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In the present work, we measured breakdown and extinction curves of radio-frequency discharge in acetylene as
well as dependences of active current, power and gas pressure on the discharge burning time, and also optical emis-
sion spectra. It was found that in the region of low acetylene pressures (to the left of the minimum of the breakdown
curve), the discharge can cover only a part of the electrode surface. Immediately after the ignition of the discharge,
due to the intense deposition of the polymer film and the formation of dust particles in the plasma volume, the gas
pressure decreases sharply (by the factor of 2-5), while the active current and power increase and then reach satura-
tion. In the discharge with intense polymerization, the lines of atomic and molecular hydrogen dominate in the emis-
sion spectrum of the discharge. The film deposited on the surface of the electrodes and the tube walls, as well as the
dust particles formed, are amorphous, the maximum peak of XRD spectrum is observed at 20 = 18°, and the light
absorption by the deposited films is highest at 440 nm wavelength.

PACS: 52.80.Hc

INTRODUCTION

There is great scientific and industrial interest in the
processes in gas-discharge plasma in hydrocarbons,
particularly in acetylene, since it is widely used for dep-
osition of polymer films [1, 2], diamond and diamond-
like carbon (DLC) coatings [3 - 5], formation of carbon
nanotubes, nanowalls, and other nanostructures [6 - 10].
For nanomaterials production the deposition in radio-
frequency capacitive discharges (plasma-enhanced
chemical vapor deposition) in carbon-containing gases
(C,H,, CHy, etc.) is one of the most promising technol-
ogies [6, 11]. This allows depositing nanomaterials on
both substrates and electrodes, even if the deposited
film is dielectric. However, in researches [6, 11] (and in
the papers cited in them), attention is usually paid to
characteristics of deposited coatings, as well as to the
mass spectra of the resulting reaction products, but igni-
tion, extinction and burning modes of the RF discharge
are not studied. Therefore, the purpose of this work was
an experimental study of ignition conditions, burning
modes and properties of radio-frequency capacitive dis-
charge in acetylene as an instrument for the synthesis of
carbon nanomaterials.

1. EXPERIMENTAL

To study the RF capacitive discharge, a discharge
chamber was used shown schematically in Fig. 1.

Electrodes
Jl
N Pumping

L Matching
Fig. 1. Scheme of experimental setup
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At the ends of the horizontal part of T-shaped glass
discharge tube with internal diameter of 56 mm two
flanges were placed, through which a voltage was ap-
plied to the electrodes. Grounded and potential elec-
trodes with a diameter of 55 mm was located inside the
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discharge tube. The experiments were carried out at a
distance between the electrodes of 20 mm in the range
of applied RF voltages up to 2000 V. Through the
flange located at the base of the vertical part the gas was
injected and pumped out. A gas pressure gauge MKS
Baratron of 10 Torr range was used to measure the gas
pressure. The experiments were carried out in the range
of acetylene pressure of 0.02...10 Torr.

An iHR-320 spectrometer (Horiba Scientific) with
the wavelength range of 200...1000 nm was used to
measure the emission spectra of the discharge plasma.
This spectrometer includes a diffraction grating
(1800 lines/mm) providing spectral resolution of
0.05 nm. The optical fiber of the spectrometer collected
light emerging from the plasma discharge region imme-
diately after the RF voltage was established between the
electrodes. Due to the polymer film deposition on the
tube walls, the intensity of all radiation lines passing
through it decreases, therefore, we will not give spectral
dependences for different moments of discharge opera-
tion. To analyze the spectra of molecular gases, we used
the Pearse and Gaydon handbook [12].

During the RF discharge in acetylene operation a
polymer film is deposited on the electrodes and the tube
walls, and dust particles are formed in the plasma
volume. For their analysis we used X-ray diffractometer
XRD-6100 (Shimadzu), Scanning electron microscope
(SEM) JEOL JSM-840, Transmission electron micro-
scope (TEM) Selmi PEM-125K and LLG-uniSPEC2
Spectrophotometer (LLG Labware).

The electrodes in the discharge chamber were ar-
ranged vertically, that limited significantly the possibil-
ity of accumulation of the dust particles in the plasma
volume.

