ot or ( c[ D@p T
where f is the distribution function and f;y is the distribution function at
equilibrium and 7 is the relaxation time. For stationary fields the Boltzmann

equation takes a form [Gall:

af _ f—fo

(2.52)

Of _ f-h &

—eF— = — = 2.53
‘ op T T (2:53)
The electron distribution is governed by the Fermi-Dirac statistics:
f(B) = — (2.54)
exp (%) +1’ '

where F is the energy of a single particle state, u is the chemical potential,
kg is the Boltzmann constant and 7' the temperature in K. A short calculation
shows that the DC conductivity derived from the Boltzmann equation has a
form |Kit96:

ner

(2.55)

gy = 5
m*

which is up to the mass m exactly the same as the Drude formula in the

classical approximation Eq.(2.23). For a time dependent electric field E(F, t)
exp (—iwt) we obtain the expression for the AC conductivity [Gal]:

o(w) = 00% <ﬁ> . (2.56)

The terms (-) in Eq.(2.56) denote expectation values.

Drude Smith model

Let us now consider a model of electric behavior introduced by Smith in 2001
[Smi01], the Drude Smith model (DSM), which is an extension to the described
classical Drude model [Dru00]. It describes conductivity of materials with charge
carrier localization due to inhomogeneity and disorder on the nano-scale [ABK*06].

Further DSM will be applied to explain the electric properties of PEDOT:PSS,
as PEDOT:PSS is known to have localized states [Nar07].
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Consider an electron system with a unit impulse of electric field applied at
time ¢ = 0. The current j(¢) decays exponentially to equilibrium with a relaxation
rate 7, thus there is

J(0)/5(0) = exp(—) (2:57)

the complex conductivity is the Fourier transform of the current density j(t),
thus

o(w) :/ J(t) exp(iwt)dt, (2.58)
0
which leads to the Drude formula [AM76]:
. 00
= 2.59
o(w) 1 —iwt ( )

The Drude Smith model is based on an assumption that an electron has a
memory of velocity from previous collisions [Smi01]. The velocity memory or the
so called persistence velocity is described by the Poisson distribution. The same
as in the Drude formula 7 is the average time between consecutive collisions.
Thus, as given by the Poisson distribution, in the time interval [0, ] an electron
will experience n collisions with the probability [Smi01]:

¢

pal0,1) = (L =2
T

Now assume that after each ny, collision a fraction ¢,, of electron’s velocity is

retained. This is the difference to the conventional Drude model, where a charge

carrier does not have any velocity related memory. In the classical Drude model
¢, = 0 for all n > 0. Therefore the current density in DSM is given by [Smi01]:

Cn(%)n
! )

n

(2.60)

n!

J(0)/3(0) = exp(-= )1+ 3 (2.61)

Again, the Fourier transformation gives the complex conductivity in the DSM,
which accounting for the persistence velocity is equal to [Smi01]:

o0

6psar(w) = [ ][1+Z(07"]. (2.62)

1 —irtw 1 —itw)®

Smith suggested [SmiO1] considering only terms n = 1 for the case of single
scattering. It means that only the velocity from the last collision influences the
velocity after collision. For elastic collisions the persistence velocity coefficient
c1 = (cosB) is the expectation value of the cosine of the scattering angle 6. Thus,
the values of ¢; are allowed in the range [—1,1]. Negative values of persistence
velocity parameter ¢; = —1 mean, that the carrier undergoes backscattering
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or localization [ABKT06]. Fig.2.3 shows the frequency dependence of complex
conductivity for negative and positive values of ¢; in comparison with the Drude
model ¢; = 0. For strong backscattering effects, when ¢; = —1, the charge carrier
behavior in the Drude Smith Model is significantly different from the classical
behavior. For values of ¢; close to —1 the real part of conductivity displays a
maximum at [Smi01]

Omay = ~——— (2.63)

In the Drude model Re(dpruge) falls monotonously after reaching maximum
at o(w = 0) = opc, wheras Re(dpgy) has a maximum at w > 0. Also for ¢; = —1
the imaginary part Im(¢) shows different behavior: in DSM Im(épgy) is large
and positive, unlike the classical Drude model, where it is large and negative.

Drude Smith Model, although it is a relatively simple generalization of the
phenomenological Drude Model, has provided explanation of the behavior of lig-
uid mercury, with the persistence velocity parameter ¢; = 0.49, and the qua-
sicrystal A163.5Cu24.5F612 with C1 = —0.973 [SmlOl]

2.4 Charge transfer mechanisms disordered sys-
tems

In materials with a conductivity having a finite value at low temperatures, like
metals and highly doped crystalline semiconductors, conductivity depends on the
electrons with energies neat the Fermi surface [MD71]. Thus, the conductivity
depends on the mobility of these electrons.

Intermolecular electronic interactions in conjugated polymers are weak and
the polymer structure is disordered. Thus, charge transport between chains in
mostly dominated by hopping conductivity, while in conventional semiconductors
by band transport. Hopping conduction increases with increasing temperature,
the mobility dependence on temperature is given by Eq.(2.64). The activation
energy is approximately 0.3 — 0.5 eV [Bru08|.

wu(T) < exp (—E/kgT). (2.64)

Hole mobility in a disordered hopping system shows according to [BKNT08]
a dependence

w(T) oc T72. (2.65)
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Figure 2.3: a) Real conductivity and b) Imaginary conductivity in Drude Smith
Model plotted for different values of persistence velocity coefficient ¢;. For ¢y =0
is the classical Drude Model, for ¢; = —0.5 — 1 the case of carrier localization or
backscattering
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2.4.1 Variable range hopping

Charge transport in amorphous materials is different than in solids with a periodic
lattice. Anderson [And58| introduced a concept of localized states in amorphous
materials. These states ’trap’ electrons, are localized at random positions and
each state has a random potential. Electrons can move between these trapping
centers with a certain probability. Electron movement can be characterized as
random walk between states, where a step/jump from one site to another takes
place with a certain probability. When moving from one center to another an
electron absorbs or emits a phonon. Therefore electrons in this conduction pro-
cess need a certain activation energy AFE. Such a from of charge transport in
amorphous solids was introduced by Mott and Davis [MD71] to describe impurity
conduction and is called thermally activated hopping.

In band conduction, dominant in ordered systems, carrier mobility increases
with decreasing temperature. This is due to lower rate of electron-phonon scat-
tering at lower temperatures and increased electron mean free path. In disordered
systems, like materials with high impurity grade or polymers, when electron mean
free path is comparable with a lattice constant, hopping conduction becomes the
dominant condution process. In hopping conduction carrier mobility increases
with increasing temperature, because hopping is thermally activated.

A general form of the temperature-dependent conductivity of the variable
range hopping conduction is [MDT71]

AE
)77, (2.66)

where D is a dimensionality of a system and can have values: 1, 2 or 3.
Further, hopping is also responsible for AC conductivity. The model can be
extended to describe alternating conductivity at a given frequency w [DGBZ89],
which is

o(T) = ogexpl(—

oAC = O'/(w) + opc (267)

o (w) is a polarization conductivity and is also the quantity measured in a
THz experiment. opc is a conductivity for direct current.

Following Mott [MD71] the polarization conductivity depends on temperature
in the following way

o (w) = A(T)w* (2.68)

where A(T) and s are parameters characteristic for a material and are deter-
mined experimentally.

A hop of length R between two localized states can be thermally activated, in
this case it is called correlated barrier hopping CBH or through when hops occur
via tunneling - quantum mechanical tunneling QMT [DGBZ89|.
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The main difference between these two mechanisms is the way electrons cross
the potential barrier between two localized states. In the CBH crossing of the
potential barrier between localized states is thermally activated. It follows that
s in Eq. (2.68) shows a temperature dependence. In CBH the potential barrier
between localized centers depends on the their distance R. Localized center
distribution in isotropic and homogeneous.

It can be shown [DGBZ89| that s depends on temperature in the following
way

6kpT
WM -+ kBT ln(wTO) ’

where kp is the Boltzmann constant, 1" - temperature, W}, - energy necessary
to bring an electron from infinity to the localized center, 7y - relaxation time.

Equation (2.69) excludes a possibility of s having a constant value for different
temperatures, particularly for 7" varying in the range from 4 K to 320 K .

In the second mechanism, in the QMT model, proposed by Pollak and Geballe
[PG61], electron transitions between localized states occur by tunneling through
a potential barrier separating these states. The relaxation time does not depend
on temperature but on the hopping distance R. The frequency dependence of
the polarization conductivity is given by

s=1 (2.69)

/ 1

o (W) = A(T)wln(—)]*. (2.70)

wTo

2.5 Hopping conduction in PEDOT:PSS

A dominant charge transfer mechanism in a conducting polymer PEDOT:PSS for
DC fields is hopping conduction [Nar07]. Localized states in PEDOT:PSS are due
to structural disorder (3.6) and energetic disorder. DC temperature dependence
of PEDOT:PSS coatings has already been reported by [AHOO05| with a four-
probe measurement and by Nardes [Nar07| . Where Nardes reports conductivity
of Baytron P VP Al 4083 from H. C. Starck, the same as investigated in this
work, determined in two and four terminal measurements.

