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HYDROGENATED OXIDE SEMICONDUCTOR FILMS BY SPUTTERING

Xiao-Tao Hao*

School of Physics and State Key laboratory of Crystal Materials, Shandong University, Jinan,
China, Email: haoxt@sdu.edu.cn

Hydrogen has very important advantages in the transparent conducting oxide films
deposited by radio frequency magnetron sputtering.[1-2] Hydrogen has the properties of an
amphoteric impurity when employed as the atmosphere during the deposition process; it can
change the conductivity of formed thin films when adopted as the plasma after the films
deposition. It can be incorporated as an impurity or intentionally introduced to passivate
defects and other impurities in the thin films. Hence, hydrogen can modify the structural,
electrical, and optical properties of the ZnO thin film. Furthermore, hydrogen ions can
migrate under the effect of electric or heat fields, which can enhance the device performance.
In this talk we will briefly review the recent research progress of this field, and our work on

this topic is also reported [3, 4].
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Fig.1 (a) XRD spectra for the ZnO: Al films with different hydrogen partial pressure; (b)
Dependence of d-values and grain size of ZnO: Al films on hydrogen partial pressure.

Highly conducting transparent thin films of aluminium (Al)-doped zinc oxide (ZnO: Al)
were deposited by a radio frequency magnetron-sputtering technique using an argon and
hydrogen gas mixture at room temperature. Hydrogen serves as a shallow donor and plays a
critical role in improving the Al doping efficiency to enhance the conductivity of thin films.
The effect of hydrogen partial pressure on the properties of ZnO:Al films was investigated in

detail. Polycrystalline ZnO:Al films with a surface roughness of about 2 nm, conductivity of



1.97 x 10°S cm ', transmittance of over 83% in the visible wavelength region and an optical
band gap of 3.93 eV were achieved at a hydrogen partial pressure of 7.5 x 10~ Pa.

X-Ray diffraction spectra are given in Fig. 1 (a) for ZnO: Al films deposited on glass at
room temperature. The average grain size of the films varies from 15 nm to 25 nm as depicted
in Fig.1 (b). The surface morphology of the ZnO: Al films before and after oxygen plasma
treatment was revealed by the AFM images as shown in Fig. 2. It can be seen that the root
mean square (RMS) roughness of the film increases with the increase in the hydrogen partial

pressure.

(b

Fig.2 AFM images for ZnO: Al films with different hydrogen partial pressure, 0 Pa: before (a)
and (b) after oxygen plasma treatment; 7.5x10™ Pa: before (c) and after (d) treatment;
12.5x10™* Pa: before (¢) and after (f) treatment.

The transmittance spectra as a function of wavelength in the range 300-800 nm for the
samples (thickness is about 200 nm) are shown in Fig. 3. It can be seen that the average
transmittance in visible wavelength region is about 82~84% for all the films, which means
that the trifle introduction of hydrogen in the sputtering gas affects the transmittance slightly.
Fig. 4 gives the transmittance and reflectance spectra as a function of wavelength in the
infrared (IR) region for two ZnO: Al films deposited under pure argon condition and under
mixture sputtering gas with hydrogen partial pressure of 7.5x10™ Pa.

Fig.5 gives the hydrogen partial pressure dependence of the conductivity (o), carrier
concentration (N) and Hall mobility (u) for the ZnO: Al films. It can be seen that both u and
N of the ZnO: Al films vary with the hydrogen partial pressure. In order to better understand
the mechanism of carrier concentration variations in films due to the addition of hydrogen

into the gas mixture of argon during sputtering processes, SIMS was used to measure changes



of Al and oxygen concentrations in films prepared under different conditions. Figure 6 shows
the typical depth profiles of a ZnO: Al film prepared at the hydrogen partial pressure of 0 Pa,
5x107* Paand 7.5x10~* Pa, respectively.
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Fig. 3 The optical transmittance vs. wavelength for ZnO: Al films with various hydrogen
partial pressures. The inset is optical band gap of ZnO: Al films with different hydrogen

partial pressure.
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Fig.4 The optical transmittance and reflectance spectra of ZnO: Al films deposited with pure
argon and with hydrogen partial pressure of 7.5x10* Pa as a function of wavelength in

infrared region (800nm~2500nm).
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Fig.6 SIMS depth profiles of ZnO: Al films prepared with different hydrogen partial pressure.
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Non-linear transport of energy in thin films and surface interactions
F M Russell*
Science Dept., University of Pretoria, South Africa, micaZ2mike@aol.com

Abstract. Fossil tracks of at least two kinds of mobile, highly-localised, energetic lattice
excitations have been identified in natural crystals of muscovite mica, which contains
potassium.[1] The isotope K* is radioactive, with two of the three decay channels producing high
energy leptons and a recoiling nucleus with up to ~40eV energy. These recoiling atoms can
produce highly localised lattice excitations at known positions in the lattice, which greatly
facilitates study of the resulting mobile excitations. One of these excitations, called a quodon, has
been shown in a laboratory to propagate along a chain of atoms for more than 107 unit cells at
300K and retain sufficient energy to eject an atom at the end of the chain. [2] The fossil tracks of
the quodons can exceed 500mm in length and up to 120mm for the kink-like excitations. These
excitations are remarkably stable against thermal motions of atoms since they are recorded when
the crystal is at a temperature of ~900K. To achieve such long paths in natural crystals quodons
must also be tolerant of point defects and interstitial atoms. The kink-like excitations are
copiously created by energetic nuclear scattering events that produce atomic cascades. These are
created in the crystals by high energy muons and other particles from cosmic rays. Numerical
simulations of possible excitations have been made but at present are hindered by the complexity
of the crystal structure.[3,4,5] Subject to the structure simplifications adopted the best current fit
to a quodon is an optical-mode breather and discrete kink-like pulses for the other excitations.

These are illustrated in Figure 1.
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Figure 1. Diagrams of a breather (left) and a kink-pulse (right) in the potassium sheet. The atoms
in a breather oscillate as the envelope moves sub-sonically. In a super-sonic kink-pulse the
pushed atom slowly returns to its equilibrium position,

The existence of these tracks is the only known way to observe the motion of these lattice
excitations individually and enables their behaviour under a variety of conditions to be studied.
The excitations have potential for modifying the properties of materials and annealing defects,
enhancing heat transfer and assisting quantum tunnelling by causing multiple close encounters

between nuclei.
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Crystals of muscovite relax from an initial meta-stable state containing an impurity by
precipitating that impurity at transient nucleation sites. This was deduced from the discovery in
the crystals of fossil tracks of cosmic ray particles decorated with the mineral magnetite. The
existence of other fossil tracks inconsistent with a particle origin led to the discovery of the
mobile, compact, lattice excitations. With internal energies reaching up to tens of eV these
excitations involve nonlinear forces. There are at least two types of excitation differing in their
mode of excitation, the way they propagate, their speed and range - some exceeding 500mm in
length. Muscovite is a layered crystal with composition K,Als[SicAl,020](OH,F)4. It cleaves
easily at the weakly bound monatomic potassium layer in to thin transparent sheets. It is
chemically stable under ambient weather conditions and is an electrical insulator.[6] In contrast,
the impurity precipitates as black magnetite in the form of intrusive ribbons of only a few unit
cells thickness with composition (Fe"*Fe**,04), which is a conductor and opaque. Large crystals
of muscovite only grow in liquid granite at ~900K and at depths greater than Skm underground.
The layered structure is of critical importance as the recording process generating the tracks
operates only in the vicinity of the monatomic sheets of potassium, hence possible relevance to
thin films.

The tracks of charged particles and the mobile lattice excitations are observed as long

narrow ribbons of magnetite that lie in the (001)-plane of easy cleavage: see Figure 2.

Figure 2. Photograph of sheet of muscovite mica showing fossil tracks of two relativistic muons
(arrowed) and quodons, the mobile lattice excitation. The sheet is 157 x 70 x 0.05 mm thick laid
on a grid parallel to the principal crystal directions. Many of the quodon tracks show
interruptions in the extent of decoration along their length, which eliminates the possibility tracks
are dendrites.
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The tracks of positively charged muons from cosmic rays lie in random directions in the
(001)-plane. These tracks are characterised by slight deviations from straightness due to nuclear
scattering and can have lengths up to the limit set by the crystal size. The nuclear scattering of
muons can create individual quodons or atomic cascades that generate multiple lattice excitations
resembling kinks. The tracks arising from lattice excitations lie in directions that are defined and
limited by the crystal lattice. Those due to quodons always lie exactly in principal crystal
directions in the (001)-plane because they propagate along atomic chains, with most of the energy
concentrated on just one chain. They do not deviate from straightness but can be scattered to
create secondary quodons propagating in different chain directions. Since they are well described
as breathers they probably propagate at sub-sonic speed but this has not yet been tested.

The decay of K* in the monatomic potassium sheets has played a vital role in the study of
the fossil tracks. Measurement of the length of tracks of positrons of known energy showed the
sensitivity of the recording process to be 0.4eV per micron of track or 1eV per 30,000 unit cells
along a track. This showed that the recording process did not operate primarily by creation of
ionisation sites. However, positive ionisation sites created by negatively charged relativistic
particles can trigger the recording process. Positrons emitted from K* nuclei are diffraction
scattered by the lattice. The resulting angular distribution of positron tracks in the (001)-plane has
narrow peaks exactly in the directions of the chains of potassium atoms, with symmetrical
diffraction wings either side. The observation of this pattern showed that the recording process
operated in close proximity to the potassium sheets. It also showed that the recording process is
charge sensitive because electrons do not show the intense forward peak and they rapidly
scattering out of the (001)-plane of recording. The tracks of positrons in the diffraction wings
show clear evidence of Rutherford scattering, which together with their range uniquely identifies
them as positrons.[7] The decay of K*° giving an electron or positron is a three body process and
involves the emission of a neutrino. To conserve momentum the energy of a positron is greatest
when the neutrino energy is smallest. The direction of recoil of the nucleus is then in the opposite
direction to that of the positron. Due to the diffraction pattern the recoil is directed towards the
next potassium atom in a chain direction. The subsequent nonlinear interaction between the
recoiling atom and the next atom is well suited to creating a nearly optical-mode oscillation of
breather type centred on the atomic chain, which quickly evolves in to a quodon. Excess energy

is radiated away as phonons and the recoil momentum is carried by the resulting quodon.

13



Although the tracks of emitted electrons are not recorded the associated recoiling nuclei are the
dominant source of quodons in mica because of the ~10*/1 ratio of the e/e" decay channels.
Figure 3 shows a photograph of the patterns of tracks resulting from nuclear scattering
events. They resemble a hand-fan of wedge shape. The opening angle of the wedge is variable
but always spans or includes a chain direction. Within the fan there are multiple tracks, called
striae, which lie exactly in chain directions. The sides of the fan do not lie in chain directions.
The intensity of decoration implies a concentration of energy in the vicinity of the sides. It shows
that some form of energetic lattice disturbance propagates away from an energetic nuclear

scattering event, spreading sideways as the associated momentum moves forward.

Figure 3. Photo of kink-based lattice excitations propagating away from nuclear scattering events
as a heavy particle moves the crystal; the track is shown nearly horizontal. The tracks of the
kink-excitations, called striae, lie exactly in chain directions, vertical in the photo. The kinks are
laterally unstable in the 2D sheets of potassium atoms, creating the wedge shape as they move at
supersonic speed. The sheet of mica shown is approximately 140 x 50 x 0.05 mm thick.

Although the individual tracks comprising the striae are parallel to chain directions they are
inconsistent with quodon tracks for several reasons. They can end and then seem to start again on
a different chain. Their range is coordinated across the moving front of the striae, with a curved
front. They do not create secondary quodons by scattering at defects. Finally, their range
increases with the extent of decoration, that is, the amount of magnetite that is precipitated per
unit volume of mica. Most of these features can, to first order, be understood in terms of discrete

kink-like excitations. The striae are more visible in Figure 4.
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Figure 4. Photo of a ‘fan’, originating at a nuclear scattering event at the left, as the energy
transferred to the lattice is transported by multiple supersonic kink-pulses moving along chains.
The total actual length of the fan is 122mm.

To a first approximation, the sheets of potassium atoms can be treated as suspended
between rigid silicate layers, which provide on-site potentials to hold the potassium atoms in their
equilibrium positions. A kink-like impulse to an atom in a 1D chain is relatively stable even with
thermal motions. When the 1D chain is imbedded in the 2D sheet, however, it is laterally unstable
even in absence of thermal motions, creating a fan-shape resembling the patterns seen in mica
with striae. Assuming the initial energies of the kink-excitations are limited by production of
interstitials, the range of the kink-excitations capable of triggering the recording process is less
than a micron. That is, many orders of magnitude less than the observed length of fan-shaped
patterns. This is because the energy in the moving front of the fan is progressively shared by
more atoms as it spread sideways. To achieve the observed ranges of the kink-like pulses it seems
inevitable that they must gain energy from the lattice as they propagate. Since the recording
process involving precipitation is exothermic it is possible that the recording process drives the
kink-excitation forward. Molecular dynamic studies of kink-impulses in metals lend support to
this hypothesis, as they show increased separation between adjacent atoms in the chain
immediately behind the compressed pair of atoms forming the kink. These transient partial
vacancies provide a potential well for insertion of an impurity ion. Figure 5 shows how the
atomic separations vary as a kink propagates. Insertion of an ion would impede the recoil action
of the trailing atom of a kink, thereby providing a push to drive the kink forward. Inserted ions
could then act as permanent nucleation sites for further decoration, thus delineating the tracks.
Further, the observed increase in range with increasing amount of magnetite precipitated is

consistent with this model.
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Figure 5. Diagram showing the spacing between atoms, relative to the equilibrium spacing, as a
kink-pulse moves along a chain. Each plot is for successive intervals of time. The kink is moving
towards the left. The shaded areas indicate where there is a potential well into which an ion might
insert into the chain, thereby acting as a nucleation site for recording the tracks. Data from a MD
study of energy propagating from an atomic cascade.

This raises the possibility that kink-impulses created by irradiating the surface of a solid
with low energy ions, as by plasma, could propagate deep in to the material if they gained energy
by annealing defects to compensate for the loss by lateral spreading. This might be of
significance in materials with large irradiation damage. The behaviour of quodons, however, is
quite different as shown by the ejection experiment, in which they propagated >7mm without
gaining energy from the crystal as precipitation was not possible due to absence of iron.

The striae suggest some degree of lateral cooperation between kinks moving on adjacent
parallel chains. There is some evidence from MD studies for the formation of in-phase motions of
kinks on adjacent chains to form plane wave-fronts, resembling micro-shockwaves. This may
well be an essential feature to account for enhanced or long range propagation of lattice
excitations into crystals lacking simple atomic chains, such as in silicon. There is also the
possibility of limiting the lateral spread of kinks by confining them to propagation in micro or
nano-filaments to achieve transport of heat energy at supersonic speed. This might be relevant to
cooling diverters in plasma fusion devices. It is clear that there is still much to be found out about
these nonlinear lattice excitations. For example, it is still not known if quodons are unique to
quasi-2D sandwich-like structures similar to the potassium sheets in mica or if they could

propagate in thin surface films. There are still patterns of lines and decoration that are not
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understood. Finally, the duration of the recording phase of a crystal can be estimated from the
density of positron tracks per unit volume, giving typically thousands of years. Combined with
the highly sensitive recording mechanism and strong shielding underground there is scope for

detection of very rare events.
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Formation and tailoring of metal and semiconductor quantum dots in
amorphous matrices by MeV ions

Iva Bogdanovié¢ Radovi¢', Maja Buljan', Marko Karlusi¢', Nikola Radi¢', Milko
Jaksi¢', Goran Drazi¢?, Sigrid Bernstoff®

!Ruder Boskovi¢ Institute, Bijenicka cesta 54, 10000 Zagreb, Croatia
’National Institute of Chemistry, Hajdrihova 19, 1000 Ljubljana, Slovenia
3Sincrotrone Trieste, SS 14 km163,5, 34012 Basovizza, Italy

Materials based on metal or semiconductor quantum dots (QDs) are very
interesting for many applications, especially in the field of photonics (lasers, sensors,
photovoltaic devices, imaging, data storage, etc.) and also as materials with enhanced
thermoelectric efficiency. Due to the fact that their properties strongly depend on QD
size and arrangement it is important to achieve controllable production of such
materials. In the present work we are investigating how ion beams can be used for the
controllable production of QDs in different amorphous matrices. Multilayers
containing metal (Ni) or semiconductor (Ge, Si or SiGe) atoms uniformly mixed with
the matrix or already formed QDs in different types of amorphous matrices (ITO,
silica or alumina) have been irradiated with MeV oxygen and silicon ions at several
ion energies and under different incident angles. The energy of the used ions was
selected to be high enough that ion trajectories through the multilayer were straight
and ions stop deep in the Si substrate. This means that ions interact with the
multilayer only by energy transfer through the electronic stopping power (S.). Elastic
collisions with nuclei in the target material (nuclear stopping power, S,) that become
dominant near the end of the ion range can be neglected for the investigated
multilayer thickness and ion energies. Ion beam parameters leading to QD formation
and ordering, as well as induced changes in the already formed QDs in different
multilayer types have been compared and discussed.

Ge QD based multilayer films containing  20(Ge+SiO,)/SiO,,
20(Ge+Al03)/Al,O5 bi-layers were deposited by magnetron sputtering on a Si(111)
or fused silica substrate at room temperature (RT) or 300°C. To obtain metal QDs, 10
(Ni+Si0,)/Si0O; and (Ni+Al,03)/Al,03 bi-layers were prepared using same procedure
on Si(111) an fused silica substrates. After deposition, the multilayers were irradiated

at RT (Tire = 300 K) by 1, 3 and 15 MeV '°0*" and 6 and 15 MeV *Si*" jons at one
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of the three ion fluences (D; = 5%10™ D, = 1x10'" or D3 = 2x10"° ions/cmz) and one
of the four ion-beam incidence angles with respect to the multilayer surface (¢ir =
30°, 45°, 60° or 90°).

The internal structure of the material was investigated by the combination of
grazing incidence small-angle x-ray scattering (GISAXS), scanning transmission
electron microscopy (STEM) measurements and Ion Beam Analysis (IBA) using
Rutherford backscattering spectroscopy (RBS) and Time-of-Flight Elastic Recoil
Detection Analysis (TOF ERDA). Determination of the clustering of Ge atoms and
the existence of a correlation in the cluster positions were analyzed by complementary
GISAXS and TEM techniques. GISAXS measurements were performed at the
Synchrotron Elettra, Trieste using SAXS beam line and photons with the energy of 8
keV. Scattered photos were collected with a 2D image plate detector. Big advantage
of GISAXS method is that no sample preparation is needed, measurements are fast
and yield experimental data with an excellent statistics (e.g. 10> QDs in the irradiated
volume). From the GISAXS spectra we can get information about QD shapes, sizes,
size distributions, arrangement type and separation among them [1]. The GISAXS
technique is especially suitable for the analysis of irradiation effects, because
irradiation-induced structural changes in the films cause the appearance of strong
correlation maxima (Bragg sheets) in their GISAXS maps. These sheets have a tilt
angle dependent on the correlation of the structural features induced by irradiation as
can be seen from Fig. 1 for case of multilayer irradiated with 1x 10" ions/cm? 3 MeV
oxygen ions under an angle of 60°. Except that, it will be demonstrated how GISAXS

can be used for the analysis of swift heavy ion induced surface ion tracks.

D=1x1015
Qil’.‘.l’.‘=60°
3 MeVO

Fig 1. GISAXS map of (Ge + Si0,)/SiO, multilayer irradiated with 1x 10" jons/cm?3
MeV oxygen ions under an angle of 60° with respect to the multilayer surface. Dashed

line indicates Bragg sheet, while arrow indicates the irradiation direction.
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STEM measurements were performed using a JEOL 2010 F microscope, operated
at 200 kV and equipped with a field-emission gun and a high-angle annular dark-field
detector (HAADF) for Z -contrast imaging. To determine elemental composition and
total number of atoms in the film, TOF ERDA and RBS measurements were done
using ions from the 6-MV tandem Van de Graaff accelerator at the Rudjer Boskovi¢
Institute, Zagreb. RBS was done using 2 MeV He ions and backscattered spectra were
collected using a particle detector placed at 165°. TOF-ERDA was performed using
23 MeV "Y1 beam. Angle between incident ion and sample surface was 20°.
Recoiled and scattered ions were collected under 37.5°. TOF-ERDA and RBS
measurements were performed to determine total number of different atom species in
the multilayer.

In as deposited at RT (Ge+Si0,)/SiO, multilayers, no visible clustering can be
seen as was confirmed by TEM measurements (Fig 1 (a)). After irradiation with 3
MeV O ions (S, ~ 2.3 keVnm™), clustering of Ge atoms and ordering along irradiation
direction is visible (Fig 1 (b)). If irradiated sample is annealed for 1 hour in vacuum,

Ge-density fluctuations are transformed into well-separated Ge QDs (Fig 1 (c)).

Fig 1 TEM image of the (a) as-deposited multilayer, (b) multilayer after passage of 3

MeV O ions, (c) after 1 h annealing in vacuum

It can be shown that the sizes, distances and arrangement type of the Ge QDs in
SiO, matrix follow simple equations dependent on the irradiation conditions -
irradiation angle and ion fluence, [2] and therefore is possible to tune properties of
QD lattices and sizes by varying those two ion beam parameters for 3 MeV O ion
irradiation. However these effects are not visible if irradiation is performed either by
1 MeV or by 15 MeV O ions. In case of 1 MeV O, energy transfer to the system

through the electronic stopping power (S, ~ 1.4 keVnm ') was not sufficient to cause
hrough the el i i (Se ~ 1.4 kevnm™) ffici
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clustering and diffusion of Ge in the multilayers. Surprisingly, the same was observed
for 15 MeV O although they have the same value of S, as 3 MeV O ions. This is
direct observation of the velocity effect and proves that not only S, is inducing the
ordering but also ion velocity plays an important role. 15 MeV O ions pass faster
thought the multilayer decreasing efficiency of the energy transfer from the electron
to the phonon system.

For irradiation with Si we have used ions with energy of 6 and 15 MeV, S, ~ 3.9
keVnm™ and S, ~ 4.9 keVnm', respectively. In both cases ions strongly influence the
multilayer structure and cause very prominent QD formation. Also, traces of
multilayer destruction and intermixing of neighboring layers are also visible. To
better understand effects that ions induce in the material, analytical thermal spike
model was applied [3] to calculate temperature profiles inside the ion tracks and to
explain observed structural properties of the irradiated films. Effects produced by the
increase in the temperature caused by ions were compared with effects produced in
the multilayers after thermal annealing at the same temperatures and good agreement
was found between them. Detailed calculations of temperatures inside ion tracks after
passage of MeV ions and comparison with effects induced by standard thermal
annealing can be found in Ref. 4. One hour annealing at temperatures around 750°C
produces strong clustering in the multilayer films, which is similar effect like
irradiation with 6 MeV Si ions. The temperature at which destruction of the
multilayer film structure and Ge loss starts was found to above 800°C in the case of
thermal annealing, which corresponds to the temperature increase caused by
irradiation of the film with 15 MeV Si ions.

In the case when (GetSi0,)/SiO; or (Ge+Al,03)/Al,0; multilayer deposition is
performed at 300°C, nanoparticles are already formed during the deposition and after
additional annealing at 700°C they become crystalline. Self-assembly is a
consequence of the nucleation during the film growth combined with the surface
morphology. The ordering of QDs depends on the matrix type, in case of SiO, matrix
ordering is rthombohedral, while BCT ordering was found in the alumina matrix.
More about properties of Ge quantum dot lattices in different amorphous oxide
matrices can be found in Ref. 5. In both cases, irradiation with 3 MeV ions does not
cause any significant change in nanoparticle size, shape or distances among them.
However, it induces the distortion of the QD positions, i.e. positions of QDs are tilted

for an angle A® as can be seen Fig 3. It is important to mention that multilayers
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remind parallel to the Si substrate surface.

Fig 3. Shift of the nanocluster positions can be seen from GISAXS images. The lattice
of QD is distorted from BCT lattice by angle AD

The Ni based films show the formation of nanoparticles during the deposition
already at the room temperature. Similarly to the case of Ge QDs, the formed Ni
nanoparticles have better ordering quality and have larger sizes in alumina-based
films. The irradiation with 1x10"* at/cm® 3 MeV O ions of Ni nanoparticles in silica
and alumina matrices causes different effects. The nanoparticles in silica, which are
small and not well ordered changes their size and separations, i.e. the redistribution of
Ni atoms occurs during the irradiation. However, the Ni nanoparticles in alumina,
which are well-formed and crystalline after deposition, show the same behavior as Ge
QDs in alumina. We believe that two effects that occur during the irradiation are
responsible for the observed behavior. The first one is redistribution (diffusion) of Ge
and Ni atoms caused by the temperature increase. The effect is more pronounced
when the mentioned atoms are weakly bonded (not crystalline). For the well-formed
crystalline QDs, the irradiation causes shift of the entire layers probably due to the
well-known anisotropic plastic deformation, but the QDs retain their initial shape and
in-layer separation. All observed effects will be discussed during the presentation in

more detail.
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Since the discovery of self-organized, cone shaped nanostructures produced on GaSb by
ion irradiation [1], several experimental and theoretical efforts have proposed the fundamental
mechanisms responsible for the formation of these structures. Experimental works have
shown the importance of in-situ characterization [2], the effects of the oxide layer on the
nanostructuring process [3], and a few works have investigated nanostructure evolution, using
GISAXS, after structure formation occurs [4,5]. As for theoretical descriptions, several
models have been proposed in order to explain the mechanisms responsible for the ion-
induced nanostructuring under various ion conditions. These include the diffuse-interface
model that adds surface compositional effects to the Bradley-Harper theory [6] the Bradley-
Shipman theory that accounts for preferential sputtering in the Bradley-Harper model [7], and
ion-assisted phase separation [8]. Even with all of these works, there is a disparity between
connecting experimental data and theoretical models, specifically the role of composition
before structure formation. Also, previous experimental work focuses primarily on
characterizing the surface after nanostructures have already formed.

This work experimentally investigates the compositional evolution of GaSb under ion
irradiation before nanostructure formation occurs, including just before significant structuring
is present, and the structural evolution of these nanostructures during the very early stages of
formation. Understanding the compositional evolution and the compositional state just before
structure formation is essential in elucidating and providing experimental evidence on the
mechanisms responsible for the initial formation of these nanostructures. Detailing the early
stage nanostructure formation allows for this experimental work to be directly compared with
proposed theories and models: the compositional state before structure formation occurs can
be used as an input for different models, and the resulting structure formation can be

compared directly with experiment.
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The compositional evolution was performed using an in-situ, Angle Resolved Auger
Electron Spectroscopy (ARAES) system, equipped with an ion source, at the Helmholtz-
Zentrum Dresden-Rossendorf ion beam facility. This system is capable of cleaving, in-vacuo,
crystals of GaSb, exposing the (110) surface and ensuring the cleanest and smoothest surface
possible for compositional analysis. ARAES measurements are taken between 0° to 87.5°
before and after several ion irradiation fluence steps. Structural analysis was performed using
high temporal-resolution, real-time Grazing Incidence Small Angle X-ray Scattering
(GISAXS) at the National Synchrotron Light Source located within Brookhaven National
Lab. Oxide layers were removed using an etching process as described by El-Atwani et. al.
[3]. With the GISAXS data, threshold fluences can be determined at the beginning of
structure formation and fitting analysis can be performed to investigate the evolution of the
characteristic size and distribution of the nanofeatures. Ion irradiations with 500 eV Ne*, Ar",
and Kr" were utilized for both the in-situ GISAXS and ARAES techniques on GaSb.

The results from GISAXS show a clear onset of pattern formation for each ion species,
seen in Figure 1, and suggest structure threshold fluences at 3.10 x10'® cm?, 3.40 x10'® cm™,
and 8.74 x10" em™ for 500 eV Ne*, Ar', and Kr', respectively. Interestingly, both the Ne*
and Kr' ion irradiations show very prominent structure formation, while the Ar’ ion

irradiation shows very weak shoulder formation.
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Figure 1: Early stage structure formation shown using GISAXS for 500 eV Ne' (a), 500 eV
Ar" (b), and 500 eV Kr' (c).
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In order to investigate further the GISAXS results, the FitGISAXS [9] analysis package is
utilized to fit the individual GISAXS profiles during the early stage formation, assuming a
cone form factor, to extract information on the structural evolution (height, width, and
average spacing) of the nanofeatures for each ion species. Figures 2 and 3 show the results of
the fitting. For all ion cases the height increases with fluence and both the diameter and
average spacing decreases with fluence. This behavior suggests that the nanostructures start as
very low aspect ratio features and begin forming into the high aspect ratio cone structures
observed experimentally, which accounts for both the height and the diameter behavior with
fluence. The decrease in the average spacing suggests the structure density, at least in the
early stages of the structure formation, is becoming larger across the surface. Both the
diameter and the average feature spacing seem to have linear dependencies, while the height
evolution appears to begin leveling off — specifically seen in the Kr' ion irradiations — at
higher fluences. The fitting also shows the drastic differences between the ion irradiation
conditions for early stage structure formation. Kr' ion irradiation is shown to form high aspect

ratio nanofeatures very quickly.
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Figure 2: Evolution of the nanofeature heights and diameters versus fluence for 500 eV Ne"
(a), Ar" (b), and Kr" (c).
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Figure 3: Evolution of the average nanofeature spacing versus fluence for 500 eV Ne" (a), Ar"
(b), and Kr' (c).

Ne'" ion irradiation is seen to form lower aspect ratio (reaching around 0.5 at the final fluence
measured) nanofeatures, but still shows a significant increasing behavior. Ar* ion irradiation
shows very weak nanofeature formation at the early stages of structure formation, showing
very small aspect ratio features.

Figure 3 shows that the average feature spacing decreases with fluence for all ion species,
though with different values. This suggests that the density of the nanofeatures increases with
ion fluence in early stage formation (i.e., the structures do not form all at the same time).

To complement the early stage nanofeature evolution, ARAES analysis is performed
under various ion fluences below and at threshold fluence for structuring for each ion species.
Since ARAES is sensitive on the nanometer scale, a non-structured and smooth surface is
necessary in order to collect accurate data that is dependent on the changes of the composition
with depth and not due to nanofeature interactions with the collected electrons. Also, due to
the significant effect observed with contamination and oxide layers, GaSb crystals were
cleaved in-situ in order to produce the cleanest and smoothest surface possible.

Typical or traditional ARAES analysis investigates the changes of the relative peak

intensities as a function of angle; extracting the concentration as a function of the depth
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involves a non-trivial mathematical process. In order to do this, the mathematical descriptions
of depth profiles under ion irradiation suggested by Sigmund and Lam [10] for
multicomponent systems is used. For the case of preferential sputtering, diffusion, and surface
erosion, they suggest the partial differential equation to describe the depth profile.

0%¢i(z,®)
dz?

dci(z®) _ ac;(z,P)
o> w(®) * PR D(®) «

1)

In this description, ci(z, ®) signifies the depth profile for species i, w(®) is the surface
erosion rate, D(®) is the diffusion coefficient, and z and & are the independent variables for
depth and ion fluence, respectively. The issue with this description involves the nonlinear
nature of the PDE and the evolution of the depth profile with fluence (left hand side). Both of
these can be simplified for each set of ARAES data; we can evaluate equation 1 at the specific
fluence taken for each data set. This simplifies the PDE to a nonhomogeneous, linear PDE
with an unknown functional form, dependent only on z, for the left hand side. By accounting
for segregation mechanisms or radiation-enhanced diffusion (an a priori assumption), a near
surface, semi-empirical approach is taken in order to fit the ARAES data in order to extract

the depth profiles near the surface. These extracted depth profiles are presented in Figure 4.
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Figure 4: Fitted near-surface compositional depth profiles at various fluences of 500 eV Ne"
(a), Ar’ (b), and Kr' (c) ion irradiation.
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The depth profiles in Figure 4 show a clear enrichment of Sb before structure formation
along with a subsurface buildup of Ga for all ion irradiation cases. These results are the first
true depth profiles experimentally extracted for GaSb under ion irradiation before structure
formation occurs. The strong surface enrichment of Sb suggests a prompt irradiation driven
mechanism, such as Gibbsian segregation [11].

Connecting the depth profiles back to the early stage structure formation, it is important to
look at the self-diffusion properties of Sb and Ga in GaSb. Two works have experimentally
shown that the Ga diffusion coefficient is three orders of magnitude higher than Sb diffusion
[12], with one of these works showing that Sb diffusion effectively stops in Ga-enriched
regions of GaSb [13]. This suggests that the initial surface instability leading to early stage
nanofeature formation occurs when Sb is no longer able to replenish the constantly eroded Sb
enriched surface layer, leading to a transition between Sb to Ga enrichment at the surface.

Future work will focus on taking these experimental results and working on developing
models that can take the concentration profiles as inputs and investigate the proposed
instability from this work. This will lead to theories and models based on physical,
experimentally observed phenomena instead of mathematical descriptions that are not

accounting for these physical mechanisms.
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Migration, trapping and release of deuterium from tungsten in the presence of high
density of defects: theory and experiment

O.V. Ogorodnikova*
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The most common experimental methods to study hydrogen (H) in a metal are nuclear
reaction method (NRA) for depth profile measurements, thermal desorption spectroscopy
(TDS) and permeation experiments. Rate equations are used to model experimental data. The
diffusivity, solubility, reflection coefficient, surface barrier, binding energies of H with
different types of defects and density of defects are input parameters for rate equation model.
These parameters can be derived from the first-principle (DFT) calculations, effective-
medium theory (EMT), molecular dynamics (MD) and TRIM calculations. Incorporation of
binding energies of deuterium (D) with a vacancy and a dislocation recently calculated by
DFT [1,2] and penetration probability and ion range calculated by MD and TRIM [3] in the
rate equation model allows us to validate different predictions against experimental data, for
the first time. A comparison of the first-principle calculations and calculations by other
theoretical models with experimental values can clarify the physics underling the hydrogen-
metal interaction and can provide an answer on several important questions, namely, (i) which
type of trap corresponds to certain D binding energy, (ii) which is a range of validity of MD
and TRIM models and (iii) which process is rate-limited in respect to the D uptake and release
in a material.

Due to practical importance of using of tungsten (W) as plasma-facing material for fusion
application and wide accumulated database, the D accumulation and release in W are
analyzed in the present contribution. Those plasma-facing components of fusion reactors will
be exposed to 14 MeV neutrons. Ion irradiation with energetic heavy ions is currently
recognized as the only non-activating method to simulate the fast neutron damage produced in
fusion reactors. Therefore, in this work, 20 MeV W ions were used to simulate n-induced
damage in W samples. Following to the damage production by the irradiation at different dpa
levels, samples were loaded by D, gas, D thermal atoms or D low-energy plasma. Each
sample was exposed once to the certain experimental condition. Post-mortem measurements
were NRA and TDS. The D retention in damaged W was compared to that in undamaged W.

In previous papers, e.g. [4-6], it was shown that formation of blisters occurs in
undamaged W in the temperature range of 300-600 K even at ion incident energy of 20-40

eV. One possible mechanism can be local D super-saturation (for example, on grain
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boundaries) which results in local stress induced formation of defects [4,5]. Modelling of the
D depth profile and TDS data obtained experimentally in the case of virgin (undamaged) W
exposed to low energy D plasma at temperatures between 300 and 600 K do shows local
super-saturation of D that consistent with experimental data. The formation of blister is
suppressed if there is high defect concentration near the surface that results in a reduction of
diffusion of D in high stressed local regions H to prevent local super-saturation (tiff depth
profile). Namely, such tiff depth profile can be achieved in the following cases: (i) rough
machined surface, (ii) nanostructure, (iii) pre-implantation with energetic ions, (iv) porous
structure. Pre-irradiation of W with energetic ions generates high density of defects which
prevent any local super-saturation and, therefore, supress blister formation. Modelling of
experimental data of the D depth profile in pre-damaged W after exposure to thermal atoms,
D2 gas or low-energy plasma did not show any local super-saturation that is in an agreement
with experiments. It was shown analytically and confirmed experimentally that the deuterium
trapping in a presence of high density of defects in W depends on the ion energy and ion flux.
The D concentration in W with high density of defects after the ion beam was switched off
decreases approximately as time™' that is in a very good agreement with experimental data.
From the comparison of the present modelling data with experiments several conclusions
can be drawn. First, model reproduces very well experimentally observed D release and
uptake in W after atomic, plasma and gas exposure in a wide temperature and ion flux ranges
using fixed set of trapping parameters. Second, it was found that the rate of decoration of
radiation-induced defects depends on the penetrated ion flux, incident energy of deuterium,
defect density and temperature. Third, by comparing of calculations by DFT and ‘adsorption
model’ it was proved that the mechanism of hydrogen isotope trapping in a vacancy cluster is
similar to a chemisorption on a surface. Fourth, the surface barrier of deuterium to be
chemisorbed on a clean W surface was found to be less than 1 eV and kinetics of deuterium
release is limited by de-trapping from defects rather than to be limited by surface effects. Fifth, it
was shown that MD model can be used in the case of ion energy lower than 1 eV. Otherwise,
the data calculated by TRIM code should be used to achieve a good agreement with
experimental D depth profile and TDS. And sixth, Fraunfelder’s solubility and diffusivity
values [7] derived from permeation experiments in the temperature range of 1000-2000 K are
in excellent agreement with present values derived from measurements of the trapped
deuterium concentration in the temperature range of 700-900 K that lends credence to the
present model. The developed model can be used to any system of H in a metal under both

normal and extreme conditions (high ion flux, high hydrogen pressure, elevated temperatures,
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neutron irradiation, etc.). Finally, binding energies of deuterium with different types of defects

in W were defined and presented on Fig. 1.
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Fig. 1. Fine spectrum of H binding energy in polycrystalline W according to DFT calculations
without and with zero-point-energy (ZPE) [1,2] and according to ‘adsorption model’ in comparison
with the rate equation modelling of experimental TDS data in assumption of single binding energy of

deuterium with each defect.
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The results of experimental study of face (111) diamond modification under high-dose
30 keV energy Ar" irradiation are presented. It has been found that ion irradiation at target
temperature 400°C results to the appearance of graphite-like layer of manifested in the Raman
spectra as weak band with maximum, similar to typical the G-peak for Raman shift ~ 1600
em™ and diamond narrow peak intensity at 1332 cm™ is reduced in the order.

I'padurmzanus anMasHBIX MaTepUaloOB IPEJICTaBIsIeT 3HAUMTEIBHBIH HHTEpeC st
co3aHusl MpUOOPOB €O CTpyKTypamu anmas-rpadut[l]. B Hacrosmeii paboTe nmpuBOASTCS
pe3ynbTaThl  OKCNEPHUMEHTAAbHOTO  HMCCICIOBAHMS  BBICOKOJO3HOM  HMOHHO-IIy4eBOH
MOAN(HUKAINE MOHOKPHCTAJUIMYECKOTO CHHTETHYECKOTO ajiMa3a IIpU  IIOBBINICHHBIX
Temneparypax. O6mydenue rpanu (111) cuHTeTMuyeckoro anmasa 1b mpoBOaMIM MOHAMH
aproHa sHepruu 30 k3B 1o HoOpManM K MOBEPXHOCTH Ha YCTaHOBKE MAacc -MOHOXPOMATOP
HUMAD MI'Y [2] no METOIUKE, aHAJIOTMYHO Hcnonb3yeMoi B [3,4]. IIIOTHOCTE MOHHOTO

2 2
ToKa coctaBisiia ~ 0.3 MA/cM™ mpu monepedHoM cedennu my4uka 0.3 cm”, duroeHe 00mydeHuUst
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~10"Hon/cM?, ¢ MEUICHHBIM [TOXBEMOM TEeMIIEpaTyphl MHILIEHK OT KOMHaTHOH 10 400°C.
HWccnenoBanus MOAM(HUIMPOBAHMS TIOBEPXHOCTH IIPOBOAWIM METOAOM  CIIEKTPOMETPUH
pe3epdopaosckoro obpatHoro paccesHust (POP) B reoMeTpun KaHaIMPOBaHHS, IyTEM
aHanu3a CIeKTpoB KoMmOuHanuoHHOro paccesausi (KP) ¢ ucmosnb3oBaHneM paMaHOBCKOTO
criekrpomerpa Horiba Jobin Yvon T64000, meromom mudpakiuu OBICTPEIX OTpaXK€HHbBIX
9JICKTOPOHOB, NpH nomMomu ACM ¢ HCIOIB30BaHHEM B MOIYKOHTAaKTHOM PEXHME aTOMHO-
cuioBoro Mukpockona Veeco Demension V, a Takke OyTeM H3MEpEHHs CIOEBOTO
CONPOTHBIICHHUS IpH TIoMoLIn yctaHoBKH Nanometrics HL5500.

CpaBHenue crextpoB POP nns oOmydeHHOH u HeoOmMydeHHOW TIpaHel anmas3a B
TEOMETPUH OCEBOro KaHainupoBaHusi <I111> mnokaspiBaeT, 4TO B oboux ciy4asx
KaHAJIMPOBAHHUE BBI3BIBACT yMEHbIICHHE Bbixoma POP oT Hipkenexammx clIoeB yriepoja
Gonee yem B 3 pasa, puc.l. OOmydeHHe MOHaMM aproHa NPUBOJAMT K Ooyee MIMPOKOMY

MIOBEPXHOCTHOMY IIHKY YIJIEpOJa U NMUKY, 00yCIOBICHHOMY HMILIAHTUPOBAHHBIM apPTrOHOM.

1400 4
HeobnyyeHHan rpaHb 1400
<1200 random 2 12004 obnyyeHHan rpaHb
G G
21000 c $ 40004
o o
= I C
¢ 8004 S 8004 aligned
E : ®
o 6001 < 600 i
2 aligned 2 H
& 400+ < 400 i
o ¢
< x g
3 200+ 2 200 ’g Ar
0 r T " " 7 " 0l— ‘L ; " - }L—‘
100 200 300 400 500 600 100 200 300 400 500 600

2HEPIUA, HOMEP KaHana 3Heprua, HoMep KaHana

Puc.1. Cnekrpst POP uono He' sHeprum 2 M»sB mis HeoGiyueHHOM M 0GIydeHHOM
rpaneii (111) anmaza

[IuprHa HOCIEHET0 COOTBETCTBYET PaCyeTHOMY MPOCKTHBHOMY mpobery (~30 HM) HOHOB
aproHa B yrJepojie C aTOMHOM IUIOTHOCTBIO anMasa. [Ipo¢mine aprona, a TakKe yIIMPEHHBIH
MOBEPXHOCTHBIM THK yriepoa st OOJNYYEHHOW TIPaHH anMasa TOBOPAT 06 OTCYTCTBUH
KaHAJIMPOBAHKsI B IIOBEPXHOCTHOM CIIO€ KpPHCTalUld, O €ro KapAHHAJIBHBIX CTPYKTYPHBIX
N3MCHCHUSAX. TaKUMH CTPYKTYPHBIMH H3MCHCHHSIMH MOXXET OBITh HE TOJIBKO aMOp(hH3aLus
MOBEPXHOCTHOT'O CJIOSI, MPOUCXOASIIAs P HOHHOM MUMIUTAHTALMK ajMa3a [P KOMHATHON
Temmeparype [5-7], HO Takke u mpouecchl (opMupoBaHus rpadUTOBON (hazpl,
[OATBEPIKIAEMBIC HHU3KHM Y/ACIbHBIM O3JICKTPHYECKUM COMPOTHUBICHAEM ITOBEPXHOCTHOTO

ciost obyueHHoro obpasua. CioeBoe compotuBieHue cocrasisier ~ 500 Om/kBaapar u B
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MPEIIION0KEHUH TOMIIUHBI ¢10s1 30 HM (IIPOCKTHBHBIH IPOOEr HOHOB aproHa) COOTBETCTBYET
XapaKTepHOMY Y/ACJIBHOMY COIPOTHBICHHUIO yriierpaduToBEIX Marepuanos. llpomecc
(dopmupoBaHus TpapuUTOBOH (ha3bl MOATBEPIKAACTCS TaKXKe AUPPAKIIMOHHOW KapTHHOM,
KOTOpasi COAEP’KMUT JiBA PasMbITHIX KOJIbIA, XapaKTEPHBIX IS JBYMEPHOTO YIOPSAOYCHUS
yriepoja B CTekioyrieposax [8].

OO6pazoBanue MPOBOAAIIETO CIIosi MposiBasercss U Ha KP -crekTpax B BHAE IIHPOKOI
MOJIOCHl ¢ MAaKCUMyMOM, OJIM3KUM K IIOJIOKCHHUIO XapakTepHOro st rpadurtoB G-muka ¢
pamaHOBCKUM cMeleHueM Ak = 1580 em’! [9], MpU 3TOM MHTEHCHBHOCTH y3koro KP -muka
anmasa npu Ak = 1332 oM’ YMEHBILAETCS Ha MOPAIOK, & €ro MOJYIIUPHHA [TPAKTUYECKHU HE
n3Mensercs, puc.2. Takue n3menenns B KP-criexrpax HaOmomany npyu Bo30yKISHUH KaK IIPH
A = 488 uM, Tak u npu A = 244 M. B mocremHeMm ciiydae MHTEHCHBHOCTH G-ITOJIOCHI

OTHOCHUTEIbHO HHTeHCHMBHOCTH KP-1Hika anmasa Bbliie.

HeobnyyeHan rpaHb

UHTECUBHOCTb, OTH. e

obnyyeHHana rpaHb, x10
1100 1200 1300 1400 1500 1600 1700
Ak,cm'1

Puc.2. KP-cniexktpbl HeoOmyueHHoit 00:1y4yenHoit nonamMu aprona suepruu 30 k9B rpaneit
anMasa, I3MEPEHHBIC TIPH BO30YKaeHHH A= 244 HM.

TIpaKTHYECKH BaXHBIM SBIISETCS BOIPOC O CTEIEHH YIOPSIOYECHHS Sp-yriIepoia B
c(OPMUPOBAHHOM MpPH MOBBIIICHHOW TEMIEpPaType W3MEHEHHOM IIOBEPXHOCTHOM CIIOE
anmasa. BICOK01030B0€ OGIyUEHI e YIIepOIHbIX MATEPHATOB C Sp° THOPHIM3AIIEH aTOMOB
yriieposia IPUBOIUT B PACCMATPHBAEMBIX YCIOBHAX HOHHOTO OOTyUYECHHs K CHIBHOMY, BILIOTb
10 aMop(hH3aUy Pa3yopsA0YCHUIO CTPYKTYPBI IPH TEMIIEpaTypax oOIydeHHs, MeHbINX T,

1 IMHAMHYECKOMY OTKMI'Y PaJUallMOHHBIX HapymeHuil npu T > T, co 3HaueHueM T, ot 120
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10 200°C, 3aBHCAIMM OT THIA YIJIEPOJAHOTO MaTepuana. DTO sBJIEHHE NPUBOAUT K
XapaKTepHOMY CTyIIeHYaToMy cKauky npu I = 7, Ha TeMIepaTypHOH 3aBUCHMOCTH
K02 PUIMEHTa HOHHO-3IEKTPOHHOH dmuccuu Y(7), CBSA3aHHOMY C yBEJIMYCHHEM JUIMHBI
cBOOOZHOrO mpobera SICKTPOHOB MpPH IEPEXOJe OT  PasyHoOpsIOYEHHOI CTPYKTYpBI
matepuana npu 7 < T, K HAHO- WK MOJMKPUCTAIUINYECKOU cTtpykrype nipu T >T, [8].

Ecnn mpenmonokuTh TpeXMepHOe YIOpsodeHHe rpadura B HCCISJOBAHHOM
MOBEPXHOCTHOM CJIO€, M3MEHEHHBIM HMOHHBIM OONMydenueM mpu Temmeparype 400°C, To
MOXKHO OBLIO OXKHIATh HOSIBICHHE XapaKTEPHOIO CKauka Ha TEMIIEPaTypHOH 3aBUCHMOCTH
y(7). OmHako B JKCHEpUMEHTE HAOJIOAANU JIMIIb MOHOTOHHBIH POCT Y C TEMIIEpaTypou.
AHaJIorHYHOE MOHOTOHHOE BO3pACTaHHWE JUIA YIJIEPOJHBIX MaTepHaloB HAOMFOMANH IS
aMOp(HOr0 YITEPOJHOTO BOJIOKHA HA OCHOBE BHCKO3Bl U CBSA3BIBAIM C MPOIECCOM
rpaUTU3ALME TIOBEPXHOCTHOTO CJIOSl BOJIOKHA IIPU IOBBIIICHHBIX TEMIIEPAaTypax HOHHOTO
obmyuennss [10]. Takum 00pa3oM, MOKHO NPEANONIOKHTE CIEAYIONIYI0 3aBHCHMOCTb
BBICOKOJZIO3HOH HMOHHO-Ty4eBOH MOAM(HKANUE IOBEPXHOCTH anMa3a 0T TeMIIepaTyphl.
OO6mnyuyenne anMa3a Npd KOMHATHOW TemIeparype MNPHUBOAUT K amopdusanuu
MIOBEPXHOCTHOIO  CJIosl. IIpM  IOBBIICHUHM TeMIEpaTypsl HPOUCXOJUT  YacTHYHOE
YIOpSIIOYEHHE SP’-yTIepoOa, T.¢. HaGmoaaeTcs 06pa3oBaHme CI0s TyPOOCTPATHOro rpadura,

C BO3pAacTaloLIeH CTeneHbo rpaduTH3aum.
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BJUSAHUE MOHHOI'O OBJIYYEHHUSA HA CTPYKTYPY
BBICOKOSHTPOIIUMHBIX IOKPHITUI
(Ti, Hf, Zr, V, Nb)N

INFLUENCE OF ION IRRADIATION ON STRUCTURE OF HIGH-ENTROPY
COATINGS (Ti, Hf, Zr, V, Nb)N

C.B. KOHCTaHTl/IHOBl, D.D. Komaposl, AL 1'[0rpe6mu<2
S.V. Konstantinov', F.F. Komarov', A.D. Pogrebnjak’

"HUY «HUH npuriaousix guzuveckux npoonem um. A.H.Cesuenko» BI'Y, Pecnyoauxa
benapyce, &. Munck, 8(017)2124833, e-mail: mymail3000@tut.by
2 Cymexuii 2ocydapemesennsiii yuusepcumem, Yipauna, 2. Cymol

Effects of high fluence ion irradiation of nanostructured coatings based on a high-
entropy (Ti, Hf, Zr, V, Nb)N compound have been studied. The irradiations were carried out
by He" ions with an energy of 500 keV and fluences of 5-10' - 3-10"7 jons/sm’. Changes in
elemental and phase compositions as well as in structure were investigated. No significant
changes have been found in the coatings after ion irradiation, except grain refinement to a size
of less than 10 nm. Summarizing results of this study, it can be noted, that the nanostructured
high-entropy coatings (Ti, Hf, Zr, V, Nb)N are rather radiation tolerant and can be used as a
material of nuclear reactors.

BricokosHTponuiiibie HuTpuiaHble cuctembl, Takue kak (Ti, Hf, Zr, V, NDb)N
MPEJICTaBISAOT OOJIBIIOW MHTEpPEC BBHUJY CBOMX YHUKAJIBHbIX cBoWcTB [1-5]. B ciyuae
MOKPBITHH 3TO  CIOCOOCTBYET YIIYYIICHHIO SKCIUIyaTallHOHHBIX CBOWCTB TaKMX Kak
TBEPAOCTH, H3HOCOCTOMKOCTD, KOPPO3HOHHASI CTOWKOCTb, )KapOCTOUKOCTD U JKapOIIPOYHOCTS.
Bbicokast 3HTpONMs JOCTHraeTcss CO3JaHMEM MHOTOKOMIIOHEHTHOTO HEYIOPsJOYCHHOIO
TBEPAOrO pacTBOpa Kak eIWHCTBEHHOW (a3bl IMOKPHITHS, (OPMHPYEMOrO BaKyyMHBIM
METO/IOM HaHeceHust. Hu3Kasi TemrepaTypa Iporecca OCaKICHHS Marepuaia Ha MOMIOKKY
CIIOCOOCTBYET BBICOKOH CKOPOCTH 3apOJbINICOOpa3soBaHUs M HHU3KOl CKOPOCTH pocTa
3apOABIIIEH MMOKPHITHS. YKa3aHHOE CBOMCTBO IOIOJIHUTEIBHO CIOCOOCTBYET IMOBBILICHHIO
SHTPONHUU (OPMHPYEMON CHCTEMBI M CO3AHHIO YJIBTPAMEIKOJHUCIICPCHONH CTPYKTYpBI —
HaHOKpUCTAIMYECKOW TUIEHKH. Llenpio naHHOM paboThl OBLIO W3y4YEHHE paJUaALMOHHOMN
CTOMKOCTD BBICOKOIHCTPONUHHBIX HAHOCTPYKTYpupoBaHHbIx mokpbituii (Ti, Hf, Zr, V, Nb)N
npu o6ydenny nonamu He'.

Toxpertus (Ti, Hf, Zr, V, Nb)N, Obutn HaHECEHBI METOJIOM CENapupyeMOro BaKyyMHO-
JyrOBOTO OC&KJICHHSA C PA3NUYHBIM MOTCHIMAIOM CMEIleHHs Ha moanoxke U, u mpu
Pa3IMYHOM TIapIMAaIBLHOM JIaBJICHUH a30Ta P B BakyymHoOW kamepe. OOpasibl MoABEpraiich

1 1 -2
00JIyUeHHIO HOHAMH TelTHst ¢ SHeprisivu 500 k3B u gmoercamu ot 5x10'® 10 3x10'7 mon/cm
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Ha yckopurene AN 2500 ¢upmsr «High Voltage Engineering Europe B.V.». Tlocnemyrommii
TEPMUYECKUH OTXKUT IOKPBITHH 1poBouiIcs npu Temneparypa 500 °C B TedeHuu 15 MUHYT.
JlaHHBIC ONEpanuy BBINOJNHAINCH C IIENBI0 CMOJAEGNHPOBATH BIHMSHHUE CPEABI B SIACPHOM
peaxTope, rje KOHCTPYKIMOHHbIE MaTepHabl MOABEPraloTCs HOHU3UPYIOLIEMY OOJIYYCHHIO,
o0JrydeHnIo OBICTPBIMH M TEIUIOBBIMH HeiirpoHamu [6]. CocTaB OOMyY€HHBIX ITOKPBITHH
H3yJancs MeTonoM pesephopaoBckoro obparHoro paccesuus (POP) nonos renus ¢ sHeprueit
1,5 MbdB, paspeuienne gerektopa 15 k3B.C TpykTypa wuccienoBaiach METOJAMU
PEHTIeHOCTPYKTYPHOTr0 (ha30BOTr0 aHAIN3a M CKAHUPYIOIIEH 31eKTPOHHOH MUKPOCKOIUH.
Mertonom POP (pucyHok 1) ycTaHOBIICHO OJHOPOJHOE pacIpeleleHHs 3JIeMEHTOB 10
TOJIIMHE HOKpHITUS. Hanuune BpeqHbIX mpuUMeceil, TaKuX Kak KUCIOpOJ, cepa, dochop He
0OHapy»KEHO, YTO CBUJICTCIBCTBYET O BBHICOKOM KAa4ECTBE IOTYHYCHHBIX IUIEHOK MOKPBITHH.
YCTaHOBJIEHO HaIM4YME a30Ta B COCTaBe MOKPHITUH Ha ypoBHe 50 ar. %, clief0BaTeNbHO,
dopmupyeTcss cTexHoMeTpHdecKuid HuTpuA Tuma TiN u umcras Meramindeckas ¢asa
orcyrcTByer [7, 8]. Kpome TOro, oTcyTrcTBHe B HMOKpPBITUSX YIJIEpoja, KUCIOpoaa, Oopa u
MPOYHX TIPUMECEH, CIIOCOOHBIX 00Pa30BBIBATH (ha3bl BHEAPECHHS B METAIaX CBUACTEIBCTBYET

0 ToM, 9T0 90-95 % OKTadIPUUECKUX MOP KPHCTALINISCKON PENIETKH 3aHATO aTOMAMH a30Ta.
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Pucynok 1 — Cnextpst POP nouos remus ot nokpsitust (Ti, Hf, Zr, V, Nb)N.

Kax BumHO U3 pEHTTCHOBCKHX AudpakTorpaMM m0 OONydeHHs (PHCYHOK 2a) B
MOKPBITHAX  TIPUCYTCTBYeT OfHAa  (asa ¢  TIPaHENEHTPUPOBAHHON  KyOWMuecKoi
kpucraiumueckoi pemérkor (I'LIK). [Tapamerp pemérku Bapsupyercs B auamnazone 0,4362-
0,4435 HM B 3aBHCHMOCTH OT SJIEMEHTHOTO COCTaBa IMOKPBHITHH. Pa3nu4HbIC MOIOKEHHS
IIMKOB Ha JU(PaKTOrpaMMax OOBSCHAIOTCS PA3IUYHBIM IEPUOJOM KPHUCTAINYECKOH

PELIETKH TOKPBITHIT ¢ Pa3iIMUHBIM 3JIEMEHTHBIM cocTaBoM — atroMbl Hf, Nb, Zr yBenu4usarot
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mapamerp, aromel Ti, V — yMmeHblaoT. YmupeHue IuU(PaKIMOHHBIX MaKCHMYMOB
CBHJICTEIIBCTBYET O  HAHOCTPYKTYPHPOBAHHOCTH MOKpHITHI. Paccumranueii mo dQopmyie

CensixoBa-1lleppepa [9] pa3mep KPHCTAIINTOB IMOKPHITUH cocTaBul BenuuuHy 20-50 HM.
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Pucynok 2 — PentrenoBckue audpakrorpammsl ot nokpeituii: (Ti, Hf, Zr, V, Nb)N 1o o6nyuenus (a)

¥ mocite o6nyuenns nonamu He' ¢ sueprueii 500 k3B, gmoenc 2x10"7 won/cm’ (6).

JlubpakunoHHble KapTUHBI TOCe O0NydYeHHss MOHaMH Tenus ¢ sHeprueil 500 k3B u
dmoercom 2x10'7 HoH/cM IPUHIMNHANBHO He M3MeHsOTCs (pucyHOK 26). [To-npexHeMy B
MOKPBITHSAX NPUCYTCTBYeT oxHa (haza — TBEPABIH pacTBOp a3ora B Merammmdeckoil I'TIK
peutérke trna NaCl. IIpu 3ToM ycTaHOBIECHO, 9TO 00ONydYeHHE 10 (QIIOCHCOB 1x10"7 — 2x10"7
HOH/CM’ IPHBOIHT K M3METbUCHHIO KPUCTAITHTOB ITOKPHITHIT 10 pasMepoB oKkoiIo 10 HM.

Ha pucyske 3 mpexncraBiens! Qororpaduu NOKPHITHH, HONYYEHHBIX METOIOM

CKaHUPYIOIIEeH 2IEKTPOHHOH Mukpockonuu (COM).

15.0kV x100k SE(M)

Pucynok 3 — ®ororpaduun mukpoctpyktyps! mokpsituit (Ti, Hf, Zr, V, Nb)N, nmonayueHHBIX ¢
MOMOIIBIO CKAHUPYIOLIEH IEKTPOHHOH MUKPOCKOIIMH. 8 — HCXOHOE MOKPBITHE,

6 — obmyuenne He', doenc 3x10'7 non/cm?.
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Awnanu3 nokpeiTHii MetogoM COM He BBUIBWI KPYIHBIX OJIHCTEPOB, CIIEIOBATEIbHO,
TeJInil He arioMepupyeTcs B KPYIHBIC ITy3bIpH, KaK 3TO IPOMCXOAUT NPH O0IYICHUH HOHAMH
HWHEPTHBIX Ta30B MUKPOCTPYKTYypHPOBaHHBIX MaTepuanoB [10]. Bo3amoxkHO, MPOHCXOAUTH
HAKOIUICHHE Telusl B CTPYKTYPE MOKPBITHH IOC/Ie 00JIy4eHHsI Ha HAHOYPOBHE, KaK 3TO ObLIO
mokazaHo B pabore [11]. Bricoxas wuHTerpanpHas NPOTSKEHHOCTh T'PAHMI] 3€PEH B
HAHOCTPYKTYpPUPOBAaHHOM MaTepuaie IMOKPBHITHS CIIOCOOCTBYEeT aKTUBHOW PeKOMOHHAINK
paanauoOHHBIX AC(EKTOB.

BoiBoabl. Beicokast sutponust cuctemsl (Ti, Hf, Zr, V, Nb)N crabunusupyer
(dopmupoBanre onHO(A3HOM CHCTEMBI B BHAE HEYIOPSJOYCHHOTO TBEPAOTO pacTBopa U
npenorBpam@aer  (HOpPMHUPOBAHHE  HHTCPMCTAUIMYECKMX  COCAMHCHHH B Ipoliecce
KPUCTAJUTU3ALUK HOKPBITHA. [IOKpPBITHS UMEIOT HAHOCTPYKTYPY € Pa3sMEpoM KPHCTAJLUTHTOB
20-50 M. YcTaHOBIEHO, yTo obmydenne mokpbitiid (Ti, Hf, Zr, V, Nb)N nonamu remus c
sueprueii 500 k3B He NPUBOINT K 3aMETHBIM H3MEHEHHSM CTPYKTYpEI 10 moercos 2x10'7 —
3x10" wmon/em®. Takxke YCTaHOBJICHO OTCYTCTBHUE OJIMCTUPUHra IOKPBITHH HOpU BCEX
HCCIeIOBaHHBIX  (pioeHcax oGmyuenns. Ilpu oGmydsennn ¢ Qumioencamu cpbime 3x107
HOH/CM’ TIPOMCXOIUT (IEKHHT (OTIIETYIIMBAHIE) IUISHKH TIOKPITHS 10 TIYOMHBI 3aIeraHus
MaKCHUMyMa  pajHalMOHHO-MHAYLMPOBAHHBIX  Ae(EKTOB.  YCTaHOBJEHHAs  BbICOKas
pagualuoHHAsl CTOMKOCTH BBICOKOOHTPOIIMUHBIX IOKPHITHH 00ycloBiIeHA 3(()EeKTHBHBIMI
MeXaHH3MaMH PEKOMOMHAIUH TOYEUHBIX paJHalliOHHO-MHAYIHUPOBAHHEIX JAC(PEKTOB B
HAHOCTPYKTYPHBIX IOKPBITHSAX, B NCPBYI0 OYEpPEAb Ha IPAaHULAX KPHUCTAINTOB. JlaHHBIC
MOKPBITHS SIBJISIOTCSI TIEPCIICKTUBHBIMH B Ka4eCTBE DPaJHAllHOHHO-CTOMKHX Ha 000JIOYKax

TBD3JIoB siAepHBIX PEaKTOPOB.
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ALLOYING AND NITRIDING STEELS BY COMPRESSION PLASMA
FLOWS TREATMENT
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Mixing of a “coating/substrate” system by ion, electron, plasma and laser beams allows
alloying the substrate material with the coating elements. This process is of special interest in
investigating nonequilibrium phase diagrams or in producing nonequilibrium, immiscible and
metastable compounds the existence of which in equilibrium phase diagrams is forbidden. In
contrast to well-known ion-beam mixing based on energy transfer in atomic elastic collisions
or on diffusion in thermal spikes, mixing with high energy fluxes can provide formation of
deeper alloyed layers with the thickness of 0.1 - 100 um. This effect is explained by the action
of an other mechanism including melting of the coating and substrate surface layers,
convection mixing in the melt and subsequent crystallization under high cooling speed. The
use of such a technique for steel treatment leads to formation of surface layers with improved
properties. Treatment by plasma flows generated by a gas discharge allows incorporating
additional atoms of a plasma-forming gas, thus expanding the number of compounds to be

synthesized in the surface layer.

Earlier conducted investigations showed that compression plasma flows (CPF)
generated in a gas-discharge magneto-plasma compressor could be effectively used for
alloying the steel surface layer [1] as well as for metals nitriding [2]. Element and phase
composition can be controlled by plasma treatment parameters of (e.g. energy absorbed by the
surface layer). Investigation of the pulses number influence on the element and phase
composition of the surface steel layer and its mechanical properties after CPF treatment was
the main aim of this work. Ti and Nb atoms were chosen for plain carbon steel alloying in the
experiments. These elements are already used for steel alloying [3]. At the same time the
melting temperature of these elements (TTim=167l °C, ™, =2477 °C,) is substantially
different which can be crucial for uniform distribution of the alloying element in the melt

existing for a short time (~100 ps) for this type of alloying technique.

The samples used were made of carbon steel 3 (0.2% C, 0.2% Si, 0.5% Mn, in wt.%, Fe
- balance) and instrumental steel U9 (0.9% C, 0.25% Cu, 0.25% Ni, 0.2% Si, 0.2% Mn, 0.2%
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Cr in wt.%, Fe - balance). The titanium coating on steel 3 samples and niobium coating on
steel U9 samples were formed using cathodic arc vapour deposition with the following
process parameters: the arc current was 100 A for titanium, 190 A for niobium, the bias
voltage wass -120 V, the deposition time was 10 min (the corresponding coating thickness ~
2.5 um).

CPF were obtained using a gas-discharge magneto-plasma compressor of compact
geometry powered with the capacitive storage of 1200 mF and operating at the initial voltage
of 4 kV. Nitrogen was used as a plasma forming gas. The pressure of the plasma forming gas
was 400 Pa during the discharge. The discharge duration amounted to ~ 100 ps. The treatment
of the formed Ti/steel and Nb/steel systems was carried out by one, three and six pulses (n) of
compression plasma flows. The time interval between pulses was 5 s. The heat flux absorbed

by the surface layer (registered by calorimetric measurements) was ~13 J/cm? per pulse.

Structure, element and phase composition of the surface layer were characterized by the
X-ray diffraction analysis (XRD), Auger electron spectroscopy (AES), scanning electron
microscopy (SEM) and energy-dispersive X-ray microanalysis (EDX). Vickers microhardness

and tribological tests were carried out.

The element composition analysis showed that the growth of pulses the number led to
the decrease of the Ti concentration in the bulk of the mixed layer (Fig. 1). The corresponding
concentration for n=1, n=3, n=6 amounted to 12 at. %, 9 at. % and 7 at. %, respectively.
These data are in good agreement with the results of the EDX analysis. Similar regularity was
found for Nb/steel samples. The reason for such behaviour can be erosion of the surface
during plasma impact. According to the measurements of Ti/steel samples weight the mass
loss was ~ 1 mg/em?® per pulse. Erosion resulted in the removal of the coating surface layer
during CPF impact (n=1) or in the removal of the surface layer containing the alloying
element (n>1), thus diminishing the alloying element volume that could be redistributed in the

melted layer.

AES spectra also contained carbon, nitrogen and oxygen peaks that appeared due to
diffusion of vacuum chamber residual atmosphere elements into samples during treatment.
The maximum nitrogen concentration in the surface layer was about 35-37 at. % and it was
almost constant for all treated samples. The distribution of titanium was not uniform in the
surface layer. The Ti distribution had a surface segregation peak (just in the layer containing
light impurities). The underlying layer lacked titanium. This effect was also observed in the

previous investigations [1].
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Fig. 1 AES elements depth profiles of the Ti/steel samples treated by CPF with n=1 (a) and n=6 (b).

Surface segregation of the alloying element took place due to the interaction between
the surface atoms and the residual gases of the vacuum chamber. The formation of TiN
having high crystallization temperature can occur at the surface of the melt. Further growth of
the surface nitride layer during or after crystallization resulted in upward diffusion of the
alloying element from the bulk and diffusion of nitrogen from residual atmosphere. The latter

effect can explain formation of the titanium depleted subsurface layer.

The change of the alloying element concentration in the surface layer influences its
phase composition (Fig. 2). CPF treatment with n=1 resulted in the formation of Fe,Ti phase
and TiN phase with (200) preferred orientation. The XRD analysis showed a shift of a-Fe
diffraction lines to smaller angles with the growth of the titanium concentration. A possible
reason for this effect is the formation of a supersaturated a-Fe(Ti, C) solid solution where Ti
atoms substitute Fe atoms in the bce lattice. Ti solubility in o-Fe does not exceed 2.9 at.%
even at 773 K in equilibrium conditions. Increase of the pulses number (n=3) resulted in the
decrease of the Ti concentration thus leading to diminishing Fe,Ti diffraction lines intensity.
After CPF treatment with n=6, a-Fe(Ti, C) diffraction lines and (200)TiN line of week
intensity are seen only in the diffraction pattern. Similar regularities were found in the

Nb/steel system after CPF treatment.

SEM investigations showed more homogeneous distribution of alloying elements (Ti,
Nb) when the number of CPF pulses increased. Convective mass transfer time growth was the
main reason for this effect. With the growth in the pulses number, the process of convective
motion in the liquid is repeated, thus leading to increase in the total duration of convective

motion.
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Fig. 2 XRD patterns of untreated Ti/Steel sample and samples treated by CPF
with different number of pulses.

The change of phase composition and quenching effects resulted in 2-2,5 times

microhardness increase and 2-3 times friction coefficient decrease.

One can see that treatment of a “coating/steel” system by compression plasma flows
generated in nitrogen atmosphere allows alloy the steel surface layer with the coating element
and nitrogenizing it simultaneously. The variation of the pulses number results in the
formation of a range of phases in the steel surface layer, improving its mechanical properties.
Such an approach allows modifying mechanical, corrosion, magnetic and other properties of
the steel surface layer by an appropriate choice of alloying elements and gas discharge

atmosphere.

This work was supported by the grant #3226/GF4 of Ministry of Education and Science
of Kazakhstan
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NEGATIVE-ION PRODUCTION ON THE SURFACE OF DIAMOND MATERIALS
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This work presents studies of the negative-ion production on diamond surfaces in low
pressure H,/D, plasmas. The aim is to enable the development of cesium-free negative-ion
sources, which would be valuable for many applications, particularly for neutral beam
injectors of future nuclear fusion reactors.

It has been showed that HOPG (Highly Oriented Pyrolitic Graphite) is a good negative-
ion surface-production enhancer material when exposed to a low pressure hydrogen plasma
[1]. Furthermore, this material could be easily cleaved, allowing for a repeated use of new
fresh samples with identical properties to the previous ones. Thus, it was decided to use
HOPG as a reference material in the present studies.

Measurements are performed in the diffusion chamber of a helicon reactor [2]. The
reactor consists of an upper cylindrical source chamber (360 mm long and 150 mm diameter)
and a lower spherical diffusion chamber (radius 100 mm). The plasma is initiated by a
Huttinger PFG 1600 RF (13.56 MHz) generator connected to a helicon antenna surrounding a
pyrex tube (150 mm diameter, 200 mm length) installed in the source chamber.

The sample is placed in the diffusion chamber at 37 mm away from a Hiden EQP 300
mass spectrometer such that the center of the sample lies on the axis of the spectrometer. The
sample is mechanically clamped on a rectangular molybdenum substrate holder.

The measurements are taken at low hydrogen or deuterium gas pressure (0.2-2.0 Pa), and
at low-injected power (20-100W) to limit RF fluctuations of the plasma potential that could
complicate experiment interpretation. The plasma parameters are measured by a Langmuir
probe. Negative ions formed on the negatively biased HOPG surface (at the V, potential) upon
positive ion bombardment are accelerated by the sheath toward the plasma (at the V,
potential). Under the low pressure conditions considered here, most negative ions cross the
plasma without any collision and reach the mass spectrometer where they are detected
according to their energy. The measurement gives the Negative-lon Energy Distribution

Function (NIEDF). Figure 1 represents a sketch of the measurement principle.
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Figure 1. Scheme of the measurements: i+ stands for positive-ions, i- for negative-ions,
V, is the plasma potential, V is the surface bias.
Figure 2 presents several NIEDFs measured by the mass spectrometer (2 Pa D,, 20W,
V,= 18V), while the surface is biased at different V.. It can be observed that most of the

negative ions are formed on the

surface with a non-zero initial 2PaD,, 20 W, HOPG sample
energy. Increase of the surface bias — Vs =-10V
leads to increase both of the primary Vs =-15V
. . —~ 10*F Vs = -20V
peak and of the high energy tail of E Vs = -25V
the distribution. & —— Vs = -40V
> Vs = -60V
The shape of the measured @ . Vs = 100V
NIEDFs depends both on the surface ‘2 10 —— Vs =-130V
production mechanism and on the
ion transport in the plasma and in the
10°
mass spectrometer. 0 5 10 15 20 25 30 35 40
The first mechanism of the Energy (eV)

negative-ion surface production is Figure 2. Experimental NIEDFs measured on HOPG

the backscattering of a positive ion for different values of the surface bias V
as a negative ion. The maximum energy of such negative ion in the plasma is determined by

the impinging positive ion’s energy acquired by acceleration in the sheath, which is consistent
with the high energy tail evolution with V in Figure 2. It should be noted that under given
experimental conditions the dominant ion species in plasma is D;", therefore the energy of
impact per deuteron is e(V,-V,)/3.

The second mechanism is the sputtering of an adsorbed hydrogen atom by an incoming
positive ion. At high surface temperatures this mechanism is largely reduced due to the lack
of the adsorbed species.

A model has been developed previously [2,3] in which NIEDFs are computed using
SRIM calculation for the hydrogen particles either sputtered or backscattered from the carbon
surface upon positive-ion bombardment. This output is further convoluted with the ion

transmission function between the sample and the mass spectrometer. The ion transmission in
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plasma is calculated under assumption of the uniform V, distribution and the plain sheath in
front of the sample and of the mass spectrometer. The modelling results agree well with the

measured NIEDFs, see Figure 3 (red and black curves).

The calculations show  that = = =1(E) on surface (SRIM calculation)

= f(E) at mass spectrometer detector: measured
Pl R f(E) at mass spectrometer detector: modelling

negative ions are produced from the

central region of the sample under the

chosen experimental condition and the
surrounding surfaces do not contribute

to the total yield of negative ions. The

normalised intensity (arb.u)

shapes of the measured energy 01f " E
distribution ~ functions are mainly .
determined by the proportion of X .
sputtered and backscattered negative J1pa H,60 W, V =7V, =95V .

ions detected. Furthermore, the model 0.01 0 1'0 2'0 3'0
shows that the measured NIDFs (black Energy (eV)

curve in Figure 3) are very different Figure 3. NIEDF measured at mass spectrometer

from the distribution functions of the detector (solid black) vs. modelled (red dashed)
particles emitted by the surface (SRIM  based on the initial distribution of particles leaving

results, blue curve). This difference is the surface calculated with SRIM (blue dashed)

due to the low acceptance angle of the mass spectrometer which restricts the measurement to
particles emitted at low-energy and/or low-angle. Due to this, most of the negative ions

emitted by the surface (~80%) are not measured experimentally (Figure 3).

The model has been modified to take into account the sample tilt with respect to the mass
spectrometer. Based on this model, we propose a reconstruction method of the experimental
angular distribution function of the negative ions created at the sample surface. The algorithm
is purely geometrical and does not depend on the negative-ion surface production mechanism,
so it can be applied to any type of material or negative ions.

The experimental and modeling methods, presented above, allow us to study the variety
of the carbon materials, with a special emphasis on diamond films. Diamond is a promising
candidate for the high rate negative-ion production in H»/D, plasmas since it shows a high
electron emission yield owing to its negative electron affinity and wide energy bandgap [4].

We studied the negative-ion production for different types of diamond films deposited by

the chemical vapour deposition (CVD) technique: intrinsic and boron-doped polycrystalline,
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single crystal and nanodiamond films.

10°
The relative yields of surface
produced D ions were measured
versus  positive-ion energy and z
surface temperature (Figure 4). With E 10°+ E

=

increasing temperature, the yield of = Vs =-130 V
negative ions on HOPG surface g D,2Pa20W
decreases due to a reduction of —=— HOPG
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(sp” phases) [5]. Surprisingly, the
Figure 4. NI yields measured on HOPG and on
MCD (doped and non-doped) as a function of
boron-doped  surfaces  of  the the sample surface temperature

negative-ion yield on intrinsic and

microcrystalline diamond (MCD) exhibits a maximum at 400-600°C. Yield variations with
temperature are almost independent of the positive ion energy for these two surfaces. At low
energy (useful in plasma devices due to lower erosion), the measured yield on a BDD surface
at 400°C is about 5 times higher than that on an HOPG surface at room temperature.

Raman spectroscopy reveals that sp” phases, produced by the plasma bombardment on
MCD surface, disappear with the temperature rise [5]. Defects/non diamond phases are
annealed and etched out by positive ions bombardment at high temperature. Then, the
diamond layer probably recovers its electron-emission properties leading to an enhancement
of the electron capture by hydrogen species. At temperature higher than 400°C, the hydrogen

coverage on diamond decreases too much and negative-ion yield consequently decreases.
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STUDY OF PLASMA INTERACTION WITH FUSION REACTOR MATERIALS AT
THE LINEAR SIMULATOR WITH A BEAM-PLASMA DISCHARGE

K. Gutorov, 1. Vizgalov, F. Podolyako and 1. Sorokin

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),
Moscow, Russia, e-mail: gutorov.k@gmail.com

Linear simulators with electron beam driven generation of plasma have some advantages
for plasma-surface interaction investigations. Key features of such installations are considered
on the example of the PR-2 simulator [1] in Moscow. This plasma beam machine with a
longitudinal magnetic field and the electron beam generated plasma has a total power of
50 kW in a steady state regime, which allows target loading with several megawatts per
square meter and intensive hydrogen ion fluxes (10*> m?s™"). A set of diagnostic systems of
the installation allows characterizing in details the processes in plasma: Langmuir and
magnetic probes, ion composition and energy analysis, plasma emission spectrometry, gas

composition spectrometry, IR camera. The PR-2 setup is presented in figure 1.

Fig.1. The PR-2 setup general appearance.
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At least five plasma discharge regimes could be realized in this machine, depending on
the gas feeding, electron gun and collector settings.

The first one (I) corresponds to the electron beam transport with a quasi-compensated
space charge at a gas pressure less than 0.1 Pa (at the Ar feed-in). This regime is used for
direct heating of materials with the primary electron beam or for high heat flux tests of
materials with cyclic thermal loads up to 30 kW or 3 MW/cm®.

High-voltage acceleration mode of the electron beam can be used to generate powerful x-
ray radiation, for example, in experiments with polymerization of redeposited hydrocarbon
films stimulated by hard plasma radiation. These experiments may be of interest in the study
of capture and accumulation of hydrogen isotopes. Low-voltage regime of electron
acceleration with programmable moderate heating can be used for thermal desorption
spectroscopy investigations of the hydrogen isotopes release. Pulsed irradiation can be used to
study electron induced desorption.

The second regime (1) is a diffusive beam-plasma discharge regime which starts with an
increase of the working gas pressure. This regime is convenient for generation of radial ion
fluxes and could be effectively used for wall conditioning or ion etching.

The beam-plasma discharge mode (III) starts at working gas (Ar) pressures above
0.16 Pa, when the partial stabilization of the radial drift at enhanced plasma density takes
place. As a result, the plasma density increases by a factor of 2-3 relative to the mode II (up to
ne ~10' m’3). The beam-plasma discharge is possible to reproduce the effects of high ion flux
on structural materials, close to the expected values in the tokamak periphery. For such
experiments the most accurate characterization of ion flow is required not only in the overall
current and energy, but also energy distributions and component composition - it is necessary
to know the ratio of fluxes of atomic and molecular hydrogen ions, the presence and the ratio
of the charge fractions of impurity ions arising from the contact surface erosion.

The electron gun can operate also in the vacuum arc mode (IV) to achieve dense plasma
without high-energy electronic component.

The beam-plasma discharge can be translated to self-oscillating mode (V) [2] due to the
plasma-surface unstable interaction at the beam collector with the N-shaped current—voltage
characteristics [3]. It is possible to obtain modes with high current in the discharge circuit or
with high-voltage pulses generation at the collector. The first allows you to get a high density
plasma with efficiency of energy deposition as in the helicon discharge, the second allows

you to accelerate ions for high voltage implantation.
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The PR-2 setup with a beam-plasma discharge allows for unique studies of the plasma-
surface interaction due to the possibility to independently control such parameters as plasma
flux, sample temperature, ion and electron energy, RF waves or high voltage pulses presence.
Extensive diagnostic capabilities allow carrying out a wide range of research: thermal and
plasma loads, thermal cycling, TDS analysis, sputtering, redeposition, instability arise, water
leakage detection, plasma ion etching, films cleaning. But a major disadvantage is the low
residual vacuum and use of diffusion pumps for chamber evacuating.

A new Plasma Beam Facility (PBF) for simulation tests was designed at the Plasma
Physics Department of the NRNU MEPhI for assistance in testing plasma facing components
at the Material Science Kazakhstan Tokamak (KTM) (fig.2). The KTM PBF was put into
operation [4], it is a high vacuum installation with an oil-free pumping system. The bakeable
vacuum system pumped with turbomolecular and sorption pumps to 10° Pa allows

conducting experiments at low levels of impurities (less than 0.01 % of gas feeding).

Fig.2. The KTM PBF: 3D model and general appearance.

Electron gun with an indirect heated tungsten cathode and a separate pumping system
make it possible to generate an electron beam with current of 1 A at accelerating voltage up to
30 kV. This beam is transported by a longitudinal magnetic field of ~ 0.1 T with a variable
configuration through the electron beam path. The target chamber is equipped with various
diagnostics systems, including reciprocating Langmuir probes for plasma temperature and
plasma density measurement and a spectrometer with 200-1100 nm wavelength range. The
full installation length is 2 m. Electron beam fluxes up to 10 GW/m? (30 kW of beam power)

with scanning system and ion fluxes up to 3-10%* m”s”' could be achieved in the beam-plasma
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discharge. Compared to the PR-2, KTM PBF provides a cleaner environment for experiments
and has potentially the same opportunities, if it is sufficiently equipped with diagnostic tools
and sample insertion systems.

Additional possibilities for plasma-surface interaction control in the KTM PBF are
available due to the electron beam scanning system. It consists of 3 electromagnetic coils
positioned at 120° (or 4 coils with 90° spacing) embraced by a ferromagnetic yoke around the
pipe joining the beam tract and the target chamber. Properly matched coils provide
programmed electron beam scanning or its stationary displacement in the vicinity of the beam
axis.

Currently the tokamak plasma facing elements based on liquid metals are intensively
investigated. This is, primarily, the lithium capillary-porous systems, one of which is installed
in the KTM. For studies of plasma interaction with the surface of the molten metal, it is
proposed to create a new ultrahigh vacuum installation in the NRNU MEPhL. It should be a
system similar to the KTM PBF, but with the vertical axis of the magnetic field and the

horizontal receiving plate.
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THE INTERFACE ROLE IN THE NANOSTRUCTURED FILMS BEHAVIOR
UNDER ION IRRADIATION
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By now it is well known that nanostructures are tolerant to the irradiation with ion and
neutron due to the many interfaces presence that can function as sinks for radiation defects [1,
2]. Especially revealing in this respect the results of experiments performed using a multi-
layer film consisting of immiscible objects. Changing the thickness of individual layers and
leaving unchanged the total thickness of the films, it is easy to trace the influence of the
number of interfaces on the change of properties and structures under irradiation. As an
example in Fig. 1 shows the influence of thickness of individual layers in multi-layer films of
Cu/V to change the hardness and swelling after irradiation with He ions (£ = 50 keV; fluence of

6x10*° m™; T=20°C) [3].
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Fig. 1: The hardness change AH (a) and swelling () as a function of inverse thickness (h™"y of nano-
layer in Cu/V multi-layer films irradiated with He ions.

From the data presented in Fig. 1 it is quite clear that with diminishing of the
individual layer thickness (i.e. with a rise of the interfaces number that act as the sinks for the

radiation defects), the hardness and swelling of irradiated films are decreasing. It was marked
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for Cu/Nb multi-layer films that the nano-layer structure is reserved after irradiation only in

the individual layer with thickness about 30 nm, but if their thickness is about 1 pm the

layered structures are missing (Fig. 2) [4].

Fig. 2. TEM images of rolled multi-layers Cu/Nb with different mono-layer thickness (/) after an irra-
diation with He ions (£ = 0.15 MeV; fluence of 10*' m™; 7= 20 °C): (a) — h =30 nm; (b) — 4 = 1 pm

As can be seen from Fig. 2, a nanolaminated structure (a) is preserving after the
radiation without any evidence of the dislocation defects presents, that radically differ from
the thick-layer system behavior (b), where we see the characteristic disorders of the layers, the
dislocation-cell structures, and even some marks of the grain rotation.

The analogous results, demonstrating a similar role of such thin individual layers
under an irradiation, were obtained by many authors for other various multi-layer films
(Cw/W, W/ZrO,, Ta/Ti, Ag/Ni, CrN/AITiN, etc. [5-9]), where in some cases the interfaces are
not only pure metallic, but mixed (metal-oxide) interfaces and nitride ones too.

Recently much attention is paid to theoretical and experimental study of nanotwinned
structures, which have high thermal and radiation stability [1,2,10]). Fig. 3 shows the TEM
and HRTEM images of the Cu/Nb multi-layer nanocomposite obtained by of accumulative

roll bonding [10].
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Fig. 3. TEM (a) and HRTEM (b) images of the Cu/Nb multi-layer nanocomposite with planar
interfaces spaced approximately 20 nm apart.
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Such low-energy faceted interfaces can be also manufactured by other methods such
as electro-deposition, magnetron sputtering and gradient techniques of plastic deformation.
The study of thermal, radiation, deformation and corrosion stability found that samples with
nanotwinned structure have significant advantages compared to conventional nanostructured
materials, not to mention coarse-grained counterparts (see, for example, [1,2,10-13]). Fig. 4
shows the Kr ion irradiation effect on the defect density in nanotwinned Ag films (a) and the

stacking-fault tetrahedra (SFT) density in irradiated films with different twin spacing (b) [13].
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Fig. 4. Increasing defect density in irradiated Ag film as a function of dpa (a) and effect of twin
spacing on SFT density after Kr ion irradiation (b).

As can be seen from Fig. 4a, the density of radiation defects (including SFT and
dislocation loops) in thick twinned Ag films increases sharply and reaches saturation at 0.01
dpa, meanwhile in the case of fine twinned those the change is very gradual. The twin spacing
decrease tends to moving off radiation defects (Fig. 4b). In conclusion, we emphasize the

need for further theoretical and experimental study of interfaces in nanomaterials.
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MOJIAPUKAIIMA OKCUJIHBIX MJIEHOK HAOBUS CJIABOTOYHBIMHA
HMOHHBIMHU NYYKAMMU
MODIFICATION OF NIOBIUM OXIDE FILMS
WITH LOW-CURRENT ION BEAMS

A.B. HyGqueHKol, AA. EanaKOBI, A.b. HaBOHOHKHﬁZ, JLA. HBaHOBl, O.Nn. HyGqueHKol,
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A.V. Lubenchenko', A.A. Batrakov', A.B. Pavolotskyz, D.A. Ivanov', O.I. Lubenchenko!,
L.V. Shurkayeva'
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The structure and thickness of niobium oxide film has been estimated before
and after interaction with Ar" ions of 500 eV. The ion current is 50 nA. It is
shown that the niobium oxidation rate in the oxide layer is reduced by
interaction with ions without change of layer thickness.

HccnenoBanusiM CTPYKTYpBI OKCHAOB TepexoHbix MerawioB (OIIM) m momuduxanmm
cgoiicts OIIM HMOHHBIMH ITYyYKaMH  TMOCBSILIIEHO MHOXKECTBO ~ paboT. Kax npasuio,
HCIIOJIb30BAIMCh TIOTOKH HOHOB, KOTOpbIE NPUBOMIN K PaclbUICHHIO oBepxHocTH. Hanpumep,
B pabote [1] MccienoBanoch BIMSHK € TIOTOKA HOHOB N, Ha OKCHIHEIE TUIEHKH BaHamws . [Tpn
9TOM HabJIFOAATIOCE HE TONBKO PACHbUICHHE IUIEHKM , HO M W3MEHCHHE CTEXHOMETPUYECKOTO
COCTaBa TIOBEPXHOCTH OKCH/IOB. B HacTOsIIIEH paGoTe H3ydaeTcs BO3NeHCTBHE MOTOKA HOHOB AT
Ha OKCH/IHBIE TUIEHKU HHOOMS.

CTpyKTypa O KCHAHBIX IUIEHOK MCCIEO0BaNach B pabOTe METOAOM PEHTTEHOBCKOM
tdoroanexrponnoit crektpockonun (POIC) ¢ mOMOWIBI0 MOIYNS INEKTPOHHO-HOHHON
criekTpockornuy Ha 6ase miratdopmsel Hanodad 25 (HT-M/T). B anamuruueckoii xamepe
JOCTHrancsi CBepXBHICOKHI GesMacistHbii BakyyM mopsimka 107° ITa. CHeKTpsI CHHEMATHCH
JNEKTpOCTaTHIEeCKUM  monycdepuyeckum dHeproanamusatopom SPECS  Phoibos 225.
KanuOpoBka 3HeproaHaM3aTtopa BBIIOIHSIACK C CIIONBb30BaHUEM 00pa3ioB u3 Cu, Ag u Au
no Merozuke [2]. OGpasubl 06Mydamuch Mydkamu HOHOB Ar' B TeueHne 30 MHHYT C
passeptkoii 4,0x4,0 MM u snepruedr 500 5B, nmajarommmu 1o HOpMalM K I[OBEPXHOCTH
obpasia, TOK Iy4Ka COCTaBIUI Py 3ToM 50 HA.

B pabote 6putH HccienoBaHEl HHOOHEBBIe MUIIeHH. HioOMI HanbULsIICS Ha KPEMHHEBYIO
OJUIOKKY MarHeTPOHHBIM HamblIeHHeM. TOJIMHA HAbUIEHHOTO CJIOS HUOOWS IpeBbIIaia
200 uM. Cpasy nocie BbIFPY3KHM M3 BaKyyMHOH KaMepbl MUIIECHU IOKPBIBAINCH 3a IIUTHBIM
CJI0eM, KOTOPBIH IPEISITCTBOBAJ OKHCICHUIO. ODTOT CIIOH MHOJHOCTBIO CHUMAJICS IIepex

HCCIIEIOBAaHUEM B YIBTPa3BYKOBOH BaHHE C H30IPONAHOIOM. TakuMm 00pa3oM, HHOOHH

56



KOHTAKTHPOBAJ C BO3LYXOM M OKHCIISUICS BCErO HECKOIBKO MUHYT. B 3TOM citydae, kak Oyner
M0Ka3aHO HIDKE, 00pa3yeTcsi OKCHIHBIN CII0i TommuHOW MeHbme 10 HM, a cama OKcHAHas
TUIEHKA COJICPIKUT BCE BO3MOXKHBIE OKCHIBI HHOOUSI.

B wucciemyemoii MHIIEHH C TIOMOLIBIO CTaHAAPTHOrO aHaiu3a (OTOIICKTPOHHBIX
CIEeKTPOB ObIH OOHapykeHbl eMeHTHl Nb, O u C. OTHOCHTENbHbIE KOHIEHTPALUH 0
B3aMMOJEHCTBIS C HOHAMH AT GbLIH paBHbL: cnp = 33%, co=49%, cc=21%; n ocne —
Ny =33%, co=52%, cc=15%. U3mepennas sueprusi cBssu BEc =284,2 3B yrunepona
yKa3blBaeT Ha HAJIMYUE YIJIEBOJOPOJHOM IUIEHKM HaJ OKCHIOM HuoOus. TosnmuHa
YIJICBOOPOJHON IUIEHKHU He IpeBbimana | HM (cM. Tabmuiy 1).

J1nst aHanu3a OKCHIHBIN IEHKK Obu1a BbiOpaHa uHust Nb 3d. Dta nmuHusS MOXKET COCTOSATH U3
JyIUIeTa HEOKUCIEHHOr0 HUOOHMS M Pa3MYHBIX QYIUIETOB OKHMCI EHHOro MeTamia . Tak Kak
MaKCHMaJIbHast CTENICHb OKHCJIeHHss HUoOust N =5, 1o jmuauss Nb 3d Mmoxer cocrosite u3 12
OTZEINBHBIX MMKOB.  Kpome TOro , mpu MCIHOJIb30BaHUM HE MOHOXPOMHOT'O PEHTT€HOBCKOTO
HCTOYHHKA B CIICKTpe OyAyT HAOIIOAATHCS PSIIOM C OCHOBHBIMH MHUKAMH CATEJUIMTHBIC MHKU.

JUns pacud)poBKY TAaKHX JIMHAUIA B paboTe HCTOTb30BaHA CIIEIYIOIAs MOJIEIb:

®  OJMHOYHBIA MHK LS(E) (E — xuHeTHYecKass 3Heprusi (OTOINEKTPOHA) MOXKET

3amaBathesl QyHKnuaMmu: ['aycca, JI openna n @oiirra. Jng ydéra HEMOHOXPOMHOCTH

peHTFCHOBCKOI‘;I ITYIIKH KaKJIbIN MUK OIHMCHIBACTCS

J.
LS] (E) =LS (E) + Zlmzehrej LS(E + Esazelizeé&) > (1)
J=
rae lsate[irej n AEsateIizej OTHOCUTEJIBHBIE HWHTCHCUBHOCTH W CHBUTU II0 DSHEPTUU

CaTeIUINTOB, 3TH [TAPAMETPBI 3aBUCSIT OT MaTepHalIa aHOJa PEHTICHOBCKOM MyIIKH;
*  npo¢uiIb CIMH-OPOUTANBHBIX Ty0JIeTOB 331aéTcs PopMyJIoit
LS, (E)=(LS, (E)+aLS,(E - AE, ))/(1 +), )
O — 3HAYCHHs] OTHOLICHUS MHTCHCHBHOCTEH JIMHHH CIIMH-OPOUTAIBHOIO PACIIEILICHHS
(oTOo3MeKTPOHHOrO ypoBHs (s p-oGonoukn ¢ =1/2, d-o6onouku a =2/3), AE,, —
SHEPrysi CIUH-OPOUTAIIBHOTO B3aUMOICHCTBHS.
*  npoGuIb CIOKHOW JTMHHU OMUCHIBACTCS (POPMYIIOit

LS(E)=1,LS, (E)+Evl, LS, (E-AE j), 3

J

rae AECS — DHEPrHs XMMHUYECKOTO caBUra, N — MaKCUMajbHas CTEIEHb OKUCIICHUS, Ij -

HWHTCHCUBHOCTb nyrme'moiz’[ JINHUU.
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Puc. 1. Jluaus Nb 3d. Toukamu mokaszaH pe3yJibTaT SKCIEPUMEHTA, CIUIOIIHON 4YEpHOW JuHHEH —
pesynbTat pacuéra mo gpopmynam (1) — (5), MyHKTHPHBIME JTHHUSIMHU — AYTJIETHl OKUCIEHHOTO
HHOOHs, (PO yKazaHa CTEIICHb OKUCICHHSI.

Taxnm 00pa3oM, 4HCIO BapbUPYEMBIX MMAPAMETPOB CBOAMTCS K MHUHHMYyMY. A UMEHHO: [,
rnapameTpbl OJUHOYHOTO nuka LS (E ) JUIS BCEX IMUKOB JUHUHU OJUHAKOBBIH, AE,, u AEg,,

npu4éM 3Ha4eHus sHepruit AE , u AE, MOKHO B35ITh U3 JINTEPATYPBI.

Jlns pacy€T a  TOJNIIMHEI OKUCIEHHOTO CIIOSL NIPHMEM ,YTO BHAYaje MHUIIEHb ObLia
10JTyOeCKOHEeYHasl, MeTAJUTMYecKast M OfHOpo/Hast. [Ipn OKHCIeHHH MeTallIa CTeHeHb OKUCIICHNUS
Oyner ymeHbLIaeTcsi mo riyouHe [3], Tak Kak mpolecc OKHUCICHHS HAET TOJIBKO CO CTOPOHBI
BEpXHEH TpaHMIbl MUIIEHH. Torna MOXKHO BBIICINTH OJHOPOIHBIC CIIOW, B KOTOPBHIX CTENECHb
OKHUCIICHHSI MeTaJlla OffHaKoBasi . KonmuecTBo ClIo€B Hax MeTauIMYecKOH IMOUIOKKOH Oyner
PaBHO MAaKCUMAaJILHOW CTENEeHH OKHCIeHHs . [IpumeM, uTo HOoMep crost OyeT COOTBETCTBOBAThH
cTeneny okucienus j. Torma j =0 cOOTBETCTBYET MeTalIMde CKOH Mojoxkke . Metos pacyér
TOJILLMH OKCHHBIX CIIOEB CTPOMTCS HA OCHOBE MOJXOA , M3JIOKEHHOro B padorax [3-5]. lns

MHOTOC/IONHOM MUILICHH NOJTy4eHa pacuéTHas (opMyIty B BUAC

d, =2, cosfn 1//(}1],/1‘/.(7].)/S(Ik/(n,/lkak))+1 , “

rae A — cpemnsist amHa cBoboaHoro Heynpyroro npobera (IMFP) (IMFP paccuuthbiBanach
no ¢opmyne TPP2M [6]), tne o — ceuenue Qorononusamuu [7], 6 — yrom Mexmy
MaJalOMUM PEHTTCHOBCKUM H3IIy4eHHEM U HOPMAJIbIO K IOBEPXHOCTH, /I — KOHILICHTPAIHS
aTOMOB MUILECHH, / — HHTEHCUBHOCTb IIMKOB.

PesynbraTel pacuéra s omanu Nb 3d mo ¢opmynam (1) — (4) npuBeneHs! Ha puc. 1.
Touxamy OKa3aHEl IKCIIEPUMEHTANIBHBIE JaHHBIE , CIUIOIIHOM KPUBOH — pe3ynbTar pacuéra,
IIYHKTUPOM INPHBEICHbI TYIUIETHbIE TUHUU UL Pa3IUUHBIX CTeMeHel okucienus Metamia. Do,
00pa3yeMblii 3a CYET HEYIPyroro MHOTOKPAaTHOTO paccesHusl (POTOINEKTPOHOB, OBUT BHIYTEH IO
metoay Iupnu [8]. Ha puc. 1 a) nmpuBeAEH CreKTp CHATBIN 110 B3aMMOJICHCTBHS C MOHAMM, HA

> +
puc. 1 6) — nocse B3aMMOJICHCTBHS C HFOHAMH AT .

58



Tabnumna 1

d , um
J dopmyna 110 00padoTKH rociie 00paboTKu
HoHamu Ar’ HoHamu Ar’
0 Nb - -
1 Nb,O 1,06 1,06
2 NbO 0,17 0,33
3 NbyOs 1,71 2,74
4 NbO, 1,33 1,04
5 Nb,Os 3,14 2,20
2 d; 741 7,37
| CH, 0,56 0,39

B Tabmuue 1 npuBemeHH! pe3ysbTaThl pacuéra TOMIUH cI0EB 1o dopmyine (5). Cion
pAcIONOKEHB HAJ METAULIMYECKMM HHOOHMEM, CTEIeHb OKHCICHHS YBEIMYMBANACh K
noBepxHocTH. HaJt okcuiHOM MIIEHKOM pacronoxeHa yrieBoopo Has IIEHKa.

C mnomompsio mporpammel STRIM-2013 [9] Obul0O TpOBENEHO MOJEIHPOBAHUE
B3aHMOJICHCTBHSL HOHOB C MHIIEHBIO. [IIs1 MomenupoBaHHs ObUT BeIOpaH pexuM «Surface
Sputtering/Monolayer Collisions». CrtpykTypa MumieHH Obuia B3iTa W3 Tabmuusl 1 1o
06pabotky moHamu Ar’. MojennpoBaHye T0Ka3alo, UTo HOHBI TIPOHWKAIOT B MHUIIEHh HA
rryOuny nopsinka 3 HM. KoadduuueHTsl pacnbuleHHs, pacCUMTaHHBIE MporpaMmoil SRIM-
2013, CYIIECTBEHHO 3aBUCAT OT TOJIIMHBI yriieBoAopoaHoi miénku: 0,6 um — Yc=0,11,

YH:0,41, Y0:0,07, YNbZO,O?’; 0,4 HM — YC = 0,11, YH:0,41, Y0:0,15, YNb:O,04‘

+ "

Takum o6pa3om, HoHEI Ar ¢ dHeprueit 500 5B mpakTudecku He PacHBUISIOT OKCHUIHYIO
UIEHKY T[pU TOJLIMHE BEPXHEro yrieBoJopoxHoro cios mnopaaka 0,5 um.  Ilpu
B3aHMOJICHICTBUY HOHOB C OKCHIHOM IJIEHKOH MPOUCXOIUT YMEHbLIEHUE CTEEHH OKUCIECHHS

HHOOUS B OKCHIHOM CJjioe 0€3 H3MEHEHHS TOJIIIHUHBI CAMOTO CJIOS.
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ANNEALING STAGE MODELLING OF LOW ENERGY ION BEAM SYNTHESIS OF
SUBMICROMETER PERIODICAL SILICON OXIDE PILLARS IN SILICON

M.Yu. Barabanenkov, A.LIl'in, V.T.Volkov, Yu.A.Agafonov, V.I.Zinenko, A.A.Podkopaev

Institute of Microelectronics Technology RAS, 142432 Chernogolovka, Moscow Region,
Russia, barab@iptm.ru

Annealing stage of low energy substoichiometric ion beam synthesis of silicon oxide pillars in
silicon substrate through 2D periodically perforated aluminum mask is considered. Aiming to
optimize previously reported experimental results an analytical "diffusion-sink" Cauchy
problem is generalized to describe the decay of the solid solution with simultaneous growth of
the new phase flat layer at the outer sample surface when the growth of new phase
precipitates is controlled by interface kinetics.

K HacrosimeMy BpeMeHM IIOKa3aHa BO3MOXKHOCTH (DOPMHPOBAHUS METOIOM HOHHOMN
MMIUTAHTAl[MM HMHTCTPUPOBAHHBIX 3JIEMCHTOB MHKpPO(QOTOHMKH. Hampumep, OCHOBHOIA
3JIEMEHT - TUIaHapHBIN BOMHOBO, cosaaBancs B KHU (Kpemuuit Ha M3onsaTope) mogoOHbIx
cTpykTypax [1,2] u psine MoIIOXKeK, M 3STOTOBJIEHHBIX W3 HEOPraHMYECKUX M OPraHHYeCKHUX
BEUIECTB M coenuHeHui [3]. ®usnyeckoll OCHOBOW TOSBICHHS BOJHOBOJIHBIX CBOWCTB
SIBISICTCSL  JIOKAJbHOE  PAJHALMOHHO-CTHMYJIHPOBAHHOC  M3MEHEHHE  Kodd¢uimeHTa
MPEIOMIICHHST OOJNy4CHHOH YCKOPECHHBIMH HMOHAMHU 00NAcTH MOJIOKKHM M BOSHHKHOBEHHE
JVDIEKTPUYECKOTO KOHTpacTa ¢ OKPYXAIOIUM 3Ty 007acTh O0BEMOM  IOIJIOXKKH.
KpemuueBass MUKpPOOTOHHMKA 3aHUMAET CYIIECTBEHHOE IIOJIOKEHHUE, YTO OOYCIIOBICHO, C
OJIHOH CTOPOHBI COBEPIIEHCTBOM KPEMHMEBBIX TEXHOJOIUH, C JAPYroi CTOPOHBI, HAIUYHUEM
Kpasi HOrJIoNIeH)s Si Ha JUTMHE BOJHBI 1.1 MKM M €ro nmpo3payHOCThIO Ha JUIMHE BOJHBI OKHA
npo3payHocTH onToBosiokHa (1.5. MkM). [loJgoCKOBbIE BOJHOBOABI Ha yKa3aHHOH JUIMHE
BOJIHBI UMEIOT XapakTepHyto Toymuny 0.2 - 0.3 MM, mmpuny ot 0.5 1o 10 MKM U JUlMHY B
COTHM MHKpPOMETpoB. M3roToBineHHe B BOJHOBOAE MU(PAKIMOHHBIX pEIIETOK HIH
IByMepHBIX (2D) (OTOHHBIX KPHCTAIIOB SIBISIETCS CleAylomell Oomee CIOXKHON 3amadeil.
JleiCTBUTENBHO, XapaKTEPHbIE pa3Mephbl MX IEPUOJOB 3aJAIOTCS YCIOBHEM PE30HAHCHOIO
paccesHHs JIEKTPOMAarHUTHBIX BOJH C JUIMHOW BOJHBI OKOJIO 1.5 MKM ¥ COCTaBJISIOT COTHIO
HAaHOMETPOB U MEHee, UYTO JeNaeT HEH30eXKHBIM IPUBICYCHHE METOIOB JIICKTPOHHOU
mutorpadpun. Tak, B [4] cooburaercs o  ¢GopMupoBaHMM AUGPAKIUOHHOW PELISTKH
[IOCPECTBOM JIOKAIBHOH aMmop¢u3armu nosockosoro Si BoiHoBoaa B KHU crpykrype.

B npamnoif pabore oOcCykmaeTcs BO3MOXHOCTh cHHTe3a 2D (OTOHHBIX KpHCTaIOB

METOJIOM MMIUIAHTAlluM MOHOB KHUciopona B Si, mpennpunsatas Hamu B [5]. O nTumu3anus
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JIOKAJILHOTO CHHTE3a OKCH/Aa KPEMHHUSI IPOBOJMTCS Ha OCHOBE Mo dHKaLuu Jupdy3HOHHO -
CTOKOBOII Mozenu pocra HOBOH (aspl [6] M BKIIIOYaeT JBa HANpaBieHHS: (a) y4eT CTOKa
aTomoB O Ha MOBEPXHOCTH MIACTHHBI Si, (0) ydeT nuddy3HoHHOr0 B3aMMOJCHCTBHA ABYX
COCeIHNX 00JIaCTeH JIOKAITM3aLUY PEMITNTATOB HOBOH (hasbl.

B pabore [5] 2D nepronudeckuii koHTpacT GopMupoBaics B Si cieayromum odpasom. Ha
obpasue Si pazmepoM 5x5 MM mromanaka 50x50 MkM nokpeiBanack cioeM Al Tonmunoi 0.45
mkM. Ha monranke BekpeiBanu oxomku pasmepom 0.4x0.4 mxm ¢ mepuogom L = 1 Mkm.
OGpasupsl  o6mydanmu yckopeHHbIME 10 40 k9B momamm ¢ gosoit 5x10'° O'/em® mpm

temmeparype 300 K. ITocie 06aydeHus ¢ HOBEPXHOCTH 00pa3IOB CTPaBIHBAIH IUICHKY Al

Pucynok 1

POM wuzobpaxcenue (BUI CBEpXY) KPEMHHEBOH CTPYKTYpPBI C HEPHOJMUECKHM JMIIEKTPHUECKHM

KOHTPacTOM B BHJIe KBaJPaTHOM perieTku u3 9x9 nokanbubix obnacreii pasmepom 0.4x0.4 MKM U

nepuosioM 1 MKM, 0oGIy4eHHBIX MOHAMM KHCIOpOAa C 1030 5x10'® wonoB/cM®: 06wMH BHI

CTPYKTYPBI II0CJIC BCKPHITHS OKOH (JIeBasi MaHelb), CIa0blil BU3ya bHbIH KOHTPACT IIOCIE yIaICHUS

ciost Al omxura u (mpaBasi aHeNsb).
u o6pa3nsl omxurany mpu 1200 °C B Bakyyme. Kax BugHO H3 prc.] Mexmy 00IydeHHBIMH H
HEOOIyYeHHBIMH OOJACTSIMH KOHTPACT Ca0blil, YTO MOXKET CBHICTEIbCTBOBATH O MAJOH
00BbeMHOIT j1o1e (a3bl OKCHIa KpeMHUs B OOJIy4eHHBIX 00J1acTsIX KpeMHUs. B monb3y manoii
3 (PEKTUBHOCTH PaANALMOHHO CTHMYJIHMPOBAHHOTO ()a3000pa30BaHMS TOBOPAT M TaKhe
(akTEl Kak OTCYTCTBHE pAaCIyXaHHS KPEeMHHsS, U OTCYTCTBHE MOHHOTO TpaBICHHS
MOBEPXHOCTH KpPeMHHMs (OTCYTCTBHE JIyHOK B OOJIACTSIX BO3ACHCTBHS MOHHOTO ITyuka). Jlo3a
o0JrydeHns1 HOHaMH PacCYUTHIBAIACH Ha OCHOBE IH({y3HOHHO - CTOKOBOH MoJenH [6] pocTta
gactuny ¢a3sl SiO; IpH ODKHUre KPEeMHUs, KOTOpas Jana 3aHIDKCHHYIO BEIHYHHY J103BI

oOmydyenus. [Ipy MMIUIaHTAaIMM HOHOB MAaJOW DHEPrHU dYepe3 OKHA MAacKU HEOOXOIHMO

YYUTBIBATH 'PAHUYIHOC YCJIIOBUE Ha IIOBEPXHOCTHU IJIACTUHBI Si (HOBCpXHOCTL M JIeBBII MUK HA
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puc.2) u auddy3uoHHOE B3aUMOJCHCTBHE MPELUIIUTATOB B COCEIHUX OKHAX MACKH (JBa MUKa

Ha puc.2). Juddysuonnas muna atomoB O B Si mpu oTxRUTE \/Ht MIPEBBILIACT NEPHOJ OKOH
macku L nocne 20 cexyna omkura npu 1200°C (koadduuuent auddysun kucnopoma D ~
5x10™"" cm/cek). ATOMBI KHCIOpOJ@ MOTYT JOCTHIaTh MOBEPXHOCTH KPEMHHA, IJ
HAXOJHTCS CIUIOIIHOM CIIOH OKHCIIa KPeMHHs U JOPAIMBATh €ro, a TAaKkKe MOTYT JOCTUraTh
0071aCTH JIOKAJIM3aIUK NpenunuTaTtoB (asel B cocesHeM OKHE M JopamuBarh ux. s yuera
MOBEPXHOCTH B MOJIENb [6] M0OABICHO IPaHWYHOE YCIOBHE Ha IMOJBIXKHOW IOBEPXHOCTH
IUTACTHHBI KPeMHHSA. Y4deT A (y3noHHOTO B3aMMOJICHCTBUS CTOKOB MPOM3BEJCH B PAMKax

[6] ¢ nByMs pa3sHeceHHBIMH MPO(UISIMU aTOMOB peareHTa U CTOKaMH (IBa MUKa Ha puc.2).

toichiometric concentration

Isio,

%(t)

X

P I

Pucynox 2
CxemaTnueckoe n300paxkeHne AByX Moaudukanuii moxenu [6]: (a) poct yactui dassl (M300paeHb!

KpYXXKaMH) y TOBEpXHOCTH Si (JeBbId mpoduib CO(X) U TOABIDKHAS TpaHHUa X (l‘)
TIOBEPXHOCTHOTO CJIOA OKHCTa KpeMuns), (6) msa mpodmns C O(x), HaXOJSIIUECs TI0J COCCAHUMHU
oxHamu B Macke ¢ nepuogom L. C 0 (x) uC (x,t ) - pacmpejeneHus 1o TIyOrHEe BHEJPEHHBIX B
Si aToMOB KHCIOpOAa K MOMEHTY omkura [; Cbnd (x,t) pacrpeneneHuss aTOMOB KHCIOPOJa,
BOWIE/UIMX B COCTaB mpeuunutatoB SiO; n3HavanbHoro pamumyca [Og; C j, KOHIICHTpAIus

p
kuciopopa B SiO,, Cs pacTBOPUMOCTH KHcIopoxa B  Si; Cgf paBHOBECHAs KOHLEHTpALMs

KHCJIOPO/Ia Ha MOBEPXHOCTH YacTHIIBI pajinyca p(l‘), Cloc JIOKajIbHAs KOHIIEHTpAlUs KUCI0po/aa
BOJIH3M 4aCTUIIBI HOBOH (ha3bl.

Ha pI/IC2 TIPUBEZICHO CXEMATHYECKOE pacTIpeICICHUE aTOMOB O mocie UMIUTaHTaI|K B Si
COBMECTHO C pacnpeeIeHUEM 00BEMHOI#1 TUIOTHOCTH TIpEeIUITMTaTOB Si0,. Pacnpenene}me

koHuentpanun K (§ ,T) atomoB O B cocTase uactuy passr SiO2 faeTcst BhIpaKeHneM
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%[K(f,r)—K<§,0)]=

[WE0) - y(ED)]+ fdr WET)+K(E, O)fdf Lﬂl M

N
vonXo  V(ET)

TJIe pacipe/ieieHie pacTBOPEHHBIX B Si aToMoB O onmckiBaeTcst popmyioi

. N vid) [5—50(7’)]2
- fdfyo(f)( o )+{d’ Doar—7 | 2w-7)

@
! 2
y(E7) .1 (Em&)
-exp| -K(£,0)[dv ————|, F* =—exp|-—"
{ L+v,x !y N2mr 2t

3nech BBeneHBI GespasmepHbie nepemennsie & =X/ 0y, T=2Dt/ pg , y=p/py u
=(C-C)/(Cp,=Cy), K(§7)=3Cyy(57)/2C,,, x=D/Kp. xo=1x
h=h0,00 /2D. Yepes K o6o3HaueHa CKOpOCTh BcTpauBaHMs atoma O B (asy SiO,.

CKOpPOCTb POCTa HOBEPXHOCTHOTO CJIOSI OKHCIIA HAXOMUTCS U3 yPaBHEHUS

N2
V(T)_de”(r)so(m 5;2/(21) ‘o (50(21—_50;;)) =2(h+‘2_§) 3

Kkortopoe B Mozenu Deal - Grove uMeer NpuOIMKEHHOE PELICHIE PH ycloBun 3 2‘[ /2<<1

172

YL 21
e ) *

rae [ - nuHeiiHas koHcranta Mogenu Deal - Grove [7].

IIpensapurenshbie pacyets (1) MOKa3bIBAIOT, YTO ISl KOMIICHCAIIMU CTOKa aToMoB O Ha
MMOBEPXHOCTh 00pasia 103y 00ay4eHHs Si MOHAMH KHCIIOPOAa HEOOXOJMMO YBEIUYHUTBH JI0
10'7 em npu 3Hepruu yckopeHus noHoB 40 k3B. [luddy3noHHoe B3auMopaeiicTBUE CTOKOB

pH 1 MKM neprojic OKOH B MacKe HEeCyIECTBEHHO.

[1] A. Sayah, Y.I. Nissini, J. Non-Cryst. Solids 187 (1995) 473.

[2] A. Hatzopoulos, D. I. Siapkas, P. L. F. Hemment, et al., J. Appl. Phys. 80 (1996) 4960.

[3] F. Chen, X.-L. Wang, Ke-M. Wang, Optical Materials, 29 (2007) 1523.

[4] R. Loiacono, G.T. Reed, G.Z. Mashanovich, et al., Optics Express, 19 (2011) 10728

[5] M.Yu.Barabanenkov, A.F.Vyatkin, A.LI’in, V.I.Zinenko, Proc. Int. Conf. "Modern problems in physics of
surface and nanostructures”, Yaroslavl, 2010, 7-11 June, p.03-2.

[6] M.Yu.Barabanenkov, J.Appl.Phys. 78(1995) 2333.

[7] B.E. Deal, A.S. Grove, J. Appl. Phys., 36 (1965) 3770.

63



CTOXACTHYECKOE MOJIEJIMPOBAHUE 3APOKJIEHHUS IOP B TOHKOM
CJIOE KAPBUJIA KPEMHUA
STOCHASTIC SIMULATION OF PORES FORMATION IN THIN LAYER OF
SILICON CARBIDE

AJL EOHaapeBal, I".1. 3mueBckas’,
A.L. Bondareva', G.I. Zmievskaya'

I N
Dedepanvhoe cocyoapcmeennoe 6100cemuoe yupesicoenue nayku Uncmunmym npukiaonou
mamemamuxu um. M.B. Kenowviuwa PAH, Muycckas na., 0.4, Mockea, Poccus

Ions implantation leads to radiation stimulated phase transition 1-st kind.
Damages lattice are associated with the clustering vacancies/gases and their
brownian motion. Stochastic differential equations Ito for evolution porosity
correspond to the superposition stochastic Wiener processes. Porosity and
stresses due to gaseous bubbles of nanometer sizes implanted into lattice
calculated in thin layers of SiC for several values fluxes Xe"" irradiation.
MozenupoBaHie HAHOPA3MEPHOH MOPUCTOCTH M UMILTAHTALIMH HOHOB HHEPTHBIX Ta30B
BaKHO JUISl N3MEHECHHS ONITHYECKUX CBONCTB MAaTEPHAIIOB IPH 3all0JIHCHUHU 11O Pa3InYHBIMH,
HMEIOIUMH 00NbIION KOd((HIMEHT IpeToMIeHus], BetecTBaMu [1,2], mpu  paauanuoHHO-
TEPMUYECKONH  MomuduKanuu CBOIcTB MartepuanoB [3,4], Ui  NPOrHO3MPOBAHUS
pagMalMOHHBIX MOBPEKACHUH MOKPBITHSA W3 KapOuma KpeMHus [5], A CO3maHMs] HOBBIX
MaTepHaloB C HCIONB30BAaHUEM MOpUcTocT [6,7] M ap. OOpasoBaHHe  paaHalHOHHO
cTuMyIpyeMsix negexros [2,4,5,7,8] paccMorpeHo kak (a3oBbli mepexonx l-ro poxa, a
¢byukuun  pacmpepenenust /OP/  BakancHOHHO-razoBeix mop /BIJI/ mo pasmepam
PacCUUTBIBAIOTCSA MOJOOHO YMCIEHHBIM 3KCIICPUMEHTaM I10 MOJIYYEHHIO IOpPOIIKOB IPH
KOHIEHCAIMH NapoB [9] METOIOM CTOXaCTHYECKOrO0 MOJEIHPOBAHUS, OTIMYHBIM OT
MMHTAMOHHOH MOJIEKY/SIDHOH HBIOTOHOBCKOH aumHamuky dactun [8]. CroxacTmdueckue
ypasaenus Uro-Ctpatonosrda /C/1Y/ Mojienn OPUCTOCTH aCUMITOTHYECKN KBHBAJICHTHBI
KHHETHYEeCKHM YpPaBHEHHSM B YacCTHBIX IIPOM3BOAHBIX JUIS KIACTEPU3ALUH TOYECUHBIX
nedexToB u OpoyHOBckoro nBmkeHHs /B/l/ MX IEHTpOB Macc Ha XapaKTepPHBIX BpeMeHaX
nopsiika MuuUIMCeKyHI. [Ipomecchl knmacrepusanuu  3aponsimieit BI'JI  oOycnoBieHbt
(IryKTyanussMH TepMOJMHAMHIYECKHX I1apaMeTpOB, XapaKTepH3YIONMX (a30BBIH Iepexon
1-ro poxa. Mozenb 00pa3oBaHUsI HETOUEUHBIX Ae()EKTOB B KPUCTALUIMYECKOM PEIIETKEe M X
B/l B TeueHne KOTOPOro BO3MOXKHA PEKOMOHHANUS Ie(EKTOB 0OOMX COPTOB, U3MEHSIOIIAS
pacnpenencuue BI'J] o pasmepam, mnpencraBieHa MapKOBCKMMHM CIy4aifHBIMH IPOIIECCAMH.
CTpyKTypHl 1e(eKTOB 00pa3yloTcsi B 00BbEMe PEIICTKH TOHKOTO (TOJNIIHHON IOPSIKa MKM)
CJ0Sl B 3aBUCHMOCTH OT SHEPruM OOJIy4HalolIMX MOHOB U YCJIIOBMH Ha IPaHHUIIAX PacyeTHOM

obnactu. Cnoil paananioOHHO-CTOMKOrO MaTepuajia dKpaHHpyeT cyOcrtpar, HO 4acTe BI'J]
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Honajaer B Marepuai cyOcrpara m Ha rpaHuubl cios SiC, BO3HHKAIOT JONOJHHUTENIbHBIC
HaNmpsDKEHUSI OT ~ TOp, BeAylmWe K JECTPYKTHUBHBIM IIPOLECCaM M  IIEPOXOBATOCTH
MOBEPXHOCTHU. YTrpyrue cBoiicTBa SiC ydTeHbI U B MOJIENIM (POPMHUPOBAHHUS CPETHETO pa3Mepa
KJIaCTEpOB Je(EKTOB U MPH pacuyeTax TpaekTopuil b/, HHUINUPYEMOro KOCBEHHBIM YIIPYTHM
B3ammozeiicteuem BIJ[ Mexmy coboii m ¢ TpaHMIAMu C JIOS dYepe3 BO3MYIIECHHE
akycTuueckux QonoHoB pemerku [2,4,5,7,8]. dopmupoBaHHE HOPHCTOCTH OMHCAHO
ypaBHeHusmu: Kommoroposa-®emnepa s sBomroumu  pazmepa BIJJl u  DitHmureiina-
CmomnyxoBckoro st BJl, 3aBucumocts ko3 duirieHToB ypaBHeHuit ot ®P 3aponsimeii BI']
OT pa3Mepa M IOJOXKCHUS B IPOCTPAHCTBE PEHICTKH OTPaXKaeT KBa3WIMHEHHBIN Xapakrep
rpoliecca 3apoJipiieo0pa3oBatus U (GIyKTyallMOHHOM HEyCTOHYMBOCTH (pa3oBOro mnepexona
B «OTKPBITOi» (DU3MUECKOHl CHCTEME «pelIeTKa- MOTOK HOHOB». YPaBHEHHS B YaCTHBIX
MIPON3BOAHBIX MOJIETH 00pa30BaHMs 3apoableii (asoBoro nepexona [2,4,5,8,9] 3amensrorcs
cucremamu CIIY Uro-CtpatoHoBHYa, KO3()(DUIMEHTHI KMHETHYECKOHW M CTOXACTHYECKOM
3aa4  OJHO3HAYHO  CBS3aHBI, pEIICHUE CY no3BOJseT HAWTH  SBOJIIOLHUIO
NepeMeHHbIX(pa3Mep Kiactepa M JEKapTOBBI KOOPAMHATEI) W BOCCTAaHOBHTH IUIOTHOCTB
BEPOSTHOCTH Ciy4aiHbIX mpoueccoB win OP nedexroB m mx momenroB. CHAY mis

CTOXaCTHYECKUX AUHAMMYECKUX TNEepeMeHHbIX {X} B 00ILIeM BHE MOXKHO 3alncaTh

t t
X(@)= X(to) + [H(@ X(@)dt+ [ 0T, X(7))dW (), X|t=0= X0 tE[tO,Tend]
t, drift Ly stochastic
diffusion

rae dW- npupamieHne BHHEPOBCKOTO CiydaiiHoro mpomecca, H m o dynkimonan-
xoopdumentsr CIIY, 3amanHble kodpduuentamu ypasHeHuii KoiaMoroposa-®demiepa u
OiiHmTelHa-CMOIIyX0BCKOr0, KOTOPBIE YUCIEHHO PELIaOTCs OJTHO 3a APYTHM.

