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Abstract: A plasma system attached with one internal coil (for generating inductively coupled
plasma) and two sputtering carbon targets was set up to deposit PP-MMA (plasma polymerized
methyl methacrylate) thin films. PP-MMA was used as a model material in the present study. In the
experiment, the working pressure and Ar/MMA flow ratio were varied, which resulted in the change
in plasma conditions as well as the deposition rates. The optical emission spectroscopy (OES) method
was applied to identify the presence of the excited species related to the fragmented monomer.
In addition, the electron temperature and electron density were determined using the modified
Boltzmann plot and line-ratio method, according to the measured OES spectra. The deposition rate
of the PMMA film was then correlated with the determined plasma characteristics. To determine
the vibrational modes of the deposited PP-MMA films, Fourier transformed infrared spectrometry
(FTIR) was used. The highest deposition rate of PP-MMA could be obtained with the optimized
working pressure and Ar/MMA volume ratio. This could be related to the plasma characteristics
that contribute to the fragmentation of the monomer in the plasma.

Keywords: inductively coupled plasma; plasma polymerization; PMMA; optical emission spectrometer

1. Introduction

Poly-methyl methacrylate (PMMA) is a transparent and chemically stable thermoplas-
tic material. PMMA products can be easily made with a low production cost. Furthermore,
plasma polymerized MMA (PP-MMA) films, free of pinholes, can be made and used in
many applications. It is reported that these films can be used for encapsulations, biosensing,
and as a part of electronic devices [1]. In biomedical applications, PP-MMA thin films
can be applied in the fabrication of artificial corneas, micro-patterning for culturing cells,
stents for growing tissues, etc. [1,2]. Among the various fabrication processes of PMMA
including gelation and evaporation, plasma polymerization is the one that is capable of
rapidly depositing uniform nano to milli-scale films on all kinds of substrates with a wide
range of geometry [3]. Plasma polymerization [4] is a process for the synthesis of polymeric
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films that is carried out under low-temperature plasma, normally in a low-pressure regime
(vacuum). In the presence of glow discharge, the monomer is fragmented, leading to many
chemically reactive species. In this process, the fragmented monomers can be directly
attached to the desired substrate surface, and then form complicated polymeric structures.
The deposited PP-MMA thin films are known to be highly cross-linked, which derives
directly from the fragments of the monomers due to collisions in the plasma. Such a highly
cross-linked polymer has several physical and chemical advantages, which include high
mechanical stiffness, low porosities, a smooth surface, high stability, good transparency,
and even good electrical behaviors [5,6].

On the other hand, radio frequency (RF) ICP (inductively coupled plasma) has been
widely studied for over 100 years. The fundamental concept for generating an ICP is based
on Faraday’s law. In this plasma process, the RF current flows into an antenna coil and,
subsequently, induces a time-varying magnetic field, and this magnetic field can produce an
induction field that generates and then sustains the plasma. The ICP source may generate
plasma at a very low pressure (~1 mTorr) and with high plasma density (10'1~10!2 cm~3).
Moreover, owing to the flexibility of the antenna structure, the ICP source can be applied in
various processes including PVD and CVD deposition, semiconductor etching, and surface
treatment in lots of forms [7-9]. The advantages of the ICP process are attributable to it
being electrodeless in nature as well as its low-pressure and high ionization characteristics.
Due to these, the plasma contains a relatively small impurity content. In addition, in an
ICP process, the energy of the ions arriving at a substrate may not be related to plasma
density. With these good characteristics, however, there are only a few reports so far on
plasma polymerization using an ICP source.

In this study, a hybrid system combining inductively coupled plasma and RF sput-
tering was set up to deposit PP-MMA thin films. The antenna coil was used to generate
and sustain plasma density while not providing too much ion bombardment initiated
from the plasma. PP-MMA was used as a model material to test this hybrid system for its
ubiquity in plasma polymerization. In the experiment, working pressure and Ar/MMA
flow ratios (volume ratios) were varied to obtain various plasma and deposition conditions.
Optical emission spectroscopy (OES) was applied to examine the fragmentation during the
deposition of PMMA films. OES was also used to obtain the electron density, 7., (plasma
density) and electron temperature, T, (electron kinetic energy). The approaches of the
modified Boltzmann plot for calculating T,, and the line-ratio method for calculating .,
were adopted by utilizing the data extracted from OES spectra.

After the deposition process was finished, the PP-MMA thin films were characterized
using attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy for
the chemical bonding status. A surface profiler was used to check film thickness and,
subsequently, the deposition rate.

