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LARGE AREA ISOLATED NANO DOT AND WIRE
FORMATION BY BROAD ION BEAM IMPLANTATION

Prasanta Karmakar*

*Variable Energy Cyclotron Center, I/AF, Bidhannagar, Kolkata -700064, India, e-mail:prasantak@vecc,gov,in

We report the isolated nano dot and nano wire formation on a large area via broad ion beam
implantation without any mask or resist. Desired ions have been implanted at specific location
of the prefabricated silicon ripple or pyramidal structures by exploiting the variation of local
ion impact angle[ 1][2]. The fundamental feature of such nanopattern formation by broad beam
ion implantation is explained by a geometrical model.

Development of a system with nanometer scale periodic array is technologically
important because of its unique magnetic, electronic, optical as well as mechanical properties.
The development of such system relies on the technique that can manipulate with atomic
precision. Therefore modern technique like AFM/STM tip or dip pen lithography is used to
realize such structure [3]. However, these approaches of nanopatterning are very slow and
expensive for large area and mass production. Alternatively, nanometer focused beam of ions,
electrons or photons can produce structures order of magnitude faster than mechanical tips[4]
[5]. However, patterning with focused beam is not cost and time effective for large scale
fabrication. Photolithography is conventionally used for large scale patterning but the spatial
resolution of patterning in this case is restricted by optical diffraction limit. X-ray lithography
is promising compared to photo lithography for nano scale patterning, but it is expensive and
requires huge x-ray sources as well as resist, mask and also multi step processing. Similarly,
broad beam of ions and electrons could also fabricate nanopatterns using resist, mask and multi
step processing [6][7][8]. Therefore, search for a technique for fast and large area nanopattern
formation in minimum steps without mask and lithography remains an important issue in
materials science research.

I have developed a method that allows patterning of isolated nanostructure arrays by
broad ion implantation on ion beam induced prefabricated templates without any mask and/or
lithography. Large area patterned Si substrate with sinusoidal or triangular surface profile have
been first fabricated by broad nitrogen, oxygen and argon ion bombardment at oblique angle.
We show that further implantation of Fe, Ni, Ag, C etc at same ion incidence angle on such a
pre-formed patterned substrate could selectively deposit projectile atoms at the front face

(facing the 1on beam) of the sinusoidal or pyramidal structures. Consequently, one gets a self-



organized periodic array of wire or dot nanostructures of dimension 10-200 nm. The key feature
of this method is that the projectile atoms are inserted and restricted at specific sites without
any mask.

Cleaned and degreased Si(100) substrates are bombarded with broad 10-15 keV mass
analyzed nitrogen, oxygen, carbon, carbon mono-oxide, nitric oxide or argon ion beams to
develop the nano template structures. Figure 1 and 2 show the nano template development by

oxygen ion bombardment.
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Figurel. AFM and XTEM image of 8 keV O" ion induced patterned Si surfaces. AFM images and line
profiles along the marked lines, arrows indicate ion beam direction, (a) Sinusoidal ripple structure and
(b) Triangular ripple structure. (¢) Low magnification cross sectional TEM image and (d) STEM-
HAADF image of sinusoidal ripples formed at ion fluence of 7x10'” jons/cm 2. EDX line profiles of Si

Figure 2: AFM images of (a) virgin Si, and 14 keV O,* ion bombarded Si at 60° angle of incidence with
ion fluence (b) fluence 2 x10"7, (¢) 3 x10'7, (d) 5x10", (e) 8.8 2x10"7, (f) 1.4 x10', (g) 2.06 x10' (h)
4.2 x10'8(i) 7.5 x10™ (j)1.9 x10" ions/cm?

Now, on the prefabricated Si nano template having sinusoidal, triangular or pyramidal
shaped profile, desired ion beams are at an angle 60° /70° with respect to the global surface

normal. The incident beams are only implanted on the front face of the nano-templates. Thus,



isolated periodic structures on silicon oxide matrix are generated on entire beam exposed area.
XTEM image in Figure 3 shows the side view of the implanted iron in the silicon oxide matrix.
Almost no Fe is implanted on the back side whereas pony bean like structures is visible in the
front side. EDX line profiles on XTEM sample clearly show that Fe sits only on the front side
(Figure 3(c)-(f)). Similarly, isolated Ag dot formation on nitrogen ion induced nano-templates

are shown in Figure 4.

Figure 3. XTEM images of the patterned Si surface produced by 8 keV O'* ions with fluence 2x10'8
ions cm? and consequent 36 keV Fe** implantation with fluence 1x10'® ions cm™. (a) Bright-field STEM
image and high-magnification image in the inset, (b) corresponding STEM-HAADF image. (c) High-
magnification STEM-HAADF image. EDX line profiles for Si and Fe distribution across the structure,
(d) for line 1, (e) for line 2 and (f) for line 3 as shown in (c). (g) Zero-loss image and (e) corresponding
composite image showing Si (red) and Fe (green) acquired using EFTEM mode.
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FIGURE 4, (a) AFM image of the silver deposited template with fluence 2.1x10'" ions/cm?, (b) cross-
sectional TEM image of irradiated silicon template by nitrogen, (¢) pictorial cross-sectional view of Ag
dot on nano template, and (d) high-resolution cross-sectional TEM image after Ag deposition.



The spatial variation of implanted species over the sinusoidal ripple structure and
triangular wave like structure has been described by calculating the local ion impact angle,
implantation depth and sputtering yield (Figure 5). As a first approximation, we can consider

that initial stage of the ion bombardment forms the sinusoidal ripple structure with the surface
profile described by h = h, cos (2%) where h is the height, x is distance along the ripple wave

vector, hg is the amplitude and A is the wavelength of the ripple. The slope at any arbitrary

point is % = 2?0 sin (2%) If we consider the ion incidence angle is 8 with respect to the

global normal of the surface and ¢ is the angle between global normal and local normal then,

2mhy . 2mx
tanp = —si (

n T) Therefore, the ion incidence angle with respect to the local surface

normal could be written for the above sinusoidal ripple structure as

w= 0—tan™?! [Lﬂhosin (zﬂ)] (1)
A A

The variation of ion incidence angle at different point of the ripple with respect to the local

normal is presented in Figure 5. From equation (1), condition for no beam exposure

2mhy .
s

(shadowing) is w = m/2 i.e. tan(m/2 — 0) < x

2mx . . . ..
n (T)’ Similar shadowing condition was

also predicted by Carter et al.[9]
Figure 5(b) illustrates the case when sinusoidal ripples are transformed into triangular
structure. The figure shows the different local ion impact angle on two faces of the tri angular

structure. In the front face the local ion impact angle is Yeront = 60— tan (H/A,) , whereas at

the back face, it is i

rear

= 0+ (tanH/A,) , where H is the height, A1 and A, are the bases of

two triangles as shown in Figure 3(b).
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Figure 5. Variation of local ion impact angle, ion implantation range and sputtering yield with length
along the wave vector direction. (a) A sinusoidal ripple with amplitude hy = 32 nm and wavelength
A = 275 nm similar to the structure shown in Figure. 1 . (b) A triangular faceted structure with height
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H = 76 nm with 4; = 105 nm and A4, = 170 nm similar to the structure shown in Figure. 2. The ion

incidence angel with respect to the global normal is & = 60%and  is ion impact angle with respect to
the local normal.
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Figure 6. High resolution cross-sectional TEM images of (a) pony bean like Fe particle seating on the
front side patterned Si surface and (b) Fourier filtered image from edge of Fe particle (shown in inset)
from dotted box region in (a) showing lattice fringes and spacing close to (100) and (002) inter planer
spacing of hexagonal Fe. Cross-sectional (¢) atomic force and (d) magnetic force microscopy of the 36
keV Fe implanted patterned Si surface. Corresponding topographic (upper) and magnetic (lower)
profiles along the line drawn on (c¢) and (d), respectively is shown in (e).

MFM measurements of the Fe implanted magnetic patterns are shown in Figure 6(c-d).
Cross-sectional topographic and MFM measurements were performed on the same sample
prepared for cross sectional TEM. The topographic images are consistent with the TEM images.

The iron implanted zones are visible with the MFM measurement.
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Figure 7: (a) SERS spectra of virgin silicon, silicon nano-templates and nano-template in the presence
of silver nano-dots (a) without dye (b) with Rhodamine 6G molecules (dye). Please note the different
scale of Y (intensity) axis.

11



Fig. 7 shows the Surface Enhanced Raman Spectroscopy (SERS) of the virgin Si, nitrogen ion
induced silicon nitride nano templates and Ag nano-dot containing templates. Fig. 7(a) shows
the SERS of ion bombarded silicon nano template and silver implanted templates for two
different ion fluence of Ag at photon wavelength 521 cm!. The presence of plasmon active Ag
dots (fluence 5x10'¢ ions/cm?) increases the Raman signal by more than 3 times compared to
the virgin silicon or silicon nitride nano template. Further increase of Ag ion-fluence to 2.1x

10'7 ions/cm?, the enhancement increases by almost 7 times (Fig 7(a)).
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SURFACE EROSION OF MULTILAYER NANOSTRUCTURED ZrN/SizNs FILMS
IRRADIATED WITH HELIUM IONS

V.V. Uglov, S.V. Zlotski

Belarusian State University, 220030, Nezavisimosti ave., 4, Minsk, Belarus, uglov@bsu.by

Increasing the intrinsic security and the performance of next-generation nuclear plants is
a key issue for the development and public acceptance of nuclear energy. One of the
conditions to achieve this goal is the elaboration of advanced materials tolerant to high
irradiation fluence and to gas accumulation (He and/or H transmutation products) at high
temperature [1].

Much attention is being paid to the study of materials with multiple interfaces (grain
and phase boundaries), which act as defect absorbers that reduce the effects of radiation
damage, and act as traps for implanted gases such as helium [2]. In addition to multilayer
films having a crystalline/crystalline structure, multilayer films with a crystalline/amorphous
structure are of great practical interest. Besides immiscibility between constitutive elements, a
high strength of the multilayer structure is essential to prevent slip and swelling in a radiation
environment [3]. Due to the lack of long-range atomic order in amorphous materials, they
undergo fluctuations in free volume or local bonding when subjected to irradiation, rather
than the generation and coalescence of point defects [4, 5]. Additionally, amorphous materials
can accommodate implanted He ions into the free volume present in their structure [6].

The aim of the present work is to study the surface erosion of various ZrN/SizNy
multilayered films after irradiation by He?" ions with energy of 40 keV and fluences up to
1.1x10" cm™, and compare their radiation-stability to monolithic ZrN films.

ZrN/S13Ns multilayer films were grown at 500°C by reactive magnetron sputter-
deposition in a high vacuum chamber (base pressure < 10> Pa) equipped with three confocal
targets configuration and a cryogenic pump (max. 500 1/s) [7]. Films were deposited on
Si(100) substrates covered with 10 nm thick thermally grown SiO; amorphous layer. A
constant bias voltage of -60 V was applied to the substrate during deposition, while the
substrate was rotated at 15 rpm throughout the whole deposition to ensure an equal deposition
rate across the substrate area.

ZrN/S13N4 multilayer films with different thickness of ZrN and SizN4 elementary layers

have been investigated. The main characteristics of investigated ZrN/Si3N4 multilayer and
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monolithic reference films are listed in Table 1: values of the thicknesses of ZrN and SizNy4
elementary layers, the fraction fzn (thicknesses ratio of ZrN elementary layer to (ZrN+Si3Ns)
bilayer), number of bilayers, total film thickness. The total film thickness was about

300 nm.

Table 1. Characteristics of ZrN/SisN4 multilayer and monolithic reference films: thickness ratio of ZrN
and SizN4 elementary layers, the fraction fzn, number of bilayers, total film thickness, range of He
ions.

Total film Projected range R, of
ZrN to Si3Ng4 layer Number of
fz:N thickness He ions calculated
thickness ratio billayers
(nm) by SRIM (nm)
5 nm/2 nm 0.71 43 275 178
10 nm/5nm 0.67 20 266 198
5 nm/5 nm 0.50 30 256 203
5 nm/10 nm 0.33 20 278 232
2 nm/5 nm 0.29 43 295 236

Ion implantation of the ZrN/Si3N4 multilayered and ZrN monolithic films was carried out
using 40 keV He?" ions at the DC-60 heavy-ion accelerator at the fluence from 3.0x10'7 to
1.1x10'® ¢m™. Irradiation with helium ions was perpendicular to the surface of the samples.
The implantation temperature was 300 K (RT). The energetic parameters of implantation were
chosen so as the implanted He distribution depth did not exceed the film thickness, as
calculated using the SRIM-2012 code [8].

The morphology of the films surface was studied by the method of scanning electron
microscopy (SEM) on plan-view specimens using a JEOL JSM-7500F Field Emission
Scanning Electron Microscope. The percentage of the removed area was estimated from the
ratio of the area of flakes to the area of the total SEM image. The films thickness was
determined from cross-section SEM micrographs analysis.

Previous TEM investigations of the as-deposited ZrN/SizN4 multilayer system have
revealed that the films consist of the alternating layers of nanocrystalline ZrN and amorphous
Si3N4 [7, 9]. Laterally continuous layers, with planar and sharp interfaces are observed. A
clear separation of the ZrN and Si3N4 layers indicates that they are not miscible. ZrN layers
have a polycrystalline microstructure, while Si3N4 layers showed no crystalline character.
Columnar structure extends through the multilayers. More details of the study of the initial

state of multilayer film are given in Ref. [7, 9].

14



Before investigating the surface of irradiated films, calculations using SRIM program
were performed. For these calculations, the densities of ZrN (7.4 g/cm?®) and of S3iN4
(3.0 g/cm?) layers, taken from the Ref. [7], were used. The results of SRIM calculations are
presented in Table 1, where the mean depth of the He distribution, Ry, is reported.

In order to evaluate the radiation resistance of ZrN monolithic films, the areal fraction
of their eroded surface (the ratio of the area occupied by opened and closed blisters to the
surface area of the film) was calculated (figure 1). In this work, only surface erosion
associated with the formation of blisters or exfoliation is considered, since the variation of the
film thickness caused by these processes is one or two orders of magnitude higher than the
material removal due to re-sputtering caused by He irradiation [10]. For the case of ZrN, it is
observed that the areal fraction of the eroded surface is rather constant with the irradiation
fluence and equal to 90-91%, does (see figure 1). This can be explained by the already high
density of blisters even at low fluence, which prevents the formation of new blisters. The
distance between blisters is conditioned by the mobility of radiation defects (vacancies and
He-vacancy complexes), and it does not exceed blister diameter for ZrN film.

The same methodology was employed to quantify the areal fraction of eroded surface for
the ZrN/Si13N4 multilayer films and studies the effect of crystalline/amorphous boundaries on
the blister formation were investigated. We will examine the change of erosion properties
(critical fluence of blister formation, diameter and density of blisters) when altering the
fraction fzn which characterizes the influence of thicknesses of the crystalline and amorphous
layers in ZrN/Si3N4 multilayers. SEM studies of the films surface showed no blistering or
exfoliation after irradiation with He ions at fluence below 5x10!7 cm™.

Opened blisters with the diameter of 3 um are formed at the surface of ZrN/SizN4
(10 nm/5 nm) film (Figure 2a) while opened and closed blisters of 7 um diameter are formed
at the surface of ZrN/Si3N4 (5 nm/2 nm) film (Figure 2b). Diameter of blisters is substantially
greater for multilayer films as compared with mononitride films that points to the difference
of mechanisms of blister formation. At the same time, the blister density for multilayer films
is noticeably lower than for monolithic films. The last fact is mainly conditioned by the
influence of amorphous layers which play the role of the effective sinks for radiation defects.

In the case of high values of fzw, the critical fluence of blister formation in
ZrN/SizN4 (10 nm/5 nm) and ZrN/Si3N4 (5 nm/2 nm) multilayer film is equal to 5x10'7 cm™
and 6x10'7 cm™, respectively, i.e. it does not exceed the value obtained for the monolithic

Z1N film (Table 2).
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Figure 1 - The dependence of surface erosion on the fluence of implantation with with 40 keV He*"
ions of MeN mononitride and ZrN/Si3N,; multilayer films.

Table 2. Erosion characteristics of ZrN/Si3N4 (multilayer and ZrN monolithic reference films: critical
fluence of blistering, blisters diameter, blisters density.

Critical fluence of blistering | Blisters diameter Blister number density
(cm?) (um) (um?)
1 6x10" 0.75 and 1.35 0.53
0.71 6x10'"7 3 9.4x10°°
0.67 510" 7 3.8x1073
0.50 6x10" 5-6 1.5x10
0.33 8107 1 3.2x1073
0.29 1.1x10'8 4.5 1.9x10

The smaller thickness of the amorphous layer (2 nm) affects also the blister formation in
ZrN/Si13N4 (5 nm/2 nm) multilayer film and leads to increase in blisters diameter and density
(Table 2). When fzn = 0.50, that corresponds to the equivalent thicknesses of the crystalline
and amorphous layers, the critical fluence of blister formation in multilayer films does not
also exceed the value obtained for ZrN monolithi (Table 2). These data testify to lack of
efficiency of the amorphous layers at fzozw = 0.50 to enhance the radiation stability of
multilayer films. In this situation, the opened blisters with the diameter of 5-6 um (Figure 2c¢)

are mainly formed. Density of the blisters remains low about (1-4)x10* pm (Table 2).
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Figure 2 - SEM images of the surface of the ZrN/Si3N4 (5 nm/2 nm) (a), (10 nm/5 nm) (b),
(5 nm/5 nm) (c¢), (5 nm/10 nm) (d) and (2 nm/5 nm) (e) multilayers irradiated with 40 keV He*" ions at
the fluence of 5x10'" cm™ (b), 6x10' cm™ (a, c), 8x10'" cm™ (d) and 1.1x10" cm? (e).

For fzmn=0.33 the critical fluence of blister formation for ZrN/Si3Ns multilayer films
increases up to 8x10!7 cm (Table 2). Appearance of the closed blisters with the diameter of
1 um takes place on the surface of ZrN/Si3N4 multilayer films (figure 2d). Further decrease

of fzn down to 0.29 ensures the synthesis of multilayer films with high radiation stability
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(Table 2). For ZrN/SizN4 (2 nm/ 5 nm) film, the opened blisters of 4.5 um diameter are being
formed and they are characterized by rather low density, namely, 1.9x10 um (figure 2¢).
Quantification of the degree of surface erosion is plotted in figure 1 for ZrN/SizNy
system as a function of the irradiation fluence. As shown in figure 1, the areal fraction of
eroded surface decreases in ZrN/SizN4 multilayer films when fzn decreases. For ZrN/Si3Ny
(10 nm/5nm) and ZrN/Si3N4 (5 nm/2 nm) multilayer films, the surface erosion increases
rapidly up to reaching the fluence of 7x10'7 ¢m™, and it remains constant afterwards.
However, for the ZrN/SizN4 films with lower fzxn, the surface erosion is rather small and it

reaches only 1%when increasing the irradiation fluence up to maximum value (figure 1).

ZrN/Si3Ns multilayer films were synthesized by reactive magnetron sputtering with
different thickness of elementary layers. The films consist of alternating crystalline ZrN and
amorphous Si3Ny layers.

The formed multilayered films were irradiated with helium (40 keV) ions at high fluence
(up to up to 1.1x10'" cm2) that resulted in surface erosion (blister formation). Radiation
surface erosion in ZrN/SizN4 nanolayered systems is significantly lower as compared with
ZrN monolithic films after high fluence (up to 1.1x10'® ¢cm) He ion irradiation. The degree
of radiation erosion of multilayered films strongly depends on the ratio of the thicknesses of
crystalline and amorphous layers (fz). The critical dose for surface blister formation in

multilayer films increases when fzn decreases and is minimal when fzn ~0.29.
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Formation of nanoporous germanium layer by low-energy implantation with
transition metal ions
A.L. Stepanov

(I)OpMI/IPOBaHI/le CJIO€EB HAHOIIOPUCTOI'0O repMaHust METOAOM HOHHOM HMIIJIAHTAI U
H UX NPUHJTOKCHUSA

AJL CrenanoB
Kaszancxuii pusurxo-mexnuuecxkuti uncmumym um. E.K. 3asotickoeo ©®UI] Kazanckuii
nayynwviti yenmp PAH, Kazanw, Poccutickas ¢hedepayust

B noxmane mpeacrtaBieH 0030p MccaeAOBaHWM, MPOBOIUMBIX B TIOCIIETHUE
ronsl B Kazanu, mo ¢dopmupoBanuto cioeB HaHomopuctoro repmanus (PGe)
HHU3KOHEPreTUYECKON BBEICOKO030BOH AMIDIaHTalen MOIJIOXKEK
MOHOKpHUCTaIMueckoro c¢-Ge moHamu Tepexoausix MeramioB (P2Cr", 3Mn*, *Fe”,
¥Co*, ¥Ni, BCu’ 'Ag* u !22Sb*). JlonmonHuTENbHO K paHee OMyOIMKOBAHHOM
MoHorpaduu [1], mpeacTaBieHbl HOBbIE Pe3yJIbTaThl 0 OCOOEHHOCTAM 00pa3oBaHMUsl, a
Takke 1O (U3UKO-XMMHYECKHM XapakTtepuctukam PGe cioeB, B 3aBHCHUMOCTH OT
YCJIOBUH W TMapamMeTpoB MOHHON HUMIUIAHTAllMM TaKWX, KaK HOHHAs J103a, DHEPTHUs,
TeMIeparypa noanoxku c-Ge Bo Bpemsi oOmydenuss U Ap. OTaenbHOEe BHHUMaHueE
yAEISIETCS. pOCTy pas3nudHbix Mopdonorndeckux ¢opm PGe mogoOHBIM JIBIPOYHBIM,
TaOMpPUHTOBBIEM, TpPEXMEpPHBIEM CceT4YaTbleM U TyOKONOAOOHBIM  CTPYKTYpaM,
BO3ZHUKAIOIIMM MPU HUMIUIAHTALlMM MOHAMHU TEPEXOAHBIX METAIJIOB PA3JIMYHBIX Macc
(Puc. IIpumepsr). OOCyx)aar0TCsi pe3yibTaTbl MOAPOOHBIX HSKCIEPUMEHTOB IIO
BCITYYMBAHUIO M PACHBUICHUIO MOBEPXHOCTU 00IyyaeMol moanoxku c-Ge B mpolecce
oOpazoBanust cioeB PGe. OrtnenbHOe BHUMaHHE YAEISETCS SKCIEPUMEHTaM IO
MoauUKaIII TIOBEPXHOCTH PGe CJIOEB, TOJIBEPTHYTHIM BO3JICUCTBUIO
HEKOTepEeHTHBIMU CBETOBBIMH HMITyJIbcaMHd. B  3akmioueHne OyAyT MpHUBEAEHBI
MIpUMEpPHI 0 MPAKTUYECKOMY HCIIOJIb30BaHUIO ciioeB PGe, TeXHOJIOrUsl M3rOTOBICHUS
KOTOPBIX ObUIa HEAAaBHO 3amaTeHTOBaHA [2], I pa3IUYHBIX TMPUIOKCHHUH, B
YaCTHOCTH, IO CO3JaHUI0 aHOJOB [UISi HOHHO-JIUTHUEBBIX aKKymyJsiTopoB [3].
[Tocnennue pe3ynbTaThl BONUIM B [lepedeHb BaXKHEUIIMX TOCTHKEHUN 10 OTaeIeHno
¢uznueckux Hayk PAH 3a 2021 r.
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NONTHERMAL ATOM ACCELERATION IN SWIFT HEAVY ION TRACKS:
SUBPICOSECOND HEATING FROM INTERATOMIC POTENTIAL CHANGES

N. Medvedev!?, A.E. Volkov>*>

2 Institute of Physics, Czech Academy of Sciences, Na Slovance 2, 182 21 Prague 8, Czech
Republic
3 Institute of Plasma Physics, Czech Academy of Sciences, Za Slovankou 3, 182 00 Prague 8,
Czech Republic
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53,119991 Moscow, Russia,
4 Joint Institute of Nuclear Research, Joliot-Curie 6, 141980, Dubna, Moscow Region. Russia
’National Research Centre Kurchatov Institute, Kurchatov Sq,1, 123182, Moscow, Russia

Swift heavy ions (SHI, £ > 1 MeV/nucl) are widely used for nanometric modifications of
materials [1,2] well as for ion beam therapy [3,4]. Understanding of microscopic processes
governing SHI interaction with matter can considerably facilitate development of advanced
technological and experimental methods. An SHI impinges on a solid in the electronic stopping
regime depositing a large amount of energy into the electronic system [1,2]. Spreading outwards
from the ion trajectory, fast so-called delta-electrons then redistribute this energy via electronic
cascades exciting secondary electrons, and creating deep-shell and valence holes [5]. The
electronic kinetics eventually leads to energy transfer to the lattice. Atomic response to this
excitation results in nanometric material modifications along the ion trajectory known as the

SHI track [1,2].

Nowadays, the inelastic thermal spike (i-TS) [6], which is a version of the two-temperature
model (TTM [7]), is most commonly used to describe material excitation in the track: two heat
diffusion equations for the electronic and ionic temperature coupled by the term describing the
energy exchange between the electronic and the atomic system. It is assumed that the The
electron-lattice scattering, often presumed to be electron-phonon scattering, is assumed as the
background for this term. The problem of the macroscopic TS model [5] relates to too short
cooling down time of the electronic ensemble. High gradients of the deposited energy result in
fast spatial spreading of the electronic excitation. This restricts the time of energy transfer to

the atomic system in the proximity of the ion trajectory by ~100 fs after the ion impact.

The TS model solves this problem by fitting of the electron-phonon coupling parameter to
the value providing fitting the calculated SHI track sizes to those detected in the experiments.
These values are orders of magnitude larger than those (~10'°-10'7 W/(m’K)) measured in the

laser-irradiation experiments and calculated with various models [8] (see Figure 2).
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Figure 1 TS-fitted coupling parameter for various materials compared to those extracted from the SHI
irradiations data [9], are shown with red circles. The electron-phonon coupling parameters measured in laser
experiments (Ref. [10] and references therein) are marked by blue squares. Black crosses mean the calculated
coupling parameters at the laser damage threshold doses[10,11].

Yet, SHI tracks are detected experimentally, implying that much faster atomic heating takes
place there than predicted by electron-lattice coupling. It poses a challenge [12,13] to the
fundamental understanding of the electron-ion energy exchange in highly excited solid states.
Various possibilities of the energy exchange were discussed [14-20], but no solution has been
found.

In this work, we point out [8] that electron-phonon coupling is not the only mechanism of
atomic heating. A strong ultrafast excitation of the electronic system also changes the atomic
potential energy surface due to changes in the electronic distribution over the bands [21,22].
Such a modification leads to atomic lattice instabilities since atomic positions are no longer
equilibrium ones within the new, modified potential. This leads to acceleration of atoms,
increasing their kinetic energy (kinetic temperature) [21,23]. It can result further in unusual
phase or state transformations such as, e.g., nonthermal melting [24,25] and superionic
transitions [26].

The increase of atomic kinetic energy due to modification of the interatomic potential is a
distinct mechanism from the electron-phonon coupling (see Figure 2). It occurs within the Born-
Oppenheimer (BO) approximation, which assumes that electrons are much faster than ions, and
thus are capable of adjusting to atomic motion instantaneously. As a result, atomic
displacements do not affect the electronic populations (distribution function) on the evolving

bond energy levels resulting in no coupling between electrons and atoms [27,28].
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Figure 2 Difference between “thermal” (electron-lattice scattering) and “non-thermal” mechanisms of atomic
heating and phase transformations.

We used XTANT-3 code to model materials' response to ultrafast electronic excitations [29].
It is based on a tight-binding Molecular Dynamics approach. The non-BO electron-ion coupling
(scattering) is described in XTANT within the kinetic equation approach with the Boltzmann
collision integral [10].

Figure 3a demonstrates that after the rise of the electronic temperature, the atomic
temperature (kinetic energy) starts to increase due to nonthermal mechanism within ~100 fs.
The rate of its increase rises with the increase of the dose. We emphasize that this increase in
the kinetic energy of atoms is not due to electron-ion (electron-phonon) coupling, as this
channel of energy exchange is absent within the BO simulations. This can be seen in Figure 3a

which shows that the electronic and atomic temperatures do not equilibrate.
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Figure 1. Electronic and atomic temperature changes after ultrafast deposition of 4 eV/atom into the electron
system in Al,O3, MgO, SiOz, and TiO2, modeled (a) within BO (excluding nonadiabatic electron-ion coupling);
(b) with electron-ion coupling included. Dashed vertical lines indicate characteristic electron-phonon coupling
times extracted from Fig.1.

Even though there is no apparent direct correlation between the nonthermal atomic acceleration
and the electron-phonon coupling, the two effects may influence each other. It is also known
that the electron-ion (electron-phonon) coupling parameter depends on both, the electronic and

the atomic temperatures (as well as other parameters such as atomic structure and density) [10].
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Its dependence on the atomic temperature is nearly linear [10]. A strong kick to atoms due to
nonthermal heating increases their kinetic energy thus additionally increasing the electron-ion
coupling. In turn, this enhanced coupling increases the atomic temperature further, leading to a
self-amplifying process. This synergy results in a very fast increase in the atomic temperature,
see Figure 3b. The characteristic times of atomic heating in an SHI track, extracted from Figure
1 (according to the estimate =C/G, where C is the atomic heat capacity), are shown for
comparison in Figure 3b as vertical lines. This resolves the discrepancy between the
anomalously fast heating of atoms in SHI tracks and much too slow electron-phonon coupling:
heating of atoms in a track takes place mainly via combined channels of nonthermal atomic
heating and elastic scattering of electrons, not via slow coupling between electrons and
phonons. Thus, estimates of the “electron-phonon coupling” extracted from the fast ion tracks
parameters, such as in Figure 1, must be interpreted as reflecting the rate of nonthermal increase
of the atomic kinetic energy, with a contribution of elastic scattering, and not as a real electron-
phonon coupling parameter.

The potential energy of an atom in the second quantization tight-binding formalism can be

approximated as a contribution of the ionic repulsion and attraction to electrons [30]:
V({Ry®©)6) = Erep ((Ry®)) + ) fie m
i

where the potential V" depends on distances between all the atoms {Ri i (t)}, Eyep 1s effective
ion-ion repulsion term, and f; is fractional electron occupation numbers (distribution function)
on the transient molecular orbitals.

Refs. [29,31] demonstrated that an ultrafast rearrangement of the electronic structure causing a

modification of the potential energy surface can result in fast bandgap collapse (see Figure 4).
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Figure 4 Evolution of electron energy levels in Al2O; after ultrafast deposition of 5 eV/atom dose [32]
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Conservation of the total energy demands that the changes of the potential energy between
the initial state (before the bandgap collapse) and final one (after the collapse) must ultimately
correspond to the changes in the kinetic energy of atoms. Eq. (1) indicates that the increase of

the kinetic energy of atoms in such a process can be approximately estimated as follows:
BB = AV({Ry O} 6) = D Frel ™), o
i

here the &/ and eif ™ are the initial and final (after the atomic motion and accompanying band
gap collapse) energy levels. In this process, there is no contribution of electron hopping between
the levels. This is a purely Born-Oppenheimer effect because the electron distribution function
/™ does not change [33].

Eq. (2) suggests that the transfer of the excess energy of electron-hole pairs to the atomic kinetic
energy at times about 100 fs after the ion passage can model the nonthermal atomic heating by
tracing the spatial distribution of the formed electron-hole pairs. That was used in Monte-Carlo
TREKIS-3 code [34] describing excitation electronic system and its relaxation providing energy

transfer to the atomic system in SHI tracks.
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Swift heavy ions (SHI) penetrating through a solid lose main part of the energy to the
electronic stopping. The extremely high level of the electronic excitation generated by incoming
ion at the femtosecond scale is followed by relaxation of the perturbed electron ensemble.
Subsequently, the acceleration of target atoms occurs at sub-picosecond times, resulting in the
formation of a nanometric damaged region within hundreds of picoseconds after the ion passage.
These structural changes can affect its physical, chemical, and mechanical properties of the
irradiated target. Due to these features, accelerated ion beams serve as a versatile tool for the

patterning and modification of nanometric materials [1,2], as well as the investigation of radiation

stability against cosmic rays and fission fragments [3-5].

Despite active experimental investigations, the mechanisms of surfaces and interfaces
damage by SHI irradiation are not yet entirely comprehended. Nanohillocks appearing at the
surface under irradiation turned out to have different internal structures, dependent on the material
and projectile properties [6—9]. Recent research has demonstrated that grazing angle incidence of
SHIs can effectively create extended periodical chains of hillocks [10] or grooves [11] on the
surfaces of dielectrics.

Nanocrystalline materials are of significant interest nowadays, since it consist of grains with
sizes ranging up to several tens of nanometers, resulting in a higher volumetric fraction of
interfacial boundaries or grain boundaries [12]. This can change properties and radiation stability
of the materials in comparison with conventional polycrystalline targets. Recent studies
demonstrated various effects of swift heavy irradiation on grains and their boundaries: grain
coarsening [13], improved radiation resistance [14], lowering of amorphization threshold [15] etc.

This work reviews our results on simulations of swift heavy ions damage in near-surface and

interface regions in amorphizable and non-amorphizable dielectrics irradiated with high-energy
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heavy ions. To analyze the changes in the structure of insulators under the influence of swift heavy
ions we use a multiscale hybrid model [16—19]. This model integrates the Monte Carlo (MC)
TREKIS code [18] describing excitation of the electron subsystem and energy transfer to the target
lattice, with molecular dynamics (MD) simulations of further relaxation of the atomic subsystem
[20-22].

Figure 1 presents the experimental and theoretical results of surface modifications of MgO,
CaF; and Y3Al5012 (YAG) under normal SHI irradiations. The studied materials demonstrated
different relaxation kinetics of the lattice energy deposited by an SHI [22]. Understanding the
reasons for these differences can help in managing of a nanofeature formation, which is important
for various nanostructuring technologies. The simulations reveal that amorphizable MgO, CaF»
have lower viscosities and surface tensions allowing molten material to be extruded stronger at
initial times and lead to formation of spherically shaped crystalline hillocks. In contrast, the higher
surface tension and viscosity in YAG limits protrusion of a liquid droplet from the surface,

transiently forming semi-spherical amorphous hillock [22].

a) MgO

Figure 1. The MD simulated supercells of (a) MgO, (b) CaF- and (c) YAG after a passage of a swift
heavy ion [22]. Simulation results are accompanied by TEM images. TEM micrograph of surface hillock
in CaF, was taken from [6].
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Grazing ion impacts into MgO and Al;O3 were studied by means of the simulation of the ion
trajectories at 1 nm depth parallel to the sample surface. The research discovered that the
characteristics of these materials in the molten state play a vital role in shaping tracks on the
surface. The differences in atomic mobilities and surface tensions between MgO and Al,Os
accounted for the distinct track morphologies observed. While ion track formation in A1,O3 was
facilitated by the suppression of recrystallization at the material surface, resulting in an usual
nanohillock sequence morphology, MgO's lower viscosity and surface tension caused material
loss, leading to the formation of groove-like ion track morphology, as indicated by simulations
and experimental findings [23].

Studying amorphizable and non-amorphizable nanocrystalline insulators, we found that the
recrystallization processes in MgO and Al,Os strongly and very fast (within 100 ps) affects the
morphology of the grains and grain boundaries, activating the grain enlargement resulting from
the disorder of the track core, further recrystallization and epitaxial growth of neighboring grains.
The fragmentation of grains due to strong heating and expansion of a material in the track
periphery is also observed in relatively large nanoclusters. On the other hand, SHI impacts in the
amorphizable nanocrystalline YAG exhibits a weaker interaction with grain boundaries due to the
lack of recrystallization. This material also tend to have larger track sizes compared to their bulk

counterparts, which may be caused by elevated stresses within the nanograins [24].
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Figure 2. MD cells of nanocrystalline (a) MgO, (b) Al>O; and (¢) YAG with cubic grains of 5-10 nm in
size before ion impact. (a’-c’) shows the same MD snapshots of the same cells after swift heavy ion
passage.
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To sum up, our research has examined how the high-energy heavy ion irradiation affects the
surfaces and interfaces of amorphizable and non-amorphizable dielectrics. We found that the
normal irradiation result in formation of spherical and semi-spherical bumps on the surfaces. When
an SHI hits the surface at a grazing incidence angle, it causes the formation of a roll-like structure
or a groove-like structure surrounded by hillocks. The recrystallization processes observed in non-
amorphizable nanocrystalline MgO and Al>Os3 strongly affects the grain boundaries that may result
in association and enlargement of nanoparticles. In contrast, swift heavy ion passage almost does
not affect the grains morphology forming amorphous tracks in the amorphizable nanocrystalline
sample. Our findings are consistent with recent experiments, and shed light on the mechanisms of
extreme excitation of surface and interface regions. These insights offer potentially better control

of production of nano-objects by manipulating the parameters of targets and ion beams.
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Tungsten Carbide (WC) is a popular material due to its high mechanical strength [1], high
melting point, and good thermal and electrical conductivity, and is often used in applications
such as cutting tools, wear-resistant coatings, and nuclear fuel cladding[2][3][4][5]. However,
when exposed to ionizing radiation, WC can undergo severe damage and erosion, leading to
performance limitations and shorter lifetime. Recently, Oliver et al.[6] investigated the
emergence and clustering of defects using density functional theory atomic simulations to study
the microstructural evolution of WC under irradiation. They concluded that the defects
produced by irradiation fully accommodate the stoichiometry deviation. To demonstrate this,
though, a lengthy experimental process is necessary. There is a recent study on SHI irradiation
of WC-6Co alloy showing reorganization of defects with fluence[7], while no such study exists
for WC thin films. While considering tungsten carbide as a promising material in harsh
radiative environments, its detailed response needs to be established towards low and high
energy ion irradiation in order to know the maximum radiation it can withstand without being
degraded. This study investigates the radiation damage and erosion in WC thin films due to
low and high energy ion irradiation and examines the damage mechanisms and morphological
changes using Atomic Force Microscopy (AFM), Rutherford backscattering spectrometry
(RBS), Raman Spectroscopy, and X-ray Diffraction (XRD) techniques.

The sputtering technique was used to deposit WC thin films using RF Magnetron sputtering
machine on silicon substrates at five different substrate temperatures: 300K, 400 K, 500 K, 600
K and 700 K (Table 1) at Central Instrumentation Centre (CIC), UPES. Before the deposition,
base vacuum of range 2.7 to 4.9 x 10" mbar was maintained in the sputtering chamber in case
of every substrate. Sputtering was done under 3 x 10 -2 mbar pressure with a power of 150 W
RF for 30 minutes. Argon gas was used to create plasma having flow rate 30 sccm throughout
the deposition process.

In order to investigate the crystalline state of the as-deposited thin films, a glancing angle X-

ray diffraction (GAXRD) from Philips: PW1830 diffractometer was performed. The GAXRD
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pattern was recorded at glancing angle 1° using Cu K, radiation having wavelength equal to
1.54 A, 45 kV generator voltage, and 40 mA tube current for the 20 range from 20° to 80°.
All the samples were examined through Rutherford Backscattering (RBS) measurements using
a 2 MeV He-ion beam from 1.7 MeV tandem Pelletron. The scattering angle during the RBS
measurement was 165° and the beam spot size was of diameter ~Imm. The RBS spectrum was
analyzed using the SIMNRA 6.06 software[8].

Micro Raman measurements of the thin films were performed using RIMS-U-DC spectrometer
equipped with a microscope having an objective of 10X magnification. Green laser of
wavelength 532 nm was used as an excitation source at 300 mW. All the measurements were
recorded under the same conditions.

Tablel. Deposition parameter of different WC samples.

S. No Substrate Temperature Base Vacuum (mbar)
1. Room Temperature 4.9 %10
2 400 K 4.3 %10
3. 500 K 2.7 %10
4. 600 K 4.3 %10
5 700 K 4.9 % 10

Later, the as-deposited thin films were irradiated at normal incidence with 100 keV Kr* ions
from the low energy ion beam facility (LEIBF) at three different fluences 3 x 10'%, 1 x 106,
and 3 x 10'2, and 100 MeV Ag®" ions from 15 MV Pelletron accelerator (IUAC, New Delhi)
at three different fluences: 3 x 10'2, 1 x 10"} and 3 x 10'3 ions/cm? scanning the whole area
(lIem x Icm) of the samples. To study the morphological changes that might have occurred in
the WC thin films because of irradiation, atomic force microscopy (AFM) measurements were
performed.

XRD analysis of the as-deposited WC thin films showed a predominant (100) orientation,
indicating that the films were highly crystalline (Fig. 1). AFM images of the as-deposited films
revealed a smooth and uniform surface morphology. After low energy ion irradiation, the WC
films showed significant surface roughening and erosion, as evidenced by the increase in
surface roughness, which increased with increasing ion fluence. The surface morphology
became more irregular at high fluences, and the erosion was observed to penetrate deeper into
the film. This indicates that the erosion is primarily due to sputtering, which occurs when the

ion collides with the surface of the film and ejects atoms from the surface.
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In contrast, high energy ion irradiation resulted in significant radiation damage within the WC
films, as evidenced by the decrease in peak intensity of the (100) plane and the emergence of
amorphous halo. The intensity of the (100) plane decreased with increasing ion fluence,
indicating a loss of crystallinity. The AFM images also revealed the presence of surface defects
within the films, which increased with increasing ion fluence. The degree of damage was
observed to be dependent on the ion energy, with higher energy ions causing more damage than

lower energy ions at the same fluence.
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Fig. 1 GAXRD pattern of pristine thin films deposited at different substrate temperatures.

To investigate the effect of ion energy on the erosion and damage mechanisms, we compared
the results of low and high energy ion irradiation. At low energies, the primary mechanism of
erosion was sputtering, which occurs when the ion collides with the surface of the film and
ejects atoms from the surface. At high energies, however, the primary mechanism of damage
was due to displacement cascades, which occur when the ion penetrates deep into the film and
deposits energy into the lattice, causing atomic displacements and defect formation.

The increase in surface roughness observed in the low energy ion irradiation is due to the
sputtering of surface atoms, which leads to the formation of craters and roughness on the
surface. The surface roughness increased with increasing fluence because the number of ion
impacts on the surface increased, resulting in more ejected atoms and more surface damage.
The deeper erosion observed at high fluences is likely due to the cumulative effects of the

sputtering and the formation of ion-induced defects in the subsurface region of the film.
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The decrease in peak intensity of the (111) plane and the emergence of the amorphous halo
observed in the high energy ion irradiation indicate that the damage is primarily due to
displacement cascades. In this process, the high energy ion penetrates deep into the film and
deposits energy into the lattice, causing atomic displacements and defect formation. The defects
formed include wvacancies, interstitials, and dislocations, which can alter the atomic
arrangements and lead to a loss of crystallinity. The degree of damage observed in the WC
films was found to be dependent on the ion energy, with higher energy ions causing more
damage than lower energy ions at the same fluence. This is because higher energy ions deposit
more energy into the lattice, resulting in a larger number of atomic displacements and defect
formation.

In conclusion, this study investigated the radiation damage and erosion in WC thin films due
to low and high energy ion irradiation. The results showed that low energy ion irradiation
primarily leads to surface erosion due to sputtering, while high energy ion irradiation causes
significant radiation damage due to displacement cascades. The degree of damage observed
was found to be dependent on the ion energy, with higher energy ions causing more damage
than lower energy ions at the same fluence. AFM and XRD techniques were used to
characterize the morphological changes and damage mechanisms in the WC films. This study
provides valuable insights into the mechanisms of radiation damage and erosion in WC thin

films, which can be used to develop more radiation-resistant materials for various applications.
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Heavy ions with high energy inherently exhibit destructive nature, so focused-ion-beam
(FIB) is a powerful tool for defining micro/nanoscale structures. FIB is mainly considered as
an etching and deposition tool, and widely used for the microelectronics industry and the
fabrication and preparation of samples at the micro/nanoscale. In this paper, both the etching
and deposition of nanostructures by FIB are demonstrated for applications in thermal science
and engineering [1-5]. Electrical and thermal transport through metallic point contact is a key
issue in the design and operation of various engineering devices. Here the electrical and thermal
transport across point contacts between silver Ag nanowires is measured with the suspended
microdevice, as shown in Figure la and 1b. To characterize the point contact, FIB is used to
etch and cut the Ag nanowires, which is infeasible by other techniques. Figure 2 shows that the
Ag nanowires of various sizes have a pentagonal cross-section. Figure 1c¢ shows the cross-
section of the point contact, which indicates that two nanowires form contact in an edge-face
configuration. The Ag nanowires of various sizes are characterized, as shown in Figure 3. It is
found the effective Lorenz number, which relates the thermal to electrical conductance of point
contacts, significantly deviates from the Sommerfeld value by up to 5.2 times and exhibits

nonmonotonic variation with temperature.

FIB is a promising way to tailor (dope, or roughen) the surfaces for a variety of
technological applications. We modulate and enhance the thermal properties of structures with
atomic scale surface engineering. Heat dissipation in two-dimensional (2D) material based
electronic devices is a critical issue for their applications. The bottleneck for this thermal issue
is inefficient heat removal across the van der Waals (vdW) interface between 2D material and
its supporting three-dimensional (3D) substrate, as shown in Figure 4. In this work, we
demonstrate that an atomic scale thin amorphous layer atop the substrate surface can

remarkably enhance the interfacial thermal conductance (ITC) of 2D-MoS,/3D-GaN vdW
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interface. The ITC can be broadly manipulated through adjusting substrate surface roughness
by a factor of 4 compared to that of untreated crystalline substrate surface, as shown in Figure
5. Phonon dynamic and heat flux spectrum analyses show that this giant enhancement is
attributed to the increased phonon densities and channels at the interfaces, and the enhanced
thermal coupling. The slight surface fluctuation in MoS; and the increased diffuse interfacial
scattering facilitates energy transfer from MoS; in-plane phonons to its out-plane phonons and
then to the substrate. In addition, it is further found that the substrate and its surface topology
can dramatically influence the thermal conductivity of MoS: due to the reduction of phonon
relaxation time especially for low-frequency acoustic phonons, as shown in Figure 6. This study
elucidates the effects of amorphous surface of substrate on thermal transport across 2D/3D vdW
interfaces, and provides a new dimension to aid in the heat dissipation in 2D-based electronic

devices via atomic scale surface engineering.

_ \ JSuspended
/)

membranes

Figure 1. (a) False-colored SEM image of the suspended microdevice for thermal and electrical
measurements. Two segments of an Ag nanowire were aligned to form a point contact on the
microdevice. (b) Zoom-in view of the point contact in (a). A sharp edge can be identified for each wire,
as indicated by the dashed lines. (¢) SEM image of the cross-section of a point contact prepared by FIB,
which indicates pentagonal cross sections for Ag nanowires and an edge-face contact configuration
between two wires.

65 nm 52 nm 38 nm

Figure 2. SEM images of the cross section of the Ag nanowires of various sizes, with all nanowires
exhibiting a pentagonal shape.
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Figure 3. (a) Extracted electrical resistance (Rcg), (b) thermal resistance (Rc.t), and (c) effective Lorenz

number (L/Lo) of the point contact for the three samples.
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Figure 4. Schematic for MoS,/GaN vdW heterostructures. The MoS, monolayers are supported on the
GaN substrates with (a) crystalline (c-GaN) and (b) amorphous (a-GaN) surfaces.
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Figure 6. (a) Spectral energy density and (b) phonon relaxation times of suspended MoS, and MoS,
supported by c-GaN and a-GaN.
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3AKOHOMEPHOCTH HOHHO-JTYYEBOI'O CHHTE3A HAHOBKJTIOUEHUI
Ga;03 B IUDJEKTPUYECKUX MATPULIAX
REGULARITIES OF ION-BEAM SYNTHESIS OF Ga;03 NANOINCLUSIONS IN
DIELECTRIC MATRIXES
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The composition and structure of Si102/Si and Al2O3/Si samples in which gallium
oxide nanoinclusions were synthesized by implantation of gallium and oxygen ions
and subsequent annealing were studied. It is shown that the properties of the
obtained samples depend significantly on the regimes of ion synthesis - the order
of implantation, the dose of ions and the conditions of post-implantation annealing.

Okcu rajmus Ha NPOTSHKEHUU YK€ HECKOJIBKUX JIET aKTHMBHO NMPHUBJIEKACT BHUMAHHUE
uccaeaoBaTenei 6aaroapss BO3SMOKHOCTH €0 IPUMEHEHUST B Ka4e€CTBE OJTHOTO U3 OCHOBHBIX
MaTepuasoB 3JEKTPOHUKH Oyaymiero. [1ocKombKy OKCHA Tayuius SIBISIETCS IMIMPOKO30HHBIM
MOJTYTIPOBOTHUKOM (ITMpUHA 3arperieHHo 30Hel ~ 4,5 — 5,2 »B), cpend OCHOBHBIX
MEPCIEKTUB €r0 MPUMEHEHUS — CO3JaHNE€ MUHHUATIOPHBIX JIEMEHTOB CHJIOBOW 3JIEKTPOHUKH,
ra30BbIX CEHCOPOB U «COJTHEYHO-CIIETBIX» (POTOAETEKTOPOB. JpyruM MpeuMyIecTBOM 3TOTO
Marepuana SBISAETCS CYIIECTBOBAaHHUE HECKOJIBKUX TMOJIUMOPGHBIX MOJU(PUKAIMA C
CYIIECTBEHHO OTJIMYAKOIIMMHUCS cBoiicTBaMu. HecMoTpsi Ha TO, 4TO B MHpE CYIIECTBYET
TEXHOJIOTHSI CO3/IaHUSI MOHOKPHCTAJUIMYECKUX MMOJJIOKEK, OKCHJ Talllus MOKa HE MOJTYYHII
IUPOKOTO0 PACHpPOCTPAHEHUS] B CHJIYy OIPAHUYEHHBIX BO3MOXXHOCTEH TEXHOJOTHH U
JIOPOTOBH3HBI TIOJITIOKEK. TOHKOTIIEHOYHBIE TEXHOJIOTHH pocTa mieHoK GaxO3 Ha MOT0KKaX
(B TOM dYmCIe C TIOMONIBIO AIUTAKCHHM) TaKKe TIOKa HWMEIOT OO0JbIIOe KOJUYECTBO
HEPENICHHBIX MPOOJIeM, OTPaHMYMBAIOIINX BO3MOXHOCTh KOMMEPYECKOTO HCIIOJIb30BaHUS
TaKuX TeXHoJIorud. Hamu mpenmaraercss HOBBIM MOJIXO0/] K CO3JaHUI0 MAaTE€pUaIOB HA OCHOBE
OKCHJA TaJulud — WOHHO-IIy4eBOM CHHTE3 HaHOpa3MepHbIX BkmrodeHud Gax0Os B
JTUBJIEKTPUYECKUX MATpHIlaX. ITOT METOJ] MO3BOJISIET CO3/1aBaTh CTPYKTYPhI CO CBOMCTBaMHU,
CBOWMCTBEHHBIMM OKCHAY TaJUlds, C HCIOJBb30BAHUEM MOJHOCTHIO COBMECTHUMBIX C
TpagunronHoit KMOII TexHonorueil mporeccoB MOHHOM HMMIUIAHTAUH U TEPMHYECKOTO
oTkura. B mononHeHrne K BBIIECKAa3aHHOMY, JOMOJHUTEIbHBIM MPEUMYIIECTBOM SIBIISAECTCS
BO3MOKHOCTh KOHTPOJMPOBATh CBOWMCTBA CHHTE3MPOBAHHBIX OOpa3IOB Kak BapHaluein

PEXKUMOB TOIYYEHUSI UCXOIHBIX CTPYKTYpP, TaK U C IPUMEHEHHUEM JIOIIOJIHUTEIIEHON MOHHO-
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Jy4yeBOl U Tepmuueckoid oOpaboTku. B naHHON paboTe mnpeacTaBieHbl pPe3yJbTaThl
UCCIIEIOBaHUSI MOHHOTO CHHTe3a HaHoBKIoueHu Ga203 B cTpykTypax Si02/Si u AlOs/Si,

UX XUMUYECKHI COCTaB, CTPYKTYPHBIE U CBETOM3ITyUaIOIe CBOWCTBA.

B kauecTBe MCXOIHBIX 00pPA3I0B MCHOJB30BAIUCH MacTUHbI 7-S1 (100) ¢ yaenbHbIM
conpotusieHueM 4,5 OM:'cM ¢ HaHeceHHbIMHU Ha HUX IieHkamu SiO2 (350 um) u AlO3 (200
aM). O6nyuenne nposoamnock nonamu Ga' (80 k9B, 5-10'° cm?) m O2" (45 x3B, 3-10'6 cm).
Hcnonb30BaHre MOJIEKYJISIPHBIX MOHOB KHCJIOPOJa MPOBOJIMIIOCH ISl COKpAIIEHHUs BPEMEHU
oOiydeHusi. BwiOpaHHBIE AHEPTUH W O3Bl O0ECIEYMBAIM MAaKCHMAaJIbHOE TIEPEKPHITHE
npoduiel pacmpeneneHus: aTOMOB, PACCUMTAHHBIX C TIOMOIIBI0 Tporpammbl  SRIM
(www.srim.org). Hcronp3oBancss pa3lIddHBI TOPSIOK OOTydYeHHsT HWOHAMH, a TaKxkKe
UCIIOJIb30BAJIOCH 00JydeHHne TONbKO HoHamu Ga’ il MpPOBEPKH BO3MOXKHOCTH YYaCTHs
aTOMOB KHCIIOPOJa M3 MATPHIbI JUIsl OKHUCIEHUs. [loCcTpaarauoHHBIA OTKHUT TPOBOIUICS
nocnenoBarenbHo npu temmeparypax 300-900 °C B atmocdepe ocymenHoro azora (mo 30
MuH). Takxe TpOBOAWICS OMHOKpAaTHBIA OTHUr Tpu Temrepatrype 900 °C B armocdepax
a3zoTa u kucioposa (30 muH).

XUMHYECKUH COCTaB 00pa3loB M3y4aJICs METOJOM PEHTTEHOBCKOW (hOTOIIEKTPOHHOM
CHeKTpocKonuu. [IperMyImecTBOM 3TOro MeToAa SBISETCS BO3MOXKHOCTH HE  TOJBKO
AJIEMEHTHOTO aHallu3a, HO U aHalu3a XUMUYECKOTO COCTOSIHHMSI aTOMOB. Tak, B 00Jy4eHHBIX
oOpasmax /1axe B OTCYTCTBHE OT)KUTA MPOUCXOAMIO 00pa3oBaHne XUMHUUYECKHX cBsizeit Ga-0,
npuyeM B ciydae Matpuibl SiO2/Si 00pa3oBaHHE OKHUCIEHHOIO Tajiusl MPOUCXOIMIo 0e3
JOTIOTHUTEIHPHON MMITIAHTAIIUH KUCIIOPOJa C YYaCTHEM KHCIOpOoJa W3 OKCHIHONH MaTpHIIBI.
B wmatpune Al,O3/Si okucienusi Tajuius 0€3 MMIUIAHTAIMKM KUCTIOpoAa HEe mpoucxoaut. B
nenom, st o6pas3ioB AlbOs3/Si xapakTepHO 3HAYMTEIBHO MEHBIIEE COJEpKaHUE MPUMECH
raJijIusi, YTO MOKET ObITh OOYCJIOBJIEHO MOTEpEil MPUMECH YK€ B MPOLECCe MMIUIaHTAIUH.
[Tocne omxura B oOpazmax Si02/Si MpoWCXOAWT TMepepachpenesieHne Tallius W ero
JOTIOTHUTEIPHOE OKHUCIIeHHE. VIHTepecHBIM SBISETCS TOT (aKT, YTO OTXKUT B atmocepe
KHCIIOpO/ia TIO3BOJIMJI TOJYYHUTh NPAKTUYECKH TIOJTHOE OKHMCIEHUE TallIus, MpUYeM J10
COCTOSIHMS, COOTBETCTByIoIIero crexuomerpudeckomy GaxOs (pucynok 1). B ciyuae
Matpuilbl AloO3/Si OTXKUT MPUBOIUT K JOMOJHUTEIBHON MOTEPE TajuIHsl, HO MPU STOM JOJIS
raJiIusl B OKMCIEHHOM COCTOSIHUM HE3HAUYUTEIbHO BO3PACTaeT.

HccnenoBanue CBETOM3ITYyYAIOIINX CBOMCTB 00pa3IloB MOKA3ai0, YTO JUIsl OOTy4eHHBIX
00pa3moB B OTCYTCTBHE OTXKHTa JIOMHUHECIECHIIMH HEe HAOII0JaeTcs, TOTAa KaK OTXKUT TpH

temnepatype 500 °C mpUBOIUT K TMOSBJICHUIO JIIOMHUHECUEHIIMM C MAaKCHUMyMaMHU IpHU
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~ 400 am u nipu ~ 500 HM, KOTOpask MPEANOI0KUTEIBLHO CBI3BIBAETCS C JIIOMUHECIEHIINEH B

HaHoBKIIOUeHUIX Gas0s.
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PHCYHOK 1 PaCHpeHeHeHI/Ie aTOMOB raJijivsd, B TOM YUCJIC B PA3JIMYHBIX XUMUYCCKUX COCTOAHUAX, B
crpykrypax Si0/Si, 06myuennsix nonamu O + Ga', 10 u mocie omkHra B atMocdepe KHCI0poIa.

JansHenmee yBenuueHue temmeparypsl omxkura jao 700um 900 °C mpuBoauT K
YaCTUYHOMY OCJIabJIEHUIO IEPBOI0 MAaKCUMyMa M YCUJICHUIO TMHHOBOJIHOBOTO MaKCUMyMa C
€ro OJIHOBPEMEHHBIM CABHUTOM B CTOpOHY OoJjiee KOPOTKMX JUIMH BOJH. Y CHJIEHHE
MHTEHCUBHOCTU JIIOMHUHECIEHIIMU JUIMHHOBOJHOBOTO MAaKCUMyMa MOXET OBITh CBA3aHO C
YBEJIMYEHUEM KOJMYECTBA HAHOBKIIIOUEHMM, a CIABHUI €ro IOJIOKEHHUs IIOCIEe OTXKUTra — C
BO3MOXXHBIM «KBAaHTOBO-Pa3MEPHbIM» 3((PEKTOM, BBI3BAHHBIM H3MEHEHHEM pPa3MepPOB
HaHOBKJIIOYeHUH. KOHTpOJIbHBIE AKCIEPUMEHTHI MO OTKUIY HEOOJy4eHHBIX 00paslioB He
BBISIBUJIM TTOSIBJICHUS KAKUX-JTNOO JTIOMUHECIIEHTHBIX JTMHHM.

Nsyuenne ctpyktypbl oOpasnoB Si0»/Si mociie oTKHra MeTOAOM MPOCBEUMBAIOIICH
ANEKTPOHHOW MHKPOCKOMHMH BBISIBIJIO HAJIMYUE ABYX OOJacTel TEMHOro KOHTpacTa Ha
rNyOMHax, COOTBETCTBYIOIIMX MaKCHMyMmMaM Ha NOpoduisX pachpeneieHusl Tajulus,
MOJIyYEHHBIX METOJOM PEHTIC€HOBCKOW (DOTORIEKTPOHHON CIEKTpOCKONUH. JleTanbHbIN
aHaJIM3 CHUMKOB BBICOKOTO pa3pelleHuss IOKa3aJl HaJu4yue HAHOKPUCTAIIMYECKUX
BKJIIOUEHUH B TIUIeHKe. PacmmdpoBka u300paxeHH MyTeM MpsSMOro H3MepeHus
MEXKIIJIOCKOCTHBIX PACCTOSTHUM, a Tak)Ke aHAJINW3a JAHHBIX, MOJYYEHHBIX MeToaoM Dypbe-
npeoOpa3oBaHus, NMOKa3aia, 4YTo B pe3ybTaTe HOHHOTO CHHTE3a MPOUCXOAUT (OPMUPOBAHUE

HaHOKpUCTaInYecKuX BKimoueHui B-Gaz0s.

HccnenoBanue BBIMIOMHEHO 3a cyeT rpaHTa Poccmiickoro HayuHoro ¢onma Ne 21-79-

10233, https://rsct.ru/project/21-79-10233/.
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BJIUSAHUE TPOTOHHOTI'O OBJYYEHUA HA KATOAOJTIOMUWHECHEHIIUIO
IJIEHOK HUTPUJA TAJLIUA

EFFECT OF PROTON IRRADIATION ON CATHODOLUMINESCENCE OF
GALLIUM NITRIDE FILMS

E.JO. 3nikoBa', A .E. Uemxun!, H.I'. Opiukosckas', A.A. Tarapunnes', 10.B. banakmmn?,
A.A. lllemyxun®

E.Yu. Zykova', A.E. Ieshkin!, N.G. Orlikovskaya', A.A. Tatarintsev!, Yu.V. Balakshin?,
A.A. Shemukhin?

! ®usnuecknii Gpaxynsrer MI'Y um. M.B. Jlomorocosa, 119991, Jlenunckue ropsl, 1oMm 1,
cTp. 2, Mocksa, Poccus, zykova@phys.msu.ru

HUUSAD MI'Y um. M.B. Jlomonocosa, 119991, Jlenunckue ropsl, 1. 1, crp. 2, Mocksa,
Poccus

In this work, we study the effect of 350 keV proton irradiation on cathodoluminescence
(CL) intensity and CL spectrum of GaN. A strong decrease in the integral intensity of
cathodoluminescence for samples pre-irradiated by protons is shown. Measurements of
surface potentials have shown that all samples are not charged under electron irradiation. The
CL signal drop can be caused by a decrease in the concentration of initial luminescence

centers associated with intrinsic and impurity defects.

Hutpun  ramauss  sgBaseTcss  BaXKHBIM  IOJIYIPOBOJHUKOBBIM  MaTEpUajIOM,
MpUMEHSIeMbIM B KadyecTBe M3Jydareleil W JETeKTOpOB B 3€JI€HOW, CHHEH U
yIbTpaduoIETOBON YACTAX CHEKTPa, a TaKKe B KAUeCTBE PaJMOYACTOTHBIX 3JIEKTPOHHBIX
yctpoiictB [1]. Ilpu npunaTHH pernieHHs 00 HCMOJB30BAHHWU PA3IUYHBIX MNPUOOPOB B
KOCMOCE, TMpEeXJe BCEro, YYUTHIBAIOTCA WX pa3Mep M Macca, a TakXKe CTOHMKOCTh K
paAMalliOHHOMY BO3JEHCTBHIO KOCMHUYECKOro mnpoctpaHcTBa. C 3TOH TOUYKHM 3pEeHHUA
MIPUBJIEKATEIbHBIMU SIBJISIIOTCS BHICOKOMOIIHBIE TPAH3UCTOPBI C OOJBIION IMOABHKHOCTHIO
anexktpornoB (HEMT) nHa ocnoBe GaN, oGnamaronue B 10 pa3 60mbIeil yCTOMYMBOCTHIO K
paguaIlMOHHBIM  TOBPEXACHUSIM TI0 cpaBHeHHIO ¢ aHamoruyabiMu  AlGaAs/GaAs
TpaH3ucTopamu [2].

OCHOBHBIM  KOMIIOHEHTOM  DPaJMAllMOHHOTO  BO3JCHCTBUS ~ KOCMHYECKOIO
MIPOCTPAHCTBA SBJIAETCS MPOTOHHOE 0o0myueHue. [Ipu »ToM HambombIIas MIOTHOCTH MOTOKA
MIPOTOHOB JOCTUTaeTCsl MPU SHEPTUU B HECKOIbKO coTeH K3B [3]. Takoe panuanumonHoe
BO3JICHCTBUE NPUBOAUT K JAerpajauuu (yHKIHOHAIBHBIX W KOHCTPYKTHBHBIX MaTepHasioB
KOCMHUYECKOro armapara.

HecmoTpss Ha TO, YTO HUTPUJ TaIUS CUUTAETCS YCTOMYMBBIM K pagHallMOHHOMY

o0yyeHHI0 MaTepuaioM, B pabore [4] moka3zaHO, YTO MpU OOIYYEHHH NPOTOHAMHU C

42



suepruent 600 k9B ynensHOE AnekTpudeckoe conpoTuBieHne GaN MOXKeT yBeIUYHUBaThHCS Ha
7-8 mopsaakoB. Takoe W3MEHEHHE MPOUCXOAUT JOCTATOYHO PE3KO — MPHU YBEIMYECHHUH
¢roenca o6rydeHns IpOTOHaMK B HeGonbmoM auanaszone ot 10'3 no 10! non cm™.

B nmannHoi pabore wuccneayercss W3MEHEHHE HWHTCHCUBHOCTH U CIEKTPaIbHBIX
XapaKTePUCTHK KATOJOJTIOMHHECHCHIINM HUTPUAA TalUHS TIOCIe  MPeIBapUTEILHOTO
MIPOTOHHOTO OOIYYEHUS C Pa3INIHBIMH JJO3aMHU.

Jns  uccnenoBaHHsS — HCIOJIB30BAJUCH IUIEHOYHBIE 0Opa3lbl HEJIErMPOBAHHOIO
HUTpHUA TaUIHs TOJIIMMHONW ~4.5 MKM, BBIpallleHHbIE Ha candupoBON TOMIOKKE METOJIOM
razoaznoit anutakcun. O6paszner GaN oOmananu GpoHOBON MPOBOAMMOCTHIO TIO JedeKTam
BONMM3U candupoBoil mouiokku. OOMydyeHHe NPOTOHAMU MPOBOAMIOCH HAa YCKOPHUTEIU
HVEE-500 [5] B BBICOKOM BaKyyMe IIpU HEPTruH MpoToHoB 350 koB ¢ dumoencamu 103 u

10" won cm™

. Coektpsl kaTojontoMuHecuuu cHuManucb B CBB kamepe Varian npu
nomoutn Mmukpocnekrpomerpa Ocean STS-VIS B auanasone mmuH BoaH 350-800 HM.
OHeprusi HJIEKTPOHHOIO IIy4Ka BapbHpoBaiack oT 2,5 1o 15 k3B npu mioTtHOCTH
3JIEKTPOHHOrO ToKa ~3,5 103 A/cm2. Ba3oBoe jaBieHne B KaMepe B IPOLECCE M3MEPEHHUS
KaTOJI0JIFOMUHECLIEHTHOTO CUrHana coctasisio 10 Topp.

Ha puc. 1 npeacraBnenst KJI cnektpel, peructpupyeMble B Ha4aJbHBIH MOMEHT
BpEMEHH O0JIy4eHHUS Ul UCXOJHOTO HUTpHa rajums (kpuBas 1) u oOpa3noB, 00JyueHHBIX
nporoHamu (KpuBble 2 u 3). B cmekTpe Bcex oOpasiioB GaN HaOm0IaI0TCS TPU JTUHUU.
V3kas nuHUA ¢ JUIMHOM BoJHBI 370 HM 0OyCIIOBJI€HA MEPEXOJ0M JJIEKTPOHOB W3 30HBI
MIPOBOJAMMOCTH B BaJIEHTHYIO 30HY (Ez=3.4 3B), a nunus 440 um (Y 10) u xopoio u3BecTHas
mupokas guHug 570 HM (YL) cBsizaHbl ¢ COOCTBEHHBIMH TOYEUHBIMH JedeKTaMu B
kpuctayime [1]. M3 pucynka 1 BHAHO, YTO NpeIBapUTENIbHOE OOJydeHHEe MPOTOHAMU
MPUBOJUT K CYIIECTBEHHOMY YMEHBIIEHHUI0O UHTEHCUBHOCTH BCEX JMHMM, MPUYEM TYILIEHUE
KaTOAOJIIOMUHECIIEHIIMY TeM OoJiblile, 4eM 00JIble (GI0eHC MPOTOHHOTO 00Ty4eHuSsI.

4000

1

w00 e EIskey Puc. 1. CnexTp KaToq0JOMHHECIICHITNH

L—nital HATpUAA Tawmus wucxogaoro (1) m

e, o6nyuennsix H' ¢ smeprueii 350 koB n

20001 dmoencamu 10" wmon/cm® (2) m 107

2 non/cm® (3). DHeprus IEKTPOHHOTO

10004 IMydKa MPH perucTpanuu crnekrpa Eo =15
K3B, IUJIOTHOCTH AJIEKTPOHHOTO TOKa

’ ~3,5:10" Alem™.
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OnHoVi w3 mpu4MH, BbI3bIBaONIMX MajgeHre KJI MHTEHCMBHOCTH MpEaBAPUTEIIHHO

intensity, arb. units

O6J'Iy‘-ICHHBIX MpOTOHAMHU 06p33HOB, MOY€ET OBITh YMEHBIICHHUE HX IPOBOAUMOCTH H, KakK
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CJIEJICTBUE, OBICTpas 3apsiika MOBEPXHOCTH IJICHKH MO/ 3JIEKTPOHHBIM IIYYKOM JI0 BBICOKOTO
OTPULIATENIBHOTO MOTEHIMana. B 3ToM cioyuyae BO3HHKalollee HaJl MOBEPXHOCTBIO IOJIE
TOPMO3UT TAJAIOIINE AJIEKTPOHBI, IHEPTHsl MX MAJCHHsS CHMIKAETCS, U YMEHbIIaeTcs HX
npoOer BHYTpH IUIEHKH. Takoe cokpaieHue oOmactu reHepauumu KJI curnana, gomkHO
MPUBOJUTH K NaJICHUIO HHTErpaibHON HHTEHCUBHOCTH KaTOIOJIFOMUHECLIEHIUH.

Jns mpoBepku 3TOM rumoresbl, ObUTM MPOBEAECHBI HUCCIEIOBAHUS MOBEPXHOCTHOIO
MOTEHIIMaja 3apsSaKu 00TyYeHHBIX TPOTOHAMU 00pa3lioB HUTPH/IA TaJUIUS [P 3JIEKTPOHHOM
00JIy4eHUH NPH MOMOIIIHX IEKTPOCTATUYECKOTO CIIEKTPOMETPA JIEKTPOHOB, YCTAHOBIEHHOTO
B CKaHUPYIOIIEM IeKTpoHHOM Mukpockorne LEO 1455VP [6].

Ha puc.3 mnpencraBieHbl CHEKTPbl BTOPUYHBIX U OTPAKEHHBIX AJIEKTPOHOB,
3aperucTpUpOBaHHBIE Yepe3 2 MUHYTHI MOCJEe Haydajga OOydeHUs 3JIEKTPOHHBIM Iy4YKOM C

sHeprueit Eo=15 k3B. Tok myuka coctasisut /o=1 HA, uomaas odiaactu obmydenus 100x100
2

MKM~.
10d] € EF15keV, [=1nA.
I.——H', 350 keV, 10" ion/em’
g, Rl e Puc. 2. CrexTpsl SMUTHPOBAHHBIX 3JIEKTPOHOB,
3apEruCTPUPOBAHHBIE B IIPOLIECCE UCCIEAOBAHMS
06l 3apsikd - OOJIyYEHHBIX Pa3HBIMU  (IIFOCHCAMH

obpasnos GaN: 1 — 10" mom/em?, 2 — 10

4 won/cm’. CreBa Ha CIeKTpe 2 BHIEH IHK

02 BTOpI/IT-IHBIX 3J'IeKTpOHOB, BO3HHKIHPII71
1 BCJICACTBUC OTpPIHaTeHI)HOﬁ 3apsAaKAa
0.0 . T ITOBEPXHOCTH.
0 2 10 12 14

" kv

s oOpasna, oOidydeHHOro ¢ MeHbIIMM (iroeHcoM (KpuBast 1), MUK BTOPUYHBIX
AJIEKTPOHOB HE HAOJI0IAJICS, YTO CBUIETEIBCTBYET O MOJIOXKUTEIBbHOM 3apsi/IKe TOBEPXHOCTH,
KOTOpasi TPOUCXOJHUT BCIEJICTBHE BTOPUYHOM DSIIEKTPOHHOM smuccuu. llpu stoM uis
HUTpHJA TaJuus, OOMydeHHOro (uroeHcoM NpoToHoB 103 wOH cM™, 3apermcTpHpoBaHa
HeOoJIbIlIass OTpHIATENIbHAS 3apsiaka oOpasia 10 BenmuuuHbl ~ -70 B. Takoit HeOOmbIION 1O
BEJIMYMHE OTPHUIIATEIIbHBIA MMOBEPXHOCTHBINA MOTEHIIMA HE MOXKET CYIIECTBEHHO BIUATH Ha
00JacTh TEHEepallud KaTOJOJIIOMHUHECIIEHTHOTO CHUTHAJa, a 3HAYUT MPUYMHA CHIDKCHHS
JIOMHUHECIICHITUHY HE CBsI3aHa C 3apsA0BbIMU YD PeKTaMu.

[Tagenrie MHTEHCHMBHOCTH KaTOJOJIOMUHECHEHIMH IOC]Ie MPOTOHHOTO OOIyuYeHUs
MOXET OBITh CBSI3aHO C YMEHBIIICHHEM YHCia IeHTPoB cBeueHus B GaN — COOCTBEHHBIX U
npuMecHbIX nedextoB. OOmydeHHe TMPOTOHAMH TaKOW SHEPTHH W (UIFOEHCA MPUBOAHUT K
CO3JIaHUI0 PAAUAIIMOHHO-UHYIIUPOBAHHBIX TOYCHYHBIX NE(PEKTOB — MEKI0Y3EIHHBIX aTOMOB
Y BaKaHCHI, B3aMMOJICHCTBUE KOTOPBIX C CYLIECTBYIOIMMU 10 00ayueHus B kpucramie GaN

COOCTBEHHBIMH H IMPUMECHBIMU )Ie(beKTaMI/I MOXKECT MNPUBOAWUTE K CO3JJaHUIO KOMIIJICKCOB,
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SIBJISTFOIITAMUCST TITyOOKUMHU O€3bI3Ty9aTeIbHBIMHA JIOBYIIKAMH. DJTO MPUBOJHUT K PE3KOMY
MaJICHAIO HHTCHCUBHOCTH KaTOOTIOMUHECIICHITHH.

Ha puc.3 mpencraBieHa  OWHaAMUKAa  M3MEHEHUS  WMHTEHCUBHOCTH  JIBYX
JFOMUHECIIEHTHBIX JTUHUN Ha JutnHe BOJHBI A = 370 u A = 570 HM mJis UCXOMHOTO 00pasia
GaN u oOpasua, 006iydeHHOro mnporoHamu (iroedcom 10 wmom/cm®. M3 puc. BUAHO, YTO
mociie HeOOJIBIIOr0 pPocTa B HAaYaJIbHBI MOMEHT BPEMEHH HMHTEHCHUBHOCTH OOOMX ITHMKOB

CHMIKACTCA.

Initial sample fluence 10" ion/em® 195
1. 2=370 nm

4000

1. A=370 nm ~
2. 2=570 nm 133 1600

3 370 nm/570 nm
3000 150

2. 2=570 nm
3.— 370 nm/570 nm

49.0

1400 4

4.5

2000 1200 4

Intensity ratio

intensity, arb. units
L

Intensity ratio

intensity, arb. units

10004 200

T T T T 3.0 - - - T 7.0
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time, s time, s

(a) (b)
Puc. 3. Jlunamuka KJI matencuBHOcTH nuHHE A=370 HM (1) m A=570 u™M (2) mpu ob6IydYeHHUH
JJIEKTpOHaMu ¢ dHeprued Fo=15 k3B ans wmcxomnoro obpasma HuTpuaa ramwms (a) u obpasia,
o6myyenHoro nonamu ¢ quroercom 10" mon/cm’. JIMHAMHKA OTHOIIEHMS MHTEHCHBHOCTEH JMHUM
370 u 570 HM TipencTaBiieHa KPUBOii 3.

IImaBHOE CHIDKEHHME WHTEHCHUBHOCTH ITHKOB Ha6n10)1aeTcs[ BO MHOI'UX pa60Tax 110
KaTOJOJIIOMUHECIIEHIIMM U CBSI3bIBAETCSI C OOBIYHO C POCTOM Ha MOBEPXHOCTU 0Opa3loB MOJ
NeCTBHEM 3JIEKTPOHHOTO Iy4yKa YIJEpOAHOW IJICHKH, MOIJIOMIAIOIIENH JIOMUHECIIEHTHOE
m3nyuenue. [lpm sToM Hapacraromasi yriiepojgHasi IUJIEHKAa CHJIbHEE IOTJIOIIaeT
KOPOTKOBOJIHOBYIO 4acTh crnektpa [7]. B mamem >xe ciyuae, HampoTuB, oTHomeHue KJI
MHTEHCUBHOCTH JWHMM 370 HM k auHuu 570 HM HaumHaeT pactu yepe3 300 c¢ mocrme
BKJIFOUEHUS IEKTPOHHOTO IMyYKa KakK JJisi 000X 00pa3oB JTO yKa3bIBAE€T HAa 3HAUUTEIHHOE
YMEHBIIIEHHE B  TIPOIECCE  DJICKTPOHHOTO  OOJNIydeHHs]  KOHIEHTpAIlMHd  IICHTPOB
JJIOMUHECIUCHIINN, CBSI3aHHOM CO CBEUEHHEM HCXOOHBIX COOCTBEHHBIX }Ie(i)eKTOB.

WccnenoBanue BBIMIOMHEHO 3a c4eT rpaHTa Poccuiickoro Hayunoro ¢onmga Ne 23-22-
00083, https://rsct.ru/project/23-22-00083/»
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Development of novel radiation tolerant materials for modern nuclear reactors and
spacecrafts is now the current trend [1]. Nanostructured materials have higher radiation
resistance due to the higher integral length of phase boundaries working as effective sinks for
radiation defects [2]. Such materials and coatings could be used as protective for fuel
claddings as well as spacecraft electronic equipment barrier shelter.

As it was detected in our previous research TiAIN coatings effectively resist 200 keV
Ar" ion irradiation up to the fluence of 1-10!7 ions/cm? [2]. CrAIN are reviewed as hard
thermal resistant and wear resistant ones [3]. During the metal cutting or any other heavy
wear process, arising chromium oxides CrO, Cr;O; and aluminium oxide AlbO3 form an
efficacious diffusional barrier for oxygen and thus protect coating and underlying material
from further oxidation. In this regard, it is very important and promising to study the radiation
tolerance of nanostructured CrAIN coatings formed by vacuum deposition methods.

CrAlIN coatings were sputtered by separated vacuum arc deposition on substrates of
glassy carbon and monocrystalline silicon Si (100). Ion irradiation of the obtained CrAIN
coatings was performed with 200 keV Ar® ions with fluences of 2,5-10'® ions/cm?,
5-10' jons/cm?, 1-10'7 ions/cm? and 2-10'7 ions/cm? at the ion accelerator ROMEO of the
Friedrich-Schiller-University Jena, Germany [2]. All irradiations were performed at room
temperature. The elemental composition of initial and irradiated CrAIN coatings was studied
by Rutherford backscattering spectrometry (RBS) using 2.5 MeV He" ions at the JULIA ion
accelerator of the Friedrich-Schiller-University Jena, Germany. The backscattering angle was
168° and the detector resolution was 15 keV. The obtained spectra were fitted using HEAD-6
and SIMNRA-6 software to get the depth distribution of elements in the coatings.
Morphology of initial and irradiated samples was investigated by scanning electron
microscopy (SEM) with 5 kV acceleration voltage in the plan-view geometry using a FEI

Helios 6001 Dual-Beam FIB instrument. Atomic force microscopy (AFM) investigations were
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conducted using NANOEDUCATOR II NT-MDT Spectrum Instruments equipment.
Mechanical properties of the CrAIN coatings were evaluated by nanoindentation using a Nano
Hardness Tester (NHT2) (CSM Instruments, Switzerland) and the Oliver-Pharr method
implemented in this system [4]. A Berkovich diamond tip with 20 nm radius of curvature at
the vertex was used. The hardness measurements were carried out under load of 50 mN. Ten
indentations were made for each sample.

RBS analyses reveals the following elemental composition of initial coating:
26 at. % Cr, 24 at. % Al, 50 at. % N and an absence of oxygen. This means practically
stoichiometric composition of high quality. It was discovered, that irradiation in the
mentioned conditions leads to the light components sputtering: of nitrogen and aluminium and
coatings doping by argon atoms up to a concentration of 8+1 at. % in the narrow zone near
depth of ions projected range R,,.

Figure 1 shows plan-view SEM images of irradiated samples.

‘_{‘(_‘ HV HRW det ma
4 | 500kv |8.53pm | TID 15

R HRW det mag BH curr mode 3pm a&' HV HFW det mag FB | tit curr mode
% | 5.00kv | 8.53 pm | TLD | 15000 | 0° | 43pA | SE U | 5.00kv | 8.53 ym | TLD | 15000 | 0° | 43pA | SE

Figure 1 — Plan-view SEM images of 200 keV Ar" irradiated CrAIN coatings with different

fluences: a —2,5-10'°jons/cm?, b — 5-10'% ions/cm?, ¢ — 1:10!7 ions/cm?, d — 2-10'7 ions/cm?
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CrAIN as other nitride coatings formed by physical vapour depositions (PVD)
methods consist of crystalline columns. It was detected, that initial coatings surface
morphology almost remains up to the irradiation fluence of 2,5-10'® ions/cm? (Figure 1 a). At
the irradiation fluence of 5-10'®ions/cm? (Figure 1b) there is still uniform flat surface.
Nanosized blisters are detected on samples irradiated with fluence 1-10'7 ions/cm? (Figure
1 ¢). At the highest irradiation fluence of 2-10!” ions/cm? among nanosized blisters there are
also microsized ones such presented in the centre of Figure 1 d. These objects were created by
agglomerated argon atoms implanted inside. When the pressure inside the material exceeds
the tensile strength, local destruction of the blister occurs with the release of the implanted
gas.

Figure 2 shows AFM image of CrAIN coatings surface in the region of initial (a) and
irradiated (b) areas border. It is observed, that initial area is smooth with average roughness
R, = 7£3 nm. The irradiated area is represented by rows of micro- and nanoblisters with

R, = 2443 nm.

Figure 2 — AFM image of CrAIN surface in the initial (a) and irradiated (b) areas border

Figure 3 presents CrAIN coatings mechanical tests results. Initial coating demonstrates
hardness H=25,4 GPa and Young’s modulus E =247.1 GPa. Irradiation with fluence
2.5-10'¢ ions/cm? leads to the hardness increase up to H = 26,9 GPa and Young’s modulus
slightly decrease E =245.0GPa. Moreover, the highest hardness is measured for coating

irradiated with fluence 5-10'¢ ions/cm? — H = 28.1 GPa. Further fluence increase leads to the
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CrAIN coatings softening — H = 16.4 GPa at fluence 1-10!7 ions/cm?, and H = 14.3 GPa at
fluence 2:10'7 ions/cm?. These effects occurs due to the radiation induced defect formation
and thus hardening. At fluences 1-10'7-2-10'7 ions/cm? blistering effect takes place with
coatings density reduce. Previously mentioned causes hardness significant lowering.
According to the results obtained, the radiation tolerance threshold for CrAIN coatings

irradiated with 200 keV Ar" ions is 1-10'7 ions/cm?.

1 | | |
®7 H=28.1GPa
] E=2379GPa

S =0.332 N/um /
o] Fae=50mN /
/

Load, mN

himax = 0.38 pm /

—1 7

0 50 100 150 200 250 300 350 400

20 44—

Displacement, nm

a 10 pm

b
Figure 3 — Load-unload curve (a) and indenter imprint (b) on CrAIN coating surface irradiated with

200 keV Ar' fluence 1-10'7 ions/cm?

Thus, CrAIN nanostructured coatings were formed by separated vacuum arc
deposition on substrates of glassy carbon and monocrystalline silicon Si (100) of good
quality, plane continuous and without oxygen. It was discovered that 200 keV Ar" ion
irradiation with fluences 2.5-10'¢ ions/cm? and 5-10'° ions/cm? leads to a mechanical
properties enhancement effect. At the irradiation fluences 1-10'7-2-10'7 ions/cm? occurs
micro- and nanoblisters formation which is a threshold for CrAIN coatings radiation

tolerance.

[1] F.F. Komarov, S.V. Konstantinov, V.A. Zaikov, V.V. Pil’ko, Journal of Engineering
Physics and Thermophysics. 94 (6) (2021) 1609-1618.

[2] S.V. Konstantinov, E. Wendler, F.F. Komarov, V.A. Zaikov, Surface and Coatings
Technology. 386 (2020) 125493.

[3] Nanostructured Coatings (Ed.), A. Cavaleiro, J.T.M. De Hosson, Springer, Berlin, 2006.
[4] W.C. Oliver, G.M. Pharr, J. Mater. Res. 19 (1) (2004) 3-20.
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DOoTOJIOMHUHECHEHIIUS HAHOYACTHI] B Zn-, MNn-UMIUIAHTHPOBAHHBIX ¢J109X SiO2:
JKCHUTOHHBbIE U e eKTHBIC IyTH BO30YKACHUS

Photoluminescence of nanoparticles in Zn-, Mn-implanted silica layers: exciton and
defect excitation pathways

Banennn A.@.!, Bynros E.A.!, Ilycrosapos B.A.!,
Zatsepin A.F.!, Buntov E.A.!, Pustovarov V.A.!

"Ypanvckuii pedepanvuviii ynusepcumem, 620002, ya. Mupa, 19, 2. Examepunbype, Poccus,
e-mail: e.a.buntov@urfu.ru

The low-temperature luminescent properties of the 100 nm SiO> films implanted
with Zn and Mn ions were studied upon UV/VUV synchrotron excitation in
spectral range of 4.5 — 10.7 eV. Implantation with Zn and Mn ions with different
fluence leads to the formation of a-Zn>Si04 nanoparticles and Si - quantum dots in
irradiated films. Both X-Ray diffraction and photoluminescence spectroscopy data
confirm the formation of willemite phase Zn;SiOs in SiO2 matrix. The
characteristic 2.4 eV emission band observed resembles the properties of classical

Zn>Si04:Mn phosphor, though no manganese were introduced into the films.

Along with this, oxygen-deficient emission centres with singlet and triplet electron

transitions are pronounced. PL excitation spectra demonstrate the contribution of

willemite and silica band states, thus suggesting interphase energy transfer
mechanism. The exciton- and defect-related PL excitation mechanisms were
revealed, both influenced by the concentration of implanted manganese. Based on

the spectroscopy data, schemes of defect-related and exciton mechanisms for

oxygen-deficient centers and nanoparticles PL excitation are proposed.

B nocnennue roasl HabM01aeTCS pacTyLIUil HHTEpeC K pa3paboTKe JTFOMUHECHEHTHBIX
MaTepHAIIOB ISl PA3IMYHBIX TPUMEHEHUH, OT TBEPAOTEIHHBIX HCTOUYHUKOB OCBEUICHUS H
JICIIIEEB 10 OMOJIOTHUYECKUX CeHCOpoB. OHUM M3 MHOTOOOEIIAIONINX KJIACCOB MAaTepPHAaJIOB
JUTSL OTHX TPUJIOKECHUH SIBISIFOTCS JIIOMHUHECIICHTHBIE HAHOYACTHIIBI, ONTHYECKUE CBOWCTBA
KOTOPBIX JIEMOHCTPUPYIOT 3aBHCHMOCTh OT pa3Mepa M BBICOKOE OTHOIICHHE TUIOIIAIH
MMOBEPXHOCTU K 00BEMY.

JlerupoBanHbIil MapranuemM BUWUIeMHT Zn2Si04:Mn sBiSleTCS IUPOKO HUCIIOJIB3YEMbIM
3€JICHBIM JIIOMHUHO(OPOM B JIFOMHHECIICHTHBIX JIAMITaX M KaTOJIHBIX TPyOKax Ojaromapsi CBoe
YCTOWYMBOCTHU K BIIA’)KHOCTH, BHICOKOW XUMHYECKON U TEPMHUUYECKOIN CTaOMIBHOCTH, XOPOLIeH
kBaHTOBOM (P extuBHOCTH (KD) M BBICOKOI uncToTe 1BeTa [1]. HanowacTuip! 1iuHKa U €ro
OKCHJIOB TaKXXe MPHBIIEKAIOT BHUMAHUE HCCIIEOBATENCeH KaK UCTOYHUKH CBETA, U3ITydaTeNn
OMHOYHBIX (OTOHOB W MEMpPHCTOpPHL. B 93TOif CBsSI3M HMOHHAs WMIUIAHTAIUS YacTo
WCTIONB3YeTCsl KaK YUCTHI M YHHBEPCAIBbHBI MHCTPYMEHT /ISl MX CHHTE3a B OKCHIHBIX

Matpuinax, Takux kak Si0; u GeO;, ¢ TOYHO KOHTPOJIHPYEMBIMU KOHIIEHTPAITUSIMU HOHOB

MCTAJUIOB W KHUCJIOpOOaA. O)IHaKO MCXaHU3Mbl HWOHHO-TYYEBOI'O CHHTE3a HAHOYACTHIL
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BUJUIEMHTa B MaTpHIle KpeMHEe3eMa TUIaTeIbHO HE H3Yy4YeHbl U TpPeOYIOT JaibHEWIIero
W3YYEeHHUs ISl ONTUMH3ALUH [TapaMeTPOB IPOU3BOCTBA.

B pamkax mnpeapiiymuMx HCCIEIOBaHUI Mbl HM3y4yald JIIOMUHECHEHTHBIE CBOMCTBA
9UCTOTO [2] ¥ JIETUPOBAHHOTO PEAKO3EMEIbHBIMU dJieMeHTaMHu [3] BWIIEMHUTA TMpHU
BO30YKJIEHUHM BaKyyMHBIM yibTpaduonetoMm (BY®) u oOHapyx uiu, 4To 3T CBOMCTBAa He
3aBUCIT OT MCHOJB3yEMOIro KaHana Bo30yxaeHusd. B Hacrosiell paboTe MBI HCIOJIb3YyeM
uMmiynbcHoe BY ®-Bo30yx1eHne OT CUHXPOTPOHHOTO UCTOYHMKA ISl U3YUYEHUS POJIM MOHOB

Zn 1 Mn B obpa3zoBanuu 1e(peKToB U HaHOYACTHIL B 1IeHKax Si0a.
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Puc. 1. PacuetHble npoduiiv UMIUIAHTAllMU MOHOB Zn B TuieHKax Si0;.

Uccnenyembie 00beKTBI TipeAcTaBisu  coOoi tieHkn SiO> Ttommuuon 100 HM,
MOJIyYEHHbIE OKHCJIEHUEM KPEMHHUEBOM MOJUIOKKH p-TUIA, a 3aTe€M HMIUIAHTHPOBAHHbIE
voHaMu Zn* (CTalMOHApHBIA MYYOK HOPMalbHOTO majaeHus, 65 k3B, 3-10' wmonos/cm?).
JIONOMHUTENbHYI0 HUMIUTaHTanui0 Mn' mpoBogwnu ¢ sHeprueir 55 kaB u ¢umroeHcom oT
0.3-10" o 3-10' nonos/cm?. Ha puc. 1 mokasaHo pacnpeeneHie HMIUIAHTUPOBAHHBIX HOHOB
Zn u Mn no riy6uHe, paccuuTaHHOE ¢ nomolisio nporpamMbsl SRIM 2013. Dueprun noHOB
MOA0UPATTUCH ISl JOCTHKEHHSI MAaKCUMAaJIbHOM KOHIIEHTpAllMK B cepeiuHe TUIeHKH. PacueTHas
CpenHss TIyOMHa MPOHMKHOBEHUSI MOHOB cOCTaBiisieT 52 HM. Bce oOpasisl ObIIM OTIYIIEHBI
ipu 900°C B atmocdepe azora. Kak 3TaoHHYO MIIEHKY C UMIUIAHTUPOBAHHBIM LIMHKOM, TaK U
OCHOBHYIO IUIEHKY C MMIUIAHTUPOBAHHBIM MapraHieM JONOJHUTEIbHO OTKUTalu B
atMocdepe Bo3ayxa mmpu 1000°C B reuenue 1 - 2 gacos.

CriekTpockonuyeckue H3MEpeHus JoMHuHecueHIuu 1pu YO/BY®  Bo30OyxaeHUN
CUHXPOTPOHHBIM  M3JIydeHHMEM  ObLIM  BBINOJHEHBl  Ha  KOHEYHOH  CTaHIMH
¢dotomomunectieniun - FINESTLUMI [4] onnynaropuoit muHuu nydka FinEstBeAMS
cunxpotpoHHoil yctaHoBku MAX 1V (Jlynn, IlIBernus). J(nama3on sHepruil Bo30yxaeHUS

cocrtasnsin 4,5-10,7 3B, Bce cnektpsl peructpupoBanuck npu T =7 K. CiexTpsl Bo30yxaeHUS
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@®JI HOpMUPOBAIKCH C MCIOJIB30BAHUEM KaTUOPOBOYHOW KPUBOM, MOJYUYEHHOW C MOMOIIBIO
mnona AXUV-100G.

