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HOW CAN TEMPERATURE DRIVE NANOPARTICLE TRANSFORMATION
WITHIN COMPOSITE SYSTEMS SUBMITTED TO SWIFT HEAVY ION BEAMS?

C.Dufour?, V. Khomenkov?, GC.Rizza®, F. Gourbilleau*

1CIMAP, Normandie Univ., ENSICAEN, UNICAEN, CEA, CNRS, 6 Boulevard Maréchal Juin
14050 Caen Cedex 4, France

?Institute for Nuclear Research, 47 Nauky Ave., Kiev 03680 Ukraine
$Ecole Polytechnique, L.S.1., CEA-IRAMIS-CNRS, Palaiseau Cedex 91128, France

The biological and chemical interests of nanoparticles have been proved for several
years. Starting from initial composite structures — in particular spherical metallic nanospheres
embedded in insulating matrices - swift heavy ion irradiation allows the shaping of the
nanostructures [1] such as elongation into prolate particles or formation of antennas.

Few-nm sized gold, platinum and palladium nanoparticles were deposited on amorphous
silicon nitride films. These films were irradiated with 420 MeV Au and 100 MeV Xe ions.
The desorption of the Au, Pt and Pd nanoparticles from the target surfaces upon ion impact
has been linked to the temperature distributions of thermal spikes produced by these ions. It
was found that the temperature of the thermal spike produced by 420 MeV Au is higher than
100 MeV Xe. The observed temperature of the thermal spike at the entrance surface is slightly
lower than that at the exit surface both for 420 MeV Au and 100 MeV Xe ions. These results
can be well explained by the inelastic thermal spike model [2].

The morphology of swift (167 and 220 MeV) Xe ion induced latent tracks in
Y, Ti,O7 nanoparticles in foils and targets prepared from hundreds microns thick irradiated
oxide dispersion strengthened (ODS) steel has been interpreted by the thermal spikes
appearing along the ion path [3].

As a last example we report the work of Compesh Pannu [4] concerning AuFe alloy
nanoparticles embedded in silica matrix synthesized using atom beam sputtering technique
and subsequently irradiated with 100 MeV Au ions at various fluences ranging from
1 x 10" to 6 x 10" ions/cm?. Swift heavy ion irradiation leads to decomposition of AuFe
alloy nanoparticles from surface region and subsequent reprecipitation of Au and Fe
nanoparticles occur. The process of phase decomposition and reprecipitation of individual
element nanoparticles is explained on the basis of inelastic thermal spike model [5].

We have been developed for two decades the thermal spike model and more recently a 3D
version dedicated to the study of nanoparticles [6].

The ion target is considered as a two component system, on the one hand the electrons
and on the other hand the atoms. Each subsystem is characterized by its own thermal
properties (electronic density (de,d,), specific heats (C, and C;) , thermal conductivity (K. and
Ka), characteristic temperatures (melting Tr,, vaporization T,, latent heat AH of phase change.
Moreover we consider the electron-phonon interaction which describes the energy transfer
between electronic and atomic subsystems. A set of two coupled equations gives the
electronic Te(x,y,z,t) and lattice Ta(X,y,z,t) temperatures as a function of time and space
coordinates:

aT,

Ce a—: = div(K.grad(T,) — g(T, — Tg) + Ac(x,¥,2,t)
T,

Cq a—t“ = div(Kograd(T,) + g(Te — To) + An(x,¥,2,1)



A¢ and A, are the energies deposited per unit length by the incoming ions on the target
electrons and atoms respectively. The calculation box is depicted in figure 1. The plane (x,y)
is perpendicular to the ion path, (xo,Yo) are the coordinates of the ion impact and (xc,y.,zc) are
the coordinates of the particle center.
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Figure 1 : Calculation box

The thermal parameters are temperature dependent and follow the laws described in
Figures 2 (left) and 3 (right).

10— = — 5 i aes
T\ 10°
10° —~
g <
"’E 10’ 1327 T A 1347 S
S 2 i
S = S 10
6/ 10 P M
10'1 T e electronic lattice el electronic lattice
........... AA“ asnesss  comm— $ Aii Sanvene
............... SIOjasssss | 10° SI0]sessres’ e
10 = T i . | :
3x10°  10°  3x10°  10°  3x10°  10°  3x10° 3x10° 10" 3x10°  10' 3x10'°  10°  3x10°
Figure 2: Electronic (Ce in dotted lines) and Figure 3: Electronic (Ke in dotted lines)
atomic (Ca in solid lines) specific heats of Au and atomic (Ka in solid lines) thermal
(blue) and SiO, (red) as a function of temperature conductivities of Au (blue) and SiO, (red)
(from ref. ) as a function of temperature (from ref. )

The electron—phonon coupling constant g is related to the electron—phonon mean-free path A.
Using an empirical relation between A and bandgap (5.3 eV for crystalline SisNg), A is
estimated to be 4.3 nm for crystalline SisN4 [7]. In the same way the coupling for SiO, comes
from ref. [8], whereas for gold it has been extracted from [9].

The behaviour of metallic nanoparticles under swift heavy ion irradiation has been described
by Rizza et al. [10], then the case of gold nanoparticles (150 A in diameter) embedded in a
bilayer film (SiO, (400A thick) / SisN4 (400 A )) and located at the SiO,/SisN, interface is
investigated hereafter in detail.

The following figures show the temperature profiles at different times after the ion
impact. We show the dynamics of ion energy deposition, energy diffusion on the electrons,
energy transfer to the lattice and finally lattice heating.

If we interpret figure 4.6, we can infer that the melting temperature of each material
has been exceeded, so that during a very short time, a flow of matter is made possible. After a



quenching phase, the final form of the particle is close to the experimental one: the elongation
of the particle is more visible in the SiO, part than in the Si3N, part.
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Figure 4: Temperature profiles after a 74MeV Kr irradiation of gold nanoparticles
located at a SiO2 / Si3N4 interface (showed by a white dotted line)

The possible matter diffusion may then explain the shaping of nanoparticles..
We treat the particular case of hollow nanoparticles [11] and show the temperature”s profiles
as a function of time.
Finally, ODS steels consisting insulating nanoparticles embedded in a metallic matrix are
used as cladding materials in generation IV sodium fast reactors. Their compositions make
them resistant to high doses of irradiation. Temperature profiles as a function of time are
given in the case of SiO, nanoparticles embedded in a metallic matrix [3].



We show in the figure below the time evolution as a function of particle size (16nm
and 20nm in diameter respectively).
In the framework of size effect we describe the size dependence of each thermodynamic
parameter and provide the temperature profiles as a function of particle size.
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The 3D version of the thermal spike model aims at understanding the transformation of
composite nanomaterials under irradiation with swift heavy ions. It has been developped and
used for several years particularly in connection with the experimental work of GC Rizza et
al. from Laboratoire des Solides Irradiés — Ecole Polytechnique — Palaiseau —France and of
the theoretical work (implementation of the computational code) by Vladimir Khomenkov
from Institute for Nuclear Research, 47 Nauky Ave., Kiev 03680 Ukraine.
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ION IRRADIATION IMPLANTATION OF METAL IONS INTO SINGLE AND
DOUBLE LAYER GRAPHENE

E. H. Ahlgren’, A. Markevich” and E. Besley”

“School of Chemistry, University of Nottingham, Nottingham, United Kingdom, e-mail:
harriet.ahlgren@nottingham.ac.uk

A surge in research for new functionalities for graphene has risen since the experimental
discovery of the material. Often this means that the pristine form of graphene has to be
modified in one way or other. One way of altering the atomic lattice and hence the material's
properties, is to introduce different atomic species in it, simultaneously opening new
applications for the material. Metal decorated graphene offers an attractive material for light,
low dimensional magnetic ordering and spintronics [1]. Graphene-metal hybrids have been
proposed for applications in electrocatalysis, fuel cells, energy production and storage, as well
as electrochemical sensing [2].

Metal adatom on pristine graphene is mobile at room temperature, the metal having a
binding energy of 0.2-1.5 eV, and a migration barrier of 0.2-0.8 eV depending on the atomic
species [3]. Trapped in a single or double vacancy, the migration barrier increases to about
2.1-3.6 eV for single vacancy, and to 5 eV for double vacancy, indicating that the metal atom
loses its mobility and is effectively trapped in the vacancy. Single metal atoms in larger
vacancies, and larger metal clusters in mall vacancies are seen to escape at room temperature
[4]. Therefore, it is desirable to trap single metal atoms in small vacancy defects in graphene
in order to create stable configurations at room temperature. Previous studies show trapping
of metal atoms in graphene vacancies, that are created prior introducing the metal atoms, by
electron or ion beam irradiation [4,5,6]. Our aim is to map the possibility of using low energy
ion beam irradiation for direct implantation of metal atoms in single and double layer
graphene. In this method the metal ion first knocks out a carbon atom from the graphene
followed by the metal filling the empty site in the lattice. By minimizing other defects created
during the process, ion irradiation offers an attractive method for direct metal implantation in
graphene. Similar process has previously been used to directly dope graphene and carbon
nanotubes with boron and nitrogen ions [7,8,9].

We study the implantation of metal ions into graphene by molecular dynamics

simulations, and map the efficiency of trapping by investigating a wide range of energies,

12



angles, graphene thicknesses and ion species. The results will then guide us to design metal
implantation experiments for graphene in the future.

In single layer graphene the effects of ion impact can be divided in four main categories:
the ion detaches exactly one carbon atom that is sputtered and takes it place in the lattice (sv-
substitution), the ion detaches two carbon atoms and takes their place in the lattice (dv-
substitution), adatom in which the ion settles on top of the lattice but no carbon atoms are
sputtered, and the ion goes through the graphene sheet and ends up in vacuum. An example of
an irradiation event leading to a sv-substitution is shown in Figure 1. Our simulation results
show the highest vacancy trapping probabilities at 80 eV for perpendicular irradiation angle,
and at 100 eV at 45° off the normal of graphene for both studied ions, Ge and Pt. In general
the probability of substitutional trapping is higher for Ge than for Pt. At perpendicular
irradiation the maximum probability for sv-substitution is about 0.4 for Ge, and about half of
that, 0.21 for Pt. The highest probability for sv-substitution is seen for Ge, for which 64% of
all the ions shot towards the target at 45° angle and at the energy of 80 eV end up in this
configuration. The probabilities for Ge ion to end up in each of the four main configurations

is shown in Figure 2.

Figure 1. Snapshots from a molecular dynamics simulation describing the process of single
vacancy substitution. The ion first knocks out one carbon atom and then takes its place in the
lattice. In the end the metal ion has three nearest neighboring carbon atoms and is slightly
pushed off from the graphene plane.

13
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Figure 2. The probabilities for the ion to end up in different configurations after an ion impact
in single layer graphene after irradiation with Ge ions at different angles. Also the sputtering
yield of carbon atoms from graphene is shown in gray, i.e. the average number of carbon
atoms sputtered per impact ion (note that the y-scale values represent both probability and
yield, and therefore extend beyond one).

In experiments graphene is often placed on a supporting material, a substrate. The system
consisting of double layer graphene is essentially single layer graphene placed on the thinnest
possible substrate, another single layer of atoms. Regarding ion irradiation, the substrate's
surface creates a second barrier in the ion's path. This might allow trapping of ions in between
the layers creating blisters or clustering of metal ions between the layers, as has previously
been reported for graphene on metal substrate after noble gas irradiation [10].

In the double layer system the ion can be implanted either in the first or the second layer,
or then trapped in between these two. The most prolific energies to trap Ge or Pt ions between
the layers are found at energies between about 40-80 eV for perpendicular irradiation and
between 70-100 eV for 45° off the normal of the graphene surface, with the probability being
close to one at these energy ranges. The trapping probabilities for both ions are shown in

Figure 3.
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Figure 3. The ion's position after the impact in double layer graphene shown as a probability
for the ion to end up in different places in the system. The system is divided roughly in slabs
of 4 A in height (the z-coordinate), and the colors indicate the ions found in each slab. Dark
gray indicates the ions probability to be reflected back to vacuum in the direction it came
from, light gray indicates the the probability for the ion to be implanted on top of the first
graphene layer, light blue the probability of the ion to end up between the two graphene
sheets, red the probability of the ion to end up immediately below the second layer, and the
dark blue the probability of the ion to go through the whole system and end up in vacuum
underneath both layers.

Comparing the sputtering yields of carbon atoms from graphene in both the single layer
and double layer systems after irradiation, we see that at low irradiation energies the
sputtering yield is higher for single layer than for double layer. After the energy of about 200
eV the trend is reversed and the sputtering from double layer system exceeds the single layer
one. The only exception is Pt at 45° for which the energy is somewhat higher, 350 eV. The
sputtering yields are shown in Figure 4 as a function of the energy for both ions at different

irradiation angles.
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Figure 4. The sputtering yields of carbon atoms from graphene after the impacts of individual
Ge and Pt ions to pristine target at different angles and ion energies. The vertical blue and red
lines depict the energies, in which the sputtering yield from double layer graphene exceeds
that of single layer graphene.

1. O. V. Yazyev, Rep. Prog. In Phys. 73 (2010) 056501

2. M. Giovanni, H. L. Poh, A. Ambrosi, G. Zhao, Z. Sofer, F. Sanék, B. Khezri, R. D.
Webster, M. Pumera, Nanoscale 4 (2012) 5002

3. A. V. Krasheninnikov, P. O. Lehtinen, A. S. Foster, P. Pyykkoé, R. M. Nieminen, Phys.
Rev. Lett. 102 (2009) 126807

4.J. A. Rodriguez-Manzo, O. Cretu, F. Banhart, ACS Nano 4 (2010) 3422

5. A. W. Robertson, B. Montanari, K. He, J. Kim, C. S. Allen, Y. A. Wu, J. Olivier, J.
Neethling, N. Harrison, A. I. Kirkland, Nano Lett. 13 (2013) 1468

6. Y. Y. Wang, R. X. Gao, Z. H. Ni, H. He, S. P. Guo, H. P. Yang, C. X. Cong, T. Yu
Nanotech. 23 (2012) 495713

7. E. H. Ahlgren, J. Kotakoski, A. V. Krasheninnikov, Phys. Rev. B. 83 (2011) 115424

8. U. Bangert, W. Pierce, D. M. Kepaptsoglou, Q. Ramasse, R. Zan, M. H. Gass, J. A. V. den
Berg, C. B. Boothroyd, J. Amani, H. Hohnéss, Nano Lett. 13 (2013) 4902

9. J. Kotakoski, A. V. Krasheninnikov, Y. Ma, A. S. Foster, K. Nordlund, R. M. Nieminen,
Phys. Rev. B, 71 (2005) 205408

10. C. Herbig, E. H. Ahlgren, T. Michely, Nanotechnology 28 (2017) 055304

16



BISMUTH COMPOUND NANOSTRUCTURES BY SWIFT HEAVY ION-TRACK
TECHNOLOGY AND THEIR THERMOELETRIC APPLICATIONS

M.E. Toimil-Molares!, M. Cassinelli*?, K.-O. Voss?, C. Trautmann*?

! Material Research Department, GSI Helmholtz Centre for Heavy lon Research GmbH,
Planckstrasse 1, D-64291 Darmstadt, Germany, e-mail: m.e.toimilmolares@agsi.de;
2 Technische Universitiit Darmstadt, Material- und Geowissenschaften, Petersenstrasse 23,
D-64287 Darmstadt, Germany

Device based on thermoelectric (TE) materials are able to convert thermal energy into
electrical energy by means of the Seebeck effect. Conversely, supplying current through a TE
device generates a temperature gradient by means of the Peltier effect. This makes TE devices
an attractive potential pollution-free source of energy, as well as suitable for applications in
e.g. cooling systems and sensorics. The TE efficiency of a material can be assessed by the
dimensionless figure-of-merit ZT = [S%6T/(x. + k)], Where S is the Seebeck coefficient, o the
electrical conductivity, x. the charge carrier thermal conductivity, x_the lattice thermal
conductivity and T the absolute temperature [1].

In bulk materials, S, o and k are interdependent, making the increase of ZT very
challenging. However, the situation is different in nanostructured materials. In fact, as the size
of the TE material is comparable to the its phonon mean free path, the lattice thermal
conductivity (k) may decrease without affecting Ss due to an increase of phonon boundary
scattering at the nanowire surface. Moreover, when the size of the nanostructure is
comparable to the electron Fermi wavelength, the charge carriers are confined, and theoretical
studies have predicted improved TE performance in low-dimensional material, such as
nanowires and quantum wells [2,3].

Bulk bismuth is known as a good TE material, presenting a low thermal conductivity (x.)
and high carrier mobility. Its ZT achieves the maximum value ~ 0.2 at temperature around 70
K, making the material suitable for low temperature applications. However, bismuth
compound revealed superior thermoelectric properties compared to the single element. In
particular, the ZT of Biy«Shyx bulk alloys is known to achieve a maximum of ~ 0.5 for Sh
concentrations between x = 0.05 and 0.20 at temperatures around 70 K. Moreover, semi-
classical calculations performed on Bi;«Sbx nanowires, based on the Boltzmann transport
equation, predicted a further enhancement of ZT compared to the bulk systems when
decreasing the wire diameter and adjusting the electrical conductivity by doping. For
example, a value of ZT around 2.5 was predicted for 40 nm nanowire diameter and 13% Sh

concentrations [4].
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Despite these promising theoretical predictions, comprehensive and systematic
measurements on TE properties of Bi;«Sbhy alloy nanowires as function of wire diameter and
orientation are scarce. The difficulties include the synthesis of Bi;.xSby alloy nanowires of the
desired diameter, composition, and structure and the task to contact single nanowires to
measure the value of S, ¢ and x without affecting their chemical and mechanical properties.
Several groups developed specific chips to perform TE measurements of individual
nanowires, but contacting and characterizing thin nanowires remains a challenge. However,
Seebeck measurements can be performed on matrix-embedded parallel oriented nanowire
arrays, since the value is independent of the number of wires, making the measurement as
informative as on a single nanowire [5].

In this work, we present the structural and compositional characterization of Bij«Sbhy
nanowires electrodeposited in etched ion-track membranes and the subsequent experimental
determination of the Seebeck coefficient of Bii.xSby nanowires arrays with controlled
diameter between ~ 750 and ~ 40 nm within the temperature range from 300 to 30 K [6].

Etched ion-track templates were fabricated by heavy ion irradiation and subsequent
chemical etching. Irradiation of 30 um thick polycarbonate foils with ~ 2 GeV Au ions was
done at the UNILAC linear accelerator of the GSI Helmholtz Centre for Heavy lon Research
(Darmstadt, Germany) [7]. Subsequent chemical etching in a 6 mol/L NaOH solution at 50°C
dissolves selectively each ion track and enlarges it to form a cylindrical nanochannel [8]. The
diameter of the channels was adjusted between ~ 40 and ~ 750 nm by varying the etching
time. The electrodeposition of bismuth and antimony into the nanochannels was carried out
using an electrolyte based on hydrochloric acid and different concentrations of Bi(lll)- and
Sb(l1I)-chloride.

The thermoelectric properties of Bi;.xSbx nanowires are known to be strongly dependent
on both nanowires composition and crystallographic orientation Therefore, a detailed
characterization of the wires was required to better understand the subsequent thermoelectric
measurements.

The crystallographic orientation of the nanowires arrays embedded in the polycarbonate
template was investigated by X-ray diffraction (XRD). In our previous publication, we
reported the X-ray diffractograms measured on Bi;xShy arrays with different concentration of
Bi(l11)- and Sb(lll)-chloride in the electrolyte as well as different wire diameters. This series
of measurements revealed the weak dependence of the crystallographic orientation on the
wire diameter. Moreover, the composition x of Bi;.xSbyx nanowires was investigated by both

XRD measurements on nanowire arrays and energy dispersive X-ray analysis (SEM-EDX) on
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single nanowire. In figure 1, we report the composition analysis of Bi;xShx nanowires with a
nominal composition of 15% of Sb decreasing the wire diameter from ~ 130 nm to ~ 18 nm.
For both methods, the data indicate a slightly increase of the Sb concentration (x(Sb)) in
thinner wires, but in good agreement with the concentration of Sb(lll)-chloride used for the
deposition. These results show that the electrochemical deposition of Bi;«Shx nanowires in
the pores of polycarbonate membrane yields to an excellent control over composition and
crystallographic orientation of wire as decreasing the wire diameter, making Bi;.xShy
nanowires an optimal model system to investigate the thermoelectric properties of the

nanomaterials [9].
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Figure 1. Sb content (x(Sh)) of Bi;.xSbx nanowires as a function of nanowire diameter (Dyw)
obtained from XRD and SEM-EDX analysis.

In fact, Bi;.xSby nanowires arrays were subsequently inserted in a setup that was
specifically developed for the measurements of the Seebeck coefficient and electrical
resistance of the arrays. In figure 2, we report the measurements of the Seebeck coefficient on
Bi, Bip.gsSho 15 and Sb nanowire arrays at room temperature as a function of the wire diameter
in the range between ~ 750 nm and ~ 40 nm. Three different regimes can be distinguished:
(Zone 1) for wire diameters above ~ 130 nm the Seebeck coefficient is similar to the values
for bulk materials (red area). (Zone 2) when decreasing the wire diameter from ~ 130 nm to ~
60 nm, the Seebeck coefficient of the nanowire arrays decreases monotonically (green area).
(Zone 3) For nanowire with diameter smaller than ~ 60 nm, the absolute value of the Seebeck
coefficient increases as decreasing the wire diameter (blue area). Due to the weak dependence
of both composition and crystallographic orientation of the wire as a function of the diameter,

we were able to understand better the results of the thermoelectric measurements and attribute
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the monotonic decreasing behavior in the (Zone 2) to the complementary contribution of both
bulk and surface states to the total Seebeck coefficient of the wire through the development of

a two-channel theoretical model [10].
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Figure 2: Seebeck coefficients of Bi (black squares), BiggsShois (red circle) and Sb (blue
triangles) nanowire arrays at 300 K as a function of wire diameter.

In general, these measurements demonstrate that the Seebeck coefficient of thermoelectric
nanowires depends on their size, as expected if modifications of the electronic structure of
both surface and bulk states of the materials occur. This may lead to a probably further
increase of the ZT in thinner nanowires, making then suitable and promising for

thermoelectric applications.
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INTERACTION OF HIGHLY CHARGED IONS WITH SINGLE LAYER
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J. Schwestka®, E. Gruber!, R. A. Wilhelm?, V. Smejkal®, D. Melinc?, L. Leonhartsberger,
R. Kozubek®, A. Hierzenberger®, M. Schleberger®, S. Facsko? and F. Aumayr*

L TU Wien, Institute of Applied Physics, 1040 Vienna, Austria,
e-mail: schwestka@iap.tuwien.ac.at;

2 Helmholtz-Zentrum Dresden-Rossendorf, Institute of lon Beam
Physics and Materials Research, 01328 Dresden, Germany
3Universitiit Duisburg-Essen, Faculty of Physics and CENIDE,

47048 Duisburg, Germany

Charge exchange, energy loss and electron emission measurements for slow highly charged
Xe™ (q < 35) ions after transmission through a freestanding single layer of graphene are
recorded. We measure charge equilibration times of only a few femtoseconds [1], which
implies an extremely fast response of freestanding graphene to the strong, localized external

field formed by a highly charged ion.

1.Introduction

With its unique properties, graphene has been considered as an outstanding candidate for
many future electronic applications. Its extraordinary high carrier mobility as well as the
linear dispersion around the Dirac point lead to an extremely fast response of its conduction
electrons to external perturbations. This makes graphene a promising material for application
in fast electronic devices [2] as well as in optics [3], where ultra-short timescales (< ps) are
required. To probe material properties on these time scales, ions in high charge states with
velocities below typical electron orbital velocities present an ideal tool.

An ion charge state of i, = 35 results in a local electric field strength of 1.8x10** V/m at a
distance of 5A from the surface. Local field strengths as large as this would conventionally
require laser power densities above 10*" W/cm?.

Previous studies on highly charged ion (HCI) transmission through 1 nm thick carbon
membranes have already shown an unexpected large charge capture within 5 — 30
femtoseconds [4 and refs. therein]. Taking the final step, we now investigated the interaction
of HCIs with a single layer of graphene (SLG), the ultimately thin cabon target. Measuring
the exit charge state and energy of the transmitted projectiles indicates that the strong electric
field of a HCI is able to tear dozens of electrons away from the SLG within a matter of

femtoseconds. However, because graphene is able to sustain very high electric currents, the
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positive charge can be rapidly neutralized, leaving the freestanding single layer graphene

sheet intact [1].

2. Exit Charge State Analysis

Fig. 1: Schematic of the interaction
process between a freestanding
single layer of graphene and an
approaching highly charged ion. The
strong electric field of the HCI is
capable of extracting a large number
of electrons from the SLG within a
few femtoseconds.

Highly charged Xenon ions with initial ion charge states of 10 < g < 35 and velocities below

0.5 nm/fs are produced in a room-temperature electron beam ion trap (EBIT) at the lon Beam

Center (IBC) of the Helmholtz-Zentrum Dresden-Rossendorf. Under normal incidence, the

HCI are transmitted through the SLG target and recorded by a channeltron after passing an

electrostatic analyzer. By varying the applied voltage at the analyzer, different ion exit charge

states can be distinguished and their energy loss can be measured. By the exit charge state

distribution we obtain the number of captured electrons for each ion. Figure 2 shows a sketch

of the setup.

Fig. 2: Sketch of the experimental
setup used for ion transmission and
energy loss studies at the IBC in
Dresden.
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Charge equilibration times are derived from the measured mean exit charge states and ion
velocities for different incident charge states. Figure 3a presents the obtained exit charge state
distributions after transmission of Xe% ions through the SLG target at different kinetic
energies. In Figure 3b the mean number of captured and stabilized electrons is shown, which
is derived from the mean exit charge state for ions with different incident charge states.
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Fig. 3: (a) Exit charge state gq distributions after transmission of Xe
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energies of 60 keV, 135 keV and 264 keV (red, blue and black, respectively) through a single
layer of graphene. Red and blue data were recorded with the setup in Dresden and therefore
the exit charge states gqt are calculated from the spectrometer voltage of the electrostatic
analyzer. The transmission spectrum of Xe*** @ 264 keV (black) was obtained by a new
setup in Vienna discussed below.
(b) Number of captured and stabilized electrons (qin — gout) @s a function of the
interaction time for different incident charge states (Qin
constants of a few femtoseconds can be extracted. For details see ref. [1].

= 20-35). Neutralization time

Our studies show that a large number of electrons are extracted from a very small area, which

implies a high local current density. We assume a multi-electron process and estimate the

relevant time scales for charge transfer along the graphene layer [1]. For example, while

passing through the graphene membrane, the HCI with initial charge state g;, = 30 captures

approximately twenty-five electrons on a time scale of a few fs. Based on the experimental
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data, a lower bound for the current densities reached locally within a nm? area is at least 10*2
Alcm?. This value exceeds the breakdown current densities reported so far by three orders of
magnitude [5,6]. The exceptional electronic properties of graphene allow for an ultrafast
resupply of charge and dissipation of the impact energy to prevent Coulomb explosion in the
electron depleted region, which would tear holes in the order of 10 nm into the SLG. No
rupture could be detected in contrast to the observations on ion irradiated carbon
nanomenbranes, where the failure to sufficiently resupply the lost charge results in large
structural modifications [7]. Additionally, in the case of graphene the observed large energy
loss of the ion in the order of a few keV could be successfully explained by a transiently

formed charge patch and its repulsion of the partially dressed ion [1].

3. New Experimental Setup

For further studies a new experimental setup was recently built at the TU Wien. Here in a
room-temperature electron beam ion source (Dreebit EBIS-A) Xenon ions (1 < g < 46) at
higher kinetic energies (up to 9xq keV) are produced. Instead of using an electrostatic
analyzer the projectiles® energy loss within the SLG target is determined by time-of-flight
(TOF) measurements. The Xe® ion beam is pulsed by an electrostatic beam chopper, which
gives the start signal for the TOF measurement. The transmitted ions are recorded by a
position sensitive multichannel plate (MCP) detector (Roentdek delay-line), ensuring a proper
stop signal. Applying voltage to a pair of parallel plates located in front of the MCP provides
charge state selective ion detection. Additionally, the angular distribution of transmitted ions
can be measured up to 8° with a resolution of about 0.05°, which provides another
outstanding feature of the new setup.

One missing link in the fundamental understanding of the interaction processes taking place
during the transmission of slow HCI through freestanding SLG represents the number of
emitted electrons from the target surface. Therefore, a mounted surface barrier detector
enables the measurements of electron emission statistics from the interaction processes [8].
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Fig. 4: Experimental setup of the new facility in Vienna. The TOF spectrum gives access to
the energy loss of the projectile in the SLG target while from the signal at a position sensitive
MCP the exit charge state distribution can be determined. The time-of-flight for Xe ions at a
kinetic energy of 100 keV through the different parts of the experimental chamber is
specified.
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Surface modifications by ion-induced electronic excitations

P. Ernst, M. Herder, F. Meinerzhagen, A. Wucher, and M. Schleberger*
Fakultat fiir Physik and CENIDE, Universitat Duisburg-Essen, 47057 Duisburg, Germany

Ion beams represent an established tool for material and in particular surface modifica-
tions as they are easy to use and to control. Despite their widespread use for technological
and scientific purposes there are still many open questions with respect to the underlying
mechanisms. This is even more true if ions in a wide range of kinetic energy are considered.
While for singly charged ions with kinetic energies of up to a few keV the dominant process
are nuclear collisions, this no longer holds if the kinetic energy is in the range of MeV or
GeV (swift heavy ions, SHI) or if the ion is no longer singly charged. In the former case, the
scattering cross section for nuclear collisions nearly vanishes and the main energy loss mech-
anism, usually called electronic stopping, is via excitation of the electronic system or even
ionization of the target atoms. Energy deposition via exciting electrons can be achieved also
with slow (keV) ions, if they are multiply charged. The sum of the ionization energy nec-
essary to remove the electrons from the atom is stored in the projectile as potential energy
which is released upon approach and impact on the surface by the extraction of electrons
from the target and multiple charge exchange processes [1] involving Auger electrons as well
as a significant number of low-energy electrons.

Interestingly, electronic stopping of an SHI as well as the deposition of potential energy
by a highly charged ion (HCI), both result in surface nano-structures which appear to have
a very similar morphology [2]. This is by no means self-evident because a) the physical
processes both involve electrons but differ significantly in detail and b) SHI induced mod-
ifications manifest themselves as extended tracks reaching deep into the bulk, and only a
very minor part is detected by surface sensitive techniques such as atomic force microscopy
(AFM), for example. In contrast, HCI deposit their energy in a very shallow region very
close to the surface, i.e. the major part of the modified area is probed by a surface-sensitive
technique. Therefore, the question arises whether the morphological similarity represents a

suitable indicator for similar physical processes triggered by the different ion types or not.

* corresponding author: marika.schleberger@uni-due.de
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Apart from the scientific point of view this is also an important question from a techno-
logical point of view, because it still poses a major problem to simulate these modification
processes on an atomic scale (see e.g. [3, 4]). This again prevents the efficient selection of
experimental parameters for intriguing concepts such as novel membrane types [5] .

In order to address this problem one can try to gain access to other material properties
than just morphology. Hitherto there have been very few attempts to analyse the nano-
hillocks in detail mainly due to experimental difficulties. Notable exceptions are e.g. the
paper on HCI irradiated KBr by Heller et al. [6] or the work of Roll et al. on SHI irradiated
CaF, [7]. Unfortunately, in both cases there is no comparable data for respective other ion
type so that no conclusions with respect to our problem can be drawn at this point.

In this paper we present a different approach. We suggest to use time-of-flight mass
spectrometry of the sputtered particles (SIMS/SNMS, ideally in combination with AFM
[8] and preferably other techniques such as x-ray photoelectron spectroscopy) to obtain
complementary data. To this end we have set up two spectrometers, one mounted at the
M-branch of the GSI (Darmstadt, Germany) [9] and the other at the HICS-beamline at the
UDE (Duisburg, Germany). While the former allows SIMS/SNMS with MeV and GeV ion
beams, the latter allows SIMS/SNMS spectra with HCI beams.

Our sample system of choice is single crystalline Sr'TiO3. This dielectric perovskite has
shown a range of very interesting properties some of which have been obtained by ion irra-
diation: A strong blue luminescence at room temperature has been observed after keV ion
bombardment [1], on top of vacuum cleaved SrTiOj3 crystals a highly metallic two dimen-
sional electron gas is formed, and this is true even for the non-doped insulating material [1].
Furthermore, the material is well known as literature data on ion induced morphological
changes on the surface is abundant. Another advantage of this system is that high quality
samples may be easily obtained. The preparation is relatively simple (ultra-sonification and
cleaning in acetone to remove residues from the polishing process) and by more sophisticated
preparation procedures a variation of material properties can be achieved. For example,
heating in an oxygen deficient atmosphere leads to a significant number of oxygen vacancies
which renders the sample sufficiently conductive for scanning tunnelling microscopy.

A typical AFM image of the SrTiO3(111) surface (see Fig. 1) shows irregular formed
terraces with a roughness often less than 1 nm root mean square (rms) and separated from

each other by monoatomic steps. Mild heating at a few 100 K gives rise to a restructuring
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Figure 1: Atomic force image taken from a SrTiOg surface as prepared.

of the surface yielding straight step edges and an extremely uniform surface, with a rms
of 0.2 nm. Most irradiation studies in the electronic stopping regime have been conducted
without this heating step as the characteristic ion induced hillocks are detected easily enough.
To our knowledge there is no study on the position of the hillocks with respect to different
terrace types nor on the chemical composition of those hillocks created by HCI irradiation.

In a first mass spectrometry experiment with SHI we found a significant difference in the
emission probability of atoms/clusters containing Sr* (high probability) and those contain-
ing Ti" (no emission), a finding which was not observed with keV ions (see Fig. 2, left).
This is a clear indication that the stoichiometry of the surface changes due to ion induced
electronic excitations. This hypothesis is further corroborated by an experiment that was
conducted with slow highly charged ions. Shown in the right part of Fig. 2 are various mass
spectra taken from a SrTiOj crystal irradiated with keV ions (lower panel) and with HCI of
two different charge states (upper panels). We find, here again, clear indications for surface
modifications due to electronic excitation as we see a strong signal from both Sr* and Ti' in
the case of Xe?%" which increases for the larger clusters if we use ions with a higher charge
state, i.e. Xe®0*. Also, for HCI irradiation, Ti* is obviously emitted, pointing towards a
difference between SHI and HCI irradiation.

By this approach we aim to gain sufficient systematic data for both, SHI and HCI irra-
diated samples in order to quantify the induced morphological and chemical changes, as a

function of depth and ion fluence (i.e., density of ion impacts), and to identify the corre-
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Figure 2: Left: Comparison of mass spectra obtained from SrTiOs during irradiation with SHI
below the threshold (upper panel), above the threshold (middle panel) and with 5 keV Ar'* ions
(lower panel). Right: Comparison of mass spectra obtained from SrTiOs during irradiation with
4 keV Ar'* ions (lower panel) and with HCI, i.e. Xe?0" and Xe?0* (with the same kinetic energy

of 180 keV), middle and upper panel, respectively.

sponding changes of physical properties. By analysing this data we expect to further our
understanding of ion-surface interaction in the electronic stopping regime. In particular, we
will be able to rigorously test the hypothesis that at the very surface SHI and HCI yield

identical morphological changes — provided the net energy deposition is comparable.
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Understanding the conditions that determine the stability of a liquid film on a particular
substrate is a topic that can be extremely relevant in many and different fields of science and
technology [1]. Establishing the conditions for a decorative or a protective coating to remain
continuous on a surface [2] or the causes triggering the dewetting of the lachrymal film from
the cornea [3] are the typical examples that indicate how widespread the interest on these
phenomena is. Further relevance to the topic comes with the application, e.g. to micro and
nanofabrication, of the patterns into which the film develops in case of instability, and the
observation of an analogous phenomenology for solid films. In this case, after deposition the
film can result in frozen metastable or unstable states, relaxing to more favorable energetic
configurations via surface diffusion or atom mobility allowed by the action of an external agent
like laser or ion irradiation [4].

It has already been shown that the phenomenology of the instabilities of supported metal
films under ion irradiation can be explained through the same concepts and the same models
used for liquids [5]. Here we want to discuss the conditions that allow predicting the instabilities
and the strategies for their modification.

According to our model, a solid homogeneous film on a substrate undergoes the actions of
surface tension and of dispersion forces: the first one acts to smooth any topographic deviation
from flatness of the vacuum-film (VF) interface u(x, y). Dispersion forces can create attraction
or repulsion between the VF interface u(x, y) and the film-substrate (FS) interface v(x, y) with
a strength described by the potential ®(h(x,y,)), where h(x,y) = u(x,y) — v(x,y) is the
local distance between the interfaces. In general, after deposition the configuration u(x, y) does

not occupy an extremal point of the free energy [5]

Flu,v] = f [—S + %}/(Vu)2 + d(u — v)] ds (1)
covered

where the surface integration is performed in the regions where the film covers the substrate, y
is the film surface tension, and the spreading parameter § = yys — (v + vrs) depends on y, and

on the surface energies for the respective interface [6].
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In general, any relaxation to new configurations of u producing a lower F is prevented or
slowed down by the atomic bounds of the solid state. When the film is irradiated, a transition
to the molten state can occur during the thermal spikes produced in the collisions. The film is
then able to relax, and, for a potential & with specific properties, it shows instabilities that can
break the continuity of the film much earlier than it would occur because of the only sputtering.
These instabilities have been recognized for many different materials, ion species, and energies
[7-9]. The most typical of them is the spinodal one occurring for film thicknesses h such as
®""(h) < 0[10]. In this case, specific Fourier components in the substrate roughness are
amplified to produce patterns with a characteristic length as shown in Fig. 1. The characteristic
wavelength A can be estimated theoretically as 2 = (163 y/A)/? h? by performing a linear

stability analysis of Eq. (1).

(a)

hC

h (nm)

pure vdW etruncated vdW

Figure 1: (a) attraction potential between the VF and FS interfaces as estimated and used in
[7] for Cr films on Si @ (h) is always concave. (b) SEM image of a typical dewetting pattern
of an initially continuous Cr film on Si under 30 keV Ga ion irradiation (c) Simulated pattern
for the experimental conditions of (b) according to the procedure described in [5]

As the shape of the potential establishes the conditions for the instability to occur, we have
considered the possibility to introduce modifications by adding an underlayer to the solid film,
as already demonstrated for a liquid polystyrene film in [10]. The potential usually considered
for a bilayer is of the van der Waals type between two surfaces, i.e. ®(h) = A/(12mwh?), until
a certain cut-off h.. For h < h, model potentials should account for a smooth connection to the
requirement ®(0) = § [6], e.g. by a polynomial as described in [5]. A is the Hamaker constant

for the layered system vacuum-film-substrate (VFS), that according to [11] can be estimated as
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Ayps = (\/A_V - \/A_F) (\/A_F - \/A_S) 2)
For this kind of potential, the stability of the system against dewetting is independent from
the film thickness, and is decided by the sign of Aygg, that for metal films on non-metal
substrates, like Cr on Si or Au on Si, is typically negative, making the system unstable. If one
or more interlayer are interposed between the film and the substrate, the integration of the
Lennard-Jones term with n=6 [11] between particles must keep into account of the new
subdomains producing a more complex function that for the system Cr-Au-SiO2-Si that we will

consider is

®(h) = Averau _ Aycrsio, = Aversi n Aycrau — Aversio,
h? (dy +d; +h)? (di + h?)

©)

In this case, even with very thin interlayers, it becomes possible to change a system from
unstable to stable.

We have prepared two different substrates by depositing a 4.0 nm and a 1.3 nm Au film by
DC magnetron sputtering on monocrystalline (100) Si wafers covered by their native oxide
layer. The oxide layer was measured 2 nm thick by variable angle ellypsometry. The Au
thicknesses were estimated by a linear interpolation of a thickness vs. deposition time
calibration curve obtained for thicker films analyzed by focused ion beam (FIB) cross sections
and they correspond to nominal thicknesses because the real local thickness depends on the
coverage that for very thin films is not 100%. On these substrates a 2.5 nm Cr film was
deposited with the same procedure in order to study its stability against dewetting during 30
keV Ga irradiation in a FIB-SEM system, where the surface morphology evolution was
followed in real time by scanning electron microscopy. In [7] it has been shown that an
analogous system without Au interlayer shows spinodal like dewetting for fluences lower than
4 x 10™ ions/cm?.

In Fig. 2 the evolution of the two samples during the irradiation is reported through the
SEM images of their surfaces for several fluences together with the respective EDX spectra.
By following the three different secondary electron contrasts, brighter for the Au covered parts,
with intermediate brightness for the Cr and darker for the SiO./Si substrate, it is possible to
observe that the Cr film stays atop the Au for fluences well higher than 4 x 10% ions/cm?. The
4.0 nm Au interlayer (left column) appears clearly at 1.1 x 10'® ions/cm? when sputtering has
already removed a not negligible Cr thickness (as confirmed by the EDX signals). At 4.0 x 10%
ions/cm? just a few Au spots are visible, well localized close to the cracks in the Au film where

the Cr is reasonably thinner, and above all the stabilizing effect of the Au is less effective.
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Figure 2: SEM images of the evolution of Cr-Au-SiO2-Si systems under 30 keV Ga ion
irradiation and respective EDX analysis.
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At 2.8 x 10 jons/cm? the Cr film has been removed by sputtering and the holes in the
substrate can be ascribed to the final stage of the dewetting of the Au film.

The case of the 1.3 Au interlayer is morphologically different, because the Au film is
discontinuous. However, also for this thickness, there is no indication of dewetting for the Cr
film.

In order to explain such a different phenomenology with respect to what reported in [7],
one can consider the behavior of the potential of Eq. 4 for this specific case. Although it is very
difficult to provide precise figures for the Hamaker constants of metals, and the literature
reports very different estimates, sometimes differing for several orders of magnitudes,
nonetheless it is reasonable to suppose |Agy| > |Acr| > |Agi| > |Asl—02|. In Fig. 3 (a) it is
shown a potential calculated under this assumption (with d1 = 4 nm and d> = 2 nm) by using
Eq. 3 that, apart from the spreading parameter, produces the potential used in [7] if the Au
thickness is 0. Here the interval for the Cr film thickness between 0.5 nm and 3.9 nm is a region

of stability and thus no dewetting should occur.

@) hom) ®
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fluence (x 10'% ions/cm?2)

Figure 3: (a) potential for Au-Cr-SiO.-Si system with regions of stability and instability
together with pattern resulting from simulation when sputtering has reduced the thickness to a
point of instability (scale bar 300 nm). (b) same pattern in 3d view. (c) plot of coverage and
characteristic wavelength vs fluence as resulting from simulation

Further insight into this situation can be gained by using this potential for simulating the
evolution with the model and the procedure described in [5] and [7]. Starting with a Cr film of
2.5 nm, the morphology evolution has been simulated. In the simulation the film has gone on

thinning because of sputtering without developing any instability until its thickness has been
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reduced to 0.5 nm. At this point a spinodal like pattern has developed (f = 1.2 x 10 ions/cm?)
as shown in the inset of Fig. 3 (a) for a comparison with SEM images and in panel (b) in a 3D
view. In Fig. 3 (c) the plot derived from the simulated data for the coverage and for the
characteristic wavelength vs. fluence of the Cr film is given, showing that the model properly
accounts for the stability of the film.

In conclusion, we have reported experimental evidence that the stability with respect to
dewetting phenomena of thin films under ion irradiation can be modified with the interposition
of very thin layers of proper material between the film and the substrate. This situation
reproduces an evidence that has been already reported for liquid films, thus further increasing
the analogies already pointed out in [5] between the two systems. From an applicative point of
view, the possibility to decide whether a film shall be stable or unstable when exposed to ion
irradiation, offers an interesting opportunity for coating technology and for nanofabrication

purposes.
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BJIMAHUE OBJYYEHUSA NOHAMMU I'EJIUSA HA CTPYKTYPHO-®A30BOE
COCTOSTHUE U TPUBOMEXAHUYECKHUE CBOMCTBA
HAHOCTPYKTYPUPOBAHHBIX ITOKPBITUH TiCrN

INFLUENCE OF HELIUM IONS IRRADIATION ON STRUCTURE, PHASE
COMPOSITION AND TRIBOMECHANICAL PROPERTIES OF
NANOSTRUCTURED TiCrN COATINGS

1

C.B. KOHCTaHTI/IHOBl, D.D. KOMapOBl, B.E. CTpeHBHHHKHﬁz, B.B. ITunbko
S.V. Konstantinov*, F.F. Komarov', V.E. Strel'nitskij?, V.V. Pilko!

YHny «HMncmumym npuxnaonvix ¢huzuueckux npoonem um. A.H. Ceeuenxoy BI'Y, 220045
ya. Kypuamoea 7, e. Munck, berapyce komarovE@bsu.by mymail3000@tut.by
Hayuonanvnoiii nayunsiii yenmp Xapokosckuii pusuxo-mexuuyveckutl uncmumym, 61108
ya. Akaoemuueckas 1, 2. Xapvros, Ykpauna

The radiation tolerance of the nanostructured Ti,Cry.,N 0,58<x<0,8 coatings under He*
ions irradiation with an energy of 500 keV, fluences in the range of 5:10% — 3-10'" ions/cm?
was studied. It was found that the Ti,Cri4N coatings (0,58<x<0,8) withstand irradiation
without significant changes in the structure to a fluence of 2-70*" ions/cm?. A decrease in the
average size of crystallites of coatings after radiation exposure was detected. The
microhardness decrease for coatings of all compositions after irradiation was found.

YCOBCpIHeHCTBOBaHI/Ie ATOMHBIX PCAKTOPOB U I/IHTGHCI/I(bI/IKaLII/IFI ux pa6OTBI BBI3BIBACT
HEOOXOIUMOCTh pa3pabOTKU M CO3/1aHHS HOBBIX paJUAllMOHHO-CTOMKHUX MAaTepUasoB.
aq)(l)eKTI/IBHLIM HYTéM ITIOBBIILICHUA paI[HaHHOHHOP’I CTOMKOCTH MaTCpHraJIOB ABJIACTCA
CO31aHHuC OOJIBIIIOr0 YHCIA CTOKOB JJIs1 TOUYCYHBIX ,Z[e(l)eKTOB CTPYKTYPbI, UHAYLIIUPYCMbBIX
obmydenneM. HaHOCTpYKTYypupOBaHHBINM MaTepHasl, OOJaJaroniuii OONBIION HHTETpaTbHOU
HNPOTSKEHHOCTBIO IPAaHUIl 3€PEH, MOXKET 00J1aJjaTh MOBBIIIEHHON CTONKOCTBIO K OOIYyYEHHIO
[1-3]. B oToif cBA3M aKTyanbHOW sIBIsieTCS pa3paboTKa HAHOCTPYKTYPUPOBAHHBIX
paarualiuOHHO-CT! OMKHX HUTPUAHBIX HOKpLITHfI.

HccnenoBanus mpoBomuiiuch Ha oOpasmax mokpeituii  TICIN, chopmupoBaHHBIX
METOJIOM CEMapupyeMOro BaKyyMHO-IYTOBOI'O OCaXJIECHMS Ha MOJUIOKKAX M3 HEPKaBEHOLIEH
cramu Mapku 12X17. JIng HaHeceHMs] NOKPBITUI ObUIM MCIOJB30BaHbI KAaTObl PA3IMYHOIO
cocTaBa: 1) 80 macc. % Ti, 20 macc. % Cr; 2) 68 macc. % Ti, 32 macc. % Cr;
3) 58 macc. % Ti, 42 macc. % Cr. TosiiHa TOKPBITHI COCTaBIIIA BETUIUHY 2—4 MKM.

C uenpio U3y4eHHs] paJUallMOHHON CTOMKOCTH MOKPBITHS OOIYy4aluCh HA YCKOpHUTEIE
nérxkux uoHoB AN 2500 monamu remst ¢ suepruert 500 k3B, ¢oroencamu ot 5-10" won/em® 10
3-10" won/cm’. Jlanee TPOBOJMICS OTKHT OOMY4SHHBIX MOKPHITHII B aTMocepe aproHa mpu

temriepatype 773 K, B TedeHun 15 MUHYT C 1I€IbI0 CMOJICNIMPOBATH JUTUTENBHYIO SKCILUTyaTalllio B
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AZIEPHOM PeakTope. DJIEMEHTHBIN COCTaB MOJIyUYE€HHBIX MOKPBITUH aHAJINW3UPOBANICA METOJIOM
crekTpockonuu pesephopaoBckoro odparnoro paccesHus (POP) nonoB renus. Ctpykrypa
HCCIIEIOBAJIACh METOJOM PEHTI€HOCTPYKTYPHOrO W (ha30BOro aHaiM3a Ha AuQpakToMeTpe
JIPOH-3. Mopdosnorusi  MOBEPXHOCTH  M3ydanach  ONTHYECKOW  MHUKPOCKOIHECH,
Mukpodororpadun 6putH mosydensl mudpopoi kamepoit CANON. bpum Taroke mpoBeaeHbI
UCCIIEZIOBAaHUS CTPYKTYPbl UCXOIHBIX U OOIy4EHHBIX OOpa3loB HA CKAHMPYIOLIEM 3JIEKTPOHHOM
mukpockore Hitachi SU3400. Mukpotsepaocts mokpbituii TICIN u3Mepsid BIaBIHBaHHEM
1o MeToy BoccTaHoBieHHOro otnedarka mo 'OCT 9450-76. MI3HOCOCTOWKOCTh UCXOIHBIX U
oOuyyeHHbIx mokpbiTHii TICIN nccnenoBanace Ha MallMHE TPEHHS, MOAPOOHOE ONMCAHUE
KOTOPOI MOKHO HaiiTH B [4].

Metonom POP ycranoBneHo, 4to sneMeHtsl B TOKpbITHIX TICIN pacnpeneneHbt
pPaBHOMEPHO W OJIHOPOIHO IO TOJIIMHE, TPAJUCHTHl KOHLEHTPAIMid OTCYTCTBYIOT. He
OOHApY)KEHO COJEp)KaHUS KHCIOPOAa M TMPOYMX BPEAHBIX MpHUMeEced. DITOT ¢akT
CBHUJIETEJILCTBYET O BBICOKOM KauyecTBe MOJy4YeHHbIX HOKpeITuil. [lo pesynpraram POP
MOYKHO IPEMOI0XKUTh, YTO TUTAH U XPOM HaxoJsATcs B (pa3e HUTpUAA U He 00pa3yroT APYrux
¢a3. [lo pesynpratam MPEeObIIYNIMX  HCCIECIOBAHWN  YCTaHOBJIEHA  BO3MOXKHOCTB
NPOHUKHOBEHHUS a30Ta B MOMJIOKKY NPH HAHECEHHUH MOKPHITUH METOJaMH PEaKTUBHOTO
MarHeTPOHHOTO HAINBUICHUS W CEHNapUpyeMOro BaKyyMHO-IYIOBOTO OC&KICHHUS C
oOpazoBanuem nuddy3noHHOro cinos ToimmuHOM 10 100 HM Mexnay TMOANOXKKOW U
nokpbiTeM [4]. Hanuuue Takoro ciios CHOCOOHO 3HAYUTEIBHO IMOBBICUTH aJTre3UOHHYIO
MPOYHOCTH CIETIIICHUS TOKPBITUS C TTOITI0KKOM.

OGHapyxeHo, uTo mocie obmydeHust HOKpbeITHS TixCrixN coxpaHstoT ogHO(a3HY0O
cTpykTypy npu X=0,68 u X=0,58 u nByxdasznyro ctpyktypy npu X=0,8. TekcTyprupoBaHHOCTb
nokpeiTuid TICIN tuna (110) Taxke coxpaHsercss mociie OOJydeHHsT BO BCEX CIIydasXx.
Oo0Hnapyxeno cmemenne nukoB mudpakiuu or 'K daser moxperrus (Ti, Cr)N (200),
(Ti, Cr)N (220), (Ti,Cr)N (400) B oO6nacte OOJbHIMX YIJIOB  AU(paKIHMU, YTO
CBHJICTENILCTBYET 00 YMEHBIICHHHU MEPUOA KPUCTAIUTNYECKOH pemeTku mokpsitus TiCrN.

Oo6napyxeH Takke 3((EKT YMEHBIIEHHUs] CPEIHEr0 pa3Mepa KpUCTAIIIUTOB MOKPBITHS
TixCr1xN mociie o6aydyenus nonamu resus ¢ saeprueit 500 k3B u ¢uroencom 2+ 10Y won/cm®.
Tak npu x=0,8 cpemnuit pasmep kpucrawmroB ¢assl (Ti, Cr)N mocne o0mydeHus
yMmenbimics Ha 12,5 um ¢ 19 um 10 6,5 um, npu X=0,68 ymensimica Ha 5,3 HM ¢ 16 HM 110

10,7 uam, pu X=0,58 ymenpmwics Ha 2,4 HM ¢ 13 aM 10 10,6 HM.
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HabGromaromieecss yMeHbIIIEHHE CPEIHEr0 pa3sMepa KpUCTauIMTOB MOKpbiTHii TICIN
nociyie o0JlydeHUs: HOHAMU Tellis MOKET OBbITh CBS3aHO C yBeJIMYeHHEeM oO0bema aMop(dHOI
MEXKPUCTAJUIMTHONW TIPOCIOWKM B CTPYKTYpPE IIOKPBITHS 3a CYET HAKOIUICHUS B HEH
MUTPHPOBABIIUX M3 00bEMa KPUCTAIUIUTA PATUALMOHHO-UHIYIUPOBAHHBIX NE(PEKTOB — TaK
ke, Kak u B ciaydae nokpeituii TIN, TIAIN, TIAIYN, (TiHfZrVND)N, uzyuennsix panee [5-
7]. Oro moarBepkaacT 3hHEKTUBHOCTH IPAHHIl KPUCTAJUTUTOB KaK CTOKOB JIJISl PaIHalldOHHO-
UHAYIUPOBaHHBIX NedekToB. [1omoOHbIX 3aBUCMMOCTEN B MPENbIAYIIUX HCCIEIOBAaHUSIX B
JaUTepaType He HaijneHo. Pe3ynpTaThl PEHTIeHOCTPYKTYpHOrOo U (pa30oBOTO  aHaIM3a
HAHOCTPYKTYpUpOBaHHBIX TOKphITuii TICIN mocie obmydenuss monamu He' ¢ smeprueit
500 k3B u dmroercom 2-10" now/cm® CBHJICTEIILCTBYIOT B TIOJIB3y WX paJAHAIlMOHHON
CTOMKOCTH U (a30BOM CTAOMIIHBHOCTH.

OOny4yeHre HAHOCTPYKTYpHpOBaHHBIX MOKpbITUH TixCrixN BCeX COCTAaBOB HOHAMH
remus ¢ dHepruer 500 k3B cmabo cka3piBaeTcs Ha WX MHKPOTBEPAOCTH 10 (QUIOeHCa

2-10% I/IOH/CMZ, Kak 3TO BUJIHO U3 PUCYHKa .

34 A —m— x=0,8
32 —a— x=0,68
30/ Z . »— x=0,58

Mukporsépaocts, ['Tla
®
1

L T g T X T A T s T = |“
0.0 5.0x10" 1.0x10" 1.5x10" 2.0x10" 2.5x10' 3.0x10"

DrroeHc 06IydeH s, HOH/CM?
Pucynok 1 — Mukpotsepaocts mokpbituii TixCrixN 0,8<x<0,58 mocie o0xyueHus

MoHaMH renus ¢ 3Hepruen 500 k3B.

Jlo nanHoro ¢mroeHca oONMydeHHs W3MEHEHHs 3HAY€HUH MUKpPOTBEPAOCTH HE
npesbimatoT 1-1,5 ['Tla. Ilpu ¢daroence obnydenus 210" mon/cm? nokpeitust TixCrixN ¢
x=0,8 u x=0,58 ympounsrtorcs Ha 3,2-3,5 [Tla, mokpsitTue ¢ X=0,68 pa3ympouHsercs Ha
3TMa. Ilpu ¢umoence obGmyuenns pasaom 3-10% noH/cm’ HaHOCTPYKTYPHUPOBAHHbIE
nokpbiTHs TixCri«N BceX cocTaBOB pa3ynpOUHSIIOTCS 10 BEJIMYMHBI MHUKpOTBEpAocTH 20-
20,5 I'TTa. 3amedeHoO, YTO AJIEMEHTHBINA cocTaB MpHu u3MeHeHUH X oT 0,58 10 0,8 cmabo BauseT
Ha XapakTep U3MEHEHHs MHKpPOTBepJAOCTH MOKphITUH TIxCrixN mocne oOmyueHuss moHaMu
renus ¢ sHepruert 500 kB B auanazone (GiaroeHcoB 5- 10*® mor/cm?— 2-10* non/cm?. Cnenyer

OTMETHUTh, YTO U3MEHEHUE MUKPOTBepIoCcTH MOKphITHI TICIN mocie 00ydeHns: MPOUCXOTUT
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B MEHBIIEM JMana3oHe BennuwH, deM B ciaydae mokpeituii TIN, TiAIN, TiAIYN,
(TiIHfZrVNDb)N [5-7].

Haumenpinii MaccoBblii n3HOC HaOmromaercst y mokpbitust TixCrixN mpu x=0,58 —
0,46 mxr, mpu Xx=0,8 on paBen 0,58 mxr, mpu x=0,68 — 0,56 mxr. OTHOCHUTEIHHBII
kodpdunment Tpenuss mokpeituii  TixCri«N Bapeupyercs B amamazone 0,2-0,4 wu
YMEHBIIAETCS B YBEJIMUCHUEM KOHIIEHTpanuu Xxpoma ot X=0,8 go Xx=0,58. OOHapyxeHO, 4TO
nocyie o0iydeHus noHaMmu renus ¢ 3Hepruei 500 k3B dmroeHcom 310" non/cm? MaccoBbiit
M3HOC TIOKPBITUH MPH TeX ke ycioBusax Tpenus yBennuupaercs ¢ 0,58 mxr no 0,87 mMxr npu
x=0,8, ¢ 0,56 mkr g0 1,07 mxr mpu X=0,68, ¢ 0,46 mkr g0 0,86 mxr mpu x=0,58.

3akil0yeHHne. YCTaHOBJICGHO, YTO OOJYYEHHE HAHOCTPYKTYPUPOBAHHBIX ITOKPBITHIA
TixCrixN B muamazone cocraBoB 0,8<x<0,58 wonamu remms ¢ sHeprueii 500 koB He
MPUBOJUT K 3aMETHBIM CTPYKTYPHO-(a30BBIM U3MEHEHUSM H Pa3yIpOYHCHHIO J0 (irroeHca
210" wor/cM?. VkazaHHBIA (ITIOCHC HOHOB TENUs SBISCTCS KPUTHUECKHM M IOCTATOUHBIM
JUI Havajga Tpolecca paspylleHHs HaHOCTPYKTYpUpOBaHHBIX MOKpbITHHA TixCrixN 10
[IyOUHBI JIOKAJIM3alMM MaKCUMyMa HMMIUIAHTUPOBAaHHON IPHUMECH M CrEeHEPUPOBAHHBIX
panuanuoHHBIX nedekroB. OOHapyX)eHO, 4YTO OOJIydeHHE B JHala3oHe (IIFOCHCOB
5-10" non/em® — 3-10" mon/cm® He mpuBOAUT K (pazoBOIl CErperalpy TBEPAOrO PAacTBOPA
(Ti Cr)N, BbimeneHus HOBBIX (ha3 OTCYTCTBYIOT, MUKPOOJIUCTEPUHT TaKXke HE 3a()UKCHPOBaH.
OOny4yeHHe C MOCIEAYIONIMM OTXKHIOM TPUBOIAT K YMCHBIICHHIO CPEIHEro pa3mepa
KPUCTALTUTOB MOKphITHH 0T 13-19 HM 10 6,5-10,6 HM. OGmydeHne HAHOCTPYKTYPUPOBAHHBIX
nokpeituii TixCri«N Bcex coctaBoB moHamu renust ¢ sHepruei 500 k3B cmabo ckaspiBaeTcs
Ha MX MHKPOTBepHoCTH 10 (umoerca 2+ 10" moH/cM?. YCTaHOBICHO YBEIMYCHHE MACCOBOTO
usHoca nokpeituii TixCrixN ¢ yBennueHuem QiroeHca 00ydeHusi HOHAMHU TeNUs C SHEPruei
500 x3B. Takum o6pa3zom, HaHOCTpyKTypupoBaHHOe mokpbiTHe TixCrixN mpu 0,58<x<0,8
JIEMOHCTPHUPYET BBICOKYIO PaJHAMOHHYIO CTOHKOCTh M TIEPCIIEKTHBHO JUIS MPUMEHEHUS Ha
obomnoukax TBOJIoB siepHBIX PEaKTOPOB.
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BJIMSTHUE YI'JIEBOJOPOJHOM ATMOC®EPHI HA CBOUCTBA IIJIEHKH
OKCHUJA AJIIOMUHUSI HA TUTAHE BT1-0

INFLUENCE OF HYDROCARBON ATMOSPHERE ON THE PROPERTIES OF
THE OXIDE ALUMINUM FILM ON TITANI VT1-0
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One of the ways to protect titanium and its alloys from embrittlement is the application
of the protection thin films on its surface. Such films (Al,O3) were obtained by
magnetron sputtering. The changes in physical and mechanical properties in Al,O3/Ti
system were studied: the lattice parameters, micro-hardness, electrical conductivity.
This paper discussed the dependences of the Al,O3 surface resistivity from hydrogen
saturation time. In particular, the increasing of Al,O3 surface conductivity of the film

with increasing hydrogen saturation time has been found.

BBenenne. TOHKOMIEHOYHBIE CHUCTEMBl HA OCHOBE OKCHAA QJIIOMHHMS HIMPOKO
UCIOJIb3YIOTCS BO MHOTHUX BBICOKOTEXHOJIOTUYHBIX OTPACSAX HMPOMBIIIJIEHHOCTH Onaronaps
CBOMM MHOTOYHCIIEHHBIM JTOCTOMHCTBAM: JIETKHWE U MPOCThIe B 00paboTKe, HU3KON Terio- 1
3IIEKTPOIIPOBOHOCTRIO. B suTeparype umerotcs manubie [1,2], ykasbIBarouige Ha TO, YTO
mwiéaka Al,O3 sBrsercst 3¢ deKTHBHBIM OapbepoM IS Bojopona. i TUTaHa XapakTepHa
Xopolasi MIaCTUYHOCTh, OH UMEET HeOONbIION yeabHbIA BEC U COXPAHSAET XapaKTEPUCTUKH
B YCIIOBUSIX PE3KHUX IMEpenaioB TemrnepaTtyp. TUTaH cnmoco0eH aKTUBHO MOTIONMIATh KUCIOPO/I,
BOZIOPOJ U 30T, YTO MPUBOAUT K U3MEHEHHIO €r0 MJIACTUYECKUX XAPAKTEPUCTHUK.

[lenbto HacTosmled paboTONl sBiIseTCd MOJMY4YEHHE 3aKOHOMEPHOCTEH BIUSHUS
YIII€BOIOPOAHON aTMOC(epbl HAa TOHKOIJIEHOYHOE MOKPBITUE OKCHJA AIIOMHHMS Ha THTaHE
BT1-0.

Marepuanbl U MeTOAMKA IKcnepuMeHTa. OOBEKTOM HCCIEAOBAHUS SIBISIFOTCS
TOHKOIUICHOYHBIC TIOKPBITHS OKCHIA AIIOMHHHS, HaHECCHHble Ha THTaH Mapku BTI1-0
(Al,O3/Ti) meTomoM MarHeTpOHHOTO pacmbiieHus. OOpasipl THTaHA HM3TOTABIUBAINCH
ANEKTPOUCKPOBOM pe3koil pazmepamu 20x20%1 MM, ¢ MOCIENYIOIIME MEXaHUYECKOU H

VOHHOU MOJMPOBKOU MOBEPXHOCTH.
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Ha o6pasupi-nommoxkkn Ti Ha ycraHoBke «Smma-2» [3] METOIOM MarHeTpOHHOTO
pacnbUIeHHs] HAHOCUJIOCHh TOHKOIUIEHOYHOEe MOoKphITHe AlyO3. MoHHas oyncTKa MOBEPXHOCTH
00pa3ioB MPOU3BOAWIACH IPU IMapaMeTpax: P=7-10" topp, U=2,5kB, 1=0,2A. Pexumsl
HaHecenus: mieHku Al,Os: P=2'10'3T0pp, U=0,8xB, I=10A. OOmas ToimMHa MOKPHITUS
cocraBuia ~400 HM.

Beinepxusanne o6pasioB Al,O3/Ti B yrieBomopoaHoii arMocdepe MpOU3BOIMIOCH Ha
ycranoBke PCl «Gas Reaction Controller» metrogom Cuseprca. PexkxuMbl ObUTH CIIEAYIOIINE:
JlaBJieHUE Bojopoaa B kamepe P = 2 atm, temneparypa 7 = 400 °C, B Teuenue ot | no 3
9acoB B yIJIEBOJIOPOIHOM atmMocdepe 1 4 yaca B BOJOPOTHOM.

H3mepenne MaccoBOro cojepaHUs BOJIOpPOAA MPOU3BOJIMIOCH Ha aHaIU3aTope
Bogopoaa RHEN-602 ¢bupmsr «Lecoy. Pactipenenenue 371eMEHTOB O TIyOHHE OIPEAesiioch
Ha crekrpoMeTrpe Tietoniero paspsaga GD-PROFILER 2, mpencraBnstommii  coOoid
ONTUYECKUN IMUCCUOHHBINA CIEKTPOMETP PaJAMOYACTOTHOIO TIICIOILErO pa3psiia.

H3mepeHne 3JeKTPONPOBOAHOCTH IUICHKA OKCHAA ATIOMHUHHS MPOBOJIUIOCH METOJOM
«HAKJIAJHBIX 3JIEKTPOIOBY, AJIEKTPOAbI U3TOTOBIEHBI U3 MEIHOW IUIACTUHKU JJIUHOU 7 MM.
BoabT-amnepusie  xapakrtepuctuku (BAX) nomyuanuce B pe3yibTare  HM3MEHEHUS
HarpspKeHus: Ha 3ekTpogax B auamnazone 0,01 — 0,09 B u perucrpaiiuu COOTBETCTBYIOIIETO
3HAYEHHS TOKA.

Pe3yabTaThl U HX 00Cy:KIeHMe.

Ha puc. 1 npencraBieHs! pe3ynbTaThl paclpeesieHnuss XUMUYECKUX AJIEMEHTOB IJIEHKH
Y TIOJTO’KKH TIO TITyOMHE MOJTydeHHbIe Ha crieKTpoMeTpe Tietomiero paspsaa GD-PROFILER
2. OTkyna BHIHO, YTO B HMCXOAHOW TuieHKe (puc. la) cOmepKUTCS Kak BOIOPOA, TaK U
yraepoj, MpOHUKIINKA B mporiecce HaHeceHus muieHku. CpaBuuBas cojepxanus H u C Ha
puc. la — d, MOXXHO BUJIETh YTO TI0 Mepe YBEIMUYCHHS BPeMeHH BbIIepkKH (0T 1 10 3 4) B
YIIEBOIOPOA cojepxkallei aTMocdepe KOHIEHTpalUs BOJOPOAA BO3pacTaeT BMECTE C
yraepogoM. Ilocne BbIIEpX KM B BOJOPOJ cojepxaiiedl armocdepe B TedeHue 4 u
KOHIIEHTpaIlMsl BOJOpPOJa HE HM3MEHWIACh IO CPaBHEHUIO C JAaHHBIMU IMOJYYEHHBIMH B
YIJIEBOIOPOA COJEpKallel cpeae, 4To MOATBEPKAAeT 3allluTHbIE CBOWCTBA IUIEHKU OT
IIPOHUKHOBEHUS BOJIOPOA.

PesynpTar, moka3pIBaIONINI YBEIHMUEHUE COJEPIKAHUS BOJOPOA OT BPEMEHHU BBIIEPIKKHI
B YIJIEBOZOPOJAE M BOJOPOJ coJepiKallel arMocdepe MOIyYeHbl Ha aHAJIM3aTOpe BOAOPOA

RHEN-602 ¢upmsl «Leco» u npeacrasieHs! B Tab. 1.
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P - 1 2 3 4
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cozepxaHue 85,5 140,3 1030,4 1440,3 212,8
BOZOpOJA, PpM
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Ha puc. 3 MOXHO BHAETh NMpPH YBEIMYEHUU BPEMEHH BBIIEPKKH B YIJIEBOJIOPOJAHOMN

aTMOC(bCpe YBCIUYMUBACTCA IIOBEPXHOCTHAA SJICKTPOIIPOBOAHOCTD IJICHKKW OKCHJIAa aJIFOMUHUA.

480 -
4604 5
4404 4
4204 34
4004
380
360 -
340
320
300
280
260 |

T T T T T T T T T 1
0 20 40 60 80 100

Hanpsxenue, MB

YaenbHasa anekTponposoauMOTb, HCM

Puc. 3. 3aBucuMOCTh TOBEPXHOCTHOM 3J1eKTponpoBogHOCTH mieHKH Al,O3; Ha TuTane: 1 — ncxomHas
mwieaka; 2 — 1 u, 4 — 2 4, 5 — 3 4 BBIAEpKAHHBIX B YIIIEBOJOPOAHON atMocdepe; 3 — 4 4
BBIZICP)KAHHBIX B BOJIOPOIHON aTMocdepe.

W3 3aBUCMMOCTH TIPEJCTABICHHON Ha pUC. 3 BUIHO, YTO Y 00pa3loB ¢ OOJBIINM BpEMEHEM
BBIJICP)KKH B YTJIEBOJOPOJIHONW arMocdepe, MOBEPXHOCTHAS SJICKTPOIPOBOIHOCTh IIIICHKU
MOBBIIIAETCS, ITO PA3TUYUE OOBICHAETCS, TEM UTO MPU MPOIYCKAHUHM TOKA Yepe3 OKCHIHYIO
IJICHKY MOHBI B IUICHKHU IEPEPACIPEleAI0TCS U YaCTUYHO paspyluaercs p-n-nepexon. [lpu
OTOM IUICHKAa OKCHJA aJlOMUHUS NPEBpALlaeTCsd B JAJIEKTPOHHBIM  IOJYNPOBOJIHUK,
coJiepaIiuii 0oJplliee WK MeHbIee (B 3aBUCUMOCTH OT YCJIOBUM ) H30BITOYHOE KOJTUYECTBO

WOHOB aIfOMHHUS [4]

1. Junichiro Yamabe, Saburo Matsuoka, Yukitaka Murakami. Intern. Journ. Hydrogen Energy. (2013)
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(2014) No6 743.

3. Amnambun IL.C., bamnoB [./I., Kocunsin JLI'., Kpusoboxos B.II. Ilpuboper u TexHHKa
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By30B. — M.: Boicur. mik. (1987). 239.
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CUHTE3 T'PA®EHA METOJIOM XOJIOJJTHOW UMILIAHTAIIUA ATOMOB
OTIAYMU YIJIEPOJA

GRAPHENE SYNTHESIS BY COLD RECOIL IMPLANTATION OF CARBON
ATOMS

B.1W. 3I/IHCHK01, I0.A. Araq)OHOBl, O.B. KOHOHGHKOl, B.B. CapaﬁKHH2
V.1. Zinenko, Yu.A. Agafonov, O.V. Kononenko, V.V. Saraykin

1I/IHCTHTyT MPOOJIEM TEXHOJIOTHH MUKPOAJIEKTPOHUKH U OCOOOUYUCTBIX MaTEPHATIOB
Poccutiickoii akagemuu Hayk (MITTM PAH), r. Yepnoronoska, MockoBckas 00:1., Poccus
zinenko@iptm.ru
’HUU dusuueckux npobiem um. ®.B.JIykuna, r. MockBa, 3enenorpan, Poccus

A new method to introduce carbon into catalytic metal films for the graphene synthesis is
proposed. This method is based on the phenomenon of carbon atoms recoil implantation from
a methane (CH,) layer adsorbed on the metal surface upon irradiation of the structure with
ions of inert gases. To increase the thickness of the adsorbed layer the samples were cooled
down to temperature ~ — 190 °C. After annealing were observed on the surface of the nickel
film by Raman spectroscopy numerous fragments of multi-layer graphene.

O,Z[HI/IM M3 KIKOYCBLIX BOIIPOCOB B OOJIBIIINHCTBE METOAOB CHHTEC3a rpa(beHa ABJISACTCA
CIoco0 CTpPOro J03WPOBAHHOM JOCTAaBKM aTOMOB YIJIEpOJa Ha IMOBEPXHOCTh WM B O00BEM
KaTaIMTHYECKuX monoxkek (B ocHoBHoMm wmetawioB Ni, Co, Fe, Ru, Cu), Ha koTOpbhIX
BbIpAIMBAIOTCA IIJICHKH rpa(beHa. B »toM mnnane BBCACHUC aTOMOB YIJICpoaa MCETOAOM
HOHHOH HMIUIAHTAllUA SABJISACTCA YHHUKAJIIbHBIM I10 cBoeil MNpCOU3NOHHOCTH U €TI0 IIHUPOKO
WCIIONB3YIOT 1Jisi cuHTe3a rpadena [1-3]. Ho mpu kimaccuveckoil HOHHON MMIUTAHTAIMHN €CTh
elle OJUH HMCTOYHUK MOCTYIJIEHHUS yriepojaa B oOpasel , Ha KOTOpbIM HUKTO HE oOpaiaeT
BHUMaHUS. DTO HUMIUIAHTalUMg aTOMOB OTAa4uu yrjiepoJa H3 CJI0A YTIJIICPOACOACPIKAIIUX
MOJICKYJI OCTATOYHBIX T'a30B, aI[COp6I/IpOBaHHHX Ha IOBCPXHOCTHU METAUINYECKON IJICHKU
IpY MMIUIAHTALMK TEPBUYHOrO IMyYKa MOHOB Yrjiepoja. JTO SIBJICHHE Ha0Jl0/1ajJoCh HaMU
paHee Mpu UMIUIAHTAIIUM UOHOB Oopa B kpemHuil [4]. lposBienue >¢dexra MMILTaHTAIAN
daTOMOB oTaAa4du yriiepoaa nu3 aI[COp6I/IpOBaHHBIX Ha IMOBEPXHOCTU N | CJIOECB
YIJIEPOJCOACPKALIMX MOJIEKYJl XOpOoLIO BHMAHO Ha puc.la, rae mnpuseneH mnpoduib
pacripeaeneHust atomoB yriiepoga B Ni TUieHKe, WMIUITAHTHPOBAHHOW HOHAMH YIJIEpOjaa C
sHepruen 70 k3B u nozon 1:10% em™ [Ipodune cHAT METOAOM BTOPHUYHOM MOHHOI Macc-
cnektpomerpun (BUMC). Hapsiny ¢ OCHOBHBIM MMIUTAHTAIIMOHHBIM NMpOoduiIeM (MakCUMyM
pactipenenenuss mpu ~65 nm) Habmromaercs y3kuii npunoBepxHocTHe nuk (I1I1) atomoB
yTiIepo/ia, MPOCTHPAIOIIHUICS OT MOBEPXHOCTH /10 TIyOHHBI ~20 HM. CyMMapHast 103a aTOMOB

yraeposa ( TIonaab Moa BceM mpoduiieM) COCTaBIsSET 1.25-10% cm. Takum obpaszoM, Ha
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[T npuxomutcs ~20 % (2.5-1015 CM'Z) OT CyMMapHOW BHEIPEHHOW J03bl, 3Ta BEIWYMHA

. Lo 15 2
OJIM3Ka K TOBEPXHOCTHOM IUIOTHOCTH OHOCIONHOM mieHKH rpadena (3,8-107° cm ™).
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Puc.1. [Ipodunu pacnpeneneHus yriiepoaa B HAKEJE: a - MOCe UMIUIAHTALUN HOHOB yIiIepoa ¢
sueprueii 70 k3B u no30ii 1-10* cM?, b — mocite XomoAHON HMIUIAHTAIIMH ATOMOB OTAAYHM yriepona
jutst 103 HoHOB Heona 1 - 5-10™ em? u 2 - 110" cm'™,

OTmeruM, yTO KaquOpOBKa KOHLEHTpALMU yriepoja MpOBOJMIACH IO M3BECTHOM 103€
MMILJIAHTAlUN (1'1016 CM'Z). OpHako MMeeTCsl HEKOTOpask HEOIPENEICHHOCTh B BEJIUYHMHE
KOHIICHTPAILIMH B PUIIOBEPXHOCTHOM 007acTh n3-3a MaTpuyHoro 3¢ dexra meroga BUMC.

MBI IONBITAIHUCH UCIIONIB30BATh SBJICHHE UMIUIAHTALMU aTOMOB OTAA4YH yriepoja Jyis
cuHTe3a IUieHOK rpadena Ha Ni. IlpenmyiiectBo 3TOro Meroga MO CPaBHEHHIO C
TPaJMLIMOHHBIM METOJIOM HMIUIAHTALIMM MOHOB YIJIepojia Ha OOJIbLIYI0 TIyOUHY OYE€BUIHO,
€CJIM BMECTO NMEPBUYHOIO MyYKa KCIOJIb30BATh MOHBI MHEPTHBIX ra3oB, a JUIsl CO3/aHUS Ha
HUKeJNe  aJcOpOMpOBAaHHOTO  CJIOS  HMCHOJb30BaTh  HANMyCK B  KamMepy  oOpa3loB
YIIepOACOAepIKAIMX Ta30B, Hanpumep, Metan (CHa), anerunen (CoHz). B atom ciydae mbl
OyZieM UMETh €IMHCTBEHHBIN UCTOYHHUK MOCTYIUICHUS YIIepoaa B HUKEIEBYIO IUIeHKY. bonee
paAMKaNbHBIM CIIOCOOOM YBEIMYEHUS TONIIMHBI aACcOPOMPOBAHHOIO CJIOS MOJEKYJ MeTaHa
MOKET ObITh oHMmKeHue Temieparypbl Ni menku. Ecian oOpaser; oX1aauTh 0 TeMIepaTypbl
HW)KE TEMIIEpaTypbl IUIABJICHUS YIVIEPOACOAEPXKALLETO Ta3a, TO MOXKHO TIOJIY4YHUTb
aZicopOMpPOBaHHBIN cIoil B TBepAoH (aze [5]. Emie oqHUM 1MOM0KUTEIBHBIM (AKTOPOM TaKOTO
MeTOoJla SIBJISETCd TO, YTO BHEJIPEHHbIE aTOMBl YIJIEPOJla COCPENOTOYEHbI B TOHKOM
IPUIIOBEPXHOCTHOM clioe. DTO OyaeT crnocoOcTBOBaTh OBICTPOMY BBIXOJAY yIjiepoja Ha
noBepxHOcTh Ni TUIEHKH MPH OTKUTE JITsl CHHTE3a rpad)eHa U yMEHBIIUT BPEMS OT)KHTa.

B KkauecTBe MOMJIOXKKH Ui CHHTE3a IICHOK rpadeHa HCmoab30Bainuch IuteHKH NI,
HaIlbUICHHBIE Ha OKMCIJIEHHBIM KpeMHMW. TommmuHa mieHku cocrasisuia 0.4mxMm. Ilocne

omkura obpasios B Bakyyme (15 munyr, 1000 °C) Ha MOBEPXHOCTH HHKENs HaOJIOAAIACH
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3epHUCTAsE CTPYKTypa C pazMepom 3epeH 5 —15 mxm. OOpa3ipl Kpenuwinch Ha Jepikareiie B
BakyymHoi kamepe umimiantepa EXTRION (Varian) 200 - 1000. KoucTpykuus aepskareris
MO3BOJISUIA OXJIAXKIATh 00pa3Ibl 0 HU3KUX TEMIIEPaTyp C UCHOIb30BAHUEM JKUAKOTO a30Ta.
Kamepa orkaunBamach 1m0 gasiemmst 1-10”  Tla, 3areM  0Gpasibl OXJIQKIATHCH [0
temneparypsl ~ —190 °C ¥ ycTaHaBIMBAJIOCH HATEKAHWE METaHA Ha YPOBHE €ro
napuuaIbHOTO AaBieHus ~3.4-10 “ Ila. B stom pexumMe 00pa3ibl ObUTH OO0IYUYEHBI ABYMS

2 sHepruen 40 xk3B.

J03aMHU MOHOB HEOHA: 5° 101 1-10%° cm

Ha puc.1b mpuBenenst BUMC npodunm pacnpesieneHuss aTOMOB OTAAa4yd yriiepojia B
o0ydeHHBIX oOpa3uax. BHenpeHHbIe aTOMBI OTAAYd YIJIEpPOAa COCPEAOTOYCHBI B TOHKOM
IPUIIOBEPXHOCTHOM cJi0€ TOIIUHON ~ 20 HM. [Inomane nox npoduiiemM pacnpeaeneHus JUis
10361 5-10™ cM? (9KBHBaNCHTHAS 1032 BHEAPEHHOTO yriiepoza) B 5 pa3 NpeBbIILIAET II0MIAb
10/l IPUIIOBEPXHOCTHBIM MHKOM YIJIEpOJAa MpH KJIAcCHYECKOW MMIUIaHTauuu (puc.la), uro
roBopuT 00 3 PeKTHBHOCTH MeTOa. Y BeITMYeHUE 1036 HOHOB HeoHa B 2 pasa (1.0- 10" em™
YBEJIIMUUBAET DKBUBAJICHTHYIO 103y BHEAPEHHBIX aTOMOB yriiepoja Bcero Jimmb Ha 30 %.
OTO CBUIETENbCTBYET 00 YMEHBUIEHUU TOJIIMHBI aJCOPOMPOBAHHOIO CJI0s METaHa 3a CYeT
pacHbUICHUS U UCTIapEHMs 110/l BO3/IEHCTBUEM MOHHOTO ITy4Ka.

[Tocne oOxydeHnss HOHAMH HEOHA 00paslbl OTKUTAINUCH B BAKyyMe B TeUeHHE | MUHYTHI

npu temneparypax 860, 900 u 960 °C. Onrtuueckoe nzodpaxenue mienku Ni mocie omkura

pu 960 °C (n03a HOHOB HeoHA 5 10" CM-Z) MPUBEJICHO HA pHUC. 2a.
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Puc.2. a — onrruyeckoe n300pakeHre MOBEPXHOCTH TUIEHKH HHUKEIs mociie omkura mpu 960 °C, b —
CIEKTP KOMOMHAIIMOHHOT'O PACCESIHUS C TEMHBIX ()parMEHTOB ONTUYECKOTO H300paKEHHUS.

UeTko BUIHBI TPAaHUIIBI 3€pE€H W TEMHbIE ()parMeHThl, B OCHOBHOM MPHUMBIKAIOIINE K
rpasuiiam 3epeH. Pazmep TeMHBIX (parMeHTOB KoyieOjeTcss B nuama3oHe 1- 5 mxm. Ha
o0pa3siiax, OTOXKEHHBIX MPU 00JIee HU3KUX TeMIIepaTypax, KOJIMYECTBO TEMHBIX (hparMeHTOB

U UX pa3MCp YMCHLBIIACTCA C YMCHBIICHUCM TCEMIICPATYPHI. XapaKTepmaumI MMOBCPXHOCTHU
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Ni miueHKH Tmocie OTXKHUIra IPOBOAMIACH METOJOM PaMaHOBCKOW CIEKTPOCKOINHMH Ha
mukpockorie SENTERA ¢upmer Broker. CriekTpsl KOMOMHAIIMOHHOTO pacCesHUs C IUIEHKH
HUKEJS TOKa3bIBaIOT, YTO  TEMHbBIE (ParMEHThl NPEACTABISIOT COOOH MHOTOCIOWHBIN
rpaden. Ha puc.2b mpuBeneH TUNMUHBIA CHEKTp, CHATHI C TeMHBIX (parMeHTOB. UeTko
BHJICH Y3KUH (ITOJIYIIMPHUHA HA TOJIYBBICOTE 22 CM-l) muk G, 94TO TOBOPUT 00 yMOPSAIOUYCHHON
TFeKCaroHaJIbHOM  CTPYKType pacloiokeHuss aroMoB yriepojga. Cnabeii mmk D
CBUJICTENILCTBYET O HE3HAYUTENbHOM KoiuuecTBe aedextoB. Ilo dopwme, LIUPUHE U
pacronioskeHuo muka 2D MOXHO cyauTh 0 KoJHuecTBe ciioeB rpadena. 2D muk MoxeT ObITh
pa3fioKeH Ha TpU MUKa (JIOpEHIMaHa), YTO TOBOPUT O HAIMYUM KAaK MUHHUMYM 4 CJIOEB
rpadeHa.

[TonydeHHble pe3ynbTaThl MPAKTUYECKH COBIAJAIOT C pe3ylbTaTaMu CHHTe3a rpadeHa Ha
MOBEPXHOCTH TMOJHMKPUCTAUINYECKOro NI MeTogoM OOBIYHOW BBICOKO3HEPTreTHUSCKOU
UMIUTAaHTaud WOHOB yriiepona [1-3]. Ilmenku rpadena monydaroTcss HE CIUIONIHBIMH, a
00JIaCTH MHOTOCJIOHHOTrO rpadeHa TPYNIUPYIOTCs Bo3ie rpaHuil 3epeH Ni  IUICHKH.
Habmonaercs npeumyiectBeHHas nud@ysust yriaepoaa K MOBEPXHOCTH MO TPaHUIIAM 3€pEH
BO BpeMs OT)KUTA, YTO MPEMSITCTBYET OAHOPOTHOMY POCTY MOHOCIIOMHOTO TpadeHa 1mo Beei
noBepxHoctd Ni tuieHku. [lonyduTh OJHOPOAHBIC MOHOCIIONHBIC TUICHKH TpaeHa MOXKHO
TOJIbKO Ha MOHOKPHUCTAJUTMYECKOM HHKeJe ¢ opueHTaruei (111) [3].

OTnuuuTeNbHON 0COOEHHOCTHIO METO/]a UMIUTAHTAIIMU aTOMOB OTJA4M SIBJISICTCSI BHICOKAS
KOHIIEHTpalKsl aTOMOB YIJIEpoJa (~1022 CM'3) B Y3KOM (~ 20 HM) MPUIIOBEPXHOCTHOM CJIO€,
YTO HEBO3MOXXHO CO3/JaTh TPAJAUIMOHHON HWOHHOM uUMIUIaHTanuend. [IpoBeneHHbIE
HKCIIEPUMEHTHI MOKa3ajiH, YTO METO] UMIUIAHTALMKM aTOMOB OTJA4M YTIIepoJa MOKET OBbITh
MPUMEHEH I CHHTE3a IJICHOK rpadeHa. DTOT METO MOXKET MPEACTaBISITh WHTEpEC JUIs

CHHTE3a TOHKUX IIJICHOK APYIUX XUMHUYCCKUX COCI[HHGHI/Iﬁ.
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SJEKTPOHHAS CTPYKTYPA U DMUCCHUOHHBIE CBOMCTBA W,Pdu Pd-Ba,
UMILIAHTUPOBAHHBIX MOHAMMU Ba”

ELECTRONIC STRUCTURE AND EMISSION PROPERTIES OF W, Pd AND Pd-Ba,
IMPLANTED BY IONS OF Ba*

C.b. [lonaes, b.E. Ymup3akos
S.B. Donaev, B.E. Umirzakov

Tawkenmckutl 20cyo0apcmeeHHblil mexXHuYecKull yuusepcumem, yi. Yuueepcumemckas 2,
Tawxenm, Y36exucman. E-mail: sardor.donaev@gmail.com

The influence of ion implantation Ba on the electronic structure and emission
properties of W, Pd and Pd-Ba. It is shown, that in the case of Pd and Pd-Ba ation
implantation along with a decrease ofwork function occurs changethe statedensity
of valence electrons.

Jlo HacTosIero BpeMeH! METaNIOCIIaBHbIE KaToAbl IIMPOKO ucnoib3yercs B CBY -
npubopax M-tuna (B 0COOCHHOCTM MarHeTpoHax), padOTalIIMX B COCTaBE HOBEHUIIUX
o0pa3uoB CBY - anmaparypsl ¥ CUCTEM I'PakJaHCKOT'O Ha3HAUEHMUS.

W3BecTHO, dTO SMHCCHOHHAs A(PPEKTUBHOCTh  AKTUBUPOBAHHBIX  CIUIABOB
OIpEEIAETCS YUCTOTON MOBEPXHOCTHBIX CJIOEB U TOJIIMHON aKTHBHUPYIOILErO JIEMEHTa Ha
nosepxHoctu [1, 2]. B ciiyuae Pd-Ba, akTuBMpOBaHHOTO B BBICOKOM BaKyyMe IPOTPEBOM JI0
T = 1150 K, 3nauenus ep = 2,5 3B, om= 2,5, Epm= 500 3B. Hannuune HeOobIIoro KonmuecTsa
KHCJIOpOJia MPUBOJUT K YBEJIMYEHHIO BTOPUYHON 3JIEKTPOHHOM 3MMCCHUM 3THUX KaTO/OB, a
aktuBupoBkaPd-Ba B armocdepe Bomopoga — TMO3BOJISET TNOJHOCTBIO (B Ipenenax
YyBCTBUTEIBHOCTH OXe-CIEKTPOMETPa) OYUCTUTh MOBEPXHOCTh OT S U C, UTO MPUBOIUT K
yMeHblIeHuto e 1o 2,1 3B, yBenuuenuto om 10 3,6 [3]. Kpome TOro ycraHoBieHo, uTO
MMIUTaHTanus 1oHOB Ba® ¢ osmeprueii 0,5-5 k9B B Pd-Ba m03BOJA€T TMONYYUTH BBICOKHE
3HaueHus kod(duireHTa BTOPUUHON A1eKTpoHHOM sMuccun (BO9D) o 6e3 npeaBapuTenbHOR
AKTHBUPOBKH CIUIABOB [4].

B nanHolf paboTe uccinenoBaluCh BIMSHME MMIUIAHTAllMM MOHOB Ba Ha coctaB u
anekTpoHHbIe cBoiictBa Pd, W u crmaBaPd-Ba (Ba — 1,5 ar.%). McciaenoBanuu mpoBOIHIHCH
C MCIOJIb30BaHUEM METO/I0B BTOPUYHON U (POTORIEKTPOHHOMN CIEKTPOCKOMHH.

[Tepen monHo#M mMIuTaHTanuen cruaBPd-Bamonsepranick MHOrouacoBoii (B TeueHHE
5-6 yacoB) aKTMBHMPOBKE, a METAJUIBI — BBICOKOTEMIIEPATYPHOMY MPOTPEBY A0 MOIYUYECHHUS
"gyucThix" moBepxHOCTEN. JlernpoBanre MpoBOAWIOCH TP KOMHATHOM TeMIEpaType MUIIEHU
B BaKyyMe€ HE XyXe, 4eM 10” Tla. MoHHAs MMIUIAHTALHAS BO BCEX ClIy4asX, HE3aBUCUMO OT
SHEPTUU U /103bl MOHA U THUIIA MOJJIOXKKH, MIPUBOAMIA K POCTY BEIUYHHBI KOAPPHUIIMEHTOB

BTOPHYHO-3JIEKTPOHHOH YMUCCUM U K U3MEHEHHUIO TOHKOH CTpyKTyphl KpuBbIX 6(E,) n R(E,),
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rae ¢ — noyHbi kKoddurment BOD, R — koaduimeHT ynpyro-oTpakeHHBIX AJIEKTPOHOB,
E,— aHeprus nepBuuHbIX 211eKTpoHOB. Ha pucynke 1 mpencrasnensl 3aBucumoctu 6(Epr) n
(Epr) mns Pd, nerupoBaHHOrO MOHAMU Ba® ¢ smeprusmu Eg = 0,5; 1; 3 u 5 x3B. Bo Bcex
ciay4asix J03a MMIUIAaHTauuu Oblia BbicOKOM D = 6:10*° CM'Z, BugHo, 4TO mnpHU HUBKHX
sHeprusix HoHoB (E,= 1 k3B), Hapsaay ¢ cylecTBEHHBIM POCTOM BEIMYUHBI KO3()(UIIEHTOB
B3O, pesko mensercsi ToHKas CcTpykrypa KpuBHIX O(Epe) m R(Eyf). Ilpm stomM KpuBBIX
MOJIHOCTBIO MCYE3aeT CTPYKTYpa, XapakTepHass [UIsi YUCTOM, M TMOSBIISIIOTCS HOBBIC
O0COOCHHOCTH. 3Ha4HWTEeNbHOE YyBenmueHue kodpduimenta R (B nBa u Oornee pasa)
HaOJroaeTcst B 00JIACTH MEPBOr0 HU3KOBOJIBTHOTO MAaKCHMyMa, a 3HaueHue Kod(pduimenrta
opacteT Bced wHcciaenyeMoil 00JiacTH SHEpruil MEepBHUYHBIX 3JIEKTPOHOB. C MOBBIINICHHEM
sHepruu uMoHoB mpu Ey,> 1 k3B oTHocuTenbHBI pocT BenuuuHbl K03 ¢dunueHtos BOO
ymenbiuaercs. [Ipu 3trom Ha kpuBbiX 6(Ep) u R(Ep) ymeHblIaeTcsi MHTEHCUBHOCTh HOBBIX
0COOEHHOCTEH, M TOSBISIFOTCS HEKOTOPBIE OCOOCHHOCTH, XapaKTepHbIE IS Majuiaaus. YxKe
npu Eg = 5 k3B ykazaHHBIX KPUBBIX MaJIO OTJIMYAETCS OT TAKOBBIX JJIsl YMUCTOro oopasna. [Ipu
JAHHOW SHEPTUU MMILIAHTUPOBAHHBIX MOHOB M3MEHeHUs1 BD XapakTepucTuk ompenensroTcs
710301 00JIydeHHUs: Ipy MajbIx qo3ax odnydenus (D < 4- IOMCM'Z) Ha 3aBHcUMOCTAX G(Epr) n
R(Epr) momHOCTBIO COXpaHSAETCS CTPYKTYpa, XapaKTepHasl Ul HEJCTHMPOBAHHBIX 0OpPa3IioB.
Haunmas ¢ D= 10%cm? Ha JHEPreTHYECKUX 3aBUCUMOCTH KOI((UIIMEHTOB G U
RnosBisitoTcst HOBble 0cOOEHHOCTU (Hanpumep, MakcuMyM npu E, = 6 3B n munumym npu

Epe=10 = 12 9B).

4 12 20 28 3b Eps, 3B

Puc. 1. 3aBucumoctu ¢ (1-5) u R (l’-5/) ot Er 1u1st Pd, monamu Ba” ¢ pasubivu sueprusvu Eo, k3B: 2,
2 - 0,5; 3, 3- 1: 4, 4 - 3:5, 5 - 5,1- neneruposanusiiiPd.
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C nanpHEHIIMM POCTOM J03bI MHTEHCUBHOCTH ATHX OCOOCHHOCTEH pacTeT, a uxX
MOJIOXKEHUST HEMHOTO CMEIIAlTCs B CTOpoHY MeHbmuxX E. Ilpu 3TOM HHTEHCHBHOCTH

. . 6 . -2
O0COOEHHOCTEH, CBS3aHHBIX C IUIaTHHOW, mamaer. [Ipu D=2-10"" cm

Ha KpuBbIX G(Epr) n
R(Epr) ycranaBinmBaroTCS BCce OCOOCHHOCTH, IPUCYIIME BBICOKOH 103€, a CTPYKTYypa,
XapakTepHasi AJIi MaTpULbl, MOJHOCTbIO Hcue3aeT. C pganbHeWmuM poctoM Ao03sl D >
6-10%cm™ CTPYKTypa KPHUBBIX IPAKTUYECKH HE MEHSACTCS, MPOUCXOIUT JHIIb HEKOTOPOE
YBEIMYCHHE O, MPENCIbHOEe 3HAYCHHE KOTOPOro ycraHaBimBaercs mpu D= 6-10'° oM™
[Tocnennsiss no3a Ha3pIBaeTCs A030M HachllleHus. BenuunHa m03b1 HachlleHUS! Diyaclipu
M3MEHEHHUH SHEpriH HoHoB Ba® ot 0,5 k9B 10 5 k9B Memsiercs B pegenax ot 4-10™ em™ 1o
8:10% cm™.

ITocae mporpesa norHo-nerupoanHoro Pd mpu T = 900 K B Teucnne 30-40 MuH Ha
noBepxunoctu Pd o6paszoBaics coequnenue tuma Pd,;Ba ¢ Tommunoii ot 5 — 20 HM.

Pesynbrarer YOOC nokazanu, 4TO IUIOTHOCTb COCTOSIHUSI BQJIEHTHBIX 3JIEKTPOHOB
Pd;Ba u Pd pe3ko oriauuaroTcst Apyr OT Apyra, 4To CBS3aHO 0Opa30BaHUEM XHMHYECKOM
cBsi3u Mex 1y aromamu Pd u Ba.

B cniyqae W ummnanTanust moHoB Ba Takxke nmpuBoauT K pe3komy pocty 6. OqHaKo B
3TOM Cily4ae He HaOaroJainch 00pa3oBaHNE UHTEPMETAJUINYECKUX COEAUHEHUH.

Takum o6pasom, nerupoBanrePd u Wronamu Ba ¥ 11e/104HBIX 3JIEMEHTOB, BO BCEX
ClIy4asix MpPHUBOIUT K pocTy koddpdumuentos BDI. Opgnako, B cliyuae HOHHO-
umiiantTapoBanHoro Pd u Pd-Ba o6pasyeTcs nHTepMeTAIIIMYECKHE COSAMHEHHMS, a B CIyJae

W — takue coequHenue He oOpasyercs. CienoBaTesibHO, B OJMHAKOBBIX YCIOBUSX HOHHOU

UMIUTIAHTAIMH OTHOCUTEIBHBIN pocT 6 B citydae PdGombiire, uem B ciaydae W.

[1] Hio6ya B.Y., Kynrames O.K., ITomusaukosa O.B. Dnekrponnas texuuka, Cep.1. CBU-Texuuka, Boim. 4
(497).2008. c. 3 —21.

[2] Ecaynos H.II., Famapckuii B.I1., Ipo3nosa JI.H. Dnexrponnas texuuka, Cep.6. Matepuainst. 4.1., Bpir.5.
—1990. —c.11-16.

[3] HopmypamoB M.T., Ceprees I'.U., Yuapos 3., bynazapos [I., Ymup3ako b.E. DiexkTpoHHas TexXHHKA,
Cep.1. Dnexrponuka CBY., Bein.2(406). — 1988. — c.43-47.
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Abstract

Zirconium carbide (ZrC) either as a bulk material or a layer has of recent attracted a lot of
research attention because of its proposed application in the nuclear energy industry [1,2]. It
has been proposed that addition of a thin layer of ZrC on the conventional SiC layer or even
replacing SiC completely with ZrC layer on the nuclear TRISO fuel particle could enhance its
integrity [3]. Several studies on the growth and properties of ZrC coatings have been
conducted [4,5], however obtaining good quality ZrC layers has remained a challenge. This is
because it is difficult to grow stoichiometric ZrC. Stoichiometry has profound effects on the
properties of ZrC [6]. Another challenge is that different deposition conditions also influence
the properties of the deposited layer differently. The growth characteristics and properties of
ZrC layers grown through CVD are influenced by many factors including; the deposition
temperature and time, the precursor partial pressures and compositions, the reactor geometry,
and the level and state of vacuum in the reaction chamber among others. Of these factors the
effect of deposition time on the growth behaviour of ZrC layers has been the least

emphasised.

In this work, preparation of ZrC layers using a vertical wall CVD at different deposition times
is reported. Furthermore, we have examined the time dependence of microstructural and
morphological evolution of the as-deposited ZrC layers. ZrC layers were deposited from
ZrCls-Ar-CHy-H; in a home-made vertical wall chemical vapour deposition system. For all
the experiment runs, the substrate temperature and the total reactor pressure were maintained
at 1400 °C and atmospheric pressure respectively. The gas flow rates were also maintained
the same for all the experimental runs. The deposition time was varied from 0.5 hours to 2.5
hours. To investigate the microstructure evolution and the growth characteristics of ZrC layers
with deposition time, the growth rate, microstructure, morphology and phase composition
were analysed. Scanning electron microscopy, X-ray diffraction, energy dispersive

spectroscopy and Raman spectroscopy were used for characterisation of the layers.
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The XRD patterns of ZrC layers deposited at 0.5 h, 1.0 h, 1.5 h, 2.0 h and 2.33 h are indicated
by Figure 1. The peaks are sharp and well defined, an evidence that the material deposited at
all deposition times possess a good degree of crystallinity [7]. Changes in deposition time had
an effect on peak intensity and consequently on the orientation of the planes. The average
crystallite of layers was found to increase with the deposition time. The microstrain,
dislocation density and lattice constant were also investigated.
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Figurel: XRD pattern of ZrC layers deposited at different deposition times.

At short deposition time the Raman spectra showed the acoustic and optic braches indicating
that the ZrC deposited contains carbon vacancies. The D and G-peaks intensity increased as
the deposition time increased, implying the amount of free carbon increased at long

deposition times. The D and G- peak position were also influence by the deposition time.

Figure 2 shows the surface morphology of as deposited ZrC layers at different deposition
times. SEM images showed that the surface morphology and roughness of as-deposited layers

depended strongly on the deposition time.
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Figure 2: SEM images of ZrC layers deposited for 30 and 120 minutes respectively.
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Diamond is a material with superficial properties such as wideband gap, high thermal
conductivity, biocompatibility and chemical inertness. Diamond exists in particles form with
size in few 100 nm called as nanodiamonds (NDs), which consists with outstanding optical
properties [1]. In addition, NDs have great advantage of tunable structure and non-toxicity,
which allow them to have a great potential in biomedical applications [1]. Diamond can
accommodate the versatile impurities due to its wideband gap, results in creation of various
color centers like nitrogen-vacancy (NV), silicon-vacancy (SiV), Ni, Cr, Ge, Ni-Si complex
etc. The prominent color centers of diamond are NV center [2] and SiV center [3], which

works as outstanding biomarkers due to low photobleaching and high biocompatibility.

NDs have the great advantage is ease and ability in functionalization with biomolecules
leads to the prime candidate in single particle tracing in cells and drug delivery. NDs also
employed for in vivo tracking in magnetic resonance imaging (MRI) contrast agent along with
gadolinium due to their feasibility [4]. It is emerging the interest in NDs, which can works as
good biomarker as well as MRI contrast agent. Therefore, in the present study, we have
developed a process in fabricating the magnetic NDs by Fe-ion implantation process and
investigated the surface modification characteristics. The resultant optical and magnetic

properties were demonstrated.

The preparation of Fe-NDs was started with detonated ND powder (Size ~100 nm,
Element Six Co.) has been dissolved in distilled deionized water (DD water). This solution
was dispersed on an oxidized silicon wafer and dried under a lamp. The ND powders covered
SiO,/Si wafers were placed in a vacuum chamber for Fe-ion implantation. The Fe-ion
implantation was performed with using the SNICS-II (National Electronics Corp.) ion source
(FeP cathode). The Fe-ion implantation in to NDs was carried out with Fe-ions energy of 72

keV and implantation dose of 3 x 10*° ions/cm?.
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The longitudinal range and range straggling of the Fe ions in diamond were estimated by

a computer simulation stopping and range of ions in matter (SRIM, http://www.srim.org/).

The ion ranges of Fe-ion implantation in diamond is shown in Fig.1, which reveals that the
penetration depth of Fe ions in diamond for implantation energy of 72 keV is 33.6 nm with
straggling of 8.8 nm. Later on the implantation, the NDs/SiO,/Si samples have been annealed
at 600 °C for 3 hours in ambient atmosphere to heal the damage of NDs due to Fe ion
implantation. Further Fe implanted NDs were collected from the /SiO,/Si wafers by using the

ultrasonic bath of 5 ml DD water.
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Fig. 1 SRIM simulation results of penetration depth estimations for Fe implantation on NDs
with implantation energy of 72 keV.

The impact of Fe-ion implantation on bonding structure and surface modification of NDs
were investigated by using the UV Raman spectroscopy and Fourier transform infrared
spectroscopy (FTIR). Generally, the high quality, defect less and stress free diamond exhibits
the characteristic Raman resonance peak at 1332 cm™ [5]. Fig. 2(a) shows the UV Raman
spectrum of the as received NDs, which depicts the sharp Raman peak at 1332.56 cm™
(diamond) with FWHM value of 8.24 cm™ and broad peak at 1579.6 cm™ (G-band) [5]. This
Raman spectrum demonstrates that the NDs are consisted with sp®-carbon on the surface,

which mostly originated in the detonation process.

The Fe-implanted and annealed Fe-NDs were exhibited with interesting results, which
shown in Fig. 2(b) indicating that the G-band has been vanished and the sharp Raman peak is
presented at 1332.02 cm™ with FWHM value of 8.86 cm™ [5]. The shift in Raman peak to

1332.02 cm™ of annealed Fe-ND reveals that, the annealing process leads to release of the
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strain in NDs. In addition, an increase in FWHM value of diamond Raman peak is observed
for annealed Fe-ND. The broadening of Fe-NDs are solely due to the decrease in NDs size,
which occurred by annealing process in atmosphere. The Raman spectrum of as received NDs
confirms the presence of graphite on NDs, which is etched out in annealing due to the
presence of oxygen in ambient atmosphere results in decease in the NDs size. Furthermore,
the Fe-implantation has prominent effect on surface modification due to its catalytic nature,
which could have impact in drug delivery and bio-imaging applications. Therefore, systematic
study is performed on as received NDs, Fe-implanted NDs and annealing performed Fe-NDs
using FTIR spectroscopy. Furthermore, to investigate the magnetic and optical properties of
Fe-NDs, electron paramagnetic resonance spectroscopy and photoluminescence spectroscopy

studies have been accomplished.
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Fig. 2 UV Raman spectra of (a) As received ND (size ~ 100 nm) and (b) Fe-ion implanted

with energy of 72 keV and annealed at 650 °C for 3 hours in atmosphere.
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The properties of metal nanoparticles (NPs) are comprehensively investigated because of its
possible application in modern opto/microelectronic devices. Metal zinc NPs can be use in UV
photo-detectors based on surface plasmon resonance phenomena [1]. There are a number of
publications attempted to the formation of metal NPs by supersaturation of silicon with these
metals. Among them there are works connected with formation of Zn NPs in Si ion implantation
[2-4]. In recent years, there were much attention has been paid to the problems of creating
combined microelectronics and photonics systems on silicon substrate. So silicon is non-direct
semiconductor, it is not a convenient material for these purposes. The important task is the search
for ways to synthesize NPs with a narrow size distribution. Swift heavy ion irradiation (SHI)
beams allows selectivity to control the dimensions of formed NPs [5]. As known SHI irradiation
lead to formation of so-called latent tracks (nanometer-sized disordered regions around ion
trajectory) in many oxide crystals and corresponding track-associated radiation damage may
induce the change of NP form from spherical to ellipsoidal. This effect is most noticeable for
multiple (about 100 times) SHI impacts [6]. In this work the Zn nanoparticles were synthesized in
Si by high-dose and low-energy Zn ion implantation. Then there was carried out the modification
of implanted samples by high-energy Xe ion irradiation.

The single crystal n-Si(100) substrates were implanted by *Zn* ions with a dose of
5x10"°cm™ and energy of 50keV. In this case, according to SRIM soft [7] calculation the Zn ion
projective range in Si was R,=40nm. To avoid the substrate significant heating effect compared
to room temperature the ion beam current density was less than 0.5pA/cm?. After Zn ion

implantation in amorphous Si substrate layer the amorphous Zn metal NPs with average radius of
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4 nm were existed [8]. After implantation the substrates were subjected to irradiation at room

132%e?* jons with energy of 167MeV to fluencies ranged from 1x10™ up to

temperature by
5x10™*cm™ at 45° incident angle to surface normal.

Structural changes in pre-implanted, Zn implanted and Xe irradiated samples were examined
by scanning electron microscopy (SEM) LYRA3 (TESCAN) in a second emission (SE) and back
scattering (BSE) modes. The last mode can us to obtained so-called Z-contrast. Using the energy-
dispersive spectroscopy (EDS) microanalysis, added to this unit, it is possible to determine the
element composition of the subsurface layer and obtain the element mapping. The topology of the
sample surface was studied using atomic force microscope (AFM) NTEGRA (NT-MDT) in a
tapping mode. The photoluminescence (PL) spectra were carried out in a spectral range of 350-
800nm with photo excitation using He-Cd laser with wavelength of 325nm at temperature range

10-300K.

SEM HV: 20.0 kV WD: 7.83 mm | |

View field: 6.08 ym Det: SE 1pm
SEM MAG: 59.4 kx  Date(m/dly): 04/05/17

SEM HV: 20.0 kV WD: 7.83 mm 1L LYRA3 TESCAN|
View field: 6.08 pm Det: BSE 1pm
SEM MAG: 59.4 kx Date(m/dly): 04/05/17

a) b)
Fig. 1. SEM-SE (a) and BSE (b) images of Zn implanted and Xe (1x10*/cm?) irradiated Si substrate.

On Fig.1 there are presented the SEM SE (a) and BSE (b) images of the surface for the sample
implanted and irradiated. In this image we can see a bright spot, and numerous dark spots. Their
size is order 100nm. Bright spot is at the sample surface, and the dark spots are small surface
pores with shallow depth. In Fig. 1b one can see that in the BSE mode (Z-contrast) the bright spot
are left and dark spots are gone. Those, the bright spot have a mass greater than the element mass

59



of the Si substrate matrix, i.e., it certainly Zn-contained NP. Dark spots in this image are not, i.e.,
they belong to the sublayer matrix. Our conclusions are confirmed by EDS microanalysis. From
such a spectrum follows that except for the main elements of the substrate, namely, silicon Si-K
line 71.45 at% and oxygen O-K line 1.9 at%, there are Zn impurities Zn-K line 0.44 at% and
carbon contaminations C-K line 26.2 at%. From these data, it follows that observed NPs consist
of metallic Zn or its chemical compound type of Zn-ZnO as zinc has a higher atomic weight than

silicon.

Fig. 2. 2D- mage of as Zn implanted surface (a) and 3D image after Xe irradiation with fluence of
1x10"/cm? (b).

Fig. 2a presents a 2D image in AFM mode of the surface topology for the as implanted
sample. From this it can be seen that the sample surface is quite smooth, as evidenced by the
given numerical data corresponding to this image: Average Surface Inhomogeneity S = 0,872
nm, Average Roughness S; = 0,205 nm and Root Mean Square of Roughness Sy = 0,259 nm.
Such a surface smoothing of a target during implantation is a common phenomenon associated
with the sputtering of target upper surface of implanted layer. On a Fig. 2b there are presents a
3D-image of the sample surface after Xe irradiation with fluence of 1E14/cm? One can see on
this figure that the surface nonuniformity increased. It follows from the above numerical data
relating to this figure: Average Surface Inhomogeneity S = 1,26 nm, Average Roughness, Sa =
0,218 nm and Root Mean Square of Roughness, Sq = 280 nm. Such a change after irradiation in
the topology structure is attributed to the formation radiation effects in subsurface Si layer as
compared with as implanted sample. It should be noted that by the AFM method we investigated

sensibly uniform surface without any artifacts shown in Fig.1.

60



1 Xe 1E14/cm2
2 —— Xe 5E12cm/2
0.12 4 3 Zn as implanted

0.10

0.08

0.06

0.04

PL intensity, arb. un.

0.02

0.00 +

T 1
350 400 450 500 550 600 650 700 750 800 850
Wavelenght, nm

Fig. 3. PL spectra at 10K of Zn as implanted (3) and after irradiation samples with Xe fluences, cm? 1 -
1x10", 2 - 5x 10%/cm®,

On Fig. 3 there are presented the PL spectra of Zn as implanted and Xe irradiated samples. On
Fig. 3 (curve3d) one can see that for as Zn implanted sample the PL narrow peak at a wavelength
of 370nm is observed. This peak is due to ZnO phase germination and connected with exiton
recombination. Also we can observe the broadened peak at a wavelength of 425 nm. This peak is
due to radiation-induced point defects and their clusters. After irradiation by swift Xe ions the PL
peak at a wavelength of 370nm disappeared. This indicates that the phase of ZnO is lost. During
Xe irradiation PL peak at 425nm increases with increasing of Xe fluence. Also one can see the
broadened PL peak at a wavelength of 800nm, which is also apparently associated with radiation
effects and track formation after Xe irradiation.
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Silicon carbide is a semiconductor with a vast number of applications such as electronic
devices, nuclear reactors, etc. The use of SiC is due to its exceptional properties like high
thermal resistance, small neutron capture cross-section and high stability under neutron
irradiation [1-3]. In nuclear reactors, the coated fuel particle such as the tristructural-isotropic
(TRISO) use SiC as the main diffusion barrier for radioactive fission product (FPs). Previous
studies have reported attacks on SiC by zirconium (Zr) and palladium (Pd) fission products
[5-6], leading to degradation of the SiC. To improve the SiC properties, tungsten (W) was
coated on SiC to serve as one of protective layer for SiC against FPs. To test the
effectiveness of W-SiC against FPs, swift heavy ions (SHI) were irradiated on W-SiC. This
SHI irradiation imitates the process taking place during the fission process in fuel particles.
During this fission process in nuclear reactors, nuclides having with large energy range are
released. The energy range includes energies of E > 5 MeV. These energies are equivalent to

that of swift heavy ions (SHIs) irradiated.

Detectors using W-SIC at high temperature can be fabricated from W-SiC Schottky diodes
[7]. The W-SIC contacts would be exposed to high temperatures and irradiation by fission
fragments which may lead to interactions at the W-SiC interface. These interactions may lead
to the degradation of the SiC layer and W-SiC contacts. It is important to understand the basic
mechanisms of phase transformations between W and SiC under irradiation with heavy ions,
at energies (MeV range) in the electronics stopping power regime, corresponding to the
energy of fission fragments.

The 6H-SIC single-crystal, semi-insulating wafers were cleaned by chemical treatment to
remove any contamination and oxide layer. The Thin W films were sputter-deposited on the
6H-SiC wafer by initially mounting the wafer on a rotating sample holder to ensure that a
uniform layer was deposited. The base pressure in the chamber was first pumped down to
10" Torr and then subsequently filled with Argon (Ar) gas to a pressure of 102 Torr. The W-
SiC deposited samples were then irradiated with Xe* ions of 167 MeV, with fluences of
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5x10™cm?,5%10% cm 2 and 5 x10™ cm™? at room temperature. The samples were then
analysed using Rutherford backscattering spectrometry (RBS), Scanning electron microscopy

(SEM) analysis and grazing incidence X-ray diffraction.

Energy (MeV)
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Figure 1: The overlay of RBS spectra of the sample before and after irradiation with Xe™
ions at different fluences.

Figure 1 shows the RBS analyses before and after irradiation with the Xe" ions at different
flunces. The results indicate a decrease in the W peak, which means a reaction between W-
SiC was observed after irracting with 5 x 10' cm™ fluence of Xe® ions. An increase in
irradiation fluence resulted in futher rection between W and SiC. This reaction was
influences by the SHI irradiation on the W-SIiC. XRD showed a formation of carbides WC
and silicide WSi, after irradiation. Figure 2 displays the SEM results for as-deposited sample
and the Xe" sample irradiated with a fluence of 5 x 10" cm™. The as-deposited image (figure
2(a)) indicated a very smooth surface with tiny grains evenly distributed on the SiC surface.
Irradiationg with a fluence of 5 x 10* cm™ showed black round spots, this black spots show

the irradiated region.

63



EHT = 1.00 kv
Signal A=InLens  photo No.=9315  Date :10 Aug 2016 WD = 3.0 mm

Mag= 50.00KX  EnT= 1.00kV
200 nm .
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Figure 2: SEM images of W-SiC (a) before irradiation and (b) after irradiating with Xe™ ions
with a fluence of 5 *x1 0" cm™.
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Introduction

Graphene is a two-dimensional nanomaterial which possesses unique physical and
chemical characteristics which opens up many opportunities for the usage of this material in
electronics, electrochemistry, solar energy and other areas of high technologies. Practical
realization of these perspectives requires elaboration and development of effective methods
for production of this material in macroscopic quantities. One of the most promising solution
is based on the reduction of graphene oxide (GO). Among various approaches the thermal
reduction of GO seems to be of the most promising candidate for technical application [1].

X-ray photoelectron spectroscopy (XPS) is one of the most popular methods for surface
analysis today [2]. Here, it is applied to study the dynamics of the recovery process of
graphene from graphene oxide by analyzing the photoelectron emission spectrum of the C 1s
core level signal and its electron energy loss region. Ordinary studies based on traditional
procedures of background subtraction and quantification of the component composition by
using the areas of the peaks is leading to well-known ambiguities and errors. In [3] it is shown
that elastic peaks and the inelastic scattering background are overlapped, and the latter must
be subtracted. To understand the physical causes of photoelectron energy losses determined
by electron subsystem state of the sample it is necessary to derive the differential single
scattering inelastic cross section Xi,(A) using the signal formed by multiple elastic and
inelastic scattering events. The sequential technique of determining xi,(A) is presented in [4].
An additional problem is caused by the carbon itself. The determination of the differential
cross sections of carbon is demanding. Normally, different studies of the same material by
different groups lead to the same cross sections for the material. However, studies of different
groups and/or different samples of carbon have come to different cross sections. Thus, we
cannot rely on literature values and have to determine the differential cross section of our

carbon samples in this study as well.
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Experiment

1. Experimental process of GO samples preparing

Graphene oxide produced by the standard Hummers method [5] was used as an initial
material. The thermal treatment of graphene oxide samples was performed in a high
temperature furnace planar GROW-2S designed in the Company PlanarTech for CVD growth
of nanostructures at a slow flow of Ar (50 cm®min) at a pressure of 1 Torr. Experiments
performed imply that the reliable well reproducible results are obtained only at a quite slow
heating the samples up to the desired temperature. Thus, heating the samples at a rate higher
than 1°C/s promotes an explosion-like destruction of the material. For this reason, the furnace
was heated from the room temperature up to 200°C at a rate of 1°C/min while the rate of the
subsequent heating up to the treatment temperature was about 20°C/min. The duration of the
thermal treatment was 10 min. for all the temperatures. At the termination of the thermal
treatment the furnace was switched off and cooled down a room temperature in a natural way
during an hour. The density of samples was measured by the use of the balance Sartorius
QUINTIX124. Therewith the size of samples was measured by means of a micrometer. The
measurements indicate the spread in the thickness of samples of about 20%. Since this
parameter is used at determination of the conductivity of samples, this non-homogeneity is the
main source of the measurement error.

