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Abstract

Surfaces of optical elements are deposited by antireflection coatings (ARCs) to
decrease the reflection of light. Surface needs treatment before depositing the
ARC one of treatment processes by plasma for adhesion improvement and
surface hardening. A comparison of RF and DC glow discharges treated
CR-39 polymer films gives insight into the mechanism of these surface
processes. The surface properties of the plasma-treated samples are examined
by microscopy techniques include contact angle measurements, scanning
electron microscopy (SEM), atomic force microscopy (AFM), infrared (IR)
spectroscopy and refractive index measurements. Results show that the plas-
ma treatment modifies the polymer surface in both composition and mor-
phology. It is found that the surface wettability is enhanced after plasma treat-
ment. It is found that, RF plasma is more effective than DC plasma in CR-39
surface modification, as it implants more oxygen atoms into the surface and
makes the contact angle declining to a lower level.

Keywords

Surface Modification by Plasma, RF Discharge, DC Discharge, CR-39
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1. Introduction

Surface modification by gas discharge plasmas plays a crucial role in the micro-
electronics industry [1] [2] [3] [4].

Exposure of polymers to suitable plasmas can cause chemical and physical
changes to their surface or near-surface layers. These changes produce more

reactive surfaces and affect wetting properties, cross-linking and molecular
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weight. Surfaces can thus be engineered to achieve the necessary properties, such
as wettability [5], adhesion, barrier protection, material selectivity and even bio-
compatibility [6]. Therefore, plasma surface modification can induce a specific
surface chemistry without altering the bulk properties of the material [7] [8].

Glow discharge plasmas produce the appropriate electron number density and
active-species flux for nearly all plasma surface treatment applications. The usual
objective of such plasma processing is to increase the surface energy of the ma-
terial, which leads to better printing, bonding, wettability and wickability [9].

The most widely used materials for plastic spectacle lenses are CR-39 and po-
lycarbonate (PC), as well as polymethyl methacrylate (PMMA) in some cases.
These plastic materials are not as brittle as glass and thus do not break easily, but
they are relatively soft and can be easily scratched [10].

Srivatsa et al. 2008 [11] developed fabricated deposition system, for depositing
fairly hard, durable and efficient antireflection coatings on polycarbonate sub-
strates. The process involves making the normally hydrophobic surface of the
polycarbonate substrate (CR-39) wettable, followed by the deposition of a sur-
face-hardening layer of carbonyl silica, and finally the deposition of a four-layer
antireflection coating comprising alternating layers of silicon dioxide and tita-
nium dioxide, of specified thicknesses. The spectral transmittance characteristics
of the deposited composite antireflection coating, which is fairly hard and dura-
ble, compare quite well with the calculated spectral characteristics of the opti-
mum designed coating.

The aim of the present work is to compare between the plasma treatment of
CR-39 polymer films using two different plasma sources, namely RF and DC
glow discharges. Contact angle, scanning electron microscope (SEM), atomic
force microscopy (ATM), infrared (IR) spectroscopy, and refractive index mea-
surements were used to investigate and characterize surface treated of the used

polymer.

2. Experimental Setup

The discharge plasma was formed in two parallel plate configuration of stain-
less-steel 304 electrodes with a diameter of 5 cm and spacing 6 cm, housed in a
cylindrical stainless-steel vacuum chamber of 25 cm in diameter and height. The
side and back of the two electrodes were covered with ceramic casing to prevent
additional discharge. The lower electrode was powered by RF source (13.56 MHz
and 0 - 200 W power), type ENI model OEM-6, through a matching box, while
the upper electrode as well as the stainless-steel discharge chamber were
grounded. Also, the discharge chamber was operated using 2000 VDC power
supply, whereas the current was varied between 5 - 20 mA. The chamber was
pumped down by a vacuum system to base pressure of 10~ torr.

During all measurements, continues flow of a gas through the discharge
chamber was maintained. High purity argon gas was used as working gas and

was fed to the chamber through a needle valve. By using the needle valve one can
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control of the gas amount introduce to the plasma system. The pressure of the
working gas was varied between 1 - 10 torr and measured using a digital vacuum
gauge (VAP 5).

Figure 1 shows a schematic drawing of the experimental setup.