B cnektpax oOpasmnoB SiO2:Zn HabmomaeTcss HECKOIBKO JIOMUHECIICHTHBIX ITOJIOC.
Hanbonee mHTEHCUBHBII UK JIEMEHTAPHOM rayccoBoi popMbl pacmosoxeH npu 4.3 3B (puc.
2a), Tor/1a Kak ropaszo 0osiee ciadble MUKU MPUCYTCTBYIOT B Auanaszone 1.6 5B — 2.4, 3enenas
nosioca 2.4 5B uMmeeT xapakTepHYI0 acUMMETPUYHYIO (OpMY U MOXKET OBITh pa3liokeHa Ha
JIBa TayCCOBBIX Makcumyma. CriekTpsl Bo30yxenus (puc. 20) ns Bcex mosoc DJI comepxar
nmuku B obmactu 6,5-10,5 »B. Dnemenrtapusiii nuk 4,3 3B neMOHCTpuUpyeT OIMHAKOBYIO
¢bopMy BO30YKIEHHUS HE3aBHUCHUMO OT SHEpruu usnydeHus (puc. 20). Hamportus, eciau Mbl
CMECTHM HPHEPruI0 U3JIy4eHUs B 00JIACTh TOUYEUYHBIX JePEKTOB AUOKcHAa KpemHHUs (2,6 3B),
MUK BO30YXKIEHHSI CMECTSTCSI B CTOPOHY O0Jjiee BBICOKHMX PHEPIuid, a hopma crekTpa CTaHeT
noxoxei Ha aedexktHoe BY d-Bo3OyxaeHue.
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Puc. 2. Crextpor @JI (a) u Bo30yxkaenus DJI (0) oOpa3noB mieHOK 6€3 MapraHia

AHanoruuHas KapTuHa BoO30OyxknaeHus-amuccun @JI HalOmromaercs A IJIEHOK
S102:Zn:Mn (puc. 3). OgHako BBeIeHHE MapraHiia CyleCTBEHHO BIUsSET Ha pOpMy CIIEKTPOB
®JI. Huzkas 1032 MMITIaHTAIlMA MapraHila IPUBOIUT K TIOSIBICHHUIO IIUPOKUX IMHUKOB BOJIW3H
2,9 3B u 4,6 3B, kotopsie xopomio Bo30yxaaroTcs B BY ®-nuanazone okono 7 3B u, Takum
00pa3oM, HAMOMUHAIOT TPHUIUICTHBIE W CUHTJIETHBIC TTOJIOCHI U3BECTHBIX TOYEUYHBIX Je(EKTOB
tua ODC Tumna [23]. TIpu cpeaneit 1o3e HOHOB Mn"™ MOSBIISIETCS MOJ0Ca KBAHTOBBIX TOYEK
kpemHus nipu 1,86 3B BMecTe ¢ MUKOM, CBSI3aHHBIM € BUJLIEMUTOM, Tipu 2,36 3B. Bce monocsl
®JI, mokazaHHble Ha puc. 3a, Haumbomee HPPEKTHUBHO BO3OYKTAIOTCS 3a CUET
BBICOKODHEPTETUYECKUX IKCUTOHHBIX Tosioc Si0; BOmm3u 10 »B. BBenenune maprania, mo-

BUJIUMOMY, KOHTPOJIUPYET 00pa30oBaHHE HAHOUACTHUI] U 1€(hEKTOB B OKCH/JIE.
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Puc. 3. 3aBucumocTts ciektpoB DJI (a) u BOD (6) miieHoK, UMIUIaHTUPOBAaHHBIX Zn U Mn, ot
KOHIIEHTpAllMu MapraHia

Takum o00pa3oM, wHccienoBaHbl HHU3KOTEMIEpaTypHbIE JIIOMHUHECIIEHTHBIE CBOMCTBa
mieHoK Si102, UMIUTAHTHPOBAHHBIX WOHamMu Zn + Mn, mpu YO/BYD cunaxpoTpoHHOM
BO30YKJIeHUH. BbIsSBIEHBI AKCUTOHHBIN M JedeKTHhIM MexaHu3Mbl Bo3OyxaeHuss ®dJI, nHa
KOTOpBIE  BIIMSET KOHUEHTpAlMs HWMIUIAHTUpPOBaHHOro Mapranma. llpm  HyneBon
KOHIIGHTpalMh Mn HaHOYAaCTHIBI KpPEMHHMsS M BWUIEMHTa WIPalOT pPOJIb LEHTPOB
JIOMUHECUEHIINN, a TodeuyHble nedekTbl Si02 CTaHOBATCSA MOCPEIHHKAMU B Ipoleccax
nepeHoca dHepruu. [lpm pgoGaBrmeHnu HeOONBIIOW J0MM HMOHOB Mn  aedeKTs
CTaOWIM3UPYIOTCA U HAYMHAIOT M3JIy4daThb CBET Yepe3 TPUIUIET-CUHIJIETHbIE MEepPeXO0/Ibl
HECMOTpPS Ha TO, 4yTo mpoBomwics Tepmudeckuid orxur npu 900 °C. Ilpm yBennuenun
KOHIIEHTpanuu Mn crekTpsl 00pa3ioB BO3BpAIIAOTCs K UCXOAHBIM mojocam DJI Zn,SiO4 u
KPEMHMEBBIX KBAaHTOBBIX TOYEK C HEKOTOPbIM CHHUM CMENIEHWEM, YyKa3blBalOIIUM Ha

BbI3BAaHHOE Mn M3MEHEHHE pa3Mepa U CBOMCTB HAHOYACTHII.

[1] C. Wang, J. Wang, J. Jiang, S. Xin, G. Zhu, Redesign and manually control the
commercial plasma green Zn2Si104:Mn2+ phosphor with high quantum efficiency for
white light emitting diodes, J. Alloys Compd. 814 (2020) 152340.

[2]  A. Zatsepin, E. Buntov, N. Gavrilov, H.-J. Fitting, lon-beam synthesis and thermal
behaviour of luminescent Zn<inf>2</inf>Si0<inf>4</inf> nanoparticles in silica
glasses and films, Phys. Status Solidi Basic Res. 253 (2016).

[3] D.A. Zatsepin, A.F. Zatsepin, D.W. Boukhvalov, E.Z. Kurmaev, Z. V. Pchelkina, N. V.
Gavrilov, Electronic structure and photoluminescence properties of Zn-ion implanted
silica glass before and after thermal annealing, J. Non. Cryst. Solids. (2016).

[4] V. Pankratov, R. Pdrna, M. Kirm, V. Nagirnyi, E. Nommiste, S. Omelkov, S.
Vielhauer, K. Chernenko, L. Reisberg, P. Turunen, A. Kivimiki, E. Kukk, M. Valden,
M. Huttula, Progress in development of a new luminescence setup at the FinEstBeAMS
beamline of the MAX IV laboratory, Radiat. Meas. 121 (2019) 91-98.
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CTPYKTYPA U CBOMCTBA NOKPBITUI (Hf,Zr)-Mo-Si-B, IOJTYYEHHBLIX ITPAN
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The (Hf,Zr)-Mo-Si-B coatings were deposited by high power impulse magnetron sputtering
(HIPIMYS) at different frequency and energy characteristics. Heterophase ceramics obtained by
self-propagating high-temperature synthesis and hot pressing were used as the cathode
materials. Structural studies of as-deposited coatings were carried out, mechanical, tribological
properties, as well as oxidation resistance in temperature range of 1000-1700 °C were

determined.

Hucunuuuasl  MonubaeHa, LHUPKOHUS M TapHUS  SIBISIOTCS  MEPCHEKTUBHBIMU
MarepuaiamMu JUIsli M3TOTOBJICHMS BBICOKOTEMIIEpATYpHbIX MOKpbITUH [1]. WX BbICOKas
CTOMKOCTH K OKUCIIEHHIO 00YCIIOBIIEHa 00pa30BaHUEM MTACCUBHOTO TTOBEPXHOCTHOTO ¢Jost S10»
IIPY BO3JIEHCTBUU BBICOKUX TeMIiiepatyp [2]. Okcua kpeMHus 001a1aeT BBICOKOH BA3KOCTBIO U
CIOCOOCTBYET 3aJIEUMBAHUIO TPELIMH M JIPYrUX JAe(PEeKTOB, KOTOPOE MPOUCXOIUT 32 CUeT
MEX3EpeHHON U MOBEPXHOCTHOM aAu(Qy3ur B TOUKAX KOHTAaKTa B O0JIACTU TPELIUHBI.
BBenenue B cocTaB MOKpBITHI 00pa CIIOCOOCTBYET CHUYKEHUIO BI3KOCTH OBEPXHOCTHOTO CJIOS
S102 u noBeImaer xapoctoiikocth MokpbITHil [3]. Ilpu MccnegoBaHny MOKPHITHI HA OCHOBE
TUCUIIMIUAA MOJIHOIeHA, TOTYYEHHBIX METOJ0OM MarHETPOHHOTO HANBbIJICHHUS] Ha TTOCTOSIHHOM
toke (DCMS-direct current magnetron sputtering), Ob110 TTOKa3aHO, YTO MHOTOKOMIIOHEHTHBIE
nokpbITUst Mo-Zr-Si-B u Mo-Hf-Si-B  npeBocxoasit Mo-Si-B no TpeuuHocToiikoCcTH,
TEPMHUYECKON CTaOMIIBHOCTH U KapOCTOMKOCTH 3a CUET M3MENIbYEHHS! CTPYKTYpbl 0a30BOTO

nokpeiTus [4]. B cBOIO ouepenp BBEIEHHE B COCTaB MOKPHITHN ZrSiy cuauimaa MoiubIeHa
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MoSi,, moaBnseT TpaHcHOPMAIIHIO TETPArOHAIBHON KpUCTAINTNYECKON peméTku (azbl ZrO;» B
MOHOKJIMHHYIO, BBI3BIBAIOLIYI0 OOBbEMHOE pacIIMpeHHe U MPUBOISILYI0 K PacTPECKUBAHHUIO
nokpbiTust  [5]. s  MHUKPOKPUCTAJUIMYECKUX MOKPBITHH ZrSix>-MoSix-ZrB2,  Bbicokas
KAPOCTOUKOCTh OOBACHSIETCS: (HOPMHUPOBAHUEM TEPMOCTOMKOW TETEPOreHHOW OKCHIHON
MIeHKH; pacTBopeHreM ZrO> B 00pOCHIMKATHOM clioe ¢ oOpazoBanueM ZrSi04; 00pa3zoBaHuEM
TEPMOCTOWKHUX YaCTHUIl HA OCHOBE coeMHEHNI Mo, npensatcTByomux 1uddy3un Kucaoposa;
BBICOKOM TEMIIEpaTypOl IUIABJICHHMS W HHU3KOW TEIUIONPOBOJHOCTBIO OKCHUIHOTO CJOSI Ha
ocHOBE ZrQ», 3alIMIIAIONIET0 BHYTPEHHHE CJIOH [6].

MHoroo6emaronum SBiaseTcss IPUMEHEHNE JIsl HAHECEHUS KapOCTOMKUX rerepoda3HbIX
MOKPBITUI METOJ1a BHICOKOMOIIHOT'O UMITYJIbCHOI'O MarHETPOHHOTO PACIbUIEHUS, H3BECTHOTO
takke, kak TexHosioruss HIPIMS (high power impulse magnetron sputtering) [7-10]. Metonx
HIPIMS o6ecrnieunBaeT BEICOKYIO INIOTHOCTH Mm1a3Mel ~10'* non/cm?, Torga xak qms DCMS sta
seamunna coctasiser 10'° non/cm® [9]. B ciyuae HIPIMS pacnblieHHBIE aTOMBI HFHTEHCHBHO
MOHHU3UPYIOTCS BO BpEMS MPOXOXKJIEHUS Yepe3 Mia3My, U OTOK COCTOUT MPEUMYIIECTBEHHO
13 MOHOB, a HE aTOMOB, Kak B cimydae DCMS. YBenudeHne COOTHOIICHHS HOH/aTOM B ITOTOKE
MPUBOJIUT K 3HAUUTEIHHOMY MOBBIIIEHUIO TUIOTHOCTH, MPOYHOCTHBIX CBOWCTB, M3HOCO- U
XKApOCTOMKOCTH, a TaKXKe POCTY aJIF€3MOHHON MPOYHOCTH OCAKIAEMBIX MOKPBITUN 3a CHET
oOpazoBanus nceBAoau(PPy3nOHHBIX CIoeB U A(H(PEKTOB MOHHOW WMILIAHTAIIMKA Ha JTare
MIPeIBAPUTENILHOTO TPABJIEHUS IOBEPXHOCTH MOANI0XKKH [10].

[enbto HacTosIIEeH pabOTHI ABIISAIOCH UCCIIEIOBAHUE CTPYKTYPBI U CBOMCTB KapOCTOMKUX
HaHOCTPYKTYpHbIX mokpeiTuil  (Hf,Zr)-Mo-Si-B, mnonyuennsix wmerogom HIPIMS ¢
HCIOJIb30BaHNEM TeTepo(a3HbIX KaTOIOB-MHILIEHEH.

st MarHeTpOHHOTO pAacMbUIEHHs ObUIM M3TOTOBJIEHBI (PYHKIIMOHATIbHO-TPAJAHECHTHBIE
muiieHu (ZrSix-ZrB2-MoSi2)/Cr, (HfSi2-HfB2-MoSi2)/Cr, (MoSi>-MoB-ZrB)/Mo, (MoSiz-
MoB-H{B:)/Mo. 13 351eMeHTHBIX MOPOIIKOB FOTOBUIINCH BEICOKOAK30TEPMUYECKHE CMECH /ISt
MOCJIEAYIONIEr0 CaMOpacHpOCTPAHSIONIErocs BHICOKOTEMIIEPATYpPHOTO CHHTE3a B peakTope
Mapku CBC-3. M3menbu€HHBIE MPOAYKTHI TOPEHUS MOABEPrajuCh ropsYeMy MPECCOBAHUIO
(1250°C, 35 MlIla) na ycranoBke DSP515 SA (Dr.Fritsch Sondermaschinen GmbH,
I'epmanus). /s nony4eHnss HUKHUX CIOEB MUIIEHEN UCIoNb30BaIuch nopouku Cr u Mo.

IToxperTuss HanOocwiHch B pexkxume HIPIMS Ha ycranoBke tunma YBH-2M, ocHaménHOM
MarHeTpoOHaMH M MOHHBIM MCTOYHHUKOM JJISi OYMCTKH MOJUJIOKEK, C MCIOJIb30BaHHEM OJIOKa
nutanus Trumpf TruPlasma 4200. YacroTa BapbeupoBanacek B auanazone ot 100 go 1000 I,

MAKOBBIA TOK mpH cpeaHedl momHocTH 1 kBT cocraBmsan or 70 no 100 A. Pacnbeinenue

55



poBoauock B aprone npu gasieHnu 0.1-0.5 Ila. B kadecTtBe mojuiokek HCIONb30BaIUCh
macTuHbl u3 okcuaa amomuaus BK-100-1 u kpemuanst KOd-4.5 (100).

CocTtaB U CTpYKTYpY HOKPBITHI UCCIIEIOBAIU C IOMOIIBIO PACTPOBON M IPOCBEUUBAIOIICH
anekTpoHHON Mukpockonuu (POM u [I19M), sueproaucnepcuonnoit cnekrpockonuu (21C),
OTNITHYECKOW SMUCCHOHHOM CIIeKTpockonuu Tiaetomero paspsna (O9CTP), pearrenoda3oBoro
aHaimza (P®A). MexaHudyeckue CBOMCTBAa TOKPBITHM OINpeAensuiuch Ha mpudope
Nanohardness Tester CSM Instr. meTtogoM HaHOWHAeHTHpOBaHUs. [I0BEpXHOCTh MOKPBITHIA
uccnenoBaniach Ha ontudeckom mnpodunomerpe WYKO-NT1100 Veeco. C menbro
oTpesieNIeHus )KapOCTOMKOCTH MOKPHITHI OBLIIN MPOBEIECHBI OT)KUTU HA BO3yXe B My(eTbHBIX
nmeuyax SNOL-7.2/1200 (mpu temmepatype 1000 °C, Bwimepxkku oT 10 mo 240 wmwuH,
nzorepmuueckuit pexum) u TK 15.1800.IM.1® (1300-1700°C, 10 MuH, HEeU30TepMUYECKUN
peXHUM), U TTOCIeyIoIue uccienoBanus ¢ nomoiursio POM, 3/1C, OOCTP, POA.

Pesynbprarel  uccieoBaHMM — MOKa3ald, YTO  HW3TOTOBJEHHbIE  (DYHKIMOHAIBHO-
IpaJeHTHbIE MUIIIEHH UMeNn (a30BbIl cOCTaB, OJIM3KUI K pacUETHOMY, XapaKTEpPU30BAIUCh
IJIOTHOCTHIO He MeHee 95%, tBépmocteio >10 ['Tla u ycnemno pabGoTanu npu pean3anuu
BbICOKOAHepreTuueckoro pexkuma HIPIMS, BwimepkuBas ycioBusi TEpPMOLUKIUPOBAHUS C
m3meHenneM wmomHoctd 0—70—0 kBt. Ha moBepxHocTH pabodero ciioss B pe3yibTare
JUIUTEIbHON 3KCIUTyaTalluy BBIABIISIACH CETKA MUKPOTPELIUH, OJTHAKO LEJIOCTHOCTh MUILIEHU

He Hapymanack. Jlanueie POM-D]/IC Ha puc. 1 mokaspIBaloT 30HY MHILEHU BOJIU3U TPaHUIIbI

(ZrSi-ZrB,-MoSi,)-Cr.

Pucynoxk 1. POM-u3o0paxkenue u 3/1C-kapThl MonepeyHoro nuiuda

(YHKIMOHANBHO-TPaIMEHTHON MHIIeHH (ZrSi>-ZrB,-MoSi,)/Cr
Bce mnomydeHHble MOKPHITUS 00JaAany IUIOTHOM MasiofeeKTHOW CTPYKTypou ¢

PaBHOMEpPHBIM paCIpe/ie]IeHUEM D3JEMEHTOB 10 TOJIIMHE (pUC. 2) M HHU3KUM YPOBHEM

npumeceit (C+0O). POM nokazana, 4To Ha W300paXKEHUSIX MOMEPEYHBIX M3JIOMOB MOKPBITHH,
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CTONOYATBIX 3€peH, TUIMHUYHBIX JUIsi OJHO(A3HBIX HOHHO-IJIA3MEHHBIX TOKPBITUHA He
HaOmonaercs. [TokpbITHs B OONBUIMHCTBE Cily4aeB ObUIM peHTreHoamopHbMH. TBEpAOCTH
cocraBisuia  ceimie 20 [I'Tla, mnpuué€m ycraHOBIIEHa YETKAsE KOPpEISALUS MEXIy
sHepreTueckuMu napamerpamu HIPIMS, BHyTpeHHHMH CXUMAIOUIMMH HaNpsKEHUSIMU U

MEXaHWYECKUMH XapaKTePUCTUKAMH MOKPBITUH.

23 o-ZrSi2 > 0-ZrSi

N h-ZrB2 A c-ZrB 100 """ MuiiieHb
@ MoSi < m—ZrO2 | —— IlokpeiTHe
. v t-Modi1 . N
= 2 0 Si T80
g s
o) = \
5 IloxpeiTHE E{ 60 E‘\‘\ Si
§ WO O 000 6 O 00 0o® 6000 §40_ N—*~~Z_ ~~~~~~~~~~~
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= 520 2 Mo
= 7 __A;_.___E _____ =\ ——
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Pucynok 2. Pezynbratsl uccnenopanusi Metogamu POA (a) u OOCTP (6) mutenu (ZrSi-ZrB»-

MoSi,)/Cr u nokpbiTHit Zr-Mo-Si-B, nony4eHHbIX ¢ € UCI0JIb30BaHHUEM

[TokperTs 0051872711 BEICOKOM CTOMKOCTBIO K OKHCIICHUIO Tipu TemmepaTypax 1000-1500 °C,
yTO OBUIO CBSI3aHO € 00pa3OBaHMEM 3alllUTHBIX ITOBEPXHOCTHBIX CJIOEB Ha OCHOBE
OOPOCHIIMKATHOTO CTEKJIA C JUCTIEPCHBIMH BKIIFOUCHHSIMU METAJIJICOIEP KAIMX OKCHIHBIX (a3,
MPEMNSATCTBYIOIINX MIPOHUKHOBEHUIO KHCIIOpOJa Br1yOb MOKPBITHIA npu
BBICOKOTEMIIEpATYpPHOM HarpeBe Ha BO3IyXe€.

Pa6ora BeimonHena npu GpuHancoBoil nogaepxke PH® (mpoekt Ne 23-49-00141)

17 Y. C.J. Mudiyanselage et al. Surf. Coat. Technol. 202 (2022) 1470.
2] H. GeBwein et al. J. Therm. Anal. Calorim. 91 (2008) 517.
3] J. H. Perepezko, Int. J. Refract. Met. Hard Mater. 71 (2018) 246.

4] P. V. Kiryukhantsev-Korneev et al. Surf. Coat. Technol. (2022) 128141.
[5] L. Wang et al. Surf. Coat. Technol. 347 (2018) 257.

[6] L P.Lifanov et al. J. Phys. Conf. Ser. 1713 (2020) 012025.

[7] Ph.V. Kiryukhantsev-Korneev et al. Ceram. Int. 46 (2020) 1775.

[8] H. Lin et al. Surf. Coat. Technol. 452 (2023) 129119.
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JJIOMUHECHEHIUSA TEKCATOHAJIBHOI'O HUTPUJIA BOPA,
OBJIYYEHHOI'O HOHAMM I'EJIUA, YCUJIEHHASA SJEKTPOHHBIM
OBJIYYEHUEM
ELECTRON IRRADIATION ENHANCED LUMINESCENCE OF HELIUM ION-
IRRADIATED HEXAGONAL BORON NITRIDE

Yu. Petrov!, O. Vyvenko!, O. Gogina!, K. Bolotin?, S. Kovalchuk?

'Faculty of physics, Saint-Petersburg state university, Universitetskaya nab. 7/9, Saint-
Petersburg, Russia,
e-mail: y.petrov@spbu.ru;
’Department of Physics, Freie Universitiit Berlin, Berlin, Germany

Hexagonal boron nitride (h-BN) is a wide bandgap semiconductor, and point defects in
this material are considered as promising candidates for single photon emitters [1]. The
luminescence spectrum of h-BN consists of several emission bands, and the most investigated
bands are: 650 nm (1.9 eV), 320 nm (3.9 eV) and 215 nm (5.8 eV). The energy of the last one
is close to the band gap of h-BN, so this band is usually attributed to indirect exciton [2]. The
origin of two other luminescence bands is still under discussion, and they are usually
attributed to diverse point defects such as vacancies or antisite defects for 1.9 eV [3] and
carbon and oxygen impurities for 3.9 eV [1, 4]. Fabrication of abovementioned single photon
emitters requires some method of control of the concentration of point defects in hexagonal
boron nitride. Several methods of such control are considered, and one of the most promising
is irradiation with a focused ion beam. Though several attempts to use ion irradiation for the
fabrication of single photon emitters were made [5, 6], the process of defect formation in this
case is not well understood yet. In our previous work we have showed that irradiation with a
focused helium ion beam at certain ion fluence might lead to increase of the intensity of 1.9
eV emission band [7]. In this work we present new results of the investigation of the
evolution of cathodoluminescence of helium ion irradiated h-BN under subsequent prolonged
electron irradiation.

Thin crystals of hexagonal boron nitride were prepared from high quality single crystal
by means of exfoliation and transfer onto a substrate. Silicon nitride film on silicon was used
as the substrate. The thickness of the sample was measured by means of atomic force
microscopy. Helium ion microscope Zeiss Orion Plus was used for helium ion irradiation.
The samples were locally irradiated with 30 keV He ions at an ion fluence ranging from
5%10" ¢cm to 3.2 x 105 cm™. Cathodoluminescence (CL) investigations were performed
with SEM Zeiss Supra equipped with Gatan MonoCL 3 system at an electron beam energy

and current of 5 keV and of 3 nA respectively.
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CL spectrum of pristine hexagonal boron nitride (figure 1) consisted of three bands: an
intense peak at 215 nm, a band at 640 nm and broad and a weak band with a maximum at 320

nm.
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Figure 1. CL spectrum of 190-nm-thick h-BN on silicon nitride.

CL maps acquired at three mentioned spectral band wavelengths in the initial sample
are depicted in figure 2 a-c. Then, the series of raster scans of rectangular areas (3x25 mkm)
on the sample surface were performed with focused helium ion beam. lon irradiation resulted
in a decrease of the intensity of all CL bands as it can be clearly recognized from CL maps in

figure 2 d-f, where the irradiated areas are seen as dark stripes.

Figure 2. Monochromatic CL maps of pristine (a-c) and ion-irradiated (d-f) samples, acquired at
different wavelengths: a), d) - 215 nm, b), e) - 320 nm, c¢), f) - 650 nm. The ion fluence starts from
5x10" cm™ for the top stripe doubling then each previous strip value up to 3.2 x 10" cm™ for the
lowermost stripe.
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Therefore, we can conclude that ion-induced defects in h-BN act as non-radiative
recombination centers. However, as it was previously observed [8], the CL measurements
themselves might have a significant effect on the intensity of 640 nm band, so the dependence
of this intensity on electron beam excitation time was measured for each ion-irradiated
rectangle. It was found that the intensity of this CL band had a non-monotonic character upon
the duration of the continuous electron beam irradiation: the intensity of the CL band first
increased quickly and then decreased slowly. The intensity of the same CL band for pristine
h-BN remained almost constant during electron irradiation.

The dependences of CL intensity on time of electron irradiation for all ion-irradiated
rectangles were approximated with a sum of two exponential functions, one for rapid growth
and another one for slow decay. It was found that the time constants are roughly proportional
to helium ion fluence, which the rectangle was irradiated with. This dependence can be
explained if the ion-induced defects turn into the luminescence centers of this CL band under
electron beam irradiation. The process of the formation of new centers, responsible for 1.9 eV
CL, can be easily explained if such centers are antisite complexes VNNg [5] that can be
formed from boron vacancy, which in turn was formed by ion irradiation.

Thus, helium ion irradiation of hexagonal boron nitride can be used not only for
quenching of its luminescence by means of generation of defects, as has been shown in [5],
but also for the preparation of non-equilibrium state with a high concentration of defects,
which can be converted into new luminescence centers by means of electron beam treatment.

Experimental results were obtained using the equipment of Interdisciplinary Resource
Center for Nanotechnology of Research Park of SPbSU. The authors are thankful to K.
Watanabe and T. Taniguchi for provided crystal of h-BN. The research was supported by
Russian Science Foundation (project 23-22-00067, https://rscf.ru/en/project/23-22-00067/)

1. R. Bourrellier, S. Meuret, A. Tararan, O. Stéphan, M. Kociak, L.H.G. Tizei, and A. Zobelli,
Nano Letters 16, (2016), 4317—4321

2. G. Cassabois, P. Valvin, B. Gil. Nature Photonics, 10, (2016), 262

3. S. Castelletto, F.A. Inam, S. Sato, A. Boretti. Beilstein J. Nanotechnol. 11, (2020), 740-769

4. A. Vokhmintsev, I. Weinstein, D. Zamyatin. Journal of Luminescence, 208, (2019), 363-370

5. G. Grosso, H. Moon, B. Lienhard, S. Ali, D.K. Efetov, M.M. Furchi, P. Jarillo-Herrero, M.J.
Ford, 1. Aharonovich, D. Englund. Nature Communications, 8, (2017), 705

6. N. Chejanovsky, M. Rezai, F. Paolucci, Nano Letters 16, (2016), 7037-7045

7. Yu.V. Petrov, O.A. Gogina, O.F. Vyvenko, S. Kovalchuk, K. Bolotin, K. Watanabe, T.
Taniguchi. Technical Physics, 92(8), (2022), 984-989

8. Yu.V. Petrov, O.A. Gogina, O.F. Vyvenko, S. Kovalchuk, K. Bolotin, Bulletin of the Russian
Academy of Sciences: Physics (in press)

60



3ABUCUMOCTbD PAJITMAIIMOHHOMN CTOMKOCTU KAPBUIA KPEMHUS OT
TEMIIEPATYPbI OBJIYYEHUSA

DEPENDENCE OF THE SILICON CARBIDE RADIATION RESISTANCE ON THE
IRRADIATION TEMPERATURE

A.A Jle6enes), B.B.Kosnoscknii?, M.E.Jlepuamreiin!, K.C.JlaBeinosckas), P.A Kyspmun'
A.A.Lebedev?, V.V Kozlovski?, M.E.Levinshtein?, K.S.Davydovskaya!, R.A.Kuzmin"

D @usuxo-mexnuueckuii uncmumym um. A.d.Hopge Poccuiickoti akademuu nayx, 194021,
Canxm-Ilemepoype, Poccus
2 Canxm-Ilemepbypackuii norumexuuyeckuii ynueepcumem Iempa Benuxozo, 195251,
Canxm-Ilemepoype, Poccus
The effect of high-temperature electron and proton irradiation on the characteristics of SiC
based devices has been studied. It is shown that the radiation resistance of SiC Schottky
diodes under high-temperature irradiation significantly exceeds the resistance of diodes at

room temperature irradiation. It has been shown that this effect occurs due to the annealing of

compensating radiation defects during high temperature irradiation.

[lepBrie wuccnenoBanus paguanoHHbix nedexkroB (PJ) B kapbuume kpemHus,
npoBeneHHbie B 1950-1960-x romax, MOATBEPAWIN BBICOKYIO PaAUMAlMOHHYIO CTOMKOCTH
storo marepuana [1]. Ciaenyer OTMETHTb, YTO HCCIEAyEMbIE B T€ T'OJbl KPUCTAIbI ObLIN
CWJIBHO JIETUPOBAHBI U UMENIH BBICOKYIO IJIOTHOCTh CTPYKTYPHBIX JieekToB. OHaKO Mo Mepe
MOJTy4€eHHUsl Bce 0oJiee COBEPIIEHHBIX U YUCThIX 00pa3noB SiC nx u3MepeHHas pagualoHHas
CTOMKOCTB TOCTENEHHO CHMKAJACh. [10SBUIINCH HCCIIETOBAaHNsA, B KOTOPBIX YKA3bIBAIOCh, UTO
SiC He TOMBKO HE MPEBOCXOIUT KPEMHHH MO PaAHAIIMOHHONW CTOMKOCTH, HO JIa)Ke yCTYIaeT
eMy 10 psiay mapaMmeTpoB [2-4]. Xopomio HM3BECTHO, YTO YMEHBIICHHE pPaTuallMOHHON
CTOMKOCTH C YJIYy4IIEHMEM KayeCcTBa MaTepHala XapakTEpHO IPAKTHYECKH [UI BCEX
MOJIyIIPOBO/IHUKOBBIX MaTepHalioB, TIOCKOJIbBKY pa3iHyYHble CTPYKTYpHble JA€PEeKThl U
HEKOHTPOJIMPYEMbIE TPUMECH CIykaT cTokamu aius PJI, m TakuMm 00pa3oM CHMXKAIOT
CKOPOCTH JIErpaIalliy ITapaMeTpOB MaTepHaIa.

TeM He MeHee, COMOCTAaBUMOCTb CKOPOCTEW ynajaeHusi Hocurteled B Si U Kapowmae
KpEMHUS TOJI BIUSHUEM OOJy4eHMs BBITJIAIUT YIUBUTEJIBHOM, TaK IIMPHHA 3alpelieHHON
30ubI 4H-S1C (3.2 5B) mouTtu B Tpu pasa Oomblie 3anpenieHHON 30HbI KpeMHus. B padote [5]
HaMU OBLJIO BBICKA3aHO TMPEIIOJOKEHUE, YTO 3TO MOXET OBITh CBSI3aHO C Pa3IMYHBIMU

temreparypamu oTxura nepsuyHbeix PJI B Si u SiC. Ilpu 300 K B kpeMHUU TpPOUCXOAUT
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3aMETHBIM OTXKUT TepBUYHBIX PJI, a B kapOuae KpemMHUs MPHU ITOW TEMIIEpaType MPOIECC
OT)KUTa MPAKTUYECKU OTCYTCTBYET. JIJi1 MPOBEPKH 3TOTO MPEANON0KEHUS ObLII0O HEOOXOAUMO
HCCIIEIOBaTh 3aBUCHUMOCTh pagualMoHHON croiikoctu SiC OT TeMmmeparypbl OOJIy4eHHS.
[IpoBenenue Takoro ucciae0BaHUs M ObLIO LIETBI0 HACTOAIIEH paboTHI.

Hnst uccnenoBanusi ObLIM HCHONB30BaHbl MpoMblnuieHHble 4H-SiC uHTErpanbHbie
muonbl Illortkm (JBS - Junction Barrier Schottky) ¢ 06a3oif n-Tuma mpoBOAMMOCTH C
onokupytomuM HampstbkeHueM 600, 1200 m 1700 B mpomsBoactBa kommanuu CREE.
Konnentpanus nHeckomneHcupoBaHHOW JoHOpHOM npuMecu (Ng—Na) B UCXOAHBIX NMpUOOpax
1o obmyuenms coctaBusma ~6.5x101°, ~4.5x10"° m ~3.5x10'5 cM, cooTBeTCTBEHHO.
OO6yueHnue mMpoBOAMIOCH dJieKTpoHamMu ¢ dHepruen 0.9 MpB u mpotonamu ¢ sHeprueit 15
MbB. MakcumanbHble 0361 00Mydenus coctaasum 7x10'® ecm? gns snexrponos m 1x10'
cM™? ISl IPOTOHOB.

B Tabnune 1 mpencraBieHbl paHee IMONYyYEHHbIE NaHHBIE JJISI CKOPOCTH YIalleHUs

Hocuteneit Vq B SiC B citydae o0ydeHust Tpu KOMHATHOM TeMIeparype.

Tabmuma 1 Ckopoctu ynanenus Hocurteneil B mpudopax Ha ocHoBe SiC u Si.

Tun yctpoiicTBa SiC I SiC A1 SiC JBS Si
600 B 1200 B 1700 B
3 15 15 15 15
Nd-N B 0aze, cM 6.5 x10 4.5x%x10 3.5x%x10 ~ 10
I 10.095 0.073 0.15 0.23 [6]

VQ1 (0,9 M5B sniekTpoHsl), oM

1 63 50 54 110 [7]

VQ1 (15 M»3B nporonsr), oM

Kax BumHO U3 TaOnuIIbl, JEHCTBUTENLHO CKOPOCTh yAaJCHHUS HOCUTENEH B KapOuae KpeMHus
BCETO B JIBa pa3a MEHbIIIE YeM B KpeMHHH. [[1s1 TOATBEepKACHUST BRICKa3aHHON B pabote [5]
runote3bl Obu1o mpoeneHo obmyuenue 4H-SiC JBS crpykryp snekTpoHamMu W HMpOTOHAMU
npu temneparypax 10 500 °C. Beuio 0OHApYXEHO 3HAYMTENHHOE YMEHBIIEHHE CKOPOCTH
yAaJleHusl HOCUTENe! ¢ yBellndeHreM TeMieparypsl oomydenus (Puc 1).
[Ipn wuccrenoBaHUM BOJBTAMIEPHBIX XapaKTEPUCTUK ObIO OOHapy>Ke€HO, 4YTO MpuU
MOBBIIIEHUH TeMIEpaTyphl 00mydenus ot 23 g0 500 °C conporusnenne Gaswl (Ipu 103€
ob6mydenns 1,3x10'7 cm?) ymenbmaercs Ha 6 mopsakos (Puc 2). AHaIOrMYHBIE PE3yIIbTATHI
OBUIH MOJIYYEHBI ¥ NIPU 00JIy4eHUH TPOTOHAMH MIPH MOBBIIEHHBIX TemnepaTypax (Puc 3 u 4)
C wucnonb3oBanueM Merona DLTS ObUIM NPOBEAECHBI HMCCIEIOBAHUS IapaMETPOB
MIyOOKWX —paJMAIlMOHHBIX IIEHTPOB oOpasyrommxcs mnocie oomydenuss SiC.  beuio

oOHapyxeHo, uTto DLTS crekTpbl 00pasmoB TOCHE XOJOJAHOTO M TOPSYEro OOIydeHHs
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3ameTHO oTinyatorcs (Puc 5). OueBuAHO, UTO MPH MOBBIIIEHHBIX TEMIEpaTypax 00JyueHus

MIPOUCXOJUT 3HAYUTENbHBIN OT)KUT KOMIEHCUPYIOUINX 1e(hEeKTOB, UTO HAOII0aI0Ch paHee U

no C-V u [-V xapakrepucTukam.

Kak BuaHO M3 puCyHKa 5, aMIUIMTyJAbl CHTHajga OT

HauboJee rIy0OKUX LIEHTPOB, Nepe3apsbKaromuxcs npu temmeparypax > 300 K npakruuecku

He m3MeHUIuCh. Kak Ob1T10 MoKa3aHo paHee, Han0oJIee N3BECTHBIC PaJHaAIlMOHHBIC Te(DEKTHI B

4H-SiC (Z1/2, E5, E6/7) orxuraroTces mpu Temneparypax ~ 1000 °C [8].
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temnepatypsl 1/T; nocie obmyuenus no3oi D
=1.3x10"7 cm™

4,5x10" 7
4,0x10"

3,5x10" 1

-3

3,0x10"° 4

-N,cm

a

2,5x10"° 4

N

2,0x10"° 4

1,5x10"

O6nyyerne JBS 1700 B npoToHamu ¢ aHeprueii 15 MaB
T=23C,vd=54
——T=300C,Vd=13

T=400C,vd=9

\

1,0x10"
0

: : : :
1x10"™ 2x10" 3x10" 4x10"

-2
D, cm

500 C

_o-0-00-00000¢300C

R e E N R R 23C

Forward current 7/, A

T
2

Forward bias U, V

Pucynox 3 3aBHCHMMOCTH KOHIEHTPALIMH
HECKOMIICHCUPOBAHHBIX HOCUTEJEH 3apsiaa

(Na-Na) B

o0yueHust

1700 B JBS-cTpykTypax oT 103bl
MPOTOHAMHM ~ TPH  Pa3HBIX

Temrepatypax. Vaes'c) = 54 em!', Vaaoo’c)
=13 em!, Vauo’c)y =9 em!.

Puc. 4. IIpsimble BoabTaMIIEpHBIE
XapaKTePUCTUKU JAUOOB MOCIE O0ITyUSHHS
MIPOTOHaMH ¢ Hepruen 15 MaB npu tpex
pa3IMyYHbIX TeMIeparypax oomydenus Ti.
Jlo3a D=1x10" cm?.
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Pucynok 5.

JBS 1700
" T oo, DLTS cnektpst 1700 B JBS npu }
22 nocne 067 ¢ . . o0JIy4eHuH 371eKTpoHamu ¢ 3Heprueit 0.9
204 ——pn T D=1*10"cm
18 MPAT=300C D=610" cu’ M>5B npu pa3HbIX TeMIeparypax.

Hudpamu Ha rpaduxe 0603HaUEHBI
MIPUHSTHIE B INTEPAType 0003HAUEHUS AJIs
ATHUX TITyOOKUX LIEHTPOB.

(DeltaC/C)*1000
>

100 200 300 400 500 600 700

'ny6okwii Bop T K

3akmroueHue. [IpoBeieHHbIE HCcae0BaHUS TO3BOJISIOT CAEIAaTh CIETYIOIINE BEIBOIBL:

1. VBenuuenue temmneparypbl OOIy4YeHHUS MPUBOJIUT K POCTY PATMALMOHHON CTOMKOCTH
KapOuga KpemMHus. O1o BaxkHO sl SiC, Tak Kak 3TO MaTepHal pacCMaTPUBAETCS, TIPEKIIES
BCEro, Kak MaTepHall JAJis CO3AaHUs IPUOOPOB BHICOKOTEMIIEPATYPHOM 3JIEKTPOHUKH.

2. YMeHbllIeHHE CKOpocTH yhaneHus Hocutened B SiC mpu MOBBIMIEHHBIX TeMIlepaTypax

o0mydenust 00yCIIOBIIEHO OTXKUTOM oOpa3yroruxcst PJI mpu temmnepatypax 300-450 K.

Hacrosias pabota Obla BeIoNHEHA Ipu noajepkke rpanta PH® Ne 22-12-00003.
This study was supported by the Russian Science Foundation, project no 22-12-00003.
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MOJIEJIMPOBAHUE PAJIMAITMOHHBIX TTIOBPEXJIEHUI B CITJIABAX
BOJIb®PAMA C HUCITIOJIb3OBAHWEM NOHHOI'O OBJIYUEHUA
SIMULATION OF RADIATION DRIVEN PROCESSES IN TUNGSTEN ALLOYS USING
ION IRRADIATION

A.A. Huxurur'?, C.B. Poroxkun'?, HIL.Bo6sps', IT.A. ®equn', O.B. Oropoxaukosa?,
A.A. Nikitin'?, S.V. Rogozhkin'2, N.P. Bobyr!, P.A. Fedin!, O.V. Ogorodnikova?

'Hayuonanvnviii Uccreooeamenvckuii Llenmp "Kypuamosckuii Mncmumym”, nn. Axaoemuxa
Kypuamosa, 0. 1, Mocksa, Poccus, nikitin@itep.ru
’Hayuonanvnwiti uccredosamenvckuti asoephviil ynusepcumem MUDHU, Kawupckoe w., 31,
Mockea, Poccus

In this work, a comprehensive study of a W-6Re and W-10Cr alloys after accelerated
irradiation with ions to a damage dose of 10 displacements per atom at temperatures of 300
and 500 °C was carried out. A detailed chemical analysis of radiation induced defects
acquired by means of transmission electron microscopy and atom probe tomography. It is
shown that, as a result of irradiation, nanosclae clusters enriched in rhenium and chromium
are formed. In addition, a high density (of the order of 10** m™) of clusters of point defects
was found in the area of material damage.

Bonbdpam m ero cmmaBbl SBISIOTCS OCHOBHBIMH KaHAWJIATHBIMHA MaTe€pHaJaMH s
yacTell TEepMOSIIEPHOTO peakTopa, OOpamEHHBIX K Tuia3me. JlaHHbli BbIOOp 0O0ycioBIIeH
BBICOKOW TEMITEpaTypOil TUIABJICHUS, TEIUIONPOBOJHOCTHIO M KOPPO3HOHHON CTOHKOCTBHIO
Marepuana, a TaKKe CTOMKOCThIO K PAaCHbUICHHIO IPU B3aUMOJACHCTBHMM ¢ IutazMoi. Ha
JTAHHBI MOMEHT IJIAHUPYETCS MCIOJB30BaHUE BOJIb(paMa B KOHCTPYKIMSIX aKTHBHON 30HBI
TepmosifiepHbIX peakTopoB ITER (kpynHeimuii cTposuiics: uccieoBaTeabCKuil peakTop) u
DEMO (nepBblii 3HEepreTndeckuii 1eMOHCTpallMOHHbIN peakTop) [1-3]. B ycioBusix paboTsl
peakTopa BoibpaM W €ro CIUIaBbl JOJDKHBI BBIIEPKHUBATH OTPOMHBIE MEXaHHUYECKUE
Harpy3K, OJHOBPEMEHHO TOJBEPrasich HMHTEHCHBHOMY BO3JICHCTBUIO paJWaIlHOHHBIX
MOTOKOB [6], IPH ATOM TeMIIepaTypa dKCIUTyaTallud KOHCTPYKIMKA OyIeT JIexaTh B Ipeeiax
200-1000 °C. MWaTepecHoM © BOCTPEOOBAaHHOW 3ajadyeil SABISETCA HCCIETOBAHUE
panuanMoHHOW CTOWKOCTH CIUIABOB HA OCHOBE Boib(pamMa U pa3BUTHE MoOJeneit
pamuManoHHOW  Jerpajallid MaTepualioB W CBSA3M  HAONIOJAeMBIX  paJualloOHHO-
WHIYIIMPOBAHHBIX U3MEHEHHI B MUKPOCTPYKTYpE C MEXaHUYECKUMHU cBoiicTBaMu. [Ipu 3ToM
panuanoHHble YPQPEKTH B HCCIEAYEMBIX CIUIaBaX CO3JaBATUCh IyTeM OOJydeHHUs Ha
MOHHOM YCKOpHTEJe. JTa METOAWKA MOJy4YHsa JOBOJHHO CHIIFHOE Pa3BUTHE B TOCIETHEE
BpeMst Omaromaps TOMY, 4YTO HCCIEQYeMBId Marepuan o0ilydaeTcss JO BBICOKHX
MOBPEXIAIOMINAX /103, TIOPSIIKA JIECATKOB CMENICHWH Ha aToM, 3a CPaBHUTEIHHO KOPOTKOE
Bpems. [Ipu 3TOM OTCYTCTBYyeT HaBelIeHHass aKTHBHOCTh, YTO Jae€T BO3MOXKHOCTBH JUIS

WccheoBaHUsl  00paslloB  HEMOCPEICTBEHHO cpa3dy mocie oOmydeHus. OOmydeHue
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npousBoamwiock B yckoputenbHoM 1eHTpe HUWIL "KypuaroBckmii wunHcTUTyT" Ha
TsokenonoHHoM yckoputene TUIlp [4, 5]. Jluneiinsiii yckoputens Tspkensix monoB TUIp
pa3paboTaH i YCKOPEHUsS TSDKEIBIX MOHOB 0 dHepruid 101 x»B/HYKIIOH ¢ OTHOIIEHHEM
Maccel K 3apsay g0 80 [6]. OOmydeHwe MPOW3BOAWIOCH HUMITYJIBCHBIM ITyYKOM C
JUIMTENIBHOCTBIO UMIyJibca 450 MKC IpHM 4acTOTe MOBTOPEHUS N0 1 MMITynbca B 2 CEKyHJBI.
O6myuyenue o6pa3noB cmiaBoB W-6Re, W-10Cr ocymecTBIsUIoCch HOHAMH Kejle3a |
koOanbTa ¢ sHEeprusiMu 5.6 u 5.9 M»sB coorBercTBeHHO. MHTErpansHbIil (QiIt0eHC HOHOB Ha

oOpasue cocrasmn 10'® cm?.

MonenupoBanue mpobGera HOHOB U TOTEPh HSHEPTUU
npoun3BoamIoch B mporpamme SRIM 2008. IlepecueT Toka MOHOB B €IMHMIIBI CMEIIEHUN Ha
aTOM OCYIIECTBIISJICS COTJIACHO PEKOMEHMIANMsIM, yKa3aHHBIM B pabote [7]. B kadectBe
MOPOTOBOM 3HEPTrUU CMEIICHHs aToMa BoJbppama U3 KPHUCTaUIMYECKOM perieTku Opaiach
BenuunHa 90 5B. Pe3ynbTarhl aHaim3a MHUKPOCTPYKTYpbl OOJIyYEHHBIX CIUIABOB MOKAa3allH,
YTO OCHOBHasi macca naedexToB 3ajeraer a0 TIyOuMHBI 1.5 MKM. JlOMOTHUTENHHO OBLIH
MPOaHAIM3UPOBAHbl MPO(GUIN HMIUIAHTAMKM JUIsI MOHOB KoOayibTa M HUKend. JleranbHbIi
aHaJIM3 MUKPOCTPYKTYphl mpoBoAwics B 30He Omuskort k 700 mm. Ilpu wmcciaemoBaHum
METOJIaMU IPOCBEYUBAIOIIEH 3JIEKTPOHHOM MUKPOCKOMHH 00pa3iibl ObUIH OPUEHTUPOBAHBI 110
HanpasieHusM thuna <100> u <111>. B cruitaBe W-6Re B o0nactu 06myueHuss oOHapyKeHbl

JABa THUIIA )Ie(beKTOB, BBITAHYTBIC CeTperal U KJIaCTCPbl TOYCUYHBIX I[e(l)eKTOB C KOHTpAaCTOM

B BHJIE «YEPHBIX TOUEK» (puc. 1).

Puc. 1. M300pakeHne MUKPOCTPYKTYPHI ciiaBa W-6Re 1 ajieMeHTHas KapTa cerperaiui peHus B

00JIy4eHHOM CIUIaBe, MOJyYeHHas METOJJaMH TIPOCBEYHMBAIOIICH DIIEKTPOHHOW MUKPOCKOTIHU

AHanu3 KOHILIEHTpalMi XHUMHUYECKUX DJEMEHTOB B OOHApyKEHHBIX KJlacTepax
METOJIaMU aTOMHO-30HJOBOM TOMOrpaduu mMokazaji, 4TO KJIacTepbl 0OOramieHbl PpeHHEM B
cpennem Ha 18 atr.% (puc. 2). Ha ananornyHyro BelIWYWHY HaOMIOJaeTCs OOCTHEHHE
KJIacTepoB MO BoJbhpaMmy. B HeKOTOphIX KiacTepax OOHapyXEHO CoJep)KaHuEe aTOMOB

KpeMHUs B 3-5 pa3 NpeBhIIIAIOIIEe COAECPKAHUE B TBEPIOM PACTBOPE.
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Puc. 2. XuMudeckuii cOCTaB KJIACTEPOB peHUs B 00aydeHHOM crutaBe W-6Re

B crimaBe W-10Cr B oOsactu o0nyueHuss oOHapykeHa BBICOKasi 00beMHas IIIOTHOCTh
AQHAJIOTUYHBIX THIIOB JE(PEKTOB, TNPEACTABISIOMUX CO0OW «YEepHbIE TOUYKW», JHOO
JUCIIOKAITMOHHBIC TIETIM OYeHb Majoro pasmepa (3-5 HM). MeromamMu aTOMHO-30HIOBOM
ToMorpaduu nAeHTUPHUIMPOBAHBI HAHOPA3MEPHBIE KJIACTEPhl 00OTaIlIeHHbIE aTOMaMHU XpOMa.
Cpennuii nuameTp OMNpeNeeHHBIX TakuM oOpa3zoMm obOmacteit coctaBun (1,8 £ 0,2) HM.
Pacnipenenenue npenBwlIesieHUI IO pa3Mepy MpenctaBieHo Ha pucyHke 2. CoaepxaHue
XpoMa B HUX cocTaBisieT mopsiaka 78 ar.%, a Bombdpama mopsiaka 22 ar.%. OO0bemHas
IIOTHOCTH KJIACTEPOB cocTaBmia 5.6x10%* M. Takum 00pa3oM, B cIiaBax Bomb(ppama Mo
oOyyeHreM HaOMIOJaeTcsl pacraj TBEPAOTO pacTBOpa C BbBLACIEHHEM HaHOPa3MEPHBIX
cerperanii U CTPYKTYpHBIX jaedekroB. OOHapyKeHHBIE paJaHallMOHHO-WHIYIIMPOBAHHBIC
neGeKThl B 3HAYMTEIFHOW CTETEHW OKa3bIBAIOT BIMSHUE Ha MEXaHUYECKHE CBOWCTBA
CILIaBOB.

PaGora BeimonHena npu QuHaHcoBoil noaaepxke Poccuiickoit denepanuu B nuie

MunuctepcTBa HaykH U Bbiciiero oopazoBanusi PO (Cormamenue Ne 075-15-2021-1352).
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[TOJIYYEHUE XHUPAJILHOM METAITOBEPXHOCTH METOJIOM HAKJIOHHOI'O
HAIIbUUIEHUA
PRODUCTION OF CHIRAL METASURFACE WITH ABLIQUE ANGLE DEPOSITION

O.C. Tpymun', U.C. ®arraxos!, A.A. ITonos', JI.A. Masaneukuii>', P.A. Talizykacos’, A.B.
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O.S. Trushin', 1.S. Fattakhov'!, A.A. Popov!, L.A. Mazaletsky>!, R.A. Gaidukasov®, A.V.
Miakonkikh?
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Apocnasnw, Poccus
3 Dusuxo-mexnonoauueckuii uncmumym um. K.A. Banuesa PAH, Haxumosckuii npocnexm,
0.36k1, Mocksa, Poccus
Thin Co films on inclined Si(001) substrates were obtained by electron-beam
evaporation. Slow rotation (0.6 rpm) of the substrate around the axis normal to its surface
leads to the growth of arrays of nanospirals. As obtained thin film shows pronounced chiral

properties.

[lepcriekTUBHBIM METOOM (POPMUPOBAHUS TJIEHOK C OCOOBIMH CBONCTBaMH SIBIISETCS
WX HAHOCTPYKTypHpOBaHME B mpouecce pocta. DopMuUpOBaHHE OAHOPOAHBIX M XOPOIIO
YIOPSIOYEHHBIX MAaCCHBOB HAHOCTPYKTYp Ha IOBEPXHOCTHM MO3BOJSET CYIIECTBEHHO
U3MEHATh 3JIeKTpo(pU3NUecKre, MAarHUTHbIE W ONTHYECKHE CBOWCTBAa IIeHOK. OaHuM U3
W3BECTHBIX TEXHOJIOIMUYECKUX IPUEMOB, MO3BOJIAIOIIMX OOECIEYUTh POCT HAHOCTPYKTYD,
SBJISIETCSl HAIbUIEHUE MOJ yTioM. JlaHHBIM METOJ MONy4deHHs IUIEHOK NpUBJEK K cebe B
MOCJIEIHUE TOAbl 3HAUUTEIbHBIA HHTEPEC M €My TOCBSILEHb MHOXECTBO paboT. M3BecTHO,
YTO STUM METOJIOM MOKHO IIOJlydaTh HAHOCTPYKTYphl pa3HOM ¢(opmbl U pa3mepa, OT
HAKJIOHHBIX HAHOMPOBOJOK M HAaHOCHHpajell 10 BEpTUKAIbHBIX HAHOKOJIOHH[1,2].
VYCTaHOBIEHO, YTO NPUYMHOM HAHOCTPYKTYPHUPOBAHMS IUICHOK B YCIOBHSAX HAKJIOHHOTO
HanblIEHUS sABJsETCS AP(PEKT 3aTeHEHUs, COCTOSALINI B TOM, YTO KPUCTAJUIUTHI, TOJyYHUBILINE
CIIy4yallHOE€ IPEMMYILECTBO B POCTE HAa HAYaJIbHBIX dTanax, MOJABISAIOT B JAJIBHEUIIEM POCT
coceqiell, mepexBaTbIBasi MOTOK MaJAIOIIKUX HAa MOBEPXHOCTh aTOMOB U, TEM CaMbIM, (hopMUpys
mopel. llenmpro  Hacrosimielt  paboThl  OBUIO  HAXOXKACHUE ONTHUMAIbHBIX  YCIOBUH

HaHOCTPYKTypupOBaHUs IJIEHOK CO Ha KPEMHHUEBOM IOMJIOKKE B YCIOBUSAX HAKIOHHOTO

68



HambUIeHUST W (OPMHUPOBAHWE MACCUBOB HAHOCIHPAICH IS TIOJYYEHHUS XHUPATbHBIX
METaIOBEPXHOCTEM.

[Togxonmsimen TEXHOJOTHUENH JUIsl SKCIEPUMEHTOB 110 HAKJIOHHOMY HaIlbLJICHUIO
SIBJIIETCS DJIEKTPOHHO-JIy4€BOE HCHapeHue. OTOT METOJ| COYETaeT JOCTAaTOYHO BBICOKHMA
pabounii BakyyM M OIHOPOJHBIA IOTOK pacIbUIIEMOro MaTepuaia. YIpOIIEHHas cXema
SKCIIEpUMEHTA MpejcTaBieHa Ha puc.l. B HacTosieil pabore SKCIEpUMEHTHI 110 HATIBIJICHUIO
IUIEHOK K0OanbTa Ha HaKJIIOHHYIO MOJI0KKY MPOBOJIWIN Ha YCTAHOBKE 3JIEKTPOHHO-TTy4€BOT0
ucnapenuss Oparopus-9. VcaoBus HanmbUIeHUS ObUIM CIEAYIONIIME: 0a30BbIM Bakyym 4*106
Tor; nanpspkenue anekTpoHHoro nyda 8 kB; Tok 0,5 A. Ilnenku koOanbTa HambUIIM Ha
MOJIOKKY TIPSIMOYTOJIbHOM (hopmbl paszmepoM 20*15 MM, M3TOTOBICHHOW M3 CTaHAAPTHON
mmactuabl Si(001) co cnoem Tepmudeckoro okucia Tommuaoi 300 am. [Toamokka kpenunack
Ha Jepkareiab IOJ HAaKJIOHOM K IOTOKY HaIlbUIIEMOro MaTtepuana. Bce sKcrneprMeHTHI
MIPOBOAMIIN MIPU KOMHATHOM TeMriepatype. CKOpOCTh pocTa IMJIEHOK B 3aBUCUMOCTH OT YIJIa

HaKJIOHA NOJJI0KKH coctasisiina ot 0.9 mo 1.5 am/c

BPALLAIOLLAACA NOA/TOXKA
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Time :16:39:02 EH kv ScanSpeed=g  WIAth=6321mm  coneieca0
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|_FSC"DMNS" StageatT= 00° erture = Gun Vacuum = 3.05e010 mhar System Vacuum = 8.25¢.007 mbar

Pucynok 1. Cxema SKcriepiMeHTa ISl HAITBIJICHHUS TI0JT YTJIOM U H300pakeHHe CKoJia
MOJTy4YeHHON TUIEHKH TIpH cKopocTH BpameHus 0.6 rpm.

Kak BuaHO U3 ananusa puc.l npu BKIIOYEHUH BpaleHMsI MTOAJI0KKH B IPOIIECCE pocTa
IUIEHKH (QOpMHUpYyeTCcs MaccuB HaHocnupaiedl (renukoHoB). Ilpu m3MeHeHUM cKopocTu
BpallleHus nu3Mensiercs mar cnupanu. [lpu ckopoctu 0.6 rpm mar cnupaiy COCTaBIsIeT OKOJIO
250 uM. Bce »TM HaHOCTMpanu 3aKpy4y€Hbl B OJHY U Ty K€ CTOPOHY, YTO ONpPEAEISIeTCA
HampaBlieHHeM BpamieHus oOpasua. Takas Mopgosorusi pocta NPUBOAUT K HapYLICHUIO
CUMMETPUH B IIOCKOCTH IJICHKHU MO OTHOILIEHUIO K 3€pKaJbHBIM OTPaXXEHUSIM. JTO CBOWCTBO
MOJIyYMJIO Ha3BaHHE XHUpaTbHOCTh. Mcxonas u3 oOmux cooOpakeHHH CUMMETPUHU MOXKHO

OXHWaThb, YTO XHUPAJIBHOCTb ITOBEPXHOCTU MOKCT IMPOABUTCA B OINTHYCCKUX SABJICHUAX
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OTpaXEHHWs, TaK KaK CBETOBas BOJHA MOXET 00JanaTh KpyroBoW moyspusamueii. B
ONpe/eNIEeHHbIX YCJIOBUSAX CBET OONaJaroluii, HampuMmep, MpaBod  IUPKYISAPHON
noJyispu3anuei OyJeT Mo-pa3sHOMY B3aWMOJEHCTBOBATH C HAHOCIHPAIAMH 3aKpYyYEHHBIMU
HarpaBo U HajieBo. [lo3ToMy, pa3yMHO MPEANON0XKHUTH, 9YTO 3TOT PPEKT MOKET MPOSIBUTHCS
MpU OTPaXEHUHM LHUPKYJISIPHO IMOJISIPU30BAHHOTO CBETa OT XHpajibHOW moBepxHocTu. [lpu
9TOM MOXHO OXHJAaTh, YTO BEJIMYMHA IIara HAHOCHHMpAIM JOJDKHA BIUATH Ha
MOJIAPU3ALMOHHBIE CBOMCTBA CTPYKTypbl. [l MpOBEpKH STHUX MPENINOJIOKEHUH OblUIn
MIPOBEJIEHBl AIUIICOMMETPUYECKUE UCCIEOBaHMs TOTY4YeHHbIX 00pa3uoB. Mcnonp3oBan
cnektpanbHbii Auncomerp M-2000X (J.A. Woollam Co, USA). Jlns kaxmoro obpasma
ObUIH MPOBEJIEHBl KOMIUIEKCHbIE M3MepeHHsl BekTopoB CTOKca B AMana3oHe JJIUH BOJH 248-
1000 u™M mpu yrie majgeHusi (U oTpakeHus) paBHOM 65°. B pesynbrare ObUIM paccUUTaHbI
aneMeHThl MaTpulibl Miosuiepal3]. [1o 3TuM AaHHBIM MPOBOJWIICSA aHAIU3 MOISPU3AIMOHHBIX
CBOMCTB TNOJYyYEHHBIX CTPYKTyp. DBblllle H3JI0)KEHHbIE  MNPEINOJIOKEHUS  BIOJHE
MOATBEPKIAt0TCA MOTyYEHHBIMH SKCTIEPUMEHTAIbHBIMU JaHHBIMU.

Ha puc.2 npexacrapneHa BeJWYMHA CTENEHU MOJSAPU3ALMHM OTPaXEHHOTO H3ITyYEHUs
JUTSL IBYX BUJOB TMAAIOMIeHd MUPKYJISAPHO TMOJISIPU30BAHHOW BOJHBI (MMPAaBOM W JIEBOW) ISt

oOpa3ia, MoJIy4eHHOr 0 IpU CKOpocTH BpameHus 0.6 rpm.
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Puc. 2 3aBHCHMOCTL CTEIEHU MoJiapru3auu OTpa)KeHHOfI BOJIHbBI OT JJIMHBI BOJIHBI

WCTIONB3YeMOT0 M3IY4YeHHA Uil JABYX BHJIOB TAJAIONINX IHPKYJIAPHO-MOISPU30BAHHBIX BOJH
(mpaBoii-R u neBoii-L)

Kakx BugHO w3 aHanmW3a JMaHHOTO PHCYHKA CTENEeHb MOJIAPU3AIUU I0-Pa3HOMY

HU3MCHACTCA IMPU U3MCHCHHUU MJIMHBI BOJIHBI JJIA npaBoﬁ H JIEBOU MOoJIApU3al . OTOT (baKT
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MOJKHO TIOHSITh, CPABHHB JUTHHY BOJHBI U pa3Mep Iiara HaHocmupanu. J{is JanHoro oOpasia,
Kak BUJHO M3 puc. (n300paxenne POM) mar cnupanu cocraBiser okosno 250 HM., 4TO
CPaBHUMO C JUTHHON BOJIHBI UCTIOIH3YEMOTO MPH M3MEPEHHSX M3IydeHus. FIMeHHO B obmacTu
MaJNbIX JUIMH BOJH TIPOWCXOJHUT CYIIECTBEHHAs JeToNspu3aus (CHIDKEHHE CTENeHH
nonsipu3anui Ha 30%) OMHOTO W3 BUAOB IUPKYJISPHON BOJHBEL. JTO MOXKET MPOUCXOIUTH 3a
cder cOos a3pl MpU OTPAKEHHHM WM 32 CYET TOTJIONICHHS CBETa METAJUIMYECKHMU
HAaHOCTPYKTypaMu. TakuM o00pa3oM, BapbuUpys IIar HAHOCHHPAIA MOXKHO YIPaBISITH
MOJISIPU3AIMOHHBIMA CBOWCTBAMH TTOJTy4aeMOH TICHKH.

Takum 00pa3oM, B pe3ysbTaTe MPOBEIECHHBIX IKCIIEPUMEHTOB, YCTAaHOBJICHO, YTO TIPH
0OJBIIMX yIJaX HaKJIOHAa NOIOKKU (OGonmee 70°) MPOUCXOAUT HAHOCTPYKTYPHUPOBAHUE
TIeHKH KoOanbra. [Ipy BKIIFOYEHHH BpAlICHUs TOJIOKKHA BOKPYT TEPHEHIUKYISPHON OCH
dbopmupyeTcss MaccuB HaHOcTHpayiell. Bappupysi CKOpPOCTh BpamieHHs IMOJUIONKKH, MOKHO
MOJTy4YaTh HAHOCTIMPAIIM C Pa3HBIM IIaroM 3akpydnBaHus. HeoOXoauMo OTMETHTB, YTO BCE
HAaHOCTIMPAIM 3aKPY4YeHbl B OJHY W Ty € CTOPOHY, YTO TpPHAAeT TUIGHKE CBOWCTBA
XHPAIBHOCTH. DTO, B YaCTHOCTH, TIPUBOJUT K ACHMMETPHH ONTHYECKUX XAPAKTEPUCTHK IMPH
OTpPaXEHWH TIPAaBO- W JIEBO- IMPKYJSPHO-TIOJISIPH30BaHHOTO cBeTa. [lanHas mopdoorus
MOJKET OBITh MEePCIIEKTUBHOW IS IPUMEHEHHSI B 00JIACTH HAHOCEHCOPUKHU M HAHOKATalIN3a, a
TaKKe JUISI CO3JMAHWsI ONTHYECKHM aKTUBHBIX TIOBEPXHOCTEH ¥ B KayecTBE CpPEIbI

BBICOKOIIJIOTHOM MarHUTHOM 3amucy WH(OpMaIuu.

[1] M.M. Hawkeye, M.T. Taschuk, M.J. Brett. Glancing Angle Deposition of Thin Films. London: John Wiley
& Sons, Ltd, UK 2014.

[2] O. C. Tpyumwn, A. A. Ilonos, A. H. IlecroBa, JI. A. Ma3zanenkuii, A. A. Axymnos, A. A. Jlomos. 138. PAH.
Cep. ®DUSBNYECKASI, 86 (2022) 650

[3] Fujiwara H. Spectroscopic Ellipsometry Principles and Applications. London: John Wiley & Sons, Ltd UK
2007.
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WCCJEIOBAHUE METOJOM MOJIEKYJISIPHON TMHAMUWKHA OBPATUMOM
PEJAKCAIIMA CXKUMAIOIIIUX MEXAHUYECKHX HAIIPSI)KEHWH B
MNOJIMKPUCTAJVIMYHECKUX IIJIEHKAX METAJIJIOB ITOCJIE OCTAHOBKH
X OCAKAEHUA.

MOLECULAR DYNAMICS STUDY OF REVERSIBLE RELAXATION OF
COMPRESSIVE MECHANICAL STRESS IN POLYCRYSTALLINE METAL FILMS
AFTER THE INTERRUPTION OF THEIR DEPOSITION

A.C. Babymkun'?, A.H. Kynpusnos?
A.S. Babushkin'?, A.N. Kupriyanov?

'®TUAH um. K.A. Banuesa PAH, Haxumosckuii npocnexm 0.36 .1, 2. Mockea, Poccus,
artemftian@yandex.ru
2D OTUAH um. K.A. Banuesa PAH, yn. Yuusepcumemckas, 0. 21, 2. Apocnaéns, Poccus

The results of MD simulation of polycrystalline metal films deposition are
presented. Using Cr and Cu as an example, the influence of the deposited particle
energy, the deposition rate, as well as the film material and temperature on the
change in stress upon interruption and resuming deposition is studied. The
simulation results showed that the reversible relaxation of compressive stress in
polycrystalline films upon interruption of deposition is associated with the lateral
displacement of atoms trapped in grain boundaries from the surface during
deposition. This process of redistribution of atoms in grain boundaries leads to
their more compact arrangement and proceeds in the same way in all layers of the
film, both after and during deposition. The higher the mobility of atoms on the
surface due to the type of material, temperature or energy of the deposited particles

and the higher the rate of deposition, the greater the change in stress when it stops.

No escape of atoms from grain boundaries back to the film surface was observed

when deposition was interrupted.

BoapmmMHCTBO MeTa/TMYeCKHX IJICHOK pacTyT mo MexaHusmy Bombmepa-BeOepa, B
X0JIe KOTOPOTO BBIJEINSAIOT TP cTaauu opMupoBaHus HanpshkeHuil. Ha HayanbHOM 3Tane Ha
MOJUTOKKE 00pa3yroTCs OTIENbHBIE OCTPOBKH, 00IaJarolIie CKUMAIOIIMMHU HaNpsHKSHUSIMH,
KOTOpBIE CBs3BIBAIOT ¢ JlammacoBeiM naBieHWeM. Ha BTOpOM sTame, OCTpPOBKM HAYWHAIOT
COTpHUKAcaThCs M OOPa30BBIBATH MEXK3EPEHHYIO TI'PaHUIly, YTO HNPHUBOJUT K YMEHBIICHHUIO
HOBerHOCTHOﬁ OHCPTHUH. B PE3YIBTATC B IMJICHKEC BO3HUKAIOT PACTATUBAIOIINE HAIIPSAXKCHUSA.
Ha TPETHEM OTall€ IMPU HU3KOHU MOABMKHOCTU aJaTOMOB IIJICHKA IMPOAOJDKUT HaKaIlJIMBAaThb
pacTsAruBampIIre HanmpspkeHus. Eciam ke TOABMXXHOCTH a1aTOMOB  OyAE€T BBICOKOM, TO
pacTAruBarOIIne HANPSAXKCHUA CTAHYT CHHXKATBCA W ITOCTCIICHHO HpOHSOﬁHeT nepexoa K
COKUMAIOIIUM HaIIPsSKCHUAM. Beanunna MMOABMKHOCTH aAaTOMOB 3aBUCUT KaK OT MaTepuala,
TaKk " YCHOBI/Iﬁ OCAXIACHUA, HAIIPUMCEP, TEMIICPATYPhI IHMOAJTOXKU W DHCPIrUH OCAKIACMBIX

aToMOB. [Ipy OCTaHOBKE OCaXXJEHUS YACTh ATUX COKUMAIOIIUX HANPSHKEHUW pENlakCUpYeT, a

€CJIN €10 BO306HOBI/ITB, HAIpsKCHUA BO3BPAIIAOTCA K MPEC)KHEMY 3HAYCHHUIO U Pa3BUBAIOTCA
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Tak, OyaTO mepepbiBa He ObUIO. MeXaHu3M BO3HMKHOBEHMS C)KMMAIOIUX HAIPsSHKEHUH Ha
9TOM OJTaleé M HMX YacTHUYHOM pelakcallid IpU OCTAHOBKE OCaXJACHHUS N0 CUX TIOp
obcyxmaeTcs.

Jli1s TOro 4yToOBl U3yUUTh, KaKHe MPOIECChl MPUBOIAT K (POPMUPOBAHUIO U peaKCaluu
HampsDKeHUH B IUJIGHKE, HEeoOXoJuMa BO3MOXHOCTh HaOJIOAaTh MOBEAECHHE OTAENbHBIX
aTOMOB B XO0/i€ €€ OCaXJEeHHS U TIOcCjie ero ocTaHoBKU. K cokaneHHuio, BO3MOXHOCTH
CYLIECTBYIOIIMUX HKCIEPUMEHTAJIbHBIX METOJOB HCCIIEJOBaHMs IUIEHOK In-situ BechMa
orpannyeHbl. OTHAKO COBPEMEHHBIE METObl KOMITbIOTEPHOTO MOJAEIUPOBAHNUS, B YACTHOCTH
METO]1 MOJIEKYJISIPHOM TMHAMUKH, OTKPBIBAIOT BCe OOJIbIINE BO3MOKHOCTH ISl UCCIIEI0BAHUS
MIPOLIECCOB MPOUCXOAIINX Ha aTOMAPHOM ypoBHE. MoienrpoBaHue OCYLIECTBIISETCS MyTEM
pelleHrs ypaBHEHUI IBMKEHMs AJI MOJTY4YEHHs IMOJIOKEHUH BCEX aTOMOB B MOJENH Kak
¢bynkiuit BpemeHu. Cuiibl, JEHCTBYIOIIME HA KaXKIbIH aTOM, OMPENENSIOTCS MOTEHINAIOM
MEXaTOMHOTO B3aUMOJEWUCTBUS, 3a/laHHBIM TOJb30BaTeneM. Llenbio maHHON paboThl ObLIO
MIPOBECTU HCCIEAOBAHUE METOJOM MOJIEKYJISIPHOM JUHAMHKU M3MEHEHMsI HaNpsDKeHUN Mmpu
OCTaHOBKE W BO300HOBJIEHHM OCQXJEHUS MOJUKPUCTAIUIMUECKUX IUIEHOK, BBISICHUTH, YTO
MMEHHO oOycmaBimuBaeT 3(deKkT o0paTuMON pelakcaluy CKUMAIONINX HaIMpsSKEHUH,
U3YYUTh BJIMSHUE OHEPrUM OCAXKIAEMBIX YaCTHI, CKOPOCTH OCAXKICHHS, a TakKke
TEMIEPATypbl U MaTepHala MICHKH.

MonenupoBanue ObLIO MPOBEIEHO C HUCIOJIB30BAHUEM CBOOOJHO PacHpOCTPaHIEMOIO
MPOTPAaMMHOTO TIaKeTa JJIsl pPEImIeHHs 3a7ad MojeKyysipHod auHamuku LAMMPS [1].
Busyanuzanuss [aHHBIX OCYIIECTBISUIACh C MOMOUIbIO  OTKPBITOTO  MPOrPaMMHOIO
obecrieueHust s aHanu3a wmojened Ha ocHoBe dyactury OVITO [2]. [ns pacyeToB
B3auMOJEHCTBUS Mexay aTomamu Cu HCIONb30Balach MOEINb MOTrpykeHHoro atoMa [3], a
Mexay artomamu Cr MoaubuuupoBaHHas Mojenb norpyxeHHoro aroma [4]. Illar
MojenupoBanus OblT paBeH 1 ¢c. Qns mMutanmmm mnomukpuctamndeckoi meHku Cr,
HaxoNsIICHCcss Ha HadaJdbHOM »JTame pocTa, ObUIM cHOpMUPOBaHBI TOTyChHEpUIECKUE
ocTpoBku ¢ opueHTanuei (110) u paguycom 2 HM (puc.l.a), IPOCTPAHCTBO MEKIY KOTOPHIMU
ObLIO 3allOJIHEHO TOHKUM cioeM amopdHoi ¢a3bl (puc.1.6). Anamornuno mist Cu, HO ¢
opuenrammeit (111). bomee moapoOHO MaHHBIA MOAXOJ K MOJCITMPOBAHUIO OCAKICHHS
MOJINKPUCTAITTMYECKUX IJIEHOK omnucaH B pabote [5]. Tpu u3 yeTbipex KpUCTAIIIUTOB ObLIN
MOBEPHYTHI OTHOCUTEIILHO OCH CUMMETpHUH mnosycdepsl Ha yribl -45°, 45° u 90° (puc.1.B), B
pe3ynbTare uero Npu OCaXACHUHM 3epHa HE CpacTalIUCh B €IWHBI MOHOKpUCTAII, a
dhopmupoBanack pa3ymnopsI0YCHHAs MEX3epeHHas rpaHuna. HikHuMil CcI0i aTOMOB B

nonycepax Obur 3adurcupoBaH. [IpocTpaHCTBO MEXIy 3€pHaMH Ha BBICOTE YETHIPEX
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aTOMHBIX CJIO€B OBLIO 3aMOJIHEHO aToOMaMH ClIy4alHbIM oOpa3oM. [II0THOCTH 3amosHEHUs
ATUX YETHIPEX CIIOEB OMpejensiia 3HaUYeHUE UCXOAHBIX HaNpsDKeHUH B muieHke [S5]. Hwxaui
CJIOW 3TOW TPYMIBI aTOMOB Takke ObLI 3a)MKCHUPOBAH, HO TOJBKO TO OCH Z, B pe3yibTaTe
Yero 1nocjie NpoBeIeHUs MPoLeaypbl MUHUMU3ALUK CBOOOAHON SHEPTHH OHU MEPECTPOUIINC,
chopMHUpOBAB HAYAJIO MEX3EePEHHOM TpaHullbl. Ha OOKOBBIX TpaHsIX 00JIaCTH MOJIETUPOBAHMS
ObUIM 3a/1aHbI IEpUOINYECKUE TpaHUUHbIe ycinoBus. [lepen npoBeneHnem ocaxieHus Bo Bceil
MOJIeNH 3a7aBaiack temreparypa paBHas 300 K u mpousBoamuiack mporeaypa peraKcaluu.

[Ipu npoBeneHnn OCaXKACHUSI, B TPEX aTOMHBIX CJIO0AX HaJl (PUKCUPOBAHHBIM CJIOEM ObLI 3a/1aH

tepmocTtat 300 K.

(a) © @

Puc.1. M300paskeHre MOJIEIH 10 Havyasla OCaXIeHUs: oaychepruuecKrue OCTPOBKH JI0 (@) U mociie
(hopMHUPOBaHUS UCXOIHOTO TOHKOI'O CJIOSl MEK3EPEHHOM rpaHulibl (0), a TakKe BUI CHU3Y (B).

Ha pucynke 2 npezacraBiieHbl pe3yibTaThl MOJCIUPOBAHUS HAIIPSHKEHUN B mieHKax Cr

(a) u Cu (0) B X01€ OCaKICHHSI, €0 OCTAHOBKHU M BO30OHOBIICHUS OCAXK/ICHUS B 3aBUCUMOCTH

OT SHEPIruu OCaKJaC€MbIX aTOMOB.

400

900
®3cV
800 | @3 eV ocraHoBka
O10eV
< 700 1010V ocraoska < 300
= 600 |2 15eV =
> 015 eV ocTanoBka 20
£ 500 = 200

= =
5 400 5
& g
§ 300 £100
< < ® 3 ¢V ocraHoBKa
200 = 010eV

100 0 | Ol0eV ocranoBka

Al5eV
0 O 15 eV ocranoBka
-100 -100 : : : : :
0 1 2 3 4 5 6 0 1 2 3 4 5 6
(a) Bpewms ocaxaenus, He (6) Bpewms ocaxnenus, He

Puc.2. 3MeHeHre MeXaHMYECKUX HANPsDKEHUH B X0e ocaxkaeHus mieHok Cr (a) u Cu (0) ¢
sHeprusmu manaromux gactuil 3 3B, 10 3B u 15 3B mpu 300 K, a Takke ero oCTAaHOBKH U
BO300HOBJICHUS.
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Ha pucynke 3 mpenctaBiieHbl pe3yJIbTaThl MOJAEIMPOBAHUS HANPSDKEHWM B IUIEHKaX
Cu B X0ll¢ OCaXKAEHUS, €ro OCTAHOBKU U BO30OHOBIIEHUS OCAXJIE€HUS B 3aBUCHUMOCTH OT

TeMITepaTypbl oOpasiia (a) ¥ CKOPOCTH OCaXKIeHHUS (TTeproia Mex Iy Opockamu) (0).

300 300
< 200 < 200
= =
= p=
2 =
z
5 100 5 100
% %
w R
% ¢300K % *125
< < [ ]
as) o | ® 300K ocraHoBka am o | o ;(2)(5) ocraonka
0500K 0500 ocranoBka
42000
O500K ocranoska ©2000 ocraHoBKa
-100 -100 : :
0 1 2 3 4 5 6 0 20 40 60 80 100
(a) (6)

Bpems ocaxxaenus, He Ipornecc ocaxxnenns,%

Puc.3. 3MeHnenne MeXaHMIECKUX HANIPsDKEHHA B X0/1€ OCaKieHus mieHoK Cu, a TakKe ero
OCTaHOBKH M BO300OHOBJICHUS C 3HEpruen manaromux gactuil 15 3B (a) mpu 300 K u 500 K, a Takxe
nepuoae ocaxaenus 500 maros, (6) nmpu 300 K, a Taxke nepronom ocaxxkaenus 125, 500 u 2000
I1aroB.

Pesynbrarel M| MonenupoBaHus Mokas3aiy, 4To oOpaTtuMasi pejakcalus CKMMAIOIIUX
HaIpsDKEHUH B TOJUMKPUCTAUIMYECKUX IUIEHKAaX IPU OCTAHOBKE OCAXJICHMS CBS3aHA C
IepepaclpeieICeHNEM aTOMOB BHYTPH MEK3€PEHHBIX TPAaHUL. ATOMBI IEPEMEIIAIOTCS B
JaTepabHOM HallpaBJIEHUH, B Pe3yJIbTaTe 4ero pacrojararorcs 0osee koMnakTHo. [Iponecc
IIEPECTPOMKH ATOMOB B MEXK3EPEHHBIX TIpaHULIAX OJMHAKOBO MPOTEKAET BO BCEX CIOAX
IIJIEHKH, TIPUTOM HE TOJIBKO TOCJIE OCTAHOBKHM OCAXKIEHUS, HO U BO BpeMs Hero. Yem BbIlIe
MOJIBU’KHOCTh aTOMOB Ha MTOBEPXHOCTHU, TEM OOJIbIIIE U3MEHEHHE HANIPSKEHUH MPH OCTAaHOBKE
ocaxxaeHus. YeM BBbIIE CKOPOCTh OCAXACHUS TUIEHKH, TEM OOJIblIe U3MEHEHHUE HaNpsyKeHUI
MIPU OCTAHOBKE OCAXKIEHMsI. BpIX0/1 aTOMOB 00paTHO Ha MOBEPXHOCTh IJIEHKU MTPH OCTAaHOBKE

OCaXKIEeHUS He HaOJIroancs.

PaGora BeimonHena B pamkax ['ocynapctBennoro 3aganuss ®TUAH um. K.A. Banuesa

PAH Muno6pnayku P® no teme FFNN-2022-0017.
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[5] A.S. Babushkin, A.N. Kupriyanov, J. Surf. Investig. 16 (2022) 960.
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BAPUAILIMS TIONTEPEUYHBIX CEUEHWI HAHOIIOP ITPH TPABJIEHUU
OJIMBHUHA, OBJIYUEHHOT'O BBICTPBIMU TAXEJIBIMU NOHAMMUM BJ10J1b
PA3JIMYHBIX KPUCTAJJIOTPAGUYECKUX HATIPABJIEHUI

VARIATIONS OF THE SHAPES OF CROSS-SECTIONS OF NANOPORES USING
ETCHING OF OLIVINE, IRRADIATED WITH SWIFT HEAVY IONS ALONG
DIFFERENT CRYSTALLINE DIRECTIONS

C.A.Top6ynos"), I1.A. Ba6aes?, A E. Bonkos", P.A. Boponkos" , M.B. I'oprienkos?),

I'.B. Kaymanna®), P.A. Peivkanos®

S. A. Gorbunov?, P.A. Babaev", A.E. Volkov", R.A. Voronkov" , M.V. Gorshenkov?,
G.V. Kalinina", R.A. Rymzhanov®

Y @usuueckuii uncmumym um. I1. H. Jlebedesa Poccuiickoti Axademuu Hayx, Jlenunckui

npocnekm 53, Mockea, Poccus, s.a.gorbunov(@mail.ru

2 Hayuonansmwiil ucciedosamenvcekuti mexuonouueckuil ynueepcumem "MHCuC",

Jlenunckuii npocnekm 4cl, Mockea, Poccus
3) Obveounénnoiti uncmumym s0epuvix uccieoosanuti, Xonuo-Kropu 6, [ybna, Poccus

We have studied a possibility of synthesis of nanopores with noncircular cross-sections
using wet chemical etching of swift heavy ion tracks in olivine. In addition, we studied
variations of shapes of such nanopores by varying the direction of irradiation relatively to the
crystallographic axes. Samples were prepared sequentially by diamond paste and colloidal
silica suspension. Samples were irradiated with Xe 156MeV ions, etched with WN-solution and

studied using atomic-force microscope.

beictpeie Tsokénsie nonsl (BTU, E>1MbB/nyknon, M>20a.e.M.) npu TOPMOKEHHUU B
MHUIIIEHA TPaTAT TMOJABISAIONIYI0 4YacTh sHepruu (>95%) Ha BO30YXKIEHHE DIICKTPOHHON
nojcucTeMbl MaTepuana. B pesynbrare obnydyeHus B MaTepuanax BAojb Tpaekropuid BTU
MOTyT  0Opa3oBBIBATbCS  CTPYKTYPHO-U3MEHEHHBIE  00JacTM C  DKCTpeMajbHBIMU

MPOCTPAHCTBEHHBIMH MaciTabaMu: quameTpom ~1-10am u nuHoi 1o 100mkm [1].

XUMUYECKOE TPaBJI€HUE TaKOH CTPYKTYPHO-U3MEHEHHONW 001acTH MOXKET MPUBOJUTH K

(hOpMHPOBAHUIO HAHO- U MUKPOTIOP.

Texnonornu Tpasienns TpekoB bTH mmpoko ucnonb3yroTes, HarpuMep, 1 IOUCKa 1
WIEHTU(DUKAIIMA CBEPXTSHKENBIX  siIep KOCMHUYECKOTo wu3mydeHus [2,3], Mpou3BOICTBa

(UIBETPOB BBICOKOM OYHCTKM (TpekoBBIX MemOpaH) [4], cencopoB, [5], [6], [7]
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HAHOMPOBOJOK  [8], B MpOM3BOJACTBE MOMJOXKEK [UIsI YCHWJIEHHOTO pPaMaHOBCKOI'O

paccesiust [9].

OpnHako, Kak @paBWiIO, 3TH TEXHOJOTHH MCHOJB3YIOT H30TPONHBIE MaTepHabl
(monumepsl WK CTEKIA), YTO OTPAaHMYMBAET T'€OMETPUUYECKYI0 (OpMY MOTY4YEHHBIX IOpP

KPYT'OBBIM ITONIEPEYHBIM CEYEHUEM.

HpI/I 9TOM, HAHOIIOPEI C MOJUTOHAJIIBHBIM IMONCPEUYHBIM CCUCHUEM TAKIKEC IPECACTABIIAIOT

WHTEepec A psaga npuwioxkenui, [10], [11], [12], [13].

B paboTel MBI Hccnie10BaIN 3KCIEPUMEHTAIBHO BO3MOKHOCTh CUHTE3a HAaHOPa3MEPHBIX
MOp C HEKPYTOBBIM IONEPEYHBIM CEYEHUEM MYTEM >KMJIKOCTHOIO XMMHYECKOI'O TPaBIICHUS
TPEKOB OBICTPBIX TSKENBIX HMOHOB B oOpaslax KpucCTaluiMueckoro osnuBuHa WN-

pactBopom [14].

Taxxke MbI HccleAoBaTd BO3MOXKHOCTh BapbUPOBaHUS (POPMBI MOMEPEYHOTO CEYEHUS
MOJIyYeHHBIM TIOp NYTEM BBIOOpAa OPUEHTHUPOBKU KPUCTAIIOB OJIMBUHA OTHOCUTEIHHO

HaIpaBJICHUA 06J1yqu1/151.

OO6pa3upl oiMBUHA ObUIM MOATOTOBJIEHBI NMPHU MOMOIIM MOCIEA0BATEIbHON NUTM(POBKU

aJIMa3HOM NACTOM W KOJIJIOUIHBIM KPEMHHEM.

3areM 00pa3iibl ObUTH 00JyueHbl HOHAMU KCEHOHA ¢ sHeprueil 156M»sB u npoTtpasieHbl

B WN-pactBope B Teuenue 120 MUHYT.

Kpucrannorpadguueckue HanpaiaeHust oOpa3ia oJIMBUHA ObLTN OMPE/ENIEHbI C TOMOIIBIO
mudpakun  oTpaxk€HHbIX 3nekTpoHoB (EBSD) mnyrem wunaekcanuu nuHui  Kukyuw.
OnekTpoHorpammbl nonydanu ¢ nomombio  EBSD-gerextopa  Oxford Instruments

(NORDLYS), npucoeIuHEHHOTO K CKaHUPYIOIIEMY 3JIEKTPOHHOMY MUKPOCKOITY.

[ToBepxHOCTh 00pA3IOB HCCIENOBATN METOJIOM aTOMHO-CHUJIOBOM MHUKPOCKOIMHM Ha

Mukpockore AISN-NT Smart SP 1000.

Pesynbratsel npencTaBiieHbl HA pUCYHKE 1.

7



Xe 156MeV in olivine along [010], 120min etching

0 pm ‘ Opm 1 2 3 4  pm

0 pm 4 nm

Pucynok 1. [ToBepxHOCTh 00pa3IoB OJMBHHA, 00Ty4eHHOTO HOoHaMu Xe 156MaB u npoTtpasieHHoro
B WN-pactBope B Teuenue 120 munyT. Kpucramorpadguieckre HanpaBiIeHUs YKa3aHbI
MPUOIU3UTEIBHO.
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NUKJINYHOCTDb DOPEKTA 'ETTEPUPOBAHUA ITPU OBJIYYEHUU
4H-SiC TIPOTOHAMHA

CYCLICITY OF THE GETTERING EFFECT WHEN IRRADIATED 4H-SiC WITH
PROTONS

E.B. Kanununa, W.I1. Hukutuna, B.B. 3a6poackuit
E.V. Kalinina, I.P. Nikitina, V.V. Zabrodski

OTU um. A.D. Hoghghe, 26 ya. Illonumexnuueckasn, Cankxm-Ilemepbdype, Poccus
E-mail: evk@mail.ioffe.ru

Abstract. The paper presents the results of structural and optical studies of Cr/4H-SiC
photodetectors formed on thin CVD epitaxial films after their irradiation with protons with
an energy of 15 MeV 7 times with a fluence of 1+10'2 cm2. The studies were carried out after
each irradiation with protons, the total fluence was 7+10'> cm2. For the first time, the results
obtained allow us to assume the cyclicity of the gettering effect in 4H-SiC under staged

proton irradiation.

AHHOTAIUS. B pabote mpencraBneHbl pe3yNbTaThl CTPYKTYPHBIX U ONTHYECKUX
uccnenoBannit  Cr/4H-SiC  ¢oromerekTopoB, chopmupoBaHHbIX Ha ToHKuX CVD
AMUTAKCHAIBHBIX IUICHKAaX, MOCJIe WX OOJydeHHuss NmpoToHamu ¢ sHeprueit 15 MbB 7 pas

¢mroencom  1+10'2 cm2,

HccnenoBanust NPOBOJWINCH IOCHE KaXA0ro OOIydeHus
NPOTOHAMHM, CyMMapHbIi (iroenc coctansn 7+ 10'2 cm2. BriepBble MoTy4eHHbIE PE3YIbTATHI
MO3BOJISIIOT  MPEINOJIOXKUTE LUKIUYHOCTh d(dekra rerrepupoBanus B 4H-SiC npu

MO3TAIHOM O0JIy4€HUU TPOTOHAMH.

Beenenne. 4H-SiC sBnseTcss NEPCHEKTUBHBIM IIUPOKO30HHBIM MOJYIPOBOJHUKOM ISt
(hopMHUpPOBaHHS HA €T0 OCHOBE JACTEKTOPOB yibTpaduoseroBoro (YD) nuamazoHa npu padoTe
B Kocmoce. Onektpodusmueckue cBoiicTBa 4H-SiC  1TO3BOJSAIOT HUCMONB30BaTh YD
dboTtonpreMHUKH ~ 0€3  NpPUMEHEHHs]  CBETO(QHIBTPOB (“‘conneyHo-ciemnbie” u
MPUHYIUTEIBHOTO OXJIXACHHUS, YTO HAMHOTO CHHXAeT Bec, rabapuThl U 3HEpPro3arparsl
KOCMHUYECKOT0 000py/0BaHUsA. YUUTHIBasi BHICOKYIO PaUAllMOHHYIO aKTUBHOCTh B KOCMOCE,
HCCceIoBaHa M TOATBEPIKIEHA paJHaIlMOHHAs] CTOMKOCTh prbopoB Ha ocHoBe 4H-SiC mpu
0o0JTydeHHH SJEeKTPOHAMHU, HEHTpPOHAMH, MPOTOHAMH U TsDKEIbIMH HOHaMH [1]. OcoOwbrit
WHTEpEC TPENCTaBIsACT M3ydeHue paauannonHoi crovikoctn Cr/4H-SiC ¢GhoTOonmprueMHUKOB

py 00Jy4eHUU IPOTOHAMH, COCTABISOIMMHE 90% CONHEYHOTO U3ITy4EHUSI.

IKCNePUMEHT

®oronpueMHuku O0bu copmupoBanbl Ha 4H-SiC CVD snuTtakcuaibHBIX CHOSIX K-TUIA

npoBoAUMOCTH ¢ Nd-Na=1+10'* cM™ TommuuON 5 MKM TEPMOBAKYYMHBIM  HAIlbICHHEM
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xpoma tonmuHOM He Oonee 0.1 Mkm. OOGinydyeHue mnpoTroHamu ¢ 3Hepruer 15 M»rB

HPOBOAMIIOCH MOCIENOBATENbHO 7 pa3 ¢uroencamu 1+10'% cm?