2. Experimental technique of samples analysis by using XPS

All XPS experiments are carried at the Forschungszentrum Jiilich, Germany by using a
multi-chamber UHV-setup with a base pressure of 1-107° hPa from Prevac. The system is
equipped with the hemi-spherical analyser R4000 and a monochromatic Al Ka X-ray source
MX 650 for X-ray photoelectron spectroscopy both from Scienta-Omicron. The angle of the
incident photons with respect to the surface normal of the sample is 45°. Photoelectrons are
detected in the direction of the surface normal. The angle between incident photons and
detected electrons is 135°. For each of the four samples C 1s core level spectra with an
extended Kkinetic energy range from approx. 1150 eV to 1250 eV are recorded (see Fig. 1).
The three graphene oxide samples which are annealed at 25°C, 150°C and 200°C are
insulators. Therefore the sample is irradiated by electrons with a kinetic energy of 10 eV from
a flood source (Prevac FS40A) to avoid charging of the sample. The fourth sample which is

annealed at 600°C is conducting and no charge compensation is applied.
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Results and discussion
All calculation algorithms were performed in [6]. The energy spectrum of the

photoemission GO 1s line was determined as the sum of fourth terms:

Q" (A, 1o, 1, @) = QC (A, o, 1, @) + QO (A, g, 1, @) + Q1% (A, g, 1, @) +QUCOH (A, o, 1, 0)

The coefficients Q8 (o, 1, @), Q& (1o, 1, @), Q% (1o, 1, @) and QFCH (o, p, @) are
identified with the intensities of no loss peaks and correspond to photoelectron emission from
carbon, carbon oxide, carbon dioxide and carbon hydroxide, respectively, having different
chemical shifts. After determining these coefficients in first-principles calculation is
performed on the base of Eqgs. from [6] by using the differential single scattering elastic cross

section:

( 1sC _’_Qéscoz +leco leCOH)XeIC +< 15CO +Qgscoz +leCOH)XdO +leCOH -

X, =
el 1sC 1sCO 1sCO. 1sCOH
o +2Q, " +2Q5 2 +3Q,

An average inelastic mean free path is given by:

1sC lsCO
I _ 0
in = TinC 1sC 1sCO 1sCOH 1sCO2 inCO 1sC 1sCO 1sCOH 1sCO2
+Q; o +Q +Qp Q +Q;

1SCOH lsCOz

Hincon 5L QIO leCOH Q%o +lico, QO 1 Q% + leCOH Q%o

Intensity reduction of CO 1s peak identifying with oxide carbon as compared with C 1s
peak is clearly seen from Fig. 1. There is some evidence that the recovering process have a
threshold behavior. The energy loss structure inherent for graphene can be seen only for the
fourth sample, annealing at T=600°C. Here we can see n-plasmon peak at 6.5 eV together
with (n+o)-plasmon peak at 26 eV. According to the result of measurements of the
conductivity dependence on the treatment temperature, the most prominent change in the
conductivity of the reduced graphene oxide (RGO) occurs within the temperature interval
between 100 and 200°C. Within this temperature range the conductivity changes by about five
orders of magnitude — from 10" up to 100 S/m. The consequent heating of the material results
in a considerably smoother enhancement of the conductivity. The maximum value of the
conductivity reached (~ 3500 S/m) is about one order of magnitude lower than the reference
value of the conductivity of graphite. However, taking into account that the density of RGO
treated at the temperature of 800°C account about 0.5 g/cm® which is about 4.5 times as low
as the density of crystalline graphite, one obtains that the conductivity of the material
accounted for one graphene layer is only two times lower than that for graphite. Such a small
difference is caused probably by the structure of RGO consisted of a multitude of micron size

fragments.
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Fig. 1 XPS spectra for GO at the annealing temperatures: T = 150°C, T = 600°C.

Conclusions

The differential single scattering inelastic cross sections of all the graphene oxide (GO)
samples were derived by using the fitting procedure. Using the obtained cross sections one
can calculate multiple scattering signal which forms the background. Only the cross section
allows us getting information about real mechanisms of energy loss in the sample. Thus, we
are able to reproduce the XPS spectrum without the use of any background. We have
presented that XPS analysis in a broad range of energy losses allows getting significantly
more information about the sample than peak shape analysis. Following the obtained cross
sections, while oxygen is presented in the sample m-plasmon won’t be seen in energy loss
spectrum. Thus, the differential inelastic cross section for fourth sample (the annealing
temperature T=600°C) corresponds to multi-layered graphene.
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TPEKHW U TPEKOBBIE MEMBPAHBI
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JlatentHbie Tpeku (JIT) u TpekoBbIe MEMOpaHBI KaKk 00pa30BaHUs MUKPO M HAHOMETPOBOTO
[IpencraBasioT co0o0i MePCIEKTUBHBIC 00BEKTHI IS HccieaoBanuss. OCOOEHHOCTh TaKUX
CTPYKTYp 3aKJIFOUAETCsl B TOM, UTO OHU UMEIOT AUCKPETHBIN Xapakrep. Ciie/bl TPEKOB
BBICOKOIHEPIETUYHBIX HOHOB Ha TIOBEPXHOCTH O0Jy4ECHHBIX MaTEPHAJIOB UMEIOT B OyTOPKOB.

Hampumep, Tpeku ot nona Bi umeroT Bua 6yropka auamerpom 100 M u BeicoTo# 10 HM.

a 8 188 ||

Puc.10

Puc.l. a - ACM-u3obpaxenne tpeka ("Oyropok" — ero IeHTp yka3aH CTpejkoi) moHa Bi B
[I9T® ( sueprus 3,5 MdB/a.eMm., ¢mroeHc 510° em%; PEKUM pPE30HAHCHBIH, 001acTh
ckaaupoBanus 100x100 am ); 6 -npoduie m300pakeHus Tpeka. BXoa B cepaneBUHY Tpeka
YKa3aH CTPEIIKOU.
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Puc. 2a Puc.26

Puc. 2a. Mukpogororpadusi moBEpXHOCTH CIFOIbI (MYCKOBHT ); ICKOPHPOBAHUE 30JI0TOM:
Puc.2a - cmona o6myuena nonamu Xe ¢ sueprueii 2,6 MeB/a.e.m. Puc.26 - cioga 6e3

o0Iy4yeHus.

Ha puc.2a npencraBieHo n300paxeHHE TPEKOB Ha MOBEPXHOCTH  CIIOJBI, OOIydeHHON
noHamu Xe ¢ dHeprueit 2,6 MaB/a.e. M., TNIOTHOCTEIO 5x10% em™? u JIEKOPUPOBAHHOM 30JI0TOM B
Bakyyme. Pasmep HoBooOpazoBaHuil - 50 HM, UX IUIOTHOCTb COOTBETCTBYET IUIOTHOCTHU
oOnydenusi. Hanuune TeHeil yka3plBaeT Ha TO, YTO HOBOOOPA30BaHMS U B CIIydyae CIIIOJIbl TaKKe
UMEIOT BBINyKIYI0 ¢popMy. X pasmep u ¢popma coxpansitores 10 ToimuHbel 15 Mxm. Ha Puc.
20 — ucXOoHasi TTOBEPXHOCTH CITIOJIBI TAK)KE JEKOPHPOBAHA 30JI0TOM.

OOpa3oBaHue TPEKOB, HMMEIOLIMX HAa IOBEPXHOCTH OOJYYEHHOTO MaTepuala  BHJ
OYropKOB, CBSI3aHO C pa3pylIeHMEM Marepuaia B 00JacTH Tpeka, oOpa3oBaHuEM aMOp(hHOM
CTPYKTYpPBI U y1aJ€HHUEM HU3KOMOJIEKYJSPHBIX BEIIECTB B BUJAE ra3000pa3HbIX MPOAYKTOB [15

Beigepikka, 00JIydeHHOTO TsOKENbIMUA ycKopeHHbIMUA noHamu [I9T® B Bone (5-6 vacos
npu 20 °C), CYILLIECTBEHHO M3MEHSET TONOrpaduio MOBEpXHOCTH (pHC. 3).

Ha ACM-u300pakxeHnn nOBEpXHOCTH, Npu ¢uiroeHce noHoB Kr 1,7%x:10° eM?  momxkHO
ObITh 2-3 Tpeka. B JelcTBUTENBHOCTH M300pakeHUH, MOXOXKUX Ha TPEKH, 3HAUYUTENIBHO
6onbme. [To-BuaMMOMY, 3TO CBS3aHO C TE€M, YTO B BOJHOM PpacTBOpPE HHU3KOMOJEKYISIpPHBIE
MPOAYKTHI YAAISIOTCS HE TOJIBKO M3 TPEKOB, HO U U3 JAPYTUX CTPYKTYPHBIX Ne(EKTOB IIEHKU

HUKaK HE CBsJ3aHHBIX C BOS}IGﬁCTBHGM 06J'Iy'—IeHI/I$I.
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MonekysipHasa macca, /la.

Puc. 3. Kpusie MMP o6pasnos IIK, paccumranusie mo manHbiM MVYJIC: 1 - wmcxomHBIHA
oOpaser, 2 - o6pazelr, 006aydyeHHbIH HoHaMU AT C GIIIOeHCOM 108 em?, 3 - oOpa3zer, 00IydeHHBIH
woramu Ar ¢ pmoercom 10° em2W- maccosast 1ousi.

JlaHHbIE SKCKIIO3UOHHOW Xpomarorpadu  UCXOAHOrO M obimydeHHoro wuoHamu Kr

MpeaCTaBJICHbI HAa pI/IC3 YI_HI/IpeHI/Ie KPHUBBIX CBUACTCIBCTBYCT O TOM YTO IIPpU O6J'Iy‘leHI/II/I nacrT

KaK JCCTPYKIHUA TaK U CIIMBKA IIOJIUMEPA B o0OacTh TPCKa.

72



PHOTOLUMINESCENCE AND CHEMICAL REACTIVITY OF AMORPHOUS SiO,
IRRADIATED WITH HIGH FLUENCIES OF SWIFT HEAVY IONS

L. Vlasukova®, F. Komarov?, I. Parkhomenko, V. Yuvchenko?, O. Milchanin?, A. Mudryi?,
V. Zywul’ko®, A. Dauletbekova*, A. Alzhanova’, A. Akilbekov’

! Physical Electronics and Nanotechnology Department, Belarusian State University, 5,
Kurchatova Str., 220045Minsk, Republic of Belarus,
e-mail:vlasukova@bsu.by
2 A. N. Sevchenko Institute of Applied Physical Problems of Belarusian State University, 7
Kurchatova Str., 220045 Minsk, Republic of Belarus
3 Scientific and Practical Materials Research Center, National Academy of Sciences of
Belarus, P. Brovki Str. 17, 220072, Minsk, Belarus
*Faculty of Physics and Technical Sciences, L. N. Gumilyov Eurasian National University,
5Munaitpasov Str., 010008 Astana, Republic of Kazakhstan

Uzyuena doronmromunectenuus (P@JI) u ckopocts Tpamienus B 4%-HOM pacTBope
(GTOPHCTOBOJOPOIHON KUCIIOTHI gHF) crpyktyp SiO./Si, o6mydennsx nonamu Xe' '’
(133 Mb»B, 102 - 5x10™ om ). Tlocne oOmydeHust 030it 10" cmM? u Bblue
PEruCcTprupoOBaIaCh HUHTCHCUBHAA JIJFOMUHCCIICHII U B BI/II[PIMOI71 oOJractu u
CYHIICCTBCHHOC BO3PACTAHUC CKOPOCTU TPABJICHUA OKCHIHBIX IIJICHOK B paCTBOPC HF.
OTxur IMPUBOJWII K TallICHUIO (ORI YMCHBIICHUIO CKOPOCTH TPABJICHUA O 3HAYCHH,
MPUCYILIEr0 MCXOAHOMY okcuay. CraenaH BBIBOJ, YTO CBEUEHUE Sio, 00yCIIOBIIEHO
BBEJCHHBIMUA TIpU OOJydeHHH UeHTpamu Aedunurta kuciopona. Ilokazano, d9ro
COOTHOIIIEHHUE CKOPOCTEH TpaBieHus o0iydeHHoro u wucxomHoro SiO, B 4%-HF
MOKHO HCIIOJIb30BAaTh AJId OLUCHKH YPOBHA paivallMOHHBIX HOBp@)KI[GHHfI, BBCIACHHBIX
OOJIBIINMU J03aMu 6BICprIX HOHOB.

The aim of this paper is to investigate chemical reactivity and light-emitting properties
of SiO; layers irradiated with high fluencies of swift heavy ions (SHIs). We have also tried to
elucidate a correlation between SHI-induced photoluminescence (PL) and structural
transformations of SiO; as well as to estimate the influence of high-temperature treatment on
the etch velocity and the photoluminescence of irradiated SiO, layers.

The 1x1 cm? samples were cut from the thermally oxidized Si (100) wafer (the

1 jons to

thickness of SiO, film = 1 um), and afterwards were irradiated with 133 MeV Xe
fluencies of (10% - 5x10') cm™ at the DC-60 cyclotron (Astana, Kazakhstan). After
irradiation, a part of the samples was annealed at 1100 °C for 2 hours in Ar atmosphere.

PL measurements were performed at room temperature using a He—Cd laser source at
A =325 nm. The virgin and irradiated samples as well as the samples after annealing were
treated in a 4% aqueous solution of hydrofluoric acid (HF) at room temperature for 6 minutes.
A half of the surface of each sample was covered with wax prior etching. The thickness of
SiO; layer for protected and unprotected regions of the etched samples was evaluated from

laser ellipsometry (A = 632.8 nm). Thus, we could estimate the thickness of SiO, layer
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removed during the HF-solution treatment. The etch velocity could be determined as a ratio of
the removed layer thickness to the etching time.

According to the SRIM‘2013 code [1], the electronic energy loss in the SiO; layer is
nearly constant and amounts to ~13.5 keVV/nm. This value is about 2 orders of magnitude
higher than the nuclear energy loss in SiO,. The calculated radius of molten region (future

latent track) formed along the 133 MeV Xe ion trajectory in SiO, was 5.9 nm [2]. One can

estimate the latent track overlapping using the equation K = zR*®, where K denotes the

extent of overlapping, R is the calculated radius of molten region and @ is the ion fluence.
The calculated K values are summarized in Table. One can see that track overlapping is
negligible at 10*° cm™. The irradiated surface is completely covered with tracks at 10**cm™.
The further fluence increase results in multiple overlapping.

Table - the extent of track overlapping (K) for fluencies used in this experiment

Fluence, cm™ K
1x10"™ ~0
1x10* 1
1x10™ 109
5x10™ 547

Figure 1 presents the etch velocity in 4% HF solution for irradiated and annealed SiO,

films as a function of ion fluence. The etch velocity of virgin sample amounts to 17.0 nm/min.

70| [ = before annealing . Figure 1 — The etch velocity of SiO, films
15 - after annealing irradiated at different fluencies: (-m-) as-
-Eso_ irradiated samples, (—o—) irradiated samples
c after annealing at 1100 °C for 2 hours. The etch
,3?50- velocity of virgin sample (Vyirgin) is marked as
2 ] a point at the vertical axis.
O 40 /
° ] r
g 301 o - "

20-["" o——p— g—0O

10 T II T T T T T ™

0 1010 1011 1012 1013 10‘!4 1015
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The etch velocity of irradiated samples (Viy) increases with the fluence and reaches the
highest value (70.2 nm/min) at 5x10* cm™. One can see that the heat treatment results in the
etch velocity recovery practically to its virgin value, obviously, due to damage annealing in
the irradiated a-SiO,. For explanation, at first, let us discuss a mechanism of latent track
transformation into a pore during chemical etching. The presence of E’ centers and oxygen
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deficient centers with strained bonds around them explains the higher etch velocity along the
SHI track [3]. The difference of etch velocities between track region and undamaged SiO,
matrix results in the pore formation on the spot of latent track. Such scenario is realized for
low SHI fluencies. At high fluencies individual track regions are merged, and the SHI-
induced microscopic defects with stressed Si—O bonds around them are distributed all over
the SiO, matrix. We can suggest an enhanced etching rate of such material in comparison
with virgin one. In our experiment, track overlapping begins at 10** cm™ (Table). Though,
there is no substantial difference of etch velocities of SiO, irradiated to 10™° or 10" cm™. At
10" cm, multiple track overlapping takes place, and a quantity of microscopic defects
increases substantially. A further accommodation of defects responsible for enhanced etching
rate results in the etch velocity drastic increasing at 5x10* cm™. The Virr/Vvirgin ratio amounts
to 2.2 and 4.1 for SiO, films irradiated with 1x10* cm™ and 5x10™ cm, respectively. Let us
compare this ratio with the similar parameter V+1/Vg of the individual track etching process. In
regarding to individual track etching, Vg is the etch velocity of the undamaged a-SiO,,
whereas V7 is the etch velocity of damaged material along the ion track. The V1/Vg ratio is
usually in the range of 2<V+/Vg<4 [4]. One can see that the Vi /Vyirgin ratio under multiple
track overlapping conditions (obtained in our experiment) is in the same range. If the V1/Vg
ratio is a measure of track region damage at low SHI fluencies, then the Vi/Vyirgin ratio can be
used to estimate the radiation damage in the SiO, matrix irradiated with high SHI fluencies.
Figure 2 shows the PL and reflectance spectra for the virgin and irradiated SiO,.
Fluence increasing to 10 cm™ results in significant growth of PL intensity and in appearance
of the band set (390, 450, 550 and 670 nm). The further fluence increase to 5x10* cm™? leads
to the intensity redistribution between blue-violet and red bands. The similar oscillation trend
and maxima coincidence in PL and reflectance spectra confirm the light interference after
multiply reflections within the film. Taking the interference effect into account, one can
suppose that the true PL of the samples irradiated with high fluencies (10'* and 5x10* cm™)
could be depicted as one white broad band centered at 550 nm. Annealing does not result in a
noticeable PL spectrum change of the virgin sample and of the sample irradiated at 10'° cm™.
On the contrary, PL quenching after annealing has revealed for the samples irradiated to
fluencies > 10% cm™. Figure 3 depicts the PL peak intensity as a fluence function. One can
see that in the range of low fluencies (10*° - 10'?) cm™ the PL signal intensity is weak and
practically the same as one from the non-irradiated sample. The PL signal increases by 10

times with the fluence increase from 10'?to 10** cm and saturates at 5x10** cm™.
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Figure 2 — PL spectra of SiO, films: virgin Figure 3 — The integral PL intensity of SiO,
(1), after irradiation with 133 MeV Xe ions to films irradiated at different fluencies: (-m-) as-
the fluence of 1x10™ cm? (2), 1x10™ cm? (3), irradiated samples, (—0o—) irradiated samples
10" cm? (4) and 5x10™ cm™®(5). The upper after annealing at 1100 °C for 2 hours. The PL
spectrum depicts the reflectance of the sample intensity of virgin sample is marked as a point at
irradiated to the fluence of 10* cm™ the vertical axis.

It is interesting to compare the fluence dependencies of PL intensity and etch velocity
(Figs 2 and 3). Both PL intensity and etch velocity increases with ion fluence. However,
unlike of the PL intensity, the etch velocity is continuously increases with fluence up to
5x10™ cm™, more slowly at low fluencies and more quickly in the fluence range of (10 -
5x10™) cm™. One would expect a saturation of the etching velocity at these high fluences
because multiple overlapping of individual damaged zones. But, it is not happened. It is
known that the differences in the etch velocity are induced by the deformation fields around
damaged zones. Obviously, the process of mechanical stress accumulation lasts yet at the
fluence > 10 cm™ resulting in the modified etching rate. It should be marked practically full
recovery of both PL intensity and etch velocity to the initial values after high-temperature
treatment. It is known that a heat treatment results in the decomposition of defect’s complexes
or their conversion to non-radiative recombination centers. Tyschenko [5] reported the similar
results on the visible PL of a-SiO; films implanted with 200 and 100 keV-Si ions to fluencies
of 3x10™ and 1.8x10 cm™, respectively. SiO, films were annealed at (400 - 1000 °C) for 30
min after the irradiation. From an analysis of the PL dependence on annealing temperature,
the author of Ref [5] concluded that the implantation-induced PL of SiO, was due to radiative
oxygen deficient centers and noticed that the heat-treatment of implanted SiO, at 1000 °C

resulted in visible PL quenching. These results are in a good agreement with our results.

[1] http://www.srim.org.

[2] L. Vlasukova, F. Komarov, V. Yuvchenko, L. Baran, O. Milchanin, A. Dauletbekova, A. Alzhanova, A.
Akilbekov, Vacuum 129 (2016) 137.

[3] K. Awazu, H. Kawazoe, J. Appl. Phys. 94 (2003) 6243.

[4] E. Yu. Kaniukov, J. Ustarroz, D. V. Yakimchuk, M. Petrova, H. Terryn, V. Sivakov, A. V. Petrov,
Nanotechnology 27 (2016) 115305 (13pp).

[5] I. E. Tyschenko, Semiconductors, 49 (2015) 1176.
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OBbEJIUHEHUE 'MNEPAUHAMUKH U TEMIIEPATYPHO -YCKOPEHHOH
JANHAMMUKHU B EJUHBIN BBIYNCJIUTEJBHBIN KOMIIVIEKC

THE UNIFICATION OF HYPERDYNAMICS AND TEMPERATURE-
ACCELERATED DYNAMICS WITHIN COMBINED CALCULATING COMPLEX

E.B. yna, I'.B. Kopauu
E.V. Duda, G.V. Kornich

3anopoKCKUM HAalMOHAJIbHBIA TEXHUYECKU YHUBEPCUTET, yil. JKykoBckoro 64, 69063,

3amoposkbe, Ykpanna, e-mail: gkornich@zntu.edu.ua

A combined method which includes the technique of hyperdynamics and temperature-
accelerated dynamics is presented in this paper. Two-dimensional atomic system with
vacancy is simulated by the combined method. The results obtained by this method and by the
molecular dynamics method are compared with each other. They demonstrate good mutual

accordance but strong acceleration of model time in the case of the combined method.

[Mpeanoxen crnocod o0beanHEHUsT METOA0B TunepanHamuku [1,2] u TemneparypHo-
yCKOpeHHO# auHaMuku [3] B eanHbIH KOMOMHUPOBAHHBIN BBIYMCIUTENbHBIN MeTO. JlaHHbIH
CIoco0 MO3BOJISIET JAOCTUIaTh BBIYUCIUTEIBHOIO YCKOPEHMsI 110 MOJEIBHOMY BPEMEHHU 3a
CUYET YMEHBILIEHUS DHHEPreTUYECKUX OapbepoB, pa3lesIONIMX pPA3JIMYHbIE COCTOSHUS
ATOMHOM CHCTEMBI, U NIOBBILICHUS TEMIIEPATYPHI CUCTEMBI.

[Ipu mepexone aTrOMHON CHCTEMBI MEXAY MHUHMMYMAaMH IOTEHUHAJIbHON 3HEpIruH,
OJIMH U3 aTOMOB IPOXOIUT yepe3 00JIaCTh, SIBJIAIOIIYIOCS OKPECTHOCTBIO CEIJIOBOIM TOYKHU.
KoHcTaHTa CKOpOCTH Takoro nepexojia, COrjJacHO rapMOHHYECKOMY MPHUOIMKEHUIO TEOPUU

NEepeXOAHOTr0 COCTOAHUSA [4], MOYET OBITh OmpeaciiCHa U3 CICAYIOIICTO BBIPAKCHU:

K = Mexp(—Ea/kBT), ()

3N-1
I v

rae T — temmneparypa cucremsl; kg — nocrostuHas bonbimana; N — KOJIMYeCTBO aTOMOB B
cucteMe; V' — 4acTOThl HOPMAIBHBIX MOJ KOJeOaHHUH, COOTBETCTBYIOIIME IONOKEHHIO
CUCTEMBl B TIEPEXOJHOM COCTOSIHMU; V — 4YacTOThl HOPMaJbHBIX MOJ| KOJeOaHUIA,
COOTBETCTBYIOIIME MTOJIOKEHUIO CUCTEMBI B HAYAJIbHOM COCTOSIHUU; Ea — DHEprus akTuBauuu

nepexoja.
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PaccMoTpuM atom, HaxXOSAIIMICS B HEKOTOPOW MOTeHHuanbHOM sme U(r), koTopas
MOJKET OBbITh alMpOKCHMMHUPOBaHA MapadosonaoM BOIM3H cBoero MUHUMYMa Upin. M3MeHnm

SHEPrETHYECKYIO AMY, B KOTOPOM HAXOMUTCS aTOM, CIEAYIOIIMM 00pa3oM:
U*(r)=[U(r)_Umin]'A(p)+Umin +V(p), (2)

rIe p — pacCTOsSHHE OT aroma J0 JHepretuueckoro mMuHumMyma. ®Oyakuums A(p) umeer

[ (1 4% {01107 158:37 1 &

2

7/ ! p< Rl
A(p)=1w(p), R <p<R; ©
1, £ >R

2

rne Ri, Ry, y — 3amannbie mapametpsl; y(p) — Hekoropas (QYHKIHs, OOECIeYHBaroIias
HEeMpepbIBHOCTh GYHKIUU A(p) U HEKOTOPOTO HAIepe] 3aJaHHOTO YHCJa €€ MPOU3BOIHBIX.

Oyuknus V(p) uMeeT cneayomuil BUa:

Vo, pP<R,
V(p)=q9(p), Ry<p<R, @)
0, pZR,

rae Rs, Ra, Vo — 3amanHbie mapamerpbl; y(p) — Hekotopas (yHKIHs, oOecrednBaronas
HepepbIBHOCTD V(p) M HEKOTOPOTO HAMEPe/l 3aIaHHOTO YKCIIa €€ MPOM3BOIHBIX.

B cnygae MHOrOaTroMHON CHCTEMBI HM3MEHEHHE MEXKAaTOMHOTO B3aWMOJEHCTBHUS
COTJIACHO BBIPWKEHHIO (2) HEOOXOAMMO CHAeNaTh I KaXJAOW TMOTCHIMAIBbHOW SIMBI, B
KOTOpOW HaxoauTcst aToM. B pesynbrate cuna Fj, koTopas neiicTByeT Ha I-blif aTOM B CHCTEME
C OPUTMHAJIBHBIM MOTEHIMATIOM, U cuiia Fi*, KoTopas IeficTByeT Ha TOT e aTOM B CUCTEME C

M3MEHEHHBIM MOTEHIMAIIOM, OYyT CBA3aHbI CIETYIOIIUM 00pa3zoMm:

F*= FiA(pi)_[Ui_Ui,min]'ViA(pi)+ViV(pi)! (5)
JI€ pi — PACCTOSHHE OT i-0ro aToMa JI0 OJIVKANIIEro SHEPrETHUECKOT0 MUHUMYMA; Pa3HOCTh

Ui - Ui,min COOTBCTCTBYCT U3BMCHCHUIO SHCPIUU CUCTEMBI B ClIydac NMCPCMECIICHUN I-oro aroma
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B OMKalImuii SHEpreTHUYecKuii MUHUMYM. [Ipu TakoM W3MEHEHWHW CHUJI, JEHCTBYIOIIMX Ha
ATOMBI, U yBEIHYCHNN TEMIICPATYPbI B > pa3, BCE SHEPreTHUCCKHE Gapbepbl OYAYT CHIKEHDI
Ha BenuuMHy Vo, a 9acTOTBl HOPMAlbHBIX MOJ V YBEIWYeHBl B y pa3. Takyio cucremy
HEOOXOAMMO MOJIEMPOBATh COTVIACHO IPHUHIMIIOB METO/Aa TEMIIEPaTypHO-yCKOPEHHOM
auHaMuKu [2], monmaras Thigh = yZTmW. B pesyiabrare, cormacuo (1), KOHCTaHTBI CKOPOCTH K;
OPMIHHAJIBHONW CUCTEMBI M KOHCTAHTHI CKOPOCTH Ki* M3MEHEHHOM CHCTEMBI OYIyT CBS3aHBI

COOTHOHMICHHECM:

k*=K -7%-exp(V,/k.T). (6)

Takum oOpa3om, BpeMs T, KOTOpoe OyJeT 3aTpayeHO Ha Iepexoj] OpUTrHMHAIbHON

CHCTEMOM, OIPEACISICTCSI CICAYIOIUM 00pa3oMm:

T=t'73'eXp(Vo/kBT)1 (7

rae t — BpeMs, 3aTpau€HHOE Ha IMepexoJ CHUCTEeMONM C HW3MEHEHHBIM MOTEHIIMAJIOM,
HOJTYYEHHOE COTJIACHO METO/1Y TeMITEPaTyPHO-YCKOPEHHON THHAMUKH [2].

C menplo TeCTHpPOBaHUS KOMOMHHPOBAHHBIA METOJ| ObUT NMPUMEHEH K JByMEPHOMH
aToMHOU cucteme. [lomydeHHbIE pe3ynbTaThl CPABHUBAINCH C PE3YJIbTaTaMH, TIOTYYCHHBIMU
METOZ0OM MOJIEKYJIIpHOM TuHaMuku. Cucrtema mnpejacTaBisia coOod 00bEM JBYMEPHOTO
KpHUCTallsla MeJIU, COAEpIKallero BakaHcuio. KpHucrania uMMen rekcaroHajlbHYIO YHakOBKY U
COCTaBIISJI B JUIMHY W IMUPUHY 32 aTOMHBIX CJIOS. B TOpPH3OHTAIEHOM W BEPTHKAIEHOM
HaIpaBJICHUSAX ObUTM YCTAHOBJICHBI NIEPUOINYECKHE TPAaHUYHBIEC YCIOBHs. B1oimbs HEKOTOPOTO
HalpaBJIeHUs] TIOCTOSIHHAs pEIIeTKH KpUCTaula Oblla HMCKYCCTBEHHO YMEHBIIEHAa Ha
BEJIMYMHY Z, TaK YTO JOCTYIHbIE B JIFOOOW MOMEHT BPEMEHM HIECTh MEPEeX0/I0B BaKaHCHH
pa3IeNiIuCh Ha JiBa THTIA: JIBA TIEPEX0a BIOJIb HAMIPABIICHHS, B KOTOPOM OBLIO TIPOM3BEICHO
CcKaTHe, W 4YeThIpe - B JPYI'MX HANpaBJICHUSIX. BBICOTBI SHEPreTHYecKux OapbhepoB
onpenensuuch merogom NEB [5]. B kaxmaom skcniepumenTe Obu1o mosyueHo 800 mepexoios.
[lpn mepecuere BpeMeH COTJIACHO BBIPAXEHUIO (7) TPETbHU CTENEHW Y OBUTM 3aMEHEHBI
BTOPBIMU BCJICJICTBHE AJalTallid YKa3aHHBIX BBIPAKCHHH K JIBYyMEPHOMY IPOCTPAHCTBY.
Pe3ynbrarel MopenupoBanus npuseneHsl B Tadbnune 1. Cny4dait Vo= 0, y = 1 cooTBETCTBYyET

MOACIINPOBAHUIO METOAOM KJIaCCHUYECKOM MOJ'ICKyJ'IHpHOfI IuHaMUKH. Bo Bcex MMPUBCACHHBIX

79



ciTy4asix ObLIM MCIIOJIb30BaHBI CIASAYIONINE 3HAYCHUST MOJIEIbHBIX TapamMeTpoB: R = R3=0.3A;

R2=R4=0.85 A.

T, K Z, % Vo, eV Y t, ps n
0 1 175 0.374
0.02 1.2 207 0.388
500 0,25
0.02 1.3 204 0.392
0.04 1.2 177 0.386

Tabnuua 1. Pesynerarel MogenupoBanus auddy3un BakaHcuu B o0beme 1ehopMHUpOBaHHOTO
JIBYMEPHOTO KpUCTaIIa MeH. t — cpeiHee BpeMsi, IPOXOIAIIee MEeX Ty ABYMs ITOCIIeI0BATEIbHBIMH
nepexoaamu; N — 07 MePexo/I0B, COBEPIICHHBIX B HAIIPABICHUN CXKATHSI KPUCTAILIA.

[IpoBepka COOTBETCTBUS PE3yJbTATOB, MOJTYYEHHBIX pacCMaTpPUBAEMbIM METOJOM H
METOJIOM KJIACCUYECKOM MOJEKYIIpHOW TUHAMHKH, BBINOJHAIACK IIYyTEM CpaBHEHUS
byHKIMI pacnpeneneHuss BpeMeH, 3aTPayeHHbIX Ha IMepPeXObl, MOJYYEHHBIX C MOMOUIbIO
TUX MeTOJoB. [lJIsi MpOBEpKH THIOTE3bl O MPHHAMICKHOCTH (DYHKIHN pacrpenaercHus
BpPEMEH IePEX0/I0B OJHOMY 3aKOHY pacIpeesieHUs] UCIIOJIb30BAJICS KPUTEPHUM OJTHOPOTHOCTH
CwmupHoBa [6]. s Bcex MPUBEICHHBIX CIydacB HyJIeBas TUIOTe3a ObLIa MPUHSITA HA YPOBHE
3HaunmoctH 0.1.

CpaBHEHHE TOJYYEHHBIX MOJIEIBHBIX JAHHBIX IOKA3aJio, YTO pPacCMaTpUBAEMbIN
KOMOWHUPOBAHHBIN METOJ] COBMECTHOTO HMCIOJB30BaHUSI TUTIEPAMHAMUKA U TEMIIEpaTypHO-
YCKOPEHHOM JWHAMUKHU TMO3BOJISIET MOdYy4YaTh pe3yJbTaTbl, CPaBHUMbIE IO TOYHOCTU C
pe3ynbTaTaMu, KOTOpPbIE MOXKET JaTh KJIACCHYeCKas MOJIEKYJIsIpHas JIWHAMHKA, OJIHAKO
KOMOWHUPOBAHHBIN METOJ| Ja€T 3HAYUTENbHBIM BBIUTPHIII 0 MOJCIHUPYEMOMY BpPEMEHHU

SBOJIFOIIMN aTOMHOI CUCTEMEI.

[1] A.F. Voter. Journal of Chemical Physics, 106.Ne11 (1997) 4665.

[2] A.F. Voter. Physical Review Letters, 78. Ne20 (1997) 3908.

[3] M.R. Sorensen, A.F. Voter, Journal of Chemical Physics, 112, Ne21 (2000) 9599.

[4] G.H. Vineyard, Journal of Physics and Chemistry of Solids,. 3 (1957) 121.

[5] G. Henkelman, H. Jonsson, Journal of Chemical Physics, 113, Ne 22 (2000) 9978.

[6] Bonser JI.H., Cmupros H.B. Tabnuuper matemariyeckoit craructiku. M.: BLI AH CCCP, 1968 (2-e u3z.).
C. 88.
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META/UVIMYECKHUE IBYXKOMIIOHEHTHBIE HAHOIIPOBOJIOKH:
MATPHUYHbBIU CHUHTE3 HA OCHOBE TPEKOBbBIX MATPHUII U
HCCJEIOBAHUE CTPYKTYPBI U MATHUTHBIX CBOWCTB

TWO-COMPONENT METAL NANOWIRES: TRACK MATRIX BASED
SYNTHESIS AND INVESTIGATION OF STRUCTURE AND PROPERTIES

JLJLL 3aropc1<1/11711, K.B. CDpOJ'IOBl, C.A. BenHHl‘z, I/I.M.IlonyneHKol’g, B.B. ApTeMOBl, M.A.
Uyes * A.A.Jlomos’

D.L.Zagorskiy, K.V.Frolov, S.Bedin, I.Doludenko, V.V.Artemov, M.A.Chuev, A.A.Lomov

1(DHHH «Kpucmannoepagus u pomonuxay PAH, Jlenunckuii np-m, 0.59., Mockea, Poccus;
2MIIT'Y, Mocksa, vi. M. Ilupoecosckas 0.1 /1, Mockea, Poccus;

8 MUDM Buicwas Llxona Ixonomuxu, Macrnuyxas, 20, Mockea, Poccus;
*Dusuro-mexrnonozuueckuii uncmumym PAH, Mockea, Haxumosckuii npocn.,36/1

Nanowires (NW) of iron group metals and their alloys (Fe-Ni, Fe-Co) were obtained.
Electron microscopy, Mdossbauer spectroscopy and magnetic hysteresis were applied to
investigate the dependence of structure and magnetic properties of the NW on
electrodeposition conditions. It was found that the phase composition of the obtained NW
corresponds to pure alpha-iron metal. It is shown that the high-coercivity properties of iron-
cobalt NW may be managed by changing the synthesis conditions.

B Hacrosiiiee Bpems IOJlyd€HHME U IPUMEHEHHE PA3JIMYHBIX BUIOB HAHOMAaTEpUAJIOB
ABJIIETCS OJAHMM M3 TJIaBHBIX HAmpaBiIeHUl B Hayke W TexHojoruu. Cpeau MHOXKECTBa
CIO0COOOB TMOJyYEHUs] HAHOMATEepUasIoB BbIIEISETCS METoJA MaTpuyHoro cuHtesa [1]. Waes
METOJla COCTOUT B TOM, YTO B IOPHI 3apaHee NPUTOTOBJIEHHOM MaTpHIBI ONpPEAEIEHHBIM
o0Opa3oM «BHezpsieTcs» TpeOyemblid MaTepuan. Ilpu 3TOM MOMydaroTCs CIENKU-PETINKH,
0oJsee UM MEHEe TOYHO BOCIpou3BosiIre popmy mop [2].

OtmeTM, 4TO B OOJIBIIMHCTBE pabOT MO CHUHTE3Y B KA4€CTBE MATPHULIbI UCIIOJIb3YIOTCS
NPOMBIIIICHHbIE TpekoBble MeMOpansl (TM). B  Hacrosimeit pabGore mNpUMEHSIHCH
CHelHaTbHO IPUTOTOBIICHHbIE MAaTPULIbI, a He GuiabTpannoHHble TM: Ui 3a/1a4 MaTpUYHOTO
CUHTe3a TpeOylTCs NapajuleJibHbIE IMOPOBbIE KaHAlbl CO CPaBHUTENIBHO OOJIBIIUM
paccTossHHEM MeEXAYy HUMHU. YKa3aHHblE TpeOOBaHMsS JOCTHTaINCh H3MEHEHHEM YCIOBUMN
nonydeHus. [I19TD nnéuxu obnyyanuch TsHKeIbIMA HOHaMU (dHeprusi~ 1 MsB/HykinoH) Ha
yckopurene Y-400 (OUSM, r./ly6Ha) B pexuMe MNEpHEHIUKYISIPHOTO OOJNydeHHs, C
HEeOO0JIBIION J030M — I MOTYYeHHsI MaTpUIl C OAMHAKOBO HAIPABIEHHBIMH MOPaMU ¢ Majon
MOBEPXHOCTHOM TUIOTHOCTHIO. B Hammx MmaTpuiiax MOBEpXHOCTHAs IJIOTHOCTh COCTaBIIsia
10°-10%, a auametrp nop-ot 50 HM-0,5 MkM. 3anojgHEHHE MOpP METAUIOM IPOBOJAWIOCH

SJICKTPOXUMHNYCCKUM (FaJlBBaHI/I‘-ICCKI/IM) METOAOM U3 DJJICKTPOJIMTa - pacTBOpa COJIA
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COOTBETCTBYIOIIETO MeTauia (MeTauioB). TakuMm cmocoboM MOTYT OBITH IOJTYYEHBI

onHokomrnoneHtHele HII (M3 uwMcThIX MeTamioB),

[3]. CTPYKTYpBHI,

COCTOAIUC M3 YCPCAYIOIIUXCA CIIOEB MAarHMTHOTO M HEMAarHUTHOI'O MEeTallia, IIO3BOJIAIOT

HECKOJIbKO THIIOB CTPYKTYp —

MHOI'OKOMITIOHCHTHBIC- «CJIOCBBIC» W «CILJIaBbI» «CoeBbIe» 00BIYHO

I1oJIy4aTb CCHCOPLI n JJICMCHTHI, 06J1az[afonme B(b(beKTOM THMI'aHTCKOI'O

MarHeToconpoTuBieHus. VCronb30BaHUE «CIIAaBOB» TakKe BeChbMa MEPCIEKTUBHO -
HaIpUMep, IPU 3TOM MOSBISETCS BO3MOKHOCTh BapbUPOBAaTh MAarHUTHBIC XapaKTEPUCTHKH,
noytyyasi mapameTpsl, HegocTixkuMble B HIT U3 4uCTBIX MeTaisioB- CM. Hampumep, TpoiHas
JuarpaMma MarHUTHBIX cBoMcTB crutaBoB CoNiFe [4].

Oco0eHHOCTH TalTbBAaHUYECKOT0 OCAXKICHUS CINIABOB METAIIJIOB B Y3KHE IOPHI H3yUYEHBI
YTO OCOOCHHOCTH TallbBAHUYECKOTO OCAXICHUS YHCTBIX

HemoctatoyHo.  (OTMeTHM,

meTaiioB-Fe,Ni u Co- nccienoBaimce B psje paboT- Hanmpumep, B HamuXx padotax [5,6]).

Hns

HCIIOJIB30BAJIUCH JJICKTPOJIUTHI, BKIIFOYAIOIIHUE COJIM COOTBETCTBYIOIINX METAJIJIOB!:

1) xene3o-aukenesbie HIT: NiSO4-7H,0 - 16 r/m, NiCly-6H,0 - 40 r/n, FeSO4-7H,0 -

ocaxaeHus: aByxkomrnoHeHTHbIx HII (cmmaBoB) B Hacrosmieit pabore

16 /1, AckopbunoBas kucnora— 1-2 r/m, Jlaypuncynedar Hatpus— 1 1/11.

2) xene3o-kobampToBRie HII: FeSO47H,O — 150 1/m, CoCly6H,O — 42.7 1/m,
AICl3-6H,0 — 40 r/1, Ackopbunosast kuciora — 2 g/l, pH = 1.2.

AckopOHHOBAas KUCIIOTA JT00ABISIIACH JIJIS IPEAOTBpalieHus okuciienus Fe2+ B Fe 3+,
a [TAB (maypuncynbdart)— 11 yaydiieHus IPOHUKHOBEHUSI SJIEKTPOJIUTA B Y3KHE TIOPHI.

B kadecTBe HCTOYHMKA TOKA IMPH AICKTPOOCAKICHUN OBLT UCTIOIH30BaH MOTCHIINOCTAT-
ranbBanoctat DnuHc P-30S. Tlpormecc ans xene30-ko0anbTOBBIX M kKenne30-HukeneBbix HII
BEIM B IMOTEHIIMOCTATUYECKOM pekume, Ha Puc.l mokasanbl momydeHubie (st Fe-Ni)

XPOHOAMIIEPOTPAMMBbI-(3aBUCUMOCTH TOKa OT BPEMEHN ).
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Puc. 1. 3aBucumocTb Benn4uuHbI TOKa 0T BpeMeHnu aist Fe-Ni crutaBa. Juametp nop 100 HM,
Hanpspkenue 1 B, 1,2B u 1,5B (cneBa); Juamerp nop 60 am u 100 um, Hanpsbkenue 1,5 B (cmpasa).

Jlerko BUACTH, YTO, KaK WU IIPU OCAKACHHUU OAHOKOMIIOHCHTHBIX COCTAaBOB IIPOLIECC

COCTOHUT M3 HCCKOJIBKUX 3TAIlOB- 3allOJITHCHHUEC IMOPHbI CIINIABOM, BBIXOI paCTylIeTo METaJlia U3
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MOJIMMEPHON MaTpuilbl (00pa3oBaHHWE T.H. «IIAMOYEK»), CIHSHUE «IIANoYeKk» M POCT
CIUIOIIHOM MOBEPXHOCTU. BUaHO Takke, 4TO MOPHI MAJOro AMaMeTpa 3aroIHsII0TCs ObICTpee,
a yBEIMYEHUE POCTOBOIO HANpPsDKEHHUS YCKOPSiET Bce mpouecchl. MOXHO —Takxe
IIPEANOJIOKNUTh, YTO IPHU POCTE ABYXKOMIIOHEHTHbIX HII u3MmeHnenue ycnoBuil pocra B
Pa3IMYHBIX YacTAX KaHaJa MOTYT MPUBOAUTH K PA3JIMYHBIM YCIOBUSM JJIEKTPOOCAKICHUS.
CiieicTBUEM 3TOTO MOXKET SIBUTHCSI U3MEHEHHE COOTHOIIEHUS ABYX MeTaiuioB B HII.

N3yuenne mnomydeHHBIX CTpyKTyp mnpoBoamiock Ha COM FEI QUANTA 200 (c

ananmu3atopoM EDAX), FEI Scios, u Ha [I9M FEI Osiris. Pe3ynbraTs! npuBeaenst Ha Puc.2.

7

Puc. 2. HanompoBonoku Fe-Ni quamerpom 60 HM.

I[To pe3ymbraraM MPOCBEYMBAMOIICH MHUKPOCKONHMHA OBUIO  YCTAaHOBIICGHO, 4TO
nonydeHHbie HII MMEIOT MEIKO3EpHHCTYI0 KPHCTAUIMYECKYIO CTpYKTypy. [lokasaHo, 4To
anemenThl (Fe, Ni) pacnpenenenst mo Bcemy o0bémy HII (B cpeanem sxenes3a - 56% u HUKeNs
- 44%). Takxke Ha MOBEPXHOCTH MPOBOJIOK MPUCYTCTBYET Kuciaopod. KonndecTBeHHbII
aHAIN3 paclpeesieHUus] JJEMEHTOB TOKa3al, YTO OHHM paclpeiesieHbl HEPaBHOMEPHO I10
JUTMHE -Tak, mpu pocTte Fe-Ni HaHOMPOBOJOK HX «HWKHHE)» CIIOM OOOTAIleHBI JKEIe30M, a
«BepxHUe» -HukeneM. [lokazaHo, Takke, YTO YaCTO HMEET MECTO T.H. «aHOMAaJbHOE»
OCaXKICHHE: MeHee «OmaroponaHblii»y smeMeHT (Fe) ocaxmaercs ObicTpee, dem Oonee
«Onmaroponnbiit» Ni- M, COOTBETCTBEHHO, KOHIIeHTpainus xene3a B HII Beime, yem B
ayiekTposiiTe. [IpM TIOBBINICHWH POCTOBOTO HANPSOKCHHSI BEJIMYWHA BBIICHA3BAHHBIX
OTKJIOHEHHH yBenuuuBaeTcs; 3QdekT 3ToT Haubonee BbipaxkeH Mg HII manbix nuameTpos.
D10 cBa3aHo ¢ A1u( (G Y3NOHHBIMU OTPaHUYCHUSIMH, 00JIee BRIPAKEHHBIMH B Y3KHX TOpax.

MéccbayapoBckast CIEKTPOCKOIHS TPOBOAWIACHE Ha crekrpomerpe MS-1104Em
(MCTOYHUK 57C0(Rh)), pu KOMHAaTHOHN TemmnepaType. Tak, ans rpynmnsl 00pa3ioB MacCUBOB
HIT Fe-Co Obima u3ydeHa 3aBUCHUMOCTH CIEKTPATbHBIX MapaMeTpoB OT AWAaMeTpa Top
matpunbl- 30, 50, 100 u 200 M. «Knaccudeckoe» COOTHOIICHWE WHTCHCUBHOCTEH ITMHUMN

3:2:1:1:2:3 nabmomaercs tonpko 1t HII ¢ makcumanmeabiM guamerpom 200 HM, dYTO
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CBUJIETEJICTBYET O TOM, UYTO MX CTPYKTypa OJiM3Ka K CTPYKType aib(a->kene3a U TOJIBKO B
stux HII oTcyrcTBYyeT BeIOpaHHas OpUEHTALUS.
Pe3ynbraThl MarHUTHBIX U3MepeHuit (Bubpanronusiii Mmaraeromerp LakeShore) nns Fe-

Ni u Fe-Co HII (nomydeHHBIX MpH pa3IuHbIX HANPSDKEHUSIX) TIPEICTaBIICHbI Ha Puc. 3.

01 g
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0,
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00 /] 0,00
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Puc. 3. Iletnu ructepesnca I IBYX THUIIOB CIUIaBa: CIEBA-KeII€30-KOOAIBTOBBIN CIIAB
(poctoBeie HanpspxeHust 0,7 B u 0,8 B), cipaBa- xene30-HUKENEBhIN CILIaB.

AHanu3 TaHHBIX TOBOPUT O TOM, YTO BCE OOpPa3Ilbl ABISAIOTCS (PeppoOMarHUTHBIMU. J[i1s
Fe-Co cruaBoB mmpokass meTis THCTEpE3uca CBHUJIETEILCTBYET O TOM, 4YTO oOpasen —
MarHuToxéctkuil. /s o06pasuos, BeipamieHHbIX pu -700 MB u -800 MB  kospuuTuBHas cuiia
coctaBisier 630 3 u 1100 3, a ocTraToyHass HAMarHW4eHHOCTh 27 U 18 memu.-T.e. oOpa3ibl
ABIsAOTCS  MarHUTOXKECTKUMH. Jlng Fe-Ni  cmnmaBa  KOpUUTHBHAas cuja COCTaBIISET
cooTBeTcTBEeHHO 75 D, 80 D 1 140 D, a ocraToyHas HaMarHu4eHHocTh 1 memu, 1,3 memu u
2,2 memu. -3Tu 00pa3ibl, B OTIMYUE OT JKEJIEe30-KOOATBTOBBIX, SIBJISFOTCS MarHUTOMSTKAMHU.
[loBbIIIEHHE POCTOBOIO HANPSKEHUS «PACLIUPSET» METII0 TUCTepe3nca- 3a CUET MOIyUeHUs
0oJiee MEITKO3EePHUCTON CTPYKTYPBHI.

BJATOJAPHOCTMU. Pabora npoBoamiack npu nojuepxke ['panta PODOU 15-08-
04949. Astops! 6maronapus! JI.H. Xmenenuny (MK PAH), (uccnenoBanus Ha [I9M), mpod.
[LIO.Anemo (OUSIU, r./ly6Ha) 3a mpenoctaBienue obpasnoB TM, u B.B.KoporkoBy 3a

cunre3 Fe-Co o0Opasnos. B uccienosanusx ucnons3oanuch npudops! LIKIT MK PAH.
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W3YUYEHUE MOJIEKYJISAAPHOU CTPYKTYPHBI YIJIEPOJIHBIX INIEHOK HA
METAJUVIMMECKHUX ITOJAJIOKKAX, CUHTE3UPOBAHHBIX UMITYJIbCHO-
INJTASMEHHBIM METOJOM

STUDY OF MOLECULAR STRUCTURES OF CARBON FILMS CONDENSED ON
METAL SUBSTRATES BY PULSE-PLASMA METHOD

n.IIL I/IBaHeHKol, C.B. KpaCHOIHeKOBZ, A.B. Iapnukos®
I.P. Ivanenko?, S.V. Krasnoshchekov?, A.V. Pavlikov?

! dusnuecknit pakymsrer, MY nmenn M.B. Jlomonocosa, JIenuuckue ropsi 1.1, cp.2,
r.Mocksa, Poccus

2 Xumnuecknit paxynsrer, MY nmenn M.B. Jlomonocosa, JIenunuckue ropsi 1.1., cp.3,
r.Mocksa, Poccus

Raman spectra of the films studied in ion-assisted deposition in an atmosphere of an argon
gas were obtained. Theoretical modeling of spectra of harmonic vibrations of (-C=C-), polyyne and
(=C=), cumulene types of carbon films was carried out. The conclusion on attribution of films to
certain structures is drawn based on a comparison with experimental spectral data. In the model,
hydrogen atoms were replaced by copper atoms and the difference in the calculated spectra is
shown, depending on the arrangement of the metal in the chain.

OpnHoil u3 Hanbosee NePCHEKTUBHBIX (OPM YIJIEPOIHBIX MATEPUAIIOB SBJSIETCS YIiIepOAHas
mwienka (YII) [1]. B nmanHoit pabore wu3y4yanuch YIriiepoJHblE IUJIEHKHU, IOJy4YEeHHBbIE C
WCIIOJIb30BAHNEM HM3KOTEMIIEpAaTypHOH HMITYJIbCHOM HOHHO-CTHUMYJIMPOBAHHOW IUIa3MEHHOU
TexHojoruu [2]. YII cocTosaT u3 nenovyek aToMOB yIiepoaa, OpUEHTUPOBAHHBIX IEPIIEHANKYIIIPHO
MIOBEPXHOCTU METAJUIMUECKON MOANOKKH. CTpyKTypa M JJIEKTPUUECKHE CBOWCTBA 3THUX IUIEHOK
paHee u3ydanuch B padote [3].

[lenbto gaHHOW pabOTHl OBLIO HM3YyYEHUE MOJIEKYJISIPHOM CTPYKTYPbl CHHTE3MPOBAHHBIX
IUIGHOK MYTeM CpaBHEHMS OSKCIEPUMEHTAJIbHBIX M PACUETHBIX CHEKTPOB KOMOMHAIIMOHHOTO
paccesHuss (KP) ¥ wu3ydeHHMs KOppesiIMM MEXAy CBOMCTBaMH MaTepuala IOJJIOKKH U
OCaXKJICHHOW CTpYyKTypoil. B kauecTBe Marepuana TMOMJIOKKA OBLTH BBIOpaHBI CIEAYIOIINE
metauel: Cu, Mo, W u Al. Cpennsis TONIMMHA KOHACHCHUPOBAHHBIX IUICHOK HA TOJJIOXKKY
cocraBuia okosio 100 HM.

Jns  uaeHTUUKAMM TUNOB  YIJIEPOJHBIX CBsi3ell B CHHTE3MPOBAHHBIX  IUIEHKaX
ucnoip3oBaiach crnektpockonuun KP u  MozenupoBaHue BO3MOXHBIX CTPYKTYp, KOTOpbIE
npejcTaBieHbl Ha pucyHke 1. Kak mokazaHo Huke, MOJEKyJspHas MOAeNb 0e3 CTPYKTYpPHOIO
u3ruba He corjacyercs ¢ mnoiydeHHbIMH crekrpamu KP. Pacuer rapmonHndeckux kosneOGaHMN

MOJICKYJI, COCTOSIIIIUX U3 YIIIEPOJHBIX Henouek KymysieHoBoro (=C=C=), u nonuunoBoro (—C=C-),
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TUIA, MPOBOAWICA KaK C MCIIOJb30BAaHHEM CTPYKTYpbl 0e3 yué€ra n3ruba Mexnay JIMHEHHBIMU
¢dparMeHTamMH, Tak ¥ C OJMHOYHBIM M3THOOM MEXAy JMHEHHBIMU (pparmMeHTaMu. TepMUHAIbHBIC
IpyHIbl MOJEIHUPOBAIUCH aroMamMu Bogopoja [4]. Jns wu3ydeHHs] BIUSHUS JONMPYIOILErO

3JIEMEHTA Ha nojokeHne nukos KP CIIEKTpa BMECTO aTOMOB BOAOPO/Ja TaK XK€ OBLIN KCIOJIL30BaHbI

atoMmsl Cu.
2 .
Do
F
HHJ;’ b
09999
F

:
§

Pucynox 1. Paccuumanusie modenu, 20e, 8 kavecmee npumepa, a - 0OUHOUHbBLL KYMYLEeH, COCOAUUL
U3 yemovlpex amomos y2iepood, b - 080iUHOU KyMyieH, cOCmoAwull U3 O0ecamu amomos yanepood, C -
OOUHAPHBI NOTUUUH, COCMOAWUL U3 Yemblpex amomos yenepooa u d - 080UHO20 NOIUUHA C OeCcsamblO
amomamu yanepooa, € — y21epooHas Yenouka ¢ amomamu Meou.

OnTumuzanuss TEOMETPUUYECKUX CTPYKTYp, pacdeT MaTpHUlbl BTOPBIX ITPOU3BOJHBIX
AJIEKTPOHHOM SHEPTrUU U MPOU3BOAHBIX KOMIIOHEHT 3JIEKTPOONTUYECKUX CBOWCTB MPOBOJIUIIHCH C
WCIIOJIb30BaHWEeM TporpamMMmHoro makera Gaussian ‘09 [5]. JlampHeHmmit pacyeT HOPMAaJbHBIX
KoJIeOaHUH M MOJICIMPOBAHUE CHEKTPOB KOMOMHALIMOHHOTO pacCesHUs MPOBOAUIMCH C
ucrosb3oBanueM nporpammbel ANCO [6].

Pacuer ONTHMHM3UPOBAaHHOW T'€OMETPUYECKOM CTPYKTYpbl M TApPMOHMYECKUX IOJIEH
BBITIOJIHSIJICS C MCIOJIb30BaHMEM KBaHTOBOMEXaHHMueckoro Mmeroma Ménnepa-Ilneccera (MP2) ¢
6a3ucHbIM HabopoM aug-CC-pVTZ. D¢heKTUBHOCTh HCIONB30BAHHOIO MeETOJa C 3a/JaHHBIMU
0a3zucHbIME (QYHKIMAMHE ObLIIa paHee MPOJIeMOHCTPHPOBaHa B [7].

Jlns u3ydeHus: BIMSHUSA YUCIIa aTOMOB YIJiepoa Ha Ipe/cKa3aHHble KoJjeOaTelnbHbIE MOJIbI
ObUT BBIOpAH CIENYIONIMA HAO0Op MOJIEKYT: (pS) THIl TPOCTHIX MOJUUHOB (4, 6 m 8 aTomoB
yraepoaa), (pd) Tun nBoitHoro monuHa (3 1 5) ATOMBI B rpyIie), (CS) OAMHAPHBINA KymyneH (3, 5 u
6 aromoB yriepoja) u (cd) kymyneH ABoiHOW Tum (4 u 5 atomoB B rpymmne). beuin paccyuTaHbl

CIICKTPBI JJIA BCEX YKA3aHHBIX THUIIOB MOJICKYJI.
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Msr ucnons3zoBain  KPC crmekrpomerp Horiba Jobin Yvon HR800 c¢ miawHO# BOJHBI
B030YxaeHus 633 M. Haunydmee cornacue Mexay Teopuel U SKCIIEPUMEHTOM HaOIro1aeTcst A7
[ENOoYeK C HAM4YheM u3ruoda, T.e. mozaenei (pd) u (cd).

Pasmep M CIIO)KHOCTh HCCIEIYyeMbIX MOJIEKYJd, pa3HOOOpazue WX CTPYKTYp, Hallu4ue
KapOuHOTO coenuueHus ¢ momtoxkoi (Cu, Mo, W u Al) 00ycinaBauBarOT MpOSBICHUE CIOKHBIX
creKTpanbHBIX 9dhekToB. Pacdyers mokasaiu, uro maky B obmacti 1000-1700 cv ' ykassiBaoT Ha
NPUCYTCTBUE MOJICKYJ, MPHUHAIICKAIIMX K CTPYKTypaMm ¢ HanmmuueMm u3ruba (cd8, cd10, pd6 u
pd10), uro He HabIrOMAaETCS B MOAEIAX Oe3 u3ruba Wik B MOJEJISAX, HCCIEA0BaHHBIX B padote [8].
Pacyer mpopeMOHCTpUpOBall cieayrollee OTHECEHHWE YacTOT KoJieOaHWM, CBSI3aHHBIX C M3THOOM
nenouku. st crpykrypbl pd10 Obutn mosydensl yactotel 1304 u 1229 cM ', OTBETCTBEHHEIE 33
nedopmaronnsie konebanus S(C=C—H) u 1609 cm * 3a BanenTHOE KoneGanne v(C=C) Ha u3rude;
st pd6: 1313 u 1282 oM, orBercTBeHHbIe 3a Konmebanus &(C=C—H) u 1634 cm * wms v(C=C) na
msrute; ast de 8: 1158 em ™ — komebanns &(C=C-H) u v(C-C) na msrube, 1332 cM - — KonebaHus
8(C=C-H) u v(C=C) BGmm3u m3ruba uemouku, 1639 e — v(C=C), komebarns d(C=C—H) Ha
koHue nerouke; de 10: 1128, 1241 u 1509 em ' —xoneGanust §(C=C—H) u v(C=C) B61u3u u3ruda,
qacrora 1425 cm * §(C=C—H) — xoneGanne 8(C=C—H) Ha KOHIIE LEMOUK.

Opnunapnas cBa3p C—C xapakrepuzyercs nojgocoit 1188 CM T IIs MOZENH pd10 u 1319 cM
JUIsL MOJIeNH ps8, yacTo Ha3biBaeMblil D-ukoM. OToT nuk 6mm3ok k 1330 cM Y, aro COOTBETCTBYET
«HOPMAJIBHOMY» ajiMa3y €O 3HAYUTEIbHO OoNbIIMM pasmepamu KpuctamiutoB [9]. &€ C=C
XapakTepusyercss dacrotamu 2132 cM ' u 1879 e ' ams moxenu cd10. us momenn cd8 stu
qacToThl cMemaroTcs B 2095 cM i 1639 e . B Clly4ae JTMHEHHON MOJIEKYJIBI 3Ta CBS3b UMEET
MEHBIIIYI0O UHTEHCUBHOCTh U IOJIOKEHUSI MHKOB, COOTBETCTBYIOIIME yacToTaM 2145 em ' m 1670
oMt UL MOAEN ¢SO, Toraa Kak MoAedb ¢SS5 MMeeT 4acToThl 2187 eMiul1916cm i u s MOJIEHN
pd10 umerot pacueTHyro yactoty 1609 cM . Cesi3b C=C nmeer gactorsi 2182 oM ' 1 2047 ev * st
mogaenu pd10, a ymeHsIeHHe pa3Mepa MoJeKyisl 10 pd6 paet uaMeHeHue yactoTsl B 2100 cM 't u
1634 cM ' COOTBETCTBEHHO. B Cilydae JNHMHEHHOH MOJEKYIBI, COOTBETCTBYIOIIAS MOJIA HMEET
yactoty 2186 cM ! ¢ Manoif nHTeHCHBHOCTBI0. C-II0JI0CA COCTOMT M3 OCHOBHOTO IIHKA HA YaCTOTE
oxo10 2100 cM 1 rTeua ¢ Gonee Hu3Koi gactoroii C1 muka 1980 cm ™ [10].

OKcliepUMEHTabHbIE  CIEKTPaJbHbIE KpPUBBIE OBLIM PA3JIOKEHbl IO  COCTaBJISIOIIUM
rayccoBOro THIA, YTO HCIOJIB30BaoCch B pabotax [11]. CpaBHuBas MonenbHBIE CHEKTPHI C
HaOJF01aeMBIMU JIJTS1 TUIGHOK Ha Pa3jIMYHBIX MaTepUaax IOJJIOKKHA, MOXKHO CAENAaTh BBIBOJI, YTO
rieHka Ha CuU, Mo-BUIMMOMY, COOTBETCTBYeT Mozenu pd10, 4yTo cormacyercs ¢ MCCIEeJOBaHUSIM B
pabote [12] ¢ BrmoueHHsMu Mojeiel c¢s3 u pd6, yuto ieHka Ha Mo mpuHaUIEKUT K ¢d8 ¢

Hebonpmmmu AoasMu pd10 u ¢d10, gyto mnenka Ha W nipuHamiexkut Kk ¢d10 ¢ BkimroueHuem cd8 u,
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yTo 1ieHka Ha Al coorBercTByeT cTpykType ¢d10 ¢ BrimoueHusmu pd6, cs6 u cd8. D10 mMoxker

OBITH CBA3aHO C IMPpUMCECAMHU B MCTAJIJIC.

. -1
Ha menno#t moayokke Mbl HaOmronanu nuk B oonactu 1470 cm ~. CornacHO JUTepaTypHBIM

JIAHHBIM, 3TO XapaKTEPHO TOJBKO IS TJICHOK, COCTOSINUX W3 YIJIepPOAHBbIX mapukoB [13] wim

nuky 1458 em ! TPaHCIOJUMEpPa IIPH PacTATMBAONUX pexxumax [14].

B pabore Takxe MNpOBENEH aHAIW3 [0 BIUSHUIO TPUMECH MEIH, KOTOPBIH IOKa3aj

HN3MCHCHHUC, KAK ITOJIOKCHHA, TaK U MHTCHCUBHOCTHU YKA3aHHBIX BBIINIC IMMKOB, B 3aBUCUMOCTHU OT

PpacioIOKECHNA JOIMUPYIOIICTO aTOMa B er'ICpO,I[HOﬁ LOEITOYKE C H3rudoM.
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BJIMSHUE OBJIYUYEHUS MOJIEKYJISIPHBIMYA HOHAMHY HA CBOMCTBA
IJIEHKHU Au 1 MOP®OJIOT IO KPEMHUEBBIX HAHOCTPYKTYP
EFFECT OF MOLECULAR ION IRRADIATION ON MORPHOLOGY OF Au THIN
FILM AND SILICON NANOSTRUCTURE MORPHOLOGY

A.C.Kounnparnesa, [1.I.becnanosa, M.B. Munms, A.JI. lllaxmun, N.K.bopuuesa,
M.C.Tyxunkus, K.B.Kapabemxun, A.W. Tutos, I1.A. Kapaces
A.S.Kondrateva, P.G.Bespalova, M.V.Mishin, A.L.Shakhmin, 1.K.Boricheva,
M.S.Tuzhilkin, K.V.Karabeshkin, A.l. Titov, P.A. Karaseov

C.-Ilemepbypeckuii norumexuuyeckuti ynueepcumem Ilempa Benukozo, Poccust.
Peter the Great Polytechnic University, St.Petersburg, Russia,

First part of this work describes Au thin film modification by monatomic Ta and
molecular BF;, and PF4 ions. lon-irradiation-induced change in morphology of thin
Au film on Si substrate will be discussed and formation of various nanostructures
will be presented. In the second part we describe results of chemical etching of Si
covered by various Au nanostructures by metal assisted chemical process and
discuss the effect of ion irradiation on morphology and photoluminesent properties
of the obtained structures.

Hano- ©W  MUKpOCTPYKTYpUPOBAHHBIM KpPEMHUUH, B YAaCTHOCTH, KPEMHHEBBIE
HaHonpoBoJiokk (Si N'W) mpuBiiekaloT BHUMaHUE Ojarojapsi CBOUM OCOOBIM CBOWMCTBaM,
KOTOpbI€ 00YCIIOBIIEHBI, B YACTHOCTH, BHICOKUM aCIEKTHBIM COOTHOIIEHHEM. B 3aBucumMoctu
or wmopdomoruu  Si NW paccmarpuBaroTcss Kak TMEPCHEKTUBHBIE MaTepUallbl  JUIs
OTMTORJIEKTPOHUKH, (DOTOHUKH, (POTOBOJIBTAMKH, aKKyMYIHPOBAHUS IHEPIrHUH M OMO3aLUTHI
[1-3]. Cpemu Bcero pasHooOpasusi MeTofoB H3roToBicHUs Si NW HauOonplmmii WHTEpecC
BBI3BIBACT KaTaMTH4YeCKoe xumuueckoe TparieHue kpemMuus (KXTK). DTo mpocroit u
HEJIOpOToi CIOCOO HM3TOTOBJICHUS PA3NMYHBIX HAHOCTPYKTYP, MO3BOJSIONMU B MIMPOKHUX
npenenax yrpaBisaTh apXUTEKTYpOH MOBEPXHOCTH. B sToM mporecce KpUCTAIITMYECKYIO
MO/JIOKKY Si YacTUYHO TMOKPHIBAIOT OJIATOPOJHBIM METAIIOM, a 3aTeM IIOTPYXKAoT B
pacTBOp, COJEpPIKAIMI MIABUKOBYIO KUCIOTY M OKHCIUTENb. [IOCKONBbKY MeTaln JeCcTByeT
KaK KaTaJu3aTop XWMHUYECKUX pEAKUWHd, TOKPBITBIE METAUIOM OOJIACTH  TIOJUIOKKA
BBITPABJIMBAIOTCS, OCTaBIsii HETPOHYTHIMH HE TMOKPBIThIE YacTh KpemHus. [Ipu Takom
MOJIXO/IC TPABJICHUE SBISIETCS aHU3O0TPOITHBIM, U MOTYT OOpa30BBIBATHCS TIYOOKHE TPSIMBIC
nopet  [4]. Kpome Toro, mopdonorus momydaembix Si NW 3aBHCHT OT HCXOIHOTO
pacripesielieHusl MeTaula-KaTalin3aropa, KOTOpPOe, B CBOIO OdYepelb, MOXKET 3a]1aBaThCs
TOJIMHOW MCXOJHOTO MOKPBITUSI KaTanu3aropa [5], pe)kuMamy ero TepMUYECKOTO OTKUTA
[6], nnu mpumenennem macok [7]. Kpome Toro, ObLIO MpemiokKeHO HCIOIb30BaTh HOHHOE
oOnydeHue, Kak 3(PQPEeKTUBHBI METOA MOAU(DHUKAIMKA KATAIUTHYCCKOW MOBEpXHOCTH [8].

Pe3ynbraThl 3T0M paboThl CBUAECTEILCTBYIOT O MEPCIEKTUBHOCTH MPEJIOKEHHOTO MOIX0a.
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Puc. 1 COM wmsobpakeHusi TIOBEpXHOCTEH
ucxonHo mnéHkn AU (a) W IEHOK,
o6myuerHpx nonamu BF, 1.5x10"° cm? (6),
PF, 8x10" cm™ () u Ta 1.9x10™ cm™ (r).
Jmmna macirabroro orpeska 100 M.

B T0 ke BpeMs OYE€BHUAHO, YTO
paJvaliOHHOE BO3JCHCTBUE HA KPEMHHEBYIO
MOJUTOKKY MOKET OKa3aTh HETaTHBHOE BIMSHUE
Ha cBoiictBa momyudaemeix Si NW. s
CHW)KCHHSI DTOTO BIHUSHUS MBI IpeIiaracM
UCIIONIB30BAaTh  OONydCHHE  MOJICKYISIPHBIMU
MOHAMH  BMeECTO aroMmapHbIX. JlokanbHOE
MOBBIIIICHUE TUIOTHOCTH KAacKaJ OB CMEINCHUU Y
MOBEPXHOCTH MHUILEHU, HUMEIOIIEE MECTO IpHU
Takoi  OOMOApAMPOBKE, MOXKET TMO3BOJIHTH
CYILIECTBEHHO CHHU3UTH J03bI, TpeOyemble s
3a7aHust MOP (POJTOTHH TUIEHKH U pacrpeiesieHus
nanouactuir 30;10Ta (Au NP) Ha momokkax Si.

Ha  MOHOKpHUCTaUIMYECKUA  KPEMHHU
mapku KO®-4.5 opuenrtammu (100) meromom
TEPMHUYECKOTO HCIApPEHUs] HAHOCHJIMCH TIJIEHKA
300Ta TOMmMHOW 1.5- 3HM. DxBUBaneHTHas
TOJIIIMHA TUIEHKA KOHTPOJIUPOBATIACH METOJOM
RBS. TIlomyyeHHble MOKPBITHS OOIydauCh
nonamu Ta, BF, u PF4 ¢ sneprueit 0.6 xoB/a.e.m.
B IMAIa30HE YKBUBAICHTHHIX 103 0.54x107 ...
2.7x10° CHA npu TTOMOILIA 500 xxB
umiutantepa  HVEE. Bemnunaer  CHA
pacCUMTHIBAIMCH JUIS  30JI0TOH  IUIEHKH B
NPUONVOKEHHH TAapHBIX CTOJIKHOBEHHH TpHU
nomoum koxa TRIM. 3arem meromom KXTK
usrotaBiuBanuck SiNW. B kadecTBe TpaBuTeINs
IIPUMEHSIICS BOAHBIN pacTBop, coaepxkaumii HF
u HyO, B mByx mpomoprusx, 50:50 u 10:90.
OOpasupl  MOTpYXaduCh B  TPaBUTENb IMpHU
KOMHATHOM  Temmeparype Ha 60 MUHYT,
MPOMBIBAJIUCh JUCTUJUIMPOBAHHOM BOJIOH M
BBICYIIMBAINCH Ha BO3ayxe. Mopdonorus

MCXOJIHOTO U 00 y4EHHBIX OKPBITHH U
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nosydeHHbIX Si NW u3ydanacs MeTogoM
CKAaHUPYIOIIEH OSJIEKTPOHHOW  MHUKPOCKOIUU
(CBM).  Chektpsl  (GOTOTOMHUHECIICHITHH
u3Mepsiuch ycraHoBkoi dmroopornor-02 mpu
Hakayke Ha JuinHe BOJHBI 530 HM.

Ha puc.1l mnpuBeaeHsl wu300paskeHUs
UCXOMHON u 00JaydeHHOH moBepxHocTu Au
IJIEHKA. BUIHO, YTO WM3HAYAJIBHO ITOKPBITHE
SBIISICTCS.  KBa3WHENPEPBIBHBIM, XapaKTEPHBIH
pasmep HeomHOpoaHOoCcTH cocraBisier ~10 HM
(puc. 1a). OOnyuenue wuonamu BF; cmabo
BIIUSET Ha O0Omy MOp(QOIOTHIO TUICHKH
(puc. 1 6). HabnromaeTcss HeKOoTOpoe yCUIICHHE
KOHTpacTa, CBS3aHHOE C  paCIOJI3aHUEM
marepuaia o TpaHuIlaM 3EpeH.
BomOapaupoBka wonamm PF;  BBI3BIBaeT
YBEITUYCHUE CpeaHero pa3mepa
HeogHopoaHoctd g0~ 30HM  (puc. 1 B).
Tsokenble aromMapHble HWOHBI la  CO3JAl0T
HEOMHOPOTHOCTH  eme  Ooiilee  KPYMHOTO
pasmepa. Takoe mpeBpallcHUE BBI3BAHO
YAaCTUYHOM TMEepPEeKpUCTAUIM3aAUEe U HOHHO-
CTUMYJIUPOBAHHBIM BSI3KUM TEUCHHEM 30JI0Ta
Ha crnabo cmaurBaemoii moBepxuoctu [8, 9]. B
TO K€ BpeMs, BO BCEX CiIydasX (UIIOEHC HOHOB
COOTBETCTBYET OJIMHAKOBOM JHEPIHH,

BBIJICJICHHOW B YIPYIMX CTOJKHOBEHHSX B

Puc. 2 COM wm30o0pakeHHs: MOBEPXHOCTEH
mocjae TpaBieHWs HEOOIydEHHOM (ag u
o6nyuenHoit nomamu PF, 1o 1036 810" cm™
(6) u 810" cm? (B). UmHa MacmTaGHOrO
orpe3ka 1 MKM.

IUIEHKE 30JI0Ta. DTO O3HAyaeT, 4To HaOIoAaeMble Pa3iuuusl B MOP(OIOTUM CBS3aHBI C

pa3nnyreM B IUIOTHOCTH KacKaJOB CMEIICHHH, (GOPMUPYEMBIX MpPHU TOPMOKEHHUH DPAa3HBIX

HOHOB.

N300pakeHusi CTPYKTYp, TOJYYEHHBIX IIOCJIEC TpaBICHUS OOpa3oB, OOIYy4EHHBIX

pPa3HbIMU N03aMH MOHOB PF4, MpUBCACHBI HA PUC. 2. BI/II[HO, 4dTO C pOCTOM IO3bI O6J'Iy‘ICHI/I$I

XapaKTCPHLIC pPasMCpPbl IMOp W TOJIOIMHA KPEMHHCBBIX CTCHOK CTAaHOBATCA MCHBIIC.

HN3meneHnune MOp(l)OJ'IOl"I/II/I KAaTAIUTHYSCKOH ILIEHKH nepea mnpoueccoM TpaBJCHUA U
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xapakTrepHbIX pazmepoB SiNW, 1eMOHCTPUPYIOT OJMHAKOBBINA X0 OT J03bI OOJIY4CHHS, HO
3(GGEKTUBHOCT, M3MEHEHHUs TEM BBIIE, YeM OOJbIlle Macca HWOHA U, CIIEJOBATEIbHO,
IJIOTHOCTh BBIJICICHUS JHEPTUH B YIPYIHX CTOJKHOBEHHSAX. TakuMm 00pa3oM, HOHHOE
o0JydeHHe B pacCMaTpUBAEMOM Cllydae sBIseTcs 3 PPeKTUBHBIM HHCTPYMEHTOM YIIPABICHHS
pa3MEpHBIMU CBOHMCTBAMH HAHOCTPYKTYP.

[Mpumep crnekrpa (GOTONIOMHUHECIICHIMH MMOJTYYEHHBIX CTPYKTYp MpUBEACH Ha puc. 3.
Ha nem Habmonmaercss nmpokuii muk ot 550 g0 800 HM ¢ MmakcumymoM B obaactu 600 - 650.
HNHTEeHCUBHOCTH CBEYEHHST 00pa3lioB, MPOTPABICHHBIX TOCE 0OMyIeHUSI HOHAMH BBIIIE, YeM
HeoOyuEHHBIX. BeposATHO, 3TO CBS3aHO C pa3HHUIEH B TEOMETPUYECKUX IapamMeTpax
GopMHUPYEMBIX KPEMHHEBBIX HAHOMIPOBOJIOK. B 4aCTHOCTH, MOXKET YBEIIMYUBATHCS CKOPOCTh
TpPaBJCHHS, 4YTO MPUBOAMT K YMCHBIICHHWIO TOJIMHBI CTeHOK. CTENmeHb HWOHHOTIO
MOBPESXKICHUS PEIIETKH KPEMHHUS TAlOKE OKa3bIBACT BIUSHUE Ha ITPOIIECC.

B  pabore mpoaeMOHCTpUPOBAHO

BIIUSIHUE OOJydeHUs] aTOMapHbIMH la u
[2]
c PF, 8x10" cm™
3 monekynsipubiMu BF, u PF4 unonamm Ha
Ko}
© o .
2 CTPYKTYpy TOHKOH TIUIEHKH 30JI0Ta Ha
@
5 MOBEPXHOCTH KpPEMHHSL. JlokanpHOE
C
7 MOBBIIIEHNE TIOTHOCTHA KACKAIOB CMEIICHUN
virgin
UTpaeT BaXHYO pOIb B  MOAH QUKAITUU
- 500 550 =00 — 500 KaTAIMTHYECKOH TII8HKH. lcmosnp3oBaHue
Wavelength, nm MOIU(HUITUPOBAHHOTO CJIOSI B KauecTBe
Pucynok 3 — CriekTps! (pOTOIFOMUHECTIC HITMH
COPMUPOBAHHBIX CTPYKTYD. KaTaJr3aTropa ittt dopMHupOBaHUS

HaHOIIPOBOJIOK IMPpU XMMHUYCCKOM TPABJICHUU
erMHHCBOﬁ IIOJJIOKKHM ITO3BOJIACT 3(1)(1)CI(TI/IBHO BJIMATh Ha TCOMETPHUYCCKHUEC ITapaMCTPbl U

YIPABJISATH JTIOMUHECIIEHTHBIMH CBOMCTBaMH (OPMUPYEMBIX HAHOCTPYKTYP.
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MEXAHMW3M BJIUAHUSA TEMIIEPATYPBI HA TUCJIOKALIMOHHY1IO
POTOJIOMUHECHEHINIO HOHHO-UMIIVIAHTUPOBAHHOI'O KPEMHMUAA

MECHANISM OF TEMPERATURE EFFECT ON DISLOCATION-RELATED
PHOTOLUMINESCENCE OF ION-IMPLANTED SILICON

JI.C. KOQOJ‘ICBl, A.H. MI/IxaﬁJIOBl, A . BeJ'IOBl, AA HI/IKOJ‘IBCKaﬂl, B.1N. HaBJ‘IeHKOBl,
C.H. HaropHsz, A.H. Tepemechol‘S, 3.A. llreiinman®, .. TCTCJIB6ayM1

D.S. Korolev?, A.N. Mikhaylov!, A.1. Belov?, A.A. Nikolskaya®, V.I. Pavlenkov?,
S.N. Nagornykh?, A.N. Tereschenko’?, E.A. Steinman®, D.I. Tetelbaum®

! Yuusepcumem Jlobauesckoeo, np. I'acapuna 23/3, Huocnuti Hoseopoo, Poccus,
dmkorolev@phys.unn.ru;
2 Huoicecopoockuti cocyoapcmeennsiii ynueepcumem um. P.E Anexceesa, yn. Mununa, 24,
Huocnuti Hoéeopoo, Poccus,
3 Huemumym ¢husuxu meepoozo mena PAH, yn. Ax. Ocunvana, 2, Yeprnozonoska, Poccus

Effect of measurement temperature in the range of 6-200 K on the dislocation-
related photoluminescence (D1 band) of self-ion-implanted silicon after B*
implantation has been investigated. The effect of increase in luminescence
intensity with temperature is observed in boron-doped samples. A model of
radiative and non-radiative transitions is developed to describe the observed
anomalous temperature dependence.

CozlaHue CBETOM3IYYalolUMX YCTPOMCTB Ha OCHOBE KPEMHHUS YyXe JIOIro€ BpeMs
IIpUBJIEKAET BHUMAHUE UccienoBaTeneil. B cuily HENnpsSMO30HHOCTH CBOEHM IHEPreTHUECKON
CTPYKTYpbl, MAaCCUBHBII KpeMHUH He ob0nagaer dS()PEeKTUBHBIMH H3ITydaTEIbHBIMU
cBoiictBamu. CylIecTBYeT HECKOJIBKO METOJOB, MO3BOJISIOIIMX IPEOJOJIETH  ATOT
¢dbyHnameHTanbHblil HegoctaTok. Cpean Hambolee HM3YYEHHBIX MOXHO OTMETUTh TaKue
METOJIbl, KaK HaHOCTPYKTYpHpOBaHHE (CO3JaHME HAHOKPUCTANIOB KPEMHHUS U APYTrux
MOJYTIPOBOJHUKOB, B TOM YHCJIE MPSIMO30HHBIX, B KPEMHHUI-COBMECTUMBIX MaTpHUIaX),
(GopMmHpoBaHUE BKIHOUYCHUI TBepaoro pactBopa SiGeiy, CHHTE3 KPEeMHHEBBIX CTPYKTYP,
nerupoBaHHbX  Er’*.  TlepCHeKTHBHBIM  [OAXOZOM  JUIS  TNPHIAHHS — KPEMHHIO
CBETOM3IIYYAIOIINX CBOMCTB SBJISETCS MCIOJb30BaHUWE MH)KEHEPUU N1€(PEKTOB, B YACTHOCTH
WCCIIE/IOBaHNE UCIOKAMOHHOM momuHectenimu (JJ1), onna u3 monoc kotopoit (D1)
HaxoauTcst Tpu ~ 1,5 MKM M COOTBETCTBYET OKHY NPO3PAYHOCTH KBApPLEBBIX CBETOBOJIOB.
Hapsiny ¢ mmpoko pactupocTpaHEeHHBIM METOJIOM IIACTHYECKOH nedopmaruu, 3¢ HEKTHBHBIM
criocobom opmupoBanus o0pasnoB ¢ neHTpamu [{J1 sBiaseTcss UMIIaHTAIMs HOHOB KPEMHHUS
B KpeMHHH ¢ mnocieayrommuMm oTxkuroMm [1]. Takol mNoaxoJ BIONHE COBMECTHM C
TPaZMLIMOHHON TEXHOJOTHMEN MHUKPOIJIEKTPOHUKA M IO3BOJIAET, KPOME HENOCPEACTBEHHO
dbopmupoBanus 1eHTpoB JJI, mpoBoaUTE KOHTPOIUPYEMOE JIETUPOBAHUE 00PA3LIOB C LIEJBIO

WU3MEHCHHS UX CTPYKTYPHBIX U JIIOMHHECIIEHTHBIX CBOHMCTB. PaHee Hamu ObLTO TOKa3aHo [2],
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YTO JIOTIOJTHUTENIbHAS UMITIaHTAIus 0opa ¢ mociaeayromum oTxurom rmpu 800 °C npuBoauT K
YCUJIEHUI0 HWHTeHCUBHOCTU mosiockl D1 JIJI, mpuyem 3aBUCHMMOCTH OT J103bI OOpa HOCHUT
HEMOHOTOHHBIN xapakTep. B Hacrosmeil paboTe nccienoBana TeMnepaTypHas 3aBUCUMOCTh
JUCIOKAIMOHHON  (DOTONMIOMMHECHCHIIMM s O0paslioB KPEMHHUS C  BBEJICHHBIMH
ummtanTanuei Sit nentpamu JJJ1 ¢ pasIMUHBIME 103aMM BHEIPEHHBIX HOHOB 60pa, a TaKKe
IpeyIoKeHa MOJENb M3JIydaTelIbHBIX M Oe3bI3ydaTelbHbIX IEePEeX0/J0B, OOBSICHSIOLIAsN

HA0JI0/1aeMYI0 TEMIIEPATYPHYIO 3aBUCUMOCTb.

®opmupoBanue 1eHTpoB J{JI mpousBoamiocs myTeM OOJydeHHs 00pas3loB KpeMHHUS
(100) n-Tuma HPOBOAMMOCTH C YAEIBHBIM compoTuBienueM 4,5 Om-cm momamu Si' ¢

sueprueir 100 k9B u mo3oi 1-10% cm?

C TMOCJIEIYIOIIUM OTKUTOM B OKHCIUTEIbHON
atmocepe pu temmneparype 1100 °C B teuenne 1 4. YacTh 00pa3iioB ObL1a AOMOIHUTEIBHO
obnydena nonamu B' ¢ smeprueii 50 k3B, nozamn 110" cm? - 3-10" ecm? u oToxoKeHa B
atmocdepe aszora npu Ttemneparype 800 °C (30 mumu). Msmepenuss JIJI mpoBomuiuch B
uHTepBaine temmneparyp 6-200 K ¢ Bo30yxkaeHuem nazepom Ha anuHax BoiH 532, 650, 920 u

980 uM.

HccnenoBanne oOpa3noB KpEeMHHUS IOCiIe OOJy4eHHS HOHAMHU KPEMHHUSA H
MOCJEIYIOMEr0 OT)KUTA B OKUCIUTEIBHOW aTMocdepe BBIABHIO Hanmnuue duaun D1 B
cnekrpax [JJI. OrmerumM, uto Ha criektpax JIJI He Habmonarorcs muann D2-D4, cBsizaHHBIE C
BBEJCHUEM JIMCIIOKAIMi, B OTIIMYME OT TAKOBBIX Ul IUIACTHYECKH J1e(OPMHUPOBAHHBIX
obpazuoB [3]. CTpyKTypHBIE HCCICIOBAaHUS METOJOM IPOCBEYMBAIOLICH DICKTPOHHON
MHUKPOCKONUU TIOKa3aau [2], 4TO TOCiIe UMILIAaHTAIMd (OPMHUPYETCS CIOH ¢ OONbIION
MJIOTHOCTBIO  JUCIIOKAIMi  (~ 10° CM'Z), COCPEIIOTOUYEHHBIX TPEUMYIIECTBEHHO B CIIOE,
coJiepKalleM HMMIUIaHTUPOBAaHHBIM KpeMHuH. MoHHOe JiermpoBaHue OOpOM TNPHUBOJUT K
CYIIECTBEHHOMY M3MEHEHUIO CTPYKTYPhI U YBEIMUYEHUIO MJIOTHOCTH JUCIOKAIMA Ha MOPSI0K
BenmumHbl. [Ipu oToM, nipn 103ax Gopa ~ 10 cmM™ mporcXoUT yBemMUCHHE HHTEHCHBHOCTH
JUI mocne orxura mpu 800 °C. Nmmnnantauust 60pa B KOHTPOJBHBIA OOpasel, He
nojBeprapumiica o6aydenuio Si°, He mpuBena K moseieHnio MuHuM D1. VI3 5TMX DaHHBIX
MOYKHO CJieaTh IpeaBapUTeNbHbIA BbIBOA, uTO ycuieHue JIJI ckopee Bcero cBs3aHO HE ¢
MOSIBIICHMEM HOBBIX TUCIIOKAIMWA, a C BBEICHHEM aTOMOB 0Oopa B JeQEeKTHO-TIPUMECHBIC

o ) =+
aTMochepsl TUCITOKAUi, ChOPMUPOBAHHBIX UMILTAHTAITUCH Si .

Nzyuenne JIJI B mmpokom TemmeparypHoM amama3zoHe (6-200 K) mokazano
AHOMAJIFHBIN XapaKkTep TeMIIepaTypPHON 3aBUCIMOCTH MHTEHCUBHOCTH mosockl D1, a uMeHHo

— ee pocT ¢ yBenuueHueM temneparypsl ot 6 K Bruots 10 60 K, B oTnmune ot o6pasuos 6e3
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JIOTIOJTHATEILHON MMIUTaHTaMK Oopa, B KOTOPBIX HaOMromaeTcs rameHue mosiockl D1 mpu

temriepatype Boimie 20 K (pucynok 1).
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Pucynok 1. 3aBUcUMOCTh MaKCUMaIbHON HHTEHCUBHOCTH Tosockl D1 /IJI ot TemnepaTypsl
(HOpMHpOBaHa HAa MHTEHCUBHOCTH Tipu 6 K) amst 06pas3noB kpemMHust co chopMHPOBaHHBIMH [IEHTPAMHU
JJI, o6ny4eHHBIX HOHAME O0pa C Pa3InYHBIMU 103aMH U 0TOXKeHHBIX ipu 800 °C.

M3MeHeHne MHTEHCUBHOCTH «BbIcokoTeMnepaTypHoi» JIJI (monocsl D1) kauecTBeHHO
MOYKHO OOBSACHHUTH cieayroliuM. Eciu B kauecTBe IIEHTPOB, OTBETCTBEHHBIX 3a Hojocy D1
JJI, paccMoTpeTh TOYeUHBIE NEPEKThI, KOTOPBIE HAXOATCS B aTMochepax MUCIOKAIHMA, TO
JIOTIOJTHUTEIbHOE JIETUPOBaHUE OOpOM MOXET MPUBOJAUTH K HU3MEHEHHUIO Je(eKTHO-
IOPUMECHBIX aTMochep IUCIOKAIMA. DTO MOXKET H3MEHSTh MECTONOJOXKEHHE YKa3aHHBIX
LIEHTPOB 10 OTHOLLEHUIO K SIIPY JUCIIOKALUH, a TAK)KE U3MEHATh MEXaHUYECKUE HANPSIKECHUS
B obOnactu aucinokanuu. JletanbHbelid MexaHusMm ycuieHust JIJI emie mpeacTOMT BBIICHHTS.
Korna nosa 6opa mpeBbllIaeT oNTUMaIbHYIO, NEpechIlleHne atMochep 00poM MPUBOAUT K
€ro MpeUMNUTalUU, IPU KOTOPOl BO3HUKAIOT LIEHTPHI O€3bI3NIydaTelbHOH PEKOMOMHALINY.

DTO ¥ IPUBOJAMT K ramenuto noiocs D1 JIJIL.

B cnekrpax JIJI HabmogaoTes clieayromme 0COOEHHOCTH TEMIIEPaTypHOro MOBEJCHUS
muauu D1 JUJI: Ha TemnepaTypHBIX KPUBBIX YETKO HAOJIO1at0TCS 1B TUKA, OJIUH U3 KOTOPBIX
(HM3KOTEMIepaTypHblii — ¢ MakcuMymMoM okoisio 20 K) naGmromaercs BHE 3aBUCHMOCTH OT
HaJM4us JerHpoBaHust OopoMm. JlaHHBIA TemneparypHblii nuk HaOmogancs B [4] B
JUCIIOKALlMOHHBIX CTPYKTYpax, IMOJYyYEHHBIX HA TPAHULIE CPAILMBaHUS Pa30pUEHTUPOBAHHBIX
KPEMHUEBBIX IJIACTUH. B 3TOM cilydyae AMCIOKAIMOHHBIE CTPYKTYpPbI TAaK)Ke MPECTABIISIOT
co00il TOHKMI CJOW C BBICOKOW IJIOTHOCTHIO AMCIOKAIMi (CpaBHUMOW C IJIOTHOCTHIO

JTUCIIOKallMi B HCCIEeNyeMbIX B HacToslledl pabore obOpasuax). Hanmume BTOporo mumka
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(BBICOKOTEMITEPATYPHOI'0), a TAKXKE MOJIOKEHHE €ro MaKCHMMyMa, 3aBUCUT OT KOHIIEHTpAlluu
UMIUTAaHTUPOBAaHHOTO Oopa. MHTEHCHMBHOCTH JAaHHOTO MHKAa JOCTUTaeT MaKCUMyMa IpU

umruiaaTammu B ¢ 10308t 2:10% em™

i TeopeTHdecKkoro OMMCaHWs AHOMAJIbHOM TemnepaTypHoul 3aBucumocTtd [IJI B
JICTUPOBAHHBIX OOPOM 00pa3iax, MpeaoKeHa YEThIPEXyPOBHEBAS MOICIb H3TY9aTEIbHBIX U
0e3bI3IydaTenbHbIX MepexoaoB. B 3Toil Moaenu mpenmnonaraercs, 4To B oOpa3iax, CHIbHO
JITUPOBAHHBIX OOPOM, HapsAy C LIEHTPaMU, OTBETCTBEHHBIMU 3a mojiocy D1, cymectByror
HEHTPbl OE3bI3IIydaTeIbHON PEKOMOMHAIIMM, 3allOTHCHHE KOTOPBIX JJIEKTPOHAMHU IPHU
B0o30yx)aeHnu JIJI KOHKypupyeT ¢ 3aloJHEHHEM ILIEHTPOB, OTBETCTBEHHBIX 3a moiyocy D1I1.
PacyeTbl KMHETHKH W3Ty4aTelbHBIX U O€3bI3NIydaTEeNIbHBIX IEPEX0J0B C HCIOJIb30BaHUEM
MPEAJI0KEHHOU MoJeNn MTOKa3bIBAOT YAOBJIETBOPUTEIBHOE COBIAJCHUE c

JKCIIEPUMEHTAIILHOM TEMIIEPATypHON 3aBUCUMOCTBIO0 MHTEeHCUBHOCTH J1JI.

OmauM w3 crocoOoB  ynydiieHuss uHTeHcHBHOocTH [[JI  siBisieTcst  BHemiHee
rerrepupoBaHue oOpa3uoB. B HacTodmeil paboTre HCIONB30BAIOCh — AIFOMUHHUEBOE
rerrepupoBanue npu temmneparype 830 °C B teuenue 4 4. IUHTEHCUBHOCTh JIIOMUHECUEHIIUN
KOHTPOJIBHOTO 00pasiia, OTOXOKEHHOTO B TAaKHX YCIOBUSX, HO O€3 HaHECEHHUS aTlOMUHUS,
CUJIBHO TQ/IA€T, YTO MOXKET OBITh CBSI3aHO C MPOHMKHOBEHUEM HEKOHTPOJIUPYEMBIX MPUMECEH
B 00macTh, coaepxaiyo 1eHTpbl JJI, ¥, cOOTBETCTBEHHO, IMOBBIMICHUEM KOHIICHTPAIIUU
IEHTPOB Oe3bI3ydarelbHOl pexkoMOuHaiuu. B ciydae ke mpuMEHEHHUS TeTTEPUPOBAHHS
WHTEHCUBHOCTh, NUHUM D1 3HauMTensHO BO3pOCHa, MPU ITOM TEMIEPATYpHBIM XOf
WHTEHCUBHOCTU JIEMOHCTPHUPYET O0Jiee KPYTO POCT C MOBBIIIEHUEM TEMIEPATyphl, TaK YTO
unteHcuBHocTh auHUU D1 JIJI mpu 80 K crana Beime nntencuBHoctH npu 6 K B 4 pasa.
[TomyueHHBI pe3ynbTaT MO3BOJIAET HAAEATHCA Ha co3laHue A(P(GEKTUBHBIX CBETOAMOIOB,

CHOCOOHBIX paboTaTh MPU KOMHATHON TeMIIepaType.

PaGora BemmonHena npu moanepkke  MwuHoOpHayku Poccum B pamkax
rocynapctBeHHOTo 3amanus (Ne 16.2737.2017/IT4), a Takxe yactTuyHO B pamkax PODU (17-
02-01070).
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MOIUPUIINPOBAHUE CTPYKTYPBI OCAKJAEMBIX YIVIEPOJHbIX
INIEHOK OJHOBPEMEHHBIM 3JIEKTPOHHBIM OBJIYYEHUEM

STRUCTURE MODIFICATION OF DEPOSITED CARBON FILMS BY
SIMULTANEOUS ELECTRON IRRADIATION

10.B. Maprteinenko, C.H. Kopmynos, A.M. Jlebenes, H.IO. CBeunukos,
N.J. Cxopnynkux
Yu.V. Martynenko, S.N. Korshunov, A.M. Lebedev, N.Yu. Svechnikov,
I.D. Skorlupkin

HUI] «Kypuamoscxuii uncmumympy, 123182, Mockea, ni. Akademuxa Kypuamosa 1

Carbon films with thickness 50+150 nm on Ni substrate were fabricated by graphite ion sputtering
with simultaneous electron irradiation. Simultaneous electron irradiation result in formation in the
films carbon bonds with sp and sp® hybridizations. Electron irradiation increase microhardness of the
films, which reaches the value 12 GPa. Theoretical model based on concurrence of formation and
breaking of the bonds with different hybridization type in deposited carbon film was proposed. The
model explains qualitative the observed contents ratios of carbon phases in deposited films.

OcaxxJieHue IUIEHOK HOHHBIM pAaclbUIEHHEM TIpa@UTOBOM MHUIIEHH, 3JIEKTPOHHOE
o0nyyeHue U mpsMas MOHHAs MMIUIAHTAIMS MOAJIOKEK pa3MepoM (15x15x0,5)-10'3M u3 Ni
mapku HII-1 mpoBoaunuce Ha monHom yckoputene MJIY c cenapanuell HOHOB MO Maccam
[1], B mpuemHO# KamMepe KOTOPOTO IMOJ YoM 30° k ocH HOHHOTO myyka Oblia pa3MerieHa
AJIEKTPOHHAsI Iyuika. B skcnepuMeHTax HCIOJIb30BaHA CiENyHoIlas IOCIEI0BaTEIbHOCTh
MOHHO-3JIeKTPOHHON 00pabOTKH: TIpeBapUTENbHAS UMILIAHTAIUSA B TOAIOKKY HoHOB C* (E
= 40 B, f=2-10" M, j = 0,5 A/m?), 3atem pacmburenne rpadura nornamu C* (E = 40 1B, f
= (4-8)-10% M2, j = 2 A/M®) ¢ oHOBpeMeHHBIM 061yueHreM dnekrponamu (E = (1-5) kB, f =
(1-6)-10%% M, j = (5-30) A/M%). Temmeparypa BapbupoBanack B uuTepBane 470 — 1270 K.
VYriepoaHbie MIEHKHU, TOTyYEeHHbIE OCaKICHUEM aTOMOB YIJIepo/ia P MOHHOM PaclbUIEHUN
rpaduTa ¢ 3JIeKTPOHHBIM aCCUCTUPOBAHUEM, HMeITH TOMIIHHEI OT 50 HM 10 150 HM.

Kak mnokasamy mpeapyayline HUCCIeAoBaHus [2], COMyTCTBYIOIIEE 3ICKTPOHHOE
o0ydeHHe NPUBOAUT K O0Opa3oBaHMIO B IUIEHKaX CBs3edl ¢ SP U spg-m6p1/1zu/13au1/1e171 B
PasITMYHOM TIPOTOPIIH, TIPHYEM B GOJIBIIEH CTEIICHH CTUMYJTHPYET 06pasoBaHMe SP -CBSI3Eil.

[lonydyenHnble B HacTosuledl paboTe pPEHTTeHOBCKUE (DOTOANEKTPOHHBIE CHEKTPHI
(P®DC) [3] moaTBepKOarOT HATUYHE Sp3-CB${3eI71 B IUICHKAaX, OCAXKIAEMBIX HNOHHBIM
pacmbieHMeM rpaduTa TpU  AJIEKTPOHHOM AaCCUCTUPOBAHUHM, M TIOKa3bIBAIOT, YTO B
3aBUCUMOCTH OT YCJIOBMM JJIGKTPOHHOTO O0ONydyeHHUs (TemmepaTypbl, IUIOTHOCTH
AIIEKTPOHHOTO TOKA) U3MEHSETCS JIOJIS spl-, spz- 51 sp3-c3513e171 (puc. 1 u 2). Yrieponusie Sp-,
sz- u sp3-0135131/1 Xapaktepusyrorcs sHeprusiMu 283,5; 284,4 u 285,2 3B, coorBeTcTBeHHO [4].

Kpowme sp-, sz- u sp3-CBsiseﬁ Ha CIEKTPax BUAHBI NPOTsLKEHHBIE «XBOCTh C-O, C=0 n C-
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OH cBszeir. Cneayer OTMETUTh, UTO YTJIEPOJHAS TUICHKA, OCAXKJICHHAs 0€3 3JEKTPOHHOTO

2 o o o
O6J'Iy‘leHI/I${, XapaKTEPHU3YCTCs UCKIIFOUYUTECIIBHO SP -CBA3sIMH U HCKOTOPOM J10JICU C-O cBs3ei.

I, oTH.ea.
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Puc. 1. Pasnoxenune nuka C 1S Ha Sp, sz, Sp3, C-O, C=0 u C-OH mns HHKeIEBOH IOIIOXKKH C
YIIIEPOJIHOM MIIEHKOM, OCaXIeHHOMN B pe3y/bTaTe pacrbuienus rpapura nonamu C* sneprueit 40 koB
TIPH OJHOBPEMEHHOM 00 TydeHnH snextporam (4 kB, 10 A-m™) mpu 870 K (a) n 670 K (6).

I, oTH.ea.
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Puc. 2. Pasnoxenue muka C 18 ua sp, sp?, sp°, C-O, C=0 u C-OH mis C-rurenku Ha Ni, ocaskaeHHOIA B
pesynbTate pacnblienus rpaduta nonamu C* sueprueit 40 kdB mpu OJHOBpEMEHHOM OOIydYEeHHH
snextponami (3 k3B, 670 K), s rmioTHOCTeH anekTpoHHOro Toka: (a) - 10 A-m™ i (6) - 30 A-m™.

OCOOEHHOCTH CTPYKTYPHOH MOJU(HKAIMU YIIEPOJHBIX IUICHOK, OCAXKAAEMBIX C
COITYTCTBYIOIIUM DJJIEKTPOHHBIM OOJIydE€HHEM, B 3aBHCHMOCTH OT TEMIIEPATyphl TOIIOKKA
MOKa3aHbl Ha pHC. 3a. YMEHbIIeHNE TeMIepaTypsl nouioxkn ¢ 1270 K mo 470 K nmpuBoaut
yBemmuenmio nomn Spo-cesseit (Psy° = Ngp/(Nsp +Nsp’+Nsp)). TIpu BBICOKHX TeMmmepaTypax
(1070 -1270) K yraepoanas ruienka He obpasyercs. Ha POOC cnekrpax ams muka C 1S
xoporio nposisiores kapouaasie (Ni,C) u C-O, C=0 — cBs3u. [Ipu T < 870 K Ha cnekTpax
XOpOITIO BHUJIHBI IMHKH, OTBEYANOIIHE SP-, sz- u sp3- cm3sM (puc. 1). Homs sp3-CBﬂseI71
Boszpactaer ¢ 24% no 75% mnpu noHmwxkenun Ttemneparypel ¢ 870 K nmo 470 K,
COOTBETCTBEHHO.

[Ipyn m3MeHeHun IJIOTHOCTH ITOTOKA COMYTCTBYIOIIMX 3 K3B-HBIX 3JIEKTPOHOB OT 5

AM? 110 30 A-m pu 670 K ponst sp® — cBsiseit Bospactaer moutH B 3 pasa (¢ 35% 10 94%)
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(puc. 36). Tombko B MHTEpBAJIE HU3KUX IUIOTHOCTEH 3JEKTPOHHOrO Toka (¢ 5 mo 10) Am?

3
3HA4YCHHC ng OCTaCTCAd HEUM3MCHHBIM B IIPCACIaX MOrpCIlHOCTU U3MCPCHUA.
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Puc. 3. 3aBucHMOCTH 101 SP -cBa3eil B C-IIICHKe, OCAX/ICHHOMN B pe3y/IbTaTe pacibUleHHs rpaduTa
nonamu C* sueprueii 40 k3B Ipu 0JHOBPEMEHHOM SIEKTPOHHOM OOJIyYeHHMH, OT TeMIepaTyphl (a)
mpu E. =4 3B, j. = 10 A-M? 1 OT IJIOTHOCTH anekTpoHHOTO ToKa (0) mpu E. = 3 k3B, T =670 K.
3aMeTHOI CTPYKTYpPHOH MOIUGUKALUU YIIIEPOJHBIX IUIEHOK, OCaXkIaeMbIX MOHHBIM
pacubUieHHEM TpaHUTOBON MHIIEHW C OJHOBPEMEHHBIM JJICKTPOHHBIM OOJydeHUEM, IMPHU
W3MEHEHUHU SHEPTHH JJIEKTPOHOB IMPAKTUUECKH HE 0OHapyxkeHo. CpemHsisi BeIUYMHA JIOJIH
Sp3-CB$136171 cocraBmnsier 70%, pazOpoc 3HaueHu He mpeBbimaeT 13% B quama3zoHe SHEPruii
371eKTpoHOB (1 — 4) K3B Npu IIOTHOCTH 3JIEKTPOHHOTO ToKa 10 AMZu temrepatype 470 K.
DddexT cTpykTypHOI MOAUPHUKAIIUN, 00YCIOBICHHBIA POCTOM JIOJIN SpS-CBﬂSGﬁ (Psp3)
B OCQXKJIAEMBIX COBMECTHO C 3JICKTPOHHBIM oOiydeHneM C-IJICHKaX TNpPU YMEHBIICHUU
TEMIIEpaTypbl U YBEJIMYECHHM IUIOTHOCTH 3JEKTPOHHOIO TOKAa, KOCBEHHO MOATBEPKIAETCS

pe3yibTaTaMi UCCIICAOBAHUS MUKPOTBEPAOCTHU CUCTEMBI TOHKAs IJICHKA-ITOAJIOXKKaA (pI/IC 4)

12000 12000

8000 r 8000 [

HV, MNa
HV, MNa

4000 ¢ 4000

0.2 0.4 0.6 0.2 0.4 0.6
ny6uHa, MKM Fny6uHa, MKmM

Puc. 4. N3menenne mukporBepaoctd no riayomne Ni momnoxku ¢ C-uieHKOW, OCaKIACHHOH B

pesynbrate pacnbuieus rpaduta 40 k3B-HbiMM noHamu C' ¢ OJHOBPEMEHHBIM 3IIEKTPOHHBIM

o0ydeHreM IIpH Pa3IuIHBIX TeMIepaTypax (a):

1-1270 K, 2-670 K (momnoxka), 3 — 870K, 4 —-670K,5-470 K st E. =4 x3B, j. = 10 Am?

Y TIPH Pa3JIMYHBIX MJIOTHOCTSAX 3JIEKTPOHHOTO ToKa (0):

1 — momtoxka, 2 —5 Am? 3—10 Am? 4—-20 Am?, 530 Am? st E. =3 k3B, T =670 K.

MakcuManbHbIC 3HAUCHUS MHUKPOTBEPAOCTHU C-HHCHOK, OCaXICHHBIX COBMECTHO C

AIIEKTPOHHBIM O0sTyueHreM npu temmneparypax (870, 670 u 470) K, nocturator BennuuH (4, 6
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u 12) I'Tla, coorBeTcTBeHHO (pHC. 4a). DTH 3HAYEHUS XOPOIIO KOPPEIUPYIOT C BETUIMHAMH
JIOJIU Sp3-CB}13eI?I (24, 35 u 75)%, 3HAUMUTENBHO MpEBbINIas MHUKPOTBEPAOCTh MaTepuala
no10KKU. C pOCTOM TUIOTHOCTH 3JIEKTPOHHOIO TOKA OT D A-m? 10 30 A-M? MakcHMaIIbHBIC
3HAYCHUST MUKPOTBepaoCcTH yBenauuuBatotcs ot 4,7 I'Tla mo 12,3 I'Tla (puc. 40), uTo Takxke
COOTBETCTBYET POCTY IIOUTH B 3 pasa HOJIH Sp -CBSI3CH.

[IpennoxxeHHass MoAenb KUHETHKU OOpa3oOBaHUs aJUIOTPONHBIX (QopM yriepoaa B
OCaXIaeMOW IUIGHKE paccMaTpuBaeT oO0pa3oBaHME€ W pPa3pblB  CBSI3eM C  JIaHHOM
rubpuam3anueit. M3 cuctemsl ypaBHEHHH I PABHOBECHOH KOHIIGHTPAIIUU CBSI3EH C SP, sz,
Sp3—r1/16p1/1):u/13aumMH CJIIEAYIOT OTHOLLIEHUS JOJIeH Spi-CB;I3eI71:

Ni:NoNg = lel:szz:kng,

IJIe Nj — KOHIEHTPAIUS Spi-CBsBeﬁ, Ki — BeposATHOCTh 0Opa3oBaHus | CBA3EH, Tj — Bpems, 3a
KOTOpPOE OHH Pa3pbIBAIOTCS.

OO6pazoBanue TOW WM WHOW TMOPUIN3ALUU UHAYIUPYETCS COCETHUMHU aTOMaMu, IIpH
5TOM Kj 3aBHCHUT OT IJIOTHOCTH YIJIEPOAHOTO MaTepuana, u seisiercst uétnoit pynkuuein f(v —
Vi), tae Vi = M/pj, vi = M/p; — ynenbHbIi 005EM aTOMa B TUICHKE U B i-0i Moaudukamuu, M —
Macca aroma yriepoga. Takum oOpa3oM, yBeTWYEHHE IJIOTHOCTH IUICHKH, B YaCTHOCTH NPH
MOHHOM OOJIydYeHHH, CIOCOOCTBYET O0OpasoOBAHHMIO (PAaKUUH ¢ Sp- THOpHmM3aIueil ¢
Haubosee KOPOTKUMH CBs3siMH. COIyTCTBYIOIIEE SJIEKTPOHHOE OOIydeHHe pa3phbiBaeT B
MEPBYIO OYEPEb CBA3U C MajoW SHEpruei CBsI3U, U MPUBOJUT K YBEITUUYCHUIO KOHIICHTPAIIUU
anMa3HoW (a3l M yMeHbIIEHHIO (a3bl TpaduTa. YMEHBIICHUE TeMIepaTyphbl OCAKICHUS
IUICHKH OPUBOJUT K M3MEHEHMIO YJEeNbHOro 0o0bEéMa aTroma B IUIEHKE, a B YCJIOBHAX
OJIHOBPEMEHHOTO OOJy4YeHHs] DSJIEKTpPOHAMHU JaeT 3aMeTHOE YBenudeHue (aspl ¢ sp®
rubpuan3zamnueit. Cnadbie BO30YXACHUS YIEKTPOHOB YIIIEPOIHBIX aTOMOB MOT'YT IPUBOJIUTH K
U3MEHEHUI0 TUOpUIN3alluu, HU3MEHsss BEpOsSTHOCTUH K; oOpa3zoBaHusi CBs3el cC sp3-
THOPH/M3AIMeH, W YBEIMUNBATH OTHOCHTEIBHYIO KOHICHTPALMIO SP -CBSI3CH C POCTOM
TUIOTHOCTH 3JIEKTPOHHOTO TOKA.

PaboTa BeimonHeHa Tipu mojaepkke Poccuiickoro gonaa gyHmaMeHTaIbHBIX
nccnenoBanuii, rpanT Ne 16-08-01144a. 0. B. MapTeinenko noguepxan [Iporpammoii
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T'NJIPUPOBAHUE 'PA®EHA TYYKOM MOHOB H,"
K3B-/IMAITA3OHA
FEW-LAYER GRAPHENE HYDROGENATION BY AN H," ION BEAM OF
THE keV- ENERGY RANGE

B.M. MI/IKYH_IKI/IHI), A.C. KpIOKOBl), C.I0. HI/IKOHOBl), A.IL COJIOHI/H_[BIHal), AT I[I/meﬁKHHl),

0.10. Buskos?
V.M. Mikoushkinl), A.S. Kriukovl), S.Yu. Nikonovl), A.P. Solonitsynal), AT. Dideykinl),
0.Yu. Vilkov®

D @TH um. A.®. Hopgpe, Honumexnuueckasn 26, Cankm-Ilemep6ype, Poccus,
Anna.Solonitsina@mail.ioffe.ru

Y Helmholtz-Zentrum BESSY II, German-Russian Laboratory, D-12489 Berlin, Germany

Abstract. Graphene hydrogenation is considered to be a key process in the problem of hydrogen
storage in graphene. This process has been studied in situ by synchrotron-based photoelectron spec-
troscopy and X-ray absorption spectroscopy when a few-layer graphene film was irradiated in high
vacuum by an H," ion beam with energy E; = 2500 eV. Hydrogenation with the 50% extent accom-
panied by the bandgap opening was observed. The mechanism of the efficient hydrogenation was

assumed to be related to the reverse flux of the recoiled and thermalized hydrogen atoms.

C Hayana M3ydeHHs] YHUKaIbHBIX CBOMCTB rpadena [1] OGomplune ycuius Hampasis-
JUCh HA TIOMCK TyTed ero (yHKIMOHAIM3AIMK IS MPAKTHYECKOTO HCIOJb30BaHus [2].
['unpupoBaHue OKa3aloCh OJHUM M3 Hanbosee MepCrleKTUBHBIX TEXHOJIOTUYECKUX HAIpaB-
aeHuit pyHKuMoHanmu3anuu rpadena [2,3]. Haubonee akTHBHO MCCIIEIOBAIOCH TUAPUPOBA-
Hue TrpadeHa BOAOPOTHON mia3Moi [3-5], HU3KOIHEPreTUYECKUMHU IMydYKaMU aTOMapHOTO
Bozopoaa [6-10], omxurom B armocepe Bogopoaa [11], a Takke XuMHUYECKOE THAPUPOBA-
Hue [12]. B psane pabot crenenb ruapupoBanus gocturaia 25 at.% [8,11,12]. Bce yka3zan-
HbIE CTIOCOOBI 00eCNeYnBAIOT YACTHUYHOE MOKPBHITHE JIUIIL OJHON CTOPOHBI Ipad)eHOBOTO
nucta. OJHAKO 7S OJJHOTO M3 BO3MOXKHBIX MPUMEHEHHH rpadeHa B Ka4eCcTBE aKKyMyJsTopa
BOJIOpOJia He00X0IMMO ropa3fio Oosiee MOJHOE ABYCTOPOHHEE THAPUPOBAHME. Y Ka3aHHBIMU
crocobaMu BeCchbMa 3aTPyJHUTENIHO 00€CIIeYUTh THIPUPOBAHUE MEKCIOEBOTO IPOCTPAHCT-
Ba MHOrocjioiHoro rpadgena. Ho nMeHHO 3TOT MaTepuan mpeacTasisercs 0oJiee Mepcrek-
TUBHBIM JUISI HAKOTJICHHUSI BOJIOPO/Ia, YeM MOHOCIOWHEIN rpadeH. B nanHoi paboTe mokasa-
HO, YTO C IOMONIBIO My4YKa MOHOB BOJOpoAa K3B-amana3oHa MOXHO IMOJYYUTh BBICOKYHO

CTEeNeHb TUAPUPOBAHUSI MHOTOCIIONHOTO rpadena, gocturamoiyo 50 at.%.
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DKCepuMEHT TPOBOAMIICS B CBEPXBBHICOKOM Bakyyme Ha Poccuiicko-I'epmaHcKkoM
kaHayie HakonuTeapHoro Kosbila BESSY-II (bepaun) MeTogoM GOTOIIEKTPOHHOM CIIEKTPO-
ckonuu (XPS) ¢ momormipio OTOIEKTPOHHOTO CIIEKTPOMETPa, CHAOKEHHOTO ToNTychepu-
yeckuM sHeproananuzaropom VG SPEC [13], a Takke METO/JOM MOTJIOUIEHUS PEHTTEHOB-
CKOro u3nmy4yeHus BONM3H Kpas nornomenus (XAS). IlomHoe sHepreTuueckoe paspeiieHue
criektpomeTrpa coctaBisiiio AE. ~ 150 mdpB. DHepretudeckas mkaiga (OTOITEKTPOHHOTO
CHEKTpa MEPUOINIECKH KaTnOpoBaach 1o JUHUM 30510Ta Audfy,. [lorpemnocts onpenene-
HUS DHEPTUH CBS3U AJIEKTPOHOB BHYTPEHHHUX YpOBHEH He mpeBbiinana BenuunHsl OEg = 0.05
5B. PeructpupoBanuch QOTO3IEKTPOHBI, UCITyCKaeMble O] HOPMAIbHBIM YrioM. CIeKTpbl
MIPUBE/ICHBI B IIKAJIC SHEPTUHU CBA3M 31eKTpoHOB (Ep), oTcunThiBaemoit ot yposHs depmu.

HccnenoBanach miiéHka rpadeHa, cocTosmas u3 TepPMUIECKA BOCCTAHOBIICHHBIX JBYX-
TpEXCIOUHBIX yenryek okcuma rpadena (“few-layer graphene”) [14]. Jlatepanbabie pazMepsl
yemryek gocturanu 30-50 mxm. Mcxonausiii okcup rpadeHa CHHTE3UPOBANICS OKHCICHHEM
MPUPOJTHOTO KPUCTAIITUYECKOTO rpaduTa MepMaHraHATOM Kajlusl B CpPeJie CEPHOM KUCIOTHI B
MPUCYTCTBUM HUTpPATa HATPUS [0 METOJy, AaHAJIOTHYHOMY HCIOJIb30BaHHOMY B pabore [15].
[Inénku okcuaa rpadena co3gaBaaich Ha TOBEPXHOCTH KPEMHHMEBBIX MOJIOKEK BhITapUBa-
HUEM KaIllli KOJUIOMJHOTO pacTBOpPa, KOHIIEHTPAIUS KOTOPOTo obecreurBaja IMOy4YeHHE
OJIHOTO cJ04 yenryeK. OTKUT MIEHOK OCYIIECTBIISUICS B KBapLIEBOM peakTope MpH Temrepa-
Type 750°C. TInéuku obmydamuck myukom noHoB Hy' ¢ sueprueii E; = 2500 eV B BakyyMHOi
CUCTEME 3JIEKTPOHHOI'O CIIEKTPOMETPA.

Ha Puc. 1 npuBenéH crekTp peHTreHoBckoro norjouieHus (XAS) BOmu3u kpas mo-
rnomenns yriaepona Cls miéHku rpadena, o6mydéHHO HoHamMu Bojopona H,' (myHKTHp-
Has muHus, GR) B CpaBHEHHH CO CIIEKTPOM HCXOHO TUIEHKHN (crutomHas muausa, GR+ Hy)).

CriekTp XapakTepu3yeT IIOTHOCTh HE3aHSTHIX COCTOSIHUN BOJIM3HU aToMa yriepoaa.

"¢ " T T T T Puc. 1.Cmextpsr mnornomienus (XAS) o0
= Cls XAS A

(crutomnTHast TMHAS) W TOcTe (TyHKTHPHAS JIH-
Hus) obmyuenns wonamu H," ¢ sHeprueii E; =
2500 eV.

OcHOBHOI TIUK NpU dHEPTUU (HOTOHOB /v

= 285.0 3B cooTBeTCTBYET TT* COCTOSHHU-

Intensity, arb. un.

AM sp2 rUOpPUIN30BaHHBIX 3JIEKTPOHOB

rpadeHoBoro Jyucra. Bumno, yto B pe-

: ; : ; ! ; 3yJIbTaTC MOHHOI'O O6J'Iy‘IeHI/IH IIJIOTHOCTH
282 284 286 288 290 292

Photon energy , eV OTUX SJICKTPOHHBIX COCTOSIHUM nmagacTt
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Puc. 2. Cls dortosnexTponHsIil criekTp rpade-
Ha nocne obayuenus woHamu H,™ ¢ sHeprueit
E; = 2500 eV. Crnektp pa3lioXeH Ha COCTaB-
nsronne, coorserctByromue C-H u C=C xu-
MHUYECKUM CBS35M, a Takke ‘“000pBaHHBIM”
CBsI3M aMop¢usupoBaHHoro yriepoaa o-C.
(myHkTHpHAs nMUHUA). DHEpPrus QOTOHOB /hv =
150 3B.

hv=450.5eV

I, arb.un.

MPUMEPHO B J[BA pas3a, a MIIOTHOCTh G* CO-

o 3
CTOAHHUU Sp FI/I6pI/I,I[I/130BaHHBIX QJICKTPO-

287 : 28I6 : 2é5 : 2é4 : 283 HOB, YBEIIMYMBACTCS. G* COCTOSIHHS OTHO-

Binding energy, eV CSTCS K YIJIEpO/ly, XMMUUECKU CBSI3aHHOMY

¢ Bogoponom (C-H). Takum oGpazom, u3

CIEKTPOB MOTJIOLIECHUS CIEAYET, YTO MPUMEPHO MOJOBHHA aTOMOB yriepoia obpa3zoBana Xu-
MHUYECKYIO CBSA3b C aTOMaMH BOJOPO/Ia.