In both works [AHOO5]|, [Nar07] it is reported that PEDOT:PSS charge trans-
port is caused by variable range hopping conduction. DC conductivity, as it has
been measured, is described by the equation (2.66).
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Figure 2.4: Conductivity of PEDOT:PSS reported by Nardes [NKJ07|. Temper-
ature dependence of the conductivity of PEDOT:PSS thin films plotted vs 7-1/4

(left) and vs T~! (right). Conductivity is fitted to VRH see Eq.(2.66).
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Chapter 3

Experimental methods

In this chapter we will give details on sample preparation and experimental meth-
ods used to investigate properties of PEDOT:PSS:

e for microstructure characterization we used Atomic Force Microscopy
- to learn about films morphology and thickness

e to investigate the charge transfer mechanism we used Time Domain Tera-
hertz Spectroscopy (TD-TS)
- to learn about the frequency dependent dielectric function, the optical
conductivity and the refractive index in the THz domain.
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3.1 Sample preparation

For sample preparation a water solution of PEDOT:PSS was used. It was man-
ufactured by H.C. Starck and called CLEVIOS P VP AI 4083. The ratio of
PEDOT to PSS content is 1:6, which is an optimal choice of conductivity (see
Tab.1.1) for OLEDs and photovoltaic systems to avoid cross talk effects [Koc07].
Particle size is 80 — 100 nm.

The sample mounting is presented in a graphic (Fig.3.1). It consists of a
Silicon wafer and a decomposed PEDOT:PSS thin film. Approximately a half of
the wafer surface is left free for reference measurements.

PEDOT:PSS air

Figure 3.1: PEDOT:PSS sample on silicon substrate.

3.1.1 Preparation process

High ohmic silicon wafers from Wafer Technology were used as substrates for
PEDOT:PSS thin films. This type of silicon is appropriate for THz applications
due to its high transmittance of THz radiation (see chapter 3.3.3). Wafer before
processing were cleaned in an ultrasonic bath with Aceton and Ethanol for 10
minutes. Wafer surface has to be hydrophilic, so that PEDOT:PSS water solution
can hold to it during spin coating. To make wafer surface hydrophyllic Silicon
was exposed to Ozon atmosphere for 30 minutes. In this process Silicon surface
forms bindings with O groups, which in turn can form bindings with water. As
a result PEDOT:PSS holds very well on a silicon surface.

Water solution of PEDOT:PSS was spin coated on a Silicon substrate 30
seconds long. Prior to coating the solution was passed through a 0.45 pm filter.
The obtained stable dispersion, as a wet coating, was heated immediately after
at 150°C for 120 s on a heating plate to remove residual water.
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3.1.2 Sample thickness

Three groups of samples concerning sample thickness and homogeneity were pre-
pared and investigated.

e homogeneous thin films in the range 50 — 140 nm ;

e inhomogeneous thick films in the range 1 — 2 pm ;

e homogeneous thick films in the range 1.7 — 2.4 pym.

Homogeneous thin film preparation

The spin coating technique enables decomposition of homogeneous thin films.
However, a range of film thicknesses achievable in this way is limited. A higher
spin coating speed results in a thinner deposited layer. When the spin coating
speed is two low, the water polymer solution does not form a homogeneous layer
anymore.

We have prepared samples with PEDOT:PSS layer thickness in the range
50 — 140 nm with rotation speeds 490 — 2400 rpm. As an available commercial
spin coater was limited to 1200 rpm, which corresponds to 50 nm thickness, in
order to obtain thicker samples, for better signal resolution, we have built a spin
coater covering the spinning range 490 — 1200 rpm, corresponding to 50 — 100 nm.

Samples in the range ~ 140 nm we obtained with a PEDOT:PSS solution
with lower water content (see homogeneous thick film preparation).

Inhomogeneous thick film preparation

A drop of PEDOT:PSS solution was placed on a substrate and dried at room
temperature. Thickness of this type of samples varies strongly, which has a huge
contribution to THz measurement uncertainty. A comparison of measured THz
signals is shown in Fig.3.2. The THz signal of these samples show a significant
difference from the reference signal, which means a very good resulution, but
huge thickness variation makes this type of samples unsuitable for investigation.

Homogeneous thick film preparation

To achieve larger sample thicknesses during spin coating the water content of the
PEDOT:PSS solution was reduced. As a result the solution density increased.
In this way, after spin coating and heating, a significantly higher amount of
PEDOT:PSS solid content stays on the substrate. The initial and final volumes
of solutions used for preparation process are presented in the table Tab.3.1. Using
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the modified solutions, with higher PEDOT:PSS concentrations, we were able
to manufacture significantly thicker film layers. The thickness values are given
in Tab.3.2. The thickness of the PEDOT:PSS layer for all three samples was
measured from topography images obtained by AFM. See chapter 3.2 for details.

solution | initial volume [ml] | final volume [ml] | temperature [°C]|
1 20.0 13.0 20
2 18.5 2.5 20
3 10.0 1.5 75

Table 3.1: Density of PEDOT:PSS solutions used for sample preparation.

solution | rotations per minute | thickness [nml]
1 6000 140
2 6000 1700
3 1800 2400

Table 3.2: Sample preparation parameters.

In a THz experiment the ratio of two measured signals contains information
about electric properties of a material (see appendix A for further reference).
These signals are a THz waveform transmitted through a reference (Silicon) and
a 2 layer system of PEDOT:PSS and Silicon. To maintain a good measurement
accuracy the difference between these two signals should be approximately 30%.

The graphics 3.1 shows a comparison of THz signals of the Silicon substrate
used for reference measurements (line), thin 140 nm sample (segment) and a thick
(2400 nm) sample (dotted line). All signals were scaled to reference maximum.

Thick samples absorb enough THz radiation (magnitude of signal amplitude
decreases), so that the difference between a reference signal and a signal of a
sample material is clearly visible. The situation is different for thin samples.
Absorption of thin samples is very weak. Amplitudes of both signals under con-
sideration are almost identical. The phase shift between two signals is also small,
which makes the difference of both signals comparable with measurement uncer-
tainty. We have concluded that samples with thickness in the range 50 — 140 nm
are too transparent for THz measurements. The sample thickness is an impor-
tant factor in data evaluation. Its measurement uncertainty is currently the main
source of error in THz experiments. For this reason we have decided to consider
THz spectra only of two homogeneous samples belonging to group 3.
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THz waveforms for three sample types
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Figure 3.2: Waveforms measured in THz experiments. Solid line represents a
waveform transmitted through the silicon substrate. Segment and dotted line
stand for waveforms transmitted through two different PEDOT:PSS films. For
data processing the amplitude of sample signal should be =~ 30% lower than that
of the reference signal.
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3.2 PEDOT:PSS microstructure characterization

Two methods were used to characterize coating thickness: Atomic Force Mi-
croscopy (AFM) and Ellipsometry. AFM in Tapping Mode was additionally used
to investigate sample morphology in air at room temperature.

3.2.1 AFM measurements

Atomic Force Microscope (AFM) generates a topography map of a surface [HFGR107].
The measurement is based on an interaction between a sharp cantilever tip, which
diameter is in the order of 10 nm. As cantilever approaches the sample surface
appearing forces cause the cantilever to deflect, which in turn is registered by the
detector (Fig.3.3).

cantilever

sample surface

i

Figure 3.3: AFM setup. Cantilever with a sharp tip approaches sample surface.

The interaction between the sample surface and the cantilever is mostly due to
the van der Waals forces (Fig.3.4). As the distance between atoms decreases and
reaches a couple angstroms the interatomic force becomes repulsive. When the
cantilever is places so ’close’ to the sample (in the contact mode), the repulsive
force causes the cantilever to deflect, which is in turn detected.

For larger distances, like hundreds of angstroms, the intermolecular force is
attractive. Again, cantilever deflection is being measured, when placed within
the range of the attractive interaction (non-contact mode).

In the tapping mode the cantilever oscillates above the sample surface with
a given frequency and amplitude =~ 100 nm. The measurement principle is the
same as in the contact mode, but due to the oscillations of the cantilever, it does
not move along the surface, as in the contact mode, which can damage the sample
surface, but oscillates gently. AFM measurements do not depend on the electron
density, as for example STM measurements do. Therefore AFM can measure all
types of solids.
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Figure 3.4: Interaction energy between molecules plotted vs. intermolecular dis-
tance [HS07].

3.2.2 PEDOT:PSS microstructure

Morphology measurements of three PEDOT:PSS films of different thickness were
performed using Nanotec Atomic Force Microscope in tapping modes at room
temperature in air. Results were evaluated with Scanning Probe Microscopy
Software provided by Nanotec [HFGRT07].

AFM imaging provides information about surface morphology, e.g. height.
This property was used to determine PEDOT:PSS film thickness on the silicon
substrate. The Silicon surface topography is shown in the picture (Fig.3.5a). The
surface roughness is in the order of 2.5 nm, which is negligable in comparison
with the measured sample thickness 1700 nm. A height difference between the
PEDOT:PSS layer and the substrate surface was measured (Fig.3.5). As surface
topographies of PEDOT:PSS and Silicon are different (Fig.3.5¢) it is possible to
distinguish between these two types of surface and measure the edge difference
(Fig.3.5d).

Figure 3.6 shows topography images of three samples. The thickness of each
sample is different a) 1700 nm, b) 140 nm, ¢) 2400 nm. This results from the
preparation process. Solution for preparation of each sample had a different
density and was dispersed at a different coating speed.

Morphology of all investigated films is uniform. Samples roughness varies
from 0.15 nm for sample a) to 2 — 2.5 nm for samples b) and ¢). Sample a) was
prepared from a thickened solution and spin coated very fast, which might have
resulted in this extremely even distribution in comparison to other samples.