Iopucrocts aByxcnoiinoro obpasua 3C-SiC/Mo mpu TommuHax cioeB 80 HM (kapOun
kpemHus) u 240 aM (Monmbzaen) npu temniepatype 1140K u mmurensHocTn 06myueHus 0,5 mMc
(cmeBa) u mopuCTOCTh B cyOcTparte depe3 1.5 Mc (cmpaBa) mpuBeIeHBI Ha puc.l. , B pacuere
y4TeHO, 4To 06JIyueHHe ocyIecTBiseTcss moHamu Xe'' ¢ sHeprueii 5 k3B u no030it 105em™.
MatemaTtideckast MOJIeTb HaualbHON HEPaBHOBECHOM cTanuy (a3oBoro repexozaa 1-ro pona,
BO3HHUKAIOIIETO IPH BHEAPEHHH BBICOKOPHEPTHYHBIX YAaCTHI] B MaTepHal IIOBEPXHOCTH,
paccMaTpuBaceT 3apojbllii (pa30BOrO IEPexoja, KOTOPHIC H3MECHSIOT CTPYKTYpPY, COCTaB
HCXOJHOTO  MaTepHaja, IMONyYEeHBl ~ PEe3yNbTaThl  YHCIEHHOTO  PEIICHHS  CHCTEM

cToxactTuieckux auddepenimansuelx ypaBHeHuit /CAY/ MUro-CtpaToHOBHYA, KOTOpEIE
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no3BossitoT Haiitu  DP  3aponplueidi mo pasmepam (MaccaM) W paclpeleieHUI0 B
KOOPAMHATHOM IIPOCTPAaHCTBE oOpasna Ha OCHOBE MOJEIH BHHEPOBCKHMX CllydaifHBIX
MIPOLIECCOB, PEaH30BaHbl YCTOIUMBBIC YHCICHHBIE AITOPHTMEI pemeHus cucrem CIY
NPUMEHHTENIBHO K CIOK  KapOuga  KpPeMHHUs,  HEPCIEKTHBHOMY  IIOPUCTOMY
MOJYTIPOBOJHUKOBOMY MaTepHally, TaKKe HCIIONb3yeMOMY B KauecTBE 3€peH paIHalliOHHO

CTOHKHX KOMIIO3UTOB H CJIOCB 3aIUTHBIX HOKpBITHﬁ.

Temperature is 1140K

Puc.16

Puc.1. IlopuctocTh IBYXCIOIHOTO 00pa3a NpH TOMMUHAX ciioeB 80 HM (KapOua KpeMHUs)
u 240 uM (Monubaen) mpu Temmeparype 1140K, miurensHocTs 061ydeHns noHamu Xe' ' ¢
sHepruei 5 k3B u 1030i 00myueHus 10%em? 0,5 Mmc (pucl a) u mopucrocTh cybcTpara
gepe3 1.5 mc (puc.l ©). Cioii xapbuma kpemHHs ¢ TommuHOH 80 HM pacIoOIOKeH Ha
MOJHOICHOBOH IMOJUIOKKE TOMIUHONW 240 HM, HalpaBjeHUE MOTOKA Xe™ Bmoms ocu Z, o
ocsiM X MY TepHOAMYEecKHe I'PaHWYHBIE YCIOBHS. UHCIO TPaeKTOpHUi, MCHOJB3YeMBIX B
pacuere 10°.

VMmnnanTtanys HOHOB Ha XapaKTEPHBIX BpeMEHaX IOpsIKa MHKPOCEKYHJ B PacueTHOU
obmactu ¢ pasmepamu ~500 HM B ycioBHAX "OTKpHITOW" (DM3HYECKOW CHCTEMBI - MOTOKA
HMHEPTHOrO Ta3a ¢ JHeprusMu mopsaka 5-20 k3B MHO3BONMI paccMOTPETH paclpeeNeH s
MOPUCTOCTH B ClI0€ MHUKpoMeTpoBod Toiumuel SiC Ha cyOctpare Mmeramia Mo npu
temrepatypax or  0.4-0.6 Ttemmneparypsl IuaBieHus Mo. Meroauka pacyera ©OP
BaKAHCHOHHO-Ta30BBIX I1Op, CO3JaHHBIX MMILIAHTALHUEH, 10 X pa3MepaM M KOOpAWHATaM B
obbsemMe 00pasia, a TakKe KOHIEHTPAIUH Mop, TOKAIBHBIX HAMPSKEHNH OT 3apOXKICHUS TOp
B o0Opasue M Jp. MO3BOJSET HOJydaTh HOBYIO MH(OPMALMIO O CBOMCTBaX KaK MOPHCTOrO
nonynpoBogHuka 3C-SiC B 3KCTpEMalbHBIX YCIOBHAX PAAMALMOHHBIX MOBPEXICHHH Ha
TPaHHIE «ITOTYMPOBOIHUK-META/L» HETOYEUHBIMU Ae(eKTaMy B HHTEpPecax MHUKPO- U HaHO-
JJICKTPOHHUKH, TaK U OLICHUTH 3AIIUTHBIC CBOKWCTBA CIIOS KapOHMIa KPEeMHHS HPH OOIydeHHH
HOHHBIM TIOTOKOM. Pa3paboranel Mojenn 00pa3oBaHWs HETOUYEYHBIX PaJHAllMOHHBIX

IIG(I)CKTOB Ipyu BHEAPCHUU HWOHOB HHEPTHBIX TIa30B B HIMPOKOM JAHAIla3oOHE (bI/ISI/I‘IeCKI/IX
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rnapamMeTpoB NpU Pa3HOW TOJIIMHE 3aLIMTHBIX IMOKPHITHH. BenuuumHa mnopucroct u ee
pacnpeneneHnue B CIOSX 00pasiia 3aBUCHT OT MX TOJIIMHBI U 1036l 00JIyIeHHS, OLICHHBAIOTCSI
HanpsDKeHUs, BbI3BaHHBIC 3apoabimiaMu BIJI. Tak npu oOmydenun o6paszua 3C-Sic/Mo
nonamu Xe' ' ¢ smeprueit 5x3B, 103a 06myueHHs 10" em?, Temneparypa 0.53 remneparypsl
IUIaBJICHHS MeTajula TIpH ToymuHe ooydaemoro ciost 3C-SiC 80 HM B cioe cyberparta BI'/]
IpakTUYecKu He Habmonaercs B Tedenue 0.5 Mc, KpoMe TOHKOTO CJIOSI BOJIM3U MEXCIOHHON
TPaHMIBl TOJNINMHOM MHPUMEPHO B 3 mapamMeTpa pEIICTKHM, BO3HHKAIONIME IPH BTOM

HaINpsDKEHUs CPABHUBAIOTCS IIPH Pa3HBIX YCIOBUAX OOIyUEeHHs.

Pabota yactuuno noanepkana rpantamu POOU 14-01-00787, 15-01-05052 u mporpammoit
OMH PAH 3.
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ETCHING OF LATENT TRACK IN AMORPHOUS SiO; AND Si3Ny:
SIMULATIUON AND EXPERIMENT

L. A. Vlasukova', F. F. Komarov', V. N. Yuvchenko® O.V. Mil’chanin?,
A. K. Dauletbekova®, A. E. Al’zanova’, A. T. Akilbekov®

! Physical Electronics and Nanotechnology Department, Belarusian State University, 4,
Nezavisimosti ave., 220030 Minsk, Republic of Belarus,
e-mail:viasukova@bsu.by
2 A. N. Sevchenko Institute of Applied Physical Problems of Belarusian State University, 7
Kurchatova Str., 220108 Minsk, Republic of Belarus
3Faculty of Physics and Technical Sciences, L. N. Gumilyov Eurasian National University,
SMunaitpasov Str., 010008 Astana, Republic of Kazakhstan

In this study, we have estimated the possibility of nanochannel formation in Si-based
insulators using swift ion irradiation regimes available at an ion cyclotron accelerator DC-60
(Astana, Kazakhstan). We have also reported the experimental results on the track etching in
SiO; and Si3Ny layers on Si wafers irradiated with 38 MeV-Ar, 58 MeV-Kr and 200 MeV-Xe
ions. According to the thermal spike model the “etchable” track forms via rapid quench of a
molten liquid phase. The authors of Ref. [1] have reported that the track etching appears if the
molten region radius is at least 1.6 nm. Homogeneous etching comes out only for molten
region (latent track) radii larger than 3.0 nm. We calculated the radii and lifetimes of the
molten region along ion trajectories in SiO; and Si3Nyin the frame of thermal spike model [2].
The details of computer simulation were described elsewhere [3, 4]. The densities of SiO, and
SizNy were taken to be 2.2 and 2.85 g/cm3, accordingly [5]. The maximum range of -
electrons was calculated according to Ref. [6]. Ion species chosen for our simulation can be
divided in two groups. The first one includes comparatively “light” ions with energies of
some tens of MeV, namely, "°F (28 MeV), S (47 MeV), **Cl (43 MeV), and “°Ar (38, 54
MeV). The group Il consists of heavy *Kr and *?Xe. In order to estimate the ion velocity
effect [7] on latent track parameters we have simulated the different energies of projectiles,
namely, 56, 86 and 140 MeV for “*Kr and 65.5, 132 and 200 MeV for '**Xe. One can see
(Table 1) that the melting point is not achieved for '°F with the energy of 28 MeV. For other
species the formation of molten regions along ion trajectories takes place. Though, it is
problematically to expect that each ion impact should result in the etched track formation
because melt region radii are lower than threshold value for homogeneous track etching (3.0
nm). Table 1 predicts the latent tracks parameters in SiO, calculated for group 1. Table 2, 3

presents the results of computer simulation of latent track formation in SiO, and Si3N, for ion
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species of group II. We calculated S, and the maximum range of J-electrons emitted during

the ion passage through dielectric matrix, additionally.

Table 1 — The latent tracks parameters in SiO, calculated for group I

Ion type and energy, MeV The molten region radius », nm The molten region lifetime ¢, ps
F (28) - -
S (47) 1.6 1.4
Cl (43) 1.9 1.9
Ar (38) 2.2 2.7
Ar (54) 2.0 2.2

Table 2 — The latent tracks parameters in SiO; calculated for ion species from group IT

ITon type, Se, keV/nm The molten region The molten region | The maximum range
energy, MeV (SRIM 2008) | radius r;, nm lifetime ¢,, ps of 8-electrons 7, nm
Kr (58) 8.61 44 11.3 53.58

Kr (86) 9.23 4.5 11.5 102.84

Kr (140) 9.69 4.4 11.1 232.08

Xe (65.5) 10.66 5.4 17.6 30.75

Xe (132) 13.51 59 21.5 99.21

Xe (200) 14.96 6.1 23.0 198.79

All calculated molten region radii exceed 3.0 nm in the case of SiO; irradiated with Kr and Xe
ions, and we can expect that each swift ion creates latent track. Hence, it is possible to achieve
a reproducible fabrication of nanochannels with regular shape in SiO, layers as well as to

govern the nanochannel density by means of ion fluence.

Table 3 — The latent tracks parameters in Si;Ny4 calculated for ion species from group II

Ton type, The electronic The radius of the The lifetime of the The maximum
energy, stopping power S, | region heated to the | region heated to the range of J-
MeV keV/nm melting point 7>, nm | melting point #,, ps electrons r,,, nm
Kr (58) 11.06 2.9 1.2 42.3

Kr (86) 11.92 2.0 1.3 81.19

Kr (140) 12.38 2.8 1.2 183.22
Xe (65.5) 13.55 3.9 2.4 24.79
Xe (132) 17.45 4.5 3.3 78.33
Xe (200) 19.18 4.7 3.6 156.94

It should be noted that the latent track radius and lifetime do not increase with the ion
energy in the case of the both materials irradiated with Kr ions. At the same time the
electronic stopping power is increasing substantially. That is why, we should consider the
“velocity effect” when evaluating the efficiency of latent track formation [7]. During ion’s
passage through the target, high-energy d-electrons are emitted. With the similar S,, the most

of the energy released during the passage of a slower ion is localized in a narrow region along
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the track. In the case of a faster ion, the most of the released energy is carried out away by 6-
electrons. This effect is illustrated by comparison of the values of the maximum range of &
electrons. Thus, the slower ion causes greater heating of the substance in the region of future
track. A region heated to the melting point is formed during the irradiation with all discussed
ion species in the case of Si3zNy4 (table 3). Though, its formation process needs more energy
spend in comparison with SiO,. At more high level of the electronic stopping power in SizNy4
for Kr and Xe ions the calculated radii of the region heated to the melting point are
substantially smaller in comparison with the radii of the molten region for SiO,. Also, the
calculated lifetimes of the region heated to the melting point are substantially shorter in
comparison with the lifetimes of the molten region for SiO,.

SiO; and Si3Ny films were grown on n-type (100)-Si substrates by plasma-enhanced
chemical vapor deposition at 300 °C. The thicknesses of films were ~1000 and ~ 600 nm for
SiO, and SizNy4 accordingly. The irradiated samples were etched in 4% aqueous solution of
HF at room temperature for 6 min (SiO,) and for 40 min (Si3N4). Figure 1 shows the etched
tracks in SiO, irradiated with 38 MeV-Ar ions. One can see that pores diameters vary from ~
20 to 100 nm. The track etching efficiency, defined as & =Np/®, where Np is the number of
pores per unit area and ® is a fluence, did not exceed 70 % (fig.1 A). It corresponds to
theoretical predictions perfectly. The melt region radius in this case is 2.2 nm (table 1). It is
larger than threshold one to initiate track etching (1.6 nm) and lower than threshold value for

homogeneous track etching. We could not expect that the pore’s density will be equaled to

fluence, and the formation of pores with the same size will be take place.

Figure 1. Scanning electron microscope images of the etched tracks in SiO, irradiated with 38 MeV-
Ar ions to fluence of 1x10° (A) and 1x10 "' cm™ (B) and etched in 4% HF for 6 min

For SiO, irradiated with 58 MeV-Kr ions to 2x10 ° cm 2, the pore’s diameter is nearly the
same, and the pore’s density corresponds to fluence (not shown). The melt region radius in

this case is 4.4 nm (table 2), and homogeneous track etching takes place. Overlapping of
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pores is obtained in the case of SiO, irradiated with 58 MeV-Kr ions to 2x10 10 cm 2, At the
same time, there is no pore’s overlapping in the case of irradiation with 38 MeV-Ar, even at
fluence of 1x10 ' cm 2. Figure 2 demonstrates the etched tracks in Si3N, irradiated with 200
MeV-Xe ions. One can see shallow pits with irregular shape. These structure are hard to
estimate quantitatively because their nearly merge with the asperities of the surface
roughness. Though, a rough estimation yields a pore’s density =~ 3.5x10 ® cm  for the sample
irradiated with a fluence of 2x10 ° cm 2. It corresponds to the track etching efficiency ~ 18 %.

These results are in accordance with our data for SizNy irradiated with 180 MeV-W ions [3].

Figure 2. Scanning electron microscope images of the etched tracks in Si;N, irradiated with 200 MeV-
Xe ions to fluence of 2x10 ° (A) and 2x10 ' cm™ (B) and etched in 4% HF for 40 min

Then we observed a formation of discontinuous tracks and recorded a low track etching
efficiency, too. For 180 MeV-W ions the calculated radius of the region heated to the melting
point was 5.3 nm; its lifetime was 4.7 ps. For 200-MeV Xe ions these values are 4.7 nm and
3.6 ps accordingly. We can assume that the threshold for homogeneous track etching of
silicon nitride is not achieved in our experiment. It should be marked an increase of SizN4 etch
velocity with the growth of 200 MeV-Xe ion fluence. It can be explained via a radiation-

induced swelling of nitride layer [8].
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JAUHAMMYECKHE 3AKOHOMEPHOCTH HOHHOI'O NEPEMEILIMBAHUSI B
MHOI'OCJIOMHBIX INIEHOYHBIX CUCTEMAX 11O/l BO3AEMCTBUEM
IIYYKOB UOHOB C LINPOKUM HEPIT'ETUYECKUM CIHEKTPOM

DYNAMIC PATTERNS OF ION MIXING IN MULTILAYER FILM SYSTEMS
UNDER IRRADIATION BY ION BEAMS WITH A WIDE ENERGY SPECTRUM

H.B.Bosnkos, T.B.fIkyrkuna, 1.B.Oneitnukos, H.B.CsicoeBa
N.V.Volkov, T.V.Yakutkina, I.V.Oleynikov, N.V.Sysoeva

HUAY MUDH, 115409, Kammpckoe mocce 31, Mocka, Poccusi, e-mail: nvvolkov@mail.ru;
NRNU MEPhI, 115409, Kashirskoe sh. 31, Moscow, Russia, e-mail: nvvolkov@mail.ru

In the present work, the aim is to optimize the process of modifying the
surface layers of materials under irradiation by an ion beam of He" and Ar"
with wide energy spectrum (ses). The analysis of the applicability of several
models describing the dynamics of the sputtering process and implantation
under the irradiation of the ses-beams.

1. Beenenue.

VoHHasi MMIDTaHTamysl - IPOLECC TePMOJMHAMIYECKH HEPaBHOBECHBIH, IIO3TOMY C ee
[IOMOIIBI0 MOKHO CO3/[aBaTh COCAWHEHMSI M CIUIABbl, KOTOPBIC MPHHIUIHAIBHO HENb3s
HOJIy4aTh TPAJULMOHHBIMH METOJAMH, a TAaKXKe JOCTHIaTh KOHIEHTPALMH BHEIPEHHOMH
NIPUMECH, CYIIECTBEHHO IPEBBINAIOIINX MpeJen PacTBOPHUMOCTH [aHHOH IpUMecH B
BEIIECCTBE MUILCHH, KOTOPbIE OOBIYHBIMH METOAAMH HOIYYHUTh TPYAHO (MIIH HEBO3MOXKHO).

B Hacrosmieii pabore C LENBIO ONTHMM3ALMH  IpoOLecca MOIMMHIMPOBAHUSA
MIPUIIOBEPXHOCTHBIX CJIOEB MaTepualoB IOJA BO3ACHCTBHEM ITydkoB HOHOB He m Ar ¢
LIMPOKMM 3HEPreTHYECKHM CIIEKTPOM (II3C) MHPOBEACH aHAIM3 IPUMEHUMOCTH psija
MOJIeJIeH, ONMCHIBAIOIINX JMHAMUKY IIPOLecca PacIbUICHHS H BHEAPEHHUS.

2. MeToanyeckast 4acTh.

C TOUKM 3pEHHUs TEXHOJIOTHYECKUX BO3MOXKHOCTEH BaXKHBIMH IapaMeTpaMH SIBISCTCS
TOJIIMHA MOAN(UIIMPOBAHHOTO CJIOS, BEIMYNHA KOHIIEHTPAIlMH UMIUTAHTHPOBAHHEIX aTOMOB
U MX pacnpezeneHue 1o riyoune C(z), KOTOpbIE 3aBUCAT OT SHEPTHH, J103bI 00JIyYECHUSL.

B mnpakTuke HOHHOW MMIUIAHTAUUM OOBIYHO MPHMEHSIOTCA CICAYIOIIME JI03bI
obrygenns [1,2]:
. Manble 1036l o0iydenus (@ = 10" — 10" non/em®) — MPUMEHSIOTCS Ui MOHHOTO

JIETMPOBAHUSI TIOTYHPOBOJHUKOB M H30JIATOPOB;

. cpennme 10361 o6myuenns (® = 10" — 10" I/IOH/CMZ) — NpHU CTUMYJIUPOBAHUM XOJa

PA3IUYHBIX POLIECCOB;

. BBICOKHE J03bI 00myudeHus (O = 107 — 10" I/IOH/CMZ) — U1l CHHTE3a XMMHYECKHX

COEIMHEHUH.

Ipu Manbix go3ax oOydeHMs, KaK IPaBHUIIO, HAOJIOJACTCS raycCOBOE PacIpe/eicHHe
BHE/IPEHHBIX aTOMOB!

o) z—R )

) = exp| CRe) | ()
q\/EAR/) 2AR/I

rae Rp — HpOeKHHOHHBIﬁ HpoGeI‘ HOHA B TeEJIC MI/"_HCHH, ARP *CpeHHeKBaﬂpa’quHOe

OTKJIOHEHHE MPOCKUHOHHOrO mpobera, @ -103a obiydeHus, ¢ -3apsg MOHA, ¢ -BpeMs
o0urydeHusl.

B mpomuecce MOHHOM MMIUTAHTALMK POUCXOMUT PACIBUICHHE MOBEPXHOCTHOTO CIIOS
MaTepuana MHLICHH M TPaHHLA [OBEPXHOCTH CMEILIACTCs BIIyOb MarepHaia co CKOPOCTBIO
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Vs =S,j/ q N, (Tie j —IIOTHOCTH TIOTOKAa MOHOB, N, — TIIOTHOCTh aTOMOB MHIIECHH, S, —
kodbduiment pacmbuieHus). C  y4eroM  pacmbUICHHsT TPOQUIB  pacmpeneicHHs
MMIUIAHTHPOBAHHBIX aTOMOB MOXKHO OIPEICIUTh U3 YCIOBHSL:

N(z) = jC(z,z)dt. 2

Pemennem 3TOTO YpaBHEHUS [JI1 TayCCOBCKOI'O paclpeAciCHUs BHEAPECHHBIX aTOMOB
SABJISICTCA BBIPAKCHHUC:

Nl)
RYLA A L a5 3)
28, V2AR, " Was,

MaxkcuMasbHas KOHIEGHTpAIUsl BHEAPEHHBIX aTOMOB IIPH BBIIOJIHEHUN YCIOBUS f--> 00
HAXOAUTCSl y TMOBEPXHOCTH W ompeneisercss otHomeHnuem N(z=0) = N,/2S, tme N, —
IUIOTHOCTBIO aTOMOB Marepuana. Kosd(uImeHT pacibuieHnst B CBOIO O4epelb 3aBHCHT OT
9HEPrUH U aTOMHOH Macchl 60MOapIaNpyIOIEero HOHa, TapaMeTPOB MaTepuana MUIICHH.

Kak rmokasbIBaoT OLICHKH YK€ MpH Jj03aX o0nyyeHuss @ = 10" = 10" non/cm? MakcnManbHas
KOHIEHTPALMs BHEPEHHBIX aTOMOB OrpaHH4MBaeTcs Ha yposHe 20-50 at.%.

OnuuM u3 3(PEKTUBHBIX METOAOB MOHHOTO JICTHPOBAHHS MATPHUIBI SBISICTCS METOX
HMOHHOTO TI€PEMEIIMBAHMSA, KOTJa aTOMbl HANBUICHHON TOHKOM IUICHKM BHEIPSIOTCS B
MO/UTOKKY-MaTPUIly 10X OOJNydeHHeM IyYKOM HOHOB KaKoro-nubo HWHEpPTHOro Tas3a,
Hanpumep, He nim Ar.

HW3BecTHO, YTO NPOEKTHBHBIH 1pober R, B uHTEpBase dHepruit nonos 1-100 k3B ms
psina map «bombapaupyomas 4acTHIa—MUIICHB» MOXET OBITH ¢ XOPOLINM IPHONIKCHHEM
MpeJCTaBieH B BUAE JHMHEHHOW 3aBucumoctu [1,3,4,5], T.e. ynenbHble NOTEPH SHEPTUH
(dE/dz)=const. DTo TO3BOJIAET MPOBOIUTH CyMMHPOBAaHHE HPOOETOB HOHOB pa3JIMYHBIX
aTOMHBIX MacC M DSHEPruii B BHIE INPOCTBIX AHAINTHYECKUX (YHKLIHUH, Hampumep, B
nuanaszoHe sHepruil 1-50 k3B mis cummerpuuHoro pacnpenenerus (1) oOmast GyHKIHS
pacnpe/iesieHns BHEIPEHHBIX HOHOB He', Ar’ MoeT GbITh MPEICTABICHO B BHIE (DYHKIIMH:

B0 z—R (E
C(Z):L.[Moex _[24)]2 dE )
V27 3 AR, (E) 2R(E)
rae £y um E, — Hauano M KOHEI 9SHEPreTHYeCKOro paclpeleieHHs HOHOB B

OJTHOKOMITOHEHTHOM TyuKe, R,(£) — mpoekTHBHBIA mpober noHoB ¢ sHeprueit E+dE, AR,(E)
— CTParJIMHI MOHOB ¢ dHeprueit E+dE [AR,(E)~0,25R,(E)].

3. AHAJIM3 U ONITUMU3AIHSA YCJIOBHI MMILIAHTALIMH.

Pacnbliienne miieHok. [IpoBeneHHbIe paHee dKCrepHMeHTHI [3,4,6] mokasanu, 4ToO
JUIsl IOBBIICHUS 3()(HEKTUBHOCTU BHEIPEHHS aTOMOB TUICHOK HEOOXOAUMO C OJJHOH CTOPOHBI
CHIDKAaTh CKOPOCTH PACHbLIEHHs IUIEHOK Fsyr = dxy/dt, a ¢ npyroil CTOpOHBI CTPEMHUTHCS
YBEITMYUTh CKOPOCTh BHEAPEHHUS MX aTOMOB B MATPUILy Vimpir = dXm/dt. B pamMkax kackagnOit
TEOPHUM PACIIBUICHUS M U30TPOIHOTO MEPEMELIMBaHUS MOXHO I0JaraTh, YTO 3TH BEJIUYMHbBI
CBSI3aHBI COOTHOLICHUsIMH [3,6]:
v, = A A
W 2p-Ngs, U

o

(6,7)

rie A — rpaMMm-Monb, p — YIEJbHBIH BEC MaTepuana IUICHKH, Na — 4HCIO ABOraupo,
So — obydaeMas ruiomanp, U, — 3HEPTUs CBsI3U aTOMOB Ha MOBEPXHOCTH, B - ko3 dunueHT
HOHHOTO IlepeMemuBanus B= , F; — DHEproBBIIEICHHE B MarepHalle MONIOKKH, j —
IUIOTHOCTb TOKAa HOHHOTO ITy4Ka, f — BpeMsl O0IyueHUsL.

M3 KOTOPBIX MOXKHO CHENATh CIEIYHOIIIE BBIBOIbI:
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® CHIDKEHHE CKOPOCTH PACHBUICHUS IUNICHOK BO3MOXKHO 32 CUET CHIDKEHMS SHEPrOBBLICTICHHS
Fq v yBenmdeHus 3Heprun cBsa3u aroMoB U

® YBEIMYCHHE CKOPOCTH MMILUIAHTALMM MOXET ObITh OCYIIECTBICHO IIPU YBEIHYECHUH
SHEProBhleNeHus Fq n kodduimenta >3GeKTUBHOCTH HOHHOTO NepeMeNuBaHus B.

Taxke OJHUM M3 CYLIECTBEHHBIX (DaKTOPOB ITOBBILNICHHS BEIHMYMHBI B MOXET OBITh
TalOKe ONTHUMANBHOE B3aUMHOE DACHONIOKEHHe CaMHX CIIoeB IUeHOK [7-9]. Hampmmep,
BHCUIHMH CIOH MHOTOCIOMHBIX IUICHOK IIEJIeCOO0pa3sHO HAMBUIATH Oojiee THKEIBIMU
aTOMaMH, a BHYTPEHHUH, IPHIICTAIOINH K TOBEPXHOCTH MaTPULLI — OoJiee JIerkuMu. B aTom
cllydae CO3JaloTcs ONAarompHsATHBIC YCIOBHS IS MHTEHCH(HUKAIMM Mpolecca aTOMHOTO
NepeMeINBaHHs,  CKOPOCTh PACHBUIEHHs MHOTOCIIOWHOM MJIEHKH YMEHBIIAETCSI.

Buegpenne aToMoOB ILUIEHOK B IONUKPHCTAUIMYECKYI0O Marpumy. JlaHHble
9KCIIEPHUMEHTOB [0 BHEIPEHUIO aTOMOB M3 OJHO-, ABYX-, TPEX- U ISTH- CIOMHBIX IICHOK B
noJMKpucTanIeckue noanoxku (Be, Ti, Zr, Mo) nox o0iy4eHHEM ITy4KOM HOHOB Ar’
MOKAa3bIBAIOT, 4YTO B HHTEpBaIC 03 OOIyUCHUS (1-20)><1018 non/cm’ JIETUPOBaHHE
HPUIOBEPXHOCTHBIX ~ CJIOEB  IIEJICCOOOPa3sHO IPOBOAUTH IPH OTHOCHUTEIBHO —HU3KHX
Temneparypax <100-250 °C.

AnHanu3 fnaHHBIX 3aBucHMMoOcTel C(X) MOKa3bIBaeT, 4YTO IMPU MHOTOKOMIIOHEHTHOM
JIETUPOBAHUH B PUIIOBEPXHOCTHOM CJI0€ (POPMHPYIOTCSI MHOTOCIIOIHBIE CIIOM € TPaJUEHTOM
KOHUEHTpamun  5-20  ar.%/MkM. OG6JydeHHe TydKOM MOHOB Ar ¢  IIMPOKHM
JHEPreTUYeCKUMU CIEKTPOM O0OpasloB € MHOTOCIOWHBIMH IUICHKAMH CTHMYIHPYET
IIPOHUKHOBEHHWE aTOMOB IUIGHOK B TIOAIOXKKY Ha TiryomHsl mo 0,2-0,4 MM u Oonee. B
YCHIOBHSAX HOHHOTO IIEPEMCIIMBAHUS OCHOBHBIMH IapaMeTpaMH, BIUAIOIIMH Ha
MaKCHUMAaJIbHYI0 TJIyOMHY BHEIPEHUs M KOHLEHTPALMIO BHEAPAEMBIX aTOMOB SBISIOTCS
rapaMeTpsl KHHETHYECKOTO B3aNMOJISHCTBHS MeX Iy HOHAMHU, aTOMaMH IUICHOK U MaTephaia
noANoKKH. IIpu 3TOM HEOOXOAMMO yUIHTHIBATh HX (PH3UKO-XMMHYECKOe B3auMojelcTBue. B
KauecTBe Iapamerpa (U3NKO-XMMHYECKOTO B3aMMOJIEHCTBHs Oblia BBIOpaHA BEIMYMHA
JNEKTPOOTPHULIATENBEHOCTH ¥ aTOMOB (Monens [lonuHHra), KOTOpas Mmo3BoyisieT 0ojee TOYHO
OITHCHIBATh OTHOCHUTEIIBHYIO MaKCHMAIBHYIO ITyOHHY BHeApeHns Xm/R, [3,4,9]:

0.3
K, MM Sx| 0202 Fyo xch Al‘n]’ ®
Rp (M +M ) NokE g (= pyr)

@QAZ\"): kizAkl "k
rae k=0 "k Ay — x0d(PUUHEHTBI, 3aBUCSIINE OT MaTepuana IUICHKH; Yo, ¥ —
SNIEKTPOOTPULIATENLHOCT MaTepHaia TMOMIOKKH M IUIEHKH, COOTBETCTBEHHO, [l  —
KHHEMAaTHYIECKUH TapaMeTp, Wi = ZXMXM//(M+Mf)2, M; — aromHas Macca uoHa Ar, M;—
aTOMHas Macca MaTepHana IJICHKH. [ = 2><11/[,><1\/I,/(A/[,~+M/)2, M; — atoMHass Macca WoHa Ar,
M;— aTomHas Macca MaTepuania MiIeHKH.

Bri6op Mozaen H ypaBHeHHUs, ONUCHIBAIOINNX THHAMHKY Ipolecca.
Jlns omumcaHus Tmporecca MOHHON HMIUIAHTAllMK YacTO HCIIONB3YeTCs KHHETHYEeCKOoe
yYpaBHEHHE BHJIa, KOTOPOE OBLIO UCIIOIb30BAHO B pacyeTax:

dc oc o’N, oC

—=jof(2)c(I-NV )+ j—(<S >V —gW )+ D—L-a—, (9

7 Jof(2)eo( ,,p)JaZ( , >V, —g(@V,) P o O
Tae Tf(z)dzzl u g(z):_:[f(z)dz’ C — KOHLEHTpaLMsl UMIUIAHTHPOBAHHBIX aTOMOB, ar./om;

J — IUIOTHOCTb TOKAa HOHOB HOH/CMZXC; V, — obbeM BHenpeHHOro aroma; V, — 00beM
pemeryatoro atoma f{x) — QyHKIUA mpoOera BHEAPAEMBIX MOHOB; <S,> — yCpEIHECHHBIH
K03 (HUIMEHT pacTbUICHHS MHOTOCJIOHON IICHKH.

W3BecTHO, YTO TpH HHU3KHX TEMIEpaTypax M MOBBIIIEHHONH KOHIIGHTpanuei
MOJIBH)KHBIX TOYCUYHBIX JE(HEKTOB CKOPOCTh Mu(dy3un yBEeNIMUMBACTCS Ha MHOTO MOPSAKOB
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[1,2], mosTOMY HOHHOE OOIyYeHHE LIIC-TYYKOM HOHOB MOXKET OBITH HCIOJNB30BAHO IS
YCKOPEHHUsI HPOILIECCOB, TUMHUTHPYEMbIX Iubdy3ueii, 1si KOTOPHIX B HPOTHBHOM Cllydac
OTpedoBaIoCh ObI OYCHb MHOTO BPEMEHH.

Ha puc.l B KkauecTBe mpuMepa IpeicTaBleHb! 3aBucumoctH  C(x) B
MOJUKPUCTAUIHIECKOM LupKoHuu (puc.l, 3aBucumoctu 1,2,3 mist BHEAPEHHBIX aTOMOB Al,
Fe, Mo u3 tpexxommoHeHTHOH IuieHKH (MoFeAl-Zr) KoTopble WUIIOCTPHPYIOT BKJIAX
PagHaliOHHO-CTHMY/IUPOBAHHBIX IIPONECCOB (3aBHCHMOCTh C(X) HMEET «IIOJIOTHI» BHJ ) H
Ha0Jlfo1aeTcsl MPOHUKHOBeHHE BHenpeHHbIX Fe, Mo aTomMoB Ha Oosyblive TIyOHHBI IO
cpaBHEeHHIO ¢ Al.

2,50 -
| ——Al )
o 200+ —m—Fe N Z‘-(
L H B
& P
g 1,50 E g
i : g
Qv
] £f
B @
: i
2 g
3
500

Fny6uHa, Hm
1,2,3 — sxcniepuMeHTaIbHbIe JaHHbIE pacnpenencnuit Al,Fe,Mo;
4,5 — pacyernsle pacnpeznenenus Fe u Mo aromoB
Puc.1. Pacupenenenne BHenpeHHbIX aToMoB Al, Fe, Mo B Zr npu noHHOM HepeMeIInBaHul
MHOrocJ0iHo# ienkn MoFeAl-Zr

IIpoBenennsie  pacuerst C(x) mno  BbOpaHHOM — Mouemu  (9),  mokasaiu
YIOBJICTBOPUTENIFHOE OIMCAHUE ITpoliecca IPOHNKHOBEHNUS BHEPEHHbBIX aTtoMoB Fe 1 Mo Ha
Oompmme TiyOuHBI (puc.l3aBucumoct 4 u 5). OOHAKO KONUYECTBEHHBIC OICHKH
3HAYUTEIBHO OTJIMYAIOTCSA (B MEHBIIYIO CTOPOHY) OT IOJYYCHHBIX SKCIIEPHUMEHTaJIbHBIX
3HAa4YeHWH, MO3TOMY B JanbHeWmeMm moTpedyercs Oonee JAeTalmbHBIN aHANM3 Mpolecca
[epeMCIINBAaHNsT M YTOYHEHMs HM3MCHCHMII psifa MapaMeTpoB, HANpuUMep, TaKHX Kak
pacrbUICcHHE, IUIOTHOCTh MAaTEPHANOB IUIEHOK M MOJUIOXKKH, CKOPOCTh HAKOIUICHUS
PajMalMOHHBIX 1e(eKTOB, H3MEHEHHEe KHHEMATHIECKOIO TapaMeTpa Ly .
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YMEHBIIEHUME AJI'E3UU B CTPYKTYPE AIN/Si, UHAYIIUPOBAHHOE
HU3KOMHTEHCHUBHBIM BETA-OBJIYYEHUEM
DECREASE IN AIN/Si-STRUCTURE ADHESION INDUCED BY LOW-FLUX OF
BETA-IRRADIATION

A.A. Imutpuesckui, [I.I'. T'yceBa, B.M. Bactokos, B.B. Kopenkog, A.B. lllykiuHoB
A.A. Dmitrievskiy, D.G. Guseva, V.M. Vasyukov, V.V. Korenkov, A.V. Shuklinov

Tambosckuii 2ocyoapcmeennwiil yHusepcumem umenu I'.P. Jlepocasuna,

39200, HumepHnayuonanvras, 33, Tambos, Poccus, E-mail: aadmitr@yandex.ru

Studies of low intensity (/ ~ 1.2x10° cm™s™") beta-radiation influence upon amorphous
100-nm thick AIN film peeling off silicon substrate (100) upon scratching by a diamond
Berkovich tip loaded with linearly growing force were carried out. It was discovered that
irradiation with fluence /= 2,16x10' cm™ leads to AIN film peeling off at lower (by 10%)

load. Besides, lateral force acting on the scratching indenter is reduced by 40%.

ToHKHE TUICHKH HHUTPHIOB MeTauioB III Tpynmbl TpaguIIMOHHO HCIONB3YIOTCS B
Pa3IMYHBIX JIaT4YUKaXx, OIITOYNIEKTPOHHBIX ycTpoiicTBax, MHKPO- u
HaHodJeKTpoMexannueckux cucremax (MOMC/HOMC) u B npyrux obnactsx [1]. OaHum u3
MEPCIIEKTHBHBIX MAaTEPUAJIOB B ONTO- U MUKPODJIEKTPOHHKE SIBISICTCS. HUTPU ATFOMUHUS [2].
B GonpmmHcTBe crydaeB AIN BBIpamuBaOT Ha MOHOKPHCTAUIMYECKUX IOMIOXKKaX Si. OTo
00YyCIIOBJICHO MPEUMYIIECTBAMH MHTEIPALUK TEXHOJIOTHH HUTPpUA0B MeTamwioB III rpymmsl ¢
JICIIEBOM U XOPOILO OTJIAXKEHHOH KpeMHHEBOH TexHojoruei [3].

Jlnst obecrieueHns HaAEKHOTO (DYHKIMOHMPOBAHMS PA3NUYHBIX H3JCIHH Ha OCHOBE
MHOTOCJIOIHBIX CTPYKTYp BaKHA BBICOKAsh M CTaOWIbHAs airesus IUICHOK K IIOJIOXKKE.
Crenyer oTMeTHTb, uTo KoMOuHaimsa AIN u Si yIoBIeTBOPSET OAHOMY U3 HEOOXOAUMBIX IS
9TOr0 YCJIOBHH — OJM30CTH 3HAYCHUH K 09 PUINEHTOB TepMUYECKOro pacmupenus. Kpome
TOrO, M TOBBILICHUS aAre3Md OOBIYHO  HCHOJB3YIOT  CHELHATIbHBIC  PEKHUMBI
TepMo0oOpaboTKH. Takke U3BECTHBI PAJAUALUOHHBIC U YIbTPA3BYKOBBIC METOJbI yITy4LICHHUS
aare3um.

C nmpyroil CTOpPOHSEI, I HPOM3BOJICTBA MHOTOCIOHHBIX IOKPBHITHH W3 Pa3sHOPOIHBIX
IUICHOK, KOTOpBIE TPYJHO WM HEBO3MOXHO BBIPAIMBATH IOCIOWHO (M3-3a IUIOXOMH

COBMECTUMOCTH), Bce GoJiee aKTUBHO MCIIONIB3YIOT TEXHOJIOTHIO OoHAMHTa — AU (hy3HOHHOTO
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CpalllMBaHUsl OTAENBHO BBIPALCHHBIX IUIEHOK. B 3TOM Cly4ae HX HEOOXOAHMO
[Ipe/IBAPUTEIFHO CHHMATh C IOMIOKKH Oe3 moBpexaeHuil. s sTOoro kenartenbHa
HeOonbIIas SHeprusl aAre3ud IUICHKH K IIOUIOKKe. B Takoil mocraHoBke 3amaun Goiblroe
3Ha4YeHHEe NPUOOPETAET NOUCK METOJIOB YIPABICHUS aAre3ueil TOHKOIUIEHOUHON CTPYKTYPBI,
B TOM 4YHCIIe €€ OCJabJeHHs Ha CTaJud OTACJICHWS I JEHKH OT IOMIOKKU. B [4] Gbuio
oOHapy»eHO yMeHbIIeHHe aare3uu B cTpykType Cu/Si, BbI3BaHHOe oOiydeHHeM OeTa-
yactuuamu ¢ QuoeHcoM f = 2,16x10" cm™. Bera-o0myyeHue ¢ TakuM e MO BEIUYUHE
(uroeHCOM BBI3BIBACT 00paTHMOE U3MEHEHHE MHKPOTBepAOCTH Si [5] U yBenudyeHHe TITHHBI
pagManIbHBIX TpemuH, oOpasyromuxcs B AIN/Si npu BHeapeHHH HHAEHTOpa [6]. DTO maer
OCHOBAHHE IPEANONAraTh BO3MOXKHOCTh YMCHBIICHHs aiare3sud B CrTpykrype AIN/Si
MOCPECTBOM Majon030Boro Oera-o0iyuenus. Takum o0pasoMm, Il enpio paboThl OBLIO
BEIICHCHHE BO3MOXKHOCTH M 3MCHEHHs BEIMYMHBI aaresun B cTpykrtype AIN/Si mox
JIeHCTBUEM MaJIoJJ030BOT0 OeTa-00IIydeHusl.

Hccnenyembie 00pasiibl, MPEACTABIUTH COO0H KOMIO3ULKIO aMopdHO# rieHkn AIN
tomuuHod d = 90-100 nm Ha kpemuueBod nomtoxke (100). YcioBus BbIpalinBaHHS
HCCIIETyeMbIX CTPYKTYp ObLiM aHanmoruusel [7]. s oOiydeHus oOpas3loB HCHONIB30BAIH
HMCTOYHMK HA OCHOBE Ipernapara 28r + %Y co CpeIHEel SHepruel SMUTTUPYEMBIX JIEKTPOHOB
0,20 MeV st *°Sr i 0,93 MeV st Y. ITapameTpsl 00IyYeHHUsI COOTBETCTBOBAJIH YCIOBHIO
yMeHbIIeHHs amresus B cTpykrype AIN/Si (umrtencmsmocts I ~ 1.2x10° cm™s™,
JUTMTENBHOCTh 00dydeHus tix = 50 h). HaHomHIeHTHMpOBaHHME W LapamnaHbe MUPaAMUAON
bepkoBnua OCyImIECTBIIIN C MCIIONB30BAHNEM MHKpPO30HI0BOH cucteMbl Nanolndentr G200
(pupma MTS Nanolnstruments), mO3BOJSIOMEH HEMPEPHIBHO PErUCTPHPOBATH 3HAUCHHUS
HOPMAJbHOH Harpy3KH Ha HHAEHTOP P, TIyOMHBI BHEAPEHUS HHACHTOPA /i M JaTepalbHOU
cuibl F, nelcTByOLeld Ha Lapanarollidil WHISHTOp CO CTOPOHbI MaTtepuana. HopmanbHas
Harpy3ka Ha HHAEHTOp HapacTajla JIMHEHHO co BpeMeHeM (P = kf), a ropH30HTaIbHas
CKOpOCTb TEpEeMEUICHHUs HHJCHTOpa (HapajuieibHO IIOBEPXHOCTH 0O0pasla) OCTaBalach
nocrosHHOW V' = 10 p m/s. M300pakeHWs] LapamuH MOJAy4Yadd C HCIOJIb30BaHHEM
BBICOKOPA3pPEIIAIOIIEro JBYXJIYYEBOT0 JIEKTPOHHO-MUKPOCKONMYeCKoro komiiekca Neon40
(pupmer Carl Zeiss).

Ha mnavanpHbIX cTagusx mnepeMmelieHusi uHaeHTopa (npu h < d) obOpasyromuecs
LapamiHel He HMEIOT SPKO BBIPAKECHHBIX HAPYIICHUH LEIOCTHOCTH CTPYKTYPHI IUICHKH
(TpeIIMHBI, OTCIOCHUS). YBEJIMYCHHE HArpy3KM Ha HHJACHTOP INPHUBOAUT K IIOSIBICHHIO
OTCIIOCHUI aMOpP(HOHN IJICHKH HUTPHIA aNTOMUHKA OT KpemHueBor nomnoxku (Puc. 1, a).

O6qu€HI/le 06pa3u013 ITIOTOKOM 6€Ta—‘{aCTI/IH HE TIPUBOJAUT K Ka4YCCTBEHHBIM H3MCHCHUSAM

77



Buzia obpasyromuxcs uapanud. OAHAKO, MPU I@pamaHud MPEABAPUTEIBHO OOYIEHHBIX
CTPYKTYyp mpouecc OTcioeHHs: amoppHod IweHKH AIN 0T KpeMHHEBOH NOIONKKH
HayMHAeTCs NPH MEHBIINX HAarpy3kax P. U, COOTBETCTBEHHO, IIPH MEHBIIMX IIIyOMHaX
BHEJPCHUS HHACHTOPA /.. YKa3aHHbIC ITapaMeTPbl ONPeIesSUINCh IIyTEM COMOCTABICHHUS Psa
3HAYCHWH /1 ¥ P ¥ JUIMHBI y4acTKa [apanyHbl OT e¢ Hadaja o0 IOsBIeHHs oTcioeHui /. Tak, B
HCXOMHBIX (He 00Jy4eHHBIX) obpasmax k. = 123,5 + 3,5 nm, P. = 3,49 + 0,12 mN. ITocae
00JTyueHHs1 yKa3aHHbIC BEJIMYMHBI TPHHUMAIOT 3HaueHus 111,4 + 3,2 nm u 3,13 £ 0,09 mN
cooTBeTcTBeHHO. Takum o00OpasoM 3¢dexr obmyuenus mocturaer ~ 10 %. Kpome Toro,
0o0OHapy»XKeHO, 4TO MpeBapUTEIbHOE O0IyUCHUE BBHI3BIBACT YMEHBIICHHE JIATEPATEHOH CHIIBI

F (Puc. 1, b). Dbdexr HaunHaeT MPOSBIATHCS NPHU ITyOHHE BHEAPEHUS HHACHTOPA h = he > d

u nocruraet 30 — 40 % npu /4 ~ 180 nm.

2,0

1,51
=z i
€ 1,0

0,5

0,0

T T T T
0 50 100 150 200

Puc. 2. a) SEM-nu3o0paxenust y4actka HapanuH Ha cTpykrypax AIN/Si, b) paBucumoctn
JIaTepabHOM CHIIBl F, NEHCTBYIONICH Ha Lapanarouiii HHACHTOP CO CTOPOHBI MaTepuaia, OT NIyOHHBI
BHEJIPEHHs] MHAEHTOpa. Benble kpykknm — HcXoausle (HeoOmyueHHsle) cTpykTypbl AIN/Si, yepHbie
KBagpaTuku — cTpyktypbl AIN/Si, mpenBapurensHO oOnydeHHBIE OeTa-yacTHIAMH C (IIOCHCOM
f=2,16x10"" cm™.

Tepexonst Kk 0OCYyXIEHHIO, OTMETHM, 4TO OOJIydeHHe OeTa-4acTHIAMM C yKa3aHHBIMHI
BBIIIE MapaMeTpaMu MOIUGHIHPYeT Ne(eKTHYIO MOACHCTEMY TOHKHX IPHIOBEPXHOCTHBIX
cnoeB. 1 MOHOKPHCTAIOB KPEMHUSI MX TOJIIMHA COCTABISAET 3HaueHue ~ 2 — 3 um [8],
HECMOTPSL Ha TO, YTO CPEAHHI MPOCKTHBHBIH MPOOer 31eKTPOHOB ¢ dHepruei ~ 0,5 MeV B
KpeMHHH Oonbllle Ha 2 TOPSJKAa BENMYUHBI. ['pajMeHTHOE paclpeleNeHre BTOPUYHBIX
pagHalMOHHBIX Je(eKTOB B MPHIIOBEPXHOCTHBIX CIIOSX KPEMHUS, HaOIroJaeMoe MpH
HU3KOMHTCHCUBHOM 0€Ta-00JIy4eHHH, 10-BUJUMOMY, IIPUBOJUT K U3MCHECHMIO aJre3HOHHBIX

XapaKTePUCTHUK, U, KaK CJICACTBUEC, K 06H€F‘{CHHOMY oTcnauBanuio ieHk AIN. Baxkno
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OTMETHUTh, YTO HH3KOMHTEHCHBHOE O€Ta-00JIydeHHE HE H3MEHAET MUKPOMEXaHHYECKHX
cBoiicTB (HaHOTBepHocTh H) camoii mienkn AIN, o 4em cBuzerenbcTByroT mannsie [7]. He
OCTaHABIMBAACh HA XapaKTepHBIX OCOOEGHHOCTAX MOBeneHHs 3aBucumocreit H(h)
MOJYyYCHHBIX HAa HCXOOHBIX M OONMy4eHHBIX cTpykTypax AIN/Si mpu Mmanbix riyOuHax
BHeJpeHus uHIeHTopa (7 < d), MOCKOJIBKY OHH JOCTaTOYHO MOAPOOHO 0OCYXpaivch B [6],
orMeTHM ux mnoxobwe. To ecTh, oOmydeHHe He BBI3BIBACT 3aMETHBIX H3MEHCHHUH
HaHoTBepAocTH IUIeHKH AIN. D10 sBIfeTcs NPHHIUNUAIGHO BaKHBIM YCIOBHEM A
MPaKTHYECKOTO HCIOJIb30BaHUs OOHAPY)KCHHOTO SBICHHUS C LEIbI0 YMCHBIICHHUS aJre3uH
mwieHKd AIN K KpeMHHEBOH MOMIOXKKE, HE IOBPEKAAIONIEr0 OTACNEHHS IUICHKH H
MOCIEAYIONEro €e MCIONb30BaHHA HPH (OPMHPOBAHHU TIETEPOCTPYKTYp, HAmpuMep, ¢
MPHBJICYCHUEM TCXHOJIOTHU OOH/IMHTA.

B 3axmouenue emie pa3 OTMETHM, YTO METOJIOM LlapanaHus ¢ JIMHEHHO HapacTaromen
BO BPEMCHH HArpy3Koil 0OHapy>KCHO YMEHBIIEHHE CHJI CBS3M aMOP(HON IUICHKH HUTpUIA
alOMUHUSI € KPEMHHEBOM  MHOMIOXKKOH,  MHIyLHMpyeMOe  HU3KOMHTCHCHUBHBIM
Tpe/IBAPHTETbHBIM MaT01030BbM (f = 2,16x10'° cm™) Gera-o6myucnuem. V HaGmoaaeMOro
a¢dekra MOryr OBITH fABa CIEACTBUS. Bo -mepBBIX, MONy4YEeHHBIC JaHHBIE MOTYT OBITH
HCHOJIb30BaHbl B TEXHOJIOTUAX OOHJIMHIa M IIOJTY4YEHUs HAHO-IUIEHOK U HaHO-(ousr. Bo -
BTOPBIX, OHU CBUJICTEIBCTBYIOT O HEOOXOJAMMOCTH y4eTa BO3MOXKHOTO OCITa0JICHHs aAre3uu B
pe3ynbTaTe HMOHH3UPYIOMIETO OOTydYEHMsl TETEPOCTPYKTYp (JaXke CO CTONb HH3KOM
WHTEHCUBHOCTBIO M MalbIM (DIFOGHCOM), KOTOPOMY CHUCTEMa MOXXET OBITh IOJBEPrHyTa
MpeTHaMEPEHHO MM CITy4aiHO.

HccnenoBanue 4acTUYHO BBINOIHEHO HpH (uHaHCOBOU mojuepkke PODU B pamkax

Hay4Horo npoekTa Ne 15-02-04797 a.
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®OPMHUPOBAHMSA TPEXKOMIOHEHTHBIX HAHOIUIEHOK HA
IIOBEPXHOCTH GaAs ITPH BOMBAPJIUPOBKE HU3KOSHEPTETUYECKHMH
MOHAMMH Na* M Al

FORMATIONS THREE-COMPONENTAL NANOFILMS ON SURFACE GaAs AT
BOMBARDMENT BY LOW-ENERGY Na* AND Al IONS

C.B. ouaes', D. Pa66umos’, A.K. Tamaros’, IILA. TamMyxeuvlenoxaal
S.B. Donaevl, E. Rabbimovz, A K. Tashatovz, D.A. Tashmuhamedova'

]Ka(j)edpa «Teopemuueckas 21eKMpPOMeEXHUKA U TIEKMPOHHbLe meXHoNo2uuy, Tawkenmekuil
20cyoapcemeentvlil mexHuyeckuil ynusepcumem, yi. Yuueepcumemckas,2. e. Tawxkenm,
Vsbexucman, e-mail: scientist3001@rambler.ru
Z,becussaxc‘icuﬁ nonumexHuyeckul uncmumym, Y3oexucman

3 . .
Kapwunckui 2ocyoapcmeennbiii ynusepcumem, Y3bexucman

Investigated electronic properties of a surface nanofilms Ga;<MesAs, created in
blanket of GaAs/Ge (111) by implantation of ions in a combination with
annealing. Defined density of a states valence electrons and parameters of energy

bands of three-componential nanofilms.

TpexKkoMIOHEHTHBIE TeTepodNUTaKcHanbhble citon Tuna Al — Ga — As, In — Ga — As u
Ga — In — P BoIpaienssie Ha noBepxHocTd GaAs B HAcTOsIIEE BPEMsI XOPOLIO U3yYEHBI, YTO
CBSI3aHO C IIMPOKUM NMPUMEHEHHEM HX B Pa3lIMYHbIX MPUOOpPaX MUKPO- U ONTO3ICKTPOHUKH
[l — 3]. OcoOblif uHTEpeC MNpeACTaBIIOT MHorocioiHele MJID ¢ TpykTypsl — Gaj.
xAlkAs/GaAs, KpUCTaUIMYECKass CTPYKTypa W TapaMeTpbl PEIIETKH KOTOPBIX XOPOILIO
coryacyrotress Ipyr ¢ apyrom. Pacuersl B pabote [4, 5] mokasanu, 4TO TETparoHaJlbHbBIA
TBepablii pactBop AlGajxAs momkeH ObITh HENpsAMO30HHBIM mpuXx < 0,4 — 0,45 u
npsMO30HHBIM 1T pu X > 0,45. Takum 00pa3oM B 3aBUCHUMOCTH OT 3HAYECHUS X MOTYT
CYIIECTBEHHO MEHSATHCS ONTUYECKUE, DJIEKTPHYECKHE M Jp. CBOHCTBA BNUTAKCHAIBHBIX
crpykryp. M3BectHo [1], uro B mpouecce MJID — pocTa 0JHOPOHBIE MOTYIPOBOJHUKOBbBIE
TienKkH GOopMUPYIOTCs HauwmHas ¢ TommuEsl 100 — 150 A. B cosmanum mpu6GOpoB onTo- u
HAHOZJICKTPOHUKM HOBOTO IIOKOJNCHHMs OOJNIBIION HHTEpeC MpEACTaBIsET IOTydeHUe

YHOPAAOYCHHBIX TPEXKOMIIOHCHTHBIX CTPYKTYp Ha OCHOBE COe)IHHeHHﬁ A3B5 C TOHHIHHOﬁ
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menee 50 — 100 A. Onaum u3 MEPCIEKTUBHBIX METOJIOB MOJY4YEHHs TaKuX IJICHOK SIBJISIETCS
HMOHHAsI UMIUIAHTALIUSI B COYETAHUU C OTXKUTOM [6, 7].

JlanHast paboTa IOCBSIIEHAa MOJNYYEHHIO HAHOIUICHOK THIA Gaj.MeAs Ha
noBepXxHocTH GaAs METOI0M HOHHOH MMIUIaHTAllMMB COUETAHUH ¢ OTKHroM. MccnenoBanus
NIPOBOJMIINCE C HCHOJIB30BAHMEM METOIOB: OXKe-IEKTPOHHOH crekrpockonuu (02C),
pacTpoBoil anekTpoHHOH Mukpockormuu (POM), mudpaknuu ObIcTphIX dmekTpoHOB ([1BD),
yinbTpaduoneroBoii (porornekTpoHHoi cnekrpockonuu (YPIC) u CHATHEM 3aBHCUMOCTEH
K03 UIMEHTOB BTOpHYHO-31eKTpoHHON 3Muccun (KBDD). Jlns ompenenenus mnpodus
pacmpefeleHusi aTOMOB IO TIIyOMHE TIPOBOJWIICS IIOCIOWHBIM —OXKe-aHAIM3, IyTeM
PacCIbUICHHS TIOBEPXHOCTH 06pasna mouamu Ar' ¢ sueprueii 3 k3B mpu yrie nagenus ~ 85°
OTHOCHTEJLHO HOPMAlHd, CKOpPOCTh TpaBleHMs cocTapiama ~(5 = 1)  A/vun
VibrpaduoneTobie (HOTOIIEKTPOHHBIE CIIEKTPbI CHUIMAINCH TIPU SHEPTUax GoToHOB hv =
10.8 3B. VcrounnkoM ()OTOHOB CIIy’KHMiIa CTaHZApTHAs ra3opaspsiiHas BOJIOPOAHAS JaMIIa.
POM wm3o0pakeHuss CHATHI Ha craHaapTHOH yctaHoBke Tuma SUPRA — 40. Texumka u
METOJMKA JKCIePUMEHTOB moapoOHo omucana B [8]. Coektpsl  (HOTODIEKTPOHOB,
nonydeHHbIX nocie omxura GaAs/Ge(l11l), HMIIAHTHPOBAHHOIO HOHAMH HATpHSA H
amomuHus ¢ suepruei Eo= 1 k9B mpu gose D = 6-10'° cm™ npusenens: na puc. 1. Ilocie
omkura npu T = 700 — 800K B cmyuae momoB Na' o6pasoBaicsi COeMHEHHsS THIA

GagsNageAs, a B cltydae HOHOB Al — GagsAlpsAs.

Ga+Na+As N(E)
Ga+Al+As
E, 3B -6 -4 2 E=0
Puc. 1. ®oTosnexTponnsie crekTpsl: | — mienku uncrtoro GaAs/Ge (111); 2 — HaHOMIEHOK

GagsAlysAs/GaAs (111) c 6 =40 A; 3 — HanOMIIEHOK GagsNagAs.
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Ha cnektpe GaAs, OTYETIMBO MpPOSBISAIOTCS YEThIpE IUKAa OO0YyCJIOBJICHHbIE
BO30Y)KICHHEM JJICKTPOHOB U3 S — COCTOSIHMH As Mp — cocrosHuid Ga m As, a Takxe
0o0OHapyKUBalOTCs 0COOCHHOCTH BONU3M E4, 00ycIOBICHHBIC TOBEPXHOCTHBIMH COCTOSIHUSIMH.
O06pa3oBaHHe TPEXKOMIIOHEHTHBIX COCMHEHUH MPUBOAUT K CIIEAYIOIINM U3MEHEHHUSM:

TMonoxxenne ocHoBHOro mnuka E | cMemiaercs B CTOpOHY OONIBIIMX 3HEPTHH M €ro
[IMPUHA CYIIECTBEHHO yBeINUHBaeTCI. MOXKHO monarate, 9to B ciydae Al B popmupoBanun
9TOr0 NMuKa ydacTBYIOT 4p — snekTponsl Ga u 3p — snektponsl Al, a B cinyuae Na — 4p
anexktponsl Ga u 3s — anextponsl Na. [Tonoxenue nrka E, 00ycinoBieHHOro paciiernieHueM
p — cocrosiHmii Ga, Al, Na u As cMemaeTcst B CTOpOHy O0IbIINX dHepruu. [lonoskeHne MMKoB
Mmbibsika E 3 u E 4 3aMeTHO He M3MEHSETCA TOIBKO MPOUCXOMUT 3aMETHOE H3MEHEHHE HX
uHTeHCHBHOCTeH. M3Mensis snepruto nonoB Al u Na B unrepsaie 0,5 — 5 k3B MoxHO GbUTO
TOJTYYHUTH OTHOPOJHBIC TPEXKOMIIOHEHTHBIH eHKH Gag sAly sAs ¢ TonmmHoi 0 ot 20 — 25 A
10 60 — 70 A. Ha ocHoBe aHamm3a CHEKTPOB (DOTODJICKTPOHOB ONPEEICHBI HapaMeTphl

SHEPreTUYECKUX 30H HAHOIUICHOK Pa3jIMYHOM ToNIMHbI (Tabnuua 1).

Tabmuma 1.

TTapaMeTpbl YHEPreTHYECKHX 30H HaHOMICHOK GagsAlysAs u GagsNageAs
Hccnenyemblii 00beKT Tommumua 0, A | Ey, oB Eg, 2B % 3B

GaAs/Ge (111), n — tun 500 5,1 1.4 3,7
20-25 5,4 2,3 3,1
Gay sAlysAs/GaAs 35-40 53 2,1 3,2
50-60 53 2,1 32
Gag4NagsAs/GaAs 35-40 53 1,9 3,6
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HCCJETOBAHUE HAKOIIJIEHWSA JEUTEPUSA B BEPUJLJINA TP
OBJYYEHUU MOIHBIMHU UMITYJIbCHBIMHU IOTOKAMM I1TIA3MbI
INVESTIGATION OF DEUTERIUM RETENTION IN BERYLLIUM UNDER HIGH
FLUX PULSED PLASMA IRRADIATION
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Heopeanuyeckux mamepuanos um. akaoemuxa A.A. bousapay, Mocxkea, Poccus

Deuterium accumulation in beryllium with pulsed power plasma
flows irradiation was investigated by means of thermal desorption
spectroscopy. Two grades of beryllium (TGP-56FW and S-65C) were
analyzed in this work. Deuterium desorbed mainly in the temperature region
of 800+1400 K with a maximum around 1200 K. Deuterium retention in S-
65C beryllium grade was three times higher than in TGP-56FW.

TlepBas crenka crposimerocs Tokamaka MTOP Oynmer 3ammuiena OepHiimeBBIME
taitnamu. OJHUM W3 KPUTHYECKUX BONPOCOB sl ycremrHoit paborst UTOP sBisercs ero
YCTOHYMBOCT K MOILIHBIM UMITYJIbCHBIM Harpy3kam (ELM'sl u cpbiBbl). B xone Takmx
COOBITHI Ha IOBEPXHOCTH OOpAIEHHBIX K IUIa3Me€ DJIEMEHTOB MOXET IIPOHCXOAUTH
IUIaBJICHHE M WCIIApeHHe MaTephaja, JBIKEHHE BEIIEeCTBA II0 MOBEPXHOCTH, 0Opa3oBaHUE
TpeUMH W Apyrue MoauduKauu noBepxHocTHOro cios [1]. HecmoTps Ha orpomnyio
TeMIepaTypy IOBEPXHOCTH B XO/I€ TAKHX IIPOLECCOB, B [2] OBUIO NMOKa3aHO, YTO BHEIPCHHbIC
B XOZ€ HAarpy3K{ YacTHIB! IeHTepHs YacTHYHO yJEpXKHUBAIOTCS B IOBEPXHOCTHOM cioe. C
TOUKH 3peHHs] O€30IIaCHOCTH pPAbOTHI PeakToOpa, BaXKHBIM SBICTCS BOIPOC HAKOILICHUS
M30TOIOB BOZAOPOJA B CTEHKE PEAaKTOpa B XOJE TaKMX IIPOIECCOB, a TaKXkKe B IPOIYKTax
9po3uH, TaK Kak MO OIEHKaM [3] 3po3us MaTepHala B XOJ€ TaKHX NPOLECCOB MOXET CTaTb
OIHAM M3 OCHOBHBIX HCTOYHUKOB NbUIH. CyMMapHOEe KOIHYECTBO PACIIIABICHHOTO H
HCIApEeHHOro MaTepHasa B X0JIe OJHOro cpbiBa 1o oneHkam [3] B UTOP moxer nocrturath
HECKOJBKUX Kuorpamm Be.

MopenupoBaHue TakKMX MMIYJIbCHBIX Harpy3ok npoBoautcs Ha ycraHoBke KCITY-Be
[4]. B nanHo#t paboTe MPOBOAMIOCH HCCIACIOBAHIE TEPMOACCOPOLUH ASHTEPUs U3 IPOLYKTOB
9pO3uH, 00pa3yIoIMXCs 1MOJ JSHCTBHEM IUIOTHBIX IUIa3MEHHBIX IOTOKOB, JUIS Pa3iIHYHBIX

mapok oepuiutust (TTTI-56I1C u S-65C).
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BepuineBsle MUILICHH, MCCIEOBAHHbIE B JAAaHHOI paboTe 00JIydYaauch HA YCTAaHOBKE
KCITY-Be nmnynascamu ¢ sHeprueit 0,5+1,0 MJlx/M%, JUTHTETBHOCTD HMITYJIbCOB COCTaBJIsIa
0,5 mc. KonnuecTBo MMITyIbCOB BapbHPOBAIOCH IS Kaxaoro marepuana ot 10 mo 100,
BapbUpPOBAJIACh TaKKe 0a30Bas TeMIeparypa MUIIEHH nepea umiyiscom (250, 500 °C). Ilpu
TaKMX YCIOBHSX IPOMCXOAWT IUIABJICHHE HOBEPXHOCTHOTO CIIOSI OEpWILIUs, MHTEHCHBHAsS
9pOo3us U ABIDKCHHE 3HAUUTEILHONH MacChl BEIIECTBA [0 IIOBEPXHOCTH. JIBIDKeHNE MaTepuaia
MIPOUCXOAUT B CTOPOHY OT IEHTPA CTPYHU IIa3MbI, HO, TEM HE MEHEe, H3-3a TOr0, YTO yroil
nmajeHus cocTtaBiser 60 rpaxycoB, pacTeKaHUE MaTepHana HMeeT OIpeJeleHHYIO
HampaBlieHHOCTh. [loMHMO 3aTBepeBIIEro IOCIE pacIUIaBIeHUs oObeMa MaTrepuana, Ha
TIOBEPXHOCTH HMEIOCh MHOXKECTBO 3aTBEPJCBIINX Karens Oepuiuiust. Kamau cooTBeTCTBYIOT
pacIIaBICHHOMY MaTepualy U3 O0JacTH IUIa3MEHHOHW CTpPyH, BBIODOIICHHOMY B XOJ€
B3aMMOJICHCTBHS Ha NepueprIo. DTH Kaluti ObLIH coOpaHbI JUIs JaJbHEHINEro H3yYeHHs C
TTOMOLIBIO AIIEKTPOHHOH MUKPOCKOIINH U TepMoaecopOonHou cnekrpockonuu (TC).

C Kax[I0il MHUILCHH IS TEPMOAECOPOLIMOHHBIX HM3MEPEHHH OTOMPAIOCh HECKOJIBKO
oOpasuoB (kamenb) pa3MepoM oT 5 mo S50 M M. Ilepen mposemernem TJC o6pasist
B3BemmnBaich, nocie TJIC oOpasipl B3BEIIMBAIUCH MOBTOPHO ISl ONPENENICHUS IOTEPH
Macchl.

TepmonecopOLMOHHAsE ~ CIIEKTPOCKOMMS  JIs  00pasloB  HPOBOJMIACh  Ha
cBepxBbIcOKOBaKyyMHOU ycraHoBke T/IC-Be [2]. YcraHOBKa UMEET OCTATOYHOE JIABJICHHUE B
KaMepe M3MEepeHU < 10°® MOap. OOpasipl B KaMepy BBOIATCS 4Yepe3 LUTI03 ¢ He3aBUCHMOU
OTKAuKOHM, 4YTO II03BOJISIET HMMETh HU3KHH (oHOBBI curHan. Temmeparypa o0pa3noB
n3MepsIach Bolb(hpaM-peHHeBoil TepMomapoil. Harpes 00pasos npoBoguiIcs co CKOPOCTHIO
0,5 K/c no temmnepatypsl 1450 K. TToTok ra3oBbieieHuUst U3MEPSUICS KBAAPYIOJIbHBIM Macc-
criektpomeTpoM. KanubpoBka curHana NpoBouIach MOCe KaxI0ro SKCIEPHMEHTa.

Ha puc. 1 npusemenst TIAC cnextpsl mns n8yx Mapok 6epmwmmmst TI'TI-56 u S-65C,
oOnyuennsix 40 BoeicTpenamu npu Oa3oBod Temmneparype 500 °C. MoOXXHO BUIETh, 4TO
ra3oBblICJICHUE ACHTepuss NpoucxoAaut mpu Ttemmneparypax 800 — 1400 K . Makcumym
ra30BBIJICIICHNS JUIs BceX 00pasIoB Haxoautcs BOim3u Temneparypsl 1200 K. Ha criexrpax
it o0pasuoB  Mapku S-65C Gonee BbIpaK€Ha «HU3KOTEMIIEpATypHas» 4YacTb CHEKTpa
800+1100 K, B 3TOM Juamna3oHe 0ObIYHO HAOIIOAACTCS JOMOIHUTEIBHBIN MUK WK IUICYO Ha
crekTpax TepMozecopOmu. I'azoBsiienenne u3 obpasunos mapku TITI-56IIC B Gombmrei
CTEINEHH CKOHIEHTPUPOBAHO BOJIM3H MaKCUMyMa Ta30BBIICIICHUS, U «HH3KOTEMIIEPATypHAsD)

yactb cnektpa 800+1100 K 3HauuTenbHO MeHblLIe BbIpaxeHa. [lo3TOMy MOXXHO
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NPEAIIOJIOKUTh HATMYUE AONOJIHUTEIBHBIX JIOBYIICK WX 3aMETHO 60.]'[]:].].[}’10 KOHLECHTpAaHUIo

JIOBYIIIEK OTPEIENICHHOTO TUIIa B 00pasax Mapku S-65C.

QSPA-Be, 1MJ, 40 shots
—— TITI-S611C_500C
—0—5-65C_500C
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Puc.1. Cnexmpor mepmoodecopoyuu D, uz ob6pasyos depunnus TI'TI-56 u S-65C nocae o30eticmeust 40
uMnybeos detimepuesoti naasmol ¢ snepaueii 1 MIoe/vm’ u orumensrocmuio umnysca 0,5 mc

IIpu mepexone x 6a3oBoil TemnepaType obimydenus 250 °C cTpykTypa crekTpa ciabo
MensieTcss. OCHOBHOE Ta30BBICIICHUE MO-TIPEKHEMY IPOMCXOIMT NpH Temreparypax 800 —
1400 K. Ha HeKOTOpBIX CIIEKTpax MOSBIIIOTCS Ooliee HU3KOTEMIIEPAaTypHBIC IHKH C
makcumyMmoM 1pu 700 K, HO nx aMIIMTya Bcerja MHOTO MEHBIIE OCHOBHBIX ITHKOB.

AHamM3 MHTETPANBHBIX 3aBUCUMOCTEH OCIOXHSAETCS OONbIIMM  pa3dpocoM B
9KCIICPHMEHTANBHBIX JaHHBIX. /laxke I OJMHAKOBEIX ITO0 pa3Mepy 00pasIoB, OOIydEeHHBIX B
OJIHOM CEpUH BBICTPENIOB, pPa3dpPOC MOXKET OBITh [OBOJBHO BEIUK. OTO 00 BACHIETCS
0COOCHHOCTSME HONTy4eHHs1 00pa3uoB. Kaxpiii oOpasen npeacTaBisier co00il YHHKAIBHYIO
HCTOPHIO TIEPEIBIKCHHUS 110 MOBEPXHOCTH M M3MEHEHHUs TEMIIEPATyphl B XOJ€ OOJIydeHHs.
IMosToMy 60i1b11I0# Pa3OPOC IKCIIEPUMEHTANIBHBIX JAHHBIX, B LIEJIOM, MOXKHO OBLIO OXXHIATh.
HutepecHo Tarke, 4ro pasHble oOpasiupl B xone T/IC-skcnepuMeHTa Tepsuld pasiIuyHOE
KOJIMYECTBO Macchl. YacTh 00pa3loB MPAaKTUYECKH HE Tepsla MacChl, OTAENbHBIC 0OPa3IIbI
Tepsutn 10 20 % HavaneHOH Macchl. TeM He MeHee, ObUIa IIPOBEAEHA OLICHKA KOHIIEHTPAINKI
3aXBaYEHHOI'0 KOJIMUECTBA JICHTEPHsl, a TAKXKE CETaHbl P/l KAUECTBEHHBIX HAOIIOICHUM.

Ha puc.2 npezncraBieHsl JaHHbIE O HAKOIUICHUH JEHTEpHs, HODMUPOBAHHBIE HA MacCy
00pas3nos, Il KCIEepUMEHTOB ¢ 6a30Boi Temmeparypoil oomydenus 500 °C. Hecmotps Ha
3HAYUTEIbHBINH Pa30pOC AAHHBIX, MOXKHO BHJEThb, YTO HAKOIUICHHE AeHTepus B oOpasiax
Mapku S-65C Bcerma Goubine, yeM B obpasnax mapku TI'TI-56IIC. B cpenHem, HakoruieHue

neiitepust B oOpasuax mapku S-65C B Tpu pasa Oonbiie. KoHueHtparus naeiitepusi B
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MPOAYKTaX 3pO3UK OCpUILIHS, pacCUUTaHHasl U3 IIOTHOCTH Oepmuust 1,85 r/cm”, cocraBmia
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Puc.2. 3asucumocms naxonnenus Oevmepus (¢ yuemom HD u nopmuposku na maccy obpasya) 6
NpOOYKmMax spo3uu 6epunius om KoIuvecmsd 6blCmpenos

VYmenbluenne 6a30Boit Temepatypbl 10 250 °C B 9KCIIEpHMEHTaX ¢ OEPUILTHEM MapKu
TI'TI-56I1C npuBOAMT K YBEIWYEHHIO HAKOIUICHUS IEUTEpHs, B CPEIAHEM, B JIBa pasa.

3aBHCHMOCTH OT KOJMYECTBA BBICTPEIIOB MeHee o4eBHIHA. Ha OCHOBaHMM HMEIOIIHXCS
JIAHHBIX, MOXXHO TOJBKO CKa3aTh, YTO 3aBHCHMOCTb OT KOJHYECTBA BBICTPEIOB IOBOJIBHO
cnabas. BeposTHO nake HEKOTOpOE YMCHBIICHHE IIPH MaKCUMaJbHOM K OJIMYECTBE
HMITYJIECOB. DTOTO MOXKHO OXKHJaTh, €CJIM IPEAINONIOKHTh, 4TO C(HOPMHPOBAHHBIC Ha
MIOBEPXHOCTH KaIlIY, HarPEBAIOTCS 0 TEMIIEPaTyphl IIABICHUS B XOJ€ KaXJOTO BBHICTpENa.
MOXHO TaKXe IPEAIOI0KUTh, YTO Ooliee 3aMeTHasi 3aBUCUMOCTh HAKOIUICHHs JEHTepust OT
YHCTa WMIyIbCOB OyneT HaOMogaTbCs HE JI TPOAYKTOB 3PO3WH, a TpH aHaIu3e
HaKOIUIEHHs JeiTepus B oObeMe Marepuana. Takue SKCHepUMEHTHl OyAyT IIPOBOIMUTHCS B

JanbHEeHIIeM.
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The ionization effects in both virgin and ion-implanted silica-silicon
structures, taking place under high-energy o-radiation are studied by means
of thermally stimulated electron emission (TSEE) and luminescence. The
TSEE results reveal noticeable effects of traps charging in oxide layer.
Materials under study may find application in skin dosimetry.

BoszeiicTBre MOHM3MPYIOIIMX W3IyYCHHWI sBISETCS BaXKHEHIIEH mpoOIeMoH,
HpensTcTByIomeil paboTe IepcoHala M 3JIEKTPOHHOTO O0OOpYAOBaHMS B  YCIOBHSX
arpeccUBHOMN OKpyKarolei cpenpl. Yder adhekroB obmydeHus TpedyeT HaJeHKHBIX CPEACTB
M3MEpEHMS TOTJIOIICHHON /03bI KaK B MPHUIOBEPXHOCTHHIX, TaK H B OOBEMHBIX CIOSX
OpraHUYECKUX M HEOPraHWYECKUX MaTepHaioB. [Ipi 3TOM TOYHas OIL[EHKA 03Bl B PA3IHYHOM
paauanMOHHOM 00CTaHOBKE TPeOyeT HAIMYHUs ONTHMAIBHBIX ACTEKTOPOB, PACCYUTAHHBIX Ha
crenuUYeCKHid THIl HM3TyYeHHs M JHAala30oH JHEpruil. B IPOMBINIIEHHBIX YCIOBHSX
OCHOBHOM yIpO30H CTaHOBSTCS PEHTTEHOBCKOE M ramma-m3nydeHue. OcoOylo OmacHOCThH B
KOCMHYECKOH cpeJie TPEeJICTAaBISAIOT BHICOKOSHEPIHYHBIC 3apsHKEHHbIE YaCTHIIbI, TaKHe Kak
NIPOTOHBI, siapa renus (o-4acTHibl) W Oonee Tspkenble HOHBL OCHOBHBIM HCTOYHHKOM
MOZOOHOTO M3Iy4eHUs SBISCTCS aKTHBHOCTD COJHIA, JUINTENILHOCTE U CUJIa KOTOPOH TPYIHO

npejackasyema. THUIMYHBINA AMAna30H dHEPrUil YacTHUIl COCTaBIAET OT €AMHUI] 10 coTeH MaB

[1].

JIMoKCH KPeMHUSI SIBIISETCS aKTyalIbHBIM 00BEKTOM (PyHAaMEHTaIbHBIX H IPHKIATHBIX
nccleoBannid. MHOTro4ncIeHHbIe PaboThl OBLIN MOCBSIIEHBI BO3ICHCTBUIO HOHU3HPYOIIUX
n3mydyeHuii Ha oObemHbIH SiO, [2], BTO  Bpems Kak paJuallMOHHBIC CBOIiCTBa
HHU3KOpa3MEpHBIX CHCTEM H3ydYeHBl HeAocTaToyHo. I[lomoOHBIE HCCIEIOBaHHS MOTYT
obecreynTh TIIyOOKOE IMOHUMAaHHE  PAAHALMOHHO-MHIYLHPOBAHHBIX  IPOIECCOB B
HaHOPa3MEpHBIX CHCTEMaX, BKII0Yas 00pa30BaHUE U Nepe3apsaKy TodeuHbIX aedekros. [Tpu
9TOM JedeKThl M TpHMECHbIE aTOMBl B MATpPHIE OKCHAA C IENbI0 MOBBIIICHHS
YyBCTBHTEIBHOCTH MOTYT CO3JaBaThCs 3apaHee MOHHO-Ty4eBbIMH MeTojaMu. IlyTtem

MOMOOHBIX CTPYKTYPHBIX M MOP(OIOrMYECKHX H3MEHEHHI MOTIYT OBITh HPHIOTOBICHBI
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KOMOMHHMPOBaHHBIC CTPYKTYPBI, coyYeTaronye BO3MOXHOCTHU
TEPMOJIFOMHHECLICHTHBIX (9MUCCHOHHBIX ) u Oy IIPOBOJHUKOBBIX JIETEKTOPOB

HNOHU3UPYIOMIUX HSHyWGHMﬁ.

Hacrosimmast paboTa mMOCBsIIEHa  HCCIEAOBAHUIO  IPOIECCOB  HMOHHM3ALMH U
nedexroodpa3oBaHus B CTpyKTypax SiO»/Si moJ Bo3xeHCTBHEM 0-9aCTHI] BBICOKHX YHEPIHil.
OO6pasuamu it UcCiIeoBaHUs ObLIM BHIOPAHbI IUICHKU JUOKCHIA KpeMHHUS ToNmuHOi 800
HM, BBIPAIICHHBIC Ha KPEMHHEBOH IIOJUIOKKE, WCXOJHBIC U MOABEPrHYTbIE HOHHOU

HUMILTaHTaIluu. Tltenku O6Hy‘{aJ'II/ICB IIOTOKOM Ol -94aCTUIl UCTOYHHUKaA PHBS

¢ sHeprueit 5.5
MbB n aktuBHOCTEIO 10 KBK B TeueHne ABYX cyTok. OOIIasi MOTJIONMIEHHAs 1032 COCTaBILLIA

0.5-1 I'p.

IIpoHMKHOBEHNE HOHOB He* MOJIEJIIPOBAIOCH cpeacTBaMu mporpammsl SRIM 2012
(puc. 1). Cpennsist rimyOuHa pacupeeneHus HOHOB cocTaBmia 28 MxM. [Ipu 9ToM nuk noreps
SHEPruM Ha MOHM3AIMIO aTOMOB MMIIEHH pacriojiaraetcsi Ha riayouHe 26 mxwm. IIpaktuuecku
BCE HOHBI IPOHHUKAIOT B KPEMHHEBYIO IOUIOKKY. B TO ke BpeMs pacxoj SHEPrHH KaKToH
YacTHUILBl HA MOHM3alMI0 B IieHKe SiO; cocTaBiseT okoio 14 5B Ha aHrcTpeM, YTO MOKET

obecrieunTs 3PEKTHBHYIO TIepe3apsIKy EHTPOB 3aXBaTa Mo BCei TTyOHHE TICHKH.
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Pucynok 1 — Pacnpenenenne o-gacTu 1mo riiyOnHe (Iuarpamma) U IpoQuib HOTeph

OHEPruu Ha HOHU3AIUI0 aTOMOB MHUIIICHU (CHJ'IOIHHB.H .TII/IHI/ISI).
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OKCIepUMEHTANbHbIM TIOATBEP)KACHUEM IIPOLIECCOB IEPE3aPAIKU CIyKHT KpHBast
TEePMOCTHMYJIMIPOBAHHOW  3i1eKTpoHHOIH omuccnn (TCD3) o0my4eHHOH  CTPYKTYpEI,
mpejcTaBiaeHHass Ha puc. 2. bomee cmabwiii makcumym okomo 340 K BeposTHO mmeer
ancopbunonnyio mpupoxy. Iluk TCDD B obmactu 375 K mMoxer ObITh CBs3aH €O
CTPYKTYPHBIMH Pa3yHopsii0YeHHEM IUICHKH, B YaCTHOCTH C Je(eKTHBIMHU IIeHTpaMu Tuna £’y
[3] n moTeHmmambHO MOXET OBITH HCIIONB30BAaH IS HM3MEPEHHS O3Bl O -U3JIydeHHS,

MOTJIOLIEHHOH B TOBEPXHOCTHOM clioe IuieHKH SiO;.
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Pucynok 2 — KpuBas TCDOD o00mydueHHOH IOTOKOM ¢ -4acTul IuteHkH SiO, Ha
KPEMHHUEBOH MOJIOKKE.

TlonyueHHble  pe3yJibTaThl — pacyeToB M SKCHEPUMCHTAIbHBIE  3aBUCUMOCTH
TEPMOCTHMYJIMPOBAHHON OSMHCCHH YKa3bIBalOT Ha aKTHBHOE IIPOTCKAHHE MPOLECCOB
MOHU3AIMUM aTOMOB KPEMHHEBOW M KHCIOPOIHON MOAPEmEeTOK CTPYKTyphl SiO/Si.
JlononHUTENbHAS MOHHO-IIyueBas MOAM(DUKAIUS I[PUIMOBEPXHOCTHBIX CIOEB  OKCHIA
obecreynBacT BO3MOXXHOCTH CO3JaHWsI HAHOKOMITO3HUTHBIX MAaTEPHAIOB C IIOBBILICHHOM

YYBCTBUTCIIBHOCTBIO IS KOM6HHHpOBaHHBIX JACTECKTOPOB CKUH-AO3UMETPUU (-U3TTyICHUS.

PesynbraThl pabOTHl OBUIM MOJNYyYEHbI B PaMKaxX BBIMOJHEHUS TOCYIAPCTBEHHOTO
3amanus MUHHCTEpCTBa Hayku 1 oOpa3oBanust Poccuiickoit demepariu Ne 3.2016.2014/K.
1. L.D. Stephens Jr., W. Lawrence, Townsend, Acta Astronautica 56 (2005) 969-974.

2.J.A. Ruller, E.J. Friebele, J. Non-Cryst. Sol. 136 (1991) 163-172.
3. AF. Zatsepin, J. Non-Cryst. Sol. 353 (2007) 590-593.
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TMOBPEXJIEHWS TOHKOM IVIEHKHA KAPBUJIA KPEMHHUSI BAKAHCUOHHO-
T'A30BbIMU JE®PEKTAMUA
DAMAGE THIN LAYER FILM SILICON CARBIDE DUE TO VACANCY-GASEOUS
DEFECTS

T N. 3MI/I€BCKa$ll, AL Bonaapesa'
G.L Zmievskaya], A.L. Bondareva'

1 .
Dedepanvroe 2ocyoapcmeeHHoe 0I0dcemHoe yupexcoeHue Hayku MHcmumym npuxkiaoHoul
mamemamuxu um. M.B. Kenoviuwa PAH, Muycckas na., 0.4, Mockea, Poccus

Kinetic equations in partial derivatives were solved and kinetic distribution

functions of implanted clusters versus their sizes and depth of gas

penetration into lattice determined. Lattice deformation is associated with

vacancy-gaseous pores appearance at initial time period of phase transitions

under radiation irradiation. Methods of solution and results of computer

simulation are discussed.
Kunernueckass MoJenb WMIUIAHTAIIMM HOHOB Tra3a B KPHCTAUIMYECKYIO PEIIETKY
omuceiBaeTca ypaBHeHHsMH KommoropoBa-®emnepa u  OHHmTeHHA-CMOIyXOBCKOTO B
YaCTHBIX MPOU3BOAHBIX OTHOCHTENBHO (yHKIHMH pacnpenenenust /OP/ mo pasmepam
KIIacTepoB JIepeKTOB U KOOpAMHATAM 00beMa 00pasia U BpeMeHH [1-4]. Mozens ¢pu3naecknx
[IPOIIECCOB  00pa30BaHMS 3apoAbIlIeii MOp B TBEPAOM Tele (OPMHUPYET HEIHHEIHbIC
K03 dUIMEeHTB ypaBHEHMil, OHM 3aBHCAT OT P kiactepoB 3apojpluieii BaKaHCHOHHO-
razoBeix 1nop [1]. Ha ocHoBe cBoWcTB BuHEpPOBCKMX CilydalHBIX IIPOLIECCOB U
croxactTuieckux mubdepeHnuansublx ypasHenuit /CHY/ Hto-CtparoHoBuua [4-6] mms
CTOXaCTHYECKUX JMHAMHYECKHX IICPEMEHHbIX (YpaBHEHMS CTOXAaCTHYECKOrO aHajora)
Mozenn (a3oBOoro mepexojga Ha CTaJUM 3apOAbIIIC0Opa3oBaHMs (pa3Mep KIacTepoB
3apojpllieil, KOOpAWHATHI). Peann30BaHbl yCTOHYMBEIC YHCICHHBIC alTOPUTMBI DPEIICHHS
cucrem CJY [3] npumeHutenbHo K KapObunay kpemHus [7,8], mHepcrieKTHBHOMY
OJIyIIPOBOAHUKOBOMY Marepuany. B 4HCIEHHOM 3KCIEepHMEHTE MCCIIEOBAaHbI MPOLECCHI
HMIUIQHTalMisi HMOHOB HAa XapaKTepPHBIX BpeMEHaX MOpsJKa MHUKPOCEKYHI B pacyeTHOU
obmactu ¢ pasmepamu ~500 HM B ycloBHAX "OTKPHITOH" (hH3UUECKOH CHUCTEMBI - IOTOKA
HHEPTHOIO Ta3a ¢ OJHeprusMu mnopsaka 5-20 x3B. Mogens (u3MUecKUX NPOLECCOB
oOpa3oBaHMs 3apofjplliell IOp B TBEpIOM Tene (OpMHpYeT HelIuHeiHble Kod()(HUIMEeHTH!
ypaBHEHHUH, OHU 3aBHCAT oT P KkmacTepoB 3apofblei, T. €. SABISAIOTCS (YHKIHOHAI-
kodddunmenramu [3], a pemeHue OTpakaeT KBa3HIMHEHHBIC CBOWCTBa HEPABHOBECHOM

CcTagun d,)a30130r0 nepexonaa. MOIII/Id)I/IKaHI/IH yCTOf/’I‘H/IBOI‘O YHUCJICHHOTO METOHAa PEUICHUS
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kBasunuHeHbIXx CIY, MoOmenupyromux HeJIMHEHHy0 cTanuio (a30BOro MpEeBpaIleHHUs B
obiyyaeMOM MaTepHaie, TO €CTh METOJbl ceMelicTBa Po3eHOpoka, MCIIONB30BaHBI HPH
pacLieIieHHH pemieHnst ypaBHeHust KonMmoropoBa wmomenu (GIIyKTYalMOHHOH —CTagnu
¢dazoBoro mepexoma  (3apoxbliieoOpasoBaHus) 10  Qu3MdUeckuM  mporeccam  (Ha

KilacTepu3aluro u 6p0yHOBCK06 JABHKCHUE LIEHTPOB Macc KHaCTepOB).

VYpaBuenne  Kommoroposa-@Pemmepa  mms  kimactepusamuu  GOpMYNHPYETCS

otHocuTensHo OP 3apoapimiedl 6aucrepoB mo pasmepam (g) fr (g, t) B TOUKe B TOUKE C

AEKapTOBBIMU KOOPJMHATAMH q;‘= [x*+y?+22 J 00beMa peIeTKH:
o (gnlot=Lf (gN+Lf (&.0+5,+Q,,
180=1og df.(&:0/dglgr=0, fL(&:N], =0 £>2 (U]

L =3(Dg(./'(g,F,t))'(@f}(g,t)/ ag)) g, L, =$9(Dg(f (@70, (g01{00D(g.7.0)/3g)) o

IMocTosIHHBIA MOTOK MHEPTHOTO Ta3a obpasyeT S.(f,) — MCTOYHMK YacTHIL, (HOPMHUPYFOIINX
3apozsim, f, ®P MoHOMEpOB rasza w/miM BaKaHCHiL, g —pa3Mep OmicTepa, M3MepseMblil B
€IMHUYHBIX HEC)KMMAEMBIX O00BEMax aTOMOB KCEHOHA, €2, OIEpPaToOp CTONKHOBEHHA H
pexoMOnHaMM ONUCTEepOB M BakaHCHH, I’ —Temmeparypa ciosi, k- mocrosiHHas bonbrmana

D (f(g,7.1))- GyHkumoHan-koshduumenT 1udpy3nun B NPOCTPAHCTBE PA3MEPOB 3aBHCHT OT
g

HaCTOThl KOJIEOAHNH aToMa PEIIETKH M € YNPYrHX CBOHCTB. Ad(g,7,f)- QyHKUMOHan-
ko3 urment ypasuenus (1), sueprus 'mb66ca obpazosanus 3apoxsimia [1-3].

BpoyHOBCKOEe JABIDKEHHE BAaKaHCHOHHO-TA30BBIX Je(EKTOB B KPHCTALTHIECKOI
pPeIIeTKH ONMHUCHIBACTCS ypaBHEHHEM OJifHmTeitHa-CMOIYyXOBCKOr0 OTHOCUTEnbHO OP

3apojbllIel [0 X PACIONIOKEHUIO B pelIeTKe fg (7, 1):

Of g (F)/ 01 =Ly foF)+ L f g 7o) -0 )
Ly=9 Dr(r,t)-[afg(r,t)]/ar /oF L 4=—a[ fg(r,t)-F(r,t)/{Mg;/] /0¥,
S ED_o=1o, /DI =/, 0| , [, =/, s
8 =0 “0r" “g x=xleft 8 x=xright g y=yleft 8 y=yright
G
e & -yHkums pacnipesienienuss 6pOyHOBCKHX YaCTHI] ¢ MACCOH M, 10 KOOPIMHATAM

—

KPUCTAJUIMYECKOH pEIIeTKH, }° - pajuyc-BEKTOp KiacTepa B OPTOrOHAIBHOH CHCTEMe

[2, 2. 2
F=4X"+y"+z .
KOOpJMHAT ( ) B pacueTHoO# oOnactH, (Q —CTOK MOHOMEPOB M GJIMCTEPOB
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3necy Ux,y,z)-

(MexdazHast, obmydaemas, HeoOIydacMas TPaHHIBI). Fx = —W,
X

MOTEHINAT KOJUICKTUBHOTO KOCBEHHOTO YIPYTOro B3aUMOJEHCTBHS IIOp MEXIy co0oit depes
aKycTHueckue (OHOHBI PEICTKH H (PPUAENEBCKHE OCHMULIIUK IUIOTHOCTH JJIEKTPOHOB

pPELIeTKH, C IPaHULAMH M AC(PEKTaAMH PEIIETOK. ¢yHKUMOHAN-KO3 (D PHUIIHEHT

muddys3un B MPOCTPaHCTBE KPUCTAIUINIECKON PEIIETKH.

Ha puc. 1 a,6 npeacrasieHa [BeTHAs BU3yalu3alusl IOBEPXHOCTH PAaBHBIX 3HAYCHUIT
®P mo pasmepaM HETOYEUHBIX Ta30HANOIHEHHBIX [e(eKTOB B (Da30BOM IPOCTpaHCTBE
«pa3Mep Kiactepa-BpeMs», 00pa30BaBIIMXCS B €IMHHMIE O0beMa KapOuga KPEeMHHUS I101
NIeHiCTBHEM HMOHHON WMIUTaHTauMu Xe ¢ oHeprueil 5 k3B, no3a 06 mydeHus 10'¢ CM'Z,
temniepatypa 1550K u mnorHocte aedextoB. Ilpm moctpoeHMM JaHHOTO —Trpaduka
ucnons3osanocs 106 CIY («TpaeKkTopuii» Ciay4allHOro mporecca), BPEMEHHOH wiar
IropuT™Ma 5107 ¢, umcno maros 10°, BpeMsi OKOHYaHMs pacyera coorBeTcTByeT 0.5 MC.
I'padux mocTpoeH Ui MOJENH, HE YYHTHIBAIOIIEH DPa3pBIBBI CBSA3CH PEIISTKH IIPH POCTE
ra30HANONHCHHOTO JedeKTa, IIKana COOTBETCTBHS I[[BeTa M 3HAYCHHH (YHKIUH
pacmpeneneHusl IpUBEEHa B IPaBOH 4YacTW pHUCyHKa. VI3MeHeHHe KOHIEHTpaLUH
HETOYEYHBIX JAe(ekToB B MaTepuanax cioeB SiC/Mo s (GU3HYECKHX [apaMeTpoB,
YKa3aHHBIX BBIIIE M COOTBETCTBYIOIIMX (PU3HMUECKUM IIapaMeTpaM, IPH KOTOPBIX IOIydYeH
puc. 1, nmpuBeneHo Ha puc. 2. T.e. Ha puc. 2 mNpeiCTaBlieHa I[IBETHAs BH3yalU3allus,
yKasblBaloass Ha CTPYKTYpbl Je()EKTOB B JBYXCIOIHOM obpasie ¢ pasmepamu
240 aM x 240 HM X 240 HM B KOHEUYHBIII MOMEHT BpeMeHM pacuera. IIpu 3TOM TONIIMHA
kapOuna kpemuus 120 uM. @opMupoBaHe NPOTHKEHHBIX CTPYKTYP A€(PEKTOB MIPOUCXOAUT B
pe3yibTaTe OpPOYHOBCKOTO JABIDKCHHS IIGHTPOB MAacC HETOYCYHBIX JE(EKTOB, 37ECh,
BBI3BAHHOE  JEHCTBHEM KOCBEHHBIX ynpyrux cui [1]. Ilpm obmydeHnmm IByXcCioOiHOTO
oOpasua KapOuI KpeMHUs/MOIHOACH CTPYKTYpbI Ae(DEKTOB HAOIIOJAIOTCS B OOJIyd4acMOM
clloe, B HEOOIy4aeMOM CJI0€ HPeoOIa/aloT OJUHOYHBIC HETOUCHYHBIC NC(EKTHI, CTPYKTYpPHI
KOTOPBIX (DOPMUPYIOTCS CaMOCOTJIACOBAHHO C M3MEHEHHMEM ITOTECHIHAIOB B3aHMMOJCHCTBHSA
co BpemeHeM. Paspabotannbie anroputmbl [1-8] pemenuss cuctem CJIY mMO3BONSIOT
MIPOBOJUTH HCCIICIOBAHUS HEPAaBHOBECHBIX IIPOILECCOB, paccMaTpuBaTh kuHetudeckue OP u
PacCUNTHIBATH HHTETPATIBHBIC XapPaKTEPHCTHKH COCTOSHHS cpebl kKak MoMeHTHI oT DP, Takne
KaKk IIOPHCTOCTb, HAmNpsHKeHHss H JAp. DIykTyanloHHas HEYCTOMYMBOCTH IIpolecca
KIIacTepU3aluu oOpaliaeT BHUMAaHUE HAa BHIOOp HAYaIBHBIX IAPaMETPOB IIOTOKA Tasa,

(hOpMHUPYIOIIET0 MOPUCTOCTb. Y CTAHOBJICHA TOJIIMHA 3ALUTHOTO CJIOS KapOuaa KpeMHH,
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3a7ep)KUBAIOIIETO TOTOK HeToueyHbIX JAedexkroB. PP 3apoxpimieii mo pasmepam mpu

BHEAPCHUHU paJHAllMOHHBIX IIOTOKOB

3aJaHHOW  JIO3bI MOJKET HCIIOJIb30BAaThCs  Kak

xapaktepucTuka (a3oBOro mnepexona, orpaxas (yHIaMEHTaIbHBIC CBOWCTBAa Mpolecca.

Pabora wactuyno moanepkana rpanramu POOU 14-01-00787, 15-01-05052 u mporpammoit
OMH PAH 3.

8 r/em?
| —

1 r/en?

Bpenss b warax arropimia, = 10¢ ¢

5%

200 v
165 Paswep nedpexta p e puenpermIx
atonos  Hew

1207

Puc.

1 IBerHas Bu3yanu3alusi IIOBEPXHOCTH Puc. 2 npeTHas 00beMHas BU3yanu3alus

paBHbIX 3HaueHuil OP 110 pasmepamM HETOYEUHBIX
ra30HAINONHEHHBIX J1e(eKTOB, 00pa30BaBIINXCS B
KapOuae KpeMHHS T0J JACHCTBHEM HOHHON
ummtadraund Xe' ' ¢ sHeprueir 5 k3B, no3a
obnyuerms 10" cm?, Temmeparypa 1550K B
TEeUYEHHE HAualbHOI cTagun (pa3oBOro mepexoja

HM3MEHEHHS IUIOTHOCTH 1e(eKTOB B
nByXxcioitHoM o6pasue SiC/Mo npu ycraoBHIX
YHCIIEHHOTO dKCIIepUMEHTa pHc. 1.

1-ro posia KiacTepu3aluy 3apoJIbIIIei.
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BJIMAHUE INIOTEHIHUAJIA CMEHIEHUA HA CTPYKTYPY U
PACHPEJEJIEHUE 3JIEMEHTOB B IIOKPBITUAAX HUTPUJIA TUTAHA
MOJYYEHHBIX METO/IOM IIJIASMEHHO-UMMEPCAOHHOM
UMILTAHTAIIMHA
INFLUENCE OF PULSED BIAS ON STRUCTURE AND ELEMENT DISTRIBUTION
IN TITANIUM NITRIDE THIN FILM DEPOSITED BY ARC ION PLATING

E.b. Kauu(aposl, H.H. anmem(osl, 10.1. Ttopm—xl, M.C. CprTaHOB], Uskan Jle!
E.B. Kashkarov', N.N. Nikitenkov', Yu.L Tyurinl, M.S. Syrtanovl, Zhang Le!

'HauponansHslit nccnenoBatensekuii TOMCKUI IONMUTEXHIUECKHUIT YHHUBEPCHUTET, IIp.
Jlenuna, 30, r. Tomck, Pocenst, 634050, e-mail: ebk@tpu.ru

TiN thin films were deposited on the well-polished 12X18HI0T steel using arc ion
plating technique. The influence of bias voltage on the structure and element distribution was
investigated. The results revealed that the deposited TiN film are crystalline and the preferred
(111) orientation was observed as bias increased. Moreover, Ti/N ratio and the quantity and
size of microparticles decreased with the increase in bias voltage from -100 to -300 V.

BBenenue

Tokpertus v utpuna turaHa (TiN) nomyumnu IMPoOKOe NMPUMEHEHHWE B Pa3IMYHBIX
OTpAcIIsiX IPOMBINUICHHOCTH B Ka4yeCTBE MMOKPBITHH Ui PEXYIIEro HHCTPYMCHTA,
KOPPO3UOHHO-CTOMKUX HOKPBITHI , B OMOMEIMIMHCKMX LEIAX JUIL MMIUIAHTAaHTOB U Ap.,
Gyarozapsi CBOel H3HOCOCTOMKOCTH, TBEPIOCTH U XUMHYECKOMH croiikocT [1].

Hawubonee nmomyspHsi MeTox HaHeceHHs NOKpBITHIT TiN sBiIsSeTCS METO MITa3MEeHHO-
nmMMepcruoHHoi nmmnantamuy  ([TMH), xapaxTepu3yromuiicss BBICOKOH ITIOTHOCTBIO H
aaresue MOKpeITH . MI3BECTHO, YTO KaueCTBO IMOKPHITUI B JAHHOM METOJE ONpPEICIsIeTCs
Pa3IMYHBIMU [IapaMeTpaMy , TAKUMH KaK TOK IYyTH, JaBJIe€HHE , IOTEHIUATI CMEIIeHU H Ip.
Haubosnee 3(eKTHBHBIM apaMEeTPOM SIBISIETCSI CMEIICHHE , YCKOPSIOLIEE HOHBI IIa3Mbl B
Kamepe, 4TO HPHUBOAUT K HM3MEHEHHIO KaK CTPYKTYpBL, TAK M MEXaHHYCCKHX CBOMCTB
MOKPBITHH. VI3BEeCTHBII HEOCTATO K JIAHHOTO METOZla 3aK/Io4Ya €TCA B IPUCYTCTBUH
MHKpOKarneabHO! QpaKIui B IIOITydaeMoM TOKPBITHH [2, 3]. st 60pb0OBI ¢ MUKPOKATIETbHOM
(paxuuell HCIOIB3YIOTCS Pa3IHYHBIE METOHNBI , B YaCTHOCTH HCIIONB3YIOTCS IIa3MEHHBIS
¢buabTpHI (B JaHHOW paboTe HCmoib3yeTcs GUiIbTp, pa3paboTaH HbIH aBTOpamMu paboTs [4]).
Kpowme Toro, B psne padot [5, 6] HabmrogaeTcsi yMEHbIICHNE MUKPOKAIIIBHON (pakiuy 3a
CYeT OJayl UMITYJIECHOTO MOTEHIHANa CMEIICHUs Ha IOMUIOKKY. [Ipu sToM BimsHue
MOTCHIIMATA CMCILICHNsT HAa PACIpe]eCHIe SJIEMEHTOB B IOKPHITHM HHUTpUIAa THTaHa,
nonydyeHHoM Metogom [N ¢ npuMeHeHHeM IU1a3MeHHOro (GuibTpa, He GBUIO JTOCTATOYHO
nccienoBano. Kpome Toro, naHHBIC IO BIUSHHUIO IOTCHIMANA CMEIICHHS HA CTPYKTYpYy U
cBoiicTBa MOKPbITHI TiN OTIHYAIOTCS OT CIydasi K CIIy4aio, Aa)Ke PU HAHECCHUH MOKPBITHI

B OAMHAKOBBIX PEKHUMaAX.
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Cxema 3KcrepuMeHTa

Jlns ucenenoBannii OBUIM ITOJTOTOBIICHBI 00pasIbl Hepxkaperomen cramu 12X18HI10T
pasmepoM 20x20%1 MM . [ToBepXHOCTE 00pa3moB ObLIa IpeIBAPUTENHHO OTILIN(OBaHA [0
cpezHeit BEICOTHI mepoxoBarocteid 0,04 MKM.

Hanecenue nmokpelTHii HUTpHJA TUTaHA OCYLIECTBISUIOCH HA  ycTaHoBke «Panmyra
criekTp». [IpenenbHoe ocTraToyHOE JaBlIeHHE B Kamepe COCTaBiIsl JIO 2,5'10'3 ITa. JIns
peanuszanuu Meroga IIMM B ycraHOBKE MCHONB3YeTCs BaKyyMHO-AYTOBOW HCHapHUTENb C
1a3MeHHbIM ubTpoM . B kauectBe katoma wucmonbdyercst Tutan Mapku TITH (99,99 %).
YacroTa clieloBaHHs HMITYJIbCOB IIPH ToJa4e cMelleHus Ha mnofinoxky 100 kI'm. Pexum
HMOHHOU OYHMCTKH M HAaHECEHHs] HUTpU/a THTaHa IpeJcTaBiIeH B Tabuume 1.

Tabauna 1. [TapaMeTpbl OYUCTKH M HAHECEHUS HOKPBITUH

Tlapamerpst Tox nyrn, | JaBneHue, Cwmemenne, | Ar, % | Na, % Bpewms,
A Ila B MUH
HonHas ouncrka 50 0,15 -1500 100 0 3
Hanecenne 70 0,75 -100;-200;- 20 80 15
TIOKPBITHS 300

AHayi3 pacripe/ieNieHis 3JIEMEHTOB 110 TOJIIMHE HOKPBITHS IPOBOAMICS METOIOM
ONTHUYECKON SMUCCHOHHOW CIIEKTPOMETPHH IUIa3Mbl Tieromero paspsga (GDOES) Ha
ycranoBke GD-Profiler 2. PeHTreHOCTpYKTYpHBIH aHAIH3 NPOBEAEH HA AU(paKTOMETpe
Shimadzu XRD-7000 (Cu Ka).

Pe3yabTaTsl M UX 00Cy:KIeHHE

PeHTreHOCTPYKTYPHBIN aHAIN3 MOKA3bIBAET, YTO IMOJTy4eHHbIC MOKPHITUS TiNy HMeEroT
KpHCTaUIHuecKylo pemrerky tTuma NaCl. B cimydae OTCYTCTBHS MOTEHIMANA CMEIICHHS
Habmoarotes pediekcel B HampaBieHun 1miockoctd (200) m  (220). Ilpu  yBenuueHun
MOTEHIINAa CMEIIEHHsT TIPOUCXOANT (OpPMHpOBaHHE KyOudeckol (assl HUTpHAA TUTaHA
MIPEeHMYIIECTBEHHO OPHEHTHPOBAHHOW B Hampa BieHumH mmiockoctd (111). Crpyxrypa
peuterkn TiN B HanpaBnenu u (111) sBisiercss Haubonee IJIOTHO YHAaKOBAaHHOM M TpeOyeT
Gonbre oHepruu It (GopMHUpOBaHUS , 4TO obecrednBaeTcsl NOJadel OTPULATENHHOrO
CMEIIeHUS.

Ha puc. 1 mnpencrasieH npoduib pacupesieiieHus SJIEMEHTOB Ui oOpasua
Hepkapetome ctamn 12X 18H10T ¢ mokpeitem  TiNy, HAHECEHHBIM C  HMITYJIbCHBIM
cmemmenneM -100 B . 13 npodmis BHAHO , 9TO COOTHONIEHHE WHTCHCHBHOCTEH CHTHAIOB
THUTAaHA U a30Ta 10 BCEH TONIIMHE TOKPHITHA HU3MEHAETCS  HE3HAYUTENbHO, 4TO
CBHJIETEIBLCTBYET O PABHOMEPHOM DACIIPE/IE/ICHUH 3JIEMEHTOB I10 TOJIIMHE IIOKPBITHUS , @

TaKxKe 0 CTabMIBHOCTH Tporeccos, npoucxoasamux npu [TUN. IMocne pacnbiIeHns TOKPBITUS
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MOSBILSIIOTCS 37eMeHThl mouiokku  Cr, Ni, Fe, sBistrornpecs: 3JIeMEHTaMH JaHHOW MapKu
CTaJIu.
Ha puc. 2 npencrasneHsl npoduin pacrpeeeH s THTaHa U a30Ta it NOKpbIThit TiNg
o HAHECEHHBIX C MOTCHIIHAIIOM CMEIICHHUS
ot -100 no -300 B. Herpyano yBuners
5 CHW)KEHHE MHTCHCUBHOCTH THTaHa |
Ni YBEIIMYCHUEC UHTCHCUBHOCTU  a30Ta €
pPOCTOM MOTEeHIMaNa cMeuleHus . Takum

06pa30M, YBEJIMUCHUC HUMITYJIbCHOI'O

Ti norenirana cmemienus ¢ -100 B go -300

WHTEHCUBHOCTb, OTH. ef.
w
L

14 B conpoBoxia  ercs YMEHBILICHUEM
Fe

o e A~ . COOTHOLICHHSA Ti/N B HOKpHITHH , 9TO

01 02 03 04 05 06 07 08 09 10
TonwwuHa, MKM

Puc. 1. GDOES npo¢uis cramm 12X18H10T ¢ OonbIMM comepkaHueM asora . Kpome

nokpbitTieM TiNy npu umnynbcHoM cmenienun -100 B

TIPUBOJHT K (DOPMHUPOBAHHIO IIOKPBITHH €

TOr0, C POCTOM CMEIICHHUsI HabIoIaeTcs

YMEHBIIEHUE TOJIUHBI MOKPBITHA , YTO 00BsICHSIETCST 00JIee MHTEHCHBHBIM npoueccom

PACTIBUICHHS OKPBITHS
1,8+
6] Ti ) BBICOKOIHEPreTHYHBIMU HOHAMH,
A
S 14 N YCKOPSIEMBIMH 33 CYET OTPHIATEIBHOTO
- A
E 12 \ CMEICHUS.
|
: i
g —— 100V
& 101/ 200V Mopoorus HOBEpXHOCTH
3 08 —— 300V
3 00pasioB € MOKPBHITUAMHM ~ HHTPHAA
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£, ‘ THTaHa, HAHECEHHBIMH IIPH CMEIICHHUH -
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02 | 100, -300 B mpencrasiena Ha puc. 3. Ha
00— T=mse==s===  [IOBCPXHOCTH O0pa3l0B  MPUCYTCTBYIOT

T T T T
01 02 03 04 05 06 07 08 09 10
TonwmHa, MKM MUKpPOKAIIH, KOTOPBIE U MECIOT IIUPO KHi

Puc. 2. GDOES npoduan Ti u N npu pasinuHbIx JMAIIa30H PasMepoB: OT H aHOMETPOBOTO

UMITYJIbCHBIX MOTEHIHAIaX CMEICHUA paSMepa 110 1_2 MKM . MI/IKPOKaHHI/I
00pa3yloTcs B pe3ynbTaTe UCNApeHus Marepualla B KaTOJHbBIX IATHAX 33 CYET BHICOKOM
TEMIIEpaTyphl JTyroBOTO pa3psaa M OCAKAAIOTCS Ha MOMIOKKY [6]. OOmee KoanaecTBO
MHUKPOKAIENb CHIKAETCS C YBEIMUSHHEM IOTEHIHAlIa CMEILCHHUs, YTO HaOII0JaeTcsl Ha PUC.
3 (a,0). Ha puc. 3 (B,r) MOXHO YBUJIETh HaJIMYKE Kallelb pa3MepoM Hopsaaka 1 MKM, Kak At

MOKPBITHSA, HaHECEHHOro npu cMemeHuun -100 B, tak u npu cmemenun -300 B . Tem He

MEHEEC, BUJHA TCHACHIUA YMCHBIICHUS pasME€pa M HKpPOKaleib, pasME€poM 10 1 MM,
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O6pa3yronyecss MUKPOYaCTULBI TIPH JBH)XCHUHU K MOJUIOKKE MOTYT COYAApATHCS C MOHAMH,
YTO MOJKET TIPHBECTH K WX HOHH3AIUM
(TIOOXKUTETBHO 3apsKEHHbIE
MHKPOUYACTHI[BI), KPOME TOTO , OHH TaKXKe
MOTYT 3apsDKaThCsl OTPHUIATENIBHO 33 CYET
JNIEKTPOHOB, 00pasyromuxcs B mia3me [7].
KonkypeHuus stux JIByX IPOILIECCOB
HEMOCPEJICTBEHHO BIUACT Ha IIOTHOCTh

MHUKPOYACTHUIL Ha ITOJIOKKE. HpI/I BBICOKHX

HanpshkeHusX cmemenns  (Beime 100-150

Puc. 3. Mopdonorust nosepxsocts nokpsituii TiNy npu

Hotenmanax evemera: -100 B (ap); -300 B (6,r) D) OHEPrHM  HMOHOB  MOKeT  GhiTh
JIOCTaTOYHO, 4TOOBI HEOOINBIINE MUKPOYACTUIBI B PE3YNbTaTe COYAAPEHHIT HCIIAPHIIUCH JI0
JIOCTVDKEHUS TIOJUIOXKKH.
3akai0uenue

Ipu Hu3kux moteHuuanax cmenierus (oo -100-150 B) dopmupyembie mokpbitust TiNg
HUMEIOT KyOMYecKylo peIIeTKy, OpHUCHTHPOBAHHYIO B HampaBlieHHH IuiockocTd  (200).
HaGmionaercs TeHAGHIUS —~ HEPEOPUCHTHPOBAHUS pENIeTKH B Hampasn eHuu (111)m pu
yBenuueHud notenimana cmemiednss 10 -300 B . Coornomrenne Ti/N B mOKpbITHH
YMEHBIIIAETCs C POCTOM IOTEHIMala CMEIIEHHS B HCCiIeLyeMoM auanasone . Kpome Toro, ¢
POCTOM CMEILCHUSI ~ IPOMCXOIHUT CHIDKCHHE CKOPOCTH  OCAXICHWS IIOKPBITHS , UYTO
o0BscHAeTCS Ooee HHTE HCHBHBIM IIPOLIECCOM PpacIbIICHHS TIOKPBITHS
BBICOKOIHEPTeTUYHBIMUA HOHAMH, YCKOPSIGMBIMH 33 CUCT OTPHIATEIBHOTO CMEIICHHSI.
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Metal-ion Penning source for thin films deposition

J.B. Konoako, I.H. Cunensuukos, A.B. Kasues, A.B.Tymapkun
D.V. Kolodko, D.N. Sinelnikov, A.V. Kaziev, A.V. Tumarkin

National Research Nuclear University MEPhI, Kashirskoe Shosse 31, Moscow 115409,
Russia, e-mail:dobrynya_kol@mail.ru;

Recently, research areas dealing with coating processes in a magnetron discharge with
melted cathode have experienced intensive development [1-3]. In this mode magnetron
discharge is operated in the target's vapour and the plasma in this case is purely metallic.
Despite the main contribution to the deposition process is introduced by the vaporized
(neutral) component, the coating properties are greatly affected by the ion flux [3]. So, it is
important to study the process of deposition by ion flux solely.

Particularly, solving this issue demands creating a source of metal ions. The ion source
must meet certain requirements. First, a beam must be focused for its transportation through a
mass-separator. Second, the beam current density must be high enough (> 2 pA/cm?® in order
to form a 20-nm-thick deposition layer per 3600 s). Besides, the lifetime of the source should
be adequate. The source must be less than 50 mm in diameter (for easy mounting in the
experimental installation). The latter requirement can be fulfilled using a solid-state metal
ions source with a sputtering target [4]. Such sources do not need water-cooling and can be
made practically of any size.

The simplest configuration of the ion source that meets all mentioned requirements is
the Penning plasma source. The absence of the incandescent cathode provides long lifetime.
However, operation of a solid-state source of copper ions needs high-energy ions of working
gas (Ear~ 10 keV) [5]

Design of Penning source of ions was developed. The distinctive feature of this source
is that the permanent magnet acts as an anode and is situated between a cathode and an
anticathode.

Fig. 1 shows the design of the ion source. The source is cylindrical 49 mm in diameter
and 74 mm in length. Discharge voltage up to 5 kV is applied between the anode (magnet)
and the cathode (body). Metal ions are produced through copper target sputtering by working

gas ions (Ar+t).
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Fig. 1. (a) 3D model of the ion source; (b) Drawing of the ion source.

