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CHARACTERISTICS OF THE NANOSECOND
OVERVOLTAGE DISCHARGE BETWEEN CuInSe2

CHALCOPYRITE ELECTRODES
IN OXYGEN-FREE GAS MEDIA

The characteristics of the nanosecond overvoltage discharge ignited between semiconductor
electrodes based on the CuInSe2 chalcopyrite compound in the argon and nitrogen atmospheres
at gas pressures of 5.3–101 kPa are reported. Due to the electrode sputtering, chalcopyrite vapor
enters the discharge plasma, so that some CuInSe2 molecules become destroyed, whereas the
others become partially deposited in the form of thin films on solid dielectric substrates located
near the plasma electrode system. The main products of the chalcopyrite molecule decompo-
sition in the nanosecond overvoltage discharge are determined; these are atoms and singly
charged ions of copper and indium in the excited and ionized states. Spectral lines emitted by
copper and indium atoms and ions are proposed, which can be used to control the deposition
of thin chalcopyrite films in the real-time mode. By numerically solving the Boltzmann kinetic
equation for the electron energy distribution function, the electron temperature and density in
the discharge, the specific losses of a discharge power for the main electronic processes, and the
rate constants of electronic processes, as well as their dependences on the parameter 𝐸/𝑁, are
calculated for the plasma of vapor-gas mixtures on the basis of nitrogen and chalcopyrite. Thin
chalcopyrite films that effectively absorb light in a wide spectral interval (200–800 nm) are syn-
thesized on quartz substrates, by using the gas-discharge method, which opens new prospects
for their application in photovoltaic devices.
K e yw o r d s: nanosecond overvoltage discharge, argon, nitrogen, chalcopyrite, plasma.

1. Introduction

Thin CuInSe2 chalcopyrite films are widely used in
various photovoltaic devices [1]. However, the pro-
duction of those films with the use of physical meth-
ods is mainly based on the laser sputtering method,
at which the stoichiometric composition of the film
remains the same as in the massive laser target. This
method of synthesis of chalcopyrite films is rather ex-
pensive because of a high cost of the laser and vac-
uum technologies. In adition, it has technological lim-

c○ A.K. SHUAIBOV, A.I. MINYA, A.A. MALININA,
R.V. GRITSAK, A.N. MALININ, 2020

itations at the synthesis of thin films with large ar-
eas. Therefore, cheaper physical methods to synthe-
size thin chalcopyrite films may be promising, e.g.,
by sputtering massive electrodes in a strong electric
field created by a nanosecond overvoltage discharge
excited in gases at the atmospheric pressure.

In particular, in works [2, 3], we reported the re-
sults of our study concerning the parameters of a
plasma based on the CuInSe2 compound in air at the
atmospheric-pressure, when chalcopyrite electrodes
were sputtered in the nanosecond overvoltage dis-
charge. The presence of oxygen in this plasma can
stimulate the synthesis of nanostructures from cop-



Characteristics of the Nanosecond Overvoltage Discharge

per or indium oxides [4], the influence of which on the
properties of chalcopyrite films has been poorly inves-
tigated. Therefore, a challenging task is the study of
the chalcopyrite electrode sputtering in oxygen-free
gaseous media (N2, Ar) and the characteristics of such
plasma in the close connection with the parameters
of synthesized chalcopyrite films.

Nanosecond and sub-nanosecond atmospheric-
pressure discharges can be rather homogeneous,
which makes them suitable for the thin film depo-
sition onto solid dielectric substrates. However, the
characteristics of such discharges have been most ex-
tensively studied only for metal electrodes separated
by distances of 0.01–0.15 m and in the case of dis-
charge excitation with the help of unique high voltage
pulse generators of sub-nanosecond pulses 100–250 kV
in amplitude [5, 6]. Less studied are nanosecond dis-
charges ignited between semiconductor electrodes un-
der the condition of strong overvoltage across the dis-
charge gap, when the electrode distance falls within
an interval of (1÷3)× 10−3 m, and the electrode sys-
tem provides a moderate inhomogeneity of the elec-
tric field strength distribution.

This paper presents the results of our research of
the radiation emitted by the plasma of vapor-gas
mixtures N2(Ar)–CuInSe2 in a nanosecond overvolt-
age discharge at the atmospheric-pressure with the
injection of the material of a pair of chalcopyrite-
based electrodes into the gas medium by means of
the electrode sputtering. We also studied the spec-
tra of the plasma radiation transmitted through the
synthesized chalcopyrite films within a wavelength in-
terval 200–800 nm. The results of simulations for the
parameters of plasma on the basis of the mixture of
atmospheric-pressure nitrogen and copper vapor are
also presented.

2. Experimental Equipment and Conditions

A high-current nanosecond discharge between chal-
copyrite (CuInSe2) electrodes was excited in a
hermetically sealed plexiglas discharge chamber
(Fig. 1). The interelectrode distance was 10−3 m. The
chamber with the electrode system was evacuated
with the help of a vacuum pump to a residual air
pressure of 10 Pa. Then, high purity nitrogen or ar-
gon was inlet into the chamber, so that the buffer gas
pressure was within an interval 5–101 kPa. The diam-
eter of cylindrical electrodes was 5×10−3 m. The cur-

Fig. 1. Schematic diagram of gas-discharge module: hermetic
case of discharge chamber (1 ), fastening of the substrate for
sputtering (2 ), system to control the distance between the elec-
trodes (3 ), chalcopyrite electrodes (4 ), gas region, where the
sputtering occurs (5 ), glass or quartz substrate for thin-film
sputtering (6 ), layer of sputtered substance on the basis of
electrode material (7 )

vature radii of the working end faces of semiconductor
electrodes were identical and equal to 3× 10−3 m.

