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The characteristics of an overstressed bipolar discharge with a duration of 100 - 150 ns in argon and air,

which was ignited between copper electrodes in argon, and also between an aluminum electrode and a
chalcopyrite (CulnSez) electrode in air, are presented. In the process of microexplosions of inhomogeneities on
the working surfaces of the electrodes in a strong electric field, vapor of copper, aluminum and vapor of ternary
chalcopyrite are introduced into the interelectrode gap. This creates the prerequisites for the synthesis of thin
copper films and the synthesis of films based on quaternary chalcopyrite - CuAllnSez, which can be deposited on
a quartz plate installed near the center of the discharge gap.

The optical characteristics of the plasma, as well as voltage pulses across the discharge gap of d =1 - 2 mm,
current pulses and pulsed energy contributions to the discharge, have been investigated using emission
spectroscopy with a high time resolution.The plasma emission spectra were thoroughly 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.

On the basis of the destruction products of aluminum and ternary chalcopyrite electrodes, thin films, which
may have the composition of quaternary chalcopyrite, have been deposited outside the plasma, and the
transmission spectra of thin films deposited at different air pressures in the discharge chamber are studied.
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Introduction

The development of nanosecond and subnanosecond
high-current electronics has led to wide applications of
these devices in various fields of physics and technology
[1]. The study of powerful nanosecond discharges
between metal electrodes in air showed that they can be
used to develop selective "point" UV lamps on metal
vapors, and it is also possible to synthesize film
nanostructures of copper, zinc and iron oxides under
conditions of intense irradiation of the substrate and the
film with bactericidal UV radiation [2-5]. The search for
new applications for similar discharges with a strong
overvoltage of the interelectrode gaps is also of practical
interest [6].

With a nanosecond discharge in air in short
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discharge gaps (d = 0.5 - 3 mm), the formation of ectons
is observed, which is accompanied by microexplosions
of natural inhomogeneities on the surface of metal or
semiconductor electrodes and the release of vapors of the
electrode material into the gaseous medium [7]. In a
discharge in inert gases between electrodes made of
transition metals (Cu, Zn, Fe), it is possible to synthesize
nanostructured metal films, and in a discharge between
aluminum electrodes and an electrode from ternary
chalcopyrite CulnSe;, it is possible to synthesize thin
films of quaternary chalcopyrite of the Culni<AliSe;
type. In [8], it was reported on the manufacture of a thin-
film solar cell CulnixAlSe; (CIASe), where the optimal
aluminum content relative to the sum of the indium and
aluminum concentrations Al/(In Al) was =0.2.
Comparison of these values with similar values for solar
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cells made without aluminum showed a significant
improvement in the efficiency of a device based on
Culni<AlSe; due to an increase in the energy gap of the
absorber in quaternary alloys. Therefore, the search for
new plasma methods for the synthesis of thin films based
on complex semiconductor compounds such as
quaternary chalcopyrite continues to remain important
for micro-nanoelectronics.

Nanostructures of pure metals or complex
chalcopyrites are currently obtained by various physical
methods from the gas phase with thermal, laser [9] and
magnetron sputtering. Laser methods for the synthesis of
nanostructures are valuable and require the use of
qualified personnel, while other gas-discharge methods
require the use of cost-effective high-vacuum equipment.

There are practically no data on the study of the
conditions for the synthesis of film nanostructures or fine
powders based on transition metals (Cu, Zn, and Fe) in
an overstressed nanosecond discharge; therefore, the
problem of studying the synthesis conditions and the
main characteristics of such nanostructures in inert and
molecular gases is urgent, which is impossible without
the use of valuable laser or vacuum equipment.

The process of synthesis of nanostructures obtained
using discharge overvoltages in gases between copper
and chalcopyrite electrodes is always accompanied by
intense irradiation of the substrate with nanosecond
discharge plasma in the spectral range of 200 - 300 nm
[10, 11], which is important for improving their electrical
characteristics. For example, it was indicated in [12] that
assisting the growth of transparent conducting layers
based on zinc oxide nanostructures by UV radiation from
a mercury lamp improves their electrical characteristics
by creating additional donor centers and reducing the
scattering of charge carriers at the grain boundaries of
nanowhiskers. For the synthesis of thin nanostructured
films from the products of sputtering copper-containing
electrodes in an overstressed nanosecond discharge, there
is no need to use an external source of UV radiation,
since the studied plasma itself is an emitter in the spectral
range A =200 - 230 nm.