C CYMMapHBbIM (PIIFO€HCOM
7+10'2 ¢cm2.  Usydenwe CTpyKTypHBIX H3MeHeHmit 4H-SiC mocie Kaxmaoro o0IydeHus
MPOTOHAMM  TMPOBOJMWJIOCH C  HCIOJIb30BAHMEM  METOJOB  PEHTreHoBCcKo  (X-ray)
mudpakToMerpun. KapTHHBI pacrpeneneHusi HHTEHCUBHOCTH OTPa)KEHUS PEHTI€HOBCKHX
nydyelt Ha cuMMeTpuuHOM oTpaxkeHuH (0008) mosydeHbl B IBYX MOJax CKaHUPOBaHUS (®- U
2®-) Ha JBYXKPUCTAJIBHOM CIIEKTpOMETpe, coOpaHHOM Ha 0Oase nudpakromerpa [IPOH-3.
Crnektpel BHemHed kBaHToBOW 3ddextuBHoctu Cr/4H-SiC  ¢otonpuemHukos B Y@
muanazone 200-400 HM H3MEpSUTUCh TakXKe Mocie KaXAOoro oO0JydeHUs MPOTOHAMH Mpu

oceemieHnn aenrepueBor jammnoud JIJIC-30 meTonOoM CpaBHEHHS C HCMNOJIb30BAHHEM

MOHOXpomaTopa Ha 6a3ze cnekrpodoTomerpa CD-16.
JKCNepPUMEHTAbHbIE Pe3y/IbTaThl

CrnoxHbI€ TIpoTIecChl CTPYKTYpHBIX niepecTpoek B 4H-SiC Tonkux CVD snuTakcHabHBIX
IJIEHKAX TPH MOATAITHOM OOJIYyYeHWH TMPOTOHAMHU OOBSCHSIOT M3MEHEHHs, HAaOII0IaeMble B
criekTpax BHemnrHed kBaHToBOU 3 dextuBHOCTH Cr/4H-SiC dotonpuemnankoB (Puc. 2). Ha

2 g 2+10"2 cm? 3a cuer

MEPBBIX dTamax o0iy4eHus nmpoToHamu ¢uroencamu 1+10'% cm
o0Opa3oBaHMsl TOYEYHBIX J1€(EKTOB OOOWX THUIOB MPOUCXOAUT PE3KHM CraJ BHEUIHEH
KBaHTOBOH 3(()EKTHUBHOCTH MO BCEMY CHEKTPY: Ha KOPOTKOBOJHOBOM yuacTke (240 HM), B
Makcumyme (280 HM) m Ha ATMHHOBONIHOBOM ydactke (320 HM). B pesynprare 3-ro
o0JyyeHHsl, MO JaHHBIM PEHTICHOBCKOM nudpakuumu, B CTPYKType HabOogaeTcs
CyILLIECTBEHHOE Ipeodiafganue JepeKTOB BAKAHCUOHHOTO THUIIa C BO3MOXKHBIM 00pa3oBaHUEM
WX MEJKUX CKOIUICHUH, SIBJIAIOIIEECs MPUYMHONW BO3HUKHOBEHHS YHPYTUX HAIMpPsHDKEHUNA B
ctpykrype 4H-SiC. Vke Ha 3TOM dTame MeEJKHE KJIacTepbl BAKAHCHOHHBIX Je(DEKTOB camMu
CIIy’KaT CTOKaMHU JUIsl paJuallMOHHBIX Je(PEeKTOB M TakuM 00pa3oM HauMHAETCs MpoLecc
rerrepupoBanus [2]. JIBmxuTeneM 53TOro mpolecca SBISIOTCS BO3HUKIIKE YIpPYyTue
HanpspkeHus.  Pesynabtatom  4-ro  oGnydeHus aBisgercs (HopMHpOBaHHE KPYITHOTO
MOHOKPHCTAINTINYECKOr0 KJIacTepa, OOOralieHHOTO BAaKaHCUSIMU U SIBISIOLIETOCS MOIIHBIM
CTOKOM JUIsI paJallMOHHBIX AePEeKTOB, O1aroiaps 4eMy BHEIIHsS KBaHTOBas 3((EeKTUBHOCTh
PE3KO BO3pacTaeT, MpUOIMKasICh B MAKCUMyMeE CIEKTpa K epBOHAaYaJIbHOMY 3HaueHuto. Ha
9TOM 3Tane YInpyrue HanpsyKeHHs JOCTUTal0T KPUTUUECKUX 3HAUEHUH, UTO MPUBOJIUT K TOMY,

YTO Ha 5-OM dTame OOJyYeHHs MPOUCXOTUT MX PEIaKCallvs MyTEM pPa3pyLIeHUs KPYITHOTO

KJIacTepa, COMPOBOKIAOMIASACST (OPMHUPOBAHUEM B CTPYKTYpE JE(PEKTOB JIMHEHHOIO THIIA.
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Puc.1. Kaptel pacnpezneneHusi WHTEHCHUBHOCTH
OTpaKEHHsI PEHTICHOBCKHX Jyued  (peduiekc
(0008)) ot ucxomuoro odpasua 4H- SiC (Initial) n
HOCIe KaXIOro M3 CEMH aKTOB OOJIy4eHHsS
npotonamu  ¢umoencamu 1+10'2 cm? (2D -7D),
COOTBETCTBEHHO.
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Ha 6-om »sTame oOmydeHwus, COTJIACHO PEHTreHOMU(PPAKIIMOHHBIM JIaHHBIM, MPOIIECC
penakcalMM — HampsDKEHUM — 3aBepIlaeTcsi, OJHAKO  CTPYKTypa CTaHOBUTCA  Oosee
pa3ymopsiIOYEHHON TIO0 CPAaBHEHHMIO C MCXOJHOM 3a CYET YBEJIWYEHHUS IUIOTHOCTH
IMPOTAXKCHHBIX )Ie(i)eKTOB. Kak BHUIHO M3 KapThl paCnpeaAcICHUd MHTCHCHUBHOCTU OTpPa’KCHUA
PEHTI€HOBCKUX JIy4e, 7-0i 3Tam 00JydeHHUs OISITh MPUBOAMT K MPE0OIaJaHnI0 B CTPYKTYpE

)Ie(l)eKTOB BaKaHCHOHHOI'O THIIA.
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Puc. 2. Cnexrpsl BHemHe# kBaHTOBOM 3 dektuBHOCTH Cr/4H-SiC YO doToaerekTopa, CHATBIC TTOCIIE
Ka)KJIOTO M3 ceMM 00nmydenuii mpotonamu dmroercom 1+10'% eM™?, 1y1s Tpex ITMH BOJIH:
240 am (xkpuBas 1), 280 um (xkpuBas 2) u 320 M (kpuBas 3).

MoxHO paccMmaTpuBaTh CHUTYalMIO MOcCie 7-ro OOJy4yeHHs MPOTOHAMH KaK Hayalo
HOBOTO IIMKJIa CTPYKTYpHBIX mepectpoek B 4H-SiC ¢ mocnemyromum (GopMupoBaHUEM U
pa3pyIieHrueM KJIacTepoB, OOOTAIICHHBIX JePEKTaMH BaKaHCHOHHOTO THMa. [[MKIMYHOCTH
s dexTa reTreprupoBaHus BCTpEUaach M B IPYTUX BEIIECTBAX, BBIIBICHHAS MPU O0TyUECHUN

o-gacturamu [3].

3akirouenne
- Bnepsele nmokazaHa HUKIMYHOCTH 3(dexTa rerrepupoBanus B 4H-SiC npu nomaroBom

00JTy4eHNH IPOTOHAMH C dHepruei 15 MaB 7 pa3 o6mum ¢aroercom 7+ 102 cm

Pabota Bemonnena mpu noaaepxkke Poccuiickoro Hayynoro ¢onma (mpoext Ne 22-12-00003)

[1] E.B. Kanununa, I'.H. Buonuna, W.I1. Hukutuna, M.A. SlroBkuna, E.B. MBanora, B.B. 3a6ponckuii, ®TII
53(6) (2019) 856.

[2] E. Kalinina, G. Kholujanov, A. Sitnikova, V. Kossov, R. Yafaev, G. Pensl, S. Reshanov, A. Hallen, A.
Konstantinov, Mat. Sci. Forum V.433-436 (2003) 637.

[3] B.E. Burakov , M.A. Yagovkina, Journal of Nuclear Materials 467 (2015) 534.
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PEHTTEHO-JUOPAKTOMETPUYECKHWI AHAJIN3 OKCHUJT TUTAHA U ETO
OCHOBHBIE CBOVICTBA

X-RAY DIFFRACTOMETRIC ANALYSIS OF TITANIUM OXIDE AND ITS MAIN
PROPERTIES

H1.0. Kocumos', B.E. Vmupsakos?, A.A. A6aysaiintos?, 3.A. Hcaxanos?®, A.C. Xanmaros’

L.O. Kosimov', B.E. Umirzakov?, A.A. Abduvayitov?, Z.A. Isaxanov’, A.S. Khalmatov?

I Unemumym Buoopeanuveckoii Xumuu AH PY3, 2. Tawxenm, Y36exucman,

isroilkosimov@list.ru

2 Tawl'TY, yn. Ynueepcumemckas, 2. Tawkenm, Y36exucman,

3 Unemumym uonno-naazmennvix u nazepuvix mexnonoauti AH PY3, 100125 Tawkenm,

Vzbexucman,

In this work, various peaks in the spectrum of X-ray phase analysis of titanium oxide TiO>
samples were experimentally detected. Miller indices and lattice parameters were determined
based on the data of samples of titanium oxide TiO> obtained for samples with different

modes of powder production.

Jlnokcun ~ THTaHa  MIUPOKO HCCIIeNyeTCs Omaromaps cBoel BBEICOKOU
(hOoTOKATATUTUYECKOW aKTHBHOCTH, KOTOpasi MOXKET HAWTH MOTEHIIMAIIBHOE TPUMEHEHUE JIJIS
(hOTOMHAYIIMPOBAHHOTO OYMINECHHS OT BPEIHBIX OPTraHUYECKHX CJIOKHBIX COCIMHCHUH B
Bo3ayxe u BBoje [1-5]. PazpaboTka ¢oTOKaTaImM3aTOPOB HA €T0 OCHOBE B HACTOSIIIEE BPEMS
SBJISIETCS TIEPCIIEKTUBHBIM HaIpaBlIeHHEM, MOCKOJIbKY TiO» — HEmoporou, XWMHYECKH
croiikuii Marepuan. OcoOblii HWHTEpPEC TMPEACTaBIsAeT CHHTE3 JHOKCHAA THUTAaHA B
TOHKOIUICHOYHOM COCTOSTHHH.

Hanopa3smepHblii AUOKCHI THTaHA, SBISSACH IIUPOKO30HHBIM TOJTYIPOBOTHUKOM,
MMEET BBICOKHW TMOTEHIIMAl TPUMEHEHHS B JJICKTPOHUKE M B DIJIEKTPOOINTHKE 3a CUET
MPO3PavyHOCTH B BUAUMOM 00JIaCTH CIIEKTpa U BBICOKOTO K03 uinenTa npenomiueHus [6-9].
OcHoBHBIM HenocTaTkoM TiO; st onTHKY U PoTOKaTANHM3a SBISIETCS €r0 aKTUBHOCTH TOJT
JEHCTBUEM TOJIbKO OnmkHEero yibTpaduonetoBoro (Y®) uzmydeHus, KOTOPOE COCTABISET
nuntb 5—8% OT BCEro COMHEYHOTO CIIEKTPa, TOCTUTAIOIIETO MTOBEPXHOCTH 3EMITH.

Pentrenoda3zoBelii MeTO/ aHATM3a UCTIOJIB30BAH ISl U3YUYEHUS CTPYKTYPHI, COCTaBa,

CBOICTB CBIPHEBBIX MaTepUajoB U NPOAYKTOB 00kura. C ero MOMOIIBIO HCCIIEI0BaIN
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MUHEpAJTOTHUEeCKU U (Pa30BbIi cocTaBsl [9]. B manHo#t paboTe ncmoib30Baiu Npubop TUTa
XRD-6100. MoHOXpOMAaTH4YECKHM MYYOK PEHTIEHOBCKOTO W3JIyYEHUs HAIPABIISIETCS Ha
oOpasell HucciaeayeMoro Marepuana, pacteproro B mopomok. Ha ¢oromnénke, cBepHyTOM
IUJIUHIPOM BOKPYT oOpasma, u3o0paxkeHue (mebaerpamma) MoJydaeTcsi B BHJIE KOJEIl.
Paccrosinue mMexly TMHUSMU OJHOTO U TOTO € KoJiblla Ha JebaerpaMMe Mo3BOJISIET HAWTH
OpArroBCcKHE YIJibl OTpakeHHs. 3aTeM, o (popmyne bparra — Byneda 2d sin©= nk MmoxHO
MOJIYYUTh OTHOIIEHHUE d/n PACCTOSHUS MEXAY OTPAKAIOIIMMU IJIOCKOCTSAMH K MOPSJKY
OTpaKeHUS.

Ha puc.l. npeacraBnensl cnekTpaibHble 3aBUcUMOCTH TiO2 mosyueHHass METOAOM
nopoikoBoro nudpakromerpa. Kpome Toro, mpuBeaeHbl HHAEKCH Mwuiuiepa, a Takxke

MEXIUIOCKOCTHOE paccTosiHue dhki A1 JaHHoro obOpasua [10].

Irel.
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Puc.1. CrnexrpanbHas 3aBucuMOCcTh TiO; MOydYeHHAs METOZO0M HOPOIIKOBOIO AU(paKToMeTpa.
[IpuBenensl unaexcel Musuiepa.

Fig.1. Spectral dependence of TiO; obtained by powder diffractometer. Miller indices are given.

Ucnonwzys hopmyner Jlebas-1llepepa mis kpuctammudeckoit ctpyktypsl TiO> ompenensiu

MEKAaTOMHOE PACCTOSHHUE M CPEIHUI pa3Mep KPHCTAILIOB:

_ kA
- B cosB

3neck d — cpenHuil pa3Mep KpUCTAILIOB;
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K — 6e3pa3mepHnblii koaddunmeHT popmel yactuil (nocrosinHas lleppepa);

l— JAJINHA BOJIHBI PECHTICHOBCKOT'O U3JIYUCHU A,

f — mupuHa peduiekca Ha MOJyBbICOTE (B pajilaHax, v B eAMHULIAX 20);

6 — yron nudpakmuu (OpITTOBCKHIA yTod).

Koaddunuent K B 3aBucMMOCTH OT (POPMBI YACTULl MOXKET IPUHUMATD Pa3INUHbIe 3HAUCHUS.
Hampumep, nns cpepuueckux yactur] K oO6pryHO mpuHHMaroT paBHbiM 0,9 [11]. A s,
HanpuMep, KpUCTAJUTUTOB KyOuueckoii popmsl noctossHHas Llleppepa MoxkeT ObITh paccunTana

Ui Kakoro peduiekca. PacueTs! nmpuBeneHsl B 1a0.1.

Taonmuia-1
T/r 20 cos 6 = ? B =rad K y d= C(I)(jg d=o0bwuu
1 27.59 13.795 0.2000 0.9 0.544 0.18 4 Dos=0.11A
2 | 3634 18.17 0.1600 09 | 0544 0.17 4
3 | 3935 19.675 0.2400 09 | 0544 0.10 4
4 | 41.40 20.7 0.1600 09 | 0544 0.14 4
5 | 4420 22.1 0.1600 09 | 0544 0.13 4
6 | 5447 27.235 0.1600 09 | 0544 0.114
7 | 56.78 28.39 0.1200 09 | 0544 0.12 4
8 62.91 31.455 0.1600 0.9 | 0.544 0.09 4
9 | 64.19 32.095 0.1200 09 | 0544 0.124
10 | 69.15 34.575 0.1600 0.9 | 0.544 0.08 4
11 | 69.95 34.975 0.1600 09 | 0544 0.09 4
12 | 76.83 38.415 1.1600 09 | 0544 0.08 4
13 | 79.97 39.98 1.1600 09 | 0544 0.07 4

Ha TaGnuie 2 npuBeneHO MPOLIEHTHAS A0S KpUCTATHUECKON 1 aMOppHON YacTu

JAHHOTO o0pasIia.

Tabnwma 2.
Obaacth npopuis KosunuecTBO Cymma
OOmas mIonaab 1774312 100,00%
JndpakuroHHbIE THKH 334750 18,87%
®on 143962 81,13%
WucTpyMeHTanbHbIl (HoH 0 0,00%
AmopdHOCT 1439562 81,13%
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Crenenp kpuctanmaHocTH = 18,87%
Amopduocts = 81,13%
Hnst o6paznoB TiO> M3MEpEeHHBIX METOJOM PEHTICHOCTPYKTYPHOTO aHaIHM3a 10 METOIHKE
“Search and Match” software [1-5], mpoBemeHO OIl€HKAa CTENEHU KPHUCTALIUYHOCTA M
amopdHocTn. AMopdHas ¢aza g OKcuaa TUTaHa cocTaBisieT-81,13%, kpucrammnueckas
¢aza cocraBiuseT Bcero -18,87 %. DTo CBUAETENBCTBYET O TOM, YTO HAIll HTOPOLIOK B OCHOBHOM
SIBJIIETCS aMOP(HBIM.
3akiiroueHue

DKCIIepUMEHTATFHO OOHAPY)KEHBI pa3jIMYHble MUK B CIEKTPE PEHTTEHO(PA30BOTO
ananmza (XRD) o6pasnos okcuna tutana TiO2. Ha ocnoBe mannbix (XRD) 06pasuoB okcuaa
tutaHa TiO;, MONyYeHHBIX I O0pasloB C PA3IMYHBIMH PEKUMAMU TIOJTYYCHHUS TOPOIIKA
oTIpeieNIeHbl WHACKCH Muiepa U mapaMeTphl pemeTkd. [lomydeHHble SKCIIepiMeHTaIbHBIC
JaHHBIE XOPOIIO COTJIACYETCS C JAaHHBIMHU TIOJTYYEHHBIMH APYTUMH METOIAMH. A TaKxke
OTIPEJIEJICHO TPOIEHTHAsI 0N KPUCTAIMYeCKOW W amopdHOil yacTm maHHOTO 0Opasia,
KOTOpasi mpuBe/ieHa Ha Ta0l. 2.
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BJIUSAHUE OBJYYEHUA HOHAMMU KPUIITOHA HA QJIEKTPUYECKHUE U
TAJIBBAHOMATHUTHBIE CBOMCTBA TETEPOSIIUTAKCHUAJIBHBIX IJTIEHOK
AHTUMOHUMIA UHAUSA HA TTOJIOKKAX APCEHU A T'AJIJIUSA

EFFECT OF KRYPTON IRRADIATION ON THE ELECTRICAL AND
GALVANOMAGNETIC PROPERTIES OF INDIUM ANTIMONIDE
HETEROEPITAXIAL FILMS ON GALLIUM ARSENIDE SUBSTRATES

A K. Kynewmos, B.B. Yrnos, JI.Il. Pycansckuii, E.A. Konecuukosa, E.B. Terepykos

A. K. Kuleshov, V. V. Uglov, D. P. Rusalsky, E. A. Kolesnikova, E.V. Teterukov

benopycckuii rocyiapcTBeHHbIM yHUBEPCUTET, Ip. HezaBucumoctu, 4, 220030, r. MuHCK,
benapycs, kuleshak@bsu.by

The paper considers the results of a study of the electrical and galvanomagnetic properties of
heteroepitaxial indium antimonide films synthesized by explosive thermal evaporation on gallium
arsenide substrates. The heteroepitaxial films were (2.20+0.05) um thick and were irradiated with
krypton ions with an energy of 145 MeV and fluences of 10'? and 5-10'2 cm™. It has been
established that upon irradiation of indium antimonide films a significant accumulation of
radiation defects is observed, which led to a decrease in the mobility of charge carriers from

(17.2£1.2)-10° to (64.244.5) cm?- V! -s7!. It was also found that at a fluence of krypton ions of
10'2 cm™ the concentration of charge carriers is lower and at a fluence of 5-10'2 cm™ it is higher
than in the original sample.

Jlji ipYMEeHEeHUs IUPOKOTro Kpyra MUKpPOIJIEKTPOHHBIX TaTYMKOB (PU3MUECKUX BEIMYMH Ha
OCHOBE TeTepodNuUTaKcUualbHbIX IJIeHOK InSb B Buae mpeoOpazoBateneit Xosuia B yCIOBUSX
JUINTEIBHOTO PaHallMOHHOTO BO3AEMCTBHS KOCMOCA, SJEPHBIX SHEPIeTUYECKUX YCTAaHOBOK
HEOOXO0JUMO UCCIIEIOBATh BIUSHUE BHICOKMX MOMIOMIAIOIIKX 103 PaAHallMOHHOTO BO3EHCTBYS,
npeBbimarommx 500 Kpax, Ha  DNEKTPUYECKME W TaIbBAHOMAarHWTHBIE  CBOMCTBA
reTepo3NUTaKCHaIbHBIX MIeHOK InSb. Jlng pemeHus 3Toi 3a7aud NEPCIEeKTUBHO HCIONIb30BaTh
o0yueHue TSKENBIMU MHEPTHHIMU HOHAMU, HallpUMeEp, KPUIITOHOM C J103aMHU OOJIy4eHHUS HE
menee 10'? non/cm? m >HeprusiMu cOTHU MbdB, COOTBETCTBYIOIIMX IOMIOMAKIKM H03aM 500
KpaJ ¥ TEeHEPUPYIOIIMM 3HAYUTEIbHOE KOJIMYECTBO PaJUAlMOHHBIX JedekToB B miueHkax InSb
[1-3].

ey maHHOI paOOTBI COCTOUT B BBHISIBIICHUH OCOOCHHOCTEW M3MEHEHUS DJIECKTPUUYECKUX U

TraJIbBaHOMAarHUTHBIX CBOMWCTB reTCPO3INMUTAKCUATIBHBIX TIJICHOK AdHTHUMOHH 1A WHOUA,
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CHHTE3UPOBAHHBIX HA IMIOUIOKKAX apCeHWJA Taulisg METOAOM B3PBIBHOTO TEPMHUYECKOTO
WCTIApEHHsl, OCIIE OOYUEHNs TSHKEIBIME HOHAMH KPUIITOHA ¢ dHepruei 145 MbsB ¢ nozamu 10'?

u 5-10'% wmon/cm 2.

OO6nydyeHre IJIEHOK HOHAaMU KPUIITOHA MPOBOJIMIOCH IMPH KOMHATHOM
TeMIlepaType Ha JIMHEWHOM yckoputene Tsokenblx noHoB JI1-60 (MucTtutyT simepHoit Gpusukw,
Hyp-Cynran, Kazaxcran).

B pabote OblIM HCcleqOBaHBI reTepodNUTAaKCHalbHbIE IUIEHKH InSb, cuHTe3upoBaHHBIE
METOJIOM B3pPBIBHOTO TEPMHUYECKOTO HcnapeHust Ha noanoxku GaAs (100) . TonmmHa mieHOK
coctaBuna d = (2,00+0,05) mkM, reoMerprueckas KOHQUrypaius o0pa3lioB U COOTBETCTBYIOIINE
METOJIMKA HM3MEPEHUN MpeicTaBieHbl B pabore [3]. DnexkTpuueckue M TajlbBaHOMarHUTHBIE
CBOMCTBA MCCIIEIOBAIMCh B MHTEpBaje Temmeparyp oT komHaTHoM no 100 °C. M3mepenus
raJbBaHOMArHUTHBIX CBOWCTB mpoBoAwINCh B MarHuTHoM mone (0,44+0,01) Tm, mpu sTOoM
BEIIMYMHA DJIEKTPUYECKOTO TOKa MPOXOIAIIATr0 dYepe3 TuieHKy coctaBisia (10,0£0,1) MA.
PacueTHast morpemHocTh M3MEpPEHUs KOHIEHTpAMUd M MOJBHXKHOCTH HOCHUTENEH 3apsia Juis
00pa3IoB IICHOK He MpeBbImrana 7 %.

Pe3ynbTarhl HccienoBaHUM TpeACTaBiICHbl Ha pPHCYHKE, TI€ MOKa3aHbl 3aBHCHUMOCTH
YACIBHOTO CONMPOTHBICHUS W KodpdumuenTa Xojutla HCXOMHOW € OOJyYEeHHBIX HOHAMH
KPUIITOHA TETEPOINMUTAKCUANBHBIX IUICHOK AHTUMOHMIA WHIUS B JHala3oHe BO3AEUCTBUA

Temneparyp oT komHatHoi g0 100 °C.
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Pucynok - TemnepaTypHble 3aBUCUMOCTH YICIILHOTO CONPOTHBIICHUS (a) 1 Koddduimenta XoJjuia (0)
reTepO3NUTAKCHATBHBIX IICHOK aHTUMOHHMIA WHJIUS JIO U TTOCIie OOTy4YeHUs] HOHAMU KPUIITOHA C
sHeprueii 145 M»B nipu o3ax o6mydenns 10'? u 5-10'% mon/cm 2.

J% 3 MOJIYUCHHBIX JAaHHBIX CICAYET, YTO YACIBbHOC COIPOTHUBJICHUEC T'CTCPOINUTAKCUAIBHBIX

IIJICHOK AaHTHMOHHWIAA WHAWA YBCIIMYUBACTCA IIPU 3HAYCHHU OO3BI 06J'Iy‘-IeHI/I$[ HWOHOB KpPHUIITOHA
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10'2 won/cm 2 10 5,61 107* Om - M. JlanbHelIee yBEIUYEHHE 03bI OOTyIEHNS HOHOB KPUIITOHA
110 3Ha4Yenus 5102 non/cM ? MPUBOAMT K YMEHBIIEHHIO YAEIBHOTO CONMPOTUBIIEHUS TUIEHOK JI0
sgagenns 4,1 107 OM M npu KOMHATHOM TeMIIEparype.

B oOmem ciyyae cOMpOTHBIEHHE IUIEHOK SIBJISETCS HHTETPATbHOM XapaKTepPUCTUKOM,
onpezenseMoil HECKOJbKMMM mapameTpamMu. OIHUM U3 TakuX [apaMeTpoB SBISIETCS
KOHIIEHTpAlusi HOCHUTENEeH 3apsia, KOTOpas 3aBUCUT OT KOHIIEHTpAllMM U  IPUPOJIBI
paauanuoHHblx nedextoB B TuieHke. CormacHo Mojenu aMm@orepHbX AedekToB [4], THI
JOMHMHUPYIOIIUX Je(PEKTOB OMPEeNsIeTcs MOJI0KEHHEM YpOBHS «aedexTHoro» ypoBHs depmu
OTHOCHUTENIbHO ToJIo)KeHus1 ypoBHs Depmu «Oe3nedekTHoro» srtajoHa. M3BecTHo, 4TO B
HeslerupoBaHHOM InSb BakaHCUM CypbMBbI J€MCTBYIOT Kak JOHOpP, @ BAKAHCUU WHIUS JEHCTBYIOT
Kak aknentop. Ha ocHoBaHMM 3TOM MOJAENM TMOSICHSIOTCA IKCIEPUMEHTAIbHbIE 3aBUCHMOCTH
M3MEHEHUs JIeKTpUuecKux cBorcTB. Ilpenmonaraercs, 4To mpu oOJydeHWH MOHAMU KPUIITOHA
c omeprueri 145 MbdB u ¢moencom 10'2 mon/cM? B 1uienke (GOpMHUPYIOTCSH Ae(DEKTHI
aKLENTOPHOTO TUna (BaKaHCHU WHAWsA). YBenwdeHwe ¢umroeHca mo 5-10'2 mom/cm? mnpwm
00JyyeHMH MOHAMHU KPUNTOHA NPUBOIUT K CMEIIEHUIO «AeekTHoro» ypoBHs depmu HHIXe
STajJOHHOTO YpoBHsA. [IpM 3TOM BO3MOXXKHO 00Opa3oBaHuEe 00Jie€ PHEPTrEeTUYECKH BBITOJTHBIX
nedeKToB B BUJE JTOHOPHBIX KOMIUIEKCOB THIIA BAaKaHCHUS CypbMbI, B pe3yibTaTe HaOII0JaeTCs
POCT KOHIIEHTpAIlM1 HOCUTENEH 3apsiia 1 YMEHbBIIEHUIO YEIBbHOTO JIEKTPOCONPOTUBIECHUS MTPU
MakCHManbHOM (urroeHce obmydenus (5 10'2 non/cm ?).

Jlanee B Tabnuile mpencTaBiIeHbl pe3ybTaThl H3MEPEHUS] KOMILJIEKCA CBOWCTB MOIYYEHHBIX
IUIEHOK (4yBCTBUTEIBHOCTh XOJIJIOBCKOTO HAIPSHKEHHUS. K MAarHUTHOMY TOJIO (Y), KOHLIEHTPALUs
(n), ¥ TOABMKHOCTh HOCHUTENEH) A0 U Tocie O0JlydeHHs MOHAMHU KPUNTOHA NMPU KOMHATHOM

TeMIepaType.

Tabnuia — X0oJUIOBCKask 4yBCTBUTEIBHOCTH (Y), KOHIIEHTPAIUS HOCHTENCH (N), MOABMKHOCTD HOCUTEIICH
(W) TIEHOK aHTUMOHMIA WHMS, B 3aBUCUMOCTH OT J03bI OOJydYeHHUS MOHAMHU KPHUITOHA

Jlo3a 001y4YeHrss HFOHOB v, MB-Tir! n, cM u, cm? B¢
KPHUIITOHA, HOH/CM >
UCXOTHBIN 127,5 (2,23+0,15) 10" (17,2+1,2) 103
1072 518,4 (5,47+0,38) 1016 (2,03+0,14) 10°
5-10'2 11,8 (2,40+0,17) 10'8 64,2+4.5
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13 nanHBIX TaONUIBI CIEMYET, YTO OONyYEeHHUE IUIEHOK MOoHamu KpunroHa 102 mon/cm
IPHUBOJIUT K PE3KOMY YBEJIMUEHHIO UyBCTBUTELHOCTH XOJIOBCKOTO HAPSHKEHHS K MAarHUTHOMY
noJito. [ToBbiieHre 10361 00TyUeHUsT HOHaMU KpUNTOHA ¢ 3Heprued 145 M»sB u dmroencom 10
5-10'2 won/cM 2 IPUBOINUT K PE3KOMY CHIDKEHUIO 3HAYEHHUS MOABMKHOCTH HOCUTENEH 3apsia OT
(17,2+1,2)-10° mo (64,2+4,5) (cm?> B7'-c!). Tlpu 5TOM KOHIEHTpauus HOCUTENEN 3apsiaa
yMeHbIaercss npu ¢uroence nonos kpunrona (102 mon/cm?), mpu MakcuManbHOM (iroeHce
o0ny4ennst 5-10'> won/cM > KOHIEHTpamWs HOCHTENEH 3apsfa B IUIEHKAX YBEIMYMBAETCS
OTHOCHTENIBHO 3HAYECHUsS KOHIEHTPALMK JUI HUCXOJHOro obpasua. [Ipeamonaraercs, 4To 3TO
IPOMCXOJMT B pe3yibTare oOpaszoBaHus Je(eKTOB akmentopHoro tuma (mpu (uoence 10'2
WOH/CM 2) miu JoHOopHOro Tuma (mpu uroence 5102 non/cM ?) M3MEHSIOIUX TOJOKEHUE

ypoBHs PepMu B 0OJyUyEHHOM IJIEHKE MO OTHOLIEHHIO K «3TaJOHHOMY» YpoBHIO depmu

WCXOJTHOH IIEHKH.

Jannas paboTa BBIMOJHEHA B paMKaxX TOCYJapCTBEHHOTO0 HAYYHOTO TMpoekTa PecmyOmmku
benapycr «PaamanimoHHO-CTOMKHE TeTEepPOINUTAKCHANIBHBIC CTPYKTYPhl aHTUMOHHWJA WHIWS HA

IMOJIOKKAX apCCHUAa raJljIvsg.
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OCOBEHHOCTHU OMHNYECKOI'O KOHTAKTA C HOHHO-
NHAYIUPOBAHHBIM HAHOCJIOEM p-GaAs

FEATURES OF OHMIC CONTACT WITH AN ION-INDUCED p-GaAs NANOLAYER
B.M. Muxymxun?, E.A. Mapkosa', JI.A. Hosukos", C.JO. Hukonos", U.B. Cycnosa?
V.M. Mikoushkin", E.A. Markova", D.A. Novikov", S.Yu. Nikonov", I.B. Suslova?

D ®@TH um. A.@. Hogpe, ITonumexnuueckas 26, Canxm-Ilemepbype, Poccus,
elenamakarevskaia@gmail.com

) Canxm-Ilemepbypeckuii nonumexnuveckuii ynueepcumem um. Illempa Benuxozo, Cankm-
Ilemepbype, Poccus

Abstract. The properties of a metal contact with a p-layer ~8 nm thick induced by low-energy Ar"
ions on an n-GaAs wafer as a result of conduction type conversion have been studied. To prevent
metallization of the nanolayer, the contact was not annealed. It has been found that a high
concentration of ion-induced defects radically reduces the width of the Schottky barrier and ensures
the tunneling of current carriers through it. It has been shown that ion bombardment makes it

possible to obtain a p-n nanostructure with an ohmic contact without annealing.

N3BectHbIEe TeXHOIOTUN (HOPMUPOBAHMSI OMUYECKHUX KOHTAKTOB IOJYNPOBOJHUKOBBIX
CTPYKTYP BKJIIOYAIOT OTXKUT, KOTOPBI HEOOXOAUM JJIsl CTUMYJIMpOBaHus nuddy3uu u co3na-
HUSL TPOMEXYTOUHOTO CJIOSI, YJIOBJIETBOPSIOUIETO YCJIOBUSAM (DOPMUPOBAHHUSI OMHYECKOIO
koHTakTa [1]. OgHako npu co3aaHuu NPUOOPHBIX CTPYKTYP C UCHOIb30BAHUEM TOHKHX CIOEB
MOJIyIIPOBOJIHMKA OTXUT MPUBOAMUT K UX METAIIU3ALMU, & UCKIIOUYEHUE OTKUTA KIHOYEBBIM
o0pa3oM BJIMSIET HA OCHOBHBIE XapaKTEPUCTUKU MPUOOPOB U3-3a POPMHUPOBAHUSI B KOHTAKTAaX
6aprepa lortku [1]. K unciny HOBBIX HaHOpPa3MEpPHBIX OOBEKTOB, K KOTOPHIM HEBO3MOXHO
MPUMEHUTh CTaHJIAPTHBIE TEXHOJOTUU (POPMHUPOBAHUS OMUYECKHMX KOHTAKTOB C OTKHIOM,
OTHOCHTCS IJIaHApHAs p-n CTPYKTypa, oOpasyeMasi Ha moBepxHOCTU n-GaAs HU3KOIHEPreTH-
YeCKUMH MOHAMH Ar' BCIIEJICTBHE MOHHO-HHAYIIMPOBAHHOW KOHBEPCHUHU THIIA MPOBOJAUMOCTH
(n — p) npunoBepxHOCTHOTO cjosi [2]. MI3MeHeHne Tumma MpOBOJAMMOCTH MPOUCXOIUT IO
JIeIICTBEM MOHOB B pe3yJIbTaTe MPEUMYIIECTBEHHOIO PACIbUIEHUS aTOMOB MBIIIbsAKa, 000-
raimeHuss oOJMy4YeHHOro CJIOs TaulieM K oOpa3oBaHMs IOJOXKHUTEIbHO 3apsokeHHBIX Ga-
anTucaiT nentpoB [3]. Tommmuaa 0OpazyeMoro p-ciiosi cocTapiseT okojo 10 HM mpu SHEpruu
nOHOB 2.5 - 3 k3B. MonuduurpoBaHHbIi c10i HAa TOJIOKKE A-THIA, 00pa3yeT p-n CTPYKTY-
py. UccnenoBanue TeMHOBBIX BOJIbT-aMIEPHBIX XapakTepucTHK (BAX) nOHHO-MHIYIIMPOBaH-

HOUM p-n CTPYKTYPHI MO3BOJIUIIO OOHAPYKHUTHh AUOIHBIN (et B 00ayuéHHOM 0oOpasie [4].
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UccnenoBanne BAX moxkasano, 4To HaHECEHHBIE 0€3 OT)KHra METAJNTMYECKHEe KOHTAKTHI TIpe-
MMYIIECTBEHHO OMHYECKHE W YTO HaOII0MaeMblil 1uoIHbIN 3¢ dexT o0ycioBieH chopmupo-
BaHHBIM p-n TIEPEX0J0M, a He KOHTakTamMu [4]. OaHaKo MPUYUHBL, IO KOTOPHIM HECTaHIAPT-
HbI€ KOHTaKThl C HOHHO-UHAYLUPOBAHHOMN p-n HAHOCTPYKTYpPOIl HOCSAT OMHUYECKHI XapakTep,
OCTaBaINCh HesicHBIMU. Llenpio HacTosmel paboThl OBLIO BBIACHEHHE MeXaHu3Ma (GpopMupo-
BaHHS KBa3MOMHUYECKOT0 KOHTaKTa Ha HaHocioe p-GaAs U OlleHKa BO3MOKHOCTH IMOJIyYEHHUS
OMMYECKOTO KOHTaKTa C MpeAesbHO TOHKUM p-cioeM 0e3 orTxura. B pabore mokaszaHo, 4To
MOJTyYE€HHBIM KOHTAKT OKa3bIBaeTCs KBAa3MOMUYECKHUM BCJIEICTBHUE BBICOKOW KOHIIEHTPAIMU
MOHHO-UHIYIIUPOBAHHBIX TOYEYHBIX N€(EKTOB, YTO MPUBOAUT K 3HAUUTEIHLHOMY CY>KEHHUIO
Oapbepa LLIoTTKH 1 TYHHETMPOBAHUIO HOCUTEIICH 3apsiia CKBO3b Oaphep.

P-n ctpykrypy hopmuposanu Ha miacture n-GaAs (n ~ 10'® cm) myukom monos Ar* ¢
sueprueii Ei = 2500 3B u ¢pmroencom O ~ 1 x 10'° cm? B cBepxBBICOKOM Bakyyme (~ 5 x 10719
Topp) anexrponnoro cnekrpometpa Leybold-AG [4]. UnmtocTparus mporiecca moaydeHus p-
n CTpyKTyphl puBenieHa Ha Puc. 1. Tonmuny o01y4€HHOTO p-cliosi ONpeeNsaiu Kak HUPUHY
Ha nojoBuHE BHICOTHI (d ~ FWHM = 8 HM) npoduis KOHLEHTpaluu UMIUIAHTHPOBAHHBIX
HMOHOB aproHa, paCCYMTAaHHOTO ¢ ToMombio nmporpamMmbl TRIM [5]. Meramnudeckne KOHTaK-
Thl HAHOCHUJTK Ha JineByr0 (AgMn-Ni-Au) u obpatnyio (AuGe-Ni-Au) cTopoHbI 00pa3IioB B
BEICOKOM BakyyMme (P ~ 5 x 107 Topp) [4]. /Iyt yMEHbIIEHUS TOIIIUHBI OCTATOYHOTO OKCHI-
HOTO cJ0s O0pa3ibl MOJABEPrajl XUMHUECKOMY TPABIEHUIO M IMPOMBIBKE, YTO MO3BOJIUIIO
YMEHBIIUTh TOJHUHY cios 10 0.5 HM. 114 npeaoTBpamieHus MeTaIn3aud TOHKOTO p-Cios,
00pa3Ipl HEe OTXKHUTATIH.

Omuuecknii xapakTep KOHTaKTOB, pacCMAaTPUBAaEMBIX B HacTofAllell paboTe, MOXKeT
ObITh OOBSICHEH TYHHEIMPOBAHMEM HOCHUTENEH TOKa. DTOT HPOLECC OCOOCHHO BaKeH s
KOHTAaKTa Ha p-HAHOCJIOE U3-32 HEIOIYCTUMOCTH €r0 OT)KUTa, MMOCKOJIbKY KOHTAKT Ha TOJICTOM
n-TIJJACTUHE MOXKET OBbITh MPUTOTOBJIEH 3apaHee MO CTaHAAPTHOW TexHosoruu. PaccmoTpum
MEXaHHU3M TyHHEJIMpPOBaHUs HocuTesel Toka ckBo3b llloTTku-6apbep Ha p-cnoe. Ero snepre-

TUYecKas AuarpaMma IokasaHa Ha Puc. 2 B ucxon-

p-GaAs HOM COCTOSIHMHM (@) ¥ IpHU Mojaye Ha OGapbep obpat-
n-GaAs
/ Horo HanpsbkeHus (b, ¢). (Meramunueckuif KOHTaKT
Art CB cnpaBa - oMu4yeckuil.) B ciyyae oOpIYHOTO HIMPOKO-
r

ro O6apbepa peanmmzyercs nauox lloTTku Ha moymnpo-

E F
/ —-E BOJHUKE p-Tuna. [Ipu npsMom BKIrOUEeHUN

~ 8 nm .
/ Puc. 1. 3oHHas nuarpaMma p-n CTpyKTypbl, 00pa30BaHHOM
Ha noBepXHOCTH 7-GaAs UMILIAHTALMEN HOHOB AT
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Puc. 2. Dueprermueckas auarpamMma ITHPOKOTO (a,

/_— b) u y3koro (c) 6apeepos llorTku Ha p-GaAs B HcC-
E (a) XOJHOM COCTOSHUHM (a) W TpH mogade oOpaTHOTO
o ! Hanpspkenus (b, ¢). Crnpasa coorBercTByomue BAX.
eQg
(oTpumIaTEIBHBIN MOTEHITMAT HA MEeTaiuie) Oapbep
M o
M R YMEHBIIAETCS. U JIBIPOYHBIA TOK SKCIOHEHIINAb-

HO Bo3pacTtaet. [Ipu obpataom (Puc. 2b) - Brico-

Ta U MUpUHa Oapbepa yBEIUYUBAIOTCSA, U 00paT-

HBI TOK OMPEAENISIETCS HUYTOKHOW KOHIIEHTpA-

L€l HEOCHOBHBIX HOCUTEJEH - JIEKTPOHOB 30HBI

npoBoaumoctu. CootrserctByromas BAX moxka-

v

3aHa cmpaBa OT auarpammbl. OnHako, Oapbep

CTaAaHOBUTCA IPO3pavYHbIM, 4 KOHTAKT OMUYCCKHM,

! €CJIM €T0 IUPHHA MaJla 110 CPABHEHMIO C JJIMHOU
BOJIHBI Jie-bpoilsisl 2JIEKTPOHOB BEPIIMHBI Ba-
y costU | neHTHOH 30HbI (B3). Puc. 2¢ wnmoctpupyert TyH-

+U HenupoBaHue aekTpoHa B3. AnanmormyHo TyH-

HEJHUPYIOT IBIPKH, HO MPU NPSIMOM BKIIOUCHHH.

Mupuna 6apbepa W, unu riayOuHa MPOHUKHOBEHMSI SJEKTPUUYECKOTO MO B MOTYIIPO-
BOJHHMK, ONpEENsieTcs IUIOTHOCTBIO 3apsKEeHHBIX akienTopoB win aedexkroB. TRIM onenka
mioTHOCTH AedektoB (Ns~ 1 X 10?2 ¢cm) ¢ yuérom maHHBIX paboTsl [6] maér W = 0.3 HM.
bnarogaps BbICOKOH MIOTHOCTH J1€(E€KTOB HOHHO-MOAU(PHUIIMPOBAHHOIO CJIOSl Oaphep OKa3bl-
BAETCs YPE3BBIYANHO y3KUM. JIJIsT OIIEHKM JJIMHBI BOJHBI Ae-bpoiins (1) IbIipok OBLIO paccuu-
TaHO MX JHepreTuyeckoe pacnpezaenenue [7]. Okazanoch, YTO CpeAHssl KHHETHYECKasl dHep-
rust ApIpok He npesbimaeT 0.1 3B, a coorBeTrcTBYyIOMIas AsTMHA BOJHBI Ay = 8 HM. CpenHss Ku-
HeTHYecKasl SHeprusi JIeKTPOHOB B3, y4yacTByIOIMX B TYHHEIUPOBAHUU, ONpPEAEISAETCS MO-
JIOBUHOM BBICOTHI Oapbepa 1 He npesbimaeT 0.25 3B, a cooTBeTcTBYIOIIas AJTUHA BOJIHBI Ae = 3
HM. B aHanm3e yuuThiBajach BbICOKas CTENEHb aMOpU3alUU HOHHO-MOAU(PHUIIMPOBAHHOTO
cios. [Toatromy 3a 3pdekTHBHYIO MacCy ABIPOK U 3JeKTpoHOB B3 mpuHMManace macca ImioT-
HOCTH COCTOSIHMH, KOTOpas Oiu3ka K d9p(EKTUBHOM Macce THKENBIX ABIPOK: ma* = (mu*>? +
mn*32)23 = 0.53 mo ~ mu [7], TAe mo, mu ¥ mn - 5>pHEKTUBHBIE MACCHI CBOOOIHOIO IIEKTPOHA,
TSKENON U NETKOM IBIPOK B GaAsS, COOTBETCTBEHHO.

Ha Puc. 3 nokasansl pacu€tHblii npoduns 6apbepa LLloTTkM Ha HOHHO-MOAUPHUIIMPO-

BaHHOM clioe p-GaAs ¢ WIOTHOCTEIO AedekToB Ns = 1 x 10?2 ¢cM™ B cpaBHEHUM C JJIHHOM
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0.0 . - - Puc. 3. [Ilpoduns Gapbepa IloTTkm Ha MOHHO-
T MoaudumpoBanHoM cioe p-GaAs TommmHON d =
0.1 W=03nm 1 2Ry ~ 8 HM U TIOTHOCTHIO JepektoB Ns = 1 x 10%
. cM” B CpaBHEHUU C JJIMHOW BOJIHBI je-bpoilis
@ 02} 1  (ctpenku) AbIpoK (Ay ~ 8 HM) M DJIEKTPOHOB Ba-
>} I JIEHTHOM 30HHI (A ~ 3 HM). llonHas mmpuHa Gapwe-
= -03f / A, 1 pa W=0.3 am. Hanpsxenne Ha kontakre U = 0.
=
2 N
m 041 Ay . o
BOJIHBI Jie-bpoinst asipok (An ~ 8 HM) U 37ek-
2R
P
-0.5 1  TpPOHOB BaJEHTHOW 30HBI (Ae ~ 3 HM). JlJMHBI
0.01 0.1 1 10 BOJIH J1e-bpoilyisi COOTBETCTBYIOT JJIMHAM CTpe-

Depth (nm)
P JIOK. BuaHO, 4TO JJIMHA BOJIHBI JBIPOK M AJIEK-

TPOHOB 3HAYUTEIHHO MPEBBIIAET CYMMapHYIO MMUPUHY O0apbepa U TONIIHUHY OCTATOYHOTO OK-
CUJIHOTO CJI0f1, 4TO U o0ecrevynBaeT UX TyHHeIupoBaHue. Takum o6pa3oM, TOK CKBO3b Oapbep
Ha TIOJYIIPOBOJIHUKE p-THMA (POpMHUPYETCs] B 000MX HAMPABICHUSIX ABIPKAMH U JJICKTPOHAMHU
noyrnpoBogauka. bapeep IloTTku, chopmMupoBaHHBIM METAIJIOM Ha MOHHO-WHIYIIUPOBAH-
HOM HaHocJioe p-GaAs, OKa3bpIBaeTCA MPO3pauyHbIM B 00OMX HAMpPABICHUSIX BCIEJICTBUE €TI0
UCKITIOYUTENIbHO MaJIOM HIMPUHBI, 00YCIOBIEHHON BHICOKOM TNIOTHOCTHIO J€(EKTOB.

Taxkum 00pa3om, BEITIOJIHEHHOE MCCIICIOBAHNE TIO3BOIIIIO OOBSICHUTh KBa3MOMUYECKUN
XapakTep METAJUIMYECKOrO0 KOHTAKTa Ha MOHHO-UHAYIHMPOBAHHOM p-HAHOCIOE p-i CTPYKTY-
pbl, mony4deHHol Ha n-GaAs miactuHe OOJyueHHEM HHU3KOIHEPreTHYeCKUMH HOHaMH Ar'.
OcobeHHOCThIO (hOpMUPOBAHUSI KOHTAKTa OBUIO MCKIIOUYEHHE OTXKWTA, MO3BOJIHUBIIEE H30e-
KaTh METAJUTH3allUU MPEIETHbHO TOHKOTO p-CJIOs, HO TpHUBEIIIee K (GOpMUPOBaHHUIO Oaphepa
IIToTTKHM ¢ OCTAaTOYHBIM CIOEM E€CTECTBEHHOTO OKCHIaa. O)IHaKO BBICOKAsA KOHULCHTpALUs Ic-
(heKTOB MOHHO-MHAYLIMPOBAHHOTO p-ciiosi 00yCIIOBUIIA UCKIIOUUTEIBHO Mallyl0 HIMPUHY Oa-
peepa lllorTkm w ero mpo3padHocTh. [IpuBIEKaTENBHOCTH CMOCO0a TONYYEHUS HOHHO-
WHIYUHUPOBAHHON p-n CTPYKTYPHI C ONMMCAHHBIMH KOHTAaKTaMU OMNPENEISETCS TEM, YTO OHA
MOXET OBITh CO3/1aHa B YUCTHIX BAKYyMHBIX YCIOBUAX 0€3 MCIOJIB30BaHUS MOKPOU JIMTOTPaA-
(Gbuu 1 10porocToAIIei repMO30HBI.
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CTPYKTYPA U MATHUTHBIE CBOCTBA MHOT'OCJIOMHBIX
HAHOCHUCTEM HA OCHOBE TOHKHUX IIVIEHOK KOBAJIBTA U METAJIVIOB
I'PYIIIBI XPOMA, HAHECEHHbBIX MAT'HETPOHHBIM CITOCOBOM
STRUCTURE AND MAGNETIC PROPERTIES OF MULTILAYER NANOSYSTEMS
ON THE BASE OF THIN COBALT FILMS AND CHROMIUM-GROUP METALS
DEPOSITED BY MAGNETRON METHOD

A.B. INpokasuukos', B.A. Ilanopkos?, P.B. Cemokos', C.B. Bacunses', O.B. CaBenko?

A.V. Prokaznikov', V.A. Paporkov?, R.V. Selyukov!, S.V. Vasiliev!, O.V. Savenko?

' @usuro-mexnonozuveckuii uncmumym PAH um. K.A. Banueea, Apocrasckuii gpuauan, ya.
Ynusepcumemcxkas, 21, Apocnasnw, 150007, Poccus, E-mail: prokaznikov@mail.ru
2Apocnasckuii I'ocyoapcmeennviii Yuusepcumem um. ILT. Jlemuoosa, yin.Cosemckas, 0. 14,

150003, Apocnaenv, Poccus, E-mail: vpaporkov@gmail.com

Magnetic film nanostructures that were manufactured by magnetron sputtering and based on
cobalt and buffer layers of chromium group metals were studied. The data of electron
microscopy, X-ray diffraction analysis, magneto-optical measurements were analyzed,
indicating the specifics of tungsten films in which the dimensional effect for the resistivity of
different phases was investigated. Roentgen diffraction at small angles reveals Kiessig

oscillations what makes it possible to determine the film thicknesses.

MarseTpoHHbII €IOCO0 HaHECEHUS TOHKUX CJIOEB METAJJIOB IPYMHIbl XpoMa (XpoM,
MoJIMO/IeH, Bosb(paM) SIBISIETCS B HACTOsIIIEe BPeMsl OJHUM M3 OCHOBHBIX, BBUAY LEJIOTO
psiza IPEeuMyIIECTB MO0 CPABHEHMIO C IPYTUMH MeToaaMHu nopbIiTus [1]. Hannuue crnoes Takux
METaJJIOB KaK XpOM, MOJUOJEH, BOJIb(ppaM HHTEPECHBI TE€M, YTO, BO-IEPBBIX, MO3BOJISIOT
c(hOpMHUPOBATh MATHUTHBIE CTPYKTYPHI HA OCHOBE KOOAJIbTa B 3JIEMEHTaX MarHUTHON NaMsITH
C OChI0 aHM3OTPOTHH, PACTIOIOKEHHOW B TUIOCKOCTU TUICHKH KOOAlbTa, BO-BTOPBIX, B ATHUX
Marepuaigax HaOIIOJAIOTCS BOJHBI 3apsSJO0BOM W CIHWHOBOM TUIOTHOCTEH, B-TPETHHUX,
Moaupukanuu BoJb(ppamMa NPUMEHSIOTCA JUIsl JI€TeKTUPOBAHMUS TEMHOM Marepuu B
YyBCTBUTEIbHBIX OonomeTpax [2]. UcciaenoBanue xpoma u MetaiioB rpymnmsl xpoma (Cr, Mo,
W) oOycroBieHo Haqu4yheM, B YacTHOCTH, B XpOME€ BOJIH 3apsioBOM M CHUHOBOM
IUIOTHOCTEH, YTO  oOmpenenser HaOmoJarouiyecss MpU  KOMHATHOM — Temmeparype

anutudeppomaruuTHolie (Temmneparypa Heens xpoma Tn = 311 K) cBoiictBa xpoma.
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®opMupoBaHUE BOJH 3apsIOBOM M CHUHOBOM IUIOTHOCTH CBSI3aHO C OCOOBIM CTPOEHUEM
noBepxHoctelr depmu. BosHBI 3apsiioBOM IIOTHOCTH HAOMIOMAIOTCS TaKXKe B CIOMCTBIX
COCTMHECHUSIX TUXAIBKOTCHHUIOB TIEPEXOAHBIX dJIeMeHTOB Tuna MX,, rnie M = Ta, Nb u X =
Se, Te, S, B KoTOphIX MpHYKMHA (POPMHUPOBAHHUS BOJIH 3apsIOBOM IUIOTHOCTH CBS3aHA C
0COOBIMU F€OMETPUUECKUMH CBOWCTBaMHU (PEPMUEBCKOMN MOBEPXHOCTHU JIEKTPOHOB CIOUCTHIX
METaJJIOB.

MarHeTpoHHOE HaHECEHHME CJI0eB BoJb()pamMa NpUBJIEKAET BHHUMAaHHE BBHUIY
WCIIOJIb30BAaHHUs CHEIMAbHBIX CEHCOPHBIX YCTPOWUCTB AJIs IETEKTUPOBAHUSI TEMHOW MaTepuu
B U3HKE IIEMEHTAPHBIX YaCTHI], aCTpodU3nKe, KocMoJioruu [2]. MarHeTpoHHOE HambIJICHUE
cloeB BOJb()pamMa Ha KPEMHHEBYIO MOJUIOKKY HUMEET DPsii XapaKTEPHBIX OCOOEHHOCTEH, B
gacTHOCTH, (opmupyroTcs nBe (a3el: ambda- u Oera-a3pl, TpPUYEM BO3MOKHO
OJTHOBPEMEHHOE cocymecTBoBaHue HTuX ¢a3 [3]. CBepXmpoBOIANIUMU CBOWCTBAMH,
HEOOXOIUMBIMU JJI1 (POPMUPOBAHUS UYYBCTBUTEJIBHBIX CEHCOPHBIX YCTPOMCTB, KOTOpHIE
CIOCOOHBI OOHApPYXUTh TEMHYIO MaTepHio, obOiamaeT HecTtaOwiapHas Oera-daza. [2]. DT
(akTbl 00ycIaBIMBAIOT HEU3MEHHBIN MOBBIIIEHHBIH HHTEPEC K MAarHETPOHHOMY HaIbIJICHUIO
HaHOCJIOEB YKa3aHHOM TPyNIbI METAIIOB [3].

B Hactosmeit pabore wuccienoBaHbl MarHUTHBIE CTPYKTYpbl, C(HOpPMHUPOBAHHbBIE
METOJIOM MarHeTPOHHOTO PACHbUICHUs, HA OCHOBE KOoOanbTa U Oy(PEepHBIX CIOEB METAIIOB
Ipynmnbsl  XpoMa. OIJIEKTPOHHAsT MHUKPOCKOIHSA  CBUACTEIBCTBYET 00 OAHOPOJHOCTHU
MOBEPXHOCTH CTPYKTYp Ha OCHOBE XpoMa M MOJHOJeHa U HEOJHOPOJHOCTH CTPYKTYp Ha

ocHoBe BoJb(ppama (cMm. puc. 1). MMeer MecTo KadeCTBEHHOE CXOJICTBO TIOJYyYECHHBIX

pe3yabtaTtoB jua cuctem Co/Cr/Si u Co/Mo/SiO: u pazmmune ¢ cucremoit Co/W/Si0,.

Pucynoxk 1. INonepeunsriit ckon cuctembl Co/Cr/Si (tonunaa Co — 6 uM, Cr — 50 uM) — (a). Texcrypa
noBepxHocteit oopasios: Co/Cr/Si— (6), Co/W/Si0; (tonmuaa Co — 6 um, W — 20 aM) — (B).

PeHTreHOCTpYKTYpHBIN aHaIN3 CBUACTEIBCTBYET O MHOTO(A3HOCTH CTPYKTYp Ha
OCHOBE BoJb(pama (cM. puc. 2). MccrnenoBanust peHTT€HOBCKUX TUPPAKTOrpaMM MPU MajIbIX

yIJIax pacCcesHUs MO3BOJUIN 3aPETUCTPUPOBATH OCIHIIIISAIIMA WHTEHCUBHOCTH U OMPEICIIUTh
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TOJIIIMHBI MJIEHOYHBIX MOKPBITHH (cM. puc. 3). Hanuuue ocuwyuisiuii CBUAETEILCTBYET O

XOpomeEM Ka4€CTBE IMOBCPXHOCTH.

100
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20, rpan 20, rpan 20, rpan

Pucynok 2. [udpakrorpammsl s o6pasznos Co/Cr/Si (tonmuua Co — 6 uM, Cr — 50 HM) — (a),
o0pasiel Co/Mo/Si0; (tommmuaa Co — 6 M, Mo — 50 uM) — (0), o0pasir Co/W/Si0; (tommmua Co —
6 uM, W — 20 aM) — (B).
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Pucynok 3. Penrrenorpamma menku xpoma (Co) tommuaoi 6 aM crctembl Co/Cr/Si cooTBETCTBEHHO
tonmuHamMu 6 HM/ 50 HM/ 0.4 MM TIpuM paccessHMM Ha Maible Yriiel. [lo BepTHKaIbHOW OCH —
HMHTEHCUBHOCTH (YMCJIO UMITYJILCOB B CEKYH]TY ), TI0 TOPH30HTAJILHOM OCH yroJI B rpaaycax (20).

W3 ananmza MOJOXKEHWA SKCTpeMyMOB ocmwisiiuidi Kuccura mMoker ObITh OlleHEeHa
TOJILIMHA MJICHKH / COTJIACHO cleayoleil popmyie:

sin?0n = n2-A%/4t> + sin%0. (1)
rae O, — yroi, OmpeneNsiomMi TOJOXKEHHE N-T0 MaKCUMyMma, N — MOPSJIKOBBIII HOMEp
MakcuMyMa, 0. — KpUTHUECKUN YroJl, OT KOTOPOTrO HaYMHAETCS OTCYET MOPSIKOBOTO HOMEpa
MaKCUMyMa, t — TOJIIIMHA TUIEHKH, A — JUIMHA BOJIHBI peHTreHoBckoro uanydeHus CuKg. s
UCKIIIOUEHHs] HEU3BECTHBIX IapaMeTpOB CTpomics rpaduk 3aBucumocTh sin0, or n?
cormacHo ¢opmyne (1) m MO HaKJIOHY TPSIMOW OIEHHWBAJIACh TOJIIWHA METAJTUYECKOMN
rieHKd. OlleHKa TONIIUHBI METANINYECKUX CI0EB, MOJydeHHas o ociuusinusam Kuccura Ha

ocHOBaHuU BbIpaxeHuss (1) ¢ mnomompio ObicTporo @Dypbe-npeoOpa3oBaHusl, JTaeT

98



COOTBETCTBEHHO misi xpoma 43.8+4 uM, mis kobanpra — 8.1+£0.8 HM. Onenka oOmiei
CYMMAapHOM TOJIIMHBI 000MX CIOEB JaeT oueHKy — 52 = 5 M. Ouenku no ¢opmyne (1)
COTJIACYIOTCSl B TIpeZiellaX TOYHOCTH C BEIMYMHAMH, TOJYYCHHBIMH M3 TEXHOJIOTHYECKHX
JAHHBIX TPOIIECCOB MAarHETPOHHOTO pacTbUICHUS (00mIasi TOMMIMHA — 56 HM, TOJIIIMHA CIIOS
KobasibTa — 6 HM), a TakKe C M3MEpPEHHsIMH MO MomnepedyHoMy ckoiry oOpasnos Co/Cr/Si,
MPEJCTaBICHHOMY Ha PHUCYHKE la, KOTOpPBI JaeT OONIyl0 BEIWYHMHY TOJIIUHBI TICHKH
nopsiika 52 HM.

Maruuroontuyeckue

HU3MEPCHUA HaJIn4yun

CBUJICTENIBCTBYIOT O MAaTrHUTHOH
AQHU30TPONHMHM B TIUIOCKOCTH IUIEHOK B CHCTEMax KoOambT/XpoM, KOOambT/MOIUONECH |

OTCYTCTBHH TaKOBOW B CHCTeMe KOOAIBT/BOJIbPpam (cM. puc. 4).
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Pucynok 4. Maraurto-onTHyYecKre TETIH TUCTepe3rca B HSKBATOPHAIBHOW KOHQUTYpaluw s
o6pasioB Co/Cr/Si (toimuus: Co — 6 uM, Cr — 50 HM) — (a, 0), o6pasubr Co/W/SiO; (Tommunsr: Co —
6 M, W — 20 um)) — (B, 1). Crosberr ciieBa — JIjIsl OCEH JISTKOI0 HaMarHMYMBaHUs, CTOJIOCI] CIpaBa —
JJIsL OCeH TSHKEIOT0 HaMarHMYUBaHMS.

B mnnenkax Bonb(dpama uccienoBaH pasMepHbId 3(G(EKT Uil YIEIbHOIO CONPOTHUBIIEHUS

pasHbIX ¢as.
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CPABHUTEJIbHBI AHAJIN3 OTXKUTA PAIUALIMOHHBIX JIEGEKTOB B MAJIOH
1 BOJIBILIOM METAJUIMYECKON MUILIEHU
COMPARATIVE ANALYSIS OF ANNEALING OF RADIATION DEFECTS IN SMALL
AND LARGE METAL TARGETS

A.N. IIymxkapes, C.C. [Tonucamos

A. Pushkarev, S. Polisadov

HanmonansHblil uccinegoBaTenbckuil TOMCKUM MOTUTEXHUYECKUN YHUBEPCUTET,

mp. Jlenuna 30, r. Tomck, Poccus, E-mail aipush@mail.ru

The results of an experimental study and simulation of target cooling after irradiation
with a powerful ion beam with an energy density of 3-10 J/cm? are presented. The

contribution of radiation defects to target cooling is analyzed.

[IpencraBieHsl pe3ysibTaThl SKCIEPUMEHTAIBHOTO HCCIEIOBAHUS M MOJICIUPOBAHUS
OXJIQXKICHHUSI MUILICHU TIOCIIe OOJydeHUsI MOIIHBIM HOHHBIM mydkoM (MMUII) ¢ miaoTHOCTEIO
sHepruu 3-10 JI}K/CM2 U JUIUTENBHOCTRIO uMnysibca 120 He. MccnmemoBanusi BBIOJIHEHBI HA
yckopurene TEMII-6 [1] (200-250 kB) na mumensx tonmuuoit 0.1 MM U3 Hep:kaBeromien
cranu. [lns peructpauu pacupenesieHus TeMmIepaTypbl Ha MHIIEHH HCIOIb30BaIn

teroBu3op Fluke Ti400 B pexxume Buaeo, yactota 9 kKaapoB B MUHYTY (CM. puc. 1).
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77| Thermal Imager

20 40 60
PaccrosiHue (Mm)

Puc. 1. Cxema muomno# kamepsl (1- katon, 2 — aHoA, 3 — MUIIEHB, 4 — okHO U3 BaF,) u
pacmpesneneHre TeMIepaTypsl B TOPU30HTAIEHOM (5) ¥ BEpTUKAIBHOM (6) MOTEPEYHbIX CEUEHUSX.
Kpusas 7 — HauanbHas TemMneparypa MULIEHU

[TepByto yacTh UCClIeJOBaHUI MPOBOAUIN HA MUILEHU, pa3Mepbl KOTOPOI OBbLIIM MEHbIIE
nonepeunbix pazmepoB MUII [2]. duck u3 HepxkaBeromei ctanu guamerpoMm ~10 MM ObuT
YCTaHOBJIEH B OTBEpCTHE OONbIION MHIIEHH. MOIIHOCTh MOTEpPh TEIJIOBOM SHEPruu B

MHUIICHHU ITPU OXJIAXKICHUH PACCYHUTBIBAIN IO COOTHOIICHUIO:
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W, (&) =Sc,Ap % , Bm (1)

rae S — mioum@ab MUILIEHH, Cy U p - ylelbHasl TEIJIOEMKOCTh U TUIOTHOCTh MaTepuana
MHUIIIEHH COOTBETCTBEHHO, A - TOJNIMHA MUIICHHU, Tm(t) — CpemaHsis TeMmreparypa Mayion
muiieHu (cM. puc. 1).

[Ipn pacuere MOIIHOCTH TEIUIOBOTO H3IY4YEHHS] Mbl YUUTHIBAJIU TEIJIOBOW MOTOK C
nepenHet u 3anHed (otHocutTenbHO MMII) cropon wmwumenu. PacueT BbINOMHEH 1O
cootHomeHuto Credana-bonpivana:

W, () =S +&)oti(6) T, Bm )

IJI€ &1 U & — CTENEHb YePHOTHI Pa3HBIX CTOPOH MUILEHHU, 1o — HayalbHas TeMmrepaTypa
MHIIEHH, G = 5.67-107"2 B1/(cMm?-K*).

Pe3synbTarsl pacueToB o cootHomeHusM (1) u (2) mokazaHbl Ha pUCYHKeE 2.
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Puc. 2. I3menenne TemnepaTypsl MUIIEHH (1), MOITHOCTH TEIJIOBOTO M3IIyYE€HUS MUIIEHH (2) U
MOJTyJIS MOIITHOCTH TTOTEPh TETUIOBOW YHEPTUN B MUILIEHH (3) pH OXJIaKICHUN

[IpoBeneHHble ucCcAeqOBaHMS TOKAa3ajdd, 4YTO B Te4yeHHWE MepBbiX 35-40 ¢ mocne
00Jy4YeHHs] MULIIEHH HKCIEPUMEHTaIbHasi MOIIHOCTh IOTEPh SHEPTUU MEHbIIE (II0 MOIYJIIO),
YeM pacyeTHas MOIIHOCTh TEIUIOBOTO W3JIY4YEHHs, T.€. OXJAXKICHHE MHUILIEHU MPOUCXOJUT
MeEJUIEHHEEe, YeM JOJDKHO OBbITh MpU OXJAKIACHUHM TOJIBKO TEIUIOBBIM H3JIy4eHHEeM. Mbl
MIPEATIOIAraéM, YTO UCTOYHUKOM JOTIOTHUTENBHOW SHEPTUH, KOTOPAs BBIAEISETCS B MULLIEHU
IpU  OXJIAXJIECHUHU, SBISETCS OTXKHUI DPAJUAUMOHHBIX Je(peKTOB, O00pa30BaBILUXCS MpU
00JIy4yeHUH HOHHBIM ITydkoM [3].

Bropyto uacte uccienoBaHMN MNPOBOMMIM HAa MHILIEHH, pa3MEpbl KOTOPOl ObLIM
Oosibiie momepedHblx pasmepoB MMUII. Ha pucynke 3 mokas3aHbl pe3yibTaThbl
TEIJIOBU3MOHHOM TMarHOCTHKM MOHHOTO mydka. [IpoBeneHHbIe HCCie10BaHNs TOKA3aJIH, YTO

OXJIAKJEHHE HarpeToi obsiactu OOJIbLION MHILIEHU MPOUCXOIUT ObICTpEe, YeM JIOJKHO OBITh
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MIPYU OXJIAXKJIEHUU TOJBKO TEIJIOBBIM U3IyYE€HHUEM. DTO MOXKHO OOBSICHUTH MOTEPEl dHEprun

nus3 HarpeToﬁ 00J1aCTH MUILIEHU H3-3a TCIJIOMPOBOJHOCTH.
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-60 -40 -20 0 20 40 60
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Puc. 3. TepmorpamMmma HOHHOTO ITy4YKa U paclpeziesieHHe TeMIIEPaTyphl B BEPTHKAIEHOM HaIPaBICHUH
B pa3HOE BpeMsl TIociie O0TyUeHHUs

Pacnpenenenue temrepaTypbl Ha MUIIEHH UMEET KPYTOBYKO CHMMETPHIO, CM. puc. 3. B
9TOM ClIydae IByYMEpHas 3aJada pacyeTa BKJIaJa TEIUIONPOBOAHOCTH B OXJIAKICHUE MUILCHU
MOJKET OBITh NMpeoOpa3oBaHa B OJHOMEPHYIO 3aJady NepeJadd TEIIOBOM SHEPruu 3a cyeT
TEIUIONPOBOJHOCTH TOJIBKO B paJvaIbHOM HAIIPaBJIEHUM IIyTEM pacyeTa MOLIHOCTH IOTEPh
SHEPIUM I TMOJOCKM MHIIEHH. Pe3ynbTarsl pacdera Uil MOJOCKH MHIIEHH MOIIHOCTH

IIOTEPH TEIIOBOI OHEPTYU U MOIIHOCTU TCIUIOBOT'O M3JIYUYCHHUS ITIOKa3aHbl HA PUCYHKE 4,

0,8

o
[}

MowHocTb (BT)
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N

o
N

0,0

6
Bpewms (c)

Puc. 4. VI3smeHeHre npy OXJIaXAEHUN MOITHOCTH ITOTEPH TETJIOBOI 3HEPTUH (TOYKH) M MOIITHOCTH
TEIUIOBOTO M3JTy4eHUs (JIMHHS) OT MOJIOCKH MUIICHU TIPY PA3IMYHOHN ToTHOCTH SHeprun MUII B

doxyce (1 —4.2;2 —3.4; 3 —0.74 JIx/cm?)

[Tocne oGmydenust GONBIION MHIIEHH B HAYaJbHBIM NepuoAa oxjiaxiaeHus (f < 9 c)
MOIIHOCTh TEIJIOBOT'O M3IyYEHUs OT MUIIEHH MEHbIIE, YeM AKCIEepPUMEHTaIbHasi MOUTHOCTh
MOTEPh PHEPTUM B MHILIEHU. DTO MOXHO OOBSCHUTH MOAABIEHUEM OTXKHUIa pagualliOHHBIX

ne(heKTOB M3-3a UX MUTPALMH U3 00JIACTH OO0ITyUEHHS.

102



3akiroueHue

1. MHccnemoBanue OXJaXACHUS METAUIMYECKOW MHIIEHH TIOCHE  OOJydeHUSs
UMITyJIbCHBIM HMOHHBIM ITyYKOM IIO3BOJISET OINPEICNIUTh OCHOBHBIE XapaKTEPUCTUKU
paaranuoHHbIX 1eeKToB (THM 1e(EeKTOB U UX KOHLEHTPALNs, TOPOTroBasi SHEPT sl MUTPaLlUU
1 OTXKUTa) Cpa3y Mociie MHTEHCUBHOTO OOTyUYEeHHS.

2. OxnaxxaeHue HeOOoIbIION MULIIEHH (pa3Mep MUILIEHU MEHBIIIE MTONEPEYHBIX pa3MepOB
MOHHOTO Ty4Kka) B TedyeHHe mnepBbiXx 30 C yIOBIETBOPUTEIHHO OMMCHIBAETCS JIByMS
MpOLIECCaMH - TETJIOBBIM H3JIyY€HHUEM U BBIACIEHUEM DHEPIHH MPU OTXKUTE PaTUallMOHHBIX
nedeKToB.

3. OxnaxneHue OONbIION MHIIEHH (pa3Mepbl MPEBBINIAIOT IOMEPEYHbIE Pa3MeEpbI
MOHHOTO IyYyKa) CYLIECTBEHHO OTJIMYAeTCs OT OXJakaeHUs HeOosbmiol Mmumienu. Ilocne
o0yyeHus: OOJBIION MUIIEHM B HAYalbHBIM Mepuoj oxjaxaeHus (! < 9 ¢) MOIIHOCTh
TEIJIOBOTO M3JIyYE€HHUs HIKE, YEM SKCIIEPUMEHTAJbHbIE MOTEPH PHEPIHMM B MHULIEHH. Takoii
PEXKUM OXJIAXKJIEHUS OOJbIION MHIIEHH MOXET OBbITh BbI3BAH I0/ABJIEHUEM OTXKHUTIa
paavanoHHBIX N1e()EeKTOB U3-3a MX MHUTpalUU U3 o0nacTu oOayuyeHUs B nepudepHiiHyro
00J1aCTh MUIIECHH.

4. Bpemsi BbIpaBHUBaHHS TEeMIEpPaTyphl IO TOJIIMHE METANIMYECKOM MUIIEHH He
npeBbIlIaeT | Mc, MO3TOMY TEIUIOBU3MOHHAS TUArHOCTHKA MO3BOJISET UCCIIEIOBaTh ObICTpHIE
MPOLECChl MUTpPAllMd U  OTXKUTAa PAJUAUOHHBIX J€(PEKTOB MpH  HCHOJIb30BaHUU
BBICOKOCKOPOCTHOM TEIJIOBU3MOHHON KaMephl.

5. JIns noBBIIEHUS paIMallMOHHON CTOMKOCTH KOHCTPYKIIMOHHBIX MaT€pHajioB 3a CYET
NOBBIIEHUS A((HEKTUBHOCTH OTXKUTA PaTUAIMOHHBIX 1€()EeKTOB HEOOXOIMMO HCIOIb30BaTh

MHOT'OCJIOMHBIE KOHCTPYKIIMOHHBIE MAaTEPHAIIBI C COTOBOM CTPYKTYPOM.

UccnenoBanue BBINIONHEHO 3a cyeT rpaHTa Poccuiickoro HayuHoro ¢onma Ne 23-29-

00016, https://rsctf.ru/project/23-29-00016
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CTPYKTYPA U DJIEKTPOCOITPOTUBJIEHME IIVIEHOK Pt, IIOABEPT'HYTbIX
BOMBAPJINPOBKE NOHAMMY C SHEPTUEM HUKE ITIOPOT A PACTIBLJIEHUSI
STRUCTURE AND RESISTIVITY OF Pt FILMS IRRADIATED BY IONS WITH
ENERGY BELOW THE SPUTTERING THRESHOLD

P.B. Cemoxos', B.B. Haymos!, M.O. Uzromos!, U.U. Amupos!, C.B. Bacunbes!,
JI.A. Masanenxuii?
R.V. Selyukov'!, V.V. Naumov', M.O. Izyumov', I.I. Amirov', S.V. Vasilev!,
L.A. Mazaletskiy?

1. A® OTHAH um. K.A. Banuesa PAH, 150007, Ynueepcumemckas, 21, Apocnasns, Poccus,
e-mail: rvselyukov@mail.ru;

2. Apocnasckuii I'ocyoapcmeennsiii ynusepcumem um. 111, /lemuoosa, 150003, Cosemckas,
14, Apocnaens, Poccus

Pt films with thickness 17 and 73 nm are exposed to low-energy ion bombardment
in Ar plasma with the bias 15 V applied to the substrate. It is found that resulting
changes of resistivity, texture sharpness and the size of coherently diffracting
domains are negligible. The fraction of crystalline phase decreases by 10% for
73 nm film and by 20%, for 17 nm film probably due to generation of radiation
defects. Ton bombardment leads to the increasing of lateral surface roughness, this
result is ascribed to surface diffusion.

BbombapanpoBka TOHKHMX TJIEHOK METAJUIOB MOHAMU MHEPTHBIX ra30B C SHEPrUeil HUxKe
[Opora pAacMbUICHUs NPEJICTaBIsIeT MPAKTUUYECKHM HHTEpeCc Hu3-3a2 BO3MOXKHOCTH TaKOU
00paboOTKOM yIpaBiIsATh MEXaHUYECKHMH HAaNpPsDKEHUSMH B TUICHKaX [1] 0e3 WX 3aMeTHOro
yToHeHus. OpgHako  He  UM3y4eHO  Bo3ZeiicTBue  Tako ~ OOMOapAMpOBKM  Ha
AJEKTPOCOINPOTUBIIEHUE, MUKPOCTPYKTYPY M KPUCTANIMYECKYIO TEKCTYpY IIeHOK. [1nenku Pt
MPEICTABIISIOTCS TOAXOASIIUM MOJIEIbHBIM OOBEKTOM [UIsl TAaKOTO HCCIIEJOBAHMSI B CUIY
XMMHYECKOM MHEPTHOCTM M BBICOKOM TemIiepaTypbl IUiaBieHus. B ganHoi pabore
HCCIIEIOBAJIIOCH BO3JEHCTBHE MOHHON OOMOapaupoOBKH, MPOBOJUMMON B IUIa3Me€ aproHa, Ha
KPUCTAITIMYECKYIO CTPYKTYPY, FIEKTPOCONPOTUBIEHUE U MOP(HOJIOTHIO TOBEPXHOCTH TOHKHUX
IJIEHOK Pt.

[Tnenku Pt Tommuuoit A=17 mu 73 nm ObITM ocakieHbl Ha OKucieHHBIH c-Si (100)
METOJIOM MAarHeTPOHHOI'O pPAcMbUICHHWS MpPU KOMHATHOW TeMIeparype U MpHU IIaBaIoIIEM
MoTeHlyajae Ha mnojioxkke. [locne ocaxaeHus IUIGHKH TMOJBEPrajuch CEpUH HOHHO-
mna3MeHHbIx oOpaborok (MIIO) B apronoBoit mmazme B peaktope BY WHIYKIIMOHHOTO
paspsaa, onucanHoMm B [2]. UIIO mnpoomunu npu apasnenuun Ar 0.08 Pa, temmneparype
obOpasnoB He Oosiee 45°C, momHOocTH Ha HMHAYyKTOpe 400 W, MOCTOSHHOM CMEINICHWU Ha

TieHke -15 V OTHOCUTENHHO 3eMJIH M INIOTHOCTH MOHHOTO ToKa 3.3 mA/cm?. OnuH U TOT ke
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obpasern moasepraics cepun u3 dyerbipex WUIIO, nepsrie 18e NI1O O6bUTH ATUTETHLHOCTHIO TIO
5 min, BTopble Be - o 10 min. B pesynbrare cepuun UIIO cymmapHON IIMTENBHOCTHIO
30 min menka 73 nm yToHsuiach Ha 7 nm, a 17 nm - Ha 4 nm. Jlo u mocne kaxmoit UITO
U3MEPSUINCHh YAEIBHOE COINPOTHUBIICHHE IUIEHOK p, TOJNIIMHA IUIEHKH OIpPENessuiach C
MOMOIIBIO0 SHEPTrOAUCIIEPCUOHHON CHEKTPOCKONUHU MO MeToJuKe, npeasiokeHHoilt B [3]. C
[Iyrem ananmusa mnpodwuns nudpaxmuonHoro mnuka (111) ompenmensncs cpegHuit pasMep
oOjactell KorepeHTHOro paccestHust D, ¢ moMolbio KpuBbix kauanus (111) ompenensmuch
yCpeIHEHHbIE TI0 TOJIIIMHE MJICHKU YTOJl PACCESIHUS TEKCTYPbI A®efr M 10JI KPUCTAIITNUYECKON
hazsl Ocfr [4]. C momompro COM wmccnenoBaiack MOp(OIOTHS TOBEPXHOCTH TJIICHOK.
Hcxonuple TMeHKHM XapaKTepu3yloTcs akcuanbHOM Tekctypod (111). Ha puc. la
MIPUBEJIEHA 3aBUCUMOCTh Awesr 0T BpeMeHu MIIO ¢ s 17 u 73 nm nmmenok. BuaHo, yTto 3a
Bce BpeMsa UIIO ocTpota TeKCTypbl HE MEHSIETCS, B YACTHOCTH, ISl 73 nm A®efr MEHSETCS B
npexaenax Bcero 0.06°. beiio moaydeHo, 4To B ciiydae 000MX IICHOK 3aBUCHMOCTh BEITMYUHBI
Awerr oT Bpemenu MIIO xopomio anmpokcuMupyercss JuHUEH ypoBHS. Takum oOpasom,
MOKHO yTBepkaaTh, uTo 15 V UIIO He oka3pIBaeT BO3ACHCTBUSA Ha TEKCTYpPY IJIEHOK. boree
TOTO, YTOHEHHUS IJIEHKU B JIAHHOM 3KCIIEPUMEHTE TaKKe OKa3aJloCh HEJOCTaTOYHBIM, YTOOBI
n3MeHUTh Awesr. Ha puc. 1b mpencraBiena 3aBUCUMOCTD Oeff OT ¢ JUISI TEX )K€ TUICHOK. BuHo,
Y9TO Oeff YMEHBIIACTCS IS TJICHKM HUCXOMHOW ToimuHoN 73 nm Ha 10%, a 11 TUIeHKH

HUCXOAHON Tommuuon 17 nm Ha ~20%.

18} @] 11f (b)
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14l
= 14 Kos! S— .
12 0.7}
10:--.»----.-----. ---------- W n-- 0.6 }
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Puc. 1. (a) 3aBUCUMOCTD yTJIa paccesTHUs TEKCTYPHI A®err OT cyMMapHOTo Bpemeru MI10 ¢ mis mieHok
17 m 73 nm. llITpuxoBble JTUHUU - AMMIPOKCHUMAITUS JAHHBIX JKCIEpUMEHTa JTUHUSMHA YpoBHS. (b)
3aBHCUMOCTD JIOJH KpHCTALIHYECKOH (a3bl dcrf OT cymmapHoro Bpemenu WUIIO mis ruteHok 17 u
73 nm. UepHble MapKepsl - TUIeHKa 73 nm, OeJible MapKepsl - TuieHKa 17 nm.

Ha puc. 2a npexacrasnena 3aBucumocts D oT . Kak m B ciyyae ¢ yriioM paccesHus
TEKCTYphI, B JaHHOM ciy4dae D cmabo mensietcss B pesyiabrare MIIO, mostomy Xopoiro

aTnMpPOKCUMUPYETCsl TUHUEH YpoBHs. TakuM oOpa3oM, MOKHO YTBEPXKAAaTh, YTO BO3ECHCTBHS
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NIIO Ha BenumumHy D HET, WM O3TOT pPE3yabTaT CHPaBEUIMB I Pa3HbIX MCXOIHBIX
MUKpOCTpyKTyp. Ha puc.2b mnpuBeseHa 3aBUCHUMOCTh YJEJIBHOIO COINPOTHUBIEHUS OT
Bpemenn UI1O mist 73 nm miieHku, BUIHO, uTO p B pesynbTate UI1O MensieTcs ve 6ornee, yem
Ha 6%. DTO pe3yJbTaT COrIacyeTcs C 3aBUCUMOCTBIO D(f), HO MPOTHUBOPEUUT pe3yiIbTaTaMm,
MOJIyYE€HHBIM IS Ocfr. MI3BECTHO, UTO p yBETUUMBAETCA NMPU YMEHBIIEHUU Pa3MEpOB 3€PEH,
HO TIPY 3TOM 3a CYET YBEJIUYECHUS KOJIMYECTBA MaTepuaia B MEX3EPEHHBIX IPaHUIIaX JOKHA
YMEHBIIATHCA U Oeff. Y MEHBIIEHHUE Ocff, KOTOPOE HE COMPOBOXKIAETCS yMEHbIeHueM D,
MOXXHO OOBSCHUTH BHECEHUEM AEPEKTOB, KOTOPbIE HE OKA3bIBAIOT OOJBIIOIO BIMSHUS Ha
OCTPOTY TEKCTYyphl, YHeJIbHOE compoTuBieHue, pasMepel OKP, HO ywmeHbIIAOT
MHTEHCUBHOCTh Ju(dparupoBaHHoro uanydeHus. K takum aedextam OTHOCSATCS TOUEUHbBIE

)Ie(l)eKTI)I, HaInpuMep, BaKaHCUH U MEXKIO0Y3CIbHBIC aTOMBI.
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Puc. 2. (a) 3aBucumocts D ot cymmapuoro Bpemenu MIIO mist mnenok 17 u 73 nm. YepHbie MapKepbl
- TuieHKa 73 nm, Genbie Mapkepsl - ieHka 17 nm. (b) 3aBucUMocTs p OT cymmapHoro Bpemenu UI1O
JUTS TUTEHKH 73 nm.

Ha puc. 3 u 4 npeacrasnenst COM u300pakeHrsi TOBEPXHOCTH TIIEHKH Pt mcxomgHOM
TonumHOM 73nm u 17 nm coorBeTrcTBeHHO A0 W mnocie cepun MIIO. Bugno, uyto
pesyastatoMm UIIO crano ykpymHEHHE JaTepalbHBIX pPa3MepOB OOBEKTOB, COCTABIISIOIINX
MOBEPXHOCTh, TAK)KE pPE3KHUE TpaHUIlbl 3epeH He HalmoaaroTcs. Takoe ke yKpyNHEHHe
Habmoanock u B pesynbrare IO mnenku Pt, mpoBeaeHHON MpH CMEIIEHUSIX HA TOIOKKE
25-65 V [5], u MoxeT ObITh O0BSICHEHO MOBEPXHOCTHOUN nuddy3ueit, mpoucxoasienn Takum
o0pa3oM, 4T0ObI MUHUMHU3HUPOBATh TOBEPXHOCTHYIO SHEPTHIO MJIEHKU. B pe3ynbpTaTe HOHHOM
60MOapIMPOBKH MOABM)KHOCTh M KOHLIEHTPALUsS aJaTOMOB YBEJIWYHUBAIOTCS, YIUIyOJEeHUS B
MecTax BbIXOJa Ha MOBEPXHOCTh MEXK3EPEHHBIX I'PaHUI] 3aMOJHSAIOTCS MaTepUajoM, TaKUM
o0Opa3omM, rpymnmna M3 HECKOJbKHMX COCETHHX 3€peH BOCIPUHUMAETCS KakK OJMH OOBEKT.
Opnaxo BbIIe ObUTO MOKa3aHo, uTo D B pesyinbTare UI1O He yBenuuuBaercs, Mo3TOMY €CTh

OCHOBaHMS CUUTATh, YTO M CPEHUH JIATEPATIbHBIN pa3Mep 3€PEH TAKKE HE MEHSAETCS.
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Puc. 3. COM wu3o0pakeHus MOBEPXHOCTH IUICHKHM UCXOAHOM Touaoi 73 nm g0 UIIO (a) u mocie
yetbipex UITO (b).

Puc. 4. COM wu3o0pakeHus] MOBEPXHOCTH IUICHKHM UCXOAHOM Tomuaoi 17 nm g0 UITO (a) u mocie
yetbipex UITO (b).

Takum 00pazoM, MOKa3aHO, YTO JUTMTENbHAsI MOHHAs O0OMOapaIUpOBKA TOHKUX TJICHOK
Pt, mpoBomuMasi co cpeaHeW HSHEprMM WOHOB HIDKE IMOpOTra pPaclbUICHWs, HE BIUSET Ha
MUKPOCTPYKTYPY, YACTHHOE CONPOTHBIICHHE U OCTPOTY TEKCTYPHI TUICHKH.

Pabota BemmonHena B pamkax ['ocymapctBennoro 3amganust DTUAH um. K.A. Banuesa
PAH Munobpuayku P® mo teme FFNN-2022-0017. COM wuccnenoBaHusi BBITIOJHEHBI C
ucronb3oBanueM obopynoanuss L[KII JlmarHoctnka MHUKpPO- W HAHOCTPYKTYp™ TMpH
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BJIMSTHUE HOHHOM OBPABOTKHA HA CBOMCTBA ILTEHOK
PEJAKO3EMEJIBHBIX ®EPPUT-I'PAHATOB
THE INFLUENCE OF ION TREATMENT ON THE PROPERTIES OF RARE
EARTH IRON-GARNET FILMS

C.B. Tomunun, A.A. Ceipos, C./l. JIsmko, B.H. bep:xxanckuiit
S.V. Tomilin, A.A. Syrov, S.D. Lyashko, V.N. Berzhansky

Kpvivmckuii ghedepanvuwiii ynusepcumem um. B.U. Bepnaockoeo,
npocn. Beprnaockoeo 4, e. Cumgpepononw, Poccuiickaa ®edepayus,

Pecnyonuxa Kpoim, 295007, e-mail: tomilin_znu@mail.ru;

The paper presents the results of studying the features of the structural, optical and
magneto-optical properties of epitaxial iron-garnet films (EIGF), which doped by
rare-earth elements, after inhomogeneous ion etching through a mask. It was
shown that when using a cylindrical mask, an EIGF etching profile nearly to
elliptical is formed. The thickness of the EIGF in different parts of the etching
profile determines the form of the transmittance and the magneto-optical Faraday

effect spectra.

ONHTAKCUATIbHBIE IJIEHKH (beppuT-rpaHaToB (BT, JIETUPOBAaHHBIE
PEAKO3EMENIbHBIMU  3JIEMEHTAMHU, TNPUMEHSIOTCA JJs CO3JIaHUS BBICOKOUYBCTBUTEIBHBIX
JATYNKOB MArHUTHOTO Mojs. Takue IUIEHKH, BBIPALEHHbIE Ha TOJIOKKAX HEMarHUTHBIX
IpaHaTOB, MMEIOT MOHOKPHCTAJUIMYECKYIO CTPYKTYpPy U 00JIaJjalOT BBICOKOW CTENEHBIO
CTPYKTYpHOTO coBepuleHCTBa. [IpuHIMO TpUMEHEHHs TaKuX IUJIEHOK OCHOBaH Ha
MarauroontuyeckoM 3¢ dexkre Papanes, Mpu 3TOM paclpeaesieHue HaMarHUYE€HHOCTH B
IUIOCKOCTH IMJIEHKU TO3BOJISET HE TOJNBKO (PMKCHPOBATh BETMYMHY MAarHUTHOTO TOJS, HO U
BH3yaIM3upoBaTh ero pacnpenenenue. s sddexkruBHoro mnpumeHenus OO wux
MMOBEPXHOCTh TOJBEPraeTcsi HOHHO-IIAa3MEHHOW o00paboTke. ITO HEOOXOAMMO Kak B
KadyecTBE IMOCTPOCTOBOM 00paboTKM (yAaJieHWe TIOBEPXHOCTHOTO CJIOSl, CHHXXEHHUE
IepOXOBAaTOCTH), TaK MW JUId MNPUAAHUS OINpeAeaEHHOro mnpoduis (CHATHE KpaeBbIX
HanpspkeHui, Gopm-(axkTop U T.1.), OTAETBHO MOMET NMPUMEHSITHCS METOJMKA MOCIOMHOTO
CTpaBIMBaHUS JUIsl HUCCIEJOBaHHUS BHYTPEHHEH CTPYKTYypbl IUIEHKH U  pa3MepHBIX
3aBUCHUMOCTEN MarHUTHBIX U MAarHUTOONTHYECKUX dPPEKTOB.

B nanHo#i paboTe MOHHOE TpaBiIEHHE OCYILIECTBISLIOCH C UCIOIb30BAaHUEM BaKyyMHOM
ycraHoBku «MBY TM Ilnasma 06» (HUM TM, 3eneHorpan) B mia3Me Ar’ mpH JaBieHUH
1 Tla (ocTaTouHOE maBneHne aTtMOChEpHBIX Ta3oB He xyxke 5-107 [Ta). B manHON ycTaHOBKE

ra3Ma reHepupyetcs 3a cuét mieroniero BU-paspsna (13.6 MI'm). TpaBrnenue moBepXHOCTH
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oOpasma mpoucxoaut 3a cuét BY-cmemieHus Ha TPEAMETHBIA CTOJIUK OT HE3aBHCHMOTO
reHeparopa (13.6 MI'm). OOmas cxema peakTOpPHOW Kamepbl YCTAaHOBKU IS MOHHO-

IIa3MCHHOI'O TPAaBJICHUS ITOKa3aHa Ha pUC. la.

Ar” ions flow
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Puc. 1 — Cxema sKcIiepuMeHTa: a — CXeMa peakTopHOU kaMmephl yctaHoBkH «MBY TM Ilirazma 06y,
0 — cxema popmupoBanus npopuist DIIDI ¢ TOMOIIBIO HUIMHIPUYSCKON MACKH.
Fig. 1 — Scheme of the experiment: a — scheme of the reactor chamber of the machine «MVU TM
Plasma 06», b — scheme of EIGF profile formation using a cylindrical mask.
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Substrate

st popmupoBanust riaaakoro npoduis nmoBepxHocTH DIIDIT ¢ momMomp HOHHOTO
TpaBJIEHUs MPUMEHSIIACh UJIMHAPUUIECKass Macka U3 KpucTaummueckoro kBapia (puc. 16). Ha
Kpasix Takoil Macku (GOpMHUPYIOTCS HEOJHOPOJIHBIE HOHHBIE MOTOKH, YTO NPUBOAMUT K
HEOJIHOPOJHOM CKOPOCTH TPaBJIEHMSI U, KaK CIEJICTBUE, K (POPMHUPOBAHUIO IJ1aIKOTO Mpodus
IIEHKK Ha rpaHuuax oOnactu TtpaieHus. llpodunb TpaBneHUs, NOMYyYEHHBIH Hpu

WCIOJIb30BAaHNU MAacKH C paJiyCcoM 3aKpyTiieHus 6 MM, TOKa3aH Ha puc. 2.

