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Material based on multilayer periodic structures with GeSiSn

pseudomorphic layers
Al NikiforoV' V.A. Timofeev', V.l. Mashanov', 1.D. Loshkarev', |.V. Skvortsov', D.V. Gulyaev',
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Haywen poct mMHorocnofimsrx  crpyktyp ¢ rereponepexogom  Gey3Sipz Sny/St npn
conepxanun onosa or 0 go 18%, Meronom pentreHoBCKoll AMQpPaKTOMETPUN NOKA3AHO
HAIMYHE CTPOroif NMEepHOAMYMHOCTH CIOER M BLICOKHIT YPOBEHE COMEPKAHMS  OJIOBA.
Yeranorneno, uto coemntennus GeSiSn spismores tepMudeckn cTabiibHeIMK B Manasone
remreparyp omare 300-550°C. Or crpykryput ¢ ncespomophuemMu  cnosmu  GeSiSn
nabmoaercs curia GoToNOMHHECHEHIHN B HHGPAKPACHOM AHAMAZ0HE OKONO 3 MKM,

Kimouesnie ¢iosa: Monekynspro-nyukosas snutakens, Ge, Si, Sn, KBaHTOBLIC IMBL.

The growth of multilayer structures with Gey 1Siy 7.,Ge,/Si heterojunction at tin content from 0
to 18% was studied. The X-ray diffractometry method shows the presence of strict periodicity
of layers and a high level of tin content. It has been established that GeSiSn compounds are
thermally stable in the annealing temperature range of 300-550 °C. A photoluminescence sig-
nal in the infrared range of about 3 microns is observed from a structure with pseudomorphic
GeSiSn layers.

Keywords: molecular beam epitaxy, Ge, Si, Sn, quantum well.,

DOI: hitps//doi.org/10,52304/,v23i3.255

I. Introduction

tin content reduces the band gap and, thus, there is an
increase in the operating wavelength from the near to
far infrared range. In [6], the optical properties of
multilayer GeSn/Ge heterostructures with compres-
sion deformations in GeSn layers were investigated
and a mock-up of an IR photodetector was created,
showing an increase in sensitivity in the entire range
from 0.75 to 2.4 microns in comparison with a Ge-
based photodetector. An increase in the photo-
response in the infrared range was observed in p-i-n
diodes based on multilayer structures with pseudo-
morphic GeSiSn layers with an increase in the Sn

GeSiSn compounds are of interest for their use
in multispectral imaging systems [1, 2], since they
demonstrate a photoluminescence signal in the infra-
red wavelength of various ranges [3-8]. By changing
the tin content in the GeSiSn solid solution layer, it is
possible to adjust the band gap of the material and
change the optical properties from the near to the far
infrared range [9-11].

In order to advance into the infrared region, we
suggest using materials based on Group 1V elements
(Ge, Si and Sn). The addition of Sn to the GeSi ma-
trix allows for zone engineering. An increase in the
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content from 0 to 14% [12]. Wirths and colleagues
[13] reported on the creation of a mock-up sample of
an optically pumped laser based on GeSn, and in [14]
an electrically pumped laser based on GeSn was ob-
tained for the first time, operating at a wavelength of
2 3 microns up to 100 K.

Despite the successes, there are still difficulties
in the growth of GeSiSn matenials. The main difficul-
ties are associated with the segregation of tin [15].
Using the sputter epitaxy method, GeSn layers with
tin content up to 11.5% were obtained without Sn se-
gregation [16]. It was proposed to suppress the segre-
gation effect by using a low-temperature buffer layer
GeSn [17]. Another successful approach for obtaining
GeSn layers with a high Sn content is to use thin lay-
ers of Sn with a thickness of several monolayers be-
tween Ge layers [18]. The maximum tin content was
15%. A similar approach was used in [19]. Firstly, an
array of B-Sn tin 1slands was formed, and only then
the a Ge layer was deposited and annealed. Here it
was possible to achieve a tin content of up to 26%.
Such layers allow you to move into the middle infra-
red region of 3—5 microns. The most interesting op-
tion from the point of view of zone engineering and
thermal stability are the GeSiSn layers. Due to the in-
crease in the entropy of mixing in the GeSiSn system
compared to GeSn, the GeSiSn layers are more stable
to thermal annealing [20].

The purpose of the work was to establish the re-
gularities of the formation of the material based on
GeSiSn compounds. In our work, we used pseudo-
morphic GeSiSn layers, since they do not contain de-
fects, and obtained multilayer periodic structures with
these layers on a Si substrate. A photoluminescence
signal obtained from a material based on GeSiSn na-
noheterostructures was observed in the infrared re-
gion.

Il. Experiment

The material based on GeSiSn compounds was
obtained by molecular beam epitaxy (MBE). and in-
cludes a multilayer periodic structure. Each period
consists of a Si layer and a GeSiSn layer. The GeSiSn
layers are in a pseudomorphic state. The MBE cham-
ber 15 equipped with an electron beam evaporator for
S1 and Knudsen effusion cells for Sn and Ge for the
synthesis of triple GeSiSn compounds with different
compositions. After preliminary cleaning of the sili-
con surface from a thin layer of oxide, a buffer layer
of S: wath a thickness of 150 nm was applied to the
S#100) substrate at a deposition rate of 0.2 A/c and at
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a growth temperature of 700°C to smooth the surface.

Next, a multilayer periodic structure was formed,
n which the period consisted of a Si layer with a
thickness of 7 to 23.5 nm and a GeSiSn layer with a
thickness of 2 nm. The morphology and structure of
the surface during growth were controlled by reflec-
tion high energy electron diffraction (RHEED). To
determine the boundanes of the pseudomorphic state
of the films, kinetic diagrams of the growth of Ge-
SiSn films were established in the temperature range
100-300°C. The critical thickness was determined by
constructing spatio-temporal intensity profiles along
one of the directions in the RHEED picture.

The study of the stress state, composition and
heterogeneities in structures with quantum wells was
carried out by X-ray diffraction. To measure the dif-
fraction reflection curves, a two-crystal X-ray diffrac-
tometer DSO-1T was used using a Ge(004) monoch-
romator crystal in CuKa radiation (A= 1.54056 A).
The phase analysis of the mitial Sn films and tin
oxides obtained after annealing was performed by X-
ray powder diffractometry. It 1s an X-ray diffraction
system (Shimadzu XRD-7000, CuKa radiation, A =
1.54178 A, linear detector OneSight) in the range of
26 from 20° to 50°. The diffractograms were indexed
using the PDF database (Powder Diffraction File, re-
leased in 2010, International Diffraction Data Center,
Pennsylvania, USA). Optical properties were studied
by photoluminescence (PL). The PL signal was rec-
orded by a spectrometer with a cooled photoelectron
multiplier with a photocathode S-20. In addition, the
samples were pumped with a laser diode at a wave-
length of 785 nm to observe PL in the mid-IR range.
To achieve maximum efficiency in the mid-IR range,
measurements were carried out using an InSb photo-
detector.

III. Results and discussion

The growth of structures contaming quantum
wells with pseudomorphic Geg3Sip7.,Sny films has
been studied. At the first stage, multilayer periodic
structures were obtained. They include elastically
stressed Geg1Sip7.,Sn, layers. Previously, we investi-
gated kinetic growth diagrams of Gey3S1s7.,.Sn, layers
with a tin content of less than 14% [8, 21]. Figure 1
shows a kinetic diagram of the growth of
Gey3819p7.,Sn, layers on Si(100) with an Sn content of
14 and 18% in the temperature range of 100-300°C.
An increase in the tin content makes it possible to
move into the longer-wavelength infrared region of
the spectrum, as discussed in the introduction.
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Figure 1. Kinetic growth diagram of Ge, 381y 2,Sny layers
for Sn content 14 and 18%.

The region of existence of the pseudomorphic
state of Geg1Sio7.4Sny films is located under the curve
describing the critical thickness of the 2D-3D transi-
tion. The film exceeding the critical thickness of the
2D-3D transition represents an array of three-
dimensional GeSiSn islands. The curve correspond-
ing to the tin content of 14% has one mimimum at
200°C and two maxima around 175 and 250°C. The
higher temperature range from 200 to 300°C was well
described by us in [21]. This area corresponds to a
change in the mechanisms of two-dimensional film
growth from two-dimensional islet growth to islet
growth due to the movement of steps. The decrease in
the critical thickness of the 2D-3D transition in the
low-temperature region from 175 to 200°C can be
explamned by the influence of tin, which acts as a sur-
factant that accelerates the surface diffusion. The
critical thickness of the 2D-3D junction varies from
1.5 to 2.5 nm n the studied temperature range.

The next curve, corresponding to the tin content
of 18%, 1s straightened and the features associated
with the change of mechanisms of two-dimensional
growth are no longer observed, The values of the
critical thickness vary slightly from 1.25 to 1.4 nm
over the entire temperature range from 100 to 300°C.
Such small values, first of all, can be associated with
the ultimate solubility of tin in the GeSi matrix. An
increase in the growth temperature above 300°C leads
to segregation of tin and a solid solution of a given
composition is not formed This is fixed by the
appearance of superstructures in the RHEED picture.

Phase diagrams describing  superstructural
changes in various tin coatings are shown in Fig. 2.
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Figure 2, Phase diagram of the superstructural change dur-
ing annealing of the Sn film on the Si(100) surface.

Based on kinetic growth diagrams of
Geg1Sig7.4Sny films, the thickness region correspond-
ing to the pseudomorphic state was selected. The ad-
vantage of such films in comparison with thick layers
is the absence of dislocations in them. Knowledge of
the region of existence of elastically stressed films
makes 1t possible to choose the growth parameters of
multilayer periodic structures containing up to ten pe-
riods with Ge)3Sio7.,Sny/Si  heterojunction. The
thickness of the Geg3Sio7.,Sny layer was chosen 2 nm
for tin content up to 14% inclusive at a growth tem-
perature of 150°C. The period included a Ge3Sig 7.
vSny layer with a thickness of 2 nm and a Si layer
with a thickness of 7 to 23.5 nm deposited on top of a
solid solution layer at a temperature of 500°C. To
avoid tin segregation, it was proposed to use two-
stage Si growth. First, a low-temperature silicon layer
was formed, and then the temperature rose to a final
growth temperature of 500°C.

Figure 3 shows a RHEED picture during the
growth of Si on top of the GeSiSn layer in the azimu-
thal direction [110] during the formation of a multi-
layer periodic structure. A superstructure (4x1) is ob-
served, which corresponds to a tin coating at a tem-
perature of 500°C [8]. Optimization of the growth of
low-temperature and high-temperature silicon layers
makes it possible to achieve minimal segregation of
tin.

@Academy of Sciences of Republic of Uzbekistan, 2021
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Figure 3. The RHEED pattem observed in the azimuthal
direction [110] during the growth of Si on top of the
GeSiSn layer during the formation of a multilayer periodic
structure.

The stress state, composition, quality of hetero-
geneous boundaries and thermal stability of multilay-
er periodic structures were studied by X-ray diffrac-
tometry. In Figure 4, one can see the diffraction ref-
lection curves (004) for samples with different tin
content of 7 and 14%. The diffraction reflection
curves are shifted along the intensity axis for clarity

Si substrate

W'r
_w'y S A } “
;Emf[ s z ' ﬂ']w; )\ sars
3 100
é 10' M‘ ‘ W

o~ \ S0 14%

et

2000 4000 200 0 2000

1 (arcsec.)
Figure 4. Diffraction reflection curves (004) from multi-

fayer periodic structures with pseudomorphic GeSiSn films
with a tin content of 7 and 14%.

They contan 8 peak from the Si substrate and satel-
lmes associated with the periodic structure of the
samples. Satellites up to the 4-th order are observed,
which indicates the high quality of the structure and
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strict periodicity. The position of the zero satellite
corresponds to the average composition of the period-
ic structure. From the figure you can see the angular
displacement of the zero sattelite for the tin content of
7 and 14%. The angular distance between the satel-
lites depends on the thickness of the period The
thickness of the period was the same and was 14 nm:
2 nm thickness GeSi1Sn and 12 nm thickness Si

The pseudomorphic state of the films i1s con-
firmed by the shape of the diffraction reflection
curve. In addition to the composition, period and
stress state, the thermal stability of the structures was
studied during their annealing up to a temperature of
550°C (Fig. 5) A structure with a tin content of 7%

10° .
Si substrate —
10°
10¢
: 10°
% 10*
§
£ 10
10° \ Il A
f f} o
1 i . !
10 . W ‘.'J 1.{' M Mellmg*
'°~: 1 1 n 3 M |
-4000 ~2000 0 2000
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Figure §. Diffraction reflection curves (004) from multi-
layer periodic structures with pseudomorphic GeSiSn films
with a tin content of 7% for as-grown sample and for the
sample annealed at 550° C and a simulation of the curve
corresponding to as-grown sample.

m GeyS197.4Sn, layers was used This composition
was confirmed by the data of diffraction reflection
curves. The period consisted of a Geg1Siq+.,Sn, layer
with a thickness of 2 nm and a Si layer with a thick-
ness of 23.5 nm. Following the position of the zero
sattelite for both the mitial sample and annealed at
550°C, it can be concluded that annealing of the sam-
ple does not change its average composition. The
curves were modeled using Sergey Stepanov's X-ray
Server resource (https.//x-server. gmea aps.anl gov /).
The optical properties of multilayer peniodic
structures were investigated by photolummescence.
Figure 6 shows the PL spectra obtained by excitation
of a sample containing a structure of 10 penods with
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Figure 6. Photoluminescence spectra from samples includ-
ing a structure with quantum wells Gey 1Sig 4:Sng ¢/Si.

a violet laser with an excitation wavelength of 405
nm and an infrared laser with an excitation wave-
length of 785 nm. The period of the structure con-
sisted of a layer Geg3Sig43Sng ey with a thickness of 2
nm and a layer of S1 7 nm thick. In the case of a vio-
let laser, the radiation passes by about 250 nm, which
exactly corresponds to the thickness of an epitaxial
film grown on a Si substrate and containing a multi-
layer periodic structure. Therefore, we see a PL sig-
nal in the region of 3 microns associated with a mult-
layer peniodic structure, and there 15 no signal from a
silicon substrate m the region of 1 1 microns. An in-
crease in the excitation length to 785 nm leads to an
mcrease in the absorption depth of radiation, radia-
tion penetrates into the substrate. On the PL spec-
trum, 1 addition to the signal n the region of 3 mi-
crons, a PL signal from silicon appears in the region
of 1.1 microns. However, n this case, the mtensity of
FL in the long-wave mnfrared region decreases at a
maximum of PL at about 3 microns. Decoding the
signal i the middle infrared range requires further
calculations of the zone structure of the matenal with
GeSiSn layers. Nevertheless, it can be seen that such
structures exhibit PL in the infrared range.

Thus, on the basis of multilayer structures with
pseudomorphic GeSiSn layers, a technology for the
growth of a material demonstrating a PL signal as in
the infrared range was developed.

IV. Conclusion

The growth of multilayer structures with GeSiSn
quantum wells has been studied and 2D-3D transi-

tions for GeSiSn films with a high tin content of 14
and 18% have been established. The annealed sam-
ples were analyzed by X-ray diffractometry and the
region of thermally stable compounds was deter-
mined This temperature range ranges from
300-550°C. A photoluminescence signal in the infra-
red region from a structure with pseudomorphic
GeSiSn layers 1s demonstrated. A matenal has been
obtained that demonstrates a photolumnescence sig-
nal in the nfrared range.
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[MInpokoe HENoONL3OBAHNE OPraHMyueckiX HaHOKpHcTauios Tpebyer BGonee rnyGokoro monu-
MANHA MEXANUIMOB HX 3apoauiweobpazosanus. B yacTHOCTH, NPEJCTONT BLIKCHUTL HAYANO
3aPOLILIE00PasOBAHNA, XOTS OBUIH NPEATPUHATE OrPOMHLIC YCHIIHA KAK B IKCITEPHMCHTANL-
HEIX HCCIEAOBAHNAX, TAK H B HCCIEROBAHNIAX C HCIOML30BAHNEM MONeTMporarns, B atoM nc-
CHEIOBAHNH MBI IPOBOANM MOJETHPOBAHKE MoJekyNsapHoil ausamikn (M), nogkpennennoe
ksanToso-Mexanuveckumn (DFT) pacueramn, 4robst noHsTL MEXAMHIMK 3APOKACHUA Opra-
HUYeCKHX RanokpucTamion nepunena, Hamm pacuerst DFT noxasssaior, uro Moneky/ispHas
YKIRIKA JIMLOM K JHIY W JTHIOM K KPalo MOJKET B KOHEYHOM HTOre MPUBECTH K 06pasosanmio
HAHOKpPHCTANNA Tepuiena Tana enouky. C apyroil CTOPOHB!, Pe3yIbTATE MOACTHPOBAHKA Me-
ropoM MJ1 nokassisaior ofpazoBanie Knacrepos, KOTOPOE NMPOJOIIKASTCH ¢ JAPOIKIACHHEM
KpHCTWINOB B GOPME OJHOHATIPABIEHHOTO HIH PA3HOHANPABICHHOrO POCTa, B 3ABUCHMOCTH
OT CKOPOCTH MOJAYMH MOJIEKYNbl TMEpHIeHa B BAKyyMe. IT0 HCCIEIOBAHHE MOMOMKET JyHuie
TONATE TIPOUECC YIPABICHUS POCTOM OPraHHYecKHX HAHOKPHCTAIUIOB B COBPEMEHHONH HaHO-
TEXHONOTHM,

Kimouenbie caosa; oprassvcckuil HAHOKPHCTAT, MEXAHHIM 38p0kicoBpaIoBanHm, MOACKYINPHLN
JAMHAMMKS, KBAHTOBO-MEXAHHYCCKHE PacieThl, 3ICKT KARCTCPHIALMY,

The wide application of organic nanocrystals requires a deeper understanding of their nuclea-
tion mechanisms. In particular, the onset of nucleation still needs to be elucidated, although
tremendous efforts have already been made in both experimental and simulation studies. In
this research, we conduct molecular dynamics (MD) simulations, supported by quantum-
mechanical (DFT) calculations, to understand the mechanisms of the nucleation onset of or-
ganic perylene nanocrystals. Our DFT calculations indicate that face-to-face and face-to-edge
molecular stacking can ultimately lead to the formation of a herringbone-style perylene nano-
crystal. On the other hand, the results of MD simulations show the formation of clusters, which
continues with the crystal nucleation in the form of unidirectional or multidirectional growth,
depending on the feeding rate of perylene molecule in vacuum. This research helps to better
understand the control of the growth of organic nanocrystals in modern nanotechnology.

Keywords: organic nanocrystal, nucleation mechanism, molecular dynamics, quantum-mechanical cal-
culations, clustering offect.

DOI: https//doi.org/10.52304/.v2313 256

L. Introduction several technologies, including pharmaceuticals, agro-

Organic nanocrystals (ONCs) are being used for ~ chemicals, organic electronics, etc. [1, 2]. Because of

Vol.23, No.3, pp.7-11, 2021
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their importance, ONC synthesis has been studied for
many decades [1, 3].

For the synthesis of ONCs, various fabrication
techniques are used, such as the reprecipitation me-
thod, supercnitical fluid crystallization method, etc [1].
Among these growth techniques, the reprecipitation
method is a convenient method for synthesis of ONCs
with controlled size and morphology [1]. In particular,
in this method, the organic molecules are quickly ex-
posed to the poor solvent surroundings, which induce
the nucleation and subsequent growth of the molecules
to ONCs. The size and morphology of resulting ONCs
be controlled by means of tuning some parameters,
mcluding temperature, stiring speed, etc [1, 2]. Sever-
al ONCs are widely fabricated using the reprecipitation
method, such as nonlinear optical dyes, fullerene and
some polymers and fluorescent dyes [1-3].

Recent studies showed that further successes in
application of these nanocrystals require deeper under-
standing of ONC nucleation and consequent growth
mechanisms [3]. Two main theories are used to ex-
plain the onset mechanisms of nanocrystal growth, 1e.
classical and non-classical nucleation theonies [4]. In
classical nucleation theory, the crystal nucleation
process is followed as single-step mechanism. Namely,
crystal nucler have the same structure as original crys-
tal. On the other hand, non-classical theory explamns
the crystal nucleation process in two-step mechanisms:
an emergence of mitial liquid-like clusters followed by
an appearance of the crystalline order.

Despite these well-known nucleation theories that
explain the ONC synthesis, as well as a number of ex-
perimental and simulations studies trying to under-
stand the underlying mechanisms [5], the nature of the
onset of nucleation of these functional ONCs is still
elusive,

In this study, to support the experimental evi-
dences, we conduct computer simulations, namely,
molecular dynamics (MD) simulations together with
quantum mechanical (DFT) calculations to understand
the mechanisms of the nucleation onset of ONCs from
cyclic aromatic hydrocarbon molecules. In particular,
using DFT calculations we study mitial molecular
packing steps of perylene molecules, whereas applying
MD simulations, we investigate subsequent clustering
mechanmisms of perylene molecules in vacuum in order
to elucidate the sintering behavior of these organic mo-
lecules, thereby considering non-environmental effect.

II. Computational methodology
In this study, we perform MD simulations based

©Academy of Sciences of Republic of Uzbekistan, 2021

on the ReaxFF reactive potential [6]. The latter is ap-
plied to properly describe the interactions between
atoms of the system, allowing the MD to simulate
both physical and chemical processes, including
chemical reactions [7]. In our simulations perylene
(CxH,2) molecules are consecutively inserted nto a
simulation box at random positions. Initial distance
between inserted molecule and already existing (1.e.
already added) molecules exceeds 10 A, so that there
are no molecular interactions. The formation ONC
clusters from perylene molecules is simulated at room
temperature (300 K) using Buss: thermostat (i.e. NVT
ensemble) [8]. Prior to thermal equilibration, the
energy of the simulation system is minimized using
the conjugate gradient method [9]. To support our
classical MD results, the DFT calculations are per-
formed using the VASP software [10]. All DFT
optimizations are carried out in the generalized gra-
dient approximation (GGA), employing the revised
Perdew-Burke-Emzerhof (RPBE) functional [11].

II1. Results and discussion

Our quantum mechanical calculations reveal that
the perylene molecules (Fig. 1, single) imitially form
into dimer (Fig. 1, dimer) with cofacial (face-to-face)
stacking interactions, due to the presence of =n-
electrons in the inner (or central) part of these adja-
cent molecules [12].

At the edjes of the perylene molecule, where
C-H bonds exist, the electrons are closer to the more
negative C atoms [3]. Thus, noncovalent interactions
such as electrostatic, induction and London disper-
sion interactions as well as exchange-repulsion forces
lead to the formation of non-bonding C---H links with
neighbor molecules [3, 13]. Consequently, such weak
attractive non-bonding interactions allow third mole-
cule to be located perpendicular (face-to-edge) to the
dimer, thus forming a tnimer (Fig. 1, trimer) [12]. The
results show that such a packing of molecules (ie.,
the formation of trimer) is energetically more favora-
ble, since the interaction energy in the trimer struc-
ture 1s higher than in the dimer structure, 1.e., =0.75
eV and —0.38 eV, respectively (see Fig. 1). Note that
the interaction energy £, is obtained as a difference
between energies of the packed n molecules or cluster
E.x, and 1solated molecules (£), E;, E,) that belong
to the cluster:

E,=E. —(E+E +..+E,). (1)
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dimer

trimer

single

i

Figure 1.
and side view (bottom panels).

In particular, the interaction energy of the cofa-
cial (face-to-face) perylenes n the molecular dimers
and trimers (with an intermolecular distance of 3.5 A)
15 closer to the energy of pentacene dimers obtamed
from other quantum mechamical calculations, which
ranges from —0 58 eV to —0.97 &V [13]. The forma-
von of both cofacial (due to m-x stacking [12]) and
edge-to-face stacking configurations (due 1o noncova-
lent interactions [13]) in the structure of packed mo-
lecules (or clusters) indicates that the structure of the
growmng peryvlene-based nanocrystal belongs to the
hemingbone arrangement [12].

The initial steps of the sequential stacking of perylene molecules, shown in the top view (upper panels)

The formation of clusters is observed in our clas-
sical MD simulations. The simulation results reveal
that the number of clusters contaning different num-
ber of molecules gradually increases during the
process of molecular packing [14] (Fig. 2).

The results also indicate that the number of mo-
lecules in a single cluster is inversely proportional to
the number of clusters in a vacuum. In addition, a
shape of clusters is gradually transformed with an in-
crease of the number of their molecules. Namely,
while a cluster with a small number of perylene mo-
lecules expands 1 all three dimensions

///
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500 ps

420 ps

Figure 2. Clustering steps ofperylene molecules.
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(Fig. 2, 50-60 ps), an increase in the number of mo-
lecules 1n a cluster leads to its growth in only one di-
rection (Fig. 2, 110-125 ps). This unidirectional
layer-by-layer growth behavior was also experimen-
tally observed when perylene molecules were in-
serted faster (i.e. in the case of a high chemical poten-
tial) [15]. However, due to the increasing instability
of such a structure, the shape of a cluster gradually
turns into a round-like form (Fig. 2, 420-500 ps).
This process continues until crystal nuclei starts to
appear [4].

The results of the MD simulations also show that

after a rather long simulation time (i.e. few hundreds
of ns), the perylene molecules in a given cluster can
be arranged in an ordered manner, as in the crystal
structure (cf. (a) and (b) in Fig. 3). Although the re-
sulting final cluster structure is not the exact structure
of the perylene crystal, both structures are quite com-
parable (Fig. 3). Such a small difference in these
structures can be explained by a phase transition or
structural transformation between the clustering
process and crystal growth [16, 17], which will be
studied in our further investigations.

Figure 3. Structure of the obtained cluster (a) and perylene crystal (b).

IV. Conclusions

In this work, the nucleation mechanism of organ-
ic nanocrystals 1s revised using reactive molecular
dynamics (MD) simulations and quantum-mechanical
(DFT) calculations. In particular, the initial molecular
packing and subsequent stages of clustering of the pe-
rylene molecules are interpreted using the DFT and
MD, respectively. Specifically, we find that cofacial
(face-to-face) and face-to-edge stacking modes as
well as flux-dependent cluster formation can clarify
the underlying mechanisms in the nucleation on set of
perylene-based nanocrystals.
Acknowledgements.The computational work was
carried out inpart using the Turing HPC infra struc-
ture of the CalcUAcore facility of the University of
Antwerp, a division of the Flemish Supercomputer
Centre VSC, funded by the Hercules Foundation, the
Flemish Government (department EWI) and the Uni-
versity of Antwerp.
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Opraauk sanokpucraiapiaan  kenr Qoiiananuin
yHapHHHT  HAK  XocHn  GYnHim  MexanuIMIIapHHH
SXITHPOK, TYIyRUIHA Tanad kunamu. Fapum sxkone-
puMenTan Ba  MojemwnawTHpuin  OGunan  Hornuk
ragkukoriapaa 6y 6yiuua xya kara wuurap amanra
owpunrad  Gyncana, HUIIOHA CTPYKTYpa XOCHN
6y HmAHART AITK GockuHnapy XATATATA
MAaBXyMIHIHYA KOJIMOKAA. buz yiuby
TAAKHKOTIIAPHMA3A OPTaHHK [MepHiIeH HaHOKpH-
CTAIAPHHUHT HyKIeauns (SAponannin) MexaHnsm-
TAPAHA TXTIAPOK TYITYHAIN MAKCaIAAa KBAHT MeXa-
uuk  (DFT)  xwmcob-kurobnapu OGunan  kynnab-
KYBBATIAHTaH Monekynsap aunammka (MD) mogen-
NAWMTHPHIN TAAKAKOTIAPAHM aManra owmupauk. Xy-
cycan, Guanunr DFT xucob-wurobmapumms mynra
JAIONAT KWIJANKH, 103Ma-103 Ba 103-6H MONEKyJsap
rYiaEHmIap oXup-okubaria apeaCHMON NEpHIEH
HAHOKPHCTATHHHHTIIAK/INAHHIUATE  ONMKMO  Kesuum
mymkus. Bowka romonzan sca, MD mopemnamra-
pULl HATHIKANAPH BAKYYMIArd TEpHIeH MOonekyia-
NAPHHHHT KHPUTHINAI Tearura Gormuk xonaa Gup
TOMOHIaMa €kn KYn AYRanunuM Yo maknuiaard
HULIOHA KPHCTAUIAPHHM aKC ITTHPAJIMraH kjiacrep-
TMAPHHHT MWAK/UIAHAITH MyMKHEITHTHER  kYpeaTajm.
Yby Taiknkor 3aMOHABHAHAHOTEXHONOrMAAA Op-
raHMK HaHOKpHeran Yeuiin COMKapyBHHH AXIIHPOK
TyuryHumra épaam Gepaam.

Ka/mr cfaap: oprasmx HAHOKPHCTA, HYKICALHA MCXIHHIMH,

MOJTCKVIIAP JIMHAMIKS, KBAHT-MEXaHWK Xucobnaumap, kiacrep-
naumu siiherty
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Metoznom pedpaKTOMETPHH HCCITENOBAHA [IHHAMMKAZ HIMEHEHHS TIOKA3aTeNs NpEIOMIeHHS
pacTeopos ynnepena Cg B KCHIONE NIPH PazHYHKIX KORIEHTPAnHaX. Y CTaHOBJIEHO, 9TO OT-
KIIOHEHHE OT JHMHEHOH 3aBHCHMOCTH TIOKA3aTelis MpeloMierns or KonuerTpamn Cgy npo-
HCXOmMT npH KosuexTpaunn Cg~1.8 Mr/Ma, 9TO cBR3aHO0 ¢ HAHOONBIINM KOTHYECTBOM MOe-
KyaspHbix Bzaumoneiicreuii meany Cgp—Ce w 0OpazoBanneM Ha HX OCHOBE KPYNHLIX HAHO-
KacTepos B pacteope. MeTonom nuHammueckoro paccesnua ceera ([IPC) ycranorneno, uro
KOHEuHkIi pasMep Hanoknacrepos Cy B pacTROpE 33BHCHT OT HAYANBHON KOHIEHTPAUHNA pac-
TBOPEHHOro BeulecTBa. bonee Bricokas HauankHas xonuentpauus Cg NPHBOIMT K CHHTEY
KPYMHBLIX B AHAMETPe HaHOKnacTepos. MeTonomM onTHYECKOH CNEKTPOCKONHE W3YHYEHE Npo-
HeCcchl Camoopranuzauni Monekyn gymnepesa Cq B pactBope Keuinona 8o spemenn. O6cyx-
AAETCH XaApakTep YCTOMYHBOCTH CHHTE3NPOBAaHHLIX HAHOKNAcTepos ¢yinepesa s pacTeope.
IMonyuennsie pesynbTaThl HMEOT 0coboe 3HAYEHHE IS MHOMOWHCIEHHBIX NMPHIOKERHI Ha-
HOTEXHOIOTHH N4 NOHHMAHHA MPONECCOB CaMocHOpKH # pazpaloTkM HOBHIX HaHOMATepHa-
JoB.

Kmoueante ciona: diymaepen Cg,. pacTeop 8 KCHIONE, ONTHYECKHE CRCKTPAL, pedipasroMeTp, HAaHOCT-
PYVKTYpa, KI2CTCPooDpasoBaHKE, CTA0ICILHOCTS.

The dynamics of changes in the values of the refractive index of solutions of Cg, in xylene at
various concentrations has been studied by the refractometric method. It was found that the
deviation from the linear form of the dependence of the refractive index on the Cg; concentra-
tion occurs at a Cg concentration of ~1.8 mg/ml. The deviation is associated with the largest
number of molecular interactions between Cg—Cg and the formation of large nanoclusters on
their basis in solution. It was found by the dynamic light scattering (DLS) that the final size of
Cis nanoclusters in solution depends on the initial concentration of the solute A higher initial
concentration of Cg leads to the synthesis of nanoclusters with a larger diameter. Using the
method of optical spectroscopy, the processes of self-organization of fullerene Cgy molecules
in a xylene solution in time are studied. The character of stability of synthesized fullerene na-
noclusters in solution is discussed. The results obtained are of particular importance for nu-
merous applications of nanotechnology for understanding self-assembly processes and the de-
velopment of new nanomatenials.

Keywords: fullerene Cg,, solution in xylene, optical spectra, refractometer, nanostructure, cluster forma-
tion, stability.
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I. Introduction

Research on carbon-containing nanomatenals, in
particular allotropic modifications of carbon, will be
crucial for the future of science and technology.
Allotropes of pure carbon nanostructured materials
such as fullerenes, graphene, and carbon nanotubes
have generated a lot of interest due to their chemical
and physical properties [1] Each carbon allotrope ex-
hibits different properties depending on its structure
and size. For example, according to carbon hybridiza-
tion, fullerenes have sp™hybridized carbon atoms [2)

Fullerenes C, (#=60, 70) have a quasi-spherical
shape of carbon allotropy and were discovered as a re-
sult of laser evaporation of graphite with the help of
Kroto's group in 1985 [3], which received the Nobel
Prize m 1996 for this discovery. Fullerenes C, (n = 60,
70) are the most studied elements of the future nano
era Fullerenes exhibit unique physical properties that
have great potential for widespread use, such as solar
cells [4-5], super-capacitors [6-7], diode [8], gas sto-
rage [9-10], scanning tunneling microscope tips [11],
nanoelectronics [12-14], phototherapy [15-16], phar-
maceutical [17] and biomedical applications [18-20].

The most stable and pecubiar molecule of Buck-
minsterfullerene Cy is soluble in many non-polar or-
ganic solvents [21]. At the same time, non-polar sol-
vents such as toluene, xylene, carbon disulfide, dichlo-
robenzene, etc, are commonly used to recover fulle-
rene (Cgo) from freshly prepared carbon black after the
synthesis process. In addition, Cg fullerene exhibits
unique optical properties that have high potential for
wide photo-optical applications [22] Fullerene Cy so-
lutions are characterized by the formation of clusters
of fullerene molecules in them [23-24], the formation
of which occurs withm several months after dissolu-
tion. The latter fact makes it possible to study in detail
the processes occurring in the system at various stages
of aggregation. However, there are few data on the
temporal changes in the self-assembly processes of
Cyo fullerene molecules in weakly polar solvents, for
example, in xylene.

In this work, we demonstrate new experiment
measurements of refractive index of solutions of Cg 1n
xylene that will be useful to determine crucial concen-
tration at which cluster formation 1s stable We also
study of optical absorption charactenstics of Cy, solu-
tions over time to determine the structural stability of
the collowdal system.

Il. Materials and methodology

In the experiments, we used fullerene Cy powd-
er (SES Research, USA) with a purity of less than
998% and an organic solvent-xylene of analytical
purity from Sigma Aldrich (USA).

To prepare the nitial solution, the previously
weighed mixtures Cgr-xylene were mechamcally
stired in a laboratory magnetic stirrer "Vortex Dlab
MX-S" for 0.5 h at a temperature of ~22£1°C.

The refractive indices of Cgy fullerene solutions
were determmed using an Atago PAL-BX/RI digital
refractometer (Atago, Japan) with a measurement er-
ror of <0.0001. The measurements are carmed out at
~589.3 nm, the wavelength of the atomic sodium
Dy-hine. For the refractive mndex measurements, Cyg
solutions 1 xylene were prepared in a concentration
range of Cgy~0.4~3.0 mg/ml.

The geometrical sizes of the synthesized mCy
nanoclusters (where m i1s the number of fullerene Ceg
molecules in nanocluster) were measured by dynamic
hight scattering (DLS) on a Zetasizer Nano ZS
mstrument (Malvern Instruments, Oxford, UK).

Electronic absorption spectra of Cg solutions
were recorded using UV-2700 UV-Vis spectrometer
with a spectral resolution of ~0.1 nm and wavelength
scanning from 185 to 900 nm (Shimadzu, Japan)

I11. Results and discussion

First of all, we investigate the relationship be-
tween the self-assembly of the Cg molecules and the
change i the refractive indices of the Cgy fullerene
solution. The dependence of the experimental refrac-
tive indices of fresh prepared solution of fullerene
Ce m xylene on the concentration of the solute 1s
shown in Figure 1. The change in the value of the re-
fractive index of the solution with an increase n the
concentration of the solute should be dependent on
the degrees of mtermolecular interactions Cu—Ceo
and Cy—xylene It can be seen that i the concentra-
tion range of fullerene Cg in a solution of ~0.4-1.6
mg/ml, the value of the refractive index of the solu-
tion increases hinearly In our opinion, in this case,
both Cse-Ce and Cer—xylene mtermolecular interac-
tions occur m the solution. As a result, a xylene mo-
lecule forms a layer around Cg molecules in solu-
tion, and ultimately small mCq; nanoclusters are syn-
thesized on their basis. However, it can be seen from
Fig 1 that starting with a concentration of Cy m a
solution of ~1 8 mg/ml, the angle of the dependence
line decreases markedly. This indirectly shows that
in the concentration of Cg mn solution from ~1.8
mg/ml to ~3.0 mg/ml intermolecular nteractions
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Ce0—Cgo are enhanced. The latter lead to the forma-
tion of rather large mCgy nanoclusters only on the ba-
sis of the fullerene C¢. The below measured results
by the DLS method confirm the latter assumption.

1,500
1,50454 oY
1,5040 4
1,50354 v

1,50304
1,5025 v

] v
1,5020

Refractive index of solution
4

v

1,5015 42 ey
05 1.0 1.5 20 25 3,0
Concentration of C_, in solution, mg/ml

Figure 1. Dependence of the refractive index values of a
fresh solution of Cg in xylene on the concentration of Cgg
in the solution.

The results of dynamic light scattering for fulle-
rene Cg in xylene at two different concentrations of
Cgo are shown in Fig. 2. At a concentration of
Cgo~1.05 mg/ml in xylene, the histogram shows mo-
nomodal peak in the size range of mCgo nanoclusters
with a diameter of ~145-180 nm (see histogram /).
In this case, the average size of fullerene nanoclus-
ters corresponds to ~163 nm.

A

0' T T T
140 160 180 200 220 240 260 280 300

Diameter of nanoclusters, nm

Figure 2. The size distribution of mCsy nanoclusters in the
freshly prepared fullerene solution in xylene at two
different solute concentrations: ~1.05 mg/ml (/) and ~1.85
mg/ml (2).
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At a concentration of Ce~1.85 mg/ml in xylene,
the monomodal peak becomes with a broader particle
size distribution from ~250 to ~300 nm (see histo-
gram 2). The average size of mCg nanoclusters in
xylene for this concentration is ~275 nm. With an in-
crease in the concentration of Cg fullerene in solu-
tion, additional self-aggregation of fullerene mole-
cules 1s observed, which manifests itself in the form
of a shift in the value of the hydrodynamic diameter
of mCg nanoclusters to a region of large sizes (see
Fig. 2). In previous studies [25-26], it was shown that
the synthesis of Cg nanoclusters occurs inside a two-
component solvent xylene+ttetrahydrofuran and tolu-
enettetrahydrofuran.

In this article also, changes in the absorbance of
a Cg solution in xylene over time will be investi-
gated using UV/visible spectrometry. Figure 3 shows
the changes in the measured values of the optical
density of a freshly prepared solution of fullerene Cs
for different storage times. Measurements were per-
formed at a fixed wavelength of ~336 nm. The fixed
concentration of Cg in solution was ~1.85 mg/ml. As
can be seen, inside a freshly prepared solution, the
process of self-assembly of Cg molecules imme-
diately begins and lasts up to 15 days, naturally, in
this case, the optical density values gradually in-
crease.

2,6 ®
52.4- 9
t
B &
] &
§ 2,04 ‘. .4
e
o
O 484
&
1'6 M T v T T T T T T
0 §0CT4g S 207 28" T30 36
Days

Figure 3. Change in the values of optical density of solu-
tions of fullerene Cg at a fixed concentration of Cgo~ 1.85
mg/ml in xylene with different storage times of solutions.
The measurements were carried out at a fixed wavelength
of ~336 nm.

After 15 days of storage of the solution, the in-
tensity of absorption is completely reduced, although
the Cg solution remains colloidal. The results show
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that the optical density of the Cg solution after sto-
rage for 30 and 35 days 1s practically mdistinguisha-
ble, which allows us to conclude that the stability of
the synthesized Cy fullerene clusters in solution has
been achieved.

The used high precision methods and the expe-
nmental results obtained can be used to analyze the
character of the solvent-solute interaction n a wide
range of practical applications in nanochemistry and
nanophysics.

IV. Conclusion

We have investigated the stabilization of self-
assembly processes of Cy fullerene molecules inside
the fresh prepared solution by the refractometnc,
DLS and optical absorption spectroscopy methods. It
was determined that the change in the value of the re-
fractive index of the Cg solution in xylene with an
increase in the concentration of the solute should de-
pend on the enhancement of the mter-molecular inte-
ractions Cg~Cgo and Cg—xylene. The critical con-
centration of Cgs in the solution (~1.8 mg/ml), which
indicates the enhancement of intermolecular interac-
tions only Ce—Cg and the synthesis of nanoclusters
only on the basis of fullerene Cy, was established by
refractometry.

The DLS results showed that the geometric di-
mensions of the synthesized mCq nanoclusters are
determined by the initial concentration of Cg in the
solution. An increase in the initial concentration of
fullerene Cg in solution leads to an increase in the
diameters of synthesized mCg, nanoclusters in solu-
tion

Prolonged spectrometric observations of the Cy
solution in the UV/visible range made it possible to
conclude that the synthesized mCg nanoclusters are
highly structurally stable upon long-term storage for
30 days at room temperature in a dark place.

The experimentally obtamed results on the for-
mation of mCg nanoclusters in a fresh solution and
their achievement on stability in solution, apparently,
open up some new possibilities for obtaming new
structurally stable functional nanomatenals based on
nanosized particles for micro- and opto-electronic
devices, nanocomposites, photodetectors, solar cells,
energy storage devices and biosensors.
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Ce  dynnepennu  spurmacuaa  V3-Vauaas
HUFHIMIN Aapaéuaapu DapKapop/TMrHHU
ypraumm

Y.K. MaxmaHos'?, A.M. Koxxapos', LL.A. acanoa’{
B.A. AcnoHog', 6.A. Cunpaapos’, 3. Bekmypogos

'VaP ®A V.A. Apudos mommmarn Hon-mnasma sa nasep

TeXHONOrwAnap HHcTHTYTH, JIypMoH #ynm  kywacu 33,
100125, Tomkenr, Vabexucron

*Mupso  Vnyrbex  wonmmarm  Vaexmcron  Muwumii

yHuBepcuTeTH, Ymusepcurer kydacw 4. 100174, Tomkenr,
V3bexHcToH
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Pedpakromerpus YCVIH épaamuza Ceo
GbynnepeHHHHEr KCHIONJArd 3PATMACHHMHT HYp
CHHIMPHIN KYPCATKHYH KHHMATITapHHAHT Y3rapamm
auHaMuakacH Ypranunau. Cg KOHUeHTpaumsica ~1.8
Mr/Mn GYnTaEza, HYp CHHAHPHIN KYpPCAaTKHYWHWHT
Ce0 KOHUEHTPALMACHTA YHW3HKIH OOFTMKIHIANAH
germammm  Ky3ataiagd. By dermammm  Cgo-Ceg
ypTacHaard Kyn MHKIOPAArd MONEKylsp ¥3apo
TabCHpJIap Ba 3pHTMaga Karra  yodaMaard
HaHOKJIACTEePJIaPHAHT XOCHN OynHinu Ounad OOFnHK.
Epyrmuxanar muramuk coummamm (EJIC) meromm

épramMmza  IpUTManapaa  CHHTE3JIaHTaH Cso
HAHOKJTACTEPNIApA  YIlYaMH SpHTraH  MOJMAHHHT
aactnabku KOHLEHTPALHACHTA OOFJIHKITHTH

ypratunmm. Cey HHHT IOKOPHPOK KOHUEHTPANHACH
KaTTapoK JHAMETPIArd HaHOKIAcTeplap CHHTE3Hra
omub xenagm. Kcwmmon spurmacmma Cg dymnepen
MONEKYlaNlapuHHAT  BakT  OyitMua  ¥3-Y3upan
TAIKHIUIAHKIN JKapaéHNapd ONTHK CHEKTPOCKONHSA
épramMuna YpraHuiid. DPHTMAZA CHHTE3 KHJIMHIaH
Gynnepen manoknacrepnapuHHHr Hapkapop-mHrH
XYCYCHATH MyXoOKama KHJIMH]IA. Onunran
HaTH)Xanap HaAaHOTEXHOJNOru4AAa V3-Y3ujaaH HHFAIHII

KapaéHIapHHH TYIOYHHATI Ba SHTH
HaHOMaTepHaIapHH WImab YHKHIZA — MyXHM
axaMHAATTa 3ra.

