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Abstract: In the current study, plasma-polymerized methyl methacrylate (PP-MMA) generation
on the inner surface of a silicone tube was performed in a capacitively coupled discharge reactor.
The possibility of generating plasma inside the tube was analyzed and calculated by using optical
emission spectroscopy (OES). A hollow cathode model was first proposed to determine whether
plasma discharge would be generated inside the tube in the low-pressure regime. Since the ignition
of plasma inside the tube is necessary for the initiation of polymerization processes, the sheath
thickness was calculated analytically. To achieve the goal, the electron temperature and density of
plasma should be determined beforehand. In this study, the electron temperature and plasma density
were measured and calculated according to OES spectra using both the modified Boltzmann plot
and the line-ratio method. The results reveal that the occurrence of plasma inside the tube can be
achieved if the tube’s inner diameter is greater than two times the thickness of the sheath. The effect
of methyl methacrylate (MMA) monomer concentration on sheath thickness, and, hence, plasma
generation and deposition, was investigated in the presence of argon plasma and MMA monomer.
According to the study, one could control the ignition of plasma discharges inside the tube followed
by plasma polymerization deposition. The OES method was also applied to identify the presence
of the excited species related to the fragmented monomer. The deposition of PP-MMA films on the
inner surface of the tube was confirmed via attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy.

Keywords: inner surface coating; optical emission spectroscopy; plasma polymerization; sheath
thickness; plasma

1. Introduction

Coatings and surface modifications are widely used for various purposes, such as
surface protection [1], bioactivity [2], food processing [3], gas separation [4], water pu-
rification [5], microfluidic devices [6], and micro-/nano-molding processes [7]. However,
regarding tubes’ inner surface coatings and/or modifications, few articles have been pro-
duced to date. In a previous study, the inner surface of a microporous alumina tube was
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coated with an alumina layer using the electrophoretic deposition process [8,9]. Other
studies reported various coatings on the inner surface of a tubular sample by using grid
enhancement [3], gas separation [4], and micro-/nano-molding processes [7]. To date, there
is no report on carrying out a plasma polymerization process that resulted in a uniform
coating on a tube’s inner surface.

Here, we employed the plasma polymerization process to coat the inner surface of
a silicone tube. Silicone was chosen because it is a nontoxic, biocompatible, and highly
elastic material [10,11]. Plasma polymerization [12] is a process applied for the formation
of polymeric materials under low-temperature plasma. The process is capable of producing
thin films with thicknesses that range from a nanometer to a micrometer. In the presence
of glow discharge, the monomer is fragmented, which leads to many chemically reactive
species. In this process, the fragmented monomers can be directly attached to the desired
surface, thus forming polymeric chains. This is applicable to pinhole-free coatings with
solvent insoluble polymers. The polymerization process is normally carried out in a
low-pressure regime as it leads to good uniformity [13] and adhesion [14]. However, low-
pressure plasma becomes challenging when attempting to produce a coating on the inner
surface of tubes, because plasma may not be generated inside them, especially when they
have small diameters in the order of several millimeters. This is attributed to the inherently
formed plasma sheath (also called dark space) at the plasma–solid interface.

In the present study, a silicone tube was used as the model material. A hollow cathode
model was first proposed in an attempt to determine plasma discharge can be generated in
low-pressure plasma. It was found that a coating on the inner surface of a silicone tube
can be achieved if the plasma discharge takes place inside the tube despite the presence of
plasma in the reactor chamber. The occurrence of plasma inside the tube can be achieved
under the condition that the plasma sheath thickness is smaller than the radius of the
tube. In other words, the sheath thickness determines the possibility of plasma occurrence
inside the tube. Hence, we were motivated to propose an analytical approach to calculating
the sheath thickness inside a hollow cathode (tube) to judge the conditions for generating
plasma inside the tube. It is known that the sheath thickness is related to plasma parameters
such as electron density (ne), electron temperature (Te), and Debye length; thus, ne and Te
were measured according to the plasma emission spectra obtained using optical emission
spectroscopy (OES). The modified Boltzmann plot and line-ratio method were utilized to
calculate Te and ne, respectively. Furthermore, the methyl methacrylate (MMA) monomer
amount inside the chamber was used as a major variable, which provided the variation
of plasma characteristics that occurred inside the chamber and the tube. In instances
where plasma was generated inside the tube, plasma-polymerized-methyl methacrylate
(PP-MMA) was deposited on the inner surface of the silicone tube. A PP-MMA coating was
selected because it is a transparent, chemically stable thermoplastic material. It is suitable
for many microelectronic and biomedical applications. For example, PP-MMA films can
be used as photoresist masks in microelectronic processing. Recently, it has shown great
potential in the growing field of biomedical research. The proved applications include
patterned PP-MMA films for protein attachment and cell culturing, microfluidic devices,
artificial cornea, and stents for growing osteoblast tissues [15,16].

