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Abstract

The effects of the polymerization-temperature, -potential as well as
of voltammetric cycling on the chain length and the conductivity of
polypyrrole (PPy) films are investigated. The studies provide further
proof for the existence of at least two different types of PPy, the so-
called PPy I and PPy II. The generation and control of these differ-
ent types of PPy depends on the polymerization conditions. UV-vis
measurements demonstrate that PPy II comprises significantly shorter
chains than PPy I (8-12 vs. 32-64 units); moreover, both film conduc-
tivity and localization length are found to increase with the fraction
of PPy II. A metal-insulator transition is observed in the galvanos-
tatically grown samples by decreasing the polymerization temperature,
while the potentiostatically grown films exhibit a correlation between
both the chain and localization lengths. The counter-intuitive relation-
ship between conductivity and chain length is interpreted in terms of
disorder-dominated transport, in which the shorter chains of PPy II
support the formation of delocalized electronic states, thereby increas-
ing the conductivity.

A novel technique used for deposition and patterning of PPy films
prepared by vapor-phase polymerization is demonstrated. This tech-
nique allows the deposition of the PPy thin films (between 6 nm and
170nm) with low roughness onto a processed silicon substrate. The
PPy thin films behave as granular systems. The system shows an
electronic transport strongly influenced by Coulomb interactions. In
addition, a PPy thin film can be used as an oxygen detector and the
operation of a PPy thin-film field-effect transistor at room temperature
is demonstrated. Transport measurements indicate that the transistor
works as Schottky barrier-type field-effect transistor.
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Zusammenfassung

Die vorliegende Arbeit befasst sich mit dem Einfluss von Polymerisa-
tionstemperatur und -potential sowie zyklischer Voltammetrie auf Ket-
tenlinge und Leitfahigkeit von Polypyrrol (PPy)-Filmen. Die Unter-
suchungen untermauern die Existenz von mindestens zwei verschiede-
nen Arten von PPy, bezeichnet als PPy I und PPy II. Die Erzeu-
gung dieser verschiedenen PPy-Arten lasst sich iiber die Polymerisa-
tionsbedingungen steuern. UV-vis-Messungen zeigen, dass PPy II aus
wesentlich kiirzeren Ketten besteht als PPy I (8 bis 12 bzw. 32 bis
64 Einheiten). Weiterhin steigen sowohl Leitfahigkeit als auch Korre-
lationslange mit dem PPy II-Gehalt des Films an. In galvanostatisch
gewachsenen Proben beobachtet man einen Metall-Isolator-Ubergang,
wenn die Polymerisationstemperatur reduziert wird, wahrend potentio-
statisch gewachsene Filme eine Korrelation zwischen Kettenlange und
Korrelationslange aufweisen. Der zunachst unerwartete Zusammen-
hang zwischen Kettenlange und Leitfahigkeit wird im Rahmen eines
durch Unordnung dominierten Transportmechanismus interpretiert:
Die kiirzeren Ketten des PPy II unterstiitzen die Entstehung von de-
lokalisierten elektronischen Zustanden und erhohen dadurch die
Leitfahigkeit.

Es wird eine neue Technik zur Deposition und Strukturierung von
PPy-Filmen durch Gasphasenpolymerisation demonstriert. Diese Meth-
ode erlaubt die Herstellung von diinnen PPy-Filmen (zwischen 6nm
und 170nm) mit geringer Rauhigkeit auf einem vorstrukturierten Siliz-
iumsubstrat. Der diinne Film verhalt sich wie ein granulares System.
Der elektronische Transport in diesem System ist stark durch Coulomb-
Wechselwirkungen beeinflusst.

X



Diinne PPy-Filme konnen als Sauerstoff-Detektoren verwendet wer-
den, zudem wurde die Funktion eines PPy-Diinnschicht Feldeffekttran-
sistors bei Raumtemperatur demonstriert. Transportmessungen weisen
darauf hin, dass die Funktionsweise dieses Transistors mit der eines
Schottky-Barrieren-Feldeffekttransistors vergleichbar ist.



Motivation and
Objectives

Motivation

The idea of plastic electronics is an issue that still sounds strange, even
considering that since the first observation of electric conductivity in
iodine oxidized polypyrrole 43 years have already past [1, 2, 3]. In
addition, the majority of polymer materials behaves first and foremost
insulating: they were used, studied and developed as insulators in the
first place. By an additional doping, these polymers can become either
semiconducting or conducting. This was the discovery of A. J. Heeger,
A. G. MacDiarmid and H. Shirakawa, winners of the Nobel Prize in
Chemistry in 2000. They showed that polyacetylene doped by iodine
can reach a state of high electrical conductivity comparable to the level
of metals [4, 5].

Therefore, with the possibility of controlling the electrical charac-
teristics of polymers by external doping, a novel category of electronic
components, with additional features such as low-cost production and
flexibility, became more attractive to the industry. The applications can
be separated in two groups according to their principle of operation.
The first one utilizes the high conductivity as main property. Conduct-
ing adhesives, antistatic clothes and electronic devices like diodes and
transistors are examples. Chemical and biochemical sensors, artificial
muscles and optical devices, like those used in modern organic displays
are examples of the second group which uses the electroactivity prop-
erties of conducting polymers.

In order to explore the electroluminescence properties, an organic
light-emitting diode (OLED) was first made by placing between two
metallic contacts a semiconducting film of poly(p-phenylenevinylene)
[6]. Today, it is possible to find OLEDs in applications varying from

1
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displays of mobile phones to 40 inches TV screens. The organic field-
effect transistor (OFET) was also developed. The first OFET [7] was
processed by using the polymer as an active layer upon a pre-patterned
structure of doped-Si/SiOs/metalic contacts, and nowadays the inte-
grated all-polymer field-effect transistor is a reality. Wherever the re-
quired clock frequency is not high (kHz regime for instance), the appli-
cation of organic devices are viable. In terms of fundamental research,
the electrical transport in conducting polymers as well as the challenges
to improve the crystallinity of the material, among others issues, have
kept researchers busy. Despite the advances already reported, fun-
damental research is still necessary to support the fast technological
progress that organic electronics has achieved in the last years [8].

Among the conducting polymers, polypyrrrole (PPy) has become
one of the most studied conductive polymers in the past decade [9].
When compared to other semiconducting polymers, it combines advan-
tages such as low oxidation potential, solubility in water of the pyrrole
monomers [10, 11, 12], high conductivity (1000 S/cm) at room temper-
ature [13, 14, 15], as well as stability of charged samples under ambient
conditions !. These properties make PPy both commercially and sci-
entifically interesting. The low oxidation potential, for instance, allows

polymerization in water.

The application of PPy films as active layers in sensors has been
demonstrated [11], i.e., in gas detectors for NH3, NOs or HyS [18, 19,
20, 21], or as key elements in biosensors for enzymes and antibodies [22].
PPy has also been applied as artificial muscles [23], antistatic layers,
anticorrosion coatings [24], batteries and supercapacitors [11, 12, 25].
Recently, a field effect has been observed in PPy nanowires prepared
electrochemically from porous alumina templates [26]. Furthermore,
it has been shown that chemical synthesis of PPy films from pyrrole
vapor [11, 27] on a patterned Fe(III)/Fe(Il) oxidizing film enables the
operation of transistors [28]. Full utilization of this potential, however,
is hampered by the poor crystallinity of PPy [29], and by the difficulties
in patterning the films.

The electric transport in PPy films and fibers reflects the amorphous
character the material despite of some indications of local ordering.
The picture of a system formed by metallic grains separated by tunnel
barriers [30, 31] has been widely used to explain a large fraction of

110% drop in conductivity after ~6 months exposure to the atmosphere [16, 17]
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the measurements performed. By manipulating some of the synthesis
parameters, it is possible to change the degree of charge localization.
The changes in the degree of localization can be direct measured, e.g.
by the temperature dependence of the conductivity or by reflectivity
measurements in the far infrared [32].



4
Objectives

The aim of this work was to investigate the electrical properties of PPy
films systematically, in particular their dependence on various synthesis
and measurement parameters, in order to gain a deeper understanding
of the transport properties as well as to find novel applications of this
versatile material.



Chapter 1

Introduction

1.1 Synthesis of polypyrrole

Polypyrrole (PPy) is synthesized by polymerization of the monomer
pyrrole (Py) either electrochemically or chemically, a process that takes
place via oxidation steps. The electrochemical polymerization is pre-
ferred by researchers because it provides cleaner material and a better
control of the morphological parameters, such as thickness and rough-
ness [33]. On the other hand, the chemical polymerization does not
require a sophisticated setup to be implemented. The vapor-phase syn-
thesis (VP) is a type of chemical polymerization that is proposed as
an alternative to electrochemical polymerization when patterning and
thin films (thinner than 100 nm) are required [34].

The goal of this section is to present the basic concepts, methods
and techniques for the preparation of PPy films. It starts with the
polymerization and doping. The next step is to introduce the electro-
chemical polymerization technique by describing the setup characteris-
tics. The last section deals with the chemical polymerization, where a
short overview of the vapor-phase technique is offered.
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1.1.1 Polymerization mechanism

Pyrrole (Py) is an organic compound formed by four carbon atoms, five
hydrogen atoms and one nitrogen atom (C4H;N) in a ring shape. The
structure of Py is shown in Fig. 1.1.

5@2

N

H
g

Figure 1.1: Py monomer representation. The corners 3 and 4 are the
B positions while the corners are 2 and 5 the a positions.

Regardless of the method applied to polymerize, the starting point
of the polymerization is basically the dimerization. In spite of the
simplicity at beginning, the complete understanding of the synthesis
mechanism of PPy, as well of the others conductive polymers, is still
under discussion [33].

Among the main polymerization schemes proposed in the literature
[10, 35, 36, 37, 38|, the one most often used is the Diaz’s mechanism
[39, 40]. In this mechanism, first the monomers are oxidized forming
the radical cations, as shown in Fig. 1.2, by transferring one electron
from each monomer ring participating in the reaction to either electrode
or oxidizing agent solution, depending on the process used.

i f idati .r‘ +f f +E
2X / \ oxiaation / ! . / ;
v ) )
H H H

Figure 1.2: Step 1 - Ozidation.

In the next step, two radical cations dimerize by forming a bond
between their a-position (corners 2 and 5 at Fig. 1.1). The product of
the dimerization is called dihydromer di-cation (see Fig. 1.3).
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Figure 1.3: Step 2 - Dimenrization.

The third step is the deprotonation where two protons are released
from the dihydromer di-cation to form a dimer (Fig. 1.4).

H H
/ kL H hll deprotonation / \ '11
—_—
rfl H \+ / 2HT ITI \_/
H H

Figure 1.4: Step 8 - Deprotonation.

The dimer is then oxidized and once the unpaired electrons are now
delocalized over two rings, the oxidation potential of a dimer is lower
than the oxidation potential of a single monomer and, consequently, less
reactive. In the following reaction step, accordingly to Diaz [39, 40],
the dimer radical cation reacts with a monomer radical cation forming
a trimer di-cation, which after deprotonation, gives rise to a neutral
trimer. Therefore, the polymerization occurs in steps (dimer — trimer
— -+ - — oligomer — - - - — polymer), following the sequence ozida-
tion, coupling and deprotonation for each step. Furthermore, a-bonds
are predominant while the number of bonds at [-position (corners 3
and 4 at Fig. 1.1) tends to increase with increasing chain length. In
addition, X-ray photo-electron spectroscopy (XPS) experiments have
shown that §-couplings are associated with structural disorder, result-
ing a PPy film with poor crystallinity [41, 42, 43]. By using methyl
groups, it is possible to block the -couplings, ensuring exclusive bonds
at a-position. This procedure increases the crystallinity of the PPy by
increasing the order along the chain [44].

However, in the last 10 years, the analysis of the mechanism of elec-
trochemical polymerization indicates that the synthesis mechanism of
conjugated polymers does not involve a chain propagation process, with
successive coupling steps of the starting radical cation, as proposed by
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Diaz’s [45, 46]. The oligomerization preferably occurs by consecutive
dimerization steps leading from a dimer to a tetramer and then to an
octamer (see Fig. 1.5) [45, 46, 47, 48, 49, 50, 51, 52]. Additionally, in
all cases where the reaction rates between different reactive oligomers
and the starting monomer are similar, trimers and pentamers may be
formed within the initial period of oligomerization as well. The reac-
tivities of the generated oligomeric intermediates depend on their re-
spective charging level. Consequently, the applied formation potential
steers the chain length of the resulting product. Thus, low oxidation
potentials produce short chain lengths due to the fact that the oxidation
level of the intermediates is low and, consequently, their reactivities de-
crease. The same effect is induced by lowering the temperature, which
lowers the rate constants of the second-order coupling reactions [53].

2x/

oxidation

X \ +‘

l

x\ x
zel\/

7\ xH+\
< WY
l deprotonation
I N[ x 14 N
X \/ X
n=2

Figure 1.5: Polymerization by dimerization steps.

1.1.2 Doping process

Synthesis and doping of PPy occurs simultaneously [54]. During the
oligomerization, to maintain the charge neutrality, counterions diffuse
into the PPy film from the reaction medium used to polymerize. Con-
sequently, the final polymer composition is a solid-state PPy film, con-
taining counterions (e.g., C1~ or PFy ) positioned between the chains.
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In order to reach the charge neutrality due to the presence of counte-
rions, positive charges (holes) are transferred from the substrate into
the PPy film, resulting in a final charge concentrations between 0.25
and 0.33 holes per ring [55, 56]. This charge concentration range has
been supported by several experimental works [17, 32, 42, 54, 57, 58] by
analyzing both chemically and electrochemically synthesized films with
different types of dopants. The PPy film as-grown is in the charged
state. The "doping” in polymers as described above, is very differ-
ent from conventional semiconductor doping, where the dopants are
generally embedded into the lattice and donate charge carriers to the
semiconductor.

1.1.3 Electrochemical polymerization

The electrochemical polymerization deals with processes that involves
charge transfer between two characteristic chemical phases, one elec-
tronically conducting (the electrodes) and the other ionically conduct-
ing (the electrolyte). The polymerization occurs at the interface elec-
trode/electrolyte in an electrochemical cell. The electrochemical cell
is a system composed of electrodes and electrolyte. The two-electrode
cell is formed by a working electrode (WE), where the polymerization
takes place, by a reference electrode (RE) and by the electrolyte. Fig.
1.6 (a) shows a sketch of the electrical diagram of the cell described.

The most common reference electrodes are the silver-silver chloride
electrode (Ag/AgCl) and the saturated calomel electrode (SCE), whose
potentials are 0.197V and 0.242V against the NHE potential, respec-
tively [59]. NHE is the normal hydrogen electrode, an international
primary reference electrode. For an ideal RE, the reference potential
does not change upon passage of current.

The electrolyte is based on a solution of conductive salt in an either
organic or inorganic solvent. Furthermore, in the case of PPy synthesis,
the Py monomers are additionally mixed to the synthesis electrolyte.

The potential applied by the power supply against a reference elec-
trode (Vappl (vs. RE)) is determined for a two-electrode cell by

Vappl (vs. RE) = Vg (vs.RE) — IRq (1.1.1)

where Vg (vs. RE) is the potential of the WE against the potential of
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() Power (b) Power
Supply Supply

WEQ RE WEDCE

Figure 1.6: (a) Electrical connection to a two-electrode cell.(b) Elec-
trical connection to a three-electrode cell. WE the working electrode,
RE the reference electrode and CFE the counter electrode. Adapted from

[59].

the RE, and IRy is the voltage drop upon the electrolyte. The current-
voltage characteristics for a two-electrode cell combines the reaction of
interest, that occurs at the WE, and the effects in the bulk electrolyte.
For this reason, the two-electrode cell is only used in situations where
IRq < Vwg (vs.RE). Consequently, V,,p1 (vs. RE) is assumed to be
equal to Vwg (vs. RE). However, in experiments involving organic sol-
vents at lower polymerization temperatures, IR > Vwg (vs. RE) is
expected, which makes a three-electrode cell necessary.

Fig. 1.6 (b) shows a three-electrode cell diagram. In such a config-
uration, the current is passed between the WE and a counter electrode
(CE). Since the current through the RE is considered negligible, the
effects from the bulk electrolyte are almost excluded when the RE is
close enough to the WE.

By changing the WE potential, it is possible to control the electron
transfer process. As the WE potential is driven towards more nega-
tive values, the electron energy increases and electrons are transferred
to the vacant electronic states in the electrolyte. The electron transfer
process from electrode to electrolyte is called reduction. The reverse pro-
cess, namely the electron transfer from electrolyte to electrode, is called
oxidation and is achieved by driving the WE potential to sufficiently
positive values.

As described in section 1.1.1, PPy synthesis starts by removing one
electron from the Py monomer (ozidation), in order to form a dimer
(Figs. 1.2 to 1.4). Since the Py monomers are part of the electrolyte,
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the polymerization consists of transferring electrons from the electrolyte
to the electrode by driving the WE potential to more positive values.

The solvent must be chosen carefully since it should be stable at
the oxidation potential of Py. Since Py has a low oxidation poten-
tial, aqueous electrolytes can be used for polymerization as well. Or-
ganic solvents with a high dielectric constant, like acetonitrile (ACN)
or propylene carbonate (PC), have the advantage of allowing the syn-
thesis at high growth potentials [59] and low temperatures, in the best
cases, down to —43.8°C and —49.2°C, respectively.

The electrodes are also chosen in accordance with the oxidation
potential of Py and with the necessity of maximizing the charge (holes)
injection into the PPy films, for which the band-gap energy is reported
to be in the range 3.0eV — 3.2¢eV [60]. Platinum (Pt), gold (Au) and
indium-tin oxide (ITO) coated glass, all having high work functions
(5.8eV, 5.1eV [61] and 4.3eV — 5.1eV [62, 63], respectively) are the
most common materials for WE and CE.

PPy can be synthesized electrochemically by the followings tech-
niques: galvanostatic (constant current) [64], potentiostatic (constant
potential) [65], or potentiodynamic (changing the potential in steps and
measuring the current) [66]. In the galvanostatic polymerization, a con-
stant current is applied between the WE and CE, while the potential is
measured between WE and RE. For the potentiostatic polymerization,
the potential is applied between the WE and CE but it is adjusted to
keep the difference of potential across the WE and RE constant. In
this case, the current flowing across the WE and CE is measured.

Electrochemical polymerization is limited to synthesis on metallic
substrates. Consequently, this method is not particularly well suited for
applications that require a multi-terminal geometry. In fact, to char-
acterize electrochemically grown PPy films electrically, it is necessary
either to grow a sufficiently large thickness of at least 50 pm, which al-
lows their mechanical transfer from the polymerization electrode onto
a suitable electrode geometry [67], or to synthesize them on electrically
isolated electrodes which get bridged by lateral PPy growth [68].
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1.1.4 Chemical polymerization

The chemical polymerization is the simplest method used to synthesize
PPy. It occurs by mixing the Py monomers with an oxidizing agent.
The widely employed oxidizing agents are FesCly (Fe(III)) [69, 70],
Hy0, : HCI [71, 72, 73], HoSOy [74], and CuCl, [75]. This method has
been employed in the fabrication of antistatic materials, the coating
of insulator substrates and the impregnation of nylon clothes by using
Fe(III) as oxidizing agent|76].

Despite its simplicity, this traditional method is limited by the dif-
ficulty to prepare thin films. Nevertheless, by changing the manner of
exposing the Py monomers to oxidizing agents, it is possible to improve
the method.