Kamr cysnap: Cs (hvaniepen, kcunonzard apurMa, OnTHK
criekTpaap, pedipakToMeTp, HAHOCTPYKTYpa, K1acTep XocHn
6Ymumm, Gapkapopauk.
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UccnepoBaHus HaHo4acTul kKapbupa Bonbgpama,
Nosny4YeHHbIX NIasMoXuMu4eckuMm MeToaom
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Monyvena 15.10.2021

* Corresponding author: e-mail: usmanov@iplt uz, Phone; +968 71 262 32 54

Paspaforana oKcrnepiMeHTaNbHAA YCTAHOBKA JUIA NIASMOXHMHHECKOr0 CHHTE3A HAHOMOPOLI-
kOB KapOuma posbpama, KOTOpas MO3BOASET NOSYHATH WX HENMOCPEICTBEHHO W3 OKCHIA
ponb(hpama, [UIs COIAAHNUA HAHOCTPYKTYPHEIX TBEPALIX crnnasor, CHHTES HAHONOPOWKOR Kap-
Onma BonbQIpaMa OCYIECTRIEH B MJIA3ME MEKTPOAYTOBOIO paspaiia HIH3KOro sakyyma. May-
YeHbl BOAMOKHOCTH HCNONL3OBAHMA PASTHYHLIX CBABYIOIMX JUIS HaroToBNeHus Gpukeros
(rabnerok) u3 mopowkos okcHpa  Bombpama.  [lomydenusie wanonopowkyn  KapGuma
ponbdpaMa  ObIIM  NPOAHATHAMPOBAHK!  PCHTTEHO(GAZOBLIM  aHATHIOM  (MOPOLIKORKIT
JW(PaKTOMETP), PAMAHOBCKOI CHEKTPOCKOMIEH # MuKpockonueii. BulgcHeno, uro npu cun-
Tese Hanonopotkon kapbuaa sonnpama dopMupyrores pazmuisie dasw, Takune kax WC,
W,C n WCy., koTophie 0OBACHSIOTCA MApAMETPAMI ANEKTPOIYrOBOro paspsiaa W pacnpese-
JIEHHEM NPEKYPCOPOR,

Kimovennie ciona: naasmoXuMmMyeckuii cummes, kKapbua soan(ipasma, HAHONOPOWIKK, BAKYVMHRI 210K~
TPOAYTOBOH PaspsiL, peHTrero(hasormii anwm,

An experimental setup for the plasma-chemical synthesis of tungsten carbide nanopowders has
been developed, which allows the nanopowder to be obtained directly from tungsten oxide to
create nanostructured hard alloys. The synthesis of tungsten carbide nanopowders was carried
out in the plasma of an electric arc discharge of a low vacuum. The possibilities of using vari-
ous binders for the manufacture of briquettes (tablets) from tungsten oxide powders have been
studied. The resulting tungsten carbide nanopowders were analyzed by X-ray phase analysis
(powder diffractometer), Raman spectroscopy, and microscopy. It was found that during the
synthesis of tungsten carbide nanopowders the various phases such as WC, W,C and WC,, are
formed, which are explained by the parameters of the electric arc discharge and the distribution
of precursors,

Keywords: plasma-chemical synthesis, tungsten carbide, nanopowders, vacuum electric arc discharge,
X-ray phase analysis.

DOT hitps//dot.org/10.52304/ v23i3 258

I. Beenenue
NPUMEHSETCH B TEXHHKE UId HArOTOBIECHHS WHCTPY-

Opnoii n3 BocTpebOBAHHEIX 3a/a4 B TEXHHKE S4B~  MEHTOB, TPEOYIOUWMX BLICOKON TBEPOCTH 1 KOPPOIN-
JISETCA MOMYHEHHE HEAOPOINX MATEPHAIOB W CINIABOB,  OHHOM cTolikocTi. XapaKTepHCTHKN TBEPJLIX CIIABOR
KOTOPBIE HMEIOT NOAXOASIIHE QHAHKO-XHMAYECKHE H | KOMIOZHUHOHHLIX MATEPHAIOR HA OCHOBE KapOM108
mexannueckue crolictea. Kapbuy soneppama WC st~ samucar or pasmepos uactdn  kapOummrolt  dasut
NAETCH OJHUM W3 HAX, H AKTHBHO VYuenumenne pasMepa nanonopomkor (HIT) npuso-

Vol. 23, No.3, pp.17-23, 2021
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JWT K CYUIECTBEHHOMY  YIYHINCHHK)  (u3uKo-
MeXanRYecknX ceoifcTe marepranos 1] B nacrosuee
spems i cunresa HIT xapbuna somsdipama npume-
HAIOTCA PAZHBIC QHIMMECKHE U XHMHMCCKHC METOALI
[2-9], BO xawquil H3 HWX HMEET CBOH HEJOCTATKH H
NPEHMYINecTBa. BONBIIHHCTRO NpeLiaraeMsx MerTo-
A0B CHETE3a mpeaycmatpusaer nomydenue HIT
sonkppana ¢ nocneayronied kapOwnzamuelt Hanoua-
cTHII MeTaRYeckoro Bambippanma [10]). Dror nyTs 3a-
BEIOMO TIPHBOINT K YAOPOKAHHIO NONYHACMOr0 11po-
ayxra, Tpelys NOMOMHHTENLHO OFPOMABLIX MaTCpH-
ANLHLIX H FHEPIETHYECKAX 3aTPaT.

Taxum o0pazoM, BONPOCH, CBN3AHHBIC, C OAHON
CTOPOHR!, € NOBLILEHREM NPOHIBOAHTENLHOCTH CIO-
coba canTeza v ymenwmennem cebecronmmoctn HIT, ¢
JApYToit CTOPOHEL, ¢ YBCIHUCHHEM CONeRTHBHOCTH 10~
IyHsemMoro mareprana no GazosoMmy cocrasy, Tpedy-
10T cBoero pemeHHx. Oauum B3 OOHAACKHBHIOUIHX
meroznor nonyyenns HIT xapbuna sonsdpama seaser-
CR CHHTE3 B IUIA3ME WIEKTPOJAYIOBOI0 Paspila HHIKO-
ro gasmenns [11].

B pabore [12] cooBmaercs 0 npuMEHHMOCTH Me-
TO/IA BAKYYMHOTO MICKTPOAYIOBON0 paspiia /Uls CHH-
Tesa xapOujon meramnos ZrC, TiC, WC npu pacriu-
NCHAN B alleTHNCHE, pastaRICHHOM AproHOM WIH BO-
aopoaom. Hafineno, uro nantonee adpdexrunnnm yr-
NEBOAOPOJHKIM PEArEHTOM SRASCTCA ALCTHICH, Tak
KdK OH HMCCT YPC3BBMAIHO BLICOKYIO 3alacCeHHYIO
xumageckyo snepruio (226 8 wlla/mons), 3asues-
myto or dopMEpoBaHES TpoltHON CRAIH, 34 CYET y4a-
crug kotopoRt B oOpasopannn KapGUAOB B peaKin
AUCTHICHA H METAUIA YCHIHBACTCA SKI0TCPMHYCCKHIT
et K nacrosuemy spemenn cunres HIT kaptu-
JIOB HE TONBKO OCYIMECTRISETCS BAKYYMHLIM Ty TORWM
METOAOM, & THKAE NOABHIOCH HECKOMKKO paboT, B KO-
TOpLIX cHETes OLUT MpoBeen B arMocepe ¢ Henoms-
30BaHAeM TOM e Texuukn [13]

Hensto HacrosuteR paborsl ABAACTCS NOMYHCHHC
HaHOTIOpOWIKOB kapbuaa sonbgpama B npouecce
MAXIMOXHMHYECKOID BOCCTRHOBHTEILHONO CHHTE3a
HENOCPEACTBEHHO M3 OKCHAA Bonudpama 8 nnasme
AICKTPOAYTOROIO PA3PAd HWIKONO BAKYYMa C HC-
NOILIOBAHHEM PAVIHYHLIX CBA3YIOUIHX M HCCNER0BA-
HRE BX (PHINKO-XHMHIECKHX MTAPAMETPOE,

IL  DxcnepumenTaisHan 4acTs

Cuures maronopourkos WC ocymecruien ¢ me-
NONLIOBAHACM CNCUHANLHO paspaboTanHoil IKcne-
PAMCHTANLHON  YCTAROBKH  AW3KOTEMIIEpaTypHOR
NAA3MEl BAKYYMHOTO 3NEKTPOAYroBoro paspsaa. Jins
peamisann® nponecca cuuresa HIT kapGmma somnd-

SAanemun Hayx PecnyBinum Yabemoran, 20211

pamMa BaKYYMHO-IYFOBHEIM METOOM paspaborana
ANEKTPOJIHAS CHCTEMA KOAKCHAMBHOIO THNZ. YRpo-
UMICHHAA CXCMA KAMEPhl BAKYYMHOTO JYFOBOrO pas-
psaa npeacrasnesa Ha pre. |- B aroit cucreme 3aku-
FAHHRC WCKTPHYCCKON JIyTH, HMCIOUCH TOK paspsaa,

pasnuif 80-200 A, m HanpaxeHHe paspsaa, pasroe

2030 B, npon3isoguTcs Mekay rpadiHTOBEIM Alek-
TPOAOM (KaTOA) i KOMIOZRTHLIM (AHO/) 3NEKTPOAOM

r

—_—
L

Pucynox 1. Drextponnas cucrema otpadoTkin npotlecca
NOAYHEHIS NAHONOPOIIKOE BAKYMHO-TYTOBEIM METONOM:
I = oxausnaemsii sxpan, 2 — rpadwrorsidi anexTpon-
anop, 3 — rpadwrosmii snexTpos-karon, 4 — ofpasen,
5 — TEXHONOMMYECKOE OTBEPCTHE IS NHHLMHPOBAHASR
BaKyyMmHoit ayri, 6 — nepmatens, 7 — dunasey, 8 ~sson

Komnosamasifi anexTpoa npeacramnser codoit
rpadRTOBLI CTCPKEHL C MPOCBEPNEHRON MONOCTHIO
MO0 UCHTPY, HANOAHEHHOR KHCIOPOX-COACPHAIIHM
COENMHEHHEM BONbL(PaMa, BEIOPAHHLIM M3 IPYNIL,
conepkameit WO,, W(CO),, npiaem maccosoe co-
aepxanne rpauTa B coeanHenuit sonsppama sudmn-
paloT 8 coorsomenny, pasgom ot 1:05 no 1:2. Tlog-
JCpKAnHe YCIOBHR TOPEHMA AYIH OCYLUCCTRIRETCH
BAPEHPOBAHHEM  MCOKWICKTPOAHOID  PACTIKIICHHSA
KOMIOZHTHONO 2NEKTPOJa B IACKTPHUCCKOR jyre
O0pazoBaninie  YacTHUW B OpoHEcce  TAKOro
BIAHMOJICHCTRHA OCAXAROTCA HA  OXJRIAEMYIO
BHYTPEHHCID TOBEPXHOCTEL CHCUHANLHOID ITHIHH-
PREYMECKOTO 3MeKkTpoaa [/, B KOTOPOM KOBKCHAITLHO
PA3MCUICHa WICKTPOAHAS CHCTEME, COCTOAILAN H3
aHoanr M cocrasHoro karopa 2, 3. OrHocHrensHoe
RARICHHE MOAACPRHBATOCL B KAMEPE B mnpepenax
1107 Topp.

Oxmoit w3 BkHLX 3371849 curTespposanns HIT s
NMPEUTMKEHHOM METOfE SWINETCH OpukeTHpoBanwe
NpeKypcopos.

YroGu cunreznporars HIT xapbuna sonedpama
cHagana Gsuta paspaboTana METOAWKE HITOTOBNEHHA
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Tabnerke (OpHKETOR), COCTOSMIEH M3 MOPOUIKOB OK-
CHZIa BONBMpPaMa W CBA3YVIONIEX MAaTepHanos, TaKHX
K3aK TEXHHYECKHH yriepoj (caka), maepenepas Ku-
crioTa H rmoko3a {4 H3roToBieHHs TaOneTok H3
TNOPOINKA OKCHAZ BONb(paMa W CRA3YIONIHX Mare-
PHANIOB CKOHCTPYHPOBaHa npecc-fiopMa, KoTopas co-
CTOHT W3 ZIByX GacTed: mMyadcoH ® Marpuna. Ha prc.
2 npeacTaBleHEl TaONEeTKH OKCHIA Bonb(pamMa, co3-
IaHHBIC METOAOM MPECCOBaHHA 0e3 CRA3YIOMETO
3NEeMEeHTa H CO CBA3YIOUMIAM 3neMeHToM. B kauecrse
CBAZYIOMETD MaTepuana HCHONL30BAHEI MOPOMIOK
TEXHHYECKOro yrnepoaa (B8 coorsomesuu 3:1) u
rmokoza (WO; 90%, C 5% u rmokoza 5%). Momy-
9eHHBIC Ta0NeTKH ObUTH TOMEIIeHs! BHYTPH rpadu-
TOBOTO 37MEKTPOAA.

(6)

()

Pracynox 2. O6pasus, nonyhesHHE NPECCOBAHHEM MO-
POIIKA OKCMAA BOAL(IPAMA CO CBAZYIOWHMM MATEPHAIOM:
a — Be3 caA3yIOUIero 3NeMeHTa, 6 — TabneTka co Ces3yio-
LIHM TIOPOLIKOM TEXHHYECKOro Yriaepoaa (B COOTHOIEHUN
3:1), ¢ — rafineTxa, B KOTOPOIi B KAYeCTBE CRAIVIOIIETO Ma-
TepHana Hcnoms3osana raoekesa (WO: 90%, C 5% u rmo-
Ko3a 5%).

Canrres HII kapOnna sonedpama B miazme snek-
TPOAYTOROTO pa3psia TNPOBEAEH HCIapeHHeM Tab-
neTkd. Bce cHHET3HpOBaHHLIE HAHOMOPOLIKH Obinu
ODMEITHI Tepe]l aHaMH30M. PeRTreHo()a30BEIH aHaNHS
CHHTE3HPOBAHHLIX HAHONOPOIIKOB MPOBEAEH NOPOLI-
KOBBIM PEHTTEHOBCKEM IupakTomerpom XRD-6100
(Shimadzu, Japan). [ins nonydeHHs pPeHTrEHOBCKHX

CHEKTPOB HCOONE30BAHO CuKg-uanyuenne
2=1.540600 A ¢ nocTosHHO# CKOPOCTHIO BPAINEHAS
fetexTopa 4 rpajg/mue ¢ marom 0.05 rpax B HETep-
sane yrnoB 28, yron ckaH@posanHs MeHancs ot 10°
10 80°. CnexTp kOMOHHAIIHOHHOIO PacCesHHs CBeTa
nanonopomkos WC nonyuen ¢ nosmommsto InVia ™
Raman crmextpomerpa (Renishaw, Great Britain) ¢
NpEMeReHAeM HcTourHka Bo3Oyxaenus Cobolt CW
532 nm DPSS nazepa ¢ AMHHOH BONHEI HITy4YeHHA
A=532 am.

IIl. PesyasTaTs: 4 obcyRaenne

Ha puc. 3 nprBeacHa PEHTTEHOrpaMMa HAHONO-
POIIKOB KapOuza Bonbdpama, NONYYeHHas B HH3KO-
TEMIIEPATYPHOH MJIa3Me BAKyyMHOTO 3INIEKTPOIYTO-
BOTO pa3psaa.

g

Mrencnumncts, 0.8

w0 o 0 L « &0 % L
Phacra-2 Theea, (dog)

Pucynox 3. Pentrenorpamma obpasua nopomkos WC co
CBR3VIOIINM MaTEPHATIOM TJIOK03a.

CriexTp HAaHONOPOUIKOB OBIN MONYYeH NPH VIMax
6-28 (full profile analysis). Hanonopomxs WC mo-
ny4eHE! C HCIONB30BaHHEM TabneTkH, B KOTOpOH
cBazyiOmMKEM Obna rmiokoza. [lonyuyeHHble HaHOMO-
POLIKH CHaYana OYHINAny (MbIIH), 3aTeM NOABEprany
perTrenogazosoMy aHanw3ly. Kak W3BECTHO. HHTEH-
CHBHOCTH pe(iIeKCcOB KakI0H (a3hl 3aBHCHT OT ee
KOTHYECTBA B HCCIEAyeMOH# CMEecH W CTENEHH KpH-
crammm3anun. W3 pedTreHOrpaMMel BHAHO, 9TO HC-
ciieayeMul 00BeKT COCTOMT H3 HecKONbkuX §as, ka-
#70# ¢ase COOTBETCTBYET CBOA COOCTBEHHas JH-
thpakurorHas xapTaHa. WHTeHcHBHOCTH pedmexcos
KaKA0H (asel 3aBHCAT OT ee KOJIHYeCTBa B HCCHe-
AyeMO#l CMECH H CTeneHH xpucrammm3anud. [Taxa Ha
PCHTTEHOrpaMMe, TIOKa3anHLIC Ha PHC. 3, VKa3kIBAIOT
Ha npucyTeTBHe fasw C, nomykapbuaa sonbdpama
W,C u xybuweckoro kapOmaa somsdpama WC, .

SAxanemus Hayx PecnyGnuri Yabexucras, 2027 1
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Vmmpenne nuka C 03Ha4aeT, 4TO B 3THX KOMIIO3HTAX
C mmeer o4eHb MaNeHLKRH pasmep [actai. [luxos
morokaporga somsgpama WC me mabmopanocs B
pentresorpamMme. B pabote [14] monyuens Haso-
pa3MepHEIe NOPOWIKH Kapbuaa Bonbfipama ¢ HCOIb-
30BaHHEM MIA3MOXHEMHYECKOr0 MeToga B kauectse
HCTOYHAKA YTTIEPO/a HCIIONb30BaHK YTIEROAOPOIEL

s cuATe3a HAHONOPOIIKOB kapOuaa Bonsd-
pamMa aBTOpHE HCNONL3OBAMH Pa3HYHBIE MPEKYpPCO-
pe, Takme kak WG, WF;,  W(CO)s,
(3(NH;);0,,WO;5H,0) m CoWO,. [MTonyuernnmva
KOHeuHbIMHE npoaykTama ssasiores WC . 1 W,C, Ho
mocHeayonas TepMoobpaboTka HONYYeHHBIX HAHO-
MOPOMIKOB C NPHMEHEHHEM BOOPOJA BLIBOAMT (asy
WC,., nonrocTsio Rayrnepoxeruo# 10 WC. Orciona
clIeslyer, 9TO eCNH HYKHO OBUIO MONYYHTH HAHOMO-
POIDKH MOHOKapOHAa BONk{pamMa, HeoOXOTAMO Npo-
BECTH MOCHeAyOmyo TepMobpadorky. Oanako, B
3aBACHMOCTH OT DEATH30BAHHOTO TEMMEpaTypHOro
NONA rPajHeHTOB CKOPOCTH H3MEHEHHS TeMIepaTy-
PRI W OTHOUICHHS HAYAILHHIX [PEKypCOpOB, B pe-
3yAbTare 3NeKTPOAYTOBOrO OpoHecca MONy9aioT
TNPOAYKTHL, COACPAAIINE PaITHYHBIE KPHCTANAHYE-
ckAe asml kapbupma BomsbpaMa: MoHOKapOHX
sonbppama WC (rexcaromansssiii), mnomykapbua
Bonbpama W>C (poMOrYeckHil ¥ reKcaroHanbLHbIE ),
WC\.x (xyGruecknii) [15]. Bonee Toro, 8 xoHEYHOM
NPOAYKTE HACTO BCTPEYANOTCS OJHOBPEMEHHO He-
ckonbko a3 kapbuzaa eonbipaMa HW3-332 BHICOKOID
TEMIIEPaTYPHOTO TPANHEHTA B 30HE PEakUHH H He-
PaBHOMEPHOTO pacnpefeneHns HCXOAHLIX NPeKypco-
poB B obbeme 308 peakumn. Kak npasuno, gacTaus!
XapaKTepH3YIOTCH LIHPOKHM pacrnpeieneHHeM pas-
MEPOB OT HAaHOMETPOB A0 MHKDOMETPOB H HacTo
BCTPOEHHBIE B YITIEPOAHYIO MaTpHILy HITH B yraepoi-
HEle 0DomouxkH. 3TO cBA3aHO ¢ H3ORITKOM yriepoaa
KaK B MarepHaie MeKTPOAOB, TaK H B HCXOAHOM
npemecTBeHHEke. Moxons B3 3TOro, MOXKHO cKa-
3aTh, wro npu cunTese HIT kapOuaa sonsdpama Gumn
BHICOKHH TIDaJgHECHT TEMIEpaTyphl, B 3TO CKa3LlBa-
Aock Ha (QOPMHPOBAHHH HAHOYACTHUL KapOWia
BONb(paMa. AHANH3 PEHTrEHOrPAMM IOKA3bLIBACT,
yTo amoppuzauns nopomka cocraenser 13.3%, a
KPHCTATATHOCTE — 86.7%.

Ha puc. 4 npeacraenena pentrenorpamma HII
kapOuja BonbOpama, nonyyenHas or Tabnerks ¢ ma-
Benesod xHCI0TOH. CoexTp ofpasua nomyues npe
yrne 28 (phase analysis) W3 prcyska sEamO. uTO
HCCHETyEMBI HaHOMOPOIIOK COCTOHT W3 HECKONBKHX
bas3, kaxaoh (ase cooTBeTcTBYET CBOS cCODCTBEHHAN
aAQpaKIHOHHAE KapTHHA, TaKkKEe HHTEHCHBHOCTH

DAxagemus Hayxk Pecnybnuim YaGemuctan, 20211

pedmnexcos kaka0# $a3sl 3aBHCHT OT €€ KOIHYECTBa
B HCCHEAYEMOH CMECH H CTeNeHH KPHCTAUIH3AIHA.
Ipr yroax 20 8 31.45° 35.65°, 48.4°, 64.1°, 73.3°
66.1°, 75.9° u 76.95° nabmonanuce AAdpakuHOHHLE
pedaexcE, COOTRETCTRYIOIHE HAHOYACTHIIAM MOHO-
kapbuna Bonsdpama WC. A mpm yrmax 28 34.5°
38.2°, 39.6° m 52.3° pabmogamices TRGpPaKIHORHEE
pediieKcel, COOTBETCTBYIOIIHE HAHOYACTHIAM MONy-
xapbnaa somsppama W,C. Hetencusamii pednexc
npH yrne 26.6° coorsercrsoBan rpaduty [16], Taxxe
HECKOJTBKO OTHOCHTENLHO HEHHTCHCHEHHIX pefuiex-
cos C naOnmrozanuce Ha penTreHorpamme. HuTten-
CHEHBIE pediieKkchl HAa PEHTreHOrpaMMe NPH YIfiax
23.59°, 2439° 34.19° u 40.34° COOTBETCTBOBAIH
WO, [17]. Kprcramnmugeckne pemeTkd HaHOYACTHI
WC 1 W;C aBnsrOTCS COOTBETCTBEHHO MeKCaroHalb-
HOH W TDHTOHATLHOM C FeKCAroHANEHEIME OCSIMH, 9TO
BIOJIHE COOTBETCTBYET JIHTEpaTypHLIM AaHHbM. [la-
paMeTphl pemeTkE cocraBasior a=28979 A, ~
28289 A mix WC, a=5.1900 A, =4.7240 A nnz

W2C.
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Pacysox 4. Pentrenorpamma obpasua nopowmka WC co
CBA3YIOIHM MATEPHANOM W3 LIABENEB0i KHCAOTH,

Crenesb KPHCTANMHYHOCTH HCCAEIOBaHHOIO
Ha"onopomka cocraenger 86.58%. Amopdmoe co-
nepxanne (Mmac%) oOpazua cocrasmno 13.42%.
[prcyTcTBHE B pEHTIEHOrPaMMe HECKONbKHX (a3
W,C, C u WO; nokassiBaeT HATHYHE BHCOKOTO TEM-
NEPATYPHOrO TPagHEHTa B 30HE PeakUHH, a TaKke
HEPaBHOMEPHOE pacnpejieieHe HCXOARKX IpeKyp-
COPOB B 00BeMe 30HB! PEaKIHA.

Ha puc. 5 npeacrasnena penrtrenorpamma HIT
xapbuaa Bonb)paMa, nonydyeHHas OT TaONeTKH C
TEXHWHECKAM yriiepogoM. M3 peRTrenorpaMmel RajI-
HO, 4TO HCCHEeIYeMEIH 0Dpa3en TOXke COCTOHT H3 He-
cromekax  (az. Habmogaemmie amdpakumoHHEIE

pedekcsl TOXKE COOTBETCTBYIOT MOHOKapOHay
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somsdppama WC, nonykapbumy sonndpama W2C,
rpaduTy H okcEOy Bombgipasma WO;. Oamako, BeXOR
MOHOKapOuaa somsppama WC ® nomykapbaza
ponbhpava W,C yeenmnamBaeTcs B HECKONBKO pas,
KOrfia CBA3YIOOIMM MATEPHAIOM SBIAETCS TeXHHYE-
CKHI yIilepold, a4 He masenesas kuciora. Ha stom
obpasue w™erogom Pursensaa [I8] onpenenenwm
MEXIUIOCKOCTHOE PpACTOfHHE dj; H COOTBETCT-
syromue mHaekcsl Munnepa (#4/). Brachero, 4to ¢
yBEIHUYCHHEM HHIekca Munnepa MeXKIUIOCKOCTHOE
paccrosHue d ymerburaercs ot 2.82931 A mo 1.2320
A ans WC. KpucrannnysocTs NOpOIIKa COCTABHIIA
100%.
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Pucynox 5. Peatresorpamma oOpazua nopomka WC co
CBS3YIOUIAM MATEPHANTOM W3 TEXHWYECKOro yriepoza (ca-
KH).

Jins BLISCHEHHS CTPYKTYPHBIX OCOOeHHOCTeH
CHHTE3HPOBAHHOTO MOPOMLIKA OBUT NMPHMEHEH METOX
cnextpockonu® KPC. Ha prc. 6 npeacrasnen KPC-
CIEKTD, CHATHIHA UIs MPOAYKTA OAHOrO CHHTE3a, B KO-
TOPOM HCTONL30BAH TEXHHYECKHH YITIEpOA Kaxk CBA-
syroumi Marepuan. U3 prc. 6 BHAHO, 4TO B CHEKTPe
npa wactore 797 cM ' Habmojanack MEpOKas NONO-
€3, BHI3BAHHAY KONCOZHHAMH DACTEWCHHA CBA3eH B
okcaze Bonbppama WO;. ITommmo 3Toro nuka, 3ape-
rucTpuposans monockr D (1338 ex ') 1 G (1562 cn”
1), oBycioBneHHBE  pa3VIOPANOYEHHEIM  SP-
yITIepoAOM. JTH JaHHBIE XOpPOIIO COITIACYIOTCH C
NHTEPaTypPHLIMA JIaHHBIMH, HE3HAYHTENLHEIE
CMEIIeHHs THKOB MOXHO 00BACHATH pazmepamu HII
[19]. B cmekrpe obpasua He nposBasercs Paman-
CHTHANl 9YHCTOrO KapOmaa Bombdpama, 9TO BIOIHE
COOTBETCTBYET NHTeparypHuiM AaHanM [20], Tak kak
gHCTHH kapOuyx Bonedpama He mposeaser Paman-
CHrHANa H3-3@ KECTKOH CTPYKTYPhl KpPHCTALIH-
HECKOH PeleTRH.
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Pucynok 6. Cnextp KOMOMHAUHOHHOIO PacCesHHA HaHO-
nopollka Kapoiaa sonbdpama, NomyueHHbll 0T TabaeTku
C TEXHUYECKHM YIIepOIOM.

Pucynok 7. Muxpodororpadus obpasua nopomka WC co
CBA3YIOUIHM MAaTEPHATIOM W3 TEXHWHECKOTD yraepona.

Ha puc. 7 npeacrasneda mukpodoTorpadms ob-
pazua nopomka WC co CBAZYIOIWM MaTEepHATIOM H3
TEXHHYECKOT0 YIIIepoja, NoMydeHHas MAKPOCKOTIOM,
coeldHeHHERIM ¢ Paman cnextpomerpoM. Mukpodo-
Torpahus MONydeHa ¢ HCMOIb30BaHHeM nasepa 532
oM. U3 caamMka suaHo, uTto nonyuenuasi HIT cocrour
B OCHOBHOM H3 MEJKHX HAHOPa3MEPHBIX YaCTHI, HO
Takke HaOMOAAOTCS B KPYMHLIE ArnOMepalyH, Ko-
TOpEIA 0DpazoBamACh MOCKE CHATE22. 1eM He MeHee,
VIUIHpEeHHbIE IAHAH, NOTYYEeHHEIE B PEHTCHOIPaMMax
CBHAETENLCTBYIOT, 4TO OOpa3OBaHHEE HacTHIIL!
HMEIOT Marble pa3Meps! YacTHIL

SAxaneMun Hayk Pecnybnuru Ybekucran, 20211
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Taxkum obpasom, paspaboraHa 3KkCnepHMEHTalb-
Has YCTAaHOBKA, MO3BOJIAIONIAN OCYUIECTBIIATL CHHTE3
HAHOMOPOIIKOB Kapbujaa Boib(paMa MyTeMm Miasmo-
XHMHYECKOr0 BOCCTAHOBHTENBHOrO CHHTE3a HENo-
CPe/ICTBEHHO H3 OKCHAa Bonb(paMa s CO3ZaHus
HAHOCTPYKTYPHBIX TBEPABIX CIUIABOB. [lmazMoxmmu-
YeCKHH CHHTE3 OCYIIECTBIICH B IIa3Me 3JIeKTPOAYTo-
BOTO pa3psjia HA3KOTO BaKyyMma. YIIHpeHHEE ped-
NieKCHBIE THHAH H MAKpodoTorpadnn 06pazuos yka-
3bIBAIOT HA HAHOPA3MEPHBIC XapaKTEPHUCTHKH CHHTE-
3ApOBaHHLIX 00pa3ioB. PentreHodazossie aHanusbl
TOKA3KIBAIOT, 9TO TIPH CHHTe3e oOpazoBanock He-
ckonbko (a3 xapbuaa sonbdpama, Takux kak WC,
W,C u WC,, COOTBETCTBEHHO C TeKCaroHAINLHOI,
TPHTOHAILHOH C FEKCAroHaMbHBIMHA OCAMH H KyOuue-
CKOW KpHCTAITHYECKHMH pemerkaMu. PopMuposa-
aue ¢as W,C a1 WC,, npu cunTese 06bsAcHIAETCH BbI-
COKMM TEMIIEPaTypPHLIM IPAJHEHTOM W HEpaBHOMEp-
HBIM pPAacrpefeseHHEM HCXOAHBIX [PEKYPCOPOB B
obneme 30HBI PEaKIHH B TPOLECCE 3TEKTPOTYTOBOTO
paspsaa HW3Koro Bakyyma. [TonmydueHHble 3KcrepH-
MEHTANb-HblE PE3yNbTaThl B HX MHTEpHOpeTauus Je-
MOHCTPHPYIOT MEPCNEKTHBHOCTL METOA CHHTE3a s
HaHoNopomkoB kapbuaa ronsdpama. ITpoxomxkaroT-
C4 HayuHble paboThl B 3TOM HaNpaBIeHHH B jabopa-
TOPHH.,

BnarogaprocTy. ABropsl 6narozapse! K.¢.-M.H.
B.M. Porurreitny 3a nomorgs B nonyuerun KPC criex-
TpoB 0bpazua.

®unancuposanne padorsl. Pabora Brmonnena
B pamkax npoekta Ne ©3-201907092 Musnucrepcrsa
WunopanuonHoro pazeutHs PecnyOnukn  Vabe-
KHCTaH.
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Study of tungsten carbide nanoparticles obtained
by the plasma-chemical method

Kh.B. Asurov', V.N. Arustamov', LKh. Khudaykulov',
R.J. Ravshanov'?, D.T. Usmanov'

'Institute of Ion-Plasma and Laser Technologies,
Uzbekistan Academy of Sciences, Durmon Yoli street 33,
100125, Tashkent, Uzbekistan

*Navoi State Mountain Institute, Tarobiy street 72, 210100,
Navoi, Uzbekistan

An experimental setup for the plasma-chemical syn-
thesis of tungsten carbide nanopowders has been de-
veloped, which allows the nanopowder to be obtained
directly from tungsten oxide to create nanostructured

©Akanemus Hayk PecnyGnuku Yabekuctad, 2021 r.

hard alloys. The synthesis of tungsten carbide nano-
powders was carried out in the plasma of an electric
arc discharge of a low vacuum. The possibilities of
using various binders for the manufacture of bri-
quettes (tablets) from tungsten oxide powders have
been studied. The resulting tungsten carbide nano-
powders were analyzed by X-ray phase analysis
(powder diffractometer), Raman spectroscopy, and
microscopy. It was found that during the synthesis of
tungsten carbide nanopowders the various phases
such as WC, W,C and WC,. are formed, which are
explained by the parameters of the electric arc dis-
charge and the distribution of precursors.

Keywords: plasma-chemical synthesis, tungsten carbide,
nanopowders, vacuum electric arc discharge, X-ray phase analy-
sis.
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Mnasma-kumiésnit yeyimaa oaunran  soasppam
Kapin1 HAHO3APPATAPHIK TAAKHK KHIHI

X.b. Amypos', B.H. Apycramos', I.X. Xyaaiikyaos',
WP, Pasmanos'?, JL.T. Yemanos'

'WaP ®A Homn-nnasma sa nasep TEXHONOrUANIAPH WHCTH=

gru, Jypmon itynun  kyuacw 33, 100125, Towmxkenr,
30eKHCTOH

*Hagon jasnar KoK wHeTHTYTH, Tapobuit kywack 72,

210100, Hasowit, Vabexwucron

BonudpaM KapOuAMHHHT HAHOCTPYKTYPANH KAaTTHK
KOTHITMATAPHA ApATHII yHyH yIapHHAT
HAHOKYKYHITAPHHE  TYFpUAaH-TYipH sondpam
OKCHAMJAH onuim  MMKOHMHH  Oepysum  TutasMa-
KHMEBHE CHHTE M YuyH 9KCIEPHMEHTAN KypuiIMa
Humad  URKHIIN, Bonsppam  kapOuauaunr
HAHOKYKYHJTAPH CHHTE3H T14CT BAKYYMIIH 3M1eKTp ¢iin
APKAMHAHT  MI4a3Macuia  amanra  OWHpHIIN,
Bonsppam  okcuam  Kykyumapuaan — Gpukernap
(rabnerxa) rafépnam yuyn typna GormoBuHIapaan
thoinanannmm wMKORHATHApH Ypranwian. Onwaran
BONb(pam kapbua HaHOKYKyHNApH penrtren (azanm
TAXJIAII (qaur nmpakromerpn), Paman
CMEKTPOCKONUACH BA  MUKPO-CKOMHA  épraMuja
TAXIHI  KHIHHJM,  AHHKIanvmnya,  Bonbgpam
Kapbwim  HAHOKYKYHIAPHH  CHHTE3Z  KHJIMLI
swapaénuga WC, W,C sa WC) ; kabi Typiu dazanap
xocun  OYnmmmum  anekTp &M paspsam Ba
NPEKYPCOPIAPHUAT  TAKCHMIIAHHUIN  TTapaMeTprapu
Ounan WI0XNAHAIN.

Kamr cfwnap: nnasma cuvéeuit ounres, soasgipan kapGuam,
HAHOKYKY HIIAP, BAKYYMIH SCKTP &M paspsas, peHTren (hasanm
T,
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MopenupoBaHue B3auMoaelCTBUSA YrnepoaHbIX HAaHOTPYGOK

c aToMaMu Bogopoaa

Y.E. Ynxaes', [1.B. Ana6kes’, U.[. Aarapos™, ¥.B. Xanunos'?

'YHCTUTYT MOHHO-NNAasMEHHBIX U Na3epHbIX TexHonomit AH PY3, lypmoH wynu 33, 100125, TawkeHT, Ya6ekucra
UccnepoBarensckan rpynna PLASMANT, LlenTp nepegosoro onsita NANOLab, Xumuueckuin hakynsTeT, YHUBEpcuTeT

AnTtBepneHa, Universiteitsplein 1, 2610, AuTeepneH, Benbrus.
Monyuexa 21.10.2021

* Corresponding author: e-mail uub1988@mail.ru

Merojamun  Monexynspuoi. muHamukn  (ReaxFF, LAMMPS) nposenenst MonensHbie
IKCHEPUMEHTHI 110 PACCEAHHIO ATOMOB BOXOPOAA MOBEPXHOCTHID YrIEPOAHOH HAHOTPYOKH
(Temnepatypa Hamotpybkm — 300 K, 600 K). B wacrHocts, HabmoparoTcs mpomecch
aacopOuMHi, HHKANCYJALUMH paccenBaeMbiX aToMoB. [10Ka3aHO, Y4TO XapakTep MpOTEKAKOUINX
[POLECCOB 3aBHCHT Kak OT 3HEPrHH pacCceMBaeMBIX aTOMOB, TaK H OT TeMIepaTyphl
HanoTpyOkn. Kpome Toro, mpoueccel agcopbunm ¥ HHKANCyJISUMH 3aBHCAT OT KOIHYECTBA
BOZOPOJA, MOCTynaromero B HaHOTPyOKy, u yrna nagenus. IToxkasaHo, 4TO NpH 3HEpPrum
aTomoB Boziopona 50 3B, aToMbl B OCHOBHOM afCOpOMpYIOTCS MOBEPXHOCTHIO HAHOTPYOKH, &
npu 3Heprun 90 3B mume uYacTb aTOMOB BOAOPOAA AACOPOMPYETCS MNOBEPXHOCTHIO
HAHOTPYOKH, [pyras 4acTh aTOMOB aJcopOupyeTcs BHYTPH HaHOTPYOKH.

Kmouesnie cioBa: aroM yriepoja, yriepogHas HaHOTPYOKa, HAHOCTPVKTYPA, HHCICHHOC
MOCTTHPOBAHME, IHAMETP HAHOTPYOKM, rpadieH, HMIITaHTALMS, ancopOLHs, BIaMMOACICTBIS BO0OPOAa,
XHMPATLHOCTS, PACCCAHHC,

Model experiments on the scattering of hydrogen atoms by the surface of a carbon nanotube
(nanotube temperature 300 K, 600 K) were carried out using molecular dynamics methods
(ReaxFF, LAMMPS). In particular, the processes of adsorption and encapsulation of scattered
atoms are observed. It is shown that the nature of these processes depends on both the energy
of the scattered atoms and the temperature of the nanotube. In addition, the processes of ad-
sorption and encapsulation depend on the amount of hydrogen falling on the nanotube and the
angle of incidence. It is shown that at the energy of hydrogen atoms of 50 eV, atoms mainly
adsorb on the surface of a nanotube, and at the energy of 90 eV, some of the hydrogen atoms
adsorbs by the surface of the nanotube, and some of the atoms adsorbs inside the nanotube.

Keywords: carbon atom, carbon nanotube, nanostructure, numerical simulation, nanotube diameter, gra-
phene, implantation, adsorption, hydrogen interactions, chirality, scattering.
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Brenenue

B macrosmee BpeMs BO BCEM MHpE ITPOBOAATCS
IIHPOKHE HCCHEAOBaHHS MO M3YHEHHIO B3aMMOJIEH-
CTBHs aTOMOB C YTJIEPOJHBIMA HAHOCTPYKTypamH [1-
5]. B uacTHOCTH, U3ydeHHE B3ANMO/IEHCTBAS aTOMOB

BOJOpPOAA C  YITIEPOAHKIMH HaHOTpYOKamu
TIpeACTaBNIseT WHTEPEC Ul CO3/aHHS HOBBIX HAHO-
ycTpo#cTB. Yriepoanas HaHOTPYOKa — 3TO amjior-
ponHas MoAaupuKaUHMi Yriepoaa, MpeAcTaBisioman
co00f  MOMyKd  LWMIHHAPHYECKYH)  CTPYKTYpY
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AHAMETPOM OT JECATH A0 JECATKOB HAHOMETPOB H
IMHHOH OT OZHOIM0 MHKPOMETPAa 0 HECKONBKHX
caatamerpoB [6]. Kak nokasano B paborax [7, 8],
YITIepOHEIE HAHOTPYOKH ¢ WMINTAaHTHPOBAHHBIMH
BHYTPH aTOMAaMH HMEIOT crequ(iAYecKHe CBOHCTBA
ITo 3710 NprYAHE paccesHAE aTOMOR HA YTIEPOAHBIX
HAHOTPVOKAX MpeACTaBiseT HHTEPeC Kak Ccrnocod Hx
smogaduxaumn [7]. J{ns paccMOTpeHHs YIrIepomHRIX
HaHOTPYDOK Kak ODBLEKTOB A XpaHeHHs BOAOPOAa
HEeOOXOAMMO NOHHMaHWE TNPOUECCOB B3aWMoOHeH-
CTBHA BOAOPOAA C YITICPOAHLIMH HAHOTPYOKaMH
[8.9].

Boxopon Ovbul NpH2HAH HAEATLHBIM HOCHTEIEM
IHEPrHEH, HO MOKa HE HCMONbL3YeTcs Kak TAKOBOH B
3paunTenEHON crenend. OHa U3 OCHOBHLIX TpodIeM
— cnoxHOCTE 3hdexTHBHOrQ Xpadesus. Brauane

TECTHPOBANHCHE  METATHYECKAE  CONABE  JUIS
ACTIONE30BaHAS B KayecTBE pe3epBYapoB N
XpaHerHs, HO OHH JOPOTH H TOKeTH JuId

KOMMEPYECKOro NpPOH3BOACTBA, OpPHEHTHPOBAaHHOIO
Ha MODHILHEIE NPHIOKCHHS.

Oasocnoiinsie YITIEpOAHEE HAHOTPYOKH
(OCHT), xotopele OOBMHO HMEHOT AHAMETP B
HECKONBKO HAHOMETPOB, OBIH OPEATOKEHH B
Ka9eCTBE MOAXOANIIEID YCTPOHCTBA A4 XpaHEHHS
rasa [10]. Tlockomeky TOpPH MOMEKYIAPHBIX
pazMepoB MoOryT ajcopbupoearth Oonnmmme Komm-
4eCcTBa ra3a, BONOPOA MOXET KOHZEHCHPOBAThCA 10
BHICOKOH TOTHOCTH BHYTPH y3xkux OVHT nake npa
KoMHaTHOH Temmeparype [11]. Bricokoe normomme-
HHE BOAOpON2 HAHOTPYOKaM¥W MO3BONLET NPEaTio-
TOXKHTH, YTO OHH MOTYT OBITh HCIONBE30BAaHH B Kage-
CTBE YCTPOHCTB A8 XpPaHEHHS BOAOPOAA B 3NEKTPO-
MOOHISX, @ HMEHHO, B TOMIHBHHIX 3NEMEH-Tax
snextpomobunes [12-14]. Opmako mns coznanus
BOAOPOAHOH IHCPreTHYECKOH CHCTEMBI, OCOOEHHO B
TPaHCHOPTHOM CEKTOpe, HEOOXOIMMO 2HAYHTENLHO

VCOBEPIICHCTROBATE TEXHOIOTHH XpaHeHus
BOJOPOAA.
Bomopon  Moxer mocTymare Ha  OopT

TPAaHCHOPTHBIX CPEACTB B KOHTEHHEPAaX CO CHKATHIM
HAH cxuKeHHBIM Hp, B ruapraax metamios, myrteM
XpaHEHHd XHAMHYECKHX BEHICCTE HIR HyTeM
amcopOudHE Tra3za TBEPORIM TeloM. XOTH KaKIEIH
MeTOZ 00NaaeT KeNnaeMbEIME XapakTePHCTHKAMH, HH
OJIMH TOAXOA HE Y/ORNIETBOpHET BceM TpeboBaRmsM
& 3({)cKTHBHOCTH, pa3Mepy, BECY, CTOMMOCTH H
fesonacHOCTH  NpH  TPAaHCOOPTHPOBKE  WIH
HCMONB30BAHAH B KOMMYHAIBHBIX CIykOax. Ax-
copbuma raza B TEEpPIOM Tejie — 3T0 Oe3omacHeH no
CBOEH NPHPOAE METOA XPaHEHHA BOAOPOAA C MOTEH-
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MHATEHO BBICOKOH NIOTHOCTHIO 3HEPIrHH, KOTOPLIH
MOKeT OHTh Ype3BHHaiHO 3HeprodfiekTHERHEM

[12].

I Onucanue 00LEKTa W METO0B HCCIE10-
BaHWS

Meroaamu MONEKYISPHOHR AHHAMHAKH
MPOBEAEHO YHCICHHOE MOIEIHPOBaHHE B3aHMOJEH-
CTBHS aTOMOB BOJOPOJA C YIIEPOAHOH HAaHOTPYOKOH.
ObrexToM MOAENHpPOBaHHS BHIOpaHa OXHOCHOHHASA
VITIeponHas  HAHOTPYOKaZ  XHpankHOCTRIO 3.5,
guamerpoM 0693 ©M.  Yuncnennoe 2HavueHHe
IHamMeTpa HAHOTPYOKH B IENOM COBMAJacT C
IKCMEPHMEHTATLHEIME PE3yNILTATAMH, B KOTOPHIX
BHYTPEHHHH [JnaMerp HaHOTpYOxE d nexur B
ananasose 0.63-0.79 ua

Ilpr dopmMupoBaHRWHE HAHOTPYOOK ONHHM W3
NApaMeTpoB, HX XapakTepH3YIOUIHX, #BIAETCE T.H.
xupansrocTs. JioOyio OIHOCIOHHYIO YITEepOaHYIO
HAHOTPYOKY, Ppa3BepHYTYIO B JIHCT, MOXKHO
TNPeACTaBATE KaKk TpPHMep TIOBEpXHOCTH rpadena
(npaBnnbHAs TEKCAarOHANMBHAS CETKAa C aTOMaMm|
yriueposa), 3aXannoi mapoi yncen (. m), HaskiBae-
MEIX HHACKCAMH XHPAIEHOCTH, T.€. 3TO KOOPAHHATEI
paxEyc-BeKTOpa » B KDHBOIHHCHHOH CHCTEMe
xoopauHar (pHe. 1).

Pucynox 1. @opmuposanne HaHOTPYOKH NO XHpaib-
HOCTH.