2. EXPERIMENTAL RESULTS

First, let us consider the breakdown and extinction
curves of RF capacitive discharge in acetylene shown in
Fig. 2. The breakdown curve describes the conditions
(gas pressure and applied RF voltage) under which gas
breakdown occurs due to electron avalanches develop-
ing in an electric field, which ends with the creation of a
stable burning discharge. Gas breakdown occurs when
electrons in the applied electric field gain sufficiently
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high energy and ionize the molecules with a frequency
that is equal to the frequency of all electron losses due
to diffusion and drift to the electrodes and the tube wall
as well as electron attachment (in the case of electro-
negative gases) [13 - 18]. Breakdown curves measured
in the studied gas at different distances between the
electrodes make it possible to determine electron drift
velocity [19 - 23], which is necessary for hydrodynamic
modeling of processes in a gas-discharge plasma. From
Fig. 2 it can be seen that the breakdown curve measured
by us consists mainly of the diffusion-drift branch,
which has the form of a parabola lying on its side (the
names of different branches of the RF breakdown
curves and processes that take part in the gas breakdown
can be found in [24, 25]). And only at the lowest gas
pressures and high RF voltages the transition to
Paschen's branch is observed.

3
10 3 breakdown
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\extinction
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Fig. 2. Breakdown and extinction curves
of RF discharge in acetylene

The extinction curve limits the area where infinite
burning of the discharge previously created during gas
breakdown is possible [26, 27]. On the extinction curve,
there are branches similar to those of the breakdown
curve. It is seen from Fig. 2 that both on the breakdown
curve and on the extinction curve areas of ambiguous
dependence of the breakdown RF voltage on the gas
pressure are present. The presence of such a region of
ambiguity in the breakdown curve allows, under certain
conditions, to ignite the discharge, lowering the RF
voltage across the electrodes. At the same time, at low
gas pressures it is possible to quench the discharge by
increasing the RF voltage. Note that in the area of gas
pressure to the left of the turning point (the point where
the derivative of the RF breakdown voltage of the gas
reaches infinity), the RF discharge may not cover the
entire surface of the electrodes, it glows in the form of a
plasma cord. This situation is also observed in acety-
lene, when at low pressures the discharge glow appears
only in the lower part of the tube, and the rest of the
chamber is occupied by the afterglow. Apparently, such
a downward shift of the plasma region is due to the fact
that the dust particles formed in the discharge volume
drop under the action of gravity and are concentrated in
the lower part of the discharge chamber. In this part of
the discharge, only a small ambipolar electric field
holds them [28], preventing them from falling onto the
tube wall (unlike the horizontal arrangement of elec-
trodes, when dust particles are held in the plasma vol-
ume by a strong electric field near the electrode sheaths
[29 - 32]). Thus, only small dust particles can be held in
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the plasma volume of our discharge chamber, and large
dust clusters and parts of the film detached from the
electrodes falls on the surface of the tube. The condi-
tions when the discharge can occupy only a part of the
chamber are not suitable for its effective use, for exam-
ple, during the deposition of a polymer film, since the
properties of the film deposited in the plasma region and
in the afterglow will differ. Therefore, the RF capacitive
discharge application in plasma technologies requires
measuring the breakdown and, especially, extinction
curves in the discharge chamber used.

Next, consider the emission spectra of the plasma
region of the RF discharge. Fig. 3 shows the emission
spectra at acetylene pressure of 0.05 Torr for various RF
voltages. This figure shows that with increasing RF
voltage, the intensities of all emission lines increase.
The Balmer line of atomic hydrogen H, and the H, mol-
ecule lines dominate; however, the lines of C,, Cs, and
CH molecules are also intense. Using the reference
book [12], one can find lines of more complex mole-
cules (for example, benzene), but their intensity is low.
At higher acetylene pressures (Fig. 4 shows the case for
1 Torr), the intensity of the molecular lines of C,, C;,
and CH decreases, and the emission spectrum of the
discharge plasma is almost completely determined by
the lines of atomic and molecular hydrogen.