In 1986, Mohammadi and coauthors [27] proposed the so called
vapor-phase polymerization, where a substrate (either insulator or con-
ductor) is first coated by the oxidizing agent and then exposed to Py
vapor, evaporated from a liquid-phase source at certain temperature.
By changing concentration and type of oxidizing agent, as well as the
Py evaporation temperature, both the conductivity and the roughness
can be optimized [77, 78, 79].

Fe(I1I) is the main oxidizing agent used to prepare PPy films [11].
However, when the application requires smooth films, the synthesis
procedure becomes complex, since the amount of chlorine ions inside
the film must be reduced by rinsing and baking, in order to avoid the
salt crystallization [78]. The conductivity measured from the Fe(III)
oxidizing films was found to be strongly dependent on the thickness
between 200nm and 500 nm. For films ranging from 20nm to 100 nm
and above 600 nm the conductivity is reported to be independent of the
thickness [77].

Patterning of the PPy films was achieved by exposing a thin Fe(III)
layer to UV-light, through a lithographic mask, so that Fe(II) is formed
in the irradiated regions [28]. Since Fe(II) does not oxidize Py, just the
not irradiated region, covered by Fe(IlI) is able to polymerize the PPy
pattern (see the illustration in Fig. 1.7 (a) to (c)). This procedure of
patterning suffers from residues of both Fe(II) and Fe(III) into the PPy
film [80]. On SiO,, they adhere very well, becoming an inconvenience
once a good electrical isolation between two independent devices on
the same substrate is required. Furthermore, Fe is one of the most
common metallic contaminants in silicon technology [81, 82, 83], what
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makes the synthesis of PPy by using Fe(IIl) incompatible with the
silicon processing technology. The same analysis is valid to CuCls.

UV-light

LIVLTELT
e mm ]l

Py-vapor

Fe(111) Fe(I11) |Fe(Il) | Fe(I1I)
Substrate Substrate Substrate
(a) (b) (©)

Figure 1.7: Patterning of a PPy film by using the Fe(IIl) oxidation. (a)
A thin Fe(Ill) layer is deposited onto a substrate and exposed to UV-
light, through a lithographic mask. In this process Fe(Ill) is transformed
in Fe(Il) when irradiated by UV-light. (b) Next the film is exposed to
Py-vapor. (c) The Fe(Ill) region on the film oxidizes Py forming PPy
while the Fe(Il) region remains unchanged.
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1.2 Electrochemical characterization

The electrochemical characterization includes the determination of the
the redox potential of a molecule, atom or ion. The redox potential
is a measure of the energy at which the reduction or oxidation occurs.
Therefore, this redox energy can be regarded as a fingerprint of the
polymer.

The aim of this section is to introduce the basic concepts of cyclic
voltammetry (CV), which is the most used technique to measure the
redox potentials of conducting polymers.

1.2.1 Cyclic voltammetry

A large part of understanding of the redox processes and the charge-
transfer kinetics in several kinds of materials comes from the CV [84,
85].

CV consists of scanning the potential at the WE, with a constant
rate, and measure the current resulting from this potential. The three-
electrode electrochemical cell (Fig. 1.6(b)) is also applied to CV, but
the electrolyte used is monomer free (only solvent and conductive salt).
During the cyclic voltammetry, the potential is applied between the WE
and the CE. The values measured are Vyg (vs. RE), that is related to
the reaction, and the current between the WE and the CE. This current
depends basically on the chemical reactivity of the electroactive species
and the ratio of the reaction rate to the potential scan rate. The plot
of current vs. Vwg (vs. RE) is called a cyclic voltammograms.

By scanning the potential of the WE from positive to more negative
values, the material probed (that is either diluted in the electrolyte or
deposited upon the electrode) is reduced. Accordingly, by driving the
potential from negative to more positive values, the system is oxidized.
Fig. 1.8 shows a cyclic voltammogram of hexachloroiridate(IV) per-
formed in a water/potassium nitrate electrolyte [86].

Hexachloroiridate(IV) is a didactic system used to study the re-
versible redox reaction. By scanning the potential in a negative di-
rection (from 1.1V to 0.3V), the system is reduced at ~ 0.68 V from
hexachloroiridate(IV) to hexachloroiridate(III). This half cycle is called
anodic wave, since the electron is transferred from the electrode to the
electrolyte. The reduction point is represented by the peak with anodic
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Figure 1.8:  Cyclic voltammogram of hexachloroiridate(IV) performed
in a water/potassium nitrate electrolyte. Adapted from [86].

potential E,, and anodic current i,,. Afterwards, sweeping the potential
from 0.3V to 1.1V the reoxidation occurs at ~ 0.73V, corresponding to
a transition from hexachloroiridate(III) to hexachloroiridate(IV). Once
the system has released an electron from electrolyte to electrode, the
second half cycle is called a cathodic wave. The oxidation peak is rep-
resented by the cathodic potential E,. and cathodic current i,. [86].
Summarizing, the set of values [E,, ipc] and [Epa, ipa] measured are the
characteristic redox potentials of Hexachloroiridate(IV).

1.2.2 Polypyrrole film characterization

Recent measurements [87] show that PPy films typically contain PPy
I and PPy II, two variants of PPy that can be clearly distinguished
phenomenologically, for example, in CV (see Fig. 1.9). The PPy film
evaluated was prepared by galvanostatic polymerization at 100nA in a
solution of 0.1M Py, 0.1M TBAPFg, 1 wt% of HyO and 1% of 107°M
HCl in ACN, at 20°C. The amount the HCI and H,O added increases
the acidity of the electrolyte and guarantees the formation of PPy II.
The CV was performed in a monomer-free solution of 0.1M TBAPF
in ACN at —20° C, by using a scan rate of 100mVs~!. It is also known
that as the growth temperature decreases or low formation potentials
are applied, more PPy II is formed. Until recently, however, it has not
been clarified which quantitative structural differences exist between
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Figure 1.9: FElectrochemical solid-state transition of PPy II to PPy I
promoted by increasing the potential during the CV. After 12 scans
in the range of 0.60V to -2.2V, the scan range was extended to 1.8V

to -2.2V. The red arrows indicate how the traces evolve over cycling.
Adapted from [87].

PPy I and PPy II [87].

To characterize and change the charge concentration of the polymer,
CV in an electrolyte solution free of monomers is an established and
powerful method [9, 88]. The polymer chains are discharged during the
reduction step (from 0.60 V to —2.2V in the CV at Fig. 1.9), a process
which is compensated by anions (PF ) that drift out of the film and/or
by the insertion of cations (TBA™) into the film, respectively [87]. The
reverse processes occur during oxidation [89, 90, 91] which is sometimes
referred to as p-doping of the polymer.

The current-voltage curves for PF;-doped PPy, performed during
CV, exhibit a reduction wave at —0.28 V (vs. Ag/AgCl) and an oxida-
tion wave at 0V for a PPy I and —0.23V for PPy II [87].

It is well-known that CV induces a variety of further processes and
effects. The formation of o-bonds between chains during oxidation and
their breakage during subsequent reduction steps have been discussed
[89, 90]. Furthermore, in situ conductivity measurements during CV
show a characteristic hysteresis loop, indicating structural changes [92],
in particular flattening of twisted chains as well as o-bond formation
[87, 93] and intermolecular m-interaction [94, 95, 96]. Moreover, the
volume and the mass of the films change as a function of the potential
and the history of the film; finally, the cycling partly transforms PPy
IT into PPy I [87, 97], as represented in Fig. 1.9.



17

CV has also been used to characterize chemically prepared PPy
films [72, 78]. Fig. 1.10 shows the CV of PPy synthesized in so-
lution containing 1.5ml of Py, 50ml of 30% Hs0O, and 1-2 drops of
concentrated HCI, deposited onto a Pt electrode [72]. The CV was
performed in an electrolyte containing 0.1M of the conductive salt
LiClO, in water. The peroxide PPy film shows an oxidation peak at
0.2V vs. SCE and a reduction peak at —0.35V vs. SCE, what is equiv-
alent to 0.25 Vvs. Ag/AgCl and —0.30 V vs. Ag/AgCl, respectively.
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Figure 1.10: CV for a PPy sample synthesized in solution of
Hy0s : HC and deposited onto a Pt electrode. Adapted from [72].
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1.3 Electronic characterization

1.3.1 Electronic transport in conducting polymers

The electronic transport in conducting polymers is usually determined
by the thermally assisted hop of charges between localization centers.
These localization centers are potential wells created by the disorder
level of the polymer. Taken into account the three dimensional (3D)
variable range hopping (VRH) model proposed by Mott [98], the density
of states near the Fermi level is assumed to be non-zero, and the hopping
sites are randomly distributed in energy and position into a band (with
extension M) around the Fermi level Ep (see Fig. 1.11 (a)).
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Figure 1.11: Schematic illustration of the localized states. (a) In the
3D VRH the charges are localized inside a band of extension M, where
the density of states around the Fermi level is assumed constant. The
gray region represents the occupied localized states. (b) Zoom-in in the
region of constant N(F).

The transport occurs when localized charges tunnel inelastically or
elastically ("hop”) from an occupied state to an empty one, as illus-
trated in Fig. 1.11 (b). The conductivity in such a system depends on
the probability of hopping from one state to another which is given by

AEh 27"}1)

P = Vph exp <_kb—T — L

(1.3.2)

where 1), is the characteristic frequency of the phonon, AEy is the
difference of energy between the two states, ry, the hopping distance and
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L. is a characteristic radius that determines the decay rate of the wave
function ¢ (ry) o exp(—rp/Le) [98]. L is also called the localization
length. Therefore, two localized states interact by the overlap of their
wave functions, and the conductivity is proportional to the hopping
probability. The temperature dependence of the conductivity, for the
3D VRH, is expressed by

T 1/4
o(T) x exp |— <—0> (1.3.3)
T
with 16
Ty = . (1.3.4)
kpN(Ep)L.

where N(Ep) is the density of states at the Fermi level and kg the
Boltzmann constant.

In the case where conductivity depends on the Coulomb interac-
tions of the localized charges, the density of states is zero at the Fermi
level (Ngg(Ep) = 0) and N(E) o< Egg? for a 3D system, where Egg is
the charge energy of the localized state. Fig. 1.12 shows a schematic
illustration of the energy dependence of the density of states in the
VRH including the Coulomb interaction of the localized charges. AEgg
is the Coulomb gap.

=

tr
empty states

occupied states T

AEgg

N(Ep) N(E)

Figure 1.12: Schematic illustration of the Coulomb gap near to the
Fermi level. AEgg is the Coulomb gap.
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This VRH conductivity between charges in the presence of Coulomb
interactions is called Efros-Shklovskii VRH (ES-VRH) [99, 100]. In the
ES-VRH, o(T) decreases with decreasing the temperature following the

dependence,
T\ /2
T

B 2.8¢>
0= drege,kpé

(1.3.5)

o X exp

where

(1.3.6)

¢ is the localization length in the ES-VRH, ¢, the vacuum dielectric
constant and e, the relative dielectric constant of polymer. The gap
in the ES-VRH vanishes for temperatures above a critical temperature
T. (soft gap), where the 3D VRH is expected [100, 101]. Nevertheless,
in systems where the Coulomb gap exists for all temperatures (hard
gap), N(E) is zero also in the vicinity of the Ep. By considering a
localization center with a radius r., the Coulomb blockade energy E. is
given by [102, 103, 104]

62

E.=— 1.3.7

¢ 4mepe, T, ( )

E. is the energy necessary to transfer one electron from an occupied
state to an empty one. In the Coulomb blockade regime, the conduc-

tivity is dependent of the charge transfer between two states and it is
described by [105]

o.(T) = oy exp (_QIZCT> . (1.3.8)

The Coulomb blockade effect is widely observed in metallic granular
systems [106]. Normally such a system is formed by an array of metallic
particles separated by some kind of insulator, that creates a barrier
for the charges [106]. When the barrier is ideal, N(Ep) = 0 for all
temperatures, and the conductivity of the system is expected to follow
eq. 1.3.8. But when the insulator contains some degree of doping
and the localization centers are randomly spread, a non-zero density of
states at the vicinity of the Fermi level can exist [105]. Consequently,
the Coulomb interaction between localized sites gives rise to a soft



21

Coulomb gap in the background of the finite density of states near to
the Fermi level [105]. At low enough temperatures this effect generates
an ES-VRH like dependence where o(T) is expressed by eq. 1.3.5. But
in the context of electronic transport through a granular system, the
coefficient Ty at eq. 1.3.6 has a different meaning [105, 107]. In the ES-
VRH, £ is the localization length for tunneling across a much longer
distance than the radius of a grain r, [99]. By considering that the
tunneling between two separated grains occurs through the insulator
with thickness d, the localization length for a granular system is given
by & = airg/ds, where a; is the tunneling decay length in the insulator
[105, 108]. Taking into account these considerations, the coefficient Ty
for a granular system with a soft gap can be rewritten as [105]

2.8¢%d
Ty = J 1.3.9
0 dmege, kparg ( )

The conductivity of PPy is reported to be strongly dependent of
the method adopted to polymerize - chemically [32] or electrochemi-
cally [67] - as well as the control parameters of polymerization (e.g.,
the synthesis temperature [14], the type [15] and concentration [109]
of counterions , polymerization potential/current density [29], solvent
[110], etc.). Mechanical stretching and film thickness are also presented
as parameters to change the conductivity in PPy films [77, 111, 112].
Films electrochemically synthesized at low temperatures (e.g. —40°C)
have conductivities around ~ 500S/cm at room temperature, a value
which can be increased up to ~ 1500 S/cm when the film is stretched
(13, 14, 15].

In the insulating regime of PPy, it is assumed that charge trans-
port takes place via 3D VRH [98]. Another characteristic property of
this phase a positive magnetoresistivity, where p(B) o B? for lower
magnetic fields and p(B) o v/B for higher fields [109, 113, 114].

In the metallic regime, on the other hand, various models suggest
a power law [67, 113, 114] or an exponential dependence [115] of the
resistivity on the temperature. Here, a metallic regime is usually de-
fined as a regime where the resistivity extrapolated to T = 0 remains
finite, while for a true metal the resistivity decreases with decreasing
temperature.
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According to the scaling theory, the metallic conductivity is modeled
by a power law dependence

o =0+ aVT + T (1.3.10)

where the second term on the right-hand side originates from electron-
electron interactions [114], while the third term takes localization effects
into account [115, 116, 117]. The model presented by McMillan [118]
shows that once the electron wave packets, with a length scale Ly,
assume the same value of the correlation length &, (value in which the
system crosses over from critical to metallic or insulating regime), o(0)
is given by
0) =~ 0 16—2 1 1.3.11

a(0) ~ 0. W (1.3.11)
where L, localization length in the metallic regime.

The reflectivity of metallic PPy films has been studied over a wide
range of frequencies [119, 120, 121]. These measurements strongly sug-
gest that in the metallic regime, only a small fraction (a few percent at
most) of the charge carriers participate in the conduction mechanism,
while the majority of the charges is strongly localized.

Recently published results have shown that true metallic behav-
ior is possible in conducting polymers [122]. The measurements were
performed in polyaniline (PANI) samples, processed by two different
methods: the conventional one that uses an aqueous medium contain-
ing aniline, and the self-stabilized dispersion method (SSDP). SSDP
uses a biphasic (organic and aqueous) mixture to polymerize. Sam-
ples with different conductivities were prepared by this method. Fig.
1.13 (a) shows the temperature dependence of the resistivity for PANI
samples. Nevertheless, true metallic behavior has not been observed in
PPy up to now.

Several studies have reported a metal-insulator transition in PPy,
which is driven by varying the doping concentration [13, 109], the coun-
terion type [123], or the polymerization temperature [29, 67, 119]. Fig.
1.13 (b) presents a log-log plot of the temperature dependence of the
normalized resistivity for PPy doped with PFs~ and polymerized at
different temperatures [67]. The sample M1 is in the metallic regime
(finite resistivity at T = 0), the samples Mc1 to Mc3 are found on the
transition metal-critical regime while the samples Icl and Ic2 are in
the insulator-critical regime. The samples I1 and I2 are at the insu-
lator side of the transition. Theoretical considerations imply that the
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Figure 1.13: (a) Temperature dependence of resistivity, p(T). Data from
a conventional PANI film are represented by open squares. This trace
is compared with the samples prepared by the SSDP method (S1 to S6).
For more highly conducting samples (S5 to S1), the resistivity minimum
weakens and shifts to lower temperature and eventually disappears in
the S1 and S2 samples (as shown more clearly in the inset). Take from
[122]. (b) Log-log plots of the temperature dependence of the normal-
1zed resistivity for PPy doped with PFg and polymerized at different
temperatures. Taken from [67].

two critical parameters for the metal-insulator transition are the inter-
chain coupling strength and the disorder: as the system crosses from
the insulating into the metallic phase, one-dimensional (1D) states (lo-
calized on a single chain) evolve into 3D states, which are delocalized
over several chains with short-range order and form a metal [124, 125].

The electronic properties of PPy films are related to the concentra-
tion of interchain links or side chains, as reported by Joo and coworkers
[32]. The interchain links and side chains are indicated in Fig. 1.14. By
comparing charge transport and structural properties of both electro-
chemically and chemically synthesized samples, they concluded that the
insulator regime, for chemically prepared PPy, is associated with the
reduction of interchain links or side chains and the weaker interchain
interaction. In addition, the electrochemically polymerized samples are
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found in the critical and metallic regime. These samples also had a
higher concentration of interchain links or side chains.

Figure 1.14: Schematic chemical structure of interchain links or side
chains through 2,3 coupling modes of PPy. Taken from [32].

1.3.2 Electric-field dependence of the conductivity

The electric field dependence of the conductivity was observed in PPy
films prepared by anodic deposition [126]. At low temperatures, the p-
toluensulfonate doped PPy, shows a nonlinear conductivity when sub-
jected to electric fields around 50 V/em. Such a system is assumed
to be formed by metallic grains separated by tunnel barriers [30, 31],
which are generated by variations in the charge density. The inter-grain
tunneling model has been considered to give a better description of the
system than VRH, but it does not explain the temperature dependence
of the conductivity at very low temperatures. In addition, the mea-
surements have shown that the conductivity decreases with decreasing
temperature. More recently, the same group [127] reported an electric
field induced transition from an insulating state to a highly conductive
one, also by using p-toluensulfonate doped PPy samples.

This kind of non-equilibrium transition was also reported in other
amorphous materials such as polythiophene [128] and yttrium silicide
(Yo.10510.81) [129]. In the first case, the electric transport was investi-
gated in field-effect transistor structure whose active channel was made
by polythiophene (see Fig. 1.15).
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Figure 1.15: Conductivity vs. T2 of a polythiophene field effect tran-
sistor (FET) (a) at Vsg =-60V and varying V,. The metallic regime is
indicated to be at V; =-60V. (b) At V, =-150V for varying Vsq. The
straight lines are exponential fits to the data. The fit to the Vyg =-1V

data follow the ES-VRH while the Viq =-24V data are fitted to a power
law. In this plot, the metallic regime is found at Vi =-60V . Taken
from [128].

The measurements show that by varying both gate and source-drain
voltages it is possible to change the temperature dependence of the
conductivity. Such changes are interpreted as a transition from an
insulator to metallic regime. The metallic regime is reached once a small
fraction (< 0.01%) of the localized charges tunnel through the potential
barrier because of the applied the electric-field. In the insulating state,
the data is fit by the VRH with Coulomb interactions (ES-VRH).

The second experiment [129] shows that the temperature depen-
dence of the conductivity also can be described by the ES-VRH below
2K and for small electric fields. The activated transport is observed for
temperatures higher than 10 K. The measurements show a non-linear
current-voltage behavior, what is explained in terms of a percolation
path. At low electric fields, the current flows through a very irregular
path that constitutes the most resistive case. Such paths are obtained
by using isotropic percolation theory [129, 130, 131]. Under a very
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high electric field, the hops occur anisotropically along the field direc-
tion and independent of temperature (directed percolation). In such
a regime, the high electric field increases the energy of the charge in
order to overcome the energy fluctuation due to the disorder [132, 133].

