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The results of studying the characteristics of a low-pressure high-frequency discharge in air (p = 10 Pa) for the
synthesis of thin films from silver nitride, due to the electron sputtering mechanism of a polycrystalline electrode
from the compound AgzS, are presented. For the synthesis of thin films based on the AgNOs compound, the
phenomenon of explosive emission of natural inhomogeneities on the surface of a polycrystalline electrode was
used, in which, as a result of the destruction of electrodes from the Ag2S superionic conductor, a silver vapor flow
was formed, which, after interaction with a low-density air plasma, condensed in the form of silver nitride on placed
near a dielectric substrate. The resulting films can be used in medicine, biotechnology, biomedical engineering, and

agriculture.
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Introduction

The results of studying the synthesis of carbon
nanotubes during the deposition of HF plasma products
are given in [1]. It was found that the optimal discharge
power was W=10-12 W. At W > 12 W, the surface of the
synthesized product with nanotubes was etched, nanotube
nuclei were agglomerated, and carbon nanoclusters and
multilayer graphene structures were formed.

In [2], the results of the formation of polyethylene and
silver nitride from the active gas phase formed during
electron beam dispersion are presented; nanocomposite
coatings of polyethylene and silver were formed, their
structure and morphology were studied, as well as the
effect of laser assistance on the processes of film
synthesis. It has been shown that under laser assistance,
silver nanoparticles formed during dispersion have an
autocatalytic effect on the processes of salt
decomposition, and heating of the coating leads to the
formation of a more uniform structure with a lower
protrusion height.

The results of magnetron synthesis of thin
nanostructured zinc oxide films using UV irradiation of a
substrate with a film in the process of its synthesis by
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radiation of a mercury lamp are given in [3]. Here it was
found that UV-assisted growth of transparent ZnO layers
improves their electrical characteristics by creating
additional donor centers and reducing the scattering of
electric charge carriers at grain boundaries. Therefore,
when optimizing the process of synthesizing thin films
based on silver using a high-frequency discharge in low-
pressure air, it will be important to study the optical
characteristics of the plasma of this discharge. When using
microexplosions on the surface of a polycrystalline
electrode made of Ag,S compound at an air pressure of
10 Pa.

The emission spectra of a silver-based plasma under
fore-vacuum conditions, using the example of a low-
energy laser plasma, both when using a pure silver target
and from an AgGaS;, compound, are given in [4, 5].

For laser silver plasma in the spectral range of 270-
550 nm, where the spectral characteristics were studied,
the most intense were the spectral lines of the silver atom
with wavelengths: 546.5; 520.9; 421.1; 405.5; 338.3;
328.1 nm [4]. The excited component of the laser plasma
based on the AgGaS, compound was predominantly
represented by S Il and Ag Il ions, as well as the Rydberg
states of Ag | and Ga | [5].
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In [6, 7], the results of the study and application of
silver nanoparticles, which were obtained by the erosion
of silver electrodes as a result of the ignition of high-
current short-duration discharges in water, are presented.

The spectral characteristics of a gas-discharge plasma
based on the Ag.S superionic conductor, the conditions for
the destruction of polycrystalline electrodes from this
compound under conditions of a high-frequency low-
pressure discharge, and the products of air destruction in
such a plasma are currently absent. The possibility of
synthesizing thin films of silver nitride based on the
degradation products of the Ag,S compound and air in a
low-pressure HF plasma has also not been studied.

The article presents the results of a study of the spatial,
electrical and spectral characteristics of a high-frequency
low-pressure air discharge between an electrode based on
a polycrystalline AgzS compound and a stainless steel
electrode, as well as the results of a study of the optical
characteristics of thin films synthesized on the basis of
sputtering products of the Ag,S compound and RF-
discharge products in low pressure air.

I. Methods and experimental technique

A low-pressure high-frequency discharge in air
(p = 10 Pa) between an electrode made of a superionic
conductor based on an Ag.S compound and a stainless
steel electrode was ignited in a discharge chamber made
of Plexiglas (Fig. 1). Massive samples of polycrystals
based on the Ag.S superionic conductor were synthesized
in the technological laboratory of the chemical faculty of
the Uzhhorod National University.

