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General introduction
Introduction
Polymers are widely used in a great number of applications because of their many
advantageous, general properties such as low density and cost, and processability. For
applications requiring electrical conductivity, the choice of a suitable polymer is limited to
polymers with a conjugated chemical structure such as polyacetylene, polypyrrole, and
polythiophene. In a number of applications, both conductivity and transparency are required
(e.g., antistatic layers on photographic films and paper), for which metals, inorganic
conductors (e.g., ITO)1-5 and ion-conducting polymers6-9 can be used. However, these
materials suffer from several drawbacks. Metals are expensive, posses a high density, and are
rather brittle, as are the inorganic conductors. Ion conductors need water to be conductive,
which makes their conductive properties highly dependable on humidity. In the strive for
reduction in size, costs and weight of electronic equipment, the combination of polymeric
properties and conductivity would be highly advantageous. This has long been recognised by
the scientific and industrial community and has resulted in extensive research in this field that
is summarised in several books.10-13
As already mentioned, for polymers to be conductive a conjugated structure is required.
Along the conjugated structures, charge (i.e., electricity) is transported by charge carriers.
The obtained conductivity ranges from the antistatic (10-11 – 10-6 S/cm, S = Ω-1) to the
metallic (> 102 S/cm) regime. However, the stability of the conductive properties is rather
low due to the high reactivity of the conjugated structure. Furthermore, the conjugated
structure of conductive polymers inherently results in a non-transparent, intractable polymer
that has lost some of the aforementioned advantages over the alternative conductors.
Improving the transparency and flexibility of inherently conductive polymers can be done in
a number of ways. Some researchers have tried to tune the optical and conductive properties
by tideous multistep chemistry, which makes those polymers only suitable for specific high
added-value applications.14,15 A more simple method is the dilution of the conductive phase
with a transparent phase. Usually, this will also result in a decrease in conductivity, but some
1
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of the applications where transparency is needed require only a relatively low conductivity
(e.g., antistatic layers on photographic films). Several methods have been applied to achieve
this, among which are the coating of transparent particles with a conductive layer16,17 and
blending18-21/copolymerization22,23 of a conductive polymer with a transparent nonconductive phase. These methods also need solvent and multistep chemistry is involved.
A very attractive alternative would be the plasma technique. With this technique it is
possible to modify the surface properties of a substrate, while retaining the transparency and
bulk properties of the substrate material. Furthermore, it is a solvent-free, fast and versatile
process. However, a plasma consists of a variety of reactive species (electrons, ions, radicals
etc.)24-28 and therefore many different reactions can occur.29-32 As a consequence, the exact
chemical structure of the surface after exposure to a plasma is not precisely predictable,
which necessitates detailed investigation.30

Aim
The aim of this study is to obtain transparent and conductive polymers using the plasma
technique. In view of this objective, plasma can be used to actually modify the surface
top-layer (plasma treatment) of or to deposit a thin conductive layer (plasma polymerisation)
on a transparent substrate. For both methods, complicated relations between substrate
material, gas composition, plasma conditions, and the characteristics of the resulting surface
exist. A better understanding of these relations might result in plasma generated transparent
and conductive polymeric layers.

Structure of this thesis
A literature survey on conductive polymers and the plasma technique is presented in
Chapter 2. In Chapter 3, vinyl polymers (polyacryclic acid and polyvinylchloride) are treated
with an argon plasma in order to selectively remove the pendant group, thereby creating
unsaturated bonds in the surface layer. Characterisation is carried out using analysis
techniques such as X-ray induced photoelectron spectroscopy (XPS), Fourier transform
infrared spectroscopy (FTIR), and solid-state nuclear magnetic resonance (SSNMR).
Plasma polymerisation (PP) is used to deposit a thin conductive layer from a thiophene
plasma, thereby keeping the loss in transparency low (Chapter 4). The influence of deposition
conditions such as pressure and power on the characteristics of the plasma and the resulting
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PP thiophene (PPT) layer (e.g., chemical structure, transparency, and conductivity) has been
investigated in detail.
Next to the process parameters, the monomer structure may also be used to gain better
control over the chemistry of the deposition process. Therefore, the effect of substituent(s) on
thiophene, varying in nature, position and number, on the fragmentation during deposition
(Chapter 5) and the mechanism of deposition (Chapter 6) has been studied. The plasma phase
was characterised with optical emission spectroscopy (OES) and mass spectroscopy (MS),
while for the characterisation of the resulting PP layers XPS, FTIR, NMR, and ellipsometry
were used.
In the last two chapters, the doping process of PPT layers is addressed. Iodine is frequently
used as dopant because of the ease of the doping procedure, and therefore it is also used in
Chapter 7. The effect of doping time, thickness and chemical structure of the PP layer, and
exposure time to air before and after doping on the conductivity and chemical structure of
PPT layers has been evaluated using XPS, FTIR, and conductivity measurements. Iodine is
obviously not a suitable dopant for industrial applications. Therefore, two alternative dopants
systems (ThClO4 and NOPF6 in CH2Cl2) have been used in Chapter 8. The transparency, the
conductivity (including the stability thereof), and the distribution of the dopant in the PP
layer are measured with UV-Vis, conductivity measurements, and XPS and Auger electron
spectroscopy (AES) sputter profiles, respectively.

3

Chapter 1

References
[1] Martins, R.; Maçarico, A.; Ferreira, I.; Nunes, R.; Bicho, A.; Fortunato, E. Thin Solid Films 1997, 303, 47-52.
[2] Wu, X.; Coutts, T. J.; Mulligan, W. P. J. Vac. Sci. Technol. A 1997, 15, 1057-1062.
[3] Wang, R.; King, L. L. H.; Sleight, A. W. J. Mater. Res. 1996, 11, 1659-1664.
[4] Sernelius, B. E. Thin Solid Films 1996, 278, 104-107.
[5] Nishio, K.; Miyake, S.; Sei, T.; Watanabe, Y.; Tsuchiya, T. J. Mater. Sci. 1996, 31, 3651-3656.
[6] Lindford, R. G. In Applications of electroactive polymers; Scrosati, B., Ed.; Chapman and Hall: London, 1993, pp 1-28.
[7] Inoue, K.; Takiue, K.; Tanigaki, T. J. Polym. Sci. Part A: Polym. Chem. 1996, 34, 1331-1336.
[8] Sun, J.; MacFarlane, D. R.; Forsyth, M. J. Polym. Sci. Part A: Polym. Chem. 1996, 34, 3465-3470.
[9] Zhou, P.; Samuelson, L.; Alva, K. S.; Chen, C.-C.; Blumstein, R. B.; Blumstein, A. Macromolecules 1997, 30,
1577-1581.
[10] Handbook of conducting polymers; Skotheim, T. A., Ed.; Marcel Dekker: New York, 1986; Vol. 1 and 2.
[11] Reynolds, J. R.; Baker, C. K.; Jolly, C. A.; Poropatic, P. A.; Ruiz, J. P. In Conductive polymers and plastics; Margolis,
J. M., Ed.; Chapmann and Hall: New York, 1989, pp 1-40.
[12] Sethi, R. S.; Goosey, M. T. In Special polymers for electronics and optoelectronics; Chilton, J. A. and Goosey, M. T.,
Ed.; Chapman and Hall: London, 1995.
[13] Frommer, J. E.; Chance, R. R. In Encycl. Polym. Sci. Eng.; Mark, H. F. and Kroschwitz, J. I., Ed., 1986; Vol. 5,
pp 462-507.
[14] McCullough, R. D.; Williams, S. P. J. Am. Chem. Soc. 1993, 115, 11608-11609.
[15] Brédas, J. L. Synth. Met. 1997, 84, 3-10.
[16] Huijs, F. Thin transparent conducting films based on core-shell latexes; University of Groningen: Groningen, 2000.
[17] Khan, M. A.; Armes, S. P. Adv. Mater. 2000, 12, 671-674.
[18] Yin, W.; Li, J.; Gu, T.; Wu, J. J. Appl. Polym. Sci. 1997, 63, 13-16.
[19] Isotalo, H.; Ahlskog, M.; Stubb, H.; Laakso, J.; Karna, T.; Jussila, M.; Osterholm, J. E. Synth. Met. 1993, 57,
3581-3586.
[20] Laakso, J.; Osterholm, J. E.; Nyholm, P. Synth. Met. 1989, 28, C467-C471.
[21] Laakso, J.; Osterholm, J. E.; Nyholm, P.; Stubb, H.; Punkka, E. Synth. Met. 1990, 37, 145-150.
[22] Dai, L.; White, J. W. Polymer 1997, 38, 775-783.
[23] Park, Y. H.; Jeon, Y. J.; Lee, Y.; Baik, D. H.; Son, Y. Mol. Cryst. Liq. Cryst. 1996, 280, 193-198.
[24] Boenig, H. V. In Encycl. Polym. Sci. Eng.; Mark, H. F. and Kroschwitz, J. I., Ed., 1986; Vol. 11, pp 248-261.
[25] Yasuda, H. Plasma polymerization; Academic Press: Orlando, 1985.
[26] d'Agostino, R. Plasma deposition, treatment, and etching of polymers; Academic Press: Boston, 1990.
[27] Techniques and applications of plasma chemistry; Hollahan, J. R.; Bell, A. T., Ed., John Wiley & Sons: New York,
1974.
[28] Polak, L. S.; Lebedev, Y. A. Plasma Chemistry; Cambridge International Sci. Publ.: Cambridge, 1998.
[29] Terlingen, J. G. A. Introduction of functional groups at polymer surfaces by glow discharge techniques; University of
Twente: Enschede, 1993.
[30] Suhr, H. In Techniques and applications of plasma chemistry; Hollahan, J. and Bell, A. T., Ed.; John Wiley & Sons:
New York, 1974, pp 57-111.
[31] Coburn, J. W.; Chen, M. J. Appl. Phys. 1980, 51, 3134-3136.
[32] Gazicki, M.; Yasuda, H. J. Appl. Pol. Sci., Appl. Pol. Symp. 1984, 38, 35-44.

4

2
Conductive polymers by plasma techniques:
A literature survey
Conductive polymers
Conduction mechanism in polymers. The combination of conductivity and polymeric
properties such as flexibility, processability, and a reduction in weight and costs would be
advantageous for a number of applications. Therefore, conductive polymers have been the
subject of much research since the observation that the conductivity of polyacetylene (PA)
increased 12 orders when oxidised with iodine.1
Conduction is the transport of charge from one point to the other and is governed by
charge carriers that move through a specimen. In general, the conductivity (σ) can be
described by the following equation:
Equation 2.1.

σ = |q| . n . µ [ S/cm]

where q is the charge carried by the carrier [A.s], n is the number of charge carriers [cm-3],
and µ the mobility of the charge carriers [cm2.V-1.s-1].
Conduction in solids can be described with the widely accepted band model.1-5 In this
model two new molecular orbitals arise when two atoms, both with half filled orbitals, are
brought close enough to each other for the orbitals to overlap (cf. molecular orbital theory).
The energy-difference (Eg) between the newly formed orbitals is determined by the degree of
overlap between the constituting orbitals. As the degree of overlap is different for every pair
of orbitals, a low-energy band (valence band, VB) and a high-energy band (conduction band,
CB) are formed (Figure 2.1).
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CB
Eg
VB
Metal

Insulator

Semiconductor

Figure 2.1. Schematic representation of the band structure of a metal, a semiconductor, and an
insulator. (Eg is the energy gap between the valence band (VB) and the conduction band
(CB)).

The extent of occupation of the energy bands and the energy gap between them determine
the conductivity of a material. Metals are characterised by either a partially filled VB or an
overlap between the VB and the CB. This implies a complete freedom of movement for the
charge carriers under the influence of an applied field (Equation 2.1, µ → ∞). In
semiconductors and insulators the VB is completely filled (Equation 2.1, µ = 0) and the CB is
empty (Equation 2.1, n = 0). Therefore, conduction can only take place when charge carriers
are promoted from the VB to the CB. In insulators the energy gap is too large for charge
carriers to be thermally excited, whereas for semiconductors excitation is possible.

The basic concepts of the band model also apply to conductive polymers. A characteristic
that all conductive polymers have in common is their conjugated structure (Figure 2.2).6,7
The conjugation length is an important parameter influencing the conductivity.8-12 For
instance, Garnier et al. found that relatively short oligomers of thiophene show a conductivity
that is comparable to that of the polymer. The carrier mobility (and consequently the
conductivity) increases with increasing conjugation length up to the hexamer of thiophene.9

n

PA

S
PT

n

n

PPh

Figure 2.2. Chemical structure of polyacetylene (PA), polythiophene (PT), and polyphenylene (PPh).
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Because polymer molecules do not extend over the full specimen, charge carriers have to
move along the extended π-system of the conjugated backbone (intrachain conductivity) as
well as between the individual molecules (interchain conductivity). The measured
macroscopic conductivity is a superposition of these microscopic conduction mechanisms.
Several models have been proposed for the intra- and interchain conductivity.

4-6,13-21

However, none of the proposed mechanisms applies to all conductive polymers and, what is
more important, all proposed models have not been fully validated.
The majority of theoretical considerations are based on polyacetylene (Figure 2.2), being
the simplest conjugated polymer.3-6,13-18,21-23 In trans-polyacetylene two energetically
equivalent resonance structures are possible (two-fold degeneration). At the conversion
points of these structures unpaired electrons are present, which are called solitons (see
Figure 2.3). This conversion point is actually spread out over several (2-10) bonds.1,10-12

CB
•

Eg
VB

Figure 2.3. Soliton in trans-polyacetylene (left) and electronic state induced between the VB and CB
by the soliton (right).

Solitons introduce a localised electronic state in the middle of the energy gap between the
VB and the CB of polyacetylene (Figure 2.3). As this reduces the energy gap for charge
carriers, conductivity is facilitated. Solitons are chargeless, but spin carrying (i.e., neutral
radicals). An interesting feature of solitons in trans-polyacetylene is that, because of the
degenerate ground state, they can move along the chain without the need to overcome an
energy barrier. In fact, this is why they are called solitons: they have the same properties as a
solitary wave. For cis-polyacetylene the two resonance structures are non-degenerate and
therefore the movement of charge carriers along the backbone is energy consuming. This is
shown by the lower conductivity of cis-polyacetylene compared to trans-polyacetylene
(10-11 and 10-6 S/cm, respectively).24,25
Other conjugated polymers such as polythiophene (PT) also do not have a degenerate
ground state. Still, different resonance structures can be present (cf. benzoid and quinoid
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structures of PPh) and unpaired electrons are formed at the conversion points. These electrons
polarise the local environment, which then relaxes into a new equilibrium position. This
induces two electronic states in the band gap, again facilitating conductivity. The
combination of a charge carrier and its distorted environment is called a polaron. The
chemical equivalent is a charged radical.5

Doping. The number of naturally occurring solitons and polarons in conducting polymers is
not sufficient to render them highly conducting (e.g., 10-6 S/cm for trans-polyacetylene).
Charge carriers can be generated by oxidation or reduction of the polymer. This process is
called doping, after the similar treatment of metals. The mechanism of doping in polymers
however is different from that in metals. In doped metals, non-equivalent dopant atoms
replace the metal atoms. Depending on the valence of the dopant, either holes (lower valence)
or electrons (higher valence) are generated, which can act as charge carrier. Upon doping of
polymers, charge is transferred from the dopant to the polymer.6 Oxidation of the polymer
(electrons from polymer to dopant) results in a hole-conducting polymer (p-type), whereas an
electron-conducting polymer (n-type) is formed upon reduction. In order to maintain charge
neutrality, counter-ions are also incorporated. Confusingly, these counter-ions are sometimes
called dopant ions.26-28 Counter-ions lower the mobility of the charge carriers by their
interaction with the charge carriers on the conjugated polymer (pinning effect).24 This
pinning effect is less when the size and the degree of charge delocalisation on the counter-ion
is larger. Furthermore, the stability of the conductivity shows a positive relation with the size
of the counter-ion,29 whereas the diffusion rate of the counter-ion into the doped layer shows
a negative relation with size.28
Doping of polyacetylene results in the formation of new, neutral solitons and the charging
of both newly formed and already existing solitons. The chemical equivalents are
carbocations or -anions, radical cations or anions (polarons), and carbodianions or -dications
(bipolarons).4,5 Doping of conductive polymers other than polyacetylene results in the
formation of polarons and further oxidation/reduction of newly formed and already existing
polarons. The presence of solitons, polarons, and bipolarons in conjugated polymers has been
observed in several studies.10-12,30-35 The increase in conductivity upon doping can be as high
as 14 orders of magnitude for different polymer-dopant combinations.25,36,37 Upon doping
with n-type dopants, organic anions are formed that are highly unstable towards air and
water. Consequently, the conductivity generated by n-type doping is less stable than by
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p-type doping.38 Therefore, p-type dopants are more frequently used. Some examples are I2,
AsF5, FeCl3, nitrosonium salts (e.g., NOPF6) and acids (e.g., H2SO4, HClO4).25,29,30,39-43
Applications. Due to their conjugated structure, conducting polymers are intractable,
insoluble and black in their conducting state. As a consequence, most of the mentioned
advantages (e.g., flexibility, processability) are lost and the number of applications already
marketed is therefore limited.4,13,44,45 However, expectations are huge and in several reviews
many foreseen applications are summarised.44-49 Applications include light-emitting cells and
diodes,50-52 rechargeable batteries,53 sensors,54-63 and polymeric electronics2,38 such as
transistors.50,64-68

Transparency. In some applications, besides conductivity, transparency is also vital
(e.g., photographic film) or desirable for aesthetic reasons (e.g., antistatic packaging,
photographic paper). Some of the applications where transparency is needed require only a
low conductivity. For instance, the surface conductivity of antistatic coatings should be in the
range of 10-6 - 10-11 S. The transparency can be enhanced by dilution of the conductive phase
with a transparent phase. This will also result in a decrease in conductivity but, considering
the high conductivity of conductive polymers, this will not be a problem for applications
requiring a low conductivity. Several methods are available for the dilution of conductive
polymers, for example the grafting of alkyl side chains onto the conjugated backbone,69-74
block-copolymerisation,75-77 or blending with a transparent polymer,78,79 and polymerising a
thin layer of a conductive polymer on a transparent particle.80,81 All these methods require
the use of solvent and/or time consuming, multistep chemistry. This also holds for thin film
production by electrochemical methods.40,69,82-87
With glow discharge techniques it is possible to modify polymer surfaces in one step
without the use of solvent.83,88-94 Due to the shallow modification depth, the transparency
and the bulk mechanical properties of the substrate material remain intact.90,91,94-98 A glow
discharge is generated by applying either a strong electric field or a high temperature to a gas
at low pressure. The high temperature method is not suitable for polymeric substrates and
will therefore not be discussed further. When a strong electric field is applied to a gas at low
pressure, the gas partly ionises and a plasma consisting of a variety of reactive species
(electrons, ions, radiation etc.) is generated (see Figure 2.4). When a surface is exposed to a
plasma, the interaction of plasma species results in either modification/etching (plasma
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treatment) of or deposition (plasma polymerisation) on the substrate surface. Due to the
multiple interactions the exact chemical structure of the surface layer after exposure to a
plasma is not precisely predictable.91-93,99-101

+

Gas / monomer

Figure 2.4. Schematic drawing of a plasma in a 3-electrode reactor.

In view of the objective to obtain transparent and conductive surfaces, the plasma
technique can be used to either transform the surface top-layer of a transparent polymer into a
conductive structure (plasma treatment) or to deposit a very thin layer of a conductive
polymer on top of a transparent polymer (plasma polymerisation). Both techniques will be
described in the following section in more detail.

Plasma techniques
Plasma treatment. Although in several studies plasma treatment was used to increase and/or
stabilise the conductivity of conjugated polymers,102-104 the amount of reports on plasma
treatment of polymers with the objective to obtain conductive surfaces is rather limited.
When conjugated polymers are used, the aforementioned disadvantages of conjugated
polymers are not circumvented. When plasma treatment is used as a means to transfer a
polymer surface into a conductive surface layer, these disadvantages may be overcome. A
prerequisite is that the substrate material has all the desired properties for a specific
application, but only lacks conductivity.
Drachev et al. treated polyimide (PI) films with an air plasma at 50 MHz, which resulted
in the formation of a negative charge on the surface by the injection of electrons.105 An
increase of the conductivity was mentioned, but no exact figures were given. In a similar
approach, Wu et al. used a N2 plasma as an ion source for ion implantation in PI.106 An
increase in surface conductivity of 6 orders of magnitude up to 10-11 S was observed, while
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the volume conductivity remained more or less constant (≈ 1015 S/cm). This indicated the
formation of a conductive surface layer. Based on Fourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS) measurements, it could be concluded
that the surface PI layer was converted into a carbon-rich layer by the ion bombardment.
Polypropylene (PP) was treated with different plasmas (He, Ar, Ne, H2, N2, and O2) and
the effect on the conductance was investigated.107 Treatment with noble gases (He, Ne, Ar)
resulted in an increase in conductance. XPS measurements showed that a graphite layer was
formed at the surface when noble gases were used. A bulk conductivity of 10 S/cm was
calculated, but the ion penetration depth was wrongly assumed to be the thickness of the
conductive layer. The increase in conductance increased with increasing negative potential on
the substrate. Helium appeared to be the most effective in decreasing the conductance. This
was explained by a more effective energy transfer from impinging ions to the surface when
the ions are lighter. No effect on the resistance was found for treatment with plasmas of
reactive gases (H2, N2, O2). Due to the incorporation of new chemical species the formation
of a graphite layer was prevented in these cases.

Plasma polymerisation. In literature a vast amount of articles on plasma polymerisation can
be found. The main reason for applying plasma polymerisation is that thin, stable, and
pinhole-free films are obtained, which show good adherence to many substrates. A
disadvantage is the poor predictability of the chemical structure of the resulting plasma
polymerised (PP) layer. Several monomers have been plasma polymerised with the objective
to obtain conductive surfaces, with varying success. Unfortunately, the transparency of the
PP-layers is seldomly addressed.
Acrylonitrile (ACN) has often been used as a monomer in plasma polymerisation.108-114
As polyacrylonitrile is known to become conductive upon pyrolysis, the PPACN layers were
deposited on various substrates (glass, platinum, and glassy carbon) and either pyrolysed
during deposition108,112,114 or afterwards.109-111 The pyrolysed PPACN layers showed
interesting properties such as good adherence to the substrate, high mechanical stability, a
conductivity of 10-7 – 10-9 S/cm and a high transparency (> 90% for PPACN films of
100 nm).112 Grünwald et al. used 2-chloro-ACN as a monomer for plasma polymerisation on
heated glass substrates (150 °C).115,116 When the layers were deposited in the presence of
iodine an increase in conductivity of 4 orders of magnitude was found (10-5 S/cm) compared
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to PPACN layers. Unfortunately, the temperatures used in the studies on ACN and ACN
derivatives (150 - 400°C) exclude most polymers to be used as substrates.
Plasma polymerisations were also carried out with xylenes.117-120 Current densities up to
10-8 A/cm2 were measured under high field conditions for p-xylene. An AC conductivity of
3.10-9 S/cm was found for PP-m-xylene.118 FTIR measurements showed that in the
PP-p-xylene layers the monomer structure was retained to a higher extent than in the
PP-m-xylene layers. This indicates that the monomer structure has an effect on the degree of
fragmentation during deposition, either in the plasma phase or via the interaction of plasma
species with the deposited layer.
Aniline (An) and aniline derivatives were plasma polymerised by several authors.121-125
Based on FTIR and XPS measurements it was concluded that the aromatic monomer
structure was retained to some extent in the PPAn layers.121,123,124 When aniline was plasma
polymerised in the presence of iodine (10% w/w), the conductivity was enhanced by seven
orders of magnitude up to 2.3×10-5 S/cm at RT.123 Tong et al. irradiated PPAn layers with
Ar+ ions (100 keV) or I+ ions (24 keV) after deposition and observed an increase in
conductivity from 10-16 to 10-4 S/cm.124 The penetration depth of the ions was taken as the
thickness of the conductive layer. A carbon-rich phase was formed upon bombardment with
Ar+ ions, whereas a charge transfer (CT) complex (I3-) was responsible for the decrease in
resistivity of I+ irradiated layers.
Because heterocyclic polymers such as polypyrrole84,126-132 and polythiophene86,133-136
are known for their high and relatively stable conductivity, many studies are reported on the
plasma polymerisation of these monomers. An idealised scheme of the deposition is given in
Scheme 2.1.
plasma

n

X
Scheme 2.1.
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Idealised scheme of plasma polymerisation of heterocyclic compounds.
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Lee et al. deposited PP-pyrrole (PPPy) layers in a capacitively coupled bell jar
configuration at 13.56 MHz.137 After deposition, the PPPy layers were heat-treated (300 ºC)
in a nitrogen atmosphere, which resulted in an increase of the unsaturation in the PPPy layers.
An increase in p-type conductivity from 10-9 to 10-5 S/cm was observed. Van Ooij et al.
deposited PPPy layers in a DC type plasma reactor.138 FTIR measurements showed that no
pyrrole rings were retained in the PPPy layers, which indicates a total destruction of the
monomer by the plasma. Without additional doping, still conductivities of 10-3 to 10-4 S/cm
were determined by the rarely used Franklin test. Zhang et al. were able to retain the pyrrole
ring (determined with FTIR and XPS) to a certain extent during plasma polymerisation in a
capacitively coupled coil (RF) configuration, but the conductivity was not determined.139
Recently, Cruz et al. deposited PP layers from plasmas of pyrrole and of pyrrole and
iodine.140 In both cases, absorption bands characteristic for pyrrole rings were observed in the
FTIR spectra of the PPPy layers. The conductivity of the PPPy films increased gradually
from 10-11 to 10-9 S/cm with increasing (30 - 90%) relative humidity (RH) of the
environment. This was explained by an increase in the mobility of the PPPy chains due to the
interaction with water. For the PPPy/I films, a sharp increase from to 10-9 S/cm at 10 - 75%
RH to 10-3 S/cm at RH > 90% was observed. The authors state that a second conductivity
mechanism dominates in this latter region, which is reinforced by the presence of iodine.
Another explanation would be that the sharp increase is due to water with dissolved iodine
ions. At high values of the RH a continuous “path” of the water phase through the layer might
be obtained, resulting in a sharp increase in the conductivity.
Plasma polymerisation was carried out for thiophene58,141-146 and some of its
derivatives.147-150 Sadhir et al. prepared plasma polymerised thiophene (PPT) layers using
argon as an initiator (4 W, 0.1 mbar, coil electrode configuration). After overnight doping
with iodine, conductivities ranging from 10–6 to 10-4 S/cm were obtained.141-143 Tanaka et al.
investigated the effect of plasma frequency (AF (7.3 kHz) vs. RF (13.56 MHz), bell jar
configuration) on the conductivity of argon initiated PPT layers. Although FTIR
measurements did not indicate the presence of thiophene rings in the layers, conductivities
ranging from 10-3 (AF, 100 W) to 10-4 S/cm (RF, 25 W) were found after 5 hrs doping with
iodine.145 In situ doping was carried out by Giungato et al., using a mixture of argon
(15 sccm), thiophene (5 sccm) and iodine (0.2 sccm) for plasma polymerisation (5 W,
0.67 mbar, two internal electrodes).58 Based on FTIR measurements it was concluded that,
although fragmentation had taken place during deposition, the thiophene ring was preserved
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to some extent in the PPT layer. A conductivity of 10-5 S/cm was obtained for the PPT layers,
without additional doping. Depositions of thiophene at atmospheric pressure were carried out
by Tanaka et al. using helium as diluent.146 The effect of the addition of argon to the diluent,
substrate temperature (20 - 140 °C), and discharge current (0.5 - 3 mA) on the conjugation
length (determined by FTIR) and the conductivity was investigated. A higher conductivity
(maximum 10-8 S/cm) was observed for PPT layers containing more conjugation.
Benzo-[b]-thiophene was plasma polymerised under various conditions (RF and AF
plasmas initiated by argon (Ar) or nitrogen (N2)).149 FTIR measurements showed that the
aromaticy in the PP benzo-[b]-thiophene layer was higher than for PPT layers, but no effect
on the conductivity was observed. In order to achieve a homogeneous doping Kruse et al.
used 2-iodothiophene as a monomer for plasma polymerisation.148 Besides covalently bound
iodine, homogeneously distributed iodine ions were present in the PP film. A maximum
conductivity of 2,6.10-1 S/cm was obtained.