The high-current nanosecond discharge was ignited
with the help of a bipolar high-voltage pulse mod-
ulator generating pulses 50–150 ns in duration and
40–60 kV in amplitude for positive and negative com-
ponents. The repetition frequency of voltage pulses,
𝑓 , could be varied from 40 to 1000 Hz, but the
main researches were performed at a frequency of
100 Hz. The oscillograms of voltage pulses across the
discharge gap and the oscillograms of current pulses
were registered by means of a wide-band capacitive
voltage divider, a Rogowski coil, and a wide-band
6LOR-04 oscilloscope. The time resolution of this sys-
tem for measuring the characteristics of electrical
pulses was 2–3 ns.

To register the radiation spectra of the nanosec-
ond overvoltage discharge, an MDR-2 monochroma-
tor and an FEU-106 photomultiplier were applied. A
signal from the photomultiplier was supplied to the
amplifier and registered on a personal computer dis-
play with the help of an amplitude-to-digital con-
verter in an automated spectral measurement sys-
tem. The discharge radiation was analyzed in a spec-
tral interval 200–650 nm. The experimental method
and equipment were described in works [2, 4] in more
details.

When a quartz or glass substrate was mounted at a
distance of 3× 10−2 m from the discharge gap center
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Fig. 2. Oscillograms of the current (up) and voltage (down)
pulses between electrodes on the basis of CuInSe2 compound
at a nitrogen pressure of 5.3 kPa in the discharge chamber

Fig. 3. Pulse power of nanosecond overvoltage discharge at
𝑝(Ar) = 101 kPa (1 ), 𝑝(Ar) = 202 kPa (2 ), and 𝑝(N2) =

= 202 kPa (3 )

(Fig. 1) and after the discharge (with 𝑓 = 100 Hz)
burned for 2–3 h, the deposition of a gray film from
the products of the electrode sputtering onto the
substrate was observed. The obtained film specimens
were analyzed by means of transmitting light through
them in a wide radiation spectral interval deuterium
and incandescent lamps (200–850 nm). The corre-
sponding experiments were performed, by using a
spectral complex created on the basis of an MDR-23
monochromator, at room temperature, and according
to the procedure described in work [7].

A nanosecond overvoltage discharge was ignited in
the system of chalcopyrite electrodes of the “sphere-
sphere” type with the inter-electrode distance 𝑑 =

= 10−3 m and in the nitrogen or argon atmosphere
with pressures varied from 5 to 202 kPa. The dis-
charge had a diffusive spherical form, although it was
ignited making no use of a separate pre-ionization sys-
tem. For the discharges of this type, the role of a pre-
ionization system can be played by an electron beam
or an X-ray one [5]. At low gas pressures (1–10 kPa),
a threshold can be reached, when most of plasma
electrons transit into a continuous acceleration mode
[8]. However, the electron escape efficiency at atmo-
spheric gas pressures decreases drastically. Therefore,
the most probable mechanism of discharge gap pre-
ionization is by means of X-ray radiation.

The discharge volume depended on the repetition
frequency of voltage pulses. The discharge emitter
operated in the “point lamp” mode only at low val-
ues of this parameter (𝑓 = 40÷150 Hz). When the
repetition frequency grew from 40 to 1000 Hz, the
plasma volume in the discharge emitter increased
from 1 to 100 mm3. A characteristic oscillogram of
the voltage across the discharge gap and the elec-
trical pulse power of a nanosecond overvoltage dis-
charge are shown in Figs. 2 and 3. Figure 3 demon-
strates the discharge pulse power at a high pressure of
gas mixtures, which could reach a value of 202 kPa,
but the optical characteristics of plasma at a pres-
sure of 202 kPa were not studied. In the experiment,
we observed voltage oscillations across the discharge
gap with a half-period close to 10 ns, which were in-
duced by a mismatch between the output impedance
of a high-voltage pulse modulator and the load. At
a nitrogen pressure of 5.3 kPa, the maximum ampli-
tude of the voltage peaks fell within an interval 40–
55 kV. But when the nitrogen pressure was increased
to 101 kPa, the amplitude of voltage pulses with the
positive and negative polarities decreased to 40 kV [9].

The pulses of a discharge current looked like damp-
ing oscillations with amplitudes up to 150 A. The
main fraction of the electric pulse power was in-
troduced into the plasma of a nanosecond overvolt-
age discharge within the first 100–150 ns. The max-
imum pulsed electric discharge power in the argon–
CuInSe2 mixture was attained at 𝑝(Ar) = 202 kPa
and was equal to 10.5 MW. In the case of argon
at the atmospheric-pressure, it decreased approxi-
mately twice (Fig. 3). The highest pulse power in
the nitrogen-based mixtures was achieved at 𝑝(N2) =
= 202 kPa and was equal to 9 MW (Fig. 3), whereas
it decreased to 7 MW at 𝑝(N2) = 101 kPa.
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a b
Fig. 4. Radiation emission spectra of nanosecond overvoltage discharge plasma at nitrogen pressures of 5.3 (𝑎) and
101 kPa (𝑏)

The graphical integration of the pulse power over
the time made it possible to determine the en-
ergy introduced into the plasma during one dis-
charge pulse. In particular, the energy contribution
to the plasma from the discharge in the nitrogen-
based vapor-gas mixtures fell within an interval 350–
375 mJ. The energy contribution to the plasma by
one pulse in the case of argon-based vapor-gas mix-
tures was equal to 400 mJ at 𝑝(Ar) = 101 kPa and
increased to 440 mJ at 𝑝(Ar) = 202 kPa.

3. Optical Characteristics of Plasma

Figure 4 illustrates the emission spectra of nanosec-
ond overvoltage discharges excited between the elec-
trodes on the basis of CuInSe2 compound at nitrogen
pressures of 5.3 and 101 kPa. Table 1 demonstrates
the results of identification of the most intense spec-
tral lines and molecular bands in the emission spectra
of a discharge plasma exhibited in Fig. 4.

