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Abstract

Radiofrequency (RF) plasma polymerization is a convenient thin film deposition process as it facilitates the synthesis
of polymer films with stable physico-chemical properties suitable for various applications in microelectronic, optical,
and biomedical fields. The unique properties of these plasma polymerized films as compared to the conventional
ones are strongly related to the proper adjustment of the external plasma discharge parameters and selection of
suitable monomer. It is also important to study the fundamental chemistry of RF plasma polymerization process, so
that one can successfully correlate the internal features of the discharge with the film properties and explore their
possible technological applications. The possibility of using styrene-based plasma polymer (SPP) films on bell metal
as protective coatings is explored in this work. Depositions of the films are carried out in RF Ar/styrene discharge at
working pressure of 1.2 x 10~ mbar and at the RF power range of 20 to 110 W. Optical emission spectroscopy
(OES) is used to study the active species generated during plasma polymerization, while Fourier transform infrared
(FT-IR) and X-ray photoelectron spectroscopy (XPS) are used to analyze the internal chemical structures of the films.
The protective performances of the SPP films are attempted to correlate with the results obtained from OES, FT-IR,

and XPS analyses.

Water repellency, Protective coating
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Background

Radiofrequency (RF) plasma polymerization is a conve-
nient process of depositing polymer films with stable
physico-chemical properties [1,2]. The features of
plasma polymers include a more random structure than
conventional polymers, extensive cross-linking, covalent
bonding to substrates, and ease of control of thickness
in the range from nanometers to micrometers [3,4]. The
plasma polymer films are free from pinholes, hard, insol-
uble in organic solvents, and highly resistant to scratch,
heat, and corrosion [5-8]. Therefore, these polymer films
have also been extensively used for surface protection of
metals, alloys, glasses, and plastics. Besides, these plasma
polymer films are widely used as biocompatible materi-
als, gas barrier films for food packaging, and humidity
and chemical sensors [9-14].

* Correspondence: joyanti_c@sify.com
Institute of Advanced Study in Science and Technology, Paschim Boragaon,
Garchuk, Guwahati, Assam 781035, India

@ Springer

It is well known that in RF plasma polymerization
process, the physico-chemical properties of the depo-
sited polymer films are strongly dependent on the exter-
nal discharge parameters such as input RF power, gas/
monomer flow rate, and working pressure [15,16]. The
effect of these parameters on the properties of the
deposited films can be well understood by investigating
their internal chemical structures. Besides, the functio-
nality of the plasma polymer films is mainly influenced
by the nature of the monomers used [17,18]. It is also
important to study the fundamental processes occurring
in RF plasma polymerization, so that one can success-
fully correlate the internal features of the discharge with
the film properties and explore their possible techno-
logical and industrial applications [19].

In this work, the results on the deposition of styrene-
based plasma polymer (SPP) films from radiofrequency Ar/
styrene glow discharge at working pressure of 1.2 x 10~
mbar and in the RF power range of 20 to 110 W are
reported. Styrene is preferred as starting monomer due to
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1, 2, 3= Needle Valve

9 = Water inlet
12 = Matching network
15 = OES setup

4 = Stop valve

6 = Constant temperature bath 7= Gas shower plate
10 = Water outlet

13 = Vacuum system
16 = Personal computer

Figure 1 Schematic of the experimental setup of the RF plasma polymerization.

5 = Monomer bath

8 = RF electrode
11 = RF generator
14 = Vacuum gauge

its high organic character and vapor pressure at room
temperature [20]. The deposition of SPP films is carried out
on bell metal (alloy of copper (78%) and tin (22%))
substrate which is one of the most popular types of alloys
used in manufacturing items both for utilitarian (utensil,
baskets, lamp, musical instrument, etc.) and esthetic (idol,
ornament, picture frames, etc.) purposes [21]. However, the
main disadvantage of using bell metal in such applications
is that the surface of bell metal gets oxidized upon exposure
to air for a short period of time. Therefore, effort has been
made in this work to deposit SPP films on bell metal
surface at various discharge conditions and evaluate their
protective performance against severe and corrosive envi-
ronment. This work also aims at studying the emission
intensities of active species generated during plasma
polymerization and the chemical structure of the SPP films
and correlates the results with the observed properties of
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Figure 2 Optical emission spectrum of Ar/styrene plasma
obtained at RF power of 80 W.

the films. The films are characterized by Fourier transform
infrared spectroscopy (FT-IR), X-ray photoelectron spec-
troscopy (XPS), step profilometry, water contact angle
measurement, and standard copper acetic acid salt (CASS)
test (ASTM-B-368).