Deposition conditions. As mentioned before, the conductivity of thiophene oligomers
increases with increasing conjugation length.9 The same relation between conductivity and
conjugation length was found for a number of different PP layers.109,121,137,146,151,152
Consequently, the conjugated structure of the monomer should be retained in the deposited
layer to obtain PP layers with a high conductivity (see also Scheme 2.1). The effect of
process parameters such as field strength (power), pressure, and flow on the plasma
characteristics has been described in general terms in several books.91,98,99 For instance, at
higher field strengths the electrons pick up more energy between collisions, which raises the
electron energy. An opposite effect on the electron energy is predicted for an increase in
pressure. Since it is not possible to predict the optimal working conditions for a specific
combination of a plasma system and a monomer up-front,99 the influence of process
parameters on the plasma characteristics has been investigated in many studies.
The effect of the deposition conditions (excitation frequency (125-375 kHz), power input
(10 and 50 W), pressure (40-80 Pa), and deposition time (1-5 min)) on the chemical structure
of the resulting PPAn layers was studied by Gong et al.121 FTIR analysis showed an increase
in the amount of quinoid and aliphatic structures relative to the amount of benzoid structures
with increasing power input and deposition time, whereas a maximum in the relative amount
of these structures was observed with increasing pressure. In the range studied no effect of
the frequency was observed. Tanaka et al. also found a minor effect of the frequency (AF and
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RF) on the conductivity of argon initiated PPT layers.145 In another study, the observed
conductivity of PP-2-iodothiophene layers was found to increase by 3 orders of magnitude in
the order: RF< AF< MW (2.45 GHz).148 For p-xylene it was found that the resulting plasma
polymers resembled poly-p-phenylene the most when low powers and high frequencies were
used.119,120
O’Toole et al. used various carboxylic acid and alcohol containing monomers and found
an inverse relation between the power supplied to the plasma and the retention of the
carboxylic acid and alcohol functionality in the deposited layers.153,154 In the plasma
polymerisation of styrene a higher degree of fragmentation was observed with decreasing
pressure and increasing discharge power.155 Brumlik et al. found an increase in sulfonate
content when the partial pressure of the sulphonate containing monomer was increased.156
PPPy layers deposited at low deposition pressure had a high carbon content, whereas at high
pressure they were hydrogenated to a higher extent.138
An influence of the position of the substrate in the plasma reactor on the morphology, the
deposition rate and the conductivity of the resulting PPT films was observed by
Sadhir et al.141-143 The morphology gradually changed from a platelet structure close to the
high flux region to a spherulite structure further away from this region. Films deposited close
to the monomer inlet did resemble polythiophene in morphology. The deposition rate showed
a maximum, indicating a competition between ablation and polymerisation (CAP).157 Films
deposited at positions away from the high RF-flux region (i.e., away from the coil) showed a
higher conductivity than films deposited near the coil.
Lowering the substrate temperature increased the amount of monomer that was
incorporated in the film without substantial fragmentation.158,159 This was explained by an
increase of the monomer concentration at the surface at lower temperatures.
For various monomers it has been observed that pulsation of the plasma results in a
decrease in fragmentation during deposition.99,160-162 This has been explained by flushing of
products out of the discharge zone between two pulses, thereby minimising fragmentation.99
Ryan et al. state that during the plasma “on” time radicals are produced in the growing film
surface and the vapour phase, which can subsequently act as initiation centres for radical
chain-growth polymerisation during the “off” time.160 However, the deposition of saturated
fluorocarbons was also explained by this mechanism, which is obviously impossible.162
Furthermore, no experimental results (e.g., thickness as a function of duty cycle) were given
to support this explanation. Wang et al. state that the mechanism proposed by Ryan et al.160
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can explain their results, but that other aspects (e.g., increased substrate temperature during
CW plasma deposition) also influence the overall film chemistry. The results obtained by
Uchida et al., who showed that acetylene exclusively deposits during the plasma “on”
time,163,164 are also not consistent with the mechanism proposed by Ryan et al.

Summarising the literature on plasma polymerisation, it can be hypothesised that retention
of the monomer structure in the PP layer will be high if deposition is carried out on cooled
substrates away from the high flux region, using a pulsed plasma at low power input, high
frequency, and high pressure. Due to the complexity of the plasma deposition process, results
obtained from a specific deposition system (i.e., reactor, electrode configuration etc.) cannot
be directly applied to other systems. Consequently, a series of optimisation experiments of
the deposition conditions is needed for every combination of monomer and deposition
system.

Monomer structure. Next to the deposition conditions, the monomer structure is sometimes
used to gain control over the deposition process. Substituents are used to be preferentially
removed or to stabilise the parent monomer structure, thereby increasing the amount of
unfragmented monomer structures in the PP layer. PP-2-chloro-ACN layers were deposited
by Grünwald et al. with the objective to create extended double bond systems via HCl
elimination.115,116 XPS measurements showed that about 50% of the chlorine was removed.
According to the authors, this resulted in the formation of extensive conjugated structures in
the PP-2-ClACN layers. However, this was based on, as the authors state, “noisy” XPS
spectra. Furthermore, the layers were deposited on heated substrates (150 °C), which could
have induced HCl elimination.165
Several

cyano-containing

compounds

were

used

as

monomers

for

plasma

polymerisation.166 Deposition was found to proceed via a preferential opening of the
unsaturated cyano substituent, resulting in preservation of the structure of the parent
molecule.
Perylene, 3,4,9,10-perylenetetracarboxylic-dianhydride (PTCDA) and – diimide (PTCDI)
were polymerised with the use of a plasma.

167-169

It was concluded that at low power input

the anhydride or imide groups are preferentially destroyed, thereby protecting the condensed
ring structure. At high power the ring structure was also lost.
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Benzo-[b]-thiophene was plasma polymerised under various conditions (RF and AF Ar,
RF and AF N2).149 It was thought that the benzene ring would protect the thiophene ring
structure during plasma polymerisation. Based on FTIR measurements it could indeed be
concluded that the aromatic skeleton of the monomer was retained in the deposited layers to a
higher extent than for PPT layers. However, it was not clear whether this was due to retention
of the thiophene or the benzene ring.

Mechanism. Although plasma polymerisations have been observed and studied for a long
time, the mechanism of deposition is not clear at all.90,97,98 Obviously, the mechanism
depends on the species present during deposition, of which the type (e.g., radicals, ions) and
amount are influenced by the process parameters.170 Mechanisms involving ions153,154 and
radicals have been described to explain the experimental data.90 At the present time, many
investigators

believe

that

the

polymerisation

mechanism

as

proposed

by

Yasuda et al.88,98,101,157 is the most reasonable concept.90 In this stepwise initiationrecombination sequence, radicals are formed upon generation of the discharge (most probably
by electron impact). These primary radicals recombine to a species that again is radical
initiated and so on. Polymer formation can occur at the surface and/or in the plasma phase,171
both of which can be explained by this mechanism.

Because of the multiple species present in a plasma, many reactions may result in the
formation of radicals. For instance, in the DC plasma polymerisation of pyrrole no effect of
the sign of the charge on the electrode was found, showing that a radical growth mechanism
should apply.172 The authors postulated that the growth is initiated by radicals present in the
film surface, which are generated by impinging H+ ions on the cathode and by electrons on
the anode.
Uchida et al. explain the plasma polymerisation of acetylene by a radical
mechanism.163,164 Radicals are generated at the surface by neutralisation of impinging
positive ions on which acetylene molecules have absorbed.

Due to the complex relation between deposition conditions, reactive species, and
polymerisation mechanism, several mechanisms can explain the results of one experiment.97
For instance, according to Chen et al. a variety of reactive species (excited species, radicals,
and ions) was generated by electron impact on monomer molecules in a plasma of styrene.155
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The relative amount of these species was different in different regions of the reactor and
varied with deposition conditions as mentioned before. In a follow-up study, Chen et al. tried
to obtain more control over the deposition process by extracting electrons or positive ions
from the deposition region.173 A maximum in deposition rate was observed both at positive
and negative potential of the extraction grid. It was concluded that positive ions play an
active role in the film formation, whereas electrons generate reactive species by collisions
with other particles. These reactive particles are also responsible for the deposition.
A nice example of the complexity of the plasma polymerisation process is given by
Fujita et al. They found an effect of the position in the reactor on the polymerisation
mechanism for a methane plasma.174,175 Graphite-like carbon layers were deposited by ionic
reactions in the centre of the tube, whereas polymer-like carbonaceous films were formed on
the reactor wall by radical reactions.
This again shows that a detailed study is necessary for every combination of monomer and
deposition system to be able to deduce a reasonable polymerisation mechanism.

Strategy
In view of the objective to obtain transparent and conductive polymeric systems, the plasma
technique can be used to obtain thin conductive polymer layers on transparent polymeric
substrates. This can be done both by plasma treatment and plasma polymerisation

as

depicted in Figure 2.5.
deposition
treatment

Figure 2.5. Schematic drawing of the effect of plasma techniques (treatment and deposition) on
transparent, nonconducting polymeric substrates in order to obtain transparent and
conductive polymeric systems (gray colour indicates conductivity).

For plasma treatment, the transparent substrate material should be chosen such that upon
plasma treatment a conjugated structure is created in the surface layer. In the aforementioned
studies on plasma treatment, the substrate material was not given a specific function in the
treatment process. A carbon-layer was formed by destruction of the surface layer by the
plasma treatment, irrespective of the substrate material. In principle, the preferential removal
of pendant groups from vinyl polymers may lead to the formation of a conjugated structure at
18
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the surface, which can be used for the transport of electricity. For instance, it has been shown
by optical emission spectroscopy (OES) measurements that the vacuum UV light
(wavelength < 150 nm) emitted by an argon plasma induced decarboxylation in PAAc.176,177
Furthermore, unsaturated carbon bonds were observed in PVC after treatment by a number of
surface treatments (e.g., γ-radiation,178-183 UV irradiation,184,185 ion beam,186,187 and electron
beam188).
A disadvantage of this strategy is that it limits the number of possibly usable substrate
materials drastically. Plasma polymerisation does not suffer from this disadvantage as
PP layers can be deposited on almost any transparent substrate.
Plasma polymerisation has been frequently used to obtain conductive polymer layers using
conjugated monomers that by conventional chemistry also result in conjugated and
conductive polymers. For instance, polythiophene is known for its high and stable
conductivity

and

therefore,

thiophene

is

often

used

as

monomer

for

plasma

polymerisation.58,141-146 To obtain PP layers with a high conductivity, the conjugated
structure of the monomer should be retained in the PP layers. The deposition conditions and
the monomer structure can be used as variables to achieve this. Because of the complex
relationships between monomer structure, deposition conditions, reactive species, together
with the uncertainty of the deposition mechanism, a detailed study is necessary for every
monomer and deposition system.99
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Removal of pendant groups of vinyl polymers
by argon plasma treatment*
Poly(acrylic acid) (PAAc) and poly(vinyl chloride) (PVC) were treated with an argon plasma to create
unsaturated bonds at the surface. By use of Fourier transform infrared measurements and X-ray
photoelectron spectroscopy it was shown that the pendant groups of these polymers are removed by
the argon plasma treatment. This resulted in the formation of unsaturated bonds and cross-links in the
modified layer. It was found that the removal of the pendant groups is induced by UV light emitted by
the argon plasma. During treatment of PAAc decarboxylation took place, which made the argon
plasma more oxidative in character. The modified layer was reoxidised and eventually the PAAc
surface was ablated with time. The removal of chlorine from PVC was found to be preferential and a
highly cross-linked layer, containing at least 15% unsaturated bonds was obtained. The outermost toplayer of this modified layer became oxidised after exposure to air due to a reaction between longliving radicals and oxygen.

Introduction
Glow discharge processes (e.g., corona and low pressure plasma treatments) are frequently
used to modify the surface properties of engineering plastics.1-8 These processes have certain
advantages over other surface modifying techniques such as flame treatment, ultraviolet
(UV)9-12- and γ-irradiation,13 and wet chemical treatments.14-16 For instance, the modification
depth is small and complex geometries can be treated in one step without the use of
solvent.3,7,17-23 Furthermore, a broad range of surface properties can be obtained, although
the specificity toward the type of functional groups introduced at the surface is considered to
be low.1,24,25 Some improvements have been made by preadsorbing surfactants on polymeric
substrates followed by a gas-plasma treatment.23,26,27
In earlier studies it was shown by optical emission spectroscopy (OES) measurements that,
upon argon plasma treatment of PAAc, decarboxylation took place.28,29 This resulted in the
presence of CO, CO2, and water in the plasma phase. It was found that decarboxylation was
induced by the vacuum UV (wavelength < 150 nm) emitted by the argon plasma. In principle,
the preferential removal of pendant groups from vinyl polymers may lead to the formation of
unsaturated bonds. After the plasma treatment, these could be used for example in grafting or
the transport of electrons. In the case of PAAc, removal of the polymer layer was also
observed (i.e., etching). From literature it is known that oxidation processes can result in
etching of the treated polymer.9,24 The observed ablation of PAAc may therefore be due to
*

The work described in this chapter has been published in Groenewoud et al., Langmuir, 1999, 15, 5396-5402.
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the oxidative environment caused by the release of oxygen-containing species in the plasma
phase. This oxidation can be minimised by a pulsed plasma treatment based on the
assumption that the oxygen-containing species are removed from the reactor by the argon
flow during the “off” time between two pulses.
The pendant group in a vinyl polymer (e.g., polyvinylalcohol (PVA), -chloride (PVC),
-fluoride (PVF), and polystyrene (PS)) can also be selected to obtain a highly unsaturated
surface and to minimise reoxidation or ablation or both. Considering the results found for
PAAc, oxygen-containing pendant groups as in PVA are not interesting alternatives. A
disadvantage of PS is the stability of the pendant phenyl group, which makes selective
removal of this group difficult. To obtain selective removal of the pendant group, volatile
compounds should be formed. From PVF and PVC, volatile compounds such as HF and HCl
can easily be formed. Of these two polymers, PVC seems to be the most promising substrate
as the carbon-chlorine has a lower bond energy compared with the carbon-fluorine bond.
In literature, several studies on the effect of γ-radiation,13,30-34 UV-irradiation,35,36
ion beam,37,38 and electron beam39 treatment on the surface properties of PVC have been
published. It was found that the carbon-chlorine bond in PVC is readily cleaved.
Furthermore, unsaturated structures were observed after treatment. Most of the species used
for treatment in the cited studies are also present in an argon plasma (e.g., electrons, ions, and
UV). Although the energy of these species in a plasma may be different, a similar effect of an
argon plasma treatment on PVC might be expected.40 Furthermore, the plasma technique is
relatively simple, only modifies the surface and offers the possibility to treat large surface
areas in one step.
The aim of the present study was to introduce unsaturated bonds at the surface of vinyl
polymers by an argon plasma treatment. To investigate this, argon plasma treated PAAc and
PVC samples were characterised with X-ray induced photoelectron spectroscopy (XPS) and
Fourier transform infrared (FTIR) spectroscopy. Furthermore, the argon plasma treated
samples were extracted with the appropriate solvents, and the residual insoluble layer was
analysed with FTIR and solid-state NMR (SSNMR).
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Experimental
Materials. PAAc (Mw 250000) and PVC (Mw 97000, Mn 55000) were purchased from Aldrich
Chemie (Brussels, Belgium). All solvents were of analytical grade purity and were purchased from
Merck (Darmstadt, Germany). Bromine was of synthetic grade purity (99%) and also obtained from
Merck (Darmstadt, Germany). Argon (purity ≥ 99.999%) was obtained from Hoekloos (Schiedam, the
Netherlands). Water used was doubly deionised. All chemicals were used as received. Glass discs
(∅ 2.5 cm, used for FTIR analysis) with a sputtered chromium and gold layer were supplied by the
FFW division (Department of Applied Physics and Electrical Engineering, University of Twente,
Enschede, the Netherlands). Glass discs (∅ 1.5 cm, used for XPS analysis) were purchased from
Knittel Waldemar (Braunschweig, Germany).
Cleaning. All glassware, substrates, and tools were cleaned ultrasonically, consecutively three times
in toluene, acetone, water, and acetone and subsequently dried in vacuo at room temperature (RT).
Spin coating. PAAc and PVC were dissolved to a concentration of 2 % w/w in methanol and THF,
respectively. Spin coating was carried out at 2000 rpm using a Teflon sample holder mounted on an
IKA RW 20 DZM mechanical stirrer (Janke & Kunkel, Staufen, Germany). A volume of 0.025 ml of
the polymer-containing solution was dropped on rotating glass discs with a diameter of 1.5 cm. For
discs with a diameter of 2.5 cm, a volume of 0.05 ml was used. After rotating for 1 min, the spincoated glass discs were taken out of the sample holder and dried over night in vacuo at RT.
Casting. PAAc films were made by casting 250 ml of a 2% w/v solution of PAAc in methanol in a
Petri dish (∅ 19 cm). PVC films were made by casting a 30% w/w solution in THF on a glass plate
with a casting knife (0.075 mm). After evaporation of the solvent at RT, the films were dried in vacuo
at RT under a metal plate to keep the samples flat. Finally the films were rinsed three times with
hexane and dried in vacuo at RT.
Thickness measurement. The thickness of spin-coated layers was determined with a
Dektak IIA (Sloan Technology Co., Santa Barbara, USA). After removing the spin-coated layer from
part of the substrate, the needle was moved over the boundary between the bare and the covered
substrate. The height difference was taken as the thickness of the spin-coated layer. For the
determination of the thickness of the cast films, an ID-C112B thickness meter (Mitutoyo, Japan) was
used.
Plasma treatment. The plasma apparatus has been described in detail in literature.28,29 In short, it
consists of a tubular reactor (internal diameter 6.5 cm, length 80 cm) with three externally placed,
capacitively coupled electrodes. The two grounded (cold) electrodes were placed at a distance of
10 cm on either side of the powered (hot) electrode, which was placed in the centre of the reactor.
Typically, the procedure for an argon plasma treatment was as follows. The samples were placed on
two glass plates, which were placed in the centre between the hot and the cold electrodes. After
pumping the reactor to a pressure < 3×10-6 mbar, it was flushed with an argon flow (10 sccm/min,
0.08 mbar) for 15 min. The samples were then treated with either a continuous or a pulsed (0.1 s on;
8.5 s off) plasma (13.56 MHz, 50 W, 10 sccm/min, 0.08 mbar) for a predetermined time. After the
plasma treatment, the argon flow was maintained for 2 min, after which the reactor was brought to
atmospheric pressure with air. All treated samples were stored at -18°C.
Extraction of plasma treated films. The insoluble fractions of argon plasma treated films (300 s) of
PAAc and PVC were obtained by extracting the films (± 10 PAAc films; 2.5 cm x 2.5 cm or
10-15 PVC films; 4 cm x 10 cm) at RT in 5 ml/film of methanol (PAAc) or THF (PVC). After gentle
stirring and sedimentation of the insoluble fraction, the solvent was removed with a pipette and
refreshed. This was repeated five times, after which the insoluble fraction was filtered off (glass filter
no. 5). After thorough washing with solvent (± 500 ml) the insoluble fraction was dried in vacuo at
35°C. The thickness of the insoluble layer can be calculated by
Equation 3.1.

d = M/(A×ρ)

where M is the mass of the insoluble fraction [kg], A is the total surface area of the films used for
extraction [m2], ρ refers to the density of the polymer [kg/m3],41 and d is the thickness of the insoluble
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layer [m]. In Equation 3.1, it is assumed that the insoluble layer has the same density throughout,
equal to that of the pristine polymer, and that this layer is totally insoluble.
Reaction of unsaturated bonds with bromine. Unsaturated bonds at the surface were reacted with
Br2 vapour. A polymeric sample was placed on glass beads in a glass vial. Subsequently, a drop of Br2
was injected under the sample between the glass beads. The vial was closed and the reaction was
allowed to proceed in the dark for 1 min at RT. After evaporation of adsorbed Br2, the sample was
stored at -18°C and subsequently analysed with XPS. Because an extra element is taken into account
in the calculation of the atom concentrations, the concentrations of the other elements should decrease
proportionally.
Characterisation. XPS measurements were carried out on either spin-coated glass discs (∅ 1.5 cm)
or cast films using a Kratos XSAM 800 (Manchester, UK) equipped with a Mg Kα source
(1253.6 eV). The analyser was placed perpendicular to the sample surface. The input power was
150 W (10 mA, 15 kV). The analysed spot size was 3 mm x 6 mm. Survey scans (1100 - 0 eV binding
energy (BE) window) were recorded with a pass energy (PE) of 100 eV and a dwell of 0.1 s. Relative
peak areas for the different elements were calculated by numerical integration of the detail scans
(20 eV BE window, 50 eV PE) using sensitivity factors given in literature.42 After normalisation, the
concentrations of the various elements were obtained.
FTIR spectra were recorded from spin-coated glass discs (∅ 2.5 cm) using a BioRad FTS-60
(Cambridge, UK) in the reflectance mode. Background spectra were recorded using a clean substrate.
13
C CP-Mass SSNMR studies were performed on a Bruker MSL-400 NMR spectrometer
(Bruker Canada Ltd., Milton, Canada), working at a 100.627 MHz 13C frequency, and equipped with a
4 mm cross-polarisation magic angle spinning (CP-MAS) probe. The spinning speed was 10 kHz.
Cross-polarisation experiments were performed under Hartman-Hahn conditions with a contact time
of 2 ms and a recycle delay of 2 s. The π/2 proton pulse was 4.7 µs.

Results & Discussion
The results of the spin coating and casting of PAAc and PVC are summarised in Table 3.1
together with the results of the XPS measurements on untreated samples. The thickness of
spin-coated layers on substrates used for XPS measurements (glass discs, ∅ 1.5 cm) was
around 0.20 µm. This means that no signals of the underlying substrate will be detected by
XPS (measuring depth XPS is ± 10 nm). Considering the error in the XPS measurement, the
oxygen content of PAAc and the chlorine content of PVC are equal to the theoretical value
(40.0% and 33.3%, respectively). Furthermore, PVC is slightly oxidised at the surface.
Together with the absence of other signals in the XPS spectra, this shows that the samples do
not contain any impurities.
The thickness of the spin-coated layers on substrates used for FTIR measurements (glass
discs with a sputtered gold layer, ∅ 2.5 cm) was around 0.25 µm which is below the
measuring depth of the technique (± 1 µm).

28

Removal of pendant groups of vinyl polymers by argon plasma treatment

Table 3.1. Thickness of spin-coated layers and cast films of PAAc and PVC and chemical
composition (determined with XPS, no other signals were detected) of PAAc and PVC
samples.
Substrate

PAAc

PVC

discs ∅ 1.5 cm

0.17 ± 0.03 µm

0.24 ± 0.01 µm

discs ∅ 2.5 cm

0.23 ± 0.02 µm

0.28 ± 0.01 µm

Casting

374 ± 93 µm

61 ± 7 µm

C (%)

60.4 ± 0.6

69.8 ± 0.8

O (%)

39.6 ± 0.6

1.1 ± 0.5

Cl (%)

-

29.1 ± 1.1

The PAAc and PVC samples were treated with an argon plasma for different times. To
study the effect of the argon plasma treatment time on PAAc and PVC, the chemical
composition of the surface of untreated and argon plasma treated samples was determined
with XPS (Figure 3.1). For PAAc, a decrease in oxygen content with increasing treatment
time is found. At longer treatment times, the oxygen content seems to level off to around
20 % for continuously plasma treated samples. These values are in good agreement with
those found earlier.29 For pulsed plasma treated samples, a decrease to around 15% is found.
For both treatments, no nitrogen was incorporated.
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Figure 3.1. Left: Oxygen and nitrogen concentration (determined with XPS) at the surface of
continuously (solid symbols, n = 3 ± sd) and pulsed (open symbols, ton = 0.1 s;
toff = 8.5 s, n = 1) argon plasma treated PAAc samples as a function of treatment time.
Right: Concentration of chlorine, oxygen, and nitrogen (determined with XPS) at the
surface of continuously argon plasma treated PVC samples as a function of treatment
time (n = 3 ± sd). Treatment time refers to the total plasma “on” time.
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The C1s spectra (Figure 3.2) give additional insight into the chemical structure of the
surface of the treated samples.42 Taking charging effects into account, the peaks at 287.1 eV
and at 291.2 eV in the C1s spectrum of untreated PAAc can be assigned to carbon atoms in
the polymer backbone and to carbon atoms in carboxylic acid groups, respectively.43 The
C1s spectra of the argon plasma treated samples clearly show that the decrease in oxygen
content is due to the removal of pendant carboxylic acid groups. Furthermore, for
continuously plasma treated PAAc samples, the main peak shows a small broadening on the
high BE side at longer treatment times, indicating the formation of other oxygen-containing
groups.43 This reoxidation may be caused by oxygen-containing species that are released
from the PAAc surface by the argon plasma treatment. Terlingen et al. already showed that
CO, CO2, and H2O are present in the plasma phase when PAAc is treated with an argon
plasma.28,29
PAAc

PAAc

300
120
60
30

Intensity [a.u.]

Intensity [a.u.]

pulse treatment

120
60
15

15

1.5

untreated
280
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Binding Energy [eV]
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280

285

290

295

Binding Energy [eV]

Figure 3.2. XPS C1s spectra of untreated and continuously argon plasma treated PAAc (left) and
pulsed (ton = 0.1 s; toff = 8.5 s) argon plasma treated PAAc (right) samples. The numbers
refer to the total plasma “on” time (s).

Due to the presence of these oxygen-containing species the argon plasma becomes more
oxidative in character, probably resulting in the observed reoxidation of the surface. This
suggestion is substantiated by the lower oxygen content found for the pulsed plasma treated
samples (Figure 3.1). When a pulsed plasma is applied, the carboxylic acid peak disappears
faster (cf. C1s spectra of 15 s pulsed and continuously argon plasma treated samples). The
oxygen-containing species in the plasma phase are removed between two pulses. Therefore,
the argon plasma is not much altered, resulting in less reoxidation. An additional cause for
the reoxidation might be the possible presence of adsorbed water on the reactor walls and/or
on the PAAc films.
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The chlorine content of the surface of argon plasma treated PVC decreases with increasing
treatment time to about 3% after 300 s (Figure 3.1). In Figure 3.3, the charge corrected
C1s spectra are depicted. Interestingly, the pristine polymer showed a charge shift, which was
1.2 eV higher than the plasma treated samples. This indicates that the surface conductivity of
the plasma treated samples is higher, which might be due to the introduction of unsaturated
carbon bonds. The C1s peak of PVC is built up from signals of carbon atoms only attached to
carbon and carbon atoms directly attached to chlorine.43 Due to the low resolution, only one
C1s peak is visible in Figure 3.3 (left). The C1s spectra show that the main peak is shifted to
lower BE by the argon plasma treatment, probably due to the removal of chlorine.
PVC
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15 s

300
120
60
30

Intensity [a.u.]

Intensity [a.u.]
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Figure 3.3. Left: XPS C1s spectra of untreated (dotted line) and continuously argon plasma treated
PVC samples. Charging effects were corrected by setting the Cl2p peak at 202 eV. The
numbers refer to the treatment time (s). Right: XPS C1s spectra of untreated (dotted line),
15 s argon plasma treated (solid line) and 300 s argon plasma treated (dashed line) PVC
samples. The maximum of the C1s peaks was set at 285 eV.