o H, H, 656 H, p=0.05 Tort]
, C612 @ |

Fig. 3. Optical emission spectrum from the discharge
center at acetylene pressure of 0.05 Torr and various

values of RF voltage
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Fig. 4. Optical emission spectrum from the discharge

center at acetylene pressure of 1 Torr and RF voltage
of 1800 V

We observed that immediately after the breakdown
the gas pressure in RF capacitive discharge in acetylene
rapidly decreases by a factor of 2-5 (depending on the
magnitude of the initial pressure and the gas flow rate

ISSN 1562-6016. BAHT. 2019. Ne4(122)



into the chamber) and is stabilized within 0.5...1 min
(Fig. 5). It should be mentioned that before filling with
acetylene the discharge chamber was pumped out by a
turbomolecular pump to the base pressure of about 10
Torr, then acetylene was fed up to the pressure of
0.015...0.1 Torr, and then the pressure in the chamber
was set adjusting the pumping speed using a vacuum
valve. Apparently, the rate of acetylene consumption by
the polymerization process may be higher than the rate
of gas flow into the chamber. This explains the fact that
in the optical emission spectrum of acetylene plasma,
the lines of the molecules C,, C3;, and CH are signifi-
cantly weakened. A sharp decrease in pressure was usu-
ally observed in closed chambers, without gas feeding
and pumping [33]. In flow chambers, the pressure may
remain unchanged. In fact, the discharge plasma, in
which an intensive polymerization takes place (both
with the film deposition on the walls and with the dust
particles growth in the plasma volume), can play the
role of a pump that actively removes the gas molecules
from the chamber.
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Fig. 5. The dependence of the gas pressure on the time
after the ignition. The initial acetylene pressure
is 1 Torr, the RF voltage is 900 V

Immediately after the discharge ignition, if the RF
power is kept fixed, the value of the RF voltage varies
slightly, but on average remains approximately equal to
900 V (Fig. 6). The phase angle between voltage and
current is first 84°, then decreases to 75°, that is, the RF
discharge becomes more resistive with time. This occurs
apparently due to the formation of the dust particles in
the plasma volume absorbing free electrons. To com-
pensate for these electron losses, the RF voltage across
the plasma volume rises, the electron temperature in-
creases, causing rise of ionization rate.
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Fig. 6. Dependencies of RF voltage on the electrodes,
active current and active power on the discharge
burning time. The initial acetylene pressure is 1 Torr
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The polymer films deposited on the electrodes, and
the dust particles deposited to the tube walls were ana-
lyzed. Fig. 7 shows TEM pictures of the dust particles
collected from the tube wall. Their shape is close to
spherical, and the diameter reaches several hundred na-
nometers. These dust particles can be clustered. But, as
mentioned above, in our discharge chamber with verti-
cally arranged electrodes, large particles or clusters can-
not be kept in the plasma volume due to the small
amount of voltage drop across the wall layer. Therefore,
in TEM images (presented in the figure, as well as in a
number of others obtained by us) there are no dust parti-
cles with a diameter greater than 1 um. From the bottom
picture in Fig. 7, it can be seen that the polymer film
deposited on the electrodes is not homogeneous, but
includes many polymer clusters whose diameter is close
to 10 nm.
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Fig. 7. TEM images of dust particles and polymer
film formed with acetylene pressure of 1 Torr
and RF voltage of 1800V
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Fig. 8. SEM image of clusters of dust particles deposit-
ed on the tube wall at acetylene pressure of 1 Torr
and an RF voltage of 1800 V
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Fig. 8 shows SEM image of clusters of dust particles
that were formed in the plasma volume and then depos-
ited on the tube wall. Lack of resolution in the SEM
images is caused by dielectric nature of the studied de-
posits that leads to eclectic charging of their surface
disturbing the SEM image.