2. Materials and Methods
2.1. Substrate, MMA Preparation

Corning 1737 glass plate was cut into 2 cm x 1 cm pieces and used as the substrates.
These substrates were treated in KOH solution then immersed in de-ionized (DI) wa-
ter and blown dry. The substrate was then cleaned by alcohol, acetone, and DI water
in an ultrasound cleaner for 20 min, then blown dry again with nitrogen. For plasma
polymerization using this hybrid ICP system, methyl methacrylate monomer (MMA,
CH; = C(CH3)COOCHs3, purity 99.9%, M55909-500 ML, Aldrich, Burlington, MA, USA)
was selected, which was in liquid form and ready to be used.

2.2. Plasma Reactor and Plasma Polymerization

The ICP sputtering chamber set up in this study as well as the description of the
plasma polymerization process are shown in Figure 1a. In the chamber, an ICP coil was
used to generate and sustain plasma with an RF power supply. The diameter of the coil
was 200 mm. In addition, two sputtering guns were installed 30 cm below the coil. Carbon
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targets were attached to the guns and were aimed to enhance the plasma density without
sputtering extra carbon atoms. This was carried out by applying only 15 W RF power to
the guns. In the polymerization process, the chamber was pumped down to 7 x 10~ Pa.
Argon gas was set to fill the chamber up to 2.6 Pa, and the ICP RF power source (13.56 MHz)
was turned on, together with carbon targets, for 10 min. This step was aimed at cleaning the
substrates and the chamber. Subsequently, the power and argon gas flow were terminated
and the chamber was pumped down again. Figure 1b shows the simplified process for
plasma film deposition. Figure 1c illustrates the possible bond breakages during the plasma
process. The breakages are assumed to be due to the collision with energetic electrons.

Substrates
RF Power
Monomer - Plasma Zone SuppIY for
Gas (MMA) ICP coil
Carbon Targé
Carbon Target
Vacuum
Pump

Argon Gas

RF Power Supply, Sputter 1 RF Power Supply, Sputter 2
(a)

Plasma Polymerization

HiC
O
(6]
\
CH,
PMMA
Substrate

(b)
MMA +e = C-C+H+ CO + O + the remaining

(c)

Figure 1. (a) Schematic drawing of plasma chamber with ICP coil and two sputtering guns, (b) schematic
representation of the plasma process to synthesize ICP PP-MMA films, (c) possible bond breakages
of monomer.

For deposition, argon was first introduced to the chamber according to deposition
parameters listed in Table 1. In the process, the ICP coil power was selected not to cause
overheating of the copper coil even it was water cooled. However, reaching the highest
plasma intensity was the intention. The carbon target power was selected not to cause
sputtering, while the plasma density could be enhanced. During the deposition process, at
first, the desired argon pressure was reached; then, a valve connected to an air-tight flask
containing MMA monomer was opened. The MMA monomer flowing into the chamber
was driven by the pressure difference between the flask and chamber. The desired partial
and total pressure were controlled by the valve opening. Once the desired pressures
had stabilized, the RF power supplies for ICP coil and sputtering guns were turned on



Coatings 2022, 12,1014

4 of 14

sequentially to start the deposition process following the parameters listed in Table 1. The
deposition was 30 min. When the deposition was finished, the samples were removed and
left in a dry cabinet with humidity control. Further description can be found elsewhere [10].

Table 1. Process parameters for MMA plasma polymerization. (varying Ar/MMA volume ratio and
working pressure).

I.  Deposition Process Parameters (Varying Ar-MMA Ratio)

ICP coil power (REW) 30
Carbon target power (RE;W) 15
RF frequency (MHz) 13.56
Ar-MMA volume ratio 1:11/1:5/1:3/1:2/1:1
Total working pressure (mTorr) 30
Deposition time (min) 30

II. Deposition Process Parameters (Varying Working Pressure)

ICP coil power (RF, W) 30
Carbon target power (RE, W) 15
RF frequency (MHz) 13.56
Ar-MMA volume ratio 1:5
Total working pressure (mTorr) 30/40/50
Deposition time (min) 30

Note: 1 mTorr = 0.133 Pa.

2.3. Plasma Characterization

The chamber was built with several viewports. In the experiment, the emitting
lights generated by plasma can be captured by an optical emission spectrometer (OES)
for plasma diagnostics. The Avantes ULS2048 L spectrometer (Avantes, Apeldoorn, The
Netherlands) with a wavelength range of 200-1100 nm and a spectral resolution of 1.4 nm
was selected in the present study. The viewport for the OES was made of quartz, which
was transparent. The collecting lens was positioned to capture the emission spectra during
plasma polymerization process. By using proper methodology, electron density (#,), and
electron temperature (T,) could be calculated according to the obtained plasma emission
spectra. The detailed approach can be found in Reference [6].