Granulated structure previously reported by [SGFO07|, [Nar07], [NJKO08] and
[TKT*04] can be identified in all samples. The granulated structure is created
during the polymerization process, when PEDOT ogliomers attach to PSS chains
and form shell like gel particles. PEDOT is hydrophobic, while PSS is hydrophilic.
It results in a formation of small shell agglomerates, with PSS shells, in the water
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Figure 3.5: Film thickness measurement with AFM. The scan area is 10 pm x
10 pm. a) Silicon surface b) boundary region: PEDOT:PSS (left), Silicon (right).
On the right hand side are roughness profiles of both scanned areas. The =z
direction is in the sample plane, while the z direction is perpendicular to the
sample surface. The film thickness was measured between points A and B. The
height variation between points B and C is due to the gathered residual amount
of PEDOT:PSS, which was formed, when the sample surface was mechanically
scratched to obtain a sharp edge between both materials.
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Figure 3.6: AFM topography images of 3 samples with different thickness: a)
1700 nm, b) 140 nm, c) 2400 nm. The scan area is 10 gm x 10 pm. Roughness
profiles of scanned areas in the right hand side. The z direction in plane, the z

direction perpendicular to plane.



dispersion. Highly conductive PEDOT-rich domains are separated by insulating
PSS-rich domains [Koc07]. If there are excess PSS chains they may exist in the
space between gel particles and also on the surface of gel particles, which results
in a net negative charge of PEDOT:PSS gel particles [CMO™03].

Phase and topography images of the sample with thickness 2400 nm confirm
the presence of gel particles Fig.3.9. AFM phase images are very sensitive to
the change of the cantilever tip - sample surface interaction and therefore to
the change of surface composition. Two regions in the phase image Fig.3.9 b)
can be distinguished. 1) Regions with a high phase contrast, they correspond
to PEDOT:PSS shells. 2) Regions with a low phase contrast are voids between
gel particles [SGF07]. Fig.3.9 a) shows a corresponding topography image. The
height difference indicates also on granulated structure existence.

a) 51.57nm / 203.57 mV
e C
\ \\ J o

N Y

0.00 nm /-392.42 mV

Figure 3.7: Topography a) and phase b) images of PEDOT:PSS surface reveal
the granulated structure. The scan area is a) and b) 1 um x 1 um. High contrast
regions in the phase image indicate on the change from PEDOT:PSS grains to
the filling space between them.

Also the 3 dimensional topography image Fig.3.9 of the film surface clearly
shows the granulated structure.

Topography images reveal the size of PEDOT:PSS shells, grain size in the
range 20 — 50 nm. Grains tend to stick together and form bigger grain agglomer-
ates. Surface roughness across these grain agglomerates is in the range 10 nm. An
explanation of PEDOT:PSS morphology was proposed by Nardes [Nar07| This
granulated structure of a PEDOT:PSS thin film consists of PEDOT:PSS particles
(shown as short black bars) surrounded by PSS shells (shown as circles) Fig.3.10.
Calculations concerning the solid-state organization of PEDOT:PSS [DBL™08§]
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Figure 3.8: 3D image topography image of PEDOT:PSS clearly shows the gran-
ulated structure. 560 nm x560 nm.

also confirm the existence of a one-dimensional conjugated core surrounded by
an isolated core (PSS). The charge transport along the conjugated chain should be
very efficient. However, the macroscopic transport should be limited by hopping
between the PEDOT chains.
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Figure 3.9: Topography image of PEDOT:PSS surface. The scan area is 560 nm x
560 nm. a) normal contrast topography image, b) high contrast topography
image.

PEDOT:PSS

PSS shell

Figure 3.10:  Schematically shown morphology of PEDOT:PSS [Nar07]|.
PEDOT:PSS-rich regions are surrounded by PSS-rich shells.
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3.3 Time-domain terahertz spectroscopy (TD-TS)

Time-domain terahertz spectroscopy is a highly accurate method for dielectric
function and optical conductivity determination. In transmission measurements
both the amplitude of the electromagnetic wave Ey = |Eo|exp(id) and the phase
are detected, which provides a complete information about the transmitted elec-
tric field. Terahertz spectroscopy (short THz spectroscopy) covers the far infrared
part of the electromagnetic spectrum, all measurements in this work were per-
formed in the spectral range from 10 to 30 THz, which corresponds pulse energies
from ca. 40 meV to 124 meV and which in turn corresponds to excitation energies
of charge carriers in the near of the Fermi Surface. Thus, THz measurements,
can provide information about charge transport mechanisms in materials.

A detailed description of the measurement principle and the THz experimental
setup has already been given by [KamO05], [Sch08|, [Sch05] and [N6t07]. In this
thesis we will give a brief overview.

Generation and detection of THz radiation is based on nonlinear optics. Non-
linear polarization of matter is induced by strong laser pulses.

3.3.1 Nonlinear optics

From the Maxwell’s equations follows a wave equation for electric field E(f, t)
propagation in matter [DGO02|:

1 0% - 4 0 -
VXVxE+——F= —P, 3.1
teaEt T o (3.1)
where P is the electric polarization induced by the incident electric field E. In
non linear media, as already shown in section 2.1, the dependence of the electric

polarization P on the electric field E is given by the expansion
P, = ZXU E; + ZXU,CE-E;C + ... (3.2)

The first term gives the linear dependence of the induced polarization on the
incoming electric ﬁeld and leads to the scalar dielectric function. The second
order term Z szng E}, which is a nonlinear contribution, gives rise to the
Pockel’s effect. The third rank susceptibility tensor Y is given by (see |KamO05|
for further reference):

X (w,wi,wz) = XP (w1, w2)(w — wi — ws) (3.3)

For positive (non degenerate) frequencies a frequency of nonlinear polarization
w can be w = w; + we, which is a sum frequency generation, or a difference
w = w; — w, for difference frequency generation. x(® vanishes in media with
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inversion symmetry, but in media like gallium arsenide GaAs it leads to strong
nonlinear effects as described above.

Nonlinear effects in matter enable energy conversion to electric fields with
different frequencies. As a results strong sources of coherent radiation can be
achieved for frequencies where no lasers are available. An example of such appli-
cation is generation of THz radiation.

3.3.2 THz generation

THz radiation, in 10 to 30 THz frequency range, is generated owing to difference
frequency mixing in GaSe crystal.

A
THz visible

X(2)
4

V
Q= -0, ®, O,

Y

Figure 3.11: Frequency mixing in GaSe crystal due to second order nonlinear
effects.

The femcosecond laser used in the experiment produces pulses centered at
780 nm with a bandwidth 80 nm. Thus it is possible to generate radiation in the
frequency range (2 = 0...40 THz. However, phase matching effects, which are not
discussed here, limit the generated THz frequencies to the range from 10 to 30
THz.

An ideal THz wave form obtainable in the described process is shown in the
Fig.3.12 a), with a spectrum shown in Fig.3.12 b).

3.3.3 THz detection

Detection of THz radiation is achieved with the use of the Pockel’s effect, known
also as the electro-optic effect. A THz laser pulse with an electric field ETHZ
propagates collinearly with a short 10 fs visible laser pulse Evis inside the detection
crystal ZnTe. See figure 3.13. The presence of the electric field induces nonlinear
polarization. This causes birefringence in the detection crystal. As a consequence
the visible sampling pulse E.; becomes elliptically polarized. The change in
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Figure 3.12: a) Ideal Gaussian THz Pulse in time domain (waveform) b) Spectrum
of an ideal Gaussian THz Pulse obtained by Fourier Transform of the waveform.

ellipticity of the visible pulse propagating together with the THz pulse is detected
by an electro-optical setup.

The spectral range suitable for measurements is determined by the incident
radiation emitted from the THz generation crystal, the silicon wafer response, as
the silicon wafer acts as a filter for the NIF and transmitts the THz radiation,
and the detection crystal. The spectrum of the measured reference signal E,.;
described by Eq.(A.2) determines the frequency range over which the sample
signal can be measured. Figure 3.15 shows the absolute value of both measured
signals in the frequency domain. The output of the measurement setup is shown
as segment. It shows the quality of detection for particular frequencies. Figure
3.14 |GP06] shows the transmission spectrum of Silicon in the THz range. At
18 THz (=~ 17 pm) an absorption line of Silicon can be identified, which is also
visible in the spectrum of the measured reference signal Fig.3.15.

3.3.4 THz spectrometer

THz Spectrometer allows for the steady-state THz response and the instantaneous
THz response measurements of a material of interest [Kam05|. In this work we
have focused on steady-state measurements.

The THz Spectrometer is schematically shown in the picture 3.16.

The THz pulse has a duration of ~ 100 fs and is thus much longer that the
sampling pulse. Scanning of the THz pulse is possible due to changes in the

49



delay

10 fs
THz Pulse

Figure 3.13: Electro-optic sampling - an ultrashort visible pulse scans step by
step the THz pulse.

delay of the sampling pulse, so that for each delay the sampling pulse ’samples’
a different part of the THz pulse.
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Figure 3.15: Detection spectrum. Magnitude of Fourier Transform of transmitted
THz waveforms.
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Figure 3.16: THz Spectrometer. The core of the system is a Ti:sapphire fem-
tosecond laser operating at a 1 kHz repetition rate and producing ultra short
pulses in the near infrared 780 nm of 10 fs duration [Kam05|.