The spectral lines of atoms and ions are observed
against a continuous background of plasma radia-
tion, which may be associated with the thermal ra-
diation of plasma or with the plasma recombination
radiation. As was shown in work [10], the copper
and indium atoms are least strongly bound in the
chalcopyrite molecules composing the massive elec-
trodes. Therefore, the linear component of the plasma
radiation spectrum is predominantly associated with
separate spectral lines of atoms and singly charged
ions of copper and indium both in the case of laser

plasma formed at the target surface under vacuum
conditions [11, 12] and in the case of atmospheric-
pressure gas-discharge plasma [13].

The radiation emission spectrum of the gas com-
ponent mostly manifested itself at low nitrogen pres-
sures. It mainly consisted of intense bands in the
spectral interval 280–390 nm belonging to the second
positive system of a nitrogen molecule. At a low ni-
trogen pressure (𝑝 = 5.3 kPa), the radiation spectrum
of the nanosecond overvoltage discharge plasma in
the wavelength interval 200–230 nm included a group
of closely located spectral lines belonging to a cop-
per atom and a singly charged copper ion, and low-
intensity lines of a singly charged indium ion (spec-
tral lines 1 to 13 in Table 1). The spectral lines of
copper were similar to those detected in the emission
spectra of the nanosecond overvoltage discharge in
atmospheric-pressure air between copper electrodes
located at the distance 𝑑 = 2 × 10−3 m from each
other [14, 15]. This group of spectral lines is ob-
tained in the case of sputtering the electrodes fab-
ricated on the basis of CuInSe2 compound in the dis-
charge of the same type in atmospheric-pressure air
at 𝑑 = (1÷2) × 10−3 m and has not been studied
earlier [16].

A group of intense spectral lines and bands is also
observed in a spectral interval 290–410 nm (lines and
bands 14 to 35 in Table 1). The spectral lines of a
copper atom (lines 16, 19–24, 26, and 33) and the
intense bands of the second positive system of a ni-
trogen molecule (bands 14, 18, 25, 27–32, 34, and 35)
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Table 1. Identification of the most intense spectral lines
and bands of the products of the chalcopyrite molecule decomposition
in the overvoltage nanosecond discharge at 𝑝(N2) = 5.3 and 101 kPa

No. 𝜆, nm
𝐼, rel. units

(at 𝑝(N2) = 5.3 kPa)
𝐼, rel. units

(at 𝑝(N2) = 101 kPa) Object 𝐸low, eV 𝐸up, eV Lower
term

Upper
term

1 216.50 4.42 9.8 CuI 0.00 5.72 4𝑠 2𝑆 4𝑝′ 2𝐷0

2 218.17 5.13 3.76 CuI 0.00 5.68 4𝑠 2𝑆 4𝑝′ 2𝑃 0

3 220.97 4.12 2.25 CuII 8.78 14.39 4𝑝 3𝐷0 4𝑑 3𝐷

4 221.45 5.16 5.14 CuI 1.39 6.98 4𝑠2 2𝐷 4𝑝′′ 2𝑃 0

5 222.56 4.35 8.31 CuI 0.00 5.57 4𝑠 2𝑆 4𝑝′ 4𝐷0

6 224.26 2.94 3.72 CuII 3.26 8.78 4𝑠 1𝐷 4𝑝 3𝐷0

7 224.70 2.10 5.26 CuII 2.72 8.23 4𝑠 3𝐷 4𝑝 3𝑃 0

8 226.37 2.52 5.45 CuII 8.92 14.39 4𝑝 1𝐹 0 4𝑑 3𝐷

9 227.62 2.64 5.37 CuII 2.98 8.42 4𝑠 3𝐷 4𝑝 3𝑃 0

10 231.32 3.63 1.78 InII 12.10 17.46 5𝑠5𝑑 1𝐷 5𝑠9𝑝 1𝑃 0

11 233.45 2.87 1.50 InII 12.68 17.99 5𝑠5𝑑 3𝐷 5𝑠8𝑓 3𝐹 0

12 240.66 1.77 1.25 CuI 1.64 6.79 4𝑠2 2𝐷 6𝑝 2𝑃 0

13 274.97 0.90 0.65 InII 12.10 16.61 5𝑠5𝑑 1𝐷 5𝑠5𝑓 1𝐹 0

14 297.68 2.47 0.62 N2 Second positive system C3Π+
𝑢 –B3Π+

𝑔 (2;0)
15 298.63 2.43 1.45 CuII 14.20 18.35 4𝑑 3𝑆 5𝑓 1𝐷0

16 307.38 3.98 2.53 CuI 1.39 5.42 4𝑠2 2𝐷 4𝑝′ 2𝐹 0

17 314.27 4.9 0.52 InII 12.66 16.60 5𝑠5𝑑 3𝐷 5𝑠9𝑓 3𝐹 0

18 15.93 7.6 0.46 N2 Second positive system C3Π+
𝑢 –B3Π+

𝑔 (1;0)
19 324.75 1.97 0.50 CuI 0 3.82 4𝑠 2𝑆 4𝑝 2𝑃 0

20 327.39 1.68 0.50 CuI 0 3.39 4𝑠 2𝑆 4𝑝 2𝑃 0

21 328.27 1.48 4.26 CuI 5.15 8.93 4𝑝′ 4𝐹 0 4𝑑′ 2𝐺

22 329.05 1.13 4.04 CuI 5.07 8.84 4𝑝′ 4𝐹 0 4𝑑′ 4𝐹

23 330.79 1.02 2.84 CuI 5.07 8.82 4𝑝′ 4𝐹 0 4𝑑′ 4𝐺

24 333.78 1.55 0.66 CuI 1.39 5.10 4𝑠2 2𝐷 4𝑝′ 4𝐹 0

25 337.13 12.3 0.85 N2 Second positive system C3Π+
𝑢 –B3Π+

𝑔 (0;0)
26 348.37 1.29 0.41 CuI 5.51 9.06 4𝑝′ 4𝐷0 4𝑑′ 4𝐺

27 350.05 2.63 0.45 N2 Second positive system C3Π+
𝑢 –B3Π+

𝑔 (2;3)
28 357.69 9.41 0.36 N2 Second positive system C3Π+

𝑢 –B3Π+
𝑔 (0;1)

