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OPTICAL EMISSION ANALYSIS OF ATMOSPHERIC PRESSURE
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The distinctive glow features of low-temperature RF CH,/Ar plasma chemical vapor deposition and its
correlation with plasma-deposited film characterizations were investigated. The optical emission spectros-
copy diagnosis data and deposition results clearly indicated that, during CH4/Ar glow discharge, the CH
and C; species resulted from the low-energy electron-impact dissociation of CHy; molecules that formed the
deposition species, but the strong Ar emission lines were related to non-deposition species such as the argon
atom. The results of the optical emission analysis indicated that the possible contribution of atmospheric
pressure plasma-deposited film growth occurs primarily owing to a combination of electron-impact-
dissociation and ionization.
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Hccnedosanvl xapaxmepuvie 0cobeHHOCIMU C@eHeHUsT NPU HUBKOMEMNEPAMYDHOM BbICOKOYACTOMHOM
NIAZMOXUMUYLECKOM OCANCOeHUU U3 2a3060U paszvl 6 cpede CHy/Ar u e2o xoppensyus ¢ Xxapakxmepucmuxkamu
NIEHKU, NONYYEHHOU WIA3MEHHbIM Hanvlilenuem. Jannvle OUAZHOCMUKU ONMUHECKOU IMUCCUOHHOU CHeK-
MPOCKONUU U PE3YTbMAMbl 0CANHCOEHUSI NOKA3AAU, YMO 80 8pemsi mietowe2o pazpsaoa CHy/Ar vacmuyvr CH
u C; 6osnuxaiom 6 pezyarbmame ouccoyuayuu morexyn CHy noo oeticmeuem 31eKmpoHo6 HU3KOU IHepeUl,
Komopwie 0bpazyrom yacmuywvl ocaxcoenus. OOHAKO CulbHble JuHUU Usiyyenus Ar ceésa3amnvl ¢ HeocaxncoeH-
HbLMU YACMUYAMY, MAKUMU KAK AMOM ap2ond. Pesyibmambl OnmuKo-adMUCCUOHHO20 AHANU3A NOKA3WIU,
YUMo B03MOJICHLIU BKAAO 8 POCM NIEHKU, OCAICOEHHOU NIA3MOU AmMOCchepHo2o 0asieHus, NpPoUcxooum
6 Nepsyio ouepeds 3a cuem KOMOUHAYUY OUCCOYUAYUU DTIEKMPOHHBIM YOAPOM U UOHUZAYUUL.

Knrouessle cnosa: niasma ammocgheprozo 0asieHust, XUMUYECKoe 0CAXCOeHUe Uz 2a3080t ¢asvl, pocm
NJIeHKU, ONMUYeCKast IMUCCUSL.

Introduction. Hydrocarbon films have attracted significant attention for various devices in industrial
applications, including diffusion barriers, optical devices, anti-wetting surfaces, and biocompatible protec-
tive layers [1-4]. The low-temperature plasma chemical vapor deposition process is usually used in the fab-
rication of hydrocarbon thin films. Hydrocarbon film growth using low-temperature plasma chemical vapor
deposition method, which uses partially ionized gases, is an alternative to conventional and/or traditional
chemical vapor deposition methods. Low-temperature plasma, which can be easily created at low-pressure
(e.g., <10 torr) by applying an electrical field, contains a large number of reactive species, including various
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atoms, ions, energetic electrons, and UV irradiation. Despite their excellent deposition effectiveness, current-
ly available plasma chemical vapor deposition processes have several restrictions, such as the limited vol-
ume of the plasma reactor and the additional vacuum and chemical cycles required. To address the limita-
tions of low-pressure plasmas, various nonthermal atmospheric pressure plasma sources have been devel-
oped since the late 1980s [5]. Atmospheric pressure plasma, which is operated at a pressure of 1 atm, has
many advantages for the development of manufacturing production processes, such as no need for vacuum
equipment and its ease of operation. From this perspective, atmospheric plasmas possess some of the reac-
tive characteristics of low-pressure plasmas. Therefore, atmospheric pressure plasmas can be used for depo-
sition processes and are considered as a potential and promising alternative to conventional chemical vapor
deposition techniques [6—10]. Different types of such plasmas can be created, including dielectric barrier
discharge [11], corona discharge [12], resistive barrier discharge [13], and atmospheric pressure plasma jets
sustained by radio frequency (RF) or microwave [14].