Fig. 1. Scheme of a gas-discharge reactor: a body of a
discharge chamber made of plexiglass (1), an output
quartz window (2), a fitting connected to a vacuum-gas-
mixing system (3), high-voltage inputs (4), an electrode
from the studied material - Ag,S (5), stainless steel
electrode (6), glass substrate for deposition of thin films
of silver nitride (7), discharge area (8).

HF discharge was ignited using an EN57M high-
frequency electrosurgery device with the following initial
characteristics: power consumption from the power
supply did not exceed 1.8 kW, voltage amplitude - 1 kV,
maximum average output power 300-350 W, operating
frequency - 1.7, output shape voltage, sinusoidal,
modulated by power supply voltage. The discharge was
ignited at a distance between the electrodes of 8 mm
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between their end parts with a rounding radius of 10 mm.
The electrode diameter was 5 mm. Voltage was applied to
an electrode made of a polycrystalline sample of a
superionic conductor, Ag»S, and a stainless steel electrode
was grounded.

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. The time
separation of this system for measuring the characteristics
of electrical impulses was 2-3 ns.

To record the emission spectra of high-frequency
discharge plasma, a digital two-channel spectrometer with
astigmatism compensation "SL-40-2-1024USB" was
used. Working spectrum of the spectrometer: 200-
1200 nm.

More details on the methods and technique of the
experiment are given in [8].

The scheme of the plasma-chemical reactor for gas-
discharge synthesis of thin films based on the AgQ.S
superionic conductor is shown in Fig.1. The distance
between the electrodes was 8 mm. The HF discharge was
ignited when the discharge gap was overvoltaged, when a
beam of runaway electrons was formed in it. Under the
action of this beam and the accompanying X-ray radiation,
the discharge in air at a pressure of 10 Pa, even with a
rather inhomogeneous distribution of the electric field
strength between electrodes with radii of curvature of
hemispherical working surfaces (~10 mm), was quite
uniform. In a strong electric field on the working surface
of an electrode based on the Ag,S compound, nanowister
microexplosions occur on the electrode surface, which
contributed to the introduction of vapors of the superionic
conductor Ag»S products and their decay (Ag, ....) into
low-pressure air plasma and their deposition on a glass
substrate in the form of thin films.

When a glass substrate was installed at a distance of
8 mm from the center of the discharge gap (Fig. 1) and the
discharge burning time was 10-30 minutes, the deposition
of a thin film from the products of sputtering of the
electrode material and the products of air destruction in
the discharge was recorded on the substrate. The obtained
samples of thin films were studied using an XploRA
PLUS Raman spectrometer.

HF photographs were obtained using a digital camera
(exposure time = 1 s), photographs of the thin film surface
were obtained using an optical microscope and a camera,
with a system magnification of 1500.

When conducting experimental studies, a digital two-
channel spectrometer with astigmatism compensation
"SL-40-2-1024USB" and a Raman spectrometer "XploRA
PLUS" of the center for the collective use of scientific
equipment "Laboratory of Experimental and Applied
Physics" at the Far Eastern Higher Educational Institution
were used.

Il. Spatial, electrical and spectral
characteristics

When a high-frequency voltage is applied to the
electrode from the Ag,S superionic conductor in a low-
pressure air media (p=10Pa), a diffuse, spatially
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homogeneous high-frequency discharge ignites. In a
strong electric field in the vicinity of nanowisters located
on the working surface of an unpolished polycrystalline
electrode, an intense field emission of electrons begins,
which ends with a microexplosion of the wister and the
introduction of vapors of the Ag,S compound into the
interelectrode gap of the HF discharge, which, when
destroyed in plasma, serve as a source of an atom. See also
sulfur. The plasma simultaneously acts as a source of UV
radiation and clusters and nanostructures based on the
Ag,S compound and its degradation products entering the
surrounding space, where a glass substrate is placed, on
which a thin film is formed based on the degradation
products of the Ag.S compound and low-pressure air
plasma. We also observed a similar picture for an
overvoltage nanosecond atmospheric pressure discharge
in air between copper electrodes [9].

Fig.2. presents the image of the system of HF
electrodes and the discharge between them at an air
pressure in the discharge chamber of 10 Pa.

Fig. 2. View of a high-frequency discharge in air at a
pressure of p - 10 Pa and an average electrical power of
the HF discharge- 300 W.