The removal of the chlorine groups affects the position of the C1s peak in two ways. First,
due to the presence of chlorine, the carbon atoms only attached to carbon in PVC already
show a shift of 0.7 eV compared to carbon atoms in, for example, polyethylene.43 This gives
rise to a shift when chlorine is removed. Furthermore, when chlorine is removed from the
surface, the contribution to the (combined) C1s peak of carbon atoms attached to chlorine will
diminish and the maximum of the C1s peak will shift to lower BE. Broadening of the C1s peak
upon longer plasma treatment times is illustrated by setting the maximum of the C1s peaks at
285 eV (Figure 3.3, right).
On the argon plasma treated PVC samples, an oxygen content of 15-17% is found, almost
independent of treatment time. The nitrogen content increases with treatment time (0% - 4%).
Several processes may result in the observed oxygen and nitrogen contents. Most probably,
oxygen is incorporated by a post-treatment reaction between air and long living radicals in
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the PVC films.9,10 Nitrogen probably originates from contaminations in the reactor that react
with nitrogen (and oxygen) during the air plasma cleaning of the reactor. Upon subsequent
argon plasma treatment, nitrogen is liberated and becomes an active plasma species. Other
possibilities are that the incorporation of oxygen and nitrogen results from an air leak in the
system or that the oxygen incorporation results from adsorbed water being desorbed during
the argon plasma treatment. However, the C1s peak (Figure 3.3, right) is only slightly
broadened by the argon plasma treatment, indicating the formation of C-OH groups that are
expected from a post-treatment reaction between radicals and air.43 Higher degrees of
oxidation (e.g., carbonyl and carboxylic acid groups) and a corresponding broader C1s peak
would be expected when water or air was present during the argon plasma treatment. Thus,
the post-treatment oxidation reaction seems to be the major cause for the observed oxygen
incorporation.

Table 3.2. Chemical composition (determined with XPS) of untreated and continuously argon
plasma treated PAAc and PVC films after derivatisation with Br2 (n = 1).
Sample

O (%)

Cl (%)

Br (%)

PAAc, untreated

37.6

-

0.2

PVC, untreated

0.6

27.8

0.8

PAAc, 5 min Ar

17.1

-

5.9

PVC, 5 min Ar

18.7

1.5

7.3

Both untreated and argon plasma treated PAAc and PVC films were derivatised with Br2
in order to detect unsaturated bonds. The results are summarised in Table 3.2. For both
polymers, a significant increase in bromine content is observed after argon plasma treatment.
From the amount of incorporated bromine, it can be calculated that for argon plasma treated
PAAc about 7.7% of the carbon atoms is present in unsaturated C=C bonds, assuming that no
side reactions have taken place. For argon plasma treated PVC this amount is about 10%. The
slightly lower oxygen and chlorine contents after plasma treatment and derivatisation
compared to those found without derivatisation (see Figure 3.1) can be explained by the fact
that an extra element is taken into account in the calculations of the atomic concentrations.
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The measuring depth of the XPS technique is about 100 Å. Therefore, only information
about the chemical composition of the uppermost surface is obtained. Reflectance FTIR was
used to investigate the chemical structure of the whole layer. A FTIR spectrum was taken
before and after argon plasma treatment. The absorption spectrum of the untreated sample
was subtracted from the absorption spectrum of the plasma treated sample. In this way, the
net effect of the argon plasma treatment is made visible. These “difference” FTIR spectra of
argon plasma treated PAAc are depicted in Figure 3.4 together with the spectrum of the
untreated polymer. The absorption bands visible in the FTIR spectrum of untreated PAAc
(Figure 3.4, left) can be assigned to aliphatic CH2 groups (2930, 2850, 1450, and 780 cm-1)
and COOH groups (3200-3000, 1740, and 1250 cm-1). In the difference spectra of argon
plasma treated PAAc (Figure 3.4, right) these absorption bands are also visible as negative
absorption bands. The intensity of all absorption bands in the spectrum decreases with
increasing treatment time. Furthermore, no new absorption bands develop upon argon plasma
treatment. Since the thickness of the spin-coated PAAc layer is below the measuring depth,
this means that the PAAc layer is removed (i.e., etched) by the argon plasma treatment. The
etching of PAAc was shown to be caused by the UV light generated by the argon plasma.28,29
Oxidative chain scission processes, induced by the liberated oxygen-containing species in the
plasma phase may also cause etching.24,25
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Figure 3.4. Left: Absorption FTIR spectrum of untreated PAAc. Right: Difference FTIR spectra of
argon plasma treated PAAc samples, calculated by subtracting the absorption spectrum
of the untreated sample from that of the treated sample. The arrow indicates the direction
of increasing treatment time (15, 30, 60, 120, and 300 s).

33

Chapter 3

The absorption bands in the FTIR spectrum of untreated PVC (Figure 3.5, left) can be
assigned to aliphatic CH2 groups (2975, 2910, 1430, and 970 cm-1) and C-Cl groups (695 and
617 cm-1). For the argon plasma treated PVC samples some details of the difference
FTIR spectra are pointed out (Figure 3.5, right). With increasing treatment time, the
absorption bands at 2975 and 2910 cm-1 and at 695, 667, and 617 cm-1 decrease in intensity.
These correspond to CH2 groups next to C-Cl groups and C-Cl groups, respectively.
Furthermore, some new absorption bands develop at 3020 cm-1 and at 2930, 2890, and
2860 cm-1. These can be assigned to C=C-H and aliphatic CH2 groups, respectively. From the
FTIR spectra, it can be calculated that after 300s about 80% of the chlorine is removed. In
combination with the XPS results (90% removed after 300 s, see Figure 3.1), it can be
concluded that chlorine is removed evenly throughout a layer of at least 0.25 µm. At this
depth, only the UV light emitted by the argon plasma can be responsible for the removal of
chlorine. Other plasma species (e.g., ions, electrons) do not have sufficient energy to penetrate
that far into the polymer.
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Figure 3.5. Left: Absorption FTIR spectrum of untreated PVC. Right: Details in the C-H and C-Cl
absorption region of difference FTIR spectra of argon plasma treated PVC samples,
calculated by subtracting the absorption spectrum of the untreated sample from that of
the treated sample. The arrows indicate the direction of increasing treatment time (15, 30,
60, 120, and 300 s).

In Figure 3.6, the intensities of absorption bands corresponding to some characteristic
groups of PAAc (CH2 and C=O) and PVC (CH2 and C-Cl) after argon plasma treatment are
plotted relative to the intensities of the same absorption bands before argon plasma treatment.
Figure 3.6 clearly shows that both backbone CH2 and pendant carboxylic acid groups are
removed from PAAc by the argon plasma treatment (i.e., etching). In the case of PVC, the
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removal of chlorine is more preferential. Only chlorine is removed while the concentration of
backbone CH2 groups is almost constant.
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Figure 3.6. FTIR absorption band intensities of carbonyl (C=O, 1740 cm-1), methylene (CH2,
2910 cm-1) and chlorine (C-Cl, 617 cm-1) groups of argon plasma treated PAAc (left) and
PVC (right) samples, relative to the intensities of the corresponding absorption bands of
the untreated samples, as a function of treatment time.

From literature, it is known that upon (argon) plasma treatment of polymers cross-linking
may occur.3,24,44 The cross-linked layer is usually not soluble in the solvent for the
unmodified polymer. To get an indication of the thickness of the modified layer, the argon
plasma treated PAAc and PVC films were extracted with methanol and THF, respectively.
The thicknesses of the insoluble layers were calculated from the obtained masses of the
residual insoluble fractions using Equation 3.1 and are depicted in Figure 3.7 as a function of
treatment time.
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Figure 3.7. Thicknesses (calculated by Equation 3.1) of the insoluble layers (obtained by extraction)
of continuously argon plasma treated PAAc (left) and PVC (right) films as a function of
treatment time (n = 1).
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For PAAc, the thickness of the insoluble layer reaches a maximum after which it decreases
again. For longer treatment times, it seems to level off to 0.3 µm. The insolubility of the layer
is most probably caused by cross-linking, although the formation of unsaturated bonds, as
observed with derivatisation XPS, may also lower the solubility. The course of the thickness
of the insoluble layer with plasma treatment time indicates that in the early stages of the
plasma treatment mainly modification is taking place. The results of the pulsed treatments
(Figure 3.1) suggest that the pendant carboxylic acid groups are removed in the early stages
of the treatment. This results in the formation of unsaturated bonds and cross-links. However,
upon prolonged continuous treatment, the released oxygen-containing species cause ablation
of this modified layer. Eventually, an equilibrium between modification and ablation
(i.e., a surface renewal) seems to be reached. The thickness of the insoluble layer of argon
plasma treated PVC initially increases with treatment time and levels off to 0.19 µm at longer
treatment times. This again shows that UV light emitted by the argon plasma is the main
cause for the modification.

Information about the chemical structure of the insoluble fractions of the argon plasma
treated samples is obtained with FTIR. In Figure 3.8, the spectra of the insoluble fractions of
argon plasma treated PAAc and PVC are compared with the spectra of the untreated
polymers. The spectrum of the insoluble fraction of argon plasma treated PAAc is similar to
that of the untreated polymer. The absorption band at 1740 cm-1 (C=O) is somewhat
decreased in intensity. Furthermore, a broad absorption band around 3250 cm-1 is observed,
which can be ascribed to both OH groups and water absorbed by the KBr. The possible
formation of OH groups is in good agreement with the broadening of the main peak in the
C1s spectra (Figure 3.2, left). In literature, an oxidation sequence for polyethylene is
proposed1,24,25 in which, first, alcohol groups are formed that oxidise further to carbonyl and
carboxylic acid groups. Eventually, these carboxylic acid groups are etched off of the surface.
Therefore, the formation of OH groups, together with the resemblance of the FTIR spectra of
pristine PAAc and the insoluble fraction of argon plasma treated PAAc, is also consistent
with the proposed equilibrium between modification and ablation.
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Figure 3.8. FTIR spectra of untreated (upper curve) and the insoluble fraction (lower curve, obtained
by extraction, KBr pellet) of continuously argon plasma treated (300 s) PAAc (left) and
PVC (right) samples.

The spectrum of the insoluble fraction of argon plasma treated PVC is markedly different
from the spectrum of the untreated polymer. The chlorine absorption bands at 617 and
695 cm-1 have disappeared, and a new absorption band appears at 1600 cm-1, which can be
assigned to unsaturated bonds. Around 3400 cm-1, a broad absorption band is observed,
which is probably due to water absorbed by KBr. The changes in the 3000-2750 cm-1 region
are the same as in Figure 3.5. The small absorption band around 1700 cm-1 indicates that the
insoluble fraction is only slightly oxidised. Considering the high oxygen content measured
with XPS (Figure 3.1, right), this implies that oxidation only takes place at the outermost
top-layer. This is in good agreement with the proposed cause for the observed oxidation.
13

C SSNMR is a valuable technique to detect unsaturated and aliphatic bonds. Therefore,

the insoluble fraction of argon plasma treated PVC was characterised with SSNMR (Figure
3.9). In Figure 3.9, the signals of untreated PVC (46.8 and 57.1 ppm) are also visible in the
spectrum of the insoluble fraction. Furthermore, two additional peaks can be observed. The
peak around 130 ppm can be assigned to main-chain unsaturation. The peak at 30.7 ppm
originates from either carbon atoms incorporated in cross-links or from carbon atoms next to
unsaturated C=C bonds. The oxidation found with XPS (cf. Figure 3.1, right) is not visible in
the SSNMR spectra of the insoluble fraction of argon plasma treated PVC (absence of peaks
between 200 and 250 ppm). It can therefore be concluded that only the outermost layer is
oxidised. This is consistent with the proposed mechanism of oxidation.
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C SSNMR spectra of untreated (lower curve) and the insoluble fraction (upper curve,
obtained by extraction) of continuously argon plasma treated (300 s) PVC films.

The used NMR technique (CP-MAS) does not allow the calculation of absolute
concentrations from the peak intensities. The low mobility of the system increases the
intensity of signals coming from carbon atoms close to cross-links, whereas the reduced
number of hydrogen atoms decreases the intensity of these signals because these structures
have fewer protons than PVC. The latter effect is the most important. Taking these effects
into account, the percentage of carbon atoms incorporated in unsaturated bonds was
estimated to be at least 15%. This is higher than was found with derivatisation XPS and is
probably due to the oxidation of the outermost top-layer that has a more pronounced effect on
the XPS results than on the SSNMR results.

Conclusions
Argon plasma treatment of vinyl polymers results in the introduction of unsaturated carboncarbon bonds in combination with the formation of cross-links. A prerequisite for the
introduction of unsaturated carbon-carbon bonds is that the pendant group is easily removed
from the backbone and is nonetching as a plasma component.
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Pulsed plasma polymerisation of thiophene*
Highly transparent (> 80%) and conductive layers (10-6 S/cm) were obtained by pulsed plasma
polymerisation of thiophene. The influence of power, pressure, pulse time, duty cycle, and position in
the reactor on the conductivity of the resulting plasma polymerised thiophene layers was evaluated.
In the used ranges, only pressure had a significant influence on the conductivity of the deposited
layer. The results could be correlated to the effect of the deposition parameters on the fragmentation
of the thiophene monomer. At high pressure there was less fragmentation of thiophene, resulting in a
higher conductivity of the layer. It was shown that the use of a pulsed plasma as a means to minimise
fragmentation is most efficient when the off time is chosen such that the reactor is replenished with
new monomer during the off period.

Introduction
Materials that combine conductivity with polymeric properties such as flexibility and
processability can be used in a number of applications, e.g., polymeric batteries, flexible
LCD’s, and antistatic coatings.1-6 For a polymer to be conductive, a conjugated system is
required. For example, polythiophene is known for its high (103 S/cm) and stable
conductivity.7-10 Due to the nature of the conjugated system, conductive polymers are
nontransparent and intractable, which is also the case for polythiophene.11 Several authors
investigated the effect of the length of the conjugated sequences in polythiophene on
conductivity. For instance, ten Hoeve et al. found that an oligomer with 11 thiophene units
has the same conductivity as polythiophene with a higher molecular weight.12 Garnier et al.
found that relatively short oligomers of thiophene show many of the properties of the
polymer.13 The carrier mobility and the conductivity increase with increasing conjugation
length up to the hexamer of thiophene.
For certain applications where conductivity is necessary, the transparency is of major
importance (e.g., antistatic coatings on photographic films, LCD’s) and should generally be
higher than 90%. By ‘dilution’ of the conductive polymer with a transparent phase the
transparency can be increased, but usually this will also result in a decrease in conductivity.
Some of the applications where transparency is needed require only a low conductivity. For
instance, antistatic coatings should have a surface conductivity of 10-6 - 10-11 S. Several
methods are available for the dilution of polythiophene, for example grafting of alkyl side
* The work described in this chapter has been published in Groenewoud et al., Langmuir, 2000, 16, 6278-6286.
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chains onto the conjugated backbone,14,15 block-copolymerisation16 or blending with a
transparent polymer,17,18 and making composites by polymerisation of thiophene absorbed in
an insulating polymer.19 Furthermore, very thin layers of polythiophene can be deposited by
electrochemical procedures14 and plasma polymerisation.20-26 The latter technique offers the
possibility to obtain very thin, pinhole-free layers that adhere tightly to almost any substrate,
without the use of solvent.27,28 Sadhir et al. prepared plasma polymerised thiophene (PPT)
layers using argon as an initiator (4 W, 0.1 mbar, coil configuration). After overnight doping
with iodine, conductivities ranging from 10–6 to 10-4 S/cm were obtained. Films deposited at
positions away from the high RF-flux region (i.e., away from the coil) showed a higher
conductivity than films deposited near the coil.21-23 Tanaka et al. investigated the effect of
plasma frequency (AF vs. RF, bell jar configuration) on the conductivity of argon-initiated
PPT layers. Although Fourier transform infrared (FTIR) measurements did not indicate the
presence of thiophene rings in the layers, conductivities ranging from 10-3 S/cm (AF, 100 W)
to 10-4 S/cm (RF, 25 W) were found after 5 hrs doping with iodine.20 In situ doping was
carried out by Giungato et al., using a mixture of argon, thiophene, and iodine (5 W,
0.67 mbar, two internal electrodes). On the basis of FTIR measurements it was concluded
that, although fragmentation had taken place during deposition, the thiophene ring was
preserved to some extent in the PPT layer. A conductivity of 10-5 S/cm was obtained for the
PPT layers, without additional doping.25 Depositions at atmospheric pressure were carried out
by Tanaka et al. using helium as diluent.24 A higher conductivity was observed for PPT layers
containing more conjugation.
In the studies cited above, noble gases were used as initiators to prepare PPT layers with
an enhanced preservation of the monomer structure. The authors hypothesised that this
improves the conductivity of the resulting PPT layer. From literature it is known that pulsed
plasma polymerisation in general results in a higher retention of the monomer structure than
continuous wave (CW) plasma polymerisation.29-33 Therefore, an alternative method to
preserve the monomer structure in the PPT layer may be the application of a pulsed plasma.
To our knowledge, no pulsed plasma polymerisation of thiophene has been reported until
now. Furthermore, the transparency of the PPT layers and the effect of plasma deposition
parameters on the preservation of the monomer structure in the PPT layers have not been
studied in detail.
In the present study, a pulsed plasma is used to obtain transparent and conductive PPT
layers. The effect of different deposition parameters (power, pressure, pulse time (ton), duty
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cycle (ton/(ton + toff)), and substrate position in the reactor) on the electrical properties of the
PPT layers after iodine doping is evaluated. X-ray induced photoelectron spectroscopy (XPS)
and FTIR are used to get insight into the relation between chemical composition/structure and
the electrical properties of the PPT layers. The plasma phase is characterised using mass
spectrometry (MS) and optical emission spectroscopy (OES). The transparency of the
deposited PPT layers is determined with ellipsometry.

Experimental
Materials. Thiophene (99.5 % purity) was purchased from Merck (Darmstadt, Germany). All
solvents were of analytical grade purity and were also purchased from Merck. Water used was doubly
deionised. All chemicals were used as received. Glass slides (∅ 2.5 cm, used for FTIR analysis) with
a sputtered chromium and gold layer were obtained from the FFW division (University of Twente,
Enschede, the Netherlands). Glass slides (∅ 1.5 cm, used for XPS analysis) were purchased from
Knittel (Braunschweig, Germany). The samples used for the conductivity measurements (glass slides
with four electrodes with extensions to contact areas for the measurement leads) were supplied by the
MESA Institute (University of Twente, Enschede, the Netherlands). 2,2’,5’,2”-terthiophene (T3) was
synthesised according to literature and had the characteristics reported therein (mp 92.3-93.5 °C,
13
C NMR (CDCl3) after recrystallisation from n-heptane: 137.1 (2,2”), 136.2 (2’,5’), 127.9 (4,4”),
124.5 (5,5”), 124.3 (3’,4’), 123.7 (3,3”) ppm).34,35
Cleaning. All glassware, substrates, and tools were cleaned ultrasonically consecutively three times
in toluene, hexane, acetone, water, and acetone and subsequently dried in vacuo at room temperature
(RT).
Plasma polymerisation. A schematic picture of the plasma apparatus is shown in Figure 4.1. In
short, it consists of a tubular glass reactor (length 1.5 m, internal diameter 10 cm) with three
externally placed, capacitively coupled electrodes. The powered (hot) electrode was placed in the
centre of the reactor. The grounded (cold) electrodes were placed at 30 cm on either side of the hot
electrode. The flow of monomer vapour through the reactor was calculated from the rate of the
pressure increase in the reactor, once pumping of the reactor was stopped, assuming ideal gas
behaviour. Mass flow controllers (MKS Instruments, Andover, USA) controlled the flow of
noncondensing gases.

+
4

3

2

1

Pump

Figure 4.1. Schematic drawing of the plasma apparatus. The arrows indicate the direction of the gas
flow. The thick lines represent the glass plates on which the samples are located. The
numbers refer to the position of samples in the reactor.
The system (without the substrates) was first cleaned by applying an air plasma (5 sccm/min, 85
W, 0.12 mbar) for 60 min. The substrates were placed on two glass plates (see Figure 4.1 for
positions), which were placed in the centre between the hot and cold electrodes, and the reactor was
evacuated to < 5.10-3 mbar. The substrates were cleaned with an air plasma (5 sccm/min, 85 W,
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0.12 mbar) for 5 min, after which the reactor was again evacuated to < 5.10-3 mbar. Subsequently, a
monomer flow was established through the reactor, and after 2 min, pulsed plasma depositions were
carried out varying in power, pressure, pulse time (ton), and duty cycle (ton/(ton+ toff)). The total plasma
“on” time was always 100 s. The pressure in the reactor was controlled by the temperature of the
monomer. After deposition, the monomer flow was sustained for another 2 min and the reactor was
brought to atmospheric pressure with air. The samples were stored at –18 ºC.
Characterisation of plasma phase. MS was carried out to analyse the gas composition at the outlet
of the reactor. The spectrometer was a differentially pumped QMS 421 mass spectrometer (Balzers,
Utrecht, the Netherlands). The pressure in the mass spectrometer was kept at 5.10-6 mbar using a leak
valve.
OES analysis was carried out using an MCPD-1000 spectrophotometer (Otsuka, Osaka, Japan)
with a slit width of 0.2 mm. The measuring probe was placed at the reactor entrance in line of sight of
the plasma. Spectra were recorded from 180 to 875 nm with a step width of 2 nm.
Characterisation of PPT layers. On the samples used for the conductivity measurements the
thickness of the deposited PPT layers (d) was determined with a profilometer (Dektak IIA,
Sloan Technology Corporation, Santa Barbara, USA). During plasma deposition, the contact areas
were covered with glass slides to locally prevent deposition. The needle was moved over the
boundary between areas of the substrate that were covered and not covered during plasma deposition.
The height difference was taken as the thickness of the deposited layer.
The conductivity of the PPT layers was determined using specially designed electrodes as
substrates for deposition (configuration in accordance with ASTM D257, see Figure 4.2.A).
A

B
contact

50 µm

area
glass

w
b
PPT

l

a

200 µm

50 or 200 µm
Figure 4.2.

A. Schematic drawing of samples with the pre-deposited electrodes and extensions to
contact areas (a) used for the conductivity measurements. During deposition the
samples are partially covered by glass slides (b). B. SEM picture of a detail of a sample
used for conductivity measurements, partly covered by a PPT layer.

The samples were doped by placing them in iodine vapour for 5 min. A current was applied via
the outer electrodes and after 1 min the voltage drop was measured over the inner electrodes, using
Keithley 617 electrometers (Keithley Instruments, Cleveland, USA).The volume and surface
conductivities of the deposited layers were calculated with the following formulas:
Equation 4.1.

σvol = (I/U) × (l/wd) [S/cm]

Equation 4.2.

σsurf = (I/U) × (l/w) [S]
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in which

σ
U
I
w
d
l

=
=
=
=
=
=

conductivity
measured voltage [V]
applied current [A]
length of the electrodes [cm]
thickness of the PPT layer [cm]
distance between electrodes [cm]

For FTIR analysis, PPT layers were deposited on gold-coated glass discs (∅ 2.5 cm) and spectra
were recorded using a BioRad FTS-60 (Biorad, Cambridge, UK) in the reflectance mode. A
background spectrum was recorded using a clean substrate. For the FTIR analysis of T3, this
compound was mixed into a KBr pellet, and spectra were recorded in the transmission mode.
XPS analysis of PPT layers was carried out on layers deposited on glass discs (∅ 1.5 cm) using a
Kratos XSAM 800 (Manchester, UK) equipped with a Mg Kα source (1253.6 eV). The analyser was
placed perpendicular to the sample surface. The input power was 150 W (10 mA, 15 kV). The
analysed spot size was 3 mm x 6 mm. Survey scans (1100-0 eV binding energy (BE) window) were
recorded with a pass energy (PE) of 100 eV and a dwell of 0.1 s. Relative peak areas for the different
elements were calculated by numerical integration of the detail scans (20 eV BE window, 50 eV PE)
using empirically determined sensitivity factors. After normalisation, the concentrations of the
various elements were obtained.
The transparency and the thickness of PPT layers deposited on silicon wafers were determined
with ellipsometry. The instrument used was a home-built rotating polariser type (frequency 67 Hz),36
equipped with a 75W Xe lamp and a photomultiplier. The instrument was calibrated using the residue
method. An energy scan (1.5 - 4.2 eV) was made recording the ellipsometric parameters (Ψ and ∆) at
an angle of incidence of 70 º. From these values the refractive index and optical absorption of the
layers were calculated, which were used to derive the effective penetration depth of the incident light
in the layer (deff). At deff two thirds of the incident light has been absorbed. The transparency of a
deposited layer can then be calculated from the intensity of the reflected light (I) and deff via:
Equation 4.3.
With

T
I
I0
d
deff

T = I/ I0 = exp(-d/ deff)
=
=
=
=
=

transparency
intensity of reflected light at a certain wavelength
intensity of incident light at a certain wavelength
thickness of the layer
effective optical thickness

The surface morphology of the PPT layers was studied by Scanning Electron Microscopy (SEM)
analysis using a Hitachi S-800 Field Emission SEM (6 kV, 20° tilt).

Results & Discussion
Plasma polymerisation of thiophene resulted in homogeneous and pinhole-free PPT layers, as
can be seen in Figure 4.3. The thickness of the PPT layers as a function of the number of
pulses was determined from the ellipsometric measurements and is shown in Figure 4.4. The
optical properties of the PPT layer were modelled with a Lorentzian absorption profile. The
parameters, i.e., the PPT layer thickness and the characteristic parameters for the Lorentzian
profile were optimised in a non-linear fit. A linear increase with plasma “on” time is found
(irrespective of the plasma “off” time), indicating that deposition only takes place during the
plasma on time. Similar results were found by Uchida et al. for PP-acetylene layers.37,38
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PPT

Glass
Figure 4.3.

SEM picture of a 30 nm thick PPT layer deposited on glass. The small dots on the PPT
layer are due to the gold sputtering used for sample preparation.
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Thickness (determined by ellipsometry) of PPT layers (0.06 mbar, 115 W) as a function
of the number of pulses (n) of 10 s (B). Power input as a function of time (A) for the
pulsed plasma deposition of the layers used in Figure 4.4.B. Step height is 115 W.

In Figure 4.5 the course of the pressure during plasma polymerisation is depicted for
different starting pressures and power inputs. In all cases, the pressure increases when a
plasma is generated. The increase in pressure is larger at high power input and low starting
pressure than at low power input and high starting pressure, respectively. Furthermore, the
pressure is almost instantly constant at a high starting pressure, whereas at low starting
pressure the pressure increases continuously during the plasma pulse.
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Course of the pressure in the reactor during plasma polymerisation (10 s on,
duty cycle 0.5) at different initial pressures (0.3 and 0.06 mbar) at 100 W (A) and 50 W
(B). The spikes in the spectra are due to turning on/shutting off the plasma.

Table 4.1 gives the increase in the number of species during the plasma on time as
calculated from the pressure increase during a pulse of 10 s. It was assumed that the ideal gas
law holds and that the temperature does not change during deposition. Other measurements
showed that for air, CF4, and CO2 plasmas the temperature increase in the plasma phase is
less than 10 °C for pulse times < 10 s.39 From Table 4.1 it is clear that at high power input
and low starting pressure both the relative and absolute increase in the number of species is
much larger than at low power input and high starting pressure.

Table 4.1.

Increase in the number of plasma species (in µmol and between brackets in % of the
initial number of species, calculated from the pressure increase during the plasma pulse
(Figure 4.5)) during pulsed plasma deposition (10 s on, 10 s off) at different initial
pressures and power inputs.

Pressure

100 W

50 W

0.06 mbar

102 (33.6%)

41.3 (13.6%)

0.3 mbar

34.0 (2.5%)

12.1 (0.8%)

A balance over the reactor with respect to the number of species gives insight into the
cause for the increase in pressure during the plasma on time. During plasma polymerisation,
plasma species are brought in by flow (monomer) and are generated by fragmentation,
whereas they are removed by flow, deposition, and recombination. Assuming that the flow of
species in and out of the reactor is the same at a given pressure, a pressure increase means
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that more species are generated by fragmentation than removed by recombination and/or
deposition (“netto” fragmentation). The deposition rate increases with increasing power input
and decreasing starting pressure (data not shown). Based on the fact that oligomers of
thiophene are much less volatile (for instance, T3 only sublimates and no peaks appear in the
MS) it might be assumed that there is a positive relation between recombination and
deposition. The larger pressure increase at high power and low starting pressure then indicates
that more fragmentation takes place at high power input and low starting pressure.
Furthermore, at low pressure, “netto” fragmentation is taking place continuously, whereas at
high pressure an equilibrium between fragmentation and deposition/recombination is reached.
The effect of power input on the fragmentation is explained by the fact that in a RF system
an increase in power input results in an increase in electron density.40 As these electrons have
sufficient energy (about 0-20 eV) to cause cleavage of covalent bonds (bond energy 3-8 eV),
more electrons cause the fragmentation of more molecules. Pressure affects the plasma in
several ways. First, the mean free path of plasma species will be less at higher pressure. This
results in a lower average energy of the collisions (i.e., lesser degree of fragmentation).
Secondly, in our case a higher pressure inherently results in a higher flow rate. This means
that the residence time of the species in the plasma is decreased at higher pressure. The
species are thus subjected to the plasma for a shorter time. Both effects result in a lesser
degree of fragmentation.