2.4. Thickness Measurement

The thicknesses of the deposited PMMA films were measured using a surface profiler
(Surfcorder ET3000, Kosaka, Tokyo, Japan). To prepare the sample, the substrate was
half-masked using thermal resistant tape before deposition. The film thickness can be
determined by the step between masked and unmasked region.

2.5. Chemical Bonding Characterization

The chemical structures of the PP-MMA films were confirmed by examining their IR
spectra. The Fourier transformed infrared spectrometer (FTIR, Perkin Elmer Pentagon 1005,
Waltham, MA, USA) was used with an attenuated total reflectance (ATR) module in the
range of 650-2100 cm~! with a resolution of 1 cm~! in transmission mode. An uncoated
substrate was first examined, and was used as a reference.

3. Results and Discussion
3.1. Effects of Ar/MMA Volume Ratio on Deposition Rate
3.1.1. Plasma Characterization

As shown in Table 2, by increasing the Ar/MMA volume ratio from 0.009 to 1, the
electron density increases, while the electron temperature decreases. It is known that the
Debye length of plasma is proportional to the square root of the electron temperature
and inversely proportional to the square root of the electron density [6]. Thus, the Debye
length decreases with the increase in argon amount. This means that, with the increase
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in Ar partial pressure (volume), the plasma density would increase, as would the particle
collision frequency. It is clearly observed that the increase in the Ar volume percentage can
directly induce the excitation and ionization of argon atoms in the plasma. This result will
be further discussed in the later sections. Overall, the increase in plasma intensity is mainly
due to the electron’s impact on argon atoms. When the argon gas volume ratio (flow rate)
increases, the ionization rate, which is affected by the impact of the energetic electrons with
the argon atoms, is enhanced, and the plasma intensity is, hence, increased. In this case, the
electron temperature will decrease due to the increase in collision frequency. As shown in
Table 2, it can be observed that the electron density increases with the decrease in electron
temperature when the argon percentage increases.

Table 2. Results of calculations for T and ne, as well as Debye length, as a function of Ar and MMA
volume ratio. (1 mTorr = 0.133 Pa).

Total Pressure Argon Partial MMA Partial Ar/MMA Electron Electron Debye Length
(mTorr) Pressure Pressure Volume Ratio Temperature Density (cm—3) (mm)
(mTorr) (mTorr) (eV)
30 2.5 27.5 0.009 1.2 3.3 x 1011 0.0141
30 5 25 0.2 1.1 3.5 x 101 0.0131
30 7.5 225 0.33 0.90 3.9 x 101 0.0113
30 10 20 0.5 0.86 41 x 101 0.0108
30 15 15 1.0 0.84 43 x 101 0.0104

3.1.2. Correlation of Deposition Rate and OES Analysis

Figure 2 shows the relationship between deposition rate and Ar/MMA volume ratio.
As seen in this figure, the deposition rate decreases with the increase in Ar/MMA volume
ratio, although the plasma intensity is increased. This can be explained with the OES data
analysis, as shown in Figures 3-5. As the OES spectra show, apart from the argon lines, a
group of CO, H, and O lines are seen due to CO (450.6, 482.6, and 518 nm) species, H species
(486, 656 nm), as well as O species (777, 844 nm) in the region between 400 and 900 nm [11].
In the following, only the CO peaks are discussed as they represent the fragmentation of
the monomers. According to the figures, it can be observed that the OES intensity of the
Ar (750.2 nm) peak and CO peaks (450.6, 482.6, and 518.6 nm) increase linearly with the
Ar volume percentage. In essence, the OES intensity (I) is known to be proportional to the
collision cross-section (o), electron density (1,), square root of electron temperature (T,),
and gas concentration ([Ng]), according to the following Equation [12,13]:

T cmeTgl/z[Ng] (1)