This ultra short, near infrared pulse when directed onto a generation crystal GaSe
generates THz radiation due to the principle described in section 3.3.2. The THz
beam propagates collinearly with the near infrared beam as it is collimated by the
parabolic mirror PM1. A high resistivity Si wafer, the same type as used later for
substrates, is placed in the beam to block the near infrared light and transmit the
THz part of the beam. The transmitted THz radiation is focused on the sample
by the second parabolic mirror PM2. The next two parabolic mirror PM3 and
PM4 recollimate the beam and focus it onto the detection crystal ZnTe. The
coming ultra short visible sampling pulse is reflected by the second Si wafer and
thus propagates collinearly with the THz pulse, which is transmitted through
the Si wafer, onto the detection crystal. The ellipticity change of the visible
pulse induced by the THz pulse is detected by a system of a A/2 plate and a
Wollaston prism. The change of ellipticity of both electromagnetic waves S(t)
after passing through a Wollaston prism is measured by two photodiodes. The
measured voltage is proportional the the change of ellipticity.
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Chapter 4

Experimental results

A THz waveform is transmitted through a PEDOT:PSS thin film (layer 1) and a
substrate (layer 2) and finally detected. This system is refered to as a two layer
system. Applying a model describing the relationship between the complex re-
fractive index and the measured THz transmission signals of PEDOT:PSS films,
as described in Appendix A, enabled extracting the following material parame-
ters:

e complex dielectric function é
e complex optical conductivity &
e complex refractive index n

All measurements were conducted in the bandwidth 10 — 30 THz. First in
sections 4.1 and 4.2 T present the complex refractive index and the complex
dielectric function of PEDOT:PSS together with a thorough analysis of the mea-
surement errors, followed by a more detailed analysis of the dielectric behavior
of PEDOT:PSS. The section 4.3 contains the analysis and interpretation of the
complex conductivity of PEDOT:PSS.

4.1 Complex refractive index of PEDOT:PSS

Figure (4.1) shows the obtained complex refractive index n = n+ix of PEDOT:PSS
for a [2400 4 400] nm thick sample. Standard deviation plots (+ standard devia-
tion) of both real and imaginary parts of n are presented. n and k are response
functions of the material describing propagation and dissipation of electromag-
netic fields in the medium. n describes the change of the speed of light in the
medium n = ¢ and « is the extinction coefficient. Both the real refractive index n
and the imaginary refractive index - the extinction coefficient x - do not show any
significant frequency dependence. Linear approximation of the refractive index
n =n + ik shows a dependence
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Figure 4.1: Standard deviation plot of the complex refractive index of
PEDOT:PSS, sample thickness 2400 nm, measurement conducted in air at room
temperature. The visible oscillations are possible artifacts of the Fourier trans-
formation.
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4.2 Complex dielectric function of PEDOT:PSS

All three material parameters ¢, 6 and n are related to each other. This relation
for non-magnetic materials is described in details in chapter 2.1 and summarized
in table B.1. Both the optical conductivity and the dielectric function can be
calculated from the already known refractive index.

Figure 4.2 shows standard deviation plots of the complex dielectric func-
tion of PEDOT:PSS derived for the same sample. The dielectric function, both
Re(é) = €; and Im(€) = €y, the same as the refractive index, do not show any
significant frequency dependence. Nonlinearities in the standard deviation plot
of the complex refractive index and the complex dielectric function are possible
Fourier transformation artifacts. However, Schubert et al. in paper [SBJT04]
gave an explanation, that this effect is due to resonant vibrations. This requires
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Figure 4.2: Standard deviation plot of the complex dielectric function of
PEDOT:PSS for a film thickness d,,. = 2400 nm in air at room temperature.
Nearly constant value of both real and imaginary part of € in the whole fre-
quency range shows the same charge carrier response to all excitation frequencies
of the applied electric field and the same indicates a lack of significant resonant
vibrations.

further investigation.
Linear approximation of the dielectric function gives

[0.065 = 0.005]
_ w4 102421 43
‘1 e m Yt ) (4.3)

[0.0137 £ 0.0114]
27 - 1012 Hz

The imaginary part of € is positive and small (=~ 1.3 — 3.3), what indicates
weak absorption of THz radiation. For materials showing strong absorption in
the THz range, like graphite or a superconductor BSCCO, the imaginary part of
the dielectric function e; can be as big as 50 — 350 in the same spectral range
(see appendix A.5 for details).

€y —

‘w192 40.18]. (4.4)

4.2.1 Error Analysis

In the figure 4.3 is identified the influence of the three main sources of errors in
material parameter estimation from THz measurements. The sources of errors
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Figure 4.3: Influence of three main measurement uncertainty sources of dielectric

function of PEDOT:PSS

a) Accuracy of PEDOT:PSS film thickness determination, dielectric function cal-

culated for average thickness d = 2400 nm, maximum thickness d = 2800 nm

and minimum thickness d = 2000 nm at one sample point and the same reference

point

b) Silicon substrate homogeneity, dielectric function calculated for signals from

various spots on the silicon wafer, at the same sample and average thickness

c) PEDOT:PSS film homogeneity, dielectric function calculated for signals from

various spots on the sample, at the same reference point and average thickness.

d) Sample montage. PEDOT:PSS and three measurement points (left), Silicon

and three reference points (right).
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are due the uncertainty of thickness determination, sample inhomogeneity, which
means, that THz transmission on different points on a sample varies (point de-
pendence), and to the lack of substrate homogeneity, which results in variation of
reference signal and thus dependence on the choice of points on silicon substrate
for reference measurements (reference dependence). Contribution of these three
sources of errors is summarized in the figure below.

Figure 4.3 a) shows a change of the calculated dielectric function for measured
maximal and minimal values of PEDOT:PSS film thickness. Figure 4.3 b) shows
the calculated ¢ value for three difference points on the Silicon substrate taken for
reference measurements. The next figure 4.3 ¢) illustrates the influence of sample
quality on the calculated €. THz transmission spectra were recorded for three
different points on the sample surface. In the next step, the dielectric function
for each point was evaluated at a fixed sample thickness and the same reference
point. The major contribution the the total measurement uncertainty has the
accuracy of film thickness measurement.

4.2.2 Results comparison and analysis

To reproduce our results we have measured THz transmission spectra of two
PEDOT:PSS films prepared from solutions with different polymer concentrations
in water and also different film thicknesses: 1700 nm and 2400 nm. Next, we
determined and compared material parameters. Various points on each sample
were measured, the results averaged.

As all three material parameters are related (see appendix B), therefore it
is sufficient to compare only the dielectric functions of both samples. The cal-
culated dielectric functions are shown in red and blue in Fig.4.4. Additionally
we have compared our results with the dielectric function presented by Schu-
bert [SBJ*04], shown in black in Fig.4.4. He modeled the infrared dielectric func-
tion of PEDOT:PSS from ellipsometry measurements. However, the PEDOT:PSS
solution was from Bayer AG, EL grade, which is different from the one used in
this work. Schubert also worked with doped silicon substrates, unlike high ohmic
silicon wafers used for THz measurements.

Comparison of Schubert’s results [SBJT04] in the spectral range 330—1000 cm ™!
with THz results in the corresponding range 10 — 30 THz is shown in the figure
4.4. Both parts of the dielectric function Re(ery,) = epy, and Im(erm,) = ey,
obtained by THz Spectroscopy measurements (red and blue lines) agree well with
with results €gy; and ey, obtained by ellipsometry (black lines) [SBJ*04]. The
values are in the same order of magnitude. The real dielectric function egy, de-
creases stronger towards higher frequencies as ey, does. This behavior may be
due to another composition of the PEDOT:PSS solution used for measurements.
Both ep;; and ey, show resonant vibrations in the spectral range 330 —1000 cm ™.
These strong vibrations were not detected in THz measurements. The spectral
resolution was Aw = 0.1 THz.
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Figure 4.4: Comparison of dielectric functions obtained by ellipsometry eégy;
[SBJT04] (black) with THz results (red, blue) érp,. The values of the dielec-
tric function, both real and imaginary part, determined by both methods have in
the same order of magnitude. Resonant vibrations were calculated for égy;. No
significant resonances were observed with TD-TS.
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Following Schubert [SBJ*04] the infrared dielectric function ¢ has contribu-
tions from the high frequency electronic polarizability €,, IR active bond reso-
nance vibrations e, and free charge carrier plasma modes ég.:

€ = €4 + Evib + €fe. (4.5)

4.3 Optical conductivity of PEDOT:PSS

In this section we will analyze the complex conductivity of PEDOT:PSS. We have
conducted temperature dependent measurements of a PEDOT:PSS thin film to
gain information about the type of charge transfer mechanism in the polymer. As
widely known band conduction increases with decreasing temperature in semi-
conductors, while charge transfer caused by carrier hopping increases for growing
temperature.

All results concern the sample with 2.4 ym PEDOT:PSS layer thickness. The
temperature-dependent measurements were conducted in the temperature range
from 4 to 320 K in 25 K steps for three different spots on the sample surface.
Formulas describing optical constants in this work are derived in the gaussian
unit system. However, values of conductivity are presented in the typical for o
units siemens pro centimeter of the SI system. The conversion factor from the
gaussian to the SI system as given by [Jac99] is (9 - 10')~ 12 — 1,

cm S

4.3.1 Temperature dependence of conductivity

Surprisingly, for all temperatures the frequency dependence of ¢(7T') is the same
and very weak. Also the real conductivity €; shows no change at all and oy shows
only slight changes under a temperature variation. These changes lie within
results’ dispersion. To illustrate this, Fig.4.6 shows plots of the dielectric function
for three chosen temperatures. As the order of 6(T") for these three measurements
and chosen temperatures is different in each case and always withing the results
scattering, we have not observed conductivity variation with temperature.