6%
I

The ion source is intended to operate in the pressure range < 10~ mbar and with low
discharge currents <20 mA (due to absence of additional cooling). Under these conditions,
the volume charge has little effect on the electric potential distribution inside the source [6],
thus, the simulation was made neglecting the volume charge.

Calculations of electric and magnetic fields in the designed device were performed
using Comsol Multiphysics. In addition, electron trajectories inside the source were
simulated.

The simulation results show that the direction of magnetic field changes two times
along the symmetry axis between the cathode and the anticathode. This leads to a fact that
large number of secondary electrons (emitted from the cathode and the anticathode) is lost on
the insulators and only those emitted in the axial region remain confined. Thus a discharge
ignition potential significantly increases. This allows producing high-energy ions with small
discharge current. Thus, such ion source design ensures efficient production of metal ions.

The results of calculations have proved that the developed design should provide the
adequate solution for the problem of ion flux deposition, so the ion source has been
assembled. The cathode and the anticathode were made of soft magnetic steel Fe37-3FN.
Permanent Nd magnet has residual magnetic flux density 1.3 T. The insulators are made of
glass.

The investigation of ion source has been carried out on the experimental apparatus
specially designed for determination of small ion source's characteristics. The experimental
installation consists of the chamber with electric feedthroughs, where the source is placed,
gas-flow control system, chamber for emittance measurements, magnetic mass-spectrometer
and optional 90° spherical electrostatic energy analyzer. The ultimate pressure is 4-10°° mbar.
Magnetic mass-spectrometer allows one to separate singly charged ions up to EM < 110
ukeV, where M denotes the ion mass.

Experimentally determined characteristics of ion source are:
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« Working pressure P = 10~~10"> mbar

« Discharge voltage U = 2-5 kV

« Discharge current Igisch = 1-20 mA

« Current on a metal plate 25 cm away from the ion source I, = 50 pA

« Lifetime — 2—4 hours

The lifetime is limited due to insulator covering by a copper film. The insulator area
located in shadow region of the discharge is insufficient for preventing the breakdowns
after ~4 h.

The mass-spectra of the extracted beam have been measured using magnetic mass-
spectrometer. Since the experimental installation is unable to separate high-energy copper
ions (EM ~ 200 ukeV), measuring mass composition up to 70u required decreasing
discharge voltage down to 2 kV. In this case the sputtering efficiency of copper target has
been greatly reduced. However, the stable operation in 5-10 kV discharge voltage range can
be realized once the insulator shape is optimized.

The experiments of measuring energy-spectra of the extracted beam and frequency
response were carried out for studying Penning discharge modes. A shape of energy spectra
versus various parameters were studied.

The solid-state source of metal ions based on Penning discharge has been developed and
built. It meets most of the requirements needed to implement ion beam deposition process.

Ion flux can be further increased by anode elongation and increasing of discharge
voltage. Increasing the height of the insulator wall will greatly improve the lifetime and allow

applying discharge voltages up to 10 kV.
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BJIMSIHUE HOHHOI'O OBJIYYEHHUS HA TAPAMETPBI PEBUCTUBHOI'O
NEPEKJIIOYEHUSA B MIM-CTPYKTYPAX HA OCHOBE OKCUJA KPEMHUS
EFFECT OF ION IRRADIATION ON RESISTIVE SWITCHING PARAMETERS OF
SILICON-OXIDE-BASED MIM STRUCTURES

J1.C. Kopones, A.H. Muxaiinos, A.1. benos, B.A. Ceprees, I.H. Anronos, O.H. I'opikos,
A.IL. Kacatkun, [I.1. Terensbaym
D.S. Korolev, A.N. Mikhaylov, A.L. Belov, V.A. Sergeev, L.N. Antonov, O.N. Gorshkov,
A.P. Kasatkin, D.I. Tetelbaum

Huoicezopodckuii 2ocyoapcmeennsiil yHusepcumem um. H.U. Jlobauesckozo,
np. Facapuna, 23/3, Huscnuii Hoszopoo, Poccus, e-mail: dmkorolev@phys.unn.ru

Influence of H" and Ne' ion irradiation on the bipolar resistive switching
parameters of SiO,-based thin-film memristor structures deposited by
magnetron sputtering technique on the TiN/Ti metalized SiO/Si substrates
has been studied. It is shown that the high-resistance memristor state reveals
high tolerance to radiation exposure, whereas the low-resistance state is
found to be sensitive to both ionizing and defect-producing ion irradiation.

B Hactosimee BpeMs akTyalbHOHW SBISIeTCS 3ajada CO3JAHUS HOBOTO ITOKOJICHHMS
[ePenpOrpaMMHUPYEMbIX [OCTOSHHBIX 3allOMUHAMOIINX YCTPOMCTB, NPHHLMI JCHCTBUS
KOTOPBIX OCHOBAH Ha HCHOJIb30BAHHHU JIBYX YCTOHYMBBIX COCTOSIHHI MaTepuaia (4alie BCero
IIMAJICKTPUKA): COCTOsSHUE ¢ BbICOKMM compotuBieHneM (CBC) u cocTosHME ¢ HU3KUM
conpotuBienueM (CHC), MHOTOKpaTHOe HEpEeKIIOUeHUE MEXKTY KOTOPBIMU OCYIIECTBILSIETCS
IyTeM MPWIOXKCHHS BHCUIHMX HMITYJIbCOB HAMpPSDKCHHUS OINpPEJICICHHOH IOJISIPHOCTH.
3apyOeKHBIM aHAJIOTOM TaKMX 3JEMEHTOB SHEPrOHE3aBHCHMOH PE3HCTUBHOH IaMSTH
sBisitoTest yerpoiictBa RRAM (Resistive Random Access Memory) min Tak Ha3bIBaeMble
mempuctopsl [1]. Oxwumaercs, 4yro B Gumipkaiiiiee BpeMs MaMsiTh Ha OCHOBE MEMPHCTOPOB
MOKET 3aMEHHTh BCIO HEPapXMIO HCIIOIb3YeMOH KOMIIBIOTEPHOH maMsATH (cBepxObicTpas
MHKPOIPOLECCOPHAst KAUI-NIAMSTh — ONIEPATHBHASI AMSITh, JOJITOBPEMEHHAsI IaMSITh, B POJIH
KOTOpO#i ceifyac BBICTYMAIOT xecTkue Auckd win Flash-mamsares). B To ke Bpems, BaKHOM
3aj1a4eil ABIACTCA CO3JaHNE TAKHX YCTPOIHCTB C HOBBIIICHHOH CIIELICTOHKOCTBIO, B YACTHOCTH
CTOMKOCTBIO K KOCMUYECKOMY U peaKTOpHOMY 00JydeHuto. Panee Hamu OBLIO ITOKAa3aHO, YTO
CTOHKOCTb MHUKPOCTPYKTYpP K OOJIy4EHHIO OBICTPBIME HEHTPOHAMH MOXET OBITH IPOBEpEHa
MyTeM OoOJy4eHHs HOHAMH CcpeIHuX oSHepruil [2]. B Hacrosmedl pabGorte ¥ccienoBaHO
BIMSIHHE HMOHHOTO OOJIyYeHHs Ha MHapaMeTpbl PE3UCTHBHOIO IIEPEKIFOYCHHS CTPYKTYP

MeTaul-guIeKTpuK-Metamt (MJIM) Ha ocHOBe OKCHa KPEMHHS.

W3ygaemass TOHKOIUICHOYHAs CTPyKTypa (OpMHpOBanach Ha IPOMBIIIIEHHON

nognoxkke  TiN (25 um) / Ti (20 um) / SiO; (30 HM) / Si,  koTOpas — HCHONMB3yeTCS — MpH
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(opMHUpOBaHUM HIDKHEIl OOKIIAJIKU K OHJEHCATOPHBIX CTPYKTYp B HHTETPaJbHBIX CXEMax.
IMnenka SiO, tommmuoi 40 HM ocaxianack MeronoMm BU -MarHeTpoHHOTO pacmbuICHHUS
MHUIIEHH U3 IUIaBJICHOro KBapua Ha ycranoBke MagSputt 3G-2 (Torr International) B razoBoit
CMECH aproH-Kuciaopon (cozepskanue kuciopopa 50%) mpu AaBiIeHHU 5,6-107 Topp u
Temmneparype mnoioxkkin 400°C. Bepxuue snexrpomst Au (40 HM) HAHOCHIIHCH depes3
JKECTKYF0 MacKy METOJIOM MarHETPOHHOTO PAaCIBUICHMS Ha MOCTOSHHOM TOKe B aTtMmocdepe
aproHa Npu JaBICHUH 5107 Topp u temneparype momnoxku 200°C. Usmepenne BAX
mpousBoamnock Ha mpubope Agilent B1500A, 3Hak HanpsDKeHHsS OPHHHMAICS
COOTBETCTBYIOIIMM 3HAaKy Ha BEPXHEM O3JIEKTpoje (Au) OTHOCHTEIBHO 3a3eMIICHHOIO
HmwkHero anektpona (TiN). Jlnd ycTaHOBIEHHS CTOMKOCTH K HMOHM3MPYIONIEMY H
nedexroodpasyroneMy OOMYYCHHIO U3TOTOBICHHBIE C TPYKTYpHl IOCIEe (OPMOBKH H
onHOKpaTHOTO Tiepekmodenus Mexay CHC u CBC 6bumn o6myuens: monamun H' u Ne' ¢

sHeprueit 150 k3B u pazau4yHbIMU J03aMH B 1Mana3oHe | 101 = 1-10" em.

B ncxomHoM cocTostHMM u3ydaemas MJIM CTpykTypa HpoOsBHIAa XapaKTEPUCTHKU,
TUMHYHBIC I KOHJCHCATOpa C OKCHAOM KpPEMHHs B KadecTBe AudekTpuka. Ilocrme
AEKTPOYOPMOBKH, KOTOpasi OCYLIECTBIUIACH IIyT€M IPWIOXKEHUS OTPULATEIEHOro
HaINpsDKEHUS K CTPYKTYpe, TOK YBEJIUUIJICS Ha HECKOIBKO IOPSIAKOB BelmuuHbl. CTpyKTypa
mposiBiIsIa BocmpousBoaumoe pesuctrBHoe nepekiarouenue (PIT) mexny CHC u CBC ¢
HaNpPSDKCHUAMH TepeKimoyeHust 3-4 B M KOAMYeCTBOM TMEPEKIIOYeHUI TpH MOBTOPEHUH
LUKJIOB W3MepeHust Ooiee 10* [3]. Tummunsie BAX crpyktyp Au/SiO/TiN mocne

971eKTPOYOPMOBKH [OKA3aHBI Ha pHC. 1.

C

CHI
10%E lRESET—
SETT \ F

10°F 8C E

C
<
& 10k \ / 3
l—

4 3 2 41 0 1 2 3 4
HanpsikeHue, B

Puc. 1. Tunnuustii Bug BAX crpykryp Au/SiO,/TiN, noxsepraytsix snexrpopopmoske. SET u
RESET — nepexoast CBC — CHC u CHC — CBC, cOOTBETCTBEHHO.
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Pacuerst ¢ momorupto mporpammbel SRIM (www.srim.org) st u3ydaemoit MJIM
CTPYKTYpHI TIOKa3aJlH, 9TO HeympyrHe (3MeKTpoHHBIE) ToTepu s moHoB H' ¢ sHeprumeit
150 k9B mpumepHO Ha TOPSJOK BBINE, YeM TAKOBHIE I KOCMHYECKHX IIPOTOHOB C
TUMUYHOU Uil HUX dHeprueid 10 MsB. Vmpyrue morepu B ciiydae aehekroodpasyroriero
o6uyuenns monamu Ne' ¢ sHeprueit 150 k5B Ha TpH MopsaKa BETMUHHBI BbILE, YeM Jis
KOCMHYECKHX IIPOTOHOB. B o0ImeMm ciydae pagnanyioHHas CTOMKOCTb MEMPHCTOPOB MOXKET
3aBHCETh OT COCTOSIHHSA, B KOTOPOM OH HAaXOJHUTCA BO BpeMs oOmydeHus. [loatomy moHHOE
o0JyueHHe MPOBOAMIOCH Ui CTPYKTYp, HAXOASLIMXCA Hepe] OONydeHHEM B KakIOM M3
cocrosunit — CHC n CBC. Ha puc.2 mpuBemeHbl 3Ha4eHHs TOKA, H3MEPEHHBIE IIPH
cuuthiBatomeM Hanpspkenun +0,5B B CHC u CBC , B 3aBUCHMOCTH OT  KOJMYECTBa
HepeKyTIoueH il U 036l MOCNIEI0BaTeIbHOr0 06myuenns nonamu H' u Ne'. DxcnepumeHTs
TIPOBOJIMIINCH CleAyroIuM obpaszom. JIo obiydenus ctpykrypsl nepesoamiuck B CBC nmm
CHC ¢ nocnenyromuM H3MEpeHHEM TOKa IPH CUMUTHIBAIONIEM HANpPSDKEHUH, IMOCIE 4Yero
CTPYKTYPbI OOJY4alIMCh C ONPEIEICHHON M030M M CHOBA IOJBEPrallCh NCPEKIIOYCHUIO U
H3MEpeHHUIO (5 IUKIOB MEPEeKIIOUEHNs), Jajee POBOIMIOCE Cleaytoniee o0IydeHHe H T. 1.
(o3I yKa3aHsl Ha puc. 2). HezaBucumo ot Toro, npou3Boamwiock i ooayuenne B CHC wmn
CBC, B mpeobiamatomieM OONBLUIMHCTBE LUKIOB HE HAOMIOJAJIOCh CYIIECTBEHHOTO
HN3MEHEHHs TOKOB B OOOMX COCTOSIHMSAX A JI IPOTOHOB BIUIOTH JO MaKCHMAaJIbHOW
ucrons3oBannoi  1o3er (1-10' cm?). B ciyuae momo Ne' amamormumas cuTyamms
Habmogaercs st TokoB B CHC, Takke BIUIOTH 0 MaKCHMAIbHOW O3B (3,3~1015 om?).
3aMeTHM, 4TO IPU YKa3aHHBIX 103aX MHTErpajbHbIC 3HAYCHMS DHEPIUil, 3a TpauHMBaeMbIX Ha
HEyHpyrue TIOTEPH HEMOCPEJCTBEHHOy  IOBEPXHOCTH, pPaBHBI JUli O0OOMX THIIOB

HCIIOJIb30BAHHBIX HOHOB.

AU/SIO /TiN/Ti/SiO,/Si - H" (150 kaB) AU/SIO JTiN/Ti/SIO,/Si — Ne” (150 kaB)
N I T T ! — T
110"} 140%; 1.10" ! 110" 110" 110" 10 E6es o6n.i 3.310° | 3.310' | 3310
10° 10° (@]
< <
o O O6n.e CBC o,
o 10°F O 06n.8CHC o 107 e} ©
- - 0
o o @d A
g 10° 3 10} oo
c c O o
5 5 oFF
= 10° F10°p G000 O 06n.sCBC
O 06n.8 CHC
10’7 L L 1 L L L L L L L 10’7 1 1 1 L 1 1 1 1 L 1 L
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 0 5 10 15 20 25 30 35 40 45 50 55 60
Konu4ecTBo LMKNOB NepekoYeHns Konn4ecTBo LIMKNOB NepeknoyeHns

Puc. 2. 3aBucumocts conporusienus B CHC u CBC ms crpykrypst Au/SiO,/TiN B 3aBUCHMOCTH OT
10351 061yuenns nonamu H' (a) u Ne* (6).
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Tlocne o6myuennst mempucropa BCBC B OTHENbHBIX Clly4asX HaOMIOAATNCH
nepexmodyenuss B CHC Juis Toro M Jpyroro Bujaa HOHOB; OjHakKo, coctosiHue CBC
BOCCTAHABIMBAJIOCh IIPU IOCIEAYyIOIeM IuKIe mepekmodeHus. IIpuponma ciaydgaiiHOrO
PE3UCTUBHOIO IIEPEKIIOYCHHS NIPH OONYYEHHM IOUICHKUT AAJbHEHIIEMY H3y4EHHIO: OHa
MOXET OBITH OOYCIOBJIEHa KaK BBICOKUMH IIOTEPSIMH DHEPrHH HOHOB HA HOHHU3ALHIO
(HaKomIeHWe 3apsfa), TAK M BO3MOXKHBIMH JIOOOBBEIMH YIPYTHMHU CTOJIKHOBEHHSIMH C
aToMamMu B Ookcuzae ((OpMHpOBaHHE aTOMOB OTAAYH M COOTBETCTBYIOIIMX PaJHALMOHHBIX
nedextos, uTo Gonee BbIpaxeHo mIi uoHOoB Ne'). B ciyuae o6myuenus momamu Ne'
HaOmonaeTcss  ferpajamus napamerpos CBC (YMEHbBIICHHE CONPOTUBICHUSA) MPH
MaKCHMAJIbHO# [I03€, YTO, T0-BUIUMOMY, CBSI3aHO C HAKOIUICHHEM PaJHALMOHHBIX 1e(EeKTOB

B OKCUHOM MaTtepuaie.

Tpupona HaGmomaemoro BocnpousBoguMmoro oOumnonsipHoro PIT B TOHKOMIEHOYHBIX
MEMpPUCTOPHBIX CTPYKTypax Ha ocHOBe SiO, MoxeT OBITh CBA3aHA ¢ (HOPMHPOBAHHEM H
JIOKAJTbHBIM OKHCIICHHEM KPEMHHEBBIX MMPOBOIINX HUTEH (pumamentoB) BHyTpH cios SiOy
[3,4]. Takue uIaMEHTHI, NONyYECHHBIC IPH pa3pbiBe cBs3el Si-O Mo AeicTBUEM CHIBHOTO
JICKTPUYECKOTO TI0JIsL, YCTONYMBEI K Bo3zaeiicTBrio obmydenus B CHC, Toraa xak JokaibHas
JIMBJICKTPUYEcKas Mpocioika, GopMupyeMas IpHU OKHCICHHH (HIAMEHTA MOJ ACHCTBHEM
JJIEKTPUYECKOTO TIOJIS, MOXET OBITh YyBCTBHTENbHA KaK K HOHU3MpYIOLIEMY, TaK H
nedexroodpasyroneMy  OONydeHHIO, 4YTO MPOSBISIETCS B  HEKOTOPOH  Jerpajanid

xapakTepuctuk crpykryp Au/SiO./TiN B CBC.

B 1enom, noHHOE 00Ty4YeHHE MPOTOHAMH U MOHAMU HEOHA CPEIHUX SHEPIUil BBISBIIO
BBEICOKYIO CTaOMIIBHOCTB ITapaMeTPOB PE3NCTHBHOrO IepeKioueHus cTpykryp Au/SiOy/TiN.
Iomy4yenHsle pe3ynbTaThl MO3BOJSIOT IPENCKA3aTh BBICOKYIO CTOMKOCTh MEMPHUCTOPHBIX
cTpykTyp Ha ocHoBe SiO, K MOHM3UpyROUIEMY U AeheKTooOpasyrolemMy OOIy4YEeHHIO, YTO

Ba)XHO IJIs1 U3rOTOBJICHUA yCTpOﬁCTB B pannaunonﬂo—cmﬁxom HCIOJIHCHHUH.
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Surface and interface effects of annealing Zr thin films on 6H-SiC in vacuum

E.G. Njoroge*, C. C. Theron ", J. B. Malherbe”, N. G. van der Berg " and T. T. Hlatshwayo :

*University of Pretoria, Pretoria, South Africa, e-mail:eric.njoroge@up.ac.za ;

1. Introduction

Silicon carbide (SiC) has various applications in different technological fields as a structural
material and a semiconductor. SiC possesses superior properties such as wide energy band-
gap, chemical inertness, high hardness, high electrical field breakdown strength and high
thermal conductivity [1]. It acts as the main diffusion barrier of fission products in coated
particle fuels such as the pebble bed modular reactor (PBMR) and is used in metal-ceramic
composites for high temperature applications. Since SiC is also a large band gap
semiconductor, it is envisaged to be used in high power, high temperature and high frequency
electronic applications. Zirconium is a high yield fission product in nuclear fuel applications
such as TRISO and M3 fuels. It is used as the metal matrix in M3 fuels which have TRISO
particles scattered within Zr and also as the metal in ceramic composites. This metal also has

attractive properties for electronic applications [2], [3].

In these applications the Zr/SiC interface is brought to high temperatures either during
fabrication or applications stages. Under these conditions solid-state reactions between Zr and
SiC are bound to occur. Previous investigations on the solid-state reactions between Zr and
SiC have involved bulk Zr metal in contact with SiC. These experiments were performed at

high temperatures and the reaction products reported by various authors differ [4], [5].

Since phase formation in thin films is known to differ from bulk diffusion couples, work
presents results of investigations of the solid-state reactions between thin Zr films and single
crystalline 6H-SiC substrate. The initial reaction products to form are identified and the

surface topography evolution are discussed in the temperature range of 600—1000 °C.

2. Experimental

Samples with standard thickness of Zr thin (130 nm) films were prepared by sputter
deposition technique on 6H-SiC substrates. These samples were annealed between
temperatures of 600 and 1000 °C for durations of 30 minutes under high vacuum conditions.
The films were characterized by standard techniques, such as X-ray diffraction (XRD),

secondary electron microscopy (SEM), atomic force microscopy (AFM) and Rutherford back
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scattering spectrometry (RBS). RBS analysis was performed to determine the deposited layer
composition and thickness as well as the thickness of the reaction zone. Surface morphologies

were examined using SEM, and surface roughness was examined using AFM.

3. Results and Discussion

The RBS results indicate that the as-deposited spectra fit well with those annealed at 600 °C,
thus showing there were no reactions taking place. RBS spectra of as-deposited and annealed
samples were analysed using RUMP simulation software. The thickness of the as-deposited
Zr film was calculated from RBS spectra from RUMP simulations and was found to be 133
nm. The overlay of RBS spectra from the as-deposited and annealed samples at 700 - 850 °C
for 30 are given in Figure 1. A reduction in the Zr peak height can observed with increasing
annealing temperature compared to as-deposited spectra. After annealing, the back edge of the
Zr signal has a progressive shift towards lower energy channels. The lower edge of Si step
starts to progressively shift towards Si surface channel with increase in annealing duration.
The upper part of the Si edge was observed to further shift towards lower energy channels.
The step on the Si edge continues to grow towards the Si surface channel position and deeper
into the substrate, indicating that interdiffusion is taking place at the Zr/SiC interface and

lateral growth of the reaction zone.
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Figure 1: Overlay of as-deposited raw and simulated spectra with spectra of samples
annealed from 700 to 850 °C.

The plot of square of reaction zone thickness versus temperature in the range of 700 to 850 °C
displays a linear relationship as seen in Figure 2. Very high reaction rates were observed at

high temperature annealing.
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Figure 2: Plot of thickness squared versus temperature for samples annealed at 700 — 850 °C.

SEM and AFM images in Figures 3 and 4 reveal that the as-deposited Zr thin films had a
granular surface which are uniformly distributed and have nearly the same size. The granules
are closely packed and the SiC substrate is fully covered by the Zr thin film. There is clear

absence of pores and other surface defects in the film.

Figure 3: SEM micrographs of as-deposited and sample annealed at 850 °C for 30 minutes.

The average granule diameter was observed to reduce after annealing. The root mean square
roughness R, values of as-deposited and sample annealed at 850 °C were 1.65 nm and 3.13
nm respectively. These values were observed to reduce after annealing at 700 °C for 30

minutes and increased with increasing annealing durations.

Z oo 200 = glaolo

Figure 4: AFM images of as-deposited and sample annealed at 850 °C for 30 minutes.
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The XRD results revealed that sputter deposited Zr thin film was polycrystalline. At
temperatures of 700 °C and above, Zr reacted with the SiC substrate and formed a mixed
layer of Zr carbide (ZrCy) and Zr silicides namely; ZrC, ZrSi, Zr,Si and ZrsSi3(Cy). Annealing
at 850 °C for 240 minutes revealed that all the deposited Zr had completely reacted.

as-dep

700 °C 30m
760 °C 30m
800 °C 30m
850 °C 30m
850 °C 240m

y (AU)

intensit

20 30 40 50 60 70 80 90 100 110
2-Theta

Figure 5: Overlay of XRD diffraction patterns of samples annealed at 700, 760, 800 and
850 °C for 30 minutes.

The effective heat of formation model was tested and applied to the Zr/SiC system. The
results obtained in this study were found to fit well with the model. The EHF model predicted
ZrC and Zr,Si as the initial phases to form at the Zr/SiC interface and this was confirmed

experimentally.

Conclusion

The initial diffusion process involved diffusion of Zr into SiC substrate. Thereafter Si and C
were observed to diffuse into Zr while Zr diffused into SiC. The first silicide phase to appear
in the reaction zone after annealing at 700 °C for 30 minutes was Zr,Si which was found to
coexist with ZrC. Annealing at higher temperatures, more silicide phases were observed and

these were Zr,Si, ZrSi, ZrSi, and ZrsSis.
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W3MEHEHMSA TEKCTYPBI INTEHKH IJTATUHBI ITPA HOHHO-TIJIASMEHHOM
OBPABOTKE
CHANGES OF PLATINUM FILM TEXTURE CAUSED BY ION-PLASMA
TREATMENT

P.B. Cemoxkos, B.B. Haymos, 1.11. Amupos
R.V. Selyukov, V.V. Naumov, L.I. Amirov
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Platinum films were exposed by ion-plasma treatment with ion energies in
range of 25-200eV. The textures of treated films were investigated by
XRD methods. It was shown that quality of texture decreases under the
influence of ion bombardment with ion energies above 40 eV. Plasma
induced heating of film improves the texture during treatment. This
improvement is caused by platinum recrystallization.

TonukpucTamIndecKue IUIATHHOBBIC IUICHKH HAXOMSIT HPUMEHEHHE B MHOTOCIOMHBIX
CIIMH-BEHTHJIBHBIX CTPYKTypax B KauyecTBE CIHeWCepHbIX cioeB [1], a Takke B KayecTBe
HIDKHEr0 3JIEKTPOJa ¥, OJHOBPEMEHHO, BEPXHEro CIIOSl MOIOKKH B CTPYKTypax C
OMHAPHBIMH IONYIPOBOAHUKAMH [2] U cernerosnekTpukamu [3]. Bo Bcex aTmx cimydasx
BO3MOXKHOCTb YIPABISIEMO MCHSTh TEKCTYpPY IUICHKM IUIATHHBI BO BpEMsl HJIM HOCIE ee
HAHECCHHUS TI03BOJIUT KOHTPOJIUPOBATh CTPYKTYpY M CBOMCTBA BBIPAIIMBAECMBIX Ha HEH
aKTHBHBIX  obOnacteil. OpmHEM W3 CHOCOOOB  M3MEHEHHS  TEKCTYpHI TOH  KHX
MOJIMKPUCTAJUIMYECKUX IUICHOK SBJISCTCS MOHHO-IUIa3MEHHas 00paboTka, MPOBOAMMAS BO
BpeMsi pocta IuieHkH [4, 5]. B HacToseld paboTe ¢ MOMOLIBIO aHAIN3a MOMIOCHBIX (UTYp

TTaTUHBI [3, 6] H3y4aJIOCh U3MCHCHUE TEKCTYPhI Pt TUICHKH, NPOUCXOAALICE B pa3iIMYHbIX

YCIOBUAX HMOHHO-TIJIA3MEHHON 06pa6OTKI/I, BBITIOJTHSIBIICHCS TTOCIIE €€ HAHECEHUSI.

Ucxomnas m nenka Pt tonmmnoi 100 nm HaHOCHIAch Ha I JACTHHY OKHCJICHHOTO
MOHOKpHcTaITHIeckoro kpemHust KO®-4,5 (100) MeTonoM MarHeTPOHHOTO DPACIIBUICHUSL.
B0 BEIpalieHO fABa THNA MCXOAHOH IUICHKH: HEpBHIM THUII B BIpalUBajcs O€3 HOHHOU
CTUMYJISILIMY, TIPEACTABIISIONICH co0ol OOMOapAMpPOBKY HMOHAMH aproHa MHOBEPXHOCTH
pactymieit IieHkd. Bropoii Tum BeIpamuBaics ¢ HOHHON cTUMyJsiueit [5], oOycnoBieHHoH
HaJIMYUEM Ha MOUIOKKE IOCTOSHHOro mnoreHuuana 15 V. Ilocnenyromee pacnblieHue
MJaTHHBI B aproHOBOM IUIa3Me NpoBoAuau B peaktope BU -uHaykimoHHOro paspsia.
[I10THOCTH MOHHOTO TOKA BO BpeMs 3TUX 00paboTok Oblia 7,4 mA/cm?. PacnisuieHHe MICHKH

MPOBOJIMIIOCH B JWANa30He CPeAHMX sHepruil moHoB 25 -200eV. Kaxnas obGpaborka
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MPOJIOJDKAJIACh, IIOKA IUIGHKAa HE YTOH sack A0 TonmuHbl 50 nm; BpemeHa 00paboOTOK
coctaBisuta 10 - 500 s. Bpemst 00paOoTKH 1pu SHEPTUH HOHOB 25 eV, Koria pacibUIeHHs He
npoucxoauno, coctapuao 300s. PacmbuieHHE B KaXAOM DPEXHMME TMPOBOIMIOCH KaK C
OXJIXK/ICHHEM KPEMHHEBOI MOIOKKH O KOMHATHOM TEMIIEpaTypsbl, Tak U 03 OXJIaXACHH,
YTO NPHUBOAMIO K HarpeBy mieHku 1o 200°C - 250°C. [na uccieqoBaHus BIHSHMSA Harpesa
TUIGHKH Ha TEKCTYPY IPOBOAMIICS BaKYyyMHBIH OT/KHUT HCXOIHBIX 00pa3IoB NPH TeMIIepaType
500°C. J[dudpaxrorpammbl ¥ nomocHble ¢Gurypsl  iatuel  (111) cHumamuch Ha
pentrenoBckoM audpakromerpe JIPOH-3M. Hcmonp3oBanack craHAapTHas METOAUKA

CHEMKH MOTIOCHBIX (HUTYp, ONHCAaHHas B [6].

TlomocHble (GUTYpHl CBHAETEIBCTBYIOT, YTO IUICHKH, HCXOJHBIC H IOABEPTHYTHIC
PACIBUICHHIO, IMEIOT aKCHAJIbHYIO TEKCTYPY, TAaKiKe BO BCEX CIIy4asX OCh TEKCTYPbI OCTaeTCst
TIEPHEH/IUKYIAPHON TUIOCKOCTH IUIeHKH. [Ipy 3TOoM OBLIO HaWAEHO, YTO MOHHO-ILUIa3MEHHAs
00paboTKa MEHSET yroi PacCesHUs TEKCTYPbI; Ul UCCICAOBAHUS BIMSHHS PACIBUICHHS HA
BEJIMYMHY JAQHHOTO YIJIa PacCMaTPUBAIUCH 3aBHCHMOCTH YCPEAHEHHOH IO YINy BpalleHHUs
obpasua u HTeHcuBHOcTH muka (111) or yrna Hakiaona obOpasua. CyMMHpOBaHHE IO yIITy
BPAIICHUS] IPOBOAMWIOCH, YTOOB! YCTPAHHUTh BIMSHUE OTKJIOHEHHI OT aKCHAIBHOW TEKCTYPHI
Ha pe3yJbTaThl. B KauecTBe yria paccesHus TeKCTYpbI Oblia BeiOpana nonymupuaa (FWHM)

COOTBETCTBYIOLLIETO HpO(i)I/IJ'Iﬂ JIaHHOW 3aBUCHMOCTH.

W3 rpadukoB, nprBeeHHBIX Ha pUc. la 1 1b BUIHO, YTO HOHHO-IIa3MEHHas 00paboTka
C OXJIQK/ICHHEM IOATOXKKH IPH JHEprusix HOHOB 25 m 40 eV He oKa3bIBaeT 3aMETHOIO
BIMSHUS Ha TEKCTYpY IUICHOK O0OMX HMCXOJHBIX THIOB. PacmbuieHue ¢ sHeprueit 65 eV B
000HX CITydasX YBEIHYHBAET yroJl PacCesHHs, YTO TOBOPUT 00 YXYAIICHUH TEKCTYpHI IO
CPaBHEHHUIO C UCXOTHBIMH 00pa3liaMH. DHEprus, COOOMIEHHAs eHHHIE IUIOIa i IUICHKH, B
MOCJICZHEM cilydae paBHa 58 J/em? (Bpemst o6pabotku - 120 s), a mpu 40 eV - 150 J/em?
(Bpemst oOpabotku - 500s). PasHas 3QdeKTHBHOCTD ITHX [BYX DPEKHMOB PACIIBUICHUS
yKa3pIBaeT Ha Haiauuue mnopora okono 40 eV y 3aBHCHMOCTH yIila PAacCesHUs] TEKCTYPHI OT
9HEPrUH HOHOB (TIOPOT Pa30pPHEHTALNH), YTO MPUMEPHO COBIANAET C IOPOrOM PAaCHbUICHHS
IUIATUHBI HOHAaMH aproHa [7]. VXy[lIeHHe TEKCTypbl MOXKHO OOBSCHHTH TeHepauueil u
B3aMMOJICHCTBHEM PaJMallHOHHEIX Te(EKTOB ¢ MEK3EPCHHBIMU I'PaHULAMH, IPHBOIAIINM K
ZPOOJICHHUIO 3epeH M UX Pa3OpHEHTallMH JApYr OTHOCHTENBHO Ipyra. B pabore [8] mpu
pacCIBUICHHH  IOBEPXHOCTH MOHOKPUCTAUIOB cepedpa B  YCIOBHAX, CXOJIHBIX C
HCIIONB30BAaHHBIMU B JaHHOH paboTe, HaOMO#aNOCh OOpa3oBaHHE B IPHIIOBEPXHOCTHOU
o0JlacTH KpPHCTAIMTOB C OJHOW M TOH )€ OpHEHTanuel, OTIMYHON OT TaKoBOH s

HUCXOTHOTO KpHCTaula. JTO OOBSACHIOCH T€HEepalueld TOYeYHBIX Ae()EKTOB NMPH HOHHOM
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60MOapAUPOBKE U UX B3aHMMOJCHCTBHEM APYT C APYrOM H C JUCIOKAUMSIMHU KpucTawia. [lpu
HMOHHO-ITA3MEHHOW 00paboTKe IOJIMKPUCTAJUIMYECKOH IUICHKH, BEPOSTHO, HPOUCXOJST
MIOXOXKHE MPOIECCHl, HO MOSBIIOMUECS KPUCTAUIUTHI OPHUCHTHPOBAHEI I10-Pa3sHOMY

OTHOCUTEJIIBHO OCHU TEKCTYPBI.

VY 000X THUIIOB HCXOIHBIX 00Opa3loB, 00pabOTaHHBIX MpU dHepruu HoHOB 200 eV,
TeKCTypa HECKOJIbKO JIydllle II0 CPaBHEHHIO C 0Opasnamu, 0O0paOOTaHHBIMHU IIPH SHEPTHH
65 eV. DTO MOXKHO OOBSICHUTH Pa3HBIM KOIMYECTBOM JHEPIUH, IEPEIaHHOH IUICHKE B HTUX
nByX pexumax: npu 200 eV - 15 J/em? (Bpemst 0oOpaboTku - 10's), a mpu 65 eV — 58 Jem?®.
IIpu npeBbIIeHNH TOPOTa Pa3OPHUCHTAMU 3HA4YCHHE yIJIa PACCesTHUS TEKCTYPBI JIOJDKHO
ONpenensaTbesl B OOMNbIICH CTENEHN HE CPEAHEH SHepruell MOHOB, a SHEPrheH, COOOICHHOMH

IIJICHKE.

Houno-mna3mennas o0paboTka 0e3 OXNTaXICHHS MOMJIOKKH IUICHKH IUIATHHBI,
BEIPAIICHHOH 0€3 HOHHOM CTUMYJISILVH, HPHBOAMT K YIYYNICHHIO TEKCTYyphl HPH BCEX
SHEPrusix MOHOB N0 125 eV BKIOYNUTENbHO. BeposSTHOW MPUYMHOI 3TOrO SBJISETCS HAarpeB
o0pasiia, KOTOPBIH NPUBOAUT K PEKPUCTAIUIU3ALUHY IUICHK. B Xozie 3TOro0 mporecca B IUICHKE
YMEHBIIAETCs KOJIMYECTBO AE(PEKTOB, B TOM 4YHCIE, KPHCTAUINTHI, OPHEHTUPOBAHHEIC
OTJIINYHO OT  OCHOBHOH TpYyNNEI 3epeH, OyAyT IOINIOIATECS JPYIMMH 3€pHAMH H
HepecTpanuBaThCs TaK, YTOOBI yMCHBIIMJIACH Pa3OpHEHTAIMs 3epeH B IuieHke. C  Jpyroi
CTOpOHBI, OoJbIIas YacTh Oe()EeKTOB, BHOCHMBIX OOMOApIHPOBKOH ¥ CIIOCOOCTBYFOLINX
Pa30pHEHTALNH, YCIEeBAET 0TxKedbCs.. OTKUT HCXOTHOTO 00pa3na, BEIPAEHHOro 0e3 HOHHOU
CTHMYJISILIMY, TIPOBEJICHHBIH B Bakyyme npu temmeparype 500°C B tedenue 30 min, Takxke
MIPUBOJUT K YJIyYIICHUIO TEKCTYPHI, IPUMEPHO B TOIf JK€ CTENEHH, YTO U HOHHO-IUIa3MEHHasI
obpaboTtka. CpaBHeHHe 5Toro 3¢dexTa ¢ BIMSIHHEM HOHHO-IUIA3MEHHOH 00paboTKu Ha
XOJIOJHYIO IUICHKY IOKa3bIBACT POJIb TEMIICPATyphl B YIYULICHHH TEKCTYPbI IJIS JQHHBIX
o0pasuoB. [lysi UICHKH IUIATHHBI, BBIPAIICHHON C MOHHOW CTHMYJISALMEH M MOABEPTHYTOH
pacmpUIeHHIO 0e3 OXJaXICHWs IIOJJIOXKH, JI1 BCEX OJHEPrHii HMOHOB HaOmomaercs
YXy/ILIEHNE TEKCTYPbl. ITO MOKHO OOBSCHUTH UCXOJHOM BBICOKOH CTENCHBIO YIIOPSI0UCHHS,
JOCTUTHYTOH emie B Mpolecce ec¢ BblpalMBaHMs. PaJuallMOHHBIC HApyLICHUS
KPHCTAUINYECKON CTPYKTYpPbI, KOTOPbIE HE OTXKHUTAIOTCS IIOJHOCTBIO BO BpeMsl 00paboTKH,
CIOCOOCTBYIOT YXYIUIEHHIO TEKCTYphl. OTXKHUT B BaKyyMe UCXOJIHOH IIGHKH 3TOTO THIA He
yIydIlaeT €€ TEeKCTypy,d TO TAKXKE MOKHO OOBSCHUTH [IOCTHKCHHEM HAHMOOIBIIEro
COBEPIICHCTBA CTPYKTYpbl BO BpeMs HAHECEHHs IUICHKH. MakCHMaJbHOe YXyJIICHUE
TEKCTYpBI B OKCIIEpHMEHTe 0e3 OXJIaXKACHUS MOUIOKKH UL 0OOUX THIIOB MCXORHOI IIEHKH

MPOMCXOAUT NpU SHeprur MOHOB 180 eV. DTOT MakCMMyM MOXHO OOBSCHUTH MajbIM
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BpeMeHeM o00pabotku (10s) 3a KOTOpoe pPEKpUCTAIM3ALMs, IPEINOI0KUTEIBHO, He
yCIIeBaeT IPOWTH, JIMOO H € YCHEBaeT HarpersCsi IUICHKA. B TO ke BpeMs CKOpOCTb
o0pa3oBaHusi Ae(pEKTOB B HECKOJNBKO pa3 BBINIC, YeM B ClIydae HH3KOIHEPreTHYCCKOM
60MOapAUPOBKH, MOITOMY TEMIIEpaTypa IUICHKH HEAOCTATOYHA M I(P(HEKTUBHOrO OTHKHIa

9TUX Ae(eKToB.
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Puc. 1. 3aBucuMOCTH yria paccesHHs TEKCTYpbl OT CpeiHei sHepruum uoHoB. Ha puc. la u 1b
MOKa3aHbl 3aBHCHMOCTH JUIS TUIATHHBI, BBIPANIEHHOH O0€3 MOHHOH CTUMYJAIMA U C HOHHOH
CTUMYJISIIMEH COOTBETCTBEHHO; Ha Kax<JoM rpaduke: | - paciblIeHHe TICHKH Ha Topsieii MoJUIoKKe,
2 - pacIbUICHHE IUICHKH Ha XOJIOJHOH TOJUIOXKKE, 3 - HCXONHAas IUICHKA, 4 - IICHKA, OTOXOKCHHAS B
Bakyyme nipu 500°C.

Taxum 06pa3om, OBLTO HaWIEHO, YTO HOHHO-TIA3MEHHAs 00pabOTKa XOIOIHOM MIICHKH
YXYAIIaeT ee TEKCTypy, IpUdYeM 3aBHCUMOCTH JTOrO IIPOLECCa OT SHEPrUM HOHOB HMEET
TIOpOT, TIPUMEPHO COBMANAMOIINA ¢ moporom pacmbuieHus. Harpes mnenku o 200°C Bo

BpEMs pACIIBUICHUSA YIIydIIaeT €€ TEKCTYPY, YTO O6yCJ’IOBJ’IeH0 perI/ICTa_]'IJ'II/I?)aLII/Ieﬁ TIJTAaTUHBI.
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KOMIIVIEKCHOE UCCJEJOBAHUE MUKPOYACTHUL, OCAXKAEHHBIX U3
TIJTA3MBI JYTOBOI'O PA3PSIIA HA CTEHKAX BAKYYMHOM KAMEPHI
INTEGRATED RESEARCH MICROPARTICLE DEPOSITION FROM ARC
DISCHARGE PLASMA ON THE WALL OF THE VACUUM CHAMBER
H.A. CmonanoB

N.A. Smolanov

Hnemumym gusuxu u xumuu, @I'EOY BIIO «MI'Y umenu H.I1.Ozapesa,
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The research element, particle size and phase composition of the microparticles in the form of
soot structures. They were formed on the walls of the vacuum chamber of the low-
temperature plasma arc discharge. Described their surface morphology, microstructure,
magnetic properties (EPR - spectrometry) TGA results, DTA, IR - spectroscopy. A possible

mechanism for the formation of fractal particles.

Beenenne. M3BecTHO, YTO METAUIMYECKHE KaIUIM JYrOBOTO paspsija, MOKHIAOLINE
KaToJ, MHTCHCHUBHO HCIIApSIOTCS M IPEBPAILAIOTCS B IUIa3MEHHBIC OOpa30BaHHS yXkKe B
HETIOCPEICTBEHHOH OJIM30CTH OT MOoBEepXHOCTH Katoza [1,2]. IIpu nBmkeHNH KaIli B IOTOKE
IUIa3Mbl BHYTPH HEE MOXET IPOUCXOANTH KOHBEKTUBHBIH MacCOMEPEHOC, KAl HCIBITHIBACT
JaBJIeHHEe IIOTOKOB MOHOB U JJIGKTPOHOB, a B HEKOTOPHIX CIIy4asXx BO3HHMKAeT BpallCHHE
Kamenb M HMX paspyleHue (B3pbiB). IIbIIeBble YacTHIBI K3 IUIA3MEHHOTO IMOTOKA MOXHO
pasnmenuth Ha 2 rpynmbl. [lepBas rpynna - (MeIJICHHBIE) - OcelaeT BONM3M KaToJa W Ha
MOJUTOKKAX B KaMepe B BUJE KaleNIbHOH (paKIMK IUIa3Mbl, CO3aBasi 1eQEKTHYIO CTPYKTYpY
IeHKU. Bropas rpymnma gacThil - ObICTpBIe HOHBI H MEJIKHE KaILTH, 00pa3yeMble B KaTOJHOM
[SITHE TPU SMUCCHH, CO3JAIOT IIPH B3aUMOJACHCTBHH CO CTCHKAMU BaKyyMHOH KaMepsl
CTPYKTYphl pa3iauuHbiX (opM M pa3mepoB. OHM M SBISIOTCA HPECAMETOM H3YYCHHS B
Hacrosniei padore.

Lenb padoThl - HCCIENOBAHUE CTPYKTYPhI M CBOWCTB MaTepUaioB, OCAXKICHHBIX H3
IUIA3MEHHOT'0 ITOTOKA JyTOBOIO pa3psija Ha CTCHKAX BaKyyMHOH KaMephl.

MeTtoapl mosiyueHHs1 M HccaenoBaHus. lccieayemble NMOPONIKM B BHJAE Ca)XEBBIX
CTPYKTYp TIOIydYalH B Mpolecce ocaxJaeHHs TOHKHX BakyyMHBIX Ti(N,C)-mokpeiTuii Ha
ycranoBke HHB-6.6114. npu cieayromux TEXHOJOIMYECKUX PEXUMaX OCAKIACHHS | TOK JyT'H

— 75A, norenuman cmenienus: — 200-250B (mpu pazorpese n noHHO# ourcTke —(500-600 B).
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Marepuan k arona — TuTaHoBbli cmaB BTI1-0. B kauectBe yriepoaconepixaluei
KOMIIOHEHTBI HCIIOJIb30BAJICS  AIIETHJICH, II0JlaBaeMBIi B 00JacTh JyroBOro paspsia
TUTAHOBOH mna3Mel. JlaBieHue cmecu azota u anetwieHa — 0.01-0.05 Tla. Mccrnemyemsrit
MOPOLIOK M3BJIEKAIM CO CTEHOK BaKyyMHOH KaMephl IbIJIECOCOM U IOJBEPrald MarHHUTHOM
cernapauyy B nose ¢ HanpspbkeHHocTsro 10003. Ilpu uccnenoBaHuM HUCIONIB30BAaH KOMIUIEKC
METOJIOB U 00opynoBanus [3].

Pesyabrarsl. Mopdoaorus nosepxHoctu. CTpyKTypa MbUICBBIX YaCTHII, OCAKACHHOMN
Y3 IJIa3Mbl JTYrOBOTO METaUIMUECKOrO pa3psja Ha CTEHKaX OXJaXKAaeMOH BaKyyMHON
KaMepbl, MPEJCTAaBIsIeT KOHITIOMEpaThl B3aHMOACHCTBYIOIIMX dacTHI[. YacTHUIBI HMEIOT
CIIOXKHYIO CTPYKTYPY H B I€HCTBUTEIBHOCTH SABISIOTCA PE3yJIbTaTOM 00BbEAUHEHUS OOIBIIOTO
YHCJIAa MAJIBIX YaCTHLl HAHOMETPOBOIo pa3mMepa (puc.1).

ITonoGHast meuTE («MeTaJIMYecknii cHer» - akazemuk b.b. KamommeB) ¢ pa3mepom
yactu ot 10 no 1000 MM (GopMupoBaiach B pe3yibTaTe BOAOPOIAHOTO OXPYMYMBAHHS
HepIKaBEIOLIEeH CTalM NPH dKCIUTyaTtauuu Tokamaka [1o0yc-M [4]. HacTuipl HepkaBerome

CTaJIi CTAHOBWJIMCHh MarHUTHBIMU ITPU IUIABJICHUU €€ YHUIIOJISIPHBIMUA MUKPOAYTaMHU.

7 L W ~ gy ) s

Puc.1. CTpyKTypa MHKPOYACTHII, IOTyYCHHBIX H3 Puc.2. Mop¢osorus IICHKY U3 YaCcTHII,
I1a3MBI TyTOBOTO paspsijia OCaKJICHHBIX Ha CKOTY B MECTE yJapa Kallan

IIpu ocaxxaeHUM Ha CKOTY YaCTHLbl CO3JIaBaJIM IJIEHKY C Pa3BUTOM MOBEPXHOCTHIO. Bua
MIOBEPXHOCTH IICHKH B MECTE Pa3pyIIeHHs CKOTYA KaIulel oka3aH Ha puc.2.

JucnepcHocTh MOpolIKoB (MbLIM). PacmpenencHue 10 pa3MepaM YacTHIl IBLIH,
OCEBIIEH Ha CTEHKM BaKyyMHOW kamepbl ycraHoBkM HHB -6 mpu pacnblieHUM THTaHOBOTO
KaToZa B CpeJie PEaKIMOHHBIX Ta30B (a30T, alETHIIEH), MoKa3aHo Ha puc.3. Hambonee
XapaKTEePHBl PACIpeNeNIeHUus] THIIAa TayccoBa, MO0 OMMCHIBaEMble YOBIBAIOIIEH CTENEHHOMH

(byHKUHMEH, KaKk U 9acTuLl 13 Tokamaka [4]. Ix ocHOBHBIE pa3mepsl - B npeaenax 70-130 Mxm.
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Puc. 3. I'panynomerpus yacThIl U3 KaMepbl Puc. 4. DIIP - cnektpsl mopomka:1-10 cenapanu,
HHB-6(6e3 noteHnuana Mex;1y 1eKTPoJaMH | 2-MarHUTHOTO, 3 HEMarHUTHOT'O COCTaBOB
C NOTEHIHAIIOM - 250 B Ha MOI0KKE).

MarnauTHble cBoiicTBa. Peructpauus cnekrpos OIIP npousBoauiack npu KOMHATHOH
U a30THOI TemnepaType Ha yactote 9.3 ['Tu. dopma nuHUK OKazanach OJIM3Ka K JIOPSHIEBOM
(umeetcst HEOOJIbIIASI ACHMMETPHSI), YTO XapaKTEpHO I Caboro B3aUMOICHCTBHS MEXIY
napaMarHUTHBIMU LieHTpaMu (puc.4). Paccunrans! mupunel sHuil OI1P (6 I'c) n 3HaueHus
g-¢paxropos (2.47). Ilo Mepe yMeHbIIEHHS pa3Mepa (GpakLuii B CIIEKTPe MOSABILUIACH BTOpast
JUHUA ¢ g =5.84 u mmpunoit 2AH=11300.
VYCTaHOBIEHO, YTO H3MECHEHHME IOTEHI[MAla MOUIOKKH, Ha KOTOPYIO IIPOM3BOJMIOCH
OCaK/ICHUE, IPUBOAUT K TosBIeHHI0 curHana JIIP ¢ g-pakTopoM cBsA3aHHOTO, BEPOSTHO, C
MPUCYTCTBHEM HAHOYACTHI. B BHJEC (YIIEPEHOB C BKIIOYCHHAMH aTOMOB MAarHUTHBIX
aneMeHToB. Ilocie pacTBOpeHMs! TONYOIOM M IOCHEAyIOUEeH (GUIBTPAlMH 3TOT CHIHAN B
cnekrpe DIIP ucuesaer.

HUK- cnexrpockonusi. B MK-cnekTpe MarHuTHOH ¢paknuu (puc. 5) OPHCYTCTBYIOT
caGbie TONOCH! BaNCHTHBIX KoneGanuii B oGmactu 577, 1152 1 1450 cv™. IIpensapurenbHas
pacumdpoBKa CreKTpa npuBesieHa B Ta0I. 1.

Ta6auna 1Pacumpposka UK-crekrpa

JUmmna | Ilpennonaraemasi cBsizb

3449 NH nu6o OH

2932 CH

1624 HO nedopmarrionnsie

1126 NC

721 (CH2)n meTHI€HOBbIE TPYHITBI

667 | 8(CH) +3(CH2) + y(CH)

652 | 3(CH) +3(CH2) + y(CH) nan TiO

o

582 | 3(CH) +3(CH2) + y(CH) mmm FeO

Puc. 5. UK- criekTp morsonieHust MUtk U3 BakyymHo# kamepsl HHB-6 1 ero pacumdposka

Tepmoanann3 u rpasuMerpusi. Ha puc.6 mpuBeneHsl n3MepeHHs NOTEPH Beca U

KpuBasi TCPMHUYCCKOTO aHaIM3a UCCICAYEMOTO KOHICHCATa IPU €ro HarpeBE€ CO CKOPOCTHIO
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10 rpag/mun. octaTtouro verko npu Harpese g0 1100 C pasnuuarorcs 2 MakcuMyma Ha
kpuBoil [ITA (520 m 700rpam.C). OHH COOTBETCTBYIOT, BEpOSTHO, IeCOpPOLUH Ta30B H3
KoHzAeHcaTa. M MeeTcss XapaKTepHBIH JIs BCeX YIVICPOAHBIX MaTEpHANOB TEMIICpPATypPHBIH
mopor ~350 °C (nmuk B) U BTOPOM BBICOKOTEMIIEPATYPHBIH MUK Y, CBA3AHHBIA C pa3pbIBOM
XHMHYECKHX CBsi3ell yrieBomoponoB C —H. MexaHn3Mbl HaKkoIUIEHHs Ta30B B MaTepuaie
MOTYT OBITh pa3AMYHBIMU: (puU3MUYecKas COpOLYsS B HOpax M Ha MOBEPXHOCTH, (PU3HKO-
XHUMHUYECKas (XUMHKO-(DU3Uueckas) copOLUs B MEJNKHUX IMopax M Jedekrax, XHMUYecKas

CcopOIHsL.
pon exo TINC(caxa_mars_wen) 26.04.2012 14:56:03

mac

mg] Obpases TWC(cava_yarw wenc), 937301 mg muc mamin®1 <

32

108 s

<t
I R N T T . T T T .
[ » % 3 3 3 ) W % W i ma
OTT: METTLER STAR® SW 10.00

Puc.6. TTA u JATA nopomuika (ca)xu) U3 BaKyyMHO# KaMepbl [yrOBOTO pa3psia

3akmouenne. MccieryeMblii MEJIKOAMCIIEPCHBIH MOPOIIOK MOKHO PacCMaTpHUBaTh Kak
METaJUIOCOICPIKAIYIO CTPYKTYpy HEpeMEHHOrO JJIEMEHTHOro H (ha3oBOro cocraBa W3
(pakranonogoOHbIX arperatoB. OOMIMI OAX0A K 00Pa30BAHUIO arperaToB : OHU BO3HUKAIOT
B YCJOBHAX HEYCTOMYMBOCTH (pOHTA pOCTa, KOrAa HEOONbIIME BO3MYIICHHS (pOHTa
(oBepXHOCTH pa3jieia) HAYMHAIOT PAcTH Topas3jo ObICTpee COCeJHUX Y4acTKoB. B psne
paboOT HAMH YCTaHOBJICHO, YTO (ppaKTaldbHas Pa3MEPHOCTh HCCICAYEMBIX YacTHI] HMEET
3HaueHne D = 1,94. DTo COOTBETCTBYET pBIXJIOMY arperaty M3 KJIacTepoB C
MEeXKJIacTepHbIMU 1opamu [5].BeposTHo, 4To McciaenyeMble HaMu (paKTadbHbIE CTPYKTYpPBI
W3 IUIa3MBl JyTOBOTO paspsiia SBISIOTCS CJIEICTBHEM OCOOBIX CBOHCTB TypOYJICHTHOCTH

IJTa3MEHHOTO TTOTOKA € MEPEMEN’aeMOCThIO [6].
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EFFECT OF THE STEEL SAMPLE PREPARATION TECHNIQUE ON THE QUALITY
OF STRUCTURE INVESTIGATION BY TRANSMISSION ELECTRON MICROSCOPY
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At the present time R&D works on the application of the new materials as structural
components for the Generation IV nuclear reactors are actively fulfilled. The microstructure
analysis of the post-irradiated materials is one of the key issues. The sample preparation for
TEM investigation is accompanied with a set of problems. In the present work some artefacts

occurred in the reactor steel structure after common sample preparation techniques are discussed.

B HacTosiee BpeMs aKTUBHO BeIyTcsi paGOThl MO IOKUCKY HOBBIX KOHCTPYKIHOHHBIX
MaTepHajoB AJsd PEeakTOPOB HOBOIO IMOKOJEHMs. Tak, HalmpuMmep, AUCIEPCHO-YIIPOYHEHHBIE
okcugamu ([IYO) cramu paccMaTpUBAKOTCs B KauecTBe MaTepuana Juis obosouek TBDJIos [1].
OCHOBHOH BKIaJ B MOBBIICHHE PAaIUalMOHHON croiikocTH JYO-CTamu HO CpaBHEHHIO C
TPaJULIHOHHBIMU PEAKTOPHBIMH CTAIAMHM BHOCST THCIEPCHBIE OKCHIHBIE YACTHIIBI Ha OCHOBE
OKCHZla HTTPUsI, KOTOPBIE BBICTYNAIOT NOIOJHUTENIBHBIMH IPEISTCTBUSIMH UL CKOJIBKCHUS
JHCIIOKANUif, a TakKe SBIIOTCS CTOKAaMM Ul paguanuoHHBIX nedexroB. IIpu aToM 0coOBIi
uHTEpec npeacTaBisoT ¢pepputHeie 1Y O-ctanu ¢ BeicokuM copepxkanueM Cr 6naromapst cBoei
paauanoHHON CTOWKOCTH, KOPPO3MOHHOMH CTOWKOCTH u YCTOWYMBOCTH K
BBICOKOTEMIIEpaTypHOU mon3ydecTH. OCHOBHBIMH HAIPaBICHHSMH HCCIICIOBAHUM SIBISIOTCS
HCCIICIOBAHNUE PAAUALIMOHHO-HHYIMPOBAHHBIX U3MEHEHMIl, KaK B caMoil ()eppuUTHON MaTpuIie
CTalli, TaK M B OKCHAHBIX 4yacTHIax. Ocoboe BHUMaHUE yJENSACTCS BO3MOXXHOMY H3MEHCHHUIO
(a3oBoro cocraBa CTanu, 00Opa30BaHUIO PAJAMAIMOHHBIX AE(PEKTOB, aMOpP(PHU3ALMH HYaCTUI U
00pa30BaHUIO B UX 00BEME JIATEHTHBIX TPEKOB.

B cBa3su ¢ 3TUM, TpOBEJECHME CTPYKTYPHBIX HCCIEJOBAaHHHA C  IOMOIIBIO

IpoCBeUMBaroIIei HnekTporHoli Mukpockonun (II9M) TpebyeT BhICOKOKadeCTBEHHOTO CIIocoba
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POOOIOATrOTOBKH, IIPU KOTOPOM BO3/IEHCTBHE HAa CTPYKTYpy 00Opaslia JOKHO OBITH CBEICHO K
Hymo. Ha ceromHs OCHOBHBIMH CIIOCOOaMM MOJATOTOBKH 00pasmnoB st IIOM  sBisroTcs:
3NEKTPOXMMUUYECKOE YTOHEHHE, HOHHOE TPABJICHHUE U YTOHEHHUE C IIOMOLIBIO CHOKYCHPOBAHHOTO
nonHoro myuka (CHII), npu 3ToM nocneqaue JBa crnocoba sBISAIOTCS HaunOoJIee MOMyJISPHBIMH
MPHU HCCIICIOBAaHUM PEAaKTOPHBIX MarepuanoB. OpHako, Kak ObUIO MMOKa3aHO B [2], mpu
HCTIONB30BAaHUH JJAHHBIX METOJOB B CTPYKType OTMEUAalOTCS HeXelaTelbHble apTe(akTsl,
BBI3BaHHBIC HOHHBIM Bo3JeiicTBHEM. [T0CKONIBKY MOBpEXIEHNS, BEI3BAHHBIC ITy4KOM HOHOB IPH
MIOATOTOBKE 00Pa3IoB, OYEHb OJNM3KH K TE€M, YTO MMEIOT MECTO IPH HEHTPOHHOM OOIydYeHHH,
BBIOOpP MeTO/a MPOOOMOATOTOBKU U €r0 MapaMeTpPOB SIBISETCS OJHUM U3 KIIOYEBBIX BOIIPOCOB
[P MCCIICJOBAHNY PCAKTOPHBIX MaTCPHUAIIOB.

TakuM o00pa3oMm, WENbI HAcTOsAIICH paboThl OBUIO HCCICIOBAaHHE BO3MOXKHBIX
apTedakToB B MEKpOCTpYKType Y O-cTany, CBsI3aHHBIX C METOAOM IOATOTOBKH OOPA3LOB IS
II5M, B yacTHOCTH HCCIIEI0OBAaHUE BO3CUCTBUS HA CTPYKTYPY HOHHOTO ITy4Ka.

HccnenoBanue BIMSAHUA METOJa HPOOONOATOTOBKM 00pasuoB mii I[IOM  Gbuto
IIPOBEJICHO Ha IpuMepe MoAenbHBIX (eppHTHBIX Y O-cTaneil ¢ B bicokuM copepxkanueM Cr:
OI1-450 (BHUUM um. A.A. boumapa, Poccusa) u KP4, KP123-5 (Yuusepcurer Kuoro,
SInonns). ccnenoBanue ObIIO MPOBEIEHO KAaK HA UCXOJHOM CTAaIlH, TaK M 00Ty4E€HHOH HOHAMH
Xe ¢ sueprueit 1,2 MaB/uykion a ukiorpose UI1-100 JISIP OUSIN dmoercom 1,0x10'% em™,
OnHOpOJHOE pacmpe/ieeHHe IMy4YKa HOHOB IO IUIONIAAM MHUIICHEH JOCTHraloch 3a cyer
CKaHMPOBAHHS B BEPTUKAIBLHOM M TOPU30HTAIBHOM HarpapieHUsX. /i mpoBeaeHHs aHaIN3a
CTPYKTYpBI 00pa3nbl ObUIM  IPHTOTOBJIEHBI TPEMsI CIOCOOAMH : DJIEKTPOXHMHUYECKUM
yToHeHHeM Ha ycTraHoBke TenuPol-5 (Struers), HOHHBIM TpaBieHHeM ¢ momompbio Gatan
Precision Ion Polishing System (PIPS, model 691) u Meronom cdokycHpOBaHHOTO MOHHOTO
myuka Ha ycranoBke FEI Helios Nanolab 650.

CormacHo MOIyYeHHBIM pe3ylbTaTaM Ha mpumepe oomydeHHoi JYO-cramu KP123-6
NIEKTPOXMMUYECKOE YTOHEHHE HE BIMACT HAa MHKPOCTPYKTYpY HCCIELyeMoro obpasia, a
BEPOSATHOCTh MOSBICHUS apredakToB MuHHManbHa. OIHAKO, B OTCYTCTBHE KaKUX-THOO
ocobennocteil Ha ceraononbHoM (CII) m3obpaxenuu ¢eppura, 1uddpakniHOHHbBIE KapTHHEI
MMOKA3bIBAIOT HATMYKE aMOP(HBIX KOJIEL BMECTe CO caadbiMu peduiekcamu ot coemunennit MeN
u Me;N, rie Me — Fe wn Cr. [In0THOCTE BBIICNCHUH aMOP(HBIX HUTPHIOB Ha TEMHOIOJIEHOM
(TIT) m3o0Opaxkenun (puc.l.1) cmabo M3MEHSETCs ¢ TOJIIUHOW, T.€. HUTPHIBI PACIOIOKEHBI
BOMM3M MOBEPXHOCTH. llocie MOMONHUTENBHON YHCTKH oOpasia ¢ IOMOLIBI HOHHOTO

pacrbuieHHs: aMOp(HbIE HUTPUJIHBIE (ha3bl HE PUKCHPOBAIIHCE.
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Puc.1 TII uzobpaxenus MeN B obpasie obmyuennoit JYO-cramu KP123-6: (1) mienka amopdHbIX
HHUTPUOB HAa MOBEPXHOCTH O Opasiia, M3rOTOBICHHOTO METOAOM SICKTPOXHMHYECKOTrO yTOHeHws; (2)
KBa3HHEIPepbIBHbIC KyOnueckue HUTpuasl MeN B ToM ke o0Opasiie nociie HOHHOTO TPAaBJICHHUSL.

AHanu3 DIEKTPOHOTPAaMM OT  Pa3lIMYHBIX YYacTKOB TOrO ke obpasma mocie,
JOTOJTHUTENFHOTO HOHHOTO TpaBieHHs (puc.2), MOKa3al Hajaudue, Hapsay ¢ (eppuTHO#
MaTpHIei, KpUCTANINYECKHX (a3 KyOMYEeCKOro M TeKCaroHaJbHOIO HHUTPUAOB. Bbigenenus
HUTPHUAOB O00NAJal0T pasauyHOd MOP(ONIOTHEH: ec M YacTHIBl TeKcaroHaibHOro MeN
MPEPHIBUCTBI, TO TMPEUUNUTAThl KyOuueckoro Hutpuza MeN HMEIOT KBa3MHENpPEPHIBHBIH U
HENpepbIBHBIA  XapakTep. HenpepblBHbIC HUTPHIHBIC INpPELUNMTAThl MoKasaHsl Ha TII

n3o0paxeHnu puc.1.2.

Puc.2 DiekTpOHOTpaMMBI OT Pa3INYHBIX y4acTKoB obuydenHo# 1Y O-cranu KP123-6: dpepput Bmecte ¢
kyboudeckum (MeN) u rekcaronanbusiM (Me,N) murpunamu (1,2); deppur ¢ MeN (3). Ob6pasen noxyucH
METOJJOM HOHHOTO TPaBIICHHUSL.

Kpucramminyeckie HUTpUAB HabmomaoTes U B oopasie ucxoauoi AYO-cramu DI1-450
(puc.3), MONTy4YeHHOM HOHHBIM TpaBiieHHeM. AHamu3 ToHKoro (puc.3-1) u Toncroro (puc.3-2)
Y4YaCTKOB [OKa3aJl, YTO IUIOTHOCTh HUTPHAHBIX IPELHUITUTATOB PACTET MOHOTOHHO C TOJILIMHO
obpasua, T.e. MeN pacnpezenensl U B 00beMe (eppura. [ToMmuMo HUTPHIAHON (a3bl, B CTaTH
npucytctByer ¢aza Me;Os (Me — Fe mmm Cr). Peduexcel or 3Toit ¢a3el ymMpeHsI, 4TO

YKa3bpIBa€T Ha TO, YTO pa3Mep JYaCTHUIl OKCHUAO0B HE ITPEBLIIIACT HECKOJIBKUX €IUHHUIl HM.
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Puc.3 TII n3ob6paxenue nperunuratoB MeN B IV O-cranu DI1-450: Tonkuii (1) u ToncThlii (2) y4acTkH.
O0paser noxy4eH MeTOL0M HOHHOTO TPABJICHUS.

Ha puc. 4 npencrasieno TIT uzobpakenue assr Kyoudeckoro Hutpuaa MeN B obpasue
ucxoaHoit IYO-cramu KP-4 B momepeusom cedennn. O6pasen; ObUT IPHUTOTOBICH METOIOM
CHUII. Tommumna oOpa3sua Ha puc.4 Bo3pacTaeT CBEpXy BHH3, U MOXXHO BHJIETb, YTO HHTPHIBI,
TaKKe Kak ¥ B IUTaHapHOM oOpasue (puc.3), pacmpenerneHsl B oobeme obpasia. CoriacHo
3JIEKTPOHOrpaMMaM, KpoMe KyOudeckor dasbl MeN, mmeercs Takke reKcaroHadbHbIH HUTPU

MezN, HO €ro OTHOCUTEJIBHOC COACPKAHNE YMEHBIIACTCA C TOJILIHOMN 06pa3ua.

Puc.4 TII uzo6paxenue npenunuraroB MeN B JIYO-cranmu KP-4. O6pazen nonyyen merogom CUIL.

Takum 00pa3oM, METOJ ANEKTPOXUMHYECKOTO YTOHEHHS MOKa3ajl Hauboiee HaJeKHBII
pe3ysibTaT M0 MUHHMAJIbHOMY BO3JCHCTBUIO Ha CTPYKTYpy craimu. OJHAKO NOCKOJBKY 3TOT
METOJ] He BCerja SBISIETCS ONTHMANBHBIM, T. K. OCTAaBJISCT OTKPBHITHIM BOIPOC 00 OCTaTOYHOM
PaaMoOaKTUBHOCTH OOpaslia B BHAY €ro pa3MepoB, IPOBEJCHHC AaJbHEHINNX HCCIeN0BaHUIT
BO3/ICHCTBHS HOHHOTO Iy4YKa MpH HOHHOM Tpasienun u mMeronae CUIT Ha cTpykTypy MaTepuaina
HEOOXOJUMO Ul YIydIIEeHUs JOCTOBEPHOCTH WCCIEIOBAHUH BO3JCHCTBUS pEalbHBIX HWIIH

MOZIENUPYEMBIX YCIOBHHI 9KCILTyaTallui Ha PEaKTOPHbIC MaTePUaIbL.

[1]S. Ukai, M. Fujiwara, J. Nucl. Mater., 2002, 307-311, p.749-757.
[2] A. Aitkaliyeva, J.W. Madden, B.D. Miller, J.I. Cole, J. Gan, J. Nucl. Mater., 2015, 459, p.241-246.
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BJWSHHUE YIIPYTAX BOSMYIEHA CTEHKH YT JEPOJTHOM
HAHOTPYBKH HA KAHAJTMPOBAHUE B HEM MEJJIEHHBIX ATOMHBIX
YACTHUL: PACUET U3 INIEPBBIX NPUHIIUIIOB
INFLUENCE OF CARBON NANOTUBE’S ELASTIC PERTURBATION ON SLOW
ATOMIC PARTICLES CHANNELING: FIRST PRINCIPLES CALCULATION

A. V. Stepanov]

1 Kagheopa svicuieti mamemamuxu u ¢usuxu, Yeb6okcapcko2o norumexHu4ecko2o
uncmumyma (puauana) MIMY (MAMH), yr. I1. Jlymymosi, 8, 2. Yebokcapul,
Poccus,for.antonstep@gmail.com

Low energy ion channeling with angles close to critical in carbon nanotube
with help of first principles molecular dynamic simulation was investigated.
Lower energy losses ion scattering with perturbed CNT wall was detected.
KananupoBanue aTOMHBIX YaCTHI] HU3KHX HEPTUH B yriaepoHsix HaHOTpyOkax (YHT)
u3yvanocs B paborax [1-4]. HccnenoBarensiMu [S] GbUI0 OTMEUEHO, YTO HPH KaHATHPOBAHUH
YacTHI| IOA yIridaMu OJNM3KUMH K KPUTHYECKMM B HAHOTPYOKE MOrYT BO3HHKATh
COJUTOHOIOAOOHBIE BOIHBI YHOPYIHX BO3MyIIeHHH. COIMTOHONOJOOHBIE BO3MYIICHHS
pacnpoctpansitores Broib oc YHT co ckopocTsiMu OIM3KHMHU K CKOPOCTH PacIIPOCTPaHEHHUS
¢dononos (10-16 xm/c) [6]. B pabote [7] ObLIO BBLSICHEHO, YTO yIPyrHe BO3MYLICHHS U HOHBI
Ar’, kanamupyemble ¢ Hu3KuMH dHeprusmu (okosio 100 3B) MoryT B3aumojeiicTBOBATH
MeXIy co0oil. VIHTepec BBI3BIBAET PEKUM, B KOTOPOM KaHAJIUpyeMas 4acTHLA IABHKETCS
cuH(]a3HO C BBI3BaHHBIM el Bo3MmymieHneM creHkn YHT B sToM ciydae yactuuma tepsier
MEHBIIIE YHEPTUH Ha CTOJKHOBEHHSIX CO CTEHKOI, YeM B CIIydae OTCYTCTBHS B3aUMOJCHCTBHS
C BBI3BaHHOM eif BOMHOM. [[j1s BBIICHEHHE 0COOCHHOCTEH KaHAIUPOBAHUS ATOMHBIX JacTHIl B
YKa3aHHOM pEXHME IIPOBOJHJINCH pPacyeThl METOJOM KJIACCHYECKOH MOJIEKyJISpHOM
muHaMukd  [8] ¢ wmcmonb3oBanmeM mnoreHnmana AIREBO [9] mis  mopenmupoBaHus
B3aUMOJCHCTBHS aTOMOB YIVIEPOAHOM HAHOTPYOkH. /[l B3auMONEHCTBHS aTOMOB
YIJIEPOHOM HAHOTPYOKM M KaHAIMPYEMOM 4acTHULbl NmpuMeHsuics norenuuan ZBL [10]. B
pacdere paccmarpuBanuck YHT npumepHo oaunakoBoro auametpa (10,10), (17,0) u (11,9) u
paBHOI amuuEl 14.5 HM. [lnuHa BBIOMpanach M3 YCIOBHS, YTO YacTHIA IOJDKHA HCIIBITATh
MHHHMYM TpPH CTOJIKHOBEHHS CO CTEHKOH M IPH OTOM HE MOXKET OBITh MEHBIIE JUIMHBI
HauOoyblIer0 M3  BEKTOpOB  TpaHcmammu ucciexyembix  YHT. Ilepen  pacuerom
mpousBoAMIacs ontummsanuu reomerpud YHT u MuHUMU3amus ee DHEPrHH METOAOM
conpsbkeHHbIX rpaaueHTos [11]. Temnepatypa TpyOku nojnepxkuBanachk Ha yposue 300 K B

Te4yeHue S Ic ¢ noMoupio Tepmoctarta bepenscena [12], a 3aTeM B TeueHue 5 11¢ ¢ MOMOILbIO
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tepmoctata Hosze-Xysepa [13]. Tlocme penakcammu (uuyKkTyauud TeMmIepatypsl He
npesbimanu 5 K. Vousl Ar samyckamuck ¢ ocu YHT nox yrmamu 10-30°. Jlns yuera
reomerpurt YHT asumyTtanbHblii yron BappupoBayicsi B auana3oHe 0-36° M3MEHSIOCH

MOJIOXKEHHE BIOJIb OCH Z, TaK YTOOBI MOKPBITH ILIOLIA/Ib FEKCATOHATBHOH SYSHKH CTEHKH

VHT (Puc. 1).
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Puc. 1. MmmocTpanuy K MOEIBHOMY pacueTy yriloB BIeTa B HAHOTPYOKy: a) OXBaThIBaeMast IUIOMIAIb
Ha pasBepTke YHT (amcte rpadena) nmpu nepBoM CTOJIKHOBEHHH CO CTEHKOIL; 6) pa3bpoc on
a3MMyTaIbHOMY YIIIy BJIETA; B) yrOJI BIETa MEX/y BEKTOPOM HMITyJIbca 9acTHIb! U ocbio YHT; 1)
OXBaTbIBacMasl ILIOIIA/b CTCHKH TPYOKH [IPU IIEPBOM CTOJIKHOBEHUHU CO CTEHKON

AHaNMM3UPOBAINUCH  TPAGKTOPHH  KAaHAIUPOBAaHHBIX  YaCTUI NP JTOM IO
TEOMETPUUCCKUM U DHEPTreTHUECKUM XapaKTePHCTHKAM yCTaHABIUBAICS (haKT CTONKHOBCHHE
HoHa Ar' co CTeHKOil. PaccuMThIBaNach MONHAS JHEPrHsl KAHATHPYEMOTO HOHA MOCIE
Ka)XIoro cronkHoBeHHs. Ha Puc. 2. moka3aHa 3aBHCHMOCTh ITOTEPh HEPTHH OT yIJIa BIETa
noHa B YHT c¢ ycpenHeHMeM MO TOJIOXKEHUIO BIONb OCH Z U a3MMYTallbHOMY YTIy.
CpaBHEHME KPHBBIX IIOCIIE IIEPBOTO, BTOPOTO U TPEThEro CTOJIKHOBEHUsS B BO3MYIIEHHOH U
HEBO3MYLIEHHON TpPyOKaxX IMO3BOJSIIOT CYAUTh O BiusHUM Bo3MmyuieHuid YHT Ha mortepu
JHepruM 4vactuipl. BosgeiictBue Bosmymienuit YHT mposBisioT  3aBHCHMOCTB OT
temneparypbl YHT, pacuersl npoBenennsie it 0.1 K moutn He naroT pasnuuuii Mexmy
COyJapeHUsIMU H CJIEJIOBATENbHO HE IOKa3bIBAlOT BIMAHMSA Bo3MylleHus creHkn YHT nHa

MOTEPU SHEPTUM KaHATUPYEMO YacTULIECH.
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Puc. 2. Totepu sueprun noHom Ar’ B HanoTpy6ku (11,9) mocie TPeThero CTOIKHOBEHHUS CO CTEHKO
anst YHT mpu 0.1 K (xBagpatsr), 300 K (tpeyronsuuku) u B HeBosmymieHHoir YHT mpu 300 K
(kpyrn).

B paGote [7] ObuT mpemioKeH MeXaHW3M OOBSCHEHHS] B3aUMOJCHCTBHS YacCTULBI U
Bo3MyIieHust cTeHkn YHT, OcCHOBaHHBIM Ha TOHITUM TJINCCHPOBAHUS KaHAJIHPYEMOH
YaCTHIIBI HA BOJIHE YIIPYTOro BO3MYIIEHHUS. Tak npu ABMKEHUH YaCTHUIBI CHH(A3HO C BOTHOM
YaCTHULA MOXET I0JIy4aTh OT BOJHBI HEKOTOPYIO JOJIIO SHEPIUH, IPH 3TOM MOTEPH SHEPrUU
YacTUIIE Ha HEYIPYTHX CTOJKHOBEHHMSX CO CTEHKOIH yMeHbInaiorTcs. B pabore [7] He
YUHTHIBAIIACH KBAHTOBbIE S(O(MEKTHI Mepe3apsaky [Py B3aHMOJECHCTBUM HOHA Ar M CTEHKH
VYHT u Bo3MyIICHHs 3JICKTPOHHOMN MOJICUCTEMBI HAHOTPYOKH. JI7is yuera oTuX sBICHUS ObLIa
NMpUMEHeHa HeaquabaThuyeckas KBaHTOBas MOJEKyJspHas aumHamuka [14-19]. 3mech
CUUTAETCs, YTO SApa SIBIIAIOTCS KIACCHYSCKUMU TOYEUHBIMUH OOBEKTaMM, a JJIEKTPOHHAs
MOACHCTEMa PACCUUTHIBACTCS MO METOAY HECTAllMOHAPHOro (YHKIMOHANA IUIOTHOCTH. B
paMKax  KBAaHTOBO-MEXaHHYECKOIO  IOAXOJa  CTAaHOBHTCS  BO3MOXHBIM  Oolee
MOCEN0BATENbHBI  yueT W3MEHEHMs IUIOTHOCTH BaJEHTHBIX dnekTpoHoB YHT u
HeliTpanu3anus yactunbl. [lociae mponera aHANIU3UPYIOTCS MPOLECCHl MOTEPh SHEPTUH
YacTUIell, 1 BO3HUKHOBEHHS yNPYIHX BOJIH Ha ITOBEPXHOCTH HAHOTPYOKH IOCIE Ka)KIOro
CTOJIKHOBEHHS JUISl YIJIOB BJIETA HOHA IIPU KOTOPBIX B KJIACCHYECKOM CIIydae ObLIH ITOIyUCHBI

TIOHWKCHHBIC 3HAYCHU NIOTECPh SHCPIUH.

124



Krasheninnikov, A.V. and K. Nordlund, Channeling of heavy ions through multi-walled
carbon nanotubes. Nuclear Instruments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms, 2005. 228(1-4): p. 21-25.

Krasheninnikov, A.V. and K. Nordlund, Multiwalled carbon nanotubes as apertures and
conduits for energetic ions. Physical Review B, 2005. 71(24): p. 245408.

LI Yong, Z.L.-P., ZHANG Wei**, XU Zi-Jian**, REN Cui-Lan, HUAI Ping, ZHU Zhi-Yuan,
Charge and Mass Effects on Low Energy Ion Channeling in Carbon Nanotubes. Chin. Phys.
Lett., 2011. 28(6): p. 66101-066101.

Zhu, Z., et al. The experimental progress in studying of channeling of charged particles along
nanostructure. 2005.

Miskovi¢, Z.L., lon channeling through carbon nanotubes. Radiation Effects and Defects in
Solids, 2007. 162(3-4): p. 185-205.

Saito, R., G. Dresselhaus, and M.S. Dresselhaus, Physical properties of carbon nanotubes.
1998, London: Imperial College Press.

CrenanoB, A.B., Bausinue ynpyeux 603MyweHuil CMeHKU YelepooHOl HAHOMpPYOKU Ha
Kananuposanue 6  Heli MeONeHHbIX AMOMHbIX uydcmuy. IIOBepXHOCTb. PEHTreHOBCKHE,
CHHXPOTPOHHBIE U HEHTPOHHBIE UccienoBanus, 2015. B mevaru.

Plimpton, S., Fast Parallel Algorithms for Short-Range Molecular Dynamics. Journal of
Computational Physics, 1995. 117(1): p. 1-19.

Stuart, S.J., A.B. Tutein, and J.A. Harrison, 4 reactive potential for hydrocarbons with
intermolecular interactions. The Journal of Chemical Physics, 2000. 112(14): p. 6472-6486.
Ziegler, J. and J. Biersack, The Stopping and Range of lons in Matter, in Treatise on Heavy-
Ion Science, D.A. Bromley, Editor. 1985, Springer US. p. 93-129.

Hestenes, M.R. and E. Stiefel, Methods of conjugate gradients for solving linear systems.
Journal of Research of the National Bureau of Standards, 1952. 49(6): p. 409-438.

Berendsen, H.J.C., et al., Molecular dynamics with coupling to an external bath. The Journal
of Chemical Physics, 1984. 81(8): p. 3684-3690.

Hoover, W.G., Generalization of Nosé’s isothermal molecular dynamics: Non-Hamiltonian
dynamics for the canonical ensemble. Physical Review A, 1989. 40(5): p. 2814-2815.
Andrade, X. and A. Aspuru-Guzik, Real-Space Density Functional Theory on Graphical
Processing Units: Computational Approach and Comparison to Gaussian Basis Set Methods.
Journal of Chemical Theory and Computation, 2013. 9(10): p. 4360-4373.

Castro, A., M.A.L. Marques, and A. Rubio, Propagators for the time-dependent Kohn—Sham
equations. The Journal of Chemical Physics, 2004. 121(8): p. 3425-3433.

Xavier, A., et al., Time-dependent density-functional theory in massively parallel computer
architectures: the octopus project. Journal of Physics: Condensed Matter, 2012. 24(23): p.
233202.

Andrade, X., et al., Real-space grids and the Octopus code as tools for the development of
new simulation approaches for electronic systems. Physical Chemistry Chemical Physics,
2015.

Marques, M.A.L., et al., octopus: a first-principles tool for excited electron—ion dynamics ><.
Computer Physics Communications, 2003. 151(1): p. 60-78.

Castro, A., et al., octopus: a tool for the application of time-dependent density functional
theory. physica status solidi (b), 2006. 243(11): p. 2465-2488.

125



KAHAJIMPOBAHUE YACTHUI B TETEPOCTPYKTYPAX U3 YIJIEPOJAHBIX
HAHOTPYBOK C JE®EKTAMU
CHANNELING OF PARTICLES IN CARBON NANOTUBES
HETEROSTRUCTURES WITH DEFECTS

M
A. V. Stepano

1 Kagpeopa svicueti mamemamuku u usuxu, Ye60oKkcapcko2o noiumexHuyecko2o
uncmumyma (puauana) MIMY (MAMH), yr. I1. Jlymymosi, 8, 2. Yebokcapul,
Poccus,for.antonstep@gmail.com

Influence of heterojunction and inclusion defects of carbon nanotube on low
energy ions channeling is investigated. Influence of defects on ion beam
parameters is analyzed.

VYrneponHsle HaHOTPYOKM IPHBIEKAIOT BHUMAaHUE HCCIIENOBAaTeNied B KadecTBe
MEPCIIEKTHBHBIX HHCTPYMEHTOB ISl yIIPAaBICHHS HOHHBIMU ITy4kaMu [1-6]. J{ns Toro, 4To0b!
TIOJTHEE HCTIONB30BaTh OCOOEHHOCTH CTPOEHHs YTJIEPOJHBIX HAHOTPYOOK, HEOOXOAMMO
YUHTHIBaTh UX AedekTs! [7]. 3HaunTenbHas 4acTh Je(EKTOB B YIIEpPOJHBIX HAHOTPYOKax
npeacTaBiasieT  coboil  Tomosormdeckue  AedexTsl M AeeKThl THIA  BKIIOYCHHE.
Tononornueckue nedexTsl TTaBHEIM 0OPa3oM BBI3BaHBI IEPECTPOIKOH CETKH YIIEPOIHBIX
CBsI3€il, KOTOpas COMpoBOXKJAaeTcs HCKakeHueMm reomerpun creHku YHT. HutepecHbiM
THIOM  TOHOJOTMYECKHX He(EKTOB SBIAIOTCSA  TeTeporepexoibl.  ['erepomepexomsl
00pa3yloTcs HpH BKIKOYECHWH B TEKCArOHAIBHYIO CETKY CBsi3eil OOBEJMHEHHOH WM
pa3beMHEHHON Haphl (MM HECKONBKHUX IT1ap) IEHTaroH-TeNTaroH yrIIepOAHBIX Konern (5-7-
napel) [7]. Britoyenue S5-7-mapbl B CTEHKY YIVIEPOJHOH HAHOTPYOKM B 3aBHCUMOCTH OT
xupanpHocTn YHT u pacnonoxeHus nedexra MOXKET NMPUBECTH K 00pa3oBaHHIO 00J1acTH
JIOKaJBHOI BOTHYTOCTH ¥ BHITYKIOCTH. IIpu 3TOM BKIIFOUEHHE HECKOJIBKHX CIUTHBIX 5-7 map
MOXET TIpUBECTH K 00pa3oBaHMIO OECHIOBHOTO  reTepolepexofia  aHaJOTUYHOIo
npezcrapieHHbIM Ha Puc. 1 A, b. Takue rereponepexoibl MOTyT 00pa3oBhIBaThCS B IpoLIECCce
pocTa yIIepoIHbIX HAaHOTPYOOK IPH W3MEHEHHHU TeMIrepaTypsl curesa [8]. Ilomydarommecs
B pe3yibTaTe CHHTE3a IeTEPOIEePeXO]bl, MOIYT NPUMEHAThCS B KAad4eCTBE amepTyp s
YIpaBJIeHUs] MOHHBIMHM HJIM aTOMHBIMH ITydKaMH. JIpyroii THUI TeTepolepexoioB MOXKET
00pa30BBIBATECS B PE3yJIbTaTe BKIIOUCHNUS Pa3leNbHbIX 5-7 map B cTpykTypy crenku YHT. B
pesynbTate oOpasyercs H30rHYTHI rereponepexon [9] (Puc. 1 B). Takue rerepomnepexomsl

MOT'YT TaK)K€ UCIIOJIb30BATHC B KAYCCTBE YIIPABIIAOIIUX DJICMCHTOB /151 HOHHBIX ITYYKOB.
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A b B

Puc. 1. T'ereponepexonst A - YHT(20,0)-(10,10); b - YHT (15,5)-(10,10); B - (7,7)-(12,0).

HHTepecHbIM THIOM JedeKTa SBISIOTCS TeTePOCTPYKTYpPhI, 00pa3oBaHHbIC ACPEKTOM
THIA «BKIIOUCHHE», KOTOPBIi MOSBISACTCS NP HE3aBEPIICHHOM POCTE BHYTPEHHNX 000JI0YEK
MHOTOCJIOIHBIX HaHOTPYOOK [7] miam Kakux-TmbO mMepecTpoiikax B TIpolecce HX IIOCT-
obpaborku. Takumu JeexkTaMu MOTYT CIyXUTh CTPY4KOBble CTPYKTypbl (Puc. 2 A),
yemyiiku ¢ymiepena (Puc. 2 b) u rpadena (Puc. 2 B), pacnionoxennsie BHytpr YHT [10,
11]. Ipu npoxosxnenun yepe3 ydactk YHT HOHHBIX ImydkoB Takue Ae(eKTh MOTYT OKa3aTh

3HAYUTCIIBHOC BJIUAHAC HA XapPAKTCPUCTUKH ITy4YKa.

Puc. 2. [ledextsl Tuna «BrmoueHue» A ¢ymiepen C20 8 YHT (10,10); dernyiika B Bujie OJIOBUHKH
¢bynnepena C60 8 YHT (10,10); nuct rpadena B YHT (10,10).

B nanHoli pabore pearoTcs 3ajadd M0 HCCIEJOBAHUIO BIMSHUS IEPEYUCICHHBIX
+ +
neeKToB Ha KaHAJIMPOBAaHHE MEILICHHBIX OJHO3apSIHBIX HOHOB MHEpTHHIX ra3zoB (He', Ne',

Ar") ¢ sreprusamu 100, 250, 500, 750, 1000 »B.
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Jis  uccnenoBaHUs NPUMEHSAETCS METOA  MOJISKYJIspHOM jauHamuku [12] (M),
YUHMTBIBAETCS TOPMOXKEHHE HOHOB Ha anekTpoHax YHT [13]. [Jlnsa omucaHms JHMHAMHUKH
aTOMOB YTJIEPOAHOH HaHOTPYOKH Mcnonb3yercs noreHnuan AIREBO [14]. [ins cokpameHus
BPEMEHH pacueTa [PUMEHAETCS METOJ  IepHOJUYECKOro  IMpPOJOIDKEHUs — sdeiiku
CBEPXPELIETKH C BO3MOXKHOCTBIO BKJIIOUCHHS Ae(QEKTHBIX ydacTkoB. Jlms onmcaHus
B3anMoJIelicTBUS KaHaIMpyeMbIXx noHOB ¢ YHT mnpumensercs morenuman ZBL [15] ¢
¢byHKIHel MIaBHOrO BRIKTIOUeHMS. HadanpHas KOHGHIypanus HOHHOTO IIydka B CEUCHUE
MEPNeHUKYIIPHOM HANpPaBICHUIO PACIPOCTPAHEHUs IPOUCXOMUT C MHCIOIb30BaHUEM
pacupenenenust [aycca s ckopocTell M YIJIOB BIeTa, a TaK JXe OJHOPOIHOTO
pacnpeznencHus Ui 3a7jaHusl HauyalbHOM nmonepeuHoi koopauHatel. JanpHeimuit M/l pacuet
yUYHTHIBaCT KpaeBbie 3((ekThl npu Biaete yacTul B oTkpeiTyio YHT, a mocie orcenBanms
JIeKaHAJIUPOBAHHBIX M OOPaTHO PAcCESHHBIX YACTHUIl MPOIIEIINE YACTHIBI HCIOJIb3YIOTCS
s pacuera B OesznedextHbix u AedexTHbix yuactkax YHT mnuHOM okono 200 HMm.
Cunraercs, uro B YHT Betpevaercst ogun qeeKT THIIA FeTepONepexo Wik BKIoueHue [7].
ITpy 3TOM OH pacronaraeTcs IPUMEPHO B CEPEANHE ITyTH YaCTHIIBI, TO €CTh JIO HETO M TI0CIIE
Hero vactuma mposieraeT okoino 100 mm Buyrpm YHT. XapakrepucTuku mydka IIocie

HPOJIETA PACCUUTBIBAIOTCS HA BBIXOJE M3 HAHOTPYOKH.

Jlns ycraHoBneHus BimsHUS JedexTHoro ydactka YHT ananusupyroTcst TpaeKTopuu
YacTHLl, OTEPH UX DHEPTUH, PACCUUTHIBAIOTCS W3MEHEHMs IapaMeTpoB Itydka. Ha ocHoBe
aHalM3a TPACKTOPHH PAaCCUMTBIBAIOTCSA BEPOATHOCTH JCKAHAIUPOBAHHUS MOHA, OMpPEAEIAeTCA
I'TyOUHBI IPOHHKHOBEeHHUs 4acTull BHYTps YHT, aHanusupyercs BO3MOXHOCTB yII paBICHHS
mydkoM ¢ momompio nepextHoit YHT. OrtmensHO ncenenmyercss BiausiHue nedexra Ha
JleKaHATUPOBaHUE HOHOB H AedekToodpazoBanue B YHT.
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ION-FIELD PROCESSES IN ISLAND METALLIC NANOFILMS
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In present work the features of the conductivity temperature dependence of
nano-island metallic films has been investigated. It was established that
besides thermal activation the conductivity changes are under the influence
of ion-field processes caused by surface diffusion of atoms. The change of
ion-field conductivity has activation character.

OJHOI U3 BOXHBIX U MPHOPUTETHBIX 3a[a4 COBPEMCHHON HAYKH W TEXHHKH SIBIISCTCS
CO3/IaHHE ¥ HCCIIEAOBaHNE (DYHKIHOHAIBHBIX TOHKOIUIEHOYHBIX MOKPBITHI ¥ MHOTOCIOWHBIX
reTepocTpykTyp. Jias IUIEHOK, HMEIOIMX HAHOPa3MEPHBIC TOJIIMHBI, CYLICCTBEHHOE
BIMsIHAE Ha (U3MYECKHE CBOWCTBA OYAyT OKa3bIBaTh CTPYKTYPHBIC HAHOHEOJHOPOIHOCTH
(octpoBkH, 3épHA, KBAaHTOBBIE TOUKH HT. 1.). CBoiicTBa TakuxX IUIEHOK, KaK MPaBUIIO,
CYIIECTBEHHO OTJIMYAIOTCS OT aHAJIOTHYHBIX TS «MaKkpoobpasuosy|1-4].

H3BecTHO, 4TO NP OCAXKJICHHH IUIEHOK METOJOM KOHJCHCAI[MU U3 MapoBOil (a3bl, KaKk
MPaBUIIO, PEANTNU3YIOTCS MO0 YUCTO OCTPOBKOBBIH MexaHu3M pocTta Bonemepa-Bebepa, mubdo
cmemanHblii Ctpanckoro-KpacranoBa [5—7]. OqHako ¥ TOT U JpYrodl NPUBOAAT B UTOrE K
(hopMHPOBaHUIO B CTPYKTYype IUIEHKM OCTPOBKOBBIX HaHOOOpa3oBaHui. B nmanHHON pabore
M3y4ajIcsi BOIMPOC BIMSHUS HAHOOCTPOBKOBOI CTPYKTYPBI METAJUIMYECKHX TOHKOIUIEHOYHBIX
MOKPBITHH Ha MX 3JIEKTPOIPOBOAALINE CBOWCTBA. Y CTAHOBJIEHO, YTO IOMUMO aKTUBALIMOHHOM
JJIEKTPOHHONH IPOBOAMMOCTH (4TO HE CBOWCTBEHHO JUII METAUIOB) Ha M3MEHEHHUE
[IPOBOJMMOCTH BIMSIOT TaK )K€ MOHHO-IOJEBBIC IPOLECCHI, CBSI3aHHBIE C MOBEPXHOCTHOM
nmuddysueit aToMoB.

O6pa3Ibl METAJUNTMYECKHX HAHOOCTPOBKOBBIX MIIEHOK MOIyYald METOJJOM KOH/ICHCAIINH
Ha MOJUIOKKY u3 mapoBod (aszel (PVD-method). Mcnapenune meraiuia OCYIIECTBISIIOCH
PE3UCTHBHBIM METOAOM U3 KyHOCOOOPa3HBIX CHMpAJbHBIX BOJb(OPAMOBBIX THIJICH Ha
ycranoBke BYIT-5M npy aBIeHHH OCTaTOUHEIX Ta3oB He Goinee 8-10° Topp. B kauectse

IO JJTOKEK HCITOJIB30BAJICA HOHHpOBaHHBIﬁ CHhTaJLI.
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@dopMHpOBaHHE  HAHOOCTPOBKOBOM  CTPYKTYpbl ~ IUIEHOK  OCYIIECTBIISUIOCH  C
HCIIOJB30BAaHHEM aBTOPCKOTO MeTOoJa «TOHKOW 3acioHkW». CyTh MeToja COCTOWT B
(OpPMHPOBAaHMH Ha IOBEPXHOCTH IIOJUIONKKH 30HBI T'€OMETPHUYECKON «IIOIYTEHH» OT
HETOYEYHOI0 HMCIapUTeNsi MyTEM IOCTAHOBKH MEXaHHYeCcKoW mperpans! (3acionku). Takas
30HA IOJYTEHH MpEJCTaBIsIeT co00H MOHOTOHHO cHajaromee 1o 3()(GEeKTHBHOI TOIIINHE
MIOKPBITHE U BKIIOYAET B ce0s CTPYKTYpHI (hOpMHUpyeMBble Ha BCEX dTalax pocTa IIEHKH (OT
3apoableld 10 cruiomHoro nokpeitus) [8]. Tak, BeIOMpas Ans HCClENOBaHHS Pa3THYHbBIC
YYaCTKH 30HBI MOJIYTCHH, MOXXHO IPOBECTH CpPaBHUTENbHBIA aHAINU3 CBOMCTB IUIEHOK C
pa3nu4HOi  A(GQPEKTUBHON TONIMIMHONW W, Kak CIEACTBHE, pa3IHYHOIl OCTPOBKOBOI
CTPYKTYpOii, MONY4CHHBIX, OAHAKO, INPH M JCHTUYHBIX YCIOBUSX OCAXICHUS B OIHOM
TEXHOJIOTUYECKOM LIHKJIC.

B pabGore Obumm uccnenoBansl mwi€Hkn Al, Cu, Fe, Ni, Ti, Pt, npu stom, BeIGOp
MaTepHaioB OCYILIECTBILLIICS 110 COOTBETCTBYIOLICH TeMIlepaType ILUIaBICHUS MakpooOpasLa.
Bce muiénku ObUIM MCCIIEIOBAHBI B IIIECTH Pa3IMYHBIX YYaCTKaX 30HbI ONyTeHU. B yacTHOCTH
HCCIIeIoBANIACh TEMIlepaTypHas 3aBHCHMOCTh IIPOBOAMMOCTH. OOpasibl INIEHOK HarpeBainch
10 250-300°C, a 3aTeM OXJIaXKAAIIIChH O KOMHATHOH TeMIepaTtypsl. M3MepeHus poBOJHINCE
B JIBa LMKJIA «HArpeBa-OCTBHIBAHUSI» C INPOMEXYTKOM B 24 uaca. Ha puc. 1 mnoka3aHsl
Hamboyiee  XapakTepHble TIpadMKH TEMIEPAaTypHBIX  3aBUCHMOCTEH  HPOBOAUMOCTH

HaHOOCTPOBKOBBIX IJIEHOK Ti u Pt.

o, MKCM o, MKCM

24 == /eHb 1 1.5 + =*—nenpl
15 4 = /1eHb 2 = [1CHb 2

" | Esc0278¢8 | 4 Ew=0142¢8

1+ £,-0443¢B ) E,,=0,105eB
05 | / 05 1

0 - 0 t

0 100 200 300 T7,°C 0 100 200 300 T7,°C
a 6

Puc. 1 — TemnepaTypHast 3aBUCHMOCTb IIPOBOJUMOCTH HAHOOCTPOBKOBOIT InéHKH: a — Ti, 6 — Pt.

IIpn mepBUYHOM HarpeBaHHU IUIEHOK OBUTH OOHApY»KEHBI TPH XapaKTepHBIC 00IacTU
M3MEHeHHs mpoBoauMocTH (N-oOpasmast xapakrepuctuka). llepBas, o006macte pocTa

TIPOBOAMMOCTH, CBsA3aHa C TETUTOBOM aKTHBaHHeﬁ Hp]:I)KKOBOﬁ 3HeKTp0HHOI7[ TIPOBOAUMOCTH.
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Ha BcraBKax K pUCyHKaM I0OKa3aHa PacCUMTaHHAs SHEPIUs aKTUBALUM IPbDKKA IS EPBOTO
1 BTOPOT'O IIMKJIOB «HArpeBa-OCTHIBAHMS) (YCIOBHO «I€Hb 1» U «ueHb 2»). Bropas, obnacts
craga IPOBOAMMOCTH, CBs3aHA C  IIPOLECCAMH  HAHOCTPYKTYPUPOBAaHUS  IUIEHKH
(opMupoBaHUs HAHOOCTPOBKOB) 3a CUET aKTHBALUMH ITOBEPXHOCTHOH anuddy3uu aroMoB
(mpu TOBTOPHOM IMKIE HarpeBa o00JacTe cmaga orcyrcrByer). Ilocne monHOTrO
CTPYKTYypPHPOBaHHS IUIEHKU HaOIII01aeTCsl TPEThs 00JIacTh POCTa MPOBOAUMOCTH [9].

Beuto  0OHAapykeHO, YTO MOCIE HAHOCTPYKTYpPUPOBAHMS IUIEHKM Ha HW3MCHEHHE
MPOBOAMMOCTH BIHMSIOT [JBa Ipolecca. IlepBblii CBf3aH € aKTHUBALMEHl INPbIKKOBOM
MIPOBOJMMOCTH, a BTOPOil 00yCIIOBIIEH HOHHO-IIOJIEBEIMH IIPOLIECCAMH Ha IOBEPXHOCTHU. Tak,
[IPH OJIHOM HAHOCTPYKTYPUPOBAHWH IUIEHKA HPEACTABISCT CO0OH CHCTEMY AMCKPETHBIX
HAHOOCTPOBKOB, ~pa3AeiEHHBIX MPOMEKYTKaMH (MOTEHUHAIBHBIME Oapbepamu). [lpu
HaJIMYHY BHEIIHETO MOJISI B TAKUX OCTPOBKAX NMPOU3OMAET mepepacrpe/iefieHe 3apsioB U Ha
[IPOTUBOIIOJIOKHBIX KpasX BO3HHKHYT oOiacTu obaraiieHus U OOCIHEHUs DICKTPOHAMH.
Tommuna 3TUX 00NacTeil onpeaenseTcs A90aeBCKO ATMHOM YKPAHUPOBAHUS U U1 METAILIOB
cocTaBisieT nopsaka 1-2 atoMHbIx ciost. [Ipy HarpeBaHWM MEXIy OCTPOBKAMH HAUYMHAETCS
pPaBHOBECHBIH IpolecC «oOMEHa» aTOMaMH BCIEACTBHC aKTHUBALMH ITOBEPXHOCTHOU
i dy3un. OmHAKO eciad aTtoM OTOPBETCS OT OCTPOBKA B 3apsDKEHHOM 00JacTH, TO OH
NPEeUMYIIECTBEHHO TOXke OyzmeT 3apspkeH. [lpeiid Takux HOHOB MeTajula B IOJNE IO
TIOBEPXHOCTH IIOJUIOXKKHU OYZeT IPUBOAUTE K ABYM BaXKHBIM 3¢ peKTaM.

TlepBeiii 3¢ ekt cBsi3aH ¢ NEPEHOCOM 3apsaa ¢ OJHOTO OCTPOBKA HA COCETHHUH, TO €CTh
B IUIEHKE BO3HHMKAIOT HMOHHBIC TOKH. IIpOBOIMMOCTH Takoro THIIAa M OXKHO CPaBHUTH C
MIPOBOJUMOCTBIO OUCHB BSI3KOTO JJICKTPOIHTA. BTOpOil 2(deKT cBsi3aH HENMOCPEICTBEHHO C
YIOPSIOYCHHBIM ABIXKEHHEM MOHOB METAJIA U 3aKJII04aeTCst B (HOPMUPOBAHUM MOCTUKOBBIX
MEPEMBIYCK MEXAY OCTpOBKaMH. Hanmume Takux CTPYKTYpHBIX M3MCHCHHIl HPHUBOIHT K
BO3HHUKHOBEHHIO TUCTEpE3NCa TeMIEpaTypHOU 3aBHCHMOCTH IPOBOJAMMOCTH B 3aMKHYTOM
nuKie «HarpeBa-octeiBanusy (Puc. 1). OueBuaHO, 4TO MOAOOHBIE CTPYKTYpHBIE 00Opa30BaHUs
SBIISIIOTCS. METACTAOWIBHBIMM M HPH CHATHM BHEIIHHMX (HakToOpoB (IOJIEC M TEMIEpaTypa)
OyIyT CO BpeMEHEM YaCTHYHO PETaKCHPOBaTh, UTO TaK JKe OTOOPaKeHO Ha rpadukax.

O0a sddekra, CBs3aHHBIE C HOHHO-NOJEBBIMU IIpolEcCaMH, OyOyT NPHBOIUTH K
YBEJIMYCHUIO POBOJMMOCTH HAHOOCTPOBKOBOW IIEHKK. TakuM 00pa3oM, KpHBYIO Harpesa
yIOOHO TPEACTAaBUThH B BHJC ABYX OKCIOHEHT: IIEpBas OTBEYACT 33 aKTUBALHIO NPBDKKOBOH
JJIEKTPOHHOI MPOBOAUMOCTH, a BTOPAs 32 aKTUBAIHIO HOHHO-IIONIEBEIX MpoIieccoB. [Ipu sTom
HapaMeTpbl TIEePBOH 3KCIIOHEHTHI MOXKHO OINPEJCIUTh HA Y4aCTKE KPUBOW IO TEMIEPaTypbl

Havasla HAHOCTPYKTYPHUPOBaHHMS (BOSHUKHOBEHUS U dy3un).
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Ha puc. 2 mnpencraBieHa 3aBUCHMMOCTb 3HEPrUM  aKTHBALMM HMOHHO-IIOJIEBOM
MIPOBOJMMOCTH OT (G (PEKTHBHOH TONIMHBI MOKPHITHA. BUIHO, YTO ¢ yMeHbLICHHEM

3¢)d)€KTI/IBHOﬁ TOJIIIAHBI IIOKPBITHSA SHEPTHUA aKTUBAIUN BO3PACTacT.

12 N Ea(ﬂ-n)~3B BT
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i |
08 + "= a
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Puc. 2 — DHeprus akTHBalUH HOHHO-IIOJICBOI NIPOBOAUMOCTU HAHOOCTPOBKOBBIX ILIEHOK Ti 1 Pt mos

Pa3INYHbIX 3Ha4eHU T 5)(HEKTHBHOH TOIIINHEL.

Takum 06pa3omM, B paboTe MOKA3aHO, YTO B METANINIECKUX HAHOOCTPOBKOBBIX IIIEHKAX
Ha TEIJIOBOE M3MEHEHHE IMPOBOAMMOCTH BIHMAIOT 1Ba (hakTopa: aKTHBALUs MPHDKKOBOH
3JIEKTPOHHOM MNPOBOAMMOCTH M AaKTUBALUS HOHHO-TONEBBIX HpoueccoB. Ilpuuém, mis
BO3HUKHOBEHUSI J(P(PEKTOB CBS3aHHBIX C HOHHO-NOJICBHIM IIPOLECCOM HEOOXOIHMO
BBIIIONIHEHHE psa YCIOBHMH: HaIH4YMe IUCKPETHOH OCTPOBKOBOM CTPYKTYpPBl IUIEHKH,
HaJIMYME BHEIIHEro IOJsA U HaIMYUE TEIUIOBOM AKTMBALMM IOBEPXHOCTHOH auddysun
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HMOHHO-UHAYIHUPOBAHHBIE IPOLECCHI B TOHKONVIEHOYHBIX
MHOTI'OCJIOMHBIX MOKPHITUAX HA OCHOBE HUTPHJIOB IIUPKOHUSA U
KPEMHUS, OBJIYYEHHBIX HOHAMU KCEHOHA
ION-INDUCED PROCESSES IN THIN MULTILAYER FILMS BASED ON
ZIRCONIUM AND SILICON NITRIDES IRRADIATED WITH XENON IONS
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The radiation effects in thin multilayers films based on the ZrN and SiNx
after Xe ion irradiation are discussed. It is shown that irradiation the films
with Xe ions results in stress relaxation as well as radiation-induced defects
segregation on the interlayers boundaries.

B nocnennue mecaTHiIeTHs H UTPHABI mepexoqHblx MeramwioB (IIM), takme xak ZrN
HAaXOAAT INMPOKOE NPHMECHEHHE B KAueCTBE 3AlIMTHBIX IMOKPHITUH B MAIIMHOCTPOCHUU
Omaromapst cBOei BBICOKOH TBepHOCTH M H3HOcocToikocTh [1-2]. Ilyrem moGaBneHwms
JOTIONIHUTENBHBIX ~ DJIEMEHTOB, HampuMmep, Si, JOCTHTaeTcs IOBBINICHHE (DU3HKO-
MEXaHMYECKUX CBOMCTB MOKPBITHH, a Takxke CTOMKOCTM K okucieHuto [3]. Tax kak
pactBopuMOcTh Si Bo Bcex Hutpuaax [IM sBisieTcs HH3KOH MM HPEHEOPEKHUMO Maia, TO
JIETHPOBAaHKE B IIPOIIECCE OCAKICHHS JacTO NMPUBOAUT K (GOPMUPOBAHUIO HAHOKOMIIO3HTHBIX
MOKPBITHH, COCTOSIIMX M3 HAHOKPHCTAUIMYECKUX 4YaCTUI HUTPUAOB IIM, OKpy>KEHHBIX
TOHKOH (HECKOJIbKO MOHOCIOEB) amopdHOit MaTpuueit SiNy [3-4].

Jlpyroii crmoco® yIaydIIeHHsS CBOMCTB IOKPBITHH 3aKIIOYAeTCsl B IONYyYSHHU
HAHOPa3MEPHBIX MHOTOCIOMHBIX CHCTEM IIyTeM IIOCIE[OBATeIbHOIO OCAXICHHS CIIOEB,
SIBIIOIMUXCSA  JIByMEPHBIM IIPEACTaBIE€HHEM HaHokomno3uTa. Kak u B ciydae
HAaHOKOMIIO3UTa, MHOTOCJIOWHBIE TIOKPBHITHS ITOKA3bIBAIOT IIOBBIIICHHE MEXaHHYECKHUX
(Hmampumep, yBeNWUYCHHE TBEpAOCTH [5]), omTmueckux (HampuMep, CHEKTPaIbHON
CENIEKTHBHOCTH [6]) M XMMHYECKHX CBOICTB (Hampumep, CTOMKOCTh K okucinenuto [7]). B
MHOT'OCJIOIHON CHCTEME CIIOH, COOTBETCTBYIOIIME MAaTpUIE W YacTHULIAM OPHEHTHPOBAHBI B

NEPUOAUYECKON CTPYKTYpE B HAIIPABICHUU POCTa.
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HanopaszmepHble MHOTOCI/IOMHbIE HOKPBITUS SIBISIOTCS NOTEHLIUAIbHBIMU KaHAUAaTaMU
JUISL CO3JIaHUsI PaJJMallIOHHOCTOMKNX MaTepuaoB Oiarogapsi GOJIBIIOMY YHCIy MeX(pasHbIX
TPaHUILl, KOTOPBIE IEHCTBYIOT Kak 3¢ (EKTHBHEIE CTOKH PaIHalliOHHO-HABEACHHBIX TOUCTHBIX
nedexros [8].

B nanHoif pabore ObuIM copMHpOBaHBI MHOTOCIHOWHBIE TMOKpBITHA ZrN/SiNy ¢
paznuuHoi TommuHoU cinoeB ZrN u SiNy 1 HccliejoBaHO BIMSIHHE 00TydeHHs HOHaMH Xe Ha
CTPYKTYpPY U (pa30BBIil COCTaB MOTYYCHHBIX MOKPHITHH.

Mmuorocoiiabie mokpbIThst ZrN/SiNy ocaxAanich Ha MOHOKPHCTAUIHYECKYIO TTOTOKKY
Si (001) c ecrecTBeHHBIM OKCHAHBIM cioeM SiO, (~ 2 HM) METOAOM pPEaKTUBHOIO
HecOaJlaHCUPOBAHHOTO MAarHeTPOHHOro pacmbuieHus [9]. OcaxkaeHue HPOBOIWIOCH ITIPH
Temmepatype momtoxkkd 350°C W gaBieHHH B BaKyyMHOW Kamepe He BBIIIE YeM 107 Tla.
Mumenn Zr (99,2% wuucrotel) u Si (99,999% 49HCTOTBI) COBMECTHO pPACHBUIIIACEH
cMemanHoi 1iasmMoit Ar+N,. IlpenBapuTenbHO BCE MUILIEHM B TEYEHUE TPEX MUHYT
OUMILAIKCH IYTEM pacIbUIEHHs MX TOBEPXHOCTH YUCTOW IIasMoil Ar, BTO BpeMs Kak
MOAJIOKKa OblIa 3aKphITa 3aclOHKOH. OcaJeHHe MPOM3BOJHIOCH B JBYX PEXHMax: IPH
noctossHHON ToummuHe caost ZrN (10 HM) 1 BappupoBaHHH TOMIMHEI c1ost SiNy ot 0,4 mo 20
HM, NTOCTOSIHHOM TonmmHe ci10s SiNy (5 HM) U BappupOBaHUU TOMIIUHEI c10st ZrN ot 5 1o 40
HM. Ocak/ieHue HOKPBITHII MPOBOIMIOCH NPU MOCTOSIHHOM OTPHIATEIBHOM MOTEHINAIe Ha
nomnoxkke 56 B ¢ mcmonb3oBaHHMEM BBICOKOYACTOTHOTO HCTOYHHMKA NUTaHUS. Pabouee
nasnenue cocrasisuio 0,20 Ila, a mapuuansHoe napneHue N, MOCTOSHHO PETYJIMPOBAIOCH B
Jana3oHe (1,8-2,5)'10'3 Ila wu xoHTponupoBaioch Macc-cnekrpomerpom  MKS
MicroVisionPlus. [lepxaTens MOMJIOXKEK Bpalaics CO CKOpOCTbio 15 o0/mMuH. mms
obecriedeHns OTHOPOAHOCTH TOJIIMHEI  COCTaBa BO BpeMsl OcakieHUsI. TONINHA TOKPBITHH
cocrasisiia ~300 HM.

Oo6ny4yenue 06pa3LoB HOHAMU Xe? " (¢ sneprueil 180 k3B) npoBOAMIOCH HA UMILIaHTEpE
noHoB EATON NV3206 B Uncruryre P' VHuBepcurera Ilyarse (Opanuus). uaTerpanbHas
mo3a coctaBuma 5x10' e, DHepreTHUeCKIe MapaMeTpsl 06TYUCHHS GBLTH BHIOPAHEI TAKIM
00pa3oM, 4ToObI TIIyOMHA pacpe/ieNieHHs HMIUIAaHTHUPOBAHHBIX NpuMecel Xe, paccunTaHHas
o nporpamme SRIM-2013 [10], He npeBbIIIana TOIMMHBI HOKPHITHS.

CrpykTypa u (a30BbIi COCTaB MOKPHITHH U3ydalici Ha PEHITEHOBCKOM AU(PaKTOMETpe
Ultima IV ¢ CuK, m3nydenuem (0,15406 HM) B pexuMe MNapaIeIbHOr0 IIydka C
HCHOJIb30BaHHEM BBICOKOCKOPOCTHOTO Aerekropa (D/tex nerexrop).

PesynbTaThl  peHTTeHOAW(PAKIMOHHBIX  HCCIEIOBAHUH MHOTOCIOWHBIX — IOKPBITHI

ZrN/SiNy mpencraeieHsl Ha pucynke 1. Ha cmektpe BbisiBIeHBI IUGPAKIHOHHBIC MHKH
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COOTBETCTBYIOLIME KPHCTAJUIMYECKOMY HUTpUIY uupkoHus ZrN. Ilpu 3ToM NHKOB,

COOTBETCTBYIOIIUX HUTPULY SINX HC BBIABJICHO, YTO MOXET CBHUJCTCIBCTBOBATH 00 ux

aMOpGHOCTH.
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PucyHok 1 — ®dparMeHThl pEeHTICHOTPAMM MHOTOCIONHBIX TOKPBITHH ZIN/SiNy, chopMHpOBaHHBIX
py noctostuHoi Tonmune cnost ZrN (10 um) (a) u nocrosiHHO# ToutuHe ciaost SiNy (5 Hm) (6).

OOHapy»eHO, YTO C POCTOM TONIIMHBI closi SiNy I[IMPHHA Ha TOJNYBBICOTE
mudpakunonHoro nuka ZrN (200) pacter, a ero LEHTP TSDKECTH CMeliaeTcs B 00 JacTb
MEHBIIMX  YIJIOB, YyKa3blBalollee Ha  yBEJIWYCHHE  OTHOCHUTEIHFHOTO  HW3MEHEHHs
MEKITIOCKOCTHOTO PaccTOsIHUS Ad/d, 94T0 B ciTydae KyOHMIeCKOH KpUCTAIIMIECKOH PEelIeTKH
HUTpHraa ZrN CBHICTENIBCTBYET B M0JIb3Y YBEINYEHHS €ro apaMeTpa peieTky (PUCYHOK 1a).
B cnywae ke yBenmuueHHs TOMIHMHBI ZrN MPH MOCTOSHHOH TommuHe ciaost SiNy ImupuHa
nmudpakunonHoro nuka (200) ZrN yMeHbIIaeTcsi, a ero UEHTP TSHKECTH TaKXKe CIBUTACTCS B
001acTh MEHBUINX YIIIOB AU(paKiuu (PHCYHOK 16).

Takum 00pa3oM, YBEIHYCHHE TONIIMHBI aMOP(HOTO CIOS MPUBOAUT K POCTY
MaKpOHAIPSDKEHHUH, CBSI3aHHBIX C yBEJIMUCHHEM mapaMerp pererku Hutpuaa ZrN. C poctoM
TOJIIMHBI KPUCTAUIMYECKOTO CJIOS HUTPUAA LHUPKOHHS TakKe INPOHCXOAUT YBEIHUCHUE
YPOBHSI MaKpOHAIPSKEHUH.

Ha pucyHke 2  TpeicTaBIeHbl  Pe3yJlbTaThl  PEHTTCHOAU(PPAKTOMETPHICCKHX
HCCIICIOBaHUN MHOTOCJIOMHBIX TOKpPBITHI, 00MydeHHBIX MOHamu KceHoHa (180 k3B, mosa
5%10'% em).

CornacHo pes3yibTaTaM pPEeHTIeHOMM(DPAKTOMETPHIECKHX HCCIICIOBaHUH 00JIydeHne
HCCIIeMyeMbIX CHCTEM HOHAMU KCCHOHA He NPUBOAUT K M3MEHEHHIO HX (a30BOTO COCTaBa M

CTPYKTYpHI (ciiou ZrN 0CTaroTCs KPUCTAJUTMUECKUMHU, a SiNx — aMOp(HBIMU) (PUCYHOK 2).
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PucyHok 2 — ®@parMeHThl peHTTCHOTPaMM MHOTOCJIOWHBIX MOKPBITHH ZrN/SiNy, chopMUpOBaHHBIX
npu noctostHHoi Tosmuue cinost ZrN (10 um) (a) n nmocrosiHO# ToumHe ci1ost SiNy (5 Hm) (6) n
16 . -2
06myuennbix nonamu Xe (180 k3B, 5x107° cm™).

