
Materials Letters 63 (2009) 1594–1597

Contents lists available at ScienceDirect

Materials Letters

j ourna l homepage: www.e lsev ie r.com/ locate /mat le t
Synthesis of radio frequency plasma polymerized non-synthetic Terpinen-4-ol
thin films

K. Bazaka, M.V. Jacob ⁎
Electronic Materials Research Lab, School of Engineering, James Cook University, Townsville QLD 4811, Australia
⁎ Corresponding author. Tel.: +61 7 47814379; fax: +
E-mail address: Mohan.Jacob@jcu.edu.au (M.V. Jacob

0167-577X/$ – see front matter © 2009 Elsevier B.V. A
doi:10.1016/j.matlet.2009.04.025
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 20 February 2009
Accepted 9 April 2009
Available online 21 April 2009

Keywords:
Plasma polymerization
Thin film
Optical properties
Organic polymer
Recent advancements in the area of organic polymer applications demand novel and advanced materials
with desirable surface, optical and electrical properties to employ in emerging technologies. This study
examines the fabrication and characterization of polymer thin films from non-synthetic Terpinen-4-ol
monomer using radio frequency plasma polymerization. The optical properties, thickness and roughness of
the thin films were studied in the wavelength range 200–1000 nm using ellipsometry. The polymer thin films
of thickness from 100 nm to 1000 nm were fabricated and the films exhibited smooth and defect-free
surfaces. At 500 nm wavelength, the refractive index and extinction coefficient were found to be 1.55 and
0.0007 respectively. The energy gap was estimated to be 2.67 eV, the value falling into the semiconducting Eg
region. The obtained optical and surface properties of Terpinen-4-ol based films substantiate their candidacy
as a promising low-cost material with potential applications in electronics, optics, and biomedical industries.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Surface engineering is one of the most prominent areas of
materials research and development and is widely implemented
over a broad range of possible applications, to considerably improve
performance and to add to the value of material manufacturing, and
significant importance is placed on process and product innovation
and cost management [1–5]. With regard to manufacturing, plasma
based technologies are growing rapidly in terms of industrial
application as they are highly engineering-friendly, deliver practically
pollutant free surface chemistry, and can be easily integrated into
manufacturing processes [2,3]. Early applications of plasma polymers
made use of the physical nature of these highly cross-linkedmaterials,
the barrier properties in particular, and included electronics, metal
coatings and membranes. With subsequent identification of non-
equilibrium plasma conditions capable of delivering chemically
functionalized polymer thin films with retention of some of the
original chemistry and structure of the monomer and the inherent
advantages of the substrates (e.g. their mechanical properties), the
range of applications broadened from permselective membranes to
include biomedical films [5,6]. Typically, the resulting thin films are
characterized by smooth surface, ultrathin, pin-hole free films
possessing spatial uniformity, conformal coverage and high adhesion
to the substrate [7–12].

With an ever increasing demand for novel low-cost materials with
specific electrical and optical properties for use in many emerging
technologies, a number of organic materials have been examined as
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potential candidates for electronics andbiomedical applications [1–5,13].
Radio frequency (RF) polymerization is one of the most commonly used
deposition methods for fabrication of thin films from a wide array of
organic materials, including the ones that do not contain the type of
functionalities normally associated with conventional polymerization.
Thegoalof this studywas to evaluate non-syntheticmaterial as a suitable
source for RF polymerization of organic thin films with desirable optical
andelectrical properties. This paper reports on the fabricationof polymer
thin films from non-synthetic Terpinen-4-ol derived from Melaleuca
alternifolia by means of RF plasma polymerization and optical, electrical
and surface characterization of the polymer thin films.

2. Materials and methods

RF polymerization process has been discussed in detail by many
authors [1–6,13]. During the polymerization, the energy levels of
particles that amass the gas within a deposition chamber increase
significantly resulting in electrons being released and charged heavy
particles (molecular and atomic species) formed [14]. The energy of
most electrons is enough to break virtually any chemical linkage
pertinent to organicmolecules and organic structures containingmain
group elements, with higher energies needed to dissociate unsatu-
rated bonds. A result of the plasma state processes, the highmolecular
weight networks generated from collisions and subsequent recombi-
nation of the charged and neutral species with each other and the
surfaces that constrain the discharge, possess structural attributes that
significantly differ from the ones of the original monomer. Such
structures are not built from repeatingmonomer units and are likely to
possess unsaturated, branched and cross-linked architecture. Conven-
tional polymer formation employs plasma-generated functionalities
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Fig. 1. AFM picture of film fabricated at 25 W, scan size 1×1 µm and 80×80 µm.