4.3.2 Conductivity models

To understand electric properties of PEDOT:PSS we have compared the results
obtained from TD-TS with four models describing conductivity. Under the in-
fluence of a static electric field the charge transfer in PEDOT:PSS is dominated
by thermally activated hopping [Nar07]|, [AHOO05|. In the following we have an-
alyzed the frequency dependence of AC conductivity given by two models of
hopping mechanisms: Variable range hopping and quantum mechanical tunnel-
ing. Further, in sections 4.3.2 and 4.3.2, we have considered conductivity models
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Figure 4.5: Temperature dependence of conductivity of PEDOT:PSS measured
from 4 K to 320 K.

of systems with free charge carriers. As PEDOT:PSS is a conducting polymer,
we expect a partially filled conduction band at room temperature.

Variable range hopping

As reported in literature [Nar07]|, [AHOO05] the DC conductivity of PEDOT:PSS
shows a strong temperature dependence and fits perfectly within the variable
range hopping model (VRH), which describes conduction in disordered systems
(see section 2.4). Here we will consider the real part of conductivity measured for

various temperatures. The polarization conductivity, can be expressed in terms
of the AC and DC conductivity [DGBZ89|

o (w) = A(T)w*D, (4.6)
in the VRH model it’s frequency and temperature dependence is by [DGBZ89:

O’Ac(w) = a/(w) -+ O’Dc(O). (47)

In a THz experiment we measure oxc(w). As given by the PEDOT:PSS
manufacturer Stack [Sta09| the DC conductivity of PEDOT:PSS Al4083 used in
this work is equal to opc = 1.5 mS/cm, which is negligible in comparison with
oac(w) > 10 S/cm. Thus, we can assume
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Figure 4.6: a) Real part of the conductivity b) Imaginary part of the conduc-
tivity plotted for three different temperatures for three different measurement
points. Changes of the é(7') magnitude due to the temperature variation are
within measurement uncertainty of the conductivity.
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Figure 4.7: VRH fitted to the real part of the conductivity of PEDOT:PSS. The
fit hat the same trend as the conductivity, however, the hopping conduction could
not be observed. see text for more details.

U/ (w) ~ (TAc(w). (48)

To obtain the parameters A(T) and s(T), we have fitted o' (w) given by
Eq.(4.6) to the measured optical conductivity of PEDOT:PSS in the temper-
ature range 4 K to 320 K. Figure (4.7) shows the fitted results.

The calculated fit, which in this case is roughly a straight line, follows the
general trend of frequency dependence of conductivity. From the fit we obtained
values of parameters A(T') and s for all temperatures and all three different mea-
sured points. As the conductivity does not show any temperature dependence,
the fitted parameters also don’t have any. Values both parameters A(T") and s(7')
are plotted vs. T [K]. See figure (4.8)

The fitted parameter A(T") and s(7T") do not show any temperature dependence

4.8. Their average values for every measurement are given in the table below
Tab.(4.1).

Quantum mechanical tunneling

Quantum mechanical tunneling (QMT) is the second model describing hopping
conductivity, and as already described in section 2.4, electrons cross the potential
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Figure 4.8: Parameters A(7") and s(7') fitted to the variable range hopping model
for three measurement points. As expected, these is no dependence of A and s

on temperature.

point | A(T) | AA(T)) | s(1) | A7)
1 0.0014 | 0.0010 0.30 | 0.02
2 0.0011 | 0.0009 0.32 | 0.02
3 0.0005 | 0.0002 0.33 | 0.02

Table 4.1: Average values of fitted parameter A(T) and s(T) for three measure-
ment points.
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Figure 4.9: Hopping conduction model described by quantum tunneling fitted to
the real conductivity of PEDOT:PSS.

barriers between localized states by quantum tunneling. Additionally to the

general dependence of conductivity on frequency

o (w) = A(T)w?, (4.9)
a more detailed one [DGBZ89| can be proved with a parameter s independent

of temperature.

a/(w) = A(T)w[ln(i)]“. (4.10)
wWTo

The QMT model fitted to the experimental data is shown in the Fig.4.9.

The fitted curves for all temperatures are approximately straight lines, which
overlap. The results are very similar to these obtained by fitting experimental
data to the variable range hopping model. In both cases the parameter A(T')
and s(T') does not depend on temperature, which contradicts the assumptions
underlaying both models (see section 2.4).

In an optical excitation with THz radiation an electron receives an energy cor-
responding to the energy of the incident electromagnetic wave, which is in this
case ca. 40 meV to 120 meV, which may be not sufficient to overcome existing po-
tential barriers. A localized charge motion of a polaron within nano-scale regions
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is observed. In THz experiments intra-band transitions are detected [NVMM].
Hopping conduction observed in PEDOT:PSS is a transport mechanism occur-
ring between localized states and in this case between different molecules, thus
concerns inter-band transitions. Interband transitions in PEDOT:PSS are not
detected by THz spectroscopy in this case.

In DC measurements energy in supplied for the electron to overcome potential
barriers between localized states and move freely between contacts. When a cer-
tain bias voltage is applied, electrons are driven between contacts. It is schemat-
ically shown in Fig.4.10. An electron excited with THz radiation is ’trapped’
between existing potential barriers - PSS sites (dark gray). It oscillates locally
with a frequency corresponding to the frequency of oscillations, thus ~ 10'? Hz
(black arrow), while an electron exposed to a bias voltage moves across the sample
(black wave arrow) via hopping between localized sites (gray).

E A

Figure 4.10: Electron trapped in a localized site. I. When a DC voltage is applied,
an electron can hop (black wave arrow) between localized sites (gray) and tunnel
through potential barriers - the PSS rich sites (dark gray). II. Localized sites
have a density of states G(Fgr). When carrier energy changes, due to thermal
activation, the carrier can hop to a matching neighbor state. The charge carrier
can also tunnel to the neighbor state with a probability depending on the width
of the potential barrier. III. Excitation with THz pulses causes fast electron
oscillations (black arrow) on a nanometer range within localized sites.
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Drude model

The Drude model describes the dielectric response of free charge carriers &y
[Dru00|. Their contribution to the conductivity of PEDOT:PSS & should then fit
to the Drude model. Now, compare the frequency dependence of the conductivity
given by Drude 6puqe (Fig.4.11) with the measured frequency dependence of the
conductivity of PEDOT:PSS 6rys,.

The crucial parameter describing the frequency behavior of 6p,uqe is the scat-
tering rate v = 1/7. At the scattering rate v the imaginary part of the conduc-
tivity Im(oprude) reaches the maximum in the Drude model. The real part of the
conductivity Re(oprude) has the maximum at w = 0 and decreases for increasing
frequency. The experimental conductivity shows exactly the opposite behavior.
The real conductivity Re(ory,) increases with growing w. The imaginary part
of the conductivity Im(ory,) has a maximum at w = 0 and not at the scatter-
ing frequency ~. It implies that the conductivity of PEDOT:PSS does not show
the classical Drude response. A graphical comparison between the response of
PEDOT:PSS a) and predictions of the Drude model b) is shown in Fig.4.11.

Drude Smith model (DSM)

The Drude Smith model describes intraband contributions in the infrared range
[Smi01]. It accounts for velocity contributions from the previous collisions, which
are given by persistence velocity coefficients ¢,. It is plausible to consider a
single-scattering case, in which only the velocity from before the last collision
has a significant contribution, so that ¢; # 0 and ¢, = 0 for n > 1. This allows
describing backscattering processes in localized states [Smi01].

PEDOT:PSS consists of one-dimensional chains of PSS with attached PEDOT
segments Fig.4.12 a) |KRO05| forming thin PEDOT:PSS gel particles surrounded
by PSS [Nar07] Fig.4.12 b). Therefore localized states are present. The Drude
Smith model was applied to explain the behavior of the complex conductivity of
PEDOT:PSS.

The calculated complex conductivity of PEDOT:PSS fits perfectly well to the
conductivity given by the DSM model with ¢; = —1 and oy = w37 /47 [Smi01]:

(o)) —1

[T+

The fitted results are presented in the graphic 4.13 and the fit parameters are
given in the table 4.2: the plasma frequency w, and the relaxation time 7. From
predictions of the DSM: the relaxation time 7 and the equation (2.63), we have
calculated the frequency wpay/2m = (51 & 4) THz, for which the conductivity
Re(d) reaches the maximum value.

The plasma frequency w;, and the relaxation time 7 allow for calculating the
ratio of the charge carrier concentration to the effective mass n/m*:

1 —rtw 1 —rw
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Figure 4.11: Comparison of the experimentally determined complex conductivity
oTH, With the predictions from the Drude model op,uqe. PEDOT:PSS does not
show the classical Drude response.
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Figure 4.12: Structure of PEDOT:PSS. Formation of localized states. a) PSS-
chain with PEDOT oligomers, secondary structure b) PEDOT:PSS chains form-
ing gel particles in PSS water suspension, tertiary structure.

No. | Data 7 |fs] wp |[THz|
1 Re(o) 3.1£0.2 | 103£16
2 | Im(5) 14402 | 363415
3 | Re(6), Im(6) | 2.3 4+0.90 | 233 £ 130

Table 4.2: Parameters fitted to the Drude Smith model: 7 and w,,. Three data set

were fitted : separately the real Re(d) and complex Im(&) conductivity, together
Re(d) and Im(a).
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Figure 4.13: Average complex conductivity of PEDOT:PSS fitted to Drude Smith
model with persistence velocity coefficient ¢; = —1.
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n/m* = (3654 75) - 10" cm kg, (4.12)

The effective mass of an electron in a PEDOT:PSS isolated chain is m*/mg =
0.099 according to Kim [KJO08], where mg = 9.1093897 - 103! kg is the electron
mass at rest. The equation (4.12) and the effective mass m* allow for estimating
the electron concentration in PEDOT:PSS isolated chains:

n=(33+0.7) 10" cm™3. (4.13)

For metals, like copper, gold or silver, the electron concentration is in the order
of n &~ 5-10%% cm™3 [AM76], which is approximately 100,000 times higher, which
results, of course, in a significantly higher conduction. The Drude relaxation
times in metals are in the order of femto second, e.g. for iron 7z, = 2.4 fs at
273 K [AM76].