Jns nposeneHHs MONENBHBIX IKCIEPHMEHTOR
10 PACCESHHID ATOMOE BOJOPOJA MOBEPXHOCTHIO
VITICDOAHOH HAHOTPYDKH HCIONL30BaH NpoOrpaM-
manE naker LAMMPS. Bun Bribpar ReaxFF
TOTEHUHAN, KOTOPHIH WIHPOKO HCHONL3yercs g
MOIENTHPOBaHHY NOAODHBIX ATOMHO-MONEKYINPHBIX
cacteM. Tak#e METOAL MOACTHPOBAHHY, Kak TEOpHS
tyaxumonana nanoreoctd (DFT) anu Monekynsapras
aunameka (MD), wmoryr Owmire mnonesnnl ans
ZIeTaTkHOTO TOHAMaHHE TIponecca paccesnusa [15,
16].

©Arazemus Havk PecriyGmams Vabexucran, 2021 r



V.B. Ynxaes, [1.B. Anabses, U Aarapos, Y.B. Xanunos

IMo crpykrype yrmepoansie HaHOTpyOKH ne-
ASTCS HA JBa OONBIIMX KIacca — OJHOCTEHHBIE H
MHOTOCTeHHRIC. J1% OHOCTEHHRIX HAHOTPYOOK Onin
BBEJieH TEPMHH XHDANLHOCTH, OAHO3HAYHO Ompeae-
NFIOUTAA FEOMETPHIO OTACTLHO BISTOH HAHOTPYOKH ©
3aaHHBIM JHAMETPOM.

XupaneHOCTL HaHOTPYOOK ofo3HavaeTcs mapoi
gucen (m, n), yKasubBaOIMHX KOOPIHHATH! INECTH-
YTONBHHKA, KOTOPHIH B pe3yibTare CBOPAYHBAHHA
IUIOCKOCTH ZOMKEH COBMACTh C INECTHYTONLHHKOM,
HaXOIAIIAMCS B Hagane xoopawrar. Bropo# crnocob
ONpeieieHHs XHPATbHOCTH COCTOHT BO BBEICHHH
yrna o, oOpa3oBaHHOTO HaNpaBleHWeM CBOPAYHBA-
HE HaHOTPYOKH H HanpaBlneHAeM, B KOTOPOM CO-
CeANHE WECTHYTOILHEKE HMEIOT 00Ny CTOPOHY, B
3TOM Cy4ae TaKxke HeOOXOAHMO YKa3hIBATH AHAMETD
HaHOTPYOkH. HHZEKCHI XHMPanbHOCTH OJHO3IHAYHO
ONpeensIOT AMAMETP HAHOTPYOKH:

D=Jm’+n’+nmﬁ,
x

rae dy = 0.142 AM — pacCTOSHHE MEAKIY COCETHHMH
aToMamH yruepoaa B rpaduToBod mnockoctH. Cesss
MEXKAY HHAEKCAMH XHDPATLHOCTH H VITIOM of JaeTcs
BHIDAKEHHEM:

» 3m
sng=——
Nm' =0’ +nm

Cpean BOIMOXKHBIX HalpaBleHHH CBOPaYHBAHHSA
BEUICTAIOT BAKHLIC YaCcTHLIE caydan: armchair Tpvo-

ki (a=0) u z1gzag Tpybkn (a=30°).
M1 Onucanue u aHAAH3 PE3YALTATOB

Mel B3yuaeM npouecc BIaMMOAEHCTBHA aTOMOB
Bozxopoaa (H) c yrmepoxsnive maroTpyOkama B pe-
aKTHBHOH MonexynspHoH quHamuke (MD), ncnons-
3y MOAEAHPOBaHHE H PACYeTh TCOPHH (PVHKIIHOHA-
na mnotsocrd (DFT). Tlps  uncnessom
MozenmupoBagHE MJl MBI BcmonBIveM mNOTeHTHAN
ReaxFF u napamerpsi, paspaboranssie Zou u ap.
[17]. Obwmexr wmozemuposanms — yriuepomHas
HaHOTpyOKa (5.5) nuamerpom 0.693 am (puc. 2),

Hsywaemas namH MoJens H3HAYATBHO OBUTA
NPHBEAICHA K AeNaeMOH TeMIeparype NpHMEHEHAEM
Tepmoctara bepemncera B amcambne NpT [18]
3arem Owino HanmoXeHo TepMocraruposanme Bycch
[19] mans ynpamrnesms Temmepatrypolf B amcambne
NVT. B npoumecce wmoaenuposasns aroMsr H
OCZXKJaNH Ha BaHOTPYOKY npH nourxensod (300 K)

© Axazewus savk Pecny Gmaxu Vibexucran, 2021

Pucynox 2. Onmocnoiisas yrnepoiHas HaHOTpyOKa
XHpansHOCTHIO (5.5), mnanerpon 0.693 am.

# nossimesHod (600 K) Ttemmeparypax or 0
mEKOCeRyHAR 10 200 MHKOCEKYHI COOTBETCTBEHHO.
Cornacro pesynsraram pacderos Merogamu MJI npa
ancopbums atoma H cee3as HC-CH yammmsercs mo
15%, Torpa xak wmeroasl DFT paor awmanason
H3MEHCHUA [UTHHHW cBa3E oTr 65% 1m0 15.5%
coorsercreenHo [20], opHeHTauHa CBA3W NPH 3TOM
MeHseTca B HanpasnerEr ot 0 go 90°. Kpowme Toro,
Mbl OOHApYXHNH, 4To ATHHa cBa3d C-H y cas3n HC-
CH nexwur 8 amanazone (2.14-2.23 A).

Prcynox 3. Ancopbuns aToMOs BOJODOIA, PACCESHHEIX C

pasnuuEeiME  3Heprmamm (or 15 3B mo 120 3B)
YTIepOaHOil HAHOTPYOKOI.
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Ha puc. 3 npuBefeHsl pe3ysbTaThl 10 HOPMalb-
HOMY PAacCcesHHIO aTOMOB BOJOPOAa paslHuHEIX
SHEPrHH Ha TIOBEPXHOCTH HaHOTpPyOkw. Habmroxa-
I0TCS Tpomechl aacopOIHMH aroMOB Bopopoza (c
HavambHOH 3Heprued 15 3B) moeepxHOCTEIO
HaHoTpyOk® (puc. 3a)-4yacTe aroMoOB axcopbupyercs
HAHOTPYOKOI, YacTh PaCCEHBAETCH.

ITpu sueprum aromoB Bogopoaa 50 3B, aromsl B
ocHoBHOM axcopbupyiot (puc. 3b). Ilpwr 3repran 90
3B wacte aromMoB Bojmopoaa aacopbHpyercs
MOBEPXHOCTBIO ~ HAHOTPYOKHW,  9acTh  aTOMOB
ancopbupyercs BHyTpu HaHoTpyOku (puc 3c). Tlpm
3HEPrdM aroMoB Bogopoxa B 120 3B, artomwul
MPOXOAST CKBO3b CTEHKH HAaHOTPYOkH (purc. 3d).

Pucynok 4. Ancopbuns atoMOB BOJOPOZA, PACCESHHBIX C
PazIMUHBIMH SHEPrAAMH HA YIIIEPOAHOI Ha-HOTpyOke mpH
nossienHoi (600 K) remneparype.

Ha puc. 4 npuBeseHsl pesynerarkl 10
HOPMAIBHOMY  pacCesHHID  aTOMOB  BOJOpOJa
PasTAYHEIX SHEPIHH MOBEPXHOCTHIO HAHOTPYOKH TIpH

nopenuennoi (600 K) remneparype. Habmogarorcs
MpOLEeCH! aIcOpOIIHKA aTOMOB BOJ0POAa (C HaYabHOR
sHepraed 15 3B) mosepxnocTei0 HarOTPYOKH (pHC.
4a) — ugacTe aTOMOB ancopOHpyeTcs HaHOTPYOKOiA,
"gacTh paccenraercd. [Ipu sHepran aToOMOB BOxOpoOaa
50 3B oHH B OCHOBHOM aICOPOHPYIOT Ha MOBEPXHO-
cri HaHotpyOku (puc. 4b). Ilpu sreprum 90 3B,
4acTh ATOMOB BOAOPOAA MPOHHKAET BHYTPbL HAHOT-
pyokm (puc. 4c). Ilpa 3HEprAR aTOMOB BOXOpOJAA B
120 3B aroMsl TPOXOAAT CKBO3b CTEHKH HaHOTPYOKH,

W npoucxoauT Aedopmanus HarOTPyOkH (puc. 4d).
Iv. 3akmoyenue

Merogamu MOJNEKYNISPDHOM IHHAMMKH OBUIH

NPOBEJEHBl  MOJENbHBIE  3KCOEPHMEHTBI 10
PAacCesHHIO aroMOB  BOAOPOJA  [OBEPXHOCTLIO
ymiepoano#t HaHoTpyOkH (morenuman ReaxFF,

temmeparypa HaHoTpyOkm 300 K m 600 K).
Pesynbrarel NMOKa3eIBAIOT, YTO XapakTep MPOLEccoB
3aBHCHUT KaK OT TeMIIepaTyphl HAHOTPYOKH, Tak ¥ OT
SHEPrAH  pAacCeMBaeMBIX arOMOB, HabmojaroTcs
TIPOLECCH afCOPOIHH, HHKANCYISIAH PACCEHBAEMEIX
aTOMOB. YCTaHOBJIEHO, YTO MPH 3HEPrHA aTOMOB BO-
nopoxa 50 3B, aToMbl B OCHOBHOM aficopOHpYIOT Ha
NOBEPXHOCTH HaHOTPYOkH, a mpu sHeprum 90 3B
HacTh aTOMOB BOJOPOJA aIcOpOHpYeT HAa MOBEPXHO-
CTH HAHOTPYOKH, 4acTh aTOMOB aJCOPOHPYET BHYTPH
HaHOTPYOKH.

MeTananusie

Modeling the interaction of carbon nanotubes
with hydrogen atoms

U.B. Uljaev', LD. Yadgarov', D.V. Alyabev', U.B. Kha-

. 1,2

'Institute of lon-Plasma and Laser Technologie, Uzbekis-
tan Academy of Sciences, Durmon yuli str. 33, 100125,
Tashkent, Uzbekistan

*Research Group PLASMANT, NANOLab Center of
Excellence, Department of Chemistry, University of
Antwerp, Universiteitsplein 1, 2610, Antwerp, Belgium.

Model experiments on the scattering of hydrogen
atoms by the surface of a carbon nanotube (nanotube
temperature 300 K, 600 K) were carried out using
molecular dynamics methods (ReaxFF, LAMMPS).
In particular, the processes of adsorption and encap-
sulation of scattered atoms are observed. It is shown
that the nature of these processes depends on both the
energy of the scattered atoms and the temperature of
the nanotube. In addition, the processes of adsorption
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and encapsulation depend on the amount of hydrogen
falling on the nanotube and the angle of incidence. It

1s shown that at the energy of hydrogen atoms of 50

eV, atoms mamly adsorb on the surface of a nanotube,

and at the energy of 90 eV, some of the hydrogen
atoms adsorbs by the surface of the nanotube, and
some of the atoms adsorbs inside the nanotube.

Keywords: carbon atom, carbon nanotube, nanostructure, numer-
ical simulation, nanotube diameter, graphene, implantation, ad-
sorption, hydrogen interactions, chirality, scattering,
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Yraepoa HanoTpySKaNapHHHHT BOAOPOA ATOMAA-
pi G3as FIaPo TALCHPHIH MOAEUIRI THPMI

VB Y’ma o JLB. AanGren', HJL Harapos', ILA,

Mymunosa’

'Vabermcron Gasnap Axanesoicn Hos-nuasa sa masep Texso-
aormanape wcriryn Jpavon idan 33, 100125, Tomxenr,
Vabexueron

*Research Group PLASMANT, NANOLab Center of Excellence,
Department of Chemistry, University of Antwerp, Universiteits-
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Boopon aTOMIApHEHHI YIAEpPOR HAHOTPYOKacH
CHPTHIAH COMMAMIUEA OVANYa HamMyHasuil Toxpi-
Gamap (mamorpyOka xapoparw 300 K, 600 K)
MONEKYASp anHaminka yoymnapys (ReaxFF, LAMMPS)
épaamiaa amanra oumprnaw. Commp G¥naérram
HAPACHNEPHART XAPAKTCPH COMMATaH ATOMNAPHHHT
IHEPrHACHTA XaM, HaHoTpyOka XapopaTra Xam
Bornuk sxamnnra xypearanran. Kymiagan aromnap-
HHAT QICOPOUMECH BA HHKANCYNAIMICH Kapaéninapy
kyzarunaan. Bysaam Tamkapu, aacopbums sa
HHKANCYNSuMs *kapaéunaps HanoTpybkara xupajim-
raH BOJOPOA MUKIOPH Ba Tyumm Gypuarnra 6oFmmnk
50 3B BOMOPOA ATOMIAPHHHHT IHCPIMACHIA aTOMNAD
acoca wanoTpyOka 103acHia  aacopOuMAnEHALIR
kypcarmnran sa 90 9B  onecprusza  somopoa
arowitapuaiEr Gup KHCME HaROTPYOKa lo3ackaa, Gup
KHCMH 3ca HanoTpyGka wanaa ancopbunsanananm

Ky cifunap: vimepos aros, yimepod samorpyGiach, sasocr-
PYKTYPA, PUKINCTH MOISIUIAMTHpHIL, KaHOTPY Gka
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3¢ ekT Crebnepa-BpoHckoro B aMmopdHOM KpeMHUU
U HaHo(ppaKTanbHas CrIMHOBas XUMUA

X.B. Awypos, B.P. Kyrnumypotos’, C.E. Makcumos, H.H. Hukudoposa, B.J1. OkceHrenanep

VIHCTUTYT MOHHO-MNA3MEHHBIX U NA3BPHBIX TEXHONOMMIA uMenu Y.A Apucbosa AH PYa, yn. [lypmon iynu, 33, 100125,

TawkenT, Yabekucran
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Teoperuuecku pacemorpen adexr CreGnepa-Bponckoro 8 amopdrom kpemunu. [lokazano
HTO MMEIOUIHECS IKCIEPHMEHTANILHLIE Pesy/IbTaThl YIAAETCS KOPPEKTHO HHTEPIPETHPOBATL B
PAMKAX [PEACTARICHUIT CTHHOBOH XAMHAN € YYETOM HAHO-(DPAKTAILHEIX CBOICTR MHKPOINO-
nocreit, Busanenn cneundimveckite ceoficraa 2D/3D matepuasion y aMop(pHOro KpeMuus, Ko-
raa sk 8 ypoan ®epmu 06némMa 1 nosepxHocTH conamepunm. ITokasano, K4k Ha 2ToH oOc-
HOBE MOXET PEAM3OBATLCA JIRBHHAAN ancopbuns/aecopbius co CBOHCTBAMM, XAPAKTEPHEIMMU
JUIS CAMOOPTAHH3OBAHHOI KPHTHUHOCTH, TECTOM KOTOPOI ClryiT pakTaikHas 3aBHCHMOCTS.

Kinovenie wrosa: anopdmmiit kpemwmit; s(hercr Crebuepa-Bponckoro; crmmosan. xumms; nanophpax-
TATHHAA TOBEPXHOCTL, CAMOOPTAHHIOBAHHAK KPUTHIHOCTS,

The Stebler-Wronsky effect in amorphous silicon is considered theoretically. It is shown that
the available experimental results can be correctly interpreted within the framework of the
concepts of spin chemistry, taking into account the nanofractal properties of microcavities. The
specific properties of 2D/3D materials in amorphous silicon have been revealed, when the con-
tributions to the Fermi levels of both the volume and the surface are comparable, It is shown
how avalanche adsorption/desorption can be realized on this basis with properties characteris-
tic of self-organized criticality, the test of which is fractal dependence.

Keywords: amorphous silicon; the Stebler-Wronsky effect; spin chemistry; nano-fractal surface, self-

organized criticality

1. Bsenenue

B cospemenno#i doroBonsTanke amopdubiif

KPEMHRAN HIPACT BKHYIO H BCE BO3PACTAIOULYIO POITh.

Oxrako okasarock, YTO CONHEUNEIE JMEMEHTH Ha
ocHoBe a-Si 06nanAOT CepLEIHLIM  HEAOCTATKOM.
Ypesswaaiino wmpoknii ppout pabor kak skcrnepu-
MEHTANBLILIX, TAK B TEOPETHYECKHX BLIABMN 0Owy10
upuarny srolt perpagaunu [1] = a umenno, addexr
Crebnepa-Bpouckoro (DCB) [1, 2], Ha nacrosummii
MoMmenT naubonee dyngamentansHoi no DCB cun-
raercs pabora [3], rae ¢ noMoubilo KOMOHHALHK
smeropor SIMP, BIIP u axo-I11P uccneposarenu

DOL: hitps//dot org/10,52304/,v2313.260

NPHIITA K MHEHHIO, UTO BCE CHOXKHEIE 3NEKTPOH-
HOHHBIE TIPOIECCH (¢ YYETOM CBETA H IIPH YHACTHH
aTOMAa BOJIOPOJA) TIPOHCXOST B MHKPOIIONOCTSX, I/1¢
aroM BOJOPOJA B PE3YNILTATE CBOWX MepeMelleHHii
obpasyer wmuoro «Gonraioumxca» cBi3ed  Sp -
ru0pHIoB, KOTOpLIE ABJINIOTCA CHIILHEIMA pekomMOn-
HATHORHKIMH TEHTPAMHA (KAIIEP-IEHTPAMMU ), UTO M
NPHBOJMT K ACTPAJALHK BCCX XaPaKTCPHCTHK,

B naunoi pabore mMbl gononawim Moaens Kapn-
coHa [4] naeeis o GppaxTansHON NPUPOJE HTHX MONOC~
TeH W KBAHTOBOH TeOpHEd paspyiueHuns cessei S1-Si
BOJIOPOAOM € YHETOM CnuHOBOH Xxumuu (puc. 1) ua
yNpOIeHHOW Moaenn Monexyner Hy:

Vol. 23, No.3, pp.29-32, 2021
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Prcynox 1. Cxema pacnaaa Ha4aibHOTNO CHHIJIETHOIO CO-
CTOAHIS OBYXaTOMHOI Monexynsl Hy npu cnueoBOM KaTa-
anse (mexanusn flip-flop). TIpouecc flip-flop xkatanuzupy-
er pacnan H cornaco peaxmm H,™™ " —H,™™ -
H, +H; ; H, u H; — atomrt monexyam H;, H. — nosepxno-
CTHBIN aTOM.

II.  OfvexT 1 MeETU HCCTICA0BAHHS

Hccneayemunit ¢ 1977 3CB srimen Ha noanMa-
HHE, 9TO BCE MPOUECCH 3NEKTPOH-HOHHOIO THIA,
MPOHCXOASIIHE NPH (OTOBO3AEHCTBHHA, CBA3aHLI, BO-
NEPBHX, C THAPO- W JACIHApPOreHH3alMed OonTar-
IIHEXCS CBH3€H MOj AeHCTEHEM cBera. Bmecre ¢ Tem,
TMOCTeAHNE 3KCIepAMenTH [3] rnacar, 9o 3TH Upo-
LeCChl MPOHCXOAST B MOpax, NPHCYIIAX aMophHOMY
xpemamio. Cymecreyiomme wmogenn (Ilavmzy =
Kapncon, pac. 2) se yuuTmBaoT g8yX Bemed. Bo-
TIEPBLIX, HENpPIMOIHHEHHOCTL CTEHOK mop (puc. 3),
BHYTPEHHSS HacThk KOTOpPHIX H300Hnyer «Oontaro-
UIHMHCS» CBA3SMH SP°. BO-BTOPHIX, BCe XHMHUECKHE
NPOLECCHl, YYACTHHKOM KOTOPHIX

H H H H

©

a)
H H H H

6)
Pucynox 2. Cxema ICB no Carlson (nnockas sayTpesnss

TOBEPXHOCT: MuKponopsi) [4]; ceernsie xpyru - atomst
KPEMHHS HA TIOBEPXHOCTH.

SAKagemMus Hayk Pecnybnukm Yabexuctan, 2021 1.

Pucysok 3. Cxema 9CB no Fehr, Schnegg, Rech u ap.
(xpuBas nosepxsocts) [3]. CnunoBas xuMus B npuMeHe-
HHH K [POLECCY KaTAIHTHYECKOro IefiCTBHA BOAOpoOZa
npH paspeiBe cocenHero aumepa. Pa3phiB MPOHCXOZHT Ha
AeOpMHPOBAHHOM (PacTaHYTOM) AMMepe

ABIAETCS aroM BOJOPOAR, AONKHBEI Kak-TO Y4ecThb
NPEACTABICHHA O CIIHHOBOM 3aMpeTe Ha PHJ peakuu#
MEXAY BOAOPOAOM H «OONTAIOMIMMHCH) CBAZEAMH.

Taxum obpazoM, 3TH aBa obcToATENLCTBA HEOO-
XOAMMO YYATHIBATE MPH PACCMOTPEHHH HOBOH MOje-
mu. B macrosmee Bpems ObUTH H3YYeHW 37eMEHTap-
HBIE AKTH 3CCONHMANHA W JHCCONHAIMA aTOMa BOJO-
pona ¢ yuactaeMm (OTOHA, NPHYEM Kak HA IUIOCKOM,
TaK H Ha pakTanbHOH moBepxrocTax [5]. Moxuo
HAJeATbCH, YTO AaHHAZ paboTa ¢ MOAETLHEIME «KHp-
NHYAKaMEY M0 HOTOXHMHEE OBEPXHOCTHE Si OKawer-
cs none3Hoi aAns bonee raybokoro wx ofobuieHns B
paxkypce NMpHEMEHEHHS K BHYTPEHHHM Si, HACHIIEH-
HEIX BOZOPOIOM.

III. Pesyabrats! H HX 00CyKaeHHE

IMpexzae Beero, MBI PacCMOTPHM TPOCTEHITYIO
MOZIETLHYIO 33/1a4y 10 PaspyIeHH0 JHMEpa ¢ KOBa-
NEHTHOH XHMHYECKOH CBA35I0 NPH NONANaHHA BOJO-
POjia B €r0 OKPECTHOCT, 3TOT NPOUECC NPEACTABIAET
coD0i NpEMep CITHHOBOTO Karamisa [6].

Ha puc. | mokasaHo, Kak aroM BOJOPOAA B3aH-
MOJEHCTBYET C HEeKHM IHMEpoM (Hampumep, Mone-
kynod ). Ilpu ABHKEHHE MEMO AHMeEpE, CBA3bL KO-
TOPOr0 KOBAaNeHTHA, T.€. COCTOSHHE CHHITIETHO, B
OnuxHed 0ONACTH MOKET OCYIIECTBIATLCH KBAHTO-
BHI TIpONecC OOMEHa CTHHOB aTOMa BOAOPOJa H O/-
HOTO H3 CNHHOB CHHIJIETHOTO COCTOSHHS AHAMEpa
(flip-flop). B pezynerare cocTosHHE AWMeEpa CTaHO-
BHTCH TPHIUIETHRIM, H €r0 arOMhl pazieralorcs, la-
KAM 00pa3oM, CIHH aroMa BOACPOAA CTAHOBHTCH Ka-
TaTH3aTOPOM pacnaja AEMepa. 3TOT NpoHece u3 Obi-
CTPO PpasBHBAIOIIEroCs HANPABICHHR COHHOBOH
xumuH [7]. OasaK0 npH 3aNHACH BEPOSTHOCTH TaKOro
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xeanrororo nepexoaa (flip-flop) meobxozumo co-
OMOCTH 3aK0H COXPAHEHHN HEPrHu. Jeicran-
TeNBRO, IneprHy, Tpedyeman i nepexona CHHTTICT-
Tpunner, Oyaer nopaaka AE.

AE =4Dexp[-a(R-R,)], (m

rae D - 3Hepras Tennosol JHCCOUMANMH JTHMEPA,
@ ~ YNPYTHA napaMerp CBA3x

Ho, apekae Beero, nOCKONLKY B oM nponecce
VHECTBYET CHHITIETHAR Monekyna Si (sp ) ¢ onpene-
JMCHHLIM PACCTOSHHEM MCARY ATOMAMW, @ BHYTPEH-
HAR MNOCKOCTE: Nop dpaxransaaz, 7o AE ameer pas-
Bpoc, 3aBuCAKE OT JUIHHE JHMCpPA, Tak 9T0 BEJH-
yaHy AE HeoOXOANMO YCPeAHHTEL N0 CHCKTPY ANHH
CHHITIETHOR CBAIN

AE = [ f(RoAE(R~Ry)dRy . )

3aece ARy) - wexas dymxuus PpaxraneHoro pac-
IPCACACHHS 110 PasMepy 10, & 3HAYHT, H 10 WX pa-
AMyCY, ®, CNCAOBATCNEHO, IO WX KPHBAINC, 9TO &
ONPEICNSET MEKATOMHOE PacCTOSHHE B JAMMEpe
BHAHO, 4TO 3T0 BHIPAKEHHE COACPEAT PPAKTANBHYIO
pazMeprocTs uis paamepa nop. [ockonexy obuunoe
(pakTankHOe pacnpeienenne WMEeT XapakTepHhIi
san f(R;)~1/Ry , to AE Gymer cymecrsenno
MEHBITE, HEM JUTH CITYHas NIOCKOH NOBEPXHOCTH.

Bax#o 10 06CTOATENLCTBO, 4TO AUMCPHAN CBA3L
paspuiBacTes ¢ 0OpalOBANHEM CBODOAHOID aTOMA BO-
J0poja ¢ oOPaTHHIM HAMAILHOMY CITHHOM JNEKTPOHA,
H ITO COCTORHHE MOKHO PACCMATPHBATL KaK BHPTY-
anbioe KoHeuHOe Xe COCTOSHHE — 3TO pe3yanTar
XHMHYECKO PEakIfy YKasaHHOro aToMa BOJOPOA ¢
ONHAM W3 GIHKAAWNX SP -THOPHIHBIX COCTORHMI
KpeMAEs (cM. prc. 3). DTOT mporece paspemen ynep-
FETHYCCKH (IHCPIHA CBRAIN [HMEPA MCHLLIC YHEPIHM
caazn Monexyns SiH) Taxkam ofpazom, monnas me-
POSTHOCTH NMEPEXOAA HCXOMHOIO COCTORHHR CHHI-
NETHOrO IAMEPa B KOHEWHOE COCTOSHHE JBYX cocel-
HHX «Donraiomuxca» cexsell umeer auj [8)]

AW Zn

Jo =

j—udv{ 8(E,—E)dv,, (3)

rAe V — OPOMEXYTOMHOE (BHPTYANLHOC) COCTORHAE
Taxum ofpazoM, paccMaTpHBaeMeri npouecc,
BO-NIEPBLIX, PAIPCIIEH NO IMEPIHH XHMHYECKHX Npe-
BpammeHiit (YemMy noMoraeT PpakTaTEHOCTS 1op), BO-
BTOPLIX, BAKHO HMEHHO COCEACTBO IBYX 0DOpBan-
UINXCH CBA3CH, KOTOPRIC OKAILBAIOTCR HA KpuBOH

NOBEPXHOCTH NOJ YITIOM APYT K APYTY, NpHuéM 31oT
yron u3-2a dpaxransioct pasnwden. [Mocneanee
MO®eT OMTL B OCHOBC HEOWHJIAHRONO VIIHPEHHS
BCEX CHIHANOB MArHHTHOIO PE30HaHCa, 4To obHapy-
#eHO R pabote [3] BamHOo OTMCTHTE, 4TO R PeE3yiih-
Tare Beell MOCHENOBATENLHOCTH XHMHMECKAX peak-
Mt HeT WCKMIOYCHHS OTHOCHTENLHO HX PajpetieHns
no CIHHY.

Pacemorpav DCB kax nmposeiaerne caMmoopra-
HH30BaNHOA xpuTHIHOCTH (9] Amopdabiit Kpemuni
8-S1 MOKHO OTHECTH K ODBEKTAM THIA KOMOWHHPO-
BasHOB pasMeprocTr (2D/3D), korna peanniyercsa
HEKOE CBOHCTBO, ONPEISNNIONIEe UENOCTHOCTE MaTe-
prana (qacTuio 00LeKTa ¢ OIHOH PAIMEpPHOCTTEIO), HO
ynparngemoro rabmonaemoro sdidexra (vacTn obn-
exTa ¢ Apyro#t pasMeprocTsio). B uayuaeMom HamH
cryqae peas uaér ob yporue ®epmu (obycnosnen-
Hoit 0OBbemom 3D), CBEZAHHOM © 3aHNTOCTHIO KAKOIO-
G0 NOKANLHOr0 YPORHS (B TOM 4HCIE HA NOBEPX-
#oct mop) [lpu cpaBHEHHH HHCEN COCTOAHHA B
o0béMe W Ha BCEH TIOBEPXHOCTH BKAAA B YPORHW
Mepun obnénMa 1 TOBEPXHOCTH comamepum. Ecim x
TOMY K¢ MCKTPOHHEINA aKT AcCOpOUMH TAK HIMCHUT
nonokerne yposas MepMi, 9T0 JecTaOHIHIAPYIOTCH
W APYIrHE MACTAULL, TO AecopOUMs CTAHOBHTCSH JaBu-
HOMOAOOKOM, mocne Toro (IpH OTKPBLITOCTH CHCTE-
Mil) maer ofparusi npotece nasuwHOR ancopfumm
B nonoGHBIX CHTYARIX MOKHO FOBOPHTH 00 ocobom
KJacce ABNCHHH — CAMOOPraHH3OBAHHON KPHTHYIHO-
CTH, TECTOM KOTOPOW CITYXWT PPAKTANLHAS 3aRWCH-
MocTh (pHe. 4)

W ~1/0 (4)

3aece W — sepostHocTs ancopbumn/aecopbunn pas-
mepa £, tgg=—y - pakranuras pasmeprocts [10].

InW f

—>
InQ

Pucynox 4. Opaxransunil tect peammzamn &8 DB ad-
(hexTacaMOOpranHIOBAHHON KPHTHYHOCTI.

Iv. Jaxmoaenue

DAzanemus Hayk PecnyBnury Yabexucraw, 20211
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OCB moxer OHTL OTHECEH K THIY SBICHHS
complexity Kak COCTOSHHE Cpa3y H3 HECKONbKHX
KOMOHHEDYIOIEXCS HeTAReHHOCTEH [8].

Bca COBOKYIHOCTE MOCNEAOBATENBHRIX KBA3H-
XHMHYCCKHX TIPOIECCOB C Y9acTHEM BOAOpOAa H
KPEMHHEBBIX SP°-COCTOSHHH HE COAEPKHT 3alpeTosn
no cnury 8 cornacHy. ¢ DITP skcnepumenTom [3].

IMporekanue DCB Bo ¢ipaxTansHEIX MONOCTAX
OPHBOIAT K YMEHBIICHHIO JHEPTHH 3EKTPOHHOTD
BO30YAIeHHs /s pa3phiBa AMMEPOB Si, YTO yBeNH-
YHBACT BEPOSTHOCTE 3TOrO NpoOIecca, MPOCYATHIBAE-
MYIO B TEOPHH BO3MYIIEHHH 2-10 nopsaaka [8].

Coderanne o00BEeMHBIX H  MOBEPXHOCTHRIX
cBoicTB a-Si oTHOCAT ero K knaccy 2D/3D, rae pea-
NH3YIOTCS KOMOWAHPOBAHHEIE CBOHCTBA OOLEMHEIX B
MOBEPXHOCTHLIX COCTOSAHHH, BKIIOYAS CAMOOpPTaHH-
30BaHHYIO KPETRYHOCTS [9].

IIpoBenénHbId aHan¥3 NO3BONSET CHENATEH Bhi-
BOJ, YTO 3KCOEPHMEHTANBHLIE PE3VNLTaTh, Kacaio-
mmecs 3pdexra Crebnepa-Bporckoro 8 amopdaom
KPEMHHH, YAaE€TCid KOPPEKTHO HHTEPIPETHPOBATH B
paMKax NpeJCTABICHHH CIRHOBOH XHMHH C YYETOM
HaHO(PAKTANLHLIX CBOACTB MHKPONOAOCTEH H ApPY-
THX HAeH «complexityy.

Baarogaprocts. Mu xotenn Obl BmIpasuTh
npussarens#ocTe b.M. AdpypaxmanoBy 3a obcyx-

Zenue paaa acnextos 3¢dexra Crebrepa-Bponckoro.

MeTagansbie

Stebler-Wronsky effect in amorphous silicon and
nanofractal spin chemistry

Kh.B.Ashurov, B.R.Kutlimurotov, S.E.Maksimov, N.N.
Nikiforova, B.L. Oksengendler

Arifov Institute of ion plasma and laser technologies,
Academy of Sciences of the Republic of Uzbekistan, Dur-
mon Yuli str., 33, 100125, Tashkent, Uzbekistan

The Stebler-Wronsky effect in amorphous silicon 1s
considered theoretically. It is shown that the available
expenimental results can be correctly interpreted
within the framework of the concepts of spin chemi-
stry, taking into account the nanofractal properties of
microcavities. The specific properties of 2D/3D mate-
rials mm amorphous silicon have been revealed, when
the contributions to the Fermi levels of both the vo-
lume and the surface are comparable. It 1s shown how
avalanche adsorption/desorption can be realized on
this basis with properties charactenstic of self-
organized criticality, the test of which is fractal de-
pendence.

SAxanemus Hayx PecnyBnum Ysbemctan, 2021 1

Keywords: amorphous silicon: the Stebler-Wronsky effect; spin
chemistry; nanofractal surface.

JIurepaTtypa (References)

[1] T. Shimuzi. Jap. J. Appl. Phvs. A 43(6), 3257 (2004).

[2] D.L. Stacbler, CR. Wronski. Appl Phys. Lett. 31, 292
(1977).

[3] M. Fehr, A. Schnegg, B. Rech, et al. Phys. Rev. Lett. 112,
066403 (2014).

{3] D.E Carison. Appl. Phys. A 41, 305 (1986).

[5] Kh. B. Ashurov. B.R. Kutlimurotov, N.N. Nikiforova, B.L.
Oksengendler. Applied Solar Energy 57, No.2, 107 (2021).

[6] A L Buchachenko. Russ. Chem. Rev. 62(12), 1073 (1993).

[7] K.M.Salikhov.10 lektsii po spinovoi khimii(10 Lectures on
Spin Chemistry) (Kazan. UNIPRESS, 2000).

[8] L.D. Landau, and E.M Lifshitz, Kvantovaya mekhanika (ne-
relyativistskava teoriva) (Quantum Mechanics (Nonrelati-
vistic Theory)) (Moscow, Fizmatlit, Vol. 3, 2004).

[9] Per Bak. How Nature works: The Science of Self-Organized

Criticality (Springer-Verlag, New York, 1996).

1. Feder. Fractals (New York, Springer, 1988).

Amopd xpemuniina Crebaep-Bponckuii s3ddextn
Ba HAHOPPAKTAN CNIUH KHMECH

X.B. Amypos, B.P. Kyrmmyporos, C.E. Makcamos,
H.H. Huxkndoposa, B.JL. Oxcenrenmiep

VaP ®A Hon-rmamua Ba AA3CP TCXHOMOTMAIAPH HHCTHTVTIL
Iypaon iyam xyuacu 33, 100125, Tomxenr. Vabexucron

Amopd xpemmmiina Crebnep-Bporckuit sddextn
Hasapui KWXaraaR kypHO umkange. Maexya
TakpaOa  HATWKANADHHH  MHKDOFOBKIADHHHT
HAHO(PaKTan XyCyCHATIapHHRE XHcoOra onras Xonja,
CIIHH KHMECH TYmyH4Yanapsa AoHpacHaa
TYWIYHTHPDHII ~ MYMKHH 3KaHIHFH KYpPCarBiin.
Depmu caTXH XaKMIa XaM, CHPTAa XaM MyTaHOCHO

(1]

Gynranga, amopd KpeMHE#Jarn 2D/3D
MAaTEpHANNApHAHET  y3WTa XOC  XVYCYCHATHApH
OYHKIAH/A. lyausr acocuaa KY9KH

ancopOumacH/ecopbunacy ¥3-VIHHH TAMKHAN 3THIN
KPHTHKACHT2 XOC XyCycHsaTnap Onnas KaHaau amanra
OIIMDHIHIOE MYMKHHIHTH KYPCaTHIIIH, VHHHT
CHHOBH 3cH (pakTan DOFIRKIEKIAD.

Kamr c¥inap: avopd spesvenii. Crefinep-Bposckat adesm,
CNMH KAMECH, HaHO(PakTal CHPT, VI-VIHHH TAMKKT ITHIN
KDHTHKACH.
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C nomowmsio nakera nporpaMm MOPAC 2016 wccneaosan BSKRHCHOMHEN MEXAIIIM HOHN O
nposoaumoctit B kpuctamnax LaF, suytpi ofwema w wa nosepxnocty. [Mokasano, yro sean-
HHHA WOHHON MPOBOIHMOCTH N0 MOBEPXHOCTH KPHOTULTA HA HECKOMLKO NOPSAKOB BHIUE O
CPABHEHIIO ¢ MPOBOIIMOCTHIO B ero obweme Obrapyaenunil adpexr ofnacisercs nnren-
CHRHBIM IepeMeuIenien sakanciit, obpasvionmxcs 8 ofheNe KPHCTAIA A €ro MOBEPXHOCTY
i COOTBETCTBYIOUINM YBETHMLHHEN HX KOHUSHTPILHH B NOBEPXHOCTHOM CIOE

Knouessie caona: cynepuosssil NPOROTINNK, RAKRHCIN, MCXAHITIM HOHHON NPOROIIMOCTH, MCAIOY -
TTHE, SHCPIHA AKTHAALINN, MOBEPXHOCTHIIC MITCHIMS

Using the MOPAC 2016 software package, the vacancy mechanism of ionie conductivity in
LaF,; crystals inside their bulk and on the surface is investigated. It is shown that the ionic con-
ductivity over the crystal surface 1s several orders of magnitude higher than the conductivity in
its bulk. The observed effect 1s explained by the intense movement of vacancies formed i the
bulk of the crystal to its surface and the corresponding increase in their concentration in the
surface layer of the sample

Keywords: superionic conductor, vacancy, tonic conduction mechanism, interstice, sctivation energy.

surfnce phenomena,

I. Bseaenune

Annenwe WRTEHCHBROTO JIBWACHAA WOHOR B pe-
WIETKE TBEPAOrO TeNa PEAnHIyercs B JAOCTATOMHO
mWHPOKOM knacce semects. K rakum Marepuanam or-
HOCATCA W TBEPAOTENBLHBIC MATCPHAIL! ¢ GHOMATLHO
BHICOKOH BHYTPCHECH NOJABHAHOCTHIO, HMCHYCMLIE
CYNEPHOHHBLIMM NPOBOAHHKAMH HITH TBEpPILIME 1CK-
Tpomuramy [1]. Dru marepuanu ofpazyior ocoburi
KNACC BEUIECTR, KOTOPHE XAPAKTEPHIYIOTCS YPeiBhi-
YafiHO WHTCPCCHRIME CBOMCTBAMM Kak ¢ (yHaamcn-
TATLHON TOYKH 3PEHAR, TAK H B CBA3NW C HX pasHool-
PAZHBIMK TpUMEHCHHSMH [2-5]

Onno#t w3 BawnelmEx ocobennocTed, omwYa-
HOUIHX CYNEPHOHHLIC (IPOBOAHKKM OT APYIHX TBEPRO-

DO} hitps//dolorg/10. 52304/ v2313 261

TCALHLX NPOBOANHKOB, ARINCTCS WX BLICOKAZ NpO-
BOJAWMOCTS 110 ONPejenesnoMy THITY HoHos. Tax, ec-
M OPOBOAMMOCTE OOBIMHBIX HOHHKIX KPHCTALIOB
NpPH TEMNEPATYPax AOCTATONHO JANCKHX OT TOUKH
IUIABNCHHA, KAK NPABHNRO, HE NPCBOCXOMANT o, =
107 Cw/cM, TO HOHHAR NPOBOIRMOCTS XOPOUIHX Cy-
NEPHOHHEIX MaTCPHANOB HAXOMMTCA B NPCACHAx OT
10" 10 10 Cw/em [3, 5] [las cpasHCHHS 3HAYCHHA
AIEKTPOHHOH MPOBOJAHMOCTH B METANNAX PABHE! O, =
10* —10° Cw/em. Mnsise ciosamm, cynepuonssie Ma-
TEpHLILL NpeAcTaBnanT coboilt csoeobpainsil rub-
PHA AHAKOTO WMEKTPONHTA H THEPAOTEILHOND M-
aexTpuka [Mpruesm ans Gombioro knacea ITHX Mi-
TEPHANIOE TIEPEXO M3 JHANCKTPHICCKOTO COCTORHMUS

Vol.23, No.3, pp.33-37, 2021
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B BHICOKOIPOBOASIICE COCTORHHE HMECT Xapakrep
tazosoro nepexona (PIT), pasMuIToro B HEXOTOPOM
HHTEpBANE TEMIICpaTyp.

CynepHOHHBIE MATEPHANL YCHCWIHO HCHOiib-
IVIOTCH NPH COIIARHN ABTOHOMHLIX HCTONHHKOR TO-
Kda, pammmyHoro Buaa npeobpasosarencl undopma-
WHH, ANCEKTPOXPOMAKX JIHCIUICER, 3HCPrOHAKONH-
TEALHKIX KOHJACHCATOPOR (HOHHCTOPOB) H APYIHX
QyHKIHOHATEHEIX AMEKTPHYECKAX YCTPOHCTR, a Tak~
AC VIEKTPOXHMHHCCKHX AATYHKOB JUIR AHAIH3A CO-
cTaBa B cBOMCTB pazmHMHLX Bewects. Haxomrr um-
POKOE NPHMEHEHRE ITH MATEPRANL W B KAYECTBE EK-
THEHOTO MATEPHANA B pasHoo0pasHuX CceHcopax,
npHueM 0GnacTh WX NPHMEHCHHS HENPEPHLIBHO Pac-
umpserca [6-9]

B nacrosmedi pabore paccyMTaNL! IHEPriHd MHE-
rpauMK paxancwit wona ¢ropa 8 obneme kpucTALIH-
HECKOM PelIeTKH H Ha €€ NOBEPXHOCTH, NPETOAEH
MCXaHH3M NCPeHOCA TAKHX BAKAHCHA HA 3aMCTHHIC
paccroanua. [Tokasaso, 4T0 UPH NUPOYRX PaBHEIX
YCNOBMAX 9TH BAKAHCHH CTPEMATCH NEPEMECTHTHCH
#3 00BEMHOA HACTH KPHCTAIUIA HA NOBEPXHOCTH. Bhi-

HHCICHHA NPOBCACHLI C NOMOLIRKD NaKeTa nporpaMm
MOPAC 2016 [10]

IL  Onucanue ofimexTa M METOI0B HCCHeN0RE~
HUs

B xavectse 06BEKTOB JUIR HCCHENOBAHUR CTPYK-
TYPHLIX H JIHHEAMHMECKHX XAPAKTCPHCTHR BHICOKOH
sRyTpennedl nogswxiocTy eabpanst CH sprcranmm
TPHQTOPRAOR penkux 3ement ¢ obmeRt dopmynoi
LnF; (Ln — La, Ce, Pr), obnaawomme XoCTaToqHO
BRICOKOR yaensHoll HOHHOM nposoarmMocTsio (<107
Cw/cM) npR HEBLICOKHX TEMITEPATYPax, B ANANA30HE
300-500 K [4-6]

B rexcaromansuoit sueiike LaF; asenaauars
HOHOB (Topa, pacnonomKeHHble Mexay GasoBmMm
ANHOHHO-KATHOHHLIMH TLIOCKOCTAME, CMEUIEHH! OT
HBEPTHKANLHON MIOCKOCTH, NPOXONASUIEH Hepes ka-
THoHM nanrasa, Ha 0042 um (0.059a) D woHm
npunsto oboswavars kak F,. Yerwmpe uona dropa,
naskmaemuie Fy, evemennt o1 6a30BbiX niaockocTed,
BKIIOYAIOIMMX KaTHOHK nanTana, Ha 5=+0.046 Hm
(0.064c), (a w ¢ - nocrosnnsie pemerkn). [paviem
HOBE Fj, pacnoNomeHHsic HA COCCIHAX ocax Z, Ha-
XOJATCH N0 Pa3Hble CTOPOHEI OTHOCHTENBHO Ga30BLIX
nnockocrei. Ocrasmmecs asa wora dropa newar
TOMHO B 9THX MJIOCKOCTSEX ¥ oboanauaiores Fy Ta-
KHM OGPasoM, MHOKECTBO HOHOB TOpa MOKHO pa3-
GHTHL HA TPH NoApeweTKN, HasuBaemsie Fy, Fy u Fy, »
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KOTOPBLIX COACPAAHNE HOHOB (PTOPA HAXOAWTCA B KO-
nuyecTeeRHoM otHomennn 12:4:2 [5, 6]

B xpucramnax LnF; nepexop w3 gwanextpute-
CkOM (haisl B CYNEPHOHHYIO PAIMEIT B HEKOTOPOM
HATEPBANE TEMIICPATYP H AE CONMPOBOXIACTCS 3IHA-
YHTCNLHOR [CPECTPORKOA CTPYKTYPHI KPHCTAILTH-
Hqeckoi pemerkr. Pazynopsaaovenne asMoHBON 110j-
pewerkn 8 xpucranne LaF; npowcxomut 8 oGnacra
remmeparyp ~180-460 K n npoaomxaercs 1o Temmne-
parypsl nnasnenus pemersd. [Ipr orom 8 ofnacri
=180-300 K pasynopsaouenne pemieTk® onpeiens-
CTCR ABHAEHWEM B nogpeuerke woHoB Fy, cocras-
nmowmmux 2/3 or obmero wwena woroe gropa. Ocras-
umecs noubl Gropa Fay w Fy obpasyior smecte ¢ no-
HOMR MeTauia GazoBkie ANHOHAO-KATHOHHBIE TNOC-
KOCTH, MOAPCUIECTKH KOTOPBIX PasynopaiovHBalOTCH
npH Temneparypax, mpessimaionmax 400-420 K [5, 6].