Finely dispersed copper powders are currently used
in lubricating compositions, which allows them to be
used in various friction units [13]. Copper powders of
various sizes are used as fillers from polyethylene, which
contributes to a monotonic increase in stress, its
destruction and modulus of elasticity in bending [14],
and they also find application in microbiology and
medicine in the manufacture of broad-spectrum medical
materials [15]. Ultrafine copper powders have high
catalytic activity in redox reactions, which is important
for their applications in chemistry. They are also used (as
an effective bactericidal material) in air filtration
systems, where they are characterized by high sensitivity
to pathogenic microorganisms for a long time [16].
Therefore, it is important to further develop new methods
for the synthesis of thin nanostructured copper films and
for the preparation of finely dispersed copper particles.

The article presents the results of a study of the
characteristics of an overstressed nanosecond discharge
between copper electrodes in argon, as well as between
an aluminum electrode and a triple chalcopyrite electrode
in air; based on the products of electrode sputtering, thin
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films based on vapors of aluminum and ternary
chalcopyrite (CulnSe,) have been synthesized, the results
of the study of light transmission spectra from the
spectral range of 200 - 500 nm by thin films synthesized
in the experiment, which were deposited on quartz
substrates outside the discharge from the products of
material erosion (Al + CulnSe,), are presented.

I. Experimental technique and
conditions

A high-current nanosecond discharge between
copper electrodes, as well as between an aluminum
electrode and an electrode from chalcopyrite (CulnSey),
was ignited in a sealed Plexiglas chamber. The diagram
of the discharge module and the device for the deposition
of thin films is shown in Fig. 1. It is described in more
detail in [4, 17]. The distance between the copper
electrodes was d = 2 mm, and between the aluminum
electrode and the chalcopyrite electrode - 1 mm. This
made it possible to achieve a significant overvoltage of
the discharge gap at pressures of argon or air p = 6.7;
13.3 kPa, respectively. The discharge chamber was
evacuated by a foreline pump to a residual pressure of
10 Pa, and then argon or air was let in into the chamber
to a pressure of 6.7 or 13.3 kPa. The diameter of the
cylindrical electrodes was 5 mm, and the radius of
curvature of their working end surface was the same and
equal to -3 mm.

The discharge was ignited using a bipolar high-
voltage modulator of voltage pulses with a total duration
of voltage pulses of 50 - 150 ns with an amplitude of
positive and negative components of + 20 - 40 kV. The
voltage pulse repetition frequency was chosen equal to
100 Hz, since at high frequencies the discharge module
was significantly heated. Oscillograms of voltage pulses
across the discharge gap and oscillograms of current
pulses were recorded using a broadband capacitive
voltage divider, a Rogowski coil, and a 6LOR-04
broadband oscilloscope with a time resolution of 2 - 3 ns.

An MDR-2 monochromator and a photomultiplier
(FEU-106) were used to record the plasma emission
spectra. The signal from the photomultiplier was fed to
an amplifier and was recorded using an amplitude-digital
converter in an automated system for measuring spectra
on a personal computer display. The discharge radiation
was investigated in the spectral range of 200 - 650 nm.

The results of control experiments to study the
characteristics of this discharge at different air pressures
in systems, when two identical electrodes made of
aluminum or chalcopyrite were used, are given in [18,
19]. The interelectrode distance in both cases was 1 mm,
which made it possible to compare the results of these
studies with the data of experiments with a discharge
between different electrodes (electrode with "Al" and
"CulnSez").

In all cases, at gas pressures of 6.7 or 13.3 kPa, the
discharge was spatially uniform, which is due to the
reionization of the gaseous medium from the beam of
electrons escaping from the plasma and the
accompanying X-ray radiation [20]. The discharge
volume depended on the voltage pulse repetition rate.



Investigation of the Conditions of Synthesis of Metal and Chalcopyrite Films...

Fig. 1. The structure of the module with a system of electrodes for an overstressed nanosecond discharge in gases:
1 - the body of the discharge chamber, 2 - electrodes (“Cu", "Al", "CulnSe,"), 3 - high-voltage inputs, 4 - quartz
windows for monitoring the discharge and recording spectra, 5 - substrate for the deposition of thin films.
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Fig. 2. Temporal dependences of the pulsed electric power of the discharge, the voltage between the copper
electrodes and the current of a nanosecond discharge at an interelectrode distance d = 2 mm in argon
(p (Ar) = 6.7 kPa).