1.4 Structural characterization

1.4.1 Crystallographic structure

The crystallographic structure of PPy has been determined by using
electron diffraction techniques [44]. The PPy films, with thickness from
0.5 pum to 2 pum, were grown electrochemically and discharged to the
neutral state by reduction from the as-grown doped state. The (-
couplings, which are responsible for the increase of the disorder [41,
43], were blocked during the synthesis by using methyl groups [44,
134]. This procedure is reported to improve the crystallinity of the
PPy film, although both types of PPy structures - with and without
(B-couplings - were found to have poor crystallinity. The crystalline
regions are supposed to be randomly oriented in the neutral PPy film
and have some preferred orientation in the films, once the 3-couplings
are blocked. The large amount of structural disorder in PPy films was
also verified by ultraviolet photoelectron spectroscopy (UPS) [135] and
X-ray photoelectron spectroscopy (XPS) [42].

The PPy chain structure has been assumed to be linear and planar
with alternating head orientation, as represented in Fig. 1.16. The
values indicated in Fig. 1.16 are in good agreement with first-principles
calculations reported by Bredas and coworkers [55].

Figure 1.16: Linear chain structure for neutral PPy. Taken from []4].
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1.4.2 Chain length

The electrochemical and optical properties of PPy are strongly cor-
related with the chain length [136]. UV-vis absorption spectra have
shown that changes in both concentration of charges and structure,
due to the processes of oxidation and reduction, clearly influence the
optical properties of the polymer [56, 137, 138]. Zotti and coworkers
have measured the electronic and electrochemical parameters of well-
defined neutral oligopyrroles [136]. From the cyclic voltammetry, the
redox potentials of oligopyrroles (chains set from one to seven rings)
were determined and associated to the chain length. In addition, the
energy of the maximum absorption (Ej) for each oligomer chain length
was extracted from the UV-vis spectra. Fig. 1.17 (a) shows the elec-
tronic spectrum of the pentapyrrole (five rings) in three distinct states:
the reduced state (Ps), the first oxidation state (P5*) and the second
oxidation state (P5*"). The oxidation states are indicated in the cyclic
voltammogram (see Fig. 1.17 (b)) by the two oxidation peaks, one at
-0.28 and another at —0.08V, for P5 and P5*, respectively.
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Figure 1.17: (a) The electronic spectrum of the pentapyrrole in three
distinct states: the reduced state (Ps), the first ozidation state (Ps™)
and the second ozidation state (Ps™"). (b) Pentapyrrole cyclic voltam-
mogram. The peak at -0.28V corresponds to Ps* state while that one
at -0.08V refers to the state Ps™. Adapted from [156].

Parameters such as energy of polyconjugated polymers are known to
scale linearly with the inverse of the degree of polymerization (number
of rings) [139]. According to their results a longer polymer chain has
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an absorption maximum at a lower energy (longer wavelength) than a
shorter polymer chain (Fig. 1.18).
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Figure 1.18: E) vs. 1/n, where n is the number of pyrrole units. Figure
adapted from [136].

1.4.3 Surface morphology

The morphological analysis of the PPy film surfaces has been mostly
performed by scanning probe microscopy (SPM) and scanning elec-
tron microscopy (SEM). The surface morphology depends on both the
growth method and the parameters of polymerization. As an example,
Xu and coworkers [140] reported that by adding a tiny amount of Fe
in the solution used to electrochemical polymerization the morphology
of a PPy film can be changed. Fig. 1.19 shows the SEM images of the
surface of PPy films deposited onto a Au-coated glass and prepared
without (a) and with (b) Fe.

The addition of Fe in solution is made by the insertion of Fe(III). For
this reason both chemical and electrochemical polymerization occurs
simultaneously leading to a formation of a more compact film. The
image reveled that the porosity of the PPy decreases after the insertion
of Fe.

By associating the morphological changes with volume changes,
Surez [141] evaluated the effects of the reduction and oxidation pro-
cesses upon PPy films. For films prepared in aqueous solution of sodium
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Figure 1.19: (a) Top view of a PPy film grown with a solution free
of Fe.(b) Top view of a PPy film grown with after insertion of a tiny
amount of Fe. Figure adapted from [140].

p-toluenesulfonate, the polymer swells during the reduction and shrinks
during the oxidation process. In addition, the roughness of electro-
chemically grown films is reported to increases by increasing the film
thickness.

In general, the surface morphology for PPy thin films (below ~
1.0 pm) have shown typically an egg-like-shaped structure, although the
size and shape are slightly depending on the polymerization parameters
[33, 64, 141, 142, 143]. The AFM image in Fig. 1.20 (a) shows the
surface morphology of a ~ 10nm thick PPy film, deposited on a gold
coated silicon substrate after 2s of electrochemical polymerization in
water [144]. Fig. 1.20 (b) shows the same film after 20s.

The same group reported [144], by using the current-sensing atomic
force microscopy (CS-AFM), that the top of the egg-like structure is
more conducting than the valleys. This behavior is related to the fact
that the top of the egg-like structure ca be easily oxidized during the
formation process [64]. In addition, it was observed that the conduc-
tivity can be increased by increasing the film thickness.
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Figure 1.20: (a) Top view of a ~10nm thick PPy film, deposited on a
gold coated silicon substrate after 2s of electrochemical polymerization
in water. (b) Top view of the same film after 20s of polymerization .

Adapted from [144].

1.5 Devices

1.5.1 Polypyrrole sensors

PPy has been widely used as active layers in both gas [18, 19, 20, 21]
and biochemical [22, 145] sensors. Van and coworkers have reported
the sensitivity of PPy to nitrogen dioxide (NO3)[146]. This sensitivity
depends strongly of the film thickness and of the polymerization tem-
perature. Since PPy is a p-doped polymer, when exposed to NOy the
doping level increases, because of its acceptor behavior [147], and con-
sequently an increase of the conductivity is observed. Conversely, by
exposing PPy to electron donating gases, like ammonia (NHs), causes a
reduction of the carrier density and therefore an increase in resistivity
[19]. The sensitivity to gas exposition is also observed to be dependent
on the charge state of the polymer. After a reduction process, PPy ex-
hibits a higher sensitivity to some gases (such as PCls, SOs and NOy)
as compared to the charged state. Experiments with Fourier trans-
form infrared spectroscopy (FTIR) [148] have shown that once exposed
to NOj in the reduced state, PPy gets doped by the anion NO;, as
described in the reaction scheme below:

PPy* + NO, 2 PPy" + NO, (ion) (1.5.12)

where PPy* is the reduced state of PPy and PPy™ the p-doped state.
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The sensitivity to HoO9 is the key to use PPy in biosensors [22].
Fig. 1.21 presents the variation of the normalized conductivity of a
PPy film when exposed to different concentrations of HyOq [149].
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Figure 1.21: Normalized conductivity of a PPy film when exposed to
different concentrations of HoOs. Adapted from [149].

The normalized conductivity increases linearly as the concentration
of HyOs increases. In the presence of oxygen, glucose can be oxidized
to yield gluconic acid and HyO,, as presented in the following scheme

[150]:
glucose + Os &9 gluconic acid + HyO» (1.5.13)

where GO is the glucose oxidase. From the reaction, the concentration
of glucose can be determined by measuring the amount of HyO49 pro-
duced during the reaction. In order to build a sensor, GO is embedded
within a PPy matrix [149, 150]. The conductivity changes when glu-
cose reacts with the GO embedded and produces HyO», which oxidizes
the PPy matrix. Consequently, the effect of the oxidation is that more
holes are injected from electrode to polymer.

In addition, several experiments have shown that PPy in both the
reduced [41, 56, 151] and the oxidized [152, 153, 154, 155] form are
sensitive to oxygen. Some of then [41, 151], have suggested that the
original counterion (such as Cl~ or PF ), which was embedded during
the polymerization, is replaced by OH™ after the film reduction and
subsequent exposure to oxygen.
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1.5.2 Field-effect transistor

Metal-oxide-semiconductor field-effect transistor

In order to analyze the operation of OFETSs, this Section describes a n-
channel metal-oxide-semiconductor field-effect transistor (n-MOSFET)
[61]. The n-MOSFET structure is shown in Fig. 1.22 (a). Fig. 1.22
(b) shows the energy band diagram for the gate/SiOy/p — Si structure.
For a gate voltage V, higher than the threshold voltage Vi, an inver-
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Figure 1.22: (a) n-MOSFET positively biased. (b) For V, > V; an
inversion layer (in green) is formed in the interface SiOs/p — Si by
depleting positive charges and accumulating those from the n™ doped-
Si. The red region is the depletion layer. Vi is the threshold wvoltage,
Er the Fermu level, E. is the conduction band, E, the valence band and
E; the intrinsic Fermi level.

sion layer is formed in the interface SiOy/p — Si by depleting holes and
accumulating electrons from the n* doped-Si (the green region in Fig.
1.22(a)). Vi is the voltage necessary to open the n-channel. Once
the n-channel is opened by V,, the current Iy flows due to the drain
voltage V4. This is the linear reqgime of operation as indicated in the
current-voltage characteristics of a n-MOSFET (see Fig. 1.23(a)).

By increasing V4, the n-channel length near to the drain contact
tends to zero (see Fig. 1.23(b)). This point is called pinch-off point
and it occurs when V4 = Vg,, where Vg, is saturation voltage, that
determines in which V4 the transistor operates in the saturation regime
(see Fig. 1.23 (a)). The red arrow in Fig. 1.23 (a) indicates the di-
rection in which V, increases. From the current-voltage characteristics
of the n-MOSFET, its possible to verify that I increases by increasing
both Vg and V.
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Figure 1.23: (a) Current-voltage characteristics of a n-MOSFET. The
red arrow indicates the direction that V, increases. (b) n-MOSFET
positively biased For V; = Vi, the n-channel length near to the drain
contact tends to zero. Vi, is saturation voltage, that determines in
which V; the transistor operates in the saturation regime.

Thin-film-transistor

The Thin-film-transistor (TFT) is currently used in amorphous silicon
transistors [156] since its structure is very well suited for materials
with high resistivities [157]. Therefore, the operation description of the
TFT can also be applied to OFETSs. In this case, the TFT is formed by
a thin polymer layer, deposited upon a dielectric/metal structure (see
Fig. 1.24). The two electrodes (source and drain) make a ohmic contact
with the polymer. This type of transistor operates in the accumulation
regime instead the inversion regime as observed in n-MOSFETs [61].
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dielectric material
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Figure 1.24: Structure of a thin-film transistor (TFT)

Once biased as shown in Fig. 1.24, the drain current is controlled
via the gate voltage that changes the density of holes accumulated at
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the interface polymer/dielectric. The I at low Vg (linear regime) is
described by [157]

Z Vi
Id = Z,UTFTCZ' (‘/g — V; — ?d> Vd (1.5.14)

where 7 is the channel width, L. the channel length, prpr the mobility
(here assumed constant), C; the dielectric material capacitance (per
unit area) and V; the threshold voltage. V. is the voltage for which
the channel conductance is equal to that of the polymers layer. In the
saturation regime, the transistor operation is explained by

A

ljsar = EHTFTCZ'(‘/g —Vp)? (1.5.15)

Fig. 1.25 shows the typical current-voltage characteristic of a TFT
[158]. The channel was made by «,w-dihexylsexithiophene and the
insulator by poly(methyl-methacrylate) (PMMA).

Drain carrent (LA)
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Figure 1.25: Current-voltage characteristic of a TFT, with a channel
made by «,w-dihexylsexithiophene and the insulator by poly(methyl-
methacrylate) (PMMA ). Taken from [158].

As indicated by the current-voltage plot in Fig. 1.25, by driven V,
towards negative values, the drain current tends to increase. I4 also
increases with increasing the Vy.
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Polypyrrole field-effect transistor

There are two reports in the literature demonstrating that transistor
operation in PPy is possible [26, 28]. In the first case [26], the channel
was made by a single PPy fiber terminated by cobalt contacts. The
PPy fibers were synthesized inside an anodic aluminum oxide template
by sequential electrochemical deposition of cobalt, PPy and cobalt.
After removal of the template, a single fiber is placed upon a doped-
Si/SiOy substrate where in a subsequent step the electrode regions are
defined by e-beam lithography, followed by deposition of a titanium-
gold contact. Fig. 1.26 presents the dependence of the drain current
(Iz) vs. the drain voltage (V) for negative gate voltages (V).
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08l Your =0V
< Ve V=25,
o5 A V_=0V/ y
Gate
So6r
5
o
£ 04
S
a
0.2
0.0 ,
0 1 2 3
Drain Voltage (V)

Figure 1.26: Output characteristic of the PPy transistor. Taken from

/26].

The second PPy transistor [28] was fabricated by vapor-phase poly-
merization. The oxidant solution (Fe(III)) was spin-coated upon a
500 nm film of poly(vinylcinnamate) (PVCN). The lithographic process
is similar to that one described in Section 1.1.4 (the transformation of
Fe(III) in Fe(IT)). In this device, both channel and gate were made by
PPy (see Fig. 1.27 (a)). Fig. 1.27 (b) presents the electrical character-
istics of the transistor made by vapor-phase polymerization.
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Figure 1.27: (a) Schematic structure of the PPy transistor made by
vapor-phase deposition (top) and the photo of the device (bottom).(b)
FElectric characteristic of the transistor. Adapted from [28].

The first point to consider in the evaluation of these devices is the
preparation process. In the Co-PPy-Co transistor, the synthesis process
is quite complicated, especially the step to separate a single fiber from
the template. The second device has the inconvenience of using Fe(III)
as oxidant agent. The disadvantages of such a process is described in
Section 1.1.4. Both device fabrication processes are definitively not
compatible with standard silicon processing. By comparing the electric
behavior of both devices with the models discussed above (n-MOSFET
and TFT) one can verify that, (a) the Co-PPy-Co transistor behavior
cannot be explained by the models, while (b) the electric characteristics
of the Fe(III) transistor is in agreement the TFT model [157, 159].



Chapter 2
Sample preparation

This chapter describes both the setup and the processes used for the
preparation and the patterning of PPy films. PPy films with thick-
nesses between 500 nm up to 5 um were prepared electrochemically by
galvanostatic and potentiostatic polymerization. Thin films (from 6 nm
to 170nm) were grown via vapor-phase polymerization.

A simple preparation method for PPy thin films by chemical poly-
merization is demonstrated. The technique is compatible with conven-
tional silicon processing and is free of contaminating elements such as
Fe and Cu. By using the HyO5 : HCI - solution to oxidize the Py, ho-
mogeneous and smooth PPy films are defined on a doped and oxidized
silicon substrate containing a lateral Pt electrode geometry.

Appendix A contains a description of the main the parameters in-
volved in each sample prepared.
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2.1 Electrochemical setup

Substrate

In the setup presented here, the film grows directly on the substrate,
called chip, that acts as the WE and is suited for resistivity studies.
The chip (Fig. 2.1) consists of four Pt electrodes, patterned by pho-
tolithography. The Pt electrodes were deposited on top of a structure

Figure 2.1: (a) Four Pt electrodes, patterned by microlithography on
(b) top of a silicon wafer, doped with P and covered by a 100 nm SiOs
layer. (c¢) Zoom-in onto the four Pt electrodes with a contact separation
of 2 pm.

formed by a silicon wafer doped with phosphorus (P) (supplied by Sico
Wafer GmbH) and covered by a 100nm SiO; layer. The breakdown

electric field of the SiOy was found around 4.5 x 106V /cm. The small-
est separation between electrodes is 2 pm.

Fig. 2.2 shows a sketch of the photolithographic process of the
chip. In the first step, the photoresist is spin-coated onto the silicon
wafer (Fig. 2.2 (a)). After baking, the solvent is evaporated from the
photoresist and the pattern is defined by exposing the coated wafer to
UV-light through a mask (Fig. 2.2 (b)). Then, the exposed region
in the photoresist is removed by the developer (Fig. 2.2 (c¢)) and the
metallic electrodes are prepared (Fig. 2.2 (d)) by evaporation of 20 nm
of Ti followed by 130nm of Pt. By the liftoff step (Fig. 2.2 (e)),
the photoresist is removed and the metallic layer in contact to the
SiO surface remains. The electrodes were processed by IMTEK at the
University of Freiburg.
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(e)
Figure 2.2: Sketch of the photolithographic process on the chip. (a) The
photoresist is spin-coated onto the silicon wafer. (b) After baking the
pattern is performed on the photoresist surface by exposing the coated
wafer to UV-light through a mask. (c¢) The pattern on the photoresist
is developed and (d) the metallic electrodes are made by evaporation of
20nm of Ti followed by 130nm of Pt. (e) By liftoff, the photoresist

s removed and the metallic electrode in contact with the SiOs surface
TeMains.

Glass electrode holder

In order to grow a PPy film, the chip must be inserted in the glass
electrode holder (Fig. 2.3 (a)). The holder is a glass probe with four
Pt contacts and a CE placed in a teflon head (see Fig. 2.3 (b)). The
four Pt contacts are mounted at the head so that the pads at chip
are clamped to them (see inset in Fig. 2.3 (b)). Each contact at the

electrical (b)

i J connector

Teflon head

Figure 2.3: (a) The glass probe. (b) Teflon head and (inset) the chip
inserted in the head.

probe can be externally and independently connected to the poten-
tiostast/galvanostat.

The CE is made by a 4 mm diameter Pt disc assembled 5 mm away
from the WE. In this work, all the electrochemical potentials are mea-
sured against an Ag/AgCl reference electrode (RE), whose distance
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from the WE is adjusted for minimization of the electrolyte bulk ef-
fects.

Electrochemical cell

The electrochemical experimental setup consists of two sets of three-
electrode electrochemical cells (Fig. 2.4 (a)). One set is used for poly-
merization and the other one for characterization by cyclic voltammetry
(CV). Both cells are connected to a three-terminal potentiostast / gal-
vanostat Metrohm p-Autolab (Fig. 2.4 (b)). The cells are designed
to keep the whole system under inert atmosphere of argon (Ar) dur-
ing growth and CV. The growth cell is coupled to a heat exchanger to
allow the synthesis at variable temperatures (Fig. 2.4 (c)). Here, the
growth temperature can be set from room temperature down to 213 K,
by connecting the heat exchanger to an ethanol cooling system.

PPy can be synthesized electrochemically by the followings tech-
niques: galvanostatic (constant current) [64], potentiostatic (constant
potential) [65], or potentiodynamic (varying the potential and measur-
ing the current) [66].

Electrochemical_“‘l Tl
Cell

(a) Electrolyte —>\ &

Yl 2

y/!

Figure 2.4: (a) The three-electrode electrochemical cell, (b) poten-
tiostast/galvanostat Metrohm p-Autolab and (c) the electrochemical cell
connected to a heat exchanger.
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2.2 Galvanostatic polymerization

Both current density and growth temperature play an important role
in determining the electrochemical [66] and electronic [14] character-
istics of PPy films. For this reason, the PPy films were grown gal-
vanostatically under Ar overpressure and with the synthesis solution at
temperatures of 293 K and 273 K, within an accuracy of 0.1 K. The elec-
tropolymerization was carried out at a current density of 6.6 mA /cm?,
applied for 30s, which was supplied by a standard three-electrode po-
tentiostast /galvanostat.