29 367.19 1.50 0.33 N2 Second positive system C3Π+
𝑢 –B3Π+

𝑔 (3;5)
30 371.05 4.30 0.40 N2 Second positive system C3Π+

𝑢 –B3Π+
𝑔 (2;4)

31 375.54 7.0 0.53 N2 Second positive system C3Π+
𝑢 –B3Π+

𝑔 (1;3)
32 394.30 1.45 0.82 N2 Second positive system C3Π+

𝑢 –B3Π+
𝑔 (2;5)

33 402.26 1.50 2.36 CuI 3.79 6.87 4𝑝 2𝑃 0 5𝑑 2𝐷

34 405.94 1.04 1.6 N2 Second positive system C3Π+
𝑢 –B3Π+

𝑔 (0;3)
35 409.48 0.45 1.4 N2 Second positive system C3Π+

𝑢 –B3Π+
𝑔 (4;8)

36 410.17 0.36 3.42 InI – 3.02 5𝑠25𝑝 2𝑃 0 5𝑠26𝑠 2𝑆1/2

37 427.99 0.4 1.07 CuII 15.07 17.96 5𝑝 3𝐷0 7𝑠 3𝐷

38 451.13 0.6 4.41 InI 0.27 3.02 5𝑠25𝑝 2𝑃 0 5𝑠26𝑠 2𝑆1/2

39 459.97 0.54 1.13 N+
2 2Σ → 2Σ(2;4)

40 462.07 0.4 1.97 InII 15.33 18.01 5𝑠4𝑓 3𝐹 0 5𝑠1/2𝑓=48𝑔

41 500.52 0.52 3.08 NII 25.50 27.97 3𝑠 5𝑃 3𝑝 5𝑃 0

42 510.55 0.45 0.82 CuI 1.39 3.82 4𝑠2 2𝐷 4𝑝 2𝑃 0

43 515.83 0.50 0.94 CuI 5.69 8.09 4𝑝′ 2𝑃 0 5𝑠′ 2𝐷

44 521.82 0.58 1.07 CuI 3.82 6.19 4𝑝 2𝑃 0 4𝑑 2𝐷

45 570.02 0.58 1.27 CuI 1.64 3.82 4𝑠2 2𝐷 4𝑝 2𝑃 0

46 609.59 1.52 1.33 InII 13.44 15.47 5𝑠6𝑝 3𝑃 0 5𝑠6𝑑 3𝐷
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are most characteristic of this spectrum section. The
presence of intense bands of a nitrogen molecule of the
C3Π+

𝑢 –B3Π+
𝑔 system and the spectral line 427.99 nm

Cu II testify that, besides “escaping” electrons, the
low-energy section of the electron energy distribution
function also contains electrons with energies in the
interval 9–18 eV, which are responsible for the emis-
sion by a nitrogen molecule in the spectral interval
290–410 nm. At the same time, the radiation emit-
ted by indium atoms and singly charged ions in the
visible spectral interval is represented by the spectral
lines 410.17 nm In I, 451.13 nm In I, 462.07 nm In II,
and 609 nm In II. The plasma emission spectrum also
revealed a characteristic spectral line at a wavelength
of 500.5 nm N II, which is often observed in the emis-
sion spectra of nanosecond discharges in atmospheric-
pressure air [17, 18]. In the yellow-red section of the
plasma radiation spectrum (Fig. 4), a low-intensity
continuum was registered. The latter played a role of
background for some low-intense spectral lines and
molecular bands, which can be associated with the
emission by selenium molecules.

As the nitrogen pressure was increased to 101 kPa
and, accordingly, the value of the parameter 𝐸/𝑁
decreased by about twenty times (from about 1.5×
× 104 V/(cm × mm Hg)), the character of the ra-
diation spectrum of the nanosecond overvoltage dis-
charge plasma changed (Fig. 4, 𝑏). This effect is pos-
sible provided that the efficiency of the ectonic mech-
anism of chalcopyrite electrode sputtering in a weaker
electric field becomes lower and the mechanism of
electrode sputtering under the impacts of positively
charged nitrogen ions N+ and N+

2 (in the excited
states, they manifest themselves in the radiation spec-
trum of discharge plasma; see Fig. 4, 𝑏) becomes
switched on. In this case, the threshold of electron
escape is not reached in the discharge [8], the elec-
tron distribution function over the energy changes,
and the processes of energy transfer from nitrogen
atoms and molecules in metastable states to chalcopy-
rite molecules or the products of their decay in plasma
become more probable.

The main features in the emission spectrum of dis-
charge plasma based on a nitrogen–CuInSe2 vapor-
gas mixture at 𝑝(N2) = 101 kPa are associated with
a significant intensity increase for the group of spec-
tral lines Cu I, Cu II, and In II in a wavelength
interval 200–250 nm, as well as with a reduction
of their number. At the same time, the intensities

Fig. 5. Radiation emission spectra of nanosecond overvoltage
discharge plasma between chalcopyrite electrodes at 𝑝(Ar) =

101 kPa

of the bands emitted by a nitrogen molecule drasti-
cally decrease. Instead of bands emitted by a nitrogen
molecule in a spectral interval 290–460 nm, only sepa-
rate intensive spectral lines Cu I, In I, and In II (lines
15 to 39) are observed in the radiation spectrum. The
radiation emission in a spectral interval 550–630 nm
had the form of molecular bands that played a role
of the background for separate low-intensity spectral
lines of atoms or ions. An accurate identification of
this spectral interval requires the application of a
spectrophotometer with a higher spectral resolution.

Figure 5 demonstrates the radiation spectrum of
the nanosecond overvoltage discharge plasma ignited
between chalcopyrite electrodes in the argon atmo-
sphere at a pressure of 101 kPa. Table 2 illustrates
the identification results for the most intense spec-
tral lines and molecular bands, as well as their rela-
tive radiation intensities, in the spectrum exhibited
in Fig. 5 and in an analogous spectrum registered at
𝑝(Ar) = 202 kPa.