Surface characterization of CR-39 polymer was conducted using UV-Vis-Nir
scanning spectrophotometer from Shimadzu-Japan model 3101 PC, scanning
electron microscopy SEM (JSEM 7400F, Joel, Japan), atomic force microscopy
AFM (CP-11 SPM, Veeco, USA) and contact angle measurements were done

using a goniometer (Rame’ Hart, USA).

3. Material

Ally glycol carbonate CR-39 polymer films were obtained from PPG industries,
Inc., Italy.

CR-39, specifically poly-diethylene glycol is allyl carbonate, is a plastic poly-
mer commonly used in the manufacture of spectacle lenses. CR-39 is a trade-
marked product of PPG Industries, USA; originally developed by Columbia
Chemical Co. (CR stands for Columbia Resin). It is harder, stronger and more
brittle than most other polymer materials, because of the formation of
cross-links between the various constituent functional groups. CR-39 is transpa-
rent in the visible spectrum and almost completely opaque in the UV range. It
has the highest abrasion/scratch resistance of any uncoated optical plastic.
CR-39 is about half the weight of glass and its refractive index (1.450) is only
slightly lower than that of crown glass, making it an advantageous material for
spectacle lenses.

Because of the presence of the two allyl functional groups, the monomer can

J:_ ( :) , Argon through needle valve

RF (13.56 MHz)

Vacum Gage

CR-39

- To Vacum Pummpl

Figure 1. Schematic diagram of experimental apparatus.
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not only polymerize but also cross-link—which results in a thermoset plastic and
not a thermoplastic. Thermosetting polymers which form random three dimen-
sional cross-linked structures are characterized by being infusible and insoluble
in all solvents. A sample of thermosetting material can be considered to be a sin-
gle molecule, since covalent bonds link every portion of the material with every
other.

A structural model for CR-39 is:

(0]

|

CH,—CH,—0—C—0—CH,—CH=CH,

(@)

CH,—CH,—0—C—0—CH,—CH=CH,

I

(0]

4. Results and Discussion

It is reported that [12], higher RF plasma powers often destroy the monomers
and therefore moderate RF power would be ideal. So, in the present work, (50 - 150
W) RF power was used for considering surface polymer modifications.

It’s well known that argon plasma produce UV photons which enable to op-
timize the cross-linking process and improving the ageing of the polymer [13]
[14] [15]. By breaking the allylic molecules, numerous radicals are formed which
react together to create new covalent bonds between the macromolecules [16].
The radicals created on the surface can cause cross-linking and/or react with
species generated from the plasma phase [17]. Also, the interaction between me-
tastable states of argon gas plasma and the polymer surface certainly increases

the surface energy.

4.1. Contact Angle Measurements

Surface wetting is a phenomenon that makes a film adheres well to the surface.
Due to its passive nature, the wettability of the plastic surface is very low. To
make the surface wettable, it is necessary to increase the surface energy by creat-
ing dangling bonds. This can be done by exposing the plastic surface to high
energy UV radiation [18], but it is difficult to tailor the required energy. Another
approach where the required energy can be applied to the surface is the plasma
technique, in which the surface is bombarded with energetic ions like Ar" ions.
In this technique, energy of Ar" ions can be tightly controlled by the exciting
voltage/power, or with the external bias [19]. With the applied energy, various
bonds on the polymer surface will break, and then they are ready to form bonds
with ad atoms [11].

The wettability of a surface is measured by the contact angle of a water drop
on the surface. Contact angle measurements were performed on the plasma

modified surfaces to evaluate the effect of plasma cross-linking on surface hy-
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drophilicity. Several runs have been carried out to optimize the practical process
parameters to get good surface wettability, which has been checked visually by
applying a drop of water on the surface.

Figure 2 presents the contact angle measured on the treated CR-39 films as a
function of plasma treatment time, for both plasma sources. The untrea-
tedCR-39 has a hydrophobic surface exhibiting a contact angle of 110.5°. After
the surface modification, the contact angle decreased to 60.8° for RF plasma and
to 65.5° for DC plasma. It is seen that, an apparent decrease in contact angle
takes place with the plasma treatment time, which suggests that an increase in
wettability of the CR-39 surface is induced by the RF and DC glow discharges.
When the treatment time exceeds 15 min, the measured contact angles reach
nearly a saturation state, suggesting that the physical and chemical changes in-
duced by the plasma are also in saturation state when the plasma dose (plasma
treatment time) is in excess of some critical values. The decrease in contact angle
is indicative of increasing total surface energy due to an enhanced polar compo-
nent of surface energy [20].