DTOT BBIBOJ MOATBEPKAACTCS JTaHHBIMH (DOTORIIEKTPOHHOU criekTpockonuu. Ha Puc. 2
npencrasner Cls (OTOIEKTPOHHKIH crekTp rpadeHa mocie ob6mydeHus moHamu H'
CriekTp pa3iiokeH Ha COCTaBISIONINE, COOTBETCTBYIOIIUE PA3IMYHBIM XUMUYECKHM COCTOS-
HusMm. B cnekrpe BunHa nunus C=C ucxonnoro rpadena (Eg = 284.35 3B), HO mpumepHO
MOJIOBUHY TUIOIIAIN MUKa cocTaBiseT Bkiuayn nuauu (Eg = 284.9 3B), obycnosnennoit C-H
xumudeckor cBs3pio [11]. Unentuduxanus muanu C-H cBs3u OCIIOKHEHA OIH30CTHIO JIN-
Hun Eg = 285.3 3B [16] Takxke sp3 THOPUIM30BAaHHOTO COCTOSIHHS aTOMa yriiepojia ajaMmas-
HOM pEmETKH, KOTOPOE MOKET 0Opa3OBBIBAaThCS B pe3ysibTaTe€ HMOHHO-UHAYIIMPOBAHHOM
amopdu3aiuu MHOrocinoitHoro rpadena win rpaputa. OHAKO HE3HAUYUTENBHBIA BKJIAJ CO-
cTostHM 000pBaHHBIX cBsizel (“vacancy defects”, Eg = 283.9 3B [16]), Takxke oOpa3zyro-
mmxcs npu amopdusamnuu rpadeHa-rpadgura, CBHAECTEILCTBYET O BRICOKOW d(DPEKTUBHOCTH
THIPUPOBAHHS YCKOpeHHBIMH HoHaMu H,  mpu crmabom medexroobpazoBannn. PesynpraTom
3P PEKTUBHOTO HOHHO-MHIYITUPOBAHHOTO T'HJIPUPOBAHUS SBISETCA 00pa30BaHUE 3alperiéH-
HOW 30HBI B rpadenodoii minéuke. CpaBHEHUE MOJOXKEHHUS KPa€B CIIEKTpa BaJICHTHOW 30HBI,
U3MEPEHHBIX JI0 U MOCJI€ HOHHOTO 00JIyuyeHusi, 0OHAPYKUBAET CABUT OTHOCUTEILHO YPOBHS
®depmu B CTOPOHY OOJIBIITUX YHEPTUH CBSI3M dJIeKTpoHa Ha BenmuunHy AEg = 0.25 MaB. OtoT
¢dakT cBUAETENLCTBYET 00 00pa30BaHMM y THAPUPOBAHHOIO TpadeHa 3amperiéHHON 30HBI
mupuHo# 6onee 0. 25 3B.

O4eBHAHO, UTO dHEPrusi 00MOAPAUPYIOIIUX HOHOB CIUIIKOM BEJIMKA JJIsl HEMOCPEICT-
BEHHOro oOpa3oBanusi xumudeckoil C-H cBsizu. OmHako B pe3ysibTaTe MHOTOKPATHOTO pac-

CCAHUA U 3aMCIJICHUA YaCThb aTOMOB BOAOPOJda B COCTABC 06paTHOFO IIOTOKa 06pa3yeT CBA3HU
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+
\ H, Puc. 3. Cxema npomecca rugpupoBanus rpad)eHa Ha MOBEPXHOCTH
KpEMHHUS IydKoM HOHOB H, " .

o} \O H'* 5 Graphene

A
S 0
o}‘ H*

Si0, C aroMamH yriepojia rpageHOBOM MIEHKH, KaK 3TO IMOKa3a-

HO Ha Puc. 3. Beicokas 3((eKTHBHOCT THUAPUPOBAHHUS

1. O
SR O l Si 0o0yciioBlIeHa TOJTHOM JHUCCOIMAIMEe MOJIEKYJ BOJOpPO/a,
+ o o
\ H HU3KOH TUIOTHOCTBIO aTOMOB BOAOPO/1a, IPUBOASIICH K Ma-
P

JIOH CKOPOCTH MOJIEKYJISIPHOH pEKOMOWHAIIMU, M BBICOKOM

XUMHYECKOW AaKTHBHOCTBIO aTOMapHOTo Bojopoxa. [lpu
ATOM BBICOKas JI0JISi aTOMOB BOJIOpPOJia C KHHETHUECKON 3HEPTuid, JOCTAaTOYHON AJIsl MPOXO-
KACHUS yepe3 TUIEHKY MHOTOCIOMHOro rpadeHa, o0ecreurnBaeT paBHOMEPHOE MEXKCIOEBOE
THJIPUPOBAHUE.

Takum 00pa3oM, Myykd HOHOB BOJOPOJA MO3BOJSIOT O00ECIEYMBATH THAPHUPOBAHHE
rpadeHa ¢ BBICOKOH cremeHbto, pocturamomeii 50 ar.% , u ManbiM aedekToo0pazoBaHHEM.
[Tpouecc ocymiecTBiaseTcss 0OpaTHBIM MOTOKOM TEPMAlIM30BaHHBIX aTOMOB BOJIOpoOAa, oOec-
MEYUBAIOIINX PAaBHOMEPHOE THJIPUPOBAHUE MO BCEH TOJMIMHE IUIEHKHM MHOTOCIONHOIO rpa-
¢dena. HaGmronaBieecs: TuaApupoBaHUE MPUBOJAUT K 00Pa30BaHUIO 3aMPEIIEHHON 30HBI.

ABtopsl Onarogapsat ['enpmronbsu-uentp-bepnun (HZB) u Poccuiicko-I'epmanckyro
nabopatopuro Ha cuaxporpoHe BESSY II 3a mpemocraBieHHY!0 BO3MOKHOCTH BBIIOJHUTH

SKCIICPUMECHTHI C UCIIOJIB30BAHUEM CUHXPOTPOHHOI'O U3JTyUYCHUS.
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PAJIMAITMOHHASI CTOMKOCTD MHTEI'PAJIBHBIX M/IIT Y
BUITIOJISIPHBIX CTPYKTYP HA KPEMHUU
RADIATION RESISTANCE OF INTEGRAL MIS AND BIPOLAR SILICON
STRUCTURES
C.A. MI/ICKGBI/I‘Il, D.D. KOMapOBl, A.OD. KOMapOBl, B.H. IOquHKol, I'M. 38.5{]_12, B.A.

3
boxxaTkun

S.A. Miskiewicz', F.F. Komarov?, A.F. Komarov', V.N. Yuvchenko®, G.M. Zayats?,
V.A. Bozhatkin®
YHUUII®DIT um. A.H. Cesuenio BI'Y, ya. Kypuamosa 7, Munck, benapyce.
2Hhtcmumym mamemamuku HAH Benapycu, yn. Cypeanosa 11, Munck, berapyco.

SHT. 1] «beamurpocucmemvly OAO «Humeepany, ya. Kazunya 1214, Munck, benapyco.

The physical and mathematical models of radiation-induced changes in the integral
silicon structures have been developed. The software based on these models allows to
calculate the changes of threshold voltage of the MIS-structures, the input, output
characteristics and current gain of bipolar transistors.

HOJ’IyrIpOBO,I[HI/IKOBbIe HHTCIPpAJIbHBIC CTPYKTYpPbl B HACTOAIIEC BpEMsA MIUPOKO
NPUMEHSIOTCS BO MHOTHX c(epax MHKPO- M HaHOIJIEKTpOHUKU. WX wucmonp3oBaHue B
HpI/I60an BOCHHOT'O U HBOﬁHOFO HaszHa4YCHUsA, a TaKXKE Ha KOCMHYCCKUX 0o0BEKTax U B
aTOMHOM OHCPICTUKE TOAPA3YMEBACT BLICOKYHO CTOMKOCTB K paauaiuOHHOMY BOSﬂCﬁCTBHIO.

I[J'I}I pacqéTa paarualiuOHHBIX U3MEHEHUHN XApPaKTCPUCTHUK  MOJTYIPOBOJHUKOBBIX
KPEMHHEBBIX CTPYKTYp MbI paccmaTpuBaiu M/II1 u GunossipHble TPaH3UCTOPHI, TOMOIOTHUS
KoTophIx Obuta mpenocrasieHa Ham HTL] «benmukpocucremsr» OAO «HTErpan».

Hna MII-ctpykTyp MeXaHM3M paJHalMOHHOM Jerpajaluy CIECIYIOLIUN. TeHepaus
nap HOCHUTeJIeH 3apsaa, pa3acsICHUC UX BHCIIHUM JJICKTPUYCCKUM IIOJIEM, YXOJ 3JICKTPOHOB
u3 cinost SiO; B 3JEKTPOJABI M 3aXBaT JBIPOK HA JIOBYIIKH B JMAJIEKTPUKE. 3aXBaT JBIPOK
MpoaOIKACTCA A0 KOMIICHCAIIMKU HAIIPAKCHHOCTH BHCHIHETO JJICKTPHUYCCKOTO IIOJIA ITOJIEM
HaAKaILUIMBAEMOTO O0BEMHOIO 3apssa U MNPCKpallCHUA PasACICHUA SJICKTPOHHO-ABIPOYHBIX
nap. Mogenbs NpOCTPaHCTBEHHO-BPEMEHHOW »HBoyronuu 3apsga B MJIII-ctpykrype B

npoiiecce 00IydeHUsT OCHOBaHA Ha PEIICHUH CIICAYIOIIEeH CUCTeMbl ypaBHeHui [1, 2]:

on_ . d%n a(n-E)
E_ Dn axz +“n ax
op_ o°p. dp-E)

E‘Dp o THp ox

oP,
=R, (P, E, Py)—Ry (N, E, Py), ?2 =R, (P, E, R,)—R,, (N, E,Ry), 3)

B Rnl(n! E, Ptl)_ Rn2 (n’ E, Pt2)+G(E)! (1)

_Rpl(p’E'Ptl)_sz(p'E,Pt2)+G(E)y (2)

oP,
ot
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oE q

—=——(P, +P, + p—n) (4)
X og6, ( t 2t P )
OP,
—att = —o, exp(—a, X) P, - ©)
— QOt Qsc (Ws ) st (\Vs )
V. = _| ot
G d)ms + Vs C + C + C (6)

(0)

34€Ch d-— TOJIIIMHA IOUIJICKTPHKA, E — HaHpﬂ)I(éHHOCTB SJICKTPHUYCCKOI'O I10JIA, -

0X 0X

BpeMs MOAEIUPOBAHUS, Un U Up — IOJBUKHOCTb HOCUTEIICH B TUDJIEKTPUKE, On U Op — CEUCHUS
3axBaTa HocuTeled Ha yoBymkax, Dn u Dp — xoadpdunuenter quddysuu, G — ckopoctsh
TeHepaluy Tap HOCUTENeH B IUAJICKTPUKE IMpH OOJydeHHH, N U P — KOHIEHTPALUU
HocHuTened B audnekTpuke, Ny, U Py — KOHIEHTpauM MEIKUX M TIyOOKHX JIOBYIIEK U
3aXBAUCHHOTO 3apsAna, Rniz, Rpi2 — ckopocTu 3axBaTa HoOcHUTeNnedl Ha JOBYIIKAaX, Vih —
TETUIOBAsi CKOPOCTh HOCHUTEIIEH, (] — 3apsijl AIEKTPOHA, Eox — AUIICKTPHUECKAS IIPOHUIIAEMOCTh
JIMRJIEKTPUKA, Eox - TCKTPUYECKAs IIOCTOSIHHAS, Vi — HAIIPSHKEHUE HA 3aTBOPE, ¢hns — PA3HOCTH
paboT BBIXOJA MaTepHaja 3aTBOpa W IIOJYNPOBOJHHKA; \Ys— IMOBEPXHOCTHBIN MOTEHIIHAI
nonynpoBogHuKa; Qo — »¢dexTuBHBIN 3apsn B amdnekTpuke; Qs — 3apsan obmactu
IPOCTPAHCTBEHHOTO 3apsina; Qss — 3apsia Ha MOBEPXHOCTHBIX COCTOSHUSAXK; Cox — EMKOCTB CIIOS
TVDJICKTPUKA, O M Ol — YACTOTHBIN U OaphepHBIN (PaKTOPHI.

Yucnennoe pemieane cucteMs (1 — 6) Hamu peanu3oBano B padote [3], e Mbl cHavyana
HaXOJMM pacIipeieJICHue 3aps/0B 10 pabodeil 00acTu, BEINYMHBI 3apsioB B okucie Qo , B
00J1aCTH MPOCTPAHCTBEHHOT'O 3apsi/ia MOJYMPOBOAHUKA Qsc U HA TOBEPXHOCTHBIX COCTOSHUSX
Qss, @ 3aTeM BBIUKCIISIEM ITOPOroBOe HarpshkeHue 1o (6) npu ycinoBuu, 9to Y = 2.

PesynbraTel MOAenupoBaHUS pPAAMANMOHHBIX H3MEHEHHWH TOPOTOBOTO HANPSKEHHS
MII-ctpykTypsbl npuBeaeHbl Ha pucyHke 1. OOiydeHne mpou3BOJWIOCH PEHTI€HOBCKUMHU

KBaHTaMHU C 3HeereI71 20 KSB, HAIps’KCHUE Ha 3aTBOPE NOAACPKUBAJIOCH HA YPOBHE -1B.

254

d=100 Hm

2.0+

1.5

1.04

0.5 4

- —

0 1x10°  2x10°  3x10°  4x10°  5x10°
[Jo3sa paduayuu, P

0.0

M3meHeHue nopoeo8o2o HanpskeHus:,B

PI/IC}/HOK 1 — 3aBHCUMOCTD U3MCHCHHUS MMOPOroBOro HAPSYKCHUA OT JO3bI O6J'IyLICHI/I$I
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Kak BHIHO M3 puUCyHKa, B pacCMaTpUBAaeMOM JHana3oHe 103 OOJy4eHUs HU3MEHEHHE
IIOPOI'OBOT0 HANpPsKEHUs JOCTUraeT 2 U 0oJjiee BOJIBT, YTO B HECKOJBKO pa3 MPEBBILIAET
TaKOBOE /10 00Jy4eHHs. DTO MOXKET MIPUBECTH K BBIXOAY 3a mpenensl Hopm TY.

MexaHu3M BO3JEHCTBHS MOHH3UPYIOIIETO H3ITY4YeHUS Ha OMIOJSpPHBIE TPAH3UCTOPHI
COCTOUT B CO3JAHUU ILIEHTPOB PEKOMOMHALIMM HOCUTENIeH 3apsiia U, Kak CJEICTBHE,
COKpAIllCHUU BPEMEHH JKH3HU HEOCHOBHBIX HOCHTEIICH 3apsiia B pabounx oonactsx [4].

Mozens NpOCTPaHCTBEHHO-BPEMEHHOM 3BOJIIOLUM JBIPOK B pabounmx oO0nacTsax

OUMOJIIPHOTO P-N-P TpaH3UCTOPA BKIIIOYAET YpaBHEHUE HEMPEPHIBHOCTH

B R D T T E T w2 ()
C 'pPaHUYHBIMU YCIIOBUAMU
n? aUp
p(0) = ik e kT, p(W)=0, ®)
BBIPAXXCHHUC IJIA HaprDKéHHOCTI/I BCTPOCHHOT'O 3JICKTPHUYCCKOI'O ITOJIA
E(x) = - =8 ©)

BBIPAXKCHUC I MOAYJISIUH HIUPUHBI KOJUICKTOPHOI'O IIEpEXoaa

, U
We=We [1- U—dcc’ (10)

3aBUCUMOCTb BPEMCHHU KHU3HU HCPABHOBCCHLBIX HOCHUTEJIEH OT JI03bI O6J'Iy‘leHI/I${

2 =14k, (11)
To

Tp

BBIPpAXKCHUA JJIA ONIPCACIICHUSA IINIOTHOCTHU TOKOB UCPE3 ICPEXOAbI [5]

Jpe = dl;io) qlp, .pK = dp((;;VA) qua (12)
rae Tp,(Xx) — BpeMs XKHU3HH, Lip— TOJBHKHOCTb, K — mocTosiHHas bonbumana, 7' — abcommoTHas
Temrneparypa, Ug - HalipspkeHUe Ha TIepexo/ie IMUTTEp-0a3a, Nj — COOCTBEHHAs! KOHIICHTPAITUS
HocuTenell 3apsna B KpemMHMH, W — TommmuHa akTuBHOM 0as3bl, Wco — mmpuHa
KOJIJIEKTOPHOTO Tepexosa 0e3 HampsikeHus, Uge — moTeHuuanbHelii Oapbep Mexay 6a3oi u
KoyiekTopoM, Uc — HampspkeHue Ha Kosuiektope, N — KOHIIeHTpauusi JJOHOPOB, Ty — BpeMs
KHU3HU JI0 OOJIyueHUs], T, — BPEMsI KHU3HH Tpu oOmydeHun, @ - 103a oOmydeHus u k; —
KO3 PUIIMEHT pauallMOHHOTO U3MEHEHUsI BPEMEHH JKU3HH JIBIPOK B 0a3e TpaH3UCTOpA.

Pemas (7 — 11), HaxoauMm pacnpe/elieHne HEOCHOBHBIX HEPaBHOBECHBIX HOCHUTENEH 10
0ase TpaH3ucTopa, a 1o (12) — TOKK Yepe3 Mmepexo/Isl B YCIOBUAX O0TyICHUS.
OKcliepUMEeHTalbHbIe U PACUYETHBIE JAHHBIE PaJUAIlMOHHBIX H3MEHEHUI BBIXOTHBIX

XapaKTEpUCTUK P-N-P 6I/IHOJ'I$IpHOTO TPAaH3UCTOPa NPCACTABJICHBI HA PUCYHKE 2. O6Hy‘-ICHI/Ie
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MTPOU3BOMIIOCH TaMMa-KBaHTaMH 0cCo ¢ sHepruen 1,2 M»aB u nozamu @ = 5x10* em? u 10°

cm. Tok 6asbl MOJJEPKUBAJICS TOCTOSIHHBIM U paBHBIM 10 MKA, Temnepatypa 300K.

Mogenb, Ao 06nyyeHus
¥ OKCnepuMeHT, o obnyyeHns
Mogenb, gosa 5x10° cm™
JKcnepuMeHT, Aosa 5x10" cm”
Mogensb, go3a 10° cm”
SkcnepumenT, 1o3a 10° cm™
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HanpsxeHnwve Ha konnekTope, B

Pucynok 2 — BeixoiHBIC XapaKTEPUCTHUKH TPAH3UCTOPA IO U TIOCIIE O0TydeHHS
Buaum, dro naxe mnpu go03e 510 cM? 3mauenue BeixonHoro toka 300 MKA
JOCTUraeTcs IMpH Iojade Ha KOJUIEKTOP HalpskeHHs, Oojiee 4yeM B 5 pa3 MpeBbILIAOLIEe
TaKOBOE /10 00y4YeHus. B cBsi3u ¢ 3THM CHIDKaeTcs 3¢ (EeKTUBHOCTH MPUOOpa KaK YCHUITUTEIS.
Takum oOpazom, mnpu padoTe MOJYNPOBOJHUKOBBIX CTPYKTYp B  YCJIOBHUSX
pagualoOHHOrO OO0JIydyeHHMs, B TOM YHCIE€ M B KOCMHYECKOM cpele, MX BakHeHIue
XapaKTEePUCTUKH MOTYT HU3MEHSTbCS B HECKOJBKO pa3 I0 CPAaBHEHHIO C IPOEKTHBIMH.
Pa3paboTanHbie HAMH MOZENH TO3BOJIST MPOTHO3UPOBATH MOAOOHBIE U3MEHEHHSI B BHOCHTD
HEOOXOJMMBIE  TONpPaBKM  HA  JTalne  NPOCKTUPOBAaHUS  PaJAMAIMOHHO-CTOWKHX

MOJIYIIPOBOJHUKOBBIX HpI/I60pOB.
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IMPOTOHHASA ITPOBOANUMOCTD IVIEHOK OKCHUJIA TPA®EHA 1
HA®HUOHA B IOJIEBOM TPAH3UCTOPE

PROTON CONDUCTION OF GRAFENE OXIDE AND NAFION FILMS
IN FIELD-EFFECT TRANSISTOR

AL MOprH_II/IHl, E.B. EI‘OpOBl, B.A. CMI/IpHOB2
A.D. Mokrushin®, E.V. Egorov', V.A. Smirnov?

"MHcTHTYT 1POGIEM TEXHOIOTMH MHKDPOAICKTPOHHKH W OCOOOYHCTBIX MaTephanoB PAH,
142432 Mock. 00:1., T. UepHorosoBka, yi1. Akagemuka Ocurnbsita, 6; E-mail: mad@iptm.ru
’Ucruryt npobnem xumuaeckoii dusukn PAH, 142432 MockoBckast 0071, T. UepHOroI0BKa,
np. Axkagemuka CeMeHoBa, 1.

The O/C atomic ratios in films of graphene oxide (GO) are determined via the Rutherford
backscattering of H+ ions. Field effect is studied in the transistor on the basis of the GO and

nafion in proton types of conduction.

Okcup rpadena (OI) siBisieTcss OCHOBHBIM HCXOAHBIM MaTEpUaoM AJIsl HOTyYCHUs
rpadeHONnoI00HBIX MaTepHaloB co cBoiicTBamu rpadena. Omnako u cam OI' obnamaer
CBOWCTBAaMH, KOTOpbIE IENAlOT BO3MOXKHBIM €r0 IMPaKTHYECKOE HCIONb30BaHUEe. B cyxoi
atMocdepe tuieHkn Ol SBISIOTCS HW30JIATOPOM, HO MPHU BOCCTAHOBICHUHM (XMMHYECKH,
tepmuuecku, Goto) mwieHku OI' mprHoOpeTaroT MEKTPOHHYIO poBoauMOcTh [1]. Bo BraxHOi
aTMocdepe He BoccTaHOBIEHHble IUIeHKH OI' o0majgaroT MPOTOHHOW MPOBOIAMMOCTHIO,
TUIAYHOM JJIS TIOJTMMEPHBIX MPOTOHHBIX TPOBOAHUKOB [2]. B padote [3] ObLT n3yueH 3 ekt
MIOTIEPEYHOTO JIEKTPUIECKOTO TIOJISI HA TIPOTOHHYIO U AIIEKTPOHHYIO MPOBOJUMOCTH IIJICHOK
OI B pa3nMuHBIX UCXOJHBIX COCTOSHUAX. PaHee BIUsSHME MOMEPEYHOT0 SJIEKTPUIECKOTO OIS
Ha MPOTOHHYIO NMPOBOJUMOCTH HCCIENOBATOCH JUII HEKOTOPBIX MPOTOHHBIX MPOBOIHHKOB,
Harpumep, Ui nonucaxapunoB [4] u Hapuona [5]. MemOpaHbl HaHOHA UCIIOIB3YIOTCSI B
TOTIJIMBHBIX 3JE€MEHTax OJlarojapsi MX BBICOKOW MPOTOHHOM MPOBOJAWMOCTH M BO3MOXKHOCTH
perymupyemoro Habyxanwus B Bojie [6].

B nanHo#i paboTe mocTraBieHa 3ajada JETaJbHO HCCIEN0BaTh YPQPEKT MONepeyHoro
AIIEKTPUYECKOTO TMOJISl Ha MPOTOHHBIA TOK B IuieHKax OI' M CpaBHHUTH €ro ¢ aHAJIOTUYHBIM
dppexToM B IUICHKaX HapHOHA — THIWYHOTO TPEICTABUTENS IOJMMEPHBIX IPOTOHHBIX
TIPOBOTHUKOB.

Marepunaabl. [lomyyenne oxcuga rpadeHa W OKCHEPUMEHTAJIbHBIC IPHEMBI
npuseneHs! B [1-3]. McxonHelii HapuoH ObLT B BHAE KOMMEPUYECKOW BOJHOW CYCICH3HU:

D1021 Nafion Dispersion - Water based 1100 EW at 10 wt%. IlneHks npUrotaBIdBaIUCh
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HAHECEHHEM pacTBOpa Ha MEXKAIJIEKTPOIHBIA 3a30p M BBICYIIMBAHUEM €ro MPU KOMHATHOMN
temneparype. TonuHa uHCCIeOBaHHBIX IUJIGHOK cocTaBisuia BenuuuHy 0.5-1.0 mkwm.
TokoBbBIE XapaKTEPUCTUKU HCCIeA0BaNNCh Ha noTeHnuocrate P-20X. Dkcnepumentsr ¢ POP
ornucaHsl B padore [7].

JKcnepuMeHTaJIbHbIe jJdaHHble. [l  xapakTtepucTtuku cuHTe3upoBaHHoro OI'  Obun
ucnonb3oBad Metoq POP [7], pe3dyabTarel uamepenus: mpuBeacHbl Ha puc 1. OueHeHHas
TONMMIMUHA TUIeHKH cocTtaBiser 0.95 mxm, atomHoe otHomeHnue O/C 0.77 cormacyercs ¢
BEJIMYMHAMU, KOTOPBIE HCIIOIB3YIOTCS B pa3JIMYHBIX paboTax.

Cxema moJIeBOro TpaH3UCTOpa npescTaBiicHa Ha puc. 2. TommuHa cinos SiO; 100 Hm.

GO (nafion)
Metal electrode
S102

Si

Scafiering vicld 117, counis

i Puc. 2. Cxema Nonesoro TpaHsuMcTopa

Channels

Puc. 1. Crnextpsl pe3ephoproBcKoro oopatHoro paccesHust HOHOB H+ Ha 1ieHKe MCXOIHOTO OKCHAA
rpadena (OepuiireBas HOAIOXKKA): HKCIEPUMEHTAIbHBIA — TPEYTOJIbHUKH, PACUETHBIA — KPUBas.

IMnenxkn OI' B cyxoit atmochepe (RH < 7%) sBistorcss HM30JATOpaMu, a MpH
NOMEIIEHUN TPAH3UCTOpa BO BIAXHYI aTMmochepy B oOpaslie MOSBIsSETCS TOK,

00YCITOBIICHHBIH TIPOTOHHOM MPOBOIUMOCTHIO [1-3].
Ha puc. 3 npuBeieHbI BOJIBT-aMIIEPHBIC XapaKTEPUCTUKH TPaH3UCTOpa Ha ocHOBe 'O

IpH pa3inuHbIX HanpspkeHusx cmemienus (Ug) u Bnaxuoctu (RH).
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Puc. 3. a — 3aBUCHMOCTh TOKa MCTOK-CTOK (isp) B IwieHKe I'O OT M3MEHEHMs HAIpPsHKEHHS Ha

3atBope Ug (mar 1.5 V): 0 — (12 V) — 0 — (+12 V) — 0, (RH 53%, Ups = 0.5 V). b — Tokossie
XapaKTePUCTUKUA B 3aBUCHMOCTH OT HAIPSDKECHUsS CMELICHHS MPH PA3MYHbIX BiaxHocTsx RH: 1-
35%, 2 —53%, 3—75%. Ups=0.5V.
Ha puc. 3a mpencraBieHn ¢parMeHT M3MEpsSEeMON XapaKTEPUCTHKH. M3MEHEHUE TOKa CTOK-
ucTtok (Ips) TP IMoJaye Ha 3aTBOP BHAYale OTPHUIATEIHLHOTO, a 3aTE€M IOJOXHTEILHOTO
HanpspkeHus: cMmenleHus. [Ipu oTpuliaTebHOM HANPSHKEHUH CMEIIEHHUS TOK CYIIECTBEHHO
YBEJIMYUBACTCS, YTO MOJATBEP)KIACT €ro MPOTOHHBIN XapakTep, a Mocjeayromias mojaya Ha
3arBop (t > 100 S) MONOXKHUTEILHOTO HANMPSIKCHHUS TAK)KE BO3HHKACT TOK, KOTOPBIH MOYKHO
OTHECTH K OTPUIATEIBbHO-MOHHOMY TOKY, OOYCJIOBJICHHOMY JIBHKCHHEM OTPHUIATEIbHBIX
MOHOB, HampuMep, MOHOB Kuciopoza. Ilpomecc Murpannu MOHOB KHCIOPOJa OOLICTIPUHST
JUTl HOHHBIX TMPOBOJHUKOB M OKCHI0B MeTasioB [8]. [IpoToHHBIN TOK Ha MOPSIIOK OOJIbIIIE,
4eM OTpHILATENbHO-HOHHBIH (puc. 3D) W 3TOT 3hPEeKT MOKHO OOBSICHHTH PA3TUIHON
MOJIBMYKHOCTBIO HOCHUTENIEH 3apsijia — B TIEPBOM CIIydae 3TO JIETKHE NMPOTOHBI, a BO BTOPOM
ClIy4ae 3TO OTPULATENIbHO 3apsKEHHBIE aTOMBI (MJIM MOJIEKYJIbI) KHCIOPO/a.

Jlns niieHoK HauMoHa pe3yibTaThl U3MEPEHUIl NpeICTaBlIeHbl Ha puc. 4.

40 5 0 5 0 15
Vg,V
Puc. 4. TloneBast 3aBUCHMOCTB TOKa ips B TUIEHKe Hadmona mpu BiaaxkHocTH: 1 — RH 35 %; 2 — RH 53
%; 3 —i(3) = 100xi(2). Ups=0.5 V.
CpaBHuBas 3TH pe3yabTathl (puc.4) ¢ pezyapraramu st OI (puc. 3) MOKHO BUIETh, UTO MPH

OIWMHAKOBBIX HAIPSDKCHUAX CMCIICHUS YCUJIICHUC IPOTOHHOI'O0 TOKA B CJIy4dac Ha(I)I/IOHa Ha

nopsiiok 6omeine, yem st OI'. OTpuraTebHO-HOHHBIN TOK B HAMOHOBOM BapHaHTE Ha JIBa
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MOpsIKa MEHBIIE NMPOTOHHOTO TOKAa. MOYHO NPEANoNokKUTh, YTO B 3TOM CIy4yae SHEprus
oOpasoBanus orpulareabHoro uona (O°) 3HauuTeNbHO Oosbie, yeM B mieHke ['O. Cremyer
3aMETUTh, YTO TIPU OOJBIIMX OTpHLATEIbHBIX HanpspkeHusx cmenienus (Ug < -10 V) u npu
oosbmioit  Bmaxkunoctu (RH > 75%) HaOmomarorcs Henuueitble 3¢dexkTtsl — He
KOHTPOJIMPYEMOE YBEITUUCHHE TOKA.

Mpi onieHmu aperioByro MOABHKHOCTH MPOTOHOB B TuieHkax OI' u HaduoHa, ucxons
U3 OOILEro COOTHOLIECHUS ¢ = neu W JAaHHBIX IO TEMIIEPaTYpHOW 3aBHUCHUMOCTH YIEJIbHOMN
snexrporposogsocty [3]. Ipu 20°C mms O oy = 10° Sm/em, mist Haduona o, = 5.107
Sm/cm. KonreHTpaiuoo MpoOTOHOB MPH HAJIMYUKM 3aTBOPHOTO cMmeineHuss Ug olleHUBan B
cooTBEeTCTBUH ¢ paboroii [9], u ¢ yderom Tommuuel micHOK O; = 1 MM u dy = 2 MKM
MONYYMIIH Ng = 2.6%10% cm® u n, = 8*10%° cm npH 3aTBOpHBIX cMemeHusax Ugy = -12 B u
Ugz = -7.5 B. lns menku 'O pg = 2.4*107 CMZ/B*C, a mns 1oieHkn HaduoHa wup = 0.4
cM?/B*c. 3HaueHUe 1 HAXOOUTCSA B KAYeCTBEHHOM COINIACHH C pe3ylbratamu pabots [10],
/i€ U3MepeHa MOJIBUKHOCTh MMPOTOHOB BO JibAy. [lonydeHHOe HaMu 3HAYEHUE Ly TS TJICHOK
HapuoHa Ooyee yeM Ha 2 TMOpAIKA BEIUYUHBI MPEBOCXOAMUT MOJBUKHOCTH MPOTOHOB B

IUIEHKaX OKCHUa rpadeHa.
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®OPMUPOBAHUE AKTUBHBIX CJIOEB QJIEKTPOKATAJIN3ATOPOB
NOHHO-ACCUCTHUPYEMBIM OCAKJIEHUEM IIJIATUHBI U T'AJOJIUHUA
HA YIVIEPOJAHBIE HOCUTEJIN

FORMATION OF ACTIVE LAYERS OF ELECTROCATALYSTS
BY ION BEAM ASSISTED DEPOSITION OF PLATINUM AND GADOLINIUM
ON CARBON FIBER PAPER CATALYST CARRIERS

B.B. Ilomnasckuid, O.I'. bo6posuy, A.B. [{opoxko
V.V. Poplavsky, O.G. Bobrovich, A.V. Dorozhko

Benopycckuii cocyoapcmeenniii mexHono2ueckuil yHusepcument,
220006, ya. Cseponosa, 13a, Munck, berapycw, e-mail: vasily.poplav@tut.by

Active surface layers of electrocatalysts was formed with use of the ion beam assist-
ed deposition (IBAD) of the active metal (Pt) and activating rare earth metal (Gd) on
carbon catalyst carriers AVCarb® Carbon Fiber Paper P50 and Toray Carbon Fiber
Paper TGP-H-060 T from a neutral vapor fraction and plasma of a vacuum arc dis-
charge of the pulsed ion source. Formation of layers was carried out in IBAD
mode, by means of the deposition of metal and mixing of precipitated layer
with the substrate by accelerated (U =5 kV) ions of the same metal.

[IpyMeHeHrnEe YCKOPEHHBIX HOHOB METAJUIOB JUIsl JIESTMPOBAaHUS IOBEPXHOCTU MaTepua-
70B o0ecrieunBaeT BO3MOKHOCTh BBEJICHUSI B TOHKUU MPHUIOBEPXHOCTHBIA CIOW KOHTPOJIH-
PYEMBIX KOJMYECTB IPUMECH HAa HAHOPAa3MEPHOM AaTOMHOM YpOBHE B HEPABHOBECHBIX YCIIO-
BUSIX WOHHOW OomOapaupoBku. IIpum STOM HaMOONBIIMI WHTEpEC MPEACTABISET HOHHO-
JTy4eBoe MOAU(MUIIMpPOBaHHE (PYHKIMOHAIBHBIX MaTEpUAIOB, CBOMCTBA KOTOPBHIX ONpEHEIs-
IOTCSI B OCHOBHOM COCTaBOM MOBEPXHOCTH. K 4MCIly TakMX MaTepualloB OTHOCATCS TE€TEpPO-
TEHHBIE KaTaJIU3aTOPbl XUMUUYECKUX PEAKLUN, U B YACTHOCTH JJIEKTPOKATAIM3aTOPbI — DJIEK-
TPOJBI MEKTPOXUMUYECKUX YCTPOUCTB.

AKTUBHBIE CIIOM 3JIEKTPOKAaTaM3aTOPOB  CPOPMHUPOBAHBI  [MOOYEPEIHBIM HOHHO-
ACCHCTUPYEMBIM OCaXJIEHUEM OCHOBHOI'O KaTaJUTUYECKOrO MeTajula (IUIaTUHBI) M peaKo3e-
MEJIbHOTO MeTajula (TaJl0JMHUSA) B Ka4eCTBE aKTUBUPYIOLIEH JO0OABKM Ha CIlelMalbHbIE yIiie-
pomnsie Hocuremn AVCarb® Carbon Fiber Paper P50 (AVCarbCFP) u Toray Carbon Fiber Pa-
per TGP-H-060 T (TorayCFP), ucnonb3yemble B KauecTBe Marepuana Auddy3HOHHBIX CIIOEB
TOIJIUBHBIX 3JIEMEHTOB C MOJMMEPHBIM MEMOpaHHBIM 3JeKTposuToM. MoHHO-accuctupyemoe
ocaxxierre (IBAD) meTamioB mpoBeieHO B peXUME, IPH KOTOPOM B KaueCTBE aCCHCTUPYIO-
IIMX MPOLECCY OCAKIEHMSI UCIOIb3YIOTCA MOHBI OocaxkiaeMoro meramia. OcaxaeHue MeTauia
Y MEpEMEIINBAHNE OCAKIAEMOTO CJIOSl C AaTOMAMHU IOJUIOKKH YCKOPEHHBIMA HOHAMU TOTO K€
MEeTajula OCYIIECTBIISIFOTCS COOTBETCTBEHHO M3 HEUTpPaIIbHOM (ppaklivy Mapa U Ijia3Mbl BaKy-

YMHOI'O OAYTrOoBOI'0 pa3psaiga UMITYJIbCHOI'O 3JICKTPOAYIOBOTO MOHHOI'O0 MCTOYHHUKA. YCKOPCHI/IC
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ACCHUCTHPYIOIINX MOHOB OCYIIECTBISIOCH HampshkeHHeM 5 KB; maBneHue B pabodell kamepe
cocrasmsio ~107° Ia.

HccnenoBanne MUKPOCTPYKTYPBI M COCTaBa TOTYYaeMbIX KaTATUTHYECKUX CIIOEB MPOBE-
JICHO C MPUMEHEHUEM CKaHUPYIONICH 3JEKTPOHHOW MHKPOCKOIUHU M 3JIEKTPOHHO-30HIOBOTO
MHUKpOaHaJN3a C AUCHEPCHEH XapaKTepUCTUIECKOTO PEHTICHOBCKOTO U3JIy4EHUS 10 YHEpru-
sm kBaHTOB (SEM, EDX EPMA,; mukpockon LEO 1455 VP u cniekrpometp Aztec Energy Ad-
vanced X-Max80, Oxford Instruments), peHTreHOBCKOTO (DIyOPECIEHTHOTO aHak3a ¢ JIuCIep-
cueit mo mmHaM BosiH (WD XRF; ciekrpomerp PANalytical AXIiOS) ¥ CIEeKTPOMETPHH pe3ep-
dopmoBckoro obparHoro paccesuusi (RBS; *He, 6 =170°, Ey=1,5MsB; YCKOPHUTEIIBHBIA KOM-
wiekc AN-2500, High Voltage Engineering Europe).

Crpykrypa Hocureneii AVCarb® Carbon Fiber Paper P50 u Toray Carbon Fiber Paper
TGP-H-060 T pasmuuna (puc. 1). Mopdosorust moBepXHOCTH HOCUTEIEH B MPOIECCe HMOHHO-
ACCUCTHPYEMOr0 OCAXKICHHS METAJUIOB HE M3MEHsieTcsl. Ha MOBEpXHOCTH UMEIOTCS BKITFOUCHUSI
OCaK/IaEMbIX METAIOB Pa3MEPOM IMOPSJIKA HECKOJIBKUX MUKPOMETPOB, HATMYHUE KOTOPBIX 00Y-

CJIOBJICHO OC)KICHUEM Kallellb MeTalla U3 JIEKTPOyTOBOr0 HOHHOTO HCTOYHHKA (puc. 1, 2).

oy 2o -
Date 1 Nov 2016 Signal A=SE1_ Date 1 Nov 2016
Mag = 5.00KX WD= 18mm  PhotoNo.=4072 Time 116413

L o
Mag = 500KX Photo No_= 4081  Time :12:05:04
EHT =20.00 kV EHT = 2000 kV

a 0

Puc. 1. DIeKTPOHHO-MHUKPOCKOMTHUYECKUE H300paKeHHUsI TIOBEPXHOCTH JIEKTPOKATAIM3aTOPOB,
c)OpMHEPOBAHHBIX OCaXICHHEM Tafonuans u miatuasl Ha AVCarb® Carbon Fiber Paper P50 (q)
u Toray Carbon Fiber Paper TGP-H-060 T (6)

Pe3ynbrarel McciienoBaHuii 3JIEMEHTHOTO COCTaBa MOAM(MUIIMPOBAHHOMN MOBEPXHOCTH Me-
tomamu EDX EPMA, WD XRF u RBS mnpencrasnens Ha puc. 2-5. B cocTaB aHAIH3HPYEMBIX
CIIOEB BXOJAT aTOMBbI ocaxaaeMbix MetauioB (Gd, Pt), Mmarepuana moaioxku (yriepoaa, u s
ruapohoOdu3upoBaHHOrO moauTerpadTopITHIICHOM Hocutens Toray Carbon Fiber Paper TGP-
H-060 T — dTopa), a Takke mpuMecH KUCIOPOAa, HATMYHE KOTOPOTO 00YCIOBIEHO OCAXKACHUEM
W3 OCTaTOYHOM aTMocepsl paboueil BakyyMHOM KaMephbl U aJICOPOIIMOHHBIME TIporieccamu. B
CHJIY HEOJHOPOJHOCTH CTPYKTYPBI CAMHX YIJIEPOJHBIX MMOJUIONKEK aTOMBI DJIEMEHTOB B COCTaBe

CJIOEB pacrpe/iesIeHbI 10 MOBEPXHOCTH HEPABHOMEPHO (pHC. 2).
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100 Gd, Pt/TorayCFP

Concentration, weight%

Distance, um

Puc. 2. PactipesiesieHrue aTOMOB 3JICMEHTOB BIIOJIb JINHUH CKAHUPOBAHUSI 10 TIOBEPXHOCTH CJIO,
c(hOpPMHUPOBAHHOTO OCAXKACHUEM TaOMHUS U TutaTHHbI Ha Toray Carbon Fiber Paper TGP-H-060 T

PtL,

MLy,

PiLg,

Rypeas [keps]

PtL,

PtL,; PtLg,

28 32 36 40
20 [deg]

Puc. 3. YuacToKk CrieKTpa peHTTEHOBCKOM (hIyOPECIIEHIINN aTOMOB IIATHHBI, BXOASIINX B COCTaB
CJIOS, TIOJTYY€HHOTO OCK/ICHHEM TaJI0JIMHUS U TUIATUHBI Ha AV Carh® Carbon Fiber Paper P50

B cnektpax EDX u WD XRF Bcex mccnenyembix oOpa3iioB 0OHApPY>KUBAIOTCS CIIEK-
TpanbHble TuHUU K-, L- u M-cepuii XapakTepuCcTUIeCKOTO PEHTTEHOBCKOTO M3IyUYeHHUs aTOMOB
BCEX JJIEMEHTOB, BXOSIIUX B COCTaB MOIUGUIMPOBaHHON moBepxHOCTH. [lanHbie RBS

(puc. 5) MOATBEPKIAIOT CBEJCHUS 00 3JIEMEHTHOM COCTaBe (POPMUPYEMBIX CIIOCB.
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Puc. 4. YuacTok criekTpa peHTTeHOBCKOW (IIyOpeceHIIUN aTOMOB T'aIoJHHUS, Topa u Kuciopoaa,
BXOJISIIIIUX B COCTAB CIIOS, MOJIYYCHHOTO OCAXKICHUEM TaOIUHUS U TUIATUHBI

Ha Hocurelns Toray Carbon Fiber Paper TGP-H-060 T

3000

o TorayCFP o
2500 4 o Gd, Pt/TorayCFP ©
2 @Gd, Pt/AVCarbCFP °,
°  (d, Pt/glassy carbon o
— 2000
g o
g Gd !
S 1500
: £
2 o
=
S 1000
o
@)
500 -
0 -

50 100 150 200 250 300 350 400 450 500
Channel

4
Puc. 5. Crextpsl RBS nonos "He 0T HOBEpXHOCTH 3JIEKTPOKATAIN3aTOPOB CO CIIOSMH,
c(OPMHUPOBAHHBIMH OCAXKJCHUEM TaIOJIUHHS U IUTATHHBI HA YTIIEPOTHBIE TTOIOKKH

HmeroTcs 0COOEHHOCTH B pacrpeieSIeHUH aTOMOB OCaX/I€HHBIX METAJNIOB B CIOSIX, IO-
Jy4aeMbIX Ha pa3IM4HbIX Momnoxkax (puc. 5). [To manueiM RBS conmepkanue aToMOB MeTa-
JI0B B c10six ~(2-5) - 10™° ar./ev?.

DopMHPOBAaHNE AKTUBHOM MOBEPXHOCTH MOHHO-aCCUCTHPYEMBIM OCAXKICHUEM JBYX METal-
JIOB OCYILIECTBJISETCS] B BAKYYMHBIX YCIIOBHSIX TP MUHUMAIBHBIX 3aTpaTax IUIATHHBI B JIBA MpUeE-
Ma, YTO BBITOJTHO OTJIMYAETCS OT TPAAUIMOHHBIX MHOTOCTaJUHBIX METOJIOB IPUTOTOBJICHNUS KaTa-
JIM3aTOPOB, OCHOBAHHBIX Ha MPOIUTKE HOCUTEINS PACTBOPAMU COEAMHEHUH KaXK/I0ro U3 METaJLIOB,

HX BOCCTAHOBJICHUH 10 MCTAJUIMYCCKOT'O COCTOSIHUSA, CYIIIKE U T. 1.
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®U3UKO-XUMHUYECKHUE CBOMCTBA DJIEKTPOKATAJIN3ATOPOB,
POPMUPYEMbBIX HOHHO-ACCUCTHPYEMbBIM OCAXKIEHUEM
IIVTIATUHBI U 'AJOJIMHUSA HA YI'JIEPOAHBIE HOCUTEJIN

PHYSICOCHEMICAL PROPERTIES OF ELECTROCATALYSTS
PREPARED BY ION BEAM ASSISTED DEPOSITION OF PLATINUM
AND GADOLINIUM ON CARBON FIBER PAPER CATALYST CARRIERS

B.B. ITonmasckuii, B.I'. Matbic
V.V. Poplavsky, V.G. Matys

Benopycckuii cocyoapcmeennviii mexHono2ueckuil yHusepcument,
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Active surface layers of electrocatalysts was formed with use of the ion beam assist-
ed deposition (IBAD) of the active metal (Pt) and activating rare earth metal (Gd) on
carbon catalyst carriers AVCarb® Carbon Fiber Paper P50 and Toray Carbon Fiber
Paper TGP-H-060 T from a neutral vapor fraction and plasma of a vacuum arc dis-
charge of the pulsed ion source. According to cyclic voltammograms investigations
the prepared electrocatalysts show activity in the processes of electrochemical oxida-
tion of methanol and ethanol.

JlernpoBaHue NOBEPXHOCTH MaTE€pUalIOB YCKOPEHHBIMH HOHAMH METAJIOB 00eCcIeYnBaeT
BO3MOYKHOCTb BBEJICHHS aTOMOB IIPUMECH B IIPUIIOBEPXHOCTHBIN CJI0M 0€3 U3MEHEHHUsI COCTaBa
U CBOWCTB 00beMa camoro marepuaia. [Ipu 3Tom HanOoIbIINii MHTEpEC MPECTABIIECT HOHHO-
JTy4eBoe MOAU(UIMPOBaHHE (PYHKIIMOHATIBHBIX MaTepHUaIoB, CBOMCTBA KOTOPBIX ONPEIENsA0T-
Csl B OCHOBHOM COCTaBOM IOBEPXHOCTU. K uMCiy TakMX MaTepuaoB OTHOCSTCS I'eTepOreHHbIe
KaTaJIn3aToOpbl XUMMUYECKUX PpEaKIUil, U B YaCTHOCTU 3JIEKTPOKATAIN3ATOPhl — AJIEKTPOIbI
ANIEKTPOXUMUYECKUX YCTPOMCTB. DIEKTPOKATAIN3ATOPHI SBJISIOTCS 00sI3aTEIbHBIM KOMITOHEH-
TOM TOIUIMBHBIX 3JIEMEHTOB — NIEPCIEKTUBHBIX XUMUUECKUX UICTOUHUKOB TOKA, B OCHOBE IIPHH-
IUMa JeUCTBUSA KOTOPBIX HEMOCPEICTBEHHOE MPeoO0pa3oBaHUEe XUMHUYECKON SHEPrHU OKHCIe-
HUS TOIUIMBA (BOJIOPO/1a, METAHOJIA, 3TAHOJIA) B DJIEKTPUUYECKYIO SHEPTHUIO.

[{enbo paboOTHI SBUIIOCH UCCIIEOBAHUE CBOWCTB 3JIEKTPOKATAIN3aTOPOB, (POPMUPYEMBIX
C IPUMEHEHUEM JIETUPOBAHUS YCKOPEHHBIMU HOHAMU METAJIOB, B YACTHOCTU MX aKTUBHOCTH B
Ipoleccax OKUCIIEHUSI METAaHOJIa M TaHOJA, JIEXKAIIUX B OCHOBE IIPUHLMNA JEHCTBUS HU3KO-
TEMIIEepPaTyPHbIX TOIUITMBHBIX JIEMEHTOB.

AKTHBHBIE CIIOM DJIEKTPOKAaTaM3aTOPOB CPOPMHUPOBAHBI MOOYEPETHBIM HOHHO-
ACCHCTUPYEMBIM OCAKACHHUEM TaJlIoJIMHUS U IUIaTUHBI Ha CIELMAIbHbIE YIIIEPOAHBIE HOCUTENIN
AVCarb® Carbon Fiber Paper P50 (AVCarbCFP) u Toray Carbon Fiber Paper TGP-H-060 T
(TorayCFP), ucnons3yembie B KauecTBe Mmarepraia AUPQPY3HOHHBIX CIIOEB TOIUIMBHBIX 3JI€-
MEHTOB C MOJMMEPHBIM MEMOpaHHBIM 3JIeKTposuToM. [lnaTiHa ucrnonp3yercss B KauecTBe Oc-

HOBHOI'O KaTAJIMTHYICCKOT'O METAJIJIa DJICKTPOKATAIIU3AaTOPOB. Baenenue B coctaB (I)OpMI/IpyeMBIX
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KaTaJINTUYECKUX CI0EB B KaUeCTBE aKTUBAIIMOHHOM J00AaBKU K OCa)KJaeMOM IJIaTHHE PEIKO3e-
MEJNBHOTO MeTajula — TaJojuHHs, OOYCIOBIEHO €ro poJibl0 B MHOTOCTaJMMHOM IIpoliecce
AIIEKTPOXUMHUYECKOTO OKMCIICHUSI MOJIEKYJl CIIUPTa KaK MPOMOTOpa aKTUBAIMU aJiIcOpOUpO-
BaHHBIX MOJIEKYN Bojbl. MoHHO-accuctupyemoe ocaxxaenue (IBAD) meramioB mpoBeneHO B
pekuMe, IMPU KOTOPOM B Ka4eCTBE aCCUCTHPYIOIIMX MPOLECCY OCAXKICHHS UCIOIb3YIOTCS YC-
kopennblie (U = 5 kB) HoHBI ocakiaeMoro merasuia.

HccnenoBanus mpoBeeHbl METOIOM IIUKINYECKON BOJIBTAMIIEPOMETPHH C IPUMEHEHU-
€M CTaHJApTHON TPEXDIEKTPOJHOM DIEKTPOXUMHUECKON stueiiku u moreHnuocrara |IPC-Pro
M. B kauectBe paboyero 3JeKTpoJa HCHOJIB30BAJICS HCCIEAyeMbId OOpasel, B KayecTBe
BCIIOMOTaTeNIbHOTO — IJIATUHOBBIM AJIEKTPO/, SJIEKTPOJIOM CPABHEHHUS SIBJISUICS HACBIIICHHbBIN
xyopcepedpsnbiii momyaneMeHT (Ag/AgCl). 3nauenus norennuana U pabGouero anekrpona
OTCUUTAHBl OT MOTCHIHANA 3JIEKTpona cpaBHeHUs. V3mepenus npoomuick npu 20°C B
pacTBopax MeTaHoia W drtaHoima B cepHoi kuciore (1 M CH3OH +05M H,SO, wm
1 M CyH50H + 0,5 M H,SO4). PacTBOopbl TOTOBMIIMCH HA OCHOBE JIUCTHUUTMPOBAHHOW BOJIBI
U3 CEpPHOM KHCIIOTHI Mapku «dma», meraHoia Merck BXXX u sranona-pektudukara. Cko-
POCTh M3MEHEHHsI TIOTEHIMAIa MCCIEIyeMbIX 3JIEKTPOJOB IPU M3MEPEHUSAX B IMOTCHLIUOU-
HaMH4YEeCKOM pexume coctanisuia 50 wm 100 mB/c.

PesynpTarhl uccnenoBaHusl aKTUBHOCTH 3JIEKTPOKATAIM3aTOPOB MPEICTABICHBI B BUIE
UKIMYECKUX BOJbTaMIEPOrpaMM Ha pucC. 1. DIEKTPOXUMHUECKOE OKHCICHHE KaXJO0ro W3
CIHPTOB B CEPHOKHCIIOM PACTBOPE Ha IUKIMYECKHX BOJBTAMIIEPOTPAMMaX IPOSBISETCS B
BUJIEC crenn(PUYECKNX MUKOB TOKA MPU HM3MEHEHUH MOTEHIIMANA JIEKTPO/Ia KaK B aHOIHOM,
TaK U B KaTOAHOM HarmpasyieHusX. Ha aHOJHOM yacTH BoJIbTaMIieporpaMMbl UMEETCs! MUK TO-
Ka BOM3M 3HadeHuil noreHuuana U = 700 MB, o0ycnoBneHHbIIi MHOTOCTaIMHHBIM ITpOIIEC-
COM OKHCIJICHHS METAHOJIa WJIM JTaHOJA, BKIIOYAIOMIEM 3JIEKTPOXUMHUECKYIO aACOpOIHIO,
pa3oKeHHne MOJIEKYI CIIUPTa U 00pa3oBaHME aJICOPOUPOBAHHBIX MOJIEKYJ OKCHIA yTiiepoa
COgds M MX TOCIEYIONIET0 yAAICHUs IPU B3aUMOJCHCTBUU C XeMOCOPOUPOBAHHBIMU MOJIE-
KyJamMu Bofibl 6o ¢ rpynnamu OHygs ¢ 06pa3oBannemM noHOB Bogopoaa U CO,. lanbHeiiee
YBEJIMUYCHHE TIOTCHITMAJIA IPUBOIUT K YMEHBIICHUIO CHJIBI TOKA BCIIEICTBHE OJIOKMPOBAHHMS T10-
BEPXHOCTH MPOJTYKTAMH JJIEKTPOXUMUUYECKOM asicopOrmu Boibl. [Ipu mocneyroreit pa3BepTke
NOTEHIIMaa B KaTOJHOM HalpaBJIeHUU Ha BOJITAMIIEPOTpaMMe MOSIBISETCS MUK TOKa, KOTO-
pBIit 00YCIIOBJIEH BO30OHOBJIEHHEM IPOLIecca OKUCIEHHsI METaHOJIa WM ATaHOJla Ha BOCCTa-
HOBJICHHOH MOBEPXHOCTH KaTannu3aropa. VIHTEHCHBHOCTh NMHKOB TOKA Ha BOJIETAMITEPOTpaM-
Max BO3pacTaeT 10 Mepe IMUKIMPOBAHUS MOTEHIMAIA DIIEKTPOJa, YTO CBUACTEIBCTBYET 00

BHCKTPOXHMHHCCKOﬁ AKTHUBAIUX ITOBECPXHOCTH.
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Puc. 1. Lluxinveckre BOIbTaMIIEPOrPaMMBI JIEKTPOKATaIN3aTOPOB, CPOPMUPOBAHHBIX
MOHHO-aCCUCTHPYEMBIM OCaKJICHHEM TaJI0JIMHUS U IJIATUHBI Ha YTJIEPOHbIE HOCUTENH

AVCarb® Carbon Fiber Paper P50 u Toray Carbon Fiber Paper TGP-H-060 T,
nosrydeHHsbie B pacteope 1 M C,HsOH + 0,5 M H,SO,

®opmupyemble B mpeiokeHHOM pexume IBAD snekTpokaranuzaTopbl, OTJIMYAsCh
oueHb HU3KHM (MeHee 0,05 Mr/cM) colepKaHueM MUIATHHBI, IPOSBIISIOT AKTHBHOCTD B BAXKHOM
B IIPAaKTUYECKOM OTHOLIEHWM IPOLECCE OKUCIEHMSI OPraHMYECKUX TOIIMB. OTIMYNUTENBHON
0COOEHHOCTBIO UCCIIEYEMbIX AJIEKTPOKATAIM3aTOPOB SBISETCS TO, YTO UX AKTUBHOCTD B IPO-
1iecce OKUCIIEHHs Ooliee CIIOKHBIX MOJIEKYIT 3TaHOJIa, TPEOYIOIIEM pa3phlBa YIIEPOIHON CBA3H

C—C, BBIIIC ITO CPABHCHUIO C aAKTUBHOCTBIO OKHUCJIICHHUA MCTAHOJIA.
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PA3BUTHUE HENNPEPBIBHO-ATOMUCTHYECKOI'O METOJA JIJIsA
MOAEJHNPOBAHMUSA ITPOLHECCOB B3AMMOJAENUCTBUA TAXKEJIBIX HOHOB C
METAJIVTAMHA

THE EVOLUTION OF CONTINUUM-ATOMISTIC METHOD TO MODELING
INTERACTION PROCESSES OF HEAVY IONS WITH METALS

N.B. Hy3BIHI/IH1, T.IL HyBBIHI/IHal, nr. XpI/ICTOBl’Z, P.A. XpI/ICTOBal’Z, 3.K. T}gHHeBl,
3.A. HlapI/IrIOBl
l.V. Puzynin®, T.P. Puzynina’, 1.G. Hristov'?, R.D. Hristova™?, Z.K. Tukhliev?,
Z.A. Sharipov*

LO6veounennviii uncmumym soepHulx uccieoosanuti, 141980, [{youa, Poccus, zafar@jinr.ru
2 Codgpuitickuii ynugepcumem “Ce. Knumenm Oxpudcku”, Coghus, boneapus

The work propose the evolution of using a continuous-atomistic approach to
modeling the interaction processes of high energy heavy ions with condensed
environments. The continuous-atomic model (CAM) represents two different
classes of problems, namely a continuous conduction equation with a source of
thermal spike model and equations of motion irradiated by a beam of material
points, the method of molecular dynamics.

B pabore nperaraercst pa3BuTHE HElpephIBHO-aToMHCcTHYeCKOTO Metona (HAM) st
MOJCIUPOBAHUA IIPOLICCCOB O6J'Iy‘IeHI/I$[ KOHACHCUPOBAHHBLIX CPCA TAXKCIBIMU HOHAMHU
BBICOKHX BHGpFHﬁ. HereprBHO-aTOMI/ICTI/ILIGCKa}I MOZCIIb OIUCBIBACTCA BYMS PA3HBIMU
KJlaccaMu ypaBHeHHﬁ, a UMCHHO, YpaBHCHHAMHU TCIUJIOIMIPOBOAHOCTU C MCTOYHUKOM MOJCIIU
tepmuueckoro nuka (TII) u ypaBHeHusiMM Merona MouseKyilsipHod nauHamuku (MJI)
JBUKEHHUSI MaTE€pUAJIbHBIX TOYEK, O0JydyaeMbIX MOHaMHU. YHCIEHHOE pelleHHe ypaBHEHUN
HAM Tpe6yeT pa3pa60TKH COTJIaCOBaHHBIX BBIYHUCIMNTCIIBHBIX CXCM AJIA 3THX KJIACCOB 3aJa4,
YYUTBIBAOIIUX CBOMCTBA ypaBHeHPIfI MOACIIN. I[J'IS[ HerepBIBHO-aTOMHCTquCKOﬁ MOACIN
pa3paboTaH MPOTPaMMHBIA  KOMIUJIEKC C BO3MOMKHOCTBIO €r0  HCIIOJb30BaHMS Ha

MHOT'OIMpOLCCCOPHBIX CHUCTEMAX. Brimmonmaeno MOJCIMPOBAHUC TIPOLCCCOB 06J'Iy‘-I€HI/I$I

MUIIIEHH U3 HUKEI HOHaMHU ypaHa c sHepruei 700 M»aB.
Beenenue

HccnenoBanust mporeccoB B 00JacTé OOMydyeHHMs MaTepHalioB TSDKEIBIMH HOHAMHU
Bbicokux HHepruii (TUBD) mnpoBoasTcs Ha MNPOTSIKEHUM HECKOJIbKUX JECATHIICTUH.
[IpoBeneHne >KCHEPUMEHTANBHBIX HCCIENOBAaHUN B ATOW 00JacTH TPYIOEMKO M JIOpOTO,
MOSTOMY aKTyaJbHBIM CTAHOBUTCSI MaTEeMaTH4YECKOE MOJEIHPOBAHUE, KOTOpoe Tpedyer

pPa3BUTHA CYHICCTBYIOIIHUX U pa3p8.60TKI/I HOBBIX MozAeaen Ha OCHOBC HMCIOIIHUXCA
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SKCIIEPUMEHTANIBHBIX JaHHBIX. B HacTosmiee BpeMsi MPUMEHSIOTCS JIBE MOAENH Ul U3y4eHUS
yKa3aHHbIX mpoueccoB. Moaens TII onuceiBaeTcst cucTeMON ypaBHEHUHN TEIIONPOBOAHOCTH
JUISL AJIGKTPOHHOIO ra3a M Kpucraumueckou pemnerkd [1]. Jpyras monens AJjis ONHCAHUS
B3aumozeiicteuil TUBD (c sHeprueil 10 HECKOJIBKUX K3B) ¢ KOHIEHCUPOBAaHHBIMU CpeJaMHU
ocHoBaHa Ha Meroae MJI [2]. Merox MJI mo3BOJIIE€T MOJYyYUTHh 3HAYUTEIBHO OOJBIIIE
uH(popmMaluu 00 uccieryeMol cuctemMe (TeMreparypa, AaBjieHre, U3MEHEHUE CTPYKTYpPBI) MO
cpBHeHHIo ¢ Mozenbo TII. O0beauHeHne 3TUX ABYX MoJenel (HermpepbIBHO-aTOMUCTHYECKas
mogaens (HAM)) nact BO3MOXKHOCTh 0ojiee MOApOoOHO MCCIe0BaTh MPOIEcChl 00Ty4YeHUs
marepuanoB TUBD. Ilenpio paboTsl SBIsSETCS CO3MaHHE MPOTPAMMHOTO KOMILIEKCA IS
pemienus: ypaBHeHuidi HAM u ero tecTupoBaHUE Ha BBICOKOIIPOM3BOJIUTENLHBIX CUCTEMAX C
o011eil maMsThio, a TAKXKE UCCIIEIOBAHHE MPOILIECCOB 00TyUEHHS] HUKEIEBOW MUIIIEHH HOHAMU

ypana ¢ sueprueit 700 M»aB.

ITocTanoBKa 3agauu

3a ocHoBy BbiOpaHa HAM [3], onuceiBatomiasi Nporecchl B METAIINYECKON MIJICHKE IIPU
OOJIydeHNH ee BBICOKOYACTOTHBIM JlazepoM. [Ipeanaraemass HamMu MOJENb IpECTaBICHA
HETIPEPHIBHBIM YPaBHEHHEM TEILIONPOBOJIHOCTH 3JIEKTPOHHOHM moxacuctemsl moaenn TIT u

YPaBHEHUSIMHM JIBU’KEHMS aTOMOB B paMKax meroga M/I:

or,
C,(T, )a—f=dw(/legmd(Te N-G(T, )(T,~T;x )+ A(r.t), (1)
2
dr;
m, 21 :Fi+§m.V.T, (@)
Lodr P
2
1z k T .
rae §=; XGV (T, -T;) | Zmi(v; ) , i=L..n
k=1 i

B cucreme (1)-(2) B ornuuue ot [3], cnenuanbHbIM 00pa3oM MOCTpoeHa (QYHKIIHS
ucrounnka A(t,t) mis TUBD. Omnucanue ¢usuueckux mapamerpoB ypaBHenuit (1)-(2)
npuBeneHo B pabore [4].

Yucnennsle MeTonbl pemieHuss ypaBHeHuW (1)-(2) TpeOylOT 3HAYUTENHHBIX

BBIYUCIIUTCIIBHBIX PCCYpPCOB, IMO3TOMY IIPU HCHOJB30BAHWUN BBICOKOIIPONU3BOAUTCIIBHBIX
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CUCTEM JIJIsl HEIPEPHIBHO-aTOMUCTUYECKOTO MOJEIIMPOBAHUS HE0OX0AUMa pa3paboTKa HOBBIX
BBIUMCIUTENBHBIX CXEM C IPUMEHEHUEM MapajuleIbHbIX allfOPUTMOB.

Jng uucnenHoro pemeHuss ypaBHeHuUd (1) m (2) B OTHEIBHOCTH CYILIECTBYIOT
U3BECTHBIC METO/Ib: KOHEYHO-Pa3HOCTHBIN MeTox [5] mis ypaBHenus (1) u meton Bepie [6]
Uit cucteMsbl (2). s cocTaBiieHUs BBIYMCIUTENbHBIX CXEM PEIICHUS CUCTEMbl YpaBHEHUU
(1)-(2) BBOaWMTCA paBHOMEpHAas CeTKa B pacdyeTHOM obOmactu must ypaBuenws (1). s
pemicaus cucteMmbl (2) ucmonb3yercs Merton Ommkanmmx kiaerok (Linked-List Cell MD
Algorithm) [7, 8]. Ilpu BermciIeHMEH Temuepatrypbl B ypaBHeHHH (2) pacueTHas 00JIacTh
pa30ouBacTCsl Ha HAJIOKCHHBIE IPYr HA Jpyra s4eiikud (Tak, 4TOOBI B KaXJOW suciike
KosimdyecTBo yactuil 6su1o 100-1000) [3].

B BoluncnuTenbHbIX  cxemax Uit ypaBHeHuil  (1)-(2) BaxkHBIM  SIBISiETCS
COTJIACOBAHHOCTH IIArOB 10 BPEMEHHU M TEMIIEPAaTypHAas CBSI3b B Y3JIOBBIX TOYKaX KOHEUHO-
Pa3HOCTHOTO METO/Ia U B TYEHKaX PacueTHOW 00JIaCTH METO/1a MOJICKYJIIPHON THHAMHKH.

Ha pucl. B kauecTBe nmpumepa npuBeeHa TeMIepaTypHas 3aBUCUMOCTH (B pa3pese 1o
HEHTPY 00JyueHHs1) B pa3Hble MOMEHTHI BPEMEHU Ha MOBEPXHOCTH HUKEJIEBOW MUIICHH MPH
o0nydeHnn WoHaMu ypaHa ¢ sueprueit 700 MaB 11t HenpepbIBHO-aTOMUCTUYECKONW MOJIETH
(a) m a1 Mmoenu TepMuyeckoro nuka (0). M3 pucyHKOB BUIHO, YTO MOTYYEHHBIE PE3yJIbTaThl
HENPEPHIBHO-aTOMUCTUYECKOH MOJEIM M MOJENM TEPMUYECKOT0 THKa KadeCTBEHHO
COBIMAJIAIOT IO BEJIMYMHE TEMIIEPaTypbl, HO pa3inuyaroTcs mo npoduito. Crienyer OTMETUTD,
YTO W3-3a PIyKTyanuid Temmneparyp B s4eiKax B METOJIE MOJIEKYISIPHON JMHAMHUKHU MTPOPIITH

TEMIIEpaTypbl UMEET BOJIHUCTBIN BH/I.

TK T.K
2800 - 2800
2400 - 2400 o
2000 - 2000
1600 - 1600 -
1200 - 1200
800 - 800 -

4004 400

X, HM X, HM

Pucl. 3aBucuMocThs TemmepaTypbl B pa3Hble MOMEHTHI BPEMEHHU Ha IOBEPXHOCTH HMKEIEBOM
MUILIEHH MTPH 00y4YeHur HoHaMmu ypaHa ¢ sHeprueit 700 MaB st HAM (a) u B pamkax moxaenu TI1

(6).
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PACHBLJIEHUE MOJIOKKA U OCAXKIEHUE YIJEPOJIHOM IUIEHKA
IIYYKOM HOHOB C60 x3Bunix JHEPT UM

TARGET SPUTTERING AND CARBON FILM DEPOSITION
BY Cs ION BEAM OF keV ENERGY

B.E. nyal, H.H. [[peMOBal, M.B. ManeeBz, M.B. MI/IHII/IHs, ALJL HlaXMI/IH3, A.B. ApXI/IHOBS,
K.B. KpaﬁHOB3, A . CprT-IKOBS, AM. Turos®, TLA. KapaceB3
V.E. Pukha®, N.N.Dremova®, M.V.Maleyev?, M.V.Mishin®, A.L.Shakhmin®, A.V.Arkhipov?,
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Y Institute of Problems of Chemical Physics of RAS, Chernogolovka, Russia,
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In this work, filtered Cgy beam was used to irradiate either (100) n-Si or
mechanically polished Ti target. lon energy was kept at 5 and 8 keV, substrate
temperature was varied in the range 373 — 673 K. After irradiation samples were
studied by RBS, XPS, AFM, SEM, TEM, Raman scattering and FTIR
spectroscopy. Irradiation with 5 keV beam results in growth of carbon films at all
temperatures used. Films have an amorphous structure with high amount of sp3-
bonded carbon on both substrates. Graphite nanocrystals of ~1.5 nm in size were
found in the films grown at 673 K. 8 keV beam tends to sputter both targets at 373
and 473 K, accompanied by the formation of titanium/silicon carbides on the
surface. Bombardment at higher temperatures (573 and 673 K) results in growth of
carbon film. Formation of nano-crystals is much less pronounced at this energy.

TpaguMoOHHO I TEXHOJOTMYECKHX IPOILECCOB (CyXO€ TpaBiI€HUE U IOJIMPOBKA
MOBEPXHOCTH, HAHECCHHE TUUICHOK, UMIUIAHTALUS U T. J.) UCHOJIb3YIOTCSl MTyYKH aTOMapHBIX
HMOHOB, KOTOpbIE WMEIOT OTHOCUTEIHLHO HEOOIBIIYI0 MOJEKYISIpHY0 Maccy. OnHako, B
TEUECHHUE MOCIECIHUX [BYX AECCATUIICTHM U1 OTUX LEJIEH CTalld MHTEHCUBHO DPa3BUBAThCSA
METOJIMKH, HCIOJIb3YIOIME MHOTOAaTOMHBIE KJIAacTephl, JTUOO MOJEKYJbI C OOJIBIION MacCOM.
KnactepHbpie HOHHO-Ty4€BbIE TEXHOJIOTMHU JAOT BO3MOKHOCTH, pEAIM3alHs KOTOPBIX CIIOMKHA
WIH TPAKTUYECKH HEJOCTHKMMAa C aTOMapHbIMU mydkamu. OCHOBHBIE OCOOCHHOCTH
B3aMMOJIEVCTBUASI MHOTOATOMHBIX MOHOB C IOBEPXHOCTBIO TBEPAOrO TeEJIA 3aKJIIOYAIOTCS B
CYIIECTBEHHO MEHBIIEM KOJMYECTBE DHEPIuH, MPUXOIMAIICICS HAa OJMH aTOM B HOHE, IO
CpaBHEHHUIO ¢ 0OIIel PHepruel, MPUHOCUMONW Ha TIOBEPXHOCTh, a TAKXKE B OMPEIEIISIONIEM
BKJIAJI€ KOJUIEKTUBHBIX B3aWMOJICUCTBUI aTOMOB KJIACTEpA M MUIIEHH B MOMEHT ynaapa. B
3aBHCUMOCTH OT DHEPIUMHU U COCTaBa MMAJAr0LIEro KjiacTepa B IMIPOLECCE €r0 B3aUMOICHCTBHUS C

MIOJJIOKKOM MOTYT DPEaJM30BbIBATBCS HECKOJBKO PpA3NMYHBIX cleHapueB. [Ipum manbix
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SHEpPrusx KiacTep MOXKET OCTAHOBHUTBHCS IPAKTUYECKU 0e3 M3MEHEHMs CBOeH (QopMbl, U
noBpexxacHus mosepxuoctu (SOft landing); ¢ pocrom sHepruu OH HauWHAET pa3pymIaThCS U
CTaHOBUTCS BO3MOXXHBIM ()OPMUPOBAHME TOHKUX IUICHOK M3 AaTOMOB, COCTaBIISIOLINX
KJIacTep; MpH elle OOoNBIINX SHEPTUiX CYIIECTBEHHYIO POJb HAUMHAET UTPATh PAclbUICHUE, a
TaK)Ke MPOSIBISICTCS UMIDIAHTAIMS aTOMOB Kiiactepa B MuleHb [1]. CTONKHOBEHHE MHOTUX
aTOMOB Ha OTHOCUTEIBHO MAaJIOM IUIOIIAAM IOBEPXHOCTH XapaKTEPU3YeTCsl BBICOKOM
IUIOTHOCTBIO  BBIIECJICHUS DHEPIrUU, 4YTO SBJIAETCS MPUUYMHOW BO3HMKHOBEHHUS psla
HEJIMHEHHBIX TporeccoB. [Ipu sHeprusx MoHa, COCTABISAIOMIMX COTHU 3B Ha aTom, BONMM3H
MOBEPXHOCTH B TEUYEHUE HECKOJBKHX NMHUKOCEKYHJ BO3HUKACT CHUJIBHO pazorperas obiacTb
(rerutoBoii nuk), Kak cienctBue 3Toro BO3MOXXKHO (DOPMHUpPOBAHME YIApHON BOJIHBI W/WIH
CHJIBHOE Pa3pylIeHHE CTPYKTYpbl MUILIEHH B TOHKOM CJIO€, OKPY)KAIoLIeM MecTo yaapa. B
pe3ysbTare 3TUX SBJIEHUHN YIJIOBOE U SHEPreTHUECKOE PaCHpe/IesIEHNE pacIbIEHHBIX YaCTHIL
CYIIECTBEHHO OTJIMYAETCS OT pacHpeAeNieHWH, XapaKTepHbIX JUIA cliydas OHHAapHBIX
CTOJIKHOBEHHUH, a KO3(Q(QUIMEHT paclbUICHUs MOXET Ha HOPSAKM HPEBbILATh BEIUYHHBI,
HaOJro1aeMble I aTOMapHbIX HOHOB. Kpome Toro, B 00J1aCTH TEIIOBOIO MHMKa BO3HUKAIOT
ycnoBusi (naBienue cotHu I'Tla, temmeparypsl mopsiaka 10 K), IIPU KOTOPBIX BO3MOXKHO
¢dopMupoBaHue HOBBIX (a3, B TOM 4YMCIE METACTAOMWJIbHBIX, YTO TAaK)KE MOXKET BIUATH Ha

KO3 (UIIMEHT pacIblICHUS MHUILICHU.

OnHUM U3 BO3MOXHBIX BUJIOB YCKOPSIEMBIX MOJIEKYJI sBJIsAIOTCS (yiiepeHsl. OHU JIETKOo
HEepeBOJATCS B Ta3000pa3Hyto (a3zy, COCTOSAT TOJBKO M3 aTOMOB yIiepofa U MOTYT OBbITh
MOHM3UPOBAaHbl OTHOCUTENIBHO MPOCThHIMM MeTojnamMu. OOnyyass (ysiepeHOBBIMU ITy4KaMHU
MOHO KaK IOJIy4aTh YIJICPOJHbBIC IUICHKH, TaK M BBIMOJHATh pacibuieHHe MuIieHu [2, 3].
Camu 1o cebe yriepojaHble IUIEHKU NPUBJIEKIN 0OJbIlIOe BHUMaHME, TaK KaKk OHU 00J1a/1atoT
MHOTHMH IOJIe3HBIMH CBo#icTBaMu [4]. Makpockonuyeckre CBOWCTBA YIJIEPOTHOM IUICHKU
CHJIBHO 3aBHUCST OT OTHOCUTEIIBHOTO COJIEP)KaHUs Sp3- U Sp2-THOPUAN30BAHHBIX YIJIEPOIHBIX

CBsI3€H, KOTOPBIM MOKHO YIPAaBIIATh, MEHSIS TAPAMETPBI OCAKICHUS.

B nannoii pabore wmumenu u3 (100) Si w mommpoBanHoro Ti 006ayYannch
¢unpTpoBaHHbIM myukoM Cgg. DHeprus HMOHOB Oblia paBHAa 5 u 8 k9B, Temmeparypa
moUI0KKHU - 373, 474, 573, unu 673 K. ®ar0eHC HOHOB COCTABIISUT 3.8x10% non/cM® BO BCEX
cinyyasix. [locne obmydenus oOpasmsl uccienoBamuck merogamu RBS, XPS, AFM, SEM,
TEM, komOuHannoHHbIM paccesnueM u MK-@ypre ciekTpockonueil.

B pesynbrate oOHapy:KeHO, YTO MPH OONYYEHUU HMOHAMHU C DHEPTUEH OKOJIO €IMHHIL
k9B Ha 000MX THUNaX MOJJIOXKEK, BHE 3aBUCHMOCTH OT UX TeMIIepaTyphl, pacTeT yriiepoIHas

mieHka. Ha n3HavyambHO TIagKOW IMOBEPXHOCTH KPEMHMS IUIEHKA HMMEET ITOBEPXHOCTHBIN
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penbed ¢ XapaKTEpHBIM Pa3MEpPOM JJIEMEHTOB ~ 5 HM. DTOT peiibed) MOXKET OBITh CBS3aH C
Kparepamu, (HOPMHUPYIOIIMMHUCSA B MOMEHT yaapa yckopenHo# mosekyibl Ceo [3]. [lnenka Ha
MOBEPXHOCTH Tropa3fo Oojiee CyIIECTBEHHO IIEPOXOBATOrO THTAaHA B 3HAYUTEIBHOW Mepe

HaCJIeyeT M3HAYAIBHBIN pelbed, HE3HAUUTENBHO CIrIIaXuBas ero. M3MepeHus TONIIUHBI U

TUIOTHOCTH TTOJTyYSHHBIX TUICHOK
TIO3BOJISIFOT OLICHUTH
—5keV 473K d=130 nm
KO>Q(QUIMEHT  HMCIOIb30BAHUU —8keV473K d= 2nm
4000 ——5keV 573K d= 85nm
YIABILErO YIJIEPOJa Ha YPOBHE @ —8keV573K d=105nm
c
>
0.7. Ha RBS CIIEKTpax, 8
=) Ti @ surface
MOJYYCHHBIX OT 00pa3loB, Ha 2 20004
9]
m
KOTOPBIX  pacTer TIepoIHAs
p p YIACpOA @ RBS 700 keV He™
wiénka (cM. puc. 1), BugeH random, 170
A N 0 T T T
CHWJIBHO  pacTSHYTBI  Kpai 150 200 250
paccesHUS OT aTOMOB THTaHA. channel number
Puc. 1. RBS criekTpsl OT THTaHOBBIX TOJUIOKEK,

9TO, MNoO-BUANMOMY, BbI3BAHO o o
O6J'Iy‘ICHHBIX C Pa3JIMYHON SHCPIUCH U IIPH PA3HBIX

HaJIM1UueM ClIosd | TemIirepaTypax IMOIJIOXKKH.

HECTCXUOMECTPUUCCKOT'O

6,0x10°

Kap6uz[a THTaHa Ha TI'pPaHUIC

MEXIY HOVIOKKOU u son10

CPS

yriepogHor 1éHkon. Takou

o 2,0x10° 4
CJIon BIIOJIHE MOXKET
S~ —
dbopMupoBaTbCs BCJIEACTBUE

0,0

T T T T T T T T T T
278 280 282 284 286 288 290 292 294 296

HMOHHOTO TIEpEeMEeITBaHUSI.
IIpocBeunBaromias
DJICKTPOHHASI MHKPOCKOTIHS H
XPS IMOKAa3bIBAIOT, 4TO ‘ ‘
MOKPBITUSI, HAHECEHHbIE TpH ' '

373K, wmeroTr  amopdHyIO

CTPYKTYpPY c 0O0BIIAM 373K 673K
Puc.2. Tunuunsiii XPS cnextp C1S u qudpakunoHHbIe
KapTHHBI Ha TIPOCBET OT YIJIEPOIHBIX TUIEHOK BMECTE C
yriepoga Ha 00OMX THIAX | COOTBETCTBYIOLIUM Pa3I0KECHUEM. Bunno
C oOpa3oBaHHe AUPPAKIMOHHBIX KOJEl U Hajaudue sp3-
U sp2-ruOpuan30BaHHbBIX CBs3eit, a Takxke C-O u C=0
pocToM TEMIIEPATYPhl | (YHKIIHOHATBHBIX TPYIIIL.

KOJIM4YECTBOM Sp3 -CBsA3aHHOTI'O

noiokek  (cm.  Puc. 2).
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MOHM)KAETCSl OTHOCHUTEJbHAsl KOHILIEHTpauusi SP3- W TOBBIINIAETCS KOHIEHTpauus Sp2-
CBSI3aHHOT'O yTJIEpOJia, YTO O3HAYaeT POopMUpOBaHUE TPaAPUTOBBIX HAHOKIACTEPOB.

[Tpu moBbIMICHUK HEPTUU HOHOB 110 8 KeV mpu Temmeparype momiaoxku 373 u 473°K
HPOUCXOIUT TPABJICHUE MOJIOKKH, COTPOBOXKAAIOIIUECS 00pa3oBaHUEeM KapOH10B KpeMHUsI /
TUTaHa Ha MOBEpXHOCTH. boMOapaupoBka npu Oornee BrICOKUX Temmepatypax (573 u 673 K)
IIPUBOAUT K POCTY YriaepoaHOM IUIEHKU. [IoaydeHHbIE IIPU 3TOW SHEPIUM NOKPBITUS UMEIOT
MEHBIIYI0O KOHIIGHTpAIMIO alMa3HbIX CBsi3ed, HO U oOpazoBaHue TrpadUTOBBIX
HAHOKPUCTAJJIOB UJET 3HAYUTENBHO ciabee, ueM rnpu 5 kaB.

Takum 00pa3oM, HCCIENIOBAHO BIUSHHE TEMIIEPATyphl TIOAJIOKKHA Ha IPOLECC
B3aUMO/ICHCTBHS yCKOpeHHBIX Mosiekyll Cgo ¢ Ti u Si. OGHapykeHO (opMHUpOBaHUE TUIEHOK
TETPAdAPUUYECKOT0 aMOp(HOTO yriepoaa U NPOAEMOHCTPUPOBaH HOBBIM 3¢ (deKT, peskoe
U3MEHEeHHE KO3(P(UIMEHTa HAaINbUICHUS C YBEIUYECHHEM TEeMIepaTypbl TMOMJIOXKKH B

nuarnaszone 473-573 K npu sHeprun noHoB 8 k3B.

1. V.N.Popok, I. Barke, E.E.B. Campbell, K.H. Meiwes-Broer Surf., Sci. Rep. 66 (2011) 347
2. W.G.Cui, Q.B.Lai, L.Zhang, F.M.Wang, Surf. Coat. Technol. 205 (2010) 1995

3. V.E.Pukha, V.L.Karbovskii, A.N.Drozdov, A.T.Pugachov, J.Phys.D 46 (2013) 4-85305
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COCTAB U CTPYKTYPA NOHHO-IIVTASMEHHOI'O IOKPBITHUS HA OCHOBE
KAPBUJIA TUTAHA

COMPOSITION AND STRUCTURE PVD COATINGS BASED OF TITANIUM
CARBIDE

P.X. Caﬁz[aXMeZ[OBl, K.K. KaI[BIp6eKOBal, T.P. CaI/II[aXMe,I[OBaZ
R. Kh. Saydakhmedov?, K. K. Kadirbekova!, G. R. Saidakhemedova?

r ocydapcmeennoe ynumaproe npeonpusmue « @an ea mapaxkxkuémy Tawl TV, yn. Mupsa

Tanub 7a, 2. Tawkenm, ¥Y36exucman, ravshansaid@mail.ru

2 . .
Typunckuu nonumexunuyeckuul ynugepcumem 6 2. Tawxenme, yi. Manas Konvyesas 17,
Tawkenm, Y3bexucman

In the article CAD coatings on high-speed steel based on titanium carbides were
investigated. The reactive gas (C,H>) partial pressure and the substrate temperature varied in a
wide range. The chemical composition, atomic and electronic structure of the coatings was
investigated by means of AES, XPS, HREELS methods. With support of thermodynamic
criterion were given assessment on adhesive interaction coating with material.

3amaBasi CBOMCTBA IIOKPBITUS, IyTEM BapbUpPOBAaHMs €r0 XUMHUYECKOIO COCTaBa U
CTPYKTYpPbI, MOYXHO M3MEHATb OCHOBHBIE IapaMETpPbl COBMECTUMOCTH TIOKPBITHS U
MOJJIOKKH, a TaKXKE XapaKTEpUCTUKU Ipolecca 3KCIUIyaTallud W YNpaBisATh BaXKHEUIIUMU
napameTpamH Iporecca (GOpMUPOBAHHS TOKPHITHH.

KapOuzpl nepexoHbIX METAUIOB UMEIOT BBICOKME TEMIIEPATYphl IUIABICHUS, MOAYJIb
YIPYTOCTH, TBEPAOCTD U ApP. DTU CBOMCTBA UTPAIOT PELIAIOILYIO POJIb B IPUMEHEHUH JaHHBIX
KOMITO3MIMHM, KaK U3HOCOCTOMKHUX MOKPBITUM HAa MHCTPYMEHTAIBHBIX CTalsAX. Tak, BecbMa
BaXXHBIM SIBISIETCSI COYETAHUWE ONTUMAIbHBIX 3HAYEHUH psga CBOICTB: TBEPIOCTH,
K03 PUILIMEHTa TEPMUUECKOT0 PaCUIMPEHHsI, MOJYJsl YIPYTrOCTH, TEIIONPOBOAHOCTH U Jp.
JlnamnazoH CBOMCTB MOKPBITHI Ha OCHOBE KapOWIOB NEPEXOJHBIX METAUIOB MOXKET OBbITh
3HAUUTENBbHO pacIlIMpeH, Onarojapsi UX TOMOTE€HHOCTH 3a cueT JedeKkTa B yriepoaHON
nonpemierke. Tak kapOua TutaHa Hectexuomerpudeckoro cocraBa (TiCogeo) UMEET BBICOKUIN
KO3(QQUIMEHT TEIUIOBOrO  pacIIUpeHus, OMM3Kui K  ObICTpOpexylled cTanu, a
crexuomerpuueckuii kapoua - TiCip MMeeT BBICOKHH MOIYJb YIPYrOCTH, TBEPIAOCTh U
TeTIONMpoBOAHOCTH [ 1, 2]. MccinenoBanne u onpenenenre (pa3zoBOro 1 XMMHIECKOTO COCTARBA,
a TaKkKe DJIEKTPOHHONM M aTOMHOM CTPYKTYypbl KapOMIHBIX MOKPBITMH U oOecreueHus
TpeOyeMoro ajare3MOHHOTO B3aWMOJIEHCTBHS MEXAYy IOKPBITHEM M 00pabaThiBaeéMbIM
MaTepUajioM B 3aBUCUMOCTH OT TEXHOJOTMYECKMX IIapaMETpPOB HMOHHO - IUIA3MEHHOIO

nmponecca ABJISICTCA BECbMa aKTyaJIbHBIM.
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Jlnst pacueta OBLT MCIHOJIB30BAH TEPMOJMHAMHYECKUN METOa (a30BBIX PAaBHOBECHIA,
KOTOpBIi OCHOBaH Ha HCIOJIb30BAHWU MPHUHIMIIA MAaKCUMyMa SHTPONHUU H3OJIUPOBAHHOMN
TEepMOJIMHAMHYECKON cucTeMbl [3]. B kauecTBe BXOAHBIX MapaMeTPOB OBUIM HMCHOJIH30BAHBI
JBa TEPMOJUMHAMHYECKHMX I1apamMeTpa: [aBJI€HHME peakUMOHHOro rasza (aueruwieH) P u
TemIiepaTypa moaiokku T, a Takke colepKaHue XMMHUYECKUX 3JeMEHTOB B MOKpoITHH (Ti).
CopnepxaHre XUMHUYECKHX 3JI€MEHTOB (MaccoBble MOTOKM METalljla M raza) OomnpeAestoTcs B
3aBHCHUMOCTH OT TE€XHOJIOTUYECKUX MapaMeTPOB MOHHO - IJIa3MEHHOM yCTaHOBKH - JaBJICHUS
PEaKIIMOHHOTO Ta3a W CKOPOCTH OcaxieHus. MaccoBblii motok anermineHa - CoHp
onpenemsics 1o dopmyire: qCoH=1,27-10°P, kr-m?-¢? [4-6]. MaccoBsiit ToToK MeTaia
pasBeH: qMe=K-v-yMe,Cy, kM2 ¢, rae v- CKOPOCTh OCQKJICHHSI TOKPBITHSI, M/C (MKM/MHUH);
YMe,C - mnotHocts Kapbuna; K - kosdduument, 3aBucamuii oT MOJEKYISIPHOH Macchl
metauioB [6, 7]. s turana - Ky = 0,8. Tepmoaunamuyeckue cBoiictBa TiCyx B IIUPOKOM
JUara3oHe TemIiepaTyp ObUIM MCIOIB30BaHBI IS ompeneseHus ¢a3zoBoro cocrara [8]. s
9KCIIEPUMEHTAIILHOTO  OmpeneneHus (a30BOro M XUMHUYECKOTO COCTaBOB IMOKPBITUH
WCIIOJIB30BAJIM  METOJbl PEHTICHOCTPYKTYpHOro aHaimu3a u  Oxe - CHEeKTPOCKOIUHU.
HccnenoBaHne XUMUYECKOT0 COCTaBa MOKPBITHM MPOBOIMIN METOAOM clieKTpockonuu Oxe -
ANEKTPOHOB. KONMMYECTBEHHBIN aHAIW3 XMMUYECKOrO COCTaBa MPOBOAWIM IO CTaHIAPTHOM
meroauke [9,10].

[Ipyn wucciaenoBaHMM XUMHYECKOTO COCTaBa IOBEPXHOCTH TOMOTEHHBIX 00paslioB
MeTosoM OKe-CIEeKTPOCKONUU 4YyBCTBUTENBHOCTh gocturaetr (0,001 moHocnos mpu ux
uccienoBann B Touke [11]. ToyHocTh aHaiM3a B JTaHHOM HCCIEIOBAaHUU COCTaBJIsIa
nopsiaka 0,05 otH. at.% umu 5% oT n3MepsAeMoil KOHLIEHTPALIHH.

Jlis  OLIEHKW aare3sMOHHOTO B3aWMOJICUCTBUS TOKPHITHS ¢ 00OpabaThiBaeMbIM
MaTe€pUaJIOM  HCIIOJB30BANCA  TEPMOJAMHAMMYECKUN  KPUTEpUH, 3aKIIOYAIOUIUNCA B
OTIpeNIeJICHUN CBOOOJIHOM »HEprum oOpa3oBaHHs. 3areM ObUIM BBIOpAHBI HUX COCTaBBI B
3aBUCHUMOCTH OT MOPSIKA YBEIMYECHHS aIT€3MOHHON aKTUBHOCTH.

PacyeTHBIM U SKCTIEpUMEHTANBHBIM IyTeM OTpeeNeHbl (ha30Bble COCTAaBbI MOKPBITHIA
Ha ocHOBeE kapOuaoB TuTaHa. Ha ocHoBe pacuera yrounensl P-T-X nuarpammel. PacueTHslil u
AKCIIEPUMEHTAJIbHBIN (Da30BBI COCTAaBhl MOKPBHITHI TNMPH HOHHO-TIA3MEHHOM HAIBIICHUN
KapOWIOB THUTaHA T[OKa3bIBAIOT, YTO JaBJICHHUE alleTUJICHa, TeMmIepaTypa U CKOPOCTh
OCKICHHS CYIIECTBEHHO BIMSIIOT Ha XuUMHUYeckuil u (a3oBwiii coctaB Ti-C MOKpBHITHIA.
[MokpeiTuss TIC comepkaT HECTEXHOMETPUYECCKUN KapOUJ ¥ BKIIOUCHHS CBOOOIHOTO
yraeposaa. Paccuntannble (a3oBble M XMMHUYECKHE COCTaBbl MOKPBHITUN ObUIM MPOBEPEHBI

9KCIICPUMCHTAJIbHO. HOKpBITI/Ie Ha OCHOBC TiCX, HAaHCECCHHOC Ha IMOMJIOXKKY H3 CTaldu
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P6MS5KS npu naBnenuu anerwmiena 1,111a, conepxut 33%TiC u 67% cBoboaHOTO yrieposa,
C (at.%), 9TO COOTBETCTBYET UX coaepxanuto B macc. %, 70% TiC u 30% C. Otu nanusie
MOJIyYEHbI U3 MPEANoyiokeHust o GopmupoBanuu kapobuaa tuna TiC u Mo JaHHBIM aHAIN3a
Oxe-cniexktpoB. [Ipu ananusze Oxe- CIEKTPOB OTHOIIEHWE aTOMHBIX KOHLIEHTpALUi yriepoaa

c 2

K TUTaHy coctaBisier — = 3,05 mmm —— = —
Ti Tic 1

ITokpeiTue Ha  ocHoBe  TiCy,

HaHECEHHOE Ha TOJIOKKY H3  CTalu
PO6MSKS npu naBnenun auermnena 0,004
Ia, cogepxur 50%TiC u 50% cBoOGogHOTO
yriepoaa C (atr.%), 4To COOTBETCTBYET MX
conepxanuto B % macc.: 83% TiC u 17%

C. Ilpu anamuze Oxe - CIHEKTPOB

OTHOIICHHEC ATOMHBIX KOHICHTP aHI/Iﬁ

HNHTEeHCHBHOCTL

yriepoaa K THUTaHy COCTaBIsET F=2,1
i

Wil —— =— . [IOKpBITUS, COHEpKAILUE
TiC

yriaepon, OBIBAIOT JIBYX BHUJIOB:

000 200 600 ko0 aJMa3onoAo0Hble U yriuepoaHsle. Puc.l.

Kunernueckas sueprusi, 5B (BepX W HHU3) M300paKaeT CIEKTP HMOHHO-

Puc.1. Cvl'IeKTpBI TiC noHHO-IIIa3MEHHBIX mwrasmennsix  TiC — mokpsrtuit ¢ 30%
MOKPBITHIA, CHOPMUPOBAHHBIC MPHU TABJICHUU

peakTuBHOro rasa 1,06I1a nepen (1) umocne i~ alMasa M amMop(HOro yriepoja Iepes
900cek TpaBnenus Ar' (2).
VMOHHBIM TpaBieHueM u 1nociae 900c
TpaBieHuss B Ar+. VoHHOe TpaBiieHHE
MO3BOJIIET HaM W3Y4YHUTh OTJIMYUTEIbHbIE OCOOCHHOCTH CIIEKTPOB B MOKPBITUSAX Pa3IU4YHON
riyOuHbl. Beicmumii croif Bko4yaeT OOJBIIOE YHMCIO BEpLIMH, CBs3aHHBIX ¢ C BHELIHMX
kapOuaoB. Bepmmuel 2-4 mpu 107, 127, 130B cooTBETCTBYIOT pacTSHYTBIM (opmam
konebanus st =C=C- cBszeit. Bepmmna npu 164,0MB — 310 amopdnsIil yriaepoa. Aproanoe
TpaBJIEHHE MO3BOJISIET JOCTUTHYTH TIIYOOKUX CIOEB MOKpbITUA. Bepmnuel 1 u 5 npu 78 u 165
MB (cBs3zannble ¢ TiC u anMazonofo0HBIM YIIIEpoaoM sp3 - XapakTepoM THUOpUAM3aINN)
pa3I0kKEHBI YETKO.

O‘-IGBI/II[HO, 9TH CBOMCTBA CBSI3aHEBI C PA3JI0KECHUEM W TIOHMKXCHUEM YIJICPOJHBIX

2
qacTul Sp , 1 CJICA0BATCIIbHO, ITOBBIIICHUEM B 4-X COCTaBHBIX CKOOPAMHHUPOBAHHBIX aTOMax
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yriepoga u (Spg-KOHHeHTpaI_[I/II/I nokpbiTiss TiC). DTu AaHHBIE XOPOILIO CXOMATCS C
UCCJICIOBAHUSIMH JIPYTMX HOHHO-TNIa3MEHHBIX HaHOKOMITO3UTOB TiC-a-CH- mokpsITHii.

B pabGore n3yuanace CBSI3b XMMHUYECKOTO COCTaBa KapOMIAHBIX MOKPHITHI HAa OCHOBE
Ti, Zr u Hf Ha aare3noHHoe B3aMMOICHCTBUE C 00pabaThIBACMBIM MaTEPHUAJIOM.

Ha ocHoOBe npoBeIeHHBIX UCCIEOBAaHUN MOXHO CAENATh CJIEIYIOIINE BBIBOJIBI:
1. ITokpeiTus, Ha ocHOBe T1C BKIIOYAIOT CTEXHOMETPUUECKHE U HECTEXUOMETpHUECKHEe (Pa3bl
U aJIMa3ono100HbIN yriepoa. OOpa3oBaHue yriaepoaa 3aBUCUT OT YCIOBUN OCAXKICHHUS.
2. OcHoBbiBagch Ha P-T-X-amarpammax, MOXHO ONPEIENIUTh ONTUMAJIbHBIE MapaMeTpbl
OocaKIeHMs: naBieHue rasa P u temmneparypy noanoxku T. Takoe ommcanue napameTpoB
porecca MOXKeT ObITh MPUMEHEHO K IIMPOKOMY KJIacCy MOHHO-TUIa3MEHHBIX YCTaHOBOK.
3. BbIUMCIIEHHBIE U HKCIEPUMEHTAJIBHO ONpPEIEICHHBIE COCTaBbl IMOKPBITHI MPU HOHHO-
IUIA3MEHHOM  OC&KJIEHUM JocTaroyHo Onu3ku. Tak P-T-X-nmuarpamMmbel MOryT OBbITh
MCIIOJIH30BaHbI MIPU MOTYYEHUHN TTOKPBITUMA C ONIPEICTIEHHBIMUA COCTaBaMHU U CBOMCTBAMH.
4. OmpeneneHo, 4To B Ka4ecTBE MOKPHITUS ISl 00pabOTKH BS3KO-TJIACTUYHBIX MaTepUalOB,
UCXOJS U3 TEPMOJAMHAMUYECKOTO KpUTEpHUs, LeJIecoo0pa3HO MPHUMEHITh KapOuIbl C
BO3MOXXHO MEHBIIMM COJEpP)KaHHEeM YriiepoaHoil (a3pl. Ha ocHOBE TepMOIMHAMHYECKOTO

KpUTEPHUs BBIOPAH PsiJl COCTABOB M3HOCOCTOMKUX MOKPBITHH.
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K BOITPOCY O ®PAKTAJIBHOCTU MUKPOYACTHUII U3 ITTASMEHHOI'O
ITOTOKA BAKYYMHOI'O AYT'OBOI'O PA3PsA A

ON THE QUESTION OF FRACTIONALITY OF MICROPARTICLES FROM A
PLASMA FLOW OF A VACUUM ARC-DISCHARGE

H.A. CmomanoB

N.A. Smolanov

Hucmumym ¢husuku u xumuu, @IBOY BIIO « MI'Y umenu H.I1.0zapesay,

430005, yn. Boavwesucmcexkas 68, 2. Capanck, Poccus, e-mail: smolanovna@yandex.ru

The structures were formed on the walls of a vacuum chamber of a low-temperature plasma

arc discharge. A possible mechanism for the formation of fractal particles is considered.

Beenenne. B Metauinyeckoil miasme IyroBoro paspsijia MpUCyTCTBYIOT 3JEKTPOHBI,
MOHBl M YacTHULIbI, B TOM YHCJIE€ U JXKUIKUE, B BUJE Kalelb M3 KaroAHoro msaTtHa. Ilo stum
IpU3HAKaM €€ MOYKHO OTHECTH K MbLIeBOM miuazMe. CTpyKTypa U CBOMCTBA OCAXKIACHHBIX W3
IUIa3MEHHOT0 OTOKA YaCTUI[ OCTAIOTCA JI0 KOHIIA HEUCCIIEJOBAaHHBIMHU.

@pakTaJIbHOCTh YaCTHUL] M OCAKIAEMBIX IUIEHOK SBJSIETCS NPUYMHON HAKOIUIEHUS
TPUTHUSL B TEPMOSJEPHOM PEAKTOPE, UYTO BIUSAET Ha OE€30MACHOCTH AKCIUTyaTauuu. [loxoxue
CTPYKTYpbl 00pa3yroTcsl Ha CTEHKaX BaKyyMHOM KaMepbl M BOJIM3HM paclbUIIEeMOro KaToja U3
IUIa3Mbl JYTOBOTO paspsifa. s anmaparoB IUIa3MEHHOTO TPaBJIEHUS M PACHbUICHUS TaK XKe
BaKHA TEXHOJIOTMYECKAass YMUCTOTA. YUMUTHIBAs, YTO OCHOBOM IUIa3Mbl AYrOBOTO pas3psna
SIBJISIFOTCSL KaToAHble msATHA [1,2], KOTOpble TakkKe BO3HHUKAIOT B IMPUCTCHOYHOH ILIa3me
TOKaMaka, HaMu Obljia cJejlaHa MOMbITKAa CpaBHEHUS (PpaKkTaIbHBIX CTPYKTYp U3 BBICOKO- U
HHU3KOoTeMIepaTypHoit mna3mel [3]. Ocobo cieayer OTMETUTh, YTO BHUMAHHE K MPOIECcCaM B
JYTOBOM pa3psiie pe3KO BO3POCIIO MOCIIE OTKPHITUS HOBBIX YIIIEPOAHBIX CTPYKTYp [4].

B psne pabot nmokaszaHo, 4yTo (pakTanbHbI pocT IIEHOK B TY 00yClIOBIEH CUIbHOU
TypOyJEHTHOCTBIO NPUCTEHOYHOW TuIa3Mbl. OHa BO30YXKJaeT TEMJoBble (IYKTyalluu B
OCKIAEMOM IIOTOKE, a HEOJHOPOAHOCTh IIOTOKA OCAKIAEMBIX YaCTUL[ HPUBOIUT K
B3aUMO/ICHCTBUSM, BEAYIIUM K (pakTansHOCTH [5-10].

Leab padoTskl - Kuccie0BaHUE CTPYKTYPhl U CBOMCTB MaTepHalioB, OCAKICHHBIX U3
IUIa3MEHHOTO MOTOKA JYTOBOIO pa3psja Ha CTEHKaX BaKyyMHOM kamepsl. B nokmazne Oyaer

NPEJICTAaBICHBI PE3yJIbTaThl PaOOTHI, SBIISIONICHCS TpoaonkeHrneM [11-19].
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Metoabl moJsiyuyeHusi M uccjiegoBanus. lccnenopanuce MOpomKky B BUJE Ca’KEBBIX
CTPYKTYp, KOTOpbIE MOJy4aad B Tpolecce ocaxacHuss ToHKuX BakyyMHbIX TI(N,C)-
nokpbITUl Ha ycranoBke HHB-6.6114. mpu cieayroomux TEXHOJOTUYECKUX PEXUMAX
ocaxzieHus : TOK ayru — 75A, norenuuan cmemenus — 200-250B (nmpu pa3orpeBe 1 HOHHON
ounctke —(500-600 B). Marepuan karoma — THuTaHOBhIM cmaB BT1-0. B kauectBe
yriaepojacoAepxaiieid KOMIIOHEHThl HCIOJb30BajlCs aleTHIEH, I[OoJaBacMbli B 00JacTh
JIyTOBOTO pa3psaa TUTAaHOBOH Tuta3Mmbl. JlaBiaeHue cmecu a3zota u anerwieHa — 0.01-0.05 Ila.
HccnenyeMblii HOPOILIOK M3BJIEKAIM CO CTEHOK BAaKyyMHOM KaMephbl IIbUIECOCOM U
NOJIBEpTajii MarHUTHOM cemnapanuu B noje ¢ HanpsbkeHHocTeio 10003. Ilpu uccnenoBanuu
UCIIOJIb30BaH KOMILIEKC METOIOB M 000pyI0BaHus, onucanubii B [19].

Pesyabratel. B pabore [19] HaMH YCTaHOBICHO, YTO YACTHI[Bl UMEIOT CIIOXHYFO
CTPYKTYpPY U B JIEHCTBUTEIBHOCTH SIBIISIFOTCS PE3Yy/IbTaTOM OOBEAMHEHUS OOJBIIOro 4Hcia
MaJbIX 4YacTHUIl HAHOMETPOBOIO pa3Mmepa. MeronoM MajoyrjloBOrO pPEHTTEHOBCKOTO
paccesuusi (MYPP) BoisiBneHa ¢pakTtanbHas CTPYKTypa YacTUI[ W3 IUIA3Mbl JAYTOBOTO
paspsaa. Jns uccienoBaHus HAaHOPa3MEPHBIX HEOTHOPOJHOCTEH IICHOK, MX (PPaKTaIbHBIX
XapaKTEPUCTHK HKCIIOJIB30BAIM METOJI PEHTTEHOBCKOIO MajioyrioBoro paccesuus (MYPP)
[16,18]. DroT MeTOA MO3BOJISET PErHCTPUPOBATH CTPYKTYPHBIC HEOJHOPOIHOCTH — TOPBI,
MOBEPXHOCTH pa3zelia 4acTull, kinactepbl — Macmradba 1 — 100 am. o xapakTepy usmeHeHUs
WHTCHCUBHOCTU PACCESHUS C yBEIMYCHHEM MOJYJs BEKTOpA PACCESIHHS MOXKHO CYIUTh O
(bpaxkTalbHON pa3MEPHOCTH HEOJIHOPOJHOCTEM CTPYKTYyphl. Eciau 3aBucumocTts I(s) umeer
creneHHoN BuA I(S) ~ s — o , TO MOSABISIETCS YHUKAJIbHAasE BO3MOXKHOCTh OOBEKTHUBHOTO
orpeneneHus: GpakTaibHOM pa3MEPHOCTH TE€X WM UHBIX OOBEKTOB.

Ha puc. 1 mpencrasieHa 3kcriepuMeHTalIbHasi 3aBUCUMOCTh MHTEHCUBHOCTH PACCEsHUS
I(s) B nonaynorapudpmuueckux koopauHarax. Mcmons3zoBanocs CuKa- wu3znydenue.
Macimtabbl perucTpupyeMbix HeogHopoaHocTe ~ 2 — 90 HM. MOXHO OTMETUTH, YTO Ha
KpuBOH I(S) BBIIENSAIOTCS y4aCTKH, COOTBETCTBYIOIME pa3HbIM peXUMaM paccesHus. Touka
KpOCCOBEpa, B YacTHOCTH, Habmogaercs npu s ~ 0,018 A ! IInaBHsIif criaj 3aBECHMOCTH
I(s) MoOXeT CcBHMIETENBbCTBOBATh O HAJUYMM CTPYKTYPHBIX HEOJHOPOJHOCTEH pa3HBIX
JUHEHHBIX pa3MepoB, T.€. B IEJIOM, cUcTeMa — noauaucrnepcHas. O6 3TOM CBUAETEIbCTBYET
U OTCYTCTBHE 00nacTh [MHbE MpH MajibIX 3HAYEHUAX BEKTOpa paccesHHus S. 3aBUCHUMOCTb
I(S) B nBOIHOM JorapudmMuUecKkoM MaciTade BBISBHIJIA YYacTOK C JHANa30HOM M3MEHEHHUS
Bektopa paccesHust As 0,020 — 0,059 A%, saBucumocts log I(s) — log S B mpexenax

KOTOpOM GiiM3Ka K MPSIMOJIMHEHHOM.
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Log{ I}

I | | B | R I A I
0.05 0.1 0.15 0.2 0.25 0.3 0.35

XA M K dat =

Puc.1.9kcnepumenTanbHas 3aBUCUMOCTh HHTEHCUBHOCTH MYPP I oT Mozyist BOTHOBOrO BEKTOpa S B
MOJTYJIOrapu(PMUIECKUX KOOPAUHATAX.

[lo yrny HakjioHa mnpsAMOW ompenenuian (paKkTaabHYI0 pPa3MEPHOCTb PACCEUBAIOIIUX
HEOJJHOPOAHOCTEH, JINHEHHbIE pa3Mepbl KOTOPBIX OLIEHUBAtOTCA 1o ¢popmyne L ~ 2n/s, rae S
- BekTop paccesHusi: 31 — 11 um. @pakransHas pasmepHoctb D = 2,57. Takoe 3HaueHue
(dpakTanbHON pPa3MEPHOCTH HEOJHOPOJHOCTEH TUIEHKM TOKAaMaka, BEpOsTHEE BCETO,
COOTBETCTBYET (hpakTalbHBIM arperaram (KJacTepam) C JIOCTaTOYHO PBIXJIOW CTPYKTYpOH.
Crnenyer OTMETHTh BBICOKYIO UYBCTBUTEIBHOCTh MeT0/1a PMYP Kk M3MEHEHUsAM CTPYKTYpPHBIX
XapaKTEPUCTHK MaTepraia HAHOMETPOBOTO MacIITada.

Amnanornvnele (hpakTadbHBIE arperatbl 0OHAPY)KEHBI B TBUIEBBIX YaCTUIAX YCTAHOBKU
HHB-6.6.[16,18]. [lns aHaIOrMYHOIO HWHTEpBajJa BEKTOPOB PACCESHHS  3HAUCHUS
(dpakTanbHBIX Pa3MEPHOCTEN YAaCTHIl Pa3InYHbIX (Ppakiuii umMeroT 3HayeHus : 20 Mmxm — 2,41;
60 mMxm — 2,28; 100 mxm — 2,37; 140 mxm — 2,27; 180 mxm — 2,45. Takum oGpaszom,
HanOosee ONU3KUMHU MO (PAKTATHHBIM XapPaKTEPUCTUKAM K HEOJHOPOJHOCTSM TUIEHOK
TOKaMmaka cieayer cuutarh dacTuubl ¢paxmuii 180 u 20 mxM. IlomydeHHbIe pe3yabTaThl
HOATBEPXKAAIOT BbIBOA paboThl [20], uro mporecc oOpa3oBaHHs MBUIEBBIX YACTHI[ MOXKET
MPOUCXOANTH B TPH dTarma : a3a HauaabHOTO POCTa, (ha3a arjJoMepanud u (pa3a HACHIIICHHUS .

3akarovenue. [lpuumHoil 00pa3oBaHMsS  (QpPaKTAIbHBIX arperaToB  SBJSETCS
HEYCTOMYMBOCTh (POHTA pOCTa, KOrjaa HeOOoJbIINe BO3MYIIEHHS (poHTa (IOBEPXHOCTU
pasjierna) HAYMHAIOT PacTH ropas3io ObicTpee cocenHux ydactkoB [21]. B Hactoseii pabote
HaMH OOOCHOBBIBAETCSI TUIIOTE3d, YTO TAKOE COCTOSIHUE MOXET BO3HUKHYTh B IIa3MEHHOM

MOTOKE JTyTOBOT'O pa3psijia W3-3a Ha3bIBAEMBIX «TOKOBBIX CIIOeB» [23,24]. DTO MOTOK HOHOB U3
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MePEMEIIIAIOIIEIOCsT KATOTHOTO MATHA B TyTOBOM pa3psijic B ONPE/ICICHHbIII MOMEHT BPEMEHH.
Teopusi TOKOBBIX CIIOCB MPEAINOJIAracT HATHUUE «OCOOBIX» JIMHUI MAarHUTHOTO TOJIS B IJIa3Me,
KOTOpbIC BO3HHMKAIOT TMOJA JeicTBHEM (BJIMSHUEM) BO3MYIICHHHA HA PAaCCTOSHUSAX,
NPEBBIMIAIOIINX pa3Mepbl OkpecTHOCTH ciosi [23]. OOpasyroiasicss HeyCTOHUYUBOCTh (PpOHTA
poCTa Kak pa3 ¥ MOXKET OBbITh MIPHUUYMHON 00pa3oBaHus PPaKTaIOB. DTO YCIOBHE peaTU3yeTCs,
BEPOSITHO, MPH JAMCCHUIAIIMM MAarHUTHOTO IMOJISi B MaJod OOJIaCTH IJIa3Mbl, B YaCTHOCTH, B

obnactu KaTOAHOI'0O IIsITHA, KOTrda JJICKTPHUYECKOC M MArHuTHOC II0JIE€ IapallyICJIbHbI APYyT

ApYTy.
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MOJIYYEHUE Y U3YYEHUE CBOWCTB HAHOPA3BMEPHBIX CTPYKTYVP,
CO3JAHHBIX B IIPUITOBEPXHOCTHOM OBJIACTH CaF,

OBTAINING AND RESEARCHING OF NANODIMENSIONAL STRUCTURES
PROPERTIES CREATED IN NEAR SURFACE AREA OF THE CaF;

K. Copuxxanos, @.4. Xynaiikynos, JI.A. TammMyxamenoBa
J.Sh. Sodikjanov, F.Ya. Xudaykulov, D.A. Tashmukhamedova

Tamkentckuit ['ocynapcrBennbiii Texunueckuit Yuuepcurer, 100095, yn. YHuBepcuTeTckas,

2, Tamkent, Y36ekucran, e-mail: ftmet@rambler.ru

The method of implantation of Ar® ions in the near-surface area CaF, obtained
nanolayers the enriched with Ca atoms. The width of the forbidden zone of these

layersis~1.5—-2eV.

M3BecTHO, YTO HAaHOPa3MEpHbIE CTPYKTYPbI, CO3JJaHHbIE HA MOBEPXHOCTH TBEPABIX Tell,
00/1ajaloT HOBBIMH, HE XapaKTEpHBIMHU JUIsl MAacCHBHBIX MaTepuasioB cBoiicTBamu. [lostomy
NOJyYeHUE M HCCIEJOBAHUE CBOMCTB MAaTEpHAIIOB C IMOBEPXHOCTHBIMH HAaHOKPUCTAJUIAMHU H
IUIGHKaMU TIPEJICTABISIOT (PyHAaMEHTAIbHBIA HAyYHBIH HHTEPEC U UMEIOT BKHOE MPUKIIATHOE
3HA4YEHUE JJI CO3/IaHUsl HOBBIX MPUOOPOB TBEPAOTEIBHOM 3IIeKTPOHUKH. OcoOblii MHTEpec
NPECTaBISAI0T HAHOMOPUCTHIE IUIEHKM HAa OCHOBE OKCHJIAa KPEMHMSI M CHJIMIMIOB METANJIOB,
c(OPMHUPOBAHHBIX HA TOBEPXHOCTH KPEMHUS, KOTOPBIE HMEIOT TEPCIIEKTUBEI HCIIOJIb30BAaHUS B
MHTETPATBHBIX ~ MHUKPOCXEMaX, MarHUTOYJIEKTPOHHBIX  YCTPOWCTBAX, ONTOAIEKTPOHHBIX
npubopax [1-3]. s coznpanust HaHOpa3MEpHBIX KaHAIOB JuaMeTpoM 5—50 HM U JuinHOU Gosee
20-25 HM UCHOJB3YIOTCS METO/bl XUMHUYECKOW 00paboTku [4] 1 60MOapIupOBKU OBICTPHIMU
noHam¥ [5, 6].

B HacTosiiee BpeMs OMHO M TPEXKOMIIOHEHTHBIE HAHOCTPYKTYPbI METOJIOM HOHHOMN
60MOapIMpPOBKM MOJy4YeHbl Ha MoBepxHOCTH CaF; M BCECTOPOHHE H3Yy4YeHBI HMX COCTaB M
NEKTpOHHAs CTPYKTypa. B wacTHocTH, mpu GombapmupoBke CaF,; moHamu Ar' ¢ Hu3Koii
DHEPTUEH C pOCTOM J103BI O0TydeHUsT HAOIFOaT0Ch YBEITHYCHHE TOBEPXHOCTHOW KOHIICHTPAIIUN
Ca u ymenpmenue kxonueHtpanuu F. Ilo-Bumumomy, noHHas OoMOapAMpOBKA TMPUBOIUT K
4acTUYHOMY pasnokeHuto CaF,; Ha MOBEPXHOCTH M MPUIIOBEPXHOCTHOM 00JacTh MmiieHkH. YacTpb
atomoB Ca m F BHOBb MOryr oOpa3oBaTh XMMHUYECKYIO CBs3b, HO Oojbllas yacTb (Topa
yIAISIeTCsl ¢ MOBEPXHOCTHBIX CJIOEB M 3TH CJoM oboramiatorcsi aromamu Ca. DTOT mporiecc

-2

npojgoipkaercs g0 D = (2 — 4)~1016 CM °, NanbHellllee yBETWYEHUE JO03bl HE MPUBOIUT K
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3aMETHOMY M3MEHEHHIO COCTaBa MOBEPXHOCTH. OIHAKO MOJOOHBIE CTPYKTYpPHI HE MOJTYyYCHBI B
IPUIIOBEPXHOCTHOM 00acTu (BOm3u nosepxnoctu) Cak.

B nannoit paboTe U3y4eHbl COCTaB U CBOMCTBAa HAHOPAa3MEPHBIX (a3, GOPMHUPYIOIIUXCS B
npunoBepxHocTHOM obnactu CaF, npu 6ombapaupoBke nonamu CaF, ¢ sneprueit Eg = 1 — 30
KB. HccrnenoBanuss TPOBOAWINCH C KCIOJNB30BAaHHEM METOJOB OXE - OJJICKTPOHHOM
CHEKTPOCKOINUH, yIbTPAapHUOIETOBONW (OTOIIEKTPOHHON CIEKTPOCKONIMU M H3MEPEHHEM
WHTCHCUBHOCTH MPOXOo/siiero ceera uepes CaF, (111).

Ipu 6GombGapaupoke CaF, momamm Ar’ ¢ mmskoit mosoii (D < 5.10" cM?) Ha
MOBEPXHOCTH 00pa30oBaIMCh HaHOKIAcTepHbIe (a3pl Ca, a mpu BeICOKHX n03ax (D > 10'° CM'Z) —
ToHKas tieHka Ca. Bapbupys sHEpruro W 1103y MOHOB, MOXHO KOHTPOJHPYEMO H3MEHSThH
TOJIIIUHY M TOBEPXHOCTHBIE pa3Mephl 3THX (a3 u 1wieHoK. [Ipu mporpee mieHok CaF,
00ny4yeHHbIX HMOHaMH HM3KuUX 103 1o T = 700 — 800 K, HaHOKIAcTepHbIE Y4YacTKU
yrnopsounBaroTcs, oopasys cepxpemetky (CP mmm Sl) kimactepoB aHHMOHHBIX BaKaHCHHA B
MPHUIIOBEPXHOCTHON obOnactu kpuctamia CaF, — CaF,:CP. B ciyuae CaF,, o6iydennoro ¢ D =

15 2 .
10 cM, (QOPMHUPOBAIKMCHL HAHOKPHUCTAUIMYECKHE a3kl ¢ JIMHEHHBIMH — pa3MepaMu
0=40-50 mm u tommuHoit ~50 A. Pacctosuue mexay neHtpamu Bas coctapisno ~100 HM.

. o 16 -2
Kpucrammu3zanms miaeHoK, 00Jy4eHHbIX ¢ BBICOKOH 1030 (D > 10 % em®), npoucxoawio npu T =

800 — 900 K. Tomumna HIT coctansna 40 — 50 A (puc. 1).

¢ =40-50 nm h=40-50A
le 1 1 40-50 A
P\ % Ca B
pd - —> ] - ™~
Ca 100 am CaF, % Ca 70-80 A INepexonHas
// L o0iacThb
Can B CaF, P
G si

Puc. 1. Crpykrypa nocie popmupoBanust HK (a) u HIT (0) na moBepxuoctu CaF,/Si (111)

[Tpu sTom mexay CaF, u Ca dpopmupyercst nepexoanoit cioii (cimoit CaF, oboramennsiii Ca) ¢
TosmHoi 60 — 80 A (puc. 1, 6). OTMeTHM, 4TO MOcIe MporpeBa kak Ha nosepxHoctu HK, Tak u
HII o6pasoBancs TOHKHMiA cioif «aucroro» Ca c¢ Tommuuoit 5 — 6 A (2 — 3 moHoCTOR).
Bo3M0OXHOCTE 00pa3oBaHUsl YHMOPSAOYEHHOW CHCTEMBl HAHOKPHCTAUIOB TPU HEBBICOKHX
TeMIIepaTypax OTXHra oOycioBieHa cpeau mpouero tem, uro Ca mmeer crpykrypy 'K —
pemetku, Omuskyro pemerke CaF, u paccormacoBanume moctossHHbIX pemeTok Ca u CaF;

nopsiaka 2%.
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Ha puc. 2 npuBeneHsl 3aBUCUMOCTH HHTEHCUBHOCTH oke-nnka Ca ot riyounsr mis CakF,,
o6mydennoro monamu Ar' ¢ Eg = 25 xB ¢ gos0it D = 10" cm™? 1o u mocme mporpesa mpu
T=800K. Buzuo, uto xpusble lc,(d) mpoxoasTt uepes makcumym mpu d = 15 — 20 A. Tocie
nporpeBa lc, B 007JacTH MakcuMymMa 3aMETHO yBEJIMYHMBaeTCs, a mnoiymupuHa lca(d)
yMEHbILIaeTCsl MpakTuyecku B 2 paza. C pocToM [103bI MOHOB TOJOKEHHE MaKcUMyMma He
MEHSETCS, a UHTEHCUBHOCTh lc; MOHOTOHHO yBeIMYMBaeTcss W HauuHasg ¢ D = 4-10Y cm™
MpPaKTUYECKH HE MEHseTCs. PacyeTsl MoKa3bIBatoT, 4TO IIpH 3ToM mocie nporpesa mpu T = 850 K

koHueHtpanus Ca B makcumyme cocrasisieT ~ 70 — 80 aT.% (B cimywae “uucroro” CaF, — Ccy =

30 — 35 a1.%).