The "point discharge" mode was achieved only at voltage
pulse repetition rates in the range f = 40 - 150 Hz. With a
short-term increase in frequency to 1000 Hz, the plasma
volume of the gas-discharge emitter grew up to 100 mm?,

Figure 2, 3 shows oscillograms of voltage, current
and pulsed power for overvoltages of a nanosecond
discharge between copper electrodes (p (Ar) = 6.7 kPa),
as well as an aluminum electrode and a triple
chalcopyrite electrode (p (air) = 13.3 kPa).

Oscillograms of voltage and current were in the form
of oscillations decaying in time with a duration of about
7 - 10 ns, which is due to a mismatch between the output
resistance of the high-voltage modulator and the load
resistance. The total duration of oscillations of the
voltage across the gap and of the discharge current
reached 450ns, with the duration of individual
oscillations of voltage 7 -10 ns, current about 70 ns.
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Short-term oscillations showed up better in voltage
waveforms. On the oscillograms of the current, they were
smoothed (integrated over time) due to the large time
constant of the Rogowski coil, which was used in these
studies.

For a discharge in argon, the amplitude of the largest
voltage drop at the electrodes was achieved at the initial
stage of the discharge and was = + 8 kV, current
+ 160 A, and the pulse power - 0.6 MW, which ensured
an energy contribution per discharge pulse to the plasma
at a level of 30, 4 mJ (Fig. 2).

The maximum voltage drop across the discharge gap
in air (p = 13.3 kPa) was 8 - 10 kV, taking into account
the positive to negative voltage amplitude. The
maximum current amplitude reached 250 - 300 A, and
the pulsed power and the energy contribution to the
plasma were 1.8 MW and 165 mJ, respectively (Fig. 3).
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Fig. 3. Oscillograms of current, voltage and pulsed power of an overstressed bipolar nanosecond discharge between
electrodes made of aluminum and chalcopyrite (CulnSe,) at an air pressure of 13.3 kPa (d = 1 mm).
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Fig. 4. Radiation spectrum of an overstressed nanosecond discharge between copper electrodes in argon
(p (Ar) = 6.7 kPa).

Il. Optical characteristics

Control studies of the spectral characteristics of
plasma radiation were carried out for an overstressed
nanosecond discharge in air between two aluminum
electrodes and between two electrodes from chalcopyrite
(CulnSey) [18, 19]. When identifying spectral lines in the
spectra, reference books [21-23] were used.

In the emission spectrum of the discharge on a
mixture of argon with copper vapor in the UV range of
wavelengths 214 - 306 nm (Fig. 4; lines 1-17; Table 1),
emission was observed at atomic transitions and a singly
charged copper ion. The most intense ionic spectral line
was the A =224.70 nm Cu 11 line, and of the atomic, the
most intense was the line with A = 226.20 nm Cu 1.
Thehighest energy of the upper level for the Cu 11 lines
was Eyp.= 14.70 eV, and for atomic lines the maximum
energy of the upper level was Ey. = 7.18 eV. Intense in
the UV part of the spectrum were resonance spectral
lines with A = 324.75 and 327.39 nm of Cu I, in which
the lower energy level is the main level. In the UV
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spectrum, bands of the second positive system were also
observed.

In the UV spectrum, bands of the second positive
system of the nitrogen molecule were also observed,
since in the experiments we used argon of "technical”
purity, and the discharge chamber was evacuated to a
residual pressure of 10 Pa. In the wavelength range of
360 - 659 nm, radiation was observed mainly at the
transitions Ar 1, Arll, as well as an intense spectral line
of the hydrogen atom (A = 656.29 Ha), which is caused
by air impurities in argon and the residual air pressure in
the chamber after it pumping out with a the foreline
pump.

To elucidate the nature of continuous plasma
radiation of a discharge in a vapor-gas mixture "air - Al -
CulnSe," in the spectral range of 200 - 550 nm, which
already began to manifest itself at a pressure of air or
mixtures of nitrogen with oxygen equal to 5 - 10 kPa and
significantly increased in intensity at atmospheric
pressures of oxygen-containing gases [19], the emission
spectrum of the discharge plasma between two aluminum
electrodes in a nitrogen-oxygen mixture was investigated

(Fig. 5).
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Table 1

Results of identification of the radiation spectrum of the plasma of an overstressed nanosecond discharge between
copper electrodes (p (Ar) = 6.7 kPa; d = 2 mm).

