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Abstract—The characteristics and parameters of an overstressed high-current discharge with a duration of
100—150 ns in air, which was ignited between an aluminum electrode and a chalcopyrite electrode (CulnSe,),
are presented. The air pressure was 13.3 and 101.3 kPa. In the process of microexplosions of inhomogeneities
on the working surfaces of electrodes in a strong electric field, aluminum vapors and chalcopyrite vapors were
introduced into the interelectrode gap, which creates the prerequisites for the synthesis of thin films based on
quaternary chalcopyrite: CuAllnSe,. The films synthesized from the products of electrode destruction were
deposited on a quartz plate at a distance of 2—3 cm from the center of the discharge gap. The current and volt-
age pulses across the discharge gap of d = 1 mm, as well as the pulse energy input into the discharge, were
investigated. The plasma emission spectra were studied, which made it possible to establish the main decay
products of the chalcopyrite molecule and the energy states of atoms and singly charged ions of aluminum,
copper and indium, which are formed in the discharge. The reference spectral lines of atoms and ions of alu-
minum, copper, and indium were established, which can be used to control the process of deposition of thin
films of quaternary chalcopyrite. Thin films were synthesized from the degradation products of chalcopyrite
molecules and aluminum vapors, which may have the composition of the quaternary chalcopyrite CuAllnSe,;
the transmission spectra of the synthesized films in the spectral range of 200—800 nm were studied. By the
method of numerical simulation of the plasma parameters of an overstressed nanosecond discharge based on
aluminum and chalcopyrite vapors in air by solving the Boltzmann Kinetic equation for the electron energy
distribution function, the electron temperature and density, the specific power losses of the discharge for the
main electronic processes and their rate constants depending on the value parameter E/N for plasma of

vapor-gas mixtures based on air, aluminum vapor, and ternary chalcopyrite were modulated.

Keywords: overstressed nanosecond discharge, chalcopyrite, aluminum, air, plasma parameters

DOI: 10.3103/S1068375522040123

INTRODUCTION

The optical characteristics of plasma of over-
stressed discharges in gases of nano- and subnanosec-
ond duration are primarily characterized by the spec-
tral lines of atoms and ions of the electrode material
[1—4]. For example, it was found that the emission
spectra of the near-cathode plasma nanosecond dis-
charge in air exhibit the continuum of the band of the
second positive system of the nitrogen molecule, charac-
teristic of spark discharges, the spectral lines N(I), N(II),
H(I) and lines of the cathode material [1]. The tempera-
ture of such a plasma was in the range of 0.5—1.8 eV, and
the electron density reached 2 x 107 cm—3.

The results of later studies of the emission charac-
teristics of overstressed nanosecond discharge
between metal or chalcopyrite electrodes are given in
[2—4]. The resulting emission spectra were deter-

mined by lines on the transitions of atoms and singly
charged ions of copper, zinc, aluminum, and iron, as
well as lines of atoms, singly charged atomic ions of
nitrogen and bands of the nitrogen molecule.

It follows from the results of studying the charac-
teristics of an overstressed nanosecond discharge ini-
tiated by a beam of runaway electrons in nitrogen [5]
that colored minijets of aluminum vapor plasma are
formed near the cathode tip. The duration of lumines-
cence at Al(I) and Al(II) transitions exceeded 2 Us,
which is longer than the duration of current pulses.
Therefore, the authors of [5] proposed a recombina-
tion mechanism for populating the upper excited levels of
Al(T) and AI(IT) in this discharge. At p(N,) = 13.3 kPa,
the discharge contraction occurred when voltage
pulses reflected from plasma reappeared in the dis-
charge gap due to a mismatch between the load resis-
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tance and the output resistance of the high-voltage
modulator of nanosecond voltage pulses.

The optical characteristics of a laser plasma in air,
which was formed using Nd:YAG laser radiation with
a radiation power density on the target surface of 6.4—
38.4 J/cm? were given in [6]. It is of interest to com-
pare the optical characteristics of the laser plasma with
the corresponding results for an overstressed nanosec-
ond discharge in air between aluminum and iron elec-
trodes. In contrast to the discharge plasma, which is
close in terms of the initiation conditions to the laser
air plasma with aluminum and iron targets, no ion
spectral lines were observed.

The results of studying gas-dynamic processes in an
overstressed nanosecond discharge in air (p = 101 kPa)
[7] were obtained by visualization using a laser moni-
tor and shadow image analysis techniques. It is shown
that metal vapors are formed in such a discharge,
which, in a time of =1 us, enter the space between the
electrodes, where they are excited and ionized. Some
of these vapors, together with plasma products, are
carried out in the radial direction for a time of =2.5 ms
under the effect of gas-dynamic processes and are
deposited on the walls of the discharge chamber in the
form of nanostructured films.

The shadow photography method has also been
successfully used to study the very nature of the over-
stressed spark discharge in gases. The frames of glow
and shadow-grams of plasma of the initial stages of
spark and diffuse nanosecond discharges in the nee-
dle-plane interval were obtained in [8]. It is possible to
distinguish the following stages of such a discharge in
plasma photographs: the formation of a diffuse chan-
nel and cathode spots on the surface of a flat electrode
in the time interval T = 0—5 ns; the formation of thin
plasma channels that developed from the needle elec-
trode and closed on the cathode spots at T = 5—10 ns,
and a spark channel was formed after that.

The authors of [9] assume that preionization of the
gas in front of the streamer is carried out by fast elec-
trons with an energy of 0.1—10 keV for pulses of the
negative polarity on a needle electrode, while that for
voltage pulses of the positive polarity is by quanta of
characteristic X-ray radiation.

In addition to the aluminum plasma, vapors of
other electrode materials were successfully introduced
into the discharge gap of overstressed nanosecond dis-
charges. The optical characteristics of copper and iron
plasmas are given in [10]. Blue plasma jets were generated
by adischarge in nitrogen (p(IN,) = 100—200 Torr), when
the cathode was made of stainless steel. For a copper
cathode (p(N,) = 30—59 Torr), green plasma jets were
generated. They came from bright spots on the work-
ing surface of the needle cathode. For discharges with
an aluminum cathode, the plasma jets were blue. The
appearance of these plasma jets is associated with
microexplosions of natural inhomogeneities on the
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cathode surface and electroerosion of the metal,
resulting in ectons and vapors of the cathode material.

The spectral characteristics of an overstressed
pulsed discharge with a duration of 2.5 ns are given in
[11]. The most intense groups of copper lines in its
emission spectra from the region near the copper tip of
the cathode were observed in the spectral intervals of
190—230 and 300—350 nm and CN(B—X) radical
bands. In this case, no continuum was observed in the
spectra. As the nitrogen pressure increases from 100 to
760 Torr, the intensity of the copper lines in the wave-
length range of 190—230 and 300—350 nm increased.
The duration of the emission of the 521.8 nm Cu(1)
spectral line on the emission waveform from the dis-
charge zone near the needle tip was 1 us. It signifi-
cantly exceeded the duration of the current pulses (T =
2.5 ns), which may be associated with the energy
transfer from nitrogen molecules in the metastable

state (Nz(A3Z:)) to copper atoms (Cu(l)(zDS/z)).