ICa
OTH.

ca

30 | | | | | | | | |

5 10 15 20 25 d, aM

Puc. 2. 3aBucumocth nHTEHCHBHOCTH L,3MM oxe-ninka Ca (E = 286 3B) ot rimyouns! s CakF,,
o6myuennoro nonamu Ar' ¢ Eg = 25 k3B npu 103e D = 410" cm™.

N3 sToro MoxkHO moJjraratb, 4TO HOpU O03€ HACBIIMICHHUA B HpI/IHOBerHOCTHOI\/’I oOiacTu He
dbopmupyetrcsi cioir umcroro Ca, a Qopmupyercs cioil 0OOTAICHHBIM  KaJbI[UEM.
DKCTepUMEHTAIbHBIE Pe3yNbTaThl MOKa3alM, YTO LIMPHUHA 3alpelleHHOW 30HBI ITOTO CIIOS

COCTaBJIACT ~ 1,5 —29B. HccnenoBaHus B 3TOM HaITpaBJICHHUU MMPOAOJIZKAKOTCA.
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©®OPMHUPOBAHHME TPEKOBOI'O ITABJIOHA OBJTYYEHUEM II3T®
BBICOKOOHEPI'ETUYHBIMH NOHAMM I'EJIMA IJIAA TEMIIJIEUTHOI'O
CUHTE3A PEI'YJIAPHBIX MUKPOCTPYKTYP

FORMATION OF A TRACK TEMPLATE DURING PETP IRRADIATION BY
HIGH-ENERGY HELIUM IONS FOR THE TEMPLATE SYNTHESIS OF REGULAR
MICROSTRUCTURES

B.B. Coxopesa, C. Yunzopur, E.b. Kamikapos, E.C. Kymokuna, C.1. Ky3Henos
V.V. Sokhoreva, S. Chinsorig, E.B. Kashkarov, E.S. Kulyukina, S.I. Kuznetsov

Hayuonanvnoiii uccneoosamenvcxuti Tomckuti Ilonumexnuueckuii Ynusepcumem,
npocn. Jlenuna, 30, Tomck, Poccus

E-mail: ebk@tpu.ru

The work considers the obtaining of ion track membranes, using a U-120 classic
cyclotron. Track membranes are shown can be used not only for liquid filtration, but
as a template for the synthesis of metallic micro- and nanostructures. The work
represents the study of the columnar nanostructures formed with the use of a template
of track membranes. The formation of regular microstructures is studied using deep
X-ray lithography with synchrotron radiation and templates of track membranes.

CuHTEe3 HOBBIX HaHO-pa3MEPHBIX MAaTEPUAJIOB SIBJISIETCA B HACTOSILEE BPEMsI OJHUM U3
HOPUOPUTETHBIX HanpaBiaeHU. Oco0oe BHUMAHUE ylENsIeTcss METOIMKaM CO3/JaHUs pPa3BUTON
IIOBEPXHOCTU 3a cyeT (OPMHPOBAHUS HAa HEH CTOJOYATHIX HAHO-CTPYKTYP U3 pa3IU4HbIX
MaTepuaioB. MeTobl, OCHOBaHHbIE Ha CHUHTE3€ HAHO-CTPYKTYpP C MOMOIIBIO TEMILIEHTHBIX
111a0JI0HOB, SIBJISIIOTCS CAMBIMU MHOTOOOEIIAIOIIMMY U3-3a UX PaclpOCTPAaHEHHOCTH U HU3KOMN
LIEHBI.

OpHoit m3 mpobieM, KOTOPYHO HEOOXOOUMO pELIUTh MpPU  H3TOTOBICHUU
HAaHOMATEpPHAJIOB W HAHOCTPYKTYp, SBISIETCd TOWUCK HAJEXKHBIX METOJIOB CHHTE3a
HaHOWIA0/M0HOB. Takue TeMIieiTHbIe Ma0JOHBI MOTYT OBITh COPMHUPOBAHBI U3 SIAEPHBIX
TPEKOBbIX MeMOpaH [1, 2], kepaMUYeCKUX MOPHUCTBIX MEMOpPaH, aHOJHBIX OKHCHBIX IUIEHOK.
Mcnonb30BaHue 3TUX HAHO-TIOPUCTBIX MaTepHajoB, Kak MIA0JOHOB JUIs CHHTE3a HaHO-
CTPYKTYp TIO3BOJISIET HW3rOTaBIMBAaTh HAHO-CTPYKTYPUPOBAaHHBIE ITOBEPXHOCTH OOJIBIION
IUIOLIA/IH.

B HacTosimielt pabote mpeacTaBiIeHbl pe3yabTaThl MHUKPOCKOIMYECKUX HCCIIEOBAHUMN
CTOJI0YATHIX HAHO-CTPYKTYpP HUKEJS Ha MOBEPXHOCTH MACCHUBHBIX OOpa3llOB M3 HUKENS IS
OCHOBBI METAJUIMYECKON CeNeKTUBHOM MeMOpaHbl. Takxke HpecTaBIe€Hbl pe3yibTaThl
ucciaenoBannii BAX HaHO-OCTpUMHBIX KAaTOAOB, BBIPAIICHHBIX YEpe3 TEMILICHTHBIN
TPEKOBBII TA0JIOH HAa IOBEPXHOCTH Si.

Knaccuueckue tpekoBsie MeMmOpanbl (TM) u3 momustmnentepedranata (I[IDTD),

nosiyyaemble Ha ukiorpone TITY, npu o0inyyeHUn TsHKEIbIMA HOHAMU M3-3a TUIOTHOCTHU TIOP
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< 10° Hop/CM2 Y TOJIIHHBI, HE BCETJa MOAXOMAT B KadyecTBe TeMiuieiTHoro 1mabmona (TII)
[3]. [Tosromy mienku u3 marepuanoB [IDTd u noaumnponuiena Boicokoro masiacaus (I1IT)
TonmuHON 50 MKM OOJIyJaJiuCh Ha BBIBEJICHHOM Ha BO3JYyX MYyYKOM HMOHOB “He ¢ SHEpruen
28 MbB. Ilnenku ans o0nydeHus] TOMEIIAINCh B CIIEHUAIBHYIO KAaCCeTy, KOTopasi Kpenuiach
Ha Bpallaloluid Bajdl Aasi paBHOMepHOro oOmydeHus. OOJydeHHbIE IUICHKH Jaliee
MOJIBEPTrajluCh  JIONOJHUTENbHON  CeHCHOWNIM3alMM  yIbTPapUOJIETOM U TPaBUIUCH
JNEKTPOXUMHUYECKA B IIEIOYHM JJIs MOJydyeHUs CKBO3HbIX mop. [lopucrocts mMemOpaHbI
KOHTPOJIMPOBATACH 10 MHKPODOTOrpadHsM C SMEKTPOHHOTO MHKPOCKOIA 1 cocTaBisiaa 10
nop/CM2 npu auamerpe nop 30...100 um.

Crpaterusi cuHTe3a HaHO-CTPYKTYPUPOBAHHBIX CTOJIOYATHIMU CTPYKTYpaMU MOAJIOKEK
COCTOSUJIa B UCCIIEJOBAaHUH PEKUMOB PAaBHOMEPHOIO 3allOJIHEHUS MOp METaIOM, CO3JaHUs
IUIOTHOTO KOHTAaKTa TPEKOBOIO INA0JIOHa C TOBEPXHOCTHIO TMOJUIOKKH (MAacCCUBHOTO
MaTepuaia, B HallleM CIIy4ae HUKEJS M KPEMHUs). 3al0JIHEHUE MOP METAJJIOM IIPOBOJUIIOCH
raapBaHHuecKuM crocoboM [3]. Dmekrponur coctosm u3 NiSO, — 340 r/mv, NiCl, — 50
F/,Z[Mg, stanona — 0,2 %, xymopamuHa — 2 l"/,I[Mg. Takoil coctaB oOecnedus MOTy4YEeHUE
CYOMUKPOHHBIX CTOJIOUATHIX CTPYKTYP C KPUCTATUTMICCKOU CTPYKTYPOH.

O0beM moOp, B MpoOIECCE TaJbBAaHUYECKOTO OCAXKIACHMS, HEINPEPHIBHO 3aIOJIHSIICS
METAJIJIOM, POCT HAaHO-CTOJIOYATHIX CTPYKTYp HAUMHAJICS OT JHA MOpPBI, 3TO TMO3BOJUIO
koHTposupoBath ux JuaHy (1...30 MkMm). IIIOTHBI KOHTaKT TPEKOBOrO IabioHa C
MNOJJIOKKONM W3 TUIACTUHOK HuKenst TommuHoi 200...1000 MkM ObUl JOCTUTHYT MpHU
pa3MENIeHUH TOJI0KKHA C TPEKOBBIM IA0JIOHOM B CHEIHAIBHO pa3paOOTaHHYIO JUIsl ATOU
LEIU STYECUKY.

HapamBanue MeTamia B IMOpbl Ha TOMIOKKY u3 Ni  mpoM3BOAMIOCH HA
MpPEABAPUTEIILHO TEPMUYECKH HAHECEHHBIN CIOW HUKEN. DTO YCTPAaHsUIO IIEPOXOBATOCTH
UCXOJHON TOJUIOKKH, B CPEIHEM €ro TONIIMHA CcOCTaBmWiIa < IMKM. DJIEKTPOJUTHYECKOE
3arMojHeHue TMop MabloHa, 3aKPEIUICHHOTO Ha TOBEPXHOCTH IMOIJIOKKH, OCYIIECTBISIOCH
npu Temreparype pactBopa annekrpoiura 50° C u pH = 4,5.

Poct HaHO cTONMOYATHIX CTPYKTYp MPOBOJUIICSA B AMHAMHUYECKOM PEXHME, TPHU ITOM
pacTBOp Jii HHUKEJIMPOBAHMSI IPOTOHSJICS 4Yepe3 siuelKy ¢ HccielyeMbIM 00paslioM ¢
MOMOIIIbIO TEPUCTATBTUYECKOTO Hacoca. CKOpPOCTb ABMKEHHUS pacTBOpa AJIEKTPOJIUTA
noJJepKuBaiach B Auamasone 3...5 n/mMuH. [IoBepXHOCTh 00Opa3loB C CHHTE3UPOBAHHBIMU
CTOJIOYATBIMH CYOMHUKPOHHBIMH CTPYKTYpPaMH U3 HHUKENS WCCIIEeNI0BaJach C TIOMOIIBIO
pacTpoBoro sjeKkTpoHHOro mukpockona POM-100 u Hitachi TM-3000. Hmwke na puc. 1

npejacTaBieHa Mukpodororpadus crondyaToi HaHO-CTPYKTYpbl NI Ha TOIIOXKKE U3
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maccuBHoro Ni, Beipamiennas depe3 TII ¢ guamerpom mop 70 HM, BBICOTa CTOJOHMKOB
cocraBuia 8 MkM. Iy myyiei Bu3yanu3anuu oOpasisl B KaMepe 3JIeKTPOHHOIO0 MUKPOCKOTIIa
pa3MelaInch o yrioMm 45°.

[Ipu 3anoaHEHUM TOPHI METAJIOM MPOUCXOJUIIO €€ yIMpeHue, npakrudecku Ha 30 %
3a CYeT IUIOTHOTO HAaloJIHEeHUs KaHama mnopel. Jlamee, Ha CTOJIOYATYIO CTPYKTYpPY
MarHeTpOHHBIM PACIbUIEHHEM HaHOCWIUCh HAHO-CTPYKTYPUPOBAaHHbIE TOHKHE IUICHKU

Pa3IUuYHBIX METAJLIOB.

Puc. 1. ®parment Puc. 2. ®parmentsl Mukpodororpaduii croiduaTeix HaHOCTPYKTYp Ni ¢
MuKpogororpadhun IJIEHKaMH METaJUIOB HA IIOBEPXHOCTH
HaAHO- CTONOHKOB Ni a) ¢ mienkoit W; b) ¢ mrenxoit Ti; ¢) ¢ mreakamu Ti//W

Ha moaytokke (Ni)

Ha puc. 2 npexacrasnensl pparmeHTs MUKpodoTorpaduii cTon09aThix HAHO-CTPYKTYP
HUKEJS ¢ HAaHO-Pa3MEPHBIMH METAJUIMYECKHMMHM IUICHKaMH, CBOOOJHO BHCSIIMMHU HAa HaHO-
cTonOukax. MUKpPOCKOIIMYECKHE HCCIEIOBaHMs, IPOBEIECHHBbIE HaMH, IOATBEPIUIN
NPENoNI0KEeHHe O TOM, YTO HAaHO-pa3MepHbIe IUICHKH, C(OPMHPOBAHHBIE HA CTOJIOYATON
HAHO-CTPYKType, Kak Obl CBOOOTHO «IIOJBEIICHHBIC» Ha BEPUIMHAX HAHO-CTOJIIOMKOB HE
ne(OpPMHPYIOTCS TIPU TEMITEPATyPHOM BO3ACHCTBUH M HE PACTPECKUBAIOTCS U CIIEIOBATEIEHO
MOTYT OBITh HCIHOJB30BAHBI B KAaueCTBE CEJIEKTUBHBIX METAIIMUYECKUX (UIBTPOB s
(GuIbTpaluy ra30B B TOM YHCJIE U BOJOPOJA.

Meton mabioHa TpPHUMEHSUICS Takke Npu (HOPMUPOBAHMHM OCTPUHHBIX KaTOIOB.
Hcnonp3oBamich 1Ba METOMA: SJICKTPOIUTHUECKUH W TEPMHUECKUH. DIEKTPOIUTHUECKUM
crnocoOoM ObUIM  cPOPMUPOBAHBl HAHO-OCTPUHHBIE CTPYKTYpbl Ha MoBepxHOcTH Sl
MOJITOXKKH.

B kavectBe mabioHa B 3TOM ciiydae Obliia BeIOpaHa TpekoBas MeMOpaHa u3 [I19T® co
CIENYIONMMH TapaMeTpaMu: TOJIIIMHOW MeMOpaHbl 12 MKM, TOPUCTOCTHIO 3,2:10° em?,
nuamerpoMm mop 0,35 Mkwm. [l KaToOJOB BBICOTA CTOJIOUATBHIX CTPYKTYp AOJDKHA OBITH HE
oonee (1-2) mxm. OctpuiiHbie cTonOukKu GopmupoBanuch ¢ momoripio T npu TepmudecKoMm
ocaxknennn menu B mopsl TII B Bakyyme. Ha momnokky ObITH HAaHECEHBI C JABYX CTOPOH

MCTAIUIMYECKUEC CJIOW JUJIA OJJICKTPUYCCKHUX KOHTAKTOB, KOTOPBLIC 3aTcéM 3alluIiajInChb
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JTUOKCHUIIOM KpeMmHHs. TakuMmM o0pa3om, Ha CTOjdO4YaTod wmatpuie Oblia copMupoBaHa
crpykrypa MJIM (Ni-SiO-Al.) JInst anann3a moay4eHHBIX KaTo0B IPOU3BOAMIN U3MEPCHUE
IMUCCHOHHBIX TOKOB uisi cTpyKTypbl Ni-SiOz-Al. u Al-SiO,-Al. Bennunna 3MuCcCHOHHOTO
toka st cTpykTyp Ni-SiOz-Al (cronmbuareiii kaTox) B 3 pasza mpeBblllaja BEIHYHHY JUIS
IUIOCKOTO KaToJia, T.e. KaTOJbl CO CTOJOYATOM OCTPUHHON HAHO-CTPYKTYpOH HMEIOT Ooliee
BBICOKYIO 3 dekTuBHOCTS pabotel [3]. Ha puc. 3 mpeacraBiaena wmukpodororpadus

MOBEPXHOCTU OCTpUHBIX MJIM KaT0/10B HAa KPEMHUHU.

TM-1000 2106 2016 HM

Puc. 3. MukpodoTorpadus noBepxHocTH ocTpuiiHbIXx M/IM kaTo10B

B zaxirouenue cinepyeT OTMETHUTh, YTO IMPOBEIEHHBIE HCCIIECJOBAHMS TMOKA3ajid, 4TO
MOHHOTPEKOBBIE TEXHOJOTHH, MPOBOJMMBIE C HCIOJIH30BAHUEM IYYKOB TSDKEIBIX HOHOB,
MOJTYYCHHBIX Ha KIACCHYECKOM IMKIIOTPOHE, 00ECHEeUnBaIOT TOJIYYEHHE IIUPOKOTO Kiacca
TPEKOBBIX MEMOpaH, Ha OCHOBE KOTOPBIX MOKET ObITh peaqn30BaH TEMIUIEMTHBI METOJ
GbopMUPOBaHUS PA3MUYHBIX MAaCCHBOB HAHO-CTPYKTYp: CTONOYATHIX, OCTPUHHBIX, C
TpeOyemoii ¢GopMoii, pazMepamMu W TUIOTHOCTBIO pacrpeaeneHus. ['MOKOCTh TPEKOBOTO
nrabJI0Ha JJaeT BO3MOXKHOCTh IOJIY4aTh HAaHO-CTPYKTYPHPOBAHHBIC MATEPHAIBI C JKEITAEMbBIM
penbedom. CHHTE3 HAHO-CTPYKTYp C TIOMOIIBIO TPEKOBBIX IIA0JIOHOB  SIBIISIETCA
MEPCIeKTUBHBIM METO/IOM, NPHUMEHEHHE KOTOPOTO TMO3BOJIUT 3HAYUTEIHHO PACHIMPUTH
BO3MO>XHOCTH HaYKU U TEXHUKH B PA3JIMYHBIX 007IaCTAX.

Pabota noanep:xana HarmoHanbHBIM UCCIIEAOBATENBCKUM TOMCKHM TOJUTEXHUYECKUM

YHUBEPCUTETOM B pamkax npoekra BUY HPull 23/2016.

1. TLIO. Ammens, JLU. Kpaser, Xumus Beicokux suepruid. T. 25 (1991) 138.
2. B.M T'onoskos, B.B. Coxopesa, U3Bectust By30B. @usuka. T. 52. Ne 11/2. (2009) C. 413-419.
3. WU.B Kynuununu, T.W. lanununa, B.I'. Muponuuk, B.B. Coxopega, [1.E. Tposu, [TATEHT

RU 2 525 865 (2012). 20.08.2014 Broi. Ne 23.
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MOJIEJMPOBAHUE IBUKEHUS NOHA B YIJIEPOJHOM HAHOTPYBKE C
YYETOM BJIUAHUA BOSMYIIEHUA CTEHKHW U 9JIEKTPOHHOU
INOACUCTEMDI: PACYET M3 IIEPBBIX IIPUHIIUIIOB

SIMULATION OF ION MOTION IN CARBON NANOTUBE WITH ELASTIC WALL
AND ELECTRONIC SUBSYSTEM PERTURBATION TAKING INTO ACCOUNT:
FIRST PRINCIPLES CALULATION

B. Crenanos’
V. Stepanov!

A.
A.

! Hayuno-uccreoosamenvcrkas nabopamopus no npooaemam ouogusuxu u
buonanomexuonozutl, Yyeauickas 20cyoapcmeenHas ceibCKoX03AUCMBEHHAs aKaoeMusl, V.
Iupozosa, 16, 2. Yeborcapol, Poccus, e-mail:for.antonstep@gmail.com;

Low energy ions channeling in carbon nanotube under angles close to critical
produce nanotube wall perturbations. These perturbation interacts with ions and
decrease energy loss in ion—carbon nanotube collisions. Earlier we investigated
this effect with help of molecular dynamic simulation. The aim of this work is ab
initio molecular dynamic simulation of the same process.

B pabote [1] meTonom kiaccuueckoir MosekyisipHoit auHamuku (MJI) Obiio u3ydeHo
BIMSIHAE BO3MYIICHUH CTeHKH yriepogHod HaHoTpyOku (YHT) Ha xaHanmmpoBanue B HEl
MeJIIEHHBIX aTOMHBIX 4acTHIl. Mccienosanoch aBmkeHne HOHOB Al ¢ HauanbHOH dHepruei
100 3B ¢ yrnamu Biera o ot 10° 1o 30° mo orHomenuto k ocu YHT (11,9) kak mokazano Ha
pucynke 1. Mon crapToBal ¢ OcM HAaHOTPYOKH, MPHYEM MPOU3BOIMIOCH €r0 HayalIbHOE
CMeIlleHre BA0JIb ocH Z Ha BennuuHy 0-0.24 HM, a Tak)ke NMPOU3BOAUIIOCH CKAHUPOBAHUE TI0

azuMyTalbHOMY yriy ¢ oT -18° 10 +18° (pucynok 1).

AX

28\

\

A

Pucynok 1. Mmmoctpanus k BEIOOPY HAYAIBHBIX YCIOBUN: P — MMITyIbCc MOHA, o0 — YTOJI BIETa, () —
a3uMyTaJbHBIN yrod, Py, P, — mpoeknuy nMITyibca Ha MPOAOJIbHOE U MOTIEPEYHOE HAPaBICHHS
JIBUKEHHS, COTBETCTBEHHO, KPACHOM OKPYKHOCTHIO TIOKAa3aHO HAYAIbHOE TOJIOKEHUE HOHA.

143



PacdeTbl MpoU3BOAMINCH METOJIOM MOJICKYJISIPHOW JTMHAMUKH C MCIIOJIb30BAaHHEM KOJa
LAMMPS [2]. [y onucaHus B3auMOJCHCTBHS MKy HOHOM M aTOMaMH yIriIepoia CTCHKH
HAHOTPYOKM ucHojb3oBaics mnoTeHuuan Ziegler-Biersack-Littmark (ZBL) [3], a s
OMKCAHUS B3aUMOJICHCTBUS MEXKIAY aTOMaMH YriepoJa B HaHOTPYOKE MPUMEHSIICS
noreniman AIREBO [4]. brarogaps MHOro4acTHYHBIM B3aMMOIEHCTBHSM, IPOSIBIISIOIIMMCS
IIPH HU3KHUX SHEPTUsAX MOHOB, MPOMCXOJNIO OJJHOBPEMEHHOE CMEIICHUE HECKOIBKUX aTOMOB

crenkn YHT, Onmkaiiimx K HOHY (PHCYHOK 2).

Hedopmauus, %

T T T T T T T T

T T

T T L I B L B B L B R
0 10 20 30 40 60 70 80 90 100 110 120 130 140 150

Bpewms, dc

T
50

Pucynok 2. 3aBucumocts aedopmanun cMmerienust aromos ctenku YHT (11,9) (na BcraBke cieBa
BBEPXY) OT BPEMEHH B MPOLIECCE CTOIKHOBEHHs HOHA Al ¢ HAYaIbHBIM YIJIOM BjieTa 20°
(HampaBiieHHE IBMKEHHS YKa3aHO CTPENIKOI) CO CTEHKOM.

B pesynprare pacdyeToB MONY4YEHBI IMOTEPU IIOJIHOM DHEPrMM HOHOM IIPH Tpex
CTONKHOBEHUSIX €O cTeHkod YHT B 3aBHCHMOCTH OT HAa4albHOTO yria Biera (PUCYHOK 3).
Kak BumHO W3 pucyHKa 3 3aBHCHMOCTH IOTE€Ph JHEPrUM OT yIjla BJeTa HOHA HOCHT

HEJIMHENHBIN XapakTep, HaUMHAasi CO BTOPOr0 CTOJIKHOBEHMS.
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Pucynok 3. ITorepu sHeprun noHoM Ar’ ¢ HadaneHOI sHeprueii 100 3B nocne nepsoro (I), BToporo
(IT) u Tpetwero (III) cronkHOBeHUs co crerkorr YHT(11,9)

beuto mokazaHo, YTO TaKOW XapakTep 3aBHCHMOCTH OOYCIIOBJIEH BO3HHKHOBEHHEM
BO3MyIeHUs cTeHKH YHT npu CTOJKHOBEHHMH CO CTEHKOWM M JaJbHEWUIINM B3aUMOICHCTBUEM
TOrO BO3MYIIEHHs C JABWXKyIIeHcs dvactuied. Tak, Ipu COBHaAEHUM CKOPOCTH
KAaHAJIUPYEMOW YaCTHULIBI CO CKOPOCTBIO pPAaCIpOCTPAaHEHUS BO3MYIIEHHUS CTECHKH WU HX
cuHpazHoM (MpoTHBO(A3HOM) ABUKEHUU MPOUCXOIUT OOMEH SHEprueil Mexy 4acTUlel u
BO3MylIlleHHEeM. B pe3ynbTare, yacTuia TepseT MEeHbIle SHEPIUH, YeM MoTJja Obl TEpSITh MPHU
JBUKEHUHM 0€3 ydyeTa BO3MYILIEHHUS. JTO ObUIO MPOBEPEHO C MOMOIIBIO JIOMOJHUTEIHLHOTO
pacyera, B KOTOPOM BO3MYILIEHHE CTCHKM HE YYUTBHIBAJIOCh, a IAapaMeTpbl YaCTHILIbI
3aJaBaJIUCh TaKUMHU JK€, KaKk M B BO3MYILEHHOW TpyOKe. bBbU10 mokazaHo, 4To yuer
Bo3MmylleHus1 cTeHKH YHT NpuBOAMT K yMEHBIIEHUIO MOTEPh JHEPIMHU KaHAIUPYEMOU

YacTHIICH B HECKOJIBKO pa3 M0 CPAaBHEHHUIO C HEBO3MYIIIEHHON HAHOTPYOKOM (PUCYHOK 4).

145



MoTepwn aHepruu, 3B

T v J LAY AL B IR NN TN N SN IS A NEELIN BRI
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Yron Bnerta, rpagyc.

Pucynok 4. [Totepu sHepruu yacThiiel ¢ y4eToM (KpacHbIE OKPYKHOCTH) B 0e3 ydeTa (3eJIeHbIe
TPEYroNbHUKK) BO3MYILEHHs CTEHKU HpH ABMXeHuH HoHa Ar’ B TpyOke (11,9) mocie Tpetbero
CTOJIKHOBEHHS CO CTEHKOW B 3aBHCHUMOCTH OT HAaYaJIbHOTO YIJIa BlIeTa B HAHOTPYOKy. HauanbHas
Temrneparypa HaHOTpyOkH - 300 K. [{ns kaxknoii Touku rpaduka ykazaH HHTEPBAJ MOTEPb YHEPTUU.

Kpome TOro, mpoBOAMIUCH TONOJHUTEIBHBIE PACUYEThl MO YCTAHOBIECHUIO BKJIAJga B
IOTEPU DHEPrUM YaCTULEW M3JIYy4YCHUS U TOPMOKEHHUS B DJIECKTPOHHOM Tra3e CTEHKHU
HAaHOTPYOKHU B paMKax KJIACCHUECKOM AJIeKTpoauHaAMUKH. OTHAKO pacCMOTPEHHAsI MOJENb HE
YYHUTHIBAJIa KBAHTOBO-MEXAHUYECKUX d(PPEKTOB BO3MYIICHHS SJIECKTPOHHOU MoacCUCTEMBbl. B
HacTosmiel pabore Mmeromamu ab iNiti0 MOJEKYISAPHOW TUHAMHUKH TPOU3BOIUTCSA yUET
BO3MYILIEHUsI OJeKTpoHHOW monacuctemMbl YHT u  BO30YXKIEHHBIX COCTOSHMM HOHA,
OLICHUBAETCA CTENEHb WX BIMSIHMSA HAa paccMaTpuBaeMblii mnponecc. MJ[  pacuers

MIPOBOJIMIIACH C UCTIOIB30BaHUEM CyIepKoMITbioTepa JlIomoHoCOB [5].

1. A.B. Crenanos, [loBepxHocTb. PeHTTeHOBCKHE, CHHXPOTPOHHBIE U HEHTPOHHBIE
uccnenosanus 8 (2015) 34.

2. Plimpton S. Fast Parallel Algorithms for Short-Range Molecular Dynamics. Journal of
Computational Physics. 117 (1995) 1.

3. Ziegler J. F., Biersack J. P., Littmark U. The Stopping and Range of lons in Matter. 1985.

4. Stuart S. J., Tutein A. B., Harrison J. A. A reactive potential for hydrocarbons with
intermolecular interactions. The Journal of Chemical Physics. 112 (2000) 6472.

5. Sadovnichy V., Tikhonravov A., Voevodin V1., et al. Contemporary High Performance
Computing: From Petascale toward Exascale. Boca Raton: CRC Press. (2013) 283.
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ONPEAEJIEHUE TAPAMETPOB DOHEPI'ETUYECKHUX 30H U IOCTOAHHBIX
PEHIETOK CUJIMIUJ10B METAJIVIOB

DETERMINATION OF PARAMETERS OF ENERGY ZONES AND CONSTANT
LATTICES OF METALSILICIDES

A.K. TaI_HaTOBl, H.M. MyCTa(boeBal, JLA. TaH_IMyxaMe,Z[OBaZ, B.E. YMI/IpsaKOB2
A.K. Tashatov', N.M. Mustafoyeva', D.A. Tashmuhamedova?, B.E. Umirzakov?

1Kapmuncxuﬁ eocyoapcmeennulil yHueepcumem, yi.Kyuaboe-17, 2,e. Kapwu, Y36exucmarn,
e-mail: moyliyevna@mail.ru
2 Tawikenmexuii 20Cy0apCcmeenHblll mexHuuecKull yuugepcumem, yi. Yuueepcumemckas,2. e.

Tawxenm, Yzbexucman, e-mail: ftmet@rambler.ru

The method of ion bombardment in a combination with annealingobtained thin
films (d < 100 A) silicides of metals. It is shown that these silicides crystallize

in a cubic lattice, and their width of the forbidden zone is ~ 0.5 - 0.6 eV.

B nacTosiee BpeMs Hanbosee eTalbHO MCCIEAOBAHbI COCTaB, CTPYKTYpa U CBOMCTBA
MAacCCHBHBIX 00pa3loB CHJIMIMIOB METAIJIOB. BeayTcsi WHTEHCHBHBIE HCCIEAOBAHUA B
HAMPaBIEHUUCO3IAHNS U U3YdeHUs (U3MKO-XMMHUYECKHX CBOICTB ToHKHX (500+1000 A) u
cepxTonkux (50 — 100 A) cunummuaseix nueHok. IlomydeHbI CBEJEHHMS O COCTABE,
MOP(}OJIOrMH MOBEPXHOCTH M SMUCCHUOHHBIX CBOMCTBAX TOHKHUX IUIEHOK CHUJIUIMAOB Oapus,
koOanbTa U naymuiagus.Hapsany ¢ dyHIaMeHTanbHBIMU HCCIEAOBAHUSAMU CUCTEMBI KPEMHHI -
CHJIMIUJI, HHTEHCUBHO MPOBOAATCSA pabOThl MO CO3/IaHHIO HAa MX OCHOBE HOBBIX MPHUOOPOB
MHUKpPO- U HAaHO3JIEKTPOHUKHU.B mociieiHue roipl BeAyTCsl MHTEHCUBHBIE PAa0OTHI IO CO3AaHUI0
wiéHoYHbIX cucteM Thma CoSi-CaF,-Si M M3roTOBIIGHHI0O HA WX OCHOBE JJICKTPOHHBIX
npubOpoOB, MpEXAEe BCEro TPAH3UCTOPOB C METAIMUECKOW M TMpOHMLAaeMOM Oazamu,
NETEKTOpoB Y®- U pEHTreHOBCKOro wusnydeHus.lloaTromy wn3ydeHue »SIIEKTpOHHOM U
KPHCTAJUIMYECKOW CTPYKTYPHI TOHKHX IUICHOK CHIIMIMJIOB, TIOJIYYEHHBIX HA IMOBEPXHOCTH Si
HalblJICHUEM U MOHHON MMIUIAHTAllMed B COYETAHUU C OTXKUIOM IPE/ICTaBISET OTPOMHBIN
Hay4HbIN U IPAKTUYECKUNA UHTEpEC.

B nanHoi paboTe M3yueH COCTaB, CTPYKTypa U CBOWCTBAa TOHKHX IuieHOK MeSi; (Me —
Ba, Co, Ni) nmonydeHHble UMIUTAHTAIIMEH HOHOB Me" ¢ sHeprueit Eg = 0,5 — 3 3B npu mo3e
HaceimieHUsT (D = D= (4 — 8)'1016 CM'Z) C TMOCIEAYIOMUM OTXKHUIoM (Jla3epHbId +

BBICOKOTEMIICPATYPHBIHMUMITYIbCHBI ~ TTpOrpeB). OOBEKTaMH  HCCIICAOBAHUS  CITY)KHIIN
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monokpuctaibl Si (111) n-tuma mpoBogumocTH. MoHHAs MMIUTaHTAIMs, MPOTPEB U BCE
UCCJIEIOBAHMUSI C HCIOJIb30BAHHEM KOMIUIEKCA METOJOB BTOPUYHO-IJIIEKTPOHHOW U
(OTORIEKTPOHHOHN CIIEKTPOCKOINHEH POBOJAUINCH B OJTHOM U TOH K€ YCTAaHOBKE B YCIIOBUSIX
cBepxBEIcoKoro Bakyyma (P = 107 ITa).

B Tabnune 1 npuBeaeHbl ONTUMANIbHBIE PEKUMBI MOJYYEHUS T'€TePOINUTAKCUATBHBIX
nnenok BaSi, u CoSiy. IIpy HU3KNX SHEPrHAX HOHOB MOTydeHkl oueHb TonkHe (d=30 — 40 A)
mwieHkd. [Ipu Boicokux sHeprusix (Eo>3 k9B) HMOHOB OJHOPOAHOCTH TIJICHOK 3aMETHO
yxynamanach. [ToaroMy mjisi mojiydeHusi CpaBHUTENBHO "TOJCTHIX" M OJHOPOJHBIX TJICHOK
SHEPTHUsl HOHOB M3MEHsUIach oT 5 k3B 10 1 k3B. /{032 HOHOB BO Beex ciyyasx Obuia OJM3Ka K
J103¢ HACBILICHHS, KOTOpast Jiexkana B mpenenax (1 — 6)-10™° e, VeennueHnue sHeprin HOHOB
Eo>5 k3B npuBoamiio K yMEHBIIEHHIO KOHILIEHTPALMK JIETHPYIOLIMX HOHOB B 00JACTH

MaKCHUMyMa paclpe/ieleHUs U YBEIIMICHUI0 KO PHUIMEHTa PaCIIbUICHHS TOBEPXHOCTH.

Tabmumna 1.
OnTuManbsHbIe PEKUMbI HOHHOW UMILTAHTAIIUH U OTXKUTA JIJIS TONYYCHUATETEPOCTPYKTYPHBIX MIICHOK
Ha OCHOBE Si

Ucxon. HNonnas OTxur Tonmmna Toumm.
IUICHKA | MMILIAHTAIUs] Cocras | mnénok, A | mepexon.
Eo, | D, cm” W, Taax , | TUICHKH cios, A
KB Jox-cm™ K
Si 05 | 2.10% 15 1100 BaSi, 30-40 40-50
Si 1 4.10 1,5 1400 BaSi, 40-50 40-50
Si 5-1 6-10%6 1,8 1500 BaSi, 80-100 60-80
Si 1 2.10%6 1,2 1000 CosSi, 30-40 40-50
Si 5-1 6.10% 1,5 1200 CosSi, 100-120 80-100

* — MJIOTHOCTh SHEPTUHU JIA3EPHOTO UBIYUEHHUs, ** — KpaTKOBPEMEHHBIN MPOTPEB.

Ha puc. 1 npuBeneHs! yiapTpadHoieToBble (HOTOIICKTPOHHBIE CHEKTPhI Si, CIUIONIHOM
wieHkn BaSi; u Si ¢ nanokpucramnamuBaSi; (Si + ncBaSi,). Ilonoxenne ypous ®epmu Er
IUICHOK Si ¥ CHJIMIKIOB ONpPEesuIoch OTHOCHTENBHO ypoBHs Ep umcroro Pd, kotopsrit
pa3Meraics B CBEPXBBICOKOBaKYYMHOM MPpUOOpE BMecTe ¢ uccieayeMpiMu oopasuamu [130].
Hamuume OCHOBHBIX THKOB Si MOXHO OOBSCHHTH BO30YXKICHHEM D3JCKTPOHOB U3
ITOBEPXHOCTHBIX COCTOSIHMM, a TakXkKe 3p M 3S COCTOSIHUM BAJIEHTHBIX 3JIEKTPOHOB. B ciydae
BaSi, makcuMyMbl MOTYT OBITH 00YCIIOBIICHBI 0000IIEHHEM BaJIEHTHBIX AJIEKTPOHOB Ba (6p)

u Si (3s u 3p). Buano, uto Ha YOIC cucremsr Si + NcBaSi, umeroTcs MUKH, XapaKTepHbIC
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Kak s Si, Tak u s BaSip. Mcxoas U3 3TOro, MOKHO IoJjiarath, 4To B JaHHOM Ciydae
JCHCTBUTEILHO 00pa3yroTcsi HaHOKpucTauibl BaSi,. st crutommnoi rutenku BaSi, nammu
HOJIy4eHBI CIIEAYIOLIME JaHHbIE: IIUPUHA 3anpelieHHol 30ubl Eq = 0,5 3B, nienka umeer p-

THUII IPOBOAUMOCTH, CPOZACTBO K 3IEKTpoHY ¥ = 3,3 3B.

Bs(Bal+3p(5i) MIE)

Ecg 3B

Puc. 1. Y®OC mma 1 — Si (111); 2 — Si+ ncBaSiy, dne = 250 — 300 A; 3 — HanomrenkaBaSi,c 6 = 50 A

B Ta6J'II/II_Ie 2 MNPUBCACHLI ITapaMETPbl DHCPICTHYCCKUX 30H U KpHCTaHHquCKOﬁ

PEIIETKH SMUTaKCHaIbHBIX TIeHOK COSI,/Si,BaSio/SiuNiSi,/Si.

Tabmnuua 2
[TapamMeTpbl YHEPTrETUIECKUX 30H U KPUCTALUTUIECKOMN PEIIETKU
ITapameTpsl 30H, 5B Kpucrammmueckas pemerka
OOBEKT
% Eq THII napameTpsl, A
Si 4.0 1,1 KyOHnueckas a=>5,43
CoSi» 44 0,5 KyOuueckas a=5,40
BaSi, 3,4 0,6 KyOHnueckas a=6,09
NiSi, 3,5 0,5 KyOHnueckas a=35,35

BI/IIlHO, 4qTO BCC CHIMIHABI MCTAJlJIOB HMCIOT Ky6I/I‘-ICCKYIO PCLICTKY.

Kybuueckas pemtetka BaSi, ¢popmuposanacs Tonsko npu d< 40 — 50 A.
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PAJIMAITMOHHO-IMHAMHWYECKHUE IMTPOIIECCHI B
HAHOCTPYKTYPUPOBAHHBIX MATEPUAJIAX ITPH OBJIYYHEHUU HOHAMUA
CPEJHUX U BBICOKUX DHEPT UM

RADIATION AND DYNAMICAL PROCESSES IN NANOSTRUCTURED
MATERIALS DURING IRRADIATION WITH HIGH ENERGY AND AVERAGE
ENERGY IONS

B.B. YrJIOBl’Z, H.T. KBaCOBl'Z, B.J. [llumasckuit-?
V.V. Uglov'? N.T. Kvasov'?, V.1. Shymanski'?

1BGJIOpyCCKI/II7I rocyaapcTBeHHbIN yHuBepcuteT, np-T HezaBucumoctu, 4, 220030, r. MuHCK,
Benapycs, e-mail: shymanskiv@mail.ru
2ToMCKHIT OUTEXHUIECKUI YHUBEPCUTET, np-T Jlenuna, 2a, 634028, r. Tomck, Poccust

In the present work the results of temperature distribution as well as dislocation density
evolution in nanomaterials after ion radiation is discussed. The calculations were made for
nanoparticles of different sizes. It was shown that the temperature inside the nanoparticle after
ion implantation increases with the size decrease.

Pa3Butue TexHMKM TpeabsBiseT BcE€ Oosee BHICOKME TpPeOOBaHUS K MaTepHaliam,
HCIIOJIB3YECMbIM B PA3JIMYHBIX 00J1aCTAX YEI0BEUYECKON ACATCIIBHOCTH. O,Z[HI/IM nu3 HyTefI
MOBBIIICHUSA IIPOYHOCTHBIX CBOf/iCTB, TeMnepaTypHoﬁ u paHHaHHOHHOﬁ CTOMKOCTH
MaTCepraJioB ABJIKACTCA CHHTC3 HAHOKOMIIO3UTHBIX CHUCTEM, HPCACTABIAIOMIUX CO60fI
CTPYKTYpPUPOBAHHYKO HAaHOpPa3MEPHbIMM dacTULaMU MaTpuly. B  Hacrosiuelr pabdote
MPUBOIAATCA PE3YJIbTAThl TCOPCTUUCCKUX I/ICCJ’IGI[OBaHI/Iﬁ AUHAMHUYECKOI0 U TCPMOYIIPYIroro
HanpsHKEHHO-€(POPMHUPOBAHHOTO COCTOSHUI HAHOCTPYKTYPUPOBAaHHBIX MaTepHalioB MpHU
00Jy4yeHN HOHAMU CPEIHHUX U BBICOKHUX SHEPTHUH.

Cpennue npoderu HOHOB Ly paccUnTBIBAIMCH O CIeayonield popMyie:

L, = L ,
3m,
ut’
e L=x(z), x()= [Vot — 7} y(z-t), x(-t) — obyuxkuus  XeBucaiina,
N dx(t)
pu=—1[S,(uy,m,m,,2,,Z,)+S, (U, m;,m,, Z,,Z,)], u(t) == Bpems T ompesensercs u3
m,
JZEOml
yeaous U(7)=0; 7=————; 1¢ M; ¥ My~ MaccChl HAJIETAMOIIEr0 HMOHA W HOHA
N(S, +S,)
2E,
MmaTpuupl; Eo — sHeprus Haneraromiero HoHa; U, = m ; N— KOHIEeHTpamusi aToMOB

MaTpPHIIBI; Sy ¥ Se— HOHHOE U DJIEKTPOHHOE TOPMO3HBIC CeUeHUs; t — BpeMsl.
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TemmepaTypHbIii pa3orpeB 00JaCTH TOPMOXKEHHUS PACCUUTHIBAIN TI0 (hOpMYIIe:

T =T,+Y (r,0,0), @
cp

exp(-DA)I (1)

( nl(Rﬂ)j

OKpY’KaloIllel cpefpl, C — yaenbHas TEIIOEMKOCTh, P — IUJIOTHOCTh Marepuana, [Fp —

, To— Temmeparypa

rac T(I’,H,t) mzp (COS(9)(2I‘1 +1)z

IIOJIOKCHUE MIHOBEHHOTO TEIJIOBOIO TOYEYHOTO MCTOYHMKA, P,(C0S#) — mnoauHOM

Jexannpa, J ,(rf) — unnuaapuyeckas GyHkius beccenst monyienoro nopsijaka, 3 — KOpHU
n+

1
2

TpaHcuenaeHTHoro ypasuenus J ,(rf) =0, R — paguyc Hanouactuipl, D — ko3¢ dunmeHTt
n+

1
2
muddys3un Terna, W — sHeprus, BeIIeIeHHAs B TPEKe.

JIJ1s1 MOHOB BBICOKHX DHEPTUI TEMIIepaTypa TpeKa OLICHUBAJIACh U3 YPABHEHUS:

oT 0T 10T
—=D += + f(r,t
ot [Gr r arj r.o, )
1 BT ro(t—ty)? 0.38Nk ((:Ej & ()
rae f(r,t)=—q(r,t); g(r,t eRe 20 = e- 9=[e % dt: to, 1o,
(r) =000 90 = B, Y, j 0. T0
T — BpeMeHa, XapaKTepI/BYIOH_[I/Ie HpOHCCC pa3orpeBa MaTepI/Iana, kB — TIIOCTOsSHHAas

Bonwsimana, R; — paguyc Tpeka.

Tepmoymnpyrue Hanpsokenus o(r,t) onpenensim u3 popmynsl o(r,t) =aKT(r,t), taoe
o — KO3(PUIMEHT JTUHEWHOIro TeMIlepaTypHOro pacimupenus, K — MOayiab BCECTOPOHHETO
cokatus. Ilpu onpeneneHHbIX YCIOBHSX pa3zorpeBa OyaeT HMETh MECTO TI'eHepaluu

JIUCIIOKAIINiA, KOHIIEHTPAIH0 Ng KOTOPBIX MOKHO OTIPEAESIUTD U3 CIIEAYIOUIETO BHIPAKEHHS:
a
= [V - (VT ], “)
rne b — nmuea Bektopa broprepca, (VT), — rpagmeHT Temmeparypsl B TOuke [
o
(MHApUYecKas cucreMa koopaunar), (VT), :G—TS; o, — mpenen mwiactuaHocTH, G —
a

MOJIyJIb c/iBUTa, S — pa3mep obnact, rae (VT), > (VT),.

Tepmoynpyrue nedpopmanuu B OT€ILHON HAHOYACTHIIE TPUBOIAT K (POPMUPOBAHUIO B

e€ OKpeCTHOCTH B MaTpulle HapsXKeHHO-1e(OPMUPOBAHHOTO COCTOSIHUS X!
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T =d(t)-F(r,t), (5)

aEQ-2v)1+v)K,
ENA+v)[BL-VK -1+ v)(K, - K)]’

rie (D(t) :g

r R R
F(r) = [22 + 2§(t))e“f“)r2 - Zgje“f“)"zdm 2(-2v) 2‘/2 je‘f“)'zdr _2(=2v) 2]/2 J‘e“f“)rzdr -
r r’s (1+v)R°¢ (1+v)R* ¢

_2A-2v) o
(1+v)R?
PasorpeB Tpeka NPUBOAMT K TEHEpPAlMd B MAaTEpHale YIPYroro BO3MYIICHHS

COJIMTOHHOTO THMA. Pemtasi ypaBHEHHE 11 MacCOBOW CKOPOCTH

N v (82\/ 1avj’ ©)

—=V——K| —+= =
ot or or® ror

3E,yaTl
npu V=V, Ha rpaHuue tpeka =R (rme Vv, =—F—, Kk=IAv, | — mupuna ¢ponta
Ry pK
uMmnynbca nedopmanud, AV — HU3MEHEHHE MAacCOBOM CKOPOCTH, Y — TIIOCTOSTHHAsS
['proHaii3eHa) MOXHO TOJIY4YUTh (HOPMY YIIPYroro BO3MYyIIeHHs. Bce pacueTsl Belnuch s
cirydasi OOydeHHs JUCIIEPCHO-YIIPOYHEHHOW CTaJld MOHAMHU KCEHOHa C dHeprueit Eg = 167

M»5B. Ha pucynkax 1 — 4 npencraBieHbl HEKOTOPbIE rpaguecKkre 3aBUCHMOCTH.

3.0
3500 4 —— r=1.75 um
4 --r=2.0HM
3000 1 r=25Hm
1 ' ~~ === r=3.0Hm
2500 4 2 = 0 J
= S
2000 4 = , ~
e 3 = M1 N
S o -
1500 =z 1 ' -
= ' =
= Lo+ i SER
1000 | I et
[ /"'
054 'y
500 - : I
.
1/
] T T T T T T T T T 0.0 - T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
12 12
107, ¢ 107 ¢
a) 0)

Pucynok 1 — 3aBucumMocTb TEMIIEpaTypsl (a) U TpaJlieHTa TeMIieparypsl (0) OT BpeMeHH B
HaHouacTuie pazmepom 1,5 am (1), 2,0 am (2) u 2,5 am (3)
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Ni, M

2010}

15%10"F Ay . r=1.75%10"%m
. : r=20x10""m
10%10"F ., r=25%10""m
. ) T r=3.0%10""m
50%10"*F [/ / '
[i2/
I S SR Lt c
2210712 4.%x10°12 g.x10712 g w1012
PucyHok 3 — 3aBUCHMOCTh KOHIICHTPAIIMU TUCTOKAINI OT BpEMEHH
wit), mSfc
02107 T T
8107 —
T 10° [ —
Goc1O” 1 1
o 1=10" 12 2107 12 3=<10" 12 tc

Pucynok 4 — ®opma yrpyroro BO3MyIIeHHs.

PaCHpOCTpaHSISICI) Mo BCHICCTBY, TAKHWEC BOJHBI MOTYT IIpHU OHpG}IGJ’IéHHLIX YCIOBUAX

MNPpUBOAUTH K U3BMCHCHUIO CTO CBONCTB.
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MNPOXOXKIAEHUE YCKOPEHHbBIX MHOT'O3APA/IHBIX NOHOB YEPE3
CUCTEMY HAPAJUVIEJIBHBIX TOHKUX IIJIEHOK
PASSAGE OF MULTICHARGED IONS THROUGH THE
SYSTEM OF PARALLEL THIN FILMS
.M. @WIAIIITOBY
G.M. Filippov¥)
Wchuvash State Agricultural Academy, Pirogov street, 16, Cheboksary,

Chuvash Republic, Russian Federation, 428017

Abstract. The change in the size of projectile’s wave field during the passage through the set
of parallel solid films is considered. The possibility to explain the experimental data is found.

[Tpomyckasi MHOTO3apsiIHbIE aTOMHBIE HOHBI Yepe3 yAbTPATOHKYIO YIIIEPOIHYIO TICHKY
(CNM), aBropsl padot [1,2] 0OHAPYKUIIM UHTEPECHBINH (aKT, 3aKIFOYAIOIIUICS B TOM, YTO
MPOXOJIAIINE Yepe3 TUICHKY HOHBI KCEHOHA ¢ OOJIBITUM 3apsiIOM MOTJIH MPOOUBAThH B TJICHKE
HOpBI C AMAaMETpOM mopsiaka 15 nanomeTpoB. B pabotax [3,4] ObuiM MmoTydeHbl PacyETHBIC
JaHHbIE, TO3BOJISABIINE BBICKA3aTh YTBEPXKIAIOIIME O TOM, YTO MPOJIETAIONIME Yepe3
YIBTPATOHKYIO YTIEPOAHYIO IJIEHKY HOHBI MOIJIM NMPOOWBATH MOPHI B IUICHKE BCIICJICTBUE
JIEKTPOCTATUYCCKOTO TMOJIIPU3ANMOHHOTO BO3ACHCTBHS Ha TUICHKY BOJHOBOTO TaKeTa
JBUXKYIIETOCS MOHA. Pa3Mep MOphl B 3TOM cliydae JIOJDKEH OBUIM ONPEeNSIThCS ITUPHHON
naketa. JlaHHBIH >QQeKT NpemIoKeHo OBII0 paccMaTpuBaTh KaK CIIOCOO ONpeneieHus
IIMPUH BOJHOBBIX TAKETOB JIBHKYIIMXCS KBAHTOBBIX yacTHil. B pabote [2] Ha 3Ty TeMy ObLI
pPaccMOTpEH, Hapsly CO CllydaeM MpojeTa MOHAa 4Yepe3 €IWHCTBEHHYIO IUICHKY, Takke U
cllydail mposieTa OJHOTO M TOTO € HOHA 4Yepe3 CHCTeMY IUICHOK, pacIioyiaraBIIUXCs
MEPIICHIUKYIIIPHO TPACKTOPUHN JIBHKEHHS MOHA, HA HEKOTOPOM PACCTOSIHUH OJ[HA OT JPYTOH.
B uutupoBanHoit pabote OMHCAaH »JKCIEPUMEHT C YEThIPbMS IOCJIEI0BATENHHO
PacMoI0KEHHBIMHU TNIEHKaMH, 00JIaJJaBIIMMH OJIMHAKOBBIMH (PM3MUYECKUMU cBoMcTBaMu. Kak
OBLJIO OKCIICPUMEHTAIEHO YCTAHOBJIICHO, OJWH M TOT K€ WOH «IPOOMBAI TOPHI
MIOCJIEIOBATENBHO B KaXIOW W3 TOp, MPUYEeM Kaxaas MOocJenyromas mopa UMeeT pa3Mep,
MEHBIINHA MpeAbAyIuX. B HacTosme paboTe npesiaraeTcs 0ObSICHEHWE JAHHOTO SIBICHHS

Ha OCHOBE T€X Pe3yJIbTaTOB, KOTOpPhIE OBLIH OMyOIMKOBaHKI paHee B padortax [3,4].

[Tockonbky oO1mas Teopus siBI€HUS OblLla ONyOJIMKOBaHA paHee, B HacTosllel padore
HAallOMHUM TOJBbKO OCHOBHBIE TIOJIOKE€HHUS, HEOOXOIUMBIE [Js TOHUMAaHHUS TEKYIIHUX

pacueroB. IlycTe mamaromias Ha TJIEHKY CBOOOJHO ABHXKYIIASCA YACTHIlA HAXOJIUTCA B
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KBAHTOBOM COCTOSHHH, OIMMCBIBACMOM BOJIHOBBIM ITaAKETOM I'ayCCOBOI'O THIIA C IIJIOTHOCTBIO

BEPOATHOCTHU

: L Go%®P]. g =enl-iann -q25%0)12) . )

P o202 P 27

3neck S(t) - Tekyllee 3HaYCHUE CPEAHEKBAAPATUUHON IIUPUHBI TAKETA.

NUmes B BUAYy  BBIUMCICHHME  OCHOBHBIX  KA4ECTBEHHBIX  XapaKTEPHUCTUK
B3aMMOJICHCTBYIOIUX KBAaHTOBBIX OOBEKTOB — YACTHIBI W TIONS KBAa3WYACTHUI[ MUIICHU,
ONpele UM  MOJISIPU3AIMOHHBIE  CBOMCTBA  TBEPAOTEIBHOM  IUICHKH  IMOCPEACTBOM
JUDJICKTPUYECKON MPOHUIIAEMOCTH B MOJIENM 3JIeKTpoHHOro rasa Jluuaxapma [5]. Tlpu
OTHOCHUTEIIbHO MaJIOH CKOPOCTH MOHA B ATOW MOJEIHU ONPENCSISIIONUM (GaKTOPOM SIBIISCTCS
reHepanus ABUAKYIIUMCS HOHOM 3JI€KTPOHHO-ABIPOYHBIX Map B IJICHKE.

PacueT BpemMeHHO 3aBUCUMOCTH MaTpPHUIbI INIOTHOCTH YaCTULbI, B3aUMOICHCTBYIOIIEH
CO cpeJoi, B KOTOPOil OHa JBYKETCs, ObUT BioIHEH panee (Appendix B B [3]) u mpusen

pe3yiabTary

3
(X, %o, 1) = (217[1:} [[d%sd Ssze_lm(slz_SS)IZt;(S(il +351,0) 70 (X5 +55,,0) x
. @

exp )~ ¥ Qu (1) 2 L i0s2)
B.a

rae
E |
0

[Tpu BbIBOZIE AAHHOM (QOPMYJIBI IMPEANOArajJoch, YTO HayalbHOE COCTOSIHME YacTHULbI MPHU

t<0 OIMCHIBAJIOCH TayCCOBBIM BOJIHOBBIM ITAKETOM C HayaJlbHOM WIMpUHOM  &,. Ha
OCHOBAHMUHU CPaBHEHHUS C BBIIICONMCAHHBIM MOIYKIACCHYECKUM CIydaeM ObLTO MPUHSTO, YTO
pU OMMCAaHUM B3aUMOJIEWCTBUS YacTHIBI co cpenoil Dypre - o0pa3 TEKyIIero 3Ha4eHus
omneparopa INIOTHOCTH BEPOATHOCTH JUISI TaHHOM YACTHUIIBI JOJDKEH UMETh BH/T

Pyl ~e 2 OF 12 8 g8k &0 {i(%q —ﬂz)f} , (3)

=M
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T7IC BBEJICHBI OTIEPATOPHI POXKICHUS él:f 1 YHUYTOXEHUS éIZ BHEIIHEHN YaCTHIIBI B COCTOSIHUHN

C OINpeAeNCHHbIM HUMITYIbCOM, MOAYUHSIOMUECS (EPMUEBCKUM  KOMMYTAIMOHHBIM
COOTHOIIEHUSM (CYUTAEM, YTO YACTUIIA UMEET BOJHOBYIO MPUPOJY U MOJIUUHSIETCS 3aKOHAM
KBaHTOBOM MexaHuku). OOpaTuM BHHMaHHE Ha TO, 4TO B (hopmyine (3) yuutbiBaeTcs (Hakt
pacrpeziefieHusl aMIUIUTY]l Pa3JIMYHbIX KOMIIOHEHT IaKeTa MO HMITYJIbCaM, YTO OTpa)kaeT
peaNbHYIO JACTOKAIN3AIMIO IBHKYIICHCS YaCTHIIbI, HE YYMTHIBABIIYIOCS paHee B padbote [6].

®opmyna (2) nomyckaeT MPOBEACHUE OLICHOK IS psijia MPOCTEUIIHUX ciydaeB. B
YaCTHOCTH, IYCTh Cpe/la, B KOTOPOM IBHMIKETCS YacTUlla, 00JaaeT W3BECTHBIM HAOOPOM
COCTOSIHUH, MpUYeM BO30YXKICHHBIE COCTOSHUS MOTYT pacCMaTpUBAThCA KaK COJAEpKalue
HEKOTOPOE KOJMYECTBO KBAHTOB 3JIEMEHTAPHBIX BO30YXKICHHM — KBa3HM4acTHll. Beiiie Obu1
paccMOTPEeH KOHKPETHBIN Clydaid Cpelbl, KOTOpas JOIMYCKAaeT KaHOHWYECKOE KBAHTOBAHUE
MOJIIPU3AIMOHHBIX COCTOSIHUM Kak IMOJIeW KBa3W4acTHIl. B NMPUMEHEHHH K TBEPAOTEIBHBIM
IUICHKaM MPOBOJISALIET0 THUIIAa MOKHO BOCIIOJI30BAThCS MOJETBIO JKelle AIIEKTPOHHOIO rasza
JUISL TIPOBEICHHS MPOCTHIX OICHOK BEIMYUH JJIEKTPUUYECKUX TMOJSPHU3ALMOHHBIX IOJIEH,
TeHepUPYEMBbIX B IUICHKE [BIDKYIIEHCS BHEUIHEH 3apsDKeHHOM dYacTuied, U oOpaTHOro
BIIUSHUSL OTHX IOJICH HAa COCTOSIHME YacTHUIbl. [Ipu MpOBEIEHUU PacueTOB JaKE B TAKOM
OYCHb OTPAHUYCHHOM, HO OJIM3KOM K PEAbHOCTH OIMHMCAHWW B3aWMOJICUCTBUS YaCTHUIBI CO
Cpeoif, MOKHO YBUJETh HEKOTOPbIE Ba)KHBIC JETAlld, KOTOPbIE MOTYT MPOSIBUTHCS TOJBKO B
pe3ynbTaTe TaKoro pacuera.

Bocnonb3yeMcs 1u1st TanbHERIIMX pacyeToB Teopuent JInHaxapaa aneKTpOHHOrO ra3a, B
YaCTHOCTH, PAcYeTOM CHJIBI TOPMOKEHHSI MPHU Malibix ckopocTsx [7]. HWcmone3ys 3TH

PE3yIbTAThI, MOKHO OLIEHUTh M BETHYUHY
S & % ¥ 2(  Lid(5 -5 +% X
P(Sl’SZ’XLXZ’t):ﬂzﬁ‘Qﬂq'(t)‘ (1—eQ(1 2% X2 , 4)
q

BXOJISIYIO B MIOKa3aTeNb SKCIIOHEHTHI B (hopmyie (2). Boruucnsas (4), u yauTbiBas pe3yabTar
IIPU pacyeTe IHUPUHBI BOJHOBOIO MAaKETa YaCTULbI, IPOXOIAIIEH Uepe3 IUIEHKY, ONpeaeiseM
BIMSHUE B3aUMOJIEUCTBUSL Ha TONEPEYHYI0 IIMPHUHY BOJHOBOIO IMAKeTa YaCTUIBI MPHU
nposere uepe3 IieHKy. OIeHKH 3aBHCHUMOCTH pa3Mepa MOpbl OT HOMepa IUIEHKH, uepe3
KOTOPYIO IIPOXOJUT MHOTO3apsAIHBI HMOH, YIOBJIETBOPUTEIBHO COIVIACYIOTCS €

SKCIICPUMCHTAJIbHBIMU NAHHBIMU.
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[lpu cpaBHEHHH TEOpPHH C SKCIEPUMEHTOM Ba)KHOE 3HAUYEHHE MPHOOpETaeT OIICHKAa TOTO

pacCTodHNA ABUXKYIIETOCA ITaKE€Ta OT CTCHKH I1OPhI, B KOTOpOﬁ OH ABHMIXXCTCA HJIH, HaO60pOT,

oT TOﬁ, KOTOpass CO34acTCd B IMPOLECCEC €ro ABUKCHHA B IIJICHKC. HpellCTaBI/IM ce6e, 4qTo

MMakKeT HMECT TIayCCOBO paclnpCcAacCiICHUC B HOHCpC‘IHOfI II0 OTHOHICHHUIO K OCHU IIOPLBL

IIJIOCKOCTH, B TO BpPEMs KaK BAOJIb IIOPBI OH PACHPCACICH PAaBHOMEPHO. 33,[[3‘13 B JaHHOM

0,06

0,05

0,04

0,03

0,02

0,01 S

£l

BABMCHMOCTE CHUIEI (IPOK3E. €. ) 0T IHPHHE] TAKETA.

Puc.1.

~

Panuyc nopet paeeH &0 ae.

a0

1
100

cillyuae »SKBHBaJIGHTHa Ooree
MPOCTOM 3ajjaue O TrayccoBOM
IIAKeTe, pacrnoJararomemcs
BOJIM3U IUIOCKON IOBEPXHOCTH
IUDJIEKTPHKA. Pacuyer,
MPOBEICHHBII C
WCIIOJIb30BAHUEM  MOJIETTbHBIX
MPEJCTABICHUN O TMOBEJACHUU
MOJIAPU3ALMOHHBIX TONieH B
paccMaTpuBaeMoM ciydae
IIOKa3aj, uYTro HauOoJIbIIce
BO3JICHCTBUE HA CTEHKHU IOPBI
rayccoB MaKeT OKa3bIBaeT Ha
paccTOSHUM,  TMPEBBIIAIONIEM
CPEIHEKBAIPATUIHYIO IIHPUHY

nakera (cM. puc.l).
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CTUMYJUPOBAHHOE ITPUJIOKEHUEM NOTEHIHAJIA JIETHPOBAHUE B
IMPOLNECCE CYBJIUMALIMOHHOU MOJIEKYJ/IAPHO-TYYEBOU JIIMTAKCHH
Si U SiGe

POTENTIAL ENHANCED DOPING IN SUBLIMATION MOLECULAR BEAM
EPITAXY OF Si AND SiGe

B.I.llenrypos’, C.A. Jlerncos’, B.FO. Yankos', I.B. H_[eHI‘yI)OBZ, M.B. Cremuxosa®
V.G. Shengurov?*, S.A. Denisov’, V.Y. Chalkov!, D.V. Shengurov?, M.V. Stepikhova®

YHHTY um. HU. Jlobauesckoeo, np. I'acapuna, 23, Huxcnuii Hoszopoo, 603950 Poccus,

shengurov@phys.unn.ru

2 Huemumym ¢pusuxu muxpocmpyxmyp PAH, I'CII-105, Huocnuii Hoseopoo, 603950 Poccust

Experimental results on potential enhanced doping in of Sh, Ga, B and Al into sublimation
molecular beam epitaxy (MBE) Si and Si;.xGey layers are presented. Si ions are employed that
originate from the sublimation silicon source. The applied potential is used to control

instantaneous dopant incorporation, as well as offering a powerful method of profile control.

Metoa MosekyssipHo-TydeBoit snutakcun (MJID) cnoeB Si u SipxGex siBisercs
NEPCIEKTUBHBIM METO/IOM POCTa BEICOKOKAYE€CTBEHHBIX MHOTOCIOWHBIX CTPYKTYP C TOHKHMU
CIIOSIMH JISTUPOBaHHBIMH PA3HBIMH IPHMECSIMH U ¢ pe3KUMHU rpaHuiaMu [1].

OpHako JerupoBaHuE CIIOEB KpeMHHUS B MeToze MJID compsbkeHO ¢ HEKOTOPhIMU
TPYAHOCTSAMHU. Bo-TiepBBIX, H3-32 HU3KOTO KOX(PPUIMEHTAa NPWIHIIAHUS OCHOBHBIX
JETUPYIOIINX TIpuMeced (CypbMbl M TaJUIMs) W 3aBHCHMOCTH YPOBHS JIETUPOBAaHUS OT
TEMITepaTyphl POCTa KOHIGHTPALMS ITHX TpHMecell B ciosix He mpesbimaer 1-10% em™ [2].
Bo-BTOpBIX, HU3Kasl BEpOSITHOCTb BHEJIPEHUS JIETUPYIOIIEH MPUMECH B CIOU KPEMHHUS U ee
MIOBEPXHOCTHAS CErperamus JeiaT NPakTHIeCKd HEBO3MOXKHBIM BBIpAIIMBaHUE CTPYKTYp C
3aJJaHHBIM MPOdUIIEM pacnpeeNieHHsI KOHIICHTPALUH JISTUPYIOIIeH TPUMECH.

Jlis ipeo1ofieHust STUX TPYAHOCTEH MPUMEHSUIH Pl METOJIOB: HU3KOIHEPIeTHUECKYIO
WOHHYIO HMMIUIaHTauuu [3] W JermpoBaHHe, YCHJICHHOE TNPHIOKEHHEM MOTEHIHANA K
MOJUTOKKE (MJIM JISTHPOBAaHWE BTOPUUYHOW mMILIaHTaruen) [4,5]. OgHako B epBoM MeToje
JUIE  CO3/IaHUSl TIOTOKA HWOHOB HEOOXOIUMO WCIIONB30BaTh JIOCTATOYHO CIIOKHOE U
JoporocTosiiiee 000pynoBaHHE, a BO BTOPOM METOJE B CIy4yae MCIIOJIb30BaHUS aTOMOB
rajumust 9QQEKT YCUIICHHS JIETHPOBAaHHS He ObUT TOCTUTHYT [4].

HCJ'II)I-O HaHHOﬁ pa6OTBI ABJIJIOCHh HM3YYCHUC IIpoHeCCa aKTUBAIlMM 3axBaTa aTOMOB
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JIETUPYIOLIUX TpUMeceH 3a CUeT MPUJIOKEHUSI OTPULIATENIbHOTO OTEHIMANA K TOJITI0KKE MPU
OCXKICHHUH CJIOEB KPEMHUS U3 CyOITMMHUPYIOMINX UCTOYHUKOB.

OKCHepUMEHTBI ~ TI0  POCTYy  CIIOEB  KpPEeMHHsS  OBUIM  BBIIIOJHEHBI  Ha
CBEPXBBICOKOBAKYYMHOIM  yCTaHOBKE cyOnumanuoHHOW  MJID,  paspaboraHHOi U
usrorosieHHoii B HU®TU HHI'Y [6]. MonekyaspHble MMOTOKH KPEMHHS W IMPUMECH
CO3/IaBaJIu IyTEM CYOIMMAIIMd KPEMHHUEBBIX CTEP)KHEH paszmepom 90x4x4 MM, BBIPE3aHHBIX
13 MOHOKPHCTA/UIOB KPEMHHS, JISTHPOBAaHHBIX 3adaHHbiMH npumecsmu (B, P, As, Sh, Ga).
[Ipu HarpeBe MCTOYHUKOB MPOIMyCKaHWEM TOoKa A0 Temmepatypsl ~1380°C, dhopmupoacs
WHTECHCUBHBIA TMOTOK, JOCTaTOYHBIM ISl HapallMBaHUS CJIOSI KPEMHHUSI CO CKOPOCTHIO
~0.5 Mxm/gac. OTHOBPEMEHHO MPOUCXOINIIA U CYOJIMMAIUs JIETUPYIOLIEH PUMECH.

Jlns akTUBanMM Ipoliecca JIETMPOBaHUs CIOEB KpEeMHUS MpH cyonuManuonHon MJID,
MCIIOJIb30BAIM NPUIIOKEHHE OTPULIATEIBHOTO MOTEHIMaNa K Mojajoxke. Panee Hamu ObLIO
OOHApYy)XeHO HaJM4YM€ HOHHOW COCTaBISIOIIEM B IOTOKE AaTOMOB KpPEMHHUS U3
CYOTMMHUPYIOIIETr0 HCTOUHUKA [ 7].

Ha pucynke 1 mpuBeneHsl npoduin pacupeaeneHnus KOHIICHTPAIlul HOCUTENeH 3apsiaa
(37IEKTPOHOB M JABIPOK) B OJMUTAKCUAIBHBIX CTPYKTYpaxX, OTIEIbHBIC CJIOU KOTOPBIX
BBIPAIIUBAIA C TIPUIIOKEHHEM K TOJJIOKKE OTPHUIATEIBHOTO TMoTeHIHaia. Vcmnons3oBanu
MCTOYHMKH, JIETUPOBAHHBIE CYpbMOW /10 KOHIIEHTPALUU 4108 e (kpuBas 1), a Taxke —
WCTOYHUKH, JIETMPOBAHHBIEH TajUIMEM 10 KOHLEHTpAIuu 510" em® (kpuBas 2). Buauarne
pacTuiv cioi 06e3 MPUIoKEHHUS TOTEHIMANa, 3aTeM K MO/1JIOKKE MPUKIIAAbIBAIN MOTEHIHA —
100B w pactumm ciod, TMOCIE OSTOr0 OTKIIOYaId TIOTEHIMAl ¥ BBIPAIIMBAIH
3aKTIOYUTETIBHYIO YacTh CI0s. BUAHO, 4TO B MOMEHT NMPUIIOKEHUS TOTEHIANIAa TPOUCXOAUT
pE3KOe TOBBIIICHUE KOHIEHTpAIlMM HOCHUTENEeW 3apsja, 4TO CBSI3aHO C HWHTEHCUBHBIM
BHEJPEHUEM aToMOB IpuMmecH B cioil. C mNocieayrouM CrajoM KOHLEHTPAllud OHa
OCTaeTCsl Ha TOPSJIOK BETUYMHBI BBHIIIE, YeM B CJIO€, BBIPAIICHHOM 0€3 MPUIOKCHUS
MOTEHIIMaNA.

Takoe yBenuYeHUE KOHIIEHTPALIMM TIPUMECHM B CIIO€ CBS3aHO C BHEJIPEHUEM
HAKOIUIEHHOTO 3a CUET IMOBEPXHOCTHOM CeTperanuy KOJIMYecTBa ee («pe3epByap MPUMECH)).
[Tocie BHEAPEHMS TPUMECH ITOT pe3epByap OOCTHSAETCS, U BHEAPEHUE IPUMECH TTPOUCXOIUT
MEHEee UHTEHCHUBHO.

YcTaHOBNIEHO, YTO AHAIOTMYHBIM O00pa3oM TPOUCXOAWIO M BHEIPEHHE IPYTUX
npumeceii (Al, B).

Hamu Obuta mpoBenieHa orieHka KodhGuireHTa moJIHOTo BHEAPEHUS aTOMOB IMPUMECH B

cioit Si IIpHU BBIpAIIMBAHUM HUX C IPHIIOKCHUEM OTPHLATCIBHOTO MOTCHIHUANIA K ITOJJIOXKE:
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k = ki + k>, tne ki — kosbdurment crnonranHoro BHempenus; K — koaddummeHt

WHAYIUPOBAHHOTO HOHAMU BHEApeHus: aToMoB npuMecH (Tabu.1.).

o7 ({1
s .

]\/,cm'3
1019

1018 3

Substrate

17

16 1 AN

0 0,5 1,0 1,5 x nm

10

Puc. 1. Ilpodunm pacnpeneneHus mo TOMMKWHE STUTAKCHATBHBIX KPEMHUEBBIX CTPYKTYP:
kpuBas 1 — snexTpoHoB (Sb); kpusas 2 — meipok (Ga).

Tabmuna 1. Koaduumentsl momrHOro BHEAPEHUS aTOMOB MPUMECEH B 3MHTAKCHATBHBIX

CJIOSIX KPEMHHUSI, OIIpeie/ICHHbIE U3 KOHLIECHTPALMOHHBIX IPOQHIei

IIpumech K,c!
Ga 1,5:107
Sbh 1,410
Al 1,0-107
B 2,2-1072

OnpeneneHHble M3 DKCIEPUMEHTATBHBIX JaHHBIX KOA((UIIMEHTHI BHEIPCHUS pPsaa
aerupyrorux mpumeceit (Ga, Al, B, Sh) okazanuck 3HaYUTEIBHO BhIIIE 3THX KO3(DHUITHEHTOB
NIPY BBIPAIIUBAHUH CIIOCB KPEMHHUS 0€3 TIPUIIOKEHUS TIOTCHIIMAIA K TIOJJIOKKE.

COBOKYITHOCTh JKCIICPUMECHTAIILHBIX JIAHHBIX, IOJIYYCHHBIX B JaHHOW pabore W
UMEIOIIUXCS B JIATEPATYpPE, MMO3BOJISET 3aKIIOUUTh, 9TO dP(HEKTy yBEIIMUCHHUS KOHIICHTPAITUN
JICTUPYIOMIEH MPUMECH B CJIOSX KPEMHHS W TIOJABJICHHUIO ITOBEPXHOCTHOHM cerperamuu ee
Jqydilie JPYrUX COOTBETCTBYeT Mojens B. Fritzsch, B. Wolf, A.Zene [8], ocHoBHBIM
JOTYIIIEHUEM KOTOpPOW SBISETCS BHEAPEHUE TMPUMECH B CIOM 3a cyeT JedeKTOB,

00pa3yromuxcss B TPHUIIOBEPXHOCTHOM CJIO€ TPH HU3KOIHEPTETHUYECKOM OOIYyYEHHH €ro
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roHamu Si”.

Hamu Takske uccienoBaics 3aXBaT aTOMOB 3pOHsl pacTyILIUM CJIOEM TBEPJOro pacTBOpa
Si1xGex Tpu pocTe MX ¢ MPUIOKEHUEM K TOMIOXKKE OTpUlaTenbHOro moteHiuaita (100 —
300 B). ITotok aromoB Ge (opmupoBayics Mpu pa3iokeHHe MOHOTepMaHa, HAITyCKaeMoro B
Kamepy pocTa, Ha HarpeToM Si-MCTOYHUKE.

YcTaHOBJICHO, YTO MPUIIOKEHUE K TOJIOKKE oTpuliateabHoro norennuana (1o 300 B)
IPUBOJIUT K 3HAYMTEIBHOMY Bo3pacTaHuio Ge B cioe SijxGey Mo cpaBHEHUIO ¢ pocToM 0e3
noreHuuana. KoHueHnTpauus aromoB Er ngocruraia cBoero MakCHMajabHOIO 3HAuyeHUs (~
410" CM'3), a pes3kocTh Mpoduis KoHueHTpanuu Er Bospacraer. Hamuume monos Si* B
IOTOKE W3 CYOJMMAllMOHHOIO MCTOYHHMKA U NPHIOKEHUE OTPHULATEIBHOrO NOTEHIMada K
HO/JIOKKE B Iporecce pocra ciosi SijxGey MPUBOIKUT K BO3ACHCTBHIO STHX HOHOB HAa aTOMbI
Ge u Er, crtoco6cTByst MX 3aXBaTy pacTyLIHM CIIOEM.

Takum 00pa3oM, CHCTEMAaTHYECKH HCCIICOBAaHBl 3aKOHOMEPHOCTH 3aXBaTa aTOMOB
IIMPOKOI'0 CIEKTpa JIETHUPYIOLIUX HpUMEced CIIOSIMM KPEeMHMsS HpU BBIPALIMBAHUU UX
MeTooM cyOnuManoHHoi MJID ¢ nmpuiiokeHHeM K IMOJUI0KKE HEOOJIBIIOro M0 BEIUYUHE
OTPHIIATEIILHOTO TOTEHIMANA. Y CTAaHOBJICHO 3HAYMTENIbHOE YyBenudeHue 3(pdexruBHOCTH
JIETUPOBAHMS 3TUM METOJIOM SIUTAKCHAIBHBIX CIOEB KPEMHHS B TOM YHCIE M JJISI CIIOEB
JETUPOBAHHBIX TallJIMEM. OTOMY CIIOCOOCTBOBajla BBICOKas AaTOMApPHOCTh IIOTOKA U3
CyOJIMMHUPYIOILIETO KPEMHHEBOIO HCTOYHUMKA. B pe3ynbTare Ha NOBEPXHOCTH pocCTa
(dbopMupoBaCs ancioN rajuius TOJIIMHOW MEHEE OJHOI0 MOHOCIOS, U3 KOTOPOI'O aTOMBI
rajms (Takke, KaKk M aToMbl CypbMbl) 3((EKTHBHO 3aXBaThIBAIOTCS PACTYIIUM CIIOEM

KpEMHHUHL.
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BJIMSAHUE JE®EKTOB I'PA®EHA HA OCA’KAEHUE ATOMOB BOJAOPOJA
EFFECT OF GRAPHENE DEFECTS ON DEPOSITION OF HYDROGEN ATOMS

.. }IgraQOBl ,B.I. CTCJ‘IbMaXZ, AA. ):[>1<ypaxau10133
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By computer modeling within the framework of the Brenner potential the models of
defect-free and defective graphene were constructed and the deposition of hydrogen
atoms on these graphene species was considered. It was determined that the vacancy and
the Stone-Wales defect have different effects on the results of the deposition of
hydrogen atoms

WneanbHblil rpadeH obnagaeT psiioM YHUKaIbHBIX CBOMCTB: OOJBIION MEXaHUYECKON
xecTkocThio (~1 TIla), kpaitHe O0ibIION TEMIONPOBOIHOCTHIO (~5 -10° BT-M'l-K'l), BBICOKOH
AIIEKTPONPOBOIHOCTHIO, OOYCIOBJICHHON OOMNBIION SJIEKTPOHHOM MOJBUKHOCTHIO (2.5-10°
em?Bhc? IIpU KOMHATHOM TeMmepaTtype), 1 MHOITMMHU ApyruMH. OJHAKO Ha 3TH CBOMCTBa
BIMSIET €ro B3aUMOJIEHCTBUE C JPYTUMU OOBEKTaMM: MOJJIOXKKA, OTAEIbHBIE aTOMBI,
Monekynsl [1] m apyrue cTpykTypel. B pesynbraTe Takoro B3aMMOJCHCTBHS BO3MOXKHO
HOSIBIICHUE, HAMpPUMeEp, IUAICKTPHYCCKOW IIeNd B 30HHOHM cTpykType rpadena [2], urto
MO3BOJISIET HMCHOJIb30BaTh IpadeH Kak MOJYNPOBOJHUKOBBIA MaTepuaj, OpraHW30BBIBATH
KBaHTOBbIE siIMbI U T.1. CaMm ke rpadeH MOXXeT ObITh KOHCTPYKIMOHHBIM MaTepuajioM, Ha
KOTOPOM MOTYT pa3MelaThCsl MOCPEICTBOM XHMHUYECKOIO B3aMMOJCHCTBUS OIpeaeleHHbIE
pasHble HAHOCTPYKTYpbl, 00pa3ys B COBOKYMHOCTH HpPUOOPHI HAHOIEKTPOHUKU U
HaHOMH)KeHepuu. 1o 3TUM MpUYMHAM CYLIECTBYET psill paOOT, MOCBSIIEHHBIX BOIPOCaM I10
B3aMMOJICHCTBUIO TpadeHa C OTAETbHBIMM aTOMaMU M MOJIEKYJaMH U OOpa30BaHUIO
COOTBETCTBYIOIIUX HAHOCTPYKTYyp. OpaHako, B 3THX paboTax OOBIYHO paccMaTpPUBAIOT

Oe3nedexTHbIll TpadeH, Kak, Hampumep, B [3], rae ObUI0 paccMOTPEHO MajieHHe Ha rpadeH
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aTOMOB BOZIOpoja ¢ KuHeTHueckumu sueprusmu (Ex) ot 0.1 1o 200 snexkrpon-BoasT (3B) u
MOJIy4€HO, YTO HauOOoJIbIIasi BEPOSITHOCTh OCaXKJeHUs HabmogaeTcs npu Ey paBHbIM OT 2 10
10 3B.

Lenpto nanHON pa®OTHI SBISIETCS KOMIBIOTEPHOE MCCIICAOBAaHUE BIHMSHHUSA Hanbosee
xapakTepHblx gedekToB: BakaHcus u Aedexkr Croyma-Yoameca (Stone-wales defect) na
OCaXIEHHE aTOMOB BoAOpojJa Ha cBoOOAHBIM rpaden. KommnbioTepHas Mojenb
6e3nedextHoro rpadeHa nNpAMOyroiabHoi Gopmsl (cM. puc. 1 a), cocrosias u3 112 aromoB
yIJepoaa ¢ paccTOsHHEM Mexkay Ommkaiimumu atomamu 1.42 aurcrpem (A) B muockoit
reKCaroHaJbHOM YITAKOBKE, CTPOMJIACH METOJOM MUHMMHU3AIMK SHEpruu [4] ¢ HamoxeHuem
NEPUOANYECKUX YCIOBUN Ha I'paHUYHBIE aTOMBI BIOJb IUIOCKOCTU 3TOH CTPYKTYpbI. Jlis
OMKCAaHUS MEXAaTOMHOI'O B3aUMOJCHCTBUS BO BCEX BBIYUCIICHUAX HMCIIOJIB30BAJICS MOTEHIIHAI
bpennepa BToporo mnokonenuss (REBO), koTopblii XOpoIIO ONHUCHIBAET YIIAEPOIHBIE U
BOJIOPOJI-YTJIEPOIHBIE CTPYKTYpHI [5]. OTMETHUM, YTO HaJIOKEHHE TMEPHOANYCCKUX YCIOBUN
Ha MPSAMOYTOJBHBIM y4acTOK rpadeHa - 3TO OJUH U3 MPUEMOB ISl OMUCAHUSI OECKOHEYHOTO
UIealIbHOTO rpad)eHa MOCPEICTBOM €ro KOHEUHOro yyacTka [6].

JledekTsl 3amaBaiMch MO OTACIBHOCTH B Mojenu Oe3nedexkTHoro rpadeHa c
MOCJIEAYIONMM BTOPHYHBIM TPHUMEHEHHEM TOTO € METOJa MHUHUMH3AIHUUA SHEPrHU
creyronM 00pa3om: BakaHucus (cM. puc. 1 b) kak u3bATHE OHOrO aToMa yrieposa, nedexrt
Croyna-Yanbsca (cM. puc. 1 €) kak moBopoT Ha 90° nByX OJMKAWIIMX aTOMOB yIriIepoja
rpadeHa Bokpyr ocu O(S-W), mepneHIuKyISpHOW IIOCKOCTH rpadeHa u MPOXOISIIeH
MOCepeIMHEe MEeXIy dTUMH Omkaiimmmu aromamu. [lanee st monenu Oe3nedekTHOro H
nedeKTHBIX rpa)eHOB MPOILIH MPOLIECC TePMalU3allud CTPYKTYPHI, B pe3ybTaTe 4ero 3TH
mozenn “pazorpenn’ 1o 300 K u nanee nsydannch npoLecchl OCaXKACHHUS aTOMOB BOAOPOJa
Ha Oe3nedeKTHBIN U UMEIOIIMK Ha3BaHHbIE BbllIe nedekThl rpadeH. Kunernueckas sHeprus
OCaKJaeMbIX aTOMOB BOJIOpoJa HaMM Oblia BbiOpaHa 2 3B M Ui 3TOM 3HEPruM OCaXKJIeHUs
100 pa3 cnydaifHbIM 00pa3oM 3a/aBajloCh MECTO BEPTHKAIBHOTO MaJeHUs Ha O0e31eeKTHBIN
rpadeH UM Ha KBaJApaTHBIH yuacTok 6 Ha 6 A, eHTp KOTOpOro - MMGO BakaHcHs, JTUOO - OCh
O(S-W), a ero cropoHbl mapa/uleabHbl Zigzag- u armchair-uanpasieHusMm. MeTogaMu
MOJICKYJISIPHOW AMHAMUKKA HaMHU OBUTO TOJIYYEHO, YTO MPH OCAXKICHUH XEMOCOPOHpYET Ha
bezoehexmusiii epagpern ~75% aTOMOB BOIOpPOAA C 0Opa3OBaHMEM aJaTOMOB BOJOpPOAA C
sHeprueit cBsizu En=2+0.2 3B, Ha epagen c oegpexmom Cmoyna-Yonoca ~80% c
oOpa3oBaHueM amaToMoB Bojaopona ¢ En=2+0.4 3B, a ua epagpen ¢ saxamncueti ~40% c
oOpa3oBaHueM amaromMoB Bojopoaa ¢ Ep=2+0.5 3B m ~30% c oOpa3zoBanueM aTOMOB

Boiopoa BHenpeHus ¢ Ep=2+0.3 5B.
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ATOMBI BOOOpOJa BHEAPCHUA B OTIIMYUEC OT aAaTOMOB HAXOIATCA IMOYTH B IJIIOCKOCTH
rpa(beHa OKOJIO BaKaHCHH, TAroTe€d K OAHOMY H3 aTOMOB rpa(beHa, N TakKue€ aToOMbl HE

HaOJII01al0TCS TIPU OCAXKICHUU Ha Oe31e(eKTHbIN rpadeH.

o

armchair-direction

zigzag-direction

ol

Pucl. Bua cBepxy B pasHbIX MacmTabax ¢ ykasaHue zigzag- u armchair-manpasnenuii:
a) oe3nedexTHpIil 112-aTOMHBIA NPSMOYTOJBHBIM yYacTOK TpadeHa, Ha KOTOPBIM HaKIaJbIBAIN
NEePHOIUYCECKHE YCIIOBHSI Ha €ro rpaHu4vHble atoMmbl, D) BakaHcus u C) nedekt CrtoyHa-Yanbca B
rpadene.

Takum oO0Opa3oM, MOXXHO YTBEp)KJIaTh, UYTO COIJVIACHO HAaIIEMy KOMIIBIOTEPHOMY
MoJenupoBaHuio 1epekTsl CToyHa-Yanbca B rpageHe HEMHOT'O CIIOCOOCTBYIOT XeMOCOpOLUU
aTOMOB BOJIOpOJia B BUJIE a/IaTOMOB IIPU MX OCAXJIEHUU Ha TpadeH, TOraa Kak BaKaHCUU IpU
T€X € YCJIIOBUSAX YMEHBIIAIOT MTOYTH BABOE BEPOSATHOCTH MOSIBICHUS a/laTOMa BOJOPO/a, HO

CIOCOOCTBYIOT IOSIBIIEHHIO aTOMOB BHEJIPEHUS B rpadeHe.
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DYNAMIC BEHAVIOR OF HYDROGEN ISOTOPE RETENTION IN TUNGSTEN
DURING AND AFTER PLASMA EXPOSURE

N. Ohno, N. Matsunami and T. Kuwabara

Graduate School of Engineering, Nagoya University, Nagoya, Japan,

e-mail: ohno@ees.nagoya-u.ac.jp

Understanding of hydrogen isotope retention in plasma-facing components in nuclear
fusion devices is quite important issues in terms of stable plasma operation and safety.
Especially, tritium inventory is one of the most critical problems. In ITER (International
Thermonuclear Experimental Reactor), the amount of tritium in the vacuum vessel is limited
for safety reasons.

Tungsten (W) is a promising candidate as a plasma facing material because of its good
material properties; high melting point, low sputtering yield and low hydrogen isotope
retention in comparison with graphite. Therefore, numerous hydrogen-isotope plasma
irradiation experiments have been carried out using W specimens in ion beam facilities and
plasma devices. After ion beam irradiation and/or plasma exposure to W, static hydrogen
isotope retention in W, where hydrogen isotopes are tapped in defects in W, is analyzed by
utilizing thermal desorption spectroscopy (TDS) and nuclear reaction analysis (NRA). On the
other hand, it is also extremely important to clarify the dynamic behavior of hydrogen isotope
retention in W during plasma exposure, because the dynamic behavior has a strong influence
on stable plasma operation associated with particle fueling. However, there are few studies
investigating the dynamic change of retention characteristics of hydrogen isotopes during
plasma irradiation due to the difficulty of its measurement. Further, it is also important to
reveal the decay time of hydrogen isotope retention after plasma exposure from the following
two viewpoints; quantitative evaluation of tritium inventory and the variation of hydrogen
isotope retention data obtained in TDS in various experiments. In this study, we focus on the
dynamical behavior of hydrogen isotope retention in W during and after plasma exposure.

In order to conduct in-situ measurement of time evolution of deuterium (D) retention in
W during plasma exposure, we have developed a Plasma Surface Dynamics with lon Beam
Analysis (PS-DIBA) device [1-4], which makes it possible to carry out the in-situ ion beam

analysis of D retention under plasma exposure.
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Figure 1 shows a schematic view of the PS-DIBA device, which is composed of a compact
DC plasma source with a LaBg cathode and a copper anode. The device can produce high
density D and hydrogen (H) plasmas above 10'® m™ with an electron temperature T, of around 7
eV in steady state. The neutral pressure is about 1 Pa. The amounts of retained D in W specimen
were measured by NRA with the reaction D(*He, p) a, by using a *He ion beam with 1.0 MeV
generated by Van de Graaff accelerator. In order to conduct in-situ measurement of D retention,
a solid state detector for NRA was mounted in a small chamber vacuum shielded by a Mylar
film (6 pm) with an aluminum foil (12 pm). Aluminum foil is used to repel plasma (neutral)
particles, photons, and backscattered *He ions. The detector chamber was kept below 10 Pa
during the plasma exposure. The D retention was determined by integrating the measured D
concentration over the entire detection depth (~1.2 pm) with uncertainty 10%. The *He ion
beam was collimated at the sample to a size of about 2 x 1 mm and the acquisition time was 10
minutes. 0.3 mm thick recrystallized W (A.L.M.T. Co.), annealed at 1173K for 30 minutes in
vacuum, was used as a specimen. The specimen temperature was controlled by air cooling to be

constant during plasma exposure. Even after plasma exposure, the specimen temperature was
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Fig. 1 Schematic view of the PS-DIBA (Plasma Surface Dynamics with lon Beam
Analysis) device.

kept constant due to electron bombardment by biasing W specimen positively.

Figure 2 shows the time evolution of D retention in W specimen under successive D and H
plasma exposure. The specimen temperature was kept to be about 450 K both during and after
plasma exposure. The incident energy of D and H ions is about 20 eV and 25 eV, respectively.
It is found in the first period of D plasma exposure that D retention gradually increased to be
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saturated in 200 min. corresponding to the D fluence of ~5.5 x 10®° D m™. After the

termination of D plasma exposure, the D retention rapidly dropped. This drop could correspond

to the release of dynamically retained solute D from W specimen, so-called dynamic retention.
After the release of retained D

without plasma exposure, H plasma with an = D RN H D

jon flux of 2.5 x 102 H m? s' was ‘E SR NN \ i
irradiated to the W specimen. It was 09 TR N y
observed that the D retention rapidly g3~ N :
decreased to be almost zero. This result g 2 N - .
means that D retained in trapping sites in W o . 5 - i
can be released with H plasma exposure, 0 , , \ -

0 100 200 300 400 500
Time [min]

isotope exchange. This result strongly Fig. 2 Time evolution of D retention measured

by NRA analysis. The temperature of the W

sample is always kept at 450 K during and after

plasma exposure.

corresponding to so-called hydrogen

suggests the possibility that successive H
plasma exposure is effective method to
removal tritium retained in W wall in
fusion devices.

We have calculated the time evolution of D retention in W during D plasma exposure by
using TMAP7 code [5] by varying D flux into W, @, diffusion coefficient, DC and
recombination coefficient RC to compare with the experimental result shown in Fig. 2. The
estimated simulation values to reproduce both the characteristic time of the retained D evolution

and its saturated level of 5.8 X10%° m?in the

experiment are: @i, = f X ®pjama Where =8

X 10 and ®piasma is incident D ion flux to W, &

DC = ~10% m?%?, and RC = ~103 m*?t. f gE

means absorption rate of the incident D ions %

into W. Therefore, small f of 8 X10™ suggests %

large effective D reflection on W surface. Such © ?
a small f value was reported in Ref. [4], where - 5 T:l';:nemg data |
the influence of the formation of a chemisorbed 0 3 10 15

Time [103 s]
layer at the W surface was discussed. On the Fig. 3 Time evolution of D retention
other hand, it was found that the estimated DC ~ Calculated — with  TMAP7 ~ code in
“10% m2 was much smaller than the comparison with experimental data in Fig.

Frauenfelder’s diffusion coefficient [6] (~10™ m™s at the W temperature of 450 K).
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Figure 4 shows the dependence of D
retention in W on D ion fluence obtained by
NRA measurement during plasma exposure at
different W surface temperature of 350, 450
and 500K. It is found that D retention in W
increases with D fluence to the power of less
than 0.5 depending on the specimen
temperature. Open and closed circles in Fig. 4
represent D retention data obtained by TDS
analysis after two months later form the NRA
measurements. It is found that D retention
decreases two orders of magnitude, which
means that D retention in W gradually
decreases for a long time after the rapid drop
of D retention at the plasma termination
observed in Fig. 2.

Figure 5 shows time evolution of D
retention measured with TDS analysis after
plasma exposure depending on different
storage methods such as in liquid nitrogen, air
and vacuum. In the air, D retention decreases
with a decay time of 3.3 days. On the other
hand, D retention drops more rapidly (decay
time:1.3 days ) in vacuum condition
compared with in the air and liquid nitrogen.

The storage environment of W specimen as
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Fig. 4 Fluence dependence of D retention in
W irradiated various plasma parameters and
temperature.
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Fig. 5 Time evolution of D retention after

plasma exposure with different storage

methods of the D irradiated Wspecimens.

well as elapsed time after the plasma exposure should be considered in the D retention data base

obtained by TDS analysis.
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HYDROGEN AND HELIUM RETENTION IN TUNGSTEN UNDER ION
IRRADIATION

Yu. Gasparyan, M. Zibrov, V. Efimov, S. Ryabtsev, O. Ogorodnikova and A. Pisarev

National Research Nuclear University “MEPhI” (Moscow Engineering Physics Institute),
Moscow, Russia, e-mail: YMGasparyan@mephi.ru.

Interaction of helium and hydrogen ions with tungsten is intensively investigated during
last decades in relation to construction of fusion reactor. Tungsten has the high melting
temperature and the energy threshold for sputtering and, therefore, is considered as plasma
facing material (PFM) in fusion devices in the area of largest heat loads and small energies of
ions (divertor area). In particular, tungsten will be used in the international experimental
reactor ITER, which is now under construction.

Hydrogen isotope behaviour in PFMs should be well understood from different reasons.
Unlike current fusion devices that work with deuterium, ITER and future reactors will use D-
T mixture as a fuel, and the total tritium amount in the machine should be controlled below
the safety limit (1 kg for ITER [1]), as well as tritium permeation into the cooling system. On
the other hand, hydrogen release from the wall should be controlled, since it may significantly
affect the plasma operation, especially, during spontaneous local heating of the wall [2].

Helium appears in fusion device as a result of fusion reaction and radioactive decay of
tritium, which can lead to accumulation of a serious amount of helium in reactor materials.
Presence of helium in the lattice can significantly affect hydrogen isotope behavior thermal-
mechanical properties of PFM.

This work discusses some recent experimental and theoretical results on hydrogen and

helium retention in tungsten and their mutual influence.

Hydrogen retention

Hydrogen solubility in tungsten is very low (the heat of solution Es"'=1.04 eV [3]).
However, the high heat of solution correlates usually with the high binding energy with
radiation defects, and a significant amount of hydrogen can be accumulated in tungsten due to
presence of defects in the lattice. Therefore, quantitative characteristics of trapping/detrapping
of hydrogen in defects should be well known to predict hydrogen isotope retention in the wide
range of parameters. In spite of a large number of experiments on hydrogen retention in

tungsten, there is no general agreement about these values.
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Experimental investigations of hydrogen-defect interaction are often performed on the
base of thermal desorption spectroscopy (TDS), and characteristics of interaction are obtained
by a fitting procedure with a number of parameters, which are not well known. Therefore,
even the detrapping energy from a single vacancy in W varies among different works in the
wide range of 1.3-1.8 eV [4].

Under conditions of a high recombination rate at the surface, the H detrapping energy

(Eqt) can be directly determined from the shift of the desorption maximum (T, ) in a series of
TDS measurements performed with identical samples, but with different heating rates (£),

using the following equation:

In ﬁ =1In AL _&i

m

where A — a constant depending on parameters of the material and trapping sites, k —
Boltzmann constant.

This method was used for investigation of D interaction with single vacancies and small
vacancy clusters in tungsten [4,5]. Vacancies were produced by 10 keV D" ion beam with a
low fluence. Subsequent annealing at 800 K was used for vacancy cluster production. On the
base of series of experiments with different heating rates, the detrapping energy of D from
vacancies was calculated to be (1.56+£0.06) eV and vacancy clusters — (2.1+0.02) eV (see [4,5]
for details). An example of application of this technique is given in figure 1.
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Fig.1. a) TDS spectra of D, from W irradiated by 10 keV/D ions to the fluence of 3x10"° D/m?
subsequently annealed at 550 K for 5 min, and then implanted with 0.67 keV/D ions to the fluence of

1x10" D/m? b) Semilogarithmic plot of B/T? versus1/T_ for the peak corresponding to the D
release from vacancies in W [4]
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In spite of rather high detrapping energies, deuterium release from radiation defects in
tungsten is observed even at room temperature during air exposure [6] or during exposure to
H plasma [7], due to substitution of D atoms by H atoms (isotope exchange). This effect can
be explained by the ability of defects to accumulate several H atoms (up to 6 for single
vacancy [8,9]) and reduction of the detrapping energy with the increase of the number of H
atoms in the trap. There is no significant impact of this process in the case of experiments
with one isotope, since it is very difficult to see the difference between two independent traps
and one multiple site trap. However, in the case of several isotopes, this effect can play an
important role. For example, DFT calculations [9] predict reduction the detrapping energy of
D atom from the single vacancy by ~1 eV in the presence of five additional H (or D) atoms in
the trap, that makes D release possible at low temperatures.

Plasma facing materials in future fusion reactors will be exposed not only to low energy
ions, but also to 14 MeV neutrons produced in DT- reaction. Neutrons produce a very deep
damage profile and dense collision cascades, which lead to formation of complex defects in
the whole bulk of PFMs. There is a limited number of researches on neutron damage in
tungsten, but some groups investigated the radiation damage produced by MeV ions, which is
expected to be a good proxy. One of the most adequate ways was implemented in IPP
(Garching, Germany), where 20 MeV W°®* jons were used for damage production [10]. Heavy
W ions do not contaminate the sample and produce also a dense collision cascade.

Figure 2 demonstrates experimental TDS spectra for polycrystalline tungsten damaged by
20 MeV W®" ions (damage level — 0.9 dpa) and filled by D atoms at different temperatures
[11].
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—B—600K
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Fig.2. TDS spectra of D2 molecules for four damaged samples (0.9 dpa) exposed to D atomic flux at
various conditions: 1- 600 K, 2x10** D/m?; 2- 600 K, 3.8x10* D/m* 3- 700 K, 3.8x10% D/m? 4-
800 K, 3.8x10%° D/m* [11]
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A remarkable amount of deuterium was trapped in defects even at the highest temperature
of 800 K, peak positions are also at much higher temperatures than in the case of keV ions
implantation. However, the detrapping energy of D from defects responsible for trapping at
elevated temperatures was determined using computer simulations to be 1.7-2.0 eV. This
numbers are similar to that for the radiation damage produced by keV ions, and the
differences in H behavior are explained by much deeper damage profile (~ 2um for 20 MeV
W ions) and re-trapping processes.

Similar conclusions have been done in experiments with neutrons [12]. Deuterium
retention in n-damaged samples was much higher at elevated exposure temperatures due to a
very deep damage profile. However, the detrapping energy was again calculated to be very
similar (1.8 eV).

Helium retention

The solubility of helium in tungsten is almost zero (for helium: Es"®~5.5 eV [13]), and the
detrapping energy of He from radiation defects is also very high. Helium atoms are known
also to agglomerate efficiently into clusters around initially point defects, that lead finally to
formation of bubbles.

Interaction of He with point defects formed by keV ion irradiation was investigated in
details in [14]. TDS spectra have a multipeak structure (in the range of 1200-1800 K) that is
explained by trapping of several atoms in one trap and different detrapping energies for
different number of atoms in the trap.

In the case of MeV ion irradiation damage, He desorption again shifts to higher
temperatures. This was observed in our recent experiments on *He desorption from the
radiation damage created by 20 MeV W ions. The amount of He in the sample was controlled

by nuclear reaction analysis (fig.3).

100

He release amount, %
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Fig.3. Comparison of experimental values of He desorption from W damaged by 20 MeV W ions and
simulations using the flat profile of traps with the energy varied in the range of 3.0-6.0 eV
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Only the minor part (below 5%) of implanted He desorbed during the TDS run (2 K/s) up
to 2500 K, but the significant part (~90%) was released after 30 minutes annealing at 2500 K.
Simulation of these experimental data using 1-D diffusion code with a flat profile of traps
gave the best agreement in the case of the detrapping energy of 4.3 eV. This is again in a good
agreement with keV ion experiments.

So high temperatures of helium release lead also to significant influence on annealing of
radiation defects. In the case of deep radiation damage helium may stay in tungsten well
above the recrystallization temperature (~1300 °C). In [15], the grain size was not changed in
tungsten irradiated subsequently by W and He MeV ions even after annealing at 2000 K in
contrast to the identical sample irradiated only by W MeV ions.

Opposite situation is observed in the case of high fluence plasma irradiation, where He
release starts near the room temperature and the major part of He releases below 1200 K. This
occurs even in the case of irradiation at very high temperatures [16]. Deuterium release from
tungsten below the irradiation temperature is not observed usually. Mechanisms of this
process are not explained.

Helium influence on deuterium retention

Mutual influence of helium and hydrogen isotopes is weakly investigated. One can expect
that helium and deuterium will compete among themselves for places in defects, presence of
helium should also lead to modification of the defect structure in materials, which may
influence transport of deuterium, its retention, and release. However, some effects were
already observed. The most remarkable effect is reduction of total deuterium retention [17]
and ion-driven permeation flux [18] in presence of a small percentage of helium in the
incident ion beam. Comparison of total deuterium inventory in tungsten after pure deuterium

plasma exposure and helium (or nitrogen) seeded plasma is given in figure 7.
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Fig.7. Deuterium retention in tungsten after deuterium plasma exposure with the fluence of

2.2x10% D/m?® without impurities and with addition of helium or nitrogen[17]
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The effect of helium impurities is opposite to other impurities like nitrogen or carbon.
Both effects can be explained by formation of a diffusion barrier, but at different depth.
Carbon and nitrogen are expected to form a barrier at the top surface and reduce the
desorption flux from the surface. In the case of helium, bubble formation behind the

implantation zone of deuterium can reduce deuterium transport in the bulk.
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An important characteristic of gas discharge devices, such as arc illuminating lamps,
plasma displays and gas lasers, is the ignition voltage. Its reduction results in a decrease of
energy consumption by the device and in an increase of its service time due to less intensive
sputtering of the electrodes. The ignition voltage depends considerably on the cathode

effective secondary electron emission yield vy equal to the average number of emitted

electrons per an ion falling on the cathode from the discharge plasma [1].

If a thin insulating film exists on the cathode, then under the flow of current in the
discharge positive charges are accumulated on the film surface. They can generate the electric
field in the film, sufficient for the field electron emission from the electrode metal substrate
into the insulator [2-4]. Emitted electrons are accelerated by the field in the film in the
direction of its outer surface and, reaching it, neutralize positive surface charges, preventing

their further accumulation. A fraction &, of electrons, which is named the film emission
efficiency [5], overcomes the potential barrier at the film boundary and goes out into the
discharge volume, increasing y.+ and decreasing the discharge voltage. But the influence of
this factor on the y. value and the low-current discharge characteristics was not studied

earlier.

In this work, a model describing the field emission of electrons from the electrode metal
substrate into the insulating film, their motion in the film and going out of it into the discharge
volume is formulated. An analytical expression for the film emission efficiency is obtained
and its dependence on the film parameters is studied.

Let a thin insulating film of thickness H; exists on the cathode surface. As a result of
cathode bombardment by ions accelerated in the discharge, which current density is J;,

emission of electrons proceeds from its surface with the current density j.; =v; J;, where vy; is

the cathode ion-induced secondary electron emission yield. As a result, positive charges are
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accumulated on the film surface and the electric field of strength E; is generated in the film.
When E; reaches value of the order of 10® V-m™, the field-induced electron emission starts
from the metal substrate into the film conduction band, which current density j; is

determined by the Fowler-Nordheim equation [6].
The emitted electrons, reaching the outer film boundary, neutralize positive surface

charges on it, and a fraction &; of them goes out of the film producing an additional electron
current with the density j; =98; j;. Therefore, the total electron current density from the
cathode surface is jo = joi + Jer =Yesr Ji» Where vex =vi+v¢, v =Jer /Ji» and the total
discharge current density is determined by expression

i =0+ e =(1+ et ) Ji- (1)
The electric field strength E; in the film can be found from the relationship j= j;.
Expressions for v, j,;, j and condition (1) give a formula [7]:

Yerr =(vi +8¢)/(L-38¢), 2)

from which it follows that an influence of the field electron emission on the cathode effective

secondary electron emission yield is determined completely by parameter &; . Its value can
depend on the film material and structure, as well as on the electric field strength E; in it, i.e.
6; =8¢ (Es), where Ef =U¢ /H¢, Uy is the voltage drop on the film.

Let coordinate z be directed perpendicularly to the cathode surface, on which there is a
thin insulating film. The boundary between the metal substrate and the film coincides with

plane z=0 and the outer film boundary coincides with plane z=H;. In the process of

motion of an electron, emitted from the substrate into the film conduction band, its
acceleration by the electric field and deceleration in collisions with phonons take place [8].
Under the assumption that the electron energy loss in each collision with a phonon is equal to

Ae and the electron mean path length along z - axis between collisions is A, the distribution

function the electron flow in the film f.(z,€) by the longitudinal energy ¢ is defined by the

kinetic equation [9]:

of.(z, of(z,
29 e, eéi8)=i[fe<z,e+Aa>-fe<z,e>1 ©)

with boundary condition f(0,e)= f,(¢), where f,(g) is the energy distribution of emitted

electrons in the film at the metal-insulator boundary [10].
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Because usually conditions A, << H; and Ae<<g are fulfilled, expression in the

right-hand side of equation (3) can be expanded in a power series of Ae. After substitution of

the first two terms of this expansion in (3) it takes the form:

o, (2.€) +[eEf B gj oe(2.2) @
oz e ) Oe

corresponding to the model of continuous slowing down of electrons in the film [11].
This equation can be solved analytically, which results in:

fo(Hye)=fy (e—e(), ©)
where g; =eE;{H;y—AeH:y/A,, Hi{g=H;—-AH;, AH; is the length of electron

tunneling through the potential barrier at the metal-insulator boundary, defined by equation

(@ —%q)—€E;AH —ke? /4AH, =0, k =1/ 4me,y, @, is the metal substrate work function,

xq IS the film material electron affinity, e and m are the electron charge and mass, g is the
dielectric constant.
Therefore, the film emission efficiency, which equals to the ratio of the electron current

densities j.(H;) and j; (H{) near the outer surface of the film inside and outside of it, is

defined by expression:

max

5= k(MO it (H) = T foe—z)de | T fye—e,)de, ©

ou i
min €min

in Which €ma =€¢ +8¢, Emin =¢, &min =6 —€E (H —&n, &n =ke?/4H( —op,
eg is the metal Fermi energy. From relationships (5) and (6) an analytical expression for & ¢

follows after evaluation of integrals:

8 =1—(1+g /eq )exp((—&/eq ). (7)

where €, =g, +¢&;, €4 =heE; /\f8m*((pm —%4), A is the Planck constant, m” is the

electron effective mass in the film. In the case of collisionless motion of electrons in the film

(under A, — o) it coincides with the corresponding expression of [12].

Calculations have been fulfilled for the aluminum cathode with the insulating Al,O3

film of thickness H; =8 nm on its surface. The following values of parameters have been

used [3,8]: m =m, ¢, =4.0eV, xy =2.0eV, Ae=0.125eV, A, =0.3nm. The obtained

dependence of & on the film voltage drop U; = E;H; is presented in Fig. 1.
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Ug, V

Fig. 1. Calculated dependence of the film emission efficiency 6; on U

It is seen that at U ; values exceeding its minimum magnitude, determined by condition

g, =0, value of &; grows rapidly with an increase of U due to rising of electron energies

at the film outer boundary. This is consistent with experimental data of works [5,8] under
taking into account that the metal-insulator-metal structure was studied in them, in which

most of electrons emitted from the insulating film lose their energy in the upper electrode and

so maximum & value is much less then unity.

The proposed model can be used for investigation of an influence of the field electron
emission from the cathode with a thin insulating film on its emission characteristics at
different discharge conditions.
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VIAJEHUE JEATEPUS, BHEAPEHHOTO BT PA®UT, ITPU ITIOCJIEAYIOIIEM
OBJYYEHNU NHOHAMMU BOJOPOJHOMU IIJIAZMbI

REMOVAL OF DEUTERIUM IMPLANTED INTO GRAPHITE BY CONSEQUENT
IRRADIATION BY IONS OF HYDROGEN PLASMA.

A.A. Atipaneros, JI.b. berpam6ekos, C.C. Jloranwok, A.C. KamneBckuii
A.A. Ayrapetov, L.B.Begrambekov, S.S. Dovganuk, A.S. Kapleuski

Hayuonanvnouii uccnedosamenvckuii sioeprulil yrusepcumem « MU Dy
115409, e. Mockesa, Kawupckoe wt., 31.
e-mail: lexxair@plasma.mephi.ru

The paper investigates peculiarities of deuterium removal implanted into graphite by
subsequent irradiation with hydrogen plasma ions. It is shown that irradiation with 50-eV
hydrogen ions leads to desorption of deuterium previously implanted with energies 100 and
650 eV. The fraction of deuterium remaining in graphite decreases with the increase of
hydrogen irradiation dose. The amount of deuterium in graphite stays constant after multiple
cycles of consequent irradiation. Conclusion is made that low energy irradiation with
hydrogen ions can be used as a method of low temperature graphite degassing.

BeisiBieHre 3akoHOMEpHOCTEN 3axBaTa M yJepXaHHMs HU30TOINOB BOJOPOJA MMEET Kak
Hay4yHOe, TaK M NPAKTUYECKOE 3HA4YeHHWE, B YAaCTHOCTH, I pa3pabOTKM METOIMKH HUX
yIAJICHUSI U3 MATepHalioB, KOHTAKTUPYIOMIMX C IJIa3MOW B IUIA3MEHHBIX M TEPMOSICPHBIX
ycraHoBKax. [IpoGieMa geTpuTu3anuy KOHTaKTHPYIOMINX C IJI1a3MON TpaUTOBBIX 3JIEMEHTOB
Ype3BbIUAiHO BakKHA JJIs YCTAHOBOK, paOOTAIOIUX C TPUTHUEM, B CBA3H C HEOOXOAUMOCTBIO
HE JIONyCKaTh IIPEBBIIIEHUE €ro HaKOIJIeHWs B MaTepuajax IepBOM CTEHKH BBIIIE
OIPENIENIEHHOTO TIPEIeIa.

s «remioBoro» obe3rakuBaHus rpagura TpeOyeTcss ero JIMTEIbHBIA MPOrpeB 10
temmneparypsl nopsaka 800-900 K, HenpuemieMoii B ycI0BUSAX TEPMOSIEPHBIX YCTAaHOBOK.

M3BecTHBI SKCIIEPUMEHTHI MO0 00€3ra)kMBaHUIO OOpAIEHHBIX K IUIa3Me TpaUTOBBIX
MaTepHaJIOB «UUCTSIIUMI Pa3psa0B Ha TEIINH, BOJAOPOE, ACUTEPUH, TNOO Ha CMECAX ITUX U
npyrux ra3oB. OmHaKo, HE MPOBOAMIOCH CHCTEMAaTHYECKOTO HMCCIEIOBAHUS MEXaHH3MOB U
3aKOHOMEPHOCTEN MPOLIECCOB, CIIOCOOHBIX MPUBECTU K YMEHBIIEHUIO COAEp)KaHUs B rpaduTe
U30TOIOB BOJIOPOJA, NPEABAPUTEIHHO BHEIPEHHBIX B HEr0, C IOMOIIBIO CPABHUTEIHHO
HU3KOTEMITEPAaTypHOTO TUIA3MEHHOTO O0Ty4IeHUSI.

[lepBbie pe3yiabTaThl MOJIOOHOTO WCCIIEAOBAHUS TPENCTABICHBI B JOKIaae. B padore
U3ydyasach BO3MOXKHOCTb YHIAJE€HUs U3 Tpadura BHEAPEHHOTO JEHTEpHs MOCIEAYIOIIUM

06J'Iy‘-ICHI/ICM HNOHaMH BO,I[OpOIIHOﬁ I1J1a3MBI.

182



OO6nyyeHue HcCCIeayeMbIX 00pa3lloB MOHAMH JICHTEPUEBOM M BOJOPOAHOM TLITa3MbI
OPUBOIMIOCE B IUIa3MEHHOW ~ KamMepe  yCTaHOBKHU «MHOTOpyHKIIMOHATHHBIN
UCCIIEI0BATEIbCKUI KOMILUIEKC Macc-CleKTpoMeTpuueckoro anammza» («MHUKMAy) [1], a
U3MEpEeHNe KOJIMYECTBA MU30TOMOB BOJIOPOIa B 00pa3Iax Mocie uX OOJIy4eHHUS ONPEACIsIoch
B Kamepe Tepmoecopbrmonnoro ananuza (TC kamepe) ycraHoBku. Hannuue BakyyMHOTO
BBOJIa TO3BOJISJIO MPOBOJUTH TPAHCIOPTUPOBKY HCCIEIYyeMOro obpaslia Mexay Kamepamu
0e3 KOHTaKTa ¢ aTMoc(hepoil.

JlaBieHne pabodero rasa mp oOIyueHHH oOpaswoB cocrapisuio 7.9x107 Ila (mpu
paspsizie Ha aeitepun) u 8.6% 10 ITa (npu paspsze Ha Bogopoe). CoctaB OCTaTOUHOTO rasa -
9%5% H,O u 5% H,. IlmoTHOCTH MIa3MBI TA30BOTO paspsaa COCTaBIIsIA ~10%° CM73,
JeKTpoHHas Temmeparypa ~2 3B. HarpeB o6pasnoB npu T/IC ananmmuze mpoBoauics co
ckopocteio 5 K/c B mmanazone temmeparyp 300-1450 K. PeructpupoBaiuch CIEKTPHI
tepmoaecopounu Hp, HD, D; (mecopOumsi Apyrux MOJEKYN, COAEP)KAIIMX BOIOPOA WIIU
JerdTepuil Obljla HE3HAYUTEIIBHOMN ).

Jlis SKCepUMEHTOB MCHOJB30BaINCh 00pasibl rpaduta Mmapku MIII-8 ¢ pasmepamu
Tx7x2 MM, [ToBepxHOCTH 00pa3IOB C KaXJAOW M3 CTOPOH MOJUPOBAIACH MOCIIEIOBATEIHHO
paznuuHOi nUM(OBATILHON OyMaroi ¢ MOHUKEHUEM 3€pHUCTOCTH OT 120 MKM 710 5-7 MKM.
[Tocne oKOHYAaHUA MeXaHWYECKOW OOpabOTKM 00paslbl MPOMBIBAIUCH JTAHOJIOM B
yIbTpa3ByKoBOM BaHHe. [lanee 00pa3ibl 00e3raKMBajIich B BakyyMe mpu temieparype 1450
K B TeUeHHM MUHYTHI.

OtoxoxeHHble 00pa3Lbl 00Iydaauch HOHaMHU JIedTepueBol Iuasmel ¢ 3Heprueit 100 u
650 »B/aT, mOTOK MOHOB COCTaBJISI 1,2><1016 at/em’c 1 1,8><1016 at/em’c COOTBETCTBEHHO,
Temreparypa oopasioB Bo Bpems oOmydenus - 630K. J[ns BHeapeHUs MOHOB aeiTepus ¢
sHeprusimu, kak 100, Tak u 650 5B/ar, Gbima BeiGpana 103a obmydenns 7x10*° ar/em?. Tlpu
ATOM 3axBaT JEUTEpHs COCTABJIUI, COOTBETCTBEHHO, 5,3X1016 at/cm’ u 12,8><1016 at/cm?.
H3mepeHne 3aBUCUMOCTH KOJHMUYECTBA 3aXBAaUY€HHBIX MOHOB OT J03bI OOTy4YeHHS MOKa3alo,
YTO MPU TaKOH J03€ 30HA TOPMOKEHHS MOHOB B 000MX CIIy4asX OKa3bIBaJlaCh HACHIIIICHHOM.
AHaJIN3 CIIEKTPOB TEPMOIECOPOIINH, BIMOJHEHHBIN Ha OCHOBE Pe3y/bTaToOB paboThI [2, 3],
MoKa3aJ, 4To 4acTh Aeutepust AuddyHANpOBaia U 3aXBaThIBATACh B JIOBYIIKH B TIyOWHE
rpadura. Bo Bpemst 00myueHUss HOHAMU JeHTepus MPOUCXOAUI TaKKe 3aXxBaT BOAOPOJa, IMO-
BUJIUMOMY, TPEUMYIIECTBEHHO W3 MOJEKYT BOJBI, COpPOMPOBAHHBIX HA TOBEPXHOCTH
06pasnoB. KonnuecTBo 3axBaueHHOTO BOJAOPO/IA CJ1a00 3aBUCETIO OT A03BI OOIYyUCHUST HOHAMHU

u cocrasisuto 1-1,5%10" ar/em? mpur E=100 5B/at n 2-2,5x10" ar/cm? npu E= 650 5B/ar.
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OO6nyyeHne MOHAMU BOJOPOJHON TUTa3Mbl UMIUTAHTHPOBAHHBIX JACUTEpHEeM 00pa3IioB
MIPOBOJIUIIOCH CO clieayronumMu mapamerpamu: E=50 3B/ar, j:7.5><10158.T/CM20, o=(0,5 —
3.5)x10"° ar/em?, T=630K. HaGmonamace necopOuusi AeiiTepus H 3axBaT BOZOPOJA.
CpaBHeHHUE CIEKTPOB JecopOumu JedTepus w3 o0pas3ioB, OOJYYCHHBIX U HE OOIy4eHHBIX
BOJIOPOJIOM IPOM3BOJMIOCH Ha OCHOBAaHMM pE3yJabTaToB paboT [2, 3], ucciemoBaBIIMX
COOTBETCTBUE MEXIy MosoxkeHneM NUkoB TJIC CHEKTpPOB U PACIONOKEHHEM JIOBYIIEK
M30TOIOB BOAIOpOJa B rpadute. bl caenan BEIBOA O TOM, YTO 00JydeHHE HOHAMHU BOJOPOJIa
C HU3KOW DHEprued NpUBOJIMIIO K YAAJICHUIO NEUTEpUs, YACPKUBAEMOIO HE TOJBKO B 30HE
TOPMOXKECHHUSI, HO U B TiyOmHe rpadura. KommuecTBa aroMoB JeiTepus, BOIOpOAA U HX
CYMMapHO€ KOJIMYECTBO MOcie 00JIydeHHs HOHAMU BOJIOPOJA C Pa3IU4HOM /103011 00pa3LoB,
IpeBapuTeNbHO OOIYUYEeHHBIX JeiiTepreM, MoKa3aHbl Ha puc.l.

