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Undoped and iodine-doped polyaniline films were prepared by radio frequency
plasma polymerization technique. The dependence of the thermal diffusivity of
these films on doping and the reactor pressure is investigated by transverse probe
beam deflection method in the skimming configuration.
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INTRODUCTION

Conducting polymer films have been of much interest over the last
couple of decades because of their role in diverse fields extending from
microelectronics to sensor technology [1-5]. Many of the studies
focused on the conduction mechanisms in these polymers. Most of
these polymers are prepared by conventional chemical or electro-
chemical synthesis routes. Usually, such polymer samples are made
conducting by a suitable doping process [6]. In the case of films,
plasma polymerization is a widely used technique for the polymeriza-
tion of organic and inorganic monomers. Among plasma polymeriza-
tion techniques, radio frequency (RF) plasma polymerization enjoys
the unique advantage of producing pinhole-free films. But these films
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are usually of the highly crosslinked type, unlike those obtained from
the conventional chemical synthesis route.

In applications where thin films play a significant role, their ther-
mal characteristics are of high priority, as a poor thermal design
may result in a device failure. For a proper thermal design, it is
desirable to have a prior knowledge of the thermal parameters of the
films. An account of the heat diffusion in a film can be adequately repre-
sented by its thermal diffusivity, «, value. It is defined as the ratio of
thermal conductivity to the thermal capacity per unit volume, given
by « = k/pC, where k, p and C are the respective thermal conductivity,
density and specific heat capacity values of the material. There are
several well-established methods for thermal characterization of a sub-
stance and some of these are nondestructive. Photothermal methods
are, in general, noninvasive. Of the various photothermal methods in
use, transverse probe beam deflection (PBD) technique is a superior
noncontact, nondestructive method for optical and thermal characteri-
zation [7-9]. Its contactless nature makes it particularly suitable for
thin films and single crystals.

Thermal diffusivity measurements constitute one of the most suc-
cessful applications of the photothermal technique. This method can
be applied to both bulk and thin film samples. This technique is based
on the periodic heating produced by an intensity-modulated laser
beam (called the pump beam) focused on to the sample surface. The
induced oscillating temperature distribution gives rise to thermal
waves in the sample. These waves are of the same frequency as the
modulating pump beam and have wavelengths determined by the
modulating frequency and the thermal diffusivity of the sample.
The thermal waves propagating along the surface of the sample give
rise to a refractive index gradient in the fluid medium adjacent to
the sample surface. A second laser beam (probe beam) directed paral-
lel to the sample surface is deflected at the same frequency as the
thermal wave. The magnitude and phase of the deflection is closely
related to the thermal wave. The thermal diffusivity of the sample
can be determined from the phase data.

Polyaniline (PANI) in the bulk as well as film form is a widely
probed conducting polymer because of its applications in diverse fields.
Among its various forms, only one form, the partially oxidized
protonated emeraldine, is conducting in the undoped condition. The
electrical conductivity of PANI is tailored by different doping tech-
niques [10]. It is well-established that doping increases the electrical
conductivity by several orders of magnitude. Iodine doping is a popu-
lar technique used in the case of PANI. The variation of heat diffusion
properties with doping, though relevant in thermal design, is not
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much explored. Also in the case of thin polymer films, the preparation
conditions play an important role in determining their structure and
properties. Although the film structure and composition depend pri-
marily on the monomer, in RF plasma polymerization the deposition
parameters, such as monomer flow rate, the reactor pressure, RF
power and substrate temperature, are equally relevant in determining
the structure as well as the thermo-physical properties of the film
[11,12]. The present study is focused on investigating the dependence
of thermal diffusivity of PANI films on iodine doping as well as on the
monomer pressure in the reaction chamber.

EXPERIMENTAL
Preparation of Films

PANI films are prepared by RF plasma polymerization technique
using a capacitively coupled plasma reactor. The reactor consists of
a tubular glass chamber of about 40 cm in length and 6 cm in diameter.
A tuned plate oscillator is used for generating the required RF power.
Capacitive coupling is employed for delivering the RF power to the
reaction chamber.

PANI films are prepared on ultrasonically cleaned glass substrate
at different reactor pressures. In-situ iodine doping is employed to
study the effect of doping on heat diffusion in these films.

Thermal Diffusivity Measurements

The experimental setup for the probe beam deflection method consists
of a sample cell mounted on a platform attached to an XYZ translator.
A 20mW He-Ne laser (Melles Griot) delivers the pump beam at
632.8 nm. A mechanical chopper (SR 540 — Stanford Research Systems
Inc.) modulates the pump beam. The probe beam is supplied by a 5 mW
He-Ne laser. A bi-cell acts as the position-sensitive detector. The
detected output is amplified and fed to a lock-in amplifier (SR 830
DSP—Stanford Research Systems Inc.).