I T

-8 2 4 6 x.mm 8

Puc. 2 — ITpoduns DIIDI nmociie HOHHOTO TPABJIEHHUS ¢ MOMOIIBIO [IUIMHIPHUECKON MACKH.
Fig. 2 — EIGF profile after ion etching using a cylindrical mask.
Bunano, uto B pesynbrate popMUpOBaHUS HEOJHOPOJHOTO IJIA3MEHHOTO MOTOKA O]
Mackoil oOpaszyercss Tpowib TpaBiIeHUS OJM3KUNA K JIUIMNTHYECKOMY. XapaKTepHbIS
CAMMETPUYHBIE BBICTYIIBI «KOMIAYbW YIIW», NPUCYTCTBYIOIIME HA PACCTOSHWUU HPUMEPHO

3 MM OT LEHTpa Macku, oOpa3oBaJiUCh B pe3yJbTaTe NEPEOCAKIEHUS pPaCIbUIEHHOTO
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Marepuaia TIEHKA U TPEACTABISIIOT cO00M aMOp(HBIM KOHAEHCAT W3 TPaHAaTOOOPa3yIOIIHNX
OKCH/IOB.

Pe3ynbTathl uccienoBaHusi ONTUYECKUX U MATHUTOONTHYECKUX XapaKTEPUCTHUK TIEHKU
OII®I' B pa3nuuHbIX y4yacTKax Mpo@uiis TpaBjieHMs MOKa3aHbl Ha puc. 3. B wacTHOcTH, Ha
puc. 3a mOKa3aHbl CHEKTPbl ONTHYECKOTO IMPOIyCKaHUs oOpa3lla Ha ydacTKax ¢
KOOpJIMHATaAMM, COOTBETCTBYIOIIMMHU pHUC. 2 (KOOpAMHATHI B MUJUIMMETpax YKa3aHbl B
nereHne). BuaHo, YTO Ha «TONCTHIX» YywacTKax (koopauHaTel 0 —2 MM) B cCHEKTpax
MIPUCYTCTBYIOT MEPUOJINYECKUE OCUMIUIALINH, CB3aHHbIE ¢ UHTepdepeHuueit B cioe DIIDI.
Ha «ronkux» ydactkax npoduis (koopauHatbl 3 — 6 MM) MHTEephEPEHILIUsS OTCYTCTBYET, a

MPOITyCKaHUE B BUAMMOM 00J1acTH BO3pacTaeT.
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Puc. 3 — OnTrueckue (a) u MmarauroonTryeckue (0) xapakrepuctuku DI1DI" Ha pa3HBIX ydacTKax
npodus TpaBlieHus (YKa3aHbl B JIeTeH 1€, KOOPAWHATHI B MUJUIUMETPAX COOTBETCTBYIOT PHC. 2)
Fig. 3 — Optical (a) and magneto-optical (b) characteristics of the EIGF at different areas of the etching
profile (indicated in the legend, coordinates of millimeters are corresponded to Fig. 2)

AHanornuHo Mmarauroontudyeckuil spdexkr dDapazges (puc. 30) B «TOJNCTOI» YacTh
npouiIsi MMEET CIEKTpalbHbIE OCHWUISAINN, CBSI3aHHBICE C HHTEp(EpeHInei, KOTopbhie
MCYE3al0T TI0 MEPE YMEHBIIICHHs TOJIIUHBI TUIEHKHU, TIPH 3TOM BennunHa dddexra Dapanes
TaKKe CYIIECTBEHHO CHUXAETCS B 4 — 6 pa3 (17151 pa3IudHbBIX A).

Takum 00pazoM MOKa3aHO, YTO METOJAOM HMOHHOTO TPAaBJIEHHUS MOBEPXHOCTU IIEHOK
OIIDT" ¢ npuMeHeHHEM NUJIMHIPUYECKUX MACOK BO3MOYKHO TIONYYHUTh TMPO(IIb TpaBICHHS
OMM3kMii K dumnTHYeckoMmy. lcciemoBaHws ONTHYECKMX W MArHUTOONTHYECKUX
xapaktepucTuk JIIDI" B pa3nuyHbIx yyacTKax Npo¢uiis TpaBiIeHHs BBISBHIN, YTO CTPYKTypa
CHEKTPOB MpPOIMYyCKaHUS M  MarHutoontuyeckoro sddexra Dapaness MNOIHOCTHIO

oTpeesnsieTcs TONUHON MIEHKN (peppuT-rpaHaTa Ha JaHHOM Y4YacTKe MpOQHIIs.

Pabora BemonHeHna npu (uHAHCOBOU Mojepkke rpanta ['ocymapcrBenHoro Cosera

Pecniy6nmuku KpeiM, noctanosienue Ne n1653-2/23 ot 30.01.2023.
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BO3JIEVICTBUE TPABJIEHUSI TOHOCOJIEPXKAIIIIMU PEAKTUBAMU HA
OPAT'MEHTBI CUHTE3UPOBAHHBIX ITNIACTUH BETA-OKUJA I"'AJIJIA
IMPACT OF ETCHING VIA ION-CONTAINING REAGENTS ONTO FRAGMENTS OF
BETA GALLIUM OXIDE SYNTHESIZED PLATES

M_J1. lllapkos', M.E. Boiiko!, I1.H. Byrernko', A.A. 3apuunsiii', A.B. Uukupska',
B.M. Kpeivos!, B.W. Hukonaes!
M.D. Sharkov'!, M.E. Boiko!, P.N. Butenko!, A.A. Zarichny', A.V. Chikiryaka!,
V.M. Krymov!, V.I. Nikolaev'

" ®TH um. A.®@. Hoghpe PAH, 194021, Ilonumexnuueckas ya., 26, Cankm-Ilemepbype,

Poccuiickasa ®@eoepayus, mischar@mail.ru

The impact of chemical-etching-and-annealing procedures onto a set of beta gallium oxide
samples has been studied using scanning electron microscopy and X-ray diffraction
techniques. Forming of etch pits at a surface of beta gallium oxide due to chemical-etching-
and-annealing has been stated. The disappearance of non-stoichiometric and spatially deviated

phases within the samples subjected to chemical-etching-and-annealing has been shown.

B 4nciio HOHHO-MHIYITUPOBAHHBIX MPOIIECCOB BXOASAT MPOILEIYPHI, MPEIIOoIararomne
XUMHAYECKOE BO3ICHCTBHE MOHOCOIEPKAIINX JKUJAKIX PEAaKTHBOB Ha Marepuaibl. K TaKOBbIM
IpoIelypaM OTHOCATCS, K MPUMEPY, OKUCIUTEIFHO-BOCCTAHOBUTEIFHBIE PEAKIIMH, a TaKXKe
o0paboTka 00pa3loB MOCPEACTBOM XUMUYECKOTO TPABJICHUS C IPUMEHEHHEM KHUAKO(A3ZHBIX
pPacTBOPOB MIE0UeH JTUOO0 KHCIIOT.

B nannoit pabore wucciemyercss cocTtosiHre (GparMeHTOB IIIACTHHBI OeTa-OKCHaIa
raums B-Ga;03, TOABEPTHYTHIX IEMOYKE MPOIECCOB TOCIEOBATEIEHOTO XUMHUYECKOTO
TpaBineHus u orTxwura. B-GaOz gBIsSETCS MHUPOKO30HHBIM TIOTYIPOBOJHHUKOM C IMHPHHOM
3ampenieHHON 30HbI OKOJIO 4.9 3B M aKkTHMBHO HCHOJIB3YETCS B KA4eCTBE MOJIONKEK IS
obpasnoB. [lo 3Toii mpuumue mnponeaypsl pocta [-Ga,O3 mpeaycMaTpuBarOT BBICOKYIO
CTeneHb coBepuieHcTBa Marepuana. P-GaOs obnagaeT MOHOKIMHHOW PELIETKOM, rpymia
C2/m (12), mapameTpsl JneMeHTapHOH sueitku a=1223 A, b=3.04 A, c=5.80A,
S =103.70° (xapter ICDD #01-074-1776, #00-041-1103).

OO6pa3siibl, u3yyaemMble B JaHHOW paboTe, OB U3HAYAIBHO BBIPE3aHBI BHICOKOTOYHOM

LUUPKYJSAPHOW aidMa3HOW MUJIOW M3 OOBEMHOI0 KpuCTallia, BblpamieHHoro merogoM EFG
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(Edge-Defined Film-Fed Growth, T.e. mnpukpaeBod poOCT IUIGHKH C TOAMUTKOH), C
HarnpaBienueM pocta [010] aromuoit marpunibel B-Ga>Os. Bwipe3anHsie ¢parMeHTH UMETH

dbopmy ToHkMX mapawienenuneoB  2.5x3x0.3MM, ¢ OONBIION  TUIOCKOCTHIO,

OPHEHTHPOBAHHOM B COOTBETCTBHH C MIOCKOCTEIO ( 201 ) MaTpuisl B-Ga20s.

[TomydyenHnble 00Opa3lbl OBLIM MOABEPTHYTHI CEPUM YepeAyeMbIX IPOIIECCOB
XuMHueckoro tpasieHus (oprodochopnas kucimora H3POs, xoHnentpamus 85% mno macce,
MPOJOJKUTENFHOCT Kaxa0W mpouenypbl — 10 MUHYT) M OT)KUra B TE€UEHHE HECKOJBKHX
gacoB Tmipu Temrepatype okomo 1400 K. Tlpomecc, cocTosiBIMii W3 TpaBJICHHUS U
MOCIEAYIOEro  OTXKWra, OBblT  TOCIeNIOBaTeNbHO MOBTOPeH 4 pasza, Mpu ITOM
MPOJIOJKUTEIIBHOCTh OT)KHUTA COCTAaBIsUIA 1, 2, 3 1 6 9acOB HA Ka)KIOM II1are COOTBETCTBEHHO.

Ha nHauvanpHOM cTaguu, a TakXke MOCJie BTOPOM M YETBEPTOW MTEpaluuid MPUMEHEHUS
MOCJIeIOBATEIILHON MPOIEAyphl TpaBleHUs W OoTXKura (31ech u nanee — craauu SO, S2, S4
COOTBETCTBEHHO) ObLTH M3MEPEHBI KAPTUHBI PACTPOBOU IIEKTPOHHOM MUKpockonuu (POM) u
KpUBBIC PEHTTCHOCTPYKTypHOTO aHanu3a (PCA).

Kaptuaer POM Obutn mosmydensl Ha mpubope Supra S5VP B pexume BTOpUUYHBIX
anextpoHoB. [lanueie PCA Opum 3apeructpupoBaHbl Ha JlabopatopHoM mpubope IPOH-7
(OTU um. A.®. Uodpde) npu CuKa wmsnyuenumu (1.5406 A) ¢ ucnonb3oBaHmEM
cruuHTWLIIIIMOHHOTO eTekTopa SCSD-4C u omHokpucTansHOro MoHOoXxpomatopa Ge (111),

IIPU 3TOM NPUMEHSUINCH JIBE Pa3HbIe CXEMbl U3MEPEHHUS IO JIBYM pa3HbIM cxemam — 0-20- u

WO-CKaHUPOBAHMHA.

Puc. 1(a). Puc. 1(b). Puc. 1(c).
Puc. 1. Kaptuusl POM ot oxHoro u3 o0pasios Ha cragusax SO (a), S2 (b), S4 (c).

Ha Puc. 1 (a, b, ¢) mokazansl kapTuasl POM ot ogHOTO M3 00pa3ioB Ha craausx SO,
S2, S4. Ha cramguum S2 HaGmrogaeTcss OOJBINOE YHCIO SIMOK Ha TOBEPXHOCTH 0Opasia,
BBICTPOMBIIMXCSA B Psiibl BHoib HampasieHus [010]. I[To-BuguMomy, 3TO SMKH TpaBJeHUS,
W3BECTHBIE W3 JIMTepaTypbl [1] W CBsA3aHHBIE C BBIXOAAMH KpAaEBBIX IHCIOKAIWN Ha
MOBEepXHOCTh oOpasma. Ha cramum S4 sMKu TpaBlieHHUS COXPAHSIOTCS, HO B 3HAYMTEIHHO

MEHBIIICH KOHIICHTPAIIUHA U B XAOTHYECKOM PaCTIPEICTICHIH.
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[Tockonbky oOpa3ipl, BbIOpaHHBIE IJS HCCIEAOBAaHUSA, UMeNU (OpMy IUIACTHUH C
IJIOCKOCTBIO, COOTBeTCTBYyIomeH mnockoctd (201) PB-Gax0s3, usmepennss kpusbix PCA
MIPOBOJIMITUCH B OKPECTHOCTH pediiekca 201 u KpaTHBIX eMy pediekcoB (0T 402 10 F)OS,
BKIrodas 201 Kak TakoBOM) ¢ OpIrroBckoii reomerpreii B 30He 010 B pexknmax 0-20 u o-
ckaaupoBanus. T.0., Ha kKaxmoi ctaguu (SO, S2, S4) 6buto momydeHo 10 PEHTTEHOBCKUX

KpUBBIX AudpakironHoro orpaxkenus (KIO).

Ha Puc. 2(a-f) nokazansl KJIO B cranpaptHoii 0-20 xoHpurypauuu n3mepeHuil ot
pedaexcos 201, 603, 402 Ha cramuax SO, S2, S4 COOTBETCTBEHHO, a TAKKe B PEKHME (-

ckaHupoBaHus 11 pedraexcoB 201, 201, 603 Ha cramgusax SO, S2, S4 cOOTBETCTBEHHO.

Puc. 2(e) mocTpoeH ¢ TMHEMHOM 1IKaI0il MHTEHCUBHOCTH IS CIIEHUAIbHOM 11eJTH.

E —— Exp. data 5 —— Exp. data [
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[ —— Peak 2, model 1 03:
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Puc. 2(d). Puc. 2(e). Puc. 2(D).

Puc. 2. Kpussie PCA ny1s penexcos B 0-20 peskume: 201 Ha ctamuu SO (a), 603 Ha ctaguu S2 (b),

402 Ha craguu S4 (c) ; B o-pexxume: 201 Ha craguu SO (d), 201 Ha cramuu S2 (e), 603 Ha cTaauK
S4 (f). Puc. 2(e) npuBeeH ¢ JTUHEHHOMN MIKaIOW /I HATJISIIHOCTY IIPU OOBSICHEHUN CUTYaI|H.

O6mas ouenka Bcex kpuBbix PCA, momyuyeHHBIX B pexume 0-20 ckanupoBaHUs, O
Mozenmn BumbsiMcona-Xoa [2] 6e3 ydera ammapaTHON (DYHKIIMHM TTOKa3bIBA€T, YTO HA BCEX
CTaausaX BenMuunHa obnactu korepeHTHoro paccesHus (OKP) ompenensiercss B nmuama3oHe
400-600 HM™.

Kpussie PCA, momydyennsie Ha ctaguu S0, TOKa3piBalOT (cM., Hamp., Puc.2(a))
pacmieruieHre pedIIeKcoB Ha /1Ba (KaK MHHHUMYM) OTJEIBHBIX MHUKA, OTBEYAONINX (azaM CO
ClIeTKa pa3IMYyaloNIMMHCSI MeXAy coOoil mapamerpamu pemietkd. Ha audpakunoHHBIX
KapTUHAaX Takas CHUTyalusl OTpakaeTcsi B BUJAE CHIBHO HCKa)XEHHOH (OpMBI KPHUBOHU €O

CHJIIOI]_[eHHOfI BerHeI\/'I YaCTblO, YTO HE IMO3BOJIACT IMPOBOJWUTH CAUHYIO alllIpOKCUMAalWIO
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KJIO na ocHoBe ctanmapTHbIX ToaxoaoB (pynkiusmu ['aycca, Jlopenna, Boiita, mceBmo-
Boiita u T.71.). IlosiBieHHME KOMIIOHEHT C W3MEHEHHBIMHU IMapaMeTpaMy SYEHKH MOXKET
TOBOPHUTH O MPUCYTCTBUHU B o0Opasiiax HecTexuoMeTpudeckux ¢as. B cBoro odepenb, KpuBbIe
o-CKaHupoBaHWs Ha cTaaud SO TOKa3bIBAIOT TMPHUCYTCTBHE (pa3bl C OTKIOHEHHEM
Harnpasienus [ 201 ]. Hanpumep, na Puc. 2(d) BugHO, 4T0 B 06pasie NpUCYTCTBYET (paKius
0JIOKOB C OpHEHTAallMel pEeNIeTKH, OTKIOHEHHOW Ha YroJ OKOJI0 S5 arcmin OTHOCHUTEIBHO
OCHOBHOI YacTH JTJOMEHOB MO3anKH.

Ha cramuu S2 0-20 xpuBsie PCA yxe npuobperatot ¢popMy, HE CBHAECTEIbCTBYIONIYIO
0 BO3MOYXHOM CYIIIECTBOBAaHWUH B 00pasmax Kakux-auoo (a3 ¢ M3BMEHEHHBIMH MapamMeTpaMmu
pemerku (cM., Hamp., Puc.2(b)). Ognako KJIO B w-pexxmme, Hampumep, B CHTYallUH,
wutrocTpupyemoit Puc. 2(e), nemoHcTpupyeT Hanmuuue (asbl ¢ OTKIOHCHHEM HaIpaBJICHUS
[201] Ha Benmnumubl 0.8-1.8 arcmin or ocHoBHOM (a3bl. MckaxkenHas (opMma KpUBOH Ha
Puc. 2(e) ocobeHHO HarfsgHO BHJHA MpPH JIMHEWHOM IIKajlle WHTEHCUBHOCTH, KOTOpas u
WCIIOJIh30BaHa Ha JAHHOM PHUCYHKE.

Hakonen, KJIO, nomydennsie Ha craguu S4 (Hamp., Puc.2(c) mis 0-20 cxewmsl,
Puc. 2(f) nns o-pexxuma), 061agaroT cTaHaapTHON (OpMOI B THUarma3oHe HHTEHCUBHOCTEH 110
JBYX TOPSIIKOB BEJIMYMHBI HWKE Makcumyma. Ha cramum S4 nudpakimoHHBIE KpUBBIE HE
JTEMOHCTPHUPYIOT MPUCYTCTBHUS B 00pa3iiax KaKux-In00 HECTEXHOMETPUIECKUX (DPArMEHTOB C
W3MEHEHHBIMHU TIapaMeTpaMH PEMIeTKH, a PaBHO (PpakIui, CYIIECTBEHHBIX MO 00BEeMy W
OTKJIOHEHHBIX 110 HANPaBIEeHHIO [ 201 ] OTHOCHTENHFHO OCHOBHON (DpaKIiH.

Takum 06pa3om, MOKHO CHOPMYITUPOBATH PSJT TUTIOTE3, UTO:

(1) Ha craguu SO oOpasupl (BEpOSTHO, B PE3yibTaTe BO3ACUCTBHUS HUPKYISIPHOU
MIUAJTBI) IEMOHCTPUPYIOT CYIIECTBOBAaHUE HECTEXHOMETPHUIECKUX M OTKIIOHEHHBIX (PPaKITUii;

(2) ma cramum S2 B oOpasmax Qopmupyercs OOJBIIOE KOJIWYECTBO KPaeBBIX
JUCJIOKAITUN W COXPAHSIOTCS OTKJIOHEHHBIC ()PaKIUU, B TO BpeMsI KaK HECTEXUOMETPHUIECCKHE
(ha3el IepecTaroT MPOSIBIATHCS,

(3) Ha cramum S4 KOHIIEHTpAIMs KpaeBbIX IUCIOKAIMi B oOpaslax Maaaer,

OTKJIOHEHHbIE (PPAKIIUN HE JEMOHCTPUPYIOT MPU3HAKOB MPUCYTCTBUS.

[1] O.Ueda, N.Ikenaga, K.Koshi, K.Ilizuka, A.Kuramata, K.Hanada, T.Moribayashi, S.Yamakoshi,
M. Kasu. Jpn. J. Appl. Phys. 55, 1202BD (2016).
[2] J.K. Williamson, W.H. Hall. Acta Metall. 1 (1), 22-31 (1953).
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Cexyusa 5. Bzaumooeiicmeue nia3mpl ¢ NOBEPXHOCMbIO — (hu3uKa u
mexHo02us

Section 5. Plasma-surface interaction — physics and technology






ALUMINIUM OXIDATION IN PLASMA OF ABNORMAL GLOW DISCHARGE.

A.A. Pisarev', G.M. Tarasyuk!, P.V. Borisyuk', M.G. Isaenkova', Yu.Yu. Lebedinskii' 2,
M.M.Zaripova!
! National Research Nuclear University MEPHI, Moscow 115409, Kashirskoe shosse 31,

Russia

2 Moscow Institute of Physics and Technology (MIPT), Dolgoprudny 141700, Institutskii Lane 9,
Russia

Aluminum oxide layers in all its various forms have become widespread due to the unique
combination of properties that can be modified by varying the conditions of their growth. The
alumina layer can either be applied to the substrate by chemical and physical methods or grown by
oxidation. For practical purposes, layers of various thicknesses and structures are needed. The
standard method for obtaining thick (of the order of 100-1000 nm) porous layer is electric arc
anodization in weak electrolytes. The standard method for obtaining thin (about 10 nm) layers is
thermal oxidation. Dense layers of intermediate thickness are difficult to obtain by such methods.
There are few papers in the literature that investigate the possibility of obtaining oxide layers with
a thickness of tens of nanometers by oxidizing aluminum in oxygen plasma [1-5]. The description
of the kinetics of the oxidation process in those works was given on the basis of the assumption of
the diffusion character of oxygen transfer from the surface into the interior of the metal. This
approach is absolutely unsuitable for description the transport of oxygen and aluminum through
the oxide layer, since both oxygen and aluminum in the oxide are in the form of ions, and an
electric charge is formed on the surface of the dielectric facing the plasma, so that the transport of
oxygen coming from the plasma must occur under by the action of an electric field in the oxide
dielectric layer. In this work, experiments on plasma enhanced oxidation (PEO) were carried out
on the oxidation of aluminum in the anomalous glow discharge oxygen plasma, which provides
uniform treatment over the entire surface of samples of arbitrary shape. Also, a simple model was
proposed for description of the oxidation kinetics, taking into account oxygen transport in the

electric field.

Oxidation experiments were carried out with aluminum samples in the form of a tube 10 mm in
diameter, which was used as the anode, and the central molybdenum electrode wrapped in
aluminum foil served as the cathode. Before the experiment, the sample was etched in plasma in an
Ar:H = 4:1 mixture (pressure 100 Pa, voltage 200 V). Oxidation was performed at a voltage of
400-500 V and an oxygen pressure of 300 Pa.

Figure 1 demonstrates a time dependence of the voltage on the discharge. One can see that U(?)

increases. The power supply operated in the constant power mode; therefore increase of the
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voltage is to be accompanied by respective decrease of the current. This effect can be interpreted

as an increase of the electric resistance of the anode due to growth of an oxide layer on its surface.

520

voltage, V
N I &~ P o
B 5 3 & 8

N
=
(=4

0 60 120 180 240 300 360
time, s

Figure 1 Voltage on the discharge as a function of time of oxidation.

After oxidation, the surface topography and oxygen content were studied using scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX); the phase composition and
the chemical bonds of oxygen and aluminum were studied by using X-ray phase analysis (XRD)

and X-ray photoelectron spectroscopy (XPS), respectively.

Measurements of the oxygen content by the EDX (Figure 2) showed that the oxygen content in the
sample increased with time. If to assume that all oxygen is bound in the oxide, then this indicates
an increase in the thickness of the oxide layer, compared with the natural layer with a thickness of
the order of several nanometers. The thickness of the oxide layer increased, despite the fact that the
temperature during the experiment was low (about 400°C) and the diffusion coefficient at this

temperature is negligible.

After plasma treatment, the surface roughness increased (Figure 3) as it was ovserved by SEM.

This may be due to the formation of new phase precipitates with a larger unit cell volume due to

the inclusion of oxygen.

O experiment
model

Oxygen content (rel.un.)

=)

Time (h)

Figure 2 Oxygen content measured by EDX, normalized to the initial content, depending on the
time of treatment in oxygen plasma. Points - experiment, line - calculation.
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Figure 3 Surface relief before and after plasma treatment for 30 minutes and 3 hours

In XRD spectra after treatment in oxygen plasma (Figure 4), characteristic reflections of Al,Os3
were observed, which indicates the formation of a crystalline phase of aluminum oxide. The oxide
lines are very narrow, and there is no halo characteristic of the amorphous phase in the spectra.
This may indicate the absence of an amorphous phase, which is usually observed in thin (a few nm
thick) oxide layers. However, the oxide layers are very thin, and a small halo can be difficult to

see. Therefore, the final conclusion about the absence of an amorphous phase is still questionable.

X-ray photoelectron spectroscopy studies (Figure 5) confirm the formation of Al,Os. XPS provides
information about chemical compounds in a thin subsurface layer of a material (several atomic
layers). Therefore, both the oxide and the metal are visible in the initial sample, while the metal

line disappears in oxidized aluminum.

Modeling of the increase in the thickness of the oxide layer described in literature was carried out
using the concepts of the diffusion nature of the process. Nevertheless, diffusion is the process
characterised as random thermally activated jumps in different directions with a net flow in the

direction of decreasing concentration.

Al

Al-Cr
ALO,
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Figure 4 XRD spectrum of the sample after plasma anodizing for 3 hours

119



Al2p

Counts

after PEO

initial

_________

Binding Energy (eV)

Figure 5 XPS spectra (Al2p line) measured for the original sample (lower spectrum) and the
sample after plasma enchanced oxidation (upper spectrum)

However, for plasma oxidation, this approach is unacceptable. The oxygen that comes from the
plasma is in the form of a negative ion in the oxide. The metal (as an anode) at the interface with
the oxide is under a positive potential relative to the free surface of the oxide. Therefore, oxygen
moves in the oxide from the free surface to the interface in one direction under the action of an
electric field, but not as a result of random walks characteristic of diffusion. The ion accelerates in
the field, collides with metal atoms and loses energy, then accelerates again, and so on, until it
reaches the interface with the metal, where it binds to aluminum and increases the thickness of the
oxide layer. Based on such a primitive model, one can obtain the following formula for the

increase of the thickness of the oxide layer
x/xo = (1+A 1)?3,

where A= (2/3)Kx;>? , xo — a thickness of the original natural oxide layer, K=(n/Ny)(2lUe/m)"?, n-
a concentration of movable oxygen, No —a concentration of oxide, / —a characteristic free path of
oxygen when moving through oxide, U- a voltage between the free outer surface of the oxide and
the interface between the oxide layer and the mother aluminium metal, e —an ion charge, m- an ion
mass. Parameter 4 is characterized by a high degree of uncertainty. Nevertheless, the formula

describes the experimental data well (Figure 2) using the adjusted values of the parameter 4.

[11P L Worledge and D White, Br. J. Appl. Phys. 18 (1967)1337.

[2] A. Quade, H. et al., Thin Solid Films. 377-378 (2000) 626

[3] M.T. Jamil, Jet al., Digest Journal of Nanomaterials and Biostructures. 12 (2017) 595
[4] J.A. Baier-Saip, et al., Surface & Coatings Technology 195 (2005) 168

[5] V.I. Khvorostov, et al., Patent RU2581610C1 Priority to RU2014151166/07A
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MECHANISMS OF METHYL GROUP ELIMINATION FROM LOW-K SURFACE
WITH LOW-ENERGY Ar/He ATOMS AND IONS

A.A. Sycheva', A.A. Solovykh!? E.N. Voronina'?, O.V. Proshina!, T.V. Rakhimova!,
A.P. Palov', A.T. Rakhimov'?

ISkobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, 1(2),
Leninskie gory, Moscow 119991, Russian Federation
sycheva.phys@gmail.com,

’Faculty of Physics, Lomonosov Moscow State University, 1(2), Leninskie gory, Moscow,

119991, Russian Federation

Continuous downscaling of very large-scale integrated circuits (VLSI) brings many
challenges to modern micro- and nanoelectronics. Increasing resistive-capacitive delay,
dynamic power consumption and cross-talk noise become the main obstacles for this process.
To reduce these effects nanoporous organosilicate glass (OSG) films with a low dielectric
constant (low-k materials) are implemented as interlayer insulators between copper
interconnects of VLSI [1]. Particular structure of these materials (amorphous SiO, matrix with
nanosized pores covered by hydrophobic methyl CHs groups) enables to achieve ultra-low &
values (k < 2.5) but makes them quite sensitive to different types of irradiation.

Thin low-k films can be damaged during VLSI manufacturing by radicals, ions and VUV
photons of low-temperature plasma. Copper diffusion into dielectric is another reason of the
material degradation [1]; it can be prevented by the deposition of ultrathin barrier layers of
refractory metals (Ta, W, etc.) on the surface of the films. To enhance the adhesion of metal
atoms with low-k surfaces it is necessary to carry out their functionalization by removing
methyl groups from the uppermost layers of the film. For this purpose low-energy (up to
~ 20 eV) noble gas ion irradiation is presumed to be one of most promising approach [2—4].

Such a pretreatment could be carried out in radiofrequency (rf) plasma generated by
external electron beam ionization (e-beam-sustained discharge) with additional rf biasing; the
main advantage of such a discharge is the possibility to control independently incident ion
flux and spectrum. However, to reduce the low-k material degradation the precise control over
all plasma parameters during such a treatment is of critical importance.

Computer simulations can gain valuable insights into the mechanisms of the various
processes both in plasma itself and on the low-k surface under the conditions of plasma
processing. Recently a complex numerical simulation approach (Fig. 1) was applied to
estimate the possibility of low-k surface functionalization in e-beam rf discharge in He and Ar
[2, 3]. One-dimensional Particle-in-Cell Monte Carlo model [5, 6] developed in Lomonosov

Moscow State University was applied to study e-beam He and Ar plasma and to calculate
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fluxes and energy and angle distributions of incident ions near the samples under different
conditions (gas pressure, rf voltage, and rf frequencies); and a relative contribution of fast
neutral atoms into the overall fluxes was estimated. To determine optimal conditions for
surface functionalization at bottom and walls of nanosized trenches with high (~10 and larger)
aspect ratio an analytical approach [2] was used. And the possibility and potential
mechanisms of CH3 group elimination with low-energy ions were studied with ab initio

density functional theory (DFT) method.
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Fig. 1. A general scheme of the applied complex numerical approach for He e-beam plasma.

In this work we will present the main results obtained in DFT simulations and describe
the special features of interaction of light (He) and heavy (Ar) low-energy ions/fast atoms
with methyl groups at low-k surfaces. DFT calculations were carried out with VASP (Vienna
Ab initio Simulation Package) code [7] within GGA approximation (PBE exchange-
correlation functional, PAW pseudopotentials [8], plane wave basis set with 400 eV energy
cutoff). In dynamic simulations microcanonical NVE ensemble was applied; time steps were
chosen in dependence of the initial kinetic energy and trajectories were monitored for ~1—
2 ps. To reduce of computational cost a simplified molecular model of a polyhedral
oligomeric silsesquioxane (POSS) particle with one methyl group was chosen; such a model
consists of essential bonding of low-£ films and was successfully applied to simulate reactions

on their surface [9, 10].
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Fig. 2. a, b — sequential snapshots of the POSS model in the case of 15 eV Ar (a)/He (b) atom (vivid

colors) and ion (shaded colors) impact perpendicular to the Si—C bond. He, Ar, C, Si, O, and H atoms

are indicated with green, magenta, gray, orange, red, and white balls, respectively. Time intervals are

2.5 fs for incident particles and 10 fs for other atoms; ¢ — time dependencies of interatomic distances
in case of He/Ar atom impact with initial energy 15 eV.

The results obtained showed that low-energy He/Ar atoms and ions are able to remove
methyl groups. The minimum initial energy Ew of incident particle for the Si—C bond
breaking is estimated to be ~ 10-11 eV. This value corresponds to the case when the particle
moves almost perpendicular to the bond and rises with decreasing the incident angle. It was
found that the mechanism of Ar atom interaction with POSS molecule is mainly collisional
(Fig. 2a, vivid colors). Heavy and large Ar atoms move slowly enough and cannot come too
close to the methyl group (the minimal C—Ar distance is ~ 2.0 A, Fig. 2¢), so they are able to
cause only substantial displacement of the central C atom and a notable deformation of the
POSS molecule, while only slight vibrations of C—H bonds within the methyl groups were
initiated. The energy transferred to an eliminated CHz group is spent mainly to its
translational movement. In case of He irradiation (Fig. 2b, vivid colors), the light and fast
incident atoms can approach the C atom to the distances ~1.0 A, which are comparable with
the C—H bond length in the methyl group (1.1 A, Fig. 2¢). As a result, the impact of an He
atom induces significant perturbations of the electronic density of the whole CH3 group,
initiating fast vibrations of C—-H bonds and leading to the group elimination from the
molecule.

DFT simulations with the excess positive charge (+1e), representing the ion impact on
low-k surface, showed the decrease in the threshold energy Ew. This effect is closely related to
some remarkable changes in POSS structure. During the collision with ion (Fig. 2a,b, shaded
colors), the Si—C bond breaks and the Si atom moves deeper into the POSS cage. As a result

of such a displacement, the SiO3 fragment becomes almost flat and the electron density is
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redistributed significantly causing the appearance of an excess positive partial charge near the
Si atom. It means that the attraction between the methyl group and the Si atom becomes much
weaker, and the energy required for this group removal is decreased. Such a configuration of
the displaced Si atom with the localized excess positive charge can be considered a charge
defect formed by 1on impact.

In summary, performed calculations confirmed the possibility of methyl group
elimination from the low-k surfaces by Ar and He ions of energy less than 20 eV. Due to the
low energy of incident particles, the surface modification occurs only in a very thin uppermost
layer of the material and, therefore, such an irradiation should not change the properties of the
whole low-k film. The results obtained could be used to develop the technology of
preliminary low-k surface functionalization aimed at subsequent formation of diffusion
barriers.

The research is supported by the Russian Foundation for Basic Research (RFBR), Grant
Ne 18-29-27001, and is carried out using the equipment of the shared research facilities of

HPC computing resources at Lomonosov Moscow State University [11].
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IHJIASMEHHOE MOAN®UIINPOBAHUE TIOBEPXHOCTU TUTAHA JJIsA
MOBBIINEHASA ETO TEPMUYECKOM CTABUJIBHOCTH B YCJIOBHSIX
BBICOKOTEMIIEPATYPHOI'O OKHCJIEHUA
PLASMA MODIFICATION OF TITANIUM SURFACE FOR IMPROVEMENT
ITS OXIDATION STABILITY AT ELEVATED TEMPERATURES
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In the present work the phase composition of the Ti-Zr-Nb alloys after compression
plasma flows influence and oxidation at 600 °C was investigated. The ternary TiZrNb alloys
based on both high-temperature phase and low-temperature phase of titanium were formed in
dependence on the absorbed energy density. It was shown increasing in oxidation resistance of
the ternary alloys that results from niobium phase releasing from the solid solutions.

TuTtaHoBble CIUIaBbl HAXOAST IIMPOKOE MPUMEHEHHE B Pa3IUYHBIX OTPACISIX
MPOMBIIIJIEHHOCTH, B YaCTHOCTH, TPEOYIOIIUX UCIHOJIb30BaHUS B YCIOBHUSX OTKPBITON
BO3YIIHOM aTMocdephl IpH MOBBIIIEHHBIX TeMIepaTypax. Kak mpaBuiio, OKMCIeHHe TUTaHa
MIPU OTHOCUTENILHO HEBBICOKMX TeMIIepaTypax 3aTpyJHEHO BBUIY HAIUYHS OapbepHOTo €105 B
BHJIC TOHKOH IJIeHKH okcuia TuTaHa Ti02, 0JTHaKO TP YBETWUSHUH TeMIepaTypsl cBbire S00
— 600 °C mpoucxoaut pe3koe nopeiieHHe kKodddunmenTa quddy3un KUCIopoaa B TUTAHE U
MHTEHCUBHOE OKHCIIEHHE NMPUIIOBEPXHOCTHOTO Cci10s. TakuMm 00pa3oM, aKTyallbHbIM SIBJISIETCS
pa3paboTKa MoAX0JI0B MOJIU(MULMPOBAHUS CTPYKTYPHO-(A30BOTO COCTOSHUSI THUTaHA U €ro
CIUIaBOB, KOTOpPOE MO3BOJIUT MpPENOTBPATUTh OBICTpoe OKHcieHue. B Hacrosimelr pabote
MPEIJIOKEHO  MCIONIb30BaTh  BO3JEWCTBHE  HMITYJIbCHBIMH  BBICOKOIHEPIe€TUYECKUMU
IJIa3MEHHBIMU TIOTOKAaMU Ha MOBEPXHOCTh TUTaHA, IPUBOAIIEE K H3MEHEHUIO €r0 3€peHHON
CTPYKTYpbl M JIONOJHHUTEIbHOMY JIETUPOBAHMIO aTOMaMU METAJJIOB C ILENbI0 CO3JaHUs
TEPMHUYECKU CTOMKHUX MPUITOBEPXHOCTHBIX CIIOEB.

OObexkTaMH HCCIeI0BaHUs SBISUIMCH 00paslibl TEXHUYECKH YMCTOTO CIlaBa THTaHA
BT1-0, na koTopsie ObulM HaHeceHbl MOKPHITUS Zr U Nb. TomnmuHa KaXkJI0ro u3 MOKPHITUN
coctaBmsuia oT 1 1o 2 mMxMm. Pasmepsl oOpasmnoB coctaBmsin 10x10 MM u TosmuHa 3 MM.
OOpa3upl  NOJBEPrajuch BO3ACHCTBHUS KOMIPECCHOHHBIMHM IUIa3MEHHBIMU TOTOKaMH,
reHepanusi KOTOPBIX OCYLIECTBIISJIaCh B KaMepe MarHUTOIUIa3MEHHOIo KoMmIpeccopa B
octatouHO atMmocdepe azore, maBienue koropou coctaBimsuio 400 Ila. B skcnmepumente
BappUpOBajach IUIOTHOCTh MOTJIOUIEHHOW SHEPruu, 4YTO JOCTUTajJoCh IPU H3MEHEHUU
pacCTOsTHUS MEXIy MOBEPXHOCTHIO o0Opasiia M IEeKTpoJaoM oT 8 mo 12 cm. Brnocnenctum
o0Opa3ipl OTXKHUraguch B My(QenbHOW IeYd B YCIOBUSAX BO3AYIIHOW arMmocdepsl Npu
temriepatype 600 °C B TteueHne 8 wyacoB. B pabGore wu3ydancs ¢a3oBblii COCTaB
MOAU(DUIIMPOBAHHBIX  00pa3lloB € TOMOMIbIO PEHTICHOCTPYKTYpPHOTO aHalM3a Ha
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mudpaktomerpe Rigaku Ultima IV ¢ ucnonp3oBaHueM MeTHOTO H3Iy4YEHHS B T€OMETPUU

MapajuIeIbHbIX ITy4YKOB.
Ha pucynke 1 mpencraBieHbl peHTreHOrpaMMa oOpaslia THTaHa, IMOJBEPTHYTOIrO

BBICOKOTEMIIEpATYpHOMY OKHcIeHUr0 npu Temieparype 600 °C B TeueHume & Yacos.
[Tonmy4yeHHbIE CBUACTENHCTBYIOT O ()OPMHPOBAHUH B MPHIIOBEPXHOCTHOM CJIO€ JOCTATOYHO
TOJICTOTO cyiosi okcuaa Tutana 110> (MoguduKaius pyTHiia) U MepexoaHoN (a3sl TBEPIOTO
pactBopa o-Ti(O), comepkaHue KHCIOpOJa B KOTOPOH HEAOCTATOYHO I (POPMHUPOBAHUS
OKCHJTHOM (ha3bl.
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PucyHok 1 — PerTreHorpamMma TUTaHa 1ocie OTXKUra Ha BO3AyXe
pu 600 °C B TeueHue 8 yacos

BozneiicTBue  KOMIPECCHOHHBIMM ~ TUTa3MEHHBIMH ~ TIOTOKaMU € BbIOpaHHBIMU
SHEPreTUUEeCKUMH MapaMeTpaMH MPUBOJUT K MOJHOMY ILUIABJICHHUIO MOKPBHITUN LUPKOHUS U
HUOOWSA, a Takke K YacTUYHOMY IUIAaBJICHHIO TOJJIOKKH THUTaHa. B3aumonelicTBue
IJIa3MEHHOTO TIOTOKa C TOBEPXHOCTBHIO PACIUIABIEHHOTO CJIOSl METajula CIOCOOCTBYET €ro
MIEPEMENINBAHUI0 M TOMOTEHHW3AIMM 3JEMEHTHOTO COCTaBa, KOTOpas COXPAHSETCS IMOCIe
CKOPOCTHOM KPUCTAJUIN3AIMH paciuiaBa. Tak, COrJIaCHO pe3ysbTaTaM PeHTI€HOCIEKTPAIBHOTO
MUKpOaHaliu3a, MpPeACTaBIEHHBIX B Tabuuie 1, Npu yBeIMYEHUU IJIOTHOCTH MOTJIOUICHHON
SHEpPruM, T.e. C YMEHbIIEHHUEM paccTosiHUs (L), yMEHbIIAeTCs] KOHIEHTpAUs IUPKOHUSA U
HuoOus. OOmasi KOHUEHTpalusl HUPKOHUS U HUOOMS JOCTUTaeT MaKCUMaJIbHOI'O 3HAUYEHUS,
paBHoro 29,2 at. % npu L=12 cm. Pa3nnuHble KOHIEHTpAalUMU LUPKOHUS W HUOOHS B
MOAU(DUIIMPOBAHHBIX CJIOSX TUTaHA MO3BOJWIN C(OPMUPOBATH CIUIABBI TPEX TUIIOB: [3-CIIIaB
(7,9 at. % Zr u 21,3 at. % Nb), (a+PB)-cmuias (7,6 at. % Zr u 9,6 at. % Nb) u a-crunas (1,7 at.

% Zru 5,2 at. % NbD).

Tabmuma 1 — DnemenTtHsbI coctaB crutaBoB Ti-Nb-Zr nocie 06paboTKH KOMIPECCUOHHBIMU

IIJTa3MEHHBIMHU IIOTOKaMH

Pexxum mia3MeHHOM KonnenTpanus, at. %
00paboTKn Ti Zr Nb
L=8 cm 93,1 1,7 52
L=10 c™m 82,8 7,6 9,6
L=12 c™m 70,8 7,9 21,3
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BricokoTeMmneparypHoe okucieHue chopMHUpOBaHHBIX CIUIaBoB TiZrNb mpuBoaut K
M3MEHEHHIO UX (Pa30BOT0 COCTaBa, YTO OBLIO UCCIIEOBAHO METOA0M PEHTI€HOCTPYKTYPHOTO

ananmu3a (puc. 2).
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MOCJIe OTXKUTa Ha Bo3ayxe mpu temmneparype 600 °C

CormacHO  TpUBENEHHBIM  JaHHBIM  copmupoBaHHBIH  o-craB  TiZrNb
XapaKTepU3yeTcsl HAIUYUEM HUCKIIOYUTENIbHO HU3KOTEMIEpaTypHOHl «o-¢a3bl TuUTaHa, B
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KOTOPOW PacTBOPEHBI aTOMBI IIMPKOHUS W HHOOWsA. OgHAKo yke uepe3 | "ac omkura npu
temneparype 600 °C mpoucXoguT BblAeJIEHHE HUOOWS M3 TBEPAOro pacTBopa. Takke
BbIIeJIeHHE HUOOUS U3 TBEPAOI0 pacTBOpPA Ha OCHOBE [3-(ha3bl TUTAHA IPOUCXOIUT U HA IPYTHX
CHUCTeMaX, B KOTOpPbIX HaONIo/JaeTcs TMOJIHBIM pachaj TBEPIOTro pacTBOpa HAa OCHOBE
BBICOKOTEMITIEpaTypHO# (ha3el uepe3 1 yac omkura. CieayeT OTMETHTD, YTO aTOMBI ITUPKOHUS
HE BBLIENSIOTCA B BHJAE OTAETbHOW (a3pl. MOXKHO NPEaNoONOXKUTh, YTO IUPKOHUMN
pacTBopsieTCsl B HU3KOTEMIIEpaTypHOH ¢a3ze TUTaHa, KOTopas sBIsSeTcs Oojiee TepMHUUYECKH
crorkoit mpu 600 °C.

CrnenyeT OTMETHUTb, YTO 110 CPAaBHEHUIO C UCXOJHBIM COCTOSTHUEM TUTaHa, OKUCIICHUE
c(OpPMHUPOBAHHBIX CIIJIAaBOB HE MPUBOIAUT K 0Opa30BaHUIO OKCUAHBIX (a3 Ha MPOTIKEHUU
BCEr0 BpPEMEHHU OTXKura — mnociie 8 yacoB. Takke He MPOUCXOTUT 00pa30BaHUS MEPEXOIHON
(da3el B BUJE TBEPAOrO0 pacTBOpa KHUCIOpOJa B HU3KOTEMIIEpaTypHOH (aze TuTaHa. ITO
CBUJIETENLCTBYET 0 CYILIECTBEHHOM MOBBILLIEHUU TEPMHUYECKON CTOMKOCTH
MOAU(DUIIMPOBAHHBIX CJIOEB THTAHA BCIEJICTBUE MX JIETHPOBAHUS aTOMaMH LUPKOHUS U
HUOOMSI. MOXHO OBIIIO OBI TIPEANOJIOKUTH, YTO HAOII01aeMOe OTCYTCTBHE OKCHIOB THTaHA
CBA3aHO C OOpa30BaHMEM Ha IIOBEPXHOCTHM OOpPA3LOB CJOSI HUTPHAA TUTaHa 3a CUeT
B3aMMO/JICHCTBUS C MIa3M000pa3yomuM BemiecTBoM. OIHaKo, Kak MOKa3bIBAIOT PE3yJIbTaThl
¢dazoBoro anammza, yxe mocie 2 — 3 4acoB OTKMTra HUTpUA TUTaHa TiN NpaKkTUYECKU
MOJIHOCTBIO PacraiaeTcsi U HE MOXKET BBICTYIaTh B Ka4eCTBE OapbepHOTO CJIOS /171l KUCIIOPOAa.
[IpyurHOI TOBBIIIEHUS] TEPMUYECKOW CTAaOMIBHOCTH CIUIABOB MOXET OBbITh Ha3BaHO
oOpa3oBanue (a3pl HUOOWSA, KOTOpas, MO-BUAMMOMY, JIOKAJIU3YyeTCS MO MEX3EPEHHBIM
IpaHuIaM U 3a cYeT MeX(a3HbIX MEXaHUUECKU HAMPSIKEHUHN MPEnsTCTBYEeT IPOHUKHOBEHUIO
KHCIIOpO/1a B KPUCTAJITUTHI HU3KOTEMIIepaTypHOU (pa3bl TUTaHA.

Takum oOpa3zoM, B paboTe MPOIEMOHCTPUPOBAHO BIMSIHUE TIIIA3MEHHOTO BO3EHCTBUS
Ha TIOBEPXHOCTh THUTaHA, NMPUBOJSAIIEE K €ro JIETMPOBAaHUIO aTOMaMU HMOOWS U LUPKOHHUS,
KOTOpO€ TMO3BOJSIET CcHOpMUPOBATH OapbepHbIE CIOU HUOOWS, MPEHSATCTBYIOLINE
BBICOKOTEMIIEPATYPHOMY OKHCJICHHIO M POCTY OKCHAA TUTaHa npu Temmneparype 600 °C B
TE€YEHHUE § 4acOB OTHKHIa.
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OAHOBPEMEHHOE CO-OCAXIAEHUWE HECKOJIBKNX M30TOIIOB BOAOPOJA C
METAJIUIAMUA
SIMULTANEOUS CO-DEPOSITION OF MULTIPLE HYDROGEN ISOTOPES WITH
METALS

C.A. Kpar!, A.C. IIpumsunsn', FO.M. Tacnapsa’
S.A. Krat', A.S. Prishvitsyn', Yu.M. Gasparyan'

I plasma physics department, National Research Nuclear University MEPhI, Kashirskoe
highway 31, Moscow, Russia E-mail: Sakrat@mephi.ru

Hydrogen isotope accumulation in fusion devices is an important issue. It affects installation
operation parameters, such as hydrogen recycling. It is also of vital importance from the
perspective of radiation safety, when the isotope in question is radioactive tritium. Only 700

grams of tritium are allowed in ITER tokamak at any one time.

One of the main channels for hydrogen isotope accumulation in tokamaks is co-deposition -a
process in which eroded first wall material is re-deposited on the in-vacuum elements of the
installation together with particles of working gas, specifically hydrogen isotopes. Layers
produced through co-deposition are rich in hydrogen isotopes throughout their whole depths.
Co-deposition can lead to an arbitrarily high hydrogen isotope accumulation in fusion devices
proportional to the total discharge time. As such, it’s critically important to know how hydrogen

isotopes and, specifically, tritium, are accumulated through co-deposition.

In future tokamaks intended to generate energy, a deuterium-tritium mixture will be used as a
working gas. In addition to deuterium and tritium, protium (‘H) will be present as a part of
background gas. These three hydrogen isotopes will simultaneously co-deposit with wall
material. Because of their very similar properties they will, undoubtedly, compete for the same
trapping sites in the co-deposited layer (vacancies, dislocations, etc). Modern research papers
often assume that in a 1:1 D:T mixture, the ratio of D and T in a co-deposited layer can also be
taken as 1:1. However, different isotopes of hydrogen can have different detrapping energies,
even if this difference is likely only ~ 0.01 eV; modeling demonstrated difference for hydrogen

— iron layers [1].

Because the experiments with trittum are very expensive, and the range of deposition
parameters in tokamaks can vary a lot, it was decided that a theoretical model was needed to be

created in order to predict how isotopic effects would manifest. The developed model is a
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development of a previously created and verified model [2]. There are two main equations that

form the mathematical basis of the developed model.

The first equation is an equation describing the balance between hydrogen isotopes existing in

a solute state in the co-deposited layer, and hydrogen isotopes existing in a trapped state:

aic, D,C ine — Y iC .
jut ]Zs ' j'jrbe | —}Vrsexp< )lCt O
ot A Nme + Zi lnt Z]’ 'C Zi,j’ j}Ct kT

where }Ct is the concentration of a hydrogen isotope j in a trapping site of type i (lower left

index refers to the type of isotope, upper left index to the type of trapping site, lower right index
to the state of hydrogen atom), D — diffusion coefficient, A — characteristic interatomic distance
in the co-deposited layer, C; — hydrogen isotope solute concentration, n, — available trap
concentration, n,,, — metal atoms concentration, vrg — detrapping attempt frequency, Ers —

detrapping energy, k — Boltzmann constant, T — layer temperature.

The second equation is a diffusion-advection equation
0;Cs Daszs ik Ct ik Ct
ot I axz E J
2

where v is the layer growth rate, @- hydrogen isotope implantation flux.

For the purpose of the model it’s assumed that co-deposition occurs quasi-stationary, that is all
concentrations are constant over time at a given depth from the vacuum-facing surface of the

co-deposited layer. In this work it’s further assumed that the deposition rate is very low, v = 0.

Using the above-mentioned assumptions and numeric modeling , a parameter scan was
performed for a number of simple model systems. Tungsten layers with different types of
trapping sites co-deposited with deuterium-tritium mixture were modeled. A scan result for a
system with only one type of trapping site (Ex=1.56 eV, which corresponds to vacancy trapping)

is shown in figure 1.
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Figure 1. deuterium (figure a) and tritium (figure b) concentrations depending on deposition temperature
(x axis) and difference in detrapping energy AE = Ers — pErs (y axis). Hydrogen isotope content is
coded using color pallete, where darker colors indicate lower content.

As can be seen, for a hydrogen isotope with lower detrapping energy, at low temperatures
isotope concentration increases with temperature, until a maximum is reached at a certain
temperature depending on deposition parameters. This is a behavior that is not characteristic
for a mono-isotope co-deposition or for an isotope with higher detrapping energy. Even small
difference in detrapping energies can lead to a significant change in tritium concentration (fig.
2). As the difference in detrapping energies for different hydrogen isotopes is not currently
known, one can consider the results as additions to the uncertainty of the trittum content. It was
calculated that for a difference of |AE| 0.01 eV, the uncertainty is ~ 10%-15%, and increases

almost linearly with increase in |AE]|.

7Ct+;C, (10% atoms/m®)

Figure 4. Tritium concentration vs. deposition temperature for different AE. Large dots indicate maxima
of concentrations.

References

1. Sivak A.B., Sivak P.A. DIFFUSION AND THERMAL DISSOCIATION OF VACANCY—
HYDROGEN COMPLEXES IN BCC IRON // Probl. At. Sci. Technol. Ser. Thermonucl. Fusion.
2019. Vol. 42, Ne 3. P. 74-84.

2. Krat S.A. et al. Model for hydrogen accumulation in co-deposited layers // Nucl. Mater. Energy.
2020. Vol. 24. P. 100763.

131



M3MEHEHUE CTPYKTYPHO-®A30BbBIX COCTOSIHUI TIOBEPXHOCTU
BOJIbOPAMA B PE3YJIbTATE ITYUKOBO-ITJIASMEHHOM KAPBUIN3AIINN

CHANGES IN THE STRUCTURAL-PHASE STATES OF THE TUNGSTEN SURFACE
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This paper presents the results of a study of changes in the structural-phase states of
tungsten as a result of plasma-beam carbidization. The method of carbidization of the tungsten
surface using a beam-plasma discharge is implemented on a plasma-beam installation. Methane
was used as the working gas for the ignition of the beam-plasma discharge. The experiments
were carried out in the temperature range from 700°C to 1700°C with a step of 100°C at an
irradiation duration of 60 minutes. The study of changes in the structural-phase states of the
near-surface layers of tungsten was carried out by the methods of scanning electron microscopy,
transmission electron microscopy, and X-ray diffraction analysis. The formation of carbide
phases was registered after irradiation at a temperature of 1000°C. It has been found that the
interaction of tungsten and methane in a wide temperature range can proceed with the

simultaneous or sequential formation of W>C and WC carbide phases.

Kak wu3BecTHO, BHYTpEHHsS CTeHKa pabodeil kaMepbl M AMBEPTOP, U3TOTOBIIEHHBIE
MOJIHOCTBIO U3 BOJb(paMa yke ObUIM YCIEHNIHO pa3pabdoTaHbl M HCHBITAHBl B TOKaMaKax
ASDEX Upgrade u JET coorBerctBenno [1, 2]. OpHako, HCIOJIb30BAHHUE MOJHOCTHIO
BOJIL()PAMOBOTO JTUBEPTOPA B OYAYLIMX TEPMOSACPHBIX peakTopax Oy/eT HEBO3MOXHO H3-3a
KOHCTPYKTHUBHBIX OTPaHUYEHUN B COOOPaKEHHI CTOMMOCTH. B CBSI3H € 9TUM, Ha CETOTHANTHUN
JeHb B OOJBIIMHCTBE TEPMOSJIEPHBIX YCTAaHOBKAaX HCIOJB3YIOTCA JIMOO BoJb(pamMoBbIe

MOKPBITUSI, HAHECEHHble Ha Tpa@uUT MU yrierpaduToBble MaTepuaibl, J1UO0 TpaduUTOBBIE
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MaTepuaisl 0e3 MOKPHITUS, Kak HarpuMmep, B KazaxcTaHCkoOM MaTepuanioBeuecKoM ToKamMake
KTM [3]. Tem He meHee, 3po3us U MEPEHOC PACIBUICHHBIX rpaduTa M yrierpaguTOBBIX
MaTepHuaIoB MpPUBEIET K OJHOBPEMEHHOMY OOJIY4YEHHIO BOJIb(ppaMa HM30TONMAMH BOJOPOJA,
aTOMaMH yTJEepoJa U OCaXJIEHUIO MOJIEKYJI YTII€BOJOPOIOB, YTO COOTBETCTBEHHO MPUBEAET K
00pa3oBaHHIO cMeMIaHHOTO TToBepXHOCTHOTO W — C-cios [4].

B Hacrosmieln pabGoTe mpencTaBiIEHBI PE3yNbTaThl  UCCICAOBAHHS HM3MEHEHUN
CTPYKTYpHO-(pa30BBIX  COCTOSIHUM  BoJb(ppamMa B  pe3yjbTaTe MyYKOBO-IIA3MEHHOMN
KapOunuzanuu. Meroa kapOuau3aluy MOBEPXHOCTH BoJib(ppaMa ¢ MPUMEHEHUEM ITyYKOBO-
masmerHoro paspsaa (I1T1P) onmcan B paborax [5, 6] u peann3oBaH Ha MJIa3MEHHO-TTYYKOBOH
yCTaHOBKE [7].

B kadectBe pabouero raza npu 3axxuranuu [II1P npumensics meran. ['az000pa3HbIii
MeTaH B pe3yJibTaTe B3aMMOJCHCTBUS C 3JIEKTPOHHBIM IIyYKOM pasiaraeTcs Ha ¢pparMeHThl,
takue kak H', H?*, C*, CH*, CH?>*, CH* u xp., 4T0 NO3BOISET MMHUTUPOBATH YCIOBHS
JIOKQJIBHOTO TMIEpEeH0Cca aTOMOB YIJIEpo/ia BAOIb CMauyMBAEMbIX IJIa3MOM MMOBEPXHOCTEH 3a CUET
YTJIEBOJIOPOJIOB (PUCYHOK 1). DKCTIEpUMEHTHI OCYIIECTBIISIIN B TUana3oHe temmeparyp ot 700

10 1700 °C ¢ marom 100 °C npu qymurenbHOCTH 00mydenust 60 MUHYT.
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Pucynok 1 — Macc-criekTp 0cTaTOYHBIX Ta30B B KaMepe B3aUMOJICHCTBHSI BO BpeMs SKCIIEpUMEHTa

UccnenoBanne wW3MEHEHUH CTPYKTYpHO-()Aa30BBIX COCTOSTHUN TPUITOBEPXHOCTHBIX
clioeB BoJb(paMa MPOBOAMIM METOJIaMU CKAaHUPYIOIIEH AIIEKTPOHHOW MUKPOCKOIIUH,
MPOCBEUMBAIONIEH 3JIEKTPOHHOM MHKPOCKONHMM M PEHTTEHOCTPYKTYpHOro aHanmuza. Jlius
HJIEeHTU(DUKAIIMA TTOBEPXHOCTHOTO (ha30BOTO cOCTaBa 0OpasIoB BOJb(pamMa HCIIOIH30BAIN
0a3y gannbix Crystallography Open Database u 6a3y nanasix PDF-2 ICDD Release 2004 [8].

[Ipn HamoxxeHMHM Ha AUPPAKTOrpaMMbl KapTO4YeK AUPPAKTOMETPUYECKUX JIaHHBIX
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9KCIIEPUMEHTAJIbHbIE MHTEHCUBHOCTH MUKOB HE MOJIHOCTHIO COBIAJANIN C IITPUX-AHArpaMMOin
MPUMEHSIEMON KapTOUYKH, HECMOTPS Ha MOJHOE COOTBETCTBHE YTJIOBBIX MMOJIOKEHUN. B cBsi3H ¢
3TUM JUIsl uJeHTHUUKauuu (a3oBOro coctaBa ObUIO OTAAHO MNPEANOYTEHHE KapTOUKaM,
HauOoJsee MOAXOAAIIUM IO YTJIOBBIM IOJOKEHUSM U HMEIOIIMM MaKCUMAaJIbHYIO OLIEHKY
COOTBETCTBUS. bbln MpUMeHeHbI KapTouku qudpaktToMerpruueckux gJaHHbIX W2C Ne 03-065-
3896, Ne 03-065-8829, Ne 01-089-2371, WC Ne 00-051-0939, a Takxe KapTouka
Metammyeckoro W Ne  00-004-0806. Omenka KOJMYECTBEHHOTO cOJepKaHUs (a3
OTpeesAeTcs MOMYKOINYECTBEHHBIM METOI0M COOTHOILIECHUSI MHTEHCUBHOCTH.

HanoxeHnune peHTTeHOBCKUX AU(PPAKTOrpaMM 00pas3IoB BOIb(paMa MpPeJCTaBICHO Ha
pucynke 2. IlepepacnpeneneHre OTHOCUTENIBHBIX MHTEHCUBHOCTEW M OTJIWYMS B IIMPUHAX
JUHUHN SBJISIFOTCS. OCHOBAaHUEM JJIsi NPEIINOJIOKEHUS O Pa3uyMsIX B CTPYKTYPHOM WIIH

TEKCTYPHOM COCTOSIHUSIX MaTepuaa moBepxHocTel o0pa3ios.
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PucyHok 2 — Pe3ynbraThl peHTTeHOCTPYKTYPHOTO aHamk3a 00pa3ioB Boib(pama, 00IydeHHBIX B
nuanazone Temmepatyp ot 700 go 1700 °C ¢ marom 100 °C npu juymtensHOCTH 00yueHus 60 MUHYT

OOpazoBanne KapOWAHBIX (a3 3aperUCTPUPOBAHO TOCHE OONydeHUs TpH
temneparype 1000 °C, o ueM cBUIETENbCTBYIOT MUKH AU(PPAKIINK TeKCarOHaIbHON CTPYKTYPBI
WC na gudpakrorpamme odpasmos npu yriax 20 31.512, 35.642 u 48.297. IHTEHCUBHOCTh
yKa3aHHbBIX TUKOB rocteneHHo ysenuuuaetcs npu 1200 °C u 1300 °C. Ilocne oOmydyeHus npu
temriepatypax oT 1100 °C mo 1500 °C nabmromaeTcsi oqHOBpeMEHHOE oOpa3oBaHue JBYX (a3
kap6unoB Bosb(pama. Judpakumonnsii muk W>C nossisercs Ha nudpakrorpamme oopasia,
obxyuyenHoro npu 1200 °C npu 20 39.660 u 75,947. C noBbllIeHHMEM TeMIIEpaTypbl MpU
00TydeHUH KOTM4ecTBO MU(ppakimoHHBIX MHKOB W2C yBenmuuBaercs. udpakiimoHHbIe THKA

W wucyesator mnocie oOxyuyeHus: npu temneparype Beime 1400 °C, yka3biBasg Ha TO, 4TO
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METaJNIMYeCKUil BONbPpaM B MPUIIOBEPXHOCTHOM 0OJACTH MOJIHOCTHIO NpopearupoBas. C
MOBBIIIEHUEM TeMIepaTypbl OOIy4eHHs MHTEHCHBHOCTH YKa3aHHBIX IHKOB IOCTEEHHO
yBenumuuBarTcs u mpu 1500, 1700 °C ocHoBo# (a30BOro cocraBa MOBEPXHOCTH 00pa3IioB
cranoButcss W2C rekcaroHasiibHOi cuHronuu. IIpu temneparype 1600 °C makcUMallbHBIM
nukoM Ha nudpaktorpamme siBisietcss muk W2C, ¢ unnekcom (102) s opropoMOnyeckoin
CUHTOHUH.

ITo pesynpratam MuUKpocTpykTypHOTOo COM- 1 I[IOM - aHanu30B yCTaHOBIIEHO, YTO
IpU B3aUMOJIEUCTBUU BOJIb(ppaMa C METAaHOM Ha TMOBEPXHOCTH O0pa3loB HaOiromaercs
HaJM4Yue YIJIEpOJHOTO MOKPHITHS B BHUJE CIUIOMIHOW IUuleHKH. IIpu BhICOKMX TemIiiepaTypax
TEPMHUYECKH HECTaOWIIbHAs YIJIEpOJHAas IUIEHKa Pa3pyllaeTcs U YIJIepoJ Ha MOBEPXHOCTU
00pa3moB MPUCYTCTBYET YK€ B XWMHUYECKH CBSI3aHHOM BHjE, 00pa3ys ¢a3pl KapOWIOB

BOJb()pamMa, 0 YeM CBHJICTEITHLCTBYIOT TAK)KE U PE3YJIbTaThl PEHTITCHOCTPYKTYPHOTO aHAJN3a.
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One of the most detrimental phenomena in fusion research is the interaction of plasma with
a surface of a first wall and in-chamber elements. It causes erosion of the plasma-facing
components (PFC), which in turn results in a degradation of plasma parameters due to transport of
erosion products into the hot plasma. On the other hand, these processes cause re-deposition of the
eroded material together with fuel components (deuterium and trittum). This is the dominant

mechanism for fuel retention in PFC.

Methods for monitoring the content of radioactive trittum in PFCs are of particular interest
due to limits on its maximum permissible concentration in fusion machines. However, the erosion
and deposition zones are highly inhomogeneously distributed within the chamber. Therefore,
surface diagnostics methods are required that allow in vacuo analysis of local areas. To solve these
problems, it is suggested to use laser-induced methods of optical diagnostics and mass

spectrometry.

The main idea of laser assisted surface diagnostics consists in the laser irradiation of the
samples of interest with the simultaneous optical or corpuscular analysis. When a laser beam power
density is below ablation threshold, the trapped gas desorption occurs. One of the most prominent
tools for retained material analysis is quadrupole mass-spectrometry. Its prospects to the analysis

of hydrogen trapped in candidate materials of fusion facilities are discussed in [1,2].

In the case of high laser beam power, when a spark plasma is formed, surface morphology
can be deduced by the laser-induced breakdown spectrometry [3]. However, the quantitative
analysis is sometimes tricky. At the same time, a time-of-flight mass-spectrometry is a promising
tool for surface diagnostics. Owing to the large time-of-flight base in ITER scale installations, a
direct separation of protium, deuterium and trittum signal is possible, which seems more

straightforward compared to many other laser-assisted methods of surface analysis [4].

This work is dedicated to the study using time-of-flight mass spectrometry of ion fluxes
from a plasma plume. Deuterium containing materials and candidate materials for the PFC of

fusion devices were used as samples.
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The experiments were carried out on the "Large mass-monochromator "MEPI" facility
(LMM). It is equipped with two Nd:YAG lasers (wavelength of 1064 nm), operating in the
modulated Q-factor mode: nanosecond (pulse energy range E = 1 - 100 mJ, pulse duration t = 10
ns); picosecond (pulse energy range E = 1 - 90 mJ, pulse duration t = 80 ps). The installation is
also equipped with a time-of—flight analyzer, consisting of an electrostatic energy separator, a
time-of-flight base with a length of 0.5 - 2.75 m range and the SEM 1-A detector or the Faraday
cylinder. The optical system allows transporting the beam into the interaction chamber and

focusing the laser beam into the spot with a diameter in range 300-900 microns.
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Fig. 1 Experimental setup

The time-of-flight spectra (Fig. 1) were measured for a deuterium-saturated Ti-V getter at
different picosecond laser energies. Peaks of protium and deuterium are clearly detected for ion
energies up to 1 keV, as well as peaks corresponding to titanium ions of different charge states.
The energy distributions of protium and deuterium ions are obtained. The signal of protium ions
has maximum at350 eV. Then it drops to an energy of 700 eV. The signal of deuterium ions grows
to a maximum around 600 eV, and then smoothly decreases to an energy of 1100 eV. At low
energies (up to 250 eV), the signal of deuterium ions is practically absent, and the signal of protium
ions is maximal. With an increase in the energy of the laser pulse, the signal of protium ions begins
to fall, while deuterium ions grow. The maximum intensity of the deuterium ion signal shifts to a
higher-energy region with an increase in the energy of the laser pulse. The titanium signal with an

increase in laser energy is characterized by a reduction in the fraction of low-energy particles, a
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decrease in the signal of multicharged ions and a blurring of peaks on the mass spectrum, which

can be caused by recombination processes.

I-_i+ D+ C+ O+ Ti++ -I-I+
2000 picosecond laser E =3 mJ
Energy analyzer value:
—E,,=220+10eV
1500 ——Eipn =440+ 20 eV
R —E,,,=660+30eV
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Fig. 2 panoramic Time-of-Flight spectrum
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Fig. 3 Time-of-flight spectrum of hydrogen ions
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A time-of-flight analysis of deuterium-containing samples and candidate materials for
PFCs of a fusion reactor was performed. Ion fluxes from plasma formed by nanosecond and
picosecond pulses are analyzed. Using the Faraday cylinder, an attempt was made to quantify
particle fluxes at various parameters of the laser beam. Optical spectroscopy was also performed

to clarify the data.
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3AMEIIEHUE M30TOIIOB I'EJIMA B BOJIb@PAME I1PU ITOCJIEJJOBATEJIbBHOM
MOHHOM OBJIYUEHNU
HELIUM ISOTOPES EXCHANGE IN TUNGSTEN DURING SEQUENTIAL ION
IRRADIATION
A.C. Vmepenkosa!, IO.M. Tacnapsn’', 3.P. Apytionsn', B.C. Epumos', H.C. Ceprees!, M. A.

Copokun', H. Ocroiinyg!
A.S. Umerenkova', Yu. M. Gasparyan', Z.R. Harutyunyan', V.S. Efimov!, N.S. Sergeev!,
I.A. Sorokin', N. Ostojic!

' Hayuonanvuwviii uccneoosamenvckuii ssoepuuiii ynusepcumem « MUDHy, 115409 Kawupckoe
wocce 31, Mockea, Poccus
National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),
115409 Kashirskoe shosse 31, Moscow, Russia

Helium isotope exchange in tungsten during sequential irradiation by *He and *He ions at
room temperature was investigated. Tungsten samples were irradiated in two ways: by 3 keV
mass-separated ion beams, or by low energy ions in plasma discharge. The He amount in W
after irradiation was measured using ex-situ (up to 2500 K) thermal desorption spectroscopy.
Despite the very high binding energy of He with lattice defects in W, a very high efficiency of

He isotope exchange was observed.

Bonbsdpam siBisiercs ogHUM M3 Haubosee MOAXOASIIUX MaTepHaloB JUIsi KOMIIOHEHTOB,
oOpaieHHbIXx K mmiaazMe snemeHToB (OIID) B tepmosinepHom peaktope (TAP) [1]. [lpu
ropeHun aenrtepuil-rputueBoi miaazMel OIID creHku OyayT moaBepraThCcsi BO3JAECHCTBHUIO
MHTEHCUBHBIX MOTOKOB 3apsDKEHHBIX M HEUTpajbHBIX YacTHUIl M30TOMOB BOAOPOJA, a TAKKe
MPOAYKTOB TEPMOSIACPHON peakiu, TeIUs U HEUTPOHOB. biiarogapsi BBICOKOIM YHEPTUU CBSI3U
¢ nedexrtaMu, refiuii MOXKeT JOCTaTOYHO OBICTPO JOCTUraTh MPEeAeNbHYI0 KOHUEHTPALHUI0 B
Y3KOM TOBEPXHOCTHOM cjioe Bodb(ppama [2]. B pabote [3] mokazaHo, 4TO mpu OOTydEeHUH
BOJIb()paMa HMOHAMH TeNUs B IIMPOKOM JUANa3oHE MapaMeTpOB CyMMapHOE€ HaKOIUIEHHE
rejus He I 1,5x10%' He/m?. T1

peBbIalo 1, e/m*. Tlocie nOCTHKEeHUS HACBHIIIEHUS TTOBEPXHOCTH Te€ITUEM
MPOUCXOJUT 3HAYUTENbHAs TpaHcPopMalus MOBEPXHOCTH, MO3TOMY HCCIEI0BaHUE
MOBE/ICHUS TeiHsl B IOBEPXHOCTHOM CJIO€ BOJb(ppaMa IOCIE JIOCTHKEHHUS HACBIIIEHUS
MIpe/ICTaBIsIeT UHTEPEC.
B pabore mpoBeneHo wHccleAOBaHHWE IMOBEACHUS TelHsl B HACBIIIEHHOM TeJHeM
3 4
MMOBEPXHOCTHOM cJIo€ Bojb(pama MpH HMCIOIB30BaHUH ABYX m3oTomnoB renus (“He, “He). B

HUCCICAOBAHUAX HUCIIOJIB30BaJINCh O6p33HBI MMOJIMKPUCTATIIIMICCKOTO Boan)paMa, OTPE3aHHEBIC
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oT onbru TommmuoM 100MxM (99,97%). Hackllienne nmoBepXHOCTH BoJib(ppama Teauem
MPOBOJUJIOCH MOCPEACTBOM HMMIUIAHTAIlMM MOHOB HW30TOINOB Teiusi ¢ 3Heprued 3 k3B Ha
yctanoBke MEJIMOH. Ilepen oOmyueHueM MpOBOAMIICS BBICOKOTEMIIEPATYPHBIA OTKHUTL
obpasnoB npu temneparype 2000 K B cBepXBbICOKOM Bakyyme B TedueHue 30 MHUHYT ISt
MHUHMMH3allUd ~ ©CTeCTBEHHBIX  JePeKkToB. B  cepum  JKCIEpUMEHTOB  0Opasibl
HOCJIEN0BATENEHO 00Iydanuck 10301 5x10%! “He/m?, 3aTeM npoBOAMIOCH O0ITy4eHHE HOHAMHE
SHe B wmarepBane g03 (1-5)x10%' He/m?. Tlocnmenyromas — TepMOAECOPOIMOHHAsS
cnekrpockornus (THC) mo temmeparypst 2500 K, HeoOXomumo# 1jisi TOJHOTO BBIXOJA
3aXBAYEHHBIX YACTHII, MOKA3aJa, 9YTO CyMMapHbIi 3axBaT “He yMeHbIIAeTCs ¢ yBeIMYEHHEM
10361 00nyuenns *He. B mpomecce MMIUIAHTAIMU Y9aCTUIBI TEIWS B MOBEPXHOCTHOM CJIOE
MTOCTOSTHHO OOHOBIISIFOTCS, a TIPH MOCJEA0BATEIIbBHOM OOJyYeHHH Pa3HBIMUA U30TOTIAMU TEITUs
C OJIMHAKOBOM 3HEPTrHEN MPOUCXOJUT 3aMEIICHUE, KaK MOKa3aHO Ha pucyHke 1. M30TonHbIN
oOMeH Habro/ancss Kak MpH KOMHATHOM TemIiepaType oOJydeHus BoJbppama, TaKk U TPH
HOBBIIIEHHBIX Temreparypax. Jo3er 5x10%! 3SHe/m? moctaTouno ams 3amemenus cBoie 90 %

“He/M? npy KOMHATHOM TeMIIEpaType.

2,0
. 4

s _._3:: Prpenosnys.™ 5x10%" *“He/m?
% [~ ¢ - CymmapHbii Bbixoa Hef T=300 _K
s 1.5+
=
®
s
=
210}
(]
s
T
(0]
[
c
go5¢f
©
I

0,0 . L + 1 s 1 s 1 i 1

No3a o6nyuenus *He, 10%' *He/m?
Puc.1. MHTerpanbHoe HaKOIJICHHE U30TOIOB Iejiks B BOJIb(hpame MpH MMOCiIeI0BaATEIBHOM

00Jy4eHrH NOHaMHU U30TOIIOB TeNus ¢ dHeprueit 3 k3B [4]

[IpoBomunuce Takxke in-situ TepMmoaecopOrmonnsie m3meperus no 1500 K B kamepe
obmydenust (puc.2a), Mmocjae KOTOPBIX IMOJHOE KOJUYECTBO OMPENEISIOCh Ha OCHOBAHHUH
JIOTIOJIHUTENBHOTO HarpeBa B xojie ex-situ uamepenuit 1o 2500 K (puc.26). Baxxno otMeTurs,
YTO NEepPeHOC Mo arMocdepe MPUBOIUT K H3MEHEHHIO TEPMOJECOPOIMOHHBIX CHEKTPOB.

Hecopbuus Bo Beex in-situ TJAC u3mMepeHnusax HauuHaeTcsi BOIM3U TeMIepaTypbl 00IydeHus,
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B cllyyae ex-sifu U3MEPEHUH BBIXOJI Iesiis HaOII0AaJICs TOYTH ¢ KOMHATHOW TeMIlepaTypbl BO
BCEX U3MEPEHUSX.

3 2
He ‘He
—0— 300K
—O— 700K
—O— 1000

A —A— 1200

N

-

Movok aecop6uuu, 10'® He/m?c
=Y

Motok aecop6uun, 10'® He/m%c

1200 1500 500 1000 1500 2000 2500
Temnepartypa, K Temnepartypa, K

Puc.2. TJIC criekTpsl BBIX0Jja H30TOIIOB TEJIHS MOCIIE TIOCIEI0BATEIFHOTO
00JIydeHHs ITPH pa3HbIX TeMIiieparypax oopasua: (a) in-situ TAC u nocieayomnui

(6) 2-ii ex-situ TIC

B HacTosmuii MOMEHT HccleayeTcsl BIMSHHE JHEPrMM HOHOB Ha 3()(PEeKTUBHOCTH
u30TOMHOrO oOMeHa renusd. [lpeaBapuTenbHbIE  AKCIEPUMEHTHI  NPOBOAMIUCH  C
TMOCJIEIOBATENLHEIM  O0ydeHHeM 00pasnoB Bonb(ppama HOHHBIM mydkom -He 3koB B
ycranoske MEJIMOH, a 3arem B renumesoit (*He) muasme na ycranoske IIITP ¢ sHeprueit
noHoB 150 »B. Ilocne uMnuaHTalMy MOHOB JJII U3MEPEHUS KOJIMUYECTBA rejvs B Bosibppame
OblTa TpoBeZeHa TepMmojaecopOrmonHas crekTpockorus g0 2500 K. Kak  mokazanm
IpEABAPHUTENBHBIE DKCIIEPUMEHTHI, YMEHBIIEHUE KonudyecTBa “He OBbLIO HECYNIECTBEHHBIM
NpyM M3MEHEHHWH JSHEPruM MOHOB. Jlaxke yBenuuenue n036l noHoB ‘He Ha aBa mopsaka He
NPHUBOAWIO K 3HAYMTENHLHOMY M3MEHEHHIO KonuuecTBa “He B Bomb(dhpaMe, mpeaBapUTENLHO
o0mydennom 1030t 5x102! 3He/m?. Takum 00pa3oM, SHEPrHS MOHOB MMEET CYIIECTBEHHOE

3HAYCHHUE B IIPOLECCCE U30TOIMHOTO obOMeHa.

R.A. Pitts et al. / J. Nucl. Mater. 2011, V. 415

R. Behrisch, B.M.U. Scherzer // Radiat. Eff 1983, V. 78
Yu.M. Gasparyan et al. // Physica Scripta 2020, T 171
Z. R. Harutyunyan et al. // J. Nucl. Mater. 2022 V. 573

=
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BbICOKOYACTOTHBIN MOHHBIN IBUTATEJIb C MATHUTHOM 3AILIUTON
CTEHOK PA3PSIJTHO KAMEPBI
RADIO-FREQUENCY ION THRUSTER WITH MAGNETIC PROTECTION OF THE
DISCHARGE CHAMBER WALLS
B.K. A6rapsn, JI.C. Jlemuenko, A.B. Menbaukos, O.J]. [leficaxoBud
V K. Abgaryan, D.S. Demchenko, A.V. Melnikov, O.D. Peysakhovich

Hayuno-uccneoosamenvckuii uncmumym npuxkiaoHol MexaHuxu u d1ekmpoounamuxu MAU,
Jlenunepaockoe wocce 0. 5, Mocksa, Poccus, riame@sokol.ru

B mactosmiee BpeMs Il KOPPEKIIMM TIOJNOKEHHS Kocmuyeckux ammapatoB (KA) u
nojajepkaHusi UX padbodynx OpOUT IIUPOKO HCIOJIB3YIOTCS 3JIEKTPOPAKETHBIE JBUTaTEIbHbBIE
YCTaHOBKHM. XapaKTepHbIH sl MOJOOHBIX JBUTaTeNeil HU3KHWM pacxoj pabouero rtena B
COBOKYITHOCTH C JIOCTATOYHO BBICOKHM YAEJIbHBIM HMITYJIbCOM TSTH MO3BOJIIOT 00€CIIEUUTh
JUINTEIbHBIA CPOK aKTHBHOIO cyuiecTBoBaHHs KA (10 15 5er a1 HEKOTOPBIX COBPEMEHHBIX
KA [1]). HauGonbiuii yaeapHbIH UMITYJIBC Ha CETOHANIIHUN I€Hh UMEIOT HOHHBIE JIBUTATEIH,
YCKOpEHHE HOHOB paboyero Teja B KOTOPbIX IPOU3BOAUTCS C TOMOIIBIO AEKTPOCTAaTUYECKOTO
T0JIs1, BOSHUKAIOUIETO 3a CUET HAJUYMS Pa3HOCTH MOTEHIMAaIa Mexay nephoprupOBaHHBIMU
CETOYHBIMHU 3JIEKTpoaaMu HOHHO-onTudeckoi cucrembl (MOC). OgHuM U3 THIIOB HOHHBIX
JBUTATENEH, pa3pabareiBaeMbix B Poccun, sIBIsSETCS BBHICOKOYACTOTHBIM MOHHBIA JBUTATEINb
(BUMI). OTnuuuTenbHOM OCOOCHHOCTHIO ATOTO THIIA JBUTATENS SBISICTCS OpTaHHU3AIUs
mpolecca MOHMU3AIMU aTOMOB paboyero Teja B MHAYKTUBHOM BBICOKOYACTOTHOM paspse.
[IpunnunuaneHas cxema BUN /I npencrasiena Ha Pucynke 1.

BY reneparop

Karon - neiiTpajusarop

CuHJI0BBIC JIMHUH
MArHuTHOIO moJist

DJIeKTPOH
Hon kceHona

ATOM KCEeHOHA

Kcenon

A3HMYyTaJIbHOE BHXpeBOe
IEKTPHYECKOE MoJIe

Paspsiznas kamepa

HUuaykrop

IMHCCHOHHBIH YTEKTPO

VARG PRIDNIR RO TPON 3ame IO LT YIeKTPOJ

BbICOKOBOJIBTHBIIH
010K NUTAHUSA

Pucynoxk 1 — [IpuniunuansHas cxema padotst BUN ]

Texymuii mo WHAYKTOpPY MEpPEeMEHHbI TOK co34aér B 00béMe paspsaHoil kameps! (PK),
BBINIOJTHEHHOW M3 JIUAJIEKTPUYECKOTO W PaJHOIpPO3payHOro martepuana (KBapla, OKHUCH
AITIOMUHMS UM HUTPHAA KPEMHUS), aKCHaJbHOE MEPEMEHHOE MAarHUTHOE I0Jie, KOTOPOE B
CBOIO OY€pe/ib MPUBOAMUT K BOSHUKHOBEHHUIO a3UMYTaJIbHOTO BUXPEBOTO AJIEKTPUIECKOTO TTOJIS.
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[Tox BO3AEHCTBHEM DTOTO AJIEKTPUYECKOTO TMOJST CBOOOIHBIC AJIEKTPOHBI, HAXOJSIIHUECS B
o0bvéme PK, HaOuparoT sHepruio u 3ateM npu B3auMmozeiicTBuu ¢ atomamu PT mMoHU3HpYIOT
ux. Yacte oOpazoBaBmmxcs TakuM obpazoM B 00bémMe PK roOHOB m3BiekaeTcs u3 1ia3mMbl U
3aTEM YCKOPSIETCS C MOMOIIBI0 MOHHO-ONTUYECKOW CUCTEMBI, COCTOSIIEH U3 YMUCCUOHHOTO,
YCKOPSIOIIET0 U BBIXOJHOTO 3JIEKTPOa, MPEACTABISAIOMUX cO00H rycTo nepdopupoBaHHbIE
IUATUHIPUYECKUMHU COOCHBIMHU OTBEPCTHUSMH TOHKHE TIACTUHBL. [IpHito)eHHbIE K 3JIEKTPO1aM
MOTEHITMAIBI CO3/IaI0T HEOOXOMUMYIO IS M3BJICUEHUS, (DOKYCUPOBKH M YCKOPECHHSI MOHOB
KOH(UTYpAIMIO AJIEKTPOCTATUYECKOTO MOJs. 3a CPe30M JBUTATENsl yCTaHABIUBAETCS KaTOJ-
HEUTpAIU3aTOP, KOTOPBIM 3a CYET OSMHUCCHUHU HJIEKTPOHOB TO3BOJISIET HEUTPaJIN30BATh
O0OBEMHBIN 3apsi] Mydyka YCKOPEHHBIX MOHOB M OOECTEUYUTHh TaKUM O0O0pa3oM CTaOMIbHYIO
pabory BUM/I.

[TocTosiHHOE COBEPIIIEHCTBOBAHHE KOCMUYECKON TEXHUKH TPEOYET B TOM YHCIIE U MOBBILICHUS
3((PEKTUBHOCTH COBPEMEHHBIX ABUTATEIBHBIX CHCTEM. JTO OOYCIaBIMBAET aKTyaJlbHOCTH
IIPOBEACHUS UCCIIEA0BAHNM, HANPABICHHBIX Ha YJYYIICHHE XapaKTEPUCTUK CYHIECTBYIOIIUX
Mojenell AnekTpopakeTHbIX ABuraresneil. [loaromy HacTosmias pabora Oblia MOCBAIIEHA
MIPOBEJICHUIO TEOPETUYECKON OIIEHKHM BO3MOXKHOCTU TOBBIIIEHUS 3HEProd(HeKTUBHOCTU
OJIHOTO M3 aKTyallbHbIX THHIOpa3zMepoB BUN/] ¢ nnamerpom nmydka 80 mm. Pacu€THble O1leHKH
MPOBOJIUJIUCh C MCIOJb30BaHUEM pPa3pabOTaHHON paHee WHKEHEPHOW MaTeMaTHYEeCKON
moaemn BY paspspa B BUM/I, no3Bonsromeld onpenenuTs IBYMEPHBIE paCIpeaeiICHUs
JIOKaJIbHBIX MapaMmeTpoB miaa3Mbl B PK, a Takke HEKOTOpble HHTETpalibHbIE XapaKTepUCTUKU
nBurarens (LieHy moHM3anuu, koddduunueHt ucnons3oBanus PT u BennunHy M3BIEKaeMOTo
HWOHHOTO TOKa) [2].

B psine skcnepuMeHTanbHBIX HcclieoBaHui [3, 4] ObUIO MOKa3aHO, YTO T€OMETPUUYECKUE
napametpsl PK 3ametno Bnusitor Ha addextuBHOCTH padoTel BUN/I. D10 cBsizaHOo € TeM, 4TO
Ha BHyTpeHHeW momanun noBepxHoctd PK mpoucxonuT akTuBHAs peKOMOMHAIUS
BBINTAJIAIONINX Ha HEE 3apsDKEHHBIX YACTHUL, KOTOpas SIBISETCA OJHUM M3 OINPEIEISIOIINX
KaHaJIoB norepb BU MOIMHOCTM B Iu1a3Me WHIYKTHBHOrO paspsna. B 1o xe Bpems st
opraHuzanuu nporecca g dekTuBHON nonmnzanuu PT TpeOyeTcs odecrneuynTs He0OXOMMBIN
BHyTpeHHUN 00béM PK. To ecTh 3amaya CBOAWTCS K ONTHUMHU3AINMH TEOMETPHUYECKUX
[apaMeTpoB 3TOr0 3JIEMEHTA KOHCTPYKLIMM JABUrarend. Emé oaHMM NEepCHeKTHBHBIM U
SKCIIEPUMEHTAJIbHO MOATBEPKAEHHBIM METOJIOM IMOBBIIIEHUs dHeprodgdextuBHoctn BUN L
SIBJIIETCS HCIIOJIb30BAHKE JOTOJIHUTEIBLHOTO MOCTOSIHHOIO MarHUTHOro mnoiig B odnactu BY
paspsaa [5, 6]. O6a aTuX MeToAa yIy4llIeHHs XapaKTepUCTUK JIBUraTels ObUIN pacCMOTPEHbI
B paMKax JaHHOU paOoThlI.

Pacuérrl ¢ nenpto onpeaenenus ontuManbHbIX popm PK u snextponos MOC, a Taxxke orieHka
BO3MOJKHOTO TIOBBIIIEHUS HWHTETPAJBHBIX XAPAKTEPUCTUK 34 CYET HCIIOJIb30BAHUS
JIOTIOJTHUTEIBHOTO MOCTOSSHHOTO MAarHUTHOTO TMOJIS pa3iInYHON KOHPUTYpALUK TPOBOAUIUCH
JUTsL ABUTATEN ¢ nuaMmeTrpoM mydka 80 M. McxomHass Mojaenb IBHUTraTessl BKIIOYaIa B ceOst
TUIOBBIE JUIS JTaHHOTO THMopa3zMmepa noiychepudeckyro PK u miockue snexrpoast MOC.
[Touck ontumansHol reomerpun PK u anexrpogoB MOC npounsBoaniics 3a CHET BApbUPOBAHUS
BbicOoThl PK u riyGunsl nporuba snextpogoB MOC. [Ipu cpaBHUTET HOM aHaAIM3€ JaHHbBIE
rapaMeTpsl MCHOJb30BAINCh B OTHOCUTENIBHBIX BEJIIMYMHAX, T.€. OTHECEHHBIX K PATAYCY
neurarens. I[lapamerpom, ompenenstonM mnoBbimieHHe 3¢ ¢dekTuBHOCTH padoTsl BUU L
sBisIach 3 dexTuBHas Tiara 7, KOTOpas onpeneisuiach Kak:

T~ [f,, .067) do, (1)
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rae jg — BOMOBCKast IIOTHOCTH HOHHOTO TOKA; N, — €AMHUYHBIA BEKTOP, MAPAILIENbHBIA OCH
neuratens. [lapamerp 7' Takyke MCIONB30BAJICS W NI OLICHKH ITOBBIIICHHS XapaKTEPUCTUK
BUYN/] npu HamM4uy AOMOTHUTEIBHOTO MATHUTHOTO TTOJIS.

B pesynbTare nepBoro stamna pacyéToB ObUIH MOTYYEHBI 3aBUCUMOCTH MIPUPOCTa dPPEKTUBHOM
TATH OT OTHOCUTENbHOW BBICOTHI PK um otHOcuTensHOTO mpormba smektpomoB HOC,
MO3BOJIUBILIME OMNPEEIUTh ONTHUMAIbHbIE T€OMETPUUYECKHE MapaMeTphl 3THUX JJIEMEHTOB
koHcTpykuuu BUMJL (PucyHok 2).

AT, %% AT, %
5,00 5.30
5,00

4,00
4,70
00 4,40
2,00 4,10
1,00 3,80
0,00 3,50
04 05 06 07 08 09 1 0 0,05 0.1 0.15 02
a) hpg orm 0) hyoc o

Pucynok 2 — 3aBucumMocTh npupocTa 3pGEKTHBHOM TATH: a) OT OTHOCHTENLHON BBICOTHI PK; 0) oT
OTHOCHTEIHHOTO Tpornba anexrponos MOC

AHanu3 MOJy4YEHHBIX JaHHBIX MOKA3bIBAET, YTO COTVIACHO PACUETY MJI TAHHOTO THUIIOpa3Mepa
BUN /I onTumMansHBIME SBISIOTCS OTHOCUTEbHAS BhicoTa PK 0,65 1 oTHOCHTEIBHBIN TIPOTHO
anektpogoB MOC — 0,125.

Bropoii saTan pacuéToB npou3BOAMIICS C YXKe HalIeHHOW onTUManbHOM KoHpurypanueii PK u
anektpogoB MOC. Ilpu 3TOM paccMarpuBajioch TPU TOMOJOTHU JIOMOJHUTEIBHOTO
MTOCTOSIHHOTO MarHUTHOTO TOJIs, pa3inyaroliuecs: paJlialibHbIM pacipeesieHueM HHIyKIUH.
Jia kaxxgoro ciydas OBLIM MOJY4YEHBl 3aBHCHUMOCTH HpupocTa A(P(GEKTUBHON TITU OT
BEJTMYUHBI cpefiHel no 00béMy PK mHAyKIMM TOMOTHUTET,HOTO MarHuTHOrO nosis (PucyHok
3).