After the deposition process was finished, the plasma-polymerized inner surface of the
silicone tube was characterized via attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy used for binding. A surface profiler (Surfcoder, Kosaka) was used
to determine surface thickness and, hence, the deposition rate.

2. Optical Emission Spectroscopic Analysis
2.1. Calculation of Electron Temperature and Density

The measurement and/or calculation of Te and ne can be typically performed using
the Langmuir probe [17] and optical emission spectroscopy (OES) [18] in low-pressure
plasma. However, in the case of applying the Langmuir probe, the probe tip is easily
contaminated by the monomer during the polymerization process, resulting in inaccurate
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data. Moreover, inserting an external probe inside a vacuum chamber may cause possible
perturbation. Therefore, OES as a nonintrusive method can be utilized to determine Te and
ne for estimations of the sheath thickness. Here, the modified Boltzmann method [19] and
the line-ratio method [20] were deployed for Te and ne measurements, respectively.

The Boltzmann plot technique is an established method used to estimate the electron
temperature. However, in low-pressure plasma, this technique does not represent the esti-
mation of the electron temperature. The excited species are not in Boltzmann equilibrium
when in a vacuum condition, and, thus, excitation and de-excitation are not controlled by
electron collisions. In this case, the excitation and electron temperatures are not assumed
to be the same. To solve this issue, the estimation of electron temperature is proposed by
using modified Boltzmann plot techniques, which are expressed mathematically in the
following equation: [19]

ln
(
(IijΣi>j Aij) /

(
hvij Aij b1i

))
= − E1i

kTe
+ D (1)

where Iij is the relative intensity (arbitrary units) of the emission lines of argon in the energy
levels i and j, and Aij is the transition probability for spontaneous radiative emission. hvij is
the energy gap; Ei is the excitation energy (eV) corresponding to the wavelengths (λij) of
694.1, 714.8, 731.7, and 750.7 nm; k is the Boltzmann constant; and D is the constant value.
By considering the left-hand side of the Equation (1) as a function of Ei, the inverse of the
slope related to the best linear fitting of Equation (1) gives Te, as shown in Figure 1.
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Figure 1. Modified Boltzmann method used to derive electron temperature.

There are several OES techniques that can be used to determine the electron density
by considering pressure and plasma density regimes. In the low-temperature and low-
density argon plasma (less than 1013 cm−3), the relation between the electron density and
emission line intensities was investigated and proposed by using the line-ratio method [20]
as follows:

I1

I2
=

Qapp,1

Qapp,2
.

1 + ne
neC,2

1 + ne
neC,1

(2)

where I1 and I2 are the intensities of the emission lines of argon related to the wavelengths
of 357.2 nm and 750.4 nm, respectively. The subscripts of 1 and 2 present two different
excitation levels associated with those wavelengths. Qapp,g is an excitation rate coefficient
that is considered to be constant. nec,i is the electron density when the total rate of electron
impact transition is equal to the rate of spontaneous radiation. This value is assumed
to be constant and dependent on the excitation level and the discharge conditions. The
parameters in Equation (2) are chosen by a proper pair of levels with nec values comparable
to the electron density in order to employ the equation effectively.
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2.2. Sheath Thickness

The word “sheath” in connection with plasma was proposed by Irving Langmuir [14]
to describe a thin region formed by a space charge that joins the plasma bulk to a material
surface. The material surface might be the metal walls of a vacuum chamber confining the
plasma. Generally, the sheath thickness has the order of magnitude of a few Debye lengths
(λD). λD depends on the square root ratio of electron temperature (Te) and electron density
(ne) values. Therefore, as mentioned before, the calculation of ne and Te as the plasma
parameters is required to evaluate the sheath thickness. λD is given by:

λD = (ε0kBTe/e2ne)1/2 = 743 (Te/ne)1/2 (cm) (3)

Here, kB is the Boltzmann constant, ε0 is the permittivity of free space, e is the elec-
tron charge in the coulomb, Te is the electron temperature in eV, and ne is the electron
density in cm−3.