The electrolyte for polymerization was formed by 0.5 M of the con-
ductive salt tetra-n-butylammonium hexafluorophosphate (TBAPF),
0.5M Py, 1% distilled water, and 1% of hydrochloric acid (HCI) in ace-
tonitrile (ACN). Py and ACN were distilled under argon atmosphere
before the solution preparation, while TBAPFg was vacuum dried im-
mediately before use. After preparing the mixture, the solution was
purged with argon for 20 minutes.

The current applied between working and counter electrode starts
oxidizing the monomer Py to Py at a constant rate (see Chapter 1,
Fig. 1.2). Fig. 2.5 shows the potential of the WE, measured against the
RE (Vweg (vs. Ag/AgCl)) as a function of the polymerization time for
growth at 273 K (sample EGO01) and 293 K (sample EGO06, see details
in Appendix A).
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Figure 2.5: Vyg (vs. Ag/AgCl) as a function of the polymerization time
for samples at 273K (sample EG01) and 293K (sample EG06), grown
galvanostatically at 6.6 mA /cm? during 30s.
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The plot shows that Vg (vs. Ag/AgCl) decreases with the poly-
merization time after reaching a maximum after ~ 5s for EG06 and
~ 9s for EGO1. This dependence is associated with the reduction of
the reactivity of the system, since the amount of Py available close to
the WE tends to decrease [59]. The reactivity also decreases by re-
ducing the temperature, as observed from the temperature dependence
of Vwg (vs. Ag/AgCl). Consequently, by reducing the temperature, for
the same polymerization time and density of current, the amount of
polymer produced decreases.

Due to lateral growth, the films formed on the four WE merged
at film thicknesses of about 4 ym, thus enabling electrical four-probe
measurements. Fig. 2.6 shows the four WE after the polymerization
in (a) and the chip-carrier assembling, for a sample grown at 293 K in

(b).

Figure 2.6: (a) The four WE after the polymerization and (b) the chip-
carrier assembly, for a sample grown at 293 K.

2.3 Potentiostatic polymerization

As discussed in Chapter 1, the amount of PPy I and PPy II can
be changed by varying the polymerization potential and temperature.
Therefore, several PPy films were prepared by potentiostatic polymer-
ization at a temperature of 243 K and different growth potentials (from
0.52V to 1.60V). Potentials below 0.52V were below the activation
threshold of the polymerization process, while for potentials above
1.60 V, the solution degraded. The polymerization was carried out in
a solution of 0.1 M of the conductive salt lithium perchlorate (LiClOy)
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and 0.5M of Py in propylene carbonate (PC). As will be shown in
Chapter 3, the amount of PPy II can be increased by switching the
polymerization solution from ACN to PC. The whole system was kept
under Ar overpressure during the polymerization. Fig. 2.7 presents the
polymerization current as a function of the time for samples grown at
different potentials. More details about the potentiostatically grown
samples are given in Appendix A.

Current (A)

102 10
Time (s)

Figure 2.7: Current as a function of the polymerization time for samples
grown under potentials ranging from 0.52V to 1.60 V. The polymeriza-
tion was carried out at temperature of 243 K.

The film growth rate increases dramatically as the polymerization
potential (V) is increased from 0.52V and 1.00 V. The time necessary
to grow a PPy film with a thickness of 500nm at 0.52V was about
24 hours, in contrast to 1 minute at 1.00 V. It was observed that at
low temperatures and potentials, the lateral growth rate is higher that
one in vertical direction. For this reason, films with thicknesses smaller
than the electrode separation (2pum) could be connected during the
polymerization. In the same range of potentials, the current during
growth shows a weak peak at the beginning (after 10s to a few 100s),
followed by a decrease and then again an increase in time. For potentials
higher than 1.20 V the rate of film formation drops. The current during
growth drops in the first 30s and tends to an almost constant value
roughly one order of magnitude lower afterwards.
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At potentials higher than 1.00V, the solution began to change its
color from transparent to light brown during the polymerization pro-
cess. The light brown color originates from PPy that gets polymer-
ized in solution, which occurs at high potentials when the voltage drop
across the solution is enough to start the polymerization process.

Also, the PPy adhesion to the Pt electrodes is a critical point for
films prepared above 1.00 V. These films detached from the electrodes
after drying, making the sample preparation unfeasible. The optical
microscope images indicate qualitatively that the surface roughness is
strongly depending on the polymerization potential. By assuming that
the porosity increases with increasing roughness, it is possible to asso-
ciate the adhesion problem to a reduction of the contact area between
Pt and PPy. Then, this reduction of contact area is mostly due to the
insertion of a solvent layer or simply due to vacancies between PPy and
Pt.

During polymerization, the current was monitored and from it, to-
gether with the measured film thickness and area, the charge density
involved in the whole synthesis process was calculated. Fig. 2.8 shows
the charge density involved during the synthesis as a function of the
polymerization potential (V).

S

Density of Charge (1023 x cm™)
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Figure 2.8: Charge density involved during the synthesis as a function of
the polymerization potential (Vy,) for the samples synthesized at 243 K.

The charge density during the growth increases up to 0.70 V and
then drops to an almost constant value for V,, higher that 1.00 V. It is
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important to point out that the charge density value calculated does not
necessarily equal the density of embedded counterions. Rather than,

2.4 Vapor-phase growth

The synthesis with HsO- : HCI as oxidizing agent to prepare PPy in
solution is an established technique [71, 72, 73|. Nevertheless, in order
to get a better control of the polymerization process, instead of mixing
the Py monomers with the HoO5 : HCI solution, we evaporate them.
Fig. 2.9 presents a sketch of a home-made vapor-phase cell used to pre-
pare PPy films. The cell is divided into four parts: heater, Py source,

} argon

H,0,:HCl output

droplet

substrate

connecting
tube  _,| sample cooler
—
argon
Input

pyrrole
. ~T source

heater

Figure 2.9: Sketch of the vapor-phase cell for chemical polymerization
of PPy.

sample chamber and sample cooler. Once evaporated, the monomers
are carried by the Ar flux through the connecting tube until reach-
ing the sample chamber, where the substrate covered by the oxidizing
agent is located. As the Py monomers get in contact with the solution,
they polymerize at the surface of the droplet. This setup allows poly-
merization control by tuning the Py evaporation temperature (from
room temperature up to 473 K), the sample temperature (from room
temperature down to 223 K), the argon flux, and the growth time.
Fig. 2.10 shows a picture of a glass substrate covered by a droplet of
H505 : HCI (1000:1 volume fraction), before and after a 30 s exposition
to Py monomers, carried by a flux of argon of 0.11/h (sample VPHO1).
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The sample was at room temperature during film formation. Com-
mercially available liquid Py (Aldrich) was evaporated from a source
by heating it to 383 K. HyOs acts as oxidizer, while HCI provides the
Cl™ counter ions (e.g., the equivalent of acceptors) required for charge
neutrality.

Figure 2.10: Sample VPHO1 - Glass substrate covered by a droplet of
Hy0, : HC1 (1000:1 volume fraction), (a) before and (b) after a 30s
exposition to Py monomers carried by a flux of argon of 0.11/h.

In spite of the better control of polymerization gained, at first sight,
it appears that the PPy obtained is still in solution and cannot be used
as a thin film. However, after rinsing the substrate with DI water, it
is possible to visualize by optical microscopy that during the polymer-
ization, PPy is not only formed in solution (Fig. 2.10 (b)), but also
grows as thin film on the substrate surface, an effect that apparently
went unnoticed up to now.

Fig. 2.11 (a) presents an optical image of the glass substrate surface,
coated with a thin PPy film. By zooming the image (Fig. 2.11 (b)), it
is verified that the film gets thinner from the edge to the center of the
droplet. This observation suggests that (a) the polymerization occurs
from the edge to the center and (b) that the monomers can diffuse in
solution up to a certain distance without reacting with the oxidizing
agent.

In fact, this is expected since the concentration of oxidizing agent
tends to decrease from the edge (where the polymerization starts at
t =0) to the center of the droplet.

Fig. 2.12 shows the atomic force microscope (AFM) images of the
sample VPHO1 at the points I, II and III, as noted in Fig. 2.11 (b).
The film has the well-known morphology of PPy films made by other
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Figure 2.11: (a) Optical image of the sample VPHO1, a glass substrate
coated with a thin PPy film. (b) Zoom at the region of interest, showing
that the film gets thinner from the edge to the center of the droplet.

techniques, i.e., egg-like structures with a characteristic size depending
of the film thlckness [33, 64, 141, 142, 143].

(I) iii 20nm
ess ~ 11nm ess ~ 7.4nm Thickness ~ 3.7nm

Roughncss ~ 1.74nm Rnuglnless ~1.11lnm Roughness ~ 0.91nm

Figure 2.12: Atomic force microscope (AFM) images of the PPy film
at the points I (a), II (b) and III (c), as noted in Fig. 2.11(b).
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2.5 Thin film patterning

Substrate

In case the PPy film is to be applied as active layer in electrical devices,
the patterning was made on a substrate formed by Pt contacts (thick-
ness 130 nm), patterned by optical lithography on a thermally oxidized
As-doped silicon wafer (resistivity 5m€cm) (see Fig. 2.13 (a)).

Figure 2.13: (a) Substrate formed by Pt contacts (thickness 130nm),
patterned by optical lithography on a thermally oxidized As-doped silicon
wafer. (b) Zoom-in from the four electrode contacts region.

The oxide has a thickness of 100 nm and a breakdown electric field
of ~ 4.5 x 105V /em. The separation between the Pt electrodes is 2 ym
(Fig. 2.13 (b)). The photolithographic process used to pattern the Pt
electrodes onto the silicon substrate was the same that one described
in Fig. 2.2 at section 2.1. The sample was processed by IMTEK at the
University of Freiburg.

Procedure to pattern the polypyrrole thin films

Prior to the polymerization step, conventional photolithography was
used to define a photoresist (Microchemicals AZ 5214E) pattern act-
ing as a deposition mask. A 5pum wide stripe-line channel was used
as pattern and placed perpendicular to the four Pt electrodes (Fig.
2.14). After development, the SiO, surface was passivated by a hex-
amethyl disilazane (HMDS) layer. HMDS is normally used to improve
the adhesion of photoresist to SiOs and to reduce the effect of surface
states by replacing the hydroxyl groups at the surface by methyl groups
(160, 161, 162].
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Figure 2.14: (a) 5 um wide stripe-line channel patterned by conventional
photolithography. (b) Cross section draw of the 5 um wide stripe-line
channel.

To prepare the sample VPHO02, the patterned substrate was mounted
inside of the vapor-phase cell under argon flux of 0.11/h and a pressure
of 1 atm. Py was evaporated from the source at 383 K during 3 minutes,
after a droplet of HoO5 : HCI (1000:1 volume fraction) being deposited
on the surface, with the substrate at room temperature. After poly-
merization, the process gives rise to a PPy film at the surface (film A)
of the droplet (see in Fig. 2.15 (a)) and also to PPy in solution. This

Spm rinse, dry (c)

Py-liquid (a)
383K

Py-vapor film A

resist

lift-off ( d)

—

Figure 2.15: (a), (c) and (d), cross sectional schemes illustrating the
sample preparation. (b) AFM image of a dried PPy film A.

100nm SiO,

Roughness ~ 550nm
Thickness ~ 3.5um

result differ from the sample VPHO1 that exhibits just PPy in solu-
tion at a first view. The main reason for such difference is the shorter
polymerization time of 30s for VPHO1, in contrast with 3 minutes in
the sample VPHO02. Species of film A were investigated with AFM on
samples that were dried (Fig. 2.15 (b)).

Film thicknesses between 500 nm and 5 um that scale linearly with
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the exposure time are found, with a roughness of about 15% of the
thickness. In addition, a much thinner and comparatively flat film
(film B in Fig. 2.15 (a)) forms at that part of the substrate surface
which is covered by the droplet.

After polymerization, the solution with film A on top is removed
by rinsing the sample in DI water (Fig. 2.15 (c)). Afterwards, the
photoresist is removed with ethanol in a lift-off process (Fig. 2.15 (d)),
and a well-defined geometry of film B remains (Fig. 2.16).

Figure 2.16: The type B PPy film (vertical stripe-line) runs across the
Pt electrodes on top of silicon oxide.

In the standard silicon photolithographic process, the photoresist is
removed by either acetone or the appropriate remover for the AZ 5214E
(AZ 100). This procedure was avoided since the PPy films demon-
strated signs of degradation after to be exposed to these components.
The degradation was detected by the increase of the sample resistance
(more than 100%), without any evidence of reversibility. The reversibil-
ity was checked by washing the sample with DI water and by keeping
the sample in vacuum for more than 24 hours.

The film B after the lift-off process can be used in applications and
its morphology studied with an atomic force microscope (Fig. 2.17 (a)).

The analysis reveals, in this example, an average film thickness of
40nm with a roughness of 6 nm. The film thickness can be well con-
trolled via the Py vapor exposure time. In addition, the roughness (sin-
gle standard deviation) is found to scale approximately linearly with
the film thickness (Fig. 2.17 (b)). Connected films as thin as 6 nm with
a roughness of 1.5nm could be prepared this way.



ol

20nm 20 r -
(b)
g 15}t
% o
)
,é 10 .
b:i) °
®
ch 5 °®
®
[

0 50 100 150 200
Thickness (nm)

Figure 2.17: (a) AFM image of the type B PPy film morphology in
the active region over an area of 1 um?. The gray scale represents the
height. (b) Thickness dependence of the roughness.

By decreasing the synthesis temperature, the rate of polymerization
also decreases. The time necessary for the polymerization of a PPy film
with thickness of 40 nm was 30 times higher at 278 K than at 293 K (60
minutes and 2 minutes, respectively).

VPH(O3 100nm VPHO4 100nm VPHOS 100nm
(b) <,

250nm

Thickness ~ 60nm Thickness ~ 80 Thickness ~ 77mmn
Roughness ~ 14.5nm Rnu;hng:: A3 ?_gn:unn Roughness ~ 4.8nm

Figure 2.18: AFM images of the PPy film grown at different tempera-
tures. The sample VPHO03 was grown at 295K, VPH04 at 282K and
VPHOS at 277.5K.

The roughness and the average size of the egg-like structure also
shows a dependence of the growth temperature. Fig. 2.18 presents
the AFM image of three PPy films with almost the same thickness but
grown at different temperatures. The sample VPH03 was grown at
293K, VPHO4 at 282 K and VPHO05 at 277.5 K. For more details, see
Appendix A.
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The size of the egg-like structure for the sample VPHO03 was around
70nm and by decreasing the growth temperature the structure size de-
creases to around 40nm for both samples VPH04 and VPH05. The
roughness also shows a dependence of the growth temperature as in-
dicated in Fig. 2.18. Therefore, by keeping the solution concentration
(HoO4 : HCI (1000:1 volume fraction) constant and by using the same
type of substrate, the surface roughness of the PPy thin films can be
controlled by both the film thickness and the growth temperature. Ad-
ditionally, it was observed that the polymerization on Pt was faster
than on SiOs.

Besides using Si/SiOs as substrate, the patterning process was also
successfully reached on glass, Poly(methyl methacrylate) (PMMA), Au
films on glass and steel as well. On the other hand, in substrates
like gallium arsenide, aluminum and cobalt, which can be etched by
H505 : HCI, the deposition of PPy was not reached. Fig. 2.19 shows a
40nm tick PPy hall bar defined of glass. The smallest PPy structure
patterned has a size close to the photolithographic limit (~ 2 pym).

Figure 2.19: A /Onm tick PPy hall bar defined on glass.



Chapter 3

Characterization of
electrochemically grown
polypyrrole films

In this chapter, the PPy films grown by electropolymerization are char-
acterized mainly by electronic transport combined with CV and UV-vis
spectroscopy.

In the galvanostatically grown samples, the lower polymerization
temperature increases both the fraction of PPy II and its conductance
and can even drive the films from the insulating into the metallic phase.
This phenomenological correlation raises the question that is addressed
below, namely whether there is a causal dependence between the PPy
IT contents and the transport properties. The fraction of PPy II in the
films was varied by two means, namely by changing the polymerization
temperature as well as by voltammetric cycling. From a combination
of UV-vis spectroscopy with electronic transport measurements, at first
sight, a surprising picture emerges: PPy II consists of oligomeric chains
composed of 8 monomers at most, while PPy I chains are significantly
longer. Nevertheless, a larger fraction of PPy II increases the conduc-
tivity. It is concluded that the chain length is of subordinate relevance
for the resistivity but rather the short-range order as well as the inter-
chain separation are most important.

The polymerization potential is also reported as a parameter that
can influence the composition of PPy films [87]. The goal in this section
is to evaluate the changes in the electric properties of the PPy films by
varying the polymerization potential V. By changing V,,, the contents
of PPy I and PPy II in the film produced change significantly. These
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changes affect, and can be directly detected in, the electronic transport.
The process used to prepare the samples investigated here was de-
scribed in Chapter 2. A list of the samples is found in Appendix A.

3.1 Galvanostatically grown films

3.1.1 Electrochemical characterization

After polymerization, the samples grown at 273 K and 293 K, (EG02-
EGO05 and EGO7-EG10, respectively) were discharged (reduced) and
recharged (oxidized) by CV in a monomer-free solution of 0.5M of
TBAPFg in ACN. The cycling was performed with a starting voltage
of 1V, a minimum voltage of —0.8V (against Ag/AgCl), and a scan
rate of 10mV/s. Fig. 3.1 (a) shows the cyclic voltammogram of a
sample grown at 293 K that underwent four cycles (EG10).
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Figure 3.1: Current-to-voltage characteristics of four consecutive

voltammetric cycles for a sample grown (a) at 293K (EG10) and (b) at
273K (EGO05). The arrow denotes the starting point. The inset shows

the geometry of the PPy films (gray), as seen in an optical microscope.
The edges of the Pt electrodes below the film are indicated by the white
lines (solid drawn).

While the reduction peak appears at a constant voltage of —160 mV,
a shift of the oxidation peak toward higher potentials is observed. This
observation is taken as an indication that during C'V, PPy II is trans-
formed into PPy I, in agreement with results reported earlier [87]. The
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presence of PPy II is also indicated by the shoulder in the oxidation
peak at —150mV. Furthermore, a reduction of the peak amplitudes is
observed, which is most pronounced between the first and the second
cycle. In the cycles after the first one, this apparent decay is usually at-
tributed to the nonzero cycling speed, while the difference between the
first two cycles again indicates a structural change in the polymer film,
which will be of importance below. The voltammograms of samples
grown at 273 K (b) show a more pronounced shoulder on the oxidation
peak, indicating that the fraction of PPy II has increased. The PPy I
oxidation peak again shifts to higher potentials as the number of cycles

increases. From the CV it is clear that low temperature growth increases
the fraction of PPy II.

3.1.2 UV-vis absorption characterization

To force the formation of PPy I or PPy II, both the temperature and
the current [87] were varied in this experiment. To obtain preferably
PPy I, the electropolymerization was carried out at room temperature
(293 K) using a current of 550uA (sample EG11). To obtain mainly
PPy I1, electropolymerization was performed at 243 K with a current of
100pA (sample EG12). After polymerization, the films were reduced at
a potential of —1.2'V and their UV-vis spectra were measured at room
temperature. The UV-vis spectroscopy was made in cooperation with
the group of Prof. Heinze at the Department of Physical Chemistry of
the University of Freiburg.

PPy samples suited for UV-vis spectroscopy (EG11 and EG12) were
polymerized under the same conditions as sample EGO1. The poly-
mer was deposited on a quartz substrate coated with indium tin oxide
(ITO) where the electroactive area was about 1.5c¢cm?. The electro-
chemical experiments were carried out under argon atmosphere. A Pt
grid served as the counter electrode. The reference electrode was an
Ag wire. An EG&G PARC Model 175 Universal programmer and a
Jaissle potentiostat-galvanostat IMP 88 PC were used for electrochem-
ical control and data recording. The UV-vis spectra were recorded on
a Perkin-Elmer Lambda 9.