Ne A table, NM I, au. Object Eiow..eV Eyp., eV Lower term Upper term
1 214.89 0.23 Cull 1.39 7.18 422D 5f 2F°
2 216.50 0.48 Cul 0.00 5.72 4s2S 4p' 2D°
3 217.49 0.19 Cull 8.92 14.61 4p 1F° 4d G
4 220.05 0.38 Cull 9.06 14.70 4p °D° 4d °F
5 221.45 0.47 Cul 1.39 6.98 422D 4p" 2p°
6 223.84 0.68 Cul 1.64 7.18 422D 5f 2F°
7 224.70 0.67 Cull 2.72 8.23 4s°D 4p 3p°
8 226.30 1.06 Cul 1.64 7.12 422D 7p 2P°
9 229.43 0.23 Cull 2.83 8.23 4s°D 4p 3p°
10 230.31 0.35 Cul 1.64 7.02 4s22D 4p" 2D°
11 236.98 0.17 Cull 3.26 8.49 4s'D 4p 3F°
12 239.26 0.30 Cul 1.64 6.82 4s22D 6p 2P°
13 244.16 0.26 Cul 0.00 5.08 4s 2S 4p’ *p°
14 249.21 2.41 Cul 0.00 4.97 4s 2S 4p’ *p°
15 261.83 0.24 Cul 1.39 6.12 422D 5p 2P°
16 282.43 0.34 Cul 1.39 5.78 422D 4p' 2D°
17 306.34 0.65 Cul 1.64 5.68 422D 4p' 2p°
18 310.40 0.87 N, Second positive system CI1,*-B°[1g* (4;3)

19 311.67 0.50 N, Second positive system CI1,*-B°[1g* (3;2)

20 313.60 0.54 N, Second positive system CI1,*-B°[1g* (2;1)

21 315.93 0.51 N, Second positive system CI1,*-B°[1g* (1;0)

22 324.75 1.42 Cul 0 3.82 4s 2S 4p 2p°
23 327.39 1.43 Cul 0 3.39 4s 2S 4p 2p°
24 354.89 0.57 N, Second positive system C*I1,*-B°[g* (3;2)

25 357.69 0.76 N, Second positive system CI1,*-B°[g* (0;1)

26 360.65 0.85 Arl 11.62 15.06 4s [1 1/2]° 6p [1/2]

27 373.78 0.48 Ar |l 21.50 24.81 4p’ 2D° 4d' %F

28 377.05 0.41 Ar |l 19.30 22.59 4p 4P° 5s 4P

29 378.63 0.42 Ar |l 16.41 19.68 3d“D 4p 2D°

30 385.05 0.43 Ar 1l 16.75 19.97 4s 4P 4p *Sy

31 386.85 0.45 Ar 1l 19.97 23.17 4p 4Sy 4d *p

32 387.52 0.35 Ar 1l 16.44 19.64 3d“D 4p “D°

33 394.30 0.61 N2 Second positive system C*I1,*-B°[1g* (2;5)

34 397.93 0.58 Ar |l 19.97 23.08 4p 4Sy 4d *p

35 402.26 0.28 Cul 3.79 6.87 4p 2P° 5d 2D

36 405.29 0.34 Ar |l 20.74 23.80 45" %S 4p" 2p°
37 407.95 0.44 Ar |l 18.45 21.49 4s' 2D 4p' 2D°
38 411.28 0.37 Ar |l 16.75 19.76 4s*P 4p 2D°
39 41585 0.66 Arl 11.55 14.53 AR 5p [1 %]
40 420.06 0.75 Arl 11.55 14.50 4s [ V4]° 5p [2 %]
41 42593 | 041 Arl 11.83 14.74 4s' [ A° 5p' [14]
42 427.81 0.62 N, Second positive system C°I1,*-B°[g* (0;1)

43 43335 | 0.81 Arl 1183 | 1469 | 4s'[%° | 5p[1Y%]
44 435.50 0.90 N, Second positive system C°I1,*-B°[y* (4;9)

45 441.67 0.44 N, Second positive system C°I1,*-B°[1y* (3;8)

46 44239 | 033 Arl 11.72 1452 AR 5p' [1 %]
47 459.60 0.38 Ar 11.83 14.52 AR 5p' [1 4]
48 460.95 0.33 Ar |l 18.45 21.14 4s' 2D 4p' 2F°
49 470.23 0.20 Ar 11.83 14.46 AR 5p' [1 4]
50 487.62 1.21 Ar | 12.91 15.45 4p [] 7d [1%4]
51 495,67 0.57 Ar | 13.08 15.58 4p [2 Y] 9d [3 %]
52 511.82 0.28 Ar | 13.09 15.52 4p [2 Y] 6d' [2 14]°
53 516.22 0.27 Ar | 12.91 15.31 4p [ 6d [4]
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Table 1
(continuation)
54 521.82 0.46 Cul 3.82 6.19 4p 2p° 4d 2D
55 570.02 0.52 Cul 1.64 3.82 4s?2D 4p 2p°
56 653.81 0.37 Ar | 13.08 14.95 4p [2 Y] 4d' [ )°
57 656,29+ Hq
659.61 5 Ar |+ 13.08 14.95 4p [2 Y] 4d’ [ 4]°
N 308,21 AlT 394 50 AlT
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Fig. 5. Radiation spectrum of overvoltage of a nanosecond discharge between aluminum electrodes in a mixture of
nitrogen and oxygen (100-1; p = 101.3 kPa), dashed line - [Al,O3] N - designation of aluminum oxide nanoparticles.