The electron temperature and electron density measured via Equations (1) and (2)
using the emission spectra can be used to estimate the sheath thickness that is related to
the Debye length, as shown below in Equation (4) [21,22]. At a higher pressure, when the
mean free path is much less than the thickness of the plasma sheath, the thickness of the
plasma sheath can be calculated using Equation (4):

Ds ~ η2/3 λD (4)

Here, Ds is the plasma sheath thickness in cm, λD is the Debye length in cm, and η is
the coefficient whose value is expressed as follows in Equation (5):

η = e (Vp − Vb/k Te) (5)

Vb = −(Vp (Ab/Ap)3.2) (6)

where Vp is plasma potential in volt, k is the Boltzmann constant, e is the electron charge in
coulomb, Vb is the biased potential in volt, Ab is the area of the ground electrode including
the wall in cm2, and Ap is the area of the power electrode in cm2.

3. Materials and Methods
3.1. Plasma Source and Polymerization Process

The schematic diagram for the plasma polymerization of MMA was created using a
capacitively coupled RF (radio frequency) plasma reactor, as shown in Figure 2. The setup
consisted of a stainless steel chamber housing (30 cm in diameter), attached to powered
and grounded electrodes, each 24.5 cm in diameter. The RF power supply operated
with a reflected power below 1 W, which was achieved within 10 s after plasma ignition.
The pressure inside the chamber was measured using a vacuum gauge (Convec Torr
P-type with Multi-Gauge Controller, Varian, Fort Lauderdale, FL, USA). The chamber
was thoroughly cleaned with acetone and alcohol using Kim-wipes paper to remove any
possible containment before each process. The silicone tube with an inner diameter of 6 mm
and a length of 8 cm (wrapped with copper foil) was attached to the powered electrode.
Once the vacuum pressure was stabilized, the valve connecting the tubes to the MMA (99%,
30 ppm 4-methoxyphenol (MEHQ) as an inhibitor, ready-to-use form) monomer bottle and
Ar gas chamber was opened until the chamber pressure reached the desired level indicated
by the pressure gauge. The RF power source (13.56 MHz) was then turned on to start the
process of polymerization. The deposition time was 30 min. The MMA monomer flew
into the chamber driven by the pressure difference between the chamber and the container
of monomers. After the polymerization process, the samples were wrapped in paraffin
and stored in a Petri dish for material characterization. The process parameters for the
experiment of PP-MMA plasma polymerization are shown in Table 1.
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Table 1. Process parameters (Working pressure: 0.4 torr).

Power (Watt)
MMA Monomer Concentration (vol.%)

20 40 60 80

50
√

100
√ √ √ √

3.2. Material Characterization

The chemical bonding of the deposited polymer material was investigated using at-
tenuated total reflection Fourier transform infrared spectrometry (ATR-FTIR, Perkin-Elmer
Pentagon 1005, Washington, DC, USA) in the range of 600–2500 cm−1 with a resolution of
1 cm−1, in transmission mode with 20 scans. Figure 3a shows the tube with a length of 8 cm
and an internal diameter of 6 mm. The tube was cut into 1 cm equal sections for ATR-FTIR
analysis as shown in Figure 3b. These 1 cm sections were cut in half from the middle as
shown in Figure 3c, and they were later manually made flat for our FTIR study as shown
in Figure 3d. For the purpose of FTIR analysis, 8 sections out of a total of 16 equal-cut tube
sections were selected. A surface profiler (Surfcoder, Kosaka, Tokyo, Japan) was used to
determine PP-MMA film thickness.

3.3. Diagnostics of Plasma Using OES

The chamber was equipped with a quartz viewport, which allowed plasma-emitted
lights, including those initiated inside and outside the tube, to pass through and be captured
by the spectrometer. The captured OES spectra were later used for plasma diagnostics. An
Avantes ULS2048L spectrometer with a wavelength range of 200–1100 nm and a spectral
resolution of 1.4 nm was employed in our study. For all the OES experiments, the quartz
viewport was transparent, and a collecting lens was attached to the quartz viewport to
capture the emission spectra inside the chamber during the plasma polymerization process.
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Figure 3. Schematic methodology of PP-MMA-coated silicone tube for ATR-FTIR analysis. (a) The
silicone tube is 8 cm in length with an internal radius of 3 mm. (b) Shows eight tube sections equally
cut to be 1 cm in length. (c) Shows 1 cm tube section cut from the middle position to make a flat
sample for ATR-FTIR analysis. (d) Shows flat silicone tube for ATR-FTIR analysis.