Experimental set-up

Experiments are carried out in a capacitively coupled
radiofrequency (13.56 MHz) plasma device. The cylin-
drical vacuum chamber (Figure 1) is 40 cm in diameter
and 45 cm in height. The RF electrode (10 c¢cm in dia-
meter) is placed at the center of the chamber and is
connected to the RF generator (COMDEL-CPS-500 AS,
MA, USA; 0 to 500 Watt) through an L-type matching
network. During plasma polymerization, the electrode is
kept cooled by circulating cold water through it. Styrene
(purity > 99%, ACROS Organic, NJ, USA) is kept in a
monomer bath where it is allowed to vaporize at 30°C.
The argon gas is designed to flow through the monomer
bath, and the gas mixture (Ar/styrene) is allowed to enter
the chamber through a gas shower plate (9.25 cm in

Table 1 Species detected from the optical emission
spectrum contained in Figure 2

Species Wavelength (nm) Transition

CH 386 to 394 XM to B’

Arl 4195 3523p°(°P°; 0)4s 10 3573p°(°P%35)5p
4250 id®
750.5 3523p°(°P°; )4s to 35°3p (P, 2)4p
811.0 3523p°(°P°5 0)4s 10 3573p°(°P%30)4p

CH 4312 A%A to XN

H, 583 to 670 X's4 to G,

Hq 656.2 3dto 2p

?ldentical.
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Figure 3 Variation of emission intensities of active plasma
species as a function of RF power. Figure 4 Variation of deposition rates of SPP films as a
function of RF power.

diameter). The bottom surface of the shower plate contains
60 pierced holes, each having diameter of 5 x 10> cm. The
flow rate of argon is controlled by a mass flow controller
(Aalborg, TX, USA), whereas the flow of Ar/styrene gas
mixture is controlled by precisely calibrated needle valve.

Prior to deposition, the bell metal substrates are
properly cleaned using acetone, isopropyl alcohol, and
distilled water. The substrates are then pretreated with
argon plasma (flow rate is 5 sccm) at applied RF power
of 40 W for 10 min in order to remove the native oxide
present on the surfaces for enhancing film adhesion.
Afterwards, the deposition process is carried out at
constant working pressure of 1.2x 10~ mbar and RF
powers ranging from 20 to 110 W. The argon flow rate
is fixed at 5 sccm throughout the plasma polymerization,
and the deposition time of each film is carried out for 30
min. After deposition, the RF power is kept on for 30 s
so that no residue monomer gets deposited on the sub-
strates, and the substrates are allowed to cool for 15 min
in an argon flow rate of 35 sccm. The substrates are
carefully taken out from the plasma chamber after 12 h
and immediately transferred to a vacuum desiccator.

For optical emission spectroscopy (OES), we have used
a 300-mm focal length monochromator (BENTHAM
M300, Berkshire, UK) having a resolution of 0.1 nm
equipped with a 1,200 lines/mm grating. The apparatus
allows us to study emission lines in the range of 300 to

Table 2 Summary of SPP film deposition conditions

RF power Self-bias voltage Deposition time Thickness
w) (-V) (min) (nm)
20 50 10 1,000
50 85 1,524
80 119 1,801
110 168 924

900 nm. A fiber optic probe is put approximately 15 cm
away from the plasma source. Proper care is taken to
detect maximum light emission and to avoid background
radiation. The output signal is fed into a photomultiplier
tube and then transferred to a personal computer through
a data acquisition card. The emission spectra are recorded
using LabVIEW software.

Film characterizations

The thickness of each SPP film is measured with a stylus
step profiler (Dektak-150, Veeco Instruments, Inc., NY,
USA) having vertical resolution of 1 A (maximum).