Since the conditions for ignition of the diffuse stage
of the overstressed nanosecond discharge in a nonuni-
form electric field are of great importance for practical
applications, determining the condition for generating
a beam of runaway electrons and the accompanying
X-ray radiation in high-pressure gases, especially for
submicrosecond voltage pulses, continues to be rele-
vant. For example, the main features of the generation
of a beam of runaway electrons in air were considered
in [12] for a duration of the leading edge of a voltage
pulse of 500 ns. It was shown [12] that a beam of run-
away electrons is generated at the voltage pulse ampli-
tude of =100 kV and high average electric field
strength. In this case, the closing of the discharge gap
by the streamer creates an electric field near the cath-
ode that is sufficient for the occurrence of field emis-
sion, which causes the transformation of the streamer
channel into a spark one. The space charge of the
streamer creates a field sufficient for field emission at
typical breakdown voltages [13].

Since it is important to establish a relationship
between the plasma discharge parameters and the
characteristics of the synthesized nanostructures when
synthesizing nanostructures in a high-voltage nano-
second discharge, modern methods of plasma diag-
nostics acquire an important role. The parameters of
air and nitrogen plasma (at p = 101 kPa) obtained
using an electric generator with a power of 50 kW at
f=4 MHz, are given in [14]. The electron density of
such a plasma was =5 x 10"* cm~3, and the concentra-
tion of molecular nitrogen ions was =7 X 109 cm=3.

The results of studying the destruction of metal
alloys and thin wires in the plasma of a high-voltage
nanosecond discharge are presented in [15]. The char-
acteristics of the synthesized nanostructures of lead,
tin, bismuth, tungsten, and molybdenum oxides and
nanowhiskers of tin—lead, bismuth—lead—tin, and
molybdenum oxides, which have the properties of
thermistors and thermoelectrics, are presented.
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Synthesis conditions and characteristics of synthe-
sized silicon nanoparticles 3—5 nm in diameter in a
repetitively pulsed discharge in argon are presented in
[16]. The studies were carried out at an interelectrode
distance of 2 mm, pulse repetition rate of 100—300 Hz,
their duration of 0.2—5 ps, voltage pulse amplitude of 3—
14 kV, and current pulse amplitude of 12—350 A.

In [17], it was reported on the fabrication of a
Culn, _,Al,Se, (CIASe) thin-film solar cell based on
selenization of metal precursors. The best solar cells
based on CIASe have a coefficient of performance
(COP) of 6.5% with an optimal aluminum content in
quaternary chalcopyrite Al/(In + Al) of 0.2. A com-
parison of these values with similar values for a solar
cell made without aluminum showed a significant
increase in the efficiency of the device due to an
increase in the band gap in the quaternary chalcopy-
rite Culn, _ Al Se,. “Already existing commercial ele-
ments on a different basis have an efficiency of up to
20—22%. Therefore, at present, for practical applica-
tions it is important to search for new, cheaper plasma
methods for synthesizing films for photovoltaic
devices, including solar cells based on films of com-
plex chalcopyrites.”

This work presents the results of studying the char-
acteristics of the overstressed, nanosecond discharge
between an aluminum electrode and an electrode of
ternary chalcopyrite (CulnSe,) in air; on the basis of
electrode sputtering products, thin films were synthe-
sized from vapors of ternary chalcopyrite and products
of its destruction in plasma and aluminum vapors, and
their transmission spectra are studied; the results of
plasma parameter simulation by solving the Boltz-
mann Kinetic equation for the electron energy distribu-
tion function are presented, which made it possible to
determine the temperature and drift velocity of plasma
electrons, the specific energy losses for the main elec-
tronic processes, and the rate constants of the main elec-
tronic processes in the plasma under study.

EXPERIMENTAL TECHNIQUE
AND ELECTRICAL CHARACTERISTICS

A nanosecond, high-current discharge between an
aluminum electrode and a ternary chalcopyrite
(CulnSe,) electrode was ignited in a sealed dielectric
chamber. The scheme of the discharge module and
device for the deposition of thin films is given in [2—4].
The distance between the electrodes was 1 mm, which
provided overvoltage of the discharge gap at air pres-
sures of 13.3 and 101.3 kPa. The diameter of the cylin-
drical electrodes was 5 mm, and the curvature radius
of their working end surface was 3 mm. The discharge
ignition was carried out using a bipolar high-voltage
voltage pulse modulator from a total pulse duration of
50—100 ns with an amplitude of positive and negative
components of 20—40 kV. The pulse repetition rate
was 100 Hz, since a strong heating of the discharge
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device was observed at high frequencies. Voltage pulse
waveforms across the discharge gap and current pulse
waveforms were recorded using a broadband capaci-
tive voltage divider, a Rogowski coil, and a 6LOR-04
broadband oscilloscope with a time resolution of 2—3 ns.

Plasma emission pulses at the transitions of indi-
vidual spectral lines were recorded using an electron
linear multiplier (ELU-14-FS) and a 6LOR high-
speed six-channel oscilloscope. The time resolution of
this block of the recording system was 1—2 ns. The
voltage waveforms on the electrodes of the discharge
device were recorded using a low-inductance voltage
divider with a time resolution of 2—3 ns, and current
pulse waveforms were recorded using a Rogowski coil,
which had a time resolution of 20—30 ns.

The results of control experiments on studying the
characteristics of overstressed nanosecond discharge
at different air pressures in systems, when two identical
electrodes made of aluminum [4] or ternary chalcopy-
rite were used, are given in [2, 18]. In both cases, the
interelectrode distance was 1 mm and the discharge
was visually spatially homogeneous, which is associ-
ated with the possibility of preionization of the gas-
eous medium from the beam of runaway electrons and
the accompanying X-ray radiation [19]. The plasma
discharge volume depended on the frequency of the
voltage pulses. The “point discharge” mode was
achieved only at voltage pulse repetition rates in the
range of /= 40—150 Hz. At a short-term increase in
frequency to 1000 Hz, the plasma volume of the gas-
discharge emitter increased to 100 mm?.

The characteristic voltage and current pulse wave-
forms in discharges between two aluminum and chal-
copyrite electrodes are given in [4, 20, 21] at atmo-
spheric air pressure. Voltage and current waveforms
were in the form of oscillations damped in time with a
duration of =10 ns, which is caused by a mismatch
between the output resistance of the high-voltage modu-
lator and the load resistance: plasma. When the distance
between the electrodes increases from 1 to 5 mm, match-
ing of the resistances improves, and the number of
oscillations in the voltage and current pulses decreases.
But such a regime was not optimal for the formation of
plasma flows based on the electrode material as well as
for a high-voltage discharge of nanosecond duration
between aluminum electrodes [6].

Figures 1 and 2 show voltage and current wave-
forms and pulse power of the overstressed nanosecond
discharge between aluminum electrode and chalcopy-
rite electrode at air pressures of 13.3 and 101.3 kPa.