AT, %
7
6
5
4 Komrd. 1
3 Koud. 2
2 Koud. 3
1
0
0 2.5 5 7.5 10 12.5
Bep, mTa

Pucynok 3 — 3aBucumocTh npupocTa 3PPEKTHBHOM TATH OT cpeaHel 1o 00béMy PK nHIyKImu
JIOTIOJTHUTENIHHOTO MTOCTOSTHHOT'O MarHUTHOTO TIOJISt
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Bo Bcex Tpéx ciydasx MakCUMyM HHAYKIMH JOTMOJHUTEIBHOIO MOCTOSHHOIO MAarHUTHOTO
nonis Haxomwica B ueHtpe PK. IlepBoil koHdurypamum cooTBETCTBYET camblii OOJIBIION
paavanbHBI TpPajMEeHT WHAYKIMHU JIOMOJHUTENBHOTO MAarHUTHOTO TOJS  (MCTOYHHK
JIOTIOJTHUTEIHHOTO MarHUTHOT'O TOJIs1 OBLJT JIOKAIM30BaH BO3JIe LIeHTpa ABurarens). Bo Bropoi
U TpeThbel KOHQUrypalud UCTOYHUK MArHUTHOTO MOJIA OBLI BBITSHYT BIIOJIb pajuyca, 4ToO
o0ecneunsio CHWXEHHE PaJuabHOrO TpaJueHTa MHIYKIUU JONOJHUTEIBHOTO MarHUTHOTO
nonsgs B obmactu PK. Tperbss koHurypanus ¢ HauMEHBIIMM paadaibHBIM TPaAUEHTOM
JIOTIOJIHUTEIBHOIO MAarHUTHOTO IOJIA TOKa3ajna HauOodbIIui pocT 3(G(EKTUBHON TATH,
KOTOpBIH nocturaet 6,2 %.

B pesynbrare npoBe1€HHBIX TeOpeTHUeCKuX ucciaenoBannii st BUM /L ¢ nmamerpom myuka 80
MM Obutn ompenenensl onTuMmanbHble ¢opMbl PK u snextpomoB MOC, a Takke HaiineHa
TOTOJIOTHS AOMOJIHUTEIBHOTO MOCTOSHHOTO MarHUTHOTO MOJIsl, KOTOPbIE MOTYT OOECIeYuTh
3aMETHOE YJIYYIIEHHE WHTErPAJIBHBIX XapakTepUCTHK aurarensd. CoriacHo pacyérawm,
MCIOJIb30BaHUE MPEI0KEHHBIX METOJIOB MOBbIIIEHUs 3P dekTuBHOCTH padoTsl BUN /I MmoxeT
B oOmieil cioxxkHocTH TOYTH Ha 12% TNOBBICUTH TATY MO CPaBHEHHUIO C TPAJUIMOHHOMN
KoH(uryparmeit neurarens ¢ noirychepuueckoit PK u mnockumu snexrponamu MOC.

Pabota BemonHena mpu noanaepxkke Poccuiickoro HayyHoro gonmaa, mpoekT Ne 22-29-01006.

[1] [TepcrieKTHUBHBIE TEXHOJIOTHH W CEPBUCHI CITyTHUKOBOW CBSI3M [DJIEKTPOHHBIN pecypc|
URL:

http://archive.satcomrus.ru/2022/presentations/5 %20%D0%A3%D1%80%D0%BB%D0%B
8%D1%87%D0%B8%D1%87 27102022.pdf (nata obpamenus: 11.03.2023)

[2] Kanev S., Melnikov A., Nazarenko I., Khartov S. Mathematical model of radio-frequency
ion thruster with an additional magnetostatic field / B c6opuauke: IOP Conference Series:
Materials Science and Engineering. 18th International Conference "Aviation and
Cosmonautics", AviaSpace 2019. 2020. C. 012010. DOI: 10.1088/1757-899X/868/1/012010

[3] Walther R., Geisel J., Pinks W., et al. Scaling laws of radio-frequency ion thrusters. AIAA-
75-367 // Proc. of 11th Electric Propulsion Conference, 19-21 March 1975, New Orleans, LA,
USA

[4] Leiter H.J., Loeb H.W., Schartner K.H. The RIT15 Ion Engines. A survey of the present
state of Radio-Frequency lon Thruster technology and its future potentiality // Proc. of 3rd
International Conference on Spacecraft Propulsion, 10-13 Oct. 2000, Cannes, France.

[5] Melnikov A.V., Khartov S.A. Radio-Frequency lon Thruster with Additional Magnetic
Field: Experimental Investigation // Thermal Engineering. 2018. Vol. 65., No. 13. pp. 980-985.
DOI: 10.1134/S0040601518130086.

[6] KoxxeBuukoB B.B., MenpaukoB A.B., Hazapenko WN.I1., XaptoB C.A. Bricoko4acTOTHBIN
MOHHBIM [BUTaTelb C JOMOJIHHUTEILHOM MarHuTHoW cuctemoin // M3Bectus Poccuiickoii
akazeMuu Hayk. OHepretuka. 2019. Ne 3. C. 40-51.

146



BJIUSTHUE HOHHOI BOMBAPIUPOBKH HA CKOPOCTbD TPABJIEHUS U
COCTAB NOBEPXHOCTH IIJIEHKH PYTEHHUS B KUCJIOPOJICOJEPXKAIIEN
IIJIASME
EFFECT OF ION BOMBARDMENT ON ETCHING RATE AND SURFACE
COMPOSITION OF RUTHENIUM FILM IN OXYGEN-CONTAINING PLASMA

W.U. Amupos', M.O. Uzromos', H.B. Anos?, ILIO. Illapanos?, JI.B. Jlonaes?, T.B. Paxumosa’

LI Amirov!, M.O. Izyumov', N.V. Alov?, P.Yu. Sharanov?, D. V. Lopaev?, T.V. Rakhimova?
! fIpocnasckuii punuan @usuxo-mexnonocuueckozo uncmumyma um. K.A. Barueea PAH,
150007, Ynusepcumemckas, 21, e. Apocnasnw, Poccus, ildamirov@yandex.ru
2 Omoen muxpoarexmponuxu, HUH S1oeproii pusuxu um 1 .B. Cxobeavybina, MI'Y um. M B,

Jlomonocosa, 119991, I'CII-1, Jlenunckue 20pwt, 1, cmpoenue 2, Mockea, Poccus.

It is shown that the rate of etching of the ruthenium surface in O2 plasma with a small
addition (5%) of the inert gas Kr increases linearly with an increase in ion energy from 35 to 135
eV. Using X-ray photoelectron spectroscopy, it was found that a reaction thin layer of RuO»
oxide is formed on the ruthenium surface during etching at low ion energy (~35 eV). This

indicated that metal etching is limited by ion bombardment.

PYTeHI/Iﬁ ABJIICTCA OAHUM H3 TCPCICKTHUBHBIX MCTAJJIOB MJId HMCIIOJIB30OBAaHUSA €TO
TEXHOJIOTMW HAHOJJICKTPOHUKHU JId q)OpMPIpOBaHI/IH JOPOXKEK MCTAJUIM3AlU HWHTETrPaIbHBIX
cxeM c¢y0-10 HM pa3smepamu osneMeHTOB [1]. dopmHpoBaHUE OCYLIECTBISIETCS C
HCIOJIb30BaHUEM IIpOLecca IUIa3MOXUMHUYECKOTO TPABJICHUS B KUCIOPOACOJEp KaIleH Iia3Me
Wi B 1miasme ¢ jgobaBkamu xjopa [1, 2]. B mmasme Oo/Ar TpaBienue Ru o0OycnomieHo
o0pa3zoBaHMEeM Ha TIOBEPXHOCTH MeTajuia JeTyunx coenuHennii RuOs [2]. Beuto mokasano, 4To
mpu HU3KoW sHeprun HMoHOB (~20 3B) ckopocTe TpaBienuss Ru nuHeiiHO Bo3pacTaer ¢
YBCIIMUCHUEM KOHICHTPAIUU aTOMOB KHCJIOPOJa C BBIXOJO0M Ha CTAIMOHAPHOC 3HAYCHHUE IIPU UX
BBICOKOH KOHLCHTpPAIUH. Bimsgune OHEPIrvr MOHOB HAa TPABJIICHHUE MCETalIa HEC U3YYaJIOCh, XOTA
AQHU3OTPONHMSI TpPABJIEHUS OMpeneseTcs HOHHOM OomOapnupoBkoil. B nmanHOW pabore
IMPUBCACHBI PE3YJIbTAaThl UCCICAOBAHUS TPABJIICHUA IINICHKW PYTCHUA B 3aBUCHUMOCTHU OT SHCPIrun
MOHOB B KHCIIOPOJIHOM M1a3Me ¢ HebobIoil 1o6aBkoii Kr.

OKCIIEpPUMEHTHI NMPOBOAWIA B JIBYXKaMEPHOM peakTope B Ia3Me BY MHIyKIHOHHOTO
paspsana (f=13.56 MI'n, W=800 Bt) B cmecu O2/Kr. nepTHBII Ta3 100aBISsUH I pean3aiin
CHEKTPAJIbHOT0, aKTHHOMETPUUECKOI0 METO/1a ONPE/IeIeHUs KOHIIEHTPAIlK aTOMOB KHCIIOpPO/1a.
[lmasma renepupoBanachk B pa3psJAHOM Kamepe, W3 KOTOPOM OHa pacnpocTpaHsiach B
peakunMoHHYI0 Kamepy. TpaBieHue o0O0pa3loB NPOBOAMIM B PEaKIMOHHOM Kamepe,
YCTAHOBJIEHHBIX Ha AJIFOMUHUEBOM Jeprkarene Ha BY smektpone. Ha anextpon nmomasaim BU

CMeIleHne oT oTAeNbHoro reHeparopa (f=13.56 MI'm, W=600 Bt). B 3aBucumoctu or BY
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MOIITHOCTH CMEIIEHUSI Ha DJEKTPOJE YCTAHABIHMBAICS ONpPEICICHHBI OTPHUIATEIbHBIN
noteHan cMmemeHust -Ucy, KOTOPBIM OINpeneNsl 3Hepruio mnamaronmx noHoB [3]. Chektp
TUTa3Mbl  HaJ dJIEKTPOJOM  KOHTPOJHMPOBAIM C  HCIOJNB30BAaHHEM aKyCTOONTHYECKOTO
cnekrpomerpa “Kpapu-2000”. ITpu ycmoBuax nposeneHus skcnepumenta: W=800 Brt, P=0.6
ITa, pacxon raza Q= 55 cm’/mMuH (Ipu cTaHAapTHEIX yenoBusax) orHomenue O/0z ~0.075+0.015.
[1TOTHOCTh HOHHOTO TIOTOKA HA MOBEPXHOCTH, KOTOPYIO OMPEACIISUIN U3 30HAOBBIX U3MEPEHUH H
u3 u3Mepennii 3aBUCUMOCTH  Ucw(Wew) [3] paBrsmace 0.75 mA/cm? [3]. CKOpOCTh TpaBieHHs
IUIGHKH Ru ompenensii 1Mo BpeMEHW CTPaBIMBAHHS TUIGHKM METalla W3BECTHOW TOJIIHHEIL.
OxoHYaHHE TpaBJICHUS KOHTPOJIUPOBAIN PEPICKTOMETPHUECKUM CHOCOOOM TIO0 HM3MEHEHUIO
CHTHAJIa OTPAXCHHS JIa3epHOTO JIyda B MOMEHT CTpaBiuBaHUs IUieHkn Metaymuia [3] . CocraB
MOBEPXHOCTH TUIeHKM Ru 1m0 W mocine o0pabOTKM B IUIa3Me OMNPENeIsUTd  METOJIOM
PEHTTeHOBCKOI (oTodnekTpoHHON crnekTpockonuu (PO®IC) Ha 371EKTPOHHOM CHEKTPOMETpE
Leybold LHS-10 (I'epmanwusi). Ilnenku Ru Tommumuo# 20-25 HM HAHOCWIM MarHETPOHHBIM

criocoboM Ha nozcioit Ti (5 HM) Ha OKHCIEHHYIO TOBEPXHOCTh KPEMHUEBOM MJIACTHHBI.

0.06 -
0.05 -
0.04 1

0.03

, HM/C

p

=

0.02

\Y%

0.01+

0.00 T T T T T T
20 40 60 80 100 120 140

E, »B

Puc. 1. 3aBucumocts ckopoctu TpasieHusa Ru ot sneprun nonoB B miazme Or+5%Kr.

P=0.6 Pa, W=800 Br.

Cxkopoctb TpasieHuss Ru B mnazme O2+5% Kr yBenuuuBanack mouTd B TpU pasa MpH
YBEIIMYEHUHU TIOTeHIHANIa cMenieHus ¢ 55 1o 135 B (puc. 1). 3ameTHOE yBETMYEHHE CKOPOCTH
TPaBJIEHUS C YBEJIIMYEHHEM YHEPIHMH MOHOB CBHUJIETEIHCTBOBAJIO, UTO B TAKOW IJIa3Me BO3MOKHA
peanu3anysi aHU30TPOIHOTO TpaBJIeHMs. AHaJIN3 MOBEPXHOCTH OOPA3IOB PYTEHHUS HCXOIHOTO
oOpa3ua Ru meromom P®DC mnoxkasan, yto Bua crnekTpa ypoBHerd Ru3d cBuperenscTByeT O
HaJIMYMU Ha TOBEPXHOCTH ECTECTBEHHOIo OKcuJaHOoro ciosi RuO», copepxkaHHe KOTOPOTo
coctaBisieT 35% (puc. 2a, cniektp 2). [locie 06paboTkn MOBEpXHOCTH 00pa3iia HOHHBIM ITyYKOM

Ar (1 k3B) Ha moBepxHOCTH OOHapyXHUBajcs TOJIbKO 4uCThIA Ru (puc. 2a, cnektp 1). Ilocne

148



o0paboTku nmoBepxHocTy B mazme Ox+5% Kr npu komHaTHON TeMmiepatype oOpasilia B TeUeHHE
240 cexkyHA W MHHUMaJbHOW SHepruu HOHOB 0Oe3 momaun BY cmemieHuss npous3onuio
3HAYUTEJIbHOE W3MEHEHUE TOHKOM CTpYKTypbl P®OC cnekTpa mo CpaBHEHHIO € HCXOAHBIM
criektpoMm (puc. 20, cnektpsl 1 u 2). HaGmromarorcst 60IbIIME XUMHUYECKHE CIBUTH OCTOBHBIX
nuanii Ru3dd u w3MeHeHWe COOTHOIIEHWS WHTEHCUBHOCTEH JIHWHHN B crnuH-myoOsnere Ru3d.
Conepxkanne KuCIopoAa B IUIEHKE YBeIWUUIoch 10 76%. Oxcuna RuO; He oOHapyxkeH. DT
pe3yNbTaThl MOTJIM CBUJETENLCTBOBATh, UTO HA MMOBEPXHOCTU Ru B mpoiiecce ero TpapieHus npu
cnaboit MoOHHOW OOMOApAMPOBKE MPUCYTCTBYET 3aMETHOW TOJIIMHBI PEAKIIMOHHBIA CIION W3
okcuaa RuO;. CxopocTs TpaBieHust Ru npu takux ycnoBusix 6pi1a oueHb Hu3koi < 0.01 am/c. B

ATOM ClIy4ae TPaBJICHUE JTUMUTHPYETCSI HOHHONH OOMOapaAMpOBKOA.
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Puc. 2. POSC cnektpsl ypoBHe#t Ru3d noBepxHOCTH HCXOAHOM MIeHKH Ru (2) —a) 1 mociie Bo3aeicTBus
wia3mbl O/Kr nipu sHepruu nonos ~35 3B (2) — 6). 1 — POSC uucroii noBepxHocTu Ru.

Takum 00pa3omM, TOKa3aHO, YTO CKOPOCTh TpamieHUss Ru B mmazme O,/Kr muHEWHO
BO3pacTaeT C YBEIMICHUEM dHEPTUU HOHOB. Pe3ybTaThl aHAIHM3a ITOBEPXHOCTH 00pasiia pH ero
obpabotke B azme O»/Kr merogom POIC nokazanu Hanmuuue okcuaHoro ciioss RuO2. MoxHO
ToJiarath, 4To TaKod CJIoi oOpa3yeTcs Ha IMOBEPXHOCTH Ru B Iporiecce TpaBICHHS TTPH HU3KOU

SHEepruu HoHOB (~35 3B).

PaGora BbimonmHeHa B pamkax rocynapcrBeHHoro 3ananus SO OTUAH um. KA.

Bamuesa PAH, tema Ne FFNN-2022-0017.

[1] S. Paolillo, D. Wan, F. Lazzarino, N. Rassoul, D. Piumi, Z. Tékei. J. Vac. Sci. Technol. B 36, (2018) 03E103.
[2] C. C. Hsu, J. W. Coburn, and D. B. Graves, J. Vac. Sci. Technol. A 24, (2006) 1.
[3] 11 Amirov, M O Izyumov, V V Naumov, E S Gorlachev. J. Phys. D: Appl. Phys. 54 (2021) 065204.
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NCCIIEAOBAHUME CTEINEHU DOOEKTUBHOCTU 3AILIUTHEI OT ATOMAPHOT'O
KUCJIOPOJIA METAJIJIOAJIKOKCUCHUJIIOKCAHOBBIX HAITOJIHUTEJIEN
PA3HOM CTPYKTYPHI

DEGREE STUDY OF PROTECTION EFFECTIVENESS OF
METALLOALKOXYSILOXANE FILLERS WITH DIFFERENT STRUCTURES
AGAINST ATOMIC OXYGEN

V.C.Aunponosa', O.A.Cepenxko!, B.H. Uepnux?, JI1.C. HoBukos?

U.S. Andropova!, O.A. Serenko!, V.N. Chernik?, L.S. Novikov?

THHDOC PAH, Mocksa, Poccus, andropova@ispm.ru
2 HUHUAD MTI'Y, Mocksa, Poccus

In this work, it is shown that, using the specific values of the erosion coefficient, calculated
as the ratio of the obtained erosion coefficients to the concentration of the dispersed phase,
expressed in mmol/g of the polyimide matrix, it is possible to compare the protection

efficiency of metalloalkoxysiloxane fillers with different chemical structures.

N3Bectno, uro mommumuy (I1HM) obmamaeT mMpeBOCXOTHBIMH CBOWCTBAMH, TaKUMH Kak
TepPMUYECKasi CTAOMIHLHOCTh, MEXaHUYECKHE U JUICKTPHUUECKUE CBOWCTBA, XUMUYECKas U
paavanoHHasi CTOMKOCTh, a TakXe HUCKItouuTenbHas ruOkocts. [Toaromy I mmpoko
HCTOJIB3YETCAd BO BHEIIHEW CTPYKTYpe€ MHOTOCIOWHOIO H30JSLIHOHHOTO MaTepualia B
KadecTBE TEIUIOBBIX OJIesyT Ha KocMudeckux ammapaTtax (KA), 3amuiinas 9yBCTBUTEIHLHOE
CITyTHUKOBOE OOOPY/JOBAaHHME OT COJIHEYHOTO M3JIY4YEHUS, BBICOKOCKOPOCTHBIX YACTHUIl H
pe3kux mepemnanoB Temmeparypel [1, 2]. Opnako aromapubiii kuciopon (AK),
MIPUCYTCTBYIONINI B OOJBIINX KOHIICHTPAIMSIX HA OKOJIO3€MHOW OpOWTE, C BBICOKOM
XUMHYECKOM AKTUBHOCTBIO W BBICOKOM YJIApHOW SHEpPruel WHIAYyUUPYET Ierpaaalyio
Marepuajga W TOTEPI0 €ro MacChl, YTO MPUBOAUT K Pa3pPYyIICHUIO KOHCTPYKIIMH |
yXyIIeHuto mpomsBoguTenbHocTH  [3, 4], I[loaToMy ymydmieHHe TEPMHUYECKOM
CTAaOWJIBHOCTA TOJIMUMHJIHBIX MATEpUAJIOB M WX YCTOMYMBOCTH K BO3JICHCTBHUIO
aTOMAapHOI0 KHUCIOpOJia MpHU SKCIUTyaTalud KocMudeckux KA Ha HU3KHX OKOJIO3€MHBIX
opOMTax BBI3BIBAIOT 3HAYUTENBHBIA HMHTEPEC KaK OKCIEPUMEHTAIBHBIX, TaK W
TeopeTHdeckux wuccieaopareneid. CymIeCTBYIOT pa3IWYHBIE CIOCOOBI  TOBBIIICHHS
CTOMKOCTH TIOJIMMMHJOB K 93po3un mocie obmyuenuss AK: wucnons3oBanue
HEeOpraHuyecknx okcuaoB, Hampumep SiO» m AlOs3, nmnsg modydeHus TOKPHITUHA Ha

MMOBEPXHOCTU TONUMEPOB [5, 6], BcTpauBanne POSS-G10KOB B CTPYKTYpy MHOJIUMEPHOI
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uenu [7, 8], BBeZieHUE YacTHUIl WU UX cmecer (Hampumep, ZrOz, TiOz, Si0; - Al2O3) 30715b-
redib MEeToJoM B oObeM mosmmMepHor matpuilsl [9, 10]. Ilocmennumii croco® sBisieTcs
HanboJiee pacTpOCTPaHEHHBIM B CHIIy CBOEU MPOCTOTHI M yIOOCTBA MPHU HCTOIB30BAHUHI

MaTpull Pa3INIHON TPUPOJBL.

OpHako MOHMMaHHE, KakK OINpeaAenuTh 3()(PEeKTUBHOCTH 3aLIUTHBIX CBOMCTB TOTO WIIU
MHOTO HAIIOJIHUTEJSI, MO-MPEKHEMY OTPAaHMYEHO M3-3a OTCYTCTBUS OOMIEro Mojaxoja K
OIIEHKE JaHHOI0 Mapamerpa. Jns  pemieHus TNPaKTHYECKUX 3a7ad  HEOOXOIUMO
OTpeIeNIUTh MOKa3aTellb, IMO3BOJSIONINN pa3padoTYMKaM OIEHUTh pe3yJIbTaTUBHOCTh
MoaM(UKAMK TONMMepa M BbIOpAaTh HYXKHBIM KM HaNOJHUTENIb MpH pa3paboTke
3alUTHBIX MaTEepPHAJIOB. DTO Ba)KHO U MPH MOMCKE HOBBIX MPEKYPCOPOB, HAMOJIHUTENEH U
IpU CO3JaHUM MOJUMEPHBIX KOMIIO3UTOB, CIOCOOHBIX HSKCIUTyaTHPOBATHCA B YCIOBMSIX

OKOJIO3€MHOW OpOUTBHI.

Taxkum oOpa3zoMm, pa3paboTka MOAXOAa K OIEHKE CTeNneHH 3(PGEeKTHBHOCTH 3alIATHBIX
CBOMCTB HAIOJHUTENS SBISETCA OYeHb BOCTpeOOBaHHOW. B maHHON paboTe B KauecTBe
ATOTO TOKa3aTelisi HAaHOPAa3MEPHOTO HAMOJHUTENS B COCTaBE KOMIIO3UTA MPEIIOKEHA
HOBas XapakTEPUCTHKA - YICHbHBIA KOI(PPUIIMEHT DIPO3WH, ONpPENeTIeMbId Kak
OTHOIIIEHHWE JKCIIEPUMEHTAIFHO TIOJYYeHHOTO Kod(duIlMeHTa Hpo3uu MaTepuaia K
KOHIICHTpPAIlMA HATOJIHUTENIS, BBIPAXEHHON B MMOJb Ha | T mommmepa. Ero 3HadyeHume
MO3BOJISIET BBISIBUTH KJIIOYEBBIE (DAKTOPHI HAMPABICHHOTO TOBBIMICHHUS JPO3UOHHOM

CTOMKOCTH 3aIIUTHOI'O ITOJUMEPHOTO IOKPBITUA.

st DKCIIEpUMEHTAIBLHOTO PEIICHHUs] 3TOW 3aJadyd yAOOHBIMH OOBEKTaMH SIBIISFOTCS
METaJUTOATKOKCUCHIIOKCAHbI.  VICTIONBb30BaHUE ATHUX TMPEKYPCOPOB C pPa3HBIM THUIIOM
IIEHTPAJIbHOTO aToMa MeTaula M €ro KPEeMHUUOPTaHMYECKHUM OOpaMJIEHHEM TO3BOJIUT
BapbUPOBATh DJIEMEHTHBIM COCTAaB 3alIUTHOTO HAIOJTHUTENS, HE H3MEHSSI TEXHOJOTHIO
MOJTyYEHUST HAHOKOMITO3UTOB.

CuHHTe3 METaJI0AIKOKCHCUIIOKCAHOBBIX IPEKYpPCOPOB OCYLIECTBISUIA B JIBE CTaJuH:

MOJIy4€HHEM OPTaHOAMATOKCUCHIIAHOJIATA HATPUs C MOocleayomeil 00padoTKoi UM XjIopuaa

MeTajuia:
¥
RSi(OC,Hjs); + NaOH ———— NaOSi(OC,Hs),
R R

| |
MCIl, + nNaOSi(OC,Hs), —>N 1 M[OSi(OC,Hs),],
-nNa
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R = CHj3, CsHs, C3H¢NH>
M = Al, Fe, Cr, Ga, Ti, Zr, Hf, Nb

B utore 0w MOJIYyUCH PpAd COG)II/IHeHI/IfI, OTIMYAIOIIMXCA TUIIOM MCETalljla, KOJIMYECTBOM
CHUJIOKCAHOBBIX 3BC€HLBCB, COOTBCTCTBYIOIIHMM €TI0 BAJICHTHOCTH W 3aMECTUTCJIEM Yy aToMa

KpEMHHUSL.

DKCIEpUMEHTAIIbHBIE UCCIEOBAHUS CTOMKOCTH MOJMMEPHBIX KOMIO3UTOB Ha ocHOBe 1N
u M-cuiokcaHoB K Bo3aercTBUIO AK MpPOBOAMIMCH HAa MAarHUTOILUIA3MOJWHAMUYECKOM
yckopuTtene, pazpadorannoM B Muctutyre M. B.Jl. Cxobenbipina MHCTHTYTA simepHOI

¢buszuku MI'Y um. M.B. Jlomonocosa [11].

Ananmu3 3¢ (GEeKTUBHOCTH 3alIUTHBIX CBOMCTB HAIMOJIHUTENS HAa OCHOBE IPOW3BOJIHBIX
MIPEKYypPCOPOB Pa3IMUYHON XUMHUYECKONH CTPYKTYpbl MPOBOJIWIM, HCIONb3Ys yleIbHbIE
3HaueHus: koddduumentoB spo3uu Ey,, paccuurannbie kak Ey; = E«/Cr. 3gecy Cr —
KOHIeHTpauus aucnepcHoi dassl, Mmoas/T(IIN). Tlonyuennsie 3nauenust Ey, npuBeneHsl
B Tabnumne 1 W3 KOTOpOW BHIHO, YTO BHE 3aBHCHUMOCTH OT THIA IEHTPAIBHOTO aToMa
MeTajjla TMpeKypcopa yhaelabHble 3HadeHHs Kod(dduireHTa >3po3uM HaHOKOMIIO3HUTOB,
HaIlOJTHEHHBIX YaCTUIIAMH HAa OCHOBE METHJIBHBIX MPOW3BOJHBIX IMPEKypCopa, MEHBIIIE.
CrnenoBatenbHO, 3aUIUTHBIE (YHKIIMM HAMOJIHUTENS HAa MX OCHOBE BBIIIE, YEM HAa OCHOBE
(heHUITBHBIX TIPOM3BOJHBIX, YTO, BEPOSTHO, SIBISETCS OTPAKECHHEM CHUXEHUS JIOJIH

OPraHNYeCKON COCTABJISIIOIIEH B COCTABE HATIOJTHUTES.

B Tabnume 1 taxke mpuBeAcHBI yACTbHBIC KOI(PGUIIMEHTH dPO3UU 00pa3IioB HA OCHOBE
[N u M-Me-cunokcanoB (M=Al, Cr, Ga, Ti, Nb). BuaHo, 4T0 cTeneHb BIWSHHS THITA
LEHTPAJIBbHOTO aToMa MeTajula MpeKypcopa Ha BelduuuHy Ey, MeHbIlle Mo CpaBHEHUIO C

s dexTom 3aMecTUTeNs y aTOMa KPEMHHS B COCTaBe TIPEKypcopa.

Tabauna 1. YaensHble K03 duireHTs! 3po3uu 00pasnos Ha ocHoBe [T 1 M-Me-cuiiokcaHoB

Obpazen Y nenbHbIN K03 PULIMEHT 3po3uH,
(cM>*r)/(aTom O*MMOJIB)
F=5.6¥10% F=7.6¥10%
atom O/cm? atom O/cm?
[TU-1 - Fe-Me-cunokcas 1.1*10%4 1,0%10%4
[TU-1 - Fe-Ph-cunokcan 2.4%102%4 2,0%1024
[1HU-1 - Zr-Me-cuitokcan 1.4*%10%4 1,2*%10%4
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[TU-1 - Zr-Ph-cunokcan 3.6%1024 3,0%1024
ITU-1 - Hf-Me-cunokcas 1.1*10%* 1,0%10%4
[TU-1 - Hf-Ph-cunokcan 2.8%102%4 2,6%1024
[TH-1 - Al-Me-cunokcan 1.6%¥1024 1.3*¥1024
[TN-1 - Cr-cuokcan 1.4%1024 1.3*¥1024
[T1-1 - Ga-Me-cunokcan 1.5%10-% 1.3*10-%
[TH-1 - Ti-Me-cunokcan 1.3*¥1024 1.2%¥1024
[T1-1 - Nb-Me-cunokcan 1.0*10-> 0.9%1024

Taxum oOpa3om, BeTu4IMHA yIeTLHOTO KO PHUIIMeHTa 3pO3uH MO3BOJISET OIICHUTH HE TOJIBKO
3¢ (HEeKTUBHOCTh HANIOJHUTENS B LI€JIOM, HO U BBISIBUTH KIIOUEBbIE (PAKTOPHI HANPABICHHOTO
MOBBIIICHUS] 3PO3MOHHOM CTOMKOCTH MaTepuaia. B mepByro oudepelb K HUM OTHOCHUTCSA
XUMHYECKasi CTPYKTypa KpEMHHI-OpraHn4ecKoro oopaMieHusl IIeHTPaJIbHOIO aTOMa MeTaslla
npexkypcopa. «3ameHa» (HEeHUIHLHOrO 3aMECTUTENS PU aTOME KPEMHUS B COCTaBe MPEKypcopa
Ha METWIbHBIM B 2.2-2.6 pa3a moBBIIaeT yCTOWYMBOCTH HaHOKOMIIO3UTOB K AK. Ilpupona
LEHTPAJBPHOTO aToMa MeTajla MpeKypcopa OTHOCUTCS K BTOpPHYHBIM ¢akropaM. Ero
M3MEHEHHE TO3BOJIIET YMEHBIIUTh YAENbHbIN KO3()(PUIMEHT 3p03UN MOKPHITHI HAa OCHOBE
MOJIMUMUJA U PA3BETBICHHBIX (YHKIMOHAIBHBIX METAJIOCUIOKCAHOBBIX OJMIOMEPOB HE

6onee yem B 1,5 paza.
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MOJEJMPOBAHHUE BJIHAHUA HEPABHOMEPHOCTH TOJJIHIUHbI
JAUDJIEKTPUYECKOMU IVIEHKHU BAOJIb IOBEPXHOCTU KATOJA
HA EI'O DSMHUCCHUOHHBIE CBOVICTBA B TJEIOIIIEM I'A30BOM PA3PSIJIE

MODELING OF INFLUENCE OF INSULATING FILM THICKNESS
NON-UNIFORMITY ALONG THE CATHODE SURFACE
ON ITS EMISSION PROPERTIES IN GLOW GAS DISCHARGE

I'.T. Bonpapenko', B.W. Kpucra?, M.P. ®umep?
G.G. Bondarenko!, V.I. Kristya?, M.R. Fisher?

I Hayuonanonoiii uccredosamenvckuil ynusepcumem
«Bovicwas wikona skonomurkuy, yn. Macuuykas, 20, Mockea, Poccus
2 Mockoéckuti 20Cy0apcmeenblii mexHu4ecKuti YHUeepCumem umeHu
H.D. Baymana, Kanysccxuii unuan, yn. bascenosa, 2, Kanyea, Poccus,
E-mail: kristya@bmstu.ru

A model of glow gas discharge is formulated at the existence of an insulating film
with non-equal values of thickness on different cathode surface sections. An
influence of the non-uniformity of film thickness on the cathode effective ion-
electron emission yield and discharge cathode sheath characteristics is investigated.
Tneromuii ra30BbI pa3psa KCHOJB3YETCS B Pa3IUYHBIX AJIEKTPOHHBIX MPUOOpax, B
YaCTHOCTH, B OCBETUTEJBHBIX JIAaMIIaX M ra3oBbIX Jiazepax. B3zaumoneiicTBue razopa3psaaHon

I1a3Mbl C MMOBEPXHOCTHIO KaToAa B HEM OMNPCACIIACTCA XapaKTECPHUCTUKAMU KAaTOAHOT'O CJI0A

paspsizia, TAKUMH KaK €ro JUIMHa ¢, U KaTOJHOE MaJCHMs HANPSDKEHUS U . VYMeHbIIeHne U.»

MPUBOJISIIECE K CHIKEHUIO HAMPSYKEHHOCTH AJIEKTPUYECKOTO TOJISl B KATOJHOM CJIO€ pa3psana,
SHEPTUH MOHOB y KaTO/a M HHTCHCUBHOCTH €T0 PACTIBIJICHHUS, MOKET OBITh JOCTUTHYTO ITyTEM
(dhopMupoBaHHS Ha TIOBEPXHOCTH KaToJa TOHKOW TUANEKTPUYECKON TUIeHKH. B paspsge Ha
JIVRJIEKTPUKE  HAKAIUIMBAETCS  TMOJOXKHUTEIBHBIA — 3apsil, KOTOPBIM CO3Ma€T B HEM
JJEKTPUYECKOE TMOJE, JTOCTATOYHOE Ui IOSBIEHUS ITOJIEBOM SMHCCHM JJIEKTPOHOB H3
METAJUIMYECKON TOJUIOKKK JJEKTpoJa. Takue »HIEKTPOHbI ABUTAIOTCA B IUIEHKE O]
JIEUCTBUEM TIOJIS, U YacTh M3 HUX BBIXOJAUT B Pa3psAaHbIA 00beM, yBenudnBas > ()EeKTUBHBIN

K09 YHUIUCHT HOHHO-OJICKTPOHHOM dMICCHH KAaTOlA 7y o [1, 2], 4TO MPUBOUT K CHHKCHUIO
U.. BnusiHue moneBoM SMHUCCHM 3JEKTPOHOB W3 METAUIMYECKON TMOJJIOKKHA KaTrojla B

TUDJICKTPUYECKYIO TUIGHKY Ha XapaKTEepHCTHKU pa3psaa u3ydajaoch B padorax [3, 4] B
MIPEIITOJIOKCHUH TTOCTOSTHHOM TOJIIITIMHBI TUICHKH BJIOJIb TOBEPXHOCTH KaTO/1a.

B nanHOi1 pabote mpetoskeHa MOJIETh TICIOMIETO Ta30BOT0 pas3psiaa MpHU HAIMYHN Ha
KaTo/e JUIJICKTPHUSCKOHN TICHKU, UMEIONICH Pa3IMuHY0 TOJIIMHY Ha Pa3HBIX y4acTKaxX €ro
paboueii TOBEPXHOCTH, W UCCIIEIOBAHO BIMSHUE 3TOTO (PaKTOpa Ha SMHUCCHOHHBIE CBOHCTBA

KaToJla ¥ XapaKTePUCTUKH pa3psijia.
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[IycTh Ha MIOCKOM METAUIMYECKOM KaToJle Ta30pa3psHOro nmpudopa HaXoIUTCsl TOHKas
IURJIEKTpUYecKas IUICHKA, TOJNIIMHA KOTOPOW H3MEHSIeTCS BJOJb €ro IMOBEpXHOCTH. Jlis
OLIEHKU BIIMSIHUS ATOrO (pakTopa Ha SMUCCHOHHBIE CBOICTBa KaToAa OyaeM CUuTaTh, YTO Ha

y4acTKax MOBEPXHOCTH KaTO/A, XapaKTePHbIC Pa3MePbl KOTOPBIX PAaBHBI [, , TONIIMHA IUICHKH
paBHa H,, a CyMMapHas J0JIsl IOBEPXHOCTH KaToJa ¢ TaKOW TONIIMHON IUICHKH PaBHA @,

rae k=1, 2,..., N,a N — KOIMYECTBO Pa3JIMYHBIX 3HAYECHUH TONMIMHBI IJIEHKU. B paborax

[5-7] moka3zaHO, YTO HalIW4YMe€ HAa KaTOAE HEOJHOPOJHOCTEH ero peiabeda WM TOJIIUHBI
MOBEPXHOCTHOW JMDJIEKTPUYECKON IUIEHKH OOYyCIIOBIMBACT HapyIIeHHE OIHOPOAHOCTH
pacnpenieneHusl AMEKTPUYECKOro MO y KaTo[a JIMIIb BOJMM3M TaKUX HEOAHOPOJHOCTEH.

Hooromy mpu H, < L, 9TO HIMEET MECTO TOJIBKO Y IPAHHUIl y4ACTKOB C PA3INIHON TONIINHON
mwieHKd. Ilpn ycnoBuu ke, 9ro [, CYMIECTBEHHO MEHbINC JIMHBI ) IEPE3apsiaKy
GomOap/MpyIOIKMX KaTo/ MOHOB Ha atomax pabodero rasa, T.e. IpH H,, << [, <<Ag< d,

pacrpeielieHie BCeX BEJIMYUH B KAaTOIHOM CIIO€ pa3psijia BIOJIb IMOBESPXHOCTH KaToJaa MOKHO
CUYMTATh OJTHOPOIHBIM M UCIIOJIB30BATh €r0 OJTHOMEPHYIO MOJIENb [3, 4].

B paspsine karox 60MOapiMpyeTCs HOHAMH, TUNIOTHOCTB TOKA KOTOPBIX PaBHa j. , M C HETO
TIIPOUCXO/IUT SMHCCHS IIEKTPOHOB C IUIOTHOCTBIO ToKa f v, j. [8], Tae y; — koadduument
MOHHO-3JICKTPOHHON OMHCCHM Marepuana Karoja, f.. — JOJsl SMUTTHPOBAHHBIX € KaToJa

JIEKTPOHOB, HE BO3BPALIAIOLIMXCS HA €ro MOBEPXHOCTh BCIEJICTBHE PACCESIHUS HA aTOMax
pabouero raza. 3To NPUBOAUT K HAKOIJICHUIO HA BHEIIHEH MOBEPXHOCTH YYacCTKOB IJICHKH

TONIIUHOA H ¢y TOJIOXKUTENBHOIO 3apsijid, CO3JAIOIICr0 B IUICHKE JJICKTPUYECKOE IONE €
HANPSIKEHHOCTHIO Ef . Korma ona mocturaer BeTWYMHBI MOPSIKA 10® B-m!, HaumHaeTcs

TYHHEJIMPOBAHUE 3JIEKTPOHOB Yepe3 MOTEHUUAIbHBIN O0apbep Ha IPaHUIE METAI—IUAIEKTPHUK.
[110THOCTH TOKa MOJIEBOM AMUCCHUU U3 MOJUIOKKHU KaToJa B IUNIEHKY Ha JAHHOM Y4acTKe KaToja

Mo3KeT ObITh HaliieHa u3 popmyisl Oaynepa—Hopareiima [3, 4]:

) aEfzk bv(yOk ) 3/2
Jer (Hy )= exp| ———%(o,, — % : (1)
fk( tk) lz(yOk)((Pm—Xd) Eg ( d)
rae H,, — JUIMHAa TYHHEJIMPOBaHHMS OJEKTPOHA ¢ oHeprueil BONM3M ypoHs ®Depmw,
v(yor ) =0,95 —Yopr £ (Yor)=LL  yo = CE%/kZ/((Pm ~%4)» @ — pabora BEIXONA

METAJUINYECKOH MOMIOKKH, 7y, — OJICKTPOHHOE CPOJCTBO MaTepuala IUICHKH, aq, b, ¢ —

MTOCTOSTHHBIC [2].
TyHHENMUpoOBaBIINE B 30HY MPOBOJWMOCTH TUICHKH DJIEKTPOHBI JBHUTAIOTCS K €€

BHEIITHEH rpaHuine. HpI/I OTOM TIPOUCXOJUT HX YCKOPCHHUC OJICKTPHUYCCKUM IIOJIEM H
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TOpPMOJKEHHUE TIpU paccessHun Ha (GonoHax [1, 2]. Ecnu sHeprus, Tepsiemasi 3J€KTPOHOM MPH
Ka)KJIOM CTOJIKHOBEHHH C (POHOHOM, paBHa Ag, a CpeIHss JUIMHA poOera 3JIeKTpoHa MEXIY
CTOJIKHOBEHHSIMU PaBHa J_, , SMHUCCHOHHAs 9()(YEKTUBHOCTD IUICHKH TOIIIMHON H;, , paBHas

OTHOIIICHHUIO IIJIOTHOCTEH OJICKTPOHHOI'0O TOKa BHYTPHM MW BHC IIJNICHKH, OIPCACIACTCA

BBIpakeHHUEM [2]:

H, = HY
O =1—exp —XOk Z 'Of 1+8Lk exp Enk ) (2)
ek Jnmo!Aey € ak €k

1/2
rne Hy,=Hep —Hyys €, =eEg Hep =9, —nAe, gy = heEfk/z(zme (O —Xd)) t(vor ) -
h= h/ 21, h — nocrosHHag Ilnanka, e u m, — 3apsi] ¥ Macca IeKTPOHa.

B pesynbrare Bo3pactaeT 3 PexTUBHBINA KOIPPUIIUEHT HOHHO-IJIEKTPOHHON IMHUCCHUU

JTAHHOTO y4JacTKa KaTo/a, KOTOPBINA paBeH [2]:

Yeftk = (Yie +8fek)%(1 Sfek)’ 3)

TIE€ Ot = fesOpps Vie = SesVi-
HaprDKeHHOCTB 3JIeI<TpI/IlIeCKOFO I10JI Efk B k—M yLIaCTKe IIJICHKHU B YCTaHOBI/IBIHeMCﬂ

pexXHUMe paspsiga MOXKET ObITh Hali/leHa U3 yCJIOBHS PaBEHCTBA IUIOTHOCTHU Pa3psiIHOTO TOKa Y
€ro MOBEPXHOCTH W IJIOTHOCTH TOKA IMOJEBOM 3JIEKTPOHHOM SMHUCCHHM W3 METAJUIMYECKOMN

MOJIOKKH KaToJla B TJIEHKY [3, 4]:

(1+Y§fk)ji Jrk (Ht )’ (4)
T7ie j. — TWIOTHOCTH HOHHOTO TOKA y MTOBEPXHOCTH KaToIa.

YcpenHneHHble ke M0 MOBEPXHOCTH KaToja 3(p@PexTuBHBIN KOA(h(ULIHMEHT ero MOHHO-
JNEKTPOHHONW SMHUCCUHM M IUIOTHOCTh TOKAa IOJIEBOM AJIEKTPOHHOM SMUCCHUM B IUICHKY NpHU
3TOM OMPEEIIAIOTCS BHIPAKEHUIMU

N N
Je =2 0k (Hex )» Yerr = 2 O Yerre- (5)
k=1 k=1

CootHomienust (1)—(5) ompenensrtoT ASMUCCHOHHBIE CBOWCTBAa Karoja B TICIONIEM
paspsie NpH HAJIMYUUM Ha TIOBEPXHOCTHM KaToJa TOHKOM JUAJIEKTPUYECKOW IUIEHKH
MEPEMEHHOMN TOJIINHBI.

Bpruncnenus npoBoIWSIM A pa3psaa B aproHe NpU €ro JAaBICHUH p=1331la c

AITIOMUHHEBBIM KaTOAOM 0€3 AMAJIEKTPUYECKON IUIEHKH, C TUIEHKOM OKCHa aJTIOMUHUS
TOJIIMHOM 6 HM Ha BCEH NOBEPXHOCTHM KaTOJa W C IUIEHKOM NEPEMEHHOW TOJIIMHBI,

HMMEIOIIEH Ha €€ pa3JIMYHbIX y4acTKax 3HaueHus 4, 5, 6, 7, 8 HM ( N=5 ), MpUYEM CyMMapHas
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J10JIs IOBEPXHOCTH KaTO/1a ¢ KAKJIbIM 3HaYE€HUEM TOJIILMHBI TUIEHKH CYUTAIACh OJUHAKOBOU U
paBHoii 0,2. Vicriosip30BaiCh 3HaYEHUS TTapaMeTpoB u3 pador [1, 2, 4].

Ha puc. | npuBeneHsl MONy4YeHHBIE BOJIBT-aMIIEPHBIE XAPAKTEPUCTUKU pazpsaa. U3
HEero cieayeT, 4To JUIs paspsia ¢ KaroaoM 0e3 OUAIIEKTPUYECKOW IUIEHKHM HMEET MECTO
corjacue pe3yibTaTOB pacyera C JKCHEPUMEHTaJIbHBIMU JIaHHBIMH paboTel  [9],
MTOATBEPKJIAIOIIEE YIOBIETBOPUTEIBHYI0 TOYHOCTh HCIIOIB30BAHHONW MOJEIN KAaTOJHOTO

CIIosl TIEroIIero paspsaa. Hamwuwme ke

A

s00l JTUDJIEKTPUYECKOM TUIGHKHM Ha  KaToJe

MPUBOJUT K YMEHBIICHUIO KAaTOJIHOTO

400 NajeHus HampsDKeHWs paspsaga U, mpu

o

-3 300 TOH K€ IUIOTHOCTU pPa3psiIHOTO TOKa |
- i

BCJIEJACTBUE OOJBIIETO0 3HAYECHUS Vet -

200 .

[Ipu 3TOM B ciiydae IJICHKH TTOCTOSTHHOMN

100 ) . . TOJIIMHBI CHIDKEHHE U, HMeEET

107 10 107
il p*. A/(MZ .naZ) CYIIECTBEHHO MEHBIITYIO BEJIMYUHY, YEM B

Puc. 1. BonpT-amnepHast XapakTEpPUCTHKA TIICIOIETO cllydae TePEMEHHOW TOJIIWHBI TIJICHKH.
paspsiza B aproHe ¢ KaTofoM 0e3 TUAICKTPUIECKOM
TJICHKY (IITPUXOBAs TUHUSA ), C TNICHKON TTOCTOSTHHOM
TOJIIWHEI (CTIIONIHAS JTUHUS /) ¥ C TUIEHKON
MepeMEeHHON TOMMIHHEI (crutomHas JuHus 2). Toukn

— OKCIICPUMCHTAJIbHBIC 3HAYCHU A UC B Cliy4ac y'-IaCTKe, Kak CHe)IyeT u3 (2)’ 6I)ICTpO
Karoza 0e3 mieHkH [9]

OT0 00BICHIETCS TEM, YTO DMHUCCUOHHAS

3G (HEKTHBHOCTD IUICHKH J;, Ha k-M

BO3pAaCTaeT C yBEJIWYEHHEM €€ TOJIIMHbI

H;,- 1looTOMYy OCHOBHOW BKJIax B yBenndeHHe 3(PPeKTHBHOrO Kod(HUIHEHTa HOHHO-
SJICKTPOHHOM SMHUCCHH KaTOMA 7y o BHOCAT €r0 y9aCTKH ¢ HAMOOJBIIECH TONIMHON IUICHKH, 1

3TOT (haKTOp HYKHO NMPUHUMATh BO BHUMAaHHME NPU U3YUYEHUU XapaKTEPUCTHK DPa3psiOB C

TaKMMH KaTOJaMH.
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CTPYKTYPHBIE HAHOJAE®EKTbBI KPUCTAJIJIA ®TOPUJA JINTUS,
OBPA3OBAHHBIE 3A CUET BJIMSAHUSA NPUIIOBEPXHOCTHOM
SJEKTPOHHOM IIJTA3MBI, CO3JAHHOM BBICOKOMHTEHCUBHBIMHA
OEMTOCEKYH/IHbBIMHA JTABEPHBIMU UMITYJIbCAMHU
STRUCTURAL NANODEFECTS OF LITHIUM FLUORIDE CRYSTAL FORMED
DUE TO THE INFLUENCE OF NEAR-SURFACE ELECTRON PLASMA
GENERATED BY HIGH-INTENSITY FEMTOSECOND LASER PULSES

JILW. Bproksuna', H.B. Jleonosa?, JI.C. I'nasynos', C.B. JIunko?
L.I. Bryukvina', N.V. Leonova?, D.S. Glazunov' S.V. Lipko?

'Upxymexuii punuan Uncmumyma nazepnoii pusuxu CO PAH, yn. Jlepmonmosa 1304,

664033, Upxymck, Poccus, baikal@ilph.irk.ru

’Upkymckuti HayuoHanbHblLil UCCIe008aMeNbCKULL MEeXHUYeCKUL yHueepcumen, yi.
Jlepmonmosa 83, 664074, HUpkymck, Poccus
SUncmumym 2eoxumuu um. A. I1. Bunozpaoosa CO PAH, ya. @asopckozo 14, 664033,

Hpxymck, Poccus

It 1s shown that the high intensity of the femtosecond laser beam in lithium fluoride crystal
leads to the formation of near-surface electron plasma with a density close to critical. In such
plasma, concentrated in the region of self-focusing and the beginning of multiple
filamentation, electrons absorb light energy and transfer it to the crystal. Melting and shifts of
the material, generation of a shock wave, splits and cracks are considered. A decrease in the

luminescence intensity of color centers in the region of structural transformations is observed.

OO6paboTka TPO3pavHbIX AMIIEKTPUUECKUX MaTepHasioB (PEMTOCEKYHIHBIMH Ja3€pHBIMU
UMITYJIbCAMU IIPEJCTaBIsIET COO0M 3HAUUTENbHBIM HAyUHBIN U MPUKIAIHON UHTEPEC B CBSI3U C
MpUMEHEHUEM Uil (OPMHUPOBAHUS TPEXMEPHOH ONTHYECKOW MaMATH, NPSIMOM 3alucu
ONTUYECKUX BOJIHOBOJAOB, JU(PPAKIMOHHBIX PEHIETOK, MHOTOLIBETHBIX H300pa)K€HUH IS
apT-00beKTOB ® CcyBeHUpoB [1-3]. BpIcokas TMKOBasi WHTEHCUBHOCTh WMITYJIHCOB
(heMTOoCeKyHIHOTO Ja3epa, CGHOKYCHPOBAHHBIX B KPHUCTA/UIC, BBI3BIBACT HEIMHEHHYIO
¢dboTtononusanuio. B orpaHnueHHOM 00bEME IPOUCXOAAT HETMHEHHOE MOTJIONIEHUE JTa3epHOI
SHEPrUM MyTeM MHOTO(OTOHHOW MOHM3AIMH, TYHHEIUPOBAHUS M JaBUHHOW MOHM3auuu. B

KpUCTQJIJIE TPOUCXOJAT CTPYKTYpHBbIE MpeoOpa3oBaHUs, HWHHUIMHMPOBAHHBIE IIa3MOMN
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HETTMHEHHO-BO30YK/IEHHBIX JJICKTPOHOB MPOBOAMMOCTH. Llenpio Hactosmiel paboThl ObLIO
M3YYHUTh HpPOLECChl 00pa30BaHMs CTPYKTYPHBIX pa3pylleHud u 1eHTpoB okpacku (LIO) B
kpuctammax ¢ropuga gutus (LiF), oOmyuyeHHBIX (PEMTOCEKYHAHBIMH  JIa3€pHBIMU
HMITYJIbCaMHU.

MeTtoabl 1 MaTepHaJIbl HCCJIE0OBAHUS

B pabote uccnenoBanncys MoHOKpHUCTawibl LiF, BeIpameHHbIe U3 COOTBETCTBYIOIICH COJH
MetogoMm Kwuponynoca. Kpucramnelr ObITM packojgoThl HAa TUIACTHHKH, KOTOpBIE OBLIN
00JTy4eHBI HMMITYJIbCAMH THTAH-CAll(pUPOBOTO Jia3epa C JUTHHOW BOJHBI Awaxc—800 HM.
deMTOCeKyHIHbIE Jla3epHble HMITYJIbChl, HalpaBieHHbIE MEPHEHAUKYJISIPHO IOBEPXHOCTH
obpasma, ¢ anepruer 0,5 mJIx, mmrensHOCcThIO 30 (e, yacTtoToi moBTOopenust 1 kI,
c(hoKycHpOBaHHBIE B KPUCTAUT JUH30H C (OKycHbIM paccrtossHuem 30 cm, oOpa3oBain
¢unamentsl ¢ IO B LiF. MccnenoBanusi JTFOMUHECHICHIIMM TPOU3BOAWINCH C TTOMOIIBIO
KoH(pokanpHOro Mukpockona MicroTime 200. HanopasmepHbie AeeKkThl U CTPYKTYpHbBIE

MpeoOpa30BaHUs U3YYaIUCh C IOMOIIBbIO aTOMHO-CHIIOBOTO MHKpockonia CMM 2000.

BiausinMe CTPYKTYPHBIX pa3pylIeHHH HA HHTEHCUBHOCTD JiloMuHecueHunu O
DeMTOCeKyHAHBIMU JIa3epHBIMU HMMIyJbcaMu OblTH 00pa3zoBanbl ¢(uimamentsl ¢ 1O B
kpuctaimax LiF. Ha puc. 1 (a, 0) npencraBneHbl u300pakeHUs TMONEPEYHBIX CEUYEHUMN

JIOMUHECIUPYIOUUX (PUIaMEHTOB € IOMOIIbIO KOH(POKAIBHOTO MUKPOCKOMA
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Puc.1. Canmku momunectiennmu 1[0 B ¢unamentax (a,0) u cnektpsl momuaecnennun 11O npu
BO30YKJICHUU TPH Ayvarc=470 HM (B,T'), TOTYUYCHHBIE C TOMOIIBIO KOH(POKATHLHOTO MUKPOCKOTIA.
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MicroTime 200, na puc. 1 (B, I) TmpeAcTaBIeHbl COOTBETCTBYIOIIME CHEKTPHI
moMuHecueHIH. Puc. la neMoHCTpupyer Oosiee CUIIbHBIE pa3pylIeHusl B (pHiIaMeHTaX, 4YeM
puc. 16. CrexTpsl TIOMUHECIIEHITUN (pUC. 1B), OTHOCAIIMECS K puIaMeHTam, H300pakeHHBIM
Ha puc. la, UMEIOT MEHBIIYI0 MHTEHCHUBHOCTh, YEM CIEKTPHI JIIOMHHEcCLUeHIuu (puc. 1r),
OTHOCSIIMECA K (UIaMeHTaM, IPeJCTaBICHHbIM Ha puc. 16. BuyTtpu ¢unamenrton (puc. la)
uMeeTcsi OoJbllle CTPYKTYPHBIX pa3pylleHuid, 4yem y ¢uiameHToB (puc. 10), o uem
CBUJETENBCTBYET OOJblIas IUIOMIA[b IMONEPEYHOr0 CEYEHHUS! OTHENbHBIX (PHIAMEHTOB U
OoJbIlas cTeneHb CausHUS QuiaMmeHToB. B punamenTax, npeacraBieHHBIX Ha puc. 1, OblIN
BBISIBJICHBl TPU BPEMEHM 3aTyXaHHUs JIOMUHECHeHuMH: T ~ 15,5 He, 12 ~ 6,8 HC (BpemeHa
3aTyxXaHus JTIOMHHECIHeHInU 1eHTpoB F» u F3*, cooTBercTBenHo) u 13 ~ 0,2 He. Kopotkas
(~0,2 HC) cocTaBistonas HETUNMHUYHA Uit JTroMuHecneHunu [{O u cooTBETCTBYeT Ipyrum
CTPYKTYPHBIM HaHO- M MHKpojedexTam, oOpasyrommuMmcs BHYTpH (QuiamenTa. Takum
o0pa3oM, HaHOCTPYKTYpHbIE pa3pylleHHs BHYTpH (QuiaMeHTa, oOpasyroumecs B

[EHTPATBHOM €r0 YacTu, MoAaBIsIIOT oopazoBanue 11O.

CTpykTypHBIe pa3pylieHHusi B 00J1acTH (POKYCMPOBKH M Ha4ajla MHOKeCTBEHHOM
(puramMeHTalUM J1a3€PHOr0 My4YKa BOJHM3U MOBEPXHOCTH KPUCTAJLIIA

[110THOCTH MOIIHOCTH JIa3€pHOTO M3IYYEHHs AJIs Pa3HbIX IPO3pPAvyHbIX, BKIIOYas HOHHbBIE
KPHUCTAILIBI, MaTEPUANIOB, HEOOX0AMMas 1 00pa3oBaHus IasMbl — okoso 103 Br/em?. Tlo
MIPOM3BEICHHBIM  OIIEHKaM, CBETOBasi HWHTEHCHUBHOCTb JIA3€pHOrO Jyda B HalleM
skcnepumente Gonbie 10'3 Br/cm?, 9ro MHMIMUPYET 00pa30BaHME DIEKTPOHHOM ILIa3MBI C
IJIOTHOCTHIO, OJIM3KOM K KPUTHYECKOW. B Takoil mia3me AJIeKTPOHBI MOTJIOMIAIOT CBETOBYIO
SHEPTUI0 U TEepelaloT e€e KPUCTATy. DTa M30bITOYHAS HHEPrusl NPUBOIAUT K MOBBILICHUIO
TEMIIEpPaTyphbl, pPACIUIABICHUIO M CMEIIEHUIO KPUCTAJUNIMYECKOTO0 MaTepuania, pa3BUTHIO
TeHepaly BOJH JaBieHus, TpemuHam (puc. 2). Ha puc. 2a mpencraBieHo n3o0paxxeHue
MOBEPXHOCTU CKoJja kpucTtayia LiF, He 00paboTaHHOTO Jla3epHBIM M3TydeHueM. BumHo, 9To
MOBEPXHOCTh JJOCTaTOYHO oAHOpoaHa. Ha puc. 20 mpencraBieHO n300pa)keHHE OIUIaBIICHUS
U CMeIeHus Marepuana pemeTkd Kpucrauia LiF BOMM3M NOBEpXHOCTH KpHUCTasia B
LEHTPaJIbHOW 4YacTh (PEeMTOCEKyHAHOro JiazepHoro jiy4ya. Ha puc. 2 (B, r) mpencraBieHbl
MEePUOANYECKH PpACIOJIOKEHHbIE (QUIYpbl CTPYKTYpHbIX paspymeHuil. Ha puc. 2B
HaOMIOAIOTCS  HWAyIIHE OT IEHTPOB (UIAMEHTOB BOJIHBI pa3pylIeHUH. OTH BOJIHBI
paspymenuii Ha 3D cHuMKe (puc. 2B) HAOMIOAAIOTCA B BHAC «PO30YEK» BOKPYT TaKHX
ueHTpoB. Ha pHc. 2r mpexacraBieHa nepuoAMyYeckas KapTHHA, KOTOPYHD MOXKHO

0XapaKTCPU30BaATh KaK «IIJICTCHUC KOP3HUHLD).
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Puc. 2. CHUMKH aTOMHO-CHJIOBOTO MHKpPOCKOMNA: HeoOMy4deHHas (HeMTOCEKYHIIHBIM Jia3epoM
MOBEPXHOCTh cKona kpuctaima LiF (a), 30Ha omaBlieHWs BHYTPU JIa3€pHOTO IIy4Ka BOJIU3U
[MOBEPXHOCTH KPHUCTAJUIA, PACIIOIOXKECHHAs B 00JaCTH Haydajia MHOXECTBEHHOU (uinamenTaruu (3D)
(6), meprogudecKue KapTHHBI «Po30UKu» (3D) (B) U «mieTeHNe KOp3uHbD (2D) (T).

Ha puc. 3 mpencraBieHbl CHUMKHM — TEPUOJWYECKH PACIOJIOKEHHBIX HaHOJAE(HEKTOB

«po3odkn» (2D) (a) u «mneteHue Kop3uHs (3D) (0).

6
Puc. 3. CHUMKH aTOMHO-CHJIOBOTO MHKPOCKONA C(EPUYECKH PACIONOKEHHBIX CTyIEHEH
BOKpYT ¢unamenToB (2D) u «mierenue kop3unel» (3D) (6). Pamuyc nedexros g0 500 HM.

WNak, naGmrogaercss MHOrooOpa3ue CTPYKTYPHBIX HaHOIE(PEKTOB B (PEMTOCEKYyHIHOM

Jla3epHOM KaHaJie B 00y1acT (POKYCHPOBKH M Hauaja MHOKECTBEHHOW (prITaMeHTAITHH.

[1]1 K.C. Phillips, H.H. Gandhi, E. Mazur, S. K. Sundaram. Adv. Opt. Photonics, 7 (2015) 684.

[2] JL.A. BprokBuHa, A.B. Ky3nenos, E.®. MapreiHoBru. OnTruueckuii Hocutens nHpopMaluu, nareHt PO na
none3Hyto Mojnenb Nel36225, 27.12.2013.

[3] L.I. Bryukvina, S.V. Lipko, A.V. Kuznetsov, E.F. Martynovich. Inorganic Mater, 50 (2014) 625.
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MexaHn3Mbl HOHHO-CTUMYJIMPOBAHHOI'0 POCTA ENOYEYHOI0 Yriiepoaa,
M0 JAHHBIM MOJIEKYJISIPHOI THNHAMUKH

Mechanisms of ion-stimulated growth of the chained carbon
revealed by molecular dynamics

Bynros E.A.!, Apcnanos K.A.!, Matunes A.1.!
Buntov E.A.!, Arslanov K.A.!, Matitsev A.L!

"Ypanvckuii pedepanvuviii ynusepcumem, 620002, ya. Mupa, 19, 2. Examepunbype, Poccus,
e-mail: e.a.buntov@urfu.ru

Linear chain carbon (LCC) is a one-dimensional allotrope of carbon, which has a
number of unique optical and electronic properties that make it a promising material for
electronic applications. The LCC was first synthesized several decades ago [1] and has
already found several applications due to its unique properties. However, the synthesis of
linear-chain carbon is still a complex technological challenge. The cause of this problem is the
extreme instability and reactivity of carbon chains. The aim of this work is to study the
synthesis of carbon chains on the surface of silicon using molecular dynamics. During the
work, a simulation of the deposition of various carbon molecules and clusters (C,, CoH, CoHo,

CH, C4H:, CsH2) on the silicon surface was performed.

JluneliHple yriepoaHbie Menu O0Jaar0T YHUKAJIbHBIMH (DU3WYECKUMH CBOMCTBAMU:
OorpIllasi  MEXaHW4YecKass TMPOYHOCTh K  pacTATUBAIONUM  1nedopMmariusM, BBICOKAs
TETJIOMPOBOAHOCTD M AJIEKTPONPOBOJTHOCTh. BO3MOKHOCTh KOHTPOJISI KOJIMYECTBA aTOMOB B
[IETI0YKE TIO3BOJISIET YIPABIATh MIUPUHOM 3ampenieHHoN 30HbI. [10100HbBIE XapaKTEepPUCTHKN
00yCIaBIMBAIOT TEPCIEKTHBY WX TMPUIOXKEHHS B MHKPOIJIEKTPOHUKE, OIMTOAICKTPOHHKE,
MEIUIIUHE U JPYTUX oTpacisaxX. [ns TmpOMBINIUICHHOTO NMPUMEHEHHsI B OOJBIIEH CTENeH!
MOAXOAAT TUICHKUA JIBYMEPHO YIMOpPSAOoYeHHOTO IernoyHoro yriaepona (Y JILY), koropsie
(hOpMHUPYIOT YCTONYHMBBIE TIOKPHITUS C YKa3aHHBIMU (DYHKITMOHAIBHBIMUA XapaKTEPUCTUKAMH
[1].

B Hacrosimee Bpemsi UMEIOTCS 3HAYHMTENBHBIE CIIOKHOCTH C CHHTE30M OJIHOPOJIHBIX
YIJIEPOAHBIX Tieneld Ooybmiol mpoTsbkeHHOCTH [2]. OTaenbHble JUIMHHBIC YTJIEPOIHBIC
IETOYKN (HECKOJBKO THICSY aTOMOB) MOYKHO TIOJYYHTh BHYTPH YTJIEPOJHBIX HAHOTPYOOK, B
TO BpeMs KaK TEXHOJOTHUU TOJYyYEHHs OTIETBHBIX IeNouYeKk 0e3 HaHOTPYyOOK OrpaHHYCHBI
JECATKAaMH aTOMOB. B JBYMEpHO yHOpSIOYEHHBIX IIJIEHKAX YIJIEPOJHBIC IIETIOYKH YacTO

COCMHSIIOTCA C JpYr ApyroM, oOpaszys OonblIyto 100 amopdHOro yriepoga. BaxwHo
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nmoaoOpaTh ONTHMAJbHBIE YCJIOBHS CHHTE3a, YTOOBI BBIPACTUTH YTJIEPOIHBIC IEMTOYKH
3aJJaHHOM CTPYKTYpHI [3].

OnHUM M3 yCHENIHO peanu3yeMbIX MeTo10B cuHTe3a mieHok Y JIIY sasnsercs meton
WOHHO-CTUMYJUPOBAHHOM  KOHJIGHCAIIMM  yIJIEpojJa MPU  €ro  OCAKICHHH W3
HHU3KOTEMIIEPAaTypHONl  YTIE€pOAHOM TIuIa3Mbl, B KOTOPOM POCT YIJIEPOJHOW TIUICHKH
COTIPOBOXKAAETCST OOMOApIUPOBKO MOHAMHU aproHa. K OCHOBHBIM IMapamMeTrpam, BIUSIOIINM
Ha POCT IJICHKH, MOYKHO OTHECTH SHEPTHIO0 HOHOB aproHa, yroj 00MOapAMpOBKHU U TUIOTHOCTh
MoTOoKa MOHOB. KOMOMHUPYS 3HAYCHHUS MapamMeTpOB, MOXHO TOJydYaTh IUICHKH Pa3THYHON
CTPYKTYpHI 1 Mop(dosoruu [4]. o cux mop He U3BECTHBI ONITUMAJILHBIE YCIIOBUS CHHTE3a TSI
nonydenus mieHku 1Y JILY ¢ makcumanbHOM J0JIe M ¢ MAaKCUMAJIBHOM JUIMHOM IEMOYEK,
TaK)Ke HE JI0 KOHIA SICEH MEXaHU3M POCTa YIIICPOJTHBIX IICTICH.

B nannoii paGoTe mpuBEACHBI PE3YyIBTATHI O MOJEIUPOBAHHIO POCTA YIJIEPOIHOU
IJIEHKH B TIPOIIECCE OCAXKICHUS JIMHEWHBIX YTIIEBOJAOPOIHBIX MOJIEKYJ MPU OOMOapIupoBKe
WOHAMHU aproHa. B mporecce monaenupoBaHUsi OBUTM PACCMOTPEHBI MEXaHU3MBI POCTa
YIJIEPOJHBIX IIETIOYEK, MOJO00paHbl YCIOBUS CHHTE3a JJII MaKCUMH3AIlMA PACCMOTPEHHBIX
MEXaHHU3MOB.

Jns monmenupoBaHUS COSAWMHEHWH  yriaepojga ObUIO TPHUHITO  perieHue o0
ucronb3oBanun moTeHIMana ReaxFF. M3BecTHO MHOXKeCTBO HAOOpPOB MapaMeTpoB st
noteHimana ReaxFF, onTuMu3upoBaHHBIX MO pa3IMYHbIC aTOMHBIE CTPYKTYpHI. J[J1s BBIOOpa
ONTHMAaJIbHOrO Ha0Opa MPOBOIMIOCH JOIMOJHUTEIBHOE HCCIIEOBaHHE. [eCTOBbIE MOJAETU
mienok JIY JIIY ynepxuBanuck B Teuenuun 1 nc mpu temneparype 300 K. Ha cnegyromem
JTane MPOBOJIMIOCH MOJCIMPOBAHUE POCTA YTJIEPOJHBIX IEMOYEK C TMYCTOW MOJIOXKKH.
Pesynbratel MopenupoBaHWs T[OKa3ajdd, 4YTO BO BCEX Ha0Opax TMOTEHIIMATIOB MEXKIY
OTKPBITHIM IIEMTOYKAM U OCAKIAEMBIMU MOJIEKYJIaMHA BOSHUKAJIN CUJIBI OTTAIKUBAHUS.

OCHOBHBIM HCTOYHUKOM pOCTa SBISIETCS OOBEIMHEHHE MOJIEKYJ B MOMEHT, KOT/a
ocak/1aeMasi MOJIEKyJla HaXOAUTCs BOMM3H menouku. [T0CKoIbKy ocakaeHrne MPOUCXOINUT U3
HU3KOTEMIIEPATypHOH TUTa3Mbl, CKOPOCTH OCaXXIaeMbIX MOJIeKYys HeOosbmue. [ToaTomy ObuT
nogoOpaH HabOp MapaMeTpoB, B KOTOPBHIX HAOJIOAACTCS MHUHUMalbHAs BEIUYHHA CHJI
OTTAJIKMBaHUA. DTO mapameTpsl st Si u3 pabotel [1] u yrnepona [2]. Jns manbHeimero
MOJICIMPOBAaHUS ObUT cOOpaH TOTEHIHMA, B KOTOpoM mapameTpbl st Si u C B3SATHI W3
yKa3aHHbIX paboT. [lms Takoro TmOTEHIMANa HHEPTUM OCAKICHHBIX MOJIEKYyn 2 3B
JIOCTaTOYHO, YTOOBI 00pa30BaTh CBS3b C IETIOYKOM.

Brimo mpenmnonokeHo HECKOJIBbKO MEXaHW3MOB pPOCTa YIVIEPOAHBIX IETOYEK TpH

O6oMOapapoBKe HOHAMU aproHa. [IepBhIif MEXaHU3M — 3a CUET MPUCOCTUMHEHHS OCAXKIEHHBIX
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MOJIEKYJ K OTKPBITHIM Lieroukam. J{is pocta minenku Y JILY B Takom ciiydae He0OX0AUMO
HaJIMYue OTKPBITHIX LIETIOYEK. BOIBIIMHCTBO OCaXAaeMbIX MOJIEKYJ B Hallell MOJEIN UMEIOT
BOJOPOJ Ha KoOHIAX. VoHBI aproHa crenuaibHO HANpaBISUIUCh K y4acTKy BOJIM3M aToMa
Bojopona. Takum oOpazoM ObuTa ompeseneHa KpPUTHYECKas HDHEPTrUs W ONTHUMabHas
BEJINYMHA yTJia s pa3peiBa cBsa3u C-H.

[Tpu manpix yriax 6omMOapaupoBKH Ar’ HEBO3MOXHO BBIOWTH aToM H, He pa3pymiuB
OCTaJbHYI0 4YacThb Ieno4yku. [lockoibKy MBI BhIOMBaEeM aproH JUisi MPOJOJKEHHs] pocTa
LIEMIOYKH, €€ pa3pylIeHHE SIBIIAETCS OTPULIATENbHBIM pe3yibTaToM. [loatomy ms ynanenus H
HEOOXOMMO HCIOIB30BaTh Ykl 0ombie 50°. [IpoBeneHo IIUTENbHOE MOIETUPOBAHUE TIPH
sHeprun MOHOB aproHa 550 3B u Benmumne yrna 70° m 80° mig pa3HbIX HapaMeTpoB
noteHnuana H. KonuuecTBO OTKPBITHIX IEMOYEK MO CPAaBHEHUIO C 3aKPHITHIMU B Ipoliecce
MOJICTMPOBAHUS COCTaBIsIO 0KoJI0 10%. C 1enpio yCKOpeHHs poCcTa MJIEHKH Kaxaas AecsaTas
MOJIEKYJIa CO3JaBaJIach MPSAMO HaJ Ienoykamu. J[jis yBeIWYeHHsl 4aCTOThl B3aUMOJICUCTBUN
Ka)KJIbII IECSATBHIA HOH aproHa HaIpaBJISUICS HA BEPIINHY CIIy4alHOM LIETIOYKH.

BrIcTpBIif pocT nenouek HabIro1asICcs MpU BCeX Habopax MOTEHIIUAIOB Kak mpu yrie 70,
tak 1 npu yrie 80°. Haubonbmuii poct Habmonaics ans noreHuuana H c yriom 80° u
sHeprue 550 »B. Pesynprar npuBenéH Ha pucynke 1. IlomydeHHBI pe3ynbTar
MOJATBEP>K/1a€T MPAaBUIBHOCTh BEJIMUHUHBI SHEPTUHU U YTJIa HOHOB aproHa.

Bropoii MexaHu3M pocTa peaqu3yeTrcsl 3a CYET CBOOOJHO JIeXkAIIUX Ha MOJJIOKKE
Mmouiekyn. [lpu ynape nona aprora Bo3je OTKPBITOM IEMOYKHM M HEMOCPEACTBEHHO MO HEW,
L[EMOYKa MOXKET IMOJIyYUTh JOIMOJHUTENbHBIA HUMIYJIbC U OTKJIOHUTHCA B CTOpOHY. Eciu B
HaIPaBJIEHUU €€ HAKJIOHA HAaXOJUTCS MOJIEKYJia, HE CBSI3aHHAs C MOJJIOKHOM, HO CIIocOoOHast
o0Opa3oBaTh C HeW CBA3b, TO OHU 00pa3ylOT CBs3b. [lanee 1enouyka BOCCTaHABIMBAET CBOE
BepTHKaIbHOE mMonoxeHue. [lo pesyiapTaTam MoneIMpoBaHUS OOHApPYKEHO, YTO YACTOTa
TaKoro mporecca OoJblle YacTOThl POCTa LEMOYKM MO IepBoMy MexaHusMmy. Kak u s
MEPBOTO MEXaHNU3Ma, YeM OOJIbIIe OYJIET OTKPBITHIX IIETIOUEK, TEM OBICTpee OHHM OYIyT pacTHy.
[ToaTomMy 37ech Takke BaXHO BBIOMTH aTOM BOJOpOJA C BEpIIMHBI Ienoyek. MoKHO
0000LUTh BTOPOM MEXaHM3M Ha ciyyail Korjaa Jubo MoJieKysa, JIMOO Iernodka MOoJydyaeT
UMITYJIbC, TIO3BOJIIOMIMN MPEOO0IETh CHIIbI OTTAJIKUBaHUSA. B ciayyae CTOJIKHOBEHHsS MOHA
aproHa C MOJIEKYJIOW, pacHOJIO)KEHHOM BOJM3M LEMOYKH, 53Ta MOJEKyJia MOXKET

MPUCOCAUHUTHCA K HETIOYKE OaXKE B OTCYTCTBUEC CBO60}IHI)IX CBSI3CH.

164



Pucynok 1 — Pesynprar nmocie ocaxxaenus 2000 mosnekyi. [{BeTrom 0003HaueHBI KJIacTEPhI
aTOMOB C Pa3IMYHON ruOpuAM3aIen

Tperuit MexaHu3M 3aKJIIO4aeTCs B TOM, YTO JBE COCEJHHUX LIETIOYKH CONMMXKAIOTCS U
00pa3sytoT cBs3b. {151 mo106HOTO COMMKEHUST MOH aprOHA JIOJDKEH YAapUTh HETIOCPEACTBEHHO
B IIETOYKY. 3areM, 4TOOBI IIEMOYKa BEPHYJa BEPTHUKAIBHOE TOJIOKEHHE, HEOOXOIUMO
pa3opBaTh OJIHY U3 €€ CBSI3eU C MOJIOKKON. ITO MOKET CIYYUTHCS MPH yJape aproHa Bo3ie
OCHOBaHUS 1IeNMOYKU. [10CKOIBKY KOMMYECTBO 3aKPBITHIX LEMOYEK B HECKOJIBKO pa3 OoJblle,
YeM OTKPBITHIX, TO BEPOSITHOCTh pOCTa IIEMOYEeK MO 3TOMY MEXaHHU3MY BBINIE, YEM I10
MEepBOMY M BTOPOMY MeXaHu3My. CTOUT OTMETUTh, YTO BEPOSTHOCTh OOpa3oBaHMs CBs3ei
MEX1y OTKPBITBIMHM II€MIOYKaMU BBILIE, YeM MEXIy 3akpbIThiMU. ClieoBaTenbHO, MpU
YBEJIMUEHUU KOJMYECTBA OTKPBITHIX IIETIOYEK TAK)KE YBEJIMYHMBAETCS BEPOSITHOCTH pOCTa
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NCCIEAOBAHUE ITOBEPXHOCTHBIX CJIOEB, ObPA3YEMbIX HA BOJIbOPAME
[TPU TINTABMEHHOM HAIIBIJIEHMM ATOMOB AJITOMUHU A, XPOMA U UTTPUA

INVESTIGATION OF SURFACE LAYERS FORMED ON TUNGSTEN DURING
PLASMA SPUTTERING OF ALUMINUM, CHROMIUM AND YTTRIUM ATOMS

H.H. Bytposa*, JI.B. Amaes, JI.I1. Yepnsiii, C.C. JloBrantok
Hayuonanvnuiii uccnedosamenvcxuii soepuwiii ynugepcumem « MUDHy, Mockea
*nnbutrova@mephi.ru

Abstract

The paper presents data about surface layers formed during the deposition of aluminum atoms
on tungsten and the gases trapped in them. The obtained results are used to conclude about the
less extensively studied surface layers on tungsten formed during the deposition of chromium
and yttrium atoms.

1. Bsenenue

TpyaHo Ha3BaTh 00J1aCTh HAyYHBIX MCCIEAOBAHUN WM MPOMBIIUIEHHYIO TEXHOJIOTHIO,
B KOTOPBIX HE HCIOJIb3YIOTCS DJIEMEHTHI U I€TalIN ¢ MOAU(PHUIIMPOBAHHBIMU TOBEPXHOCTHBIMU
CJIOSIMH, TO3BOJISIOUIMMH 3aIIUTUTh OT MEXAHUYECKUX, XMMHUYECKHX, TEPMUUYECKHX, NOHHO-
MJIA3MEHHBIX WU PaJUaIlHOHHBIX BO3JCUCTBUI. B 3TON CBsI3M BO3pacTaeT HEOOXOIUMOCTH
yBelIMueHus: 00bE€Ma 3HAHUII O cocTaBe, CTPYKTYpe M CBONCTBaxX MOBEPXHOCTHBIX CIOEB B
3aBHCHMOCTH OT YCJIOBHI 00pa30BaHus U OT BXOJSIIUX B X COCTAB JIEMEHTOB.

B pabore npuBOASTCS NaHHBIE O TOBEPXHOCTHBIX CIIOSIX, C(HOPMUPOBAHHBIX IPHU
OCaXIEHUM aTOMOB AJIOMHUHHS Ha BOJIb()paM M O 3aXBau€HHBIX B HHUX Ta3oB. [lomyudeHHbIe
PE3yNbTaThl, UCTIOIB3YIOTCS TS 3aKJIIOUEHUN 0 MEHee TOAPOOHO U3YUEHHBIX TOBEPXHOCTHBIX
CJIOSIX Ha BoJib(ppaMe, 0Opa30BaHHBIX MTPH OCAXKIEHUU aTOMOB XpOMa U UTTPUSL.

2. YcnoBus hopMupoBaHUs TOBEPXHOCTHBIX CIIOEB.

st uccnenoBaHuit MCMONB30BAINCH TUIACTUHKY MOJIMKPUCTAIIIMYECKOTO BOJIbGpama
mapku PW99,95 pasmepamu 7x7x1,0 mm? [1]. TIokpeiTust GOPMHUPOBAIKCH NIPH TEMIIEPATYPE
450 - 500 K aTromamu, pacnbUIsiEMBIMHM HMOHAMHU aproOHOBOM IUIa3Mbl C COOTBETCTBYIOIIHMX
mumieneit. CKOpOCTh OCaXKIEHUsS aTOMOB allfOMUHUS cocTabisana 1,0x10' ar/em?c, urrpus —
1,5x10" ar/em?>c m xpoma — 0,8x10'° ar/cm’c. ATOMBI amIOMHMHHMS OBUIM OCaXIEHBI B
KOJIMYECTBE SKBUBAJIEHTHOM ToumuHe 600 HM, aTombl Xpoma — ToamuHe 500 HM, a aTOMBI
ntTpus — Tonmuee 900 HM.

Jnst u3ydeHHs: CTPYKTyp OOpas3ibl pas3iaMbIBaIMCh, WX TOPLBI M IOBEPXHOCTH
HCCIIEIOBAINCH METOJAAMU 3HEProAMCIIEPCHOHHON peHTreHoBckoi criekrpockonuu (3/1C) u
pacTpoBoii 31eKkTpoHHOM MHKpockonuu (POM). TloBepxHOCTH 00pa3moB MOCE OCAKICHUS

aTOMOB AJIOMHHMS TaKXe MCCIEe0BaaCh METOJIOM PEHTIEHOBCKOM (POTOINEKTPOHHON
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cnekrpockonuu (POIC). Y nepkanne razos, 3aXBaUeHHBIX IPH 00pa30BaHUH MTOBEPXHOCTHBIX
CJI0€B, aHATTM3UPOBATIOCH METOIOM TepmoiecopOnontoi cnekrpockonuu (TC).

3. Pe3ynbTaThl 3KCIEPUMEHTOB U UX 00CYXIECHHE

3. 1. OcaxxneHne aTOMOB aTFOMUHHMSI Ha BOJIb(ppam

TJIC-ananu3 moka3bIBaeT, YTO 3aXBaUYE€HHBIN BOJOPO] OCTATOYHOTO rasa, 1ecoponpyeTcs
U3 TIOBEPXHOCTHBIX CJOEB, OOpa30BaHHBIX Ha BoJb(dpame (puc. la), mpu Temieparypax
1300 — 1500 K, He xapakTepHbIX IS AecopOLMU BOAOPOa U3 aTlOMUHUS U Bosib(ppama (puc.
16) [2]. 'moOynsipHBINA XapaKTep MOBEPXHOCTHOTO CJOS M KOHIICHTpAlUs B HEM aTIOMHHHUS
~ 93%, oOHapy)eHHbIE, COOTBETCTBEHHO, MeTogaMu COM u DJIC, mo3BOIMIN MPETOIOKUTH
oOpa3oBaHHe B Mpolecce ocaxjeHus uHrepmeTtamnuaa AlxW (cyliecTBoBaHHE KOTOPOTO

nomyckaercs ¢pazoBoil ruarpammoit cuctemsl W-Al [3]).
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Puc. 1. Cnektpsl TepMojecopOiiuu (a) BOAOPOIa, KHCIOPOIa U aproHa U3 HHTEpMETAIIH/IA 1
BolIb(pamara amoMuHus 1 (0) Mosiekyn D> u3 aqroMHHUS U BoTb(ppama

OTOT BBIBOJ ObUT MOATBEPkAEH pesynbraramMu POOC, ykazaBiiero Takke Ha HaJu4uue
B TOBEpXHOCTHOM cyioe 3€peH Bodb(ppamara Al(WO4);. YMeHbIIeHHE KOHIEHTpAIUU
AIIOMHUHMS B UHTEepMeTauIue 10 78% U MMITYJIbCHYIO 1€COPOILUIO aproHa, 3aXBa4YeHHOTO B
Al-W cnoii mpu ero popmupoBanuu, npu 1150 K, MoxHO HHTEpIIpEeTHPOBATH KaK MOCIEICTBHE
pexpuctaumzanuu [4] crpykrypsl Ali2W uHTEpMeTaIIMAHOTO c10s B CTpyKTypy AlsW. B
nuana3zone 1300 — 1500 K npoucxomut paspylieHue HHTEPMETAIIINIA, COMPOBOKIAIOIIEECS
necopOnuel Boioposa u aprona (puc. 1a). I[pu stom 47% anroMuHus UciapsieTcsi, a OCTaIbHas

4acThb, KaK MOKa3aJId U3MEPEHHS MacChl 00pa3IoB, pacTBOPSIETCS B BOJIb(hpame.

3.2. OcaxaeHue aTOMOB UTTPUs Ha BoJIb(hpam

[ToBepXHOCTHBIH CI10i1, 00pa30BaHHBIN MPU OCAXKACHUN Ha BOJIb(GpaM aTOMOB UTTPHUS,
coctout u3 [xW unrepmeramnunaa u Boasppamara UTTpus [2(WO4)3. O6 3TOM CBUIETENBCTBYET
necopOius Bojopoma u3 cios B oOmactu temmeparyp 800 — 1000 K, ornawmunoi ot
TEMIEPaTypbl JecopOounu U3 UTTpus (CpaBHU puc. 2a u 20). immynbscHas gecopOuus aproHa
MIPOMCXOJUT MPUMEPHO MPH TOH K€ TeMIiepaType, 4To U B CiIydae OCaKJIeHHUsS Ha BOJb(ppam

AIIIOMHHUS, U, TIO-BUANMOMY, TAKKC CBUACTCIBCTBYCT O PCKPUCTATITIM3AIIMOHHOM ITPOLECCE B
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UHTEpMeTauinae. VIHTepecHO OTMETUTh, YTO B OTOM Cily4yae peKpUCTAIIU3alus
HMHTEpMETAJIN/Ia COIPOBOXKIAETCS TAK)KE U BEBIOPOCOM BOJOPO/Ia M KUCIOPOAA, TO-BUIUMOMY
U3 MPUTrpaHUYHBIX o0acTelt 3€peH nuTepMeramuuaa. lecopdunst oOCHOBHOM Macchl BOJOpO/a,
3aperucTpupoBaHHas B aHanu3upyemon obmactu temmeparyp (400 — 1400 K), npousomna B
nuamna3zone 800 — 1000 K, to ectp, npeamecTBoBaia peKpucTaIn3almoOHHOMY Tporieccy. Cam
(bakT peKpUCTAUIM3alUMN  CBUIETENBCTBYET O COXpPaHEHHMM HMHTEpMETaUINAa IpHU
temneparypax, Oonpmux 1050 K. Orpanuuenue oGnactu TeMIepaTypHOTO aHajlu3a He
MO3BOJIMJIO OTPEJENIUTh TemrepaTypy ero pacmnaga. [lo 3Toil ke mpuymHEe He YJIanoch
3aUKCUpOBaTh TEMIIEPaTypy OKOHYAaHHs JecopOLMU KHUCIOpoJa, KOoTopas, Kak W Ipu
OCaXJICHWH aTOMOB aJIFOMUHUS, Havanack npu temrneparype 1100 — 1150 K, u, no-suaumomy,

CBUJIETENBCTBYET O HAYaJIbHOM 3Talle pacrnaja Bojbdpamara UTTPHUSL.
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Puc. 2. Cnextpbl TepMoecopOLiny (a) BO0OPO/Ia, KUCIOPO1a U aproHa U3 UTTPUH-BOJIB()PAMOBOTO
WHTEepMEeTAIUTHIA U BoJib(pamara urtpus u (0) Bogopoia U3 UTTPHSI

3.2. OcaxaeHue aTOMOB XpoMa Ha BoJIb(ppam

CymecTBoBaHHE MHTEpMETAIINAA XpoMa oTMedaioch B pabote [5]. Bmecre ¢ Tem,
mpokuit TJIC criekTp Bogopoa 1 OTCYTCTBHE UMITYJILCHOTO BBIOpOCA aproHa HE MO3BOJISIOT
clenaTth OJHO3HAYHOE 3aKIIOUeHHEe O ero oO0pa3oBaHWM B IOBEPXHOCTHOTO CIIOE,
o0pasyromemMcst Ipu OCaXKISHHH XpoMa Ha BoJb(pam.

AHanM3 OBEPXHOCTH U MOMEPEUYHOT0 ceueHust oopasnoB metoom DJIC mokasai, 4To
B MPOIIECCE OCAXK/ICHUS aTOMOB XpoMa Ha TOBEPXHOCTH Bosbbpama dhopmupyetrcs W-Cr cioi
¢ KoHIeHTparmei xpoma ~ 95 at. %. Cyns no ¢ha3oBbIM JuarpaMmam Takoi CUCTEMBI [3], pu
KOHIICHTpaIUu XpoMa 5 at. % BO3MOXKHO TOJIEKO 00pa3oBaHUE pacTBOpa Bolbhpama B XpoMe.

Bwmecre ¢ Ttem, TIC cnekTp Boaopoaa MOKHO NPEACTABUTh COYETAHUEM YETBIPEX
CIIEKTPOB JAECOPOITMHU M3 KOMITIOHEHTOB MOBEPXHOCTHOTO ¢J1os (puc. 3a). Ob6macts cnektpa 900
— 1450 K moxeT CBUAECTENBCTBOBATH O JAecopOIuu Bogopoaa u3 uHTepMmetammuga CryW. B
9TON e oOjacTu TeMIeparyp HaONIOAAOTCS MakCUMyMbl AecopOuuu kucioponaa. Ero

TOSIBJIEHHE MOYKHO TIPUTTMCATh Pa3I0KEHHUIO BOJIb(pamaTa Xpoma.
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Puc. 3. Cnextp TepmoaecopOiuu (a) BOJOPOAa, aproHa U KMCI0po1a U3 BoJb(paMoBOro oopasiia
MocIie OcaXkJIeHUsI aTOMOB Xpoma U (0) monekyn D, u3 xpoma

4. 3axmroueHue

[TokazaHO, 4TO OCa)XIEHHE aTOMOB AJOMHHHUS B KoiauuecTBe 10 9x10'® at/cm? Ha
Bosbpam 1ipu temmnepatype 450-500 K npuBoamio k 06pa3oBaHUIO MOBEPXHOCTHOTO CIIOS
uHTepMeraumaa cocrtaBa AloW wu  Bombdpamata amomuamst coctaBa  Al(WOs)s.
Pexpucrannuzanus MHTepMETAIINAA C 00pa30BaHUEM CTPYKTYpBI, MO-BUAMMOMY, COCTaBa
AlsW  npoucxoauna mnpu Ttemmeparype 1020K wu compoBoknanach UHTEHCHBHOMN
KpaTKOBPEMEHHOM JiecopOiueii aproxa, 3aXBau€HHOT0 BO BpEMS HalbUICHHSI aTFOMUHUSL.

ITpu temnepatype 1150 K npoucxoaun pacnan Bonbdpamara, a B quamnazone 1300—
1500 K - uaTepMeTaiminaa ¢ BBIJCICHHEM 3aXBa4eHHOTO Bojopoaa u aproHa. Oxoino 47 %
ATOMOB AJIFOMUHUS UCTIAPSIIOCH C TIOBEPXHOCTH, a 53 % ocTaBanmuck B 00bEMe BoJbPpama.

CriekTpsl TepMOAeCOpOLIMU BOJOPOIa M KUCIOPO/ia MO3BOJISIOT YTBEPXKIaTh, YTO MpHU
OCaXIICHMM aTOMOB WTTPHs Ha Bolb(dpaMm o00pa3oBeBalOTCS wuHTepMeTaumy kW u
Bonbppamar urtpust [2(WO4)s, u, B TO ke BpeMs, YyKa3blBalOT Ha WX ocoOeHHocTu. B
YaCTHOCTH, B 3TOM Cllydyae pPeKpUCTaIU3allls HHTEpMETAITUAA COMPOBOXKIAETCSI BHIOPOCOM
BOZOpoJa M Kuciopoaa. JlecopOuus OCHOBHOM Macchl BOJOpPOJAA, 3aperuCTpUpOBaHHAs B
aHaJIM3UpyeMoi 00acTu TeMIEPaTyp, NPEAIeCTBYET pEKPUCTAIIM3AUOHHOMY MTPOLIECCY.

Cy1miecTBOBaHHE HMHTEPMETAIUIMAA Xpoma oOTMedanoch B pabote [5]. I[lupoxwmii
TEPMHUUYECKHI 1Uara3oH 1ecopOIMH BOIOpOAa M OTCYTCTBUE UMITYJILCHOTO BEIOpOCa aproHa He
MO3BOJISIIOT C/IEJIaTh OJTHO3HAYHOE 3aKJII0YEHHE O ero 00pa3oBaHUM B MMOBEPXHOCTHOTO CIIOE,
oOpa3yromieMcs Mpu OCaXACHUU XpoMma Ha BoJib(ppam. BmecTe ¢ TeM, Hellb3s1 HCKIIOYUTD, YTO

pacmaj HHTepMeTaITHAa ObUT MPUYUHOM HecopOmmu Boopoaa B auanazone 900 — 1450 K.

[1] Begrambekov L. B., Kaplevsky A.S., Dovganyuk S.S., Kasimova N.N., J. Phys.: Conf. Ser. 2019. Vol. 1396.
[2] JLb. Berpambexos, A.C. Kamnerckuii, C.C. [dosraniok, H.H. Kacumosa, BzaumopneiicTBue miasmel c
nosepxHocThio. Matepuaisl X XIII konpepenunu. 2020. C. 25-28.

[3] Auarpammbl cOCTOSIHHS ABOWHBIX MeTayutnyeckux cucteMm: CrnpaBoynuk: B 3 1.: T. 1/ Ilox oomi. pen. H. I1.
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SJEKTPOXUMHNUYECKOHN YKCHOJIUAIIAN TPADHUTA.

THE PROCESS OF STLTCTIVE DOPING OGRAPHENE STRUCTURE BY
ELECTROLYTE-PLASMA CATHODE ELECTROCHEMICAL EXFOLIATION OF
GRAPHITE.