The DC conductivity g estimated from the Drude Smith model is equal to

oo = (2.9 4 0.6) S/cm. (4.14)

As stated by the manufacturer C. H. Starck [Sta09] the solution of PEDOT:PSS
Al14083 has a DC conductivity ~ 0.001 Sem~!. Tt has been reported [Nar07|,
[KRO5], that the preparation process has a crucial impact on the DC conductiv-
ity of PEDOT:PSS. As for sample preparation (see section 3.1) the PEDOT:PSS
solution received a long heat treatment resulting in a density change of the so-
lution, it is possible that the parameters of the solution changed significantly.
The manufacturer [Sta09| has claimed to have produced a PEDOT:PSS solution
with a conductivity as high as ~ 500 S/cm. Accounting for the wide spectrum
of PEDOT:PSS conductivity values ranging from ~ 107° to 500 S/cm, the value
o0 = (2.9 +0.6) Sem™! obtained from the model predictions is within the range
of the reported DC conductivity values.

DSM predicts that conductivity reaches the maximum value at the frequency
Wimax = 0.8 £ 2.6 THz. It follows from the equation (2.63), the fitted relaxation
time 7 and the persistence velocity coefficient ¢; = —1.

Measurements of PEDOT:PSS conductivity in a higher spectral range 40 to
60 THz will reveal if there is a conductivity maximum in the indicated range
and consecutively if the Drude Smith model provides an accurate description of
charge behavior in PEDOT:PSS.

The value ¢; = —1 of the persistence velocity coefficient indicates strongly on
the charge carrier localization in PEDOT:PSS. Charge carriers undergo backscat-
tering.

We already know that PEDOT:PSS is a disordered material. PEDOT:PSS
chains, shown schematically in Fig.4.12 a), form grains in the order of ~ 20 -
30 nm, which are surrounded by the water solution of PSS. See section 3.2 for
details. The graphic 4.12b) illustrates PEDOT:PSS chains forming grains or gel
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particles in PSS suspension. Between such grains charge transport is dominated
by interchain variable range hopping [Nar07].

Sample illumination with a laser pulse with an electric field oscillating with
the frequency ~ 10'? Hz, causes local excitation of electrons within polymer
chains. Due to the high frequency of the electric field, the electrons oscillate
extremely fast, thus they are being moved by the E field on a namometer scale
only. Thus, TD-TS probes local conductivity. Charge transfer between polymer
chains requires high activation energies, which are not supplied during a short
range THz excitation. Excitations with THz pulses are withing single polymer
chains. However, the measured THz signal is a sum of contributions of carrier
excitations from a larger region, as the size of the laser spot in focus is ca. 100 pm.

Charge transport within a single polymer chain can be considered as one
dimensional, thus defects within the polymer chain cause electron backscattering.
Alternatively, to move further along the polymer chain an electron can hop to
the nearest state. See Fig.4.14 ¢). Hopping conduction within a polymer chain
requires again an activation energy. The model of electrons backscattering on
defects within polymer chains agrees perfectly well with predictions of the Drude
Smith model.
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Figure 4.14: a) Primary structure of PEDOT:PSS, b) PEDOT doping with neg-
atively charged SO3 groups from the PSS chain. Formation of positively charged
ions in the PEDOT chain (gray) c) I - hopping between chains, II - hopping
within a PEDOT:PSS single chain, dark gray - defects in the polymer chain,
gray - positively charged ions in the PEDOT chain resulting in strong electron -
phonon interaction: polaron formation.
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Chapter 5

Summary and conclusions

Due to their unique features, like flexibility and easy processing, organic poly-
mers are a highly interesting alternative to classical semiconductors. The poly-
mer PEDOT:PSS is presently dominating the market of conducting polymers.
Although until today it has been vastly applied in various areas of organic elec-
tronics and as coatings even in traditional inorganic electronics. But still the
charge transfer mechanism has not been fully understood yet.

TD-TS is sensitive to electrons with excitation energies in the meV range,
thus, as it has been shown [vLFKT08|, it provides a detailed information on the
nature of the charge transport also in polymers. In this work I have presented
the first successful results of measurements on PEDOT:PSS with time-domain
terahertz spectroscopy. For PEDOT:PSS we have demonstrated that it is possible
to determine the complex dielectric function €, the complex refractive index n and
the complex conductivity ¢ in the far infrared range.

PEDOT:PSS thin films on silicon substrates were successfully fabricated by
using spin-coating directly from a commercial water polymer solution, without
further treatment. The optimal thin film thickness for THz measurements was
determined and found to be within the range 1.7 — 2.4 ym. The sample prepara-
tion process was then optimized by reprocessing the water suspension to fabricate
samples with an exactly matching thickness and homogeneity for THz measure-
ments, so that the THz radiation is absorbed by approximately 30%. The sample
thickness is a crucial parameter for success, because thin polymer films of thick-
ness below 140 nm, do not absorb enough radiation to perform measurements.
The measurement uncertainty for these films is so high, that it was found, that
based on the extracted dielectric function, it is not possible to draw any con-
clusions about transport mechanisms. Consequently, an important factor is the
sample homogeneity, because film thickness variation holds the dominating con-
tribution to the total measurement error.
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To derive the dielectric function and thus n and 6 from the THz measure-
ments, the model for the dielectric function calculation had to be revised. The
previously applied thin film formula describing the dielectric function [Kam05| is
only a second order approximation. As the investigated samples of PEDOT:PSS
are nearly forty times thicker than samples previously measured with the same
experimental setup [Kam05|, [Sch08|, the assumptions underlying the validity of
the applied approximation have not been met. To evaluate the measured data
and to extract the interesting material properties a completely different way for
solving the general formula for the dielectric function numerically has been im-
plemented and applied.

Both the complex refractive index and the dielectric function, as they are
related by ¢ = 72, do not show any significant frequency dependence in the in-
vestigated bandwidth. The values of both parts of the dielectric function are
approximately Re(€) = [9 £ 3.0] and Im(é) = [2.3 £ 1.0]. The obtained results
are in good agreement with results found in literature [SBJ*04]. Both dielectric
functions are in the same order of magnitudes, further differences may be due to
different types of PEDOT:PSS solutions and substrates used in both measure-
ments.

Additionally, we have examined the conductivity of PEDOT:PSS in the far
infrared region with time-domain terahertz spectroscopy and compared it with
conductivity models describing free charge carriers (Drude model, Drude Smith
model) and hopping conduction (variable range hopping, quantum mechanical
tunneling). It has been reported [AHOO05|, [Nar07] that the electric transport
on macroscopic distances is dominated by charge carrier hopping. However, this
hopping mechanism has not been observed with TD-TS. The THz signal is an
integrated material response over a spot size of ca. 100 gm in diameter. Charge
carriers oscillate due to excitations with an incident electric field with a THz fre-
quency. Thus, these oscillations are on nanometer range. THz radiation induces
local charge carrier oscillations and does not provide sufficient energy to over-
come the existing potential barriers. The conductivity and dielectric behavior of
PEDOT:PSS does not follow the simple Drude model describing the response of
free charge carriers. Thus PEDOT:PSS, an organic semiconductor, is not com-
parable with classical metals as it has been desired for applications.

To explain the measured optical conductivity we have compared our results
with the predictions of the Drude Smith model. It is a generalization of the
classical Drude formula accounting for the influence of localized states on the
conductivity. The Drude Smith model fits the experimental data very well. From
the predictions of the Drude Smith model the plasma frequency was estimated

74



wp = 103+ 16 THz at room temperature and the scattering time of PEDOT:PSS
7 = 3.140.2 fs, which is comparable with the scattering time of iron 7w, = 2.4 fs at
273 K [AM76|. The charge carrier concentration of PEDOT:PSS was calculated
to be n = (3.3 £0.7) - 10'" em™3, which is significantly lower than in metals,
where n &~ 5-10% cm ™ [AMT6].

We have confirmed the existence of a granulated structure in PEDOT:PSS
thin films, which has previously been reported by [SGF07], [Nar07] and [TKT*04],
with AFM. Topography images of PEDOT:PSS films, obtained with atomic
force microscopy, revealed the polymer’s microstructure and provided informa-
tion about the film thickness, which was measured at the PEDOT:PSS - silicon
edge. Formation of gel particles, with PEDOT:PSS chains surrounded by PSS
shells and PSS water suspension, indicates on the presence of localized grain-sites.
In order to move on macroscopic distances electrons have to overcome potential
barriers existing between 20 — 30 nm long grains. Charge carriers are trapped
within these localized grain-sites consisting of highly conductive PEDOT:PSS
chains surrounded by isolating PSS shells. We suppose, that localized sites exist
also inside these highly conductive grains.

The Drude Smith model fits the experimentally determined conductivity per-
fectly well. The Drude Smith model with the fitted persistence velocity ¢, = —1
predicts, that charge carriers are scattered at an angle of § = 180°, as ¢,, = (cos6).
This means, that in average, charge carriers are backscattered. A possible ex-
planation is, that as the carrier motion is much higher along the polymer chain
[Bru08|, [Bar05|, it can be considered as one-dimensional. Impurities and struc-
tural defects inside PEDOT:PSS chains would act like scattering centers, which,
accounting for the one dimensionality of the system, leaves only one possibility
for scattering: backscattering. In order to move forward charge carriers could hop
through the scattering centers by thermally activated hopping or by tunneling
through the potential barriers of the scattering centers. However, this hypothesis
has to be further investigated.