The radiation spectrum of the discharge plasma on
the basis of an argon vapor-gas mixture in the spec-
tral interval 200–250 nm included the same spectral
lines – preferably, of the indium atom and the singly
charged indium ion – as for the nitrogen-based plasma
(Table 1). The increase of the argon pressure from 101
to 202 kPa gave rise to a substantial decrease in the
radiation intensity of the spectral lines at 218.17 and
219.95 nm emitted by a copper atom. This reduction
might occur owing to the growth of the UV radiation
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Table 2. Identification of the most intense spectral lines
and bands of the products of the chalcopyrite molecule decomposition
in the overvoltage nanosecond discharge at 𝑝(Ar) = 101 and 202 kPa

No. 𝜆, nm
𝐼, rel. units

(at 𝑝(Ar) = 101 kPa)
𝐼, rel. units

(at 𝑝(Ar) = 202 kPa) Object 𝐸low, eV 𝐸up, eV Lower
term

Upper
term

1 218.17 2.26 0.33 CuI 0.00 5.68 4𝑠 2𝑆 4𝑝′ 2𝑃 0

2 219.95 2.26 0.37 CuI 1.39 7.02 4𝑠2 2𝐷 4𝑝′′ 2𝐷0

3 225.57 0.34 1.66 InII 12.68 18.17 5𝑠5𝑑 3𝐷3 5𝑠4𝑓 3𝐹 0

4 226.37 0.4 1.64 CuII 8.92 14.39 4𝑝′ 1𝐹 0 4𝑑 3𝐺

5 246.02 0.3 0.41 InII 12.68 17.72 5𝑠5𝑑 3𝐷 5𝑠7𝑓 3𝐹 0

6 307.38 1.32 1.70 CuI 1.39 5.42 4𝑠2 2𝐷 4𝑝′ 2𝐹 0

7 328.27 2.13 2.35 CuI 5.15 8.93 4𝑝′ 4𝐹 0 4𝑑′ 2𝐺

8 329.05 2.74 3.27 CuI 5.07 8.84 4𝑝′ 4𝐹 0 4𝑑′ 4𝐹

9 330.79 1.56 1.76 CuI 5.07 8.82 4𝑝′ 4𝐹 0 4𝑑′ 4𝐺

10 410.17 1.65 1.75 InI – 3.02 5𝑠25𝑝 2𝑃 0 5𝑠26𝑠 2𝑆1/2

11 417.83 0.58 0.73 ArII 16.64 19.61 4𝑠 4𝑃 4𝑝 4𝐷0

12 422.26 0.57 0.85 ArII 19.87 22.80 4𝑝 2𝑃 0 5𝑠 2𝑃

13 427.75 0.50 0.7 ArII 18.45 21.35 4𝑠′ 2𝐷 4𝑝′ 2𝑃 0

14 436.20 0.32 0.95 ArII 18.66 21.50 3𝑑 2𝐷 4𝑝′ 2𝐷0

15 451.13 3.1 3.27 InI 0.27 3.02 5𝑠25𝑝 2𝑃 0 5𝑠26𝑠 2𝑆1/2

16 487.98 0.36 1.12 ArII 17.14 19.68 4𝑠 2𝑃 4𝑝 2𝐷0

17 501.76 0.38 0.83 ArII 17.14 19.64 4𝑠 2𝑃 4𝑝 4𝐷0

18 502.82 0.98 0.75 CuII 14.43 16.87 4𝑑 3𝐷 4𝑓 3𝐹 0

19 506.06 0.72 0.8 CuII 8.54 10.99 4𝑝 3𝑃 0 4𝑠2 3𝑃

20 507.22 0.73 0.63 CuII 14.42 16.87 4𝑑 3𝐹 4𝑓 3𝐹 0

21 510.00 0.40 0.52 CuII 14.43 16.86 4𝑑 3𝐷 4𝑓 3𝐷0

22 515.32 0.85 0.7 CuI 3.79 6.19 4𝑝 2𝑃 0 4𝑑 2𝐷

23 520.09 0.40 0.76 CuI 5.42 7.80 4𝑝′ 2𝐹 0 5𝑠′ 4𝐷

24 521.82 0.85 0.87 CuI 3.82 6.19 4𝑝 2𝑃 0 4𝑑 2𝐷

25 522.00 0.80 0.85 CuI 3.82 6.19 4𝑝 2𝑃 0 4𝑑 2𝐷

26 556.69 0.47 1.21 SeII
27 557.69 0.7 0.90 InII 15.81 18.03 5𝑠7𝑝 1𝑃 0 5𝑠10𝑑 3𝐷

28 570.02 0.96 0.67 CuI 1.64 3.82 4𝑠2 2𝐷 4𝑝 2𝑃 0

29 572.18 1.41 1.15 InII 15.29 17.46 5𝑠7𝑠 1𝑆 5𝑠9𝑝 1𝑃 0

30 594.92 1.02 1.10 ArI 13.28 15.35 4𝑝′[1 1
2
] 6𝑑[1 1

2
]

31 622.42 1.20 2.20 InII 15.77 17.76 5𝑠7𝑝 3𝑃 0 5𝑠9𝑑 3𝐷

absorption and to the increase in the partial pres-
sure of the vapor of chalcopyrite and the products of
its destruction in a discharge, because the pulse en-
ergy contribution to the discharge plasma increases
under those conditions. In particular, for the spec-
tral line 218.17 nm Cu I, the lower energy level is
ground for the copper atom, so that the manifesta-
tion of self-absorption is typical of it. On the other
hand, the intensities of the spectral lines of an indium
ion mainly increased with the partial argon pressure
and the energy contribution to the plasma (Table 2),

as well as the intensities of lines of copper ion for the
discharge between copper electrodes in atmospheric-
pressure air [14, 15].