Characterisation of the plasma phase. OES and MS were used to determine the nature of
the species present in the plasma phase. In the OES spectra depicted in Figure 4.6.A, two new
peaks at 257 and 265 nm respectively, appear when a plasma is applied. According to
literature, light of these wavelengths is emitted by decaying excited CS species,41 indicating
that fragmentation of at least part of the thiophene molecules is taking place.
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OES spectra (A) of a thiophene flow (0.06 mbar) without (bottom) and with (upper,
100 W) plasma generation. B shows the intensity of the CS peak (257 nm) at different
power inputs (at 0.06 mbar) and pressures.

As was expected based on the pressure measurements, the intensity of these peaks
increases with increasing power and decreasing pressure (Figure 4.6.B). The course of the
CS peak in time shows that after 0.5 s the CS peak intensity reaches a plateau value,
irrespective of the power input. For the high starting pressure this corresponds well with the
course of the pressure during the plasma pulse (Figure 4.5). Apparently, an equilibrium
between the formation and the decay of excited CS species is reached. However, at low
starting pressure an increase in pressure is still observed after 0.5 s. This means that, although
“netto” fragmentation still occurs (Figure 4.5), this does not result in the formation of
additional excited CS species. Furthermore, Figure 4.6.B shows that short pulse times
(< 0.2 s) should be used to minimise fragmentation.
Figure 4.7 shows the mass spectra of a thiophene flow through the reactor with and
without plasma generation. The assignment of the peaks is summarised in Table 4.2. In the
mass spectrum of a thiophene flow (without plasma generation) the most prominent peaks
appear at m/e 39, 45, 58, and 84. The peak at m/e 84 can readily be assigned to the thiophene
monomer. The other peaks are due to fragmentation of the thiophene molecules, which takes
place in the spectrometer itself. When a plasma is generated these peaks decrease in intensity
and new peaks appear in the MS spectrum, again showing that fragmentation is taking place.
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Figure 4.7.

MS spectra of a thiophene flow without plasma generation (bottom) and with plasma
generation (CW, 100 W) at 0.3 mbar (middle) and at 0.06 mbar (top).

Table 4.2.

Peak assignment of peaks appearing (x) in the mass spectrum (range 0-225 m/e) of a
thiophene flow with and without plasma generation (Figure 4.7). No peaks were
observed in the range 85-225 m/e.

Peak (m/e)
84

Assignment
+

C4H4S

Plasma off

Plasma on

x

decreased

+

76

CS2

x

58

C2H2S+

x

decreased

45

CHS+

x

decreased

39

C3H3

+

x

decreased

32

32 +

S

x
+

26

C2H2

x

12

+

x

2

C

+

H2

x

In Figure 4.8, the effect of power on the decrease and increase of peaks due to plasma
generation is visualised. More fragmentation occurs with increasing power input, which
correlates well with the OES results.
The development of the most prominent peaks in the MS spectra in time is depicted in
Figure 4.9 for two different starting pressures. At low starting pressure, the decrease of the
thiophene peak and the increase of new peaks are much larger and faster than at high starting
pressure. Furthermore, the peak corresponding to sulphur increases only after an “induction
time”. It might be possible that sulphur is only formed at a higher degree of fragmentation.
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Intensity of the most prominent peaks in the MS spectrum as a function of time. A
plasma (CW, 100 W) is generated at t = 120 s at a starting pressure of 0.06 mbar (A)
and 0.3 mbar (B), respectively.

By definition, the ion current of a peak in a mass spectrum is related to the concentration
of the species correlating with this peak via:
Equation 4.4.

with

Ii

=

pms =

Ii = pms . ci . Si

ion current of component i [A]
pressure in the MS [mbar]

ci

=

concentration of component i [-]

Si

=

sensitivity factor for i [A/mbar]
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As the pressure in the MS was kept constant, the course of the ion current intensity of a
peak can be taken as a measure for the course of the concentration of the component
correlating with this peak. For most species, absolute concentrations cannot be calculated
because the sensitivity factors are not known. However, for thiophene the sensitivity factor
can be calculated from the ion current of a thiophene flow without plasma generation,
assuming that the thiophene concentration is 100%. In Figure 4.10 the thiophene
concentration is followed during plasma generation at two different starting pressures. It
shows that at high pressure, deposition takes places in an environment consisting of almost
pure thiophene, whereas at low pressure the environment contains much less thiophene
(and much more fragments, see also Figure 4.9).
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Figure 4.10. Concentration of thiophene (calculated from the ion current measured with MS) in the
flow through the reactor as a function of time at two different starting pressures.
A plasma (CW, 100 W) is generated at t = 120 s.

Characterisation of PPT layers. In Figure 4.2.B a detail of the samples used for the
conductivity measurements is shown. The electrodes are covered by the PPT layer whereas
the extensions of the electrodes are not. A good contact between the electrode extensions and
the measurement leads is thus ensured. The conductivities of the iodine-doped PPT layers,
summarised in Table 4.3, are much lower than the conductivity of polythiophene. This is
most probably caused by the loss of conjugation due to the fragmentation of the monomer in
the plasma polymerisation process.
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As shown earlier, high pressures, short pulse times, high flow rates, and low power inputs
result in a low amount and degree of fragmentation. Considering the fact that deposition is
only taking place when a plasma is generated (see Figure 4.4), the influence of the deposition
parameters on the fragmentation in the plasma phase was expected to be visible in the
conductivity of the resulting PPT layers. Surprisingly, a Student’s t-test revealed that only
pressure has a significant effect (P = 0.0013) on the conductivity.

Table 4.3.

Pressure

Logarithm of the volume conductivities (S/cm) of PPT layers deposited under different
conditions after doping in iodine vapour for 5 min. The values are averaged over
positions 2-4 in the reactor using 2 samples per position (n = 6 ± sd). No significant
trend (Student’s t-Test, P< 0.05) with respect to position in the reactor was observed.
Power

(initial)

Pulse time

Duty cycle

Log σvol

(ton)

(ton/ (ton + toff)

(after doping)

(mbar)

(W)

(s)

(-)

(log S/cm)

0.3

100

10

0.5

-5.3 ± 0.18

0.06

100

10

0.5

-7.5 ± 0.65

0.3

50

0.1

0.03

-5.6 ± 0.46

0.3

100

0.1

0.5

-5.3 ± 0.21

0.3

100

0.1

0.03

-6.2 ± 0.57

To investigate the origin of this result, the chemical structure and composition of the PPT
layers were determined with FTIR and XPS, respectively.
In Figure 4.11 the FTIR spectrum of a PPT layer is compared with the spectrum of T3. The
peak assignment is summarised in Table 4.4. Several similarities between the structure of T3
and the PPT layer can be observed. For instance, the peaks around 3100 cm-1 show that the
monomer structure is partly preserved in the PPT layer. However, some terminal acetylene
(3288 cm-1) and aliphatic (2910 cm-1) structures are also present, indicating that
fragmentation has also occurred. Comparable spectra were obtained by Giungato et al. for
argon-initiated PPT layers.25
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Figure 4.11. FTIR spectra of a PPT layer (top, 0.3 mbar, 50 W, 10 s on, duty cycle 0.5) and
2,2’,5’,2”-terthiophene (T3) (bottom, KBr pellet).
Table 4.4.

Peak assignment of peaks appearing in the FTIR spectra (see Figure 4.11) of PTT
layers and 2,2’,5’,2”-terthiophene (T3).14,23,42-47

Peak position (cm-1)

Assignment

T3

PPT

671

664

C-S

695

706

C-H, out of plane vibration, thiophene

795

784

C-H, ring vibration

834

849

C-H, out of plane deformation, thiophene

1053

-

C-H, in plane deformation, thiophene

1421

1428

C-C aliphatic or ring stretching

1594

1582

C=C

-

2832, 2910, 2972

CH2 aliphatic

3041, 3072, 3103

3034, 3072, 3099

C=C-H stretch, thiophene

-

3288

C≡C-H

The intensities of the peaks at 3288, 3099, and 2910 cm-1 were used to clarify the influence
of a specific deposition parameter on the structure of the resulting PPT layer. The intensities
of the peaks at 3288 and 2910 cm-1 in the spectrum of a PPT layer deposited at a certain value
(A) of a parameter (e.g., power) were normalised to the intensity of the conjugated ring peak
(3099 cm-1) in the same spectrum. These normalised intensities were compared with the
intensities of the same peaks in the spectrum of a PPT layer deposited at different value (B) of
the parameter (again normalised to the intensity of the conjugated ring peak in that spectrum).
The normalised intensity ratios are shown in Figure 4.12 for all parameters. If the PPT layer
only differs in thickness and the chemical structure is the same, the normalised intensity ratio
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will be 1 for all three peaks.48 Figure 4.12 shows that, in the ranges used, this is more or less
the case for duty cycle, pulse time, and power. It also shows that a decrease in pressure results
in a decrease of the conjugated ring structures relative to the aliphatic and terminal acetylene
structures. This all correlates well with the conductivity results. It can therefore be concluded
that, in accordance with the hypothesis stated earlier, the conductivity of a PPT layer
increases with increasing preservation of the conjugated structure of the monomer. The most
important parameter to control this is pressure (and, inherently, flow rate).
I

Pressure (0.06/0.3 mbar)

3,0

Duty Cycle (0.5/0.03)

norm. A

Pulse time (10/0.1 s)
2,5

Power (100/50 W)

I
norm. B
2,0

1,5

1,0

aliphatic

conjugated ring

acetylenic

Figure 4.12. Intensity of peaks characteristic for aliphatic (2910 cm-1), conjugated ring (3099 cm-1)
and acetylenic structures (3288 cm-1) in the FTIR spectrum of a PPT layer deposited
under condition A of a parameter (e.g., power) (normalised to the intensity of the peak
at 3099 cm-1 in the spectrum) relative to the intensity of the same peaks in the FTIR
spectrum of a PPT layer deposited under a different condition (B) for that parameter
(again normalised to the peak at 3099 cm-1 in that spectrum).

The chemical composition at the surface of the PPT layers was determined with XPS. The
ratio of the atom percentage of carbon over the atom percentage of a characteristic atom of
the monomer (i.e., C/S ratio for a PPT layer) is often used as an indication for the
preservation of the monomer in the deposited layer.24,31,33,49-60 In our case, a C/S ratio close
to that of the monomer (C/S = 4) would indicate that the monomer is incorporated in the
polymer without much fragmentation. A correspondingly high conductivity would be
expected. The influence of the deposition conditions and the position in the reactor on the C/S
ratio of the PPT layers is depicted in Figure 4.13. Combined with Table 4.3, it shows that two
samples with the same C/S ratio can show a marked difference in conductivity (cf. position 1
at low pressure and position 4 at high pressure, both at 100 W; 10 s “on”; duty cycle 0.5).
Furthermore, it appears that deposition at high pressure generally results in PPT layers with a
C/S ratio lower than the theoretical value for polythiophene, while the conductivity of these
layers was relatively high. Apparently, a C/S ratio of 4 at the surface is not a useful indicator
for the conductivity of the PPT layers.
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Figure 4.13. C/S ratio (determined with XPS) of PPT layers deposited under different conditions
(pressure, pulse time, duty cycle, and power input) as a function of position in the
reactor (n = 2, see Figure 4.1 for positions).

Most PPT layers deposited at high pressure have a C/S ratio smaller than 4. This means
that at high pressure the formed species containing relatively more sulphur have a higher
tendency for deposition than species containing relatively more carbon. However, at low
pressure the C/S ratio is higher than 4. Apparently, the species containing relatively more
sulphur formed at low pressure have a lower tendency to deposit than species containing
relatively more carbon. This implies that the nature of the species formed at different
pressures is different. From the FTIR, MS, and OES results it can be concluded that at low
pressure the degree of fragmentation is higher than at high pressure. The OES results showed
that more CS species are formed at low pressure than at high pressure. Although the
MS spectra do not show a CS peak, the appearance of the CS2+ peak indicates that at least
some of the species containing relatively more sulphur do not deposit. The induction time of
the S+ peak (Figure 4.9) shows that sulphur is formed at a later stage of the fragmentation
process, i.e., when the degree of fragmentation is higher. Furthermore, at low pressure the
already deposited PPT layer is more severely attacked by the plasma species. Due to the
relatively labile C-S bond, more sulphur is probably liberated at low pressure than at high
pressure. From these results it can be concluded that deposition under conditions which
induce a higher degree of fragmentation results in PPT layers with a higher C/S ratio
compared with PPT layers deposited under less fragmenting conditions.
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The effect of the degree of fragmentation is also visible in the increase in C/S ratio with
increasing distance from the monomer inlet. Species that deposit far away from the monomer
inlet have been subjected to the plasma for a longer period of time. The degree of
fragmentation is therefore higher with a correspondingly higher C/S ratio.
The effect of power on the C/S ratio is explained by the increase in electron density with
increasing power input. At higher power input more electrons with sufficient energy to break
the labile C-S bond attack the deposited layer. More sulphur will be liberated and a higher
C/S ratio is obtained. Furthermore, the increase in electron density results in an increase in the
number of collisions between electrons and other plasma species. As each collision may
cause fragmentation, the degree of fragmentation will also increase, with a corresponding
increase in C/S ratio.
Using longer pulse times results in a plasma resembling a continuous wave (CW) plasma.
As mentioned earlier, layers deposited by a pulsed plasma show a better retention of the
monomer structure than layers resulting from a CW plasma.29,30,37 However, in our case a
shorter pulse time (at the same duty cycle) results in a higher C/S ratio (i.e., higher degree of
fragmentation). Apparently, the degree of fragmentation is more dependent on ton then on toff.
This can be explained by the relation between toff and the replenishing of the reactor with new
monomer. The residence time (τ = volume/flow) of the monomer at 0.3 mbar in our system
was around 1 s. Assuming the reactor is ideally stirred with a normal distribution of the
residence time, after t = 3τ , 99.9% of the total volume of the reactor will be replenished with
monomer.61,62 This means that when the off period is > 3τ, all gas phase fragments resulting
from the plasma generation will have been removed from the reactor. The plasma is then
always generated in a pure monomer environment. If the off period is < 3τ, the plasma is
generated in an environment already containing fragments. This results in a higher degree of
fragmentation with a correspondingly higher C/S ratio. The higher C/S ratios found for the
higher duty cycles (i.e., shorter “off” times) confirm this explanation.

Transparency. With ellipsometry it is also possible to determine the transparency of a layer
irrespective of the underlying substrate. Ellipsometric measurements were carried out on both
nondoped and iodine-doped (5 min) PPT layers deposited on a silicon wafer. The data
obtained could be fitted with a so-called 3-layer model: the ambient air, a thin PPT layer and
the substrate, taking the native silicon oxide layer on the silicon wafer into account. For the
doped samples the use of an additional thin layer (i.e., diffusion front) did not lead to a
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significant improvement of the fit. The optical properties of the PPT layer were modelled
with a Lorentzian absorption profile. The parameters, i.e., the PPT layer thickness and the
characteristic parameters for the Lorentzian profile were optimised in a non-linear fit. The
effective optical thickness was calculated and the transparency was calculated using
Equation 4.3. As an example, the transparency of a 30 nm thick PPT layer is shown in
Figure 4.14. A very high transparency (> 95%) is obtained over the whole visible range.
When doped for 5 min in iodine vapour, the transparency decreases considerably, but is still
> 80%. This is probably due to absorption by iodine taken up during the doping process. The
surface conductivity of such a layer was calculated to be around 1.5×10-11 S, which is in the
range of antistatic applications.
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Figure 4.14. Transparency (calculated using Equation 4.3) of an undoped (solid line) and doped
(5 min iodine vapour, dotted line) PPT layer (30 nm) deposited at 0.3 mbar (100 W,
10 s on, duty cycle 0.5) as a function of wavelength.
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Conclusions
Highly transparent layers with conductivities in the range of antistatic applications have been
obtained by plasma polymerisation of thiophene and doping with iodine. From the
investigated deposition parameters, only pressure had a significant effect on the conductivity
of the PPT layers. This could be related to the amount of preserved thiophene structures in the
deposited PPT layer. At higher pressure more thiophene structures are built in, resulting in a
higher conductivity. Opposite to what is generally accepted, a C/S ratio close to that of the
starting monomer does not give conclusive information about the preservation of the
monomer structure in the deposited layer. A pulsed plasma as a means to decrease the degree
of fragmentation is most effective when the reactor is replenished with new monomer during
the “off” time. Due to fragmentation that always takes place, plasma polymerisation does not
seem to be an appropriate technique to obtain conductive layers for applications requiring
high conductivities.
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5
Plasma polymerisation of thiophene
derivatives*
To obtain plasma polymerised (PP) layers with a high retention of the conjugated monomer structure,
fragmentation during deposition should be minimised. Different methylated and halogenated
thiophenes were used as monomers in plasma polymerisation and the influence of the substituent(s)
on fragmentation during deposition was investigated. Using optical emission spectroscopy (OES) and
mass spectroscopy (MS) it was found that methylated thiophenes show a low degree of fragmentation
during deposition, whereas for halogenated thiophenes a high degree of fragmentation was observed.
For a specific substituent, fragmentation was less for thiophene derivatives with substitution on the
2-position than on the 3-position. Disubstituted thiophenes always showed less fragmentation than
their mono-substituted analogues. Due to the lower degree of fragmentation, PP layers from
methylated thiophenes contained a higher amount of conjugated structures. Consequently, a higher
conductivity was measured for these PP layers after iodine doping.

Introduction
Plasma polymerisation can be used to deposit thin, well adhering films onto almost any
substrate.1,2 Additional advantages are that no solvent is used and complex geometries can be
handled in one step. A plasma consists of many different reactive species (e.g., radicals, ions,
electrons). As a result, multiple interactions are possible and the exact chemical structure of a
surface generated by a plasma is hard to predict.3-8
When monomers are used that upon plasma polymerisation result in conjugated structures,
the plasma polymerised (PP) layer may be conductive. Because polythiophene is known for
its high and stable conductivity, thiophene has frequently been used as monomer for plasma
polymerisation.9-14 The effect of conjugation length on the conductivity of polythiophene has
been studied in detail.15,16 It was shown that the conductivity of oligothiophenes increases
with increasing conjugation length up to 6-11 monomer units, after which the conductivity
becomes constant. Consequently, to obtain PP thiophene (PPT) layers with a high
conductivity, the conjugated structure of the monomer should be retained in the PP layer and
therefore, fragmentation during deposition should be minimised.
In an earlier study, we found that the conductivity of PPT layers was higher when the
deposition pressure was higher.14 It was concluded that this was due to the fact that less
fragmentation occurred during deposition at higher pressure, resulting in a higher retention of
the conjugated structure of the monomer in the PPT layer.
* The work described in this chapter has been submitted for publication in Langmuir.
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It can be hypothesised that, besides the process parameters such as pressure, the chemical
structure of the monomer can also be used to minimise fragmentation during deposition. In
principle, substituent(s) can affect fragmentation in two ways: it can stabilise the monomer
thus preventing fragmentation, or it can act as a preferred leaving group, thereby providing
better control over the fragmentation process. For instance, benzo-[b]-thiophene was used as
a monomer for plasma polymerisation to increase the retention of the thiophene ring.17 It was
observed that the aromatic skeleton of the monomer was retained in the deposited layers to a
higher extent than in PPT layers. However, it was not clear whether this was due to retention
of the thiophene or the benzene ring. Considering the higher stability of benzene compared to
thiophene, probably the benzene ring is retained more. The conductivity of the
PP-benzo-[b]-thiophene layers was not different from PPT layers. Earlier we showed that the
conductivity of a PPT layer depends on the conjugation length and on the number and mobility of the charge carriers generated by charge transfer (CT) complexes.18 The characteristics
of the PP-benzo-[b]-thiophene layers and the PPT layers with respect to these factors were
apparently not sufficiently different to have an effect on the conductivity.
In other studies, 2-iodothiophene was used as a monomer to deposit PP layers from
RF (13.56 MHz)19 and MW (2.45 GHz)20 plasmas. It was found that iodine was
preferentially lost from the monomer in both cases. Fourier transform infrared spectroscopy
(FTIR) measurements showed that at high plasma frequency, the use of 2-iodothiophene gave
more fragmentation than thiophene, whereas at low frequency more conjugated structures
were retained in the PP- 2-iodothiophene layer than in the PPT layer.
Both the character and position of the substituent may have an effect on fragmentation
during deposition. Substituents which act as a leaving group will probably create a reactive
site at their former position on the parent molecule, whereas stabilising effects may also be
induced on positions further away from the substituent. Consequently, the number of
substituents will also have an influence on fragmentation.
In the present study, the effect of the nature, position, and number of substituents on the
fragmentation of the thiophene derivative during deposition was investigated. PP layers were
deposited from plasmas of different methylated and halogenated thiophene derivatives. OES
and MS were used to study the plasma phase. The deposited layers were analysed using FTIR
and X-ray induced photoelectron spectroscopy (XPS). To study the relationship between
fragmentation during deposition and the chemical structure and conductivity of the resulting
PP layer, the conductivity of the PP layers was measured after iodine doping.
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Experimental
Materials. Besides thiophene, three series of thiophene derivatives (2-substituted, 3-substituted, and
2,5-disubstituted) were used as monomer. Within these series, the substituent (Me, Cl, Br) was varied.
Thiophene (purity > 99.5%, T), 2,5-dimethylthiophene (> 99%, 2,5-DiMeT), 2-chlorothiophene
(> 97%, 2-ClT), 2-methylthiophene (> 98 %, 2-MeT), 3-methylthiophene (> 98%, 3-MeT), iodine
(doubly sublimated), H2SO4 (96 %, analytical grade), and H2O2 (33%, medicinal purity) were
purchased from Merck (Darmstadt, Germany). 2,5-Dichlorothiophene (98%, 2,5-DiClT),
2,5-dibromothiophene (95%, 2,5-DiBrT), 2-bromothiophene (> 98%, 2-BrT), and 3-bromothiophene
(97%, 3-BrT) were obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands). Solvents were of
analytical grade purity and purchased from Biosolve (Valkenswaard, the Netherlands). All chemicals
were used as received. Water used was doubly deionised. Glass slides (∅ 2.5 cm, used for
FTIR analysis) with a sputtered gold layer were obtained from the FFW division (University of
Twente, Enschede, the Netherlands). Glass slides (∅ 1.5 cm, used for XPS analysis) were purchased
from Knittel (Braunschweig, Germany). The samples used for the conductivity measurements (glass
slides with four electrodes with extensions to contact areas for the measurement leads)14 were
supplied by the MESA Institute (University of Twente, Enschede, the Netherlands), as were the
4” Si wafers from which Si-samples (∅ 1.5 cm, used for ellipsometry) were cut.
Cleaning. All glassware, glass substrates and tools were cleaned ultrasonically, consecutively three
times in toluene, n-hexane, acetone, water, and acetone and subsequently dried at 125 ºC. The
Si samples were cleaned ultrasonically three times in chloroform and then submersed in Piranha
solution consisting of 70% H2SO4 and 30% H2O2 for 30 min. After thorough rinsing with water,
acetone and n-hexane, the samples were dried at room temperature.
Plasma polymerisation. The plasma apparatus consisted of a tubular glass reactor with three
externally placed, capacitively coupled electrodes.14 The powered (hot) electrode was placed at the
centre of the reactor. Two glass plates were placed between the hot and the grounded (cold)
electrodes, which were positioned at 30 cm on either side of the hot electrode. The flow of monomer
vapour through the reactor was regulated using needle valves and calculated from the time needed to
obtain a certain pressure increase, once pumping of the reactor was stopped, assuming ideal gas
behaviour. The flow of non-condensing gases was controlled by mass flow controllers
(MKS Instruments, Andover, USA). The system (without the substrates) was first cleaned by applying
an air plasma (5 sccm/min, 125 W, 0.13 mbar) for 60 min. The substrates were placed at the centre
between the hot and cold electrode at the side of the monomer inlet and the reactor was evacuated to
< 5.10-3 mbar. The substrates were cleaned with an air plasma (5 sccm/min, 85 W, 0.13 mbar) for
5 min, after which the reactor was again evacuated to < 5.10-3 mbar. Subsequently, a monomer flow
was established through the reactor and after 1 min, pulsed plasma depositions were carried out. For
each monomer the conditions were chosen such that a homogeneous plasma was obtained at the
lowest possible power input (see Table 5.1). The on time was always 1 s. The off time was chosen
such that the reactor was replenished with new monomer during this period (see also Table 5.1). After
deposition, the monomer flow was sustained for another 2 min and the reactor was brought to
atmospheric pressure with air. The samples were stored at –18 ºC.
Table 5.1. Conditions used for the plasma deposition of thiophene and thiophene derivatives.
Plasma “on” time was always 1 s.
2,5-

2,5-

DiClT DiBrT

2,5-

2-

2-

2-

3-

3-

DiMeT ClT

BrT

MeT

BrT

MeT

T

Pressure [mbar] 0.038

0.024

0.04

0.05

0.045

0.06

0.043

0.05

0.06

Power [W]

30-31

20-22

24-25

19-20

17-21

18-21

19-22

30-31

21

Off time [s]

7.5

15

5

6

7.5

5

7.5

6

5
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Characterisation of plasma phase. MS was carried out to analyse the gas composition at the outlet
of the reactor. The spectrometer was a differentially pumped QMS 421 mass spectrometer (Balzers,
Utrecht, the Netherlands). The gas was introduced into the MS using a leak valve. The MS spectra
were corrected for pressure differences by dividing the ion current by the pressure in the spectrometer.
In this way, ion currents of a certain mass (m/e) can be compared as they were concentrations.
OES analysis was carried out using an MCPD-1000 spectrophotometer (Otsuka, Osaka, Japan)
with a slit width of 0.2 mm. The measuring probe was placed at the reactor entrance, in line of sight
with the plasma. Spectra were recorded from 180 to 875 nm with a step width of 2 nm. For practical
reasons, a continuous plasma was used for both the MS and the OES measurements.
Characterisation of the PP layers. For FTIR analysis, PP layers were deposited on gold-coated glass
discs (∅ 2.5 cm) and spectra were recorded using a BioRad FTS-60 (Biorad, Cambridge, UK) in the
reflectance mode. A background spectrum was recorded using a clean substrate.
XPS analysis was carried out on layers deposited on glass discs (∅ 1.5 cm) using an S probe
(Surface Science Instruments, Mountain View, CA, USA) with a monochromatic Al Kα source
(1486.6 eV). The input power was 220 W and the analysed spot size was 250×1000 µm. Survey scans
(1100 - 0 eV binding energy (BE) window) were recorded with a pass energy (PE) of 150 eV. The
concentrations of the various elements were calculated from the relative peak areas, using sensitivity
factors (SF) from literature.21 High-resolution (HR) detail scans (20 eV BE window) were taken at
50 eV PE. From the iodine doped samples, HR XPS spectra (400 µm spot, 100 W) were obtained
using a VG Σ-Probe (VG Scientific, East-Grinstead, UK). Besides detail scans (20 eV BE and
20 eV PE), survey scans (1100 eV BE window, 150 eV PE) were taken to calculate the atomic
concentration using SF supplied by the manufacturer.
The thickness of the PP layers deposited on Si samples was determined with a variable angle
ellipsometer with a QTH 200 lightsource, a M44 detector, and an EC 120 control module
(J.A. Woollam Co., Lincoln, NE, USA). A two-layer model (Cauchy-layer on top of a Si-substrate)
was used in the fitting procedure. The thickness and the Cauchy parameters (A and b) were adjusted
iteratively to obtain an optimal fit. A Levenberg-Marquardt algorithm was used for the minimisation
of the mean-squared error between the fit and the experimental data.22
The conductivity of the layers was determined using specially designed substrates for the plasma
deposition14 (configuration in accordance with ASTM D257). During plasma deposition, the
extensions of the electrodes were covered with glass slides to prevent deposition, thus ensuring a good
contact with the measurement leads. After deposition, the samples were doped for 5 min by placing
them in a sealed container containing iodine crystals. Two electrometers (Keithley Instruments,
Cleveland, USA) were used to apply a current over the outer electrodes and to measure the voltage
over the inner electrodes. After applying the current for 1 min, the voltage was read. The volume
conductivity of the deposited layer was calculated with the appropriate formulas (ASTM D257).