Although the optimization of the deposition process of hydrocarbon plasma chemical vapor deposition
is usually achieved by practical methods, the influence of the luminous gas phase in the hydrocarbon plasma
chemical vapor deposition system has not been precisely described. In a plasma glow discharge, the location
of the luminous glow represents the electron energy level that is present [15—17]. Because of this aspect, the
glow characteristics in plasma chemical vapor deposition have significant implications for understanding the
creation mechanisms of chemically reactive species in plasma deposition. The hydrocarbon thin film deposi-
tion in plasma has been recognized as the atomic process to form the materials by breaking the bonding of
organic monomers from the ion bombardment of the plasma state. This means that the monomer used in
plasma chemical vapor deposition does not have to contain the functional groups. From this perspective, me-
thane (CH4), which contains only single bonds, was chosen as the monomer to study the atmospheric pres-
sure (AP) plasma chemical vapor deposition process. Various low-pressure methane plasma deposition tech-
niques that are employed to deposit hydrocarbon films, especially in diamond-like films, have been studied,
such as direct current glow discharges, RF discharges, microwave glow discharges, and hollow cathode dis-
charges [18]. However, there are only a few reports on atmospheric pressure methane plasma chemical vapor
deposition [19]. Photo-emitting species are important in the luminous gas phase, and the location of the lu-
minous gas phase indicates where the chemically reactive species reaction occurs with the inter-electrode
space [20]. To distinguish the photo-emitting species, and thus indirectly determine the chemical composi-
tion of the glow in the atmospheric pressure methane plasma chemical vapor deposition system, an optical
emission spectrometry (OES) was used as plasma diagnostic. The objective of this study is to characterize
the glow formation, optical emission feature, and the film deposition in atmospheric pressure methane (CHy)
plasma chemical vapor deposition.

Experimental procedure. The plasma chemical vapor deposition was conducted using an atmospheric
pressure plasma system that consists of a plasma jet and movable table, as shown in Fig. 1. The unfavorable
plasma-deposited polymer coating is easily created inside of the gas channel of the atmospheric pressure
plasma system. To address this disadvantage, a double-pipe-type quartz tube is used as the innovative gas
channel of plasma jet, through which various gases flow at controllable flow rates [21]. For this design,
monomer and carrier gas do not interfere with the plasma deposition because the quartz capillary acts as a
barrier. The high-speed gas flow rate argon (4 slm/4000 sccm) is introduced from the upper side of the plas-
ma system and passes through the quartz capillary as the ionization gas. The monomer is guided in the plas-
ma system through the annular space between the quartz tube and the capillary. An electrical field is applied
to the two electrodes located inside the quartz tube to ignite the plasma glow discharge using a 13.56-MHz
RF power supply. Moreover, Fig. 1 also shows the luminous gas phase of this atmospheric pressure plasma
jet. As the gas flow rate increases, the temperature of the atmospheric pressure plasma decreases further and
approaches room temperature. The major plasma diagnostic apparatus of atmospheric pressure plasma jet is
an optical emission spectroscopy. This equipment consists of both the instrumentation and spectrum analysis
software, which was supplied by Hong-Ming Technology, Inc. The observable spectral range was 250-950 nm
with a resolution of 2 nm. The grating is 600 lines/mm. A 1-m-long fiber optic cable was coupled to a fixed
width (50 um) slit. The chemical composition of atmospheric pressure plasma deposited hydrocarbon films
was investigated using an X-ray photoelectron spectroscope (XPS) with the MgK, source (1253.6 eV).
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Fig. 1. Schematic diagram of the atmospheric-pressure plasma jet.