The second group of spectral lines (lines 6 to 15 in
Table 2) was observed against a low-intensity con-
tinuous radiation background. The intensity of the
latter weakly increased together with the wavelength
(Fig. 5). The intensities of those spectral lines belong-
ing to copper and indium atoms, as well as singly
charged argon ions, increased with the argon pres-
sure, the pulse energy contribution to the plasma,
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and, hence, the vapor density of chalcopyrite and
the products of its decay in the discharge. The ra-
diation spectrum in the spectral interval 460–630 nm
had the form of molecular bands playing the role of
a background for separate low-intensity spectral lines
of atoms and ions. Most probably, the emission spec-
trum of the discharge plasma in this spectral inter-
val is a result of the radiation emission by selenium
molecules, as well as argon atoms and ions. In or-
der to diagnose the process of sputtering of chalcopy-
rite thin films onto solid glass or quartz substrates,
the following intense spectral lines of copper and in-
dium atoms in the spectral interval 300–460 nm can
be used: 307.38 nm Cu I, 329.05 nm Cu I, 410.17 nm
In I, and 451.13 nm In I.

4. Numerical Simulation
of Plasma Parameters

Numerical calculations of the parameters of the
plasma concerned were performed under an assump-
tion that the chalcopyrite molecule can be substituted
by a copper atom. The latter governs the main emis-
sion characteristics of the discharge and is the least
strongly bound one in a chalcopyrite molecule. This
is associated with the absence of information on ef-
fective cross-sections for the electron interaction with
a CuInSe2 molecule. The concentration of a copper
vapor for the simulation was selected on the basis of
data of work [19], where the copper vapor was created
in the discharge gap by evaporating electrodes. As a
result, there emerged traces of erosion at the working
surface of electrodes in the form of separated zones
up to 100–200 𝜇m in diameter. They were identical
to those obtained in our present experiment at a rep-
etition frequency of 100 Hz for discharge pulses.

The maximum value of the 𝐸/𝑃 parameter in our
experiments (at the nitrogen pressure 𝑝 = 101 kPa
and the discharge gap 𝑑 = 10−3 m) was about
530 V/(cm Torr) and, according to the local crite-
rion of switching on the mode of continuous electron
acceleration (“escape”), did not exceed the critical
value of this parameter for nitrogen, 590 V/(cm Torr)
[20]. Recent results of numerical simulation of the
electron “escape” in the atmospheric-pressure nitro-
gen plasma showed that this threshold is much higher,
reaching a value of 4000 V/(cm Torr) [21]. Proceeding
from this fact, a standard computer program aimed
at the solution of the stationary Boltzmann kinetic
equation in the two-term approximation for the elec-

tron energy distribution function (EEDF) was cho-
sen for the numerical modeling of parameters of the
atmospheric-pressure nitrogen plasma with small ad-
mixtures of chalcopyrite vapor. The parameters of the
discharge plasma in a mixture of nitrogen and copper
vapor at a ratio between their partial pressures of
101 kPa : 30 Pa were calculated numerically as com-
plete integrals of the EEDF. The EEDFs were deter-
mined by solving the Boltzmann kinetic equation in
the two-term approximation. The EEDFs were cal-
culated, by using a computer program [22], whose
database for effective cross-sections also included in-
formation about the cross-sections of the electron in-
teraction with copper atoms and nitrogen molecules.

On the basis of the calculated EEDFs, the main
plasma parameters and their dependences on the
magnitude of the reduced electric field (i.e. the ra-
tio between the electric field strength 𝐸 and the total
concentration 𝑁 of nitrogen molecules and a small
fraction of copper vapor) were determined. The pa-
rameter 𝐸/𝑁 was varied within the interval from 1
to 1000 Td (from 1 × 10−17 to 1 × 10−14 V cm2),
which included the values that were realized exper-
imentally. In the integral of electron collisions with
molecules and atoms, the following processes were
taken into consideration: elastic scattering of elec-
trons by copper atoms and nitrogen molecules, ex-
citation of energy levels of copper atoms (thresh-
old energies of 1.500, 3.800,and 5.100 eV, respec-
tively), ionization of copper atoms (a threshold en-
ergy of 7.724 eV), excitation of energy levels of a
nitrogen molecule: rotational levels (a threshold en-
ergy of 0.020 eV), vibrational levels (threshold ener-
gies of 0.290, 0.291, 0.590, 0.880, 1.170, 1.470, 1.760,
2.060, and 2.350 eV), electron levels (threshold ener-
gies of 6.170, 7.000, 7.350, 7.360, 7.800, 8.160, 8.400,
8.550, 8.890, 11,03, 11.87, 12.25, and 13.00 eV), ion-
ization (a threshold energy of 15.60 eV). The aver-
age electron energy in the discharge excited in the
nitrogen-copper vapor-gas mixture (101 kPa : 30 Pa,
(𝐸 = 1.5×107 V/m, 𝐸/𝑁 = 615 Td) reached a value
of 2.306 eV from 50 ns after the voltage pulse began
till the time moment 𝑡 = 280 ns. From the time mo-
ment 𝑡 = 280 ns to the voltage pulse end (𝑡 = 500 ns)
at 𝐸 = 0.75 × 107 V/m and 𝐸/𝑁 = 307 Td, the
average energy of the discharge electrons amounted
to 0.887 eV. The results of numerical calculations of
the main plasma discharge parameters are quoted in
Tables 3 and 4.
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Fig. 6. Dependences of the specific losses of discharge
power at electron collisions with nitrogen molecules on the
parameter 𝐸/𝑁 in plasma with partial pressures Cu : N2 =
= 30.3 Pa : 101 kPa at the total pressure 𝑃 = 101.030 kPa.
Panel 𝑎: excitation of rotational level N2 (1 ), excitation of vi-
brational level N2(V = 1 res.) (2 ), excitation of vibrational
level N2(V = 2) (3 ), excitation of vibrational level N2(V = 3)
(4 ), excitation of vibrational level N2(V = 1) (5 ), excitation of
vibrational level N2(V = 4) (6 ), excitation of vibrational level
N2(V = 5) (7 ), excitation of vibrational level N2(V = 6) (8 ),
excitation of vibrational level N2(V = 7) (9 ), excitation of vi-
brational level N2(V = 8) (10 ); panel 𝑏: excitation of electron
state N2(C3) (11 ), excitation of electron state N2(B3) (12 ),
excitation of electron state N2(W3) (13 ), summation over N2

singlet states (14 ), excitation of electron state N2(A3 V = 0–
4) (15 ), excitation of electron state N2(B′3) (16 ), excitation
electron state N2(A3 V = 5–9) (17 ), excitation of electronic
state N2(C3) (18 ), N2 ionization (19 )