At an air pressure of 13.3 kPa (Fig. 1), the largest
mismatch was observed between the output resistance
of the generator of high-voltage voltage pulses and the
load resistance: the overstressed nanosecond dis-
charge plasma. The total duration of voltage and cur-
rent oscillations across the discharge gap reached
450 ns, while the duration of individual voltage oscil-
lations was 7—10 ns, and the duration of current oscil-
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Fig. 1. Current, voltage, and pulsed power waveforms of the overstressed bipolar nanosecond discharge between electrodes of alu-
minum and chalcopyrite (CulnSe,) at the air pressure of 13.3 kPa.
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Fig. 2. Current, voltage, and pulsed power waveforms of the overstressed bipolar nanosecond discharge between electrodes of alu-
minum and chalcopyrite (CulnSe,) at the air pressure of 101.3 kPa.

lations was approximately 70 ns. Short-term oscilla-
tions were better manifested on voltage waveforms.
They were smoothed (integrated over time) on the
current waveforms due to the large time constant of
the Rogowski coil, which was used in the present
experiments. The maximum voltage drop across the
discharge gap was 8—10 kV taking into account the
positive and negative parts of the voltage amplitude.
The maximum amplitude of the current pulse reached
250—300 A.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 58

The diffuse discharge most likely persists only in
the first 80—120 ns from the time of the breakdown,
and it passes into a contracted state after that; the same
as during the ignition of an overstressed nanosecond
discharge in air using negative-polarity pulses with a
duration of 10 ns [9—11]. It is possible to obtain docu-
mentary confirmation of this assumption only when
using high-speed photography of the discharge, when
its appearance is recorded at different points in time
with the nanosecond accuracy, but we only had the
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Fig. 3. Emission spectrum of the plasma of the overstressed nanosecond discharge between aluminum and chalcopyrite elec-

trodes at the air pressure of 13.3 kPa.

opportunity to photograph the discharge with an
exposure of =1 s.

Increasing the air pressure to 101.3 kPa led to an
increase in the plasma resistance and improved its
matching with the output resistance of the high-volt-
age modulator. As a result, the duration of the main
maximum of the voltage pulse, which was recorded as
a sequence of individual short beams, was reduced to
80 ns, and their amplitude increased to 12 kV. In this
case, the duration of the current half-wave was
reduced to 60—80 ns, and its maximum amplitude
reached 300 A.

The highest discharge pulse power was recorded in
the first 110—130 ns from the time of its ignition and it
was 1.8 MW. An increase in air pressure from 13.3 to
101 kPa led to an increase in the maximum pulse power
up to 3.0 MW, and the energy of an individual electrical
pulse increased from 165 to 222 mJ (Figs. 1, 2).

OPTICAL CHARACTERISTICS

Control experiments on studying the spectral char-
acteristics of plasma were carried out for overstressed
discharge in air between two aluminum electrodes and
between two ternary chalcopyrite electrodes [4, 20,
21]. Reference books [22—24] were used to identify
spectral lines and emission bands.

The plasma emission spectra and the results of
their interpretation for the discharge between alumi-
num and chalcopyrite electrodes at air pressures of
13.3 and 101.3 kPa, as well as the control spectrum for
the discharge emission in argon, are shown in Figs. 3
and 4 and in Tables 1 and 2.

In the emission spectra of discharge in mixtures of
air with an admixture of aluminum vapor [4] and in
the spectra of plasma based on mixtures of nitrogen
with oxygen, we recorded broad emission bands with
maxima in the spectral intervals of 410—420 and 300—
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390 nm (Fig. 5). The highest emission intensity of
these bands was obtained at a pressure of oxygen-con-
taining gas mixtures of 100—200 kPa. For the dis-
charge in argon-based mixtures, these bands were
absent in the emission spectra of plasma. In [25], the
results of studying the cathodoluminescence spectra
of nanostructured aluminum oxide ceramics are pre-
sented. This cathodoluminescence spectrum was
almost identical to the spectrum that was obtained in
our experiments on studying overstressed nanosecond
discharge emission at an air pressure in the range of
101—202 kPa or on mixtures of nitrogen with oxygen
(p = 101.3 kPa; Fig. 5). In these spectra, the main emis-
sion band was with a maximum at A = 410—420 nm
(quantum energy of 3.0 eV), which was adjacent to a
broader short-wavelength band with quanta energy
maxima at £ = 3.4, 3.8 and 4.3 eV. The ultraviolet
photo- and cathodoluminescence bands of nano-
structured aluminum oxide ceramics are associated
with the emission of F* centers formed by oxygen
vacancies [26].

At air pressures of 13.3 and 103.3 kPa, spectral lines
of atoms and ions of the products of the electrode
material and the decay of air molecules in plasma were
observed against the background of broadband emis-
sion of aluminum oxide nanostructures and continu-
ous radiation, which may be due to thermal and
recombination radiation of the plasma. As follows
from [27], copper and indium atoms are the least
bound in the chalcopyrite molecule, so the line part of
the emission spectrum is due mainly to individual
spectral lines of atoms and singly charged ions of cop-
per and indium, the same as for the gas-discharge
plasma based on atmospheric pressure air [20]. The
emission spectrum of the gas component was more
pronounced at atmospheric air pressure and consisted
mainly of intense bands of the second positive system
of the nitrogen molecule in the spectral range of 280—
390 nm, which is typical for the diffuse stage of the
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Fig. 4. Emission spectra of the overstressed nanosecond discharge between aluminum and chalcopyrite electrodes at the air pres-

sure of (a) 101.3 kPa and in (b) argon at p(Ar) = 101.3 kPa.

overstressed nanosecond discharge [9] as well as of
individual spectral lines N(1) and N(11), which were
often observed in the emission spectra of a spark dis-
charge in air [28].

Therefore, in the plasma emission spectra of
vapor—gas mixtures based on aluminum, dissociation
products of the chalcopyrite molecule, air, and disso-
ciation products of its molecules, the plasma emission
spectrum in the wavelength range of 200—240 nm con-
sisted of a group of closely spaced spectral lines of the
atom and singly charged ion of copper, and lines of the
atom and singly charged ion of aluminum (spectral
lines /—7; Tables 1, 2). The spectral lines of copper
were similar to those observed in the emission spectra
of the overstressed nanosecond discharge between
copper or chalcopyrite electrodes in air at the atmo-

spheric pressure at a distance between copper elec-
trodes of d = 1, 2 mm [20].

Another group of intense spectral lines and bands is
located in the spectral range of 250—390 nm (lines and
bands §—20; Tables 1, 2). For this region of the spec-
trum, the most characteristic were the spectral lines of
copper and aluminum atoms as well as bright bands of
the second positive system of the nitrogen molecule.
The presence of intense bands of the nitrogen mole-
cule from the system CTI,*—B’I1," indicates that, in
addition to runaway electrons, the main part of the
low-energy part of the electron energy distribution
function also contains electrons with energies in the
range of 9—18 eV, which are responsible for the emis-
sion of a nitrogen molecule in the spectral range of
290—410 nm.
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Table 1. Results of the identification of the most intense spectral lines of an atom, a singly charged aluminum ion, and
molecular bands of the decay products of a chalcopyrite molecule in an overstressed nanosecond discharge at an air pres-