The surface chemistry of the films is carried out by
means of FT-IR and XPS. The internal chemical struc-
tures of the films are investigated by means of FT-IR
(Vector 22, Bruker Corporation, MA, USA) spectroscopy

Reflectance (arb. units)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'})

Figure 5 FT-IR spectra of the SPP films. The films are deposited at

RF powers of (a) 20, (b) 50, (c) 80 and (d) 110 W.
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Table 3 Assignments of peaks observed in the FT-IR
spectra included in Figure 5
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Table 4 XPS studies of the atomic compositions (%) of
carbon and oxygen, and relative oxygen/carbon ratios in

Wavenumber Assignment SPP films deposited in the RF power range of 20 to 110
(cm™) w
3,289 Hydroxyl O-H stretching RF Atomic compositions (%)
3,062 and Aromatic C-H stretching power Carbon (C) Oxygen (0) o/c
3,031 w)
. 20 92.2 7.8 0.08
2,965 and Methy! (CH3) C-H stretching
2,867 50 94.7 53 0.05
2,928 Methylene C-H stretching 80 974 16 001
1,705 Carbonyl C= 0 stretching 110 90.8 92 0.10
1,595 In-plane phenyl ring bending mode
1,457 Methyl C-H bending: in-plane phenyl ring bending on the film suljface through ? Computer—contrOIIed
mode process, and the image is taken immediately. The drop
1361 Methyl C-H bending image is then stored via a CCD video camera using a
1266 In-plane C-H bending of aromatic ring PC-based acquisition and data} processing. As the‘mea—
co e bt surement of the contact angle is obtained from the image
1031 0 stretching vibration that is captured immediately, the effect of evaporation on
906 C-H out-of-plane bending the real measurement can be ignored. In this experiment,
758 and 702 Out-of-plane phenyl ring bending mode five point measurements on each film are randomly per-

and XPS. The FT-IR spectra of the films were obtained
in the transmittance mode, within the spectral range of
4,000 to 400 cm ™" (spectral resolution is 4 cm™), using
30° specular reflectance accessory. The XPS studies are
conducted in a UHV chamber (base pressure <2 x 10~
mbar) using a VG make, CLAM-2model hemispherical
analyzer with a non-monochromatic twin Al/Mg X-ray
source (VG Scienta, Quebec, France). With Mg K, line,
(1,253.6 eV) detailed spectra are collected.

The hydrophobicity of the SPP films is investigated in
ambient atmospheric conditions by a video-based water
contact angle measurement (OCA 20, Data Physics
Instruments GmbH, Filderstadt, Germany) system
(experimental conditions: deionized water; 1.8 pl water
drop). The system is equipped with a software-operated
high-precision liquid dispenser to precisely control the
drop size of the used liquid. The water droplet is dropped

formed, and the average value of the five point measure-
ments is regarded as the contact angle of the film with a
standard deviation of approximately 2%. The surface
energies of the SPP films are evaluated using Neumann's
theory which considers only one liquid [22].

Atomic force microscopic (AFM) images are obtained
in ambient atmospheric conditions with a digital multi-
mode scanning probe microscope (Veeco) equipped with
a nanoscope IVA controller (resolution: horizontal, 0.2 nm
and vertical, 0.01 nm). The images are taken in tapping
mode at a scanning rate of 1 Hz (scan size is 3 x 3 pm).
The root-mean-square (rms) distribution profiles of the
SPP films are measured by scanning probe microscopy
software (WSxM, Nanotec Electronica S.L., Madrid,
Spain).

The corrosion test on the films is carried out in a
closed testing chamber (internal volume, 0.1 m®) by
standard CASS test according to ASTMB368 module
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Figure 6 Curve fit of the C1 peaks of the SPP films. The films are deposited at RF powers of (a) 20 and (b) 110 W (1, C-C and/or C-H; 2, m—11’

shake-up satellite).
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Table 5 Curve fit of C1 peaks of the SPP films deposited
in the RF power range of 20 to 110 W to study the
functional units and their percentages of content in the
films

Position (eV) Assignment Films prepared at RF power
(W) of
20 50 80 110
285.0 CC, CH 9.7 971 987 958
2918 m—71* shake-up satellite 3.3 29 13 42

(ASTM International, PA, USA). The CASS test is per-
formed at room temperature, and the films are kept in
observation for 60 h.

