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OPTICAL CHARACTERISTICS
AND PARAMETERS OF OVERSTRESSED
NANOSECOND DISCHARGE PLASMA IN ARGON
BETWEEN ALUMINUM AND CHALCOPYRITE

The optical characteristics and parameters of overstressed nanosecond discharges in argon be-
tween aluminum and chalcopyrite (CuInSe2) electrodes at the argon pressures 𝑝(𝐴𝑟) = 13.3
and 101 kPa have been determined. Due to microexplosions of natural inhomogeneities located
on the working electrode surfaces in a strong electric field, both aluminum and chalcopyrite
vapors are introduced into plasma, which creates preconditions for the synthesis of quaternary
chalcopyrite (CuAlInSe2) thin films beyond the discharge. Voltage pulses across the discharge
interval d = 1 × 10−3 m, current pulses, and pulse energy contribution to plasma are an-
alyzed. The spectra of plasma radiation emission have been studied in detail, which made it
possible to identify the main decay products of chalcopyrite molecules and the energy states of
the atoms and single-charged ions of aluminum, copper, and indium that had been formed at
the discharge. The reference spectral lines of aluminum, copper, and indium atoms and ions
have been detected, which can be used to control the sputtering process of thin quaternary chal-
copyrite films. Using the numerical simulation of the parameters of overstressed nanosecond-
discharge plasma created on the basis of aluminum and chalcopyrite vapors and by solving the
Boltzmann kinetic equation for the electron energy distribution function, the electron temper-
ature and concentration in the discharge and specific discharge power losses, as well as their
dependences on the ratio 𝐸/𝑁 the electric field strength 𝐸 and the total concentration 𝑁 of
components in the aluminum and argon vapor mixture, are calculated.
K e yw o r d s: overstressed nanosecond discharge, aluminum, chalcopyrite, argon.

1. Introduction

In the vast majority of cases, plasma of spark dis-
charges in gases contains atoms and ions of electrodes’
materials, which can be used to synthesize metal and
semiconductor nanostructures on dielectric substrates
arranged beyond the discharge region [1, 2]. There-
fore, it is important to perform a thorough research
of plasma parameters for such discharges in order to
determine a relation between them and the parame-
ters of synthesized nanostructured films.

c○ O.K. SHUAIBOV, O.Y. MINYA, A.O. MALININA,
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In particular, the results concerning time-changes
in the radiation emission spectra of spark discharge
plasma in the air gap between aluminum electrodes
were presented in work [3]. Two maxima were ob-
served in the oscillograms of the radiation intensity of
the spectral lines of the electrode material [aluminum
atoms (Al I), single-charge aluminum ions (Al II),
and double-charge aluminum ions (Al III)]. The main
diagnostic spectral lines of aluminum were those at
394.3 nm Al I, 281.6 and 283.13 nm Al II, and
371.3 nm Al III). The afterglow duration at the alu-
minum atom transitions reached 600 𝜇s. Therefore,
the cited authors have suggested the recombination
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mechanism for the population of excited energy lev-
els of atoms and single-charged aluminum ions.

The main characteristics of the 25–70-ns spark dis-
charge were quoted in work [4]. The discharge be-
tween two cylindrical electrodes fabricated of brass
or stainless steel and located at the distance 𝑑 =
= (1÷15) × 10−3 m from each other was ignited
by means of two different high-voltage pulse gener-
ators with pulse durations of 25 and 65–70 ns. In
the case of brass electrodes separated by the distance
𝑑 = 5 × 10−3 m, the main radiation in the radiation
spectrum of plasma was concentrated in a spectral in-
terval of 200–230 nm. The identification of the spec-
trum and the nature of its emitters was not performed
in work [4]. Later, we found [1, 5] that most of those
spectral lines belong to the atom and single-charged
ion of copper.

The results obtained for the spectral and tem-
poral characteristics of the pulse-periodic nanosec-
ond discharge in nitrogen with a beam of runaway
electrons were presented in work [6]. In these exper-
iments, aluminum electrodes of the “needle-plane”
type and arranged at the interelectrode distances
𝑑 = 2×10−3 and 6×10−3 m were applied. For the dis-
charge at 𝑑 = 2× 10−3 m, colored mini-jets of plasma
based on aluminum vapor plasma were observed in
the discharge near the cathode tip. The most in-
tensive spectral Al I and Al II lines were observed
in the plasma radiation spectra at 396.4, 396.12,
622.62, 623.17. 704.21, 705.66, and 706.36 nm, re-
spectively. The analysis of oscillograms of plasma
glowing at Al I and Al II transitions showed that they
have a recombination origin.

The work [7] contains the results of a research deal-
ing with UV radiation of high-voltage pulsed mul-
tielectrode surface discharge in air of atmospheric
pressure. The discharge was ignited in the form of a
set of successive microplasma formations with a spe-
cific energy contribution at a level of 10−3 J/m3. In
plasma radiation, the radiation by atoms and ions
of electrode material dominated. This source was the
most effective when the interelectrode distance was
𝑑 = 1.5 × 10−3 m in a system of six equal gaps, i.e.,
when the voltage overstress across the discharge gap
was maximum. The total energy introduced into the
discharge was about 0.2 J.

Besides the plasma of aluminum vapor, vapor of
the materials of other electrodes were also success-
fully introduced into the discharge gap of overstressed

nanosecond discharge. In particular, in works [9, 10],
the optical characteristics of the plasma of copper
and iron vapors were reported. Blue jets were gener-
ated in the nitrogen-based discharge when the cath-
ode is made of stainless steel. For the copper cath-
ode, green jets were generated at gas pressures of 4.4
and 6.7 kPa. For the aluminum cathode, the jets were
blue. The appearance of these plasma jets is associ-
ated with the explosions of micro-inhomogeneities on
the cathode surface and metal electroerosion giving
rise to the formation of metal vapor that filled the
discharge gap.

The study of the radiation spectra of nanosecond
discharge in nitrogen at pressures of 13.3–26.6 kPa
showed that plasma from the central part of dis-
charge gap emits only intensive bands of nitrogen
molecule. In the case of contracted discharge in air
at a pressure of 26.6 kPa, a characteristic broadband
continuum in a wavelength interval of 200–800 nm,
the spectral lines of nitrogen ions (N II), the lines of
oxygen atom, and the bands of NO radical were regis-
tered [9]. In plasma around the cathode tip, radiation
by Al I, Fe I, and Fe II ions dominated. Intensive spec-
tral lines of aluminum atoms at wavelengths of 394.4
and 394.15 nm were observed at that, for which the
upper energy level at 3.14 eV was common, whereas
the lower levels were either ground or lower on the
energy scale (𝐸 = 0.014 eV) [10].

The work [11] contains the results of a study of
thin-film solar cells based on CuIn1−𝑥Al𝑥Se2. The
best solar cells synthesized in this way have an ef-
ficiency of about 6.5% if the ratio between the alu-
minum and the total indium + aluminum contents,
Al/(In + Al), equals 0.2. A comparison of those val-
ues with similar data obtained for aluminum-free de-
vices showed a significant growth of the efficiency of
the former. These data confirmed a substantial im-
provement in the efficiency of the device associated
with the increase in the band gap size of absorber in
such quaternary alloys. Therefore, it is important to
develop new physical gas-discharge methods aimed at
the synthesis of quaternary chalcopyrites on the basis
of Cu, In, Al and Se in the form of thin films, which
can be produced making use of overstressed nanosec-
ond discharge between aluminum electrodes and the
corresponding ternary chalcopyrite (CuInSe2).