Fig. 2. Refractive index and extinction coefficient as a function of wavelength.
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and radicals, however the process takes place in the absence of plasma
on plasma exposed substrate surfaces [1–6,13]. It is possible to control
polymer material characteristics by changing the deposition condi-
tions (e.g. power and frequency of the excitation signal, type and
position of the substrate, geometry of the deposition chamber) or
applying prior and post deposition treatments (e.g. subjecting the
substrates to prefabrication RF plasma treatment) [1,2,5,13,15].

A custom-manufactured glass deposition chamber [16] was used to
fabricate the RF polymer thin films from Terpinen-4-ol monomer
(supplied by Australian Botanical Products). Copper electrodes are
capacitively coupled to the reactor so that RF (13.56 MHz) energy is
delivered into the deposition chamber. The distance between the
electrodes was varied to achieve optimal deposition conditions. A
number of substrate cleaning processes were carried out. First, of all
the superwhite glass substrates (25 mm×75 mm) were washed in a
solution of Extran and distilled water. Secondly, the substrates were
subjected to 30 min ultrasonic clean in distilled water heated to 50 ° C
followed by a Propan-2-ol rinse and air-dry. The cleaned glass
substrate was placed into the deposition chamber and the chamber
was flushed with argon for 1 min. The monomer was released
gradually into the chamber kept at a pressure of 150mTorr— the glow
was maintained by controlling the monomer flow by means of a
vacuum stop cock. Deposition was performed at room temperature,
pressure of 200 mTorr and RF power of 25 W. For every deposition,
1 ml of monomer was used.

3. Results and discussion

3.1. Film thickness

A spectrometer (Avantes 2048) was employed for preliminary
investigations of the polymer films' absorbance and thickness. These
parameters were also evaluated using a variable angle spectroscopic
ellipsometer (modelM-2000, J. A.WoollamCo., Inc.). Thedependence of
film thickness on the deposition timewas studied on samples fabricated
on the glass substrates for 2, 5,10,15, 20, and 30min (4 samples for each
deposition time). A film thickness of 99 nm was obtained with
deposition time of 2 min. The sample thickness increased with time,
approaching 874 nm for deposition time of 30 min. Linear thickness
dependence on deposition time was observed. Therefore, assuming
constant deposition conditions, the desired film thickness can be
obtained by controlling the time of deposition so that the material can
be tailored for a given application.

3.2. Surface properties

The surface morphology of the films was investigated using atomic
forcemicroscope (NT-MDTNTEGRAPrima) to understand topographi-
cal properties of the surfaces over scales ranging from angstroms to
microns [13]. The non-destructive semi-contact AFMmodewas chosen
to minimize the damage to the surface of the films. A number of scans
were performed on each sample to improve the accuracy of
characterizations. Fig. 1 shows an example of the surface morphology
of 1×1 µm and 80×80 µm scans of the Terpinen-4-ol polymer thin
film of thickness 874 nm. The results confirmed the polymer thin films
as smooth, uniformandpin-hole free surface, implying that the plasma
polymerization has taken place mostly on the surface of the substrate
and not in the gas phase [17]. The RMS roughness of 0.3 nm obtained
from the AFM datawas in agreement with the value obtained from the
ellipsometric studies of the films. Such roughness values are below
those for thiophene and ethylcyclohexane polymer films, 1 nm and
1.2 nm respectively, deposited using RF plasma polymerization [18,19].
Smooth surfaces are vital for optical and electrical applications, and
also for implementing as a coating materials for surface protection or
buffer layers [5].