In the emission spectra of a discharge based on
oXxygen-containing gases (air or a mixture of nitrogen and
oxygen) with impurities of aluminum vapor [19], broad
emission bands were recorded with maxima in the
spectral ranges of 410 - 420 nm and 300 - 390 nm (Fig.
4). The highest radiation intensity of these bands is
obtained at pressures of oxygen-containing gases of 100 -
200 kPa. In a discharge in argon-based mixtures, these
bands were observed in the emission spectra of
overstressed nanosecond discharge plasma. In [24], the
results of studying the cathodoluminescence spectra of
nanostructured ceramics of aluminum oxide are
presented. The spectrum of this cathodoluminescence
was almost identical to the spectrum that was obtained in
our study of overvoltage radiation of a nanosecond
discharge at air pressures of 10 - 202 kPa or in a mixture
of nitrogen with oxygen (p = 101 kPa; Fig. 4.). In these
spectra, the main one was the emission band with a
maximum at = 410 - 420 nm (quantum energy 3.0 eV), to
which a broader short-wavelength band with maxima of
the quantum energy at E = 3.4; 3.8; 4.3 eV was adjacted.
The ultraviolet photo- and cathodoluminescence bands of
nanostructured aluminum oxide are associated with the
radiation of F*-centers formed by oxygen vacancies [25].
Therefore, with a high degree of probability, the nature
of continuous radiation in the investigated discharge with
aluminum electrodes in oxygen-containing gases is due
to the radiation of nanostructures of aluminum oxide.
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The emission spectrum and the results of
identification of the most intense spectral lines of the
atom and singly charged aluminum ion, as well as the
spectral lines of the decay products of the chalcopyrite
molecule in the plasma of overstressed nanosecond
discharge between the aluminum and chalcopyrite
electrode are shown in Fig. 6 and in Table 2.

At an air pressure of 13.3 kPa, the spectral lines of
atoms and ions, the products of the electrode material
and the decay of air molecules in the plasma, were
observed against the background of broadband radiation
of aluminum oxide nanostructures and continuous
radiation, which may be due to thermal or recombination
radiation of the plasma. As follows from [26], copper and
indium atoms are less bound in the chalcopyrite
molecule; therefore, the linear part of the plasma
emission spectrum is mainly due to individual spectral
lines of atoms and singly charged ions of copper and
indium, as for gas-discharge plasma based on
atmospheric pressure air [17]. The emission spectrum of
air molecules 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 overstressed nanosecond discharge [27],
as well as individual spectral lines N 1, N11
characteristic for the emission spectra of a spark
discharge in air at atmospheric pressure [28].



Proceeding from this, in the plasma emission spectra
of vapor-gas mixtures based on aluminum, the products
of the dissociation of the chalcopyrite molecule, air and
the products of the dissociation of its molecules, the

L relative units
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emission spectrum of the discharge plasma in the
wavelength range of 200 - 240 nm consisted of a group
of closely spaced spectral lines of the copper atom, a
singly charged copper ion, as well as the lines of the

T T T
400 500 600

A NM

Fig. 6. Plasma emission spectrum of overstressed nanosecond discharge between aluminum and chalcopyrite
electrodes at an air pressure of 13.3 kPa.

Table 2

Results of identification of the most intense spectral lines of the atom and singly charged aluminum ion and the
lines of the decay products of the chalcopyrite molecule in an overstressed nanosecond discharge
(p (air) = 13.3 kPa).