In this paper, we present the results obtained while
studying the characteristics of overstressed nanosec-
ond discharge plasma in argon between two electrodes
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Fig. 1. Pulsed power of overstressed nanosecond discharge
between two chalcopyrite electrodes at 𝑝(Ar) = 101 kPa

made of aluminum, two electrodes made of chalcopy-
rite, and between an electrode made of aluminum and
an electrode made of chalcopyrite. In particular, the
parameters of the studied discharge plasma are re-
ported, which were determined by solving the Boltz-
mann kinetic equation for the electron energy distri-
bution function in the case of homogeneous plasma
containing simultaneously both aluminum and chal-
copyrite vapors.

2. Experimental Technique
and Electrical Characteristics

Overstressed nanosecond discharge between an alu-
minum electrode and a chalcopyrite electrode
(CuInSe2) was ignited in a vacuum discharge cham-
ber made of plexiglass. The scheme of discharge de-
vice and the device for film deposition was given
in works [8, 12, 13]. The distance between the elec-
trodes was 1 × 10−3 m. The discharge chamber was
pumped out making use of a pre-vacuum pump to
a residual air pressure of 10 Pa; then argon was in-
let into the chamber. The argon pressure was 13.3 or
101 kPa. The diameter of the cylindrical electrodes
was 5 × 10−3 m. The radius of the rounded work-
ing lectrode-end surface was identical and equal to
−1.5× 10−3 m.

Oscillograms of voltage pulses across the discharge
gap and oscillograms of current pulses were registered
using a broadband capacitive voltage divider, a Ro-
govsky belt, and a broadband oscilloscope 6LOR-04
with a time resolution of 1–2 ns.

To register plasma radiation spectra, an MDR-2
monochromator and a photomultiplier FEU-106 were
applied. A signal from the photomultiplier was fed
to the amplifier and fixed on a personal computer
display using an amplitude-to-digital converter in an
automated spectrum measurement system. Discharge

radiation was examined in a spectral interval of 200–
650 nm.

Test experiments in argon were performed using a
discharge between two electrodes made of chalcopy-
rite or two aluminum electrodes installed instead of
them. The interelectrode distance was 1 × 10−3 m
in both cases, which allowed us to achieve a sub-
stantial overstress across the discharge gap. In both
cases, the discharge was spatially uniform owing to
preionization of the gaseous medium by accompany-
ing X-rays and a beam of electrons escaping from
plasma [14]. The discharge volume depended on the
frequency of voltage pulses. The “point discharge”
mode was achieved only at the repetition frequency of
voltage pulses in the interval 𝑓 = 40÷150 Hz. When
the frequency was increased to 1000 Hz, the plasma
volume in the gas-discharge emitter increased from
10−8 to 10−7 m3.

The oscillograms of voltage and current pulses in
discharges between two chalcopyrite or two aluminum
electrodes at an air pressure of 101 kPa were pre-
sented in works [13, 15]. The voltage and current os-
cillograms had the form of time-damping oscillations
lasting about 7–10 ns, which was associated with
a mismatch between the output resistance of high-
voltage modulator and the load resistance. As the in-
terelectrode distance was increased from 1 to 5 mm,
the resistance matching became better and the num-
ber of oscillations in the voltage and current pulses
decreased. However, this mode was not optimal for
the formation of flows of electrode-material-based
plasma, as well as the high-voltage subnanosecond
discharge between aluminum electrodes [6]. The max-
imum voltage amplitude reached 40–60 kV, and the
current amplitude 120–150 A (for chalcopyrite elec-
trodes). For the overstressed nanosecond discharge
between aluminum electrodes (𝑑 = 1×10−3 m) under
an argon pressure of 101 kPa, the maximum oscilla-
tion magnitude reached 35–40 V for the voltage, and
up to 250 A for the current.

Figures 1 and 2 illustrate the pulse power of dis-
charge in argon between two chalcopyrite and two
aluminum, respectively, electrodes (𝑑 = 1 × 10−3 m,
𝑝(Ar) = 101 kPa). The main fraction of the pulsed
electric power was introduced into plasma within the
first 150–200 ns and reached 5–6 MW (chalcopyrite
electrodes).

Graphical integration of the pulse power over the
time made it possible to determine the energy of
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one discharge pulse introduced into plasma. In par-
ticular, the energy contribution to the overstressed
nanosecond discharge between chalcopyrite electrodes
reached 0.400 J (𝑝(Ar) = 101 kPa). For the dis-
charge between aluminum electrodes, it was 0.441 J
(Fig. 2).

At 𝑝(Ar) = 13.3 kPa (Fig. 3), the mismatch be-
tween the output resistance of hight-voltage mod-
ulator and the resistance of nanosecond discharge
plasma between the aluminum and semiconductor
(CuInSe2) electrodes was the largest. Therefore, the
total duration of voltage oscillations across the gap
and discharge current oscillations reached 450–500 ns,
with the duration of separate oscillations reaching 7–
70 ns. Short-term oscillations were best observed in
the voltage oscillograms. They were absent from the
current oscillograms because to a large time constant
of the Rogovsky belt used in this experiment. The
maximum value of the voltage drop across the dis-
charge gap was 10–12 kV, if the positive and negative
voltage pulse amplitudes are taken into account. The
maximum current amplitude reached 200 A at the ini-
tial stage of discharge burning. The maximum value
of the discharge pulsed power was attained within the
first 100 ns from the ignition time and amounted to
450–500 kW.

As the argon pressure increased to 101 kPa, the
plasma resistance increased and the resistance match-
ing with the high-voltage bipolar pulse modulator be-
came better. In this case, the maximum amplitude of
the voltage amplitude increased to 60 kV and the du-
ration of the main part of the voltage oscillogram di-
minished to 100 ns. The maximum amplitude of the
current pulse reached 180–200 A and its total dura-
tion was 400–500 ns. Perhaps, the diffuse discharge
survived only within the first 100–120 ns and then
it transformed into the contracted state. The max-
imum value of the discharge pulsed power was ob-
served within the first 130 ns after its ignition and
was equal to 4 MW. An increase of argon pressure
from 13.3 to 101.3 kPa led to the growth in the en-
ergy of a single electric pulse from 0.046 to 0.423 J
(Figs. 3 and 4).