OOHapykeHo, 4To O0JIyueHHe MOHAMH KCEHOHAa MHOTOCIIOMHBIX IOKPBITHH ¢ TOHKHMH
cnosmu HuTpuaa kpemHus SiNy (0,4 HM) IPOHCXOTUT CMeIleHHE AU(PPAKIMOHHOH JIMHUH
(200) ZrN B CTOpOHY MEHBLIMX YIJIOB AM(DPAKIUH, CBHICTEILCTBYIOLICE 00 YBEIUYECHHU
OTHOCHUTENBHOTO H3MEHEHHsS MEXIUIOCKOCTHOTO paccTosHusI A d/d, BTO Bpems Kak B
MHOTOCIIOIHBIX HOKPBHITHAX ¢ Oojee TOICTHIMU CIOSIMH HHUTpHAa kpemHHS SiNx (1 HM u
Gosee) MPOUCXOAUT YMEHBIICHHE OTHOCHTEIBHOIO H3MEHCHHS  MEKIUIOCKOCTHOIO
paccrosinusi A d/d (pucynox 2). OOGHapy»XEHHbIC 32 KOHOMEPHOCTH CBHICTEIBCTBYIOT 00
HM3MEHEHHH Je(peKTHOCTH OOITyYEeHHBIX ci1oeB. Ha OCHOBaHWMHM MOJy4YeHHBIX JaHHBIX B paboTe
00CY)KHAIOTCS OCHOBHBIE MEXaHH3Mbl CEIpEralid COOCTBEHHBIX, PaAHALMOHHBIX U
HaBEJICHHBIX JIe(EKTOB Ha MEX(a3HbIX IPAHHIIAX, 4 TAKXKE BBISBIIACTCS POJIb TOJIIUHBI CIIOCB

HUTPUJOB HUPKOHUA U KPEMHUS Ha 3(1)(1)CKTI/IBHOCTB CTOKa Jle(beKTOB Ha rpaHunax.
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FUTURE DIRECTIONS IN EDGE PLASMA PHYSICS AND PLASMA MATERIAL
INTERACTIONS IN FUSION DEVICES: SOME RESULTS FROM THE FES
COMMUNITY PLANNING WORKSHOPS 2015

S. I. Krasheninnikov

University California San Diego, USA and National Research Nuclear University “Moscow
Engineering physics institute”’, Moscow, Russia, e-mail: skrash@mae.ucsd.edu

In February 2015, Dr. Ed Synakowski, USDOE FES Associate Director, has announced a
set of Community Planning Workshops that are intended to seek community engagement and
input for future program planning activities (see the website
https://www.burningplasma.org/activities/?article=FES%20Community%20Planning%20Wor
kshops%202015). Particular objectives of the workshops are: discussion of near- and long-
term research tasks, such as experiments that could be performed on existing experimental
facilities; possible upgrade of existing facilities and diagnostics capabilities that would enable
of enhance the research tasks; identification of areas for which modeling and simulations
could be impactful. In my talk I’ll present some results from two of these workshops,
scheduled to take place in May-June 2015, which are aimed on the physics of edge plasma

and plasma-material interactions in fusion devices.
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GENERATION AND AMPLIFICATION OF MICROWAVE RADIATION BY THE
INJECTION OF STRONG RELATIVISTIC ELECTRON BEAM IN A PLASMA
WAVEGUIDE

P.S. Strelkov, D.K. Ulyanov
Prokhorov General Physics Institute of Russian Academy of Sciences,
119991 Vavilov str.38, Moscow, Russia, ulyanov@fpl.gpi.ru
A review of experimental studies of plasma relativistic microwave oscillators and amplifier is
presented. Elements of the theory are also mentioned which allow to explain the observed
facts. A some of plasma microwave oscillators (PRO) were created in the range 1.5 to 28 GHz
with the power 50 MW tunable in a broad range of frequencies. Possibility of pulse to pulse
radiation frequency control during a bunch in repetitively rated regime is presented. Plasma
microwave amplifier was created in the range 9 to 13 GHz and 2.4 to 3.2 GHZ with power 50
—100 MW and the efficiency 5 — 10 %.

Plasma relativistic microwave electronics continues studies of plasma non-relativistic
microwave electronics conducted in 1960th and 1970th in the Physical Technical institute,
Kharkov, Ukraine, and the Institute of radio technology and electronics, Moscow, Russia. The
reviews of these studies are in [1] and [2]. In 1974 (then our team was a part of the Lebedev
Physical institute) investigations in the plasma relativistic microwave electronics started and
in 1982 the first plasma relativistic microwave oscillator was created [3].

The most important difference in physical conditions of the new experiments due to
the utilization of relativistic electron beams is the following. The relativism of electrons
facilitates the difficult task of the extraction of microwaves from the plasma waveguide to the
vacuum one.

Fig. 1 presents the scheme of the plasma microwave oscillator. The cylindrical
waveguide 3 with the radius R is immersed in a longitudinal, homogeneous magnetic field. A
hollow plasma 7 with the radius r, and the wall thickness Ar, is produced, Ar, <<r},. A hollow
relativistic electron beam 1 with the radius r, and the wall thickness Ar, <<, is injected into
this plasma waveguide. The length of the waveguide is bounded by the edge of the central
conductor 5 of the coaxial radiating unit. Microwaves are generated in the plasma waveguide,

propagate along the vacuum coaxial waveguide and are radiated by the horn 4.
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Fig. 1 Scheme of the plasma microwave oscillator. 1- REP, 2— plasma, 3—-waveguide,
4- output horn, 5- collector, 6— output window, 7— plasma source

The operation principle of the microwave oscillator is the excitation of the slow
plasma wave by an electron beam on basis of the effect of Vavilov and Cherenkov [4]. Fig. 2
presents the dispersion of the slow waves of a plasma waveguide for two values of plasma
density and the dispersion of the wave of an electron beam space charge in the approach of a
little beam current.

It is seen from Fig. 2 for the small value of plasma density the dispersion curves of
the plasma and the beam do not intersect. As the plasma density rises, the intersection point
o appears when the condition of Vavilov and Cherenkov is fulfilled: the phase velocity of
the wave is equal to the beam electrons speed. Hence, the interaction of the beam with plasma

takes place only when the plasma density exceeds a threshold value. From Fig. 2 it is seen

A w=k,C

Fig. 2 Dispersion curves
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also that a rise of the plasma density allows to increase the radiation frequency as the value of
plasma frequency w, increases.

There is problem to transport microwaves from plasma waveguide to vacuum coaxial
waveguide. The phase velocity of TEM mode of a coaxial waveguide is equal to the speed of
light. The relativistic electron beam excites plasma wave with the phase velocity compared to
the speed of light in vacuum. It leads to the decreasing of microwave power reflection
coefficient from right end of plasma waveguide — k,. The low value k; is necessary for
achievement of high efficiency of oscillator or amplifier. If the reflection coefficient of the
plasma wave from the left border is k; then the condition of switching on the self-oscillations
in plasma waveguide with the length L is written as ky,e*" > A,

Experiment. Plasma was created by an additional electron beam with 600 eV of the
electron energy. When this beam passed through the gas xenon with the pressure of
5-10"* Torr in a magnetic field of 1+2 T it created an annular plasma with the density up to
810" cm™ [6]. After this a relativistic electron beam with the electron energy of 500 keV, the
current of 1-2 kA and the pulse duration of 30, 100 or 1000 ns was injected into the plasma
waveguide. High power microwave sources operates both single pulse and repetitively rated
regimes. There are up to 50 pulse in 1 second bunch.

The following physical values were experimentally measured: the cathode potential
(the full beam electrons energy), the plasma density in a.u., microwave pulse energy [7], and a
waveform of the microwave signal from dipole antenna.

Plasma relativistic oscillator. PRO works both in single pulse and repetitively rated
regimes. Fig.3 is represented typical spectrum of single pulse. Microwave power from 5 up to
20 GHz with power level about 50 MW is generated.

50 -
S, a.u.

25 4

0 10 f, MMy

Fig. 3 PRO spectrum
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20 pulses in a bunch were achieved on another PRO. Fig. 4 presents the dependence of the 3d
spectra on shot number in a bunch. It demonstrates the possibility PRO generated frequency
manipulation during a bunch. Both monotonic mean frequency increasing and step regimes

are presented. Generation stable frequency in all pulse of the sequence is achieved too.

” 20

mw05_007

Fig. 4 PRO spectra in repetitively rated regim 20 pulses. 1- grows frequency regime
(1.8 to 5 GHz), 2— two step regime (2 and 4 GHz)

High Power Ultra Wideband oscillator. Tunable High Power Ultra Wideband plasma
oscillator is another type of high power devices. Fig. 5 demonstrates time dependence of
microwave spectra. 100 MW power was obtained in the 600 ns pulse. The pulse energy was
16 J. It is shown that all frequency in 3.5 GHz bandwidth generates simultaneously during the
pulse. A distinguishing feature of this device is that microwave pulse is equal to 600 ns. The
pulse duration of similar high power ultra wide band oscillator is about one nanosecond.

Plasma relativistic microwave amplifier. In the plasma microwave devices, a

variation in the plasma density allows variations in the properties of the electrodynamic

- 200+300ns g4 500 +600 ns
03 03
0.2 0.2
0.1 0.1
0 0
1 2 3 4f,GHzs i 2 3 4 5 1 2 3 4 5

Fig. 5 Time dependence of High Power Ulfra Wideband plasma oscillator Spectra
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structure. Such a variation is impossible in the vacuum microwave electronics. The last
difference is important for practical applications, since it enables one to create microwave
oscillators with a sevenfold variation in the frequency [8]. The monochromatic radiation can
be generated in the plasma microwave oscillators at low frequencies with a frequency tuning
by a factor of 1.5 [9]. However, the stepwise frequency tuning is implemented owing to the
transitions between the longitudinal modes. In the plasma microwave amplifiers, one can
generate the monochromatic radiation with a smooth electronic frequency tuning in a
relatively wide range owing to a variation in the frequency of the input signal. The example of
possibility to change microwave frequency is shown on fig 6. This is spectra of microwave

pulses of 300 ns with a power of 60 to 100 MW.
0.7 - S, a.u.
0.6
0.5
0.4
0.3
0.2
0.1

o . . -~ ~ an J o~ A
2 25 3 35 f,GHz 4

Fig. 6 Amplifier. 1-2.4 GHz), 2-2.7 GHz, 3-2.83 GHz, 4-3.1 GHz

The scheme of the plasma microwave amplifier is similar to scheme of the plasma
microwave oscillator fig.1. The amplifier has two additional junctions: an input device for
inputting a microwave signal and the absorber. The absorber is required for suppressing self-
excitation of microwave source. The study of plasma microwave amplifier is published in

[10-13].

[1] Fainberg Ya. B.// Plasma Physics Reports, 26, 4, 335, 2000.

[2] Bernashevski G. A., Bogdanov E. V., Kislov V. Ia., Chernov Z. S//. M.: Sov. radio, 1965 (in Russian).
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Plasma-Surface Interactions during normal and abnormal Tokamak operation

Ahmed Hassanein and HEIGHTS Team
School of Nuclear Engineering, Purdue University,
West Lafayette, IN 47907, USA

hassanein@purdue.edu

Plasma instability events such as disruptions edge-localized modes (ELM), vertical
displacement events (VDE), and runaway electrons, are all very serious events and the most
limiting factor for successful Tokamak reactor concept. Comprehensive research efforts are
being developed utilizing the powerful and unique HEIGHTS simulation package to study
self-consistently various effects of high particle and power transients on material
operation/selection. The ultimate objectives of PMI simulations are to establish
comprehensive understanding of all issues that affect wall performance and to develop
innovative concepts and conditions for the best and successful operation of future devices.
The HEIGHTS package contains numerous integrated models that include plasma and
particle energy deposition, material bulk thermal response, surface melt-layer formation and
movement, near-surface vapor-shield formation and evolution, photon line and continuum
radiation transport, atomic and molecular processes of surface materials in the plasma, and
photon radiation/vapor motion effects on nearby components, all in 3-D configurations.
HEIGHTS was extensively tested and benchmarked against worldwide laboratory
experiments as well as Tokamak fusion devices. The package is also extensively
benchmarked using laser and discharge-produced plasma for advanced lithography.

HEIGHTS investigated in detail the effects of plasma instabilities including disruptions,
ELMs, VDEs, and runaway electrons on plasma facing components (PFC) and
predicted/analyzed ways for mitigating such effects. Plasma instabilities can cause both
surface and bulk damage to plasma-facing and structural materials. The simulation showed
that disruptions and high power ELMs cause excessive target erosion of candidate materials
such as Be, C, and W and possible plasma contamination. The simulation also showed that, in
addition to the severe surface erosion, a single event such as VDE or runaway electrons could
severely damage the reactor structural materials and disrupt operation for a significant time.

Numerous methods for mitigating the effects of plasma instabilities on PFC materials lifetime
and on plasma core contamination were studied using HEIGHTS. Protection of PFC
components using liquid metals flow, boron coating, inserts of thin layers of high-Z
materials, and neon gas puff were analyzed in details.

HEIGHTS studied the overall effects of disruptions and giant ELMs on PFC. Figure 1(a)
shows predicted erosion of carbon surface and relative values of plasma energy deposition
and radiation energy of evaporated carbon to the divertor surface during disruption event.
Self-consistent modeling included plasma particles deposition, divertor coating material
melting, vaporization, ionization, and as result plasma plume formation and hydrodynamic
expansion with shielding effect on the following core plasma deposition on divertor and with
radiation fluxes to the nearby components. Figure 1(b) demonstrates the absorption of the
disrupting plasma energy by evaporated carbon.

Ahmed Hassanein
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Fig. 1 a) Temperature distribution of evaporated and ionized carbon from divertor surface; b)
Deposition of disruption plasma energy in the divertor region

Figure 2 shows predicted results of energy impact at VDE: copper and water bulk
temperatures along the tube at the start of coolant wall melting for ITER-like divertor
mockup structure with 5-mm W coating and for the channel with swirl tape insert. VDE
energy impact considered in the modeling was as plasma energy density of 60 MJm?
deposited over 0.5 s. As shown in figure, intensive thermal load from the wall along channel
can significantly increase water bulk temperature and impair the water condition from being a
better heat transfer at the end of simulated ITER-like module with length of 1.5 m.

5 mm W coating

2000

Z distance,cm

Copper temperature,K

1200

T T — 1
0. 36 71 106 146
X distance, cm Y distance,cm

Fig. 2. Copper surface temperatures in dependence on tungsten layer thickness for
smooth tube and tube with swirl tape insert (inlet water temperature of 403 K)

HEIGHTS also studied the effects of runaway electrons on PFC. The calculations were
carried assuming a total energy density of 50 MJ/m? 50 MeV incident electrons energy,
magnetic field angle of 5 deg, in a magnetic field value 8 T (inboard wall), and an impact
duration 0.01 s. It is shown that for a standard geometry of first wall with beryllium armor on

Ahmed Hassanein
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Cu substrate (Fig. 3(a)), Be can melt at the interface with the structural Cu material. To
prevent melting of the heat sink and possible mitigation of the effect of runaway electrons,
two solutions were proposed: increasing the beryllium thickness, or use of an additional
"slowing down" insert layer above the heat sink structure. Because beryllium is harder to use
(being toxic, etc) the second option was proposed for the first wall heat protection. Figure
3(b) shows the temperature distribution as a function of the mockup depth for two cases: for
0.8 mm-thickness of W layer between Be and Cu and for 0.1-thickness of tungsten inside of
Be layer.

The simulation results of the effects of various plasma instabilities will be shown in movies
in 3-D reactor geometry.
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Fig. 3 a) Schematic of first wall geometry and configuration; b) Influence of tungsten layer location
and thickness on Be and Cu temperature
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FABRICATION OF FINE-DISPERSED COATINGS AT DEPOSITION WITH
SIMULTANEOUS SPUTTERING

A.V. Rogov', Yu.V. Martynenko'?, Yu.V. Kapustin', N.E. Belova'

'NRC “Kurchatov institute”, 123182, Russia, Moscow, Akademika Kurchatova sq., 1
E-mail: alex-rogov@yandex.ru
2National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),
Russia, Moscow, Kashirskoe highway, 31

New low temperature method of homogeneous Mo nanocrystallite coating
formation was developed. The coating was formed at magnetron Mo
deposition on polished Mo polycrystalline substrate with simultaneous ion
sputtering. Deposition and sputtering were performed in combined
discharge of magnetron — hole cathode [1]. X-ray difractometry and SEM
were used for coating structure investigation. A theoretical model was
developed for coating formation by proposed method. At low excess of
deposition rate over sputtering rate uncontrolled fast growth of some Mo
crystallites is effectively suppressed, being fine dispersed coating is formed.
Such coatings can be used as a radiation stable reflecting coatings for high
temperature plasma diagnostic mirrors [2, 3]. The proposed method can be
used also for other materials modification, semiconductors included.

For ion sputtering cylindrical hole cathode was used made from stainless steel with
length 65 mm. Substrate was placed on stainless holder at bottom of cylindrical hole cathode.
All elements of hole cathode were initially coated with Mo to reach chemical homogeneity of
received coating. Magnetron with isolated anode was placed at the open part of hole cathode.
Polished Mo mirrors 3 mm thick with diameter 25 mm were used as substrates. Magnetron
cathode with diameter 25 mm was made also from Mo. Two independent power sources were
used for magnetron and hole cathode with maximal output 750 V. Magnetron anode was used

also as anode for hole cathode. Experimental scheme is shown in figure 1.
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Figure 1. Experimental scheme: substrate holder (1), substrate (2), flow of sputtered in magnetron
material (3), cylindrical hole cathode (4), region of hole cathode discharge (5), magnetron anode (6),
magnetron cathode (7), magnetron body (8), power source of hole cathode (PS1), power source of
magnetron (PS2)
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Argon was used as working gas. Coating deposition was carried without addition
heating at one gas pressure in all experiments. Two different deposition regimes were studied.
In first case deposition lasts 77 = 130 min, average magnetron discharge current was
Iim = 165 mA, average magnetron voltage was U; = 303 V, average current of hole cathode
was /i = 60 mA, average voltage of hole cathode was Uy, = 417 V, coating thickness was
hy =1 um and deposition rate 0.1 nm/s. In the second case 7, = 600 min, Ly, = 257 mA,
U, =293 V, Ly = 80 mA, Uane = 289 V, coating thickness was /1, = 1.2 wm and deposition
rate 0.03 nm/s. In second experiment decrease of voltage in hole cathode was caused by
charge particles exchange with magnetron. Surface reliefs on both samples are shown in the

figures 2 and 3. Substrate surface relief after sputtering of top surface defects layer is shown

in the figure 4.

1.8U JEOLS

Figure 2. Deposition rate R; = 0.1 nm/min Figure 3. Deposition rate R, = 0.03 nm/min
(marker 1 um) (marker 0.1 wm)

15KV

Figure 4. Grains on substrate surface after sputtering of top surface defects layer (marker 1 wm)

Typical grain size on substrate surface is 10 um. Surfaces of coatings in both cases are
smooth and homogeneous. Earlier in [1] surface smoothing was observed at deposition with
simultaneous sputtering being polishing defects and scratches disappear and don’t seen

even after remove of all top surface layer.

151



X-ray diffractometry shows that coatings consist of BCC crystallites with direction
[110] oriented normal to the surface. Crystallites transversal sizes are 6-7 nm for first case and
8-9 nm for second case.

A model of structure formation at deposition with simultaneous sputtering was
developed. The model assumes that crystallites size is determined by size of nuclei, on which
the crystallites grow. Size of atom cluster — nuclei is limited by cluster destruction under ion
bombardment. At initial stage concentration of free diffusing adatoms on the surface is
determined by their joining into clusters and equals C = (¢/(-D))" (¢ = go — j-Y, qo is the
atom deposition rate, j-Y is the sputtering rate, j is the ion current density, Y is the
sputtering yield, D is the diffusion coefficient, which can be not only thermal activated, but

also radiation activated). In this stage maximal atoms number in cluster is
_ 4 y2
Mmax = (D-gq/m)-a™(j-Y5)~,

Ys is the atoms number separated from a cluster when an ion hits the edge of cluster with
width equal an interatomic space a (d = a'n'? is the cluster diameter). But at high cluster
concentration N distance between adatoms becomes higher that distance between clusters
(N - @'nimax™®). Then new clusters formation deceases and all new atoms appearing on the

substrate join to clusters. Thus the final cluster size is
d=N" 4 g = (@ DIg)"™ + (D-q)a™ (- Ys).

Cluster size is minimal at g, = (j-a/2)**-D™"”. Calculated crystallites sizes are 5 nm for
first case and 6.7 nm for second case.

Experiments and model show that coatings fabricated at deposition with simultaneous
sputtering have nano size, mono dimension structure with mono oriented columns.
Preliminary surface cleaning (by sputtering) and smooth transition to deposition regime result

in good adhesion.
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Erosion of plasma facing elements in fusion devices is an important question affecting
their lifetimes. Redeposition of eroded materials may lead to accumulation of hydrogen
isotopes, which makes it an important problem from the perspective of radiological safety.
Redeposition in layers with carbon and beryllium could be a channel for hydrogen isotope
accumulation.

In 2010, first wall of JET tokamak (Britain) has been completely changed from fully
carbon to ITER-like, comprised of Be and W covered tiles [1]. Comparing erosion and
deposition in various areas of the installation, such as the inner wall, inner and outer divertor,
shadowed areas in the divertor, with data obtained during the carbon phase [2-4], is a priority.
Some results dealing with new ITER-like wall have been published already [5-8], but there
are still a lot of questions. Among them is carbon redeposition in the divertor. Carbon has
been observed in “fully metal” systems, including JET, and its presence can lead to formation
of hydrocarbon and mixed carbon-containing films with high hydrogen isotope content. It is
also possible that beryllium films could be co-deposited with hydrogen isotopes in shadow
regions of the divertor. Erosion distribution on the inner wall in comparison with carbon
campaigns is also an important question.

In this work, erosion and deposition of plasma facing materials in JET tokamak during
carbon phase campaigns and ITER-like campaign are compared for such areas as inner wall
between inner limiter, inner and outer divertors, shadowed areas in inner and outer divertor, as
well as under the load-bearing tile.

For quantitative surface analysis, ion beam analysis (IBA) was used. Rutherford

backscattering (RBS) using protons p" and *He" ions at various energies was used to analyze

the surface composition of samples from all investigated areas, mainly to study material
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erosion. Nuclear reaction analysis (NRA) with *He" ions at various energies were used to
complement RBS and to obtain deuterium content and depth distribution in the studied
samples. In addition to IBA methods, scanning electron microscopy (SEM) was used for
divertor analysis.

Inner wall erosion was studied using long term samples (LTS) [8]. The samples were
spread over the inner wall: four samples were mounted in octant 4 at different poloidal
locations (tiles 2, 5, 8 and 11), five samples were mounted close to the inner midplane in the
8th tiles in different octants (octants 1, 3, 5, 6 and 8 for carbon phase campaigns and octants
1,2,5, 6 and 8 for ITER-like campaign). LTS surface was coated with beryllium, carbon and
tungsten, depending on the experimental campaign (Be and W during ITER-like campaign, C,
Be and W during carbon phase campaigns). Net erosion rates were calculated from the
amounts of the eroded material for all samples, using total successful (Ip>0.7 MA) discharge
times obtained from JET discharge statistics.

The average erosion rate of W markers during the discharge campaign 2011-2012
(9.2x10" atoms/cm’s) was very close to the one for the discharge campaign 2001-2004
(8.4x10"" atoms/cm?s). In both campaigns both toroidal and poloidal erosion distributions
were mostly homogeneous.

The toroidal erosion distribution of Be was similar for both 2005-2009 and 2011-2012
campaigns. The erosion distribution had small maxima in the 1st, 4th and 8th octants. The
carbon net erosion rate distribution during the 2005-2009 campaign had a similar shape
except for the first octant, with small maxima at the 4th and 8th octants.

The poloidal distribution had a maximum near the midplane (8th tile) and a sharp
decrease in erosion towards the bottom (11th tile) during the 2011-2012 campaign and was
mostly homogeneous (with a maximum difference of 15% in erosion between tiles) during the
2005-2009 campaign.

The average net erosion rate of the Be markers during the discharge campaign 2011-
2012 (0.55x10'" atoms/cm’s) was about 50% of that for the discharge campaign 2005-2009
(1.2x10" atoms/cm®s). This means that the net erosion rate for the ITER-like inner wall of
JET was about 1/5th - 1/4th of that for the carbon-coated inner wall. Be redeposition from the
limiters or from the recessed inner wall tiles is a possible explanation of this decrease,
compared to the net erosion rate of Be during the 2005-2009 campaign. Chemical erosion of
C by low energy particles is the most probable explanation for the comparatively lower Be net

erosion rate during the 2005-2009 campaign.

154



Seven tiles from JET inner and outer divertor have been analyzed after 2011-2012
campaigns — three from inner divertor (tiles 1, 3, 4), three from outer divertor (tiles 6, 7, 8)
(see fig. 1) and one adjacent to tile 1 of the inner divertor (tile 0). ). Tiles were made out of
carbon fiber composite (CFC), covered in a thick layer of tungsten (10-20 um). The analyzed
tiles, except tile 0, were further covered with a tungsten marker layer 3 pm thick with a 3 um
thick molybdenum interlayer between the marker layer and the main protective layer. To
study tungsten redeposition, there was no tungsten marker layer deposited on top of
molybdenum layer on tile 3. Erosion patterns have been compared to those observed in
divertor during carbon phase campaigns with the same divertor configuration.

No indications of strong erosion were observed anywhere but at the center of the vertical
area of the inner divertor (tile 3) after the ITER-like campaign; this strong erosion area was
not observed in prior carbon campaigns. Lack of strong erosion in the outer divertor is also
characteristic for the carbon phase campaigns [2]. While some rough correlation could be
drawn between deposition patterns and strike point distribution, they can not be said to
correspond fully.

Most of the deposition occurred on the tiles 0 and 1 of the inner divertor, with more than
66% of all deposits located in the divertor deposited there. In total, 52 g of Be, 12 g of C and
0.9 g of D were located in the divertor after the experimental campaign. These data were
compared to those obtained during carbon phase campaigns.

To study deposition in the shadowed areas of the divertor, cavity samples were used
during 1999-2001, 2005-2009 and 2011-2012 campaigns. They consisted of two parallel
silicon plates in a metal frame, forming a cavity. The top plate had an entrance slit of a known
width. Particles entering the cavity through the slit could either stick to the bottom plate and
form a precursor for film deposition, or could be reflected from it, or could transform into a
non-reactive molecule. These processes gave a film thickness distribution, from which
information about the sticking coefficient can be acquired. If the sticking coefficient is high,
then the probability for sticking at the first hit surface is large. In this case the cavities act as
pinhole cameras which allow to reconstruct the source distribution of the radicals.

The deposition profiles were compared for carbon and ITER-like campaigns, as well as
the particle sources, and absolute amounts of deposits. Lower deposition and deuterium
accumulation was observed during IER-like campaign.

Erosion and deposition in JET was studied both during the carbon phase and after ITER-

like wall was installed. Overall, lower erosion was observed on the inner wall and lower
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deposition and deuterium accumulation were observed in the divertor during 2011-2012

campaign with ITER-like wall.
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Hydrogen (H) retention in the plasma facing components (PFC) of fusion devises remains
an open issue. Recent retention studies in the JET tokamak [1] compare ITER-like wall with
carbon wall, showing ~10 lower long term retention for the metal wall, estimated with global
gas balance. Analysis in ASDEX-U [2] shows wall saturation after injecting some H fluence
release and retention fluxes remains in balance until the end of the discharge. In our
experiments with lower plasma densities but longer pulses balance of the release and retention
fluxes changes and strong release starts in some discharges. Net wall H inventory in QUEST
during the steady state tokamak operation (SSTO), estimated with global gas balance, is ~ 70
— 80% of the fuelled H amount. Note that there are only metallic PFCs in QUEST. Since gas
balance cannot distinguish retention and release fluxes and only net inventory could be
calculated, for better understanding of the balance between retention and release fluxes
additional diagnostic is needed for direct retention measurements. Membrane probes for
plasma driven permeation (PDP) detection could be used. PDPs were previously used in
number of plasma devices, Ni PDPs were successfully used in Heliotron [3] and QUEST [4]
in discharge cleaning plasmas with high neutral H density, their response time was and
sensitivity was not sufficient for measurements in tokamak plasmas. Development of PdCu
probes increased sensitivity of PDP ~10° compared with Ni membranes, allowing to measure
permeated H flux /., in SSTO.

QUEST is a medium sized spherical tokamak [5] with the major and minor radii of 0.68
and 0.4 m, respectively. Typical parameters in the core and SOL/wall regions for SSTO
driven by electron cyclotron waves ECWs are as follows: T, ~ 400-600 eV, n/ ~ 1-2x10"® m?,
T;is 10-20 eV. The magnetic field Bris 0.15 T and 7, is 20 kA. In the SOL and on the top and
bottom plates, 7,°” ~ 5-20 eV, n,~2-6x10"> m™, and 7,"* ~ 5-10 eV, measured by Langmuir
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probe arrays. The RF power at 8.2 GHz is < 100 kW. The cross sectional view of the vessel
and diagnostic systems is shown schematically in Fig. 1.

The vessel volume is 13.5 m® and the

15 ‘ \ \ \ w total surface area of the plasma facing

components PFCs is ~ 35 m. The vessel is
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pulses TV < 180°C. Pumping systems consists of four cryogenic pumps located at different

bottom plate) are water cooled and Ty, ~
and bottom plates and eight limiters are on
Fig.1.) are not actively cooled, during long

toroidal positions and one turbo molecular pump at the mid plane. Total pressure P in the
vessel is measured by ASDEX gauges [7] located below the bottom plate (AG2), and the fast
ionization gauge AGI! at the wall. Partial gas pressures (H, and He) are measured by a
quadrupole mass-analyzer (QMA). All gauges are calibrated using standard (H, and He)
leaks.

PDPs are located at 4 different positions, at the top and bottom plates (PDP4 and 5) and
at the ,,side* wall (PDP6 and 7). Each probe upstream side is in the QUEST chamber and
downstream sides are connected to separate pumping systems with quadrupole mass-analyzer
(QMA). The membrane thickness and temperature are 20 pm and 300 °C, respectively. The
detection area A,qp is ~ 7.5% 107 m%. QMA are absolutely calibrated by a standard H> leak and
relative sensitivity for probes is also checked in H; gas (Py;~ 2.6 Pa), showing that a change
of recombination (&, (upstream), k; (downstream)) and diffusion (D) coefficients is less than
10% after experimental campaign. Probes are sensitive to both neutral and ion fluxes, but
significant permeation of the hydrogen gas starts at pressures (P ~ 0.1 Pa) much higher than

our operating pressures (~ 10°-107° Pa).

158



Incident H flux 77, is numerically calculated to fit /4, using diffusion code TMAP7 [8].
The experimental curves were well reproduced by the numerical fits, the range of the
parameters in which the similar fits could be obtained, the fits were checked with large sets of
parameters i.e. D, k,, k4, and [, fitting errors were calculated for each set of parameters. The
minimum fitting error corresponds to D = (2.9+0.2)x10° m*s™, k, = (1.3£0.6)x10™* m*s™, k,
= (7.0£0.4)x10™* m*s™!, this results are of the same order with laboratory experimental results

for recombination coeffitient measurments for the same PdCu alloy(k, ~ kq ~ 10 m4s'1).
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Fig.2. Plasma parameters in typical SSTO (#27396). (a) plasma current, (b) line integrated
plasma density, (c) H., (d) hydrogen pressure (QMA), (e) total pressure (AG1), (f) total
pressure (AG2), (g) wall temperature, (h) evaluated I, at three locations, (i) radial

distribution of the electron temperature at t =200 and 300 s, (g) radial distribution of the
langmuir probe saturation current at t =200 and 300 s.

L

To achieve long duration SSTO gas injection is feedback controlled to keep H, radiation
in a given range, SSTO up to ~820 sec was achieved (see Fig.2). Gradual decrease of the
fueled amount of H was required to maintain /, and n constant. Non-stationary evolutions
were seen on Pyg and T,y at the small area on the bottom plate. The former was linearly
rising, though Py, was constant. 7, on the most of the PFCs were kept at 180 °C. So their

variations may not affect the evolution of global gas balance. /,. for PDP7 dropped suddenly
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after abnormal event at t ~ 300 s and small changes in /7, for other PDPs occurred at several
times, which suggests that the redistribution of the retention flux occurs at several times
during SSTO. Finally, all parameters changed at 800 s and their variations caused the plasma
current termination. In this event particle fluxes to the walls monitored by /,, PDP4 and PDP6
behaved differently from PDP7. Noticeable drop in /7, also indicates fast change of the local
equilibrium of release and retention. /7, is higher at the “side” walls (PDP6 and 7). Radial
distribution of the 7, and /; measured by the Langmuir probe array shows (Fig.2. i, g) shows
that negligibly small amount of H ions can reach PDP6 and PDP7 at R ~ 1.4 m. Hence atomic
H flux should be main source of H retention at the “side” wall. This shows that atomic
irradiation of the SS PFCs far from main plasma — wall interaction (PWI) areas could lead to
significant retention of H. And PDP4 near main PWI area shows smaller retention flux.
Summary. To extend possibilities of the in-situ retention analysis permeation probes are
suggested. Incident retention flux could be calculated from the measured permeation flux
using fitting procedure. Precise values of the recombination and diffusion coefficients are
required for quantitative analysis, and experimental measurements are needed. Without
precise values of the coefficients permeation flux could be fitted and coefficients, estimated
from the fit are in agreement with laboratory experiments. Change of the coefficients during
experimental campaign due to deposition of thin films was estimated using gas driven
permeation and is found less than 10% per campaign. Distribution of the retention flux is

measured in SSTO discharges with multi positioned PDPs.
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A process of radiation-induced densification of UO, is analyzed. It is shown
that in vicinity of fission fragment tracks the local melting area and zone of
plastic yield are formed. It is developed a model of closing of pore in the
plastic medium due to influence of stress created in fission fragment tracks.

B Teuenue mnepBbIx 10%-10° wacos 00JIyueHHs] OKCHJIHOTO SJCPHOTO TOIUIMBA B
AKTUBHOW 30HE peakTopa Ha TEIUIOBBIX HEHTpPOHAaX HAOJIOJaeTcs  COKpalleHue
TeOMETPUYECKUX Pa3MEpOB TOILIMBHOW TaOJICTKM M JJIMHBI TOIUIMBHOTO CTOJNOA B IEJIOM,
colnpoBoXKamouieecs: yrioTHeHuem ToruBa [1]. ITo TEXHUYECKMM YCIOBUSM HCXOJIHAs
IUIOTHOCTb INTaTHBIX TAOJIETOK ypaHOBOTO TOILIMBA, COCTAaBIACT Po~95% OT TeopeTHuecKkoil
wiotHocTH (%TII). OcraBimecs xe 5% oT 00bEMa TOIUTMBHOI TaOJIETKH MPHUXOIITCS Ha
MOpPBI, KOTOPBIE OCTAIOTCS B TabJieTKe Iocie e€ CIeKaHus, JH00 CHEelHalbHO CO3JaloTcs B
Hell mMyTéM BBeIEHWs IIOpooOpa3oBaTeNsi B IIOPOINOK IHOKCHIA ypaHa IO CTaIHd ero
IpeccoBaHUs. MakcHMyM YIUIOTHEHUsI Ap/py JOCTUraeTcs NHpH IUIOTHOCTH JENICHHUH B
tabrerke ~10'°-10% gen/cM®, uro cooTBerctByer sHeprosbimenenmio 2-4 MBr-cyt/krU.
3naueHne BeIMUUHEI Ap/py Mensercs B npenenax 0.1-1.5 %TII u 3aBHCHT OT CTPYKTYpHI
TOIUTUBHOHM TaOJETKH, HAIMYMS B HEH JIETHPYIOMUX J00aBOK U ycnoBuil obmyuenus. IIpu
CTeneHu BeIropanus npesbimaoiieit 4 MB1-cyt/krU HaunHaeTCsl paHaliiOHHOE PACITyXaHHsI
TOILTHBA, KOTOPOE MOJABIISET IPOLECC €ro AAIbHEHIIero YIIOTHeHHUS.

SIBneHHe paJUallHOHHOrO yIJIOTHEHUS H3BECTHO yXKe IaBHO. B oKkcrepHMeHTanbHbIX
pabotax [1-4], mpoBenéunbix B 70-80-¢ Toabl, H3y4YeHbI OCHOBHBIE (haKTOPBI, OKA3bIBAIOIINE
BJIMSHUE Ha BEJMYMHY PaIMAlMOHHOTO YIUIOTHeHHs. Tak, coriacHo BbiBoxaM [1], HaunGonee
MHTCHCHBHOMY YIUIOTHEHHIO IIOJBEP)KCHO TOIUIMBO, oOJajaroliee HU3KOH HadaabHOM
IUIOTHOCTBIO, OCHOBHAsl JIOJNA IOp B KOTOPOM IIPUHAUIGKUT CYOMHUKPOHHOWH 00iacTu

pa3MepoB, a TaKKe TOIUIMBO, oOJydaBIueecs mpu Ooyiee BBICOKHX Temmeparypax. IIpumuém
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(bakTop, CBA3aHHBII ¢ BHIOM (YHKIMHM pacHpeneNieHHs IOp IO pa3MepaM, SBIACTCS
OIIPE/IEISFOIIIM.

CoracHo pacrpocTpaHEeHHOH MOJENH PaJUallMOHHOTO JIocneKanus [5-7], npuuuHon
YIUIOTHEHHS SBIISIETCS PAacTBOPEHHME MOp B 00Iy4aeMoil TalieTke, IpoUCXOAsIlee B
pe3yJsibTaTe paccesiHUs Ha HUX BBICOKOIHEPIeTHYECKUX OCKOJIKOB JIEJICHHs ypaHa (HEprust
ockonkos ~100 MaB, otHocuTensHas atomuas Macca A~107). B [5-7] MIPUHUMAJIOCH, YTO IIPU
NepeceyeHNN BEICOKOOHEPTeTHYECKHM OCKOJIKOM IOpHI 4acTh e€ 00béMa TpaHchopMHUpyeTCs
B CHCTEMY H30JIMPOBAHHBIX BakaHcHH. J{anee BakaHcuu TudGYHIUPYIOT Ha CTOKH Ne(eKTOB
— TpaHHIBI 3epeH. B pesympraTe 00BEM TabneTku cokpamaercs. [Ipu BBIBoJEe OCHOBHBIX
COOTHOLIEHHH B paborax [5-7] Obul JomymieH psp TpyObIX MaTeMaTHYeCKHX OMIMOOK, a
MEXaHM3M PAaCTBOPEHHMS MOp MOCTyaHpoBaH. IIpenckasaTensHoil CmocoOHOCTH MOAenb [5-7]
HE MMEET, a BBIIBUHYTHIC B HEH IHIIOTE3bI HE 0OOCHOBAHBI.

Llens Hacrosimieii paboOTBl — MOCTPOCHHE MOAECIHM PAAMALMOHHOTO YIUIOTHEHHUS
OKCHIHOTO SACPHOTO TOILIHMBA.

Ilpy NPOXOXKAEHUHM BBICOKOIHEPTETHYECKOrO OCKOJKA [IENCHHS ypaHa depes
BEILIECTBO OCHOBHAs 10714 ero dHepruu (98-99%) pacxomgyercs Ha HOHU3ALUIO AaTOMOB CPEJibl
BIIOIb TPAEKTOPHH ero TepemMernenus (Tpexa). Tak, ais nona Xe' npu HauambHOM SHeprum
Eo=100 M5B Beniunua sMeKTpoHHBIX notepb sueprin —(dE/dx).=2510? 5B/A na 2 nopska
NpeBbIIAeT yHpyrue notepu sHepruu ockoika —(dE/dx).=24.53B/A [8], a ero cpemnss
JUIMHAa TpoOera B AMOKCHAE ypaHa cocTaBisieT Lx.=5.4 MmxM. CreloBaTelbHO, YHCIIO
B030YKIEHHBIX JJIEKTPOHOB Ha eIMHHUILY JUTHHBI Tpeka paBHO
NC/LXC~\dE/dx|c/Iuo2=4.6'1010 mT/cM (Tuo2=5.5 3B — noreHUan MOHU3ALMHA U0,).
MakcuManbHas SHeprus, npuodperaeMasi 3JeKTPOHOM B IIPOLECCE CTOJIKHOBEHHS C MOHOM
KCEHOHAa — &~(4m¢/Mxc)Eo~4 3B, a mnuHa ero coOomHoro mpobera — Le~10 HM.
COOTBETCTBEHHO, CPEIHSS KOHIEHTPALMS JJICKTPOHOB «IEPBOrO MOKOJICHHS» B 00BEME
Tpeka Oam3Ka K mocTosiHHOW JlommMuara Ne/Lch(Le)2~2.5~1019 oM. DIEeKTPOH ¢ dHeprueit
e~4 k3B, B cBOIO ouepenb, CrIOCOOCH MEpeBECTH B BO30YXKIEHHOE COCTOsiHME mopsiaka 80
JJIEKTPOHOB «BTOPOTO IIOKOJCHHUs». XapaKTepHas JUIMHAa Hpobera SIEKTPOHOB «BTOPOTO
MOKOJICHUS» OIPEIENSCTCS yXKE MPOLECCaMM PAacCessHUS Ha ONTHYCCKHX (OHOHAX H
COCTaBIISICT BEJIMYUHY MOPSIKA HECKOIBKHUX MOCTOSHHBIX pemérku. [lostoMy B nanbHeitem
CHCTEMa 3JICKTPOHOB «BTOPOTO IIOKOJICHHUS» TEPSACT CBOI SHEPTUI0 3a CYET 3IICKTPOH-
(oHOHHOTO B3aMMozeHcTBHA. TakuMm oOpa3oM, MOJHas KOHLEHTPALUs 3JIEKTPOHOB B 30HE
npoogumoctd  UO, B oOmacté Tpeka JIOCTUraeT ~80Ne/LXen(Le)2~2-1021 em>. B

PaBHOBECHOM COCTOSIHUM TaKoi KoHIeHTpanmu 3nektpoHoB B UO,, ¢dopmaisHO,
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cooTBercTBOBana Obl Temmeparypa ~14000 K>>T,, (Tm~3120 K temneparypa miaBneHus
UQO,). Temneparypa, Ha KOTOPYHO MOXXET HarpeTbCsi MOHHAs IOJCUCTEMA 33 CUET IHEPrHH,
HEMOCPEICTBEHHO MepeJaHHoN el ockosikoM aereHus, He npepbimaer 100 K: AT ~|dE/dx|/At
(1~2.510"° cex — XapakTepHOe BpeMs TeIIonpoBoaHocTH, A=2 B1/M'K - TemnonpoBoaHOCTh
UO,). DHeprusi Bo30YKJIEHHBIX 3JIEKTPOHOB TaKKe PacXOAyeTcss Ha HarpeB PEemETKH B
o0béMe Tpeka. MakcHUMalbHas BENUYMHA HarpeBa AT~E0/CVLXC71:(LC)2~3100 K~T,, rae
Cy=3.04 Jlx/cm* K — yienmbHas TEIUIOEMKOCTH TpH MOCTOSHHOM 00béMe UQ,. Hror — B
OKPECTHOCTH TPEKa BEIIECTBO IUIABUTCS.

M3-3a HECOOTBETCTBHS YJCNbHBIX 00BEMOB paciuiaBa U TBEpIoU ¢assl (SV/V=5.9%)
Ha TPaHHUIIEe TPEKa BO3HUKAIOT CKHUMAIOIHE TepMudeckue HanpsbkeHus 6=K(8V/V)~1.6 I'Tla
(K — momyns BcecTopoHHero cxkarus pacmiaBa UQO,), mpeBbIIIalomiue Hpefen TeKydecTH
JMOKCHAA ypaHa or. Bokpyr Tpeka dopmupyercs 30Ha ImIacTH4ecKuX AehopMarnuii, paamyc
KOTOpOIi I;, OLEHMBAETCS M3 PELICHHs 3aJa4d O PAacuyéTe YMpPYro-IIacTUYHOTO COCTOSHHS
TOJICTOCTEHHOH TPYOBI: Iy=Lc-exp(c/201—1/2)~1 Mxm. Bpems, HeoOxoxumoe I TOro, 4ToObl
BeCb 00bEM TaOneTKM ObUI TOKPBIT HENEpeceKaloUMMHUCS TPEKaMH, COCTaBIISET
At=1/ l/n(rp)ZLXeF~3 cex TPH 4YacToTe NEJCHHH B eauHHIe 00bEMa F=10" nen/cm’-¢/ Dto
BpeMs CYIIECTBEHHO MCHBIIE BPEMEHH PaJHAlOHHOrO YIUIOTHeHMs. TakuM obpasom, 10
OTHOIICHHIO K JUIMTEIBHOCTH Pa3BUTHs IpOLECCca PaJUallIOHHOTO YIUIOTHEHHS MOXKHO
CYMTATh, YTO BEIIECTBO B OKPECTHOCTH MOp MPAKTHYECKH MOCTOSHHO HAXOIUTCSA B
IUIACTUYHOM cocTossHUH. [Topbl, pacronoxeHHble B BA3KOH (IIACTHYHOM) cpeze, 3apacTaroT
IO ACHCTBHEM CHII CKATHUS B OKPECTHOCTSIX TPEKOB OCKOJIKOB JICJICHHS.

IIponecc 3apactaHus U30JMPOBAHHOW ITOPHI ¢ HAYaJILHBIM 00BEMOM V ¥ IUIOIIA/IBIO
MOBEPXHOCTH X B BsA3KOH cpeme (N — KOIPOHIMEHT BI3KOCTH) B NPHUOIIKEHUH

YCTaHOBUBIIETOCS IMOTOKA BEIIECTBA K IMTOPE OIMMCHIBAETCST CHCTEMOU ypaBHeHHﬁZ

2
o-dl dz:—J.dV'&

ty— ,
a7 ar 2n

AG =0,

@diﬁ:—ﬂ.

s dt

rze Y — KO3 PUIHEHT NOBEPXHOCTHOTO HATSDKEHHUs, V' - 00BbEM BellecTBa 3a BBIYETOM IIOD,
O - CKOPOCTB IIOTOKA BEIIECTBA 10 HANPABJICHUIO K IIOPE, Gjx — TEH30p BSI3KUX HAIPSDKEHHIL.
U3 pemieHnst 3TOH CHCTEMBI ypaBHCHHH CIICyeT 3aBHCHMOCTb pajmyca HOpbI OT

Bpemenu R(Ro;t) npu 3aanHoM e€ HayanbHOM panuyce Ry.
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Ecnu usBecTHa (yHKIMS pacmpeneseHus Hop Mo pa3MepaM UCXOTHOH HeoOIyIEHHON
Tabnetku fy(Ro), TO BennurHa YIUIOTHEHUS PACCUUTBIBACTCS 110 (hopMyJie:
A « ©
270 ——:g ~R (Rt fO(RO)/J;dRORgﬁ,(RO)
Ha Puc. la cpaBHMBaeTCs pacy€THOE YIUIOTHEHHE C SKCIIEPUMEHTAIBHBIMH JaHHBIMHI
10 YIUIOTHEHHIO 2-X HCCIIE0BATENILCKUX THIIOB TOIUIMBHBIX Ta0JETOK, XapaKTePH3yIOMMXCS
pa3nuyHON (yHKIOHMeH pacnpeneneHus mop mo pasmepaMm (cMm. Puc. 16) [9]. Bumuo, uro

MOJECIbHBIC KPHUBBIC HA Puc. 1a onmceiBaror OKCIICPUMEHTAJIBHBIC TOYKH.

0 T T
vy Ty a 10+ a 6
M v
-0,4+ Vv 1 =
= g
= 3
> 5
< -0,8+ v PWR-1 | Q
- BBOP 5
—Mogenb c
-1,2 . . - 0 VA
0 0,5 1,0 1,5 2,0 01 1 10
Beiropanue, MBT-cyT/krU [vameTp nop, Mkm

Puc. 1. 3aBUCHMOCTB OT CTENCHU BBII'OpaHUS PaJAUAlIMOHHOI'O YIUIOTHCHHUA 06p33LlOB OKCHUIHOI'O

SZIEPHOTO TOIUTHBA (a) ¢ pa3InyHON (yHKIMeH pacipeeneHus mop mno pasmepam (0).

Takum 06pa30M, paauallMOHHOE YIUIOTHEHHUE YPAaHOBOI'O OKCHIAHOI'O SAACPHOIO
TOIUIMBA - CJICACTBHUC 3apacTaHUs IIOp B BA3KOM BCIIECTBE I10[ JielicTBUEeM Hal'lpﬂ)KeHHﬁ,

BO3HHUKAIOIINX B UOZ B TPE€KaX BBICOKOOHEPICTUYCCKUX OCKOJIKOB JICJICHUA ypaHa.
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O BO3BMOKHOCTH YMEHBIIEHHUA TEPMOJECOPBIIMM U3 TUTAHA B
MNPOLECCE HOHHOI'O OBJIYYEHUS
ON THE POSSIBILITY OF DECREASING THERMAL DESORPTION FROM
TITANIUM DURING ION IRRADIATION

A.C. Kamnesckuii, JI.b. Berpamb6ekos, O.A. JIBoiiuenkoBa, A.E. EBcun, A.M. 3axapos,

T1.A. lllurua
A.S. Kaplevsky, L.B. Begrambekov, O.A. Dvoychenkova, A.E. Evsin, A.M. Zakharov,
P.A. Shigin

HammonanbHelii nccnenoBaTenbCKUi saepHbIl yHUBEpcuTeT « MU®N», Karupekoe oi.
31, Mocksa, Poccuiickas ®enepanus, alexk1989@mail.ru

Peculiarities of hydrogen ions interaction with titanium deuteride layer were studied. It was
shown that deposition of yttrium oxide layer decreases hydrogen isotopes desorption from
titanium layer. Decreasing of deuterium desorption from titanium deuteride under irradiation
by hydrogen ions with low energy (<1000 eV) was observed. It was observed even in that
case when pulses of irradiation with high energy ions combined with penetration of ions with
the energy lower than 1000 eV into the surface.

1. BBenenue

V3BecTHO, 4TO OKCHIHBIC CIOM Ha IIOBEPXHOCTH METAJUIOB, SBISIOTCS 3((EKTHBHBIM
(akTopoM yIepxaHHs BOAOpOAA B ruiapuie. Bmecte ¢ TeM, npu HOHHOM OOIydYeHUH
OapbepHbIe CBOWCTBA NMOBEPXHOCTHBIX OKCHIHBIX CIOEB 3HAYHMTENBHO IoHIDKaoTes [1]. B
paboTe [2] OBLIO MOKa3aHO, YTO B ONPEAENEHHBIX YCIOBHSAX HOHHOH OOMOapAHpOBKH
OKCHIHBIH CIIOH MOXET Jake CIocoOCTBOBAaTh YNaJICHHIO BOAOpOAA M3 MeTamia. Bmecte ¢
TeM, HMHTEpeC NPEICTaBIIOT MPOIECCH Ha MOBEPXHOCTH, NPUBOMAIIME K YCHICHHUIO
OapbepHBIX CBOMCTB OKCHIOHBIX TIOKpHITHI. B pabore mnpemiaraioTcs aBa BapUaHTa
YMCHBIICHHS JACCOPOLMU H30TONOB BOAOPOJA M3 TUTAHOBOIO CIIOS B IIPOLECCE MOHHOIO
o0JrydeHns: HaHeCeHHE CJIOSI OKCHIA UTTPHS Ha IIOBEPXHOCTh THTAHA M PEKUMBI OOITydCHUS,
IIPH KOTOPBIX OONydYeHHE BBICOKODHEPIeTHYHBIMU HOHAMHU COBMENIACTCS C BHEAPEHHEM B
MOBEPXHOCTh HOHOB C DHEPrHAMM MEHbIIUMH | k3B.  DKclepuMeHTH HPOBOAUINCH B
ycranoBke MKMA [3], no3Bouisttoneit 00my4ats 00pasibl I1a3Moi 1 e€ KOMIOHEHTaMH |
AQHANMM3UPOBATh IIPOLECCHl 3axXBaTa M BBIACNCHUS Ta30B M3 00pa3sloB  METOAOM
Tepmonecopbumonnoit cnekrpomerpun  (THC). s IKCIEPHUMEHTOB HCIIOIb30BATUCEH

MHUILEHH B BUZE CJIOS TUTaHA TOJIIMHONW ~1 MKM Ha MOJINOJICHOBOM MOJIOXKKE.
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2. Choii okcuaa MTTPUA Ha TMOBEPXHOCTH THUTAHA Kak 3¢ QeKTUBHBIIH
nuddy3noHHbIii 6apnep

HccnenoBanack TepMHIECKast CTOHKOCTh TUTAHOBOTO CIIOSI, HACBHIICHHOTO AeiiTepreM
no konueHtpaimu TiDj¢. O Opasupl HarpeBamuch (ckopocth Harpesa 0.086 K /c) mo
temnepatypsl BHT (623 K) u BeigepxuBanuch nmpu 3Toi Temmeparype. Ilocie storo
00pa3ibl OXJIAKAAIUCH, H 3aTEM B Ipoliecce mporpesa co ckopocthio 5 K/c meromom TJC
HM3MEPSUIOCh KOJIMYECTBO OCTABIIMXCS Ta30B. ODKCIEPUMEHTHI TNoOKazanu (puc.la), d4to
npumepHo npu 600 K HaurHaeTcst OBICTPBIN POCT CKOPOCTHU AecopOIMH. MBI acCOLMUPOBAIIH
octpsiif muk Ha T/IC cmexTpe HarpeBa HachlIIeHHOTo ciost mpu 623K ¢ obesraxuBaHHeM
MIOBEPXHOCTHOTO OKCH/IA, 332 KOTOPBIM CJIEAOBAJT BBIXOJ ACHTEpHUs U3 00bEMa HACBIIICHHOTO
cinosi. Muterpuposanue cnekrpa TJIC mokasano, uyto Bcero 3a 250 MUHYT BBIJEPXKKU CIIOS

nipu 623 K u3 Hero necopOuposanock ~ 60% nedTepus 1 NPIMEPHO CTOJIBKO JKe BOIOPOAA.
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Puc.1. Cnexrper D, u HD npu T/IC aHanu3e a) HaChIILIEHHOTO HACHIIICHHOTO CJI0S, 0) HACBHIIIIEHHOTO

HACBIIEHHOTO CJIOSI C OKCHJIHBIM CIIOEM HTTpPHS.
++++ - npoduie Temnepatypst o6pasua. (Ha pucyHke yka3aHbl HHTErpajibHbIe 3HAUCHHUS 1eCOPOLHI

neiitepus ¢ 1 cM” MumieHu Ha pasHbix tanax TJ(C).

B crnemyromed cepurM SKCHEPHMEHTOB HCCIEAOBAJCS XapakTep W IapaMeTphbl
TOPMOJKEHHUSI IeCOpOINM AeHTepHs U3 HACBINIEHHOTO CJI0f, 3a CYéT (OpMHpPOBAHHSA HA €Tro
HOBEPXHOCTHU CJIOSI OKCHJA UTTPHs, 00JIaJaIOIIEro JTyYIIUMH O6apbepHBIMHE CBOIICTBAMH, YeM

okcuJ THTaHa. ITOKpbITHE OKCHAA MTTPHs TOMIMHON 50 HM OCa)kaanoch Ha MOBEPXHOCTh

TUTaHa B aproHoBoM paspsnec 11% mpumecbio kuciopoma. M3 obOpasma, MOKPHITOro

OKCHJIOM HTTpHs, 3a mepBble 250 muHyT mporpeBa mpu 623 K Bblienunocs Tombko 6%

neiirepust (puc.16). To-ecTh, OGapbepHBIH CIIOH OKCHIAa WTTPUS HA IIOBEPXHOCTH Aeiirepuia

TUTaHa 3HAYUTCIIBHO TOPMO3UT Z[eCOp6I.II/IIO HeﬁTepHﬂ.
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3. YMeHblIeHHe decopOuuu AeiiTepusi U3 JeliTepuia TUTAHA NPU 00JyHEeHHUH
HOHAMH BOJ0PO/1a HU3KUX JHEPTHid

Wsmepsinace necopbuust Bomopona H3 jAedtepupa turaHa TiD,; 3a nBa dwaca mpu
temrepatype 623 K 6e3 oOiydeHHss ¥ HpH CTALMOHAPHOM M HMITYJIBCHOM OOJIYYCHHUH.
VIMITyJTbCHBIH M CTAIMOHAPHBI MOTOK HOHOB Ha obpasen cocrapimsut 7x10'° ar/em’cex, nosa
o6mygenns — 7x10" at/cm’. YacToTa MPAMOYTONBHBIX MMITYJIECOB 0BIyHUeHHs cocTaBsma 10
k[, UX JUIUTENBHOCTh — OKOJO 25 MKc. JlecopOumsi ra3oB B mpolecce KCHEPHUMEHTOB
onpesensiach M0 U3MEPEHUSAM KOHLEeHTpauu razoB merogom T/IC no u mocne obiryyeHust.
Konmuectsa meiitepus u Boxopoja B oOpa3nax 40 SKCIIEPHMEHTOB HPHBEICHB! B TadmuIe 1
(ctpoka 2). IIpu nporpese oOpa3ua 6e3 obaydeHus nonamu (tabn. 1 crtp. 3) mpoucxoamna
JecopOLys 3HAYUTENBHOM YacTH JCHTepHs M BOAOPOAA, KaK M B Cllydae, ONHCAHHOM B
paznene 2. O6ayuenne odpasia HoHaMH Bojopona ¢ sHeprueil 3500 aB/at B crannoHapHOM
pexume (tadin. 1 crp. 4) CONPOBOKIAIOCH IPUMEPHO TaKOH ke necopOuuei nenTepus, 4Tto u
6e3 obOmyuenuss MoHamu. Bmecte ¢ Tem, B oOpasel 3axBaThIBaJCsS BOIOPOL, H €ro

KOHLIGHTPALHsS B THTaHe BO3pOCia B 3 pa3a 3a BpeMsi [POrpeBa.

Tabmuna 1. Konnentpanuu aeiftepus 1 Boxopoa B o0pa3nax 10 U Iociie 00IydeHuUsL.

1 Bo3neiictBre Ha oOpasert Konuenrpanus | Huocne Konuentpauust |Drocre
BOZOpOZA /Hyo |metiTepust (aT/CMs) /
(aT/CM3 ) Do
2 | O6pasen o nporpesa 0.6x10% 9.6x10%
3 | Iporpes 6e3 o0OyueHUs 0.25x10% 0.4 4.2x10* 0.44
4| ObnyueHue noHamu Boopozaa 3500 1.8x10% 30 43x10% 0.45
5B B cTalmoHapHOM pexumMe
5| O6nyuenue nonamu Bojopona 650 1 1x10% 18 9 6x10% 1
5B B cTanmoHapHOM pexume
6 | O0nyuenue nonamu Bojopona 650 1.8x1022 30 9 6x10% 1

5B B UMIyJILCHOM pexumMe

7 | O6nmyuerne nonamu Bogopoxna 3500
5B B HMIYJIBCHOM PEKHME I 9.3x10% 14.2 2.5x10% 0.26
noHamu 650 3B Mexty uMIysabcamu

Cpennuii npoGer HOHOB Bojopoaa ¢ sHeprueit 3500 5B B Tutane (<42 HM) HaMHOTO
MPEBBILIAET TOJIIMHY OKCHIHOTO €105 (4-6 HM). MOXHO CYMTATh, YTO BOAOPOJ, BHEAPSACH C
BBICOKOH dHEprueil B «riiyOuHy» TUTaHa, He U3MEHseT yClIoBus aecopouuu. [lpu obayuenun
HoHaMH ¢ SHeprueil 650 sB/aT B cranmoHapHOM pexuMe IelTepuil He aecopOupoBaics
(Tabm. 1 cTp. 5), a KOHIEHTpaIHs BOJOpoAa Bepocia B 1,8 pa3. loHbI Bomopona ¢ sHepruen
650 3B 3axBaTbIBatOTCS B Cllo€ = 5,7 HM, TO €CTh, B OKCHUJHOM CJIO€ U HEIOCPEICTBEHHO 3a

HHM, B OCHOBHOM IIO TPaHHMIAM 3EPEH, SBISIOIIMMHCA COITacHO pabore [4] OCHOBHBIM
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kaHamam  auddysun  Bomopoma.  Ilo-BumumoMy, — BOZOpOA,  TOpMO3sINMiics B
MIPUITOBEPXHOCTHOH 00NacTH, mpersiTcTByeT Mud(dy3un aeiiTepus K IOBEPXHOCTH H €ro
nocnenyomeil necopouuu. Ilpu ummynascHOM o6mydeHun (tadm. 1, cTp. 6) meiitepuii Takxke
HE JiecopOMpoBaics, KOHLEHTpALMs BOJOpOAA B THUTAHE BbIpocna B 3 pasa, a obuee
coJIep>KaHUEe M30TOINOB BOJOPOJA YBEIMUYMIOCh NMOYTH Ha 12%. Bbulo mpearnonaoxeHo, 4To
OKCUJIHBIH CIIOH BOCCTaHABIMBAETCA B IPOMEXYTKE MEXIy HMITyJIbCaMH 3a CUET 3axBaTa
KHCIIOpPOJa M3 MOJEKYJ BOJbI, COPOMPOBAHHBIX HAa MOBEPXHOCTH. OJTOT pe3yibTar
CBHICTEIIBCTBOBAN O BO3MOXHOCTH KOMIICHCHPOBATh TOTEPIO ra3a U3 THTaHa, OJaroaapst ero
OOJIlydeHHIO HOHAMU C HH3KHMH OJHEPrHSIMH B IPOMEXKYTKaX MEXIy HMITYJIbCaMU
BBICOKOBOJIBTHOTO 00JIydeHus1. J{jisi IPOBEPKU TaKOH BO3MOXKHOCTH 0OpasIibl MOJBEPralnch
HMITYJICHOMY OOJIy4eHHIO HMOHAMU Bogopoza ¢ sHeprueit 3500 3 B. Yacrora mmimynabcoB
cocraBisna 10 kI'm, AIMTETBHOCT MMITYIIbCa OOMTy4eHHUs 25 MKM, TIJIOTHOCTh TOKA HOHOB B
ummymsce 7x10" ar/cm’cex. B MPOMEXYTKaxX MEXAY HMILyJibcaMu oOpaser oOiyyancs
noHamu ¢ sHeprueit 650 3B. Ilpu obnyyeHnu B TeueHue 2 4acoB (Tabi. 1, cTp. 7) KOIMIECTBO
neiitepust B oOpaslie yMEHBIIMIOCh, @ BOJAOPOAA yBENWYMIOCh. B pesymbrare, obmee
KOJIMYECTBO H30TOIIOB BOJOPOJA YBEIHIMIOCH Ha 14%.

4. 3axiouenne

PaccmoTpensl Ba croco0a IOBEIIICHUS] NOBEPXHOCTHOTO aAuddy3noHHOro Gapbepa
Ha TIOBEPXHOCTH THTaHA H, COOTBETCTBCHHO, YMEHBIICHHH CKOPOCTH TEPMOJECOPOLUH
BOJZIOPO/A U3 THAPU/IA TUTAHA.
- Hanecenne GapbepHOro nuddy3noHHOTO CJI0S OKCHIA UTTPHS Ha IIOBEPXHOCTH THUTaHA.
YMeHbIICHHE AecOpOIMU BOJOPOAA M3 TUTAHA JJOCTUTAeTcs B Pe3ylbTaTe TOTO, YTO CIOU
OKCHAA HWTTPHUs sBIsieTCst Ooiee A(PEKTUBHBIM, YeM OKCHJ THTaHA [OBEPXHOCTHBIM
1 by3HOHHBIM GapbepoM;
- OOnyyeHue neiitepuna TUTaHA HOHAMH C SHEprusMu, MeHpmmMu 1xk3B THT, mexny
HMIyJIbCaMH  OOJIy4eHHSI BBICOKODHEPICTHYHBIMH HMOHAMH.  YMEHBIICHHE JecopOnnn
neiitepust u3 00bEMa JcHTEpUaa TUTAHA JTOCTHIAeTCs M3-3a TOTO, YTO HHU3KOIHEPreTHYHBIC
HOHBI, 3aXBaTBHIBAIOTCS B NPUIIOBEPXHOCTHOI 00JIacTH, M MPENATCTBYIOT Iud(dy3un rasa u3

rIIyOHHBI ¥ €ro JecopOnuu.
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LOW TEMPERATURE SURFACE MODIFICATION OF POTASSIUM
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A.V. Filimonov'?, N.V. Andreeva'?, E.Y. Koroleva'?
! St. Petersburg Polytechnic University, 29 Politekhnicheskaya St., Saint-Petersburg 195251,
Russia; filimonov@rphf.spbstu.ru
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Introduction

Nowadays new prospective functional materials are demanded as our science and
technologies are being improved. One of the most interesting materials by now is potassium
tantalate. Known as KTO, potassium tantalate is a quantum paraelectric material. It has no
ferroelectric phase in spite of continuous growth of dielectric constant with decreasing
temperature down to near 0 K [1]. As known, zero point fluctuations prevent completing a
phase transition [1].

Potassium tantalate doped with lithium ions (KLT) could be considered as one of the
model doped quantum paraelectrics, which are promising functional materials for application
in the devices of cryogenic electronics due to a giant dielectric and piezoelectric constants [1-
3]. Depends on the Li" ions concentration KLT shows either dipole glass behavior with
localized polar state induced by Li ions or it has a long-range ferroelectric phase at low
temperatures. Despite of great amount of investigations on KLT, the nature of polar state in a
low temperature range is not clearly understood and the mechanism of polar nanoregions
formation is still not determined.

One of the most powerful techniques for studying polar nanostructures is a piezoresponse
force microscopy (PFM) technique. This method is well-developed and is widely used for
investigation active dielectric materials at room temperatures. The modification of this
technique and its implementing into the cryogenic atomic-force microscope (Attocube
Systems, Germany) allow us to visualize and investigate the polar structure of doped quantum
paraelectrics and its temperature dynamics in the wide temperature range starting from helium

temperature (4 K) and ending at room temperature.

2. Experiment

All measurements were carried out on KLT single-crystals grown by Czochralski
technique. The concentrations of doping Li" ions were 3 % and 2.1%. KLT crystals were
polished with Struers Tegramin-30, chemically cleaned with isopropanol and rinsed with
distilled water.

The surface piezoresponse of the KLT crystals was measured using a cryogenic atomic-
force microscope AttoAFM I (Attocube Systems, Germany). The AttoAFM I microscope

works by scanning the sample below a fixed cantilever and by measuring its deflection using
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a fiber based optical interferometer. A cryogenic AFM insert combined with toploading, low
vibration Helium-free cryostat. All measurements were done in He atmosphere under normal
pressure condition.

To implement PFM technique in AttoAFM I microscope we use an external lock-in
amplifier SR844 (Stanford Research Systems, CA) and a functional generator FC120
(Yokogawa Electric Corporation, Japan). The amplitude and frequency of external AC
voltage were 3 — 10 V (peak-to-peak) and 63 kHz, respectively. Measurements of ferroelectric
sample state were done under conditions close to the tip-surface local contact resonance. This
allowed to enhance the piezoresponse from the surface by the cantilever Q-factor times. The
scratch-free deformation-free surface of KLT ensures the possibility of scanning in the tip-
surface local contact resonance without an appearance of topography-piezoresponse crosstalk

[4]. All measurements were done in the temperature range of 10 — 295 K.

3. Results and discussions

According to the results of PFM measurements, polar domains with weak piezoresponse
were found at low temperatures on the KLT-3% surface (Fig. 1, a-c).

Observed polar nanoregions (PNRs) were different in dimensions, shape and orientation of
polarization. PNRs are mostly elongated, but individual almost equiaxial polar areas could be
found as well. Dimensions of elongated PNRs varied in the range of 20 — 100 nm in width
and 0.1 — 1.5 pm in length. The diameter of the equiaxial regions is usually limited by the size
of 50 nm.

The temperature evolution of surface piezoresponse was traced. According to the results of
our measurements we can conclude that PNRs are observed in the temperature range of 10 —
80 K. Below 40 K PNRs are uniformly distributed over the KLT surface. At temperatures
below 40 K, a good contrast in PFM amplitude and phase signal could be obtained, which is
evident from well-determined localization of the PNRs and the absence of preferred
orientation of the polarization.

The results of studies a polar state of the surface structure of KLT-2.1 % in the temperature
range of 4 — 295 K revealed the possibility of poling crystal surface at low temperatures. To
pole the surface, an external electrical field was applied between the sample and the PFM
probe. It’s interesting that the surface could be poled both by DC and AC electrical field.
Poling with AC bias was observed only on certain frequencies of applied AC electrical field.
The range of these frequencies broadened with temperature. At 3.7 K the frequencies region
was limited by 56.4 kHz — 61.4 kHz (Fig. 2), outside of this range the poling by AC bias
application was not possible. At 30 K the range was widening to 57.4 kHz — 67.4 kHz. The
significant broadening of the AC poling frequencies region happened at 60 K. We have found
that above 60 K it was possible to pole the KTL-2.1% surface in the range of 67.4 kHz and up
to 100 MHz.

170



a) 1
RN F
= o1nm 8§
b) 1
i

c) 1
= ) — s0n
\ 09
d) 1 I 111

- AN AN

Fig. 1. Piezoresponse from the KLT-3% single crystal in the temperature range of 10 — 295 K: 15 K
(a), 25 K (b), 85 K (c), 295 K (d). I — topography of the sample, II, III — phase and amplitude of

piezoresponse signal from the surface of the sample.

According to the investigation of polar state stability created both by AC and DC bias
application it was found that at temperatures higher 150 K the polar state could not be formed
in KTL - 2.1 %.

4. Conclusions

In conclusion, the results of PFM measurements of KLT-2.1% single crystal confirmed the
polarity of low temperature phase of doped with lithium ions potassium tantalate, or at least the
possibility to polarize this phase by an external electrical field application. The study of
temperature dynamics of the polar state stability in the range of 4 — 295 K shows that at given
Li" concentration the polar state in KLT could not be formed at temperatures higher 150 K. It
should be mentioned that an ability of creation mesoscopic polar regions in KLT at low
temperatures by AC field was demonstrated for the first time. The range of AC frequencies of
external field is broadening with increase in temperature and approaching the stability boundary
of the polar state. It is considered that this fact could evidence of the role of thermal activation
mechanism in polar regions formation. PFM measurements of low temperature polar structure of
KLT-2.1 % single crystal correlate with dielectric measurements of this material. According to

which dielectric dispersion is observed at temperatures below 150 K.
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Fig. 2. PFM results of KLT-2.1 % measurements at 60 K: Topography of the surface on the left and
phase of the PFM signal on the right; a white square in the central of the scan is an area poled by an
application of AC field on one of the frequency from the frequency range of 67.4 kHz — 73.4 kHz

According to our experimental results obtained on the surface of KLT-3% single crystal,
PNRs were visualized with PFM technique in the temperature range of 10 — 80 K. These
nanoregions were distributed homogeneously over the surface and their dimensions were varying
from 15 nm to 1.5 pm. Comparing with the earlier results of polar structure investigation of KLT
samples [5, 6] it could be concluded that PNRs on the KLT surface without external field
application were resolved for the first time with PFM. We cannot unambiguously identify the
KLT state in the temperature range of 40 — 80 K, presumably it could be considered as a cluster
polar glass, but understanding the KLT-3% phase in this temperature range further experiments
are necessary. Our results are in a good agreement with the results of temperature dependence of
birefringence measured on KLT samples by W. Kleeman et al. and published in [7-9]. Where it
was shown that the critical Li+ concentration above which KLT undergoes a ferroelectric phase

transition is 2.2 % in the temperature range of 40 — 50 K.
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TABUOUKALINA U VIAJEHHUE IEPEHAIIBLIEHHBIX YIJIEPOJIHBIX CJIOEB
M3 IUIABMEHHBIX YCTAHOBOK BO3JEMCTBUEM KUCJIOPOJIHO-
030HOBOI CMECBIO
GASIFICATION AMD REMOVAL REDEPOSITED CARBON LAYERS FROM
PLASMA DEVICES BY INTERACTION WITH OXYGEN-OZONE MIXTURE

A.A. Aiiparnieros, JL.b. berpam6ekos, S1.A. CagoBckuid
A.A.Airapetov, L.B.Begrambekov, Ya.A. Sadovskiy

Kagheopa «Dusuxa Inazmery, HUAY MUDHU Kawupckoe wocce 31, Mockea, Poccus,
e-mail:lexxair@plasma.mephi.ru;

The results of gasification rate measurements of carbon films and carbon-
fiber composite (CFC) under the influence of ozone-oxygen mixture are
- - 0
presented. Gasification rate was found to be 0.4-0.6 pm/hour (220-250 “C,
0.3 bar, 0.6 at% ozone) in case of planar sample and 1 and 2 mm gap with
stainless steel walls and 1 mm gap with CFC wall; 15 um/hour for planar
0

CFC sample (250 "C, 1 bar, 10 at% ozone).

B TepMoOsIepHBIX peakTopax CyLIECTBYET IMpoOJeMa HAKOIUICHHS PagHOaKTUBHOIO
TPUTHS B NEPEHANBUICHHBIX CIOSX MaTEPHANIOB NEPBON CTEHKU. DTU CIIOU OCAXKIAIOTCS He
TOJILKO Ha OOpAIlEHHBIX K I1JIa3Me MOBEPXHOCTAX, HO M B IIEIAX MEXAY TailllaMu IepBOH
CTEHKH, YTO YCIIOXKHSET IpodieMy HX ynaneHus. [Ipu mpoBeeHHN «KOHIUIMOHHPYIOMINX)
pa3psgoB B ToKaMake 3((EeKTHBHOrO yJaleHHs NEepeHANbUICHHBIX CIOCB U3 IIeleld He
mporcxoauT [1], Tak Kak 1m1a3Ma He MPOHUKAET B LIS Ha BCIO NyOuHy. pyruM crnocobom
YAaJIeHUs TIePeHANbUICHHBIX YIJICPOAHBIX CIIOEB SBISIETCS HX TEPMUYECKOE OKHCICHHE B
atMocepe KHCIOpoma, OIHAKO TeMIeparypbl, HeoOXxoaumbie a3 PPEKTUBHOTO
MPOTEKaHMs 3TOro npouecca HepocTwxkumsl B UTOPe [1,2]. M3BecTHO, 4TO 030H BCTYIAET B
peaKIMy OKHCIEHHS TP MEHBIIMX TeMIepaTypax, d4eM Kuciopon [3], mosTomy
HCIHOJIb30BaHHUE 030HA I TEPMUYECKOTO yIaICHHUS IIEPCHABIICHHBIX YIIEPOAHBIX CIIOEB U3
meneif MOXeT ObITh NEPCHEKTUBHBIM METOAOM JUIS TEPMOSIEPHBIX peakTopoB. [laHHas
paboTa IOCBsIIICHa ONPEASIICHUHIO 3()EKTHBHOCTH UCHIOJIb30BaHHs 030HA IS Ta3u(pUKAIUK

YTIIEPOAHBIX MATCPHUATIOB, B YACTHOCTH, YTJIEPOIHBIX IIEPECHANTBUICHHBIX IIJICHOK.

Jl1s mpoBeeHMsT SKCIEPHMEHTOB ObLI CO3/laHa YCTaHOBKA, MO3BOJIIONIAS IOJIyYaTh
030H-KHCIIOPOJHYIO CMECh M BBIACPKUBATH B HEil 00pa3Lbl IpH 3aJaHHOM Temmeparype. s
TIOJTyYEeHHsI 030HA HCIOJB30BAJCSA CIENHATbHO pa3pabOTaHHBI 030HATOP HAa KOPOHHOM
paspsige, IMO3BOLSIOMUH MONYYHTh HpeAelbHYI0 KOHIEHTparus o3oHa oT 0,2 ar.% mnpu
napaeHuu 1 atMm. go 0,9 at.% mnpu nainenuu 0,3 aT™. M3MepeHHe CKOPOCTH 3pO3UH
YTJIEPOJHBIX 00pa3loB NPOBOAMIOCH C IMOMOIIBIO B3BEHNIMBAHMS Ha BECAaX C TOYHOCTBIO

U3MEPECHUA 10 MKT, TOJIIIUHA CJIOSA paCCUNUTBIBAJIaCh UCXOAS U3 IIJIOTHOCTHU 2 F/CMS.
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Ha nepBoMm »Tame NpOBOAMIOCH HM3MEPEHHE CKOPOCTH TrasuQukaluy JBYX THIIOB
YTIIEPOIHBIX IUICHOK, TTOTy4YeHHbBIX Ha TokaMmake T-10, n yrinerpadurosoro kommnosuta (CFC)
TP BBIJCPKKE B KHCIOPOJHO-030HOBOW cMmech (napinenne 0,3 aT™, KOHIIEHTpAIMs 030HA
0,6%, Temneparypa 250 °C). Cxopocts rasuuxaru cocrapuia 0,420,1 1 0,7+0,1 Mxm/uac y
mmieHok u 0,62+0,07 mxm/gyac y CFC (mpu BBIIEp)KKE B TEX JKe YCIOBHAX Oe3 030Ha yObLIb
cocTtaBmiIa MeHbmIe 3 HM/4). Tak Kak CKOPOCTh Ta3M(PUKAINK KOMIIO3UTa OIM3Ka K CKOPOCTH
ra3uduKalMy IUICHOK, B psne AanbHeimmx skcnepuMmeHToB CFC ucmonbp3oBancs Kak

MOJICTIbHBINA MaTepHal.

Jlns uM3MepeHus CKOPOCTH YyIOAJICHUS YIIIEPOJHBIX MaTepualoB W3 mieield Obuin
MOATOTOBJIEHBI CIIENUAIbHbIe COOPKH W3 HEPIKABEIOMICH CTAIlH, MMEOIIIE |—|-o6pa3H1,n71
mpoduiIb, y KOTOPOro AHO U OOKOBBIC CTEHKU BBIKIAIBIBAIHCH HCCICAYEMBIMH OOpa3iamu
(puc.1). I'my6una menu nocie yCTaHOBKH 00pa3lOB COCTABISIA 5 MM, a IIMPHUHA COCTaBIIsLIa
1 m 2 mm. OOpasmbl SKCHOHUPOBAIHCH B KHCIOPOJHO-O30HOBOH CMECH IIPH TeMIlepaTrype
220°C, paBnenun 0,3 atm. u koHuenrpauu 0,6 a1%. s menu mUpUHON 2 MM CKOPOCTh
aposun «aua» u3 CFC cocraBuma 0.6+0,1 MKM/gac, YTO MpPaKTUYECKH COBIALAaeT CO
3HAUCHHEM Ui IUIOCKHX 00pasnoB. Ilpu mmpuHe menn 1 MM CKOPOCTb 3pO3HH «JTHA»
cocraBmwia 0.5+0.1 mkm/4ac. B ciydae, xorma creHkd mienu taoke BoimonHeHsl u3 CFC,
CKOPOCTb JPO3UM «IHa» oOKa3anach MeHblie u cocraBmia 0.4+0.1 mxm/gac. Taxke B
nocreHel KOHUTypaluy GbIT IPOBECH IKCIIepUMenT TpH Temmeparype 100 °C, ckopocts
yZaneHus: OKa3ajach B JiBa paza MeHslue, uem npu 220°C, u cocraBuna 0,2+0,05 Mxm/gac.
CKOpOCTh pO3UH [IHA MEHBINE, YeM B ClIydae 0Opa3l[OB BHE LICTH, TAK KAK KOHIICHTPALHS

030Ha BOJIM3M JIHA MEHBIIIE 3a CUET €r0 B3aMMOJIECHCTBHSI CO CTCHKAMH.

Puc. 1. CxeMbl MaKeTOB IIENeH, NMEIOMINX Pa3INYHYI0 KOHQUTYpaUIo U Pa3InYHbIe MaTepUabl
CTEHOK.

Jli1s onpeneneHus U3MEHEHHs CKOPOCTH 9PO3MHU 32 CUET NMaJieHHUs KOHLEHTPALK 030Ha
OBLTH HPOBEJCHBI CIEAYIOIIHEe OJKCIEPUMEHTH. B peakTrop ans BbLepKKH 00OpasmoB B

ra30BOi cMecH ObLIH TOJIOKEHBI MOAPSA TpU 00pasia [IHHHOM 1o 2 cM. Takum obGpasom,
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ra3oBasi CMECh OT 030HATOPA MPOXOJHIIA TIOCIEI0BATENBHO BOIb TpeX 00pasoB. CkopocTH

9PO3UH HpeJICTaBICHBI B Tabime 1.

Tabanma 1.
Tlo3nmms Ckopocts 3pozuu mpu 250 °C, Ckopoctb dposun npu 220 °C,
obpasua MKM/4ac MKM/9ac
1 0,62+0,07 0,5+0,1
2 0,19+0,02 0,36+0,04
3 0,007+0,005 0,12+0,02

Bunno, uto npu 6onbIei TemmnepaType CKOpocTh PacIbUICHUS IEPBOro 00pasia Oomble,
OJIHAKO JUIsl MOCIEAYIOIUX 00pa3loB CKOPOCTh OOJIbIE, PH MEHbIIEH Temneparype. DTo
OOBSICHACTCA IIaJICHUEM KOHIICHTPALMM O30HA, KOTOpas IIPOMCXOIUT 3a CHYET €ro
pa3pylleHus, CKOPOCTh KOTOPOH pacTeT ¢ yBEJMYEHHEM TeMieparypsl. Ilpm stom
pa3pylICHHE MOXET CONPOBOXKIATBCS ~ MOJICKYJI O30Ha MOXET  COMPOBOXKIATHCS
razudukanueii oopasios.

Jlnst Toro 49ToOBI ONPENENHTh, OKHCIIOTCS JIM MaTepHalbl BaKyyMHOH CTEHKH H
IuBepTopa ObUIa TPOBEIEHAa OKCIIO3MIMS B KHCIOPOA-O30HOBOH cMecH 00pa3loB
Hepkasetomed cramu  12X18HIOT wu  Bonbppama wmapku BA. OOHapyxeHO, TO
OKCHJINPOBAHHE O GPA3IiOB MPOHCXOTUT CO CKOPOCThio He Gomee 3x107 r/cwmuac, uro
COOTBETCTBYET POCTY MEHee OJJHOTO MOHOCIOS OKCH/a B Jac.

JUIs yBeNIM4CHUS CKOPOCTH SPO3HM YIJIEPOAHBIX MAaTepUajoB IPH BBHIACPIKKE B 030H -
KHCIIOPOJHON CMeCH HpH TOH e TeMIeparype HeoOXOIMMO YBEIHYUTh K OHLEHTPALHIO
o30Ha. /[y 3TOro OBLI CO37aH 030HATOP Ha OapbepHOM pa3psje, MO3BOISIONIHI IOIyYaTh
KOHIIEHTpaIMIo 030Ha 10 10% npu maBnenuu 1 atm. Cxopocts 3po3uu CFC npu BbIIepiKKe B
Takoit cmecu npu temneparype 250°C cocraBuia 15 mxm/9ac. MOXHO MPEANONIOKUTE, YTO K
B CIydae CO IeISIMU CKOPOCTb YAAJICHHUS COCTABUT BEIUYUHY TaKOTO XKe IOPSAKA.

Takum o0pa3om, B paboTe MNPHUBEACHBI PE3yJIbTAaThl IKCHEPHUMEHTOB, MOKa3bIBAIOIIUX
3((EeKTUBHOCTh yAANCHUS YIVICPOJHBIX MATEPHANOB MPH SKCIO3UIUM B KUCIOPOIHO-
o30HOBOH cmecu. Iloka3aHo, dYTO JUIi OKCHEPHUMEHTOB MOXHO  HCIIOJIB30BAaTh
yriaerpauToBbIii KOMIO3HT KakK MOJCIBHBIII MaTepHall BMECTO HEKOTOPBIX YIJICPOIHBIX
IUICHOK; YTO CKOPOCTh Ta3sHM(HKAlMM B PACCMOTPEHHBIX IIENSAX TAaJaeT He CHIIBHO
OTHOCHTENIFHO IUIOCKHX 00pa3noB. MakcuMaibHas OOHapyKeHHasi CKOPOCThb Tasu(uKanim
yIIerpauToBOro KOMIIO3UTa COCTaBHIA 15 MKkMm/4ac.

[1] L. Tanarro, J.A. Ferreira et al. J.Nucl.Mat.390-391 (2009) 696—700.

[2] J.W. Davis, A.A. Haasz J. Nucl.Mat.390-391 (2009) 532-537.

[3] R. Moormann, H.-K. Hinssen, C.H. Wu, in: Proceedings of the 18th IAEA Fusion Energy Conf.
on Fusion Energy, Sorrento, Italy, October 4-10, 2000, paper FTP1/29
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CEJIEKTAUBHOE HA3KOOHEPTETUYECKOE PACIBIJIEHUE ILJIEHOK
METAJIJIOB B APTOHOBOM C JOBABKOM KUCJIOPOJIA IIJIOTHOM MJIABME

SELECTIVE LOW ENERGY SPUTERING OF METAL FILMS IN THE DENSITY
ARGON PLASMA WITH ADDITIVE OF OXYGEN

N.N. Amupos, M.O.N3tomoB, B.B. Haymos
LI. Amirov, M.O.Izyumov, V.V. Naumov

Apocnasckuii punuan Yupescoenus Poccutickoii akademuu Hayk Qu3uko-mexHoio2uieckozo
uncmumyma PAH, 150007 Ynuseepcumemckas 21, Apocnasns, Poccus,
e-mail: amirov@yandex.ru;

The rate, selectivity sputtering, sputtering yields of Cu, Pt, Ta, Ti by Ar ions
at the low ion energy (E; <200 3B) have been measured in Ar plasma of RF
inductive low pressure discharge. It is shown that in plasma Ar selective
sputtering metal films was achieved by ion energies near the threshold
sputtering. Selectivity sputtering Cu, Pt, Ta relative to Ti dramatically
increased with the addition of a small oxygen plasma Ar /O,. Sputtering
coefficients Ta, Pt, Cu, depending on the average energy of the incident ions
are in the good agreement with literature data.

VloHHBIE W HOHHO-IUIA3MEHHBIC IMPOLECCH PACHBUICHHS LIMPOKO IPUMEHSIOTCS B
MHKPOTEXHOJIOTHH B IPOIIECCaX TPABICHUS (DYHKIMOHAIBHBIX CJIOEB. JJOCTOMHCTBOM HOHHO-
IUIa3MEHHBIX IIPOLIECCOB SBIISICTCS BBICOKAas CKOPOCTh pacibuieHHs MartepuainoB. OHa
00yCIIOBJICHA BBICOKOW IUIOTHOCTBEO HOHHOTO IIOTOKA JOCTHTAaeMOW B COBPEMEHHBIX
peakTopax IUIOTHOM Iua3Mbl Hu3koro nasnenus (P<1Pa) [1]. B takux pekropax MOXHO
YIpPaBIATh SHEPTHEil HOHOB B IMPOKOM JiMana3one ux 3HaueHuit (20-1000 5B). IIposenenue
mporecca paclbUICHHss [PH HHU3KOM SHEpruy, BOJIM3M IOpOra paclbUICHHs, KOrja
K09 (HHUIMEHTBI PACHBUICHUS MaTEPHAIOB PA3IMIalOTCs [2], MO3BOISIET JOCTHTATh BBICOKOM
CEJIeKTUBHOCTH mpornecca. OJHAaKO NMPH MOHHO-TUIA3MEHHOM PACIbUICHHH KO3 (HUIIHEHTHI
pAacCHBUICHHS aTOMOB MOTYT OTJIMYATHCS OT €r0 3HAYCHHM, ONPEEIICHHBIX B YKCIIEPIMEHTaX
C HOHHBIMH ITy4KaMH B YCIIOBHSIX BBICOKOTO BaKyyMa, M3-3a HaJN4Hs puMeceil B masme [3].
B mia3sMe MHEPTHBIX Ta30B B Pe3yibTaTe AECOPOLHUU CO CTEHOK PEaKTopa, MOUIOKKH
aJcOpOMpPOBAaHHBIX KHCIOPOJAa M IIApOB BOABI IOCIE 3aXKHTaHHS paspspa Bceraa
[PUCYTCTBYIOT IIPUMECH B BHJE aTOMOB KHciIopoaa, pagukanos OH. OnHako n3-3a Hamuaus
aTOMOB KHCJIOPOZA B IUIa3Me CEICKTHBHOCTH PACIBUICHHS [BYX METAJUIOB MOXET ObITh
BBIIIE, €CIIM KOI(D(OHIMEHTH PACHbUICHUS HMX OKHCHBIX CJIOEB H3MEHSIOTCS Pa3INYHBIM
obpa3zom. V3BeCTHO, YTO MpPHUCYTCTBHE KHCIOPOJAa B IUIa3Me CYIIECTBCHHO BIMSET Ha
CKOPOCTb PACIBUICHHS MHIICHH IPH PEaKTUBHOM MArHETPOHHOM HAHECEHHH IUICHOK
oKkcHI0B MeTaiioB [4]. Llenbto paGoThl SABJISIOCH MCCIIEAOBAHUE BIUSHUS SHEPIMU HOHOB

(Ei<200 5B) Ha pacrmbuieHHE IIMPOKO HCIOIB3yeMBIX B MHKPO- M HAHOTEXHOJIOTUH IICHOK
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Cu, Pt, Ta, Ti HaHOMETPOBOH TONIIMHBI B IUIOTHON aproHOBOW C I0OaBKaMH KHCIOPOIa
riazmMe BY HHIYKIIMOHHOTO pa3psiia HU3KOTO AaBJICHUS.

JKCHepuMeHT

HccnenoBanue pacnbUIeHUs] METAJUIOB NPOBOAMIM B PEAKTOpPE IUIOTHOM rutazmel BY
MHIYKIMOHHOTO paspsja moapoOHO ommcaHHOM B [5]. Peaktop cocTonmT M3 IBYX Kamep —
paspsaHoil U peakiuonHOH. ITnasma BY -mnmykmuonHoro pa 3psaa (f=13,56 Mro, W=1,0
kBT) reHepupoBaiach B pa3psIHON Kamepe B MAarHUTHOM IOJI€, CO3JaBaeMOM KaTyILIKOMH,
pacmpocTpaHsilach B PEakKIMOHHYIO Kamepy. B peakumonHoii kamepe Haxoawics BU -
JJIEKTPOJ, Ha KOTOPBIH yCTaHaBIMBAJICS oOpasenm. Jlns ympaBieHHs —OHEprueu
0OoMOapAUPYIOIIUX MOBEPXHOCTh 00pa3lia MOHOB, Ha AIIEKTPOJ MOJaBajy onpeeneHHyo BU
MoOIIHOCTh cMettenust Py, (f=13,56 Mru, W=600 Bt). IIpu 9ToM Ha MOBEPXHOCTH JNIEKTPOA,
B COOTBETCTBHH C Py, ycTaHABIMBAJICS OTPHLATENIBHBIN ITOTEHIHAN TOBEPXHOCTH CMEIICHUS,
KOTOPBIN OMPEAEIISI CPEHIO SHEPTHIO MAAAI0IIMX HOHOB [6]. [TIOTHOCTH HOHHOTO MOTOKA
J Ha MOAJIOKKY ONIpeensnach U3 3aBUCUMOCTH OTPHLATEIBHOIO OTEHIINAIA CAMOCMEICHHs
Ug or momaBaemoit BY wmommuoctn cmemenus Py, koTopas Obuia nuHeitHO#H. B
MIPEIIONIOKEHNH, 4YTO BCS IomaBaeMas BY MONIHOCTH CMeNICHHs 3aTpaduMBaeTcs Ha
ARy,

AUgls® ™€

YCKOPEHHUE UOHOB, INIOTHOCTE HOHHOI'O TOKA ONPEACIIACTCSA BbIPAXKECHUCM! J=

S- mromaak AEKTPOIA.

CKOpOCTh DACIbUICHUS ONPENEsIM 10 BPEMEHM pAacIbUICHHS IUICHOK METaJUIOB
H3BECTHOU TOJNIIMHEL Bpemsi pacrbUICHUsI ONPENersuIoch 10 CHTHATy Pe3KOro W3MEHEHHs
OTPaXCHHOT'O CHTHAJA JIA3EPHOTO JIydya B MOMEHT OKOHYAHHSI PACTbLICHUS TUICHKH METajlia.
OO0pa3uamyl  CIy)KHJIM TUIACTUHKM MOHOKPUCTAJZIMYECKOTO OKHCICHHOTO KpPEMHHUS, Ha
OKHCIICHHYIO ITOBEPXHOCTh KOTOPBIX METOIOM MAarHEeTPOHHOTO PAacHbLICHHs HAaHOCHINCH
wieHku Ta, Pt, Cu, Ti B tonmmuoi 50 u 100 HM. Y CIOBUS TPOBEICHHUS SKCIICPUMEHTa OBLITH
caenyromumu: P=0,07 ITa, W=800 BT. Pacxon Ar paBusiics 10 sccm.

Pe3yabTarsl H 00CyK1eHNe

B aproHoBoif m1a3Me CKOpOCTh pacHbUICHHS MEAHU IIPU YHEPTUH HOHOB paBHOH 150 5B
M TUTOTHOCTH HOHHOTO moToka 5.2 x10 '° mom/cm® J=8.3 MA/CMZ) nocrurana 4.5 um/c.
Ckopoctu pacnbuienus Pt, Ta u Ti  Obuin 3HaunTensHO MeHbiue (puc. 1). Iloporosas
SHEprust paclbUIeHHs MeTasioB paBHsutack 24, 37, 50, 60 3B, coorBercTBeHHO. OHa
ompenensuiach [0 BEJIMYMHE IOTEHIMAla CaMOCMEILIEHHUS, INPH KOTOPOM CKOpPOCTh

pacnbUIeHHs paBHsNAch Hymo. BuiHo, 4To yeM Bblllle OblIa CKOPOCTh PACIbLICHUS METallla,
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TE€M MEHbIlEe ObLI IT opor €ro paCl’lleleHl/lﬂ‘M AKCUMaJIbHasA CEJIEKTUBHOCTb PAaCIbUICHUA

METAJUIOB NOCTUTACTCs, €CIIN PACIIBIIICHHUE OCYIIECTBIATH BOJIH3H Iopora ux pacrblJICHUS.

5,01 Vv, nm's
45

4,04
3,51
3,0
2,51
2,01
1,51
1,01
0,51
0,0

0 20 40 60 80 100 120 140 160 180 200
Usb, \Y

Puc. 1. 3aBucumocth ckopocTd pacmsutenus mieHok Cu, Pt, Ta u Ti oT oTpumATENBHOTO
2
MOTEHIIMaJla CAaMOCMEIICHHs B IUIa3Me Ar IpH IUIOTHOCTH HOHHOTO moToka 8.3 MA/cMm™. P=0.08 Ila,

Qa=10 sccm, W,,,;,=800 Br.

Tax npu sueprun 1oHoB 100 5B 1 MIOTHOCTH MOHHOTO TOKA 3 MA/em? CKOPOCTb PACIBUICHUS
Cu npeBbliana cKopocTs pacmbiieHus Ta 6oiee 4eM B 6 pas.

MoXHO OTMeTHTh, 4TO K 03(¢unueHTs! p acnbuieHns mwieHok C u, Pt u Ta B
3aBHCUMOCTH OT DHEPIMH HOHOB, PACCUHTAHHBIE IO JAHHBIM, NPUBEJCHHBIM Ha pHC.I,
HaXOJIATCS B XOPOLIEM COITACHH € JAHHBIMH TTOJYIMIIUPUUYECKUX pacueToB Matsunami [7].

Pacriuterne Ti mpoMCXoqwiio ¢ HaWMEHBINEH CKOPOCTBIO, XOTS — coryiacHo [2],
koo duuentsl pacmeireHns Ti m Ta Ommsku no BenmumHe. Takoe pasiuume MOXHO
OOBSCHUTH TEM, YTO B IUIa3Me Ar Ha HoBepxHOCTU Ti, U3-3a HANUYHUS HEKOHTPOJIUPYEMOM
NPUMECH KHCIIOpoJa 00pa3yeTcsi OKHCel THTaHa, KOd((HIMEHT pacIbUICHHS KOTOPOro
ropasao Hike, deM KoddduimeHt pacmbpuieHHs uucroro Ttutana [8)]. JlelicTBUTENBHO,
CKOPOCTb PACIbUICHUS IUIEHKH Ti pe3ko yMeHbIIanach Mpu J00aBKE KHUCIOPOJA B ILIa3My
(puc. 2). Ilpn norenuuane cmemmenus -200 B pacrbuieHne MeTauia MpeKpaTUIIoch yxe HpH
3% nobaske O,. Cxopocts pacnsuienns Cu u Pt mpu maneix mo6aBkax kuciopoxpa (<5%)

MPaKTUUECKH HE M3MeHsIach (puc. 2). Pes3koe yMeHblIEHHE CKOPOCTH pacmbuieHus Ti ¢
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JN00aBKOH KHCIOpoJa MNOATBEPXKAACT IPEINOTIOKEHHE, YTO B YCIOBHSX HPOBEACHHS
SKCIIEPUMEHTa NP €ro paclbplUIEHMM B IUIa3ME€ YHCTOrO aproHa Ha MOBEPXHOCTH
MPUCYTCTBYET OKCHJHAs IyIeHKa. OO 3TOM CBHACTENBCTBYET W Hanuuue dPQekra mamsru,

(post- athdekra) mpu ero pacbUICHUH.

4,0 Vsp, nnm/s
3,5-

Cu
3,0 N

2,51 d —'\.

2,01
1,5 N
1,0 .
Ti
05p4—00L
0,0 T T T T T
0 2 4 6 8 10

%, 0,

Puc. 2. 3aBucuMocTb CKOPOCTH paciblieHus mieHok Pt, Cu B uiasme Ar/O, OT IPOLIEHTHOTO
cojepkaHus kucnopona B cmecu. P=0.34 Pa, Ug, =-200 V, Wy, =190-250 Bt, Q=40 sccm.

Takum oOpaszom, mnpu Hu3KoH odHepruu uoHOB (Ei<200 »5B) cenexTHBHOCTH
pacobuteHus Cu, Pt mo orHomenuio kK Ti B Ar/O, mia3Me MOXeT ObITh a0CONIOTHOW TP

COJZIep)KaHUHU KUCTIOPOA B CMECH OKOJIO 5%.
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HUCCIIEJOBAHUE JU3JIEKTPUYECKOI'O BAPBEPHOI'O PA3PAIA B
SAYENKE C MEPHOJUYECKHAM PSIOM METAJUIMYECKHX MOJIOC-
SJIEKTPOJOB, PACIIOJIOXKEHHBIX B TUIJIEKTPUKE
INVESTIGATION OF DIELECTRIC BARRIER DISCHARGE IN A CELL WITH
PERIODIC ARRANGEMENT OF METAL STRIPS- ELECTRODES WHICH ARE
DISPOSED IN THE DEPTH OF DIELECTRIC

B.B. Anzpees, JI.A. BacunbeBa
V.V. Andreev, L.A. Vasilyeva

* Kagpeopa « TenexommynuxayuoHnHnule cucmemslt u mexnonoeuuy, @I'EOY BIIO « Yysawickuii
2ocyoapcmeennwiil yHusepcumem umenu M.H. Yivanosar, Mockoeckuii np., 15, Yebokcapul,
Poccus, e-mail: andreev_vsevolod@mail.ru

Analytical solution of wave equation for the electric potential was obtained
and investigated in the cell of dielectric barrier discharge with periodic
arrangement of metal strips- electrodes which are disposed in the depth of
dielectric. Results are applicable for analyzing of discharge cells of coplanar
and surface dielectric barrier discharge.

Slueiiku  TUAJIEKTPUYECKOr0 0OapbepHOro paspsia SBISIOTCH A(PQEKTHBHBIMU IS
MOJNyYEeHHsT HU3KOTEMIIEPATYPHOH IUIa3Mbl JUISL  PA3HOOOPA3HBIX — TEXHOIOTHYECKUX
npuMenennit. Hanpumep, npumoBepXHOCTHAS [UIa3Ma MOXKET MPUMEHSTHCS [UIS yIPaBICHHS
BBICOKOCKOPOCTHBIMHM ~ ITOTOKaMH  BO3AyXa IyTEM BO3ACHCTBUS Ha XapaKTCPHUCTHKH
MOTPAHUYHOTO CJIOS C TOMOLIBIO dnekTpudeckux paspsaoB [1]. Taxke B sueiikax
IVDICKTPUYECKOTO  0apbepHOro  pas3psiga  CPaBHHTEIBHO  JIETKO  OCYLIECTBISITH
IUIa3MOXMMHYECKHI CHHTE3 B MPOMBINUICHHBIX Macmrtabax, B YaCcTHOCTH, o30Ha [2- 10].
HuskoremiiepatypHyio miasmy, Kpome Toro, 3h(eKTHBHO HCIIOIb30BATH ISl HATPABICHHOTO

HU3MEHEHHs (PU3NKO-XUMUYECKUX CBOHCTB MOBEPXHOCTHBIX ClI0eB MaTepuaios [11- 13].

Haubonee ysA3BUMBIM 3JI€MEHTOM SYCHKM JMAJICKTPUYECKOro OapbepHOro paspsja
SIBISIETCSI IMAJIEKTPUK, KOTOPBIM, KaK MMPABUIIO, MEPBBIM BBIXOAUT W3 CTPOs. DTO SBISETCS
CIICCTBHEM TOTO, YTO JMAJICKTPHK HCIBITBIBACT pa3PyIINTEIbHOE BO3/ICHCTBHE Kak
3NIEKTPUYECKOTO TOJIA, TAK U MUKpOpa3panoB. OnH u3 crocoboB pelIeHus 3TOM NpoOIeMbl
COCTOHT B pa3pabOTKe HOBBIX [IM3JIEKTPHKOB M MAaTepUAaJIOB [UIsl HCIIOJIB30BAaHUS B KAUeCTBE
[TOBEPXHOCTHBIX IUIEHOK, U KOTOPBIE MOTYT HPOTHBOCTOSITH Pa3pyIINTEILHOMY BO3ICHCTBHIO

BBIIIETIEPEUHCICHHBIX (PaKTOPOB.

B pabore [14] ObuM wHcClENOBaHBI MHUKPOCTPYKTYpa (METOJOM CKaHHPYIOIIEH
NIEKTPOHHOH MHKpOcKoIHnHu ¢ noneBoi amuccueil (FE-SEM) Ha 311eKTpOHHOM MHKpPOCKOIIE
Hitachi SU8000.) u osmementneii coctaB (EDX-SEM-uccnenoBanue o0pasloB H HX

KapTorpapupoBaHue ¢ MOMOIBI0  JHEPro-AUCIepCHOHHOro  crektpomerpa  Oxford
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Instruments X-max) KpeMmHuiicoaepkallel IUIEHKM, HAHECEHHOH Ha IOBEPXHOCTH
TEKCTOJINTA, B 30HE ICKTPUIECKOro NpoOos. TeKCTOINT ¢ HaHECEHHOW Ha €ro MOBEPXHOCTH
KpeMHHUiconepxkame IUIEHKOH HCHONB30Balcs B KadecTBe Oaphepa B sdeiike
JIMBIIEKTPUYECKOr0 0apbhepHOro pa3psaa U HOJBEPraiics BO3ACHCTBUIO MUKPOPA3PsA0B [0 TEX
mop, moka (Oonee 4 4YacoB) HE TNPOMCXOAMI €ro 3JIEKTPHYECKHi mpoboil. Pe3ynbraTh
uccienoBanus [14] mokazamm  3HAUMTENBHOE BIHMSHHE OJIEKTPUYECKOTO OIS U
MHTCHCHBHOCTH MHUKpPOPa3psAl0oB B sUGHKE IUIIEKTPUUECKOrO OaphepHOro paspsaa Ha
3JIEMEHTHBIH cOCTaB KpeMHMHcoAepxkameld IUIEHKM, HAHECEHHOW Ha TIOBEPXHOCTh

TEKCTOJINTA.

CremyeT OTMETHTb, UTO JJI1 KaXKIOH SYEeHKH AUDICKTPHIECKOT0o GapbepHOTrO paspsga
CYIIECTBYET ONTHUMAJBHBIN I MPOTEKaHHs IUIA3MOXMMHMYCCKHX M IUIa3MEHHBIX IPOLECCOB
JNEKTPUUECKHil pexxnM. Takoi p XXMM BO3HHKAeT IPH MapameTpax, oOecreyHBalonMX B
siqefike HanOOJNBIIYIO JUTHTEIFHOCTh CYIECTBOBAHMS HANPSHKEHHOCTH AJIEKTPUYECKOTO OIS,
KOTOpasi COOTBETCTBYET MAaKCHMAIIbHOH 3(h{EKTHBHOCTH IPOTEKAHUSI COOTBETCTBYIOIIUX
IUIa3MOXMMHYECKHX PEaKUWi M IUIa3MeHHBIX mnporeccoB [15]. B cBs3u ¢ aTuM 0oJblIyio
LEHHOCTh IPEICTABISIOT aHAJIUTHYECKHe (GOPMYJBl UL pacd€Ta INPOCTPAHCTBEHHO-
BPEMEHHON KOH(UIYPaLUN 3IEKTPHYECKOr0 MOTEHINAA U HANPSHKEHHOCTH IEKTPUYECKOTO
oy B sUSHKaX JUAJIEKTPUYECKoro OapwepHOro paspsga. B paborax [16- 18] Obum
MOJTy4YeHB! U HCCIEOBAHbl aHATNTHYECKHE PEIICHUs JUISl ONpEeNeNIeHHs NPOCTPAHCTBEHHON
KOH(QHUTIYpalluH JICKTPUIECKOr0 MOTEHIHANA U HANPSDKEHHOCTH JICKTPUUSCKOrO IO IS
MEPUOTMYECKON  CHCTEMBl ~ OCCKOHEYHBIX ~ METAUIMYECKHX  IOJIOC-  JJIEKTPOJIOB,
PACIIONIOKEHHBIX Ha IUIOCKOH NOBEPXHOCTH IUICKTPHKA, OO Ha HEOOJIBIION IIyOuHEe B

JIUDIEKTPUKE (CM. pHC.1).

Merannuueckue
TOJIOCHI-
IIIEKTPOIbI

JmsnexTpuk

o a
Puc. 1. EDpaI‘MCHT CHUCTEMBI BJICKTPOJAOB B BUIC IICPUOAUYCCKOTO pAna OECKOHEYHBIX TrapaJuICIIbHbIX
METAJUINYECKUX ITOJI0C LIUPUHBI 7 , paSMeLLléHHLIX Ha IJI0CKOH MOBEPXHOCTHU IAUBJIEKTPUKA

OI[HaKO STYCHKHU JAUDJIIEKTPHUIECKOTO 63.p];€pH01"0 paspsaa UTAKTCA OT

BBICOKOBOJIBTHOT'O UCTOYHHKA NMCPEMECHHOIO HAMPSKCHUA. B cBsi3u ¢ 3THIM B maHHOM pa60Te
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NOJIy4€HO MW HCCICAOBAHO AHAJIUTHYECKOEC PCIICHHUE BOJHOBOIO YpaBHEHUA I
JJICKTPUYICECKOIro NOTCHIHala B ClIy4ae CHCTEMBI 3JIEKTPOOB, HpeHCTaBHeHHOﬁ Ha pI/IC.].

HpOCTpaHCTBeHHO- BpEMECHHAasA KOH¢)HpraHHﬂ SJICKTPHUUCCKOTO MMOTECHIHAIa BBIYUCIISACTCS 110

bopmye:
. (2wt
U Y|t 1 T
cp(x,y,t)= _ %0t Yoo \[To L arctan +
2ag, a T = 2m‘)
cos| — | -1

a

2U01:0 E . nnro 2rcny {1_ 2mnx N
a

4 @ .
. xUy Esmnmoc SZnny " (1)

arctan +
cos| —(‘co —l+‘l5)) 1
sm (Vo ‘2J’)
dt +—g arctan a +
T cos(g(r0—2y))—1
a

sin(g(ro +2y))

. (2m X . (2n X
sin| —|t—— sinf —| Ty —t+—
T c T c
arctan + arctan

cos( (% +2y)) 1 cos(zT (t—%))—l cos(%n(ro —t+§))—l

3gech - CKOpOCTb CBE€Ta B BaKyyMe€, Ogp- aMIUIMTyAHOC 3HAYCHHEC IUIOTHOCTH

+ arctan

QJICKTPUYCCKOIr0 3apsja Ha CAUHULY IUIOAAd OTACIBHOTO IJIOCKOTO METAJIIMYECKOTro

DJIEKTpOaa H.IPIpPIHOI"’I s UO- AMIUTATYJHOC 3H a4CHUC HAIIPSDKCHUS Ha JJICKTPOAAX; € -
JJICKTpUYCCKasl MOCTOSIHHASA, T(- AJIMTCIBHOCTh IIPSIMOYI'OJIBHBIX HMITYJILCOB HAIPsKCHUS,

MofaBaeMbIX Ha JJIeKTponsl ¢ mepuonoM I'. B dopmyne (1) mpemmomaraercsi, 4rto

HOBerHOCTHBIﬁ 3JIeKTpH'~ICCKHfI 3apsAa Ha DJICKTPOJaX MCHACTCA BO BPECMCHH aHAJIOTUYHO
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HM3MEHEHHIO HANpPsDKEHUS] Ha JTHX 2JeKTponax. B ¢opmyne (1) Hago umeTs BBUAY, YTO
t=x/c. B IpOTHBHOM Cllyuae HMeeM: (p(x, y,t)s 0. HampaBnieHus oceif cucreMsl KOOpAUHAT

TIOKa3aHbl Ha pHUC. 1.

IIpu ManbIX yacToTax CIlEOBaHHMsS HMITYJbCOB HANpsDKEHUS Ha 3JIEKTpojax, Koria
reHepanueil MarHUTHOTO IO MOXHO TpeHeOpeub, u3 (opMymnsl (1) Jerko mHolyduThb
BBIPQKEHUS JJIsI OLpENeIeHHsT KOMIIOHEHT DIEKTPHYEecKoro mois. IIpu BBICOKHMX dYacTOTax
CIICJIOBAaHUS MMITYJIbCOB HANpPSDKCHHS Ha 3IICKTPOJAaX HEOOXOJUMO pELIUTh BOJIHOBBIC
ypaBHEHUS A1 KOMIIOHEHT BEKTOPHOTO MOTEHIMana. AJITOPUTM PEIIeHHs 3THX ypaBHEHHH
aQHAJIOTHYeH JeWCTBUSM IIPH PEIICHUH BOJIHOBOTO YPaBHEHUS JUIS CKASIPHOTO MOTEHIUAIA

cp(x, y,t). B pesynbrarte, 3Has BEKTOPHBIH UM CKaJSIPHBIN IOTEHILHANbI, MOXKHO OIPEIEIUTh

KOMIIOHEHTBI DJIEKTPHYECKOr0 M MarHuTHoro mnoned. Takwe aHamutHyeckue (HOpMyIbI
MoJNe3Hbl MpPU AaHAIM3€ MEXaHW3Ma B3aHMOAEHCTBUS C IOBEPXHOCTBIO [UAIEKTPHKA
HHU3KOTEMIIEPAaTypHOH IUIa3Mbl, TEHEPUPYEMOH B sUelKe IUAIEKTPUYECKOro OapbepHOro
paspana ¢ CHCTEMOH 3JIEKTPOJOB, NpeAcTaBlIeHHONM Ha puc.l. MOpMynbl NPHUMEHUMBI IS
aHalu3a pa3psIHBIX AYEeK KaK KOMIUIAaHAPHOIO, TaK U IOBEPXHOCTHOTO AUIIEKTPUYECKOro

GapbepHOro paspsiia.
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K BOIIPOCY O TEHEPAIIUU IIVTASMEHHOI'O IIOTOKA BAKYYMHBIM
JYTOBBIM PA3PSIJIOM M OCAKJIEHHUS MOKPHITHIA.

ON THE ISSUE OF PLASMA FLOW GENERATION BY VACUUM ARC
DISCHARGE AND COATING DEPOSITION

B.H.Apycramos, X.b. Amypos, W. X. Xynaiikynos, b.P. Kaxpamonos
MHCTUTYT MOHHO-TUIa3MEHHBIX U Ja3epHBIX TexHonoruii, AH PY3
V. Qypmon itymu 33, 100125, TamkenT, Y30ekucras;

V. N. Arustamov, K. B. Ashurov, I. Kh. Khudaykulov ,B. R Kahramonov
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There is no a single system of the fundamentals to design vacuum-arc plasma sources.
This paper proposes a basis how to address the problems of designing the vacuum-arc sources
of plasma.
llenbHOI cHCTEMBI OCHOB KOHCTPYHPOBAHHMS BaKyyMHO-IYTOBBHIX IIa3MEHHBIX HCTOYHHKOB
HeT, B cBsA3u ¢ 3TMM B Hacrosieil pabore IT pe/UloKeHa OCHOBA ONpeeNstolas 3ajauu
TpeOyIOIe CBOETO PEIIeHHs IpU KOHCTPYHPOBAHUM K BaKyyMHO-TYTOBBIX HCTOYHHKOB
m1a3Mel. B mpeiaraemMoil  KOHLENIMU B aKyyMHO—JYrOBOM HCTOYHMK Iutasmbl (BJIAIT)
paccMaTpUBACTCAKAK CHCTEMa, B KOTOPOH  BBIMOJHSCTCS OCHOBHAs (DYHKIHMSA-IeHepaLus
IUIA3MEHHOTO TTOTOKA MaTepuana KaToja.
Jis ee peanuzanuy HeOOXOAUMO BBINONHEHHE CICAYIONIMX 3a1au: HHUIUUPOBAHUE BAaKyyMHOTO
JyroBOro paspsiia ¢ HEOOXOAMMBIMH XapaKTepUCTHKaMH; (HOPMHUPOBAHUE B3aHMOJCHCTBUS
KaTOAHBIX IISITEH BaKyyMHOW Jayrmc pabodell MOBEPXHOCTBIO KaToJa, OOECIedYnBarollee
TeHEepaluio [OTOKa DJPOJHPOBAHHOTO MaTephaiga; IpH OTOM JO/DKHA OCYIIECTBIISATHCS
cTabMIn3alys JIyroBOro paspsiia Ha MOBEPXHOCTH KaToJa, OTBOJ TEIUIA OT 3JIEKTPOJOB U
3JIEMEHTOB KOHCTPYKI[HH, O0€CHEYNBAIOINX HX TEIUIOBOW PEXHM.
Jinst peanu3anuy 3THX BHYTPEHHHX (QYHKIHH Gopmupyrores noacucremsl BJIUIT:
1. D nexTpuyeckas IIOJCHCTEMa, BKIIOUAIOMAs JJIEKTPOIbI OCHOBHBIE U BCIOMOIATEIbHBIC
(MHUOWAIMS ~ paspsna), H3OJATOpPHI, IPHCOCIUHHTENBHBIE JJIEMEHTBl K  HCTOYHHKAM
JNIEKTPOIUTAHUS.
2 Cucrema OXJIaXICHHS,BKIIOYAIOIAas PyOallKy OXJIaXICHHS TEILIOHANPSDKEHHBIX DJIEMEHTOB
KOHCTPYKLHUM, KaHajibl JUIi OpraHH3allMd II0TOKA OXJaXHalolleld cpelbl, YIUIOTHEHUs,
MIPUCOEANHUTEIIBHBIE JJICMEHTHI K BHEIIHE! CHCTeMe 0TBO/A TeIlIa.
3.MarHuTHas CcHCTeMa, BKIIOYAIOWAs CTAOWIM3UpyHONMe, (OKYCHPYIOIIHE KaTYIIKH.
IepeuncneHHble MOJCUCTEMBI Pa3MEILAIOTCS B 2J1€eMEHTaX KOHCTPYKIUH BaKyyMHO-IyrOBOIO

ucrounuka r1iasmel. Koucrpykuus BJIAIT  paszngeneHa Ha  HECKOJIBKO — y3JI0B, IO
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(YHKIMOHAIIBHBIM TIPU3HAKaM. B KOTOpBIX M pa3MeInaioT Bce (DYHKLMOHAIBHBIC 3JICMEHTHI
cucteM. Ipennaraercst kinaccupUIMPOBATh IIa3MaTPOHBI HA CAMOYCTaHABIIMBAIONIEHCS 1 C
(HKCHPOBaHHOMN JUTMHON JIIMHHOM BaKyyMHOTO JyroBoro paspsiga. Ha Pucl npexcrasnena

cXeMa pealM3allid BaKyyMHOTO JyrOBOTO pa3psijia B 3aKPBITOH M OTKPBITOM 3IE€KTPOIHOM

CHUCTEME 110 OTHOIICHUIO K U3ACIIUIOPCATUIYIOMUX YKAa3aHHbIC (bOpMI:I BaKyyMHOﬁ AyTru.

—

‘ n e
- -Barxyya - -Baryyn
W -I7omor naasror W -ITomox naasie:
W -/730enusn ' W -7T30enus
-IT30e¢:
a 6

Puc.1 C xema peanuzanud BaKyyMHOTO IYrOBOTO pa3psia B  3aKpBITOHl M OTKPHITOH
3HeKT‘pOZ[H0ﬁ B CHUCTEM.
B snexTponHOl cucTeMe ¢ aHOJOM - KaMepoH peasM3eTcsi BaKyyMHbIH JIyroBOW paspsn

(Puc.la) ¢ HeduKCHPOBAaHHOH IIMHOM XYyTH a B JIEKTPOJHOH CHCTEME B KOTOPOI aHOIOM
SIBIISICTCSL AJIEMEHTOM OJIIEKTPOAHOW CHUCTEMBbI HCTOYHMKA IU1a3Mbl, (Puc.10) peanusyercs
yroBO# paspsa ¢ (GHUKCHPOBAHHOW CTAOWIBHON JUIHHOW HWMEIOUHi (QUKCHPOBAaHHBIC
nmapameTpsl. Kaxkaas cucremMa UMeeT CBOM IPEUMYIECTBA H COOTBEPTCBEHHO HMeeT 00JIacTH

s dexTuBHON peanusanuu. Ha Puc.2npencraBneHBaKkyyMHBIH TyroBOH HCTOYHUK ILIA3MBI

Puc 2 BakyyMHBIii 1yroBO# HCTOUHHK IJIa3Mbl a-IIPHHIUITHAIBHAS cXeMa, 6- oOmuii Buj
1-TOKOTIOBO - KATOAHKII AepKaTeNb; 2- KATOAHBIH y3en; 3-kaTo/; 4-CeKIus OKUTa TyTH;
S-nomxkur; 6- anop, 7-crabmnsupyromas katymka Ne 2; 8-cuctema BOJSHOTO OXJIaXICHUE
anoza; 9-poxycupylomas karymka; 10-cucrema BOASHOTr0 OXJaxAeHue karona; 11-
crabunusupyromas karymka Ne 1; 12- BRICOKOBOIBTHBIH JIEKTPOLT

IIpocTpaHCcTBEHHOE pacHpesieeHUE UIOTHOCTH 3POJUPOBAHHOTO MOTOKA B OTHOCHTEIBHBIX
€IMHUIAX TIPU Pa3iIMYHBIX PACCTOSHHUAX OT KaToia mpuBeneHo Ha P uc.3a. IlomyueHnas
3aBHCHMOCTh MMEET XapaKTEePHBIH Maaroliuid BU 1 HE COOTBETCTBYET 3aKOHY KocuHyca. C

YBECIIMYCHUEM PACCTOSHUSA OT IUIOCKOCTH KaToJa BO3pacTacT MOJYIIMPUHA KPUBBIX
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pacrnpezeneHust. 3aBUCUMOCTb TUIOTHOCTH MOHHOIO TOKa Ha paccrosnus 15,0-23,0 cm ot
TUIOCKOCTH KaToJa Il CTalM NpejcTaBieHa Ha Puc.36. mokasama 4to , ¢ yBeIMYEHHEM
paccrostHus R OT KaToza MONyMIMpHHA KPHBBIX pacHpeeneHus] IUIOTHOCTH HOHHOTO TOKa
YBEIIMYUBACTCSA YTO O3HAYACT YBEIMYCHHE OTHOCHTEIBHON IUIOTHOCTH B IepHpepUiHBIX

HacTiaX IOTOKa € YBEJIMYCHUEM PACCTOSTHUA OT KaToda.

horr
1,0

ni/N %

o
A 1
0,8

0,6

024 6 & I10RI0m

a 0 B
Puc.3TIpocrpaHcTBeHHOE pacnpezeieHue a-0THOCUTENIbHOMI MJIOTHOCTH
9POANPOBAHHOTOMOTOKA MO-IUIOTHOCTH MOHHOTO TOKa B JPOJIMPOBAHHOM IMOTOKE CTAlH , TOK
paspsana 150A Ha pa3IMuHOM PACCTOSIHUM OT IJIOCKOCTH Karoia: Kpusas 1 - R= 15 cm ;kpuBas

-2 - R=19 cm; kpuBas - 3 - R =23 cM; Tok paspsama 150 A B - pacmpezeneHue Karelib 1o
pasmepam: 1- pa3mep Kameib 10 4 MKM, 2- pa3Mep Karenb 4 MKM-8 MKM, 3- pa3mep Kameinb 8-
12 MM 1 4- 12-16 MKkM
YuuThIBas, 4TO MOTOK HMOHOB MOXXHO OIPEAEIHUTh M3 COOTHOmeHus [; = f roe  ji-
i

IUIOTHOCTL HMOHHOI'O TOKa, (g; - 3apsad HOHA, a IUIOTHOCTb 3POJUPOBAHHOIO IIOTOKA H3

COOTHOMICHUA (528), TO CTCIICHb MOHNU3AUH OIIPEACIACTCA BhIPAKECHUEM!