The HF discharge between the electrode made of a
polycrystalline compound (Ag2S) and the stainless steel
electrode ignited in a diffuse form, which is due to the
presence of preliminary ionization of the discharge gap in
the form of a flow of runaway electrons, X-ray and
ultraviolet radiation, as well as low air pressure. This type
of HF discharge is a prerequisite for obtaining uniform
flows of the Ag.S compound sputtered from the electrode
surface and its degradation products in plasma, as well as
for the flow of UV radiation from the discharge and the
deposition of electrode material products on a glass
substrate in the form of a thin film.

Fig.3 presents an oscillogram of high-frequency
voltage pulses, which was applied to a polycrystalline
electrode and a discharge current. In this experiment, the
highest voltage amplitude reached 1 kV, and the average
power at the output of the power supply was 300 W.

The radiation spectrum of plasma based on a
superionic conductor and the results of identification of
the most intense spectral lines of an atom, a singly charged
silver ion, as well as the spectral bands of a sulfur
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molecule in a high-frequency discharge are shown in
Fig. 4 and in the Table 1.

4.0x10" 4
Fig. 3. Oscillograms of the voltage between the explosive
electrodes and the discharge current at an air pressure of
10 Pa and a distance between the electrodes of 8 mm.
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Fig. 4. HF discharge radiation spectrum between a

superionic conductor electrode and a stainless steel

electrode in air at a pressure of p=10 Pa (W=300 W).

In [10], the results of studying the electronic structure
of the silver chalcogenide compound Ag.S both
experimentally using photoelectron spectroscopy and
theoretically are presented. When an Ag,S compound is
injected from the surface of a polycrystalline electrode
into an HF-discharge plasma, it is easily destroyed by
electrons with the release of silver atoms, which are
excited by the HF electrons (Table 1). The investigated
plasma radiates in the spectral range of 230-340 nm. The
main sources of radiation in the UV - spectral range were
atoms and singly charged silver ions, as well as bands of a
diatomic sulfur molecule. In the visible region of the
plasma radiation spectrum, there were transitions of the
silver atom and ion, and individual bands of the nitrogen
molecule were also observed [11].

Figure 5 shows photographs of a thin film synthesized
from the sputtering products of a polycrystalline electrode
in an overvoltage nanosecond discharge of atmospheric
pressure in air on the surface of a glass plate. The plate
was installed at a distance of 8 mm from the center of the
interelectrode gap. The photographs of the surface of the
synthesized thin films shown in Figures 5 and 6 were
obtained using an optical microscope with a magnification
of 1500 times.
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Table 1.

The results of identification of the most intense spectral emission lines of an atom and a singly charged silver ion, as
well as the spectral bands of a sulfur molecule at an air pressure of p = 10 Pa in a HF discharge ignited at a distance
between the electrodes from the Ag»S compound d =8 mm and a frequency f=1.76 MHz

Ne A tab, NM Iexpa.u. | Object | Eiow,eV | Eup. eV Lowerterm Upperterm
1 232.02 29 Agll 5.70 11.05 | 4d°(®D3p)5s ?[*/2]2 4d°(?D312)5p [%2]°s
2 298.95 95 S 3%-3% (6;1)
3 309.15 163 S 3%-3% (5;2)
4 313.22 161 S 32-3% (4;2)
5 328.06 64 Agl 0.00 3.77 401955 25,/ 4d%p 2P°3p,
6 338.28 28 Agl 0.00 3.66 4d1955%S ) 4d1%p?P° 41
7 484.782 72 Agl 0.71 9.84 4d°5s(°D)5p “F°7 4d°5s(°D)6s “D7
8 520.90 147 Agl 3.66 6.04 4d1%p 2P°y), 4d'95d ?Dgy,
9 562.24 99 Agll 15.82 18.02 | 4d°(®Dsp)5d 2[7/2]4 | Ad°(?Ds2)4f9/2]°%
10 616.58 118 Sy 3%-3% (9;30)
11 657.07 175 Agl 0.00 3.77 401955 25,/ 4d1%5p 2P°3p,

- second order

328.06

a)
Fig. 5. Photographs of different parts of the surface of a
thin film synthesized from the degradation products of
polycrystalline electrodes based on the AgzS superionic
conductor in an overvoltage nanosecond discharge in air
(p =103 kPa; f = 1 kHz; d = 2 mm).