3. Optical Characteristics

Test studies of plasma radiation spectra were carried
out for the overstressed nanosecond discharge in ar-
gon between either two electrodes made of aluminum

Fig. 2. Pulsed power of overstressed nanosecond discharge
between two aluminum electrodes. 𝑑 = 1 × 10−3 m, 𝑝(Ar) =

= 101 kPa

R3Fig. 3. Oscillograms of the current, voltage, and pulse power
of overstressed nanosecond discharge between electrodes made
of aluminum and CuInSe2. 𝑝(Ar) = 13.3 kPa

Fig. 4. The same as in Fig. 3, but for 𝑝(Ar) = 101 kPa

(Fig. 5) or two electrodes made of the CuInSe2 com-
pound (Fig. 6). When identifying spectral lines in the
spectra, reference books [16–18] were used. At an ar-
gon pressure of 13.3 kPa, two groups of aluminum-
atom (Al I) spectral lines prevailed in the discharge
radiation spectrum: at 308.21, 309.27, and 309.28 nm
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a

 b
Fig. 5. Radiation spectra of overstressed nanosecond dis-
charge plasma between aluminum electrodes at 𝑝(Ar) = 13.3

(𝑎) and 101 kPa (𝑏)

Fig. 6. Radiation spectrum of overstressed nanosecond dis-
charge plasma between two chalcopyrite electrodes. 𝑝(Ar) =

= 101 kPa

and at 394.40, 394.89, and 396.15 nm. Less inten-
sive were the spectral lines 415.85, 419.83, and 420.06
nm Al I. The lower energy level of the spectral lines
308.21 and 394.40 nm (resonance) Al I is the ground
state of aluminum atom, and the energies of their
upper states are 4.02 and 3.14 eV, respectively. The
spectral lines 309.27 and 309.28 nm Al I terminate at
a low energy level with an energy of 0.014 eV. The
upper energy levels for the lines 415.85, 419.83,and
420.06 nm Al I are within an interval of 14.499–
14.529 eV, and the lower ones within an energy in-
terval of 11.548–11.624 eV.

Figure 6 exhibits the radiation emission spectrum
of overstressed nanosecond discharge between chal-
copyrite electrodes at an argon pressure of 101.3 kPa.
The results of identification of the main spectral lines
and bands of the decay products of the chalcopyrite
molecule, as well as a thorough analysis of the spec-
trum, were given in work [13]. However, the main
feature of the spectrum shown in Fig. 6 it should
be pointed out. The most intensive in the spectrum
were the spectral lines of copper and indium atoms
and ions, which were observed against the back-
ground of continuous plasma radiation. The origin of
continuous plasma radiation may be associated with
thermal or recombination plasma radiation. Copper
and indium atoms are least bound oned in the chal-
copyrite molecule, which was the main component
of massive electrodes [19]. Therefore, the linear sec-
tion of the plasma radiation spectrum is mainly pro-
duced by separate spectral lines of copper and indium
atoms and single-charged ions both for laser plasma
formed in vacuum at the surface of the target made
of this compound [20] and for gas discharge plasma
on the basis of air, nitrogen, or argon for overstressed
nanosecond discharge between copper electrodes un-
der atmospheric pressure [21]. The radiation emission
spectrum of the gaseous component, argon, did not
manifest itself in this spectral interval.

The radiation spectra and the results of identi-
fication of the most intensive spectral lines of the
aluminum atom and single-charged ion, as well as
the molecular bands, the decay products of chal-
copyrite molecules in overstressed nanosecond dis-
charge between aluminum and chalcopyrite electrodes
at 𝑝(Ar) = 101 and 13.3 kPa are depicted in Figs. 7
and 8 and in Tables 1 and 2.

At an argon pressure of 101 kPa, the most short-
wavelength and most intensive section of the spec-
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trum in the radiation spectrum of plasma based on
the mixture of aluminum and chalcopyrite vapors
(lines 1–10 ) included the spectral lines of copper and
aluminum atoms and single-charged ions. The spec-
tral lines were densely spaced against the continuum
background and practically formed a band extending
over 50 nm (from 200 to 250 nm).

The second group of spectral lines, which were
also observed against the continuous radiation back-
ground in a spectral interval of 308–451 nm, had a
higher separation degree, but their intensities were
low. Besides the spectral lines of copper and alu-
minum atoms and single-charged ions, separate lines
of argon atom (Ar I) and argon ion (Ar II) were also
observed in the violet and blue spectral intervals. Of
the indium lines, only atomic spectral lines at 410.17
and 451.13 nm appeared in the radiation spectrum.

In a spectral interval of 450–650 nm, the intensity
of continuous radiation increased strongly with the
increasing radiation wavelength. The spectral lines of
argon and copper atoms were mainly observed against
the continuous radiation background. The main rea-
son for the appearance of intensive continuum in
the spectrum is the transition of the diffuse form
of overstressed nanosecond discharge into the con-
tracted state (spark) under the argon atmospheric
pressure.

A reduction of the argon pressure to 13.3 kPa
favored the discharge ignition in the diffuse form,
whereas the contraction was much less pronounced.
Those changes led to a better manifestation of sep-
arate spectral lines of copper, aluminum, and argon
atoms and single-charged ions in the radiation spec-
trum (Fig. 8). The intensity for the group of copper
and aluminum spectral lines in a wavelength interval
of 200–225 nm (lines 1–6 ) decreased by a factor of
four. At reduced argon pressures, the most intensive
and well-separated were spectral lines 7–18 within
a wavelength interval of 230–400 nm. The intensity
of continuous radiation in this spectral range was
minimum. Here, the most intensive were the spec-
tral lines 11 (308.21 nm Al I, the resonance spectral
line), 12 (309.27 nm Al I), 17 (394.40 nm Al I), and
18 (396.1 nm Al I). Other spectral lines within this
spectral interval mainly belonged to copper and alu-
minum atoms.

Another rather well-separated group of spectral
lines 19–33 was emitted in a wavelength interval of
400–500 nm. It included the spectral lines of argon

Fig. 7. Radiation spectrum of overstressed nanosecond dis-
charge plasma between aluminum and chalcopyrite electrodes.
𝑝(Ar) = 101 kPa

Fig. 8. The same as in Fig. 7, but for 𝑝(Ar) = 13.3 kPa

atom and single-charge ion and the spectral lines
451.13 nm In I, and 484.22, 515.83 nm Cu I.

In a spectral interval of 500–630 nm prevailed
continuous radiation (probably, thermal radiation of
plasma), with the spectral lines 594.92 and 603.21 nm
Ar I being pronounced against it.

As the argon pressure grew from 13.3 to 101.3 kPa,
the intensities of the spectral lines of copper and in-
dium atoms and their single-charge ions increased. In
particular, the maximum growth was found for the in-
tensity of the spectral line 218.17 nm Cu I (8.6 times),
the lower energy level for which is the ground en-
ergy level of copper atom. An intensity increase of
6.3 times was registered for the ionic line 219.56 nm
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Table 1. Identification of the most intensive spectral lines of aluminum
atom and single-charged ion, as well as the molecular bands of decay products
of the chalcopyrite molecule in overstressed nanosecond discharge at 𝑝(Ar) = 101 kPa