sure of 13.3 kPa

No. A, nm arb. units Object Eyottoms €Y Eiops €V Termygtiom Termy,,
1 214.89 1.39 Cu(D) 1.39 7.18 4522D 5£2f0
2 218.17 1.98 Cu(l) 0.00 5.68 4528 4p' 2p°
3 219.56 1.87 Cu(Il) 8.78 14.43 4p 3D° 4d3f
4 219.95 1.74 Cu(I) 1.39 7.02 4522D 4p" DY
5 221.45 1.64 Cu(l) 1.39 6.98 4522D 4p" 2P°
6 225.80 1.27 Al(I) 0.00 5.49 3p 2P° 7s s
7 239.07 0.35 AI(IT) 13.07 18.26 4p 3P0 10d D
8 261.83 0.29 Cu(l) 1.39 6.12 4522D 5p 2P0
9 284.02 0.25 Al(I) 4.02 8.39 3d 2D 3d D’
10 306.34 0.35 Cu(l) 1.64 5.68 452D 4p' 2p°
11 308.21 0.47 Al(I) 0.00 4.02 3p 2P0 3d*D
12 309.27 0.55 Al(T) 0.01 4.02 3p 2P0 3d*D
13 324.75 0.61 Cu(l) 0 3.82 4528 4p 2p°
14 327.39 0.44 Cu(l) 0 3.39 452S 4p 2P0
15 329.05 0.45 Cu(l) 5.07 8.84 4p' 40 4d *f
16 337.13 1.05 N, Second positive system C3H3—B3Hg (0; 0
17 344.60 0.31 N, " " " CH-BII (45 5)
18 357.69 0.82 N, " " " CH-BII (0; 1)
19 375.54 0.31 N, " " " CI-BI; (1;3)
20 394.40 0.72 Al(T) 0.00 3.14 3p 2P0 4578
21 396.15 1 Al(I) 0.01 3.14 3p 2P0 4528
22 402.26 0.61 Cu(l) 3.79 6.87 4p 2p° 5d*D
23 405.67 0.48 Al(IT) 15.47 18.52 3s4d 'D 3s515p 'P?
24 409.48 0.39 N, " " © OB (4:8)
25 410.17 0.30 In(I) - 3.02 5525p 2p° 55%6s %S 3
26 420.05 0.50 N, " " " CI-BII (2;6)
27 423.65 0.33 N, " " " CO-BI (15 2)
28 434.36 0.38 N, " " " CO-BI (0;4)
29 441.67 0.57 N, " " " CM-BI (35 8)
30 451.13 0.54 In(I) 0.27 3.02 5525p 2p° 55%6s %5,
31 459.97 0.71 N, " " " CM-BL (2;4)
32 500.51 1.33 NdI) 25.50 27.97 3s P 3p°P°
33 510.55 0.42 Cu(l) 1.39 3.82 4522D 4p 2p°
34 515.83 0.47 Cu(l) 5.69 8.09 4p' 2P0 55' 2D
35 521.82 0.40 Cu(l) 3.82 6.19 4p 2p° 4d*D
36 556.69 0.55 Se(IT)
37 566.66 0.82 N(I) 18.46 20.65 2522p 3s 3P0 252 2p 3p D
38 618.86 1.18 Cu(II) 14.99 16.99 4p" 'DO 5d3f
SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY Vol.58 No.4 2022
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Table 2. Results of the identification of the most intense spectral lines of an atom and a singly charged aluminum ion and
molecular bands of the decay products of a chalcopyrite molecule in an overstressed nanosecond discharge at an air pres-

sure of 101.3 kPa

No. A, nm Loy, arb. units Object Eyottoms €V Eyops €V Termpgom Term,,,
1 214.89 4.60 Cu(l) 1.39 7.18 452D 5F2F°
2 218.17 3.00 Cu(l) 0.00 5.68 452S 4p' 2P°
3 219.56 2.05 Cu(II) 8.78 14.43 4p3D° 4d 3F
4 219.95 3.60 Cu(I) 1.39 7.02 4522D 4p" D0
5 221.45 2.75 Cu(l) 1.39 6.98 4522D 4p" 2P°
6 225.80 2.30 Al(I) 0.00 5.49 3p 2P° 7528
7 239.07 1.00 AI(IT) 13.07 18.26 4p 3P0 1043D
8 261.83 0.88 Cu(l) 1.39 6.12 452D 5p 2P°
9 284.02 1.75 Al(I) 4.02 8.39 3d 2D 3d?D°
10 306.34 2.00 Cu(l) 1.64 5.68 452D 4p' 2P0
11 308.21 1.84 Al(I) 0.00 4.02 3p 2P0 3d*D
12 309.27 2.79 Al(I) 0.01 4.02 3p 2P° 3d*D
13 324.75 3.37 Cu(l) 0 3.82 458 4p 2P0
14 327.39 3.10 Cu(l) 0 3.39 452S 4p 2P0
15 329.05 2.67 Cu(l) 5.07 8.84 4p' 4F0 4d *F
16 337.13 1.47 N, Second positive system C3H::—B3Hg (0; 0)
17 344.60 1.10 N, " " CH-BIL (45 5)
18 357.69 1.68 N, " " " CO-BIIL (03 1)
19 375.54 0.88 N, " " " CO-B (1;3)
20 394.40 2.49 Al(I) 0.00 3.14 3p 2p° 4578
21 396.15 3.63 Al(I) 0.01 3.14 3p 2P0 4528
22 402.26 2.77 Cu(l) 3.79 6.87 4p 2p° 5d*D
23 405.67 2.00 AI(IT) 15.47 18.52 3s4d 'D 3515p PP
24 409.48 0.45 N, " " " CM-BI (45 8)
25 410.17 0.37 In(I) — 3.02 5525p 2p0 55%6s %S| 3
26 420.05 1.63 N, " " " CH-BII (2;6)
27 423.65 1.69 N, " " " COi-BI (15 2)
28 434.36 1.52 N, " " " CI-BII (0;4)
29 441.67 2.10 N, " " " CH-BI (3;8)
30 451.13 4.06 In(I) 0.27 3.02 5525p 2P0 5526528 ),
31 459.97 2.73 N, " " " CHO-BIL (2;4)
32 500.51 0.53 N(II) 25.50 27.97 3s P 3pPY
33 510.55 0.46 Cu(l) 1.39 3.82 452D 4p 2p°
34 515.83 0.51 Cu(l) 5.69 8.09 4p' 2p° 55' 2D
35 521.82 0.58 Cu(l) 3.82 6.19 4p 2p° 4d°D
36 556.69 0.93 Se(II)
37 566.66 2.65 NdI) 18.46 20.65 252 2p 3s 3P0 (25 2p 3p 3D
38 618.86 2.78 Cu(Il) 14.99 16.99 4p" DO 5d3F
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Fig. 5. Emission spectrum of the plasma of the overstressed nanosecond discharge between two aluminum electrodes in the mix-

ture of nitrogen with oxygen (100-1; p = 101.3 kPa); dashed line,

Emission of indium atoms in the visible region of
the spectrum was represented by spectral lines 410.17
and 451.13 nm In(I). An intense spectral line with a
wavelength of 500.5 nm N(II) appeared in the emis-
sion spectrum of the plasma, which is often observed
in the emission spectra of nanosecond discharges in
air [2]. Characteristic spectral lines of the copper atom
in the visible range of the spectrum of 510.55, 515.83,
521.04, and 556.69 nm Cu(l) were of low-intensity,
unlike the plasma overstressed nanosecond discharge
between copper electrodes in nitrogen or air, when the
energy can be transferred from nitrogen molecules in
the metastable states to copper atoms [10, 11]. In our
case, radiation was sampled from the center of the dis-
charge gap, and it was actually averaged over the entire
discharge aperture, while radiation was sampled from the
plasma jet region near the needle cathode in [10, 11].

