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Thin films of poly(o-toluidine) (POT) have been prepared by RF plasma polymerization at radio frequency (RF) power
input 15 W, making suitable modifications in a RF-sputtering set-up. The deposition rate is found to be 3.33 nm/min. The
films are characterized by dc conductivity, UV-Visible, FTIR and XRD techniques. The dc conductivity of the POT thin
films has been analyzed in the temperature range 312-435 K and is found to increase with temperature. The Arrhenious plot
of dc conductivity shows straight line behaviour. The optical band gap has been estimated to be 1.66 eV from UV-visible
absorption spectrum. From FTIR, the formation of POT has been confirmed. It is found that the synthesized polymer is
cross-linked. Thickness of the polymer films has been measured to be 200 nm by ellipsometry. XRD shows the amorphous

nature of the prepared films.
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1. Introduction

In the past few decades, the synthesis and
characterization of conductive polymers have become
one of the most important research areas in polymer
science. These polymers have applications from
insulators to superconductors showing excellent
electrical, optical and optoelectronic properties. The
composition, morphology and physical properties of
these polymers differ in each case, which depend on
the polymerization and reaction conditions.
Traditionally, these polymers are synthesized via
chemical and electrochemical polymerization.
Recently, plasma polymerization is recognized as
another important method to obtain thin films of
conductive polymers'>. The chemical structures of
plasma polymerized conductive polymers are rather
different from conventional polymers and dependent
on the plasma polymerization conditions®’. Plasma
polymerized conductive polymer films have been
characterized as high quality, adherent, pinhole free
and branching. Under plasma conditions, non-specific
and very complex chemical reactions occur. By free
radical mechanism, glow discharge polymerization of
organic compounds proceeds®'’ and the extent of
ionization is small. The combination and
recombination of these radicals form high molecular
weight compounds, which are polymers''. Input

power, monomer rate and deposition time affect the
morphology, thickness and structural properties of
these films'%. The electrical and optical properties of
POT as blends and fibers have already been studied™".
The methyl-substituted aniline called o-toluidine has
been found to have additional advantage over
polyaniline due to its fast switching time between the
oxidized and reduced states. POT is found to be the
most promising because of its ease of synthesis, low
cost monomer, tunable properties, and better stability
as compared to other intrinsically conducting
polymers. Hence, the systematic studies on the
synthesis, characterization and applications of POT
have been carried out in the present paper'>'®. It can
be ascertained at this juncture that the thickness and
orientation of polymeric molecules play an important
role on the electro activity of POT film'"'®, In
general, polymer films are of great importance due to
their increased industrial applications as electrodes
and membranes for electrochemical energy
conversion and storage, organic diodes. Plasma
polymerized thin films find innumerable applications
ranging from corrosion free adhesive coating
materials to sensor technology and microelectronics.
In the present work, the new design of a set-up to
achieve maximum deposition on the substrates in the
modified chamber has been reported. In an existing
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RF-Sputtering unit; this is a set-up for position of
vaccum inlet, RF generator, Ar inlet and controlled
inlet of monomer vapours in the unit, to achieve
maximum  deposition. =~ The  synthesis  and
characterization of plasma polymerized POT films
have been presented. The mechanism of RF plasma
polymerization of POT films, the general aspects of
polymerization of aniline and its derivatives by this
method have also been investigated. The films are
characterized by dc  conductivity, UV-Vis
spectroscopy, FTIR, XRD and ellipsometry.

2 Experimental Details

Plasma polymerized thin films of (o-toluidine) on
ultrasonically cleaned glass and silicon wafer
substrates were obtained by polymerizing of
(o-toluidine) monomer (99.9% purity) under radio
frequency (RF) plasma discharge in a home built set-
up. This is a custom-manufactured glass deposition
chamber, coupled to a vacuum system, RF' amplifier
and a monomer feed-through set-up. For maximum
deposition, a novel set-up has been designed. The
position from where evacuation take place and the
position of monomer feed through are crucial in this
set-up; a schematic which is shown in Fig. 1. Feed-
through set up consists one on/off valve and one
needle valve. The on/off valve is to create a quick
vacuum in monomer pot and needle valve regulates
the flow of monomer vapours into the chamber. This
helps us to achieve maximum deposition rate on
substrates'*”’. The monomer vapours enter slowly in
to the chamber through needle valve. During a typical
experiment, the glass and silicon substrate are placed
on the lower electrode.

The system was evacuated to lower than 10~ torr
and argon gas was introduced into the chamber for
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Fig. 1 — RF-plasma polymerization set-up

plasma pre-treatment for 20 s. The RF power applied
was 15 W for about 1 h. Fragmentation of monomer
takes place because of the Ar plasma created between
the electrodes. The deposition rate is estimated to be
3.33 nm/min under constant deposition conditions; the
thickness of the film is estimated to be 200 nm by
ellipsometry. FTIR has been carried out by using
NEXUS-670 FTIR spectrometer of thin films of POT,
deposited on Si substrate (polished from both the
sides). X-ray diffraction (XRD) studies have been
carried out by using a Panalytical (PW 3710) X-ray
powder diffractometer with Cu Ko radiation. The
sample is scanned in angular range of 0-70° with scan
speed of 0.01°/s under similar conditions. UV-Vis
spectroscopy of the samples has been carried out
using Camspec M550 double beam UV-Vis
Spectrophotometer.