For Ar, it can be understood that the OES intensity is mainly controlled by the increased
concentration of Ar, although part of it could be due to the increase in electron density,
presuming the collision cross-section is constant. The increase in Ar intensity with the Ar
volume ratio is shown in Figure 5. However, it is also observed that the peak intensity of the
CO increases with the increase in the Ar volume percentage. In this case, only the increase
in the electron density can be related to the increase in CO intensity. However, this does
not seem to be convincing because the volume percentage of MMA is sharply decreased.
Therefore, it is thought that Penning dissociation/fragmentation could play a critical role.
In the Penning process, the metastable Ar atoms with energy of 11.5 eV [14] may collide
with MMA and subsequently cause the enhanced fragmentation of the MMA molecules,
although the increased intensity is not as significant as that of Ar. In order to explain the
decrease in the deposition rate, the intensity ratio of the Ar peak to the CO peaks is shown
in Figure 6, as a function of the Ar/MMA volume ratio. As observed in this figure, the
trend is found to be similar to that of the deposition rate shown in Figure 2. In other words,
it can be summarized that the monomer fragments are diluted with the increase in the Ar
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volume ratio, even though the plasma intensity is increased. This eventually causes the
decrease in the deposition rate.
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Figure 2. Deposition rates as a function of Ar/MMA volume ratio.
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Figure 3. OES spectra of plasma for various Ar/MAA volume ratios.
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Figure 6. OES intensity ratio of Ar peak to CO peaks vs. Ar/MMA volume ratios.

3.1.3. Chemical Bonding Characterization

The deposition of PP-MMA with the variation in the Ar/MMA volume ratio was char-
acterized using ATR-FTIR with transmission mode. The FTIR spectra for these PP-MMA
films is shown in Figure 7. The peaks identified are close to the reported wavenumbers
that include: 1650 cm ™! (C=0 stretching mode); 1730 cm~! (C=0 stretching mode); 1545
(—=COO anti-stretching mode); 1450 (O—-CH3 asymmetric bending mode); 1250, 11,400; and
990 (C-O vibration mode of C-O-C) [11,15-18]. The shifts from standard peaks may be
attributed to the amorphous states of the plasma polymerized film in nature. This is not
uncommon for films synthesized with the plasma process. In the films, the structure is nor-
mally highly cross-linked. This can be made clearer by comparing the difference between
the absorption peaks of the plasma polymerized films and the chemically processed PMMA.
It has been suggested that the condensation of a large amount of fragments and possible
rearrangement cause the difference [15,17]. According to Figure 7, with the increase in
the Ar/MMA volume ratio, it is observed that the absorption peaks of C=0 (1650 cm™!)
and C-O (990, 1140 cm™!) become more obvious. The formation of the C=O peak at
1650 cm ™! can be attributed to the weak electrostatic attraction between the cation (Ar™")
and the carbonyl group, which can be related to the bombardment of the Ar ions [15]. The
enhancement of the C-O peaks can also be attributed to the bombardment of the Ar ions.
The ion bombardment comes with a combination of the larger atomic mass of argon and its
relative abundance in the plasma, with an increase in its volume ratio. After bombardment,
the oxygen radicals existing in the plasma are able to attach to carbon atoms. Similar results
are found in the studies of plasma-treated PMMA substrates [1].
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Figure 7. The FTIR spectra for PP-MMA films deposited with the variation in Ar/MMA volume ratios.

3.2. Effects of Working Pressure on Deposition Rate
3.2.1. Plasma Characterization

As shown in Table 3, by increasing the working pressure from 30 to 50 mTorr, the
electron density decreases, while the electron temperature goes the same way. This means
that, with the decrease in working pressure, the degree of plasma ionization would increase.
Such regimes with a high ionization degree are attractive for ICP plasma processing [19].
In this situation, the decrease in the particle collision mean free path (MFP) may be at-
tributable for this trend with increasing working pressure. Recently, a review article by
Racka-Szmidt et al. confirmed that the ICP system can generate high-density plasma much
more easily under a low pressure regime than that of CCP (capacitively coupled plasma),
and its density (~10!°-10!! cm?) is over an order of magnitude higher than that of the
CCP [20]. This is due to the fact that the power can be transferred to the charged particle
inside and through the inductive coil or antenna for the ICP processes [7,21]. The effect
will be further discussed in the later sections. Here, the decrease in intensity is due to the
decrease in the ionization rate, which is caused by too many inefficient collisions. When
the working pressure increases with the fixed Ar/MMA volume ratio, the ionization rate
of argon, which is affected by the energetic electron’s impact with argon atoms, decreases.
In this case, the electron temperature also decreases, as shown in Table 3.

Table 3. Results of calculations for Te and ne, as well as Debye length, as a function of working
pressure. (1 mTorr = 0.133 Pa).