Results and discussion. Figure 2 shows the luminous gas phases in atmospheric pressure Ar plasma
and atmospheric pressure Ar+CHjy plasma in the same plasma system. It clearly shows the stable and charac-
teristic plume-shaped glow discharge in dark space. In Fig. 2a, the luminous gas phase in atmospheric pres-
sure plasma glow discharge of argon was surrounded by dark space and a well recognizable plume-shaped
glow, which was present some distance from the nozzle. Therefore, in an atmospheric pressure plasma glow
discharge of argon, the glow that appeared away from the nozzle can be attributed to the high-energy ioniza-
tion of the argon species. In other words, a plume-shaped glow can be considered as a high-energy glow,
which is caused by electrons having sufficiently high energy to ionize ground state Ar atoms. In contrast to
the atmospheric pressure plasma glow discharge of argon, in the atmospheric pressure plasma glow dis-
charge of hydrocarbon monomers such as methane, the dominant funnel-shaped glow forms at the center,
and the plume-shaped glow as the secondary glow appears some distance away from the nozzle in Fig. 2b.
The color change of the plume-shaped glow can be considered low-energy glow, whose energy is at the level
of the dissociation energy of bonds involved in a hydrocarbon molecule and can be designated as a molecu-
lar dissociation glow. Because the low-energy electron in the cathode fall region can become energetic
enough to dissociate an organic molecule long before it acquires enough energy to ionize the vapor, it is pre-
ferred that dissociation occur instead of ionization in plasma deposition [22]. The luminous gas phase in at-
mospheric pressure plasma is related to the nature of monomers and carrier gases. Inert gases such as Ar do
not form molecular dissociate glow; the hydrocarbon monomer alters the basic glow characteristics in the
atmospheric pressure plasma chemical vapor deposition system. It can be clearly observed that the effect of
adding argon to the atmospheric pressure plasma glow discharge of a hydrocarbon monomer such as me-
thane is to make the glow intensity and the glow volume different from that of a pure argon glow discharge.
The glow intensity becomes much stronger, and the glow volume extends in the atmospheric pressure plas-
ma glow discharge of argon because Ar only generates a high-energy glow. Moreover, both of the glow
characteristics that appeared in the luminous phase of the atmospheric pressure plasma chemical vapor deposi-
tion system show that for the gaseous mixture, there was dissociation as well as ionization in the plasma state.
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Fig. 2. Luminous gas phases of atmospheric pressure argon (a) and methane (b) plasma.
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Fig. 3. Optical emission spectra obtained from atmospheric pressure argon (a) plasma
and methane (b) plasma.

OES was used to monitor the excited plasma reactive species generated by the luminous gas phase of
atmospheric pressure plasma. The photo-emitting species are significantly essential in the luminous gas
phase, and the location of the luminous gas phase indicates where the chemically reactive species reaction
occurs [23]. OES analysis is expected to explain the plasma reactive species that may contribute to atmos-
pheric pressure plasma chemical vapor deposition. The typical emission spectra of atmospheric pressure Ar
plasma and atmospheric pressure Ar+CH4 plasma are shown in Fig. 3 from 300-900 nm, with no significant
emissions outside of this region observed over the 200—1050-nm range of the instrument. The major intense
emission lines that were observed in atmospheric pressure plasmas are list in Table 1. From Fig. 3, it can be
noted that the feature of optical emission in atmospheric pressure Ar plasma is somewhat different from that
in atmospheric pressure Ar+CH4 plasma. From the OES spectra shown in Fig. 3a, the strong excited argon
emission lines are observed at about 700-800 nm. The obvious emission line of the molecular nitrogen
bands between 300—400 nm is also exhibited in optical emission spectra, as well as the emission line of the
oxygen atom at 777 and 844 nm from the ambient air. Based on the optical spectra of atmospheric pressure
Ar plasma, this corresponds to the possible reaction mechanism of Ar, N, and O plasma species. In addition,
the primary photo-emission from atmospheric pressure Ar+CHy plasma in Fig. 3b represents Ar emission
lines and are nondepositable. From the OES spectra shown in Fig. 3b, the photoemission of CH free radicals
that can contribute to plasma deposition also appeared in atmospheric pressure Ar+CHy plasma. There were
significant differences among these three types of low-temperature plasmas. The rotational band of 431.5 nm