@ KonuuectBo aromos H 14

6 B KonmuyectBo atomoB D
L & Cymmapnoe koanuectBo aromoB H u D

2
2

ar/cm
aTt/cm
>
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16
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i ¢ ——

Hdecopoums, x10
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Jecopoumus, x10
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Jlo3a 00.1y4eHHs1 BOAOPOAOM, xl()19 aT H/cM2 Jlo3a 00,1yuyeHHs1 BOXOPOAOM, x10]9 ar H/cM2

a) 0)
Puc. 1. KonmmdecTtBo aroMoB BOAOpOJAAa U HeﬁTepHH, a TaAKXX€ CYMMApHOC KOJIUYCCTBO U30TOIIOB
BOAOpOaA B rpa(bHTe B 3aBUCUMOCTH OT JO3bI 06J'Iy‘ICHI/IH HOHaMHu BOJOpOAA. HMHJ’IaHTaL{I/IH ,[[eflTepHH

NPOU3BOIMIACH OOTyUeHHEM HOHaMU neiitepust ¢ sHeprueii 100 s3B/at (a) u 650 sB/at (0).

Bunno, yto mpu 03¢ 00NydeHHsS BOAOPOJOM 0.5x10" ar/em® B oGonx CIIyqasx

0 5 19 2

octasiock npumMepHo 40% nepBoHAYAIBLHOTO KOJIMYECTBA JAeTepus, a npu 1o3e 1x107 at/cm
- Tos1bk0 30%. [Ipu 3TOM HabIIO1ATIOCH YBEIMYEHHE KOJIUUYECTBA 3aXBaUYEHHOTO BOJIOPO/IA, U

19 2
CyMMapHO€ KOJHMYECTBO H30TOMOB Bojopoaa mpu npo3e 1x107° ar/cM” cocTaBisuio
NpUOIU3UTENBHO TPU YETBEPTH OT MEepBOHAaYabHOTO A SHepruu 100 sB/at u momoBuHy -
19 2 .

st saeprun 650 sB/ar. [lpu yBenuyenun mo3b1 A0 3.5%107 at/cM” comepkanue aeiTepus
YMEHBIINUJIOCh B 000uX ciay4asx yxe 10 20%, HO 3a cYeT yBeJIMYEeHHs 3axBaTa BOJOpOja

HaO o aICst HEOOIBIIONW POCT CYMMapHOTO KOJIMYECTBA U30TOIMOB BOJIOPOIa B 0Opasiie.

184



BaxxHo OTMETHTH, YTO, HECMOTPS Ha pa3Hble KOJIMYECTBA ACHTEepus, 3aXBaU€HHOTO
nocie oOJydeHUs HMOHAMHU JeWTepusi C pa3HOM DSHeprued, OTHOUICHHE YIAJIEHHOTO
KOJINYECTBA JICHTEepHs K IEPBOHAYATILHOMY B 000X CIIydasiX OJMHAKOBO. DTO TOBOPHUT O TOM,
YTO MEXAHU3M YAAJEHUs JeUTepUss HE CBA3aH HU C KOJMYECTBOM 3aXBAuCHHBIX HOHOB
neiTepus, HU ¢ XapaKTepHOU TIIyOMHOM X TOPMOXKEHUS B TpaduTe.

Tak kak oOmydeHuss woHamu ¢ d3Hepruerd 100 »B/ar m 650 »B/at sBnsroTCs
XapaKTepHBIMU MIPUMEPAMU «HU3KOIHEPIe€TUYECKOTO U BHICOKOIHEPTeTUYECKOTO 00IyUEHUs»
[2], MOYXKHO HpPENIOJIOKUTh, YTO U IPU IPOMEKYTOUHBIX SHEPIUAX HOHOB JEUTEpUs €ro
ynaneHue OyneT MPOUCXOAUTh aHATIOTHYHBIM 00pa3oM.

Mg Toro, 4ToOBI ONpenenuTh, OyAeT U NPOUCXOAUTh HAaKOIUIEHHE U30TOIOB BOIOPOa
IpU MHOTOKPAaTHOM TIIOBTOPEHUU TMOCIEAOBATEIbHBIX OOMYYeHHI HOHAMH JACUTepus U
BOJIOPOJa, OBUIM TPOBENEHBI OJKCIEPHUMEHTBI C JBYX-, TPEX- H YETBIPEXKPATHBIM
OBTOpEHHEM OOJIydeHHMs ieiitepueM ¢ sHeprueii 650 sB/ar, mosoit 7x10%° ar/em® u
MOCIEAYIOLIET0 00Iy4YeHUsT BOAOpoAoM ¢ sHeprueit 50 sB/at, nozoit 0,5><1019 at/cm>. THC-
aHaJIU3 TIO0Ka3aJll, YTO BO BCEX ATUX CIydyasX KOJIMYECTBA 3aXBAUCHHOI'O JEHTepus U BOJOpPOIa
IPAKTUYECKH COBIAJAIOT. OTO JAaeT OCHOBAaHUE INpEANojiaratb, 4ro W IpU OOJbIIEM
KOJIMYECTBE LIUKJIOB UX COZEpkKaHHE B 00pa3lie OCTAHETCS TEM XKe.

[TomryueHHbIe pe3yabTaThl MOKHO CYMMHUPOBATH CIIEIYIOIIUM 00pa3oMm.

OO6nydyeHre noHaMH BOJOPOJIHOM T1a3Mbl ¢ sHeprueit 50 3B/at npu temmneparype 630K
NPUBOJUT K AecopOLuu U3 rpapuTa, UMILIaHTUPOBaHHOTO ¢ 3Hepruamu 100 u 650 >B/ar.

Hons ocratomerocs B rpadute naeitepus ymenwimaercs ¢ 40% npo 20% mnpu
YBEJIMYEHUH J103bl 00JIyueHHsI HOHaMu Bojopoja ¢ 0.5x 10" ar/em?® 10 3.5%10" ar/em?.

KonnyectBa ocratomuxcst B rpaduTe UMIUIAHTUPOBAHHOTO ACUTEpUs U 3aXBAYEHHOIO
U3 OCTaTOYHOI'O Tra3a BOJOpPOAA HE MEHSIOTCA IpPH TMOBTOPEHHWU IUKJIOB IOBTOPHOTO
00y4YeHUs IeHTEPUEM U BOJIOPOAOM.

[TonydeHHble pe3ynbTaTbl MOTYT CIY)XKUTh OCHOBOM il pa3pabOTKU METOIUKU
HU3KOTEMIIEPaTypHOTO yJaJleHHs H30TOMOB BOAOPOIa U3 rpadura.

Pabora BemonHena npu noaaepxke rpanra Ilpesmpenta PO g rocynapcTBeHHOMN

MOJIJICPIKKHA MOJIOJIBIX POCcCUCKHX yueHbIX, Ne 14.Y30.17.2913-MK.

1. A. Airapetov, L. Begrambekov, S. Bremond, etc., J.Nucl.Mat. 418(2011) pp. 1042-1045

2. A. Airapetov, L. Begrambekov, C. Brosset, etc., J.Nucl.Mat. 390-391(2009) pp. 589-592

3. A. Airapetov, L. Begrambekov, Vergazov S., etc., Journal of Surface Investigation: X-Ray,
Synchrotron and Neutron Techniques, 2010, 4, 567-571
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B3AUMOJIEMCTBUE B AUEWKE JJUDJEKTPUYECKOI'O BAPBEPHOI'O
PA3PAJA B BO3AYXE IIPU ATMOC®EPHOM JIABJIEHUU MUKPOPA3PAI0OB
C BPAIIAIOIIIUMCA 1 HENOABU/KHBIM JUIJIEKTPUKAMU

INTERACTION IN THE CELL OF DIELECTRIC BARRIER DISCHARGE IN AIR
AT ATMOSPHERIC PRESSURE OF MICRODISCHARGES WITH ROTATING
AND IMMOBILE DIELECTRICS

B.B. AHz[peeBl, IO.I1. HI/I‘IyFI/IHZ
V.V. Andreev', Yu.P. Pichugin?

* Kagpeopa « Tenexommynuxayuonnvie cucmemol u mexunonocuur, @®I'bOY BO «Yysawckuii
eocyoapcmeennulil yrugepcumem umenu M.H. Yivanosay, Mockoeckuii np., 15, Yeboxcapul,
Poccus, e-mail: andreev_vsevolod@mail.ru;

# Kagheopa snekmpomexanuxu u mexmoio2uu dieKmpomexnHuieckux npouzeoocms, @I'bOY
BO «Yysawckuii cocyoapcmeennsiii ynueepcumem umenu U.H. Yivsanosay, Mockosckuii np.,
15, Yeboxcapul, Poccus

The dielectric barrier discharge (DBD) in cells with a rotating disc- dielectric and
in cells, in which there are no moving elements, has been investigated. Influence of
polarity of high- voltage electrodes on plasma and plasma-chemical processes has
been studied for both types of DBD cells. Interaction of microdischarges with a
dielectric is investigated for both types of DBD cells. Results are interesting in
studies devoted to the development of new plasma and plasma-chemical
technologies.

B Hacrosmee BpemMs audneKTpudeckuid  OapbepHbiil  paspsa ([ABP) mmumpoxo
NPUMEHSCTCS B CaMbIX Pa3HOOOPA3HBIX TEXHOJIOTHAX: CHHTE3 o30Ha [l], HampaBieHHOE
U3MCHEHHE (DU3UKO-XUMHUYCCKMX CBOMCTB MOBEPXHOCTHBIX CJIOCB MaTepuaioB [2— 5],
BO3MOKHOCTh HCIIOJIb30BaHUS IIPUIIOBEPXHOCTHOU IJ1a3MbI TS yIIpaBIICHUS
BBICOKOCKOPOCTHBIMU ~ NTOTOKAMHM  BO3JyXa NYyTEM BO3ACHCTBUS HA XapaKTEPUCTUKHU
MOTPaHUYHOTO CJI0S C TIOMOIIBIO DJIEKTPHUYCCKUX pPa3psAaoB [6], TexHojgorMHM CcHUHTE3a
HAHOYACTUI[ B HHU3KOTEMIIEpPAaTypHOH Iuiasme [7], pa3paboTka CEHCHOMIM3HMPOBAHHBIX
KpPACUTEIEM  COJIHEUHBIX  JJEMEHTOB B  KAaueCTBE  CPABHUTEIBHO  HEIOPOTHUX
dorosnekTpuueckux mpeodpaszosarenci [8, 9] u ap. B 3TO# CBsA3M BakHO wHCCIIEI0BATH
MEXaHU3M BO3HUKHOBEHHUS W PA3BUTUS MHUKPOPA3PSAIOB B Tra30pa3psAHOM MNPOMEXKYTKE, a
TAaK)X€ MEXaHW3M B3aMMOJECHCTBUS MHUKPOPa3psAAoB ¢ AudnekTpukoM B [IbP. B wactHOCTH,
IUAJIeKTpUK B siuerike J[BP monBepraercss WMHTEHCMBHOMY pPa3pyLIEHUIO BCIIECICTBUE
BO3JECHCTBUSL DJIEKTPUUYECKOTO TMOJA MHUKPOPA3PSAI0B M MOTOKA 3apPSHKEHHBIX YACTHIL,
BO3HUKAIONIMX B Ta30BoM cpene. Kpome TOro, B HEKOTOPBIX CIydasX 3HAYUTEIbHOE
pa3pyLUMTENIbHOE  BO3JCHCTBHE  OKa3blBAalOT Ha  JUAJIEKTPUK MPOAYKTHI  PEAKIUH,
MPOTEKAIOIINUX B IUIa3MOXMMHYECKHX peakTopax Ha ocHose /[bP. Hampumep, cuipHenmmm

OKHCIIUTENEM SBIISIETCSI 030H, CHHTE3UpyeMbll B sueiikax JIbP mpum mx umcnosb3oBaHuu B
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KadyecTBe 030HATopoB [1].

TpeOyromuMu AanbHEUIIMX HUCCIENOBAaHUM SABISAIOTCS, B YACTHOCTH, CIEIYIOLIHE
npo6aembl. OAMHAKOBO JIM IMPOTEKAKOT IUIa3MEHHbIE M IUIA3MOXUMHUYECKHE MpPOLECChl B
auerikax JIbBP mnpu OTpHLIATENBHOM M IIOJOKUTEIBHOM IOJIAPHOCTAX I10J1aBa€MOro Ha
BBICOKOBOJIBTHBIE 3JIEKTPO/Jbl HaNpspKeHUA? PasnuuHbl I MEXaHHU3Mbl BO3HUKHOBEHUS U
pa3sBUTHA MHUKpOpa3psnoB B s4yelike J[BP mpu pasHBIX NONSAPHOCTAX BBICOKOBOJIBTHOTO
anekTpoaa? Kakue BO3IE€HCTBUS UCIBITBIBAET AUDJIEKTPUK CO CTOPOHBI AJIEKTPUUECKOIO MOJIS
MUKpPOpPa3psil0oB M IIOTOKA 3apsDKCHHBIX 4YacTUL, TEHEPUPYEMBIX B TIa30pa3psaHOM
IPOMEXYTKE, B pa3IMYHBIX Ta3oBbIX cperax? Kak BiMseT Ha CKOPOCTh pa3pyLICHHUs

JUDJICKTPpHUKA JIIUTCIbHOCTE UMITYJIbCA BBICOKOBOJIbTHOT'O HAITPSXKCHUA HA BJ'ICKTpOI[aX?

B npenpiaymunx Hamux padorax [10— 14] ObLiv npeaokeHbl ¥ UCCIACIOBAHBI SUCHKH
JBP ¢ Bpamarommmcs 1u3IeKTPUKOM- TUCKOM. BeliencTBre BpaleHus TU3JIEKTPUKa B TAKUX
sTYeKax Y9acTKH €ro MOBEPXHOCTH, HaJl KOTOPBIMH BOSHHKAIOT MUKPOPA3PSIbl, MCHSFOTCS CO
BpeMeHEM. B pesyibTare yBeIMUMBACTCS CPOK CIYKOBI qudiekTpuka. ClieyeT OTMETHTh,
ecnu kiaccudeckue siueriku JJbP, B KOTOPBIX OTCYTCTBYIOT MOABHKHBIE JIEMEHTBI, TUTAIOTCS
OT BBICOKOBOJIbTHOI'O HMCTOYHUKA TICPEMEHHOTO HAINpsSOKEHUS, TO  OTIWYUTEIbHASA
ocobeHHOCTh sueiiku JIBP ¢ BpamarommmMes Tu3IeKTPUKOM- JTUCKOM COCTOUT B TOM, YTO OHA
MUTACTCS OT BBICOKOBOJHTHOTO HCTOYHWKA ITOCTOSHHOTO HAINPSIKCHHS. XOTS MPU ITOM
BO3HUKAIOIINE MUKPOPA3PSIAbl UMEIOT UMITYJIbCHBINA XapaKTep ¢ AIUTEIbHOCTHIO UMITYILCOB
MOpsIZIKa JECATKOB HAHOCEKYyHA. B 3TOM ciiydae OAHMM M3 BOMPOCOB, HYXKIAIOIIUMCS B
JATbHENIINX HUCCIACAOBAHUAX, SBISIETCSA— OJWHAKOBBI JIM MEXAHMU3MBI BO3HUKHOBEHHS H
Pa3BUTHS  MHKPOPA3psIOB  TMPH  OTPUIATEILHOM W TOJOXHUTCIBHOW  TOJSPHOCTSIX
MOCTOSTHHOTO HANpPSDKEHUST Ha BBICOKOBOJIBTHBIX d3JekTponax? CoBmamaroT JU MPH ITOM
MEXaHHU3Mbl BOSHUKHOBEHHSI U Pa3BUTHUS MUKPOPA3PSAIOB C TEMHU, KOTOPbIE UMEIOT MECTO B

ciy4ae kiaccuueckou siueiiku JIbP 6€3 moaBMXHBIX 2JIEMEHTOB?

Ha puc. 1 npencraBnen cxemarmdeckuil siueriku [IBP ¢ Bpamaromumcss JucKom-
TURJICKTPUKOM. 3/1€Ch C HUIXKHEH CTOPOHBI K JUAJIEKTPUKY 2 TPHUKPEIUIEH METaTMYeCKHI
JUCK 3, MMEIOIMH HECKOJbKO MEHbIIUH guamerp. JMCKM yCTaHOBJEHBI Ha Balny 6
ANEKTPOJABUIATEINS, KOTOPBIM BpaIlaeTCsl C YIJOBOM CKOPOCTBIO . BBICOKOBOJBTHBIN
ANEKTPOJ 1 M CKOJB3AMIMNA MO MOBEPXHOCTH AMAIEKTPUKA 2 AIEKTpo] 4 MOAKIIOYEHBI K
BBICOKOBOJIbTHOMY MCTOYHHUKY IOCTOSTHHOTO HampspkeHusi 5. Kpome toro, ObuT mcciaenoBaH
TaKKe clydaid, Korjga MeTANTMYECKUI TUCK- 3JIEKTPO 3 HAXOIUJICS IO TEM e MOTEHIINAIOM,

YTO U CKOJB3SIINI QJICKTPOJ 4, CKOJ’IL3$IH_[I/II71 QJICKTPOJ 4 HCO6XOI{I/IM I YAAJICHUA C
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MOBEPXHOCTU JAMAJICKTPUKA DJICKTPUUECKUX 3apsioB. B skcmepuMeHTax B KauecTBe
BBICOKOBOJIbTHOT'O AJIEKTpo/ia | MPUMEHSIIUCH 3JIEKTPO/Ibl UT0JIbuaToi GOpMBI, Kak Ha puc. 1,
TaK W IUIaCTUHYATOM (OpMBL. bBBUTM NpOBENEHBI HCCIECIOBAaHUS MHUKPOPA3psAIOB B
ra3opaspsiJHOM INPOMEKYTKE B CIIy4asX, KOIJa BBICOKOBOJIBTHBIN 3JIEKTPOJ IIACTUHYATON
¢dbopMbI ObUT OPUEHTHPOBAH B pajlaibHOM HAIPaBICHUH HaJ MOBEPXHOCTHIO IUAJIEKTPUKA, a
TaK)Ke MOJI YIJIOM K yKa3aHHOMY HAIPaBJIEHUIO BOKPYT BEPTUKaIbLHONU OCH. BbuIn MpoBeeHbI
SKCIIEPUMEHTANIbHBIE HCCIEAOBAaHUSA MJsl CIy4yaeB, KOI/a BBICOKOBOJIBTHBIM 3nekTpon 1
HaXOJWJICA TOJ IIOCTOSHHBIM  HANpsDKEHUEM  OTPULIATENbHOM M IOJIOKUTEIbHON

HOJISIPHOCTEH.

Puc. 1. Cxemarnueckwii Bun siueiiku JIbP ¢ Bpamarommmcs: TUCKOM- JTUIICKTPUKOM.

B gactHOCTH, OBLT HCCIIEZIOBAH CHHTE3 030HA B BO3AYIIHOM MOTOKE MPH aTMochepHOM
naBieHuu B suerke J[bP ¢ Bpamarommmes JUCKOM- OUAIEKTPUKOM MPU OTPULIATEIIBHOM U
MOJOKUTEIBHOM TOJISIPHOCTAX BBICOKOBOJBTHOIO JJIEKTpoAa. Pe3ynbTaThl u3MEpEeHU
MOKa3aJid, YTO NPU OTPUIATEIBLHOM MOJSPHOCTU BBIXOJ O30HA CYIIECTBEHHO BBIIIE IO
CPaBHEHUIO CO CIY4aeM IOJIOKUTEIBHON MOJIIPHOCTH BBICOKOBOJIBTHOTO 3JIeKTpona. Tak, B
ycrpoiictBax JIBP ¢ BpamarommmMes AUCKOM- AUAIEKTPUKOM, Ha KOTOPBIX OBLIM BHITTOTHEHBI
HKCIIEPUMEHTHI B IaHHOM HMCCIIEI0BaHUH, 3TO pa3yinyue nocrurano 3— 4 pas. B To ke Bpems B
IKCTIEpUMEHTaX ¢ staeiikoit JIBP 0e3 moaBMXHBIX YacTel 3Ta pa3HUIla cOCTaBUiIa TOIbKO 1,4—
1,5 paza. OTu SKCIIEpUMEHTHI OBLITN BHITIOTHEHBI ¢ stueiikoit JIBP ¢ mmockum mapannenbHbIMU

QJICKTpOAaMHU, MCKAY KOTOPBIMU pa3MCIICHA JUIJICKTPUICCKAA IJIaCTUHA.

B nanHOM unccnenoBaHUM TakXKe IONYYEHBI M NPOAHAIM3UPOBAHBI B BO3JyXE IPHU
aTMoc(epHOM [1aBI€HUHM BOJIbT- aMIEpHbIE XapakTepucTuku sueek J[BP ¢ Bpamarommmces

JTUCKOM- TUAJIEKTPUKOM U siueek JIBP 6e3 moaBMKHBIX 371€EMEHTOB.
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B pabore, kpome TOro, BBIIOJHEH TEOPETHUECKUM aHAIN3 MEXaHU3Ma BO3HUKHOBEHUS
U Pa3BUTUS MHKpPOpa3psioB B BO3AyXe Ipu arMoc(epHoM aaeieHuH B sueiikax J[BP ¢
BpAILAIOLIMMCS JUCKOM- JHUAJIEKTPUKOM U B siuelikax JIbP 0e3 moABM)KHBIX 3JE€MEHTOB MpHU
MIOJIOKUTEIIBHOM M OTPULIATEJIBHOM  IIOJIIPHOCTSAX  BBICOKOBOJIBTHOTO  AJIEKTPOJA.
[Tpoananu3upoBaH MEXaHNU3M BO3IEHCTBUS IEKTPUUECKUX MIOJIEH MUKPOPA3psiioB U IIOTOKOB
3apsDKCHHBIX YaCTHL, BO3HMKAIOUIMX B Tra30pa3psIHOM IPOMEXKYTKE, Ha JHUIJICKTPHUK.
Crnenyer OTMETUTB, YTO 4YacTb PE3YJbTAaTOB JKCIIEPUMEHTAJIBHBIX HCCIIEIOBAaHUM B sA4CiKe
JIBP 6e3 moABMKHBIX 3JI€MEHTOB, KaCalOIMUXCs BO3ACHCTBUS MUKPOPA3PsI0B HA HAHECEHHBIE
Ha IIOBEPXHOCTb TEKCTOJIUTA IUIEHKM TEPMOCTOMKMX KPEMHHMMOPraHMYECKUX JIAKOB C

nobaskamu mopomkoB Al,Oz u TiO,, npuBeaens: B padorax [15, 16].

Ilony4eHHbIE OKCHEPUMCHTAJIbHBIE M  TEOPETHUYECKUE PE3yJdbTaTbl BaXXHbl B
UCCIICIOBAaHHAX, CBS3aHHBIX C TIIOMCKOM TMyTeil TOBBIIEHUS JPPEKTHBHOCTH YKe
CYIIECTBYIOIIUX M Pa3pabOTKH HOBBIX IIa3MEHHBIX U TUIA3MOXUMHUYECKUX TEXHOJIOTUN JUIS
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OBPA3OBAHME CIIVIOIIHBIX TUAPUAOB B OBOJIOYKE TBJJI
FORMATION OF MASSIVE HYDRIDES IN THE FUEL CLADDING

IO.H. [[eB;ITKol, B.B. HOBI/IKOBZ, 0.B. Xomskos®
Yu.N. Devyatko', V.V. Novikov?, O.V. Khomyakov*

Yaus Y MUDU, Kawupckoe wocce, 31, 2. Mockea, P,
e-mail: homaykov o v@mail.ru;
240 BHUUHM , vi. Pozosa, 5a, e. Mockea, PD

Formation mechanism of massive hydrides in irradiated zirconium cladding
is established. It is shown that the duration of formation process is defined
by a period of time up to destruction of oxide film on the internal surface of
fuel cladding. The time required for massive hydride to grow through the
thickness of zirconium cladding is established.

[{upkoHuil sBIsieTcs OCHOBOM Ui co3gaHMs 000JOYEK TBAJ, AUCTAHLMOHUPYIOIIUX
PEIIETOK M HANpaBJISIONUX KAHAIOB TEIUIOBBIICISIONMUX COOPOK PEaKTOPOB HA TEIUIOBBIX
HEUTpOHaX, B MEPBYIO O4Yepeib, Oaroapsi HU3KOMY CEYCHHIO 3aXBaTa TEIIOBBIX HEUTPOHOB
(0.185 ©OapH). OngHako, IKCIUTyaTalusl TEIUIOBBIACISIONICIO JJIEMEHTa BOJOOXJIAXKIACMBIX
PEaKTOpPOB IPOTEKAeT B KOPPO3MOHHO-aKTUBHOW cpefe — TEIJIOHOCUTeNe, KOTOPbIH
MIPEACTABISIET COO0M BOAHBIM pacTBOP IIeNIO4Ye U KUCIOT. Kpome TOro, moj BO3ACHCTBHEM
raMMa — 1 HEHTPOHHOTO U3ITyYCHHUS B TETUIOHOCHUTENIE MTPOTEKAeT paguoiu3. IIpoxyKTsl 3TOT0
mpolriecca — BCEBO3MOXKHBIE COSMHEHUs Kucnopoaa u Bogopoaa (H»0O,, O,, Hy, OH, OH™, H,
HO,, HO,, O,), crocoOHbIe YCKOPSATh KOPPO3HIO DIEMEHTOB KOHCTPYKIIMH aKTUBHOW 30HBI
peaKkTopa ¢ BOJSHBIM TEIUIOHOCHUTEIIEM.

B  mpomecce  OKHCIEHHWS ~ IUPKOHUEBBIX  CINIAaBOB  BBIJEISETCS  BOJOPOJ
(Zr+2H,0=Zr0O,+2Hy;), otHocutensHO HebombInas aomns (~15-17%) koroporo [1] mpoHukaeT
B 00bEM LMpPKOHHUEBOro craBa. Ilpu mratHoM pexume paboThl MOCTYIIEHHE BOJIOpOJA B
00BEM MPKOHUEBOTO CILIaBa MPOUCXOAMUT OJHOPOIHO IO TMOBEPXHOCTH OOOJOYKH TBAJIA, &
JI0JI HAKOILJIEHHOro 000JI0YKOM BoJopona He mpesbimaer 100 ppm 3a BCIO peaKkTOPHYIO
KOMIIAaHWIO. JTa BeJIMYMHA MEHbIIE IIpeJesia ero pacTBOpUMOCTH 256 ppm mpu
DKCIUTyaTallMOHHOM TeMneparype 623 K.

Bo BHemTaTtHOW cHTyanuu, KOraa 1o OOOJIOYKY TETUIOBBIACIISIONIETO JJIEMEHTa
MIOTIaIaeT TETUIOHOCHUTENb HMIIH JPYroe BOJOPOIOCOAEpIKaIlee COeTUHeHHEe, 000JI0YKa TBAJIA
MOJIBEPraeTcsi MHTEHCUBHOMY OKHCJIEHUIO CO CTOPOHBI CBOEH BHYTPEHHEH MOBEPXHOCTH,
COIIPOBO’KJaeMO€e 00pa30BaHNEM CIUIONIHBIX (MACCUBHBIX ) THIPUIOB.

Bogoponoconepxaiiee coeiMHEHHE MOXKET IMONacTb MoJ 000JI0UKY, Hampumep, B

pe3ynbTaTe HApYIICHUS TEXHUYECKUX YCIOBUU TPOW3BOJCTBA TBOIJIOB, JTHOO B PE3ysbTaTe
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pasrepMeTH3anui 000J0YKHA M3-3a HAJIMYUS B TETUIOHOCUTENC MHOPOAHBIX mpeameToB. /0%
3apErUCTPUPOBAHHBIX CIy4YaeB OTKA30B CBS3aHbI C pasrepMeru3anueid 000JouYeK H3-3a HX
MEXaHUYECKOT0 MOBPEXJCHHSI WHOPOJHBIMH MpeaMeTaMu B TemtoHocurene. CIUIOMIHbIE
THIIPHUJIBI UMEIOT (opMy Toychepbl ¢ OCHOBAaHHEM Ha BHYTPEHHEH MOBEPXHOCTH OOOJIOUYKH.
B oriuuue OT IUIaCTUHYATHIX TUAPUIOB UX OPHEHTALUS HE 3aBUCUT OT TEKCTYPbl WIIU
pacrpeziefieHusl pacTATMBAIOIIMX HampshkeHWid B oOosjouke. HaOmrogaroTcst CIUiomIHbIE
TUAPUIBI B MECTaX HapYUICHUs! [IEIOCTHOCTH OKCUIHOW IJICHKU Ha BHYTPEHHEH MOBEPXHOCTH
000JI04KH TB3JIA.

Lenp Hactosmied pabOTBl — MOCTPOUTH MEXAaHU3M M CHOPMYTUPOBATH KpHUTEPUN
00pa30oBaHMs CIUIOMIHBIX THIPUIOB B IUPKOHUEBOM 000JI0UKE TBIJIA.

[Ipy mnomamaHuu TEMJIOHOCHUTENS TMOJ OO0OJOYKY B CBOOOJHOM OO0BEME TBIJIA
HaKaIUIMBAETCS ra3000pa3Hblii BOAOPOA KaK B pe3yJbTaTe MPOTEKAHHs PEaKIuil OKHCICHUS
TOTIJIMBA U 00OJIOYKH, TaK U MPH PATUOIN3E TETTIOHOCUTEIIS.

BHyTpeHHsS MOBEpXHOCTh 00OJOYKU M3 LIUPKOHHEBOTO CIUIaBAa MOKPHITA OKCHUIHBIM
cnoeM. Kosdpdunument muddy3un Bomoposa B OKCHUAHOW IUIGHKE Ha IOBEPXHOCTH
npkonneBsix cruiaBos (107°-10™ cx®/c [2,3]) mMan (zaxe B mpeneax dKCIepUMEHTAIbHOTO
paszbpoca) 1o cpaBHeHHIO ¢ KodddunuenToM nuddy3un Boopoaa B MUPKOHHUCBOM CILIABE
(~10° cm?/c [3]) mpu xapakrepHoii Temreparype oGomouku T=623 K. IlosTomy okcumHas
IUICHKA MpeACTaBIsieT co0oii 3 ekTUBHBINA 6aphep Ui IPOHUKHOBEHUS BOAOPO/A.

OnHako BHYTpPEHHSISI TOBEPXHOCTh ITUPKOHHEBON OOOJIOYKH B TPOIIECCE BBHITOPAHUS
TOIUIMBA TO/IBEpraercsi oOJydeHHI0 BbicOKOdHepretnueckumu (E~100 M>B), TsoxenbiMu
(A~100) ockonkamu AeNEHHH, 9YTO MPUBOINUT K €€ Aerpajalii U 4YaCTUYHOMY PACIbUICHUIO.
KpoMe TOro, XumMudecku akTHUBHBbIE HPOAYKTHI jAeieHus ypana Cs, | moryr Bcrymate B
XUMHYECKYIO PEAKIUIO C OKCUIOM IIMPKOHUS, TEM CAMBIM HapyIlas IIeIOCTHOCTh TUICHKH.

B ciywae pasrepmernsanuu TBdJa TEIFIOHOCUTENh MOCTYIAET MO 000JIOYKY B BHIE
napa. B ra3oo0pa3Hoil cpeae ¢ HEKOHTPOJIUPYEMBIM COJEpXKAHMEM KHCIOpoJa B
LIUPKOHHEBON 000JI0UKE pa3BUBAETCs HOAYINsipHas (o4aroBas) kopposus [4]. OTMeTHM, 4TO
3arpsi3HEHHE 00O0JIOYKU TBAJIA ()TOPOM COTPOBOXKIACTCS M3MEHEHHEM CTPYKTYpPBI OKCHIHOMN
TUICEHKW: OHA CTAHOBHTCS PHIXJION M TEPSET CBOM 3aIIUTHBIE CBOICTBA.

Takum o00pa3oMm, CyIIecTBYeT Iiefiasi COBOKYIMHOCTh IIPOLIECCOB, B pe3yJibTaTe
NPOTEKaHUs KOTOPBIX, MEJIOCTHOCTh OKCHUIHON IUIGHKM Ha BHYTPEHHEH MOBEpXHOCTU
000JI04YKH MOXET ObITh HapyIIeHa.

[Ipenmonoxum, 4T0 B OKCUAHOM IUJIEHKE HAa BHYTPEHHEH MOBEPXHOCTH OOOJIOUKH U3

OUPKOHUCBOI'O CILIaBa O6p8.30BaJ'IOCL TpCIIMHA WK OTBCPCTHUC. Torma moTok MOJICKYJI
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BOJIOPOJIa Yepe3 3TO OTBEPCTHE K METALTY 000JIOUKHU OMPELIIICTCA UX TEIUIOBOH CKOPOCTHIO
OT ¥ TUIOTHOCTBIO Ta3000pa3HOIo BOAOPOAA N M0 000J0YKOM:
j=nur /4

[Ipy CONPHKOCHOBEHUH Tra3000pa3HOro BOJOPOJAa C IMOBEPXHOCTHIO IMPKOHHUEBOTO
CIUTaBa, HE TIOKPBITOTO OKCHUIHOW IUICHKOW, MPOTEKAeT MpOoIecC aicopOluu MOJICKYI
BOJIOPOJIa TIOBEPXHOCTHIO. M3-3a OONBIIOrO 3HAYCHHs dHEpruu aacopOiuu &=3 9B [5],
K03 puImeHT aacopOIy BOI0POIa K IMPKOHUIO OJIM30K K SUHUIIE:

P

ezﬁo(T)~l’ PO(T):M;E—I)fexp(—%Tj«l

rae K(T) - JUIMHA BOJIHBI ¢ Bpoiyis mams MoJjekyn BOAOpOJAa, NBIKYIIMXCS C TEIJIOBOM

CKOpOCTBIO VT, Kg- mocTosHHas Bombivana. CienoBaTeabHO, KOHIIEHTpPAIMS BOJOPOJa Ha
MOBEPXHOCTH IUPKOHUEBOTO CIjiaBa co~1.

[ToMmuMo BOJOpOAa, C TOBEPXHOCTHIO IMPKOHMEBOTO CIUIaBa, CBOOOJHOTO OT
OKCU/IHOM TUICHKH, B3aUMOJECHCTBYIOT Mapbl BOJBI, KUCIOPOA U CBOOOJHBIC PaTUKAIbl —
MOPOIYKTHI paanonusa Boabl. ['uapupoBanne cBOOOTHON MOBEPXHOCTH IUPKOHUEBOTO CILJIaBa

B IIApPOBOJOPOAHOM ra30Boi cMecu Hanboiee Y3PPEKTHBHO MPHU BHIIIOJTHEHUHN YCIOBUS:

v, P P M 1
Ya_2 e g 0 (M2
vi RBouoy P, M, 3
Tae V12 Ury,, P12, Miz - 9acToThl cOymapeHHs MOJEKys1 BOJOPOAA M MOJEKYI BOIBI C

€UHULEHN TIJI0IIA U TOBEPXHOCTH HUPKOHUEBOTO CILJIaBa, TEIMJIOBbIE CKOPOCTH, MaplHAIbHbIE
JABJICHUS U MOJIIPHBIE MAcChl Ta3000pa3HOT0 BOJIOPOA U MAapOB BOJbI, COOTBETCTBEHHO.

Ecnm B razoBo#t cpene 4acToThl coyaapenust mojekyn Hy u O ¢ equHune miomaan
MOBEPXHOCTH OOOJOYKH OJWHAKOBBI, TO Ha TOBEPXHOCTH IIMPKOHHEBOTO CIUIaBa
MPEUMYIIECTBEHHO a/ICOPOUPYETCS BOAOPO/, MOCKOIBbKY SHEPTHUS aJcOpOIIMU KUCTIOPOIa K O~
Zr (0.46 5B [6]) Ha mopsiIOK MEHBIIIE.

Bpemst HachiieHusT BOJOPOJIOM CBOOOJHOM OT OKCHAA TOBEPXHOCTH 7 PABHO
OTHOIIICHUIO 4YHUCJa aJCOPOIMOHHBIX IIEHTPOB Nag~10" en? x KOJINYECTBY MOJIEKYII,
MOTABIIMX B OTBEPCTHE TUIOMIABIO S B €IUHUILY BpEMEHH: 7=Na3/]S<< 1 C.

Mornekynbl BOAOpOJa, aacopOMpOBaHHBIE IMOBEPXHOCTHIO, MPOHUKAIOT B 00BEM
UPKOHHUEBOIO CIUIaBa MmocpencTBoM nuddys3un. Pacmpenenenue KOHLEHTpaluud BOIH3U

MMOBEPXHOCTH OMHCHIBACTCS (POPMYJION, CIENYIOMEH W3 perieHUs] OJHOMEPHOTO YpaBHEHUS

T dy3un Ha MOTYIPSIMON:

c(x,t):coerfc(x/ZM).
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31ech X — paccTosiHuE OT MOBEPXHOCTH, Dz~2.38-1 0° eni®/eex — kodduruent nuddy3un
BOJIOpPOJIa B IMPKOHHUEBOM CILTaBe mpu Temieparype 623 K [3].

Ha riyOune h, rae nokanbHash KOHICHTpAIMs BOJOPOAA MPEBBINIACT IMPEACS €ro
pacTBOPUMOCTH B IUPKOHHEBOM ciuiaBe (cy =0.0105 npu T=623 K), npoucxoaut ¢a3oBbiit
nepexo, U 00pasyercs 3apoAbIll THapuaa. Bpems hopMupoBaHus 3apoblliia, OMPeaeieMoe
U3 peIleHHs TPAHCIICHICHTHOTO ypaBHeHus ¢(h,t)=Cy, cocTaBsieT COThIC O CEKYHIBI.

[Tocne oOpa3zoBaHMs CBEPXKPUTHUECKOTO 3apojbplllia HOBOW (pa3bl pocTt ruapuaa
CKBO3b 000JIOUKY OyJeT onpenenarses: ko unuentoM nuddy3un BoIOpoa B 0 - TUAPUIE

uupkonnst Dy, =1.4-10"exp(-0.61/ksT) cm’/c [7]. Bpems mpopacranus rumpuia depes

000JI0YKY TBAJIa PAaBHO XapaKTEPHOMY BpeMeHH TU(Qy3un BoIOpoJa uepe3 o - TUAPUA

[IUPKOHUS HA PACCTOSIHKE, paBHOE TOJIIMHE 000109ku Ar=0.065 cm.
Ar® = D, (T)-At~3 cyrox (1)

Takum oOpa3oM, moj 00JyYyeHHEM ILeIOCTHOCTh OKCHIHOM IUIEHKM Ha BHYTpPEHHEH
MOBEPXHOCTU IUPKOHUEBON 000JIOUKH C TEUEHUEM BPEMEHM HapylaeTcs. Mecra HapyLIeHUs
[IEJIOCTHOCTH OKCHIHOM IUIGHKM Ha BHYTPEHHEH MOBEPXHOCTH OOOJIOYKH TBAJIA CIYXKaT
LEHTPaMU 3apOKJIEHUs KPYNHBIX TIuUApUIOB. B napoBomopomHoll cpene 3apokIeHUE
KpPYITHOTO THIPHUJA B MECTE€ HAapYUICHMs LIEJOCTHOCTH IIJICHKHM BO3MOYKHO IIPH OTHOILLIEHUU

napuuanbHblX Aasiaenni By /B, 5 >1/3. JlnurensHocTs 06pa3oBaHus 3apoAbllia KPYIHOIO

ruapuna onpenensercs kodpduiuentom nud@y3un BogOposia B IUPKOHUEBOM CIUIaBE M
COCTaBIIIET COTHIE JOJM CEKyHABL. JITUTETBHOCTH pPOCTa THUAPUAA HAa BCIO TOJIIUHY
o0onouku TBAMa — Kodduuuenrom nuddysun Bogopoaa B 6 — ruapuae mupkonus. [Ipu

temrneparype 623 K BpeMs pocTta rupuja CKBO3b TOJIIUHY 0O00J0YKH ~3 CYTOK.
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9PO3Us Al MULLIEHHU B IIVIASME MATHETPOHHOTI'O PA3PSIA
EROSION OF ALUMINUM TARGET IN MAGNETRON DISCHARGE PLASMA

JI.B. Cugenés’, B.IL. KpI/IBO6OKOB1, B.A. prIu/IHI/IHl, C.B. IOxakos’, B.O. OCKI/IpKOZ
D.V. Sidelev', V.P. Krivobokov', V.A. Grudinin®, S.V. Ydakov', V.O. Oskirko®

1 o o o
Duszuko-mexnuyeckul uncmumym, Tomckuil norumexHu4eckul YHUeepcument, np. Jlenuna
0. 30, Tomck, Poccus, e-mail: sidelevdv@tpu.ru
2 . .
Jlabopamopus npukiaoHou 31eKkmporHuxu, Uncmumym cunbHOMoOYHOU 31eKMPOHUKU, NP.

Axademuuecxuu 213, Tomck, Poccus

This article reports on the results of the detailed study of erosion of Al target in

magnetron discharge plasma. It was demonstrated that the combination of middle-

frequency (MF) and high impulse power (HiPIMS) power supply results in the

significant increase of deposition rates of Al films by changing of sputtering yield.

The MF pulse assists HiPIMS discharge to transit in a high power mode.

CHJIBHOTOYHOE UMITYJIbCHOE MAarHETPOHHOE pacibiieHue (B 3apyOeiKHOMN JIUTEpaType —
HiPIMS) [1,2] mpencraiser coboii  3GGEKTHBHBIA HHCTPYMEHT JUIS  OCAXKICHHS
TOHKOIJIEHOYHBIX, BHITOJHO OTIMYAIOLIUICS OT KJIACCUYECKOI'0 paclblICHUSI Ha TIOCTOSIHHOM
toke (DC). I'maBHasi ocobennocts TexHonoruu HIPIMS 3akmiodaercs B dopmupoBaHuu
UMIyJIbCOB OOJBIION MJIOTHOCTH MolHOocTH (Ha 1-2 mopsinka Beime, yem npu DC
PACIIBLICHUH) BHICOKON CKBaXHOCTH ¢ 4acToTol cienoBanus (<10 k['1). OqHaKO TEXHOIOTHs
HIPIMS xapakTepu3yercsi CHIDKEHHEM CKOPOCTH ocaxkaeHus nokpbituit (~30...70% [1]), uro
BBI3BAHO CIIEKTPOM (DaKTOPOB (BIMUSHUE JIEKTPUUECKUX MMApaMETPOB paspsiia U THIA HOHOB,
OoMOapaupYOMUX MHIIEHb, Ha KOIPOUIIMEHT pachbUieHUs MaTephajia MHUIICHH,
YMEHbBIIICHHE MOTOKA PACIBUIEHHBIX aTOMOB 33 CYET WX HOHHM3aUWH U T.1. [2]), KoTopbie B
HACTOAILEE BpPEMS YK€ JOCTATOYHO Xopomo u3ydeHsl. [lo 3Toi npuunHe, aKkTyalbHBIM
HAIpaBJIEHUEM MCCIEIOBAHUNA B 00JACTH CHUIBHOTOYHOIO MAarHeTPOHHOTO pacHbLICHUS
SBJISICTCSI TIOMCK METOJOB TIOBBIIICHUS CKOPOCTEH ocaxaeHus. B Hacrosimieil pabdore
IPEI0KEHO UCIOIb30BaTh KOMOMHALIMIO MTOCIIEI0BATEIbHBIX UMITYJIBCOB CPEIHEYACTOTHOTO
Y CWJIBHOTOYHOTO UCTOYHMKOB ITUTAHUS KaK CPENCTBO JUISl MIOBBIIIEHNS CKOPOCTU OCAKICHUS
Al nokpeituii. Beibop Al B kauecTBe Mmarepuana MUIICHH OOYCIOBJIEH €ro BBICOKOW
TEIIONpPOBOAHOCTHIO (236 B1/M-K), uTO HEemMaioBa)XHO BBHUAY BBICOKOM TEIJIOBOM Harpys3ku

Ha KaToJ, ¥ OOJBIINM CIIEKTpOM puMeHeHHi Al IIEHOK B COBPEMEHHOH POMBIIIICHHOCTH.

HccnenoBanusi NOpOBOAMIUCH Ha  HOHHO-IJIa3MEHHOM  ycTaHoBke (puc. 1),

000py/10BaHHOM HOHHBIM UCTOYHUKOM, MarHETPOHHOM pacHbUTUTEILHON CUCTEMBbI, CUCTEMOM
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BpalieHus o0pas3ioB (CKOpocTh - 10 00/MHH) M CHCTEMOW aHalIM3a ONTHYECKOTO CICKTpa
mwia3Mbl  (IByxXkaHanbHBIH — crmekTpomerp AvaSpec ULS-2048L2). [ns mnpoBencHus
DKCIIEPUMEHTAa ObLT  pa3paboTaH MakKeT KOMOWHUPOBAHHOTO HWCTOYHUKA IUTAHUS
(DC+HIPIMS) na ©0a3e cepuitibix wuctouHukoB mutaHus APEL-M-5PDC u APEL-M-
5HIPIMS. CucremMa CHHXpOHH3AIMK O00CCIIEYMBAET MMOCICIOBATEIBHYIO MMO1a4y HMITYIbCOB
CPEIHEYaCTOTHOIO W CHJIBHOTOYHOI'O HCTOYHUKOB NHTaHHUS C (UKCUPOBAHHON May30il
(10...100 MKC) mociie CHIBHOTOYHOTO HUMITYyJbca. dopMa MMIMYILCOB HAIPSDHKEHUS W TOKA

KOM6I/IHI/IpOBaHHOFO HCTOYHHKA IMMTAaHW [TOKa3aHa Ha pHUC. 2.

thipfms—on

AvaSpec . <
ULS-2048L2 DC+HiPIMS - t

MCTOYHUK NUTaHUA =~ 0 + s mfon
MOHHBIN | P I
MCTOYHUK MarHeTpoH HIPIMS|| | be MF -200—| "| ’| F || | f |

pauss

noanoxka

cucrtema

e il

nMnynbcoB

Tyvey

L3 _ : o0 |\|\I| J
[nopaua pabouero MMW
o rasa -800 : ‘ . . .
0 50 100 150 200 250
K Hacocy‘ t MKC

hipims?

Puc. 1. Cxema 3KkCIepUMEHTaIbHON YCTaHOBKU Puc. 2. ®opma uMIyIbCOB HANPSKEHUA U TOKA
KOMOMHHUPOBAHHOIO UCTOYHUKA MUTAHUSL: thipims-on —
UMITYJIbC HiPIMS; tmt-on - HAMITYJIbC
CPEIHEYaCTOTHOTO HMCTOYHMKA TNHTAHUS; {pause
(uKcupoBaHHAs Tay3a

Ha puc. 3 mnokaszanel BonbT-amnepHble XapaktepucTuku (BAX) wmarHeTpoHHOro
paszpsaa, cOPMHUPOBAHHOTO C TIOMOIIbI0 KOMOMHMPOBAaHHOIO MCTOYHHMKA MHUTAHUA
(DC+HIPIMS) u cumpHOTOUHOTO HMcTrouHuka mnurtanus (HIPIMS). Tlokazano, 4ro mojada
UMITyJIbCA CPEJHEYACTOTHOIO HCTOYHMKA IHUTAaHUS INEpe] CHIBHOTOYHBIM HMITYJIECOM
NPUBOAUT K CHWKEHHMIO pabovero HampsbKeHHs M TOBBIIICHHIO CPEIHEro Toka paspsjga. B
TOM Ciy4Yae MMIIYJIbC CHUJIBHOTOYHOIO HCTOYHMKA NUTAHMUS CO3JAET MpPeIBAPUTEIIbHYIO
MOHM3AIMIO JUOJHOTO MPOMEXKYTKA, YTO CIHOCOOCTBYET Oojiee OBICTPOMY BBIXOIY pabOThI
MarHeTpoHa B BBICOKOMOINHBIH pexxuM [3]. DTa TEHIEHIUs] XOPOIIO MPOCICKUBACTCS Ha
Bujae BAX mnpu yBeIMUEHHH CKBaXKHOCTH HMMITYJIbCOB. AHAIOTMYHBIE pe3yabTaThl (puc. 4)
OBUTH TOJIyYeHBbI MPU M3MEHEHHH uTeNnbHOCTH uMmmynbca HIPIMS (wactoTa criemoBanus

umiyiabcoB — 1 kI'1i; yepenuénnas momHocTh HIPIMS — 2 xBT).
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Puc. 3. BAX wmar"erpoHHoro paspsma, Puc. 4. DBomronus Hampsokenus (1, 2) u Toka (3,
bopMUpyeMOro ¢ TMOMOIIBI CHIBHOTOUHBIX  4) paspsiza B Ciiydae CTaOMIN3aIiy MOITHOCTH (2
HUMITYJIBCOB pa3nuyHoi qmurensHocTH: 1 — 30 us  kBT) nmpu Bapuanuu JJIMTENBHOCTH HMMITYJIbCa
(HIPIMS); 2 - 30 pus (MF+HIPIMS); 3 — 60 us cunpHOTOYHOTO McTOKA muTanus: 1, 3 — MF (0,6
(HiPIMS); 4 — 60 us (MF+HIiPIMS); 5 — 90 us  kBrt) + HiPIMS (2 xBT); 2, 4 — HiIPIMS (2 xBr)
(HIPIMS); 6 — 90 us (MF+HiPIMS)

Ha puc. 5 moka3aHa 3BOJIOIMS UHTETPAIBHOTO ONTUYCCKOTO CHTHAJIA HEHTPATBHBIX U
WOHHBIX KOMITOHEHT IUIa3Mbl MarHETPOHHOTO pa3psja NpPHU BAPbUPOBAHUHU IUTEIHLHOCTH
umnyiabca HiPIMS. Tlomaua WMIOynbCOB — CPEIHEYACTOTHOTO HMCTOYHHMKA — MHTAHUS
00yCJIaBIIMBACT TOBBIIICHUE ONTUYECKOTO CHUTHANIA BCEX KOMITOHEHT IUIa3Mbl, HAaUOOJbIIHIA

poct curHasna 3aUKCHPOBaH JIJIsl HECUTPAIBHBIX aTOMOB aproHa.

_AlY

MH
6E4 M
4,5E4

3E4 -
2E4 -

1E4 1

WMHTEHCUBHOCTb, OTH. ea.

30 40 50 60 70 80 90 100
MKC

hipims?
Puc. 5. M3MeHeHre WHTErpabHOW MHTCHCHBHOCTH OINTHYECKOTO CUTHAJNIA KOMIIOHEHT IUIa3Mbl OT
JUTMTEJIBHOCTH HUMIIYJIbCa CHJIBLHOTOYHOTO HCTOYHHMKA NUTaHHSA. [IpyM pPaclbUIEHUH C ITOMOIIbIO
MF+HiPIMS: Al*\y, Al — HOHBI ¥ aTOMBI amtOMHUHUS; Al yy, Alyy — HOHBI M aToMbI aprosa. Ilpu
pacnbuieHuu ¢ oMot HiPIMS: Al*y, Aly — HOHBI U aTOMBI ATFOMUHUS, Al y, Aly — HOHBI M ATOMBI
aproHa

Ha puc. 6 moka3zaHbl CKOPOCTH OCaKIeHUS MIEHOK Al Ipy MCTONB30BAaHUM PA3ITUYHBIX
MCTOYHUKOB nuTanusi. Habmronaercs cyliecTBeHHbIN POCT CKOPOCTH OCaXKJIEHUS MPH Moj1aye

KOMOMHHUPOBAHHOHM I0/1a4e CpeIHEeYacTOTHBIX HMMITYJIbCOB (cpeansist MomHocth 0,6 xBT).
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OnHOMl W3 NpPHUYMH TMOBBIIIEHUS CKOPOCTH OCAaXKIEHUS CIEAyeT CUMUTaTh 3aBHCHUMOCTH
k03¢ durmenta pacnbiieHuss Al oT sHepruu HaneTaomMx HOHOB. Ha puc. 7 mokazaHa
3aBUCHMOCTh Kod(dduienta pacubuieauss Al monamu Ar, onpenenénnas myrém pacuéra B
nporpamme SRIM-2008 [4]. CoracHo mpoBen€HHBIM pacuéram, 3TOT (aKkTOp MPHUBOIUT K
8...13% yBenuyenuto ckopoctu ocaxaeHus Al mokpbituii. [ToMUMO 3TOr0, OTHOCHTEIBHBIH
poct uOHOB Ar k unciy WOHOB Al CHMXaeT WHTEHCHBHOCTh 3P (EeKTa caMOpacHbUICHHS,

TAKXXE OKa3bIBAIOIICTO CYHMICCTBCHHOC BIIMAHUEC HAa CKOPOCTh OCAXKICHUA HOKpHTHﬁ.

7 I, A
= 12,00
40
- 35 - 1,75
S 301
Z25] = 11,50
> 20-
15_ 3 '1,25
10 é T T T T T T T T T T T T T T 1 [
30 40 50 60 70 80 90 100 '~ 30 40 50 60 70 80 90 100
thfp."ms’ MKE thipims’
Puc. 6. Cxopocth ocaxzaenusi miéHok Al Ha  Puc. 7. 3aBUCUMOCTD kodpdunrenTa

BpAIAIOIIYIOCS MOTOKKY: 1 — pacmbutenne ¢ pacmbuienust (Y) Al MHUIIEHH W CpelHEro Toka
nomorneio MF+HIPIMS (MF — 0,6 kBt; HIPIMS  paspsina oT JUTUTEILHOCTH UMITYJIbCa
— 2 xBr); 2 - pacnbuienue ¢ nomomso HiIPIMS — cunbHOTOUHOrO wHcTounnka mutanus (1 xBT):
(2 ¥Br); 3 — pacnbuieane ¢ nomoisio MF (0,6  Yun, lwy — TpH  pacmbuleHHMH C  [TOMOIIBIO
kBT) MF+HIiPIMS; Yy, |y — mnpu pacmbuieHHH C
oMo HiPIMS

Takum 00pa3zom, UCCIIE0BaHUs O pacibuieHHIO Al MUIIIEHH B TJIa3Me MarHeTPOHHOTO
paspsijia okasanu 0oJiee BRICOKYIO MTPOM3BOUTENLHOCTD Mporiecca ocaxaeHuss Al mOKpeITHIA
py KOMOMHAIIMKM UMITYJIBCOB CPEIHEYACTOTHOTO U CUILHOTOYHOTO UCTOYHHUKOB MUTaHUS. B
TOM ciy4yae HaOmionaercss Oosnee ObicTpelii mepexon MPC B BBICOKOMOLIHBIH PEXKUM,

3a()MKCHPOBAHO MOBBIIIEHUE CPEIHEr0 TOKAa pa3ps/ia U CHIDKEHHE pabdoyero HampspKeHUs

paspsija.

Hccneoosanue evinonneno sa cuem epanma Poccutickoco nayynoeo ¢honoa (npoexm

Nel5-19-00026)

1.K. Sarakinos, J. Alami, S. Konstantinidis, Surf. Coat. Technol. 204 (2010) 1661.

2.A. Anders, J. Vac. Sci. Technol. A 28 (2010) 783.

3.P. Vasina, M. Mesko, J.C. Imbert et al., Plasma Sources Sci. Technol. 16 (2007) 501.

4.TRIM (the Transport of lons in Matter) by J. Ziegler, J.P. Biersack, M.D. Ziegler. www.srim.org, 2016.
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MOIUNPUKALUA CTPYKTYPBI, IPOYHOCTHBIX U KOPPO3UOHHBIX
CBOMCTB NOBEPXHOCTHOT'O CJIOSA ”THCTPYMEHTAJIBHOM CTAJIA
BO3JEVCTBUEM KOMIIPECCHOHHBIX ILTASMEHHBIX IOTOKOB

MODIFICATION OF STRUCTURE, STRENGTH AND CORROSION PROPERTIES
OF INSTRUMENTAL STEEL SURFACE LAYER UNDER THE IMPACT OF
COMPRESSION PLASMA FLOWS

H.H. I‘IepeHgal, AA. ManameBI/Iql, B.B. YrJIOBl, B.M. ACTamI/IHCKI/IfIZ, AM. Kys:LMI/IL[KI/H?I2
N.N. Cherenda®, A.A. Malashevich?, V.V. Uglov, V.M. Astashynski?, A.M. Kuzmitski?

! Benopycckuii cocyoapcmeennwiii ynusepcumem, np. Hezasucumocmu 4, 220030 Mumnck,
benapycw, e-mail: cherenda@bsu.by;
2 Hncmumym menno- u maccooomena um. A.B. Jlvikosa HAH Benapycu, ya. I1. bposku 15,
220072, Munck, berapyco

Structure and phase composition as well as strength and corrosion properties of the
instrumental steel surface layer alloyed with chromium atoms under the action of
compression plasma flows were investigated in this work. The findings showed
that change of the phase composition (formation of metastable y-Fe phase) and
structure dispersion led to microhardness increase and change of resistance to
atmosphere corrosion.

Jis MonmpuKauy CBOWCTB MOBEPXHOCTHOT'O CJIOS MAaTEpUAJIOB IMIMPOKO UCIOIb3YETCs
00paboTka IyyKaMH 3apsOKCHHBIX YacTHll, JIa3epHOE M IIa3MeHHoe BosJleiictBue. Takas
00paboTKa MO3BOJISET NEPEaBaTh MOBEPXHOCTHOMY CIIOI0 MaTepuajia BBICOKHE 3HAUCHHS
DHEPTUH, TUCCHUIIAIMS KOTOPOW MPUBOIUT K (POPMUPOBAHHIO HEPABHOBECHBIX CTPYKTYpPHO-
($a30BBIX COCTOSIHMM, HEJOCTH)XKMMBIX TpU TPAAMLIMOHHBIX METOAAaX OO0paboTKH, H,

COOTBETCTBCHHO, K CYIIICCTBCHHOMY U3MCHCHUIO CBOICTB MIOBEPXHOCTHOTO CJIOA.

OcoOblif UHTEpEC B ATOM OTHOIICHHH MPEACTABISIOT KOMIIPECCHOHHBIE TMIa3MEHHBIC
notoku (KIIII), renepupyembie KBa3uCTAllMOHAPHBIMH IUJIA3MEHHBIMH YCKOPHUTEISIMH, C
OTHOCUTEIIGHO  OOJNBINON  JUTUTENBHOCTRIO  uMmmynbca ~ 100 mxc.  BoszneiictBue
KOMITPECCHUOHHBIMU TIJIA3MEHHBIMH TOTOKaMU TMPUBOAUT K (QOPMHUPOBAHUIO paciuiaBa C
OONBIIMM BpEMEHEM CYIIECTBOBAHMS, UYTO TO3BOJSET WX HCIOIB30BaTh B KaueCTBE
3P GEKTUBHOIO MHCTPYMEHTAa MOBEPXHOCTHOTO JISTHPOBaHUs MarepuajioB [1]. DToT crmocod
JETUPOBAHMS TOAPA3yMEBAECT TPEIBAPUTEILHOE HAHECCHHE Ha TOBEPXHOCTh MHIICHH
MOKPBITHS JIETUPYIOIIETO 3JeMeHTa (WM HECKOJIbKMX JJIEMEHTOB) C MOCIEAYIOUIUM
Bozaeiicteuem KIIII Ha cucTeMy «IOKPBITHE-TIOUIONKKA» U MOXKET OBITh HCIOJIB30BaH,
HarpuMep, Ui CYIIECTBEHHOTO VYIIYYIICHHS MEXaHMYECKHMX W KOPPO3HOHHBIX CBOWCTB
MMOBEPXHOCTHBIX CJIOEB HHCTPYMEHTAJIBHBIX CTaJleld, KOTOpBIC IIHPOKO HCIOJB3YIOTCS B
Pa3IMYHBIX OTPACISX MPOMBIIUICHHOCTH. Llenpio maHHON paboThI SBISUIOCH MCCIIEIOBAHUE

CprKTypHO-(I)EBOBOFO COCTOSAHU A, TPOYHOCTHBIX U KOPPO3HUOHHBIX CBOMCTB IMOBCPXHOCTHOT'O
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ciosi crand Y9, JEerupoBaHHOrO aTOMaMHM XpoMa TOJA JACHCTBHEM KOMIIPECCHOHHBIX

IIJIa3MCHHBIX ITOTOKOB.

OObexTOM HCCIenoBaHmii sBisIachk ctaas Y9 (Fe-97%, C-0,85-0,94%, Si-0,17-0,33%,
Mn-0,17-0,33%, S-10 0,028%, Ni-mo 0,25%, Cr-no 0,2%, Cu-0,25%) ¢ ¢heppuTHO-TIEPIUTHOMN
CTpYKTypoii. B pabote ObLIH MccienoBanbl ABe Tpymmbl 00pasios. [lepen oopadorkoii KIIIT
Ha MOBEPXHOCTHh 00pa3lOB IMEPBOM TPYIIbI HAHOCWIOCH MOKphITHE CI TONIIMHONW 2 MKM
METOJIOM BaKyyMHO-/IyTOBOTO ocaxeHus (Tok ropenust ayru 100 A, HanpsikeHHe CMEIEeHUS
120 B, Bpemst Hanecenus: 10 mun). O6paboTKy 00pa3oB 00eux IpyIl OCYIIECTBISUIN TPEMs
MMITYJIbCAMH C IUIOTHOCTBIO SHEPIHH, IOIVIOMICHHOH moBepxHocThio 9-19 Jk/em® 3a
umnyibe (Q). DKCHEpUMEHTHI MPOBOAUWIM B PEXKHUME “OCTATOYHOIO rasa”, MpH KOTOPOM
MpelBapuUTeIbHO OTKaYaHHYI0 BakyymHyto kamepy MIIK 3anomnsiim paGouuM razom —
azotom 1o masnerus 400 Ila. J{ns u3ydeHus: CTOMKOCTH K aTMOC(EpHON KOPPO3UH 00pasIibl

OTKUTAIIUCH Ha BO3Ayxe B auanasone temneparyp 200-500 °C B reuennu 1-3 gacos.

MUKpOCTpYKTypa TOIMEPEeYHbIX HUTH(POB 00pa3lmoB H3ydalach C MCIOIb30BaHUEM
pacTpoBoro 3iekTpoHHoro mukpockorna LEO1455VP. DnemeHTHbINA COCTaB MOBEPXHOCTHOTO
CIIOSI MCCIIEIOBAJIICS. C TOMOIIBIO SHEPrOIUCIIEPCHOHHOrO MuKpoaHanu3aropa Oxford
Instruments, conmpspKEHHOTO € PacTPOBBIM AJIEKTPOHHBIM MHUKPOCKONOM. OTHOCHUTEIbHAS
MOTPEITHOCTh OIpPEACICHUS KOHICHTpAluu 3jieMeHToB He mnpesbimana 10 %. da3obrit
COCTaB MCCIIE0BAJICSI METOJIOM PEHTI€HOCTPYKTYPHOI'O aHaJIN3a C MOMOIIBIO JU(paKkToMeTpa
Rigaku Ultima IV B usnyyenun CuKo B GokycHpoBKe mapauienbHbIX My4KOB. V3MepeHust
MHKpPOTBEPJOCTH 10 Bukkepcy mpoBoauin Ha MukpoTrBepaomepe MDV402 Wolpert Wilson

Instruments npu Harpyske 0,49 H, Bpems Bbliep:kku noj Harpy3koi 10 c.

BosgeiictBue KIIIT Ha oOpasisl cuctembl Cr/Y9 B HCHONB30BaHHOM JHaria30HE
PEKMMOB TIPUBOJAMT K IUIABJICHHIO TIOKPHITUS W TOBEPXHOCTHOTO CJIOSl CTalH, UX
KHUIKO(pAa3HOMY  TNEpEeMEIIMBaHUIO  TOJ  JCHCTBUEM  KOHBEKTHBHOTO  MEXaHHM3Ma
maccorniepeHoca [1]. Ilocnme okoHuaHus HOEHCTBUS HMMIYJbCa IUTa3Mbl HJAET OBICTPOE
OXJIQXKJICHUE TTOBEPXHOCTHOTO CJIOSI, TIPUBOJSIICE K AUCIICPTUPOBAHUIO €ro CTPYKTyphI (Puc.
1). Tonmmuuaa nerupoBaHHOTO cios gocturaet ~ 10 MM (mpu Q=19 Jik/em?). Cormaco
JAHHBIM MHKDOAHAJIN3a, YBEITHYCHHE IUIOTHOCTH TOMIOMEHHON dHepruk oT 9 JLk/eM® 1o
19 Jix/cM? COTIPOBOXKIAETCS YMEHBIICHHEM KOHIIGHTPALMA XPOMa B JIETHPOBAHHOM CIIOE OT

6,5 no 3,2 Bec.%.

Kak BuIHO U3 pUCYHKA 2, ISTHPOBAHHBIN CIIOW conepkuT y-Fe da3sy ¢ tekctypoii (100).

Jra dasa sBisercs ocHoBHOH npr Q=9 Jix/cm’. C yBETHUYSHHEM MIOTHOCTH MOTJIOMICHHOM
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SHEPruu MHTEHCUBHOCTH JIMHUN Y-F€ HauMHAeT yMEHbIIAThCS, OJHAKO €€ O0BbeMHas 10 B
aHAJM3UPYEMOM CJIO€ SIBJISICTCS MpEBAMpYIONIEH Haa oObemHOU moned a-Fe daswl. [lpu
Q=19 Jix/cm® B CTPYKTYpE JICTUPOBAHHOTO CJIOSI HAUYMHAIOT TMPOSBISATHCA WrOJIbYaThIe

o0pa3oBaHUs, XapaKTEPHBIE ISl Y—>0 MIPEBPAIICHUS, TPOTEKAIONIETO B YCIOBUSAX OBICTPOTO

oxnaxzaeHus (Puc. 1).
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Puc.1 MukpocTpyKTypa monepeqHoro Puc. 2 ludpakrorpammer obpasna ctanu Y9 u obpasua
2
nutnga oopasua cuctemsl Cr/V9, cuctembl Cr/Y9 nocne oopadotku KIIIT ¢ Q=9 Jlx/cm

o6padotannoro KIIII ¢ Q=19 JTx/cm’

Ananus daszoBoro cocraBa o0pasnoB craiu Y9, nmoasepruythix Boszeictauio KIIII,
TaK)Ke Nokazaji npucyrcrue y-Fe dassl B ananusupyemom cioe (Puc. 2). Ognako, B oTinune
oT (a30BOro COCTaBa CIIOSL, JIETUPOBAHHOTO XPOMOM, €€ KOHIIeHTpauus MeHbIne. Kpome toro,
yBEIMYEHUE IUIOTHOCTH TMOIJIOLIEHHOM SHEpPruM Uil cllyyass HEHOCPEICTBEHHOTrO

Bo3zaericTBus KIIIT Ha oOpa3iipl cTany He BAUsIeT Ha 00beMHYI0 J1011t0 Y-Fe.

[TpucyTcTBHE BBICOKOTEMIEpATYpHOH Y-(a3bl NMpPU KOMHATHOW TEeMIIEpaType MOXKET
ObITh OO0yCIIOBIIEH ee cTabuiu3auued pasIudyHbIMU INpuMecsiMu. PaHee mnpoBeneHHbIE
UCCIICIOBAaHMS TIOKA3aJll, YTO 00paboTKa KOMIIPECCHOHHBIMH IUIA3MEHHBIMH TIOTOKaMH,
reHepupyeMblMd B aTMmocepe a3ora, compoBoxnaaercs auddysueit atoMoB a3ota B
NOBEPXHOCTHBIN CIIOW MPEUMYILECTBEHHO Ha JTamne oxjaxiaeHus [2]. A3oT pacmupser y-
00JTacTh M OTHOCHTCS K ayCTCHHUT-CTAOWIU3UPYIOIIAM JJIEMEHTaM, B TO BpeMsl, KaK XpOM
sBysieTcst peppuT-craduau3upyromum 3aeMeHToM [3]. OaHako, U3BECTHO, YTO MPHCYTCTBHE
XpoMa oOyciaBnuBaeT 00JbIIyro AupHy3MOHHYIO [UIMHY aTOMOB a30Ta B aycTeHuTe [4]. DTot
apdekt wucmonp3yercs s a30TUPOBAHUS aycTeHHTHBIX craned [4]. Takum oOpazom,

MMPUCYTCTBUEC XpOMa B HOBEPXHOCTHOM CJIOC MOXKET IMPUBOJUTH K YBCIHMYCHHUIO CKOPOCTHU
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muddy3un aTOMOB a3oTa B ayCTEHHUTE (HA JTare OXJAXACHHUSA) W YBEIHMYCHHUIO JOJIU

ayCTeHHUTa, CTa0MIN3UPOBAaHHON aTOMaMH a30Ta MPU KOMHATHOM TeMIieparype.

H3MeHeHne CTPYKTYphl MOBEPXHOCTHOIO CJIOSI CTAadd MPUBOAUT K MOJUGPUKALUU €ro
cBoiicTB. B wactHOcTH, HenocpeacTBeHHoe BozaeuicTtBue KIIII mpuBOAUT K yBEIUYEHUIO
MHUKPOTBEPJOCTH MOBEpXHOCTHOTO ciost o ~ 8 I'Tla, a nermpoBaHue aromMaMu xpoma — J0
6 I'Tla (Puc. 3). Takoe moBeaeHNE KOPPEIUPYET ¢ OOBEMHBIM COJIEP)KAaHHUEM MEHEE MPOYHOU
v-bazpl. MUKpOTBEpAOCTh TMOBEPXHOCTHOIO cJosl Juisi o0eux rpynn oOpasloB He
CYIIIECTBEHHO 3aBUCUT OT PEKHUMOB BO3JCUCTBUS, MMO3BOJISS MPEANOIOKUTH, YTO OCHOBHOU
MPUYMHOW YIPOYHEHUS MOXKET SBIATHCS JTUCIEPTUPOBAHUE CTPYKTYPHl B PE3yJbTaTe

CKOpOCTHOﬁ 3aKaJIKU U3 pacIiliaBa.

10~
9
] ] { l
e aRNEE
E= 7
a0 1 Cr/y9 ; -
g 6 1 Cdve - /;/7 %
g °] 2zl |7
2 4] 7 7 /
= % 27 7
15} ] Y 7 7
g 34 7 7 2
= N Wl
s, 17 |7
] 7 % 7
1 L // 7 7
1 ///’ 7 ///
1 7 %
0 T . r A / /]
1

0 5 0 15 20

o 2
MNOTHOCTb MOrnoLLeHHOW aHepruu, [x/cMm

Puc. 3 3aBucumocTs MUKpOTBEpAOCTH 00pa3LoB cTanu Y9 u obpasuos cuctemsl Cr/Y9 ot
PEXUMOB BO3/IEUCTBUSI.

Ananu3 ¢$a3oBOro cocraBa M MOMEPEYHOr0 ce4eHus 00pasioB cuctembl Cr/Y9 mocie
BoznerictBust KIIIT 1 omkura Ha BO3ayXe TaKKe MOKA3all, YTO MPUCYTCTBAE aTOMOB XpOMa BIIHSET Ha

KOPPO3HUOHHYIO CTOHMKOCTB IMMOBCPXHOCTHOT'O CJIOA.
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3®PEKTUBHOCTH IPEOBPA3OBAHHNSA BU MOIIITHOCTHU B MOHHBIN TOK B
BBICOKOYACTOTHbBIX HCTOYHUKAX HOHOB

THE CONVERSION EFFICIENCY OF THE RF POWER INTO THE ION CURRENT
IN THE RADIO-FREQUENCY ION SOURCES

B.K. AGrapsi’, K.M. Kpyrmos®
V.K. Abgaryan', K.I. Kruglov!

Y Huy Mo MAH, Jlenunepaockoe wocce, 5, a/s 43, Mocksa, Poccus, e-mail:
vka.mai@mail.ru

The power balance in the radio-frequency ion source is made up by counting the inevitable
power losses at the surfaces bordering the inductive discharge plasma and the cost of
production and pre-acceleration of the working gas ions. The dependence of the specific
radio-frequency power cost per unit of ion current emerging from the source on electron
temperature and geometric parameters of the gas discharge chamber is determined.

BBICOKOYaCTOTHBIE HCTOYHUKM HOHOB TI'€HEPUPYIOT IIOTOKM KBa3HMHEHUTPAIbHOM
IUIa3Mbl, B KOTOPOIl MOHBI pabouero ra3a ycKopsmTcs 10 SHepruil B Heckoabko K3B. Ilnazma
MHAYKTUBHOI'O pa3psiia o0pa3yercs U MOAJEPKUBAETCS B ra30pa3psAHON KaMepe C IOMOILbIO
BBICOKOYACTOTHOT'O 3JIEKTPOMAarHUTHOIO HoJs ¢ yacToroil nmopsinka MI'n. Cxema nctouHuka
MOHOB C BBICOKOYACTOTHBIM HArpeBOM Iuia3Mbl Obuia mpemioxkena X. JIEoom [1]. MouHbie
UCTOYHUKH TAKOTO TUIIa MOTYT paboTaTh Ha aTMOC(EpHBIX M arpeccuBHbIX raszax [2,3]. B
HOCJIC/IHUE JECATHIICTHST HAMETHWIOCh HIMPOKOE KOCMHU4YecKoe mpumeHeHue [4,5] moHHBIX
UCTOYHMKOB JaHHOW M TOJOOHBIX CXEM B KaueCTBE OCHOBHOTO 3JIEMEHTAa KOCMHYECKHX
JJNIEKTPUYECKUX PAKETHBIX ABUTATENICHd. YCKOPEHHBIE JJIEKTPOCTATHUECKUM IIOJIEM IIOTOKU
IIa3MbI C BBICOKUMHU CKOPOCTSIMU HCTCYCHUSI B HECKOJIBKO JECSITKOB KM/C UCIIOIB3YIOTCS ISt
IIPOU3BOJICTBA TATH.

TunoBasi cxeMa KOHCTPYKIMM BBICOKOYACTOTHOTO MCTOYHHMKA MOHOB M300pakeHa Ha
Puc. 1. OcHOBHBIMHM Yy3llaMH SIBJISIOTCS: KepaMmudeckas raszopaspsiaHas kamepa (I'PK);
UHIYKTOD, BBITIOJIHEHHBINA B BUJIE METHOU TpyOUaTOl criMpayy ¢ HeOOJIBIIUM YHCIOM BUTKOB
(8-10) m moaksroueHHbli kK BYU-reHepaTopy; HOHHO-ONTHYECKAs CHCTEMa, COCTOSIIAs W3
HMHUCCHOHHOTO M YCKOPSIIOUIET0 3JE€KTPOJOB, Mep(OpUPOBAHHBIX COOCHBIMH OTBEPCTHUSIMU;
ra3oBBOjl, uepe3 KOTOpblii paboumii ra3 momaercs B [PK; xkaTtoa-neiiTpanuzarop,
UCITYCKAIOIIMKM JJIEKTPOHBI Il KOMIICHCALMU II0JIOKUTEIBHOIO 3apsfa BBIXOIAIIUX U3
UCTOYHHKA MOHOB TMpH (OPMHUPOBAHUU KBA3MHEUTPAJIHHOIO IUIA3MEHHOIO IOTOKA.
IlepemenHsbIit TOK C yactoToi nopsanka 1 MI'n, renepupyemsiii BU-reneparopom, nomaercs B
MHIYKTOP U TE€HEPUPYET MEPEMEHHOE MArHUTHOE I0JIE COJEHOUJAIBHOTO THUIIA, KOTOPOE, B
CBOIO 04YEpe/lb, TCHEPUPYET BUXPEBOE DIIEKTPUUECKOE II0JIE, PA30IPEBAIOLICE DIIEKTPOHHBIN

ra3d A0 TEMIICPATYp OSJICKTPOHOB MOpPAAKAa HECKOJBKHUX 3B. HOHBI BBITATHUBAIOTCS qepe3
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HefirpamraTop OTBEPCTHUA B MOHHO-ONTUYECKOI

— CHCTEME u YCKOPSIOTCS B
e

X 00— 1 e 3IIEKTPOCTATUYECKOM noJe,

IPUII0KEHHOM MEXKIY IMUCCUOHHBIM U

YCKOPAOIUMHA SJICKTpOJdaMHU.
BricokoBOIBTHAR

pasBsIKa > [TonpoOHO  Qu3MUeckue MpoIEecChHl,

[POTEKAIONINE B  BBHICOKOYACTOTHBIX
[ HCTOYHHUKAX HOHOB, OIKCAHBI,
——— 0,00 Harpumep, B [6].
E

L 4

L

L 4

L4

Xe B

L 4

XapaktepucTuko 3¢hdexTuBHOCTH

L

L 4

ucronp3oBanugd BY  MomHocTH B

TazopaspagHas >
KaAMEpa > XE+ HNOHHBIX NUCTOYHHKAX nu HNOHHBIX
//f,’ k\ ABUTATCIIAX ABJIACTCA SHEPICTUUCCKAA
Huagvero
y P Honno-onmigeckas  [[€HA MOHHOIO ToKa Cj,

CHCTEMA

W,
- BY
BY-renepaTop CI — | , (1)
Puc. 1 Cxema KOHCTPYKIIUH BBICOKOYACTOTHOTO 0
HCTOYHMKA HOHOB rae Wgy — BU momuocCTs, ogaBaemas

BY-reneparopoM Ha UHIYKTOP, lo- HOHHBIN TOK U3 HOHHOTO UCTOYHMKA WM JBUTATeENs.

[Tpy mpoexkTupoBaHUM KOCMHYECKUX JABHMraTeieil BaKHO MOIYYUTh HPEIBAPUTEIBHYIO
oueHky C;. Ot e€¢ 3HaueHHWs 3aBHUCAT TEXHUYECKHE XapaKTEPUCTHKH Tpedyemoro BU-
re”epatopa. [Ipexne Bcero, 3To npoussoaumas uM BU-momHoCTh, KOTOpasi, B CBOIO OY€peib,
ompenensger TUO U Maccy Tpedyemoro BU-reHepatopa. MaccoBble XapaKTepUCTHKH
3JIEMEHTOB CHCTEM JIH0OOr0 KOCMHUYECKOTO ammapara sBISeTCs Ba)KHBIM IapaMeTpoM Hpu
MOJIFOTOBKE 000N KOCMUYECKONH MUCCHH.

3nayenuss C, ompenensercss HECKOJbKMMH  TlapaMeTpaMH ¥ B CYIIECTBYIOIIUX
neuratensx HauuHatoTes oT 310 B1/A gms BYU wmonnoro nsurarens RIT-35LP [4] u
Bo3pacTaroT 10 3HaueHuit 700—-800 B1/A. I1pu cobmroieHnH Ha CTaAUK IPOSKTUPOBAHUS BCEX
HEOOXOIUMBIX MpOILENyp, HANpaBiICHHBIX Ha YMEHbILIEHHE Mapa3uTHeIX mnorepb BY
MOIITHOCTH, MO’KHO OTPaHUYUTH KPYI OCHOBHBIX IapaMeTpoB, ONpeneisiomux 3HaueHue C
JIBYyMsi HamOoyiee BaXXHBIMH - 3TO MapaMeTpbl T'E€OMETPUHU Ta30pa3psaHON KaMepbl |
AJIEKTPOHHAsI TeMIieparypa 7, B INIA3MEHHOM pa3pse.

llena wuonHoro Ttoka C; ompenensiach U3 ypaBHEHHMs OanaHca MOIIHOCTH
CyMMHPOBAHHEM KOMIIOHEHT MOIIHOCTH. M3 3akoHa coxpaHeHuss sHepruu (MOIIHOCTH)

3HAYCHHC BKJ'Ia)ILIBaeMOI\/’I B paspian Bq-MOHIHOCTI/I MOXXHO IIPEACTaBUTH B CJICAYIOLICM BUIC:
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WBq :\Nl0 +WrP1< +W33 +WPAI[ +WB (2)

, tne W), —“nmose3nas” dvactb BY-momHOCTH, 3aTpaunBaeMas Ha 0Opa30BaHHE HOHOB
OCHOBHOT'0O TOTOKa W MX MpeaBapuTesibHOE yckopeHue. OcTajbHbIe cllaraeMble B IMpaBOil
qacth (2) XapakTepu3yloT HEH30eXKHbIE TIOTePH  MOIIHOCTH B  KOHCTPYKIIMU
BBICOKOYACTOTHOT'O MCTOYHHUKA HOHOB, 2 UMEHHO.

Wrpk — TIOTOK MOIIMHOCTH Ha BHYTPEHHIOIO ITOBEPXHOCTh Ta30pa3psaHON KaMephl,
BBIHOCHMBIM MOHHOM U 3JIEKTPOHHOM KOMIIOHEHTAMH ILIa3Mbl, IEPEXOJSIIUHN B TEILIO.

W55 — TOTOK MOIIHOCTH Ha TOBEPXHOCTh SMUCCHOHHOTO JIEKTPO/Ia, OOpAIIEHHYIO K IJ1a3Me,
Y TaKX€ BBIHOCHMBbI HOHAMU U AJIEKTPOHAMHU U3 T1JIa3MBbl;

Wpag — paauanoHHbIe MOTEPU MOLIHOCTH Ha BO30Y)KJEHHE aTOMOB U MOHOB B IUIa3Me, HE
MPUBOSAIINE K TOCIEAYIONIEH HMOHHM3AllMU W CHUMaeMble UCIYCKAaHHEM KBAaHTOB CBETa C
MOCJICIYIONIUM KX TIOTJIONICEHUEM TOBEPXHOCTSIMHU, TPaHUYAIIUMU C pa3psiaoMm, Jubo
MOKUJAIOIIUMU JBUTATEIb YEPE3 OTBEPCTHUSI B MOHHO-ONITHYECKON CUCTEME;

Wp — COBOKyIHBIE Mapa3UTHBIE MOTEPU HA WHAYKIHOHHBbIE BUXPEBBIE TOKH B MPOBOSIINX
AJIEeMEHTaX KOHCTPYKIIUUA UCTOYHUKA HOHOB.

Jnst paHHOM CXeMbl HMOHHOTO HCTOYHHMKA IIOTEPH MOIIMHOCTH TPU BBINAICHUN
KOMIIOHEHT IJIa3Mbl - HOHOB, DJIEKTPOHOB U (DOTOHOB - Ha MOBEPXHOCTU KOHCTPYKIIMH,
rpaHuyalMe ¢ IUIa3MOM pa3psiia, CYUIECTBEHHO NPEBAIMPYIOT HAJ IOJIE3HOW YacThIO
MOIIHOCTH, UAYIIEH Ha TPOU3BOACTBO U MPEIBAPUTEIHHOE YCKOPEHHUE HOHHOTO IMOTOKA.

[Tpr Tpo3pavyHOCTH SMHUCCHOHHOTO 3JEKTpoaa 635 = 0.5 - onTuManbHOW W TOATOMY
4acTO BCTPEYAIONICHCS B KOHCTPYKLUHMSIX Pa3IMYHbIX BHICOKOYACTOTHBIX HCTOYHHKOB MOHOB -

JJI ICHBI HOHHOT'O TOKA IMOJIYYEHO CICAYIOIICE OLICHOYHOC BBIPAXKCHHUE.

C, =(18.75T, +27.50 1+ S;p ), , BT/A 2)

_ S
TAC Sppg = —=
So

- OTHOcUTeNbHas miom@aap nosepxnoctu ['PK, Sy - mimomanas BeIXOTHOTO
cedeHus noHHoro motoka. ['paduk 3aBucumoctu C; ot 7,, U3MEHSIOMIEHCS B AWAITa30HE OT 2
no 73B, XapakTepHOM Ul JAaHHOTO THUIA HMOHHBIX WCTOYHMKOB, IPHU PAa3IUUHBIX S py
nzobpaxen Ha Puc.2. Ilna nomycdepuueckoit I'PK, nocratouno pacnpocrpaHeHHOW cpenu

BBICOKOYACTOTHBIX UCTOUYHUKOB MOHOB, S, = 2. IIpu Te = 5 3B mnst nonycdepuueckoit I'PK

(mpsimast — 3) 1ieHa woHa paBHa 360 BT/A, 4TO HAXOIUTCS B YIOBIECTBOPUTEIHLHOM COTJIACHH C

U3MEPEHHBIMU 3HaYeHUsIMU C| 1151 CYIIECTBYIONINX HOHHBIX IBUTaTese [4].
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Puc. 2. 3aBucumocTh 3HEpreTHUecKoi ieHbl HoHa C; 0T TeMIlepaTyphl JJIEKTPOHOB T MPH Pa3InYHbBIX
3HaYeHusX oTHOcuTenpHOM mromanu I'PK: 1.50 (1); 1.75 (2); 2.00 (3); 2.25 (4).

[TonydyeHHOe BbIpa)XE€HUE JUI IIEHbl HMOHA TO3BOJISIET Ha CTaJUU INPOEKTHPOBAHUS
MOHHOTO JIBUraTels ClIeNIaTh OLEHKY 0’KUIAeMOM LIeHbl HOHA B 3aBUCUMOCTHU OT TEMIIEPaTyphl
AJIEKTPOHOB U OTHOCUTENBHOM IIJIOLIA/IN ra30pa3psIHON KaMepbl, HE paccMaTpuBas JeTallbHO
npouecc noryomenns BU-MOmHOCTH mi1a3Moi BBICOKOYaCTOTHOTO MHAYKTUBHOT'O pa3psa.

PaboTa BbInoiHeHa npu puHAHCOBON nojiep:kke MuHHMCTEpCTBA 00pa30BaHMs U HAyKU
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CAMO®OPMHPOBAHUE HAHOCTPYKTYP HA IOBEPXHOCTH Si H SiO; B
JBYXCTAJUHOM NPOLIECCE TPABJEHMS B IIIA3ZME
®TOPCOJIEP)KAILIUX I'A30B

SELF-FORMATION OF NANJSTRUCTURES ON THE SURFACE OF Si AND SiO;
IN ATWO-STAGE ETCHING PROCESS IN PLASMA FLUORINE-CONTAINING
GASES

U.N. Amupos, A.C.Illymunos, M.O. U3tomoB, JI.A. Mazanenkuii
I.I. Amirov, AS Shumilov, M.O. Izyumov, L.A. Mazaletsky

Apocnasckuii Qunuan Pusuxo-mexuonocuiecko2o uncmumyma PAH, e Apocnasns, Poccus,
e-mail:ildamirov@yandex.ru

The results of the investigation of self-formation of nanostructures on the Si and
Si0O, surfaces in a two-stage etching process in the plasma of a high-frequency
low-pressure inductive discharge in C4Fg/SFg are presented. It is shown that under
certain conditions nanoscale fluorinated carbon structures are formed on the Si
surface, and block pyromidal nanostructures appear on the SiO, surface in this
cyclic process.

HanocTpykTypupoBaHue HOBEPXHOCTH sBIseTCA 3()()EKTUBHBIM CIIOCOOOM YCUIIEHUS
(GYHKLIMOHATIBHBIX CBOMCTB MarepuanoB. OnHuM u3 HauboJjiee NpPUBJIEKATEIbHBIX CIIOCOOOB
[IOJIyUeHUE HAHAHOCTPYKTYp sBIseTcs 00paboTka o00pa3loB B IIa3Me, B KOTOPOM Ha
MOBEPXHOCTH TPOUCXOAUT caMo(opMUpOBaHNE HAHOCTPYKTYpP. XapakTepHBIM IMPHUMEPOM
TaKOro camo(opMHUpOBaHUs SBJISETCS OOpa30BaHUE HA IMOBEPXHOCTH Si B IHKIMYSCKOM
JIBYXCTaIMITHOM Mporecce TpasieHus B mia3me CaFg/SFg (Bosch-mporiecc) tak HazpiBaeMoro
«4epHOro KpeMHus». OH HUCIONB3yeTCs TPU H3TOTOBJICHUHM COJHEYHBIX 3JieMeHTOB [1].
BO03HUKHOBEHHE MTOJIBYATHIX HAHOCTPYKTYP OOYCIIOBICHO 00Opa30BaHUEM Ha MMOBEPXHOCTH Si
OCTaTKOB TpaBjieHus QropyriepogHoit miaeHku (DVYII), koTopble SABISIIUCH MUKPOMACKON
npu tpaBieHnu Si B miazme SFg [2, 3]. OnHako kpoMe HEYMOPSJOYEHHBIX HIOJIbYaThiX Si
HAaHOCTPYKTYP Ha TIOBEPXHOCTH MOXHO TIOJYYHTh U Jpyrue 0ojiee CI0KHBIE HAHOCTPYKTYPHI.
B nmanHOW paGoTe mpeacTaBIEHBI pPE3yNbTaThl WCCIECAOBAHHS TOJYYCHHUS HAHOCETYATHIX,
¢dropyriaeponsbix HanoctpykTyp (HCDYC) Ha nmoBepxHOCTH Si B AByXCTaIUIHOM Mpoliecce
TpaBineHus B mnazMe B cmecu CgFg C Ar m mocrienyromieMm TpaBieHuH B minazMe SFg B
3aBUCUMOCTH OT BpeMEHH 00padoTKku Ha ctaauu mnpoiecca nomyueruss OVYII. Uccnenopanme
(bopMUpOBaHUS HAHOCTPYKTYp Ha TOBepXHOCTH SiO; B IUKINYECKOM JBYXCTaJUHHOM

mponecce TpaBJICHUA B IJIa3ME C4F8/SF6 MMPOBOAWIIN B 3aBUCUMOCTHU OT €TI0 JJIMTCIBbHOCTH.

OKCHEpUMEHTHI TPOBOJWIN B peakTope IIOTHOM ma3Mbel BY nHaykunoHHoro paspsna,
KOHCTPYKLIUSL KOTOpOro mpuBeneHa B [2]. B TakoMm peakrope MOXHO ObUIO HE3aBHCHUMO

YIPABJSITH INIOTHOCTHIO HOHHOTO TIOTOKA U SHEPrueit bomoOapaupyronmx noHo. O6pa3iamMu
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CIY’KWJIH TUTACTHMHKHA OKHMCJICHHOTO W HE OKHCICHHOrO MOHOKpHCTan-auueckoro Si KJIb -1
(100) pasmepom 10x10 mwm, BeIpe3aHHble U3 IuacTHHBI Si guamerpoMm 100 mm. Kontpois
MOP(}OJIOTHH TTOBEPXHOCTH IUICHOK MPOBOJWIM C UCIOJIb30BAaHUEM METO/a CKaHUPYIOUIEH
anekTpoHHON Mukpockonmu (COM) Ha ycranoBke Supra 40 (Carl Zeiss). Xumudeckuit
cocTaB 00pa3loB KOHTPOJIMPOBATU METOJOM 3HEPro-AMCIEPCHOHHOTO PEHTIC€HOBCKOTO
anammza (DAPA) c¢ wucnonb3oBanuem mnpuctaBku INCAx-act (Oxford Instruments) x

ycraHoBke Supra 40.

[TepBas cramus nomyuenus OVII mieHKH HA TTOBEPXHOCTH OOPA3IOB OCYIISCTBIISIIU B
mwiazme B cmecu CiFg +70% Ar mnpu nosbimeHHON 3HEepruu uoHoB (~200 3B). [lpyrue
ycnoBusi o0padotku Obutn cinenyromumu: P=0, 3 Ila, W=600 Br. IIpu Takux yciaoBusx
IPOUCXOIMIIO TpaBjieHHe Si ¢ 00pa3oBaHHEM Ha TOBEPXHOCTH (TOPYIICPOIHON IICHKH
(®VYID) Tommmuor 2-50 HM. Tommmuaa u mopdornorus DVII ompenensuiack BpeMeHEM
tpasienus. [loBepxnocts ®VYII mocine 30 ¢ obpabotku (puc. la) Obuia 3epHUCTOH, C

HaHOMETPOBBIMU BKIIIOYCHUAMMU. Hpe,[[HOJIO)KI/ITCJ'IBHO, OHHU SBJISUIMCH Y3JIaMU ceTyaToun

Puc.1. Bux nosepxuoctu Si mocie ocaxaerus OVYII -a) u mocie TpaBieHus B miasme SFg - 6).

bTopyriepoHOl MONMMMEpPHOW TIIEHKU. MHKpoaHalM3 COcTaBa IUIGHKH TOKa3ai, 4To
otHocHuTenbHOe cozepkanne C/F Obuto GonbiiuMm (>5). DTO maHHbBIE CBHACTEIBCTBYIOT, YTO
IpH  WHTCHCUBHOW HWOHHOW  OOMOapaupoBKe Ha  MOBEpPXHOCTH Si  obpasyercs
MIPEUMYIIIECTBEHHO YTIJIepOaHas (TOopuUpoBaHHas IUieHKa. [locie nanpHeWmeid o0paboTku
TaKoH TUICHKH B Tuiazme SFg Ha moBepxHocTH oOpaszyercss HCOYC ¢ TommuHON ceTkn ~10
HM U pa3mepoM siueiiku ~100 um (puc. 16). KparkoBpemenHnas o6padotka nosepxaoctu @ YII
B IuazMe SFg mpuBOJMia TMPOSBICHUIO W, BO3MOXKHO, WHHUIIMUPOBAHHIO 0OOpa3oBaHUs
HC®VYC. OrtrocutenbHoe conepkanue C/F B Helt mocnme oOpabotku B miasme SFg

YMEHBIIAJI0Ch 70 2-3.
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Ha nosepxuoctu SiO, B mukiamueckoM mpoiiecce B miasme Cy4Fg/SFg (Bosch-niporiecc) mocie
~25 MUHYT TpaBieHUS OOpPa30BBIBAICA CPABHUTEIBHO TOJICTHII HApYIICHHBIH CJIOH U3
nMpaMUIaIbHBIX HAHOCTPYKTYp (puc. 2a). B Takom mporecce tpasienue SiO; mpoucxouio
Kak Ha ctaauu naccuBarnmu (tuasma CuFg, sueprus nonos ~ 90 3B, mmTeNnbHOCTH cTagUM 5
C), TaK M Ha CcTaauu TpaBieHus (TwiazmMa SFg mUTENbHOCTH cTamuu S ¢). BeicoTa
nUpaMUIaIbHBIX HAHOCTPYKTYp paBHsiack 80 HM. CkopocTh TpaBienus SiO, pasusuiach 0.4
HM/C. BujJ MOBEpXHOCTH CBEpXy IMOKa3all, YTO MUpaMHJIAIbHbIE CTPYKTYpPbI pa3/eieHbl Ha
65oku ¢ xapaktepHbM pazmepoM 100 M. TToxoxkas O6104Has nUpamMHUIaIbHAs CTPYKTypa Ha

noBepxHoctu SiO; o0pa3yeTcst Py €ro TPaBJICHUHM B TCUCHHE MPUOIU3UTEIbHO 10 MHUHYT.

Pa3meps! 010k0B B 3TOM citydae ObLIH OOJbIIIE.

Puc. 2. Bux nosepxuoctu SiO; nociie nukmuueckoro Tpasnenus B miasme C4Fg/SFg mo yriom 70°
-a) ¥ cBepxy — 0.

TakuM 00pa3oM, MOKa3aHO, YTO MPU OMPEIETCHHBIX YCIOBHUSIX MPU JBYXCTaIUNHOM
tpaBineann Si B iazme Cy4Fg/SFg Ha MX MOBEPXHOCTH MPOUCXOIUT CaMO(POPMHUPOBAHHE
HAHOCETYATOU, YIIIepoaHOU (Topconepkaiield HaHOCTPYKTypbl. Ha moBepxuoctu SiO, B
IMKJIMYECKOM pexume Tpasienusi B rasme CgFg/SFg mpu MHTEHCHBHOW HOHHOW 00pabOTKe
MOBEPXHOCTH Ha CTaJAWHM TAaCCUBAIMM BO3HUKAIOT YCTOWUYMBHIE HAHOMUPAMUIAIbHBIE

CTPYKTYPBHI.
Pabota BeinosHeHa mpu noanaepxke rpanta POOU (mpoekt Nel7-07-00657).
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XAPAKTEPUCTUKHU TEPMOPEI'YJIMPYIOIIUX IIJIASMEHHO-
JEKTPOJUTUYECKHUX MOKPHITUI HA AJJFOMUHUEBOM CILTABE

THE PROPERTIES OF THERMAL CONTROL COATINGS PRODUCED
BY PLASMA ELECTROLYTIC METHOD ON ALUMINUM ALLOY

K.A. AHI/IKI/IHl, A.M.BOpI/ICOBl, A.B.}KeJITyXI/IHl, A.A.}KyKOBl, B.H.KpI/ITl, C.B.CaBYH_IKI/IHaZ,
n.JI. CDCIII/I‘-IKI/IHl, A.B 3HenL¢)eﬂbz[1
K.A. Anikin!, A.M. Borisov!, A.V. Zheltukhin®, A.A. Zhukov', B.L. Krit, S.V. Savushkina?,
.D. Fedichkin®, A.V. Apelfeld*

"MocKOBCKHii aBHAIHOHHBIN nHCTUTYT (HannoHanbHbIN Hecae10BaTEIbCKUI YHUBEPCUTET),
125993, Mocksa, Poccus, e-mail: airgearl2@mail.ru
2FHI_[ - ®I'VII «MccnenoBarensckuii ieHTp umenn M.B. Kennpimay, 125438, Mocksa, Poccust

The thermal control properties (solar absorbance As and emissivity €) and specific
electrical resistance of the coatings formed by plasma electrolytic method of microarc
oxidation (MAO) were investigated. It was established that the requirements for the
optical properties of MAO coatings and their specific electrical resistance are not inferior
to those for the currently used ECOM thermal control coatings with a number of other
advantages.

Tepmoperynupytonue mokpeituss  (TPII) mnpumensitorcss 1 GJIOKOB  OOpTOBOIA
afrmaparypbl U y3JI0OB KOCMHYCCKHUX allllapaToB, Ha IMOBEPXHOCTH KOTOPBIX BOSHeﬁCTByeT
QJICKTPOMArHUTHOC HU3JTYy4YCHUC COJ'IHI_Ia, BKJIIOYAKOIIECC OAaJIbHEC U OKHEe yanpaCI)I/IOJ'IeTOBOC
HN3ITYUYCHUC, a TAKKC IIOTOKH 3aps’KCHHBIX YaCTHII. HpI/IMepaMI/I TaKHux I/I?,IIG.HI/Iﬁ SABJIAKOTCSA
6JI€H[[I)I, Ty6yCLI U IOTOPKHU TCJICCKOIIOB, JJICMCHTBI OITUKO-3JICKTPOHHBIX HpI/I60pOB,
afrmaparypbl  JUCTAHIIMOHHOI'O 30HIAUPOBAHUA 3CMJ'II/I, COJIHCYHBIX KOJUJICKTOPOB, CUCTEM
aCCUBHOH TepMquCKOﬁ 3alllUThl KOCMHUYCCKHUX alIiapaToB U Jp. HJ’IH ITUX ueneﬁ HCIIOJIB3YIOT,
B OCHOBHOM, CII€LIMaJbHbIE JAKOKPACOYHBIE TepMOpEryiaupyromue nokpeitus cepun OKOM
npousBojgctBa OAO «Kommosut» [1]. OmHako 3TH TOKPBITHS HMEIOT PSI HEAOCTATKOB, B
YaCTHOCTH, HEBBICOKYIO aATC3HUI0 U 3HAUYUTCIIbHOC YXYAUICHHUC (I)YHKI_II/IOHEUIBHBIX CBOMICTB npu
I[JII/ITGJILHOI>'I OKCILTyaTaluu. B cBa3u ¢ stum AKTYAJIbHBIMU ABJIAIOTCS TNOMCKHU HOBBIX 0omee
paauaunonHo-ctoiikux TPII. B mocneanee Bpemsi mosiBUiIMCh NMyONMKAaUUd O NPUMEHEHHH
IJIa3MEHHO-AJIEKTPOJIMTUYECKOTO  MEeToJa MHMKpoAyroBoro okcuaupoBanus (MIAO) ans
NOJY4YeHUsl TepMoperynupyoumux nokpbituidi [2, 3]. MJAO mnpu OTHOCHUTENBHO MNPOCTOU
TEXHOJOTUU TO03BoJsieT (opmupoBath Ha cmutaBax Al, Ti, Mg, Zr u npyrux BEHTHIBHBIX
METAJIJIOB IMPOYHO CIICIIJICHHBIC C METaAJIJIIOM OCHOBBI MHOFO(i)yHKIII/IOHaIILHBIe
KepaMI/IKOHOJIO6HI)Ie IMOKPBITUA CO CTaOWIbHBIMHA XapaKTEPUCTUKAMMH.

Pa,Z[I/IaI_II/IOHHOG BOSHCﬁCTBHC (KaK OAUH U3 (I)aKTOpOB KOCMHYECKOT'O HpOCTpaHCTBa) Ha
MaTcepualibl, IMPHUMCHACMBIC B KOHCTPYKIHAX KOCMHYCCKUX  alllapaToB, 06yCJ’IOBJ’IeHBI
CIIOCOBHOCTBIO IPOTOHOB, MIEKTPOHOB M HOHOB ¢ dHeprueii Boime 10°-10° 5B npoHuKats B HAX,

BBI3BIBAs B 00bEME BCIICCTBA MOHU3AIIMIO aTOMOB, q)OpMI/IpOBaHI/Ie JIOKAJIBHBIX 3JICKTPUYCCKHUX
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3apsaoB, oOpa3oBaHue Ne(EKTOB, AIEpHbIE MpeBpalleHHus U Apyrue mpoieccbl. OCHOBHBIM
(dakTopoM, TPHUBOISMIINM K TIIYOHMHHBIM MOBPEKICHUSIM MaTepUaioB B KOCMOCE, SBISIOTCS
YCKOpeHHBIE TPOTOHBI. B pabote [4] mokazano, ytro MJIO-mOKpEITHS 00Jagar0T BBICOKOM
YCTOMYMBOCTHIO K BO3JICHCTBUIO MOHOB KHCJIOPOAA U PaIUAIlIOHHON CTOMKOCTBIO BBIIIE, YEM
TPII nokpeITHS, UMEIOLIME OPTAHUYECKYIO IPUPOY.

Hacrosmass pabora mocBsIieHa MPOJOJKCHUIO HCCIEAOBaHUN aKkTyanbHbIX s TPIT
xapakrepuctuk MJ1O-nokpsituii. [Tpouecc MIO npoBoauin B aHOAHO-KaTOTHOM PEKUME TPHU
CYMMApHO# [UTOTHOCTH aHOJHOTO U KATOJHOTO TOKOB 0K0J10 10 A/nM? Ha 9KCIIEPHMEHTANIBHOM
obopymoBanuun MAU [5]. OOpasuamu CiayXuid OpsIMOYroibHble miacTuaku 20x20 M
TONIIMHOW 2 MM H3 aloMHHHEBOTO cruiaBa AMr3. [lokpeiTHs ONTHYECKH OEloro IBeTa
[OJIy4yald B CHUJIMKATHO-IIEJIOYHOM 3JIEKTPOJIUTE, a s IOJYyYEHHUsS MOKPBITUM ONTHUYECKU
YEpHOTO 1IBETa B TAaKOH 3JEKTPOJUT M00aBISUIM BaHAJaT IIEJIOYHOIO MeTallla UM aMMOHUS.
Wsmepenuss koddp¢uiueHTa TMOTJIOMICHUS COJIHEYHOro M3iydeHus AS MpOBOAWIA Ha
UHTErpupytomeM crekrpoporomerpe DM-59M, a kodpumenTa TeIoBOro U3y4eHnus € — Ha
uHdpakpacaom crekrpoporomerpe MKC-40. TonmmHy MOKPHITHIA H3MEPSUTA C TIOMOIIBIO
BHUXpPETOKOBOTrO0 ToJrmHOMepa BT-201.

Tonmmmaa MJO-niokpbiTuii coctaBuia 150 u 50 MKM COOTBETCTBEHHO JJISI ONTHYECKU
6enoro u yepHoro mokpeITHii. Ha puc. 1 u 2 npuBeneHs! cnekTpsl kKodhduimenta orpakeHus R
NOKPHITUH B BUAMMOM U HWHQPAKPACHOM Hara3oHax. YCTaHOBJIEHO, YTO ONTHYECKU Oelble
MJIO-okpbITHST UMEIOT KO3(pPULMEHT NOIJOMEeHus ColHeyHoro usnydenus As = 0.28 u

Kod¢duImeHT TeraoBoro uznydeHus € = 0.93.

1.0

) -r[uupbi'me EE.JII-J& As; 0,28

0.0

400 800 1200 1600 2000 2400
n, HM

Puc. 1. Crextpsl koadduitmenta otpakeHust R mokpeiTHii B iuanazone JuinH BoiH A = 200-2500 am
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Puc. 2. Cnextpsl k03 duirienTa oTpaskeHus R TOKpBITHIA B TMana3oHe JUIMH BOJH A = 3—25 MKM

Ontuyeckn vepable MJIO-IOKPBHITHS UMEIOT KO3(PPHUIMEHT TOTJIOMEHHS COJHEYHOTO
usnydenuss As = 0.95 u koapdunment rerrororo mzinydenus € = 0.88. M3mepeHHbIe 3HaAUCHUS
COOTBETCTBYIOT TpeOOBaHUAM, ipeabsaBisieMbiM kK TPIT [1].

JIsl OLIGHKH YAENBHOIO 3JICKTPOCONMPOTUBIICHHUSI C MOMOIIbI0 ruraommerpa Advatade
U3MEPSUIM  CONPOTHUBIIEHUE MEXKIY METANIMYECKOW OCHOBOM U MPOBOJAALIUM  YIJIEPOAHBIM
CKOTYEM IUIOmanbio 1 cM’, HAKIECHHBIM HA TOBEPXHOCTH MOKPHITHHA. Jlisi cpaBHEHHs Opam
nokpbITust 6enoro (OKOM-1) u uepHoro (3KOM-2) uBetoB. Y nenbHble conpotuBieHus MO-
nokpeituss  Genmoro nera u OKOM-1 Obutn  HaiieHsl NPUONM3UTENBHO OJUHAKOBBIMU
~10° Om-Mm. Conportusnenre MJIO-OKpBITHS YEPHOTO LIBETA OBUIO B ~10° pa3 MEHbIIIE, YEM Y
MJO-nokpeitus Oenoro nsera. Takum odpazoM, MJIO-IOKpBITHS MOTYT CIYXHUTh B KaueCTBE
TEPMOPETYJINPYIOIUX € MOAXOIAIIMMHA HE TOJIBKO ONTUYECKUMH, HO U DIIEKTPUYECKHMH
XapaKTepUCTUKAMHU.

PabGora BhImonHeHa npu yacTMUHOM (uHaHCOBOM mnoanepkke CoBera MO TIpaHTaM

[Tpesunenta PO (rpant Ne MK 524.2017.8).
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OIPEJEJIEHUE NAPAMETPOB ®OPMUPYEMOT O INIASMEHHOI'O IIOTOKA
BAYKYYMHOI'O AYT'OBOI'O PA3PAJA U HAHOCHUMBIX ITIOKPBITUHN

DETERMINATION OF THE PARAMETERS FOR THE FORMABLE PLASMA FLOW
OF A VACUUM ARC AND DISTRIBUTION COATINGS

B.H.Apycramos, X.b. Aurypos, 1. X. XynaiikynoB
V.N.Arustamov, K.B.Ashurov, I.Kh.Khudaykulov

WHCTUTYT MOHHO-TUIa3MEHHBIX U J1a3epHbIX TexHonoruii, AH PY3.um. Y.A.Apudosa
Y. dypmon #iynu 33, 100125, TamkenT, Y30ekucran; sciencevl7@gmail.com

The work is devoted to the study of the spatial distribution of eroded flow components from an
arc discharge cathode in a vacuum.
BBenenue

I/ICCJ'IGIIOBaHI/Ie IPOAUPOBAHHOI'O IMOTOKa € KaTOoAa AYroBOI'O pa3psAlda B BAKYyMC
INPUMCHAIIUCH 3JICKTPOAHBIC yCTpOﬁCTBa H3 KOTOpOIo 3pO,Z[I/IpOBaHHI>II71 IIOTOK MaTcpHaia
KaTroaga BI)I6paCI>IBa€TC$I B ONPCACICHHOM TCJICCHOM YrIJIC. CocrtaB un MMPOCTPAaHCTBCHHOC
pacrpeneneHre KOMIOHEHT dPOJMPOBAHHOTO IMOTOKA 3aBUCAT OT JOPMBI JYTOBOTO pa3psja.
HpOCTpaHCTBeHHOG pacupcaciiCHuC 9POAHUPOBAHHOTI'O IIOTOKa HN3y4aJIoCh METOAOM
OCaAXIACHUA Marcepualia OPOAUPOBAHHOI'O IIOTOKa Ha KOHTPOJIbHBIC IIJIaCTHUHBI,
pacrioJio)KeHHbIe 0 Ayre ¢ paauycoMm 15-23 cm, HEHTp KOTOpPOW COBHagan ¢ LEHTPOM

pa6oqel71 IIOBCPXHOCTH KaTo/Jd4a. CKOpOCTB HCIIApCHHUA MAaTCpHalla KaTod Y U €ro yACJIIbHAsA

Am Am
3po3us W pacCUUTHIBAINCH MO (OpPMYJIaM COOTBETCTBEHHO ) = T W= T Am -

Macca 3pOJUPOBAHHOTO MaTepuaina kartoda; J -cpeaHuil TOK paspsaa; t- Bpems
OKCHO3UIMK. M3ydeHue MPOCTPAHCTBEHHOTO pacHpeleieHUuss HOHHOW COCTaBISOIIEH
IPOIMPOBAHHOTO TIOTOKA JYrOBOTO paspsjia MPOBOJAMIOCH Ha OCHOBE H3MEPCHHIA

SJICKTPUYCCKUMU 30HIAAMU. IImoTHOCTH OPOAUPOBAHHOTO IIOTOKAa MOYXKHO OINpPCACIUTb H3

Am
SAtmg

cleayroaero COOTHOLICHHUC: I' = , T S - miIomanab OCAaAXKIACHHOTO MaTcpuajia Ha

nojioxke; At- Bpemst ocaxJaeHus MIEHKH; M, - Macca aToMa; Am - Macca 0CaXJAeHHOI0
Martepuajia Ha KOHTPOJIbHOU MOMJIOKKE.

IIpocTpancTBeHHOe  pacnpeiejieHHe HOHHO-IJIA3MEHHOI0 IOTOKAa TIeHepHpyeMoro
BAKYYMHO-AYTOBbIM HCTOYHHKOM.

Pacnpenenenue NiaoOTHOCTH HMOHHO-TUIA3MEHHOT'O MOTOKA, FEHEPUPYEMOM BaKyyMHO-IyTOBBIM
HMCTOYHHMKOM, B 3aBUCHUMOCTH OT yIJIa X OTHOCHTEIbHO OCH KaTojAa MpeJcTaBieHa Ha puc 1.
Kak crnenyer wu3 puCyHKa, TpHUBEIEHHAas 3aBUCUMOCTb CHMMETPUYHA U HMEET

KOJ'IOKOJIOO6pa3HyIO (I)OpMy. C YBCINYCHUCM YyIJla IINIOTHOCTH 3POAUPOBAHHOI'O MMOTOKA
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yMeHbIIAeTCd W npu &= 25+1° coctaBaser 50% oOT MakCUMalbHOTO 3HAYCHHS.

OTHOCHUTENBHOE paclpeeicHHe IUIOTHOCTH JPOJUPOBAHHOTO TIOTOKA OMpPEIeseTCs

r Am

BBIPAKCHUEM: homr— = .rae ', - MJIOTHOCTH PPOAUPOBAHHOIO MOTOKA MO OCHU
0 0

KaTtoJa; Am - mMacca OCaXJAEHHOr0 MaTepuajla Ha IOJJIOKKE, PAaCIOJIOKEHHONW Ha OCH
katona. IIpocrpaHcTBeHHOE pacnpeznesleHue IUIOTHOCTH — 3POJUPOBAHHOIO IIOTOKA B
OTHOCHUTEJNIbHBIX €IMHULAX IPU Pa3jIMYHBbIX PACCTOSAHMUAX OT KaTojJa IMpuBeAeHO Ha pwuc.l.
ITomy4yeHHass 3aBUCHMOCTb MMEET XapaKTEPHBIM IMaJAlOIIMA BUJ U HE COOTBETCTBYET 3aKOHY
KocuHyca. C yBEIMYEHUEM PACCTOSIHUS OT IUNIOCKOCTH KaTOJa BO3PACTAET MOJYIINPUHA KPUBBIX
pacnpeznenenus. PesynpTaTsl NosydeHsl [uist pacCTossHUA 220 MM OT IUIOCKOCTH KaToJa M TOKa
paspsana 150A. IlpocTtpaHcTBEHHOE paclpeelieHHe IJIOTHOCTH 3POJAMPOBAHHOTO MOTOKAa HE
OTIIMYAETCs OT 3aKOHa KOCHHYCa M BO3pacTaeT I MeAM, TO €CThb Marepuaja C MEHbIIEH
TEMIIEPATYPOH IUIABICHUS, XapaKTEPU3YIOIUXCSI BBICOKOM KOHLICHTpALMEW 4YacTHl] B IOTOKE,
YTO ¥ YCUJIMBAECT OTKJIOHEHHE YACTULl OT OCH 3POJMPOBAHHOIO IIOTOKA 33 CYET CTOJKHOBEHHUHU.
CTONKHOBEHME YaCTHUI[ B MOTOKE IJIa3Mbl MPOUCXOJUT MPH YCIOBUHU €CIU JUIMHA CBOOOIHOIO
npobera yacTvilbl A MEHbILE, YEM XapaKTepHoe paccrosiHue L, Hampumep, paccTOsSHHE OT

IJIOCKOCTH KaToJa 10 TMOJUIOXKKH, TO ecTh A<L. J[lnumHa cBoOOgHOTO mpobera vacTuil

1
OMpeaACIsAICTCA BBIPAXKCHUCM A= E , 7A€ NO - KOHOCHTpAaUWA 4aCTUIl, a G - Ta3OKHUHECTHYCCKOC
a

. -2
cedyeHue cToiakHoBeHUH (6=10-16cM ). CkopocTh HCHapeHusi mMarepuana Karoja B AYTOBOM

paspsaa npu Toke paspsana Jg=300A cocraBaseT Z—T = 210722/, .IloToK HCIapeHHBIX

Q
ATOMOB B IINIA3MCHHOM ITIOTOKEC MOXKECT 6LITB MMpEACTABJICH B BU/IC G ~ NnaVaM, OTCroaa Na= .
ava
W’
/_ AT
o I's
15
1
I
0.5
10.1
o = 100 200 300 400;
300 200 10° 10° 20° 30° cHagoog 4
A b

Puc 1 A- mpoctpaHCTBEHHOE paclpeneleHHe IIOTHOCTH 3pPOJMPOBAHHOIO MOTOKA
CTaJIi Ha PacCTOSHHUM OT IIOCKOCTH KaTojga R= 19 cm mpu Toke myroBoro paspsaa
120 A. b- 3aBuCHMMOCTH YJeNbHON 3pO3UHM MaTepuaa Karoja AyroBOro paspsia OT
TOKa paspsana Uisl pa3InyHbIX MaTtepuanoB; Cu- kpuBas 1 crans kpusas 2.

C y4eToM CKOpPOCTHM aTOMOB Vv, =5 X 10* - 10° em/c u ee maccnl my= 107%%r MOJIyYUM

~ 15_ 116 . 3
ne= 2x 107°- 107 cm”. Otcrona cinenyeT, 4TO AJUHA cBOOOAHOTro mpolera cocTaBlisieT
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A=1-5 cM. U Ha pacCcTOSHUAX OOJBIIUX AOT MJIOCKOCTH KaToJa YaCTHIBl HCIIBITHIBAIOT
CTOJIKHOBEHHS BO BpEMsI IOJIeTa. 3aBHCUMOCTb Y/ACIBbHON 9PO3UH MaTepHaja KaTtoa JyroBOoro

paspsijia OT TOKa paspsjia JUisl pa3IMuHbIX MaTepUaIOB MpecTaBieHa Ha puc.1b.

IIpocTpancTBeHHOE pacnipeaejieHHe HOHHOH KOMIIOHEHTHI 3POMPOBAHHOI0 TOTOKA

Hannune nOHHOHM cocTaBisiolied, B IUIa3MEHHOM IIOTOKE JYrOBOrO paspsiia B BaKyyMe
o0ecreunBaeT MUPOKHUE BO3MOXKHOCTH €ro TeXHOJIOTHYECKOro NnpuMeHeHus VccienoBanue HOHHOM
KOMITOHEHTBI 3POIMPOBAHHOIO MOTOKA pa3pabOTaHHOIO BaKyyMHOI'O JIyTOBOT'O MCTOYHHUKA IJIa3Mbl
paspsaa MpOBOAMIIOCH C TOMOIIBIO 3JIEKTPUYECKOTO BOJIb(ppaMoBoro 3oHaa auamerpom 0,6 mwm,
JUIMHOW S5MM. 30HJ YCTaHaBIMBAJIMCh HAa TEX € PACCTOAHUSAX OT IUIOCKOCTH Karojaa, 4YTo H
KOHTPOJIbHBIE MOAJIOKKU IPU HCCIEIOBAHUU 3POJUPOBAHHOIO MOTOKa (8-28 cM), 4TO IMO3BOJMIIO
IIPOBECTU CPaBHUTENIbHBIM aHAJIN3 MPOCTPAHCTBEHHOI'O paclpeaeieHusl SpOJUPOBAaHHOIO MOTOKA U
€ro HMOHHOW KOMIIOHEHTHI. 30HJ YCTaHaBIMBAJICd HMX B IUIOCKOCTSX, MEPHEHIUKYISIPHBIX OCH
9POAMPOBAHHOIO IMOTOKAa M KaToja. M3MmepeHue paclpelesieHusi HOHHOW —COCTaBJIAIOLICH
3POAUPOBAHHOIO MOTOKA ITPOBOANUIIOCH B PEXKUME HACBIIIEHUSI HOHHOTO TOKA. B KauecTBe 0nOpHOro
AJIEKTPO/la B DJIEKTPUUYECKOW CXEME H3MEpPEHMsl MHCIIONb30BAJICA KaToja JyroBOro paspsija.
[Torenuuan, mojaBaeMblil Ha 3JIEKTpUUYECKUE 30H]bI, MeHsics B npeaenax 0 -100B. Perucrpanus
HMOHHOTO TOKAa B 3POJMPOBAHHOM IIOTOKE IPOBOAMIACH MHJUIMaMIEpMeTpoM. Bkiax BTOpUYHBIX
3JIEKTPOHOB, BBHUJy MajJOro 3HA4YeHHUS KOA(P(HUIMEHTAa HOHHO-JIEKTPOHHOM SMHCCUU B 001acTH
sHepruu 100 - 200 5B, He3HaYUTENEH U NO3TOMY HE YUUTHIBAJICSA. 3aBUCUMOCTD INIOTHOCTH MOHHOTO
TOKa Ha pacctosaus 15,0-23,cM OT TUIOCKOCTH KaTo/1a JUIsl CTall MIPECTaBJIeHa Ha pUC.2.
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Puc.2 A- npoctpaHCTBEHHOE paciipe/ielieHHe TNIOTHOCTH HOHHOTO TOKA B
SPOAUPOBAHHOM MOTOKE CTadu Ha paccTosiHuul -15¢cm, 2-19¢m 3- 23¢cMm
OT TUIOCKOCTH KaTojia, Tok pa3psaa 150A; b- 3aBHCHMOCTE IMIIIOTHOCTH HOHHOTO
TOKa B IPOJMPOBAHHOM MOTOKE CTaJIH OT PACCTOSIHHMA O IUIOCKOCTH KaToja
BIIOJIb €70  OCH, TOK paspsma 150 A.