In the red region of the spectrum, the spectral line
of 618.86 nm Cu(II) was distinguished by the emission
intensity, the intensity of which increased by a factor of
2.5 at increasing air pressure.

In the yellow-red part of the spectrum (Figs. 3, 4)
a continuum was recorded, the intensity of which
increased with increasing wavelength in the range of
550—665 nm and against which individual low-inten-
sity spectral lines and molecular bands were observed
that can be attributed to the emission of selenium mol-
ecules and their dissociation products in the discharge.

To diagnose the deposition of thin films of quater-
nary chalcopyrite in real time, the following intense
spectral lines of copper and indium atoms in the wave-
length range of 300—460 nm can be used: 307.38 and
329.05 nm Cu(I) and 410.17 and 451.13 nm In(I).

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 58

[Al,O53]y, is notation of aluminum oxide nanoparticles.

An increase in air pressure had a different effect on
the intensity of different groups of spectral lines, prod-
ucts of the destruction of the electrode material. The
maximum increase in intensity of 3.3 times was
observed for the line A = 214.89 nm of the most intense
short-wavelength lines of the copper atom. For the
intense copper ion line of 219.56, the increase in
intensity was insignificant, by a factor of 1.1, although
its intensity was the highest in this part of the spec-
trum. In the spectral region of 225—310 nm, the lines
of the aluminum atom had the highest intensity, the
most intense of which, 309.27 nm Al(I), increased in
intensity. For the aluminum ion line from this region
of the spectrum with A = 239.07 nm AI(II), an
increase in intensity was recorded by approximately
three times. In the longer wavelength part of the spec-
trum of 310—410 nm, the most intense lines were
324.75, 327.39, and 329.05 nm Cu(l); 394.40 and
396.15 nm Al(I); and 405.67 nm Al(II). The intensity
of all these lines increased by a factor of three to five
with an increase in the air pressure. In the visible range
of the spectrum, the most intense line of 451.13 nm
In(I) increased in intensity by a factor of 7.5, and the
intensity of the 405.67 nm AI(II) ion line increased by
approximately five times.

The emission intensity of the ion spectral line with
A = 500.51 nm N(T) at the atmospheric air pressure
decreased by a factor of 2.5, which may be due to a
decrease in the electron temperature at air pressure
p = 101.3 kPa, if the excitation of the nitrogen ion
occurs from the ground state of the N, molecule, atom
N(), or ion N(II) (not a recombination mechanism
for populating the upper energy level for a line with
A =500.51 nm N(II)).
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Fig. 6. Waveforms of the plasma emission on bands of the
second positive system of the nitrogen molecule: (/) 337.13 nm
N, (2) 357.69 nm N,, (3) 375.54 nm N, for the over-
stressed nanosecond discharge in air (p = 101.3 kPa).

The electron density in the plasma of overstressed
discharges of nanosecond duration and with an ecton
sputtering mechanism of the electrode material [30]
can reach 10'°—10" cm~3 [31]. Therefore, the mecha-
nism of the formation of excited metal ions in plasma
can be determined by their stepwise excitation by elec-
trons. Then, in the discharge afterglow, the electron-
ion recombination processes begin to appear. For zinc
ions, the corresponding effective cross section for the
excitation by electrons from the ground state of the
zinc ion reaches 1071¢ cm? [32].

Based on the spiked structure of current pulses, the
processes of stepped excitation and stepwise ionization
through the corresponding metastable states, which
are characteristic of high-current high-pressure dis-
charges, seem important [33]. Therefore, a probable
mechanism for the formation of doubly charged cop-
per and aluminum ions in the ground energy state can
be stepwise ionization of metastable atoms and ions of
copper and aluminum by electrons.

An increase in air pressure can lead to an increase
in the intensity of the spectral lines of copper and
indium atoms and their singly charged ions due to an
increase in the efficiency of the recombination mech-
anism at high buffer gas pressures [34] as well as in the
processes of stepwise excitation and ionization of the
corresponding atoms due to with an increase in the
energy input into the plasma at atmospheric air pres-
sure. The main feature of the introduction of copper
and indium vapors into the plasma, which was stud-
ied, is not the reaction of dissociation of chalcopyrite
molecules by electron impact, but the formation of
excited atoms and singly charged ions of aluminum
and argon in the processes of direct and stepwise elec-
tron excitation and ionization.

The increase in the intensity of the spectral line
with A = 405.67 nm Al(II) with increasing air pressure
can be associated with an increase in the efficiency of
recombination of doubly charged aluminum ions with
electrons. The presence of such an effect in the plasma
of spark discharges of the microsecond duration
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between aluminum electrodes can be indicated by the
results of [35], where lines of doubly charged alumi-
num ions (A = 371.3 nm AI(III) were observed in the
plasma emission spectra. Aluminum in relation to air
molecules and chalcopyrite is an easily excitable and
easily ionized additive in this gas—vapor mixture.
Therefore, with a significant probability, singly and
doubly charged aluminum ions can be directly formed
during microexplosions of natural inhomogeneities on
the surface of an aluminum electrode [30].

Figure 6 shows emission waveforms of the plasma
of the overstressed nano-second discharge in atmo-
spheric pressure air at the transitions of the second
positive band system of the nitrogen molecule. The
total duration of the glow at these transitions of the
nitrogen molecule, asin [5, 10, 11], where the charac-
teristics of overstressed nanosecond of a monopolar
discharge in the needle—plane system of electrodes
were studied, was 80—120 ns at half maximum of the
intensity amplitude. The glow in these bands of the
nitrogen molecule occurs at the diffuse discharge stage
before the arrival of reflected waves, which are formed
due to mismatch between the plasma resistance and
the output resistance of the high-voltage modulator.
This discharge stage on the luminescence waveforms
corresponds to the first maximum with a duration of
15—20 ns at half maximum of the intensity (Fig. 6).

TRANSMISSION SPECTRA
OF SYNTHESIZED FILMS

In the wavelength range of A = 200—400 nm, the
absorption coefficient of thin films of ternary chalco-
pyrite CulnSe, is significant and lies within (4—6) X
10° cm~' [36]. As the emission wavelength increased to
1000 nm, it decreased to 10* cm~!, and it was approxi-
mately 10 cm~! at A = 1200 nm. That is, the coefficient
of light absorption by the films of this compound is
large but strongly depends on the wavelength of the
incident radiation, which is reflected in its applica-
tions in photovoltaic devices. This also implies the
importance of expanding the CulnSe, band gap and
increasing the absorption coefficient in the near infra-
red region of the spectrum, which can be implemented
by transforming the CulnSe, compound in the form of
a massive electrode into thin films of quaternary chal-
copyrite CuAllnSe, [17].

The characteristic transmission spectra of ultravio-
let (UV) radiation by the thin films we synthesized
(probably based on the CuAllnSe, compound) in the
spectral region A = 200—500 nm are shown in Fig. 7.
The transmission spectra of the synthesized films were
obtained by passing UV radiation from a deuterium
lamp through them [37].