Table 3. Transport characteristics of electrons
in a discharge in a mixture of nitrogen and copper
vapor at their pressure ratio of 101 kPa : 30 Pa

𝐸/𝑁 , Td 𝜀, eV 𝑇 0, K 𝑉 , m/s 𝑁 , cm−3

615 2.306 26749.6 9.6× 105 4.95× 1019

307 0.887 10289.2 7.0× 105 5.89× 1019

The numerical simulation of electron transport
characteristics in the discharge ignited in the mix-
ture of nitrogen with copper vapor at their partial
pressure ratio of 101 kPa : 30 Pa (see Table 1) showed
that the growth of the reduced electric field strength
𝐸/𝑁 within the experimental interval gave rise to the
increase of the average energy 𝜀 and the temperature
𝑇 of electrons, as well as their drift velocity 𝑉 in the
electric field. On the contrary, the electron concen-

tration 𝑁 decreased at higher values of the reduced
electric field strength. The rate constants of excita-
tion and ionization of a copper atom and a nitrogen
molecule by electrons also increased with the parame-
ter 𝐸/𝑁 (see Table 2). The corresponding maximum
values were observed for the excitation constant of
the resonance level of a copper atom.

Specific losses of the discharge power in an N2–Cu
gas-vapor mixture at a component pressure ratio of
101 kPa : 30 Pa, which were spent on the inelastic pro-
cesses of electron collisions with mixture components,
were maximum for nitrogen molecules (Fig. 6). They
amounted to about 30% for the vibrational excitation
of a nitrogen molecule N2 and reached a maximum at
a reduced electric field strength of 104 Td. For cop-
per atoms, they did not exceed 0.8% (achieved for the
excitation of the resonance state 2𝑃 3/2,1/2 of a cop-
per atom at 𝐸/𝑁 = 724 Td). For a reduced electric
field strength of 615 Td, the specific discharge power
losses were about 0.7%. When the parameter 𝐸/𝑁
increased to 1000 Td, the specific discharge power
losses in this gas-vapor mixture reached a maximum
of 20.3% for the electron excitation of the electron
state N2(C3).

The values, as well as the growth and recession
rates, of discharge power losses spent on the processes
of electron state excitation and ionization are gov-
erned by the magnitudes of the effective cross-sections
of inelastic electron collisions with the components
of the working environment and their dependences
on the electron energy, as well as by the dependence
of the electron energy distribution function on the
reduced electric field strength and by the threshold
energy of the process. The specific discharge power
losses for the excitation and ionization of a copper
atom are low because of the low content of copper
vapor in the mixture.

Therefore, according to the obtained distribution
of discharge power losses for electronic processes, one
may expect a significant role of the energy transfer
processes from metastable nitrogen molecules to cop-
per atoms in the plasma concerned. This assumption
was experimentally confirmed, when studying the dy-
namics of radiation emission of a subnanosecond dis-
charge plasma ignited between copper electrodes in
the nitrogen atmosphere with the ectonic mechanism
of copper vapor insertion into plasma [23]. In the
cited experiments, the long (for about 2 ms) after-
glow of a copper atom was detected, which exceeded
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Table 4. Rate constants of electron excitation (𝑘) and ionization (𝑘𝑖)
of resonance (𝑘𝑟) and metastable (𝑘𝑚) levels of copper atom and nitrogen molecule
in plasma on the basis of a mixture of nitrogen (101 kPa) and copper vapor (30 Pa)

𝐸/𝑁 , 𝑘𝑟 × 10+13, 𝑘𝑚 × 10+14, 𝑘𝑖 × 10+14, 𝑘𝑟 × 10+16, 𝑘𝑚 × 10+17, 𝑘𝑖 × 10+17,
Td m3/s m3/s m3/s m3/s m3/s m3/s

Cu N2

615 0.63 0.49 0.11 0.29 0.78 0.28
307 0.02 0.025 0.002 0.0052 0.02 0.000093

the duration of a current pulse by three orders of
magnitude.

5. Radiation Transmission
Spectra of Chalcopyrite Films

In the spectral interval 200–300 nm, the absorption
coefficient of thin films based on the CuInSe2 com-
pound decreased from 6 × 105 to 4 × 105 cm−1 and
remained almost constant (4×105 cm−1) in the wave-
length interval 300–400 nm [1]. As the wavelength in-
creased further from 400 to 1000 nm, the absorption
coefficient decreased to 104 cm−1, and, in the spectral
interval 1000–1200 nm, it decreased exponentially to
a value of 10 cm−1. As follows from those results, the
coefficient of light absorption in chalcopyrite films is
large and strongly depends on the incident radiation
wavelength.

Let us consider the relative light transmission spec-
tra in the ultraviolet and visible spectral intervals
for thin chalcopyrite films that were synthesized
with the help of nanosecond overvoltage discharges
in the nitrogen, argon, and air atmospheres. Ty-
pical transmission spectra for thin films based on
the CuInSe2 compound in the spectral interval 200–
800 nm measured at various pressures in the oxygen-
free gas medium (e.g., nitrogen) and at the atmo-
spheric pressure in air are shown in Fig. 7. The trans-
mission spectra for films synthesized in argon were
similar.