Results and discussion

Optical emission spectroscopy

Figure 2 shows a typical emission spectrum obtained from
Ar/styrene glow discharge at working pressure of 1.2 x 10~
mbar and RF power of 80 W. The spectra obtained at other
discharge conditions (RF power 20, 50, and 110 W) reveal
similar pattern as that shown in Figure 2. The main
transitions that are observed in the spectrum are reported
in Table 1. It is clearly seen that the spectrum contained
in Figure 2 includes N, (380.5 nm), CH (433.2 nm), H,
(583 to 670 nm) and H, (656.2nm) species. The presence
of N, in the spectrum is attributed to the residual nitrogen
impurity in the deposition chamber. The H, (656.2nm)
emitted line arises from the Balmer series of atomic
hydrogen, which is generally formed in glow discharge of
hydrocarbon. The variation in emission intensities of the
active plasma species as a function of RF power is shown in
Figure 3. Species like CH, H,, and H, are selected for
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analysis as they are expected to play important role in the
SPP film deposition process. It is revealed that the emission
intensity of each species is strongly dependent on the
variation of RF power. In the RF power range of 20 to 80
W, the relative concentration of each species (CH, H,, and
H,) increases with power. However, at sufficiently high RF
power (110 W), the emission intensities of H, and CH
species are observed to be decreased, which can be inter-
preted as a result of either dissociation of H, and CH or
their recombination with other plasma species (or both).

Film growth

The deposition conditions for SPP films at working
pressure of 1.2 x 107" mbar and in the RE power range
of 20 to 110 W are shown in Table 2. It is observed
from the data presented in Table 2 that the film thick-
ness continues to increase up to an RF power of 80 W,
and then it begins to decrease with further increase in
power. From the data given in Table 2, the deposition
rates (nanometers per minute) of the SPP films
obtained at various RF powers (20 to 110 W) are evalu-
ated. The variation of deposition rates of SPP films as a
function of RF power is shown in Figure 4. It may be
seen from the plot contained in Figure 4 that highest
deposition rate (180 nm/min) is observed for the SPP
film deposited at RF power of 80 W. The increase in
deposition rates of the films with RF power (from 40 to
100 W) may be corroborated with the results drawn
from OES analyses. Also, as the RF power is increased,
the plasma polymerization is transformed from low
energetic state to energy sufficient state. This means
that more energy per unit mass of the monomer is

N
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Figure 7 Variation in the shapes and contact angles of water drops on the SPP films.
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* Figure 10 Copolymerization of diradical with oxygen.
T a0l 1
e deposited at RF power of 110 W, the absorption intensities
é * of the peaks at 1,595 cm™" (in-plane phenyl ring bending
5 30 1 mode) and 2,965 cm! (methyl (-CH3) C-H stretching
@ * mode) decrease compared to those deposited in the RF
§ range of 20 to 80 W [25,28]. Moreover, it is also revealed
T 20 . that in comparison to films deposited in the RF power
n range of 20 to 80 W, a relatively strong absorption band
* positioned at 3,289 cm™ (hydroxyl OH stretching vibration
o S S — mode) appears in the spectrum of the film deposited at
20 40 60 80 100 higher RF power (110 W) [25,28]. The band positioned at
RF power (w) 3,289 cm ! indicates reaction of trapped free radicals at the
Figur.e 8 Variation in surface energy of the SPP films as a SPP films with atmospheric oxygen or water vapor. This
function of RF power.

available with increasing RF power, resulting in more
fragmentation of styrene monomer, and thus leading to
an increase in deposition rate of the film [23]. However,
at RF power of 110 W, the deposition rate of the film
is found to be decreased. This is may be due to the
fact that at sufficiently high RF power, the active plasma
species (ions, free radicals, etc.) acquire enough energy
above a certain critical level to sputter the deposited
film surface, producing a reduction in the deposition
rate [24].