4. Results and Discussion
4.1. Plasma Generation with Respect to Sheath Thickness

As shown in Table 2 and Figure 4, by increasing the monomer amount from 0 to 80%,
the electron density decreases, while the electron temperature increases. By considering
Equation (3), it can be observed that the Debye length is proportional to the square root
of the electron temperature and inversely proportional to the square root of the electron
density. Thus, the Debye length increases with the increase in monomer amount, as shown
in Table 2. Therefore, the sheath thickness should increase with the increase in monomer
concentration, as sheath thickness is directly proportional to Debye length. As mentioned
previously, Te and ne, along with the Debye length, provide vital information for the
calculation of sheath thickness. The immediate effect of increasing the monomer percentage
on plasma characteristics can be described as follows: the excitation and ionization of
argon gas molecules in plasma (as the selected peaks for the calculations of Te and ne were
all from the argon emission lines) are responsible for the immediate effect on the plasma
characteristics. In plasma, the intensity is supposed to be affected mainly by electron impact
on argon atoms. When the argon gas flow rate decreases, the ionization rate, which is
affected by the energetic electron’s impact with argon atoms, is reduced, and the plasma
intensity is therefore decreased. In this case, the electron temperature will increase due to
the decrease in collision frequency. As shown in Figure 4, it can be observed that the value
of electron density decreases with the increase in electron temperature when the argon
percentage decreases.
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Table 2. Results of calculations for Te and ne, as well as sheath thickness, as a function of MMA
concentrations, (RF power = 100 Watt).

Monomer Concentration
(Vol.%)

Electron
Temperature (eV)

Electron Density
(cm−3)

Debye Length
(mm)

Sheath Thickness
(mm)

Deposition Rate
(nm/min)

No Monomer
(100% Ar) 0.9 ± 0.090 (3.0 ± 0.30) × 1011 0.012 ± 0.001 1.8 -

Ar/20% MMA 0.86 ± 0.086 (2.8 ± 0.28) × 1011 0.013 ± 0.001 2.0 5.0
Ar/40% MMA 0.98 ± 0.098 (2.5 ± 0.25) × 1011 0.015 ± 0.001 2.3 4.3
Ar/60% MMA 1.14 ± 0.114 (1.60 ± 0.16) × 1011 0.020 ± 0.002 2.8 3.9

Ar/80% MMA 1.1 ± 0.110 (1.4 ± 0.14) × 1011 0.021 ± 0.002 3.0 (no deposition
inside the tube)

Note: The sample powered with 50 W (RF) deposited with volume percentage of 40 MMA would not have
generated plasma inside the tube.
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As mentioned before, silicone tubes with an internal diameter of 6 mm were used for
the inner glow discharge study. If the sheath thickness value is half the internal diameter of
the tube (Table 2) or larger, the plasma inside the tube will not be initiated (i.e., no glow
discharge). Figure 5 shows an image of the tube center with (Figure 5a) or without glow
discharge (Figure 5b). The experiments demonstrated that a monomer concentration of
40% (with RF power set at 50 W) or 80% (with RF power set at 100 W) did not generate
stable plasma inside the tube as the sheath thickness became greater than the internal
radius of the tube. The results are presented in Figure 6. The increases in sheath thickness
values resulted in the sudden drop of potential alongside the radial direction of the tube.
Thus, no plasma initiation occurred inside the tube for the monomer concentration of 40%
(50 W) and 80% (100 W). The sheath thickness was increased with increased monomer
amount. As mentioned in the introduction section, if the sheath thickness value is greater
than half of the internal diameter of the tube, there will be no plasma, which will be directly
reflected in the possibility of deposition. Thus, at Ar/80% MMA, there was no discharge
inside the tube. In this case, no coating was detected in the absence of visible discharge
inside the tube.
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Ar/20% MMA 0.86 ± 0.086 (2.8 ± 0.28) × 1011 0.013 ± 0.001 2.0 5.0 
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Ar/60% MMA 1.14 ± 0.114 (1.60 ± 0.16) × 1011 0.020 ± 0.002 2.8 3.9 

Ar/80% MMA 1.1 ± 0.110 (1.4 ± 0.14) × 1011 0.021 ± 0.002 3.0 
(no deposition 

inside the tube) 
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Figure 6. Sheath thickness with variation in monomer percentage and with the possibility of losing
glow discharge inside the tube. The unit of monomer amount indicates the volume percentage.
Note: The conditions with monomer amount at 40%, power at 50 W, and pressure at 0.4 torr (sheath
thickness = 3.42 mm) will not initiate a glow discharge inside the tube.