On the other hand, the wettability of the treated polymer film by RF plasma is
greater than that of DC plasma; this may due to the energy of the species gener-
ated from RF plasma was greater than that of DC plasma. The accelerated ions
under the RF and/or DC fields are collide and ionize more gaseous species which
strikes the polymer on its surface and causes etching and chain scission to in-
crease the energy of the surface as indicated by lowering of contact angle. The
broken bonds on the surface may get functionalized by oxygen and carbon con-
taining radicals. There is also damage of the chains in the subsurface region by
more energetic ionic species. There is a limit to damage on the surface, which is

probed by the contact angle, which attains a minimum. It may be inferred that as

T T T T T T T T T T T

110 —=— RF Plasma
—=e— DC Plasma

1004 -

Contant Angle (°)
(o] O
o o
1 1
1 1

~

o
1
L J
1

Treatment time (min.)

Figure 2. Variation of contact angle measured on the treated CR-39 films as a
function of plasma treatment time.
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the functionalization of chains takes place, a competing mechanism of chain
scission and cross-linking also takes place during exposure to glow discharge
plasma [21]. This cross-linking makes the surface rigid thus preventing the
movements of various functional groups on the surface. The change in the wet-
ting is generally associated with incorporation of various functional groups at
the polymer surface as well as cross-linking and chain scission [22].

Also, the use of glow discharge plasma enables to disregard the degradation
process in relation to the functionalization process. Thus the increase of the po-
lymer wettability is mainly due to the formation of polar functions which are of
great interest to a better understanding of the treatment aging. Polar functions
orient themselves toward the polymer bulk and may interact with another one to
form hydrogen bonds, which establish physical linkages within the surface and
its stabilization [23].

4.2. SEM Measurements

Figure 3(a) shows SEM of an untreated sample of CR-39 film. A few grains are
embedded in the surface of the sample. Figures 3(b)-(d) shows SEM of CR-39
film made after direct exposure, for 1, 5 and 10 min, to 5 mA DC plasma and at
1 torr gas pressure. Also, Figures 4(b)-(d) shows SEM of CR-39 film made after
direct exposure, for 1, 5 and 10 min, to 100 watt power RF plasma and at 1 torr
gas pressure. There is no indication in the field of view of the SEM pictures of

pitting or melt. The film gently scrapped from the surfaces was found to be

(© (d)

Figure 3. (a)-(d) SEM image of surface of CR-36 film treatment with DC discharge cur-
rent equal to 5 mA and pressure at 1 torr: (a) untreated; (b) 1 min treatment; (c) 5 min
treatment; and (d) 20 min treatment.
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(© (d)

Figure 4. (a)-(d) SEM image of surface of CR-39 film treatment with RF discharge at
100 W power and pressure at 1 torr: (a) untreated; (b) 1 min treatment; (c) 5 min
treatment; and (d) 20 min treatment.

insoluble in water thus suggesting that the film is a highly cross-linked network.
It can be seen that the surface roughness is increased after the treatment by RF

and DC plasma. Compared with DC plasma treatment, the RF plasma treatment

seems to be more uniform, which indirectly proves that the RF plasma is more

homogeneous than the DC plasma.

4.3. AFM Measurements

AFM was employed to examine the surface morphology of the CR-39 surfaces
and observe physical changes after the plasma treatment.

Figure 5 and Figure 6 show the surface morphology of the CR-39 polymer
after plasma treatment using the two sources.

After DC plasma treatment, roughness of the CR-39 films is not considerably
changed; only topographical modifications of polymer treated samples being
observed (Figures 5(b)-(d)). On the other hand, polymer surfaces exposed to
RF plasma present an increased roughness.

As seen in Figures 6(b)-(d), RF plasma treatment significantly alters the
morphology of the CR-39 film; the pristine material has a smooth surface with
no distinguishable features, while after RF plasma treatment, a number of de-
pressions are created on the sample surface. This change in surface morphology
is believed to result mainly from the bombardment of the surface by high energy
ions present in the RF plasma. It indicates that, cross-linking phenomenon en-

hanced due to plasma treatment.