B [4-6] nokazano, uro pasynopafoveHune aMu-
ouHOl nojpewerky 8 kpucrannax LnF; nponexoaur
OYTEM TEIUIOBOTO NEPEMEIICHRS HOHOB (Topa B
IHCPreTHUCCKH IKBHBAICHTHRIC MCKAOYITHA, pacno-
NOKEHHBIE MEKIY AHHOHHO-KATHOHHBIMA I10CKO-
craMK, ¢ 00pasoBaHMCM MACCHBA TOMCHHEX Jedex-
TOR THTIA AHHOHHAR BAKAHCHI-MCHIOYICTHHEI AHH-
on. Onnaxo duzndeckull MexaHuIM HOHHON MuTpa-
UHH ONHCAH NPCHMYUCCTBEHHO TONLKD B paMKax
obmeit henomenonorun [3-7, 10].

I PesyiuraTst pacqeros w WX aHAANS

B pamkax MOfeHH UPLIKKOBOTO ABHACHHA HO-
wos dropa B LnF; ucnons3osano suipakenne pia
HOHROH NPOBOAMMOCTH B HEKOTOPOM HANPARIEHAN
B BH/AC NPORIBENCHAN WHCHA NOABIKHLIX HOHOB My
HE HACTOTY WX NpLKKoR vy [4]:

a, ~ nyvg~ expl(—£ /kDexp(-E/kT), (N

rae F, — osHeprua axTHBALNA MPOLECCa PAsyNmopsio-
YEHHA PCLICTKH, CBA3aHHAR ¢ oOpazoBauneM aedex-
TOE THIIA y3eNbHAA BAKAHCHA-MEKAOYICHLHLIN HOH,
Fy — 3HEpPris AKTHBALME JBHKCHUS.

M3 anexrpodmamvecknx, onrideckwx # AMP
HCCIEIOBAHER OhUT YCTAHORICH HHTEPBAN IHAYCHHH
IHEPrETHHECKHX NMAPAMETPOB, CEAAHHEIX C MEPEHO-
COM HOHOB B cynepuonnmx Tpidropuaax. Tak, xo-
pomo H3BeCcTHO, uTo 8 KpUcTaue LaF; xapaxrepunie
ans B, n E, 3navicHus JHEPrHH aKTHRALHH WMCIOT
senwaERy nopajaxa 0.2-0.6 3B [4, 6, 9]

Paumee, HaMH ¢ NOMOUIBK — KBAHTOBO-
XHMAYECKHX MOMYIMITHPHYECKHX Merogos PM6 w
PM7 [10] Onumm sutuncnens semaunns £, u K, 8

cayqae obpazopanus aedexta OpeHKens ¢ yHACTHEM
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HOoHOB THna F; # F; B AM3neKTpHYecKOl H Cynepros-
HOH (a3ax Kak HA MOBEPXHOCTH KPHCTAMNA, TAK H B
ero odseme [11] DnemeRTapEne BHYHCICHHAS C TO-
MOIILIO BHpakeHHS (1) MOKAa3LBAOT, 9TO NPOBOIH-
MOCTS B CyNepHROHHOH (iaze nmpumMepHO Ha 4 mopsaka

MPEBOCXOANT MPOBOAAMOCTE B IHIIEKTPHYCCKOR da-
3e. [Tomyuennsie pe3ynsTarsl HMEIOT XOpOIee COB-
NaJeHue ¢ 3KCIePHMERTOM (CM. Tabmamy).

Tabauna. Cpassenne 3KCHEPHMEHTATBHLIX H PACHETHLIX 3HAYCHHH BEIHYMH JHEPreTHYeCKHX napamerpos F, u F,,

Temneparypssiit Pezynnrarts OKCIepHMEeHTAbHBIE JaHHbIE
unrepean, K pacueTon Tpumeuanns
E,3B | E, 3B E,sB | E.3B

240-270 0.16 0.26 0.20 [12], 0.28 [12].0.26 [14] Ilswkeniie OTACNLHLIX HOHOB
0.18 [13] F,

280-360 0.03 0.08 0.04112] 0.07 [12]. 0.12 [15] Jipumenue nwonos F, 8 CH da-

3e

380440 009 0.38 0.26 [12]. 0.36 [12], 0.43 [14] JIBuKesne OTHCNLHNIX HOHOB
034 [13] F.xF,

460-640  0.03 0.15 0.06 [12]. 0.10 [12]. 0.14 [15] Jlenmenne nonos Fs u Fs & cy-
0.08 [15] nepHoHHOIN dase

C nomombio Merogos PM6 & PM7 ans moxos
tana F; Owin Taxke HCCAETOBaH MNOTEHIHATLHBIH
pensed B npouecce obpasosanus gedexta Openxens
HA NOBEPXHOCTH H B OOBEME JUIS AWITEKTPHYECKOR H
cynepruosHoi ¢az [11]. TMonyuennsie nanHsie noKa-
3RIBAIOT, 9TO BenwuweH £, w E, a1s nona dropa Ha
NOBEPXHOCTH yXe B ARYMIEKTpHYecko# ¢rase cocras-
nsror 0.07 u 0.01 3B cooTeercTeenHo, 4TO Aaxke
MEHBIIIE, HeM B CYIIEPHOHHOH da3ze B 00beMe,

BwmecTe ¢ TeM NpHBEICHHELIE BHIIIEC IaHHBIE OT-
HOCATCA K 00pa3oBaHHIO €AHHHYHOrO AedekTa, NpH
KOTOPOM MHTpal¥s HOHZ ITOpa HEBENHKA H COCTaB-
nzer 24 A Bonpoc ®e 0 nepexoce 3apsioB Ha 3a-
METHOE PACCTOSHHE, NpeBLIIaiouee XoTs Ol He-
CKOJILKO HGHOMETPOB, BCE €ILE OCTAETCH OTKPHITEIM.

KonuesTtpauns  nedextor  moxer  Owme
YCTaHOBIEGHA C MOMOMILID CASAYIOINEro BHIPAKEHHS
(5., 6]

X = Aexp(-E_ [ kT). 2)

3aece A — xoahdEIHERT TPONOPUHORATLHOCTH, £, —
3Heprus oOpaszoBanns nedexra, K — nocToAHRAA
bonbumana.

Taxam obpasoM, cyliecTBOBaHWE XOT# OW Tein-
NOBEIX NeeKTOB B HWIyHaeMOM THIE KPHCTAILIOR He-
n30exn0. PaccMOTPAM MEXaHH3IM NepeHoca BakaH-
cur noHa Fi.

JUis storo Gmina 3agaHa TpeXMepHas Mozaenb
KPHCTAIUTHYECKOH PEINeTKH C THHEHHEIMHA pasMepa-

mu 3.5x2 0x2.2 nm. B y3ne pemerkn Ha MecTe HOHA
thropa tana F, cozgasanacy Baxancus (Hylesas 1mo-
3HIHA). 3areM Apyrod #oH TOpa, PacnonOKeHHEH
nodnmsocTy (1-3 MO3WmHAS), MOMAroBO MEPEHOCHNCH
CHauana W3 Y3eIbHOrD MONOKEHHS B MEKIOY3ITHE
(2-2 mozuums), a 3aveM B BakaHcrio (pac. 1).

o, W e

Pucynox 1. Cxema Murpanun sakarcun nosa dropa Fi.

\0

Taxam oOpa3om, BakancHS TIepeMemaiack B HO-
Buli ocRoGOAMBLIMICS yien. [IpH KamioM TakoM ma-
re ¢ MOMOILID MOAy3MIHpHYeckoro Mmeroxa PM7
BEIYHCIANH NOAHYIO 3HeprHio pemerkd. Hamenenne
3TOH 3HEPrHE PAaBHOCHILHO MOTEHUHATLHOMY Dapk-
€py, KOTOpBIi NPE0JONeBaeTCH HOHOM B Ipolecce
ABHAKCHHS. Taxue pacyeTsl ObUIH TNpoBedeHW s

@Axanemmns Hayk PecnyBnusm YsGexucran, 20211
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HOHOB, PACHONIOMEHHBIX KaK BHYTPH oObema KpH-
CTANNG, TAK W JUIN HOHOB, HAXOANIINXCK Ha MOBEPX-
nocti B mnockoeTR XOY (pre. 2),

Dueprus, >B

0.25
0.20 4
0 ‘51
0.104
0.05 4

0.00

S |

2 0

2 4 6 8 10 12 14 18 18
Iepememene nona ¢ropa

Pucynox 2. [Morempmumunil pensed B npouecce Murpa-

win sakanci wona gropa Fy (@) - ofnemuns Murpauus,

(b) — Mmrpauns no nosepxHOCTI

Xopomo BRAHO, 9TO KOHEYHAd BEANYHHA
IHEPTHH PCUICTKH B [POUECCE MHIPALMK BAKAHCHH
W3 OMHOID YISALHOrO NONOKEHHS B JPYroe He
oTnEuaeTcs Or HawansHoRt. B peaynwrare npw
AuibHEHIIER MHTPAUAH BAKAHCHH W3 NO3WUMH 3 B
nozuumio | (puc. 1) BEIHUMHE DOTCHUMAILHOIO
Gapsepa GyayT Te xe, 4To Ha pHc. |, T.¢ WenOALIYA
MERKIOYITHE, BAKAHCHS HOHA F| MOoXeT nepeMerars-
CA 110 PEIETKE KPHCTANNA HA I060e PACCTORHHE

Jlns 3asepmenns ONHCANWR MEXEHWIMA MHATPA-
W BAKAHCHHM CHEAYET OTBCTHTL H@ BOMPOC — rie
TAKHE BAKAHCHM JOMKHLI CKAITHBATLCA, HE TTOBEPX-
uocry win 8 obueme? Jlng sroro 6sin nposesen npo-
HECC MOJIENWPOBAHHN JBHACHHR BAKAHCHW K T110-
BEPXHOCTH KPHCTALIA.

Ha nepsom srane seMmcasnacs smeprus odpa-
J0BAHHR KPHCTA/UIHYCCKOR pPEHICTKH C BaKaHCuell B
HEHTPE, 4 3aTeM HA MECTO 3TOH BAKAHCHM nNepeme-
wancs Mo ¢rropa, MaxonMWMIACKE B coceaHeR nomy-
IIOCKOCTH, pacnonoxenHod (nuke Kk NOBEPXHOCTH
3ateM ONATH BHMHCHANACH SHEPrHA ODPaIOBAHHA
KPHCTALIHYCCKOR petieTkn. J1a onepanus nosTops-
Nach MO WATAM CTONLKO PA3, NOKA BAKAHCHN HE OKa-
INBanach Ha noscpxnocTn kpacramna. Mpw atom ye-
TAHABTHBANACH PAZHOCTE IHCPIHH MEALY pelIeTkoi
C BAKaHCHEH B CC UEHTPC W BCOMH OCTANRHBIMH pe-
WETKAMK KPHCTINE, B KOTOPLIX BAKAHCHA MEpemMe-

SAanenus Hayk PecnyBnum Yaberucran, 2021 ¢

uiena K nosepxHocTH. CXeMaTHHECKH 3TOT Mpoiece
oToOpakeH Ha pHc. 3.

00000 o000 OO0 OO
00000 o0 00 0O0O0O0CO
00 0000000 '00000
oo000 o000 OO0OO0OO0OO
00000 opo0000 OOO0O0CO

Pucynox 3. Cxema MUTPALIHN BAKAHCHI K TOBCPXHOCTH

PeaynnTars! pactera NpelcTasienbl Ha pHC. 4,
HA KOTOPOM NOKAIAHO HIMEHEHHE YHCPrHH PElICeTRH
KPHCTAIIA NPH «BCIUTHITHHY BAKAHCHA HA TOBEPX-
HOCTh.

1]
0 1 2 3

Caorienne RRKINCHI K HOMXHOCTH KPICTH TN

Pacynox 4. Hamenenne meprinn peiieTks & npouecce
MITPAMHH BAKAHCHI K MOREPXHOCTH,

X0opomo sHAHO, 9T0 NepeMellenie BaKaHCHH Ha
MOBEPXHOCTE KPHCTANNA SBIAETCR 3HEPrETHUECKA
Donlee BRNOAHEIM JUIS PEIIETKH, YeM NOTPyKeHAe
BAKAHCHA C NOBEPXHOCTH BHYTPL kpucTanna Taxam
00pa3OM, AmKC NPH HATHYHR HEKOTOPOTrO YHCIA Ba-
kaHucuit BuyTpH obnema, BCe OHH 4epes OnpeacncH-
HOE BpEMA “BCIUILIBYT  HE MOBEPXHOCTH, YTO OHE-
BIJIHO YBCITHMHT UPOROJMMOCTE CYNEPRONHONO KpH-
CTA/INA 38 CYET NEPEHOCA HOHORB 110 NOBEPXHOCTH.

IV. 3axmogenne

Anaius 3akoHOMEpHOCTedH, HabmoaaeMex 1pH
PasyIoOpsAONCHEH KPHCTAUIHYECKOH pPCIICTRR KpH-
cramnos LnF;, nossonser caenars ciemyromme Bhi-
BOJIBL,
Jeransso paccMOTpeH, NOATBEPAACHHLI MO~
JCHLHBIME PACYCTAMHA, MCXAHHIM HOHHOR MATPAIHN
HA 3aMCTHOC PACCTORHME BHYTpH xpucranna LaF; n
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Ha ero nosepxuocty. [Nokazano, 4ro nepexoc 1no no-
BEPXHOCTH 3HAMHTENLHO dexrusnee.

BLisnieno, npu BOIHWKHOBCHWH BAKAHCHIA B
obbeme kpueranna, oM OyIyT NepemMeLarses Ha mo-
BCPXHOCTh, HTO, B CBOK O4Epedh, O3HAYAET emie
Gonbiee MOBHIIEHHE TOBEPXHOCTHOW  MPOBOAH-
MOCTH 110 CPABHEHHIO C MPOBOAMMOCTHIO B O0LEMe
obpasua.

[TonynenHkIe BEIBOAKI MOI'YT HPEACTARIATE HHTC-
pec € TOMKH 3penHs pa3paboTKH 1 KOHCTPYHPOBAHHS
HOBBEIX SJIEKTPOTEXHHYECKUX YCTPOHCTE HA OCHORE
CYMEePHOHHKIX MPOBOJHMKOB CTPYKTYPHOIO THIA TH-
conuta LnFy (Ln — La, Ce, Pr).

MeransHunie

Vacancy mechanism of ion transfer in LaF;
crystals

F.R. Akhmedzhanov, S.Z. Mirzaev, G.S. Nuzhdov,
N.M. Makharov

Institute of Ton-Plasma and Laser Technologies named af-
ter U.A. Arifov of the Academy of Sciences of the Repub-
lic of Uzbekistan, Durmon Yuli str. 33, 100125, Tashkent,
Uzbekistan

Using the MOPAC 2016 software package, the va-
cancy mechanism of 1onic conductivity in LaF; crys-
tals inside their bulk and on the surface is investi-
gated. It is shown that the 1ome conductivity over the
crystal surface 1s several orders of magnitude higher
than the conductivity in its bulk. The observed effect
is explained by the intense movement of vacancies
formed in the bulk of the crystal to its surface and the
corresponding increase in their concentration in the
surface layer of the sample.

Keywords: superionic conduclor, vacaney, ionic conduction me-
chanism, interstice, activation energy, surface phenomena.
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LaF; xpucrajunapuia Mon yTkaivmemnr BaKau-
CHSI MEXAHHIMH

O®.P, Axmepxanos, C.3, Mupsaes, I',C. Hyxnos,
H.M. Maxapos

Vabexncron Pecrry Gmukacn Oannap axaaemmscummmr VA, Opy-
(hos nomumarn Mox-naasma sa 1asep TeXHOMOrHATIPH HHCTH-
Tyru, Jypmon ityau 33, 100125, Toukenr, Vabekucron

MOPAC 2016 macrypuit tasmusor Tyrmammaan doitma-
nanul, LaFy kpucrannapuaa Xans M4Maars Ba CUPTHArd
HOH  YTKA3yBUAHIMIMHHHE  BAKAHCHS  MEXAHHIMM
Yprammwym. Kypearunraniex, kpuctamt tozacumary 6y
Hoinapra  woHmap  Yrkamunrania,  WoH  Yrkasys-
YAHJMIHHMHT KHAMaTH XamM YTeasysuanimkka sucbaran
bup Heua mapakara opramu. Kysamwiran spdexr kpu-
CTAM XKMUIR XOCH OYNraH BaKaHCHANAPHUHI YHHHF
103aCHTA  WHTEHCHEB  XapakaTh BR  YIAPHHHT  CHPT
KATIAMHJIAMH KOHUCHTPALMACHHIHE MOC PABMILIAA OLIHLIN
Guman naoxnanamu,

Kamr cyanap: LaFy kpueranin, BakaHcHs, HOH YTKasynyaHImk
MENUHHIMM, UKTHBULIMA IHEPIHACH, CHpT KOJLHCHJHIPH.
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Paspaborana «end-to-end» cumyisiHoOHHAS MOXENs TBEPAOTEILHOIO Na3epa CO CBETOINOMA-
HOH HaKaykoii C HCMOTL30BaHHEM MeTona TpaccupoBks $oronoe Morrte-Kapno. Mogens
YUHTBIBAET NOIHYIO Cieun{MKy ¥ CleKTpanbHble XapaKTepHCTHKR ceeToaronos. Hackonsko
HaM H3IBECTHO, 3Ta MORENs YBALETCH NEPBOil B CBOeM poje, MO3BOSIOMAS MPOBOANTE KOM-
TUIEKCHEI aHATH3 Na3epHBIX CHCTEM CO CBETONMOIHON Haxaukoi. Mozens BeigBHNa HECKONb-
KO BaXHBEIX MOMEHTOB, KOTOpLIE HEODXOAHMO YIHTHIBATE IIPH NPAKTHYECKONH peanu3aumy ia-

3€pOB CO CBETOANOAHON HAKAYKOH.

Kmouennie /108" CBCTOIROA, X3P CO CBETOXHOIHON Hakaakoit, Ce:Nd:YAG.

We have developed an end-to-end simulation model for the light-emitting diode-pumped solid-
state laser using the Monte Carlo photon tracing technique. The model considers complete
specifics and spectral characteristics of light-emitting diodes. This model is the first of its kind
to enable comprehensive analysis of light-emitting diode-pumped laser systems to the best of
our knowledge. The model revealed several critical implications, which can be considered in
the practical realization of light-emitting diode-pumped lasers.

Keywords: light-emitting diode. LED pumped lasers, Ce:Nd:YAG.

I. Introduction

The development of energy-efficient and cheap
lasers with pre-defined output characteristics is one of
the most critical problems in laser physics. In this
vein, light-emitting diode (LED) pumped solid-state
lasers have attracted increasing attention [1]. The
availability of increasingly powerful and efficient
LEDs has contributed to this renewed interest. In-
deed. In recent years, LEDs have become more po-
werful. Their price drops due to mass production,
which, in tum, indicates the possibility of obtamning
mexpensive solid-state lasers in the foreseeable fu-
ture.

In solid-state lasers, the spectral characteristic of
LEDs 1s an exciting choice since their spectral width
1s broader than that of laser diodes, which makes it

DOI: hitps//doi.org/10.52304/ v2313 262

possible to target several absorption peaks of the ac-
tive medium simultaneously. However, compared to
other broadband pumping sources, such as solar [2, 3]
or lamp pumping, the LED spectrum is narrower,
making it easier to combat adverse thermal effects.
Here, a natural question anises: why LEDs have not
found wide application in commercial lasers. even
though the first experimental implementation of
LED-pumped laser was carmried out several decades
ago in 1964 [4]? The review of the literature on the
topic could not provide a definitive answer to this
question. While the underiying reason is unclear, we
can speculate that an inconvenient emission pattern
from LEDs, the difficulty in integrating LEDs mto la-
ser resonators and the mstability of LED output pow-
er might have contributed to an early stagnation of
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LED pumped lasers. After several decades, LEDs
have experienced unprecedented perfection in all as-
pects, nonetheless, these problems persist. At this
point, there are encouraging advances: significant
progress has been made in miniaturizing LEDs; elec-
tronic technologies have reached a certain level of
maturity; the development of mathematical (simula-
tion) models becomes less complex and widely avail-
able, which considerably saves time and cost in the
early stages of the emergence of new LED pumped
laser technologies. The latter point is the subject of
this article.

Recently published experimental studies [5-13]
on LED pumped lasers give evidence of the reality
that the development of LED-pumped lasers is at an
early stage in terms of efficiency and stability. In this
regard, it became necessary to create accurate models
of LED-pumped lasers. As far as we know, such end-
to-end models are not found in the literature. There-
fore, we studied the possibility of developing com-
plex and accurate models of LED-pumped lasers.

Before proceeding further, we would like to em-
phasize one feature of the model. Currently, LEDs as
a pump source can be divided into two groups: direct
and indirect. In direct pumping, optical fields emitted
from LEDs are concentrated to an active medium us-
ing some form of pumping chamber [5-9].

In the case of an indirect pumping scheme, the
emission spectrum of the LED is frequency shifted to
achieve a more suitable spectrum shape for targeting
the absorption peaks of the active medium [1, 10-13].
Frequency shifting can be done using an intermediate
medium, which in the literature is called luminescent
concentrators [14]. The former, direct pumping, is
studied 1n this paper.

II. Modeling method and LEDs

The simulation model is built by the Monte-Carlo
photon tracing method, which was successfully used
in our early studies [2, 3, 15], mainly for solar
pumping lasers. It can be argued that this method best
suits the development of the simulation model
because of its flexibility to take into account the
specifics of LED-pumped lasers, such as the
randomness of photon emission (direction and
wavelength initiated from the LED spectrum) and the
structural complexity of the pump chamber.

Complete knowledge of the pumping source is an
essential part of modeling in LED-based systems
since the radiation pattern of LEDs varies depending
on their design. Traditionally there are several

emitting p-n  junctions located between two
substances. Physical properties of involved materials
in LED manufacturing tailor the emission pattern.
Therefore, it was crucial that the model had to start
with the emission process. In Figure 1, the radiation
pattern of one p-n junction is represented.

Figure 1. Emission pattern.

In this particular example, the pattern is a spher-
ical Lambertian shape. Based on a pre-given emission
pattern, the model can determine the direction or tra-
jectory of the emitted photons. The reason for accu-
rately determining the direction of the emitted photon
is that it directly affects the model's accuracy. Anoth-
er vital factor is the divergence of LED radiation,
which 1s demonstrated in Figure 2. It can be seen how
fast it spreads, even within a few millimeters. This
non-directionality property of LED radiation plays a

role in the design of pumping cavities.
‘ £!I§§§ g = :
|
Z=45mm Z=Tmm

Z=1mm

o ©

Figure 2. Divergence of LED radiation.

1. Model

One of the recent experimental studies was cho-
sen as a reference for the development of the model
[5]. A general view of the laser system for which the
simulation model was used is shown in Fig. 3, where
sample photon trajectories (blue lines) and their ab-
sorption coordinates (dots) in the active medium. The
laser system consists of a cylindrical pumping cham-
ber 25 mm in diameter with a 22x22 mm? square hole
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on each side for accommodating two LED arrays con-
sisting of 10x10 elements on aluminum-coated ceram-
ics, Blue LED and Ce: Nd:YAG were chosen as the

Rosonalo_t mirror, 100%

Teflon chamber

LED

active medium due to the broad spectral overlap of
their emission and absorption spectra, respectively,

an aclive element

Output mirror, 97%

Figure 3. General view of the laser system.

Notably, the blue LED and Ce:Nd:YAG peaks
coincide around 460 nm, as shown in Fig. 4. Parame-
ters were introduced for a diffusely reflecting pump
chamber made of teflon due to its broadband reflec-
tion properties. The laser rod, 6 mm in diameter and
5 em in length, is located in the center of the cylin-
drical chamber by two sliding end caps, they are also
made of teflon.

?
= Blue LED

o ——CeNd:YAG!

arboanit
- o~

Intensity,
- -

300 x0 a00 450 so0 550
Wavelength, nm

Figure 4. The emission spectrum of Blue LED and absorp-
tion spectrum of Ce:Nd: YAG,

IV. Results and discussions

We obtained the pumping (absorption) distribu-
tion within the active medium (Fig. 5), which dramat-
ically impacts the quality of the output beam. In addi-

@Academy of Sciences of Republic of Uzbekistan, 2021

tion, pumping distributions can further be used to de-
termine the temperature distribution -

Figure 5. Pumping distribution of photons within the ac-
tive medium,

The obtained distributions provide several impli-
cations for the design of LED lasers. First, using the
temperature distribution, desired requirements for the
cooling configuration can be predicted. Second, the
efficiency and functionality of the pumping chamber
can be assessed. For example, an examination of Fig,
5 n the radial direction reveals that the diffusive
chamber walls, used in [5], on pumping distribution
and hence efficiency i1s not as high as expected,
meaning the need for further optimization of the cavi-
ty. The absorption of photons directly from the LED
dominates over the absorption of photons after reflec-
tion from the chamber walls. However, only a tiny
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percentage of emitted photons less than 40% (calcu-
lated using the divergence of the LED radiation
(Fig. 2)) can directly fall into the active medium.
Examining the figure in the axial direction shows that
pumping distribution seems to be uniform, as
expected by placing two LEDs on opposite sides of
the active medium and symmetrically shifting.

To calculate the LED laser output from our
model, we set the electrical-to-optical conversion ef-
ficiency of each LED at a constant value of 15%. In
this case, the optical-to-optical pumping efficiency
determined from the simulation model, energy trans-
fer from LED light to the active medium, was 14%.
As a final step of the end-to-end model, LED pumped
laser output power was calculated [3], taking into ac-
count resonator parameters (such as an output cou-
pler, 97%, geometrical size, and optical properties of
the active medium) and pumping efficiency.

Figure 6 shows a representative quasi-
continuous wave (QCW) output pulse profile derived
from the rate equations [16] with a pump power of
350 W. When operating in the QCW regime, the laser
output exhibited strong relaxation oscillations with a
frequency proportional to the pump power.
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Figure 6. QCW lasing output profile,

0 200 1000

The calculated input-output relationship of the
LED-pumped laser system 1s plotted in Fig. 7, show-
ing 4.8% efficiency. The correspondence in the out-
put characteristics shown by both Fig. 6 and Fig. 7
indicates that the developed simulation model is con-
sistent and stable.

It should be noted that electrical-to-optical con-
version (energy from power grid to LED light power)
1s not present in the Fig. 7. If the electrical to optical

efficiency of LED is considered, the overall conver-
sion efficiency further decreases.

25 v v s . -

20»

—_
o

Lnuro:tpmpowerm
=

100 150 200 250 300
Input optical power [W)]

0 50 350

Figure 7. Input-output power relationship.

V.  Conclusions

The developed model makes it possible to evalu-
ate a broad class of LED-pumped laser systems. The
model is powerful enough to provide detailed infor-
mation about the operation of every detail of the sys-
tem. The developed simulation model revealed sev-
eral critical implications, which can be very useful in
designing LED pumped lasers, We are convinced that
validated and easily accessible simulation models of
LED lasers can be an outstanding contribution to the
field development, For this reason, full validation of
the developed model with experimental data and its
optimization 1s the topic of our future studies.
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Mownre-Kapno doron TpaccHporka METOIM EpiamMiia
EPYIIIME IMOAH OPKANH ONTHK AAMIAHIEH KATTHK
anem nazepununr “end-to-end” cumynsums Mozenw
spariy. Mogenna EpymiHK JMOUIGPHEMAT THIRK
cneuu@HKACH B4 CNCKTPAN XYCYCHNTNAPHHE XHCOOra
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AMOAM OPK&TH ONTHK JAMIAHTAH  Ja3epiiapHu
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OYnran Gup meuTa MYXHM KHXATIAP SHWKITAHIH.
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B pabote MeTomaMm MarHeTpoOHHONO ¥ JIa3ePHOTO PDACTBUICHHA OOLEMHOrO CHIMIHEA
mapraama MnSi; Ha mosepxmocTH pasmHuHeX nommoxkex (Si, Si0; cwrann w cmona)
BHIpAIEHLl TOHKHe nuenka Mn,Si;, onpenenessl onTHManbHBE pexuMsl (QOpMHpOBaHNS
nneHok, o0ecneunBaINIX BRCOKAE 3HAYCHAS TEPMO3NIEKTpHUYeCKHX Xapakrepacruk. Kpome
TOro, HCCHeN0BaHA MOPHONOrHs MOBEPXHOCTH, KPHCTATHNYECKAA CTPYKTYPA H 3NeMeHTHLIN
COCTAB TONYYEeHHBIX NACHOK. YCTAaHOBRNEHO, 9TO TEPMO3AC [UIEHOK BRICIIEro CHIMIMAA
MapraHua npH nepexose W3 aMopHOr0 COCTOSHES B HAHOKPHCTAUIHYECKOE YREMHIHBAETCS,
YTO OOBACHACTCA CENEKTHBHLIM PacCesHHEM HOCHTENEeH 3apsia Ha MPaHHIaX HaHOKNACTEPOB.
Takxe mokazaHo, 4To HauOonbwuM Ko3QdHIHEHTOM NpeobpasoBaHHs ODNANAIOT TUICHKH
BEICINETO CHIHINIAA MapPTaHua, BhipallleHHEIe Ha MOLTOAKE W3 CIIOIL, 9TO CBA3AHO C HH3KOH
yaAenbHOH TemronposoaHocThio cmomsl. [lnesxn #Ha Si10; umeror wmensuwmii xo3(duunent
npeo0pa3loBanns, OIHAKO OHW OONANAIOT BRICOKMM OBICTPOASHCTBHEM, a IUIEHKH Ha CIIOJAE H
CHTAJUIE HMEKT BRICOKYX) YYBCTBHTENLHOCTE H NO3TOMY OHH MOryT OhITE HCOONB30BaHbL B
NpHEMHHKAX Tennosoro uanyyenns sonn MK guanazona

Kmoucssie CioBa: IICHRH BHCHICFD CHTHIDAIa Mapranua (BCM), MarseTpossoe paciisiieHue, Tasep-
HOC HaHCCCHIC TTICHOK, VACARHOC conpoTHeieane, koaddunnicHT Tepmoaac, Mopdonoris nosepxHoCTH

In this work, thin films of Mn,Si; were grown by the methods of magnetron and laser sputtering
of bulk manganese silicide Mn.Si; on the surface of various substrates (S1, Si0,, sitall, and mica).
the optimal modes of film formation were determined, which ensure high values of thermoelec-
tric characteristics. In addition, the surface morphology, crystal structure, and elemental composi-
tion of the obtamned films were investigated. It was found that the thermoelectric power of films
of higher manganese silicide during the transition from the amorphous state to the nanocrystal-
line state increases, which 1s explained by the selective scattering of charge carriers at the boun-
daries of nanoclusters. It was also shown that the highest conversion coefficient is possessed by
higher manganese silicide films grown on a mica substrate, which is associated with the low
thermal conductivity of mica Films on SiO; have a lower conversion coefficient, but they have a
high speed of response, and films on mica and sitall have a high sensitivity, and therefore they
can be used in detectors of thermal radiation of IR waves.

Keywords: films of higher manganese silicide (HMS). magnetron sputtering. laser deposition of films,
resistivity, thermoelectric force, thermoelectric coefficient, surface morphology.
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L. Beeaeune
Monyyenwe = npeoGpasosanue  IHEprun

SBIACTCA OAHMM M3 BakuelIUAX AHANpasICHU
JESTENLHOCTH  CcOBpeMcHHON uwammHlauwa  [1]
Bonkuioe BHAMAHHC NPHAICKAKOT TBEPAOTENLHLIE
TCPMOVIEKTPHICCKHE  NPeolpaloBaTent, KOTOpLIC
HMCIOT PaJl NPERMYINECTR MEPed TPATHIHORHEIMK
AMCKTPHYCCKUMH FCHEPATOPAMH H XOMOAHILHHKAMMN
NPOCTOTA KOHCTPYKUMH, OTCYTCTBME JBHAYLIHXCH
wacrei, HectryMHOCTS paboThl, BHICOKAS HANCKHOCTS,
BOIMOKHOCTL  MHHMaTIOpH3auun  Oes  norepn
spdexusioctn.  Oamako  ans MacmrabeERX
NPOMBINACHHELIX TPHMEHERHH TEPMOMIEKTPHYECKHX
npeobpasoparenclt sHeprum HeoGXOAMMO CymmecT-
BERHO NOBLICHTE HX 3(ipexTHRHOCTE, WTO, B NEpRyIO
ouepeas, CBAZARO ¢ yBenwdenneMm sdipexTwanocTRH
TEPMONEKTPHYCCKHX MaTepranos [2-9].

W3 scex npexacramnsiommMx WATEpec nA
TEPMOVIEKTPHYECTEA COCAHHCHHA KPEMEHS MOXHO
BRUICANTE  MOHOCHTHUMA  kobanera  (CoSi),
JucHmnuea  wenesa  (FeSiy), suicmwit  crmwmmg
Mapranua (MnSy, ;) # TRepabie pacTBOpH HA OCHOBE
cogpmuennit Mg.X (X = Si, Ge, Sn). Oaunm n3
HEPCHCKTHEHLIX — OYTeH  NOBLIICHHR  TEPMO-
AICKTPHIECKOR sppexTHRROCTH CHHTALTCSH
uanocTpykrypaposanne [10-12] Bucuwmii canmumg
smapranua (BCM), Mn,Si;, ofnagaer 8 wenernpo-
BAHHOM COCTOSHMH JOCTATOYHO BEICOKOHR TepMO-
aexTpadeckolt  spdexmuanocTsio ¢ poTHIOM
NPOBOAHMOCTH,

[lensio nannofl paborst ¥BANETCR HCCALAOBAHNE
dopmuposanas tonkrx mnesox BCM MnSi ua
PAUTHIHLIX TIO/UTONKAX METOJAANH MArHeTPORHOrD
PACTILUIEHNS # HMITYTLCHOIO NE3CPHOTD OCAKACHAA

IL MeToamika W MaTepHaIL!

Maenkn MngSi; noayucHsl  MarHETPOHHBIM
pacneennenm Morokpucranna BCM, swmpamennoro
MeToOM BpiokMesTa Ha yCTaHOBKE MArHETPOHHOrO
pacnsiienns EPOS-PVD-DESK-PRO.  Hceneno-
BaHbl MOPPOIOIH MOBEPXHOCTH, KPHCTALINYECKAR
CTPYKTYPa H JNEMCHTHRIA COCTAR IUICHOK METOAaMM
MMEKTPOHHON MHEPOCKONHR # AHQPAKUHA OTPARCH-
HLIX anexTponon. TpascmoprHmie cBoMcTBa MIeHOK
HCCHEJIOBANH B NPOUECCE TCPMHHECKOTD OTHHIE B
BakyyMe unu ua soaayxe. [lpm srom wuamepsnu
Tepmoaac S u anexTpoconporusncnne R (13, 14].

IMnenxn MngSi; taxxe Guum nomywenst o
METOADM HMIYZIBCHOTO JIa3¢pHOro ocaxaenns. Ha

OAxageuus sayx PecnyBnue Yabemoran, 2021 1

yeranosxe BYTI-5 8 saxyyme ~10™ Pa ¢ nomoumio
HMOYALCHOMO NA3CPHOID HIMYHCHHS, NOMYHAEMOID
or naepa JITH-403, npoeommnm pacnnttenue
kpucranna BCM, sakpennesasoro Ha Bpalaiomyocs
smumens. B JITH-403 B kawectse axTHBEHOrD
SUMEMEHTA BCMONBIYETCH ATIOMO-HTTPHERLIA rPanar ¢
aobaskoft seomuma AMTNd® Onmiueckas nakavxa
monokprcraios  AMTNd”  ocymecransercs
namnoit tana MHIT 5/50A ¢ kcenonoBmM manon-
aurene™.  Paboume xapaxrepucruxm  JITH-403
creaylomme: uiaHa BonHsl A=1.064 mxm m 0.532
MKM; JUTHTEIEHOCTS HMITYIBCa Ha monyssicore 20-50
HC, wactora nosropenus 10-50 Tu, osmeprux
NA3EPHOro HANYYeHHA Ha uiHe Bomakl A=1 064 amxm
0304 Jlw u 002-01 JIx na piwne BONHBI
0532  wEM,  3HEpreTHYeckas  PacXOIMMOCTh
HuTyqeHus He Donee 3 M-pan (HETOMHOCTL 3HEPIrim
uarryniscon 3-5%),

Cyumectsyiomme B HACTORUINE BPEMA METOAM
OCKJICHHA TOHKHX TUICHOK C HCNONL3OBAHAEM
HRIKOTEMNEPaTypPHOR naasMet ® WOHROro ofyue-
HHX 0T  BOSMOKHOCTH  NONYYATH  [UIEHKH
PANTHYHLIX METEPHANOR (B TOM qHCTE
MHOTOKOMITOHCHTHEIX, TYTOTUIABKAX MATEPHANOR),
KOTOpHIE TPaKTHYECKA  HEBOIMOKHO  TONYYHTH
TepMOoBaKyyMuLIM MeTogoM [15]

OansM  #3  BRKHEAIIHX OTIMYMHA  HOHHO-
MIA3MCHHOTO HAHECCHHA OT TEPMOBAKYYMHOIO
ABIANCTCH BHICOKAN IHCPIHA PACTILUICHHLX YACTHIL
DTH HACTHUL! O CPABHEHHIO ¢ HCTIAPDEHHEM ¢ 3HEp-
it 0.15 »B npn 7,,,~2000 K, ofnanasor sncprucit
~4-5 3B, 4TO NOABOAACT OCAKAAOWMMCE HACTHILAM
YACTHYHO BHCAPATECA B NOMIOEKY, obecneunsas
BHICOKYIO UIe3nio NIERKA ¢ nojokkoi [16].

HL  OxcnepuMeHTanLHLIC PEIYILTATR W HX

obcymaenne

B nonsKpHCTAIIHYECKOM COCTOSHHE pPaIMeps!
EPHCTAJUTHTOR 3HAYHTENLHO NPEBMINAOT Xapaxtep-
HBE JUIMHLL CBODOJHKX NPoGEros Hocurened, Bo3-
MOKHO, MTOITOMY BKJIAN pa3MEpPHLIX 3dexTon B ye-
mavenne S nenesaer. B aroM cayiae ocHosroe pac-
CESHHME HOCHTENCH NMPOHCXOANT BHYTPH KPHCTWILITH-
TOB, & HE HA IPAHHUAX, YTO NPHBOAWT K YMEHbLIC-
HHIO JOMH CCNCKTHBHONO PACCEesHHA HOCWTenelt 2a-
PRAA H K yMeHhimenmio Tepaoazc [17]

Mnenxn MnSi; ocakaamm na NpeBapHTENsHO
okncnennyio npr temmeparype 1200°C nomnoxxy
kpemunn. Tonmmua cnox Si0; Gwmma ~0.50 mxm.
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IMnenxun Mn;Si; Takke ocakjaand HA MOIOKKH H3
caramna tana CT-50-1 B Ha NOMIOKKH H3 CIOMIHI
TONMHEHOH ~10 MKM.
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Pucynox 1. Crpykrypa nnesku BCM Ha cmoasHoit noa-
JIOXKKE B pasiHYHbIX MacuTabax.

Ha prc. 1 mnpuBegensl Mukpodororpadun
crpoeHns nueHkH MngSi;, monydeHHOW Ha MOBepX-
HOCTH cmoikl (pHc. | ¢ B 6). OHH MOKAa3kIBAIOT, YTO
noBepxHocTb MnySi; nNEeHKH HMeeT Menkozep-
HHCTYIO OJIHOPOAHYIO CTPYKTYPY, YTO TOBOPHT O
JIOCTAaTOYHOM TIAJKOCTH MONTYyYEHHON MIIEHKH.

CpaBHEHHE TEPMOIEKTPHYECKHX CBOMCTB TO-
Iy4YeHHBIX TeHok MnySi; mokaszano, 9to Haubonb-
muaM ko3dbunnuenToM npeobpazoBaHus 0OnagalOT
menkE BCM, BelpamerHble Ha TOIIOK-KE H3 CITIO-
Jbl, 4TO OOBACHSIETCS HHU3KOW YAENBHOH Terionpo-
BoAHOCTEIO cmoasl K = 0.14 Br/m-K. ITnersxu wa S10;
HMENH MeHbIHH ko3 dHuMenT npeoOpazoBaHns,
TK. y HEX K = 10 Br/M’K. BCM mnnenxn ma Si10;
00analoT BHICOKHM OBICTPO-AEHCTBHEM, a IUICHKH Ha
cImojie H cHTAIIIE UMEIOT BEICOKYIO
HyBCTBHTEJILHOCTE H MOTYT OBITH HCIIONB30BaHbl B
NMpHEMHUKAX Telmmororo wanydenus BonmH MK
amnanasona [18-21].

PaccmorpuM nieakn BCM Mn,Siy, nonyuennsie
METOACM HMIYJILCHOTO J1a3ePHOT0 OCAKIACHHS.

PacnbiieHde TPOBOAMNOCE TpPH  IUIOTHOCTH
snepran 3.18 Jx/em’ ¢ ummoi Bomasr A=1.06 MxM.
JInaTensHOCTE AMIYNBLCOB coctasnsna T = 20 Hc,
Bpemsa pacneuierns / = 60 muH. Bo Bpems ocaxaerns
mwieaka BCM Mumens W moanokka paBHOMEPHO
Bpalannce. TemreparypHblie 3aBHCHMOCTH TEPMO3JC
S nneakn BCM tommmnoi d=0.5 MkM 6e3 orxura u
nocne omxuara npu 400°C B Tewenne 20 MuH npHBe-
JeHul Ha (puc. 2, 6e3 omkmra) m (puc. 3, mocnie
OTHKHTA).

S, MeB/K
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Puecynok 2. TemmeparypHuie 3aBHCHMOCTH TEPMO3ZC
naenxks BCM tomuuuoit d = 0.5 MM, noAy4eHHOH Ha
S10,/S1 nopnokke Ge3 omkura: Harpes (HIKHsSS KpUBas),
oxnakjaeHue (BepxHas Kpusas).
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Prcynox 3. TemnepaTypHbie 3aBHCHMOCTH TepMO3JIC
mieikn BCM tomumsoit d = 0.5 MkM, mony4eHHOl Ha
S10,/S1 nognoxke nocie omkura npu 400°C B teuenne 20
MHH, HarpeB (HHXHAR KpuBasg), OXnaxieHue (BepxHsas
KpHEas).

BuaHo, 4TO mOCnE OTKHra TEPMO3AC S IUIEHKH
BCM Bo3pacraer mouts B 2 pa3a w gocraraer 120

©@AKanemMus Hayk Pecnybnuku Yabekucran, 2021 r.
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mkB/K. Beposatao, 370 CBS3aHO ¢ CyLIECTBEHHBIM
VINOTHEHHEM # O0OpPA3OBARHEM HAHOKPHCTALIHNE-
cxux srmowennit. [loxrsepxkacnnem gannoro npea-
NONOKCHHR RBAACTCH PEIKOC BOIPACTAHKE YACILHOIO
conpoTHBieHKS p noche oTwura npr 400°C (puc. 4)
M0 CPABHEHUIO CO IHAYCHWAMHE 10 oTiura (puc. S).

PO S TRET)

30 a0 00 Hoo T 7K
Pucynox 4. Temneparyphble 3anMCHMOCTH  YAECTRHOTO
conporranenns (p) nnenxn BCM romumnoit d= 0.5 mxm,
nonyuennoil #a S10./S1 nomnoxke nocne oramra npu
400°C s Tewesie 20 mum, warpes (Bepxuas Kpusas), 0x-
nazapenne (HIkHAS KpHBag).
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Pucynox 5. Tenmeparypuute 3aBRCHMOCTH YASTLHOTO CO-
npornaiesng (p) moenxn BCM ronummoit d = 0.5 mxn,
noayuennoit Ha S10,/8) nognoxxe Hes omwura.

v,

Taxum ofpazom, Tepmosac muenxn BCM npu
nepexone w3 aMopdHOro COCTOARMS B HAHOKPHC-
TANHYECKOE  YBCAWUHBACTCH, HTO CBR3EHO ¢
CENICKTHRHBIM paccesHWeM HocHTenel 3apsaa wa

rpannuax sawoknacrepos  [lpm  nmepexope u3

Jaxinovuenne

EAxanemus Hayx Pecnybnumm Yabemcran, 2021

HAHOKPHCTAUIHMECKOIO B NONHKPECTAINHYECKOE
COCTORHHE TEPMOSIC YMEHLIIACTCR

Mokazaro, wro HambomsimaM xosddemmentom
npeobpazosanms  ofnagmor  maesxs BCM,
BLIDAICHHBIE HA TOLTOKKE W3 CHOAM,  4TO
obbacHseTcs  HE3KOR  yaeanHoRft  vemmonposon-
HOCTRIO cmoan Kk = 014 Br/wK. [laessn sa S$10,
HMCIH MeHbIHA k0dhrIHeHT NMPpeofpasosatus, T.K.
y max & = 10 Br/mK. BCM naessn sma Si0;
061aAat0T BHICOKEM OLICTPOACHCTBHEN, & NICHKN HA
cIroIe " CHTAINE HMCIOT BHICOKYIO
YYBCTBHTENLHOCTL M MOIYT OBITHL RCOONBIOBAHL B
NPHEMHHKAX Temnoeoro manywesms sous UK
JAHANA30HA.