_ E _ JiStmg
f T r gibm (1)

CTENeHb MOHM3AIUK B TPEINOIOKESHHN OJHO3apSJHOCTH HOHOB, IpU Toke paspsima 100A
coctaBisieT 15% ,nmpuyBennuenuu Toka m0 150A Bospactaer mo 30% .Bricokas cremens
HMOHM3allUH 3POJHPOBAHHOIO  IOTOKA CO3JAaeT YCIOBHsA [UIsl YHPABIECHHUS CTPYKTYpon
OCQKIAEMOT0 TIOKPBITUSI ITyTeM BBIOOpa ONTHMAlbHOH DJHEPrHH KOHACHCHPYIOLINX
3apsDKEHHBIX YAacTHI] U CKOPOCTH OCAXICHHS MAaTepHalaoNpelelSIOMUX  CBOOOJHYIO
JHEPruI0 CKoIUIeHHMs HOBOIl (as3bl. IlpucyrcTBHe Kamenb B 3POJMPOBAHHOM  IIOTOKE
XapakTepHo s Bcex (opm myrosoro paspsiga. Ha Puc.3B. mpuBemeno pacmpeneneHue
Karenb [0 pa3MepaM B 3aBUCUMOCTH OT PAacCTOSHUS karozna. Ha 3HaunTensHOM paccTosHUH
OTKATOJa MPOMCXOAUT POCT MEIKMX MUKDPOUYACTHULL, @ KOJIUYECTBO 00iee KPYIMHbIC YaCTHIIBI
yMeHbInaercs. [Ipu sTom pa30poc 3HaUCHUI KONMYECTBAa KalleJdb JOCTATOYHO BBICOKHMH He
menee 20%. HaGmiomaercs yMeHbIIeHHE OOINEro KOJMYECTBA Kalelb C PACCTOSHUEM OT
karoga. 13 mpuBeneHHbIX (oTorpaduii ciemyer, 4To MOKPHITUS HUMEIOT MEIKOIHCIICPCHYIO

H30TPOIHYI0  CTPYKTypy. OuaroBble BKpaljIeHHs, 30Hbl C HapyIIEHUEM CIUIOIIHOCTH
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MOKPBITHS IPOKOJIBI M JPYTUe HapyIIEHUs OTCYTCTBYIOT, UTO YKa3bIBAa€T IPOCTPAHCTBEHHYIO
OJIHOPOJIHOCTh 3POJMPOBAHHOIO IOTOKA BAKYYMHOIO JIYrOBOIO MCTOYHMKA IuIa3Mbl. Kak
YKa3blBaJIOCh paHEE Ha MOBEPXHOCTU MPHCYTCTBYIOT MHUKPOYACTUIBI PACHPEAEIEHHBIE 110
noBepXHocTH. CpaBHEHHE MOTyYEHHBIX CIIEKTPOB IPeCTaBIECHHBIX Ha Puc.5nokasbIBaeT, 4to

Ka4eCTBCHHBI COCTaB MEIHOTO IICHOYHOTO TIOKPBITUS U METANIMIECKOTO o6pa3ua Meau

COOTBETCTBYET APYT AYTy

B 2 Axis,um 4

Z Axis,um

¥ Axis,u
X Ais,um

a 0 B

Puc.4 ®ororpadun MOBEPXHOCTH MOKPBITHS HEPIXK. CTAIH, HAHECCHHOH BaKyyMHBIM J1yrOBbIM
HUCTOYHUKOM TIUIa3Mbl a-IIOJIYYEHHBIE ONTHYECKOM DJIEKTPOHHOM MHUKPOCKOIIE: 6,B -
nosydyeHHble ckaHupytomeM 3ou10BoM CTM/ACM Ha mukpockorne NT-MDT: ¢oto 6 -
JIByXMEpHOE H300pakeHue, B -TPEXMEPHOE H300pakeHHe, HAHECEHHOCHA MIOIOKKY U3 CTAJIH.

KauecTBeHHBIIi cocTaB MOKPBITHA HAHECEHHBIX BAKYYMHO- NYrOBBIM HCTOYHHKOM

TUIa3MBbI.

W Hh mp 60 1 B WD %0 W @ e 10w W s T

Puc.5 MK-cnekTp IUICHOYHOrO MOKPLITUS M3 MEAM Ha HOMJIOXKKe M3 cTanu-a,. MK-cnekrp
MEJHOIO METaLIM4ecKoro obpasua
MMeronyecs MUKY B CIIEKTPE XapaKTEPU3YIOLIME HAINYUE OCHOBHBIX 3JIEMEHTOB IMPHUCYIIUX
COCTaBy HAHOCHMOT'O MEHOTO MOKPHITHUS NPAKTUYECKU B3aUMHOUICHTHYHbIE. Takum
00pa3oM,IPOIECCHI TeHEPAIlHH MIIa3MEHHOTO MOTOKA B pa3pabOTaHHOM BaKyyMHOM J[yTOBOM
HWCTOYHMKE IIa3MBI, €T0 TPAHCIIOPTUPOBKE M OCAXKICHHUS MaTepuala Ha MOJIOXKKY

CYLICCTBCHHO HE BJIMICT HA COOTHOLICHUC U BJIECMCHTOB IMOTOKE MJIa3Mbl M UX KOJIAYECTBO.

187



K BOIIPOCY O CTPYKTYPHBIX IPEOBPA3OBAHHUSIX IIOBEPXHOCTH
KOHCTPYKIMOHHBIX MATEPUAJIOB IIPU BO3JEMCTBUU BAKYYMHOM
IYTOM.
ON THE ISSUE OF STRUCTURAL TRANSFORMATIONS OF
CONSTRUCTIONAL MATERIAL SURFACE UNDER VACUUM ARC ACTION

B.H.Apycramos, X.b. Amypos, U. X. Xynaiikynos, b.P. Kaxpamonos
MHCTUTYT MOHHO-TUIa3MEHHBIX U JIa3epHbIX TexHonoruii, AH PY3.

V. AypmoH iynu 33, 100125, TamkenT, Y36ekucran;

V. N. Arustamov, K. B. Ashurov, 1. Kh. Khudaykulov ,B. R Kahramonov
Institute of Ion-Plasma and Laser Technologies, Academy of Sciences of the Republic of

Uzbekistan, ul. Dormon Iuli 33, Tashkent, 100125

The effect of vacuum arc action on the physical-mechanical and structural features
and surface layers of steel has been studied. As a result, a new layer with features and
structure differed from those of the substrate has been formed.

B pabore mnpoBemeHO  WCCIENOBaHWE BIUSHUS BaKyyMHOTO IyTOBOTO BO3ICHCTBHUS
(ouncTKH) Ha (HU3UKO-MEXaHMIECKHE H CTPYKTYPHBIE CBOHCTBA OBEPXHOCTHBIX CIOEB CTAlIH.
B ocHoBe BO3/IeHCTBUSI BAKYYMHOT'O JIyrOBOTO pa3psiia- €ro 0OCOOCHHOCTh: CO3/1aHie padoyei
cpensl, B KOTOPOH OH pealn3yercs, FeHepalyeil IUIa3MEHHBIX II0TOKOB C ITOBEPXHOCTH B
KaTOAHOM IIITHe. B oOmacT KaTOXHOrO MHATHA IPOHCXOIMT IUIa3MEHHAs, TepMHUecKas
BO3/ICHCTBHE Ha MOBEPXHOCTH NMPHBOAAIIAS K €€ 3aKalike, MUHUIUIABUIBHBIM IIporieccam. B
pe3ysbTaTe Takoro KOMIUICKCHOTO BO3ZCHCTBHS Ha IIOBEPXHOCTh B OOJACTH KaTOIHOTO
ITHA TIPOUCXOAUT H 3MEHEHHE CBOWCTB, ITOBEPXHOCTHBIX M II PHUIIOBEPXHOCTHBIX CIOEB
oOpabarsiBaeMOoro wu3zaenusi. B pesynbrare BakyyMHOro JyroBOIO BO3JCHCTBHS Ha
MOBEpXHOCTH 00pa3lia oOpa3yeTcs HOBBIA CiIOW, oOJagaiolieil OTIMYHON OT  OCHOBBI
MaTepHana CTPYKTypoil U cBOHCTBaMH. B KaTomZHOM ©SITHE BaKyyMHOH MIyrH ISTHA
HMMEIOLIETO P a3Mephbl MOpsIIKa -10°M  BbIBBIBaIONIHE 00pa3oBaHUE B TOBEPXHOCTHOM CIIOE
Metayuia "MHKpO” o0nacTel, oTinyaromuecss Mexay coboil Mo arperaTHOMY COCTOSIHHIO, a
TaKKe 10 Macce, o0beMy H.T.I. MarepHan B IEHTpaIbHOH 30HE, B pe3yibrare "B3pbiBa'
MEPEXOIUT B MApOOOPasHOE COCTOSIHKE; B CPEAHEH B KHUAKOE COCTOSHHUE, B MepH(epHIiHOM
OCHOBa  HarpeBacTCs  BBIIIE HEKOTOPOIl KpHTHYECKOi TemmepaTypsl. IToxoxkwue cion
MOSIBIISIFOTCST Ha TTIOBEPXHOCTH JeTaleil IpH dIeKTPOUCKPOBOH MX oOpaboTke. Pacmmdposka

[1)3.3OBI)IX HpeBpaI]_ICHI/If/‘L MIpoucxoasdamux B CTaJM M C IUIaBax TIOX HeﬁCTBHeM
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JJICKTPOUCKPOBBIX paspsfoB Obuta mpoBepeHa B [1-3], rae MOKa3aHo, 4YTO HpHU
3JIEKTPOUCKPOBOI 00paboTKe Ha IMOBEPXHOCTH oOpasyercs "Oenblil cloil", KOTOpBI He
rojuiaeTest WM cnabo nojaeTcst 00paboTke pasnmuuHbIMU TpaButensmu. [Tonbop TpaBurenei
YU BBUIBICHHE CTPYKTYphl "Oemoro cioi" OKa3aloch BO3MOXHEH IIOCHE IPUMEHEHHS
rpaUTOBBIX 3JIEKTPOJOB. BBIIO MOKa3aHO, YTO MOBEPXHOCTh HA 3HAYUTCIBHYIO IIIyOUHY
HAaChIIaeTCs TPaUTOM, a B KUJKHX cpelax (KepOCHH, aHWINH M JIp.) HOIy4aeTcsi CUIIbHOE
HACBINIEHHE TIOBEPXHOCTHOTO cios  yriepojgoM. CpenHssl MHKPOTBEPJIOCTH  CIIOf,
MOJTyYEHHOTO TpH Oojiee JKECTKHX pexumax, coctaBmsuia 1200-1300 kr.  J{nmurensHOCTD
Harpesa JIOKAJIbHBIX 00JacTeil Mpyu OOMCKPUBAHUM ITOBEPXHOCTH METAJLIOB OIPEAEISeTCS
JUTUTENIBHOCTBIO JIEKTPUIECKUX MMITYJILCOB, @ HPH MHOTOKPAaTHOM ITOBTOPEHHH MMITYJILCOB
— Talke M 9YacTOTOM ciemoBaHHs HX. CKOpOCTh (pa30BBIX IPEBpAIlCHUH IIPH Harpese
YBEJIMYUBACTCA  C TOBBILICHHEM TeMieparypsl. Jisi ciiydas IpeBpalieHHs NepMuTa B
AyCTEHUT CKOPOCTh IIPEBpALIEHHs IEPMUTA B ayCTCHUT MOXKET OBITH OIlEHeHa Ha OCHOBAaMHU

(bopmyIst

MUE 1 ||C‘dC'
1——= (1)(_ —_
MaKe ’2\| i (1)

3nech Cyun U Cyaxe- COOTBETCTBEHHO, MUHUMAIIBHOE M MAKCUMAJIbHOE COJIEpPIKaHUE yriiepoja
B ayCTCHHTE NPH JaHHOI Temieparype: C- cpeHssi CKOPOCTh POCTa 3epHa ayCTEHHUTA
Ao-cpefiHee pacCTOSIHME MEXIY LEHTPaMH LEMEHTHTHBIX IUIACTHHOK, JI- koadduuueHt

nuhdy3un yrieposia B ayCTeHHTE

@

N A @

3necy Gpynkuus Kpamma. Bemuauabl C oy 5 Cyaxe, [ ABISIOTCS QYHKIHUAMH TEMIIEPATypBbI,

1
G

npudeM Cyuy ¥ Cyaxe MOTYT OBITH HalIEHBI U3 IHArpPaMMBI COCTOSTHHST "KeJe30-yriiepon”.

Kosddunuent nuddys3un yriaepona B aycTeHHTE OIPEAENIeTCs 0 hopMyte:

Q
A= *T @3)

IIpu Temmeparypax Bbime 910°C HemerupoBaHHBIM (eppuUT HpeBpamaercs B
Oe3yranepoaucThlii aycreHuT. OUKCHpOBaHKUE MpeBpalieHus Gepputa B MajJoyriIepOaUCThII
AyCTCHHMT BO3MOXKHO IIPH MHHHUMAIILHOM COZCp)KaHHMH yriepoja B HeM mpubmmsurensHo 0,3
% TO TOSBICHHIO B CTPYKType MapTeHCHTa. Bemmumubl ckopoctu mnpespamenus C u

=2
BpEMEHH, HEOOXOIMMOro Ul 3aBEpIICHHS ero C, TpuBeIeHbl B HIDKECIEIyromeit

Tabnune. Ay IPUHUMANIOCH PaBHBIM 0,3 MKM.
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Tabmuma 1

t 0C C *10° mm/cex T CeK
800 19 0,017
900 109 0,003
1000 337 0,0009
1200 2230 0,00013

U3 naHHBIX TAOIHIBI IPUMEHNTEIBHO K OOMCKPUBAHUIO YIIEPOAUCTONH CTAald MMILYJIbCAMH
utenbHocThio 100 Mkc crnenyer, uro mpu 12000 T) npuOIH3UTENEHO PABHO JITUTEIBHOCTH
nmnynbca, a npu 10000- Gombmre Hero. Takum o0paszom, mociae OOMCKPUBAHUS IO
9BTCKTOMAHON YIJIEPOMKCTON CTANM MMILYJIbCAMH MIUTCIBHOCTBIO B HECKOJIBKO JECATKOB
MHKPOCEKYHJ] HEHNOCPEJICTBEHHO IIOf OIUIABJICHHBIM CJIOEM JIOJDKHA PAacIoNaraThes
(beppuTOMapTeHCHTHAss 30HA, NMpPHYEM KOJIUYECTBO (eppura OyJaeT Bo3pacTaTh MO Mepe
yIajieHus OT MOBEPXHOCTH B OCHOBY.. Kak cmemyer m3 amammsa ¢opmynst (1) ckopocTs
pacTBOpEHHsI LIEMCHTUTa Il PH HarpeBe CTald oOpaTHO TNPONOPIMOHAIBHA TOJIINHE
LEMEHTHTHOW YacTHLBI. B cilydae OYHCTKH NOBEPXHOCTEH CTAIBHBIX 00Pa3IOB B JTYyrOBOM
paspsiie TIPOMCXOIAT MPOLECCHl, HMMEIOIINE HEKOTOPOE CXOJICTBO C  MPOLECCaMH MpH
9JIEKTPOUCKPOBOI 00pabOTKEe METAILIOB, HO U 3HAYMTENbHOE OTanuue. [Ipy MpoxoxkaeHnH
OYrOBOTO IIITHA IO 3arps3HEHHOW ITOBEPXHOCTH TAKXKe INPOUCXOAUT CHJIBHOE MECTHOE
pasorpeBaHHe O BBHICOKHX TEMIIEpaTyp M Takke HaONIoMaroTcs 3 30HBI : 30HA, IJIe METall
uchapsiercsi ¥ BbIOpachIBaeTCS € IOBEPXHOCTH, 00pasys KpaTepbl, 30Ha Hepexojsias B
KUJIKOE COCTOSHME. M T Bepjas 30HA, HArPEBAIOIIAsCs BBIIIC HEKOTOPOW KPUTHUECKOMH
TeMIepatypsl (a30BbIX epexonoB. Ho umeroTess oTmmdms. Bo-mepBsIx, 3TO Iporece XOTs U
HUMITyJIbCHBIA, HO BpEMsI HAXOXKJICHMS IATHA B Ka&XIOW MAaHHOH TOYKE [TOBEPXHOCTH
OIpeIeISIeTCS CTENEHBIO 3arPsI3HEHHUSI 9TOH OBEPXHOCTU U KOJIEOIeTCs OT 107 10 10c. Tak
KaK, 3arpsi3HEHHE MOBEPXHOCTH MOXKET OBITh HEPaBHOMEPHBIM, TO BpeMs HaXOXICHHS
JIyroBOro MsTHA ¥ YCJOBUsS TEIUIONEPeJayd MOTYT OBITh DPasiMYHBI, YTO HPHBOAUT K
HepaBHOMEPHOIT TomuHe "Oenoro cios” Ha moBepxHocTH. Ha puc. la moka3aHo, Kak 9TOT
CJIOH pacToNOXeH Ha MOBEPXHOCTH. B0-BTOPBIX MPOLECCH MPOUCXOIAT B BaKyyMe, TA€ HET
JOTIOJIHUTEJIBHOTO 0TBOJA TemIa. [1o 3ToMy MOXKHO 0KHIAaTh OOJBIIEro pa3orpesa MOACION U
OonplIell  €ro  TOMIIMHBI (B 3aBUCUMOCTHU OT pexxuMa oOpabotku). B Tperbux
3JIEKTPOJyTOBOM ~METOAE OYHMCTKH IIOBEPXHOCTH HE HAOJIIOAaeTcss HayryepakeBaHUs
MOBEPXHOCTHOTO cinost. CorytacHo JaHHEIM TaOmuis! 1 U npefeTbHBIME 3HAUCHUSIMI BpEMEHH
MPOXOXJeHUsI MATHA (OT 102 o 10 cex ) MO OYHMIIAEMOH IOBEPXHOCTH, TO MOXKHO
MPEANONOKUTb, YTO Ul YIJIIEPOAUCTON cranu To coorBercTByer 12000 u 10000 C, 1.e. B

3aBUCHMOCTH OT PEXKMNMA OUHCTKHU ITPU ITUX TEMIIEpATypax MOTYT OBITH 3aBEPHICHBI ¢)a30BBIe
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LEPEXOMIBL.

Puc.1 Ilonepeunstii pa3pes nocie tpaiaeHus 4 % HNO3 B sTunoBom crimpre.

a) MukpogdoTorpadus mornepevHoro paspesa MIHHAENS, OYHIICHHOTO YCTOHYMBBIM JyTOBBIM
paspsizom (420x). 6) MuKpodoTOrpad st HONEPEYHOTO pa3pe3a MIMUHIEIS, OYUIIEHHOTO
YCTONUYMBBIM JTyrOBBIM paspsiioM (420x).

B 3aBucHMOCTH OT peskiMa OYHMCTKU PACIIOIOKEHUE U CTPYKTYpa 30H B IIONIEPEYHOM pa3pese
MoryT ObITh pasnuuHbiMH. Ha Puc.la mokxaszan momepednslii pa3pe3 mocne TpasieHus 4 %
HNO3 B stnnoBom crimpre. Ha pucyHke sicHO BUIHBI jiBe 30HBI. CHavalia HeT O4YeHb y3Kas
oJI0ca MOPSAKA OHOTO MKM (MHOTa MEHBIIIE) TEMHOT'O CIIOS—3TO 00e3yTIIePOKEHHBIH CIIOH,
3aTeM CllelyeT CBETJIBIH (CIerka MpoTpaBIeHHbIi cnoi mmpuHoi 10-12 Mxm ("Oensrit cnoit").
VzmepeHHas HaMH M HMKPOTBEPAOCTh HAa  IOBEPXHOCTH, TaM TJ€  PAaclOJOXKEH
00€3yIIIOPOXKHHBIH CIIOM TMOKa3ala HEOONBIIYI0 BeNWMYMHY Topsinka — 275 Kr/Mm.
Crnenyrotnii "Oenmblit C0#i” oOKa3zaics MOBOJBGHO TBepabiM - 681 KF/MMZ, TOrga Kak
MHKPOTBEPAOCTh OCHOBBI COCTaBUIIH - 346 kr/mMy’. Ha Puc.16 Busst pasnu4us B BENUYHUHE

oTIHevaTKa MMPaMUIKH Ha "0esloM ciioe" B OCHOBE.
Takum 06pa3om, MPH OYUCTKE MOBEPXHOCTH JYTOBBIM IISITHOM, XOTS M HE HPOUCXOUT

HayTJIEePOXXHBAHHUS IIOBEPXHOCTH, HO OJarojapst HEPeKPUCTAUIM3ALMH M3 paciiaBa |
00pa30BaHUIO HOBBIX CTPYKTYp IIPOHUCXOAUT 3HAYHUTENbHOE YHIPOYHEHHE OYUICHHOU
noBepxHocTH. OTcioa clelyeT, 4TO KaTOAHbIe IMATHA BaKyyMHOIO -ZyTOBOIO pa3psia
MO3BOJIAIOT HE TONBKO 3(P(EKTHBHO OUYMINATH 3arpsA3HEHHBIC NETAIH, HO OJHOBPEMEHHO
MIPOM3BOAUTH YIIPOUHEHUE UX MIOBEPXHOCTH.
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MOJEJUPOBAHME NPOLIECCOB YCHUJIEHHUA ITOJISA HA
MUKPOHEPOBHOCTAX KATOJA JYI'OBBIX PA3PSA/I0B B BAKYYME
SIMULATION OF FIELD AMPLIFICATION PROCESSES ON CATHODE

MICROASPERITIES UNDER VACUUM ARC DISCHARGE

B.H.Apycramos, X.b. Amypos, P.b. Haraii6exoB U. X. Xynaiixynos, b.P. Kaxpamonos
MHCTUTYT MOHHO-TUIA3MEHHBIX U JIa3epHbIX TexHosoruit, AH PY3.

V. dypmon itynu 33, 100125, Tamkent, Y30ekucras;

V. N. Arustamov, K. B. Ashurov, R. B. Nagaibecov, I. Kh. Khudaykulov ,
B. R. Kahramonov
Institute of Ion-Plasma and Laser Technologies, Academy of Sciences of the Republic of
Uzbekistan, ul. Dormon Iuli 33, Tashkent, 100125
The processes of electric field amplification in the cathode spot have been
theoretically estimated and simulated. It has been shown that the field amplification
coefficient insignificantly differs from unity and cathode spot motion is connected with a

decrease in heat removal in the zone of cathode spot motion.

Pemnaromiee 3HaueHHE IS TOPEHHS AYroBOrO pas3psia B BaKyyMe HMEIOT HaIpsDKEHHOCTb
3JIEKTPUUECKOTO TOJISI M T€ MIIepaTypa Katoja B IsTHE. Terousndeckue cBOMCTBA Katoja
ompenesstior [1] THUI SMHCCHM OJEKTPOHOB (aBTODJIEKTPOHHAS, TEPMODJIECKTPOHHAS WM
TEepMOaBTORJIEKTpOHHAs ). bonbimucTBo Metaiuos (Hg, Zn, Cd, Cu, Agu 1. 11.) HE MOTYT ObITH
HarpeTsl JI0 TEMIEparyp, NpU KOTOPHIX BO3MOXKHA 3aMETHAs TEPMOAJIEKTPOHHAs SMHUCCHS.
ITosToMy JuIst 3THX METaJUIOB [2] BHEpBbIe BBICKA3all IPEAIIONOKEHHE 00 aBTOICKTPOHHOM
MeXaHH3Me SMHCCHI, IPHUEM HEOOXOMMMBIe HampskerHocTy oy (E ~ 107 B-cv™ mpu ¢=4.5
3B) co3naroTcs NPOCTPaHCTBEHHBIM 3apsAi0M TOKa MOHOB. HarnpsskeHHOCTh 10N M INIOTHOCTH

DJIEKTPOHHOI'O 1 HOHHOTI'O TOKOB CBA3aHbl H3BECTHBIM YPaBHECHUEM MaKKOyHa [3]

m; /2 ]

E? —757*1011/2[]( ) 1

rae E, - HanpsHKeHHOCTDb AJICKTPHYECKOTO MO (B.CM' ); U~ KaTofHOE NaJeHue MOTeHIMAana
. 2

(B); ji-.Je — COOTBETCTBEHHO IUIOTHOCTH HOHHOTO M JJIEKTPOHHOTO TOKOB (a-CM~); M; , M-

Macchl HOHa U 3JIEKTPOHA COOTBETCTBEHHO. [IpOTsHKEHHOCTh KATOAHOTO MaJCHHs MOTeHIHana /4

olpeessieTcs BeIpaxeHueM [4]

h= 2.32x107%U /4' 5
_/21\41/4
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rae M — MoneKyJsIpHbIi Bec HoHA. JIerko BUACTB, YTO 1Jisi 00pa3oBaHus mojel £ ~ 107 B-cm™
HEOGXOIMMMBI TUIOTHOCTH HOHHOTO Toka ~10°A-cM™2n Bbime. OGBIYHO MPEIoJIaraeTcsi, 4To
IIPOUCXOIHUT yCUJICHHUE IO Ha MHKPOHEPOBHOCTSX KaToJa, MpudeM K03 (HUIHEHT yCHUICHUS
HOJISL p. MOXKET NOCTUraTh HECKONBKHMX JECATKOB. Torza HEOOXOAMMOCTh B CTOJb BBICOKHX
IUIOTHOCTAX MOHHOTO TOKa oTrnajgaer. OQHAKO yCHJICHHE TOoJs OyIeT UMETh MECTO TONIBKO B
TOM CIIy4ae, €CIH NPOTSHKCHHOCTh KaTOAHOTO IaJeHMS MOTEHIHana /i 3HAYUTeNbHO OObIne
XapaKTepPHBIX pa3MEpOB 2 MHKpPOHepoBHOcTeil. Jlake Ha TIIATENBHO OTIOJIMPOBAHHBIX
MOBEPXHOCTAX MeTamios # = 10~ 5cm. IIpu mnotHocTH HOHHOTO Toka ~108 A-cM™2A< 1076, 1.
€. IPHMEPHO Ha IOJITOpa MOpsAKA MEHBIE XapaKTePHBIX pa3MepoB MHUKPOHEPOBHOCTEH. DTO
O3HAa4aeT B CBOIO OYEpe[b, YTO |L HE MOXET 3aMETHO OTJIMYAThCSA OT eauHMUBL Ecimu

2

Hpeanonokuth, 4to j;=10*A:cM™2,T0 a1 MIOCKOHW MOBEPXHOCTH KaToAa MOTy4aeM

E ~(2+4)-10° B-em™ 1 h<10~Scm. B aToM ciryqae BenmyrHa P< 2 (puc.3,a), a pe3yiabTHpyonee
nojie OyJaeT MeHbIIe 107 B-em™. Bonee Toro, MpH TUIOTHOCTH MOHHOTO TO Ka ~10*A-cM~2 He
OyneT mpoucXoauTh [5] pereHepaiin 00bEMHOTO 3apsiaa (HeOOXOAUMOTO YCIOBHS IPOTEKAHHS
pas3psiga) 3a CYeT WCIApeHWs M HOHM3ALUM I1apOB KaToJa IPH CKOPOCTH HepeMEeIleHUs
KaTOJHOTO TISITHA CO CKOPOCTHIO ~10%cm-cex.”. Kak mokasanu JKcrepuMeHThl boiins u ap. [6]
Mo mpoboK MalbIX BaKyyMHBIX mpoMexyTkoB (H=0.5+8 mkm) Mexmy BoibhpamMOBbIME
JJIEKTPOJIaMH, BEIUYHMHA p CYLIECTBEHHO 3aBHCHUT OT BEIMYHHEI 3a30pa. Ha puc.l nmpuenena
3aBHCHMOCTb YCHJICHUSI DJIEKTPHUECKOTO moNs | OT BEIHYMHBI MEXIIEKTPOJHOIO

npomexytka (Hu=f(H), mocrpoeHHas o pe3yibraram paboTsl [6].

)

24

0 2 4 6 8 H mxm

Puc. 1 3aBucuMOCTbYCHIIEHHS 2IEKTPUUECKOTO TOJIAUOT BbLIEYEHbI
MEXDIIEKTPOJHOTO MPOMEXyTKa
Bce okcnepuMeHTanbHbIe TOYKH JT0XKATCS HA OHY KPHBYIO, KPYTO MaJalollylo IpH H<2 MKM.
DkeTpanonsnus KpuBoit 10 p=l mpuBoamT K 3asopam H=(2+3) -10° cm. 3amermm, urto
KOHTPOJIMPYEMO NPHOITU3UTECS Ha MOAOOHBIE PACCTOSIHHUSA U M3MEPSTh p YPE3BBIYAIHO TPYAHO.
ITosToMy Hamu OBUIO BBINOJTHEHO MOJENHPOBAHHE PEAIBHOW KAapTHHBI Ha JJIEKTPHIECKOH
BaHHE, a TaKXKe IOJIyYeHbl KapTHUHbl JIMHMHA HANpPsHKEHHOCTU SJIEKTPUYECKOTro IMOJs HpU

TIOMOIIM YacCTHUL[ AUDJIEKTPHKA, B3BCUICHHBIX B CHIMKOHOBOM Macie. Ha TMOBEPXHOCTH
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IUIOCKOI'0  JJIEKTpOJa «Karoda» HaxoAuiacb «MHUKPOHEPOBHOCTB» B BHAE OJJUIMIICA C

pazmuunbMU (k=0.2+1) xodddunuenTamMu cxxaTus k:b/ a -[7], Tme a u b — cooTBETCTBEHHO
OoJbIast ¥ MaJast MoyocH 3iuiunca). bosblmas momyock y BceX 3IUIMIICOB Oblla OJJMHAKOBOH 1
paBHATACE 9 MM, 9YTO MOZOOHO YBETHUCHWIO PEaNbHONW KapTHHBI mpuMepHO B 10° pas.Jlms
K@KIO0H TEeOMETPUM MHKPOHEPOBHOCTH M PA3IMYHBIX MEKIICKTPOAHBIX  PACCTOSHHUI
CHHMAQJIUCh KAapTHHBl OKBUIIOTCHIWAJeH W CWIOBBIX JHHH. CormacHo Teopeme
Ocrtporpaznckoro-l'aycca, TycToTa CHJIOBBIX JIMHHH OIpeReNsieT HampshDKeHHOCTh MOJIST B
KaKI0H TOYKE MCCIEIYeMOro MpOCTpaHCTBA. Tak Kak MEXAY SJIEKTPOJAMH HCTOYHHKOB
3aps/I0B HET, TO JIMHUH HAIPSHKEHHOCTH HAUMHAIOTCS U 3aKaHYMBAIOTCS Ha 3IeKTpoaax. Torxa
OTHOIIIEHHE PACCTOSHHI MEXTy ONHHMH U TEMHU JKE JHHHUSAMU B KaKTOW TOUKE BaHHBI OyAeT

00paTHO NPOHNOPIMOHATEHO OTHOIIECHHUIO HAIPSDKEHHOCTH MOJIS B 9TUX

A a H
st -k
7} sb
of 5
st 1 )
4} p 4
3
3F 3
St 2
1} 1
5 10 15 20H, v 0 5 10 15 20 25 30 35 R/al0?

Puc. 2 3aBucumocTs ycuineHus Mo OT MEXKIIIEKTPOJHOTO PACCTOSHNUSA (a) U TapaMeTpoB
mukpooctpus (6).a: I —k=0.2,2 —0.4,3 —0.6;6: I — H=13,
2—11.3—6,4—4mm.

Toukax. TakuMm o00pa3oM, MOSBISETCS BO3MOXHOCTh HENOCPEICTBEHHOIO H3MEPEHUS

kod(pduUIMeHTa TpH Ppa3IUIHON TEOMETPHHM MHKPOHEPOBHOCTH U MEXDIECKTPOIHBIX
paccrosHuii. Ilpy cONMMKEHMH SNEKTPOAOB KapTHUHBI SKBUIIOTEHIMAICH U JIMHUH Hamps-
JKEHHOCTH CYIIECTBEHHO M3MEHSIOTCs. J[Be Hamboiee XapaKkTepHbIe KapTHHBI CHIOBBIX JIMHHI
npu k=0.7 u paccrosumsax H=1.2 mm u H=12.7 MM npuBefeHs! Ha puc. 2, @, 6 COOTBETCTBEHHO.
XOopouo BHIHO, YTO NPH yM CHBbIICHUH HCTyIIEHHE JUHUH Y IOBEPXHOCTH «MHKPOOCTPHS
yMeHbIIaeTcs: (COOTBETCTBEHHO  yMeHbinaercs (x)). s pasnuuseix H u k CTpomiInCh
3aBucumoctu p== f(H) u p=f(R/a), rae R— pamuyc KpHUBH3HBl MHUKPOHEPOBHOCTH. OHH
HPHBEICHBI Ha puc. 3, a, 6. Ilpu yBennuenun /H BeIMUMHA 4 BO3PACTACT, IPUYEM IS SJUTUIICOB
¢ OOJBLIMM CXKATHEM 3Ta 3aBUCUMOCTB Oosiee cuiibHas. C pOCTOM OTHOLICHHS R/ a ot 0.04 o
0.36 TIpu TTOCTOSHHOM MEK3JIEKTPOHOM PAaCcCTOSIHUH BEJIMYMHA MajaeT (Hanpumep, npu H=13
MMOT 7.6 mo 2). UrakT eoMeTpuss MHKPOHEPOBHOCTH U MEXKIJIEKTPOLHOE DPACCTOSHUE
ompenemsior u. OpHako mpu BceX Kod(GHIUEHTaX CXaTUS OIUIAICOB CYLIECTBYET

KPHTHYECKOE PACCTOSIHUE, MeHblIe KoToporo pu=1 . Kak mokaspIBaeT aHaiIu3 KPUBBIX HA pHUC 2
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p=1 mpum H=~(0.5+1) R. Ilepexoiss K KaTOJHOMY IITHY, MOXXHO KOHCTaTHpPOBATb, YTO
KOO((UIINEHT YCHIICHHS ITIONSl B ISITHE HE MOXKET CYIIECTBEHHO OTIMYATHCS OT CIMHHMIIBL.
DKCrnepUMeHTaIbHO HabMoAaeMblit (akt [8] mepemenieHus: KATOAHBIX MHTEH MOHEPOBHOCTSIM
(uapanuHel, BBICTYIIBI, Kpas 3JIEKTPOJOB M T . J.) CBsS3aH, HO-BHAUMOMY, C YMCHBIICHHEM
TEIUIOOTBOJA, YTO DHEPreTHUECKH OJIaronpusaTHO IS CYIIecTBOBaHMS IsiTeH. Hampumep, npu
koo dunuente cxatus umica k=0.7 TEMIOOTBOA yMeHbIIaeTCs B ~2 pasa, a npu k==0.2 B
~7 pa3. Kpome Toro, mpu pacmnajiax KaTOAHBIX IIAT€H Ha MHKPOOCTPHSAX BO3MOXKHO YCHIICHHE
TI0JIS1 ¥ TIOBBILIEHHE YMHUCCUH JJIEKTPOHOB, YTO MOJXKET IIPUBECTH K 00pa30BaHHIO HOBBIX IISITCH
B pe3ynbTaTe pa3orpeBa M HCHApPEHHS MUKPOHEPOBHOCTU JEHCTBHEM IIOBEPXHOCTHOIO (TOK
HMOHOB) U 0OBEMHOT0 (JPKOYJIEBbIH HarpeB U Tero HoTTuHrama) HCTOYHUKOB SHEPTUH.

Takum 006pa3oM, MpUBEAEHHBIE TEOPETHUECKHE OLEHKU M MOJCTHPOBAaHUE IIPOLECCOB
YCHJICHHUSI SJIEKTPUYECKOrO OJIs B KATOAHBIX IATHAX MOKa3bIBaIOT caexyromiee. Koaddumuent
WIS JYroBBIX pa3psiloB B BAaKyyMe C «XOJOAHBIM KaTOJIOM» HE MOXKET CYILIECTBEHHO
OTJIMYATBCS OT €IMHMIEL [lepemelieHne KaTOAHBIX ISTCH 110 MUKPOHEPOBHOCTSIM CBS3aHO C
9HEPTreTHYECKH OIaroNpHATHEIM (DAKTOPOM YMEHBIICHHS TEIUIOOTBOAA B TENO AJIEKTPOJA.
Ycunenue nosst (yCUJIEHUE SMUCCUU 3JIEKTPOHOB), BOSHUKAIOILEE [IPU PACIaax MATEH, MOXKET
HPHUBECTH K BO3HUKHOBEHMIO' HOBBIX 3JIEMEHTAPHBIX KaTOMHBIX IATEH Ha MHUKPOHEPOBHOCTSX

KaToJa Ipyu UX Harpe€Be U UCIIapEHUH.
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OCOBEHHOCTH HOHU3AIIMU MOHOB KATOJHOM ISATHE
BAKYYMHOI'O AYT'OBOTI'O PA3PSJIA
SPECIAL FEATURES OF ION IONIZATION IN CATHODE SPOTS OF VACUUM
ARC DISCHARGE

B.H.Apycramos., X.b.Amypos, P.b.Haraii6exos, 1. X. Xynaiixynos, b.P.KaxpamoHoB

WHCTUTYT MOHHO-TUIa3MEHHBIX U JIa3epHBIX TexHosoruid, AH PY3
V. dypmon itynu 33, 100125, Tamkent, Y30ekucran; arustamov(@aie.uz
V. N. Arustamov, K. B. Ashurov, 1. Kh. Khudaykulov ,B. R Kahramonov

Institute of Ion-Plasma and Laser Technologies, Academy of Sciences of the Republic of
Uzbekistan, ul. Dormon Iuli 33, Tashkent, 100125

The mechanisms of voltage jumps in vacuum arc are of great scientific and practical
interests. The overvoltage is considered to be due to self-induction in sharp fluctuations of the
discharge current. This hypothesis has not been experimentally tested. The goal of this paper
is to do that.

IIpu ropennn myrosoro paspsizaa, ocobeHHo B obnactu Hebonpmux (10 - 30 A) Tokos,
HaOJIOAAIOTCS. XaOTHYHBIC BCIUICCKH HANpsDKEHMs, 4acTo mpebimatonme DJIC ucTouHnMKA
TOKa. DTH BCIUIECKH HANPSHKEHHUs CHOCOOCTBYIOT BOCCTAHOBJICHHIO JyrOBOTO paspsiia U
UTPAlOT TMOJOXKHUTEIBHYI0 POJIb B TaKMX TEXHHYECKHX NPHMEHCHMSX, KaK BaKyyMHas
METaUTyprus, CBapOYHOE MPOM3BOACTBO, HT. A.B  gpyrux ciywasx (mampumep,
KOMMYTAIIMOHHAsl TEXHUKA) MX SBJIEHUE HexenarenbHo. [109TOMy BBIACHEHHE MEXaHH3Ma
00pa3oBaHMsl BCIUIECKOB HAIPSDKCHMS IIPEJCTABISET M IPAaKTHYECKUi uHTEepec. I[IpuHATO
CYHTATh, YTO MEPCHANPSDKECHUS OOYCIOBJICHBI SBICHHEM CAMOMHIYKIMH IIPH PE3KHX
KojebaHusAX Toka paspsaga. OJHAKO CIENUANTbHON BKCIIEPUMEHTATbHONH HPOBEPKE 3Ta
THIOTE3a HEe MojaBepranach. LIENpI0 HACTOSIIErO WCCIIEMOBAHHS SIBISCTCS IIOMBITKA

BOCIIOJTHUTH JTOT np06en. Ecmm KOHTPOJIUPYEMO HU3MCEHATL HWHAYKTUBHOCTH MLE€IIH, TO,
d
coriacHo 3akoHa E = _Ld_(f CICAYyCT OXWUIATh YBCIWYCHUA aMIUIMTYAbl BCIJICCKOB MpHU

YBEINYCHUH WHIYKTUBHOCTU IEMH. VICTOYHHKOM IMHUTaHUS paspsifa SBISUICS HMITYJIbCHBIH
koHneHcatop C =140 Mx®, 3apsokaembiii go 100 — 120 B. Ilpuuém, uis cBeleHUs K
MHHHMYMY [apa3suTHOH WHIYKTHBHOCTH IIeNIM, ITHTaHHE paspsia OCYIIECTBIUIOCH IIPH
MOMOILIM KOAKCUAJIBHOTO Kalels, BHYTPEHHsS JKWJIA U ON JIETKA KOTOPOTO  CITYXKHIIH
MPOBOJHUKAaMH. B memb paspsaa, KpoMe HHAYKTHBHOCTH, BBOIMJICS 0€3 HMHIYKTHBHBIH
pesuctop R =5 kOMm. s orpaHnyeHuss TOKA JYTd W OCYIIECTBICHHS AIEPHOIIMIECKOrO

pexuMa paspsifa Jake IpU MakcUMalbHOW MHAyKTUBHOCTH L = 350 Mk['H. Bo30Oyxnenue
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paspsiia OCyLIECTBIIAIOCH IPY IOMOLIM MajJOMOLIHON HCKPBI MEXIY HOABHKHBIM TOHKHUM
(0=0,1 MM) 271€KTPOIOM M IOBEPXHOCTHIO Karona. J[aBlIeHME OC TATOYHBIX I'a30B BO BpEMs
SKCIIEpUMEHTOB  Obll0  P~10"°Topp, a B KauecTBe OJIEKTPOJOB  MPMMEHAICS
30HHOIUIaBJIEHbII Mo.BcnencTBue onpenenstoniei poyiu npu KaTOAHBIX MPOLIECCOB (IMUCCHS
JJIEKTPOHOB, UCIApEHHE, MOHM3ALUs U T . A.) B INPOTEKAaHUH DPa3psAaObLIM HCCIIEIOBaHBI
BCIJIECKH HANpPsHKEHHUs OTHOCUTENIBHO KaToja IpH IOMOMIM IHIMHIPHUYECKOrO 30HJA,
pacnonoxkeHHoro Ha paccrosiHuu ~0,1- 0,5 MM oT moBepxHOocTH Karoxa. CHrHaNI ¢ 30HIA
mojaBajcss Ha ocuwuiorpad ¢ 3anoMuHaomed TpyOkoud. Jlns  Kakmoro 3HaYeHHs

nagyktuBHoctH (L = 350 Mx['H) mccnenosamacek cepust u3 500-550 paspsiioB, m mo ux

An
pesynbTaTaMm  CTPOMNACh  3ABMCMMOCTh  DACHpEAENeHHs — —- = f(U). Orubarouas

00paboTaHHBIX TAKMM 00pa30M JaHHBIX (TMcTOrpamMM) npuBeneHa Ha puc 3. Kak cienyer uz
puc 3, Hamboiee YacTO BCTPEYAIOTCS OTHOCHTENbHO Hebombime (10-90 B) Bemmecku
HaNpsDKEHUS, a 9HCIO BCIUIeCKoB C ammuurypod 200-400 B cymecTBeHHO MeHBbIIe.
XapakTepHOl OCOOCHHOCTBIO KPHUBOH SIBIAETCSA TO , YTO JaHHbIE [UIs  PasiIMYHBIX
HMHIYKTHBHOCTEH MPAKTUYECKU COBHANAIOT. DTO 03HAYAET, YTO BCIUIECKU HAINPSDKCHUS B HPH
KaTOIHOH 00JacTH IyroBOro pa3psiia B BaKyyMe MMEIOT BHYTPEHHIOIO, IPHCYILYIO CaMOMY
paspsny npupoay. OTMEUYEeHHBIH BBIILIE YKCIIEPUMEHTAIbHBIN (HaKT HAXOJUT MPOCTYIO UHTEP-
NPETAIMIo, €CIU  IPEeIONI0KUTh, YTO OOBEMHBIH 3apsi HOHOB OTOpachIBacTCS OT

MOBEPXHOCTH KaToza cTpy&il mia3mbl. Kak ObUIO OKa3aHO B TaKHe CBEPX TEIUIOBHIE ITOTOKH
(9 = 10° cM/ceK) BO3HHKAIOT B pe3yJbTaTe MHKPOB3PBHIBOB KATOMHBIX HATeH. Ecin ydecTb
aHOMAJILHO BBICOKHE CCUCHNs PE3OHAHCHOM Tepesapsaki (0p, = 107**cm?) o cpaBHeHu:o ¢
Fa30KMHETHYECKUMH (0 = 107°cM?), To  BEpOATHOCTH TAaKHUX MPOLECCOB el Gosee
yBennuuBaeTcsi. OYeBHAHO, YTO BEPOSTHOCTh PE30HAHCHOW IIepe3apsiiku OyIeT IIpH-
GMUKATBCS K €IMHUIIE, €CIH BBIMOIHAETCSA yCIOBHE N, 0p,l — 1, (31€CH Ng-KOHIEHTpaus
aTOMOB B CTpye ILIa3Mbl, [- MPOTSHKEHHOCTh KaTOAHOTO msitHA). COracHO MPOTSHKEHHOCTD

KaTOOAHOTO IIATHA COCTaBJIACT ~10_4CM, Toraa JUId KOHLEHTpaluh aToMOB B CTPY€

1 _
noJyuaeMn, = —— = 10%8cm~3, 7. e. mocTaTOUHBI, BOOOLIE TOBOPS, HE OYEHH BBHICOKHE
pn

KOHLIGHTpALMM IUIa3Mbl. B pesylibTarte pe3OHAaHCHOW Iepe3apsiKd BO3HHUKAIOT OBICTpbIE
WOHBI, JBIDKYIIHECS OT  KaToja. OTO SBICHHE aHAJOTMYHO W3BECTHOMY O IBITY M3
JNMEKTPOCTATUKM - TPH OBICTPOM pas3BeJCHHH OOKIAaZOK 3apsDKEHHOTO KOHJIEHCAaTopa
Pa3HOCTb MOTEHIHAJIOB HAa HUX PE3KO BO3pacTaeT. Bemuleckn HanpshkeHHs, BO3HUKAIOLINE B

NpU  KaTOTHOW 00JacTH, MOXXHO OLEHHTh W3 CIEAYIOIMX cooOpaxeHuil. M3 3akoHa

o 92
COXpaHCHHUSI OHEPTUHU JIs1 CAUMHUIBI 00béMa mATHA wuMeeM U ZZT , e p Hu 9
i
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COOTBETCTBEHHO IINIOTHOCTH U CKOPOCTH CTPYH ILUIa3MBbI, Qi' 3apsax HOHOB. O‘ICBHZ[HO,

m; 92
29

p =n,my +nm; ,Q = n;g;. Ecnu npennonoxurs p = n;m;, 7o U = u ISt

M = 10? (aromnslii Bec GonpmmHCTBA MeTamwioB) 1 ¥ = (1 — 2) * 106 ;—MK nony4aem 100 -

200 B. B peanbnoM ciydae (p = ngm, + n;m;) Noitydaem
(147892
U=—7"— (@)

29i

IIpunsare % =~ 2—3, nonyuuM U = 400 — 600 B. C TOYKM 3peHUS >JIEMEHTaPHBIX

i

MPOLIECCOB, ITO O3HAYACT ABYX-TPEX KPATHYIO PE30HAHCHYIO mepesapsiaky. Mrtak, cormacHo
MPUBEACHHON MOJIENH, BCIUICCKU HANpPSDKEHUSI B TIPUKATOJHON 00JIaCTH pa3psiia BBI3bIBAIOTCS
MUKPOB3pPBIBAMHM KaToJaX IITeH, OOpa3oBaHMEM CTpPyH IUIa3MbBl U OTOpachIBaHHEM
00BEMHOTO 3apsiia HOHOB BCICACTBUE PE30HAHCHOI Mepe3apsiIKi.

IIpuBenéHHast HHTEPIPETALMS TO3BOJISIET MOHSATH M TOT (AKT, YTO C YBEIMYCHHEM TOKA
pa3psiia aMIUTHTY/ BCIUIECKOB HANIPsDKEHUS yMeHbIaeTcsl. [1o-BHIMMOMY, 3TO BEI3BAaHO TEM,
YTO YHCJIO KaTOAHBIX IITEH C POCTOM TOKa paspsiia BO3pacTaeT, a MHUKPOB3PHIBHI HE
MPOUCXOAT CHHXPOHHO. [109TOMY MHKPOB3DHIB M BBI3BAHHBII MM BCIUIECK HAIPSDKEHUSI,
MIPOU3BOAWMEI OIHUM IISITHOM, LIYHTHPYETCS I PyTHMH (QYHKIIHOHHPYIOLIUMH B O3TOT
MOMEHT NsATHaMH. Tak Kak KaTOTHbBIC MPOLECCHl BAKYYMHBIX YT OMPEIEISIOTCS TEITIOBBIMH
SBJICHUAMH, TO  PEAIH3aldsi CKOPOCTH YMEHBIIGHHS TOKA CO CKOPOCTBIO [>10 A%
npenacraBisieTcss mpobnemaruynoi. Hamo momarate, uto ¢opmupoBanue ummyiabcoB U,
siBIsieTcsl BHYTpeHHUM cBoWcTBOM KII. OHMM M3 ambTepPHATUBHBIX MEXaHH3MOB I'CHEpAIUU
BCrieckoB U MOJKET CIy)KHTh HHTCHCHBHASI PE30HAHCHAS TTepe3apsKka HOHOB Ha BCTPEUHOM
MOTOKE HCHApEeHHBIX aTOMOB. C pOCTOM HHTEHCHBHOCTH HCIHApeHHs] 00JAaCTh IMOCIEIHUX
nepe3apsi oK HOHOB NPHOIIDKAETCS K KaTOXLY, YTO BBI3BIBACT POCT JIEKTPHIECKOTO MOJIS y
MOBEPXHOCTH KATOa. YBEIMYCHHUEC HAMPSHKCHHOCTH JIICKTPUYECKOTO TMOJsE 00YCIaBIUBACT
poct miotHoctH Toka F (mnm T-F) smuccuu, M, COOTBETCTBEHHO, MOILIHOCTH JDKOYJIEBOT'O
HarpeBa. XOpPOIIO M3BECTHO, YTO CEUYCHHE PE30HAHCHOW Iepe3apsIKi HOHA IPUMEpHO Ha
JIBa MOpsiAKa OOJIbIIE TA30KUHETHYECKOIO CEUEHUsT coyaapeHus atoMoB. [loatomy Ha mimHe
cBOOOJHOrO Tpobera aTtoMa IPOMCXOTUT OoJiee JecsATKa aKTOB Mepe3apsiIkd HOHOB. Ha
PACCTOSTHUY ~A, OT TIOBEPXHOCTH KATO/1d OCHOBHAS MACCA ATOMOB JIBIDKETCS TI0 TPAEKTOPHSIM,
6mm3kuM K HOpManu. Ciie0oBaTeNbHO, B Pe3y/ibTATEe WHTCHCHBHOW Mepe3apsaku HOHOB Ha
BCTPEYHOM ITOTOKE aTOMOB CJIOM HOHOB OTOPAchIBACTCS OT KaTo/a.

WHbIME CITIOBaMH, BO MHOTOM AHAIOTWYEH U3BECTHOMY OIIBITY H3 DIICKTPOCTATHKH —

IIPH PE3KOM pa3BeJCHUH 00KIIA0K 3apsHKEHHOrO KOHACHCATOPA HAIPSHKCHHE Ha MOCIIEIHEM
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Bo3pacTaer. Pabora mo passenenuro 3apsnoB B ciydae KII ocymiectBisieTcs: 3a c4eT yacTH
KHHETHYECKOH OSHepruy aroMoB. Bpemsl mpomecca HMHTEHCHBHOH Tepe3apsiaku OynaeT
OIIPENIeNIATECS BPEMEHEM IIOCTYIUICHHS HHTEHCHBHOTO IIOTOKA aTOMOB MPH B3PHIBHOM

HCIIapE€HUU KaToJa, KOTOPOE MOXKHO OLICHUTH U3 BBIPAXKCHUA

Ah A,
At, ~—exp T
g @

s

(31ech Ah - TONIIMHA IEPErPETOro CIOsI, Vs-CKOPOCTh 3ByKa). OUEeBHIHO, YTO MUHUMAIILHOE

Ah o
3HadeHue Af, ~— (B JIEHCTBHTENBHOCTH OHO NPHUMEPHO Ha TOpsmoK Gosbiuee). Eciu
v

s
npuHATh Ah~1MKM, TO Aty~3*107"°, a neiicTBuTenBHOE 3HAUCHHE Aty~3-5HC.

3ameTnM, 4YTO peanu3aims BeuieckoB Uc BCIEACTBHE PE30HAHCHOW Iepe3apsaKu
HOHOB HE NPOTHBOPEYHT 3aKOHAM COXPAHCHWs JHEPIUM, MMITyJbca W 3apsiia, a Ooiblioe
3HAUCHHE CEUCHUSI B3aUMOICHCTBUSI eJIaeT 9TOT IIPOLECC BIOJIHE BEPOSTHEIM.

B xoutekcre konebanmii UcBO BpeMEHHM MNPOTEKaHHS BAKYYMHOH [Iyru Ipu
OTHOCHUTENBHO HEOONBIIMX TOKAX CCIEAYeT Y4ecTh HEPaBHOMEPHOE MOCTYIUICHHE MapoB,
obycnoBieHHoe, HanpuMmep, nepememenueM KII wnm ero >ku3HBIO Ha MUKPOHEPOBHOCTSIX
karopa. [Ipu pocTte HHTEHCMBHOTO UCTIAPEHHS KaTOJHOE MaJICHUS MTOTEHIIMAIA CHIKACTCS 10
ypoBHS Uc= Ucmin. [Ipu cHmxenun Uc yMeHbIIaeTcst S3HEprus (Temreparypa) 3JeKTPOHOB.
OTO NPUBOAUT K YMEHBIIECHHUIO CEYCHHSI HOHN3ALMK aTOMOB. CIIe0BaTeNbHO, KOHIICHTPALHs
HMOHOB He Oy/IeT U3MEHSATHCS CTONb Pe3Ko. [Ipu CHUKEHHU MHTEHCUBHOCTH MCIIAPEHHUS KaToaa
pacrer Ug, COOTBETCTBEHHO, PACTET CPEIHsAs BEPOATHOCTh MOHM3ALMU aToMoB. CeueHue
HMOHM3AllMM NPUHUMAET MakcHMajibHOe 3HaueHue npu E.=(4-5)U., a 3areM yMeHbIIaeTCs.
PacueTbl moka3anM, 4YTO CHIDKCHHE WHTCHCHBHOCTH WCHapeHus karoga Ha 50-60%
OTHOCHUTEJIBHO HOMHHAIILHOTO YpOBHs e1é He npuBoaut rudenu KII.

Taxum o6pa3om, KaTOIHOE ITaJICHUE OTEHINAIa KPOME TaKHX BOKHEHIINX (DYHKIUH,
KaK YCKOpEHHE 10 HeOOXOIMMOM YHEPTUH dIEKTPOHOB, YCKOPEHUSI HOHOB 60MOap IUPYIOMINX
M HarpeBaloIlMX KaToj IO TeMIepaTypsl, OOecleuMBaOUICl aTOMHO-UOHHBIA OanaHc H
«y4dacTusi» B (HOPMHPOBAHHH CHJIBHOTO IIOJISL, BHIIOJIHSAET PONIb «PEryISITOPay BEPOSTHOCTH
noHmzanuu atoMoB B KII. B pe3ynbTaTe KOHIEHTpAIMS HOHOB H IIOTHOCTh TOKa MOHOB Ha
KaToJ| U3MEHAITCS He Oo4YeHb cuibHO. KII, Oyayunm OTKpBITOH CHCTEMOH, B 3HAYMTEIBHOM
CTENEeHH CIOCOOHO K CaMOpPEryJIMPOBAHUIO H CAMOCOITIACOBAaHUE MApaMeTpoB MATHA. B aToM
MpolLecce YYaCTBYIOT IPHINHHO-CIICACTBECHHbBIE CBA3U (IIOJIOKUTENBHBIC U OTPULATEIBHEIE),

Bo3HuKaromue B KII.
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POJIb QJIEKTPHYECKOTI'O ITIOJISI B ITPOECCE ®OPMUPOBAHMUS KATOJHOI'O
MATHA BAKYYMHOM JIYT'U
THE ELECTRIC FIELD ROLE IN CATHODE SPOT FORMATION BY VACUUM ARC
DISCHARGE
Apycramos B.H., Amypos X.b., 1. X. Xynaiikynos, b.P. Kaxpamonos
WHCTHTYT HOHHO-IUIa3MEHHBIX H JIa3epHBIX TexHonoruid, AH PY3
V. Qypmonitynu 33, 100125, Tamkent, Y30ekucras;
V. N. Arustamov, K. B. Ashurov, I. Kh. Khudaykulov ,B. R Kahramonov
Institute of Ion-Plasma and Laser Technologies, Academy of Sciences of the Republic of
Uzbekistan, ul. Dormon Iuli 33, Tashkent, 100125

The effect of a potential gradient in the cathode on formation of new cathode spots by vacuum arc at
the edge of the initial spot is under study. On the basis of the model experiments the effect of the
electric field of cathode current on cathode spot motion has been analyzed.

DKCcIepruMEeHTAIBHBIE HCCIIeJOBAHHS IIEPEMEICHNs KaTOAHBIX IISTEH BaKyyMHOTO [yTOBOTO
paspsiza npu aCHMMETPUYHOM PACIIOJIOKEHUU TOYKU CheMa TOKA ¢ KaToJa MoJ AeHcTBHEM
3JEKTPUUECKOr0 U MAarHUTHOTO MOJIEH TOKa B KaToJe, MOKa3allu, YTO HOBbIE MUKPOIISTHA
MPEUMYIIECTBEHHO 00Pa30BBIBAIOTCS y MEpPeIHEeH KPOMKH UCXOJHOro nsaTHA. s aHanuza
XapakTepa BIMSHHUS 3JIEKTPUUYECKOIrO IO KaTOJa Ha MEpPEeMEIlEHUE KAaTOAHBIX HATCH
MPEACTABISIET UHTEPEC NMPOBEIECHHE MOJIEIbHBIX IKCIEPUMEHTOB. B pabore uccienoBaHbl
JUHUU TOKAa W DKBHUIIOTCHIMOHAJIBHBIC JIMHUUB JJIEKTPUUECKOM BaHHE, MMHUTHPYIOUIEH
MOBEPXHOCTh KaToAa IpU OTHOLIEHUU YJEIbHOTO CONPOTUBIEHHUS JIIEKTPOJIUTA K
JIUaMETPy OMOPHOTO JIEKTPO/AA, MAKCUMAIbHO MPUOJIMKEHHBIX K pealbHbIM BEJIMYMHAM,
MO3BOJIUT HPHOIU3UTHCS K IpolieccaM B KaToje, MPOUCXOIAIIUM NPU MPOTEKAHUU B HEM
toka. OTHOLICHHE JHaMeTpa KaTOAHOro MmATHA dy K YAEIbHOMY CONPOTHUBJICHUIO KAaToAa,
JIOCTUTHYTOE B 3KCIIEpUMEHTax, cocTaBuster 0,85 om™!, uro na MOPSIIOK OOJIbIIE, YEM B
peaNbHBIX YCJIOBHUSAX. XapaKTEPHOE pacHpe/esIeHue JIMHUN TOKa M HKBAMOTEHIHAIbHBIX

JIUHHUH B 9JIEKTPUICCKON BaHHE AJIs pa3IHYHBIX 3HaUeHUH  d, up mpuBeaeHo Ha puc.l

[- S5 VY

Puc.1 XapakrepHoe
pacmpeneneHie JUHUI TOKa U
9KBHUIIOTCHIIMAJIbHBIX JIMHUI B
DIIEKTPOJIMTUYECKON BaHHE
IIPH Pa3IMYHBIX 3HAYCHHSIX
JMaMeTpa OIMopHOIro
3JeKTPoJa (MMUTUPYIOIIETO
KaTOJHOE TISITHO) U
IPOBOJAUMOCTH DJIEKT-
POITUTHUYECKON BaHHBI.

& 22t - ST "
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ITonyyeHHsle pe3ynabTaThl IOKA3bIBAIOT UYTO, INPH AaCHMMETPUYHOM ChEME TOKa
OTHOCHTEJIPHO OIIOPHOTO 3JIEKTPOAA BOIM3M HEro NPOMCXOAUT TpaHcHOpMaLus JIUHUH
TOKa M OKBHMIOTEHLIHUANbHBIX JHMHHH. Y TnepelHell KPOMKH DJJIEKTPOJa CO CTOPOHBI
TOKOCHEMA INIOTHOCTH TOKA BBIIIE I10 CPABHEHUIO C IIJIOTHOCTBIO TOKA Y THUILHOH KPOMKH
9NIEKTPO/ia. DKBUIOTCHIMOHATIBHBIC JHHUM PACIONAraroTcs ONKe K JIEKTPOIy Y
nepegHell KPOMKH OMOpHOTo 3iekTpoaa. C yBeNMYEHHEM YAENBHOTO CONPOTHBICHHS
JJIEKTPHYECKON BAHHBI M YMEHBIICHHEM JHAMETPA DIIEKTPOIA YCUICHUE DJIEKTPUIECKOTO
mojst B 00JIaCTH OMOPHOTO 3JIEKTPOJA BO3pACTAeT, YBEIMYMBACTCS M IIPEBBIIICHUE
9JIEKTPUIECKOr0 MO y MepeAHeil KPOMKH OMOPHOTO 3JIEKTPO/a [0 CPAaBHEHUE C THUIBHOU
cTtopoHoil. Ha puc.2 mpencTaBieHB! 3aBHCHMOCTH YCHICHHS JICKTPHYECKOTO OIS B
0061aCTH OMTOPHOTO TEKTPOA Ll OT €r0 JUaMeTpa U NMPEBBINICHHS TPaJNeHTa NOTEHIINAa

o dn
Yy nepeaHeu KpOMKH K ot BenmnuuHbI m :(‘é.
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Puc.2. 3aBUCUMOCTB YCHIJICHHUS dJEKTPHUUECKOT0 LIS B 00JaCTH OMOPHOTO 3JMEKTpoaa [
oT auamerpa 3nekTpona d u KpuBble 1- 2, M NMpeBhINIEHHE I'PaJUEHTAaTa MOTEHIUANA Yy
nepejgHei kpomku ssektpoja K or Bennuunsl § kpuas 3. Kpusas I - COOTBETCTBYET p
=2000M.cm, kpuBbie 2-3 - p=15,5 OMecM rpajneHTa MOTEHIHANA B KaToJe.

W3 monydeHHBIX 3aBHCUMOCTEH cielyeT, 4TO ¢ yMEHbLIEHMEM JHaMeTpa OIOPHOIO
9JIEKTPOAA U COOTHOLICHUS YCUJIEHUE 3JIEKTPHUUECKOrO IOJS |L U BEIUYHMHA NPEBBILICHUS
rpagvenTa noreHuuana K Bo3pacTaloT. ANNPOKCHMHpPYS IIOJY4EHHBIE pe3ylbTaThl K
peallbHBIM 3HA4YCHMSAM BEJIMYUHBI &, XapaKTEpHOH Ui JyroBOro pas3psjia B BaKyyMe Ha
MEIHOM KaToJe, IOTYyINM,4TO YCHICHHE JIEKTPUUECKOro Mo B 0071aCTH KaTOZHOTO
MHKDOISTHA MOXKET HOCTHraTh ~107 pa3, a NpEeBLIMIEHHE IEKTPHYECKOro MO Ha
nepeqHel KPOMKe ISITHA 110 OTHOIICHUIO K TBIIBHOW - HECKOIBKUX AECATKOB pa3. Takum

00pa3oM, HPOBEJCHHOE SKCIEPUMEHTAIBHOS MOJACIHPOBAHUE DJIEKTPHYCCKHX IIOJCH MpH
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Pa3IUYHbBIX 3HAYEHUSX dy ¥ Py © ACUMMETPUYHOM PACIIOIO0KEHHHU IEKTPOIOB, yKA3bIBACT Ha
TO, YTO NPEUMYIIECTBEHHOEe 00pa3oBaHHE HOBEIX MHKpOIATeH (IepeMeleHuil) B
HaIpaBJICHUH K TOUKE CheMa TOKa ¢ KaToJa, 00yCIOBICHO BOSHUKHOBEHHUEM aCHMMETPHH.
C yderoM peanbHBIX 3HadeHHH mapameTpos J,= 100-200 A, pK=10'50M.CM (st
Meau) S=0,2cm*>  cornacHo BoIpakeHue (3.1) Mony4yMM BEIUMYHMHY TAaHTEHIHMAIBHOTO
3JIEKTPUYECKOTO mnojis B karone E.= 102-103B/cm. VYuureiBas, 4o B 00jacTu
KATOJHOTO MATHA IIPOMCXOUT YCHJICHHE 3JIEKTPHUECKOro moiis B ~ 107 pas, TO MOXHO
mojarath, €ro BeJIMYMHA HENOCPEJCTBEHHO y OCHOBAHMA ISITHA HMEET BEIUYHHY
nopsiaka Eq =10"" Blem. OLEHUM BIIMSHUE TIPEBBIMIEHHUS 3JIEKTPUYECKOro IO Ha
nepeaHeil KpoOMKe ISITHA 10 OTHOIICHHWIO K THUIBHOW Ha Ipouecc (pOpPMHUPOBAHMS HOBBIX
9MHCCHOHHBIX IIEHTPOB. OCHOBHBIMU HCTOUYHHKAMH DHEPIHU B KATOJHOM ISTHE SIBIISETCS
HOHHas1 60MOapIUPOBKa ¥ JUKOYJIeB Harpes. I[IpudyeM mpy INIOTHOCTSX TOKA B KaTOJHOM
msarHe menee 107 B/em pelaloIlylo poib HWrpaeT HOHHas OoMObapIupoBKa, a IpH
mnotHocTsx Toka 10%A/cM onu cramostTcs cpaBHMMBL C POCTOM IUIOTHOCTH TOKA B
IIITHE, YeIbHOTO COIPOTUBIICHHUS dJIEKTPOA, PO JXKOYIEBOI0 HCTOYHNKA BO3PACTAECT.
IIpu acuMMeTPUYHOM PACIIOIOKEHHH TOYKU CheMa TOKAa ¢ KaToJa OTHOCUTENBHO MeCTa
WHUIUHPOBAHHUA pa3psga Ha IepedHedl KpOMKe IMsATHA, KaK II0Ka3aHO paHee,
9JEKTPUUECKOE IO B HECKOIBKO JECATKOB pa3 OOIbIIE IO OTHOUICHUE K THUIBHOMU.
CrnenoBaTenbHO, U IUNIOTHOCTh TOKA B KaTOJE y IepeJHeld KPOMKH MITHA B HECKOIBKO
JECATKOB pa3 Oojbllle, Ye€M C MPOTHBOIOJIONKHOH CTOPOHBL. Tak Kak MOIIHOCTb
JDKOYIIEBOT'O HCTOYHHKA
n?pjid 2
Wy=RI? =———
3eD

IPONOPLHOHATBHA IIOTHOCTH TOKA ~j° , TO MOXKHO CUHTATh, YTO HEPTHs IKOYICBOr0
HCTOYHHKA B YCIOBHAX ACHMMETPHYHOTO JJIEKTPUYECKOr0 IO HPEHMYIIECTBEHHO
BBIICISIETCS B MEPEJHUX (CO CTOPOHBI TOYKM ChEeMa TOKa C KaTojaa) yacTsax mstHa. C
Y4E€TOM XapaKTEPHbIX BEJIMYHUH apaMeTPOB KaTOJAHOTO MATHA A1 MeJHOTO KaToaa [1,2]
J= 107A/em?, dn;(1-2)10'40M, px = 10 ° Omecym, 9=4,45B monydmm, 4T0 yaeabHas
SHEPrusi JOKOYJIEBOTO HMCTOYHUKA COCTABJISET E:‘EZ,SXIO4 BT/CMZ, M CJeI0BaTelbHO,
MIPEBHIIEHNE TIOTOKA MCIAapeHHbBIX YacTHI U INIOTHOCTH HOHHOTO TOKA B IIEPEIHNUX YacTsIX
NATHA COOTBETCTBEHHO cocTaBisior AF=1,3x10%% arom/cm’c, Aj;leO3 Alem. Taxum
00pa3oM, B IepPEeJHUX YACTIX KaTOJHOTrO MATHA OCHOBHBIE IPOIIECCHl, OTBETCTBEHHBIE 32
CyLIECTBOBAHME KAaTONHBIX ISATEH (MCHApeHHe, HOHU3AlMH, DMHCCHH 3JIEKTPOHOB),
MIPOTEKAIOT HECKOIBKO MHTCHCHBHEE, YTO 00YCIAaBIMBACT HANPABICHHOE NEPEMEICHHUE

KaTOJAHBIX IIATCH. (DopanOBaHue HOBBIX OMHUCCHUOHHBIX HCEHTPOB B NPUCYTCTBUU IH-
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JEKTPUUYECKUAX BKIIOYEHHH Ha IOBEPXHOCTH KaToJa B OCHOBHOM OOYCIIOBIICHO HX
3apsIKOM MOTOKAaMM MOHOB M3 IIIa3Mbl KaTOJHOTO IATHA M IOCIEAYIOIIHMM HpoboeM
Bpems 3apsiku JMAJIEKTPUYECKMX BKJIIOUEHHH [0 KPUTHUYECKOM HaINps’KEHHOCTH,
PacIOJIOKEHHBIX Ha OJIMHAKOBOM PACCTOSIHMM CO CTOPOHBI NEpeAHEH KPOMKH KaTOAHOTO
IISITHA [0 OTHOLIGHHWIO K TBHUIBHOM HeCKOIbKo MeHbile. IlosToMy ¢opMupoBaHHE HOBEIX
KaTOAHBIX MATEH y NepeiHell KPOMKH IISITHA B Clly4ae aCUMMETPUHU 3JIEKTPUUECKOTO OIS
B KaToje CTaHOBHUTCA Oolee ONarompuATHBEIM. OTOT MEXaHH3M OKa3bIBaeTcs
JIOMHHHPYIOIIUM B OBICTPOM XaOTHYECKOM IE€PEeMENICHUH KaTOAHBIX IsTeH. [[ng kxaTonos,
CcBOOOJHBIX OT yKa3aHHBIX BKIIOUCHHH, XapaKTEePHO YMEHbIICHHE CKOPOCTH IePEMEIICHHUS
KaTOAHBIX IATeH U ()OPMHPOBAHUE HOBBIX YMHCCHOHHBIX IEHTPOB B pe3ylIbTaTe Ipodos Ha
MUKpPOHEPOBHOCTSIX KkaToja. IlooToMy B OCHOBE HaIpaBICHHOIO IEpEeMELICHUs
KaTOAHBIX ISITEH B CIyyae aCUHMMETPHYHOI'O PACIIONOKEHH TOUYKH CheéMa TOKa ¢ KaToja
Oyner mnpeuMyliecTBeHHOE (opMupoBaHHE HPOOOEB HAa MHKPOOCTPHUSX, BCICJICTBHE
MIPEBBIIICHUS] HANPSIKEHHOCTU JJIEKTPUYECKOro MO y IepegHed KpOoIIM KaTOZHOTO
naTHa. Takoe HpeBbIIEHHEE JJIEKTPUUECKOTO IOJIA B NEPEHMX YacTAX KaTOJHOIO
NATHa 00YCIIOBIEHO KaK TaHTE€HIMaJbHbIM IaJEeHHEM HaNpsDKEHHUsS B 2JEKTPOJe, TaKk U
OOJBIIMMH KOHICHTPAUMSIMHU IUIa3Mbl B IEPEeJHHX dYacTiaxX mnartHa. Ha ocHoBaHWHM
MIPOBEJIEHHBIX JKCIEPUMEHTANBHBIX HCCIEI0BAaHUN IepeMelieHHs] KaTOIHBIX IHSATEH, HX
MOJIEIUPOBAHUS Ha 3JIEKTPOJIUTHUECKOH BaHHE MOXHO 3aKIIOYHUThb, YTO IPUUYMHOU
HaIlpaBJIEHHOTI'0 NEpEeMELICHUs KAaTOJHBIX ISATEH B HaIllpaBICHMM TOKA ChEMa SBISAETCS
IIPEBBIMICHUE JIEKTPHUSCKOr0 MO (CIeZOBATEIbHO M MIOTHOCTH TOKA) Ha HmepexHeit
KPOMKE ITHA [0 CPABHEHUIO C ThIIbHON. IToydeHHbIE 3aKOHOMEPHOCTH UMEIOT Ba)KHOE
3HAUEHHE I TeXHHKH YIPABICHHUS NOBEACHHEM KaTOAHBIX IATEH Oosiee NMPOCTHIMU
croco0aMu B pa3INUHBIX TEXHOJIOTHYECKHX OIepaIUsX.
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®OPMHUPOBAHUE TOHKHUX IIVIEHOK ITPU OCAKAEHUU UX U3 IIJTA3ZMbI
BAKYYMHOI'O IYT'OBOI'O PA3PAJIA
THIN FILM FORMATION IN DEPOSITION FROM VACUUM ARC DISCHARGE PLASMA
B.H.Apycramos, X.b. Amypos, . X. Xynaiikynos, b.P. Kaxpamonos
MHCTUTYT MOHHO-TUIa3MEHHBIX U JIa3epHBIX TexHosnoruit, AH PY3

VY. Iypmon itynu 33, 100125, TamkeHT, Y30ekucraH;

V. N. Arustamov, K. B. Ashurov, I. Kh. Khudaykulov ,B. R. Kahramonov
Institute of Ion-Plasma and Laser Technologies, Academy of Sciences of the Republic of

Uzbekistan, ul. Dormon Iuli 33, Tashkent, 100125

The results of the theoretical studies of the free energy behavior in thin film
deposition from low-temperature plasma to identify opportunities for amorphous structures
to be produced.

IMonmyyeHue IICHOK M3 HHU3KOTEMIIEPaTYpHOM IUIa3Mbl — OJAMH M3 Hamboiee
MEPCIEKTUBHBIX MeTOZOB [1]. B 3aBHCHMMOCTH OT CKOPOCTH OCa)KAAaeMbIX YacTHIl U HX
MOHU3ALMH 3TUM METOZ0M MOXHO (OPMUPOBATH IUICHKH Pa3INYHON CTPYKTYPBI.

B Hacrosied paboTe NMPUBOIATCS PE3yNIbTaThl TECOPETUUECKOTO HCCIIEIOBAHUS
MIOBEJICHNsI CBOOOTHON YHEPTUH IIPY HAHECEHHH TOHKHUX IUICHOK W3 HU3KOTeMIIepaTypHOU
IUIa3Mbl JUIS BBISIBIICHHS BO3MOXKHOCTH MOJyYeHHs aMOpQHBIX CTpyKTyp. IlomoGHoe
HCCIIEIOBAHUE TIPEJCTaBIsIeT TeM OOJBINMH HHTEpec, 4To aMopdHBIe MeTayUIMYecKHe
IUICHKU M3 MapoBO# (ha3bl MOTYT 3apOXKAATHCS, KaK M3BECTHO, TOJIBKO IIPH TEMIlepaType
xkuakoro renus. OCOOCHHOCTh KOHAGHCALMM IUIa3MBI COCTOMT B TOM, 4YTO Ha
JNEKTPUYECKH HM30JMPOBAHHON ITOBEPXHOCTH CYIIECTBYIOT H30BITOYHEIE DIEKTPHUCCKHE
3apsibl, BHOCAIME IPH 00pa30BaHUH CKOIUICHUH MOBOW (ha3bl COOTBETCTBYIOIIMIL BKIA] B
cBOOOHYI0 JHepruro ckomieHus. (C IeIplo ydera 3TOr0 BKJIaJa BOCIIOIb3yeMCs
H3BECTHBIM BBIPAXXCHHEM ULl CBOOOJHOI SHEPIUH CHCTEMBI B YCIOBHUSIX, KOT/[a CKOILUICHHE
HeifTpanbHO [2], M 100aBMM K HEMY 3HAaUY€HHME SHEPTUH, CBS3aHHOW C SJIEKTPUYECKHM
MOJIEM KYJIHKOBCKOTO IIEHTpa. BplpakeHne s CBOOOJHON OJHEpPrud Kak GYHKIHA

pa3MepoB FCKOIUIEHUS! HOBOIT (ha3bl OyJeT UMETh BUJL

G = 2 RT(Z P)(3 3b2 3a) L
=3t )\ T ) @
rae
20 q?
b,z T gE T
QnPH T[SQ nPH
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Q-TOMHBII 00BEM,

O-TIOBEPXHOCTHOE HATSDKCHHUE CKOTLICHMS,

T-temnepatypa,

£-JIMDIIEKTPUYECKast IIOCTOSHHAS [U1a3MBl,

R-yHuBepcanbHas Ta30Bast IOCTOSHHAs,

@-3apsi/i CKOIUICHUSI, KOTOPBIH B ONPE/ICIICHHBIX YCIOBUIX MOXHO CUHTATh ITOCTOSHHBIM,

P,-naBieHye HaChIIIEHHOTO Mapa,

P- naBneHue mia3msl.

Ipeamonaraercs, 4To MOBEPXHOCTH CKOIUICHHSI COCTOMT U3 IIOCKO# IIOBEPXHOCTH pa3zera

METAIT - UIEKTPUUYECKast OUIOKKA U MOITyC()epruIecKOi TpaHHIbI C TIIa3MOiA.

CornmacHo (1), B oOmpeneNeHHBIX YCIOBUSX CBOOOJIHAsT JHEPrHs MOXET JOCTUTaTh

9KCTPEMAIIbHBIX 3HAYCHHUH [IPH pa3Mepax CKOIUICHHIA, YOBICTBOPSIOIINX YPABHCHHIO

rt—br?+a=0. (2

Ilpr 3TOM X0/ CBOOOZHOM SHEPrUM CYIIECTBEHHO 3aBHUCHUT OT BEIMYMHBI Iapamerpa

162a

A =W' Ha puc. 1 npeacrasjiceHa 3aBUCUMOCTb H3MEHCEHU CBOOOIHOM OHEpruu oT

pa3Mepa CKOIUICHHs! HOBOIT a3kl

G

0 1 4\3 2 r

Puc.1 V3menenne cBoGOAHOI SHEPrUU € POCTOM pa3Mepa CKOILIeHHUs HOBO# (hasbl st 0 < A < 1
(1), A > 1 (2), neiirpanbHoro ckoruienus (3).

I'paduyeckas unteprnperaus ypasuenus (2) mst ciaydas > 1 npusenena B [3]; momo6Hoe

ypaBHEHHE Ui ChEepUYECKUX MPOBOAALMIMX Kamenb — B [4]. Ecnu ycnoBus HaHeceHMs

IUIEHOK TAaKOBBI, YTO BBINOJHSAETCA CooTHOImEeHne 0<A<l, TO Ha Ha4aJIbHOW CTAJUHU 1O

1/3
o a o
o0pa30oBaHMs CKOIUICHUSI HOBOU (ba3bl pazmMepoM 1y = (;) KpHBasi OTCYTCTBYET KaKOH-
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6o BHCPFCTI/I‘ICCKHﬁ IIopor KOHACHCAIlUU. I[aJ'ILHefIH.IPIﬁ POCT TIUIEHOK HIACT C

IPEOJI0JICHHEM 3HepreTudeckoro Oapbepa. Ilpu 7y = b cBoOOmHAs SHEPrUs NOCTHUTAET
N b
MaKCHMaJIbHOTO 3HaueHus. CKOIUICHHE Takoro pasmepa Heycroiumsoe. [Ipu 73 =~ S Ha

KpuBoii G (r) umeercs Touka nepernda. PaccMOTpUM Teneps yCIOBHS KOHACHCAIUH, [IPH
kotopbix A > 1. Xox cBOOOIHOW PHEPTHH ISl 3TOrO ciydvas (KpuBas 2) TOKa3bIBaeT
OTCYTCTBUE 3HEPreTHYECKOro Iopora IpU KOHJCHCALlMM, CBHUJCTEIbCTBYIONIEE O
PA3syIOPSIOYEHHOCTH CTPYKTYp Takux mieHok. Ilpu 7, ~ a/*ma xpusoit G (r) mmeercs
neperu6. Jlns cpaBHeHHMs Ha pucyHke mpuBeieHa G () s HEHTPaIbHOTO CKOIUIEHUS
(kpuBas 3 ). M31n0xeHHbIe COOOpaKeHHUsI B OMPEIeNICHHOH Mepe MOTYT ObITh IPHMEHEHBI B

CJIy4a€ HaHECEHHs IUICHOK M3 IUIa3Mbl AyroBoropaspszia. Hp" 3TOM C JIOCTaTOYHOM

Nl

NT,rﬂeNlI/INT

P
TOYHOCTBIO MOXHO CUHMTATh CIPABEIJIMBBIM COOTHOIICHHUC lTlP— =lIn
H

HWHTCHCHBHOCTH IIOTOKOB OC@XIAEMbIX M pPEHCIApseMbIX 4acTHL. PaccMoTpum
BO3MOXHBIH XOJ| CBOOOIHOH 3SHEPrHU JUIi aTIOMUHHEBBIX IUICHOK, HAHOCHMBIX Ha
noanoxky u3 NaCl B ycnoBusix ayrosoro paspsiga [5]. YcnoBusM sKkcriepuMeHTa paboTsl

[5] cooTBercTByIOT Crienyronme 3Havyenus Benuuna: N | =102 armc, T—300K. N1

-15 Py
=10"" arm ¢ monydaeMm ¢ momomipio 3aBucuMocTH N T= —— [4] u 3Hauenus P, =
th B T [ u
_ 38 2 26
10™** mm.pr.cr. [6] ~107° m/™M’, Tne m=~5%107° kr — Macca aTomMa amOMUHHS, K-

nocrostHHas bonbumana. Jlnst Apyrux BeNMYHH, BXOIAIIMX B A, IPHUMEM ClIEIYIOIIHE 3Ha-
yenns: € = 1, 0 =10 eM’, 0 = 1157 apr o™’ [7], q = 4,8%10'° ex. CI'CD. B pesynbrare
BerauciaeHnid A = 80. Takomy 3HadeHHIO X, COIVIACHO H3JI0KEHHOMY, COOTBETCTBYET
HU3MeHeHHe CBOOOIHOM SHEepruu, H300pakKeHHOe KPHBOH 2 Ha PHCYHKE, M yKa3blBaeT Ha
OTCYTCTBHE DHEPreTHYecKoro Oapbepa TIPH KOHICHCAIIMM IUICHKH B  YCIOBHSX
9KCHepuMeHTa paboThl [S5|. DNeKTpOHOrpadUMYEeCKUM HCCIICIOBAHUEM AIFOMHHHUEBBIX

IUICHOK B [5| MOKa3aHO, YTO UX CTPYKTYpa aMophHas.
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METOJIUAKA PACCUETA SHEPTETUYECKHUX CITEKTPOB PACHBLIEHUS
CJIOUCTO-HEOJHOPOIHbIX KOHCTPYKIIMOHHBIX MATEPHUAJIOB,
B3AMMOJIEMCTBYIOIIHUX C IIJIABMOM
DESIGN PROCEDURE OF ENERGY SPECTRA OF PHYSICAL SPUTTERING IN
ENGINEERING MATERIAL INTERACTING WITH PLASMA

A.A. Bapar, I./1. I'puropsis, B.B. Manyxun
A.A. Barat, D.D. Grigoryan, V.V. Manukhin

Kagheopa ODuAC, @®I'EOY BIIO HUY « MOHy, 111250, , 2., yr. Kpacnokasapmennas, 0. 14,
Mocxkea, Poccus, e-mail:BaratAA@mpei.ru;

Application of invariant embedding method to analysis of physical sputtering in plane-parallel
layer provides an opportunity to get simple theoretical solution for back-sputtering spectrum
taking into consideration material’s interaction with light ions with medium energy.
Sputtering yield and sputtering energy spectra for certain materials used in operating plasma
generator have been calculated on the basis of given analytic expressions. Theoretical
calculations are in good agreement with experimental results and it gives certain conclusions
of dominating processes in different engineering materials.

OcHoBHO# Tpobiemoii, crosimeit Ha mytu co3ganuss TOKAMAKa-peaktopa siBisietTcst
BEIOOpP KOHCTPYKLIMOHHBIX MaTepHaJIOB, B3aHMOJCHCTBYIOIINX C WHTCHCHBHBIMH HOTOKaMH
YyacTHI] W 3Hepruu. PasBuTHe pa3sHOrO poja HEYCTOMYMBOCTEH B TIa3Me MHPHUBOINT K
GBICTPBIM BBIGPOCAM GOJIBLIMX SHEPrHil Ha cTeHKy (2-20 MJIK/M® HOCpeICTBOM HOHOB 1 50-
500 MJx/M® TOCDEICTBOM 3JIEKTPOHOB) JAHHOE OBCTOSITEIBCTBO (YPABHHBACTY BBICOKHE
TpeOoBaHUS NpeAbsIBIIEMble K MaTepHaly NUBEPTOpA, IPHHHMAIOIIEMY BBICOKHE MOTOKH
9HEPrMH B CTALMOHADHOM pPEXHME, I K MaTepHAIy MEPBOH CTCHKH, MOABCPKECHHOMY
BEIOpOCY IUIa3MEHHBIX 00pa30BaHU Pa3HOTo PoJa.

B nmanmHO#t paboTe wmcciemyercss (H3MYECKOEe pACIbUICHHE KOHCTPYKIMOHHBIX
MaTepHaioB — IPOLECC PaspyLICHUs] MOBEPXHOCTH TBEPIbIX TEJ, MOJ JCHCTBHEM BHEIIHCH
WIK BHYTpEeHHEH OOMOapIUpOBKM yacTHLAMU. JlaHHbBIM MEXaHU3M pa3pyICHUS SBISETCS
MIEPBOCTETICHHBIM JJaJleK0 HEe I BCeX KaHJUIATHBIX MAaTEPHANOB, OJHAKO TOT MEXaHH3M
SIBJISICTCSL CaMbIM YHHMBEPCAIBHBIM: C OJHOI CTOPOHBI €My IIOJBEp)KEHbI aOCONIIOTHO BCE
MarepHalsl, a ¢ APYroi CTOPOHbI, Onaroaaps HeMUHEHHBIM dddekTaM, Jaxe He3HAYUTEIBHOES
(u3MyecKoe paclblUICHHE MOXET MPHBECTH K CYMIECTBEHHOW 3PO3MH MOBEPXHOCTH 3a CHET
Ipyrux MexaHmsMoB. Takmm obOpaszom, wuH(opMarmsao  (QU3NYECKOM paCHBUICHUH
KOHCTPYKLMOHHBIX MaTEpUajIoB JITKUMH HOHAMH Ba)KHA B IIMPOKOM [Mala3OHE >HEprui
GomGapaupyrommx dactr (ot 10 1o 10° 5B).

HecmoTps Ha TO, YTO MEXaHH3MBI (PU3MUECKOTO PACIIBUICHUS Ha CETOMHS yCTaHOBIICHBI,

JICTAJIbHOC KOJIMYCCTBCHHOC OMHUCAHHEC MEPEHOCA YacCTULl U JHCPrud B TBEPAOM TCIC HE
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TepsieT ~ aKTyaJlbHOCTH. CymiecTByIolii€  TEOPUH  DACHBUICHHs  OKa3bIBAaIOTCS
PpaboTOCIIOCOOHBIMH B OTHOCHTEINIBHO y3KOM JMala30He SHepruil 6oMOapaupyromux JacTHI]
U COOTHONIEHMH MacC HOH-MHIIEHb, KpPOME TOTO, pAaCIbUICHUE KOHCTPYKIMOHHBIX
MaTepuaioB JIETKUMH HOHAMH HMEET PsAj OCOOCHHOCTEHl, KOTOpbIe HEIOCTATOYHO TOYHO
OIUCBIBAIOTCS CYLIECTBYIOIUMHU TEOPHSIMH PACTIBUICHHUS.

B paGote mpencraBieHa METOAMKA pacdeTa DHEPIreTHUECKHX CIEKTPOB PACIIBUICHUS
KOHCTPYKIMOHHBIX MAaTEpHAlOB OIS CIy4aeB HOPMAIBHOTO U HM30TPOIHOIO MHaJCHHS
MEPBUYHBIX MOHOB. IIpy 3TOM NpUOIMKEHHBIE aHATMTHYECKHE PEIICHUs MOMY4eHbl KaK s
3a7a4d IPSIMOTO, TaK H 0OPaTHOTO PACTIBIICHUS INIOCKONAPAUIEIBHOTO CII0S, YTO MO3BOJISET
0000IIUTE pe3ysbTaThl Ha CIy4adl CIOMCTOM M CIOMCTO-HEOAHOPOAHOW MuiieHH. Pacuer
9HEPreTUYeCKUX CIEKTPOB pacHbUICHHsS BEIETCS HAa OCHOBE KHHETHUECKOTO YpaBHEHHs

Bambivana  (KYB),k

0.030 -
KOTOpPOMY IPUMECHSICTCS.
KOMOMHALHS METOZIA 0025
HHBAPHAHTHOIO — —nnenxa Be pezymTar gaanoi pabom
113103 £ U I N S St nncnxa Be pezymsrar SRIM2013pro —
TIOrPY’KCHAST M1 MCTOTIA nnenka W, pezymnTaT SRIM2013pro
P — - — .mmemEa W, i pabo -
IUCKpETHBIX TIoToKoB [1]. B oots i - PESyTRTRT FROR P
Hapuc .1 nokazaso E‘-‘;
Ry
CPAaBHCHUEC PE3YyJIb  TATOB ;‘é 0.010
pacucra SHEPreTUICCKUX
0.005
CITEKTPOB IPSIMOTO
E,>B
pacnblICHUA  CIIOEB e | ,
0.000 =
Bom,cbpaMa u 0 10 20 30 40 50 60 70
Gepuus c Puc.1 DHepreTHYecKuii CIIEKTp pacibUICHHS INICHKU Z=5 HM

atomamu He, HauyanbHas sHeprus Ey=1 koB.
pe3ynapTraraMu

MozenupoBanus. Xopolee COoriacue MNPHUBEICHHBIX KPHBBIX NO3BOJAET NMEpeHTH K Ooiee

CJIO’KHOM 3aj1a4ye O PacIbUICHUH CIIOMCTON MUILICHU.
B onepaTopHOM BHjie BBIpaXEHHE U1l OOPATHOrO PACHbLICHHS JBYXCIOHHON MHIICHU
MOYKHO 3aITHCaTh CJISIYIOIHIM 00pa3oM:
Zy-2, Zy-Z, Zy—-Z, Zy-Z- Zy-7,
e (xl +xz)= e (xl)+T o (xl)®R o (x2)®)’7,“ # (xl)

1
AT (1) @Y () O (3) "

208



Z;-Z AEYA
3necy Y, (x) n Y ’(x) 0603Ha4atoT (YHKIHUH 0OpaTHOro (IPsIMOro) PacHbUICHHS
v Z,-7,
IUICHKM MaTepuana Z; TONIMHOW X aToMOM Zi. AHaNOrMyHbIM obpazom, R™ ™ (x) u

Z,-Z
T ’(x) OITMCHIBAIOT (DYHKIMH OTpakeHHs (NIPOIYCKaHMs) IUIOCKONApaJUIeIbHOTO CIIOS

JaHHOW TommuHbl. Bee ¢yHkmum, Bxopsmue B (1) B pabore HaxomsTcs eIMHOOOpa3HO, HA
OCHOBEC TPEXMOTOKOBOH MOJEIM, HNPUMEHEHHOW COBMECTHO C METOJOM HHBAapHAHTHOIO
norpyxenus. CuMBOJIOM ® 0003HauaeTCst CBEpTKa (hyHKIHUIHA 10 BCEM BO3MOXKHBIM SHCPTHAM
yactul. Otmetum, 4to B (1) BKIIIOUYEHBI TPU HauboJiee BEPOSTHBIX MPOLecca, MPUBOIIMX K

00paTHOMY PaCIbUICHHIO JIBYXCIIOHOH MHUIICHH.

Tlocne BBIYHMCIICHUS TIOTOKOBBIX (DYHKIMIT pacHbUICHHS MULIEHH MOHOOHEPIeTHYECKHM
IIy4KOM OKAa3bIBAeTCAd BO3MOXHBIM IIEPEHTH K 3aJaue pacHbUICHHS KOHCTPYKIMOHHBIX
MarepuaioB Iiasmoid. MHpopmaims o  cBoiicTBax mepudepHiiHON IMIa3Mbl B YCIOBHSX
TOKAMAKa npu pacderax 3auMCTBOBaach U3 JIMTEPATyphl. B kauecTBe npumepa npusenem

Hambonee MpOCTOH pacueT pacnbuieHHss Be u W, HaliieHHBIH B NPEINOIOKCHHH H

MaKCBCITIOBCKOM
SHEPreTMIeCKOM 009+

* pacnsuierne W, pesynsTaT faHHOH paboTsl
PacTipeaeICHAN IT1a3MblL 1 o084 pacbinenue W, pezyasTart [2]

¥  pacmuireHne Be, pezynnTtat gannoii paboter
MBOTPOIHOM [OBOM 0.07 -+

yo — pacmeinenue Be, pezynsTat [2]
pacnpenenerny. Hapuc.2 006 -| v
v

TIPUBOUTCSI CPABHEHNE

PC3Y/IBTATOB  PacueToB C

JaHHbIMU [2]. Pesynbrarsl

PacueToB O3B0
YCTAaHOBUTH KpUTEPHN
paboTocnocobHOCTH ;

. 100 1000 T.5B
IpHHATON Monem Puc.2 3aBHCHMOCTB MONHOTO KO3 GUIMEHTA PACTIBIICHUS OT
pacrbUIeHUs TEMIEPATyPhl IIa3Mbl.

MaTepuajioB. B LIMPOKOM JUAIla30HE TEMIIEPATYpP IMJIa3Mbl MOJYYCHO YAOBJIICTBOPUTEILHOC

corJiacue ¢ pe3yJbTaTaMi MOJeIMpOoBaHus [2].
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TMTOCJIOMHBIN AHAJIN3 3AIIIATHBIX CJIOEB HUTPAJIA TUTAHA HA
OCHOBE CHEKTPOCKOIINU TJIEIOLIET O PA3PAIA
DEPTH PROFILING PROTECTIVE COATING TITANIUM NITRIDE BASED ON
GLOW DISCHARGE OPTICAL EMISSION SPECTROMETRY
Barpakos A.A., PeixenkoB A.B., 3unosa O.C., Kayanun I'.B., Bypmucrpos A.A.,
Jlenexos A.II.
Batrakov A.A., Ryzhenkov A.V., Zilova O.S., Kachalin G.V., Burmistrov A.A.,

Lepekhov A.P.

@I'BOY BIIO «HayuonanvHoill ucciedosamenvckuil ynusepcumem «MOHy, 111250,

Kpacnokaszapmennas ynuya, oom 14, . Mockea, Poccus, e-mail: BatrakovAA@mpei.ru

This abstract presents elemental depth profile analysis based on glow discharge optical
emission spectrometry for titanium nitride protective coating is created ion-plasma method.
Solved the problem required standard samples with a high concentration of nitrogen needed
for calibration of the spectrometer glow discharge.

TTokpbITHS Ha OCHOBE HHTpWJIA THTaHa SBISIOTCS OJHMMH W3 HamOolee
PacIpOCTPaHEHHBIX 3AIIUTHBIX MOKPHITHH, MPUMEHIEMBIMHA B CaMbIX Pa3HYHBIX OTPACIX
npoMmsbiiuieHHOCTH.  OOecredeHne KauyecTBa HAHOCHMOIO HOKPBITHA TPeOyeT K OHTPOIs
[IOCJIOWHOTO 3JIEMEHTHOI'O COCTaBa MOKPHITHSI.

Vicnonp30BaHNE  CHEKTPOCKONMM  TJICIOIIETO  paspsiia  IO3BOISET  00ECHednTh
OMEPATUBHBIA KOHTPOJIb 3JIEMEHTHOrO cOCTaBa MOKPBHITHHA. OCHOBHBIC MHPEHMYIIECTBA
[peIaraeMoro MeTo/ia — OTCYTCTBHE HEOOXOAUMOCTH TIPEIBAPUTEILHON MPOOOIIOArOTOBKH
W Majoe BpeMsl CaMoro aHaim3a, OOYCIOBICHHOE BHEIIHHM 3aKpeIuieHHeM o0pasiia,
HCIOJIb30BaHMEM HErTTyOOKOro BaKyyMa M BBICOKOIT CKOpOCTbhIo pacnbuieHus [1,2]. Tlpu satom
CTAaHAAPTHBIH METOJ MO3BOJACT IPOBOJUTH AaHAIM3 COCTABa IOKPBITHS C BBICOKUM
paspenIeHieM 0 TIyOMHE HpPH HAIM4YMH IUIOCKOTO KpaTepa, Uil obecredeHnsi KOTOpOro
HE00X0UM MOAOOpP MapamMeTPOB PEXHMa U3MEPCHHUS, ONPEICISIOIMX IPOLECC PACIBIICHHUS
MaTepuana odpasua.

Cnextpomerp Tierorero paspsina GD Profiler-2 (Horiba Jobin Yvon) mossonser
[POBOJUTh HU3MEPEHMSI B JABYX PEKHUMAX: IPU IIOCTOSHHOW MOIIHOCTH MU B HMITYJIbCHOM
pexume (pexuMe paaroyacTOTHOro paspsana). OCHOBHBIMHM IapaMeTpaMu, BIUSIOIIMMHU Ha
bopmMy Kpartepa, SBISIFOTCS JaBJICHHE aproHa B Jiamre [ puMMa ¥ MOLIHOCTh HCTOYHHKA. B
HAMIyJbCHOM PEXKHAME Ha MOIIHOCTh OyIyT BIMATH TAKXKE [UIMTEIBHOCTH H YacTOTa
HMIIyJIbCOB. B KkauecTBe OCHOBHOrO I aHaim3a OOpaslOB C INOKPBHITUSAMHM Ha OCHOBE

HUTpHJA TUTaHa ObLIT BBI6paH PEXUM TOCTOSTHHOM MOIIIHOCTH, AJIsI KOTOPOI'0 IPOBOAMIOCH
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HCCIICZIOBAHUE BIIMSHUS JABJICHHS aproHa M MOIIHOCTH HMCTOYHHMKa Ha (opMy Kparepa.
Jasnenne 650I1a m mommocts 40 Br obecneunnam Hamrydiee coOYeTaHHE BEIHYUH
KPUBH3HBI JJHA KPaTepa, €ro IMEePOXOBAaTOCTH M HHTEHCUBHOCTH CHTHAJIA OT a30Ta.

CHeKTpOoCKONHsl TICIOLIEro paspsfa OTHOCUTCA K METOJaM, TPEOYIOIuM JUIs
KOJIMYECTBEHHOTO aHAJIN3a IPe/IBapUTENbHON KaIMOPOBKH 110 CTaHAAPTHBIM obpasnam. Jlis
MOJTyYeHHs HAAEKHBIX M JOCTOBEPHBIX DE3yIbTaTOB aHAM3a HEOOXOAMMO IIPOBEICHHUE
KanuOpOBKHU, OXBATHIBAIOIIEH BeChb HHTEPBAl BO3MOXKHBIX MACCOBBIX JOJCH >IEMEHTa B
aHaMM3MpyeMbIX o0Opas3uax. B HacToAmMi MOMEHT CEepHHHO BBITYCKAIOTCS TOJIBKO
CTaHAApPTHBIE 00pa3IBl C COAEPIKAHUEM a30Ta, HE TPEBHIIAIMM 2%, B CBSA3M C 4eM, IIpH
MIPUMEHEHHH CHEKTPOCKOINH TICIOLIEro pa3psaa A HOCIOHHOTO aHalIu3a 3allUTHBIX CIOCB
HHUTPH/A TUTaHA BCTAET BOIPOC 00 M3TOTOBICHUU M aTTECTallMU 00pa3loB ¢ 60Jeec BHICOKUM
COJIep)KaHNEM a30Ta.

Jlnst kKanuOpOBKH CIEKTPOMETpa TIEIOLIEro pa3psia IO a30Ty MOTYT HCIIOIb30BaThCS
0o0pasibl MOKPHITHH HAa OCHOBE HUTPUJA THTaHA C pa3iIMYHBIM COJCPXKAHHEM a30Ta.
Hanecenne Takux MOKpBITHIA U1t KanmuOpoBku criektpoMerpa GD Profiler-2 mpoBoauinocs Ha
TOJIMPOBAHHEIX CTANBHBIX TOATOXKKAX B BAKYyMHOH YCTaHOBKE JUIs ()OPMHPOBAHUS MOHHO-
IUIa3MEHHBIX MOKphITHH «['edecT», OcHaIleHHOI pa306aJaHCHPOBAHHBIMH MAarHETPOHAMH,
MO3BOJIAIONIEH BapbHPOBATh COAEPIKAHME a30Ta 3a CUET M3MEHEHUs PacXofia PEeaKI[MOHHOTO
rasa.

Jlnst aTTecTalliM COACPIKAHUSI JIEMEHTOB B H3TOTOBICHHBIX 0Opa3slnax HOKPBITUI
IIPOBOJIMIINCH CHAvajIa MpeBapHTEIbHBIE IIPOXKUTH Ha CIIEKTPOMETpE Tirerornero paspsaa GD
Profiler-2 (Puc. 1.).

Tlocne wero c¢ wucnonp30BaHMEM MexaHudeckoro npodumomerpa Dektak 150
ompezensack riaybuHa M opMa KpaTepa M HPOBOJHINCH IPEABAPUTCIBHBIC H3MEPCHUS
COCTaBa M TOJIIMHBI TIOKPHITHS Ha MOMEPEYHBIX IUIN(AX C UCIONb30BAHUEM CKAHHPYIONIETO
anekTpoHHoro Mukpockona Tescan MIRA3LMUc cu cremoii  peHTTEHOBCKOTO
SHEProJucnepcuoHHoro Mukpoananuza Inca Energy 350 ¢ perexktopom X-MAX 50.
DNEKTPOHHO-ONTHYECKOE M300pakeHNe MONepeyHoro Iumdpa obpasna C MOKPHITHEM Ha

ocnoBe TiN npezcraBieHO Ha PUCYHKE 2.

211



0 10 20 30 40 50 60 70 80 90 100 1o 120 130 c

Pucynok 1 — Iocnoitnblii npoduns curnanos ¢ @OV npu npoxxure odpasiua ¢ IOKPHITHEM Ha OCHOBE
TiN Ha ciektpoMerpe Tieroniero paspsga GD Profiler-2

SEM HV: 5.0 kV WD: 10.97 mm

View field: 10.3 ym Det: BSE 2pum
SEM MAG: 42.3 kx

PucyHok 2 — DneKTpoHHO-0NTHYECKOe H300pakeHHe MonepevHoro numuda odpasia ¢ MOKpHITHEM Ha
ocuose TiN

3aTeM SJIEMEHTHBI COCTAaB IIOKPBITHS AHAIU3MPOBAICS M YTOYHSICS METOAOM
PEHTTeHOBCKOH (poTodekTpoHHOH cnekrpockonueil (POOC) ¢ ucmonn3oBanmeM Momyist
JNIEKTPOHHO-HOHHON CreKTpockomuu Ha 6ase mwiatpopmer Hawmodad 25 (HT-MAT).
DHEepreTHYecKoe pa3pelleHue UCI0Ib3yeMOro B MOJyJIe criekTpoMeTpa 3ekTpoHoB SPECS
Phoibos 225 momm mum Ag 3d5/2 cocraBmsuio 0,78 9B, st HEMOHOXPOMaTHYECKOTO
pentrenoBckoro m3nyudenus Mg K,. [lepen momydeHneM peHTTEHOBCKUX (POTOIIEKTPOHHBIX
CTIEKTPOB NPUMEHAIOCh OYMCTKA TIOBEPXHOCTH C TIOMOIIBIO MydYKa MOHOB AI' TMAMETPOM
0,7 MM ¢ pasBeptkoii 2,8%4,0 MM 1 sHeprueil 1 k9B, nmagarommx nox yrimoM 50° x HopMaIH
MOBEPXHOCTU 00pa3ua. AHaau3 CHEKTPOB OT 00pasloB C IMOKpPBITHEM Ha OCHOBe TiN

BhIMONHsICSE B nporpamme CasaXPS [3] ¢ ucmosnb3oBaHHEM METOAa BBIYUTAHUS (POHA MO
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MUKaMH PEHTTCHOBCKHX (POTOINIEKTpOHOB 1o anroputMy Shirley [4]. PesympraTel anamusa
MetozoM PODC 06pa3nos ¢ nmokpeitieM Ha ocHoBe TiN mpeacTaBlieHB! HAa pUCYHKE 3.
Iomy4yenHnsle naHHBIC 3JIEMEHTHOTO COCTaBa MOKPBHITHII Ha OCHOBE HUTPHAA THTAaHA
MerogoM PODOC mHO3BONAIOT BBIMOIHHTH KAITHOPOBKY CIEKTPOMETpA TJICIOLIETO paspsiia.
KanmOpoBka 1mo3BonuT 60Jiee TOYHO MPOBOIUTE ONPENENICHHE conepkaHus azoTa 10 20% 1o
Macce, O1aroJaps UCIIONB30BaHUIO IIPU KaTHOPOBKE MOKPHITHII HA OCHOBE HUTPHIA THTAaHA C

conepkaHueM azora ot 9% no 20%.
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Pucynok 3 — CrekTp peHTTeHOBCKHX (DPOTOIIEKTPOHOB OT 00pasua ¢ nokpsitueM Ha ocHose TiN u
obpabotka B mporpamme CasaXPS

BeiBogpl. B pabore mpemniokeHa METOMMKA MOCIOMHOrO 3JEMEHTHOTO aHaiu3a
HMOHHO-TITa3MEHHBIX MOKpPHITHI TiN Ha OCHOBE CIIEKTPOCKONHMH TICIOIIEro pa3psaa. beiia
pellieHa OCHOBHasi MpoOJieMa, 3aTpyIHSIONIas HCIOJIb30BAHUE CIIEKTPOCKOIUH TIICIOIIETO
paspsiia IpH aHATM3€ HATPUIOB, — OTCYTCTBUE CTAHIAPTHBIX 00Pa3oB C COEPIKAaHHEM a30Ta
6oee 2%.

1. T'puroposnu K.B., Siinesa E.B. CnekrpomeTpsl TJCIOLIEro paspsiia — HOBOE
MEPCIEKTUBHOE HANpPABJICHUE B NPUOOPOCTPOCHUY // AHaIUTHKA U KOHTPOib. — 2002. - T.6. -
Ne2. - C.143-150.

2. Cropeirua I'C. OcoOGCHHOCTH KOJIMYECTBEHHOTO MMOCIOWHOTO aHaln3a TO HKHX
MOKPBITHH Ha CIIEKTPOMETpax Tieromero paspsna // IlepcnextuBHble MaTepuansl. — 2010. —
C.242-246.

3. http://www.casaxps.com/

4. D.A. Shirley, Phys. Rev. B 5, 4709-4714 (1972).
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MNJIASMOXUMHYECKASI OBPABOTKA HOBEPXHOCTH INOJIMMEPHBIX
IJIEHOK
PLASMA-CHEMICAL SURFACE TREATMENT OF POLYMERIC FILMS

H.H.Boxxo, B.IT.Ctonsipos, ®.A.[loponus, B.I.Hazapos
N.N.Bozhko, V.P. Stolyarov, F.A.Doronin, V.G.Nazarov

MI'VII umenu MBana ®@enoposa, 127550, yiu. [Ipsuuminukosa, 2A, r. MockBa, Poccus

E-mail: fedordoronin@gmail.com

B mHacrosmee BpeMs Ul YNAKOBBIBAHHS IIPOJYKTOB BCE Yallle HCIONB3YeTCSl TaK
Ha3bIBaeMas MHTEPaKTHBHAs yIIAKOBKA, KOTOpas CIIOCOOHA MEHATh CBOM CBOWCTBAa IIPH
BHEIIHEM BO3JCHCTBUM H YIPABIATH, TAKUM 00pPa3oM, COCTABOM Cpe/bl BHYTPH KOHTEHHepa
[1, 2]. [Anst peamu3auuu 5TOH LETH HCMONB3YIOTCS PA3JIMYHBIC MOJMMEpPHBIC IUICHOYHBIC
MartepHansl. OJHAKO I1 OIMMEpPHbIE MaTepuajbl, Kak HPaBUIIO, XapaKTEpH3yIOTCS HH3KUMHU
3HAQUCHUSIMH MOBEPXHOCTHOH OHEprHH, IUIOXO CMAauUBAIOTCS BOJOH M IIOJSPHBIMH
PAcCTBOPHTEISIMH, IUIOXO CKJICHBAIOTCSA, MMEIOT HHU3KYI0 aAre3di0 K KPacHTeIsM,
HaMpUIAEMBIM HA HHUX CJOSM METaIIOB, 4YTO YXyJIIaeT HX TEXHONOIMYECKHEe M
9KCIUTyaTaIl[MOHHBIE CBOMCTBA. OHUM M3 HanboJiee NePCHEKTHBHBIX METOIOB MOAN(UKALIH
MIOBEPXHOCTH IOJIUMEPOB SBISETCS BO3JCHCTBHE HAa HEE HU3KOTEMIIEPATYPHOH IIa3MBL,
KOTOpOE MO3BOJIIET HM3MEHATh IHOBEPXHOCTHBIC CBOICTBA MAaTEpPUaloB B 3HAUUTEIBHBIX
mpenenax M 3HAYMTEIBHO PACIIMPATh OOJNACTH HMX HCIoiab3oBaHus [3, 4]. B Hacrosmei
paboTe m 3ydanM BIMSHHE IUIa3MOXMMHUYECKOH  0OpabOTKHM Ha  IOBEPXHOCTHBIE
XapaKTEPUCTUKHU TOJUMEPHBIX IUIEHOK Pa3IMUHONM XUMHYECKOH Npuposl. Mcnonb3oBanu
MOJIUMEpHbIE IUICHKH IMOJMATHICHa HU3KOH mrotHoctu (IIOHII), mnomunponumnena (ITIT),
nonuBuHIIXopuaa (IIBX), monmstunentepedranara (IIDTD), a Takxke ¢ropcopepxammx
nonumepoB @ -26 u @ -4MB. Hecmorps HaTo , yro [IBX, IIOT® ud -26 sBusworcs
CI1a0ONOJISIPHBIMY [TOJIMMEPAMH, MPEAII0IarajJock, YTO HX HOBEPXHOCTHBIE XapaKTEPUCTHKH
MOTYT H3MEHSTHCS B pe3ylbTaTe IUIA3MEHHOH OOpadOTKM ¢ MONMy4eHHeM KadeCTBEHHBIX
OTTHCKOB IIPY [IEYaTH, yIy4IICHHEM CBAPHBACMOCTH IIPH JIAMUHUPOBAHUH.

DKcnepyUMEHTANIbHbIE  Pe3yibTaThl (KpaeBoil yronm cMauumBaHus 1o Boje ®, u
STHICHIIIIKOMIO ©.,;;, TOBEPXHOCTHAS DHEPIHA Y, €¢ MONAPHAS Y's M TUCIEPCHOHHAS Y s
COCTaBIISIONINE), HOIyYEeHHBIC B pe3yabTaTe 00pabOTKH BBHIIICHEPEUUCICHHBIX TOIHMEPHBIX
MaTepHaloB B IUIa3Me TICIOIIEro pas3psa IpU MOCTOSHHOM 3JIEKTPUYECKOM HANpsHKEHUH,
Toke paspsina 60 MA, BpemeHH 00paboTku 180 ¢ mpu ocTaTouHOM HaBieHUH Bo3ayxa 20 £10

Ila, npexncrapiens! B Tadnuue 1.
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TH6J'H/ILI3. 1. XapaKTepI/ICTPIKI/I TIOBEPXHOCTHBIX CBOWCTB Pa3IMIHBIX MOJIMMEPHBIX TUIEHOYHBIX
MaTe€pHuajioB MOCIIE UX 06p2160TKI/I B IU1a3M€ TJICIOLIETO pa3psaa

Ne Bun ®B/ ®3'1‘1'7 VDS /YPS’ Vs
n/n Marepuan IUICHKHA ° MH/Mm MH/M
Hexomsas 89,5/65,5 21,3/4,5 25,8
! II5HIT 006 al610TaHHaﬂ

P 43,6/25,1 8,3/47,7 56,0
85,4/682 | 12,6/10,1 22,7

2 III1 Ucxonnas
OGpaborannas | 57 6/46 6,4/38,1 445
3| T | Hexomas 72,4/52,5 | 14,8/17,0 31,8
O6paGorannas | 37,2/21,6 6,0/57,2 63,1
68,8/47,1 | 16,0/18,7 34,7

4 [IBX Wcxonnas
OGpabotannas | 470/242 | 11,1/40,9 52,0
83,0/70,6 7,7/15,3 23,0

5 ®-26 Ucxonnas
Obpaborannas | 47,0/33,0 6,8/47,2 54,00
o | O4MB | yiexomman 93,9/75,7 13,6/5,5 19,1
Obpaborannas | g4 .0/70,8 8,5/13,9 22,4

Jlnst BceX HCIOJB30BAaHHBIX IMOJUMEPHBIX MATEpPHUaliOB HAOIIONACTCs yBEIHMYCHHE
MMOBEPXHOCTHOM 3Hepruu. Bo3pacrtaHue MOBEPXHOCTHOM SHEPTUH IOJMMEPOB OOBICHICTCS
yBenMUYCHHEM e€ TONSAPHOW COCTaBIAIONICH, OOyCIOBICHHOe (opMHpOBaHHEM Ha
MOBEPXHOCTH TUICHOK KHCJIOPOJCOAEPXKALIMX TPYII, O YEM CBUACTEIbCTBYET HOSBICHHUE B
HK-cnektpax B pexxume MHITBO st menok TIOHIL, TTIT u @ -26 1osockl MOTIOLICHUS B
obmactu 1600-1780 cm’!. Hammenee TO/IBEP)KEHHBIM ~ BO3JCHCTBHIO IJIa3Mbl U3
HCCIICIOBAaHHBIX MOJMMEpHBIX MaTepuanoB okazaica @ -4Mb (monurerpadropatuien),
SIBJISIFOLMACS XMMHUYECKH CTOMKUM MaTepUalIoM.

®dotorpadupoBaHie TMOBEPXHOCTH, BBHIMOJHEHHOE HAa PACTPOBOM 3JIEKTPOHHOM
Mmukpockore Stereoscan-360 ¢pupmer Cambridge Instrument ¢ 10000-kpaTHbIM yBeITHYEHHEM,
CBHJICTEIIbCTBYET, YTO IIa3MOXMMHUUYECKas MIOBEPXHOCTHASI M OAU(HKAIUS COMPOBOKAACTCS

CyHIIECTBEHHBIM U3MECHCHUEM MOpCI)OJ'IOI‘I/II/I TIOBEPXHOCTHOI'O CJIOA. B kauectse WIIIOCTpaluu
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Ha pucyHke | mokasan Bux wucxofaHod mosepxHoct IIOHIT (A) u mnocie eé

IUIa3MOXMMHYECKOif 00pabOTKH B BO3IYIIHOI I1a3Me B TeueHHe 3 MuH npu Toke 60 MA (B).

A B

Pucynoxk 3. ®ortorpaduu moBepxXHOCTH HCXOAHOH (A) U 00pabOTaHHOM B BO3AYIIHOI M1a3Me
Treroniero paspsiaa mienok [IDHIT (B).

Habmomaemble npH I1a3MOXMMHYECKOH 00paboTke MOp(hONOrHyecKne H3MEHEHHs,
OUYECBUHO, CBSI3aHBI C IIOBEPXHOCTHOM MJECTPyKIHeHl moiamMmepa, KOTOpas, Cyds IO
OTCYTCTBUIO (DMKCHPYEMOTO Ha aHAIUTHYECKUX Becax M3MEHEHHs MacChl oOpasla, HOCUT
HCKIIIOYUTETFHO ITOBEPXHOCTHBIH —XapakTep. JlecTpykuuss B TOBEPXHOCTHOM  CIIO€
MONUATHICHA 3aTParuBaeT, IO-BUAUMOMY, HpEXAE BCEro aMOpQHBIC y4YacTKU, YTO H
MPUBOIUT K Ooniee perbehHOMY OTPAKEHHIO €ro KPHCTALTHYECKOH (ha3pl. DTOT mpolecc
COTIPOBOXKIAETCS OKHMCICHUEM TTOBEPXHOCTHOTO CIIOSI TIONMMEPOB B COJEPIKAMIEH KHCIOPOA
BO3IYIIHOH IITa3Me, YTO M IPHBOAUT K OOPa30BaHUIO IOSIPHBIX KHCIOPOICOACPKAILINX
IPyNI U FHAPOGUIN3ALNY TOBEPXHOCTH.

C 1esnpl0 3HAYUTENBHOrO YIIydIleHHs OapbepHBIX CBOMCTB IuiéHouHoro [1DHIT
M3rOTaBIMBaIH KOMOMHHPOBAHHBIA IBYCIOHHBIM IIEHOYHBIM MaTepHal, COCTOSIINH U3
MOJUATHICHOBOH IUIGHKH U CJIOs TOJMBHUHUIIOBOTO CIHUPTA, 00JIaJalOMUi BBICOKMMH IO
cpaBHeHnto ¢ IIDHII OapeepHbIMM cBoiicTBamMH. Marepuan monydand moiauBoM 5 %
BogHoro pacteopa [IBC (mapka 25/140, MM ~ 80 TbIc.) Ha noBepxHOCTh IUIeHKH [IOHII,
IpeIBApUTEILHO AKTHBHPOBAHHOM B IUIa3Me Tieomero paspsaga. IlomydeHHsie
JIBYCIIOIHBIE 00pa3Ibl MOHOJMTHBI, HE MMEIOT BHEIIHMX JE(EKTOB B B M€ HEPOBHOCTEH

uin paCCJ’IOCHI/If/'I. 3KCHepI/IM€HTaIIBHLIe JAHHBIC, TIOKa3BIBAIOMIINEC CYIICCTBEHHOC
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cHIKeHHE UM (y3MOHHON MPOHNUIIAEMOCTH [BYCIOHHBIX 00pa3sLoOB AT TPEX HEMONISAPHBIX

OpraHuv9eCKux )KHJIKOCTGﬁ, NIpE€ACTaBJICHbI B Taﬁnnue 2.

Tabauma 2.