E.A. I'pymesckwnii !, H.I' CaBunckuii |, B Baaypun '
E.A. Grushevski!, N.G. Savinski!, V.I. Bachurin'.

1 Apocnascruil punuan @usuxo - Texnonocuueckoz2o uncmumyma Poccutickoti akademuu Hayk um.
K.A.Banuesa yn. Ynusepcumemckasn 21, Apocaasns, Poccusa e-mail: vibachurin@mail.ru

Abstract
This paper discusses the development of cathodic electrochemical exfoliation (exfoliation) of graphite,

accompanied by a plasma discharge with a voltage of 200V DC, in an aqueous solution of various
electrolytes. The method of cathodic electrochemical exfoliation of graphite has established itself as a
promising eco-friendly industrial method for producing nanographite with subsequent grinding by
ultrasound into low-layer graphene (FLG). Cathodic exfoliation allows selective doping of

nanographite oxygen atoms.

Beseoenue.
Buenpenne uyXepogHBIX aTOMOB B TIpadeHOBYIO peméTKy, T.e. 3aMelleHue

onpeAeNéHHON [0NIM yriepofa aToMaMu JIETUPYIOIIEeH MPUMECH, I03BOJISIET HANpsAMYIO
YOPAaBIATh MEKTPOHHOU cTpyKTypoil rpadena [1]. JlerupoBanue rpadena aromamu a3ora
MO3BOJISIET OTKPBITh 3AMPEIIEHHYI0 30HY BEIWYMHON 10 5 7B, Takum oOpa3zom pacuiupsist
BO3MOXXHOCTH TPUMEHEHHsI rpadeHa B 3JIEKTPOHHUKE. DJIEKTPOXUMHUEcKas 3Kchoyranus
rpadura 3TO TEXHOJOTHS MO3BOJISIIONIAas (OPMUPOBATH, KaK OJHOCIOMHBIN, MAJIOCIONHBIN
2-5 cnoeB, MHOrOCHONHBIH 5-10 cnoeB rpaden u 6onee 10 cinoeB HaHO rpadur.

N3mensist ycnoBus 3kcovalny, MOXKHO BapbHpPOBaTh CTENIEHb OKHCIEHUS MPOJAYKTOB
skconmranuu rpadura, OCyIIECTBISAS MPOLECC B OKUCIUTENBHON WM BOCCTAHOBUTEIHHOM
cpene. MHTepec K KaTOIHOMY OTCIIaMBaHUIO HE CIydyaeH U OOYCIIOBJIEH BO3MOKHOCTHIO
MIPOBEJIEHUS MpoIlecca B BOCCTAaHOBUTEIbHON aTMocdepe.

3Kcnepumeumaﬂbua;l yacmoe.

JlaGopaTopHasi ycTaHOBKa dKchonranuu rpadurta mpeacTaBiseT coO0M peryIupyemMblid
NCTOYHMK HanpsbkeHHs a0 300 B mocrosHHOrO TOKa. PerynupoBanuwe HampsoKeHUsS
OCylIeCTBIsIeTCS ~ JabOpaTOpHbIM  aBTOTpaHCOpMaTopoM  4yepe3  TpaHchopMaTop

ranpBaHndeckord pazsssku OCMI1 - 0,63YV3 0,63 Ksa 50/60 T'm, mepeMeHHBIH TOK
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npeoOpasyercs B MOCTOSHHBIA JUOJHBIM MOCTOM, JIBa KOHJEHCATOpa eMKOCThI0 680 Mr®D
400B siBnsitoTcs (QUIBTPOM CriaKUBaHUSA MyJibcallnu. KaToHyo sKkchoananuio IpoBOAUIN B
JBYXAJIEKTPOJIHOM sSUeiike B BOAHBIX pacTBopax 3iekTpoiutoB 0,2 M cynbspara ammonus, 0,3
M runpasuHcyabhaTta, TUAPAa3UHTUApATa, TUAPOKCUIAMHH cyinbdara U ux cMmeceid. B
KadecTBEe KaToJa HCIoib3oBaiack rpaduroBas donpra "Graflex" RF tommuuoit 0,5 mm, B
KadyecTBe aHoJa - TpeccoBaHHas TpaduroBas ¢onbra TommmHOM 5 MMm. Kommepueckas
rpadutoBas ¢donbra "I'padnexc" (mpowmssenaeHa B Poccuiickont @enepanuu) tommunon 0,5
MM, C cojaepxkanueM yriaepoaa 99,5%, cepor < 0,12, xmopa < 50 ppm, ucmoap30Bagach Mocie
cymku npu 100°C B Teuenme 5 uyacoB. MCTOYHMK MOCTOSHHOTO TOKA CO3MAET MOTEHIUAI
200B Ha snexTpodax, MpH MOTPY>KEHUU B DJIEKTPOJUT, MIIOTHOCTh TOKAa JOCTUTaeT Ooiee
30A/cM?, 49TO, OYEBMIHO, NPUBOJMT K MIHOBEHHOMY MCIAPEHMIO BOJIbL, OOPA30BAHHUIO
napora3zoBoil 00OJIOUKM M IJIa3MEHHOMY pa3psany. Paspsn mmeer sipkoe cBeueHue B MpuU
ANEKTPOAHON 00JacTM M 3BYKOBOE COINPOBOXACHHE TUAPOAKyCTHMYECKON BOJIHBI H3-3a
KaBUTALIMOHHBIX SBJIEHUH B 3yieKkTponuTe. PackimuHuBaroumii 3¢(deKkT ruapoakyCcTHUYeCKUX
yAapOB MO MOBEPXHOCTH 3JIEKTPOJOB JOIOJIHAETCS MPOHUKHOBEHWEM KaTMOHOB aMMOHHUS U
MIPOTOHOB, MPOAYKTOB 3JIEKTPOJU3a BOJbI, B MEXKCIOWHOE MPOCTPAHCTBO TpaduTa MOJI
neiictBueM  anekTpuyeckoro mosns. MccnenoBaHue MPOAYKTOB — OTCIOEHMsI rpadura
MPOBOAMIIOCH METOJOM DJIEKTPOHHOH MUKPOCKONHUU C HCIOJIb30BAaHUEM 3JIEKTPOHHOTO
mukpockora Quanta 3D 2001, sueprogucnepcuonroro anaimmsa Apollo X (AmetekInc.) mms
MHUKpPO  PEHTI'€HOBCKOI'O  CIEKTpajbHOrO  aHanu3a, PaMaHOBCKOM  CIEKTPOCKOIUU
(cnextpometp Enspectrr R532) u unbpakpacHas Dypbe-CHEKTPOCKONUS (CIEKTPOMETP
[lepkun - Dnmep), pertreHoBckol audpaxkromerpun JIPOH 3M.

Peszyromamut u o6cyycoenue

"['octeBple" KaTHMOHBI, @ WMEHHO: IPOTOHBI, AMMOHHUEBBIE, THJPA3HMHHUEBB U
TUIpa30HUEBbIE, THIPOKCUJIAMUHUI M3 BOJHOIO PAacTBOpa MEpPEMEIIAIOTCs Mo JeHCTBUEM
AJEKTPUYECKOTO MOJII B MPOCTPAHCTBO MEXIY I'padeHOBBIMU IUIOCKOCTSIMH TpaQHUTOBOTO
katona. Katronsr aMmmonus (1), OKUCISISCH, pa3iararoTces 10 Ta3000pa3HOro coctosHus (2,3),
paspeiBasg W oOTciauBasi yacTuilel Tpadena. Ilomo6Ho ammmaky NHs, ruapoxcuiamun
BCTyHaeT B peakluio 4 ¢ KHUCIOTaMH C 0Opa3oBaHUEM cCOJIed THAPOKCHUIaMHHA, KOTOpbIE

OKHCJISTIOTCSI Ha KaTOJIe Y pa3jiararoTcs 10 ra3000pa3Horo coctosHus (peakuu 5,0) .

(NH4)2804 = 2(NHy)" + SO, (1)
2(NHa)* + 2¢” = NyHy )
NaHgs = Ns +2H, 3)
NH,OH + H>SO4 = [NH3;0H,]* HSO4" (4)
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2 [NH30Hz] " + 2¢- = NH2OH +H> 5)
3NH20OH = N>+ NH3 +3H,0 (6)
AHAJIOTUYHO  TUJPOKCWJIAMUHY  HaONMIOmaeTcs TOBEIEHHWE COJIeM  Tuapa3vHa
[N2Hs]+HSOy4 ( peakuus 7).
2[N2Hs]" + e =NyHs + H» (7)
B ornuune oT aHOAHOW 3IEKTPOXMMHYECKOH 3kcdonuanuu [5], yriepoaHble NPOAYKTHI B
3HAYUTENIbHON CTENEeHH HE IEKOPUPYIOTCS KHUCIOPOJOM U3-32 MHHHMMAJIbHOrO 3¢dekTa
OKHUCJIGHHS THJIPOKCHJI paJuKaiamMu. JlaHHBIE JJIEMEHTHOrO aHaju3a, BBIMOJIHEHHOTO
METOJIOM JSHEProJIMCIEPCUOHHOIO aHallu3a, MpeACTaBlIeHHblEe B Tabmuie 1, mpeacTaBisiorT

co00ii cpejiHee 3HAUEHHE TPEX aHAH30B.

Tabnuma 1 DnemMeHTHBIN cocTaB NPOAYKTOB KaTOJHOTO OTCIIAUBAHMUS.

N CY%ar O%ar S%at Venosust skchoaram

1 99.61 0.38 HWcxonanas dosbra

0,2M cynbdara rugpazuna, 0,3M cynsdara

2 96.86 1.83 0.64

aMMOHHUS
3 98.88 1.20 0.143 0,2 M rugpasuscyabdar
4 98.03 1.52 0.14

0,2M ruspokcHIIaMHUHCYTB(AaT

AHanmm3 naHHBIX TaONHIBI JAEMOHCTPHPYET HHU3KOE COJEp)KaHHE AaTOMapHBIX MpHUMeECeH
KHCIIOpOJia U Cepbl B MOpPONIKaX HaHOTpauTa, YTO CBUAETEILCTBYET O JOBOJIBHO HU3KOMN
cTteneHd ero (QyHkunoHanuszauuu. Mcxonas U3 KiIaccUpUKauuM, MPeAsIOKEHHOMN
penakiMoHHON Koyerue kypHanma "Carbon", o00pa3msl oTcrmauBaromierocs rpadmura,
conepxariue 6onee 10 cioeB, MOXKHO OTHECTH K HaHorpadurtam. OmnpeneneHue, COTIaCHO
Metony [2], xonuyecTBa cj0eB rpadeHa B KPHUCTAUIUTE MO JAAHHBIM JU(PaKTOrpamMMbl
coctaBuiio 15. D10 mo3BoisieT kiaccuuuUpoBaTh MPOAYKT Kak HaHorpadurt. CoriacHo
pabore [4], nepexTHOCTH MOTYYEHHBIX 00pa3IoB HAHOTpa(uTa, BEIpAKEHHAS B MUJUTMOHHBIX
nonsx (IpOMUILIE), TIPEACTABISAET cOOOM HE3HAYUTENBHOE 3HAYEHHE B 18 mpommie/MKM?,
YTO XapakTepus3yeT TpoIecC KAaTOAHON 3IEKTPOXMMHUYECKON sKkchonmanuu, Kak Majio
nedexTHolid. JlaHHbIE O Ne(EeKTHOCTH  MOJIy4eHbl Ha OCHOBE MCCIEJOBAaHUS CIIEKTPOB
KOMOWHAIIMOHHOTO PACCESHUSA.

W3BecTtHO, yTO mpu nepemeHHou noispuzauuu (AC) B aHAJIOTMYHBIX YCIOBUAX [6,7],
MPOJYKTHl KaTOAHOW 3KC(OIHaIMK JIETUPYIOTCS a30TOM B KoJindecTBax okosio 0,7 aToOMHOTO

% B BUIE MPOW3BOJIHBIX MUPUIWHA W MHUPpoJa. B ycrmoBusSX HaIIEro SKCIepUMEHTa HE
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MIPOUCXOJUT JIETUPOBAHUS MPOAYKTOB a30TOM MpHU KaToIHOM skchonuanuu. Paznuna mexmy
skconmranyell UMIyJIbCHBIM MEPEMEHHBIM TOKOM mpu +150B 3akimrouaercst B TOM, 4TO 3a
KaTOJHOW cieqyeT aHoAHas (as3a Monsgpu3aluy, IpU KOTOpoH He oOpasyercs
UIEKTPOIUTUYECKAs IUIa3Ma [7] M TMOBEPXHOCTh 3JEKTPOJa IOABEPraeTcsl BO3JCHCTBUIO
AaKTUBHBIX  MPOMEXKYTOYHBIX  IPOAYKTOB  DPA3JIOKEHHs  BOJABI, TJIABHBIM  00pa3om
THUIPOKCWIBHBIX pajUKaioB. OTOT TMpolecc MNPUBOAUT K JEKOpPUpPOBaHHIO TIpadura
KHCIIOpOIcoiepKallUMU  (DyHKIIMOHAJIBHBIMU TPyIIaMH, CIOCOOHBIMH K 3aMEIIECHHI0 Ha
a3oT.

3axnrouenue.

Takum o00pa3zoMm, 53JIEKTPOXMMHUYECKOE KaTOAHOE OTCIOeHHE TrpaduTa B BOJHO-
MIETOYHBIX PACTBOPAX AJEKTPOJIUTOB MPH MOTEHIMAE MOCTOAHHOTO Toka 200B, nmpuBosiiee
K OOpa3oBaHMIO AJIEKTPOJUTHOW TIJIa3Mbl, MO3BOJIAET MOJYYUTh HAHOTPAaQUT C HUZKUM

MIPOLIEHTOM JIETUPOBAHUSI KHCIOPOJAOM U CEpOil 1 HU3KON AePEKTHOCTHIO.

bnazooapnocmu.

PabGora BoimonHena B pamkax [ocymapctBenHoro 3amanus DPTHUAH um. KA.
Banuesa PAH Muno6puayku PO no teme Ne FFNN-2022-0018. Hekortopsie
SKCIIEPUMEHTAJIbHBIE Pe3yNbTaThl ObUIM TMOJY4YeHBI C IOMOIIbI0 oOopynoBaHus LleHTpa
KOJUIEKTUBHOI'O TOJIb30BaHUs "J[MarHOCTMKA MUKpPO - W HAHOCTPYKTYp" IpH NOIJIEPKKE

MunuctepcTBa 00pa3oBanus U Hayku Poccuiickoii @eneparum.
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BJIMSTHUE HOHHO-IVIASMEHHOM OFPABOTKHA HA MOP®OJIOT IO
IMOBEPXHOCTH Y CTPYKTYPHBIE CBOMCTBA KPUCTAJLJIOB GaTe
EFFECT OF ION-PLASMA TREATMENT ON THE SURFACE MORPHOLOGY
AND STRUCTURAL PROPERTIES OF GaTe CRYSTALS

C.I1. Bumun'?, .. Amupos', M.C. Tusanos?, H.H. Konecuukos*, O.B. Koponux?,
JI.C. Jlamenko®, JI.B. Xurynun®, JI.A. Masaneuknii>', C.B. Bacunses!, O.B. CaBenko?
S.P. Zimin'?, L.I. Amirov! M.S. Tivanov® N.N. Kolesnikov*, O.V. Korolik?,

L.S. Lyashenko ?, D.V. Zhyhulin’, L.A. Mazaletskiy>!, S.V. Vasiliev!, O.V. Savenko?

' SIpocrasckuii punuan @usuxo-mexnonocuuecko2o uncmumyma um. K.A. Baruesa PAH,
150007 Apocnasnv, ya. Yuusepcumemcxas, 21, Poccus, ildamirov@yandex.ru
2SIpocrasckuii 2ocyoapcmeennviil ynusepcumem um. ILT. Jlemuoosa, 150003 SApocnasns, ya.
Cosemckas, 14, Poccus
3 Qusuueckuii haxynomem, Benopycckuii 2ocyoapemeennviii ynueepcumem, 220030 Munck,
np. Hezasucumocmu, 4, berapyco
* OI'BYH Uncmumym ¢usuxu meepoozo mena um. FO.A. Ocunvana PAH, 142432
Yepnoeonosxa, yn. Akademuxa Ocunvana, 2, Poccus
3> T'ocyoapcmeennwiii yenmp “‘Beamuxpoananus”, OAO "MHTEI'PAJI" - ynpaensiowas
komnanus xonounea "MHTET'PAJI", 220108 Munck, yn. Kasunya U.11., 1214, bBerapycoy

The effect of ion-plasma treatment on the properties of the surface of GaTe crystals is
investigated. The treatment was carried out at an argon ion energy of 100-200 eV for 15-120
s. Using scanning electron microscopy, it was shown that the formation of nano- and
submicron structures of various architectures (nanohillocks, nanocones, droplet structures)
occurred on the surface. The results of energy dispersion analysis, X-ray diffractometry,

Raman spectroscopy and reflection spectra for surfaces of gallium telluride are presented.

Temnypun ramnus (GaTe) 3aHnMaeT BaKHOE TOJIOKEHHE CPEIU TOJYIPOBOTHUKOB
A’B® um mIMpOKO WCIONB3yeTcs TpU paspaboTKe 3JIEKTPOHHBIX NMPUOOPOB U YCTPOMCTB
ONTORJIEKTPOHUKH. B mocienHee BpeMs Oosbllioe BHUMAHUE MPH CO3JAaHUU MPUOOPHBIX
CHCTEM Ha OCHOBE TeJUTypuJa rajuius ynensercss GOpMUPOBAHUIO HAHOPa3MEPHBIX CTPYKTYP.
Henpto pgaHHOW paboThl SBUJIOCH M3yUYE€HHUE BO3MOXKHOCTH HAHOCTPYKTYPHUPOBaHUS

noBepxHocTu kpuctamuioB GaTe nmpu 06paboTke B aproHOBOI M1a3me.
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MoHOKpuCTaJIIBl TEJUTypHUJa TaJlIus OBLIM BbIpAlleHbl METOJOM BEpPTHKaIbHON
30HHOM IJIAaBKH MO/ IaBJICHHEM WHEpTHoro raza aprona 10.0 MPa npu temnepatype 1000 °C
M CKOpOCTH mepemernenust 30H6I 9 mm/hr. Jletanu TEeXHOJIOTHYECKOTo Mpoliecca moapoOHO
omucaHsl B padore [1]. HaHOCTpyKTypHpOBaHUE MOBEPXHOCTH TUIACTHH OCYIIECTBIISUIOCH B
peaxkTope BBICOKOIUIOTHOM aproHOBOM IUIa3Mbl BBHICOKOYACTOTHOI'O HWHAYKLIMOHHOTO paspsjaa
(13.56 MHz) nuskoro nasnenus. CpeHss SHEPrHst HOHOB Ar', onpeensemMast Beanauaoin BU-
MOIIHOCTH cMeteHus, coctaBisiia ~100 eV u ~200 eV. I1oTHOCT, MOHHOTO TOKa PaBHIIACH
5.2 mA-cm?. [IpomoIKUTENBHOCTh HOHHO-TIA3MEHHOM 00pabOTKM HAXOMWIaCch B MHTEPBAJIE
15-120s.

Ha puc. 1 mokazana mopdonorus mnoBepxHocTH KkpuctamwioB GaTe B HCXOTHOM
COCTOSTHUHM (a) W TOCJE pa3IuvHbIX BHAOB 00paboTku (b-d). Habmromaemble w3MeHEHUS
MOBEPXHOCTH MOTYT OBbITh ONMUCAHBI B paMKaX TPEX THIOB CTPYKTYp: HAHOBBICTYMHI (mun A,

puc.1b), nHanokonycsl (mun B, puc.1c), karum (mun C, puc.1d).

Puc.1. POM-u3o0pakenus moepxHoctu kpucramiop GaTe mociie pa3inyHbIX BUIOB 00pabOTKH. a-
ucxomuoe cocrosare; b- 100eV, 120s;c-200¢eV,45s;d-200¢eV, 60 s.

HccnemoBanus METOIOM SHEPTOUCTICPCHOHHOTO PEHTTEHOBCKOTO aHAIM3a TTOKa3aJlH,
YTO OTHOIICHHWE aTOMHBIX KOHIeHTpamwii Ga/Te Ha MOBEPXHOCTH KPHUCTAJIa BO3POCIIO B
IIETI0YKE «HUCXOJHOE COCTOsIHHE - mun A - mun B - mun C» ot 1.04-1.12 mo 2.07-2.19, npu

3TOM CoOJiep>KaHHEe KHUCIOpOoJia Ha MOBEPXHOCTH yMeHbIIMIOCh oT 44-53 at.%. no 1-3 at.%.
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Ha ocHoBannu 00paboTKH PEHTTEHOBCKUX AU(pPaKTOrpaMM YCTaHOBJIEHO MOSIBIIEHHUE HAHO- U

CyOMUKPOHHBIX Karelb Tajulisl Ha TOBEPXHOCTU KPUCTAJUIOB MOCIE TUIa3MEHHON 00padoTKH.
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Puc.2. Croektpsl komOuHammoHHOro paccesHus Puc.3.  CHOeKTpsl ONTHYECKOTO OTPaKEHUS
ceta kpuctajulamu GaTe B ciy4ae pasnuuHBIX TOBepXHOCcTH — KpuctauioB  GaTe s
BHI0B 00paboTku. Ha BcTaBke — CHEKTp UIT HWCXOAHOTO COCTOSHHUS (BEpXHSS KpuBas) M
HCXOJHOTO COCTOSIHUS B PACHIMPEHHOM AMAaNia3oHe.  MOBEPXHOCTH muna A.

AHanu3 cneKTpoB KOMOWHAIMOHHOTO paccestHusl (puc.2) MmoKasaja CHUKEHHE OKUCITUTENbHBIX
IIPOLIECCOB HA MOBEPXHOCTH, YTO CBS3BIBACTCA C YMEHBIICHHEM aKTUBHOW pPOJIM TeJUIypa Ha
oOpaboTaHHBIX YydacTkaX. HaHOCTpyKTypupoBaHHE HOBEpXHOCTH KpuctauioB GaTe B
aproHOBOI I1a3Me NMPUBEIO K PaKTUUYECKH MOTHOMY MOJABICHHUIO 3€PKATbHOIO ONTHYECKOTO
oTpakeHus (puc.3) — 3HaueHus Kod(p(UIMEHTa 3epKalbHOIO OTPaXXEHUs BO Bcell
UCCIIelyeMON CHEeKTpaJibHOM o0nacTh He mpeBblianu 2 % Jig TOJYYEHHBIX THUIIOB
noBepxHoctei (munwvt A, B u C).

Pesynbrarel naHHOM pa®oThl TOKa3anw, 4To 0OpadOTKa KPHUCTAUIOB TeJUTypHaa
raJulisg B BBICOKOIUIOTHOM aproHOBOM IIa3M€ BBICOKOYACTOTHOIO WHAYKIIMOHHOTO pa3psia
HU3KOT'0 JJaBJIEHUS] IPUBOAUT K 3(PPEeKTUBHON MOTUPHUKAIIMH TTOBEPXHOCTH ¢ (hOPMUPOBAHHEM
HAHO- U CYOMHUKPOHHBIX CTPYKTYP pa3InyHON apXUTEKTYpHI.

PaGora BbIMONHEHa B paMmkax rocynapctBeHHoro 3aganus 1@ O®THUAH um. KA.
Bamuesa PAH, Ttema Ne FFNN-2022-0017, T'oczamanus WOTT PAH, B pamkax
nannuatueHo HUP Spl'Y u T'ocynmapcTBeHHOM IporpaMMbl HaydHbIX ucciaenaoBaHuil Pb
“MarepuajioBeicHUe, HOBBIE MaTepuaibl M TexHosoruun . POM-uccnenoBanus wu
pentreHoBckass audpakromerpuss mnpoBeneHbl B LIKII  “/lmarHoctnka MHUKpo- H

HAHOCTPYKTYp” npu puHAHCOBOM nojaepxke MuHucrepcTBa 00pa3oBanus u Hayku PO.

[1] N.N. Kolesnikov, E.B. Borisenko, D.N. Borisenko, A.V. Timonina. J. Cryst. Growth 365 (2013) 59.
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MATHETPOHHOE OCAXJEHWE METAJUJIMYECKUX [TOKPBITUI C
HUCIIOJIb3OBAHUEM API'OHA, KCEHOHA 1 KPUIITOHA
MAGNETRON DEPOSITION OF METAL COATINGS USING ARGON, XENON
AND KRYPTON
C.E.Maxkcumos!, A.U.Kamapaun?, A.A.Cumonos?, B.J[. ramos?
S.E.Maksimov!, A.I. Kamardin?, A.A.Simonov?, B.D.Igamov?

'Unemumym Houno-Ilnazmennvix u Jlazepuwix Texnonoeuti AH PY3, Tawxenm, Y3bexucman,
’Hayuno-mexnuueckuii yenmp ¢ KOHCMpPYKMopcKum 610po u OnblmHbIM NPOU3E00CmeoM
Tawxkenm, Y3bexucman, e-mail kadmon@bk.ru
Comparative characteristics of magnetron sputtering of Ti, Cu, Cr by argon, krypton, and xenon
were studied. The optical and electrophysical and optical parameters of coatings with a thickness of 0.01-
1.0 um on glasses and silicon have been determined. It is shown that the results of magnetron sputtering
of metals, other conditions being equal, depend little on the mass of the gases used and qualitatively and

significantly do not differ.

s popmMupoBaHus BaKyyMHBIX (DYHKIIMOHAQJIBHBIX MOKPBITUN HIUPOKO MCHOIB3YIOTCS
METOJIbl MAarHeTPOHHOTO pacHbUICHHs MaTepualioB W Iula3MeHHble oOpaboTtku [1-3]. B
YaCTHOCTH JI TMOJYYEHHs] METAIMYECKUX IMPOBOJSAIMIMX U OTPAXKAIOUIMX TMOKPBITHH MOTYT
MPUMEHSTBCSI METOJbl  IUIa3MEHHOW 00paOoTku moBepXxHOCTH. IlapameTpbl MOKpBITUIN
OTIPEICIISAIOTCS LENBIM PAIOM (PU3UKO-TEXHOJIOTHYECKUX (aKTOPOB, B YACTHOCTH NPEACTABISAET
MHTEPEC UCCIIEIOBaHNE 3aBUCUMOCTEN OT aTOMHOM Macchl MPUMEHSEMBIX paboyuX ra3os.

JUis  pemieHuss 3aqad4  OCaKIEHUS METAJUIMYECKUX TOKPBITUA  MarHeTPOHHBIM
pacnblICHHEM C MPEIBAPUTENIbHON U OHOBPEMEHHON My4YKOBO-IJIA3MEHHOM 00paboTkoi Oblia
UCIOJNb30BaHA BaKkyyMHass pabodas KaMepa, BKIIOYAIONAs YCTPOMCTBO MAarHETPOHHOTO
pacniblIeHHs JUCKOBOTO KaTo/1a, MICTOYHUK IJIa3MEHHOTO KOJIBIIEBOIO TIOTOKA, CUCTEMBI TIOJa4H

ra3oB, TTOJIBMYKHYIO OCHACTKY, 00ECTICUHBAIOIIYIO BpaIlleHUE U TIepeMeIeHne oopasios (puc.1).

Puc.1- biok-cxema
BaKyyMHOH paboyeit
KaMephl.
1-ycTpoiicTBO
MarHeTPOHHOTO
pacrbUICHuS,

2- ICTOYHHUK
My4YKOBO-
IJIa3MEHHOI0 TIO0TOKA,
3-IUHUA TOHAYH
pabouunx razos,
4-noaBMXHAS
¢bukcupyemas
OCHAacCTKa C
oOpasmamu.
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VerpolicTBa 00ecnieunBain TOJdydEHHE CTAPTOBOM CTeNeHu Bakyyma mopsaka 107 Tla,
pacnbuienre karoaos auamerpoM 100-130 mm Tokamu 1o 2,5 A npu Hanpspkenuu a0 -700 B,
KOJIBLIEBOM TOTOK IIa3Mbl ¢ TOKOM paspsana 10 50100 MA npu HanpsbkeHusx no +4,5 kB,
BpallleHHe OCHACTKU €O CKopocThio 6+120 o6/muHyTy. B 005acTh HMCTOYHHKA IUIa3Mbl
MO/IaBaJICS YUCTBIA aproH, a B 00JacTb yCTPOWCTBA pAacCIHbUICHUS KPUIITOH WJIM KCEHOH MpHU
nasnenusx 102-8-10" Tla. Kak wu3BecTHO, MOKa3aHWs MOHM3AIMOHHOTO BAaKyyMMETa,
HAaCTPOCHHOTO 110 a30Ty, HeoOxoaumo Obuto KoppekTtupoBath [4]. Hus Ar, Kr m Xe
COOTBeTCTByIOIME KOodhdumumenTsl coctasistor 3,2, 0,51 u 0,37. Takum oOpazom, mnpu
00paboTKe IIa3MEHHBIM MOTOKOM pacueTHOe naBieHme Ar cocrtapisio okomo 107! Ila, a mpu
pactsuiennn Ar, Kr u Xe naxoaunock B uarepsaie (2+4)-107! Tla. Cneayer OTMETUTSD, 4TO LBET
IJ1a3Mbl MarHETPOHHOTO pa3psana B Kr u Xe umen cuHe-3eJIeHOBAThIN OTTEHOK.

BoabT - ammepHble XapaKTEpUCTUKH MarHETPOHHOIO pa3psjia B aproHe Mpu MPOYUX
PaBHBIX yCIOBUAX ((PUKCUPOBAHHOM TOKE pa3psija) OTINYAIUCH 00JIee HU3KUMU HAMPSHKEHUSIMHU
B CPaBHEHUU C KPUIITOHOM M KCEHOHOM. Pa3zHuna nocturana 5080 B. B nienom paspsn ¢ Tokom
oxoio 0,1 A HaumHazcs npu HampsbkeHusax okoso 350 B u, nnst TokoB paspsaa mopsaaka 1,0 A,
HamnpspkeHne coctaBiisiio 470+650 B B 3aBucMMOCTH OT MaTepuaia MUIIEHH W paboyero rasa.
[Ipu ucnonb30BaHUM CMECHU Ta30B C ApPrOHOM XapaKTEPUCTHUKA ONpPEEesiach TOJIbKO aprOHOM.

[Momnoxkn n3 crexkna K-8 tommmuo 1 MM m kpemums KJIb-10 npengsaputenbHO
OUUIIAJIUCh B KOHIIEHTPUPOBAHHOM CEpPHON KHCIOTE, NMPOMBIBAJINCh U BBICYIIMBAJINCh Ha
ueHtpudyre. Bpems o6paboTku 1uiasMeHHbIM NOTOKOM cocTaBisiio 180-200 cek, mpu 3TOM
HarpeB ocHacTku He npesbiman 400 K. 3atem npoBoaniock ocakeHNE pa3InYHbIX MOKPHITUN B
teuenne 10+600 cex mpu Toke pazpsaa (1,0+1,75) A, ckopoctu BpamieHusi ocHactku 100+120
0o0/MuH. U pacctostHUM 70 Kartoga 200 mMm. J[ms uccrmenoBaHUsI CIIOEBBIX COMPOTHBICHUN Ha
cTeKse (OPMHUPOBAIHCH PE3UCTUBHBIE CTPYKTYPhI C KOHTAKTHBIMU 30HAMH M3 MEJIU WK cepedpa
(puc.2). Jlna wuccienoBaHus ONTHYECKOW TUIOTHOCTH HCIOJIB30BaIuCh Metomauka mo 'OCT P
8.830-2013 u cnekrpodoromerp tuna UV/V-5. Onpenensnace Takke TONIMHA U CTPYKTypa

c(hOpMUPOBAHHBIX TTOKPBITUMH.

e —]

Puc.2- CTpyKTypBI UTsI OTIpeIeTICHHUS DICKTPUIECKUX TapaMeTPOB TTOKPBITHIH
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Kak mnokaszanmu wucciaenoBaHusi, CIOEBbIE COMPOTHUBIICHUS METAJUIMYECKUX MMOKPBITUI
HauboJsiee CyIIeCTBEHHO 3aBUCAT OT TOJIIMHBI U MaTepuaia mokpbiTusi. B Tabnuue 1 npuBeneHsl
3aBHCHMOCTH CJIO€BBIX CONMpOoTHUBIIeHUH (OM/KBaJpaT) TUTAHOBBIX MOKPBHITHH B 3aBUCUMOCTH OT
BPEMEHH HUX OCAXJEHUS U HCIOJIb3yeMbIX paboumx ra3zoB. Tok paspsga B 3TOM cilydae
cocrasisut 1,75 A. KadecTBEHHO 3aBUCHMOCTH OT BPEMEHH NOBTOPSIOTCS, U B HE3HAYUTEJIBHON
CTENEHM, 3aBUCIT OT MCHOJIb3yeMOro pabodero rasza, 0OCOOEHHO MJi CIUIOUIHBIX MOKPBITHUH,
TOJIIIMHA KOTOPBIX npeBbimaetr 200-250 Hm.

Tabmuna 1-CioeBble COPOTUBICHHS TUTAHOBBIX MOKPHITUN TPU MarHETPOHHOM

Pacoenrenun KaTOd0B pa3sInYHbIMU pa60qI/IMI/I razaMun

t, CeK Ar Kr Xe
10 365-380 360-375 290-310
30 80-90 75-85 56-68

100 25-30 20-23 20-22
600 3,1 2,8 3,0

B Tabnune 2 npuBeneHbl 3aBUCUMOCTH CJIOEBBIX COMPOTHUBIIEHUHN MOKPBHITUN Pa3TUYHbBIX
MaTepHUajoB OT BPEMEHHM UX OCaXAEHMs Npu pacnbuieHuu Ar. Tok paspsiia mpH paclbUIEHUU
xpoma u Meau coctasisi 1,0 A.

Tabnuna 2- Cnoesble conpoTtusieHus nokpsituii Ti, Cr, Cu OT BpeMeHU paclbUIeHUS

COOTBETCTBYIOIIETO paboyuero MaTepuaia

t, cex Ti Cr Cu
10 365-380 25-270 7-8
30 80-90 31-33 2.3
100 25-30 14-16 0,9
600 3,2 menee 1,0 menee 0,1

Jnst pacnbiienust Kr u Xe 3HaueHMsI CIOEBBIX COMPOTUBICHUM ObUTN HUKE MPUBEACHHBIX
B Ta0Onuie 2, Ho He 6oiee yeM Ha 10-15%.

HccnenoBanue CHEKTPOB MPOMYCKAaHUS METAJUIMYECKUX NOKPBITHA B auanazoHe 200-
1000 HM c¢ yderom mnpomyckanusi uuctoro crekina (I,) mokaspiBaeT, uyTo KO3()PUIHMEHT
nporyckanusi (I) cymiecTBeHHO 3aBHCHUT OT Marepuayia MOKphITHS. OnTHuYeckas IUIOTHOCTh
nokpbITuil (1gle/l) mpakTHuecku TMHENHO Bo3pacTaja ¢ pOCTOM TOJIIMHBI (BPEMEHU OCAXKICHMS)
NOKpbITUM. Tak Uil TOKPBITUM THUTaHa B JAuana3oHe BpeMeHu ocaxaeHus 0-30 cexkyHp
ONTUYECKas TWIOTHOCTH JIMHEHO Bo3pactana ot 0 mo 1,0 ex. 'OCT. [Ins MeaHbIX MOKPBITHI B
3TOM JK€ Juama3zoHe ontudeckas MmioTHOcTh aocturana 2,0 ea. 'OCT. [danpHeumnii pocT
ONTUYECKON IUIOTHOCTH IpHU TOJIMHE NOKpbITHHA cBblle 90-100 HM He MO3BOJISIET NMPOBECTH

TOYHBIX U3MEPEHHUM.
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Ha pwuc.2 mpuBeneHbl CIEKTPHl TPONMYCKAHHWS THTAHOBBIX MOKPBITHH TIPU BpEeMEHHU
ocaxknennii 10 m 30 cexkyHn (pacmbuieHre aproHom). CHEKTp HE3HAYMTEIIBHO MEHSETCS B
muanasone 350-1000 agM. AHaAJIOTHYHBIE 3aBUCUMOCTH HAOJIIOMAOTCS IS BCEX UCCIIENOBAHHBIX

MOKPBITHH TommuHONU MeHee 100 HM.

7924 ------ B | e e T S

240 320 400 480 560 840 720 800 880
)\,, HM
Puc.2-CriekTps! IpomnyCcKaHus TUTaHA JJIS1 PA3IMYHOMN TONITUHBI TOKPHITHH

Pe3ynbpTarhl NOKa3bIBalOT, 4YTO MapaMeTpbl MOKPHITHH, MOIYYEHHBIX PpPaCHbUICHUEM
MHUIIIEHEH MarHeTPOHHBIM pa3psiioM B Ar, Kr u Xe mpu mpouux paBHBIX YCIOBHUSX Kau€CTBEHHO
HE OTIMYaroTCs U 3PGEeKTUBHOCTH pacubuieHus st Kr u Xe B cpaBHeHHH ¢ Ar BbIllie He OoJiee

yeM Ha 10-20%.
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2. bepnun E.B., /Isunnn C.A., Ceiinman JI.A. BakyymHast TeXHOJIOTHSI 1 000pYyIOBaHKE JIJIsi HAHECCHUS U
TpaBJIeHUs TOHKUX IIeHoK. M.: TexHocdepa, 2007.- 176 c.

3. Ky3pmuueB A. MarseTpoHHbIe pacbUIMTENIbHBIE cucTeMbl M.:ABepc, 2008. — 244 c.

4. Xononkosa, H.B. Texnuka BricOKOro Bakyyma: jaboparopusiii npaktukym / H.B. Xosnoxakosa, 11.B. Xonoakos;

WBanoBckuii I'oc. xum.-TexHoi. yH-T. — MIBaHoBO, 2014. — 143 c.

181



B3AUMOJIEVCTBHUE IT/IA3MbI C KAPEH/HbBIM ITOBEPXHOCTHBIM
CJIOEM BOJIb®@PAMA
INTERACTION OF PLASMA WITH CARBIDE SURFACE LAYER OF
TUNGSTEN

13A K. MUHUA30B, 2M.K. CKAKOB, *H.A. COKOJIOB, '“T.P. TYJIEHBEPTEHOB,
'E.A. KOOKAXMETOB, ' I K. )KAHBOJIATOBA
13A.Zh. MINIYAZOV, M K. SKAKOV, '“I.A. SOKOLOV, '*T.R. TULENBERGENOV,
Y.A. KOZHAKHMETOV, 'G.K. ZHANBOLATOVA

'®unuan « Mncmumym amommnoui snepauuy» PI'TI HAL] PK, Kypuamos, Kazaxcman,
ya. beubim amom, 10, miniyazov@nnc.kz
2PI'TI «Hayuonanvuwiii sdepuwiii yenmp Pecnybnuxu Kazaxcmany, Kypuamos, Kazaxcman,
ya. beiioim amom, 25,
SHAO «Ynueepcumem umenu Llaxapuma 2opooa Cemeii», Cemeii, Kazaxcman

The article presents results of the experimental investigations of the interaction between
helium plasma and surface carbidized tungsten layer. The helium plasma loading conditions
were close to those expected in the ITER divertor. The impact of helium plasma is realized in
the course of the experiment with the temperatures of ~905 °C and ~1750 °C, which were
calculated by simulating heat loading on tungsten monoblock of the ITER divertor under the
plasma irradiation at the load of 10 MW/m? and 20 MW/m? respectively.

B Hacrosiiieit pabote mpencTaBieHbl pe3yIbTaThl SKCIEPUMEHTANIbHBIX UCCIIeI0BAaHUIN
B3aMMO/JICHCTBUS TeIMEBON IJIa3Mbl C MPUIIOBEPXHOCTHBIM KapOUIHBIM CIIOEM BOJIb(pama.
DKCIepUMEHTHI MPOBEICHBI Ha MJIa3MEHHO-ITyYKOBON YCTaHOBKE, TJIe peali30BaHbl OJIM3KHE
YCJIOBHSl B3aMIMOJICHCTBHS TUIa3Mbl ¢ BOJbGpamMoBOil o0mmmoBkoil muBeptopa MTOP.
[Ipumenena TexHOJOTUS TIJIa3MEHHOro OOJy4YeHHss B JUHEHHOM yckopurtene. B
AKCIEPUMEHTAaX PEeaTn30BaHO BO3JCHCTBHE T'eJIMEBOM MIa3Mbl ¢ TeMreparypamu ~905 °C u
~1750 °C, paccunTaHHble IMyTEM MOJEIUPOBAHUS TEIUIOBOW HArpy3Kd Ha BOJb(PaMOBBIN
MOHO00J10K nuBepTopa UTOP B yCIoBUSX IIa3MEHHOTO 00 Ty4deHns npyu Harpyske 10 MBt/m?
u 20 MBt/M> coorBercTBeHHO. IIpOBENEHBI HCCIENOBAaHUS CTPYKTYPhl METOJAMH
CKaHUPYIOLLEH 1 MPOCBEUNBAIOIIEH AIEKTPOHHOW MUKPOCKOIINH, PEHTI€HO()a30BOT0 aHaIH3a.
[lonydyeHbl [naHHBIE UW3MEHEHHS MOP(OJIOrMH TMOBEPXHOCTH B pe3yjbTaTe HPO3UH.
VY cTaHOBNIEHO 3HAUUTENBHOE BIUSHUE KapOUIU3Uau MpOIecChl B3aUMOCHCTBHS TJIa3Mbl C
Bobppamom. Hanmuume kapOMAHOTO cClIOS TpU B3aMMOICHCTBUM TeIMEBOM IUIa3Mbl C
BOJIb()PaMOM MPUBOAUT K PACIBUICHUIO yriepoaa U Au(dys3uu ero yacTu B riiyob odpasla.
Croii u3 xapbuna Bosbdpama Ha ocHoBe WC, COriacHO MOJSyuYE€HHBIM pe3yibTaTaM, UMEET

Oonee ciaboe CONPOTHUBICHUS TEIUEBOMY IOBPEXKIECHUIO, YE€M UHUCTHIM Bosb(pam.
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VYBenuueHue TemrnepaTypbl IPUBOAUT K Oojiee OOIIMPHOMY MOBPEKICHHUIO MMOBEPXHOCTH C
o0pa30oBaHHEM OIUIABJIEHHBIX U PEKPUCTAIUTM30BAHHBIX BBHICTYTIOB.

Jns uccneqoBaHus BIUSHUAS OOIy4YeHUS TeIusl Ha MOP(OIOTHI0 MOBEPXHOCTH BOJIbhpama
ObUIM OIpeAeNeHbl YCIOBHUS MPOBEIACHMSI HKCIEPUMEHTAIbHBIX pPAabOT Ha IUIa3MEHHO-
ITy4YKOBOM YCTaHOBKE.

Panee namu ObulM TMpoBelEHBI PabOTHI MO MOJECIMPOBAHMIO TEIJIOBOW HArpy3ku Ha
MIa3MO00paIeHHbIil  BoabdpaM B yciaoBUsAX mmTaTHOW Hkcmuryataruu WTOP [1]. Tlo
pe3ynbTataM MOJIEIMPOBAHUS PACCUMTAHBl 3HAUYEHHUS TEMIIEpaTypbl MpU IJIa3MEHHOM
OOJy4YeHUH NIJI UMUTAIMK TEIJIOBOW HAarpy3KH, COOTBETCTBYIOILIME TEIJIOBBIM MOTOKaM B
WUTDP, xoropsie coctasuan 905 °C (coorserctByeT ~10 MBT/M? cranmonapuo) u 1750 °C
(cootBercTByeT ~20 MBT/M? mMImynbcHO). JlaBieHHE B KaMepe COCTABHIIO B JHAIA30HE OT
1,03-107 Topp mo 1,2-1073 Topp. IToTok HOHOB renms cocTaBUIO mopsaka > 1022 m2¢c!.

DKCHepUMEHTHI 0 peanu3aliyi NapaMeTpoB UCIIBITAHUS BOJIb(ppaMa ObUIH POBEACHBI HA
IJ1a3MEHHO-ITy4YKOBOM ycTaHoBKe [2-4]. BonbdpamoBble 00pa3ubl ObLTM yCTaHOBIEHBI B
MHILIEHHBIN y3€J, KOTOPhIM pa3Melaics B kamepe B3anMmoaencTeus. Ha pucynke 1 mokasana
IJIa3MEHHO-ITyYKOBask YCTAHOBKA M IPOIIECC KOHTPOJS TeMIlepaTrypbl oOpaslia ¢ ThUIbHOM

CTOPOHBI KAMECPHI.

=OaEm

(©)

Pucynoxk 1 — [Ina3mMeHHO-ITyuKkoBasi ycTaHOBKa (a) U ThIJIbHAsE CTOPOHA 00pasia (0) B kamepe

B mpouecce oGimydeHHsI OCYHIECTBIISIIACh KOHTAKTHAsI TUArHOCTHKA TEINEBOM IIa3Mbl
BOJIM3M 00JTy9aeMoii TOBEPXHOCTH BOJIb(pama ¢ mpuMeHeHueM 30H1a Jiearmiopa. O6paboTka
BAX u pacyer noKalbHBIX MapaMeTpPOB MPOBOAWINCH CTaHAAPTHBIMU MeTogamu [5] ¢
MOMOUIBI0 MPOrpaMMHOro oOecredeHus Uil aHalh3a W BU3yAIM3allMd HAYYHBIX JTAaHHBIX

QtiPlot u mpuBenens! B Tabnuie 1.
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Tabmuma 1 — ITapameTpsl reueBoi T1a3Mbl B 3aBUCUMOCTH OT PEXKHMOB O0TyUeHUs

Pexxum  Temneparypa KonunenTpanusa DJieKTpOHHAs IMoTox Dr0eHc
3

OBEPXHOCTH, HOHOB, M TemMmepaTypa,  HOHOB, HOHOB,
°C B m ¢! w2

1 905 2,78 108 7,39 7,645- 10! 8,26'1025

2 1750 2,52'1018 7,69 1,1'1021 7,48'1025

st moBepxHOcTH 06pasma Nel (pucynok 2), obimydeHHoro mpu temmeparype ~905 °C
XapaKkTepHO 00pa30BaHUE KPYITHBIX MUKPOHHBIX OJIIMCTEPOB, pa3Mep KOTOPHIX JOXOIuT a0 10
MKM. B ToxXe BpeMs B Tele MHKPOHHBIX T€JIMEBbIX OJMCTEpOB HAOIIOJAIOTCS BBICOKAS
KOHIEHTpalusi CyOMUKPOHHBIX TelreBbIX OnucTepoB. Eie o1HON BakHON OCOOEHHOCTHIO
MUKPOCTPYKTYPHI TOBEPXHOCTH BOJb(PPAMOBOro oOpasma sBIAETCS HaIM4ue OOBEMHOMN
BOJTHUCTOW CTPYKTYpBHI, KaK TOKa3aHO Ha puc. 2. B memom dopmupoBanne mogo0HOMH
CMEIIaHHON CTPYKTYyphl (TeiueBble OJNUCTEPHl M OPUEHTUPOBAHHAS BOJHUCTOCTH) Ha
nmoBepxHocTu 00pasnoB Nel, ckopee Bcero, 3aBHCHT OT OPHMEHTAIlUU 3epHA BoJb(dpama. IT0
MOJATBEPKIAETCS TeM, YTO (POPMBI U pa3MeEpPbl KaK KPYMHBIX MUKPOHHBIX OJINCTEPOB reus,
TaK M y4acTKOB C BOJHHUCTOM CTPYKTYpOH NPaKTHUECKU MOJHOCTHIO MOBTOPSIOT OUEPTAHUS
3epeH W W HMEIOT YeTKHEe MHOTOrpaHHble rpaHuilbl. CoriacHo aBTOopaM paboThl [6]
MHOTOTpaHHasi (opMa TeIMEeBBIX OJUCTEPOB YKA3bIBAET HA TO, YTO JABJIECHUE ra3000pa3HOTO
reJvsi BHYTPH OJIMCTEPOB HIDKE, €M TO, KOTOPOE OTPEIETIAETCs TOBEPXHOCTHOM dHeprueit. To
€CTh YeM HWXKe JJaBJIeHHE Ta3a BHYTpU OJHUCTepa, TEM MEHbIIE MPOUCXOIUT OTcllanBaHue. B

HAIIIeM K€ ClTydae BCKpPBHITHE T'eJIMeBbIX OJIMCTEPOB MPAKTUUECKUN He HaOI0jaeTcs.

:10.0 kV WD: 10.30 mm

View field: 42.8 ym Det: SE

Pucynok 2 — Mukpoctpykrypa nosepxHoct oopasma Nel mocie o0iryueHus rejrneBoi
mazmou pu ~905°C
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OO6ryueHue remeBoi miazMoi 00pasioB Bosibkhpama rnpu remmneparype ~1750°C npuseno
K 00pa30oBaHUIO HA MOBEPXHOCTH BOJb(paMoBoro odpasma No2 pa3audHBIX MOBEPXHOCTHBIX
noBpexkAeHHH. [ TaBHOM 0COOCHHOCTHIO CTPYKTYPBI TOBEPXHOCTH 00pasiia sSBIISICTCS HATNINE
Pa3BUTON KOPAJJIOBOM CTPYKTYpPHI, C OOJBINONW KOHIICHTPAIIMEH HAa HMX IMOBEPXHOCTAX
oTBepcTHH pazMepoM He Oosee 1 Mxm. [Ipu sTomM mMopdomorust 1 opueHTaHsI KOPALTOBOM
CTPYKTYPBI MEHSIETCS OT 3€pHa K 3epHY (pUCYHOK 3, 00BefieHO 3eJeHbIM). ['panutisr 3epeH W
UMEIOT YeTKHE OYepTaHHs M XapaKTepU3ylTCs BO BceM o0beMe oOpaslia KpyHmHBIMU
pasmepamu (£150 mxm). B Tente u Ha rpanuniax 3epen W Habmro1aeTcst 00pa30BaHMs TEITMEBBIX
OJIMCTEPOB, pa3Mep KOTOPBIX BapbUPYETCs B IIUPOKOM HHTEpBajieé 3HAUEHUH U MOXKET
n0xXoauTh 10 20 MKM (pUCYHOK 3, 00BEJICHO KPACHBIM).

CornacHo MOJIy4€HHBIM pe3yJibTaTaM yCTaHOBJIEHO, UYTO JIOKAJIbHbBIE KPYITHBIE I'eJINeBbIE
OJMCTEpbl B OCHOBHOM CKOHLIEHTPUPOBAHBI B TEJIE 3epeH BoJib(ppama, Tora Kak Ha rpaHULIax
CKaIlUIMBAIOTCSl OoJiee MeNIKHe rejiueBble Onucrepbl. BakHO OTMETHTH, YTO MOBEPXHOCTIIM
reJIneBbIX OJMCTEPOB BHE 3aBUCHUMOCTH OT Pa3MepOB XapaKTepHa KOpaJljloBasi CTpyKTypa 6e3

ompeieIeHHON MOpP(hOIOTHH.

VEGA3 TESCANQ

Performance in nanospace

Pucynok 3 — Mukpoctpykrypa nosepxHoctu oopasima N2 rocie o0ryueHHs TeIneBor
miazmoit ipu ~1750°C (kpacHBIMHU CTPEIIKAMHU OTMEUYCHBI — 00Pa30BaHHBIC I'€JIUEBbIC OJIUCTEPHI,
CHUHHMHU CTPEJIKaMU OTMEUECHBI — 3epHa C HATMYUEM NPOTSHKCHHBIX OPUEHTHPOBAHHBIX BBICTYIIOB,

3eJICHBIMHU CTPEIIKaMH OTMEYEHBI — 3€pHA ¢ HATMYUEM OYTPUCTOM CTPYKTYPHI)

BrlmenprBeiecHHbIE  AKCIIEPUMEHTAIbHBIE  PE3yJbTaThl  MOKA3aJd  3aBUCHUMOCTb
n3MeHeHuss Mopdomorun oT Kpuctamuiorpadpudecko opueHtanuu 3epeH. CoriacHo
pe3yabpTaTaM paboTsl [ 7] 3epHa Boib(dpamMa B 3aBUCUMOCTH OT MOP(oI0oTHN pa3esieHbl Ha JBa
THTIA:

— Kpuctayumueckue 3epHa ¢ opueHtarueit {1 01}, {001}, {112} u {11 1} umeromme
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CTPYKTYpPY C OOJIBIINM KOJINYECTBOM MPOTSAKCHHBIX OPUCHTHUPOBAHHBIX BBICTYIIOB,
— Kpuctayuimueckue 3epHa ¢ opuenrtanuen {1 0 3}, {1 0 2}, {4 0 7} u {2 0 3}
XapaKTepu3yeTcsl HaTM4heM OyTpUCTON CTPYKTYpbI C OOJBIIUM KOJMYECTBOM BEPTHKAIBHO

BBECPX OPUCHTHPOBAHHBIX BBICTYIIOB OTHOCHUTCIIBHO ITOBEPXHOCTH.

Jakiouenue

Takum oOpa3oMm, Ha OCHOBE aHajM3a MOJYYEHHBIX pPE3yJbTaTOB, MPHUBEACHHBIX B
HacTosel paboTe, MOKHO cClenaTh P 3aKIIOYSHUN O BIUSHUW KapOWIHOTO CJOsl Ha
MIPOLIECCHI B3aUMOJIEHCTBUS MJIa3Mbl C BOJIb(PaMOM.

[IpoBeneHbl HSKCIEPUMEHTHI MO BO3JCUCTBUIO TEIMEBOW IUIa3Mbl Ha IIOBEPXHOCTH
BOJIb()pamMa U BoJb(hpaM ¢ KapOUIHBIM CI0EM IpHU 3HadeHHsIX TemnepaTypsl ~905 °C u ~1750
°C. IIpousBeneHa OIEHKA KOHLEHTpAlUH, JJIEKTPOHHOW TEMIEpaTypsl, IMOTOKA HOHOB H
(broeHca MOHOB TeNus TP 00TydeHHH BosTb(hpama. DIroeHC HOHOB TP 00JTyIEHHH COCTaBHUIT
7,48-10%+8,26:10% won/M?, YTO COOTBETCTBYET OXKHUIAEMBIM  DKCILUTYaTal[IOHHBIM
napamerpam B UTOP.

OO6mydyeHne MOBEPXHOCTH Bosib(ppaMa Cc dHeprueil noHoB 2 k3B MpUBOIUT K CHUIBLHOMY
MOBPEXKICHUIO TTOBEPXHOCTH BoOJb(pama M pacmnblieHHto. [1o700HbINH XapaKTep 3BOJIIOLUN
MOp(}OT0ruK MOBEPXHOCTH BCIIEICTBUE O0IyUeHHS YUCTHIMU HOHAMU He+ Mpu MoBbIIIeHHBIX

TeMIlepaTypax Oblja O’)KUAEMOM U COTIacyeTcs ¢ IPYTUMHU MOA0OHBIMHU MCCIIEIOBAHUSIMH.
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JIMHAMUKA OCAXJEHMSA U YIAJIEHUS ®TOPYTJIEPOJHOM ITJIEHKU B
MUKIJIIMYECKOM ITPOLIECCE IINIABMOXNUMHNYECKOI'O TPABJIEHW A KPEMHUA
DYNAMICS OF DEPOSITION AND REMOVAL OF A FLUOROCARBON FILM IN THE
CYCLIC PROCESS OF PLASMA-CHEMICAL ETCHING OF SILICON

O.B. Mopo3sos
0.V. Morozov
Apocnasckui Qunuan Pusuxo-mexunonocuveckozo uncmumyma um. K.A. Banuesa PAH, yn.

Yuusepcumemcras, 21, e. Apocnasnw, Poccus, molegl967@yandex.ru.

In situ measurements of the rate of deposition and etching of a fluorocarbon film (FCF) in
Time-Multiplexed Deep Silicon Etching (TMSDE) were carried out using a laser
interferometer. Direct measurements of deposition and etching rates, as well as the FCF
etching times, open up new possibilities for optimizing the TMSDE procedure. For example,
adjusting the FCF etching time makes it possible to improve the etch selectivity (etch rate of

silicon divided by the erosion rate of Si0, mask).

I'myOokoe, aHM30TPOIHOE TpaBICHUE KPEMHHUS SIBISIETCS OJHUM M3 KIIOUEBBIX MPOLIECCOB B
TEXHOJIOTHSIX MHUKpoMexaHUKH. OCHOBHBIE TpeOOBaHMS K ASTOMY IpOILIECCY — BBICOKAs
CKOPOCTb M aHU3O0TPONHS TPaBICHHUS KAHABOK B KPEMHHUU, TOCTUTAIOTCS B LHMKJINYECKOM
cnocobe Tpasnenuss — TMDSE (Time-Multiplexed Deep Silicon Etching). Unes TMDSE
COCTOMT B MHOTOKPaTHOM IOBTOPEHMHM HaboOpa CTauil, B KOTOPBIX HCIOIb3YIOTCS pa3HbIe
MeXaHu3Mbl TpaBieHus — peakTuBHoe HoHHOoe (PUT) u mmasmoxumumueckoe (IIXT), ¢
COOTBETCTBYIOIIUM XUMHUYECKUM COCTaBOM IU1a3Mbl. KaXkKablil UK COCTOUT, KaK MPaBuilo, U3
Tpex ctaamii: ocaxknenue ¢ropyriaeponnoi miaeHku (OVII) B ¢-C4Fg mumazme (maccusarius);
npeumyniectBeHHoe yaanenue ®VII na nHe kanaBok B pexume PUT («aemaccuBamusi»);
BBICOKOCKOPOCTHOE H30TPOIMHOE TpaBiieHHe KpemHus B SF¢ mmazme B pexume [IXT
(TpaBnenne). KadecTBO HacTpoiiku craamm <«jaenaccuBanum» B pexkume PUT okaswsiBaeT
orpejesstolee BIUsHUE Ha GopMy Mpoduiis KaHABOK U CEJIEKTUBHOCTb TPABJICHUSI KPEMHUS
no otHomeHuto k SiOz macke [1-3]. Takum 00pa3oM, M3ydeHHE NUHAMUKUA OCAXKJEHUS U

tpaBieHus OVII B mpouecce nposenenus TMDSE sBnseTcs akTyanbHOM 3aga4ei.

B nannoit paboTe npeacTaBieHbl BO3MOXHOCTH 1n Situ MCCIEA0BaHUS MPOLIECCOB OCAXKICHUS
n TtpaBiaeHuss DPVYII Ha TepMHUECKH OKHCIEHHOM MMOBEPXHOCTH Si C HCIOJb30BaHHUEM
JazepHOro  MHTEpdepoMeTpa-peduiekTomeTpa.  MeTox  OCHOBaH  Ha  HM3MEPEHUU

HMHTCHCHUBHOCTU OTPAXCHHOI'O0 JIA3CPHOI'0 M3JIYUCHUA I oT cucteMbl CIUIOITHAs IUICHKA Ha
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kpeMHuu. CurHan uHTeppepoMeTpa B MPOLECCe U3MEHEHHUS ONTHYECKON TOJIIMHBI MJICHKU
SABJISIETCS TIeproInueckor PpyHkimeit ot Bpemenu: /(¢)=B+A-sin(4-n-R-t/A), Tie R — CKOpOCTh
mpouecca, A — JIJIMHa BOJIHBI Ja3epa, B u A —koHctantel. OnpenenuB mnonynepuon Tipz
dbyukaun /(¢), MOKHO paccuuTath CKOpocTh mporiecca: R=Ahi/T1,=M(4-n-Tix2), tne Ahip —

HN3MCHCHHWEC TOJIIWHBI IIJICHKHU 3a BpEMsA T]/z, N — MoKas3aTejib NPCIIOMIICHUS ITJICHKU.

W3mepurenbHas cxema MHTepdepomeTpa mnpejacraBieHa Ha puc. la. IIpouecc peructpanuu
CUTHaja ObLJI CHMHXPOHM3UpPOBaH ¢ (uUKcalued TUHAMHUKU TMEPEKIIOYeHHs] MOTOKa ra3oB B
nporpamMMe ynpaieHuss mapametrpamu TMDSE. Ha puc. 10 mnpencraBieH cursain
untepdepomerpa B mpouecce nposeneHuss TMDSE (mmurensHocts nukia Te=12 c). Ha
¢byHkuio /(f) CBA3aHHYIO C YMEHBLIEHHEM ONTHYECKOW TONIMMHBI IuieHKH SiOz B 1eIoM
HaKJIaJbIBAlOTCA MaJlble KoyieOaHUsI WHTEHCHUBHOCTH C TMepuojoM T¢, oTpaxaromue

W3MEHEHUS ONTUYECKOMN TOMIIMHBI IBYXCIONHOM cTpyKTyphl — DVII Ha S10,.

W
[=]
1

HurencuBHoCT (1), Op. em,
= 3
1 1

(a) (6)

Puc. 1 (a)— 6nok-cxema unrepdpepomerpa: 1 —He-Ne nazep (A=633 HM), 2 — CBETOACIUTEIbHAS
iactTueka, 3 — ¢oronpueMHuk onopHoro curHaiga (Up), 4 — (GOTONPHEMHHUK H3MEPUTEITHLHOTO
curHana (Uy), 5 — unTepdepeHmonnbiid GpuibTp (A=633 HM), 6 — KpeMHUEBasl TIACTUHKA C TICHKOMN
Si0,, 7 —wmoaynp obOpaboTku maHHbIXx (/=k-Us/Up, rme k — kanmuOpoBouHsiii k03ddunment). (b) —
curnai uarepdepomerpa B mporecce TMDSE.

Ha puc. 2 npencraBneHbl ¢parMeHThl CHUTHaJIa, MPUXOJAILIMECS Ha pa3Hble BpPEMEHHbIE
UHTEpBasbl 00mel 3aBucuMocTH (f). Hanbompmiast 4yBCTBUTENbHOCTh UHTEHCUBHOCTU [ K
W3MEHEHUIO OINTHUYECKOW TOJIIUHBI, OYEBMJHO, JIOCTUraeTcsi B 0OJacTsIX CcUrHaia
0003HaueHHbIX Mapkepamu rl u 12 Ha puc. 1. [1o 3aBucuMOCTSIM [(f) B TeUeHHE OJHOTO LIUKJIA
mutenbHocTh yaaneHus OVYII (t;) moxker ObITh ompeneneHa rpaduyecku. ['paduyeckoe

ONpEJIETICHUE OCHOBBIBAETCS HA TOM, 4YTO MNPHU JOCTHKEHUM MOMeHTa ynaneHus DOVYII
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3HaueHue / BO3BpalllaeTcs K YPOBHIO B KOHIIE Mpeiblaylied craauu TpasieHus (=0 c Ha

puc. 2).

Rt
ol
- REERATRR SA R IRQRCIRLR R TR IR TRRE
. r3

HNurtencusnocts (1), mp. ex.
o)
1

—_
N

Bpewms, ¢

Puc. 2 MaTeHcuBHOCTDh OTpakeHus B TedeHue mukia TMDSE B pasubix obnmacTsx curHana /(f) Ha
puc. 1. (4), (5) — nuHamuKa mepexIoueHus moToka ra3oB SFs u c-C4Fg, cooTBETCTBEHHO, t, — BpeMs
CTaAuM I[acCUBALUM, t4— BpeMsA CTaJuU <«JeraccuBaluumy, te— BpeMs CTaauu TPABIECHUS, t—
JIUTENbHOCTh yaaneHuss OVYII.

[IpousBonnas curHana ['(f) XxapakTepu3yeT CKOPOCTHM MPOLECCOB HAa KaXJIOM cTaguu B
OT/IETLHOCTH. 3HAYEHHS CKOPOCTEH, BBIYHCICHHBbIE MO Qopmyne R=I'(f)'M(4'mAn) c
WCIIONB30BAaHUEM JAaHHBIX B 0OJacTu 12, mpeacTaBieHbl Ha puc. 3a. B pacderax
ucnosnb3oBajock 3HaueHue n(OVYII)=n(Si0,2)=1,46. B namux skcrnepumMeHTax, BBIYUCIECHUE
ckopocTH 1o ['(f) HE KOPPEKTHO BO BpEMsI M3MEHEHHUs Ta30BOr0 COCTaBa ILIa3Mbl, T.K.
W3MEHSIETCA Mapa3uTHasi MHTEHCUBHOCTh M3JTyUEHUs U3 IJ1a3Mbl (CM. curHall B obsiactu 13). B
pe3ynbTare BBIYMCIECHUN OOHApyXUBAIOTCS JIBa YPOBHS CKOPOCTH TpaBJICHHS B TEUEHHE
ctaguu jAenaccuBanuu. llepexom OT OAHOrO YpOBHA K JPYroMy XOpOHIO COBHAJAET C
rpaduyecky MOTy4eHHBIM 3HaueHueM t=2,2 ¢, T.e. OAMH YPOBEHb CKOPOCTH COOTBETCTBYET
uHTeHCUBHOCTU TpaBieHuss OVII, a apyroit — nHTeHCUBHOCTU TpaBiieHus SiOz B pexuMe
PUT (Rput). B pexxume IIXT Ha craguu TpaBieHHs HaOJIOAETCS YMEHBLIEHHE CKOPOCTU

TpaBieHus: SiO> Gosiee yeM B 5 pa3 10 ypOBHS — Rpxr.

[IpunuunuansHeiM TpeOoBaHueMm K HacTpoiike TMDSE sBnsercs ycioBue t<tq. OpnHaxo,
3amaHre OONBIIMX 3HAYCHWH tq HE BBITOJHO C TOYKH 3PEHHS, HalPUMEpP, CEICKTHBHOCTH
TpaBieHus Si mo oTHomeHuto K Macke Si0». Cpemnsis (3a IUKI) CKOPOCTh TpaBieHus SiO»>

(Reve) ompenensieTcsi BeIpaxkeHUEM: Reve=Rput(ta-t:)/TetRixr te/Te. CKOpoCTh Reve MOXKET
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OBITH YMEHBIIICHA TIOJICTPOMKON 3HAYEHHUS ty K M3MEPEHHOW BEIWYHMHE tr 1T MUHUMHU3AINT

MHOXHUTENS (td-tr), OT 3HAUEHUSI KOTOPOTO CPEHSSI CKOPOCTh TPABJICHUS KPEMHUS HE 3aBUCHUT.

TpaBJICHUE

S
A T

Ckopocthb (R), HM/c

OCaXICHHUEC

(a) (6)

Puc. 3. (a) — ckopocTH ocaxxiieHus U TpaieHus B Teuenne mukina TMDSE, (6) — npodunb kaHaBKu B
KPEMHUH, ONy4YeHHBIH 32 350 ontummznpoBanHbix 1uKkiioB TMSDE, rirybuna tpasienust 300 MkM.

bouin mpoBeneHBI HKCHEPUMEHTHl C pPa3HbIMU 3HA4YCHUAMU tq (tatte=9 c), mo
pe3ynbTataM KOTOpPbIX ObUIM H3MepeHbl moiynepuonsl T, curnama I(¢f). BwrumciieHHbie
CKOpoCTH Reve cocTaBuim 0.29, 0.23, 0.18, 0.13 uM/c mns te= 5, 4, 3.5, 3 ¢, COOTBETCTBEHHO.
Cpennsis ckopocTh TpasiieHust Si02 1 cooTBeTCTBeHHO ceneKTuBHOCTh TMDSE ymensimaercs
Oojee yeM B JiBa pa3a B NPEUIOKEHHOM CTpaTeruu ONTHUMH3aluu. Pe3ynbrar TpaBieHUs
KaHaBOK B ONTHUMHU3MPOBAHHOM pexume (t¢=3 ¢) mpencrtaBieH Ha pwuc. 3(0). Ilpoduns
KaHaBOK C XOpOIlleld BEpTUKAIbHOCTHIO CTEHOK IMOJyYeH MPH BBICOKUX 3HAYEHMSIX: CpeIHen
CKOpoCTH TpaBieHHs! KpeMHusi — 71 HM/c u cenektuBHoctd TMDSE no otHomenuto x SiO2
Macke — 546.

Pa6ora BeimonHeHa B pamkax ['ocynapcrsennoro 3ananus @TUAH um. K.A. Banuesa

PAH MunucrepctBa HaykH U Bbiciiero oopazoBanusi PO Ne FFNN-2022-0017.

[1] Bingdong Chang, Pele Leussink, Flemming Jensen, Jorg Hiibner, Henri Jansen,
Microelectronic Engineering, 191, 77, (2018). https://doi.org/10.1016/j.mee.2018.01.034

[2] B. Lips and R. Puers, J. Phys.: Conf. Ser., 757 012005, (2016). doi:10.1088/1742-
6596/757/1/012005

[3] Gerlt M.S., Laubli N.F., Manser M., Nelson B.J., Dual J., Micromachines, 12, 542 (2021).
https://doi.org/10.3390/mi12050542
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OCOBEHHOCTHU PA3BUTHA ITOPUCTOTI'O CJIOA U PACIIBUUIEHU A TPAOUTA T1PU
BBICOKOTEMIIEPATYPHOM MHTEHCHBHOM OBJIVUEHUU NOHAMMU I'EJIVA 1
JAEUTEPUA.

CHARACTERISTICS OF POROUS LAYER DEVELOPMENT AND GRAPHITE
SPUTTERING UNDER HIGH-TEMPERATURE INTENSE IRRADIATION WITH
HELIUM AND DEUTERIUM IONS.

H.A. IlynTakos, JI.b.berpamb6exos, A.M. 3axapoB
N.A. Puntakov, L.B. Begrambekov, A.M. Zacharov

Kad. dusuku mnazmer, HUSAY MU®U, Kamupckoe mocce 31, Mocksa, Poccus
np9293(@my.bristol.ac.uk

The influence of the irradiation dose and surface temperature on the sputtering rate, the development of
a near-surface porous layer, and the formation of a stream of sputtered atoms during high-temperature
intense irradiation of graphite with helium and deuterium ions has been studied.
It is shown that the features of these processes during irradiation with deuterium and helium ions are
related to the specificity of the formation of structural defects in graphite by these ions.
1. Bsenenmue

HNuTtepec k obmyueHuto rpadurta, MHTEHCUBHBIM MTOTOKOM HOHOB H30TOIOB BOAOPOJIA U
reaus MPHU BBICOKOW TeMIIEpaType ONMPeAEsieTCS €ro HCI0JIb30BAHMEM B KaUeCTBE MaTepuasa
00Opam€HHBIX K MIa3Me 2JIEMEHTOB B PSIE TEPMOSICPHBIX YCTAHOBOK, B YaCTHOCTH, B TOKAMaKe
T-15SMJI [1]. Ilpu oOnydyeHMH TIOTOKOM HOHOB C YMEPEHHOW WHTEHCHBHOCTHIO (10
1x10%° yon/m?c) OBUIO TOKA3aHO, YTO IPOLECCH MOHHO-CTUMYJIMPOBAHHOM I€COpOIMH M
WOHHO-CTUMYJUPOBAHHOW  CyOJIMMalid MPUBOIAT K  yBEIMYCHHIO  Kod(duimenrta
pacnibuiernu rpaduta npu temrnepatypax Beime 1000 °C [2].  OOGnaydeHHe WHTEHCHBHBIM
noTokoM noHoB aektepus (T=1000-2300 K, j>1x10%2 non/m?c) [3] mpuBoauio k 06pa3oBaHHIO
MIPUTIOBEPXHOCTHOTO MOPHUCTOTO CJI0s. B paGoTe BHITIOJHEHO CPAaBHUTEIHLHOE HCCIIEOBAaHUE
BO3JICUCTBUS Ha TpadUT WHTEHCHBHOTO BBICOKOTEMIIEPATYPHOTO OOJYyYeHUH HWOHAMU
JIEUTEpHUs] U TEIIHS.
2. Meroauka nNoAroTOBKU M NMPOBEAECHHUS IKCIIEPUMEHTOB

O6pasupl mwiomanso 10x10 mm?

U3rOTaBJIMBAINCh U3 MEIKO3EPHUCTOIO U30TPOIHOTO
rpapura mapku R6510D100PO1 mmotHocTero  1.840.02 r/cm’. Tommumea 00pa3nos
BaphUpOBajach B PA3NIUYHBIX 3KcnepuMeHTax oT 4 no 17 mm. OOpasubl MOJIMpOBanach,
MIPOMBIBANIACh B YJIbTPA3BYKOBOM BaHHE U OTXHUTamuch. OOayueHre o0pas3loB MPOBOIUIOCH
MOHAaMU Telus W MOJEKYJISIPHbIMM HOHAaMHU JEUTepHeBOM IuUIa3Mbl ¢ dHepruen 14x3B.

[TnoTHOCTH TOKa HOHOB cocTaBisna 1.4x10%2 non/m?c. Temneparypa IOBEPXHOCTH 00pa3LoB

u3Mepsgach ONTUYECKUM mnupoMmeTpoM. llpu oO0iydeHHH Ha TIOBEpXHOCTH 00pa3LoB
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00pa3oBBIBAJICA KpaTep B BUJIE YCEUEHHOTO KOHYCa C 00IbIIMM paguycoM R=2.5 MM 1 Maibim

pamuycom 1=1.45mMm. ['nmybumna kparepa omnpenensiiack mnpodunomerpueit (Lsur) u

B3BemrBaHueM 00pasna (Lmass). OTKIOHEHHE TITyOMH Y4aCTKOB KpaTepa OT CPETHET0 3HAUCHUS

He npesbIano 3%.

3. Pe3yabTarhl U 00CYXKAECHHE

3.1. 3aBucuMOCTb pacnbUIeHHs rpaduTa U pa3BUTHS IOPUCTOTO CIIOS OT JA03bI OOIYUEHUS
[Ipu oOmydyeHun rpaduTa MOHAMHU TeIUSl TaKKe, KaK W MpU OOJTYyYEeHUHW HOHAMHU

neiftepust  [1], oOpa3oBbIBajiCsl MPUIOBEPXHOCTHBIM TMOPUCTHIM  CiIOH. 3aBUCUMOCTHU

pacnbUIeHMs], YJaJIeHuss aTOMOB IOBEPXHOCTHOIO CJIOS M aTOMOB YIjepojaa W3 TIyOWHBI

rpadura oT 1036l OOJy4YEHHS MOHAMHU TEIUsl OCTAIOTCA NMPUMEPHO TEMHU K€, YTO U TMpu

o0yueHun noHamu nenrepus (puc. 1).

900 4 .
! 350
800 : f%% ek
= - b = 300 —
S 700 @ Lwes P2 , = .
x @ LoDy . - 4 /
Z 6004 & L he i = 201 /
S 500 [ K Lo He” ,//’Zg* A e S 200 1 %
7] . Yy . /
.} e » PR Y S
400 J/#/: o e - 150 1« :lﬁﬂ
= T b
g 300 e - & i
© w e £ 100 Y
R e B e D,
100 - g;//";o < 50 ’ig/ * He'
0+ ; 0 }
0 2 4 6 8 2510 ) 0 ; 4 5 8 10
Fosa obnyueHus (MoHx107/m%) [lo3a 06nyueHns (MoHx10%°/m?)

Puc. 1. 3aBUcUMOCTB OT 10361 00my4eHns nonamMu He' u Dy" a) BenmuumH Linass ¥ Lsurr 1 6) (Linass — Lsurf),
(T=2300 K).
Ha nagansHOM 5Tane o6mydenns nonamu reaus (0,3 — 0,8x10%3/m?) npu TeMnepaType

2300 K BenuuuHBI Limass 1 Lsuf OKa3BIBAKOTCS TAKMMU K€, KaK U IIPU PACTBUICHUN MOHAMU
JEUTEPUS M PACTYT C TIOCTOSIHHON CKOPOCTHIO, TO €CTh, CKOPOCTH POCTA MOPHUCTHIX CIOEB (pHC.
16) 1 cKkOpOCTH pacIbLIEHUs OBEPXHOCTH (<3,4%107! aT/uoH) Ha STOM dTaIe OIUHAKOBHI.
Koadduuument pacnbiienuss rpapurta uoHamu renus ¢ sHeprueit 14 KoB mnpu
temneparype 300 K nmo xackagnomy Mexanmsmy paBeH 3x1072 aT/moH, @ MONEKYJISPHBIMH
MOHAMH JIEUTEPHS C TOM K€ DHEPruei cocTapiseT auimb 1,6X1072 aT/uoH B IPEANONOKEHHH,
YTO €ro BeJWYMHA B JiBa pa3a Ooiblie Kod(pUIUEHTa paclbUICHHWs HOHAMU JEUTepHs ¢
sueprueit 7 KoB [4]. CymecTBeHHOE yBEIMYECHHE PACIBUICHUS] HOHAMH TEHS W JEeUTepus
MOXXHO OOBSCHUTh PaJMALMOHHO-YCKOPEHHOW cyOinManueid, KoTopas B  YCJIOBHSX
SKCIIEPUMEHTOB HMeJia BO3MOXKHOCTh yIaJIsTh aTOMbI HE TOJILKO MMOBEPXHOCTHOT'O CJI0S, HO U
aTOMBI, TOCTUTAIOIINE MOBEPXHOCTHU 3a CUET MU dy3un U3 NOPUCTOrO ciios. Bkiag B moTok
pacnblIeHHs] aTOMOB TpaduTa U3 MOPUCTHIX CIOEB B 000UX CIydasX OKa3bIBA€TCs OOJBIINM,
YyeM aToMOB TOBepxHOCTH (puc. 1). B marepBane 103 npumepno ¢ 0,8 mo 3,0x10%°/m> u mo

4,5%x10%°/m> npu 00JIydEHMH COOTBETCTBEHHO MOHAMM TE€NUsS U JEHTEpPHs, YBEIUYMBAETCS
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IOCTYIUICHUEC aTOMOB YIJI€poaa U3 FJ'IY6I/IHBI K TIOBEPXHOCTU W HX PaCIbIICHHUC,
CBUJICTEIILCTBYS O BO3PACTAIOIICH CKOPOCTH POCTa MOPHUCTHIX OB (puc. 1). Bmecte ¢ Tem,
OCHOBHaAas poOJib B pACTIBIJICHUHN ITOCTCIICHHO MEPEXOJNUT K aTOMaM IMMOBEPXHOCTH, 11O MEPE TOTO,
KaK YMCHBIIACTCA BBIXOA HA TIOBEPXHOCTH aTOMOB ITPU YBEJIIMYCHNUHU TOJIIIHUH IIOPUCTBIX CIIOEB.
[Tpruém, 10 HAaMMEHBIINX 3HAYEHUM MAJAaeT BKJIAJ B PACMbLICHHE aTOMOB MEHEE Pa3BUTOTO
MIOPUCTOTO CII0sI, CO3JTaBa€MOro Mpu o0aydeHUH noHamu renus (puc 2). Ilpu 6ompmmx go3zax
OoO0Jy4yeHHs] paclbUICHHE 3aMETHO He
MCHJSCTCA. TO.]'IIHI/IHBI IMOPHUCTBIX CIIOEB
(Lmass - Lsurf), IIPaKTUYCCKU
crabmwmupyroTcs (puc. 10). CkopocTs
NOCTYIUICHUA Ha IOBCPXHOCTH AaTOMOB

yriepoja u3 TTyOUHBI rpaduta

a 0 CPaBHUBAETCA CO CKOPOCTHIO PACHBIICHUS
Puc. 2. IlonepeyHslii CIOM MTOPUCTOTO CIIOSI.
O6unyuenne a) He" n 6) D,". (®=1,8x10% MOBEPXHOCTH.

2
non/M’,T=2030 K). Wownsl renus 3aTpayuBaroT 0O0JbLIe

SHEPTUH Ha YIIPYTUE CTOJIKHOBEHHS, HO 3Ta SJHEPIHsl pacxoayeTcsl Ha Oobliel InHe mpodera
B rpadure (coorBeTcTBeHHO, 360 1 120 HM B OTCYTCTBUHM HOPHUCTOIO CIIOS), U CMEIIEHHBIE
aTOMbI UMEIOT MEHbIIIE IaHCOB JIOCTHYb MMOBEPXHOCTH. VX BKJIaa B paclbUIeHHE CTAHOBUTCS
MEHBIIMM, YeM IMpH OOJyuYeHWH HOHaMU JedTepus. B 3THX yCIOBHSIX paBEHCTBO
KO3 (ULMEHTOB pacHbUICHUS] MOXKET MOAJIEPKUBAThCA OOJbIIEH CKOPOCTHIO pPAaCIbUICHUS
MOHAMH T'eJIis aTOMOB MTOBEPXHOCTH.

3.2. 3aBUCHUMOCTh paclbUleHus rpaduta W pa3BUTUS MOPUCTOrO CJIOSI OT TeMIEepaTyphl
KoaddunmenTs! pacibuieHHss HOHAMU Telusl U IeHTepus MpHu TeMieparypax oomyuenus 2000
u 1000 K nonmxkaroTcs o cpaBHeHUt0 ¢ ormeueHHbpIMU 1ipu 2300 K, HO BO Bceit o6mactu 103
00JIy4YeHHs OCTAIOTCSl 3HAYUTENIbHO 00Jiee BHICOKMMHU, YeM IIPU KaCKaJHOM PaclbUIeHUH (puc.
3a). D10 yKa3bIBaeT Ha yMEHbIIIEHNE aKTUBHOCTH PaIMalliOHHO-YCKOPEHHOM CyOIuMaIim, Bce
emi€ SBJSAIONIeCS OCHOBHBIM MEXAaHM3MOM pAaCIbUICHUS NpPU 3TUX TemIrepaTypax, U Ha
MEHBUIYI0O CKOPOCTh MOCTYIUIEHHSI aTOMOB YIJIepoJa M3 TNTyOuHbI rpaguTa Ha MOBEPXHOCTD.
[Ipn obmyuenun noHamu nedtepus u renus npu temmneparypax 1000 u 2000 K, tonuiuas

nopucteix cxoés (L~ — L ) Ul OIMHAKOBBIX TEMIIEPATyp COBMAZAIOT BO BCEX 103aX

SS
obmyuenus (puc. 30). DOTO CBHAETENHCTBYET O HE3HAYUTEIHHOM pPa3HHUIE MEXITY
MOCTYTJICHUSIMU aTOMOB yTJIepo/ia Ha 00JIyd9aeMyto MTOBEPXHOCTh B 00CHX CITydasX.

Mexay TeM, kKo3(h(HUIMEHT pachbLICHHS, 32 HCKIIOYCHWEM HAdYalbHOTO TIepHoja

00JTydeHusI, OKa3bIBAETCSI 3aMETHO 00Jiee BRICOKUM MPHU 00TydeHUH HOHAMHU Tenws (puc. 3a).
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Puc. 3. 3aBUCHMOCTE OT TeMIIepaTyphl 00TydeHUS HOHAMH ) Lmass 1 0) (Lmass — Lsurf),

[TosTOMy, MOXKHO cuuTaTh, 4YTO NpH XapaktepHou ausa temneparyp 1000 u 2000K crenenu
pa3BUTHS TOPUCTOTO CJIOSI OCHOBHAs pOJb B paclbUICHUH Trpadura MNpUHAIICKUT
paAralOHHO-yCKOPEHHON CyOIuMaIiy, akTUBHEE MPOSIBIISIOMIEHCS TPU 00Jy4eHUH HOHAMHU
renusl.

[Ipu temmeparype 2300 K TonmmHa MOPHCTOTO CIIOS OKa3bIBACTCS OOJBIICH TpH
o0myueHnn noHamu nertepus (puc. 30). DTo 03HAYACT, UTO MPU OOTYUEHUH TEITUEM TIOPUCTHII
CJIOM MMEET MEHBIIYIO TOJIINHY, YeM NpHu oomyueHuu. [IpuunHoi 3T0r0 MokeT ObITh OoJiee
MHTEHCUBHOE pa3pylIeHHE CTPYKTypbl TpaduTa B 30HE TOPMOXKEHHS HOHOB TE€JHs, YTO
MIPUBOAMT K YMEHBIICHHUIO TPAHCIIOPTA BAaKaHCHI B NTyOUHY rpaduta U pocTa HOPUCTOTO CIIOS.
[Tpu ManbIx 103ax 00IydYeHHs CKOPOCTh AUPPYy3Un BakaHCHI 1 00paTHOTO TPAHCIIOPTa AaTOMOB
yIepoJia Ha MOBEPXHOCTh HUXKE, U JaHHBIN 2P PeKT He HabMoAaeTcs.

4. 3akiroueHue

[TokazaHo, 4YTO MPUIOBEPXHOCTHBIE MOPUCTHIE CIOU Pa3BUBAIOTCS NMPU MHTEHCHUBHOM
o0yyeHuH rpaduTa Kak HOHaMU TeJus, Tak U BOAOPOJa.

[ToToku pacmbplieHUs] BKIJIIOYAIOT aTOMblI MOBEPXHOCTH M aTOMBI MOPHCTOIO CJOA,
I GyHIAUPYIONIKE Ha TIOBEPXHOCTD.

[IpakTHyecku mpu BCeX UCCIIEIOBAHHBIX YCIOBHSIX, TOJIIIMHA TOPUCTHIX CJI0EB MEHbIIIE
U, COOTBETCTBEHHO, MU Py3ust aTOMOB yriepoja U3 MOPHUCTHIX CIOEB K MOBEPXHOCTU U HX
MocJeAyolee paciblieHue Npu 00TyYeHUH HOHAMHU T'eJlis MeHee NHTEHCHUBHBI.

PanuanuonHo-ycKkopeHHasi cyOauMaIus - OCHOBHOM MEXaHU3M pacblICHHs IPU BCEX

HCCIEA0BAaHHBIX TEMIIEPATypax, AKTUBUPYIOTCS ITPHU MOBBIIIEHUN TEMIIEPATYPBI.

[1] P.P. Khvostenko et al., Tokamak T-15MD, Fusion Engineering and Design, 146A (2019), 1108-1112

[2] V.Phillips, E.Vietzke, H. Trinkhaus. Journal of Nuclear Materials 179-181 (1991) 25-33).

[3] Begrambekov L.B., Grunin A.V., Dolganov G.D., Puntakov N.A., Titkova K.M.: (Journal of Physics:
Conference Series, 2019, 1328(1), 012031)

[4] N. Matsunami, Y.Yamamura, Y. Itikawa, N. Itoh, Y. Kazumata, S. Miyagawa, K. Morita, R. Shimizu, H.
Tawara. (Atomic data and nuclear data tables 31 (1984) 1-80)
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The effect of plasma treatment on the composition, structure and properties
of filaments used in extrusion additive manufacturing

A.V. Rudakova, F.A. Doronin, G.O. Rytikov,
M.A. Savel’ev, N.A. Bogdanova, A.Yu. Tsukanova and V.G. Nazarov

Moscow polytechnic university, 38 B. Semenovskya str.,
Moscow 107023, Russia, e-mail: f.a.doronin@mospolytech.ru

The effect of plasma-chemical treatment on the surface properties of polylactide
(PLA) and thermoplastic polyurethane (TPU) based filaments was studied. It is
shown that the surface structuring contributes to a twofold increase in free surface

energy of the polymer materials due to an increase in its polar component.

One of the main directions in chemistry and materials sciences research development is
the creation of chemically and biologically resistant polymers [1-3] (in particular, using the
techniques of additive prototyping and surface modification). The improved polymers are
intended for sealing friction units in aviation, shipbuilding and mechanical engineering, to
reduce the rate of biofouling of marine vessels, for medical and pharmacological purposes,
and etc. There are several approaches to the formation of thin-film functional coatings (from
the protective film attaching to the grafted monomers polymerization) [4]. Each of them is
characterized by a certain resource and energy intensity, environmental friendliness,
ergonomics and duration of treatment process, a special set of the protective coating physics-
chemical characteristics (wettability, permeability, strength) and etc. In accordance with [5] it
seems that the optimal combination of the factors is provided by the plasma-chemical surface
modification technique. The descriptions of the original gas-phase and the plasma-chemical
modification technologies (which have proven themselves well in providing chemical
resistance and mechanical strength with respect to tangential shear deformations for a number
of large tonnage polymers) is presented in [6]. In our study we’ve investigated the effect of
plasma-chemical treatment on the surface properties of 3D-printed discs (manufactured with
Anycubic Mega S 3D-printer at temperatures of 230 and 200°C) made from PLA and TPU
filaments often used in the extrusion additive prototyping.

It was shown in [8] that plasma-chemical treatment is most effective at a distance of
1.5-2 cm from the plasma source. At lower manifestations the thermal effect of plasma arc on
the polymers surface turns out to be painful; at greater manifestations it is insufficient (there

are no existing transformations on the surface of the experimental samples). The modification
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of 3D-printed discs by plasma-chemical treatment was carried out in accordance with the

technique [7] by the open-type system APC-500 (Diener Electronic GmbH & Co. KG)

(Figure 1) at a processing time of 60 seconds and a distance from plasma source to treating

surface about 2 cm.

The modified 3D-printed discs did not have the damage in warping areas or surface

cracks.

Y &

z 2

Ultimaker Cura
X 40

Configuration of the 3D-

printed disk

Heated filamen

Printed
items

———————

Build platform

L.

U

Nozzle

Adhesive (optional)

Figure 1 The plasma-chemical setup (A), the 3D-printed disk configuration (B),

and the extrusion additive prototyping (FFF) flowchart (C)

The free surface energy ys (with polar ys" and dispersive ys® components) calculations

was performed by the Owens—Wendt—Rabel-Kaelble (OVRK) method [10] (table 1). The

required contact angles for distilled water Oy and ethylene glycol ®.; were measured using a

KSVCAM 101 setup (KSV Instruments, Finland).

Table 1 - Contact angle and surface energy values for original and modified 3D-printed discs

Contact wetting angle Vs, vsP, ¥s's
Polymer (manufacturer) o0 O m)/m2 mJ/m2 ml/m2
Ini. 74+2 5642 30 13 17
TPU(FD Plast) - ==, 4 1012 3922 64 3 61
Ini. 66+2 5342 36 8 28
PLA (CubeX) ™ 1od. 4352 382 61 3 58
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It has been established that the plasma-chemical treatment provides the possibility of
direct hydrophilic-hydrophobic balance regulation for the surfaces of the considered
3D-printing materials (TPU and PLA filaments). It is due to the values of the polymeric
materials free surface energy are doubled as the result of the carbonyl, carboxyl and other
oxygen-containing groups formation in the polymers surface layers. This conclusion is
confirmed by an increase in the polar component of the free surface energy (from 17 to 61

mJ/m? for TPU and from 28 to 58 mJ/m? for PLA).
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N3MEHEHMUME ITPOYHOCTHBIX XAPAKTEPUCTHUK IPEBECHBIX
OBPA3HOB, NIPOIIEAININX TEPMUYECKYIO U IIVTIABSMEHHYIO OBPABOTKY,
K KUEEBOMY COEAMHEHUIO

CHANGING THE STRENGTH CHARACTERISTICS OF WOOD SAMPLES
THAT HAVE UNDERGONE THERMAL AND PLASMA TREATMENT TO AN
ADHESIVE JOINT
K.B. Caeposa ', II.P. Myxamer3sanos !, JI.I". Edbpemos !
K.V. Saerova !, S.R. Mukhametzyanov !, D.G. Efremov '

®OI'BOY BO «Kazanckuil HallMOHAIBHBIA UCCIIEA0BATEIbCKUH TEXHOIOTHUSCKIH

yHuBepcuteT», Poccuiickas ®enepauus, PT, r. Kazanp, E-mail: senya97@inox.ru

B crathe npuBeneHbl UCCIEI0BAHUS IO ONPEIEICHNUIO MPOYHOCTHBIX XapaKTEPUCTHK
JEPEeBSIHHBIX  00pasloB, TOJBEPKEHHBIX JBYXCTyneH4YaTol oO0paboTKe, a WMEHHO,
TEPMHUUYECKOH U MIa3MEHHON MOAU(PHUKAIIUY.

KiroueBnie crmoBa: tepMuueckas MoauQuKanms, TiaMeHHas oOpaboTka, ApeBecHHa,

MIPOYHOCTh, Pa3pHhIB.