3 Results and Discussion

3.1 dc conductivity studies

The dc conductivity of RF Plasma polymerized
thin films has been studied in temperature range
312-435 K at a constant voltage of 1.5 V and pressure
of about 10~ torr. The resultant current was measured
with a pico-ammeter. For semiconducting materials,
the dc conductivity can be expressed by Arrhenius
relation:

o, =0'Oexp[_£f“j (D)

where AE, is the activation energy, o, the pre
exponential factor related to the material, kX Boltzmann
constant and T is the temperature. The Arrhenious
plot of conductivity versus temperature shows a good
straight line behaviour, implying that the charge
transport is mainly by band conduction (Fig. 2). The
value of the activation energy (AE,) is estimated with
the help of the slope of Inc versus 1000/T plot. The
slope of the curve is estimated by using the linear fit"' >
The plasma polymerized thin film of POT shows a
higher conductivity (1.65x107° S/cm); this may be due
to the fact that during RF plasma polymerization, a
large amount of energy is deposited on the target
system within a small period of time along the ion
path (track).

The energy is so high that it can break all the
chemical bonds along the track. The energy dissipates
to the surrounding regions within a few nanoseconds.
This energy leads to bond breaking, chain scissoring,
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cross-linking, radical formation, etc., which in turn
cause molecular rearrangements in the polymer.
Collective excitation (plasmons), which produces a
large excited volume resulting in coercive interaction
among the ions and radical pairs produced in the
adjacent chains within the volume as a result of an
electron stopping mechanism, is responsible for cross-
linking of the polymer chains. Inter-chain electron
hopping required for conduction between two chains
is facilitated due to the cross-linking of the polymer
chains after RF' plasma polymerization. Defect sites in
the molecular structure of the polymer chain created
by RF plasma polymerization also contribute to
higher dc conductivity as charge accumulation takes
place, which produces charge carriers. In POT, the
dominating charge carriers are polarons and
bipolarons®*2°.

3.2. UV-Visible studies

The UV-Visible absorption spectra show the
variation of optical density with wavelength of the
incident photon (Fig. 3). The broadening of
absorption peak shows the increase in conjugation and
the widening of spectrum of the polymer films. From
the absorption spectrum, the optical band gap has
been measured using Tauc’s relation'®'***;

(0thv) e<(hv —E,)" where n=1,2,3,.... ...(2)

The index n has discrete values like 1/2, 3/2, 2 or
more depending on whether the transition is direct or
indirect and allowed or forbidden, respectively. In the
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Fig. 2 — Plot of dc conductivity versus 1000/7 of POT (thin film)

direct and allowed cases, the index n is 1/2 whereas
for the direct but forbidden cases it is 3/2. But for the
indirect and allowed cases n=2 and for the forbidden
cases it will be 3 or more. The present system obeys
the rule of indirect transition with n=2. o is given by:

o= O/t ...(3)

where Oy is the optical density measured at a given
film thickness (¢) and the extinction coefficient (k) is
given by:

k=M 4m, .4

where A is wavelength of incident photon. The peak
around 335 nm is attributed to strong inter band n—m*
transition, due to excitation in the aromatic ring. The
other humps in the graph are attributed to m—m*
transitions®’ %,

The optical band gap is determined from the
absorption spectrum. The value of k estimated at
325 nm is around 0.06. The optical band gap energy
(E,) can be obtained by plotting (ahv)"? versus (hv)
and extrapolating the linear portion of (ahv)'"” to zero.
The allowed indirect transition optical gap is found to
be 1.66 eV for the POT films.

3.3 FTIR and XRD Studies

The FTIR spectrum of POT film prepared on Si
substrate shown in Fig. 4. This spectrum exhibits the
following main spectral features. The band at
1619 cm™ can be assigned to the C-C stretching mode
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Fig. 3 — Plot of UV-absorption spectra versus wavelength (nm)
of POT (thin film)
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Fig. 4 — Plot of FTIR spectrum of the POT (thin film) prepared
on Si substrate
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Fig. 5 — Schematic scheme proposed for formation of POT

combined with C=N stretching vibrations of the
quinoid rings. The band at 1496 cm™' is attributed to
the C-C stretching modes in the benzenoid units. The
bands at 1303 cm™ and 1267 cm™" are assigned to the
C-N stretching vibrations in the polymer chain. The
band at 1146 cm™' is related to the C=N stretching
mode. The band at 1034 cm™ can be attributed to
charge delocalization on the polymer backbone™™'.
There are closely spaced weak vibrations present
around 1496 cm™" and 1466 cm™' which may be due to
the cross-linking of the polymer films.

Hence, it is inferred that the plasma polymerized
POT films contain molecular groups due to the
fragmentation of the monomer ring. The quinoid and
benzinoid rings confirm the polymerization of
o-toluidine to POT. This is a combination of POT
with minor ingredients from other reactions. The
scheme of the formation of POT is proposed in Fig. 5.
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Fig. 6 — Plot of XRD spectrum of POT (thin film)

XRD pattern of POT (thin film) shows the
amorphous nature with humps at 25°-40° as shown in
Fig. 6.

4 Conclusions

We have successfully deposited POT thin films by
RF plasma polymerization method without using any
carrier gas at a deposition rate of 3.33 nm/min. The dc
conductivity of POT thin films is found to increase
with temperature and conduction which is mainly due
to band conduction. The optical band gap of the
obtained POT films is found to be 1.66 eV. FTIR
spectrum confirms the formation of the cross-linked
POT films. XRD shows the amorphous nature of POT
thin films.
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