Bemuunnsl 1ud@y3HOHHOTO IMOTOKA OPraHWYECKHX JKHIKOCTEH depes

ncxoansiii IIDHIT u xyonuposannsiit marepuan IIDHII-TIBC. Tonmuua [TOHIT — 140 Mk,
— 7+2 wmxM. Juddynmupyromas opraHmdecKas IKHIKOCTb
koHTtakTupyer ¢ [IDHII. Temnepatypa 22+2°C.

tommuHa ciosi  [IBC

Benmunna 1uddy3noHHOro NOTOKa
BEILECTBA Yepe3 MOJIUMEpPHBIIl MaTepHal,

2
Tl bysmpyromee r/cM” ¢ OTH?I/II?HI/I@
o
Betuectso Jly6nmupoBaHHBIH
Mcxomusrii [TOHIT MaTepual
Jo (ITSHII-TIBC) J
H — rexcan 1,610 41107 ~390
YeThIpEXXIIOPUCTBIH 3.1-10° 20107 ~1550
yIIepos
Toxnyon 2,45:10°° 3,010 ~800

Takum oOpazom,

pa3nu4HoON

TJIa3MOXUMHUYECKOM

XUMHYECKON

00paboTku 1St

[0 pe3yibTaTaM IIPOBEICHHBIX HCCIIEIOBAHUH

TIPHPOJBI

TOBEPXHOCTEH ITUX MaTepUaJIOB.

TIOBBINICHUSA

MOXHO

PEKOMEH10BATh

OHEPIreTHICCKUX

C IOIMMepaMHu
HCIIONB30BaHNE

XapaKTEPUCTUK
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MODELING OF THE EFFECT OF FIELD ELECTRON EMISSION FROM
THE CATHODE WITH A THIN DIELECTRIC FILM ON THE TOWNSEND
DISCHARGE IGNITION VOLTAGE IN ARGON-MERCURY MIXTURE

G.G. Bondarenko', V.L. Kristyaz, M.R. Fisher?

!National Research University Higher School of Economics (HSE), Moscow, Russia
’Bauman Moscow State Technical University, Kaluga Branch, Kaluga, Russia
e-mail: kristya@bmstu-kaluga.ru
An important characteristic of gas discharge devices, such as arc illuminating lamps, is their

ignition voltage U, equal to the minimum voltage between the electrodes, ensuring the gas

breakdown in the inter-electrode gap and initiation of the low-current (Townsend) discharge,
which can then transit into glow and arc discharges [1,2].

The ignition voltage is determined by the processes of electron emission from the cathode and
ionization of the background gas atoms by electrons in the discharge volume. They are

characterized by the cathode effective secondary electron emission yield y,, equal to the

average number of emitted electrons per incident ion, and the ionization coefficient a equal
to the average number of gas atom ionizations per electron per unit length, respectively.

In many types of lams, the argon-mercury mixture is used with the given argon density n,,
and the mercury vapor density Ny dependent on the temperature 7. When current flows in

it, ionization of mercury atoms in collisions with argon metastable excited atoms occurs (the
Penning reaction) in addition to the direct ionization of atoms of both gases by electrons [1,3].
This results in an increase of the gas ionization coefficient and a decrease of the discharge
ignition voltage in comparison with that in pure argon [4,5]. But when the temperature 7" is
decreased, a significant reduction of the mercury density and, consequently, the ionization
coefficient takes place. This is followed by an increase of the discharge ignition voltage,
which complicates lamp turning on. Such reduction of the ionization coefficient can be

compensated by an increase of the cathode effective secondary electron emission yield Yefr»

that can be achieved by formation of a thin insulating oxide film on its surface. When the
current flows in the inter-electrode gap, positive charges are accumulated on the film,
generating the electric field in it, sufficient for the field electron emission from the electrode
metal substrate [6-8]. Emitted electrons are accelerated by the field in the film in the direction
of its outer surface and, reaching it, neutralize the positive surface charges, so that the
discharge stationary mode is established. A fraction of electrons overcomes the potential

barrier at the film boundary and goes out into the discharge volume, increasing y,, and
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decreasing U,. But investigations of the effect of this factor on the low-current discharge

characteristics and, in particular, on its ignition voltage were not fulfilled yet.

In this work, a model of the low-current discharge in argon—mercury mixture in the presence
of a thin dielectric film on the cathode surface is formulated, and the influence of the film on the
discharge ignition voltage at different mixture temperatures is estimated.

Let there is a thin insulating film of thickness H , on the cathode surface. Under cathode
bombardment by ions accelerated in discharge, which current density is j;, electron emission
from its surface occurs with the current density j, =vy,j;, where v, is the cathode ion-
induced secondary electron emission yield. As a result, the positive charges are accumulated

on the film surface, generating the electric field of strength £ I in it. When £, reaches value

of the order of 10° V/m, the field electron emission from the metal substrate into the film

starts with the current density determined by the Fowler—Nordheim formula [9]:

iy =(aE? o, )exp(-ba)™(»)/E, ). M
where ¢ =1.54-10° A-eV-V2, 5=6.83-10° V-eV 2 -m™, V2 (»)=0.95- )7, y=cE"/q,.
¢=3.79-10" eV -V 2. Y 2, @, =9, —Xq is the potential barrier height at the substrate—
film boundary, ¢, is the substrate work function, x, is the film material electron affinity.
Emitted electrons, when they reach the film boundary, neutralize the surface charges on it,
and a certain fraction Bf of them goes out of the film, creating an additional electron current
with the current density j,, =0 ,j,. Therefore, the electron current density from the cathode
surface is equal to j, = j,; + jor = oV Where v =Y;+ Y, =j,/J;, and the total
discharge current density is:

J=ii+ie=(1+ )i @

Therefore, the electric field strength £, in the film can be found from the relationship j = j,
[5].
The condition of low-current discharge maintaining in the flat inter-electrode gap of length

has the form [1]:

d

fo(zE)dz=In(1+1/ ). 3)
0
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where E=U,/d, U, is the voltage drop across the discharge gap, (x(z, U,/d ) is
distribution of the ionization coefficient along it, which can be obtained using the electron
velocity distribution function calculated by the Monte Carlo method [3,5].
The discharge current density can be found from equation

U, +EH +RjS=U,, 4)
where E H , is the voltage drop across the film, S is the cathode surface area occupied by the
discharge, Uy, is the applied external voltage, R is the ballast resistor, which value is chosen

such as to ensure sufficiently low discharge current density [1].

Equations (1)—(4) form a system for the discharge characteristics, and the ignition voltage U,
is equal to the sum of the voltage drops across the discharge gap and the film, i.e.
U =U,+EH,.

Calculations have been performed for the discharges in pure argon and in argon-mercury
mixture in cases of the aluminum cathode with a monolayer of aluminum oxide on its surface
(i. e. in the absence of the oxide film) and the aluminum cathode with the aluminum oxide

film of thickness H,; =10 nm. The following parameter values have been used:
Ny =65810% m™,  8,=107 EH,, q,=425¢eV, x,=10eV, Uy=220V,
y; =0.05.

In Fig. 1, the found distributions of the ionization coefficient o along the discharge gap in

argon—mercury mixture at o =1.5-107 m for two temperature values are presented. It

follows from it that a equilibrium value is reached at a certain distance from the cathode and
is decreased significantly with the temperature due to a reduction of the contribution of the

Penning ionization in it caused by a decrease of the mercury density.
The obtained dependences of the discharge ignition voltage on the gap length (Pashen curves)
for several discharge conditions are shown in Fig. 2, where n = n,, +ny,. It can be seen that

curve / corresponding to the discharge in pure argon with the cathode having no oxide film is
in an agreement with experimental U, values [10, 11] indicated by symbols m and e. For the
discharge in argon—mercury mixture with the cathode having no oxide film, the temperature
reduction from +20 C (curve 2) to —10 C (curve 3) results in a substantial increase of the

ignition voltage, which at —10 C is almost the same as in pure argon. But under the existence
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of the oxide film on the cathode at —10 C (curve 4) U, is reduced significantly due to an

increase of the cathode effective secondary electron emission yield y,.

a, 10° m™! U
8 300
6
4 200
2
0 100
2,107 m
Fig. 1. Distribution of argon—mercury mixture Fig. 2. Pashen curves
ionization coefficient along the discharge gap for different discharge conditions

for T=+20 C (Iyand T=—10 C (2)

Thus, the proposed model allows to estimate the influence of the field electron emission from
the cathode with a thin dielectric film on the low-current discharge ignition voltage in the
argon—mercury gas mixture with the temperature-dependent composition.
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WUCCJIENOBAHUE OKCHIHBIX ITOKPBITUI HA LIMPKOHUU M [TIPKOHUEBOM
CIUIABE 3110, I[IOJIYYEHHBIX I1PY [IJTASMEHHOM BO3JIEMCTBUU B
OJIEKTPOJIMTAX
THE STUDY OF PLASMA ELECTROLYTIC OXIDATION COATINGS ON Zr AND Zr-
1% Nb ALLOY

AM. Bopncosl’z, A.B. Bm—xorpa}loxsz, B.T. BOCTpI/IKOBZ, B.JL Kpm‘z, B.b. .H}OJII/IHZ,
M.H. Hons{Hcrcm?’I3, C.B. CaBymeHHa3, H.B. TkaueHko*
A.M. Borisov'?, V.G. Vostrikov',A.V. Vinogradovz, B.L. Krit>, V.B. Lydinz,
M.N. Polyansky®, S.V. Savushkina®, N.V. Tkachenko'

lHaytmo-ucc.rtedoeameﬂbc;cm? uncmumym sioeprou guzuxu umenu. /I.B. Cxobenvyvina
MT'Y umenu. M.B. Jlomonocosa, Mockea, Poccus. E-mail: anatoly borisov@mail.ru
2 MATH — Poccuiickuii 20cydapemeenmbiti mexnonozuyeckusi yHusepcumem umenu K.0.
Luonkosckozo», Mockesa, Poccus
*Irocyoapemeennviii nayunsiii yenmp Poccuiickoii Dedepayuu Pedepanvroe
2ocyoapcmeennoe ynumapHoe npeonpusmue «HMccneoosamensekuil yenmp umenu M.B.
Kenowviuay, Mocksa, Poccus

The coatings with thickness more than 100 um were formed on Zr-1% Nb alloy and technical
pure Zr by plasma electrolytic oxidation (PEO) in silicate-hypophosphite electrolyte. It was
found that the PEO coatings thickness on Zr-1% Nb alloy is about 30% more than that on
zirconium. The barrier layer for Zr-1% Nb alloy is not regular and has metallic inclusions.
The thermal conductivity of PEO coatings is several times less than the one of reference
sample of yttria-stabilized zirconia.

TlnasmenHo-31eKTposuTHYecKoe oKcuaupoBanue ([190) LUPKOHUS W €ro CIUIAaBOB
IUIS TIOJIyYCHHSI MOKPBITHI SIBISETCS MPEAMETOM MHOTHX HCCIICIOBAaHMiA, HAlpuMep, s
OHOCOBMECTHMBIX MMIUIAHTATOB U3 LUPKOHUSA [1], 3aumTel o kopposuu TBDJIos [2-4], nis
CO3JIaHMs TEIUIO3AIUTHBIX MOKPBITHH [5,6]. [ID0O MpoBOIAT KaK Ul YUCTOTO IIUPKOHHMS, TaK
W IUIS €ro pasinyHBIX CIUIAaBOB C HHOOMEM, OJ0BOM H Ap . Bmecre ¢ Tem, BimsiHHe
JIETUPYIOUIMX 3JIeMEeHTOB Ha mpouecc [190 octaercs HescHbIM. B aTol cBsi3u Hacrosas
paboTa NoCBAIICHAa CPABHUTENIBHBIM HCCICAOBAHUAM CTPYKTYpBI U cBoOicTB [1DO-nokpeITHit
Ha YUCTOM IUpPKOHUH ¥ ciuiase D110 ( Zr-1% Nb).

II20-nokpeiTust hopMupoBaiu Ha obpa3uax auamerpom 30 MM U TONIIMHOM 2 MM H3
upkoHus (aucrora 99,9%) u craBa D110. Takke kak u B padorax [5,6] [1D0 npoBoannu B
teyenne 100 MuH. B cunmkatHo-runodocduTHOM 3nekrponute cocrasa 9 /1 Na2SiOs+5H,0
u 5 tv/n Na(PH,O,) B pexume acHMMETPUYHOrO TOKa. Mopdojoruio uc ocrTaB
MOBEPXHOCTHOTO CJIOS IOKPBITHIl HW3ydald C IIOMOLIBIO CKAHHPYIOLIETO 3JI€KTPOHHOIO
Mmukpockorna Quanta 600 ¢ cuctemoil peHTreHoBckoro mukpoanammsa TRIDENT XM4.
PeHTreHOCTPYKTypHBIII aHaIW3 MIPOBOAWIM HpH KOMHaTHOH Temmeparype B Cu Kal,2
M3IIyYeHHN C HUCIOJb30BaHHEM pPEHTTeHOBCKoro auppaxromerpa Empyrean PANalytical.

Pacnpe;{eneHHe DJIEMEHTHOI'O CocCTaBa II0 FJ'Iy6PIHe HCCICO0BAIN METOAOM CIEKTPOCKOIINA

222



siepHOro obparHoro paccestHusi npotoHoB (SIOP) Ha myuke mporoHoB sHepruu 7,5 MbsB
uuknorpona HUMA® MIY [7]. TemsoBble HCHBITAHUS M OLEHKY TEIUIONPOBOAHOCTH
MIPOBOJMIN C IIOMOINBIO IUIAa3MOTpoHa 1o Meronuke [5]. TemmoBoif motok Ha oOpasen
cocrapmsn ~ 107 Br/m?.

Ha puc. | npuBeneHbl 3aBHCHMOCTH CPEIHEKBAAPATHYECKUX 3HAYECHHI HANpsHKEHUI
U na snextpoxuMudeckoil sueiike [190 Ha HavaabHOM dTare 0OpaOOTKH IUPKOHUS U CILIaBa
9110. Bugno, uro nast criaBa HanpsbkeHHe U BBIXOAUT Ha KBA3UCTAIlMOHAPHBIN ypOBEHb
okouo 240 B, cBuzeTensCcTByONHMit 06 00pa30BaHUH IUIOTHOTO 6apbePHOTO OKCHIHOTO CIIOS,
B TedeHue nepBbix 10 cexyHn mpomecca. I8 MUPKOHUS 3 TOT PocT B 3-4 pa3a MeIJIeHHee.
Taxum o6pazom, npouecce [190 s craBa HaUUHACTCS PaHbIIE. DTO MOXKET ObITh OJTHOM U3
MPUYMH TOTO, YTO TOJILMHA IOKPBHITUH Ha LUPKOHMH, 00 paszyrommxcs npu 100 MuH
00pabOTKH, M3MEepEeHHasT BUXPETOKOBBIM MeToJoM, Ha 30% MeHbIIe, yeM Ha cruiaBe J110.
MOXHO TakKe HNPEeANOIoKUTb, YTO ycKopeHue npouecca [190 o0ycioBieHo JerupoBaHueM

LUPKOHUS] HHOOHEM.

250 | Zr—\N‘b oo P S S
] /P o
200 o e
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1m0 | !
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o -J T T T T T

T T T
o.o 0.2 0. 0. 0.z 1.0 1.2 1.4 1.8
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Puc. 1. CpexHekBagpaTHyecKue HANPSHKCHUS HA HavanbHOM dTane [190 nupkonus u Zr-
1% Nb crunaBa

Crpykrypa moBepxXHOCTHM HAeHTHYHa miasi [1D0-mokpeiTii Ha Zr W Ha CILIaBe,
HEOJHOPOAHA M XapaKTepU3yeTcsl KpaTepHBIMU y4YacTKaMH JUOKCHAA LUPKOHHUSA H
obnacTsiMH, 00OTaIeHHBIME KPEMHHEM H KUCIOPOAOM (pHC. 2, a). J{js KpaTepHbIX obmacTei
XapakTepHa cyOMHMKpOHHAsi 3epHHUCTas CTPyKTypa (puc. 2, 6). Bmecte ¢ Tem, uccnenoBanue
MOIEPEYHOro cpe3a I0KA3aJo CyIIECTBEHHOE OTIMYME B CTPYKType OapbepHOro cios
MOKpeITHH Ha Zru criutaBe D110. [lns crutaBa GapbepHBIH cioi HEpaBHOMEPHBIH W HMeeT
METa/UIMYECKHE BKIIOYEHMS, aJ JI1 LHUPKOHUS - ONHOPOAHBIA M IUIOTHBIA. MOXHO

MPEIONIOKHUTh, YTO Ta pa3HMIla Bbi3BaHa HanuuueM B-Nb ¢azbl, 190 koTopoit oTinnyaercs
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oT 0-Zr.

5 um S

Puc. 2. Crpykrypa noBepxHocTd IIDO-IOKpHITHS Ha UUPKOHMH (a), 3CpHHUCTAs
cTpyKTypa nomepeudnoro cedenus [190 mokpeitus (6), 6apsepHbie cion [190-nokpeITHs
cruaBa 2110 (B) u Zr 1).

Cnextpsl SIOP nporonoB snepruu 7.4 MsB ans nokpeituid 190 Ha Zr u cruiase
D110, npuBenens! Ha puc. 3. IIpu anammse criektpos SIOP Tommuna onpenensercs 6e3 yuera
nopucTocT (MaccoBast Toium Ha). OkcuaHblil ciod Ha crutase D110 Tommie, yem Ha Zr.
Okcul KpeMHUsI TIPUCYTCTBYET B BEPXHEM CJIO€ TOJIIMHOM 0KOJIO 4 MKM. BHyTpeHHu# cioit
TOKPBITHS ITOYTH HOJIHOCTBIO COCTOUT M3 JMOKCH A IMPKOHHs. Takum o6pa3oM, IpucyTCTBUE
HHoOHA B cmmaBe D110 mpuBoauT (IPH NMPOYHMX PABHBIX YCIOBUSX) K YBEIHUECHHIO KaK
MacCOBOM, TaKk U reoMeTpuueckoil ToauuH [190 mokpeITHiA.

PeHTreHOCTPYKTYpHBI ~ aHaIM3  TOKa3al B IIOKPBITUSX  MOHOKIHHHYIO,
TETPAaroHAJIbHYIO0 H KyOH4YecKylo (a3bl ¢ O 3HaYMTEIBHBIM INPeoOIafaHueM MOHOKJIMHHOMN

MOZ[I/I(l)I/IKaLlI/II/I. Oxkeunp KPEMHHA B BEPXHEM CJIO€ MOKPBITHA HAXOAUTCHA, O-BUAUMOMY, B
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aMOpP(HOM COCTOSIHHHU, COOTBETCTBYIOIINE AU(PPAKIIHMOHHbIE TUKH 00HAPYKEHBI HE OBLIH.

(6]
8000 )
—— crutae 3110 ’
—= 150 noxpsrtie Ha Zr
6000 - 130 noxpsrTre Ha 31 104

4000 =

2000

BbIxoz SIOP, 4HCIO IPOTOHOB

50 |BO ‘i!;O 2(')0 250
3HEPTHs IPOTOHOB, HOMEP KaHAIa

Puc. 3. Cnextpst SIOP nporonos sueprun 7.4 MaB I1D0-nokpeituii as crutaa 9110
(Zr-1%Nb) 1 noxpsiThii Ha Zr U cruIaBe npy npogomkurensuocti 1150 100 Mun.

Ouenka temtonposogaocTr [190-nokprITHii Ha crutaBe D110 B mporecce TEMIOBEIX
WCTBITAHUN C HCIOIBb30BAaHHEM INIA3MOTpOHA Iokaszama 3Hauenne ~ 0.2 Bt/ MK mpu
Temneparype Ha mnoBepxHoctd 1600 K. Jlannele Onu3ku k TemionpoBogHoctd [130
MOKPBITHI HA IIMPKOHHUH, OLIEHKY KOTOPBIX MPOBOMIN B padote [5] mms ITD0 mokpsiThii Ha
mupkonuu (0.14 + 0.48 Br/m-K mpu tonmunax nokpsituit 60 + 230 MKM H TemIepaTypax
1000 - 1700 K) . TernonpoBoguocts [190-MOKPBITHS B HECKOJBKO pa3 MEHbLIE, YeM Yy
00pasIoB CIEYEHHOTO JUOKCHJAA LMPKOHUS, CTaOMIN3HMPOBAHHOIO OKCHAOM HTTpus. B
ciyqae I190-IOKpHITHH HU3KYIO T€ IUIOMPOBOIHOCTE MOJKHO OOBSCHUTH H AIUYHEM IIOp U
MEIKO3EpHUCTOH CTPYKTYpPhI C OOIBIINM KOTUYECTBOM TPAHHUII.

HWccenenoBanust BBIMONTHEHBI TIpH (HHAHCOBOI moanepxkke PODU B pamkax HaydHOrO

npoekTa Ne 13-08-12038/13 ou_m.
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COB HA MOP®OJIOI'MIO ITIOBEPXHOCTHOI'O CJIOS INEJIOYHBIX ®TOPU/10B

INFLUENCE OF PLASMA IN FEMTOSECOND LASER PULSES FOCUS ON THE
MORPHOLOGY OF NEAR-SURFACE LAYER OF ALKALI FLUORIDES

JIL . Ep}oKBnHa', C. B. Jlunko?
L.I. Bryukvina', S.V. Lipko®
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sia, baikal@;ilph.irk.ru
ZVinogradov Institute of Geochemistry SB RAS, st. Favorskogo 14, Irkutsk, 664033, Russia

High radiation intensity of a femtosecond laser beam in LiF and NaF crystals leads to for-
mation of electronic plasma with a density close to the critical. In such plasma concentrat-
ed in a near-surface layer in the area of self-focusing and geometrical focus, electrons con-
tinue to absorb light energy and transfer it to a crystal. Temperature increase, melting and

shift of material, generation of a shock wave, breaks and cracks occurs as a result.

O0ry4eHre Mpo3pavyHbIX KPHCTAUINIECKAX MaTepHAIOB (PeMTOCEKYHIHBIMH JIa3ePHBIMU
UMITYJIbCAMH UMEeT IUPOKHIA HCCIeA0BaTeNbCKUI HHTEpPEC U UCIIONb30BaHUE B 00JIaCTH CO3/1a-
HHMS Pa3iIM4HBIX MUKPO- U HAHO-CTPYKTYP, TAKUX KaK ONTHYECKHE HOCUTENH HH(OPMaInH, 00b-
€KTBI apT-HCKYCCTBA, ONITHIECKUE BOITHOBOABI, TH(PaKIHOHHBIE pemeTKH 1 ap. [1-3].

Pa3nuyHble CTPYKTYpHBIE H3MEHEHHSI MOTYT OBITh HHUIIMUPOBAHBI B KpUcTaiie hemMroce-
KYH/THBIMH JIa3ePHBIMH HMITyJIbcaMH. BbIcoKasi Ja3epHasi HHTEHCHBHOCTb B (DOKaJIbHOM oObeMe
BBI3BIBACT HEJNMHEHHOE IIOTJIOIICHUE JAa3epHOH JHEPIHH KPHCTAUIOM Yepe3 MHOrO(OTOHHYIO
MOHM3AaIUIO, HOHU3AIUIO TYHHEINPOBAHUS M JIABUHHYIO HOHM3aIUI0. BemeacTBue 3THX mporec-
COB B 30HE IPOBOJMMOCTH KPHUCTAla yBEJIHMYMBAETCSA IIOTHOCTh HEIHHEHHO BO30Y)KIEHHBIX
JJIEKTPOHOB. DJIEKTPOHBI 30HBI IIPOBOMMOCTH 00pa3yroT IIa3My, KOTopas BIUSIET Ha CTPYKTYp-

HbIC U3BMCHCHHUS B KPUCTAJIIIC.
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DeMTOCEKYHIHBIMU JIa3€PHBIMU UMITyJIbcaMu ¢ 3Heprueit 0,5 m/Ix, jumtensHocThio 30
¢c, yacroToil moBTopeHHst 1 Kl OBUIH HaBEeICHBI KaHAJBI ¢ IEHTPaMH OKPacKH B KPHCTaJIaxX
LiF u NaF ¢ ucnons3oBaHreM JIMH3BI ¢ (POKYCHBIM paccTostHueM 30 cM.

KpurtHdeckast MOITHOCTE CaMO(OKYCHPOBKHU OIPEIEIICTCS KaK Pc,=3.77k2/8nnon2, rae A —
JUTHHA BOJIHEI JIA3€PHOTO M3ITydeHHs, Ny — IoKkaszaTens nperxomienus LiF (~1.39), n, — nemunei-
HBII TOKa3aTeIb IpeIoOMIeHHs! BTOporo mnopsaka (~0.67* 102 MZ/BT). B Hamewm ciyuae oHa pas-
Ha ~ 10 MBr. Ilpu ycnoBusiX, U3JI0KEHHBIX BbIIIE, MTUKOBAsi MOIIHOCTb B MMITYJIbCE ~1,7%10*
MBT. 3Hauur, B HameM dkcrepuMente P/P,~1000 pa3. Ha puc. 1 n300paskeHbl KaHAIBI ¥ pa3-

PYLICHUS, IPOU3BE/ICHHbIC B IIPUIIOBEPXHOCTHOM CJI0O€ B 06acTu (okyca.

Puc. 1. a - xanan jutnHoit 1 cm, mupuuoit 200 MKM, HaBeJICHHbIH (HEMTOCEKYHIHBIMHU J1a3ePHBIMU
umnynscamu B NaF (TeMHOe mATHO cripaBa — 0611acTh caMO(OKyCHPOBKH, COBIAJIAONIAs C TeOMETpUYe-
ckuM poxycom); 6 — monepeuHoe ceucHue kanana B NaF (reomerpudeckuii pokyc Ha MOBEPXHOCTH KpH-
cramna); B, T — paspylieHns B (oKanbHOi 001acTH, NPOU3BEIEHHbIE (PEMTOCEKYHIHBIMH JIa3€PHBIMH M-
nynbcamu B kpucramne LiF; B, 1 — obnactu pacruiaBnenus B kpuctamie LiF (Bpems o6myuenns 60 c)

Puc. 16 nemoHcTpHpyeT monepedHoe cedeHne (emrocekynaHoro kanana B NaF ¢ packo-
namu npenmyiecTBeHHO B <110> u <100> HanpaBieHusx ot poToBo30YKACHHOH 00IaCTH, PHC.
1 B, 1 eMOHCTpHpYyeT obnacTu paciuiaBieHus. [lnaBiieHre npo3payHOro Marepuana CBS3aHO C

BBICOKOW MHTEHCUBHOCTBHIO CBETA B IMPHUIIOBEPXHOCTHOM 00JacTH (TEMHOE MATHO pucC. la), KoTo-
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past siBIsIeTCst 001acThIO caMO(OKYCHPOBKH M Hayajla MHOXKECTBEHHOH (rIaMeHTannu pemMroce-
KYHJIHOTO JIa3epHOT0 H3mydeHus. Ha puc.2 nmpencTaBieHsl pa3pylIeHus], IPOU3BOAUMEIE B 001a-
ctH poKyca PeMTOCEKYHTHOTO JIa3€PHOTO M3IYYCHHS.
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Puc.4. Cxemarndeckoe H300pakeHHE PACHPOCTPAHEHHST MOAUDHUIMPYIOMNX KPUCTATIHYECKYIO PEIIETKY
(dTopraa IUTHS BOJH B MPUIIOBEPXHOCTHOH obnactu (o6macT caMo-(hOKYCHPOBKH M I€OMETPHIECKOrO
(oxyca), BBI3BAHHBIX (PEMTOCEKYH/JHBIMH JIA3ePHBIMH HMITYJIbCAMH.

CBeToBasi MHTCHCHBHOCTh My4YKa OoJiblle 10" Br/em?, urto MPUBOJIUT K 0Opa30BaHUIO
9NIEKTPOHHO# TIa3Mbl C IUIOTHOCTHIO, OJMHM3KOH K KPUTHYECKOH. B Takoil mima3zme dIeKTpOHbI
HPOJIOJDKAIOT TIOTJIOATh CBETOBYIO SHEPIHIO M IIEPENAIOT ee KpHucTauly. B pesyibrate mpomuc-
XOJUT HOBBIIIEHHE TEMIIEPaTyphl, paciUlaBlIeHHe U CMEIICHHEe MaTeprala, pa3BUTHE TeHepalnu
BOJIHBI JIABJICHHS, PA3JIOMBI, TPEIMHbI, XHMHYECKOE PECTPYKTYPHUPOBAHHUE.

B nanpasnennu <100> npouCXOJUT PacKoJ IO IUIOCKOCTSM CHNAHHOCTH, B HalpaBlICHUU
<110> MoryT GopMupOBaTECS AUCTOKALMH [4], IO MEcTaM KOTOPBIX IIPOUCXOMUT packoi. Taroke
BCJI/ICTBHE I'€HEPALMU BOJIHBI JAABICHHS B HAIPABICHUH OT (POTO-BO30YKIEHHON 00IacTU HPO-
HCXOJMT 00pa3oBaHUE TPEIINH, U3 KOTOPHIX BBITAIKHBACTCS MaTepHal kpucrtamia (puc.1 r).

Ha puc. 1 B, T mpocMaTpuBaeTcsi HAHO-PEIIETKa, HOJIOCH KOTOPOIl MepIeHIUKYIISIPHEI BEK-
topy E (heMTOCEKYHIHOTO JIa3epHOro U3IydeHns. Mbl IpearnonaraeM, 9To pe30HaHCHOE B3anMO-
[EUCTBHE BXOAIICH CBETOBOM BOJHBI U DJIEKTPOHHOH ITa3MEHHOU BOJHBI OOBSCHSET 00pa3oBa-

HHUE HAaHO-PEIIETKHU.
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The processing of thin films by fluorine atoms in plasma-chemical reactors is widely
used in microelectronic device production. The active particles are formed in the RF-
discharge zone by the dissociation of gas molecules containing such atoms. Usually they are
pure gases CFi, SF¢ or binary gas mixtures with O,, H, and etc. Due to the complex
multichannel nature of fluorine formation the probable mechanisms of gas-phase chemical
reactions in glow discharge are insufficient investigated. Surface phenomena at the RF-
electrodes and wafer surface are even less understood. The defining set of chemical reactions
in plasma is usually chosen using the experimental results. The concentrations of active
particles strongly depend on the choice of chemical kinetic model and the electron density
distribution in RF-discharge. To provide a good optimization of the etching process is quite
essential to compare the probable kinetic models of fluorine formation in such chemical
systems. Some results obtained for chemical kinetic model of silicon etching in CF4/O; glow
discharge plasma have shown that to obtain adequate results it is necessary to use a detail

plasma-chemical kinetics with precise description of heat and mass transfer [1].

In the paper one of probable mechanisms of gas-phase chemical reactions in CF4/H,
mixture and their influence on the etching process are studied. The calculations were carried
with using 2D mathematical model of plasma-chemical etching reactor [2] in which a special
attention gives to the multicomponent chemical kinetics of gas-phase reactions. In CF4+/H,
mixture the basic set of chemical reactions corresponding to reactions in pure CF4 was
derived. Further the chemical reaction set was added by possible reactions of CF4 with H,.
Consequently the chemical kinetic model contains 28 gas-phase reactions of dissociation and
recombination processes, which include F, CF,, CF3, CF4, C;Fs, F», H, H,, HF, CHF;, CHF»
[3]. The chemical kinetics of heterogeneous reactions was presented by processes of
adsorption of CF,, CF; at wafer surface. The distribution of concentration for each component
was calculated from the system of equations of convective-diffusion transfer. The right part of
this system includes the base set of crucial gas-phase reactions which define a complex

interconnection between the particle generation rates. The source term carries in to equations
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Fig. 1. The distributions of fluorine (a) Cpx10'® Mol/cm® and hydrofluorine (b) Cyrx10® Mol/cm®
concentrations in the radial flow reactor. Processing regime: p = 0.5 torr, Q = 200 cm*/min, 25 %
fraction of H; in CF4/H,.

the power nonlinearity concerning particle concentrations. Moreover the spatial distribution of
initial electron density in discharge plasma defines the generation rates of active particles [4].
It was assumed that the electron density distribution corresponded to a diffusion-controlled
approach. In the parametric calculations the simplified model of radio frequency discharge
between two plane electrodes was used. The solution of problem was carried out by the
numerical method using iterative finite difference splitting-up schemes with stabilizing

correction.

The effect of multicomponent plasma kinetics was studied on example of radial flow
plasma-chemical etching reactor [2]. The pressure in etching chamber of reactor was equal to
p = 0.5 torr. The calculations have been done for several values of gas flow rate under normal

conditions Q = 100, 200, 400 cm*/min. The temperature of reactor walls and wafer were
T, =T, =300 K. The average electron density was assumed n. =6x10° cm™. The hydrogen
percentage fraction in CF4/H, feed gas mixture varied in the range 0-90 %.

The distributions of concentrations F and HF are shown on Fig.1,a, and Fig.1,b
correspondingly at 25 % fraction H, in CF4/H,. The main part of fluorine atoms obtained from
the dissociation of tetrafluoromethane are consumed in the reactions with hydrogen atoms to
form an abundant component HF. As a result the fluorine concentration monotonous
decreases along the flow direction whereas the concentration HF rises and reaches a

maximum at the outlet of reactor.

With increase of H, percentage in the feed gas mixture over the range 0-40 % the
fraction of silicon wafer occupied by radicals CF; rises proportionally with the concentration

of H, (see Fig. 2) and riches the value 0.98797 at 40 % H,. The fraction of silicon surface
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Fig. 2. The fractions of silicon surface covered by adsorbed radicals CF, and CF;
versus inlet H, addition in CF4/H, mixture.

covered by radicals CF3 not exceeds the value 0.01563, which is reached at 25 % H, and in
further calculations may not take into account. Starting with 40 % addition H, the all silicon
surface becomes passive because of intensive adsorption of radicals CF,, CF3. On the contrary
in CF4/O; system the fractions of CF,, CF3 beginning from 5 % O, are less than 0.01 because
of general depletion of gas mixture by fluorine-containing radicals CF intensively interacting

with atomic oxygen.

The CF4H, system is characterized by lower fluorine concentration and higher
coverage of silicon surface by CF,, CF3 compared to the CF4/O; system. The most substantial
components after CF4 are HF and CF, which reach a maxima at 50 % addition of H,. The
most part of fluorine goes on formation of component HF. With increase of H, percentage in
the feed gas mixture the fraction of silicon wafer occupied by radicals CF, rapidly rises and at
40 % H, comes to 99 %. The fraction of silicon wafer covered by CF; not exceeds 1.5 % in all
range of parameters. The addition of H, in the limits up to 35 % allows to completely stop the

etching process and is an effective factor to control the processing regime.

This research was supported by the Russian Fund of Basic Research (grant No.14-01-
00274) and RFOSS (grant N0.5006.2014.9).
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BOJIOPOIHOM MJIA3MBI ITPA HAJIMYUAN Y& U3JTYYEHUS
ELECTRONIC EXCITATION OF A SURFACE BY ATOMS OF THE HYDROGEN
PLASMA IN THE PRESENCE OF UV RADIATION
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The law, which describes the probability of the electron excitation of a
crystal by the energy of chemical reaction on the surface, has been
discovered. It has been found that the yield of electronic excitations does not
depend on the reaction rate, but depends on the energy of electronic
transition in the crystal. It has been determined that the probability of
electron excitation per act of heterogeneous recombination of H atoms
increases exponentially as the energy of electronic transition in the solid
decreases. It has been determined that the probability of electron excitation
per act of heterogeneous recombination of H atoms increases exponentially
with the decrease of energy of electronic transition in the solid.
3axBaT aTOMHBIX YaCTHI[ U3 IUIa3Mbl [TOBEPXHOCTHIO M UX XUMHYECKOE B3aHMOJICHCTBHE
Ha HEil CONMPOBOXKZACTCS B psAe ClIy4acB 3HAYUTCIBHBIM OJHEProBbIICICHHEM. B
3K30T€PMHUUECKOI peaklMu PeKOMOMHAIMU C y4acTHEM JIETKMX aroMoB H, mMacca KOTOpBIX
CHJIBHO OTJIMYAETCsl OT MAacChl KPHCTAIOOOPA3yIOIMX YACTHL, BBIASISIOIAsCS SHEPrHs
-13 .
OKa3bIBACTCS B TEUCHHE JOCTATOYHO JUIMTENBHOTO BpeMeHH (Ty >> 107~ ¢) cocpejoToueHHOM

Ha K onebaHuAX BHOBb oOpasyromieiics cBsasu Monekynbl H). Crabunmmsanus MoIeKyd

MIPOMEXKYTOUHBIX BEMIECTB M MpPOAYKTa peaklud, B oOLIeM ciydae, 0OycIOBIeHa
JHEProoOMEHOM MKy pearupyloldMH 4YacTULAMH M I[OBEpXHOCTho. [lostomy
HEOOXOUMO PpAcCMOTPEHHE MPOIECCOB PENaKCAllMU JTHX MOJICKYJN M HX BIUSHHE Ha
ckopocTh peakuuu. IIporecchl AuCCHIANUM XUMHYECKOH SHEPrUH A0 HEJABHEro B peMEHU
HHTEPIPETUPOBANUCH KAK PABHOBECHBIC, YTO MOJpa3yMeBaeT afnabaTHYECKUH SHEProoOMeH
C TIOBEPXHOCTBIO U HarpeB Kpucrauia. Peannsyercs ()OHOHHBINH KaHal aKKOMOJALUH SHEPTHH
peakmuu. OfHAKO HEJABHUE MCCIENOBAHMS IIOKA3BIBAIOT, YTO AUCCHIIALUS XHMHUYECKOH
SHEPrHMU MOXET TAaKKEe IPOUCXOJUTh IYTEM IPAMOrO BO30YXKACHHUS 3JICKTPOHHOH
MOACHCTEMBI TBEPJOTO TeJIa, T.€. TePMOJIMHAMUYECKIM HeaJHabaTHIeCKUM 00pa3oM.

O cymiecTBOBaHUM >JIEKTPOHHOTO KaHalTa aKKOMOJAI[MU JHEepruu pexomOuHarmu H -

aTOMOB M3 IUIa3Mbl Ha MOOJYIPOBOJHHUKAX U JUIJICKTPUKAX CBUICTCIBCTBYCT ABJICHUC
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rereporeHHol xemuwntomuHecueHunun (I'XJI) u  xemosmuccHM 3apsOKEHHBIX YacTHIl C
noBepxHocTH [1]. Penakcamus kosie6aTerbHO-BO30YKICHHBIX MOJIEKYJ IIPOUCXOIUT B 3TOM
cllyqae TP YYacTHH CHJIBHOCBSI3aHHBIX OJIEKTPOHOB KPHCTAJUIA, PACIONOXKEHHBIX B
3aII0JIHEHHBIX YHEPreTHYECKUX 30HaX. BMecTe ¢ TeM, pe3ysbTaThl 10 BIMSHHIO AKKOMOJIALNH
SHEPrHHU PEaKIMH IO 3IEKTPOHHOMY KaHAIy Ha MPOLECCH JMCCUIIALMN SHEPTHU U KaTallu3
XMMHYECKHX pEaKIWil Ha TBEpABIX TelaX B OCHOBHOM M DIEKTPOHHO-BO30YXICHHOM
COCTOSIHMM B JIMTEpaType MPAaKTUYECKH HE 00CYk)JaroTcs. HeT MaHHBIX O BEpOSTHOCTH
AKKOMOJALMK SHEPTHU PEaKIMH MO 3JICKTPOHHOMY KaHaly OT SHEPrHH BICKTPOHHOTO
nepexona. PaccmarpuBaemasi mpobiema UMeeT BechbMa oOIee 3HaueHUE, TaK KaK IPOIECCH
JIICCHMAIL[MM SHEPTHMM WIPAIOT BAXHYIO pPOJIb B TETCPOTCHHBIX IIpoleccax (Karasms,
SMUTAKCHS HOIYTIPOBOAHUKOB, KOHACHCALNUS, Ia3MEHHOE TPABICHUE U JIP.).

Hens paboTel : MCCIeTOBaHME 3IEKTPOHHBIX MPOIECCOB , BO3HUKAIOIIMX  ITOJ
JeiiCTBIHEM XUMHYECKOH peakiuu pekoMOuHanun H-aToMOB 3 IUTa3Mbl, B OOIyYCHHBIX U
HeoOnyueHHbIX Y@ -cBeToM 00pa3uax ¢ pas3HOil INIyOMHOW OJJICKTPOHHBIX JIOBYIICK H
OTIpE/ICNICHNE BEPOSITHOCTH aKKOMOJALMU HEPTHU PEaKIMH MO 3JIEKTPOHHOMY KaHaly O T
9HEPTHH HIEKTPOHHOTO TIEPEX0a.

B kauectBe wucciemyeMoil cHCTEMbl HaMH Opaiuch 3amacaroliie CBETOCYMMY
kpuctamopochopsl (ZnS; ZnS,CdS-Ag), KoTopsle BO30YXAAOTCS aTOMAPHBIM BOIOPOJIOM.
Ipu pexombunanyu atoMoB H Ha moBepXHOCTH BhIIENseTCs Oombluas sHeprus q > 4 5B Ha
3JIEMEHTApHBIA aKT PEaKlMy, YTO MPEBBILIACT MIMPHHY 3ampelieHHoi 30161 ZnS; ZnS,CdS-
Ag (3,7 3B un 3,0 3B, coorBeTrcTBeHHO), M NpuBOIUT K Bo30yxnennto I'XJI. Mcciemxyemsrii
xpuctaodocdop ZnS,CdS-Ag nmeeT NOBYNIKH C TIIyOMHOW 3ajleTaHHs IOJ JHOM 30HBI
npoBoaumoctu (C-30ub1) E; = 0,2 u E, = 0,6 3B, a ZnS ¢ E; = 1,1 3B. Bo30yxnenue
craionapuoit ®JI u I'’XJI ZnS, CdS-Ag; ZnS npoucxoaut no Mexanusmy Kiaccenca-Illena
[5], mostomy st Bo3OyxaeHus I'XJI HeoOXoanuMa renepanys JIeKTPOHHO-ABIPOYHBIX (€ — h)
nap B o0paslie dHeprueil peakyu 3a cyeT Nepexoia dISKTPOHa U3 BaleHTHOH V B C-30Hy.
Iocne obmydenus kpucramiodpochopoB YO cBeToM, Bo3aeiicTBue atomamu H mpuBogut
Take K3a Opocy 2iexkTpoHOB B C-30HY ¢ ypoBHs JoBymek [2]. Takum oOpaszom, B
HCCIIeyeMON CHCTEME JUlsi TeHepalun 3JIeKTpOHOB B C-30HYy MM COOOIIAaeTCs dHEprus B
LIMPOKOM HHTepBase 3HaueHuid E; > 0,2 3B, E; > 0,6 5B, E; > 1,1 5B, E4 > 3,0 3B, Es > 3,7
9B. Kaxnplii 3a6poc aexkTpona B C-30HY M €ro mocieaylomas peKoMOHHAIMS ¢ JBIPKOil Ha
LEHTPE CBCUCHHS MPUBOJHUT K BO30OYKICHUIO KBAaHTA JIIOMUHECICHIIUMN. ONTHYECKHE METO/BI
00JI1a1a0T BBICOKOH 4yBCTBHTEIBHOCTBIO, MO3TOMY IO3BOJISIOT (DMKCHPOBATH KaXIbIl aKT

BO30YKJICHHS SJIEKTPOHA SHEPIUEi peaKiuH.
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OKCHEpUMEHThl ~ BBIIIOJHEHbl HAa BBICOKOBAKYYMHOH YCTAQHOBKE, aHAJOIMYHOU
onucanHoi B [3]. BosneiictBue H-aromamu, monyyaemeiMu ¢ nomouisio BU paspsna wnm
MIIPOJIM3HOTO UCTOYHHKA, IPHBOAHUT K Bo30yxnenuto I'XJI, kotopas perucrpupyercs OIV.
W3mepeHue TIOMHHECLEHIUH TIPOM3BOJUTCS IPU MOCTOSIHHOM (DMKCHPOBAHHON TeMIIepaType,
160 B pexxuMe JIMHeHHOro Harpesa oOpasia B narepBaie 80-600 K co ckopocTsio 1 K¢l

Jlnst BeIICHEHUS BKIa/a B 3(P(EKT aKKOMOJAIMHU J HEPIHU PEaKIUH [0 IEKTPOHHOMY
KaHaJly JIOBYIIIEK Pa3HOM ITyOMHBI ITPOBEJCH CileAytomuii skcnepumenT. Oopasen ZnS,CdS-
Ag mupensaputensHo obnydaercst YO -ceetom mpu T=80 K, a 3arem mnpousBogurcs
Bo3zeiictBue aromamu H. Peakuus npuoauT k Bo3Oyxaenuto I'XJI, nareHcuBHOCTHIO 1) = I}
(Z1+%,), KOTOpasi OmpenesnsieTcsi HeBBICBEYCHHOH CBETOCYMMOM: X | U X, 00yCIOBICHHOU
JNIEKTPOHAMH Ha JoByIKax riayounoi 0,2 3B u 0,6 3B, coorBercTBenHo. [locne Toro, kak
NP TIOBBINIEHUH TEMIIEpaTyphl 00pa3na MeNKHe JOBYMIKH TiryOuHoi 0,2 3B momHOCTBIO
BbicBeueHbl (X;=0) Bo3geiictBue atomamMu H mpuBogur k  Bo3Oyxnenuto ['XJI
uHTeHcuBHOCTRIO I, = I (¥;). Uurencusnocts I3 I'XJI HeBo3OyxmenHoro YO -cBeToM
ZnS,CdS-Ag (£,=X,=0) oOycnoBieHa renepanueii e-h nmap B kpucramie. B omnbITe momydeHs!
CJICYIOIIUE 3HAYCHHS BEJIMYMH B OTHOCUTENBHBIX eqununax: I} = 650; L=63; 3= 1,1;Z,=
1,1-10”; Y, = 810", Benuuunbi Y] W X ONPeAesuIMCh 110 IUIOIIAAM I10J KPUBOH
HMHTCHCHBHOCTH TEPMOJIOMHHECIICHIIMH COOTBETCTBYIOIIero mmka. Jms oOpasma ZnS
MOJIY4EHBI CIeayIoIIne 3HaueHus [: ¢ He BeicBeueHHOH JoBymkoi (E3= 1,1 3B) — I, = 600; ¢
BBICBEYCHHOH JIOBYIIKOH — Is = 1-107. BeicBeueHHas cBEeTOCYyMMa Jisi oOpasia ZnS X3 =
1-10"2. Buzwo, uro I, obpasua ZnS,CdS-Ag ¢ 3anaceHHOH CBETOCYMMO# IOYTH Ha 3 TopsiIKa
mpeBbInIaeT I3 06pasma ¢ BEICBEYEHHON CBETOCYMMON. DTO 3HAUHUT, YTO BEPOSTHOCTH 3a0poca
9JICKTPOHA 3a CUeT dHepruu peaknuu u3 V B C-30Hy MOYTH Ha 3 MOPSAAKA BEIUYUHBI MECHBIIIE
st ZnS,CdS-Ag (Ha 5 mopsinkoB i ZnS) BEpOSTHOCTH AOBO30OYKICHHS JJICKTPOHA Ha

noBymke. [ ZnS,CdS-Ag u ZnS peanusyercs caeayromui Mexann3M Bo30yxkaenus I XJI:

K
. +Te, 5 H,L+ T, + hv
2H+L - HIL e
+Ly 4 H,L+Ly+hv

3nech ki — KOHCTaHTa CKOpOCTH pesakcauu H)L Mo 31€KTpOHHOMY KaHaly ¢ y4acTHeM
9JIEKTPOHOB Ha JIOBYIIKE, kj — B V-30He, Lo — CHMBOJ peryisipHOro aromMa peLIeTKH
(uentpa agcopOimu) Ha moBepxHOCTH, Te; — 3anonHeHHas, Ti — He3aloJIHEHHAs JIOBYIIKA
rinyounoi E;.
. v v
Beenem o6osmauenus: [H)L]— N;, [Te]—>n;, [Lo]—=N,.B coorsercteun c

Mozmensto I oOpasma  ZnS,CdS-Ag ¢ gByMS ~ THNAMH  JIOBYINIEK  paBHA:
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I=knN; +k,n,NJ +k,NNI= Li(Z)+ [(Z2)+ 13(No). Ananoruyso ais ZnS, rae ouH TUII
nosymex: I,(Z,)=kn,N;; L(N)) =kN/NJ. B cooTBeTcTBUM C 3TMMHU BBIPAKECHHUAMU H
pe3yIbTaTaMM OIIbITA OTHOLIEHHE KOHCTAHT ki paBHO: k, :k, 1 ky 1k, 1k = 5,9-10%: 7,9-107 :
1,1-10% : 610" : 1. Bemmunna k; pacter ¢ ymenbmeruem E 1o 9KCIIOHEHIINATIBHOMY 3aKOHY: kj
= K(E) = koexp(-E/Ochar) 1 iput E; = 0,2 9B moutn Ha 9 nmopsiaxoBs Bbiire, yeMm npu Es = 3,7 3B.
3nech 0 char - XapakTepUCTHYECKash JHeprusi peakuuu. IIpenronoskuMm, 4To JIEKTPOHHBIE
Mepexo/Ipl O JEUCTBUEM PEaKLUK ONMUCHIBAIOTCS 3akoHOM Appenunyca k(E) = koexp-E/kT.
Torna Ochar = kT char, TA€ Tchar XapakTepucTHUECKasi TEMIIEpaTypa peakiuu. M3 sxcrnepumenTa
Ochar = 0,173 9B, orcrona Tepar = 2010 K. C nmpyroif cTopoHBI, MakCHMaJbHBIH Harpes
00pa3ioB 3a cuer peakuun He mnpeBbimaer 0,1 K ,T. e. Ha 4 mopsaka MeHbiie. DTO
CBHJIETEIBCTBYET O TOM, YTO OOHAPY)KEHHBIH 3(P(EKT TPHHIUIHAAIBHO HEPABHOBECHBIA U
00yCIIOBIICH aKKOMOALMEH SJHEPTHU PEAKIIUH 110 YJICKTPOHHOMY KaHATYy.

Takum 00pa3oM, HalJCHHBIA 3aKOH, OIMCHIBAIONIMI BEPOSTHOCTH 3JIEKTPOHHOTO
BO30OY)KICHHST KpPHCTAIa DHEPTHeH  XMMHUYECKON PEakKIMUd OT DJHEPIUH DIEKTPOHHOTO
mepexona, MOXET JaTh KII0Y K OMHCAHUIO JIEKTPOHHBIX MPOLECCOB HA MOBEPXHOCTH IPH
MPOTEKaHWH IUIA3MOXMMHUYECKUX pPEaKUUid. YBENHMYCHHE CKOPOCTH AKKOMOJALHUH IO
JIIEKTPOHHOMY KaHATy DHEPTHH PEaKInu PeKOMOMHAIMK aToMOB H Ha HECKOIBKO MOPSIIKOB
BennurHBl Tpu Y@ -BO30YXKICHHH [OKa3pIBACT, YTO MPU HAIUYHHA HOHH3HUPYIOIIETO
BO30Y)KICHHS IIUPOKO3OHHOTO KPHCTAIA C CHCTEMOH MENKHX OJJICKTPOHHBIX JIOBYILEK,
9JICKTPOH Ha JIOBYIIIKE MOXET BEICTYIIaTh B KaUECTBE DJIEMEHTAPHOTO KaTaIN3aTopa peakuH,
HPUBOJIAIIEro K penakcauuu HJ, BeiencTBHe JKCNOHEHUManbHOH 3aBucuMoctd A(E), u
TakuM 00pa3oM JJIEKTPOHHBIN KaHA aKKOMOJAIMH JHEPTrHU PEAKIUH MOXKET BIUSTH Ha

CKOPOCTH TJIa3MOXUMHUYECKOM peaKknuu.
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IJIASMEHHBIE METO/bI CO3JAHUSA IOBEPXHOCTHBIX CJIOEB HA
HUPKOHHUMU, TPENATCTBYIOIUX NPOHUKHOBEHHMIO BOJOPOJA
PLASMA METHODS OF FORMATION OF SURFACE LAYERS ON ZIRCONIUM
FOR MITIGATION OF HYDROGEN PENETRATION

A.E. Ecun, JI.b. Berpamb6exos, A.A. I'oprees
A.E. Evsin, L.B. Begrambekov, A.A. Gordeev

Kageopa «Duszuxa [Tnazmery, HUAY MUDU, Kawupcroe wocce 31, Mockea, Poccus,
e-mail:evsin@plasma.mephi.ru

The results of steam tests (T=400°C, p=1 bar) of two methods of protection
of zirconium against hydrogenation — plasma irradiation and deposition of
yttrium coatings — are discussed. Amount of hydrogen in irradiated sample
after 2500 h of exposure to overheated steam was 5 times less than the
corresponding value for unirradiated one. Amount of hydrogen in the
sample with yttrium coating was almost constant during 4000 h of exposure.

KOMITOHEHTBI aKTUBHBIX 30H JIETKOBOJHBIX SICPHBIX PEAKTOPOB, W3TOTOBJICHHBIC H3
L[MPKOHMEBBIX CIUIABOB, B IIpollecce pabOThl peaKkTopa MOJBEPraloTcsi KOPPO3UH |
HOTJIONIAIOT BOJOPOJ, YTO IPUBOJUT K BOJOPOJHOMY OXPYIMUMBAHHIO 3THX JACTaleH M MX
nocieyrommen gerpagauun [1]. JlaHHBIC MPOIECCH OMPAHUYMBAIOT PECYPC CYLIECTBYOIIMX
Ha HACTOAIIMH MOMEHT pEaKTOPOB, a TAKXKE IPEMATCTBYIOT IOBBIIICHHIO MOIIHOCTH
PEaKTOPOB HOBOTO MOKOJICHHS U YBEIIMYCHHIO BBITOPAHHs TOILINBA [2].

B Hacrosiiiee BpeMms aKTHBHO pa3pabaThIBAlOTCS IUIA3MEHHBIE METOJbI 3alllUTHI
LMPKOHHEBBIX CIUIABOB OT KOPPO3UH M HABOJOPOKMBAHMS, 3aKITIOYAOIINECS B MOAU(PUKAINK
[OBEPXHOCTH CIUIaBa W HAHECEHHMH HAa Hee 3allUTHBIX MOKPHITHI. B 3TOM psiiy MOKHO
YIOMSHYTh MHKPOAYrOBOE OKCHAMPOBAHHE, DJICKTPOHHO-IIYYKOBOE, HOHHO-ITyYKOBOE H
[UIa3MEHHOE O00JIydeHHe MOBEPXHOCTH CILUIABOB, HOHHO-IUIA3MEHHOE OCAK/CHHE 3allMTHBIX
[OKPHITHH. BBIIICYIOMSIHYTBIC METO/BI B PA3IMYHON CTEINCHH 3aMEUIIIOT KOPPO3HI0 U
HaBOJOPOXXMBAaHUE CIUIABOB, OJHAKO BMECTE C TEM, IYTh K OKOHYATEIBHOMY PELICHUIO
IPOOIIEMBI MO-TIPEKHEMY HE HaH/ICH.

B HacTosimeit paboTe HCCIEAOBAIOCh BIMSHHE OOJIYYCHHS LHMPKOHHEBOTO CILUIaBa
D110 (Zr-1%Nb) HH3KOIHEPreTHMYeCKHUMH HOHAMH aprOHOKHCIOPOIHONH Ta3opa3spsIHon
IUIa3Mbl ¥ HOHHO-ILIA3MEHHOTO OCAXK/ICHHSI NTTPHUEBBIX MOKPBHITHHA HAa XapakTep KOPPO3UH H
HaBOZIOPOXXUBAHUSI CILIABA TIPU UCIBITAHUAX B IIEPETPETOM BOJSTHOM Iape.

Hccnenyembie o0Opasibl UMeTH pasMepbl ~7x7x1 MM H MPEACTaBIsuIH OO0
CerMEeHTHI TPYOKH, U3roToBieHHO# u3 ciaBa D110 (Zr-1%Nb), npeaBapuTensHO IPOMBITHIC

B YJbTPa3BYKOBOH CITUPTOBOW BaHHE.

237



O6a 00cy)IaeMbIX METOJa PCallM30BBIBAIMCH B aprOHOBOM pa3psiie ¢ HaKaIbHBIM
karogoMm. OOmydenne 00pa3loB MOHAMH aprOHOKHCIOPOJHOH TIa3Mbl MPOHMCXOIHMIO IPH
cieyromux napamerpax. Jlasnenue miazmoo0pasytomeit cmecu ra3os Pp=1.3x 10" Tla (Ar —
90%, O, — 10%). Dueprus obmy4aromux noHoB Ei=250 3B, mIoTHOCTH MOTOKAa MOHOB Ha
obpaseny ji=7.5%10"" cmc”!, nmosa obmyuemms ®=9x10'8 cm?, Temmeparypa oGpasma
T=270 °C, TonmuHa OKCUAHOTO CIIOSl Ha IMPKOHUU 1ocie 00nydeHus 8-10 HM.

WTTpueBble MOKPHITHA OCAXIAIUCh B aproHOBOM IIasMe IPH  CICAYIOMUX
napameTpax. JHeprusi HOHOB, OOIyYaloIIUX MOBEPXHOCTh (hOPMHUPYIOLIETOCS MOKPBITHS BO
BpeMst ocaxzienusi, He mpesbimana 20 3B. Temmepatypa o6pasia B mpolecce OCaxICHHS
nokpeITHs coctaBisiia T=250 °C, tonupna nokpeitus ~0.5 MKM.

Hcnbitanus cepuii HeoOpabOTaHHEIX 00pa3IoB, 00pa3loB OOIYYCHHBIX IUIA3MOH, H
00pasIoB C HTTPUCBBIMH TOKPBHITUSIMH IIPOBOJMIIMCE B ITAPOBOSHOI Cpesie IPH TeMIepaType
400 °C n nanenuu 1 atm. B meperpetsiii map n3Ha4yaibHO MOMEIIATHCH OJHOBPEMEHHO IO
11-15 obpa3ioB KaxIoi cepuy, KOTOPBIC 3aTEM H3BICKAINCH Yepe3 pa3lIMYHbIe WHTEPBAJIbI
BPEMEHHM, TaK 4TO MAKCHMAJIbHOE BpeMs BhIIEpKKH cocTapisno 4000 4. Tommuea oxcuaa
OIICHHMBAJach 110 H3MEHEHMIO Macchl 00pasioB. KomudecTBo BOmOpoaa B MPOIIEAIIHX
MCHBITAaHHSA 00pa3Iax ONMpeessIoch METOIOM TepMoecopOrmonHoi criektpomerpun (TC)
Ha ycraHoBke «MUKMA» [3]. CxopocTh JIMHEHHOro HarpeBa oOpasma cocrtaBimsuia 5 Kic.
Ilpy anHamu3e HCIOIB30BANIUCH PE3yIbTaThl HM3MepeHHil curHamoB Monekynr H, um HyO.
Jlecopbuus IpyTux MOJIEKY, COAEpKaIiX BOAOPO, Obllla HE3HAYNTETEHOM.

PesynbraThl McnbITaHUil OKa3anu (puc. 1), YTO KOJMYECTBO BOAOPOAA B OOpasliax,
00JIy4eHHBIX aprOHOKHUCIOPOIHON IIIa3MOH, U B HEOOITyIeHHBIX 00pa3ax yBEINUHBACTCS CO
BpeMeHEM BbLIepkkH B mape. Onnako k 2500 4 BBIIEPKKM B Mape KOJMYECTBO BOAOPOIA B
oOpasiax, 00Jy4eHHBIX MJIa3MOM, TPUONU3UTENBHO B 5 pa3 MEHbIIE, YeM B HEOOIYYCHHBIX
obpasuax. B To e BpeMsi, BECOBbIC H3MEPEHUs MOKA3aJIM, YTO TOJIIMHA OKCUJIA MPEBBIIIACT
2 MKM Kak 15l OOJy4€HHBIX, TaK U Uil HEOOydeHHbIX 00pa3ioB yxe K 500 4 BbIICPKKH.
CrenoBaTellbHO, IUIa3MEHHas 00paboTKa MOBEPXHOCTHOTO CJIOS HE BIMAET HA CKOPOCTh
KOppO3UHM LHUPKOHUS B Iape, a 3aMe/UIeHHE HAaBOJOPOKMBAHUsS BbI3BAHO YMEHbIIEHUEM
ko3 purmenta quddysun Bogopoaa B MOANGHUIIMPOBAHHOM ILIA3MOH Clloe.

W3BecTHO, YTO MOHHOE OOIy4eHHE MOXET HMPHBOAUTH K M3MEHEHHIO CTPYKTYPHO-
(azoBoro cocraBa NMPHUIIOBEPXHOCTHOW 00NAcTH, B TOM YHCIE, K YMEHBIICHHIO Pa3MepoB
3epHa, Jlaxe NMPH MajoM 4ucie cMemieHni Ha atoMm (<I dpa). C mpyroii cTopoHsl, B pabote
[4] ObUIO TOKa3aHO, YTO TPAHCIOPT BOAOPOJA CKBO3b OKCHIHYIO IUICHKY B LHUPKOHHI

OCYILECTBISIETCST  [IPEUMYIIECTBEHHO [0 TPaHHIaM 3epeH. TakuM o00pa3oM, MOXHO
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NPEATIOJIOKUTH, YTO 3aMEUICHUEC TpaHCHIOpTa BOAOPOJa B MOHH(l)I/IHI/IpOBaHHOM CJIOE€ MOIJIO
OBITH 06yCHOBHBHO YBECIIMYCHUEM ooOueit NPOTSHKEHHOCTHU TI'paHUl] 3€pEeH B NAaHHOM CJIOE,

BBI3BAHHOM YMEHBUICHHEM pasMEpPOB 3€PECH.

S - Heo6paboTaHHbIe 06Pa3LBLI

3.0 42— o0pastibl, 06paboTaHHbIE B IIa3Me
S
|—A— 06pasiibl C UTTPHUEBBIM MOKPHITHEM
[ ]

o 251
=
Q 2’0 J
2
S 15 s
& —"
Z 1,0

0.54 /A/)'\ B Y

| - - /A/ !
é%?ﬁayﬁ/u/ﬂ/

0 1000 2000 3000 4000
Bpemst BbIIEPKKH, U

0,0

Puc. 1. TepmonecopOrust aTOMOB BOIOPO/a U3 00pasnos ciuiasa D110 B 3aBUCUMOCTH OT BpeMEHH
BBIIICPXKKH B rieperperom nape npu T=400°C u p=1 atm.

3aIuUTHBIE CBOMCTBA MTTPHUEBBIX HMOKPBITHI 0 OTHOLICHHIO K KOPPO3UH LIUPKOHHS
OCHOBBIBAIOTCSI HA TOM, YTO CBOOOJHAS YHEPrusl 0Opa3oBaHMs OKCHIA UTTPHS OOJbIIE, YeM
COOTBETCTBYIOIIAs] BEJIMYMHA JUISl OKCHIA IIUPKOHHS, M B CBSI3U C 3THM TPAHCHOPT KHUCIOPOa
13 OKCHJA UTTPHS B OKCHJ MUPKOHUS TePMOJHHAMHIECKH HeBBIrofeH. OIeHKH, OCHOBaHHEIE
Ha pe3yabTaTax BECOBBIX H3MEPEHHH, KOCBCHHO ITOATBEPIKAAIOT 3aMEUICHUE OKCHIHPOBAHHS
LUPKOHHUEBBIX 00PA3I0B, MOKPHITHIX HTTPHEM, II0 CPABHEHHIO C 00pa3aMi 0e3 MOKPHITHIA.

KommuectBo Bomopoga B o0Opasmax C HTITPHEBHIMH IOKPHITHSAMH Cpa3y IIOCIe
ocaxaennst coctapmsio 0.4x10' em? aromos, uro B 2-3 pasa MpeBbILIATIO KOJUYECTBO
BOZOPOJa B 00Opasliax APYrHX CEpuil Ha MOMEHT HX [IOMCIICHHS B MAPOBOASHYIO CPELy
(puc. 1). OnHako B IpoOLECCe HUCIBITAaHUH B MEPErpeToM Iape 3aMETHOrO YBEINYEHHS
KOJIMYECTBA BOJOPOJa B 00pasuax ¢ UTTPUEBBIMH MOKPBHITUSIMU HE HAOIIOAAIOCH BILIOTH 0
40004 BbeIgepkkd. OTCYTCTBHE 3aMETHOTO IOIVIOIIEHUS BOAOPOAA, IO-BUIUMOMY,
o0ycnoBineHo Gonee HU3KUM KoddduimenToM muddy3un BoJopoaa B OKCHIEC HUTTPHUS IO

CPaBHCHUIO C OKCUJIOM IIUPKOHU .
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PEHTTEHO®JYOPECIHEHTHBIA AHAJIN3 B YCJIOBUAX MMOJHOTO
BHEIIHEI'O OTPA’KEHUS TP HOHOITYYKOBOM BO3BY/KJIEHUN
TOTAL X-RAY FLUORESCENCE ANALYSIS IN CONDITIONS OF ION BEAM
EXCITATION

B.K. Eropos', E.B. Eropos', M.C. Adanacres’
V K. Egorov', E.V. Egorov', M.S. Afanas’ev?
'MIITM PAH, 142432, 1. Yepuorososka, Poccus, E-mail: Egorov@iptm.ru
*UPD PAH, ®pssuno, Poccus

The work presents short discussion of TXRF and PIXE methods peculiarities.
Taking into account of these peculiarities we realized experimental scheme for
TXRF spectrometry at ion beam excitation on base of the planar X-ray

waveguide-resonator application.

PeHTreHO(IyopeceHTHBIH aHaIN3 MaTepHAlloB B YCIOBHAX IIOJHOTO BHEHIHETO
OTpaXeHUsI TOTOKa BO30YXKIAIOIIEH PEHTICHOBCKOW paJuald Ha  HCCIIeAyeMOin
nosepxHoctn (PDA TIBO) B Hacrosmee Bpemst MMeeT cTaTyc Hambosiee 3((peKTHBHOTO
METO/Ia PIEMEHTHOTO aHalN3a MaTepUaTbHBIX OOBEKTOB, OCHOBAHHOTO HA PETHCTPAlNM H
pacummppoBKEe CIEKTPOB BBIXOAA PEHTICHOBCKOHM Quyopecuenuuu [1]. Baxkueieit
0COOEHHOCTBIO METO/IA SIBIIAETCS €r0 Pealln3alis B yCIOBHAX MOJHOTO BHEITHETO OTPAXKEHHUS
MOTOKa BO30OYXAGHHsA, YTO O0OECreYnBaeT BBIXOA BTOPHYHONW  XapaKTepPUCTHUECKOH
PEHTIeHO(IIyOPECICHIIMM W3 HOBEPXHOCTHOTO CJIOS H3Yy4aeMOro OOBEKTa TOJIIMHON 3-5
HAHOMETpPOB. B030yik/eHne CTOIb TOHKOrO CJIOSi MaTepuaia MPUBOIKT, C OAHOH CTOPOHBI, K
PE3KOMy YMEHBIICHHIO B CIIEKTPE BBIXOJA PEHTreHO(IyOpECHEHIMH BKJIaga (OHOBOH
COCTaBIISIIONICH, a C APYrodl CTOPOHBI, K IPAKTUYECKU IIOJHOMY HOAABICHHIO B3aHMHOTO
BJIMSHUS DJIEMEHTOB, COCTABILIIOIINX BO30yxaaemblid cioit. Takum oOpa3oMm, mpHUMEHEHHE
metona POA T1BO no3Bosier Ha 1.5-2 nopsiika CHU3UTB MpeJienbl 0OHapyKEeHUs IpuMecei B
MaTepHanax B CPABHEHHHM C JAHHBIMU, IOIYYEHHBIMU B CTAHAAPTHBIX YCIOBHUAX HM3MEPEHUH
[2] 1 uckiaO4YMTE M3 paccMOTpeHUs MaTpuuHbie dbdekTol. B To xe Bpemsi, POA IIBO
CIIEKTPOMETPHUsS B YCIOBHAX BO30YKJCHHS BBIXOAA BTOPHYHOW PEHTIeHO(IyOpPECICHIINH
MOTOKAMH PEHTI€HOBCKOTO WIIM TaMMa W3JIy4eHHs M MydKaMH OJJIeKTPOHOB, KaK H
crangaptHas PDA criekTpoMmeTpusi, XapakTepu3yeTcs ONPENeNICHHbIMU TPYJHOCTSAMH IIPH

JAUArHoCTUKE JIEIKUX DJJIEMCHTOB, JUIA KOTOPBIX XapaKTE€pHa HHU3KO3HEPIreTUYCCKas
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XapaKTepUCTHYECKas PEHTICHO(IyOpeCUeHIUs. DTOT (aKT XOPOIIO  HILIIOCTPUPYETCS
PHCYHKOM 1, KOTOpBIif, HapUMep, ITOKa3bIBAET, YTO CEUCHHE BO3OYKICHUs (BIyOpeCclieHIINI
muanid YKo n AlKo motoxom m3mydeHuss MoKol ommuaercst IpUOIM3UTENILHO Ha YeThIpe
nopsaaka. TpyaHOCTH PeHTTeHO(MIyOpEeCIeHTHOH NHATHOCTHKU JIETKUX JJIEMEHTOB MOTYT
OBbITh B 3HAUUTENILHOU CTENEHU KOMIIEHCHPOBAHBI JOMONHHUTEIbHBIM MPUMEHEHUEM METofa
PEHTTeHO(IYOPECIIEHTHOTO aHalM3a B YCIOBHSAX HOHOIyYKOBOTO BO30yxaeHus [3].
MexaHHU3M HOHOITYYKOBOTO BO30YXKICHUSI PEHTITCHO(IYOPECLEHIINN CYIIECTBEHHO CTEIEeHH
OTJIMYAETCS OT IPUPOABI BO3OYKICHHS APYTHMHM MeToAaMH. Jleqo B TOM, 4TO MEXaHU3M
HENOCPEJICTBEHHOH MOHHM3AllMM aTOMOB CYIIECTBEHHO 3aBHCHT OT 3HEPIUM BO30Y’KIaOIIUX
HMOHOB. OKCIIEPHMEHTHI IIOKa3alH, YTO IIPU DHEPIrHM IIyYKOB IPOTOHOB U U OHOB TeIHs
mopsiaka 1 MaB cedyeHus Bo30yKIeHHS PEHTIeHO(MITyOpECHEHINH AT JIETKUX 3JEMEHTOB
OKa3aJIoCh MHOTO OOJBIIMMH B CPaBHCHHH ¢ TsDKelbIMH atomMamu [4]. Ha pucynke 2
NIPUBEIEHbI SKCIIEPUMEHTAIbHBIE JaHHbIE, OTpaKalollie 3aBUCUMOCTH JTOTO Iapamerpa s
Pa3sIHYHBIX aTOMOB OT OJHEPTrUM IafalolIero mydka NpoToHoB. ComocTaBleHHE CedeHMit
BO30Y)KICHHS ITyYKOM IPOTOHOB ¢ dHeprueid 1 MaB ms muanit AlIKa n YKo mokassiBaer,
YTO 3TOT MapaMeTp JI aToMOB Al oka3pIBaeTCsi He MEHee UeM Ha 3 mopsiaka Bbime. Takum
00pa3oM, AMArHOCTHKA JIETKHX JJIEMEHTOB B MaTepualaX B YCIOBUSAX HCIOJIb30BAHHS
HOHOIYYKOBOTO ~ BO30YXICHUS ~ PEHTTCHOMIYOPECLEHIMH  OXHAAeTCss MHOro Oonee

3¢ heKTHBHOI B CpaBHEHNH C IPYTHMH CIIOCOOAMH €€ BO30YKICHHUS.
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Pucynok 1. Cedenus Bo3OYKICHHS BbIXOJa PHCYHOK 2. 3aBUCUMOCTH cedeHui

xapakTepucTuueckux 1 uuuil K o u Lo pasnmuunpix  BO30OYXKIEHHS BBIXOJA XapaKTEPHUCTHYECKUX
JJIEMEHTOB B YCJIOBHUAX HCIIOJIb30BaHUA II0TOKa suani Ko Pa3IMYHBIX JJIEMEHTOB OT DHEPTUHU
B030yx)aeHus MoKa [1]. B030Y>KIAIOIIEro ITy4Ka MPOTOHOB [4].

B To e BpeMs, B cpaBHeHMM ¢ MmerogoM P®DA TIBO, HOHOMY4YKOBBIH

PeHTreHO(IIyOPECIICHTHBIN aHaIN3 MaTepPUaIoB XapaKTEePU3yeTCs ONPEACICHHBIM OTINYHEM.

I[CJ'IO B TOM, 4YTO CHUCTEMHBI JCTCKTUPOBAHUA PETrUCTPUPYIOT XapaKTepI/ICTI/I'-IeCKI/Iﬁ
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PEeHTreHO(ITyOPECLIEHTHBIN BBIXOJ CO BCEro 00beMa MaTepHala, COOTBETCTBYIOLIETO IiTyOHHe
[IPOHUKHOBEHHS HOHOB. bojee TOro, BBIXOJA XapaKTEPUCTHYECKUX JIMHUHA  Oymer
COOTBETCTBOBAaTh CBOCH TOJIIMHE CJOS IOJMIOTIOMEHHS.. ODTOT (hakTop, MOMHUMO
HEOOXOIMMOCTH y4era MAaTPHYHBIX J(P(HEKTOB, CYLIECTBEHHO CHIKACT BO3MOXKHOCTH
KOJIMYECTBEHHOT'O 3JIEMEHTHOTO a HAJIM3a METOJJOM HOHOIYYKOBOM PEHTTHO(IYOPECICHIHN.
V36exare  BIMSHAS ~ MaTpUYHBIX  3()(EKTOB IPH  HOHOMYYKOBOM  BO30YXKICHHH
peHTreHO(IIyOpECEHIIMM  SBJSIETCST  AOCTATOYHO TPYAHOW 3azaueit. B to ke Bpems
MO/IaBJICHUE BIMSHHSA 3aBUCHMOCTH BBIXOAA (IYOPECLEHIMH OT  TOJIIMHBI  CJIOS
OJIYTIOTJIOLICHHUST XapaKTePUCTHIECKUX JIMHUI He MpeacTaBisieTcs: npobiemoil. OHa MOXeT
OBITh YCIICIIHO PEIICHA 32 CYET UCIIOJIb30BAHHUS B PEHTTCHOONTHYECKOH CXEME PErUCTpALuy
BBIXOZIa PEHTTCHO(IyOPECICHIMN IUIOCKOTO  PEHTICHOBCKOTO — BOJIHOBOJA-PE30HATOPA

(ITPBP) cneruaisHON KOHCTPYKIUH, TOKA3aHHOM Ha PHCYHKE 3.

Hccnenyemas
MULICHb
IMyuok He' > | |
IIygox H —
BonxosoaHo-
Ppe30HaHCHBIH
BonHOBOI[H()—/v IENeBOi
PE€30HAHCHBIN 3a30p
pedutexTop
3anmMTHBIH
3KpaH

]

Pucynok 3. Cxema perHCTpalMy BBIXOJa PEHTITCHO(IYOPECIEHTHINH U3 TOHKOIO IIOBEPXHOCTHOTO
CJIOSI MCCIIEyeMOro MaTepHajia B YCIOBHSX HMOHOMYYKOBOTO BO30yxaeHus M mpumenenus [IPBP
cneunanbHoi kKoHeTpykuuu. lupuna menu ITIPBP 150 aM.

B aToif cxeme BOIHOBOTHO-PE30HAHCHAs CTPYKTYpa (OPMHpYETCs MOBEPXHOCTHIO

HCCIIeyeMOTo MaTepraia U TOJIMPOBAHHOM MOBEPXHOCTRIO Be peduiekTopa ¢ HaHECEHHBIMH
mo kpasim Ti monockamu TomumHON 0.15 Mxm. i XapakTepHUCTHYECKUX JIMHUM JIETKUX
JJIEMEHTOB IMOJIydaeMas IIMpUHA IIEJEBOro 3a30pa O00ECHEeYUBAET MX BOJIHOBOJHO-
PE30HAaHCHOE  pacmpocTpaHeHHe. Bo30ykmaromuii NPOTOHHBIM Iy4OK MajaeT Ha
nccnexyemerii odpaser yepes orsepctue B Be pednexrope. [Tomobnas cxema obecreunBaer
NoMajaHke B PEHTICHOBCKMH  JETEKTOpP  PEHTreHO(IYOPECLEHTHOrO  BBIXOA,
COOTBETCTBYIOLIEI0 MOBEPXHOCTHOMY CJIOK HCCIENYeMOH MMIIEHH TOJIIUHOW 3-5 HM. B
MOJTy4aeMOM CIEKTpPE BCE €ro JINHUM HE3aBUCHUMO OT JIHMHEI BOJHBI OyIyT COOTBETCTBOBAThH
OJTHOW H TOH ke TONIUHE cI0s BhIXxoAa (iyopecuennuu. K coxanenuro, naHHas cxema He

M03BOJISICT M30AaBUTHCS OT HEOOXOJMMOCTH BBEJICHMS MAaTPHYHBIX 3(P(HEKTOB, OT KOTOPBIX
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n3baBnena crangaptHas cxema PDA IIBO wusmepenuii. Takum oOpa3oM, moiydaeMbie B
npepnaraemMoii  cxeme P®DA TIBO cnekTpbl, SBISIOMMECS INPOJYKTOM IPOTOHHOIO
BO30Y)KIEHHMS, IPEACTABIIIOTCS XOPOIIMM IIOJCIIOPEEM IPH ANIPOKCUMAIMH CHEKTPOB
pe3epdopaOBCKOro 0OPAaTHOTO pacCesHUsl, PErMCTPUPYEMBIX Ul 0OpasLOB, COAEPIKAIINX
nerkue sneMeHtsl. [Ipumep Takoro cnekrpa POP nokaszan Ha pucyHke 4. Bcenencrsue
HEBBICOKOTO paspelleHHs [0 MaccaM, allpOKCHMAIHs JTOTO CIEKTpa HMeeT HEKOTOpPYIO
HEOIIpeAeNICHHOCTh. sl yCTpaHeHUs! HeONpeJeIeHHOCTH IS TOU )K€ CaMOil MUIICHH ObLI
noiyueH crektp POA TIBO B ycioBusSIX HNPOTOHHOTO BO30YKAEHHS C HCIOJIb30BaHUEM
ITPBP cnernmanbHo# koHCTpyKumu. OH MOKa3aH Ha pucyHKe 5. Ha crmexTpe mpHCYTCTBYIOT
muaun ZrLoa, PKa, SiKo, AlKoa, NaKa u ensa 3amernsiii muk OKo. Hcnonbsys
KAueCTBCHHYI0 MH()OPMALHUIO, TMOJYYCHHYI0 M3 O3TOrO CHEKTPa, YAAJIOCh YCHEIIHO
annmpokcuMupoBath crektp POP asTtoro o6pasma. Ciemyer OTMETHTB, 4TO CHEeKTp PDA,
NoTy4eHHBIH 6e3 ncrons3oBanus [IPBP, mokasai cyniecTBeHHO OTIHYAIONIHECs Pe3YIIbTaThL.
IIpeanonaraercs, 4ro conocrapiaenue naHHbIXx POA TIBO npu nonHom Bo30ysxaenuu u POP
H3MEpeHUIl MO3BOJIUT MPEIOKHTh OOBEKTHBHBIH METOJ ydeTa MATPHYHOTO BIMSHUS Ha

P®A TIBO criekTpsl.
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Pucynox 4. Teoperuueckuii u sKcrepuMeHTanbHbii  cextpst  POPH © (Ei=1.18 M>3B)
MHOTO3JIEMEHTHO# MumieHn coctaBa NasZr; 3Si; 9Aly 1P101,C,, monydennsie s yria paccesHust 160°.
CTpeJ'lKaMI/I OTMCYCHBI 3HCpFI/II/I paCCeHHI/IH Ha yKa3aHHBIX aToMax Ha HOBCPXHOCTI/I MMUILICHHA.
Ouepreruyeckas 1eHa kanana 1.9 kaB.

243



16000 — .
* NaKa

SiKa
12000 — 1

PKa
{Zrla

8000 —

4000 —|

BbIx0z1 BTOpHUHO# peHTreHo(yopecieHimn (nmi)

o T T T T 1 =1
0 100 200 300
HoMep kaHasa perncTpatun

Pucynox 5. POA TIBO cmekTp MHOTO3JIeMEHTHOM MuIIeHM coctaBa NasZr 3SijoAlyP10,Cy,
3aperUCTPUPOBAHHBIN B YCIOBHAX BO30YKACHHUS IyYKOM MPOTOHOB M mpumeHeHus [IPBP ¢ 3a3opom
150 um, SDD nerekropom ¢ Be okHoM 8 MKkM. DHepreTuueckas 1eHa kanana 10.2 2B.

PaGota BeInONHEHa npy yacTH4HOW (rHaHCOBOH moxnepxke PODU (rpanter NeNel3-

07-00782 n 15-08-02618).
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DETERMINATION OF HYDROGEN BINDING ENERGIES WITH DEFECTS IN
METALS FROM THERMAL DESORPTION MEASUREMENTS WITH DIFFERENT
HEATING RATES

M. Zibrov****¢, Yu. Gasparyan®, A. Shubina®, and A. Pisarev®

“National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),
Kashirskoe shosse 31, 115409 Moscow, Russia, M.Zibrov@differ.nl;
bGent University, Sint-Pietersnieuwstraat 41, B-9000 Gent, Belgium,
‘FOM Institute DIFFER, NL-3439 MN Nieuwegein, The Netherlands;
“Max-Planck-Institut fiir Plasmaphysik, Boltzmannstrafe 2, D-85748 Garching, Germany;
“Technische Universitdit Miinchen, James-Franck-Straf3e 1, D-85748 Garching, Germany

Investigation of hydrogen isotope behaviour in plasma-facing and structural components
is of great importance for successful development of fusion reactors with magnetic
confinement. The hydrogen inventory (especially in the metals with a positive heat of
solution) is determined by the presence of defects, which act as trapping sites for hydrogen.
Therefore precise determination of defects’ parameters, namely binding energies for hydrogen
atoms and their concentration is essential. Thermal desorption spectroscopy (TDS) is a
commonly used method for such purposes. The trap parameters are usually determined by
fitting of simulated TDS spectra to experimental ones using numerical diffusion-trapping
codes, such as TMAP7 [1]. In such approach, the determination of the characteristics of the
trapping sites is ambiguous — they act as free parameters in the model and, as a result, one
spectrum can be fitted by using several combinations of parameters.

However, in some particular cases, the binding energy Ej can be directly determined from

the shift of the desorption maximum 7}, in the TDS measurements performed with different

ln%:]n KM ) E,+Ep 1, )
Tm Eb+El) k T;n

where Ep — activation energy for diffusion, 4 — constant, k£ — Boltzmann constant.

heating rates g:

This method was originally used for determination of activation energies for desorption
from a metal surface [2]. For determination of hydrogen binding energies with defects in the
bulk of metals it was first applied for iron [3] and also recently for tungsten [4, 5].

It can be shown analytically that such approach is valid only for the case of infinitely high
recombination rate at the surface, independently on the trap profile and the initial distribution
of trapped hydrogen. However, if the recombination rate is moderate, numerical simulations
must be applied. This work is devoted to investigation of the role of hydrogen recombination

rate on the applicability of this method.
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For this purpose, thermal desorption spectra with different heating rates (from 0.1 K/s to
50 K/s) were simulated for tungsten using TMAP7 code. Various binding energies, trap
concentration profiles N, (rectangular and Gaussian), and trap populations & were used. The
Frauenfelder’s value of hydrogen diffusivity in tungsten was taken in modelling [6]. Two
recombination rate coefficients were used for comparison: the value for a clean tungsten
surface was taken from the Pick and Sonnenberg’s model [7], and the experimentally
determined value by Anderl et. al. [8]. The effective activation energy for hydrogen release
was calculated according to Eq. (1) from the slope of the Arrhenius-like plot In(4/7, mz) versus
1/T,y; and this value was compared with the expected activation energy that is the sum of the
binding energy and the activation energy for diffusion.

In the case of Pick and Sonnenberg’s recombination rate, a perfect agreement between the
effective activation energy and expected activation energy (£}, + Ep) was observed for all trap
parameters used. In the case of Anderl’s recombination rate, the effective and expected
activation energies were in agreement only in particular cases.

As an example, Fig. 1 shows the simulated TDS spectra (for traps with £, = 0.4 eV
homogeneously distributed to a depth of 1 pm with N, = 107 at. fr. and 6 = 0.001) calculated
using two recombination rate coefficients. It can be clearly seen that the peak position, as well

as the shape of the spectra are strongly affected by the recombination rate coefficient.

1.0 - . 1.0 T
i —5—0.01Kis Anderl et. al. —B—0.01 Kis

Pick and Sonnenberg . XU . o—0.1 K/s
= ] —A—1K/s £ 0.84 1K/s
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< £~}
2 2
- B
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$ 0.2 1 & 0.24
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0.0 e ‘ - < 0.0 -
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Temperature, K Temperature, K

Fig. 1. A set of TDS spectra calculated with different heating rates using Pick and Sonnenberg (left)
and Anderl et. al. (right) recombination rate coefficients

It was observed that the difference between the two activation energies decreased with
increase of the binding energy and the depth of traps location. The difference decreased also
with increase of the trap concentration Nt (or decrease of the initial trap population 6) at a

given initial concentration of trapped hydrogen Cr = Nt 8=const.
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These tendencies can be explained by the shift of the TDS maximum towards higher
temperatures with increase of the binding energy, characteristic location depth of traps, and
trap concentration. The Anderl’s recombination rate becomes rather high at high
temperatures, and recombination does not limit desorption any longer. Consequently, the TDS
peak position in this case depends only on the parameters of the trapping sites.

So, applicability of the method analysed, depends on several factors. To characterize the
regime of hydrogen transport without defects, a transport parameter W was introduced in [9].
It was shown that surface recombination does not influence transport if #>>1. On the analogy
with that work, we introduce a parameter to characterise transport in the field of defects:

R ACAEEAY °

D(T,)

where / — the characteristic location depth of traps, K, — recombination rate coefficient, D —
hydrogen diffusivity, and C — subsurface concentration of solute hydrogen. The latter can be
estimated from a condition of local equilibrium between solute and trapped hydrogen

assuming the trap population to be low:

C E,
(T )=zp—=L b, 3
(T) ZPNTeXp[ kTm] 3
=0,

where p — atomic density of metal, z — number of solute sites per lattice atom, and 6, — trap
population at 7 = T,. Although it is difficult to determine the value of 6, (both
experimentally and theoretically), one can take it equal to the half of the initial (at 7p) trap
population for estimations. Consequently, we can rewrite Eq. (3) in the following way:

_zpd! (B Ep)
M—EK,(Tm)exp[ T ] 4)

As an example, Fig. 2 shows plots of ln(ﬁ/Tmz) versus //T,. The points were obtained
from numerically calculated TDS with different heating rates and two approximations for
K(T). The line is given by Eq. (1). The trap parameters are the same as in Fig. 1. The
corresponding values of u parameter are indicated near each data point. The transport
parameter #>>1 in the case of the clean surface (Pick and Sonnenberg); and the numerically
calculated points agree well with the line predicted by Eq. (1). In this case, the slope of the
plot predicted by Eq. (1) gives a reliable estimation of the detrapping energy (Ey+Ep).
Contrary, u<<l in the case of Anderl’s recombination rate, and numerical point are well
below the analytical line. The analytically calculated slope gives overestimated value of the

detrapping energy in this case. Thus, one can conclude that Eq. (1) is valid for determination
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of binding energies with defects only if the transport parameter u is much larger than unity.

Surface recombination does not retard hydrogen release in this case.

T T T T T
N . o 8.0%10" B Pick and Sonnenberg| 3
E 0; '\ . ®  Anderl et. al.
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Fig. 2. Functional dependence of ﬁ/ T2 vs. 1/T,,, . Points are numerically calculated for two
approaches for the recombination rate coefficient. Line is given by Eq. (1).

Concluding, one can say that that the functional plots of Eq. (1) give reliable values of
detrapping energies only in the case of a high recombination rate at the surface. The reduced

recombination rate in experiments can lead to overestimated values of the detrapping energy.
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MJIASMEHHOE PACIIBUIEHUE IIVIEHOK Pb{-Eu,Te IPU BAPUAIIUU
COCTABA U CTPYKTYPbI
PLASMA SPUTTERING OF Pb;-Eu,Te FILMS WITH VARIED COMPOSITION
AND STRUCTURE

C.IL. 3umun’, LU, Amupog’, E.C. Topnaues?, B.B. Haymog?, E. Abramof’, P.H.O. Rappl’®
S.P. Ziminl, LI Amirovz, E.S. Gorlachevz, V.V. Naumovz, E. Abramof3, P.H.O. Rappl3

1 Apocrasckuii cocydapcmeennwiii ynusepcumem um. ILT. Jemuoosa, 150000 ya. Cosemckas
14, Apocnasnv, Poccus, e-mail: zimin@uniyar.ac.ru;
2 Apocnascxuii unuan Quzuxo-mexunonocuveckozo uncmumyma PAH, 150007 yx.
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3 Laboratorio Associado de Sensores e Materiais, Instituto Nacional de Pesquisas Espaciais,
Sado José dos Campos, PB 515, SP CEP 12201-970, Brazil, e-mail: rappl@las.inpe.br

Investigations of the inductively coupled argon plasma sputtering rates of
Pb;Eu,Te semiconductor films with varied crystalline structure and
composition on BaF,(111) substrates were performed. A dependence of the
sputtering rate on the europium content is shown for the single-crystal films.
A phenomenon of the sputtering rate decrease for the polycrystalline films
due to europium oxidation is described.

BunapHbie ¥ TpOIHBIC COCMHCHHS Ha OCHOBE XAIBKOTCHHIOB CBHHIA B HACTOSIIEE
BpeMsl SIBISIIOTCSI OJHMMH M3 HanOojee MEPCIEKTUBHBIX MATEPHATIOB ONTOXICKTPOHUKH.
Teepawiii pactBop Pb;_Eu,Te, oOnagas BO3MOXHOCTBIO KOHTPOJMPYEMOTO HM3MEHEHHS
LIMPUHBI 3aMPEIICHHON 30HBI U KOY(P(HUIUCHTA MPEIOMIICHHUS IPH BapHALUK COICPIKAHHS
eBponus x [1, 2], WHPOKO UCHONB3YETCS MPH CO3AaHHU OPITTOBCKHX 3epKal st Ja3epos [3]
u upuemHukoB [4] WK-nuanazona, BaxHBIX Ipu pa3paboTKe, HANpHMEp, TIa30BBIX
aHanu3atopoB [5]. Ilpu ¢opMHpOBaHHM [JaHHBIX YCTPOWCTB Ha OCHOBE MHOTOCIOIHBIX
[UICHOYHBIX CTPYKTYp M CTPYKTYp C KBaHTOBBIMH sSIMaMH KIJFOYEBOH TEXHOJOIMYECKOM
orepanyeil sBISIETCS TPaBICHHE C LEJIBIO CO3JAHUS Me3a- U MUKPOCTPYKTYp, NPU ITOM
HauOOJIBLIYIO AKTYaIbHOCTh IPEJCTABISIET METO/MKA CyXOrO TpAaBJICHHS B IUIa3MEHHBIX
peakTopax. B pmaHHOII paboTe mNpOBENEHBl HCCIENOBAaHUS CKOPOCTEH paclbUIeHHS B
BBICOKOYACTOTHON WHIYKIIMOHHOW aprOHOBOM IIa3Me JUIS DUTAKCHATBHBIX TOHKHX TUICHOK
TeJUIypH/la CBHHIIA-EBPOIHs C Bapualyell KPUCTAIUIMYECKOW CTPYKTYpPbl M COZACPIKAHHUS

€BpOIHs.

IInenkn Pb; Eu,Te ¢ wmonpHOI pmoneir eBpomuss x B wuHTepBaie 0,02-0,10
BBIPAILMBAINCH METOOM MOJICKY/ISPHO-Ty4eBON SMUTAKCHH HA CBEXKECKOJIOTBIX MOUIOKKAX
¢dropuna Gapust opuentamuu (111) Ha ycranoske Riber 32 P [6, 7] B Instituto Nacional de

Pesquisas Espaciais, bBpasunua. Manoe cozxepxkaHue eBpomnusi Obul0 BBIOpaHO It
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obecrieyenuss oaHo(asHOCTH IUIHOK. JIisf SIMTAKCMH MCIOB30BAMCh 3D (y3HOHHbIE
sraetikn PbTe, Eu u Te,. Tommuna mieHok Pb;-,Eu,Te naxommmace B uHTEepBase 2-3 MKM.
Ilnenku TemIypuia CBMHLA-E€BPONMs JEIMIMCh HA JIBE TPYINIBI, MepBas U3 KOTOPHIX
BBIPAIINBAIACh MIPH BapBUPOBAHMH TEMIIEPaTyphl Mo utokkn BOomm3n 340°C, Bropas — mpu

Oostee HU3KOH Temneparype B oomactr 200°C.

HccnenoBanne MOpPQOIOTUH  IOBEPXHOCTH  HCXONHBIX  IUIGHOYHBIX  CTPYKTYp
IIPOBOJMIOCH METOAAMU CKaHUPYIOMEH 3IeKTpOHHOH Mukpockormuu (COM) Ha ycTaHOBKe
Supra 40 Carl Zeiss. Cnou mepBoii IpyIIbl HMEIH COBEPLUICHHOE MOHOKPHCTAILIMYECKOE
CTPOCHHUE CO CTYNEHSIMHU CKOJIa M SIMKaM{ BBIXOZla AMCIIOKAlMil Ha moBepxHocTH. THIHYHOE
COM-u300paskeHie MOBEPXHOCTH IS JAHHOTO CiIydas IoKa3aHo Ha puc. 1. Ciom BTOpoi
IPYNNbl  MMENH  SAPKO  BBIPAXKCHHYIO  IOJIMKPUCTAJUIMYECKYIO  CTpYyKTypy. s
MOJIMKPUCTAIUIMYECKUX IUICHOK pa3Mepbl KPUCTAUIUTOB IPEHMYIIECTBCHHO KyOMYeCKOH
¢dopmel He mpeBblmanu 200 HM, OCHOBHAs OpPHEHTALUs HAHOKYOOB IO pe3yibTaTaMm
PCHTTEHOBCKOH AU(GPAKTOMETPHH COOTBETCTBOBajJa Hampasienuio [111] Bxonas ocu pocra.

COM-m300paxenue Ul JAaHHOTO CiTydast IPUBEICHO Ha pHC. 2.

Puc. 1. Xapakreproe COM-1300pakeHHe TOBEPXHOCTH MOHOKPHCTAILINYECKOH rieHKH PbygEug joTe
Ha nojuioxke BaF,. Hakion o6pasua npu chemke coctasisii 70°.

IMnasmennass 00paboTka CTPYKTyp HpOBOJMIACh B aproHOBOH IUIOTHOW InIa3Me
BBICOKOYACTOTHOTO HHIYKIMOHHOTO paspsifa HHU3KOTO JAaBICHUS B COOTBETCTBHH C
BEIPaOOTaHHOM aBTOPaMHM METOAMKOH TPaBIECHHS CIOEB OMHAPHBIX M TPOHHBIX COCIMHEHUH
XaIbKOTCHUJOB CBUHI[A HAa Pa3IMYHBIX MOMIoKKax [8-10]. Pexxumsl 00paboTku ObLIH

crenytomumu: BU-mommocts Ha wuHayktope 800 Br, mommuocts BY-cmemenus Ha
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aMoOMUHUEBOM Tooxkozaepxarene 300 Br, cpexmsis sueprust mono 200 B, paGouee
napiaenue B peakrope 0,07 Ila, momurtensHocTs o6pabotkm 30 c¢. CKOpOCTH pacIBUICHUS
Martepuana pacCUMTHIBANACh W3 W3MEPEHMS CTYNECHEH TpaBICHMS C HCHOJIb30BaHHEM

npo¢unomerpa Talystep u nazeproro mukpounrepdepomerpa MUN-4.

L WP AT

Puc. 2. Xapakreproe COM-n300paxkeHre NOBEPXHOCTH MOIMKPUCTAIIIMYECKOH MieHKH PbygEug joTe
Ha nojoxke BaF,. Hakion o6pasia npu chbemke coctasisia 70°.

Jlnst rpynmsl MOHOKpHCTamueckux obpasnoB Pb-,Eu,Te n3mepennsie ckxopoctu
pacmbuieHHst Jexanu B uHTepBane 3HadeHud 10,7-14,0 HM/c. CKOpoOCTH pacHbUICHUS
TIPAKTUYCCKU JIMHERHO YMEHBIIATUCH C MOBBIMICHUEM COJCPKaHUA €BPONUA B TBEPAOM
pactBope. JlaHHBINH pe3ynbTaT OOBACHACTCSA MPEIJIOKEHHOH HaMu (DM3HMYECKOH MOJEIBIO
pacrbUIeHHsT TPOWHBIX TBEPABIX PAcTBOPOB [8], OCHOBAaHHOW Ha KJIACCHYECKOW MOJIENH
3urmMyHaa. B cOOTBETCTBMM € JaHHBIM MOAXOIOM JUISL MOJEKYJ OWHApHBIX COEIMHEHMH
xanbkorenuaoB ceuna PbX (X = Te, Se, S) sHeprus NUCCOLMALMU MPEBBIACT YHEPTHIO
cyOIMMaIuy, MO3TOMY NPH PAacHbUICHHM TPOHHOTO TBEPIOTO pPacTBOpa HMEET MECTO
¢u3nyeckoe pacmbuieHHe OTAENbHBIX Monekyn PbX. Ilpm MOHHOM TpaBIEHHMH TBEPABIX
PacTBOPOB TETypUAa CBHUHIA-€BPONHUS MOSBISIOTCSA JONONHHUTENbHBIE 0COOEHHOCTH. Bo
BpeMsl PacIbUICHHs] HOHaMHU aproHa mieHok Pb;-,Eu,Te monexynsr PbX pacmeursiores 6e3
JAucconruamnnu, obecrnieunBast BBICOKYIO CKOPOCTBH PAcCIIBUICHHSI MaTepHala. B 10 Xe Bpems,
TepMOJUHAMUYECKIE CBOHCTBA XalbKOTCHHIA €BPONHs (BBICOKAs DHEPrUs CyOIMMAIHN)
JlenaloT ero cuabopacmeliseMbM. Kpome Toro, mpomecc OymeT  COIPOBOXKAATHCS
nuccounanueii Monekyn EuX Ha OTnenbHBIE aTOMBI, YTO B KOHEYHOM HTOI€ IPUBOAUT K

CHIYKEHHUIO CKOpOoCTH pacmbuierus Pbi—Eu,Te ¢ yBenudennem x.
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Jlns rpynmel mojmKpHcTamMueckux oOpasuoB PbyEu,Te wn3mepennsle ckopoctu
pacHbUIeHHsT OKa3aIHCh 3HAUYUTEIBHO MEHBIIMMU M COCTaBILUIHN 3,3-5,3 HM/c 6e3 Kakol-1u60
SIBHOHM 3aBHCHMOCTH OT cOCTaBa. JlaHHBIH pe3ynabTaT OOBSICHICTCSI HEMOCPEICTBEHHO POJIBIO
MOTUKPUCTAIMIECKOH CTPYKTYpHl IUICHOK. OCOOCHHOCTBIO TBEPHOTENBHBIX CTPYKTYp C
€BpOIIMEM SIBIISIETCS BBICOKAsh OKHCIUTENbHAs crocoOHocTs Eu B Bo3mymHOH cpenme ¢
obpaszoBanueM okcuaHbIX (a3 EuyOs [11]. [lns moaMKpuCTaNIMYECKHX IUICHOK DPa3BHTAs
MOBEPXHOCTh W HAIMYUEC MEKKPUCTAUIUTHBIX TPAHUIl CIHOCOOCTBYIOT HPOHHKHOBEHHUIO
aTMoc(epHOro KHciaopoaa B 00bEM CJI0S U HAKOIUICHUIO 3HAYUTEIIBHOTO 00beMa OKCHUIHBIX
(a3, KOTopble ABIAIOTCS TPYAHOPACTIBUIIEMBIMU U HPUBOAT K CHM)KCHHIO OOIIEH CKOPOCTH
pacmbUICHHST MaTepHaga W HUBEIMPOBAHHIO BBIIICOMHCAHHOTO BIMSHMS KOHICHTpAIL[UK
epporusi B obmact Manbix X. IloiydeHHBIE pe3yinbTaThl HEOOXOIMMO YYHTHIBATH HPH
MPUMEHEHHH OMepaluil IMiIa3MeHHOi 00paboTku K CTpykTypam co ciosmu Pb; Eu,Te ¢
Pa3IHYHBIM COCTABOM M KPHCTAUIMYHOCTBIO JUISl M3TOTOBICHHS Me3a- M MHUKPOCTPYKTYP IS

OIITO3JIEKTPOHHBIX YCTPONCTB.

PaGora BeImONHEHa mTpu (uHAHCOBOW moaxepxxke PODU (rpant 13-02-00381).
DNeKTPOHHO-MUKpOCKONnUecKue uccnenosanus nposeaeHsl B LIKIT «/luarnoctrka MUKpo- 1
HAHOCTPYKTYp» NpH (HMHAHCOBOH mojanepskke MuHNCTepcTBa 00pa3’oBaHMS M HAyKH

Poccuiickoii ®enepannu.
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CTPYKTYPA U CBOMCTBA IMMOBEPXHOCTHBIX CJIOKEB, ®POPMUPYEMBIX
METOJOM MUKPOAYI'OBOI'O OKCUAUPOBAHUS HA IUPKOHUEBOM
CILIABE
STRUCTURE AND PROPERTIES OF SURFACE LAYERS FORMING ON
ZIRCONIUM ALLOYS USING MICROARC OXIDATION METHOD
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The composite ceramic coatings on zirconium alloy were formed by microarc oxidation
method in the suspension electrolyte. The analysis of structure and features of obtained
coatings are presented.

JlanbHelinee noBbIeHre 3G (EKTUBHOCTH IpeoOpa30BaHus TEIUIOBOM SHEPTUH B BOJIO-
BOJISIHBIX O HepreTudeckux peakropax (BBOP) cms3aHo, B ocHOBHOM, ¢ obecredeHHneM
pecypca W Hag&KHOCTH  OOOJIOYEK  TEIUIOBBINEINSIONIMX  DJIEMEHTOB  (TBJIOB)
teroBblessonmx c6opok (TBC) npu MOBBIICHHBIX 3HAYCHUSIX JABJICHUS U TEMIIEPATYPbI
BOJBI B IIEPBOM KOHType U YBENHYEHHEM BPEMEHH WX HAaXOXKACHUS B aKTHBHOH 30HE
peakropa. OCHOBHBIMH IpHYMHAMH paHHero Bbixoza TBC u3 cTpos sBisieTcs KOppo3us,
BOZIOPOJHOE OXPYHMUYMBAHHE U (PPETTHHI-H3HOC IIMPKOHUEBBIX CILIABOB.

OJHMM W3 TIEPCHEKTUBHBIX  HANpPAaBICHUH  yBENMYCHHsS  OKCIUTyaTalMOHHBIX
XapaKTepPUCTHK TBAJIOB SBISCTCS HAHECEHHE 3alIMTHBIX HOKphITHil [1], u B wacTHOCTH,
KOMITO3UIIOHHBIX KCPAMUYECKMX HOKPBITHH (OPMHUPYEMBIX METOJOM MHKPOLYTOBOIO
okcuupoBanus (MJ10). IIpenmymniectBa TexHonoruyeckoro npouecca MO nepen npyrumu
MeToJaMH (OPMUPOBAHUS IOKPBHITHI, HAlpUMep, aHOIMPOBAHHS, KAaTOJHOIO OCAKICHUS,
MarHeTPOHHOTO PACHbUICHUsS, HOHHOH MMIUIAHTAllMd U Jp., 3aKII0YaloTCs, B OCHOBHOM, B
MPOCTOTE U HU3KOH CTOMMOCTH HPUMEHAEMOT0 000PY 10BAHHUSL.

B pabore i modydeHWS TOKPHITHS OBIT HCHOJIB30BaH AaBTOMATH3MPOBAHHBIN
KOHJICHCATOPHBII HCTOYHHUK ITUTAHUS MOITHOCTBIO 12KBT, mogaromuii Ha BaHHY ¢ 00pa3namu
CHHYCOMJaJIbHbIE UMITyJIbChl HampspkeHueM a0 1000B ¢ wactotoit 50I'm. B kauectse
JJIEKTPONIHTA OBbLIA MCIOIB30BaHA BOJAHAS CYCNeH3Hs cielyromero cocrtapa: KOH-0,5r/m,
K,0x8Si10,-10r/n, nanomopomok Al(OH);—20r/n. IlokpsiTus (OpMHUPOBAINCH IIPH
MOCTOSIHHOM 3HAYEHHH IUIOTHOCTH TOKA j = 10A/nM%, Temneparype snekrpoiura T = 25°C u

IIPU BapbHPYEMBIX BEJIMYMHAX BPEMEHN OKCHIMPOBaHMs (Tabmuma 1).
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Ta6nuua 1 — JdnurensHocts nporecca MJIO mst pa3nudHbiX 00pasnoB

NoNe 1 2 3 4 5
Bpemst, Mun 20 50 80 110 160

O6pasisl mpeacTaBsul coboit Tpyoky & 9,1MM, aauHOM 30MM ¢ TOJIMIMHON CTEHKH
0,7MM U3rOTOBICHHYIO M3 IHpKOHHeBoro cmiaBa 110 (Zr-1%Nb). Iloxpsitue
(opMHpoBaNoCh TONBKO Ha BHeIIHeil wyacTu TpyOku. CTpYKTypa W COCTaB IMOJYYCHHBIX
MOKPBITHH  OBIIM  MCCIIEJIOBAaHBl C  HCIOJB30BAHMEM CKaHHPYIONIErO0  3JI€KTPOHHOTO
mukpockona JSM-7600F ¢ mpucraBkoi s sHepromucnepcuonHoro (DA) wu
BosiHOAMcHepcuonHoro (BJIA) ananusza. a30Bblii cOCTaB TMOKPBITHUH HCCIEAOBAIM C
HCIIOJIb30BaHUEM PEHTIeHOBCKOTo (azoBoro aHammuzaropa EMPYREAN ¢upmer PANalytical
B CuKo,+; M3IyUeHNH B HENPEphIBHOM peknMe B JHama3oHe yrioB 20 or 15° mo 90°, mar
ckanupoBanus 0.0131303° (A20). Jns kadecTBEHHOro (ha30BOro aHaiM3a HCHOJIB30BAIH
6azy namnbix ICDD PDF-2. KommdecTBeHHBIH ()a30BBIi aHAM3 TMPOBOIMIN METOJOM
PutBenbaa ¢ UCHONB30BaHUEM NPOrpaMMHOro koMruiekca MAUD.

Kax mokasamu 5SkcmepuMeHTH, B BbIOpaHHOM pexxume MJIO MakcumanbHas
JUIUTENIBHOCTh  IIpoliecca A0 Hepexoia B CTAAUI0 IyroBOTO pPa3pyLICHHS IOKPBITHS
cocraBimsier ~190muu. Ilpm stom passurme MJIO mpomecca CONPOBOXKAACTCS PSAOM
NePEeXOJOB CBA3AHHBIX C PE3KUM H3MEHEHHeM 3HA4eHHH aHOJHOTO M KaTOXHOTO

HAINpPSDKEHUH, IPEe/ICTaBIEHHbIX Ha puc. 1.

U, B 800 4 . — . 20 j, Al
J)CTGAMR 1 Cragna 3(| | | O UyB
Cragua 2 . Cragwa 4 UcB
} | —— |, Aln
600 - k15
| | | :
‘ |
| : | | Cragua 5
400 |l et 10
j I i
| [
‘ | g sassaiea)
200 { | e : Ls
1 | |
| |l
o &l ] — L] 1 0
0 50 100 150 200 t, MUH

Puc. 1 — 3aBucumocTs 3HaU€HUI HANIPSKEHUS U INIOTHOCTH TOKA OT JUIMTENILHOCTH IpoIiecca
Takum o0Opa3zoMm, aHanu3 3aBUCHMOCTH U-t TO3BONMI BBIIENUTH HECKOJIBKO
xapakTepHbix craguii npouecca MJO: 1 — cramust Obictporo pocta HampspkeHus (dUa/dt

=116B/Mun), 2 -cragus MOHOTOHHOTO POCTa aHOTHOTO W KaTomHoro Hampspkerms (dUa/dt
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=0,45B/muH), 3 — cTaaus nagenust aHoaHoro Hanpspkenust (dUa/dt = 8B/MuH), HO TpH dTOM
KaTOJHOE HampspkeHHne mnpogoinkano pactd. Ilocme 120 MuHYTHI HacTymama 4 crajus,
XapaKTepu3yoIascs BO30OHOBIGHHEM pOCTa 3HadeHMs aHomHoro HampsokeHms (dUa/dt
=1,4B/mun). Ilocne 3TOro mporecc MepexoAWsl B CTAAHI0 S5, B KOTOPOH MPOHUCXOAUIIO
naJieHNe aHOJJHOTO M KaTogHoro HanpspkeHuil (dUa/dt = -6B/MuH) 1 mocnenyronmii nepexon
B ayroBywo ¢azy MJIO ¢ XapakTepHBIM PE3KHM IaJCHHEM HANpPSDKCHHS H IOBBIICHHEM
3HAYCHUSI TOKA.

C WUCIIOJb30BaHUEM CKaHUPYIOLIETO 3JeKTpoHHOro Mukpockona (LIKIT ®I'BHY
TUCHYM) 6bu1H IOIy4eHs! N300pakeHNs! IONIEPEYHBIX CeUSHHH MOKPBITHII 00pa3IoB (puc.
2). Bpu1o yCTAaHOBIEHO, YTO HOKPBITHS COCTOAT U3 TPEX CIIOEB: BHYTPEHHETO — IUIOTHO
MPHJICTAIONIETO K MOJUI0KKE, CPEIHETO - C CUIIBHO PA3BUTON MOPUCTOCTBIO M BHEIIHETO.

BHewrit

'\cnoﬁ
W ges

BHYTpeHHMi
cnon

s PN
BHyTpeHHUI
cnoi

\B'HeLuH
_. cnoit

] O6paszen Ned

BHYTpeHHWit
cnoi

O6paszer N5
Puc.2 — @oTorpaduu nornepeuHsIX ceueHni mokpuITHii Ha o6pasuax NeNel-5
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AHanM3 TOJNYYCHHBIX M300paKCHMH IOKa3al, YTO CYIIECTBYET CBS3b MEXIY
MopQoJIoruel MOKPBITUS U CTagusAMU ero QopmupoBanus. Tak, mis oopasmoB NeNel-4
(puc.2) OpPOMCXONUT TMOCTENICHHOE YBEIWYEHHE OOIed TONIMMHBI IOKPBITHI U
BO3HHUKHOBEHHE TIOp B CPEIHEM clioe, I1 pu 3ToM obpaborka MJIO ykazaHHBIX 00pa3LoB
npoucxoxuia Bo 2-oif craguu mpouecca (puc.l). Jlns o6pasma NeS (puc.2) Habmronanoch
YMEHBIICHHE TOPHCTOCTH B CPEAHEM CJI0e, IIPH ITOM JUINTENIBHOCTD Iponecca At o0pasia
Ne5 cocraBisina 160 MUH, YTO COOTBETCTBOBAJIO, B OCHOBHOM, 4 CTaIuK IpolLecca.

Kunetrka pocTa OTAEIBHBIX CIOEB MOKPBITUH Takke HECKOJBKO OTJIMYAETCS APYT OT
npyra. Tak pocT o0Ime TONIIHBI ITOKPBITUH ¢ TEUCHUEM BPEMEHH MOAYUHSIETCS THHEHHOMY
3aKOHY, HO CKOPOCTb POCTa CPEJHETO CIIOS BBIIIE, YEM BHYTPEHHEro U BHemHero. I1pu sTom
st obpasua Ne5 (160mMuH) HabIIOAAETCSI HEKOTOPOE YMEHBLICHHE TOJIIMHBI BHYTPEHHETO U
BHEIITHETO CJIOEB M HEKOTOPOE YBEIMUYEHNE CKOPOCTH POCTA CPEIHETO CIIOS IO CPABHEHHIO C
obpazuom Ned(110mun). Takke HyKHO OTMETHTH MCYE3HOBEHHE YETKOH I'DaHUIBI MEXIy
BHYTPEHHUM U CPEJTHUM CJIOSIMHU Ji1st 00pa3sia NeS sBHO BbIpaXEHHOM /11t 00pa3ioB NeNe2-4.

KauecTBeHHBIH (ha30BBIH aHANIW3 MOKPHITHA IIOKa3al, 4TO BO BCEX o0Opasmax
MIPUCYTCTBYIOT ABE MOAH(HKAIIMU NBYOKHCH IUpKOHUS ZrO,: (m) MoHOKIUHHAs P2/a (14) u
(t) Terparonanshas P4,/nmc (137). i1 KOMM4eCTBEHHOTo aHanu3a (a3 IByOKHCH LUPKOHUS
ObUla NpUMEHEHa aCHMMETpHUYHAs TeOMETpHsS CKaHWPOBAHUS IOBEPXHOCTH oOpasma, ¢
MIOMOIIBI0 KOTOPOHl YAAJIOCh YCTAHOBUTH, YTO C yBEJIMUYCHHEM BpeMeHH mporiecca MJIO
MIPOUCXOMUT yBeNudueHue copepkanus t-¢assl ZrO; 1o 17% B Teuenue nepBbIX 80 MHHYT,
JanbHelee nossieHue BpeMeH M/10 He MEHSeT 3TOro 3HaYeHusl.

Takum o0pa3oM, HCIONIB30BaHHE OJIEKTPOJIHTA-CYCHEH3MH C  J0oOaBICHHEM
HaHonopouka ruapokcuna amoMunus (Al(OH)s) anst GopmupoBaHUS MOKPHITHH METOAOM
MHUKpPOJIyrOBOI'O OKCHUIMPOBAHUS Ha LMPKOHMEBOM cruiaBe D110 MO3BOJIMIIO MOIYYUTH
9¢p}eKT NOBHIIIEHNUS IUIOTHOCTH IIOKPHITUS, YTO CBA3aHO C XapaKTepoM H3MEHEHHs
3aBUCHMOCTH HAampsHKeHUs oT  juurtenbHoctd npouecca MO (U-t). IlpexncrtaBieHHble
pe3yJbTaThl MO3BOJISIOT PACCUMTHIBATH, NPH AajbHeiend ontumuzanuu pexumo MJ10, Ha
MOJTy4YeHHE KaYeCTBEHHBIX IUIOTHBIX KOMIIO3HUIMOHHBIX NMOKPHITHH Ha IIMPKOHHEBOM CILIaBe,

TIO3BOJIAIOIIUX MMOBBICUTH UX JKCITyaTallUOHHBIC CBOICTBA.

1. C.B.1BanoBa, D.M.I'marockuii, M.A.Xa3oB u ap. Ilytn pemenus mpodiaeMbl BOJOPOJHOTO OXPYMTUUBAHUS
LHUPKOHUEBBIX m3zenuid. //Tpyast 4-oit Mexaynapoa. Ilkomsr «B3aumopeiicTBHe H30TOMOB BOAOPOAA €
KOHCTPYKIIMOHHBIMU MaTtepuanamu, Hosropon. 2008. c. 51-75.
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HUCIIOJBb30BAHUE MATTHETPOHOB C I'OPAYUM KATOJO0M AJIs1
HAHECEHUS JTEKOPATHUBHBIX MOKPHITHI

USE OF MAGNETRONS WITH THE HOT CATHODE FOR DECORATIVE COATS

AN Kamapzmnl, P.X.Caiizaxmenos’, T.A. XaMpaeBa2
A.L Kamardin', R Kh. Saidahmedov?, G.A. Khamraeva®

1CKTB npu Uncmumyme Honno-Ilnasmennvix u Jlasepnoix Texnonoeuu AH PY3
Axaoemeopoooxk, 100125, Tawkenm, Y3oexucman, kadmon@bk.ru
*Tawkenmexuii I' ocyoapcmeennblli TexHuueckuii YrHugepcumem
Vuusepcumemckas, 2, 100095, Tawkenm, Y30exucman

Devices for magnetron sputtering with the isolated hot cathode are developed. These
devices allow sputtering targets from thin bars of metals and bulk solids, for example Ta, W,
Mo, Cr, Co and alloys. Analysis has shown possibility of use of coats from metals and oxides
in the thickness to 1 micron for decoration of products from a glass and ceramic materials.

Jlist BakyyMHOTrO HaHeceHUsI (DYHKIMOHAIBHBIX MOKPBITUH IIMPOKO HCIOIB3YIOTCS
METO/Ibl KaTOJHOr0 MAarHeTpOHHOro pacnbuleHHs MatepuanoB [1-3]. V3BecTHbl camble
pa3iM4HBlC KOHCTPYKIMH YCTPOMCTB pAaCIBUICHHS, B KOTOPBIX, KaK IIPAaBHUIIO, HMEETCS
BOJOOXJIXAAEMBIi KaTo/ TOMIHHOM 10 10-15 MM U MarHuTHast cucTeMa, oOecrednBaroIast
«apoyHyI0» KOH(UrypaIMio MarHUTHOTO MOJIS HaJl KATOJOM, aHOJ U JIPYTHE SIEKTPOIBL.

B psje ciiyuaeB He MPEICTABISIECTCS BO3MOXHBIM M3TOTOBHTH PACIbUISICMbINH KaTO/-
MHUIICHb B BHJC IUIACTHHBI WM JIUCKA JOCTATOYHO OOJBIION TOJIMMHBI WIM KaTOJ MMEET
CKBO3HBIC MOPBI, YTO 3aTPy/AHsET ero npuMeHeHue. C IeIbI0 MCMONB30BAHUS B BUJC KAaTOga
TOHKMX IUIACTHH WM pa3jMYHBIX CHIIYYHX MaTEepHAIOB OKa3aJoCh LEIecO0OpasHbIM
[PHUMEHHTH TIPOCTYI0 KOHCTPYKIHMIO YCTPOHCTBA PACIBUICHHS, COCTOSIIYI) M3 MarHUTHOM
CHUCTEMBbI, H30JHUPYIOIIEH CTCKISHHOW MWIM KEpaMHUYeCKOH IUIaCTMHBI M JAMCKOBOTO

pacnpLIsIeMOro KaTto/ia, K KOTOpOMY MOJIBEJICHO OTpUIaTeNIbHOE HanpshkeHue (puc.1).

3—

Ui 8

Puc.1 YcrpoiicTBO MarHETPOHHOTO PACTIBUIEHHS C TOPAYUM KaTOAOM
1- KaTOJ-MUILIEHb, 2- KepaMUUYEeCKasl IJIaCTHHA, 3-TIOCTOSHHbIA MAarHuT, 4- MarHUTOIPOBOL.
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B0O3MOXHBIM 0Ka3a0Ch HCHOJIb30BAaHHE B BHJE YaCTH KaToJa MOPOIIKOB METAJIOB
(CBITYyYNX MaTepHalloB) M PA3IMYHBIX MarHUTONpoBojaoB. Ha puc.2 mpuBeneHa onHa u3
BO3MOJKHBIX KOH(HIYpaLii MarHETPOHa C TOPSTYUM KaToAoM U (ororpadus MarHeTpOHHOTO

paspsijia IpU PacIbUICHUH TTOPOLIKA XPOMa.