Fourier transform infrared spectroscopy

The FT-IR spectra of the SPP films are shown in Figure 5.
The assignments of the peaks are listed in Table 3 accor-
ding to the literatures [25-28]. The peak corresponding to
the band at 2,965 and 2,867 cm™' signifies methyl CHj
symmetric C-H stretching vibration [25]. The presence of
methyl groups is an indicator of extensive branching of SPP
films. From the plots presented in Figure 5, it is observed
that for SPP films deposited in the RF power range of 20 to
80 W, the absorption intensities of the peaks positioned at
702, 758 (both corresponding to out-of-plane phenyl ring
bending mode), and 3031 em ™! (aromatic C-H stretching
mode) increase with increasing power, while for film depo-
sited at higher RF power (110 W), the absorption intensities
of the above peaks decrease [25-27]. Regarding the film

h
2(CH=CH) —Vb‘FH-CHz-CHQTH' .................. o

(Diredical, R+)

Figure 9 Initiation reaction of polystyrene to form diradical.

behavior is common for plasma polymers formed by free
radical mechanism [29]. From the above observations, it
can be assumed that at higher RF power (110 W), the elec-
tron energy becomes sufficient enough to dissociate phenyl
rings and methyl groups CHj present in styrene monomer.
An important point to be noticed here is that no functional
group containing nitrogen is detected in the FT-IR spectra.
This suggests that nitrogen does not participate in the film
formation process, although it shows its presence in the
OES spectrum.

X-ray photoelectron spectroscopy

The atomic compositions corresponding to each SPP
film deposited in the RF power range of 20 to 110 W are
summarized in Table 4. The oxygen content detected in
the films is assumed to be contributed by the residual
oxygen present in the plasma chamber. It is seen from
the data given in Table 4 that for the SPP films deposited
in the RF power range of 20 to 80 W, a rise in RF power
yields an increase in carbon and decrease in oxygen con-
tent in the films. On the other hand, the SPP film depo-
sited at RF power of 110 W shows a decrease in carbon
and increase in oxygen content. This indicates more dis-
sociation of methyl groups present in styrene monomer
due to dissipation of higher RF power in the plasma. To
gain more insight into the chemical compositions of the

CH>=CH + Art L CHy=CHArt

O

Figure 11 Formation of cationic radical during initiation.
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O

Figure 12 Formation of anionic radical during initiation.

SPP films, the curve fitting of C1 spectra for each film is
performed. The fitting of C1 spectra of the SPP film
deposited at RF power of 20 and 110 W is shown in
Figures 6a,b. As observed from Figures 6a,b, the C1
spectra of the films has been fitted with two peaks; one
large peak corresponding to C-C and/or C-H units (285
eV) and one small peak related to m-1* (291.8 eV)
shake-up satellite. The characteristic mw—m* shake-up
satellite is due to the resonance of the aromatic rings of
SPP films [30,31]. The percentages of functional units
and their content in the films are given in Table 5. From
the data presented Table 5, the content of C-C and/or
C-H units slightly increases by 2% with the RF power
(from 20 to 80 W). Moreover, plasma polymerization of
styrene at RF power of 100 W results in formation of
highest carbon-rich film (98.7%). In the case of film
deposited at RF power of 110 W, the C-C and/or C-H
units decrease to 95.8% compared to the film deposited
at RF power of 80 W, and it is assumed that greater
fragmentation of styrene molecules containing methyl
groups (-CHj3) occurs at higher RF power. This assump-
tion agrees well with the results drawn from OES and
FT-IR analyses. The above discussions reveal that an
increase in RF power leads to the incorporation of more
organic content into the films, while at sufficiently high

H

~
H H H
.02— — —(%_ ———AN
kp H
RO?*+CH:CH ———»
H H H
o b
H H

H

(Branched peroxy polystyryl radical, R,02)

Figure 13 Propagation reaction of peroxy diradical with
styrene monomer.

k. /
CH;=CHAr* + xM —P—» Ar(M)yCH,CH*+

O O

(Polystyryl cationic radical)
Figure 14 Propagation reaction of polystyryl cationic radical.

RF power (110 W), there is a decrease in the organic
content of the films.