No. 𝜆tab., nm 𝐼exp, a.u Object 𝐸low., eV 𝐸up., eV Loverterm Upperterm

1 214.89 3.90 Cu I 1.39 7.18 4𝑠2 2𝐷 5𝑓 2𝐹 0

2 218.17 3.94 Cu I 0.00 5.68 4𝑠 2𝑆 4𝑝′ 2𝑃 0

3 219.56 3.29 Cu II 8.78 14.43 4𝑝 3𝐷0 4𝑑 3𝐹

4 219.95 2.88 Cu I 1.39 7.02 4𝑠2 2𝐷 4𝑝′′ 2𝐷0

5 221.45 2.40 Cu I 1.39 6.98 4𝑠2 2𝐷 4𝑝′′ 2𝑃 0

6 224.20 2.45 Cu II 3.0 8.49 4𝑝 3𝐷

7 239.07 1.07 Al II 13.07 18.26 4𝑝 3𝑃 0 10𝑑 3𝐷

8 261.83 0.79 Cu I 1.39 6.12 4𝑠2 2𝐷 5𝑝 2𝑃 0

9 284.02 0.68 Al I 4.02 8.39 3𝑑 2𝐷 3𝑑 2𝐷0

10 306.34 0.92 Cu I 1.64 5.68 4𝑠2 2𝐷 4𝑝′ 2𝑃 0

11 308.21 1.34 Al I 0.00 4.02 3𝑝 2𝑃 0 3𝑑 2𝐷

12 309.27 1.88 Al I 0.01 4.02 3𝑝 2𝑃 0 3𝑑 2𝐷

13 324.75 1.42 Cu I 0 3.82 4𝑠 2𝑆 4𝑝 2𝑃 0

14 327.39 1.43 Cu I 0 3.39 4𝑠 2𝑆 4𝑝 2𝑃 0

15 329.05 1.05 Cu I 5.07 8.84 4𝑝′ 4𝐹 0 4𝑑′ 4𝐹

16 360.65 0.97 Ar I 11.62 15.06 4𝑠[1/2]0 6𝑝[1/2]

17 394.40 1.27 Al I 0.00 3.14 3𝑝 2𝑃 0 4𝑠 2𝑆

18 396.15 1.76 Al I 0.01 3.14 3𝑝 2𝑃 0 4𝑠 2𝑆

19 402.26 0.64 Cu I 3.79 6.87 4𝑝 2𝑃 0 5𝑑 2𝐷

20 405.67 0.70 Al II 15.47 18.52 3𝑠4𝑑 1𝐷 3𝑠15𝑝 1𝑃 0

21 410.17 1.19 In I – 3.02 5𝑠25𝑝 2𝑃 0 5𝑠26𝑠 2𝑆1/2

22 415.85 1.18 Ar I 11.55 14.53 4𝑠[1/2]0 5𝑝[1 1/2]

23 417.83 1.12 Ar II 16.64 19.61 4𝑠 4𝑃 4𝑝 4𝐷0

24 419.07 0.74 Ar I 11.55 14.51 4𝑠[1/2]0 5𝑝[2 1/2]

25 420.06 0.90 Ar I 11.55 14.50 4𝑠[1/2]0 5𝑝[2 1/2]

26 422.26 1.22 Ar II 19.87 22.80 4𝑝 2𝑃 0 5𝑠 2𝑃

27 425.93 0.73 Ar I 11.83 14.74 4𝑠′[1/2]0 5𝑝′[1/2]

28 426.62 0.70 Ar I 11.62 14.53 4𝑠[1/2]0 5𝑝[1 1/2]

29 427.21 0.76 Ar I 11.62 14.52 4𝑠[1/2]0 5𝑝[11/2]

30 430.01 0.76 Ar I 11.62 14.51 4𝑠′[1/2]0 5𝑝[2 1/2]

31 433.35 0.89 Ar I 11.83 14.69 4𝑠′[1/2]0 5𝑝′[1 1/2]

32 451.13 1.65 In I 0.27 3.02 5𝑠25𝑝 2𝑃 0 5𝑠26𝑠 2𝑆1/2

33 484.22 1.18 Cu I 5.24 7.80 4𝑝′ 4𝐹 0 5𝑠′ 4𝐷

34 515.83 1.32 Cu I 5.69 8.09 4𝑝′ 2𝑃 0 5𝑠′ 2𝐷

35 516.22 1.13 Ar I 12.91 15.31 4𝑝[1/2] 6𝑑[1/2]0

36 518.77 1.42 Ar I 12.91 15.30 4𝑝[1/2] 5𝑑′[1 1/2]0

37 549.58 1.57 Ar I 13.08 15.33 4𝑝[2 1/2] 6𝑑[3 1/2]0

38 555.87 1.46 Ar I 12.91 15.14 4𝑝[1/2] 5𝑑[1 1/2]0

39 556.69 1.45 Se II
40 594.92 2.00 Ar I 13.28 15.35 4𝑝′[1 1/2] 6𝑑[1 1/2]

41 603.21 2.25 Ar I 13.08 15.13 4𝑝[2 1/2] 5𝑑[3 1/2]0

Cu II. For the resonance line of copper atom at
306.34 nm, the intensity growth was small (only
about 1.3 times), perhaps because of self-absorption
of plasma radiation. The intensity increase for the in-

dium atomic lines at 410.17 and 451.22 nm was also
small (about 1.1–1.2 times).

Concerning the spectral lines of aluminum atom
at 308.21, 309.27, 394.40 (the resonance line), and
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Table 2. Identification of the most intensive spectral lines of aluminum
atom and single-charged ion, as well as the molecular bands of decay products
of the chalcopyrite molecule in overstressed nanosecond discharge at 𝑝(Ar) = 13.3 kPa

No. 𝜆tab., nm 𝐼exp., a.u Object 𝐸low., eV 𝐸up., eV Loverterm Upperterm

1 214.89 1.09 Cu I 1.39 7.18 4𝑠2 2𝐷 5𝑓 2𝐹 0

2 218.17 0.47 Cu I 0.00 5.68 4𝑠 2𝑆 4𝑝′ 2𝑃 0

3 219.56 0.53 Cu II 8.78 14.4 4𝑝 3𝐷0 4𝑑 3𝐹

4 219.95 0.55 Cu I 1.39 7.02 4𝑠2 2𝐷 4𝑝′′ 2𝐷0

5 221.45 0.57 Cu I 1.39 6.98 4𝑠2 2𝐷 4𝑝′′ 2𝑃 0

6 224.20 0.49 Cu II 3.0 8.49 4𝑝 3𝐷

7 239.07 0.82 Al II 13.07 8.78 4𝑝 3𝑃 0 10𝑑 3𝐷

8 261.83 0.44 Cu I 1.39 6.12 4𝑠2 2𝐷 5𝑝 2𝑃 0

9 284.02 0.27 Al I 4.02 8.39 3𝑑 2𝐷 3𝑑 2𝐷0

10 306.34 0.71 Cu I 1.64 5.68 4𝑠2 2𝐷 4𝑝′ 2𝑃 0

11 308.21 2.08 Al I 0.00 4.02 3𝑝 2𝑃 0 3𝑑 2𝐷

12 309.27 3.02 Al I 0.01 4.02 3𝑝 2𝑃 0 3𝑑 2𝐷

13 324.75 1.38 Cu I 0.00 3.82 4𝑠 2𝑆 4𝑝 2𝑃 0

14 327.39 1.04 Cu I 0.00 3.39 4𝑠 2𝑆 4𝑝 2𝑃 0

15 329.05 0.79 Cu I 5.07 8.84 4𝑝′ 4𝐹 0 4𝑑′ 4𝐹

16 360.65 0.64 Ar I 11.62 15.0 4𝑠[1/2]0 6𝑝[1/2]