Electrochemical data and UV-vis spectra obtained at different tem-
peratures give new insights into the structural differences between PPy
[ and PPy II. As can be seen in Fig. 3.2 (a), the film produced at
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293 K and high current (sample EG11) shows the typical cyclic voltam-
mogram of PPy I. The corresponding UV-vis spectrum of PPy I has
an absorbance maximum at 426 nm and a shoulder at about 450 nm
(Fig. 3.2 (c)). The cyclic voltammogram of the film prepared at 243 K
and lower current (sample EG12) shows two oxidation peaks and one
reduction peak (Fig. 3.2 (b)). The anodic peak at —0.12V indicates
the oxidation of PPy II, while that at a potential of 0.1 V corresponds
to the oxidation of PPy I. Considering the cyclic voltammogram, this
film consists of mainly PPy II. In the UV-vis spectrum of the same
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Figure 3.2: Cyclic voltammograms and UV-vis spectra of PPy films.
The films were galvanostatically polymerized under different conditions:
(a) sample EG11 in which the main product is PPy I (solid line in c);
(b) sample EG12, the main products is a combination of PPy II + PPy
I (dashed line in c); (c) UV-vis spectra of PPy Il and I, grown at 293 K
after reduction at a potential of —1.2V (TBAPFs in ACN); solid line
represents the pure PPy I samples; dashed line represents the sample
with a combination of PPy II and PPy 1. (d) UV-vis spectra of the
sample EG13, grown at 293 K, after reduction at a potential of —1.2V
(LiClOy4 in PC). It is represented by a dotted line and contains mainly
pure PPy II.

material after discharging, there is a broad absorbance maximum at
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about 386 nm for PPy II (Fig. 3.2 (c)). A second absorbance band
in the range between 450 and 470 nm is caused by a small portion of
PPy I. In addition, the signal caused by PPy I in the UV-vis spectrum
can overlap the absorbance curve of PPy II and generates an additional
broad absorbance maximum in the long wavelength range. In the given
solvent/electrolyte system (ACN / TBAPFg), PPy II could not be ob-
tained in pure form. The synthesis of PPy with LiClO4 in PC (sample
EG13) produced films of almost pure PPy II showing an absorption
band at 380 nm (Fig. 3.2 (d)).

The number of pyrrole units (n) in a chain can be recalculated from
the absorbance maximum by equation 3.1.1, the result of a linear re-
gression of data published by Zotti and coworkers [136] (see Fig. 1.18):

v = 22676cm ' + 25719cm ™' - (1/n) (3.1.1)

where v is the wavenumber. By using equation 3.1.1, the number of
pyrrole units of pure PPy I in the neutral state is about 32 (max. =
426 nm) to 64 (max. = 450 — 470nm) and that of PPy II is 8 (max.
= 386nm) up to 12 (max. = 403nm). Obviously, in the combina-
tion of both PPy components, PPy I contains longer chains (number
of pyrrole units > 64). It may be that the chains are cross-linked. It
should be noted that a correlation between the wavelength and the
number of units in the PPy chain ends at a value of 440 nm. Therefore,
the number of pyrrole units for longer chains is not precise. Fig. 3.3
shows the data from Zotti [136] and the values calculated for PPy I
and PPy II, from Fig. 3.2, included in the same plot. Normally, short
monodisperse oligomeric chains form well-ordered structures on depo-
sition [163, 164]. Electrochemical quartz crystal microbalance studies
of freshly polymerized PPy II films reveal an increase in mass of these
films during repetitive redox switching [87]. This alteration occurs due
to the incorporation of solvent and electrolyte into the polymer matrix.
The result is an expansion of the polymer volume; therefore, distances
increase between the polymer chains and the structural order decreases.
Moreover, structural changes occur during repetitive cycling [97], and
PPy II is transformed into PPy I including a partial formation of a
stable network [87].
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Figure 3.3: Correlation of wavenumbers vs. 1/n (n = Number of pyrrole
units for different oligopyrroles): correlation factor r = 25 719, filled

dots, Zotti et al. [136] (see Fig. 1.18); open dots, data taken from Fig.
3.2.

3.1.3 Resistivity measurement method

The resistances were obtained by standard two- and four-terminal lock-
in techniques, with an applied current of 100nA at a frequency of
13.5 Hz. Fig. 3.4 illustrates both two- and four-terminal configurations.
The film resistivity (p4p) is obtained from the four-probe resistance Ry,

(a) (b)
- - Pt
Pt Pt o

PPy

10MQ
10MQ

5.6 5.6
13.5Hz 13.5Hz

Pt Pt

Pt
Pt

Figure 3.4: Sketch of the (a) two- and the (b) four-terminal configu-
ration used to measure the resistances of the PPy films. In the two-
terminal configuration the current source and the voltmeter are con-
nected upon the same contacts. In the four-terminal the voltage (Vip)
18 measured at the contacts parallel to those where the current is applied.

by

_R4PA_V21pé
L I L
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where I is the constant current, set by the ac voltage (V,.) source and
the series resistor Ry, (I = V,¢/Rs). A is the area perpendicular to the I
direction and L is length parallel to I. In the two-terminal configuration
the two-probe resistance (Rgp) is expressed by

Rop = 2R + Ryp (3.1.3)

where R, is the contact resistance. The method presented to calculate
the resistivity is valid only in the case where the four contacts are par-
allel. For the electrode structure used in this work (see Fig. 2.1), the
resistivity must be corrected by a geometric factor obtained from the
van der Pauw method [165].

The resistivity calculated by the van der Pauw method is obtained
by solving the analytical expression

d d
exp [—W—Rmnpp] + exp [—W—Rno,pm} =1 (3.1.4)
pr pr

where Rinnop = Vop/Imn and Ryopm = Vpm/Ino are the resistances mea-
sured at the points indicated in Fig. 3.5. py is the resistivity measured
by the van der Pauw method and d the sample thickness.

(a) (b)
n y m p
—>
p
n 0
0
Figure 3.5: Geometry used to measure the resistivity by the van der

Pauw method. A general geometry is presented in the case (a). The
case (b) is the one which fits better to the electrode geometry used.

Taking into account the geometry of the electrodes used to deposit
the PPy films, the shape of the surface indicated in Fig. 3.5 (b) repre-
sents the best choice. Thus, by considering that R op = Ruopm = Rup
in eq. 3.1.4, py, is expressed by

TdR,,
In2

Pup = (3.1.5)
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By dividing eq. 3.1.2 by 3.1.5, the PPy resistivity pppy can be calculated
using

PPPy = Pup = 4-53;04]? (316)

3.1.4 Frequency dependence of the impedance

Analyzing the frequency dependent capacitance C(f) of the samples
allows us to draw conclusions about the evolution of the density of
mobile charges. The frequency dependence of the impedance was mea-
sured at temperatures of 300 K and 77 K (by using liquid nitrogen), in
a frequency range between 10 Hz and 100 kHz using a lock-in amplifier
Stanford Research Systems SR830. The measurements were carried
using the two-terminal configuration in order to get the information
about the interface Pt/PPy. The sketch of the setup used as well as
the equivalent circuit are shown in Fig. 3.6. In the equivalent circuit,
C. is the capacitance of the contact Pt/PPy.

lock-in amplifier 300K/ 77K

= e contact A
! v |
10MCQ | contact A
10 Hz - 100 kHz - |
l l l o Pt Ce Re
| | Pt |
| BN PPy |
| : I Rap
| |
| [
| | . CC Rc
L Pt Pt |
|
- |
|  contact B contact B

(@)~~~ T T~ - (b)

Figure 3.6: (a) Sketch of the setup used to measure the frequency de-
pendence of the impedance. The sample was measured at 300K and
77K, in a frequency range between 10 Hz and 100kHz using a lock-in
amplifier Stanford Research Systems SR830. (b) Equivalent circuit of
the sample.

In Fig. 3.7, a typical result for the impedance Z(f) is reproduced.
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Re(Z) drops markedly around f = 30kHz, while Im(Z) shows a mini-
mum around 80 kHz. These data are interpreted in terms of the equiv-
alent circuit shown in Fig. 3.6 (b). In the experiment, the voltage of
frequency f is applied between contacts A and B, while the current is
detected at contact B. The two PPy-Pt contacts are modeled by equal
R. and C,, which are a consequence of the interface depletion layer [61].
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§ 2.0 | -o.4§
N N
) [ =
® 15} 0.8~

10 P sl st L sl L _‘12
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Figure 3.7: Frequency dependence of the real part (circles) and the imag-
inary part (squares) of Z(f) at T = 77 K, as measured in a sample grown
at 293 K that underwent a single voltammetric cycle. The lines are fits
according to the equivalent circuit model (Fig. 3.6 (b)).

According to this model circuit, the frequency dependence of the
impedance components is given by

~ 2Rc + RRyym?f2C% + Ry

Re(Z(f
e(Z(£)) IRZPCE + 1

(3.1.7)

and
R.*mfCe
AR m22C.% + 1
The resistance of the PPy film itself is Ry, and has been measured
independently by four-terminal measurements, which does not show a
frequency dependence. Thus, the capacitance and the resistance of the
contacts are obtained by fitting the measurements to eqs. 3.1.7 and

Im(Z(f)) = (3.1.8)
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3.1.8, using R. and C. as fit parameters. The agreement is similar to
that one shown in Fig. 3.7 for all samples.

Here the focus is on contact the capacitance per unit area C., which
is relevant for the analysis. It depends neither on the number of cycles
nor on the temperature and equals 1.7 4+ 0.2nF in all samples and
at all temperatures. This indicates that the charge density on the
polymer chains is independent of the number of cycles as well as of the
temperature. Within the Schottky contact model [61], the density of
the charge carriers ngq, in the semiconductor is given by

2‘/171 Cc2

€E€0EP Py

Ngeh = (3.1.9)

Here, C. = 226 £ 25nF/cm? in all samples, eppy is the dielectric
constant of the PPy film, and Vi, the built-in voltage between Pt and
PPy. To estimate ngyy, the literature value [146, 166] for eppy, = 13.6
was used, while Vi; ~ 1V has been reported [167] for metal-PPy con-
tacts. A value of ngg, = (2.7 & 0.4) x 10*! em ™ at room temperature is
found for all samples. These numbers are in rough agreement with the
estimation of the charge deposited during oxidation, as obtained from
integration of the oxidation trace of CV (see Fig. 3.1). Here, a charge
density of 2.6 x 102! cm =3 is found for the first cycle, which decreases to
1.9 x 10? em ™3 for the fourth cycle. It is worth noting that the carrier
density as obtained from this consideration is not necessarily equal to
the density of carriers taking part in transport. Rather, it yields all
carriers which become mobile in the strong electric fields present in the
contact region. At the much weaker electric fields applied in the bulk,
a large fraction of the charge carriers may remain immobile.

3.1.5 Temperature dependence of the resistivity

The measurements as a function of temperature were carried out be-
tween 1.6 K and room temperature in an Oxford *He gas flow cryostat
(1.6 — 90 K) equipped with a superconducting magnet (max. field 8 T')
and a Linkham nitrogen cryostat (85 — 300 K). Not all samples could
be measured down to the lowest temperatures available, either because
their resistance increased above the input impedance of the detection
circuit (10 M2) or because leakage into the silicon substrate became no-
ticeable. The volume of the PPy films was determined from the lateral
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geometry, in combination with the measurement of the film thickness
with an atomic force microscope. The resistivity values were calculated
from Ry, using the egs. 3.1.2 and 3.1.6.

The temperature dependence of the resistivity for the samples EG01,
EGO02 and EGO06 is shown in Fig. 3.8. Samples grown at 273 K (EGO01

10°

o EGO1 (273K)
® EG06 (293K)
® . 2 EGO02 (273K - 1 cycle)

20 50 100 200
Temperature (K)

Figure 3.8: Resistivity vs. temperature for samples grown at 273K
(EGO01 and EGO02) remains below that of films grown at 293K for all
temperatures above 30 K, even after voltammetric cycling.

and EG02) have significantly lower resistivities as compared to those
grown at 293 K (EGO06). Voltammetric cycling increases the resistivity
in all samples. However, even after several cycles, the resistivity of a
sample polymerized at 273 K remains below that of the one prepared
at 293 K that did not undergo CV. This indicates that changes in the
growth temperature by 30 K have a stronger influence on the transport
properties than CV.

The effect of CV on the PPy conductivity (cpp, = 1/ pppy), which
can be quite profound, is evaluated in terms of a phonon assisted trans-
port through a localized system [98, 117]. In Fig. 3.9, the reduced
activation energy, W, given by [114, 168|,

dIn UPPy(T)
dInT

is shown for the 293 K grown sample which did not undergo CV (sample
EGO06), in comparison to a cycled one (EG07). For dW/dT > 0, the

W:

(3.1.10)
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system is classified as a metal. For dW/dT < 0, the system is an
insulator. In the uncycled sample, a positive slope indicates that PPy
is in the metallic regime over the whole temperature range, except for
T < 1.9K, where a strong increase in W is observed. In the cycled
sample, the slope is negative at more elevated temperatures, indicating
an insulating regime. At temperatures below 10 K, this sample shows

2.4

1.6

0.8}

Temperature (K)

Figure 3.9: (a) Effect of cycling on the temperature dependence of the
reduced activation energy W as observed in an uncycled (open circles,
sample EG06) and a cycled (full circles, sample EG07) PPy film.

a metallic behavior as well. The low temperature anomalies are widely
known and attributed to interference corrections [115], which are not
investigated here. Hence, the as-grown film is classified as a metal and
is transformed into an insulator by a single voltammetric cycle. Further
cycling does not change the insulating character.

This CV-driven metal-insulator transition also manifests itself in the
magnetoresistivity pppy(B) (Fig. 3.10). The resistivity of sample EG06
shows no magnetic field dependence at 2K, as expected for a carrier
system with extended states, for example, within the Drude model
[169]. Sample EG07, however, shows a strong, approximately parabolic
magnetoresistance. At 8T, pppy has increased by 30% compared to
the value at B = 0. The origin of the parabolic magnetoresistance in
strongly disordered media has been discussed already [67]. Basically,
within the variable range hopping model, the magnetic confinement
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adds to the disorder potential and increases the tunnel barriers between
the hopping sites.
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Figure 3.10: The magnetoresistivities at T = 2 K with the magnetic field
applied perpendicular to the film plane. The uncycled sample (sample
EG06) is represented by open circles and the cycled (sample EG07) by
full circles.

From the transport measurements, it is not possible to clarify which
of the processes that took place during CV (break/formation of o-bonds
or transformation of PP Il into PPy I; for details see Chapter 1) actually
caused this transition. However, since the carrier density has remained
constant, it is clear that the cycling increases the localization of the
electronic states. The localization lengths were extracted by fitting
the data to the models appropriate for the corresponding regimes. As
discussed in Chapter 1, in the metallic regime (see Fig. 3.11), the
temperature dependence can be modeled by a power law dependence,

o(T) = o(0) + aVT + BTP/? (3.1.11)

where the second term on the right-hand side originates from electron-
electron interactions, while the third term takes localization effects into
account [115, 116, 117]. A fit of the data to eq. 3.1.11 with ¢(0), «, £,
and p as fit parameters is shown by the solid line in Fig. 3.11.

The exponent p is determined as p = 1.02. This is reasonable, since
p = 1 has been predicted theoretically for systems close to the metal-
insulator transition [170]. Moreover, a zero temperature conductivity
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Figure 3.11: Fits of oppy(T) for the sample EGO6 in the metallic
regime. The data are represented by the symbols and the fit using eq.
3.1.11 by the solid line. Data values below 1.9 K have not been consid-
ered.

of 0(0) = 11.4S/cm is found. o(0) is given by [118],

ez 1

0) ~ 0.1
a(0) .

(3.1.12)
which allows the estimation of the localization length L,, in the metallic
regime to L,, = 21nm. This is a surprisingly large number considering
the chain lengths of ~ 12nm for PPy I and ~ 2.95 nm for PPy II (here,
a length of one unit cell of a PPy chain containing two monomers of
0.735nm has been assumed [44]). It should be emphasized though, that
L,, is not a direct measure of the chain length but rather a characteristic
length for the 3D extension of an electronic state that participates in
transport. Thus, it is concluded that the relevant electronic states in
the metallic regime are extended over several chains.
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The 3D VRH model [32, 98] predicts a temperature-dependent con-
ductivity in the insulating regime of

- T, 1/4
o(T) = —=exp |— | = 3.1.13
1) = T |- (7) 3113
Here, the characteristic temperature Ty is given by
16
Ty = 3 (3.1.14)
kgN(Er)L.

where N(Ep) is the density of states at the Fermi level. To extract
L., the density of states was assumed to be in agreement with the
values reported for PPy in the literature [113, 135], that is, N(Ep) =
5x 10 eV~lem™3. L. can be determined by fitting the measurements
to egs. 3.1.13 and 3.1.14; see Fig. 3.12.
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Figure 3.12: Fits of oppy(T') for the samples EGO7 in the insulating
reqgime. The data are represented by the symbols and the fit using eq.
3.1.13 by the solid line. Data values below 1.9 K have not been consid-
ered.

In the insulating samples at temperatures above 10K, L. = 1.0nm
is found. This indicates that after voltammetric cycling, the charges
get localized on a length scale which corresponds to no more than
three monomers. Fits to the 1D VRH model are significantly worse,
which is taken as a signature that the hopping is 3D in character.
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Furthermore, the data were also fitted to an activated transport be-
havior, o(T) o« exp(—FE,/kgT), where E, denotes the activation en-
ergy. These fits are significantly worse than those shown in Fig. 3.12.
This observation leads to the conclusion that transport in the insulat-
ing regime does not take place by activation of localized carriers into
empty, delocalized states, probably because such states no longer exist
in the cycled sample.

Samples grown at 273 K are in the metallic state for temperatures
above 40 K, while low-temperature anomalies are found at lower tem-
peratures. Here, the metallic behavior could not be changed by CV,
although the resistivity increased somewhat (see Fig. 3.8).

Increasing the growth temperature as well as the first voltammetric
cycle decreases the fraction of PPy II in PPy films. Simultaneously, the
film resistivity increases. On the other hand, the experimental results
show that PPy II consists of significantly shorter chains than PPy I,
while the length of PPy I chains increases due to cyclic voltammetry.
Therefore, it is concluded that increasing the PPy chain length does not
lead to an increase in the conductivity but rather some other mecha-
nism is relevant. The observed increase in resistivity under voltam-
metric cycling can induce a metal-insulator transition, even though the
carrier density is constant. These findings are interpreted in terms of
a disorder-dominated behavior. At lower polymerization temperatures,
the reaction kinetics is slower, which results in shorter chains, but the
film is given more time to form ordered structures, at least on a short
range. This reduction of the disorder may be small in absolute terms
but nevertheless relevant for the transport properties. Since, according
to recent experimental results [119, 120, 121], even in the metallic sam-
ples of the highest conductivities generated until now, at least 98% of
the charge carriers are localized by disorder and do not contribute to
the conductance, a small change in the degree of disorder can cause a
dramatic difference in the density of delocalized carriers. The modifi-
cations that go along with a single voltammetric cycle can be sufficient
to localize all carriers, thus driving the system from the metallic into
the insulating phase.