Results & Discussion
Characterisation of the plasma phase. During plasma polymerisation of the different
monomers, a difference in colour of the plasmas was observed, indicating a variation in the
species present in the plasma. OES and MS were used to determine these species. In
Figure 5.1, the OES spectra of plasmas of all monomers are depicted. All spectra show the
presence of CS species, which is considered as a measure for fragmentation of the thiophene
structure.14 In an earlier study with thiophene, we observed an effect of pressure (0.06 vs.
0.3 mbar) on fragmentation during deposition.14 Therefore, to properly evaluate the influence
of substituents on fragmentation, the deposition conditions should be similar for all
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monomers. The differences in deposition conditions in the present study (see Table 5.1) are
small enough to allow a comparison of the fragmentation.
It can be concluded from the OES results that fragmentation increases in the order
MeT’s < T < halogenated thiophenes. This shows that fragmentation is suppressed by
electron-donating substituents, whereas it is enhanced by electron-withdrawing substituents.
This suggests that the electron-deficient species present in a plasma (e.g., radicals and
positive ions) play a role in the fragmentation process.
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Figure 5.1. OES spectra of plasmas from
thiophene
and
3-substituted
thiophene
derivatives
(A),
2-substituted thiophene derivatives
(B), and 2,5-disubstituted thiophene
derivatives (C). (CS: 257, 266 nm;
Br2: 311, 334, 355 nm; Br2+:
507 nm; C4H2+: 567, 588, 600 nm;
BrI+II: 635, 656, 663, 751, 799, 827,
845 nm; S2: 699, 707 nm; C2: 564,
590, 772, 791 nm).23,24 For plasma
conditions see Table 5.1.
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More fragmentation occurs in the plasmas of ClT’s than of BrT’s. A recent study by
Yasuda et al. showed that the stability of an element towards plasma decreases with
increasing electron affinity.25 Although the difference in electron affinity between chlorine
and bromine is small,23 it may explain the observed differences between the OES spectra of
the ClT’s and BrT’s. Further research is needed to obtain conclusive information.
The effect of the position of the substituent on fragmentation becomes clear when the
series of 2- and 3-substituted thiophenes are compared. For a specific substituent, more
fragmentation occurs for substitution on the 3-position than on the 2-position.
In many studies an effect of substituent nature and position on the reactivity of thiophene
derivatives towards a number of species (i.e., nucleophiles,26 electrophiles,27,28 radicals,29
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and UV light30,31) has been observed,32,33 but due to the uncertainty of the mechanism of
deposition at this point the conclusions from these studies cannot be directly applied to the
plasma polymerisation process.2
The plasmas of the 2,5-series all show less fragmentation than T and their corresponding
mono-substituted analogues, while the same relation between electron affinity and
fragmentation (i.e., MeT < BrT < ClT) is found. This indicates that similar processes
resulting in CS formation occur in plasmas of mono- and disubstituted thiophenes, but that
the extent of CS formation decreases with increasing number of substituents. Besides less CS
formation, other differences exist as is indicated by the presence and absence of atomic
bromine and Br2 in the plasmas of 2,5-DiBrT and the BrT’s, respectively. This could be
related to weakening of the C-Br bond due to the presence of a second electronegative
bromine group on the monomer.
In Figure 5.2, the difference between the MS spectra of a monomer flow with and without
plasma generation is shown for the various monomers. No CS species are present in the
MS spectra, implying that the CS species observed with OES have reacted or are deposited
before they reach the MS or that they cannot be detected by the MS, which shows the
complementality of the two analysis techniques. Upon generation of a plasma, the MS spectra
of T and the MeT’s hardly change. Compared with T, a lower amount of carbon containing
fragments is observed in the MS spectra of the MeT’s. Together with the OES results, this
shows that substitution of T with electron-donating substituents is an effective way to
decrease the fragmentation during deposition. For the halogenated thiophenes, next to some
peaks corresponding to carbon-containing fragments, an intense H2 peak is observed. This
can be related to the electron affinity of the substituent in these cases, which weakens the
C-H bond.
For a specific substituent, more H2 is formed in the plasmas of the 3-series than of the
2-series. Together with the OES results, this suggests that the liberation of hydrogen and the
formation of CS are related. This implies that when hydrogen is liberated from the 3-position,
more CS formation (i.e., fragmentation) occurs compared with the 2-position.
In the MS spectra of the ClT’s a HCl peak is observed, whereas no HBr is detected for the
BrT’s. Consequently, the H2 peak is relatively low for the ClT’s compared with the BrT’s. As
mentioned before, this might be related to the difference in electron affinity but further
research is needed to obtain conclusive information.
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Summarising, it was observed that fragmentation during deposition is suppressed by
electron-donating substituents, whereas it is enhanced by electron-withdrawing substituents.
For a specific substituent, substitution on the 3-position results in more fragmentation during
deposition compared with substitution on the 2-position. Furthermore, fragmentation is less
when the number of substituents is higher.

Characterisation of the PP layers. XPS analysis was performed to determine the chemical
composition of the PP layers. The results are summarised in Table 5.2. For T and the MeT’s,
the carbon concentration relative to the sulphur concentration is lower than expected from
theory, while for the other monomers the C/S ratio is equal to or higher than the theoretical
value. Considering the OES results, it seems that PP layers deposited from monomers
showing little fragmentation during deposition contain relatively more sulphur. This is
consistent with the results obtained in an earlier study on the effect of deposition conditions
on fragmentation of thiophene.14
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The halogen removal from halogenated thiophenes is apparent from the lower than
theoretical halogen content. The loss of chlorine from 2-ClT is relatively high, compared with
the loss of bromine from the mono-BrT’s. Together with the high C/S ratio of the ClT’s, this
corresponds well with the high amount of fragmentation observed in these cases as measured
with OES and MS.
Table 5.2. Chemical composition (determined with XPS) at the surface of plasma polymerised
thiophene derivatives (n = 3 ± sd). For plasma conditions see Table 5.1
C

S

Halogen

O

(atom%)

(atom%)

(atom%)

(atom%)

theory

80

20

-

-

PPT

72.0 ± 0.1

23.6 ± 0.7

-

4.4 ± 0.7

theory

85.7

14.3

-

-

PP-2,5-DiMeT

80.8 ± 0.3

17.5 ± 0.1

-

1.7 ± 0.3

theory

57.1

14.3

28.6

-

PP-2,5-DiClT

64.3 ± 0.4

13.2 ± 0.1

20.0 ± 0.6

2.5 ± 0.1

PP-2,5-DiBrT

63.0 ± 1.3

16.2 ± 0.8

18.8 ± 0.4

2.0 ± 1.5

theory

83.3

16.7

-

-

PP-2-MeT

79.8 ± 0.7

19.1 ± 0.1

-

1.1 ± 0.8

PP-3-MeT

78.7 ± 1.3

18.5 ± 0.6

-

2.7 ± 1.9

theory

66.7

16.7

16.7

-

PP-2-ClT

72.1 ± 0.1

16.9 ± 0.1

6.8 ± 0.2

4.1 ± 0.2

PP-2-BrT

68.3 ± 0.8

19.1 ± 0.2

11.2 ± 0.4

1.4 ± 1.0

PP-3-BrT

67.2 ± 1.6

17.6 ± 0.8

12.4 ± 1.2

2.8± 2.0

Monomer

PP layer

T

2,5-DiMeT

2,5-DiHaloT

MeT

HaloT

HR C1s spectra were acquired to investigate whether conjugated structures are present in
the deposited layers (Figure 5.3). If so, π-π∗ shake-up satellites should be visible at about
6 - 7 eV higher BE than the primary peak.34 Figure 5.3 shows that only PP-MeT layers
contain conjugated structures that can be detected by XPS, which is consistent with the low
amount of fragmentation observed earlier. This shows that CS formation is indeed a good
indicator for the amount of fragmentation of the thiophene ring.
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Figure 5.3. HR XPS spectra of the C1s region at the surface of PP layers from thiophene and
3-substituted thiophene derivatives (left), 2-substituted thiophene derivatives (middle),
and 2,5-disubstituted thiophene derivatives (right). Spectra are arranged in the direction
of the arrow, using an offset for reasons of clarity. For plasma conditions see Table 5.1.

FTIR was used to investigate the chemical structure of the PP layers. In Figure 5.4, the
FTIR spectra of the PP layers are given. In all FTIR spectra absorption bands of H-atoms as
expected based on the monomer structure (α-H and/or β-H atoms)35 are also present in the
respective PP layers, showing that, to some extent, the monomers are built in without
fragmentation.
Both the PPT and the PP-ClT layers contain terminal acetylene groups, which are formed
by a reaction either in the plasma phase or at the surface of a deposited PP-layer. The spectra
of the PP-ClT layers show that -C≡C- groups are also present in these layers. Together with
the formation of HCl as determined with MS (Figure 5.2), this shows that liberation of
chlorine and hydrogen from adjacent positions has occurred. The presence of aliphatic
CH2 groups in the PPT layer is consistent with the almost negligible small H2 peak in the
difference MS spectra.
Tanaka et al. also used T and 3-MeT as monomers, but they did not observe the
characteristic absorption around 3100 cm-1 in the FTIR spectra.12 This is probably related to
their use of argon as a carrier gas in combination with a different reactor (bell jar) and
electrode configuration (internal). This may have an effect on the fragmentation during
deposition and possibly also on the deposition mechanism.
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The conductivity of the PP layers was measured after 5 min iodine doping and the results
are given in Figure 5.5. In another study, it was observed that the conductivity showed a
complex dependence on doping time.18 A separate experiment (data not shown) showed that
although the conductivity increased with doping time, Figure 5.5 can be considered as
representative for the conductivity of the PP layers. Clearly, the PP-MeT layers are the most
conductive in all series, showing a positive relation between the amount of conjugated
structures and the conductivity of a PP layer. This was also found in a number of other
studies.13,36-40
Within a series, the conductivity decreases with increasing electron affinity of the
substituents. Together with the OES and MS results, this shows that with increasing
fragmentation during deposition the conductivity of the resulting PP layer decreases. This is
in good agreement with earlier results.14 However, it seems that this relation cannot be used
to predict the conductivity of PP layers in different series. For instance, the OES spectra of
the 2,5-series show less fragmentation than the 2- and 3-series, whereas the conductivity is
lower in the 2,5-series. This shows that other effects impaired by the substituents
(e.g., coplanarity of thiophene rings)16,41 also have an effect on the conductivity.
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after 5 min iodine doping (n = 3 ± sd). For plasma conditions see Table 5.1.

In the HR XPS spectra of the I3d5 region of the doped PP layers (Figure 5.6) two peaks can
be observed. In literature, the low BE peak is assigned to charge transfer (CT) complexes
with conjugated structures in the form of I3- and/or I5-, whereas the peak at higher BE is due
to covalently bound iodine and/or adsorbed I2.42-44 The PP layers are rendered conductive by
charge carriers generated by the CT complexes, which are in equilibrium with absorbed I2.18
The amount of CT complexes as measured with XPS cannot be directly related to the
conductivity results due to the vacuum applied for the measurement. Assuming that the
relative decrease due to the applied vacuum is equal for both peaks in all layers, the XPS
results can be used as a measure of the ability of the PP layer to form charge carriers upon
iodine doping.
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Figure 5.6. Normalised HR XPS spectra of the I3d5 region of PP layers from thiophene and
3-substituted thiophene derivatives (left), 2-substituted thiophene derivatives (middle),
and 2,5-disubstituted thiophene derivatives (right) after doping for 5 min with iodine. For
plasma conditions see Table 5.1. Iodine concentrations: T: 4.1%; 3-BrT: 1.5%; 3-MeT:
2.5%; 2-ClT: 3.5%; 2-BrT: 1.5%; 2-MeT: 2.0%; 2,5-DiClT: 1.3%; 2,5-DiBrT: 1.1%;
2,5-DiMeT: 2.4%.

In all series, the PP-MeT layers contain the largest amount of CT complexes relative to the
absorbed and covalently bound iodine. This shows that a relatively high concentration of
unfragmentated thiophene structures is present in these PP layers. Furthermore, after iodine
doping, the PP-ClT layers contain a high amount of covalently bound/absorbed iodine. As
iodine reacts with the PP layers for instance with acetylene groups,18,45 it seems most
probable that the high BE peak stems mainly from covalently bound iodine in these cases.
These results are consistent with the HR XPS data (Figure 5.3). The absolute amount of CT
complexes in the PP-MeT layers is not always the highest while the conductivity is. This
shows that the environment in which the charge carriers are generated also plays a role in
determining the conductivity.
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Conclusions
The monomer structure can be used to minimise fragmentation during plasma polymerisation,
resulting in PP layers with a high conductivity upon iodine doping. Electron-donating
substituents on thiophene such as methyl groups suppress fragmentation, whereas it is
enhanced by substitution with electron-withdrawing groups. For electron-withdrawing
substituents, a higher electron affinity results in a higher degree of fragmentation.
Fragmentation is always less when the number of substituents is increased. For a specific
substituent, substitution on the 2-position results in less fragmentation compared with
substitution on the 3-position. Due to the low amount of fragmentation during deposition,
only PP layers of thiophene substituted with electron-donating substituents contain
conjugated structures detectable with XPS. Consequently, after iodine doping a higher
conductivity is found for the methyl substituted thiophenes compared with non-substituted
thiophene and halogenated thiophenes. However, because substituents can also affect the
conductivity in other ways (e.g., coplanarity of thiophene rings), prudence is called for when
applying the relationship between fragmentation and conductivity to compare series varying
in number and position of the substituents.
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6
Mechanism of plasma polymerisation of
thiophene and thiophene derivatives*
The effect of the nature, position, and number of substituents on the chemistry of the deposition
process in plasma polymerisation has been investigated. It was found that for mono-halogenated
thiophenes deposition preferably proceeds via the dissociation of C-H bonds from positions adjacent
to the substituent. The ease of radical formation increases with increasing electron affinity of the
substituent. Radicals formed on carbon atoms also attached to sulphur induce fragmentation of the
thiophene ring. Consequently, for a specific substituent, substitution on the 3-position results in more
fragmentation than substitution on the 2-position. The dissociation of the C-halogen bond in
dihalogenated thiophenes is energetically more favourable than in mono-halogenated thiophenes due
to the presence of a second halogen. The deposition of methylated thiophenes was found to proceed
via C-H bond dissociation from the CH3 substituent. As a result, the thiophene ring is preserved to a
high extent, which after iodine doping, gives rise to a high conductivity for the plasma polymerised
layers of methylated thiophene derivatives.

Introduction
Plasma polymerisation is frequently used to deposit thin films. A plasma consists of a variety
of reactive species (e.g., electrons, ions, and radicals). Many different reactions can therefore
occur,1-6 and as a consequence the exact chemical structure of layers resulting from plasma
polymerisation is not precisely predictable. As doped polythiophene is known for its high and
stable conductivity,7 thiophene is often used as a monomer in plasma polymerisation.8-16 In
an earlier study, we have shown that the monomer structure has an influence on the
fragmentation of thiophene during deposition.17 It was observed that fragmentation during
deposition was enhanced by substitution of thiophene with electron-withdrawing substituents,
whereas it was suppressed by electron-donating substituents. The conductivity of the plasma
polymerised (PP) layers after iodine doping was higher when there was less fragmentation
during deposition.
Selection of substituted thiophenes that will show little fragmentation during deposition
should be based on the chemistry of the polymerisation process. From conventional
chemistry it is known that the reactivity of thiophene derivatives towards different species
(e.g., nucleo- and electro-philes) as well as the preferable reaction site is influenced by the
type and position of the substituent(s).18 Although plasma polymerisations have been studied
for a long time, the chemistry taking place during deposition is still not clear.19-21

*

The work described in this chapter has been submitted for publication in Langmuir.
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Mechanisms involving ions,22,23 radicals, and atomic processes have been described to
explain the experimental data.21 At the present time, many investigators support the
polymerisation mechanism as proposed by Yasuda et al.4,19,24,25 In this stepwise
initiation-recombination sequence, radicals are formed upon the generation of a discharge.
These primary radicals recombine to a species that again can be radical initiated etc.
The site and ease of radical formation in this process may well be affected by the
monomer structure. Therefore, the present study is directed to the mechanism of plasma
deposition of different thiophene derivatives, varying in nature, position, and number of
substituents. The plasma phase was characterised using optical emission spectroscopy (OES)
and mass spectrometry (MS). Deposition of PP layers was followed in situ using a quartz
crystal thickness monitor (QCM). The deposited PP layers were characterised by
X-ray induced photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy
(FTIR), and nuclear magnetic resonance spectroscopy (NMR). The conductivity of the PP
layer after iodine doping was also determined.

Experimental
Materials. Beside thiophene (T), three series of thiophene derivatives (2-substituted, 3-substituted,
and disubstituted (2,5 and 3,4)) were used as monomers. Within these series, the substituent (Me, Cl,
Br) was varied.
Thiophene (purity > 99.5%, T), 2,5-dimethylthiophene (> 99%, 2,5-DiMeT), 2-chlorothiophene
(> 97%, 2-ClT), 2-methylthiophene (> 98%, 2-MeT), 3-methylthiophene (> 98%, 3-MeT), iodine
(doubly sublimated), H2SO4 (96%, analytical grade), H2O2 (33%, medicinal purity), and CD2Cl2
(> 99.9%, 99.5% deuterated) were purchased from Merck (Darmstadt, Germany).
2,5-Dichlorothiophene
(98%,
2,5-DiClT),
2,5-dibromothiophene
(95%,
2,5-DiBrT),
3,4-dibromothiophene (98%, 3,4-DiBrT), 2-bromothiophene (> 98%, 2-BrT), and 3-bromothiophene
(97%, 3-BrT) were obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands). Other solvents were
of analytical grade purity and were purchased from Biosolve (Valkenswaard, the Netherlands). Water
used was doubly deionised. All chemicals were used as received. Glass slides (∅ 2.5 cm, used for
FTIR analysis) with a sputtered gold layer were obtained from the FFW division (University of
Twente, Enschede, the Netherlands). Glass slides (∅ 1.5 cm, used for XPS analysis) were purchased
from Knittel (Braunschweig, Germany). The samples used for the conductivity measurements (glass
slides with four electrodes with extensions to contact areas for the measurement leads)16 were
supplied by the MESA Institute (University of Twente, Enschede, the Netherlands), as were the
4” Si wafers from which Si-samples (∅ 1.5 cm, used for ellipsometry) were cut.
Cleaning. All glassware, glass substrates and tools were cleaned ultrasonically, consecutively three
times in toluene, n-hexane, acetone, water, and acetone and subsequently dried at 125 ºC. The
Si samples were cleaned ultrasonically three times in chloroform and were put in Piranha solution
consisting of 70 % H2SO4 and 30 % H2O2 for 30 min. After thorough rinsing with water, acetone and
n-hexane, the samples were dried at room temperature.
Plasma polymerisation. The plasma apparatus consisted of a tubular glass reactor with three
externally placed, capacitively coupled electrodes.16 The powered (hot) electrode was placed at the
centre of the reactor. Two glass plates were placed between the hot and the grounded (cold)
electrodes, which were positioned at 30 cm on either side of the hot electrode. The flow of monomer
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vapour through the reactor was regulated using needle valves and calculated from the time needed to
obtain a certain pressure increase, once pumping of the reactor was stopped, assuming ideal gas
behaviour. The flow of non-condensing gases was controlled by mass flow controllers
(MKS Instruments, Andover, USA). The system (without the substrates) was first cleaned by applying
an air plasma (5 sccm/min, 125 W, 0.13 mbar) for 60 min. The substrates were placed in the centre
between the hot and cold electrode at the side of the monomer inlet and the reactor was evacuated to
< 5.10-3 mbar. The substrates were cleaned with an air plasma (5 sccm/min, 85 W, 0.13 mbar) for
5 min, after which the reactor was again evacuated to < 5.10-3 mbar. Subsequently, a monomer flow
was established through the reactor and after 1 min, pulsed plasma depositions were carried out. For
each monomer the conditions were chosen such that a homogeneous plasma was obtained at the
lowest possible power input (Table 6.1). The on time was always 1 s. The off time was chosen such
that the reactor was replenished with new monomer during this period (see also Table 6.1). The mass
increase of deposited PP layers was followed in situ with a QSG 301 (Balzers, Utrecht, the
Netherlands) quartz crystal thickness monitor (QCM). The density was set at 2.0 g/cm3 for
convenience of data processing. After deposition, the monomer flow was sustained for another 2 min
and the reactor was brought to atmospheric pressure with air. The samples were stored at –18 ºC.
Table 6.1. Conditions used for the plasma deposition of thiophene and thiophene derivatives.
Plasma “on” time was always 1 s.
2,5DiClT
Pressure
0.038
[mbar]
Power
30-31
[W]
Off time
7.5
[s]

2,5DiBrT

3,4DiBrT

2,52DiMeT ClT

2BrT

2MeT

3BrT

3MeT

T

0.024

0.017

0.04

0.05

0.045

0.06

0.043

0.05

0.06

20-22

20

24-25

19-20

17-21

18-21

19-22

30-31

21

15

20

5

6

7.5

5

7.5

6

5

Characterisation of plasma phase. MS was carried out to analyse the gas composition at the outlet
of the reactor. The spectrometer was a differentially pumped QMS 421 mass spectrometer (Balzers,
Utrecht, the Netherlands). The gas was introduced into the MS using a leak valve. The MS spectra
were corrected for pressure differences by dividing the ion current by the pressure in the spectrometer.
In this way, ion currents of a certain mass can be compared, as they were concentrations.
OES analysis was carried out using an MCPD-1000 spectrophotometer (Otsuka, Osaka, Japan)
with a slit width of 0.2 mm. The measuring probe was placed at the reactor entrance, in line of sight of
the plasma. Spectra were recorded from 180 to 875 nm with a step width of 2 nm.
For practical reasons a continuous plasma was used for both the MS and the OES measurements.
Characterisation of the PP layers. The thickness of PP layers deposited on Si samples was
determined with a variable angle ellipsometer with a QTH 200 lightsource, a M44 detector, and an
EC 120 control module (J.A. Woollam Co., Lincoln, NE, USA). In the fitting procedure, a two-layer
model (Cauchy-layer on top of a Si-substrate) was used. The thickness and the Cauchy parameters
(A and b) were adjusted iteratively to obtain an optimal fit. A Levenberg-Marquardt algorithm was
used for the minimisation of the mean-squared error between the fit and the experimental data.26
XPS analysis was carried out on PP layers deposited on glass discs (∅ 1.5 cm) using an S probe
(Surface Science Instruments, Mountain View, CA, USA) with a monochromatic Al Kα source
(1486.6 eV). The input power was 220 W and the analysed spot size was 250 × 1000 µm. Survey
scans (1100-0 eV binding energy (BE) window) were recorded with a pass energy (PE) of 150 eV.
The concentrations of the various elements were calculated from the relative peak areas, using
sensitivity factors (SF) from literature.27 High-resolution (HR) detail scans (20 eV BE window) were
taken at 50 eV PE.
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For FTIR analysis, PP layers were deposited on gold-coated glass discs (∅ 2.5 cm) and spectra
were recorded using a BioRad FTS-60 (Cambridge, UK) in the reflectance mode. A background
spectrum was recorded using a clean substrate.
The conductivity of the PP layers was determined using specially designed substrates for the
plasma deposition16 (configuration in accordance with ASTM D257). During plasma deposition, the
extensions of the electrodes were covered with glass slides to locally prevent deposition, thus ensuring
a good contact with the measurement leads. After deposition, the samples were doped for 5 min by
placing them in a sealed container containing iodine crystals. Two electrometers
(Keithley Instruments, Cleveland, USA) were used to apply a current over the outer electrodes and to
measure the voltage over the inner electrodes. After applying the current for 1 min, the voltage was
read. The volume conductivity of the deposited layer was calculated with the appropriate formulas.16
For PP layers that were soluble in CH2Cl2 (determined with ellipsometry), nuclear magnetic
resonance (NMR) measurements were carried out in CD2Cl2 on a Varian 400 (Varian, Palo Alto, CA,
USA). Both 1H and 1H-13C correlation spectra were collected at 400 and 100.6 MHz, respectively.

Results and Discussion
Plasma polymerisation. QCM measurements (e.g., in Figure 6.1) showed that in all cases
deposition only takes place during the plasma “on” time. This was also found by Uchida et al.
for the plasma polymerisation of acetylene.28,29 These results exclude a chain-growth
mechanism during the “off” time of radicals produced during the plasma “on” time, as
suggested by Ryan et al.30
Because formation of the PP layer only takes place during the plasma “on” time, the
deposition rate can be calculated from the thickness (determined with ellipsometry) and the
total plasma “on” time (Figure 6.2).
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Figure 6.1. QCM signal as a function of time during pulsed (1 s on) plasma polymerisation of
2-substituted thiophene derivatives. First pulse was generated at t = 60 s. For plasma
conditions see Table 6.1.
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Within a series, the halogenated thiophenes show a higher deposition rate than the MeT’s,
with a faster deposition for the ClT’s than for the BrT’s. Comparing these data with the
amount of fragmentation observed in a previous study,17 it appears that more fragmentation
results in a higher deposition rate. This is consistent with the deposition mechanism proposed
by Yasuda et al.,19,24,25 in which PP layers are formed by recombination of radicals in the gas
phase and at the surface. Fragmentation increases the number of radicals, which consequently
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deposition rate
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3,4-DiBrT
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results in an increase in deposition rate.
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Figure 6.2. Deposition rate (calculated form the total plasma “on” time and the thickness determined
with ellipsometry, n = 3 ± sd) and pressure difference between plasma “on“ and “off” for
plasmas of thiophene and thiophene derivatives. For plasma conditions see Table 6.1.

The pressure difference upon plasma generation is directly related to the difference in the
number of particles in the reactor via the gas law, assuming that the temperature remains
constant. Other measurements showed that this assumption is valid for a number of plasmas
(e.g., CO2, CF4) for plasma “on” times < 10 s.31 During plasma polymerisation, plasma
species are brought in by flow (monomer) and are generated by fragmentation, whereas they
are removed by flow, deposition, and recombination. If it is assumed that, when the pressure
differences are small, the flow of condensable species in and out of the reactor is the same,19
the loss of particles from the reactor due to deposition is related to the deposition rate,
assuming that the relation between molecular weight and density is equal for all PP layers.
The maximal pressure difference in the reactor between plasma “on” and “off” (also shown in
Figure 6.2) can thus be related to the fragmentation and recombination in the plasma phase.
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Of all monomers, only thiophene shows an increase in pressure upon plasma generation.
In combination with the low deposition rate (i.e., low fragmentation), this indicates that
noncondensable species are formed. For the other monomers a negative pressure difference is
observed, which shows that the generation of particles by fragmentation is less than the
removal of particles by recombination and deposition in these cases. The combination of a
high deposition rate together with a small pressure difference upon plasma generation for
2-ClT shows that a relatively high amount of fragmentation occurs. The DiBrT’s show just
the opposite behaviour of 2-ClT, indicating that recombination in the plasma phase is
relatively high for these monomers. The other pressure differences are more or less consistent
with the deposition rates.

Characterisation of the plasma phase. In a previous study, OES measurements were carried
out to determine the emitting species present in the plasma.17 It was found that the intensity
of the peak corresponding to CS species in a series increased in the order MeT<T<BrT<ClT.
Furthermore, for a specific substituent, substitution on the 3-position resulted in a higher
amount of CS formation than substitution on the 2-position. Disubstituted thiophenes always
showed less CS formation than their mono-substituted analogues.
The OES spectra of the plasmas of the DiBrT’s are depicted in Figure 6.3. Atomic
bromine and Br2 are observed in the OES spectra of both DiBrT’s, which were almost not
detected for the mono-BrT’s. Apparently, the presence of a second bromine group facilitates
liberation of bromine. Furthermore, the lower CS formation in the 3,4-DiBrT plasma
compared with 2,5-DiBrT shows an influence of the position of substitution on the
fragmentation that is opposite of what was observed earlier (i.e., 3-substitution more CS
formation than 2-substitution). This indicates that different processes take place in the
plasmas of DiBrT’s and mono-BrT’s.
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Figure 6.3. OES spectra of plasmas from 2,5-DiBrT (dotted line) and 3,4-diBrT (solid line). For
plasma conditions see Table 6.1.