Water contact angle measurement

Figure 7a,b,c,d shows the variation of the shapes and
contact angles of water drops on the SPP films prepared
in the RF power range of 20 to 110 W. As observed
from Figures 7a,b,c,d, the values of contact angle for
SPP films increase from 82° to 110° when the RF power
is increased from 20 to 80 W. For SPP film prepared at
110 W, the value of contact angle decreases to 63°. The
variation of surface energy of the SPP films with RF
power is shown in Figure 8. From Figures 7a,b,c,d and
Figure 8, it is revealed that the SPP films show good
hydrophobic behavior in the RF power range of 20 to 80
W, while at 110 W, the film becomes hydrophilic in
nature. The variation in hydrophobic behavior of the
SPP films with RF power can be explained in terms of
the formation of peroxy polystyryl radical. Although the
polymerization of styrene initiated by RF plasma is very
complex due to occurrence of various simultaneous
chemical reactions in the plasma phase, a simple me-
chanism may be postulated as depicted in the succee-
ding sections.

Initiation

Presumably the initiating species are peroxy radical and
Ar+. Both the initiating steps Figure 9 and Figures 10,
11 and 12 are feasible and can occur simultaneously. At
low pressure, Re copolymerizes with oxygen to form
peroxy radical (Figure 10).

i
CH=CH +yM —2 5 (M)yCH=CH

@ O

(Polystyryl anionic radical)
Figure 15 Propagation reaction of polystyryl anionic radical.
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ROy +R.Or —%u RR, +0,
(Dead cross-linked SPP)

Figure 16 Termination reaction of polystyryl radical to form
dead cross-linked SPP.

Propagation
There will be two types of propagations, Figure 13 and
Figures 14 and 15.

Termination

The termination of polystyryl radical is also very com-
plex. The termination may occur due to collision of the
peroxy polystyryl radical on the surface of the substrate.
This will lead to the formation of highly cross-linked
SPP with the elimination of O, molecule followed by
cyclization of the polystyryl radical. This step may be
written as in Figure 16.

The termination process may also be due to transfer
reaction of SPD, i.e, abstraction of hydrogen atom from
SPP molecule by polystyryl radical (Figure 17). The ter-
mination of polystyryl radical may further occur through
combination of ionic polystyryl radical leading to highly
cross-linked SPP. The termination mechanism is shown
in Figure 18.

It is assumed that all the above termination reactions will
occur simultaneously. From XPS analyses, it is revealed
that with increasing RF power (from 20 to 80 W), the pe-
roxy polystyryl radicals progressively lose oxygen through
cyclization process. It is therefore apparent that when oxy-
gen is lost, SPP film with higher cross-linking density and
improved hydrophobic character is formed. So, hydropho-
bic behavior of the films tends to increase when RF power
is increased (from 20 to 80 W). However, at higher RF
power of 110 W, the chemical structure of the SPP film
surface is extensively destroyed due to high energetic ion
bombardment, resulting in formation of free radicals which
are trapped in the film surface. When exposed to the
atmosphere, these free radicals will immediately react with
the atmospheric oxygen, thereby making the film poorly
hydrophobic.

*ORH;CCHCHCHaRs02+ + Py Xt o R H,CCHCHCHRs + 03 + Py

(Highly cross-linked SFP)

Figure 17 Termination reaction involving abstraction of
hydrogen atom from SPP molecule by polystyryl radical.

N

Ar(M)xCHyCH" + VDyCH,=

ke
H — - (_\/I)XFHCHzij’HCHz(M)y-h A

(Highly cross-linked SPP)

Figure 18 Termination reaction involving recombination of
ionic polystyryl radicals.