Although a correlation between the PPy II contents and the conduc-
tivity was found, this does not necessarily mean that PPy II generates
an intrinsically better conducting film than PPy I. It should be em-
phasized that, beyond the characteristic length scale of localization,
the transport measurements do not allow conclusions on the type of
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disorder introduced. In particular, it is not clear at all which of the
mechanisms that takes place during voltammetric cycling is actually
responsible for the increased localization. Mechanisms may even be
dominant for the disorder which are not relevant for the PPy II-to-
PPy I transformation, like, for example, the introduction of oxidative
defects. However, the low oxidation potentials as well as the aprotic
solvent applied in these studies exclude significant oxidative degrada-
tion processes. To give another example, it would be no contradiction
to the results presented, if under the conditions favorable for the for-
mation of PPy II, a small amount of very long and highly conductive
chains with low disorder were formed as well. To exclude such scenar-
ios, it would be desirable to be able to study the microscopic structure
of the films by complementary techniques and correlate them to a con-
ductance on the length scale of individual chains. In particular, the
evolution of the morphology of PPy films under cycling has recently
been studied in situ by scanning probe techniques [171], with the re-
markable result that PPy II forms oriented fibrils with a characteristic
size of 20 — 50 nm, while PPy I has a granular structure. When this
result is taken into account, it is tempting to attribute the localization
length in the metallic sample to the characteristic fibril size.

3.2 Potentiostatically grown films

As discussed in Chapter 1, the polymerization potential is, besides the
temperature, a key parameter which determines the properties of PPy
films. In addition, it was observed that the samples get worse when the
polymerization potential increases above a critical value (~ 0.80V):
effects such as film swelling and loss of adhesion to the electrodes are
connected to these high polymerization potentials.

For this reason, the objective of this section is to investigate the
dependence of both the electrochemical and electronic properties of
PPy films as a function of the polymerization potential.
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3.2.1 Electrochemical characterization

After potentiostatic polymerization at a temperature of 243 K, the sam-
ples (EPO1 to EP10) were discharged (reduced) and recharged (oxi-
dized) by CV in a monomer-free solution of 0.5 M LiClO, in PC. The
scan rate used was 10mV/s. PC was chosen as solution because of
the indication from the UV-vis experiments that there is a tendency to
obtain a polymer with large amount of PPy II structures (see Section
3.1.2). Therefore, PPy films were prepared at low temperatures, low
potentials and using PC. Fig. 4.1 shows the cyclic voltammogram of
the sample EP02 grown at 0.60 V.
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Figure 3.13: Current-to-voltage characteristics of four consecutive
voltammetric cycles for the sample EP02 grown at 243K and 0.60V.

In the first cycle the reduction peak appears at —0.47V, and its
value shifts towards the higher potentials by performing the CV. Af-
ter the third cycle the reduction peak appears at a constant voltage of
—0.39 V. In the cycle 1, the oxidation peaks at —0.34V and —0.24V
indicate the presence of PPy II and PPy I, respectively. A compara-
tively weaker peak at 0.04V is attributed to the PPy III [172], whose
conductivity was reported to be much lower than those of PPy I and
PPy II. The current amplitude of the PPy I peak drops from the first
to the second cycle without any observation of an increasing of the
PPy II peak. This effect could be explained in terms of an additional
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increase of the PPy I chain length under cycling. Additionally, to sup-
port this point, the peak width increases mostly from cycle 1 to 2. This
increase is taken as an indication that the chain length distribution was
increased for both species. All the peaks observed during the first oxi-
dation wave change their amplitude strongly in further cycles. However,
both peak position and amplitude are constant in cycles following the
second one. Thus, the cyclic voltammogram indicates that the sample
gets stable over the reduction/oxidation process after the second cycle.
This means that over the potential range used for the CV scanning,
no transformation of PPy II into PPy I occurs. In addition, it is also
possible to consider that a process which forms o-bonds between chains
during oxidation and that breaks during the subsequent reduction step,
gets reversible after the second cycle. Another observation is that even
preparing films at low temperatures, low V,, and in PC, the presence of
PPy I is still not negligible. Indeed, all that can be said is that these
contents are smaller than those ones of PPy II.

Fig. 3.14 shows a section of the oxidation wave of the fourth CV cy-
cle for samples grown at potentials between 0.52V and 1.20 V (Sample
EPO1 to EP08). The current measured in each wave was normalized to
its maximum value.

— EPOT-0.52V — EP06 - 0.90V
1.2 + ===== EP02 - 0.60V i
— EP03 - 0.65V

— EP08 - 1.20V

S04 02 o0 02
Voltage (V) vs. Ag/AgCl

Figure 3.14: Normalized current vs. voltage for the oxidation wave of
the fourth C'V cycle for samples grown at potentials between 0.52V and
1.20V (Sample EP01 to EP0S).

From the plots, it is clear that the oxidation potential of the PPy
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films tends to shift towards more positive values as V,, increases from
0.60V to 1.20 V. Moreover, the fraction of PPy II increases with de-
creasing V,. From Fig. 3.14 it is possible to conclude that, at low
polymerization temperatures and using PC as solvent, the amount of
both PPy I and PPy II can be adjusted by controlling V,,.

The peak width also tends to become larger as V|, increases. The
cyclic voltammogram of the sample grown at 0.52 V indicates the pres-
ence of more PPy I than in the sample prepared at 0.60V, besides
the fact that the PPy II oxidation peak is shifted a to more positive
value. In order to clarify this point, the analysis of the PPy II oxida-
tion peak position was made for several samples grown at 0.52V and
0.60V. The data shows that at both polymerization potentials, the
PPy II oxidation peak position showed a deviation of up to £7mV.
This deviation is probably due to changes in V,, caused by inhomo-
geneities in the electrolyte ionic path at low temperatures. It is worth
pointing out that the polymerization under these conditions is close to
the limit, namely, for V,, <0.52V polymerization no longer takes place
and the polymerization temperature is close to the freezing point of the
electrolyte (235K).

Fig. 3.15 (a) shows the same type of data as in Fig. 3.14, but for the
samples grown between 0.9V and 1.60 V (Sample EP06 to EP10). The
cyclic voltammogram shows that for V, >1.20V the PPy oxidation
peak begins to shift back towards lower potentials. Additionally, the
peak width decreases with increasing V,,. For samples prepared between
0.9V and 1.40V, it is simple to identify whether the observed peak is
due to the oxidation of PPy I or PPy II. At 0.9V, both PPy I and
PPy II are present. By increasing the potential up to 1.20V more
PPy I is formed than PPy II. But above 1.20V, the characterization
of the peak must be made carefully. Fig. 3.15 (b) presents a section of
the oxidation wave of the sample prepared at 1.40V (EP09). Besides
the PPy I oxidation peak clearly visualized at 0.08 V, there is a weak
signal of a PPy II oxidation peak at —0.17 V. Moreover, the current
increases with the number of cycles over the whole voltage range. This
could be an indication that the polymer volume increases by absorbing
solvent during the cycling. However, both oxidation peaks are more
pronounced after the CV cycles. In Fig. 3.15 (c¢) a section of the
oxidation wave is presented for the samples EP10 grown at 1.60 V. This
film shows a very sharp oxidation peak at —0.16 V which was shifted
to —0.17V after cycling and which can be attributed to the oxidation
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Figure 3.15: (a) Normalized current vs. voltage for the oxidation wave
of the fourth C'V cycle for the samples grown between 0.9V and 1.60V
(Sample EPOG to EP10). (b) Section of the ozidation wave of the sam-
ple prepared at 1.40V (EP09). (c) Section of the cyclic voltammogram
of the samples EP10 grown at 1.60V. (inset) Zoom-in onto the region
of interest.

of the PPy II species. By analyzing the zoom-in of Fig. 3.15 (c) (see
inset), it is observed that around 0.10V a slight change is observed.
Finally, by comparing the peaks position of this sample with those of
the sample EP09, one can verify the they coincide.

Therefore, the fraction of PPy II tends to decrease as V,, increases
from 0.52V up to 1.20V, where the amount of PPy I is maximum.
Above 1.20V, the fraction of PPy I begins to decrease and at 1.60V
the content of PPy II is higher than that one of PPy I.

3.2.2 Temperature dependence of the conductivity

The samples prepared for the electronic characterization (EP11 to EP20)
were synthesized at the same potentials and temperature that those
used for CV. The details of the fabrication are described in the Chapter



74

2 and listed in Appendix A. The resistances were obtained by a stan-
dard four-terminal technique as described before (see Section 3.1.3).
The measurements as a function of temperature were carried out be-
tween 85 K and 300 K in an Linkham nitrogen cryostat. The volume of
the PPy films was determined from the lateral geometry, in combina-
tion with the measurement of the film thickness with an atomic force
microscope. The conductivity values oppy were calculated from the Ry,
using oppy = 1/ pppy, and the egs. 3.1.2 and 3.1.6.

Fig. 3.16 (a) shows the sample conductivity at 300 K as a function
of V.
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Figure 3.16: Conductivity of the samples (EP11-EP20) at 300K as a
function of V. (b) Temperature dependence of the normalized conduc-
tivity for the same samples.

It was found that the conductivity gets lower as the polymerization
potential V,, is increased from 0.52V to 1.60V. Therefore, by just
evaluating oppy (300 K) as a function of V,,, one can conclude that there
is no clear dependence of the electronic properties of the PPy film on
the composition of the film. As observed in the previous section (3.2.1),
the fraction of PPy I has a maximum at 1.20V.

The temperature dependence of the normalized conductivity also
changes by varying V,, (see Fig. 3.16 (b)). It shows a marked change
around V, = 1.00 V. At this potential, the temperature dependence is
maximal and decreases for both smaller and larger values of V,, which
is roughly in agreement with the CV data which indicates the increasing
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of the PPy II content above V,, = 1.20V.

In contrast to the galvanostatically grown samples, in which the
temperature dependence of the conductivity in the insulating regime is
explained by the 3D VRH, in the potentiostatically grown samples, the
temperature dependence is best fitted by ES-VRH (eq. 1.3.5, pg. 20)
[99, 100]. Here, the fit correlation is significantly better as compared
to Arrhenius type activation and to 3D VRH (eq. 1.3.3, pg. 19).

Fig. 3.17 shows the dependence of &, obtained by fitting the data in
Fig. 3.16 with eqs. 1.3.3 and 1.3.6 and by using the literature value for
eppy = 13.6 [146, 166], on V,. By comparing the electronic transport
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Figure 3.17: £ vs. V), for the samples EP11 to EP20.

results with the information obtained from CV, it is possible to corre-
late the amount of PPy I and PPy II to £&. Between 0.60V and 1.00V,
the increase of the PPy I fraction is related to the decrease of £&. Above
V, = 1.00V the amount of PPy II increases while £ gets larger. On
the other hand, the conductivity at 300 K does not follow the depen-
dence with the amount of PPy I and II. These results show that the
relationship between chain length and conductivity in the potentiostat-
ically grown PPy films is still not clear, even with the evidence that &
is somehow correlated to the chain length.
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3.2.3 Recharge process

The samples grown close to the polymerization limit exhibit both the
highest conductivity and localization length (see Fig. 3.16 (a) and 3.17
(a), respectively). In order to investigate the possibility of increasing
the conductivity by rising the doping concentration, a set of samples
with a high amount of PPy II was synthesized at a temperature of
243K under V,, = 0.52V. After that, the samples were exposed to a
recharging potential V, for 5 minutes, and the current was measured.
The charging current shows an exponential drop over time. By inte-
grating the current over time and dividing the value by the volume of
the film, the embedded charge density is determined. Fig. 3.18 (a)
shows the charge density embedded as a function of V..

The conductivity of the films recharged at both V, = 0.65V and
V., = 0.70V decreased as compared to the as-grown film, while that
one exposed to V, = 0.60V increased by roughly a factor of 2 at 300 K
(see the inset of Fig. 3.18 (a)). In addition, it was found that the
temperature dependence of the conductivity of the as-grown films can
be modified by exposing them to V, (Fig. 3.18 (b)).

All films exposed to V, have in common that the temperature de-
pendence of their conductivity is reduced as compared to the pristine
film. Therefore, it is concluded that the conductivity of the film is a
monotonously increasing function of the charge embedded, which itself
shows a maximum around a charging potential of V, =0.60 V, which is
different from the synthesis potential. Therefore, it was also possible to
improve the conductivity of an as-grown film by exposing it to an extra
charge potential V,. Consequently, it was found that the synthesized
films are not always ”fully charged”.
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Figure 3.18: (a) Charge embedded in the film during the recharge process
as a function of Vy. (inset) Values of the conductivity at 300 K after

recharge. (b) Temperature dependence of the resistivity for the samples
EP21, EP22, EP23 and EP24.
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Chapter 4

Characterization of the
films synthesized
chemically from vapor

Once the challenge to get PPy thin films patterned was met as described
in Chapter 2, the electrochemical characteristics and mainly the elec-
tronic properties of those films prepared by vapor-phase polymerization
have been investigated, before their potential regarding devices appli-
cations is considered in Chapter 5.

Films with thicknesses between 6 nm and 170 nm were investigated.
These films exhibit similar electrochemical characteristics than those
prepared electrochemically. Nevertheless, the electronic transport in
such films revel a system where Coulomb interactions play an impor-
tant role in determining the properties of the polymer. The electronic
transport in electrochemically grown films is better described by 3D
VRH and ES-VRH, respectively. However, in the vapor-phase grown
films, the presence of a hard gap in the density of states, which is
detected by the measurements, indicates that these PPy thin films be-
have as granular electronic systems. The analysis of the temperature
dependence of the differential conductance gives information about the
intergrain barrier and indicates that the electric field seems to change
the electronic properties of the system. This is supported by magneto-
conductance measurements.

79
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4.1 Electrochemical characterization

CV was performed in a solution of 0.1 M of LiClO4 in PC at a scan
rate of 10mV /s. Note that the films get doped only during the chem-
ical polymerization step (see Chapter 2). Fig. 4.1 presents the cyclic
voltammogram of the sample VPH06, grown at 293 K.

e
~

Current (LA)
Current (LA)
=)

Voltage (V) vs. Ag/AgCl Voltage (V) vs. Ag/AgCl

Figure 4.1: The cyclic voltammetry traces of the sample VPHO06, grown
at 293 K, performed at room temperature. (a) The first and last cycles.
(b) Zoom-in in (a) showing the 10 cycles.

The first CV loop (scan 1) in Fig. 4.1 (a) clearly shows the pres-
ence of the two types of PPy (for details see Chapter 3). In the first
CV loop (see Fig. 4.1 (b)), a pronounced reduction peak at —0.88 V
against Ag/AgCl is observed [peak (i)]. In accordance with more de-
tailed quartz microbalance measurements on other polymers, this peak
is interpreted as a transition from predominantly removing Cl~ ions
from the film at larger voltages to predominantly inserting Lit ions
at more negative voltages [87]. The oxidation peak at —0.42V [peak
(ii)] indicates the presence of PPy II, while the peak at —0.23 V [(peak
(iii)] is characteristic for PPy I. After the first reduction scan, ClO4~
instead of Cl™ is inserted. Here is worth to remember, from the sample
preparation chapter, that Cl™ is the counter ion (e.g., the equivalent of
an acceptor) required for charge neutrality, which is embedded into the
film during synthesis. Furthermore, as the number of CV cycles is in-
creased, the oxidation peak shifts towards more positive voltages (peak
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(iv) in Fig. 4.1 (b)). This behavior is again interpreted as a signature
of a transformation of PPy II into PPy I (see section 3.2.1, Chapter
3)[87]. The cyclic voltammograms presented in Fig. 4.1 are very similar
to those on PPy films chemically synthesized in HyO, : HCI [72] and it
is concluded that the PPy thin films patterned are of comparable order
and monodispersity.

Films grown at low temperatures (between 280 K and 293 K) show
qualitatively the same behavior than sample VPH06, namely, the pres-
ence of PPy I and II in the first scan with the transformation of PPy II
in PPy I by cycling. In contrast to the electrochemically grown samples,
no systematic dependence of the oxidation and reduction potentials
with the changes in the growth temperature was observed. However, it
is worth mentioning that the synthesis temperature in the vapor-phase
polymerization was varied by 13 K, while the structural modifications
observed in electrochemically grown films was reached by changing the
synthesis temperature by ~ 20 — 30 K.

4.2 Electronic characterization

4.2.1 Conductivity measurement setup

The conductivity of the vapor-phase grown samples was obtained by
measuring the four-probe resistance, as already discussed in the Chap-
ter 3. In contrast to the structure used for electrochemical deposition,
in which a correction was necessary to the van der Pauw geometry, the
substrate employed to the vapor-phase polymerization allows the direct
measurement of Ry, without corrections. Fig. 4.2 shows a sketch of the
four-terminal configuration used.

The film conductivity (o4,) was obtained from the four-probe resis-
tance Ry, by

1 L 1L
P4p I%élpA v4pA

(4.2.1)

U4p

where I is the fixed current, set by the voltage source and the series
resistor Rg, (I = V/Ry). L is the length parallel to the current direction
and A is the area perpendicular to I. The value of A was calculated by
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Figure 4.2: Sketch of the four-terminal configuration used to measure
the resistances of the PPy thin films deposited by vapor-phase.

the product of the stripe line width by the film thickness, which was
measured by AFM.

Fig. 4.3 shows the thickness dependence of the conductivity for
samples prepared under the same polymerization conditions than sam-
ple VPHO6, with the exception of the polymerization time, that was
changed in order to vary the film thickness. The conductivity was found
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Figure 4.3: Thickness dependence of the conductivity.

to be strongly depending on the film thickness from 6 nm up to 100 nm,
with an increase of about 3 orders of magnitude. Above 100 nm, the
conductivity changes its dependence with the film thickness but with-
out a clear indication of a constant value. Kim and coworkers [77] also
reported the same kind of dependence in Fe(IIl) oxidized PPy films.
In addition, they observed that above 600 nm the conductivity became
independent of the film thickness.
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This thickness dependence of the conductivity was not observed
in the electrochemically grown films (Chapter 3), whose films were
thicker than 500 nm. However, by comparing the films prepared by
both methods, chemical and electrochemical, one can verify from the
electrochemical characterization that the amount of PPy I and II is
equivalent. Therefore, such a dependence is probably more related to
the way that the chains are organized than to their chain length. The
surface morphology, analyzed by AFM, shows that thin vapor-phase
films have a granular structure, with a egg-like shape and which the
size depends on the film thickness (see Chapter 2). On the other hand,
thicker electrochemically grown films look like a package of fibers, sim-
ilar to the PPy film A, that grows on top of the droplet of HyO, : HCI
during the vapor-phase polymerization (see Fig. 2.15 (b) in Chapter
2).

By using the two-terminal configuration, R. was evaluated for all
the vapor-phase samples fabricated. Samples grown at 293 K show
the highest value of R.. Regardless of the film thickness, these sam-
ples presented 0.3R4, < R¢ < 0.6 Ry4,. This value was reduced to
Rc ~ 0.1R4, by using freshly prepared oxidizing solutions. Another
way to reduce the contact resistance is performing the synthesis at
lower temperatures. Samples such as VPH04 and VPHO05 exhibited
R. < 0.05R4p. Therefore, a good metal/PPy contact is not reached
just by choosing a high work function metal, such as Au and Pt, but
also by optimizing the synthesis parameters.

4.2.2 Low temperature measurements

Current-voltage characteristics

For this measurement, samples were prepared by vapor-phase polymer-
ization according to the method described in the Chapter 2. Different
films were synthesized at temperatures of 277.5 K, 282 K and 293 K. Af-
ter growth, two sets of samples were kept under argon atmosphere for
24 hours and for 4 weeks, respectively, prior to the measurements. For
details see Appendix A. Fig. 4.4 (a) shows the scanning probe micro-
scope image of the surface morphology of the sample VPHO04 (grown at
282 K and kept 4 weeks in argon atmosphere) and the respective four-
electrodes device (b). The PPy film covers 4 Pt electrodes (cl to c4).
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The gap between the electrodes is 2 um and the film width is 60 pm.

im R
, U
(b)

Figure 4.4: (a) Morphology of the sample VPHO04 (grown at 282K and
kept 4 weeks under argon atmosphere). (b) Four-electrode device.