Surprisingly, we have not observed any temperature dependence of the conduc-
tivity of PEDOT:PSS within the range from 4 K to 300 K. Both charge transfer
mechanisms present in conducting polymers: band transport and hopping trans-
port show significant temperature dependence. For the first one, the charge
carrier mobility increases with decreasing temperature, owing to fewer scattering
events. For hopping conductivity the mobility increases with increasing temper-
ature, due to thermal activation of the process. The lack of the temperature
dependence of PEDOT:PSS might be due to compensation of both mechanisms.
This, however, has to be investigated more carefully. To do so one could measure
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the conductivity of other PEDOT:PSS species, with different ratio of PEDOT to
PSS, resulting in different PEDOT:PSS film conductivity. Measurements of pure
PSS, which is an insulator, will help determine, whether the locally measured
conductivity in a THz experiment is the conductivity of a PEDOT:PSS conduct-
ing region, or of a boundary between PEDOT:PSS and PSS insulating domain,
or maybe an averaged conduction of a region of mixed properties. In these cases,
for various chemical compositions of investigated materials, one charge transfer
mechanism should dominate over the other revealing a temperature dependence.

THz spectroscopy provided important information on charge transfer mecha-
nism in the conducting polymer PEDOT:PSS on the nanoscale. The Drude Smith
model predicts an existence of a conductivity maximum Re(G,,0z) at Wiax /27 =
(51 +£4) THz. To confirm that the charge carriers in PEDOT:PSS are in average
backscattered, when moving along polymer chains, the PEDOT:PSS conductivity
has to be investigated in a broader range of the THz spectrum.
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Appendix A

Derivation of the Formula for
Dielectric Function for a Two Layer
System

A.1 Linear system

In this chapter we will derive a model for parameter extraction from the signal
measured in a THz experiment. The model for dielectric function calculation for
a three layer system has previously presented by [KamO05|. Slight corrections and
model derivation for a two layer system, like the PEDOT:PSS / Si system are
presented in this work. As described in chapter (3.3.4) the experimental setup
consists, briefly, of a THz generator, an optical path, a two layer sample /reference
system and a detector. We consider light propagation only in the z direction, so
we can derive a model in one dimension. Besides we treat the incoming electro-
magnetic waves as plane waves.

An initial signal Eicigent(7,t), a THz wave form (Fig.3.12), is being projected
onto a sample, transmitted through the sample, transmitted through the refer-
ence and finally detected Fig.A.1 as Egampie(7,t). A detailed analysis of the beam
path will be given below. In chapter 2.1 we assumed a linear response of the
investigated material to the stimulus - incident electromagnetic field (D = €E),
therefore the system under consideration can be described in terms of the linear
time invariant system theory [PWKO07]. Therefore the detected signal Egampie(, t)
in the time domain is a convolution of the initial signal Eipcident (7, t) with the sam-
ple transfer function Agampie(7, t) and a transfer function of the reference material
together with the detector response function hye(r,t) (Silicon wafer used as a
substrate for PEDOT:PSS films).

In analogy the reference signal E..¢ is a convolution of the incident beam
passing through an air layer instead of a sample with a reference layer response
function and a term for wave propagation in the air on a distance d;. Fig.(A.2).
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Figure A.1: THz radiation Ej,cident(r,t) transmission through the two layer sys-
tem - sample and reference. The surrounding medium is air.

THz pulse layer 1 layer 2
ny no.d ny dy ny

E inc H. E ref

air

To0 T2 o X

Figure A.2: THz radiation Ejcident(r,t) transmission through the two layer sys-
tem - reference part. The surrounding medium is air.

Applying the Parseval’s theorem in the frequency domain gives

Esample(ka w) = Hsample(ka w) : Href(ka w) : Eincident(ka w); (Al)

Eref(ka w) - Hair(ka w) : Href(ka w) : Eincident(ka w), (AZ)

where H; are the corresponding transfer functions in the w space. Therefore
the ratio of measured signals in the frequency domain multiplied by the factor
accounting for electromagnetic propagation in air H,; gives the searched transfer
function Hey, of the sample material.

Esample(ka w) o Hsample(ka w) . Href(ka W) : Eincident(ka w)

Hex k; - =
p( w) Eref(ka W) Hair(ka w) : Href(ka w) : Eincident(ka w)

(A.3)

Provided that the sample thickness is known the transfer function of an air
layer H,;. can be calculated.

Hexp(k> w) : Hair(ka w) - Hsample(k> w)' (A4)
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The left side of the equation (A.4) is the measured transfer function Hey, of
the sample material, while the right side can be modeled theoretically. In chapter
(A.2) we will derive a model for Hipeor = Hsample-

A.2 Model derivation

Consider an electromagnetic wave Ej,ciqent Propagating in one dimension through
a two layer system as shown in the picture Fig. A.1. Each medium has a thickness
and a refractive index corresponding to n;, d;. First, Ejcidens 1S partially reflected
and partially transmitted on the interface between air and medium 1. We are
only interested in the transmitted part of Ej,cqent, as the reflected part of the
incoming radiation does not reach the detector. The behavior of Ei,cigens when
passing through the interface between media of two different refractive indexes is
describes by the Fresnel’s equations [DBMO01|. Here we assume that the sample
plane is orthogonal to the direction of light propagation z. It follows that the
angle of incidence is 90° and the Fresnell’s coefficients for transmission ¢;; and
reflexion r;; take a form

27%

t; = , A5

e (A3)
ni—nj

= . A.6

Tij i +n; (A.6)

Light F; transmitted through the interface 0 — 1 is then given by

B = to1 Bincident - (A7)

On the sample boundary - interface 1 —2 between media 1 (PEDOT:PSS sam-
ple) and media 2 (Silicon substrate) - the electromagnetic wave is again partially
transmitted and partially reflected. Reflected light undergoes multiple reflections
inside the sample [Kam05].

Multiple reflections inside layer 2 (substrate) are in the order of pico seconds.
As the temporal window of the THz waveform detection is up to 0.8 ps, the mul-
tiple reflections are outside the temporal window of the THz detection. Therefore
multiple reflections inside Silicon wafer can be neglected. It follows that M, a
factor describing multiple reflection, is M = 1 for this layer. However, multiple
reflections inside a thin-film sample (layer 1) have to be accounted for Fig.A.3.

First, a part of the wave F; is transmitted through the layer 1 (no reflections
inside the sample F; = FEgy), a part after having propagated at a distance dj,
is reflected at the second boundary 1 — 2 Ejrisexp (2ik1d;). It then propagates
back and is partially transmitted on the interface 0—1 E ., this part of radiation
does not reach the detector, thus is not interesting. However, the reflected part
propagates back and after one internal reflection (at both boundaries) is equal
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to Er1 = Eyroiriz exp (2ik1dy). It gets again partially transmitted and partially
reflected [DBMO1].

layer 1
nO nl dl n2

inc El - ERO ETI
L L P

out ERI ET2
- ¢ L >

out ER2 ET3
- < > >
|

ty M ¢, X

Figure A.3: Multiple reflections inside a thin film.

The detected signal is the sum of all waves transmitted through the system.
The in this work presented transmission spectra were recorded for 0.8 ps, which
accounts for approximately 30 multiple reflections inside the PEDOT:PSS thin
film.

Esample - ETl + ET2 + ETS + .. (AS)
The multiple reflection factor M describing infinitely many reflections inside
the sample is thus equal to

M=1+ 10712 exp(Qikldl) + (7“107“12 exp(Qikmh))Q + ... (Ag)

as it is a sum of the geometric series it is equal to

1

M = .
1-— 10712 exp(2ik‘1d1)

(A.10)

Summarizing, the electromagnetic wave transmitted through this system can
be written as
Esample - tOleikldl MtlZeideQtZOEincident. (All)

An incident electromagnetic wave transmitted through a reference system
Fig.(A.2), which consists of air (layer 1) and a substrate (layer 2), can be repre-
sented as
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ikod ikod
Ereference - tOOe 0 l75026 ? 27520£?'incident' (A12)

Both signals Fsample and Eieference are measured, their ratio in the frequency
domain contains information about the dielectric function. Let ) = Leample

Ereference ’
After short calculations we obtain the general expression relating the complex
transmission () to the waveform’s phase shift ¢.

Qeikods 2ng toit12

ng +ny  exp(—id) — 1712 exp(id) (A.13)

The left side of equation (A.13) is the experimentally determined transfer
function of the system H.y,, while the right side represents the theoretical trans-
fer function Hipeor. With § = kidy = &6”1 equation (A.15) gives the general ex-
pression for the theoretical transfer function of the investigated material. Hipeor
depends on material parameters.

, 2
Hexp = Qelkodl%T,nOm (A14)

toit12
Hipeor = : : A.15
o exp(—id) — rigris exp(id) ( )

Heyp — Hipeor = 0 (A.16)

Material parameter extraction means solving equation (A.16). As equation
(A.13) cannot be solved analytically, it can be either approximated or solved
numerically. Let us explore both possibilities. First, we derive a formula for
the 2nd order approximation of the dielectric function. Results obtained with
this approximation will be compared in section A.5 with results of the numerical
solution of Eq.(A.16) for various materials.