Copper acetic acid salt test

Standard CASS test (ASTM-B-368) [29,30] is performed
on the SPP films to study their corrosion resistance beha-
vior. Here, a homogeneous solution is prepared from 5%
sodium chloride (purity > 99%, Merck KGaA, Darmstadt,
Germany) and 0.026% copper (II) chloride (purity > 99%,
Merck) solution, and the pH of the solution is maintained
at 3.1 by adding required amount of glacial acetic acid
(purity > 99%, Merck). One-third of each film is dipped
inside the solution over a total observation time of 60 h. A
virgin bell metal sample dipped inside the solution serves
as reference. The entire test is carried out in a dust-free
environment and at room temperature. The virgin bell
metal sample and the films are observed visually every 6
h. The portion of virgin bell metal surface dipped inside
the solution is soon found to change its color from bright
golden to blackish (at the observation time of 8 h), thereby
showing corrosion of the surface. The visual image as
given in Figure 19a shows the corrosion of the virgin bell
metal. At the observation time of 12 h, the portion of the
film deposited at RF power of 110 W (Figure 19b), dipped
inside the solution, gets completely peeled off due to
permeation of salt solution into its surface. Regarding film
deposited at RF power of 110 W, it is further noticed from
the image included in Figure 19b that the salt solution
moves up into the surface resulting in more corrosion in
the film. This indicates poor adhesive nature of the SPP
film deposited at RF power of 110 W. Up to 12 h of obser-
vation, no sign of crack or spot is detected for the SPP
films deposited at RF powers of 20, 50 and 80 W. How-
ever, at the observation time of 24 h, some parts of the
film surface deposited at RF power of 20 W, kept under
the salt solution is found to be peeled off. The other films
show no change in their surface morphologies as observed
visually. The film deposited at RF power of 20 W gets
completely corroded after the observation time of 32 h.
Regarding film deposited at RF power of 50 W, minute
cracks are observed on its surface at an observation time
of 48 h (Figure 19c). At observation time of 56 h, the
cracked portion of the film deposited at RF power of 50
W is found to be stripped off, while no sign of crack/spot
is observed for film deposited at RF power of 80 W
(Figure 19d) even after 60 h. The results suggest that the
SPP film deposited at RF power of 80 W shows relatively
good corrosion resistance behavior compared to the other
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films deposited at RF powers of (b) 110, (c) 50 and (d) 80 W.
.

:
.

Figure 19 Images showing visually observed corrosion tested surfaces of virgin bell metal and SPP films. (a) Virgin bell metal and SPP

films, which may be assumed to be contributed by the
highest percentage of carbon content present in the film.
Moreover, the highest emission intensity of CH species
observed in the Ar/styrene plasma at 80 W is possibly
another significant factor contributing to such enhanced
corrosion resistance behavior of the film deposited at RF
power of 80 W.

Atomic force microscopy

Figure 20a,b shows the three-dimensional AFM images
of SPP films prepared at RF powers of 20 and 80 W.
The AFM images of all the SPP films show quite smooth
and crack-free surfaces, thereby indicating uniform
deposition during Ar/styrene plasma polymerization
process. The variation of rms roughness of the films
with RF power is given in Table 6. The increase in rms
roughness with RF power is possibly due to the

Figure 20 AFM images of SPP films. The films are deposited at RF
powers of (a) 20 and (b) 80 W.

sputtering of the film surface by ions, which gain more
and more energy with the increase in RF power [32].

Conclusions

SPP films are successfully deposited from RF Ar/styrene
glow discharge at a working pressure of 1.2 x 10~ mbar
and in the RF power range of 20 to 110 W. Maximum
deposition rate (180 nm/min) is observed for the SPP
film deposited at 80 W. OES, FT-IR, and XPS analyses
indicate that the improved hydrophobicity and corrosion
resistance behavior of the SPP film deposited at RF
power of 80 W may be linked to the dominance of CH
species in the glow discharge and enhanced cross-
linking density due to the presence of highest percentage
of carbon content in the film. Besides, more loss of oxy-
gen by peroxy polystyryl radicals with increasing RF
power (from 20 to 80 W) may also contribute to the
enhancement in hydrophobic behavior of the films.

Table 6 Surface morphology parameters as determined
by AFM analyses of SPP films deposited in the RF power
range of 20 to 110 W

RF power (W)

rms roughness (nm)

20 0.35
50 048
80 067
110 0.87
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However, at higher RF power (110 W), the SPP film
becomes hydrophilic in nature and displays poor corro-
sion resistance behavior, which may be accounted for
the extensive destruction in cross-linked chemical struc-
ture of the film by high impinging ion energy. The
results suggest the possibility of using SPP film depo-
sited at RF power of 80 W as high performance coating
for surface protection of bell metal.
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