When longer plasma times were applied, a colour change was observed for the DiBrT’s
during the first few seconds of plasma generation. Although depositions were carried out with
an “on” time of 1 s, this phenomenon is interesting in view of the mechanism and because
deposited PP layers are exposed to the plasma for longer times than 1 s. Therefore, OES
spectra were taken continuously during plasma generation of 10 s (Figure 6.4).
2,5-DiBrT
2,5-DiBrT 0.12
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Figure 6.4. Intensity of the peaks at 257 nm (CS, solid symbols) and 829 nm (BrI+II, open symbols)
in the OES spectra of (A) DiBrT’s (2,5-DiBrT, squares and 3,4-diBrT, down-triangle)
and of (B) mono-substituted BrT’s (2-BrT, circles and 3-BrT, up-triangle) as a function
of time. Plasma is turned on at t ≈ 2 s for a duration of 10 s. For plasma conditions see
Table 6.1.

For the DiBrT’s, the peak corresponding to CS species (257 nm) shows a maximum just
after the plasma was turned on, whereas later on, the peak corresponding to atomic bromine
(829 nm) levels off to its maximal value. The initial “burst” in the CS peak is probably due to
the impact of electrons that in a plasma have a high mobility and sufficient energy to break
chemical bonds (3-5 eV).1 The decrease in the CS peak suggests that the absorption of
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UV light induces the liberation of bromine. In a plasma, many pathways for energy
dissipation can be followed.20 The path requiring the least energy is favoured over others,
although these may still occur. Consequently, the amount of liberated bromine is related to
the ease with which the C-Br bond is broken. For the mono-BrT’s, the decrease in intensity of
the CS peak relative to the increase in atomic bromine is less than for the DiBrT’s, showing
that the presence of a second bromine weakens the C-Br bond. Dissociation of the C-Br bond
is further facilitated because the radical generated by this process is stabilised by the
remaining bromine substituent. The higher deposition rate for the DiBrT’s compared with the
mono-BrT’s (see Figure 6.2) confirms this explanation. The liberated bromine radical can
pick up an electron or recombine to Br2. For the mono-BrT’s, the resulting radical on the
thiophene ring is less stabilised, which makes this process unfavourable relative to other
processes (e.g., hydrogen liberation).19 There might also be a difference in absorption at
257 nm between the mono- and di-BrT’s, but considering the energy of the UV light
generated by the CS species (4.6 eV) in relation to the C-Br bond energy (3.8 eV), it is not
expected to have such a pronounced effect. It can therefore be concluded that the number of
substituents has an effect on energetically favourable pathway of energy dissipation.
The intensity of the bromine peak relative to the decrease in intensity of the CS peak after
the initial burst is higher for 3,4-DiBrT than for 2,5-Di-BrT. This implies that the liberation
of bromine from 2,5-DiBrT requires more energy compared with 3,4-DiBrT, showing an
effect of substituent position. In 3,4-DiBrT, the remaining bromine group is adjacent to the
leaving bromine, whereas for 2,5-DiBrT the electronegative effects (both the weakening of
the C-Br bond and the stabilisation of the resulting radical) have to be transferred over a
number of bonds. This may result in a lowering of the energy required for the bromine
liberation process for 3,4-DiBrT compared with 2,5-DiBrT.
The much higher CS peak for 2,5-DiBrT compared with 3,4-DiBrT can be explained by
the fact that bromine liberation from 2,5-DiBrT generates a radical on the carbon atom that is
also involved in a relatively unstable C-S bond. For the mono-BrT’s the opposite effect of
substituent position on the CS peak was found, i.e., higher for 3-BrT than for 2-BrT. This
suggests that in these cases liberation of hydrogen is favoured over bromine. The OES results
of the mono-BrT’s would then imply that substitution on the 3-position weakens the
C-H bond on the 2-position more than the other way around. A similar substitution effect is
observed for the reactivity of thiophene derivatives towards nucleophiles and radicals,32,33
which increases with increasing electron affinity of the substituent. The C-H bond is
becoming increasingly electron poor (i.e., weakened) with increasing electron affinity of the
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substituent. This makes dissociation of the C-H bond easier, irrespective of the process
(e.g., UV absorption, electron impact). The CS formation (Me < T < Br < Cl, and
3- > 2-substitution)17 and the deposition rates (Figure 6.2) are therefore consistent with the
proposed mechanism of CS formation by radical formation on the carbon adjacent to sulphur,
and explains the effect of substituent nature and position on fragmentation.
This explanation is confirmed by the MS results from a previous study.17 For all
halogenated thiophenes an intense H2 peak was observed, whereas for T and the MeT’s the
H2 concentration was much lower. Furthermore, the H2 concentration in the 3-BrT plasma
was higher than in the 2-BrT plasma. H2 is formed upon abstraction of hydrogen atoms by or
recombination of hydrogen radicals, the former process being less favourable.34
HCl was detected in the ClT plasmas, while no HBr was observed in the plasmas of the
BrT’s.17 A H-Halogen species can be formed by a number of processes (e.g., recombination
of halogen radicals with hydrogen radicals, abstraction of halogen atoms by hydrogen
radicals or visa versa). Considering the small difference in bond energy between the C-Br and
the C-Cl bond, chlorine radicals will probably also be formed. Recombination of radicals is
an exothermic process, as is the abstraction of halogens by hydrogen radicals and of
hydrogen atoms by chlorine radicals.34 In contrast, the abstraction of hydrogen atoms by
bromine radicals is endothermic. Furthermore, the formation of H2 and a halogen radical by
the impact of a hydrogen radical on a H-halogen species is energetically much less favourable
for HCl (-5 kJ/mol) than for HBr (-69 kJ/mol). This implies that when HBr is formed it will
not be stable in a plasma, which explains why HBr is not detected whereas HCl is. The lower
H2 concentration observed for the ClT’s compared with the BrT’s confirms this explanation.
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Figure 6.5. Difference MS spectra (calculated by subtracting the MS spectrum of the monomer flow
without plasma generation from the MS spectrum of the monomer flow with plasma
generation, both divided by the pressure in the mass spectrometer during measurement)
of DiBrT’s. An offset is used for clarity. For plasma conditions see Table 6.1.
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Between the MS spectra of the DiBrT’s (Figure 6.5) hardly any difference is observed.
This implies that the CS and bromine species observed in the OES spectra are either
deposited before they reach the MS and/or are transformed (either by the plasma or the MS)
into species that cannot be detected by the MS. The H2 concentration in a DiBrT plasma is
higher than in a plasma of their mono-substituted analogues,17 which can be explained by the
facilitating effect of the second bromine substituent on the liberation/abstraction of both
bromine and hydrogen. Analogously, the production of H2 and HCl is higher in a plasma of
2,5-DiClT than of 2-ClT.17 The H2 concentration was higher for the MeT’s than for T, while
the CS formation was lower.17 Together with the slightly higher deposition rates for the
MeT’s, this indicates that for the MeT’s an other pathway resulting in hydrogen liberation
takes place.
Summarising, it can be concluded that the position, number, and nature of the
substituent(s) influence the deposition process via the site and ease of radical formation.

Characterisation of the PP layers. The chemical composition of the PP layers was
determined with XPS (Table 6.2). The halogen removal from halogenated thiophenes is
apparent from the lower than theoretical halogen content. The loss of chlorine from 2-ClT is
relatively high, compared with the loss of bromine from the mono-BrT’s. Together with the
high C/S ratio16 of the PP-ClT layers, this corresponds well with the high amount of
fragmentation observed in these cases as measured with OES and MS.17 For T and the
MeT’s, the carbon concentration relative to the sulphur concentration is lower than expected
from theory, while for the other monomers the C/S ratio is equal to or higher than the
theoretical value. Considering the OES results, it seems that PP layers deposited from
monomers showing little fragmentation during deposition contain relatively more sulphur.
This is consistent with the results obtained in an earlier study on the effect of deposition
conditions on fragmentation of thiophene.16 No difference between the DiBrT’s is observed,
which agrees well with the MS results. Earlier it was found that only the PP-MeT layers
contained conjugated structures detectable by XPS.17 Together with the observed OES
(lower CS formation than T) and MS (more H2 formation than T) results this shows that a
pathway resulting in hydrogen liberation other than hydrogen liberation from the thiophene
ring takes place for the MeT’s.
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Table 6.2. Chemical composition (determined with XPS) at the surface of PP layers of thiophene
and thiophene derivatives (n ≥ 3 ± sd).
Halogen

Monomer

PP layer

C (atom%)

S (atom%)

T

theory

80

20

-

-

PPT

72.0 ± 0.1

23.6 ± 0.7

-

4.4 ± 0.7

theory

85.7

14.3

-

-

PP-2,5-DiMeT

80.8 ± 0.3

17.5 ± 0.1

-

1.7 ± 0.3

theory

57.1

14.3

28.6

-

PP-2,5-DiClT

64.3 ± 0.4

13.2 ± 0.1

20.0 ± 0.6

2.5 ± 0.1

PP-2,5-DiBrT

63.0 ± 1.3

16.2 ± 0.8

18.8 ± 0.4

2.0 ± 1.5

PP-3,4-DiBrT

63.9 ± 0.5

15.6 ± 0.6

19.0 ± 1.1

1.4 ± 1.4

theory

83.3

16.7

-

-

PP-2-MeT

79.8 ± 0.7

19.1 ± 0.1

-

1.1 ± 0.8

PP-3-MeT

78.7 ± 1.3

18.5 ± 0.6

-

2.7 ± 1.9

theory

66.7

16.7

16.7

-

PP-2-ClT

72.1 ± 0.1

16.9 ± 0.1

6.8 ± 0.2

4.1 ± 0.2

PP-2-BrT

68.3 ± 0.8

19.1 ± 0.2

11.2 ± 0.4

1.4 ± 1.0

PP-3-BrT

67.2 ± 1.6

17.6 ± 0.8

12.4 ± 1.2

2.8± 2.0

2,5-DiMeT

DiHaloT

MeT

HaloT

(atom%)

O (atom%)

FTIR measurements of the PP layers showed that only the PPT layer contained aliphatic
CH2 units, which explains the low H2 peak in the MS spectrum.17 Furthermore, terminal
acetylene structures were present in the PPT and PP-ClT layers, whereas disubstituted
acetylene units were only detected in the PP-2,5-DiClT layer. As this was not found in the
FTIR spectra of the BrT’s, this shows the importance of the abstraction of hydrogen by
chlorine radicals in the deposition process. The FTIR spectra of the PP-MeT layers
(Figure 6.6) show that the C-H bonds present in the monomer (α-H and β-H) are also present
in the respective PP-MeT layers.35 Together with the OES, MS, and XPS results this
confirms that deposition does not proceed via hydrogen liberation from the thiophene ring.
To study this further, NMR spectra were taken from the PP-MeT layers (Figure 6.7), which
were the only ones that were soluble in CH2Cl2, as was determined with ellipsometry. The
peaks at 1.4 and 5.25 ppm in Figure 6.7 are due to water and nondeuterated CD2Cl2,
respectively. A spectrum of the residue after evaporation of a solvent sample revealed that the
other peaks below 2 ppm are due to impurities in CH2Cl2.
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Based on the reference spectra of the monomers35 and the 1H-13C correlation spectra
(data not shown), the peaks in the region δ = 6.5-7.5 ppm can be assigned to hydrogens on
different positions on the thiophene ring. The peak around 2-2.5 ppm originates from
hydrogen atoms in CH3 groups.
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Figure 6.6. FTIR spectra of PP layers from pulsed (1 s on) plasmas of MeT’s (2,5-DiMeT, bottom;
2-MeT, middle; 3-MeT, top). (CH, 2-substituted thiophene: 705 cm–1; CH,
2,5-disubstitued thiophene: 796 cm –1; CH3: 2960 cm–1; Aromatic -CH3, -CH2-: 2860,
2920 cm–1; α-H, thiophene ring: 3060 cm–1; β-H, thiophene ring: 3100 cm –1; -C≡C-H:
3288 cm–1). An offset is used for clarity. For plasma conditions see Table 6.1.
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Figure 6.7. 1H NMR spectra of PP layers from pulsed (1s on) plasmas of MeT’s (2,5-DiMeT, top;
2-MeT, middle; 3-MeT, bottom) in CD2Cl2. (1.4 (H2O), 2-2.5 (H, CH3),
5.25 (nondeuterated CD2Cl2), 6.5-7.5 (H, thiophene ring) ppm). An offset was used for
reasons of clarity. For plasma conditions see Table 6.1.
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In all NMR spectra, the thiophene hydrogens as expected from the monomer structure are
present. Some other peaks are also observed but they represent only very small amounts of
H atoms. Furthermore, it cannot be excluded that small amounts of aliphatic C-H bonds are
formed that would show peaks in the same region as the impurities of the solvent. This shows
that almost no fragmentation of the thiophene ring occurs, while some rearrangement of
hydrogen atoms has also taken place.35 This is in good agreement with the OES, MS and
FTIR results (Figure 6.6 and previous study17). Quantitative analysis showed that the
H atoms on the thiophene ring are preserved to a greater extent relative to the H atoms in the
CH3 groups, which shows that polymerisation proceeds via dissociation of either the
C-H bond in the CH3 group or the thiophene-CH3 bond. In the plasma polymerisation of
toluene it was observed that at 1 mbar the dissociation of the C-CH3 bond and the C-H bond
of the CH3 groups are equally favoured, while almost no hydrogen was lost from the benzene
ring.2 In our case, the low CS formation observed for the MeT’s is not in accordance with a
mechanism involving dissociation of the thiophene-CH3 bond, whereas the radical formed
upon dissociation of the C-H bond of the CH3 group would be stabilised by resonance. The
OES (lower CS formation than T) and MS (higher H2 formation than T) results also suggest
that deposition occurs via the liberation of the H atom from the CH3 substituent. Based on the
NMR and FTIR results, the formation of aliphatic CH2 groups cannot be excluded. It is
therefore concluded that deposition takes place via liberation of a H atom from the
CH3 substituent.
The conductivity of the PP layers after 5 min iodine doping is shown in Figure 6.8. The
same trends were also observed after longer doping times (data not shown), although the
absolute values differed to some extent. Figure 6.8 can thus be considered as representative
for the conductivity of the PP layers. Combining Figure 6.8 with Figure 6.2, it becomes clear
that a high deposition rate results in a low conductivity of the deposited PP layer. As shown
above, a high deposition rate corresponds to a high amount of fragmentation during
deposition. In an earlier study the same relation between fragmentation and conductivity was
found for thiophene.16
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Figure 6.8. Logarithm of the volume conductivity (S/cm) of PP layers from thiophene and thiophene
derivatives after 5 min iodine doping (n = 3 ± sd). For plasma conditions see Table 6.1.

The relation between the monomer structure, mechanism of deposition, and PP layer
characteristics becomes clear when the results of all analysis techniques are taken into
account. For instance, for the DiBrT’s deposition probably proceeds via bromine liberation
(Figure 6.3). Due to the position of radical formation, more fragmentation occurs for
2,5-DiBrT than for 3,4-DiBrT (Figure 6.3 and Figure 6.4), with a corresponding lower
conductivity for 2,5-DiBrT (Figure 6.8). For the mono-BrT’s liberation of bromine is
unfavourable (Figure 6.4), resulting in a different deposition mechanism (hydrogen
liberation17). This gives rise to radical formation on a different position on the thiophene ring
compared with the DiBrT’s, resulting in more fragmentation for 3-BrT than for 2-BrT.
Therefore, the conductivity of the PP-2-BrT layer is higher than the PP-3-BrT layer. For the
MeT’s, deposition proceeds mainly via the methyl substituent (Figure 6.6 and XPS results
previous study17) and therefore the thiophene ring is hardly fragmented (Figure 6.7), which
results in a high conductivity after iodine doping (Figure 6.8). This shows that the monomer
structure can effectively be used to influence the deposition mechanism via the ease and
position of radical formation, thereby affecting the retention of the thiophene ring in the
PP layer and thus the conductivity of the resulting PP layer.
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Conclusions
The deposition of thiophene and thiophene derivatives by plasma polymerisation most
probably proceeds by a mechanism involving radicals, which are generated via the most
favourable energy dissipation path. The nature, number, and position of substituents on
thiophene influence the deposition process via the ease and site of radical formation. With
increasing electronaffinity of the substituent(s) the dissociation of the adjacent C-H and the
C-substituent bond are increasingly facilitated. An increase in the number of substituents
facilitates dissociation of the adjacent C-substituent bond. The position of substituent(s)
affects the fragmentation during deposition of the thiophene ring via the position on which
the radical is formed, with a higher fragmentation for radicals formed on carbon atoms also
attached to sulphur, compared with other carbon atoms. An increase in fragmentation during
deposition gives rise to an increase in deposition rate and a decrease in conductivity.
Consequently, the number, position, and nature of substituents can be effectively used to alter
the ease and position of radical formation, thereby affecting fragmentation during deposition
and thus the characteristics of the resulting PP layer.
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7
On the iodine doping process of plasma
polymerised thiophene layers*
To make a fair comparison of the conductive properties of plasma polymerised thiophene (PPT)
layers deposited under different conditions, optimal doping procedures should be applied. The iodine
doping process of PPT layers deposited at high (HP) and low (LP) pressure has been studied in detail.
Doping time, thickness, and exposure time to air before and after doping were varied. Iodine doping
generates charge carriers by the formation of charge transfer (CT) complexes, which are in
equilibrium with absorbed iodine. The conductivity of the LP-PPT layers decreases with increasing
thickness due to (vacuum-) UV modification. Upon exposure to air before doping, LP-PPT layers
loose their capability to form CT complexes, whereas the HP-PPT layers do not. Consequently, the
conductivity for LP-PPT layers exposed to air before doping decreases with exposure time. After
iodine doping, a lower rate of oxidation upon exposure to air is observed compared with as deposited
PPT layers. Furthermore, the conductivity decreases slowly due to diffusion of absorbed iodine out of
the PPT layers. The conductivity of the HP-PPT layers increases faster with doping time and shows a
higher stability towards exposure to air after doping than LP-PPT layers. Consequently, the optimal
doping procedure may vary for PPT layers deposited under different conditions.

Introduction
Plasma polymerisation can be used to obtain very thin, pinhole-free, and tightly adhering
layers on almost any substrate.1,2 When monomers are used that yield conjugated structures
upon plasma polymerisation, the deposited layers may become conductive after the
introduction of charge carriers by dopants.3-5 Iodine is frequently used as a dopant because of
the ease of the doping procedure. It was shown by several techniques (e.g., UV and
X-ray induced photoelectron spectroscopy (UPS and XPS), Raman, and UV-Vis
spectroscopy) that, next to absorbed I2, charge transfer (CT) complexes in the form of
I3- and/or I5- are formed upon iodine doping of polyacetylene.6-8 The same CT complexes of
iodine were found after iodine doping of other conjugated polymers,9-13 trimers,14 and
monomers.15 It is now generally accepted that the conductivity in conjugated polymers after
doping is governed by the charge carriers generated by these CT complexes.
As doped polythiophene is known for its high and stable conductivity,16 thiophene is often
used as a monomer in plasma polymerisation.17-25 In an earlier study we have shown that the
amount of incorporated thiophene structures in plasma polymerised thiophene (PPT) layers
increases with decreasing degree of fragmentation during deposition.25 In our experimental
setting, pressure was the only process parameter which influenced the degree of
* The work described in this chapter has been submitted for publication in Synthetic Metals.
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fragmentation during deposition. At high pressure fragmentation is suppressed and, with the
doping procedure used, a higher conductivity was found for PPT layers deposited at high
pressure (0.3 mbar) as compared to PPT layers deposited at low pressure (0.06 mbar).
It is known that iodine reacts with non-conjugated unsaturated structures in rubbers,26,27
whereas it forms CT complexes with conjugated structures in polyacetylene.6-8 Due to
fragmentation, the PPT layers contain different chemical structures, of which the type and
amount are influenced by the deposition conditions. The effect of iodine doping may be
different for these different chemical structures. Furthermore, PPT layers contain a
considerable amount of radicals and other unstable entities that can react with atmospheric
oxygen after deposition. Consequently, the time and the exposure conditions between
deposition and doping might be important factors for the conductivity of the PPT layers. To
form CT complexes, iodine has to diffuse into the PPT layers,28 requiring adequate doping
times with respect to the thickness of the layer.
In the cited studies on PPT layers, optimisation of the doping procedure in order to obtain
a maximal conductivity of the PPT layers was not performed. The doping time varied from
5 min25 to overnight,19-21 irrespective of the thickness of the layer, whereas sometimes
vacuum was applied after doping to remove excess iodine.22 To make a fair comparison of
the conductive properties of PPT layers deposited under different conditions, optimal doping
procedures should be applied. Furthermore, the conductive properties of doped PPT layers
should be related to the chemical structure of the PPT layer before and after doping.
In the present study, PPT layers deposited at high (HP) and low (LP) pressure having
different chemical structures were doped with iodine. To study the effect of the diffusion of
iodine on the conductivity, PPT layers of varying thickness were doped with iodine for
different times. The effect of exposure of the PPT layers to atmospheric conditions for
various times before and after doping on the conductivity was also investigated.
Characterisation of the PPT layers was carried out using XPS, Fourier transform infrared
spectroscopy (FTIR), and conductivity measurements.

Experimental
Materials. Thiophene (99,5% purity) and iodine (doubly sublimated) were purchased from Merck
(Darmstadt, Germany) and used as received. All solvents were of analytical grade purity and
purchased from Biosolve (Valkenswaard, the Netherlands). Water used was doubly deionised. Glass
slides (∅ 2.5 cm, used for FTIR analysis) with a sputtered chromium and gold layer were obtained
from the FFW division (University of Twente, Enschede, the Netherlands). Glass slides (∅ 1.5 cm,
used for XPS analysis) were purchased from Knittel (Braunschweig, Germany). The samples used for
the conductivity measurements (glass slides with four parallel electrodes with extensions to contact
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areas for the measurement leads,25 configuration in accordance with ASTM D257) were supplied by
the MESA Institute (University of Twente, Enschede, the Netherlands).
Cleaning. All glassware, substrates and tools were cleaned ultrasonically, consecutively three times in
toluene, n-hexane, acetone, water, and acetone and subsequently dried at 125 ºC.
Plasma polymerisation. The plasma apparatus consisted of a tubular glass reactor with three
externally placed, capacitively coupled electrodes.25 The powered (hot) electrode was placed at the
centre of the reactor. Two glass plates were placed between the hot and the grounded (cold)
electrodes, which were positioned at 30 cm on either side of the hot electrode. The flow of monomer
vapour through the reactor was regulated using needle valves and calculated from the time needed to
obtain a certain pressure increase, once pumping of the reactor was stopped, assuming ideal gas
behaviour. Mass flow controllers (MKS Instruments, Andover, USA) controlled the flow of
noncondensing gases. The system (without the substrates) was first cleaned by applying an air plasma
(5 sccm/min, 125 W, 0.13 mbar) for 60 min. The substrates were placed at the centre between the hot
and cold electrode at the side of the monomer inlet and the reactor was evacuated to < 5.10-3 mbar.
The substrates were cleaned with an air plasma (5 sccm/min, 85 W, 0.13 mbar) for 5 min, after which
the reactor was again evacuated to < 5.10-3 mbar. Subsequently, a monomer flow was established
through the reactor and after 2 min, pulsed plasma depositions (10 s on, 10 s off) were carried out.
The starting pressure (0.06 and 0.3 mbar) and the number of pulses were varied to obtain PPT layers
of varying chemical structure and thickness. After deposition, the monomer flow was sustained for
another 2 min and the reactor was brought to atmospheric pressure with air. The samples were stored
at -18 ºC.
Characterisation of PPT layers. The thickness of PPT layers deposited on the samples used for the
conductivity measurements was determined with a Dektak IIA (Sloan Technology Corporation, Santa
Barbara, USA). During plasma deposition, the extensions of the electrodes were covered with glass
slides to locally prevent deposition, thus enabling a good contact with the measurement leads for the
conductivity measurements. The needle was moved over the boundary between areas of the substrate,
which were covered and not covered during plasma deposition. The height difference was taken as the
thickness of the deposited layer.
The conductivity of the PPT layers was determined using specially designed substrates for the
plasma deposition.25 Two Keithley 617 Electrometers (Keithley Instruments, Cleveland, USA) were
used to apply a current over the outer electrodes and to measure the voltage over the inner electrodes.
After applying the current for 1 min, the voltage was read. The volume conductivity of the deposited
layer was calculated using the appropriate formulas (ASTM D257).
The samples were doped by placing them in a sealed container containing iodine crystals for a
certain period of time. If applicable, samples were subjected to atmospheric conditions at room
temperature before and after iodine doping.
For FTIR analysis, PPT layers were deposited on gold-coated glass discs (∅ 2.5 cm) and spectra
were recorded using a BioRad FTS-60 (Biorad, Cambridge, UK) in the reflectance mode.
A background spectrum was recorded using a clean substrate.
XPS analysis of PPT layers was carried out on layers deposited on glass discs (∅ 1.5 cm) using a
Kratos XSAM 800 (Manchester, UK) equipped with a Mg/Al Kα source (1253.6 and 1486.6 eV,
respectively). The analyser was placed perpendicular to the sample surface. The input power was
150 W (10 mA, 15 kV). The analysed spot size was ∅ 6 mm. Survey scans (1100 - 0 eV binding
energy (BE) window) were recorded with a pass energy (PE) of 100 eV and a dwell of 0.1 s. Relative
peak areas for the different elements were calculated by numerical integration of the detail scans
(20 eV BE window, 20 eV PE) using empirically determined sensitivity factors. After normalisation,
the concentrations of the various elements were obtained.
High resolution (HR) XPS spectra (20 eV PE) were obtained using a VG Σ Probe (VG Scientific,
East-Grinstead, UK) with a monochromatic Al Kα source (1486.6 eV, 400 µm spot size, 100 W). For
each sample data were collected until the spectra were of sufficient quality.
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Results & Discussion
Plasma polymerisation of thiophene. FTIR spectra of PPT layers deposited at high (HP)
and low (LP) pressure are given in Figure 7.1.A. The absorption bands at 705 cm-1 and
around 3100 cm-1 show that the thiophene structure is partly preserved in the PPT layers.29,30
However, some terminal acetylene (3288 cm-1) and aliphatic (2910 cm-1) structures are also
present, indicating that fragmentation has occurred. From Figure 7.1.B it is clear that the
relative amount of preserved thiophene structures is higher for the HP-PPT layer than for the
LP-PPT layer. An earlier study showed that, with the doping procedure used, this results in a
higher conductivity after iodine doping for the HP-PPT layers, which might be related to a
longer conjugation length in these layers.25 To get insight into the doping process, HP- and
LP-PPT layers were doped in iodine vapour for different times. The samples were exposed to
atmospheric conditions before and after doping. The effect of the three parameters (doping
time, pre- and post-doping exposure to air) on the conductivity and the chemical structure of
the two types of PPT layers will be discussed in detail below.
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Figure 7.1. A. FTIR spectra of PPT layers (100 W, 10 s on, 10 s off) deposited at 0.06 mbar
(LP, bottom, 10 pulses) and 0.3 mbar (HP, top, 20 pulses). B. Intensity of absorption
bands characteristic for acetylenic (3288 cm-1), conjugated ring (3099 cm-1), and aliphatic
structures (2910 cm-1) (normalised to the intensity of the absorption band at 3099 cm-1 in
that spectrum) in the FTIR spectrum of a layer deposited at 0.3 mbar (HP) relative to the
normalised intensity of the same absorption bands in the FTIR spectrum of a layer
deposited at 0.06 mbar (LP).