PANI film on glass substrate is mounted on a sample holder and
kept inside a quartz cuvette sample cell. Carbon tetrachloride is used
as the coupling medium. Intensity modulated 632.8 nm radiation from
the pump laser is allowed to fall on the sample. The probe beam runs
parallel and close to the sample surface and is directed perpendicular
to the pump beam. The probe beam gets deflected due to the thermal
gradient induced in the coupling medium close to the sample surface,
with deflection components both perpendicular and parallel to the
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sample surface. The transverse component of the photothermal signal,
which is perpendicular to the pump beam and parallel to sample sur-
face, describes the heat diffusion process parallel to the surface. This
transverse component is detected by the position-sensitive detector.

The probe beam is made to scan a region on either side of the pump
beam in the skimming configuration, recording the phase of the photo-
thermal signal. In the phase method for determining the thermal dif-
fusivity of a sample, the phase of the transverse component of the
photothermal deflection signal is plotted against the pump-probe off-
set. A fairly linear relation exists between the phase of the deflection
signal and the offset [13,14]. Thermal diffusivity « is obtained from the
slope of this plot as « = nf/m?, where f is the modulating frequency
and m is the slope of the graph.

RESULTS AND DISCUSSION

The phase — offset plot for undoped PANI film prepared at reactor
pressure 0.4mbar is shown in Figure 1. The value (4.377x
10~"m?s™!) of thermal diffusivity obtained is much smaller than the
corresponding value for the bulk sample prepared by the conventional
chemical synthesis. This reduction is in agreement with the general
observation that heat diffusion in thin films is impeded by several
factors.

The variation of phase of the photothermal signal with pump-probe
offset for iodine-doped film is shown in Figure 2. The value
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FIGURE 1 Phase — offset plot for PANI prepared at 0.4 mbar.
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FIGURE 2 Phase — offset plot for iodine-doped PANI prepared at 0.4 mbar.

(3.487 x 10-"m?2s7!) of thermal diffusivity obtained in this case is
smaller than that in the undoped case. This reduction is in contrast
to the general observation of enhancement in electrical conductivity
of the film upon doping with iodine. The presence of iodine in the
film increases the electrical conductivity, whereas it contributes to
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FIGURE 3 Phase — offset plot for PANI prepared at 0.2 mbar.
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FIGURE 4 Phase — offset plot for PANI prepared at 0.1 mbar.

considerable phonon scattering, resulting in a decrease in heat

conduction in the film.

The plots for PANI films prepared at reactor pressure 0.4, 0.2, 0.1,
and 0.06 mbar are shown in Figure 1 and Figures 3-5 respectively.
The thermal diffusivity values obtained in these cases are given in

Table 1.
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FIGURE 5 Phase — offset plot for PANI prepared at 0.06 mbar.
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TABLE 1 Variation of Thermal Diffusivity with Reactor Pressure

Pressure (mbar) 0.4 0.2 0.1 0.06

o« (x107"m2s7?) 4.377 3.653 2.399 2.187

A close examination of the values reveals a marked reduction in the
diffusivity value at 0.1 mbar. A general feature of most of the RF
plasma polymerized films is their highly crosslinked nature. Also
there is higher fragmentation at lower pressures. The marked
reduction in diffusivity value for films prepared at lower pressures
is attributed to the above two factors. This establishes the fact that
film properties, particularly thermal properties, depend on the prep-
aration conditions.

CONCLUSIONS

PANI films were prepared by the RF plasma deposition technique.
Thermal diffusion in undoped and iodine-doped films was explored
by photothermal beam deflection method. In contrast to the behavior
of electrical conduction, heat diffusion is found to be dampened in
iodine-doped samples. The presence of iodine in the PANI structure
reduces heat diffusion by enhanced phonon scattering at these sites,
with no electronic contribution to thermal conductivity.

In agreement with the fact that the various deposition parameters
can affect the structure and properties of plasma-polymerized films,
the present study points to a decrease in the diffusivity value at low
reactor pressures. This reduction is attributed to changes in the basic
nature of the film at low pressure. As is evident from the plot, the vari-
ation of thermal diffusivity with pressure is not uniform. There is a
marked decrease in the value of thermal diffusivity when the pressure
is reduced from 0.2 to 0.1 mbar. Higher degrees of fragmentation and
crosslinking are the possible causes that lead to this reduction in
thermal diffusivity at low values of reactor pressure.
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