17 394.40 2.54 Al I 0.00 3.14 3𝑝 2𝑃 0 4𝑠 2𝑆

18 396.15 2.55 Al I 0.01 3.14 3𝑝 2𝑃 0 4𝑠 2𝑆

19 402.26 0.34 Cu I 3.79 6.87 4𝑝 2𝑃 0 5𝑑 2𝐷

20 405.67 0.58 Al II 15.47 18.52 3𝑠4𝑑 1𝐷 3𝑠15𝑝 1𝑃 0

21 410.17 1.01 In I – 3.02 5𝑠25𝑝 2𝑃 0 5𝑠26𝑠 2𝑆1/2

22 415.85 1.26 Ar I 11.55 14.53 4𝑠[1/2]0 5𝑝[1 1/2]

23 417.83 0.5 Ar II 16.64 19.61 4𝑠 4𝑃 4𝑝 4𝐷0

24 419.07 0.78 Ar I 11.55 14.51 4𝑠[1/2]0 5𝑝[2 1/2]

25 420.06 1.51 Ar I 11.55 14.50 4𝑠[1/2]0 5𝑝[2 1/2]

26 422.26 0.44 Ar II 19.87 22.80 4𝑝 2𝑃 0 5𝑠 2𝑃

27 425.93 0.73 Ar I 11.83 14.74 4𝑠′[1/2]0 5𝑝′[1/2]

28 426.62 0.61 Ar I 11.62 14.53 4𝑠[1/2]0 5𝑝[1 1/2]

29 427.21 0.72 Ar I 11.62 14.52 4𝑠[1/2]0 5𝑝[1 1/2]

30 430.01 0.62 Ar I 11.62 14.51 4𝑠′[1/2]0 5𝑝[2 1/2]

31 433.35 0.81 Ar I 11.83 14.69 4𝑠′[1/2]0 5𝑝′[1 1/2]

32 451.13 1.51 In I 0.27 3.02 5𝑠25𝑝 2𝑃 0 5𝑠26𝑠 2𝑆1/2

33 484.22 1.12 Cu I 5.24 7.80 4𝑝′ 4𝐹 0 5𝑠′ 4𝐷

34 515.83 0.49 Cu I 5.69 8.09 4𝑝′ 2𝑃 0 5𝑠′ 2𝐷

35 516.22 0.53 Ar I 12.91 15.31 4𝑝[1/2] 6𝑑[1/2]0

36 518.77 0.50 Ar I 12.91 15.30 4𝑝[1/2] 5𝑑′[1 1/2]0

37 549.58 0.65 Ar I 13.08 15.33 4𝑝[2 1/2] 6𝑑[3 1/2]0

38 555.87 0.62 Ar I 12.91 15.14 4𝑝[1/2] 5𝑑[1 1/2]0

39 556.69 0.60 Se II
40 594.92 0.93 Ar I 13.28 15.35 4𝑝′[1 1/2] 6𝑑[1 1/2]

41 603.21 1.32 Ar I 13.08 15.13 4𝑝[2 1/2] 5𝑑[3 1/2]0

396.15 nm, their intensities diminished from 1.4 to
2.3 times with the increasing argon pressure (Ta-
bles 1 and 2). For the ionic aluminum lines 239.07
and 405.67 nm Al II an increase of their intensities

by about 1.3 times with the increasing argon pres-
sure was registered (Tables 1 and 2). For the intensi-
ties of the spectral lines of argon atom at 549.58 and
594.92 nm, the intensity growth with the argon pres-
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sure increase was the largest (by 2.4 and 2.2 times,
respectively, see Tables 1 and 2). For the ionic argon
lines 417.83 and 422.26 nm Ar II, the intensity in-
crease was 2.3 and 2.8 times, respectively (Tables 1
and 2).

The electron concentration in discharges with the
explosive (ectonic) mechanism of inserting the va-
por of electrode material at atmospheric pressures
of buffer gas can reach 107–108 m−3 [22]. Based on
this fact, the formation mechanism of excited metal
ions (copper and aluminum, Tables 1 and 2) in re-
searched plasma can be governed by the processes of
their electron excitation. The processes of electron-
ion recombination begin only afterwards. A high ef-
ficiency of excitation of single-charged ions of transi-
tion metals (Zn, Cd, and others) in the ground en-
ergy state with slow electrons is evidenced by the re-
sults of systematic study of effective cross-sections of
such processes that were carried out at the Institute
of Electronic Physics of NAS of Ukraine (I.P. Za-
pisochnyi, O.B. Shpenyk, G.M. Gomonai, and oth-
ers). For example, the corresponding effective elec-
tron excitation cross-sections for zinc ions reach a
value of 10−12 m2 [23].

The intensity increase of Al II spectral lines with in-
creasing argon pressure may originate from the grow-
ing recombination efficiency of double-charged alu-
minum ions with electrons. The importance of recom-
bination processes in microsecond spark-discharge
plasma between aluminum electrodes is pointed out
by the results of works [3, 24], where lines of
double-charged ions were observed in plasma radia-
tion spectra, in particular, it was the line 371.3 nm
Al III [3]. In comparison with the argon atom and
the chalcopyrite molecule, aluminum is an easily
excitable and easily ionized element in examined
plasma. Therefore, it is highly probable that single-
and double-charge ions, primarily of aluminum, can
be formed immediately in the course of microexplo-
sions of natural inhomogeneities on the surface of alu-
minum electrode [25].

4. Numerical Simulation
of Plasma Parameters

Besides the electrical and optical characteristics of
overstressed nanosecond discharge plasma, it is im-
portant to determine such plasma parameters as the
electron transport characteristics, the power of dis-
charge losses for elastic and inelastic electron colli-

sions with the argon and aluminum atoms and chal-
copyrite molecules, and the ratio 𝐸/𝑁 between the
electric field strength 𝐸 and the total concentration
𝑁 of the components in the experimental vapor-gas
mixture. Numerical calculations of plasma parame-
ters were performed assuming that the chalcopyrite
molecule can be substituted by the copper atom,
which is responsible for the main radiation emission
characteristics of discharge and is the least bound en-
tity in the chalcopyrite molecule. It was done because
of the current absence of effective cross-section data
for the interaction between electrons and the CuInSe2
molecule. The concentration of copper vapor for sim-
ulation was chosen according to the data of work [28].

In order to calculate the parameters of plasma
based on the mixtures of argon with aluminum and
copper vapors, we used the standard program for
solving the Boltzmann kinetic equation for the elec-
tron energy distribution function (EEDF). The ap-
plication of this program assumes the presence of an
electric field that is constant in time and space [27].

It is known that the time required for the electron
energy distribution to become quasi-stationary is ap-
proximately equal to the relaxation time of the aver-
age electron energy [28, 29]

𝜏 =
𝑚𝑣𝑒𝜀

𝑒2𝐸2
,

where 𝑚 is the electron mass, 𝜀 the average elec-
tron energy, 𝑒 the electron charge, 𝐸 the electric field
strength, and 𝑣𝑒 the frequency of elastic electron colli-
sions with mixture atoms (argon, aluminum, and cop-
per). The estimate of the 𝜏 magnitude for our experi-
mental parameters gives a value of about 1×10−13 s,
which is much shorter than the duration (about 10 ns)
of voltage oscillations for overstressed nanosecond dis-
charge between aluminum and chalcopyrite electrodes
at argon pressures of 13.3 and 101 kPa obtained ex-
perimentally (Figs. 3 and 4, respectively). Therefore,
we suppose that in our experiment, the standard Bol-
sig+ software program for solving the Boltzmann ki-
netic equation for the EEDF [27] can be used.