4.2. Plasma Characterization

Figure 7 presents the spectral lines obtained by using OES from argon plasma with
and without various concentrations of MMA monomer, which were obtained by varying
the flow rates of argon gas. It can be observed from the OES results that the spectral lines
of the argon species appear strongly in the range of 600–900 nm. The lines are in agreement
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with the spectral argon lines detected in a plasma under 1 torr [23]. When the vaporized
monomer was introduced, apart from the argon lines, a group of low-intensity lines due
to CO (450.9, 483.1, and 519.8 nm) species [24] was found in the region between 400 and
520 nm. This indicates that MMA in argon gas did not provide a significant cooling effect
on the electron inside the plasma. However, the electron–MMA impact that caused the
fragmentation of monomers inevitably reduced the ionization and excitation rates of argon,
which in turn reduced the plasma density. In other words, with the increase in MMA
percentage, the plasma density, and, hence, the deposition rate of PP-MMA, will decrease.
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4.3. Chemical Analysis of the Deposited PP-MMA Polymer Films

The deposition of PP-MMA on the inner surface of the silicone tube was confirmed
via the use of ATR-FTIR spectroscopy. The films observed using field emission scan-
ning electron microscopy (FESEM) exhibited good adhesion with the substrates. The
ATR-FTIR spectra for PP-MMA films deposited under different parameters are shown
in Figure 8a, where the identified major peaks are close to those reported in previous
studies. The shifts from standard peaks may be due to the amorphous characteristics
of the films, which is not uncommon for films obtained from plasma polymerization.
In an amorphous structure, a cross-linked 3D network is normally found, which may
cause a shift in the absorption bands. Differences are often observed when comparing
plasma-polymerized films and chemically processed PMMA. However, the wave numbers,
including 810 cm−1 and 865 cm−1 (stretching mode of C–H and C–C), 1024.7 cm−1 and
1260 cm−1 (C–O asymmetric stretching modes of C–O–C), and 1405 cm−1 (bending mode of
C–H) [15,25–27], were close to those originating from silicone. This makes PMMA film
unidentified. In order to confirm the existence of PP-MMA film, some minor absorption
peaks were identified and served as the fingerprints for PMMA. These fingerprints included
C=O and O–CH3 [27,28]. Figure 8b,c show both bands within different wavelength ranges.
The ATR-FTIR analysis shows these PP-MMA fingerprints (1807.6 cm−1, stretching mode of
C=O; 1467.3 cm−1, bending vibration of O–CH3) appearing on the inner surface of the tube,
which confirms the successful deposition of PP-MMA (besides the thickness measurement
of condensed layers); thus, it is then proved that plasma generated inside the tube is critical.

The coating thicknesses of the samples presented in Figure 8 are presented in Figure 9
as a function of tube location. It can be seen that the coating thickness does not vary



Coatings 2022, 12, 865 10 of 13

much inside the tube, except in the case of the samples taken from both ends. This can be
attributed to the decrease in the hollow cathode effect on both of the open ends. As a result,
the plasma density, and, therefore, the deposition rate, should decrease in the area near
the open ends. However, further studies should be carried out in order to improve our
understanding of the mechanisms, as well as the effect of tube length.

Coatings 2022, 12, x FOR PEER REVIEW 9 of 12 
 

 

4.3. Chemical Analysis of the Deposited PP-MMA Polymer Films 

The deposition of PP-MMA on the inner surface of the silicone tube was confirmed 

via the use of ATR-FTIR spectroscopy. The films observed using field emission scanning 

electron microscopy (FESEM) exhibited good adhesion with the substrates. The ATR-FTIR 

spectra for PP-MMA films deposited under different parameters are shown in Figure 8a, 

where the identified major peaks are close to those reported in previous studies. The shifts 

from standard peaks may be due to the amorphous characteristics of the films, which is 

not uncommon for films obtained from plasma polymerization. In an amorphous struc-

ture, a cross-linked 3D network is normally found, which may cause a shift in the absorp-