CormacHo TOJYYeHHBIM pe3yjibTaTaM, C YBEJIMYEHHWEM pacCTossHUS R OT karoma modymupuHa
KPUBBIX  paclpeleseHusl TUIOTHOCTH MOHHOTO TOKAa YBEIMYMBAETCS YTO O3HAYAEeT YBEIUUYEHHUE
OTHOCUTENIbHOM MIIOTHOCTH B IEpU(PEPUHHBIX YACTAX TOTOKA C YBEITUYCHUEM PACCTOSHUS OT KaTo/a.

B cpaBHEeHHU C OTHOCUTENIBHOHN MJIOTHOCTH SPOAMPOBAHHOIO TIOTOKA UMEET OOJNBIIYIO MONYHIUPUHY
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YTO MO-BUAMMOMY CBsI3aHO ¢ aMmOunossipHod aud@y3ueit 3apsHKeHHBIX YacTHI[ OT OCH KaToja.
[lony4yeHHble 3HAUEHUS IUIOTHOCTM MOHHOIO TOKAa MO3BOJSIOT OLIEHUTh CTENEHb WOHHM3ALUU

f SpOAUPOBAHHOTO IMOTOKAa MaTCprajia BAKyyMHOI'O AYroBOro MCTOYHHKA I1JIa3MBI. qu/ITBIBaSI, 4qTo

IMOTOK MOHOB MOXXHO OIPCACINTDL N3 COOTHOIICHUSA Fi = f rac ji,- IDIOTHOCTHh MOHHOI'O TOKa, (;-
i

3apsaa UOHA, a IJIOTHOCTb SPpOJUPOBAHHOTO IOTOKA U3 COOTHOLICHHA, TO CTCIICHb MOHU3AIUH OIIPC-

i jiStmg

OCTACTCA BBIPAXKCHHUCM f =
r gidm

, CTCIICHb MOHM3allMK B IIPEAIIOJIOKCHHHU OAHO3apAAHOCTHU

MOHOB, npu Toke pazpsga 100A cocrasuser 15% ,npu yBenuuenun toka a0 150A Bospacraer 10
30%. Bricokasi cTeneHb MOHM3ALMHU 3POJMPOBAHHOTO TMOTOKA CO3JAET YCIOBUS IS YIPaBICHHS
CTPYKTYPO#l OCaX/1aeMOro TMOKPBITHS MyTeM BbIOOpa ONTHMAIBHON 3HEPTUU KOHACHCHPYIOIIUX
3apsSOKEHHBIX YaCTHUI[ CKOPOCTH OCAaXACHMUSI MaTepuasia ONpPENeNSIIOIIMX CBOOOJHYIO JHEPTUI0
CKOIUICHUS HOBOM (ha3bl.

Ka4yecTBeHHBII cOCTaB KaneJabHO Gpakunu 3pOIMPOBAHHOIO NIOTOKA

®opmMupoBaHus pabounx MapaMeTpoB BaKyyMHOT'O JYTOBOT'O MCTOYHHKA OCYIIECTBISLIOCH MIPH
reHepalyy IJIa3MEHHBIX IOTOKOB YIJIEPOJMCTON CTalnu W JierkormiaBkod menu. O onHOH
CTOPOHBI OIPEACNIUCHh MapaMeTpbl HAPOJUPOBAHHOTO TOTOKA € JAPYrod XapaKTepUCTUKU
OCaXXJTaeMbIX MOKPHITHIA Tu1a3Mbl. Ha prc.3.mpuBeieHo pacnpeaeseHne o pa3MepaM pa3indHbIX
TUIIOB Kalleb, OCKIEHHBIX U3 IPOJAMPOBAHHOIO MOTOKA TYyrOBOIO paspsia B BaKyyMe Ha
paccrosiuuu 230 MM oT KaTona paspsana Ig=230A. Kanu no dopme 61u3K0# K TOpOUAAIBHOM,
OTIIMYAIOTCS HE3aBEPIICHHOCTh (DOPMBI KarlIl MPEACTaBICHbI
KpUBBIMU  1-5,Tu10CKMEe  OAHOpPOIHBIE ¢ OechOpMEHHBIMU
MOJIOCTSMH- KpUBbIE 6-7 a xamum cdepuueckue—Kpusas -8.

W3 npuBeneHHOW 3aBUCUMOCTH CIENYET, YTO YHCIO
OCaXJICHHBIX Kareyib OOoNbIINX pa3MepoB yMeHbmaeTcs. C
YBEJIMUYEHUEM pACCTOSIHUS OT KaTroJa YUCIO Kameilb Ha

KOHTPOJIBHBIX IIJIAaCTHHAX, 3a HCKIIOYCHHUEM C(l)epI/ILICCKI/IX

= my  Kanenb (tun — 8). Uncno chepudeckux Kanesab Ha pacCTOSHUU

chepudecKux Karelsb Ha pacCTOsHUU, OosbiieM 180 MM,
BO3pacTaeT. DTO yKa3bIBAET HA TO, YTO KaIlJIA, MOKUAAIOIIHNE JyTOBOM IPOMEXK YTOK, B
npoliecce Mnojera NPoOUCXOIUT U3MEHEHHE POPMBI 10 oNTUMaNIbHON. M3HavanbHas
HECTAlMOHAPHOCTH Mpoliecca 00pa3oBaHUs KaIlJld BbI3bIBAET U3MEHEHUE €€ (OPMBI 10T
JEHCTBUEM CHJI IOBEPXHOCTHOIO HaTsikeHMsA. C TEeUEeHUEM BPEMEHHU, BBUY YMEHBIICHUS

TEMIICPATYPHI KAIlJIU, TPOUCXOAUT 3aTyXaHUEC MMPOLCCCOB TpaHC(I)OpMaLII/II/I, €C (I)OpMLI.
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BJIUAHUE MATTHATHOTI'O IIOJIA TOKA KATOJA HA IIEPEMEINEHUE
KATOJHBIX IIATEH BAKYYMHOMU AYT'U

THE INFLUENCE OF THE MAGNETIC FIELD OF CATHODE CURRENT ON THE
MOVEMENT OF CATHODE SPOT VACUUM ARC

H.Apycramos, X.b. Amypos, U. X. Xynaikynos
V.N.Arustamov, K.B.Ashurov, I.Kh.Khudaykulov

HNHCTUTYT MOHHO-TIJIA3MEHHBIX | JIa3epHbIX TexHonorui, AH PY3.um. Y. A.Apudosa
yi. lypmon #tynu 33, 100125, TamkenT, Y30ekucrasn; sciencevl7@gmail.com

Work is sanctified to the study of influence of magnetic-field of current of cathode in totality
with the gradient of potential in a cathode on forming of direction of primary formation of
new cathode spots (moving) on the surface of cathode, that will extend, both idea about
processes in cathode plasma of a vacuum arc and will assist forming of effective methods of
management their moving.

BBenenue

Cpena i TopeHHs BAKYyMHOTO JYTOBOTO pa3psijia TeHEPUPYETCsl B KATOAHBIX IJIa3MEHHBIX
npuBs3kax—karoaHbIx msaTHax (KIT), BpeMs KU3HU KOTOPBIX COCTaBIISCT 10107 c. [Iponece
OTMHpaAHUS U 00pa30BaHKHE HOBBIX MUKPOISITEH Ha MOBEPXHOCTU KATOJA, HOCUT CIIy4alHBIH
xapaktep, (opmupyer xaotmueckoe mnepememnieHue KII Ha MOBEPXHOCTH «XOJOJHOTOY
KaToJla CO CKOPOCTBIO VL= 10* cm/c. B dbopmupoBanust HOBeIX KII HemocpencTBeHHO Ha
Kparo MCXOAHOTO PCHIAIOIITYIO POJIb UI'pacT IMOBBIIICHHAA KOHUCHTpAlUUWA IJIa3Mbl Ha Kparo
KII, cnemoBarensHO OoJiblliasi TMIOTHOCTh MOHHOTO TOKa Ha KaTtoh. Pabota mocBsiieHa
W3YYCHUIO BIMSHUS TPaJMEHTa TNOTEHIMaNna, MAarHUTHOTO TMOJsI TOKa B KaTole, Ha
dbopMHUpOBaHKE HAMPABJICHHOTO MEPEMEIEHNS KAaTOJHBIX MSATEH MO UX Bo3aencTBHeM. UTo
mo3BOJUT chopMupoBath >PGEeKTHUBHBIE METONbI yrpaBieHus nepememennem KII nHa
paboueil MOBEPXHOCTH JUIsl YCHEUIHOTO HPHUMEHEHHS HOHHO-TJIa3MEHHOTO BO3JEHCTBHSA
BaKyyMHOT'O JYTOBOTO pa3psijia Ha MOBEPXHOCTh METAJUIMYECKOTO U3ACTUS — KaToa.
MeToanka 3KcnepuMeHTa

HCCJ’IG}IOB&HI/IG NEPEMEIICHNA KaTOJAHBIX IIATEH AYTOBOI'0O pa3spsaga B BAKyyME IMPOBOJAUIIOCE B
peKUMe UMIYIBCHOTO paspsia UIMTETBHOCTHIO 2 MC, TOK pa3psga BapbUpOBAJCS B
npenenax 0,4 - 1,0 kA. HccnenoBanue nepemMenieHns KaTOAHBIX MATEH yTOBOTO pa3psia B
BaKyyMe IIPOBOJMIIOCH B PEKUME UMITYJIBLCHOTO pa3psijia AJIUTEIbHOCTBIO 2 MC, TOK pa3psia
BapbupoBasicss B mpeaenax 0,4 - 1,0 xkA. HWccnenoBanue NpoOBOJWIIOCH HAa MEIHBIX H
MOJII/IGI[CHOBBIX KaTrogax. B xaudectBe KaToa HCIIOJIb30BallaCh (I)OJ'IBI‘a YKa3aHHbIX

MartepuanoB Toamuuon 0,04 - 0,2 MM U MacCUBHBIE TUIOCKHE 3JeKTpoabl ceueHueM 10 x 10
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MM (Mo) u 3,5x40 MM (Cu). MexanekTpoaHoe paccrosaue coctarisiiio 10 mm. JaBienue
OCTaTOYHOM Cpelbl COCTABIISIIO 107 Tla. WN3ydeHue BIMSAHHUS MAarHUTHOIO IIOJIEH,
rpajneHTa MoTeHIHala TOKa KaTojaa Ha xapakrep mnepememienust KII ocymecTBisnoch B
JNEKTPOJHONW CcHUCTEMEe, cXeMma »JJIEKTPOJHOW cucTtembl mpeiacTtaBieHa Ha Puc.l ¢
OMUIAPHBIM KAaTOJIOM U CTEP>KHEBBIM aHOJIOM YCTAHOBIIEHHBIM B I[EHTPAJIbHON YacTu

KaTola (MECTO MHULMUPOBAHHUS pas3psiga) IpU pa3iMyHON cxeme

Katok | g ©ro TMOAKJIIOYEHUS K HCTOYHHMKY MHUTAHUS  HUMITYJIbCHOTO
o
I anox BAKyyMHOIO JyroBoro paspsga. UYro mo3BoygeT H3y4aThb
A __EETOR g lepemelieHue KII B ycnoBHsX CYHIECTBEHHOIO YMEHBIICHUS
1 /I arox JNeHCTBUM MarHMUTHOTO MOJIs TOKA B KaToJ€ U Ha000poT —

Puc.1 YCHJIEHHOTO €ro JI€MCTBUS, B CYNEPIO3ULIUU
'a) MarHUTHOE TI0JIe TOKAa KaToJla CYHUIECTBEHHO MEHBIIIE, YeM B HOPMAJbHBIX YCIOBHUSIX,
0) OTCYTCTBYIOT JEUCTBHUSI KaK AJIEKTPUUECKOTO TaK U MarHUTHOTO MOJIel TOKa KaToja,
B) MHHUMAQJIBHOTO BO3JCHCTBHS MArHUTHOTO TIIOJSI TOKa KarojJa - HOpMallbHas
CYNEpPNO3ULMA JAEUCTBUSA IIEKTPUUYECKOTO0 M MArHUTHOTO MOJS - MUHHUMYMY JIEMCTBHUS
MAarHUTHOTO TMOJS HAa YYacTKE KaroJa OT MECTa WHHIMUPOBAHHS paspsiaa- YCHICHHOE
MarHuTHOe moje. KoHcTpykuus OUGUISIPHOTO KaToJa TO3BOJSET CBECTH K MUHUMYMY
nercteue MarHuTHoro mnois Ha KII mpu mporekaHum TOKa B MPOTHUBOMOJOXKHBIX
HAaIMpaBJICHUAX OT MECTa MHULIHUHUPOBAHUS pa3psia U, MPU COBMAJCHUS HANPaBICHHUS TOKOB
KaTojaa Bo3aencTBrio Ha KII ycHIIeHHOrO MarHMTHOTO MOJIS. TOJE.
Pe3yabTaTsl U 00CyKaeHHE

[IpoBeeHHBIE HCCIEOBaHUS MTOKA3all, YTO OTHOCUTEIbHOE MPEBBIIICHUE JIMHBI Cleaa
AL .
— CoCTaBjseT 0,32+0,07. AL. B obmacTtu AelCTBUSA DJIEKTPUUECKOTO MOJS KaTtoja u

MUHHMAJIBHOTO JCHCTBHS MarHUTHOTO TIOJs TOKa KaTojJa HampaBieHuu - (A)
CYILIECTBYIOT OoJiee OJaronpusTHele yciaoBus st oopazoBanus HOBbIX KII mo oTHomeHuto
K MPOTHBOIIOJIOKHOMY HampasiieHuto - (B). U3yuenue nepemernieHus: KaTOJHBIX MATEH B
AJIEKTPOJTHON CHCTEME MO cxeme O TMOoKa3ajlo, 4TO B YCJIOBHSX MUHUMH3AINH JCHCTBUS
MarHUTHOTO TOJI TOKa Karojaa - HampaBlieHHe (A) W HOPMaJbHOW CyNEPHO3UIUU
AJIEKTPUYECKOTO ¥ MarHUTHOTO MOJIEH TOKa Katoja - HanpasieHue (B) nnuna cnena KII
HECKOJIbKO 00Jblle, yeM B HampaBiieHuHu (A). OTHOCUTENbHOE TPEBbIIEHNE JUIMHBI Clea
B »ToM Hampasienun cocrasiasger 0,09 + 0,018. AL. Takum ob6pazom, passutrue KII B
HaIlpaBJICHUU JACHCTBHS HOPMAIbHOM CYNEpPHO3ULUU DSJIEKTPUUYECKOTO U MAarHUTHOTO

nmoJield TOKa KaTroJa MMEET HEKOTOpOe NMPEHMYIIECTBO IO CPaBHEHHUIO C 00JacThio, B
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KOTOPOM OCHOBHOE JI€MCTBHE OKa3bIBACT TOJBKO 3JEKTPHUYECKOE IO0JIe TOKa KaTojaa, a
MarHuTHOE Tojie MuHUManbHO. CpaBHEHUE  PE3yJbTAaTOB, I[OJAYYECHHBIMU B
AKCIIEPUMEHTAX C AJICKTPOJHOM CUCTEMOM Mo cxeme B, mnuHa mpobera KaTOIHBIX MATEH B
HarnpaBiienun (B) mpeBbimaer miuuHy mpobera msaTeH B oOpatHoMm HampabieHuum (A). C
POCTOM TOKa pa3psija COXpaHsSeTCs NPEUMYIIECTBEHHOE Pa3BUTUE KATOJIHBIX ISTEH B
HanpasiaeHun (B), npuuem nnmHa cinepa Heckonbko Bo3pacTaeT. (CrenoBaTenbHO,
npeuMyiecTBeHHoe oOpa3oBanue KII mpakThdecku HE 3aBHCHT OT PACIIOJIOKCHHS
TOKOCHEMHBIX MPOBOJHUKOB Yy KaToJa, a 3HAYUT W MX MarHuTHoro moJsi. M3ydenue
nepemMenienust KII B yclnoBUsIX yCHIIEHHOTO AEHCTBHS MarHUTHOTO MOJISI TOKAa Katoja -
Harnpasiyienue (B) 1 MUHMMaIbHOTO €ro AeHCTBUS -HampaBieHue (A) Mokasano 4To JJIMHa
ciena KII B nanpasnenuu (B) HECKOJIBKO TPEBBINIACT JIMHY CJI€/la B IPOTUBOIOI0KHOM
HarnpayieHuH (A) (00J1acTh MUHUMAIILHOTO JIEUCTBUSL MarHUTHOTO 1oJis). C pocTOM Toka
paspsaaa ot 400 A no 1,0 kA e Bo3pacTaer, Kak oOmias JUIMHA clie/ia, TaK U BEJIMYUHA
MPEBBIIICHUS JAJIMHEI clie/la B HanpaBieHuu B. OTHOcHTenbHOE MPEBBIIEHUE IMHBI clie1a
B 007aCTH YCHJICHHOTO JAeicTBUs MmarHutHoro mnois (B) cocrasmsmo 0,16 = 0,03.
[lonydyeHHble pe3yabTaThl YyKa3bIBAIOT, YTO MAarHUTHOE TOJ€ TOKa KaToJla WrpaeT
OTIpeICTICHHYIO POJb B (POPMUPOBAHUHN PEUMYIIIECTBEHHOTO NIEPEMEIIEHUS KATOAHBIX MSITEH
[0 HAaIpPaBJIEHUIO K TOKOCheMy. OIHAKO, pelaiee BIUSHUE HAa 3TOT MPOLIECC OKa3bIBAET
AIIEKTPUUECKOE TMOJIe TOKA KaTo/ia.

Bausinus rpajMenTa NOTEHIHAJA B KATO/l€ HA NMepeMellleHue KaTOAHbIX NSTeH
HccnenoBanue BIMSHUS TpajueHTa MOTEHLHMANA B KaTOJE HA MEPEMENICHUE KATOAHBIX
MATE€H MPOBOAWIIOCH B YCJIOBHMSIX ACMMMETPHUYHOIO PACIOJOXKEHHS TOYKH ChEMa TOKa C
KaToJa OTHOCUTEIILHO MeCTa WHUIMMPOBAHUSA paspsnga. Todyka chbema TOKa C KaToja
pacmonarajiach Ha TOpIl€ KaTola, a MHUIUHUPOBAHUE pa3psi/ia OCYIIECTBISIOCH B €ro
LEHTPaJIbHOW YacTU Ha OJHOM ocu ¢ aHoaoMm. [lpu 3TOM BOKpYr msTHa B KaTojAe
dbopMHpyeTCs aCHMMETPUYHOE JJIEKTPUUECKOE MOJe ¢ MAKCHMyMOM HAIpPSHKEHHOCTH Y
nepeaHeld (CO CTOPOHBI TOYKH CheMa TOKa) KpoMKH TTHA. Ha puc.2 mpencraBieHa
3aBUCUMOCTH JuHBI mpodera KII Lo mo HampaBieHHIO K TOYKE CheMa TOKa ¢ KaTojaa OT
BENTMYMHBI TOKa pa3psga. Kak crnemyer u3 puc.2, ¢ Bo3pacraer. [Ipudem cymiecTBeHHOE
BIUSHUE HA JITMHY MpoOera KaToJHbIX MATEH OKa3bIBaeT TONIIMHA Katona. [Ipu TommmHe
MonuoOaeHoBoro karoga 10MM, mnuHa mpobera KaToAHBIX msATeH L , ¢ pocTtoM Toka
paspsna ot 400A mo 1000A Bo3pacrtaet ot~ 4,0 cM 10 ~ 7cM, a pU TOJMMHE KAaTOda

0,2 ot~ 7,0 cM 10 ~11 cM. AHaorn4yHas 3aBUCHUMOCTb UMEET MECTO I MEIHOIO KaToaa.
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Onnako Ha MonMMOAEHOBOM Kartoie niauHa mpobera KII
o | cymecTBeHHO Oombmie (Ha 4-5 cMm). [lonydeHHsbie
- pe3y.HBTaTLI IIOKa3bIBalOT, 4YTO Ha KaTroafc paSHI/I‘-IHBIX

i / >
/ MaTepHuajoB (Cwn, Mo) npu aCCUMETPUYHOM

3t /A + 3JEKTPUUYECKOM II0JIe B KaToje AJMHA Mpodera KaToAaHbIX
‘ R a0 7o TATEH L B HampaBiieHWH TOKOChEMa BO3PACTALT C

Puc.2 POCTOM TOKa pa3psia U yMEHbBIICHUEM TOJIIUHBI JIEKTPOJA.
IIpuBeneHHBIE 3aKOHOMEPHOCTH YKa3bIBAlOT, 4YTO C YBEJIMYEHHEM TOKa paspsana,
YAEJIBHOIO CONPOTUBIEHUS W YMEHBUICHUS IUIOIIAJHA IOINEPEYHOIO CEYEHHUs KaTonaa

JUIMHA cliefla KaTOAHBIX NATEeH, 3HaueHue AL (mpeBbllieHue MJIMHBI pobOera HATEH B

HaIllpaBJICHHUHA TOKOC’bCMa) BO3pacCTacT. SHGKTPI/I‘IGCKOC ImoJIC B TCJIC KaToda IIpHU

Igp
NPOTEKaHUU TOKA pa3psija ONpenessieTcsi COOTHOILIEHUEM gT = E,, rne Jg- cuna Toka

pa3psna, A ; B - yaenpHOE CONMPOTUBJICHUE MaTepraia KaTtoaa, (oMmecm); S - MO b
MOTIEPEYHOTO CeUYCHHS KaTtoga. UTo MO3BOJISET CIAENATh BBIBO, O BIMSHUU IPaIHCHTA
NOoTeHI[Malla KaToja Ha QopmupoBaHue HampaiaeHHoro mnepememieHus KII. Takum
o0pa3oM MO IEHCTBHEM DJIEKTPUUYECKOTO MO B KaTOe HAOII01aeTCsl yCTOMUUBBINA 3 dekT
dbopmMupoBaHus npeumMyniecTBeHHoro nepemenienus KII B HampaBiieHHM K TOYKE CheMma
TOKa C KaToJa.

BroiBoabI

[TpeumymectBennoe nepemenieHue KII mo HampaBieHuio K TOYKe cheMa TOKa C KaToja
NpU aCUMMETPUYHOM pACHpeIeICHUH TOKa B JJEKTPOJAE OTHOCUTEIHHO KAaTOJHBIX
NATeH 00YCIIOBJICHO JEMCTBHEM JJICKTPUYECKOTO W MAarHUTHOTO TOJIEH TOKa B KaToJe.
Pemraroriee BnusiHuEe Ha 3TOT MPOLIECC OKA3bIBAET dJEKTpHUEcKoe mojie karoaa. OcHOBOM
HaIMPaBJICHHOTO MepeMENIeHUsI KATOIHBIX IMSITEH SABISETCS MPEBBIIICHUE dIEKTPUIECKOTO
mois (a cCJIeJOBaTENbHO W IUJIOTHOCTh TOKAa) Ha TMepeaHeld KPOMKe MHKpPOTSATHA
oOecrieunBaroIIee JIydIIue YCIOBUS CYIICCTBOBAHUS W OOpa30BaHUS HOBBIX aKTHBHBIX
[IEHTPOB B HAMPaBJICHHUHU K TOYKE CheMa TOKa ¢ kKaTona. Takum oOpa3zom, B MepeaHUX
4acTsIX KAaTOJHOTO MSTHA OCHOBHBIE MPOIIECCHI, OTBETCTBEHHBIE 3a CYIIECTBOBAHUE
KaTOJHBIX TATCH (MCIApeHHWE, WOHHM3AIUU, OJMHUCCHUU DJICKTPOHOB), IPOTEKAIOT
HECKOJIbKO MHTCHCUBHEE, YTO OOYCIIABIMBACT HAIMPABJICHHOEC NMEpPEMEIICHUE KaTOJIHBIX

IIATCH.
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UCCJENOBAHME JEWTEPUJA BEPUJLIINSI METOJAMM DJEKTPOHHOM
CIHEKTPOCKOIUM

INVESTIGATION OF BERYLLIUM DEUTERIDE BY ELECTRON
SPECTROSCOPY

B.IL A(baHaCLeBl, AC.T pSISGBl, I1.C. KaHJ‘IHZ, M. KérmeH3, 0.10. PI/II[SCJ'H:l,
H.IO. Cy66orun’, IT. Xancen®
V.P. Afanas’ev’, A.S. Gryazev?, P.S. Kaplya?, M. Képpen®, O.Yu. Ridzel*, N.Yu. Subbotin®,
P. Hansen*

! Hayuonanvnoiii Mccneoosamenvckuii Ynusepcumem « MOHy», 111250 Mockesa, Poccus,
e-mail: v.af@mail.ru;
2 Mockea, Poccus, e-mail: Pavel@Kaplya.com;
% Berlin, Germany, e-mail: martin_koeppen@gmx.de;
* Forschungszentrum Jiilich, Institut fiir Energie- und Klimaforschung - Plasmaphysik, 52425
Jiilich, Germany, e-mail: p.hansen@fz-juelich.de

Deuterium concentration after implanting D ions into a beryllium sample is
measured by elastic peak electron spectroscopy. Reflected electron energy loss
spectra are measured for clean beryllium and after implantation of deuterium ions
at 3 keV with fluences of 5.5-10%" and 20.1 -10** m™. The determined atomic ratio
of D to Be is 0.18 for the sample irradiated with a D-fluence of 5.5 -10?! and 0.26
for the sample irradiated with a D-fluence of 20.1 -10** m™
OnHoil 3 Hambosee CIOKHBIX WH)XEHEPHBIX MPOO0JIeM, BO3HUKAIOMIMX IMPH CO3JAHUH
TEPMOSIICPHBIX PEAKTOPOB, SBISETCA 3ajadya ONpENeNCHUs MaTepuayia, OOpalleHHOro K
wiazme. B kauectBe TakoBoro B UTOP BoiOpan Oepuiuii. Bo3Hukaer 3amgaua u3ydyeHUs
MOBCACHHA H30TOIIOB BOAOpPOJa B 6epI/IJ'IJ'II/II/I, HUCCIICO0OBaHUEC npo6neM YACpKaHUA U
peuukianHra. VM3mepeHue NpoLEeHTHOTO COJAEp)KaHUsS JIedTepus B OepuIUIMM B HACTOSIIEH
paboTe OyAeT OCHOBAaHO Ha CHEKTPOCKONUH MUKOB YIPYrO OTPaKEHHBIX AJIEKTPOHOB. JlaHHas
METOAUKA SABJIACTCA J3JICKTPOHHBIM aHAJIOTOM MCTOAWUKU 06paTHOFO pe3ep(b0pn0BCKOr0
paccesius [1, 2]. DHepreTudeckuii CEKTp 3JIEKTPOHOB, YIIPYTO OTPAKEHHBIX OT MHIICHH, C
XOPOIIe TOUHOCTHI0 MOXKHO onucaTh GyHkimei ['aycca:
2
(A_Ak (‘I’))
2
205

, 1)

exp| —

1
G(A )=
\2no,
rie A=E,—E — noreps sueprum, Eo — HayanbHas SHeprus s1IeKTpoHOB, E — sHeprus

IeKTpoHOB, A, () — OHEpreTHdecKoe CMEIICHHWe NHKA, \J — YTON DACCesHHs, Oy —

MOoJIyliMpruHa Ha IMOJYBBICOTC CHUI'HAJIa YHIPYTO PACCCIHHBIX JJICKTPOHOB. Taxkum 06p330M,
CIICKTP YIIPYro paCCCAHHBIX 3JICKTPOHOB OT OAHOTO THUIIA ATOMOB XapaKTCPU3YCTCA TPEMS

OCHOBHBIMH MapameTpamu [3].
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1. Cmemenne nuka A, (\y) OTHOCHUTEIILHO HadaJIbHOW dHeprun Eg B 001acTh MEHBIHX,

yeMm Eg sHepruii. BenuunnHa cMemieHUs: XOpoOLIO COOTBETCTBYET (GopMmylie, Cienyrome u3

3aKOHOB COXPAHEHHUS SHEPIUH U UMITYIIbCA:
2m
A (w)=E,—k(w)E, :V(l_COS\I’)an 2)
rae M — Macca snekTpona, M — Macca aroma muren, K (W) — Kiunematimaeckuii hakTop.

2 2 2,
2. YiupeHue MuKa ynpyro oTpake€HHbIX JIEKTPOHOB Gy = 4/GT +6% +0¢ 1 a) CBA3aHO C
TEIUIOBBIM [JBM)KEHUEM SII€p MHUIIEHHU, OT KOTOPBIX OTPAXKAKOTCA DIEKTPOHBI — Oy,
0) BbI3bIBAEMOE  anNapaTHOW (YHKIMEH »JHeproaHaausaropa — G,, B) BbI3BIBAEMOE

HHEPreTUYECKUM pa30dpOCOM 30HAUPYIOIIEro IMydYka — G.. BenuuuHsl 6, U G, SBIAIOTCA

XApPaKTCPUCTUKAMH aHAJIUTUYCCKOI'O HpH6opa, C IMIOMOUIBIO KOTOPOT'O CHUMACTCA CIICKTP.
3. IuTeHcuBHOCTD CUTrHajia, WA IUIOIAAb IO IMHUKOM YIPYTO PACCCAHHBIX 3JICKTPOHOB,

OTpa)KéHHLIX OT CJIOs, OIIPCACIIACTCA q)YHKHHCﬁ OTPaAXKCHUA:

Ro (A 1 1o, @ = 0g) = Ry (A, 1 1o, @ — ) + Ryge (A, 1 g, =) - 3)

®Oynkius R ompenesnsier MOTOK 3JIEKTPOHOB, YIIPYro OTPaXXCHHBIX OT sAep JACUTEpHs U
Oepwinus. Jns pacuera R Bocmomb3yeMcss MajoyriioBOoM Teopued, NPEICTaBICHHOW B
paborax [4, 5]. Jns OIEHKH MOXHO BOCIOJIB30BAThCS NPUOIUKEHUEM, B KOTOPOM

HUTHOPUPYCTCA NUCKPUBJIICHUC TpaeKTOpI/Iﬁ B BOCXOOAIIEM U HUCXOJAIIEM ITIOTOKAX:

el

|_ Xeip (H, Mo, (P_(pO)GD(A' V) +
|t 1 elD (4)

R (A, 1,1, 0— =A —
o( W Ko, @ (Po) ht g 1A

|
+ . XeIBe (”1 Mo, @— (Po)GBe (A’ W)

IeIBe

rac My, K MOAYJIH KOCHHYCOB YITIOB BJICTa W BbBUICTA, OTCYUTAHHBIX OT HOPMAJIM K

I
— anbbes0 OHOKPATHOTO PacCcesHMs IEKTpoHa, | :Ie“*—em —

IIOBEPXHOCTH, A = —"—

Iel + Iin elBe + IeID
CpeaHdasA JInHa CBO6OI[H01"0 npo6era MCXKAY JABYMs IOCICAOBATCIbHBIMU YIPYIUMHU

Y
paccesuusimu, | =—"80_ _ cpenHAs JuiMHA CBOOOAHOTO TIpobera MeEKIy IByMS

; IinBe +IinD
MOCJICA0OBATCIIBHBIMU HEYIIPYTUMHU PACCCAHUSAMU.

bonee TouHbIM pacucT BBIIOJIHACTCA € HCIOJbB30BAHUCM TCOpPUUA HpeﬂCTaBHeHHOﬁ B
pa60Te [6] (I)OpMYJ'Ia (4) OMPCACIICT TOJIBKO YHPYIro OTPAXXCHHBIC 3JICKTPOHBI, HO IJIA

OTpeNieNICHUsT TUIOMIAJAN TOJ MUKOM JJICKTPOHOB, OTPAXKEHHBIX OT JEUTEpHsi, HEOOXOIUMO
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BbIUECTh (POH HEYNPYro paccesiHHbIX 3JeKTpoHOB. [Ipouenypa Boruntanus (oHa, B oOuiem

ciy4dae, TOTpeOyeT WCIOAb30BaHUS METOJa MapIHajibHbIX HHTeHCHBHOCTEH [8, 9],

HPEICTABIISIONMIET0 (DYHKIIUIO OTPAKEHHS B BHJIE CYyMMBI
R(A, 1,1, @) = D R (1 o, )% (A), )
k=0

rae R (u, 1y, @) ompenenser Bkiaan B GyHKIUIO OTPAXKEHUS 3IEKTPOHOB, KOTOPBIC HCIIBITATIN
K-KpaTHOe Heympyroe paccesHue, X (A) ONpeJeNseT CIEKTP IMOTepU DHEPruu A,

bukcupyeMblii  mociae K mociieoBaTENbHBIX  aKTOB — HEYNPYroro paccesHus. B
paccMaTpuBaeMoOil CHUTyalluH, Ojarofaps HaJUYUI0 CIEKTpa XapaKTEePUCTHYECKUX IOTepb
sHepruu (XIID) wymcroro Oepusuivsi, U3MEPEHHOTO MpPH TeX K€ YCIOBUSAX M oOpasia,

KOTOPBIA B IMOCJICJICTBUH TMOJBEPIcs UMILUIAHTAIIUHN JICHTEpHsi, MpoLeaypa BEIYUTAaHUS (OoHA

HEC HOTpC6OBaJIa JOMMOJIHUTCIIbHBIX pacdCTOB.

5000 T TT T
g
P
4000 - Loy -
I P
= I
o 3000 - "1' 1
o I
5 k |
) 2000 - | 1
| d .y ﬂ
1000 - ' VK N
r', ‘x,.’{ :l,: \‘Il \WV*#LH"}’;\ . ﬁ“ "IH ,Jhl :‘|—
\ i,ll ’_,/ \'ll\' \ \ \J *\\“U.ly“ Wiy 1 NY
0 Joo el me == 1 R TRV o o 72 OV FO I
-5 0 5 10

A, »B
Puc. 1. CriekTpbl XapaKTepUCTHUECKUX TOTEPh SHEPT UM 3JIEKTPOHOB, OTPAXKEHHBIX OT OeprILIns,
MMILTAHTHPOBAHHOTO AeiirepreM 1030ii 20,1-10% D/m* (1) u o6pasua u3 gucroro Gepummms (2).
Pa3HocTh criekTpoB (3) MO3BOJISET ONMPEICTUTh UK YIIPYTO OTPAKEHHBIX OT ACHTEpHUs
JNIEKTPOHOB (4).

JUis  SKCIepUMEHTANbHBIX HCCIEIOBAaHUI HCHOJIb30BAINCH 00pa3lbl Oepuiuius OT
MaTecK c conepxanuem 99,8 % Be. UncTka nosepxnoctu noHamu Ar’ (5 kaB) B Bakyyme ¢
nocienyommm omxuroMm npu temmneparype 900 K no3Bommna nomyuuts obpasisl, POIC
aHAIN3 KOTOPBIX He 3adUKCHpOBAN HaNUuMsg MNHMKa Kuciaopoja. Mouel pedtepus
MMIUTAHTHPOBAJIUCH B YHCTHIN oOpa3zen Be ¢ yckopstonmm HanpsbkeHueM 3 kB u guiroencom

5,5-1021 51 20,1-1021 M'Z, ucronb3yst ucrouHuk uoHoB Prevac IS 40E1. Cnextper XIID

OTPAXCHHBIX JJICKTPOHOB, BKJIHOYAOOIME TIMHKKU YIOPYTO OTPaXCHHBIX JJICKTPOHOB,
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U3MEPSIUCh ToaychepudeckuM s3Heproananmuzarpom HSA R4000 ¢upmer Scienta-Omicron.
XIID crekTpsl M3MEPSIINCh B JIBYX T'€OMETPUSX U Pa3IUYHBIX SHEPTUAX 30HIUPYIOLIETO
nyuka (1500 3B, 3000 3B u 5000 3B).

Pesynbrarel usmepenuii npu sHepruu 3oHaupyromiero nyuka 5000 3B npexncrasineHs Ha
puc. 1.

W3 pe3ynpTaToB, MpeACTaBICHHBIX Ha puc. 1, cieayer, 4TO OTHOUICHHE KOHIEHTpAlui
Np/Nge B TIPUIIOBEPXHOCTHOM cjoe pa3mepoMm mopsaka |lip~85HM mns  sHepruu
songupyromero mnydka Eg=50005B, cocraBaser 0,18 £0,05 npu mosze 5,5'1021 DIM? u
0,26+0,06 nipu o3¢ 20,1-10% D/v?.

DKcrepuMeHTANIbHBIE JaHHble 1Mo XIID cmekrpam, H3MEPEHHBIM TPU IHEPTHUSIX
sonaupyromiero nydka 1500 u 3000 5B, oTkpbIBarOT, Ha MEPBBINA B3IVIAN, BO3MOXKHOCTH
OHEPreTHYECKOTO CKAHUPOBAHWMS WIIH OIPEICIICHHS CPETHETO COJNCPIKAHUS IEHTEPHS B CIOSX
tonuHoi: lin~2,8 am (15003B) u lin~52um (30005B). Tlpu yka3aHHBIX SHEPrUsLX
30HAMPYIOIIETO My4YKa MaKCHMYM IIHKa 3JIEKTPOHOB, YIPYrO OTPaXKEHHBIX OT Oepuiuius
Oyner cocraBiATh BeauuuHbl 1,0 u 1,9 aB. B nannoii cutyanuu paznocts XIID cnekTpoB
YUCTOIO0 W HMIUIAHTHPOBAHHOTO JeHTepreM Oepwuivs HE TIO3BOJUT 3a(pUKCHUpPOBATH
0COOCHHOCTh, COOTBETCTBYIONIYIO MMUKY 3JIEKTPOHOB, YIIPYTO OTPAXKEHHBIX OT OEPUILIHUAL.

baaromapuocru.
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PACHBLIEHUE 3AIATHBIX HAHOCJIOMHBIX MMOKPBITUM C PA3/IMYHBIM
COJAEP)KAHUEM YIJVIEPOJA ITPU AHAJIM3E OITUKO-OMHUCCUOHHOU
CIIEKTPOCKOIIUEM TJEIOIIETO PA3PSIA

SPUTTERING OF PROTECTIVE NANO-LAYER COATINGS WITH DIFFERENT
CONCENTRATION CARBON AT ANALYSIS OF GLOW DISCHARGE OPTICAL-
EMISSION SPECTROSCOPY

BbarpakoB A.A., 3unosa O.C., Kayanun I'.B., bypmuctpos A.A., Jlenexos A.Il.,
AnpgpusiHosa HO.H.
Batrakov A.A., Zilova O.S., Kachalin G.V., Burmistrov A.A., Lepekhov A.P.,
Andriyanova Y.N.

@I'FOY BIIO «Hayuonanvuwiii ucciedosamenvckutl ynusepcumem « MOUy», 111250,
Kpacnoxaszapmennas ynuya, oom 14, o. Mocksa, Poccus, e-mail: BatrakovAA@mpei.ru

The influence of the regime parameters (operating pressure and applied power) on
the nature of the spraying of coatings with different carbon contents was
investigated. The shape and roughness of the bottom of the crater formed during
layer analysis of the coating on a glow discharge spectrometer were determined.

[IIupokoe pacnpocTpaHeHHE 3AIMUTHBIX HAHOCIOWHBIX IMOKPHITHI B CAMBIX Pa3IHYHBIX
00JIaCTSAX MPOMBINUICHHOCTH OOYCJIOBIMBACT HEOOXOAUMOCTh PAa3BUTHSI METOOB KOHTPOJIS
X XapaKTePHCTHK, B TOM YHCJIE COCTaBa M PaBHOMEPHOCTH HaHECeHHs. MeToJ aTOMHO-
OMHCCHOHHOM (MJIM ONTHKO-dMHCCHOHHOM) CHEKTPOCKOIUHU TJICIOMIETO paspsijia sBISCTCS
MEPCIIEKTUBHBIM C TOYKH 3PEHUS MPOMBIIUICHHOIO KOHTPOJIA TOKPBITHH, TOCKOIBKY
OTJIMYACTCS OTHOCUTEIILHOW TPOCTOTONH M BBICOKOW CKOPOCTBIO HM3MEPEHHS, JJIS HEro
XapakTepHa BBICOKAas YYBCTBUTECIBLHOCTH KO BCEM 3JEMEHTaM, TOYHOCTh aHaju3a,
CIOCOOHOCTh  OMPENENATh OJHOBPEMEHHO COCTaB M NpOQHIb 1O TIyOHMHE [daxke JUIs
MHOTOCJIONHBIX 00pa3oB (KOJMYECTBEHHOE MPO(GUIMPOBAHUE DIIEMEHTOB), BO3MOXKHOCTD
JIETEKTUPOBATH JIETKHE DJIEMEHTHI (TaKUe KaK a30T, KUCIOPOJI, BOJOPOI).

Pasperienue mo riryOMHe MPU aHaIM3e COCTaBa METOAOM CIIEKTPOCKOIHHU TIICIOIIETO
paspsiia OyaeT 3aBHCETh OT HMCCIIEIyeMOro MaTepuajia M OT TOr0, KakK MPOTEKaeT MPOIEce
pacIbUICHHSI, © MOXET CYIIECTBEHHO U3MEHATHCS B 3aBUCUMOCTH OT PEKHMOB U TpeOyeMoii
rIyOuHBI aHaU3a. B CBsA3M ¢ YeM, /Il HAHOCIIOMHBIX MOKPHITUH M TOHKUX TUICHOK Tpedyercs
ONTUMHU3AIMS PEKUMOB U3MepeHusi. BbIOOp yCIOBHI paclbUIEHHS BO MHOTOM OIpEIEsieT
JOCTUTAEMOE pa3pelieHrne METoJa CIEKTPOCKOMHUU TIICIONIEro paspsaa mo riryoune. J{is
OT/ICNILHBIX BHUJIOB MAaTEepPHaOB (HEpXKaBEIOIICH M AJIEKTPOTEXHUYECKOW crajiei [1], cTekia
[2]) u mokpeiTHit (Ha ocHoBe Cu, Zn, Si, P, Ni, Ti) [3-6] cyiiecTByIOT TUTepaTypHbIC JTaHHbIC
no (¢opMme aHA «KpaTepa» MPH Pa3IHYHBIX PEKUMaxX pPadOThI CHEKTPOMETPOB TIICIOIIETO

paspsiia U o0lIue peKOMEeHAAlMH M0 BhIOOPY 3HAYEHHUH PeKUMHBIX apaMeTpoB. YacTUyHO
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npo0JieMbl KOJIMYECTBEHHOTO TMOCIOMHOIO aHaiu3a TMOKPHITUM Ha OCHOBE HUTPHUIOB,
KapOUJI0B M KapOOHUTPHUIOB METAJIJIOB 3aTPOHYTHI B [7].

B pamkax Hactosmieil pabOThl TPOBOJMIOCH HCCIEIOBAHUE BIUSHUS PEKUMHBIX
napameTpoB (pabodero JaBiIeHUS U MPHUKIAABIBAEMON MOIIHOCTH) HA XapaKTep PacHbUICHUS
MOKPBITUI C pa3nUuHBIM cojepxaHueMm yriepoaa. [lpu stom ompenensuiuck Qgopma u
HIEpPOXOBATOCTh JIHA «KpaTepa», (OPMUPYEMOTO B IMPOLIECCE «IPOXKUTa» MPU MOCIOUHOM
aHaJIM3€e MOKPBITUS HA CIIEKTPOMETPE TJICIOLIETO pa3psia.

PaccmarpuBanoch HECKOIBKO THUIIOB TMOKPBITHS: HAHOCIOWHBIE MOKPBITHS pa3iMyHON
toiuuabl (ot 1 10 20 mxm) Ha ocHoBe TIC, TICN, CrC, TiCrC u WC. TomuunHa u cTpyKTypa
MOKPBITUI ONpEeAENsINCh Ha MOMEPEYHBbIX HUIM(ax METOIOM 3JIEKTPOHHONH MUKPOCKOIIUU.
[nudel  U3roTaBIMBAIUCH C  HUCIHOJIb30BAaHHMEM  KOMILIEKCa  O00OpYyIOBaHUA  JUIS
npobomoaroroBku Buehler GmbH. MccnenoBanue cTpyKTypbl MOKPBHITHH TPOBOJMIOCH HA
CKaHHUPYIOILIEM 3JIEKTPOHHOM MHKpPOCKOIE BbICOKOro paspeuienuss Mira 3 LMU (Tescan).
DKCTepUMEHTAIbHBIE UCCIE0BAHNUS TOKPBITHII METOJIOM CIIEKTPOCKOINH TJICIOIIETrO pa3psiia
npoBoamiKck Ha crekrpomerpe GD-Profiler 2 (Horiba Jobin Yvon) B pexuimMe mociioiHOro
aHaJIM3a MpU PA3JIMYHBIX YCIOBUAX paclibuieHus (padouee aaBiieHue BapbupoBanock ot 400
no 850 Ila, mpuknampiBaemasi MomHOCTh — oT 20 10 85 BT) c omeHKoH TpOoUCXOAsIIero
W3MEHEHUs MHTECHCHUBHOCTU CHTHAJOB OT PA3JIMYHBIX DJIEMEHTOB, a TAKKe MPHU Pa3IUYHON
mmrtensbHocTH  u3Mepenus. [locnenyromee ompenenenue ¢GopMbl U MOPQOJIOTUU  JHA
«Kparepa», a TaK)Ke CKOPOCTH PACIbUIEHUs MPOBOJUIIOCH C UCIIOJIb30BaHUEM MTpoduiiomerpa
Dektak 150 (Veeco Instruments Inc.).

Kak moxa3zanu pe3ynbTaTsl UCCIEIOBaHUN, MPU aHAIN3€ MOKPHITUH, UMEIOIIMX MAaJylo
TONMIMHY (B mpedenax 1 MKM) M BBICOKYIO IIEpOXOBATOCTb, BapbHUPOBAHHE YCIOBHMH
pacrnbuieHHs B UPOKKX mpeaenax (nasnenue P uzmensuiocsk ot 400 mo 800 Ila, mommnocts W
— or 20 mo 80 BT) He NPUBOAWT K 3HAYUTEIBHOMY HM3MEHEHHUIO IIEPOXOBATOCTH U
CYIIECTBEHHBIM pa3nuuusiM B Qopme «kparepa» (puc.1). Ilpu Oonee amuTensHOM
pactbuieHHH (IIPU aHAW3€ MOKPBITUN ¢ OoMNbIel TOoMmMHOW) ¢opma AHA Kparepa Oyaer
CYIIIECTBEHHO 3aBUCETh OT peXuMa pacnbuieHus. [Ipu manold MOIHOCTH W OOJIBIIOM
JABIICHUHM TIOJy9YaeTcsl BOTHyTas ¢opMma JJHa «Kparepa», NpH OOJNBIIMX MOIIHOCTSAX -
Beiyknast (puc. 2). lllepoxoBaTocTh 1HaA KpaTepa Takxke OyJIeT 3aBUCETh OT YCIOBUH
pacIblUIeHUsT - yBEIMUYEHHUE IIEPOXOBATOCTH IO CPABHEHHMIO HCXOJHBIM YPOBHEM MOKET
coctaBsth oT 1,5 pa3 (mpu wmomHocti 20 Bt) mo 8 pa3 (mpu 85 BT). VMeHbuieHue
MOITHOCTH TPUBOIUT K YBEIMYCHHIO JUTUTETHBHOCTH W3MEPEHUs W  YMEHBIICHHUIO

WHTEHCUBHOCTH CHUTHAJIOB OT »JJIEMEHTOB. YMEHBIICHHE JaBJICHUSI Ha IIUTEILHOCTH
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«IIPOXUray BIUACT B MEHBIIICH CTCIICHU, HO TaKXKC IMMPHUBOJHUT K YBCIUWUCHUIO JIIUTCIBHOCTH
HN3MEPCHUA W YMCHBIICHHIO HMHTCHCHBHOCTH CUIHAJIOB OT J3JICMCHTOB. B OCJIOM CKOpPOCTb
pacibUICHUA PAaCCMOTPCHHBIX MATCPHAJIOB YBCIIMYUBAJIACH MPAMO HNPONOPHHUOHAIBHO

YBCIMYCHUIO 3HAYCHUS IIapaMCTPOB pa6oqer0 JaBJICHUA U HpHKHaﬂBIBaCMOfI MOIIIHOCTH.

] MKM M MKM
10 10

LY P ———— eV UL SR

-10 -10
- | “ -20 - <> -20
0 1625 3250 4875 6500 mkmeO 1625 3250 4875 6500 Mk
a) 500 Ila, 20 Bt 6) 700 Ila, 60 Bt

Puc.1 - TIpoduias «kpatepoBy, MOIYYSHHBIX [PH «IIPOXKUTE» HA CIIEKTPOMETPE TIICIOIIETO paspsiia
GD-Profiler 2 mpu pa3nu4HbIX YCIOBHSAX paspsiaa odpasiia ¢ ToHKuM ciioem Cr-C

20
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f"wwmm -20 -20
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a) 500 Ila, 20 Bt 6) 850 IIa, 85 Bt

Puc.2 - TIpoduis «kpatepoBy, MOTYUESHHBIX TIPH «IIPOKUTE» HA CIIEKTPOMETPE TIICIOIIETO paspsiaa
GD-Profiler 2 npu pa3zinu4HbIX yCIOBHX pa3psiaa odpasiia ¢ mokpbiruem Ti-C-N

HOCKOJ’II)Ky CHMXKCHUEC HMHTCHCUBHOCTH CHUTHAJIOB OT 3JICMCHTOB MOKCT 3aTPYyJHUTH
aHaJINU3 DJIEMEHTOB, COJAEPIKAIUXCS B MaTepuane B HEOONBIIOM KOIWYECTBE, 3TOT (hakTop
TakKe JIOJDKEH YUUTHIBATHCS MPH BbIOOpE pekuMa. [IpoBeneHHbIe U3MEepEeHUs MOKa3alu, YTo
COUCTAaHNUEC MPHUEMIICMBIX WHTEHCHUBHOCTEH OT AHAJIIM3UPYEMBIX 3JIEMCHTOB, HICPOXOBATOCTU U
OTHOCHUTEIIEHOM IUIOCKOCTHOCTH JTHA «KpaTepa» jgocturaercs npu nasieHun 600-650 [Ta u
momHocT 40 BT, naHHbIe 3HaYCHHUS SIBISIFOTCS ONTUMATbHBIMUA PEKUMHBIMH ITapaMeTPaMHu.
Ha puc. 3a mokasaH npumep aHajan3a HaHOCIOWHOTO MOKpPHITUS HA ocHOBe Ti-Cr-C, obmas
TOJIOIIMHA KOTOPOTO COCTaBJIACT 2 MKM, BBIIIOJIHCHHOTO IIpHW ONTHUMAJBHBIX PEXKUMHBIX
napamerpax. Ilo OaHHBIM 3JEKTPOHHOM MMKPOCKOMHMH TONEPEYHOro Huikda TOJIINHA

OTJIENbHBIX CJIOEB MOKphITUA cocTaBisier 10-15HM (puc. 36), a MO JaHHBIM OINTHKO-
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SMHUCCHOHHOM CHGKT’pOCKOHI/Ieﬁ TOJINWHA OTACIBHBIX CJIOCB IMOKPBITUA COCTABJIACT

npuoIM3uTENBHO 15 HM (puc. 3a).
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a) 0)
Puc. 3 — Ananus nokpsitust Ti-Cr-C: a) npoduiu pacnpeeneHus dIeMEHTOB B BEpXHEM CII0e
MOKPBITHS, OJTYYSHHBIC HA CLIEKTpOMeTpe Tiietolero paspsaa GD-Profiler 2,
6) SEM usob6paskenus ctpyktypbl mokpbitus Ti-Cr-C

AHanu3 pe3yabTaTOB TPOBEIAHHBIX HCCICAOBAHUN IIOKA3ald, YTO IOJ00paHHBIE
ONTHAJIBHBIE PEKUMHBIC MapaMeTphl IO3BOJISIOT IIPOBOAUTH MCCIEIOBAHUE HAHOCIOMCTBIX

HOKpBITHI’I C pa3JIMYHBIM COACPIKAHUCM YTIJICpOAaA.

1. Copsirun I'.C. Oco6eHHOCTH KOJIMYECTBEHHOTO MOCIOWHOTO aHajIu3a TOHKUX MOKPBITHHA Ha
CIIeKTpOMeTpax Tieromero paspsaa // [lepcnekruBabie Matepuaisl. - 2010 —Ne9 - C. 242-246.

2. P. Sanchez, B. Fernandez, A. Menendez, R. Pereiroa, A. Sanz-Medel. Pulsed radiofrequency
glow discharge optical emission spectrometry for the direct characterisation of photovoltaic thin film
silicon solar cells. // Journal of Analytical Atomic Spectrometry. — 2010 — V. 25 — N3. — P.370-377.

3. D. Alberts, B. Fernandez, R. Pereiro, A. Sanz-Medel. Analytical performance of pulsed
radiofrequency glow discharge optical emission spectrometry for bulk and in-depth profile analysis of
conductors and insulators. // Journal of Analytical Atomic Spectrometry — 2011 — V. 26 — P. 776-783.

4. D. Alberts, B. Fernandez, T. Frade, A. Gomes, M.I. da Silva Pereira, R. Pereiro, A. Sanz-
Medel. Depth profile characterization of Zn-TiO2 nanocomposite films by pulsed radiofrequency
glow discharge-optical emission spectrometry. // Talanta 84 (2011) - P.572-578

5. Kuproxannes-Kopuees @. B. Bo3MmMoxxHOCTH MeTONa ONTHYECKOM OMHUCCHOHHOU
CIEKTPOCKOTIMM  Tielonero  paspsga  gdoes  OpH  HMCCIEOBAaHHUM  MOKPBITHH. //
HanocTpykrypupoBanHble MaTepuansl U GyHKIHOHAIBHBIE TOKpbITUs. — 2013 - Ne 2 — C.60-70

6. Uwmuepckas A.JL, Ilymemmes A.A. OnpezaeneHne XapaKTEPUCTHK — PACIbUICHUS
ANEKTPOIUTHUECKOTO MOKpPHITUsE Ni-P ¢ HCMob30BaHWEM aTOMHO-3MHUCCHOHHOTO CHEKTPOMETpa C
Tietouum paspsitom GDS 850 A // Ananutrka u koHTpois. — 2014 — T.18. - Nel — C.50-57.

7. PenkenkoB A.B., 3umosa O.C., Kawanun I'.B., barpako A.A., BypmucrpoB A.A., Jlerexos
A.IT. TIpoGieMbl KOJMYECTBEHHOTO MTOCIOMHOTO aHaIM3a MOAU(PHUIIMPOBAHHBIX TOBEPXHOCTHBIX CIIOCB
Y 3aIUTHBIX MTOKPHITHHA HAa OCHOBE HUTPHUIOB, KapOUIOB U KAPOOHUTPHIOB METAIIJIOB, IPUMEHIEMBIX
B sHepreTuke. // HanexHocTs u 6e30macHOCTh dHepreTuku. - 2014. - Ne 2 (25). - C. 46-51.

227



PULSED ABNORMAL GLOW DISCHARGE WITH HOLLOW CATHODE FOR
NITRIDING OF INTERNAL CYLINDRICAL SURFACES

Yu.V. Borisyuk, V. V. Kozlova, D. V. Mozgrin, N.M. Oreshnikova, T.V. Stepanova, and
A.A. Pisarev

National Research Nuclear University MEPHI, Kashirskoe shosse, 31, Moscow 11540,
the Russian Federation, e-mail: yvb65@mail.ru

Plasma nitriding is a method of thermochemical treatment, which is widely used to
enhance surface hardness, fatigue strength, and corrosion resistance of steels [1,2]. In
industry, glow discharge is commonly used for this purpose. A specific task of plasma
technologies is treating of cavities, which are usually inaccessible for plasma. Still, the need
to modify cavities and tubes of small diameters and large aspect ratios exists. Abnormal glow
discharge with hollow cathode in the pulse-periodic mode was proposed for this purpose in
[3]. This work is devoted to investigation of ignition and properties of the abnormal glow
discharge in tubes and demonstration of nitriding of internal surfaces of the tubes.

The experiments were performed on the home-made experimental installation AGD
described in details in [4]. The treated sample was a cathode, and vacuum wall was an anode.
Nitriding was performed in plasma of the abnormal hollow cathode discharge. Tubes with the
internal diameter of 6, 8, and 9 mm and with the aspect ratio from 12 to 50 were used as the
cathode, which was made of Russian low carbon steel 30XH2M®A (analogues in Poland and
Bulgaria are 30HN2MFA and 30ChN2MFA, respectively). Before nitriding, the samples were
cleaned in an ultrasonic bath, and then in a glow discharge plasma to remove oxides (gas
argon, pressure 0,5-0,8 mbar, voltage 250-500 V, duration 15-30 minutes). Plasma nitriding
was carried out in the mixture of nitrogen and hydrogen 50%N,-50%H,. Plasma parameters
during nitriding were: voltage 450-650 V, frequency 1-100 kHz, duty cycle 25-85%, pressure
0,5-5 torr (0,6-6,6 mbar), duration 4-4,5 hours. In the process of hardening of internal surfaces
of tubes, voltage and discharge current were monitored, as well as the temperature of samples
and the elemental composition of the plasma discharge.

The discharge was initiated on the outer surface of the tube, and then it was moved into
the tube. Penetration into the tube was accompanied by sharp increase of the discharge
current. Typical final volt-ampere characteristics of the discharge are shown in Fig. 1. The
rising dependence is typical for abnormal discharge.

To investigate the elemental composition of plasma, a technique of optical emission

spectroscopy was used with a 3-channel spectrometer AvaSpec-ULS2048L-USB2-RM
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operating range from 200 to 810 nm and the optical resolution from 0.12 to 0.18 nm
depending on the channel. Fig. 2 shows typical optical spectra of radiation from the abnormal

hollow cathode discharge plasma inside the tube of 8 mm in internal diameter and 100 mm in

length.
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Fig. 1 Volt-ampere characteristics of the discharge in mixture of nitrogen and hydrogen 50%-50% at a
pressure of 3 torr, frequency of 25 kHz, and duty cycle of 50%
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Fig. 2 Optical spectra of pulse-periodic abnormal glow discharge with hollow cathode in the mixture
of hydrogen and nitrogen 50%-50% at a pressure of 3 torr, voltage of 500 V, frequency of 3,0 kHz and
duty cycle of 35 %.
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The spectra of Fig.2 demonstrate the presence of N, N, N¥, N,* and NH in hydrogen-
nitrogen plasma. These elements are of exceptional importance because they are considered to
be active species that promote the process of nitriding. It should be noted that the plasma
contains mainly neutrals and single ionized atoms and molecules of the gases in use. The
presence of Fe lines in the spectra is presumably connected with sputtering of the cathode
material. Also there are small hydroxyl lines in the spectra.

After nitriding, the samples were cut perpendicular to the axis on several parts, the cross
sections were polished and investigated in the electron microscope; also microhardness over
the cross-section was measured using a testing system Future Tech TM-9000. The load to the
indenter was 10 g, and it was applied perpendicular to the surface of the cross section as a
function of the radius. The respective depth profiles are shown in Fig. 3 for the cross section
near the central part of the tube and that near the tube edge.

Microstructure of samples was analysed in a scanning electron microscope TESCAN
VEGAZ3. Polished cross sections were chemically etched in the solution of H,O,+H,0O+HF
(16:3:1) prior the analyses. Elemental composition in the cross section was measured by

energy dispersive analyses EDS.
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Fig. 3 Hardness as a function of the distance from the internal and external surfaces of the tube
measured in cross sections in the middle area (a) of the tube and at the edge (b) of the tube 8 mm in
internal diameter and 100 mm in length nitrided at 450°C

Fig. 4 shows SEM images of the cross-sections of treated samples. The samples were
nitrided at a temperature of 450°C. After plasma nitriding at temperatures below 500°C the
samples still have their original ferrite-pearlite structure with distinct grain boundaries. Fig. 5
shows the distribution of elements through the depth near the internal surface of samples after
the plasma modification. The nitrogen concentration is high within 5 um, which correlates

with the thickness of the compound layer. Though the hardness is high within 150-200 pm,
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the nitrogen concentration is small and only slightly exceeds the background level at these

depths. Hardening at large depths is due to nitrogen in solid solution.
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Fig. 4 The microstructure of a cross-section in the middle area of the tube nitride at 450°C. The cross
sections are shown near: a) internal surface, 6) external surface
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Fig. 5 EDS measured distribution of elements as a function of the distance from the internal surface of
the sample nitrided at 450°C

Hardening of the internal surfaces by nitriding at 400-550°C in abnormal glow
discharge was found for various tubes with the internal diameter from 6 to 9 mm and the
aspect ratio from 50 to 12, respectively. The modified layer was of about the same thickness
inside and outside the tube both in the middle and the end of the tube. The hardness increased

1,5-2,5 times, and it was higher in the middle part of the tubes than near their open ends.
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The study of plasma—surface interaction processes is important for a successful
realization of the international ITER project. The JET ITER-like wall (ILW) [1] comprises a
tungsten (W) divertor and beryllium (Be) main chamber wall thus matching the material
configuration planned for ITER. Estimating plasma facing component (PFC) sputtering by
plasma ions is an important issue for ITER as erosion determines the life time of PFC,
impacts on the tritium retention by co-deposition with Be and leads to an increase of
impurities in core plasma and the consequent reduction in fusion plasma performance. For
correct calculation of the sputtering yields for PFCs the accurate expression for the sheath
electric field must be included. This work represents the review of our previous works
devoting to the development of analytical expressions for the sheath electric field taking into
account the presence of an oblique magnetic field, secondary electron-electron emission and
surface biasing.

The analytical expression for the sheath electric field was suggested in [2]. It mimics
the potential dependence on magnetic field angle and allows to avoid solving the complex
integral equations given in [3, 4]. For a potential profile description in a magnetic presheath
(mps) we have made two assumptions. Firstly, as the mps is quasineutral, the ion and electron
density difference related to the electric field potential is small. This allows assuming a linear
density difference dependence on potential as a first order approximation. Secondly, we
assumed the electric field is equal to the value of average electric field in the mps at the half
of potential drop in the mps. The potential profiles calculated using this analytical expression
are in good agreement with the Chodura and Stangeby potential distributions [3, 4] and

respective particle-in-cell (PIC) simulations performed with the SPICE2 code [5].
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One of the important effects is that the angle and energy of the plasma ions impinging
on the PFC surface have a strong influence on the physical sputtering. A numerical
calculation of the incident particles trajectories was very effort and CPU time consuming,
however the acceleration of ions in the sheath driven by the rising E-field to surface
necessitated to reduce dramatically the calculation step causing certain numerical issues. In
our work [6] the analytical expressions for the very last part of the trajectory just before the
ions impact on the surface was suggested. The angular distribution calculated by these
analytical expressions match nearly perfectly the PIC simulations [5] and [7]. Using the
obtained angular and energy distributions of the incident ions the dependence of the effective
sputtering coefficient of PFC materials on the magnetic field angle was calculated by the
respective numeric averaging of the Eckstein formula [8]. It was shown that the effective
sputtering yield considerably increases at magnetic field inclination angle about 80° within the
considered plasma parameters.

The influence of plasma temperature, density and magnetic field strength and angle on
the potential profile, incident ion energy and angle distributions and the Be effective
sputtering yield by D" ions were analyzed using the suggested analytical expressions. It was
found that magnetic field angle increase leads to a stronger temperature dependence of
effective sputtering yield. However, plasma density and magnetic field strength within the
considered limits do not significantly affect the incident ion angular and energy distributions
and therefore the effective sputtering yield.

It is known that secondary electron emission (SEE) strongly influences the plasma-—
surface interaction processes [9, 10]. It is experimentally confirmed that SEE reduces the
sheath potential drop [11], decreasing the energy of ions incident on the surface and thus
suppressing sputtering and plasma contamination. On the other hand, a certain fraction of
secondary electrons returns to the surface due to Larmor gyration in an oblique magnetic
field, thereby reducing the effective SEE yield. In our work [12] the influence of SEE on the
sheath electric field potential distribution in an oblique magnetic field was investigated taking
into account the above processes. Simple and useful analytical expression for the potential
distribution in the Debye sheath in the presence of SEE and an oblique magnetic field was
derived. It was shown that the potential distributions calculated with the proposed model are
in good agreement with the profiles obtained by a combined PIC and Monte Carlo code
ELECTRAN [13]. It was found that SEE had almost no effect on Be sputtering, but

significantly suppressed W sputtering at magnetic field angles below 80°.
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In a number of experiments surface biasing (SB) up to several hundred Volts is
applied to the PFC (e.g. to study the effect of ion impact energy influence), which also
influences greatly the sheath potential distribution. In our work [14] the simplified analytical
expression for the electric field suggested in [6] is updated to include the SB effect and an
oblique magnetic field. The energy and angular impact distributions and surface sputtering
yields were computed in the presence of an oblique magnetic field and surface biasing. Two
opposite trends of the mean ion impact angle shift with surface biasing are revealed: in most
cases, the mean impact angle decreases with biasing, however, under strong magnetic fields
and at grazing angles the mean angle increases. The latter leads to the significant increasing
up to 10 times of the effective sputtering Be yield by incident D due to the angular factor.

In the last part of this work the results of the erosion modelling at JET ILW using the

described analytical expressions are presented. In [14] the analytical expression for electric
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effect has been represented by an additional

the measurements [16]. Figure 1 presents the effective Be sputtering coefficients due to D+
ions in the assumption of the low-recycling plasma scenario calculated with the analytical
expression and obtained in the earlier simulations which did not account for the influence of
the oblique magnetic field [15]. These effective sputtering coefficients were calculated
assuming 50% D concentration in the Be surface interaction layer (‘ERO-min’) [17]. For
comparison the case of a pure Be target (‘ERO-max”) was also calculated with the analytical
expression. It is shown that for ‘ERO-min’ fit, the properly treated angular factor in the
sputtering yield leads to reproducing the 2-3 times erosion increase observed in experiment.
The estimates of W sputtering flux due to D* and Be®* ion impacts at the horizontal
outer divertor target during Type-1 ELMs and inter-ELM conditions in JET-ILW unseeded H-
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mode experiments [18] were improved in [19]. The analytical approach for reproduction of
initial velocity distribution of ions leaving pedestal during ELMSs, based on the “Free-
Streaming” model and experimental results was suggested. The W sputtered flux retrieved
from Langmuir Probe (LP) measurements and from the analytical approach in Type-l1 ELM
and inter-ELM conditions is in good agreement within a factor of 2 with the estimates made
with W | spectroscopy [20]. It is also shown that Type-11l ELM discharges follow the linear
dependence of the ELM target ion impact energy on the pedestal electron temperature. In the
presence of the analyzed Type-I and Type-1l1l1 ELMs, the W sputtering flux increases 10 times
in comparison to the inter-ELM conditions. Thus, the coupled analytic approach and LP
measurements allow estimating W sputtering fluences in unseeded JET-ILW Type-I and
Type-I11 ELMy H-mode experiments.

Thus, the derived and validated in the process of their application analytical
expressions serve to increase the understanding of the PSI processes. In addition they allow

saving computation power in the most modeling cases presented.
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Ab initio approach with density functional theory (DFT) method is used to study F
atom reaction with SiCF3 surface group. This reaction is a part of the multi-step
mechanism of organosilicate glass OSG low-k films damage by F atoms. The
calculated potential energy surface (PES) show the only relevant channel of carbon
removal with production of a CF; volatile molecule and SiF surface group. The
pathway with CF, volatile product has a prohibitive barrier about 1.5 eV.

Organosilicate glass (OSG) based porous low dielectric constant (low-«) films are used in
advanced interconnects of ULSI devices. Plasma processing carried out in fluorine-based
plasmas is one of the most critical steps during the integration of these materials. The
reactions of plasma active species with the surface groups on pores walls could cause
dramatic degradation of low-«x materials reliability and increase of its «k-value [1,2].

Previous experimental and theoretical study of F atoms interactions with various OSG
low-k films allows us to reveal three main reactive stages: fast fluorination stage (F atoms
quasi-chemisorption on surface Si atoms), second stage (SiCH3 surface groups damage by H
Abstraction followed by F Addition (HAFA) reactions and production of volatile CFy
molecule) and third stage (etching of fluorinated SiOy matrix by F atoms) [3-5]. At low F
atoms doses Fgose, NO changes in carbon concentrations with appearance of C—F bonds in the
treated low-k films were detected by FTIR and XPS techniques [3, 4]. Further treatment
resulted in appearance of C—F, features (up to CFs groups) in XPS spectra and progressive
carbon content depletion. On the base of Monte Carlo & gas-surface kinetics modeling and
DFT simulations we have described the observed modifications of OSG films in the frame of
the detailed multi-step mechanism [5]. In this report, we focus on the detailed description of
the CF3 removal reactions on the base of density functional theory (DFT).

Our calculations with VASP code [6] are performed for two relatively small models of
macromolecules that contain essential bonding of OSG films. These models are as follows:

1) a trimethylcyclotrisiloxane (TMCTS) molecule which has a 6-atoms ring (Si—-O-Si—O-Si-

O-); each Si atom has an additional Si—C bond and a Si—H bond.

2) a polyhedral oligomeric silsesquioxane (POSS) particle with a cage-shaped 3D structure

(the general formula RgSigO12, in our case, R is a—CHjs group).

236



F atoms interactions with SiCF3; group were simulated with the use of the modified POSS
molecule in which one methyl group was replaced by CF3 group and other CH3 groups were
replaced by fluorine atoms. Reactive energy was determined as a total energies difference of
the products and reactants.

As it was shown by the DFT simulations initial SICH3 groups are replaced by SiCF,
surface groups due to HAFA reactions [7]. Dynamic simulation of the F atom interaction with
O3SiCF, group showed that impact of thermal F atoms (with Kinetic energy <0.1 eV) results
in radical addition reaction with O3SiCF; surface group production.

Here possible reaction pathways of CF3 removal from O3SiCF3 surface groups by F atoms
and potential energy surface (PES) of this process are calculated and analyzed. Due to the
strong mutual repulsion between incident F atoms and SiCF3 groups, the probability of non-
reactive scattering of incident F atoms could be quite high. However, the following reactions
with the volatile CF3 and CF,4 products should be considered:

O3SiCF3 + Fgas — O3SIiF + CF3 g6 AH; =-3.6 eV 1)
O3SiCF3 + Fgas — O3Si + CFy gas AHp, =-2.2 eV 2

The reactive energies were calculated for the TMCTS molecule and POSS/7F/CF3; model.
Both reactions (1) and (2) are exothermic with reactive energies of about AH;= —3.6 and
AH, =-2.2 eV, respectively. However, we have not observed these reactions in AIMD
simulations with the TMCTS molecule and the model SiOCH surface [5]. To shed light on the
reasons of this non-reactive behavior we have calculated and analyzed the potential energies
for these interactions. For illustration the DFT results for the POSS/7F/CF; + F interactions
are presented below.

Fig. 1 shows the calculated potential energies of O3SiF; groups interactions with F atoms
incident along the Si—C bond and under angle of 60° to this bond are shown in Fig. 1 as
functions of C—F and Si—F distances. In the first case, the Si—C bond break could occur only
through the high entrance barrier of ~1.4 eV for production of the CF, volatile molecule
(reaction 2). In the second case, the F atom attack causes also the Si—C bond break, but here
CF3 volatile radical and new bond (Si—F) are appeared due to attraction of the incident atom F
to the Si surface atom (reaction 1). Much lower energy barrier (<0.15 eV) is predicted for this
collision direction.

DFT search of a transition state confirms that reaction (1) can be realized easily when the
incident F atom approaches the Si—C bond laterally similar to reaction O3sSICF; + Fgas —

O3SiF + CF3 gss [5]. For the TMCTS model we have not managed to locate a transition state
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for this mechanism because of the complicated structure of this molecule and the presence of

H atom in the close vicinity of Si—C bond.
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Fig. 1. Potential energy of O3SiF; + F interaction as a function of internuclear distances
(C-F and Si—F) for two different incident angles: the F atom approaches the SiCF, group
along the Si—C bond (a) and under 60° to this bond (b).

However, even if an activation barrier for reaction (1) exists, it will be small enough. The
main reason of the low probability of this reaction is considered to be the geometry of the
system under study, so this reaction pathway can be realized if there are large gaps between
O3SiCF3 groups on the pores surface. Reaction (2) is exothermic, but a CF, molecule can be
produced only when the F atom goes along the Si—C line: at lateral attacks of CF3; group the
incident atom F easily breaks the Si—C bond and, after CF3; detachment, forms the bond with
the Si atom. This scenario results in reaction (1). For the direct attack the calculated activation
barrier for CF, removal is about 1.4 eV. This high barrier suppresses the possibility of
reaction (2) and explains the lack of this pathway in our AIMD calculations with the F atom
incident on the CF3 group along the Si—C line.

We have also calculated the potential energy surface (PES) for F atom interaction with the
fluorinated POSS/7F/CF3; molecule. Fig. 2 shows this PES in Si—F/Si—C bonds coordinates.
Initial position (5 A; 2 A) of the collision partners corresponds to the right-bottom area
marked by number 1. The calculated results show the presence of small minimum in the
vicinity of the point (3; 3) (area 3). This area of the products of reaction (2) is separated from
the initial reagents area by the barrier of about 1.5 eV. This barrier is high enough to make
reaction (2) practically impossible and unimportant for the OSG films damage processes. The
deep minimum (area 2 elongated along Si—C coordinate) in the left part of Fig. 2 corresponds

to SiF + CF3 products of reaction (1). The pathway of this basic reaction from area 1 to area 2
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shown in Fig. 2 could realize conversion O3SiCF3 + Fgas — O3SiF + CF3 gas as an important
step of carbon removal from the OSG films under F atoms flux.

The calculated PES also has a minimum of about ~0.9 eV in the vicinity of point (3.2;
2.0). This state appears in the case of the F atom that approaches along the Si-C bond and then

deviates (due to the repulsion from CF; group) to the neighbor Si atom of POSS molecule.

3.2

3.0

2.8

2.6

2.4

Si-C bond length (A)

2.2

2.0

15 20 25 30 35 40 45 50
Si-F bond length (A)

Fig. 2. Potential energy surface for O3SiF;+ F interaction as a function of Si-C and Si—F(incident)
distances

The static and dynamic DFT methods were used to study two exothermic pathways for
SiCF3; + F reactions as a part of the whole multi-step mechanism of OSG low-k films damage
and etching. The calculated PES shows the high entrance barrier (~1.4 eV) for conversion
O3SICF3 + Fgas — O3Si + CF4 gas and thus irrelevance and unimportance of this reaction for
the processes of the OSG films damage by thermal F atoms. In contrast, the lateral attacks of
Si—C bonds by F atoms could realize conversion O3SiCF3 + Fgas — O3SiF + CF3 gas Which
constitutes a final step of carbon removal from the OSG films under F atoms flux.

This work is supported by the Russian Scientific Fund (RSF), Grant Ne16-12-10361. The
calculations carried out on Lomonosov supercomputer of the Lomonosov Moscow State

University Supercomputing Center.
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SJEKTPUYECKHWHA B3PHIB METAJLTIA B UMITYJIbCHOM MAT'HUTHOM
ITOJIE U1 HAIIBIVIEHUA ITIOKPBITUHN

ELECTRIC EXPLOSION OF METAL IN THE IMPULSE MAGNETIC FIELD
FOR COATINGS

['.I1. Tonono6os, A.H. Biaco, M.B. [ly6xos, M.A. bypo6us, [I.B. CyBopos, M.A. CeprioBa
AN. Vlasov, M.V. Dubkov, M.A. Burobin, G.P. Gololobov, D.V. Suvorov, M.A. Serpova

Psszanckuii cocyoapcmeernnuiii paouomexnuueckuil ynueepcumem, I acapuna 59/1,
Pszanw, Poccus, gololobov.gennady@yandex.ru

The formation of copper coatings on a nickel substrate obtained by the electric
explosion method under the influence of a magnetic field was studied. The influence of the
magnetic field on the morphological and structural characteristic of the coating is established.
Dependences of the shape and size of the coating islands on the magnitude of the magnetic
field are obtained.

[Ipoueccel, mpoucxonsduiye MpU SIEKTPUUECKOM B3pbiBe mpoBoaHKuKoB (DBII)

npeaCTaBJIAOT 0010 HHTCPCC IJIA I/ICCJ'IGI[OBaHI/Iﬁ CI)I/IBI/IKI/I KOHACHCUPOBAHHOI'O
COCTOsAHUA, (1)I/ISI/IKI/I I1J1a3MBI, BBICOKOBOJIBTHOU OJICKTPOTCXHUKHU MW CMCEIKHBIX oOiacreit
HAayKH. Cpem/l MMPAKTUYCCKUX HpI/IMeHeHI/If/'I B3PBIBHBIX TGXHOHOFHﬁ, MOXHO BBIACIHTL PO
HaHpaBJ’IeHI/Iﬁ CBA3AaHHBIX C IIPOAYKTAMHU B3pbIBAd, TAKUX KaK IIOJIYYCHHUC HAHOPA3MCPHBIX
IMOPOIIKOB pa3/IMYHOTO (I)aSOBOFO U XUMHWYCCKOI'O COCTAaBOB U HAHCCCHUEC TOHKUX IIJICHOK.
B MMOCJICAHEM CiIydae MCTOA UMECT MHOT'O JOCTOMHCTB, HO €CTh U HEAOCTATKU. OH 1103BOJIIET
C HU3KMMH 3HEprosarparaMu IOJIy4aTh OECHOPHUCTbIE MOKPBITHS OONajarolue aare3ued c
OCHOBOH Ha YPOBHEC KOI'€3UHU U XOPOIIHNMHU (I)YHKLII/IOHEUILHI:IMI/I cBorctBamu. K CCPBE3HBIM
HEeaAOoCTaTKaM MOKHO OTHECTH cna6y}o YIIPaBJIKIEMOCTDb Cpr1(TypOI71 " Ka4YC€CTBOM ITOKPBITUA B
IIPOLIECCE HAHECEHUs M IOBTOPSAEMOCTb pPE3yabTaToB. HuBenupoBaTrs nepedncICHHbIE
HEJOCTaTKU MOXKHO IIyT€M HU3MEHEHHUS U OTpaldOTKH YCJIOBUN U IapamMeTpoB B3PBIBHOI'O
rnmpomnecca. I/ICCJ'IGI[OBaHI/IIO OOJBIINHCTBA U3 HUX IIOCBAIICHO JOCTATOYHOEC KOJINYECTBO pa60T
[1-3u ap.].

Haumenee HUCCIICAOBAHHBIM SIBJIACTCSA OBII B YCIOBUAX CUJIIBHOT'O MAarHUTHOI'O ITOJIA.
B naHHOM HampaBieHUHM OMYOJIMKOBaHBI €IMHHUIBI paboT [4]. A, HW3yueHHEM BIUSHHUS
MAarauTHOTIO IIOJISI Ha CTPYKTYPY HOKpBITHﬁ, HaHOCHUMBIX METOA0M OBII MPAKTUYICCKU HUKTO
He 3aHUMaIcd. ITO OGyCJIOBJ'II/IBaCT AKTYaJIbHOCTb U HOBU3HY HpOBC,Z[CHHOﬁ pa6OTBI.

Yciaosusa MOJYYCHHUSA IKCIIEPUMECHTAJIABHBIX oﬁpasuon U METOAUKA UCCJICA0OBAHUA

OxcnepumenTel 1o OBII mpoBOAMIMCE HA HKCIEPUMEHTAIbHOM YCTAHOBKE JUIS
GbopMUPOBAaHUS  WMITYIbCHOTO  HMHAYKIMOHHOTO  paspsaga «MHI'MP-Mera-15». Ee

yYIpoumeHHas 4JIst HACTOAIICTO UCCICAO0OBAaHNA CXEMaA NPUBCACHA Ha PUCYHKE 1.
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Hanbuienne npoBoaunoch

IIpu HeﬁCTBHH HUMITYJIbCHOI'O

MarHUuTHOTO TI0Js  (TIOJIO’KEHHE

«Mmy mepexnrouatens S2) u 6e3

(moto’keHUE «NY TEePEKITFYATENs
S2). TlukoBoe 3HAYEHUE TOKOB

BapbUpOBaIOCh OT 22 10 32 kKA

HOCPEICTBOM BAapbUPOBaHUS

HaNpsHKSHUS 3apsza

Pucynok 1. CxeMa skcriepMMeHTaNbHON ycTaHOBKM: — KOHJIEHcaTopHOU OGarapeu ot 280
C — xoumencatopHas Oatapes (0,18 @), R1 — 6amnactHOe
COTIPOTHUBJICHUE, R2, R3 — OTpaHUYHUTENTFHOE
conporusnenue, 11, 72 — tupuctopbl, S1 — KHOIKAa  MATHHUTHOIO IIOJS P ATOM
OTKpEITHS THpUCTOpa 711, S2 — mepexirodaTenb PeXrMOB
ANEKTPHYECKOTO B3pbhiBa (Goibru 1 (monoxkeHue «my» - B COCTABIAIO BCJIWYUHY OT 3,5 Tn
MarHUTHOM II0JI€, TIOJIOJKEHHE «N» - 03 MarHUTHOTO TIOJIs),
2 — MUANIEKTPUYECKUHN dKpaH, 3 — HambUIsieMas TTOJIOKKa, 4
— WHAYKTOp C MOMEIIEHHON BHYTPh B3pBIBAEMOU (OIBION,  HamblJICHUS TIPOM3BOIUIICS
5 — UWHIYKTHBHOCTb, OKBUBAJIECHTHAs WHAYKTOpY, 6 — .
npepbiBaTeb TOKa (Ha OCHOBE JJIEKTPUYECKH B3pbiBaeMbix ~— KHOIKOH S1. llpepsiBaHue TOKa
MIPOBOJIOYEK)

no 340 B. IlukoBoe 3HaueHHE

pgo 5 Tn. 3amyck mnponecca

OCYIIECTBISJIOCH C  IOMOUIBIO
ycTpoicTBa 6, mociie cpabaThlBaHUs KOTOPOTO OTKpbIBaics TUpuctop 72 u ¢omsra 1
B3pbIBajach. B3pbIBaeMbIM NPOBOJHUKOM CIYXHJIM COM3MEPHMbIC HUKEIEBOH MOJIOXKKE
TUTACTHHBI U3 MEIHOHN (OIBIU KBAJAPaTHOH (PopMBI pasmepom 2X2 cMm.

HccnenoBanus o06pa3iioB NpOBOAUIUCH Ha CKAHUPYIOLIEM JIEKTPOHHOM MHUKPOCKOIIE
JEOL JSM-6610LV, yKOMMIEKTOBaHHBIM IS DJIEMEHTHOTO aHaIHU3a SHEProAUCIIePCHOHHOM
npuctaBkoi-mukpoananuzatTopoM INCA X-MAX npoussoacrsa Oxford Instruments.

Pe3yabTaThl H HX 00cy:KIeHHe

B Xxozxe mpoBeAeHHBIX CTPYKTYPHO MOP(OJIOTHYECKHX MCCIEI0BAaHUN MOBEPXHOCTU
00pa310B HUKEJIEBOH MOAJIOKKHU C HANbUIEHUEM MPOJYKTOB 3JIEKTPUYECKOTO B3pbhIBa MEIHBIX
IIPOBOJTHUKOB OBbUTH BBISIBIICHBI JIBE XapaKTepHbIE OCOOEHHOCTH JIOKAIM3ALUU OCAXIaeMOT0
matepuana. K miepBoli OCOOEHHOCTM MOXHO OTHECTHM XaOTHYHO PACIIOJIOKEHHbIE
o0pa3oBaHUsl HENpPaBUIbHON (OPMBI C JaTepalbHBIMU pa3MepaMu B JHara3oHe (€IUHUIIbI —
JIECATKH) MUKPOMETPOB KOTOPBIE SIBJISIIOTCA «OCTATOYHBIMHY KaIUISIMHU, 0Opa30BaBIIUMHUCS
HEMOCPEACTBEHHO M3 *KHMIKOM (ha3bl U COXpaHUBIIMMHU CBOM pa3mep mpu pasziere. Ko Bropoii
OCOOEHHOCTH OTHOCSATCSI PAaBHOMEPHO pACIOJIOKEHHbIE [0 TOBEPXHOCTH YaCTULBI C

pasMepaMu TIOpsIAKA JACCATKOB HAaHOMETPOB CPOPMHUPOBABIIUECS B MPOIECCE KOHACHCAITMH
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pasneratomerocs mnapa. OTMeYeHHble OCOOEHHOCTH COOTBETCTBYIOT — CJIOKHBIIMMCS
IPEJICTABICHUSAM O Pa3JieTe YaCTHIL TP FIEKTPUIESCKOM B3PbIBE MPOBOAHUKOB [3,5].

Ha mnepBom »srame paboThl akumeHT ObUI CAeTaH Ha H3YyYCHHE MOBEPXHOCTHU
MHUKpPOMETPOBBIX Kanenb. lccienoBaHus BBISIBIINM CYLIECTBEHHBIE DPa3iMuusl CTPYKTYpbI
MUKpopenbeda 00pas3oB MOIYYSHHBIX MPU BIUSHUHU 3JIEKTPOMATHUTHOTO MOJISI BETUUYUHON 5
T (pucyHok 2,a) u 6e3 Hero (prcyHOK 2,0).

Ha pucynke 2,a npeacrasneno tunuyHoe COM-u3o00pakeHre ydyacTKa MOBEPXHOCTH
HUKEJIEBOH MOIIOKKH, OOJIBIIYI0 YacTh MOBEPXHOCTH KOTOPOTrO 3aHUMAeT PaBHOMEpHasl 110
tonmuHe (2-3 MKM) Karis Meau. XapakTepHONH OCOOEHHOCTBIO 3/IeCh SIBISICTCS HAIMYUE
MUKpPOMETPOBBIX B JHAaMeTpe, CKBO3HBIX mop. Ha pucyHke 2,0 mpencTaBieHO THUIUYHOE
COM-u300pakeHHe y4yacTKa IOBEPXHOCTH HMKENEBOW IOUIOKKM B MECTe MONaJaHus
MenHOW karuii. Kak BHJIIHO M3 PUCYHKa B JIJaHHOM CJIy4ae MHPOLIECChl OCTHIBAHHUS MEIHOMN
KaIlJId HOCSIT MHOM, YEM B MpEAbIAYIIEM Cilydae Xapakrep. MOXHO MpEeArnonokKuThb, 4TO Ha
TEMIIEPATYPY U, COOTBETCTBEHHO, DHEPIUIO0 MAJAIOUICH >KMIKOW YacCTHULBI, a TaKXe BpeMs
OCTBIBaHUS OKa3blBaeT BO3JEHCTBHE NPUCYTCTBYIOLEE MAarHUTHOE Iojie. DTOT 3(p(deKT B
OoNbIICH WM MEHBIIEH CTENEeHU TMPOSABISETCS y BCEX NOJOOHBIX 0O0pa3oBaHUI Ha

HCCJIICOJOBAHHBIX YJAaCTKax MOBEPXHOCTU 06p33HOB MMOJIYUCHHBIX B YCJIOBHAX BJIMAHHA I1OJIA.

Pucynok 2. COM-u300pakeHue y4acTKa MOBEPXHOCTH KAl MEeIM Ha HUKEJICBOM MOJIOKKE
noxyyeHHoi meronoM OBII: a - B 00bIYHOM pexkuMe U O - IPU BIMSHUM 3JIEKTPOMArHUTHOTO MOJIS
BenmuuHou 5 Tn

Ha crmemyromem 3tare paGOTHI MPOBEACHBI HCCICIOBAHUS CTPYKTYPBI OCAKICHHOTO

Ha TOBEPXHOCTH KOHJeHcata. B ciiydae mposeaenus OBII B oObruHOM pexume (0e3
MarHUTHOT'O T0JIsT) OHA MPEJICTaBIIAET COO0I COBOKYITHOCTh PAaBHOMEPHO pacHpeAeIeHHbIX 1O
NoJUI0KKe Oec(OpMEHHBIX OCTPOBKOB-3apobiiiell ¢ pasmepamu 10 — 100 HM u cpenHeit
MMOBEPXHOCTHOM TUIOTHOCTBIO pacmosioxkeHust Ns mopsiaka — 10® em™.

[Tposenenne OBII B ycloBHSX MarHUTHOTO TMOJS JA€T MPUHIMITHAIBHO IPYrou

PE3yibTaT IIpU (bOpMHpOBaHI/ISI HOBCpXHOCTHOﬁ OCTpOBKOBOﬁ CTPYKTYPHI. Kak BHUJHO U3

PUCYHKaA 3 OoCakJIaeMBblit Marepuail — MCIAb pacHpCACJICH IO IMOBCPXHOCTU HHUKEJICBOM
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Pucynok 3. CDOM-uzobpaxkeHue
MOBEPXHOCTH HHKEJIEBOM IOAJIOKKH C
nonycpepuaeckuMr  00pa3oBaHUSAMH MeEAH
HaHeceHHbIMU MeTojoM OBII B ycmoBusx
BJIMSIHUSI MAarHUTHOTO TIOJISI

IIOAJIOKKH B BUIC NpENMYIIECCTBEHHO

norychepudecKux o0OpazoBaHUit c
natepanbHbiMU pazmepamu 100 — 500 am. Ng B
CpaBHCHHH c MPEIBLTYIIHM clydaeM
CYIIIECTBEHHO YMEHBIIIMIACH C 10® em? mo 10°
oM, [IpoBenenune cepuu 3KCHEPUMEHTOB IpU
pPa3HbIX 3HAYEHHUSX MarHuTHOro mnois 5 Tu m
3,5 Tn mo3BONHMIO YCTAaHOBHTH 3aBUCUMOCTH
pa3MepoB OCTPOBKOB S U ux KoimdectBa N OT

BEJIWYMHBEI MAarHUTHOTO ITOJI. JTa 3aBUCUMOCTh

N-104, cm?

25

20

15

10

5
01

Pucynox 4.

Hpe/ICTaBICHa TUCTOIPaMMOil (PUCYHOK 4).

Ananus THCTOTI'paMMBbI ITO3BOJIACT

caciiaTb 3aKJIFOYCHHUEC 0 TOM, qTO B

“a ub

03 04 05 06 07 08

S, Mkm?

paccMaTpuBaeMBbIX yclaoBUsAX nposeneHus OBII,
YBEJIMYEHUE MAarHuTHOIO IOJI CIOCOOCTBYET
YKPYMHEHUIO U «OOJbIIEH BBIPAKEHHOCTH

ITIOBEPXHOCTHON OCTPOBKOBOM CTPYKTYPBI.

02

Pacnpenenenue

Takum  oOpa3oM, HIpoaHAIM3UPOBAH

JlaTepajiIbHbIX PasMEpPOB OCTPOBKOB MEAU

npu OBIl ¢ pa3nuuHBIMM 3HAYEHUSIMU

XapaKTep BO3I[GIZCTBPI$I HUMITYJIbCHOT'O

WHAYKIIMA MarHuTHoro noist: a — 3,5 To; ©

—5Tn

MAarHuTHOTO I10JIS Ha BBISBIICHHBIE OCOOCHHOCTH

IMOKPBITHA. B CJIyda€ OCTAaTOYHBIX Karl€jb MUKPOMETPOBOTO pasMepa HAJIWNIHUEC MArHUTHOTIO

noJrsl NpUBOAUT K YBCIIMUCHUIO SHEPIUU U TEMIICPATYPbI OCAKAAEMOT'O BCUICCTBA. B cjrydace

JacTul Mapora3oBOro KOHJACHCATA MArHUTHOC IIOJI€ IIpU HaANbUICHUU CHOCO6CTByeT

KOAJICCIHCHIIMY HAHOMCTPOBBIX OCTPOBKOB MC/IM HAa IMOBCPXHOCTH.
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CPABHUTEJIbHBINA AHAJIN3 BJIMSAHUA IAPAMETPOB BY- U IIT-
MATHETPOHHOTI'O PACIIBIJIEHUA HA ®OPMHUPOBAHUE CTPYKTYPbBI
TOHKUX IIVIEHOK IUBOPUJIA TAHTAJIA

COMPARATIVE ANALYSIS OF THE EFFECT OF RF- AND DC- MAGNETRON
SPUTTERING PARAMETERS ON THE STRUCTURE FORMATION OF
TANTALUM DIBORIDE THIN FILMS

AA. FOanDOBl, A H. IOH;[al, A N. BananZ, n.B. ]_HCJICCTl, B.B. BypaHI/Iq1
A.A. Goncharov?, A.N. Yunda!, A.I. Bazhin?, 1.V. Shelest!, V.V. Buranich*

'Kapeopa npuxnadnoii mamemamuxu u modenuposanus croxicnbix cucmem, CymcKuil
2ocyoapcmeennulll yhugeepcumem, yi. Pumckoeo-Kopcakosa, 2, 40007 Cymsi, Yrpauna,
0.goncharov@mss.sumdu.edu.ua
2Hayunwii usuro-mexnonocuyeckuii yenmp HAH u MOH Vipaunei, ni. Cé0600s1, 4, 61077
Xapvkos, Ykpauna

A comparative analysis of the effect of magnetron sputtering parameters on the structure
formation of tantalum diboride thin films deposited using an RF-magnetron sputtering system
and a sputtering system with an unbalanced direct current magnetron was carried out in this
paper. It was exhibited that the sign and magnitude of the substrate bias have a defining effect
on the structure formation of tantalum diboride films.

1. BBenenmue

B HACTOAIICC BPEMA TOHKHUC IIJICHKH I[I/I60pI/IILOB INCPEXOAHBIX MCTAJJIOB HHTCHCHUBHO
HCCICAYIOTCA B CBs3U C 0COOEHHOCTIMH ux @HSHKO-MCX&HH‘IGCKI/IX CBOP'ICTB,
HPOSIBIISFOIIUXCS B HAHOCTPYKTYPHOM cocTosiHuu [1,2].

I[JI)I MOJIYyUCHUA BBICOKOKAYCCTBCHHBIX IIJICHOK C 3alaHHbIMHA CBOMCTBaMU
HGO6XOI[I/IMO peryjinpoBaTtb mnapaMeTpbl IJIa3MBbI. HOBTOMy OYCHBb BAXXHBIM BOIIPOCOM IIpU
HaHCCCHUUN IIJICHOK METOAOM Mara€TpoHHOI'O pacClblUICHUA ABIIACTCA BIIMSAHHUC
[IapaMeTpoB IUIa3Mbl HA CBOMCTBA NOKPBITMM. MeETox MarHeTpOHHOIO PpAaCHbUICHUS
IIO3BOJISICT KOHTPOJMPOBATH N3MCHCHUC YCJ'IOBI/Iﬁ OCaAXKIACHUA IMOKPLITHUA,
OMPCACIIAOIINX BHCKTpO(l)I/BI/I‘{eCKI/IC U CTPYKTYPHBIC CBOMCTBA IJIeHOK. brpuin BBIJCJICHBI TPU
OCHOBHBIX IMapaMeTpa € IMOMOHIBIO KOTOPBIX MOXHO KOHTPOJHUPOBATH IMPOLECC OCAKIACHUS
IJICHOK TIIpU HCIOJB30BAaHMM MArHCTPOHHBIX PACHBUIMTCIBHBIX CHUCTEM: IMMOTCHIHMAII
CMCHICHUSA IMOAaBacMOI'0 Ha IMOJIOKKY US, INIOTHOCTh HMOHHOI'O TOKa Ha IOIAJIOXKE is> u
Temrepatypa nomtoxku Ty) [3].

B wHammx mnpempiaymux ucchaenoBaHusX [4—7] W3y4anoch BIUSHHE PA3TMIHBIX
MOAJIOKECK HAa OPHUCHTAIUIO U CTPYKTYPY IVICHOK, a TAKXE BJIUAHUC PCIKUMOB HAIIBIJICHUA HA
POCT TIJICHOK. I[aHHLIe HCCIICAO0BAaHHNA TOKA3bIBAKOT, UTO IMPOLECC (I)OpMI/IpOBaHI/ISI TINICHOYHbIX
HAHOCTPYKTYP 3aBHUCHUT OT HCCKOJIBKHX Q)aKTOpOBZ CTPYKTYPbI U TCMIICPATYPbI IMOIJIOKKH,

MOIMHOCTHU PpAaCHBIJICHUA U IOTCHIIMAIa CMECIICHHA IT0JaBacMOro Ha rnmoaJI0KKOACPKATECIIb.
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Ilenpto maHHOW pabOTHI SIBISETCS CPABHUTEIBHBIM aHAIW3 BIUSHUS IMapaMeTPOB
MarHeTpOHHOTO PpacHbUICHUS Ha (OPMUPOBAHHE CTPYKTYphl TOHKHX IUICHOK JIUOOpHa
TaHTAJIA, IOJYYECHHBIX Npu nNomolmM BY-mMarHeTpOHHOW pacCHbUIMTENBHOM CHCTEMBI U

paCHBIHHTeHBHOfI CUCTCMBEI C HCCGaJIaHCI/IpOBaHHBIM Mara€TpoHOM IIOCTOSIHHOI'O TOKaA.

2. MeTtoanka moJiy4eHusi ¥ pe3yJabTaThl

OO0pa3ipl OBUIM TOTYYEeHBI HEPEAKTUBHBIM MArHETPOHHBIM PaCIbUICHUEM CIICUCHHON
nopourkoBoi muienu 1aB; B cpene Ar Ha mojuioxke u3 Hepxkaserome cranu 12X18H10T.
BU-pacnbuieHre mpoBOAMIIOCH TPU CIEAYIOIIUX IapaMeTpax: IaBiieHHe pabodero rasa
0.32 Ila; mommuocte BY reneparopa 500 Br. Ilpu pacnpuieHUM Ha TOCTOSHHOM TOKE
MOIIHOCTh  pa3psiaga cocraBmsuia  2500-2800 Bt, paGouee [nmaBieHne B Kamepe
pacnbunTeNbHOM cucteMsl coctasisuio ~0.1 Ila, TemnepaTypa momnoxKu u3mMensiach ot 200
no 300°C [8]. Hambutenue ObLIO TPOBEACHO KaK IMPH 3a3¢MJICHHOM METALTIHYECKOM
MOJUIOKKOJIepIKaTeNie, TaK W IMPH I0Ja4e Ha HEro IMOJIOKUTEIBHOTO WM OTPHIATEIILHOTO
noreHimana cmemeHus ot +50 10 —50 B. PeHTreHocTpyKTypHBIE UCCIICIOBAHHS MTOTYYSHHBIX
00pa3IoB MPOBOAWINCH C HCHOJIB30BAHUEM PEHTreHOBCKOW mudpakromerpun (APOH-3 B

Cu—Ka punpTpoBaHHOM U3TYYECHUN).

2.1. BU-marneTpoHHoOe pacinbljieHHe

Pe3ynbTaTthl peHTreHOCTPYKTYpPHUX HCCIIEOBAHUN IOKa3ajlu BIUSHUE IMOTEHIMaa
cMmelieHns Ha ¢opmupoBaHue MieHoK. [Ipm mnorenumanax cmemenus 0 u +50 B Ha
MOJJIOKKOAepxKaTene, (OpMUPOBATUCH TEKCTYPUPOBAHHBIE TUICHKH C MPEUMYIIECTBEHHBIM
pocrom k mmiockoctu (00.1) (puc. 1 a, 6). Hanuuue otpumarensHoro noreniuana (—50 B)
OPUBOJMIO K OOpa30BaHUIO HETEKCTYPUPOBAHHBIX HAHOKPUCTAIUIMYECKUX IOKPBITUN
(puc. 1 B).

B cnyuae 3azeMieHHOro moJI0KKoepkarels (MOTEHIMal CMELIEHUsI PaBEH HYJIIO)
MPOUCXOMII POCT TEKCTYPUPOBAHHBIX HAHOKpPHUCTAUIMYECKUX IUieHOK TaB; (puc.la). B
nporuecce (GOpMHUPOBAHUS TOKPHITHI y4aCTBOBAJIM BCE YACTHUIIbI, MPUCYTCTBYIOLINE B MIOTOKE
MaccorepeHoca. JHEprusl 4YacTUIl B TOTOKE MaccorepeHoca Obula MpornopluroHalbHa CpeIHel
AJIEKTPOHHOM TeEMIIEpaType IJIa3Mbl pa3psaa.

B cinydae momaum Ha MOANIOKKOJEpKaTesb moreHnuana cMenienus +50 B crenens
TEKCTYpPHI TUICHOK yBenuduBaiack (puc. 1 6), mpu 3TOM MPOUCXOAMIO CMEIICHHUE TTOJIOKEHUS

muauit (00.1) u (00.2). ITpu mogade MOTOKUTEIHHOTO OTSHITHATA CMEIICHHUST POCIIa DSHEPTHUs
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MAJAlOIINUX YacTUl] (MOHOB U AJIEKTPOHOB), CTUMYJIHPYS MPOIECC KPUCTAIIU3ALUU YTO

CI0COOCTBOBAJIO POCTY CUIIbHOM TEKCTYPHI.

1, oTH. en.

(00.1)

00.1)

25 30 35 40 45 50 55 60
20, rpan.

Pucynok 1 — JludpaxrorpaMmbl  HaHOKpPUCTAJ-
JUYECKUX TUIeHOK TaB,, momyuyennsix BY-
MarHeTpOHHBIM PACHBUICHUEM IIPU TOTEHIIHAIIe
cmemenus: a) 0B; 6) +50B; B) -50B. S —
pedIIeKChI TIOUI0KKH.

25 30 35 40 435 50 55 60
20, rpaa.

Pucynok 2 — JludpakrorpaMmbl  HaHOKPUCTAJI-
JIUYECKUX TIJIEHOK TaB,, MOJTyYEHHBIX
MarHeTpOHHON pacHbUIMTEIBHOM CHCTEMOM Ha
MTOCTOSTHHOM TOKE TIPH TIOTEHITHAIe CMEIIEHUS: a)
0 B; 6) —50 B; B) miaBaromuii MOTEHIHAT, T) —
50 B. S — pediekch 10II0KKH.

[Tomaya Ha MOANOKKOJEpXKATeNb OTpHUIATeTbHOrO HampspkeHus cMmerienus (—50 B)

OKa3bIBaeT Hamboee CYHIICCTBCHHOC BJIMAHHUC HA MCXAHU3M O6p330BaHI/I${ HOKpLITI/Iﬁ —

dbopmupoanack amopdHomnogodHas ¢asza TaBy (puc. 1 B).

2.2. PacnibliieHHe ¢ TOMOIbI0 MATHETPOHHOI CHCTEMbI HA IOCTOSIHHOM TOKe

PeHTFeHOCTPYKTypHBIe HCCJIICAOBAaHUA ITOKA3aJIM, 4YTO IIpH 3a3eMJICHHOU MOAJIOXKKCE,

IIaBaromEM MNOTCHOHAIIC W IIPH IMOJA4YC Ha HEC IIOJIOKHUTCIBHOIO MM OTPHULIATCIBHOIO

MNOTCHIIMAaJlIa CMCIICHUA (bOpMI/IpOBaJ'II/ICL TEKCTYPUPOBAHHBIC IIJICHKU C MPECUMYIICCTBECHHBIM

pocToM HopMaiu K mockoctd (00.1), Giu3kue o cocTaBy K cTexuoMeTpudeckoit daze TaB;

(ctpykrypHbIii THII — AlBj,, mpocTpaHCTBEHHasi Tpymma CUMMETpuu — P6/mmm) xoTopoi

cootBeTcTBYeT miockocth (00.1) (puc. 2).

[Tpu 3a3eMiIeHHOM MOJUTOKKOAepIKaTeNe (OPMUPOBATUCH TUICHKH C TEKCTYpOH poOCTa
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mwiockocteio (001) (puc. 2 a). Ilogaua orpumaTensHOro moreHimana cmemienus —50 B
(puc. 2 0) MPUBOIUT K YCWIICHUIO CTEMEeHU TEKCTyphl mockocThio (00.1). IIpu mmaBarormem
MOTEHIIMAJE, B OTIMYUE OT OTPUIIATEIIBHOTO, CTENEHh TEKCTYPhI CYIIECTBEHHO YMEHBIIACTCS
(puc. 2B). Ilomaua TMOJOXKHUTEIBHOTO TOTCHIMANA CMEIICHHUS, TaKKe MPUBOJUT K
3HAYUTEIFHOMY TOBBIIICHUIO CTCIICHH TEKCTYPbhI, HAOIIOIAETCS CYIIECTBEHHAs aCHMMETPUS

ukoB (001) u (002) (puc. 2 1), uTo yKa3bpIBaeT Ha Ae(PEKTHI YITAKOBKH.

3. BoIiBoabI

CpaBHUTENIBHBII ~ aHaIM3  TOJIYYEHHBIX  pE3yJbTaTOB  IIOKAa3bIBAET,  YTO
CHJIBHOTEKCTYPHPOBAHHbIE ~ HAHOKPUCTAJUIMYECKME IUJICHKM  JAubopujaa  TaHTanma ¢
IPEeUMYIIeCTBEHHONH TekcTypoll pocrta miockocTeio (00.1) dhopmupyroTcs npu pasinyHbIX
MOTEHIMAaX CMEIICHUs] TOoJaBaeMbIX Ha NOMI0kKYy: +50 B mpu BY-marnerponnom
pacbuieHur U —50 B rpu MarHeTpoHHOM pacIbUICHUN HA TIOCTOSHHOM TOoKe (puc. 10 u 20).

Pe3ynbrarel IpPOBENEHHBIX MCCICNOBAaHUM IIOKa3ajld, 4YTO 3HAK M BEJIMYMHA
HPUI0KEHHOr0 MOTEHIMAaJda CMEIEHHsI UMEET OIpeesoliee BIUsIHUEe Ha (HOpMHUpPOBaHUE
CTPYKTYpBI IUIGHOK AuOopuaa TaHTana, mpu ucrnonb3oBaHun BY- u IIT-marmerpoHHOTO
pacmbuleHHs, YTO B KOHEYHOM HTOTE€, OIpenesisieT uX (HU3UKO-MEXaHUYeCKue |
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MATEMATHYECKOE MOJEJIMPOBAHUE TEXHOJIOT U
IIVNTIASMOXUMHMUYECKOI'O TPABJIEHUSA

NUMERICAL MODELING OF PLASMA-CHEMICAL ETCHING TECHNOLOGIES

A.l'. 'opobuyk
A.G. Gorobchuk

Jlabopamopus ananuza u OnmMUMU3aAYUY HETUHEUHbIX CUCTIEM,
@I'BYH Uncmumym evruucaumensHolx mexnonoauti CO PAH,
np. Axademuxa Jlaspenmoesa 6, Hosocubupck, 630090, Poccus,
Hoesocubupckuii cocyoapcmeennwiii yrusepcumem,
ya. Iupoeosa 2, Hosocubupck, 630090, Poccus, alg@eml.ru

The technologies of plasma-chemical etching of silicon in CF4/O,/H, RF discharge
plasmas were simulated. The calculations were carried out based on generalized
mathematical model, where the gas flow was described by the equations of
multicomponent physical-chemical hydrodynamics. The effect of plasma kinetics
on the production and masstransfer of active particles was studied.

[Tporecchl MIA3MOXMMHYECKOTO TPABIICHUS IMOJYYHUIN HIMPOKOE PACIPOCTPAHCHUE B
MIPOU3BOJICTBE M3JICTUH MUKPOAIEKTPOHUKH. OO0pabOoTKa MOBEPXHOCTHBIX CIIOCB MAaTEPHUAJIOB
OCYILIECTBIISICTCS B PEAKTOPAX IJIa3MOXUMHUYECKoro Tpaeienus. [loa aeiicteuem BU-paspsiia
UCXOJIHbIC KOMITOHGHTBI Ta30BOM CMECH pAaCIICIUIIOTCS € O0pa3oBaHHUEM XHUMHUYECKU
AKTUBHBIX ~ aTOMOB W  PaJWKAIOB, KOTOPHIE  yYaCTBYIOT B  MHOTOYHCIICHHBIX
TUTA3MOXUMHUYECKUX PEaKIusIX. B 3aBucuMocTr oT 00pabaThiBaeMOro Marepuaia B KauecTBe
pabounx Tra3oB HCIOJNB3YIOTCA pa3WYHbIE TaJOr€HOCOJEpsKallie Ta3bl HJIM HX CMECH,
Hanpumep, ¢ Oy, Hy u np. [ng nmomydeHuss KauyeCTBEHHOTO M3/ENMsS B MHOTOOMEPAIMOHHOM
TEXHOJIOTHYECKOM TPOIECCe HEOOX0AUMO, YTOOBI OJHOPOJIHOCTh TPABJICHHUS 00pa3iioB ObLia
He Xyxe 99% Ha mo0bIX omnepaiusax. B cBs3u ¢ 3TUM 3a7a4u UCCIIEAOBAHUS U ONITUMHU3AIIUN
MPOLIECCOB  MIA3MOXMMHUYECKOTO TpPaBIEHUS, HECOMHEHHO, SBISIOTCS BAXKHBIMH H

AKTYAJIbHBIMU IJI PA3BUTUA TEXHOJIOTUI MHKPOS3JICKTPOHUKH.

Jlns uccnenoBaHusl TEXHOJOTHYECKHX TMPOIECCOB IUIa3MOXMMHYECKOTO TpPaBICHHS B
pabote mpemoxkeHa o00o0OIIeHHas (U3MKO-MaTeMaThdeckas Mojenb [1], ocHoBaHHas Ha
YpPaBHCHUAX MHOT'OKOMITOHEHTHOM TUAPOJWHAMHUKHN U BKIIFOYAaroIas CJIOKHBIN TEINIOOOMEH C
yuerom UK  wu3nydeHHss  MHOTOQTOMHBIX  MOJEKYN, d3()QeKTsl  pa3pe’keHHOCTH,
TepMoauGy3UI0  XUMHUYECKH aKTHBHBIX  YaCTUI[, MHOTOKOMIIOHEHTHYIO  KHHETHKY
razo(a3HbIX W TeTeporeHHbIX peakimii. Hanbomnee oOmuMu MOAETAMH TJIa3MOXUMHUYECKHUX
KHMHCTHUK, MCIIOJB30BAHHBIMU B pacuc€Tax, ABJIAKOTCA MOJIACIIN TPaBJICHUSA KPEMHHA B CMCCIAX
CF4 ¢ Oz 1 H; [2, 3]. B HUX OCHOBHBIMH MPOIIECCAMU IPHHUMAIHUCH MTPOIECCHI TUCCOIUAIINN

HCXOJHBIX KOMIIOHEHT Ta30BOM CMECHU OJICKTPOHHBIM yAapoOM C O6p8.30BaHI/ICM XHUMHWYECCKHU
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aKTHBHBIX 4YacTHIl (propa M Tporecchl 0ObEMHON PEKOMOMHAIIMM aTOMOB M PAJUKAJIOB C
yyacTeM Tperbero tema. Mogenb 1uiasmMbl CF4/O, Brmowana 16 rasodasueix u 7
TeTePOreHHBIX XUMHUYECKHX pEakluid Ha TOBEPXHOCTH 00Opa3lia, B KOTOPBIX MPHUHUMAIU
yuactue 12 pearenroB — F, F;, CF,, CF3, CFy4, CoFs, O, O,, CO, CO,, COF, COF,. Moaenb
mwia3mbl CF4/H, Bxarouana 28 razodasHblx M 5 TeTEPOreHHBIX XHMHYECKHX PeaKIMi Ha
MOBEPXHOCTH oOpasiia, B KOTOPhIX NMpuHUManu ydactue 11 pearentoB — F, Fy, CF,, CFs3,
CF4, CoFs, H, Hy, HF, CHF3, CH,F,. Ha moBepxHocTH 00Opasma paccMaTpHBAIKMCH MPOIECCHI
agcopouuu paaukanoB CF,, CF3 u, xpome Toro, B CF,/O, yuuThiBajgach XxemocopOus
kucnopoa. PacripeneneHus KOHIIEHTPAUA KOMITIOHEHT HAXOWJIUCh U3 CUCTEMbI ypaBHEHUN
KOHBEKTUBHO-IU(G(Py3roHHOTO TmepeHoca. [IpaBas dYacTh JaHHOW CHUCTEMBl ypaBHEHHH
conepkana 0a3oBbIii HaOOp ra3zodaszHbIX XMMHUYECKUX PEaKLUi, KOTOpbIe yCTaHABIMBAIU
CIIOKHBIC B3aMMO33aBHCHMOCTH MEXKIy CKOpPOCTSAMU TeHeparuu dactull. CKopocTh
o0pa3oBaHUsl YaCTHI[ I-r0 COpTa 3alKChIBAjJach B BHAC 3aKOHA JCHCTBYIOIIHMX MacC, B
KOTOPOM  JIOMIOJIHUTENBHO  YYUTHIBAIOCH HEOJHOPOIHOE paclpeleiieHHe IUIOTHOCTHU
MEPBUYHBIX JJIEKTPOHOB B paspsAaHod 1uia3me. Pemienue chopMylupoBaHHON 3aaayuu
OCYIIECCTBIISUIOCh ~ YHCICHHO C  HCIOJB30BAHHEM  HESBHOW  WTEPAIMOHHOW  CXEMBI

pacIIenIeHHUs CTaOMIN3UPYIOIIEH MOIPABKU.

B pacuerax paccmaTpuBaincs paguanbHbIN IIa3MOXUMHUYECKHI peakTop, MOTy4UBLINI
IIHPOKOE PACIPOCTPAHEHHE B MAaCCOBOM IPOU3BOJACTBE MHKpocxeM [2]. Paboume pexuMmbl

6paJ'II/ICL CICOyroIye. OaBJICHHE P = 0.5 TOPP, pacxoJd ra3a HIpH HOPMAJIbHBIX YCIIOBHAX

Q =100 - 800 cm*/mum, CpeIHss IUIOTHOCTH 3JIEKTpOoHOB B BU-pazpsne ne = 6x10° em™.

B mnasme CF4/O, B pesynbraTe XUMHUYECKHX PEAKIMH aTOMapHOrO KHCIOpojaa C
panukanamu CFj, CF3 BEICBOOOX/IAIOTCS TOMIOJHUTENbHbIE aTOMbI (hTOpa, YTO CYIIECTBEHHO
YBEJIMYMBACT CKOPOCTh TpaBieHus (puc. 1, a). C yBequdYeHHUEM COJCpIKaHMs KHUCIOpOoJa B
ra3oBOoil cMecH Bce OOJbIIasi 4acTh TOBEPXHOCTH KPEMHHS CTAaHOBHTCS ITACCHBHOW H3-3a
xeMocopoupoBaHHoro kuciopona (kpussie 1-4 Ha puc. 1, a). D10T 3P dekr ycunupaercs ¢
yBEJIMYEHHEM MHTEHCHBHOCTH TIpOIecca XeMOcopOIyy (yBeJMUCHHEM ITapamerpa o) [2].
[Ipu sTOM cCpenHee 3HauYE€HHE CKOPOCTH CIIOHTAHHOTO TPaBJIEHUS TIOHMKAETCS, a ee
MaKCHMaJIbHOE 3HAUCHHE CMEIIaeTCsl B 00JIaCTh ¢ HU3KUM COZIEp)KaHUEM KHcIopona (KpuBbIe
5 6 ma puc. 1, a). OZHOBPEMEHHO pacTeT PACXOKICHHE MaKCHMAaJIbHBIX 3HAYCHHI
HOPMHPOBAHHBIX CPEIHUX CKOPOCTH TpPaBICHHS ¥ KOHIIGHTpanuu (ropa Ui WX

3aBucuMocteii ot O,, koropoe cocraBmser BenmmumHy 10-15% O; mpum «ay =1, gt0

MMOATBCPIKAACT Ha6HIO,[[aGMBII>'I B OKCIICPUMCHTAX CL[eHapI/Iﬁ nmponecca TpaBJICHHA.
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Puc. 1. 3aBucHMOCTH HOPMHUPOBAHHOW CPETHEH CKOPOCTH TPABJICHHS
¥ JIOJTH TIOBEPXHOCTH 00pasna Y, , MOKPBITOI KucaopooM, ot conepskanust O, B CF4/O; (a);

3aBUCHMOCTH HOPMHPOBAHHOH CpeHEeil CKOPOCTH TpaBJIE€HHs U JJOJIU IOBEPXHOCTH 00pasia '905 ,

nokpbitoit CF,, o comepskanust H, B CF4/H; (6). ITapametpsr: p = 0.2 Topp, Q =200 oM’ /MuH.
Ob6osnavenus: 1 -4 — 9, npu oy = 0.3, 1, 5, 100, cooTBETCTBEHHO;

5, 6 — ckopocTh TpaBienus B CF,/O, npu a, = 0.3, 100, cooTBEeTCTBEHHO;
7 — 8CF2 ; 8 — ckopocTh TpaBiieHus B CF4/H,.

B mmasme CF4/H, 3HauntenbHas yacth (TOpa, KOTOpas oOpasyeTcs B pe3yJbTaTe
muccouuanuu monekyn CFa, B3anMoJeicTByeT ¢ aTOMapHbIM BOJOPOJIOM C 0Opa3oBaHUEM
HauOONbIICH KOMIIOHEHTHI CcMecu - ¢Topuctoro Bojopoaa [3]. OmgHOBpeMEeHHO Ha
MOBEPXHOCTH 00pa3iia WayT MHTEHCHBHBIC MPOIecChl aacopoiuu paaukanos CF, (kpusas 7
Ha puc. 1, 6). C yBenuueHueM cojep)KaHus BOJOPOJa B Ta30BOM CMECH JOJS MOBEPXHOCTU
oOpasua, mokpeitas CF,, ObicTpo Bo3pactaer u gocturaetr 100% mpu 40% mobaBke Ho.
[Ipomiecc TpaBieHus MOTHOCTHIO Tpekparnaercs npu 35% nobaBke H, B ra3oBoil cmecu
(kpuBast 8 Ha puc. 1, 6). OCHOBHOI KaHaJl CHHXKECHUS CKOpocTH TpasiieHus: KpeMHust B CF4/H;
CBS3aH C JBYMsI TMpoIlecCaMd — YyMEHbIlIeHHeM (Topa B pe3yibTaTe B3aUMOJEHCTBUS C

BOOOPOAOM U WHTEHCUBHOM MMaccuBaluen MMOBCPXHOCTU KPEMHUS padUKaIIaMU CF2

Takum obOpasom, mobaBka kommoHeHT O,/H, Bo dropyraepoanyio CF; mo3Bosstor

3¢ (HEKTUBHO YIPaBISTh MPOLIECCOM TPABJICHHSI KPEMHUEBBIX 00pa3IIoB.

PaGora BemonHena mnpu  ¢uHaHcOBOW  moxanepxkke  Poccuiickoro  ¢onna
bynnamenTanbHbIX ucciaenoBanuii (mpoekt Ne 17-01-00209), rpanta [Ipesumenta PD ms

rOCYapCTBEHHOM MOIEPXKKU Beayiieit HayuHou 1mkosbl PO (mpoekt Ne HIII-7214.2016.9.).

1. Yu.N. Grigoryev, A.G. Gorobchuk. Notes on numerical fluid mechanics and
multidisciplinary design. Computational science and high performance computing. 88 (2005)
229.