The parameters of discharge plasma in mixtures
of argon with aluminum and copper vapors were
calculated numerically as complete integrals of the
EEDFs. The latter were found by solving the Boltz-
mann kinetic equation in the two-term approxima-
tion. The EEDF calculations were performed using
the software program [27]. The the database of the
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latter, in particular, includes the effective cross-sec-
tions of electron interaction with the argon and
copper atoms. The effective cross-sections of elec-
tron interaction with aluminum atoms were used in
work [30]. On the basis of the calculated EEDFs, the
main plasma parameters and their dependences on
the reduced electric field (the ratio 𝐸.𝑁 between the
electric field strength 𝐸 and the total concentration of
argon atoms and the aluminum and copper impurity
vapors 𝑁). The parameter 𝐸/𝑁 was varied within an
interval of 1–2000 Td (i.e., 1×10−21–2×10−18 V m2),
which included the experimental values. The integral
of electron collisions with molecules and atoms took
into account the following processes: elastic scat-
tering of electrons by argon, aluminum, and copper
atoms; excitation of the energy level of argon atom
(a threshold energy of 11.50 eV); ionization of argon
atom (a threshold energy of 15.80 eV); excitation of
the energy levels of aluminum atom (threshold en-
ergies of 3.1707, 2.9032, 4.1463, 4.2339, 4.1296, and
5.1220 eV); ionization of aluminum atom (a threshold
energy of 6.0000 eV); excitation of the energy levels of
copper atom (threshold energies of 1.500, 3.800, and
5.100 eV); and ionization of copper atom (a threshold
energy of 7.724 eV).

Figure 9 illustrates the dependences of the average
electron energy on the reduced electric field strength
for discharge plasma in the mixtures of argon at par-
tial pressures of 101 and 13.3 kPa with impurities
of aluminum and copper vapors at partial pressures
of 100 Pa and 10 kPa. The average electron energy
in the discharge increases linearly for all mixtures as
the reduced electric field strength increases from 1 to
2000 Td: from 0.18 to 8.1 eV (curve 1 ), from 0.47 to
17.68 eV (curve 2 ), from 0.92 to 26.36 eV (curve 3 ),
and from 1.30 to 27.32 eV (curve 4 ). Within an inter-
val of 1–100 Td of the reduced electric field strength,
the growth of the rate of its variation was larger in
comparison with an interval of 100–2000 Td.

Table 3 contains the results of calculations of the
electron transport characteristics – the average en-
ergies 𝜀, the temperature 𝑇 , the drift velocity 𝑉𝑑𝑟,
and the electron concentration 𝑁 – for four mix-
tures of argon with aluminum and copper vapors and
for the reduced field strengths that were 30, 50, and
150 ns after the discharge ignition. The average en-
ergy of discharge electrons in the gas-vapor mixture
Ar–Al–Cu = 101 kPa : 100 Pa : 100 Pa reached at
30 ns after the pulse had begun (𝐸 = 3 × 107 V/m,

Fig. 9. Dependences of the average electron energy in the
plasma of gas-vapor mixtures on the reduced electric field
strength: (1 ) Ar–Al–Cu = 13.3 kPa : 10.0 kPa : 10.0 kPa,
a total pressure of 33.3 kPa; (2 ) Ar–Al–Cu = 101 kPa :

10.0 kPa : 10.0 kPa, a total pressure of 121 kPa; (3 ) Ar–Al–
Cu = 13.3 kPa : 0.1 kPa : 0.1 kPa, a total pressure of 13.5 kPa;
(4 ) Ar–Al–Cu = 101 kPa : 0.1 kPa : 0.1 kPa, a total pressure
of 101.2 kPa

Table 3. Transport characteristics
of electrons in discharge in the argon mixtures
with aluminum and copper vapors for various
partial-pressure ratios and at various
moments after the discharge ignition

𝜏 , ns 𝐸/𝑁 , Td 𝜀, eV 𝑇 ∘, K 𝑉dr., m/s 𝑁𝑒, m−3

Mixture: Ar–Al–Cu= 101 kPa : 0.1 kPa : 0.1 kPa

30 1227 17.8 206480 7.1× 105 4.5× 1019

150 123 7.1 82360 9.6× 104 6.5× 1019

Mixture: Ar–Al–Cu= 101 kPa : 10 kPa : 10 kPa

30 1026 9.6 111360 4.2× 105 7.6× 1019

150 103 2.8 32480 1.9× 105 3.2× 1019

Mixture: Ar–Al–Cu= 13.3 kPa : 0,1 kPa : 0,1 kPa

50 1875 24.5 284200 9.4× 105 2.7× 1019

150 938 14.1 163560 5.2× 105 9.8× 1018

Mixture: Ar–Al–Cu= 13.3 kPa : 10 kPa : 10 kPa

50 746 4.7 54520 3.2× 105 7.4× 1019

150 373 3.6 41760 2.6× 105 1.2× 1019

𝐸/𝑁 = 1227 Td) was 17.8 eV, and 7.1 eV (𝐸 =
= 3 × 106 V/m, 𝐸/𝑁 = 123 Td) at 150 ns after
the pulse had begun. As the partial pressure of metal
vapor increased, the average energy decreased to 9.6
and 2.8 eV, respectively.

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 4 249



O.K. Shuaibov, O.Y. Minya, A.O. Malinina et al.

Fig. 10. Dependences of the specific discharge power losses at
inelastic electron collisions with argon, aluminum, and copper
atoms on the reduced electric field strength in the plasma of
gas-vapor mixtures: (1 ) Ar–Al–Cu = 13.3 kPa : 10.0 kPa :

10.0 kPa, a total pressure of 33.3 kPa; (2 ) Ar–Al–Cu =
= 101 kPa : 10.0 kPa : 10.0 kPa, a total pressure of 121 kPa;,
(3 ) Ar–Al–Cu = 13.3 kPa : 0.1 kPa : 0.1 kPa, a total pressure
of 13.5 kPa; (4 ) Ar–Al–Cu = 101 kPa : 0.1 kPa : 0.1 kPa, a
total pressure of 101.2 kPa

Fig. 11. The same as in Fig. 10, but for inelastic electron
collisions with argon, aluminum, and copper atoms

The same dependence was observed for the elec-
tron temperature: it decreased with the increasing
partial pressures of aluminum and copper vapors. As
the partial argon pressure decreased to 13.3 kPa, the
average electron energy for the mixture with partial
pressures of metal vapors of 100 Pa was higher than
for the discharge in the mixture with a partial argon
pressure of 101 kPa: this quantity reached 24.5 and
14.1 eV, respectively. As the partial pressures of alu-
minum and copper vapors increased to 10 kPa and

the partial argon pressure was 13.3 kPa, the average
electron energy decreased to 4.7 and 3.6 eV, respec-
tively. The electron temperature for lower partial ar-
gon pressures also decreased with the increasing par-
tial pressures of aluminum and copper vapors.