A
m@m&fmé

% U DYDY YYD Y A—2
/ 4

Puc.2 Cxema ycTpoiicTBa MarHETPOHHOTO PACIbUICHHUS U (poTOrpadyss MarHETPOHHOTO Pa3psaa
1- eMKOCTB ¢ HOPOIIKOBBIM MaTE€PHAIIOM, 2-H30JIATOP, 3- MarHHUT, 4-MarHUTOIIPOBOJ.

X

L 3/

Kak mokasanyu Mcclie[IoBaHHs, CPAaBHHUTEIbHBIC XapaKTCPUCTHKH paspsja B Ciydac
HCIIOB30BaHMs KaToJa 0e3 OXJNaKASHHS Majo OTIMYAIOTCS OT IapaMeTpoB OOBIYHOTO
MarHeTpoOHHOTO paspsiia. XapaKTepHble HAIpsDKeHHs pas3psga HpH HayCKe TeXHHIECKOTo
aprona no pasineHus nopsaka 0,2-0,5 ITa cocrasistor 450-500 B, s Meam M MeaHBIX
CIUIAaBOB yBenMUMBaKOTcs 10 3HaueHmit 600-700 B mpm tokax paspsma 1,0-3,0 A. 3ona
paspsga ompezensIach KOH(GUrypamued MarHUTHOTO IOJISI B MarHUTOIPOBOJE, CHIDKCHUE
HAMpPsHKEHHOCTH TIOJIsI TTOCTOSIHHBIX MarHuToB u3 ciuiaBa FOHJIK, 0cobeHHO HEeHTpantbHOro
MarHuTa, HPUBOMIO K MCUE3HOBEHHIO pa3psijia IPH NPOYUX PABHBIX yCIOBHSX. 3a30p MEXIY
PACIbBIIIEMON MOBEPXHOCTHIO M MAarHUTOIPOBOJOM JHaMeTpoM 10 140 MM MoOTr JOCTHTaTh
10- 15 MM 0e3 CylIecTBEHHbIX M3MEHEHHUI XapaKTepUCTHK paspsaa. Ha HawanbHOW cTagun
pacnbuieHus (1-3 MHUHYTBI) HOBOW MHIICHH HAOJIFOJAINCh MUKPOJLYTOBBIC pa3ps/bl MO Beeit
MOBEPXHOCTH KOHCTPYKIIHH.

Bbinenenue OonbIIOH MOIIHOCTH Ha ITOBEPXHOCTH TOHKOTO KaToJa BEIO K €ro
HarpeBy o Ttemmeparyp mnopsiaka 700-800 °C HemocpeICTBEHHO B 30HE WHTEHCHUBHOIO
paspsizia. AHAJIOTHYHBINA HarpeB HaOII01aJICs TIPX NCIOJIb30BAHUN HAKIIAJKH U3 PACIIBUIAEMOiT
METaJUTMYECKOM MOJIOCHI 0€3 TEIIOBOTO KOHTAKTa Ha KaTOJA OOBIYHOTO (BOJOOXIJIAXIAEMOr0)
marHerpoHa. Ilpm 3ToM ObICTPO HarpeBamach MpPAaKTHYECKH BCA Todoca  (KaTox).
OrpannumBaromiiM  (GakTOpOM — NPOCTOH  KOHCTPYKIMH  SBISIACH — HEOOXOIMMOCTB

HUCIIOJIb30BAaHUA TOPU30HTAJIBHOTO KaToaa, 0COOEHHO JUIA CBIIMYYUX MaTCPHUAJIOB. I[J'ISI psaga
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MOPOIIKOBBIX MaTEpHalOB HAO/II0/a1ach MHTCHCUBHAS JIEra3aldsi Ha HAYalbHOW CTaguu
pacrbuieHHs (HarpeBa).

PacnbuieHHe MaTepualoB HCIONB30BANOCH UISI ()OPMHPOBAHHS psia 3allUTHO-
JIEKOPAaTHBHBIX MOKPBITMH Ha CTEKIaX M KepaMHYeCKHX MaTepuanax. Tak HaHeceHHe
nokpeithii u3 Ta m Ti Ha Bpamarompecs cTeksia B COYETAHMH C HAIyCKOM KHCIOpOJa
MI03BOJISLIIO IPOBECTH OCAKACHHE MPO3PAYHbIX MOKPHITHI (0KcHnoB) Tommunol 0,1-0,5 MKM.

3ateM B OJHOM BaKyyMHOM ILHUKJIC Ha OTH IOKPHITHS HAHOCHIOCH IIOKPHITHE
AMOMUHMS TONMIMHON Oonee 0,3 MKM WM APYTMX METAIOB. DTO co3xaBaio 3ddexrt
[BETHOTO 3epKalla 3a cueT racsieid MHTep(epeHIuy, B YaCTHOCTH MOIJIU OBITh IIOIYyYCHBI
OTTCHKH CHHET0, JKEITOr0, 3eJICHOT0 U APYTHUX L[BETOB.

Janee 3a cuer juTorpadMu Ha a JIIOMHHHEBOM IOKDPBITHH CO3IABANCs 3aJaHHBIH
TOTIOJIOTHYECKHI PHCYHOK M HAHOCHIICS 3allUTHBIA CIIOM Kpackm, 4YTO 00ECreYnBano
(opMHpoBaHKE LBETHBIX 3€pKall C AEKOPATUBHOW HAANHCHIO WIH PUCYHKOM. TexHomorus
Obu1a O1poOoBaHa YIS MOJYHYEHHsI aBTOMOOMIIBHBIX 3epKall 3a/HET0 BU/IA.

IMoxpeiTHss MONMMOAEHA M3 PAcHbUIIEMOH TOHKOH MOJIOCH! OBLIM HCIIOJIb30BaHbI IS
TOHHPOBAHHS CTEKOJI. B yacTHOCTH pacmbuleHHe ¢ Toauel KUCIOpoa IO3BOJIUIO MOyqaTh
MOKPBITHS OEKEBOr0 M KOPHYHEBOTO OTTEHKA KaK Ha OTPa)K€HUE, TAK U Ha IIPOCBET.

HaHeceHne NOKpBITHI W3 XpoMa HCIIONB30BAJIOCH I AEKOPUPOBAHUS MOBEPXHOCTH
CTEKOJ U KePaMUKH C ITIa3ypOBaHHON IIOBEPXHOCTHIO. [IpH 3TOM HOKPBITHE XpOMa TOIIINHON
1o 0,5-1,0 MKM HaHOCHJIOCH Ha MOBEPXHOCTh MPEIBAPUTEIBLHO HATPETHIX W3IEIHi, Mocie
Yero METOJaMH JIMTOrpadHy IOIydYaldH 3aJaHHbIH JEKOPATHBHBIA pPUCYHOK. IlOKpBITHS
OTJINYAIHCh CPAaBHUTENIBHO BBICOKOI MEXAaHHYECKOH YCTOMYMBOCTBIO K HCTHPAHHIO H
LapanaHuio, XMMUYECKUM U TEPMHUYECKUM 00pabOTKaM.

bbuti onpoGoBaHbI BAPUAHTHI TTOTYHYEHUs CHHE-TOJIy0O0ro (Ha IPOCBET) MOKPHITHS Ha
OOBIYHBIX M KBAPLEBHIX CTEKIAX 33 CUST OCAXKCHHS IIOKPHITUH KOOAIbTa M JONOIHUTEIBHBIX

00paboTOK C LETb0 MOAUDUKALNY KOJIO aBTOMOOWIIBHBIX JIAMII.

1. P. bepum, I' . Beru, I’ . Benep. Pacmbuienne TBepabix Tenm HOHHOW OomOGapauposkoif. Beimyck 111
XapakTepHCTHKH PACTIbIIEHHBIX YacTHII, IpUMEHeHNs B TexHuke: M.: Mup, 1998. — 560 c.

2. B.T. bapuenko, }0.A. beictpos, E.A. Konrun , MoHHO-111a3MeHHbBIE TEXHOIOIHH B JJICKTPOHHOM
npoussozactse.- CI16., Dueproaromusaar, 2001, 332 c.

3. E.B.bepimun, C.A. [Ipunun, JI.A. Ceiinman, BakyymHas TexHOJOTHS M 00OpyIOBaHME JUII HAHECEHHSA U

TpaBIEHHUs TOHKHUX IIIeHOK.- M., Texnocdepa, 2007.
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NCCJIEJIOBAHUE COCTABA, ONITHYECKHWIT CBOMCTB MMOKPBITHIA
HA OCHOBE JUOKCHUJA TUTAHA OCA)KJIEHHBIX METOJIOM
PEAKTUBHOI'O MATHETPOHHOI'O PACIIBIJIEHUSL

STUDY OF THE COMPOSITION, OPTICAL PROPERTIES OF THE
COATING BASED ON TITANIUM DIOXIDE DEPOSITED BY REACTIVE
MAGNETRON SPUTTERING
E.C. Kucenesa*, H.H. Hukurenkos*, B.C. Ceinmuenko*
E.S. Kiselyova*, N.N. Nikitenkov*, V.S. Sypchenko*
*OU3UKO-TeXHUYECKUIT HHCTUTYT TOMCKOTO TOJIMTEXHUYECKOTO YHUBEPCUTETA,

634050 r. Tomck, mp. Jlenuna 30, TITVY. Kellymod53@mail.ru

The paper describes the study of titanium dioxide films made in different modes of
reactive sputtering, the structure and elemental composition. The dependence of the intensity
and position of the band broadening of the Raman scattering from violating oxygen
stoichiometry due to the formation of vacancies. Produced by reactive magnetron sputtering
film nanocrystalline anatase film TiO,, photocatalytic activity and are capable of redox
processes of the photo - catalytic decomposition of toxic substances.

Beenenne

JIMoKcHJ THTaHAa LIMPOKO HCHONB3YIOT IS (POTOKATATUTHYECKOrO OYUIIECHHUS OT
BPEIHBIX  OPraHMYECKHX  CJIOXKHBIX  COCJWHEHWH, Oiarofaps  CBOGH  BBICOKOM
¢orokaramnTHyeckoil akTHBHOCTH. OIHAKO /10 CHX IOP, He OBUIO TOCTOBEPHBIX KOPPEILHA,
CBSI3BIBAIOIIMX AKTUBHOCTh C KaKUM — JMOO CBOWCTBOM HOBEpXHOCTH. llenmbro HacTosiuei
paboThI 51 BISIETCSI UCCIICOBAHMUS CTPYKTYPHBIX M ONTHYECKHX CBOWCTB JMOKCHJA THTAHA,

OCAXKACHHBIX METOAOM PEAKTUBHOI'O MAarHETPOHHOI'O PACIIBIICHUA.

MeToauKa JKCIIepUMEeHTa

Iokpertust  TiO, HAHOCWIICH METOZOM PEAKTHBHOIO MAarHETPOHHOTO HAITBUICHHS C
HCIOJIb30BaHNEM J1Ta0OPAaTOPHOH YCTAHOBKM C IUIOCKAM MAarHETPOHHBIM HMCTOYHHMKOM [1].
JluckoBasi MarHeTpoHHas pacmbuuTensHas cuctemMa (MPC) BblmonHeHa B BHIE MOHOOIOKA,
MIPE/ICTABILIIOIIEr0 CO00H KOPITyC — aHOJ ¢ Pa3MEIICHHBIM BHYTPH HEro KaTOXHBIM Y3IIOM.
TIpunoxeHneM K MOJUIOKKE OTPULATENILHOTO DJIEKTPHYECKOTO CMEIICHUS B MarHETPOHHOM
METOJIe OCaXKICHHSI JOBOJBHO MPOCTO OCYIIECTBUTH MOHHOE 00ydeHue mieHoK. K aHomy
MOAKIIIOYEeHa CHCTEMa UMITYJIbCHOTO OTPHIATENHHOIO CMEIEHHSI, O3BOISIONIAsl IPUHUMATD

CIr€HEPUPOBAHHBIE CHUT'HAJIBI OT HUCTOYHHUKA TIMTaHUS MAarHeTpoHa, oGecneana}omaﬂ
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CHHXPOHHBIH HMITYJIbC pa3psjia Ha KaTole M MMITyJIbC CMELIeHHMs Ha aHoje. B kauectBe
I1a3MO00Pa3yoIIEero ra3a UCIoIb30BaIach CMECh

xucnopona (O,) u aprona (Ar). J{ns momydeHus

s h MOKPBITHI HCIIOJIB30BATICH clieyIonue
\ rapaMeTpsl HambUICHUS: MaTepuan karoma — Ti,
pabodyee naBiicHHE B Kamepe - 10" ITa, mommoCTE

o i 1kBt, Tok 3 A, HampspkeHHE OTPHLATEIBHOTO

™ CMeEILEHUs Uen COCTAaBJISIIO -100B.

) E "o 15 20 = ]

HHTEHCHBHOCTh,0TH. /1.

——— HccnenoBanace cepust 00pa3lioB Kak B PEKHME

OTPHULIATENBHOTO MOTEHIMANA Ha NOoANoxke (- 60
Puc. 1. Pacnipenenenue BBIXO/1a
BTOPUYHBIX MOHOB OCHOBHBIX 3JIEMECHTOB
nokpeitust TiO, (B pexuMe 3azemienHoii  MOMIOKKOH: Ox:Ar = 3.5:0.05 . Bpems ocaxnenus
TIOJUTOXKKH)

B): O:Ar=1:1, Tak u B pexume ¢ 3a3eMJICHHON

cocraBmsuiio 60 MHHYT JUii BCEX PEXKHUMOB.
TonmuHa n3yueHHbIX MOKpbITHH OblIa (150-270) HM. MccnenoBaHue Mory4eHHBIX TOKPBITUIH
BEIIIOJIHSZIOCE  METOJIOM ~ BTOPHYHOI ~ HMOHHOW  Macc-cnektpomerpun  (BUMC) ¢
HCTONIb30Banach yctaHoBku MC-7201M: mpenenbHOE HaBieHHE — — 107 Tla; pabouee
nasnenne — 107 Tla; HepBHYHEINA TTy4oK HOHOB Ar' ¢ smeprueii 4,5 k3B M IIOTHOCTBIO
HOHHOTO TOKa Ha obpasue 0.1 MKA/cM?., Kparep, 00pa3oBaHHbIH ITy4KOM HOHOB aproHa Iocie
agamm3a MerogoM BVMC wucnoms3oBaics A IHOCIHOHHOTO aHaiuM3a IUIEHOK MEIoM

KOMOHHALIMOHHOTO paccesiHust cBeta (A=532 um), Ha komiuiekce Centaur U HR[1].
Pe3yabTaThl H 00CyKIeHAE

Ha pucynke | mpeacraBieHO —pacrpeseicHue

BbBIXOJla BTOPHUYHBIX HOHOB OCHOBHBIX 3JIEMEHTOB II pU

= pacHblIEHHH HMOBEPXHOCTH CHCTEMBI ILUIEHKA-TIOJIOKKA,
025 A .
PN \ st o6pasna TiO, (moTydYeHHOTO B PEeKUME 3a36MICHHUS).

020 T

Pacnpeueneﬂue BbIXOJJa BTOPUYHBIX UOHOB, NOJYYCHHBIX

015

o0l RN jo 1 meronom BUMC mns obpasua TiO, (pexxum noTeHnuana

CMeIeHus ¢ MomIoXkkoil - 100 B) mokaszano Ha pucyHke

MHTEHCHUBHOCTb,0TH.€/1.

T T " y ; 2. Kak BHMIHO W3 PUCYHKOB paclpe/eleHHE BBIXOJOB
rayGuna, M BTOPHYHBIX HOHOB OCHOBHBIX 3JIEMEHTOB PaBHOMEPHOE.

Puc.2. PacnipesencHue Beixoga Ha pucyHkax 3,4 TpencTaBiIeHBI CHEKTPBHI PaMaHOBCKOTO
BTOPUYHBIX HOHOB OCHOBHBIX JJIEMEHTOB

noxpitis TiO, (8 pexuve (-100B) paccesHus a1 oopasnoB TiO, B pexxuMe 3a3eMIICHHOI

TIOJIOKKHU, U B PEXKUME OTPULATCIBHOI'0 CMCIICHUA Ha
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nogioxke (-100B). U3yuenue psga HOTOXUMHYECKUX CBOWCTB 0OpA3IOB JHOKCHIA THTAaHA,
MTOKa3bIBAIOT 3aMeTHOe BO3pacTaHue HX

d)OTOKaTaIII/ITI/I‘{eCKPIX CBOﬁCTB, BKITFOYas

g

(hoTOMMHEpaNIN3ALMIO, HATPABICHHBIX HAa JECTPYKIHUIO
TOKCHYECKMX  OpPraHM4eCKUX M  HEOPraHW4ecKUX

BCIIICCTB. Takoe yaydmeHue CBOWCTB (_JpOTOKaTa.TII/ISa

g

CBS3BIBAIOT € 0Opa3oBaHMEM BBICOKOH  yAENbHOU

Ed™)

MHTEHCHMBHOCTL,0TH.€/1.

— TIOBEPXHOCTHU MOJYNPOBOJHHUKOBBIX HAHOYACTHUL, YTO

0 £ CIOCOOCTBYET MHUTpalMi K Hell (hOTOreHepHpOBaHHBIX

“ o “
Pavaosexiii c1sar, ew HocuTenedl 3apsanoB. Hammume Ha  mOBepXHOCTH

Puc.3. Pamanosckuii crextp TiO; ACEKTOB  CTPYKTYphl, a TaKKe aicOpOMpOBAHHBIX

(pe)l(I/IM 3a3€MIICHHOH MOZTONKKH) MOJIEKYJI TIpUBOAUT K CO3JaHUIO aKLCNTOPHBIX H

JIOHOPHBIX LEHTPOB, CHOCOOHBIX K 3axBaTy (DOTOMHIYLHPOBAHHBIX JICKTPOHOB B 30HE
MIPOBOJMMOCTH U JBIPOK B BaJICHTHOH 30HE, YTO NPHBOJMT K IIPEJOTBPALICHUIO UX B3aHMHON
pexomOunanmu. Ilpenmonaraercs, YTO CyIIECTBYET HECKOJIBKO THIIOB IIEHTPOB 3axBara
HocuTeneil 3apsanoB. OJHU COOTBETCTBYIOT NMOBEPXHOCTHBIM Ae(EKTaM, CO3JAIOMUM Y3KHe
JIOHOPHBIE 30HBI SHEPTETHYECKUX MICKTPOHHBIX COCTOSHMIT BOIU3HU JTHA 30HBI IPOBOAUMOCTH

¢ riryouHoit 3aneranus ~120 MaB 1 mo3TOMY OTHOCSIIUMCS K MEJIKHM JIOBYIIKAM.

Jlpyrue, Ooinee TiyOOKHEe JIOBYIIKH CBSI3BIBAIOT C HAPYIICHUSIMH CTPYKTYPBHI
kpuctaimdeckoit dassl anaraza TiO,, 0OyCIOBICHHBIMU BaKaHCHSAMH Kuciopona. JInaum
PaMaHOBCKOTO paccestHHs Il O00pasLoB MAHOKCHAA THUTaHA CHIBHO ymiMpeHsl. U3
JINTEpaTypHBIX HCTOYHHKOB [2,3] m3BecTHO, YTO0 Hamboiee WH(POPMATHBHBIMU IS
KOPPEJISILUK SIBJISIOTCS THKH, PACIOIOKEHHbIE Tpu 639 em™ 143 em™! w399 oM™, cambiv
MHTEHCHBHBIM siBisiercst 144 cm™' ( Eg1) muk. YactoTa xonebanns Egi(144 cm™) 06pastios,
M3TOTOBJICHHBIX B PEXXUME OTPHULATEIBHOTO CMEIIEHHs Ha moyioxke (-60B) nmpumepno B 10
pa3 MeHee MHTCHCHBHO, 4eM JUI1 OOpaslOB, OCWKACHHBIX B PEKHME C 3a3eMIICHHOM

o UT0kKO#. Takon XapakTep pacCeIHus CBA3aH C HECKOJIbKUMH IIPUYNHAMU:

1) Tak aBTOpHI padot [2] CBs3BIBAIOT 3TO ¢ HaHOpa3Mepamu yactuill. 2) Kpome storo
s¢p¢ekra, Ha  XapakTep PaMAaHOBCKOTO  CIIEKTpa  TAaKXKe  BIUACT  HM3MEHEHHUE
crexuomerpuueckoro coctaBa O/Ti [3], npu 3ToM Habmonaercst capur E, B QuoneroByro
obyacTh crexTpa, ymupenue nuHHH. Takoil cxBur B (uoneToByl0 o00nacTh CIEKTpa
HaboaeTcst Uil Haluux oopas3uoB. Takum 0Opa3oM, MOXKHO TOBOPUTH, UTO HA MOBEICHHE

pamanoBckoro criektpa TiO; naror Bkiaz 06a a¢pdexra. Ha ocHOBaHMY SKCHIEPUMEHTAIBHBIX
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JAHHBIX TIOJYYEHHBIX CIICAYIOIMMH aBTOPaMHU:
Kelly S, [2], Zhang W. F. [3] 65110 ycTaHOBIEHO,
gro BemmunHa ( Eg)) pacter ¢ ymeHbleHHEM
pa3mepa uactui. Takas jxe 3aBUCUMOCTb  ObLIa

ompeneneHa B pabore. OOpasubl B peXHME C

MHTEHCUBHOCTh,0TH.€/1.

3a3eMJICHHOM HOHHOX(KOfI HUMEIOT pasMEp YacCTUIl

0 200 400 600 800 1000 1200 1400 1600

; paBHblii 8.2 HM, a 11100 pasloB B PEXUME

PamanoBckuii caBur, cM—
Puc.4. Pamanosckuii cniexrp TiO, (-100B) cvemenns (-60B) — 13.6.  CpaBHuBas CIEKTpbI

BUMC mus obpasuoB TiO;, Mbl BHAMM, YTO
HMHTEHCUBHOCTb BBIXOJIa BTOPUYHBIX MOHOB KHCJIOPOJA B IUIEHKAX, MOJIyYEHHBIX B PEXUME
3a3eMJICHHS TOJIOKKM MNPUMEPHO B TPU pasza IPEBBIIACT HHTCHCHBHOCTh BBIXOJA
BTOPUYHBIX HMOHOB KHCJIOPOAA JJsl IUICHOK JAMOKCHJIA TUTaHA, MOJYYEHHBIX B DPEXUME
rnoreHumana cmeueHus Ha nomnoxke (— 100 B ). OOwsicHsercs 3TO  COOTHOILEHUEM
KHCIIOpOJa K a30Ty: UL 00pa3LoB B PEXXHMe NOTEHIMAIa CMEIICHNUS Ha TI0JUI0XKKE, OHO OBLIO
BT pU pa3a MEHbIIC, IO03TOMY 3a CYET CTEXMOMETPHYECKOTO COCTaBa KHCIOPOJA MHUKH

PaMaHOBCKOTO PACCESHUS CMEIIAIOTCS B (DHOIETOBYIO 001ACTh M PACIIUPSIOTCSL.

BriBoabl

TIokphITHS HAHOKPUCTAJUIMYECKOTO aHaTa3a JMOKCHJAA THTaHA, OJTyYEHHBIX METOIOM
PEaKTUBHOIO MAarHETPOHHOTO PACCESIHHSI MOXKHO HCIOIb30BaTh IS (JOTOKATANIN3ATOPOB, TAK
Kak crnocoOHbl moBbIIATh d(dexkTuBHOCTH (OTOKaTaNM3a, 3a CYET YMEHBLICHHS
PEKOMOMHAIMY 3aXBayeHHBIX JBIPOK C AJIEKTPOHAMH, ONaromapsi CO3IaHHIO MMOBEPXHOCTHBIX
JIOBYIIEK, 00pPa30BaHHBIX 3a CUET HAPYIICHUs] CTEXHOMETPHUH Kuciopopa. IloBepxHOCTHBIE
JIOBYILIKH, BEPOSTHO, CO3MAIOTCS H3OBITOYHBIMH aTOMaMH KHCIOPOJa Ha IOBEPXHOCTH
(YBeJIMYCHHOE COJICPKAHUE BTOPUYHBIX MOHOB KHCIOPOJA Ha MHOBEPXHOCTH JHOKCHIA
TuTana). O6bsicHeHHe GOTOCOPOLIHK KHCIOPOAa Ha MOKPHITUSIX 110, 0OBsACHIETCS TeM, 9TO
[IPH OCBEIICHUM O3JICKTPOHbI HAKAIUIMBAIOTCS HA [OBEPXHOCTHBIX JIOBYIIKAX COTJIACHO

TeopeTuueckuM BbiknaakaM Kobanbuu u Kasau [4] u Teopun Bonbkenriueitna [5].
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PACYET XAPAKTEPUCTHUK PACIHBIJIEHUA KATOJA
C INBJIEKTPAYECKOM IIEHKOM IMMEPEMEHHOM TOJIIIUHBI
B TJIEIOIIEM PA3PSIJIE
CALCULATION OF SPUTTERING CHARACTERISTICS OF THE CATHODE
WITH A DIELECTRIC FIFM OF NON-UNIFORM THICKNESS
IN GLOW DISCHARGE

B.M. Kpucrs, e Hauur Tyn
V.1 Kristya, Ye Naing Tun

Mockosckuil 2ocydapcmeennulii mexnuueckuil ynugepcumem umenu H.O. baymana,
Kanyscexuii unuan, yn. bascenosa, 2, Kanyea, 248000, Poccus,

e-mail: kristya@bmstu-kaluga.ru

Influence of insulating film thickness variation along the cathode surface on the
cathode interaction with discharge plasma is studied. It is found that the flow
density of ions, bombarding the cathode, has the maximum value at its sections
with the minimum film thickness due to existence of ion focusing on them, caused
by inhomogeneity of the electric field distribution near the cathode. This should

result in an increase of film thickness non-uniformity with time.

Cpok cimyxObl NPUOOPOB TICIOIIETO paspsiia CYHIECTBEHHO — OMNPEIeIseTCs
pacmblICHUEM MX KaToJla MIOHAMH, YCKOPSIOUIMMHECS B KaTOTHOM CJI0€ pa3psiia. Y MEHbILCHUE
9Hepruit OOMOApIUPYIOMIMX KAaTOA HOHOB, a CIIeNOBAaTeNbHO, M HHTECHCHBHOCTH €ro
pacIbUICHUsI, MOXKET OBITh JOCTHUTHYTO MYTEM CHIDKCHHUS KATOAHOTO MAJICHUS HANpPSDKCHUS

paspsana U,, uro obecneunBaercst ysenuueHueM dddexrusHoro xosdduuuenta noHHO-
3NIEKTPOHHON 3MHCCUH KaToAa ;. JlIs 3TOro Bo MHOTHX TUIax MPHOOPOB Ha IMOBEPXHOCTH

KaTona GopmMupyeTcs TOHKas OKCHAHAs IUICHKA, MMeIomIas 6ojiee BEICOKOE 3HAYCHUE Y; , YeM

COOTBETCTBYOUIMI MeTas [1-4].

Ecnau tonmuHa OUANEKTPUYECKON IUICHKH H3MEHSAETCsl BAOJb IOBEPXHOCTH KaToja,
MOXKET IIPOUCXOMUTh HCKPUBICHHE CHJIOBBIX JIMHHH  DJEKTPHYECKOro IOJisi B
MIPUAIEKTPOIHOM CJIO€ Pa3psa, OKa3bIBAIOIEe BIMSHUE HA JIBIKCHUE 3apPSHKEHHBIX YAaCTHUIL.

B pesynbraTte 3TOro HapyImaeTcs OAHOPOJHOCTH GOMOAPAMPYIOIIEr0 KaTOA HOHHOTO MOTOKA,
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a TaOKe HM3MEHAETCS €ro HJHEPreTHMYECKMil CIEKTp BCJIEJACTBME OOJBIIEro BIHSHHUSA
HEOHOPOJHOCTH JJIEKTPUYECKOrO MOJIIy KaToJa Ha HU3KODHEPIeTUYHbIE MOHBI [5].

Iostomy > deKTHBHBIA KOIOHUINCHT pacIBUICHHS KaToga R; , CyIECTBEHHO 3aBUCSLINN OT

9HEPrHil HOHOB, MOXET OTJIMYAThCS HA PA3HBIX Yy4acTKaX IUICHKHU, YTO JAOJDKHO IPUBOJUTE K
N3MEHEHHI0 HEPAaBHOMEPHOCTH €€ TOJIIMHBI C TedyeHHeM BpeMeHH. OIHAKO HCClieoBaHUs
9TOrO MpoLecca PaHee HE TIPOBOANIINCE.

B nanHO# paboTe paccuMTaHbl OCHOBHBIE XapAKTEPUCTUKH MpOLECCa pacIblICHHs B
TICIONIEM pa3psie KaTola ¢ TOHKOH JMAJIEKTPUYECKON IUICHKOW, TOJIIMHA KOTOPOH
NIEPHOJUIECKH H3MEHSETCS BJIOJIb €r0 HOBEPXHOCTH.

Ilycrs karonusiid cnoit (KC) Ttieromero paspsaa, B KOTOPOM HAaIpsKEHHOCTh
9NIEKTPUYECKOTO TOJISI 3HAYUTENIBHO MPEBOCXOJMT €€ 3HA4YEHHsl B APYTHX YacTsAX paspsna,
PACIIONIOKEH MEXAY IUIOCKOCTBIO z =0 ¥ MOBEPXHOCTBIO TOHKOI I MAIEKTPUYCCKOM IUICHKH

Ha MIOBEPXHOCTH KaTOJla, OMHCHIBAEMON ypaBHERNEM z, =d, + /i, coskx, tae k=2n/1,, d,
- TOJILMHA KATOJHOIO COSL paspsja, /iy U [, - aMIUITyJa U [EPHOJ HEPaBHOMEPHOCTH
TOJNIIMHBI TIIEHKH, CPEJHSS TOMUWHA KoTopoit pasHa H,. Hombl pabouero rasa,

meuratonuecss B KC , moaBepraroTcss pE30HAHCHOW Mepe3apsike Ha €ro aromax,

MHTEHCUBHOCTh KOTOPOH XapaKTepu3yeTcsi CPElHEH JUIMHOMN 11 pobera MoHA A, & MEKIy

rnepe3apsAAKaMyu YCKOPSIIOTCS 3JIEKTPUYECKUM I10JIeM B HampasiieHUU katoza [3]. Benencreue
HCKPUBJIEHHOCTH €T0 TIOBEPXHOCTH, B IPHIIOBEPXHOCTHOM CJIOE€ Pa3ps/a EKTPHIECKOe Moje
HMeeT HEeHYJIEBYIO IIONePEUHyI0 KOMIIOHEHTY, BEINYMHA KOTOPOil EPHOAUYECKH H3MCHSCTCS
BJIOJb TOBEPXHOCTH Kartoja. B pe3yibTaTe MOXET NPOUCXOAUTH OTKIOHEHHE TPAEeKTOPHUi
HOHOB OT MaKpPOCKOIINYECKOH HOPMaJH K MOBEPXHOCTH KaTO/a, IPUBOASIIECE K HAPYIICHHIO
OJJHOPOAHOCTH 6OMOApIUPYIONIEro € HOHHOTO MOTOKA.
B ciyuae, koraa HCKPHMBICHHOCTh NOBEPXHOCTH 3JIEKTPOAA Maa, T.€. BBIIOIHIETCS
ycioBue
hy<<l; ~\s< d,, (1)
HEOJHOPOAHOCTH pAcHpe/ic]ICHUI SICKTPUYCCKOTO MO M HOTOKOB YacTUIl  BJOJb
MOBEPXHOCTH KaToJa MaJlbl M COCPEIOTOYCHBI B TOHKOM IPHIIOBEPXHOCTHOM CJIOE pa3psia

TOJIIUHON [ << d,. B uacTHOCTH, Kak moka3aHo B [5], dyHKuuMs pacrpesiesieHHs OTOKA

1oHOB 110 dHeprusiM € (PPU) MoskeT OBITH IpeCTaBICHA B BULIE:

fi(x,z,€) = fo(z,€) + f(z, )coskx, ?2)
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rne f;o(z,e) m fy(z,e) - ®PUy rnaakoro onekTpojga ¥ Majas IONpaBKa K HEH,

o6ycnosneHHa${ UCKPHUBJICHHOCTBIO NOBEPXHOCTH IJICKTPOAA, ONPEACIIACMBIC BBIPAKCHUAMU

26 JiM; 1 7(z,8) 2 (2 _Z 3

et Pt W Al e W ®
heEpu

fu(z,8)= ﬁf[o(z,e) [exp(k(z -d, ) +exp(k(zo(z, €)—d, )] s )

pUyeM u=(1+E_}2er /ECES U)_l, E, =2UL,/ d, W j; - HaNpsKEHHOCTb DJIEKTPUYECKOTO
TIOJISL ¥ CPE/IHAS IUIOTHOCTh HOHHOTO TOKA Y KaToja, E - mapaMeTp, 3aBUCANIHH OT paGoThI
BBIXOJIa MaTepHana TOIOKKH ., Z,(z,€) - KOOpAWHATA MOCENHEH Nepe3apsAaky HOHa,
HMEIOLIEr0 B TOYKE C KOOPAMHATOW Z OHEPrUI0 €, OmpeleseMas COOTHOILICHHEM
€ =e[cp(zo)—q)(z)], @(z) = Ucz2 / dc2 - pacrpe/ie/ieHHe MOTeHLHala YIEKTPHYECKOro Mojs B
KC, e u M; - 3apaa u mMacca HOHa.

B sTOM Ccilydyae pacnpeielieHHe IIOTHOCTH IIOTOKA HOHOB .J; BJOJb IIOBEPXHOCTH

kartofa (IIpH z = d, ) UIMeeT BUJL:
1 eU,
Ji(X,dc)=ﬁ [ filx.d,,e)de =J, +J; coskx, ©)
i 0

rae

Jo=Jile ‘]i1=jithf“'/}"ceEc [1+1/(1+k c)] ()
U3 (5), (6) cnenyer, uro BenMuMHa J; NPMHUMAET MAKCHMaJbHbIE 3HAUEHMs] B TOUKAX
MOBEPXHOCTU KaToJa C KOOPJIMHATAMU X =AnJt, TAE€ N - 1EJ0€ YHCIO, T. €. MPOUCXOIUT
YacTH4HAsi POKYCHPOBKA HOHOB Ha y4acTKaX ¢ HAMMEHBLICH TOJIIMHON OKCHUIHOH IUICHKH.
Tak xak oObraHO E r /EC >>1 [5], T0 ¢okycHpoBKa MMeeT 3aMETHYIO BEIUYHHY Jaxe MpPH

MallbIX aMIUIMTYaX HePaBHOMEPHOCTHU TOJILMHbI IICHKH /1 / Ag< 1.

IlroTHOCTH MOTOKA paclnbUICHHBIX aTOMOB MaT€pHajla Karolay €ro IOBEPXHOCTH

onpenensiercs popmynoii [6]:

eU,
J(x,d,)= ML [ Y(e/¢e) fi(x,d,,e)de =Ty +J g coskx, @)

i€
B KOTOpoi Y(e/e,) - K0d(dUUMEHT pacHbUIeHHs MaTepuaa IIICHKM, PaBHBIA CpefHeMy
YHCITy PacIBUICHHBIX aTOMOB B PAacyeTe Ha OJWH HMOH, €, - MOPOTrOBas YHEPTHs PACIBIICHHUS

[7]. Ilpu 3TOM, Kak MOXKHO ITOKa3aTh, HCHOJIB3Ys COOTHOLIEHHUS (2) — (4),
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Jao =JiQole, T = (jith/'M/}\‘ceEc)(Qi Qil"a ®)

rae

\/@
Qo =(e/%) [ Y (=) )expl~d, /%, (1-D)ldr,

Ji=g
01 =(e/2) | Y((1=2)/B)expl=(d, /20 + k)1 0)dt, p=¢,[eU, .

DddexTHBHBII ke K03UIUEHT pacHblICHUs KaToJa HOHAMH (yCPEIHEHHBIH 10 HX

SHEPrusiM) PaBeH:

Ri(x)=J(x,d.)/J;(x.d,). )

IoacranoBka B Hero cootHoureHuit (5) u (7) ¢ yuerom ycnoeus (1) maer
R (x)= Ry, +R; coskr, (10
rmeR,, u R, - >bdexTuBHbIH KO3(DOUIMEHT pacHbLICHHs HOHAMH TINIAJKOrO Karoja M

IONpaBKa K HeMY, 00yCIIOBIICHHAs: HCKPUBJIIEHHOCTBIO €r0 MOBEPXHOCTH, IIPUYEM

Ro = Qor Ry == Esu /0 E,) (01 - Qo (14K ). an
CormacHo (10), (11), mpm BemonHeHun ycnoBus (1) sddexTuBHBI K03 pHIIEHT
pacIbUICHNS] IPUHUMAET MHUHHMAJIbHBIC 3HAYCHMS HA y4aCTKAaX C HAMMCHBIICH TONIIMHOM
IUIGHKM B pe3ysibTare TOro, 4YTO Ha HHX, Kak cuenyer u3 (4), NpeuMylleCTBEHHO
(OKyCHPYIOTCS MOHBI C MaJIBIMH SHEPTHsAMH, MPETEPIEBIINE MOCICAHION Iepe3apsaKy B

Y3KOM CIIO€ TOJNIUMHOK mopsaka [, y karoxa. IIOTOK ke pacHbUICHHBIX aTOMOB C TAKHX

YYaCTKOB IUICHKH, Kak BUAHO u3 (7), (8) MakcumasieH BCIIEACTBHE OOJbLICH IIOTHOCTH
00MOapaUpyIOIero HX HOHHOTO IIOTOKa. OJTO JOJDKHO IPUBOAUTH K  YBEJIMUYCHHIO
HEPaBHOMEPHOCTH TOJIIIMHBI IUICHKU C TSUCHUEM BPEMEHH.

Pa6oTa BBINOJIHEHA B paMKaxX pealn3alliy rocy1apcTBEHHOro 3afanus «Opranusamus
MPOBE/ICHUsI HAYYHBIX HccienoBanuiiy Munoopuayku PO B MI'TY um. H.D. baymana npu
¢unancosoit noanepxke PODU u IIpaButenscra Kamyxckoit obmactu (mpoekt Ne 14-42-

03057).
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YUCJIEHHOE MOJEJIMPOBAHUE HAT'PEBA 9JIEMEHTOB KOHCTPYKIIMU
HNCTOYHUKOB HOHOB C PAINOYACTOTHBIM HAT'PEBOM IIJIA3MbI PA3PAA
NUMERICAL SIMULATION OF STRUCTURAL UNITS HEATING FOR ION
SOURCES WITH RADIO-FREQUENCY PLASMA DISCHARGE HEATING

K.W. Kpyrnos', B.K. A6rapsm’', X. JIe6”
'HUU IMD MAMW, Jlenunrpaackoe mocce, 5, a/s 43, r.Mocksa, Poccusi, e-mail:
vka.mai@mail.ru;
2 Vuusepcurer umenn FOctyca JIubuxa, r. ['nccen, ['epmanus

VcTouHuKHM HOHOB Ha OCHOBE BBICOKOYacToTHOro (BYU) MHIyKIMOHHOrO paspsia
JOCTaTOYHO IIMPOKO HCIIONB3YIOTCS B HA3eMHBIX TEXHOJNOTHSAX M0 MOAU(UKAIUH
MOBEPXHOCTEH Ppa3IMYHBIX MATEPHAOB, a TaKXKe B KOCMUYECKOW TEXHHMKE B KadecTBe
JBHTATENCH KOCMHYECKHX amnmaparoB. IIpHHIMI paboTBl BBICOKOYACTOTHOTO HOHHOI'O
HCTOYHHUKA COCTOUT B BHICOKOYACTOTHOM Harpese ILIa3MEI B razopaspsiguoit kamepe (I'PK) u
MOCJIEAYIOIEM YCKOpeHHH MOHOB [ 1] B nonHo-onTHyeckoi cucreme (MOC), cocrosieit, kak

MPaBUIIO, U3 YCKOPSIOILETO ¥ SMUCCUOHHOIO JIEKTPOJIOB, puc.1 [2].
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PI/ICyHOK 2 — MloHHO-OnITHYECKAs CHCTEMa

[MpuHnunuansHOl 0COOCHHOCTIO (DYHKIHOHUPOBAHUS BBICOKOYACTOTHBIX HOHHBIX
HCTOYHHUKOB SBIISIETCSI TO OOCTOSATENBCTBO, YTO JIMIIL YacTh BKJIaJblBaeMol B Iu1asmy BY -
MOIIHOCTH HJET Ha oOpa3oBaHWE M TMojJiepxkanue paspsaaa miasmel B I'PK. Bombmas dacts
BY-momHoCTH TepsieTcsl Ha HarpeB Y3/10B KOHCTPYKIMH HCTOYHMKA, MPOUCXOASIINN H3-3a
BBINIAJICHHSI MOHOB, DJEKTPOHOB M (OTOHOB M3 IUIa3Mbl Ha creHkd ['PK u moBepxHOCTBH
9MHUCCHOHHOTO 3nektpopa [3]. Harpes u mocnenyromas Tepmuueckas —Jedopmanus
9MHCCHOHHOTO M YCKOPSIOUIETO 3JI€KTPOAOB HOHHO-ONTHYECKOW CHCTEMBI TPUBOJMT K
YXYALIEHUIO TEXHHYECKHX XapaKTepHCTHK HCTOYHHKA. Takke HarpeB 2J€MEHTOB
KOHCTPYKIIMHM TIPEIbSBIIACT IIOBBINICHHBIE TPEeOOBaHMSA K MaTepuaiaM, HCIIONb3yeMbIM B
KauecTBE KOMILIEKTYFOIIHX.

Jlnst ompeneneHus TeMIEpaTyp O3JIE€MEHTOB KOHCTPYKIHH pa3paboTaHa Moelb
temtornepeHoca B BU — nOHHBIX ncTouHMKax. B Moxmenum wucmomb3yercs JydHMCTBIA H
TEIUIONPOBOAHKIN TEIIOOOMEH MEXKIy OJEMEHTaMH KOHCTPYKIMH HCTOYHHMKA, a TaKKe
KOHTAKTHBI TEIJIOOOMEH MEXAY COIPSDKCHHBIMH MHOBEPXHOCTAMH. IloTOKM TemnoBoi
MOIIHOCTH, BEIHOCHMBIE U3 ILIa3Mbl HA IOBEPXHOCTU DJIEMEHTOB KOHCTPYKIMH, Ol PEAE/ICHBI
B MOJIEJIM ¥ MICTIOJIb30BAHBI B PACUETaX B KAYECTBE HAYAIBHBIX yCIIOBHIL.

Jlnst 4HCIeHHBIX PAcyeTOB pacHpefeleHHil TeMIepaTyp HPHMEHSUICS MIPOrPaMMHO-
BBIYHUCIHUTEIbHBIH KoMIUIEKC ANSYS, B KOTOPOM peanu3yercst MeToA pa3OueHHs 00beKTa
HCCIIEIOBAaHNS Ha OONIBIIIOE KOJIMYECTBO SJIEMEHTOB.

BrimonHena cepust pacueToB TeMIIEPaTyPHBIX paclpeleNneHuil B pa3pabaTbiBaeMOM B
MAMW MOHHOM HCTOYHMKE MOBBIILIEHHONW MOLIHOCTH (710 35 KBT) npu pa3iuyHbIX 3HAYEHUAX
BY-mMomHOCTH € IENbI0 ONpeNeiIeHns 3aBHCHMOCTH TEMIIEPATyp Y3JIOB OT MOIIHOCTH.
XapaKkTepHOE TEMIIEpPaTypHOE pacmpeje]IeHNe B OCHOBHBIX JJIE€MEHTaX KOHCTPYKIIUH

HMOHHOI'O MICTOYHHKA Ha pa60qu PEeXKUME IPUBEACHO HA pUC. 3.
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Pucynoxk 3 — Pacnpenenenus remneparyp nosepxuocreit BUMN

PacueTsl BbISIBUIM IPUMEPHO JIMHENHBIH pocT TemnepaTtyp I'PK u a5exkTpo10B HOHHO-
ONTHYECKOH CHCTEMBI B HCTOYHHKE ¢ poctoM BY -momHoct (puc.4). Taxxke paccuuTaHbl
IpoGUIM TEMIEpaTyp 3JEKTPOJOB HOHHO-ONTHYECKOIl CHCTEMBI 10 HX PaJuycCy, KOTOpbIE
HCHOIIB3YIOTCS JUISl pacdera TepMHYECKOH AedopMaluu 3JIEKTPOJOB HOHHO-ONTHYECKOMH

CHUCTEMBI HCTOYHHKA.
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Pucynox 4 — 3aBucumocts Temneparypsl [ PK ot BU — momHocTi

Pabota Bemonnena npu noaaepxke I'panta [Ipesunenta Poccuiickoit deneparuu aist
roCyJapcTBEHHON MOANEP)KKU Bexylled HayuHoil mkonsl Poccuiickoit ®enepaumu HIII-
895.2014.8 u TI'panra IIpaButensctBa Poccuiickoit @enepamuu Ne 11.G34.31.0022 s

TOCYJapCTBEHHON MOAJEPKKH HAYYHBIX HCCIIEIOBAHUM, MPOBOAUMBIX MOJ PYKOBOACTBOM
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BEIYIIMX  YYCHBIX B  POCCHHCKMX  00pa30oBaTEIbHBIX  YYPEKACHHAX  BBICLIETO
po()eCCHOHANIBHOTO  00pa30BaHMs; IPU T'OCYJapCTBEHHON MOANEPIKKE KOMIUICKCHBIX
MIPOEKTOB IO CO3JAHUIO BBICOKOTEXHOJIOTMYHBIX IIPOHU3BOJCTB, BBIIOIHAEMBIX C y4acTHEM
BBICIIMX y4eOHbIX 3aBeaeHuit mo Jloroopy Ne 02.G25.31.0072; mpu rocymapcTBEHHOM
MOAJEePIKKE TIPOBEIACHHMS IPUKIIAHBIX HAYYHBIX UCCIENOBAHUN H pa3pabOTOK, HAaIlPaBICHHBIX

Ha CO3aHHe MPOAYKINHK U TexHooruii mo Cornamenuro Ne 14.577.21.0101.
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Numerical simulation of a high-perveance ion extraction system with a plasma emitter. Journal of
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3. Van Noord J. L. NEXT Ion Thruster Thermal Model. National Aeronautics and Space
Administration, Glenn Research Center, 2010.
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ABLATION OF HIGH-Z MATERIAL DUST GRAINS IN EDGE PLASMAS
E. Marenkov’, S. Krasheninnikov*

*National Research Nuclear University “Moscow engineering physics institute”, Moscow,
Russia, e-mail: edmarenkov@mephi.ru;
* University California San Diego, La Jolla, CA 92093-0411, USA

Nowadays it is well recognized that dust particles can play an important role in fusion
plasma performance and material transport [1]. Therefore, it is important to have a good
understanding of the most important processes dust grains encounter in the course of the
interactions with fusion grade plasmas. Many fundamentals of grain-plasma interactions were
developed by dusty-plasma community. However, grain-plasma interactions in fusion devices
have some important distinctions. In particular, in hot and dense fusion plasma environment
dust grains ablate rather quickly. The effect of the vapor on grain-plasma interactions can only
be neglected for relatively small grains (below ~10 microns). Meanwhile, it is important to
know how the vapor “shielding” alters grain-plasma interactions for larger (~100 microns)
grains, which may pose significant threat for plasma performance and even result in
disruption, especially for the case where these are high-Z material grains.

There are several numerical codes developed for modeling of the dust transport: DUSTT,
DTOKS, MIGRAIN etc. However, the models employed in these codes do not account for
plasma interaction with vaporized grain material. Usually it is supposed that for large grains
one can use shielding model developed for hydrogen pellet ablation [2]. In this model heating
of the dust grain by fast electrons causes the grain evaporation. The vapor is responsible for
energy loss of ambient plasma electrons, reducing the total heat flux coming to the grain
surface. Description of the loss mechanism is a key ingredient for any shielding model. For
pellet ablation the loss is defined in free streaming electron approximation. This
approximation is indeed justified for the grains with small atomic number Z, but can be
violated for heavier grains. One can see that if the mean free pass length for electrons in the
vapor cloud is larger than the cloud typical size, the free streaming approach is valid.
However, for large Z material, such as tungsten (W), this assumption is wrong and shielding
should be described by electron thermal conductivity, rather than just stopping of an electron
beam.

In the present work we develop such a model. We use thermal conductivity equation to
describe electrons loss in both neutral vapor and secondary plasma. To make our model

reasonably simple we use a number of simplifications. The coronal model is used for
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secondary W plasma and Saha equilibrium is supposed in the W vapor. The validity of these
assumptions will be checked in our future works.

Using our model, we show that the thermal conductivity effect leads to a notable decrease
in the grain ablation rate, compared to the free-streaming model. A set of variables
responsible for applicability of our model is defined and impose restrictions on the problem
parameters: the grain size, temperature and pressure of the ambient plasma. Analysis of these
conditions shows that the thermal conductivity effects are valuable for large enough grains,

several micrometers in diameter, in tokamak edge plasmas.

0] =T, 10eV
1074
—=—30 eV
—v—50eV
191 —~—100eV
1079 —a—free streaming, 30 eV
—v— free streaming, 50 eV,

Fig. 1. The grain ablation rate vs the grain radius.

An example of calculated ablation rate values, I, versus the grain radius, Ry, is shown in
fig. 1. The rates are presented for several different ambient plasma temperatures Ty Our
results are marked by hollow markers, while filled markers represent the ablation rate
calculated in free streaming approach, taken from [1]. One sees that the rate values as well as
their scaling with Rd are different for both models. We notice that wrong estimate of the
ablation rate can have a critical impact on plasma-dust interactions, since it defines the depth
of the dust penetration in the core plasma.

The work was supported by Russian government megagrant 14.Y26.31.0008.

1. S. I. Krasheninnikov, R. D. Smirnov, D. L. Rudakov, Plasma Phys. Control. Fusion
53(2011) 083001.
2. V. A. Rozhansky, I. Yu. Senichenkov, Plasma Phys. Rep. 31(2005) 993.
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CHARACTERISATION OF PLASMA PARAMETERS OF INDUCTIVELY -
COUPLED PLASMA SOURCE AND ITS APPLICATION FOR NITRIDING OF
STEELS

E. Meshcheryakova, M. Zibrov, A. Kaziev, G. Khodachenko, and A. Pisarev

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),
Kashirskoe shosse 31, 115409 Moscow, Russia, meshch_kate@mephist.ru

Inductively coupled plasma (ICP) sources are widely used in many technological
applications, including etching of semiconductors, thin film deposition, and surface
modification of materials [1]. In particular, ICP plasmas could be attractive for plasma
nitriding of metals (steels, titanium, aluminium, etc.) due to the following features: high
ionization degree (up to several percent), low pressure (down to 10 mbar) that results in
increase of energy of ions bombarding a substrate and reduction of their energy spread, and
relatively small impurity content in the plasma due to electrodeless nature of the discharge.
Consequently, thorough characterization of plasma parameters in ICP sources is essential for
revealing the optimal regimes of plasma nitriding.

In this work measurements of parameters of inductively coupled plasma (ICP) produced
by radiofrequency (RF) plasma generator (ICP antenna) RFPG-250 manufactured by
Beams&Plasmas were carried out. The antenna consisted of a flat multisipral water-cooled
copper coil and was located inside the vacuum chamber. It was protected against direct
contact with plasma by aluminium housing and a quartz window. The power from a RF
generator (13.56 MHz) was supplied to the coil through an automated RF matching network.
The vacuum chamber was evacuated with a dry scroll and turbomolecular pumps to a base
pressure of about 10> mbar. A pair of Helmholtz-type coils was used to generate a static
quasi-uniform longitudinal magnetic field up to 80 G.

The measurements were carried out for argon and nitrogen plasmas at working pressures
in the range of 510~ —1x10 "% mbar and various values of the B-field (i.e. coil current). The
input RF power was 1 kW. The axial distribution of plasma parameters was measured by a set
of Langmuir probes. The probes were biased by a DC bipolar power supply and the measured
I-V characteristics were recorded by a digital storage oscilloscope. Each -V trace was
averaged over 128 runs. The electron temperature was determined according to the classical
theory of Langmuir probes from the slope of a semilogarithmic plot of electron probe current
versus probe voltage. The plasma density was estimated according to the Bohm formula from

the ion saturation current density.
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The measured axial distributions of the plasma density and electron temperature for Ar
plasmas at various coil currents are shown in Fig. 1. These distributions are weekly non-

uniform for all B-fields used.
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Fig. 1. Axial distributions of argon plasma parameters at a working pressure of 10> mbar and different
coil currents
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Fig. 2. The dependences of plasma parameters on the B-field value at 118 mm from the antenna

The dependences of plasma parameters on the B-field value at a fixed distance from the
antenna are plotted in Fig. 2. As it can be seen, the electron temperature has a weak
dependence on the B-field value for all working pressures used. At working pressures in the
range of 5x10°~5x10"* mbar, the dependence of plasma density on B-field is non-monotonic:
it has a maximum at a B-field near 19 G, while at high B-fields (about 70 G) discharge
disruption occurs. At the same time, at a pressure of 10> mbar the plasma density
monotonically increases with increasing B-field. It can be also noticed that the maximum
value of plasma density is of the order of 10" cm™ and practically independent of the

working gas pressure. Thus, it can be concluded that the ionization degree increases with
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decreasing pressure, reaching the value of about several percent at a pressure of 5x10~* mbar.
Similar dependences were also observed for a discharge in nitrogen. Such regimes with a high
ionization degree are attractive for the plasma nitriding.

The plasma composition was investigated by optical emission spectroscopy. The
measurements were performed for argon plasmas in the pressure range 1x10>~1x10 "> mbar
at the coil current in the range of 0-15 A. Identification of the emission spectra was
performed using the NIST Atomic Spectra Database [2]. The spectra mainly contained the
lines of neutral Ar and singly-charged Ar ions. Furthermore, the analysis of the spectra shows
relative rise of ionized fraction with decreasing pressure.

The regimes with a high ionization degree were used for plasma nitriding of Russian
grade steel 30XI'CA (0.28-0.34%C, 0.9-1.2%Si, 0.8-1.1%Mn, 0.8-1.1%Cr, <0.3%Ni,
<0.3%Cu, <0.025%S, <0.025%P). The samples were mechanically polished, ultrasonically
cleaned in acetone and ethanol and then sputter-cleaned in a pure Ar plasma at a pressure of
5x10"* mbar and a B-field of 19 G by applying a DC bias voltage of —600 V. Nitriding was
performed in pure nitrogen, in a mixture of nitrogen and argon, and in a mixture of nitrogen,
argon, and hydrogen.

All the plasma nitrided samples exhibited hardness enhancement. The important
condition of effective nitriding of steel was shown to be addition of hydrogen to a rather high
concentration (up to 90%). It was also shown that addition of Ar at a low concentration
(typically 10%) promotes increase of the thickness of the nitride layer.

Nitriding depends on the bias applied to the steel sample. Biasing —200V and +100 V
increased the temperature from 480°C at zero bias to 600°C at negative bias, and to 750°C at
positive bias. Negative biasing gives additional flux of nitrogen ions that can increase the
concentration of nitrogen in the sample. Positive biasing gives a serious increase of the
temperature and respective decrease of the nitrogen concentration due to desorption but
increase of the nitriding depth due to diffusion. The steel used easily oxidizes, and negative
biasing was supposed to also suppress oxidation due to ion bombardment.

SEM images of the sample surface before and after nitriding are shown in Fig. 3. The
initial surface is rather non-uniform. In the bright regions the concentration of doping
elements Cr, Mn, Ni, Cu, Si is over the average value. After nitriding, the roughness of the
surface increased, and typical surface relief is demonstrated in Fig. 3.

Fig. 4 gives the dependences of hardness measured at different loads applied to the
indenter. The average hardness over the surface at the standard load of 1 N was 190 HV, for

the initial sample. After nitriding, it was 304 HV, at negative bias, 915 HV, at zero bias, and
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304 HV, at positive bias. The hardness after nitriding was about 2 times higher for biased
samples and 4-5 times higher for not biased sample. That is, the highest value was obtained if
no bias was applied, and ion and electron assisting of nitriding gave a negative result contrary
to the expectations. One must note that traditional quenching increases the hardness of this
steel to the level of 315-512 HV; hence plasma nitriding gives a higher effect in the near

surface layers with respect to quenching.

SemHv: 300KV | Wo: tasemm ||| SEMHV: 00K | WD: 1488 mm SEMHV 00KV WD: 1520mm
Viow ol 139 ym Dotse  20um View fieid: 139y Det: & View flid: 139m | Det: SE

Fig. 3. SEM images of the sample surface before nitriding and after nitriding at negative, zero, and

positive bias voltages
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Fig. 4. The dependence of the hardness on the load applied to an indenter for the initial sample and the

samples nitrided at different bias voltages

The hardness of the non-biased sample was non-uniform through the depth. It has a
maximum of about 1100 HVs (5-6 times the initial value) at the depth corresponding to the
load of 5N). Unfortunately, the hardness of this sample was very non-uniform over the
surface. One could find regions where the hardness was only slightly above the initial value.
That is, nitriding in ICP discharge has both advantages and disadvantages and needs further

investigations.

1. T. Okumura. Phys. Res. Int. 2010 (2010) 164249.
2. http://physics.nist.gov/PhysRefData/ASD/lines_form.html
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OBPA30BAHUE PEJIBE®A HA IOBEPXHOCTH
BOPOCWJIMKATHBIX CTEKOJI O JEMCTBUEM
KCEHOHOBOW IIVIA3MBI ITPU CKOJIB3AIINX YTJIAX
MAAEHUSA
FORMATION RELIEF ON THE SURFACE OF
BOROSILICATE GLASSES UNDER XENON PLASMA AT
GLAZING INCIDENCE

A.b. Hagupangze, P.P. Paxmatymiun, C.B. YpHoB
A.B. Nadiradze, R.R. Rahmatullin, S.V. Urnov

Kageopa 208, Mockosckuii aguayuonnwvlii uncmumym (HayuoHAIbHbLIL UCCIe008aAMeNbCKULL
yHugepcumem), Borokonamckoe uiocce, 0. 4, e. Mockea, Poccus, e-mail: nadiradze@mai.ru
Experimentally investigated the impact of flows xenon plasma ion energy of 300 eV
on borosilicate glass brands and K208 CMG100 at grazing angles of incidence of the ions.
Found that at 75 ° angle of incidence on the glass surface microtopography CMG100
develops irregularities with heights of 500-600 nm, which causes a decrease in transmittance
to 60%. At angles of incidence of 60 ° on the surface topography is formed of glass, no

change in transmittance occurs.

BopocunukatHple  cTekia  IIMPOKO — HUCHONB3YIOTCS  Ba  DPOKOCMHYECKOH
MPOMBIIUICHHOCTH B KAauecTBE 3alUTHBIX IOKPBITHH coiHedHbIXx Oartapeid [1]. Ecim
MIOBEPXHOCTh 3al[UTHOTO CTEKJIa IOJBEpraercs HOHHOW OOMOapAMpOBKe, €€ ONTHYECKHe
CBOICTBAa MOTYT H3MEHATHCS, H3MEHSSI TeM CaMbIM, MOIIHOCTH OaTapen. [TosToMy ogHOl H3
podeM o6 ecriedeHust (pyHKIHOHATBHBIX XapaKTEPUCTHK 3aIUTHBIX MOKPHITHI B Ipolecce
JUIITENIHOM JKCIUTyaTallii B KOCMOCE SIBJISIETCS OLICHKA BIIMSHMS MOHHOH O0MOapIupoBKH
Ha UX ONTHYECKUE CBOUCTBA.

B nanHoit pabore wucciienoBanoch BO3JCHCTBHE IMOTOKOB KCEHOHOBOHM IUIA3Mbl C
sHeprueil noHoB no 300 5B Ha GopocmmukaTHble crekia tuma K208 (Pocems) 1 CMG100
(QIOPTIC, Anrnus). YcinoBus OOTydYeHHs O YIIaM MaJeHUS U DHEPrHU HOHOB ObLIN
MIPUONIKEHBI K PeaabHbIM, INIOTHOCTh TOKA IPEBBIIIAIa pealbHble 3HaUeHUs. DKCIEPUMEHTHI
npopoawiuch Ha crenne III1-2 MockoBckoro ApuanmonHoro HMHcrtutyTta. B Kauectse
WCTOYHUKA HOHOB HCIIONB30BAJICS IBUTATENIb C 3aMKHYTBHIM Apei(oM dIEKTPOHOB H
MPOTSHKEHHOM 30HOM yckopenus Tuna CI1/I-50 [2]. B jaHHOM HMCTOYHMKE IJ1a3Ma CO3JaeTCst
3a CYeT Ta30BOro pas3psjia, OCYIIECTBISIEMOIO B KOAKCHAIBHOM KaHaJle paspsIHON KaMepsl ¢

BHEITHUM auameTpoM 50 MM. McTounnk noHOB paboTan Ha Xe 1pu paspsgHoM Toke 1.4 A n
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yckopsitorieM HanpspkeHud 300 B. MoHbI B cTpye MMEIOT SHEPreTM4YecKoe paclpeleiieHue
Omm3koe K pacnpeneneHuio MakcBemwia npu cpenneil sHeprum 200-250 3B. Kontpons
IUIOTHOCTH HOHHOTO TOKAa MPOU3BOMMICA C IIOMOIIBIO  JBYXCETOYHOTO  30HIA
(3HeproaHanu3aTropa), yCTaHOBJICHHOIO Ha paccTosiHUU 425 MM U 1ox yriom 20 rpaxycoB K
OCH HCTOYHHKA.

B skcnepumenTe ObLIH HCTIOIB30BaHEI 00pasiis cTekna K208 pasmepom 37.3x76.3 Mm
u tonumHod 130 mMxMm u creknma CMG100 Tommumuoit 100 MKM JBYyX THIOpa3sMepoB -
37.3x76.3 MM 1 39.8%69.2 mM. Ctekno CMG100 nmeno antuoTpakaromniee nokpsirue MgF,
TomuuHOH 110 HM. OOpasupl ycTaHABIMBAIKCH MOA yriaoM 60° u 75° rpagycoB K MOTOKY
HMOHOB Ha paccTOSIHUM 425 MM oT uctouHuka. OIHOBpEeMEHHO oOiydanocs 4-6 00pas3lnoB
crekia. [TnoTHOCTh MOHHOTO TOKa Haxoauiack B mpenenax 0.1 - 0.4 MA/eM?. Temmnepatypa
00pasIioB BO BpeMsl 3KCIIEPUMEHTa He npeBbimana 95°C.

Bpewmst obydenus o6pasioB cocrasimsuio 5, 10 u 15 wacos. Hekoropsie o Opa3ibl
o0iryganuch MHOTOKpaTHO s Habopa Tpebyemoro ¢moenca. [lo M mocie KaxIoro
oOyueHHSI ~ M3MEPSIIHCh  CICKTPHI  HPONMYCKAaHWMs ~ CTEKIAa € HCHOJIb30BaHHEM
cnekrpodoromerpa Specord 40 u Macca 00pas3lOB C UCIOJIB30BAHUEM MPEIM3UOHHBIX BECOB
MB 210-A. ITo n3MeHEHHIO MacChl p aCCUUTHIBANIACH TIyOHHA dpo3uu. B pesymbrare ObIan
TOJTy4CHBI 3aBUCHMOCTH M3MCHEHHUSI ONITHYCCKUX CBOMCTB CTEKIIA OT IITyOUHBI 9PO3HH.

Ha puc. | mpuBeneHbI CIEKTPBI HANpPaBICHHOTO MHPOIYCKAaHUsS (M3MEPEHHBIE II0
HOpManH K nosepxHocTH) crexon K208 u CMG100 nocie Bo3AeicTBHS HOTOKA yCKOPEHHBIX
HOHOB MpH yriax magenus 60° u 75° u pasznuunoil TiryOuHe 3po3uu. V3 3THX PHUCYHKOB
BUJIHO, YTO M3MeHeHus1 kodd¢uuuenta npomyckanus crekna K208 mpu yrie manenus 60°
HEe3HAYHUTENbHBI, KaKOH-JIN00 3aBUCUMOCTH OT IIIyOMHBI 9po3un He Habmonmaercs. Ilpu yrie
nageHust 75° moTepu HECKOJIBKO BO3PACTAIOT M HAUYMHACT IPOCMATPHBAThCS TCHICHIHS POCTa
noteps OT TayouHsl 3po3uu. CoBcem uHave Beaet cedst crexsio CMG100. [Mpu yrne nageHus
60° HaOmogaeTcs HeOONbIIOE CHIKEHHE HpolryckaHust (B npepenax 1-2%), cBs3aHHOE, IO-
BUJIMMOMY, C PAacHbUICHUEM IPOCBETISIONIEro MOKpbITUs. OMHAKO HpH yrie majaeHus 75°
MOTepH PE3KO BO3PACTalOT, HAOMIOmaeTcs SpPKO BBIPAKECHHAs 3aBHCHMOCTh IOTEPh OT
TITyOUHBI 3pO3HH.

Jlnist BBISICHEHHS IPUYMH U3MEeHEHHs Kod(dduuunenrta nponyckanus crekon CMG100 u
K208, oOmyueHHble 00pa3ibl OBUIM HCCIENOBAaHBEI HAa aTOMHO-CHJIOBOM MHKDPOCKOIIE

Solver Pro — M (NT-MDT, Poccust). Pe3ynbpraTs! 9THX HCCIeJ0OBaHHI IPUBEACHEI HA PHC. 2.
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Pucynox 1 — Cnekmpui nponyckanus oopasyos cmexaa K208 u CMG 100 npu pasauunou enybune

oposuu: a) K208, 60°, 6) K208, 75° ) CMG100, 60°, 2) CMGI100, 75°.

(@

Pucynox 2 — ACM uzobpasicenus nosepxnocmu oopasyos cmexia K208 (a) u CMG100 (6) npu yenax

Kak MOXHO BUZETH U3 pHC. 2, MaKCUMaJIbHas BHICOTA HEPOBHOCTEH Ha MOBEPXHOCTH
crekia CMG100 pocruraer 700 HM, BTO Bpemsi kak Ha K 208 oHa moytu Ha MOpsIOK
BEJIMYMHBI MEHBIIIE M COCTABIIAET OKOJIO 80 HM.

CTounb CHIIBHOE OTIINYHE BBICOTH HepoBHOCTeH Ha crekiax CMG100 u K208 cBsi3aHo,

MO-BUAUMOMY, C OTIMYMEM UX JIEMEHTHOTO COCTaBa M CTPYKTYypsl. Bmecte ¢ TeM, dopma

@)

naoenust uonos 75 °.
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HEepOBHOCTEl Ha O0OMX CTEKJIaX HPUMEPHO COBIIAJACT, YTO TOBOPUT O O WJCHTHYHOCTH
MeXaHH3MOB (popMHUpOBaHUS penbeda.

OtmernM, 4TO NOA00Has (hopMa HEPOBHOCTEH HaOIIOaNach B dKCIEepuMeHTax [3]
npu GomGapaupoBke kpemuus nonamu Ar’, Ne', Tam ke 6blla 0GHapy’KeHA 3aBHCHMOCTh
aMIUTUTYbl HEPOBHOCTEIl OT  KOHIEHTpAllMM IpEUMeced B KPEMHHH, XOTS  aMIUIUTYZa
HEPOBHOCTEH COCTaBJIsIa OKOJIO 2-3 HM.

OTcyTCTBHE M3MCHCHHI MPOIMYCKAaHWS MPU Yyrie HajeHus HOHOB 60° 0OBICHSIETCS
TEM, YTO NP TaKUX yIiaxX HaJeHUs penbed Ha MOBEPXHOCTU CTEKIa He obpasyercs. DTo
MOATBepiKIaeTcs: puc. 3, Ha kotopoM mpexacrasieHsl ACM u3obpaxenus crekia CMG100

[IPH yTIie TaeHus HOHOB 60°.

Pucynox 3 — ACM uzobpasicenus nosepxnocmu obpazyos cmexia CMG100 npu yene nadenus uonog
60°.

H3zmepeHus mokasaiy, 4TO O CHOBHAsI 4acTh IOBEPXHOCTH CTEK/A, OOIy4eHHOIO IO
yriioM 60°, uMeeT o4deHb HU3KYIO miepoxoBatocTh (Ra = 1.5 HM). M akcumanbHas BBICOTa
HEpOBHOCTEH cocTaBisieT HpH 3ToM 5-10 HM. O4eBHIHO, YTO TaKWe M3MEHEHHS HE MOTYT
OKa3bIBaTh 3HAYMTEIHHOE BIMSHHE HAa CBETONPOIYCKAaHHWE CTEKJIa, YTO M HAOIIoJaeTcs B
IKCIIEPHMEHTE.

Taxum 00pa3om, IPOBEICHHBIE HCCIIEIOBAHMUS TTOKA3aJIH, YTO MPH CKOJB3SIIUX yIriax
nanenust (75°) Ha nosepxHocTn crekna CMG100 Moxer pasBHBaTbCS MHKpopensed c
BbICOTOM HepoBHOocTedl 10 500-600 HM, NPHUBOASIIMI K CYIIECTBEHHOMY W3MEHEHHIO
OINTUYECKHUX CBOMCTB CTEKJa. MakcHMallbHOE HM3MEHEHHe KO3(QHIMEHTa HaIpaBICHHOTO
npomyckanus 1t crexiia CMG100 ma anuae Bombel 540 HM cocraBiseT okoio 60%. Ha
crexie K 208 rtarke mpoucxoauT obpa3oBaHHe penbeda, OJHAKO BHICOTA HEPOBHOCTEH
CYyIIECTBEHHO MeHbplle — 60-80 HM, 4TO He MNPUBOAUT K 3aMETHBIM H3MEHEHUSIM
ceeronponyckanus. OTinune BBICOTBI HepoBHoOcTed Ha crexnax CMG100 u K208
OOBACHSACTCS OTAMYMEM MX CTPYKTYPBl M DJIEMEHTHOIO COCTaBa. IIpM MEHBIIMX Yyriax

nagenust (60°) penbed Ha NMOBEPXHOCTH CTEKON HE 00pasyeTcs, 4TO T'OBOPUT O HAIMYUH
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HEKOTOPOro KPUTHYECKOI'o yrjia naa€Husd HOHOB, Ha4YWHasA C KOTOPOro Ha4YUHACTCA POCT

penbedya Ha ITIOBEPXHOCTH.

1. B.A.Jlerun, JI.C. Tauenko, T.A. Areea T.A, B.®. CypkoBa 3amuTHbIe MOKPHITHS CONMHEUHBIX OaTapeit
KOCMHYECKHUX alapaToB ¢ GONBIIAM pecypcoM. ABTOHOMHas SHepreTHka, TeXHHUeCKHii mporpecc n
9KOHOMHKa. Bbim. 24-25, 2008-2009, ctp.3-14.

2. C.A. TI'pummun, JI.B. JleckoB DnekTpuyeckue pakeTHble gBUraTenu. — M.:Mamunoctpoenue, 1989.

3. UYepusim B .C., ITatpakeeB A.C., CommaroB E.C., u np. / ®opmupoBanue HaHOpenbe(a MPH HOHHOM
06J'ly'-|eHI/H/I MOBEPXHOCTH TEPMaHUA M KPEMHHA. — nOBerHOCTL. PCHTFCHOBCKI/IC, CHHXPOTPOHHBIC H
HelTpoHHbIe nccnenoanus. 2007. Ne 12. C. 25-29.

4. A.C. Tonmopeu Ontuka nepoxosaroii nosepxsoctu. — JI.: Mamunocrpoenue, 1988.

5. JLB. Berpamb6ekoB IIporieccsl B TBEepAOM Teie MOA ACHCTBHEM HOHHOTO M IUIA3MEHHOTO OOIydYEHHS:

VuyebHoe nocobue. — M.: MUDU, 2008. — 196 c.
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3PO3MA NOJIMMEPHBIX HAHOKOMIIO3UTOB HA OCHOBE YIJIEPOJIHBIX
HAHOTPYBOK IO AEUCTBUEM KHUCJIOPOJHOMU IIJIA3MbI

EROSION OF CNT-BASED POLYMER NANOCOMPOSITES
EXPOSED TO OXYGEN PLASMA

JI.C. Hoeukog', E.H. BOpOHI/IHal, B.H. qepHI/IKl, E.A. BopoGLeBal, A.B. MaKyHI/IHl,
K.B. Bepunropos?, K.C. Sxosnes’, M.IO. SI610koBa’
L.S. Novikov', E.N. Voronina', V.N. Chernik', E.A. Vorobieva', A.V. Makunin',
K.B. Vernigorov?, K.S. Yakovlev’, M.Yu. Yablokova®

Hayuno-uccneoosamenvckuii uncmumym sioepnoti pusuxu umenu /1.B. Cxobenvyvina
Mockosckozo 2ocyoapcmeentoeo yHueepcumema umenu M.B. Jlomonocosa
Jlenunckue eopwi, 0. 1, cmp. 2, Mocksa, Poccus, novikov@sinp.msu.ru
Mockosckuil 2ocydapemeennutil yrugepcumem umenu M.B. Jlomonocosa, xumuyeckuil
@axyremem Jlenunckue 2opul, 0. 1, cmp. 2, Mockea, Poccus

The durability of CNT-based polymer composites to oxygen plasma
impact was studied with magnetoplasmodynamic accelerator of Skobeltsyn
Institute of Nuclear Physics. This paper presents data on mass losses of
polymer samples, the analysis of their surface structure, and the discussion
on potential mechanisms of CNT destruction under oxygen plasma
exposure.

TonuMepHble HAaHOKOMIIO3UTBI OTHOCATCS K Hamboliee MEPCHEKTUBHBIM MaTepHaliam
JUIs CO3JJaHUsl KOCMMYECKUX allapaToB HOBOIO MOKoJeHus. [lyTeM BBENEHUS pa3IMYHBIX
HAHOPA3MEPHBIX YAaCTUI] HAMOJHUTENS B MOJMMEPHYI0 MATPUIy MOXKHO MOIy4aTb
KOMIIO3HUTHI ¢ TpeOyeMbIMU MEXaHHYECKUMH, TEIUIOBBIMH, JIICKTPUUECKUMHI U ONTHIECKUMHU
xapaxrepuctukamu. OJIHaKO MPH CO3JaHUU TaKUX MaTepUalloB IS SKCIUTyaTalluk Ha HU3KUX
OKOJIO3EMHBIX OpPOHMTaX HEOOXOAUMO MOAPOOHO HCCIEAOBATh MX CTOMKOCTh K BO3JCHCTBHIO
aTOMapHOI0 KHCJIOpOJa BepXHel aTMocdepbl 3eMiIH, KOTOpOe MPHUBOAUT K II OBPEKICHHIO
MaTepHaloB BHENIHEH IOBEPXHOCTH KOCMMYECKHMX allapaToB 3a CYET XHUMHYECKOro

pacHbUIeHHs H 3po3ud [1].

Panee Hamu ObLIM HCCIIEOBAHBI MONTUMEPHBIE KOMIIO3HTH! C HAIIOMHUTEISIMU B BHIE
HAHOPA3MEPHBIX YaCTHUI] MOJHMOTPAHCHIOKCAHA, OKCHIOB M KapOumoB MetamioB [2,3]. B
HacTosIell paboTe NPUBOAATCS PE3yJbTAaThl HCCIEIOBAHUS CTOMKOCTH K BO3JICHCTBHIO
KHCIIOPOJHON IUIa3MBI K OMIIO3UTOB C HAMOJNHHUTEIEM B BHIE YITIEPOJHBIX HAHOTPYOOK
(YHT).

O6pasupl ObUTM U3roTOBICHBI U3 monuamugomuaa ITAU-200A, npuMeHseMoro B
Ka4yeCTBE ICKTPOU3OJILMOHHBIX TEPMOCTOMKNX JIAaKOB, W dmokcuaHol cMoisl Epikote 828

Ha OCHOBE OmcgeHoma A cc ofepKaHHEM OSIOKCHAHBIX rpymn 5260-5420 mmons/kr. B
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KayecTBe HaroJHUTeNneH HCIIOJIb30BAINCH HeYHKIIHOHATN3HPOBAHHBIC u
¢yHKunoHam3upoBanHeie MHorocnoiasie YHT pagmycom 10—50 HM, MoJrydeHHbIE METOJIOM
MUPOJIM3a YIJIEBOJOPOJIOB (Ta3 — MeraH, Kartaimzatop NiMgO), creneHb KOBaJCHTHOM
¢yukumonanusaun YHT aMuIHbIME, aMHUHHBIMH H KHCJIOTHBIMH TPYNIaMH COCTaBJIsLIA
1,9-2,2%. IIpuroroBieHue CMECEBbIX KOMIIO3ULMI MOIMMEpPA U HAIIOJIHUTEINS C PA3IMYHBIM
MAacCCOBBIM COOTHOILICHHEM KOMIIOHEHT ITPOMCXOIWIO IPU YIbTPa3BYKOBOW 00paboOTKe B
Teyenue 15-60 munyrt, comepxanne YHT mensnock ot 0,001% no 8% wmacc.: mna [TAU —
0,25-8% macc., st anokeuaHo# cmoibl — 0,001-0,58% mace. Pazmepsl 06pa3ioB Ha OCHOBE
INIAU  cocraBmwmn 2,5 % 0,5 cMm npu TommumHe 100-200 MKM, SMOKCHIHBIX OOpasloB —
2,0x0,5 cm, TonmmHa 2 MM. [[ns W3y4yeHUS BO3JACHCTBHS KHUCIOPOAHOW IUIa3Mbl Ha
HATIOJIHUTENb JIOTIOJHUTEIBHO HCCIIE0BAJINCh MACCUBBI BEPTUKAIBHO OPHEHTHPOBAHHBIX
VYHT puamerpom 20-100 HM, MOJydYeHHbIE METOIOM IHPOJUTHYECKOrO ra3odazHoro

ocaxxeHus (karammzarop — peppouer CsHs—Fe— CsHs).

O6irydeHre KUCIOPOAHOM MTa3MOi MPOU3BOAWIOCH HA MArHUTOILUIA3MOJHHAMHIECKOM
yckoputene HUUSA®D MI'Y co cpeaHeii sHepruei 4acTuil B IIIa3MEHHOM Ityudke okouo 20 5B
npu pmoence (0,5-3,5)10%° cm? [4]. [ToBepXxHOCTH 0GPA3LOB HCCISOBANACH C IIOMOLIBIO
ontnyeckoro mukpockona Carl ZEISS Axiolmager Alm, CKaHHPYIOLIErO 3JIEKTPOHHOIO
mukpockona TESCAN LIRA 3, aromHo-cuioBoro Mmukpockomna «®emtoCkany». s

M3MEpEHHs MOTEPh MACChl HCMOMB30BATHCH MUKpoBechl HR-202i.

BeInosTHEHHBIE M3MEpPEHMS TIOTEPh MacChl 00pa3loB IMOKa3alHd, 4TO KO3(PQHUIMEHT
9po3un 00pa3loB 3aBHCHT OT KOHIEHTpamuu u cBoiictB YHT, a Ttakke OT cremeHH
JVCIIEPTUPOBAHUS HANIOJIHUTENS B ONMUMepHOH Matpune. s oopasnos I[TAU nabmonanocs
CHIDKCHHE KO3()HIMEHTA 3PO3UH 110 CPABHEHUIO C HCXOJHBIM IOJIIMMEPOM, a I 00pa3lioB
Ha OCHOBE DIIOKCHIHON MAaTpHIBI BCIEICTBHE HHM3KOTO COJEp)KaHUS HAHOTPYOOK SIBHOW

3aBUCHUMOCTHU OT UX KOHIEHTPAUU HE BBIABIICHO.

AHanu3 MOBEPXHOCTH O0OpasmoB € MOMOIIBID CKAaHHUPYIOIIETO AIEKTPOHHOIO
MHKPOCKOIIA II0Ka3aJl CYLIECTBEHHOE pa3iIM4he CTPYKTYypbl INPUIIOBEPXHOCTHBIX CJOEB
HaHOKOMIIO3UTa C HE(QYHKIHOHAIM3UPOBAHHBIMU H (yHKIHOHanu3upoBaHHeIMH YHT
(puc. 1). Bugno, uro mns miueHok ¢ GyHkuunoHanusupoBanusiMu YHT (puc. 10) xapakrepHO
Oosiee paBHOMEPHOE pacIpeJielieHne HaHOTPYOOK B IMOJMMEPHON MaTpuIle, HMOCKOJIbKY Ha
n300paXKeHUsIX TPAKTHYECKU OTCYTCTBYIOT KPYITHbIE HEOJHOPOJHOCTH, XapaKTepHbIE IJIs

1AW ¢ vepynkumonanuzupoanubiMu YHT (puc. 1a).
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SEMHV: 17.0 v m
View field: 418 pm Det: SE 100 um - E 00 m
SEM MAG: 518 x | Date(midy): 03119115 SEM MAG: 503 x| Date(micly): 031915

Puc. 1. O6ny4eHHas KHCIOPOIHOM TIa3MOii TOBepXHOCTh 00pa3noB [TAU coxepxannem
HaroaHuTeNst 2% Macc.: a — HedyHkunonaausuposanusie YHT; 6 — dynkunonannsuposannsie YHT

Ha o0mny4eHHO# MOBEPXHOCTH HAGIIONAIOTCS SIPKO BBIPAXKCHHBIE TEMHBIC M CBETIIbIC
00J1aCTH, UX L[BET COOTBETCTBYET CTENCHH ITOBPEK/ICHUs KOMIIO3UTA: TEMHBIE YYaCTKH ObUIH
CHJIBHEE PaCTPABJICHBI IIA3MOIl M II09TOMY JIS)KAT HIKE CBETIIBIX. B TEMHBIX 001aCTsIX BHACH
BOPCHUCTBIH penbed), XapakTepHbIH JUlsl MONHMEPOB MOCIE BO3ACHCTBHS KHCIOPOIHON
IUTa3MBl, @ Ha CBETJIBIX MEXIY CKOIUICHHS ITOJMMEPHBIX 3BEHBEB XOPOIIO IIPOCMATPHBAIOTCS
otmensHele YHT (puc. 2). Cxopee Bcero, CBETIbIe YYacTKH COOTBETCTBYIOT OONAcTsIM ¢

MOBBILIEHHOM KoHLIeHTpauued YHT.

SEM Y TO kY. SEMMV: 0NV | Wo:ag7mm
Vi fed: 12 pm Det:sE View fild: 103 pm Dot sE -
SEM MAG: 16,0 kx_|Date(miay): SEW MAG: 201 kx_Datofmi

Puc. 2. 306paxeHns XapaKTepHBIX CTPYKTYp Ha 00JIydeHHOi noBepxHOCTH 00pa3uos [TAU

Hamu ObU10 BBINONHEHO OONydYeHHE MACCHBOB BEPTHKAIBHO OPHEHTUPOBAHHBIX
HAHOTPYOOK  KHCIOPONHOW IU1a3Moil mOpH  pa3nuuHbix — (umoencax. HccrmemoBanue
MOBEPXHOCTH MacCHBa [0 M HOCJIE OOJIy4eHHs MO3BOJWIO CIENaTh BBIBOA O TOM, YTO HPH
(urroeHce YacTUI KUCIOPOIHOM IIIa3Mbl ~10% cm ™ u BoIme noBpexieHus crpykrypsl YHT
CTAQHOBSITCS CYIIECTBEHHBIMH, B pe3ysbTaTe 4ero HaHOTPYOkM paspymaiorcs. OmHOH u3

XapaKTEPHBIX craauit Tponecca paspylieHuss SABIACTCA TaK Ha3bIBAEMOE «PaCIyIICHUE»
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HaHOTPYOOK, KOTOpoe Hanboee aKTUBHO NPOUCXOIMT Ha MX KoHuax (puc. 3). Ckopee Bcero,
00HapyKEHHOE «pACIyLIEHHE» TECHO CBA3AHO C SIBJIEHMEM «PACCTErMBAHMA» (UNZIpping)
VHT [5]. CnenanHble BBIBOABI TOATBEPIKAAIOTCSA PE3yNbTaTAMH BBINOIHEHHBIX HaMH ab

initio pacueToB ¢ MOMOILBIO METOJa TEOPHH (YHKIMOHAJIA INIOTHOCTH [6].

tvras Tescanfl sew wv: 250

W0z 17.06 mn SEMHV: 300KV
Views fild: 244 ym et: 2

View fiei: 482 m

SeM AG: 990 x _ Datoim. SEM MAG: 101 kx_|Date(miay): 03115, SEM MAG: 600 kx

Puc. 3. U306paxenne maccuBa YHT 10 (a) u mocine (6,B) BO3ACHCTBUS KHCIOPOIHON TIIa3Mbl

IIpoBenennsie uccrnenoBanust mnokasand, uto YHT, BBeaeHHBIE B NOJIMMEpPHYIO
MaTpHIly, 3alUIIAIOT IMOJMMEPHBIC 3BEHBS OT PACTPABIMBAHMUS KHCIOPOJHOHM IUIA3MOML.
Opnako mpu  GompIMx — (IIOEHCAX HAYMHAETCS pa3pylCHHE CaMHX HAHOTPYOOK,

MIPOSIBIISIONIEECs KAK XapaKTePHOE «PacIIylIeHHe» TOpLUoB 1 60koBbIx cTeHOK YHT.

1. Mopens kocmoca. T. 2. Tlox pen. JI.C. HoBukoBa. Mocksa: KJIY, 2007.

2. K.B. Vernigorov, A.Yu. Alent'ev, A.M. Muzafarov, L.S. Novikov, V.N. Chernik. J. Surf.
Ingestig.-X-Ray Synchro. 5 (2011) 263.

3 EN. Voronina, L.S. Novikov, V.N. Chernik, N.P. Chirskaya, K.B. Vernigorov,
G.G. Bondarenko, A.I. Gaidar. Inorg. Mat.: Appl. Res. 3 (2012) 95.

4. V.N. Chernik. Proc. 7th Int. Symp. Materials in Space Environment (1997) 237.

5. D.V. Kosynkin, A.L. Higginbotham, A. Sinitskii, J. R. Lomeda, A. Dimiev, B.K. Price,
J.M. Tour. Nature 458 (2009) 872.

6. E.N. Voronina, L.S. Novikov. RSC Adv. 3, 35 (2013) 15362.
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W3MEHEHME CBOMCTB IMNOJUUMMIHBIX IVIEHOK
IPUA NOCJIEJOBATEJILHOM OBJIYYEHUU
MMPOTOHAMMU U KHCJOPOJHOM IJIA3MOMI

CHANGE IN PROPERTIES OF POLYIMIDE FILMS AS A RESULT OF
COMBINED IRRADIATION WITH PROTONS AND OXYGEN PLASMA

JI.C. HoBukos, E.H. Boponuna, B.H. Yepnuk, JI.A. XKunskos
L.S. Novikov, E.N. Voronina, V.N. Chernik, L.A. Zhilyakov

Hayuno-uccneoosamenvckuii uncmumym sioepnoti pusuxu umenu /1.B. Ckobenvyvina
Mockosckozo zocyoapcmeennoo ynueepcumema umenu M.B. Jlomonocosa
Jlenunckue eopwi, 0. 1, cmp. 2, Mocksa, Poccus, novikov@sinp.msu.ru

This paper presents results of experimental investigation of combined
impact of 500 keV protons and 20 eV oxygen plasma on thin polyimide
films. Due to the prior proton irradiation of samples the polyimide durability
to oxygen plasma impact reduces. The proton bombardment causes the
decrease in transmission coefficient of samples, but their transmittance
recovers partially after the exposure to oxygen plasma.

TlonmuuMuIHBIE TUICHKH IIMPOKO HCIIONB3YIOTCS Ha IIOBEPXHOCTH KOCMHYECKHX
anmapaToB B COCTaBE TEPMOPETYJIHPYIOIIMX HOKPBITHIH, IUICHOUHBIX KOHCTPYKLMH
Pa3IMYHOrO Ha3Ha4YeHHs U T.J. OJIHAKO BO3/IEHCTBHE KOCMUYECKHX W3yYeHHI Pa3HbIX BHIOB
Ha ITOJMUMH/IHBIC TUIEHKH MOXXET MPHBOANTH K M3MEHEHUIO MX MEXaHHYECKHX, ONITHYECKHUX
anekTpodusnueckux cBoiictB [1]. V3BecTHo, Hampumep, 4TO B pe3ynbTaTte OONydeHHUs
HOHAMU B AMAIEKTPHKAX, BKIIOYAs IIONHMEPBI, O OPa3yloTCs HEHTPhl OKPACKH, 3aMETHO
yXyJIIalolie ONTHYECKHe CBOICTBAa MarepuanoB [2]. YcraHoBieHo, uTo 00IydeHHe
MOBEPXHOCTH TOJIMMMHKAA TipoToHamu ¢ dHeprueil 20-100 x>B BeI3BIBaeT pa3speiB

XHUMHUYECKHX CBA3CH U IECTPYKIHMIO IIPUIIOBEPXHOCTHOTO ¢1ost [3,4].

Ha HH3KHX OKOJO3EMHBIX OpOHMTaX CEPbE3HYI0 OMACHOCTh JUIsl MOJUMEPHBIX
MaTepHAJIOB IPEICTABISICT aTOMapHBIN KUCIOPO BepXHel aTMochepbl 3eMIIH, SBIISFOLIMNACS
TJIaBHBIM €€ KOMIIOHEHTOM B HMHTepBajie BbICOT ~ 200-800 KM, rae OCYIIECTBISIOTCS, B
YAaCTHOCTH, TNWJIOTUPYEMbIE KOCMHYECKHE TIOJEThl. 3a CYeT OpOUTAIbHOW CKOPOCTH
KOCMHYECKOTO ammapara DHEepris CTOJKHOBEHHsS AaTOMOB KHCIOpPOJa C HOBEPXHOCTBHIO
COCTaBISIET OKOJIO 5 9B, YTO 3HAYUTENHHO MOBHIIIACT dPHEKTUBHOCTh MX BO3ICHCTBHUS HA
Marepraisl. [10TOK cBepXTemIoBbiX aToMOB O BBI3BIBAET 3PO3HIO MOBEPXHOCTH MOTHHMHIA
3a CYyeT pa3pblBa XHMMHYECKHX CBsi3ei M OOpa3oBaHUs JIETYYHX COCIUHEHUH (B HEPBYIO
ouepens, CO u CO,) [5]. Takoe Bo3AeiicTBHE NPHUBOAUT K 3aMETHBIM IIOTEPSIM MacChl

MaTepuana 1 yXyALIEHHIO €ro CBOMCTB.

287



MOXHO OXHIaTh, 4 TO KOMOMHHPOBAaHHOE BO3/CHCTBHE MPOTOHOB M KHCIOPOIHON
IUIa3MBl CHOCOOHO TPHBOAWTH K BO3HHKHOBEHHIO CHHEPreTHYECKHX J()(eKTOB, M3ydeHHE

KOTOPBIX SIBJISACTCSA LEJIBIO JTaHHOU pa60TbI.

B pabote nccrenoBanoch KOMOHMHHPOBAHHOE BO3JCHCTBHE KHUCIOPOIHON IIa3MBl U
MpoTOHOB ¢ dHeprueil 500 3B Ha 00pa3ibl MOTMHUMHUIHBIX IUICHOK pasmepoM 3,5 x 3.5 cM u
TONIIUHON 0KOJIO 35 MkM. OOiydeHre oOpa3LoB NPOTOHAMH POH3BOJHIOCH HA KACKaTHOM
reneparope KI' -500 HUMS® MI'Y mpu cpeameii miotaoctd mortoka 1,2:10%cem>c™ no
(oeHcoB 10M-16" cm>. JlaBnenne BB aKyymHON Kamepe cocrapmsno ~107 Topp,
TeMmepaTypa obpasuoB mpu obmydennn He npepbimana 50°C. [lns obnyuyenus obpas3uoB
KHMCIIOPOJHOM 1a3Moi HCIIOJIb30BAJICA CO3/1aHHBIH B HUUAD My
MAarHUTOIIIA3MOJMHAMIYECKIH YCKOPHTENb, 00ECIIeUNBABIINN CPEIHIOI0 SHEPTHIO YacTHI] B

2

MIa3MEHHOM Mydke okono 20 5B mpu motsocts motoka (1-5)-10' em?-¢', mccmenyemsie

00pasiibl 00Ty4aInuch 10 GiroeHca 1,310 1 3,310 em > [6].

H3mepenne ko3GUIMEHTOB NPOMYCKaHUs IUIEHOK BBHIIOJHEHO HA JIByXKAHAIBHOM
criekrpomerpe Shimadzu UV-3600 ¢ guanmasonom 180-3300 mm. IToBepxHOocTh 00pasios
HCClIeioBalIach ¢ IOMOMBIO onTHyeckoro mukpockoma Carl ZEISS Axiolmager Alm,
aTOMHO-CHJIOBOTO MHKpockona «®emMToCKaH», CKaHUPYIOIIETro 3J1€KTPOHHOIO MHUKPOCKOMA
TESCAN LIRA 3, 3on10Boii HaHonmabopatopun NTEGRA Spectra. [{ns u3Mepenus norepb

MacChl HCTIONB30BANICH MUKpoBecs! HR-2021.

Ha mepBoM dTame ucciexyemble 00pasipl ObUIM OOTydYeHB! HPOTOHAMHU C JHEPrHei
500 k3B. B pesynbrare 0OJIy4yeHHs IUICHKM IOTEMHEIM 3a CYET OOpa3oBaHHs IIEHTPOB
OKpAcKH, MX I[BET W3MEHMICS OT HCXOIHOTO CBETJIO-XKEITOro IO TeMHO-KopHuHeBoro. Ha
OCHOBAHHM BH3YaJIbHOTO OCMOTPa OONydYECHHBIX IUICHOK JUIS NadbHEHIINX HCCIICIOBaHUH
ObUIH OTOOpaHBI MATH 00pa3LoB: obpasen; 1 — UCXOAHBIN, 00paslbl 2—5 — mocne 00IydeHHs.

2 15 2
¢ maroM 2,5-10° cm °. Puc. 1 HarasgHo

15 -
nporoHamu ¢ ¢uroeHcamu (1,0-7,5)-107 cm
JIEMOHCTPHPYET CHIDKEHHE CIIEKTPAIBHOTr0 K03 (HIMEHTa MPOITyCKaHUs 00pa3IoB ¢ pOCTOM

(utroeHca MPOTOHOB.

Tocnenyromiee Bo3zAeiicTBHE KHCIOPOTHOW IUIa3Mbl HAa OOMydYEHHBIE HPOTOHAMHU
00pa3Ibl IPUBENO K YAAJICHUIO TPUIIOBEPXHOCTHOTO CIIOS, COJEPIKAIIEro IEHTPhI OKPACKH, H
00pa30BaHHIO XapaKTEPHOTO JUIs TOJMMEPHBIX MaTepHajoB BOPCOOOpa3sHOTO penmbeda Ha
noBepxHocTH [5]. OOmydueHHas HOBEPXHOCTh NOIMHMHJA CTala MaTOBOHM, M €€ IBET

HM3MEHUJICS Ha YKEJITHIN.
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Puc. 1. Criektpsl mpommycKkaHusi 00pa3ios: 1— HeoOIydeHHBIH; 2—5 — 00mydYeHHbIe BIIFOeHCAMU [CM'Z]:
(1;2,5; 5,0; 7,5)-10" coorseTcTBEHHO

CreKkTpsl TNPOIYyCKaHHWs OOpa3lLOB IIOCHE HMX OONy4eHUs KHCIOPOIHON IUIa3MOMH

TIOKa3aHbl Ha pHC. 2. 3nmech Ppe3ynbTaThbl H3Mep€HHI71 NPEACTABICHBI TOJIBKO B OITHYCCKOM

nuanasoHe. [l COmocTaBiIeHHMsT Ha 3TOM PUCYHKE IOKa3aHbl Takxke KpuBble 1-4 ¢ puc. 1,

XapaKTepU3YIOIIHE CIEKTPAIbHBIC KOI(DOHIIMEHTHI

NpoIyCKaHusd HCXOAHOTO 06]3213].[3

TIOJMMMHJHOHN TUICHKU U 00pa3oB 2—4, 00Ty4eHHBIX IPOTOHAMH.
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Puc. 2. CriekTphl NpoIycKaHus 06pasIoB B ONTHYECKOM JIMANa30He

1o (kpusble 1-4) 1 nocne (1°—4”) 06aydeHHs: KUCIOPOAHOIT I1a3Moii ¢ BIrroeHCOM 1,3:10% em

-2

H3Menenne CIICKTPaJIBHOTO KOS(i)(bPIHHeHTa TIpOITyCKaHus ITIJIEHOK 06yC.TI0BJ'IeH0 ABYyMs

Mexanm3MaMu. OOpasyronuiics Ha HOBEPXHOCTU IUICHKH HOCIE BO3AEHCTBHS KHCIOPOIHOU

MIa3Mbl  BOPCOOOPa3Hblil penbed) yCHINBACT PACCEsiHUE CBETA, YTO CHIKAeT Kod(GhHIeHT

MIPOITyCKAaHHs INOTMUMHUIHOW IuteHKH (kpuBble 1 m 1°). s oOpa3moB, oOJIydeHHBIX
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MPOTOHAMH, HW3MEHEHHe Kod(hdHIMeHTa NPOMycKaHusi B OONbIICH CTEeHH OOYCIOBICHO
ylaJeHHeM TIIpH  BO3JCHCTBHM  KHCIOPOAHOH  IDIa3Mbl  NPHIIOBEPXHOCTHOTO  CJIOS,
cofep Kallero NeHTPsl OKkpacku. B pesynbrare koaddunuent npomyckanus obpasnos 3 u 4

yBenuuuics (kpusbie 3-3', 4-4").

YCTaHOBIEHO, YTO TNpeABAPUTEIIEHOE OONyYeHHE IIPOTOHAMH CHHXKAET CTOMKOCTh
MOJUMMHJA K BO3ICHCTBUIO KHCIOPOXHOH IuTa3Mbl. [loiydeHHBIE 3 HAaUCHUSI MaccOBOTO
kod(ddurmenta spo3un 006pas3oB, 0OMYYEHHBIX NMPOTOHAMH, OKa3zanuch Ha 10-20% Bblie,
YeM JJIsl UCXOJHOW TUICHKU. [loNydeHHbIH pe3ynbTaT MOXKET ObITh OOBSICHEH U3MEHEHHEM
CTPYKTYPBHI IPUIIOBEPXHOCTHOTO CJIOSI IOJMUMHKA BCIIEICTBHE pa3phiBa psiia XUMHUECKHX
cszeit (C-O-C, C = O, C-N) nop aetictBueM npoToHOB [3]. Jlns nsydenus storo 3¢ dexra B

pabote ObUIM U3MEPEHBI PAMAHOBCKHE CIIEKTPBI HCCIIEAYEMBIX 00pa3IOB.

Takum 00pa3oM, I OJyYCHHbIC SKCHECPUMCHTANIbHBIC JAaHHBIC MOKAa3bIBAIOT, YTO HPH
KOMOWHHPOBAaHHOM BO3/ICHCTBUM Ha IOJMMMHJ IPOTOHOB WU KHCIOPOTHOH IUIa3MBI
BO3HMKAIOT crenupudeckue 3PQeKThl, CIOKHBIM 00pa3oM BIHSIONIME HA CBOKMCTBA

Marepuana.

1. B.K. Mununuyk, 3.P. Knunmmonr. I'n. 1.7. B ku.: Mogens xocmoca. T. 2. Mocksa: K1Y,
2007.

2. C.M. Bpexosckux, FO.H. Bukroposa, JI.M. Jlanma. Pagmannonssie 3hGeKTsl B CTEKIax.
Mocxksa: DHeprousaar, 1982.
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OOPMHUPOBAHUE MOHOSHEPTETUYHOI'O HOHHOI'O IOTOKA M3
MJIA3MBI HA JIMAJEKTPUYECKHI OBPA3EIL
FORMATION OF MONOENERGETIC ION FLUX FROM THE PLASMA TO THE
DIELECTRIC SAMPLE

®@.C. Tonomsiko', U.A. Copokun', K.M. T'yropos', U.B. Busranos', E.I'. Illycrus’
F.S. Podolyakol, LA. Sorokin!, K.M. Gutorovl, 1.V. Vizgalovl, E.G. Shustin’

1 . . .
Hayuonanvnuiii uccnedosamenvcruil aoepuuiil ynugepcumem « MUDPHy, . Mockea, Poccus,
podolyakofs@gmail.com;
2
DQUPD um.B.A.Komenvrurkosa PAH, 2. @psasurno, Poccus

The method for producing ion flux with low energy spread for the treatment
of dielectric samples is proposed. It is based on plasma potential control for
the purpose of maintaining a constant voltage drop between the plasma and
surface of the dielectric accumulating a charge. The first experiments on
irradiation of dielectric samples in the PR-2 were performed and the energy
spectra of ions were measured.

PazButHe uccnenoBaHUN HU3KOPa3MEPHBIX ITOJTYNPOBOJHUKOBBIX CTPYKTYp TpeOyer
CO3/IaHMsI HOBBIX TEXHOJIOTHUif, B TOM YHCIe MONy4YeHus U 6e3nedeKTHOit 00paboTKi aTOMHO-
TOHKUX CJIOEB Da3IMYHbIX MarepuanoB. B oObrunbIX mazmoxumuueckux ICP peakropax
JHEPrusl HOHOB DETYIUPYeTCsl IIyTeM HM3MEHEHUs aMIUIUTYABl BBICOKOYACTOTHOTO
CHHYCOM/AJBHOTO CMEIICHHSI HANPSHKCHHUS Ha JJICKTPOAC IMOIOKKH, HO PE3yJbTUPYOINas
¢yHkuum pacnpeneneHus sHeprun woHos (OPOU), kak mpasuio, mupokas. B pabore [1]
MpeUTOXKEH CHOoco0 YIpaBieHHs CpemHeld JHeprueil HOHOB Ha 3JIEKTPOH30JIMPOBAHHON
MIOBEPXHOCTH C TIOMOILBI0 UMITYJIbCHOI MOIYJISILMHM NOTCHIMANA [U1a3Mbl. JIIst IpUOIIIKeHUS
K MOHOPHEPreTHYECKOMY HOHHOMY IIOTOKY TpeOyeTcst MporpaMMHUpOBaHUs (HOPMBI
HMITYJIbCHOTO HAIPSDKEHHSI B COOTBETCTBHU CO CKOPOCTBIO 3apsSIKH MOBEPXHOCTH, KOTOpas
MOXET OBITh ONpeAeiIeHA OKCIEPHUMEHTAaIbHO. JIIsi M3MEpeHHs OJHEPreTHYECKOro
pacrpelie/ieHUss ¥ OHOB  HCIIOJB3YETCS  SJICKTPOCTATHYECKHI  DHEProaHalu3aTop ¢

H30JIMPOBAaHHBIM UCTOYHUKOM Pa3BEPTKH.

OKCHEpPUMEHTBI C WMITYJIbCHON MOMYJAIMEN MOTEHIMaNa IUIa3Mbl NPOBOAMINCE Ha
ycranoBke I1 P-2 B myudkoBo-miasmeHHoM paspsine. Ha pucynke 1 wn3oOpaxkeHa cxema
HU3MEpeHUs] IOTEHIMala C IIOBEPXHOCTH IMAJIEKTpUYECKHX IulacTHH. HampspkeHue Ha
KOJIIEKTOpe 4 MOJyJIHPOBaJIOCh C MOMOIIBIO OurosspHoro 6ioka muranus Kepco BOP 100-
4M, curHaix Ha KOTOPOM 3aJaBajiCsl TeHepaTopoM (yHKIHOHANbHBIM AkTakoM AHP-3122.
I'eHepaTop CHIHAJIOB TO3BOJACT 33JaBaTh HMMITYJIbCHI JIFOOOH (DOPMBI, B YaCTHOCTH IS
9KCHEPHMEHTOB HCIOJB30BAINCh ITHIO00pa3Hble M TpalelieBHaAHbIe UMITyIbChl. MoHBI Ha

06pa3eu BBITATUBAJIUCH TOTIEPEK MAaTrHUTHOT'O MOJIA.
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Power o
supply “—35

€L
Puc. 1 Cxema skcriepiMeHTa:

1 — smeKTpuYecKuii BBOJ, 2 — MECTO KPEIUICHUS 00Pa30B/CeTOYHOr0 aHaIM3aTopa, 3 —
IUIa3MEHHBIN MHYP, 4 — KOJUIEKTOPHAs IJIACTHHA, 5 —CHCTEMa JUI MOAYIAIMA HOTEHIHAIA TIa3Mbl

B kauectBe 00pasoOB HCIONB30BAINCH IUIACTHHBI M3 KPEMHHS C HHKEIEBBIM
HambuieHneM (puc. 2). CTopoHa ¢ HambUIeHHEM OblIa obpalieHa K Ia3Me, HOTECHIHAI C Hee
CHHMAJICSl C MOMOIIBIO HPIKUMHOTO KOHTAaKTa, MPOTHBOIOJIOXKEHHAsT CTOPOHA IUIACTHHKH
OblTa 3a3eMieHa. 3a3eMIICHHE OCYINECTBIUIOCH Yepe3 ABYCTOPOHHHUH YIIepOTHBIH CKOTH.
Brocnencteuu  miaHUpyeTcs 3a3eMIIATh  OoOpasel uepe3  BIUIABICHHBIM  OMHUYECKHUI

MeTaHHHBHpOBaHHLIﬁ KOHTAaKT.

Puc. 2 — Kpennenue o6pasua 13 KpeMHUs

OO6pa3Ibl 3aKPEIUISUIICh Ha JEKTPHYECKOM BBOJE MEPHEHIANKYISPHO K MIIa3MEHHOMY
LIHYpYy, TOK MOHOB Ha 00pa3sIbl PEeryIHpOBaics KaKk M3MEHEHHEM MArHHTHOTO OIS TaK U
M0JI0’KEHHEM 30H/Ja OTHOCUTENBHO IJ1a3Mbl, IOTEHIIUAT CHUMAJICS C IIOBEPXHOCTU 00pasla ¢
MOMOIIBIO0 ocmuiorpada uepe3 AeNHTENb, MOTEHINAT CaMOil IIa3Mbl MOJIYJIHMpPOBAJICS C

TIOMOIIBIO TEHEPATOPA UMITYJIBCOB U BEICOKOYACTOTHOTO YCUIIUTEIIA.

Hﬂﬂ aHaJIM3a OHEPreTU4CCKOro CIOEKTpa I1a3Mbl CHUMaJ1aCh TOPMO3HasA

XapaKTEePUCTHKA C TIOMOIIIBI0 MHOIOCETOYHOTO 30H1a [2] (puc. 3).
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Puc. 3 — Cerounsrii 30H1:
1 — xomnekTop, 2 — aHTUAMHATPOHHAS CETKA, 3 — TOPMO3AIIAs CETKa, 4 — yCKOPSIONIast CeTKa
Tlockoneky oOCHOBHas mpoOiieMa IpH MPOBENCHUHM HM3MEPEHHH MHOTOCETOYHBIMU
30HaMHU COCTOUT B ONPEJEIICHUU COIMYTCTBYIOLIETO 3JIEKTPOHHOIO TOKA, KOTOPbIH, Kak
MPaBHJIO, MHOTO OOJIBIIE HOHHOTO, [UIsl 3TOrO Ha CETKY 4 IM0JaBalloCh JOCTaTOYHO OOJbLIOE
OoTpHULATENbHOE HampsbkeHHe. Ha ceTky 3 - MOJO0XHTEIbHOE HaNpsKeHUe Ul U3MEPEHHs
KPUBO#1 3a/Iep>KKH MOHHOTO TOKa Ha KoyutekTtop 1. CeTka 2 HaXxoAuIach MoJi OTPULATEIILHBIM
CMEILEHUEM 10 OTHOIIEHHIO K KOJUIEKTOPY JUIS 3aldpaHus BTOPUYHO-DMUCCHOHHBIX

JJICKTPOHOB, BBIOMBAEMBIX C €T0 TIOBEPXHOCTH.

IMomy4eHsl KpUBBIE 3a/IeP>KKH UL aprOHOBOM M BOAOPONHOW IutasMmbl. Otpaborana
METOJMKA CHSATUS 3aBUCHMOCTH MOTCHIMAna Ha 00pasie OT MOAYJIMPYEMOro MOTEHIHAIa
Koyutektopa.  JlanmbHeiilne#t  3amadedl  sBisiercs  moA0Op — MapaMeTpoB  paspsina,

OGCCHC‘II/IBa}OHIHX MOHODHEPTETUIHOCTh HOHHOI'O ITIOTOKA Ha 06]32136].[.

1. Shustin E.G., Isaev N.V., Klykov L.L., Peskov V.V., Vacuum 2011, V.85 P. 711-717.
2. Jasbinenko B.M., MBanoB A.A., Baiicen I'. DxcnepuMeHTalbHblE METOABI JHATHOCTHUKH

wiasmsl. Jlekuun 1yt cryaeHtoB dusudeckoro daxynasrera. U.1. - HoBocubupek: HI'Y, 1999. - 148 c.
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INTERACTION OF LITHUM-DEUTERIUM FILMS WITH
ATMOSPHERIC GASES

A.S. Popkov, S.A. Krat, Yu.M. Gasparyan and A.A. Pisarev

National Research Nuclear University MEPhI, Moscow, Russia, e-mail:
popkov.alexey.s@gmail.com;

A choice of plasma-facing materials is one of the key issues in thermonuclear fusion
reactor design. Lithium as an element with the low atomic number is a promising material for
plasma-facing components (PFC) in fusion installations and a number of experiments at
tokamaks already demonstrated many positive effects on plasma operation [1,2]. Lithium can
be used for conditioning, PFC on the base of of capillary porous system with liquid lithium
are also considered. In any way, one can expect lithium co-deposition with hydrogen isotopes
at the surface of PFC and at remote areas. Lithium as a good getter can accumulate high
amount of hydrogen isotopes (deuterium, tritium) that can be a problem from the safety
reason. Deuterium retention and thermal desorption from lithium films formed in plasma
discharge were investigated in this work.

Deuterium accumulation in lithium films has been investigated in our previous work [3].
The films were deposited in magnetron discharge in deuterium with lithium cathode. The
deuterium content in the films was up to 20 atomic percents. Thermal desorption spectroscopy
(TDS) spectra of Li-D films showed two sharp peaks of D, (4™ mass) and HD (3™ mass)
desorption with maxima at 710 K and 850 K. Similar peaks were observed in other works [4],
including TDS of a tokamak limiter [5]. After prolonged interaction with air at room
temperature Li-D films lost the most part (or even all) of deuterium. Recently, changes in
TDS spectra of deuterium release from Li-D films after interaction with oxygen were
investigated also in [6].

This work describes further investigations of interaction between Li-D films and
individual atmospheric gases (nitrogen, water vapor) in order to clarify low-temperature
deuterium desorption mechanisms.

The MD-2 setup was used for experiments. This setup consists of two vacuum chambers
with separate pumping system (fig. 1). Deposition of Li-D films in magnetron discharge is
performed in the first one (deposition chamber). Thermal desorption spectroscopy of Li-D
films is performed in the second chamber (TDS chamber). The sample can be moved from

one chamber to another using a linear feedthrough without exposing the deposited layers to
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air. A system of diaphragms prevents deposition on the sample holder. Gas composition is
measured by a quadrupole mass-spectrometer (QMS) in the TDS chamber and in the

deposition chamber using a calibrated gas leak. The setup was described in more detail in [3].

Fig.1. The scheme of the experimental setup: (1) deposition chamber, (2) TDS chamber,
(3) Turbomolecular pump, (4) membrane forvacuum pump, (5) valve, (6) magnetron,
(7) linear feedthrough, (8) gas cylinder, (9) transfer valve, (10) quadrupole mass-
spectrometer, (11) vacuum gauge PKR-251, (12) cooled current leads, (13) sample, (14)
tungsten heater, (15) gas leak, (16) water vapor source, (17) calibrated volume, (18)

capacitance gauge, (19) diaphragm system, (20) rotary feedthrough

A new fully-metal gas inlet system was constructed for the present series of experiments.
This system allows to inlet up to five different gases. The gas inlet system is connected to the
TDS chamber through a leak valve and to the deposition chamber through mass flow
controllers. To inlet water vapor a thermochemical source based on calcium hydroxide
decomposition (the same as used in [7]) was developed.

Exposure of deposited Li-D films was performed in two different ways. Firstly, the films
were exposed to various gases in the deposition chamber. In this case, together with the
sample gases interact also with lithium films deposited on the surrounding walls. Another way
is interaction inside the TDS chamber. In this way gases interact only with the sample, but
the maximum pressure is limited by QMS operation conditions.

Interaction of the Li-D film with the water vapor inside the deposition chamber at the

pressure about 10" Pa is illustrated by fig.2.
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Fig.2. Fluxes of deuterium containing compounds released from Li-D film at the

deposition chamber walls during water vapor admission vs time

Desorption of deuterium started immediately after water vapor admission. Additionally,
on can see an intensive release of hydrogen. The water pressure grew with a significant delay.
This is a clear evidence of intensive reaction of lithium with water resulting in hydrogen
formation. Similar behaviour was observed in the air, where the film was changed very
quickly. After some time the water pressure rise speeds up, deuterium release continues
during this period, but later deuterium flux decreases to the background level.

After exposure in water vapor the sample was moved to the TDS chamber to examine the
deuterium amount in the films. Fig.3 presents TDS spectra of 4™ mass for experiments with
immediate TDS, TDS after 3 day long atmospheric exposure and TDS after 30 minutes water

vapor exposure.
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Fig.3 TDS spectra of 4™ mass: solid line - immediate TDS, dashed line - after atmospheric

exposure for 3 days, dotted line - after 30 minute interaction with water vapor
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One can see that even short-time interaction with water vapor leads to release of a large
portion of deuterium from the Li-D films. There is no typical for Li-D peaks at the spectrum.
However, some deuterium was still inside film.

A similar experiment with nitrogen demonstrated also small increase of deuterium
release, but the most part of deuterium released in form of water molecules. The reason can be
the residual water vapor pressure leading to complex reactions between lithium, nitrogen and
water vapor. To eliminate the effect of water the sample with Li-D film was again exposed in
increased pressure of nitrogen (about 10 mbar), but in the TDS chamber. Fully-metal gas
inlet system was used in this experiment. Deuterium release was not detected at the room
temperature. Deuterium started to desorb at elevated temperatures, hovewer this release was

almost identical to desorbtion without nitrogen.

The work was supported by Russian Foundation for Basic Research (Project No 14-02-
31033).
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The thickness of a Tungsten monoblocks composing future ITER divertor is supposed to
be 8 mm only. Severe erosion caused by a high heat fluxes during transients, such as Type I
ELMs and disruptions, therefore is a limiting factor to PFCs lifespan. Thermal loads over the
range of Q=0.5-2M]J/m* on the timescale of 7=0.3-0.6 ms are expected during Type I
ELMs. Even larger heat fluxes, of the order of Q=0.5-5M]J/m’ are expected during thermal
quench stage of disruption lasting approximately z=1-3 ms [1]. Under the influence of the
extreme heat fluxes serious surface modification and cracking of the Tungsten monoblocks is
anticipated [2]. Moreover, melting of a thin surface layer is likely. Melt motion contributes
seriously to the material erosion [3]. The other sources of erosion are melt splashing, in form
of a droplet ejection, and stationary evaporation [4]. These mechanics lead to a cold dense
secondary plasma region formation near the irradiated surface. Intense re-radiation of the
incident plasma flow energy in the secondary plasma layer results in a significant reduction of
the heat flux reaching the target surface [5]. Accounting for this vapour shielding effect is
essential to estimate the surface erosion properly. Predicting the divertor plates lifespan
therefore requires deep understanding of all the processes mentioned and their interplay.

A number of complicated numerical codes aimed at the erosion calculations has been
developed over the years. These includle MEMOS code [6] focused primarily on the melt
motion modelling, FOREV-2 [7], TOKES [8] and HEIGHTS [9] that specialize in the vapour
shielding studies. Straightforward calculations of the Tungsten target erosion, however,
require simultaneous treatment of the melt motion, the droplet ejection and the vapour
shielding problems. Moreover, the last one include overwhelming radiation transport
calculations. Therefore, none of the presently developed codes is capable of the precise
Tungsten target erosion modelling. On the other hand, complex nature of these codes
overshadows underlying physics and does not allow for the qualitative estimations. Hence,
simple models are needed, capable of indicating the crucial parameters the processes

responsible for the target erosion depend upon.
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In the present work a simple model is proposed capable of reproducing one of the key
features of the vapour shielding, namely the saturation of the energy absorbed by the target.
Approximate analytical solution is derived indicating the incident plasma flow and the
material parameters the energy consumed by the target depends upon. The Model is validated
against the experimental data obtained at MK-200 pulse plasma accelerator.

We consider a one-dimensional vapour shielding problem. The incident plasma is coming

to the target surface resulting in the heat flux:
t
) =-a(1) E.fJj.(T)dt M
0

The first term on the right side of equation (1) ¢, (¢) represents the heat flux associated

t
with the incident plasma flow. The second term gq,,,(¢t) = E, , [ j,,(T,)dt' models the vapour
0

shielding effect. . Exact value of ¢, ,(¢) can be found through the secondary plasma radiation
transport calculations. In our model we simply assume that the re-radiated power is directly
proportional to the amount of the evaporated material N.,, @u = EjuaNov. Here E,; is an
effective coefficient that can be interpreted as the radiation power of the individual target
material ion. j (T)) is a target material evaporation rate. We consider a stationary
evaporation process only (i.e. neglect the droplet ejection contribution, if there is any).

Therefore, the evaporation rate can be written as following:

Ju(T) = %exp(— i ) @

Here C| is the thermodynamic constant associated with the target material given, E, is

the specific material evaporation energy, 7, is the surface temperature.

We now have to solve a thermal conduction equation for the heat transfer inside the target

sample:
T T
CuIPM) 2= (D)%) 3)

Here o(T), «(T) and C,(T) are the target material density, thermal conductivity and
thermal capacity respectively. T(x,7) is the temperature and x is the distance from the target

surface. This equation is supplemented with boundary conditions.

t
K(T) ";j ——s(1) B[/ (T)dt @)
0
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T(l) = const )
With some simplifications, the approximate analytical solution to the system can be
derived. It yields the following expression for the energy absorbed by the target (see ref [10]

for more detailes):

E
~ JmoC kt, ,  ——— 6)
Qabs PC KT e 2In(G.) (
ax* E
Here G, = . —=. One can see that the saturation value of O, depends on the pulse
aty g,

duration and thermodynamic properties of the target material only. It is virtually independent

of the vapour shield dynamics and the radiation transport details.

The model was validated against the experimental data obtained at the MK-200 pulse
plasma accelerator. For that purpose, the system of equations (3-5) was solved numerically.
Dependence of the energy absorbed by the target on the impact heat loads is presented in

Fig.2. Calculations indicate a linear growth of Q , with the impact heat load up to the value

of approximately 0.5 MJ/m*. The vapour shield formation threshold is then crossed and Q

abs

saturates quickly. One can see from Fig.2 that the model proposed is in a reasonable

agreement with the experiment not only qualitatively but also quantitatively.

j ! ! = experiment
calculations
08+ 4
.
.
.
~, 067 (1] 1
.
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Fig. 2. The energy absorbed by the Tungsten target over the energy stored in the incident plasma. Dots
represent the experimental data obtained on MK-200 pulse plasma accelerator; solid curve represents the result

of numerical calculations performed using the described model.