Doping. The effect of iodine doping time on the conductivity of LP- and HP-PPT layers is
depicted in Figure 7.2. For the LP-PPT layers, the conductivity increases with doping time
during the first 40 min, whereas for the HP-PPT layers already after 5 min iodine doping a
constant conductivity is found. Since it is not expected that small differences in density,
which may exist between HP- and LP-PPT layers, will result in substantial different iodine
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diffusion rates in the PPT layers, the observed different time dependencies of the conductivity
on iodine doping time must result from a difference in the rate of charge carrier formation.
This is confirmed by Zhang et al., who found instantaneous doping of polythiophene and
polythiophene derivative films.31 It can be hypothesised that the difference in the rate of
formation of charge carriers is due to a difference in conjugation length, which is presumably
longer in the HP-PPT layers. Charge carriers are delocalised over a number of monomer
units.32 At longer conjugation lengths there will be an increased rate of formation of charge
carriers due to a lower activation energy. Consequently, the conductivity will show a faster
increase in time.
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Figure 7.2. Logarithm of the volume conductivity (S/cm) of PPT layers (100 W, 10 s on, 10 s off)
deposited at 0.06 mbar (LP) and at 0.3 mbar (HP) as a function of iodine doping time
(n ≥ 3 ± sd).

Conductivity is determined by the number of charge carriers and their mobility throughout
the PPT layer. For conductivity, the charge carriers have to move along as well as between
(hopping) the PPT chains. The hopping transport was found to be the rate-determining step in
several conductive polymers, including iodine doped polyalkylthiophenes.33 The energy
barrier for hopping is lower when the delocalisation of the charge carriers is higher.
Therefore, the hopping efficiency depends on the conjugation length. When the conjugation
length is longer the delocalisation of charge is easier, resulting in a lower activation energy
for the hopping process. This is shown by an increase in the carrier mobility in
oligothiophenes with increasing conjugation length up to the hexamer.34
To make inter-chain hopping possible, the chains have to be in close proximity of each
other. Therefore, the diffusion of chains is also of importance, but this is not expected to be
different for the PPT layers.
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On the basis of the amount of preserved thiophene structures (Figure 7.1) and the similar
diffusion properties of the PPT chains in the PPT layers, the hopping efficiency of charge
carriers (and consequently the conductivity) is expected to be higher in the HP-PPT layers
than in the LP-PPT layers. However, the maximum conductivity of the LP-PPT layer
deposited in 5 pulses is not significantly different from the conductivity of the
HP-PPT layers. Apparently, the number of charge carriers is higher in the LP-PPT layers
compared to the HP-PPT layers.
For the HP-PPT layers the conductivity is independent of the thickness of the layer,
whereas for the LP-PPT layers the conductivity decreases with increasing thickness. This
implies that, due to the interaction with plasma species, deposited LP-PPT layers become less
conductive during the deposition of subsequent layers. As deposition only takes place during
the plasma ”on” time,25 the time PPT layers are exposed to the plasma is a linear function of
the thickness. During 1 pulse of 10 s a PPT layer of ± 13 (HP) or ± 35 (LP) nm is formed.
The only species in plasma that penetrates far enough to modify the “bulk” of a deposited
layer is the (vacuum-) UV light. In literature, several authors have pointed to the possibility
of (vacuum-) UV modification of deposited layers during deposition.35,36 Optical emission
spectroscopy (200-875 nm) showed a peak at 257 nm in the thiophene plasmas, with a higher
intensity for the LP plasma than for the HP plasma.25 The energy of this light (4.56 eV) is
sufficient to break chemical bonds (3-5 eV) in the PPT layers, which may result in the
destruction of thiophene structures and/or the formation of cross-links. Consequently, the
number of charge carriers and the diffusion of PPT chains is lowered, which explains the
decrease in conductivity of the LP-PPT layers with increasing thickness. For the
HP-PPT layers the modification induced by the UV light is apparently not sufficient to have
an effect on the conductivity.
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The FTIR spectra depicted in Figure 7.3 show the effect of iodine doping on the structure
of the HP-PPT layers. Qualitatively, the LP-PPT layers gave comparable spectra. Upon
doping with iodine the absorption bands at 3288 cm-1 and 705 cm-1 decrease in intensity,
showing that hydrogen atoms in acetylenic and thiophene (α-H) structures disappear by a
reaction with iodine. Furthermore, the intensity of the absorption bands at around 1425 cm-1
is strongly increased, and a new absorption band appears at 1540 cm-1. These absorption
bands can be ascribed to C=C groups in mono-substituted thiophenes (1425 and 1540 cm-1)
and -CH2I or -CI=CH2 groups (1425 cm-1), respectively.29,30
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Figure 7.3. FTIR spectra of HP-PPT layers (20 pulses of 10 s on, 10 s off, 100 W, 0.3 mbar) after
deposition (bottom) and doping with iodine for different times. For each spectrum a new
PPT layer was used.

Considering the complex chemical structure of the PPT layers, many reactions with iodine
may occur. Iodine probably reacts with residual radicals in the PPT layers via
PPT• + I2 → PPTI + I•. Iodine radicals can also be formed by the homolytic dissociation of
iodine due to the influence of light.37 Iodine radicals may be able to abstract hydrogen atoms
from thiophene structures because the aromatic structure can delocalise the resulting radical.
Subsequently, thus formed HI can react with terminal acetylene structures via
RC≡CH + HI → RCI=CH2.38 The radical on the thiophene structure can in its turn react with
other iodine radicals to form mono-substituted thiophenes etc. The main conclusion that can
be drawn from the FTIR results is that side-reactions occur during iodine doping of
PPT layers.
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In the HR XPS spectra of the I3d5 region two different peaks can be observed (Figure 7.4).
The high BE peak can be assigned to either iodine atoms covalently bound to carbon
and/or absorbed I2. The low BE peak originates from CT complexes in the form of I3- and/or
I5-, probably with the thiophene structures in the PPT layers.6-8 Comparing the I3d5 region of
the HP- and the LP-PPT layers (Figure 7.4), it becomes clear that the HP-PPT layers have
formed relatively more CT complexes. Together with the iodine atom % (LP: 4.6% and HP:
4.2%) this could be related to the conductivity results, if the vacuum applied during the XPS
measurements (10 min, <10–6 mbar) would have no effect on the conductivity. However,
when the PPT layers were doped and subjected to vacuum (0.1 mbar) for 10 min the
conductivity dropped considerably (Figure 7.5). Tanaka et al. also found a low conductivity
of iodine doped PPT layers after applying vacuum (10-8 S/cm), but they did not compare it
with the conductivity before the application of vacuum.22
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Figure 7.4. High resolution XPS spectra of the I3d5 region of PPT layers (100 W, 10 s on, 10 s off)
deposited at 0.06 mbar (LP) and 0.3 mbar (HP) after doping with iodine for 5 min.
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This implies that the XPS results cannot be directly related to the conductivity determined
immediately after doping. Moreover, the variation of the conductivity as a function of doping
time is no longer observed after post-doping exposure to vacuum. This indicates that the
removal of absorbed I2 from the layers strongly influences the conductivity. The low
conductivity of iodine (10-9 S/cm)39 excludes absorbed iodine as being responsible for the
observed conductivity. To study this further, the iodine concentration and the ratio of the low
and high BE peak areas in the I3d5 region were studied as a function of post-doping vacuum
exposure time (Figure 7.6). To minimise the effect of X-ray damage on the results, a new
analysis spot was taken for every data point. For both layers, the iodine concentration
decreases almost linearly, whereas there is only a slight decrease in the peak area ratio. This
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Figure 7.6. Ratio of peak areas of the low and high BE peak in the I3d5 region (left axis,
solid symbols) and iodine concentration (right axis, open symbols) as measured with
XPS at the surface of iodine doped (40 min) PPT layers (100 W, 10 s on, 10 s off)
deposited at 0.06 mbar (LP, circles) and 0.3 mbar (HP, squares) as a function of time
under vacuum (<10-6 mbar).

Figure 7.6 also shows a slight decrease in the peak area ratio, which is due to the fact that
the high BE peak also stems from covalently bound iodine. The peak area ratio decreases
relatively more for the LP-PPT layers, whereas the decrease in iodine concentration is less
than for the HP-PPT layers. This means that there is more covalently bound iodine in the
LP-PPT layers, which is consistent with the FTIR results (Figure 7.1 and Figure 7.3).
The decrease in conductivity upon the application of vacuum was found to be irreversible.
This must be due to a reaction of iodine with the PPT layers, resulting in a loss of the
capability of the PPT layer to form CT complexes upon redoping with iodine.
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Osterholm et al. describe the effect of vacuum on the equilibrium between iodine and
CT complexes in polyacetylene as follows:40
2(CH)x+ + I5- + I3- + I2 ⇔ 2(CH)x+ + 2I3- + 2I2

Equation 7.1.

The equilibrium is continuously shifted to the right by the application of vacuum. Based
on Equation 7.1 this should be a reversible process, which is consistent with results found
earlier for polyacetylene.8,41 It was also noted that at later stages, the transformation of I3- to
I2 and I- occurred.
Because in literature the assignment of the peaks in the I3d5 region of iodine doped
polymers to I5- and I3- is inconsistent,6-8 we do not distinguish between I5- and I3-. The
following equilibrium is proposed for our PPT layers:
Equation 7.2.

2(PPT)+• + I5- + I3- + I2 ⇔ 2(PPT)+• + 2I3- + 2I2 ⇔ 2(PPT)+• + 2I- + 4I2

or
++

(PPT)

+ I5 + I3 + I2 ⇔ (PPT)
-

-

++

+ 2I3- + 2I2 ⇔ (PPT)++ + 2I- + 4I2

The equilibrium is continuously shifted to the right by the vacuum, resulting in an
increasing concentration of I3- and I-, on which the charge is less delocalised than on I5-.
Furthermore, the delocalisation of charge on the PPT chains is probably less than on the
PA chains studied by Osterholm et al. The low delocalisation on both the iodine ions and the
PPT chains facilitates an ionic addition reaction of I- and possibly I3- with charge carriers.42
As a result, the capability of forming CT complexes is lost irreversibly. If radicals remain on
the non-degenerated conjugated polymers they are not stable and will therefore terminate
quickly, either internally (recombination of radicals) or externally (e.g., reaction with I2).
Based on these results it can be concluded that conductivity is governed by charge carriers
generated by CT complexes, which are in equilibrium with absorbed iodine. Their mobility is
determined by the diffusion of PPT chains. The application of vacuum induces a reaction of
iodine with the PPT layer, resulting in an irreversible loss of conductivity.

Exposure to air. Both LP- and HP-PPT layers were subjected to atmospheric conditions for
several days before doping with iodine. The FTIR spectra of PPT layers that were exposed to
air (Figure 7.7) show a strong increase of the intensity of the absorption bands at 1702 (C=O)
and 3500 cm-1 (C=O and/or OH). The increase is larger for the LP-PPT layers than for the
HP-PPT layers. Furthermore, absorption bands appear at 1050 and 1180 cm-1, which are due
to the oxidation of sulphur into >S=O and -SO2- groups, respectively. The HP-PPT layers
only show the formation of >S=O groups.
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Figure 7.7. FTIR spectra of PPT layers (100 W, 10 s on, 10 s off) deposited at 0.06 mbar
(LP, 10 pulses) and 0.3 mbar (HP, 10 pulses) as deposited (bottom) and after different
exposure times to air.

These differences can be explained by the higher degree of fragmentation in the
LP-PPT layers, which could be the result of the higher degree of fragmentation of the
monomer during deposition at LP25 and/or the higher intensity of the UV light in the
LP plasma. Due to these processes, more and maybe different structures that are susceptible
to oxidation, are present in the LP-PPT layers. For both layers, a decrease in the intensity of
the absorption band at 705 cm-1 (CH in thiophene ring) with exposure time is observed.
Apparently, the thiophene rings oxidise in time.
The XPS results (data not shown) were consistent with the FTIR results. Both types of
PPT layers show an increase of the oxygen concentration with oxidation time, but the
increase is less for the HP-PPT layers (from 2 to 10 atom% O in 7 days, compared with
2 to 14% for LP-PPT layers). The HR XPS spectra of the S2p region of the oxidised
PPT layers showed the presence of sulphur in -SO2-groups in the LP-PPT layers but not in
the HP-PPT layers, which is in agreement with the FTIR results.

After the exposure to air, the PPT layers were doped with iodine. The influence of predoping exposure time on the conductivity after doping is shown in Figure 7.8. No effect is
observed for the HP-PPT layers, whereas the LP-PPT layers are less conductive after 7 days
of pre-doping exposure time.
As stated earlier, the number of charge carriers and their inter- and intra-chain mobility
determine the conductivity. Furthermore, diffusion of chains has to take place to make interchain hopping possible. It is not expected that the diffusion of PPT chains is influenced by
the oxidation. Therefore, the decrease in conductivity after exposure to air for the
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LP-PPT layers must be due to a decrease in the number of charge carriers formed upon iodine
doping and/or a decrease in the mobility of the charge carriers. It can be hypothesised that the
number of charge carriers decreases due to a decrease in conjugation length after oxidation. It
is possible that the conjugation length in the LP-PPT layers is shortened to such an extent that
they cannot or only slowly form a CT complex with iodine. With decreasing conjugation
length, the energy barrier for hopping will increase, resulting in a loss of mobility. The
mobility of charge carriers is also reduced due to the presence of carbonyl groups
(localisation effect) formed upon exposure to air.43 For the HP-PPT layers, the decrease in
conjugation length and the localisation effect of carbonyl groups are apparently not sufficient
to affect the rate of formation, the number, and the mobility of generated charge carriers, the
combination of which is responsible for the observed conductivity.
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Figure 7.8. Logarithm of the volume conductivity (S/cm) after 40 min iodine doping of PPT layers
(100 W, 10 s on, 10 s off) deposited at 0.06 mbar (LP, 10 pulses) and 0.3 mbar
(HP, 10 pulses) as a function of pre-doping exposure time to air (n = 3 ± sd).

The FTIR spectra of the PPT layers exposed to air for 7 days and doped afterwards are
given in Figure 7.9. No changes in the spectrum of the LP-PPT layers are observed after
iodine doping, although there are still acetylenic structures present that normally react with
iodine (cf. Figure 7.3). It might be that the diffusion of iodine in the oxidised layer is slower
and/or that no HI is formed upon doping because the residual radicals have reacted with
oxygen during the exposure to air. The HP-PPT layers show an effect comparable to that just
after deposition (cf. absorption bands at 3288 and 705 cm-1), which is in good agreement with
the conductivity results.
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Figure 7.9. FTIR spectra of PPT layers (100 W, 10 s on, 10 s off) deposited at 0.06 mbar
(LP, 10 pulses) and 0.3 mbar (HP, 10 pulses) just after deposition (bottom), after 7 days
of exposure to air (middle), and 7 days of exposure to air and 40 min of iodine doping
(top).

XPS measurements showed a decrease in the iodine concentration with increasing predoping exposure time (data not shown). In literature, the reaction with iodine and the
oxidation process are found to be competitive.28 After exposure to air, structures that form
C-I bonds upon iodine doping have already reacted to a certain extent with atmospheric
oxygen. Figure 7.10 shows that the relative intensity of the low BE peak in the I3d5 region is
independent of exposure time for the HP-PPT layer, whereas it decreases for the
LP-PPT layer. Assuming that the effect of vacuum on the decrease of CT complexes is equal
for the layers, this shows that when iodine diffuses into LP-PPT layers that are exposed to air,
less CT complexes are formed compared with LP PPT layers immediately after deposition. In
the HP-PPT layers CT complex formation is unaffected by exposure to air. This confirms the
hypothesis that the ability of the LP-PPT layers to form CT complexes decreases upon
exposure to air due to a decrease in conjugation length.
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Figure 7.10. High resolution XPS spectra of the I3d5 region of PPT layers (100 W, 10 s on, 10 s off)
deposited at 0.06 mbar (LP) and 0.3 mbar (HP) after 40 min iodine doping at different
pre-doping exposure times to air.
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Post-doping exposure to air. The effect of post-doping exposure to air on the conductivity
of the PPT layers is depicted in Figure 7.11. For both PPT layers the conductivity decreases
gradually, which is probably due to the diffusion of absorbed iodine out of the PPT layers.
This process is analogous to the application of vacuum (cf. Figure 7.5). The decrease in
conductivity is much slower than when vacuum is applied because the pressure difference is
lower by a factor 104. Chilkoti et al. also found a much faster decrease of the conductivity of
iodine doped polyisoprene in vacuum compared with exposure to air.44
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Figure 7.11.Logarithm of the volume conductivity (S/cm) of PPT layers (100 W, 10 s on, 10 s off)
deposited at 0.06 mbar (LP, 5 pulses) and 0.3 mbar (HP, 10 pulses) as a function of
exposure time to air after 40 min iodine doping (n = 3 ± sd).

XPS (Figure 7.12) and FTIR (data not shown) measurements showed that both layers are
only slightly oxidised upon post-doping exposure to air. The iodine uptake reduces the rate of
increase in oxygen concentration upon exposure to air compared with nondoped PPT layers.
This is because part of the structures susceptible to oxidation (e.g., residual radicals) has
reacted with iodine.
6

LP
HP

O [atom %]

5
4
3
2
1
0
0

2

4

6

8

Post-doping exposure time to air [days]

Figure 7.12.Oxygen concentration (determined with XPS) at the surface of PPT layers (100 W,
10 s on, 10 s off) deposited at 0.06 mbar (LP) and 0.3 mbar (HP) after 40 min iodine
doping as a function of exposure time to air after doping (n = 2 or n = 3 ± sd).
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Conclusions
Conductivity in PPT layers is governed by charge carriers, generated by CT complexes in
equilibrium with absorbed iodine. The rate of formation of charge carriers is higher for
PPT layers containing thiophene structures with a longer conjugation length. Modification of
a deposited PPT layer by (vacuum-) UV light during deposition of subsequent PPT layers can
lower the conductivity after iodine doping via the formation of cross-links and the destruction
of thiophene structures. The application of vacuum after doping induces a reaction of iodine
with the PPT layers resulting in an irreversible loss of conductivity. Upon exposure to air,
oxidation of carbon and sulphur atoms occurs. When this results in a loss of the capability to
form CT complexes, a lower conductivity after oxidation is observed. Iodine doping reduces
the rate of oxidation upon exposure to air. Exposure to air after iodine doping results in a
gradual decrease of the conductivity due to a slow diffusion of absorbed iodine out of the
PPT layers. The conductivity of PPT layers deposited under less fragmenting conditions
(i.e., high pressure) is less affected by pre- and post-doping exposure to air.
As a consequence, the optimal doping procedure may vary for PPT layers deposited under
different conditions. Therefore, a detailed study of the doping parameters (doping time,
pre- and post-doping exposure time and conditions, etc.) is needed to identify the optimal
iodine doping procedure for a specific PPT layer.
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8
Effect of dopants on the transparency and
stability of the conductivity of plasma
polymerised thiophene layers*
Iodine is frequently used as dopant for plasma polymerised thiophene (PPT) layers, but suffers from
several drawbacks such as the rapidly decaying conductivity upon exposure to air, and the absorption
of light by iodine species that are present in the doped PPT layer (i.e., I2, I3-, and I5-). This limits the
utilisation of these layers in applications that require a high transparency and a stable conductivity.
Two alternative dopant systems (thiantrenium perchlorate (ThClO4) and nitrosonium
hexafluorphosphate (NOPF6)) have been evaluated and with both alternatives highly transparent (>
90% over the whole visible range) PPT layers were obtained of which the conductivity (10-4 S/cm)
was stable during the period of evaluation (2 weeks).

Introduction
For many applications, conductive polymers should have a conductivity that is stable in time,
while for some applications (e.g., antistatic coatings for photographic films) transparency is
also of major importance. Conjugated polymers such as polythiophene become conductive
when charge carriers, generated by dopants, are present.1-3 However, due to their conjugated
structure, conductive polymers are non-transparent. Transparent and conductive polymeric
systems can be obtained when thin conductive polymer layers are applied on transparent
substrates. Plasma polymerisation has been frequently used to deposit thin plasma
polymerised thiophene (PPT) layers,4-10 thereby keeping the transparency high.11
Iodine is often used as a dopant for PPT layers because of the ease of the doping
procedure. In an earlier study it was shown that complicated chemistry is involved in the
iodine doping of PPT layers, with the conductivity of the PPT layers being dependent on the
conjugation length of thiophene structures in the PPT layers, the doping time, and the time
(and conditions) before and after doping.12 In practice, the application of these iodine doped
PPT layers is hindered by the low stability of the conductivity (decrease by 2 orders of
magnitude in 2 days). Furthermore, for applications that require a high transparency, the
strong absorption of light by iodine species is a major problem.
Using other dopants, PPT layers with a high transparency and conductivity that is stable in
time might be obtained. During doping, charge is transferred from the dopant to the polymer,

* The work described in this chapter has been submitted for publication in Synthetic Metals.
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while charge neutrality is retained by the simultaneous incorporation of counter-ions.13
Oxidation of the polymer (i.e., electrons from polymer to dopant) results in a hole-conducting
polymer (p-type), whereas an electron-conducting polymer (n-type) is formed upon
reduction. A high degree of charge delocalisation on both the conjugated polymer and the
counter-ion is needed to obtain a stable conductivity.14 Generally, the conductivity from
n-type dopants is less stable than from p-type dopants due to the formation of unstable
carbanions in the former case.15 Therefore, to obtain layers with a high and stable
conductivity, strong oxidators should be used in combination with counter-ions that
delocalise the charge to a high extent.14,16 Furthermore, to obtain transparent layers the
combination of the reduced oxidator, the oxidised conductive polymer, and the counter-ion
should not absorb light in the visible range. From the wealth of p-type dopant systems used in
literature,17-22 thiantrenium perchlorate (ThClO4)23,24 and nitrosonium hexafluorphosphate
(NOPF6)17,25,26 seem very promising alternatives for iodine (Figure 8.1). Both thiantrenium
radical cations and NO cations are strong oxidators that after reduction are transparent in the
visible region or evaporate as a gas, respectively. Furthermore, the counter-ions (ClO4-, PF6-)
are also transparent.

+.
S

.

S

-

ClO4

Figure 8.1. Chemical structure of thiantrenium
hexafluorophosphate (right, NOPF6).

+ PF 6

NO

perchlorate

(left,

ThClO4)27,28

and

In this study, the effect of ThClO4, and NOPF6 doping on the conductivity (and the
stability thereof) and the transparency of PPT layers is compared with iodine doping. Earlier
it was found that PPT layers deposited at high pressure (HP) contain more thiophene
structures than PPT layers deposited at low pressure (LP), which results in a faster initial
increase in conductivity with iodine doping time.11,12 Therefore, in the present study,
HP- and LP-PPT layers were used in the doping experiments. The distribution of the counterions in the PPT layers was measured by recording Auger electron spectroscopy (AES) and
X-ray induced photoelectron spectroscopy (XPS) sputter profiles of PPT layers doped for
different times. The type of charge carriers with respect to the number of spins was
determined using electron spin resonance (ESR) measurements. To study the stability of the
doped PPT layers, the conductivity of these layers was measured as a function of exposure
time to air. Transparency of the PPT layers in the visible region was also determined.
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Experimental
Materials. Thiophene (99,5% purity), iodine (doubly sublimated), H2SO4 (96%, analytical grade),
and H2O2 (33%, medicinal purity) were purchased from Merck (Darmstadt, Germany). ThClO4
(Figure 8.1) was synthesised according to literature27 and supplied by the Technical University of
Eindhoven (Eindhoven, the Netherlands). NOPF6 (96%) was purchased from Alfa Aesar (Klasruhe,
Germany). All chemicals were used as received. Solvents were of analytical grade purity and
purchased from Biosolve (Valkenswaard, the Netherlands). CH2Cl2 used for the doping experiments
was purified according to literature to remove the stabiliser (ethanol).29 Other solvents were used as
received. Water used was doubly deionised. Glass slides (∅ 1.5 cm, used for XPS and UV-Vis
measurements) were purchased from Knittel (Braunschweig, Germany). The substrates used for the
conductivity measurements (glass slides with four parallel electrodes with extensions to contact areas
for the measurement leads,11 configuration in accordance with ASTM D257) were supplied by the
MESA Institute (University of Twente, Enschede, the Netherlands), as were the 4” Si wafers from
which Si-substrates (∅ 1.5 cm, used for ellipsometry) were cut.
Cleaning. All glassware, substrates and tools were cleaned ultrasonically, consecutively three times in
toluene, n-hexane, acetone, water, and acetone and subsequently dried at 125ºC. The Si substrates
were cleaned ultrasonically three times in chloroform and were put in Piranha solution consisting of
70 % H2SO4 and 30 % H2O2 for 30 min. After thorough rinsing with water, acetone and n-hexane, the
substrates were dried at room temperature.
Plasma polymerisation. The plasma apparatus consisted of a tubular glass reactor with three
externally placed, capacitively coupled electrodes.11 The powered (hot) electrode was placed at the
centre of the reactor. Two glass plates were placed between the hot and the grounded (cold)
electrodes, which were positioned at 30 cm on either side of the hot electrode. The flow of monomer
vapour through the reactor was regulated using needle valves and calculated from the time needed to
obtain a certain pressure increase, once pumping of the reactor was stopped, assuming ideal gas
behaviour. The flow of noncondensing gases was controlled by mass flow controllers
(MKS Instruments, Andover, USA). The system (without the substrates) was first cleaned by applying
an air plasma (5 sccm/min, 125 W, 0.13 mbar) for 60 min. The substrates were placed in the centre
between the hot and cold electrode at the side of the monomer inlet and the reactor was evacuated to
< 5.10-3 mbar. The substrates were cleaned with an air plasma (5 sccm/min, 85 W, 0.13 mbar) for
5 min, after which the reactor was again evacuated to < 5.10-3 mbar. Subsequently, a monomer flow
was established through the reactor and after 2 min, pulsed plasma depositions (10 s on; 10 s off) were
carried out. The starting pressure (0.06 and 0.3 mbar) and the number of pulses (0.06 mbar: 5 pulses
and 0.3 mbar: 10 pulses) were varied to obtain PPT layers of varying chemical structure and
comparable thickness. After deposition, the monomer flow was sustained for another 2 min,
whereafter the reactor was brought to atmospheric pressure with air. After deposition, the samples
were stored at –18 ºC.
Doping procedure for the PPT layers. Iodine doping was carried out in the gas-phase by placing the
samples for a certain period of time in a sealed container containing iodine crystals.
For solution doping, the samples were completely submersed in the doping solution for a certain
period of time. The preparation of the doping solutions and the doping experiments therewith were
carried out in an inert atmosphere (< 2 ppm H2O, 0 ppm O2). The doping solution consisted of 70 mg
ThClO4 or 40 mg of NOPF6, respectively, in 100 ml of CH2Cl2, degassed by several
pump-freeze-thaw cycles.
After doping the samples were subjected to atmospheric conditions at RT for different times until
further analysis was carried out.
Characterisation of PPT layers. The thickness of PPT layers deposited on Si substrates (∅ 1.5 cm)
was determined with a variable angle ellipsometer with a QTH 200 lightsource, a M44 detector, and
an EC 120 control module (J.A. Woollam Co., Lincoln, NE, USA). In the fitting procedure, a twolayer model (Cauchy-layer on top of a Si-substrate) was used. The thickness and the Cauchy
parameters (A and b) were adjusted iteratively to obtain an optimal fit. A Levenberg-Marquardt
algorithm was used for the minimisation of the mean-squared error between the fit and the
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experimental data.30 The thickness determined in this way was used for the calculation of the
conductivity and for the stability measurements.
For the determination of the stability of the PPT layers in CH2Cl2, the thickness of the PPT layers
was measured with ellipsometry and, after submersion in CH2Cl2 and subsequent application of
vacuum (≈ 10 mbar, 24 hrs), the thickness was measured again.
For the conductivity measurements the PPT layers were deposited on specially designed
substrates.11 During plasma deposition the extensions of the electrodes were covered with glass slides
to locally prevent deposition, thus enabling a good contact with the measurement leads used for the
conductivity measurements. Two electrometers (Keithley Instruments, Cleveland, USA) were used to
apply a current over the outer electrodes and to measure the voltage over the inner electrodes. After
applying the current for 1 min, the voltage was read. The volume conductivity of the deposited layer
was calculated using the appropriate formulas (ASTM D257).
AES measurements (10 keV, 0.10 µA) were carried out on PPT layers deposited on Si substrates
using a PHI 600 SAM (Physical Electronics, Minneapolis, MA, USA).
XPS spectra were obtained using an Escalab 250 (VG Scientific, East-Grinstead, UK) with a
500 µm spot size, a power input of 100 W, at 20 eV pass energy (PE), and equipped with a
monochromatic Al Kα source (1486.6 eV).
Sputter profiles of ThClO4 doped PPT layers were obtained by repetitive AES and XPS sputtermeasure cycles. Sputtering was carried out by argon ions in both the AES (sputter time 1 min, ion
energy 1.5 keV, spot size 1 mm2) and the XPS (VG: 30 - 120 s, 500 eV, 9 mm2 spot size)
measurements.
ESR spectra were recorded on a Bruker ESP 300E X-band spectrometer (Bruker Instruments,
Billerica, MA, USA) operating with a standard cavity, an ER 035M NMR Gauss meter, and a
Hewlett Packard 5350B frequency counter (Hewlett Packard, Palo Alto, CA, USA).
The transparency in the visible range (350 – 800 nm) of PPT layers deposited on glass slides, was
determined with UV-Vis spectroscopy using a Cary 300 (Varian, Palo Alto, CA, USA) with a 1 nm
stepsize at a scan rate of 10 nm/s. The UV-Vis spectra were corrected for the glass substrate by using
the spectrum of a clean glass substrate as baseline.