The electron drift velocity behaved similarly to the
average electron energy when the partial pressures
of the gas-vapor mixture components changed. The
maximum value of the electron drift velocity 𝑉𝑑𝑟 was
7.1 × 105 m/s for discharge in the mixture Ar–Al–
Cu = 101 kPa : 100 Pa : 100 Pa. The electron con-
centration was maximum for discharge in the mixture
Ar–Al–Cu = 101 kPa : 10 kPa : 100 kPa. Its value
was 7.6× 1019 m−3.

In Figs. 10 and 11, the 𝐸/𝑁 -dependences of spe-
cific discharge power losses for inelastic and elas-
tic, respectively, processes of electron collisions with
the mixture components in the gas-discharge plasma
are depicted. An increase of this parameter with the
growing reduced electric field strength is observed in
both cases. For inelastic processes, discharge losses
in a 𝐸/𝑁 interval of 1–750 Td are approximately
equal, and in an interval of 750–2000 Td, they vary
within the same order of magnitude. For elastic pro-
cesses, discharge losses begin to differ starting from
𝐸/𝑁 = 1 Td, and the difference increases with the

Table 4. Specific discharge power losses
for elastic and inelastic electron scattering
processes in the argon mixtures with aluminum
and copper vapors for various partial-pressure
ratios and for the electric field strengths
at various moments after the discharge ignition

𝐸/𝑁 , Td
Power/𝑁 (eV m3/s)

Elastic Inelastic

Mixture: Ar–Al–Cu= 101000 Pa : 100 Pa : 100 Pa

1227 0.1363E-15 0.5109E-12
123 0.4186E-16 0.1345E-13

Mixture: Ar–Al–Cu= 101000 Pa : 1000 Pa : 1000 Pa

1026 0.9111E-16 0.3390E-12
103 0.1068E-16 0.2454E-13

Mixture: Ar–Al–Cu= 133000 Pa : 100 Pa : 100 Pa

1875 0.2007E-15 0.8906E-12
938 0.1090E-15 0.3452E-12

Mixture: Ar–Al–Cu= 133000 Pa : 1000 Pa : 1000 Pa

746 0.3654E-16 0.2297E-12
373 0.1641E-16 0.8498E-13
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Table 5. Rate constants of spectral line excitation of aluminum
and copper atoms in the argon mixtures with aluminum and copper vapors
for the electric field strengths at various moments after the discharge ignition.
𝐸th is the threshold excitation energy for the spectral lines of copper atom

𝐸/𝑁 , Td Mixture: Ar–Al–Cu= 101000 Pa : 100 Pa : 100 Pa

1227 Al 𝜆, nm 308.21 309.27 394.40 396.15
𝑘, m3/s 1.619E-15 1.955E-15 2.357E-15 4.244E-15

Cu 𝐸th, eV 1.5 1.5 3.8 5.1
𝑘, m3/s 0.2835E-13 0.2248E-13 0.8894E-12 0.2374E-15

123 Al 𝜆, nm 308.21 309.27 394.40 396.15
𝑘, m3/s 1.278E-15 1.814E-15 1.688E-15 3.317E-15

Cu 𝐸th, eV 1.5 eV 1.5 eV 3.8 eV 5.1 eV
𝑘, m3/s 0.2571E-13 0.1946E-13 0.4325E-12 0.1152E-15

𝐸/𝑁 , Td Mixture: Ar–Al–Cu= 101000 Pa : 10000 Pa : 10000 Pa

1026 Al 𝜆, nm 308.21 309.27 394.40 396.15
𝑘, m3/s 2.224E-15 1.929E-15 2.025E-15 3.785E-15

Cu 𝐸th, eV 1.5 1.5 3.8 5.1
𝑘, m3/s 0.2857E-13 0.2221E-13 0.6451E-13 0.1758E-15

103 Al 𝜆, nm 308.21 309.27 394.40 396.15
𝑘, m3/s 6.078E-16 5.555E-16 9.438E-16 2.051E-15

Cu 𝐸th, eV 1.5 1.5 3.8 5.1
𝑘, m3/s 0.3763E-14 0.5107E-14 0.6451E-13 0.1758E-16

𝐸/𝑁 , Td Mixture: Ar–Al–Cu= 13300 Pa : 100 Pa : 100 Pa

1875 Al 𝜆, nm 308.21 309.27 394.40 396.15
𝑘, m3/s 0.2564E-13 1.957E-15 0.2452E-14 0.4441E-14

Cu 𝐸th, eV 1.5 1.5 3.8 5.1
𝑘, m3/s 0.2855E-13 0.2039E-13 0.9551E-12 0.2653E-15

938 Al 𝜆, nm 308.21 309.27 394.40 396.15
𝑘, m3/s 0.2283E-14 0.1970E-14 0.2218E-14 0.4049E-14

Cu 𝐸th, eV 1.5 1.5 3.8 5.1
𝑘, m3/s 0.2950E-13 0.2322E-13 0.8064E-12 0.2121E-15

𝐸/𝑁 , Td Mixture: Ar–Al–Cu= 13300 Pa : 10000 Pa : 10000 Pa

746 Al 𝜆, nm 308.21 309.27 394.40 396.15
𝑘, m3/s 0.1245E-14 0.1114E-14 0.1306E-14 0.2722E-14

Cu 𝐸th, eV 1.5 1.5 3.8 5.1
𝑘, m3/s 0.1357E-13 0.9960E-14 0.1642E-12 0.4622E-16

373 Al 𝜆, nm 308.21 309.27 394.40 396.15
𝑘, m3/s 0.5959E-15 0.5431E-15 0.9452E-15 0.2054E-14

Cu 𝐸th, eV 1.5 1.5 3.8 5.1
𝑘, m3/s 0.7009E-14 0.4981E-14 0.6170E-13 0.1680E-16

growth of the reduced electric field strength. In ad-
dition, the following regularity took place for power
losses in the both cases of inelastic and elastic electron
collisions with the mixture components; they were

identical for discharge in the mixtures with lower par-
tial vapor pressures of aluminum and copper. Such a
regularity can be associated with higher electron en-
ergies in discharge in those mixtures (Table 3) and
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close by values constants of inelastic and elastic pro-
cesses in discharge in the mixtures with lower partial
vapor pressures of aluminum and copper (Table 5).

Table 5 quotes the values of the rate constants for
excitation of separate spectral lines of aluminum and
copper atoms by discharge electrons in the exam-
ined gas-vapor mixtures for the magnitudes of the
reduced electric field strength at 50, 150, and 300 ns
after the discharge ignition (Figs. 3 and 4). These
values vary within an interval of 0.1758 × 10−16–
0.9551×10−12 m3/s for typical 𝐸/𝑁 values. The val-
ues obtained for copper atoms were higher than for
aluminum ones in all researched mixtures. We also
point out the increased values of the rate constants of
spectral line excitation for both aluminum and copper
atoms at 30–50 ns after the discharge ignition in com-
parison with the corresponding values at 150 ns. Such
a behavior can be explained by different magnitudes
of the reduced electric field strength at those time
moments (see Figs. 3 and 4) and, accordingly, dif-
ferent average electron energies (Table 3), which is
associated with different values of absolute effective
cross-sections of inelastic electron collisions with cop-
per and aluminum atoms. The effective cross-sections
of inelastic electron collisions with copper atoms are
larger than for aluminum ones [30], therefore the ex-
citation rate constants for the spectral lines of copper
atoms are also larger (Table 5).