It is interesting that the dust particles and the clusters
cover not only the lower and side surfaces of the dis-
charge tube (where the dust particles can drop due to
gravity), but also the upper part of the tube. Apparently,
the only force that can lift a dust particle up, against
gravity, is the ion drag force [34 - 36]. The flows of
positive ions move from the plasma not only to the elec-
trodes through the electrode layers. Fast electrons go to
the dielectric walls of the tube, charge them to a nega-
tive potential of about 10...20 V, which leads to the
flow of positive ions to the walls of the tube through the
wall layer. Dust particles formed in the plasma volume
are pushed by positive ions to the surface layer. In this
layer, the electron concentration is low (there are few
fast electrons capable of overcoming the ambipolar po-
tential difference in the layer, and cold electrons are
reflected from the layer back to the plasma). Dust parti-
cles trapped in the plasma volume are usually negatively
charged. But, being pushed by ions into the wall layer,
dust particles can acquire a positive charge and will
continue to be attracted to the negatively charged wall
of the tube, even against gravity.

The films deposited on the electrodes, as well as on
the tube walls, were investigated using the LLG —
uniSPEC2 spectrophotometer and the iHR — 320 spec-
trometer. UV, visible and near-IR light was transmitted
through both films deposited on glass substrates and
through suspension of the film in toluene. Both methods
(films and solutions) gave similar results (for example,
Fig. 9). The lowest light transmission (respectively, the
highest absorption) is observed at about 440 nm for the
films deposited on both the electrode and the tube wall
in contact with the near-clectrode layers. In the plasma
region, as mentioned above, clusters of dust particles,
which create an almost opaque layer, drop onto the tube
wall. However, even for this case, Fig. 9 shows the
presence of a small minimum of transmission, which
indicates the similarity of the composition of both dust
particles and the polymer film.
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Fig. 9. The dependence of visible light transmission on
wavelength for the films deposited on the electrodes,
as well as on the tube walls in the plasma region and
in the near-electrode sheaths. The films were deposited

at initial acetylene pressure of 0.5 Torr and RF voltage
of 1500V
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Fig. 10. XRD pattern of polymer film and dust particles
formed in an RF discharge in acetylene

Additional information about the material of depos-
ited polymer films was obtained using X-ray diffraction
(XRD, Fig. 10). It was found that the XRD pattern of
the polymer film and the dust particles formed in the
acetylene RF discharge has a broad peak at 20 = 18°.
The high peak width indicates that the deposited film is
amorphous. It can be assumed that the polymer film
produced in the acetylene plasma is polyacetylene.
However, for polyacetylene, light absorption has a max-
imum at about 700 nm [37], while for our film in this
part of the spectrum absorption is minimal. And the
pure polyacetylene XRD pattern has a maximum at
26 = 25° [38]. In addition, a lot of polymers has a max-
imum light absorption at 400...450 nm (see, for exam-
ple, [39 - 41]). Therefore, additional studies are needed
to clarify the composition of the polymer film obtained
by us in the RF capacitive discharge in acetylene.

CONCLUSIONS

In this work, we investigated the ignition and extinc-
tion of radio-frequency discharge in acetylene, the time
dependences of gas pressure, active current and power,
as well as optical emission spectra of the plasma. It is
shown that, in the region of acetylene pressures to the
left of the minimum of the breakdown curve, the dis-
charge may not fill the entire chamber that can make
problems for polymer film deposition. It was observed
that the discharge with intense polymerization can play
the role of a plasma pump, leading to a significant (2-5
fold) decrease in the gas pressure. Using X-ray diffrac-
tion, it was obtained that the polymer film is amorphous
with a broad peak at 26 = 18°.
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3A%KUTAHUE Y CBOMICTBA BU-EMKOCTHOTI'O PA3PSJIA B ALIETUJIEHE
B.A. Jlucosckuii, C.B. /[youn, ILII. ITnamonos, C.U. bozamuvipenxo, A.A. Munenxos