ABTOPH CHHTAIOT CBOHM JIONIOM YXA3aTh HA He-
oueHuMuIi  BKnan, suecenunifi npod PuacBacanmM
Np# NPOBEACHHR IKCIECPHMEHTOR B OGCYEICHHN 110~
JYHEHHLIX PESYILTATOR i OueHs Onarozapss emy.

Meragannunie

Formation of thin films of Mn,Si; on the surface of
various substrates by the methods of magnetron

sputtering and impulse laser precipitation

V.V. Klechkovskaya', mmﬁ. T.5. Kamilov’,
LR. Bekpulatov’, B.D. , LKh. Turapoy’
'Institute of Kristallografii named by A V Shubnikov,
FNIC «Knistallografiya 1 Fotonikan RAN, Leninskiy ave-
nue, 59, 119333, Moscow, Russia

“Tashkent State Technical Umiversity named by Islam
Kanmov, University str., 2, 100095, Tashkent, Uzbekistan

In this work, thin films of Mn,Si; were grown by the
methods of magnetron and laser sputtering of bulk
manganese silicide MnSi; on the surface of vanous
substrates (Si, $10;, sitall, and mica), the optimal mod-
es of film formation were determined, which ensure
high values of thermoelectric charactenstics In addi-
tion, the surface morphology, crystal structure, and
elemental composition of the obtamed films were in-
vestigated. It was found that the thermoelectric power
of films of higher manganese silicide during the transi-
tion from the amorphous state to the nanocrystalline
state increases, which is explamed by the selective
scattering of charge carriers at the boundaries of na-
noclusters. It was also shown that the lighest conver-
sion coefficient is possessed by higher manganese sili-
cide films grown on a mica substrate, which 15 asso-
ciated with the low thermal conductivity of mica
Films on $10, have a lower conversion coefficient, but
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they have a high speed of response, and films on mica
and sitall have a high sensitivity, and therefore they
can be used in detectors of thermal radiation of IR
waves.

Keywords: films of higher manganese silicide (HMS), magne-
tron sputtering, laser deposition of films, resistivity, thermoelec-
tric force, thermoclectric coefficient, surface morphology
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MarHeTpoH “MaHrJaTHI BAa HMIY/ILC JA3epn
yerupum  ycyaum  Gwaan TYpam  TaraMkiaapaa
Mn Si; 1onKa nIgHKACHHN X0CHIT KWL

B.B. Kieukonckasn', T.C. Kamn-

nos’, WP Bexnynaros”, B.JI. Wramos’, W.X.
Typanou2

'AB. Illy6uukos HOMHArH Kpucrannorpadms
uneraTytH, POA “Kpucrannorpadus sa doronuxa”
thenepan  waMui  TaakuKoT Mapkaszw, JlenwHCKHi
mpoer., 59, 119333, Mocksa, Pocens

“TomkedT  JaBNAT  TEXHHKA  YHHBEPCHTETH
Yuusepcurer kyuacw 2-yii, 100095, Towmxkenr,
Vabekncron

Maskyp Mumja MarneTpon Ba NazepiH HaHrnaraw
yeymnapuian Qolpananub typnw rarmaknapzaa (S,
S10;, curann Ba cmoja) XaiMuil CHIMUMA Mapranim
Mn,S1;  tonka mnéekacH  Xocumn  OVrmmmmAHT
onTHMan pexkumiapu Ba Oy MIEHKATAPHUAT IOKOPH
TEPMO3NEKTPUK  Xoccanapura ara  OYmwmu  Gaén
kanuaran, Illyswar Gunan  Gupramukna  xocun

@Akagemus Hayk Pecnybnuku Yabexkucran, 2021 1
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KWIHHIaH  MIEHKAHWHr 1033 MOpdosoruscu,
KPHCTAIUIMK  CTPYKTYPACH BAa JJEMEHT TapKubOw
TAJKHK KHIIWATAH. ARHKIAHHIINYA, Maprasen ojini
CHIMUMAM  IUIEHKaCHHHHT  amopd  Xonarjas
HAHOKPHCTAN XOMATTa YTHIN KapadHuIa TEPMO NOKH
opraan, Oy HanokmacTepnap WerapacHaa 2apsi
TAWYBYHIIAPHUAT  CCNCKTHR TAPKATHIIHATA GOFIHK
G¥nanu, Bynnas Tamkapu, Mapraner oMt CHIMCHIN
MIEHKATAPA  OKOPH TEPMOIEKTPHK  Y3rapTHpHII
ko GUUHEHTHrA 1A IKAHIKIK CINOAA TArTHIHHAHT
nacT MCCHKIUK Yrkazypuawnurn Gunan Gormukmmra
Kypearniaran, S10; éHKanapm nacr
TEPMOANEKTPHK  Yaraprupum xoadpuumenTara sra,
NIEKHH yNap I0KOPH Te3 TAbCHP ITHUI ALHH CIUOAa Ba
CHTAI ACOCHJIATH TUIEHKATIAD IOKOPH Ce3yBHAHTHKKA
ora Ba wydnHar yuys ynap WK amanasowmpars
WCCHKIMK  Aypnanumunn  kabyn  kanrawiap
cudarnga KYIaHmIHIIE MyMKHH.

Kamrr c¥uap: Mn,Siy tonka naéukocs, MArHETpoH sa nasepin
HAHIAATHIL  YCY/UTAPH, COMMINTHPMA KAPUIUTHK, TCPMO 910K
koadupmument, 103a mopdonoruscu

@Axanemun Hayk PecnyBnuki YabexucraH, 2021 r.
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Mopdonoruyeckue, CTPYKTYpPHbIE U 3NIeKTpUYecKkue CBOMCTBA
nneHok Sb;Se;, nonyyeHHbIx meTogoMm XMIMO oT oTAenbHbIX
MUCTOYHUKOB aneMeHTOB Sb u Se, AnNA CONHEYHbIX ANEeMEeHTOB

T.M. Passixos, K.M. Kyukapos', A.A. Masnonos, 5.A. prawes, M.A. Maxmynos, P.P. Xyppa-

mos, [1.3. Ucakoe

Dusuko-TexHuieckuin uHeTuTyT HNO eDusixa-Connyer AH PY3, yn. Yuwrvsa Aitmarosa, 26, 100084, TawxenT,

Yabexucran

Monysexa 25.10.2021

* Corresponding author: e-mall & kuchkarovi@mall ru, Phone +55871-23541-.03, Fax + §9871-235-42.91

Merososd XHMHYECKOrD MONEKYASPHO-NTYHKOBOrO ocascaenus (XMITO) nonyuest sucoxo-
KpicTmumiveckne mwienkun ShySe, o1 otaensuux ucrounixon snementor Sb i Se npu remne-
parype nounoksn S00°C. Heenenonano annanne cootHomenns cocrana Sh/Se ua mopdono-
rHsecKie B ATeRTpIRtecKIe caoficTsa mienox ShySe: Ha ocnose npecTannenunix n3obpane-
HILIE CREHMPYIOWETO SACKTPOMHOMO MMKPOCKONA i PEHTTEHOCTPYKTYPHOIO AHANMSA BRI
HO, HTO BCO [UICHKH HMEOT KPHCTATHHECKYIo (opTopoMOiueckylo) cTpykrypy, paiMmeps
KPHCTRILTHTOR COCTARAMIOT 2-3 MEM. INCKTPONPOBOMHOCTL TUICHOK, HIMEPEHHBIX METOAOM
Bau-Jlep TMay, sapuupyerca 8 npexenax 4.3x107=1x107 (Om-cm)™ 8 sasuciumoctit or coor-
HOWIENHS COCTANA NAPUMANLHONO nasaeHNa Anemetitos Sh/Se

Kanosesnie ciona: ShySe; Sh/Se, xumieckoe MOMCKY ANPHO-ITYMEOBOC OCIAKACHIC, TOHKHE TUICHKH,
PEHITEHOTPAMMA, CTPYRTYPA, MICKTPONPONCINGETR.

Highly crystalline Sb,Se: films from a separate sources of Sb and Se elements at a substrate
temperature of S500°C were obtained by chemical molecular beam deposition (CMBD) method.
The effect of the Sb/Se composition ratio on the morphological and electrical properties of
Sb;Se; films has been studied Based on the presented images of the scanning electron micro-
scope and X-ray diffraction analysis, it was revealed that all films have a crystalline (orthor-
hombic) structure and the crystallite size 1s 2-3 um. The electrical conductivity of the films
measured by the Van der Paw method varies in the ranged 3x107°~1x10* (Ohm-cm) ' depend-
ing on the composition ratio of the partial pressure of the elements Sb/Se

Keywords: Sb,Se; Sb/Se, chemical molecular beam deposition, thin films, X-ray diffraction patiern,
structure, electrical conductivity ..

I.  Breaeune

B macrosimee BpeMs CONHEYHBIC INEMEHTH HA
OCHOBE NONHKPHCTANIHYECKOr0 H  MOHOKpHCTAI-
IH9EcKoro Si 3ARHMAOT THIHPYIOMHE MOZHIHE Ha
puike GOTOINEKTPHYCCKHX CHCTEM, cocTasua Gonee
95%, 8 2020 1., XOTq, KOUrla peys HACT O MANOM BeCe,
rHOKOCTH M COVNAHHH HHTCIPHPOBAHHLIX CHCTEM,

DOI: hitpe//doi.oeg/10, 52304/ v23i3 264

KpHeTWUIHYeckHit S1 (¢-S1) HECKOILRO TPOMO3I0K.

ANLTEPHATHRHO, TEXHONOIHE TORKOMICHOMHLIX COll-
HEYHLIX IEMEHTOB MOIBONKIOT HCNONLIOBATH pal-
NHYHKIE NOUIOKKH, B TOM uncne rubxue u nerxue B
HACTONINCE BPEMS OCHOBRHEIMH TEXHOJOTHAMH TOH-
KOTUICHOYHBIX  CONTHEYHBIX WIEMEHTOB SBISIOTCSH

Vol.23, No.3, pp.49-56, 2021



T.M. Pa3bixos, KM. Kyukapos, A A Maanonos, B.A 3prawes M A Maxowyzos, ..

Cu(ln,Ga)Se; (CIGS) (1), CdTe [2] u oprasnvecki-
HEOpraHudecKne ruOPHANEIC NEPOBCKHTH (HaNpHMEP,
CHyNHPbly) (3] Bee onm pocrarmu sddexrusno-
crit Gonee 20% » naboparopusix yenosuax [4). B 1o
spems kax CIGS w CdTe Brnm wnaycrprannanposa-
Hhl W COCTABANIOT OKkONO 7% ot obtel suipabarsi-
sacmoit Gorosaextpuveckoit sneprun 8 2020 r. [5),
TAIOHAHBIC NEPOBCKHTH! BCC elle HAXOAXTCS B CTa-
Jn paspaborkn. Tem re menee, marepuanst CIGS u
CdTe umeror GyHAGMEHTANLHLIE OMPAHHYEHRA, KO-
Fia peub HAeT O MaccoroM npomssoacTee, Hi-aa me-
uumra In rexnonornz CIGS orpassmuusaerca npo-
H3BOICTREHHON MoumocTsio Huke yposrs 10" Br
[6], Toraa kak CdTe comepmuT TARENARle METAMIL,
UTO BHILIBAET IKONOrWReckne npodienu. B xavecr-
BC ANBTEPHATHBS! MOABHANCH HOBLIC MATCPHANLL, HE
COCPKANIHE TOKCHYHEIX ITCMCHTOR

B nocnemmee AecaTHAETHE TaKAe COCAMHCHHA,
kak CuZnSn(SeS) (CZTSSe) [7], Sn(SeS) [8],
CuzSn(Se.S) [9], CuzO [10], CuSbS;[11], CusN [12],
FeS; [13], Cu;BaSn(Se,S); [14], Sby(Se,S); [15] Hm-
M HCCNCAOBAHE KaK MOTTOTATENH JUIR TOHKOIe-
HOYHEIX CONMHEHHBIX 3INEMERTOB. DTH HOBBIC Mare-
pPHANE MPHBIEKATENLAR H HMCIOT TAKHE ®C CROHCT-
Ba, kax Cu(In,Ga)Se;, Tax xax mmpHHa WX 3anpe-
WeRHON 306 nexnT B ananasone 0.87-1.7 3B 3¢-
PEKTHBHOCTE CONHEYHMIX ITEMEHTOB HA MX OCHOBC
noctirma 4-9% [16-20] B macrosmee spems sccie-
AoBaTens paboTaioT HAX yRenwicHHeM s dekTBHO-
CTH TAKHX CONHEUHBIX JTEMCHTOB.

Ha ceroansumufi jeHs HCCICHoOBaTENH RCEro
MHPE YACHKIOT OcoDOC BHHMAHWC NPHMCHCHHIO
XATBKOreHHAHBIX OuHapuix  coeawmenuit  SbSey
Sb;S; u TRepanix pacrsopos Sby(S,.Se;.. )y #a ux oc-
nose (xummveckas gopmyna ShaX;) 8 kavecrse no-
FIOMAIOUIEro CHOA JUIS CONHETHRIX JNEMEHTOR. IT0
obycnoaneno Tem, 9To $uanycckne ceoiicrsa (p-Tan
TIPOROJIMMOCTH, lanpemennas sona £,=1.1-18 3B,
BeICOKHI ko3pduument nornomenns «210° on”',
BHAAMAY OONACTh CONHEMHOrO WANYMEHHS, HE3KAN
Temneparypa nnasnesns, mns SbySe; 823 K, anx
Sh;S; 885 K, ® suicokoe napuuansnoe AaBncHHE)
ITHX MATCPHANOB O4YeHL ONM3KH K cBoOficTBAM
Cu(In,Ga)Se,S); Kpome Toro, snemenTii, Bxoasumie
B 9TH MaTCPHANL!, HMCIOT OTHOCHTENBHO HHIKYIO
CTOHNMOCTH, CTROHIBHOCTE NPH BHEUIHWX BO3AeACT-
BHEX H HETOKCHYHOCTH. IJT0 HEET BOIMOKHOCTE H3-
FOTOBHTH SKONOTHYCCKH wHCTHE # addexrunnnic
CONHEYHEIE MOIVIIH, & TAKKE OTKPHIBAET NYTH HX

HINPOROTD HATOTORICHHY H NMPOMBIINICHAOM Mac-
urrade.

CAranemus Hayx PecnyGnuen Yabexucran, 2021 ¢

Bee vkasannuie sume caoficTsa 263807 NIeHKH
SbyX; xoukypenTOCnOcOGHOR Iavenofl  OGMYHBIX
nornorurenedl (CdTe/CIGSe'CZTSe) = romxonne-
HOYHBIX CONHCUHBIX wnemenTax Oxmaxo, HecMoTps
HE YIOMARVTHIC CROMCTRA, nucsExs #a ocrose SbaX,
HeAocTaToNHo u3yHeHnt. [locaeanme npeacrannes-
Hbie MCCHEJOBAHAA KOHCTATHPVIOT WX HMIKVIO -
GexTHBHOCTS 10 cpasienmo ¢ Mareprananu CdTe
CIGSe. Cneposarensro, meobxomemo choxycupo-
BATH HCTNEOBAHNA HE HIVHEHWH TUICHOK Ha OCHOBC
SboX;, YCHIHTL HCCNENOBANNS 110 NOBRIMCHWIO -
(HEKTHBHOCTH ITHX NNEHOK

DhPexTHRHOCTL CONMHENHOID ICMEHTa HA OC-
wose SbaSey cuasHo 3aBuCHT OT hEsEYecKnX cBoficTR
Gazomoro cnos. Ceroans ans nonyvesns 0a30Boro
CIOR B CONHEHHBIX WIEMCHTAX NpHMEHAIOTCS Deasa-
xyymunie (electrodeposition [21], successive 1onic-
layer adsorption and reaction (SILAR) [22], chemical
bath deposition [23], spin-coating [24), aerosol as-
sisted chemical vapor deposition [25]), suicokosaky-
YMHBIC ¥ HH3KOBAKYYMHbIE MeToas (thermal evapo-
ration [26], vacuum evaporation [27), rapid thermal
evaporation [28], vapor transport deposition [29],
magnetron sputtering [30], close-spaced sublimation
[31]). Oanako anexrponposoaumocTs mienox ShySe;,
HNOTYHEHHBIX STHMH MCTOAAMH, YPCIBLIMARHO HI3Kas
~107-10" (Om-cnm)™. Veenmwenne snexrponposo-
amocTH Gazonoro cnos ShaSey gact moamoxmoCcTh
nosuimenus PYEKTHBHOCTH AAHHOTO CONMHEYHOrD
WIEMEHTA.

Panee asropamm Ghutk mcenenosanst Mopdono-
IHYECKHE, CTPYKTYPHBIE M 3CKTPUMECKHe CBOfCTEa
mineHok ShySe), nony4eHHNX METOIOM XHMHYECKOro
MONEKyNfpHO-ny"koBoro ocanuenus (XMI1O) uz
HOPOWKOB NpH arMocdeprom aamneEnn raza. [32]

I Onucanwe o0neKkTa W METON0B HCCARH0-

B nanmo#i pabore Takke HayHentl CTPYKTYpPHLIE,
sMopdionoruteckie B INEKTPHYCCKEE cBOficTBa e~
HOK SbySes noayueHHLIX METOAOM XHMHHECKH MO/e-
KyaspHo-nyukosoro ocaxaenns (XMI10), no or or-
AENBHBIX HCTOYHEKOB temexTon Sb i Se npn rem-
neparype noanowkr 500°C

[Monyuenne nnenox SbySe; pasnuwnoro cocrasa
merogom XMTIO noapoGro omrcano 8 paGore [33]
B kadecTse wexoanoro seumectsa GbUTH HCNONL3OBA-
nbl mareprani Sb w Se nonynposoasnkosoil uncro-
Tht (99.999%), KOTOpLIE HCHAPATHCE B NOTOKE BOAO-

poaa npr armocheprom gasnenwn. Temmeparypriic
WHTepBan Hcnapenus marepuanos Sb w Se ang wu-
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pauiEBaHHs IUIEHOK HAXOAWICs B  MIpeaenax
800°C-900°C ans Sb, 400°C-500°C pnsa Se ITorox
ra3a HOCHTENA BOAOpOAa coctasnser ~ 20 oM’ /MHEH.
JInuTensHOCTH Mpolecca OCaXKAEeHHs HAXOAHUTCH B
uaTepsane or 30 10 60 MHH (3aBHCHT OT TpeOyeMoi
TONMHAHEI TUIeHOK). ToNmuHA OCaKIAEHHLIX MIEHOK
Sb,Se; paznuunoro cocrasa cocrasnser 2-3 MkM. B
KayecTBe MOANOXKEK HCIONL30BANH  HATPHEBO-
u3BecTkoBoe crekino. CocTaB MONydaeMerx IMIEHOK
Sb;Se; namensann, ynpasnss COOTHOIIEHHEM NapiH-
anmbHEEIX Aaenenwi Sb w Se B maposoi dase B mpo-
ecce pocra.

PentrenoBckre wWcecnenoBanns 00pa3zmoB BHI-
NONHSIA HA  PEHTTEHOBCKOM  AH(PAKTOMETpe
«Panalytical Empyrean» ¢ Cu tpybkoii (K, = 1.5406
A). Vi3MepeHHst MPOBOAMNHA MPH KOMHATHOW TeMrie-
patype B uHTepBane yrnos 20 or 20° go 80° B pexu-
Me NOomaroBoro ckanupopanus ¢ marom 0.02 rpaay-
ca H BpeMeHEM HAKOMJICHHsS CHIHajia B TOYKE S5 C.
Mopdonoraueckue HCCIeAOBaHHS MPOBOAWIA C M10-
MOHIBIO CKAHWPYIOHIETD SNEKTPOHHOrO MHKPOCKONA
SEM-EVO MA 10, a cocTassl mIeHOK ONPEeNsia C
NOMOINLID  3HEPrOJHCIEPCHOHHOTO  ANEMEHTHOro
ananmuzaropa Mapka EDX (Oxford Instrument, —
Aztec Energy Advanced X-act SDD).

VIHT@HCMBHOCTb (HOPM)

A S
. af — ~F X =
F g §2 TT8
el L W
15 30
20 (rpaa)

MerosoM BakyyMHOTrO HambLUIEHHS Ha CBEXe-
OCaXICHHBIC IMIIEHKA HAHOCHIIH OMHYECKHe KOHTaK-
THL JUIS TIPOBEJICHHS 3NEKTPHYCCKAX H3MepeHwH. B
Ka4yecTBE OMHYECKOr0 KOHTAKTa K MIEHKAM AbIpOY-
HOH TPOBOAMMOCTH HCIIONBE30BATH cepebpo | cepeb-
PSHYIO MACTy, @ K TUIEHKaM 3JIeKTPOHHOH MPOBOIH-
MOCTH — HHIHH HIIH CINaB WHAHH-rammi. Tun upo-
BOAMMOCTH 00pa3ilOB ONMpEAensid M0 3HAKY TEpPMO-
SJC. Tonmuuny mueHok (10 2—3 MKM) Onpeaensiin
METO/IOM MPEUH3HOHHOI0 MHKPOB3BEIIMBAHKA HA Be-
cax FA 120 4C (c Tounocteto 0.1 wmr). TTocne momy-
YeHHUs OMHYECKAX KOHTAKTOB OBUIM H3MEpPEHHI TeM-
HOBHIE BONBTAMIIEPHEIE XAPAKTEPHCTHKH I[UIEHOK.
Anann3 remroBord BAX nnerok Sb;Se; nokasan, uro
Bce 00Opasubl HMENTH OMHYHOCTD, T.€. BBINPIMIICHUS B
HHTepBaNe W3MepseMbix Hanpsxennid ((/=0.01-2 B)
He 00HapyKEHO.

IIl. Onucauue u aHa/U3 pesyibTaToB

Ha puc. 1 npexacraenesa peHTreHOrpaMMEl TOH-
KHX IIEHOK C Pa3THYHBIMA COOTHOmeHHsMHA Sb/Se.
Bce ToRKHE IUIEHKH WMEIOT 3aMETHRIE ITHKHA, XOPOIIO
cornacyoumnecs co crangapraoi kaproi JCPDS (Ne
15-0861) opropombuueckoii tasel Sb,Se; 6e3 kakux
160 0OHAPYKHBAEMBIX IPHMECEH.

Sbi/Se
) 4

—-0:86
g O (VS
e () 8
(19

p———122

Sb Se, (No. 15-0861)

g
3

Pucynok 1. Tunuunas pentrenorpamma mienkn Sb,Se; paznnunoro coctasa Ha cTexiie ¢ nogcioeM MoymbaeHa.

@Axanemus Hayk Pecnybnuku Yabexucran, 2021 r.
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JBa ocHoBHLIX JupakunorELX TAKa (211) #
(221) AeMOHCTPHPYIOT pe3KHe XapakTepHCTHKM, YKa-
ILIBAIOUIHE HA €ro BHICOKOKPHCTAHYECKYIO TIPHPO-
AY € [OPeHMYLIECTBEHHOH KpHCcTamtorpaduyecko
opuenraumei Baoms (hkl). Sb:Sey 8 ocrosrOM co-
cTouT U3 neHT (SbeSeq), B BHIE OXHOMEPHREIX LEno-
ueunnix crpykTyp. Jleatst (SbySeq) naknapusaiores
Apyr Ha apyra B sHanpasiuennn [00]1]) 3a cuer npou-
HLIX KOBAICHTHBIX chazelt Sb-Se. Oanako B nanpae-
nenuax [100] u [010] nenrst ceszanst cunamu Ban-
Aep-Baansca [34-36], Murpauns nocureneit no ne-
Tam (SbySeg), mpomcxouuT Hammoro OwicTpee, WeM
mexy nentamu [37, 38, Tloaromy ans obecneucnus
2P HERTHBHOrO NEPeHOca HOCHTENEH O0CODEHHO BaXK-
HO KOHTPOIHPOBATEL OPHEHTALMIO POCTA TOHKHX 1Jie-

! 25um '

Sb/Se 5yp=0.6

Hok SbySes. Tem we menee, korza newrst [211] u
[221] oprenTHPOBAHLI HABEPXY MOMTOKKH, HOCHTE/E
3apajia MOKET JIerko nepeMemarscs BAOML JIEHT, 9T0
yMeHbaer pexkoMOMHALAK  (GOTOreHepPHPOBAHKBIX
Hocurenelt. OUeRHIHO, YTO B 3¢pHE ¢ OpHEHTAIHel
[120] nocnenoBaTenbHOe CONPOTHRICHHE HAMHOTO
BbIIE, Y€M B 3epHax ¢ opuenraumedt [211] u [221]
Cnepoparensno, wrobsl cnocoberroBars nepenocy
HOCHTEJICH ¥ YIIYUInHTE XapaKTEPHCTHKH COINHCUHLIX
NEMEHTOB, 3TH neHT (SbySeq), nomkun pacrn nep-
MEHJAMKYISPHO NOMIOKKE, HATPHMEP, B Hanpasie-
Haw [211]) wom [221],

Pucynox 2. CHUMKI CKARHPYIOLLErO 31EKTPOHHOrO MUKpOCKona s miienok SbySes pawmunoro cocrasa npu 500°C

BAKagemus Hayk Pecnybnuku Yabekuoran, 2021 r
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Prcynox 2 (npopoamenne), CHUMKH CKaHHPYIOLIETO JIEKTPOHHOTO MHEKpOCKona ans nuexok Sb,Se; pazmuunoro co-

crasa npu S00°C.

PeayasTarel PeHTTEHOCTPYKTYPHOTO aHanH3a
NOKa3LIBAIOT, YTO NoNvdeHHbie mneHkH Sb,Se; pas-

AHYHOIO COCTABA HMEIOT MOIHKPHCTAIIIHYECKYIO Op-
TOPOMOHYECKVIO CTPYKTYPY C TPESHMVINECTBEHHOM
opuesTamad (211) w (221). Ha pmc. 2 mokaszasw
caumka COM ans scex 00pa3snoB, OCakAEHHBIX [0
OTAENLHOCTH OT HCTOYHHKOR 3nemenTos Sb u Se npu
temneparype noanoxka 500°C. Muxpokpacranist
mnesok Sb.Se; pasHOMepHO pacnpeaenceHsl Mo MO-
BEpXHOCTH noanoxkya. Kak BHAHO W3 PHCYHKA, pas-
Mephl KPHCTA/UIOB A BCEX 0OOpa3moB COCTABNSET
2-3 MKM, H UMEOT AIHHHYK CTepkHEe0o0pasHyio
dopmy. TIpm m3menenun cocrtasa Sb/Se nneukn B

uureppanie 0.4-090 maOmomaeTcs NepUNEHIHKYISDP-
HBI POCT KPHCTA/LIOB OTHOCHTENBHO TIOLICKKH,
JanbHedllee HW3MEHEHHEe COOTHOUIEHHA COCTasa
(Sb/Se=1—1.2) npABOAWT K TOPH3OHTATEHOMY POCTY
KPHCTAIIOB.

Jins u3ydeHHs BOHAHHS COOTHOIIEHHS NaplH-
anbHOro aamneHHs snemeHToB Sb/Se Ha smexTpuue-
ckhe cBoicrea mieHok Sb;Se; Ownm u3Mepenw
yAeNLHEE COMPOTHRIECHES MeTogoM Bar-aep-Tlay, a
TAKOKE HCCIEAOBAHL TEMIISPATyPHLIE 3aBHCHMOCTH
ANEKTPONPOBOAHOCTH. JNEKTPHYECKHE MapaMeTphl
nnesok SbySe; (o, £, ¥ THN NPOBOIHMOCTH) NpHBe-
IeHHl B Ta0mHIE.

DAxagemMus Hayx PecyBnuku Yabexuctad, 20211
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TaGauna. Dnekrpuseckne napaMerphl wieHok Sb/Se npu pammunLIX COOTHOMEHNAX COCTABA.

Sb/Se 0.5 {02 | 68 | b9
Tun npoBoaAMMOCTH P P n n
DNeKkTponpoBoAHOCTS s 2
(Om-cv)™ npu 300 K 4.38x10° 7.1 36 2x10
Dueprus akrusain (MB) 230; 140 ~3 ~3 ~3
Kak BujiHo 3 tabnuuel, ¢ yBelHYEHHEM COOT- [Monyuensl  BLICOKOKAYECTBEHHBIE  TUIEHKH

HOWICHHA NapUHAILHOrO aaBieHns anementon Sb/Se
B juanazonax 03-0.66 anekTponpoROAMMOCTE
(~107" (Om-cm)™) mnenok Sb;Se; mouru ne uamenn-
nack. Habmopaerca peakoe yBennueHue npoBojin-
mocrn ¢ 107 (Omeem)™ upn Sb/Se >0.66 g0
10* (Om-cm)™ mpr Sb/Se = 0.9, nanee owa mouTH He
menserces jo Sh/Se = 1 22,

Bonee Toro, ycraHonneno HaMenenue THIA Mpo-
BOJIMMOCTH HOCHTENTEH 3apsajia B 3aBHCHMOCTH OT CO-
ornomenns Sb/Se. O6pasusl uMenH pP-THI NPOBOLH-
MOCTR B ananasone cocrapoB 0.3<Sb/Se<0.7, a npn
0.8=Sb/Se<1.22 n-run. B 10 %e Bpems obuapyiena
HHBEpPCHA THNA NposoauMocti ipu Sb/Se = 0.7, uro

COOTBETCTBYET CTEXHOMETpHUecKkoMy cocrasy ShySes,

Jns obnsicHeHHs HAMEHEHHS NEKTPONPOROJIA-
MOCTH MONYHEHHEIX ODpPa3sioB B 3aBACHMOCTH OT
cootHomenua osnementos Sb/Se Guun  maywenw
TEMITEPATYPHEIC 3ARHCHMOCTH  3NIEKTPONPOBOAKMO-
CTH.

M3 518X 3aBUCHMOCTEH HalIeHb! JHEPIHH aKTH-
BatmK 0Opa3noB pasnUMHOro cocTasa. JHeprus ak-
THUBAIHA IWIEHKH cocTannser okono 230 MaB ang sel-
cokoremieparyproit obnacti u 140 M3B ans nuako-
Temneparypoit obnacri. B 10 Bpems kax obpasiml,
nonmygennbie npr Sb/Se = 0.7; 0.8 u 0.9, umenu Bu-
pomAcHHLIR XapakTep (yposenb DepMi pacnonoken
HA Kparo 30HBI TMPOBOAMMOCTH) ¢ HEpruell akTHea-
uuun ~3 MaB (M, Tabnriy),

Duepruv aktupaumy £, = 230 maB n 140 maB
coorBeTcTBYIOT «sedexty 2» u «aedexry 1» coor-
BETCTBEHHO, onmucannbix B pabore [5] Beickaswipa-
eTcs NpeAnonMmKenne, Yo B o0pasuax ¢ BhICOKHM
COAEpKAHMEM CeleHa npeobnataowumMe edexramMu
ABJISIOTCA BAKAHCHA CYphMBI Vg, H AHTHCTPYKTY pHBI
fedexr Segy. [lna 0bpa3uos ¢ BHICOKHM coiepikann-
€M CypbMEl TpeotnajaiomuMu gedekTaMmu SBasoTes
BakaHcua cenera Vy, u Mexysensuas cypsma Sb.

1v. Zamouenne

@Akanemun Hayxk Pecnybriuku Ysbexuctan, 2021 r.

SbaSe; paznuumoro cocraBa XMUMHHECKHM MOJEKY-
NAPHO-MYHKOBLIM OCAKACHHEM 110 OTACNLHOCTH OT
HCTOUHMKOR aiemenToB Sb u Se npu Temneparype
ook 500°C,

Pesynurarsl  ckaumpyiomero  aNeKTPOHHOro
MHKPOCKOIA H PEHTIEHOCTPYKTYPHOIr0 aHamH3a [o-
Ka3ai, 4TO BCE MIIEHKH HMEKT OpropoMBuueckylo
CTPYKTYPY C NpeAMyLIecTBEHHON oprenTaunei (211)
# (221), pasMephl KPHCTATITHTOB IIEHOK COCTABNAIOT
2-3 MKM.

Pesynurarh H3MepeHns 3NeKTPHIecKAX CBOHCTB
MICHOK MOKA3ATH, MTO C YBETHYEHHEM COOTHOLIEHHS
napuuansHoro gasienus anementos Sb/Se B auana-
sonax 0.3-0.66 anexrponposoammocts  (~107°
(Om-cm)™) mmerok SboSe; mouTH He MIMEHMIACK H
Habmosanock peskoe yBeIHHEHHE MMPOBOJAMMOCTH C
107 (Om-em)™ mpu Sb/Se > 0.66 10 10* (Om-cm)™.
Taxxe oOpasibl HMENTH P-THI TPOBOANMOCTH B JIHa-
nazone cocrasor 0.3<Sb/Se<0.7, a npu 0 8<Sb/Se
<1.22 n-ran. O6GHapyXeHa MHBEPCUA THIA NPOROIN-
mocTa nipn Sb/Se = 0.7, uto cooTBeTCTRYET CTEXHO-
MeTpHUecKoMy coctasy ShaSe,

Meraganubie

Morphological, structural and electrical proper-
ties of SbySe; films obtained by CMBD from a
separate sources of Sb and Se elements for solar
cells

T.M. Razykov, K.M. Kuchkarov, A.A. Mavlonoy,
B.A. Ergashev, M.A. Makhmudov, R.R. Khurramov,
D.Z. Isakov.

Physical-Technical Institute of the Academy of Sciences of
the RUz, Chingiz Aytmatov Street 2B, 100084, Tashkent,
Uzbekistan

Highly crystalline Sb;Se; films from a separate
sources of Sb and Se elements at a substrate tempera-
ture of 500°C were obtained by chemical molecular
beam deposition (CMBD) method. The effect of the
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Sb/Se composition ratio on the morphological and
electrical properties of SbySe; films has been studied.
Based on the presented images of the scanning elec-
tron microscope and X-ray diffraction analysis, it was
revealed that all films have a crystalline (orthorhom-
bic) structure and the crystallite size is 2-3 ym. The
electrical conductivity of the films measured by the
Van der Paw method vanes i the range
43x107-1x10* (Ohm-cm)™ depending on the com-
position ratio of the partial pressure of the elements
Sb/Se

Keywords: Sb,Se, Sb/Se, chemical molecular beam deposition,
thin films, X-ray diffraction pattern, structure, electrical conduc-
tivity
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Kyém snementnapu yuyn KMJIO yeyamaa Sb sa
Se asemenTiaapuHMHr  ajoxmaa  maunbagan
oaunaras  SbySe; nka  KaTaamaapuHHHC
MOpdOJIOTHK,  CTPYKTYpaBWii Ba  JeKkTp
X0ccanapu

T.M. Pazuxos, K.M. Kyuxopos, A.A. Masnonos, B.A.

Oprames, MA. Maxmyaos, P.P. Xyppamos, 3.
Hcoxos.

Kmwmésuii monexkynanap pacranapumas omam (KMIIO)
ycynu Gunas varnmk xXapopatuausr S00C ga Sb sa Se
3NEMEHTNapHHHET  ANOXHA3d  MawOanapWaaH  JOKOpH
kpacrannn SboSe; fonka katnamnapu ommuran. Sb/Se
Tapknbn HucGamanuar Sb,Se; ionka xaTnaMnapuHEMHT
MOpHONOriK Ba JMEKTP XOCCANAPHTA TALCHPH YPraHiiran.
Cxanepnn 3NeXTPOH MEKPOCKOIN B2 PeHTTeH AH(PaKcHOH
TAXTHUIADHHERT TAKHM 3THATAH TACBHPJIAPH ACOCHAA
Gapua onka Karaamnap kpucraan  (OpropoMOHK)
TY3MAHIUTE 372 3KAHAWIH Ba KpHCTALMT Vogamu 2-3
MHKDPOH 3KaHTHrH anaknanran. Bas aep Iay yvoyau 6unan
yAuaHran ONKa KATAAMIADHWHT 3NeKTP YTKa3yBYAHIHIH
Sb/Se JneMERTIApH Oocumaapuaner mHcbaTira Gorank
pasmmrma 4.3x107°~1x10° (O on) ™ opanurnza Yarapamm.

Kamur cyanap: Sb.Se;s, Sb/Se, xumésmit monmexynsp

AacTanapHiad OiHIN, HONKA KATIAMIAP. PCHITCHOTPAMMA,
TYIHTHIL, 37CKTP YTRATVBYAHTHK.
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HocneosaHo BiiHRHIe HOHHOTO ACTHPOBAHHA HA BTOPHMHO-IMHCCHOHHBIC XAPaKTepHCTHKH
Mo, Pd ut cinasa Pd-Ba. Yeranomineno, 470 B peayisTaTe Jernposanns wonamu Gapis ¢ ans-
Kol anepriedt B npunosepxHocTHOM cioe Pd o0pasyerca MHTEPMETALIMNECKOE COCMMHEHNE
muna Pd-Ba. OGpazosansie XuMHGECKOro COSAMHECHISE NOMNOAKH ¢ Jernpylouiell npuMeckio
cnocobersyer snavnTensiomy (B 3 pasa) pocry kosdubiuMesTa BTOPHUMON IICKTPOMMOR
amucenn (BID). Obuapyweno, wro obpasuwm Pd n Pd-Ba nocae nermposanis Gonsieoil nozoi
wonos Ba' ofnazmior nouTH OQHHAKOBLIMK BTOPHYMHO-IMICCHOBNEIMI napamerpamit. Jlern-
posarse Pd-Ba cnavana wonamu Gapns, saTeM wonaMu kncaoposa ¢ aneprieit Jo<1 xaB npu-
BOJIIT K CYMIECTBEHNOMY YBEARHCHMIO KOMDPHUHEHTE BTOPHHMHO-UIEKTPOHHON IMHCCITH
(B93). B cnyune umnnanrausn wowos Ba' s Mo ne nabmonaercs ofpasosaning XuMuueckoit
cramn wmeaqry atomamn Ba w Mo, Tloatomy swmsiccuonnas sthdexmisrocts & wowHo-
JNETHPOBAHHOM CIIOE YBCAHYMBACTCS HESHASHTENRHO (~1.3 pasa) 0 yBEIHYEHIE MAKCHMATRHO-
ro sHadesni Koshduunenta BTOpHYHON AMEXTPONHON IMHCCHN G,y OOBICHAETCS B OCHOBHOM
VMEHBIIEHHEM THANEHNS PAGOTE! BRIXOMA €0,

Konouennie caona: pabora suaxoan, xoadidmment B9, omo-cnextp, HOHHOC CTHPOBAHKE, NOTHKPI-
craum Mo i Pd, croranu Pd-Ba.

The effect of 10n doping on the secondary emission characteristics of Mo, Pd and Pd-Ba alloy has
been investigated. It was found that as a result of doping with low-energy barium ions, an nter-
metallic compound of the Pd-Ba type is formed in the near-surface Pd layer. The formation of a
chemical compound between the substrate and the dopant contributes to a significant (3 times)
increase in the secondary electron emission (SEE) coefficient. It is found that the samples of Pd
and Pd-Ba after doping with a large dose of Ba' ions have almost the same secondary emission
parameters. Doping of Pd-Ba first with barium 1ons, then with oxygen ions with the energies of
Fa=1 keV leads 1o a significant increase in the secondary electron ermission (SEE) coefficient. In
the case of implantation of Ba' ions in Mo, formation of a chemical bond between the Ba and Mo
atoms was not observed. Therefore, the emission efficiency in the ion-doped layer increases in-
significantly (~1.3 times) and the increase in the maximum value of the secondary electron emis-
sion coefficient 0., is explained by a decrease in the work function ¢q.

Keywards: work function, SEE coefficient, Auger spectrum, ion doping, Mo and Pd polycrystals, Pd-Ba
alloys.

DOL hape/dor.org! 1052304/, v2312.265
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I. Bregenne

Bo muorux anexrposaxyymunix CBY npubopax
(HanpuMep, B HMITYJILCHBIX MATHETPOHAX) B Ka4ecT-
BE XONOAHBIX BTOPHTHO-IMHCCHORHLIX KATOIOB MIA-
POKO HCHONB3YIOTCH JIBYXKOMITOHEHTHBIC METAIH~
YECKHE CIUTaBbI MAUIANKA WITH ruiataisl ¢ Gapuem [1,
2]. Otu obpasuel nocae TEPMUYECKON AKTHBALMK B
BLICOKOM Bakyyme o6GnajarorT J0BONLHO BBICOKHM
(~2.6) xoadduupentom BTOPHUHON 3NEKTPOHHOM
IMHCCHI ¢ H AU3K0#H (~2.3 3B) paGoroit sexona e@.
B nocneanue roger ocobeiit MuTEpEC nNpeACTaBIAIOT
CIUIABHBIC KATOALI C HAHOPA3MEPHBIMH CIOAMH, H
NO3TOMY CYUIECTBEHHO YRenwumMnnch TpeGopanus K
pasmMepaM, OMHOPOAHOCTH COCTABA M CPOKA CIryKOb!
ITHX KaTouos [1-6].

Jlns nomyaenus KaTojor ¢ BHICOKAM 3HAMCHUEM
O NpH HH3KAX TEMIEparypax HCnoabIyloTes pas-
TAYHKIE MCTO/LBI. AKTHRAIINA B CPEJIe Pa3IMYHLIX ra-
308 (N2, Hy n NeH3) (7, 8], nernposanne marepua-
JIOR HOHAMH LIENOYHBIX H ITETOYHO3EMENbHLIX 1e-
mentos [9-11]. Dhdexr ysenuuenns o 6yaer snaun-
TeMbHO OONbINE, eCM NerupoBanne NPOBOANTL B
armocdiepe xuemopoza. [ToaToMy MOXHO nmonarats,
4TO IS YBETHHEHHA IMHCCHOHHOH 3(hdekTHBHOCTR
CIIABHLIX KATOAOB HEOOXOMMMO MOAYYHTH HA WX
NOBEPXHOCTH HAHOCIOH OkcHaa Oapus. D10 MOKHO
OCYIIECTRIATL  NOCHCAOBATENIBHON HMIIAHTALHEH
uowos Ba' u O, Pd nnu Pd-Ba [9].

Panee wamm Owul  BCECTOPOHHE H3yHEHE!
WEKTPOHHEIC M ONTHYECKHE CBOMCTBA Hauomie-
HOYHEIX CHCTEM, CO3JANHLIX HORHOR WMITAHTAUMEH
Ha [MOBEPXHOCTH MONYNPOBOJAHUKOB M JAMAIEKT-
pudeckux mnedox [12-15] B nammoit pabore
BIEPBLIE MCCNGAOBAHBL! COCTAB, TONIUMHA CJIOH,
WIEKTPOHHAA CTPYKTYPA W IMHCCHOHHBLIE CBOWCTEA
Pd-Ba, nMnnanTuposansLiX cHavana wonamn Ba' ¢

Eg= | «aB % savem wonamn O, ¢ Fy = | ¥aB npn
038X Hachiuenmns .

DKCHEPUMEHT ITPOROJMIN B TPEXKAMEPHOH Bhl-
COKOBAKYYMHOR YCTAHOBKE C JIABIIEHHEM OCTATOY-
noro rasa p<10™ Ila Hamepenus BTOPHYHO-
IMHCCHOHHEIX XAPAKTEPUCTHUK BLIMOITHEHKl B HEThI-
PEXCETOMHOM  KBasuchepaveckoM — ananusarope,
pacnonokeHnoM B nepsoi kamepe ycranorkn. Bo
BTOPOH Kamepe NpoBOIHIIH TepMHuecKyi) obpabor-
Ky M JICTHPORAHHE MUTICHEH woramu Ba'. Duepruio
Fynonos Ba' sapsuposany B ananasone 0,5-5 xoB,

Meroanka HeeIeA0BAHHSA

@AKaneMus Hayk PecnyBruiu YaGexuoram, 2021 ¢

nosy D » amanasone npunmepro 10"-10" wom-em™

Jleruposanue 00pa3ioB HOHAMA KUCTOPOAA OCylle-
CTRIATH B TpeThel kamepe. Mounl kucnopoaa obpa-
3YIOTCA (PH CTONKHOBEHHH ATOMOB KHCJIOpoOAa ¢
OricTpeivi anextponamu. Bombapauposky wonamn
kucnopoaa ¢ aneprwsmu fp=0.5-5 k3B nposoaunn
NEpHEeHIHKYISPHO K noBepXHOoCTH obpasua. ITnor-
Hocth Toka nosos Oy npu D=10" now-em™ cocras-
msma (1-3)x10° Arem™, DHEPreTHHECKHE 3aBHCH-
mocTh  kosqipuumentos BDD, anmekTpoHHbie omke-
crextpel (DOC), CnekTphl XapaKTepHCTHHECKHX 110~
Tepk sHepruy aexrponamu (XT199) u cnexrpw yn-
PYro-0TpameHHbIX MeneHHuX anekTponos (YO-
M3) sanucubanu ¢ norpewsocTeio He Gonee 1%.
Pafory BBIXOA ONpPEACHANN MO METOMY 3aiEpPKKH
MEPBAYHOrO MyHvKa MEeKTPOHOB Ha muwens, [lepen
HOHHON WMIUIARTAUREH NMONMKPUCTAIIHYECKHE 00-
pasust Mo u Pd ownmany JUIATENEHEIM TPOrPEBOM
Jio remneparypsl 2200 1 1200 K coorsercreenno, a
cinas  Pd-Ba  akrummpoBanm  mporpesoM  npm
7+ 1100=1300 K B reqenne 5-6 u.