tion bands. Differences are often observed when comparing plasma-polymerized films 

and chemically processed PMMA. However, the wave numbers, including 810 cm−1 and 

865 cm−1 (stretching mode of C–H and C–C), 1024.7 cm−1 and 1260 cm−1 (C–O asymmetric 

stretching modes of C–O–C), and 1405 cm−1 (bending mode of C–H) [15,25–27], were close 

to those originating from silicone. This makes PMMA film unidentified. In order to con-

firm the existence of PP-MMA film, some minor absorption peaks were identified and 

served as the fingerprints for PMMA. These fingerprints included C=O and O–CH3 

[27,28]. Figure 8b,c show both bands within different wavelength ranges. The ATR-FTIR 

analysis shows these PP-MMA fingerprints (1807.6 cm−1, stretching mode of C=O; 1467.3 

cm−1, bending vibration of O–CH3) appearing on the inner surface of the tube, which con-

firms the successful deposition of PP-MMA (besides the thickness measurement of con-

densed layers); thus, it is then proved that plasma generated inside the tube is critical.  

 

 

Figure 8. Cont.



Coatings 2022, 12, 865 11 of 13
Coatings 2022, 12, x FOR PEER REVIEW 10 of 12 
 

 

 

Figure 8. ATR–FTIR spectrum for PP-MMA coating inside the silicone tube corresponds to the 100 

W (RF) plasma and 40 volume percentage of monomer. (a) The whole ATR-FTIR spectrum for PP-

MMA-coated/-uncoated silicone tubes. (b) Band depiction of PP-MMA on the inner surface of the 

silicone tube in the range of 1460 to 1480 cm−1. (c) Band depiction of PP-MMA on the inner surface 

of the silicone tube in the range of 1800 to 1810 cm−1. The uncoated tube represents the condition in 

which there was no plasma initiation inside the tube. 

The coating thicknesses of the samples presented in Figure 8 are presented in Figure 

9 as a function of tube location. It can be seen that the coating thickness does not vary 

much inside the tube, except in the case of the samples taken from both ends. This can be 

attributed to the decrease in the hollow cathode effect on both of the open ends. As a 

result, the plasma density, and, therefore, the deposition rate, should decrease in the area 

near the open ends. However, further studies should be carried out in order to improve 

our understanding of the mechanisms, as well as the effect of tube length. 

 

Figure 9. Coating thicknesses of the samples presented in Figure 8 as a function of tube length. 

5. Conclusions 

The plasma coating of MMA on the inner surface of a silicone tube was performed 

using plasma polymerization in low-pressure plasma. A hollow cathode model was pro-

posed and proven to be able to generate plasma discharges inside the tube for the polymer 

Figure 8. ATR–FTIR spectrum for PP-MMA coating inside the silicone tube corresponds to the
100 W (RF) plasma and 40 volume percentage of monomer. (a) The whole ATR-FTIR spectrum for
PP-MMA-coated/-uncoated silicone tubes. (b) Band depiction of PP-MMA on the inner surface of the
silicone tube in the range of 1460 to 1480 cm−1. (c) Band depiction of PP-MMA on the inner surface
of the silicone tube in the range of 1800 to 1810 cm−1. The uncoated tube represents the condition in
which there was no plasma initiation inside the tube.
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5. Conclusions

The plasma coating of MMA on the inner surface of a silicone tube was performed
using plasma polymerization in low-pressure plasma. A hollow cathode model was
proposed and proven to be able to generate plasma discharges inside the tube for the
polymer deposition on the inner surfaces. It was found that plasma discharge can be
generated inside the tube, provided that the internal diameter of the tube is greater than
two times the thickness of the plasma sheath. The plasma sheath thickness increased
with the increase in monomer percentage, which explains the disappearance of plasma
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inside the tube. In summary, sheath thickness estimation can provide valuable information
about the selection of tube internal diameter and/or process parameters for the plasma
polymerization coating on the internal surface of tubes. The spectroscopic investigation on
plasma generation, in this study, put forward a method to optimize tube size and process
parameters regarding the inner surface coating in a low-pressure plasma system. Finally,
the successful coating of PP-MMA on the inner surface of the silicone tube was confirmed
via spectral analysis using ATR-FTIR and thickness measurement. The detected bands
correlated with the OES spectra confirm that the inner surface of the tube can be coated by
using a plasma polymerization process. The coating is uniform, except the regions near
both open ends.
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