[1nazmenHas 0O6paboTKa — 3TO MOBEPXHOCTHAsE MoJau(UKalMs MaTepuaiga ¢ ILEJbIo
CO3/1aHMA Ha HEM 3alIUTHOTO CJIOSl, YCTOWYMBOIO K arpeccuBHbIM (akTopam. BnusHue
NBYXCTYNEHYaTOH 00pabOTKH TEPMUYECKUM MOAUGPUIIMPOBAHUEM U IJIA3MOM OBLITU U3YUYECHBI
MHOTMMHU aBTOpaMu 3apyOexom, Tak Daniela Altgen u nap. [1] mpoBepuian 00pasiibl
00paboTaHHOTO KOMIIO3UTa HAa PEHTT€HOBCKON (DOTOANEKTPOHHON CIEKTPOCKOMUU U BBISIBUIN
CXOJHOE paclipe/ieJIeHHe KHCIOpOACoAepKaluX (PYyHKIMOHAIBHBIX TPYNI Ha MOBEPXHOCTH
JPEBECUHBbl  TOCJIEe IUIa3MEHHOW  0O0pabOTKM  TepMUYECKH MOAUGPUIUPOBAHHOM U
HeMoauduIIpoBaHHOM ipeBecuHbl Oyka. [Ipeamnonaraercs, 4To NOBBIIIEHHAS] CMAaYHBAEMOCTh
3a cueT IIa3MeHHoi o0paboTku 00ycioBiIeHa o0pa3oBaHNEM KapOOKCUIBHBIX Py BHYTpU
JIUTHUHOBOM CETKH, KOTOpble BHOCAT BKJIaJ B MOJSAPHYIO YacTh CBOOOJHON O3HEpPruu
MOBEPXHOCTU. TepMHuecKH MOAUPHUIMPOBAHHAS JpPEBECHMHAa MOXET ObITh OUYEHb
BOCIIPUMMYHMBA K TUIa3MEHHON 00paboTke H3-3a 0ojiee BHICOKOW OJM KOHIEHCHPOBAHHOTO,
6onee TuapodhoOHOTO TUTHUHA [2].

B naHHOM uccieoBaHUM OLIEHMBAJIOCHh BIMSHUE HU3KOTEMIIEPATYpPHON BO3IYIIHO-
I1a3MeHHOW OOpaOOTKM TMpH MOHM)KEHHOM JaBJI€HHMM Ha HECKOJIbKO MOpOJ JAPEBECHHBI,
KOTOpble ObUIM TpEABApUTENbHO TEPMHUECKH MOAUGPUIMPOBAHBl TMPU  Pa3IMYHBIX

TEeMIEpaTypax.
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MeToabl 1 MaTepHAJIbI

HpeBecHbie 00pa3ipl COCHBI, Oepé3bl U ay0a pa3pe3aiuch Ha TUIACTHHKUA pa3MepaMu
8x2x0,7 cM W moaBeprajiuch TEPMHUYECKONH MOAM(PUKALUU B YCTAHOBKE KOHBEKTHUBHOTO
MpOoJyBaHUsl yepe3 ciaoi B TemnepaTtypHoM auanazone 180-240 °C B teuenue 5 yacoB. [lns
HauboJee KaueCTBEHHOrO0 IMPOTEKaHMs JallbHEHIIMX HpolieccoB 00pabOTKH, JIpeBECHbIE
00pa3ipl OBITO PENICHO BBICYIITUBATH JI0 BIIAXKHOCTH He Oosee 6-8 %o.

[TnasmeHHy0 00pabOTKYy MPOBOAWIIA B OMBITHO-ipoMbIieHHass BUE mmasmenHoM
ycranoBke (PI'BOY BO «Ka3zaHnckuit HallMOHAIBHBIN UCCIE0BATENBCKANA TEXHOIOTHIECKUM

yHUBepcuteT», . Kazans) [3].

Onpenesienne pusnKo-MeXaHMYECKUX CBOWCTB MOBEPXHOCTH

0o0padoTaHHBIX 00pa3LOB

[nst onpeneneHus MPOYHOCTHBIX CBOMCTB JIPEBECHBIX 00pa3lloB ObUIM IPOBEIEHBI
SKCIIEPUMEHTHI Ha pa3pbiB. [lmacTunbl ckienBanuck Mexay coboit [IBA kmeem Ha paBHOM
IJIOIIAM CONPHUKOCHOBEHUS M IOMEMIAINCH IOJ THApaBIMdYecKHid mnpecc Mapku [II'M-
100MI'4A ny1st IPOYHOTO CKIIEWBAHUS.

3areM, CKJieeHHble 00pa3libl HMCIBITHIBAIUCH Ha MpeAesl MPOYHOCTU IpU pa3phiBE.
HcnpiTannsg Ha MPOYHOCTh JPEBECHBIX 00pa3LOB MPU PACTSIKEHUH MPOBOJWINCH COTJIACHO
I'OCT 9622-87 na yHuBepcabHOM ucnbiTarebHONM MamuHe Mmapku P 5082-50.

[Tapametprl paboueit wactu — 30x30 MM U TONIIMHA — COOTBETCTBYET TOJIIIMHE
npoaykmuu — 0,7. Ot6op 06pasnoB (aHephl, UX KOJUIECTBO U MOATOTOBKA K UCHBITAHUSIM
cootBercTBYIOT ['OCT 9620-72.

HcnbiTanuss MpoBOIAT € IMOMOIIBK YHMBEPCAJIBHBIX 3aXBAaTOB, YCTAHOBJICHHBIX HAa
ucnelTaTenbHON MamuHe (puc. la). OOpa3ibl ycTaHaBIMBAIOT B 3aXBaT HCIBITaTEIbHON
MallMHbl TaK, 4TOOBI €ro NpoAOJbHAas OCh COBMajAaja C OCAMHU TOJIOBOK MAallIUHBI, a
YHUBEpCAJIbHBIE 3aXBaThl 3aXBaThIBAIN 00pa3ell BIUIOTHYIO /10 3aKPYTJIEHHOMN YacTH.

OO0pa3upl, paspylieHHe KOTOPBIX MPOU3OIUI0O HE B pabouell yacTH, B pacueT He
MIPUHUMAIOTCS, 3aMEHSIIOT IPYTUM 00pa3IoM.

Ha pucynke 10 mpezacraBieH oOpasell Mmocie HcCleoBaHMS Ha pacTskeHue. U3
PUCYHKA BUJIHO, YTO Pa3pbIB IPOU30ILIET POBHO 110 KJIEEBOMY COEIMHEHHIO, HE Pa3pyLIUB CaM

oOpaszerI.

200



a §)

Pucynok 1 — MccnenoBanue ApeBeCHBI HAa PacTsKEHUE:

a — crmoco6 3axBaTa 00pa3IoB, O — 00pa3Ilbl MOCIIE PACTIKEHUS

Bnusinue napametrpoB o0paOOTKH Ha Mpeie IPOYHOCTH IIPH PaCTSKEHUH MPECTABIICH
Ha pUCYHKe 2. 3a KOHTPOJIbHBII cuuTaeTcs oOpasel] ApeBECHHbI Oepé3bl, MOABEPKEHHBIN
TOJILKO TEPMUYECKON MOAUPHUKAIIUH.

WcnpiTanus mokasaiu, YTO IPU yBEJIMYEHUHM TeMIlepaTypbl 0OpaOOTKH MPOUCXOAUT
CHIDKEHHUE Tpefiesia MPOYHOCTU MNpU pacTsikeHUH. OOBSACHSAETCS 3TO TeM, YTO TEPMHUYECKOE
MOAUGUIIUPOBAHNE B TTOBBIMICHHBIX TEMIIEPATypax ¢ MOCIEAYIOIICH MmI1a3MeHHON 00paboTKOM
MO3BOJISIET JOCTUYL XOPOUIeH aJare3sud MexXIy KIeeM M IOBEPXHOCTbIO JPEBECUHBI.
Pa3pymienne papeBecMHBl MpPU PaCTSHKEHMM HAYMHAETCA CO CKOJBXEHHMS MHULEUT U
3aKaHYMBAETCA pa3pblBOM BOJOKOH. Pa3pplB JApeBeCHMHBl MPOMCXOIUT MPHU  MalbIX
nepopmanusax (Menee 1%) u HOCUT XpYIIKHI XapakTep.

W3 pucyHka 2 BUAHO, UTO MpeAes MPOYHOCTH 00paboTaHHBIX 00Pa30B BapbUPYyETCS B

pa3zHoM nuamna3oHe. Tak, IPOYHOCTh AyOOBBIX 00pa30B MOKA3bIBACT HAUIYUIIMHA Pe3yIbTaT.

35.00
G p, MITa

30,00

25,00
== [1y6
20,00 == Gepésa
CocHa

15,00 = KOHTPO/b

/

10,00

5,00
180°C+BY 210°C+BY 240°C+BY T°C

Pucynok 2 —BiusHue TemnepaTypbl 00pabOTKH JPEBECUHBI HA MIpeie MPOYHOCTH

IIPU PACTSKEHUH
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3akiaouyeHnue

Tepmuueckas MoauduKalus JApPEeBECHOTO IIMOHA co3jaBaja  TuapodoOHbIe
MOBEPXHOCTH, B TO BpeMs Kak IUIa3MeHHas 00paboTka BbI3bIBaJIa TUAPOGUIH3ALIIO
MOBEPXHOCTEH, HE BbI3bIBa H3MEHEHUH B Mopdonorun [4]. OnpHako TepMUYeCcKas
MoauduUKaIMs W TOCIeAYIoNas Tuta3MeHHass o0paboTka TpHuBEIH K 00pa3oBaHUIO Oojee
rUAPOQUIBHBIX MOBEPXHOCTEH, YeM MpU €JUHCTBEHHOM IUIa3MEHHOW 00paboTke. D10
00BsICHSIETCS MOBBIILIEHHBIMU MOJIIPHBIMU CBOIcTBaMH MTOBEPXHOCTHU
npeBecuHsbl. [Ipeanonaraercs, 4To yIJyYIICHHE TMOJISPHBIX CBONCTB CBOOOJHON JHEPTrUU
MOBEPXHOCTH TPHU TUTA3MEHHOM 00pabOoTKe B OCHOBHOM OCHOBAaHO Ha O0Opa30oBaHUU
KapOOKCHJIBHBIX TPYMN B JIMTHUHOBOW CETH. DTO COOTBETCTBYET BBICOKOW 3(deKTHBHOCTH

I1a3MeHHOW 00paboTKU TEPMUYECKU MOIU(DULIMPOBAHHOMN IpEeBECUHBI, OOraTOMN JINTHUHOM.
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YCTAHOBKA JJI1 U3YUYEHHUS B3AMMO/IENCTBYS ITIJIABMBI C MATEPUAJIAMU
HA OCHOBE BUY-UCTOYHUKA T'EJIMKOHHOI'O THUIIA: ITEPBBIE PE3VJIBTATDI
INSTALLATION FOR STUDYING THE INTERACTION OF PLASMA WITH
MATERIALS BASED ON A HELICON-TYPE RF SOURCE: FIRST RESULTS

H.O. Crenanos', JI.U. Yepkes', C.C. Ananbes!, A.B. Criunpin!
N.O. Stepanov!, D.I. Cherkez', S.S. Ananiev!, A.V. Spitsyn'

I KKATAT, HUII «KypuaToBCcKuii HHCTUTYT», INTONIaAbL akagemuka Kypuartosa, 1. 1,
Mockaa, Poccus, 6121591 @gmail.com

One of the priority tasks in the design of fusion reactors (TNR) of the next generations
is the study of the interaction of plasma with materials of the first wall. Plasma sources based
on electrodeless RF generators can help in solving relevant problems. At the same time,
installations of this type are sensitive to external parameters e.g., gas pressure. The paper
presents the results of experimental series to determine the parameters of the discharge of an
experimental helicon plasma source GPI-2 based on an RF generator (13,56 MHz, 2 kW) [1].

OnHOM W3 MPHUOPUTETHBIX 3a7ad MPU MPOECKTUPOBAHUHU TEPMOSIAEPHBIX PEAKTOPOB
(TAP) cnexyromux MOKOJEHUN SIBISIETCS U3yUEHHE B3aUMOJICHCTBUS TUIa3Mbl C MaTepHaTaMH
nepBoit cTreHkW. HeoOXonWMOCTh TPOBEACHUS HWCCIAEAOBAaHUN B OSTOM HaIpaBICHUU
00yCJIOBJICHAa YCIIOBUSMH JKCIUTyaTallid OOpameHHbIXx K rmiasme Marepuaio (OIIM). Bo
BpeMst pabotsl TSP nepBas cteHka OyeT moaBepraThCsi BO3ACHCTBUIO OOIBIITNX IIa3MEHHBIX
U HEWTPOHHBIX MOTOKOB. IIpM 3TOM OJHMM W3 KOMIOHEHTOB TOIUIMBHOW CMECH SIBJISIETCA
TPUTHUH, PaJMOAKTUBHBIM M30TOIl BOJOPOJA, KOTOPBIM MOkeT mpoHukarb B OIIM wu 3atem
mudGyHIMpoBaTh Yepe3 KOHCTPYKIIMOHHBIE MaTEPHANIbl PeaKTopa B TEIJIOHOCHUTENh, YTO B
CBOIO OYEpEIb HAKIAIBIBAET CEPHE3HBIE OrPAHUYEHUS C TOYKH 3PEHHS PaTHAIMOHHON
O0e3zonmacHocTH. Jlnsg TpoBeneHUS TPHUKIAAHBIX HCCIEAOBAaHWUN IO B3aWMOJCHCTBHUIO
BOJIOPOJHOM TIJIa3MBI C MIOBEPXHOCTHIO HAaMOOJIee MHTEPECHBI BHICOKOTIOTOYHBIC TIIIAa3MEHHBIS
T€HEepaToOpbl, UMUTUPYIOIINE IUIa3MEHHBIE IMOTOKH CYIIECTBYIOIMX W crposimuxca TP,
KOTOPBIE COOTBETCTBYIOT CIIEIYIOIIUM TPeOOBAaHUSAM: BBICOKAS IUIOTHOCTh U OJHOPOJHOCTH
MJ1a3Mbl, OTCYTCTBHE MMPUMECEH U BOBMOYKHOCTh Pa0OTHI B CTAIIHOHAPHOM PEKUME.

[Ipu sTOM, cymiecTByeT paj 3amad, JUisi KOTOPBIX HE TPEOYyeTCs CTOJb BBICOKHE
IJITA3MEHHBIE TTOTOKH, HAMPUMEDP: U3YUYEHHE PA3JIMYHBIX ACHEKTOB PACHBUICHUS MaTEpUAIOB
TSP, monudukanuu mOBEpXHOCTH I TUIA3MEHHO-CTUMYJIMPOBAHHOTO HAKOTICHUSI H30TOTIOB
BojopoAa. Jlyisi mpoBeACHUS TAKWUX HCCIEIOBAaHUN HEOOXOIUM JIa0OPATOPHBIM HCTOYHHK
IJIa3Mbl, CIOCOOHBIM paldoTaTh B CTAIlMOHAPHOM PEXHUME M C MIAPOKAM JTUATIA30HOM
PETYJIMPOBKHA IUIA3MEHHOTO TIOTOKA M3BECTHOTO COCTaBa, NpPU OTCYTCTBUH B HEM

HeXeNaTeNbHbIX npuMeced. VCTOYHMKM I1a3Mbl Ha OCHOBe 0Oe3dyiekTponHbix BY-
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TE€HEPATOPOB, B YACTHOCTU C HWHAYKIMOHHBIM pPAa3psAoM TEJIMKOHHOIO THIA, OTBEYAIOT
HE0OXOIUMBIM TPEOOBAHUSIM U UMEIOT PSAJI MPeUMyLIecTB [ 1]: BbICOKas IIIOTHOCTH MJ1a3Mbl, 110
cpaBHEHUIO ¢ Apyrumu BU-paspsgamu; BO3MOKHOCTB 3aKUTaHNS U IOAJIEP KAHMS pa3psiaa Ipu
MaJIbIX BHEIIHUX MAarHUTHBIX MOJiX, nopsiaka 10 MTi; oTCyTCTBHE 3pOAMPYIONIETO B XOJI€
paspsia 3JIEKTpoja, a CJIEI0OBATEIbHO MIPUMECEN B IUIa3Me; BO3MOKHOCTh KOHTPOJISI SHEPTUH
JJIEKTPOHOB M3MEHEHHEM 4YacTOThl HCTOYHMKA W T€OMETPUYECKHX pPa3MEpOB AHTEHHBI;
MIPOCTOTA SKCIIEPUMEHTAIBHOTO CTEHJIa U €ro JKCITyaTalluy, a TaKkke YJ0OCTBO YCTaHOBKHU
JMarHoCTHYecKoro obopynoBanus. OOnanas BCeMHU MEpPEUYHMCICHHBIMU JOCTOMHCTBAMU,
71abopaToOpHbIE CTEH/Ibl TAKOT'O THUIA MO3BOJSIOT MOJy4YaTh KOHIEHTPAIUIO IUIa3Mbl MOPSIKa
10'7-10" M3 [2].

VYuuTeiBass IpeuMyIllecTBa IUIA3MEHHBIX HCTOYHMKOB Takoro Ttuma, B HUI]
«KypuaTtoBckuii HHCTUTYT» OBLJIO IPUHATO PELICHUE O CO3/ITaHUU HKCIIEPUMEHTAILHOTO CTEH 1A
Ha ocHOBe BY-reneparopa ¢ WHAYKUMOHHBIM pa3psaoM reiaukoHHoro tumna — [TIM-2
(reTMKOHHBIN MIa3MEHHBIA UCTOUHUK, 2 KBT) [3]. JlJabopaTtopHas ycTaHOBKa COCTOUT U3: JABYX,
COEIMHEHHBIX APYT C JAPYroM, BaKyyMHBIX OOBbEMOB, pa3psAHON KaMephl, BBHIITOJHEHHOW W3
KBapreBoil TpyOel ¢ gmamerpoM 70 MM, W KaMmepbl B3aUMOJCUCTBUS; CHCTEMBI
BBICOKOBAKYYMHOM OTKauKH, BKIIOUAIOIIEH TypOOMOJIEKYIISIpHBIN U (OpPBaKyyMHBIH HACOCHI;
MarHuTHOM CHCTEMBI, COCTOSIIIEM M3 TpeX KaTylmIeK MAarHUTHOTO MOJsA, I CO3JaHUus
MpoOOYHOM KOH(PUTYpAIIMU MarHUTHOTO T0JIsT; U cucteMbl BU-Harpesa, mpeacrasinenHoir BU-
reHepatopom, padorarmmmM Ha yactore 13,56 MI'11, ¢ MakcMManbHON BBIXOAHOW MOIITHOCTHIO
2 kBT, yCcTpOWCTBOM aBTOMAaTHYECKOTO COTJIACOBAaHMS U reTuKoHHO#M aHnTeHHbl H-H tuma [4].
[IpuniunuaneHas cxema SKCIEPUMEHTAIBLHOIO CTEHJIa MpeACcTaBlieHa Ha puc. 1. B naHHbIN
MOMEHT J1a00opaTopHasi yCTaHOBKA SKCITyaTUPYETCS TOJIBKO C OAHON KaTYIIKON MarHUTHOTO
noJis, o0o3HaueHHOW mHUPpol 6 Ha puc. l. YcraHoBka ABYyX APYTHUX MpeaycMaTpuBaeT
MOJEPHH3ALNIO CUCTEMBI IMTOATIOPOK SKCIIEPUMEHTAIBHOTO CTEHIa U KaMEpbI B3aUMOJICUCTBUS,

KOTOpasa NMporu3BOJUTCA B HaCTOHHII/II\/'I MOMCHT.
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Puc. 1 [MpunanunumanesHas cxema ycranoBku ['TIN-2; 1 — npwkumHO# drnanen, 2 — roporiactoBoe
KOJIBIIO, 3 — YIIJIOTHSIOIIEEe PE3NHOBOE KOJBII0, 4 — MeHasl MMbIma, 5, 6 M 7 — KaTyIIKh MarHUTHOTO
noJjis, 8 — rejnukoHHas anrenda H-H tuma.
B pamkax manHOW pabOTHI TPEACTaBICHBI PE3yJbTAaThl CEPUU SKCIEPUMEHTOB IIO

OTIPENICTICHUIO  TapaMeTpoOB JEeWTEepHUeBON TIa3Mbl  JabopaTtopHoro crerma [TIU-2,
TEMIIepaTypbl U KOHIIEHTpAalMM 3JIEKTpOHOB. [Insi ux ompeneneHuss ObLI CHPOEKTUPOBAH
JMarHOCTMYECKUN KOMIUIEKC, Ha OCHOBE JBOMHOTO 30HJa JIeHrmropa, TpexmepHas MOJENb
MoKaszaHa Ha puc. 2. M3mepeHus: npoBOJMWINCH HA OCH KaMepbl B3aUMOJICHCTBUS, B LIEHTpE
IUIa3MEHHOT0 CToJ0a. AKTHMBHAs 4acTb JBOMHOIO 30H/AA, KOHTAKTHPYIOIIAas C IUIa3MOH,
BBITNIOJTHEHA U3 BOJIbL(PaMOBOM TPOBOJIOKH, JIepKaTelb U30JIMPOBAH OT pa3psiaa KepaMruuecKon
TpyOKoii. O6paboTka BoibT-aMIiepHbIX xapakTepucTuk (BAX) aBoiinoro 3onma Jlenrmiopa
ocymiecTBisilach B MaremarnyeckoM makere Origin  Pro, myremM anmpokxcumanuu
AKCTICPUMEHTAIBHBIX JaHHBIX aHAIUTHYECKOW 3aBUcHMOCThIO (1) [5, 6]. JlanHblld MeTOn
MO3BOJISIET OMPEIEIUTh TEMIEPATYPy M HOHHBIM TOK HACBIIEHUS, KOTOPbIE, B JajJbHEHIIEM,
HCIOJIb3YIOTCS ISl pacueTa KOHLIEHTPALMU 3JIEKTPOHOB (2), ucnonb3ys npudiamkenue boma.
(S, 6].

-1
ﬂ_l)*e—(Vbias—AU)/z*Te

Vpias—AU (A
I = Aj * Jax « coth( bias )+ 2 S —
2+Te 2*sinh(blz%)
*le

I M;
ne = A —, (2)
0,61*e*S kp*Te

e J™** — ynenbHBIM HOHHBIA TOK HACBHIIEHHS, A/M%; Viias — BBITATUBAIOIIUH

+ B1 * Va5 + B2, (1)

noteHnuani, B; Te — TemnepaTtypa 351eKTpoHOB, 3B; AU — pa3HOCTh TOTEHIIUAJIOB
MIPOCTPAHCTBA B MECTE YCTaHOBKH, B; B1 — TonmmuHa cios1, cobupatomero nonsl; B2 — Tok

cMmernieHus, A; A1 — momase 60JIbIIEro AIEKTPoIa, Az — MJIOMIAh MEHBIIIETO YJIEKTPOIA; Ne
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— KOHIIEHTPAIHUS SJIEKTPOHOB, M™; lsat — HOHHBIN TOK HACBIIEHUS, A; € — 3apa DIEKTpOoHa, S
— IUIOIIAb COOMPAIOIIEH IIOBEPXHOCTH DIEKTPOA, M2; Mj — Macca OCHOBHOTO MOHa, kp —

noctosHHast bospiiMaHa.

Jlnmuaaa BBOga — 162,2 MM
Juametp snextpoaos — 0,79
MM

Paccrosiane mexay
anexTpoaamu — 1,3 Mm
Marepuain smekTposioB — W

7

Puc. 2. Tpexmepnas Mozenb JBOMHOTO 30H/a JIeHrMIopa
Hcnonb3ys onucaHHbIN Bblllle MeTO 00paboTku 30H70BbIX BAX ynanocs onpenenuts

Temreparypy (0T ~4 10 ~6 5B) M KOHIEHTpamuio >1eKTpoHoB (oT 3,5%10' mo 1,5%10'7 m3)
nenuTepueBoi mia3Msl B yctaHoBke ['TIM-2 npu BappupoBaHUM BBOAUMON MOIIHOCTH, OT 300
no 4000 Br. /laBnenue pabouero rasa (2,2 I1a) u Bennunna marautHoro nois (50 mTn), npu
KOTOPBIX JOCTUTAUCh MaKCUMalbHbIE 3HaYEHHs 30H/I0BOTO TOKAa, OBLIM BBIOpaHbI paHee. B
OyaylleM IUIaHUPYEeTCS YCTaHOBKa JMArHOCTMYECKOTO KOMIUIEKCa Ha BBOJ JIMHEHHOPIo
MepeMEILEeHUs] C MarHUTHOM CBS3bIO JUISI ONpeAeNieHUs] 00J1acTH OJHAPOIHOCTHU MJIA3MEHHOTO
crosnoa.

Pa6ora O6p11a vacTuyHO noaiep:kana Poccuiickum HaydHbIM ¢ponHioM (Ne 18-72-10162).

[1] Chen, F. Helicon plasma sources: monograph / F. Chen. ~-Wisconsin, 1995. — 75 p.

[2] Shinohara S. Helicon high-density plasma sources: physics and applications — Advances in Physics, X, 3:1,
1420424, DOI: 10.1080/23746149.2017.1420424

[3] IIpoekT ycTaHOBKHM U1 M3YYEeHHS B3aHMMOACHCTBHS IUIa3Mbl C MaTepHajaMM Ha ocHoBe BY-ncrounmxa
renukonHoro tumna / JI. Y. Yepkes, H. I1. boObipb, A. B. Crnnieie, C. C. AHaHbeB // Borpockl aToMHO# Hayku U
texHuku. —2020. -Ne3.—C. 101 - 110.

[4] TenMKOHHBIH UCTOYHMK TUIOTHOM IIIa3Mbl JUIsl IMHEHHBIX Mia3MeHHbIX ycraHoBok / E. U. Kyssmun, U. B.
uxoBues // ®uzuka miazmel. —2021. —Ne6. —C. 507 — 517.

[5] Mingzhong Zhao, Shota Yamazaki, Takuro Wada, Ayaka Koike, Fei Sun, Naoko Ashikawa, Yoji Someya,
Tetsu Mieno, Yasuhisa Oya, Deuterium recombination coefficient on tungsten surface determined by T plasma
driven permeation, J. Fusion Engineering and Design, 160 (2020), https://doi.org/10.1016/j.fusengdes.2020.
111853.

[6] Y. Hayashil, H. Nishikata, N. Ohno, S. Kajita, H. Tanaka, H. Ohshima, M. Seki, Double-probe measurement
in recombining plasma using NAGDIS-II, J. Contrib. Plasma Phys., 2019, https://doi.org/10.1002/ctpp.201800088
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PA3PABOTKA DJIEKTPOMATHUTHOM-CUCTEMBI PABBEPTKH
HNEPBUYHOI'O DJIEKTPOHHOT' O ITYYKA HA IIJTASMEHHO-ITYYKOBOM
YCTAHOBKE
DEVELOPMENT OF AN ELECTROMAGNETIC SYSTEM FOR SCANNING A
PRIMARY ELECTRON BEAM ON A PLASMA-BEAM INSTALLATION

L3T.P. TYJIEHBEPT'EHOB, ?M.K. CKAKOB, 'B.JK. YEKTBIBAEB, '*A.)K. MUHU30B,
3ULA. COKOJIOB
3T.R. TULENBERGENOV, *M.K. SKAKOV, 'B. ZH. CHEKTYBAYEV,
3A.Zh. MINIYAZOV, *1.A. SOKOLOV

"@unuan «Mnemumym amommoti snepauuy PI'TI HAL] PK, Kypuamos, Kazaxcman,
ya. beubim amom, 10, tulenbergenov@nnc.kz
’PI'Il «Hayuonanvuwviii s0epuwiii yenmp Pecnybnuxu Kazaxcmany, Kypuamos, Kaszaxcman,
ya. Betioim amom, 25,
SHAO «Yuueepcumem umenu ILlaxapuma zopooa Cemeiin, Cemetl, Kazaxcman
The work is devoted to the development of an electromagnetic system for scanning a primary
electron beam on a plasma-beam installation, which allows one to significantly reduce the
specific thermal power, increase the total discharge power, simulate processes with extreme

thermal loads, and perform recrystallization annealing of samples with a minimum

temperature gradient over the surface.

B mnonnepxky wuccnenoBanmii Ha Tokamake KTM st mpoBeneHHs MajioMacIiTaOHBIX
AKCTIEPUMEHTAIBHBIX PabOT B 00JaCTH B3aUMOJCHCTBUS IUIA3MbI C TTIOBEPXHOCTHIO, a TaKKe
TECTUPOBaHUs AuarHocTudeckoro odbopymoBanus B HALl PK co3mgana cnenmanmzupoBaHHas

ma3sMeHHo-myukoBas yctaHoBka (ITI1Y), cxema koTopoit moka3ana Ha puc. 1 [1, 2].

4
5 F ‘ ———————
| , g ) Tl ] g I g |||| T -.»’
‘ 3

1 — a7eKTpoMarHuTHAsE CUCTEMa; 2 — BIIEKTPOHHAs MyIKa; 3 — pa3psaaHas Kamepa; 4 — cuctema
pa3BEPTKU JIEKTPOHHOIO MyUKa; 5 — KOJUIEKTOp; 6 — Kamepa B3auMOJeHCTBUSL.
Puc.1 Cxema nna3MeHHO-TIyYKOBOW yCTaHOBKHU

[IITY sBnsieTcs yHUBEpPCAIbHON U MTO3BOJISET MPOBOJAUTH UCIIBITAHNE MAaTEPUAIIOB B YCIOBUAX
KOMIUIEKCHOTO BO3JIEMCTBUS HAa HUX KaK IUIA3MEHHOTO MOTOKA, TAK M MOIIHOW TEIUIOBOM

Harpy3Kku, cO37aBaeMoil ¢ MOMOIIBIO NEKTPOHHOTO mydkKa. [II1Y cocTOuT U3 Tpex OCHOBHBIX
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Y3JIOB: 3JIEKTPOHHOM MYLIKH, Pa3psIIHON KaMepbl U CUCTEMBI 3JIEKTPOMArHUTHBIX KaTYIIEK IS
CO37IaHUsI TTPOJIOJIBHOTO MAarHUTHOTO OIS ¢ HanpspkeHHocThio 0,1 T [3, 4].

B BakyymMHOM pexxnMe Oe€3 Hamycka Ta3a Ha MUIICHb B TPOJOJBHOM MarHUTHOM TIOJIE
TPAaHCHOPTHUPYETCSI KOMIICHCUPOBAHHBIN 3JIEKTPOHHBIA My4doK. C €ro MOMOIIbI0 MOYKHO
M3MEHSTH B IIUPOKHUX Mpejiesiax Kak 001y MOImHOCTh 10 10 kBT, Tak ¥ IIOTHOCTH TETIOBOTO
MOTOKA Ha MOBEPXHOCTh MCIIBITHIBAEMBIX MaTepUasoB 10 50 MBT1/M2. D10 06eceunBaeT OueHb
IMTUPOKUN KOMITIEKC TEIIO(PU3NIECKIX SKCIIEPUMEHTOB, a TaK)K€ BO3MOXXHOCTH MPOBEIACHUS
OoT)KHTra 00pa3IoB U UCCIEOBAHUS UX TEPMOIECOPOITHH.

B pexume mydkoBo-tuiazmennoro paspsiaa (I1T1P) mpu mamycke pabouero raza B Kamepy
B3aUMOJICMCTBHS JOCTATOYHO IIMPOKO MOKHO BapbHUpPOBATH IapaMeTpamMu TE€HEPUPYyEeMOU
JIa3MBI 33 CUET paboyvero JaBJICHHs, TOKA U SHEPTHH JIEKTPOHOB B IEPBUYHOM ITyUIKE, TOKA B
KaTylIkax MarHuTHOTO ToJiss. OOmmii MOHHBIA BBIX0JH Ha MuiieHb B pexume [P moxer
JIOCTUTATh 2 A.

[IITP renepupyeT CHIIbHOHEPABHOBECHYIO IJIa3MY C BBIPAKEHHBIM HAITEIUIOBBIM «XBOCTOM) B
SHEPTETUUECKOM pacmpeeleHun 3JeKTpoHOB. [10100HbIE BBICOKOIHEPTETHUECKUE TPYIIITHI
3JIEKTPOHOB B CHITy 0COOEHHOCTEN pabOThl TOKaMaKa MOSIBISIFOTCS U B iepudepuitHOMN miia3me.
OHU MOTYT MPUBOJUTH K TIOSIBJICHUIO HECTAIMOHAPHBIX, TUHAMUYECKHUX JT€0aeBCKUX CIIOEB C
OOJIBIIION aMIUTUTYI0M W3MEHEHHS TMPHUAJICKTPOIHBIX TMOJEH W TOKOB, YTO KapAWHAILHBIM
00pa3oM M3MEHSET XapakTep IUIa3MEHHO-TIOBEPXHOCTHOTO B3aWMOJICHCTBHUS M TEPEHOCOB B
nepudepun. [IydxoBo-1I1a3MEHHBIN pa3psiI MO CBOUM CTIEIM(PUIECKUM CBOMCTBAM MO3BOJISET
JIOCTAaTOYHO MPOCTO MPOBOJIUTH MOJICTUPOBAHKE TaKUX d(PPEKTOB.

Jl1st peanu3anuy METOIMK MPOBECHUS MHOTHX HMHUTAIIMOHHBIX SKCTIEPUMEHTOB HEOOXO0TUMO
CMeNIaTh MO MOBEPXHOCTH KOJUIEKTOpPA MEPBUYHBIA DJIEKTPOHHBIN My4OK. ITO MOXKET OBITh
yI0OHO ISl yIIpaBJEHUS TUIOTHOCTBHIO TOTOKA DHEPTUM Ha MOBEPXHOCTHh KOJUIEKTOpPA TPH
(dhopcupoBaHMH MOIIHOCTH TUTA3MEHHO-IIYYKOBOTO pa3psiia, I YBEIHMYCHHS TUIOTHOCTH
WOHHOTO TOKa, a TakkKe s oOecredeHusi Iepexola OT HMOHHOTO OOdydeHus K
MPOrPAMMHUPYEMOMY JIEKTPOHHOMY HarpeBy. [IpumepaMu SIBISIOTCS JTUHEWHBI HArpeB MpU
CHSITUU TEPMOJECOPOIIMOHHBIX CTIEKTPOB WM PEKPUCTATUTH3AINMOHHBIN OTKHT 00pa3lioB C
MHUHHMQJIBHBIM TPAJANCHTOM TEMIEpaTypsl IO TMOBepXHOCTU. Jlmst »Tmx 1enedr Obuia
pa3paboTaHa, M3rOTOBJIECHA M MCIBITAHA YJIEKTPOMArHUTHAS CUCTEMa Pa3BEPTKH IMEPBHUYHOTO
3JIEKTPOHHOTO MyYKa.

OTKJIOHSIOMIAsT 3JEKTPOMAarHuTHas CHUCTEMa CO3JAa€T MAarHWTHOE TI0JIe, CUJIOBBIE JIMHUU
KOTOpPOT'O HAMpaBJIEHbl MNEPHEHIUKYJSIPHO JJIEKTPOHHOMY IyuykKy. YacTto mnpu pacuere

OTKIIOHAKOIMINX CHCTEM IIOJIarar0T, 4YTO MArHUTHOC ITI0JIE OJHOPOIHO. B JaHHBIX YCJIOBUAX
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TPAEKTOPHUSl JJIEKTPOHA TPEJCTABIsICT COOOW Iyry OKpYKHOCTH paamyca R. Paamyc
OKPY’KHOCTH ONPEIEINISIETCS M0 U3BECTHOMY BhIpaykeHUIO (1), momydeHHOMY U3 GOpPMYJIIbI CHITbI

Jlopenmna [5],

_mv,
R - eB ’ (1)

rac B — BenmmunnHa HHAYKOWH OTKIIOHAIOIICTO I10JIA, UMEIoIasd MMOCTOAHHOC 3HAYCHNEC HA BCEM
MPOTSKCHHOCTH I10JIA Z, Ve — CKOPOCTH JABHUIKCHHS 3JICKTPOHA, YCKOPEHHOTI'O IO/ ,I[Cf/iCTBHGM

Pa3HOCTHU MMOTCHIUAIOB Uun ABVXXYIIETOCA IO MHEPLIUU:

2e

ve = [2U. )

m
[Ipoling yepe3 OTKJIOHSIONIYI0 MAarHUTHYIO CHUCTEMY, OJJIEKTPOH HW3MEHSET MCXOIHOE
HamnpaBJI€HUWE ABWIKCHHUS B HampaBieHUW cuiibl JlopeHna. Touka BCTpedd € MUILIECHBIO
OTKJIOHUTCSI Ha BEJIMYMHY JIMHEWMHOTO MEPEMEIICHHS, KOTOpasi ONpeensieTcsl paccTostnueM L

OT LICHTpPa OTKJ'IOHSIIOHIGfI CHUCTEMBI 0 IMMOBEPXHOCTHU U3ACTUA U YITIOM OTKIIOHCHUA 0:

h=1L-tg6. 3)
[Tockonpky BenmM4YMHA YIJI0B OTKJIOHEHUS HE MTPEBBIIIAET 5—7°, TO MOXKHO 3aUCaTh:
. Z _ ZB
tgl = sinf == = : 4
9 R 2mU ( )

e
Cucrema pa3BepTKH TMEPBUYHOTO DJIEKTPOHHOTO IyYKa COCTOMT M3 YEThIPpEX KaTyIIeK
ITONEPEYHOI0 CMELIEHUS, PACIIONIOKEHHBIX oA yritoM 90° apyr K Ipyry CHapy»H B BBIXOJTHON
YaCTH CEKIMH TPAHCIOPTUPOBKHU IMyUyKa NEpes] KaMePOl B3aUMOAEHCTBUSI.
Baemamii Bug w oOmias cxeMa OTKIIOHSIONMIEH SJIEKTpOMarHuTHOW cuctemsbl it TIITY

IIpeACTaBJIeHa Ha pUC. 2.

1 — KaTymKu; 2 — MarHATONIPOBOJ; 3 — AIIEKTPOHHBINA My40K; 4 — KaMepa B3aMMOAECHCTBUS

Puc. 2 Brenmauii Bua u 001as cxema 3JIeKTPOMArHUTHON CHCTEMBI pa3BEPTKH IEPBUIHOTO
3JIEKTPOHHOTIO MyYKa
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Jlns ynpaBieHusl pa3BepTKON MCHOJb3YETCs CIIENHUAIbHbBIN JBYXKAHAJIbHBIN YCUIUTENb TOKA,
MUTAIOUINI MOMAapHO 3JIEKTPOMArHUTHBIE KaTYIIKU pa3BepTKU U MPOrpaMMHOe oOecrieueHue,
3a/IaK011ee 3aKOH OTKJIOHEHUS My4YKa BO BPEMEHH, ITyTEM M3MEHEHHs aMILIUTYJIbl, YaCTOTHI
CUTHAJIa U CJIBUTA TIO (pazam.

B pamkax skcrepUMeHTaIbHBIX PAaOOT HCHbITaHA SJEKTPOMAarHUTHAs CHCTEMa pa3BEepTKU
IIEPBUYHOTO JJIEKTPOHHOrO Iiyuka. Ha pucyHke 4 moOKa3aHO OTKJIIOHEHHE IEPBUYHOTO
AJIEKTPOHHOTO IMyYKa Ha BOJIH(GPAMOBOW IUIACTHHE W OCIIILIOTPAMMBI B pexkume XY, Mpu
KOTOPOM CHUTHaJl OJIHOTO M3 KaHAJIOB OTOOpa)kaeTcsl M0 TOPU30HTAIBHOM ocH X, a CHUTHAl
BTOPOro KaHajia mo BepTukaibHON ocu Y. Ilpu cnBure ¢a3 curnano Ha 90 rpagycoB u
OJIMHAKOBBIX 3HAYEHUSAX aMIUIMTYJbl U YaCTOTHI CHCTEMA Pa3BEPTKU OTKIIOHSET MEPBUYHBIN
IIy4OK IO OKPY>KHOCTH, pUCYHOK 4a. [Ipn HyeBOM 3HaYEHUM aMILIUTY Il OJTHOTO U3 KaHAJIOB
OTKJIOHEHHE TIEPBUYHOTO Iy4YKa MPOUCXOUT MO BEPTUKAIN UM TOPU3OHTAIN, PUCYHKU 40 U
4B, a mpH pPA3HBIX YACTOTAaX CUTHAIOB OTKJIOHEHHE NEPBUYHOIO ITy4Ka IMPOUCXOIUT II0

MPSIMOYTOJIBHOMY CE€YEHHIO.

Tek L. SAVE/REC
Tek .. SAVE/REC
File Format
Format
About
o] Sading
Images Images
Select
e Fol
S
ey TEKOD0S BN
et 50.0my ¥ Mode CH2 50.0mV KY Mode
28-Feb-23 08:42 Current Folder is 4:\,
a) OTKJIOHEHHE TI0 OKPY>KHOCTH 0) OTKJIOHEHHE T10 TOPH3OHTAITH
Tek . SAVE/REC Tek .. SAVE/REC
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Save Image]
File File
Format Format
B
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Saving Saving
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28-Feb-23 08:42 Current Folder s &\,
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Puc.4 OTkinoHeHue MepBUYHOTO JIEKTPOHHOTO MyYKa 3JIeKTpOMaranTHon cuctemsl [11TY
Takum 00pa3om, BapbHpys 3HAUYCHUSIMH AMIUIMTYIbI, YaCTOTHI M CIBUTOM (a3, MOXKHO
3a/1aBaTh pa3IHIHbIE (POPMBI BO3ICUCTBUS JIEKTPOHHBIM ITyYKOM.

DKCIEPUMEHTAITHHO YCTAHOBICHO, YTO A 3((HEKTUBHOTO BBIBOJA TEPBUYHOTO IMydKa W3
MPUOCEBOU 30HBI INIA3MEHHO-ITYYKOBOTO pa3psiia painyc pa3BEepTKH R JOIKEH COCTABIATh HE
MEHEE TPEeX PaJuyCOB PaIUAIBHOrO pacmiupeHus nmydka R>3r. DTo mo3BOJIIET yBEIWYUTH
MOIIIHOCTh B Pa3psAIHOM pexume ¢ 4 kBT npu HOpPMaJIbHOM NAJE€HUM 3JIEKTPOHOB Ha
MOBEPXHOCTh KoJUIekTOpa 110 8 — 10 kBT mpu HakIOHHOM NageHUM SJIEKTPOHOB. B Takmx
peXuMax OTrpaHWYECHWE MOIMHOCTH CBA3aHO TOJBKO C TIPENIENBHBIM HAarpeBOM CTEHOK

BaKYYMHOﬁ KaMCPbI 1 €€ OKOH TCIIOBBIM HU3JIYUYCHHUEM HEOXJIAXKIACMOI'0 KOJIJIEKTOPA, HO ITPU
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KpaTKOBPEMCHHOM BKIIFOYCHHHU paspsgaa B OTIAJOYHBIX OJKCIICPUMEHTAxX O3TO BIIOJHEC

JIOITYCTHMO.

3a cuet OBICTPOM pa3BEPTKH AIEKTPOHHOTO IyYKa MO OOJBINEH TUIOMAAN paccMaTpuBaeMast
AJNIEKTPOMAarHWTHasE CHCTEMa [IO3BOJISIET 3HAYUTENIbHO CHIKATh YJIENbHYIO TEIUIOBYIO
MOIIIHOCTb, BBIJEIISAIONIYIOCS Ha TOBEPXHOCTH KOJUJIEKTOpa B pe3yjibTaTe OoMOapAMpOBKU
MEPBUYHBIMU JJIEKTPOHAMU. OTO K€ OOCTOSTENHCTBO IO3BOJISET 3HAYUTENIBHO MOJHATH
obmyto paspsaanyto momrHocTh [IIIP, a crmemoBaTenbHO, IIOTHOCTH TUIa3MBbl, CTETCHBb
MOHM3AIMH U IJIOTHOCTh HOHHOT'O TOKA Ha UCCIeTyeMoM oOpasLie.

JlannHast paboTa BBIIIOJTHEHA B paMKaX I'PaHTOBOro (PMHAHCUPOBAaHUS MHUHHUCTEPCTBOM HayKH U

Bricmiero oopazoBanust Pecyommku Kazaxcran (I'paat Ne AP13068552).
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The synthesis of iron oxides during homogeneous nucleation of iron and oxygen atoms was
carried out in an underwater plasma of an electric discharge between two metal electrodes Fe
and NiCr located in distilled water. It is shown that as a result of the introduction of ions
belonging to the iron family into the structure of magnetite, the synthesis of complexly
substituted ferrites is possible.

Cpenu M3BECTHBIX KpHUCTaUIMYecKuX (a3 OKCHAOB 3kene3a Tpu Moauduxamuu ([3-
Fe O3, &-FexOs, z-FerO3) cymecTByrOT B HAHOAWCIEPCHOM COCTOSSHUM H  00JagaroT
YHUKaJIbHOW KOMOMHALIMEN 3JIEeKTPOMAarHUTHBIX cBOMCTB [1]. CoOTHOLIEHHE 3TUX OKCUIOB B
MOPOIITKOOOpA3HBIX MaTepraiax U UX TaHyJIIOMETPHUYECKUI COCTaB BIHMAIOT HA MX OCHOBHBIC
3JIEKTPOMArHUTHBIE cBoiicTaa [2]. Kontpomupyemoe COOTHOILIEHUE Pa3IMYHBIX
MOUGUKAIIN Kelle3a, IUMUTHPYIONINX TH CBOWCTBA, YAAETCS TOIYYUTh TPU TOMOTCHHOM
HYKJICAIliM aTOMOB KHCIIOpPOJa M Kejie3a B HU3KOTEMIIEPATYPHOU IUIa3Me AJIEKTPHYECKOTO
paspsaa B AMCTWUIMpOBaHHOM Boje [3, 4]. Ilpu sToM coctaB (opMHUpYEMbIX HaHOYACTHII

OKCHJIOB JKelle3a 3aBHCHT He TOJBKO OT cooTHommeHust Fe:O u mapamerpoB paspsia, HO M OT
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MPUCYTCTBUSL B ra3oBoi (a3e Apyrux aTroMoB, OTHOCSIIUXCS K CeMeHCTBy xkenesa [3].
OcoOblli WHTEpEC Cpeaud TaKuX aTOMOB BBI3BIBAIOT aTtombl Ni, Cr, Mn, 11 KOTOpPBIX
XapakTepeH 00JbII0N HaOOp BaJEHTHBIX COCTOSHUM, a, CI€I0BATENIbHO, U IIMPOKUE MIPEIEbl
X OKHUCIIMTEIbHO-BOCCTAHOBUTEIBHBIX CBOMCTB. B pesynbTaTe HMEOTCS BO3MOKHOCTH
CHUHTE3a COBOKYNHOCTHM HAHOYACTHI] C YACTHUYHBIM 3aMEIICHUEM HOHOB >Kelle3a APYTMMH
MarHUTOAKTUBHBIMU HOHAMU WM OTUMOP(HBIE MOAU(PHUKALIUU OKCHJIOB JKeJie3a.

CuHTE3 OKCHIOB Kelle3a MPU TOMOTE€HHOM HykJieanunu atToMoB Fe u O ocyiiecTBisuia B
ITOABOJHOM IIIA3M€E JIEKTPUUYECKOrO paspsaa MEXAY IBYMs METALUIMYECKHMH JIJIEKTPOJaMU
(Fe u NiCr), pacnoyio)KeHHBIMH B JUCTHJUIMPOBAHHOM Boje. Pazmep wacTui, ux (a3oBblil 1
XUMUYECKUA COCTAaB aHAJWU3MPOBAIM METOJAaMH PEHTICHOBCKOW Iu(pakiuu, pacTpoBOH
3JEKTPOHHOU MHKPOCKOIIMHU (POM), PEHTTEHOCIIEKTPAIbHOIO MHKpOaHaIn3a,
MEccOayIpOBCKOW  CIEKTPOCKOMHMHM.  MarHuTHbIE  CBOWCTBA  YAaCTHI:  YIEIbHYIO
HAMarHM4eHHOCTh HACBIIIEHUS W KO3PUUTUBHYIO cumiy — wu3mepsiim npu 300 K Ha
BUOPALIMOHHOM MarHUTOMETPE B MAarHUTHOM T0JI€ HANpPsKEeHHOCThIo 20 KD.

B ycnoBusix moaBoAgHOW IIa3Mbl CHHTE3HPYIOTCS KOMIIO3MTHI, MMEIOIINE CIOUCTYIO
CTPYKTYpY, COCTOSIIIYIO M3 TPyOOK, TOJIIMHA KOTOPBIX 3aBUCUT OT YCJIOBHM HpPOBEICHUS
skcriepuMenTa (puc. 1). MeTogamu peHTTeHOCTPYKTYPHOrO aHaiu3za M MéccOayIpoBCKON
CHEKTPOCKOMUHU MOKa3aHO, YTO OCHOBHBIMU (Da3zamu, JTUMUTHPYIOUIMMH CBOMCTBA CMECH,
ABJISIFOTCS. MarHeTUT C YaCTUYHBIM 3aMEIICHUEM HMOHOB JKelle3a MOHAMU HHMKEIS M XpoMa
FeOOH, e&-Fe:O3, a-Fe:O3, y-FeoOs. Conepxanme Takux (a3 u ux Mopdosorus
ONPENEIINCh CUIIOW TOKA pa3psAna, JUIMTEIBHOCTHIO MPOLECca HyKJICaluy, BIUSIOMMMHI Ha
CTENEHb 3aMEIICHHs MOHOB JK€Je€3a B CTPYKTYpPE MArHETHTAa, a TAaK)KE Ha pacIpelesicHHe

Y4acTHIl 10 pa3mepam (Tadm. 1).

Ta6n. 1. TommuHa TpyOOK O AAHHBIM PacTPOBOH JIEKTPOHHONW MUKPOCKOIIHH

Homep Marepuan Marepuan Cua Toka Tonmuna
JKCIIEPHMEHTA aHoja KaToJa paspsima, A TpyOKH, HM
1 Fe NiCr 0,25 95-125
2 Fe NiCr 0,8 70-90
3 NiCr Fe 0,25 90-105
4 NiCr Fe 0,8 130-145

CuHTe3UpOBaHHbIE MPOAYKTHl HE SIBISUIUCH OJHO(A3ZHBIMU M MPEACTaBISIM cO00it
cmech okcuaoB: o-Fe O3, v-Fe O3, Fe3Os, a-FeOOH, NiO, Cr,0;. Kpome Toro, Ha
peHTreHorpaMmax HpHUCYTCTBOBaU pedieKchl, XapakTepHble MJI1 4aCTUYHO-3aMEUIEHHOIO

MarHeTuTa, a TAKKE OTHOCAIIUECS K CIIOUCTOU CTPYKTYypE.
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VYBenuuenue Toka paspsga ¢ 0,25 A go 0,8 A ciabo BIHSIIO HA HHTEHCUBHOCTD TaKUX
pedIIeKCoB, XOTS CKa3blBAJIOCH HA IMapaMeTpax CIIOUCTOW CTPYKTYphI, TPUBEICHHBIX B
Tabn. 2. 37€Ch W HIDKE HyMepalus JKCIIEPUMEHTOB COXpaHEeHa, Kak B Tabm. 1. Mertoms
PEHTIeHOBCKON MU(paKIy MoKa3aa, 9To HauboJiee 3aMETHBIE M3MEHEHUs HaOIII0IalnCh

JJIA 0a3aJbHOrO PaCCTOSAHUA d003, TOJIIMWHBI CJIOA U UX KOJITHYECTBA.

Tabum. 2. [TapaMeTpsl KPUCTALTHIECKON CTPYKTYPHI TIOPOITKOB HAHOOKCHIOB JKejie3a M0 TAHHBIM

PEHTTEHOBCKOH audpakiinu

Mexmiioc- | Mexmuioc-
ITapamerp | Ilapamerp Pa3mep Komu-
Howmep KOCTHOE KOCTHOE . .
pemeéTku a, | pemeéTKu ¢, | KpUCTal- YEeCTBO
JKCIIEPUMEHTA | paccTos- paccros- i i TR, M COCE
aue doos, A | Hume dijo, A ’
1 7,45 1,51 3,02 22,35 9,84 13
2 7,48 1,51 3,02 22,44 11,03 15
3 7.50 1.51 3.02 22.50 62.83 84
4 741 1.51 3.02 22.23 11.50 15

OTU JaHHBIE CBUJIETENBCTBYIOT 00 YBEIMYEHUM CTENEHU YHOPSA0YEHHOCTH
JaAMEIIIPHON CTPYKTYpbl 00pa3yIoNuXcsi HAHOYACTHUI] OKCHIOB kelne3a. OHU KOpPEeUpyIoT ¢
pe3ynbTaTaMu, TMOJIy4YeHHbIE METOJaMH pacTpOBOM 3JEKTPOHHOM MHKpPOCKONHMH: Ha
MUKpogoTorpadusix IMOPOUIKOB OTYETIMBO MPOSBISIIACH CIIOMCTas CTPYKTypa, a caMu

YaCTHIIBI MPEJICTABIISIIN COO0H YIITMHEHHO TIACTUHYATHIE arperatsl — Tpyoku (puc. 1).

Puc. 1. MukpodoTtorpaduu CHHTE3UPOBAHHBIX KOMIIO3UTOB, MIOTYYCHHBIX B IKCIIEPUMEHTAX
1, 2, 3 u 4. Homepa 3KCIIepMMEHTOB YKa3aHbl Ha MUKpodoTorpadusx.
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CornacHo nanHbIM POM U peHTreHoAu(ppaKkIOHHOrO aHaln3a, B 00paslax Hapsy C
OKCHJIAMH KeJie3a M XPOMa/HUKENS COJEPKATCS CIIOMCThIE CTPYKTYPHI B BHIE CIOUCTBIX
JTBOMHBIX THAPOKCHUIOB Bo3MOkHOTO coctaBa FeixCrx(OH), mmu NijxFex(OH),. Ouenxka
TOJIIIMHBI 3THUX CIIOEB yKa3biBaja Ha €€ yYMEHBIIEHHWE C POCTOM CHJIBI TOKa pas3psaa s
obpasnoB 3 u 4 (tabmn. 2). Takoe yMEHBIIIEHHE COMPOBOXKIAIOCH M3MEHEHHEM MarHUTHBIX
CBOWCTB HAHOMOPOIIKOB H pa3MepoB OOPa3yIONIMXCS HAHOYACTHIl UCTIEPCHON (a3bl,

ompeeIEHHBIX METOI0M TUHAMUYECKOTO paccessHusl cBeTa (Tada. 3).

Tabm. 3. [TapameTpsl IeTeTh MATHUTHOTO TUCTEPE3NCa M pa3MepPOB CHHTE3MPOBAHHBIX TTOPOIITKOB

OTtHotIeHHE
Howmep Kospuutusnas | HamarHuueHHOCTH Pasmepsl
2 comepxanus Fe;O4 k
JKCIIEpUMEHTA cuia, KA/m HACBIIIEHNS, AM~/KT YacTHIl, HM
a-Fe,0, oTH. ex.
1 9,32 6,125 50-500 3,7
2 8,34 7,335 100-700 3,3
3 3,23 10,200 15-250 3,3
4 8,09 6,205 75-450 2,2

AHanu3 mapaMeTpoB CEKCTHIUIETOB U Ay0sieToB MEccOaydpOBCKUX CHEKTPOB MOKa3aj
HaJIM4ue B HAHOJUCIEPCHBIX YaCTUIAX OKCUIOB COEJAMHEHUN JABYX- U TPEXBaJEHTHOIO
kKejle3a C pa3IMYHbIM XapaKTepoM OJMKHEro MOopsiika B PACIIONONKEHUH HOHOB JKelesa.
Bemuunubl sdpextuBubix moseit Ha sapax Fe®’ (cekctumuer Cr u C3) XapakTepHbl Juis
MarHuTHO-ynopsimodyeHHoro mMaruetuta Fe3Os, a mis cexcrumiera C — okcHaa xejeza o-
Fe;O [5]. 1o oTHomeHuIo Iuiomiagell KOMIIOHEHTOB OT OKTa- M TETPadJIpHueCcKUX HOHOB
JKeJle3a B MarHETUTE MOXKHO OIPEIETUTh CTENIEHb €r0 CTEXUOMETPHUH.

[TonydyeHHble pe3ynbTaThl yKa3bIBAlOT HA BO3MOXKHOCTh (POPMHUPOBAHUS B YCIOBHUSAX
MOJIBOJHOM TUTa3Mbl Pa3IMYHBIX MOIU(UKAIMI OKCUIOB Kejle3a C YaCTUUHBIM 3aMelleHneM
MOHOB JKeJie3a IPYTUMH MOHAMHU, OTHOCSAIIIUMUCS K CEMEICTBY JkeJe3a U 00ecreurnBaouMu
3aMETHYIO BapHallMIO 3JIEKTPOMAarHUTHBIX CBOMCTB HAHOYACTHUI] IOPOIIKOB.

UccnenoBanus mpoBefeHbl Npu yYacTMYHOM (puHaHCOBOM mopanep:kke Poccuiickoro

Hay4yHOro gonpa (mpoext Ne 23-21-10069).
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T'PAHUIIBI YCTOMYUBOCTH PA3PSIJIA B TEJTUH-HEOHOBOM
JA3EPE B CHCTEMAX MHEPIITUAJIbHON HABUT AITUA
LIMITS OF DISCHARGE STABILITY IN A HELIUM-NEON LASER IN

INERTIAL NAVIGATION SYSTEMS
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In this paper, studies have been conducted aimed at improving the operational
reliability, resource and accuracy of autonomous inertial navigation systems in which

angular displacement sensors are gyroscopes based on ring helium-neon lasers.

NHBepcusi HACENeHHOCTEN B AaKTUBHOM CpeAe Ja3sepa CO3JaeTcsi U
NOJAJIEPKUBAETCS CUMMETPUYHBIM JBYXIUIEUEBBIM DPa3psAIOoM IOCTOSHHOIO TOKa B
y3KUX KaHajaxX, C(QpOPMUPOBAHHBIX BHYTPU OINTHUYECKOH CTEKIOKEPAMUKH, MPH
3HAQUYEHUSAX IPOU3BEIACHUS HABICHUS p Ta30BOM CMECH Ha PAJUYC ¥ Pa3psagHOrO
kaHana pr = 100 — 120 Ila-cm. B Takux yclOBHSIX HOHM3ALMOHHBIM OaylaHC
ONPENEIAECTCS HE TOJIBKO MOHU3AIMEN ATOMOB 3JIEKTPOHHBIM yAapoM, HO 1 [IeHHUHT-
MOHU3AIMEN C YYaCTHEM aTOMOB IOCTOPOHHHUX NPHUMECEH NPHU OTHOCUTEIBHOM
COJIEP’KaHMH TIOCTEIHUX B Ta3oBoM cMmecw Ha yposHe 107 — 107°[1]. 3aBHCUMOCTE
CBOMCTB razopaspsiiHON IuIa3Mbl OT TEMIEpaTyphl M ra30BOTO HAIMOJIHEHUS clabo
BO3MYILIAET CUMMETPHUIO IUIEY pa3psia, YTO NPUBOAUT KAaK K CHCTEMATUYECKOM
MOTPENIHOCTH, TaK U K HECTaOMIBbHOCTH Jipeiia BEIXOJHOTO CUTHANIA THPOCKOIIA.

N3BecTHO, YTO BO3MYILEHUS B MOJOKHUTEIBHOM CTOJIOE B y3KOM pa3psigHOM
KaHaJIe, OKPYKEHHOM METAJINIMYECKUM 3KPaHOM, PACIIPOCTPAHSIOTCS KaK B AKTUBHOM
auHUM nepenayu. [loaromy npobiieMa aHanu3a yCTOMYUBOCTU 3JEKTPUUYECKON LeTH
pa3pszia B KOJIBIIEBOM JIa3epe BKJIIOYAET TAKXKE 3aJady ydeTa TOKOB CMELIEHUS,
TEKYIIMX Yepe3 ONTHUYECKYH CTEKJIOKEPAMUKY MEXAY pa3psAaHbIM KaHajJoOM U

KOpIycOM Ipuoopa.
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Heanr HacTosimeid padoThl 00ECNEYUTh YCTOMYMBYIO PabOTy KOJIBLIEBOTO
JA3epHOT0 THPOCKOIa B 001acTH MaybiX TOKOB paszpsiaa (I/r < 10 mA/cm, I — TOk B
Iieye) B NIMPOKOM JUANa30He U3MEHEHHS TeMIIEpaTyphbl OKPYKAIOIIEH Cpe/ibl.

Pa3paGoTanHasi ~ JKCliepUMEHTalbHasi  yCTaHOBKAa  JJIA  HU3MEPEHHH
KOMIIJIEKCHOT'O COMTPOTUBIICHUSI TIOJIOKUTEIBHOTO CTOJI0A MO3BOJISIET METOJOM MabIX
BO3MYUICHUH CTAllMOHAPHOTO COCTOSIHUSL DJIEKTPUYECKOW IenH, BKJIIOYarouei
JIBYXIUICYEBON pa3psAHbIA MPOMEXKYTOK MCCIEIOBaTh paspsi B TelHil-HEOHOBOM
nazepe. B kauectBe 00BEKTa HCCIEAOBAHMM HCIOIB30BAaH Ja3epHBIM THUPOCKOIL,
AKTUBHBIM 3JIEMEHTOM KOTOPOI'O SIBJIIETCS KOJIbLIEBOW TIelIi-HEOHOBBIM Jazep.
YcraHoBka  JaeT  BO3MOXHOCTb  PErHMCTPUPOBATh  YAaCTOTHBIE  3aBUCHMOCTH
KOMIUIEKCHOTO CONPOTHUBIICHUSI paspsaa auanazone temneparyp -30...+85°C c
paszieJieHueM peaklMii Ha BHEIIHEE BO3MYIIEHHE TMOJOXKUTEIBHOTO CToy0a U
NpUKATOAHBIX oOsactel. I[lomydeHHbIEe pe3ysbTaThl CO3/IAIOT YCIOBHS IS aHAIIM3a
IPOLIECCOB, OMPENEISAIOMNX JTUHEHHYIO PEAKIMIO MOJIOKUTEIHHOTO CTOJI0a Tra30BOTO
paspsiia Ha BHEIIHEE MOJIyJIUpyloliee Bo3aencTaue [2].

MOHOOJIOKM  KONBIEBBIX  J1a3€pOB  M3TOTOBJIEHBI W3  ONTUYECKOM
crekiiokepamukn CO-115M (curtania) ¥ HamoJHEHBl CMEChIO TEJHMS M HEOHAa B
cootHomieHnn 16:1 no naBnenuss 720 + 800 Ila. PaspsaHble NpPOMEKYTKH
OTpaHUYeHbl MEIHBIMM aHOJAAMH M XOJIOJAHBIM KAaTOAOM U3 alIOMHUHHS, Ha
MOBEPXHOCTU KOTOPOro CPOPMUPOBAHO AMUCCHOHHOE OKHUCHOE MOKpbITHE. [lnuHa
MOJIOKUTEJIBHOIO CTOJI0A B Ka)XJOM M3 IUIedY Mpudopa cocTaiseT 63 MM, quaMerp
paspsigHOro kaHania - 2,7 MM. DKCIEpUMEHTaJIbHAsl YCTAaHOBKA BKIIIOYAET: CUCTEMY
AJIEKTPOIUTAHUS, YCTPOUCTBO MOAYJISLIUU, U3MEPUTEIbHBIE YCTPOMCTBA, KOJIbLIEBOM
nasep.

Ha pucynke 1 mpencrtaBiieHbl 4aCTOTHBIE 3aBUCHUMOCTH JIE€MCTBUTEIBHOU U
MHUMOM 4YacTell KOMILJIEKCHOTO COMPOTUBIIEHUS MOJIOKUTEIBHOIO CTOJI0A pa3psiia B
KOJIBIIEBOM TEJIMH-HEOHOBOM Ja3epe mpu Temieparype MoHoOnoka -27°C u Toke
paspsiga 0,75 MA, KOTOpbIE TMOKa3bIBalOT, 4TO Ha 4yacTtoTax cBbimie 50 kI yyer
nonpaBku AZ (kpuBasi 2) MO3BOJSET PACIIMPUTH BEPXHIOIO TPAHUILY YACTOTHOIO

JAuaria3doHa I/I3M€peHI/Iﬁ. Hpe,ZICTaBJICHHLIﬁ ronorpa(b KOMIIJICKCHOT'O COIIPOTUBJICHUA
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COAEPKUT TPU Y4yacTKa: MEPBBIM - JJIsi 4acTOT MeHee 2 k[l cO CMEHOWM 3Haka y
PEaKTUBHOM YaCTU KOMILUIEKCHOTO COMPOTHUBIICHUS, BTOPOM - oT 2 10 50 kI’ — pocT
MIOJIOKUTEIBHOTO PEAKTUBHOIO COINPOTHUBIIEHUS C TEHICHUMEH K HACBILCHUIO U
Tpetuil - s dactoT Bbimie 50 k[, HA KOTOPOM CKOpPOCTH POCTa PEAKTUBHOIO
COINPOTUBIICHUS PE3KO YBEIUUYUBACTCA.

MopenupoBaHue  3KCIEPUMEHTAIBLHO  3apErUCTPUPOBAHHOTO  Tojorpada
BBITIOJTHEHO C TOMOIIBI0 Haubojiee MPOCTOM U3 BO3MOXKHBIX CXEM 3aMEIICHHUS,
COZepKalled TOCIEAOBATEIbHO COCAUHEHHOE OTPHUILATEIIBHOE JUHAMUYECKOE
conpoTuByiieHue p u aBe RL-unienouku (cM. puc. 3,a). [lapameTpsl cxemsl, rogorpad
KOTOPOM MHWHHMMAJIBHO OTKJIOHSIETCS OT JKCIEPUMEHTAJIbHBIX TOYEK, HAWJIEHBI C
MOMOIIBI0 METOJIa HauMEHbIIUX MoxayJsiell. Kaxmol mapaiienbHOl RL-uienmouke B
ATOM CXeMe COOTBETCTBYET (PU3MUECKUI MPOIECC, BIUSIONIUNA Ha MPOXO0XKICHHUE TOKa,

npuyeM oTHolleHue L/R oTpakaeT BpeMs pellakcaluu.
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Pucynox 1: a) — 2o0oepaghvl vacmommuwix 3a8ucumocmeri KOMHIEKCHO20 CONPOMUBTEHUSL NOLONCUMETHHO20
cmonba: 1 — obpabomxa pesynomamos usmepernuti no gopmyne (1), 2 — yumena nonpaexa (3), 6) — cxema
3aMeueHUst NOAOACUMENbHO2O CMOoNbA, 8) - MeMNepamypHas 3AeUCUMOCIb COnpomueieHus R; 6
cunmesupogannou cxeme samewenusi. Ilocmoaunas cocmasnsiowas moxa paspada — 0,75 MA,
memnepamypa moroonoxka — -27°C. Oxono 3KCnepuMeHmaibHulX mouex YKA3aHvl Yacmomovl MOOYIAYUulY 8
xly

Pe?;y.]'ILTaTBI MOACIIMPOBAHUSA TTOJIOKUTCIIBHOI'O crojiba pa3psaaa B KOJIbICBOM
reaui-HeOHOBOM Jla3epc, BO3IMYHICHHOIO cj1a0bIM rapMOHHYCCKHM CHUT'HAJIOM,
IMOKAa3bIBAOT, YTO POCT TCMIICPATYPLI I'a3d B PA3PAOAHOM KaHAJIC COIIPOBOKIACTCA

CHMXKCHUCM KOHICHTpAIIUN METAacTaOMIBbHBIX aTOMOB M OCJIAa0JIEHHEM HX BKJIaJda B
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MOHM3AIMOHHBINA Oananc. B pesymnbTare, rogorpad KOMIUIEKCHOTO COTPOTHBIICHHUS
TUTa3Mbl, OTPAKAIONINI €r0 YaCTOTHYIO 3aBHCUMOCTb, B Tuana3one 4yacTot 2 — 50 k'
OpU  yBEIWYCHUH TEMIEPATypbl CKUMaeTcs. OTOT dS(PQexT mnposBisiercs B
MOHOTOHHOM YOBIBaHHHM CONPOTHUBJICHHUS R I8 HWHEPIHOHHOTO DSJIEMEHTA,
OTpaXKaoIero BKJIAJ WOHHM3AIIMM METacTaOWIIBHBIX aToMOB. B pesynbTare B Oonee
BbIcOKO4YacTOTHOM obnactu (50 x['m w Oonee) mpu HarpeBe rasza rogorpad
KOMIUIEKCHOTO COIPOTUBJICHHSI CIBUTACTCS BJIEBO, B 00JacTh OTPHUIATEIBHBIX
aKTUBHBIX COINPOTUBIICHHUI, YTO COOTBETCTBYET PE3yJIbTaTaM JKCIIEPUMEHTAIBHBIX
uccienoBannii. MOHOTOHHOE YBEIWYCHHE CTENCHW 3arps3HEHHS Ta30BOW cMecH
NOCTOPOHHUMH TPHUMECSIMH, BBI3BIBAIONIEE POCT YACTOTHI peakiuu [leHHUHTA,
OKa3bIBaeT KOMIICHCHUPYIOIIIEE BIUSHUE U CIIOCOOHO CTaOMIM3UPOBATh CTAIMOHAPHOE
COCTOSIHHE DJICKTPUUYECKOM 1eTn pa3psa.

AHanu3 pe3yibTaTOB TOKa3ajd, 4YTO HAarpeB rasa B MPHUKATOTHOW 00JIacTH
pa3psiia He BBI3BIBAET M3MEHEHHWH B YAaCTOTHON 3aBHCHMOCTH HMX KOMIIJIEKCHOTO
CONPOTUBIIEHUS B JWAMa3oHE YacTOT, COOTBETCTBYIOIIEM HHEPIMOHHOCTH
YCTaHOBJICHHUS KOHIICHTPAIIMH BO30YXJICHHBIX aTOMOB B OTPUIIATEIIHHOM CBEUCHUH.
OOnapyxeHHasi pa3HULA peaKIMil Ha HarpeB rasza pa3HbIX OO0JacTeil TIEIOLIEro
paspsijia, CBsA3aHA C  PAa3NMYHBIMH  pe3ylbTaTaMH  BBIXOJA PE30HAHCHOTO
yIbTpaQHrOIETOBOTO U3MyueHHs. [loromenre 3Toro u3mydeHus: X0J0JHbIM KaTOJ0M
COMPOBOXAAETCA (POTOIIEKTPOHHOM SMHUCCHEH, B TO BpeMs Kak B Clydae
MOJIOKUTEIBHOTO CTOJI0A YBEIMYUBIIMICS BCIEICTBUE POCTa TEMIEPATyphl MOTOK
PE30HAHCHOTO M3TyUYEHUS MOTJIONIAeTCS CTEHKAMH Pa3psSAHOrO KaHalla U HE BIHSET
Ha MOHU3AIMOHHBIN OanaHc.

B03MOXHOCTB pa3ienbHON PETUCTPALMUA PEAKIIUU TOJIOKUTEIBHOTO CTO0a U
MPUKATOJHBIX OOJNIacTell Ha BO3MYIICHHE CHMMETPHUYHOTO JIBYXILICYEBOTO pa3psjaa
FapMOHHYECKUM CHUTHAJIOM CO3[aeT TMPEANOChUIKY s pPa3pabOTKH METOOB
HEPa3pyIIAOIIEr0 KOHTPOJIA NpPH MPOU3BOJCTBE KOJBIEBBIX T'eINi-HEOHOBBIX

J1a3epoB.

[1] KBanToBas snextponuka. 2015. T. 164, C. 309-310.

[2] MomganoB A. B., Moposzos [I. A., YcrunoB C. B., HUupkua M. B. MoaymnsiuoHHbIe HCCIEI0BaHUSA
ra3opaspsHoil TasMbl B KOJIBIEBOM TelWi- HEOHOBOM Jasepe // BecTHuk Ps3aHckoro rocyaapcTBEHHOTO
paanotrexHuyeckoro yausepcutera. 2015. Ne 54 (2). Yacts 1. C. 115-120.
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OCOBEHHOCTHU CUHTE3A B OPO3UOHHBIX CTPYSAX IIVIABSMOTPOHA
HOCTOSHHOI'O TOKA
FEATURES OF SYNTHESIS IN EROSION JETS OF A DC PLASMA TORCH

M.B. llagenxuna'. JI. 1. Kaseipmmn?, AW Jlpaues.?

M.B. Shavelkina!, D.I. Kavyrshin?, A.I. Drachev?

" Omoen anexmpogpusuueckux u niasmennvix mexnonozuii, QO6veOUHEHHbIL UHCIUNMYN
svicoxkux memnepamyp PAH, yn. Hicopckas, 0.13, cmp.2,125412 Mockea, Poccus,
E-mail: mshavelkina@gmail.com
2Omoen maznumonnazmennoti aspoounamury, QO0beOUHEHHbII UHCIMUNTYM 6bLCOKUX
memnepamyp PAH, yn. Hocopckas, 0.13, cmp.2,125412 Mockea, Poccus
3 Focyoapcmeenblil HAyuHO-UCCIe0068ameNbCKULl UHCIUNYN XUMUL U MeXHOI02UU

9IeMEeHMOOP2AHUYeCcKUx coeOurHeHull, wocce Inmysuacmos, 0. 38, 105118 Mockea, Poccus,

The effect of erosion of DC plasma torch electrodes on the synthesis of graphene and
carbon nanotubes has been studied. It is shown that, depending on the plasma parameters,
copper ions can either participate in the nucleation of carbon nanostructures or only be

adsorbed on their surface.

I'paden mupoko ucCHoOIB3yeTCs Uil pa3pabOTKU HOBBIX 3JIEKTPOHHBIX YCTPOWCTB: B
JJIEeMEHTaX TPAaH3UCTOPOB, MAMSITH, COJIHEUHBIX Oarapeid, OMOCEHCOPOB, THOKWX IUCIUICEB,
KOHJICHCATOPOB, CIHHOBBIX (DUIBTPOB U T.I., MPUYEM OOJACTh BO3MOXKHBIX HPUMEHEHUMN
MpoJoKaeT paciupsThes. OTCYyTCTBHE B HACTOAILIEE BpeMsS CEPUMHOIO BBINMyCKa
rpadeHOBBIX YCTPONCTB OOYCIOBJIEHO TE€M, YTO Ojarogaps IBYMEPHOCTH KpPUCTAJITMYECKON
CTPYKTYypbl, CBOWcTBa TpadeHa MOTyT BapbUpOBAThCSA IO/ BIMSHHEM KOHTAaKTa C
pa3IMYHBIMM BEIlECTBaMU: MaTepuan TMOMJIOKKH, W3MEHEHHS B OKpYyXKarouleil cpene,
npumecu. Takoil 53 peKT cBA3BIBAIOT ¢ JeeKTaMU B pelIeTKe, 00pa3yOUIMMUCS PU CUHTE3€
WIK BHEJIPEHHBIMH B YK€ MoiydeHHYIo cTpykTypy [1]. C nedexrammu ancopbupoBaHHbBIE
aTOMbl MOTYT 00pa3oBbIBaTh XHMHUYECKYIO CBs3b. Hampumep, XHUMHUECKYIO aKTHMBHOCTh
rpadeHa TOBBIIIAET UCKAXEHHE CTPYKTYpbl BcieAcTBUE u3ruba. Uem Ooiblie JOKalbHas
KpUBH3HA TMOBEPXHOCTU TrpadeHa, TeM OoJbllle BEPOSTHOCTh XEMOCOpOLMHM Ha Hee
WHOPOIHBIX atoMoB [2]. Ilpm cuHTe3e B 00bEeMe TUIa3MEHHOTO IOTOKAa MHKPOBOJIHOTO
paspsana [3], BU paspsina [4], unm B 1uiazme 3JIEKTPOIAYTOBOTO IUTa3MOTpoHa [5] rpaden
dbopMupyercss B BHJIE XJIONbEB, T.€. C JIOKAJbHOW KPUBU3HOM, U SBISIETCS XUMUYECKU

akTHBHBIM. UTO KacaeTcs CHHTE3a B IUIa3MEHHOM IIOTOKE YTJICPOAHBIX HaHOTPY6OK, TO B
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3aBUCHMOCTH OT arperaTHOro COCTOSIHUSL MpPEeKypcopa HX CTPYKTypa MOMKET ObITh
MaiojedeKkTHa WM 3HAYMTeNbHO HMcKkaxkeHa [6]. Kak mpaswmio, cunres YHT mpotekaer B
MPUCYTCTBUU KaTaJU3aTOPOB MpPH KOHUEHTPALMU YIJIEBOJOPOAOB B HMHEPTHOM rasze WU
Bojopoae 9-12 06.%, korga paBHOBECHBINM BBIXOJ TBEpAOro yriieponaa mnpesbimaet 80-90 %
[7].

[Ipu QopmupoBaHuu IUIA3MEHHOW CTPYH IUIa3MOTPOHAMHU IOCTOSHHOTO TOKa C
BUXpEBOM crabunuzanued ayru (i HaMpaBJIEHHOTO TMEpPEMEIICHUs ONOPHBIX TOYeK
JNEKTPUYECKON Jyru) 5SJIEKTPOJHAs CHCTEMa HCIBITHIBAET 3HAUMTEIbHBbIE TEPMHUUYECKUE
Harpy3KH, 3J€KTPOIPO3NOHHOE BO3JEHCTBUE, BIMSHUE KOPPO3UU CO CTOPOHBI KOMIIOHEHTOB
I1a3M000pa3yIoNIero ra3a, u Mpex/ae Bcero kuciopoaa. Paboure raspl mia3sMoXUMHYECKHX
mpoueccoB pazaensitor Ha okucautenbHble (CO2, HO, Cl, HCIl, Bo3gyx u nap.) u
HeokucnurenbHsle (N2, He, Ar, NHs u nap.) [8]. CoorBercTBeHHO, (PaKTOphl, HEraTHBHO
BIIUSIOLINE HAa MaTepuasl 3JIeKTPOJa, Pa3iMuHbl MPHU HCIOJIB30BAHUU 3TUX Ta30BBIX CpE.
[Tockonbky B paboTe MCMONB30BAIUCH TE€UM, aproH U a3o0T, TO MpH padoTe IUIa3MOTPOHA
MaTepHaibl 3JEKTPOJOB IMOJABEPrajiuCh, INIaBHBIM 00pa3oM, 3JIEKTPUYECKOM 3po3uu, U B
MEHBIIEH CTENEHU - XUMUYECKOW. B pesynbraTe 3po3uM 3J€MEHTHl MaTepuaia 3JIEKTpoja
(aHONIa WJIM KaTo/Ja) CTAHOBATCS KOMIIOHEHTaMH IIa3MeHHoro motoka [9]. IlpucyrtcrBue
METAJNIMYECKUX YacCTHUI] B OKpY’KaloIllel cpele MOXET MPUBOJUTH K M3MEHEHHIO CBOMCTB
HAHOCTPYKTYp yIJjiepoJia Mpu UX CUHTE3E.

Llenp naHHOM pabOTHI 3aKiIOYaeTCsd B MCCIEAOBAHUU BIMSHUS dPQeKra 3po3uun
MEHBIX 3JIEKTPOJIOB IIa3MOTPOHA MOCTOSHHOTO TOKa Ha CBOMCTBA rpadeHa M YIJIepOJIHBIX
HaHOTPYOOK.

st KOHTpOJIS mpUMecel MeTaia, X MOTOKOB U JIOKAJU3allii B MJIa3MEHHBIX CTPYSIX
WCIIOTH30BAJICS. METOJ] ONTHUYECKON ASMUCCHOHHOU criekTpockonuu [10]. it ompeneneHus
3JIEMEHTHOTO COCTaBa CHHTE3MPOBAHHBIX MAaTEpUAIOB MPUMEHSJICS PEHTTEHOCTIEKTpaIbHBIN
MHUKpPOAHAJIU3 B Pa3HbIX TOYKAX MOBEPXHOCTH.

[Ipy momyyeHUM  YIJIEpOJHBIX  HAHOCTPYKTYp B  KadecTBe IPEKypcopoB
WCIIOJIb30BAJINCh: TEXHUYECKUH YIJepoj, STaHOA U YIrieBoJIOpoAabl (MpomnaH-OyTaHOBas
cMmech, MeTaH M aueTwieH). CocTaB MmiazMoo0pa3yrollell CUCTEMbl BapbUPOBAJICS POAOM U
pacxoioM MmiaazMooOpasyromero rasa. JlaBieHwe B IIa3MOXMMHUYECKOM  pPEaKTOpe
noanepxxuBaiock Ha ypoBHe 150-710 Topp ¢ mOMOIIBIO BOJIOKOJIBIIEBOIO HAcoca. MOITHOCTh
MIa3MOTpoHa coctaBwia 22 kBT — st aprona, 28-35 (BmwioTh n0 42 kBT) — ansa a3ora u
remusi. [logpoOHOE ommcaHWe IIa3MOXHMHUYECKOTO peakTopa MpuBeaeHo B pabdorte [11].

HpI/IHHI/IH METOJa CHUHTEC3a B 00beMe IJIa3MEHHOI'0 IOTOKa 3aKjIrodajcs B OAHOBPEMCHHOM
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BBOJIC MPEKypcopa yriepoia U IMIa3Mo00pa3yroIlero ra3a B mia3MOTPOH, TJie TPOUCXOINIIO
paslioKeHue MpeKypcopa ¢ o0pa3oBaHHWEM YIJIEPOJHOTO Tapa, MPH PE3KOM OXJIaKJICHUU
KOTOPOT'O BBINMAJAN TBEPIBIA OCATOK, COCTOSIIUN B 3aBUCUMOCTH OT IMapaMeTPOB CUHTE3a U3
rpa)€HOBBIX CTPYKTYP WIIH YIJIEPOAHBIX HAHOTPYOOK.

Ha nmpumepe nuposnsa aneTuieHa U 3TaHojla B IJIa3Me Telus U a30Ta PacCCMOTPEHO
W3MEHEHUE CIIEKTPATIBLHOIO COCTaBa U3JIyYeHHs Ha JuinHe 20 MM C IIaroM 5 MM OT Kpas coruia
IJIa3MOTPOHA B YCJIOBHSIX MUPOJUTUYECKOTO CHHTE3a rpadeHa M yIriIepOJTHBIX HAHOTPYOOK U
YCTAHOBJICHO, YTO BO BCEX CIIEKTpax IMPUCYTCTBYIOT TMOJOCHI Meau. B Toxke Bpems
AJIEMEHTHBIM aHalu3, PEHTTCHOBCKAas (OTORJEKTPOHHAS CIEKTPOCKOMHS M AJIEKTPOHHO-
MHKPOCKOITMYECKOE UCCIEOBAHUE MOBEPXHOCTH YIVIEPOJIHBIX CTPYKTYp MOKA3aju, 4YTO ME/b
HE BCEr/1a MOKHO OOHapyX uTh. Hamndame MeIHBIX 9acTHIl TIPEIoIaraeT uxX pojib B KAYECTBE
KaTaJIM3aTOPOB POCTa YIIIEPOJAHBIX HAHOTPYOOK. Bumnmo, MOXHO 1mogo0paTh Takue yCIOBUS
MAPOJIN3a, TIPH KOTOPHIX MPUCYTCTBUE B TUIA3MOOOPA3YIONIEH CMECH KHUCIOPOJa MEPEBOIUT
YacTHLIBI MeIW B  HEakTUBHYIO ¢opMmMy, a o0pa3oBaHHME IMAHONOJHUHUHOB B
BBICOKOTEMITEPATYpHON OOJACTH CHIDKACT KOHIICHTPAIMIO YTJEpoJa B TIOTOKE, IMOITOMY
pocTta HaHOTPYOOK He Habmromaercs. Ha moBepxXHOCTH HAHOCTPYKTYp MOTYT HAOIIOIATHCS
obmacti ¢ nedopmanuei BOKPYr 4YacTUIl Menu. PaccumTanpl W TpOaHATU3UPOBAHBI
3aBUCUMOCTH PAaBHOBECHOTO BBIXOJda KOHJECHCHPOBAHHOTO YIJ€poJa OT arperaTHOro
COCTOSTHUSI IPEKypCcopa yriaepoaa.

Takum 00pa3oM, 0COOEHHOCTHIO MTUPOJIM3a 3TAHOJA M YIJIEBOJIOPOIOB B SPO3HOHHOM
MOTOKE SIBJSIETCS BO3MOXKHOCTH TOJIYYEHHUS YHUCTBIX HAHOCTPYKTYp € AehOpMHpPOBAHHON
MEJIbIO TIOBEPXHOCTHIO B CITy4ae MCIIOIh30BAHMS B KaU€CTBE MJIa3MO00Pa3yOIIero ra3a a3oTa,
a MpU CHHTE3€ B IUIa3ME TeJIMs YacTUIbl MEIH SIBISIOTCA KaTajlu3aTOpamu JUIsl CHUHTE3a
VIJIEPOJHBIX HAHOTPYOOK, a TakXke YydYacTBYIOT B (DOPMUPOBAHMM HAHOKOMITO3UTA

Meb/TpadeH.

HccnenoBanue BBINIONIHEHO MNpPH MNOLAEpKKE MHHHCTEpCTBA HAyKM M BBICIIETO
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CHUHTE3 TPEXKOMIIOHEHTHOI'O CIIJTABA WZrCu HA
MOBEPXHOCTH OBPA3LOB BOJIb®PAMA 1P UMITYJIBCHOM
IJIASMEHHOM BO3JIEHCTBUHA
WZrCu TERNARY ALLOY FORMATION ON THE TUNGSTEN SURFACE
BY MEANS OF PULSED PLASMA INFLUENCE

B.U. lIumanckuit', B.B. Yrios', B.M. Acrammnckuii?, A.M. Ky3sMunknii?
V.I Shymanski'!, V.V. Uglov!, V.M. Astashynski?, A.M. Kuzmitski?

! Benopycckuii 2ocyoapcmeennwiil ynusepcumem, 2. Munck, Beaapyce, e-mail:
shymanskivi@mail.ru
2Uncmumym menno- u maccoobmena um. A.B. Jlvikosa HayuonanoHotl akademuu HayK
benapycu, 2. Munck, berapyco

In the present work the elemental composition of the W-Zr-Cu alloys after compression
plasma flows influence was investigated. The ternary alloys based on tungsten crystal lattice
were formed on the tungsten samples surfaces in dependence on the absorbed energy density
of the plasma flows. It was shown the addition of Zr atoms allows to increase the solubility of
copper in the melted state and form the ternary alloy.

Bonbdpam u ero cruiaBbl npeAcTaBisiioT co00i MaTepuaibl C JOCTaTOYHO BBICOKOU
pallaMOHHON CTOMKOCTHIO BBUIY BBICOKOW SHEPrMU CMENIEHUsS aTOMOB. lcronb3oBaHue
HEJIETUPOBAHHOTO BOJIb(paMa OTpaHUYUBAETCS €r0 MOBBIIIEHHON XPYIKOCThIO, KOTOpas Mpu
MOBBIIIEHUN TEMIIEPaTypbl NPHUBOJWT K WHTEHCUBHOMY PAaCTPECKMBAHMIO W Pa3pyLICHHIO
noBepxHocTU. C  1ebl0  CHIKEHUS XPYNKOCTH BoJb(pamMa U  TOBBILIEHUS €ro
TEIUIONPOBOAHOCTH NIl OTBOJA TEIJIOTHI MpeAJiararoTcsi METObl JETUPOBAaHUS BOJIb(ppama
JOTIOJTHUTENBHBIMU aToMaMU. OJTHAKO ¢ TEXHUYECKON TOYKH 3PEHUS TPAIULMOHHBIE METO/IbI
CO3/1aHHS BOJIb(PAMOBBIX CIUIABOB, CBSA3aHHBI C IJIABJICHHEM OTAEIbHBIX KOMIIOHEHT M UX
MOCIEAYIOUM TepeMEIIMBaHuEM, SBISIOTCS ManodpeKkTUBHBIMU. B HacTosmieil pabore
MPEJIaraeTcs  HUCIOJIb30BAaTh  BBICOKODHEPIeTUYECKOE  HMITYJIbCHOE  BO3JCHCTBHUE
KOMITPECCUOHHBIMHU IIJIa3MEHHBIMU MTOTOKaMH Ha 00paslibl Bosib(hpama, ¢ mpeaBapUTEIbHBIM
OCKICHUEM METANIMYECKMX TMOKPBITHM, 4YTO TMO3BOJUT cHOpPMHUPOBATH TOHKHUI
MIPUITOBEPXHOCTHBIN JIETMPOBAHHBIN CIION. B KauecTBe JIETMPYIOIMMX 3JIEMEHTOB ITPEIaracTcs
HCIIONIb30BaTh MeIb M IHpKoHuH. Co3gaHue CIJIaBOB Ha OCHOBE BoJib()pama M Menu, B
MIPUHLUIIE, SIBJISETCS TPYAHOW 3aJadell BCIECJICTBHE WX HECMEIIMBAEMOCTH B JKMJIKOM M
TBEP/IOM COCTOSIHUH, IOATOMY B paboTe mnpeuiaraetcst J00aBUTh TPETHM 3JIEMEHT — LIUPKOHMIA,
KOTOPBIH MMO3BOJIMT YBEJIUYUTH PACTBOPEHUE MENIU B pPellIeTKe BoJib(ppama.

Ha moBepXHOCTM TEXHHYECKM YHCTOTO CIUIaBa BoJb()paMa METOJOM BaKyyMHO-
JyTOBOTO OCaXJIECHHs ObUTH C(OPMHUPOBAHBI TIOKPHITHS Ha OCHOBE ZrCu TOJIIMHOW OKOJIO 2
MKM IIpY COBMECTHOM paCIbUIEHUHU IIUPKOHNEBOM 1 MenHoM muieHeil. Ha chopmupoBanHubie
O00BEKThl MPOM3BOAMIOCH BO3ACHCTBHE KOMIIPECCHOHHBIMHM IUIa3MEHHBIMU TOTOKaMHU,
reHepanuss KOTOPBIX OCYLIECTBISUIACH B MAarHUTOIUIA3MEHHOM KOMIIPECCOpPE KOMIAKTHOMU
reoMeTpHuH, pabOoTaoIIEero MO MPUHLHUITY KBa3UCTAIMOHAPHOTO IUIA3MEHHOIO YCKOPHUTES.
BakyymHas kamepa Obula OTKaueHa W 3alOJIHAJACh a30TOM, KOTOPBIA  CITyXKHII
MJ1a3MO00pa3y oMM Ta3oMm, 10 nasieHus 3 Topa (400 ITa). B pesynpTaTe razoBoro paspsaa
MEXKIy paJuajibHO pACIOJIOKEHHBIMA aHOJAAMH W UEHTPAJIBHBIM KaTOJOM IPOHUCXOAMIIA
MOHM3AIMS aTOMOB IIa3M000pa3yIOLIEro ra3a U (opMUpOBasCs HapaBICHHBIN MIa3MEHHBIN
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MOTOK C BBICOKOM MJIOTHOCTBIO S3HEPTUU. [IUTEIbHOCTh CYIECTBOBAHUS TIIA3MEHHOTO TOTOKA
COOTBETCTBYET JUTUTEIHLHOCTH pa3psaa u qocturaet 100 mxc. O6paboTka 06pa3no Boibhpama
¢ nokpbITHsiMU ZrCu mpOoBOAMIIACE TPEMs MOCJIEI0BATEIbHBIMU UMITYJIbCAMU C UHTEPBAJIOM
okoJio 10 ¢ mpu HanmpsHDKEHUM HAa CHCTEME HAKOMMUTENbHBIX KOHJeHcaTopoB 4,0 kB. M3Mensis
paccTosiHue OT TMMOBEPXHOCTH o0Opasiia 70 daeKkTpoaa oT 12 1o 8 cM, yaaBaaoch BapbHUpOBAThH
IUIOTHOCTH JHEPIHH, IOTIIOMAeMoil 00pasnom ot 25 no 55 Jx/cm’. 3Ha4eHMs IUIOTHOCTH
MOTJIOLIEHHON SHEPTUU OBLIH OIpe/IeNIeHbl paHee MO KaJIOPUMETPHUUECKUX UCCIIEOBaHUIX Ha
HEJIETUPOBAaHHOM BOJIb(hpame.

Jns ompeneneHusl 3J€MEHTHOIO COCTaBa JIETUPOBAHHBIX CJIOEB ObUI HCIIOJIb30BaH
METOJ] PEHTT€HOCIIEKTPAIILHOTO MUKpOaHaIN3a, MPOBOJAUMOr0 Ha MUKpoaHaim3aTope Oxford
MaxN, paboTaroiero COBMECTHO C PaCTPOBBIM 3JIEKTPOHHBIM MUKPOCKOIIOM, TTO3BOJISIOIIUM
BBIOMpaATh HEOOXOAMMbIE YYaCTKHM CKaHHPOBaHUA. Bo30ykIeHHE pPEHTIe€HOBCKUX KBAHTOB
MIPOXOAMIIO JIEKTPOHHBIM ITy4KoM ¢ sHeprueit 20 kaB.