2. Yu.N. Grigoryev, A.G. Gorobchuk, Russian Microelectronics. 36 (2007) 321.

3. A.G. Gorobchuk. Communication in computer and information science. 549 (2015) 44.
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IF'EHEPAIINS BBICOKO9HEPTETHYECKHUX 3JIEKTPOHOB B METAJLIE IO
JAEMCTBHUEM TEIIJIOBBIX ATOMOB BOAOPOJA U JEUTEPUS U3 IIVIA3MbI

GENERATION OF HIGH ENERGY ELECTRONS IN METAL UNDER THE
ACTION OF THERMAL ATOMS OF HYDROGEN AND DEUTERIUM FROM
PLASMA

JI.B. FpaHKI/IHl, A . Ba>KHH2, B.IL FpaHKI/IHl
D.V. Grankin®, A.l. Bazhin?, V.P. Grankin®

1Kaqbe()pa unghopmamuxu, Ilpuazosckuii 20cy0apcmeerH bl MeXHU4eCKull YHugepcumem,
87500, yn. Ynusepcumemckas, 7, Mapuynons, Yxpauna, e-mail: victor.grankin@gmail.com;
2Hayunviii pusuro-mexnonouyeckuii yenmp, XapbKoeckuii HayUOHATbHbITL YHUSEpCUmen,
61000, nr. Ceoboowl, 4, Xapvros, Ykpauna

The nature of high-energy electrons generated in thin metal films under the
influence of hydrogen from hydrogen plasma is considered. It is shown that the
effect is associated with the accommodation of the reaction energy via the
electronic channel, and the probability of this process depends on the energy of the
electronic transition in a solid. It is found a method and it is calculated the
efficiency of nonadiabatic chemo-electronic energy conversion (several tens of
percent) in structures for hydrogen economy based on a Schottky diode.

[Ipomecchl paccessHUsT SHEPrHMM HAa TOBEPXHOCTH TIOCPEIACTBOM  DIIEMEHTaPHBIX
IPOIIECCOB, B TOM WYHCJIEC OJICKTPOHHBIX BO30YKICHHWH, B MOMEHT BpPEMEHH, KOrIa
MPOUCXOIUT akT oOpa3oBaHWsI BO30YKISCHHOTO MPOJAYKTa B KATAIMTUYECKOW pPEaKIUH,
SIBJISIFOTCSI HEOTHEMJIEMOM YaCTBIO (1)I/I3I/IKI/I U XUMHUU I1JIa3MBI. 3JICKTpOHHOC B036Y)KII€HI/IG B
pEeaKuu TPUBOIUT K BO3HUKHOBEHHUIO BBICOKODPHEPTreTHYECKHX JJIEKTPOHOB B MeETajlie C
sHeprueit 1-3 5B [1], KoTopble Ha3BIBAIOTCS «TOPSYUE ANEKTPOHBI». [l METaIoB cCO3/laHuE
AJNIEKTPOHHO-ABIPOYHBIX MAp MOJX JEUCTBUEM XUMHUYECKOM pEaKIMM pPETUCTPUPYETCA C
nomombo auona IIoTTkH, ecaum 3HEprus ropsdyero AIEKTPOHA IPEBBINIACT BEIUYHHY
6apbepa Illortku ¢ [1]. Topstuuit 3MeKTPOH OATHCTHYECKH MPEOI0JIEBAET Oapbep, MomaaaeT
B TIOJIYTIPOBOHHK U 00pa3yeT XeMOTOK. B pabore [2] mpemioikeH KaTaTUTHIECKUN HAHOIMOT
C MEPEeMEHHOM (@ Ha OCHOBE CTPYKTYPhI MeTaI—audieKTpuk—meramt (Au/TaOy/Ta). Beicota
Oapbepa MeHsieTCd B Ty WM MHYIO CTOPOHY 3a CUET MPWJIOKEHHUS IOJsI K NEepexony u

MMPOU3BOAUTCH CIICKTPOCKOIIUA XEMOTOKA.

BricokonHepreTnyeckas  akkoMoJalus — JHEPIMM  XMMHYECKOM  pEeakuuu 110
DIIEKTPOHHOMY KaHally paHbIIle, 4eM B MeTalllaX, ObUia OOHApy>KeHa B MOIYIPOBOIHUKAX U
nuonekTpukax. OO0  3TOM  CBHIETENLCTBYIOT, HANMpUMEP  SBJICHHUS  Te€TEPOTECHHOMN
XEMITFOMHUHECIEHIIMU U XEMOAMHUCCHH 3JIEKTPOHOB. BMecTe ¢ TeMm, 11l MoJynpOBOAHUKOB U
JIUDJIEKTPUKOB, TaK € Kak M Ui METAUIOB, HET HAJACKHBIX JAHHBIX O BEPOSTHOCTH

AKKOMOJAauu JSHCPIrun peaknuu 10 DBJIICKTPOHHOMY KaHally OT OJSHCPIUH JJICKTPOHHOIO
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nepexojia B TBepaAoM Teine. B pabote [3] Obut oOHapykeH 3P deKT yBEeTMYCHHST Ha HECKOIBKO
MOPSKOB BEPOSATHOCTH AKKOMOJALUU HSHEPrHUHM TeTePOTreHHON XUMHUYECKOW pPEeaKIUH I0
AIIEKTPOHHOMY KaHaly 3a c4eT o0aydeHus: oOpasma Y@ cBEeTOM M MOKa3aHO, YTO ATO CBS3aHO
¢ 3¢deKkTHBHON TMepenadeil JHEPrHHM pPeaKIuh >SJICKTPOHAM Ha JIOBYIIKAX, KOTOPHIE
3acensroTcs 3a cuer YO obmydenus. B pabore [4] ycTaHOBIEHO, YTO KOHCTAHTa CKOPOCTH
3IEKTPOHHOTO BO30YXIeHus1 aroMamMi H 3KCIOHEHIIMaIbHO PacTeT ¢ YMEHBIICHUEM SHEPTruu
3JIEKTPOHHOTO Mepexoa B TBEPAOM Teje. DTO JaeT OCHOBY uid pacuera 3((HEeKTUBHOCTH U
KIIJ] HeannabaTH4ecKoro XeMOAJIEKTPOHHOTO MpeoOpa3oBanus dHepruu B auonax lllorTku,

YTO SBJSUIOCH IIEJIbI0 PAOOTHI.

XeMOTOK B030yXIaeTcs MpU MPOTEKAaHWU Ha MOBepXHOCTH auona LlloTTku Gonbiioro
Ypcla HK30TEPMHYCCKUX XUMHUYeCKHX peakuuid [5]. s Bogopoma — 3TO peaxims
amcopOiuu u pekomOuHanuu atomoB H Ha moBepxHoctu. B pabote [4] naiinena ¢yHkuums
pacrpeesCeHusl TOpPSIYUX 3JCKTPOHOB IO JHEPTHSM B METaJlie, TCHEPUPYEMBIX JHEprucit

XUMHYCSCKOM peakuuun:

(®) - eol-go,,) ®

3nech Oy,p — XapaKTEpUCTUYECKAS SHEPTUs PEAKLIUH.

C yuerom (1) obmiee 4mCIIO TOPSYMX IIEKTPOHOB M DJICKTPOHOB C dHeprueit E > o,
KOTOpbIE T€HEPUPYIOTCA 3a CYET peakuuu Ha 1 oM MOBEPXHOCTU 3a | CEeKyHIy paBHO,

COOTBETCTBCHHO.

n:w]g(ai-exp(— E/@Xap)dE, n(EZ(p)zwj.@)i-exp(—E/@xap)dE, (2)

xap xap

. 2
r7ie W — 4iCJIO peaklIMOHHBIX MpeBpalleHuil Ha 1 cm” 3a 1 cexyHy. Boixoq xeMoToka paBeH:

0B L fon(gio, HE-epl-g/0,,) 3)

Xap ¢

B pab6ote [2] skcrepuMeHTaIbHO OMpeaeeH BBIXOA XeMoToka s auoga IloTTku
Au/TaO,/Ta ¢ BIcoTOl Gapbepa ¢ = 1,7 9B, koTopsIii Bo36ysxkaaercs H-aromamu, o = 5-107°.
PaccuuTaem o, ncnons3ys BelpakeHue (3) U noaydeHHoe B padore [4] 3HaueHue Ox,, = 0,173

TCOp —

5B. Bemnumua BeIXOJa XeMOTOKa paBHa o = 54-10°. Bugno, uto o'

C XOpolein

TOYHOCTBIO COBIAJAET C IKCIIEPUMEHTAILHBIM 3HAYCHUEM (L, TIOJIYYCHHBIM B [2].
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Hns pacuera KIIJ[ mpeoOpazoBaHusi XUMHUYECKOH OHEPTHMH B DJICKTPUUYCCKYIO

BOCTIOJIb3YEeMCsl CIIEAYIOIMMHU COOTHOLIEHUSAMH. TOK B LI€TH, BO3HUKAIOIIUH 32 CUET PeaKkIuu
2 1 = na- -

Ha noBepxHocTH auoxaa Lllortku mmomaneio 1 cm®, pasen: | = ne (E > o), rae € — 3apsig

snekrpona. ['enepupyemas auomom IIOTTKH 31IEKTpUYECKas MOIIHOCTH PaBHA:
P=1U=woexp(-9/0,,). 4)

B (4) yureno, uro xemo-23/1C U = ¢/e". Dueprus, KotTopas Bbiaensercs Ha 1 cm?3a 1 CEeKYHIy
Ha noBepxHoctd auozaa IlllorTku B pesynbrare peakuuu, paBHA: Wpe = WQ, roe Q —

SHEProBbICICHUE B dJIeMeHTapHOM akTe peakunu. Torna KIT/ paBen:

_ P e (L
i Qexp( 9/0,, ). (5)

U3 ycnosust on/0p = 0 KIIJI GyaeT MakCUMAIbHBIM TIPH @ = Oyap, TO €CTh N = Ox,y/eQ.
YuutsiBas, 4To Oy < Q nMeeM nmax = Oxp/eQ < 1/e = 36%. DTO HOCTATOYHO BBICOKAs
BenuuuHa, cousmepumas ¢ KIIJI dorosnekTpoHHBIX mpeoOpa3zoBareneii B COTHEYHOM

SHEPreTHKE.

B pabote [6] nmst onmcanus 3JIEKTPOHHBIX IPOIECCOB B TBEP/BIX TeNaX, BO3ZHUKAIOIINX
3a CUHET FCTCpOFCHHOfI PCakMu Ha IMOBCPXHOCTH, MPCAJIOKCH MCXAaHU3M MHOI'OKBAHTOBOI'O
KOJIe0aTeIbHO-3TIEKTPOHHOTO Tiepexona. CoryliacHo eMy HaxoJsliuecss B CTaTHYEeCKON
obnactu KonedaTeabHO-BO30YKIEHHOTO U0 SJIEKTPOHBI KPHUCTallla CIOCOOHBI MEPEHTH B
BO30Y)X/ICHHOE COCTOSIHHE 3a CUeT MPeoOpa3oBaHUsI DHEPTHUU HECKOJIBKHX KOJIeOaTEeNbHBIX
KBaHTOB B DJHEPTUI0 AJIEKTPOHHBIX BO30YyxkaeHHil. [lo 3ToMy MexaHU3My BEpOSITHOCTh

reHepalyy 2JIEKTPOHa B TBEPIOM Telle ¢ sHepruei E, crumynuposannas Hy'L pasha:
Pi(E) = A exp(- Ep/ha), (6)

rae hog = 0,545 3B — sHeprus konebarenbHoro kBaHTa Hy Ha mepBoM KosiebaTenbHOM

YPOBHE, p — @aHTAPMOHUYECKUH (pakTop,

~ XInx " = 4q + hw,
x-1" e, +ho,

()

r7ie  — dHeprus cBsi3u aTOMOB B MoJjeKyie (Hanpumep, B Hy unu D), €nn — dHEprust 4ucTo

K0JIe0aTeILHOT O nepexoaa.

W13 cpaBHeHus BeipaxkeHHs (6) ¢ 3aBucuMoCThIO (1) BUIHO, 4TO Oy,p = hwo/p 1 QyHKIMA
pacrpeiesieHus JIEKTPOHOB 110 YHEPTHUSAM, TEHEPUPYEMBIX B METAJIJIC XHMHUECKON peaKIue,

M BBIXOJ X€MOTOKA paBHbI, COOTBETCTBCHHO!
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f(E) = hiexp (—Ep/ha, ),

g
a=exp(—op/hey,). (8)

BunHo, 94TO 0 3aBHCHT, KaKk OT MapaMeTPOB TBEPJAOrO Telia, TaK W PEarupyroliero rasa, a
TaK)Ke, YTO JOJDKCH MPOSBISATHCA HM30TONHBIA 3(dext. B pabore [2] skcmepuMeHTaIbHO
HaOJIF01aJICsT M30TOMHBIN YPQEKT I XEMOTOKa B PEAKIMK aTOMOB BOJOPOJA U JCHTEpHs.
Haiinennoe 3nauenue o npu Bo3OyxiaeHun Au/TaO,/Ta aromamu neiitepusi, ObUIO MEHbIIE,
yeM o MPH BO30Y»aeHuu moBepxHocTH AU atomamu H u Obiio paBro op = (1,1 + 0,1)10°°.
CremaeM OIIEHKY BBIXOJAa XEMOTOKA Il CHCTEMBI aroMmapHbii nmeiitepuii — Au/TaO,/Ta,
UCTIONB3Ys BhIpakeHue (8), MmorydeHHOe B MPUOJIMKEHUU MHOTOKBaHTOBOTO KOJIEOATEebHO-
3JIeKTpOHHOTrO MexaHu3ma. Jls aroit cuctembr D—-Au/TaO,/Ta ¢ = 1,7 3B, haoo = 0,387 3B,
g =4,56 3B. Torna x = 8,92 u p = 2,46. [loxcrasus B (8), umeem o =2-107°. TlonydenHoe

TEOP

3HQ4YCHUC O, = AOCTATOYHO OIM3KO K 3HAYEHHUIO ap, Haﬁ,[[eHHOMy B OIIBITEC.

Jlo mocnenHero BpeMEHH CYIIECTBOBaJ HpoOenl B 3HAHUM 3aKOHOB U MEXaHU3MOB
SHeprooOMeHa  (aKKOMOJALMM SHEPrMM XHUMHYECKOM  peakuuu) B  PEaKLHOHHBIX
CTOJIKHOBEHUSIX a3 — IOBEPXHOCTb C Y4YacTHEM D3JIEKTPOHHOH IMOACHCTEMBbI KpUCTaIIA.
OOHapy:keHHass B IIOCIEJHEE BpeMs Ieperada KoyeOaTelnbHOHM SHEpPrMM B aKTax
CTOJIKHOBEHHUSI Ta30(a3HbIX KoJeOaTelbHO-BO30YKIEHHBIX MOJIEKYJl C IOBEPXHOCTBIO
JIEKTPOHHBIM COCTOSIHUSIM B JMIJIEKTPHUKE, IOJIYNPOBOJHUKE WM METaJIe, a TaKkKe
oOHapyXeHHe XeMOTOKa MOKAa3bIBAET, UTO 3JIEKTPOHHAS MOJCUCTEMA B KPUCTAILJIE SBISETCS
IOJTHOIIPABHBIM YYaCTHUKOM PEJIaKCAallMOHHBIX IPOLECCOB B CHCTEME ra3 — TBEPAOE TelO.
OHeprooOMeH OCYLIECTBISAETCS IOCPEACTBOM 3JIEKTPOH-IUIONBHOTO (KBaJPYMOIbHOTIO)
B3aMMOJCHCTBUS MEXIy D3JEKTPOHAMU TBEPAOIO Tela M IIEPEMEHHBIM JIHUIIOJIBHBIM
(KBaApyMNoOJIbHBIM) MOMEHTOM KO0JIE0ATENbHO-BO30YK/IEHHON YacTULbl (IPOAYKTa pEaklun),
o0pa3oBaHHOW B XUMHUYeCKOM peakuuu. [lonydyeHHbIe pe3ynbTaThl HOKA3bIBAIOT HAIIPABIECHUE
paboThl MO co3/aHui0 (PPEKTUBHBIX T'€HEPATOPOB TOKA JUIsl BOJOPOJHOW SHEPreTHKH Ha

OCHOBC XCMOJ3JICKTPOHHOT' O Hp606pa3OBaHI/I}I OHCPIUu B JUOJaX IoTTKM].
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4. B.IL.Ipaukun, JI.B.I'pankun, [Tucema B XKT®, 24 (2015) 29.

5. 1.I.Nedrygailov, J.Y.Park, Chem. Phys. Lett. 645 (2016) 5.
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IHOJABJIEHUE JECOPBIINHA BOAOPOJA U3 TUTAHA IPU HOHHOM
OBJIYYEHHUH C ITIOMOIIbIO HAHECEHHUA 3AIMUTHBIX IIOKPBITUHN

MITIGATION OF ION IRRADIATION-INDUCED HYDROGEN DESORPTION
FROM TITANIUM BY PROTECTIVE COATINGS

A.E. EscuH, JI.b. berpamb6ekos, C.C. [{osrantok, A.C. KamneBckuit
A.E. Evsin, L.B. Begrambekov, S.S. Dovganyuk, A.S. Kaplevsky

Kagheopa «Dusuxa Inasmery, HUAY MUDPU, Kawupckoe wiocce 31, Mocksa, Poccus,
e-mail:evsin@plasma.mephi.ru

The barrier properties of yttria and titanium nitride coatings against hydrogen desorption from
titanium were investigated. Both coatings provoked the significant increase of the temperature
range of hydrogen desorption and the decrease of hydrogen losses from titanium caused by
the prolonged heating. However, under irradiation by the ions of H,+O, plasma the barrier
properties of titanium nitride degraded.

Beenenue. ['uapunoobpasyroniye MeTaulbl MOTYT COJEp)KaTh B ce0€ 3HAYUTEIIbHbIE
KOHLEHTPAllUd H30TONOB BOJOPOAA, Ojarojaps ueMy HaxXOJST LIMPOKOE NPUMEHEHUE B
Ka4yecTBE BOJOPOAHBIX COPOEHTOB B pa3lIMYHBIX YCTPOICTBax, Halnpumep, B KadyecTBe
MUILEHEH HEWTPOHHBIX TPYOOK. B mporuecce skcrutyaTanuu HEMTPOHHOM TPYOKH CHMKEHHE
KOHIICHTPAllM HM30TOMOB BOJOPOAAa B MHIICHH, IPEACTABISIONIEH c000# cioii-copOeHT
(TWTaH, UMPKOHUN WIM CKaHIWM) HAa MOJMOJEHOBOM IMOAJIOKKE, NMPUBOJUT K CHHKEHUIO
s dexTrBHOCTH TPYOKH U COKpaIlIEHUIO e€ pecypca.

OnHuM K3 BO3MOXKHBIX IIyT€H MNPEAOTBpAIlEHUs BOAOPOJHBIX IMOTEPh M3 MMILEHU
ABIIIETCS OCaX/JEHHE Ha €€ IIOBEPXHOCTh IOKPBITHS, SBISIOUIETOCS JUIsl BOJOpOJa
muddysnonneiM 6apeepom [1, 2]. Ilpu BbIOOpe MaTepuana MOKPHITUS MPHHIUIHAAIEHO
Ba)XHO, 4YTOObI ero OapbepHbIE CBOIICTBa He JerpajupoBajd B Ipolecce HOHHOU
6omOapaupoBku. OnHAKO B HacTosIee BpeMs 3aKOHOMEPHOCTH W3MEHEHHsI CBOMCTB
3allUTHBIX MOKPBITUH O] AEMCTBUEM HOHHOTO OOTYYEHMs U3yUEHBI HEJJOCTaTOYHO.

B pabore uccnenyercs BIMSHHUE MOKPBITUN OKCHJIAa WUTTPUS U HUTpPHUJA TUTaHa Ha
XapakTep AecopOLMH M30TONOB BOJOPO/Aa U3 TUTAHOBOI'O CIIOS-COPOEHTa Ha MOJIUOIEHOBOM
MOJJIOKKE; N3Y4aeTCsl TEPMUUYECKAs U paJuallMOHHAs yCTOMYNBOCTD JaHHBIX OKPBITHA.

Metoauka mnpoBegeHusi 3KcmepuMeHTOB. [lokpbiTHsS oOcaxkganuch B IUIa3Me
AIIEKTPOHHO-MHAYILIUPOBAHHOTO Ta30BOr0 pa3psiia C HaKaJIbHBIM KaTtojoM. JlaBneHue
OCTATOYHOTO Ta3a B KAMEpE HANBUICHHS BO BCEX dKCIepuMenTax obuio <1x107 ITa, nasnenne
pabouero raza — 1.3x10" Ila. B kadecTBe OCHOBHOTO KOMIIOHEHTA pabouero rasa
UCIIONIb30BAJICSI aproH. OHEPrusi MOHOB, OOIYYalOIIUX TMOBEPXHOCTh (POPMHUPYIOIIETOCS

MOKPBITHS, HE TipeBbiana 20 5B, a TemnepaTtypa oopasmna — 450 K.
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TuTaHoBBIN cl0M-cOpOCHT ToMmMHON 1 MKkM ocaxkmancs B tuazme Ar + 5% D, Ha
MOJIMOJICHOBBIE TUTACTHHKUA pasmepoM 7%7%0.5 mm>. Takum 00pa3oM, HAaCHIIIICHUE CII0-
copOeHTa JeiTepreM MPOUCXOIUIIO B IMpoliecce ero HamblieHUs. Ha gacts 00pa3ioB mocie
CII0sI-COPOCHTA OCAKIAIOCH TOKPBITHE OKcHa uTTpus (B mazme Ar + 20% O,) wim Hutpuaa
tuTana (B masme Ar + 25% Ny) tommmaon 50 HM.

HccnenoBanue TepMHUUECKOM W paguallMOHHOM YCTOWYMBOCTH TOKpbiTid u TJC-
aHamu3 00pasioB MpoBoawIHCh Ha yctaHoBke «MHUKMA» [3]. Ilpu mposenennu TJIC-
anaymza obpaser HarpeBaics oT ~300 K mo 1500 K co ckopoctrio 5 K/c 1 uamepsics moTok
necopbumnu u3 obpasma. MccrnenoBanne TepMUYECKOW YCTOWUMBOCTH 3aIIUTHOTO MOKPBITHS
3aKJII0YAIOCh B BBIZICP)KKE oOpasia npu temneparype 623 K (paboueli TemrepaType MHUIICHU
HelTpoHHOU TpyOKku) B TeueHue 4 4. [loTtok gecopOuuu u3Mepsics B TedeHHE Bceil
npoueaypsl. 3areM ooOpasen oxuaxaancs g0 ~300 K u meromom T/AC wusmepsioch
KOJIMYECTBO Ta30B, OCTABIIMXCS B oOpasiie mocie mporpeBa. PajuannoHHas ycTOMYHUBOCTD
HCCJIeIOBANIACh MyTeM O0JIydeHUs 00pa3lioB HOHAMU BOAOpoAHOMU mia3Mel ¢ 2% u 30% O, (B
OCHOBHOM, H2+) ¢ sHeprueit 650 3B/at, morokoM 5x10*° m2c?t 103011 1.8x10% M2 B Teuenue
1 4 npu Temmeparype 623 K. Ilocne o6nyuenus npoBonmics TC-ananu3 obpasuos. o u
nociie o0JydeHus: penbed) W COCTaB IMOBEPXHOCTHOTO CIIOSI 0Opa3IoB aHAIM3UPOBAIKCH C
MOMOIIBIO PACTPOBOTO SJEKTPOHHOTO MHUKpOcKoma Tescan Vega 3, cHaOKEeHHOTO MOIyJeM

OHECPIroJuCIICPCUOHHOI'O aHaJIn3a.

Pe3y.]'leaTbl IKCICPUMEHTOB H

1,5
= ux oocyxaenue. Pesynprater TJIC-
NB aHaJM3a T[OKa3aJd, YTO OCaXJIECHUE
= 1.0
§ ’ OKCHJAa UTTPUS W HUTPHUJA TUTAHA HA
@D TUTAHOBBIN CIIOI-COPOEHT MPUBOAUT K
S 05 YBEJIMYEHHUIO TEMIIepaTypbl MaKCUMyMa
>< b
% TEPMO-1€COpOLIMU AECUTEpUs] U3 3TOrO
=]
H
cnoss  (puc. 1). Cpmur THAC-nuka
04
600 700 800 900 1000 1100 neirepus u3 o0pasla, MOKPHITOrO
LK okcuaoM urtpusi, coctaBun ~180 K, u3
Puc. 1. THAC-criextpsl geitepust u3 oOpasios:
m — Mo + cioii-cop6ent (Ti); oOpasnia ¢ TOKPBITHEM HUTPUAOM

O - Mo + cnoii-copbenr (Ti) + okcua uTTpus;
e — Mo + crnoii-copoenr (Ti) + HUTPH TUTAHA.
B xonme uccrnemoBaHus TEPMHUYECKONH CTOWKOCTH OOpa3IOB OBLJIO YCTAaHOBJIEHO, YTO

tutana — ~240 K.

BBIZICp)KKa MOJHMOJIEHA CO CIIOeM-COpOEHTOM (0€3 3alUTHBIX MOKPBITHI) TPH TeMIIepaType

623 K B Teuenue 4 4y mpuUBOAUT K BBIXOAYy ~67% peWtepus, coiepiaBIIErocs B CllOe-
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copbenre (tabn. 1). Ilpuyem 3a mepBbIit yac BbLACpKKU AecopOupyercsa ~18% aromos. B
nporecce aHAIOTUYHOTO MporpeBa 0OpasIoB, MOKPBITHIX OKCHUIOM HTTPUS U HUTPUIOM
TUTaHA, JeCOpOIHsI IEUTepus U3 CIOs-COpOCHTA 3a 4 U OKa3anach MPEeHEOPEIKMUMO MAJIOH.
YBenuyeHue TeMIeparypsl JecopOIrH JeUTepus U OTCYTCTBUE MOTEPh JACHTEpUs M3
CJIOSI-COpPOCHTA TIPH JITUTEIBHOM MPOTPEBE CBHUICTEIBCTBYET O JIYUIIMX B CPAaBHCHHUU C
OKCHJIOM THUTaHa OapbepHBIX CBOWMCTBAX IMOKPHITHH OKCHIA WUTTPUS M HHUTPHIA THTaHA II0

OTHOIICHHUIO K JACCOPOIUH ACUTEPHsI, COACPIKAIIETOCS B CJI0€-COPOCHTE.

Tabnuna 1
Mo + ctoii- Mo + croii- Mo + croii-
copbenr (Ti) copoent (Ti) + copoent (Ti) +
HUTPHJI TUTAHA OKCHJI UTTPHSI
Kounuentparnus aeirepus B cnge- R 12 11 11
copbenTe nocie ocaxkaeHus x 107 cm
Jecopbmus nertepus B mpolecce
° i 18% / 67% — 1 <5% — | <5%
BbIIepkKH 1ipH 623 K B Teuenue 1 ul4 u
JecopOuust eiiTepust B poriecce <5% 70% <5%
obnyqyenns ripu 623 K B reuenne 1 a
Eciun Beimepxkka oOpasma 6e3 |
5
3aIUTHBIX MMOKPBITHH MPU TEMIEpaType .
e
623 K compoBoxkaanace o0iyueHueM 51 r\
vnoHamMu  miasmbl  H,+2%0,  wim i 1,04 /'I(%
= ©
H,+30%0; ¢ sueprueii 650 sB/at, To @Q - ! (i
3aMETHOW  TMOTepH  JIelTepusi  He ﬁ,c_’ 0.5 ., oL O\
® \
Habmonanoce (tabn. 1). Kpome Toro, s ., é .i Cf
—_" A Q
npu  nocaenytomem  TJIC-anamuse -
00JTy4eHHOTO oOpasma  jgeiTepwuit 600 700 800 900 1000 1100
JlecopOrpoBaICs npu OOBITNX T, K
Puc. 2. TC-cnekTpsl netitepust u3 oopasziua Mo +
TemrepaTypax (puc. 2). AHAJIOTHYHOE cioii-copGent (Ti):

| — 10 O6J'Iy‘leHI/I${ HOHaMH,
O —110cJ1e O6J'Iy‘{€HI/I$I HOHAMH.
OKCHUIAOM UTTPHA, TAKKEC HC BLI3bIBAIIO )ICCOp6I_II/II/I ,Z[eﬁTepHH, B TO BpEMs KaK H3 o6pa3ua C

o0ydeHue oOpa3iia, MOKPBITOTO

MOKPBITHEM HUTPHUAA THTaHA TpH oOydeHnn noHamu Tuia3Mbl Hy+30%0; necopOupoBanoch
70% aromoB neitepus (tabm. 1). Takum oOpazoM, MOHHOE OOJydEHHE CIOsI-COpOEHTA,
MMEIOIETO Ha MOBEPXHOCTH JIMIIh €CTECTBEHHYIO OKCHIHYIO TUICHKY, TIOAABIISIET AECOPOIUIO
neritepus. Pe3ynbprar sKcriepuMeHTa ¢ MOKPBITHEM HUTPHIA TUTaHA MOXKET OBITh CIICICTBHEM
JIerpajiallii ero 0apbePHBIX CBOMCTB IO JEHCTBUEM HOHHOTO OOIyYEHUSs, YTO HE TTO3BOJISET

paccMaTpuBaTh €ro B KAUECTBE 3aLIUTHOTO MOKPBITUS AJI1 MUILIEHU HEHTPOHHOU TPYOKH.
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[Tocne oGmyuenuss obomx TUIOB MOKpHITHH B TJC-criekTpax aedTepusi MOSBUIUCH
nuku 1pu temreparype <780 K (puc. 3), xapakrepusie maia TJC-cnexkTtpoB nedTepust u3
00JIyYEeHHOTO THUTAHOBOIO CIlosi-copOeHTa (puc. 2), YTO YKa3blBa€T Ha YaCTUYHYIO
JIETpaJallii0 TOKPBITUS, MO-BUAMMOMY, BBI3BAaHHYIO UX pAaCIBUIGHHEM B Ipoliecce
00y4yeHusl. DHEeProAUCIIEPCUOHHBIN aHaIu3 MOATBEPINI OTCYTCTBHE 3alIUTHBIX MOKPBITUI
Ha OTAEJBHBIX yYacTKaxX MOBEPXHOCTU. ITOT PE3yibTaT CBUIACTEIHLCTBYET O HEOOXOAUMOCTH
obecrieueHrss BO30OHOBIICHUS OaphepHBIX AU(G( Y3UOHHBIX MOKPHITUH MHUIIEHU B IMPOIECCE

HKCIUTyaTallii HEHTPOHHOU TPYOKH.
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Puc. 3. TAC-cniexTps! neiitepus u3 o0pasmos:
(@) Mo + cioii-copoenr (Ti) + okcun uttpus; (6) Mo + cnoii-copoent (Ti) + HUTpUA THTaHA!
m — /10 00JIy9YeHHsI HOHAMH; O — TIOCIE O0TyIEeH ST HOHAMH.

BbiBoabI. YCTaHOBIIEHO, UTO TEMIIepaTypa AecopOLny AeUTepHsl U3 TUTAHOBOIO CIIOS-
copOeHTa CyIIeCTBEHHO TOBBIMIACTCS, €CIM MOKPHIBAaTh €r0 TOHKHM CIIOEM OKCHJIA MTTPHUS
W HUTpUAa TuTaHa. [lokazaHo, 4To B mporiecce BBIIEPIKKHA 00pa3IoB C MOKPHITHSIMH 000MX
TUIIOB IPH paboyeil Temreparype MUIIEHH! HEUTPOHHOU TpyOKH, Kak 06e3 00JyuyeHHs], TaK U ¢
oOydyeHueM voHamu miasMel Hy+2%0, necopbuus neiirepust He npoucxoaut. O6myyeHue
HUTpUAa TUTaHa woHamu 1asMbel Hy+30%0;,, BeI3BIBaeT merpaganuio ero OapbepHBIX
CBOMCTB U CIIOCOOCTBYET JNECOPOLIMH JEUTEpUs U3 CIOsI-COPOEHTa, B TO BpeMsl KaK OKCHJ]
UTTPHUSL COXpaHsSET CBOM OapbepHble CBOWCTBa Moja oOnyueHHeM. PacmbuieHue 3aluTHBIX
HOKPBITUH G0MOapAUPYIOUIMMHU MOHAMU TPeOyeT CO3AaHUsl CUCTEMbI X BO30OHOBIIEHUS NIPU

WCITOJIh30BAaHUN B HEUTPOHHBIX TPYOKaX.

1. A.M. Zakharov, O.A. Dvoichenkova, A.E. Evsin. Phys. At. Nucl. 78(14) (2015) 1643.

2. L.B. Begrambekov, O.A. Dvoichenkova, A.E. Evsin, A.M. Zakharov, A.S. Kaplevsky, P.A. Shigin. J. Surf.
Invest. 10(5) (2016) 1072.

3. A Airapetov, L. Begrambekov, S. Brémond, D. Douai, A. Kuzmin, Y. Sadovsky, P. Shigin, S. Vergasov. J.
Nucl. Mater. 415 (2011) S1042.
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BJIMAHUE IIVIASMEHHO-UMMEPCUOHHOM NOHHOMW UMILTAHTAIIUA .
TUTAHA HA KHHETHUKY ITPOHUKHOBEHUA BOJOPOJA B IUPKOHUEBDBIU
CIIJIAB 3-110

INFLUENCE OF PLASMA IMMERSION TITANIUM ION IMPLANTATION ON
HYDROGEN PERMEATION INTO ZIRCONIUM ALLOY E110

E.b. KaH_IKaDOBl, H.H. HI/IKI/ITCHKOBl, A H. CYTBIFI/IHal, M.C. CprTaHOBl, C.A. ?oaxapquKO1
E.B. Kashkarov*, N.N. Nikitenkov', A.N. Sutygina’, M.S. Syrtanov', S.A. Zakharchenko®

YHayuonanenwiii uccnedosamenscruii Tomckuti nonumexHuiecku YHueepcumem, np. Jlenuna,
30, Tomck, Poccus, e-mail: egor_kashkarov@mail.ru;

This paper describes hydrogenation behavior of Ti-implanted E110 zirconium alloy. Titanium
ions were implanted using filtered metal vapor vacuum arc at 1.5 kV pulsed bias (100 kHz
frequency and 5 ps pulse length) for 5, 15 and 30 min. Gas-phase hydrogenation were
performed at 360 °C. Phase composition, surface microstructure, valence state and elemental
distribution were studied to identify the mechanism of hydrogen interaction with Ti-modified
surface layer.

Beenenne

[TupkoHMEBBIE CIUIaBBI MOJIYYWIA LIMPOKOE INPUMEHEHHE B SJEPHOM DHEPrETHKE
Osarosapsi HU3KOMY CEYEHHUIO 3aXBaTa TEIJIOBBIX HEMTPOHOB, KOPPO3MOHHOH CTOMKOCTH U
BBICOKMM MEXaHMYECKUM CBOMCTBaM. M3 IIUPKOHUEBBIX CIUIABOB M3TOTABIMBAIOT 000JIOYKU
TETUIOBBIACTISIONINX 3JIEMEHTOB (TBAJIOB), TUCTAaHIIMOHUPYIOIINE PEUIETKH COOPOK TBIJIOB, a
TakXke TpyObl TEXHOJIOTMYECKUX KaHAJIOB BOJO-BOJSHBIX IHEPreTUUYECKUX peakTopoB. B
IIPOLIECCE DKCIUIyaTallud B PE3yIbTaTe PajMOIN3a TEIUNIOHOCUTENS U KOPPO3UU MPOUCXOAUT
HAaKOIUICHWE BOJOPOJa B LIHUPKOHUEBBIX CIUIABAX, YTO IPUBOAMUT K BBHINAJACHUIO THIPUIOB
LUPKOHUS U OXPYMUMBAHUIO CIUIaBoB. JlabHeliliee pa3BUTHE aTOMHOM SHEPreTHKU TpedyeT
CO3/1aHUSI HOBBIX MaTepHajoB WIM MOAU(DUIMPOBAHHE MOBEPXHOCTHOTO CJIOS MMEIOIIUXCS
CIUTABOB JJIsl 3AIlUTHI M3JENH OT BOJOPOIHOTo oxpymumBanus [1]. B pesynbprare MOKHO
YBEJIMYUTH BBITOPAaHUE SACPHOTO TOIUIMBA 0O€3 3aMeHbl TEIUIOBBIICISIIOMMNX COOpPOK H
MOBBICUTH OE30M1aCHOCTb IKCILTyaTalluH SAEPHBIX PEAKTOPOB.

OnHMM W3 NEepCHeKTHBHBIX METOJO0B MOJIUGUIMPOBAHUS MHUKPOCTPYKTYpHl U
JJIEMEHTHOI'O COCTaBa ITOBEPXHOCTHBIX CJIO€B KOHCTPYKLUHMOHHBIX MaTEpPHAJIOB SIBIIACTCS
I1a3MeHHO-UMMepcruonHas nonHas umiuiantanus (ITMHUN) [2]. OCHOBHBIM MPEUMYIIIECTBOM
MOHHOM HMMIUIAHTAINH, SBJISETCS OTCYTCTBUE MPOOJEM C aire3weil cios, Kak Harpumep, B
cllydyae OCaXJEHHs TOHKOIUIEHOUHBIX NOKpeITHi. [Ipm IIMUU wmoryt ¢dopmupoBarbes
UHTEpMETATUAHbIE (a3l U TBEPAbIE PACTBOPHI BHICOKOM KOHIIEHTPAIUH, YTO, KaK MPaBUJIO,
MIPUBOAUT K 3HAYMTEIBHOMY YIIPOYHEHHIO, TTOBBIIIEHNUIO H3HOCOCTOMKOCTH U KOPPO3HOHHOM

CTOMKOCTH Marepuaa.
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B nmpenpimymux pabdortax [3, 4] ObulO MOKa3aHO CYIIECTBEHHOE CHIDKEHHE CKOPOCTH
MIPOHUKHOBEHHMS BOJIOPOJIa B IUPKOHUEBBIN crutaB npu [IMNHM TuTana u npeuMyniecTBeHHbIN
3axBaT BOJOpoAa MoAWMGUIMpPOBaHHBIM cioeM. Kpome Toro, B pabore [5] mokaszano
MOBBILIEHUE KOPPO3HMOHHOM CTOMKOCTH LIMPKOHMEBOIO CILIaBa IOCIE MMIUIAHTAL[MM HOHOB
tuTaHa. OJHAaKO  KOMIUIEKCHBIX  MCCIEJOBAaHMM  B3aUMOJEHMCTBUS  BOJOpOJa  C
MOJIU(GUIMPOBAHHON TOBEPXHOCTHIO, BIUSHUS TOJIILIMHBI U CTPYKTYPbl MOJU(PHUIIMPOBAHHOTO
CJIOSl Ha CKOPOCTh IPOHUMKHOBEHHS M HAKOIUIEHUS BOJIOpOJa HE IMPOBOAMUIOCH. Takum
oOpa3oMm, Ienpl0  HacToAmed  paboThl  OBUIO  YCTAaHOBJICHHE  3aKOHOMEPHOCTEH
B3aUMOJICHCTBHS BOAOPO/AA C MOBEPXHOCTHO-MOJU(PHUIIMPOBAHHBIM ITUPKOHHEBBIM CILIAaBOM
2-110 B 3aBucuMocTu ot nmapamerpos [TMNN.

Cxema 3KkcnepuMeHTa

B kauecTBe MaTepuana MUILIEHH JJIs UMIUIAHTALMK UCIIOJIb30BAIU 00pa3ibl pa3sMeEpoM
20%x20x1 MM w3 uupkonmeBoro cmiaBa 9-110. TloBepxHOCTh 00pasmoB ObuIa
IpeBapUTeNbHO OTIIIM(OBaHA U OTIIOJUPOBAHA /10 CPEAHEN BBICOTHI LIepoxoBaTtocTell R, =
60 HM. OOpa3ubl IPOMBIBAIM CIUPTOM M NOMEIIAIM B BaKyyMHYI0 Kamepy. OcraTodHoe
JIaBJICHUE B BAaKyyMHOH KaMmepe COCTABIISLIO 1.5x10°° Tla. Ilepen HaHeceHMEM NOKPBITUSA
00pas3Ibl NOABEPraJIMCh OUYUCTKE B TIa3Me TICHOLIEero paspsiaa (Ar) ams yaaaeHus: OKCUIHOTO
CJIOSl M OpPraHMYecKUX 3arps3HeHuil. B kauecTBe MCTOYHMKA MOHOB TUTAaHA IMPUMEHSUICA
BaKyyMHO-AYTOBOW HCHApuTeNlb ¢ THUTAaHOBBIM KaTogoM Mapku BTI1-00 (cTerneHb 4MCTOTHI
99.95%). KoakcuanbHblii IUIa3MEHHBIA  (QWIBTP HCIOJNB30BAICA i (QUIBTpALUU
IJIa3MEHHOT0 MOTOKAa OT MUKpoKanenbHou ¢pakuuu. [ITMUN npoBoauiace npu cieayromux
napamerpax: Tok ayru 70 A, nasnenue (apron) 0.15 ITa, Bpemsa umrutantanuu 5, 15, 30 mus,
UMITyJIbCHOE HampspkeHue cmemenus 1500 B, uwacrora cnegoBanust umnynbcoB 100 kI,
JUTMTENHOCTh UMITYJIBCA 5 MKC.

Pe3yabTaTsl M MX 00Cy:KIeHUE

Mopdororus moBepxHOCTH LUpKOHHEBoro cmiaaBa Zr—1Nb, noaseprayroro MU
TUTaHa NpejcTaBieHa Ha puc. 1. Ha moBepXHOCTH BUJHBI Cliebl OT MOJUPOBKU 00pa3loB U
ceprueckre MUKPOKAILIM, o0pa3yroluecs B pe3yjabTaTe UCIIApEeHUs MaTepuana B KaTOJHOM
MSATHE MPU BaKyyMHO-AYroBoM paspsje. C yBelnyeHHeM BpEMEHU UMIUIAHTAllMU TUTaHa Ha
MOBEPXHOCTH 00pa3yeTcs siuercTas CTpyKTypa (KpaTepsl) C pa3MepaMu sYeeK OT HECKOJIbKUX
MHUKpPOH /10 Mcye3aromie Manblx (puc. 1B). [Ipu 3TOM cpemHsist mepoXxoBaTOCTh MOBEPXHOCTH

R, yBenmuuuBaetcst oT 57 HM nipu 5 MUH. UMITIaHTAIUU 10 98 HM nipu 30 MUH. UMITJIAHTAIUH.
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Pucynok 1. COM noepxHOcTH mupKoHHEBOro cruaBa J-110 mocne I[IMUU Turana B TedeHue 5 MuH.
(a), 15 mun. (6) 1 30 MuH. (B).
HaBomopoxuBanue IIMPKOHMEBOTO CIUIaBa [0 ©  [OCHEe  MOAH(PHUIIMPOBAHUS

MOBEPXHOCTU IMPOBOJWIOCH M3 Ta30BoM (a3wl mpu temmeparype 360 °C B TedyeHue yaca.
Kunernueckue KpuBbI€ MOIVIOIIEHUS BOJOPOJA, XapaKTEPU3YIOLIMECS NAJCHUEM [aBICHUS
BOJIOpOJia B KaMepe, MPEeJCTaBlIeHbl Ha puc. 2. Ba)kHO OTMETUTh, YTO CpaBHEHUE KUHETUKU
HABOJIOPOKMBAHUS IPOBOAMUIIOCH C HCXOJHBIM LIHUPKOHHEBBIM CIUIABOM, COJEPKALIUM
3aIIUTHYIO0 OKHCHYIO TUIeHKY (ZrO;) Ha noBepxHOCTH. CHIKEHUE CKOPOCTH MPOHUKHOBEHUS
BOJIOPOJIa HAOJIOJAETCs MMOCIe MMIUIAHTAllUM TUTaHa B HUPKOHUEBBIN CIUIaB B TedyeHue 15
muH. u 30 MuH. PaccuntanHbple 3HAYEHHS CKOPOCTH COPOIMM BOJIOpOJA MOKA3bIBAIOT
CHI)KEHHE CKOPOCTU HaBojgopoxuBaHus B 1,9 pa3 (15 mun.) u 2,6 pa3 (30 MuH.) B cpaBHEHUHN

C UCXOIHBIM HUPKOHUEBBIM CIIJIABOM.
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Pucynok 2. Kunernueckre KpuBbIe MOTIIOMICHUS BOIOPO/Ia TIOCIE NMIUTAHTAI[H TUTaHa (a) U
cooTBeTCTRYIOMIHUE T HpaKTOrpaMMbl 00Pa3IOB MOCIIE HABOOPOKUBAHUS (0).
Ananus auddpakrorpamm nupkonueBoro cruiaBa I-110 mocne ITMUU mokasan, 4yro

TUTaH HAXOJMUTCS B PACTBOPEHHOM COCTOSHMM B pemieTke o-mupkoHus. Ilocie
HABOJIOPOXKHMBAHUS, B UCXOJHOM 00pasiie U 00pasiie UMIJIAHTUPOBAHHOM TUTAHOM B T€UEHUE
5 MHH. 00pa3yroTcs O-TUAPUIBI LUPKOHMS, B TO BpeMs KaKk B MOJU(UIIMPOBAHHBIX B TEUEHUE

15 u 30 muH. oOpa3uax ¢a3oBbIX U3MEHEHUH HE MPOUCXOIUT. V3MepeHHbIe KOHLEHTPAIH
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Boiopoaa B obpasmax coctaBuiu: 1100 ppm — mis uicxoaHOro IUpKOHUEBOTO ciiaBa u 1400,
210 m 180 ppm — s MMIUIAHTUPOBAHHOTO TUTaHOM B Teuenue S5, 15, 30 wmuH.,
COOTBETCTBEHHO. Pe3ynbTaThl KOHIICHTPAIIMN BOAOPOa B 00pa3IaXx XOpoIIio KOPPEIUPYIOT C
JAHHBIMUA KHHETUKH COPOIIMH BOJOPOIA.

CHMIKEHHE CKOPOCTH MPOHUKHOBEHHUS BOJOpPOJa B IIMPKOHHEBBIN CIUIaB BBI3BAHO
HAJIMYUEM OKCHUHOM IJICHKH Ha MOIU(GUIMPOBAHHON MOBEPXHOCTH, COCTOSIEH U3 OKCHUIOB
TiO, u ZrO,, 4yro OBUIO MMOKA3aHO IO Pe3yjibTaTaM PEHTTCHOBCKON (POTOIIEKTPOHHOM

crnekrpockonuu (POIC) porosnexrponos Zr 3d, Ti 2p u O 1s (puc. 3).
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Pucynok 3. PODC criektpsr Zr 3d, Ti 2p u O 1s.
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BrIBoabI

B nanno# pabore Obula M3ydeHa KMHETUKA IPOHUKHOBEHUS BOJOPOJIAa B IIUPKOHUEBHIN
craB O-110, nogsepruyteiil [IMNU tutana B Teuenue paznuunoro spemenu. Ilokazano, uyto
¢da3oBbIii cOoCTaB crulaBa IMOCIE UMIUIAHTAllMM HE W3MEHSAETCS, THUTaH HaxOIUTCS B
PacTBOPEHHOM COCTOSIHMM. lloka3aHO CHUXEHUE CKOPOCTH MPOHUKHOBEHHUS BOJOPOJa B
MMOBEPXHOCTHO-JICTUPOBAHHBIM CIJIaB B 3aBUCHUMOCTH OT TOJIIMHBI MOJUPHUIIUPOBAHHOTO
ciost. CKopocTh copOIMK BOAOPO/Ia IIMPKOHMUEBHIM CIUIABOM ObllIa CHUXKEHA B 2,6 pa3 mocie
MMILJIAaHTAlMU TUTaHa B TedyeHue 30 MHUH. 110 CPAaBHEHHUIO C UCXOAHBIM CILIABOM, COJIEPKAIINUM
MOBEPXHOCTHYK0  OKCHUAHYIO IUIEHKY. (OCHOBHOM NpPUYMHON CHMKEHHUS  CKOPOCTH
MIPOHUKHOBEHHUS BOJIOpOa siBJsieTcss Hanuure okcuaoB ZrO; u TiO, Ha MOBEPXHOCTH MOCTE
[TMUN Ttutana. CKOpPOCTh NPOHUKHOBEHHS BOJOpPOJa B LHMPKOHUEBBIH CIUIaB TaKXKe

CHHIKACTCA C YBCIIMYCHUECM KOHICHTPAIIUN TUTAHA U TOJIIUHBI MOHH(bHHHpOBaHHOFO CJIO4.

1. A. Zielinski, S. Sobieszczyk, Intern. J. Hydrogen Energy 36 (2011) 8619.

2. J.R. Conrad, R.A. Dodd, S. Han, M. Madapura, J. Scheuer, K. Sridharan, F. J. Worzala, J.
Vac. Sci. Technol. 8 (1990) 3146.

3. E.B. Kashkarov, N.N. Nikitenkov, M.S. Syrtanov, A.N. Sutygina, I.A. Shulepov, A.M. Lider,
Appl. Surf. Sci. 370 (2016) 142.

4. E.B. Kashkarov, N.N. Nikitenkov, A.N. Sutygina, M.S. Syrtanov, O.V. Vilkhivskaya, T.S.
Pryamushko, V.N. Kudiiarov, L. Volesky, Surf. Coat. Technol. 308 (2016) 2-9.

5. D.Q. Peng, X.D. Bai, F. Pan, H. Sun, B.S. Chen, Appl. Surf. Sci. 252 (2006) 2196.
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XAPAKTEP ®OPMHUPOBAHUSI PAMAHOBCKHUX CIIEKTPOB
IIVIEHOK TUOKCHUJIA TUTAHA, OCA’KAEHHBIX PEAKTUBHBIM
MAT'HETPOHHbBIM PACIIBIVIEHUEM

THE CHARACTER OF THE FORMATION OF THE RAMAN SPECTRA
OF TITANIUM DIOXIDE FILMS DECREASED BY REACTIVE
MAGNETIC SPRAYING

E.C. KI/ICGJIeBal*, H.H. HI/IKI/ITGHKOBl, B. C. Chimuenko’.
E.S.Kiseleva, N.N.Nikitenkov, V.S.Sypchenko
"HanmonanbHsiii necnenoBarenbekuii TOMCKHIT HOMNTEXHIYCCKHIT YHHUBEPCUTET
634050 r. Tomck, np. Jlenuna, 30, Poccust
“e-mail: kellymod53@mail.ru

Annoranusi. A technique has been developed for layer-by-layer measurement of Raman
spectra of nanostructured titanium dioxide films, which presupposes the preliminary spraying
of their films with an ion beam of inert gases (in this case argon) at an angle to the surface of
450 or less. It has been established that the nature of the Raman spectrum of light in titanium
dioxide coatings produced by reactive magnetron sputtering is affected both by the deviation
from the stoichiometry of the main coating components and by the size of the TiO2
nanoparticles.

BBenenue

I/ISBCCTHO, 4TO CICKTP PpPaMaHOBCKOI'0 pacCeadHud A 4YacTHULl MOJTYIPOBOJHUKOBBIX
MaTepHaloB SIBISCTCS JUCIEPCHOHHO — 3aBHCHUMBIM [1]. Ho anmst kaxkgoro ciy4as oOH
OTpeieNIeTCsl He TOJIKO JUCTEepCHel pa3MepoB YacCTHIl, HO TAKXKe JIEMEHTHBIM U (a30BbIM
COCTaBOM TIOJlydyaeMbIX MOKpbITUH. B  Hactosmedt paboTre wHcciaenoBaH —XapakTep
(GbopMHUpPOBaHHUS CIIEKTPa paMaHOBCKOT'O paccessHUs aHaTasza AMOKCHJA TUTaHA B 3aBUCUMOCTH
OT W3MCHCHHUSICTEXHOMETPHH OCHOBHBIX 3JIEMEHTOB THOKpbITHs 1102, U OT pa3mepa ero
HAHOYAaCTHL. AKTYyaJbHOCTb MCCIEJI0BAaHUS 3aKIIOYAETC B MPAKTHUUECKOM HCIOJIb30BaHUU
HOKpI)ITI/II\/’I JUOKCHUIa THTaHa B Ka4y€CTBE q)OTOKaTaJ'II/ISaTOPOB, XUMHYCCKUX CCHCOpax U TaK
Janee.

Meroauka IKCriepuMeHTa

[MokperTus muokcuaa turana (Ti10;) HAHOCHIMCH PEaKTUBHBIM MarHETPOHHBIM HAIIBUICHHEM.

Jnst momy4yeHus: TOKPBITUM B Ka4yeCTBE IIa3MOOOPa3yIOIIEro ra3a HCIOJIb30Balach CMECh
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kuciopoaa (O;) u aprona (Ar): COOTHONICHHS MapIMAIbHBIX JaBiIeHUi as tieHkd T10; ¢
3a3eMJICHHOH Mmoanokkoi coctaBmio: Oy Ar = 3.5:0.05, a st mMOKPBITUI, H3TOTOBIEHHBIX C
OTPUIATENILHBIM CMEIICHUEM Ha IMOJIOKKE — 3TO COoOoTHomeHue paBHo 1:1. B kauectBe
MOJJIOKKH Il HAHECEHHsS] MOKPBITHI, HCHOJIb30BAIMCH OOpa3lbl HEPIKABEIOIIECH CTaau
12X18H10T. IIpumMensunch, CIEAyIOIINUE MapaMeTphl HAIBUICHUS: MaTepual Katoga — T,
pabouee naBneHue B kKamepe — 10 [la’, mommocts 1 kBr, Tok 3 A, TeMIiepaTypa
noBepXHOCTH oOpasua npu ocaxaenuu cocrasisuia 380 K. CkopocTh HaTtekaHus pabodero
raza — 5 muI B MUHYTY, HalpspKEHHWE CMEIEHHUs TojaBaemMoe Ha mojuioxkky U.,= — 60 B.
Yacrora crnemoBanus ummynbcoB — 60 kI, kodddunment 3amonHeHus 85%, 3HaAUCHUS
MOIIHOCTH W TOKa YyCpenHeHHbIe. JIis MOJdydYeHHWS TMOKPBITUN HCIOIB30BAUCH
CJICAYIONIHME MapaMeTphbl HAIBLICHHS: MaTepuan karoaa — 1, paboyee MaBJIeHUE B Kamepe -
10 ITa, mMommocTs 1kBT, TOK 3 A, HaNpsUKEHHE OTPHLATETHHOTO CMEILICHHS COCTABISIIO (-
60 B). HccnenoBanack cepusi 00pa3iioB Kak B peKMME OTPULIATEIHHOTO MOTEHIIMAA HA TO/I-
noxke (- 60 B): Oz:Ar=1:1, Tak u B pesxxume ¢ 3a3eMiieHHOUN motoxkkoin: Oz:Ar = 3.5:0.05.
Bpemsi ocaxnenus cocraBisiio 60 MUHYT i1 BceX PEeXHUMOB. ToulMHa HM3Y4EHHBIX I1O-
kpbiTuii  Obuta (150-270) HM. PacmpeneneHne KOHIEHTpAIMid OCHOBHBIX 3JIEMEHTOB,
BXOJIIINX B COCTaB MOKPBITUI OMPEAETSIICS METOAOM O0XKE-3JIEKTPOHHOU CIIEKTPOCKOIIUU.
CTpyKTypa OCaXIEHHBIX IUICHOK HCCIICJIOBAJIACH METOJOM PAMAHOBCKOW CIIEKTPOCKOIIHH.
CriekTpbl MONTy4eHbl ¢ Mcmosb3oBaHueM kKomruiekca Centaur UH R, Bkimowaromiero B ceOst
cnektpomerp ¢ pazpemenunem 0,01 HM, momy4aemMbIM 3a CYET HCIOJIb30BaHHS
MOHOXpoMaTopa C ABOWHOHN aucrnepcueil. B kauecTBe MCTOYHWKA HM3ITYYCHUS MPUMEHSIICS
OJIHOMOJIOBBIN J1azep ¢ anuHOM BoJHBI 538.2 HM, momHocThio 50 MBT. UccnemoBanue
TUIEHOK 10 TIyOMHE ¢ MPUMEHEHHEM PaMaHOBCKOTO CIIEKTPOMETpa MPOU3BOAMIOCH IMYTEM
MOCIIE0BATEIHHOTO CKAHUPOBAHUS XapaKTEPHBIX TOUYEK HA CKJIOHE KpaTepa, MOJyYeHHOM Ha
oOpasuax nocne uccnenoannst BUMC. HccrnenoBanusi aTOMHOTO U MOJIEKYISIPHOTO COCTaBa
MIPUIIOBEPXHOCTHBIX CJIOEB OOpPA3IOB IMPOBOJIUIOCH METOJIaM BTOPHYHON HOHHOM Macc-
cnekrpomerpun (BUMC) Ha npubope MC-7201 M.

Pe3yabTaThl U HX 00CY:KI€eHHE.

CriekTpbl paMaHoBckoro cmetieHust oopasios T10; (U, = 0)u TiO; (U= — 60 B) mokazansl
Ha pucyHkax 1 u 2 coorBercTBeHHO. JloMuHupytomeil (a3oif oboux oOpas3LoB SBISETCS
aHaTa3, TaK KaK B HX CIEKTpax MPUCYTCTBYIOT 3 TIMKA, NPUHAIICKANUX TBAXKIBI
BBIPOJK/ICHHBIM KOJe0aTenbHBIM MoJaM (poHOHOB Egp (144 em’l), Eg2 (199 eml), Eg3 (640 em™)

U 2 THMKa HEBBIPOXKICHHBIX KojeOaTedbHBIX Mox (oHOHOB 2B1y (390 CM'l, 520 CM'l).
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Puc.3. Pamanosckuii criektpTiO; (- 60 B).

Hanbonee mHTEHCHBHBIM M MH(POPMATHBHBIM
SIBJISIETCSl TUK Haxopasmwmiics npu 144 CM_l,
COOTBETCTBYIOIIIMM  JIBAXKJbl  BBIPOKICHHOU
KoJsiebaTenbHOl Mosie PoHOHOB Eg;.
NuTencuBHOCTh MKa Eq1(144 CM'l) IUIA
Ti02(U.=0) (puc.1) npesbimiaet
MHTEHCUBHOCTB IHKa Eg1 06pasna TiOz(Ucy= —
60 B ) (puc.3) npumepno B 10 pa3. Ormerum,
YTO JIMHUH CIIEKTPa KOMOWHAITMOHHOT'O

paccesHUs CWIBHO YIIUPEHBI B

BBICOKOYACTOTHYIO 00JIacTh [ 0Opasia

Takoit xapakTep paccestHus ObLII pacCMOTPEH
B JINTEPATYPE U CBSA3aH C JABYMSI IPUUUHAMU:
1 — aBTOpBI padoT [2] CBA3BIBAIOT 3TO C
HaHopa3Mepamu dactul. s
KPHCTAJUIMYECKUX 3€PEH, CPEAHUI pa3mep
3epeH KOTOPBIX MPUOIHIKACTCS K BEINYNHE
menee 10 HM, B CO3/1aHUH CTIEKTpa
KOMOMHAIIMOHHOTO PacCesiHNSI TIPHHUMAOT
y4dactue ()OHOHBI Bcel 30HbI bpriutosHa.
ITpu 3TOM YacTOTHI KOJICOATETBHBIX MO,

MHTCHCHUBHOCTHU IMOJTYIINPUHBI

COTBCTCTBYIOIINUX UM ITUKOB CTAHOBATCA AUCIICPCUOHHO 3aBUCUMbBIMHU, UYTO U IIPUBOIAUT K

YMCHBIICHUIO HHTCHCUBHOCTHU, PA3MBITHIO U CMCIICHHUIO ITOJIOC paAMaHOBCKOI'O paCCCAHUA.

Tak u B Hamux 00pa3iax Mbl BUIUM JTaHHYIO 3aKOHOMEPHOCTh: st oopasia Ti0, (U= — 60

B) (pa3mep gactun 8.2 HM), HHTEHCHBHOCTD THKa Eq (144 CM'l) npumepHo B 10 pa3 MeHbIle

VMHTEHCUBHOCTH nuKa Eq (144 CM'l) st obpaszma TiO; (U, =0) ¢ pasmepom yactuir 13.6 HM

1 MTOJIOCBI paMaHOBCKOTI'O paCcCCAIHUA CMCIIAOTCA. Ilo (I)OpMyJ'Ie Hlepepa C IIOMOIIBIO JaHHBIX

peHTreHo(a30BOro aHajan3a ONpeAes UM pa3Mep HAHOYACTHUI] TOKPBITHI TUOKCHIA TUTAHA.

Tak mist muokcuaa tutana(Ug,, = —60 B) paBen 8.2 HM, a s 00pasiia THOKCH/Ia TUTAHA B

PCKUMEC 0e3 HaIpsKCHUA CMCIICHUS HA MMOAJIOXKKE — 13.6 M. BTOpaﬂ nprudrHa: KpoMe

BBIIICOIMMCAHHOI'O 3(1)(1)6KT3., Ha XapaKTEep paMaHOBCKOT'O CIICKTPA TaKKC BIIUACT U3MCHCHUC

CTEXMOMETPUYECKOT0 COCTaBa KOMIIOHEHTA MOKPBITHsI qrokcuaa tutada O/Ti, mpu 3Tom
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Ha0JTI01aeTCs YINUPEHUE IMHUM PaMaHOBCKOTO CIIEKTpa, YTO XapaKTepHo st oopasma Ti0;
(Uew =— 60 B). Ha pucynke 3 mokaszaHo pacrpeieieHie KOHLIEHTPALUI JJIEMEHTOB,

C, ar. % BXOJISIINX B COCTAB UCCIIEYEMOTO MTOKPBITHUS
100
JIMOKCHJIa TUTaHa co cMmetnenueM (-60 B).
80
Otnomenne O/Ti cocrasuser 1.95. lanHoe

60
pacnpezeneHue o0bsICHAETCSI COOTHOLIEHUEM

40

KHCIIOpOJ1a K a30Ty MPH HAIBUICHUU 00pa3IoB (Kak
20 OBLIIO OMMCAHO paHee: JJIsi 00pasIoB C
0 00 20 w0 a0 00 OTPHUIIATEIILHBIM HANPSHKCHUEM CMEIICHUEM Ha

d, HM
Puc.3. PacnipesienieHre OCHOBHBIX DJIEMEHTOB, BXOJISIINX B IIOJIJIO’KKE, OHO OBUIO B TPU pa3a MEHBIIE).
cocras TiO,(- 60 B)
B pesynbrate 3T0oT0 B CriekTpe oOpasia

TiO2 (U= — 60 B) muku paMaHOBCKOI'O pAaCCESIHHS CMEIIAIOTCSA U PaCIIUPSIOTCS, YTO
CBUJICTENLCTBYET O CMEIIEHUSIX aTOMOB KHCIIOpo/ia (TaK Kak MPOUCXOIUT YMEHBIICHHE
COJICpKaHUsI KHCIIOPO/Ia B TIOKPBITUH).
3akaoueHue.
Co3maHa MeETOAMKA IIOCIIOWHOTO M3MEPEHHUs CHEKTPOB KOMOMHAIMOHHOTO PacCesTHUS
HAHOCTPYKTYPUPOBAHHBIX IUIEHOK TUOKCHAA TUTaHA, MPEANoJararouias IMpelIBapuTeIbHOE
pacibUICHUCHX TUIEHKH WOHHBIM ITYYKOM WHEPTHBIX Ta30B (B JAaHHOM CIIydae aproHa) IO
YIJIOM K TTOBEPXHOCTH 45° u menee. YCTaHOBIEHA 3aBHCUMOCTD BIHMSHUS pa3Mepa JacTull Ha
4acToTy (V)kojaeOaHuil onTHYECKUX (POHOHOB JTHMHUU Eg1 B CIIEKTpEe paMaHOBCKOTO CMELIEHUS
HAaHOpa3MEpPHOr0aHaTasa, MOJyYEHHOTO METOJIOM PEaKTUBHOI'O MarHETPOHHOTO PACIbLICHUS
B pexume otpuiarenbHoro Hampsbkenus cmernenus (U= - 60B) Ha momioxke. B
3aBUCHUMOCTH OT OTHOIICHHS cojepkaHusi ra3oB Oy/Ar Npu HaNbUICHUU HW3MEHSETCS

CTCXUOMETPUS IMOKPLITUA (HpI/I YMCHBIICHUH 3TOTO OTHOWICHHA YMCHBINACTCA COACPIKAHUC

KHCJIOPO/a B MOKPBITHH) U pazmep HaHodacTHll TiO».

Cnucok JiuTeparypbl

1. M. E. Konichew, O.S. Kuziymin, H.S. Morozova, V.F. Pishugin. Russian Physics
Journal. 55, 235 (2012).

2. S. Kelly, F.H. Pollak, M.Tomkiewicz // J. Phys. Chem. B. 101, 2730 — 2734 (1997).
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MOJNPUILINPOBAHUE ITOBEPXHOCTH 2JIEKTPO/1OB BAKYYMHbIM
AYT'OBBIM PA3PAIOM

SURFACE ELECTRODE MODIFICATION BY VACUUM ARC

AN KVI[IOKI/IHl, E.H. Moocl, A.T. POTTZ, H.b. PI:I6I/IH3, B.A. Crenanos’
A.l. Kudyukin®, E.N. Moos', A.T. Rott?, N.B. Rybin®, V.A. Stepanov'

L Pasancruii eocyoapcmeennulil ynusepcumem umenu C.A. Ecenuna Pazans, 390000,
Poccus, a.kudykin@rsu.edu.ru
2000 «Bakyymnvie mexnonocuuy, Pazans, Poccus
Pasancruii 20Ccy0apcmeen bl paouomexnuieckuil ynusepcumem, Psaszanv, Poccus

Method of electronic microprobe analysis revealed a change in the composition of chromium-
copper alloy electrode in lateral and depth dimension due to thermal effects on all stages of
production, testing and service. In zone of the melted electrodes observe the redistribution
main components and a substantial decrease in the oxygen concentration.

MoauduuupoBanue NOBEPXHOCTH B MOHHO-IUIA3MEHHBIX MOTOKaX M3ydajlach B psjie
pabot. O1HaKO OCTAIOTCS MAJOW3YYEHHBIMHU CIIEU(HKA TAKOTO POAA MPOLECCOB B YCIOBUIX
pa3BUTHUS BAKyyMHOMW JYTU BBICOKOH 3HepreTuueckoi miotHocTu paspsaa [1-4]. Criaser Cu-
Cr (40%) Hanum mMMPOKOE MPUMEHEHUE AN DJIEKTPOJOB BaKyyMHBIX TyrOraCUTENbHBIX
kamep [5-9]. Ilpu Kka3zamock Obl 3HAUUTENBHOH MPOJOJKUTEIBHOCTH HCCIEIOBAHUSA
BaKyyMHOTO JYTOBOTO pa3psaa TEIUIOGHU3MUYECKHE MPOIECCHl IMPOUCXOAAIINE MPU 3TOM Ha
AIIEKTPOAAX 10 CHUX TOP MAJOM3YyYCHHBI, B YaCTHOCTH, HET MH(POpPMALUU 00 W3MEHEHHU
coctaBa U MOP(OJIOrUU Ha MOBEPXHOCTH 3JIEKTPOJOB (puC. 1), UTO MO3BOJISET JIHUIIB JeNaTh
IIPEIIIOJIOKEHNAS O JOIYCTHUMBIX BEJIMYMHAX B3aMMOCBSA3aHHBIX HAIPSHDKEHHOCTEHW IOJIEH,
TeMIiepaTyp W IuioTHocTed TOkOoB [8]. OtcyrcTBHe Takod HWH(GOpPMAIMK HE TO3BOJSET
IeJICHANPABICHHO COBEPIICHCTBOBATH KOHCTPYKIIMOHHBIE M TEXHOJIOTMYECKHE OCOOCHHOCTH

nponeccoB JaHHBIX HpI/I60pOB.
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OcHOBHOUM 3amayeidl TPENCTaBIsIeMONW pabOTHl SBWJIOCH HW3YyYE€HHE BO3MOIKHBIX
M3MEHEHUH YKa3aHHBIX XapaKTePUCTHK B YCJIOBHUSIX HHTEHCHUBHOIO M MHOTOKPATHOTO
BO3JICHCTBUS IUIA3MEHHOIO pa3psja Ha 3JIEKTPOIbl KaMEPBI.

Jlyis ompeseneHus TEIUIOBOTO PEKKMMa JIIEKTPOIHBIX MaTepUanoB ObUT TPOBEACH
pacueT pacrnpocTpaHeHUs TeIIoBOro ¢ponta (u3orepmbl T) U3 30HBI BO3ACUCTBUS IyTU B

00BEM 2JIEKTPO/Ia B COOTBETCTBUHU € AP PepeHLINaATbHBIM YPaBHEHUEM:

k OT
T—;E—O, 1)

rae K — k03 GUIMEeHT TerIonpoBOJHOCTH, C — TEIIOEMKOCTh BEIIECTBA, P — IUIOTHOCTb
BelecTBa, A — oneparop Jlamaca, t - Bpewmsi.

HauanpHblie u rpanuunbie yciaous (1):
T|,_o = To; )
T|x=0 = TO; T|x=L = TL’ (3)

rae X u | — koopaunatel, To 1 T| - TeMmepaTypbl Ha TIOBEPXHOCTH U Ha TIIyOMHE Marepuasa
AIIEKTPOJIA.

Y4uThIBas MapameTpbl UCCIICAYyEeMOW BaKyyMHON KaMepbl (HampspkeHue mopsaka 35
kB u Bpems Bo3zgeiictBus ayru — 0,07 ¢) U yaenbHyl TemjaoeMKocTh cmiaBa (279,73
JLx/xr*K), MoaenupoBaioch paclpoCTpaHEeHHE TEIUIOBOrO (PpoHTa B 00BEM HCCIEAYyEMOTO

o0pa3ia, mpecTaBIeHHOE Ha PUCYHKE 2.

125 mim 37 5 mem
. .

25 wen a0 Mem
Pucynok 2. MojenbHOe Nipe/icTaBIeHHE PaCIPACTPAHEHHS TEIJIOBOTO MOTOK B AIIEKTPOJIE
(na pucyHKe mpeacTaBIeHbI H30TepMbl); 0) Mopdoiorus paciiaBIeHHON 30HbI.

Kak mokazamu pannuwe wucciefoBanus [10], B MOMEHT HarpeBa H IUTaBIICHUS
MPOUCXOUT «PacTEKaHUEe» MEJIM OT LIEHTpa (TOUKH BO3ACUCTBUSA MJIa3MEHOM TyTH) K 30HaM C

0oJiee HU3KOM TemMIepaTypoil.
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JInsi  OIEHKH TEpPMOJWHAMHYECKOW BO3MOXKHOCTH TIPOTEKAHUS OKHUCIHTEIBHO-
BOCCTAHOBUTEIIHHBIX XUMHUYECKHUX TIPOIIECCOB HAa IMOBEPXHOCTH CIUIABHBIX 3JIEKTPOJIOB
pPacCYUTHIBAJIOCh U3MEHEHHE M300apHO-U30TEPMHUUYECKOT0 MOTEHIMaNa (CBOOOAHON YHEPTUU
['n606ca) B OKHCIUTEIHHO-BOCCTAHOBUTEIBHBIX MPOITHCCAX.

B yactHOCTH, B3aUMOJICHCTBUSI OCHOBHBIX KOMIIOHEHTOB MaTpHIIbI 3eKTpo1oB CU 1
Cr ¢ xucmopogoM (obHapyxkeHHOro Ha moBepxHoctd B [10]) m okcumamu ykasbIBaeT Ha
NPEAMOYTUTEIILHOCTh HEKOTOPBIX TPEBpAIllCHWH B MATPHIE AJICKTPOAHOTO MarepHala.
CBoOonnas sueprusi ['mboca (AG) ompenensiercs sHranpnueir (AH) u suTpomnmeit (AS)

npoiecca:
AG = AH — TAS. (3)

OtpunarenbHas BenuuuHa sHeprus AG peakuuu omnpenenseT TepMOAMHAMUYECKYIO
BEPOSITHOCTb M HAIPaBICHHE IMPOTEKaHWs XUMHUYECKOH mporeccoB. [leiicTBuTenbHO, mpu
3HaueHusx AH < 0 m AS > 0, peakuuss TepMOJMHAMHYECKH BEpOSITHA IpH JIOOOM
temriepatype, B To Bpemst kak npu AH > 0 u AS < 0, peakuus TepMOIMHAMHYECKHU
HEBO3MOXKHA. B ocTaJIbHBIX CllyyasiX HalpaBieHHUE PeaKLUU OyleT 3aBUCETh OT COOTHOILICHHS
AH u TAS. Yem orpunarensHee 3Hadenne AG, TeM OOJblie BEPOSATHOCTh aHAIM3UPYEMOTO
HaIpaBJICHUS TEUYEHUs IIpolLecca.

OCHOBHBIMH 3JIEMEHTaMH 3JIEKTpoAoB sBsitorcs CuU m Cr, XoTs B ero cocraBe
obnapyxens! [10] u npuBHeceHHble HekoHTponupyeMbie npumMecu (O, N, H). U3 3naueHnit
SHTAJBIIMU U SHTPONMHU KaKIOTO BO3MOXKHOTO MpoIlecca, B COOTBETCTBUU ¢ ypaBHeHHE (3)
paccuntbBaiich AG oOpazoBaHust OCHOBHBIX oOkcumoB Cu m Cr mpm pasmudHBIX

temriepatypax (Tabmuma).

Tabmuna
Oueprus ['m00ca npu pa3IMYHBIX TEMIIEPATYP MPOIIECCOB.
N Peaxuus AGgs, | AGiooo, | AGuisss, | AG2iz0, | AGsooo,
7 o0Opa3oBaHUs K J1>k/MObK J1x/ MoK [ K/MOJb{K [ K/ MOIB| K [ K/MOIH

1 4Cu+0, —2Cu,0 -245.65 | -194.8 -119 -12.1 108.4

2 2Cu+0, —=2CuO -268.57 -71.8 54.3 180.4 432.6

3 4Cr+30,—2Cr,04 -2118.19] -1692.2 | -1402.7 |-1116.09| -526.2

4 3Cu,0+2Cr—Cr,03+6Cu -741.49 | -574.9 | -551.85 | -528.8 -482.7

5 3CuO+2Cr—Cr,03+3Cu -611.24 | -659.6 | -661.39 | -665.25 -674.6
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W3 Tabaumpl BHIHO, 4TO peakims oOpasoBanus Nel (OKCHI OJHOBAJCHTHON MeIH)
MaJIOBEPOATHA IPU BBICOKUX TeMIlepaTypa. ITO B CBOIO OU€pe/lb CHUKAET BEPOATHOCTD
BhITeCHEHHE XpoMoM Mmeau u3 okcuga CuyO (peakiust Ned4) mnpu 3HAYMTENBHBIX 3HAYCHUSX
AG (-741,49 + -482,7 x/[)x/Monb B 3aBUCUMOCTH OT Temreparypsl). Xots AG ajisi peakuus
Ne2 oOpazoBanust okcuia Meau (IBYBAJIEHTHOM) TEPMOJAMHAMUYECKH MEHEE BEpOSTHA I10
CpPaBHEHMIO peakiueil oOpa3oBaHus okcuaa xpoma (peakuust Ne3), cieayeT UMeTh B BUAY,
yTo Temmeparypa raasiaeHus CU Hike (10850C, MPOTHUB 1852°C XpoMa), a KOHIICHTPAIIH
KHCIIOpOJla B COCTaBe AIEKTpoaoB HeBenuka (+5% Ha moBepxHoctw u MeHee 0,05% B
maccuBe) [10]. B cBs3u ¢ 3TuM, MenHas KOMIIOHEHTa paHbIIe W B OOJbIIEH CTerneHu
CTPEMHUTCS OKHCIIUTBhCS, 4YTO OOBsICHsAET Bbixoj (cerperammio) aromoB CU u3 oObema
9JIEKTpOJa Ha MOBEpXHOCTh. M3 panueit pabdotsl [10], KOHIIEHTpalHs KUCIOpOoAa B IpoIecce
JIeTpajlalliy JIEeKTpoa cHIKaercs B 2 pasza (¢ 5% 1o 2,2%). DTo ToBOpUT 00 «yHaleHUN»
KHCJIOPO/ia U3 00beMa IIEKTPOAA BCICICTBUH CBSI3BIBAHUS MEIBIO MPH HaYaje XUMHYECKUX
MPOLIECCOB C TocheAcTBYIomel auddys3ueil Ha moBepxHOCTh U pasnoxkeHueM CuO npu
temneparype Omuskoi k 2000°C. VM3 pe3ynbTaToB TEPMOIMHAMUYECKOTO aHAllM3a CIEIYeT,
YTO KHCJIOpPOJ KOHLEHTpUpYETCsl B o00jlacTh npeodsagaHusi aToOMOB MeEOU U He
peructpupyercsi (HUXKE YyBCTBUTSIBHOCTH METO/A aHaIKM3a) B O0JACTH KOHIICHTPHUPOBAHHSI

aTOMOB XpoOma.

[1] H. H. Augpuanosa, A. M. bopucos, 0. C. Buprunses, E.C. Mamikosa, B.C. CeBocthsinoBa // W3BecTus
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Okurraitn // U3Bectuss PAH Cepust @usnueckast. 2002, T. 66. C. 551.
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FEATURES OF ION-STIMYLATED PROCESSES ON PEROVSKITE FRACTAL
INTERFACES
S.E.Maksimov', N.R.Ashurov', M.l.Akhmedov', A.V.Gatvich?, B.L.Oksengendler*
YInstitute of Chemistry and Physics of Polymer, Uzbek Academy of Sciences; Uzbekistan,
100128 Tashkent, Abdulla Kadyri Str., 7b; maksimov_s@yahoo.com

2St.Petersburg Nuclear Physics Institute; 1, Orlova roscha mcr., Gatchina, Leningrad region,
188300, Russia.

The organic-inorganic perovskites ABXs, where B are divalent metals (for example,
Pb*), X are the halides (for example, I', CI, Br), and the symbol A means the dipole
molecules like CH3-NH3™ are the promising materials for the creation of solar cells [1]. It has
been discovered [2] that the transition from the planar architecture with flat interfaces to the
device architecture including rough fractal interfaces leads to the significant improvement of
photoelectric characteristics (for example, enhancement of photocurrent by 13%) with other
absolutely identical characteristics; see also the work devoted to Si-structures [3]. In
connection with this metastability of fractal interfaces, the question of their obtaining on the
basis of radiation technology is especially interesting.

Radiation synergetics studied in the number of our works (see, for example [4]), which
allows to construct new periodic structures in some regimes, presents the interesting and
promising approach in creation a regular rough surface on solids. In the case of large ionic
radiation fluxes, the interface layer will be excited more or less uniformly, and here the
appearance of unusual properties of an excited near-surface layer is possible, in which self-
organizing structures can appear in certain regimes.

Let we consider this idea for a medium with a significant ionicity fraction of A*B**X5’
type. Here, with the high degree of likelihood, we can identify an element of the environment
around which the remaining elements will be organized, taking into account the principle of
maximum Coulomb compensation, characteristic of crystalline systems with ionic bonding.
The absence of this element (i.e., the presence of its vacancies) will prevent the creation of the
elementary crystal nucleus in the corresponding neighboring region. Suppose that X means the
local concentration of B*? ions, and Y is the local concentration of Vg vacancies. Let further
X and Y enter into various nonlinear chemical reactions, including autocatalytic ones, with
other components of the system.

Now we use the considerations of the model of Turing's morphogenesis (see [5]). The

main result of Turing is that in the open system where the nonlinear chemical reactions with
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several components including both activators with concentration X and inhibitors with a
concentration of Y take place, taking into account the diffusion of both components (with the
coefficients Dy and Dy respectively), the chaotic and periodic structures of stationary
distributions of X and Y concentrations can be formed under certain conditions.

Let us apply this idea to the case of ionic irradiation of the flat interface. We assume
also that the components of X and Y can diffuse along the interface. If we denote the reaction
rates by f(x,y) and g(x,y) and the coordinate along the interface by & (on the interval (0, I)),
then the «reaction + diffusiony is described by equations and boundary conditions:

[ 3%/ —t(x,y)+D, X 8)(;2’0 - ayg;’t) -0
< 1)

o/ _ ox ax(1,t) _ay(lLt)
&@t f(x,y) + D, Aéz, o= =0

then the results of the theory of structure formation in morphogenesis [5] can be used, the

basic idea of which is related, first, to the linearization of f f(x,y) and g(x,y) functions and,
secondly, to the linearized system in the form D(X,y)=(ciC2)exp(wnt)~cos(mz&/l), m=0,1.

The most important conclusions in our terms are the following. The instability of the
flat interface due to the quasiperiodic distribution of material clusters around the B?* ions (ie,
increased X) and the clusters of the V,, empty places (i.e., increased Y values) will occur when
three conditions are fulfilled:

1) D, #D, #0; 2) a>0 (or, conversely, d>0); 3) bc<ad<0 (2)

The abbreviated designations are the following:
_ (X0 Yo) .y _ (%0 ¥o) . 99(%, ¥o) . 4 _ 99(Xo, Yo) 3)
OX oy OX oy

In this case, the solutions (Xo,yo) are the stationary solutions under homogeneity conditions,

a

e with &%/ =¥/ —0 and D, =D, =0..

Particularly it is necessary to underline the condition 2) in system (2): it means that
one of the reactions must have an auto-catalytic character in the neighborhood of the (xo,Yo)
solutions.

If all conditions (3) are satisfied, then, according to the theory of linear stability [5],
the amplitudes of the spatial harmonics with wave numbers k lying in the interval z;<k’<z,
will grow exponentially in the neighborhood of the states (Xo,yo). For the z; and z,, we can

write the expressions:
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_aD, +dD, +/(aD, +dD, f - 4D,D, (ad - bc)

Z,, = , 4
0.0, )

with ad-bc>0.

Thus, the realization of the entire scheme for violating of the shape of the flat interface
depends on the selection of the nonlinear f(x,y) and g(x,y) functions. This selection is
facilitated by the presence of large number of components in the system, as it has been
demonstrated in biology in numerous variants of the theory of morphogenesis [5]. The
fundamental novelty of our situation is that in the near-interface region we have the nonlinear

quasi-chemical reactions, i.e. when the vacancies of all the components of the system

participate in the reactions too. The account of total number of components leads to very large
number of equations in a system of type (1), the analysis of which is extremely difficult. We
note that the total number of components in the case of organic-inorganic perovskites can be
near to 10. Reduction of the total system to the small number of equations (especially two) is
possible and usually is made on the basis of Tikhonov's hierarchical theorem [6] or, in the
terminology of synergetics, on the basis of the principle of Haken's subordination [7]. The
convenience of reducing the large system to the system of two equations is that the main
general result of the analysis, the instability of the system, leads to the characteristic equation
w? — Tw +4 =0, (5)
where the values of T and 4 are different for different types of f(x,y) and g(x,y); it is very
important that both T and 4 depend on the interface size I. The condition A4(1)<0 identifies the
ranges of length | at which the structures are formed on the interface. It is very interesting that
there is always a certain value of | *, such that for interface lengths I<I* the non-flat interfaces

can not be formed.
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CHANGES IN POLYIMIDE STRUCTURE UNDER SEQUENTIAL IRRADIATION
WITH LOW-ENERGY PROTONS AND OXYGEN PLASMA

L.S. Novikov, E.N. Voronina, V.N. Chernik, L.A. Zhilyakov and N.P. Chirskaya

Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University,
1(2), Leninskie gory, Moscow, 119991, Russia; e-mail: voroninaen@nsrd.sinp.msu.ru

A spacecraft in a near-Earth orbit is subjected to the influence of various space
environment components including space radiation, high vacuum, solar electromagnetic
radiation, atomic oxygen, micrometeoroids and space debris, etc. Polyimide (PI) films are
widely used on the external spacecraft surface as thermal control coatings (TCC) and other
film constructions for various applications. When exposed to the space environment, materials
on the external spacecraft surface may degrade, and, therefore, the improvement of their
durability to the space component influence is a task of critical importance [1]. Many studies
were carried out to investigate radiation-induced damage processes in Pl and their effects on
mechanical, optical, and electrophysical properties of Pl materials [2—4]. Another dangerous
space environment in low-Earth orbits is atomic oxygen. It is the main component of the
upper Earth’s atmosphere in the ~200-800 km altitude range, where manned space flights
take place, and causes the erosion and damage of polymeric materials on the spacecraft
external surface. A hyperthermal (~5 eV) O atom flux erodes PI film coating due to the
breakage of chemical bonds and the formation of volatile species (first of all, CO and CO5,)
[5].

In this paper, we report the results of the experimental study of the combined impact of
500 keV protons and oxygen plasma on PI films. The UV-vis transmittance, Raman and XPS
spectra were obtained to study the changes in structure of polyimide under the 500 keV proton
irradiation and oxygen plasma exposure. Ab initio computer simulation with the density
functional theory (DFT) method was used to analyze the experimental data.

The films used in our study are commercial PI films with thickness of ~35 um and density
of 1.43 g/cm®. Proton irradiation of PI specimens with size of 35 x 35 mm? was performed on
a KG-500 cascade generator (Skobeltsyn Institute of Nuclear Physics of Lomonosov Moscow
State University, SINP MSU) at average flux density of 1.2:10*2 cm2.s* and fluences of
10'-10'® cm™. Magnetoplasmodynamic accelerator [6], developed at the SINP MSU, was
applied to generate oxygen plasma flow with the average particle energy ~20 eV and the flux
density of (1-5)-10'® cm2s™; the samples under study were irradiated with fluence of (0.8—

3.0)-10%° cm™. The optical transmittance of the specimens was measured with a two-channel
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Shimadzu UV-3600 spectrometer. The surface of the samples was investigated with an Carl
ZEISS Axiolmager Alm optical microscope and VEGA3 TESCAN scanning electron
microscope (SEM). Raman spectra were obtained using NTEGRA Spectra nanolaboratory
with an LMA473 solid-state laser (wavelength of 473 nm, power of 8.4 mW). Kratos Axis Ultra
DLD X-ray Photoelectron Spectrometer (XPS) with monochromated AlKo and a charge
neutralizer was used to obtain XPS spectra of pristine and irradiated specimens.

Our previous experimental study [7] has shown that 500 keV proton irradiation at
fluences of 10"°-10" cm™ causes a significant reduction of spectral transmittance in the
visible range. As a result, the color of PI specimens has changed from initial golden yellow to
dark brown and almost black in the case of the highest proton fluence. This effect is usually
explained by carbonization of near-surface layers of carbon-rich polymers. The subsequent
exposure of the proton-irradiated films to oxygen plasma leaded to the removal of the
darkened surface layer. As a result of the exposure, the surface of Pl samples became
lustreless because of the formation of a carpet-like relief, typical for polymeric materials [5].
Therefore, the changes in spectral transmittance of specimens after oxygen plasma exposure
were caused by two mechanisms: the carpet-like relief leading to increase of light scattering,
and the removal of colored layer from the film surface.

To reveal structural changes occurring in Pl under the protons and oxygen plasma impact,
Raman spectra of the irradiated specimens were measured and analyzed. Fig. 1 presents the
Raman spectra in the range 10002000 cm*, that were measured before and after sample
irradiation by protons. The spectrum of the non-irradiated Pl specimen (PI1) exhibits a
number of characteristic peaks corresponding to certain chemical bonds in PI. As the proton
fluence increases, the intensity of the main lines in Pl spectra decreases. The most visible
changes can be seen for the peaks near 1390 and 1790 cm*, that are usually referred to
vibrational modes for ordinary C—N and double C=0 bonds. The peak near 1270 cm™* which
is commonly assigned to the C—O-C ether groups disappears rapidly, too. At fluences of
2.5-10"° cm™ and higher, the shape of Raman spectra considerably changes: narrow peaks
vanish and two broad maxima appear near 1370 and 1600 cm 2. This result can be interpreted
as a consequence of carbonization of the surface PI layer [2,3], so the obtained Raman spectra
confirm that under the irradiation of Pl films with 500 keV protons, nanosized graphite
clusters appear in the damaged near-surface layer. For Raman spectra of specimens PI3, Pl4
and PI5 we evaluated the size of graphitic nanoclusters with methodology described in [8];
the graphitic cluster formed in our samples may be 1.5-2.0 nm in diameter. With an increase

in the proton fluence the calculated cluster sizes increase.
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Fig. 1. Raman spectra of the pristine and proton irradiated PI specimens before (solid lines) and after
(dashed lines) oxygen plasma exposure.

As a result of the oxygen plasma exposure, the colored PI1 layer was removed; therefore
the measured Raman spectra of the samples demonstrate the recovery of some narrow peaks
typical of Pl (Fig. 1). Because oxygen atoms are able to cause bond breaking [5], the
intensities of corresponding peaks are weakened in comparison with pristine P1 (curve PI1).
For transparent materials, a Raman spectrum is as a result of averaging over a material layer
of a certain depth, the spectra obtained for oxygen exposed specimens demonstrate not only
specific features a thin (~1 um) oxygen eroded PI layer, but give an averaged picture for this
layer and a pristine PI film.

In contrast with FTIR and Raman spectroscopy, XPS enables to investigate peculiarities
of thin (a few nanometers) near-surface layer of materials. The elemental ratios determined
from the integral intensities of oxygen 1s, nitrogen 1s and carbon 1s peaks in the measured
XPS spectra indicate the increase of carbon surface concentration from 79.3% up to 83.7%
and the increase of the C/O and C/N atomic ratios from 4.8:1 and 19.3:1 up to 6.6:1 and
22.6:1, respectively. Therefore, a certain part of C-N and C-O bonds may be broken under
the proton irradiation, which leads to formation of free oxygen and nitrogen atoms and their
release as volatile species.

Table 1 presents the detailed data on high-resolution XPS spectra. For the C 1s spectrum,
four different carbon environments are found in pristine PIl: aromatic C—C bonds in ODA
benzene rings, C—N and C-C bonds in PMDA, C-O bonding in the ether group in ODA and a
double C=0 bond in PMDA carbonyl groups. In O1s peak, the first component is attributed to
C=0 bond and the second one is related to C-O-C group, and for N1s component, there were
detected a dominating peak for C—N bond and a small additive component. Comparison of

XPS spectra of pristine and proton- irradiated P15 samples shows the rise of aromatic C—C
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bonds and the corresponding decrease of C=0, C-N, and C-O bonds. The O1s component
ratio changes from 3:1 to 4:3, so the contribution of carbonyl groups is strongly weakened. In
N1s peak one can see the rise of additional peak indicating the breakage of an imide ring in
PMDA. This peak can be associated with some C—N bonding in different carbon environment

including double and triple bonds.

Table 1. The component ratios and binding energies for high-resolution XPS spectra

P11 P12 P13 P14 P15 P150

k
Pea n) [E€V)| n(%) [ E€V)| n(%) |[E@€V)]| n(%) |[E(EV)| n(%) |E@EV)| n(%) | E (V)

60.0 | 285.0 | 555 | 2850 | 68.6 | 2850 | 754 | 285.0 | 78.0 | 285.0 | 49.6 | 285.0

216 | 2859 | 29.1 | 2859 | 173 | 2859 | 115 | 2859 | 121 | 2859 | 29.4 | 285.9

cts 10.7 | 286.8 6.6 286.8 7.1 286.8 7.5 286.8 54 | 286.8 76 | 286.8
7.7 288.8 8.8 288.8 7.1 288.8 5.7 288.8 | 4.5 288.8 | 134 | 288.8
747 | 5324 | 69.8 | 5324 | 66.9 | 5324 | 58.8 | 5324 | 57.1 | 5324 | 69.8 | 5324
ots 253 | 5336 | 30.2 | 533.6 | 33.1 | 533.6 | 41.2 | 533.6 | 429 | 533.6 | 30.2 | 533.6
NLs 7.3 399.2 8.3 399.2 | 17.0 | 399.2 | 244 | 399.2 | 29.7 | 399.2 79 | 399.2

92,7 | 400.7 | 91.7 | 400.7 | 83.0 | 400.7 | 75.6 | 400.7 | 70.3 | 400.7 | 92.1 | 400.7

Upon oxygen plasma exposure and removal of proton-irradiated layer, the XPS spectra of
samples have changed significantly. Table 1 demonstrates the increase of oxygen ratio from
12.6 to 21.5 at%. The O1s and N1s component ratio are more similar to the pristine PI than to
the carbonized PI surface. Thus, in Pl exposed to oxygen plasma carbonyl groups and imide
ring in PMDA were not destroyed rapidly. However, C1s peak undergoes a significant change
of C-C bond concentration with respect to both proton-irradiated and pristine specimens.
These data show that C—C bonds are broken under oxygen exposure, resulting in the removal

of carbon atoms.
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CORRELATION OF DEUTERIUM RETENTION WITH CRYSTALLINE
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®National Institute for Laser, Plasma and Radiation Physics, Magurele-Bucharest, Romania
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Dense nano-structured tungsten (W) coatings are used as plasma-facing materials in
current tokamaks and thick coatings are suggested to be used also for the future fusion
devices, ITER and DEMO. In this study, deuterium (D) retention in various W coatings was
investigated to understand dependences of the D retention on the crystalline structure of each
W coating and on the substrate material.

Three W coatings with different crystalline structures: the disordered W coating
produced by Pulsed Laser Deposition (PLD-W), the dense coating produced by Combined
Magnetron Sputtering and lon Implantation technology, CMSII-W, which is used in ASDEX
Upgrade and JET, and the coating produced by standard vacuum magnetron-sputtering
method (SMS-W) were deposited on different substrates: fine grain graphite (FGG), carbon
fiber composite (CFC) and EUROFER steel. The prepared samples were exposed to the D
plasma in well-defined laboratory conditions. The D depth profile was measured up to 6 um
by nuclear reaction analysis (NRA) and the total deuterium retention was measured by
thermal desorption spectroscopy (TDS).

All types of coatings show higher D concentration compared to bulk polycrystalline W
(PCW). PLD-W coating has the highest D concentration, whereas the lowest D concentration
was found in SMS-W coating. No significant influence of the substrate on the D concentration
in the coatings was found, nevertheless, the choice of substrate material can affect the total D
retention measured by TDS. Fig. 1 shows TDS of D from CMSII-W coatings deposited on
Eurofer, FGG, and CFC substrates in comparison with TDS of D from polycrystalline
tungsten, WI (ITER grade), and from Eurofer. The D retention in coatings is much higher than
the D retention in bulk WI and Eurofer. TDS of D from CMSII-W film on Eurofer has one
very board peak with maximum of about 870 K. The broad shape of the TDS peak indicates

the presence of a spectrum distribution of defects with similar binding energy for D.
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Fig. 1. TDS of D from CMSII-W coatings with 10 um of the thickness deposited on Eurofer, FGG, and
CFC substrates in comparison with TDS of D from polycrystalline tungsten, W1 (ITER grade), and
from Eurofer. The CMSII-W film was deposited on two kinds of CFC: with fibres oriented to be
parallel (CFC 1) and perpendicular (CFC L) to the deposited surface. Deuterium was implanted in
samples by ECR plasma source with ion energy of 20 eV per D atom up to a fluence of F=2.2x10% D/m?
at sample temperature of 600 K.

It is possible to resolve two main peaks of ~820 and ~930 K in TDS from coatings
deposited on C-based substrate and additional third high-temperature peak of ~1270-1290 K
with much smaller amplitude. The release of D at temperatures of ~1270-1290 K can be
attributed to D trapped by carbon. TDS has a single broad peak with maximum of about 850
K in the case of WI. TDS has two peaks of ~870 and ~1000 K in the case of Eurofer. The
absence of the high-temperature peak of ~1270-1290 K in the case of WI and in the case of
the CMSII-W coating on Eurofer substrate confirms our suggestion that this peak is

associated with D which was chemically bounded with carbon.

The D retention in a coating increases linearly with the coating thickness indicating the
homogeneous distribution of intrinsic defects over entire coating thickness. Fig. 2 shows the
D retention in CMSII-W coating with 10 um of the thickness in comparison with that one in
bulk W in a wide range of temperature. Obviously, the D retention is higher in coating than in
a polycrystalline W. The mean grain size of CMSII-W coating is about 15 nm and the mean
grain size of bulk W is 5-30 um. The D concentration correlates with microstructure of W: the

D concentration drastically increases with decreasing the grain size as shown in Fig. 3.
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Fig. 2. Comparison of the temperature dependence of the D retention measured by TDS in CMSII-W
coating with 10 um of the thickness and in bulk W. Deuterium was implanted in samples by ECR plasma
source with ion energy of 20 eV per D atom up to a fluence of F=2.2x10°° D/m?.

SMS-W I I on FGG I

Nw 600 K| with Ar 1111])1 3

E

A 10 4 1
2

=]

. on FGG

E without Ar
=10 implantation
£ ~
=

(=1

=

=l

1

2 2

21074

400 600 800 1000 1200 1400
Temperature, K

Fig. 3. TDS of D from SMS-W coatings with 3 um of the thickness deposited on Eurofer and FGG
substrates. The SMS-W coatings deposited with Ar implantation have smaller grain size compared to
SMS-W coatings deposited without Ar implantation as confirmed by XRD. Deuterium was implanted

in samples by ECR plasma source with ion energy of 20 eV per D atom up to a fluence of F=2.2x10%

D/m? at sample temperature of 600 K.

Consequently, from the viewpoint of the hydrogen isotope retention, coarse-grained
crystals can be recommended for application of W-based materials in fusion devices. At the
same time, coarse-grained crystals could be undesirable from the viewpoint of possibility of
blister formation. We found that nano-crystalline structure of W coatings suppresses the
blister formation. On the other hand, a disadvantage of thin coating is its erosion which
prevents the use of the coating under the long operation time. The advantages and drawbacks

as well as future development of tungsten coatings for application as plasma-facing material
in fusion device are discussed.
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HMOHHO-TIJIASMEHHOE HAHECEHHWE IMMOKPBITUI TAHTAJIA 1 IUPKOHUS
N UX OKCUJIUPOBAHUE
ION-PLASMA APPLICATION OF TANTALUM AND ZIRCONIUM COVERINGS
AND THEIR OXIDATION
T.J1.Pajpkados, A.1.Kamapaun, A.A.Cumonos, I'.A.XampaeBa

T.D.Radjabov, A.l.Kamardin, A.A.Simonov, G.A. Khamraeva
Tawkenmckuti I'ocyoapcmeeHnbll mexHuyecKull yHugsepcumem, yi. Yuueepcumemckas 2,

Tawxenm, Pecnyoauxa Y36exucman, E-mail: kadmon@bk.ru

Ta and Zr coverings with thickness up to 1 micron applied on glassy material by magnetron sputtering
method were investigated. Anode oxidation features and use possibilities of these coverings were analyzed.
Optimal conditions of protective-decorative coverings formation on different materials were determined.

Jl7ig co3ianusi MHOTOCIOMHBIX (DYHKIIMOHAIBHBIX MOKPBITHI Pa3lInYHOrO0 HA3HAYCHHUS
Ha CTEKJIONMOAOOHBIX MaTepuaiax IelIecoo0pa3HO HCIOIb30BAHHE BaKyyMHOTO HOHHO-
IUTa3MEHHOTO ocaxaeHust [1-2] B coueTaHWH C JIOTMOJHUTCIBHBIMH O0pabOTKamMH, B
YaCTHOCTH JIA3€PHBIM U DJICKTPOXUMHUYCCKUM Bo3/eicTBHEM [3-4].

Hanecenne mnokpeitTmii Ta m Zr Ha momnoxku u3 crekna K-8, curamn CT-50-1,
rlla3ypoBaHHble Marepuanbl (dhappop) U HCKYCCTBEHHBIE KaMHHU MPOBOAMIOCH METOAOM
MarHeTPOHHOTO PACIBUICHUS C IMPEIBAPUTEIHLHONW TUIa3MEHHOW 00pabOTKOHM MOBEPXHOCTH
HMCTOYHUKOM HOHOB C XOJOJTHBIM KartogoM. OJWH W3 BapUaHTOB KOHCTPYKIIUU YCTPOWCTBA
MarHeTpOHHOTO pAacCIbUICHUs TpeacTaBieH Ha puc.l. J(OmOTHUTENbHBIE SJIEKTPOIbI

KOHCTPYKIIUUN 00JIETUAIOT 3a)KUTaHHE pa3pdsaa W TO3BOJISIIOT IMPOBOAWUTH IUIA3BMCHHYIO

00paboTKy 00pa3IoB MPH MOja4e Ha 3aCIIOHKY MOJIOKUTEIbHBIX HaIpsHKEeHUH 10 3-4 kB.

BUO A

1-MarHuTHAs cUCTEMa, 2-3JIEKTPUIECKUN BBOJI, 3-BBOJ IBIDKCHHUS, 4-aHOJI, 5-3aCIIOHKA-JIEKTPO/I.

Puc.1- YcTpoiicTBO MarHeTpOHHOTO PACTIBUICHHUS C TOTIOTHUTEIHHBIM 3JIEKTPOAaMHU
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Jlnsi HaHeceHusl MOKPBITHH Ta M ZI UCIOIb30BaJIach MPEJBAPUTENIbHAS XUMHUUYECKast
OYMCTKA W IUIa3MEHHas O00pabOTKa IMOBEPXHOCTH OOpa3loB Ha IOJBMXHONH OCHACTKe.
[To1oKKHM pa3MeIIaiich Ha MOABMKHOW OCHACTKE B BaKYyMHOH paboueil kamepe H 1ocie
CO3JIaHMs CTereHH Bakyyma He xyxe 107 ITa, 06pabaTsiBazich HCTOUHHKOM THIa «ll1asma-
Pangukam» nonamu aprona c suepruei 2+4 kB.

3areM METOJOM MAarHeTpOHHOI'O PACMbUIEHHS Ha JIMUEBYIO 4YacTb IOAJIOKEK
HAHOCWJIOCHh TOKpPBITHE (CIIOM) IMUPKOHUS MM TaHTala, 0OECIIEYMBAIOIIUN CONMPOTHBIICHHE
ciost He Oonee 4-5 Om/kBaapat (TommuHa MOKpeITHS npeBbimaet 0,4+0,5 mxm). s Gonee
BBICOKMX  3HAYEHMH  CJIOEBOIO  CONPOTHBIIEHHS  BO3HMKAIM  MpoOJIeMbl  IpH
IEKTPOXUMUYECKOH 00pabOoTKe TakuX IMOKPHITHUH. B yacTHOCTH, MECTO KOHTAaKTUPOBAHMS
30HJIa C MOKPBITUEM Pa3pyIIAIOCh 32 CYET BO3ZHUKAIOIIEH AJIEKTPUYECKON IPO3HH.

st popMHUpOBaHUST TOTOJIOTUYECKOTO PUCYHKA ObLIa MCIOJIB30BaHA JIUTOTpadus C
NOCJeIyIOIUM TpaBjeHUeM MOKpbITHH B 1-2% pactBope HF, a Takke nasepHoe yaaieHue
(aGIsAIs MPH TUIOTHOCTH MOIIHOCTH m3iydenns cebime 10° Br/cM?) gacTé MOKpHITHS, B
YaCTHOCTH 00pabOTKa CTaHAApPTHBIM JIa3epHBIM MapkepoMm c¢ usiaydeHuem 10,6 MM 1o
IporpaMMme, o0pasyroueil 3aJaHHbI PUCYHOK.

3aTeM NpPOBOAMIACH 3JICKTPOXUMHUYECKass 00paboTKa (aHOJHOE OKCHUIMPOBAHUE B
pexuMe orpaHuueHusi Toka- He Oonee 5+10 MA) chopMUPOBaHHBIX OTHENBHBIX OONacTeH
MOKPBITHA.  DJIEKTPOXUMHUECKYI0O 00pabOTKy MOKPBITHS Belach B BaHHE € 2+5% BOJHBIM
pacTBOPOM BHHHOM, JJUMOHHOM WJIM IIaBEJIEBOM KHUCIOTHL. KaTrogoMm CIyUT 2J€KTpoa U3

HeprKaBerolel cramu (puc.2).

1-mpoBoasmnii pacTBOp, 2-OKCUAUPYEMOE MTOKPBITHE, 3-KaTOoI, 4-M30JIUPOBAHHBIN 30H/I.

Puc. 2- Banna s mpoBeeHHUS JIEKTPOXUMHUIECKOI 00paOOTKN MOKPHITHIH

AHONIHOE HaIpsKEHHE MOJIaeTCsl Ha BHIOPAHHBIN y4acTOK TOMOJIOTHUYECKOTO PUCYHKaA
4yepe3 HW30JIMPOBAaHHBIA 3a0CTpEHHBIM 30HA. Marepuan 30HAa- TaHTAI WIM BOJb(paM,

HOKpBITLIfI HU30JIATOPOM. HaHpH)KCHI/IC IJIaBHO YBCJIWYNBAJIIOCh, BU3YAJIBHO Ha6.HIO,[[aCTC$I
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M3MEHEHHUE [[BETa M3-3a POCTa OKCHIHOTO MOKPhITHS. L{BeT mOKphITHS, 00pa30BaHHBIH 3a CUET
racsimeil MHTepPEpeHINH, OJHO3HAYHO OMPENEISUICS TONIIUHOW TOKPHITHS (BBIOPAHHBIM
HamnpspDkeHus Ha 30H71e). I[lpu oOpabarbiBacMo# Turomaau a0 4+5 cm? OKCUJUPOBaHUE
OCYIIECTBIISIIOCh BPYYHYI, BpeMsi 00padoTku He mpeBbimaet 10+15 c¢. Jlnga yBenuueHus
MIPOU3BOJIUTEIBLHOCTH 00pabOTKM MCIONB30BAIICA OJOK MUTAHUS ISl HECKOJIBbKUX 30HIOB,
P 3TOM Ha KXKIBIA 30H]] TIOJIAIOT 3apaHee BEIOpaHHOE IJIaBHO BO3pPACTAIOIIEe HAPSHKEHUE
MIPY OTPAaHUYCHUU TOKA, YTO MO3BOJISLIO 00padaThIBaTh TUIOMIAIHU 10 4-5 ):[MZ.

JIns mostyyeHursi HECKOJIbKUX LIBETOBBIX OTTEHKOB B IIpEJEIax OJHOM M30JUPOBAHHOMN
30HBI TOKPBITUS HCIIOJNB30BAJIACh TOIMOJOTHS, OOPa3yMIlyl0 PHCYHOK C COOTHOIIEHHUEM
mmHbel K mupuHe 10:1-100:1. Ilpu sToM Ha ogHY KpaifHIOW 00JIaCTh 30HBI MOJIABATIOCh
BO3pACTAIOIIEe HANPsHKEHUE, MPU BU3YAJIbHOM KOHTPOJIE M3MEHEHHUs I[BeTa (OTTEHKM I[BETa
MEHSIOTCS OT Kpas K Kpaw). Creayer OTMETUTb, 4YTO JIONMYCTHMa TOBTOpHAs
ANEKTpOXUMUYECKass 00paboTKa TOMOJIOTHYECKUX 30H U U3MEHEHHUE I[BeTa 00pabaThiBaeMoil
30HBI TPU TIOBBIIICHMH HANpsOHKEHUS OKcuAupoBaHus. l[BeroBas ramma QopMHUpyeMBbIX
JIEKOPAaTUBHBIX MOKPBITUI YaCTUUHO MpecTaBiieHa B Tadnuie 1.

Tabmuna 1- [iBeta popmMupyeMoro moKpeITHS Ha CTEKIIOMOJO0HBIX MaTepraIax

OKcHIMPOBaHNE TOKPHITHI TaHTaJIa OxcuanpoBaHUe MOKPBITHI ITUPKOHUS
Hampsoxkenue, B | L[BeT mokpeiTUd Hampsokenue, B | [{BeT mokpeiTust
1o 10 Caetno-06exeBblit 1o 5 bexeBblii

15 Kopuunessrit 10 TeMHO-KOpHYHEBBIN

20 30JI0THCTO-KOPUIHEBBIT 15 ®duoneToBbIi

45 Cepo-ronyboBatblit 20 Cunnii

50 Cepo-romy0oii 25 Tomy6oii

60 ["onyGoii 30 Caetsio-romy6oi

75 Cepo-kenToIit 35 Merammueckuit

80 KentoBaTslii 40 CBeTio-XenThlit

85 Kenterit 45 Kenrerit

95 Hacpimeno-xentsii 50 3osoToM

100 3omoToi 55 Kpacno-30m0To0i

105 2KenroBaro- po30BbIit 60 ManuHoBBIH

110 Kento-po3oBsrit 65 ManuHoBO-(pHOIeTOBBII

115 Po3oBbiit 70 ®uoseToBbII

120 SIpKxo- po3oBbIit 75 Cune-(uoneToBbIit

125 ManuHoBBIH 80 W3ympynHbii

130 ManuHoBO- (hHOJIETOBBIH 85 W3ympyHO-3€JIeHbIH

135 TemHo- (uoneTOBBIN 90 3eneHbli

150 ®uoaeToBbII 95 CBeTi0-3eneHbli

155 Cune-(hroneToBbIi 100 Kenrto-3enensiii

170 Cune-romy0oit

180 3eseHoBaThIN

190 W3ympynHbIit

283




CpaBHUTENbHBIE HCCIEIOBaHMS MOKa3ald, YTO MEXaHWYecKas CTOMKOCTb MOKPBITUI
CYIIECTBEHHO 3aBHCENa OT MPEABAPUTEIHLHON HOHHO-TUIa3MEHHONW 00pabOTKH MOBEPXHOCTH U
IPH ONTHMATBHOM Bo3zeHcTBHM mopsyzka 100 ¢ mpu mioTHOCTH ToKa okono 0,1 MA/cm?
aaresMoHHas npoudHocTh Impesblmana 50 MIla 1o wu3MepeHUsIM METOAOM OTpbIBA
IIPUKJICCHHBIX CTAJIbHBIX cTepKHEH. C pocTOM TOJIIMHBI OKCUAHOTO MOKPBITHS Ha0JIt01aeTcs
POCT BHYTPEHHHX HAIPSDKEHHM, YTO HE IMO3BOJSET HCIOJIB30BATh TAKyl0 O00pabOTKy s
MOJTyYeHHUS ABYXCIOWHBIX MOKPBITHH Ha MOJIMMEPHBIX MaTepHUaIax.

XuMH4ecKass yCTOWYMBOCTb IIOKPBITMM K KHCJIOTaM MHOTOKPAaTHO BO3pacTacT C
YBEJIIMYEHUEM  TOJILIMHBI  OKCUAHOro cios. IlokpelTus  A0OMycKarOT — BO3AEHCTBHS
pacTBopuTesiedl, KUCIOT U ILeNo4Yel, MHOTOKPAaTHYI0 OYHMCTKY, MEXaHUYECKHE BO3/EHCTBUSI
KpoMe aOpa3uBHOTIO M3HOCA, MEHSIOIETO BHAYAIE I[BET MOKPHITHA, a 3aT€M MPHUBOISIIETO K
UX TIOJTHOMY UCTHPaHHIO. [IOKPBITHSI JOIyCKAOT TepMUUecKue BosaeicTaus 10 150- 200 °C.
JlanbHelilee NOBBIIEHUE TeMIIepaTypbl IPUBOJUT K POCTY OKCUHOTO CIIOSL.

JlonyckaeTcst KOHTaKT (POPMUPYEMBIX MOKPBITUHM € MULIEBBIMH MPOAYKTaAMH, KpOMe
TOT0, KaK TOKa3aJld HCCICIOBAHUSA, IMOKPBITHSA TOMOJHUTEIHHO MOJHOCTHIO HCKIIFOYAET
BBIXOJ] TSDKEIIBIX METaUIOB (CBUHEI, KaJIMHUi) U3 Tia3ypu Ha moBepxHocTH (apdopa. Leer
IOKPBITUS HE MEHSeTCsd B TEUCHHME JECSITKOB JIET, TaK Kak OH ompezeneH (U3NYeCKUM
s dexToM racsmei uHTepepeHLny, a He XMMUYECKUM KpacuTelleM, pa3pyllarolieMcsi OT
BHEIIIHHUX BO3JIECHCTBHM.

Takum 006pazom, Tpu ONTUMATHHOM MOHHO-TJIA3MEHHOM 00pabOTKEe CTEKIONOJ00HBIX
MaTepHaioB BO3MOXHO (POPMHUPOBAaHME IIBETHBIX JEKOPATHBHBIX IOKPHITMH Ha OCHOBE

TaHTaJIa 1 HUPKOHUSA C PETYIIMPYCEMbBIM IBETOM.

[1] Bepnuu E.B., [dpunun C.A., Ceiinman JI.A. BakyymHass TeXHOJOTHS M OOOPYIOBaHWE JIJIS HAHCCEHHS U
TpaBJeHHs TOHKUX MieHok TexHocdepa, 2007

[2] Ky3pmuueB A. MaraeTpoHHbBIC pacbUINTENbHbBIE cucTeMbl. Kuura 1. Beenenue

B (DM3MKY M TEXHUKY MarHeTpOHHOro pacibuieHus. M.:ABepc, 2008. — 244 c.

[3] Asropckoe ceunerensctBo SU Ne 1565830 Al o1 23.05.90 r. C 04 B 41/06

[4] TatenT PO Ne 2484181 3asska: 2011154694/02, 30.12.2011 omy6a. 10.06.2013 r.
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MPOCBETJISIOIIUE MOKPBITUS COJTHEYHBIX DJIEMEHTOB MAJIOA
TOJIIIUHBI

ANTIREFLECTION COATINGS FOR SOLAR CELLS WITH SMALL THICKNESS

T.JL. Pamxa6os®, A.M. Hazapos?, C.B. Kosemnuxos?, I11.3. Kyp6aH6aeB2
T.D. Radjabov*, A.M. Nazarov?, S.V Koveshnikov?, Sh.Z.Kurbanbaev?

'TVUT, 2. Tawxenm, vi. A.Tumypa, 108, Y36exucman
2TIT V, e. Tawkenm, yn. Ynusepcumemckas, 2,Y30exucman
nazarov_58@rambler.ru, koveshnikov_s@mail.ru

The developed technology for producing antireflective coatings of small thickness for solar
cells with the use of «artificial» dielectrics. Reduced absorption in «artificial» dielectric
three times. Using two-layer coating with a total thickness of about A/6, the same microwave
nonsynchronous resistances transformer. The thickness of the strongly absorbent layer is not
more than A/12.

B npoceTnsomux MOKPBHITUSX JUISI COJTHEYHBIX JIEMEHTOB YMEHBIIICHUE OTPAKEHUS
MPOUCXOIUT BCIEACTBUE MHTEPHEPEHIINU TTy4Yeil, OTPaKEHHBIX OT TPAHMUIl MJICHKA-BO3IYX U
IUICHKA-TIOAJIOKKA. JIJI1 HOpMaNbHOTO MaJieHUs TMOKa3aTellb MPEeTOMIICHHUS MPOCBETISIONIEH
IUICHKH n2 JOJDKEH OBITh pPaBeH KOPHIO KBagpaTHOMY U3 MPOWM3BEACHUS 3HAUYCHUH
nokasarenei npenomieHuss n3 u nl AByX cpel, I'paHMYalUX C IUIGHKOW (IOJAJIOKKA U
MOKPOBHEIA MaTepuan) n2= \(n3*nl). BTOpHIM YCIOBHEM YHHYTOKEHHS OTPAKCHHS
ABJISIETCSL ONpEeJEeTeHHass TOJIIMHA IUIEHKH. Pa3HOCTh Xoma Jiyued A mpu HOpPMajibHOM
MaJicHUd CBETa pPaBHSETCS YABOSGHHOW ONTHYECKOW TONIMHE TuleHKH: A=2n2h2, rme h2-
reoMeTpuuecKasi TOJIIMHA TUICHKU. B3anMHOE yHHUTOKEHHWE WHTEHCUBHOCTU OTPAKEHHBIX
Jydedl TP HOPMAIbHOM TaJCHUH BO3MOXHO, eciam: A=2n2h2=)\/2, orcioma n2h2=\/4.
Pasnocte xoma A MoxeT OBbITh paBHA TaKke TOOOMY IEIOMYy YHCITy A/2, OIHaKO ee
YBEJTUYCHUE TIPUBEIET K YCUJICHUIO CIEKTPAIbHON U YIIIOBOM 3aBUCUMOCTH KOd(hduimeHTa
OTpaKEHHUS. YUYUTHIBasi HEU3MEHHOCTh N2h2 YHHUYTOXXEHHE OTPAKEHUsI BO3MOKHO TOJBKO Ha
OJIHOM JIMHE BOJIHBI.

Hcnonbs3oBaHne MOKPOBHOTO MaTepHasia Jisi T€PMETU3AIlMU COJHEYHBIX AJIIEMEHTOB C
nl = 1,49 (cTekna u Kiesiero KOMIAayH/la) MPUBOJUT K HEOOXOJMMOCTH HCIIOJIb30BAHUS
IUICHOK C TII0Ka3aTeleM IpesoMyeHuss n2 Bbime 2,3, 4TO pe3KO OrPaHWYMBAET KpPYr
BO3MOJKHBIX MaTepuasioB. TpeOyembiii KO3 GUIHEHT TPEeTOMIICHHS MOYKHO TMOTYYUTh TOIBKO
B BBICOKOKQUECTBEHHBIX IUJICHKAX OKCHJA TUTaHA, TaHTana, rapHus, IUPKOHUS, KapOuaa
KpEeMHHsI WM anMma3za. B To ke Bpems [is ciydas HIMPOKOW TOJIOCHl CHEKTPalbHOU
YyBCTBUTEIHLHOCTH, XapaKTEPHOW [T COJHEYHBIX JJIEMEHTOB, WCIOJIb30BaHUE JAXKE
ONTUMAIBHOTO MaTepualia U TOJIIUHBI INIEHKH HE TaeT He0OXOAMMOT0 pe3ysbTaTa.

Pacuiuputh crnekTpaJibHBIA  JHMANMa30H MPOCBETIICEHUS W YMEHBLIUTH  YIJIOBYIO

3aBUCHUMOCTbD I103BOJIAIOT MHOT'OCIIOMHBIE OKPBITUA. Hanpumep, 11 KpeMHUEBOH MTOAJIOKKA
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M TIOKPOBHOIO MaTepuaja C [OKaszareaeM MpeloMieHus no=1,5 onTumanbHas
LIMPOKOIIOJIOCHAsT MPOCBETIIAIONIAs CTPYKTYypa COCTOMT M3 Clos € N1=2,3, ONTUYECKOH
TONIIMHOM A/5 ¥ citost ¢ np=1,7 , ONTUYECKOM TOJIIUHON A/3.

N3BeCcTHO, YTO CYHIECTBYET AHAJIOTHS MEXAY ONTHYECKUMHU MPOCBETIISIOUIUMU
HOKPBITUSAMU U coryacyromumu ycrpoiictBamu CBY. Jlng nunuit nepegaun CBY ocHoBHOIM
XapaKTEpUCTUKOMN SBIIIETCA BOJIHOBOE CONPOTHUBIIEHHE, KOTOPOE AHAJIOTMYHO ITOKA3aTENI0
npenaomiieHusa ontudeckou cpenbl. C Touku 3penust Texuuku CBY Bce paccMOTpeHHBIE BbIIIE
MPOCBETJISIIOIINE MOKPBITUA COOTBETCTBYIOT OJIHO WJIM JIBYXKAacKaJHbIM TpaHcopmaTtopam
CONPOTHBIICHUS HA OTpe3Kax [UIMHHBIX JIMHUH ¢  (PUKCHUPOBAaHHBIM  BOJHOBBIM
conportunenueM. lllupokue wuccrnenoBanus mnpoOaeMbl coryacoBanuss B TexHuke CBY
MOKa3aJl BO3MOXKHOCTh M JAPYIMX PpELICHUW: COIJIaCOBaHHWE C IOMOIIBIO Ienei
COCPEIOTOUYEHHOTO XapaKTepa U COTJIACOBaHKE C MOMOINBIO IUIABHBIX TpaHCHOPMATOPOB Ha
JUIMHHBIX JIMHUAX. Llenu cocpenoToueHHOro xapakrepa Majlo MPUTOAHBI BCIEACTBUE OYEHb
MaJIOM JUIMHBI BOJIHBI ONTHUYECKOTO H3JIyuyeHHUs (pa3Mep CTPYKTYPhl JOJKEH ObITh MHOTO
MEHBIIIE JUIMHBI BOJHBI). OTCYTCTBHE TEXHOJOTHH HW3TOTOBICHHUS B HACTOSIIEE BpPEMs
MPENSATCTBYET UX MOJTYYEHHUIO.