The transmission of thin films we synthesized in
comparison with the transmission of the substrate
decreased by approximately four times and it was min-
imal for the film that was synthesized from the plasma
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at the atmospheric air pressure in the discharge cham-
ber. The shapes of the transmission spectra for thin
films synthesized at air pressures of 13.3 and 101.3 kPa
were similar. The decrease in the transmission of a
thin film that was synthesized at atmospheric air pres-
sure, compared with the transmission of a film synthe-
sized at p = 13.3 kPa, is due to an increase in the energy
input into the atmospheric pressure discharge and,
accordingly, an increase in the amount of the dis-
persed electrode material.

When replacing a gas-discharge deuterium lamp
with a thermal one, the transmission spectra of the
same films based on aluminum vapor and ternary
chalcopyrite were studied in the spectral range A =
400—800 nm. In this case, the main features of the
transmission spectra of the thin films we synthesized
at different air pressures also correlated with those results
for the UV range of the spectrum shown in Fig. 7.

NUMERICAL SIMULATION
OF PLASMA PARAMETERS

A standard program for solving the stationary
kinetic Boltzmann equation in a two-term approxima-
tion for the electron energy distribution function
(EEDF) was chosen for the numerical simulation of
plasma parameters of air at pressures of 13.3 and
101.3 kPa and with impurities of aluminum and cop-
per vapors at pressures of 100 and 10 000 Pa. Parame-
ters of the plasma discharge in mixtures of air, argon
with aluminum, and copper vapors were calculated
numerically as full integrals from EEDF. The EEDFs
were found by solving the Boltzmann kinetic equation
in a two-term approximation. The EEDF calculations
were carried out using the program [38], where the
database of effective cross sections also includes the
effective cross sections for the interaction of electrons
with copper atoms and air components. The effective
cross sections for the interaction of electrons with alu-
minum atoms were taken from [39]. For air, four com-
ponents were selected: argon, nitrogen, carbon diox-
ide, and oxygen; the effective cross sections of the pro-
cesses for these components were taken from the
program database [38]. Based on the calculated
EEDF, the main plasma parameters were determined
depending on the reduced electric field £/N (that is,
the ratio of the electric field strength (FE) to the total
concentration of air and impurities of aluminum and
copper vapors (N)). The range of the variation of the
parameter for a mixture of air with admixtures of alu-
minum and copper vapors was in the range of E/N =
1-2500 Td (1 x 1077 — 2.5 x 10~'* V cm?) and also
included the parameter E/N, which was implemented
in the experiment. In the integral of collisions of elec-
trons with molecules and atoms, the following pro-
cesses were taken into account: elastic scattering of
electrons by argon, nitrogen, carbon dioxide, oxygen,
aluminum, and copper atoms; excitation of energy lev-
els of argon atoms (threshold energy of 11.50 eV); ioniza-
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Fig. 7. Transmission spectra of the radiation of films syn-
thesized from the plasma based on vapors of aluminum
and ternary chalcopyrite at different air pressures in the
discharge chamber at their probing with the UV radiation
of the deuterium lamp: (0) no sample; (/) pure quartz sub-
strate; (2) electrodes: one of CulnSe,, another of alumi-
num at the air pressure of 13.3 kPa; (3) electrodes: one of
CulnSe,, another of aluminum at the air pressure of 101.3 kPa.

tion of argon atoms (energy threshold of 15.80 eV); exci-
tation of the rotational level of nitrogen molecules
(threshold energy of 0.020 €V), vibrational (threshold
energies: 0.290, 0.291, 0.590, 0.880, 1.170, 1.470, 1.760,
2.060, 2.350 eV), and electron (threshold energies:
6.170, 7.000, 7.350, 7.360, 7.800, 8.160, 8.400, 8.550,
8.890, 11.03, 11.87, 12.25, 13.00 eV); ionization
(threshold energy of 15.60 eV); excitation of energy
levels of oxygen molecules: vibrational (threshold
energies of: 0.190, 0.380, 0.570, 0.750 eV), electron
(threshold energies of: 0.977, 1.627, 4.500, 6.000,
8.400, 9.970 eV); dissociative electron attachment
(threshold energy of 4.40 eV); ionization (threshold
energy of 12.06 eV); excitation of energy levels of car-
bon dioxide molecules: vibrational (threshold energy
of: 0.083, 0.167, 0.252, 0.291, 0.339, 0.422, 0.505,
2.5 eV), electron (threshold energies of: 7.0, 10.5 eV);
dissociative electron attachment (threshold energy of
3.85 ¢eV); ionization (threshold energy of 13.30 eV);
excitation of energy levels of aluminum atoms (thresh-
old energies of: 3.1707, 2.9032, 4.1463, 4.2339, 4.1296,
5.1220 eV); ionization of aluminum atoms (energy
threshold of 6.0000 eV); excitation of energy levels of
copper atoms (threshold energies of: 1.500, 3.800,
5.100 eV); ionization of copper atoms (threshold
energy of 7.724 eV).

Figure 8 shows the dependences of the average
energy of electrons in the plasma discharge in air mix-
tures for pressures of 101 and 13.3 kPa with admixtures
of aluminum and copper vapors at pressures of 100 Pa
and 10 kPa on the reduced electric field strength. The
average discharge electron energy for all mixtures
increases linearly from: 0.15 to 16.47 eV (Fig. 8 (1)) for
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Fig. 8. Dependence of the average energy of electrons in
the plasma of gas-vapor mixtures on the reduced electric
field strength: (/) air—Al—Cu = 101300—100—100 at the
total pressure of 101 500 Pa; (2) air—Al—Cu = 13300—
100—100 Pa at the total pressure of 13500 Pa; (3) air—Al—
Cu = 101300—10000—10000 at the total pressure of
121300 Pa; (4)air—Al—Cu = 13300—10000—10000 at the
total pressure of 33300 Pa.

air—Al—Cu = 101 300—100—100 Pa, from 0.14 to 35.98 eV
(Fig. 8 (2)) for air—Al—Cu = 13300—100—100 Pa,
from 0.11 to 9.39 eV (Fig. 8 (3)) for air—Al-Cu =
101300—10000—10000 Pa, from 0.08 to 5.24 ¢V (Fig. 8

SHUAIBOV et al.