Ne A, nm I exp, a. UL Objext Eiower, €V | Eupper, €V Lower Term Upper Term
1 214.89 1.39 Cul 1.39 7.18 4s? 2D 5f 2F°
2 218.17 1.98 Cul 0.00 5.68 4s°S 4p' 2P°
3 219.56 1.87 Cull 8.78 14.43 4p °D° 4d °F
4 219.95 1.74 Cul 1.39 7.02 4s? 2D 4p" 2D°
5 221.45 1.64 Cul 1.39 6.98 4s? 2D 4p" 2p°
6 225.80 1.27 Al l 0.00 5.49 3p 2P° 7s %S
7 239.07 0.35 Al 1l 13.07 18.26 4p 3p° 10d °D
8 261.83 0.29 Cul 1.39 6.12 4s%2D 5p 2P°
9 284.02 0.25 Al l 4.02 8.39 3d 2D 3d 2D°
10 306.34 0.35 Cul 1.64 5.68 4s%2D 4p’ 2p°
11 308.21 0.47 Al l 0.00 4.02 3p 2P° 3d 2D
12 309.27 0.55 Al l 0.01 4.02 3p 2P° 3d 2D
13 324.75 0.61 Cul 0 3.82 4s %S 4p 2P°
14 327.39 0.44 Cul 0 3.39 4s %S 4p 2P°
15 329.05 0.45 Cul 5.07 8.84 4p' 4F° 4d' 4F
16 337.13 1.05 N, Second positive system CI1,*-B®[1y* (0;0)

17 344.60 0.31 N, Second positive system C3I1,*-B%[1y* (4;5)

18 357.69 0.82 N, Second positive system CI1,*-B®[1y* (0;1)

19 375.54 0.31 N, Second positive system C3I1,*-B3[1* (1;3)

20 394.40 0.72 Al l 0.00 3.14 3p 2P° 4s °S
21 396.15 1 Al l 0.01 3.14 3p 2P° 4s °S
22 402.26 0.61 Cul 3.79 6.87 4p 2P0 5d ?D
23 405.67 0.48 Al 1l 15.47 18.52 3s4d D 3s15p Py
24 409.48 0.39 N Second positive system C3I1,*-B®[14* (4;8)
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Table 2
(continuation)

25 | 41017 0.30 Inl - | 302 | 5s25p 2P° | 55265 %Sy
26 420.05 0.50 N, Second positive system CI1,*-B°[14* (2;6)

27 423.65 0.33 N, Second positive system C3I1,*-B%[g* (1;2)

28 434.36 0.38 N, Second positive system C°I1,*-B°I1g* (0;4)

29 441.67 0.57 N, Second positive system C°I1,*-B[g* (3;8)

30 | 45113 0.54 Inl 027 | 302 | 5525p 2P° | 55265 %Sy
31 459.97 0.71 N, Second positive system C3I1,*-B%[g* (2;4)

32 | 500.51 1.33 N Il 25.50 27.97 3s 5P 3p 5P
33 510.55 0.42 Cul 1.39 3.82 4s%2D 4p 2P°
34 515.83 0.47 Cul 5.69 8.09 4p' 2P° 5s'2D
35 521.82 0.40 Cul 3.82 6.19 4p 2p° 4d 2D
36 556.69 0.55 Se ll

37 566.66 0.82 N Il 18.46 20.65 252 2p 3s 3P0 25%2p 3p °D
38 618.86 1.18 Cull 14.99 16.99 4p" 1D° 5d SF

atom and the singly charged ion of aluminum (spectral
lines 1-7; Table 2). The spectral lines of copper were
similar to those found in the radiation spectra of
overstressed nanosecond discharge between copper or
chalcopyrite electrodes in atmospheric pressure air at a
distance between the copper electrodes d = 1.2 mm [17].

A group of intense spectral lines and bands is located
in the spectral range of 250 - 390 nm (lines and bands 8 -
20; Table 2). For this part of the spectrum, 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 molecule of the C3I1, * -
B®I1, * system indicates that, in addition to the "runaway"
electrons, the main part of the electron energy
distribution function also contains electrons, whose
energies are in the range of 9-18eV, which are
responsible for the emission of the molecule nitrogen in
the spectral range of 290 - 410 nm.

The emission of indium atoms in the visible region
of the spectrum was represented by spectral lines 410.17;
451.13 nm In I. The characteristic spectral line of the
nitrogen ion with a wavelength A = 500.5 nm N II, which
is observed in the emission spectra of nanosecond
discharges in air, also appeared in the plasma radiation
spectrum [28]. The characteristic spectral lines of the
copper atom in the visible range of the spectrum 510.55;
515.83; 521.04; 556.69 nm Cu | had low-intensity, in
contrast to the case of overstressed nanosecond discharge
plasma between copper electrodes in nitrogen or air,
when there was an effective process of energy transfer
from nitrogen molecules in metastable states to copper
atoms [29, 30]. In the red region of the spectrum, the
618.86 nm spectral line of Cu Il was distinguished by its
intensity.