TABLE 1. Most Intense Emission Lines Observed in Atmospheric Pressure Methane Plasma

Species Transitions Excitation energy, eV Wavelength, nm

CH B’ XTI — 388.9
AAv=0— X*TL,v=0 <11 431.4
c 473 F —3d;*D" — 407.7
CH" ATLv=1- X'S*,v=0 — 417.2
C2 P—a’l, 2.4 516.5
@ 3p°P—3s°S° 10.74 777.4
3p’P—3s°S 10.99 844.6
OH AT 5 X — 308.9

N, c’m, — B, 11.1 315.9,337.1,357.7
Cc’m, - B, 11.2 380.5
Ar 4p'[1/2]—>4s[3/2] — 696.5
4p'[3/2]—>4s1/2]° 13.48 750.4
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due to an A>’A—X?I1 (0, 0) transition had a strong intensity in atmospheric pressure Ar+CHy plasma. The low
intensity of the emission derived from CH emission bands located at 386 nm—390 nm (X’I1«+B2Y "), CH"
line at 417.9 nm, and C, swan band system at 516.5 nm (d°I1,—a°I1,) was also observed. This supports the
assumption that the plasma deposited hydrocarbon film growth results from the electron-impact-dissociation
of hydrocarbon molecules [23, 24]. The dissociation of molecules produces photo-emitting and chemically
reactive species such as CH radicals in plasma chemical vapor deposition. This further implies that in hydro-
carbon plasma deposited film growth, the chemically reactive species are not only created by electron-
impact-dissociation, which occurred at atmospheric pressure Ar+CHy4 plasma, but also by the ionization of
argon gas with high-energy electrons.

Figure 4 shows the emission spectra of atmospheric pressure Ar+CHy plasmas as a function of the CHy
gas flow rate. Most of the emissions, including those with peaks at CH emission bands, originated from the
increase in the excitation of methane molecules. In addition, the weak emissions at 516.5 nm (C, swan band
system, d°I1y—aI1,) also appeared in OES spectra with a high methane gas flow rate. Their relatively low in-
tensities indicate a low electron temperature in the plasma [25]. Figure 4 also displays the normalized emis-
sion intensities of major emissions as a function of the CHy4 gas flow rate. The CH emission intensities in-
creased with increasing gas flow rate. Figure 5 refers to the dependence of the CH4 gas flow rate on the nor-
malized emission intensities of nitrogen and oxygen emission lines from excited ambient air. The normalized
emission intensities of nitrogen and oxygen emission lines decreased with increasing CHs gas flow rate,
demonstrating a possible competition of plasma source gas and ambient air. In Fig. 5 the normalized emis-
sion intensities of argon emission lines is also shown. These stable normalized emission intensities can be
considered to correspond to the ionization efficiency in the plasma, and it is stabilized with increasing CHs4
gas flow rate as well. Figure 6 shows the emission spectra in the atmospheric pressure Ar+CHs mixture gas
plasma as a function of the RF plasma power. As shown in Fig. 6, an increasing RF plasma power was ap-
plied to the Ar+CH4 mixture discharge plasma system, whereas it increased the CHy gas flow rate of that to
the same in Fig. 4. The emission intensities are seen to increase with increasing RF plasma power. The emis-
sion intensities increase with rising RF plasma power level, demonstrating an increase in the density of high-
ly energized electrons. lon bombardments were more reactive in atmospheric pressure Ar+CHs mixture gas
plasma system with increasing RF plasma power because of the higher energy input of the electric field. The
normalized emission intensities of the major emission lines in Fig. 7 were markedly weaker than that in Fig.
6, which indicates that Ar emission lines decreased with increase in RF plasma power. This may be due to
the rapid consumption in the Ar+CHy4 mixture at excessive energy in gas channels. CH emission lines as well
as the C; Swan band should also occur in the peak more weakly as the RF plasma power increase; on the
contrary, experiment results showed that the C; Swan band of atmospheric pressure Ar+CHs mixture gas
plasma occurred more strongly as the RF plasma power increased, as shown in Fig. 7.
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Fig. 4. Optical emission spectra of atmospheric pressure methane plasma
with monomer gas flow rate inputs.
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Fig. 5. Optical emission intensity dependence of (a) CH lines, (b) argon, (c) nitrogen,
and (d) oxygen lines with monomer gas flow rate inputs.
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Fig. 6. Optical emission spectra of atmospheric pressure methane plasma
with RF plasma power level inputs.
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Fig. 7. Optical emission intensity dependence of (a) CH lines, (b) argon, (c) nitrogen,
and (d) oxygen lines with RF plasma power level inputs.
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Fig. 8. XPS Cls spectra from atmospheric pressure methane plasma-deposited hydrocarbon film.