At 300K, the conductivity is 12S/cm, 10S/cm and 8.5S/cm for
samples kept under argon atmosphere during 4 weeks and prepared at
277.5K (VPHO05), 282K (VPH04) and 293K (VPHO03), respectively.
The samples (VPH08-VPH10) that were kept for 24 hours under argon
all show the same room temperature conductivity.

The current-voltage (IV) measurement was performed using a four
probe geometry, passing a dc current from contact ¢l to ¢4 (ground)
and measuring the voltage drop between the contacts c2 and c¢3. The
IV traces were measured for temperatures from 2.1 K to 300K in an
Oxford *He gas flow cryostat equipped with a superconducting magnet
(maximum magnetic field 8 T). Fig. 4.5 shows the nonlinear IV traces
as a function of the temperature for sample VPHO04. Fig. 4.5 (b) shows
a log-log plot of the current as a function of the electric field E for the
same data plot in (a). The same nonlinearity is observed for all samples
below 90 K and prepared by vapor-phase polymerization. This behavior
is not observed in samples prepared by electrochemical methods, which
exhibit linear IV traces even at temperatures below 90 K. By comparing
two-probe with four-probe measurements, the contact resistances R
were below 0.1Ry, for all samples investigated. No hysteresis of the
measurement traces was observed under the rate of 1mV/s.

In addition, a threshold electric field of E; = 600V /cm at 2.1K is
observed (see Fig. 4.5 (b)), which decreases with increasing tempera-
ture and vanishes at 4.6 K. The existence of a threshold electric field
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Figure 4.5: (a) IV characteristics of the samples VPHO/ measured at
different temperatures. (b) Electric field dependence of the current be-

tween 2.1 K and 14.3 K.

is associated with Coulomb blockade transport [102, 103, 104, 105].
In order to transfer charge between conductive islands in the Coulomb
blockade transport regime, a Coulomb barrier Ey, = 0.12eV x(2a//) at
2.1 K needs to be overcome. Here, £/2a = N is the number of islands,
with a being the island radius, and ¢ = 2 um denotes the electrodes
separation. The Coulomb charging energy E. is determined by eq.
1.3.7. Using E, = E. and ¢, = 13.6 [146, 166] results in a ~ 30nm,
which indicates that one island corresponds to one egg-like structure
observed in the morphology (Fig. 4.4 (a)). Therefore, taking into ac-
count these results, the PPy thin films behaves like a granular system
formed by grains with an egg-like structure, containing many very well
interconnected chains (PPy I and II). On the other hand, the grains are
weakly coupled between their neighbors. In such a system, the conduc-
tivity depends on the properties of the grain and also of the intergrain

barrier.

Since the intragrain composition seems not to change with the film
thickness (from electrochemical characterization), the dependence of
the conductivity with thickness, as observed in Fig. 4.3 can be due
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to both the grain size and the intergrain coupling. As the film gets
thicker, more interconnections are created between separated grains.
By increasing the grain size, which is proportional to the film thickness
(see Chapter 2), the Coulomb interaction decreases (eq. 1.3.7), leading
to an increases of conductivity.

Once the threshold electric field observed in the IV characteristics
(Fig. 4.5 (b)) was associated with the Coulomb blockade transport,
then the temperature dependence of the conductivity should be de-
scribed by eq. 1.3.8 [105].

Temperature dependence of conductance

In Fig. 4.6, the differential conductance G(T) is shown for sample
VPHO4 for various electric fields.
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Figure 4.6: Temperature dependence of the differential conductance
G = dI/dV for various electric fields E.

At low electric fields (E = 10V/cm up to E = 1500V /cm), G
decreases with decreasing temperature following an ES-VRH like de-
pendence [99, 100] instead of an activated transport as shown by eq.
1.3.8. However, as discussed in Chapter 1, the hard gap of the Coulomb
blockage excludes the possibility of a soft gap of the ES-VRH. But as
described by Zhang [105], a soft gap can be created in the background
of density of states near to Fermi level of the hard gap in randomly
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spread conducting islands, separated by a slightly doped barrier. By
adopting this consideration, for eE¢ > kpT', the temperature depen-
dence of the differential conductance is given by eqs. 1.3.5 and 1.3.9
[105].

From the low bias measurement at £ = 10V /cm, T was found
to the 235K, which corresponds to {, = airy/dy ~ 14.6nm. The be-
havior of G(T) observed for temperatures below 4.6 K at 10 V/cm is a
result of eE¢ < kgT. In addition, the typical hopping distance, given
by the ES-VRH model as

r(T) = (62—5> ” (4.2.2)

drepe kT

results in 7(2.1K) ~ 93 nm, by considering £ = &,.

From E = 1500 V/cm to E = 5000 V/cm, G(T) is better explained
by a power law, G(T) o« T7, even though it is still possible to fit the
ES-VRH with reasonable agreement, which was evaluated using the
linear correlation coefficient (R). R was found to equal 0.99 for the
power law and 0.97 for ES-VRH fits. The power law dependence is a
characteristic behavior of disordered systems at critical regime, with
0.33 < v < 1173, 174]. From the power law dependence, the fit pa-
rameters y(1500 V/ecm) = 5.3 and v(5000 V/cm) = 3.6 are obtained,
which are larger than those observed in other experiments.

At 5000 V/cm and below 6 K (eE¢ > kT, G(T) becomes approx-
imately constant in sample VPH04. Above 5000V /cm, the Anderson
model applied for the metallic regime (Met) in disordered systems was
used to fit the temperature dependence at higher electric fields. As
described in Chapter 1, in the metallic regime, the temperature depen-
dence of the differential conductivity o¢(7) is modeled by eq. 3.1.11
107, 115, 116, 168].

Fig. 4.7 (a) shows the reduced activation energy W(T) as a function
of temperature for three electric fields. Here, W(T) = d(InG)/d(InT).
The slope of W(T) determines the metallic, critical and insulating
regime of the material. According to the definition [168], for 9500 V /cm
(dW/dT > 0) the system is in the metallic regime, while for 10V /cm
(dW/dT < 0) the system is insulating. dW/dT =~ 0 (for 1500V /cm)
indicates that the system is in the critical regime [114, 168].

However, the behavior of G(T) above E = 1500 V /cm can be also at-
tributed to Joule heating instead of electric-field induced metal-insulate
transition. The Joule heating in this case occurs at low temperatures
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Figure 4.7: (a) Reduced activation energy for E = 10V /cm,

1500 V/cm, and 9500V /cm. (b) Measurement made on sample VPH09
at 5000V /cm, fit by the Anderson model and with a minimum in the
differential conductivity.

when the electrons take energy from the electric field and phonons are
emitted [175]. Consequently, the conductivity tends to saturate.

In contrast with sample VPHO04, at 5000 V /cm sample VPHO9 (pre-
pared at 282 K and kept 24 hours under argon atmosphere) presents an
inversion of the temperature dependence below 8 K (see Fig. 4.7 (b)).
The data of sample VPH09 are plotted in terms of the differential con-
ductivity given by o = GL/A. This inversion of og(T) could excludes
the possibility of Joule heating. On the other hand, this minimum does
not really prove the existence of a metal-insulator transition driven by
the electric field, when intragrain transport is assumed [175]. Accord-
ing to Beloborodov and coworkers [107], the conductance in a granular
system is due to both the intergranular and intragrain conductances.
The intergranular one is much smaller than the intragrain, and is due to
tunneling through the barrier separating the grains. Both conductances
have their own temperature dependence. Most of the temperature de-
pendence of the differential conductance observed in Fig. 4.6 is due to
the intergranular transport. However, if the grain becomes larger, the
temperature dependence of the intragrain resistance may also influence
in the transport, for instance, leading to the inversion of the depen-
dence of o¢(T), as observed in Fig. 4.7 (b). But since this trace was a



89

single observation, more experiments are necessary to decide whether
either Joule heating or intragrain conductance are relevant.

All samples show a crossover from ES-VRH to an Arrhenius behav-
ior (G(T) o exp(—U/kpT)) at temperatures Teoss = 25 — 30 K. Fig.
4.8 (a) shows og(T) vs. T for sample VPH10, grown at 277.5 K and
and kept under argon atmosphere for 24 hours. The activation energy
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Figure 4.8: (a) Fits of the experimental data (taken on sample VPH10,
grown at 277.5K and and kept under argon atmosphere for 24 hours) to
the ES-VRH at low temperatures and to activated transport at temper-
atures above 30 K. (b) Behavior of the correlation length as a function
of the E, as obtained from fits to ES-VRH wn the insulating regime, as
well as to the Anderson metal in the metallic like regime.

U of sample VPHI10 decreases as the electric field increases, changing
from ~ 9meV at 10 V/cm to 5.5meV at 5000 V/cm. Egqs = kTeross
is interpreted as a characteristic disorder energy which indicates the
point where the system crosses from activated to ES-VRH like trans-
port. For sample VPHO010, Egs = 2.5meV. A similar behavior has
been recently reported in experiments on gold nanoparticle multilayers
and thick films [106].

As described above, the correlation length can be extracted from
the data for both high and low electric fields. Fig. 4.8 (b) presents
the localization length as a function of the electric field, as found in
the samples grown at 277.5K (VPH10), 282K (VPH09) and 293 K
(VPHO8) and kept under argon atmosphere for 24 hours.
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On the insulating side, the ES-VRH was used to fit the data while
on the metallic-like side, the Anderson formalism (eq. 3.1.11) has been
applied. Even though the data vary strongly from sample to sample,
two observations can be made: first of all, the correlation length on the
metallic-like side is significantly larger as compared to that one found
on the insulating side. Second, there is a tendency for the correlation
length to diverge at the critical point.

The localization length for a granular system is given by {;, = asry/d,
[105, 108], where dy and r, are the tunneling barrier width between two
grains and the grain radius, respectively, while a; is the tunneling decay
length in the insulator. Since d, and r, are constants, the electric-field
dependence of { = &, actually describes how the wave function decays
inside the barrier as a function of E. As E increases, higher is the
probability of tunneling through the barrier.

Electric-field dependence of conductance

According to [105], at high electric fields, the differential conductance
G(E) also behaves according to Efros-Shklovskii variable-range hopping
(ES-VRH)[176, 177]

G(F) x exp(—+/Ey/F) (4.2.3)

where Eg = kpTy/2efgs and Egg is the localization length [178]. In
Fig. 4.9 the differential conductance G is plotted against E~'/? for
temperatures between 2.1 K and 18.6 K. The data presented could not
be fitted by eq. 4.2.3. Possibly, the electric field was not high enough.

Magnetoconductance

The magnetoconductance was determined from IV measurements at
2.1 K for magnetic fields ranging from —8 T to 8 T. In Fig. 4.10 (a), the
differential conductance as a function of a magnetic field G(B), normal-
ized to its value at B = 0, is shown for sample VPHO04, for electric fields
of 2500 V/ecm and 9500 V /ecm . Apparently, the external magnetic field
tends to localize the charge carriers. In the metallic regime, this effect
is a consequence of electron-electron interactions and arises from the
Zeeman splitting between spin-up and spin-down electrons [114]. The
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Figure 4.9: Differential conductance G vs. E~1/2.

data follow the dependence G o B? up to 3.5T where gupB < kT
and G oc BY/? at larger magnetic fields, where gugB > kgT [179, 180].

Fig. 4.10 (b) shows how G(B) = [G(8T) — G(0)]/G(0) changes as
function of the electric field. The larger the electric field, the harder it
is for the magnetic field localize the carriers.
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Figure 4.10: (a) Differential magnetoconductance for intermediate and
strong electric fields (symbols). The full lines are fits to the low- and
high field regime, see text. (b) Normalized differential conductance as
a function oft the electric field.
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Scaling

By assuming that the electric field induced metal-insulator transition
occurs and can be mapped onto an equilibrium phase transition, it
should be scalable, even though the scaling law is unknown. As a first
try, the data presented in Fig. 4.6 cannot be scaled by the conventional
scaling applicable for metal insulator transitions as a function of an
equilibrium parameter like the carrier density. However, was found a
reasonable scaling according to

I eV
X
To+1 kBT
where I denotes the current, see Fig. 4.11. This scaling law has been

derived and applied for excitations in Luttinger liquids [181, 182, 183].
The samples presented are definitely not Luttinger liquids, so the ques-

(4.2.4)

tion arises why this scaling law works here. Please note that the strong
deviations from this scaling law are exclusively due to the Coulomb
blockade transport regime. For sample VPHO4 at temperatures be-
tween 12K and 32K, it is furthermore also possible to fit the temper-
ature dependence of the conductance at zero bias with a power law
(Gop o T%) with R = 0.98 and « ~ 6.1 (inset of Fig. 4.11). Neverthe-
less, a fit to ES-VRH with a crossover around T = 30K to Arrhenius
provides a significantly better fit.
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Figure 4.11: Scaling of the data according to I/T*™ o« eV /kgT.



Chapter 5

Polypyrrole devices

The aim of this chapter is to demonstrate that the PPy thin films
prepared by vapor-phase polymerization can be used as devices such
sensors and transistors.

In the case of sensors, as discussed in Chapter 1, there are several
reports in the literature indicating the sensitivity of PPy films to oxygen
[41, 56, 151, 152, 153, 154, 155]. Thus, an oxygen sensor, prepared
by using the same procedure than sample VPHO2 is demonstrated.
The main advantage of this sensor is the possibility of patterning by a
standard silicon processing. In addition, the thin film thickness (below
50nm) makes the device respond to oxygen within 2s.

Besides the application as a sensor, in this chapter it is also demon-
strated that a patterned PPy film can be operated as a transistor, which
is explained in terms of a Schottky barrier field effect transistor.

5.1 Oxygen gas sensor

In order to fabricate an oxygen gas detector, a thin PPy film was pre-
pared by vapor-phase polymerization as described in Chapter 2. The
sensor is formed by two Pt contacts, separated by a 2um gap and
deposited on a doped-Si/SiOy, and by a 5pum wide and 40 nm thick
PPy stripe line, patterned perpendicular to the Pt contacts (sample
VPHO07). An image of the device is shown in Fig. 5.1 (a). The sensor
was biased with a constant voltage of —1V while the doped Si back
gate was grounded. In order to test the sensitivity to oxygen, the sam-
ple was placed in a gas cell (see the schematic diagram in Fig. 5.1 (b)).
The cell is formed by a sample chamber where the nitrogen and oxygen
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gas lines are connected. Both gas pressure and gas flux are controlled
during the experiment.

Pt gas-cell
L ®c
= A
PP S YN sample | [%]
Y ? . ' chamber | "gx

(b)

Figure 5.1: (a) Image of the oxygen gas sensor. (b) Scheme of the gas
cell.

output

Fig. 5.2 shows the response of the film to oxygen exposure. Prior
to the experiment, the sample was left in a nitrogen atmosphere with
50 mbars overpressure for a few hours. At time ”a” in Fig. 5.2, the
atmosphere was changed to oxygen (opening Os and EX valves in Fig.
5.1 (b)) with 50 mbars overpressure by rinsing with a 0.51/h oxygen flux
for 5 seconds and subsequent closing of the exhaust line (EX valve). The
reverse procedure was performed at time ”b” to replace the oxygen by
nitrogen. As the oxygen is added (time ”a”), the current in the PPy
film increases by 6% within 2s. Afterwards, the current slowly decays

64_'v--|VIIV|""|'"'|""|""|""_

b :kflt:

~ 62 -
<
=,
p—
4]
=

— i ]

60 .

e L vy e v e e ey

0 1 2 3 4 3 6 4

Time (10°s)

Figure 5.2: Operation of the PPy film as oxygen detector. The dashed
line in the last cycle shows a fit to a stretched exponential decay.
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to a value which remains significantly above that one before oxygen
exposure. This decay does not follow a simple exponential law, but can
be well described by a stretched exponential (Kohlrausch) law,

() = I exp [ (;)ﬁ

which is frequently attributed to diffusion processes in amorphous ma-
terials [34, 184]. A typically long time constant of 3.2 x 107s and a
value for § = 0.4 was found, indicating a very slow relaxation process.
This behavior is interpreted as follows: immediately after oxygen ex-
posure, the oxygen molecules diffuse into the PPy where they undergo
a charge transfer process, act as acceptors and consequently increase

(5.1.1)

the film conductance. On a longer time scale, some oxygen molecules
are caught in deep traps or interface states, where they form scattering
centers or change the band bending, respectively, thereby reducing the
conductance. In the sample, there is a dynamic equilibrium between
O; ions and Oz molecules. As a pure nitrogen atmosphere is offered,
neutral oxygen diffuses out of the film, the concentration of O, in the
film gets reduced, and the current decreases. The response of the sen-
sor was observed to be independent of the bias voltage, indicating that
drift effects are irrelevant.

5.2 Thin-Film Field-Effect Transistor

The same device evaluated as an oxygen sensor (sample VPHO7) was
used as a transistor as well. Besides VPHO07, another 8 samples with
film thicknesses ranging from 6 nm to 120 nm have been prepared from
oxidizing solutions of identical molarities. Out of these, the four sam-
ples with film thicknesses between 22 nm and 50 nm could be operated
as transistors, all showing qualitatively identical behavior.

Here, the focus is on the device that was used as oxygen sensor
(VPHOT7). The conductivity of the ungated (p-type) polymer film is
o = 55x1073S/cm. In Fig. 5.3, the current-voltage characteristics
of the device is shown. The measurements are carried out in a nitrogen
atmosphere at room temperature. The upper left inset of Fig. 5.3
shows a sketch of the transistor cross section and its electrical setup.
At a drain-source bias voltage of 10V, a transconductance of 4.8 uS was
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found. The voltage range is limited by the breakdown voltage of the
gate oxide (~ 45V). At positive bias voltages, the onset of saturation
is observed at all voltages around a drain-source voltage Vg4 of 9V.
The current as a function of the gate voltage in the device measured
indicates a p-type doping with no signatures of the formation of an
inversion layer at high positive gate voltages (lower right inset in Fig.
5.3), when compared with the n-MOSFET described in Chapter 1. In
conclusion, inversion has not been established in the PPy transistor.

Vi(V)

Figure 5.3: Current-voltage characteristics (main figure) and gate volt-
age characteristics (lower inset) of the PPy transistor sketched in the
upper inset (sample VPHO7).

The transistor behavior observed is qualitatively similar to those
ones observed in other PPy transistors reported so far [26, 28]. For
positive values of V4 the current-voltage characteristics agrees with the
behavior of the Co-PPy-Co transistor reported by Chung [26] (see Fig.
1.26 in Chapter 1). Note that it is inconsistent with the behavior of a
conventional n-MOSFET where for positive values of Vg4, I increases
by increasing V, (see Section 1.5.2 in Chapter 1). Here, for Vq > 0, I4
increases by driven V, towards negative values. Additionally, the tran-
sistor behavior in Fig. 5.3 is also in qualitative accordance with that
one published by Lee [28] by using Fe(III) oxidation. The difference
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comes from the fact that the transistor presented here cannot be ex-
plained by the TFT transistor model [157, 158] while the Lee transistor
28] could.