4.4. IR Measurements

Figures 7-9 show the IR spectra of untreated and plasma treated samples of the
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Figure 5. (a)-(d) AFM image of surface of CR-36 film treatment with DC discharge at
current equal to 5 mA and pressure at 1 torr: (a) untreated; (b) 1 min treatment; (c) 5 min

treatment; and (d) 20 min treatment.

©

(d

Figure 6. (a)-(d) AFM image of surface of CR-36 film treatment with RF discharge at 100
W power and pressure at 1 torr: (a) untreated; (b) 1 min treatment; (c) 5 min treatment

and (d) 20 min treatment.
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Figure 7. The IR spectra of the CR-39 film before plasma treatment.
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Figure 8. The IR spectra of CR-39 film after the plasma treatment with DC discharge
current.

CR-39 polymer for both two plasma sources. In these spectra one can see the
presence of different carbon-bearing bands. The peaks appearing at 1760.5 cm™,
1970.4 cm™' and 2165.7 cm™ in IR spectra of CR-39 film indicates the presence
of CO, CC and CH double bonds, respectively. Thus, the IR spectral evidence clearly
shows that we obtained the polymer film of CR-39 without much destruction
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Figure 9. The IR spectra of CR-39 film after the plasma treatment with RF discharge
current.

of its structure.

There is no growth of these peaks at different experimental conditions and/or
plasma type is observed, indicates that the treatments are successful in forming a
barrier layer to the diffusion of water vapor. This may be because the argon
plasma modification produces an amorphous carbon layer below the surface, by
promoting dense cross-linking of the polymer chains [24].

The appearance of additional peaks in the spectrum indicates the enhance-
ment of radiation effects, which lead to the formation of more active chemical
bonds increasing the degree of cross-linking [25]. The relative changes of the
peaks (weakening, strengthening, broadening, and shifting) and the appearance
of additional peaks observed in the exposed CR-39 suggest a significant change
of the chemical structure of the polymer. Also, the increase of the peaks may be
due to the presence of atmospheric oxygen as well as the double bond (C=0
bond), (C=C bond).

4.5. Refractive Index Measurements

The refractive indices (n) (Table 1) were measured with a manual null-type re-
search ellipsometer (Rudolph Research, USA). Typically, the refractive index
could be determined to within +0.04.

It’s clear that, the RF plasma enhanced the refractive indices of the CR-39 po-
lymer than DC plasma.

We assume that, argon plasma modification is sufficient to capture hydrogen
and to form free radicals at or near the surface which then interact mainly to
produce a highly branched and chemically cross-linked structure. A cross-linking
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Table 1. The refractive index values for CR-39 films after the plasma treatment using the
two plasma sources.

Plasma treatment time (min) n (for RF plasma) n (for DC plasma)
1 1.45 1.45
5 1.47 1.46
10 1.49 1.47
15 1.52 1.49
20 1.55 1.52

reaction known as CASING (cross-linkage by activated species of inert gases),
and unsaturated groups with chain scission or degradation located in a thin sur-

face layer [26].

5. Conclusions

Surface modification of polymer by plasma is the most effective way of uniform
and controlled treatment.

Surface treatment of CR-39 polymer has been carried out using two plasma
sources, namely RF plasma at 13.56 MHz and DC plasma.

The modified surface was characterized by contact angle measurements, scan-
ning electron microscopy (SEM), atomic force microscopy (AFM), infra red (IR)
spectroscopy and refractive index measurements. The modified surface, believed
to be extensively cross-linked, however showed all the chemical characteristics of
CR-39.

The results show that the wettability of the CR-39 polymer film has been im-
proved due to the introduction of oxygen-containing polar groups and an in-
crease in surface roughness.

It is found that, under the same conditions, the RF plasma is more effective
for surface modification than DC plasma as the former can modify the surface
more uniformly; implant more oxygen atoms into the surface and make the
contact angle decline to a lower level. The differences in surface transformation
between RF and DC glow discharges are related also to their discharge properties
because more active species can interact with the surface in the case of RF plas-
mas treatment.

It is found that the change in surface properties depends on the plasma treat-
ment time. The higher the treatment time is accompanied by the better of the
surface treatment of the polymer.

Therefore, one can concluded that, the system described in this paper pro-
vides an efficient and non-destructive means of altering the surface properties of

polymer surfaces.
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