A.3 2nd order approximation

Let n; = n be the searched refractive index of the sample (layer 1). As n? =
¢ equation (A.13) contains information on the dielectric function. To find an
approximate solution of Eq.(A.13) we expand the exponential function in the
Taylor series and substitute exp(id) = 1 + 0 — % to equation Eq.(A.13):

Q gikods 2ng 2n02n
no+mna  (ng+mn)(ny+n)exp(—id) — (n —ng)(n — ng) exp(id)
(A.17)
With € = n? is
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, 2 2
Qezkodl no — "o , (A18)

( wdy

To 4 7 (ngno + e)(—i%) + (no +ng)(1 — —62)26)

which gives the analytical expression for the dielectric function in the 2nd
order approximation:

c iﬂ(nonﬂ _ (nO + n2) + (n0+n2)5XPikod1

wd i+ (no + ng )

(A.19)

For all calculations we take n,;, = ng = 1.0+0¢ and for ng; = ny = 3.41554 0.

A.4 Model bounaries

The above derived model is used to calculate material parameters of a system of
interest with an assumption that the theoretical transfer function is identical with
the measured transfer function. To verify the validity of the model we impose the
following condition which have to be met for the model to be correct: the formula
(A.13) has to be reversible. For what type of samples does the approximation
hold?

A.5 Model choice

We aim to solve an indirect electromagnetic problem. The dependence () on
€ is given by the above described model. The value of H,,, = Qe’oh nff;m
is known - it is the transfer function of the sample material, it is the ratio of
the measured signals in the frequency domain. We are interested in extracting
material parameters from the measured signals, which are n, ¢ and o, thus we
are looking for the dependence €(Heyyp).

As described in chapter A we can use two methods for parameter extraction.

First, it is to solve the general formula:

A tort
thod1 g — e =0 A.20
Qe % exp(—id) — r1gr1 exp(id) ’ ( )

with 0 = kjdy = wndy /c. Eq. (A.20) is equivalent to

tortipe~Rod /14,

= A.21
exp(—10) — rigriz exp(id)’ ( )
2n 2n  —ikod 2n
— nofﬁ n+na e l/noJr?lz (A.22)

n— non n9
no+n na+n

exp(—iwnd; /c) — exp(iwnd, /c)
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Equation (A.22) can be written in the form

Q - Lgen(ﬁa Ng, N2, d1> CU) = 07 (A23)

where Ly, is an operator acting on the frequency space and complex refractive
index of a material, by fixed parameters ng, no, di, giving the theoretical transfer
function Qtneor-

Minimizing the expression on the left side of equation (A.23), which is the
difference between the measured transfer function () and the theoretically deter-
mined transfer function Qineor in the 2 layer model system (A), enables finding
the solution, which is the unknown frequency dependent complex refractive index
n.

The second way to extract material parameters is to calculate € directly by
approximating exp(id) ~ 1 +id — % in the general formula (A.22) [Kam05]. The
dielectric function € is given then by

. 2 2
Qezko(h o _ . — 1o -, (A24)
no+mn2  (ngng +n?)(—id/n) + (ng +n2)(1 — %)

c z’“—‘jl(nong) — (ng + ny) + e~ thod —”05”2

€= — , A.25
wdy i+ (no 4 no )2 (4.25)
In analogy, equations (A.24) and (A.25) can be represented as
Q - LQnd(/ﬁﬂ n07n27d17W)7 (A26)
and
€ = L;}d(Q,no,ng,dl,w), (A27)

where ¢ = n2.

To check the validity of both data evaluation methods we have calculated the
dielectric function of two materials previously investigated with the same mea-
surement setup. For reference on graphite (Highly Ordered Pyrolytic Graphite
- HOPG) see [Kam05], [Sch05] and for the superconductor BisSroCaCusOgy s
BSCCO see [Sch08|.

Dielectric function of graphite

To compare the two methods we have calculated the dielectric function of graphite
(HOPG) using both methods. Results are shown in the Fig.A.4.

First, the 2nd order approximation of the dielectric function was calculated
with the measured transfer function (), which is

€black — LQ_Tle(leacka N, N2, di, w) (A-28)
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Figure A.4: Dielectric function of HOPG, comparison of the general model and
the 2nd order approximation. See text for details.



The result is shown in Fig.A.4 a) and b). The dielectric function is printed
black. The input data @, the absolute value and the phase (black), are shown in
the Fig.A.4 ¢) and d). If the model is correct, then inverting the action of the
operator LQ_nld gives the input data (). To check this we have applied the operator
Lo,q to the calculated the dielectric function ey,

Qred = Lond (v/€vlack, o, N2, d1, w). (A.29)

The resulting recalculated transfer function ),.q is exactly equal to the initial
transfer function Q.. Furthermore, results of the next three iterations

—1
€red = Loy (Qred, M0, N2, d1,w)

Qgreen - L2nd(\/zered)a N, N2, d17 CU)
€green — Lg_nld(Qgreena Ng, N2, dh w)

perfectly agree with the initial result. The formula for the 2nd order approxima-
tion is reversible.

The same iteration procedure (A.28) - (A.29) was applied to calculate egeneral
(blue) and to recalculate the transfer function @ (blue) and finally to prove the
first described data evaluation model Eq. (A.23)

As presented in the Fig.A.4 a) and b) the dielectric function €zeperar, @ solution
to the general formula, matches exactly the dielectric function calculated in the
2nd order approximation. The general formula is also reversible.

The obtained dielectric function complies with results published in literature
[KamO05] in the 10 to 27 THz frequency range, which confirms the validity of used
evaluation method.

It is important to note that for graphite the output of both methods is the
same, but the first evaluation method is a precise one, as it solves the general
formula, a;nd the second method is an approximation valid only if exp(id) ~

. )
1“‘7/(5—7

Dielectric function of BSCCO

The same procedure was applied for BSCCO evaluation as for graphite evaluation
Fig.A.5. Again all iterations give exactly the same input data, so both evaluation
methods are reversible. However, the dielectric functions calculated in both ways
are slightly different Fig. (A.5) a) and b). Obtained results are comparable with
dielectric functions of BSCCO found in literature [Sch08|.

Temperature dependence of the dielectric function

THz Spectroscopy allows for detection of temperature dependence of optical pa-
rameters. The temperature dependent dielectric function for BSCCO measured
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Figure A.5: Dielectric function of BSCCO, model comparison.

for four different temperatures is presented in Figure A.6. This results clearly
shows, that changes of the dielectric function with temperature can be detected
with TD-TS.

Dielectric function of PEDOT:PSS

The situation for PEDOT:PSS is different. Dielectric function of the polymer
varies strongly depending on the model chosen for evaluation. As shown in
graphic A.7, when the iteration procedure described above has been applied to
every formula separately both formulas have proved to be reversible, as values
of the initial transfer function @ (black), and recalculated in the 2nd order ap-
proximation transfer function Q) ec_2nq and doubly recalculated transfer function
Qrec—2nd—2na are identical with the values of the recalculated transfer function in
the general formula () ec—generai- Therefore each formula is reversible. The gen-
eral formula (A.20) gives of course the exact solution of the 2 layer system model
described in chapter A.

Considering the calculated dielectric function, the difference is not only in the
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Temperature dependence of dielectric function of BSCCO
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Figure A.6: Dielectric function of BSCCO, temperature dependence.

absolute value, which is up to 90% for the real part of €. For the imaginery part of
the dielectric function Im(e€) calculated with the general formula is positive, while
Im(e) < 0 when calculated in the 2nd order approximation. A negative imaginary
part of epsilon would mean that the polymer emitts more light as it absorbs, which
would only be possible, if there is a population inversion before the laser pulse
enters polymer. A population inversion in a ground state, an we assume that
before measurement the polymer is in its ground state, is contradictory to the
second law of thermodynamics. Therefore we reject the 2nd order approximation
method and use the general formula as a solution (A.20) to the 2 layer system
model for all further calculations.

The conclusion is that the 2nd order approximation for dielectric function
commonly used in literature [Kam05]|, [Sch08]| is not valid for PEDOT:PSS.
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Figure A.7: Dielectric function of PEDOT:PSS, model comparison.
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Appendix B

Optical material parameters

Dielectric function €

Conductivity o

Refractive index n

€:€1+i62
wez
4r 2

w(l—er)
4m

Q> ™

o1 = 09 —

Aos
w

61:1—

&2014—7;02

_ 4moq
w

2 2

n-—K

€1 =

g1 =

K1
nKkw
27

__ 2nk
, €2 = 1
2 2

o9 = (1 — =)

231

w

47

Table B.1: Relationships between optical material parameters
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Appendix C

Results obtained for various film

thicknesses

In the figure C.1 are presented the dielectric functions extracted for measured

samples.

Interesting is the comparison between the results for thick samples

(d = 1700, 2400 nm), which were evaluated in this work, with the results for thin
samples (d < 140 nm). We have found, that PEDOT:PSS films with thickness
below 140 nm are unsuitable for THz measurements. The change is the signal
amplitude (see section 3.1 for details) is comparable with the measurement er-

ror. The dielectric function extracted for thin films (d < 140 nm) cannot be
reproduced.
107 .
9f . T T
= 8] \102nm Re(m) ool me) T g,
5L 59 nm % PP il
E7WM £ -
2 ';5 —— 2400 nm 48 nm
3 6 94 nm £ 4, 1700 1m
Q s L
£S5 g — 138mm
% QE L — 138 nm
S w3 — 102nm
1700 nm g2 om
,% ot _
37 2400 nm 59 nm
48 nm
27 oo e
10 12 14 16 18 20 22 22 26 28 30 O 12 04 U6 i3 20 2 24 26 28 30

Frequency [THz]

Frequency [THz]

Figure C.1: Dielectric function derived for PEDOT:PSS thin-films in the thick-
ness range from 49 nm to 2400 nm. a) Real part b) imaginary part. The dielectric
function varies strongly for samples with thickness under 140 nm.
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