Fig. 6. Photograph of the surface of a thin film synthesized
from the degradation products of a polycrystalline
electrode based on the Ag,S superionic conductor in a
low-pressure high-frequency discharge in air (p = 10 Pa;
f=1.76 MHz; d = 8 mm).

As follows from Fig. 5, the surface of the films
synthesized from the degradation products of the Ag.S
compound in an overvoltage nanosecond discharge in air
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at atmospheric pressure was quite uniform. The horizontal
width of the photograph was 15 pm. However, against the
background of a uniform film surface, slices of a sputtered
polycrystalline electrode of micron size were observed.

On Fig.6 an image of the surface of a film obtained
using the degradation products of a polycrystalline
electrode in HF discharge in low-pressure air is shown. As
follows from Fig. 6 the surface of the synthesized film is
much more uniform than in Fig.5 and there are no separate
fragments of the polycrystalline electrode on it.

Raman spectra of a thin film synthesized from HF
discharge products in air at a pressure of p=10 Pa are
shown in Fig.7. The Raman spectrum of scattering by a
thin film of the compound AgNO; is also shown
there [12].

Lru.
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Raman shift, em™

Fig. 7. Raman scattering spectra of a silver nitride
compound and a thin film of a sputtered polycrystalline
electrode in our studies:

1 — Raman spectrum of the AgNOs; compound [12],
2, 3 — Raman light scattering spectra obtained from
different parts of the film synthesized on the basis of the
Ag>S compound sputtered in HF plasma in low-pressure
air, 4 — Raman spectrum of the glass substrate.
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It follows from Fig. 7 that the Raman scattering
spectrum of the films synthesized by us is identical to the
control spectrum of the AgNOs; compound. Since the
silver nitride film was synthesized with automatic
assistance of plasma UV radiation, it should have a lower
resistance compared to the typical synthesis of such films

on the AgNO3; compound is synthesized on a dielectric
substrate installed near the electrode system.
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O.K. Illyai6os, O.11. Muns, P.B. ['pumak, A.O. Mamninina, 3.T. ['omoxki

JlocJtilxkeHHSl YMOB CHHTe3y TOHKHX ILTIBOK HiTpuay cpitiaa (AgNO3) y
BHCOKOYACTOTHOMY PO3psi/li HU3bKOI'0 THCKY

JBH3 «Yaceopoocwruil nayionanshutl yHisepcumemy, Yoczopoo, Yrpaina, alexsander.shuaibov@uzhnu.edu.ua

HaBezneHo pesynbraTé JOCHIDKEHHS XapaKTEPHCTHK BHCOKOYACTOTHOTO PO3PSITY HU3BKOTO THCKY B HOBITPI
(p = 10 ITa) musg cuHTE3y TOHKHX IUIIBOK 3 HITpHAY cpibia, 3a paxyHOK €KTOHHOTO MEXaHi3My PO3IIOpOIICHHS
MOJIIKPUCTANIIYHOTO eeKTposa 3 crnoiykd AgeS. Jlnsg cuHTe3y TOHKHMX IUTIBOK Ha ocHOBi  cmoiyku AQNOs
BUKOPHUCTAHO sBUILE BUOYXOBOI eMicii PUPOAHUX HEOAHOPIAHOCTEH HA OBEPXHI MOJIKPUCTATIYHOTO ENEKTPOIa, IPU
SIKOMY B pe3yJIbTaTi pyiHYBaHHs eIEKTPOIIB 3 CYIepioOHHOro npoBigauka AgzS ¢popMyBaBcst OTiK mapiB cpibia, skuii,
MICJIS B3a€MOJII 3 IJIa3MOI0 MOBITPS HU3bKOI I'YCTHHHM, KOHAEHCYBaBcs Y (opMi TOHKOI IUTIBKM 3 HITpHAy cpibna Ha
BCTAHOBJICHI TOONM3y IienekTpuuHid migkmaami. OpepkaHi IDTBKM MOXYTh OyTH BHKOPHCTaHI B MEIHIIVHI,
010TeXHOJIOTIsIX, OiOMeIMYHIN 1HXKeHepii, a TAKOXK y CIIIbCHKOMY I'OCIIOIapCTBI.

KorouoBi ciioBa: BHCOKOYaCTOTHUI pO3psil, TOHKI IUTIBKY, HITPHUL Cpibiia, CHEKTP BUIIPOMIHIOBAaHHS, IUIa3Ma.
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