PesynpTaToM B3auMOAEWCTBUS IUIA3MEHHOI'O IOTOKa C TOBEPXHOCTHIO 0O0pa3lioB
BoJIb()paMa SABIISETCS YACTMYHOE pacCIUIaBIeHWE TMOJJIOXKKHU BOJbppamMa | TOJHOE
pacriaBieHue HaHECEHHBIX MOKpHITHH ZrCu. JleMCTBUTENBHO, TPU HHU3KUX 3HAYCHHSIX
IUIOTHOCTH TIOTJIOMIEHHON sHepruu (25 — 35 JIx/cM?) Harpesa NPUIIOBEPXHOCTHOTO CJIOS
MOXXET OBITh HENOCTATOYHO MJIs IJIaBJICHMS HIDKEJeKallero Bosibppama. OmgHAKo BBUAY
HU3KOW TeMIepaTypbl IJIaBICHUS MEOU 10 CPAaBHEHUIO C TEMIIepaTypol IUIaBIIEHUS
BOJIb()paMa yBEIMUYEHHE IUIOTHOCTU TMOIJIOIIEHHOM DSHEPIMH MOXKET TNPUBOAMUTH K
MHTEHCUBHOMY MCIIAPEHHUIO U KUTIEHUIO paciljlaBa MEIU, CHIKasi TEM CaMbIM €€ KOHIIEHTPAIUIO
B JISTHPOBAHHOM CJIO€.

DKCMEPUMEHTHI TIPOBOIAWINCH IS IBYX cepuii 00pa3ioB: 1 cucteMbl Cu/W u aiis
cucteMbl (Cu+Zr)/W. Bpibop AByX cuUCTeM ISl M3ydeHHsI OOYCIIOBJIEH HEOOXOIUMOCTHIO
BBISIBJICHUSI POJIM TPEThEro 3JeMeHTa (LUPKOHUS) HAa MOAUPHUIMPOBAHUE CTPYKTYPHO-
(dazoBoro cocrosinus Boib(pama. Ha pucynke 1 mpencraBieHbl H300paKeHHsI TTOBEPXHOCTH
cucreM Cu/W mocne mIa3MeHHOW O0OpaOOTKH, TOJYYeHHBIE C TIOMOIIBI PacTPOBOM
3JIEKTPOHHOW MUKPOCKOTIHH.

Pucynox 1 — POM-u3o00pakenue nosepxaoctu cucreMmbl Cu/W, o6paboTanHoi
KOMIIPECCHOHHBIMH TJIa3MEHHBIMH MTOTOKAMH € TUIOTHOCTBIO MOTJIOIIEHHON SHEPTUH
25 (a) u 55 (6) Jx/cm?

Ha nmnpencraBneHHBIX M300paKe€HUSAX, TOJYYEHHBIX B PEXUME PErUCTpaluu
OTPaXEHHBIX 3JIEKTPOHOB, OTYETIMBO BUIHBI TEMHBIE YYacCTKH, KOTOPbIE COOTBETCTBYIOT
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MeJIi. XapaKTepHbIN BUJ MEIHBIX YYaCTKOB yKa3bIBaeT Ha MX (OPMUPOBAHUE B pe3yJbTaTe
KpUCTAJUTM3allUkd ~ paciulaBa  MEAW  Ha  TOBEPXHOCTH  HEPACIUIABJICHHOTO  WJIH
3aKpPUCTAJUIM30BABIIETOCA paHee BoiibPpama. BBumay Toro, uro mear u Boidbdpam He
CMCUINBAKOTCA B XHUJIKOM COCTOSHUH, TO B pesynLTaTe KpI/ICTaJ'IJ'II/ISaHI/II/I (i)OpMI/IpyeTCH IBEC
pasznensHble ¢da3pl. CriemyeT oOpaTUTh BHUMAaHHUE HAa TO, YTO CPEIHUN XapaKTEPHBIA pa3Mep
MCIOHBIX BKHIO‘ICHI/Iﬁ, a TAaKXE UxX HOBerHOCTHaSI IINIOTHOCTH cna60 3aBUCAT OT IINIOTHOCTH
HOTJIONIEHHOM DHEPTUH B MAIa3oHe oT 25 1o 55 Jx/cm?.

Bcnencteue ycpenHeHHsI CIIEKTPOB XapaKTEPUCTUIECKOTO PEHTTEHOBCKOTO M3 TyUeHHUS
1Mo OOJIBIIIOMY YYacTKy TMOBEPXHOCTH, OBUIA OMpPEAENICHbI CPEeIHHE KOHIEHTPAIMU MEIu U
BoJb(paMa B MOIU(DHUIIMPOBAHHOM cJio€. Pe3ynbTaThl 2JIEMEHTHOTO aHau3a MPECTABICHBI B
Tadmie 1.

Tabnuna 1. YcpeaHeHHbIN 3JIeMEHTHBIN COCTaB MOBEPXHOCTHOTO cJios cucteMbl Cu/W
ocJie T1a3MeHHON 00paboTKu

ILs1I0THOCTH MOTJIOIIEHHOMH Konnenrpauus, at. %
sneprumn, JIx/cm? Cu W
25 41 59
35 45 55
55 43 57

U3 pe3ynbTaToB, NpeCTaBICHHBIX B Tabnuie 1, BUAHO, UTO CpeqHSST KOHIEHTpaLus
Me/IM Ha MIOBEPXHOCTH HaXoAuTcs B nuamnaszone 41 —45 ar. %, ocransHoe — Bosbdpam. [Ipyrux
2JIEMEHTOB B 00pasmax He 0OHApPYKEHO.

Perucrpanus xapakTepucTHYECKOr0 PEHTI€HOBCKOTO U3IyUYEHUS BJIOJIb BbIIEICHHOIO
HaIpaBJICHUs, NIEPECEKAIONIET0 TEMHbIE YYaCTKU Ha M300pa)K€HHH, MO3BOJIMIA OJTHO3HAYHO
OTHECTH MX K BKIIOUEHUAM Meau (puc. 2).

rlu.uu,— TPOOVNANTO 100~ Bce 3nemeHThI

Bec.%
u
S

|

’l Is ¢ e e At I I S M R |
SOpmr 1 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
MKM

a) 0)

Pucynok 2 — POM-u3o6paxeHue ydacTka MOBEPXHOCTH (a) U pacrpeiesieHue Meid U
BOJIb(ppaMa BIOJIb BBIJIETIEHHOTO HanpasieHus (0), cuctembl Cu/W, 06paboTaHHOM
KOMITPECCHOHHBIMU TUIa3MEHHBIMU TTOTOKAaMHU
C IJIOTHOCTHIO MOTJIOMIEHHON SHEPTUu 25 21>I</CM2

Bo3zneiicTBue KOMIIpPeCCMOHHBIMU TUTA3MEHHBIMU TIOTOKaMH Ha cucteMy (Cu+Zr)/W ¢
AQHAJOTUYHBIMM ~ 3HAYEHUSMHU  IUIOTHOCTH  TOTJIOIMICHHOW  SHEPTUH  TPHBOJUT K
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nepepacipeIeICHUIO JIEMEHTOB B IPUIIOBEPXHOCTHOM CJI0€ IO CpaBHEHHUIO ¢ cucteMoit Cu/W.
[Ipy TWJIOTHOCTH TIOTJIOMIEHHOM dHeprum 25 JIK/CM?> Ha TOBEPXHOCTH HMEET MECTO
npeolsiajaHe MeIu U LUPKOHMS, B TO BpeMs Kak BoJibppaM OoOHapyKUBaeTCs OT/EIbHBIMU
BKJTFOUEHUSIMU, UMEIOIIIMMH CBETJIBIN KOHTpAcT Ha POM-nu3o00pakeHrn moBepxHOCTH (puc. 3).

W3 npeactaBieHHBIX pe3yiabTaTOB BUIHO, YTO CBETJIbIE 00sacTU pazmepoM okoio 40
MKM CcoOJep>KaT BoJb(ppaM, KOHILEHTpauus kotoporo nocturaer 90 Bec.%, ocraBiieecs
MIPUXOANUTCS Ha MU U IUPKOHUIL. [IpocTpaHCTBO MEX 1y CBETJIBIMU y4aCTKAMU UMEET COCTAaB:
Zr — 60 Bec. %, Cu — 40 Bec. %, Bonbhpam B HUX 0OHAPYKHBAETCSI HA YPOBHE TOTPEITHOCTH
M3MEpEeHUs] KOHIIEHTPAIH 3JIEMEHTOB.

[laHHble npoduns no ankmm 1 Bce 3nemeHTbI

Bec.%

oo
100pm

Pucynok 3 — POM-u3o00paxeHune yyacTka MoBEpXHOCTH () U pacrpeiesieHue Meiu,
UPKOHUSA U BOJIb(pamMa BI0JIb BIZIeJICHHOTO HanpasyieHus (0), cuctemsl (Cut+Zr)/W,
00paboTaHHOW KOMITPECCUOHHBIMU TUTA3MEHHBIMU TTOTOKaAMHU
C IUIOTHOCTBIO MOTJIOIIEHHON dHeprun 25 Jlk/cm?

O6pazenr cuctembl (CutZr)/W, oOpaboTaHHBINI KOMIPECCHOHHBIMU IIJIA3MEHHBIMU
NOTOKAMHM C IUIOTHOCTBIO TIOTJIOIIEHHOM oSHeprum 35  JIk/cM?,  XapaKTepH3yeTcs
HEOJIHOPOJHOCTBIO pacmlpeesneHns 3aeMeHToB. LleHTpanbHas uyacTh oOpasua, B KOTOPOMH
MPOUCXOJWIO TPSAMOE TONaJaHue IJIa3MEHHOTO MOTOKa KOHIIEHTpAlUs MEAM COCTaBIISET
46 at. %, mupkorus — 50 ar. %, Bombdpama — 4 at. %. B wactu obpasma, pacmoaoKeHHON
Onmxke K ero OOKOBBIM CTOPOHAM, KOHIIEHTpauus Meau coctapiseT 24 aT. %, UUPKOHUS —
49 at. %, Bonsdpama — 27 at. %.

B o6pasne cucremsr (Cut+Zr)/W, o6paboTaHHBIIT KOMIPECCUOHHBIMU TIJIa3MEHHBIMU
HNOTOKAMHM C IIOTHOCTBIO IIOTJIOIIEHHOM »Heprum 55 JIx/cM?, Takke OOHApyKHMBAKOTCS
CBETJIbIE YUacTKH, coepxkaiiue okoio 80 Bec. % Bonbdpama, OCTaIbHOE — Me/Ib U IIUPKOHHUH.
TeMHBIE y9aCTKU XapaKTEPHU3yIOTCS MOJIHBIM OTCYTCTBUEM B HUX BoJIb(ppama u comepxat 20 —
23 Bec. % meaun u 77 — 80 Bec. % MUPKOHMSL.

Paboma evinonnena npu gunancosou noodepoicke benopycckoeo pecnyoiukancko2o
Gonoa gynoamenmanvuvix uccredosanuti (npoexm Ne T20P-030 na 2022 — 2024 22.).
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CTPYKTYPHO-®A30BBIE UBMEHEHUA B CUCTEME «Cr/CUJTYMUWH»,
[IOJABEPIHYTOM IJIASMEHHOMY Y TEPMUYECKOMY BO3JIEVICTBUIO
STRUCTURAL-PHASE TRANSFORMATIONS IN «Cr/SILUMIN» SYSTEM UNDER
PLASMA AND THERMAL IMPACT

H.H. Yepenna', H.B. bu6uk', B.M. Acrammnckuii’, A.M. Ky3pMunkuii?
N.N. Cherenda!, N.V. Bibik!, V.M. Astashynski?, A.M. Kuzmitski?

'Benopyccknii Tocy1apcTBEHHBIN YHUBEPCUTET, Kadeapa GU3UKK TBEPIOTO TEa U
HaHOTexHoJorui, p. HezaBucumoctu 4, r. Munck, Pecmy6nuka benapycs, cherenda@bsu.by
MucTutyT Temno- u Maccoobmena um. A. B. JInikoBa HAH Benapycu, yo. I1. BpoBkn,

15, r. Munck, Pecniybnuka benapyce

The investigation of stuctural-phase transformations under thermal treatment in the near-
surface layer of the eutectic silumin alloyed with Cr atoms under compression plasma flows
impact are presented in this work. The formation of metastable Al74Cr20Sis in the alloyed
layer was found. Annealing of alloyed sample at 550°C resulted in dissolution of Al74Cr20Sie
and formation of Al;3CrsSi4. The stuctural-phase transformation in the modified layer led to

silumin hardening.

K cunymuHaMm mopuIHeBOW Tpynmbl MPEeIbSABISIOTCS BBICOKHE OKCIUTyaTallMOHHbIE
TpeOOBaHUs, B PE3yJIbTaTE YEro OHU SIBISIOTCSA OJHUMHU M3 HauOoJiee CII0KHOJIETUPOBAHHBIX
cruiaBoB. JlermpoBaHue CHIIyMHWHOB aTOMaMM TEPEXOJHBIX METauioB, Takux kak Ti, Zr, Cr,
Ni u J1p., OpuBoAUT K (OPMUPOBAHMUIO YIPOUHAIOMIKUX (a3 KpUCTAIITU3aLMOHHOTO
MIPOMCXOXACHNUS, OCHOBHAs 3ajlada KOTOPBIX IOBBICUTH JKapOIPOYHOCTh cCIuiaBoB [1].
JlerupoBaHue CHUIYMHUHOB IO/ BO3JEUCTBHEM KOMIIPECCHOHHBIX IUIa3MEHHBIX IOTOKOB
(KIIIT) [2-3] oTKpbIBaET NPUHIMIHAIBHO HOBbIE BOZMOXKHOCTH, 3aKIF0YAIOIINECS B CO3/TaHUU
MOAU(DUIIMPOBAHHBIX KOMITO3ULIMOHHBIX HAHOCTYKTYPHUPOBAHHBIX MPUMTOBEPXHOCTHBIX CIOEB.
Bbicokas TUIOTHOCTH  SHEPreTHYECKOro IOTOKa  IUIa3Mbl MpPU  BO3ACWCTBUM  Ha
oOpa0aTeiBaeMblii METalJl NPUBOJUT K IUIABJICHUIO TPUIOBEPXHOCTHOTO CIIOS U
HOCTIEAYOIIEH KPUCTAJUTM3AIIMU IPH BBICOKMX CKOPOCTsAX kpucTaumsamuu (10°-107 K/c), uro
oOycnaBnuBaeT GOpMUPOBAaHUE NEPECHIIIEHHBIX TBEP/IBIX PACTBOPOB U METACTAOMIBHBIX (a3,

o0pa3oBaHHe KOTOPHIX HEAOCTHKUMO IIPU TPATUIIMOHHBIX METOJIaX 00paOOTKH.
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Lenbto naHHOW palOTHI SBIAJIOCH UCCIIEJOBAHUE TEPMUUYECKON CTAOUIBHOCTU CTPYKTYPHO-
(ha30BOr0 COCTOSTHUS TPUIIOBEPXHOCTHOTO CJIOSl ABTEKTUYECKOTO0 CUIYMHHA, JIETHPOBAHHOTO
aTOMaM{ XpoMa IMOJi BO3JEHCTBHEM KOMIIPECCHOHHBIX IUIa3MEHHBIX MOTOKOB. OOBEKTOM
WCCIIEIOBaHMS SBIISJIUCH 00paslibl 3BTEKTUYECKOTO CHUIIYMHHA CleAylolero cocrasa: 12,6
at.% Si; 0,5 ar.% Cu; 2,7 at.% Mg; 0,3 at.% Ni; 0,3 at.% Fe; 0,2 at.% Mn. Ha oGpa3iib
CWIIyMHHA METOJOM BaKyyMHO-IyTOBOTO OCaXJE€HHUS HAHOCWIOCh IOKPBITHE XpoMa,
TOJIIIMHA KOTOPOTO CcOCTaBisia ~2 MKM. OOpa3lbl ¢ HAHECEHHBIM XPOMOBBIM TMOKPBITHEM
oOpabateiBasiuch Tpemss umnyiascamu  KIIII, reHepupyemblx  MarHUTOIIIa3MEHHBIM
kommpeccopom (MIIK) [1], anmuTensHOCTh Kaxa0ro uMItyjbca coctabisia ~ 100 mxc. MIIK
paboTan B pEXHMME «OCTaTOYHOIO Ta3a», NpU KOTOPOM IMPEIBAPUTENILHO OTKAYEHHYIO
BaKyyMHYIO KaMmepy HamoJHsIM pabodyuM ra3oM — a30TOM — 0 3ajaHHoro jaasieHus (400
MlIla). I11OTHOCTH MOTJIOUIEHHONW SHEPTrUU MpH OOpabOTKE COTIACHO KaJOPUMETPUUYECKUM
uccrnenoBanuaM coctaBmsia 17 Jx/cm® 3a  mmmynece.  Das3oBblii  cocTaB  00pasnoB
HCCIEOBAJICSI METOJIOM pEeHTreHocTpykTypHoro ananmu3za (PCA) wa ycraHoBke Ha
mudpaxtomerpe Rigaku Ultima IV. Mopdonorust moBepXHOCTH HcciIe10Balach ¢ MOMOIIbIO
pacTpoBoii AMeKTpoHHONW MuKpockormuu (POM) ¢ ucnonp3zoBannem Mukpockoma Carl Zeiss
LEO1455VP, kotopslii pabotan coBMmectHO ¢ npuctaBkoi Oxford MaxN nns onpeznenenus
3JIEMEHTHOT'O COCTaBa C MOMOIIBI0 PEHTT€HOCTIEKTPAIbHOIO MUKPOAHATIN3A.

[IpoBenennsie POM wuccnengoBaHus mokaszanu, uto obOpaborka wummyiabcamu  KIIIT
OBTEKTUYECKOTO CHJIIyMHHa C XPOMOBBIM IOKPBITUEM MPHUBOJUT K  IUIABJICHUIO
MIPUTIOBEPXHOCTHOTO CJIOS 00pabaThIBa€MbIX OOpa3IOB M KUIAKO(DA3HOMY IMEepeMENTHBaAHHIO
aTOMOB  TOKpHITUS W TNOMIOXKKH. B pesynbrare  oOpaGoTku  gopmupyercs
MOAU(DUIIMPOBAHHBINA  JIETUPOBAHHBIA  CJIOM, TONIIMHA KOTOpOro coriacHo POM
HCCIIEIOBAHUSIM TIONIEPEYHOTO ceueHHsi cocTaBisieT 25-30 MM, ¢ KoHueHTpamued Cr Ha
noBepxHoctu 7-8 ar.% (puc. 1). JlerupoBaHHBIN CIOM COACPKUT MEITKOAUCTICPCHBIC
XpoMcoieprKalue riao0ysipHble BKIFOUCHHS ¢ XapakTepHbIM pasmepoMm 100-300 um (puc.l).
CrnenyoT OTMETHTb, YTO ONpENeTIeHHEe TOYHOro (a3oBOr0 COCTaBa JAHHBIX BKIIIOUEHUI
BCJIE/ICTBME MHOTOKOMIIOHEHTHOCTH CIlJIaBa U JAMCIEPCHOCTH MPEIUNHUTATOB JIOCTATOYHO
3aTpyaHuTenbHO. MccnenoBanue ¢azoBoro cocraba ¢ nmomomnibio PCA mokasano, 4To TaHHbBIE
BKJIIOUEHUSI MOTYT ObITh uaeHTHU(UIMpoBaHbl Kak Al7aCrSie (puc. 2). Jlannas ¢a3a,
COTJIACHO JIUTEpaTypHbIM HCTOYHHMKaM [3-6] dopmupyercs mnpu  KpUCTALIM3aLUH,
COTIPOBOXKAAIOIIECHCS BBICOKUMHU CKOPOCTSMHU — OXJIQXKJEHHUS, W TpeAcTaBisieT co0oi
KBa3HKpHUCTALT. B psijie uTepaTypHBIX UCTOYHUKOB [6-8] oTMedaercs, 9To B cuctemax Al-

M-Si, rtne M= Cr, Mn, Fe HnaOmopaercs ¢opMUpOBaHHE pacTBOpa 3aMelleHus
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Al74Cr0.x(Mn,Fe)<Sig, 9TO sBISIETCS BO3MOXKHOW NPUYMHOW OTHOCHUTEIHHO HEOOJBIIOTO
caura audpaknuoHHbix JuHUN  Al74CroSis Ha oOpasmax, oOpabortannsix KIIII,

OTHOCHUTEIBHO TaOJIMYHEIX JAaHHBIX, ITOCKOJIBKY JKCJI€30 W MapraHeln BXOAAT B COCTaB

HUCXOJHOTI'O CUITYMHHA.

KoHueHTpauus, at.%

Paccrosinne, MKM

r)

Puc.1. Mopdororus moBepXHOCTH CHIIyMHHA, JierupoBanHoro atomamu Cr, mioj1 Bozaerictruem KITIT
1o (a) u nocne omkura B Teuenue 2 1 npu 450 °C (6) u 550 °C (B) u pacnpeiesieHUe 3JIEMEHTOB BJIOJIb
COOTBETCTBYIOIIEH JJMHUN HA PUCYHKE B (T)

Bozneiicteue mmmynscamu KIIIT wHa o6pasier «Cr/cumymMuH» TPUBOJAUT K YMEHBIIICHHIO

B)

napamerpa pemetku amomMuaus ot a=0,4051+0,0002 am g0 a=0,4041+£0,0002 M B
ucxomHoM u obpaboranHom KIIIT o0pa3max, COOTBETCTBEHHO, 4YTO OOBSICHICTCS
dhopmupoBarrem TBepAOro pactBopa 3amermienust Al(Si). Omxur B Teuerue 30 MUH IPUBOIUT
K CIBUTY AUGPAKIMOHHBIX JIMHUN aTIOMHHHUS B CTOPOHY MEHBIIUX YIJIOB, & TAaKXKE POCTY
WHTEHCUBHOCTH TU(PPAKITMOHHBIX JTUHUH KPEMHHUS, YTO MOKET CBHJICTEIILCTBOBATH O pacIiajie
TBepaoro pactBopa Al(Si). [TapameTpsl pemeTkn amOMUHUS B 00pa3iiax, OTOXOKEHHBIX TPH
450°C, cocraBmstor a=0,4053+0,0002 am. B 1o Bpems kak ¢aza Al74CraSis ocTaercs
CTaOWIBHOW TPU JaHHOM pEXKHUME OTXKura, corjacHo maHHbiM PCA. VYBenuuenue
temnepatrypsl omkura g0 550°C mpuBoaut k pacmany AlaCroSis u popmupoBaHuio
Al;3CrsSis.  CrouT, OQHAKO, OTMETHTL, YTO B COCTaB JAHHOTO COCIWHEHHS, COIJIACHO

PEHTIE€HOCTIEKTPAaHOMY MUKpOaHaau3y Takke BxoasT Fe u Mn (puc.1 B-T).
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Puc. 2 - lndpakrorpaMmsl 00pa3ioB CIjiaBa CHITyMHHA C TIOKPBITHEM XPOMa, ITOABEPTHYTHIX
Bosaericteuro KIIIT 1o u mocite omxura B teuenue 30 MuH.

JlerupoBaHue SBTEKTHYECKOIO CHJIYMHHA aTOMaMH XpOMa IMO3BOJISIET MOBBICUTH €r0
MPOYHOCTHBIE XAPAKTEPUCTUKU. MUKPOTBEPAOCTh MCXOJHOIO CHIIYyMHHA COCTaBIISET
1,3 I'Tla, a o6padoTannoro ummyibcamu KIIIT - ~3 I'Tla. MukpoTBep0CTh JIETHPOBAHHOTO
MPUTIOBEPXHOCTHOTO CJIOSI B  HCCIEAYEeMBIX 00pas3iax, IMOJABEPTHYThIX OTKUTY B
BBIODAHHBIX PEKUMAX, OCTAETCS BBINIE MHUKPOTBEPAOCTH HCXOMHBIX OTOXOKEHHBIX
00pasnoB, He MOABEPTHYTHIX JETHPOBAHUIO, B ~2 pa3a. B oOpasiax, OTOXOKEHHBIX MpU
450°C B Teuenue 2 4, MUKpOTBepAOCTh coctanisier 1,6 I'Tla, B ToO BpeMsi Kak B MICXOIHOM,

OTOXOKEHHOM IIPH TEX K€ pexuMax, oHa coctasiser 0,8 I'Tla.
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N3MEHEHUWE MOP®OJIOI'MM ITOBEPXHOCTH CIIJIABA Ti-6A1-4V IIPU
BO3JEVCTBAN KOMITPECCUOHHBIX IIJTASMEHHBIX IOTOKOB
CHANGE OF Ti-6A1-4V SURFACE MORPHOLOGY UNDER COMPRESSION
PLASMA FLOWS IMPACT

H.H. Yepenna!, A.B.Ileryx', B.B. Vrnos!, B.M.Acrammuckuii?, A.M. Ky3pMunkuii2,
C.H. I'puropees’, A.A. Bepemaxa®.
N.N. Cherenda!, A.B. Petukh', V.V. Uglov', V.M.Astashynski?, A.M. Kuzmitski?,
S.N. Grigoriev®, A.A. Vereschaka®.

'Benopyccknii Tocy1apcTBEHHBINA YHUBEPCUTET, Kadeapa GU3UKK TBEPIOTO Tea U
HaHOTexHoJorui, mp. HezaBucumoctu 4, r. Munck, Pecmy6nuka benapycs, cherenda@bsu.by
2 AucTuTyT Temto- u Maccooomena uM. A. B. JIeikosa HAH benapycwu, ya. I1. Bposkn, 15, 1.

Mumnck, Pecniybnuka benapyce
3OI'BOY BO "MI'TY "CTAHKHWH", kadenpa BEICOKOIP(HEKTUBHBIX TEXHOIOTUH
o0paboTtku, BagkoBckuit iep. 1, r. Mocksa, Poccuiickas denepanmst
“®enepanbHOE rOCYJAPCTBEHHOE aBTOHOMHOE YUPEKIeHUE HayKn HCTUTYT
KOHCTPYKTOPCKO-TeXHOJIornueckoil uupopmaruku Poccuiickoit akagemun Hayk (MKTU

PAH), Baakosckwuii mepeynok, 1.18, ctp.1A, r. Mocksa, Poccuiickas ®eneparust

Results of titanium alloy surface morphology investigations after compression plasma
flows impact are presented in this work. Plasma flows were generated in nitrogen atmosphere.
Dependencies of erosion and parameters of roughness and waviness on the number of pulses

and energy absorbed by the surface layer were found.

K wuymcny wmarepuanoB, IMIHMPOKO HCIOJIB3YEMbIX B MEIUIMHE ISl HM3TOTOBIIEHUS
SH/IOMPOTE30B, UMIUIAHTUPYEMBIX Ha JUIUTEIbHBIA CPOK, OTHOCUTCS TUTAHOBBbIM cruiaB Ti-
6Al-4V, KOTOpBIi CcOYETaeT BBICOKME MEXaHWYECKHE M TpPUOOJOTHYECKHE CBOWCTBA C
6rocoBMeCTUMOCThI0. OJHON M3 aKTyallbHBIX 3aJad COBPEMEHHOI'O MaTepuaioBEIEHUS B
9TOW o0nacTu SBJSETCS CO3JAaHME OHOCOBMECTHMBIX MMOKPBITUH Ha 5SHJIONpPOTE3ax,
yiydmaroomux Oonodukcanuio. Tak Kak TOHKOIJIEHOYHBbIE MaTepuajbl Ha IOBEPXHOCTH
KOHCTPYKIIUHA PA3TUIHOTO (YHKIIMOHAJIHLHOTO Ha3HAYEHHUsT paldOTalOT TOJ TOCTOSHHON
Harpy3kol, TO OHHM JIOJDKHBI 00JajaTh BBICOKOM aJre3MOHHOM MNPOYHOCTHIO, M3HOCO- U

KOPPO3HMOHHOW CTOMKOCTHIO. OHMM M3 BAXKHEWIINX HCIBITAHUN MaTepHalla C IOKPBITUEM
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SBJISIETCS M3MEPEHHE aAre3uu TMOKPBITHS K MeTally, T.K. 3TO IOKa3aTelb LEeJIOCTHOCTU
nokpbITUs. CylIecTByeT MHOXKECTBO IMOATBEPKACHUM, UYTO MIEpOXOBAThIH Mex(a3HbIN
npoduias MOJOXKUTENBHO BIUSAET HAa aAre3uio, IOCKOJbKY YBEIHWYEHHE IUIOIIAIN
MOBEPXHOCTH, MOJYYEHHOU B pe3yJibTaTe Mpoliecca NpUIaHus IIepoXoBaTOCTH, 03HAYAET, YTO
MexK(}a3HbIX CBsizel MokeT ObITh Oosbiie [1]. Kpome Toro monrocpodnas 3ammra OT
KOpPpO3UM  3aBHCHT OT IIEJIOCTHOCTH TOKPBITHS, T[O3TOMY MpeoljafaliiuM U
MPaBAONOI00HBIM MPEANOI0KEHHUEM SIBISIETCA TO, YTO YJIYYIICHHWE aAre3ud MPOIJIUT CPOK
CITy>KOBbI 3alIUTHI U OT KOppo3uu [2]. D dHeKTUBHBIM METOAOM CO3/IaHUsI Pa3BUTOIO peibeda
MOBEPXHOCTH C  PEryJupyeMbIMH MapaMeTpamMu JJs  TMOCJIENYIOIIero  HaHEeCEHUs
(YHKIIMOHATBHOTO  TOKPBITHSL € BBICOKOM  aAre3uei  sIBIsieTCs  UCIOJIb30BaHUE
KOMITpecCUOHHBIX Ma3MeHHbIX mnoTokoB (KIIIT).  Ilenpto panHOM pabOThHl SBISIOCH
uccienoBanue BiausHUS pexumoB BozzaeiicTsus KIIII na mapametpsl penbeda moBepxHOCTH
TUTaHOBOTO cruiaBa BT6.

O6paszupr crmaBa Ti-6Al-4V (86.45-90 at.% Ti, 5.3-6.8 at.% Al, 3.5-5.3 ar.% V)
oOpa0aThlBaJINCh B Ta30pa3psAHOM MAarHUTOIUIa3MEHHOM KOMIIPECCOope KOMIIAKTHOM
reoMeTpuu B aTrMocdepe a3oTa Ha paccTosHusAX 8-14 cM OgHUM, Tpemsi U IIECThIO
uMmnynscamu (n). JnutenbHocTh paspsga cocraBiasuia ~100 Mmkc. Hampsokenuwe Ha
KOHJIeHCcaTOpHO# OaTtapee cocraBisuio 4 kB. M3menenue paccrosiuus 1o oOpasia mo3BoJsiio
BapbUpPOBATh IUIOTHOCTH 3HEpruu ((J), MOTJIOUICHHONW MOBEPXHOCThIO, B Jauamna3zoHe 43 —
23 JIx/cm?. VccnemoBanns mapaMeTpoB penbeda IMOBEPXHOCTH OOPa3lOB BBIIOIHINCE C
nomotipio npodpuiaomerpa MarSufr SD 26. [Insg usyuyeHus mpoiiecca 3po3Un MOBEPXHOCTU
MU MJIA3MEHHOM BO3/I€WCTBUU MTPOBOAMIIOCH U3MEPEHNE MAcChl 00pa3L0B Ha AaHATTUTHUYECKHUX
Becax RADWAG AS/60/220/C/2/N. CtpykTypHO-(ha30BO€ COCTOSIHUE TTOBEPXHOCTHOTO CIIOS
HCCIIEIOBAIIOCH C TOMOIIBIO PEHTreHOCTpyKTypHOoro anamm3a B CuK, wu3myueHunm Ha
mudpaxromerpe Rigaku Ultima I'V.

[IpoBeneHHbIe HccneA0BaHUS MOKA3aIH, YTO JI0 TUIA3MEHHOT'O BO3/IEUCTBUS MapaMeTphl
cpenneapudmeTndeckoit mepoxoBatoct (Ra) u BomHuctoctu (Wa) cocraBmsimu 0.4 u
0.24 mxM, cootBercTBeHHO. [Ipm BozmelictBum KIIII yBennueHne KoaM4ecTBa MMITYJIBCOB
BEJIET K yBEeJIWYEHHUIO mapameTpoB Ra u Wa (puc. 1), 3a HCKIIIOUEHUEM BO3ICHCTBUS NpuU

IUIOTHOCTH TIOTJIOINEHHOM »Heprum 26 JIx/cm?

. IlpencraBienHple Ha PHUCYHKE JIaHHBIC
YCpPEeTHEHBI TI0 M3MEPEHHUSAM B IICHTPE W Ha Kpae obOpasma. 3aBUCUMOCTh Ra OT IUIOTHOCTH
MOTJIONICHHOW JHEPTUU TPH OJAHOM KOJUYECTBE HMITYJbCOB HE SIBJISETCS JIMHEWHOU.
[IpuumHoit dopmMupoBaHHsS pa3BUTOr0 penbeda MOBEPXHOCTH SBIACTCS IUJIABICHUE

IMOBEPXHOCTU W ABHIKCHHUC pacCIliaBa O[] HeﬁCTBHeM KOMITOHCHTBI CKOPOCTHU IIIa3MCHHOI'O
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MOTOKA, HAIMpaBJIEHHOW BJOJbL IMOBEPXHOCTH OT IIEHTpa K Kpasm oOpasma [3, 4]. U3-3a
Pa3HUIIBI CKOPOCTEH JIBMKCHHSI TUIa3Mbl U paciljlaBa, Ha TIOBEPXHOCTH pacIliaBa BO3HUKAIOT
YCIIOBHA JJIA BO3HUKHOBCHUS FI/I)IpOJII/IHaMI/I'-IeCKOI\/'I HGYCTOﬁqHBOCTH KeanBuna-
lenpmronmeiia, KOTOpass TpH  TOCIEAYIOMEH  KPUCTAUIM3aMd W OOYyCJIaBIIUBAECT

dhopmMupoBaHHE pa3BUTOTO pelbeda.

3.0 4 6+

28] = 26 [Ix/cm’ A~ 26 [hr/em’
’ —A— 30 Ow/em’ —e— 30 [Iw/cm’ .
2.s-4 37 Ow/em’ 37 Dw/em’ A
2
24 *— 43 [ix/em —e— 43 [w/em’ = )
2.2 _A 4 2 =
1 _ »
2.0 4
g 1 s s
5 s < g e .
« 1 * <
x 1.6 2 * / A
1.4 a—F—8 2
1.2 - .,/’
140—‘
0]
] A
0.6 N T T X T 0 T T T
0 2 4 6 0 2 4 6
Konuuecteo uMnynbLcos KonuuectBo uMnynbLcoB
a 9]

Puc. 1. 3aBucumoctu Ra (a) u Wa (6) ot nu Q.
Fig. 1. Dependencies of Ra (a) and Wa (b) on n and Q.

JIBukeHue paciuiaBa MPUBOAMT €Ile K OJHOMY IPOLIECCYy — 3PO3UM MOBEPXHOCTH.
Pe3ynbTaTsl u3MepeHust U3MEHEHHsI Macchl 00pa3LOB /10 U MOCJE BO3/IEUCTBUS MIPEICTaBICHbBI
Ha puc. 2. VI3 pucyHKa BUJIHO, YTO yBEJIMYEHHE KaK KOJIMYECTBA UMITYJIbCOB, TaK U IUIOTHOCTU
MOTJIOLIEHHON PHEPTHH BEJIET K POCTY HHTEHCUBHOCTH APO3HUH.

[Ipn renepanum KIIII B BakyyMHyI KaMmepy HaIlyCKaeTcsl a30T, YTO SBISETCA
MpUYMHON (OPMUPOBAHMS Ha TOBEPXHOCTH HUTpUJA TUTaHa mocie Bo3zaeilctBus. 3-3a
BBICOKOW TeMIepaTypbl KpHUCTaUIM3aluH, (OpMHpOBaHHE HHUTPHAA MOXET OKa3blBaTh
BIUSHUE Ha penbed TMOBepXHOCTH. lIpoBereHHbIE HCCIEIOBaHUS C  MOMOUIBIO
PEHTTEHOCTPYKTYPHOTO aHajiu3a MOKa3aJd, YTO YBEIMYEHHE KOJIMYECTBA HMMITYJIbCOB IpPH
OJIHOM IUIOTHOCTU TOIJIOIIEHHOW 3HEPruM BeAEeT K YBEIUYECHUIO KOJIMYECTBA (TOJIIMHBI
meHkn) O-TiN Ha moBepxHOCTH (pHC. 3). AHajJorM4yHas 3aBHCHUMOCTh HAOIIOJAETCS U MPHU
YMEHBIICHUH IIJIOTHOCTH MOTJIOIMIEHHONW SHeprud. OCHOBHOM NPUYHMHON TAaKOIO IOBEICHUS
MIPY U3MEHEHUHU TUIOTHOCTH TOTJIOIIEHHOM SHEPTUu SIBIISIETCS yBEeJIMYeHHEe BPEMEHH pacraja
YAApHO-CXKATOrO cJIosl B 001acTH MOBEpXHOCTU oOpasua [5]. B pesynbrare nuddysus atomoB
a30Ta B ITOBEPXHOCTHBIM CJIOM IPOHUCXOAMT I03KE€ W IPU MEHBIIMX Temreparypax. IIpu

YBEJIMYEHUN KOJMYECTBA UMITYJIBCOB, KaK MOKa3aJdl paHee MPOBEJACHHBIC MCCIICIOBAHUA [6],

237



YBEJIMUYMBAETCS TEMIIEPATypa MOBEPXHOCTH, YTO U MPUBOJIUT K YBEIHUEHUIO TU(D(HY3HMOHHOTO

IMOTOKa a30Ta IpH KaXXJI0M IMOCIICAYIOIIEM UMITYJIBCE.

0.020 -

2
0.015 37 J:l>«/t:M2
43 [Ix/cm 16000
—— UCXOAHbI cnnas
14000
----- 1 umnynsc
0.010 | * 2004 0000 B | 3 umnynbca

u— 26 [Ix/cm’
A— 30 ix/em’ |

20000 —

18000

6 UMNYNbCOB

10000

YpaneHHas macca, rlcm’

0.005
8000

WUHTEeHCUBHOCTD, uMnynbsc

6000

0.000 y S— . ]

0 2 4 6 4000

Konuuectso umnynescos

2000 T T — T T T = T T 1
30 32 34 36 38 40 42 44 46 48 50

20, rpapyc
Puc. 3. ludpaxrorpamMmer 00pa3iioB /10 1 mocie
Boszeiicteus KIIIT npu O=37 JIx/cm’.
Fig. 3. Diffraction patterns from the samples before
and after plasma impact at 0=37 J/cm?.

Puc. 2. 3aBUCHMOCTE MacChl yAaJIEHHOH ¢
MOBEPXHOCTH 00pasiia ¢ €qMHHIIBI IJIOaN OT

nuQ.
Fig.2. Dependence of the mass deleted from the
square unit on z and Q.

HpOBe}IeHHBIe HUCCICI0OBaHUsA IIOKa3aJju, 9To BOS}IGﬁCTBHG KOMITPECCHUOHHBIX

IIa3MCHHBIX IIOTOKOB B HCIIOJB3YEMOM OHAIIA30HE PCIKHUMOB obecrneynBaeT H3MEHEHUE

napametpa Ra ot 0.7 o 2.8 mxMm 1 mapamerpa Wa ot 1.3 10 5 MKMm.

Jlannast pa0OoTa BBHIMOJHEHa B paMKaX COBMECTHOTO NpOeKTa, (PUHAHCHPYEMOTO

rpantamMu bPOOU (Ne T23PH®D-228) u PH® (Ne 21-19-00612).
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HPUMEHEHHE IIJTASMEHHBIX 1 MOHHOJIYYEBbBIX TEXHOJIOT' MU JIJ1
I[MPON3BOACTBA ITOKPLITHI HA SJIEKTPOIbI KAPIMOCTUMYJIATOPOB

APPLICATION OF PLASMA AND ION-BEAM TECHNOLOGIES FOR COATING
CARDIAC PACEMAKER ELECTRODES

O.1. O6p63KOB1, B.A. Ba3bmeBl, I0.B MapTI)IHeHKol’Z, M.IO. Harens!
O.1. Obrezkov', V.A. Bazylev', Yu.V. Martynenko™? M.Yu. Nagel*

1HI/ILI «Kyp4aTtoBckuii MHCTUTYT», Iiomaabs Kypyarosa 2, r. Mocksa,
2 HUUSY MU®U, Kammpckoe mocce 31, r. Mocksa,

Electrochemical characteristics of cathodes of pacemakers with TiN, Pt and Ir coatings, as
well as cathodes with TiN coating implanted with Pt and Ir ions were studied. The best results
were obtained by cathodes with Pt and Ir coatings. lon implantation improves TiN coating,
and brings its characteristics closer to those of Pt and Ir coatings.
BHIIOKapI[I/IaJ'IBHaH QJICKTPOCTUMYJIALUA — METOI JICUCHUSA 3360J’I€B3HPII>1, CBSI3aHHBIX C
apUTMHUEN COKpALEHUS MUOKap/a, Hadall pa3BUBaThCsA ¢ 60 ro10B MPOILIOro CTOJIETUS U IIUPOKO

MMPUMCHSACTCA B HACTOAIICC BPCMI. I[.HSI CTUMYJIAIHUU CCPACUHBIX COKpAIICHUA HA B)KMBIISIEMbIN B

MHUOKap.ly KaToJ| MOJAI0TCs OTPHUIIATEIbHbIE UMITYJICHI HANIPsDKEHUA, cM. puc.l u Tabmuiy 1.

Puc. 1 — ®opma umMItynibca HAMPSHKEHNS JIEKTPOKAPAHOCTHAMYIISIIAN

Ta6Jmua 1 OcHOBHEBIE OKA3aTEIIN HUMITYJIBCOB 3JICKTPOKAPAUOCTUMYJIALIUN

[TonsspHOCTH UMITYNIBECA CTHMYJISIIIAH oTpUIaTeNbHas
YacToTa MOBTOPEHUHN UMITYJIbCA 4acTOTa COKpALIEHUN MUOKapa
JITATETbHOCTh UMITYJIbCA CTUMYJISIIIUHA, MKC 1000-300
Hamnpsokenue B ummyssce, B 1,5-10
Tok B ummynsce, MA 1-10
[Ipoxoasuuii B Muokapa 3apsi B umnyibce, MKKi 0,5-5
DHeprust UMITYJIbCa CTUMYJISIINHA, MKJK 2-10
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OcHoBHOM 3a1aueii ANEKTPOAOB KapAHUOCTUMYJIISTOpA SBISETCS Mepeiaya UMITyJIbca TOKa B TKaHb
MHUOKap/la C HAUMEHBIIUMU MOTepsIMU. KpoBb 1 MEKKIIETOUHAS JKUKOCTD SIBIISIFOTCS
AIIEKTPOJIUTOM, TIOCKOJIBKY cojiepkaT noHbl, ocHOBHbIe Na+ u Cl-. [Ipu mogaun Ha 31ekTpoa
MOTEHIIMAaNa y ero MOBEPXHOCTH CKAIUIMBAIOTCS MOHBI POTUBOIIOJIOKHOTO 3HAKa U 00pa3yroT
IBOMHOM ekTpuueckuii cioit (JI9C), koTopserit umeeT ekTpudeckyto éMKocTh C. [Tockombky B
MPOLIECCE UMITYJIbCA HAMIPSHKEHUS MPOUCXOIUT HAKOIIJICHHUE 3aps/ia y TOBEPXHOCTHU AJIEKTPO/Ia, TO
éMKocTh MeHsieTcs co BpeMeHeM C(1) B mpouecce umnyibsca. Kpome Toro Ha moBepXHOCTH
AJEKTPOJIa TPOUCXOASAT IEKTPOXUMHUUECKUE PeaKuu. Y Karoja:

(H30)+ = Haﬂcop6 +H,0,u H,O+e = Haﬂcopﬁ + (OH),
B pe3yJibTaTe KOTophixX uepes JAIC teuér Tok Papajies, 1 UMEETCS OMUYECKOE COITPOTUBIICHHE
®dapanes R¢, koTopoe Toxe 3aBucUT OT Hanpspkenus B JIDC, u, cienoBaTeabHO, OT BpEMEHH.
s yripaBineHus pexxuMOM CTUMYJISILIAKA UCIIOIB3YETCS PEKHUM «aBTO3aXBaTay, IIPU KOTOPOM
AJEKTPOJIbI KAPAUOCTUMYJISITOPA PETUCTPUPYIOT JIEKTPUUECKYIO aKTUBHOCTD cepata. [ns atoro

TpeOyeTcs ObIcTpasi 1eMOoIIpU3alns ANEKTPOA0B MOCTIE OKOHYAHUS TOAaBAeMOI0 UMITYJIbCA.

Bb110 00HApYXEHO CYIIECTBEHHOE BIMSIHUE CBOWCTB MOBEPXHOCTH UMIUIAHTUPYEMBIX B
cepJLe JIEKTPOJOB Ha Ilepeiady ToKa B MUOKpy U Ha npouecc noaspusanuu. [lokpsitus
pabounx MOBEpXHOCTEN SIEKTPOIOB PA3IMUHBIMU MaTepHUaIaMy O3BOJIHMIN BIUATH HA
3¢ ($EeKTUBHOCTH Nepelaui CTUMYJIUPYIOIIEr0 3JIEKTPUUECKOT0 3apsi/ia B TKaHb, a TaK )K€ Ha
YYBCTBUTEIBHOCTh MPH JETEKIIMU IEKTPUUECKUX MOTEHIIMATIOB OTBETHBIX PEAKIIUN YETI0BEKOTO
OpraHu3Ma Ha 3JIEKTPOKapaAnoCcTUMYIsiiuio. Hanbosnee nenonb3yeMbIMU OKPBITUAMHU KaTOZOB
sistiroTest mokpbitust TIN, Pt u Ir. B nanHo# paboTe MOMHMO MOKPBITHI HAHOCUMBIX
IUTa3MEHHBIMU METO/IaMH, MarHETPOHHBIM HAIIBIJICHUEM U TyTOBBIM HCHIAPUTENIEM, HCIIOIb30BAIACH

uMIIIaHTanys noHoB Pt u Ir B HUTpu THTaHA.

JU1st oLileHKH pabOoThI ANIEKTPOAOB KapIUOCTUMYIIATOPA HCIIOJIb30BAINCH AMITITUTYIHO
¢dazoBbie YacTOTHBIE XapakTepucTuku (ADPUX). M3mepeHust mpoBOAMINCH HA MOJEIBHBIX KaTOaxX

C COOTBETCBYIOIIMMHU MOKPBITUSAMU MpU paboTe B (hU3pacTBOpE MO cXeMe MPUBEACHOM Ha puc.2.

T Ok,
Merspamop Hsne . _>' .
DumeneHss L o500 )
ANEKMPUYECKUX :: :;. . ngiioape " :: ::p Komnemomen

Cueranog

HanpawxeHue

Puc. 2 — Biiok cxeMa U3MEpEHH FIEKTPOXUMUIECKHX TTOKA3aTe e MOKPBITHIMA
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OOpa3ipl ¢ MOKPBITUEM IUIATHHOM W MPUAMEM HMEIU TOJNIMHY OT 1,5-3 MKM M MOKpBITHS
HaHOCWJIUCh MAarHeTPOHHBIM MeTOZOM. IIOKpBITHS HUTPUAOM THUTaHA TOJILIMHOIL -3 MKM
CO3JIaBaJIMCh CTallMOHapHO# nyroil. JlermpoBanue mokpbiTuss TIN OnaropogHBIMH MeTalIaMH
IIPOU3BOIMIIOCH UMITYJIBCHBIM ITYYKOM MOHOB OT HcTouHHKa HOHOB THna MEVVA ¢ yckopstomum
HanpsbkeHueM 25-35 kB. Jloza oOnydeHuss oOpasloB HOHHBIM ITYYKOM BapbHUpOBaiach OT

10'"+3*10" mom/cm?, mpu cropocT eé HaGopa mopsiakal 0™ mom/(c*em?).

Ompeznenenre  moOKa3zaTelis OCTATOYHOM  MOJApU3AlMU  [OKa3ajlo, UYTO  IMOKPBITHS
IJIaTUHOMAaMH HUMCIOT CAMbIC HU3KHC 3HAYCHUSA, B CPABHCHUU C MOKPBITUAMU HUTpUAA THUTAHA.
Mopauduxkaiys TOBEpXHOCTH HUTPHAA TUTAHA IyTeM JIETMPOBAHUS MX BBICOKOIHEPTreTHUYECKUMHU
MOHAMM OJaropoJHBIX METAJUIOB AN YIydYIlIeHHEe MOKa3zaTeseil 3Toro Marepuaia U npUOIU3UIN
€ro pe3yibTUPYIOIIHNE CBOMCTBA K MOKPBITUSAM O1aropogHbIMu MeTauiamu. Ha pucynkax 3 u 4
NOKa3aHbl Pe3yIbTaThl U3MEPEHHU 3(PPEKTUBHOCTH Mepesaun SHEPTHUH U HANPSHKEHUST OCTaTOYHON
noJsipu3an rapMOHUYCCKUX CUTHAJIOB HAIIPSKCHUA IJIA MOKPBITHUA YUCTOTO HUTpUAA TUTAaHA U
JIETUPOBAHHOTO HMOHaMHU OJaropoAHBIX METAJIOB, a TaK K€ JUISl TOKPBITUH YHUCTHIMH
OnaropogHpIMH MeTaIaMu. D()PEeKTUBHOCTh Nepeaud PHEPrMM B aKTUBHYIO HArpy3Ky Lenu

onpenensercs Kak M, = R, |Y,|, rne Ru — conporusnenue BHemnel uenw, |Y,| — anmuranc nenu

Ha N TApMOHHUKE.

9¢dPeKTUBHOCTb Nnepesaumn sHeprum

TiN+Pt*+Ir* TiN+Au*  —@—TiN

1 10 100 1000 10000 100000
Yactota rapmoHuKu B Iy,

Puc. 3 - DddexruBHOCTS IIEpEeaaun SHEPruu rapMoHndeckux cursanos B JJ2C HaoOpasuax ¢

mokpertusivMu TiN, Pt, Ir, lernpoBaHHBIX HOHAMHK OJarOPOAHBIX METAIIIOB
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YacTota rapmoHuKM B 'y,

1 10 100 1000

OTHOCUTeNbHaA nona pu3auuma rapMmoHUKuU

—@—TiN+PI*+Ir* —@—TiN+Au* —@—Ir Pt —@—TiN

0,01

Puc. 4 — Ocrarodunas monsipu3anys rapMOHHUECKUX cHurHainoB B JJIC Ha 00pa3nax ¢ mOKPBITHIMA
TiN, Pt, Ir, terupoBaHHBIX HOHAMH OJIArOPOAHBIX METAIIOB

W3 npuBeeHHBIX IKCIIEPUMEHTAILHBIX PE3YIbTATOB BUTHO, YTO JICTUPOBAHUE HUTPUIA
TUTaHa MOHAMH OJIATOPOJTHBIX METAJUIOB MPHUOJIIKACT MIEKTPOXUMHUYECKHIE CBOWCTBA
MOTU(PUIIMPOBAHHBIX MTOKPHITHIA K CBOWCTBAM IMOKPBITHIA YHCTHIX OJarOpOIHBIX METAILIOB.
DTOT pe3yJbTaT YKa3bIBACT Ha CIIOCOO M HAMPABIICHUE BO3ACHCTBHUS Ha IEKTPOPU3NUECKIE

CBOMCTBA TOHKOIIJICHOYHBIX MaTcpuaJioB HOKpLITI/Iﬁ OHAOKapAHUAJIIbHBIX 3JICKTPOJOB.
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O®OPMUPOBAHUE AHTUBAKTEPUAJIBHBIX IIOBEPXHOCTHBIX CJIOEB B
CILJIABE Ti-6A1-4V ITIPM KOMBUHUPOBAHHOM BO3JIENCTBUY NOHHO-
IIJTASMEHHBIX ITIOTOKOB
THE FORMATION OF ANTIBACTERIAL SURFACE LAYERS IN Ti-6Al-4V
ALLOY BY COMBINED ION-PLASMA TREATMENT

A.B. Bacamnaii', H.H. Yepenna?, A.JO. Uzo6emno’, A.IL. Jlackosres!, B.B. Yrios?,
B.M. Acrammnckuii’, A.M. Kyspmunknit’, JI.B. Baxanosuy!
A.V. Basalai', N.N Cherenda?, A.Yu. Isobello', A.P. Laskovnev', V.V. Uglov?,
V.M. Astashynski®, A.M. Kuzmitski®, L.V. Bakhanovich!

I @usuxo-mexnuueckuii uncmumym HAH Benapycu, ya. Kynpeeuua 10,
220084, Munck, benapycs
2 Benopycckuii 2ocyoapcmeennuiii yuusepcumem, np. Hesasucumocmu 4, 220030 Munck,
benapycw, e-mail: cherenda@bsu.by,
3 Unemumym menno- u maccooomena um. A.B. Jloikosa HAH Benapycu, ya. I1. Bpoexu 15,
220072, Munck, benapycs

It has been established that the impact of the compression plasma flows on the Cu/
Ti-6Al1-4V or Ag/Ti-6Al-4V system leads to the formation of a surface titanium
layer alloyed by aluminum, vanadium, and copper or silver with a uniform
distribution of elements. The elemental composition of the formed surface alloy
depends on the energy absorbed by the surface layer. Growth of the energy
absorbed by the surface leads to the decrease of copper (from 20,2 to 5,7 wt.%) or
silver concentration (from 20,0 to 6,9 wt.%). Synthesized surface layers have
antibacterial activity.

Tutan u ero crjaBbl NPUBJIEKAIOT Bce OOJblllee BHUMaHUE B OOJACTH OPTONEIUU U
CTOMAaTOJIOTMM H3-32 HX IPOYHOCTHBIX CBOWCTB, KOPPO3WOHHOM CTOMKOCTH |
o6unocoBmectTuMocT [1]. OgHako Hanbosiee MIMPOKO HCIOJIb3YEeMbIM TUTAaHOBBIA cruiaB Ti—
6Al-4V umeeT HEKOTOpBIE MOTEHITMATBHBIE TIPOOIEMBI: BhIIeTIEHHE TOKCHUHOTO BaHaaus (V)
win amoMuHus (Al). baktepuanbHas MHpeEKIUs ABISETCS €llle OJHON cepbe3HON MPUYMHON
BBIXOJIa U3 CTPOSI TUTAHOBBIX UMIUTAHTATOB [2]. [ToaTOMYy pa3paboTka TUTAHOBBIX CILJIABOB C
OaKTepULIUIHBIMU CBOMCTBAMH SBIIETCS aKTyaJIbHOM 3a1aueil.

AHTUMUKpPOOHOE [eHCTBHE METAJUIOB, TaKUX Kak cepedpo, Mellb, IIMHK IIHPOKO
u3BecTHO [3-5], B TOM dHCle B COCTaBe MOKPBHITHH HMMIUIaHTaTOB. PaHee mpoBeneHHbBIE
HCCIIEIOBaHMUs TOKAa3ajld, 4TO BO3JEHCTBHE KOMIIPECCHOHHBIMU IJIA3MEHHBIMH NOTOKaMU
(KIIIT) nHa cucteMy MNOKPBHITHE-TOIONKKA TIO3BOJSIET JIETUPOBATh IMOBEPXHOCTHBIE CIIOU
MaTepHuaJoB aTOMaMHU MOKPBITHS, 0OecrieunBas 1eJIeHapaBIeHHOE U3MEHEHNE XUMHUECKOTO
COCTaBa, CTPYKTYPHI U CBOMCTB MOBEPXHOCTHOTO CJ10sI TyOuHo# 10 40 MM [6].

Takum oOpa3om, yiydilieHne aHTHOAKTepUaTbHBIX CBOWCTB MOXET OBITh JOCTHUTHYTO

MyTeM JOTOJIHUTEIBHOIO JIETUPOBAaHUS TUTaHOBOro cruiaBa Ti-6Al-4V atromamu Ag u Cu,
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KOTOpbIe O0JIaal0T BBICOKOM aHTUMHMKpOOHON 3ddexTuBHOCTHIO. Kpome Toro mens u
cepedpo HMMEIOT HHU3KYI0 CTOMMOCTh [0 CpaBHEHUIO C JAPYTMMU aHTUMUKPOOHBIMU
MeTaJUTMYecKuMu Matepuanamu (Au, Pd, Pt).

Henpto naHHOW paboThl SBISUIOCH M3Y4YEHHE aHTHOAKTEpUANbHBIX CBOMCTB U
3JIEMEHTHOTO COCTaBa MOBEPXHOCTHOTO cjos cmiaBa Ti-6Al-4V, nerupoBaHHOro atoMamMu
Meau win cepedpa non nerictsueM KIIII. JlernpoBanue ocymiecTBIsIOCH PEABAPUTETHHBIM
ocaxxaeHreM HokpbITHs Cu Wi Ag TOMMIMHOM ~ 2 MKM Ha o0pasubl craBa Ti-6Al-4V
3JIEKTPOHHO-TYYEBBIM METOZIOM U mocieayommmM Bosaeiicteuem KIITT. O6padoTka 06pasion
KIIIT ocymectBisuiack TpemMss HMIYJbCAMH TPU  HA4aJIbHOM  HAaNpsDKEHUM  Ha
KOHJleHcaTopHOU Oatapee 4 kB. JliurenpHOoCcTh paspsga coctabimsuia ~100 mxc. ITlepen
paspsIoM TpeaBapUTENIbHO OTKauaHHas BakyymHasi kamepa MIIK 3amonssiace pabounm
razom (azorom) mo maBieHusi 400 Ila. Paccrosame mexmay oOpaslioM W Cpe3oM KaToja
BJIEKTPOPA3PSIAHON CUCTEMBI BapbUPOBAIIOCH B auamna3zoHe 8-14 cm. YBelIWueHWe 3TOro
paccTosiHus 00YCIIaBIMBAE€T YMEHbBIIEHHWE SHEPTUM, MOTJIOIIaeMOil OBEPXHOCThIO 00pasiia
IpH IUIa3MEHHOM BO3IEHCTBHY, B quanasoHe 26-43 JIx/cM?. DIeMeHTHBIN cocTaB 00pa3loB
OTIpeAeIIsICS METOJOM SHEProAMCIIEPCHOHHOTO PEHTIC€HOCHEKTPAIIbHOTO MUKpPOAHAIN3a C
nomouipio aerekropa Oxford Instruments, compseHHOro C  PacTPOBBIM AJIEKTPOHHBIM
MHUKpPOCKOTIOM. MUKpOOHOIOTHYECKHE HCCIEAOBAHUS AHTUOAKTEPUATbHOM aKTUBHOCTHU
METAJUTMYECKUX O00pasIoB OCYMIECTBISIIUCE B cooTBeTcTBUM C [SO 22196:2011 1o
otHomeHuto Kk mrammam Escherichia coli ATCC 8739 u Staphylococcus aureus ATCC 6538.

Bosneiicteue KITII ¢ muotHocThio sHeprun Q ot 26 10 43 J[/cM? Ha TUTHOBBI CILIAB
C TNpeABapUTEIbHO HAHECEHHBIMH MeTalndeckumu TokpbITHsMH (Cu umm Ag) BeneT K
IUTABJICHUIO MaTepuana TOKPBITHS U MOMJIOXKKH, MX >KUAKO(PA3HOMY MEepeMEIIMBaHUIO U
MOCIEAYIOEMY  CBEpXOBICTPOMY  OXJQXKIEHUIO, T.e. MPOUCXOAMT JOIMOJHUTEIBHOE
JIETUPOBaHKHE TOBEPXHOCTHOTO €105l TUTaHOBOrO cruiaBa Ti-6Al-4V atomamu Cu (wnu Ag) u
N (kak mnazMmooOpasyromiero rasza). MccnegoBanue 3JIEeMEHTHOTO COCTaBa MOBEPXHOCTHOTO
CII0S1 TOJIIUHON ~ 1 MKM MOKa3aj10, 4To yBEINYEHUE TTIOTHOCTH DHEPTUH 0T 26 10 43 JIx/cm?
compoBOXaaeTcsi cHmxkeHueM konneHtpanuu Cu ot 20,2 mo 5,7 Bec. % wmm Ag ot 20,0 mo
6,9 Bec. % (tabmuma 1). KonmeHTpammsi a3oTa B TOBEPXHOCTHOM CJIO€ CHIDKACTCS C
yBEJIMUYEHUEM TUIOTHOCTHU MOTJIoLeHHON sHepruu ¢ 4,9 no 4,1 Bec. % npu neruposanuu Cu u
c 85 nmo 6,4 Bec. %. — Ag. CHWXKEHHE KOHLEHTPALMU JIOMOJHUTEIbHBIX JIETUPYIOINX
AJIEMEHTOB IMpPH YBEJIWYEHUH TUIOTHOCTH MOTJIOUIEHHONW SHEPTrUU MOXKET ObITh 00YCIIOBIEHO
YBEJIMUYEHUEM TOJIIMHBI MPOIUIABIEHHOTO CJIOS W MEepepaclpeeieHueM JIETHPYIOIIEro

AJIEMEHTA, a TaKke 0oJiee HHTEHCUBHOM 3pO3Uei MaTeprasa MOKPhITUs [7].
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Tabmmua 1 — KoHneHTpanus 3JIeMEHTOB B ITOBEPXHOCTHOM CIIo€ TUTaHOBOTO crutaBa Ti-6Al-4V mocne

BosaeiictBust KIIIT Ha cuctremy Cu/Ti-6A-4V u Ag/Ti-6A-4V npu pa3IndyHbIX pekuMax, Bec. %

Ilnorrocts KoHnreHTparus 3j1eMeHTOB, Bec. %o

Uccnenyemas sHeprun Q, e
cucTeMa Jlox/cm? Ti Al V | Ag | Cu N
Ti-6Al-4V - 89,9 6,1 4,0 - - -
26 68,9 3,3 2,7 - 20,2 49
. 30 700 | 32 | 25| - | 194 | 49
CuTi-6A-4V 37 80.0 | 38 | 32| - | 94 | 36
43 82,8 4.1 33 - 5,7 4,1
26 66,5 2,7 2,3 | 20,0 - 8,5
. 30 69,1 3,7 3,1 | 16,8 - 7,3
Ag/Ti-6A-4V 37 753 | 40 | 3.4 | 103 | - 7.0
43 79,1 4.1 3,5 6,9 - 6,4

JomnonnurensHoe JerupoBanue cmiaaBa Ti1-6Al-4V  mo3Bonser chopMupoBath
MOBEPXHOCTHBIN CJIOW CO CHMKEHHBIM COoJepKaHUuEM TokcuyHoro V u Al, yto o0OyclioBieHO
BBEJCHUEM B IIEPEIUIABJICHHBIA ITOBEPXHOCTHBIN cioM B pesynbrare BosaeicTBus KIIII
JOTIOTHUTEIBHBIX 37eMeHTOB MOKphITHS (Cu mnu Ag) u mimasmooOpasyromiero rasza (N).
[Ipuuem menbielt mwioTHocTH 3Heprun 00padotku KIIIT cooTBeTCTBYIOT MEHbIINE 3HAUEHUS
koHUeHTpauun V u Al IleperaBneHHBI ClIOMl  XapakTepu3yeTcss pPaBHOMEPHBIM
pacnpenenenueM atoMoB Ti, Al u V yxe npu MunumanbHOM 3Hepruu BoznencTBus KIIII
(pucyHok 1 a), B oTiIMYME OT pacnpeaeNeHus JaHHbIX 3JIEMEHTOB Ha TTOBEPXHOCTH UCXOJIHOTO
obpasma (pucyHoxk 1 0).
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Pucynoxk 1 — Pacnipenenenue snementoB Ti, Al, V u Cu B0/ IPOU3BOIBHBIX JTMHUN Ha
noBepxHOCcTH 00pasua cuctemsl Cu/Ti-6A1-4V nocne Bosaeiicteus KITIT (0=26 Tx/cM?) (a) u
HCXO0THOTO oOpa3siia (0)

CornacHO TMpOBEACHHBIM HCCIEAOBaHUAM B cooTrBercTBUM ¢ [SO  22196:2011

YCTAaHOBJICHO, YTO CHHTC3UPOBAHHBIC IMOBCPXHOCTHBIC CJIOM HAa OCHOBC TUTaHa, MCIU HIIN
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cepebpa 00s1aat0T aHTHOAKTEPUAIBHONW aKTUBHOCTHIO B oTHOomIeHn: mrtaMMoB E. coli ATCC
8739 u S. aureus ATCC 6538 (Tabmuma 2). [Ipu 3ToM GakTepuIuaIHOE BIUSHUE aTOMOB Ag U
Cu Ha rpamoTtpunarensubeie 6aktepun E. coli Gosiee BrIpaxeHO, 4YeM Ha TPaMITOJI0KUTEITbHbIE
Oaktepuu S. aureus. bosiee BBICOKON aHTHOAKTEPUATHHOW aAKTHBHOCTBIO 0OJagaeT
noBepxHoCTHBIN cioit (Ag-Ti-Al-V), conepxaruii cepedpo.

Tabnuma 2 — OneHka aHTHOAKTepHaIbHOW aKTUBHOCTH cucTeMbl Ag/Ti-6Al-4V mocie Bo3zaeHcTBUS
KIIIT (Q=26 Ilx/cm?)

PesynbTarhl HCTIBITAHUIA
KonTponbHsiii obpazery | OnbITHBIH AnTtubakrepuan | /locroBepHocTh
(cnaB Ti-6A1-4V), oOpaser| bHas pE3yJIbTaTOB
Tecr-mramm | 1g KOE/mn (Ag(Cu)/Ti-6Al- | akTUBHOCTb WCCIIeIOBaHUN
4V), 1g KOE/mn | R=(U-Uy)- (Lmax-Lmin)/
0 yacoB 24 gaca 24 gaca (ArUp) ( Limean)<0,2
(Uo) U (A)
cucrema Ag/Ti-6A1-4V nocine Bo3aerictus KIIIT
E. coli ATCC | 4,4 43 2,1 2,1 0,1
8739
S. aureus 472 3,7 2,6 1,2 0,0
ATCC 6538
cucrema Cu/Ti-6Al-4V nocne Bo3aerictaus KIIIT
E. coli ATCC | 4,4 43 2,3 1,9 0,1
8739
S. aureus 472 3,7 3,0 0,7 0,0
ATCC 6538

Takum o6pasom, BozneictBue KIIII Ha crnaB Ti-6Al-4V ¢ nokpeituem Cu win Ag
MO3BOJISIET CHHTE3MPOBATh IOBEPXHOCTHBIE CIIOM, OOJajarone aHTHOAKTepUaIbHOM
AKTHUBHOCTBIO, C PABHOMEPHBIM pACHPEIEICHUEM JIETUPYIOIIUX JJIEMEHTOB CIUIABa,
YMEHBIICHHBIM COJIEpKaHUEM TOKCUYHBIX 37eMeHToB V u Al. BappupoBanue mapameTpos
oOpaboTku KIIII gaer BO3MOXHOCTh KOHTPOJIUPOBATH AJIEMEHTHBIM COCTaB MOBEPXHOCTHOTO

cnog cruraBa Ti-6Al1-4V.
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JluoKcuaHbIe TOHKHE MJIEHKH, 0CAK/IEHHbIE
PeaKTHBHBIM MATHETPOHHBIM pacnblLIeHHEM U UX
npuMeHeHUe B OMoMeIHIIMHe
Dioxide thin films deposited by reactive magnetron sputtering and their
application in biomedicine

C.IO0. Kapenun', IT.A. ¥Oaunnes? , B.C. ®ummmonosa?, JI.A. Kpacuobaesa® ,

C.B. I'ycakosa?, E.B. Jlucnuko', Hukurenkos H.H.! Crimuenxo B.C.!

S.Y. Karelin', P.A. Ydintcev?, V.S. Filimonova?, L.A. Krasnobaeva?,
S.V.Gusakova, E.V2, E.V. Lisichko', N.N. Nikitenkov!, V. S.
Sypchenko!.

HanmoHanbHbIi HecIen0BaTeNbCKuii TOMCKHI TTONMTEXHUYECKUH yHUBEpcuTeT', 634050 .

Tomck, np. Jleanna 30, TITY. Felista@tpu.ru!,

CuOUpCKUii TOCYJapCTBEHHBIN MEIUIIMHCKUI YHUBEPCUTET?,
634050, r.Tomck, MOCKOBCKHH TPAaKT, 2.

In the paper, we investigate the structure, elemental and phase composition TiO; coatings
that were deposited by reactive magnetron sputtering on a stainless steel surface. The film
consists of two phases: a nanocrystalline and amorphous structure, the strength of the interfaces
increases the resistance to deformation of the coating, and the absence of dislocations inside the
crystallites increases their elasticity, photocatalyst.

BBenenue
B OwomemunuHe TpHMEHEHWE IUICHOK, M3TOTOBJICHHBIX HAa OCHOBE JHOKCHJIA THTaHA
BBI3BIBACT MOBBINICHHBIN HHTEPEC YUEHBIX B TIOCIICTHHUE TOJIBI, U ONIPE/IeIsieT OMOMEIMITMHCKOS
HaIpaBJIeHuEe Kak mpuoputeTHoe. Cpelu MoTypOBOAHHKOBBIX MAaTEPHAJIOB JTUOKCH]T THTAHA
kak potokaranuzarop (PK) B mporeccax rereporeHHOro poTokaTanusa noydnsi Haubosbliee
pactpoctpanenne. Ognako @K akTUBHOCTE MPOSBIIAETCS HE BCEMU MaTEpPUAIAMHA HA OCHOBE

TiO, w 3aBUCHT OT KOMIUIEKCa (U3UKO-XUMHUYECKHUX CBOWMCTB, KOTOPBIE OMPEICIISIOTCS

ycnoBusMu nonryuenus TiOs.

MeToanka 3KcnepuMeHTa

KoMruiekcHple OKCHHHTPUIHBIE TOKPBITHS HAHOCHJIMCh METOJOM PEaKTUBHOTO
MarHeTpOHHOTO HAMbUIEHUS C WCIOJb30BaHUEM JA0OPATOPHOW YCTAHOBKH C TUIOCKUM
MarHeTpoHHBIM HCTOYHUKOM [1]. McTrounmk nurtanmst marHetpona PS MS1 oGecneumBaer
MTOCTOSTHHOE WJIM MOJIyJITMPOBAaHHOE MUTaHUE MarHeTpoHa. CuUcTeMa HayCcKa Ha OCHOBE TPEX

PETYJISITOPOB pacxo/ia ra3a, co31aeT HeOOXOAUMYIO Ta30BYIO CPELy JJIsl POIIecca HAIBIIICHUS.
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VYcTaHoBKa ynpasisieTcsl IporpaMMUpyeMbIM KoHTposuiepoM. [lomaya miazmooOpasyroiero
ra3a MpoMCXOJAUT HEMOCPEACTBEHHO BHYTPh aHOJHOTO 0JI0Ka — 30Hy MarHeTpOHHOTO pa3psija,
no3BoJisisl  3QQPEKTUBHO MPOBOAMTH PEAKTUBHOE OCAXKACHHS MOKpbITHH. JluckoBas
MarHeTpoHHas pacnbliuTenbHas cuctema (MPC) BeimonHeHa B BHAE MOHOOIJIOKA,
MIpe/ICTaBISAIONIero co0oil KOpImyc — aHo/A C pa3MEIICHHBIM BHYTPU HETO KAaTOJHBIM Y3JIOM.
[IpunoxxeHneM K MOJJIOKKE OTPHUIATEIBHOTO AJIEKTPUYECKOTO CMEUIEHUS] B MarHETPOHHOM
METOJIe OCAXKJEHHS JOBOJIBHO MPOCTO OCYLIECTBUTh HOHHOE OOiyueHue IuieHok. K anomy
MOJIKJIFOUEHA CHCTEMa UMITYJIbCHOTO OTPULIATEIHHOTO CMEIICHHUS, TT03BOJISAONIAs TIPUHUMATh
Cr€HEpUpPOBAaHHbIE CHTHAJbl OT HWCTOYHMKA THMTAHUA MarHeTpoHa, oOecreynBarouas
CUHXPOHHBII UMITYJIbC pa3psla Ha KaToJle U UMIYJILC CMEIEHHUS Ha aHOJe. DHEPTus UOHOB,
60MOapIUPYIOLIMX PACTYIIYI0 OBEPXHOCTh, ONPEAEAETCS €€ MOTEHLUAIOM OTHOCUTEIBHO
IUIa3MEHHOTO TMOTEHIMAaNa, a TNIOTHOCTh MOHHOTO MOTOKAa — IUIOTHOCTBIO MpHIIETAIoOUIe K
noanoxkke miuasMel [1]. B Hacrosieil pabore BIepBble HCCIENYeTCs BIUSHUE HOHHOMN
00MOapIMpPOBKH MPU MarHeTPOHHOM HAIbUIEHUU Ha CTPYKTYPY OKCHHUTPUIHBIX TUIEHOK Ha
Mo I0KKax u3 Heprkaseromieit cramu (SS; 12X18H10T). B kauecTBe turazmooOpa3sytomiero ra3a
ucrnoip3oBajgach cMmech kuciopoaa (0Oz). ng mnoidydyeHUs TMOKPBHITUM HCIIOJIb30BAUCH
CJIeIyIoIIre TapaMeTphl HANbICHUS: MaTepuai katona — T1, pabodee naBieHue B kamepe - 10
'Tla, momuOCTE 1kBT, TOK 3 A, HaNpsKEHUE OTPHIATENBHOTO cMemenus U, cocTaBisio -60
B u -100 B. CootHomenue napiuanpHoro nasieHus razoB O /Ar: a) p(O2)/p(Ar) = 1/1 nns
TiO2 Uen=-60 B, 6)p(0O2)/p(Ar) = 1/1 nns TiO2 npu Uey=-100 B B) p(O2)/p(Ar) =3.5/0.05 nns
Ti0; 6e3 cmemenus. Bpems ocaxaeHus: coctaBisuio 60 MUHYT I BCEX PEXHMOB.
Mopdonoruss NOKpPHITUH HCCIEIOBaNach C IOMOIIBIO pacTpoBasi AJIEKTPOHHOU
MHKpockonuu Ha MuKpockorie Quanta 400 FEG, mepoxoBaTOCTh € MOMOIIBI) MEXAHUYECKOTO
npodunomerpa Dektak 6M.
Pe3yabTarsl n 00CyKaeHHE
Ha puc. 1 npusenen cnexktp pamanockoro cMmemieHus oopasna TiOz (Uen=
- 100 B). Cmiexktp cooTBeTcTBYeT (ha3ze aHaTaza, MPUCYTCTBYIOT MUKH, OTBEYAIOITUE JIBAXK]IBI
BBIPOXKIEHHBIM MOJIaM Kojiebanuii ontuaeckux GoHoHoB: Egi (144 cm™), Eg2 (199 cM™') n Egs
(640 cm™!). B cnekrpe pamanosckoro cmemenus #03 TiO2 (Uew= -100 B)  moMunupyromei
dasoit senserca pasa anatasa: Eg (143 cm!), Eg2 (199 em!) m Eg3 (645 em!), Big (513 em™) m

IIUKHU OIITUYCCKUX (1)OHOHOB, COOTBCTCTBYIOIIIHME aTOMaM XKEJIC3a. I/ISBCCTHO, YTO OKCHJ TUTaHa
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CYLIECTBYET B Tpex Mojaupukanusx: OpyKUT, aHaTa3, pyTwi. OAHako A0 CHX MOp HET
JIOCTOBEPHBIX KOPPEJIALHA,

CBA3bIBArOIINX (1)0TO AKTUBHOCTH C

um, 144 KaKAM-JTH00 CBONCTBOM
2001 MTOBEPXHOCTH. Tonbko u3
20000 4
AKCIIEPUMEHTAITbHBIX JTAHHBIX
w 160004 .
D) - U3BECTHO, 4YTO  HauOombIIeH
5 140 (hoTOoKaTATUTHIECKOM
5 1200 AKTUBHOCTHIO O0JIaIal0T 0Opa3IlhI
g 100 TiO> C  KPUCTAUIMYECKOM
G B0 i
5 CTpyKTypoii  anaraz [1] wu
= 60004
L - UMEIOIIHE CIIBUT Kpast
2000 (GbyHIaMEHTATBHOTO TIOTJIOMIEHHUS
0 MO3BOJISIET TMPUMEHSTh JaHHBIE
0
. | TJICHKA B KadecTBe
PamanoBekuit ¢Br, oM
(hOTOKATATUTHYECKUX TTOKPBITHIA.
Puc.1. y
. CTAaHOBJICHO 9TO MEKT
Crnextp pamanoBckoro cmemierust Ti0; (Uew=-100 B) c > ClHeKTp
yKa3aHUEM ToUeK OT IHa kKpatepa (1) 1o moBepXHOCTH KOMOWHAIIMOHHOTO PACCESTHUS JIJIS
ieHku (7).
YaCTHI] TTOTYTIPOBOTHUKOBBIX

MaTepHuaJoB MEHSAETCS IpPU M3MEHEHHWU HMX Pa3MepoB B HaHOMETpOBOHM obnactu [1]. Ora
3aBUCHMOCTH BCerJa ObIBaeT pa3Hoil U ompezaensercss (a3oBbIM COCTaBOM, TUCIEPCUOHHBIM
pa3MepoM YacTull, 3JIEMEHTHBIM cocTaBoM. COTrjacHO JIMTEPATypHBIM JaHHBIM [2] B cEKTpe
PaMaHOBCKOTO paccesHusl aHaTa3a MPHUCYTCTBYIOT TpU TMHKa JABAXKIbl BBIPOKIACHHBIX
Kosie0aHUI ONTHYECKUX (OHOHOB, 0003HauaeMbIX Kak: Egi, Eg, Eg3 nuku. OHu pacnionararorcs
npu 144, 199 u 640 cm' 1 2 Big (390 1 520 cm!) cooTBETCTBYOIINE HEBBIPOKIAEHHBIM MOJAM
Kosebanuii onTnueckux (GoHoHoB. Hanbonee MHTEHCUBHBIM U3 HHUX sABIsSeTCS MUK 144 cm!
(Eg1), oH ke u Oonee unpopmatuBeH (pucyHok 1 u 2). Bocrmpons3BoaumMocTs U3MepIeMoro
3HaueHUs 4acToThl muka Eg1 B mporecce M3MepeHHi NaHHOM paboThl YKIIaJbIBaOCh B
3Hauenne + 0.01 am. Kak BUsiHO, U3 crieKTpa KOMOMHAIIMOHHOTO paccestHus aiist oopasna Ti0»
(pucyHok 1) co cpegHum pazmepoM yacTull 8.2 HM — yacToTta kojedanus Egy npumepno B 10
pa3 MeHee WHTEHCUBHA, 4yeM 1 oOpasuoB TiO; (pucyHok 2). JIuHMM pamMaHOBCKOIO

paccestHUs CUIIbHO yIMpeHsl i oopasua TiO: ( puc. 1).
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Oxynitride thin films deposited by reactive magnetron sputtering
and their application in biomedicine

C.I0. Kapenun', IT.A. YOaunnes? , B.C. ®ummmonosa?, JI.A. Kpacunobaesa® ,

C.B. I'ycakosa?, E.B. Jlucnuko', Hukurenkos H.H.! Crimuenxo B.C.!

S.Y. Karelin', P.A. Ydintcev?, V.S. Filimonova?, L.A. Krasnobaeva?,
S.V.Gusakova, E.V2, E.V. Lisichko', N.N. Nikitenkov!, V. S.
Sypchenko!.

HanmoHanbHbIH Uccaen0BaTenbCcKuii TOMCKHI TTOMMTEXHUYECKUH yHuBEpcuTeT', 634050 .

Tomck, np. Jleanna 30, TITY. Felista@tpu.ru!,

CuOUpCKUii TOCYJapCTBEHHbINA MEIUIIMHCKUI YHUBEPCUTET?,
634050, r.Tomck, MOCKOBCKHUH TPAaKT, 2.

In the paper, we investigate the structure, elemental and phase composition Ti-O-N
coatings that were deposited by reactive magnetron sputtering on a stainless steel surface. The
film consists of two phases: a nanocrystalline and amorphous structure, the strength of the
interfaces increases the resistance to deformation of the coating, and the absence of dislocations

inside the crystallites increases their elasticity. At saturation in the plasma on the surface of the
films formed oxy-hydrides.

BBenenune

B nocnegnee BpeMss MMeEETCS OTYETJIMBBIM HHTEPEC K CO3IAHUI0 OKCHHHUTPHUIHBIX
MMOKPBITHI TUTaHA, TAK KaK COOTHOIICHHUE KHCIOPOI/a30T B UX COCTABE MPUBOIUT K IMOSIBIICHHIO
HEOXXKHJTAHHBIX W MHOTOOOEIIAIONINX CBOMCTB MOKPHITHI MO3BOJSIONIUX WX MPUMEHSATH B
obnmactu OuomenuiuHbl. llenbro Hactosmield pabOThl SBISETCS WCCICAOBAHUS CTPYKTYPHI,
3JIEMEHTHOTO COCTaBa IUIEHOK OKCHUHUTPHAA TUTAHA, OCAXIEHHBIX METOJOM PEAKTUBHOTO
MAarHeTPOHHOTO PACTIBUICHUSI.

MeToanka 3KCnepuMeHTa
KommekcHble  OKCHHUTPUIHBIE MOKPHITHS HAHOCWUIIMCh METOJOM  PEaKTUBHOTO
MAarHeTPpOHHOTO HAMbUICHUS C MCIOJb30BaHUEM JA0OPATOPHOW YCTAHOBKH C TUIOCKUM

MarHeTpoHHbIM HCTOYHUKOM [1]. McTtounmk muranust marHetpona PS MS1 oGecneumBaer
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MOCTOSIHHOE WJIM MOJYJIMPOBaHHOE NMHUTaHWE MarHeTpoHa. CucreMa Halycka Ha OCHOBE TPEX
PETyJISITOPOB pacxo/ia ra3a, Co3aeT He0OXOAMMYIO ra30BYIO Cpeay s Mpoliecca HalbIIeHHUS.
YcTaHoBKa ynpasisieTcsl MporpaMMUpyeMbIM KoHTposuiepoM. [lomaya miazmooOpasytoiero
ra3a MpoMCXOJAUT HEMOCPEACTBEHHO BHYTPh aHOJHOTO 0JI0Ka — 30Hy MarHeTpOHHOTO pa3psija,
no3BoJsisl  QQPEKTUBHO MPOBOAMTH PEAKTUBHOE OCAXKACHHS MOKpbITHH. JluckoBas
MarHeTpoHHas pacnbiiuTensHas cuctema (MPC) BeimonHeHa B BHAE MOHOOJOKA,
MIpeICTaBISAIoNIero co0oil KOpImyc — aHo/A C pa3MEIICHHBIM BHYTPU HETO KAaTOAHBIM Y3JIOM.
[IpunoxxeHneM K MOJJIOKKE OTPHUIATEIBHOTO AJIEKTPUYECKOTO CMEUIEHUS] B MarHETPOHHOM
METOJIe OCAXKJEHHS JOBOJIBHO IPOCTO OCYLIECTBUTh HOHHOE OOsydeHue IuieHok. K anomy
MOJIKJIFOUEHA CHCTEMa UMITYJIbCHOTO OTPULIATEIHHOTO CMEIICHHUS, TT03BOJISAIONIAs IPUHUMATh
Cr€HEpUpPOBAaHHBIE CHTHAJbl OT HWCTOYHMKA THMTAaHHUA MAarHeTpoHa, oOecreynBarouas
CUHXPOHHBII UMITYJIbC pa3psla Ha KaToJle U UMIYJILC CMEILIEHHUS Ha aHOJie. DHEPTUs UOHOB,
O60MOapIUPYIOLIMX PACTYIIYI0 OBEPXHOCTh, ONPEAEIAETCS €€ MOTEHLIHUAIOM OTHOCUTEIBHO
IUIa3MEHHOTO TMOTEHIMAaNa, a TNIOTHOCTh MOHHOTO MOTOKAa — IUIOTHOCTHIO MpHIIETAoUIe K
noanoxkke miuasMel [1]. B Hacrosmieit pabGore BIepBble HCCIENYeTCS BIHUSHUE HOHHOMN
00MOapIMpPOBKH MPU MarHeTPOHHOM HAIbUIEHUU HAa CTPYKTYPY OKCHHUTPUIHBIX IUIEHOK Ha
MoUIOKKax u3 Heprkaseromieit ctamu (SS; 12X18H10T). B kauecTBe turazmooOpa3sytomiero ra3a
ucrnosbp3oBajgach cmech kuciopoaa (Oz) m azora (N2). [nsg nomydeHuss NOKPBITUN
WCIIOJIb30BAJINCh CIEAYIOIIEe TapaMeTpbl HambUIeHHWs: Marepualn karoga — Ti, pabouee
JTaBJICHHE B KaMepe - 107" T1a, momHoCcTs 1KBT, TOK 3 A, HANPSDKEHUE OTPULIATEIBHOTO
cMemenust U, coctapisuio -60 B u -100 B. CooTHolIeHHE MapuuaibHOTO JaBJICHUS ra3oB N»
/O2: a) p(N2)/p(O2) = 1/1, 06)p(N2)/p(02) = 2/1, B) p(N2)/p()2) = 3/1. Bpems ocaxnaeHus
cocTaBisuio 60 MUHYT JJI BCEX PEKUMOB.

Mopdosoruss NOKpPHITUH HCCIEIOBaNach C IOMOIIBIO PacTpoBasi AJIEKTPOHHON
MHKpockonuu Ha MuKpockorie Quanta 400 FEG, mepoxoBaToCTh € MOMOIIBI) MEXaHUYECKOTO
npodunomerpa Dektak 6M.

Pe3yabTarhl H 00CyKaeHHE
UccnenoBanuss mopdosoruu MOKPHITUH  METOJIOM  CKaHUPYIOLIEH 3JIEKTPOHHOMN
MHUKpPOCKOIMH TIOKA3bIBAIOT, YTO TOJYYEHHbBIE IOKPBITUS SIBISIETCA OJHOPOJHBIMH, U HE

coziepkaT BUAUMBIX JedeKkToB (pUCyHOK 1). COOTHOIICHHE MapIUaIbHOTO JaBICHUS Ta30B N

/02: a) p(N2)/p(O2) = 1/1, 6)p(N2)/p(0O2) = 2/1, B) p(N2)/p()2) = 3/1 (puc.1).

CTpykTypa TOKpBITHSI MEJIKO3EPHHUCTAsl, OCHOBHBIMHM 3JEMEHTAMU CTPYKTYPBI

MOKPBITUS SABISAIOTCS ceprueckue (pparMeHTsl («3epHa»), KOTopble (OPMUPYIOT CTPYKTYPY
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nokpeiTusi. C yBenmdyeHueM a3zoTa B armocdepe m0 70 mpomeHTOB 00pa3yeTcsl IUIOTHas
CTPYKTYpa C MaJO3epPHBIMH CTOJIOIIaMHU.

[ITepoxoBaTOCTh MOBEPXHOCTH TMOJIOKKHU TOCTE MOTHPOBKU cocTaBuia R.= (32—40)

Puc. 1. COM-u300pakeHHE TOMEPEYHOro CEUSHHS TUIEHOK, HaHeCeHHBIX B pexume Uqy= 0 B mipu
pa3IMYHOM MacCOBOM COOTHOIIIEHHH pacxoaa N»/Ox B coctaBe arMocdepsr: a)0; 0) 1; B) 2.

HM. Ilocie mNOMMPOBKM MPOBOAWIOCH OO0E3XKUPHUBAHHWE IUIACTUH M ABYXCTYIEHYATOE
MIPOMBIBAaHHE B YJIbTPa3BYKOBOM BaHHE C UCIIOJIb30BAaHUEM CITUPTA U TUCTHILTUPOBAHHOM BOJIBI.

Kak BugHO u3 pucyHka 2, TOKpHITHS CGOPMUPOBAHHBIE B PEKUME OCAXKICHHS TMpU

Puc. 2. COM-u300pakeHre MONEPEYHOTO CEUCHHS TUICHOK, HaHeCeHHBIX B pekume Ucqy= -100 B
[IPH Pa3IMYHOM MacCOBOM COOTHOIIEHHH pacxonaa N»/O; B coctaBe armocdepsr: a)0; 0) 1; B) 2.

orpuniatrenbHoM HampsikeHUH Ucy= -100 B mMmeroT HewyeTkyro TpaHUIly 3€peH, HO TpH
YBEIIMYEHUHU KOHIIEHTPAIUH a30Ta (puc. 2 B) MOBEPXHOCTh CTAHOBHUTCS O0JIee TIIaaKOi.
Mopdonorust u 1mepoxoBaToCTh MOBEPXHOCTH HMIUIAHTATa UIPAlOT 3HAUUTENBHYIO
POJIb TIpH aIcOPOIIUN MOJIEKYJI, OEJIKOB M KJIETOK Ha MOBepXHOCTh. Hu3Kas mepoxoBaToCcTh
(BBICOKMH KJIAaCcC) YJIy4YIAeT CBOWCTBA TI'€MOCOBMECTHUMOCTH TMOKPBITHH, HaXOSIIUXCS B

KOHTaKTe ¢ IIa3Moi KpoBu. B 3aBHCHMOCTH OT 001acTy MpUMEHEHHS U (PYHKIIMOHUPOBAHUS
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MMIUTaHTaTa TPEOOBaHUS K IIEPOXOBATOCTH MOBEPXHOCTU MOTYT oTiiMuaThes. Kietka kpoBu,
HaxXo/sICh BO BHAJMHE, OOPa30BAHHON MIEPOXOBATOCTHIO MOBEPXHOCTHU, MMEET OONbIIYIO
IUIOLIa/Ib KOHTAKTa ¢ CyOCTpaToM, 4eM Ha TJIaJKOW MOBEPXHOCTH, OCKOJIbKY 3aJeHICTBOBAHO
Oosblllee YUCIIO PELENTOpOB, a, CJIEJOBATENbHO, KIETOYHAs aJre3usl YCHINBAETCS.
[IlepoxoBaToCTh BIMSET TaK)Ke Ha MPOLECC AKTUBHOM MUTPALIMU KIIETOK IO MOBEPXHOCTH [2].
C nomompio Merona ACM Obl1 M3MEpeH mapaMeTp IuepoxoBaTocTd Ra, pesynbraTe
YBEJIMUEHUS COAEepKaHUS a30Ta B peakTUBHOM aTMocdepe, cpeiHeapuPpMeTuyecKuil mapameTp
iepoxoBaTocTd MOBepXHOCTH (Ra) yMeHblIaercs, 4YTo MNPUBOIUT K (HOpMHpPOBaAHUIO
OTHOCHUTEJIBHO TJIaJKON MOBEpXHOCTH. CHIKEHHE 3HA4YEHHWM MapaMeTpoOB IIEPOXOBATOCTH,
noytydeHHble MeTos1oM ACM, noaTBep:k1at0Tcs NpoduIoMeTpUIECKUMU U3MEPEHUSIMH BJIOJTb
6azoBoil nmuHUM paBHOH 6 MM. CpenHeapudmeTnueckuil mapamerp Ra ams moBepXHOCTH
CTaJIbHOM Mo 10kKKHU cocTaBisieT (35—40) HM, cooTBeTCTBYIOIMM 12a Kinaccy, KOTOPBIA HUXKE
KJIacca IIEpOX0OBaTOCTH Jis OBepXHOCcTel ¢ tuéHkamu (kiacc 126,B). 3HaueHus mapameTpa
IUISL TIOAJIOKKH cocTaBI R.= 250 HM?, s nokpeiTsi co cmemenneM Ueq= -100 B (N2/02

=1/1): R= 1.6 £ 0.1 HM? , a uid Uey=-100 B (N2/02=3/1): R=1.3£0.1 HMZ.
BeiBOABI:

[Inenkun ocaxxaeHubie B pesxkume cMemeHust Uey = - 100 B Ha momioxku u3
Heprkaseromeit ctanu 12X18H10T nmpuBoaUT K MOBBIIEHUIO KJlacca MIEpOXOBATOCTH ¢ 12a
(40 am) 1o 12B (21 um). [ToBeIIIEHHE KiTacca MEPOXOBATOCTH TOBEPXHOCTH JIJIS CEPACIHO-
COCYJIMCTBIX UMIUIAHTATOB SIBJISCTCS OJIaronpusATHBIM (GaKTOPOM, MMOCKOJIBKY TJIaaKast
TMOBEPXHOCTh HE MPEACTABISAET MPETSITCTBUHN I KPOBOTOKA U HE 3a/IepKUBaeT (hOPMEHHBIE
AJIEMEHTHI, HAXOIAIINECS B TJIa3Me KPOBU (3PUTPOIMTHI, JICHKOIIUTHI, TPOMOOITUTHI),
CKOIUIEHUE KOTOPBIX MOKET BBI3BATh MOJHOE WJIM YaCTUYHOE MEPEKPHITUE MTPOCBETA COCY/Ia

WK apTCPUH, YTO BIIOCIICACTBUHU IIPUBOAUT K SMOOJIHH.
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