W3mepenbl KPUBbIC 32)KUTAHUS M [TOTaCaHusl, 3aBUCUMOCTH aKTUBHBIX TOKA, MOIIIHOCTU U JABIICHHS Ta3a OT Bpe-
MEHU TOPEHUSI Pa3psijia, a TAKXKE CIIEKTPBI M3JIyYSHHUS] BRICOKOYACTOTHOTO paspsiia B aueTuieHe. [lonydeHo, 4to B
00JacTH HU3KUX JABJICHUH aleTHiieHa (ClIeBa OT MHHUMYMa KPUBOU 32)KUTaHUS) Pa3ps] MOXKET MOKPHIBATH TOJIBKO
4acTh MOBEPXHOCTH 3JEKTpoaoB. Cpasy mociie 3a)KUraHus pa3psjia H3-3a HHTCHCUBHOTO OCAXKICHUS MOJMMEPHOMN
IJICHKU U 00pa30BaHMS MBIJIEBBIX YaCTHI B TUIA3MEHHOM 00beMe pe3ko (B 2-5 pa3) yMeHbIIaeTcs IaBlIeHHE Ta3a, a
aKTHBHbBIE TOK U MOIIHOCTh BO3PACTAIOT U 3aT€M BBIXOJST Ha HACHIIEHHE. B mpoliecce MHTEHCUBHOM MOTMMeEpU3a-
LMK B CHCKTPE U3JTyUCHHUs pa3psiia TOMUHUPYIOT JTMHUH aTOMapHOTO M MOJIEKYJIsipHOTO Bojgopoaa. Ocaxnaemas Ha
MOBEPXHOCTh AJIEKTPOJOB M CTEHOK TPYOKM IJICHKA, a Tarkke (HOPMHPYIOIIUECS MbLICBbIC YaCTUI[BI SIBISIFOTCS
aMOp(HBIMH, IS HUX MaKCHMalbHOe NU(PAKIMOHHOE pACCEsIHUE PEHTTCHOBCKHMX JIyueil HaOmofaeTcs npu
20 = 18°, a moryomeHne BUAUMOTO CBETA SBJISCTCS HAnOOIbIHM TTpu 440 HM.

SAITAJTIOBAHHS TA BJJACTHBOCTI BU-€EMHICHOI'O PO3PALY B AIIETHUJIEHI
B.O. Jlicosécokuit, C.B. /Iyoin, ILIL. IInamonos, C.1. Bozamupenxo, 0.0. Minecnukos

BumipsiHi KpyBi 3anaroBaHHS Ta 3racaHHsl, 3aJIeKHOCTI aKTUBHHUX CTPYMY, IOTY>KHOCTI Ta THCKY Ta3y Bijx yacy
TOPIHHS PO3PSAIY, @ TAKOXK CIIEKTPY BUIPOMIHIOBaHHS BUCOKOYACTOTHOTO pO3psiny B auneTwieHi. OTpuMaHo, o B
o0JlacTi HMU3bKMX 3HAu€Hb THCKY alleTWIEHY (3J1iBa BiJ MiHIMYMY KpHBOI 3allajfoBaHHs) PO3ps] MOXKE IMOKPUBATH
TUIBKY YaCTUHY TIOBEPXHI €NeKTpoAiB. Binpasy micis 3anaitoBaHHs po3psay Yepe3 IHTEHCHBHE OCaKEHHS T0JliMe-
PHOT IUTIBKM 1 YTBOPEHHS NMJIOBUX YaCTHHOK y IUIa3MOBOMY 00’€Mi pi3ko (B 2-5 pa3iB) 3MEHIIYETHCS THCK rasy, a
aKTUBHI CTPYM 1 IIOTYKHICTh 3pOCTAIOTh 1 OTIM BUXOAATh HAa HACHUEHHS. Y IPOIeci iHTEHCHBHOI MOJIiMepu3aliii B
CIEKTPi BUIPOMIHIOBAHHS PO3PSAY JAOMIHYIOTH JIiHII aTOMapHOTO i MOJEKYISIpHOTO BonHIO. [LIiBKa, MO OcamKy-
€THCS Ha TIOBEPXHIO SIIEKTPOMIB i CTIHOK TPYOKH, a TaKOX NMHJIOBI YaCTHHKH, MO (POPMYIOTHCS, € aMOpOHIMH, IS
HUX MakCHMallbHe Au(pakiiiiHe po3CilOBaHHS PEHTIEHIBCHKHX IMPOMEHIB criocTepiraerees npu 20 = 18°, a normu-
HaHHS BUAMMOTO CBiTJIa € HaiOumbmuM mipu 440 HM.
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