IIL DxenepumenTalibibie PeIyIbLTATBI M HX

obcyxienue

OcHoBHBIC BTOPUUHO-IMHUCCHOHHBIE Xapakre-
pucrakn obpasuor Mo v Pd, nermposanasx wona-
MH IHE/IOYHBIX W LIEIOYHOZEMENLHBIX TEMEHTOR,
npurenenn B paborax [9]. IMokasano, uro nocne ne-
THPOBAHUA O YBEIHYHBACTCH BO Beell HCCnenoBan-
HOH 0GnacTH 3HAYCHUH IHEPrHH NMEPBAUHBIX INCK-
TpoHoB L, (ot 1 no 1500 aB), auauenne paborsi Bhi-
X0a e yMeHbInaercs, a 3HaveHne NnepBoi KpATH-
HECKOH IHEPruu E,,' CMEIIAETCA B CTOPOHY MEHb-
wux aneprui. Tlpu arom ysenuuenne o B ciyvae Pd
OKa3aloCh 3HAUMTENLHO OONBIUMM, YeM B ciyvae
Mo, Brino orMedeno Honpiiee naMenenue napamet -
pos BOD, yem npu nernposaann Mo,

Tabmuua. 3uatenns e@ w Gy s Mo u Pd, nokprimuix
aromamu Ba rtomummoit 0=1 mowocnoli m ummmantHpo-
BarbIX wonamu Ba' ¢ /5=0.5 k3B npu D=6x10" cm~?

IMapa- Obpasen

METP | Mo [Mo-Ba [Ba—Mo | Pd | Pd-Ba [ Ba—Pd
& 43 22 23 51 21 22
Omx 14 195 32 175 265 S
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B Tabnune pHBEIEHE BTOPHYHO-
IMHCCHOHHBIE XapakTepucTHKH 00paznoB Mo u Pd ¢
nnenkoi 6apus Tommuro# 6 = | MoROCNOH W NerH-
poBaHHLIX HOHaMH Ba ¢ £,=0.5 k3B npm no3se
D>6x10" oM.

BHIHO, 4TO mOCHEe HMOHHOH HMIIAHTAUHH B
cinyuae Pd oy, yBemHUHBaETCS MOYTH B 3 pasa, a B
cnyuyae Mo B aHATOrHYHBLIX YCIOBHAX NErHPOBAHHS
Omax YBETHIHBAETCH MpAMeEpHO B 2.3 pasa. [puunny
pazHYHs, M0-BHAMMOMY, MOKHO ODBACHHTE Xapak-
TEPOM CBS3¥ BHEIPEHHOH CMECH C aTOMaMd TIOX-
NOXKH: TIpA BMmanTauud wonoB Ba B Pd obpazy-
IOTCA HWHTEPMETAUTHYECKAE COEJHWHEHHWs THIA
Pd,Ba, a npu mmmnanrauns Ba B Mo xummueckoe
coexunenne Mo ¢ bapuem npu KOMHATHOH TeMmepa-
Type He obpazyercs [9]. Hanuuue Takoi cBs3u HaMH
0OHapy’keHO W NpH AMMIAATaudH wouoe Ba' B Pd.
Pacuer KOHLEHTPAUHOHHLIX COOTHOIIEHHH aTOMOB
NpAMECH H TIOLTOXKKH, a Takxke pesyinbrathl D0C

Rt |

03+ ||

0.1

MOKa3bIBAIOT, YTO IPH BLICOKHX J03ax (He MeHee
6x10' HOH-CM-Z) B MOBEPXHOCTHHIX CIOSX MpeHMY-
wecTBeHHO oOpasyiores wHTepMerannuasl Pd,Ba u
PdBa.

W3BectHo [9], uTO yBenHWYEHHE O MPH JIErHPO-
BAHMH MATEPHAJIOB HMOHAMH AKTHBHBIX METAIIOB
00yCIOBIIEHO yMeHbIIeHAEM PabOThl BBIXOAA ITOBEP-
XHOCTH H W3MEHeHHeM (H3MKO-XHMHYECKOro Co-
CTOSHHA 3MHTApYIomed obmacta. W3 ckasarmoro
crneayer, 4ro 00pa3oBaHHE HHTEPMETANITHYECKOro
coeuHeHus namnagus ¢ dapmeMm cnocobersyer Oo-
jee  3HAYATENBHOMY  YBEIMHMEHHIO  BTOPHYHO-

SMHUCCHOHHOH 3(()eKTHBHOCTH TPHTIOBEPXHOCTHBIX
CJIOEB MHIIEHH.

Ha pwc. | mpuBeneHs 3HEPreTHYECKHE 3aBHCH-
MOCTH KO3(QHUHEHTa YNpyroro OTPaKEHHs 3JIeK-
TpoHOB R JUIA YHCTOTO H JIEFMPOBAHHOID HOHAMH
bapus MonubeHa.

0

Pucynox 1. 3asncamocts R(E,) s umcroro nonukprcrammyeckoro Mo (cnnoursas kpusas) u Mo, nerupoBanHoro
wonamu Ba' ¢ /5=0.5 k3B npu D=6x10" oM (uTpuxoBas KpHBas), a Takke s Mo, MOKPHITOro TONCTOl nieHKoii 6a-

pus (WITPHX-YHKTHPHAS KPHBAK).

Jlns cpaBHeHHS TaM e NPHBEIEHbI 3aBHCHMO-
ctu R(E,) mns Mo, nokperroro Toncro# (8~10 moro-
CII0€B) MIIEHKOH Oapust. DHEPrus NepBHYHBIX 3JEK-
TPOHOB £, OTCYATaHa OTHOCHTENBHO ypoBHA Pepmu

MHIIEHH. BHAHO, 4TO TOHKas CTPYKTypa CHEeKTpa
Monubena, IerHpoOBanHOro HORaMH OapHs, COCTOHT
U3 cyneprno3uuun 3asucumMoctd R(E,) ans uncroro
Mo (crutomHas kpusas) 1 Oapus (ITyHKTHpHAS).

©AKageMus Hayk Pecnyonuky YsbekucraH, 2021 r.
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Pucynox 2. CnexTpel ynpyro OTPakeHHLIX MeJUIEHHBIX
anexTponos: / —uncreii Pd, 2 — Pd, nMnnantupoBanusiii
nonamu Ba ¢ £=0.5 k3B, D=6x10"° en?, 3 - Pd, TIOKPKI-
Thiit Gapwem Tomuuroi 6=10 MoHOCTOEE.

Ha puc. 2 npuseneunrr 3asucamoctn dR/dE, ot
E, nna uucroro Pd u Pd, nermposanroro monamu
Ba' ¢ Ey=05 x3B, a Takke mns mieHka Ba
TomuuHoH 10 MOHOCTOEB, HaHECEHHOH MyTeM
HamnbUIeHHs Ha nosepxHocTs Pd. Bummo., uro
NONOKEHHA MAaKCHMYMOB H MHHHMYMOB Ha KPHBOM
—dR/dE,(E,) nns wWoOHHO-nerWpoBaHHOro obpasna
oTnHYaroTces or TakoBeiX s Pd u Ba. Dra otnuuns
Haubonee 3ameTHHl B TOM oOmacTH 9SHeprum
NEPBHYHEIX 3JIEKTPOHOB, IJle MEK30HHEIE TEPEXO/Ihl
B OCHOBHOM  OCYIIECTBISIOTCH C  y4YacTHEM
BaJleHTHBIX  IJNEKTPOHOB  (3HAYeHHS  SHEPrHH
TIEPRAYHEIX 3MEKTPOHOR OTCUNTAHHAS OTHOCHTENILHO
ypoeHs @epmu  Ep<10-12 3B). Tlo-sraumomy,
obpazopanne coemunenus Pd-Ba conposoxnaercs
YBeITHYEHHEM spdexruBHOM KOHLEHTPALUHH
BANICHTHBIX 3JEKTPOHOB, TaK HTO NPOHCXOIHT
HexkoTophli (1-1.5 3B) pocr 3Hepru# nnazMeHHBIX
konebanwii Pd.

JaneHeiimee HAam|  WCCHEAOBAHHA  OLIIH
HANpPaBJIeHkl HA A3yYEeHHE BIHSHAS UMIUIAHTAIAH
nonos O,  Ha COCTAaB B IMHCCHOHHBIE CBOMCTBA Pd,
JIerHpoOBaHHOro HOHamK Ba'.

omax“ AAA
A LA
7 ]
G e,
/ -10.5

S| ——r
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14 16

10° 510 10° 540 10° 540" D,cm’

Pucynok 3. 3aBUCHMOCTH Oy M A/Amax OT 10361 HoHOB O3 ¢ £=0.5 3B mns Pd, NpeBapuTEeNLHO JIErHPOBAHHOIO

wonamn Ba' ¢ E;=0.5 k3B npu D=6x10" em>.

©Axanemus Hayk Pecnybnuku Yabekucran, 2021 .

Ha puc. 3 npuBeneHsl 3aBACHMOCTH Gpax H OT-
HOCHTENNbHOH aMIuuTyasl A/An. THKA B OXe-
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CrexTpe OKcHaa Dapus c sHeprueidl npamepHo 73 3B
OT 7103bl JUIS MPEABAPHTENLHO JIETHPOBAHHOTD HO-
mamu Ba' (E=0.5 k3B, D=6x10"® cm™) cnnasa Pd-
Ba npu umniaaTanan woHos O, . 3a Ay NpEEAMA-
nack aMIUTHTY/a MUKA MIeHKH OKUCH Dapus Tommu-
HOH B 20 MOHOCNIOEB, HAHECEHHOH HA MOBEPXHOCTH
Pd-Ba

BHIHO, YTO Gpax HAYHHAET YBETHYHBATBCA C
noser D=5x10" CM-Z, a MHK B OXe-CIeKTpe, Xapak-
TEPHBIH I8 OKACH DapHs, MOABIAETCA TOILKO NPH
D =5x10" eM”2. Dro cB3aHO C TeM, UTO B HAvane
npouecca 6oMOapAHPOBKH MakKCHMYyM pacrpejene-
HHs KHCIIOpPOJIa HAXOAWTCA HA TiyOHHE, MpPEMEPHO
PaBHO¥ JUIHHE MPOEHPOBAHHOTO npobera R, HOHOB
0,". TlpeaBapuTenbHEIE PACHETHI, BLHTIONHEHHbIE O
teopun Jlunaxapaa-Ilapda-Iluorra, nokazamm, 4ro
3HaueHHe R, B MaHHOM Clydae NEXHT B Tpeaenax
2-2.5 HM, 4TO OJIH3KO K 3HAYEHHIO 30HbI BEIXOJA HC-
THHHO BTOPHYHBIX 3JIEKTPOHOB AN Metamnos [14].
OTHM H ODBACHSETCS YBEIHYECHHE Omyy, HAYHHAS C
OTHOCHTETLHO HH3KAX /103 JIETHPOBAHHS.

Yro Kacaercs 0Xe-31eKTPOHOB, TO HX IyOHHA
BEIXOAa B obnmactu suepruit S0-100 3B cocrasnser
Beero numk 0.5—1 M. Benencrsue 3toro mpu He-
Gonmbmmax jg03ax HoroB O, B OXe-CmeKTpax oTcyT-
CTBYIOT THKH, XapakTepHbie s okucu Oapus. C
YBEIHYCHHEM 03kl 0DIyYeHHs MaKCHMyM pacrpe-
JIeNeHAA TIPAMECH CMEINAaeTcs K TOBEPXHOCTH, H
KOHIIEHTPALHs KHCIOPO/a, a COOTBETCTBEHHO H Be-
posTHOCTE oOpa3oBanus coeauHenus Ba-O B mo-
BEPXHOCTHBIX CJIOAX, YBeNIWYHBaioTcd. B obmactn
D=5x10"-10" cM” UpOMCXOAAT WHTEHCHBHEIR
POCT 3HAYEHHH Opey B AMIUMATYAB A NHKA B OXKe-
CHEKTpe; ¢ AalbHEHIIHM yBelHdeHHeM ) CKOpoCTb
pocTa Omax W A 3amennsercs, W B obnacta
D=~(5-8)x10"° cM? 3aBucHMOCTH Omax(DD) ®
A(D)umeror makcumym. IIps 3TOM oOneHo4Has
TONIIAHA OKHCHOH TJIEHKH COCTaBnger 5—6 MoHO-
cnoes. Takam 0oOpa3zoM, MOXKHO MOJarark, 4ToO CY-
IECTBEHHEIH POCT G IPH HMITaHTanHH woHoB O; B
o0pa3ikl, IernpoBaHHEIe DapueM, B OCHOBHOM 00y-
CIIOBIIEH 00pa30oBaHHEM HECKONLKHX CIOEB COEIH-
Henu# tana Ba-O unu Pd-Ba-0.

IV. 3axmouenue

Meronom crekTpockonan YOMD mnonydens
JIOCTOBEPHBIE CBefleHHs. 00 3SHEPrusX MEK30HHBIX
NEePeX0/I0B H IIa3MeHHbIX konebanuax Mo, Pd, Ba n
nasomnenkd Pd-Ba. Tlokasano, uro oOpasoBanue
XHMHYECKOH CBA3H Mexay aromamMn Ba u Pd

MPHBOJMT 3aMETHOMY YBEJIHYEHHIO KOHLEHTPALUHH
BQJICHTHBIX OSJIEKTPOHOB B HOHHO-JIEFTHPOBAHHOM
cloe, ClIeNOBATeNkHO, 3MHCCHOHHAS 3ddexTus-
HOCTb B ATHX CJIOAX YyBeNWuYHBaeTcs a0 3 pas
otHOcHTENEHO wrcToro Pd. B cnywae mmmnanTanun
uoHoB Ba' B Mo He wHabGmopaercs ofpasosanus
XHMHYECKOH CBA3W MexIy aroMamMu Ba @ Mo.
[Mosromy smuccHOHHAs 3¢ eKTHBHOCTE B HOHHO-
JIETHPOBAHHOM CIIO€ YBEITHYHBAETCS HE3HAYHTEILHO
(~1.3 pa3a) H yBeNIHYEHHE Opay 0OBACHAETCS B OC-
HOBHOM YMEHBIIECHHEM €.

B mponecce nocnesoBarenbHOH HMIJIAHTALAH
nonor Ba' u 0, ¢ Ey=0.5-1 k3B na nosepxnocrn Pd
(a Taxxke cninmasa Pd-Ba) dopmupyercs Torkuit cnoi
(6=5-6 momocnoer) oxcumos BaO u Pd-Ba-0, crue-

JIOBATENIBHO, 3HAYEHHE Opey YBEIHUHBAETCS 10
7-17.5.
Meraagauubie

Emission properties of Mo, Pd and Pd-Ba at
implantation of barium and oxygen ions

S.B. Donaev', B.E. Umirzakov'?, G.M. Shirinov', B.D.
Donaev’

'Tashkent State Technical University named by Islam Ka-
rimov, University str., 2, 100095, Tashkent, Uzbekistan
nstitute of lon-Plasma and Laser Technologies, Acade-
my of Sciences of the Republic of Uzbekistan, Durmon

Yuli str., 33, 100125, Tashkent, Uzbekistan
*Karshi Engineering-Economy Institute, Mustakillik str.,
225, 180100, Karshi, Uzbekistan

The effect of ton doping on the secondary emis-
sion characteristics of Mo, Pd and Pd-Ba alloy has
been investigated. It was found that as a result of dop-
ing with low-energy barium ions, an intermetallic
compound of the Pd-Ba type is formed in the near-
surface Pd layer. The formation of a chemical com-
pound between the substrate and the dopant contri-
butes to a significant (3 times) increase in the second-
ary electron emission (SEE) coefficient. It is found
that the samples of Pd and Pd-Ba after doping with a
large dose of Ba' ions have almost the same second-
ary emission parameters. Doping of Pd-Ba first with
barium ions, then with oxygen ions with the energies
of E¢<I keV leads to a significant increase in the sec-
ondary electron emission (SEE) coefficient. In the
case of implantation of Ba' ions in Mo, formation of a
chemical bond between the Ba and Mo atoms was not
observed. Therefore, the emission efficiency in the
ion-doped layer increases insignificantly (~1.3 times)

@AxaneMus Hayk PecnyGnuku Yabexucran, 2021 .
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and the increase in the maximum value of the second-
ary electron emission coefficient o, is explained by
a decrease in the work function eg.

Keywords: work function, SEE coefficient, Auger spectrum, ion
doping, Mo and Pd polverystals, Pd-Ba alloys.
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Bapuii Ba KHCI0POA HOHIAPHWHH UMILTAHTALNAS
kumnmaa Mo, Pd sa Pd-Ba uusr smmuccuon
XYCYCHATAapH

C.B. {onaes', B.E. Vunpiaxos', I'M. llupunos’,
B.JL llonaes’

'Hcaon Kapumos womunari TOIIKeHT JABJAT TeXHHKA
yHuBepcuTeTH, YHuBepcHTeT kyuacw, 2, 100095, Tom-
xeHT, Y3bexicron

*V&aii Apudhos romnnars Hon-naasua sa na3ep TeXHOMo-
rusapys HECTATY ™, JypMos itym xyuacs, 33, 100125,
Towxent, VaGexncron

*Kapim  MyXaHIucIHK-HKTHCOIMET uncuTy™H, Mycra-
KuHK Kyuacw, 225, 180100, Kapum, Vabexucron

Horm nermpmammwmar Mo, Pd Ba Pd-Ba
KOTHIIMANAPH HKKAJNAMYH 3MHCCHSA XYCYCHSTNIApHIa
TAaLCHPH  Vpramunge  AHAKIAHEINNYE,  KaM
SHepruand Oaphii HOHNAapH OMNaH Jerspnam
aarwxacuna Pd cupr xamnammpa Pd-Ba tunmaarm
uHTEpMeTANNAK OHpHkMa Xocun 6ynaxm. CyGerpar
Ba JOMAHT VYpracHaa KWMEBHH OHPHKMa XOCHN
OVIHImE AKKENAM4YH 3NeKTpoR MHccrs (MDD)
kosbhunEenTaENET cesnnapmu (3 Gapasapraua)
omwnmura onub kenanu. Pd sa Pd-Ba mamymanapu
Karra xo3ana Ba' womnapw Gunan nerwpnanranuaan
KeHHH Jedpnd OHp XBI HKKHIAMYR 3MHCCHS
napaMeTpiiapHra 3ra JKaHnmuTH aEmxiasge. Pd-Ba
HE aBpan Gapuii WoHNapH OWnaH, CYHIpa 3HEPrHICH
Es < 1 x3B Gynras xuciopox HWomnapw Omman
JIETHPIAHTaHAa HKKENaM4H 3J0€KTPOH  3MHCCHS
K0P DHIHEHTHHAAT CEe3UNapiy Japakaja OIHIIATa
onud xemags. Mo ra Ba  Honnaps Omnan
HMIOIAHTanHs Kanuerasga Ba sa Mo aromaaps
opacHaa KUMEBHH OOfMaHWIIHHHT XOcHN OVIHUIH
xysaranmaiyn  [llysuar yuye HOE nermpnasran
KaTnaMia OSMHCCHS CaMapajioplHrd  Ce3HIMac
Hapaxaga omand (~1.3 wMapra) Ba HKKHNAMYH
3NEKTPOH  3MHCCHS  KO3DPHUMEHTH  MakcHMman
KHHMATHHHHT Gy OIIHIIA 3COCAH YHKHIN HITHHHAT
e NacalrIe DHNAH H30XTaHaaH.

Kamrr cianap: suxum s W33 kosddwmprenmi.  oxe-

crickTp, oM derwpnam. Mo sa Pd noamxpucrannapm, Pd-Ba
KOTHIINACH.
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B pabore npeacTaRicHB PesyibTUTE MCCACHAOBUHHA CepHH  OOBEKTOB  JMEKTPHHECKIX
YCTPONRCTE M apXeoforuveckoro Hacaeawa wmeromom Heffrpommoli  panmorpadun  u
rosorpatus (anon BJT-10, ceeva maatranns, Kanoko, Apeakes xousuo, xamens). [lokasano,
4TO MeTon Helitponnoil pammorpadun n tomorpadim gocrosepro paboraer va ofpasuax,
WIFOTORMEHHBIX M3 pamniedsnx  Marepuanos  Hefirpouno-paamorpadmueckue w romorpa-
frveckune uecneposanns auoga BI-10 ganu npecrannesne o sEYTPEHHER CTPYKETYpe Ao
FRCUEPUMERTHI CO CHEHON 3ANUTAHNS TOIBOIMIN BLISBHTS TPHYHHL ero wencnpasnoct. Tlo
TOMOrpadWeckiM PEIYILTATAM KONOKONA, KONBIA M KAMHR BRIABNCHL HEOTHOPOIHEIE
VUacTRH BO BHYTpenHeM obneme smix obnextow. [lonywennsie peiyneTaTel NBASHOTCR
OCHORON JUT8 JANWHEAINNX HCCHeAOoBaHnil B OGUACTH APXEQNOrHYecKoro Hacnemis o
TEXHHYECKHX yeTpoiicTa 0coboro nazHaseHns

Kmnouensse ciona: seitrpon, Tosorpadive, paasorpadisn, seencorirenscusdl sacpusii peasrop, notox
TCIUTOMMIX M STIHTCIUIONA HeltrpoHOs, CLIMHTHIRATOP, VETPoicTso ¢ supwaosoil crasio (IT3C), pacces-
HHC, TIOTOMWICHIT, CCHOHID, WI0DpameHIe.

The paper presents the results of the study of a series of objects of electrical devices and arc-
haeological heritage by the method of neutron radiography and tomography (VL-10 diode,
spark plug, bell, ancient ring, stone). It is shown that the method of neutron radiography and
tomography reliably works on samples made of vanious materials. Neutron radiographic and
tomographic studies of the VL-10 diode gave an 1dea of the internal structure of the diode. Ex-
periments with spark plugs have revealed the causes of its faulty function According to the
tomographic results of the bell, nng and stone, the heterogeneous areas in the internal volume
of these objects were revealed The results obtained are the basis for further research in the
field of archaeological heritage and technical devices for special purposes.

Keywords: ncutron, tomography, radiography. research nuclear reactor, thermal and epithermal neutron
flux, scintillator, charge coupled device (CCD), seattering, absorption, cross section, image.
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- Iutheaucson ture. Non-destructive analysis allows you to detect

During operation, the technical condition of the defects and damage formed dunng the operation of
equipment, its elements deteriorate due to the forma- the equipment. There are various methods of non-
tion of various defects and destruction of their struc-  destructive analysis: ultrasonic radiography, flaw de-
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tection, magnetic particle flaw detection, eddy current
method, neutron radiography and tomography [1].

Neutron radiography and tomography makes it
possible to obtain complete information about the n-
temal structure of an object with a high resolution
from deep layers of the object under study due to the
electrical neutrality of the particle [2].

It is known that the neutron flux passing through
a substance 1s weakened as a result of absorption or
scattering of neutrons on the atomic nuclei of the me-
dium, and their intensity decreases along straight
paths. The attenuation of the neutron flux intensity by
the sample i1s described according to the Beer-
Lambert law [2].

In neutron radiography and tomography, thermal
and epithermal neutrons are mainly used, the main
role here 1s played by the absorption and scattering of
neutrons. Cold neutrons obtained after neutron mod-
eration with liquid deuterium are also used in neutron
radiography and tomography [3].

Taking into account the advantage of the non-
destructive research method, in recent years a large
number of experiments in biology [4-7], geophysics
[8-10], engineering [11-13], paleontology [14-17],
archeology [18-22], etc. In [23, 24], the possibilities
of neutron radiography and tomography for visualiz-
ing the presence of organic substances inside metals
are presented. The results of studying the internal
macrostructure of a gamet crystal in a matrix of mica,
mollusk shells, as well as visualization of a turbine
blade model are presented in [25, 26]. In [27], the
presence of fillings of the internal volumes of a gold
vessel and an encolpion cross made of copper-based
alloys was established.

Archaeological finds, pieces of glass from
around the 1st-2nd century AD and polychromatic
marble [28] were investigated using a neutron tomo-
graphy facility, areas with high neutron absorption
were discovered, and voids and defects in glass ma-
tenal were quantitatively analyzed [28].

The method of neutron radiography and tomo-
graphy 1s especially important in the study of cultural
heritage. Due to the need to study the internal struc-
ture, identify the presence of intemal defects and, in
many cases, find out the onginal figure, which may
be hidden due to the presence of rust, fossils of sub-
stances adhered to them (after therr manufacture),
formed over time.

Another important possibility of the method 1s to
study the intemal structure, the presence of intemal
defects in electrical installations, parts of electronic

@Academy of Sciences of Republic of Uzbekistan, 2021

equipment made of various materials to identify the
causes of their failure and optimize their production
technology.

Thus, the purpose of this work is to study the in-
temal structure, integrity and presence of defects in
archaeological objects found in Uzbekistan and elec-
trical devices at the neutron radiography and tomo-
graphy installation of the INP AS RUz

IL.  Objects of study and experimental tech-
nique

The objects of research are electrical devices and
archaeological finds. The VL-10 diode and car spark
plugs were chosen as electrical devices to visualize
their intemal structure and analyze the cause of their
malfunction. The intemal structure, homogeneity of
the following archaeological sites: bell, ceramic stone
and ancient ring will be investigated. The ornigin of
the archaeological finds probably dates back to the
ancient period, when the first urban planning activity
began in Bukhara. To date, in the Varakhsh massif of
the oasts, as a result of archaeological research, many
archaeological excavations have been discovered.
Among them there are more than 100 metal artifacts
of copper, bronze, silver and lead dating back to the
XI-XII centuries [29-31].

The studies were carried out on a neutron radio-
graphy and tomography unit installed on the fifth ho-
rizontal channel of the WWR-SM reactor of the INP
AN RUz with a neutron flux of ~9x10° neutrons/cm’s
and a resolution of ~ 280 um (L/d~600) [32]. In neu-
tron tomography, a controlled goniometer rotates the
sample 180 degrees during an experiment [32],

The 6L1F/Zn(Cd)S:Ag screen is used as a scintil-
lation detector to convert neutrons passing through
the sample mnto visible light with a wavelength of 380
nm to 760 nm. The highly reflective light emitted by
the scintillator using mirrors 200x280%3 mm 1s di-
rected into a ProLine PL0O9000 CCD camera [32].
The rotation step was 045° the total number of
measured projections was 401. The exposure time for
each position of the object was 3 s, and the final mea-
surements lasted 34 min.

The obtained experimental data were processed
with special software. Neutron radiographic images
were corrected for the background noise of the detec-
tor system, the contrast of all images was corrected,
normalized to the intensity of the incident neutron
beam, and the required area of radiographic images
was “cut out” using the ImageJ software package [33].
After processing the radiographic images with the
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Imagel program, the resulting cropped radiographic
images were processed with the SYRMEP Tomo
Project (STP) software [34] to create a 3D tomo-
graphic mmage from individual angular neutron pro-
jections using mathematical operations. SYRMEP
Tomo Project (STP) 15 designed with a clear distine-
tion between a graphical user interface and basic
functionality Depending on the experimental condi-
tions, various methods are proposed for reconstruct-
ing a three-dimensional image of the object under
study [35-38] For wvisual viewing, analysis and
processing of the obtained three-dimensional data, the
Avizo™ software package 1s used [39].

1. Experimental results and their discussion

As a result of neutron-radiographic and tomo-
graphic studies of the VL-10 diode, 1t was found that
the characteristics of the neutron radiography and to-

mography umt of the INP of the Academy of
Sciences of Uzbekistan make 1t possible to visualize
its internal structure. From the radiographic and to-
mographic data obtained below (Fig. 1), it can be
concluded that a diode consisting of an external flex-
ible terminal (1), a glass nsulator (2), an internal
flexible terminal (3), a housing (4), crystalline semi-
conductor silicon (5), bases (6) and pins (7) for fas-
tening to the radiator were visualized with good con-
trast, no damage was found It can be seen from the
tomographic images (Fig. 1) that each element of the
diode gives a separate contrast, and the connecting
solders also have a “kind” of contrast. From the radi-
ographic sections m Fig 1 it can be seen that the
semiconductor crystal attached to the diode anode has
a more "hazy" contrast compared to other elements
and the diode body.

Figure 1. Tomographic view and radhographic section of the diode. | - external flexible lead, 2 - glass insulator, 3 -
nternal flexible lead, 4 - case, 5 - semiconductor silicon crystal, 6 - base, 7 - stud for fastening to the heatsink

Pudomnn
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Figure 2. A visual comparison of the internal structure of a working and non-working spark plug. The arrows indicate

the conductive section in the center rod of the spark plug.
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On the installation of neutron radiography and
tomography, a three-dimensional image of the inter-
nal structure of a BRISK L15YCY automotive spark
plug was obtained. Experiments were carried out first
with a working spark plug, and then with a non-
working spark plug of the same brand. As a result of
processing, visual 3D images were obtained (Fig. 2).
Based on the results obtained, it was found that the
conductive sealant connecting the upper and lower
rods melted in an idle spark plug at "strong" heating.
The length of the molten portion of the conductive
sealant is approximately 3.7 mm. Based on the results
obtained, it can be concluded that in an moperative
spark plug, the malfunction 1s most likely due to
strong heating of the conductive material.

The archaeological site of the bell 1s mainly
composed of a copper compound. The bell has the
shape of a truncated cone with an elliptical base (Fig.
3 (a)). The bell surface is uneven and dark red. As a
result of processing the experimental data, it turned
out that the bell has an uneven thickness throughout
its volume. The tomographic images show (Fig. 3)
that on the lateral surfaces of the bell there are
thinned areas up to 2.55 cm high (Fig. 3b), 1.53 ecm
(Fig. 3c), 3.88 cm (Fig. 3d) and width up to 3.0lcm
(Fig3b), 124cm (Fig3c), 0.89cm (Fig.3d). This
thinning of the side surface of the bell can be caused
by corrosion from oxidation of the copper compound
in the bell matenal. Corrosion of metals is a normal
process, since archaeological finds are mainly found
in humid places underground, in the ground.

-

'f‘: °

2 . -t ‘ s

Figure 3. Photo (a) and radiography (b, ¢, d) of the bell.

The next object of cultural heritage research is
an ancient ring, consisting mainly of iron. on the sur-
face of which there is rust (Fig. 4). As a result of se-
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vere corrosion, the ring surface has deep cracks of 2.7
mm in size. The ring has a peculiar shape, consists of
an incomplete round shank and a cylindrical caste.
Approximately one fourth of the ring was “lost” as a
result of the collapse. Fig. 4 (b, d), it can be seen that
the ring of an unusual shape has an inhomogeneous
mternal structure, as evidenced by the area with a
darker reflection of the intemal structure of the ring
in the caste part. It can be assumed that the inhomo-
geneous intemal structure was formed as a result of
“incorrect” solidification of the substance forming 1t
upon cooling after the ring was cast. The dimensions
of this area are approximately: height 0.33 cm, width
0.69 cm. In the whole volume of the ring, no defects,
cracks or the presence of other metals were found.

[ )s

F
Photo

Tomography

Figure 4. Photo (a) and tomographic image (b) of the an-
cient ring.

The archaeological object made of "stone” has
an elliptical shape with an uneven white-yellow sur-
face and a hole in the center, which in ancient times
was most likely intended for household work. From
the radiographic and tomographic results, it can be
seen (Fig. 5) that the object has an inhomogeneous
shape throughout the entire volume. Visual tomo-
graphic images of the inner layers showed that an
area with a high neutron attenuation is located closer
to the outer surface of the stone, which may be asso-
ciated with a high content of elements with a large
neutron absorption cross section (B, Cd, L1, etc.). The
dimensions of this area of the stone are 0.50 cm long
and 0.53 cm wide. Tomographic images of the stone
have shown that it mainly consists of two areas. The
first area is the outer disk, which is rendered with
good contrast, and the inner area, which has darker
contrast. Since the stone is composed of different
elements and therefore neutrons are mainly atte-
nuated in the outer layers of the stone, and a small
amount of neutrons pass through the mnner layers of
the stone, and for this reason it is quite difficult to
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visualize the complete internal structure of the stone
with good contrast. Below 1s (Fig. 5) a visual repre-
sentation of the stone n various positions.

Figure 5. Photographic (a) and tomographic (b) images of
the stone in different positions

IV. Conclusion

The mternal structure of the VL-10 diode and
BRISK LI15YCY brand spark plugs was obtamned by
research on a neutron radiography and tomography
mnstallation. The obtamed radiographic and tomo-
graphic pictures show that each material of which the
VL-10 diode and the spark plug are composed gives a
kind of contrast, and from these pictures it is possible
to distinguish the matenals of which they are com-
posed.

Possible causes of malfunction of an moperative
spark plug are identified and a molten conductive
section of a malfunctioming spark plug with a size of
~3.7 mm 15 shown.

It was found that the ancient bell has an inhomo-
geneous mternal structure, that 1s, there are thinned
areas on the bell body with a width of up to 3.01 em
and a height of up to 3.88 cm. These areas are asso-
ciated with corrosion of the bell material, a picture of
the distribution of corroded areas in the volume of the
bell metal was obtaned.

In the inner structure of the ring, a region with a
high attenuation of neutrons was found, which mam-
fests itself in a darker contrast of this region. The dis-
covered inhomogeneous region 033 c¢m high and
0.69 em wide in the mner structure of the nng was
apparently formed as a result of improper solidifica-
tion of the nng after its casting; deep cracks of 2.7
mm mn size were found on the surface of the ring.

In the image of the stone, closer to the surface,
there 1s a section with dimensions of 0.5 cm in length
and 0.53 cm in width, which 1s caused by a high con-
tent of elements with a high degree of neutron attenu-
ation.

The studies camed out demonstrate the effec-
tiveness of using neutron radiography and tomogra-
phy to study the mntemnal structure of complex objects,
such as objects of cultural and historical heritage and
various electrical devices.
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DAEKTP KYPWIMAZAPUHH BE APXCOTOrHK MeEpoc-

Aapau weiTpon paanorpadmscu sa romorpadus-
CH YCyITH BRITAH WYKH TYIWIHIWHE VPrasum

M.IO. Towmeros', 5.C. I0mames', C.M. Aamsos'”,
H.B. Hemaron'

'Vabeumcton Gmciap Axaacmioici, Sapo dromkaci mcTiey T,
Mupso Yavebex tvmam, Yavrbex waxapwacw, Xvpocow |1,
}002!4. Towxenr, V16exmcTon

Mgt TaakHkoT aapo yiveepenTeri Mockaa My XarmHeTi
Ovesoka weTwry oo Toumenr duomians, 100214, Tomxesr,
Vabexucton

Maxkonana weitpon paamorpadmsce Ba TOMOrpa-
thusicn yeynu Ounan alipuM snekTp KypHAMAnap Ba
apxeonornk Tommnmatapan (BJI-10 pycymms amon,
§T onampHm cBEHAcH, KVHFHPOK, KAAHMIH Y3k,
Tom) Yprasmm marvmkanapw kentupuaran. Hefirpon
paxnorpadmacy sa tomorpaduscH yoynn épaamuia
TYPIH MaTEpRANNApRaH TaRepIanray HaMyHanap w-
KH TYIHTRIIAHA HOKOPH AHHKIAK OHNaH TAAKHK
KHITRID MyMKHHIRTH kypcarmran Tagkukornap #a-
riacacaaa BJI-10 pycymnn amoasnsr woKM TY3niIR-
WH XaKHA2 MABIYMOT QIHETAR. YT OIIUPHIN CBCYa-
ci Omnan FrKasuaran TAAKHKOTAAP YHHHT HOCOUTHK
cababnrapany anmKIamra WMKoH Gepan.

K¥HrupoK, KaauMri ysyk Ba TOUWHKHT ToMOrpadux
Harkanapn aca, ywby obneKTASPHMHT XammHia
ailpuM WYKCORNAp Ba KATWANWIH Typawka G¥nran
KHCMIAD MABRYTHIHAA kypearasw. OnuHray sari-
Kanap apxeonornK TOMHIMANAD B3 MAXCYC MaKcaid-
nap yuyH kKVUTEHHNAAMIaH TCXHHK KypiiaManap Ty-
INNHION COXACHAATH KeHHATH TAIKMKOTIEP Y9YH
acoc GYnH0 XH3MAT KRENAAH.

Kamrr cfviap: selirpon, ToMorpaius, paanorpadine, TaIixakor
PO PCAXTOPH, TCPMIK BA IMHTCPMIUT HCHTPOR OKIOMH, CLUH-
TomsTop, sapaum Sornasran xyproova (CCIL), comronm, sorw-
JTHIL, KECHM, TACEND,
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Ucnonb3osaHue UK cnekTpockonuu ons akcnpecc-aHanusa
NPOAYKTOB TEXHONONM4YeckKoro npouecca CMHTe3a MOHOCMNaHa

B.M. Potwreiin’, X.5. Awypos, P.X. Awypos

WHCTUTYT MOHHO-NNA3MEHHbIX U NasepHsix TexHonorui AH PYa, Mupso-YnyrGekckuii p-H, yn. [ypmon iynu, 33, 100125,

TawkenT, Yabekucran

Monyuena 04.11.2021,

* Corresponding author: e-mail Viadimir rotshteyn@gmail.com, Phone: +998 93 3844004

Onncana METOHMKA NPOBEAEHHA IKCIPECC-AHAINZA TPHITOKCHCIIIARA W TETPAITOKCHEHIAHA,
ABJIATOUIMXCH TIPOMEKYTOUHBIMH NPOXYKTAMI XHMHYECKHX Peakiuil, MpoTeKalommux B paMKax
CUITAHOBOI TEXHONMOIMH CHHTE3R nosukpucTainueckoro kpemuns, Jins Gopmuposanus me-
TOAHKH HCMOMB3OBAHE! AAHHBLIC MPEBAPHTEBHLIX HCCACIOBAHUI TPUITOKCHCHIIAHA W TETPa-
ITOKCHCHIIAHA, MONYYeHHLIE C MOMOMWLIO Xpomaro-macc-criektpomerpa MSD 5975C-GC
7890 A, HenocpeactsenHo peaiusauis KCNpece-aHanisa TPUITOKCHCHIARA H TeTPasToKCH-
cunana ocywectsnsnace Ha MK ®ypre-cnexrpomerpe Agilent Technologies Cary 640 Series
FTIR Spectrometer. ITpu stom konuuecrsenibii sxcnpecc-ananys, 6e3 HeobXoauMocTH Ha-
JIUYHA CTAHJAPTOR, NMPOMIBOIMICA HA OCHOBE TPAXYHPOBOMHOTO rpadinka, NOCTPOEBHHOTO ¢
HCIOIB3OBAHNEM COOTBETCTBYIOUIHX PEIYILTATOR XPOMATO-MACC-CHEKTPOMETPHHECKUX HC-
CHERoBaHNi,

Kimouennie ¢I0Ba: XpoMaTo-Mace-CriekTpOMETPH, HH(IPAKPACHAN CIIEKTPOCKOIMA, TPHITOKCHCHIAN,
TOTPASTOKCHCHITAH, TPALY HPOBOMHRI rpaduk.

The method of express-analysis of triethoxysilane and tetraethoxysilane, which are interme-
diate products of chemical reactions occurring in the framework of the silane technology for
the synthesis of polycrystalline silicon, is described. To form the method, we used the data of
preliminary studies of triethoxysilane and tetraethoxysilane obtained using a MSD 5975C-GC
7890A gas chromatography-mass spectrometer. The immediate implementation of the express-
analysis of triethoxysilane and tetraethoxysilane was carried out on an Agilent Technologies
Cary 640 Series FTIR Spectrometer. At the same time, quantitative express-analysis, without
the need of the presence of standards, was carried out on the basis of a calibration curve ob-
tained from the corresponding results of gas chromatography-mass spectrometric studies.

Keywords: chromatography-mass spectrometry, infrared spectroscopy, triethoxysilane, tetracthoxysi-
lane, calibration curve,

I. Beeaenue

Kprerannmaecknit  kpeMuuii  JOMHEHpYeT Ha
phiHke (hOTODNEKTPHHECKON HepreTuku 6e3 Kakux-
mbo npu3HAKoB WaMeHeHRH B Gmkaiimenm By rymem.
Onnako, rexnonorns GopMEPOBAHAS TPAAMUHOHHLIX
MOHOKPHCTAIUTAYECKUX KPEMHHEBBIX COIHEYHRIX e~
€K Ha OCHOBE MOIOKKH N-THTIA CHIILHO YCIOKHEHA

DOI: https//doi.org/10.52304/ v2313.267

BLICOKOTEMIEPATYPHEIME (D QY3HOHHLIME  pOLEC-
camu [1]. Pan permenuit, HanpariennsIX Ha yrpome-
HHE TEXHOIOrHYECKOro INpouecca, yBenuucHue 3¢-
(eXTHBHOCTH SMeeK, 4 TAKKE CHHKEHHE CeBecTOMMO-
CTH, MpEAIaraer TEeXHONOIHS TeTePONePeXOMHEIX
KpeMaueBkx conaeunkerx sueek (SHJ) [2]. Pexopa
spdexrusnocrn SHJ sueex cocrammaer 26.6% [3].

Vol.23, No.3, pp.70-77, 2021



Wcnonsaosarue MK CnexTpockonuv ANs 3KCNPECC-HANKIa NPoAYKTOR CHHTE3a MOHOCUNaHa 71

Taxme, oun umeloT Iywmme noxasareny kosdduun-
CHTA 3AN0IHCHHS B TEPMAMECKOro koaddurumrenta no
CPABHCHHIO C TPAIHIHOHHBIME KPEMHHEBEIMA AWei-
xami [4] Texmonornyecknit npouece GopMHPOBAHHS
SHJ sueex cOCTORT H3 YCHICHHOMO TUTA3MOR XHMHYE-
cxoro (CVD) u dmsmmeckoro (PVD) ocamaerns napa,
KOTOPHIE 3AMCHFIOT BRICOKOTeMNEpaTypasie anddy-
anonnke npoueccsl 5] B nammoit Texsonorws oc-
HOBHKIM PCArcRTOM siserca Momocknan [6] bec-
XNOPHAA TEXHOAOTHA CHHTC3A MOHOCHIAHA ABIACTCH
nepcrexkTHBROA Texnonorued [7-9] m npeanmonaraer
NPOTEKAHKE UENOr0 PRAA XAMHUECKHX peakiai, oi-
HAMH 13 OCHORHEIX TIPOMEKYTOSHLIX NMPOAYKTOR KO-
TopeX sBamores Tpustokcucunan (TES) n rerpa-
srokcucunan (TEOS).

KauecTBo # KONHYECTBO NPOAYKTOB, CHHTEIH-
PYEMEIX B STHX XHMHYECKHX PCAKIHAX, BO MHOIOM
ONPEACNIKIOT NONYYEHHE KAYCCTBCHHOND KOHEYHOID
NPOAYKTA BCErO TEXHOMOIMYECKOro npouecca B cra-
W C ITHM OMEBHIHE HEOOXOAMMOCTL KOHTpONS 3a
STHMH OPOJIYKTAME B PEAThHOM BPEMEHW, HTOOM
obecne nTh BOSMOAHOCTE CBOCBPEMCHHON KOPPEKTH-
POBKH NAPAMETPOB TEXHOIOMHYECKOTO NPONecca, NpH
HEOBXOMMOCTH HX ONTHMHIAIHN HEMOCPEACTRERHO B
XOJI€ CAMOT0 TEXHONOMAYECKOro nmpouecea

Taxoft KOHTPONEL AOMAEH OCYUIECTRINTRCA B pe-
FUME IKCITPECC-AHANAZA, KOTAA TPOMEKYTOK BPCMCHH
¢ MOMeHTa 0T0opa NPoGK! 10 MOMEHTE MONYHCHRS pe-
3ynLTaToB anwiH3a ManaManeH. [pa atom, Gesycnos-
HO, JIOVDKHE 00SCTICUHBATECH JOCTOBEPHOCTE W Kage-
CTBO HOMYYACMLIX B PCAMUME IKCHPECC-GHATH3A 1aH-
HBIX

L. Meroas uecnerosanus

JUta yenemsoro petenns 3o 3a1a98 HaMH ue-
NOITBIOBAHE AHATHTHYECKRE BO3MOKHOCTH XPOMATO-
mace-cnexrpomerpa dupmu Agilent MSD 5975C-GC
7890A (MSD-GC) u HK ®ypse-cnextpomerpa
Agilent Technologies Cary 640 Series FTIR
Spectrometer (MK cnextpomerp), peanniosanubie 8
npouecce KoMmexcHuX wecneposannit TES w TEOS.

Cneayer orMerdts, w0 cnocof onpejeneHus
KOMHYECTHEHHONO CONCPAMAHMT KOMIIONEHTOR B CMECH
HA OCHOBE HHTCHCHBHOCTH NONOC CHCKTPOB KOMOHHa-
UHOHHOIO PECCEAHHA  HCCNCAYEMBIX KOMIIOHCHTOB,
Oe3 HeOOXOMIMOCTH HCTONBIOBAHMS CTAHAAPTHEX
pacTBopos, npeioxes 8 [10]

B [10] orHowen#e KOHIEHTPALHE KakIOIO He-
KOMOTO KOMIOHEHTA K KOHUCHTPALHKE 6a3080r0 /-0r0

KOMIOHEHTA CMECH BLINHCIINETCH C HCHONLIOBAHMENM
CHEYIOMIETO BLIPAKEHAR

G Loy, M

Cl I ! Un u'l
rae (7 — KOHUEHTPAIIHA WCKOMOrO KOMIIOHEHTa (1 =
1...N, a N coorsercrayer ofueMy uucity KOMIOBEH-
ToB cMmecH), C, — KOHUEHTPaUHE BA0BOrO 00 KOM-
nonenta emecw (/= 1. N, a N coorsercrayer obmemy
HHCY KOMOOHEHTOR CMCCH), npH yonosus n £ 1, [, —
HHTEHCHBHOCTL TON0C KOMOHHALMOHHOND PaccesHis
1-0T0 HCCHIEAYCMOro KOMIONEenTa cMecH, /, — mnres-
CHBHOCTH MONOC KOMOWHAIMORAOrO paccesnus Gaso-
BOTO 1-00 KOMUOHEHTA CMecH (KaK MpaBuno, HHTEH-
CHBHOCTL TIONOCKH KOMDHHAUMOHHOTO paccesnns 10~
MHHHPYIOIIETO KOMIIOHEHTA), G, M O, — COOTBETCT-
BYIOIHE CEHCHHA NONOC KOMOMHBIMOHHOID pacces-
HHS M-I M [-I'0 KOMIIOHEHTOR, |, H |, — COOTBETCT-
BYIOIIHE MONCKYISPHLIE MACChl H-TO W -T0 KOMTO-
HCHTOR.