In atmospheric pressure Ar+CH4 plasma chemical vapor deposition, CH radicals are formed directly
from the methane monomer decomposition of the CH, fragments by electron impact dissociation. As a re-
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sult, it is assumed that CH, radicals play a leading position in atmospheric pressure plasma deposited hydro-
carbon film growth. This contribution is based on the fact that CH. radicals have relatively long lifetimes (of
the order of several milliseconds) in plasma [26, 27]. The atomic percentages of the carbon, oxygen, and ni-
trogen present in the atmospheric pressure plasma-deposited hydrocarbon films by XPS detection are fol-
lows: C — 66.9 at.%, O — 28.5 at.%, N — 4.7 at.%, O/C — 0.43 at.%. The atmospheric pressure plasma depos-
ited hydrocarbon films comprised 66.9 at.% carbon, 28.5 at.% oxygen, and 4.6 at.% nitrogen. The presence
of carbon in the film is believed to be due to the decomposition of the methane monomer. In order to evalu-
ate the chemical compositions of atmospheric pressure plasma-deposited hydrocarbon films, XPS deconvo-
lution analysis of Cls peaks was performed. As shown in Fig. 8, the Cls spectrum of atmospheric pressure
plasma-deposited hydrocarbon film contained two distinct peaks at 284.4 and 285.6 eV, corresponding to
C-C/C-H groups and C-O group. At the same time, additional peaks at 288.4 eV also appear, which could
be attributable to -C—O/O—C=0 groups [28-33]. XPS analysis results confirm that the possible contribu-
tion of plasma-deposited film growth occurred mainly with the combination of electron-impact-dissociation
and ionization in atmospheric pressure Ar+CH4 plasma by OES.

Conclusions. The influence of the luminous gas phase of glow discharge on the atmospheric pressure
methane plasma chemical vapor deposition process was examined using the glow feature, optical emission
spectra, and the film deposition. OES was used to detect the transition of luminous gas phases of Ar and
Ar+CHgy plasmas generated in a 1 atm air environment using a double-pipe-type plasma jet. From OES anal-
ysis, it is proved that the CH; radicals are present during atmospheric pressure plasma chemical vapor depo-
sition. The photoemission of CHx radicals, which can contribute to deposition, appeared primarily in atmos-
pheric pressure methane plasma chemical vapor deposition. This supports the assumption that methane
plasma deposited a film growth on account of the electron-impact-dissociation of methane molecules. The
low-energy electron in the process of gaining energy can become sufficiently energetic to dissociate an or-
ganic molecule (slow electron-impact dissociation). The increases in the CH emission intensities and intensi-
ty ratios with increasing CHs gas flow rate reveal the correlation of the amount of monomer input on the
plasma deposition. However, the decrease in the nitrogen and oxygen emission intensity ratios should be
considered when explaining the competition plasma source gas and ambient air. These results demonstrate
that OES provides a useful approach to study the operational conditions and plasma chemistry. Our investi-
gation clearly shows the dominant effects of luminous gas phases on the film-forming tendency in atmos-
pheric pressure methane plasma chemical vapor deposition.
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