(4)) for air—Al—Cu = 13300—10000—10000 Pa with
an increase in the reduced electric field strength from
1 to 1000 Td and from 1 to 2500 Td for a mixture of
air—Al—Cu = 13300—100—100 Pa. At the same time, a
pattern was observed of an increase in the rate of its
change in the range of the reduced electric field
strength of 1—150 Td for all mixtures. Table 3 shows
the results of calculating the transport characteristics
of electrons: average energies (€), temperature (7, K),
drift velocity

(V4,), and electron density for four mixtures of air
and aluminum and copper vapors. The average energy
of discharge electrons for the air—aluminum—copper
vapor—gas mixture = 101.3 kPa—100 Pa at a time of 30 ns
from the beginning of the pulse (£ = 15 % 10° V/m,
E/N= 612 Td) reached 11.42 eV, and the average
energy of discharge electrons was 5.38 eV at a time of
220 ns from the beginning of the pulse (E= 35 % 10°V/m,
E/N = 204 Td). As the partial pressures of metals
increase, the average energy decreases to 5.739 and
2.908 eV, respectively. The same pattern is observed
for the electron temperature; it decreases with increas-
ing partial pressures of aluminum and copper vapors.
With a decrease in the partial pressure of air to
13.3 kPa, the average electron energies for a mixture
with a partial pressure of metal vapors of 100 Pa are
higher than for a mixture with a partial pressure of air
of 101.3 kPa; they reach 35.98 and 14.99 eV, respec-
tively. With an increase in the partial pressures of alu-

Table 3. Transport characteristics of electrons in a discharge in a mixture of air with aluminum and copper vapors at a ratio
of components 101.3 kPa:100 Pa:100 Pa; 101.3 kPa:10000 Pa: 10000 Pa; 13.3 kPa: 10000 Pa: 10000 Pa; 13.3 kPa: 100 Pa:
100 Pa for a time of 30 ns and 220 ns from the start of the discharge ignition

Mixture: Al—Cu—air = 100—100—101300 Pa
T, NS E/N, Td
g, eV T, K Vg, M/s N,, m~3
30 612 11.42 132472 4.6 x 10° 1.0 x 10%°
220 204 5.38 62408 2.1 % 10° 7.7 x 10%°
Mixture: Al—Cu—air = 10000—10000—101 300 Pa
T, ns E/N, Td
Y T,K Vg, m/s N,,m™3
30 512 5.739 66572 3.1 % 10° 1.6 x 1020
220 171 2.908 33733 1.6 x 10° 1.0 x 102°
Mixture: Al—Cu—air = 100—100—13300 Pa
T, ns E/N, Td
g, eV T,K Vg, m/s N,,m™3
30 2500 35.98 417368 1.1 x 106 3.75 x 1019
220 938 14.99 173884 5.9 x 10° 3.81 x 1019
Mixture: Al—Cu—air = 10000—10000—13300 Pa
T, ns E/N, Td
g, eV T,K Vg, m/s N,,m3
30 1000 5.24 60784 3.4 % 103 1.21 x 102
220 375 3.28 38048 2.5 % 10° 9.00 x 10"
SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 58 No. 4 2022
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Fig. 9. Dependence of the specific power of discharge
losses on inelastic processes of collisions of electrons with
atoms of argon, aluminum, and copper on the reduced
electric field strength in the plasma of vapor—gas mixtures:
(1) air—Al—Cu = 101 300—100—100 Pa at the total pressure
of 101 500 Pa; (2) air—Al—Cu = 13300—100—100 Pa at the
total pressure of 13500 Pa; (3) air—Al—Cu = 101300—
10000—10000 at the total pressure of 121300 Pa; (4) air—
Al—Cu = 13300—10000—10000 at the total pressure of
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Fig. 10. Dependence of the specific power of discharge
losses on elastic processes of collisions of electrons with
atoms of argon, aluminum, and copper on the reduced
electric field strength in the plasma of vapor—gas mixtures:
(1) air—Al—Cu = 101 300—100—100 Pa at the total pressure
of 101500 Pa; (2) air—Al—Cu = 13300—100—100 Pa at the
total pressure of 13500 Pa; (3) air—Al—Cu = 101300—
10000—10000 at the total pressure of 121300 Pa; (4) air—
Al—Cu = 13300—10000—10000 at the total pressure of
33300 Pa.

33300 Pa.

minum and copper to 10 kPa at a partial air pressure of
13.3 kPa, the average electron energies decrease and
reach 5.24 and 3.28 eV, respectively. The electron tem-
peratures for a smaller value of the partial air pressure
also decrease with an increase in the partial pressures
of aluminum and copper. The electron drift velocities

have a similar regularity as the average electron ener-
gies with a change in the partial pressures of the gas-
vapor mixture components. The maximum electron
drift velocity is 1.1 x 10° m/s for the air—Al—Cu mix-
ture = 13300—100—100 Pa for the reduced electric
field of 2500 Td. The maximum electron density for

Table 4. Specific power losses of the discharge to elastic and inelastic processes for mixtures: (/) air—Al—Cu = 101300—
100—100 at the total pressure of 101500 Pa; (2) air—Al—Cu = 13300—100—100 Pa at the total pressure of 13500 Pa; (3) air—
Al—Cu = 101300—10000—10000 at the total pressure of 121300 Pa; (4) air—Al—Cu = 13300—10000—10000 at the total

pressure of 33300 Pa

Mixture: Al—Cu—air = 100—100—101 300 Pa

E/N,Td Elastic, power/N (eV m>/s) Inelastic, power/N (eV m>/s)
612 0.9841E-16 0.2473E-12
204 0.3501E-16 0.4278E-13
Mixture: Al—Cu—air = 100—100—13300 Pa
E/N,Td Elastic, power/N (eV m?/s) Inelastic, power /N (eV m?3/s)
2500 0.4404E-15 0.1266E-11
938 0.1458E-15 0.4279E-12
Mixture: Al—Cu—air = 10000—10000—101300 Pa
E/N,Td Elastic, power/N (eV m3/s) Inelastic, power/N (eV m?3/s)
512 0.4570E-16 0.1482E-12
171 0.1631E-16 0.2822E-13
Mixture: Al—Cu—air = 10000—10000—13300 Pa
E/N, Td Elastic, power/N (eV m?/s) Inelastic, power/N (eV m?/s)
1000 0.5253E-16 0.3217E-12
375 0.2076E-16 0.8997E-13
SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY Vol.58 No.4 2022
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Table 5. Rate constants of excitation of the spectral lines of aluminum and copper atoms for the reduced electric field
strengths in the plasma on gas-vapor mixtures of argon with aluminum at the time of 30 and 220 ns from the beginning of
discharge ignition. £} is the excitation threshold energy of spectral lines of aluminum and copper atoms

E/N, Td Mixture: air—Al—Cu = 1330—100—100 Pa
2500 Al Eiress €V 4.13 4.23 2.90 3.17
k, m3/s 0.1593E-14 0.1823E-14 0.2629E-14 0.4626E-14
Cu Eipres> €V 1.5 1.5 3.8 5.1
k, m3/s 0.2136E-13 0.1696E-13 0.9967E-12 0.2967E-15
938 Al Eiress €V 4.13 4.23 2.90 3.17
k, m3/s 0.1569E-14 0.1925E-14 0.2248E-14 0.4082E-14
Cu Eipres> €V 1.5 1.5 3.8 5.1
k, m3/s 0.2850E-13 0.2253E-13 0.8285E-12 0.2185E-15
E/N, Td Mixture: air—Al—Cu = 101300—100—100 Pa
612 Al Eipres, €V 4.13 4.23 2.90 3.17
k, m3/s 0.1476E-14 0.1881E-14 0.2031E-14 0.3766E-14
Cu Eipress €V 1.5 1.5 3.8 5.1
k, m3/s 0.2835E-13 0.2215E-13 0.6958E-1 0.1821E-15
204 Al Eiress €V 4.13 4.23 2.90 3.17
k, m3/s 0.8646E-15 0.1280E-14 0.1272E-14 0.2548E-14
Cu Eipres, €V 1.5eV 1.5eV 3.8eV 51eV
k, m3/s 0.1756E-13 0.1319E-13 0.2767E-12 0.7435E-16
E/N, Td Mixture: air—Al—Cu = 101 300—10000—10000 Pa
512 Al Ejres €V 4.13 4.23 2.90 3.17
k, m3/s 0.9356E-15 0.1423E-14 0.1438E-14 0.2896E-14
Cu Eiress €V 1.5 1.5 3.8 5.1
k, m3/s 0.1895E-13 0.1420E-13 0.2892E-12 0.7836E-16
171 Al Eires, €V 4.13 4.23 2.90 3.17
k, m3/s 0.2233E-15 0.4172E-15 0.6621E-15 0.1434E-14
Cu Eipress €V 1.5 1.5 3.8 5.1
k, m3/s 0.5410E-14 0.3857E-14 0.5080E-13 0.1397E-16

air—Al—Cu mixtures is 101 300—100—100 Pa. Its value
is 7.7 x 102 m=3.