ARQTHINPYA NPEANAraeMbiil Crnocod nposeicH#us
KOMHYECTBEHHOND HHANN3A, MOKHO CACNATH BEIBOML,
qTO O, GE3yCHOBRO, MOKET DT YCIEIHO TPHMEHER
JUIS QHATH3IA NPOCTHIX CMECeH, COCTOMUIMX H3 ABYX
KOMIIOHERTOR.

[lpi GonsuwoOM KOMHYECTBE BEHIECTB, COCTAR-
AAOUHX HCCNEAYEMYI) CMECh, NS NPOBEACHHS KOp-
PEKTHOMD  KOMHYECTBEHHOND @HATH3a HeoOXomMMo
YUHTHIBATH B PACYCTAX HE TONBKO HHTEHCHBHOCTE 110-
70C KOMOHHAUHOHHOTO PACCETHHA DA30BOI0 AOMHHH-
PYIOIIEr0 XOMIIOHEHTA, WO H BKIML B (hopMEpORaHHE
CHEKTPA KOMOMHAIMOHHOID PACCCRHHA  ADCOMOTHO
BCEX OCTANLHLIX KOMIOHEHTOB CMECH C COOTBETCTRY-
IOHAMH HM CCHCHHAMH NONOC KOMOHHAUWOHHOID
PACCESHHR W MOJICKY/INPHBIMH  MACCAMM,  9TO
UPEACTABIRETCA BECHMA 3ATPYAHHTENLHOA B TPYIHO
BEIMOTHUMON 33J189¢H.

L IKcnepuMeHTAILHAR HACTE W PE3YILTATH!

Hcnonb3ays METoNl XpOMATO-MACC-CHEKTPOMET-
PHH, C TNOMOMLIO XPOMATO-MACC~CIEKTPOMETPA
MSD-GC namu OuutH NPEABAPHTENRHO HCCACAOBA-
HEt gee rpynmu no 10 ofpasuos kakpas, cogepwa-
ue coorsercreenno TES n TEOS.

TMonyueHHME PEIYNBTaThl HCCHCAOBAHKH  CO-
JACPIKAHHA COOTBETCTRYIOUWHX MPOAYKTOB B 00pa3uax
TIPEACTARITEHB B TAOIHIIE,

SAKanemus Hayk PecnyBnusm Yabexuaraw, 20211
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Tabnauua. PesynbtaTel KoNMYecTBeHHOro aHanusa oOpasuos, copepxawnx TES u TEOS, nonyuennsie ¢ HCnons308a-

uuem MSD-GC cnexktpomerpa.

I % conepxanue npoaykra B obpasue
TES' 317 1352, 7375 393 11432 + 448 484 51:211151:8 54.9
TEOS 85 9.6 10.1 11.2 124 184 228 286 305 31.6

KauecTBeHHBIH W KONMHYECTBEHHBIH aHATA3 C HC-
none3oBanneM MSD-GC npeacrasnsier coboii cinox-
HBIH, JIOPOrOCTOSIIHH W BPEMA3aTPaTHLIA TpoIece,
NPAaKTAYECKA HEBO3MOKHO HCIONL30BATH €ro B Kade-
CTBE 3IKCHpECC-aHaNnu3d, B TOM YHCIE W JUls PeLIeHHs
Hauewn 3ana4qu. B cBA3M ¢ 3THM, IS NPOBEJICHHS KOP-
PEKTHBIX KOIMYECTBEHHBIX MCCIEI0BaHAN MHOIOKOM-
MOHEHTHBIX CMeced, 0e3 HeoDXOIMMOCTH MCIONb30-
BaHHS CTAHJAPTHHIX PACTBOPOB, HaMH paspaboTaHa
OpHIMHANbLHAS METOAMKA TMPOBEIEHHS 3KCIpecc-
aHanmM3a Takax cmecedt ¢ nomowmsio UK crektpomer-
pa, B 3HAYATENLHONW CTENEHH JIMIMIEHHOTO YKa3aHHBIX
HEJIOCTATKOB mpomecca aHanu3a, [Ipu 3ToM pe3ynsTa-
THI MCCIIENIOBAHAH, TTONYYeHHEIe ¢ moMoukilo MSD-
GC, HCnonb3ylOTCs B COYETAHHH C JaHHBLIMH HCCIe-
noeaaui TES u TEOS, mony4eHHBIME ¢ TTOMOLIBIO
WK cnexktpoMerpa, NMpH NMOCTPOEHHH COOTBETCTBYIO-
IAX TPAIYHPOBOYHEIX TPAGUKOB JUIA KOMHYECTBEH-
HOTO aHATH3a HCCIIEAYEeMbIX BEIIECTB.

Cama mpomnenypa MpOBEJCHHS TAKOTO 3KCIpecc-
aHanH3a MOXKeT ObITH OMHCaHA CIEAYIOIEeH MOCIexo-
BaTe/IbHOCTBIO ACHCTBHIA:

— TPOBOAWTCA aHANA3 00pa3sLoB € MNOMOLILIO
MSD-GC, kak OMHCaHO BRIIE, JAFOIMNA KOMAYECT-
BEHHLIE JIaHHKIE 110 OTPEJIENIEMOMY BEIECTBY,

— TPOBOJMTCA AHANHM3 3THX 00pa3ioB ¢ MOMO-
upio UK-cnexkrpomerpa. Onpenensioress wHTEpaib-
HEIE HHTEHCHBHOCTH NHKOB cooTBercTByrommx WK
CIEKTPOB, OTBEYAKOIIAX 3a MPHUCYTCTBHE JMAHHOIO Be-
11ecTBa B 00pasile;

— nomyuenneie U3 UK cnexktpos ganHbe comoc-
TaBJAIOTCS € COOTBETCTBYIOIMHMHE KOITHYECTBEHHBLIMH
JaHHbIMHA, NOTYYeHHBIMEA ¢ moMomso MSD-GC,

— HA OCHOBAHHH TONYYEHHBIX 3KCIIEPHMEHTATb-
HBIX JaHHBIX CTPOMTCA IPAaayHMPOBOYHEIH IpadHk,
MO3BONSAIOMMAHA NPOBEIEHNE Kcnpecc-aHannsa obpas-
OB Ha KOJMYECTBEHHOE coaepikanne Merogom WK
CIEKTPOCKONHWH, 0e3 JanbHEeHIIero HWCNoibL30BaHHSA,
KaK y¥e OTMEYaNoch, CIOXHOrO, AOPOTOCTOSAINETO H
BPEMA3ATPATHOTO XPOMAaTO-MACC-CIEKTPANbHOIO Me-
Toza ¢ momomko MSD-GC.

Kak ussectno, UK cnexrpomerp npeanazHauen

©Axkaniemus Hayk Pecnybnuku Ysbekucran, 2021 1.

JUIS WAeHTH(DHUKALAY, KaYEeCTREHHOTO H KOIHYECTBEH-
HOr0 aHajli3a HEeHW3BECTHLIX MarepHaloB, onpejesne-
HHAS (QYHKIHOHATLHBIX TPYMIT B OPraHHYECKHX H He-
OpPraHHYeCcKHX BEIIECTBAX, KOJIHYECTBEHHOIO Onpeje-
NeHHs KOMIIOHEHTOB B pPaslIMYHLIX CMECHX, IS pac-
WHGPOBKH CTPYKTYphl KpucTamioB. CrekrpanbHbii
nmanason mprGopa cocrasnser 7900-375 e ¢ on-
THYECKHM CTIEKTPANBHLIM paspemennem <0.25 cM ™.

[TpuBnHNEaTLHAS BO3MOXKHOCTE HCMONL30BAHHS
UK cnekTpoB ans IMArHOCTHKH KHIKOCTEH 3dKIodYa-
ercsi B BLICOKOH YYBCTBHTEILHOCTH KOIIMYECTBEHHBIX
MapaMeTpoOB CNEKTPATBLHLIX IMONOC COOTBETCTBYIOLIMX
UK criekTpoB k THITY H KOHLEHTPALHH PACTBOPEHHKLIX
BEIIECTB B XHIKOH cpejie.

B kauecTBe moanexamux ucciegoBanuio Ha UK
crieKTpoMeTpe 00pasuoB, HaMH OBITH HCIIONBE30BAHED
obpasusl TES, nccnenosanubie pasee na MSD-GC
(cm. Tabmay).

Jns npumepa Ha puc. | npeacrasnen UK cnexrp
obpa3ma, comepikaluero COTNAcHO Pe3yJTAaTaM Xpo-
Mato-Macc-crnekTpansHoro ananu3sa 31.7% TES.

Pacmm(poBka OCHOBHEIX XapaKTEPHCTHYECKHX
nonoc konebareNbHBIX CHEKTPOB HCCIeayeMbiX 00-
PA3IoB, IOCTATOYHO YCITEITHO peanusyercs Grarogaps
3HAYHTENLHOMY KONHYECTBY 3KCIEPHMEHTAIBHEIX pa-
60T, TMOCBAMEHHBIX ONpPENENEHHI0 XaPaKTepHCTHYE-
CKHX MOJIOC OPraHAYecKux coequaennd [11-16].

Hmxe npueenena pacumgpoeka OCHOBHEIX Xa-
pakTepucTHYecknx nonoc nomydenHoro UK cnekrpa
obpazna:

— momockl ¢ MakcEMyMamm v = 2975 oM,
2929 cm' u 2889 com! COOTBETCTBYIOT BalEHTHEIM
konebanusm C-H rpymm;

— TONOCa ¢ MAKCHMYMOM Vv = 2255 cM ' cooTser-
cryer aedopmanuonubvM Konebanusm Si-H rpynmn;

— TIOJIOCa ¢ MaKCHMyMOM v = 559 cM ' cooTBer-
CTBYeT BalleHTHLIM konebanusm Si-H rpymm;

— 1OJIOCa ¢ MAKCHMYMOM V = 733 cM ' cooTBer-
crByer jgedopmaunonHeM  koneGanusm  Si-O-Si
rpymi,

- monoca ¢ MakcuMyMoM v = 922 cM ' cooTser-
cTByeT BaleHTHBIM Konebanusm Si-OH rpymm.
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Pucynox 1. UK cnektp ofpa3sua, coepikaiiero, CoriacHo pesyibTaTaM XpOMAaTO-Macc-CleKTpankHoro anannsa, 31,7%

TES.

VuurhiBas JaHHBIC 3KCTIEPUMEHTAIEHRIX PE3yIlb-
TatoB, mpuBeAeHHBIX B [11-16], mMomuo mpeamomno-
HTh, 9TO OTBETCTBEHHEIMH 3a TIpHCyTcTBHE TES B
uccneayeMoM obpasue SBISIOTCS CHEKTPATBHBIE TO-
nocsl B auanaszonax 400—-1000 em™ u 2100-2400 CM",
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a IMEHHO, MONOCkl ¢ MAKCHMyMamu v = 559 cu"', v=
733 M, v=922 e mv=2255cm .

UK crextp o6pasna, coepkariero, CoriacHo pe-
3yNbLTATAM  XPOMATO-MacC-CHeKTPATLHOTO — AHAN3a,
54.9% TES, npencrasneH Ha puc. 2.
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Pucynok 2. UK cnektp o6pa3ua, comepskaiiero, COrJIaCHO pe3ylbTataM XpOMaTo-Macc-CreKTpanbHoro anannsa, 54.9%

TES.

PacmugpoBka OCHOBHBIX XapaKTEPUCTHYECKHX
nonoc monydernoro UK crexrpa aroro obpasua cie-
AYIOTIIAs:

— TMOJIOCH C MakcumyMamu v = 2975 em ', 2929
eM ' v =2889 cM ' COOTBETCTBYIOT BANEHTHBIM KO-
nebanusm C-H rpynm;

— moNoca ¢ MakCHMyMoM v = 2256 cm ' cooTeeT-
creyer gedopManroHHEIM KonebanusM Si-H rpymm;

— TIONOCa C MakCHMYMOM vV = 559 em™! coorser-

CTByeT BalleHTHBIM konebarusm Si-H rpymnm;

— monoca ¢ MakCHMYMOM v = 737 cM™ cooTBer-
creyer jaedopmaumonHEM  konebaHmsM - Si-O-Si
rpymi,

— 1ojioca ¢ MakCHMyMoM v = 926 oM coorBer-
cTByer BaneHTHbIM Konebarusm Si-OH rpynm.

Cpaenureneraeii asamaz MK crextpos, mpex-
CTaBAEHHBIX Ha pAC. | ¥ puc. 2, HOATBEepPKAAeT Halle
TIPEAIIONIOKEHHE O TOM, YTO OTBETCTBEHHBIMH 22 ITPH-
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cyrcreue TES B mccnegyemoM ofpasue sBnsiorcs
CeKTpansHbIE TONockl B auanasonax 400—1000 cm™
1 2100-2400 eM™".

UK cmextp obpasma, comeparmero, cCOrnaceHo
pe3ynbTaTaM XpOMAar0-Macc-CHeKTPANBHOI0 aHallH3a,
549% TES, neMOHCTpHpYeT COOTBETCTBYIOIIEE
YBENIHYEHHE WHTEHCUBHOCTEH CHEKTPAILHBLIX MONOC B
mmanasomax 400-1000 oM™ w 2100-2400 cm™
OTHOCHTEJILHO HHTEHCHBHOCTEH aHATOTHYHBIX
cnektpaneHblx  monoc WK cnektpa  ofpasua,
COZIEPKANIEro, COITIACHO PE3yNIbTaTaM XpPOMaTO-Mace-
CrieKTpanbHOro anammsa, 31.7% TES.

IIpr 3TOM YacTOTHI MAKCHMYMOB CHEKTPaIbHBIX
komnonerToB UK cnekTpos, npejcraBneHHbIX Ha pHC.
1 1 puc. 2, JEMOHCTPHPYIOT NPAKTHYECKH MTOCTOSHHOE
HOJIOKEHHE [TIABHAIX MONIOC /UTS KakIO0ro THIA Crek-
TPa, HE MEHAIOMIEECH ITPH YBETHYECHHH KOHIEHTPALHH
TES. U3 sT0oro MOXHO HPEANOIOKHTh, YTO H3MEHe-
Hue xkoHuentpauun TES B 0o0pa3zuax He npuBoauT K
CYIIECTBEHHOMY W3MEHEHHIO THIIOB MOJIEKYJI, 4 H3Me-
HAET JIANIL KONAYECTBEHHOE paclpeieNeHue JOIH
MOJEKYl, OTHOCALMXCA K TOH HIIH HHOH rpymme.

Jna peanmsanmu  BO3MOXHOCTH —TIPOBEACHHS
KOITMYECTBEHHOr0 aHamW3a cojepxkanus TES B
pEeXHME 3KCIpecc-aHam3a ¢ HCnonb3opanneM MK-
CHEKTPOMETPA HAMH HA OCHOBAHHH IONyYeHHBIX
IKCIIEPHMEHTANBHEIX JAHHKIX TTOCTPOEH COOTBETCT-
BYIOIHH TIpajyWpoBouHEii rpadpuk. B npouecce
00paboTKH 9KCIIEPHMEHTAIBHBIX PE3yNLTaToB, JUIS
HCKIMOYEHHs no0oYHBIX (DAKTOPOB, HHTerpanbHas
unTeHcHBHOCTE nonoc Si-H (fgy), Si-O-Si (Isiosi) #
Si-OH (Jsion) B Ananazone 400-1000 v~ w Si-H (Jsin)

0.074
0.06-
0.05

0.04+

Absorbance

0.034

0.02-

0.014

nonocsl B auanasone 2100-2400 cM™ HopmmEpoBanH
HA CYMMapHYIO HHTEHCHBHOCTE oIoc
(IsurtIsiositIsiontlcn) B nuanasome 400-3200 oM™
[Tomyvenrnas 3aBHCHMOCTE OTHOIICHHS HHTErPATBLHBIX
unrencuBHocTelt  ([sitlsiositlsion)/ (st IsiositIsiont
Icy) or xouuentpammn TES B obpasuax, mpencras-
TMeHHas Ha pHC. 3 B 0OBEMHBIX MPOLEHTAX,
IPOAEMOHCTPHPOBANIA BBICOKYIO TOYHOCTH AIIPOK-
CHMalHA NHHeHHBIMA GyHKUaIMEA (Lsurtfsiositsion)/
(Ismtlsositlsiontlen) ot xonuenrpaumn TES B
obpasuax. TouHOCTH ONpefeNeHHs KOHLIEHTPALHK
TES ¢ ncrnons3oBaHWeM JaHHONO METOAA MO COOT-
HOWEHHI % = ((Mreop-Mupacr)/Mieop)x100% cocra-
suna 0.4%.

@ - lstlsiositlsion(sintlsio-sitlsiontlcn) |
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Pucynox 4. UK criexTp ofpasua, conepxainero, cornacHo pesyibTaTaM XpoMaTo-Macc-CleKTPaTsHOro anamaa, 8,54%

TEOS.
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75

Amnanornunsle HecenegoBanus ¢ nmomomsio WK
ciexTpomerpa Obimi mpoBegensl wis 10 obpasuos,
copepxammux TEOS (cm. tabmuany). [Ins npamepa Ha
puc. 4 npexpcrapien MK cmexrp obpazua,
cozepikamero MO pesylkTaraM  XpoMaro-Macc-
crniekTpansHoro ananu3a 8.54% TEOS.

Pacmmpposka OCHOBHBIX XapaKTePHCTHYECKHX
nonoc nomy4ennoro UK cnekrpa oOpazua umeer Bux:

— MONOChI ¢ MaKCAMYMaMi v = 2977 em ', v =
2931 cm 'mv=289% cm ' COOTBETCTBYIOT BAIEHTHEIM
konebarnsam C-H rpymr,

— monoca ¢ MakcuMyMoM v = 1403 e coor-
BercTBYeT JehopmaumoHHbiM  koneDanmsm C-H
rpymni;

— nonoca ¢ MakcHMyMoM v = 1156 cm ™' coot-
BETCTBYeT KOMOHMHauuu jaed)OpMalHOHHBIX Koneda-
unii C-H rpynn u BanenTHeIX konebauuit C-O rpynm;

— monoca ¢ MakcHMyMoM v = 980 cv ' cooTser-
cTBYeT KoMOWHAmWH jgedopMauMOHHEIX Konebanwmit
Si-H rpynn u BanenTHeix konebanuit Si-OH rpynm;

— monoca ¢ MakcuMyMoM v = 495 on ' cooTBer-
CTBYeT BaneHTHLIM konebanusm Si-OH rpymm.

VuuThIBasA MaHHEIE SKCIEPHMEHTANBHEIX pe-
ZyNLTATOB, NpuBeneHHsle B [11-16], MoxnO npeano-
JIOXKHTh, UTO OTBETCTBEHHEIMHE 3a npucytcTeHe TEOS
B HCCNeyeMoM obpasiie SBISIOTCH CHEKTPAIbHEIE M0~
nocei B guanazone 4001100 CM", da HMEHHO, MOJIOCKHI
¢ makcaMyMama v =980 cM ' 1 v =495 cm .

UK cnexTp obpa3ma, comepkammero 1mo pesyiib-
TaTaM XpOMAaTo-Macc-CHEKTPaNLHOro aHanuza, 31.6%
TEOS, npejcrasnen Ha puc. 5.

=
© -
0051 Bg
004 ) g
|
£ 00 }\
Ey
H !
{ 0.0
0014
J
sl \
0 ) 7 ) e 90
Vavenumber

Pucynok 5. UK cnextp obpasua ¢ 31.6% TEOS (nannsie
XPOMAaTO-MaCC-CITeKTPAILHOTO AHATH3A).

PacmmdpoBka OCHOBHEIX XapaKTEPHCTHYECKHX
nonoc UK cnexrpa sroro obpasua aasa HAKe:
— MOJNIOCKl ¢ MakCHMyMamu v = 2976 M, v =

2927 cm ' mv=2893 cm COOTBETCTBYIOT BA/IEHTHBIM
konebaruam C-H rpymm;

— nnnoca ¢ MakcaMyMoM v = 1403 cM ™' cootser-
cTByeT aeopmauronnsM konebanasm C-H rpymm,

— nonoca ¢ MakcaMyMoM v = 1154 cM™' coorser-
creyer koMOwHamuH JgedOpMANHOHHBIX KonebaHmi
C-H rpynn u BanenTHbIX Konedanui C-O rpynm;

— monoca ¢ MakcuMyMoMm v = 980 em ! coorser-
crByer KoMOMHaumu aed)OpMALMOHHBEIX Kojebanwii
Si-H rpynn u BanenTHEIX konebanwi Si-OH rpynm;

— monoca ¢ MakcHMyMoM v = 494 cm ' cooTser-
CTBYeT BaneHTHBIM konebarnam Si-OH rpynm.

Cpasuuteneusiit ananu3 WK cnektpos, npea-
CTaBNEHHLIX HA pHC. 4 W pPHC. 5, NOATBEPXKAAET HALIE
TNPENONOKEHHE O TOM, HTO OTBETCTBEHHKIMH 33 IPH-
cyrcreue TEOS B mccneayemom obpasue ssisiorcs
CreKTpaIbHbIE MONOCK B auanazone 400—1100 cv™.

UK cnextp obpa3sua, copepikauiero no pesyib-
Taram XpoMaro-macc-cneKkTpanbHoro anamusa 31.6%
TEOS, neMOHCTpHpYeT CyLIECTBEHHOE yBEIHYEHHE
MHTEHCHBHOCTEH CMEKTPANLHLIX NMONOC B JAHANA30HE
400~1100 cmM™' OTHOCHTENHLHO WHTEHCHBHOCTEH CO-
OTBETCTBYIONMX criekTpansabx momoc UK cnexrpa
obpazua, coaepKalero Mo pesyibTaTaM XpOMaTo-
Macc-cnekTpansHoro ananusa 8.54% TEOS.

Kak u B pesynwrare wccnenosanus TES, ua-
OmonaeTcs TPAKTHIECKH TOCTOSHHOE MOJOKCHHE
ITIaBHEIX TONOC I8 KaX/AOro THIA CIEKTpa, He Me-
HSIOmEecs TPH yBelMWdeHWH koHuertpammu TEOS,
YTO MPEANOoNaraeT JTHIlL H3MEHEHHE KOMUYECTBEHHO-
rO pachpejieNneHnusi TOH MOJEKYN, OTHOCAUIHXCH K
TOH, HITH WHOH rpyiie, NpH W3MEeHEHHWH KOHIEeHTpa-
man TEOS B obpa3znax.

Kpome Toro, kak m ns ciyuas MCCIeI0BaHUs
TES, mapsay ¢ KauecTBEHHBIM aHAIH30M, MyTEM CO-
TIOCTABNICHHA HWHTErpPATLHLIX HHTEHCHBHOCTEH CHek-
TPATBHEIX TOJNOC, OTBETCTBEHHBIX 33 TIPHCYTCTRHE
TEOS, moxer ObITh NpPOBEAEH KONHYECTBEHHBIH
anamz TEOS B uccnexyemom obpasue.

Jlna peanusauny BO3MOKHOCTH KOHYECTBEHHO-
ro ananusa cofepkanus TEOS B pexume akcnpecc-
aHanu3a ¢ ucrnons3oBanneMm UK cnekrpomerpa Hamu
HA OCHOBAHMH [OJYY€HHBIX 3KCHEPHMEHTATLHBIX
JIAFHEBIX TTOCTPOEH COOTBETCTBVIOMIWH TPAIYAPOBOY-
HBI rpaduk.

B nponecce 006paboTku 3KCnEpHMEHTANBHBIX
PE3yJbLTATOB, IS HCKIOYEeHHA MOOOUHBIX (akTopoB,
MHTEerpanbHas WHTeHCcHBHOCTE nonoc Si-H (/siy) u Si-
OH (Ision) B mmanazone 400-1000 cm ' u Si-H (Zsin)
nonockr B auanazone 2100-2400 cM ' mopMmporamm
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Ha CYMMApHYIO HHTEHCHBHOCTH ToNoC
(UsurtIssoirH-cntlco) B8 mmanazore 400-3200 CM_l X
lMonyuenHas 3aBHCHMOCTL OTHOLICHHA HHTE-
rPaILHBIX HHTCHCHBHOCTCH (UsirHsion)
(lsiptIsion+lartlco) or xormentpaurn TEOS B 06-
pasuax, NpeiCTaBIeHAas Ha paC. 6 B 00BEMHRIX IPO-
HEHTaxX, MNPOAEMOHCTPHPOBANa BHICOKYH TOYHOCTH
aNMpPOKCHMAINH THHEHHLIMEA HYHKIHAME.
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Purcynox 6. 3aBHCHMOCTE OTHONICHNS HHTErPANbHEIX HE-
TEHCHBHOCTEH

Tousocrs onpepenenns xonuerTpamsr [EOS c
HCTTONB30BAaHACM JaHHOFO METOHa, ONpefesseMas
KaK % = ((Micop-Mapess)/Mieop)x100% cocrasana
0.5%.

IV. 3akmouenne

B pesynsrare Orn pa3paboTaH YYBCTBHTCILHEIH
H OPOCTOH METOJ]l NPOBEJeHHsS KOIWYeCTBEHHOTO 3KC-
npecc-aganuza TES # TEOS ¢ nomommio UK crek-
TpoMETpa 0€3 HCNONE30BaHWA CTaHAAPTHEIX PacTBo-
POB.

Henonesyemsii s peanmssauns Meroga HK
CTIEKTpOMETp ODecredHBaeT BRICOKYIO HYBCTBHTENh-
HOCTL, HH3KHH npejen oOHApYXKeHHs H IHPOKHH JTH-
HEHHBIH JHana3oH TPOBOXHMMBIX W3MepeHud [Ipm
3TOM TOYHOCTH ONpefeneHHs KoHnedTpaunr T[ES u
TEOS ¢ mcnons30BaHAEeM JaHHOTO METOAA COCTARIS-
er ue bonee (0.4-0.5)%.

VHHUBEpCATRHOCTH NMPEIAraeMoro MeToja H TO,
9TQ BpeMs NPOBEEeHHs TAKOTO 3KCIpecc-aHand3a He
npepsnnaer |0 MERYT, NOZBOASET YCHEINHO HCHONb-
30BaTh JAHHBIH METON NS KOHTPOJIHA B PEATBHOM
BPEMEHH 32 TIPOMEXKYTOYHBIME TPOIYKTAMH CAMBIX
Pa3sHbLIX CIOAHLIX TEXHONOIMHYECKHX MPOLECCOB. JTO,

SAxanemun Hayk Pecnybnuim YsGegucrad, 2021 1.

B CBOK) Odepesb, 00eCHeunBaeT BOZMOKHOCTH ONTH-
MH3ANAR TIapaMeTPOB TEXHONOTHYSCKOro Npomecca,
U TIONyeHAS Ka4eCTBEHHOrO KOHSYHOT0 IPOAYKTA.

VuureiBas yHHBEPCANBHOCTH METOAZ, 4 TaKke
BO3MOXHOCTH €I0 HCIONB30BAHAA JUIA MONYY9SHHS
CBOEBPEMEHHOH HHJOPMAIHHE 0 HeoOXOIHMOCTH KOp-
PEKTHPOBKH COQTBETCTBYHOUIHX NApaMETPOB KOHTPO-
THPYEMOro TEXHONOTHYECKOTO NPOLecca, MOKHO clie-
7aTh BBHIBOJ, WTO pa3pabOTaHHKIA METOA KOIHYecT-
BEHHOIO 3KCHPECC-aHATH3a O0NaNaeT BBICOKHM MO~
TSHIHANOM NPaKTHYECKOrD MPAMEHEHHS

MeTaaaunbie

The use of IR spectroscopy for express analysis of
products of the technological process of monosi-
lane synthesis

V.M. Rotshteyn, Kh.B. Ashurov, R.Kh. Ashurov

Arifov Institute of lon-Plasma and Laser Technologies of
Uzbekistan Academy of Sciences, Durmon vuli st 33,
100125,, Tashkent, Uzbekistan

The method of express analysis of triethoxysilane and
tetraethoxysilane, which are intermediate products of
chemical reactions occurring in the framework of the
silane technology for the synthesis of polycrystalline
silicon, 1s described. To form the method, we used
the data of preliminary studies of triethoxysilane and
tetraethoxysilane, obtained using a MSD 5975C - GC
7890A gas chromatography-mass spectrometer. The
immediate implementation of the express analysis of
triethoxysilane and tetraethoxysilane was carried out
on an Agilent Technologies Cary 640 Series FTIR
Spectrometer. At the same time, quantitative express
analysis, without the need for the presence of stan-
dards, was carried out on the basis of a calibration
curve obtained from the corresponding results of gas
chromatography-mass spectrometric studies.

Keywords: (chromatography-mass spectrometry, infrared
spectroscopy, triethoxysilane, tetraethoxysilane, calibration
curve.)
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Monocnaas CHHTEIHHMHE TEXHOIOTHK Kapaénn
MAXCYIOTAAPHHMN IKCHPECT TAXINT KHIHIT YIYH
HK cnextpockonusiciaan doiiaanamm

B.M. Poruwrreitn, X.b. Awypos, P.X. Amypos

YA Apudos wommparn  Hos-naasma  sa  nasep

Texnonornanapn wEcTHTy™, dVpmon iV ximacn 33,
100125, Tomxent, Vabexucron

lMonuxkpweran xpemuaft  CRATEIW  y9yW  cwiman
TEXHONOTHACH  AoWpacHas  couup  GYmaguras
KHMEBHI  PEAKUMANAPHWHT  OPAIMK  MAXCYNOTH
GVATAH  TPHETOKCHCHIAN 8&  TCTPAITOKCHCRITAHHM
SKCOPECC TAXIWI KWIHII YCYNH Ba TEXHHKACH
rascuuianran. Yoynun maxanawrupnm yays MCJL
S975C-TC 7890A raa xpomarorpadmuscst macca
CHEKTPOMETPH EPAAMHAA ONHHTAH TPHETOKCHCHAH
B4 TCTPAITOKCHCHNAHHKHT A3CTNA0KH TAAKHKOTIAPH
ManTymoTnapuaan - dofiganasmnras.  Tpueroxen-
CIJIAH  BA  TCTPAITOKCHCHIAHHHHT  IKCTIpPEcc
TAXTHAHEN IKcnpece amanra ommprin Agilent Tech-
nologies Cary 640 Senes FTIR cnexrpomerprna
avanra ommpunan [y Ounnas  Gmpra, ras
XPOMAaTOrpafiHaCH-MacC-CHEKTPOMETPHE  TA/IKHKOT-
NAPHHHT TerHUUIH  HaTwkanapuian  Qoigananran
xompa Tyaanras  xanaGpnam  rpadmrn  acocnna
cramnaprnap mamayn OViamaran Xonua muKaopui
IKCMOPECC TAXIMHI YTKA3HIIH.

Kammr cfaap: XpoMaTo-Macc-cnekTpoMerpus, wndpa-
KM3HA  COCKTPOCKONHS, TPHITOKCHCHIAH, TeTPasTOKCH-
CHIAH, Fpasywposkamn rpadnk.

SAsagemus kayx PeonyBnuxu Ysbexucraw, 2021
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BnusHue hopMbl KaTofa Ha CKOPOCTL yaaneHus
Npu 3MeKTPO3PO3UOHHON 00paboTKe AUINEKTPUKOB

A.A. 3apunoe’, X.5. Awypos

VIHCTUTYT MOHMO-NNBIMEHHBIX U NA3EPHLIX TexHonorwi wM. Y. A. Apudosa AH PYs, yn. flypmon wynu 33, 100125
Tawkent, Yabexucran

TMonysexa 20.12.2021
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[Mossnnenne cKOPOCTI CHEMA MATEPHANE H KAYMECTRA NICKTPOIPOIHOHHOI obpaboTiu pacim-
PRET BOIMOKHOCTH MONHOMACIITRAOHOIO NPUMEHEHHS AH3ICKTPIKR B npombiiaensocti. On-
HAKO CyuwecTsylonme paboThl He0CTATONHO PACKPMBAIOT IBHCIMOCTE CKOPOCTH VAANCHHS
OT OpME! KATOAHOrO TOPUA, KOTOPAR OCYUICCTRASETCS B YCOBEPUICHCTBOBAHHON YCTAROBKE,
AWMITHPOBARHON JUIA AIEKTPOIPOIHN JNVIEKTPHKOR. YCTANORIEHO, HTO CKOPOCTh YIAINCHIA
MITEPHANR HPH HONONEIOBAHWH KOHIYECKOrD TOPHA KATOAa B 3 pasa BeINE, 9eM UHIHREPI-
WECKOr0, W 370 ABNSETCH CASJCTHREM KHANPARNEHRON) KABWTALIN W HANOWCHHS Bl HEro
YABTPASBYKGBBIX 0 HMITYIILCHRIX Paspazion. B JaHHON CTRTHE NPEDIAIAETeS Yayumensas jop-
Mid KATOAMOrO TOpUs, obecnevHBalOIAY NOBLINEHHYIO CKOPOCTE YUATEHHS ANIIexTpikos Oes
HIMEHCHUR Kaoe-mi00 GHINMECKHX NapaMeTpos paspsza,

Kmnowensie caona: anckrposposmonns oGpaborea (320). ckopooms. yawiesns matopmanos (MRR),
KOMHMCCIHH 1 IUTHRAPHYCCII KATOIM, SICKTPOINTRL Ty SRIPLKIL HMITVIECHAH PIIpa, KasHTALGN,

The increase in matenal removal rates and the quality of electrical discharge machining ex-
pands the possibilities of full-scale application of dielectric in industry. However, in the exist-
ing works, the dependence of the removal rate on the shape of the cathode end is insufficiently
disclosed, which is carried out in an improved installation adapted for the electroerosion of di-
electnics. It was found that the rate of matenal removal at using the conical end of the cathode
15 3 times higher than on the cylindrical one, and this 1s a consequence of "directed" cavitation
and the imposition of ultrasonic and pulse discharges on it This article proposes a better shape
for the cathode end, providing an increased rate of removal of dielectrics without changing any
physical parameters of the discharge.

Keywords: clectrical discharge machining (EDM), material removal rate (MRR), conical and cylindrical

cathodes, clectrolytes, bubbles, pulse discharge, cavitation

DOT: https/Motorg/10 52304/ v23:13 268

I. Baeaenue

Heemorpa va 10, 4TO anekTposposronHas obpa-
Borka ((920), Te wimenenne odbema W hopmul 06-
pasua noj BOIACHCTRHCM MCKTPHYECKHX Pa3psjioB,
MMINGL HENABHO HAMANA OPHMEHNTLCH Ang obpaborkm
JAHANEKTPHYUCCKAX MATCPHATOR, BO MHOTHX OTPACAX
COBPEMEHHOM WHIYCTPHA OHA YCTICNIHO MPHMCHACTCH
8 npoMulnenHsX Maciuradax [1-5] B npomuies-
HOCTH NPOHIBOIRTENLHOCTE H KAYECTRO SRISIOTCH

OCHOBHBIMH TOKE3aTCAAMH TOTO MM HHOIO METOAa
obpaborks. Onnako ringHHe HOPMEI KATOIHOTO TOP-
H& HA TPOHZBOIMTENLHOCTE (KOTOpax B DonbuHHCTBE
CYyYaeB ONPEReNsercs CKOPOCTHI0 CheMa MaTepHana
(MRR), Te ypanenssii obneM JCHRTCS WA BpeMs
ChEMa) HIYHEHD HEJOCTATOMHO, 10 CPABHEHMIO C ApY-
IHMH SNEKTPHYCCKUME H  HEANICKTPHYUCCKHME  Tapa-
meTpami npouecca 330 guanextpakos [6].

Vol.23, No.3, pp.78-82, 2021
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Pabot, cBa3aHHbIX ¢ BIHAHEEM GOPMEI KaTozia Ha
MRR npr 330 mu3/eKTPHKOB B 3NEKTPOIHTAX, HE-
mHoro. B pabore [7] u3yuaercs n3Hoc 3nekrpoaa (nmo
CYTH, H3MeHeHHe (OopME! 3nekTpona), Cunraercs, 4To
B 3TOM CJIydae KOHEYHas JIeTajlb B OCHOBHOM 3aBHCHT
OT W3HOCA 3MEKTPOJA H WHPHHE 3a30pa. Oxnako B [7]
KoHKpeTHas (opMa Karoja He mpemiaranack. Ecte
eme paboThl, B KOTOPBIX CIHPANLHBIH 3NEKTPOI H3
CuW cunraercs JIy4isM JJis TPOUIABKHA OTBEPCTHI €
BLICOKHM COOTHOILIEHHEM cTOpOH [8], Takke ecTh pa-
OOTEL, B KOTOPLIX NpPEANOYTeHHEe OTAaercs Tpybuaro-
My anektpoay [9]. Oxmako B [10] aBrope! chenana
BLIDOP BOBCE B MOJIb3Y KBAJPATHEIX W MPAMOYTONEHEIX
aMeKTPOoB. PacxoxaeHue MeXAy 3THMH aBTOPAMH
[8-10] yeyrybnsercs paboroit [11], B koTopo# Bius-
e Gopmer katoga Ha MRR uccnenosanu ¢ nmomo-
LK OIMHOYHOTO pa3spsja, H ObUIO OmpeseneHo, YTo
KpyrieliA katoa umeer makcamansHoe MRR, 3a koro-
pEIM CIEAYIOT KBaApaTHbIE, TPEyroNkHEIE, poMOHde-
ckre B ¢urypusie anekrpoas. Ho B atom cmyuae 3d-
(hekT OFHOKPATHOrO paspslia Helk3s PacCMaTpHBAThL
KaK penpe3eHTaTHBHLIA Ui MPOMBIILIEHHBIX ITPOIeC-
COB, TaK KaK 3aCOPEHAE MEX3NEKTPOIHOTO TIpoMe-
KYTKa NMPOAYKTAMH 3PO3HH MPHBOAWT K MOBTOPHOH
obpabortke, uTo B KOHEUHOM HTOre yXyamaer MRR. B
[12] cymraror, 9T0 onmTHManbHas (opMa KaTOAHOrO
TOpHa — KOHWYECKad, HO 3TQ TPOTHBOPEYHT BCEM
NPeALLTYIIHM pPe3yIbTaTaM.

CymecTByiomue TeopeTudeckie paboTel H Me-
Toasl pacuera Gopmul (mpodmns) amexTpoja-
urcTpymenTa (DH) ocHoBRBarOTCH MO0 HA SMITHPH-
YECKHX 3aBHCHMOCTSX, MO0 Ha YNPOIIEHHBIX YacT-
HBIX MOJENAX mnpouecca. JTo cHuxkaer 3¢dexTus-
HOCTh 3JIeKTPO3IPO3MOHHON 06paboTki, ocobeHHO,
€CJIH peyb HIET O TIOBEPXHOCTAX CIOKHOr0 mpoduns.
Hanpumep, asropamu [13] Gbma npemmoikena Mo-
NieNTb, OTMCHIBAIONIAN HW3MEHEHHE pPazMEpoB IPOBO-
noaroro DU, mozeonsiomas ONpeRensTh BEIHUARY
thopMEpYIOIIEiics TOTPEITHOCTH MTOBEPXHOCTH pe3a ¢
YHETOM pekHMOB 06paboTKH U XapaKTepHCTHK pado-
yeil yactu nposonoyHoro DU, Oxnako # B 3T0#H Teo-
perrueckoil pabore He Obua NMpeIOKEHA KOHKPET-
Has (popma Topua Karoja.

Kak BHAHO H3 KpPATKOTO aHANW3a, HECMOTpS Ha
yCHNHS y4YeHBIX, ponb (opmel Topua katoza B MRR
He BhISBIeHA. B nanHOH paboTe MBI penmdimm JKcre-
PHMEHTAILHO ONPEJENHTh BIHsSHAE (HOpMBI TOpHA Ka-
Toaa Ha MRR mranexTpuxos.

II. Onucande 00LeKTAa W METOAOB MCCTEN0-
BaHuUs

Jna o6paboTky AM3NEKTPHKA C XHMHYECKHM CO-
craBoM 68.4% S10,; 8.5% Ca0; 9% Na0:; 7.1% K,0;
3.9% Al,O3; 2.7% B,0O3; ycOBepIIEHCTBOBAHO 3MEK-
TPO3PO3HOHHOE YCTPOHCTBO HA OCHOBE peNaKcaluOoH-
HOTO reHeparopa ¢ AeMN(GHEPYIONIHM MEXaHH3MOM.
Cxemarrueckoe u300pakeHne 1Mpomecca AHAIEKTPH-
4yecKoi 00paboTKH B BOJAHOM PAacTBOPE 3NMEKTPOIATA
NaCl nokazano =Ha puc. 1.

N karox (-)

IACKTPOIHT

Pucynok 1. CxemaTHyeckoe H300pakeHHE 3J1eKTPO3PO3HH
JMBIEKTPHKOB.

B kauecTBe 3/I€KTPOAOB-HHCTPYMEHTOB (Karo-
JI0B) OLUTH HCIONB30BaHbl BOML(PAMOBRIE CTEPKHH C
KOHHYECKHM HIIH UMIHHApHYeCKAM Topuom. [lna-
CTHHEI ¢ oOpa3mamMu TONUHOW | MM 3aKpensmH
JepKaTeIsMA W NMOMELIANd B BAHHY C 3NEKTPOIATOM.
K karoxy mpriaraii oTpHIATENLHEH TOTEHIHAL, a K
MEKTPONKTY — MONOXKHTENbHbIH. BhixogHoe Hanps-
MEeHHe MOXKHO peryimposars B auanaszone 0-400 B, a
MaKcHManbHbIH TOK 10 10 A.

Hanpsokenne B MEX3NEKTPOXHOM TPOMEXYTKE
IUIaBHO YBEJIHYHMBAIIA 10 MOCTHKEHMS IKEIaeMoro
pexnMa, YTOOB! pe3kas 1Mojadya He NPUBOAHIA K pac-
TpeckHBaHuiO obpa3na. A 4acToTa HMITYJILCOB Pery-
NHPOBANACH KOHJICHCATOPAMH PENaKCAlHOHHOTO Tre-
Heparopa. Tpefyemas eMkocTh KOHZEHcaTopa (KoTo-
past OmpefenseT YacTOTHYIO XapaKTEPHCTHKY CHCTe-
MEl) YCTAHABIWBAeTCAd Tepejl TMoHajded HTaHAL.
Hemndupyromuii MexaHuzM 007 o0pa3uoM Takke
CIYKHT [UIsl TIPEIOTBPAILEHUS PACTPECKHBAHUS.

1L

B a1exkTp03po3ny, NOMEMO (OpMEI KaTroaa, Ba-
wen Beibop mareprana karoxa (OU). Bribop ranbo-
Jjiee NOAXOAALLEro MaTeprana Karoja 3aBHCHT OT no-
CTaBIIEHHOM 3a/1au. B TaHHOM cIryqae Mbl HCXOIWITH
¢ TOYK® 3peHus pacxozaa DU. 3aBmcuMocTh pacxoza
DU or marepuana, W3 KOTOPOro OH W3TOTORIEH, JUIs
Haubojiee 4YACTO HCMONB3YeMEIX B 3IEKTPO3IPO3HH
MaTepHalioB OKa3aHa Ha puc. 2.

AHA/IM3 pe3yabTATOB

®Akanemun Hayk Pecnybnuku Yabekucran, 2021 .
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Pacxop DU, rpic

Marepuan 31

Pucynox 2. 3asucumocts pacxofa M or marepuama, w3
KOTOPOro H3rOTORIICH KATOM,

Meannie, craisieie B BONL(GPAMOBEIE KATOMLI
pacxoayrores mpuMepro ¢ 23, 18 u 8 Mkr cootrerer-
BEHHO. VY BOMLPPAMOBOro Karoga cambiit HUakuif
pacxox Marepmana, ow obnagaer xopomei TBepo-
cruio. TToaromy B nanbhelimem B aKcnepuMenTax mo
HPOMIHBKE AMNICKTPHKOB Mbi HCHOIL3OBUIN UMCHIO
sonbppamoseie DU, Ho kakoit 6wt TRepaiocThio He
obnanan marepman karoga npobieMa WAHAITHBAHKS
DM ocraercs. Kontpons m3HOCa 31€KTPOAOB — OC-
HOBHAS MpobneMa Ui AOCTHKEHHS Xopotnel TouHo-
CTH ® pasmepa 06paboTkn,

[Mosromy dopma u winamusanue DU umeror
BaACcHOE 3Hauenue npu obpaborke peraneit. 3naun-
MOCTh (POPMEI ¥ W3HALIMBAHMUA 3ABHCHT OT MOCTAB-
nennol 3anaun. Ecnu meobxoqmmo KOHTpoNHpOBATE
TOMHOCTL M XOPOUIYIO WIEPOXOBATOCTH, TO Tpebosa-
Hua K (hopme M uanocy DU ouenn Buicokue. Ecnw
nperedpens Ka4eCTREHHBLIMA NAPAMCTPAMH, HO HY K-
Ha BeICOKaA Cckopocrs obpaborku, To Tpebosanus x
(opme karona Gyayr apyrue. H-p, npu anexrpospo-
3HOHHON 06paboTke KAHABOK NMCKTPOJILI KBAJPATHOM
H NPAMOYTONLHOR (HOpPMEI OGECTEMHBAIOT JTYULIYIO
MTPOUBROIHTENLHOCTh, BLICOKYHO TOMHOCTh, XOPOIIYK)
wepoxosarocTk B crabunsrocts obpaborku [14] A
MEKTPOJILI € 3A0CTPEHHLIMA TOBCPXHOCTAMA Kpaifne
HeahexTHBHEL B 3TOM cilyuae, Tak Kak Kpas a/ek-
TPOJIOR CHILHO HAHAMIWBAIOTCA, B TOYHOCTH OLICTPO
YXOuuT H3-noa kouTpons, Iockonsky B Hawem ciy-
ae CTOWT 3312412 MOBKICATE CKOPOCTEL YAANCHUS Ma-
Tepuana B 3asucamocT or opmul karoaa, Gyaem
CPABHUBATH PE3YILTATH, CBAZAHHLIE CO CILIOMWHON ¥
saocTpennoil hopmamu nosepxuocti M.