3.3. Optical properties

Optical properties of the films were derived from the ellipsometric
data collected at three different angles of incidence (φ=55°, 60°, and
65°) over the wavelength range of 200–1000 nm (6.2–1.2 eV) by
means of regression analysis (WVASE32 software package). First,
Cauchy dispersion was applied to data within 500–1000 nm range
assuming the films are optically transparent within this region (k
approximates 0) and the film is homogenous [20,21]. A surface
roughness layer was employed assuming the roughness being less



Fig. 4. Absorption coefficient as a function of wavelength of film deposited at 25 W.
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than 10% of the wavelength of the light used in probing the sample as
greater roughness has a propensity to scatter and depolarize light [22].
Further, Gaussian oscillators were employed as harmonic oscillators
[23,24]. Transmission data was appended to enhance the accuracy of
the model used to determine optical constants of the material and
understand the transparency range of the polymer films under
investigation. The refractive index and extinction coefficient values
range from 1.71 to 1.53 (Fig. 2) and from 0.1 to 4×10−7 (Fig. 2, inset)
respectively over the wavelength region of 200 to 1000 nm. The effect
of deposition time on the refractive index and extinction coefficient
was insignificant with all curves exhibiting similar shape. Mean
squared error (MSE) values used to assess the quality of the fit were
below 3, and although it is preferential to have MSE values as close to
zero as possible. MSE value tend to vary significantly depending on
factors such as the amount and quality of the data available, or how
precisely the chosen model mirrors the thin films under investigation
[25]. UV–Vis absorption spectra of the samples deposited at 25 W RF
power and 200 mTorr were studied. As is shown in Fig. 3, the polymer
thin film was optically transparent across the deposition time range
(Fig. 3). As an optically transparent film, the material can find its
application as an encapsulating (protective) layer for the circuit
boards.

3.4. Energy gap

Energy gap estimates derived from ellipsometric and spectro-
metric data analyses were compared and conclusions on the
conducting nature of the material were drawn. The optical band gap
Eg is derived from the Tauc equation αhν=B (hν−Eg)n, where α is
the optical absorbance, ν is the frequency of light, and n and B are
factors dependant on the type of transition and the length of localized
state tails respectively [26]. The value of n is determined by the nature
of the electronic structure of the material, with semiconducting
plasma polymers generally attracting n of 2 which describes a
parabolic function for the density of states [27]. Matlab software
was employed to calculate the optical band gap values by extrapolat-
ing the linear section of the absorption curve to the abscissa (Fig. 4).
n=2 (for indirect transition) were shown to provide the best fit for
the polymer films under investigation [9]. The energy gap values
(2.67 eV and 2.66 eV for UV–Vis spectrometric and ellipsometric data
respectively) exhibit that the optical band gap of the material was in
the semiconducting region. With addition of doping materials, for
example iodine or bromine, it would be possible to further lower the
Fig. 3. UV–Vis absorption spectrum of film deposited at RF power of 25 W.
energy gap of the material making the film conducting. Although the
optical band gap deviates from the value of Eg by the width of the
range of localized states in the valence or conduction band, the degree
of variation being dependent on the degree of disorder within the
polymer film [28], this method provides important information about
the electronic structure of amorphous materials [29]. Using the
WVASE32 software, a combination of Tauc–Lorenz and Gaussian
oscillators was fitted to the ellipsometric data during modeling to
ascertain the values of Eg. An energy gap value of 2.68 eVwas achieved
in this study. This value is similar to the values obtained using the
ellipsometric and spectroscopic UV–Vis absorption data and it falls
within the semiconducting region of Eg.

4. Conclusions

The RF plasma polymerization of Terpinen-4-ol monomer was
studied with the objective to synthesize a smooth, defect-free and
homogenous film from a non-synthetic source. UV–Vis, ellipsometry,
and AFM characterizations demonstrated the plasma conditions had
effect on morphology and properties of the resultant film. Transpar-
ent, smooth and uniform organic polymer films can be manufactured
using RF excitation signal of 13.56 MHz and power of 25 W. The
thickness could be varied from 100 nm to 1000 nm by controlling the
deposition time. The optical properties studied in the wavelength
range 200–1000 nm identified the films as potential candidates for
applications in optics. At 500 nmwavelength, the refractive index and
extinction coefficient were found to be 1.55 and 0.0007 respectively.
The energy gap estimated to be 2.67 eV confirmed the possibility of
using the polymer film in semiconducting applications.

The obtained optical and surface properties of the fabricated films
substantiate the candidacy of the material as a promising low-cost
environmentally friendly material that could be used in many
emerging technologies. We demonstrated the ability to manufacture
uniform, defect-free non-synthetic Terpinen-4-ol based films with
desirable material properties in a reliable and reproducible fashion
and their potential as candidates for electronics, optics, and
biomedical industries applications.
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