Results & Discussion
Doping time. In the following section, the effect of doping time on the conductivity, the
chemical composition, and the transparency of doped HP- and LP-PPT layers will be
discussed in detail for each dopant.
Using ellipsometry it was observed that the thickness of the HP- and the LP-PPT layers
after submersion in CH2Cl2 and subsequent application of vacuum remained within 5% of the
original value. The solution doping method can thus be applied to these layers.

Conductivity. The conductivity of the HP- and LP-PPT layers as a function of doping time
is given in Figure 8.2. The maximum conductivity (± 10-4 S/cm) is about the same for both
the HP- and the LP-PPT layers, irrespective of the type of dopant, showing that the chemical
structure of the as deposited PPT layer is the determining factor for the conductivity in all
cases.
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Figure 8.2. Logarithm of the volume conductivity (S/cm, n = 3 ± sd) of iodine (A), and solution
(B, NOPF6: crosses, ThClO4: open symbols) doped PPT layers (100 W, 10 s on, 10 s off)
deposited at 0.06 mbar (LP, 5 pulses, circles, dotted lines) and 0.3 mbar (HP, 10 pulses,
squares, solid lines) as a function of doping time.

Upon iodine doping, the initial increase in conductivity is faster for the HP-PPT layers
compared with the LP-PPT layers. This can be explained by the longer conjugation length in
the HP-PPT layers. At longer conjugation lengths, both the rate of formation and the mobility
of charge carriers are higher.12 The same maximal conductivity is reached, which shows that
the number of charge carriers in the LP-PPT layers is higher than in the HP-PPT layers.
Upon solution doping with ThClO4, the conductivity does not increase for doping times
> 2 hrs. Furthermore, no difference between the HP- and the LP-PPT layers is observed.
Considering the higher oxidation strength of the NO cation compared with thiantrenium
cation radicals,31 no difference between the PPT layers was expected for this dopant. For
practical reasons, only LP-PPT layers were used for the NOPF6 doping experiments.
Chemical composition. For the ThClO4 doped PPT layers, AES sputter profiles were
acquired to determine the distribution of the dopant into the PPT layer (e.g., in Figure 8.3).
Thiantrenium (only C and S) is indiscernible from the PPT layer itself and therefore the
ClO4- counter-ion was used to follow the diffusion of the dopant. Figure 8.3 shows that
chlorine is measured throughout this layer, which indicates that the dopant has diffused
through the layer. Surprisingly, oxygen is only detected at the interfaces (surface and
Si substrate). Examination of the individual spectra of the O1s region showed that there is a
difference in the binding state of the oxygen at the surface and at the substrate interface (data
not shown). The surface oxygen is probably bonded to carbon and/or chlorine, whereas the
oxygen signal at the substrate interface originates from the native oxide layer on the substrate
(SiO2).
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Figure 8.3. AES sputter profiles (Ar+ ions of 1.5 keV) of PPT layers (100 W, 10 s on, 10 s off)
deposited at 0.06 mbar (LP, 5 pulses) and 0.3 mbar (HP, 10 pulses) doped with ThClO4
for 3 days.

With AES no differences in the binding state of the chlorine were observed. Therefore,
XPS was used to get more information about the chemical state of the chlorine. In the
Cl2p region (data not shown) two peaks around 208 eV and 200 eV were observed, which are
indicative of perchlorate species (208 eV) and Cl- and/or C-Cl species (200 eV),
respectively.32 In Figure 8.4 the XPS sputter profile of the oxygen and the chlorine species in
a ThClO4 doped PPT layer is given as an example. In contrast to the AES sputter profiles,
oxygen is present throughout the PPT layer. Taking the sensitivity factors of the elements
into account an O/Cl ratio of 4 to 1 is calculated, showing that the dopant has indeed diffused
throughout the whole PPT layer. Apparently, ClO4- is modified during the acquisition of
AES sputter profiles. This could be due to the higher energy of the sputtering Ar+ ions used
for AES compared with XPS (1.5 keV and 500 eV, respectively) and/or to the different
sources of energy used in the analysis techniques (electrons and X-rays, respectively). The
high oxygen concentration at the surface is probably due to a reaction of residual radicals in
the PPT surface layer with oxygen when the reactor is brought to atmospheric pressure with
air. Based on all AES and XPS sputter profiles, it was concluded that, at least after 2 hrs,
ThClO4 has diffused throughout the layer. This is consistent with the conductivity results
(see Figure 8.2).
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(peak around 208 eV in the Cl2p region, squares) and in C-Cl and/or Cl- (peak around
200 eV in the Cl2p region, circles) in a HP-PPT layer (100 W, 10 pulses of 10 s on;
10 s off, 0.3 mbar) doped with ThClO4 for 7 days.

ESR was used to investigate the number of spins on the charge carriers (Figure 8.5). The
small difference between the glass substrate and the PPT layers shows that most of the ESR
signal originates from the glass substrate. For the ThClO4 doped PPT layers (HP-PPT layers
not shown) a small deflection appears around G = 3355, which is indicative of a small
amount of thiantrenium radical cations.33,34 The effect of ThClO4 doping on the amplitude of
the signal is due to the superposition of the signals from glass and the PPT layer and
thiantrenium radical cations, respectively and is too small to be used for quantitative analysis.
Upon iodine doping no change in the ESR signal is observed (data not shown). Apparently,
the charge carriers are not spin carrying (i.e., bipolarons). It is known that upon doping
bipolarons are formed in polythiophenes at high doping levels,23,35-37 which may explain
these results.
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Figure 8.5. ESR signal as a function of field strength for the glass substrate (dotted line, plasma
cleaned as mentioned in the experimental section), and a LP-PPT layer (100 W, 5 pulses
of 10 s on, 10 s off, 0.06 mbar) as deposited on a glass substrate and after doping with
ThClO4 for 7 days. Spectra are arranged in the direction of the arrow.

119

Chapter 8

Transparency. The transparency of doped PPT layers (normalised to 100 nm thick layers) is
given in Figure 8.6 for different doping times. For all dopants the transparency decreases
upon doping in the order I2 >> ThClO4 ≈ NOPF6, with a stronger decrease with decreasing
wavelength.
The strong decrease in transparency below 500 nm for the iodine doped PPT layers
(Figure 8.6) can be ascribed to I3-, I5-, and I2 species that have their absorption maxima at
365, 450, and 502 nm, respectively.38 Earlier we have shown that absorbed iodine is in
equilibrium with charge transfer (CT) complexes (PPT+ with I3- and/or I5-) that generate
charge carriers that govern the conductivity.12 For the other dopants, the transparency
decreases gradually over the whole visible range, which is probably due to charge carriers
generated on the PPT chains.27,36,39 For the ThClO4 doped PPT layers, an additional small
decrease in transparency is observed around 500-700 nm. This is probably due to residual
thiantrenium radical cations (absorb at 540 nm)23,33 as was also observed with ESR.
The decrease in transparency over the whole visible range (350-800 nm) is calculated from
the differences in area under the curves of undoped and doped PPT layers (Figure 8.6) and is
given in Figure 8.7.
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Figure 8.6. A. Transmission of LP-PPT layers (100 W, 10 s on, 10 s off, 0.06 mbar) as a function of
wavelength just after deposition (top) and after doping with iodine (solid lines) and
ThClO4 doping (dotted lines) for different times. B. Transparency of LP-PPT layers
(100 W, 10 s on, 10 s off, 0.06 mbar) as a function of wavelength just after deposition
(top), and NOPF6 doping (dotted lines) and of HP-PPT layers (100 W, 10 s on, 10 s off,
0.3 mbar) after doping with iodine (solid lines) for different times. Spectra are
normalised to a thickness of 100 nm and arranged in the direction of the arrow.
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The loss of transparency decreases in the order I2 >> ThClO4 > NOPF6. At maximum
conductivity (cf. Figure 8.2) the loss in transparency after doping with NOPF6 and ThClO4 is
only 6 and 12 %, respectively, whereas for doping with iodine the transparency is reduced
with 40-50%, showing the strong effect of the dopant on the transparency. Furthermore, the
absorption increases with increasing doping time, whereas the conductivity does not change
(Figure 8.6 and Figure 8.2). The differences in transparency between the HP- and the
LP-PPT layers are small, except for the iodine-doped samples, which is consistent with the
conductivity results.

Post-doping exposure to air. In the following section, the effect of post-doping exposure
time to air on the conductivity and the transparency of doped HP- and LP-PPT layers will be
discussed in detail for each dopant.

Conductivity. The conductivity of the doped PPT layers is followed as a function of exposure
time to atmospheric conditions (Figure 8.8). The decrease in conductivity of the solution
doped PPT layers is less than of the iodine doped PPT layers. As the stability of the dopants
used for the solution doping at atmospheric conditions is less than 1 day,27,40 residual dopant
can be excluded as conducting species, implying that the PPT layers are truly conducting.
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The decrease in conductivity of the iodine doped samples is due to the diffusion of
absorbed iodine from the samples upon exposure to air that is in equilibrium with the CT
complexes, which govern the conductivity.12 Figure 8.8 shows that the rate and/or effect of
this process on the conductivity is higher, respectively, stronger for the LP-PPT layers than
for the HP-PPT layers. The higher stability of the solution doped LP-PPT layers is probably
because the counter-ions cannot diffuse out of the PPT layers in these cases. Apparently,
reactions that result in a decrease in the number of charge carriers (e.g., oxygen radicals) do
not occur to such an extent that the conductivity is affected.

Transparency. In Figure 8.9 the transparency of doped LP-PPT layers (HP-PPT layers gave
comparable spectra) upon exposure to atmospheric conditions is followed in time. For the
iodine-doped samples, a large increase in transparency below 500 nm is observed within the
first day, after which the increase is much less. This is in good agreement with the
conductivity results, and confirms the important role of iodine species (I3-, I5-, and
absorbed I2) for the conductivity. The results from an earlier study are consistent with this.12
The additional decrease in transparency around 500-700 nm of the ThClO4 doped samples
(cf. Figure 8.6.A) disappears within 1 day, after which the transparency almost does not
change. This confirms that this band originates from residual thiantrenium radical cations that
react upon exposure to air. Together with the conductivity results, this again shows that the
conductivity is not due to the presence of residual thiantrenium radical cations. For the
NOPF6 doped LP-PPT layers no change in transparency upon exposure to air is observed
(data not shown), which is also consistent with the conductivity results.
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Conclusions
Dopants have a strong effect on the transparency and conductivity of PPT layers and the
stability thereof. A high and stable conductivity can be obtained when strong oxidators are
used in combination with counter-ions that delocalise charge to a high extent. To retain a high
transparency, the combination of the reduced oxidator, the oxidised conductive polymer and
the counter-ion should be transparent. Given an optimal doping procedure, the maximal
conductivity is determined by the PPT layer via the number and mobility of generated charge
carriers. Iodine is not a suitable dopant for PPT layers that are to be used in applications
requiring a high transparency and a stable conductivity. In contrast, highly transparent and
stable conductive PPT layers can be obtained when ThClO4 or NOPF6 are used as dopants.
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Summary
Polymers are widely used in a great number of applications because of their general
properties such as low density, low cost, and processability. If these properties could be
combined with electrical conductivity, this would open up the way to desirable applications
such as flexible LCD’s and polymer electronics (cheap, lightweight, etc.). For applications
requiring electrical conductivity, the choice of a suitable polymer is limited to polymers with
a conjugated chemical structure such as polythiophene. Along the conjugated structures
charge (i.e., electricity) is transported by charge carriers. However, the conjugated structure
of conductive polymers inherently results in a non-transparent, intractable polymer, which
makes them unsuitable for applications requiring transparency and conductivity
(e.g., antistatic coatings on photographic films). These disadvantages can be overcome when
a thin conductive polymer layer is applied on a polymer that has all desired properties for a
specific application, but only lacks conductivity. A very attractive way to do this is by using
the plasma technique. With this technique it is possible to modify the surface properties of a
substrate, while retaining the transparency and bulk properties of the substrate material.
Furthermore, it is a solvent-free, fast and versatile process. Plasma can be used to actually
modify the surface top-layer (plasma treatment) of or to deposit a thin conductive layer
(plasma polymerisation (PP)) on a transparent substrate.
In the present study the plasma technique is used to obtain transparent and conductive
polymer systems. A literature survey on conductive polymers and the plasma technique is
given in Chapter 2. For plasma treatment, the transparent substrate material should be
chosen such that upon plasma treatment conjugated structures are created in the surface layer.
The preferential removal of pendant groups from vinyl polymers seems a promising way to
introduce unsaturated bonds in the surface layer that can be used for the transport of
electricity. Plasma polymerisation is a more versatile method than plasma treatment as it is
not dependent on the chemical structure of the substrate material. On the other hand,
complicated relations between gas composition, plasma conditions and the characteristics of
the resulting surface exist, which makes detailed investigation necessary.
In Chapter 3, polyacrylic acid (PAAc) and polyvinylchloride (PVC) are treated with an
argon plasma in order to selectively remove the pendant group, thereby creating unsaturated
bonds in the surface layer. By use of X-ray induced photoelectron spectroscopy (XPS) and
Fourier transform infrared (FTIR) measurements, it was shown that the pendant groups of
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these polymers are removed by UV light emitted by the argon plasma. Due to the
decarboxylation of PAAc induced by the argon plasma treatment, the argon plasma became
more oxidative in character, which resulted in reoxidation and eventually ablation of the
modified layer. The removal of chlorine from PVC was found to be preferential and a highly
cross-linked layer, containing at least 15% unsaturated bonds (determined with solid-state
nuclear magnetic resonance (SSNMR) measurements) was obtained.

In Chapter 4-6 attention was focussed on the plasma polymerisation process. The plasma
phase was characterised with optical emission spectroscopy (OES) and mass spectroscopy
(MS), while for the characterisation of the resulting PP layers several techniques such as
XPS, FTIR, NMR, ellipsometry, and conductivity measurements were used.
Chapter 4 deals with the plasma polymerisation of thiophene. The influence of power,
pressure, pulse time, duty cycle, and position in the reactor on the characteristics of the
plasma and the resulting PP thiophene (PPT) layer (e.g., chemical structure, transparency,
and conductivity) has been evaluated. It appeared that, in the used ranges, only pressure had a
significant effect on the conductivity of the deposited layer. By use of OES, MS, and FTIR
this could be correlated to the effect of the deposition parameters on the fragmentation of the
thiophene monomer during deposition. At high pressure (HP) there was less fragmentation of
thiophene than at low pressure (LP), resulting in a higher conductivity of the PPT layer after
iodine doping. It was concluded that the use of a pulsed plasma as a means to minimise
fragmentation is most efficient when the off time is chosen such that the reactor is
replenished with new monomer during the off period. With ellipsometry and conductivity
measurements it was shown that highly transparent (> 80%) and conductive layers
(10-6 S/cm) can be obtained by pulsed plasma polymerisation of thiophene.
Next to the process parameters, the monomer structure may also be used to gain better
control over the chemistry of the deposition process. Therefore, the effect of substituent(s) on
thiophene (methyl, chlorine, and bromine) on the fragmentation during deposition
(Chapter 5) and the chemistry of the deposition process (Chapter 6) has been studied.
It was found that deposition most probably proceeds via a mechanism involving radicals,
which are generated via the most favourable energy dissipation path. For mono-halogenated
thiophenes this is the dissociation of C-H bonds from positions adjacent to the substituent.
The dissociation of the C-halogen bond in dihalogenated thiophenes is energetically more
favourable than in mono-halogenated thiophenes due to the presence of a second halogen.
The ease of radical formation increases with increasing electron affinity of the substituent.
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Therefore, fragmentation during deposition increases with increasing electron affinity of the
substituent (i.e., Me < H < Br < Cl). It appeared that radicals formed on carbon atoms also
attached to sulphur result in more fragmentation of the thiophene ring than radicals on other
carbon atoms. Consequently, for a specific substituent, fragmentation was less for thiophene
derivatives with substitution on the 2-position than on the 3-position. The deposition of
methylated thiophenes was found to proceed mainly via C-H bond dissociation in the
CH3 substituent. As a result, the thiophene ring is preserved to a high extent and
consequently, a higher conductivity was measured for these PP layers after iodine doping.

In the last two chapters the doping process of PPT layers is addressed. To make a fair
comparison of the conductive properties of PPT layers deposited under different conditions,
optimal doping procedures should be applied. The iodine doping process of HP- and
LP-PPT layers has been studied in detail in Chapter 7. The effect of doping time, thickness
and chemical structure of the PP layer, and time (and conditions) until and after doping on the
conductivity and chemical structure of PPT layers has been evaluated. Using XPS, FTIR, and
conductivity measurements it was shown that iodine doping generates charge carriers by the
formation of charge transfer (CT) complexes, which are in equilibrium with absorbed iodine.
Absorbed iodine slowly diffuses out of the PPT layers upon exposure to air, resulting in a
decrease in conductivity. Upon exposure to air before doping, LP-PPT layers loose their
capability to form CT complexes and consequently, the conductivity for LP-PPT layers
exposed to air before doping decreases with exposure time.
Considering the rapidly decaying conductivity upon exposure to air and the absorption of
light by iodine species that are present in the doped PPT layer, iodine is obviously not a
suitable dopant for applications requiring a high transparency and a stable conductivity.
Therefore, two alternative solution dopant systems (ThClO4 and NOPF6 in CH2Cl2) have
been used in Chapter 8. It appeared that the conductivity is determined by the chemical
structure of the PPT layer, whereas the transparency of the conductive PPT layer is strongly
influenced by the dopant used. Iodine doping resulted in conductive PPT layers that had lost
about 50% of their transparency. Furthermore, the stability of the conductivity was low
(2 orders of magnitude within 2 weeks). With both alternatives, highly transparent (> 90%
over the whole visible range) PPT layers were obtained of which the conductivity (10-4 S/cm)
was stable during the period of evaluation (2 weeks).
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Polymeren (plastics) worden toegepast op vele terreinen omdat ze een lage dichtheid hebben,
goedkoop zijn en omdat ze goed verwerkbaar zijn. Wanneer polymeren electrisch geleidend
zouden zijn, zouden enkele gewilde toepassingen zoals flexibele LCD’s en plastic electronica
tot de mogelijkheden behoren. Om een polymeer geleidend te laten zijn is een geconjugeerde
structuur zoals in polythiopheen vereist . Langs deze geconjugeerde structuur wordt de lading
getransporteerd. Helaas zijn geleidende polymeren door hun geconjugeerde structuur niet
transparant, bros en slecht verwerkbaar (niet smeltbaar) zodat ze niet toegepast kunnen
worden in applicaties die zowel geleiding als transparantie vereisen (bijvoorbeeld
antistatische lagen op fotofilms). Omdat dit een intrinsiek probleem is kan dit alleen worden
opgelost door verdunning van de geleidende fase met een transparante fase. Een voorbeeld
hiervan is het aanbrengen van een dunne geleidende laag op een tranparant substraat dat alle
gewenste eigenschappen voor een bepaalde toepassing bezit, maar geleiding mist. De
plasmatechniek is een veel belovende techniek om dit te bewerkstelligen. Met deze techniek
is het mogelijk om alleen de oppervlakteeigenschappen van het substraat te veranderen. De
bulkeigenschappen zoals transparantie en flexibiliteit worden niet aangetast. Daarnaast is het
een snelle en oplosmiddelvrije techniek. Met een plasma kan óf de toplaag van een
transparant substraat gemodificeerd worden (plasmabehandeling) óf er kan een dunne laag op
gedeponeerd worden (plasmadepositie).
In dit proefschrift is de plasmatechniek gebruikt om transparante en geleidende
polymeersystemen te verkrijgen. In Hoofdstuk 2 wordt een overzicht van de literatuur over
geleidende polymeren en de plasmatechniek gegeven. In het geval van plasmabehandeling
moet het substraat zo gekozen worden dat door de plasmabehandeling een geconjugeerde
structuur ontstaat in de toplaag. Het selectief verwijderen van zijgroepen van vinylpolymeren
zou kunnen resulteren in vorming van onverzadiging in de toplaag, welke gebruikt zou
kunnen worden voor het transporteren van electriciteit. Plasmadepositie heeft een breder
toepassingsgebied omdat de keuze van het substraat niet afhangt van de chemische structuur
ervan. Anderzijds bestaan er gecompliceerde relaties tussen de gas compositie, de plasma
condities en de karakteristieken van de resulterende laag. Dit maakt gedetailleerd onderzoek
noodzakelijk.
In Hoofdstuk 3 zijn polyacryl zuur (PAAc) en polyvinyl chloride (PVC) behandeld met
een argon plasma om zo de zijgroepen selectief te verwijderen. Door middel van
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röntgen geïnduceerde photoelectron spectroscopie (XPS) en Fourier getransformeerde
infrarood metingen (FTIR) is aangetoond dat de zijgroepen van deze polymeren verwijderd
worden door het UV licht dat het argon plasma uitzendt. Omdat PAAc decarboxyleert onder
invloed van de argon plasma behandeling wordt het plasma meer oxidatief van karakter. Dit
veroorzaakt re-oxidatie van het gemodificeerde oppervlak, wat uiteindelijk resulteert in
verwijdering van deze laag. De verwijdering van chloor is wel preferentieel en een
gecrosslinkte laag werd verkregen. Met vast stof nucleair magnetische resonantie (SSNMR)
werd vastgesteld dat deze laag minstens 15% onverzadiging bevat.

In Hoofdstuk 4 tot en met 6 is de plasmatechniek gebruikt om een geleidende laag te
deponeren. De plasma fase zelf werd gekarakteriseerd door middel van optische emissie
spectroscopie (OES) en massa spectroscopie (MS). Voor de karakterisering van de
gedeponeerde lagen werden verschillende technieken gebruikt zoals XPS, FTIR, NMR,
ellipsometrie en geleidingsmetingen.
De plasmadepositie van thiopheen word behandelt in Hoofdstuk 4. Het effect van
vermogen, druk, puls tijd, de verhouding plasma “aan/uit” tijd en de substraat positie in de
reactor op het plasma en de resulterende plasma gepolymeriseerde thiopheen (PPT) lagen is
onderzocht. Het bleek dat, in de gebruikte range van instellingen, druk de enige parameter
was met een significant effect op de geleiding van de PPT lagen. Met behulp van OES, MS
en FTIR kon dit worden gerelateerd aan het effect van de depositie parameters op de
fragmentatie tijdens depositie. Er trad minder fragmentatie op tijdens depositie bij hoge druk
(HP) dan bij lage druk (LP), waardoor de geleiding van de HP-PPT lagen hoger was. Er kon
worden geconcludeerd dat een gepulseerd plasma het meest effectief is in het verlagen van de
fragmentatie wanneer de plasma “uit” tijd zodanig gekozen wordt dat tijdens deze periode de
reactor ververst wordt met monomeer. Ellipsometrie en geleidingsmetingen lieten zien dat
PPT lagen met een transparantie van 80% en een geleiding van 10-6 S/cm tot de
mogelijkheden behoren.
Naast de procesparameters zou de monomeerstructuur ook gebruikt kunnen worden om
een betere controle te verkrijgen over de chemie die plaatsvindt tijdens depositie. Om dit te
verifiëren is het effect van substituenten (methyl, chloor en broom) op de thiopheen ring op
de fragmentatie (Hoofdstuk 5) en de chemie van het depositie proces (Hoofdstuk 6)
onderzocht.
Er is geconstateerd dat deposite waarschijnlijk via een radicalair mechanisme verloopt,
welke gevormd worden via het energetisch meest gunstige reactiepad. Voor de
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mono-gehalogeneerde thiophenen is dit de dissociatie van de C-H binding naast de
substituent. In het geval van di-gehalogeneerde thiophenen is de breking van de C-Halogeen
binding gunstiger dan voor de mono-gehalogeneerde thiophenen door de aanwezigheid van
een tweede electronegatieve groep. Het gemak waarmee radicalen gevormd worden neemt
toe bij toenemende electron affiniteit van de substituent (i.e., Me < H < Br < Cl) wat
resulteert in een toename van de fragmentatie. Het bleek dat radicalen die gevormd worden
op koolstof atomen die ook aan zwavel gebonden zijn meer fragmentatie veroorzaken dan
wanneer ze op andere koolstof atomen gegenereerd worden. Als gevolg hiervan is de
fragmentatie minder voor monomeren met substitutie op de 2 plaats in vergelijking met die
met substitutie op de 3 plaats. De deposite van methyl gesubstitueerde thiophenen verloopt
voornamelijk onder afspliting van een waterstof atoom van de methyl groep. Hierdoor wordt
de thiopheen zonder veel fragmentatie ingebouwd wat resulteert in een hoge geleiding voor
deze lagen na jood doping.

De laatste twee hoofdstukken behandelen het doping proces van PPT lagen. Om een
eerlijke vergelijking te maken van de geleiding van PPT lagen welke gedeponeerd zijn onder
verschillende condities moeten optimale doping procedures gebruikt worden. In Hoofdstuk 7
wordt het jood doping proces van HP- en LP-PPT lagen beschreven. Het effect van doping
tijd, dikte en chemische structuur van de PPT lagen, en de tijd en condities voor en na doping
op de geleiding en de chemische structuur van de PPT lagen is uitgebreid onderzocht. Met
behulp van XPS, FTIR en geleidingsmetingen kon worden aangetoond dat er ladingsdragers
gegenereerd worden door ladingsoverdrachtscomplexen (CT complexen), welke in evenwicht
zijn met geabsorbeerd jood. Dit geabsorbeerde jood diffundeert langzaam uit de matrix
wanneer deze na dopen wordt blootgesteld aan de lucht, wat een daling in geleiding tot
gevolg heeft. Wanneer de LP-PPT lagen voor het dopen aan de lucht blootgesteld worden
verliezen ze hun vermogen om CT complexen te vormen. Dientengevolge neemt de geleiding
af met de blootstellingstijd voor dopen.
Gezien de snelle afname van de geleiding in de tijd en de absorptie van licht door de jood
soorten (I3-, I5- en I2) moge het duidelijk zijn dat jood geen geschikte dopant is voor
toepassingen waarin zowel een stabiele geleiding als transparantie vereist zijn. Twee
alternatieve doping systemen (ThClO4 en NOPF6 in CH2Cl2) zijn gebruikt in Hoofdstuk 8.
Het bleek dat de geleiding wordt bepaald door de chemische structuur van de PPT laag
terwijl de transparantie van de gedoopte PPT sterk afhangt van de gebruikte dopant. Jood
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doping resulteerde in geleidende PPT lagen die ongeveer 50% van hun transparantie verloren
hadden. Daarnaast was de stabiliteit van de geleiding slecht (daling van 2 ordes in 2 weken).
Met beide alternatieven konden transparante (> 90% over het gehele zichtbare gebied) PPT
lagen verkregen worden waarvan de geleiding (10-4 S/cm) stabiel was over de gehele periode
dat ze bestudeerd zijn (2 weken).
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