Argon Partial MMA Partial Electron

Total Pressure Ar/MMA Electron Debye Length
(mTorr) Pressure Pressure Volume Ratio Temperature Density (cm—3) (mm)
(mTorr) (mTorr) (eV)
30 5.0 25 0.2 1.1 3.5 x 1011 0.0131
40 6.7 33.3 0.2 1.06 3.2 x 1011 0.0134
50 8.4 41.6 0.2 1.01 2.8 x 1011 0.014

3.2.2. Correlation of Deposition Rate and OES Data

Figure 8 shows the relationship between the deposition rate and working pressure,
with the Ar/MMA volume ratio fixed at 0.2. As seen in this figure, the deposition rate first
increases with the increase in working pressure, then decreases. This can be explained with
the OES data analysis, as shown in Figures 9-11. As the OES spectra show, apart from the
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argon lines, a group of CO, H, and O lines are seen, which is described in Section 3.1.2.
According to the results, it can be observed that the OES intensity of the Ar (750.2 nm) peak
and CO peaks (450.6, 482.6, and 518.6 nm) decrease inversely with the working pressure.
This trend can be explained with the increase in collision frequency, which may not be
advantageous with the increase in working pressure with the ICP system. The relationship
between collision MFP (A) and pressure can be expressed as [14]

A=K/p 2)

where K = a constant depending on the gas, and p = working pressure.
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Figure 8. Deposition rates as a function of working pressure.
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Figure 9. OES spectra of plasma for various working pressures.
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Figure 11. OES intensity of Ar vs. working pressure. The Ar peak appears at 750.2 nm.
Furthermore, the collision frequency (v) is expressed as
v=v/A 3)

where v is the average velocity of a particle.

According to Figures 10 and 11, the OES intensities of the CO and Ar peaks are clearly
related to the collision frequency or MFP. In order to explain the variation in the deposition
rate, as a function of working pressure, the intensity ratio of the Ar peak to the CO peaks is
shown in Figure 12. As observed in this figure, the trend is found to be similar to that of the
deposition rate shown in Figure 8. In other words, it can be summarized that the monomer
fragmentation can be enhanced with an optimized working pressure (i.e., 40 mTorr in this
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study). Even though the plasma intensity is decreased with increased working pressure,
the optimized deposition parameters can still be found. The reason for the increase in the
deposition rate at the pressure of 40 mTorr may also be related to the Penning effect, as
described before. Further study is required to clarify the detailed mechanism.
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Figure 12. OES intensity ratio of Ar peak to CO peaks vs. working pressure.

3.2.3. Chemical Bonding Characterization

The deposition of PP-MMA with the variation in working pressure, with the Ar/MMA
volume ratio fixed at 0.2, was characterized using ATR-FTIR with transmission mode. The
FTIR spectra for these PP-MMA films is shown in Figure 13. The peaks identified are close
to those described in Section 3.1.3. According to the Figure, with the working pressure
set at 40 mTorr, it is observed that the absorption peaks of C=0O (1650 em~ 1) and C-O (990,
1140 cm 1) become less obvious. Apparently, this is due to the reduced Ar ion concentration, as
shown in Figure 12, which means less Ar ion bombardment at this particular working pressure.
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Figure 13. The FTIR spectra for PP-MMA films deposited with the variation in working pressure.
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4. Conclusions

The plasma polymerized methyl methacrylate (PP-MMA) films were deposited using
internal inductively coupled plasma (ICP) with various Ar/MMA volume ratios (flow
rates) and working pressure. The films had different deposition rates that varied with the
Ar/MMA volume ratio and working pressure. With the increase in the Ar/MMA volume
ratio, the OES intensities of Ar and CO both increase, although the Ar intensity increases
much faster than that of CO. The increased CO emission intensity is caused by Penning
dissociation/fragmentation due to the collision with metastable Ar atoms. Overall, the
sharply increased Ar concentration causes the decrease in the deposition rate due to the
dilution effect. With the increase in the working pressure from 30 to 50 mTorr, both the
Ar and CO emission intensity decrease inversely with working pressure. However, the
intensity ratio of CO to Ar reaches a peak at 40 mTorr, which explains the existence of an
optimized working pressure of 40 mTorr for the highest deposition rate with the studied
ICP system. This means that too many particle collisions may not be beneficial for high
plasma intensity and, therefore, the high deposition rate.

According to FTIR analyses, the films’, C=0 (1650 cm 1) and CO (990, 1140 cm™ 1),
peaks changed with the different deposition parameters. The higher the Ar ion concentra-
tion is, the more obvious these peaks are. Apparently, Ar ion bombardment during the
process plays a critical role.
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