In the yellow-red region in the spectrum of plasma
radiation (Fig. 5), a continuum was recorded, the
intensity of which increased with increasing wavelength
in the range 550 - 665 nm, against the background of
which individual spectral lines of low intensity and
molecular bands were observed, which can be attributed
to radiation selenium molecules and products of their
dissociation in the discharge.
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The density of electrons in the plasma of
overstressed discharges of nanosecond duration with the
ectonic mechanism of electrode sputtering can reach
106 -10Y cm® [31]. Therefore, the mechanism of
formation of excited metal ions (copper, aluminum) in
plasma can be determined by the processes of their
excitation by electrons from the ground state of the
corresponding ion. After this, electron-ion recombination
processes begin to manifest themselves in the afterglow
of the discharge. So, for zinc ions, the corresponding
effective cross sections for the excitation of zinc ions by
electrons in the ground energy state reach - 106 cm?
[32].

I11. Radiation transmission spectra of
synthesized films

In the wavelength range of 200-400 nm, the
absorption coefficient of thin films of ternary
chalcopyrite CulnSe, values and is within the range
(4 -6) x10° cm* [33]. With an increase in the radiation
wavelength to 1000 nm, the absorption coefficient
decreases to 10* cm, and in the spectral range of 1000 -
1200 nm it still decreases to 10 cm™. That is, the
absorption coefficient of light, which leads to the
peculiarities of its use in photovoltaics, is significant, but
strongly depends on the wavelength and is limited in the
near infrared region of the spectrum. This implies the
need to expand the forbidden zone of this semiconductor,
and to increase the absorption coefficient of light in the
near infrared region of the spectrum. This can be realized
by transforming the CulnSe, compound into thin films of
quaternary chalcopyrite of the CuAlInSe; type.

Typical UV transmission spectra of thin films,
presumably based on a quaternary compound of the
CuAlInSe; type, in the spectral range of 200 - 500 nm at
various air pressures in the discharge chamber are shown
in Fig. 7. The light transmission spectra of these films
were obtained using UV radiation from a deuterium
lamp. The methods and technique of this experiment is
more fully presented in [34, 35].
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Fig. 7. The light transmission spectra of films, probably based on a mixture of ternary and quaternary chalcopyrite,
which were deposited on quartz substrates, at different air pressures in the discharge chamber and when probed
with radiation from a deuterium lamp: 0 - no sample; 1 - pure quartz glass; 2- electrodes: one of CulnSe,
the second of aluminum at an air pressure of 13.3 kPa; 3 - electrodes: one of CulnSe;,, the second of aluminum
at an air pressure of 101.3 kPa.

The transmission of thin chalcopyrite films, in
comparison with the transmission of the substrate,
decreased by up to four times, and for the film that was
synthesized using a discharge in air, it was minimal at
atmospheric pressure. The shapes of the transmission
spectra for chalcopyrite films 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
pressure as compared to the transmission of a film
synthesized at an air pressure of 13.3 kPa may be due to
the thinner film thickness, which was synthesized at low
air pressure, since the energy contribution to the plasma
at atmospheric pressure air and, accordingly, the amount
of sprayed material of the electrode material is greater.

Conclusions

Thus, it was found that at argon pressures of 6.7 kPa
and air pressure of 13.3 kPa between copper electrodes,
as well as an aluminum electrode and an electrode from
chalcopyrite (CulnSe;) with an interelectrode distance of
2; 1 mm, an intense nanosecond discharge, uniform in
space, was ignited with a pulsed electric power of up to
0.6 MW (in argon) and 3.0 MW (in air), and the energy
contributions to the plasma in one pulse were 30 and
165 mJ, respectively.

The study of the spectral characteristics of plasma
based on vapor-gas mixtures "copper-argon" and "air-Al-
CulnSe," showed that the most intense were the spectral
lines of the atom and singly charged copper ion in the
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range 200 - 225 nm, the spectral lines of atoms and
singly charged aluminum ions in the range wavelengths
225-310 nm, as well as the lines of the atom of
aluminum, indium and copper in the range of the
spectrum 310 - 525 nm. The 618.86 nm Cull line stood
out from the ionic spectral lines in the spectrum. All
spectral lines of metal atoms and ions, which were the
constituents of the electrode material, were observed
against the background of a wide band of nanostructures
of aluminum oxide, thermal and recombination plasma
radiation. Automatic irradiation of the substrate and film
nuclei on the substrate with intense UV radiation of
copper atoms and ions of the discharge plasma is
promising for influencing the electrical characteristics of
the synthesized films, in particular, reducing their
resistance. The presence of the main spectral lines of
aluminum, copper, and indium in the plasma emission
spectra allows us to assume the possibility of deposition
of a thin film of quaternary chalcopyrite - CuAllnSe;
outside the plasma media, as it was realized for ternary
chalcopyrite.