CornacoBanue ¢ IIOMOILBIO AQHAJIOTOB  IUIABHBIX  (9KCIIOHEHLIUAJIbHBIX)
TpaHcOpPMATOpPOB Ha JJIMHHBIX JIMHUSAX BIIOJIHE BO3MOXKHO TexHHuYecku. Jlyig sToro
HE00XO0/IMMO TOKPBITh KPEMHHM TOJCTHIM (TOJIIMHA MHOTO OOJIbILIE JUIMHBI BOJIHBI) CIOEM C
MOKa3aTeseM MPENOMIICHHUS], INIABHO MEHSIOLIMMCS OT I10Ka3aTess IPEJOMIIEHUS TIOKPOBHOTO
MaTepuaia 10 Mmokas3aTels MpeloMIIeHUs: KpeMHus. bosbiias TonmuHa 0oObIYHO MPUBOANUT K
oTepsIM Ha paccesHue U noriouieHne. OJHAKO Takue MOKPBHITHS OYEHb IIMPOKOIOJIOCHBI
CHEKTPAIBbHO U MPAKTUYECKU HE UMEIOT YTJII0BOH 3aBHCHMOCTH KO3(h(UIIMEeHTa OTpaXKeHUS .

OHu Moryr OBITh BECbMa IEPCIEKTUBHBI MPHU YCIOBUU pa3pabOTKH TEXHOJIOTHU
MOJIy4EHUS TPO3PAYHBIX CPENl, COACPXKAIUUX HAHOPA3MEPHBIE METAUIMYECKHE KJIacTepsl B
pa3IMYHON KOHIEHTPALMH, YTO MPUBOJUT K COOTBETCTBYIOIIEMY U3MEHEHHNIO 3((EKTUBHOTO
IOKa3aTessl TIpejaoMIIeHHs IuieHKW. Takme cpensl B TexHuke CBY  HazbBaroTcs
«HCKYCCTBEHHBIMM» AUDJIEKTPUKAMHU.

O¢ddexkTuBHBIA MOKa3zaTeNb MPEIOMJICHHUS IUIEHKM MOXKHO MEHATh B Ipoliecce
PEaKTUBHOTO HAINbUICHUS HEKOTOPBIX METAJUIOB (THUTaHA, TaHTalla), U3MEHsS] KOHIIEHTPAIUIO
kuciopona. Ilmenka oxcuaa Takxke OylneT colep)kKaTh HAHOPAa3MEpPHbIE MeETaNInYeCcKue
KJIACTEphl B pa3jIMYHOM KOHLEHTpauMu. [JaBHBIE TPYAHOCTM HOBOrO TNOAXOJa K
IPOCBETICHUIO — OOJblIas HeoOXOoJuMas TOJNIMHA TUIEHKU. TONIIMHBI JOJKHA OBITH HE
MeHee 2-3 JUIMH BOJIH, YTO MPUBOAUT C 3HAYUTEIBHOMY MOIVIOLIEHUIO B «MCKYCCTBEHHOM)

JUDJICKTPUKE MPOCBETIAOMICTO CII0A.
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Pa3paboTka TEXHOJOTMH MOJYYE€HUS «HMCKYCCTBEHHOTO» ITUAJIEKTPUKA ONTHUYECKOTO
quana3oHa B BHUJE CIOS C METAUIMYECKHMMHM HaHOKJIAacTepaMH OTKPBIBA€T HOBbBIE
BO3MOXXHOCTH IIPH Pa3pabOTKe TPaJAUIIMOHHBIX HHTEP(HEPEHIIMOHHBIX TOKPHITHH.

Tak Kak MJIeHKa OKCHJIa MOXKET CO/EP)KaTh HaHOpPa3MEpHbIE METAIIMYECKUE KIIaCTEePhI
pa3HOro pasMepa M B Pa3IU4YHON KOHIEHTPALWHU, TO MOSBISETCS BO3MOXKHOCTH IUIABHOTO
M3MEHEHUs MOKa3aTesl MPeJoMIICHHs, a JUara30H MoKa3aTele MpeoMIIeHUs 3HAYUTEIbHO
pacuupsieTcss B CTOPOHY OoJibIIMX 3HadeHHuil. HekoTropoe moryomienre B «MCKYCCTBEHHOM))
JTUDIIEKTPUKE BUIUMO OyJIET MaJIOCYIIIECTBEHHO BBUY HEOOJBIION TOIIIHUHEI cTIOEB (A/4).

3HAYUTENHHOTO YMEHBIICHHUS MOTJIOIEHHUS B «HMCKYCCTBEHHOMY JTUAJIEKTPUKE MOKHO
JOOUTHCS, UCIIONIB3Ys JIBYXCIOMHBIE MOKPBITUS OOIIeH TONIMIMHON OKOJIO A/6, oOpasyroiue
u3BecTHbI 13 CBU TeXHUKH HECMHXPOHHBIH TpaHchopmaTop compotusienuit [1]. B takoi
KOHCTPYKLIMU TOJIIIMHA CHJIBHO TOTJIOIIAIOMIETO cjosg He Oosee A/12, w moriomeHue
YMEHBIIAETCS B TPH pasza. Takoil TpaHchopmarop, MpUBEACHHBINA Ha pHUC.l cOCTOUT U3 ABYX
CEKUUH, COMPOTHUBIICHUS KOTOPBIX PaBHBI COMNPOTHUBICHUSM (BXOJHOTO M BBIXOJHOTO-
BOJIHOBO/IOB). JlMHA Bcero TpaHchopmaropa cocTaBisieT MeHee 1/6 JUTMHBI BOJHBI, a €ro
XapaKTEepUCTHKA NPUMEPHO Takas ke, KaK M y OIHOCEKI[MOHHOTO YEeTBEPTHBOJIHOBOTO
Tpanchopmaropa. OCHOBHOE MPUMEHEHHE ITOT TpaHC(HOpMATOp HAXOAUT B CIIydasx, KOTAa

TPYAHO U3I'OTOBUTH JIMHUIO C IIPOU3BOJIBHBIM COIIPOTUBIICHUCM.

e L —f L
A I S

I 2

Z1 Z1
Puc.1. HecurxpoHHBIH TpaHchopMaTop

[nsg  co3pmaHus TEXHOJIOTMM IIOJY4YEHHUS IUIEHOK C PEryJUMpyeMbIM IIOKa3aTelieM
MPEJIOMJIEHUSI HaMH OBUIM TPOAHATU3UPOBAHBI BO3MOXKHOCTH Ta30pa3psiAHBIX U JIPYTHX
BAaKyYMHBIX METOHOB IMOJIYYEHUSA MTPO3PAYHBIX MIIEHOK IIUPOKO3OHHBIX MOIYIPOBOJHUKOBBIX
MaTepuaioB C MTPUMEHEHHEM CYIIECTBYIOIIETO O0OpYAOBaHUS BaKyyMHOTO HalbLUICHUS.
Briznenensl Tpyu BO3MOXKHBIX HAIlPaBJICHUS:

Hanecenne anma3omol0O0HBIX MOKPHITUH Ha KPEMHHUEBBIE CTPYKTYPHl B BaKyyMe C
WCIIOJIb30BAHUEM HCTOYHMKA HOHOB C XOJIOJHBIM KaTOJAOM M pabo4yux BEMIECTB THIIA
OPraHMYEeCKHX pacTBOpUTENICH. MeTarnyecKkne KJIacTepbl HANTbUISIOTCS TEPMUYECKHU.

Hanecenne mokpeITMH TUIIA OKCUIAOB M OKCUHUTPUIAOB TUTAHA, LIUPKOHUSA, TAaHTaJA
tonumHo 0,05-1 MKM ¢ MeTajuIMYeCKMMH HaHOKJIAcTepaMH C TOMOIIBIO I(PHEKTUBHBIX
YCTPOMCTB MarHeTPOHHOTO PACHbUICHUS] B COYETAHUU C UCTOYHMKAMU HOHOB JJi1 00pabOTKH

MOBEPXHOCTU U PEAKTUBHOIO OocaxkaeHusl. Cxema yCTaHOBKM MOKa3aHa Ha puc.l. Hanecenue
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OKCHJTHBIX TIPOCBETIISIONMINX MOKPHITHH MeTa/uIoB Kak TuTaH (craB BT-1-00) wim nupronuit
(crutaB D-110) B cpeme apron-kumciaopon [2]. JlaBiaeHHWe yCTaHABIMBAIOCH ITyTEM
HE3aBUCHMOI pEryJUpOBKM HaTeKaTeslel Tra3oB IO IOKa3aHusAM Bakyymmerpa BUT-3.

JaBnenue kucnopona cocrapisio 15-20% ot gaBieHus aprosa.

Puc.1. Cxema ycranoBku (1-koprmyc paboueii Kamepsbl, 2-yCTPOMCTBO MATHETPOHHOTO
pacnblIeHus, 3-UCTOYHUK HOHOB C XOJIOJHBIM KaTo0M, 4-yCTpOHCTBO TEpPMUUECKOTO UCTIApEHHUS, 5-
OCHACTKa).

Hanecenne nokpbITU IPOBOJAMIIOCH MIPU «CTAPTOBOM» CTENIEHU BAKyyMa HE MEHee 1072

Ila npu nasieHnn pabouero rasa Ar+0, (2,0-3,5 )-10™ Ia ¢ npexapurensHON 06paGOTKOl
MOBEPXHOCTH 00pa3IOB HMCTOYHHUKOM HMOHOB WM 0€3 TpeaBapUTEIbHONH 00pabOTKH.
[TpenBaputenpHas 06pabOTKa OCYLIECTBIAIACH B PEKUME BO3JACHCTBUSA Ha 00paslibl MOTOKA
MJIa3Mbl IPU HANIPSKEHUH pazpsiga 10 4 kB u Toke pazpsga 10 100 MA.

Pacnibuienne katonoB ((hopMHpOBaHHE MOKPBITHI) OCYIIECTBISIIOCH B CIIEIYIOIIUX
pexxumax: JlaBienue pabouero rasza- (2,0-3,5 )-10'1 [Ta, Hanpspkenne Ha OXJIaKIaeMOM
katonie- MuHyc 420-5200 B, Tok pa3pspa npu pacnbuieHuu- 2,5-3,5A. Bpems ocaxnenus
HOKPBITUSL Ha 00pa3ipl- oT 3 10 20 MuHyT, PaccTosiHMe KaToJ- Bpallaromascss OCHACTKa ¢
ob6pasuamu- 100-150 mm, Temneparypa o6pasios npu o0padoTke- He Goee 150 °C.

CKopoCTh OCaKACHUS MOKPBITUI T1, ZI' TIPU pacTbJICHUU YUCTHIM aprOHOM COCTaBJIsLIa
3-4um/c. IIpn oca’kaAeHUU OKCUAOB CKOPOCTh OCAXKJEHMS Majana a0 3HaueHui nopsaka 0,5-
0,7aM/c. PaBHOMEpPHOCTb HaHECEHMs MOKPLITUH 1o miomamu obpasua 100x100mMMm
cocTaBisiia mpuMepHo 5-8%. B 3aBucHMOCTH OT pexuma HambUIeHHS W 00pabOTKH COCTaB
IJIEHOK KOJ1e0ascsi OT YUCTO METANINYECKOM 1O OKCUa.

DJUMIICOMETPUYECKUM METOAOM HM3MEPSUIMCh TOKA3aTeNId MPEJOMJICHUS W TOJILIMHA
IUIEHOK Ha KPEMHUEBOM U CTEKJIIHHON Mo utoxkkax. [logoOpaHbl pexXxuMbl HalIbUICHUS CIIOEB €
nokazarermsimu  nipenomiierns 1,49 w 3,9, TlomydeHbl JBYXCIIOWHBIE TOKPBITHS C
koa(urmenTom orpakeHus He 6osee 2% Ha nuuHe BOTHBI 0,6328MKM.

1. Marreit J.JI., Sur JI., Jxonc EM.T. @unetpel CBY, cornmacyroomue Hend W IENd CBS3H, MEPEBOJ C
anrnumiickoro JI.B.Anekceesa, ®.B.Kymnupa, M.: Cssi3b, 1971.
2. Radjabov T.D., Kamardin A.l., Nazarov A.M.,Sharudo A.V. Production of metal coatings by a method ion

assisted deposition, 16 —th International Conference on lon Implantation Technology, Marselle, France, June 11-
16,2006.
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W3MEHEHHUE ITIOBEPXHOCTH BOJIb®PAMA ITPH OBJ1YYEHUH
BOAOPOJHOMU IIJIASMOU

CHANGE THE TUNGSTEN SURFACE UNDER IRRADIATION BY HYDROGEN
PLASMA

b.K. Paxagunos, M.K. Ckakos, XK.b. Carnonnuna, T.P. Tynen6eprenon
B.K. Rakhadilov, M.K. Skakov, Zh.B. Sagdoldina, T.R. Tulenbergenov

Hayuonanvnuiii soepuwiii yenump Pecnyoauxu Kazaxcman, 2. Kypuamos, Kazaxcman,
rakhadilovb@mail.ru

Changes in the structure and erosion of the surface of tungsten under irradiation with

hydrogen plasma are investigated. It is shown that upon irradiation on the surface, a

change in the surface is observed as the development of the relief as a result of

inhomogeneous etching of the surface. It has been established that as the temperature
of the target and the energy of plasma ions increase, the degree of erosion of the
surface of tungsten

Hpoueccm HOBPCIKACHUA ITOBECPXHOCTHU MATCpHUAJIOB IIpHU BOSI[CfICTBI/IPI IIOTOKOB
IJ1a3Mbl OIMPCACIIAIOTCA, MPEKAC BCCTO, TGHJIO(i)I/I?;I/I‘{eCKI/IMI/I CBOMCTBAaMH CaMOI'0 marcpualia,
a WMEHHO: KO03(p(PHIMEHTOM TEeMIIepaTypolpOBOJAHOCTH, TEMIIEpaTypaMu IUIABICHUS H
KHIICHUA. O,I[HaKO CYHICCTBYIOT U 3HAUYUTCIIbHBIC PA3JINYNs, BbI3bIBAEMbIC IIUPOKUM (1)pOHTOM
BOSI[GIZCTBI/I)I, 3aBUXPCHUSAMU IIOTOKA Ha HEPOBHOCTAX U BBICTYIIAX 06J'Iy‘IaGMLIX ,Z[eTaJ'Ieﬁ u
y3JI0B, a Takke 3PQPEeKTOM BHEIPCHHS MOHOB IUIa3Mbl B MarepHal. Bce 3TO MPUBOAHUT K
9pO3UH, 00pa30BAHUIO CHENM(PUIECKUX MOBEPXHOCTHBIX CTPYKTYpP M MOAM(DHUIMPOBAHHOTO
npunoBepxHoctHoro cnosi [1]. Tlpu 3ToM, XapakTep 3pO3MH MaTepHajoB CYIIECTBEHHBIM
06pa30M 3aBUCUT OT pa6oqer0 Auaria3oHa TeMIieparyp U mapaMeTpoB INIA3MEHHOTO ITy4Ka.
[ToaToMy menbi0 Hactosmed padoThl OBLUIO HCCIAEAOBAaHHUE OCOOCHHOCTH W3MEHEHUS
MOBEPXHOCTU BOJb(ppaMa B 3aBUCUMOCTH OT TEMIEpPaTypbl MUILIEHU U SHEPTUHU IJIA3MEHHOTO
y4Ka Mpu 00Jy4eHUH BOJIOPOTHON TIIa3MOM.

B cooTBeTCcTBHHU ¢ HOCTaBICHHBIMU 3agadyaMi B Ka4C€CTBEC 00BeEKTa HCCIIC0BAaHUA ObLI
BbIOpaH Bonbppam Mmapku BY, ¢ ydeToM wHHTepeca K NPUMEHEHUIO O3TUX MapoK B
TepMosiepHbIX cucTemax. OOpasipl B BUAC MIIMHApPA AuamMeTpoM 10 MM U BBICOTOH 5 MM,
OBLIHN BBIPC3aHbI HA DJICKTPOIPO3MOHHOM CTAaHKE. Hepen 06J1y‘{eHI/ICM o6pa3u1:1 I.LIJ'II/I(I)OBaJII/I u
noaupoBanu. O6pasiel 00Iydanuch BoJOpogHON miua3mMoii B Teyenne 180 munyt. Ilpu stom
BapprpoBaNIKCh Temneparypa MumeHd oT 700 no 1500°C u sHeprus miasMeHHOTO Mydka OT
1,5 no 2 x3B. Bo Bpems o0myueHus: AaBiieHHE B KaMepe COCTABUIIO 2x107® Top. B kauectBe
pabouero ra3a UCIOIb30BaJICS BOJOPOA 0COO0N YUCTOTHI.

OO6myuenne 00pa3lioB BOJOPOAHON TIa3MO OBUIO TPOBEAEHO HAa YCTAaHOBKE

IJIa3MCHHO-ITYYKOBOT'O pa3psdaa [2] CxeMaTuueckoe I/I306pa)KeHI/IC YCTAaHOBKHU NPUBCACHO Ha
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pucynke 1. [Ina3MeHHast ycTaHOBKA MPEACTABISIET COOOM TEHEPATOP CTAlMOHAPHOM TIJIa3MBl,
B KOTOPOM JUUISI ITOJTYYSHHSI T1J1a3Mbl HCIIOJIb3YETCS MTyYKOBO-TUIa3MEeHHBIN paspsi. [lapamerpsl
IUTa3Mbl  U3MEPSUTMCH  DIIEKTPUYECKUM  30HAOM JIeHrmiopa, pa3MelieHHbBIM B 30HE
B3anMOJieiicTBHS. KOHTPOIb Cpellbl B TOJIOCTH KaMephl B3aUMOICUCTBUS OCYIIECTBISIICS MTPU
MTOMOIIX KBaJpyIHoJIbHOro Macc-criekTpomerpa CIS-100.

30HA, JleHrmiopa

MNopaua
MnasmonprmeMHuK
pabouero rasa
aHog, l >
MULUEHb I
I
- AM3¢DaFMbI\ g
I Y — = S
LT e, e :
> 1 L g
I Pa3pagHas 30Ha P> S
g
x
3oHa
\ / B3aMMOJEeNCTBUA

KaTog,
3n6KTpOrwaI'HVITHbIe KaTyLwWwKun K MaccC-CNeKTpomeTpy

100 mm

Pucynok 1- Cxemarndyeckoe n300pakeHre TIa3MEHHOW yCTaHOBKH

DOpo3usi TOBEPXHOCTH BOJb(ppama OIEHHBAlIach H3y4YeHHEM Tomorpapuu u
MUKPOCTPYKTYpPBI MMOBEPXHOCTH, & TAK)K€ B3BEIIMBAaHHEM OOpAa3IOB /10 U Mocie 00IydeHHs.
HccnenoBanre MUKPOCTPYKTYPBI 00pa3IioB Bosib(hpama 0 U MOCiIe OOIyYICHUS TPOBOIHIN
npu noMomu ontudeckoro Mukpockoma OLIMPUS BX41M u pacTpoBOro 3jaeKTPOHHOTO
mukpockomna (POM) JSM-6390. Tonorpadust 1 mepoxoBaTocTh MOBEPXHOCTH H3y4aIHCh Ha
TpEeXMepHOM OECKOHTAKTHOM Ipoduiomerpe «Micro Measure 3D Station».

Ha pucynke 2 mnoka3aHa MHMKpPOCTPYKTypa MOBEPXHOCTH BoJb(pama, 0OIydeHHas
BOJIOPOJIHOM TIa3MOM IpU pa3HbIX TemIiieparypax. Bunno, uro npu obmydenuu npu T=700°C
Ha TIOBEPXHOCTH HAOJIIO/IaeTCsl M3MEHEHNE MTOBEPXHOCTH KaK Pa3BUTHHU penibeda B pe3yibTare
HEOIHOPOJHOTO TPaBJEHUsI MOBEPXHOCTH. OOpa3yroImuiics penbed COCTOUT M3 XAOTHUECKH
PACHONIOKEHHBIX BBICTYNIOB M BHAJUH pa3iuyHblXx ¢opMm. [Ipu 3TOM cTeneHb H3MEHEHHs
penbeda W CTPYKTYphl TOBEPXHOCTHOTO CJOS OOJYYEHHBIX OOpa3IOB 3aBUCUT OT
TeMIiepaTypbl ob0iydeHus. Metamorpaduuecknii aHaM3 TOKa3all, YTO TMPU OOIYyICHHUH
obpasioB Bonbdpama nmpu T=1000°C u 1500°C creneHp pa3BuTHs penbeda HEBBHICOKAs IO
cpaBHeHHMIO C oOpasiom Bonb(dpama, obOmydeHHbix mpu T=700°C. B »Tux o0pa3max
HaAOJII0IAI0TCA MEJKHE TPEIIMHBI, NIPU 3TOM C pocToM Temrepatypsl A0 1500°C pasmep u
KOJIMYECTBO TPEIIHH YBEINIHBAIOTCS.

C uenpio BBISIBIGHUS BIUSHHUS DSHEPrUM MOHOB BOJOpPOJAa HA HPO3UI0  ObUIH

uccleIoBaHbl 00pa3ibl Bodabppama, obomyuennsie npu T=1000°C c sueprueit nonos 1,5 u 2
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k3B. Ha pucynke 3 mpencraBnensl mMopdoyiorus MOBEpXHOCTH 00pas3ioB. Bumno, uTo C
YBEJIMYEHUEM SHEPrUl HMOHOB HAOI0/IaeTCs yBEJIMYCHUE cTerieH: pa3pyienus. [Ipu stom npu
YBEIIMYCHUU SHEPrud 10 2 K3B yBenmuumBaeTcs pasMep TpEIIMH, HAOII0JaeTCs pa3BUTHE
penbedpa B pe3yabTaTe HEOTHOPOAHOTO TPABJICHUS TOBEPXHOCTH. Takum oOpa3zoM, Ha
MOBEPXHOCTU OO0pa3yrOTCsl BBICTYNBI M BIAJAMHBI, MOBTOpstouiecs (opMy KpPUCTALTUTOB.
HeonmnoponHoe TpaBieHHe STHX KPUCTAUIUTOB, BUAMMO, CBSI3aHO C HX Pa3IUYHOM

OpUEHTAIIUEH.

Pucynok 2 - MUKpOCTpYyKTypa MOBEpXHOCTH BOJIb(ppama, 00IyUIeHHBIX BOJIOPOIHON IUTa3MOM IpH
T=700°C (a), T=1000°C (6) u T=1500°C (B)

Pucynok 3 — POM-u300pakeHue moBepxHOCTH 00pa3iioB Boib(pama, 00JyYSHHBIX BOIOPOIHOM
miazmoit mpu T=1000°C c sueprueit nonos 1,5 (a) u 2 k3B (6)

PesynbraThl MccnenoBanus oOpas3lloB HA ONTHYECKOM MPO(UIOMETpe MOKa3alid, YTO
mociae OOJydeHHs] BOJOPOTHOM ITUIA3MOH W3MEHSETCS IIEPOXOBATOCTh ITOBEPXHOCTH B
3aBHCUMOCTH OT TeMITepaTypel o0JiydeHus. HauOomblllee yBEIWYEHHE MICPOXOBATOCTH
R,=0,0623 mxMm nHaOmomaercs B oOpasiax, oomyueHHbIX mpu T=1500°C, uyTo cBsi3aHO C
0o0pa30oBaHWEM MEJKHX TPCIIMH Ha I[OBEPXHOCTHOM cjioe. HaumeHblllee W3MECHEHHE
miepoxoBatoctd R,=0,0377 MxMm HaOmomaercs B oOpasmnax, odnydeHHsx npu T=1000°C. Otu

pe3ybTaThl XOPOIIO COTJIACYIOTCSI C pPe3yJbTaTaMH METaIOrpaguyeckoro aHaiu3a. JTH
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JaHHbIE [IOKAa3aJld, 4YTO MNpu OOJIy4eHHH BOJbppamMa BOJOPOIHOMN IMJIa3MOH OCHOBHBIM
penbedoolOpa3yomuM MEXaHU3MOM  SBJIETCS pACHbUICHHE TOBEPXHOCTH, U HIPO3UL
XapaKTEepU3yeTCsl TEPMUUECKUM TPaBJIEHUEM IIOBEPXHOCTH.

Opo3un 00pas3oB BoJb(ppama, TakKe, OLEHHUBAIM METOJOM B3BEIIMBAHHS 00pa3lioB
1o 1 nociie obmyuenusi. Ha pucynke 4 nmokaszaHbl 3aBUCUMOCTB IIOTEps Macchl BOJb(ppaMa OT
pexxuMa O0JIydeHHsS BOJIOPOAHOM I1a3Moil. BHIHO, 4YTO C TOBBIIEHHEM TEMIIEPaTypbl
00Jy4eHHs] CTENEHb PO3UM YBEJIMYUBAETCS, YTO B IOJHE 3aKOHOMEpHO. M3BeCTHO, 4TO B
ciydae 0OJy4eHHUs] METAJUIOB U CIUIABOB IJIa3MOM WHEPTHBIX Ta30B MPHU TEMIEpaTypax BbIIIE
TEMIIEpaTypbl OTKHUra 3JIEMEHTAapHBIX Je(PEKTOB, CO3JaHHBIX OO0JyuyeHHEeM, (HOPMHUPOBAHHE
penbeda MPOUCXOAUT, B OCHOBHOM, Onarofaps pacHbUICHHIO MOBEPXHOCTH 3a CYET

KUHETHYCCKOU OHCPIUr MOHOB 110 KACKaTHOMY MCXAHU3MY [3]

19
=W (U =-15008)

17

15

= W (U = -20008)

13

11

MoTepa maccol, Mr

= W N0

700 1000 1500
Temnepatypa muiuenm, °C

Pucynok 4 - 3aBHCHMOCTB TIOTEPS MacChl BOJIb(ppamMa OT TeMITepaTypbl 00IyUeHHsI BOAOPOTHON
I1a3MOH

Takum 00pazoMm, YCTaHOBJIEHO, YTO NMpPH OOJYYEHHUH HA MOBEPXHOCTH HAOIIOAaeTCs
U3MEHEHHE MOBEPXHOCTH KaK pa3BUTHUH peibeda B pe3yibTaTe HEOJHOPOIHOTO TpaBIICHHUS
MOBEPXHOCTHU. [TommydeHHbIe pe3ynbTaThl NOKA3aJIH, YTO C YBEIIMYEHUEM TEMIIEPATypbl MUILICHU
U DHEPrMM MOHOB YBEIMYMBACTCS CTENEHb JPO3MM IOBEPXHOCTH. B cumiy cBoux
TETUIOPU3NYECKUX CBOMCTB 3aMeTHasi 3po3usl BoJb(ppaMa B pe3yibTaTe 00JIyuyeHHs] MOTOKAMU

IJIa3MbI HACTYIIACT TOJILKO IIPH OTHOCUTCIILHO BBICOKUX TEMIICPATYpPaX MUILICHU.

1. Tlozusk WU.M., Kmumos H.C., IlogxossipoB B.JI. u mp. - BAHT. Cep. TepmosnepHsrit
cunres, 2012, Beim. 4, ¢ 23-33

2. Investigation of plasma-surface interaction at plasma beam facilities / V. Kurnaev,
A. Kolodeshnikov, T. Tulenbergenov, | Sokolov // Journal of Nuclear Materials.— August 2015.— Vol.
463. — P. 228-232

3. berpambekoB JI.b. Moaudukamus moBEpXHOCTH TBEPABIX TEJ MPH HOHHOM M IJIAa3MEHHOM
Bo3jeiicTBun. Yuebnoe mocodue. M: MUDU, 2001. -34 c.
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NOHHO-IIVTIASMEHHOE A3BOTUPOBAHUE U KAPBOHUTPAIIUSA B IIJIASME
TJEIOIIEI'O BY-PA3PAIA

ION-PLASMONIC NITROGENATION AND CARBONITRATION IN THE PLASMA
OF A GLOW HF-DISCHARGE

C.B. Tomunun, B.H. bepxxanckuii, A.H. [llanomnaukos, O.A. Tomununa
S.V. Tomilin, V.N. Berghansky, A.N. Shaposhnikov, O.A. Tomilina

! HUL] @ynxyuonanvuvix mamepuanos u Hanomexroao2uil, Quzuxko-mexHuueckuil
uncmumym, Kpoimcxuii gpedepanvhwiii ynugepcumem um. B.U. Bepnaockoeo,
npcn. Bepnaockoeo 4, 2. Cumghepononv, P@ Pecnyoauxa Kpovim, 295007,
e-mail: tomilin_znu@mail.ru;

In this paper, we representative a method of surface hardening on products
from special and constructional steels by the method of ion-plasmonic
nitrogenation and carbonitration in the plasma of a glow HF-discharge. The
described method belongs to the class of thermo-chemical processing
methods, but it has a lot of advantages in comparison with available
analogues.

OpnHol M3 BaKHBIX M MPUOPUTETHBIX 3a1a4 COBPEMEHHOW TSKEION IMPOMBIIITIEHHOCTH
SIBJISICTCS MOBBIIIEHUE KCIUTYyaTallMOHHBIX XapaKTEPUCTUK U CPOKa CIYXKObl MPOU3BOAMMBIX
JneTtaned 1 MexaHu3MoB. YacTMyHO MOJOOHBIE 3a/aydl PELIAKOTCS METOJIaMU TEPMHUYECKOMN
00paboTKH TOTOBBIX W3Aenuil. OJHAKO CYHIECTBYIOT 3a/a4d, Ui KOTOPBIX TEpMUYECKas
0o0paboTka 1100 HE IMO3BOJSET JOCTUYb TPeOyeMbIX MapaMeTpoB, JUOO HENpPUMEHHMA IO
omnpenencuuio [1].

AnbTEepHATUBON  TepMHUYECKON  00pabOTKe SBJISIOTCS  METOAbl  MOAM(PHUKALUU
MOBEPXHOCTU u3enuil. B psge cinydaeB Takyro MoOAu(UKAIMIO BO3MOXHO BBIIOJHUTH
MOCPEJICTBOM HAaHECEHUS YIMPOUHSIOMUX JTMOO0 3aIIUTHBIX MOKPHITHHA. [10100HbBIE MOKPHITHS
HAHOCAT pa3IMYHBIMH (PU3MUECKUMH M XMUMHUYECKMMHU crocobGamu. [l ympodyHEHUs
MOBEPXHOCTU HauOOJbIlIEe PaclpoOCTpaHEHHE MOIYUHIIN MOKPBITUS U3 Pa3IMYHBIX OKCHJIOB,
HuTpua0B U Kapouaos (SiO, u Al,Os, TiN u BN, SiC u WC u 1.1.). O1HakO OCHOBHBIM
HEJOCTaTKOM TaKUX IOKPBITHM SIBISETCS BEPOATHOCTh MX «OTIUENYIIMBAHMS» BCIEICTBHUE
BO3HMKHOBEHUS MTOBEPXHOCTHBIX HaNpsDKeHUI Ha MHTepdelice MI€HKa-u3aenue B mnpouecce
AKCIUTyaTaIiH.

Vka3aHHBI ~ HEHOCTATOK  MOXET ObITh  YCTpaHEH  MOCPEACTBOM  CO3IaHUS
YIIPOYHSIOIIEr0 IMOBEPXHOCTHOTO CJIOSI HEMOCPEACTBEHHO B O0BEME €aMOro W3/AemHs.
[TogoGHBIE TEXHOJIOTHH PEATU3YIOTCS, KaK MPABUIIO, ABYMsSI OCHOBHBIMH criocobamu. IlepBriit
OCHOBaH Ha MMIUIAHTAllMU B MOBEPXHOCTh YCKOPEHHBIX YACTHIL JIETUPYIOIIEr0 KOMIIOHEHTA,

BTOPOIl 3aKJIIOYaeTCsl B JIETUPOBAHUU 3a CYET TEPMOAKTHUBUPOBAHHON nuddysuu, a Takxke
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BO3MOYKHO COBMEIIICHHE 000X MEXaHH3MOB B OJJHOM ITPOM3BOICTBEHHOM IuKJie. [Ipu Takoi
00paboTKe B MOBEPXHOCTHOM CJIO€ 00pabaThIBAEMOTO HW3JEIUsS O0Pa3yrTCSd XWMHYECKHE
COCMHEHUSI OCHOBHBIX KOMIIOHEHTOB MaTepHaja H3AeHs C JIETHPYIOUIUM JIEMEHTOM, YTO
OPUBOIUT K YIOPOYHEHUIO JAHHOTO CJIosi. HachllieHne MOBEPXHOCTH KHCIOPOJIOM
(OKCHUAMPOBAaHUE) MPUBOIAUT COOTBETCTBEHHO K OOpPa30BaHUIO OKCHJIOB, HACBHIIICHUE a30TOM
(a3oTHpoBaHKE) — K 00OpPa30BaHHMIO HUTPHJIOB, YIJIEPOJIOM (IIEMEHTAIus) — K 00pa3oBaHUIO
kapOunoB. [IpuMeHsieTcss TakKe OJHOBPEMEHHOE HACBHIIICHUE ITOBEPXHOCTH a30TOM H
yIJIEPOJIOM — KapOOHUTpauus (MHOTJa HUTporeMeHTamws) [2,3].

HonHo-1u1a3MenHasi o0paboTka sIBISETCS CMEUIAHHBIM CIOCOOOM JIETMPOBAHUS, TPHU
KOTOPOM OJIHOBPEMEHHO MPOMCXOUT U UMIUTAHTAIMS, U TUPPY3Hsl JISTHPYIOLIETO 3JIEMEHTA
B [IOBEPXHOCTh 00padaThIBaeMOro u3eius. B 1aHHO# paboTe MPUBOJUTCS OMMCAHUE METOJIA
MOHHO-TJIA3MEHHOTO a30TUPOBAHMS M KapOOHUTpaIu B 1iazMe ieroiiero BU-paspsiaa.

Ha puc. 1 moka3ana cxema yCTaHOBKH ISl pean3aniyl HoZ00HOTro MeTo1a.

(5 BY
1 i __ | T'eneparop
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C 2
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Puc. 1 — Cxema BakyyMHOlI yCTaHOBKH I PEAIM3ALIMNA METO1a HOHHO-TNIA3MEHHOTO
A30THPOBAHUS U KapOOHHUTPAILIMU B I1a3Me Tieromero BU-paspsna.
Fig. 1 — Scheme of the vacuum machine for realization the method of ion-plasmonic

nitrogenation and carbonitration in the plasma of a glow HF-discharge.

Bonooxnaxnaemas KaMCpa YCTaHOBKH 1 cocrout u3 ABYX YacTel: HWKHEU «Jamimy»,

3aKpETUIEHHON Ha CTAaHWHE 2, U BEPXHETO KOJIaKa, COUIEHEHHOTO C JIEKTPO-MEXaHUYECKUM
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noasEMHUKOM 3. B kamepy depe3 AMAIEKTpUUECKHE T€PMOBBOIbI BBOJIATCS JIBa dJIEKTpoa 4
C IJIOCKUMH KPYTJIBIMU KOHIIAMU TUIIA «Tapesika» s Bo30ykaeHus Tieromero BU-paspsna.
BbIX0HBIE KOHTAKTHI JIEKTPOJIOB MOJIKIIIOYAIOTCS K UCTOYHUKY NMUTAHUS BBICOKOW YaCTOTHI
(~ 13,5 MTI'r). OGpabaTeiBaeMble ETAIH S5 pPaCIONIararoTCs Ha MPOBOJAIIEM JepiKaTelie B
HEHTpe pa3psaHoi obmacTu. [ ocyliecTBIeHUS KaTOAHON YUCTKH U (DOKYCUPOBKH ILJIA3MBbI
Ha JepKarenb C JAeTals MU MOJAETcsl OTPULIATEIbHBIA MOTEHIMAT OT CHJIOBOTO MCTOYHMKA
ocTostHHOTO AnekTpudeckoro nois (MIIDIT). s obecnieuenns r¢dextuBror nuddys3un 3a
CU€T TEMIEepaTyphl U3/ICTUS, IepKaTeb OCHAIIEH JOMOJHUTEIBHO TIHAMHU.

OTtkayHas cuCTeMa BaKyyMHOUM KaMephl IBYXCTYIIEHYATas U COCTOUT M3 MEXaHUUYECKUX
MJIaCTUHYATO-POTOPHBIX HacocoB 2HBP-5/IM (mpousBoaurensHocThio 5 51/c) 1 2HBP-60AM
(mpouzBoaUTENHHOCTHIO 20 J1/C), CHUCTEMBI KJIAlIaHOB M CHCTEMbI KOHTPOJIIS YPOBHS Bakyyma
Ha 0Oa3ze TepMO-MaHOMETpUYEeCKUX TNpeodpaszoBateneii [IMT-2. Jlo3upoBaHme W HaIycK
pabounx razoB (Ar, N, CO,) B kamepy OCYHIECTBISIETCS TPEXKAHATBLHOW aBTOMATHYECKOM
CUCTEMOH HalyCKa Ha KBapIEBbIX TbE30HATEKATEIAX.

Takas koHbuUrypauus aéT psg TEXHUUYECKUX mpeumyinect. Tak npumenenue BY nons
MO3BOJIICT CO3/aTh TICIONIMI TUIA3MEHHBIN pa3ps, MPU 3TOM JTUCCOLHUAIUS W WOHH3AIUSI
mottekynn Ny u CO; mpoucxoaut 6osee 3pGEeKTUBHO U TIPH 3HAYUTEILHO MEHBIIINX 3aTpaTax
sHepruu. [IpuMeHeHHe MOCTOSHHOTO SJIEKTPUYECKOTO IMOJIs, OTPUIATENbHBIN MOTEHIIUAT
KOTOPOTO TMPHKIAJbIBACTCS HEMOCPEACTBEHHO K 00pabaThbIBaeMOMY H3JAEIHUIO, MO3BOJISET
dbokycupoBaTh IUIa3My W CO3/1aBaTh YCKOpEHHE HOHOB 1Jsi d(PdeKTuBHOM 00pabOTKH
noepxHocte wmsnenus. [Ipu 3Tom HesaBucuMocth BU-paspsna u yCKOPSIOIIETO MMOJsA
MO3BOJIIET PETyIUPOBATh PEXHUM OOpaOOTKM H3JENUN B IIUPOKOM JAHAMAa30HE SHEPTUit

MOHHON O0MOApINPOBKH.

PaGora BeimonHeHa npu (puHaHCOBOM Moaaepkke MuHucTepcTBa 00pa3oBaHus U HAyKU
Poccuiickoit @enepanun B paMmkax 0a30Boil yacTu rocynapcrBeHHoro 3aaanus (IIpoext Ne

3.7126.2017/BY)

1. OxonoBuu I''A., I'ypeeB A.M., llabanun B.H., CuzoBa A.E., O6paboTka MeTanios,
57 (2012) 50.

2.1lux C.I., TI'pummua B.W., Jlucunkuit B.H., T'meboa FJ.A., TexHomoruu
npou3BojcTBa, 58 (2009) 33.
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3CTAQ)ETHO-PEI[YKI_[I/IOHHUI)II71 MEXAHHW3M BOCCTAHOBJIEHUA
KATHOHOB H' B IPUKATOJHOM OBJIACTHU IPU SJEKTPOJIU3E KUCJBIX
PACTBOPOB

RELAY-REDUCTION MECHANISM OF H* CATIONS REDUCTION IN NEAR-
CATHODE AREA AT ELECTROLYSIS OF ACID SOLUTIONS

O.A. Tomununa, A.M. ®enopenko, C.B. Tomunun, B.H. bepxkanckuii, A.A. @enopeHKo
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In this paper, the results of theoretical studies related to the questions of
electrophysical interaction of H* ions with the solid-state cathode surface
are presented. It was shown that the reduction of hydrogen ions during
electrolysis occurs not directly on the cathode surface, but through a relay-
reduction mechanism.

OCOOEHHOCTBIO JIEKTPOJIN3a PACTBOPOB SIBJIETCS HAJIMYME B HUX HapsAdy C MOHAMHU
JJIEKTPOJINTa HMOHOB BOJOPOJAA, KOTOPBIE NPUCYTCTBYIOT B BOJHBIX pacTBOpax 3a CUET
JMCCOLIMAIIMU BOJIbI WIIM KHCIIOT, BBOJUMBIX B JIEKTPOJIUT I CO3aHUs KUCIoi cpensl. [Ipu
JIEKTPOJIN3E€ BOAHBIX PACTBOPOB HA KaTOJE MOTYT pa3psKaTbCsl HE TOJBKO KaTHOHBI
METaJNIOB, HO U MoJeKynbl Boabl: 2H,0 + 2¢” = Hy + 20H — B HelTpanbHOU U IIEIOYHOMN
cpenax, wiu HoHsI Bogopona: 2H' + 2e” = H, — B kucnoit cpene [1].

Xopomio M3BECTHO, YTO NpPH KaTOJAHOM BOCCTAaHOBJIEHHMM KaTHOHOB BOJIM3U
MOBEPXHOCTH KaToJla MPOMCXOTUT (OPMHUPOBAHUE aJCOPOLIMOHHOTO CIIOSI WJIM JABOWHOTO
anekTpuaeckoro cios ([I2C). B orcyrcTBre OpOyHOBCKOTO JBMYKEHHUS YaCTHUIl TAKOU CIIOH 1O
CTpyKType Obl1 OBl MOAOOEH IUIOCKOMY KOHJEHCAaTOpy, OJHAaKO B  PEaJbHBIX
tepMonHamuueckux ycnoBusx JOC unmeer nuddysHoe pasmeitue. [loaTromy B cTpyKType
JADC BeinensaoT aBa nozciod. [lepBblif, HemoCpPeCTBEHHO aCOPOLMOHHBIN CION MU CIIOH
['enpMmrosbia u BTopoit — auddy3Hsiid niu cioi ['yu.

ITockoNBKY 3JIEKTPOSUT SIBJISETCA NMPOBOASIIEH CPENOH, TO HaJIMYME BHEIIHETO IOJIS
(moTeHuMan karoaa) OyOeT NPUBOAUTH K IepepactpefesCHUIO 3apsioB B MPUKATOTHON
obmactu. B astom cayuae crpykrypy JADC ymoOHO paccMmarpuBarh, pelnas ypaBHEHHE
[Tyaccona-Jlammaca [2]. Tak wu30bITOYHAsl MPUIIOBEPXHOCTHAS KOHIICHTpAIMS HOCHTENEH

6y2leT ONPCACIIAATECA YPAaBHCHUCM!
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— —9. KT
n=n,e (1)
rJe Np — paBHOBECHAs KOHLCHTpAalMA KAaTHOHOB B JJICKTPOJMTE, ¢, — IOTCHIHAJI Ha

karoje, KT — TeroBast sHEprusl.

A pacnpenenenue NOTEHIMANIA B IPUKATOAHON 001acTu:

p(x) =—p.e™ (2)
rac X — paCCTOHHI/Ie pa(¢] HOBerHOCTI/I KaToza, I — H36aeBCKaﬂ JJINHA 3KpaHI/IpOBaHI/I$I.
J_I36aeBCKa$I JJINHA 3KpaHI/Ip0BaHI/I5[ XapaKTepH?:yeT paCCTOfIHI/Ie OT KaToJda, Ha KOTOpOM

BCIINMYHHA 3JICKTpOCTaTI/I‘-IeCKOFO IIOTCHIINAaJIa YMGHBH_IaeTCﬁ B € pa3 U MOXCECT 6BITB HaﬁﬂeHa

N3 BBIPpAKCHUA:

& KT
I = 2 3)
\ang
rae & — DJIGKTpHYecKas IIOCTOSHHAs, €& — JUDJIGKTpUYecKas IPOHHUIIAEMOCTD

3JIEKTPOJINTA, (] — 3apsi]l KATHOHA.

Kak BunHO u3 (3) anuHa SKpaHUPOBaHUSA, a 3HAYUT U paclpe/ie]ieHHe MOTEHLMala B
AJIEKTPOJINTE 3aBUCUT OT PABHOBECHOW KOHLEHTpauuu KatuoHoB. Ha puc. 1 mokasana
JyarpaMma paclpelesieHUs] 3JIEKTPUYECKOro IMOTEHIMala B IPUKATOAHOM 00sacTu Juis
pasIMYHBIX 3HaYeHWil KomueHtpanuii moHoB H' (ng=0,1...10 ar.%) B pacTBOpax CepHOIi

kucinoTsl ipu T = 298,15 K.

[
2 (%]

—
\FJI

0,5

0 0,5 1 15 x,HM

Puc. 1 - Pacnpez[eneHI/Ie QJICKTPHUYICCKOI'0 IIOTCHIHAJIa B HpI/IKaTO,I[Hoﬁ obmactu JJIA
Pa3TMYHBIX 3HAYEHMH KOHIEHTparuii moHoB H'.
Fig. 1 — The distribution of electric potential in the near-cathode area for different values of
the H" ion concentrations.

Takum o00pa3oM BHJHO, YTO B TMPUKATOJHON OO0JACTH KAaTHOHBI, 3aXBauCHHBIC
DIIEKTPUYECKUM T0JIEM, OKA3bIBAIOTCS B TIOTCHIIMAIBHOMN sIME, BHICOTa KOTOPOi 00yCIIOBIeHA
BEITMYMHON KATOJHOTO TOTEHIMANA, a IIMUPUHA OMpeneseTcs OObEMHOM paBHOBECHOMN

KOHHCHTpaHHCﬁ KaTHOHOB.
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CoriacHO JaHHBIM psiia UCCIIEIOBATENEH 3IEKTPOCTATHIECKOE B3aUMO/IEHCTBHUE HOHOB
H® ¢ moBepXHOCTBIO KaTOa B MTOTe NPUBOAUT K JBYM THIAM afcopbuum (pusmueckas u
xumudeckas) [3]. Ilpu xummdeckoit agcopOruu moH H' cpasy 3axBaTeIBaeT SI€KTpOH,
KOTOpBI 00pa3yeT KBaHTOBYIO Iapy C BaJCHTHBIM 3JIEKTPOHOM aroma MeTaiia (MaTepuai
KaToja) U obOpa3yeTrcst euHas KBaHTOBOMEXaHHMYecKas CHCTeMa Karoja-aacopbar. B stom
cllydae Ha IIOBEpXHOCTM Karoaa (opMHpYyeTCs MOHOCIONW TaKOTro AJIEKTPUUYECKU
HeWUTpanpbHOrO ajcopbara (cimod ['enpbMrospiia), KOTOPBIM MPEMSATCTBYET HajJbHEUIIEMY
BOCCTAHOBJIEHHIO KaTHOHOB. OtHako noHel H' 3axBaueHHbIe MONEM KaTOa HPUTATHBAIOTCS K
MOBEPXHOCTU HEUTPAJIbHOTO aJCOpPOLIMOHHOrO cios. B 3ToMm ciyyae BO3MOXkHa Iepenada
3JIeKTpOHA OT He#TpanbHoro atoma H x mony H', uTo mpuBomuT K HelTpanm3anuy MoHA, a
MOHHM3UPOBAHHBIA aTOM ajicopOaTa 3aXxBaThIBACT HOBBIM 3JIEKTPOH C MOBEPXHOCTH KaTOJA.
Taxkoit acTadeTHBI MEXaHU3M BOCCTAHOBJICHUS MMOJA00CH JIBMKCHHIO JIBIPKH B aKIIEITOPHOM
MOJTYTIPOBOTHUKE.

B cnywyae ¢usmueckoil aacopOumu Ui HEWTpadu3allid KaTHOHA AJIEKTPOH JIOJKEH
PEOIOJIETh ONPEACNEHHBI TMMOTCHIMAIBHBIA Oaphep, NPUPOAAa KOTOPOTO OOYCIIOBJIECHA
ANEKTPOCTATUUECKUMHU CHJIAMH  3€pKallbHOTO M3o0paxkeHus. [lpm »TOoM moreHuman
KYJIOHOBCKOTO  JJIEKTPOCTATHYECKOrO  B3aMMOJCHCTBUS ~ MOXET  OBbITh  OMNHKCaH

FI/IHep6OHI/I‘~I€CKI/IM YPaBHCHUEM!

q
X) = —k JEE L
o=k b @
1
rae K=" — ko3 HHIMEHT NPONOPIHOHATEHOCTH.

TTE\E
Tak kak moTeHHMan B HyJleé CTPEMHUTCS K MUHYC OECKOHEUHOCTH (YTO HE HMMeeT
¢u3nueckoro cMeicia), ObUla BBEIE€HA MONpPaBKa HA PaJANyC B3aMMOJEHUCTBUS aTOMOB Xp. 10
€CTh BEJIMYMHA Xg ONpEAENsieT MUHUMAJIbHO BO3MOXHOE PACCTOSHUE, Ha KOTOPOE MOKHO
npuOIM3UTh JBa METaUla W paBHAETCA MNPUOIM3UTENBHO IOJOBUHE MEXAaTOMHOIO
paccrosHus. VIHOW (QU3MUECKUil CMBICI KOHCTAHTHI Xg 3aKJIIOYaeTcs B TOM, 4To mpu x = 0
(moBepxHOCcTh Metana) moteHiman ¢(0) = Ep (rpanudHOe ycioBHe CIIUBKH). M3 3TOrO

YCJI0BUsA HECJIOKHO ITOKa3aTb, UTO:

kg
Xo = _E (5)
HpI/I HpI/IKJ'IaJII)IBaHI/II/I BHCIITHET O 3neKTquec1<oro T10JIA pacnpezleneHHe IIOTCHIIHNAJIa
BHYTpH Oapbepa MOXKHO ONUCATh YPAaBHEHHEM:
U
P, = ;OX (6)
Torna HOJ'IHBII\/II IIOTSCHI AT OHpe,HeJ'ISIeTCSI, KaK CyMMa IIOTCHIIMaJ1a CUJIbI 3epKaJ'II)HOFO

u300pakeHus (4) ¥ MoTeHIana BHEIHero moist (6):
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o 7

Pt (X) =k 2(X+ %) + a
Beicota Takoro Oapbepa MOXKET OBITh HaWJEHa METOIOM OIPEIEICHUS TOYKH

skcTpemyMa Gyukuuu (7):
kga

X = . |—
|2y,

X0 Prax = Prot (Xmax) (8)

CooTBeTCTBYIOICE 3HAUCHUE SHEPTUU aKTUBAIMU SJIEKTPOHHOTO IMepexoaa (BhICOTa
Oapbepa):
Prex = APyt (Xmax )— Er (9)
Ha puc. 2 mokazana ¢opma mnoreHmuanbHoro Oaprepa Ha ocHoBanuu (7). Ilpwm

pacuérax MCIOIb30BaHbI Clieayronue napamerpol: EF = 53B, Uy = 3 B.

E, eV

I5 1I0 1I5 2I0 _____ a=2A
---a5A
— —a=10A
— - -a=15A
a=20A

—O== max

Ep

Puc. 2 — ®opma noTeHInaiIbHOro 6apbepa Ha KOHTAKTE METAUT — aZiICOPOIIMOHHBIN CIoi (B

JIETeHJIe YKa3aHa IUpUHA 0aphepa).

PaGora BbinonHeHa npu (prHaHCOBOMN Mojaiepkke MuHucTepcTBa 00pa30BaHus U HAyKH
Poccuiickoit @eneparuu B paMkax 0a30Boi yacTu rocynapcrseHHoro 3aganus (IIpoext Ne
3.7126.2017/BY)
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PE3YJbTATHI BO3JAENCTBHUSA HOHHOI'O IOTOKA BU EMKOCTHOTI'O
PA3PAJA HA XAPAKTEPUCTUKH NOJIUCYJIb®OHAMUIHBIX MEMBPAH

THE EFFECT OF ION FLOW OF A RF CAPACITIVE DISCHARGE ON THE
CHARACTERISTICS OF POLYSULFONAMIDE MEMBRANES

A.B. CDG,IIOTOBal, B.O. Jlpsixyios 1, N.T'. IlakixueB 1, M.D. H_[anOBl, E. BCHOBaZ,
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The paper presents the changes of surface and structural characteristics
polysulfonamide (PSA) membranes after exposure to the ion flow of high-
frequency capacitive plasma of reduced pressure. To study the properties of the
treated surfaces used different methods of analysis: electron microscopy and IR
spectrometry.

B pabote mpuBeneHbl pe3yabTaThl HCCICIOBAHUN BIHMSHUS BO3ACUCTBHS HOHHOTO
MIOTOKA BHICOKOYACTOTHOM €MKOCTHOM IJ1a3Mbl HOHUKEHHOTO JIaBJICHUS Ha IIOBEPXHOCTHbBIE U
CTPYKTypHBbIE xapakTepucTuku mnonucyibponamuaueix (IICA) memOpan ¢ miomaabio
MMOBEPXHOCTHU 1,735:10 M® 1 maccoit otcekaemsix gactui 20 k/la (pasmep nop =~ 0,01 Mkm).
s  ompeneneHuss CBOICTB MMOBEPXHOCTH JIO W IMOCHE IJIA3MEHHOTO BO3JCHCTBUS
UCIIOJIB3YIOTCSL  CIENYIOIIME METOJbl aHajuu3a: »JJeKTpoHHas Mukpockornus u UK-
cnekTpomerpus. O6paboTka naa3mMoi ocylecTBIEHa B ra30Boil cpenie aprona u azota (70:30)
npu MomHocTAx pazpsaa 100-500 Bt na uvacrore 13,56 MI'n, maBnenun 13,3 — 26,6 Ila,
pacxoje razoBoit cmecu a0 0,06 /c.

BusyanbHpIM NOJITBEpKJIEHUEM IMOBEPXHOCTHBIX JAedopmanuii miazMoo0opadoTaHHBIX
(GWIBTP-2JIEMEHTOB  SIBJISIIOTCA  JIaHHBIE,  TIOJIyY€HHBIE  METOJAOM  aTOMHO-CHIJIOBOM
MHUKPOCKOIHH € MTOMOIIBIO 30HJ0BOTO MUKpockona Mapku «MultiMode V» (puc. 1). 3aeck u
Janee, B KayecTBE OCHOBHOT'O TONOTpa(pUuecKoro mapamerpa, OyneT yYUThIBATbCS BBICOTA
MOBEPXHOCTHU B JIaHHOM TOYKE OTHOCUTENIBHO 0a30BOM MIIOCKOCTH, KOTOPAsl JaHHOM CiIy4ae —
IJIOCKOCTh, COIIPUKACAIOIIASACSA C CaMOl HMKHEW TOUKOW paccMaTpuUBacMON MOBEPXHOCTH.

[TpuBeeHHBIE TUCTOTPAMMBI IPEACTABISIIOT cO00H rpaguKu pacnpeaeeHus BHICTYIIOB
Ha TOBEPXHOCTH MeMOpaHbl. B pe3ynprare miazmMooOpabOTKH MPOUCXOJUT YMEHBIIICHHE
niepoxoBaToctu noepxHocTu [ICA ¢unbrp-nementoB. Hanbonee yacto BeTpeuaromieecs
3HaYeHHE BBICOTHI MOBEPXHOCTH HEMOAU(DUIIMPOBAHHON MeMOpaHbl OTHOCUTENIBLHO 0a30BOM

nuHuK coctaiser 100 uM (pucyHok la). B maHHOM citydae, 3TO yCIOBHO MOXHO MPUHSATH 32
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HIEpOXOBATOCTh MOBEpXHOCTH. [locie muazMeHnHoi 00pabOTKH 1IEPOXOBATOCTh MOBEPXHOCTH
coctaBmwia 30 HM (pucyHok 10). IIpencraBineHHble M300pakeHUs] MOBEPXHOCTEH MeMOpaH
MOKA3bIBAIOT HAJIWYHE MOBEPXHOCTHHIX JAedopmammii B pe3yiabTaTe IUIA3MEHHOTO
BozaeiicTBus BY eMkocTHOro paspsiga. OTo SBISETCS CIEACTBUEM IPOTEKAHUS Pa3IMUHBIX
(bU3UKO-XMMHUYECKUX TIPOIECCOB, CpPelud KOTOpPbIX Hauboyiee CYyIIECTBEHHBIMH SIBIISIFOTCS
TpaBJICHHE M OKHUCJICHHE I[OBEPXHOCTH MeMOpaHbl. MeToIoM HapyHIEHHOTO TMOJIHOIO
BHyTpeHHero otpaxkenus (MHBIIO) ¢ ucnonp3oBanuem MK ®dypre-criekTpomerpa Mapku
«UuppaJIIOM OT-08» mosmydeHsl CIEKTPBI UCCIEAYEMBIX 00pa3lioB MEMOpaH B WHTEpBaie
gacror 600-4000 cm™ (puc. 2). Jlas HeoOGpaGOTAHHOH MEMOPAHBI OTMEYCHBI IOJIOCHI
MOTJIOUICHUS], XapaKTepHbIE CTPYKTYPHbIM (pparmeHTam nonucyiabpoHamuna. K mocieqaum
OTHOCSITCS BasieHTHBbIe KoneOanusi csizu C—H B rpynne CH; — 2887 u 2937 CM_l; S=0
BaJICHTHBIC KOJICOAHUs, CUMMETpUYHBbIE H accumerpuunbie — 1147 wu 1319 CM_l,
cooTBeTcTBeHHO. B rpymnmne apun—SOz—apui; C—S BajieHTHbIE K0JIe0aHUSI PE3OHUPYIOT MPHU
1106 cvm’; C-O BameHTHBIC KONCOAHHS B rpynnie C-O-C — npu 1260 em™, N-H
nedopMalmoHHble Konebanus — npu 1526 cm™t, C—C BaseHTHSBIC KONICOAHNS - pu 835 em™?,

CH; masTHUKOBBIC KOJIeOanus - mpu 720 emt,
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a) 0)

Pucynok 1.M300paxacHusi MOBEPXHOCTH C COOTBETCTBYIOIIMMH TOIOTpahUUECKUMH THCTOTPaMMaMH
I[ICA memMOpaHnsbl: a) ucxojHast; 0) mIazmMoo0paboTaHHas

Hauboupmiee pazimyaue moioc MOTJIONICHAS pACCMAaTPUBAEMBIX CIIEKTPOB B PE3yIIbTaTe
ma3mMoobpabotku B cpene Bosayxa I[ICA memOpanbl — yBenmumuenue ¢ 0,23 go 0,25 mo

Lg(1/R) - mabmromaercst B obmacti 1040 cm™, xapaktepHol ana rpynn C—O BaleHTHOro
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konebanust B —C—O—C— u —C—OH, BcreacTBrue Haau4usl KOTOPBIX, TPOUCXOANT YBEITUYCHUE
KOJIMYECTBA aJICOPOMPOBAHHOW BOJBI, PETUCTPUPYEMON B 0OJACTH IIMPOKOW IOJIOCHI

3316 cm™.

—Hcxonnas meMOpaHa

ITnmazMooGpadoTaHHas MeMOpaHa

v

w7
AT N

600 1100 1600 © 2100 600 3100 3600

0,05 Bomaopoe gicno, cM™(-1)
Pucynok 2. UK-cnexTps! ncxomHoi 1 iazmooopadoranHoi [ICA memOpaHb

Jns ouenku 3¢ dexTruBHOCTH TIIa3MEHHON 0OpabOTKH MPOBEICHBI SKCIIEPUMEHTHI 110
pasaenennio BopomacisHoW smynscun (BMD) TICA wmemOpanamu, o0paOoTaHHBIMH B
iasMe. OMyIlbCUs TPUTOTOBJIIEHA HAa OCHOBE WHIYCTpHUadbHOro Macia mapku «M20-A»
(mucnepcHas ¢aza) — 3 % (o o0bEMY), ctabunusupobana [IAB mapku «Kocuntanon-242» -
0,3 %. B xavecTBe AUCIIEPCHOHHON Cpellbl — TUCTHIUIMpOBaHHAs Boza. [Iporecc pa3pencHus
OCYIIECTBIIEH C HWCIOJb30BAHUEM JIADOPATOPHOW YCTAaHOBKM  MEMOpPAHHOTO MOIYJI,
BBIMIOJTHEHHOTO B BUJE IMJIMHApPA BBICOTON 150 MM ¢ BHYTpeHHUM auameTpoMm 47 MM, B
HIOKHEW 9acTh KOTOPOTO Ha IMOJCTAaBKE yCTaHaBIMBaeTcs MemOpaHa. CBepxy 4epe3 KPBIIIKY
MOJaeTCsl CXKaThlii BO3AYyX [UIs CO3/IaHUs Tepemaja AaBieHuid. Paznensemas cpena B
konmdectBe 50 Mi 3aymmBaercs B Ja0OpaTOPHYIO YCTaHOBKY Ha MOBEPXHOCTh MEMOpaHBI.
OMHOBpEMEHHO 3aIyCKaeTcsl MepeMEIINBaIoiee MarHUTHOE YCTPOWMCTBO, CO3/1aBaeMoe Ha
MOBEPXHOCTH  (PUIIBTP-3JIEMEHTa  TAaHTEHIHAIbHBIA  TOTOK  «Cross-flow».  Monyns
TepMETU3HUPYETCS CHUCTeMOM 3axuMOB, nofgaércs nasienue ~ 0,2 Mlla, oOycnaBnuBaroiiee
HAy4aJo Mpolecca pas/IeleHHus..

OCHOBHBIMH TTOKA3aTENSIMH MEMOPAHHOTO pa3/IeNICHHs! SBISIFOTCS IPOU3BOIUTEIHHOCTD
u sddexktuBHOCTh. [lepBhIii MOKa3zaTenb XapaKTEepHU3yeTCs OTHOIICHHEM KOJIWYEeCTBa
OpOILEANIero yepe3 MeMOpaHy IOTOKa pasfenisseMoi Cpeibl K IPOU3BEICHHIO BPEMEHHU
mpoiiecca u Tuionaan MmeMopanbl. DPPEeKTHBHOCTH ONMPEEISIETCS 0 M3MEHEHHIO 3HAYCHUM
XIIK smynbcuu 10 B MOCIIE npolnecca pasaeneHus. Pe3yapTarsl peacTaBieHbl Ha pUCYHKE 3.

OKCIepUMEHTAILHO OIPEeJIeNIEHO YBEIWYEHUE POU3BOIUTEIBLHOCTH pa3zaeneHus BMO
B pe3yibTaTe Iu1a3MooOpaboTku B cpere aproHa u asora I[ICA memOpan. M3menenue

MourHocTH B pazpsae oT 200 go 450 Bt perynnpoBaioch H3MEHEHUEM aHOJIHOTO HAINPSKEHUS
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BY renepatopa Ua ot 1,5 mo 7,5 xB. VYcranoBneno, uto HauOoibliee yBETUYCHHE

paccMmarpuBaemoro napametpa ot 5 10 10 pa3 nmpoucxoaut npu yBennuenuu U, Boimie 5,5 kB.

- 60 —&— 1 =15 My
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6) Bpewma, Muue

Pucynok 3 I[Ipou3BoIUTENHHOCTD pa3ielieHHs IMYJIbCUH MOTUCYIb(HOHAMUIHBIMU MEMOpaHaMU:
a)U=15xB;6) U=7,5kB

PaGota sBngercs dYacThlO MCCIEJOBAaHUN B3aWMOJICHCTBHS IOTOKa MOHOB C
HOBEPXHOCTSAMH TeJl Pa3iuvHON (usmueckoid mpuponasl [1-4]. DparMeHTbI MOTYYEHHBIX
pe3y/IbTaTOB HCHOJB3YIOTCS IpPU BBINOJHEHHMM palboT B pamkax Poccuiickoro ®onpa

dyHIaMeHTAIbHBIX UccienoBannii 1 MunoBanmonno# [Iporpammer «CKOJIKOBOY.
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BO3JEVCTBUE KMCJIOPOTHOM IJIABMBI HA ITOKPBITHE U3 OKCHUJIA
WHINS-0JIOBA (ITO)

IMPACT OF OXYGEN PLASMA ON INDIUM TIN OXIDE (ITO) COATING
B.H. Yepnuk, JI.C. HoBukos, JI.A. XKuisikos
V.N. Chernik, L.S. Novikov, L.A. Ziljakov
HUUSAD MI'Y, Jlenunckue ropsr 1, Mocksa, Poccus,vlachernik@yandex.ru

An indium tin oxide (ITO) is used as anti-charging coating of spacecraft materials. An
electric conductivity of the coating was studied under oxygen plasma beam impact. The
dramatic growth of resistivity as far as some order of magnitude was measured when effective
oxygen fluence increasing. Admittedly the effect results in fall of passive protection of
spacecrafts charging during long missions. Ground-based tests of the coating are suggested to
predict conductivity degradation on flight.

IIpo3pauHble 3JIEKTPONPOBOSAIIME MJIEHKH M3 okcuaa uuaus—oiaosa (ITO) mmpoko
IPUMEHSIOTCSI B ONTOVIEKTPOHMKE B KAauyeCTBE ONTHUYECKH IPO3PAuHBIX 3JIEKTPOAOB UL
YCTPOMCTB OTOOpakeHuss wHpopMmaruu. B kocmuueckoit TexHuke ITO mnpumensiercs B
KayeCTBE 3JIEKTPOIPOBOJHBIX CJIOEB IUANEKTPUUYECKUX TEPMOPETYIHUPYIOMIMUX MOKPBITHH U
3alIMTHBIX  CTEKOJN  (DOTORJIEKTPUYECKMX COJIHEYHBIX Oarapeid.  DJIEeKTpONpOBOAHBIN
HapyxkHbli ciaod w3 ITO mpenmorBpamaer auddepeHnnanbHyl0  MOBEPXHOCTHYIO
IIEKTPU3ALNIO TUAIEKTPUUECKUX yYacTKOB BHEIIHUX MoBepxHocTed KA moxa Bo3jaelicTBueM
MOTOKOB 3apsOKEHHBIX 4YacTUIl MpH mosere B nonocdepe 3emin. Jnst sroro ITO mokpsiTue
JIOJDKHO 00J1a/1aTh JOCTATOYHOM 3JIEKTPOIPOBOJIHOCTBIO M COXPAHATh €€ MpU BO3JEHCTBUU
¢dakTopoB KocMmuyeckoro mnpoctpaHcTBa (PKII) B TeueHue IMTENBHOrO CpoKa IMOJETA.
Onuum u3 ocHOoBHBIX @KII Ha HU3KHX OKOJO3EMHBIX OpOMTaxX, pa3pylIAIOLIUX MHOTHE
MaTepuaibl, sBIseTcss Haberatomuii motok atomapHoro kuciopoaa (AK). Ilox neiictBuem
AK, obnanatomiero sHeprueil 5 3B, nporcXoaaT OKHCIUTEIbHBIE MPOLECCHl B MaTepuaax,
NPUBOAAIIME K JIerpajallid UX CBOMCTB M yHocy Macchl. B ITO snexTponpoBoaHOCTb
00yCIIOBJIEHa €ro IMOJIyIPOBOJHUKOBBIMU CBOMCTBAMH, KOTOpBIE 3aBHUCAT OT HaJIWYMS
JIOHOPHBIX BaKaHCUH KHCIOpOoAa B Kpuctaumdeckas pemerke INpOs , koTopast He sBIseTCS
uaeanbHol. M3BecTHO, UTO M30BITOK KHCIOpOa B Ipolecce noiyueHus mieHok ITO moxer
NPUBOJHUTH K CHIDKEHHIO AJIEKTPOIPOBOTHOCTH BIUIOTH JI0 JHAJIEKTPUYECKOTO cocTOsTHUS [1].
[IpencraBisier MHTEpeC HCCeIOBAaHUE BIUSHUS Ha 3JEKTPONPOBOAHOCTh YK€ HAHECEHHOTO
Ha TIOJUIOXKKY CJIOS TOJNynpoBogHUKOBOTO ITO OGOMOapaIupoBKH ITOTOKOM aKTHBHOTO
okucnuTens -obicTporo AK B yClIoBUSIX UMHTAIIMM NOJIETa HA HU3KOW OKOJIO3EMHON OpOHTe.
OOBeKTOM HCCIeIOBaHUN SIBISUIMCH 0Opaslbl U3 MOJUMMMIHON MiieHkr Kapton TommmHoMi
25 MKM ¢ ABYCTOPOHHHMH IOKPBITHSIMHU: Ha JIAIEBOW cTtopoHe nokpeitue ITO, ¢ oOpaTHOH

CTOPOHBI ~METa/UIM3alvs  aTOMUHUEM. J[JI1  KOHTPOJsS  SKBHUBAJIEHTHOTO  (uIroeHca
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WCIIOJIB30BaHbl  00pa3IbI-CBUJICTEN U3 TOJUUMUTHON IUIEHKU TONIIMHON 50 MKM.
O6nydyenne o0pa3loB MPOBOIMIOCH HA IUIA3MEHHO-ITYYKOBOM YCTaHOBKE [JIsl MCIBITAHUMN
MaTepualioB B IMOTOKAaX IUIa3Mbl MHEPTHBIX, AKTUBHBIX Ta30B M aTOMApHOr0 KUCIOpOa.
YcTaHOBKa COCTOUT M3 IIA3MEHHOTO YCKOPUTENS € OJOKOM 3JIEKTPONMMTAHHUS M CHUCTEMOM
noJayd Ta3oB: IUIa3MOOOpa3ylomiero KUCIOpOJa Y aproHa Juis 3allUThl  [OJIOTO
TEPMOIMHUCCHOHHOTO KaToja. [lma3MeHHBIM yckopuTenb pa3MelleH B BaKyyMHOH Kamepe,
oTKaunBaeMoii g0 aasienus (1-4) 10 2 la KPUOTEHHBIMU BBICOKOBaKYyMHBIMU HacocaMu C
OBICTPOTON JEHUCTBUS MO a30Ty 5 M ¢t. TloTok ruiasMelr, cocTosIImA U3 HOHOB, aTOMOB M
MOJIEKYJI ~KHMCIIOpOJa, TMOCTynajl Ha JepXaTelb C HCIBITHIBAEMBIMU  OOpa3Lamu.
DKCHepUMEHThI MPOBOJIMIKNCH B JIBYX Pa3IMYHBIX KOHMUTYpaIUsIX MIa3MEHHOTO YCKOPHUTENS
(ITY). B nepBonavansHoil 00b14HOM KOH(puUrypamnuu (1Y) moTok mia3mbl BEIXOAWI B KaMepy
U YCKOpsUICS TaJCHUEM MOTEHIMala B PAcCXOISAIIEMCS MarHUTHOM IIOJIe€ O DHEPTUU B
nuamazoHe 10-50 B co cpennemaccoBoii sHeprue 20-30 3B. B apyroii koHpurypamuu ¢
npsMbIM paspsaoMm (ganee ITP) s CHUIKEHHsI SHEPTHU YaCTHI[ KMCIOPOTHOMN IJIa3Mbl Ha
00pa3iibl HAMPABJISJICS MOTOK IJIA3MBbI, BBIXOJANICH pagualibHO M3 MOJIOXKHUTEILHOTO CTOI0A
IJIa3Mbl MPSMOTO paspsjia B MPOJOJIHLHOM MarHUTHOM Tmosie. B »Tom BapmanTe sHeprus
YyacTHIl IJIa3Mbl He IpeBblana 7 3B npu cpeanemaccoBoil suepruu 1-2 3B. DHepreTtuueckoe
pacrpefeieHue HOHHONM  KOMIIOHEHTHI  HM3MEPSJIOCh  TPEXCETOYHBIM  aHAIM3aTOPOM
TOPMO3AIIETO MoJisi U mpuBeneHo Ha pucyHke. Ilotok AK Ha oOpasen KonmuecTBEHHO
OIICHUBAJICSl BEJIMYMHON dKBHBaJICHTHOTO (hitoeHca AK, mpuBeneHHOro mo moTepsM MaccChl
o0Opasma-cBUACTEN B MPEANOJIOKEHUN €ro KodDPUIMeHTa 3po3uu Y=4,4%*10%r/atom Ha
ckopoct 8 km/c, O. DTOT MeTOJ KamTOHOBOTO (TIOJMUMHIHOTO) SKBUBAJICHTA SIBISETCS

O6H_[erI/IHSITBIM B MHpOBOﬁ IMPAKTUKEC UMUTAIUOHHBIX HUCIBITaHUI MaTCpralIOB KOCMHUYCCKHUX

anrapaToB M PErjIaMEHTUPYETCS aMEPUKAaHCKUM

+ 50
& 20 crangaptoM [ 2]. JIast KOHTPOIIst SKBUBAJICHTHOTO
I
=
° 30 - \ ¢dmroenca AK psimom ¢ oOpasiamu pazMeniancs
[T} \
T
S 20 ‘\ oOpazen-cBueTeNnb U3 TMOJTMUMHIHON TUIEHKH
10 \ Kapton. O6nydenne mpoBOAMIOCH HECKOJIBKUMU
0 i
0 2 4 6 g | IHMKIAMH  JUI1  HUCCIENOBAaHHS  KHHETUKU
dHeprua E, 3B
W3MEHEHUS CONPOTHUBJICHUS 00pa3moB. Jlns

KOHTPOJIS TEMIIEPATYPHI K o0pasiy

SHCpFGTI/I‘leCKOC pacmnpeacjcHmue

HOHHOM KOMIIOHEHTHI ITOTOKA I1JIa3MbI ITOKIICHBAJICA TepMOpeSI/ICTOp. HO AaHHBIM

U3MepeHuil Temieparypa oOpa3loB B mporecce oOmyueHuss He mnpesbimana 120 C.

I/ISMCPCHI/IC noTepu  TOJIIUHBI  IMOJIMUMHUIHBIX 06pa3I_IOB-CBI/II[eTeJ'IeI71 MMpOBOAHIIOCH
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MHUKPOMETPUYECKOM TOJIOBKOM ¢ 1ieHo# aenenus 1 mxm. tuna 1UI. Onenka anekTpudeckoro
COIIPOTHBIJICHUSI OOpa3lOB MPOU3BOAMIACH ITYyTEM H3MEPEHUS TOKa NpPU HAIOKEHHH Ha
o0pas3el] JIEKTPOJIOB C MPUIIOKEHHOW pa3sHOCThIO nmoTeHuuanoB 30 -100B nns uckiaroyeHus
BIIUSTHUS HA PE3yJIbTaT HEIMHEWHBIX 3P(PEKTOB KOHTAKTA TOIYIPOBOJHUKOBOTO MOKPBITHS C
Al snextponamu. TlepBoHauanbHO OOJydeHHE MPOBOAMIOCH B KoH(puryparmu ITY. Tlocne
obmydenust obpasma Nel mpu skBuBaseHTHOM (roence AK 5 10 20 oM HaGIIORANOCH
YBEJIUYCHUE CONPOTHBJICHUS BhImie mnpeaena mamepenus 100 Mom. Cnoit ITO mpu sTom
dmroeHce AK coxpaHmIICS HEpaclbUICHHBIM, Ha YTO YKa3bIBAJIO OTCYTCTBHE Ha 00pasie
CJIEJIOB DPO3UU TMOJIMUMHIHOW TOJUIOKKU. TeM He MeHee, Il YMCHbBIICHUS BEPOSITHOCTH
pacIbUICHHs CIIOSI TIPU BBICOKHX (DIIFOCHCaX NalbHEHINE WCCICIOBAaHMUS IPOBOMINCH Ha
obOpasie Ne2 B koHpurypanuu mnpsSMOro paspsiia MpU TMOCTEICHHOM YBEIMYECHUU
skBuBajieHTHOrO ¢umoenca AK. [locine xkaxmgoro mukiaa oOJdydeHUS MPOUIBOIUICS
BU3YaIbHBI OCMOTP BHEIIHETO BHJa 00pa3IloB, KOHTPOJb AICKTPUICCKOTO COMPOTHBIICHUS.

PGSyJ'IBTaTBI I/ISMCPCHI/Iﬁ IIpUBCICHBI B Ta6n1/1ue.

YMeHbIIIeHHEe TONIIHEI 00pa3a-CBUIACTENS, MKM 0 15 24 50
DxsuBanenTHsl pmoenc AK, 107 cm™ 0 5 8 17
Conportusiernue, Mom O6pazen Nel ITY 0,12 >100

O6paszer Ne2 TTP 0,14 3 >100

[ToxydeHHbIe TaHHBIE MTOKA3aJIH, YTO IPH BO3ACHCTBHH IMOTOKA KHCIOPOIHON IIa3MBbI
HaOJFOIaeTCsl CHIDKEHHE DJIEKTPONPOBOAHOCTH TOKPHITHS ITO Ha HECKONBKO IOPSIKOB.
Okctpanossuus Ha Bo3aeiicteue AK mpu qmTenbHOM mojieTe mokasana, 4To Ipu (iroeHce
AK 10% atom O cm (5-10 ner monera) COIIPOTHUBIIEHUE MPEBBICUT 10%-10" Owm, uro moxer
NPUBECTH K CHIKEHMIO 3AIUTHBIX AHTHCTATMYECKMX CBOMCTB MOKPBITUA. [l MOBBILICHUS
HA/IGKHOCTH W JUTUTETHHOCTH (YHKIMOHUPOBAHUS TOKPHITUH CIEIYeT CTPEMHUTHCS K
YMEHBIICHUIO MCXOJHOTO COMPOTHUBIICHHUS, a TAKXKe MPOBOJUTH MX YCKOPEHHBIE HAa3eMHBIC
UCTIBITAHNS, WMHUTHPYIOUINE JUTMTENBHBIA ToneT. Pe3ynmpTaThl MOKa3amu Takke, YTO TpU
YBEJIMYEHUU HHEPIUM MoTOoKa B BapuaHTe IIY maneHue 3IeKTPONPOBOAHOCTH TMPOXOIUT

6I>ICTpee, 4TO CJICAYCT YUUTHIBATH IIPU pa3pa60TKe METOJa YCKOPCHHBIX HUCIBITaHUIA.

1. JLII. AmocoBa, M.B. Hcaes. XKT®. 84 (2014) 128.
2. ASTM E-2089. Standard Practices for Ground Laboratory Atomic Oxygen Interaction Evaluation of Material
for Space Applications. Designation E 2089-00, June 2006.
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BJIUSTHUE NPEJABAPUTEJILHOM
MJIASMEHHO-UMMEPCHOHHOM NOHHOW UMILJTAHTAITAM
TUTAHA U3 IIVIASMbBI AYT'OBOT'O PA3PAIA HA
BOJIOPOJOITPOHUIIAEMOCTH IIOKPBITUMA HUTPUJIA TUTAHA

THE EFFECT OF PRELIMINARY PLASMA-IMMERSION ION
IMPLANTATION OF TITANIUM FROM ARC DISCHARGE PLASMA
ON THE HYDROGEN PERMEABILITY OF TITANIUM NITRIDE
COATING

Wxan Jle, HukurenkoB H.H., Ceimuenko B.C., Cyteiruna A.H., Tropun 0.1,
Wnp [lanbmann
Zhang Le, N.N. Nikitenkov, V.S. Sypchenko, A.H. Sutygina, Ju.l. Tyurin, Yin Shanshan

Tomck, mp. Jlennna, 30, 634050 , E-mail: 304060488@qg.com
Tomsk Polytechnic University, Russia, Tomsk, Lenin str., 30, 634050

The thin films obtained by cathodic vacuum arc with pulsed bias voltage are explored by
X-ray diffraction, SEM methods and layer-by-layer profiling optical spectroscopy of a glow
discharge. Syverts's method for hydrogen saturation is used. A significant decrease (by 2
orders of magnitude) of the hydrogen permeability of the protective coating is observed.

Beenenne. Hutpun tuTaHa, npuMeEHsieTCs B KauyecTBE 3AIIUTHOIO IOKPBLITHA Onarojaps
CBOEM H3HOCOCTOMKOCTH, TBEPAOCTH M XUMHUYECKOW craOuibHOcTU. [lokphiTHsS HUTpuAa
tutana (TiN) nmomyunnu mupokoe NpUMEHEHUE B Pa3IMYHbIX OTPACISAX MPOMBIIUIEHHOCTH: B
KAueCTBE IOKPBITUM Ul PEXYIIET0 WHCTPYMEHTA, KOPPO3UOHHO-CTOMKHMX IIOKPBITHH, B
OMOMEMIIMHCKUX LEJsX A UMIUIAHTAHTOB M Jp. M3BeCTHBIN HEZOCTATOK JaHHOTO METO/a
3aKJIF0YAeTCsl B MPUCYTCTBUM MUKPOKANENbHON (ppakuuu B moiaydyaemMoM NokpbiTuu [1]. Jls
00pbOBI C MUKpOKAINEIbHOW (Ppakiuell UCMONBb3YIOTCS pPa3IMYHbIE METOJbI, B YaCTHOCTH
UCTONB3YIOTCSl  IUIa3MEHHble (QUIBTPHl (B JaHHOW paboTe wucmoib3yercs (QUIbTP,
paspaboTaHHbIl aBTOpamu paboTel [2]).B mociennue roasl BCE€ dHalmie 3TH MOKPHITHUA
UCIIONIB3YIOTCSl KaK 3alllUTHBIA Oapbep OT NPOHMKHOBEHMSI BOJOPOAAa U BOJOPOIHOTO
oxpymnuuBaHus. BmecTe ¢ TeM, mponeccel, NPUBOAAIINE K YIYUIICHUIO dKCIUTyaTallMOHHBIX U
3aIIUTHBIX CBOMCTB K HACTOALLEMY BPEMEHU MaJIO U3yUYECHBI.

Yacto nepen HanecenueM nokpbiTus TiN, cozparoT noxacnoit Ti i yBeauueHus aare3un
NOKpbITUS. B HacTosmiel paboTe BMeCTO HaHECEHUs Mo1c0sI MbI Hcnonb3zyeM [TMUN.

enbto HacTosiieil paboOThI SIBISETCS HCCIIEIOBAaHUE BOJOPOJONPOHUIIAEMOCTH CILJIaBa
Zr-1%Nb mnocne MOHHO-MMMEPCUOHHON MMILIAaHTAllMN TUTAHA M HaHECeHMs MOKpbITHHA TiN

Ha UMIUTAaHTHPOBAHHBIA TUTaHOM cIuiaB Zr-1%Nb. UccnenoBanus BOJopo10NpOHUIIAEMOCTH
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HEOOXOMUMBI JUIsl 3alIUThl  (YHKIIMOHAJIbHBIX M KOHCTPYKIIMOHHBIX MAaTepuaioB OT
BOJIOPOJHOTO OXPYNUYUBAHUS, HANpUMEp, B KOHCTPYKIHMSIX MaTEpHalOB SAEPHBIX U
TEPMOSIIEPHBIX PEAKTOPOB.

Marepunansl U MeToAbl. bbulM NpoBeAEHbI HCCIENOBaHUS CTpykTypa (Mmeromom PDA),
Mopdonoruss moBepxHocTH (MeronoM ACM), mocioiiHOe pachpeaeneHusi 3JIEMEHTOB B
MOIU(DUIIMPOBAHHOM cllo€ (METOJOM ONTHUYECKOM CHEKTPOCKOINUHU IUIA3Mbl TJICIOIIETO
paspsia), Bojoponomnponuriaemoctd (mMerom Cueptca). HccnemoBanuch  00Opasibl:
1) Zr1%Nb mnocine HOHHO-UMMEPCHOHHOW HMIUIAHTAI[MM TUTaHA; 2) TOCIE HAHECCHHS
nokpeiTuii TiN Ha Zr1%Nb u; 3) mociie MOHHO-MMMEPCHOHHOW HMMIUIAHTAIIMM THUTaHA B
Zr1%Nb u 3atem nanecenus (TiN) nHa ummiantTupoBaHHblid Zr1%Nb.

Pexxum HaHeceHus HUTpUIA TUTaHA U MOHHOM OYMCTKU MPEJICTaBjIeH B Ta0. 1.

[TapameTpsl ounctku, [IMMN 1 HaneceHUust TOKPBITUI

[Tapametpst | Tok B | JlaBnenue, | Cmemenue, | Ar, % N,, % Bpews,

paspsage, A | Ila B MUH
Honnas 50 0,15 1500 100 0 3
OYHCTKA (TIIeTOIIIHMIA)
J§I%0%0%1 70(nyrosoii) | 0,15 500, 1000, | 100 0 5

1500

Hanecenune | 70 0,3 0-300 20 80 30
TIOKPBITHS

Pe3yabTaThl U HX 00CyKAeHHe.

Ha puc. 1 npeacraBneHsl peHTreHOIrpaMMbl 00pa3lioB LUPKOHUEBOro ciutaBa Zr—1%Nb: a)
1ocjae MMIUIAHTAlMK;0) mociae HaHeceHUs MOKpbITHsA TiN; B) Mmocie HaHECeHUs IMOKPBITHS
TiN na wmnnmantupoBanHbiii Zr—-1%Nb. Ha puc. la) BumeH Toibpko Zr, TO €cTh, TUTaH
HaXOJUTCS B pACTBOPEHHOM COCTOSIHUU M HUKakux ¢a3 Ti He popmupyercs. U3 puc. 1b), npu
OTCYTCTBUHM TOTEHIMAJa CMEUICHHUS TPUCYTCTBYIOT peQIIeKChl B HANPABICHUU IJIOCKOCTH
(200), (220). BugHo, yTo TpU yBENWYEHHH TOTeHIMana cmemnieHus ot -50 B mo -300 B,
opueHTanus kpuctauutoB TIN mocrenenHo nepepacteT B Hanpasienuu (111). Kak npaswuiio,
9TO M3MEHEHHUE TEKCTYpHl B MOKPHITHH TiN OOBSICHSETCS B TEPMOJAWHAMHYECKOM ACTICKTE.
AHajoruuHble pe3ynbTaThl BUIHO Ha puc. 1.B). Kpome storo, Ha puc. 1.B) mokazaHsbl
pednekcel opueHtanmu 0-Zr. OOpa3oBaHue THApUAA O-Zr yKa3blBaeT Ha MPOHUKHOBEHHE
0O0JIBIIIOrO KOJIMYECTBA BOJOPOJA B INIyOb MarepHaia, 4yTo, MOXET MPHUBECTH K yXY/IIEHUIO
MEXaHUYECKUX CBOMCTB IIMPKOHHMEBOTO cCIUIaBa. IIpW OTHOCHTENBHO HHU3KOM HaNpsKEHUs
cmernienus (50 B) nupkonmii B 607bIIel Mepe MOABEPKEH MPOHUKHOBEHUIO BOJIOPO/IA, UTO,

BO3MOXHO, CBA3aHO C 06p330BaHI/IeM IJICHKH TUTaHa Ha ITOBCPXHOCTHU, KOTOPass aKTUBHO
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Pucynok 1-Penmeenosckue ougppaxmozpammvl 00pasyoe yupKoHueso2o chiasd
Zr1%Nb: a)nocne ITHHU, 6)nocne nanecenus nokpoimust TiN, 6)nocie  TTHHH u
HAHECeHUsl ROKPbIMUIL.

copOupyeT BOAOPOA.

UccnenoBanne Mop¢oJIOTHH  MOBEPXHOCTH MHUPKOHUEBOTO cruiaBa  Zrl%Nb
npeacTaBieHo Ha puc. 2. U3 ananuza puc. 2 caenyer, uro B pesynbrare [IMUU uzmensiercs
Tororpadusi TOBEPXHOCTH XapaKTEPHU3YIOLIeeCs BBIACICHHEM 3€peH W HAJIWYHEeM
MUKpoKamenb.  Hecmorps — Ha
WCTIOJIh30BaHUE TUTa3MEHHOTO
GuIbTpa, MHUKPOKAIUIA TPOXOJISIT
yepe3  CHCTEMY  KOAKCHAIbHBIX
HWIAHAPOB. DTO MOXET OBITh
CBSI3aHO C JBYMs IMIpOIECCaMH,

KOTOpbIe OyayT OOCYXIaTbcs B

AOKJIaA€ Ha OCHOBC IIPOLCCCOB,

Pucynox 2-COM nosepxrocmu 006pasyo6 yupKoHuegozo MPEIIIOKEHHBIX B [3]. C
cnaasa Zr1%Nb :
a) nocae ITUUU(1500V), b)nocae nanecenust nOKpolmus YBCJIMHICHACM BpEMCHH
(200V),6e3 IIUHUU, c)nocie HaneceHuss NOKPbIMuUs Ha MMIDIAHTALIAN KOJIMYECTRO
umnaaumuposannwviil oopazey(200V), d)nocre
HAB000OpaAXCU8anUsl 06pasya c). MHUKPOKAIICIIb, MPOIICAUINX

TIa3MEHHBINA (DUIIBTP, YBETUUHBACTCS.
Hanecenne mnokpeituss TiN Ha HE WMIUIAHTUPOBAHHYIO TOMJIOKKY TPUBOIUT K

MUKpPOKAIUISIM |, TO-BUAUMOMY, K oOpa3oBaHuio uemryek. Hanecenue mokpertust TiN Ha

309



UMIUIAHTHPOBAHHYIO MOJIOKKY (PHC. 2¢) IPUBOAUT K MPAKTUIECCKH MTOJTHOMY HCYE3HOBEHUIO
Ha3BaHHBIX Yelryek u
YMCHBIICHUIO KOJIMYECCTBA U
pasmMepa MUKpOKaIeb.

UccnenoBanne Mopdosioruu
MOBEPXHOCTH ITUPKOHHEBOTO

ciwrasa  Zr1%Nb ocie

HMIUIaHTAallUKM TUTAaHa IIPpU

noreHuuane cmemenus 1500

Pucynox 3-COM nosepxrnocmu 00pazyo6 yupkonueso2o cniasa

Zr1%Nb nocne umnranmayuyu mumana npu nomenyuaie B u pasHBIX BpPEMCHH
cmeujenus, nooagaemom Ha oopasey, 1500 B: a) 5 mun, 6) 15
mun, 6) 30 mun npenacraBieH Ha puc. 3. Ha

puc.3. BHIHO, 4YTO TIpH
UMIUIAaHTALUU TUTaHA B TedeHUH 30 MUH Ha MOBEPXHOCTH 00pa3yloTCsi KpaTepsl, ITO OTOMY
YTO C YyBEJIMYEHHEM BPEMEHU MMIUIAHTAIMM, CIUIIKOM MHOTO HOHOB OoMOapaupoBalo
HOJUIOKKY. DTH KpaTepbl 00pa3yloTcs TOJBKO IPU CMEIIeHUH Ha nojuioxky -1500 B. Iloa
neiicTBueM O0OMOapIMPOBKH OCAKIAEMOTO MOKPHITHS NOHAMHU BaKyyMHO-IYTOBOW IUIa3MbI B
MOKPHITUM BO3HHMKAIOT HANPSOHKCHHUS CXKATWs, TOJA JICHCTBHEM KOTOPBIX ITOBEPXHOCTb
0CaX/1a€MOI'0 TIOKPBITUS PUOOPETAET 3EPHEHYIO CTPYKTYPY.
3akiouyenue. MIOHHO-UMMEPCUOHHAS UMILIAHTALUS U3 IUIa3Mbl IyTOBOT'O pa3psijia TUTaHa B
craB Zr1%Nb mpuBOIMT K HW3MEHEHHI0 MOP(OIOrHMH TOBEPXHOCTH M K JedopMaruu
pemérku. To ecTh MMIUTAHTUPOBAHHBIM THUTaH Haxoautcs B Zrl%Nb B pacTBopéHHOM
coctosHuu. B pesymbrate  [IMWUM  u3mensercs  Tomorpadusi  MOBEPXHOCTH,
XapakTepu3yroleecs: BBIACICHUEM 3€peH, HaludyueM MHUKpOKareiab W, IpU CMELIEHWH Ha
nomnoxkke -1500 B, oOpa3oBanuio kparepoB. Hanecenme mokpeiTusi TiN  Ha
UMIUIAHTHPOBAHHYIO TIOMJIOKKY TPHUBOJAWUT K MCUE3HOBEHHIO YEIIYEeK W YMEHBIICHHUIO
KOJIMYECTBA M pa3Mepa MHKpOKameldb. OJTO CBUAETENbCTBYET O YIYULIEHUU aJre3uu
nokpeITUs. HacellieHne BoOpOIOM NPUBOAUT K MOSBICHUIO TEMHBIX OCTPOBKOB, KOTOpBIE
SIBIISTIOTCSI Pe3yJIbTATOM B3aUMOJICHCTBUS BOIOpO/a ¢ AeeKTaMu MOBEPXHOCTH (BO3MOXKHO,
TEMH )K€ BBIIICYIOMSHYTBIMH OTCIAWBAaHUSIMH TIOKPBITHS). Bpems pacmbpuieHne BinsieT Ha

MOP(OIIOTHIO TTOKPHITHH.
CIIUCOK JIUTEPATYPBI
[1]. Xu Xinlei. // Materials Protection. — 2000. — Vol. 33. — Ne8. — P. 28-32.
[2]. Ryabchikov A.l., Ryabchikov I.A., Stepanov 1.B. // Vacuum. — 2005. — Vol. 78 (2-4). — P. 331-336.
[3]. Umerova, S.O., Dulina, 1.0., Ragulya, A.V. // International conference «Nanomaterials: Application and

properties». — 2014. —P. 1.
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MOJUPUKALUA TIOBEPXHOCTH BOJIb®PAMA .
BO3JAEUCTBHUEM ITOTOKOB INIOTHOU KOMIIPECCUOHHOH
IIJIA3MBbI

TUNGSTEN SURFACE MODIFICATION BY DENSE COMPRESSION
PLASMA FLOWS

B.N. I_HHMaHCKHﬁl’Z, B.B. YFJIOBl'Z, H.H. LIepeHﬂal’z, B.M. ACTamHHCKHﬁ3, AM. Ky3LMI/1uK1/H713
V.. Shymanski'?, V.V. Uglov*?, N.N. Cherenda™?, V.M. Astashynski*, A.M. Kuzmitski®

1BenopyCCKI/H71 rocyJlapCTBEHHBIN YHUBEpCUTET, Ip-T HezaBucumoctu, 4, 220030, r. MuHCK,
benapyce, e-mail: shymanskiv@mail.ru
2TOMCKHIA TIOIMTEXHUYECKHIT yHUBepcUTeT, np-T JIenuna, 2a, 634028, r. Tomck, Poccus
3I/IHCTHTyT Teruio- U maccoodMena um. A.B. JIetkoBa HAH benapycu, yi. I1. BpoBku, 15,
220072, r. Munck, benapycn

In the present work the results of structure modification of the tungsten surface after
compression plasma flows impact are presented. The results show the melting of the surface
layer after the treatment at the absorbed energy density of 40 J/cm?. The surface evaporation
as well as hydrodynamic flow of the melt results in mass lost which increases with pulse
number.

Pa3BuTue 3HEpreTHuecKor OTpaciau Ha COBPEMEHHOM ATalle MPEANOoJIaraeT paciiupeHue
MNOTCHIUAJIBHBIX HCTOYHHKOB OHCPIUHU, o0ecrieueHne 3(1)(1)6KTI/IBHOI‘O 1 0e30MacHOro HX
ncronb3oBanua. K YUCIYy INEPCICKTHUBHBIX HaHpaBJ’IeHI/Iﬁ 6y,[[y1].II/IX pa3pa60T01< OTHOCATCA
CUCTCMbI, B KOTOPLIX INIAHUPYCTCA PCAJIN30BATh YCJIOBUA TCPMOAACPHOIO CUHTE3A. OI[H&KO
OI[HOﬁ N3 aKTyaJIbHBIX HpO6J’[€M IMPAKTUYCCKOIr0 HMCIHOJb30BaAHUA W KOHCTPYHPOBAHUSA
COOTBCTCTBYIOIIHUX DHCPICTHUYCCKUX YCTAHOBOK SABJIACTCA BLI60p MaTepuaaioB I nepBoﬁ
CTCHKHU PpCAKTOpa, B KAYCCTBC KOTOPBIX Ha CGFOI[HHI.HHI/Iﬁ ACHb IPEATIOYTCHUC OTHACTCA
Bombppamy U rpadury [1-3]. BBuay OTCyTCTBUST Ha  COBPEMEHHOM  JTarie
SKCIICPUMCHTAJIBHBIX  PCAKTOPOB, IMO3BOJMBIINX OBl MMPOBECTU HUCIHBITAHUA  OAaHHBIX
MaTCpHaJIOB B PCAJIbHBIX YCIIOBUAX, UCCICAOBATCIIN OTPAHNYINBAOTCA oo TCOPCTUUCCKUMHU
pacueTamMu, 6o HUMUTAIIUOHHBIMU  SKCHICPUMCHTAMH, YaCTHYHO BOCIIPOU3BOAAIINMU
YCIIOBHUS KAMEPHI pEaKkTopa.

B Hacrosimeit pabote mpemioKEeHO B KaueCTBE WMHTAIIMOHHOTO BO3JIEUCTBHS Ha
BOJ'IL(I)paM HUCIIOJIB30BAaTh MMOTOK BBICOKO3HepI“CTI/I‘-IeCKOI71 MIOTHOM KOMHpeCCHOHHOﬁ I1J1a3MBI,
TreHepauusa KOTOpOﬁ MNPOUCXOAUT B KBA3HUCTALIMOHAPHOM INNIIA3BMCHHOM YCKOPUTCIIC [4-5]
TakuM 1Ia3MeHHBIE IIOTOKHU XapaKTCPUIYIOTCA  JOCTATOYHO BBICOKOM IIOTHOCTBIO
sapspkeHHbIX  wacTHn (10 7-10Y oM®) u  gocraTouHo GONBLION  JUIHTENBHOCTBEO
cymiecTBoBaHUs Tia3MeHHoro motoka (100 mkc). B kadecTBe OOBEKTOB HCCIEHOBAHUS
UCTIOJIb30BATMCh 00pa3ilbl Bojdb(pama TonmmHoi 1 MM u pasmepamu 10 x 10 MM, KoTOpBIE

noaBCprajairncCh BO3CHUCTBUSI KOMIIPECCCHOHHBIX IJIA3MCHHBIX ITOTOKOB (KHH) q)OpMI/IpOBaHI/I}I
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IUTa3MEHHBIX MOTOKOB OCYHIECTBISUIOCH B MAarHUTOIIA3MEHHOM KOMIIPECCOpPE KOMITAKTHOM
reoMeTpur B ocTaToyHOM arMmocdepe azora (400 Ila). IlmoTHOCTh 3HEpruu, npegaBaeMas
MIOBEPXHOCTHOMY CJIOI0 00pasiia, OmnpeieeHHas 0 KaJOPUMETPUUYECKHX JaHHBIX CTAIbHBIX
00pa311oB, coctasisiia 40 Jhx/em?. O6pabotka KIIIT mpoBoaunacek 1, 2 1 3 UMmynbCamH.

CtpykTrypHO-ha30BO€ COCTOSHHE IOBEPXHOCTHOTO  CIIOS, MOAM(UIMPOBAHHOTO
Boszaeiicteuem  KIIII, wm3ydamoch Ha OCHOBE PpEHTICHOCTPYKTYPHOIO aHajM3a Ha
auppakromerpe Ultima IV Rigaku B reomerpun mapajienbHbIX IyYKOB C UCIOJIb30BAHUEM
menHoro w3nyudenuss (A = 0,154178 um). OcoOeHHOCTH MOP(OIOTHH IMOBEPXHOCTU
OIPEAEIIAINCh HA OCHOBE PACTPOBOM 3JIEKTPOHHON MuKpockonuu (POM) Ha ayieKTpoHHOM
mukpockone LEO 1455 VP.

Ha pucynke 1 npencrasiensl POM-u300paxeHns ydyacTKOB [TOBEPXHOCTH BOJIb(ppama,
U3 KOTOPBIX CJIENYET, YTO B MCXOJHOM cocTosinuu, o0 BosxaeuctBusi KIIII, moBepxHOCTH
XapaKkTepu3oBajlach HalIW4Me pPAa3BUTOro penbeda, O0O0YyCIOBICHHOTO IpeIBapUTEIbHOM
nugoskoi mactunel. Ilocne o6padorku KIIII mopdonorus moBepXxHOCTH yKas3bIBAaeT Ha
IUIaBJICHUE TPUIIOBEPXHOCTHOIO CJIOSI BOJb(ppama, KpUCTaIIM3alusg KOTOPOTrO ClIOCOOCTBYET

CTJIQXHBAHUIO peibeda (PUCYHOK 10).

Pucynok 1 — POM-u300paxkeHus MOBEpXHOCTH BOJIb()paMa B HCXOJHOM COCTOSIHUH (@) U rmocJie
Bo3elcTBrs onHNM umitysibcoM KIIIT (6, B)
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OpaHako Ha COOTBETCTBYIOIIEM U300paKEHUH MOYKHO BBIJICTIUTh OTHOCUTENIBHO TIaAKYIO
HEHTPaJIbHYI0 00JacCTh CPETHUM TUAMETPOM OKOJIO 1 MM, chopMHUpOBaHHYIO, IO-BUIUMOMY,
B3aMMOJICCTBUEM UEHTPAJbHOW YAaCTH IUIA3MEHHOI'O MOTOKA € MOBEPXHOCTHIO. [lo mepe
yaajaeHus OT IEHTPAIbHOW YacTH MOXKHO OOHApYXUTh XapaKTepHbIC ITOBEPXHOCTHHIE
o0pa3oBaHMsi B BHUJEC 3aKPHUCTAUIM30BAHHBIX «Kalejidb», CHOPMUPOBAHHBIX 3a CUET
pacTekaHusl IMOBEPXHOCTHOTO paciiaBa B paauajbHOM HampasieHuH. Ha moBepxHocTH
BosibPpama mocie Bo3zzaeiicTBus KIIII Obuto BbIsIBIEHO (OPMUPOBAHUE MOIHIIPUUECKUX
3€pEeH CPEAHUM Pa3MEpPOM HE MPEBBIMIAIOIIEM 5 MKM, MPUYEM 3€pHA OTIMYAIOTCSA APYT OT
JIpyra TO KOHTPACTy OJJIEKTPOHHOTO W300paXKCHHsI, CBS3aHHOTO, TO-BUIUMOMY, C WX
pasnmuyHOM KpucTauorpaduueckord opueHTanueil. Ilpm Oonee neraabHOM HW3YYCHHH
MUKPOCTPYKTYPBl OTHENbHBIX 3€peH B HUX ObUIO BBIABICHO (HOPMHUPOBAHHE SUYCHCTOMN
CYyOCTPYKTYpBI cO cpeqHuM pasmepom siueek okoiio 500 HM. Poct Takux sdeek cBs3aH CO
CKOPOCTHOW KpUCTaJIIIM3alell MPUIIOBEPXHOCTHOIO PACIUIABIEHHOTO CIIOS.

CorylacHO pe3ysbTaraM pPEHTTCHOCTPYKTYPHOTO aHaiu3a (PUCYHOK 2) Tocie
BozaeiictBus KIIII B oOpasmax He HaOmromaercs GOpMUPOBAaHUS HOBBIX (a3, MOSBICHUE
KOTOpBIX MOIJIO ObI CTaTh pe3yJIbTaTOM B3aUMOJCHCTBHUS IJIa3MOOOPA3yIOLIEr0 BELECTBA
(a3ota) ¢ moBepxHOCThIO. OAHAKO B pe3yibTaTe KPUCTAJUIM3ALUU TOBEPXHOCTHOTO CIOS
HaOMOIaeTCsl M3MEHEHHE NPEeUMYIIECTBEHHON KpUCTAIorpaguueckod OpHEeHTalud B

HarpasiaeHuu (200).
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PucyHnok 2 — PentreHorpammel Bosib(hpama B HCXOHOM cocTosiHuH (1) 1
rociie Bo3aercTBUs ogauM ummyiascoM KIIIT (2)

OZ[HOﬁ N3 BAXHBIX Hp06HCM HCIIOJIb30BAHUA MAaTCPUAJIOB IIPU U3TOTOBJICHUUN IICPBLIX
CTCHOK TEPMOAICPHBIX PEAKTOPOB ABJIACTCA 3pO3UA MOBEPXHOCTHU, MTPHUBOJAIIAA K BI)I6pOCy

Mar€puajia B IINIa3My, YTO HCETaTUBHO CKa3bIBACTCA Ha NPOTCKAaHUH peaKHHI)’I cuaTe3a. B
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JaHHOM paboTe OBUIO TpoaHamM3upoBaHo BiusHue BozaeicTBus KIIII wHa spos3uro
noBepxHocTu. Ha pucyHke 3 mpeacTaBieHbl pe3ylbTaThl U3MEPEHUsS Macchl OOpas3loB B
3aBUCHMOCTH OT KOJIMYECTBA HMITYJIbCOB 00paboTku. Ilpu yBenmueHuu 4mcna
MIOCJIEIOBATEIBHBIX UMITYJILCOB BO3ICHCTBHS OT OJHOTO O TPEX Macca oOpasia u3MeHseTcs
oT 6 10 47 Mr, 4TO COOTBETCTBYET YIAJICHHOMY CJIOK0 3 — 24 MKM, COOTBETCTBEHHO, IpHU
YCIIOBUU PAaBHOMEPHOTO yAajdeHUM Macchl. K dnciay BO3MOMKHBIX MEXaHHU3MOB 3pO3UU
noBepxHocTH BoJib(pama npu BozaercTBun KIIII, npuBoasimux K yMEHBIICHUIO €0 Macchl,
MO>XHO OTHECTH HCIIApPEHUE aTOMOB C IMOBEPXHOCTH, a TAKKE TMAPOAMHAMUYECKOE YIaJICHHE

KareJjib IIpyu paCTCKaHUK paciljiaBa.

50
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20

WN3ameHeHne macchkl, mr
1
)
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M3meHeHuMe TONWWHBI, MKM
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36}
s

Konuyecteo umnynecos

Pucynok 3 — 3aBMCHMOCTb H3MEHEHHUS MAaCcChl U TOJIIMHBI 00pa3LoB BoJb(pama nocie BO3AEHCTBUS
KIIIT npu pa3au4yHOM 4KCIIe UMITYJIBCOB

Takum o0pa3zom, BO3A€HCTBHE IUIOTHOM KOMIIPECCHOHHOW IIa3Mbl C IUIOTHOCTBIO
noryomeHHon sHeprun 40 I[)K/CMZ Ha Boilb(paM TPUBOAUT K TUIABIECHUIO €ro
MOBEPXHOCTHOTO CIIOSl, KOTOpOE€ CIOCOOCTBYET HCIAPEHUI0 aTOMOB C TOBEPXHOCTH U
YMEHBIIEHUIO MacChl 00pasIia 3a CYeT TUAPOIMHAMUYECKOTO PACTEKAHMS.

M. Reigh et al., Journal of Nuclear Materials 432 (2013) 482
M. Chernyshova et al., Fusion Engineering and Design 113 (2016) 109
A.A. Shoshin et al., Fusion Engineering and Design 114 (2017) 157

V.V. uglov et al., Surface and Coatings Technology 180 (2004) 633
V.M. Astashynski et al., Surface and Coatings Technology 180 (2004) 392
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BJIMAHUE IIVIA3BMbI KOPOHHOI'O PA3PAJIA HA KPUCTAJIVIMYECKYIO
CTPYKTYPY Mn-Zn ®EPPUTOB

THE INFLUENCE OF THE PLASMA CORONA DISCHARGE ON Mn-Zn FERRITE
CRYSTAL STRUCTURE

M.H. lunko™ 2, B.B. KOpOBYI_HKI/IHs, M.A. CrenoBuy” 4, EI. Posun®
M.N. Shipko® 2, V.V. Korovushkin® , M.A.Stepovich®“, E.G. Rozin'

1Kaqbe()pa Gusuxu, Meanosckuii 20cyoapcmeentblil IHepeemuyecKull YHusepcumen
um. B.U. Jlenuna, yn. Pabgparoseckas, 0. 37, 153003, Usanoso, Poccus, ivrgteu_nir@mail.ru
2 Hayuro-06pazosamenvHblii YeHmp no usyueHuio CnuH-1y6cmeumenbHbx s6neHui,
Hsanosckuil cocyoapcmeennbiii ynusepcumem, yi. Epmaxa, 0. 39, 153025, Heanoso, Poccus,
michael-1946@mail.ru, m.stepovich@rambler.ru
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mexnonoeuueckuil ynueepcumem « MUCuCy, Jlenunckuti npocnexkm, 0. 4, 119049, Mocksa,
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um. K.3. Huonkosckoeo, yn. Cmenana Pazuna, 0. 26, 248023, Kanyea, Poccus,
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The effect of processing of single-crystal Mn-Zn ferrites in the corona
discharge plasma on the crystal structure of the samples was investigated. It
was shown that the corona treatment can be used to enhance the
electromagnetic properties of ferrites, which contain ions with variable
valency.

W3ydeHno BiusiHHE I71a3Mbl KOPOHHOTO Pa3psijia Ha KPUCTAIMYECKYIO CTPYKTYpPY 00-
pasoB Mn-Zn ¢epputa. MccnenoBanus BBIMOJHEHBI HA IUIACTUHAX MOHOKPHCTAUIMUYECKUX
o0pa3ioB ¢eppura cocraBa Mng gZng 2Fe;0,4 TommuHoMi 60-80 MKM, BRIpE3aHHBIX MTEPIICH/IH-
KyJsipHO HampasieHuto [111] kpucranna. O6paboTKy KpUCTAJUIOB B KOPOHHOM pa3psifie OCy-
IIECTBIISUIM B BO3JyXe IpPU KOMHATHOW TemIeparype U CIeAYIOIIMX MapaMeTpax paspsja:
pPa3HOCTh TOTEHIIMAJIOB MEXTy KOPOHUPYIOMNUMH 3ekTpogamu 16-20 kB, Tok paspsna 0,1-
3 MA, mmrtensHOCTh 00paboTku — 30 wac. OreHKa pe3yabTaTOB B3aUMOJICHCTBHS TUIA3MBI C
dbeppuTOoM MpoBeeHa ¢ UCIOIB30BaHUEM SiIEpHON ramMmMma-pe3onancHoil (SII'P) cnekTpocko-
nun. VccrnenoBanus nposeeHsl Ha ycTaHoBke MS-1104 Em mpu koMHaTHOM TemnepaType,
MICTOYHHKOM y-HM3iIydenns ciyxmi moron Co>’ B marpuue Cr. MéccGayspoBCKiE CIIEKTPHI
depputa MnggZng 2Fe,04 10 06pabOTKH B TIa3Me KOPOHHOTO paspsijia MPeICTaBIsIIN co00i
CJIOKHYIO KapTHHY HaJOXEHHs OOJBIIOrO YMCIIa TI0XO pa3pelIéHHbIX CEKCTUILUIETOB OT He-
SKBUBAJICHTHBIX MONOXKEHHIT si1ep Fe>’ B cTpykType eppuTa, B CBA3M C 4eM ObLT MPOBEASH
UX aHaJU3 METOJIOM KBAa3MHETIPEPHIBHOTO ONHCAHUS C UCMOJIb30BAaHUEM CTAHJIAPTHON METO-
mukd. [Ipu 06paboTke CHeKTpoB IoJyiarajiy, YTO MOHBI XKeje3a JIOKaIU3yroTcs B okTa- (B) u
TeTpasapuueckux (A) no3unusax. COOTHOLIEHHE HHTEHCUBHOCTENH KOMIIOHEHT PETUCTPUPYE-

MOT'0 CIICKTpPA 3aJaBajid C YUCTOM IPCANOJIOKCHUSA O CTATUCTUICCKOM PACIpPCACICHUN NOHOB
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Zn*" B MEepPBON KOOPAMHAIIMOHHON cdepe OKTadIPUUECKUX MOHOB JKeje3a. B Takom ciyuae
BeposiTHOCT W, Hax0KIeHHs N HOHOB ZN>* B TIepBOii KOOPAMHALMOHHOI cdepe HoHoB Fe®'
MOJKET OBITh IPEJICTABJICHA B BHJIEe OMHOMUHAIBHOTO pactupenenenus W, = (6n)xn(1-x)6'”, TIe
X — KOHIIGHTPAllMi MOHOB LIMHKA B o0Opasie. [ oOpasia ¢ 3a1aHHOM KOHIICHTpaluel IIMHKa
MaKCHUMaJbHble 3HauUeHUsl BeposITHOCTH W, TOJTy4YeHBbI ISl OKTadIpPHUYECKUX HOHOB JKEJe3a,
UMeEIINX B Onmkaiiiem okpyxeruu 0, 1, 2 wnm 3 nona Zn.

Ha puc. 1 mpencraBieHsl pe3ynbrathl 0OpabOTKH MOTYYEHHBIX HaMH SKCIEPUMEH-
TaNbHBIX JaHHBIX: rpaduky GyHKImiA pacipenererns P(H) MarHuTHBIX moneii Ha sapax Fe’
it SITP ciekTpoB muccneoBanHoOro heppuTa: a — MpH HATOKEHUU BHEITHETO JIEKTPUIECKO-
T'0 TOJISl HANPSKEHHOCTH 3-10° B/m, 6 — mociie 00pabOTKH B KOPOHHOM Pa3psiic ¥ 6 — B HC-
XOJIHOM COCTOSIHHH, B TIEPBOM Clly4ae 0OpaboTka B KOPOHHOM pa3psjie HE MPOBOJUIACH.
CrpenkaMH yKa3aHbl KOOPAUHATH MakcuMyMoB (yHkiuu P(H) mis noHOB skene3a, paciosio-
KCHHBIX B TE€TPa- U OKTAdAPUYECKUX MO3UIHUAX KPUCTAIUIMYECKON CTPYKTYpHI ¢peppura. Ilo-
ciie 00pabOTKU B KOPOHHOM paspsijie HabromaeTes casur Makcumyma ¢yukimu P(H), coot-
BETCTBYIOIIETO TETPAdAPUUYECKON TMOApENIeTKe, B CTOpPOHY Oojiee BBICOKMX 3HA4YeHUU (OT
470 kD mo 484 kD), a TaKKe CABHT B CTOPOHY 00Jiee BHICOKMX 3HAYCHHI MArHUTHBIX TOJIEH
MakcuMyMoB QyHKIH P(H), COOTBETCTBYIOIMIMX OKTadIPUYCCKUM MOHAM JKeje3a, HE UMEIO-
KX B OUIDKaifieM okpykeHuH noHOB Zn>*. HaGmogaeMoe IOBBIMICHHE 3HAYCHHUIT CBEPX-
TOHKHX Tofieii Ha siapax Fe°’ mocie 06paGoTKH (eppuTa B IIa3Me KOPOHHOTO paspsiia CBH-
JIETEeIbCTBYET 00 M3MEHEHUH 3JEKTPOHHOTO M CIIMHOBOTO COCTOSHHI HMOHOB JKejle3a B €ro
cTpykrype. IIpuunHy Takoro m3MEHEHHUs MOXKXHO OOBSICHUTH B PAMKaxX «MOHHOTO0» MEXaHH3-
Ma, CIeU(pUUECKOe MOSIBIEHUE KOTOPOro CBSI3aHO C OCOOEHHOCTSIMHM COCTaBa U CTPYKTYpPHI
Mn-Zn ¢eppurta. J{eficTBUTETBHO, COTTIACHO JIMTEPATYPHBIM JaHHBIM [1] aeKTpoMarHuTHbBIC
cBoiictBa Mn-Zn ¢gepputa MOXKHO ONucaTh, IPUHUMAas BO BHUMaHHE MEXaHU3M JIEKTPOHHO-
ro oOMeHa MEXIy pa3HOBaJCHTHBIMH MOHAMHM JKeJle3a W MapraHia. Yactora 3JIeKTPOHHBIX
MEPECKOKOB 3aBUCHUT OT BEIMYUHBI MOTEHIIMAILHOTO Oapbepa, KOTOPBIHA 3JEKTPOH Mpeooe-

+(3+ +(2+
2+(34) > Fe3 @ ) B pe3yiabTaTe BHCAPCHHUA U3 IIJIA3Mbl KOPOHHOT'O

BaeT B mpoiiecce oomena Mn
paspsiaa B KpUCTALTUIECKYIO CTPYKTYPY GeppHuTa JOMOIHUTEIBHBIX HOHOB KHCIOPOJIa U3Me-
HSETCS HE TOJBKO CTENICHB €€ JIOKAThHOU JIe(hopMaIiii, MEKHOHHBIC PACCTOSTHHS, HO Y KOJIH-
YEeCTBO MOHOB, YYaCTBYIOIINX B DJIEKTPOHHOM OOMeHe. YBenndeHrne 3HaueHun d(h(HEeKTHBHBIX
MArHUTHBIX TOJICH Ha S[pax HOHOB XKele3a Fe>’| IOKaIM30BaHHbIX B TEPa- H OKTadIPHICCKIX
MO3UIUAX CTPYKTYPHI (DeppHTa, CBHICTSIBCTBYET B IOJIB3y M3MEHCHHS HaMarHHYEHHOCTH

MOJIPEIIETOK U, KaK CJIEICTBUE, PE3YJbTUPYIOLIE HAMAarHUYEHHOCTH HACBIEHUS 00pasla.

Takoit MexaHHU3M HaXOAHUTCS B COTJIACHU C pe3yiibTaTaMu UCCICOAOBAHUA MeCC6ay3p0BCKOFO
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criekTpa MoHOKpuctamuia Mn-Zn-dpepputa Bo BHEMIHEM 3JIEKTPUYECKOM Iosie. Takoe rmoje
CIIOCOOHO BCIJIEJICTBUE DJIEKTPOCTPUKIUU MOBIUATH HA WHTEHCUBHOCTH OOMEHHBIX B3aWMO-
JNEHCTBUI MKy MAarHUTO-aKTUBHBIMU MOHAMHU TE€TPa- U OKTAdAPUIECKON MOAPEHIeTOK (ep-

puTa 1, Kak CJICIACTBUEC, HA CPCAHCC 3HAYCHNUC MArHUTHOTO MOMCHTA MOHOB KECJIC3a B 06pa3-

Le.

0 1oo 200 300 400 S00 H. K3

Puc. 1. ®ynknum pacnpeaenenus 3¢ (HeKTUBHBIX MATHUTHBIX MOJIEH Ha spax Fe®’
P(H) mns AP cnextpoB deppura MnggZng ,Fe,0,4: a — BO BHENIHEM dIIeKTpUYe-
CKOM MoJie (HanmpspKEHHOCTS 1OJIS YKa3aHa Ha OCH a0CLUCC Y HU)KHETO PUCYHKA),

0 — nociie 00paboTKN B KOPOHHOM pa3psizie, B — HCXOIHOE COCTOSHHUE.

HOJ’Iy‘-IeHHI)Ie PE3YIBTATEI YKAa3bIBAIOT HAa BO3MOXXHOCTH HCIIOJB30BaHUA KOPOHHOI'O
paspsaaa Ajid MOBBIIICHUS 3JICKTPOMArHUTHBIX CBOWCTB q)eppI/ITOB, B COCTaB KOTOPBIX BXOAAT

HOHEI C HepeMCHHOﬁ BaJICHTHOCTBIO.

[1] B. Window, Journal of Physics E: Scientific Instruments. 45 (1971) 401.
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ATOMISTIC CALCULATION OF ELECTRONIC STOPPING FROM FIRST
PRINCIPLES, BAND STRUCTURE AND GAP EFFECTS IN THE LOW ENERGY LIMIT

Alfredo A. Correa

Quantum Simulations Group,
Lawrence Livermore National Laboratory, USA

Real-time Time dependent density functional theory gives us access to detailed evolution of
quantum electronic system, both in the linear and the non-linear regime.
As the power and scale of TDDFT computer simulations grows, new phenomena can be captured
and studied.

The calculation of stopping power from first principles at the atomistic level reveals complex
behaviour of the electronic stopping in the low energy regime.

In this talk 1 am going to present simulation results regarding materials undergoing particle
radiation and their non-linear optical response and conductivity.

We will discuss the cases band structure effects of light ions in copper and silicon as well as

new results for heavy ions, such as Nickel.
This work performed under the auspices of the U.S. Dept. of Energy by LLNL under contract DE-

AC52-07NA27344, funded by the Energy Dissipation to Defect Evolution Center, EDDE, an Dept.
of Energy EFRC (Award Number 20140RNL1026)
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