As described in the literature [146], it is well established that the
contact between a PPy film and a high work function metal electrode
(e.g. Au and Pt) can form a Schottky barrier under certain synthesis
conditions. In Chapter 4, it is also indicated that vapor-phase grown
samples, when prepared at room temperature, exhibited a high contact
resistance, which can be associated with the formation of a Schottky
barrier between Pt and PPy. Therefore, the current-voltage character-
istics of the transistor are interpreted in terms of a Schottky barrier
field effect transistor [185, 186, 187, 188, 189, 190]. Assuming that hole
transport dominates for all gate voltages, the transistor consists of two
Schottky barriers in series, biased in opposite direction (see the sketch
of the band diagram in Fig. 5.4). In addition, it is assumed that the
current is mostly due to tunneling through the Schottky barriers and
that thermionic emission can be neglected [188].

Vg=0;Vg=0

6}7( X)

>y

Figure 5.4: Sketch of the band diagram of the device at Vq = 0 and
V, = 0.

By setting Vq = 0 and V, = 0, both drain and source Schottky
barriers have the same width and the density of holes 9, is constant
inside of the channel (between the points a-a’ in Fig. 5.4).

Next, the transistor is biased as indicated in Fig. 5.5. Accord-
ingly, the drain contact is reverse biased, while the contact close to the
grounded source is forward biased. Inside the PPy channel, the density
of holes is larger close to the source contact than to the drain contact
(see the continuous black line at the d,(x) vs. x dependence in Fig.

5.5).
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Figure 5.5: Sketch of the band diagram of the device at Vq > 0, Vg = 0
and V, < 0.

In fact, the current is dominated by the junction under reverse bias,
which controls the tunneling current. Clearly, for Vq < 0 the tunnel
barrier for holes is larger at the drain than at the source contact. By
driving V4 towards more negative values two opposing effects are ex-
pected: (a) the barrier width gets larger, which tends to decreases the
tunneling current and, simultaneously, (b) the energy of the holes at the
drain contact gets higher, therefore increasing of the tunneling current.
The analysis of the current-voltage characteristics of the transistor in-
dicates that the increase of the holes energy dominates over the barrier
width effect. In addition, the saturation would be reached when the
increase of the barrier width compensates the enhancement of the holes
energy.

By decreasing V, (see the continuous red line in Fig. 5.5), the charge
density inside the channel increases by accumulation of holes along the
interface SiOy/PPy. Consequently, the barrier width gets shorter at
both contacts, what leads to an enhancement of the tunneling current.
This explains the increase of Iy by driven V, towards more negative
values. In the opposite case, the device is biased as indicated in Fig.
5.6. The drain contact is forward biased while the contact close to
the grounded source is reverse biased. Under such bias conditions, the
contact resistance due to the barrier width at the drain contact can be
considered negligible when compared to that one at the source contact.
Thus, it can be assumed that a large amount of the voltage applied to
the device drops across the source barrier, which is responsible for in-
creasing the holes energy and controlling their tunneling. The current-
voltage characteristics of the transistor for Vq < 0 indicate that the
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Figure 5.6: Sketch of the band diagram of the device at Vq < 0, Vg = 0
and V, < 0.

tunneling current through the source barrier is mostly due to the in-
crease of the hole energy. Omnce more, by driving V, towards more
negatives values, the hole density gets higher in the channel, thereby
decreasing the barrier width and increasing the tunneling current.

The asymmetry in the source-drain voltage (Vq4) reflects the fact
that the structure of the reversely biased Schottky barrier is not sym-
metric under inversion of the drain - source voltage, due to the effect
of the gate potential.

Devices with film thicknesses below 22 nm or above 50 nm could not
be operated as transistors. Possibly, in ultrathin films, the transcon-
ductance (g = dly/dV,) is suppressed due to interface states, while
for high film thicknesses, the bulk conductivity in parallel to the gate-
induced charge layer dominates the transport properties.

Fig. 5.7 (a) shows the current-voltage characteristics of another
transistor (VPH11), with a 6 yum wide and 22nm thick PPy channel.
(b) shows | I4 | vs. V, for both positive and negative values of Vg.

From the IV data of the transistor VPH11 in (a) one can verify the
same qualitative behavior exhibited by VPHO7. Despite of this, the
| Iq | vs. V, dependence in (b) shows that in VPH11, the changes in I4
due to the variation of the charge density by V, it is not as pronounced
as in VPHO7. Here, probably the interface states can already change
the band bending at the interface SiO,/PPy.

For V4 = —1V, the drain contact is forward biased while the con-
tact close to the grounded source reversed biased (see Fig. 5.6). In this
configuration a major fraction of the voltage applied drops across the
source barrier. Therefore, by driving V, towards more negative values,
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Figure 5.7: (a) IV characteristics of the transistor VPH11, with a 6 pm
wide and 22nm thick PPy channel.(b) | 1q | vs. Vg for both positive
and negative values of Vq. The symbols represent the positive values of
Va4, while the solid line the respective negative values of Vq.

more charge is accumulated close to the interface SiOy/PPy and an
increase of the tunneling current is observed. Instead of a continuous
increase of Iq by V, < 0, a current step of unknown origin is observed
at Vo = —14V. For positive values of V,, Iq decreases due to charge
depletion at the interface.

For Vq = 1V, which corresponds to the situation where the drain
contact is reverse biased and source contact forward biased (see Fig.
5.5), Iq increases by driven V, towards negative values, as expected.
Again, I4 increases with a small slope and an abrupt change is observed
at Vo = =14 V. For V, > 0, the decrease of I; is more pronounced
for V¢ = 1V than for Vg = —1V. The same it is observed when V4
increases towards more positive values. This behavior can be under-
stood in terms of the effective voltage applied to the interface region
SiOy/PPy/drain (Veg ~ V, — Vq). First, by taking into account the
bias condition (see Fig. 5.5), at V, = 18V, for instance, Veg = 17V
for Vg = 1V. By increasing V4 towards more positive values, Vg
tends to increase the charge density close to the drain barrier, what is
reflected in the tunneling current.

The difference between positive and negative drain voltage behav-
ior by varying V, disappears for |V4| > 6 V. On the other hand, the
current step observed at V, = —14V remains over the whole range of
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Vg4 measured and its value decreases by increasing |Vy].

Fig. 5.8 shows the Iq vs. V, dependence for Vq = 30V where a
complete cycle, starting from V, = 22V to V, = —22V and back to
V, = 22V, was performed at scan rate of 100mV/s. The trace indi-
cates that under the scan rate used, no hysteresis effects was observed.
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Figure 5.8: Iq vs. V4 dependence for Vq = 30V where a complete cycle,
starting from Vy = 22V to V, = =22V and back to Vo, = 22V, was
performed at scan rate of 100 mV /s.

Fig. 5.9 (a) shows the IV characteristics of a transistor (VPH12),
with a 6 um wide and 55nm thick PPy channel and (b) presents its
respective | I | vs. V, for some values of V.

Sample VPH12 shows the effect of the bulk conductivity on the
transistor operation. This 55nm thick PPy channel device shows a
conductivity of ~ 20mS/cm and its charge density seems to be enough
to dominate the transport. Fig. 5.9 (a) shows that a small change in I4
is observed due to V,. The same effect is better visualized in (b) where
14 is basically independent of V, between —30V and 30V for all values
of Vd.
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Figure 5.9: (a) IV characteristics of the sample VPH12, with a 6 pm
wide and 55 nm thick PPy channel and (b) presents its respective | 14 |
vs. V4 dependence for some values of Vq. The traces were measured at

scan rate of 100mV /s.



Chapter 6

Conclusions

From the galvanostatically grown films, it has emerged that although
PPy II consists of significantly shorter chains (8-12 units) as compared
to PPy I (32 units), films containing more PPy II show a larger conduc-
tivity. In addition, the measurements also indicate that, as the amount
of PPy II increases, the samples can be driven in the "bad metal”
regime, i.e. the regime where the temperature dependence of the con-
ductivity can be explained within the Anderson formalism. In order
to explain these findings, we have argued that increasing the PPy II
fraction goes along with an increased localization length of the current
carrying states. Such a consideration is also supported by measure-
ments on potentiostatically grown films, where the localization length
was clearly dependent on the PPy I and II contents. A possible mecha-
nism could be that the PPy II oligomers form a higher degree of short-
range order than PPy I chains. Nevertheless, this short-range order is
also determined by the method used to polymerize.

The samples grown at low potentials exhibited a large amount of
PPy II, comparable to those grown galvanostatically, besides the high-
est value of conductivity, but without any evidence of a metal-insulator
transition, even when an additional amount of charge was embedded
in order to increase the doping concentration. Therefore, the constant
current synthesis process seems to be more suitable to prepare locally
ordered PPy films than the constant potential method. This leads to
the conclusion that the amount of PPy II is strongly correlated with
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the localization length, but it is not the only factor which determines
the crystallinity.

The induced and presumably small changes of the disorder due to
changes on the growth temperature, growth potential or due to voltam-
metric cycling can have such a profound effect on the resistivity since,
even in metallic samples, only a small fraction of the charge carriers
resides in delocalized states. The presented results thus support the
conclusions drawn from recent broadband reflectivity measurements by
others [119, 120, 121], which indicate that 98% or more of the carriers
are localized even in the metallic regime.

In the electrochemically grown samples, it can furthermore be de-
termined which type of hopping transport takes place. The electronic
transport in the galvanostatically grown films in the insulating regime,
where a large amount of PPy I is present, was explained in terms of
three-dimensional variable range hopping. However, a sample with the
same amount of PPy I, also in the insulating regime, but prepared by
potentiostatic polymerization, exhibits a temperature dependence ac-
cording the Efros-Shklovskii hopping, where the transport takes place
in the presence of Coulomb interaction. For the latter, regardless of
the potential used to polymerize, the Efros-Shklovskii hopping domi-
nates for all polymerization potentials available at low temperatures,
while in the former, changes in the current density used to polymerize
can drive the system across a metal-insulator transition. Again, the
polymerization method adopted influences the electronic transport in
PPy.

We found evidence that chain length and localization length are
related. In order to further clarify the role of the different pyrrole
oligomers for the transport properties of PPy films, it would be desir-
able to determine and control both the structure and the conductance
on a microscopic scale. In order to reach this microscopic scale the first
challenge was to solve the patterning problem.

For this purpose, a novel technique used to pattern PPy films pre-
pared by vapor-phase polymerization was developed. This technique
allows the deposition of the PPy thin films (thicknesses ranging from
6nm to 170 nm) onto a processed silicon substrate by using HoO, : HCI
as oxidizing agent. The films comprise a low roughness that scales with
their thickness.

PPy thin films made by vapor-phase polymerization behave as gran-
ular systems, formed by grains with an egg-like structure. These grains
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are separated by barriers which contain a certain level of dopants. This
creates a soft gap in the background of density of the states near the
Fermi level of the band structure including the hard gap. The conduc-
tance of this system depends basically on both the intragrain and the
intergranular conductance. A strong Coulomb interaction is observed
in the IV measurements of such a PPy thin film which manifests itself
in a threshold voltage at low temperatures. The localization length
depends on the applied electric field. In this system, the localization
length describes how much the wave function decays inside the barrier.

The patterned film was applied in devices. The PPy film is sensitive
to oxygen exposure and can be used as oxygen detector. The thin film
could also be employed as an active layer of a transistor, the operation of
which is explained in terms of a Schottky barrier field effect transistor.

Finally, despite the fact that PPy has been intensively studied in the
last years, the electronic properties of thin films (below 100 nm), which
behave differently than the same material in a bulk form, still presents
interesting features to be investigated. In this work, the investigation
of the properties of this system has just started and the challenge to
understand the conduction mechanisms of conducting polymers at a
molecular level remains.
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Chapter 7
Outlook

The possibility of synthesis and patterning PPy thin films gives rise to
new perspectives.

First, the patterning technique allows a reduction of the structure
dimensions basically down the grain size. To measure the electronic
characteristics of a few or even a single grain can give access to infor-
mation about the conduction mechanisms. The dominant component of
the conductance is due to the intergranular conduction through ”dirty”
barriers, i.e. barriers with a certain amount of dopants. Therefore, by
varying the charge density via depletion or accumulation by using a
gate voltage, it could become possible to change the barrier width.

Additionally, it is still not clear whether the electric-field depen-
dence of the conductivity is an effect that really comes from Joule
heating. More experiments should be performed, especially increasing
the grain size in order to verify whether the minimum in the temper-
ature dependence of the conductance can be related to the interplay
between intergrain and intragranular conductance.

The research in more applied fields is also promising. Besides the
oxygen sensitivity, the doping concentration in PPy increases in the
presence of hydrogen peroxide. Since hydrogen peroxide is a product
of several biochemical reactions, the application of patterned PPy thin
film as biosensors is feasible. In addition, the patterning technique
allows the integration of several micro-sensors on the same chip, which
is technologically attractive.

The research regarding the properties of the Schottky barrier field
effect transistor is another future direction. Here simulations are re-
quired to test the models.
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Appendix A

Sample list

This appendix includes the list of the most important samples included
in the work. Columns:

j - the density of current used in the polymerization.
tp - the polymerization time.

T, - polymerization temperature.

Elec. - solution used to polymerization.

Process - additional process in which the sample was submitted
after polymerization. The additional processes like, reduction and
CV are made in the monomer-free solution used to polymeriza-
tion.

Application - the purpose of the sample.
transport - electric transport.

CV - cyclic voltammetry.

AFM - atomic force microscopy.

UV - ultra violet-to-visible spectroscopy.

ACN* - polymerization solution: 0.5 M TBAPFg, 0.5 M Py, 1% dis-
tilled water and 1% HCl in ACN.
PC* - polymerization solution: 0.5 M LiClO, and 0.5M Py in PC.
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Galvanostatically grown samples

Sample | j (mA/em?) | t, | Tg(K) | Elec. | Process Application
EGO1 6.6 30s 273 | ACN* — transport
EG02 6.6 30s 273 | ACN* 12;216 CV and transport
EGO03 6.6 30s | 273 | ACN*| ;= | CV and transport
EG04 6.6 30s 273 | ACN* 352/168 CV and transport
EGO05 6.6 30s | 273 | ACN*| A | CV and transport
EGO06 6.6 30s 293 | ACN* — transport
EGO07 6.6 30s 293 | ACN* 15;216 CV and transport
EGO08 6.6 30s | 293 | ACN*| ;8 | CV and transport
EG09 6.6 30s 293 | ACN* 3(:(;2/168 CV and transport
EG10 6.6 30s 293 | ACN* 4c(;/\c/1es CV and transport
EG11 0.36 3min. | 293 | ACN* | reduction UV
EG12 0.06 3min. | 243 | ACN* | reduction (A%

EG13 0.06 3min. | 293 | PCr | reducion (A%

—12V




Potentiostatically grown samples
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Sample | V,(V) tp T4 (K) | Electrolyte | Process | Application
EPO1 | 0.52 |24 hours | 243 PC* Tevele CV
EP02 | 0.60 |15 hours| 243 PC* Tevele CV
EP03 | 0.65 | 1hour | 243 PC* Toels CV
EP04 | 0.70 | 30min. | 243 PC* Terels CV
EP05 | 0.75 | 20min. | 243 PC* Terels CV
EP06 | 0.90 | 10min. | 243 PC* Toels CV
EP07 | 1.00 | 60s 243 PC* Tevele CV
EP08 | 1.20 | 5min. | 243 PC* Tenels CV
EP09 | 1.40 | 5min. | 243 PC* Toels CV
EP10 | 1.60 | 5min. | 243 PC* Terels CV
EP11 | 0.52 | 24 hours | 243 pPC* - transport
EP12 | 0.60 |15 hours | 243 PC* - transport
EP33 | 0.65 | 1 hour 243 PC* - transport
EP14 | 0.70 | 30min. 243 PC* - transport
EP15 | 0.75 | 20 min. 243 pC* - transport
EP16 | 0.90 | 10min. | 243 pPC* - transport
EP17 | 1.00 60s 243 PC* - transport
EP18 | 1.20 5 min. 243 pPC* - transport
EP19 | 1.40 5 min. 243 PC* - transport
EP20 | 1.60 | 5min. 243 PC* - transport
EP21 | 0.52 |24 hours | 243 PC* - transport
EP22 | 0.52 |24 hours | 243 PC* recharge | transport
EP23 | 0.52 | 24 hours | 243 pC* recharge | transport
EP24 | 0.52 |24 hours | 243 PC* T%C.};g’;/ge transport
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Vapor-phase grown samples

All samples were prepared using HoOs : HCI (1000:1 volume fraction)
as oxidant agent and commercially available liquid Py (Aldrich) was
evaporated from a source by heating it to 383 K.

Sample | Ar flux |t T, (K) Details Application
VPHO1 | 0.11/h | 30s 293 | 24 hours in Ar | opt. microscopy/AFM
VPHO02 | 0.11/h | 3min. | 293 |24 hoursin Ar | patterning /AFM
VPHO3 | 0.11/h | 2min. | 293 | 4 weeks in Ar transport/AFM
VPHO4 | 0.11/h | 25min. | 282 | 4 weeks in Ar transport/AFM
VPHO5 | 0.11/h | 60 min. | 277.5 | 4 weeks in Ar transport/AFM
VPHO6 | 0.11/h | 3min. | 293 |24 hours in Ar CV

VPHO7 | 0.11/h | 3min. | 293 |24 hours in Ar | O, sensor/transistor
VPHO8 | 0.11/h | 2min. | 293 |24 hours in Ar transport/AFM
VPH09 | 0.11/h | 25min. | 282 |24 hours in Ar transport/AFM
VPH10 | 0.11/h | 60 min. | 277.5 | 24 hours in Ar transport/AFM
VPH11| 0.11/h | 2min. | 293 |24 hours in Ar transistor
VPH12 | 0.11/h | 5min. | 293 |24 hours in Ar transistor




Appendix B

Abbreviations

List of the main abbreviations and symbols used in this work.

Symbol Explanation

ACN Acetonitrile

Ag/AgCl Silver-silver chloride electrode

C(f) Capacitance as a function of the frequency
Ce Capacitance of the contact Pt/PPy

CE Counter electrode

CV Cyclic voltammetry

Ee Coulomb blockade energy

ES-VRH Efros-Shklovskii variable range hopping
€PPy Dielectric constant of the PPy

Fe(I1I) Fe3Cly - Iron (III) Chloride

G Differential conductance

Iq Drain current

Lq sat Saturation current

ITO Indium-tin oxide

L. Localization length in the 3D VRH

L, Localization length in the metallic regime
n-MOSFET n-channel metal-oxide.semiconductor field-effect transistor
NHE Normal hydrogen electrode

N(Er) Density of states at the Fermi level

Ngch Density of the charge carriers
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Symbol Explanation

OFET
OLED
PANI
PC
PPy
Py

vsat
Vi

Vwe

Organic field-effect transistor
Organic light-emitting diode
Polyaniline

Propylene carbonate

Polypyrrole

Pyrrole

Contact resistance Pt/PPy
Reference electrode

Resistance of the electrolyte
Four-probe resistivity

Resistivity of a PPy film

Resistivity measured by the van der Pauw method
Series resistor

Two-probe resistance

Four-probe resistance

Saturated calomel electrode
Differential conductivity
Conductivity of a PPy film
Thin-film-transistor

ac voltage

Potential applied by the potentiostat/galvanostat
Built-in voltage between Pt and PPy
Drain-source voltage

Gate voltage

Vapor-phase synthesis
Polymerization potential

Saturation voltage

Threshold voltage

Potential of the WE
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Symbol  Explanation

UV-vis  Ultraviolet-visible absorption spectroscopy

W Reduced activation energy

WE Working electrode

XPS X-ray photo-electron spectroscopy

19 Localization length in the ES-VRH

&o Localization length in a granular system

3D VHR Three dimensional (3D) variable range hopping
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