5. Conclusions

To summarize, the study of the parameters of over-
stressed nanosecond discharge showed that a diffuse
discharge is ignited between aluminum and chalcopy-
rite electrodes at the initial time moment if the argon
pressure equals 13.3 or 101.3 kPa. Later, it contracts
as is evidenced by the presence of a characteristic
spark continuum of radiation in a spectral interval
of 200–650 nm. The spark continuum of plasma ra-
diation is most pronounced at an argon pressure of
101.3 kPa, which testifies to the discharge contraction
already after the first half-wave of reflected voltage
due to a mismatch between the plasma resistance and
the resistance of the discharge supply system. There-
fore, for the application of the diffuse discharge stage
to be more efficient, it is necessary to ignite the dis-
charge at partial argon pressures within an interval
of 10–30 kPa.

The maximum pulsed electric discharge power
reached a value of 4 MW, and the energy contri-

bution to plasma per pulse was 423 mJ. The study
of the spectral characteristics of plasma based on
the gas-vapor mixtures Ar–Al–CuInSe2 showed that
the most intensive are the spectral lines of copper
atom in an interval of 200–250 nm, and the spec-
tral lines of indium and aluminum atoms and ions
are observed in the longer-wavelength interval. The
character of plasma radiation spectra does not speak
in favor of any selective mechanisms giving rise to
the formation of excited metal atoms and ions as
a result of energy transfer from metastable atoms
or argon molecules to aluminum, copper, or indium
atoms. The following separate and most intensive
lines in a spectral interval of 300–460 nm can be used
to diagnose the sputtering of quaternary chalcopyrite
films of the CuIn1−𝑥Al𝑥Se2 type in real time: 307.38
and 329.05 nm Cu I; 410.17 and 451.13 nm In I; and
308.21, 309.27, 394.40, and 396.15 nm Al I. The pres-
ence of the main spectral lines of aluminum, copper,
and indium in the plasma radiation spectra allows one
to suppose the deposition of a thin film of quaternary
chalcopyrite CuIn1−𝑥Al𝑥Se2 beyond plasma, as it was
implemented for ternary chalcopyrite CuInSe2.

The study of the electron transport parameters,
the discharge power losses for elastic and inelastic
processes of electron collisions with the components
of gas-vapor mixtures of argon with copper and alu-
minum atoms revealed an increase of the electron av-
erage energy and temperature in the mixtures with
lower partial pressures of argon and aluminum and
copper vapors, as well as their larger values for the
reduced electric field strengths at 30 and 50 ns af-
ter the discharge ignition in comparison with the
time moment 𝑡 = 150 ns. The maximum values of
the electron average energy and temperature were
24.5 eV and 284 200 K, respectively, for discharge
in the gas-vapor mixture Ar–Al–Cu = 13300 Pa :
100 Pa : 100 Pa. The discharge power losses for elastic
and inelastic electrons collisions with the components
of gas-vapor mixtures had a similar behavior. They
were larger for the reduced electric field strength at
the moment of discharge ignition, being larger for
inelastic electron collisions with the components of
gas-vapor mixtures. A maximum value of 0.8906×
× 10−12 eV m3/s was observed also for discharge
in the mixture Ar–Al–Cu = 13300 Pa : 100 Pa :
100 Pa. Typical of discharges in all gas-vapor mix-
tures were also the larger values of the rate constants
of spectral line excitation for both aluminum and cop-
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per atoms at the initial moments of discharge ignition
(Δ𝜏 = 30÷50 ns) in comparison with the time mo-
ment 𝜏 = 150 ns. This parameter varied within an
interval of 0.1758× × 10−16–0.9551× 10−12 m3/s.

For discharge in the mixture Ar–Al–Cu =
= 13300 Pa : 100 Pa : 100 Pa, the rate constants of

spectral line excitation for aluminum and copper
atoms are substantial, which provides a higher inten-
sity of the corresponding spectral lines emitted from
the plasma discharge. Therefore they can be recom-
mended for application at the diagnosis and sputter-
ing of thin films on the basis of quaternary chalcopy-
rite in real-time mode.
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О.К.Шуаiбов, О.Й.Миня,
А.О.Малiнiна, Р.В. Грицак, О.М.Малiнiн

ОПТИЧНI ХАРАКТЕРИСТИКИ I ПАРАМЕТРИ
ПЛАЗМИ ПЕРЕНАПРУЖЕНОГО НАНОСЕКУНДНОГО
РОЗРЯДУ МIЖ ЕЛЕКТРОДАМИ З АЛЮМIНIЮ
ТА ХАЛЬКОПIРИТУ (СuInSe2) В АРГОНI

Приведено оптичнi характеристики i параметри перенапру-
женого наносекундного розряду в аргонi мiж електродами
з алюмiнiю i халькопiриту (СuInSe2) при 𝑝(Ar) = 13,3 i
101 кПа. Внаслiдок мiкровибухiв природних неоднорiдно-
стей на робочих поверхнях електродiв в сильному електри-

чному полi в плазму вносяться як пари алюмiнiю, так i па-
ри халькопiриту, що створює передумови для синтезу за
межами розряду тонких плiвок четверного халькопiриту –
CuAlInSe2. Дослiджено iмпульси напруги i струму на роз-
рядному промiжку величиною 𝑑 = 1 ·10−3 м (розмiри наве-
дено в системi СI), а також iмпульсний енергетичний вне-
сок у плазму. Ретельно дослiджено спектри випромiнюван-
ня плазми, що дозволило встановити основнi продукти роз-
паду молекули халькопiриту та енергетичнi стани атомiв
i однозарядних iонiв алюмiнiю, мiдi i iндiю, в яких вони
утворюються в розрядi. Виявлено репернi спектральнi лiнiї
атомiв i iонiв алюмiнiю, мiдi i iндiю, якi можуть бути вико-
ристанi для контролю за процесом напилення тонких плi-
вок четверного халькопiриту. Методом числового моделю-
вання параметрiв плазми перенапруженого наносекундно-
го розряду на основi парiв алюмiнiю i халькопiриту, шля-
хом розв’язку кiнетичного рiвняння Больцмана для функцiї
розподiлу електронiв за енергiями розраховано температу-
ру i концентрацiю електронiв у розрядi, питомi втрати по-
тужностi розряду на основнi електроннi процеси i констан-
ти швидкостi електронних процесiв в залежностi вiд вели-
чини параметра 𝐸/𝑁 (де 𝐸 – напруженiсть електричного
поля, 𝑁 – загальна концентрацiя сумiшi парiв алюмiнiю
та аргону.

Ключ о в i с л о в а: перенапружений наносекундний роз-
ряд, алюмiнiй, халькопiрит, аргон.

254 ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 4