The transmittance of thin chalcopyrite films, in
comparison with that of the substrate, became about
2–2.5 times lower, and, for the film synthesized using
a discharge in nitrogen, it was minimum at 𝑝(N2) =
= 101 kPa. The forms of light transmission spectra
for chalcopyrite films at nitrogen pressures of 13.3
and 101 kPa were close to each other. A lower trans-
mittance of the film synthesized at 𝑝(N2) = 101 kPa
in comparison with that of the film synthesized at

Fig. 7. Spectra of light transmission through chalcopyrite
films sputtered on quartz substrates at their probing with deu-
terium lamp radiation: no specimen (0 ), pure quartz glass
(1 ), CuInSe2 electrodes at 𝑝(N2) = 13.3 kPa (2 ), CuInSe2
electrodes at 𝑝(N2) = 101 kPa (3 ), CuInSe2 electrodes in
atmospheric-pressure air (4 )

𝑝(N2) = 5.5 kPa can be associated with a smaller
thickness of the film synthesized at the lower nitro-
gen pressure.

The lowest light transmittance of chalcopyrite
films, which was an order of magnitude lower than
that of a pure substrate, was obtained for speci-
mens synthesized in atmospheric-pressure air. Howe-
ver, the presence of oxygen in a plasma can lead to
its insertion into the film, which can affect the film
characteristics. Strong absorption of the deuterium
lamp radiation by chalcopyrite films in the spectral
interval 200–500 nm takes place because, when thin
chalcopyrite films are sputtered onto a substrate with
the use of the gas-discharge method, and when elec-
trodes based on the CuInSe2 compound are applied,
the films reproduce the stoichiometry of the electrode
material. This is an important fact, if the synthe-
sized films are intended to be used in photovoltaic
devices.
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After the deuterium discharge lamp was changed to
an incandescent one, the transmission spectra of the
same chalcopyrite films were analyzed in the spectral
interval 400–800 nm. In this case, the main features
in the transmission spectra of chalcopyrite films regis-
tered at various nitrogen and argon pressures, as well
as at the atmospheric pressure of air, correlated with
the results shown in Fig. 7. A comparison of the trans-
mission spectra obtained with regard for the spectra
of probe radiation and the transmission spectra of
the substrate with the dependence of the absorption
coefficient on the probe radiation wavelength demon-
strated a qualitative correlation between them, which
testifies that the composition of the films was stoichio-
metrically close to that of the electrode material.

6. Conclusions

To summarize, we have found found that a homoge-
neous nanosecond discharge can be ignited between
the electrodes fabricated on the basis of CuInSe2 com-
pound and separated by a distance of 10−3 m in the
nitrogen or argon atmosphere with a pressure of 5.3,
101, or 202 kPa. The discharge is characterized by a
pulse electrical power of 5.5–10.5 MW and an energy
supply of 0.35–0.44 J per pulse to the plasma. The
analysis of spectral characteristics of a plasma based
on N2(Ar)–CuInSe2 vapor-gas mixtures showed that
the most intense are the spectral lines of a copper
atom in the interval 200–250 nm and the spectral lines
of an indium atom and copper and indium ions in a
longer wavelength interval. The character of plasma
radiation spectra makes it possible to assume the se-
lective mechanisms of formation of excited atoms and
ions of copper and indium in a plasma, which consist
in transferring the energy from metastable argon and
nitrogen atoms and molecules. On the basis of the
measured relative intensities of spectral lines emitted
by copper and indium atoms and ions, the tempera-
ture and electron density in the researched plasma
can be evaluated. The following separately located
and most intense lines in the spectral interval 300–
460 nm can be used to diagnose the sputtering of
chalcopyrite films in the real-time mode: 307.38 nm
Cu I, 329.05 nm Cu I, 410.17 nm In I, and 451.13 nm
In I. The research of the relative transmittance spec-
tra of a probe radiation in the wavelength interval
200–800 nm by chalcopyrite films synthesized with
the use of the pulsed gas discharge method in the ni-
trogen, argon, and air environments showed that the

transmittance is the lowest for films synthesized at
atmospheric pressures, which is promising for their
application in photovoltaic devices.
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ХАРАКТЕРИСТИКИ ПЕРЕНАПРУЖЕНОГО
НАНОСЕКУНДНОГО РОЗРЯДУ МIЖ ЕЛЕКТРОДАМИ
З ХАЛЬКОПIРИТУ (CuInSe2) В БЕЗКИСНЕВИХ
ГАЗОВИХ СЕРЕДОВИЩАХ

Р е з ю м е

Приведено характеристики перенапруженого наносекун-
дного разряду в аргонi i азотi мiж напiвпровiдниковими
електродами на основi сполуки CuInSe2 при тисках га-
зiв 5,3–101 кПа. Внаслiдок розпорошення електродiв пари
халькопiриту потрапляють в плазму розряду i молекули
CuInSe2 частково руйнуються, а частково осаджуються у
виглядi тонких плiвок на твердих дiелектричних пiдклад-
ках, розмiщених поблизу системи електродiв з плазмою.
Встановлено основнi продукти розпаду молекули халькопi-
риту в перенапруженому наносекундному розрядi, що зна-
ходяться у збуджених та iонiзованих станах, i якi представ-
ленi атомами та однозарядними iонами мiдi та iндiю. Запро-
поновано спектральнi лiнiї атомiв i iонiв мiдi та iндiю, якi
можуть бути використанi для контролю за процесом напи-
лення тонких плiвок халькопiриту в режимi реального часу.
Шляхом числового розв’язку кiнетичного рiвняння Боль-
цмана для функцiї розподiлу електронiв за енергiями, роз-
рахованi температура i густина електронiв в розрядi, питомi
втрати потужностi розряду на основнi електроннi процеси i
константи швидкостi електронних процесiв в залежностi вiд
величини параметра 𝐸/𝑁 для плазми паро-газових сумiшей
на основi азоту i халькопiриту. На кварцових пiдкладках
газорозрядним методом синтезованi тонкi плiвки халькопi-
риту, якi в широкому спектральному дiапазонi (200–800 нм)
ефективно поглинали свiтло. Це вiдкриває перспективи їх
застосування в фотовольтаїчних пристроях.
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