Figures 9 and 10 show the dependence of the spe-
cific power of discharge losses on inelastic and elastic
processes of collisions of electrons with mixture com-
ponents in a gas-discharge plasma on the reduced
electric field strength. There is a regularity of the
power increase with the increase in the reduced elec-
tric field strength for inelastic and elastic processes.
For inelastic processes, discharge losses in the range of
1—400 Td are approximately the same, and they vary
within (2—5) x 10~ eV m?/s in the range of 400—1000 Td.
For elastic processes, discharge losses differ starting
from 1 Td, and the difference between their values
increases with the increase in the reduced electric field
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strength. In addition, there is a regularity of power
losses for inelastic and elastic processes of electron
collisions with mixture components, namely, they are
the same for mixtures with lower partial pressures of
aluminum and copper vapors. A similar regularity may
be associated with high electron energies in such mix-
tures (Table 3) and close constants of inelastic and
elastic processes in mixtures with lower partial pres-
sures of aluminum and copper vapors (Table 4).

Table 5 shows the rate constants of excitation of
individual spectral lines of aluminum and copper
atoms by discharge electrons in the studied vapor-gas
mixtures for the reduced electric field strengths, which
were at the time of 30 and 220 ns from the beginning
of the discharge ignition, having the excitation thresh-
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old energy of the spectral lines (£,.,) of 4.13, 4.23, 2.90,
3.17 eV for aluminum atoms and 1.5, 1.5, 3.8, 5.1 eV for
copper atoms. They vary in the range of 0.1397E-16—
0.9967E-12 m3/s for the characteristic values of the
reduced electric field strength. At the same time, their
value for copper atoms is higher than the values for
aluminum atoms in all the studied mixtures. The
increased values of the excitation rate constants for the
spectral lines of both aluminum atoms and copper
atoms at the time from the beginning of discharge
ignition (30 ns) compared to the time of 220 ns are also
characteristic. This regularity is explained by different
reduced electric field strength values for the time 30
and 220 ns (Figs. 1, 2) and, respectively, different aver-
age electron energies (Table 3), which leads to different
absolute values of the effective cross sections of inelas-
tic collisions of electrons with copper and aluminum
atoms. The effective cross sections of inelastic electron
collisions for copper atoms are larger than those for
aluminum atoms [38, 30], and therefore, the exci-
tation rate constants of lines for copper atoms are large
as well.

CONCLUSIONS

It is shown that an overstressed nanosecond dis-
charge is ignited between an aluminum electrode and
an electrode from the CulnSe, compound at a dis-
tance between electrodes of 1 mm and an air pressure
of 13.3 and 101.3 kPa. The discharge has a pulsed elec-
tric power of up to 3.0 MW and an energy input into
the plasma per discharge pulse of up to 0.22 J.

The study of the spectral characteristics of the
plasma based on vapor—gas air—Al—CulnSe, mixtures
showed that the spectral lines of the atom and singly
charged ion of copper in the range of A = 200—225 nm
and the spectral lines of atoms and singly charged ions
of aluminum in the wavelength range of A = 225—
310 nm, as well as the lines of the aluminum, indium
and copper atoms in the region of the spectrum of A =
310—525 nm, are the most intense. The 618.86 nm
Cu(II) line stood out from the ion lines in the spec-
trum. All spectral lines of metal atoms and ions, which
were a part of the electrode material, were observed
against the background of a wide emission band of
aluminum oxide nanostructures. An increase in the air
pressure from 13.3 to 101.3 kPa led mainly to the
increase in the intensity of the spectral lines of metals
and bands of the nitrogen molecule.

For the real-time diagnostics of deposition of qua-
ternary chalcopyrite (Culn; _ Al Se,) films, the fol-
lowing separately placed intense spectral lines can be
used: 307.38, 329.05 nm Cu(l); 410.17, 451.13 nm
In(I); 308.21, 309.27, 394.40, 396.15 nm Al(I). The
presence of the main spectral lines of aluminum, cop-
per, and indium in the emission spectra of the plasma
makes it possible to assume the possibility of the depo-
sition of a film of quaternary chalcopyrite outside the
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plasma medium, as was implemented for films of ter-
nary chalcopyrite.

The study of the transmission spectra of probing
radiation in the wavelength range of A = 200—800 nm
by films based on aluminum and ternary chalcopyrite
vapors, which were synthesized by the in-air pulsed
gas-discharge method, showed that the minimum is
the transmission for films synthesized at the atmo-
spheric air pressure; it is probable that the films syn-
thesized from the plasma based on aluminum vapors
and the decomposition products of the ternary chalco-
pyrite CulnSe, molecules belong to the quaternary
chalcopyrite CuAllnSe,.

The study of the transport characteristics of elec-
trons and the power losses of the discharge to elastic
and inelastic processes of collisions of electrons with
the components of gas—vapor mixtures of air with
copper and aluminum atoms established that the aver-
age electron energies and temperatures in the dis-
charge on mixtures with lower partial pressures of air,
aluminum, and copper vapors have greater values than
those in the discharge on mixtures with high partial
pressures of their components. In addition, the
increased electron average energies and temperatures
are observed, which were at the time of 30 ns from the
beginning of the discharge ignition compared to the
time of 220 ns for all mixtures studied. The maximum
values of the electron’s average energy and temperature
were 35.98 eV and 417 368 K, respectively, for the dis-
charge in the air—Al—Cu mixture = 13300—100—100
Pa. The discharge power losses on elastic and inelastic
processes of collisions of electrons with the compo-
nents of gas-vapor mixtures have a similar regularity.
They are large in terms of the values for the reduced
electric field strengths, which were at the beginning of
the discharge ignition, and have large values for the
inelastic processes of electron collisions with the com-
ponents of vapor-gas mixtures. The maximum value
(0.1266 x 10~ eV m3/s) is also observed for air—Al—Cu
mixtures = 13300—100—100 Pa. The increased exci-
tation rate constants for the spectral lines of aluminum
atoms and copper atoms at the time from the begin-
ning of discharge ignition (30 ns) compared to the
time of 220 ns for all vapor-gas mixtures are also char-
acteristic. Their values are within 0.1397E-16—
0.9967E-12 m?3/s. Due to the fact that in the air—Al—
Cu mixture = 13300—100—100 Pa, the large excitation
rate constants of the spectral lines of aluminum and
copper atoms are observed, which ensures their high
intensity in the discharge, it is recommended to use
such a mixture for diagnostics and deposition of the
corresponding films.
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