O6RMHO Ui MPOMTHAKA JIHANEKTPHKOB B 371K~
TPONKTAX HCMONL3YIOTCA KATOAL! C WHITHHAPHYECKAM
KOHUOM (pre. 3a), Tak KaK MEKTPOALI KPYIIoro 1no-

@AKanemMun Hayk PecnyBnuru Yabekucraw, 2021 .

MEPEHHOTO CEHEHHS MEHbLIC H3HAWMBAIOTCH (3aTeM
CTIEAYeT KBAAPAT, TPEYronLHuK, poMb u daconusie
anexrpoust) [15] Kpome Toro, y aekTpoios kpyrno-
O NONEPEIHOTO CeHMeHHs HET YA3IBHMEIX OCTPLIX Y-
OB Ha MCKpAMIEMes HakoHednuke. B xoae skenepn-
MEHTOR OBUTO 3aMeueHo, uro pabouas wacTs Topna
Karoxa 3aocrpaercs (puc. 36) m cranoBUTCA MOXOKEH
Ha kouyc. Ilpu 9TOM CKOpPOCTE HPOMWIMBKA 3HAYM-
TEIBHO YBEIHIHBACTCA.

Pucynok 3. Bomdpamossiii kato: @) ¢ unamnapnyeckinm
TOPUOM, D) C KOHHYECKIM TOPIIOM.

HMceenenopanus, ceazannnie ¢ BIHgHHEM (HOPMbI
karoga Ha MRR, napany ¢ napamerpamu paspanos,
WEPOXOBATOCTLIO M TOMHOCTEIO 00paboTku, sBnmOT-
ci HemanosakHbiMH. Bo Muorux paborax mceneno-
BATHCH B OCHOBHOM ICKTPOLI YETHIPEX PABIHYHLIX
(opM ¢ NOCTOAHHOM MIOUIBABLIO MONEPEUHOTO ceve-
Hus. Hanprmep, MeronoM 3iexTpoIpoIHM MOXHO
MONMy4HTh (DACOHHLIC OTBEPCTHS, T.€. OTBEPCTHs
CHOKHOrO 1MpoQHins, HO TPYAHO AOOHTHCA BHICOKOM
TOYHOCTH. DTH CHOKHBIE FEOMETPHYECKHE (OpMBI
TOMYHAIOT HIEKTPOZAMH C© KBANPATHOW, KPYTIoOH,
NPAMOYTONLHOR NOBEPXHOCTAMH MONEPEHHOTO Ceue-
HUSA, KOTOPBIE YIANAIOT MATEpHAK ¢ paznolt s(pdek-
THBHOCTEIO. ClelyeT OTMETHTE, YTO HET PeanbHOro
KOMTUIEKCHOTO PEIIeHHs ONTHMATEHKIX MapaMeTpos.
[loBuiierne oHOTO MapaMerpa NPHBOAHT K MOHH-
KEHMIO  JApyToil  QH3NYECKOH BEITMYMHHLI Npouecca
ofpaborkn. Kak npasuio, NoBBILCHHE CKOPOCTH
CLEMA MPHBOJAT K NMOHHKEHHIO MEPOXOBATOCTH M
TouHocTH obpaborkn, n Haobopor, Hanpumep, » pa-
Gore [15] aBTOpsl 3afBNKIOT, WTO [N IMEKTPOAOB
kpyrnoi opmer MRR Gyner MmakcumansieiM (3atem
CICAYET KBAApar, TpeyroibHuk, pomb u daconuse
AEKTPOBI).

Taxxke cnenyer orMerHTh, UTo BIHAHAE GOPMBI
IEKTPO/IA HA LIEPOXOBATOCTL MOBEPXHOCTH HE3Ha-
uuTenso. Tem we menee, anexTpon kpyrnoit Gopmel



BrisHue hopmMbl KaTOAR Ha CKOPOCTL YABNEHWS NPK 3NEKTPO3POINOHHOW 0BpaboTke ANBNEKTPUKOB 81

obecneunsaer Oonee rAAAKYIO MOBEPXHOCTE (3arem
CHCAYCT KBA/IPAT, TPeYyranbHuK, poMé W dacorue
anextposnt). ITo3romy B IxCIEpPHMERTAX MB!I PEITHITH
HCMONL30BATL KATOAL KPYTTIOr0 NONCPEYHoro cete-
uug, 1. DM ¢ 3aocTpenneM (KOHWYIECKHM) W 1H-
AWHAPAYCCKAM TOPLOM

$

—a— Lot prect Katan
—— K osntvecxuiit xaton

/

T v

0 100
Mommuoers, Br

Prcynox 4, 3asucumocts MRR maextprka o1 mowsocmit
& Bozuiom anextpormire NaCl

— N far

Cxopocas cxexn AIRR), e c

Kax Xopowo BHAHO W3 pHc. 4, 3aBACHMOCTH
MRR 0T BX0HOA MOIMHOCTH RO BCEX CHYMAAX HMECT
HEPACTMOWHA XapakTep, W AMEETCS CYLIeCTBeHHAS
PA3HALE MEAAY PabOoYRME NOKA3ATEASMN ABYX pas-
HEIX hopm xaroaworo Topua. Kpussie, orHoCsIIHECH
K WAIHEApHYMeckol (opMe Topua Karoaa, noxashi-
BAIOT MEHLIIYIO CKOPOCTE CheME, MeM KpPHBHE, 10-
nytennsie ¢ konHdeckon opmoit Topua karoga Ha-
npuMep, upi 36 Br upi HCHONB30BAHWH KaTOAA ©
TOPUOM KOHMYECKOR GOpPMEI B BOJHKIX pacTBopax
anextponuro NaCl senmumna MRR cocrasnser
0.27 Mv’c™, 4 NPH HCHIONB3IOBANNK KATONA C LHITHH-
APHYNECKHM TOPUOM NPHMEPHO B 3 pasa MeHblIe W
cocrasnser 0.11 mv'c”' Ananormunas xapTaua Ha-
omoaaercs npu momuocte 144 Bro auavesue MRR
Ha KOHHHECKOM TOpUe cocrasnger 3.65 mm'c ™, a Ha
wiwmsnapuaeckom 121 mv’c™ . Tyr marnansoe npe-
HMYILICCTBO Y KaToAa koHYCROM (3aocTpennoit) dop-
MBI, HO, KK BhIE YIOMHHATH, B 9TOM CTyHae napa-
METPhI kavecTsa (TOYROCTL M UIEPOXOBATOCTH) YXO-
AsT 13-1101 koHTpons. OIHAKO CYMECTRYIOT METOIIN,
KOIZIA KOHTPONL Ka4eCTBA OCYUICCTBANCTCH HE 34
CHET YCTOHYHBOCTH reoMeTprtieckoit dopmet (yrna o
painyca KPOMKH) MEKTPOAR, @ PEryIMPOBAHHEM W
KOMOWAHPORAHHEM INCKTPHYUCCKHX MTADAMETPOR, TEM
CAMBLIM MIMEHSA XAPAKTCP H3HOCA HAKOHCHHMKA
arekTpoaa 8o speMa obpaborku [16]. Takoll asroma-

THYECKUI MeTod notepRkl (hopMEl ANEKTPOA] NMo-
BLIGET TOYHOCTH WMEKTPOIPOIROHHON 0Opaborkn,
He RIASY Ha CKOPOCTh YjancAus marepwanos Ho
CACAYET OTMETHTH, MTO € HIMCHEHHEM paiMepa o
CTPYKTYPH 0Opabareisaemoit MOBEPXHOCTH MaTepHa-
N3 MCHSIOTCH W ONTHMANLHLIC MAPAMETPR KOHTPOIS
KAYCCTRA

Kax obbsicHuTs Bnusuie GopMbl KaToa Ha CKO-
POCTH ChEMAa MATEPHANA, MOAYNEHHYI) B IKCIHEpH-
menTax (om. puc. 4). Buawane paccMOTpEM ® npo-
ananmaupyeM paborat astopom (17, 18], xoropsie
CYATAIOT, MITO CMBLIBAHHE NPOAYKTOR 3p03uK ¢ obpa-
Oarsieaemoro ysacrka noswmaer MRR. Ho ma ca-
MOM ZieTie 310 padoTaeT TONLKO B CHYHae METAIOB,
MOTOMY WTO MHPONHI AHIKOTO JAHIMEKTPHKA H HAKO-
IIEHHE Ta3000pasHLIX MPOIYKTOB MOIYT MPHBCCTH K
ocranoske nponecca obpaborkn. Opmako ans Jm-
ANEKTPHKOB 0DpasoBanie M HAKOMWIEHHE 3POAHPO-
BaHHKIX HacTHIL B paboyeit 201e, Haobopor, yckopaer
nponece viaaneHus. 310 CBA3AHO € VIRTPA3IBYKOBOMH
HACTOTOH DNPEPHBAHKS PA3Paia MEALY FUICHKOH
MNEKTPONHTE W BPAAIONIAMCSE KaTOAOM, 4TO NPHBO-
JINT K €10 HAIOKEHHIO Ha WMIYITLCHEIE paspss [15].
Veemrvenne MRR, B caoio ouepens, caszano ¢ Go-
Jice HANPABACHHEM YAapoM no ofpasuy, obpasosan-
HBIM CXTTONBIBAHKEM TMAPOrda3oBOro CIOA BOKPYT KO-
HIYCCKOIO K3TOAA, MO CPARHENmI0 ¢ UWIHHAPH-
qeckuM, DTd «HaNpasneHHasy kasurauus (0Gpazora-
HHE NY3BIPLKOB C MOCHACAYIOUHM CXNOMBIBAHEEM,
NPRROINTIAM K BRICBODO#KIERWI0 Gonmkmero komm-
HECTRA IHEPIHN) H3I-3a NOAHOMACIITAOHOID HAONe-
HHS YIGTPAIBYKa W WMIYILCHBIX PaIpaios, YBeiH-
unsaer MRR 8 3 pasa

Iv. Jawmovenue

Taxum oOpazom, BHARICHO BIHIHEC HOPMB K-
TOAHOTO TOPUA HAE CKOPOCTS YAANCHHS JHINCKTPHKSE.
Konuueckas dopma karopsoro ropua Gonee npows-
BOANTEILHE B B 3 pasa OPEBOCXOAMT UMIHHAPH-
ueckyro dopmy npu obpaborke au3IexTpRKA 3nek-
Tpoaposnceit 8 anexrposmre NaCl. Veranonneno, aro
BOIMOKHOCTh PAIREPTHIBARKA MAPOra30BOr0 CIOA M
Gonee HANPARICHHOE CUIONLIBAHHE NEPOTAIOBOIO
C/I08 BOKPYT KOHHYECKOrO Kavojla COIACT «HANPaR-
NCHHYIO» KaBHTAIMIO W obecneunsaer nyvmee Kasu-
TAUHOHHOE CXTIONLBaNHe Ny3Lipskos. [lokazano, 4ro
nomroMacmTafHoe HANOWEHNE KARHTAMH R YIILTPa-
3BYKA HA HMOYILCHEIE PASPIAL MPH HCOONLIOBAHHN
KATONA C KOHWYECKAM TOPUOM NIPHBOIWT K YBEIHYe-
HHIO NPOH3BOAHTENLHOCTH.

B uemom, nokazano NpeBOCXOACTBO KOHWHEC-

DAragemns Hayx Peonyfinuxu YVabesworan, 202171
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KOFO KATOAA HAJ HHIHHAPHYCCKHM [IPH TEKTPOIPO-
3MoHHOA obpaGorke amanektpuka. [Tpeanoxennas
xoruueckas (hopMa karoaHoro topua obecneunsaer
NOBRIIENHYIO CKOPOCTE YAWICHHA AMMIeKTpHKa Ges
M3MENCHAR (PHINTIECKHX MAapaMeTpoB paspaia.

Merapaunbie

Influence of the cathode shape on the dielectric
removal rate during electrical discharge machin-
ing

A.A. Zaripov, H.B. Ashurov

Institute of lon-Plasma and Laser Technologies, Academy
of Sciences of the Republic of Uzbekistan, Durmon Yuli
str. 33, 100125, Tashkent, Uzbekistan

The increase in material removal rates and the quality of
electrical discharge machining expands the possibilities of
full-scale application of dielectric in industry. However, in
the existing works, the dependence of the removal rate on
the shape of the cathode end is insufficiently disclosed,
which is carried out in an improved installation adapted for
the electroerosion of dielectrics. It was found that the rate
of material removal at using the conical end of the cathode
i 3 times higher than on the cylindrical one, and this is a
consequence of "directed" cavitation and the imposition of
ultrasonic and pulse discharges on it. This article proposes
a better shape for the cathode end, providing an increased
rate of removal of dielectrics without changing any physical
parameters of the discharge,

Keywords: clectrical discharge machining (EDM), material re-
moval rate (MRR), conical cathode, cylindrical cathode, electro-
lytes, bubbles, pulse discharge, cavitation,
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INEKTPOIPOIHABHIA MarTepuan eMUpHIN
TETHIUra KATOA WAKIHHHHE TALCHPH

AA. 3apunos, X.B. Amrypos

VaP ®A  Hom-mmasma  sa na3ep  TEXHOMOrHAMapH
uneruryt,  Jypmon  diyam, 33, 100125, Towkenr,
30eKnCTOH

Marepuan eMupHLI TEUHIY BA MNEKTPOIPOINABUIT HILTON
Gepuut CHPATHHIHT OMNLIN ANINCKTPUK-TTAPHI CAHOATIA
Kenr MuKécna KYanamuus HMKOHHSTHHN spatany. Jlexyun
MABAKYA  MILJRP  ANNIEKTPUIJAPHANT  DICKTPO3PO3HACH
YUYH  MOC-NAIITHPHATAN  BA  TAKOMHJIIALITHPHIATAH
KYPHIMAA AMAITa OLIUPHAYBYM eMUPHLIL TE3NHIHHIHT
KaToll yuH makuwra OGOFMHKITHTHHW eTapin  Japakaza
ounl Geposmmaran, Konyccnmon yumi katouuan ofija-
JAHPAHAR UHAHHIHPCHMON KaToAara HucOaTan marepuan
CEMHPHIIT TEAMUTHHUAT 3 Gapasap oM AHUKIAHTAH Ba
by “iiyHanmnpunran’ KaBMTAUMA  YARTPATORYII XaMua
MMIYJILC  PAspAUIAPHHIHT  YCTMa-yeT  TabeHpiapH
HaTwakacuunp. By Makonaza paspsaHuHr Xew  Kaupait
NAPAMETPIAPHHE  Y3rAPTHPMACRH,  JAHAIEKTPHKIAPHH
IOKOPH  TeATHKAE  CMHPHITHILMHN  TABMHHIIOBYH  KATOo!
YHHHHHT 30T MakOYJT taks rard) KTHHran.

Kamr cfsaap: a0exmposposomuii Muuios, cMMpHIE TCaIHrH,
KOHYCCHUMOH YWIH KATOA, UWIMHIPCHMOH KATOA, SNCKTPOINT,
riydraraa, UMITYITLCITH PaspLL, KARWTALs
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Pa3paboTka aKkyCTUKO-3MUCCUOHHOW CUCTEMBI ANs
MOHUTOPUHIa COCTOSHUA MTMAPOTEXHUYECKOrO COOPYXeHUs!
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B pabore npuBescHn MCCHCAOSANHR NO PAsPabOTKE, MIFOTORNCHMIO, TPRAVHPOEKE M
HCIMTAHHIO AKYCTHKO-IMHCCHORHON (AD) CHOTEMB JUIS HEPasPyINAIOWero KOHTPOIt U Mo-
HHTOPWHIE COCTORHNA BETOHMBIX KOHCTPYKUMA MHAPOTEXHHUECKHX coopyAeniii. AT cucre-
Ma COmepRnT. WeThipe AD NLESONATHHKA, MPOUECCOPHLIN GIOK, COCTONIIMI W3 IPOMKILIEH-
HOro KoMmstotepd, moayns cueranxon CUM-16 u nporpammsoro obecnesenns ans chopa n
obpaGoren AD nanmux, KnaspaTypst # MmornTopa. TTposeaena rpagynposka mMLE303exTpHYe-
cKoro ferexktopa AD cucremsl Ha noaoce wacror or 45 xl'u no 75 xl'u w or 95 xI'u g0 125
kIt mo AD cnextpy aedexroobpasosamux 8 O0pasue MOHOKPHCTATHYECKOrO KPEMHMYA,
FAMMa-O0IYHEHHOTD HCTOMHHKOM MOHWSHpYIOUero watywewws *'Co nosoit >1x10" Pan
IMposenenm nabopatopikie HenWTanius AD cHCTOME Ha BETOHILIX CTeRHAx W nomyvens AD
criexTpil Tpenpmoobpasosanng. Ipn nomoum AD cicremil onpeaenenit TPEXMEpHLIE KOOP-
JOTHATEL X, Y, T passnbaiomedics tpeumnn 8 Geromnwx obpasmax.

Kinovueniae ciona: msesoamin, cneresnalt Guok, G0k anamea agmie, GeTommait cTen, Tpenmn
AD cnoxrp

The paper presents the results of research on the development, manufacture, calibration and
testing of acoustic emission (AE) system for non-destructive control and monitoring of the
states of concrete structures of hydrotechnical structures. AE system contains four AE piezo-
electric sensors, a processing unit, consisting of industrial computer, module of counters
SCHM-16, software for collection and processing of AE data, keyboard and momitor. The pie-
zoelectric detector of the AE system was calibrated in a frequency bands from 45 kHz to 75
kHz and from 95 kHz to 125 kHz according to the obtained AE spectrum of defect formation
in a sample of monocrystalline silicon gamma-irradiated by ionizing radiation source “Co
with dose of 21:10" Rad. Laboratory tests of acoustic emission systems on concrete stands was
conducted and the AE spectra of cracking were obtained. Using the AE svstem the three-
dimensional coordinates x, y, = of developing cracks in concrete blocks are determned.

Keywords: piczosensor, system unit, data analysis unit, concrete stand, crack, AE spectrum.
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I. Bseaenue
HUKGeT ocTpas HeoOXOANMOCTL KOMIUIEKCHOIO MO-

B Vibexucrane skcnnyarmpyiorca cawime 60 wuwropwnra mx Oesonacmoro cocrosuus. Obecnete-
rraporexuraecknx coopyxenuit (I'TC), C reucanem  ume Gezonacuodt u nanexnoi paborw I'TC saasercs
BPEMEHNW OCHORHAN wacTh wiementor I'TC wanamm-  paxneiimedi 3anaved, sanpasnennoi ma obecneve-
BACTCR, 4TO TPeOYET NPHCTANLHOID BHUMANHS H BO3-  HHE IKOHOMHYECKON, COUMMIBHON B IKONOIHIECKOR

Vol.23, No.3, pp.83-88, 2021
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Oe3onacHocTR B mmodansHoM Macmrabe. [Tostomy
NPOBEACHHE HAYYHEIX HCCAEA0BaHEH No paspaboTke
METOZOBR ¥ NMPHOOPOB MO MOHHTOPHHTY COCTOSHHS
I'TC npuobperaer akTyankHoe 3HAYCHHE.

II. Onncasue ofbexTa U MeTOAOB HCCIEI0-

AKyCTHKO-3MHCCHOHHEIH (AD) MeTox sBasercs
BBICOKOTYBCTBHTEILHLIM METOAOM HEpaspylmaroie-
TO KOHTPONS VI ONpeelieNHs TPEellHH B METALTR-
9eckHX ® OeToEEmIX koHcTpyxumsx [I, 2] B
Geronnom obnexte ['TC HCTOYHHKAMA aKyCTHYECKOH
SMHCCHH ABNSIOTCA NOKaTbHBIE OONACTH, B KOTOPHIX
OpH 00pa3’OBaHHH H POCTE TPEIHHL! MNPOHCXOIHT
AMHAMHYECKAs NepecTpoHKa CTPYKTYPhI MaTepHana B
BHIE MIACTHYeCkoH JedopManmmE ®  (a3oBwiX
npeBpanenyH ¢ odpasosanneM AD caTranos [3].

[{ens Becnenosanus — paspaboTka, H3TOTORIEHHEE,
rpaayHpoBKa H HeNbITanAe AD CHCTEME! I onpe-
JIeTeHES TPeXMEpPHLIX KOOPOHHAT Pa3BHBAIOIINXCH
AetexkToR W TpemEH B OETOHHHIX KOHCTPYKIHSX
THAPOTEXHHYECKHX COOPYKEHHH.

AD cHcreMa coaep®uT: 4deThipe AD mee3ogar-
umka (ITAD), nponeccopamit 6nok (koMnsioTep, MO-
ayns cueranxkos CHM-16, nporpammuoe obecneve-
HHe i cbopa B obpaborku AD AaHHEIX, KINaBHaTy-
py) ® morHTOp (pHC. 1).

ITAD Nel f—ri
Tponec-
TAD Ja2 — CYM- COpHBbIii Mosn-
16 Gnox Top
ITAD Ne3 AD
CHCTEMBI
TTAS Ned -

Pucynox 1. @ynxunonansas cxema AD cucremst: [TAD
(meeszomarunxu) Nel, N2, Ne3, Ned, npoueccopusiii Gnok ¢
smoaynem cuerunka CUM-16, mouuTop.

IL.1. PazpaboTka u H3IroTOB/IEHHE NbLE30AeTeK-
Topa AD cucremsl

B AD cHCreMe YyBCTBHTEILHEIM 3IEMEHTOM
[TAD sBugercd NONSPH30BAHHAS MbE3OKEPAMHKA
HTC-19 — TBepasli pacTBOp THTAaHATA CBHHIA H
OEpKOHaTa cBHHEDA ¢  o0wed  Qopmynoi
Pb(Zr.T1,;)O: Ipusurn patoret LITC-19 ocrosan
HA nmbe3oaekTprYeckoM 3ddexre. 3axmogaomeMcs
B npeo0pa3OBaHHM MEXAHHYECKHX KoneOanuit B
anextpudeckue [4] OcroBHHE QH3HYeckHe XapakTe-
pacTaka [[TC-19, nonyuenssie 3KCNePRMEHTATLHEIM

SAxagemus Hayk PecnyBnury Yabemucran, 20211

nyTeM N0 METOAHKE, OMHcaHHOH B pabore [5], npu-
BeJeHEl B Tadn. 1.

Tabauna 1. OcrosHble PU3NYECKHE XAPAKTEPHCTHKN Mbe-
soxepamuku Tana [ITC-19.

Dusnyeckne XapakTepHCTAKY Nbe- 3uauenus
3okepamuxn [[TC-19

Yacrorras nocrosHHas, kg, & -y 1650
[LiotHocTs, 107 ki/s® 7.40
TMeezomonyas, 10772 Kn/H: dsa, dsy 250, 120
JusnexTpryeckas NPOHALAEMOCTE 1551
& 107" /m
Koaddmunenr snexrpoMexanuye- 04
ckoit ca=3m kis
ITsesoxoncTanTa &, Ki/n’ 16
ITsezoxoncTanTa nedopmanun h,,, 12
10° B/m :
Monyns FOura E, 10" ITa 07
Koaddwmunent Iyaccona 033

OKCIEPAMEHTATLHO ONPEAENEHO, YTO IS H3ro-
TORINEHAS TYBCTBHTENLHOro aneMenta [IAD mambo-
nee Henecoo0pa3HLIM ABASETCH HCNONLI0BAHAE Mhe-
sokepamukn LTC-19 B dopme mucka (=16 mm,
h=8 mM), KOTOpEIH O0ecNeYHBaeT Pe3OHAHCHLIH pe-
xum paborsl [IAD npr yeenwvennn aMmnaETy st AD
CHTHAIOB TIPH HaHOOJee BEICOKOH YYBCTBHTENLHOCTH
~1.0x10™ B/H.

Pabouyio wacrotry ITAD smibupann, mcxoas u3
YCIOBHE OIYMOB H 3aTyxaHws AD CHrHana B Hccie-
ayemom OeronHoM obbekte. Koadduuuent anexrpo-
axkycTHYeckoro npeobpazosanus [TAD me mensercs
Oonee uem Ha 3 ab B H3MepaeMOM AHANA30HE TeMIie-
paryp. Pa3bpoc xoadpdmrumenTor mnpeobpasosarms
ITAS nns naprun npeoGpazoBateneii, HCHONL3YEMEIX
NpE KOHTpONe OeToHHOr0 o0LeKTa, He TpeBLImaeT
3 nb. MakcuMansHas JUTHHA KOAKCHATBHOID Kabens,
COEIHHAIOMIEr0 MpeAyCHIATeNs ¢ AD cucTeMmoil co-
crasnser 150 M, norepa curmana B kabene He npe-
seimaer 1 b ma 30 m anues xabens, a anexTpuue-
CKas eMKOCTh He npessimaeT 30 nd/m.

B AD cucreme BHeIIHHE MOMEXH 0OVCIOBIEHB!
INCKTPOMATHHTHLIMHE BO3ACHCTBHAME HENOCPEACT-
BEHHO Ha JIEMEHTH MeKTPOHHOH annapartypsl [TAD
H Mhe30KEPAMHKY, 4 TaKKe MEIIAINMMH aKyCTHYE-
CKAMH H MEXaHHYECKHMH BO3JACHCTBHAMH Ha OETOH-
et o0nexT u [TAD. Jlns nojamieHHs MeIIArONIAX
aKYCTHYECKHX MOMEX HCHOIB30BANH HX OTIHYHE OT
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PETHCTPHPYEMBIX CHTHANOB 10  CHEKTPANLHEIM,
AMIUIHTYINEIM H BPEMCHHLIM XapakTepucTukam. B
AD cHCTEME HCTIONBLIYETCR PErHCTPALAS CHIHANOB
N0 AMIUTHTYIHOMY aHATH3Y, KOTOpWA W3 obuero
CHTHANA MO3IBONAET JIErKO NMOJABATH (cpe3ars) nox-
HEIC CHTHANK! JHCKPHMHHATOPOM, OOLCIMHEHHLIM C
npeasapurensiiv  younurenes. Tlockonsky Okpy-
KAOUIHA ITYM OTPAHHYCH CBEPXY HACTOTAMN NOPAL-
ka 50-100 xI'u [6], ycrpanenie HRSKOYACTOTHHIX CO-
CTARAMOUIHX NOZBOIKIO CYIIECTBEHHO OMPaHHYHTL
NPOXOAICHHE HA PErHCTPATOP NONKHHX CHTHWIOB,
CBASAHHBIX C UTYMaMA

C pacnipoctpanennem AD CHrHANA HA PaccTos-
HHE CHILHO YMEHBIIALTCR BHICOKOMACTOTHAN COCTAB-
muowas AD caruana, 4ro OsU10 yuTeno npu subope
MONOCH! MPONYCKAHHA NPCABAPHTENLHONO YCHIHTENS,
T.e Onna pmbpana nmonoca npomyckaHus AD cHrua-
na 8 maTepeane wacror or 100 xI'y zo 500 xI'u. Ecan
MLE3OKEPAMAKA HANPYXEHA HA AKTHBHOE CONPOTHB-
JICHHE YCHIATENLHOro Kackana Ry TO aucnepcns
WYMa YCTPAHAET HPONOPHHOHATLHO AKTHARYID CO-
CTABNSOUYIO HMIEAANC3 AICKTPHYCCKOR 1end |3
NAPANCABHO BRMOYCHHBIX Zyy W Ry

ITpr mansix no cpasrenmo ¢ Re{Z,,(w)] snaue-
HHAX BXOIHOID COMPOTHRICHHA YCHIHTCNS Cpejie-
KBAIPATHYHOC JHAYEHHE YMOBOTD HANPAKEHHA HA

€ro BX0JC MPONOPUHORANLHO ,/Rn , @ HANpPAKCHHUC

cargana — K. [To3roMy cTpeMIUTRCE NOBBICHTS BXOA-
HOC CONPOTHEICHWE YCWINTENS N0 3HAYCHHA
~2 MOwm, npr 3TOM HIYHTHPOBAHHEM MBEIOKCPAMHKH
BXOJHON HENLIO YCHIHTENA MOXHO OGhuto npened-
pets, TK CPEIHEKBANPATHUHEE 3HAMCHHS YPOBHS
WyMa, OPHBEACHHOrO K BXOJY NPEABAPHTENLHOIO
YCHITHTENN, IPH MONOCE MPOMYCKAHMA B COTHH KMIIO-
TP COCTARIAIOT MOPAAKA CIHHAL MEKPOBOIILT.

C yuerom yxasauuux seitie tpebosanuit Gwin
paspaboran npeasapuTensHui ycrnurens AD cur-
HANA C WCMONK30BARMEM BO BXOIXHOM KACKALE MANO-
wymsiei Muakpocxemst KPS44Y]12 Veunenuniit no
Hanpskenwio AD curHan nponyckancs wepes (pranTp,
AMecommMA nonocy nponyckanus or 45 xl'n mo
300 k', # JONONHHTEALHO YCHIHBANCH ¢ MOMOMILKY
YCHIHTEAR, COOPaHHOr0 HAa MHKPOCXEME THOA
KP544V]12. C meixoaa yCHIATENN CHIHAN MOTAETCR
HA BXOA JHCKPHMHHATOPE, BLNMIHCHHOID HA MHK-
pocxeme KP544CA3

TexnuueckHe XapaKTepHCTHKH [PEAyCHIHTENS
TTAD noxasans & Tabn. 2.
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Tabanua 2 Texuwueckne XAPAKTEPHCTHRN
npeaycnantens [TAD AD nedextockona.

Haumenosanne noxazarens Juagenne
Koapdmumen yeunenns 60 nb
Iosocosoit duastp 95klMu—125xTy

A5xTu-75xT"u

Hanpexenne maranns +12B
HorpeGasemuiit Tox +40 MA
Hepaasomepnocts AMX 8 npenenax

HACTOTHOrO ANanasons, He Goee 43 nb
Ocnabnenne curHasy npH  pacer-

POliKE HAa OKTABY OTHOCHTENLHO

FPAHHYHLIX YACTOT, He MeHee 30 nb
DddexTunnoe avenue HANpEKc-

HHR COOCTBEHHBIX IYMOB, He Donee S mxB

Koncrpykunonnas cxeMa mbesojerexropa [MTAD
NOKasaHa Ha pre. 2,

f
S me

Pucynox 2. KoHCTpyKUMOHHAS CXEMA NREIOACTEXTOPA
IAD: | - xopnye, 2 — QHCK-OCHOBAHWE, 3 — ANEKTPO-
HIOAKUMONHAS RTY/NIKA, 4 — mhesoaneMeHT, S5 — mick
TOKONpOROAAMEro crepuad, 6 — npykusa, 7 — naara
JNICKTPOHIKH JUIH MHKPOCXEM NPEaBAPHTEILRONO YCiIN-
TENS, AHCKPHMHHATOPA 1 (HOPMHPOBATENS HMITYIILCOB, § —
pasnem, 9 — xalens; 10 — dnanen KpenekHOro AeMeHTs;
11 = pessOoBas mmmiska Kpenexnoro anemesra, 12 —
pesnnosas npoxnaaxa, 13 — yronok, 14 — Geronwsii
obwext I'TC.
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B AD cHCcreme AMCKPpEMHHATOP HHAHEr0 ypoB-
HS HMEET perylHpYeMEld MOpOor B OTCEKaeT LIyMEI
TpeAyCHIHTENsS, 2 Takke mnpeobpaszyer CHHYCOH-
JILHBIH CHTHAT B HMOYJILCHBIH, a dopMEpOBaTens
HMITYTECOB o0ecneunBaeT OPMAPORAHRE BHIXOIHEIX
HMITYJILCOB C UTHTENbHOCTHIO 2 MKCEK. YCHITHTENb |
JMCKPHMHHATOD CMOHTHDOBAHEI Ha [TEYAaTHOH IUIATE,
pPasMELICHHON HENOCPEeACTBEHHO BHYTPH Kophyca
MbE30RATYRKA. JNekTpHYeckoe mmuTaRHe (12 B)
NpPeABAPHTENLHOTO YCHIIHTENA C AMCKPHEMHHATOPOM
OCYHIECTBAAETCE OT OTAENBHOro 0OioKa MHTAHHS.
Buixoauoit cursan ¢ [TAD nepeapaercs wepes bHnok
mpeobpa3oBaHus B KOMITEIOTED.

ITAD AD cucremul kpenuTcs Ha oDnexT GeroH-
HOH KOHCTPYKUHH NPH MOMOINYE CTAUHOHAPHOIO UH-
NHHEApHYecKoro 3sykonpoeoaa (L=50mm, O=20mmM) ¢
dnannem (O=65mm).

IL.2. PaszpadoTka u chopka npoueccopHoro
ooka AD cucremsbl

IMponeccopami@ Gnok A3  cHcremsl Obin
pazpaboran Ha OCHOBE TIPOMBILILTERHOTO
xommsiotepa PEAK 602VL (NEXCOM, Tajisans) u
momyns  cuerdnkoe CUM-16 (3A0  «HIII]
«ACITEKT», Poccus).

IMnara cuerunxos CUM-16 ycranasnusaercs B
npoueccopusii  Gnox  xommuiotepa. Moayns
cuerunxa CUYM-16 nogcuuTeiBaer KOAHYECTBO
UMITYIBECOB, IPHINETIIAX Ha KaXKIbIH CUYCTHRIN KaHAT,
HIH ONpEAENseT HHTEHCHBHOCTH NOCTYNAKOUIHX
HMIYIIECOB € NOMONILI) BCTPOCHHBIX TaiMEpOR.
Vnpasnenue Moaviem cuerunkos CUM-16 u urenue
Pe3VILTAaTOB HAKOIUICHHS TTPOH3BOAMTCS C MOMOIILIO

KOMIBIOTEPHOR MPOrpaMMbL.
IL3. I'panynposka AD cucremni

Hns npeapapaTensHo# HacTpoiika AD cHCTeMH
Onun HCIIONL30BaH METO  OTHOCHTENLHOH
rpaayapoekd [IAD, ocmopammwit Ha koppo3uM
METATLTOR TOA HanpaxeHEAeM [7].

B pabore [8] ommcan mpouecc xonnekTHBHEOrO
OTPbiBa JHCAOKAIHH OT TOYKH 3aKpENNeHHs, KOTO-
peifi conpoBOXaeTcs OOpazoBaHHeM AD CHIHANOB.
B paGore [9] noxazano, 4to npe ramma-obnyuennn 8
KPEMHHH (DOPMHpYETCH SHYeHCTas MHKPOCTPYKTYpa,
KoTopas B WHTepBane aozs 10°-10° Pax cramosares
HecTaOuNBHON, H TOCHE TpeKpameHHs ODIyHeHHs
onpejenenHoe BpeMs Hamydaer AD sonuel [[ns rpa-
AyHpoBKH AD CHCTeMEl OBUIE HCHONB30BaHH 0bpas-
OB MOHOKDHCTRIUIHYECKOID KpeMHHS B dopme
TMIPH3MATHYECKHX CTepxkHeH ¢ pasmepamu 1.0x3.0x35
MM B 1 2x4. 1x28.7 MM, xoTOopeie obnyuan® ramma-
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KBaHTAMH HCTOYHHMKA HOHH3HDVIOUIETO HINyYEeHHS
(UUH) Co-60 ma ramma-ycranoske UAD AH PV3
npu mormomemEsx Aosax 21x10° Pax OGpasuw
KPEMHHSA [OC/ie NPOBCAEHHS raMMa-odnyyenns (ux-
cupoBand Ha nbesoperextope [TAD AD cucremu m
u3mepsana AD cnekTp gedexroobpasosanus [10]. AD
CITEKTP ramMMa-obIIyHeHHOr0 MOROKPHCTAIUTHYECKOrO
KpeMaRs 1030i 21x10° Pax nokasan ua pHC. 3.

]
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Pucyrox 3. AKyCTHKO-3MHCCHOHHBIN CIEKTp raMma-
obmyuennoro obpasua kpemuns aosoir >1-10° Paa N -
YHCIO HMITYNLCOB B cexyhay. Ha Bcraske nokasana spe-
MeHHas 3aBHCHMOCTS BHyTpexHero tpewns (Q') ramma-
obayyennoro obpasua kpemana 2030i >1x10° pan.

B ramma-obnydennom oOpasie MoHOKpHCTan-
JIHYECKOTO KPEMHHs B TedeHHe JUIHTeNbLHOro
BPEMEHH BO3HHKaIOT AD CHIHaNH, KOTOpHE
perucrpupytores [TAD, Hcnons3oeansOro HaMu s
HacTpoHk®R A3 cucremst [11].

III. Onucanne u aHaNNH3 Pe3yILTATOR

OKCNEepHMEHTANLHBIC HCCIEA0BaHHS eTEKTHPO-
BaEEs AD CHTHATOB TPEMMHOOODA3OBAHHA B
oOpasuax OeTOHHBIX CTEHAOB NPOBOAMIE B
naboparopumix ycnoBEsx. B kawecrse o6Gpasmos
CTEHJ0B HCNONL30BanH OeTOHHBIE ONOKH pasmepam#
380x130x50 wwm. Kaxmgerd Gerowswit  ofpasen
conepxan 3 orsepceTus (2=40 mM), pacnosokKeHHBIX
Ha OHOH monoeHHe OeToRHOro Gnoka, a Ha BTOpOH
nonoeHHe OeToHHOrO Onoka ObUIH ycTaHOBNEHE!
MMAD (puc. 4). [Ina coznamns HcrouHEKa AD B
ASHHEIX 00pa3suax WCNONB30BANH CyXHE JAEpeBSHHEIE
Opyckn (@ =40 mm, h =55 mn), xoTopre Snum
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Pucynox 4. O6pasen Geronsoro crewpa (3), TIAD AD
cucremst (1) u aepessunniii 6pycok (2).
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MJIOTHO YCTAHOBJIEHK! B OTBEpCTUsS Beronnoro 6moka
H IOrpy#anick B Boay. Brureisanme Biarn cyxumu
JepeBsHHbLIME OpycKaMu NPUBOAMNO K WX HaDyxa-
HHIO W, BCICACTBHE 9TOro, Kk AeOPMHPOBAHHIO
Geronnoro Gnoka (puc. 4), cOMpoBOXKIABIIEMYCS
TPEIMHO00paZoBaHHEM U BO3HUKHOBEHHEM AD cur-
HAIlOB, KOTOpkIe perucTpupytores TTAD AD cueremul,
a Ha MOHHTOpPE KOMNBIOTEpa BozHHKaer AD cnekTp
TpetuHoobpazosatns (puc, 5),

Bpoms

dgppRrBSrEURYR
AEIRRNEUBRREY
ﬁnguurqmnvnoeh

Preynok 5. AKyCTHKo-3MHCCHOHHBIH CiekTp 0fpasoBanns TpeutHHbl B GeTOHHOM 00pasiie B PEKUME PCAILHONO Bpeme-

HH,

Jns AD cucremel Gnuta paspaborana KOMILIO-
TEPHAA NPOrpaMMa 1o ONPEACICeHHIO KOOPARHNAT X, V,
z paspwBaromedica TPEMAHE! B OeTOHHLIX 0bpastax, a
Tak/ke Db MPOBE/ACHL! MPEABAPHTENLHBIE HCILITA-
HHS 110 ONpPeACIEHHIO KOOPANHAT X, V, Z PA3BHBAIO-
e ca Tpeumpel B 6erounoM obpasue [8].

Iv.

Paspaboran w m3roromien onmuITHLIH 0bpasen
BEICOKOYYBCTBHTELHOH AD CHCTEME! ¢ IMBE30aTHH~
kamu  TTAD, umerommii  koahduument ycanenus
58 ab, nonocy mponyckanus or 45 Kl'u ao 300 k',
peryimpyeMeit yporeHs Juckpumunaumn 1-50 MB.
IMpoucccoprutit 610K WMEET MOIYITh CHETYHKOR

Jakmouenue

CYM-16 s cbopa u ananusa AD gannwx. [Momyse-
Hbl AD cnekTpl Tpemmrooobpazosanns B obpasnax
Geronnnx  crenpos.  Paspaborana  koMmeioTepHas
MporpaMma Ui ONMpeieeHns KOOPAUHAT X, V, Z pas-
BHBAIOLICHCA TPEUMHLL B DeTOHHLIX 00pasnax.

baaropaprocrm, Pabora 6Guina BeNONHEHA 1Py
¢umancoroi nmomaepkke npoekta IHTIT MA-Al4-
{070,

Arropsl Braipacator 6naropaprocrs T, Xaiija-
pory # IO .H. Kapumony 3a nomoms npi nposeaenun
IKCIEPUMCHTATBHLIX HCCNeA0BaHAl K obeyagienue
PE3YNLTATOB,
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MeTagaunbie

Development of an acoustic emission system for
monitoring the states of hydrotechnikal structure

U.T. Ashrapov', LL Sadikov', SH.M. Makhkamov',
B.B. Mirzaev', A.G. Estifeeva’

'Institute of Nuclear Physics of the Academy of Sciences of Uz-
bekistan, Khurasan st., 1, 100214, Tashkent, Uzbekistan

*JSC “Hydroproject”, Bobur st. 20, 100022, Tashkent, Uzbeki-
stan

The paper presents the results of research on the de-
velopment, manufacture, calibration and testing of
acoustic emission (AE) system for non-destructive
control and monitoring of the states of concrete struc-
tures of hydrotechnical structures. AE system con-
tains the four AE piezoelectric sensors, a processing
unit, consisting of industrial computer, module of
counters SCHM-16, software for collection and
processing of AE data, keyboard and monitor. The
piezoelectric detector of the AE system was cali-
brated in a frequency band from 45 kHz to 75 kHz
and from 95 kHz to 125 kHz according to the ob-
tained AE spectrum of defect formation in a sample
of monocrystalline silicon gamma-irradiated by ioniz-
ing radiation source “’Co with dose of >1-10° Rad.
Laboratory tests of acoustic emission systems on
concrete stands was conducted and the AE spectra of
cracking were obtained. Using the AE system the
three-dimensional coordinates x, y, z of developing
cracks in concrete blocks are determined

Keywords: piczosensor, system unit, data analysis unit, concrete
stand, crack, AE spectrum
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IuapoTeXHHK WHIOATIAP XOJATHHH MOHHTOPUHT
KWIHII YYYH AKYCTHK-IMHCCHOH CHCTEMACHHH
umab YHKapum

V.1, Ampanoa’, WM. Caagmxos', IILM. Maxkamos',
B.B. an:men', AT. Ecrrml)cclm2

' VaGexucron Pecnybmukacu Mannap Axanemuscu Sapo
¢usnkacn mHcTHTYTH, XypocoH Kyuacmu, 1, 100214,
Tourkent, Va6exucron

2 «I'mnponpoex™ Axumonepnuk Jamusti, Bobyp xyuacu,
20, 100022, Tamkenr, Y3a6ekucron

Makonana ruApOTEXHHK WHINOATNAPH GETOH KOHCTPYK-
UMATIAPUHE MYTYP eTKa3Mail TeKIHPHIN BA MOHHTOPHHT
KHIHII YYYH aKyCTMK 3MHCCHOH CHCTEMACHMHM uinad
YHUKAPHLL, ACAlll, FPagyMpOBKaNall Ba CHHALI TaAKMKOT-
napu kentHpuiran, AD cHCTeMa KyWHAArniapaas Tapkuo
Tonraw: 4 mowa AD mhesomaTHWKRApH, mpoueccop Gnoxw,
canoar komneiorepu, CUM-16 xucobnam mozysm sa AD
KYpcaTKu4-JJApHHH HHFULI BAa KalTa MUUAW yYyH Npo-
rpaMmMa TabMHHOTH, KJaBHaTypa Ba MOHHTOP. AD cucre-
MACHHMHT IThe303JIeKTPHK JETeKTOPHHH TpagydpOBKACH
45 kI'u pan 75 k' raua Ba 95 xI'u gas 125 kI'y raua
4acToTanap OpalHFHAA MOHOKPHCTA/ KPEMHHITHH raMMa-
Hypnapn aosacu =1x10°Paa 6ynras “’Co nonnamrmpysun
Hyp ™aunbacu Ownanm wWypmatminza aedexriap Xocun
6Ymum skapaénuEAHET AD CHEKTPHHH Viyam Eprammua
kambpoBka kummHmM. JlaGopatopus wapoutuaa AD cic-
TeMacHHH OETOHNM CTeHANap/a CHHAL HuLTapu Gaxapui-
[H Ba EpPHKJIAp XOCHT OYMHIIHHUHT AD CIeKTpiapH OnHH-
am. AD cucremacu éppamuaa OetoH GIOKIApH HaMyHana-
punard €puKnap Xocun GYNHUIIMAM X, Y, Z KOOp/MHATANA-
PH aHUKJIAH]IN.

Kamrt cy3map: meesofarymk, mnpoucccop, OmMok aHanmmsa
AaHHBIX, DETOH KOHCTPYKLIapH, épuknap, AD criekTpu