The study of the transmission spectra of probing
radiation in the wavelength range of 200 - 550 nm by
films based on ternary chalcopyrite and aluminum vapor,
which were synthesized by a pulsed gas-discharge
method in air, showed that the lowest transmission is for
films that were synthesized at atmospheric air pressure.
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O.K. Illyai6oB, O.1. Mumns, P.B. I'pumak, A.O. Mamninina, [.B. Illesepa,
M.I. Barpana, 3.T. 'omoxki

Jloc/iiazKeHHsl YMOB CHHTE3y MeTaJIeBUX i XaJIbKONIPUTOBUX ILIiBOK 3
MPOAYKTIB JeCTPYKUIl eJIeKTPOIIB MEPEHANPYKEHOT0 HAHOCEKYH/IHOI'0
PO3psay B aproHi i moBirpi

JIBH3 «Yorczopoocwkuil nayionanshutl yHisepcumemy, m. Yoiceopoo, Vipaina, alexsander.shuaibov@uzhnu.edu.ua

[TpuBeneHo XxapaKTEpUCTUKH MEepeHaNpyKeHoro OinonspHoro po3psay Tpusaiictio 100 - 150 He
B apToHi i MOBITPI, SIKWHA 3aMaTfOBaBCs MXK €NIEKTPOJaMH 3 MiJli B apTOHi, a TAKOX MK EJICKTPOIOM 3
amoMiHilo 1 emektpomoMm a xaimbkomiputy (CulnSe;) B moBitpi. B mporeci MikpoBuOyXiB
HEOIHOpIMHOCTeH Ha pOOOYMX MOBEPXHAX ENICKTPONiB B CHIBHOMY CICKTPHYHOMY IIOJI B
MIDKETCKTPOIHUHN MTPOMIKOK BHOCSATBCS IMapy Mifi, aTFOMIiHIIO 1 TApH MOTPIHHOTO XanbKomiputy. Lle
CTBOPIOE TIEPEIYMOBH JUIS CHHTE3y TOHKHX IUTIBOK Mili I CHHTE3Y IUTIBOK Ha OCHOBI YETBEPHOTO
xanpkoriputy - CUAlINSe,, siki MOXYTh OCa/PKyBadMCh HAa KBApIOBiM IUIACTHHI, BCTAHOBJICHIiM
NOOJIU3Y BiJl LIGHTPY PO3PSAHOTO IIPOMIKKY.

MeTto oM eMiCiiiHOT CIEeKTPOCKOMii 3 BHCOKMM YaCOBHUM DO3JALICHHSIM JOCIHIIKEHO ONTHYHI
XapaKTEePUCTUKH IUIa3MH, & TaKOX IMITyJIbCH HANPYTH HAa PO3PSAHOMY IPOMDKKY BenuuuHowo d = 1 -
2 MM, IMIyJIbCH CTPYMY 1 IMIIyJIbCHMH €HEpPreTHYHHUX BHECOK B po3psia. PeTenpHO jgociipkeHi
CHEKTPM BUIPOMIHIOBAHHS IUIa3MHM, IO JIO3BOJIMJIO BCTAHOBUTH OCHOBHI TNPOAYKTH pPO3ManLy
MOJICKYJTH XaJbKOMIPUTY i CHEPTeTHYHI CTaHW aTOMIB Ta OJHO3apSIHHUX 1OHIB ANFOMIiHIIO, Mifi i
1H/TiF0, SIKI YTBOPIOIOTHCS B PO3PSIL.

Ha ocHOBI pOAYKTIB JeCTPYKIIT €IEKTPOIIB 3 aIFOMIHIIO 1 MOTPIHOTO XaJbKOIIIPHUTY OCAIKEHO
3a MEXaMH IUIa3MH TOHKI IUTiBKH, SKi MOXXYTh MaTH CKJIAJ YETBEPHOTO XaIBKOIIPHUTY, JOCIIIKEHO
CIIEKTPH IPOIYCKaHHS TOHKHX IUTIBOK, OCAJDKECHUX TIPH Pi3HUX THCKaX MOBITPS B PO3PSAHIH KaMepi.

Kurouosi ciioBa: po3psii, XadbKOMIPUTHI IUTIBKH, aproH, eJIeKTPOIH.
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