The described model indicates that the saturation value of the energy absorbed by the
target depends weakly (logarithmically) on the details the vapour shield dynamics, the details

of the radiation transport and incident heat flux value. This is understandable as the sharp
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evaporation rate dependence on the surface temperature dominates those. The target erosion,
on the other hand, depends on the shielding details. It can be illustrated with the simple model

described. Indeed the complete shielding takes place if g(f) =-¢q, + £, 0. Therefore,

rad” " ev

the amount of the evaporated material can be estimated as N, = o Thus, the amount of

rad

the evaporated material depend strongly on the E , that represents the radiation transport

details and the vapour shield dynamics in the described model. Hence, one can conclude that
matching the energy absorbed is rather pointless in terms of validating the vapour shielding
models against the experiment. Since the energy absorbed is virtually independent of some
model details, which are, however, crucial for the prediction of the amount of the evaporated

material.
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THE PURIFICATION METHODS OF POLYCRYSTALLINE
SILICON FOR SOLAR CELLS
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The ways of purification of silicon. After recrystallization radial gradient impurity
displaces the ingot surface. Vacuum version of the method also makes it possible to reduce
the concentration of volatile impurities.

B Hacrosiee BpeMs HHTEHCHBHO Pa3pa0baThIBalOTCs HOBBIE TEXHOJIOTUM MIPOU3BOACTBA
«COJTHEYHOTO» KPEMHHS, B TOM YHCIE OCHOBAaHHBIC Ha «(PU3UUECKUX» U «XHMHUYECKHX»
Merofax O4ucTKd [1-2]. OcHOBO# (U3MYIECKHX METOMOB OYHCTKA KPEMHHS SBISIFOTCS
HanpaBJieHHas KPUCTAJUIM3allMs M BaKyyMHas IUCTWUIALMA. BakyymHas AuCTHILIALMA
MIPUMEHNMA TOJBKO K JIETKOJIETYYUM IPHMECSM, YTO OrPaHHYMBACT €€ IIPUMEHEHHE.

MeTton HampaBlICHHOH KpHCTAUIM3AIUH (30HHOH IUIaBKH) OCHOBAaH HAa BBITECHEHHH
npuMeceil M3 pacTyllero Kpucrajia B OCTaToK paciuiaBa. MeToj HarpaBIeHHOH
KPHCTAJUIN3ALMH MOTCHIMAIBHO J1aeT BBICOKYIO CTEIIEHb OYMCTKH 3a OAWH Ipoxox (Ooiee
gyeM 100 pa3) 3a HCKIIOYEHHEM OYHCTKH OT IIpUMeced, ¢ MaibIM Kod(pdUIHeHTOM
pacrpezeneHust - KUCIOpoaa, repManus, 0opa, pocdopa 1 MbIIIbsIKA.

OCHOBHO# HEIOCTAaTOK 9TOTO METOJa COCTOUT B BO3PACTAHHHU KOHIICHTPALIMH IIPHUMeceit
B KOHIIe Ipolecca KpucTaum3anuu. KoHIeHTpamuss mpuMeceld B OCTaTke pacIulaBa
HACTOJIBKO BO3PAcTaeT, YTO B KPHUCTAJUIC MX CTAHOBHUTCS CIHUIIKOM MHOTro. IIpuuem 3TOT
HEOCTATOK OCOOCHHO CHIIBHO MPOSIBISACTCS MPH OONBIION HCXOIHOW KOHLICHTPALUH
IpuUMeceil, XapaKTepHOH! ISl TEXHHYECKOTO KPEeMHHS.

3HaunTenbHBId 3((EKT B yNyYIIEHHE KadecTBa MOJIMKPEMHHS MOXET OKa3aTh
JIETHPOBAaHME HCXOJHOTO TEXHHYECKOr0 KpeMHHs B Ipolecce IepeKpUCTaIM3alul
snemenTamu VI rpynmst [3]. TIpeanonaraercs, 4To MEXaHU3M BIMSHUS TaKOTO JIETUPOBAHMUS -
o0Opa3oBaHHe HEHTPaIbHBIX MOJIEKYISIPHBIX KOMIIEKCOB METAILI-XaIbKOT€H BHYTPU PELIETKH
KPEMHUSI WM IPELHITUTATOB TOIO e COCTaBa Ha TPaHUIIaX 3epEH.

H3BecTHO, YTO IO KOMIUICKCY CBOMX CBOWCTB HamOosee BPEIHBIMHU SIBISIFOTCS MPHMECH
METaJUIOB IIEPEXOAHBIX IPYIII ¢ OonbmiMi kodddunuentamu qudpysun [2].

Tpumecu MOXXHO KJIaCCU(UIIPOBATH MO CTCIICHH MX BIMSHUSA:
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= [louyTu He#TpasnbHbIE (JOMyCTUMAs KOHLEHTPALUs 10'6) — yriepoj, Kuciopos, asor,
repMaHuii, 0J10BO, Kaluii.

* Cma6o Bmmsomme (1o 107) — Toueumble Aed)eKTE CTPYKTYphl, HATPHH, cepebpo,
Mellb, HUKeJIb, IUHK, MarHuii, Kaubluii, 60p, amoMuHui, pochop, MBIILIBSK, CypbMa.

= Cubo Bimsromme (10 10°) — xerne3o, koGanbT, Xpom, Mapraserr.

= Quens crbHO Bmmstormue (1o 10™) — TuTam, Banazui.

OuncTKa TEXHUYECKOTO KPEMHHMS OT MpHMeceil ABYX MOCICAHUX TPYII JOJDKHA OBITH
MpelebHO  BO3MOXHOM, a HAaWIy4IIMd METOJ OYUCTKM — KPHUCTaJUIU3ALMOHHBIA
(k03 (HUIEEHT pacTpeeNneH s THX mpuMeceii — He xyxe 107). OnHOBpeMeHHO MpoM30iizeT
OYHMCTKA U OT MPUCEH 2 TPYMIIBL, 32 UCKIIIOUYeHHEM Oopa [2].

JUIs M3rOTOBICHMS COJIHCYHBIX SJICMEHTOB HCHOJIb3YeTCS TEXHOJOTMS THICIbHOM
MePEKPHUCTAIUTM3ALMN PacIulaBa KPEMHHSI «COJTHEYHOro» KadecTBa. I1py 3TOM U3-3a OBICTpO
KPUCTAUIU3ALNM ¥ HEOOXOAMMOCTH MOJy4YCHHS OJ HOPOAHOIO Marepuaja COOCTBEHHO
KPHUCTAJUIN3ALMOHHON OYUCTKU UCXOJIHOTO KPEMHHUsI TPAKTUYECKH HE MPOUCXOIUT [2].

B [5] 6611 peokeH HOBBIH BapHAHT KPUCTAUIN3ALMOHHON OUNCTKH KpeMHus (puc.1,
a), a B [6] ero BakyyMHBIii aHasor (puc.1,0).

Yr06b1 3(heKTHBHOCT Ipolecca MEPEKPUCTAIIN3ALNE HE MEHSUIACh CO BPEMEHEM,
HEO0OXOJMMO OTBOJUTH OCTATOK paciulaBa K OOKOBOW HOBEPXHOCTH CIIMTKA. DTOT IIPHEM
MO3BOJIUT CO3JaTh YCIOBHUS JUISl HENPEPHIBHOTO IPOTEKaHUsS Ipolecca OYHCTKH. Takue
YCJIOBHSI MOXKHO TIOJTy4UTh, HCIOMNB3Ys KPHCTAIUTH3AIHOHHYIO YCTAaHOBKY C TOMOTHUTEIBHBIM
nogorpeBoM paciuiaBa BU HHIYKTOpOM, TeM CaMbIM CO3[aBasi 3HAYMTEIbHYIO KPHUBH3HY
(poHTa KPHUCTA/UIM3AIMM U HHTCHCHGHUIUPYS TEIUIO-MacCOOMEH B HapY)XHBIX OOKOBBIX
00J1aCTX 30HBI KpHCTa/UIU3anuy (puc. 1,a).

B 3TuX ycnoBHsAX IpajiMeHT TEMIEPaTypbl B 00NacTH KpUCTAIIH3AUUK OyIeT UMETh
pagMaIbHO-OCEBOII XapakTep, CJIEOBaTeNbHO, (POHT KPHUCTAUIM3ALMU MOXET HMETb
[PaKTHYECKH KOHUYECKyo (opmy. IIpumecH B mporiecce KpUCTAIITH3AUNK OY/IyT BBITCCHEHBI
K Hapy»HOW IOBEPXHOCTU CJIMTKa, TJE 3aT€M MOTYT ObITb YAaJE€Hbl MEXaHUYECKOH M
XHMHYECKOH 00paboTKO¥.

TemnyoBoit MOTOK OT TemjIa KPUCTAIM3AIMK, HAMPABICHHBIM MO OCH CIIHUTKA, PE3KO
YMCHBIIUT OCCBOI IPAIHCHT TEMIICPATYpPhl B 3aTBEPACBIICH YaCTH CINTKA, U COOTBETCTBCHHO
KOJIMYECTBO 00PA3yIONIMXCs CTPYKTYPHBIX Je(eKToB [4].

CTelneHb OYNCTKH BCEH LEHTPANbHON YaCTH CIMTKA MOXKET OBITh NMPAaKTUYECKU paBHA

K03 UIMEHTY pacnpeieIeHUs IPUMECH, YTO HEJOCTH)XKMMO B OOBIYHOIT TEXHOJIOTMH 30HHOH
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ounctkd. OJIHAKO HCIOJIb30BaTh B KAayeCTBE HCXOJAHOTO CbIpbA Hepa(l)I/IHI/IPOBaHHBIﬁ

TEXHUUYECKUI erMHI/H\/'[ HCEBO3MOJXHO H3-3a BBICOKOI'O COACPIKaHUA 60pa.

/ Monukpuctann

Turensb

CY nHpykTop

o
o
o

WNcxoaHbin matepuan

a - epeKPUCTAITH3AINH TTOJUKPEMHHS C PaJUaTbHBIM TPAJHEHTOM TEMIIEPATyPhl

1 - Iopomox
5 2 - DKpan
3 - Karox
4 - JIONOJTHUTENIbHBIC KaTO b
5 — I1oTOK 37€KTPOHOB
6 - [Tonukpucrami
7 - Turens

0 — BaKyyMHBII BapHaHT IePEKPUCTAILTH3AINH ITOTHKPEMHHS.

Puc. 1. BapuanTsl nepekpyuCcTalIN3aluy MOIHKPEMHHS
Bop MOXHO y/IanuTh OKHCICHHEM pacIulaBa KPEMHHUs KHCIOPOJICOAepIKAILeH IIa3Moi
3a cueT 0Opa3oBaHU JIETKOJIETYINX OKCHIOB Oopa [2]. Meroxnsl, ocHOBaHHBEIE Ha 00paboTKe
pacmiaBoB  BBICOKONPOM3BOAMTENBHBI, OJHAKO B HHUX HMEETCsl Ooibluas OMAaCHOCTh

TIOBTOPHOTI'O 3arpsA3HEHUs pacijiaBa MaTepuaioM TUTJIA.
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Mertozpl BbIILETAYUBAHUA IpPUMECEH M3 MOPOMIKA KHCIOTAMH HENPUTOAHBI UL
ynaneHuss 6opa. B cBsA3m ¢ ITHUM IpeacTaBisieT HHTEpeC (PU3MKO-XUMHUYECKUH CIIOCO0
OUHCTKH ITOPOIIKOOOPa3HOTO KPEeMHHSI, OITHCAHHBIN B [7].

Just cnydast ymanenust 6opa 9TOT crmocod HEoOXOAMMO MOAUGHLIMPOBATH IMyTEM
HCIIOIBb30BAaHMS JUISl aKTHBALMM (PU3MKO-XUMUUECKUX PEAKIH JIEKTPOKHILILIEro ciIos, a B
Ka4ecTBE HCTOYHMKA aKTHBHOTO ra3a - pacTBOpa XJIopuaa U GTopHaa aMMOHUS B BOJIE.

Jnsa yBennuenus kodpouuuenta muddysun 6opa B TBEpAOM KPEMHUH HEOOXoaMMa
BBICOKAsl TEMIIEpaTypa IIpoLecca, HO He MPEeBbIIIAloNas TeMIEPaTyPhl €ro MIaBICHHS.

ONeKTPOKUILNIMI CIIOH, B OTJIMYME OT JPYTMX METOJOB HarpeBa M IepeMeIIuBas,
o01agaeT CBOMCTBOM CaMOPEryIHPOBKY 0OBEMHOIO TEILIOBBIACICHUS, TEM CaAMBIM IO3BOJISIET
TOYHO PEryJHpoBaTh TeMIEpaTypy Ipolecca BOIU3M TeMIEpaTyphl IUIABICHHS KPEMHUSL.
IIpumeHnenne mnapoB BOABI IPHBOAUT K OBICTPOMY OKHCIEHHIO OOpa M KpPEMHHUS Ha
MOBEPXHOCTH KpeMHHEBbIX YacThil, a Hannune HCl u HF — k ynanennio mpumeceii MeTauioB
U OKCHJIOB C IIOBEPXHOCTH.

Hu3kas TIOTHOCT KPEMHUS IIO3BOJSIET IOMYYUTh A(M(PEKT «KHUIAIIEro» cios B
YCIIOBHSX BakyyMa (IIpH maBiieHHH nopsiaka 100Topp) ¥ TeM caMbIM IOHU3HUTH HEOOXOIUMbIE
padoumre HaNpsHKEHUS Ha SIICKTPOKHUIIALLEM CIIOE.

Ecnn momnepxuBath IpaHyJIOMETPHYECKHH COCTAaB HCXOJHOIO IOPOIIKA KPEMHHS
OJHOPOJIHEIM, TO ~ MOXKHO OpraHHM30BaTh HENPEPHIBHBII IIPOLECC OYMCTKH, TaK Kak
OYMINCHHBIC YaCTULBl OyIyT 3HAUUTENBHO JIET4e 3arpy’kaeMblX, H OyXyT BBIHOCHTHCS

ITIOTOKOM rasa u3 30HbI OYHUCTKH.
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MNOHHO-CTUMYJIMPOBAHHOE OCAKJIEHWUE MHOT OCJIOMHBIX
METAJUIMYECKHUX TMTOKPBITHI

ION ASSISTED DEPOSITION OF THE MULTILAYER METAL COATS

T.A. Pamxabos, A.1. Kamapaus, A.A. CumoHOB, 3.T. Xakumos
T.D. Radjabov, A.I. Kamardin, A.A. Simonov, Z.T. Khakimov

CKTb npu Uncmumyme Honno-Ilnasmennoix u Jlazepuvix Texnonoeuti AH PY3
Axaodemzopoook, 100125, Tawkenm, Y36exucman, Ayutor@mail.ru

Magnetron and additional devices are developed for deposition of the structural coats
from metals and alloys. These devices allow to handle group planetary moving samples with
supply on them voltage. Testing show possibility of increase of adhesion of coats in 2-5
times. The studies fabricated coats displayed possibility of use of conducting coatings on
polymers in the capacity of protective screens.

Jlnst ocaxkmenust  (YHKIHOHAIBHO-OPHEHTUPOBAHHBIX MOKPBITHHA, B TOM YHCIC
MHOTOCIIONHBIX MPOBOJSIIINX, 3AI[UTHO-ACKOPATUBHBIX, KOPPO3HOHHO-CTOMKHX IIHPOKO
WCTIOJB3YIOTCS MOHHO-TUTA3MEHHBIE TEXHOJOTHH, METOJbl MArHETPOHHOTO PACIBUICHUS W
ONTUMAJIbHAS Il KOHKPETHOTO TEXHOJIOTUYECKOT0 Mpollecca BaKyyMHas ocHacTka [1-4].

Jlnst peanu3aluy BO3MOXKHOCTH HAHECEHHS Dsiia MHOTOCIOMHBIX METaJUTHICCKHX
MOKPHITHH Ha METAUIMYECKHE M IOJMMEPHbIC W3/CIHsS MAarHeTPOHHBIMH METOJaMH C

JIONIOJIHUTEIBHOW HMOHHOW 00paboTkoil ObulM  pa3paboTaHbl YCTPOMCTBA, B3aUMHOE

PAacIoNOkKEHUE KOTOPBIX B BAKYYMHOW Kamepe IPUBE/ICHO Ha pHuc. 1.

/1\

Puc.1 B3anmHoe pacronoxeHne yCTpoicTB B BaKyyMHO# paboueil kamepe yCTaHOBKH

1-ycTpolicTBa pacHblICHHs, 2-pa3psaHbIe IE€KTPO/Ib], 3-IIaHeTapHas OCHACTKA, 4-31IeKTPOIBUTaTEb.
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VYerpoiicTBa pasMeIlaiuch B MOJCPHHU3MPOBAHHBIX BAKYyMHBIX Pa0O4MX KaMmepax
ycranoBok YBH -75 nnmn BY -2M co cTaHIapTHEIMH CPEACTBAMH INOTYyYEHHS M M3MEPEHHs
BaKyyMa, JOTIOJHUTEILHBIMY HATEKATSISIMU U JIMHUSIMU PabOYHX ra30B, BBOJAMH BBICOKOTO
HAIpPsDKEHUs! U IBU)KEHUS] B BaKyyM.

YerpoiicTBa MarHETPOHHOTO PACIIBUICHUS] COCTOSIIM M3 MarHUTOIPOBOJA IHAMETPOM
oxoio 100 MM ¢ IeHTpaIbHBIM IINHAPHIECKHM ITOCTOSIHHEIM MarHuToM (cmutas FOH/IK). B
CcOOpaHHOM BMJE Ha JIMLEBYI0 YacTh MarHMTONpPOBOJAa mNpunauBanack ToHkas (0,5 Mwm)
MeJHas IUIACTUHAM  HAa THUIBHYIO CTOPOHY TpyOKHM BOJSHOIO OXJa kieHus. Ilpu
Temreparypax maika o 200-220 °C cBoiicTBa MarHMTHOH CHCTEMBl IPaKTHYECKH HeE
H3MEHSIINCh, TAKIM 00pa30M MarHeTPOH HEe UMeJl PE3UHOBBIX MPOKIAIOK.

OT0 TakkKe IO3BOJUIO HCHONB30BaTh B KAayeCTBE pACHBUIIEMOIro KaTojaa TOHKHE
JIICKU TPaKTHYECKH M3 JIIOOBIX MaTEpHANIOB U JIETKO MEHSTh MX HEHNOCPEICTBEHHO B KaMepe
yCTaHOBKH. blOK ympaBneHus M NUTaHMS OOeCIeUHBal DPEryIHpyeMoe HaIpsHKEHHE Ha
karogHoM y3ne 300-700 B mpu Tokax Harpysku 1o 3,0-3,5 A, 3amuTy OT TOKOBBIX
Neperpy30K 1 HHANKALHIO PEKUMOB PabOTHI.

JlBa NOMONHUTENBHBIX pa3psIHBIX OJICKTPOJAa MPEICTaBISLIM COOOH H30THYTHIE
TUTAHOBbIE IUIACTUHBI pazMepoM o 150x200 MM, Ha KOTOpbIE IOAABAJIOCH IUIABHO
peryiaupyeMoe IOCTOSHHOE MM IepeMeHHoe HampsbkeHue no 1000-1200 B mpu Tokax
Harpy3ku 70 500 MA. PaccTOSHMSI OT MarHeTPOHOB M Pa3psATHBIX NIEKTPOAOB JI0 OCHACTKH
COCTaBILSLIH COOTBETCTBEHHO 120-200 MM 1 100-150 M.

OcHacTKa W3 HEpXKaBEIOLICH CTauM II03BOJSUIA 3aKPEIUIATh TPYIITy 0OpasloB Ha
JUICKU WIIH MHOTOYTOJBHBIE IUIACTHHEI (6 mT.) pasMepoM 10 @ 250 MM M OCYLIECTBIATH
IUIaHeTapHOe JBIDKCHHE IUIACTHH B Kamepe. CKOpPOCTh BpallleHHS OCHACTKH 3a CUET
neurareis J[IM ¢ peayKTopoM IUIaBHO peryaupoBanach B uamnasoHe 2-15 o6/MuH., mpu
MOTHOM ~ 00OpOTE  pacroNOXeHHe O00pa3sloB HE TOBTOPAIOCH, YTO  YBEIHYHMBAIIO
paBHOMEpHOCTh 00paboTku. Ha ocHacTKy dYepe3 OdIEKTpUYECKHIl BBOA I10JaBalOCh
peryiaupyemoe oTpuliatesibHoe Harpsbkenue 10 -300 B.

Kak moka3zanu mcclnenoBaHHs, BO BpeMsl pabOThl MarHETPOHHBIX HCTOYHHUKOB IIPH
JIABJICHUSAX TEXHUYeCKoro aproHa mnopsaka 0,2-0,4 [la Tok Ha ocHAacTKy u 0Opasibl
cocrasisier 300-800 MA npu HysneBoM noreHuuane. C pocToM OTPULATENBHOIO MOTEHIMAIA
Ha OCHAaCTKe INpH HanpshkeHWAX nopsanka 20-35 B Tox Obul GNIHM30K K HyNIO, a 3aTeM
Bo3pacrai, nocturas 100-300 MA yxe npu HanpsbkeHusx 50-60 B.

Tok Ha OCHACTKy BO3pacTall HPONOPIMOHATIBHO POCTY TOKA pa3psiia MarHETPOHHOTO

ucrounnka. OJHAKO JajdbHEHIIMH POCT HampsbkeHHs Ha ocHactke (cbime -100 B ) He
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MIPUBOJMI K 3aMETHOMY POCTY TOKa (TOK yBenuuupaics Ha 10-20%), npu 5TOM MOSBIIAIUCH
MUKPOJYTroBbIe paspsiasl. I ANDIEKTPHIECKHX 00pa3loB TOK ObUI CYNIECTBEHHO MEHBIIE,
HO 3aTeM BO3pacTalC POCTOM TOJIIMHBI METAJUIMYECKHX HOKPBITHI. Bpems ocaxaeHus
MOKpPBITHH TomuuHou nopsiaka 100-200 HM cocTaBisuio 2-3 MUHYTHI Ha Bce oOpabaThiBaeMble
obpasuel. Temmeparypa 06pa3noB Bo BpeMst 00padoTku He npebimana 100 °C.

Coueranue IpeBapUTEIbHOH 00paOdOTKI OCHACTKH ¢ 00pa3liaMH B ILIa3Me ra30BOro
paspsna (OCTaTOYHBIX ra3ax WM aproHe) U HOHHOW 00pabOTKU MOBEPXHOCTH 33 CUET MOJauu
HanpspkeHus nopsaka -100 B npu pabore ycTpoHCTB paclbUICHUS! CYIIECTBEHHO M3MEHSIIH
napaMeTpsl (OPMHUPYEMBIX METAUINYECKUX MOKPHITHH. Tak mpu MpodYnx paBHBIX YCIOBHAX
(0AMHAKOBOM TpeaBAPUTEIILHON XMMUYECKOH 00pabOTKE M CYILIKE) aAre3HMOHHAsi MPOYHOCTh
moKpelTHid 13 cruaBa Zr-Nb wnu Ta Tommmuaod mopsaka 1,0 MKM Ha KepaMHYECKHX
MOJIOKKAX U T1a3ypoBaHHOM (apdope M HCKYCCTBEHHBIX KaMHSIX yBeIM4MiIach B 2-3 pasa,
KPOME TOTO PE3KO YMEHBIIMIOCH KOJIIMYECTBO AE(EKTOB (IIPOKOJIOB B CIUIOIIHOM HOKPBITHH).
Emre Gosple Bo3pacTaa CTOWKOCTh MOKPBITHH NP UCHoib30BaHuK Cr MOACIOS TOIIINHON
nopsiaka 0,1 MKM. AHajmormyHasi KapTHHa HaOMIO#anach NPU HAHECEHHH OTPaKArOLINX
JIEKOPATHBHBIX MTOKPHITHI 13 Al 1 €ro CIIaBOB Ha HEOOJBIIHNX IIOCKUX CTEKIIaX.

IIpu HaHeceHMU 3aMTHBIX CTOMKUX MOKpwITMHA Cr TommumHoi 0,3-1,5 MKM Ha psn
CTJIBHBIX WHCTPYMEHTOB M INTAMIIOBYIO OCHACTKY Takke HaOJIfonalcs pOCT aJre3HMOHHOW
CTOMKOCTH B 2 pa3a M CTOMKOCTH K MeXaHM4YecKoMy u3Hocy B 3-5 pa3. Kpowme To ro,
MHOTOKpaTHO ( >10 pa3) Bo3pacTaia KOppO3HOHHAs CTOHKOCTh 00pabOTaHHBIX U3AEIHI.

Ipu nanecennu npoBomsux (Cu, crane 12X18HI9T) 2-4 ciioiHBIX MOKPHITHI 00IIeH
TOJNIIUHON /10 5-6 MKM Ha IOJMMEPHBIE MaTepHaIIbl, B YACTHOCTH MOJUCTHPOI U IUIACTHKH C
JIAKOBBIM IUIAHAPH3YIOIIMM CJIOEM PEIIAMOIIYI0 POJb A CTOMKOCTH MOKPBITHH Hrpana
npeaBapuTebHas 00paboTKa (XUMHUYECKasi OYHMCTKA, CYLIKa, BPEMsl U YCJIOBUS XPAaHEHHs), a
TaKoKe MOHHO-IIa3MeHHass 00pa0oTka mpH (OpMHPOBAaHHMHM HOKpHITHH. beina mcciemoBaHa
BO3MOYKHOCTb NMPHMEHEHUSI TAKUX MOKPBHITHH B KAa4eCTBE JJICKTPOMATHUTHBIX JKPAHOB Ha

pane PI3D,€J'II/1171 13 NOJUMEPHBIX U KOMIIO3UIIMOHHBIX MaTCpHaJIOB.
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HCCJIEIOBAHME B3AUMOJIEMCTBUSA CTAIIMOHAPHOM TIJIA3ZMBI C
BOJIb®PAMOM
RESEARCH OF STEADY-STATE PLASMA INTERACTION WITH TUNGSTEN

b.K. Paxaaunos, T.P. Tynenoeprenos, .A. Cokosnos, [I.A. 'anoBHu4eB
B.K. Rakhadilov, T.R. Tulenbergenov, I.A. Sokolov, D.A. Ganovichev

Qunuan « Uncmumym amomnoti snepeuuy PI'TI HAL] PK, e. Kypuamos, Kasaxcman,
bor1988@mail.ru

In the article was carried out investigation of the plasma interaction with tungsten in
plasma beam installation. It was established that intensity of tungsten destruction depends on
the duration of irradiation. The main factors which affect the change in the microhardness

tungsten under the influence of plasma beams were defined.

PesynbTaTom Bo3aeiicTBUS MIa3Mbl HAa MaTepual sSBJIAETCS paclbUICHHE H HCIapeHHue
MaTepHaa, H3MEHEHHU 51 CTPYKTYpHl H (ha30BOTO COCTOSHHUS MaTepHana , o00pa3oBaHHE Ha
MIOBEPXHOCTH HOBBIX XHMHYECKHX COCAUHCHUH U T.4. Takum 006pa3oM, H3ydeHHUE IPOLECCOB,
MIPOUCXOAIIMX IPH B3aMMOJEHCTBUM IIa3MBl C MaTepHUallaMH , IPEACTABIAECT Hay4HBIH U
MPaKTUYECKUH HHTEpeC , KaK JUI MCCIEIOB aHUi B 00JacTH (PU3MKH IUIa3Mbl U MPOOIEMBI
YIPaBIIEMOTO TEPMOSAEPHOTO CHHTE3a , TAK U C TOYKH 3PEHHS H3YUCHUS DIEMEHTapHBIX
(hH3UYeCKUX MPOLECCOB , IPOUCXOMAMMX MIPU BO3ACHCTBUM Ha MOBEPXHOCTh TBEPJOrO Tela
MOTOKOB KOPITyCKYJIIPHBIX ~H3JIy4EHHI, IPH KOTOPHIX  aKTHBUPYIOTCS PAAUAIOHHO -
cTuMynupoBaHHbIe dQdexTl [1, 2]. CnoXHOCTh U MHOTO(aKTOPHOCTH B3aHMOAEHCTBHS
mnasmel TSP ¢ martepmanamu ,a Takke JOpOTOBM3HAa  HATYPHBIX HCIBITAaHWH Ha
MOJIHOMACIITA0HBIX ~ YCTAHOBKAX, ONPE/CIAIOT  HEOOXOAUMOCTh  3KCIIEPUMEHTAIBHOTO
MOJICIIMPOBAHUSA C ~ UCIONB30BAa HUEM MaJbIX  CHELHAIN3MPOBAHHBIX HMMHUTALMOHHBIX
ycraHoBok [3]. ITlomyueHue Haje)kHOW 0a3bl NAHHBIX JUIS MAaTepPHalOB, KOHTAKTUPYIOIIHX C
IUIa3MOi, M ojenupoBaHue  3(P(EKTOB  BO3NCHCTBUS IUTa3Mbl  HAa  IIOBEPXHOCT H
KOHCTPYKLIMOHHBIX M JKPaHHBIX MAaTEpHaloOB B TEPMOSAAEPHOM PEAKTOPE C IIOMO ILIbIO
MMHTAMOHHOW YCTAQHOBKH SIBIISIOTCSI BECbMa aKTyaJbHBIMU MaTepHAJIOBE[IECKUMU
3a7a4aMu.

B cBs3u C BBILEH3NIOKEHHBIM, LIEJIbIO HACTOSIICH PabOThI ABIACTCS U CCIEIOBAHHE
B3aMO/ICHCTBHS IJIA3MbI C HOBEPXHOCTHIO BOJIb(pama B INIa3MEHHO-ITyYKOBOH yCTaHOBKE.

OKCIepIMEHTATbHOE UCC JICHOBAHHIE B3aUMOJCHCTBH 51 IUIA3MBI C  IIOBEPXHOCTBIO
BOJIb()pamMa ObIIO MPOBEICHO HA UMHUTALMOHHOM CTCHJIE C ITa3MEHHO-ITy4KOBOIl yCTaHOBKO#

[4]. TIlna3smeHHO-TyYKOBas YCTaHOBKA MPEICTABIsIET COOOM TIeHepaTop CTAlMOHAPHOI
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IUIa3Mbl, B KOTOPOM JUISl TIOJNYYEHHs IUIa3Mbl HCIIONB3YETCs I JIa3MEHHO-ITyYKOBBI pa3psl.
Cxema yCTaHOBKM IpHBEJCHa Ha pHCYHKe 1. YcraHoBKa obecriednBaeT — IIOJTydYCHHE
CJIeYIOIUX apaMeTpOB IUIa3MEHHOTO IIOTOKAa : HaMeTp IUIa3MEHHOTO IIOTOKa Iepen
MUILIEHBIO — 10 30 MM; HaNpsDKEHHOCTh MAarHUTHOTO TOJIS , co3/laBaeMast Ha ocu DJIIT —
0,1 Tu; BenmuuHa ToKa B mia3Me okosio 400 MA; IUIOTHOCTH MOTOKA IUIA3MbI B Iy4Ke — JI0
102 m2c!; omexTponmas Temmepatypa maasMsl — 10 100 5B. MakcHMabHas MOIIHOCTb
3JIEKTPOHHOM mymiku coctasiseT 30 kBt.

Ipunimn paboThl yCTAHOBKH COCTOHT B CIIEAYIOIIEM. DJIEKTPOHHAs MyIIKa GOpMHPYeT
aKCHAJIbHO-CUMMETPHYHBIN 3J1 KTPOHHBIH 11 y4OK. DJ1 eKTPOHHBII I y4OK B3 aUMOJCHCTBYET C
pabounMM T a30oM B pa3psOHON K amepe, 00pasys IUI a3MeHHbIH H yp. © OKycHpoBKa
9JIEKTPOHHOTO U IUI a3MEHHOTO ITy4YKOB II POMCXOAUT B Pa3psAHOI K amepe IPH I OMOIIH
3JICKTPOMArHUTHOM ~CHCTEMBL. DJI €KTPOMAarHUTHAash CHCTEMa, 1 peJCTaBisiomas coboit
cUCTeMYy KaTyllIeK, CO3JaeT IIPOJOJIbHOE MarHUTHOE I0JIe B pa3psiHoi kamepe. CHIDKas HIN
YBENIUYUBAs ]I €KTPUUECKHH T OK, I POTEKAIOMHUH I O DIeKTPOMATHHTHBIM K aTyIIKaM,
CHIDKACTCS WIIM  YBEJIMYUBACTCS H AlPSHKCHHOCTh M aPHUTHOTO IIOJIS B K aMepe IIa3MEHHO-
Iy4KOBOIO pa3psja, K OTOpas B CBOIO O4YEPE/b BIIHS €T HA AWaMeTp IMyd4ka. Ilna3sMeHHbIH
pa3psa Il omamaeT H a o0pasell M CIBITBIBAEMOTO MaTepuaia, KOTOPBIH — pa3MemieH H a
MHIIEHHOM YCTpOUCTBE B Kamepe B3aumMozeiicTBus. CxeMa IIIa3MeHHO-ITy9KOBOH yCTaHOBKH

IpUBEJiCHA Ha PHCYHKe 1.

1 — s7eKTpoHHas IMyIIKa; 2 — KaMepa IIa3MEeHHO-IIyYKOBOT0 pa3psana; 3,5 — nuadparma;
4 — HIeKTPOMArHUTHBIE KaTyLIKH; 6 — KaMepa B3aUMOACHCTBYS; 7 — MIIa3MEHHO-ITYYKOBBII pa3psi;
8 — KoJUTeKTOp; 9 — MIIa3MeHHsBIH my4ok; 10 — MumeHs (0Opaserr).
Pucynok 1- Cxema Iia3MeHHO-ITy4KOBOH yCTaHOBKH

B cooTBeTcTBHE C MOCTaBICHHBIMH 33JadaMH B KauecTBE 00BEKTAa HCCICAOBAHUS OBLI
BbIOpaH NONMKpUCTATHYecKuil Bonb(ppam mapku CBU-1. O Opasubl a1 UCHBITAHUS ObLTH

BBIPE€3aHbI HA JJICKTPOIPO3UOHHOM CTAHKE B BUAC HUIMHApPA NUAMETPOM 10 MM U BBICOTOM
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Smm. Ilepen oGmydeHuem oOpasipl nutudoBamu U monupoBand. OCHOBHBIE HapamMeTphl
oburydenus: pabounii ra3 — refui, JaBjIeHHE ra3a B pexXUMe IUIa3MEHHO-ITyYKOBOTO pa3psiia
cocrasmiro 2x107 Top, Bpemst 00aydeHus — 120 u 360 MuH. MOIITHOCTB AJIEKTPOHHOTO MyYKa
cocraBuia 450 BT. (yckopstomiee HanpsbkeHue S kB, Tok mydka 90 MA). CocraB 0CTaTOYHBIX
ra3oB B KaMepe B3auMOJAEHCTBUS KOHTpOJIMpoBaiics Macc-criektpomerpom CIS100.

HccnenoBanue CTpyKTyphl BOIb()paMOBOro 00pasia 0 HCHBITAHHS IPOBOAWIH HPHU
noMou onruueckoro Mukpockona OLIMPUS BX41M wu pacTpoBOro 3JIE€KTPOHHOTO
Mukpockona JSM-6390, oOcCHaIIEHHOrO MPUCTABKOW YHEPrOAUCIIEPCHOHHOTO —aHAIU3a.
MHEKpOTBEpIOCTE HOBEPXHOCTHBIX CIOEB O00pasmoB Bodb(ppamMa IO U HOCIe OOTydeHHs
M3MEpSUIM METOIOM BJIaB JIMBAHUS alMa3HOro uHAeHTopa Ha mnpubope IIMT -3M mnpu
Harpy3ke 50 r 1 BelIepkke rnoj| Harpy3koii 10 c.

B pesynpraTe npoBeAeHHBIX pabOT, YCTAHOBICHO, YTO IPH CTALlIOHAPHOM OOITydYEeHHU
IUIa3MOM ITOBEPXHOCTh Boib(pama  paspymaercs. CTeneHb — pa3pyLIeHHs 3aBUCUT OT
JUIUTENBHOCTH 00nydeHusi. OOJIydyeHHe CTallMOHAPHOHM IIa3MOW UIMTENbHOCThI0 360 MuH
NMPUBOIUT K (OPMHPOBAHHMIO CTPYKTYPHBIX HApyLIEHHH IOBEPXHOCTH BOJIb(pama:
MOSIBIICHUIO MEJIKMX IIOp M MHKpOTpemmH. [Ipum oOmydeHHH cTalOHapHOW IUTa3MOH B
TeyeHne 120 MHMH Ha HOBEPXHOCTH BOJIb()paMa OTCYTCTBYIOT KakHe-IHOO Ne(EeKThl B BUIE
TpemuH U 1op. O mpeaeneHo, 4T0 MUKPOTBEPAOCTh MOBEPXHOCTU oOpasua Boibdpama B
HUCXOJHOM COCTOSIHUM  COCTaBUIIa 2700 MITa . ITocne 00JTy4eHHs Ia3Moi
MPOIOJDKUTENBHOCTBI0 120 MUH MUKPOTBEpIOCTh yBenuumnach 10 3350 MIla, a 3atem npu
JajbHenIeM 00IydYeHHH IPOIOKUTENBHOCTBIO 10 360 MHH MHKPOTBEPAOCTb CHH3MIACH 10
2900 MITa . IToBblnieHHe MHKPOTBEPAOCTU IOCIE ILIA3MEHHOTO OOJIydeHHs, BOBMOXKHO,
CBSI3aHO C TIOSIBJIEHHEM Je()EKTHON NHUCIOKAIMOHHON CTPYKTYpHI 32 c4eT OOMOapIupOBKU
HOHAMH el . A CHIDKGHHE MHKPOTB €pJOCTH C HOBBINIEHHEM IPOJOKUTEILHOCTH
obmyueHnst 1o 360 MHH , BUAUMO , CBA3aHO C IIOSBICHHEM MENKHX IIOp , OlIUCTepoB U

MUKPOTpPELINH.

[1] A.Makhankov, V. Barabash, I. Mazul, D. Youchison. Performance of the Different Tungsten Grades under
Fusion Relevant Power Loads, Journal of Nuclear Materials, 290-293 (2001), pp 117-1122.

[2] Aunenxo A.H., Jluraues A.E., Kypakun W.b. Bo3aeiicTBue 1myuykoB 3apsikKGHHbBIX HaCTHI] HAa TMOBEPXHOCTh
METaJIJIOB M cruiaBoB. M.: DHeproaromus-aar, 1987. - 184 c.

[3] Poro A.B., Bykomo K.IO. MopnenmupoBanue ycnoBus pacmsuieHus B WTOP ¢ ucnonb3oBannem
MAarHeTpOHHOH yCTaHOBKH. MeTojuKka M PeXHMMBI pacmblieHus // Bompockl atoMHO#t Hayku u TexHukn. Cep.
Tepmosinepublii cuntes. 2005. - Beim. 1. - C. 9-25.

[4] CTena MMHTAUMOHHBIX HMCHBITAHHI B CONPOBOXKIEHHE HccieqoBaHHii Ha Tokamake KTM (CHU-KTM):

HMTOTrOBBIN oTueT: 85-3-021-129: Y.1.— M.: MUDU, 2005.—- 46 c.
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PEI'YJIMPOBAHHUE ITIAPAMETPOB MOHHON BOMBAPJIUPOBKH JIJIA
HOJYYEHUS TBEPJOCMA3OYHBIX NOKPBITUI C YIYUYIIEHHBIMUA
CBOMCTBAMH

REGULATION OF ION BOMBARDMENT PARAMETERS FOR PREPARATION
OF LOW-FRICTION COATINGS WITH IMPROVED PROPERTIES

P.U. POMaHOBl, C.H. l"pnropbesz, B.1IO. (I>0M14H01<m71], M.A. Bosocosa’
R.I. Romanov', S.N. Grigorievz, V.Yu. Fominski', M.A. Volosova®

' Hayuonansmuiii uccnedosamenscuii a0epuviil yHusepcumem « MUDHUy, Kawupckoe ui. 31,
Mockea, Poccus, e-mail:limpo2003@mail.ru
’Mockosckuii 2ocydapemeennbiii mextonozuueckuii yrugepcumenm CTAHKHUH, Badxosckuii
nep.1, Mockea, Poccus

Low-friction WSe, coatings were prepared by pulsed laser deposition using
two modes, i.e., the deposition under vacuum conditions and the deposition
in a buffer gas (He) at a pressure of 2-10 Pa. Gas was used to change the
energetic parameters of laser-induced atomic flux and to modify thus the
conditions of the coatings growth. The modification of the structure and the
composition of the coatings had a significant effect on their tribological
behavior.

IpuBomsATCS pe3ynbTaThl HCCICAOBAHMII IO OINPEICICHUI0 MEXaHM3Ma BIIHSHUSL
YCIIOBHI OCaXIEHUs J1a3epPHO-MHUIMMPOBAHHOTO IUIA3MEHHOTO IIOTOKAa HAa CTPYKTYpHO-
(hazoBble XaPAaKTEPHCTUKH TBEPAOCMA30YHBIX TMOKPBHITHH M YCTAHOBICHHIO KOPPEISLUH
MEXIy H3MCHEHMSIMH 3THX XapaKTepUCTHK U M OJUGHIUPOBAHHEM HX TPUOOIOIHYECKHUX
cBOWCTB. B kauecTBe 00BEKTa HCCICHOBaHHS BBIOPAH IMCENICHHA BoJb(paMa, OIMH M3
MEPCIIEKTHBHBIX TBEPAOCMA30YHBIX MAaTEPHAIIOB, IPOSBIIONIHI yIydIICHHbIE IT0 CPABHEHHIO
C TPaJHLMOHHBIM MaTEPHAIOM — AUCYJIb(GUIOM CEpbl — TPUOOIOTNYECKHE CBOMCTBA HPH
OCJIO)KHEHHBIX YCJIOBHAX (TIOBBILICHHBIC TEMIIEPaTyphl M BIIAXKHOCTb). TOHKOIUICHOYHBIE
nokpelTHss WSe, CO37aBaMCh METOAOM HMITYJIbCHOTO JIA3ePHOTO OCAXKACHHS, KOTOpOe
IPOBOAMIOCH KAaK B BAKYYMHBIX YCIOBHAX (IaBieHue ocratounoro rasa 107 Ila), Tak u B
OydepHom rase (renun) npu gasienuu 2- 10 Ila. Temmeparypa MoayI0XKH, U3rOTOBICHHON
u3 cranmu Mapku I[X-15, nognepxuBanack paBHOM KOMHaTHOM. TousMHA MOKPBITHI
cocrasisiia ~400 HM.

XUMHYECKUI COCTaB MTOKPBITUI HCCHEN0BAICS METOI0M o0OpaTHOro
pesepdopaoBckoro paccesnust MoHoB renmus (OPPU). [lns ananu3a TpUOOTOTHYECKHX
CBOWCTB NPOBOAMINCEH HCIBITAHUS HAa MAIIMHE TPECHUS 10 CXEME HETOIBM)XHBIN LIAPHK —
Bpaufaromuics auck”. TpuboTecTsl MPOBOAMINCH 03 CMa3KM Ha BO3JyX€ C OTHOCHTEIILHOMI

BAaXHOCTBIO ~50%. Illapuk aumamerpoM 3 MM OblT M3roToBieH M3 craau Thma IIIX-15.
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Harpy3ska Ha mapuk coctaBmsuia 1 H. Ckopocts ckonbxkenus Obuta paBHa 10 cwm/c. ITocie
TPUOOUCIIBITAHUI IOBEPXHOCTh JAWCKA M CTaJbHOTrO INApHKa HCCIEA0BANach METOJOM
ONTHYECKOH NMPOPHUIOMETPUH 1 MUKPOCKOIHH.

Uccnenosanust Mmeronom OPPU mokasamu (puc.l), 4ro ucmons3oBanue OydepHOro
rasa, COAEpIKAIIEro MOJEKYJIbl C MaJod Maccoi, I03BOJsIO 3(Q(EKTHBHO pETyIMpOBATH
XHUMHYECKHH COCTaB M CTPYKTYpHOE COCTOsiHMEe IOKpeITHid WSe,, QopMupyemsx
OCaXICHUEM JIa3ePHO-NHUIMUPOBAHHOTO ITa3MEHHO-IIAPOBOr0 MOTOKA. [IpH maBieHuu rasa
~ 8 Ila ¢opmupoBamHCh MOKPBITHS CTEXHOMETpUUeckoro coctaBa (x=2). Ilpu aTom u3-3a
MIPEHMYIIECTBEHHO MAJIOYTJIOBOTO paccesHUs MOToka aToMoB W H Se Ha JIETKHX MOJIEKyIax
reNnus HOTEPU B CKOPOCTH OCAKICHMS MOKPBITHUH MPAaKTUYECKH OTCYTCTBOBaiU. CTpyKTypa
MOKPBITUH, MOJYYEHHBIX BT a3e, XapakTepu3oBajach Oojiee YMOpsJOYEHHOH CIOMCTOM

yHaKOBKOﬁ aTOMOB Ha HAHOYPOBHE, Y€M Y BaKyyMHO-OCAXKACHHBIX HOKpLITHﬁ.

N, 10% ew” wwn.”!

Se T -
104 ? . 2,0 T +

Puc. 1. Cxopocts ocaxaenust W i Se (a) 1 MX COOTHOLICHHE B MOKPbITHAX W Se, (6) npu ocakaeHnn

Jla3epHO-NHUIIMMPOBAHHOT O TIOTOKa u3 MuiieHn WSe, B Bakyyme u B He rase pasnuyHoro napiaeHus.

JlnHaMyKa aTOMapHOTO MOTOKA, 00pa3yroIIerocs B pe3yiIbTaTe JIa3epHOTO 00TydeHHUs
vumeHn WSe, U mepemeniaiomerocs B Oy(epHOM rase 3aJaHHOTO COCTaBa M IABJICHUS,
aHaM3MPOBAJIaCh C TOMOILBI0 MaTreMaTHueckoil mozaenu [1]. AHaIM3 DHEPreTHYECKUX
pacmpeneNieHnii ocaxaaeMbIXx aToMoB Se u W, OGoMOapAMpYIOIIMX pacTyliee IOKpBITHE,
MOKa3aj, YTO MOCIe MPOXOXKICHUS Oy(pepHOro rasa KOHIEHTPAIUs BEICOKOIHEPIeTHIECKUX
YaCTHI] B MOTOKE CYIIECTBEHHO YMEHBIIANach, 1 MAaKCHUMyM PacCIpe/CICHHUs CMEINaCs B
obylacTh MEHBIINX dHepruil. Pacuersl mo meTomuke [2] mokasaiM, 4To JaHHBIA (GaKT MOXeET
0o0ycrnaBIMBaTh yBEIMYEHHE KOHLEHTpamUM Se, TaKk Kak Kod(GHIMEHT pacibuleHUs Se
3aMETHO YMCHBIIACTCS IPU YMEHBIICHHH SHEPrHU Majarounmx dactuil. OZHOBPEMEHHO C
T0/IaBJICHUEM TIPEUMYIIIECTBEHHOTO pacblIeHUs Se OydepHbIi ra3 oka3bIBall CylIIECTBEHHOE

BIMsHUE Ha 3P (HEKTUBHOCTD Ae(eKTO0Opa30BaHNUs, BEI3BAHHOTO OOMOapIUPOBKOIT MOKPHITHS
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BBICOKOIHEPIeTHYHbIMM ~YacTHIAMH. JlJIi OLEHKM 4HWcla CMEIIaeMbIX B KacKaJHBIX
mpoleccax aToMOB MCHOJb30Badach (opmyna Kuxumna-IIn3za, coriiacHO KOTOpOH 4YHCIIO
CMEIIEHHBIX aTOMOB Ny 3aBHCHT OT SHEPIMH BHEAPSIOMErocs atoMa Ejyy 1 3(peKTHBHOH
[IOPOTOBOii 3HEPrHU CMEIeHHs E; M PacCUMTHIBACTCS 110 BBIPAXKEHUIO Ny = Ejpi/2Eg.
3HaueHHe IOPOrOBOM OHEPrHMH CMENIeHHWs aTOMOB B IPUIIOBEPXHOCTHOW oOyacTH
CYIIECTBEHHO 3aBUCHT OT  psiga (DakTopoB (ZeEKTHOCTH CTPYKTYPBI, XHMHYECKOTO
COCTOSIHHSA, JIOKAJILHOTO OKPY)KEHMs1) M MOxeT coctaBisith 10 — 20 3B. B pesynbrate
TOPMOXKEHHUSI MOTOKA CYHICCTBEHHO yMEHbIIanach 3)GeKTHBHOCT Ae(eKTo0Opa3oBaHus OT
BHEJPEeHNUs aTOMOB ¢ dHeprusmu 50 — 600 5B. PacueTsl cpeiHero 3HaueHUS YHCIa CMEICHUH

Ha aToM IOKpBITHs N ,, BBI3BaHHOr0 00MOapaMpoBKoi aromamu Se 1 W, Mokasaiu, 4To npu
OC&K/IeHNH B BakyyMe N ,~4, a IIp1 Oca/IeHuN B reun fasienuem 8 Ila N ,~2. OueBujHo,

YTO CHJIBHO Pa3yoOpsIJOYCHHBIH XapaKTep YHaKOBKH aTOMOB B WS, IOKPBITHH, II0JTy4EHHOM
B Bakyyme, OOYCIIOBIHBAICS 4YPE3MEPHO BBICOKOH m030if OGoMOapaupoBku. Pacuers
BHYTPCHHUX MEXaHMYECKHX HAINPSDKCHUH 10 pe3ysbTaTaM M3MEPeHHs M3ruda KpeMHHEBOH
IUIACTHHBI ITIOKA3ald, YTO IS TAaKHX IOKPHITHH XapaKTEPHBI BBICOKHE PACTATUBAIOLINC
HanpspkeHust BenmnunHoit ~270 MITA. Tlpu ocaxxaenuu B Oy(hepHOM ra3e THUI HAMPSDKEHUI He
U3MEHSJICS, O/IHAKO BEJIMYHMHA HANPSDKCHUI YMEHbIIAIach IPUMEPHO B JiBa pasa.

IIpn ocaxpeHMM HOKPHITHH Ha OCHOBE NHXAJbKOTCHHIOB HEPEXOIHBIX METaIOB
60MOapIMPOBKA CYUTAETCS NPUHLMIIMAIBHO HEOOXOJUMOM JUIs aKTUBUPOBAHHS HOBEPXHOCTH
U WHULHUPOBAHMS MPOLECCOB IIOCIOIHOTO HapallMBaHUsS ATOMHON YIAaKOBKH C 0a3MCHOI
opueHTanyeil. B ciydae npeBblmeHnst 10o3bl 6 oMOapIUpoOBKa MOXKET paspymiaTs Oa3uCHO-
OPHEHTHPOBAHHYI0 YIIAaKOBKY aTOMOB H CTUMYIHPOBaTb POCT IIOKPHITHH, B KOTOPBIM
0a3UCHBIC IIOCKOCTH OKAa3bIBAIOTCS OPUCHTHPOBAHHBIMH IMEPICHIUKYIAPHO MOBEPXHOCTH
MOMTOKKH. HaHOKpHUCTAIUIBL ¢ TakoH OPHEHTHPOBKOM pEIIeTKH MeHee IOABEP)KeHBI
pa3pylleHHI0O  1oj ~ BosdeiictBmeM — OoMOapIupyOmMX — YacTHI, dYeM  0a3HCHO-
OPHUCHTHPOBAHHbIC HAHOKPUCTAIIBI, TaK KaK MAJaloIMe YacTUIBl MOTyT 3((HeKTHBHO
KaHAJIMPOBAaTh MEXAy YAAJCHHBIMH Ha OTHOCHTEIBHO OOJBIIOE PAcCTOSHHE Oa3MCHBIMH
IUIOCKOCTSIMH, HE BBI3BIBAsI M3 pa3pyLICHHsS. BeposTHO, Takue yCIOBHs PEaln30BAINCH PH

ocaxieHuu nokpoiTuii WSe, B He npu naBnenun 8 Ila.

KomruiekcHble n3MEHEHHsT XMMUYECKOTO U CTPYKTYPHOT'O COCTOSIHUS OKpbITUii W Se,,
noydeHHBIX B He rase mpu nmaBnenmn 8 Ila, oOycnaBnuBaiM CyIIECTBEHHBIC W3MEHCHHS
TpUOOJOTHYECKHX CBOHCTB IOKPHITHH, KOTOpble IPOSBIIINCE B CMEHE MEXaHH3Ma

paspyuieHuss U u3HamuBaHus (puc.2). [IOKpbITHSA, MOJYYEHHbIE OCAXKAEHHEM B BaKyyMe,
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o06J1aany XOpOIIMMH aHTU(GPUKIHOHHBIMU CBOMCTBAMH Ha Ha4aJlbHOM 3Tarle TECTHPOBaHHS.
Koa¢pdunuent tperust Ha BnakHoM Bosmyxe coctaBinstl 0,05. OgHako OHM IOJBEprainuch
JOCTaTOYHO OBICTPOMY PACTPECKHBAHMIO M TOJNHOMY pa3pyLICHHIO IPH AaJbHeimmx
ucnbiTanusix (mocae 300 nukioB). B pesynbrare 9T0ro K03hGUIMEHT TpEeHUs] BO3PACTAl 10

0,5.

"0 200 400 3000 6000 9000 £, uiKibi

Puc.2. BamsHue ycnoBuii ocaxJIeHHs Ja3epHO-HHUIMMPOBAHHOTO TTOTOKA Ha KO3 (GUIIMEHT TPEHHS

nokpsiTHii WSe,, monyueHHbIX B Bakyyme (/) u B He npu nasienuu 8 I1a (2).

Koaddurmenr TpeHus s MOKPHITHS, MOIyYeHHOro ocaxacHueM B He, oxasaics
HECKOJBKO HIDKE, YeM JUIl BaKyyMHO-OC@KICHHOTO MOKDBITHS, U OTO IIOKPHITHE
WM3HAMIUBATOCH B OC HOBHOM H3-32 IIOCTEIEHHOTO yhameHus cioeB WSe,. JloxanbHbIe
pa3pyLIeHUs] 3TOr0 MOKPBITUS M3-3a HApPYLICHWs aAre3ud pa3BHBAIMCH b mocie 3000
1UKI0B. OJIHAKO MOJHOTO OTCIAMBAHMS MOKPBITHS HE MPOMCXOIHMIIO, M KOHTAKT KOHTPTENA 1
MOKPBITHS. B OCHOBHOM (hOPMHUPOBANICI HA IIOBEPXHOCTH TBEPJOCMA304HOTO cios. B
pe3yJbTaTe JJaxe mocie 10* LMKII0B CKONBKEHHs kodGbdumeHt tpenus He mpesbimran 0,15.
V3MeHeHHe MeXaHW3Ma W3HALIMBAHMS MHOKPBITHA OOYCIOBUIO CYIIECCTBCHHO CHIDKEHUE
CKOPOCTH H3HAINMBAHUS CTAJIEHOTO KOHTPTeNa, KOd((HIMEHT M3HOCa KOTOPOro B Iape ¢
MOKPBITHEM, NOTYyYSHHBIM OCAKACHUEM B TENIHH, YMEHBIIWICS Oolee 4eM Ha IOPSIOK IO

CPaBHCHHIO C BAKYYMHO-OCQKICHHBIM ITIOKPBITUEM.

PaGota BbITIONHEHA 1TPH (PHHAHCOBOM ToAAEpKKe MUHHUCTEPCTBA HAYKH M 00pa30BaHUs
P® B pamkax 6a30Boif gacTH rocynapcTeHHoro 3aganus Ha HWP (Opranmsanms HaydHBIX

HCCIIEIOBAaHHN).

1. S.N. Grigoriev, V.Yu. Fominski, R.I. Romanov, A.G. Gnedovets, M.A.Volosova,
Appl. Surf. Sci. 2013. Vol. 282 (2013) 607.

2. S.N. Grigoriev, V.Yu. Fominski, A.G. Gnedovets, R.I. Romanov, Appl. Surf. Sci. 258
(2012) 7000.
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CHUCTEMA JA3EPHOM OUMCTKH MOBEPXHOCTH 3EPKAJI ONITHYECKHUX
JUATHOCTHUK HA UTDP
THE SYSTEM OF LASER CLEANING OF MIRROR SURFACE FOR OPTICAL
DIAGNOSTIC SYSTEMS OF THE ITER

A.B.Casuenxos', K.JL Fy6c1<1/11711, AL Ky3Heu01a', E.N. HHKHTnHa', C.H. TyraanOBz,
O.1. By)Kl/u-ICKI/Iﬁ2

A. Savchenkov', K. Gubskiy], A. Kuznetsov', E.Nikitina', S. Tugarinovz, 0. Buzhinskij2

! Kagpeopa Ne37 “Jlasepuas dusuxa”, HUAY MUDH, 115409, Kawupckoe wiocce 0.31,
Mockea, Poccus, saw9l1ant@gmail.com
2 Omoenenue @usuxu moxamaros-peaxmopos, I'HL{ PO TPHUHUTH, 142190, 2.Mocksa,

2. Tpouyx, yn.Ilywkoeeix,6n.12, Poccus

The development of cleaning optics and deposition-mitigating techniques is a key
factor in the construction and operation of optical diagnostics in ITER. It has been
shown that high initial reflection characteristics of optical elements can be recovered by
choosing regimes of fiber laser radiation effect on the deposited surface. Experiments
on transport of fiber laser radiation to the metal mirror by using system of lens and
cleaning showed the possibility of a hardware implementation of methods applicable in

the geometry of port-plug ITER.

Ha UTOP koHTpodb 3a MapaMeTpaMH IUIa3Mbl IUIAHHPYETCS OCYIIECTBIATH C MOMOIIBIO
npuMepHo 40 pa3IMYHBIX IUATHOCTHK. 3epKala ONTHYECKHX AHATHOCTUYCCKUX CHCTEM,
PAcHOJIOKEHHBIX B HOPT-IJIarax paspsiqHON KaMephbl U HalpaBICHHBIE CBOCH IMOBEPXHOCTBIO
HEMOCPEJICTBEHHO B CTOPOHY Il1a3Mbl (TIEpBbIe 3epKalia), MOABEPraroTCs CHIBHBIM BHEIITHUM
BO3JCHCTBHSAM - PACIBIICHHUIO AaTOMaMH NIEPE3apAKU U 3arPS3HEHUIO 32 CUET HepeoCaxJCHHs
PacHbUICHHBIX MaTE€PUaIoOB IE€PBOH CTEHKH, NUBEPTOPHBIX IUIACTUH U APYTUX DIEMEHTOB
IUIa3MEHHOIT Kamepbl. OCHOBHBIMHU Harpy XarolUMH (paKTOpaMH SIBJISOTCS OTOK H3ITy4CHHUs
n3 w1a3msl (o 0,1 MBt1/M2, [1]) 1 MOTOK BEICOKORHEPTeTHUECKUX HEUTPOHOB (10 14,1 MaB),
00pa3yromxcs B XOJ€ TEPMOSIEPHON peakuuH. DKCIEPUMEHTAIbHbIE HCCIEAOBAHUS I10
SKCIIOHMPOBAHUIO 3€pKaJl, NpoBejieHHble Ha Tokamakax T-10 [2], .Top Cympa. [3], TEXTOR

u DIII-D [4], noka3anu, 4To HauOoJIbIIee N3MEHEHHE OTPakaTeNIbHON CIIOCOOHOCTH 3epKal 1,
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KaK CIEACTBHME, HapylIeHHe p abO0Thl BCEro JUarHOCTHYECKOrO TPaKTa BbI3BIBAIOT
ocaxJacMble Ha HUX IUICHKH CIIOKHOTO cocTaBa. [logoOHOE 3arpsi3HEHHE ITOBEPXHOCTH
MEPBBIX 3€pKall TPHUBOIUT K 3HAYMTEIBHOMY CHIDKGHHIO pabodero pecypca CHCTEM
auarHoctuk. CaMo 3arpsi3HGHHME IIOBEPXHOCTH ONTHYECKHX 3JIEMEHTOB MOXET OBITh
pa3IMYHBIM W 3aBUCUT OT  YCIOBHH 0Opa3oBaHWs IUICHKH: TEMIEpaTyphl, BpeMEHH
B3aNMOJICHCTBHS, COCTaBa MPOJAYKTOB JPO3UH U Ta3a B IUIa3MEHHOI Kamepe, a TakkKe OT
MaTepuana 3epKajia M KadecTBa ero moBepxHocTu. OcaxaeHue aaxe ToHkux (10-100 HMm)
MPO3pavyHbIX IUICHOK HAa METAIUIMYECKHE 3epKala H3-3a HHTephEepeHUHOHHBIX 3] heKkToB
MOXET IPUBOJUTH K CHEKTPAIbHBIM HCKQKCHUSIM B PETHCTPHPYEMOM U3ITyYCHUH.

IIpousBoauth 3ameHy 3epkan Ha ycraHoBke WTDOP mpakThueckd HEBO3MOXHO H3-3a
BBICOKOTO PaJIMAlIMOHHOTO (JOHA M CIIOXKHOCTH IPOLEAYPHl BOCCTAHOBICHMS BaKyyMma B
Kamepe Tocnie e€ pasrepMmeTnsanuu. IlosToMy cymiecTByeT HeoOXOAMMOCTh B pa3paboTKe
9¢p(eKTUBHEIX OCCKOHTAKTHBIX U  JAUCTAHIMOHHBIX METOJOB  YAQJICHHS IUICHOK,
M03BOJIAIOIINX OYHIIATh U HOJIHPOBATH MIOBEPXHOCTH 3€PKall MEXIy pabouuMM HUKIaMu 6e3
pasrepMeTH3alMl KaMephl M JEMOHTaXka ONTHYEeCKMX 3yeMeHToB. K mpemmymiectBam
Ja3epPHOM OYMCTKM OTHOCSATCA: JUCTAHIIMOHHOCTB, BO3MOXKHOCTBIO €r0 JIOCTaBKH B
BaKyyMHpPOBaHHble OOBEMBI M BHYTPb CIOKHBIX KOHCTPYKLUH, OTCYTCTBHE MEXaHMYECKOIO
MOBPEXK/ICHUST I[IOBEPXHOCTH, BBICOKAs IPOU3BOMUTENBHOCTE, OTCYTCTBHE HOOOYHBIX
XHUMHUYECKUX COCAMHEHUI, 00pa3oBaBIIUXCs B X01e 00paboTky, [5].

B pabote ¢ moMoIIbI0 BOJOKOHHOTO J1a3epa IPOBOAMIACE OUHCTKA ABYX CEpHil 00pa3IoB
3epKajl U3 HepXKaBEIOLIeH CTalli, MOJIMOAEHA ¥ KPEMHHS: alIFOMUHUEBBIC TUICHKH Pa3IMIHOH
TOJIIMHEL, HANBUICHHBIC B MarHeTpoHe, M BOJIL(PaMOBbIe INIeHKH, ocaxaeHnsle B KCITY-T
(KBasucTanMOHAPHBIH M1a3MeHHblil yckoputens, [ HL] PO TPUHUTU). KCITY-T co3znaer Ha
3epKaJia HMITYJIbCHBIC TIA3MEHHO-TEIUIOBbIC HATPY3KH, OKuIaeMble npu pabore UTIP.

IToka3ano, 4To mOAOOPOM pEXHUMOB BO3JACHCTBHS M3IydCHHS Ha 3arps3HCHHYIO
MIOBEPXHOCTh MOXKHO BOCCTAHOBUTH HCXOJHBIC BBICOKHE OTPa)KaTeIbHBIC XapaKTEPUCTUKH
ONTHYECKUX 3JeMeHTOB. Kpome Toro, mpu paboTe B ONTHMAlIbHOM PEXHUME BO3MOXKHO
YMEHBIIICHHE MIEPOXOBATOCTH, YTO MO3BOJISET HE TOIBKO OYHMIIAThH 3€pKaya OT 3arps3HEHHH,
HO U TIOJIMPOBATh HX IOBEPXHOCTb.

OnTnueckas cUCTEMa JIa3epHOI OYMCTKM ITOBEPXHOCTH MEPBOTO 3epKaja JOJDKHA ObITh
HMHTETPUPOBaHA B OOIIYI0 CXeMy pa3padaThIBAEMOH AMArHOCTHYECKOH CHCTeMBbI ’AKTHBHAs
crieKTpockonust”. [l TpaHCHOPTHPOBKY H3IyYeHUs] BHYTPh IOPT-IUIara, B KOTOPOM Oyner
pacrioyiaraTbCs JMarHOCTHYECKOE 3€pKano, ObUI CO3/aH KOMIUIEKC 00O0pauMBaiOIIUX

00BEKTHBOB.
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Puc.1 3aBucumocTs ko3 dunrenTa oTpaxkenus 11 obpasua ¢ aTIOMUHIEBON MIICHKON
(cneBa) u o6pasua ¢ BoabppaMoBoii IIeHKO¥(c1IpaBa)

[TokazaHo, YTO Ha PacCTOSHUM ompesensieMoM reomerpueit nopt-mara UTOP (~3,5 m), B
IUIOCKOCTH (DOKYCHPOBKH JHAMeTp (POKAJBHOIrO MsATHA cocTapiseT mopsaka 100 MM Ha
MOJTYBEICOTE, YTO C 3allacoM oOecreynBaeT TpeOyeMble UL OYHCTKU MOJIHMETATHIECKHAX
IUIEHOK IUIOTHOCTU MOIIHOCTH mopsika 10 MBrt/cm® (MOpPSAAOK MaKCUMAIbHON IIOTHOCTH

o 2
MOIIHOCTH, JOCTHXKUMOU HA YCTAHOBKE — ACCATKH I'Br/ecm )

vacuum chamber

Puc.2 Cxema CHCTEMBI TPAHCIIOPTUPOBKH M3IyUCHUS B OPT-IUIATe AUArHOCTUKH "AKTHBHAs
crekTpockonus” (a) ¥ cucTeMa 000paYnBaIOIINX 00BEKTHBOB Ha onTHdeckoM croie (b). 1 - mepBoe
3epKaiio, 2 - BOJIOKOHHBII UTTepOHeBHIi Tasep, 3 - 2D-ckanep, 4 - TeeCKOMMYEcKas CUCTeMa, 5 -
(boxycupyionmnii 06beKTHB.

[1] Perkins F.W., Post D.E., Uckan N.A. et al. ITER Physics Basis //Nuclear Fusion. — 1999. — Vol. 39, No. 12,
P. 2080-2637.

[2] Vukolov K.Yu, Guseva M.IL, Evstigneev S.A., Medvedev A.A., Zvonkov S.N. — Plasma Devices and
Operations, 2004. V. 12. P. 193.

[3] Lipa M., Schunke B., Gil C., Bucalossi J., Voitsenya V.S., Konovalov V., Vukolov K., Balden M.,
Temmerman G.De. — Fus. Eng. and Design, 2006. V.81. P.221.
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ANALYSIS OF ION FLUXES IN LINEAR PLASMA DEVICES
L.A. Sorokin, I.V. Vizgalov, O.A. Bidlevich
National Research Nuclear University MEPhI, Kashirskoe Sh. 31, 115409 Moscow, Russia,
iasorokin@mail.ru
Analysis of both ion mass-spectrum and plasma parameters is very important for
plasma-surface interaction experiments to control discharge regime and ion composition. In
linear plasma devices with a magnetic field, it is possible to apply a static mass-spectrometer

using magnetic field of plasma device to ion separation with focusing at 180 or 360 degree.

A modified version of mass-spectrometer of magnetized plasmas (MSMP) developed in
NRNU MEPhI [1] was installed at the linear plasma device PSI-2 (Juelich). MSMP is based
on classical scheme of a static 180 magnetic mass-spectrometer, which uses the magnetic
field of PSI-2 for mass-to-charge ion separation [2]. It contains additional equipment to
measure local plasma parameters (single Langmuir probe), a local value of the magnetic field
(Hall detector) and a temperature of measuring probe (thermocouple). Mass-spectrometer

allows to measure plasma parameters and measure relative fluxes of plasma ions.

However, a general scheme of a static mass-spectrometer has a good mass resolution for
ions of usual working gases and light admixtures (M < 10 a.m.u.), but not for ions of
sputtered materials. Upgrade of MSMP, which can increase a mass resolution also in heavy

mass range of plasma ions, will expand the scope of application of the instrument.

All experimental results were obtained on the linear plasma device with a stationary arc
discharge (PSI-2) [2]. The plasma is produced in the discharge region containing of a heater,
hollow, cylindrical LaB6-cathode and Mo-anode. Hollow plasma profile is implemented.
Plasma column with a typical cross-section of 60 mm is terminated at a neutralizer plate.
MSMP was mounted at a position with a homogeneous magnetic field in the target chamber.

PSI-2 has a differential pumping system containing of eight turbo molecular pumps.

MSMP is a static sector instrument using a magnetic field of the plasma device to M/Z
ratio ion separation with focusing at 180 degrees. Measuring probe of MSMP (cf. Fig. 1)
consists of an accelerating gap between two segments (2) and two collectors for light (5) and
heavy (4) ions, respectively. After passing the entrance slit ions from the plasma column

periphery (1) are accelerated by the electric field applied between the inner and outer shell.
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Fig. 1. Elementary scheme of MSMP: 1 - plasma column; 2 - accelerating gap; 3 - dispersive segment;
4, 5 - collectors; 6 - measuring probe; 7 - holders with ceramic insulators; 8 - flange of PSI-2.

Both an energy and gyration radius of the ion in the mass-spectrometer depend on

acceleration process according to well-known expression:

(M) __ K
z) U+U, I

where K - constant, which depends on a geometry of a mass-spectrometer and magnetic field
strength; Upl - local plasma potential; U - accelerating voltage. The subscript i denotes the
value for the i-th peak in the spectrum. Mass-spectrum is obtained by varying the voltage U

with recording the detector current.

Also, MSMP is equipped with a Langmuir probe to monitor plasma parameters such as
electron density, temperature and potential of plasma. Particularly, it is important to monitor
plasma potential, because accelerating between plasma and body of MSMP should be
constant during the experiments in ideal case for a simple description of an energy
distribution of plasma ions. To set correct conversion factor of an accelerating voltage to M/Z
ratio a local magnetic field strength was measured by Hall detector. For monitoring
temperature of MSMP, thermocouple was mounted on the top of the measuring probe to

avoid overheating.

Mass-spectrum for different discharge regimes and working gases were obtained by
MSMP at PSI-2. Map of the plasma parameters and ion-spectrum was created for all typical
modes of argon, deuterium, helium and neon plasma. Measured spectrum showed that an ion
composition of the discharge strongly depends on the plasma parameters. Particularly, it is

very important to monitor an argon plasma mass-spectrum during erosion experiments
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because a relative flux of double ionized ions dramatically changes according a discharge

power. All this data will be published later.

In context of this work, the main issue was an insufficient mass resolution of MSMP in
M > 10 am.u. range (cf. Fig. (b)). Comparison of mass-spectra in different mass ranges is
presented on Fig. 2. Theoretically, it is possible to resolve masses with difference about 1

am.u. in range M < 10 a.m.u. (cf. Fig. 3 and (2)) in this geometry of MSMP (cf. Fig. 2 (a)).
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Fig. 2. Examples of a plasma mass-spectrum with different working gases: a - argon and deuterium, b - nitrogen
and deuterium.

General scheme of a static mass-spectrometer have a good mass resolution for ions of
usual working gases and light admixtures (M < 10 a.m.u.), but not for ions of sputtered
materials. Theoretical resolution of a mass-spectrometer is shown in Fig. 1. In geometry of
MSMP, it is difficult to determine two ion peaks with difference between masses 1 a.m.u. in
M > 10 a.m.u. range.
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40

20

0 20 40 60
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Fig. 3. Theoretical resolution of a mass-spectrometer: 1 - mass resolution limit of static MS considering an ion
energy spread; 2 - considering the slit size (2 mm); 3 - mass resolution of pulsed MS (r = 8 mm, d = 0.4 mm).
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To solve this issue an upgrade of MSMP containing pulsed housing-less sector with
additional accelerating gap was suggested (cf. Fig. 4). The pulsed sector consists of the
accelerating gap on which a voltage impulse is applied. It forms bunches of ions from an ion
current obtained by the static mass-spectrometer in unresolvable mass-range. Than after
magnetic focusing on 180 degrees in the static sector, plasma ions will be separated by time-
of-flight in the pulsed sector of MSMP. Theoretical mass resolution of the dynamic part
depends on the geometrical dimensions of a mass-spectrometer and the preset parameters of a
voltage impulse. Therefore, the main advantage of such mass-spectrometer is a lack of

theoretical limit of the maximum detected mass.

Fig. 4. Scheme of a combined MS: 1 - static MS, 2 - trajectory of plasma ions in the pulsed sector, 3 - plasma
column, 4 - collector, 5 - vacuum chamber.

To detect unresolved ions, in this case, it is important to get ions in interesting area of a
mass spectrum by a static mass-spectrometer, first, and then resolve all types of ions by a
time-of-flight in pulsed sector of combined MSMP. In fact, it will be the combined instrument
containing a static mass-spectrometer well resolving light ions and a pulsed sector for heavy
ions.

1. L.V. Vizgalov, N.N. Koborov et al., Instrum. Exp. Techniques, 42 (1999) 718-721

2. 0. Waldmann, G. Fussmann and W. Bohmeyer, 34th EPS Conference on Plasma Phys.
Warsaw, 31F (2007) 5.108
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HMOHHO-UHAYIHUPOBAHHBIE KOPOHHBIM PA3PSAJ10OM
NPOLECCHI B CYNIEPJUCHEPCHBIX YACTUILIAX MATHETHUTA
ION-INDUCED PROCESSES IN THE CORONA DISCHARGE
SUPERDISPERSIVE MAGNETITE PARTICLES

M.A. Crenosuu" %, M.H. Illunko?, B.I. Koctuums’, B.B. Koposymkm—rz’ 3
M.A.Stepovichl’ 2 M.N. Shipkoz, V.G. Kostishin®, V.V. Korovushkin®?

1Ka(j)edpa svlcuiels mamemamuxy, Kanyaicckuil 2ocyoapcmeennuiil ynugepcumem
um. K.O. Huonxosckozo, yn. Cmenana Pasuna, 0. 26, 248023, Kanyzea, Poccus,
m.stepovich@rambler.ru;

? Kaghedpa mamemamuru, 5KOHOMUHECKOT UHDOPMAMUKY. U GbIUUCTUMETLHOT MEXHUKL,
Heanosckuii hunuan Poccutickozo sxonomuueckozo yHusepcumema um. I'.B. Iliexanosa,
. [zeparcuncroeo, 0. 53, 153000, Heanoso, Poccus, ivrgteu_nir@mail.ru
3 Kagheopa mexnonoeuu mamepuanos snexmponuxu, Hayuonanonuiii ucciedosamenscxuil
mexnono2uyeckuil ynusepcumem « MUCuCy, Jlenunckuii npocnexkm, 0. 4, 119049, Mocksa,
Poccusa

In the near-surface region of the corona discharge diffusion of anions and
cations occurs under the influence of the elementary excitations of the elect-
ron system of magnetite, is in an unstable state. Generation of additional
jobs for iron allows you to create a surface layer of y-Fe203 phase with an
ordered arrangement of defects.

B xopoHHOM pa3spsiie BOIU3HM NMOBEPXHOCTH HCCIELYyEMOT0 MaTepHala, COAEPIKAIIEero
HOHBI JKeJe3a, MOYKHO CO3aTh CHJIBHBIC DJIEKTPUYECKHE OIS, CIIOCOOHBIC BIUSATH HA 4aCTOTY
3JIEKTPOHHOTO 0OMEHa MEXIy Pa3HOBAJICHTHBIMHM HOHAMH JKEle3a MM 00eCIeYnTh 3aMeT-

3+
Hyto mosspusanuio 3d-o6onoukn nona Fe''. BecbMa y100HBIM 00BEKTOM Il H3YUEHHS Ta-
KHX MPOLIECCOB sABIsIeTCst MarHeTuT Fe3;O4, KOTOPBIH MMEET CPaBHUTENIBHO MIPOCTYIO KPUCTAII-
2 3

JIMYECKYIO CTPYKTYPY IIIHHENH, coaepxkut Housl Fe’ u Fe’”, yuactsyromue B 31eKTpoHHOM
oOMeHe, XOpoLIo M3y4YeH C MCIOJIb30BAaHHEM PE30HAHCHBIX METOJOB, @ MO CTPYKTypE CIEK-
TPOB AAEPHOro ramma-pe3onanca (I[P cnekTpoB) MOKHO CYAMTh O CTENEHH 3JIEKTPOHHOM
nenokanu3anuu B Fe;Oy.

B Hacrosmieit paboTe M3y4eHO BIUSHHE KOPOHHOTO pa3psjia Ha JIEKTPOHHBIN 0OMEH 1
CTPYKTYPHOE COCTOSIHHE CyHepaucrepcHbix wactui FesOs, mpeactaBmsromux coboii a H-
camOJIb MarHUTHBIX 4acTHLl pasMepoM 5-30 HM, IHOJIyYEHHBIX COOCAKAECHHEM COJeH jKelle-
3a (II) u xenesa (I1I) B BogHO# cpene U CTaOMIHM3UPOBAHHBIC OJICHHOBOM KUCIOTOM.

MeéccbayIpoBckie MCCIEI0BaHMs BBITIOTHEHBI Ha ycraHoBke M S-1104 Em mpu xoM-

o 7
HATHOH TeMIepatype. B kauecTBe HCTOUHHKA y-H3IydeHHs IpUMeHsuics u3oton Co’ B MaT-
puue Cr. MéccbayspoBcKie CIEKTPbI PErHCTPHPOBAIN B IIpoLiecce BO30YKACHHST KOPOHHOTO
paspsiia B IPOCTPAHCTBE MEXIy MCTOYHHKOM M3JIYyYCHHS U AETEKTOPOM Y-KBaHTOB. J{iisi nc-

KIIIOYCHUS BJIMAHUA OIS KOPOHBI Ha CTaOUIIBHOCTD pa60TLI COEKTPOMETPa HMCIOJIb30BAIN
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3JIEKTPOCTATUYECKYIO 3auTy. KOPOHUPYIOIHMIA 37€KTpoL pacosiaraiu Ha pacCTOsIHUU 4 cM
oT obpasua. Tok paspsma npu pasHoctn noreHuuanoB 20 kB cocrasmn (1-3) 10 A. Jimn-
TEJILHOCTb SKCIIEPUMEHTOB cocTaBiisuia oT 20 no 120 gacos.

PenTrenorpaguueckie HCCIEOBaHUSA IOPOIIKOB BBINOJNHEHbl Ha Au(paKTOMETpe
JIPOH-4M B Fe K,-n3nyueHnn, a MUKPOCKOIIIYECKHE MCCIeJOBaHMs — Ha MUKpockone «Carl
Zeiss». MUKpOCKOITIYECKHE HCCIEA0BAHUS MOKAa3ald, YTO Pa3Mephbl YacTHI JeXaT B UHTEp-
Baje 5-30 M, popma yacTui 6nu3Ka K chepudeckor, 1 OHU 0OPa3yIOT arJIoMepaThl CO Cpell-
HUM pa3mepoMm 12,5+2.5 uM. HaMarHu4eHHOCTh HACBIIIEHHUS 3TUX YaCTHIl MAarHETUTa COCTaB-
nser 22020 AM*/kr, a mapamerp pemerku 0,8398 HM HECKONBKO OTIHYACTCS OT MapameTpa
peleTKH MacCMBHOrO oOpasia crexuomerpuyeckoro marHerura (0,8397 um). SAT'P cnextpsr
00pas3lia, MOoJIy4CHHBIC B TI0JI€ KOPOHHOTO pa3psijia, OTINYAIOTCS 3aMETHBIM YIIMPEHUEM KOM-
TIOHEHTOB W MAJIOM BENMYHHON BeposTHOCTH 3¢ddekra Méccbayspa. YUuThIBas, 4To JUIU-
TEIBHOCTh PEerucTpanuy MEccOaydpOBCKUX CIIEKTPOB MArHETHTAa B HCXOZHOM COCTOSIHUH U B
oJIe KOPOHHOTO paspsijia ObUla OIMHAKOBOIM, HaOJIOAaoIIeecs YHIMPEHHE KOMIIOHCHTOB
CIIEKTpa M yMEHBIIEHHE BepoATHocTH 3ddekta Méccbayspa MOXKHO CBSI3aTh C ydacTHEM
HOHOB JKeJie3a U KUcIoposa B Anuddy3nOHHOM I BI>KCHUH. J[JIsi OLCHOK IapaMeTpoB JTOH

mrddy3un ObUTH UCIIONB30BaHbl COOTHOIICHUSI, CBsA3bIBatoIe mapamerpbl P crekTpos ¢
XapaKTEePUCTHKAMH MUTpaiiy HoHOB: A= 24/t = b / (6D2 ), t=t, exp(—Ea JkT ) 3nech
¢ — BpeMs JIOKAIN3ALUH HOHA, b — PaCCTOSHHE MEXIy OTASJIbHBIMH [IEpecKOKaMu, D — KO-
s durment nuddysun, E, — IHEPTH aKTUBAIHMH TIEPECKOKa, &k — MocTosHHas bombimana n
T — temneparypa. [1o yIMpeHno KOMIOHEHT OBUIM BBIYHCIICHBI CIEHYIONINE 3HAYCHHS [1a-
pamerpoB auddysuun: ¢ = 4,0:107 ¢, D=1,2-10° eM%/c, E, =0,35B; npu stoM noasmx-
HOCTb UOHOB 1f; = 1,24-10"! m*/c. Ot™erim uto K03 dHIHeHT MUdY3HH GBUT BEMUCITEH Ge3

yde€Ta KOppeIsauuu MEXAYy OTACIbHBIMU INEPECKOKAMHU — IJIA CTPYKTYpPbl MarHe€Tura Takoe
HpI/I6J’II/I)KeHI/IC TMIPACMIIEMO, TaK KaK MCHEC ITOJIOBHAHBI Y3JI0B OKT&B[IpH‘ICCKOfI H TETpadapuyc-

. 2+(3+)
CKOM MOJpemeToK 3aHsaThl noHamu Fe

, @ TaK)K€C B MAarH€TUTC B 3HAYUTCIIBHOM KOJIHYC-
CTB€ UMCIOTCS KUCJIOPOJAHBIC BAKaHCHUH.

HOJ’Iy‘IeHHLIe HaMy 3HA4YCHUA IMOJABMIKHOCTH HMOHOB HAa HECKOJIBKO MOPAIKOB IIPCBBI-
1IAar0T U3BECTHBIC 3HAYCHHUA NJIs1 HOHHBIX MOJYIIPOBOJAHHUKOB. DTO He ABISIETCS HeO6bI‘IHI>IM,
€CJIM NIPUHATH BO BHUMAHUC MPOLECCHI, IPOUCXOAALINC HA TOBEPXHOCTU YaCTHUIl U B UX 00B-
€M€ T10J1 BIIMSIHUEM KOPOHHOTI'O paspsnaa. I/I3BGCTHO, YTO B MEKIJIEKTPOAHOM IIPOCTPAHCTBE

KOPOHHOTI'O paspsaaa UMEETCS BbICOKas MIOTHOCTD MOJIOKHUTEIBHBIX U OTPULATCIIbHBIX HOHOB,

JJICKTPOHOB U q)OTOHOB. HpH ToNalaHuu Ha NOBEPXHOCTb YaCTHLl MOHBI NPUIIHUIIAIOT K Heﬁ,
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Moka He o0pa3yloT MOHOATOMHBIH cioif. TakuMu HOHAMHU SIBJISIOTCS MPEXAE BCEro HOHBI
kuciopoga OF u O7. C yBeTWueHHEM TPOIOIDKUTENBHOCTH HAXOXKICHHS CyNepAHCIepCHBIX
YaCTUI] MarHETHTa B KOPOHHOM pa3psijie MOBEPXHOCTHAs IUIOTHOCTH 3apsia OBICTPO BO3pac-
TaeT, JOCTUrasl HachleHus. OTMETHM, YTO IUIOTHOCTD 3apsijia IPH HACBILEHUH OIpeielseT-
sl CBOIMCTBaMHM LIEHTPOB aCOPOIINY Ha IIOBEPXHOCTH YACTHII M ITapaMeTpaMHu pas3psija. 3apsi,
HaKOIUICHHBI Ha MOBEPXHOCTH YACTHIL, CO3/1aeT B HX 00BbEME CHIIBHOE JIOKAIbHOE JIICKTPH-
YecKoe T0JIe, YTO paHee SKCIEePUMEHTAIbHO HAOII0JaI0Ch B MOTYIIPOBOJHUKOBBIX MaTepHa-
nax. [loJ meficTBHEM TaKOro SIEKTPUYECKOrO MOJsI, a Takke, APYrHX (akTopoB ((POTOHHI,
HEU3KODHepreTuueckue HoHel OF m O7) B MarHeTHTe BO3GYXKIACTCS HH3KOTEMIIEPATYpHAS
muhdy3us noHoB u medextoB. OTMETHM, YTO MEXAHWU3M MOBBIMICHHS MH(DDY3HOHHOI 1T O-
JIBIKHOCTH JIe()EKTOB MO BIUSHUEM KOPOHHOTO paspsia 0 CHUX IOp HESCEH, OJHAKO SICHO,
YTO TOJ BIMSHHEM YKa3aHHBIX (JaKTOPOB CYIIECTBEHHO YMEHBIIACTCS! BBICOTA ITOTCHIHAIIb-
HOTO 6apbepa MexIly COCEIHHMH COCTOSHHsSMH HoHOB Fe® i Fe’'; Hamu ycraHOBIEHO, 4TO
sHeprus aktuBauuu npouecca (0,3 3B) 3HaunTENbHO MEHbIIE 3TOM BEIMYMHON IS TEpMUYe-
ckoit uddysun (3 9B), 4TO CBHAETENBCTBYET O CYIIECTBEHHOHN JedopManuy NOTEHINATbHO-
ro penbeda a1 noHOB kene3a. Kak ciemyer u3 pesynpraTtoB MéccOayIpOBCKHX HCCIIEI0BA-
HUI, ©3MEHEHNE MOTCHIUAIBHOTO pelibepa MOXKET I POUCXOAUTH 32 CUET BO3OYXKICHHS XH-
MHYECKHX CBsI3eH. AHAJOTHYHOE M3MEHEHHE MapaMeTpoB MEccOaydIpPOBCKUX CIEKTPOB Mar-
HETHUTa HaOIIOAeTCsl IIPH OXJIAXKICHHHU ero o Temneparypsl 119 K. B oTcyrcTBHE 2mekTpu-
YECKOro OIS, COTJIACHO THIoTe3bl Bepaes, Boiie Temnepatyps 119 K mexxay nonamu F ¢'n
Fe** TIPOHMCXOJHUT OBICTPBIN 31eKTpoHHBIH 0OMeH. Himke 119 K Bo3HukaeT ymopsioueHHoe
pacronoxenue nouos Fe’ i Fe*' i anexTponmsiit 06MeH MexkIy STHMH HOHAME MpPEKpala-
ercs, a cuMmMmerpus pemetku FesO4 monmxkaercs 1o pombuyeckoii. [Tostomy moa BiusiHueM
BHEIIHETO BJIEKTPHYECKOTO MO MOKET HPOMCXOJUTh 3HAUUTENbHAs [eTOoKaIu3alus dJIeK-
TPOHOB U, KaK CIEICTBHE, yMEHBIICHHE HHTEHCUBHOCTHU 3JIEKTPOHHOr0o ooMeHa. CTeneHs Je-
JIOKAJIM3aIMH 3JIEKTPOHOB B MECCOAY?POBCKUX CIEKTPAX MArHETUTA OIMpeessieTcsl IO OTHO-
ureHuio Sp/Sa (OTHOIICHUE TUIOIIAACH JIMHUN CEKCTUILIETOB OT OKTa- (B) 1 TeTpasapuveckux
(A) moapermrerkax). s CTEXMOMETPHIECKOTO MarHETUTA 3TO OTHOLIEHHE cocTaBisieT 1,95 n
CYIIECTBEHHO M3MEHsETCs IOocIe ero 00paboTKU B KOPOHHOM paspsiie, AOCTUTasl 3HAUCHUH
1,5-1,8. CrienctBreM Takoro H3MEHEHHUsI MOTYT OBITh YACTOTHBIC BapHallMU (JOHOHHOTO CIEK-
tpa Fe304. D10 moaTBepIMiN pe3ynbTaThl HAINX UCCIIEIOBAHHUN: MOCIe 00pabOTKH B KOPOH-
HOM pa3ps/ie JINHUH IOTJIOIEHNUS, OTHOCSIHECS K KolIeOaHusIM OKTadaprdeckux rpymm FeOg
(580 M) teTpasapuyeckux rpymn FeO4 (390 CM']) CABUTAIOTCS B CTOPOHY HU3KUX YacCTOT.

DT0 MOXKET OBITh CBS3aHO C H3MECHEHHUEM 3(1)(?1)CKTI/IBHOTO BpEMCHU 3HeKTpOHHOﬁ peilakcanuu.
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VI3MeHeHHe CTEeHN 3IEeKTPOHHOM JeJI0KaIn3alMH COIPOBOXKAACTCS HM3MEHEHUEM KOBAJICHT-
HOH COCTaBJIAIOIMIEH XMMUYecKoi cBsa3u. bornee TOro, menmokanus3anust 3J1EKTPOHOB CIIOCOO-
CTBYET Tiepe3aps/iKe HMEIOIINXCS B MarHeTuTe nedekToB. B pesynpTaTe Bo3MOKHO oboraie-
HHE OT/ACIbHBIX y4acTKOB KPUCTAJLINTOB MOHAMH XKeJie3a WIM HOHaMH Kuciopozaa. B cBoro
ouepenp, I eHepalysi ¥ aHHUTHIIALHS KUCIOPOAHBIX BaKaHCHIl B IPHUIIOBEPXHOCTHBIX CIIOSIX
KPHUCTAJUIUTOB II03BOJSET YBEIMYUTH 00JIAcTh (POPMUPOBAHUS CTOPOHHUX IKEIE30COAepKa-
umx ¢a3 (B yactHoct Fe O3). [l npoBepKu 3TOro MpearoioxKeHusl HaMu ObUTH BBIMIOJIHE-
HBI UCCIICOBAHMS YaCTHI] MarHETUTA IOCJIE UX 00pabOTKM B KOPOHHOM pa3psijic B TCUCHUE
80 waco. ObHapyxeHsI crneayronue u3Menenns B SII'P-crnextpax: 1) ymeHbIIeHHE IUPHHBI
KOMIIOHEHT CBEPXTOHKOM CTPYKTYpPBI CHEKTPOB; 2) yBesnnueHue BepositHocTH dddexra Méc-
cOayspa; 3) yMEHbIICHUE BEIMYMHBI M30MEPHOTO C/IBUTA CIIEKTPOB. Takue U3MEHEHUS MOTYT
OBITh CIIEACTBUEM HHTEHCHBHOIO AU((Y3HNOHHOTO MEPEMEILECHNS HOHOB, B PE3yJIbTaTe KOTO-
pOro yMEHBIIACTCSI COACPIKAHHE KUCIOPOIHBIX BaKaHCHIl, MPOMCXOAUT YMOPSIOYCHHE 1 -
(ekToB M oboraiieHie MPUIOBEPXHOCTHOIO CJIOSi HOHAMM KHUciIopoja. B pesynbrare cocras
TIPHIIOBEPXHOCTHOTO cJ1osi mpuommkaercs Kk Fe;Os,

AxTHBanus HU3KOTEMIIEpaTypHOil 1u((dy3ur HOHOB B MAarHETUTE MOJ BIMSHUEM K O-
POHHOTO pa3psijia MO3BOJIAET HUCIOJIb30BATh €€ KaK MHCTPYMEHT I ynpasieHus audoysu-
OHHO-KOHTPOJIMPYEMBIMH TIPOIIECCAMH, B YAaCTHOCTH, CTAOMIM3aIMell MOBEPXHOCTH YaCTHUIL
MIOBEPXHOCTHO-aKTUBHBIMU BemecTBaMu. C 9TOH menbio ObUTa M3rOTOBJIEHA MAPTHUS CyIep-
nmucnepcHbix dactul FesO4 koTOpble moaBepranuch 00paboTKe B KOPOHHOM paspsijie € I1o-
cleyolel crabniM3anyeil moBepXHOCTHO-aKTHBHBIME BemectBamu. MccinenoBanus Takux
YaCTHUI] MOKa3aJId, YTO OHH OTJIMYAIOTCS BBHICOKOW CTaOMIBHOCTBIO, BHICOKHM YPOBHEM Mar-
HHUTHBIX CBOWCTB, MPEXAC BCEr0 HAMArHUYCHHOCTH HACBHILICHUS M OCTATOYHOH HAMArHWYCH-
HoctH. PesynbraTel MK-criekTpockonuy CBUICTENBCTBYIOT B MOJIb3Y HMPEATIOKEHHOTO BBIIIC
MeXaHH3Ma HU3KOTeMIepaTypHol auddy3uu, BaXXKHYIO pOib B KOTOPOH UrpaeT MOBEPXHOCT-
HBIN CJIOM YaCTHIL.

B mpunoBepxHOCTHO# obnactu quddy3us aHHOHOB U KATHOHOB MTPOUCXOIUT IO BIIH-
STHHEM JJIEMEHTAPHBIX BO30Y)KICHUH SJIEKTPOHHOH CHCTEMBl MarHeTHTa, HaXOJLILIErocs B
HEYCTONYMBOM COCTOSHMH. ['€Hepalysi JOIOIHHUTEIbHBIX BAaKAHCHI IO JKele3y MO3BOJISIET
(opMupoBaTh B OBEPXHOCTHOM ciioe (azy y-Fe,O3 ¢ ynopsjoueHHBIM PacHoNIOKEHHEM JIe-
(ekToB.

HccnenoBanus BEIMONHEHB! IIpU YacTHYHOH (pUHAHCOBOH momaepxke MuHOOpHAyKH

P® B pamkax BBIIIOJIHEHUs FOCYAapPCTBEHHOT0 3a1anus (npoekt Ne 1416).
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CTPYKTYPHO-®A30BBIE U3MEHEHWSA B BPOH3E, TJETUPOBAHHOMN
ATOMAMU TUTAHA IOJI AEUCTBUEM KOMITPECCUOHHBIX
IJIASBMEHHBIX IOTOKOB
STRUCTURAL AND PHASE TRANSFORMATIONS IN BRONZE ALLOYED BY
TITANIUM ATOMS UNDER THE ACTION OF COMPRESSION PLASMA FLOWS

H.H. Yepenna ], A.II. JlackoBHEB 2, A.B. Bacanait 2, B.B. Yrios 1,
B.M. AcTammHckuii > , AM. Ky3pmuukuit 3
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‘?anmumym menno- u maccooomena um. A.B. Jleikosa HAH Benapycu, 220072, 2.
Muncxk, yn. I1. Bposku 15, Berapycs, ast@hmti.ac.by

Abstract. Investigation results of the structure-phase composition of the bronze bpb2
surface layers alloyed by titanium under the action of compression plasma flows are
presented. It has been established that the action of compression plasma flows on the
“titanium-bronze” system leads to formation of TiN and CusTi phases. The treatment of the
system by three and six pulses of the compression plasma results in uniform mixing of
coating and substrate elements and formation of dendrite structure.

Beenenne. OHNM U3 NEPCHIEKTHBHBIX CIIOCOOOB JIETHPOBAHUS SBIISAETCS BO3/JEHCTBHIE
KOMIIPECCHOHHBIX IT1a3MeHHBIX noTokoB (KIIIT) Ha moBepXHOCTh MaTepuana ¢ IpeABAPUTEIHHO
HaHECCHHBIM MOKphITHeM. Takast 00paboTka XapakTepHu3yeTcs POTEKaHHEM MPOLIECCOB HArpeBa,
JI0 TEMIIEPATYpBI, PEBBIIIAIONIEH TEMIIEpaTypy IUIABICHHUS , KUAKO(PA3HOTO IepeMEIIHBaHIS
MATepHasOB IOKPHITHS M TOMWIOKKH ¥ CBEPXOBICTpOro  oxmakienms  (zo 107 K/c),
ompeensomux GopMHpOBaHIE CTPYKTYpbl 1 (ha30BOr0 cOCTaBa MOBEPXHOCTHOIrO ciosi. PaHee
IPOBEIICHHBIC UCCIICIOBAHUS IO JISTHPOBAHHIO aTOMAMH THTAHA TOBEPXHOCTHOTO CJIOS ME/IU TIO
neiicrueM KIIIT, renepupyeMbIX B aTMocdepe a30Ta, OKa3ald, YTO YITyqIICHHE MEXaHNIECKUX
CBOJCTB IOCTUraeTCs  (POPMHUPOBAHUEM MHCICPCHON CTPYKTYphl IIOBEPXHOCTHOIO CIIOS,
COZIEPIKAILIETO MEPECHIIICHHBIE TBEP/IbIE PACTBOPbI, MHTEPMETAUIN/IBI U HUTpUIHI [1].

Oco0Blii HHTEpEC TpeICTaBIIsIET CO0OIT 3a/1a4a, MOBBIICHHS IPOYHOCTHBIX XapaKTEPUCTUK
CIUTaBOB HA OCHOBE MeIM [2], B YaCTHOCTH , KOHCTPYKIMOHHOTO cruiaBa bpb 2, B cBsi3u ¢ ero
HIMPOKUM MCHIOIb30BaHUEM B NPOMBIIILIC HHOCTH, B TOM 4HCIIE M aTOMHOIT . DTa 3aj aya 4yacTo
pelaercsi BBOZIOM B CIUIaB JOTOJHUTENBHBIX JISTUPYIONMX 31eMeHTOB . Tak B pabore [3] mis
BOCCTAHOBJICHHSA I YTNIPOYHEHHS PA0bOYNX IIOBEPXHOCTEH JeTalell JM3eNbHOTO JIBHTATeNs

M3TOTOBJICHHBIX M3 OPOH3BI U JIATYHH UCTIONB3YIOT AU (y3HOHHOE TETUPOBAHHE THTAHOM.
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Lenbto HacTosmiel pabOTBHI SBIIOCH HCCICIOBAHHE W3MEHEHHS CTPYKTYpHI,
3JIEMEHTHOTO M (pa30BOTO COCTaBAa MOBEPXHOCTHOTO CJIOS OPOH3bI, JISTMPOBAHHON aTOMaMH
Tutana nof aeiicrsueM KIIII, B 3aBHCHMOCTH OT YHCIIa UMITYJILCOB 00PaOOTKH.

Mertoauka dxcnepuMenTa. OOBEKTOM HCCIIEIOBAHUS SIBISUIACH 00pa3Libl OepHILTHEBON
6ponssl bpb2 (cocras B Bec.%: 0,15 Fe; 0,15 Si; 0,2-0,5 Ni; 0,15 Al; 0,005 Pb; 1,8-2,1 Be) ¢
TIOKPHITHEM THTAHA , HAHECCHHBIM METOJIOM BAaKyyMHOTO K aTOIHO-ZYTOBOTO OCAXKACHHS (TOK
ropenus nyru 100 A , HanpspkeHue oM emenus 120 B, Bpems Hanec eHust 10 MuH , TommmHa
MOKPBITHS ~ 2 MKM ). O6paboTKa MOTYYECHHOH CHCTEMBI TTOKPBITHE -ITOUIOKKA OJHHM , TPEMST U
mrectslo nmmynscamu  KIIIT  ocymecTimsiiach B Ta30paspsHOM —MarHUTOILIA3MEHHOM
komnpeccope (MIIK) komnaktHol reomerpun. JnuTensHOCTD paspsiaa coctaBisuia ~ 100 Mkc.
Iepen pa3psaoM mpeaBapuTenbHO OTKavYaHHast BakyymHast kamepa MITK 3amonssnacs pabodnm
razoMm (asoroM) o masienus 400 ITa. HanpsbkeHue Ha KOHIEHCATOPHOH OaTapee cocTaBisuio 4
KB. 3HaueHue MIOTHOCTH HOJIOIIECHHOM SHEPI UK COCTABILSIIO 23 Tlx/em?® 3a HMITYJIBC.

®Da30BbIil COCTaB MCCIENOBAICS METOJOM PEHTreHOCTpyKTypHOoro anaiausza (PCA) c
nomotsio gudpakromerpa RIGAKU Ultima IV ¢ dokycupokoii mo Bparry — Bpenrano B
Cu Ka-m3mydennn. VccnenoBanus MoOpQOTOrHH MOBEPXHOCTH MPOBOIMINCH C MOMOIIBIO
pacTpoBOM 3JIEKTPOHHOM MHUKpockonuu Ha Mukpockone LEO1455VP ¢ npucraBkoit mis
9HEPrOAUCIIEPCHOHHOTO MUKPOAHAIN3a.

Pesyabratel M ux obcy:xaenme. Ha pucynke 1 mpeicraBieHBl  y4acTKH
nudpakTorpaMM 00pasloB CHCTEMBI «TUTaH-OepuiUIneBas OpoH3a» A0 U MOCIE BO3ACHCTBHS
KIII. JlernpoBanne MOBEPXHOCTHOTO CiOsi OEpUILIMEBON OpPOH3BI THTAHOM IIPUBOJMT K
¢dopmupoBanmio uHTepMerammmaa CusTi w  HuTpuma turana TiN B pesynbrare
B3aMMOCHCTBUS JIETHPYIOIIETO JIEMEHTa C aTOMaMU IL1a3Moo0pa3syomiero rasa (puc. 1 a).

PaHee mpoBeJCHHBIC HCCIEAOBAHMS IOKAa3alld, YTO B CIy4ae JICTHPOBAHUS MEAN
atoMamMu THTaHa [l] ocHOBHOH (ha30BOil cocTaBisIOmEd SBISICS TBEPABIH pPacTBOP
3aMEICHUs TUTAHA B ME/H. DTO MO3BOJICT IPEAIIONI0KUTE, YTO B CIy4ae JECTHPOBAHHUS MM
3a cyeT ee Ooyee BBICOKOH TEIUIONPOBOIHOCTH, IPOUCXOINT CBEPXOBICTPOE OXJIAXKICHUE
pacmiaBa, B pe3yibTate KoToporo GopMupyercs nepechineHHsii TBepabiii pactsop Cu(Ti). B
Ccllydae JITHPOBaHUS OPOH3BI, C YUETOM €€ MEHBIIIEH TEeIIONPOBOAHOCTH U, COOTBETCTBEHHO,
OOJIBIIETO BPEMEHH OXJIAXKICHUS, YCIIEBACT MPOXOAUTH PACHaj NEPECHIICHHOIO TBEPIOro
pacTBopa u Bblenenue u3 Hero ¢assl — CuyTi.

Tlocne o 6paborkm KIIII cuctembl «TUTaH-OepriMeBass OpoH3a» HaOIIOTACTCS
CMEIIIEHUE LIEHTPa TSHKECTH AUPPAKIHOHHBIX TMHUI MEH B CTOPOHY OOJBIINX yriioB (puc. 1

), YTO CBUJCTENIBCTBYET O (POPMUPOBAHUH NEPECHIILEHHOTO TBEPJOTr0 PacTBOpa 3aMELICHUS

329



Cu(Be) ¢ Goiblueli cTeneHb0 HEPeCHICHNs, YeM B HCXOJHOI Oponse. Ilockoibky paamyc
aTOMOB OepHIUIMs MEHBIE pajMyca aTOMOB MEAH, TO (OPMHPOBAHHE TAKOTO TBEPJIOTO
pacTBOopa OyZeT COMPOBOXKIATECA YMEHBIIEHWEM Mapamerpa pemeTkd. OTcyTcTBHE
nudpakunoHHBIX pediekcoB dasel BeCu Ha peHtreHorpammax nocie Bosaeictus KIIIT u
MOJKET OBIT CBsI3aHO ¢ (popMupoBaHKeM TBepaoro pacteopa Cu(Be).
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Pucynok 1 — YyacTku udpakTorpaMM CHCTEMBI «TUTaH-OpOH3a» [0 M TI0CIIE BO3ACHCTBUS
KIIIT ¢ pa3snu4HbIM YHCIOM UMITYJILCOB

YBenuueHue ynciaa umiyiscoB o0pabotku KIIIT mpuBOAWT K CHIDKEHHIO CONEpIKaHHs
obovemHuoit nom  da3el  CusTi, 4TO CBsI3aHO CO CHIDKCHHEM KOHLCHTpALlMMd TUTaHAa B
TIOBEPXHOCTHOM clioe (Tabnuua 1) u ¢ Gojee OJHOPOAHBIM €ro pacnpeneneHueM (puc. 2).

VYBennueHne 4yuciia UMITyI6coB 00paboTku KIIII 1o Tpex NMpHUBOAUT K YBEIHUCHHUIO
KOHLICHTPALIMK a30Ta Ha MIOBEPXHOCTH, PH 9TOM Ha audpakrorpamme (puc. | a) mosisiercs
I(pakIMoOHHAs JTUHUA cooTBeTcTBYrommi (asze TiN. OnHako mpH BO3AEHCTBHH IIECTHIO
HMITyJTbCAMH A30THOM IIIa3Mbl MHTCHCHBHOCTh NH()PAKIMOHHON JHHHM HUTPHUAA TUTaHA

CHHUIKACTCA 3a CYCT YMCHBIIICHUA KOHICHTPAlMU TUTaAHA B TOBEPXHOCTHOM CJIOC.

Tab6muna 1 — KOHHeHTpaHI/[H TUTaHa B IOBEPXHOCTHOM CJIO€

Kon-Bo umnynscoB 1 numn 3 umn 6 umn
(Q=23 Jix/em?)
C,ar. % 13 (£1) 11(£1) 31

Jlnst 06pastoB , 06pabo TAaHHBIX TpeMsl H IIECTBIO HMITyJIbCAMH IUIA3MBl XapaKTepHO
HaJIM4YKe ACHAPUTHOW CTPYKTYpbl (puUC. 2B, ),B TO BpeMsl Ka KIIPU BO3ACHCTBUU OJHHM
nmiysiseoM KIIIT neHaputHas cTpykTypa He ycneBaet chopMupoBathbest. O6pa3oBaHUe JEHAPHTOB
nipu Bo3xeiicteum KIIIT Moxer ObITh 00YyCIIOBIICHO KaK TEPMHYECKUM, TaK M KOHIIEHTPALMOHHBIM
nepeoxyaxacHueM. [Ipy  yBenMueHHH uMCla HMITYJIbCOB OOpaOOTKM 1O  IIECTH, ACHIPHUTHI

CTaHOBSTCS OoJiee Pa3sBETBICHHBIMHU, YTO CBA3aHO C YBEIIMYCHHEM TEPMUUIECCKOIO IEPECOXIAKIACHUA
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1 CO CHWOKCHHMEM KOHIICHTPA LMW TUTaHA B IIOBEPXHOCTHOM CJIO€, aTOMBI KOTOPOI'O MOI'YT UI'PAaTh
POJIb HEHTPOB KPUCTAJUIHU3ALIUH.

a 0
100 Cu

2°m%

0+

0 5 10 15 20 25 30
PaccTostuue. MKkM

10 15 20 25 30
Paccrosinue, MKM

SR ] R ——

Ti

04— ‘ ; : : ;

0 10 20 30 40 50
Paccrostane, MKM

Pucynok 2 — Mopdosorust moBepxHOCTH (a, B, 1) U pacrpeeneHue narencusrocteit Koy
XapaKTePUCTHIECKOr0 peHTreHoBcKoro m3inydenus Cu u Ti npu ckaHupoBaHUHU BIOJb JIUHUH (O, T, €)
00pa3oB OpoH3bl, 00pabOTaHHBIX OAHUM (a, 0), TpeMs (B, T) U mecThio (1, €) ummyabcamu KITIT

Taxkum obpasom, BozaeiictBue KIIII Ha OpoH3y ¢ HpeaBapUTEbHO HAaHECEHHBIM
MOKPHITHEM THTAHA MPUBOTUT K (DOPMHUPOBAHHIO IMOBEPXHOCTHOTO JIETHPOBAHHOTO CIIOSL,
conepxamero ¢azel  CusTi, TIN u Cu(Be), oObemMHas [0Js KOTOPBHIX OINpEACIseTCs
KOHHCHTpaHHeﬁ JISTUPYIOLIETO SJIEMEHTAa W INapaMeTpaMu 06paGOTKI/I. VBenuueHnue yucia
HMITYJIECOB OOpaOOTKM BeleT K YMEHBIICHHIO KOHIIEHTPAIMH JIETUPYIONIETO JJIEMEHTa U
6oJiee OAHOPOHOMY €ro PaclpeieICHHIO.

[1] H.H. Yepenna, A I1. Jlackosres, A.B. Bacanaii, B.B. Yrios, B.M. Annwxk, B.M. Acrammmckuii, A. M. Ky3smurkmit
MouduKammst CTPYKTYPbI U MEXaHHYECKHAX CBOWCTB TIOBEPXHOCTHOTO CIIOSI MEJIH, JISTHPOBAHHOI aTOMaMH THTAHA TT0J
JieficTBHEM KOMIIPECCHOHHBIX [UIa3MEHHBIX ITOTOKOB. [TepcrekTuBHble Matepuansl, 2013, Ne 12, ¢. 56-64.

[2] V.R. Barabash, G.M. Kalinin, S.A. Fabritsiev, S.J. Zinkle Specification of CuCrZr alloy properties after
various thermo-mechanical treatments and design allowables including neutron irradiation effects. Journal of
Nuclear Materials, 2011, 417, p. 904-907.

[3] A.T. Mamedov, N. A. Guseinov Diffusional Titanium Alloying of the Working Surfaces of Moving Parts.
Russian Engineering Research, 2010, Vol. 30, No. 5, pp. 467-469.
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MOAUPUKALUA CTPYKTYPHO-®A30BOI'O COCTOSAHUSA CUCTEMBI Nb/Ti
KOMIIPECCUOHHBIMMU IVIASMEHHBIMU NIOTOKAMU
MODIFICATION OF STRUCTURE AND PHASE COMPOSITION OF Nb/Ti
SYSTEM BY COMPRESSION PLASMA FLOWS

B.I. LUHMaHCKm‘/'Il, H.H. I-IepemIal, B.B. yl‘J‘lOBl,
B.M. ACTamnHCKHﬁZ, AM. K 3LMHukuﬁ2
V.L Shymanski], N.N. Cherenda’, V.V. Uglov],
V.M. Astashynski®, A.M. Kuzmitski*

! Benopycexuii 2ocydapemeennviii ynusepcumem, np-m Hesagucumocmu, 4, 220030, 2. Munck,
KBenapyce, e-mail: shymanskiviwmail.ru
2Hzttcmumym menio- u maccooomena um. A.B. Jleikosa HAH Beaapycu, ya. I1. Bposku, 15,
220072, 2. Munck, Benapyco

The results of phase composition of Ti-Nb system treated by compression plasma flows are
presented. By means of XRD analysis it was shown that compression plasma influence results
in formation of a sub-surface layer in titanium alloyed with niobium atoms (Nb concentration
is 11-12 at. %) that provides to stabilize high-temperature §§ -phase of titanium as a solid
solution B-Ti(Nb).

JlernpoBaHue THTaHa Pa3IUYHBIMHU JJIEMEHTaMH C IIEJBIO CO3JaHMs (YHKIIHOHAIBHBIX
CIUIABOB HA €ro OCHOBE SBISICTCS ONHOH U3 IEPCIEKTHBHBIX 3aJad COBPEMEHHOTO
MartepuanoBefeHus. Bo  MHOTHX Cily4asX yHHMKalbHbIE CBOMCTBA THUTaHOBBIX CILIABOB
JOCTHTAIOTCS 32 CYET €ro JICTHPOBAHHS HEPEXOJHBIMH WM PE JKO3EMEJIBHBIMH MeTallIaMH,
YTO SBISIETCS JOPOTOCTOSAIICH MpOIemypodl M TpeOyeT pasBHTHS METOJOB CHHTE3a
[PHIOBEPXHOCTHBIX JICTHPOBAHHBIX CJIOCB IPH COXPAHCHHH CTPYKTYphl U CBOICTB
HeJlerHpoBaHHOTO oObeMa. Hambonee akTyalbHBIMH B JAQHHOM OTHOLICHHH SIBIISIFOTCS
UIa3MEHHBIC TEXHOJIOTHH, MIO3BOJISIOIINE MIPOBOJUTE 00paboTKy TOHKOT'O
[PHIOBEPXHOCTHOTO CJIOS 3@ CYET COBOKYIHOCTH TEPMHUYECCKHX H IUIA3MOXMMUYCCKHX
MPOIIECCOB, MPOUCXOAANIMX MPH B3aHMOICHCTBUH IJIa3MBbI C BELICCTBOM.

Kommpeccnonnsie miasmennsie noroku (KIIIT), renepupyeMsle KBa3HCTALHOHAPHBIMEI
IUTa3MEHHBIMU YCKOPUTEISIMU [1], HEOJTHOKPATHO MPUMEHSUIUCH Ul 00pabOTKU Pa3IM4HBIX
META/UIOB M CIUIABOB C LENBI0O HMX JICTUPOBAaHUS APYrMMH 3yeMeHTamu. OpHOH U3
ocobennocteil KIIII sBisieTcss OTHOCHTENBHO JUIMTENBHOE BpeMs HX CTaOHIBHOTO
cyuiectBoBanus (0kosno 100 MKC), YTO MO3BOJISET MPU COOOIIEHUH MOBEPXHOCTHOMY CIIOIO
Marepuana IIOTHOCTH 3HEPTrUHM, JOCTAaTOYHON ISl €ro IUIABJICHHS, CYIIECTBEHHBIM 00pa3oM
YBEJIMYUTh BpeMs CYLNIECTBOBAHUS MOBEPXHOCTHOTO pacIlIaBa, IOBBICHB, TEM CaMBIM,

BIIUAHUC )KI/IL[KO(I)H?;HLIX IIPOIIECCOB HA TEIUIO- U MaCCOTIEPEHOC.
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B Hacrosiueii p abote mpemnoxeHo ucnoib3oBanne KIIIT st nerupoBanHus TUTaHa
aTOMaM{ HHOOMS, YTO SIBJISICTCS] aKTYAJIbHBIM C TOYKH 3PEHHS CO3/IaHUsI OMOCOBMECTHMBIX, a
TaKoKe SKapoIPOYHBIX CIIABOB.

Just nerupoBanuss ObLT BBIOpaH TEXHHYECKH 4YHCTBIH cruiaB tutana BT1-0, Ha
MIOBEPXHOCTh KOTOPOI0 HAHOCHJIOCH IIOKPHITUE HHOOWS TOJMIMHOW | — 2 MKM BaKkyyMHO-
OyrOBBEIM  MeTojoM. B nocinencTsue  cOPMHPOBAHHBIC  CHCTEMBI  IOKPBITHE
HHOOHSA/IOMIONKKA TUTaHay HoxaBepraauck BosaeiictBuio KIIII B MarHuTOmIa3MeHHOM
KOMIIpeccope KOMITaKTHO# reomerpun. O6paboTka 00pa3IoB OCYLIECTBIANACH B OCTATOYHOM
atMocdepe aszora (p=400 Ila). BapbupyeMmblM mapaMeTpoM SBISIACh IUIOTHOCTB
noryiomeHHoi sHeprun (Q), KOTOpas, COIJIacHO KaJOPUMETPUYECKUM HCCIIECJOBAHUAM,
m3mensiack or 9 n1o 23 JIi/cM® 3a CueT M3MeHeHWs paccTosHUA MEX]Y MOBEPXHOCTBIO
obpabaTtsiBaeMOro oopasia 1 cpe3oM 3JIeKTposa oT 14 o 8 cM npu HaNpsHKCHUH Ha CHCTEMe
HAKOITUTENIbHBIX KOHAEHCaTopoB 4,0 kB.

OneMeHTHbI COCTaB IPUIIOBEPXHOCTHBIX JIETUPOBAHHBIX CIOEB MCCIEHOBAJICS Ha
OCHOBE PEHTTCHOCNEKTPAJIbHOIO MHKpOaHalInM3a C IOMOIIbI0 JeTekropa Rontec,
paboTarmero COBMECTHO C PAacTPOBBIM 3JIEKTPOHHBIM MuKpockoriom LEP 1455 VP,
MO3BOJIAIONIEr0 aHAJIN3UPOBaTh OCOOCHHOCTH CTPYKTYPbI M MOP(OJIOTHH IOBEPXHOCTH.
@Da3oBEIl  cOCTaB MOIMGHIMPOBAHHBIX CJIOEB THTaHa OBLUI OIpeNeleH Ha OCHOBE
PEHTTeHOCTPYKTYPHOTO aHalW3a Ha PEHTTeHOBCKOM audpakromerpe Rigaku Ultima IV B
reomerpun bparra-bpenrano B memHom (A=0,15406 HuM) wu3nyueHuu. MexaHHYeCKUE
XapaKTePUCTHKHU JITHPOBAHHBIX HHOOWEM IPHUIIOBEPXHOCTHBIX CIIOEB THTAaHA ONPENEIIINCh
IIPU U3MEPEHHH MHUKPOTBEPAOCTH IO MeToAuke Bukkepca Ha mukporBepaomepe MVD 402
¢upmbr Wilson Instruments npu Harpyskax 0,1 — 1,0 H.

[TnoTHOCTH 3HEpruu, coobIiaeMasi IPUIOBEPXHOCTHOMY €00 TUTaHa (9 — 23 I[)x/CMZ),
SIBIISICTCS TOCTATOYHOM JUIS IUIABICHHS KaK IMOKPBITHS HUOOUS, TaK M YacTH HIDKENIEKAIIETO
cios TMTaHa. B aToM ciyyae corsiacHO [2] mpoucXoauT KUAKO(DA3HOE TIEPEMENIMBAHIE IBYX
PAacCIUIaBICHHBIX CIIOCB, MPUBOAS TEM CaMbIM K JICTHPOBAHHIO THTaHa aToMamu HuoOus. C
MOMOIIBI0 PEHTI€HOCIIEKTPAIBHOIO MHKPOAHAIN3a YCTAHOBJIICHO, 4YTO C IIOBBINICHHEM
IUIOTHOCTH TOTJIOMIEHHOW »Hepruu o 9 no 23 IL)K/CM2 KOHLICHTpalMss HHOOUS B
MPUIOBEPXHOCTHOM ~ CJIOE, TOJIIMHA KOTOPOTO COOTBETCTBYET TINIyOMHE TICHEpalnH
XapaKTePUCTHYECKOT0 PEHTICHOBCKOTO U3JIy4YeHHs (OKOJO 1 MKM), SIBISIETCS OCTOSTHHOM U
cocraBmsier 11-12 ar. %. CormacHO TNpPERBIIYIIMM HCCIENOBAaHUSM IIPU IOBBIICHUH
IUIOTHOCTH TOMJIOLIEHHOM 5Hepruu mnpu BozaedctBuu KIIII npoucxomur ysenuyeHue

l‘HyGI/IHH pacIuiaBJIEHHOTO CJIOA, KOTOpHﬁ NpEACTaBIISACT coboit HeFHpOBaHHHﬁ CHOﬁ, OJHaKO
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KOHKYPHPYIOIIHNi MPOLECC NCHAPEHHs MOKPBITHS, CIOCOOCTBYET TOMY, YTO KOHLICHTpPALHs
HUOOHS B MOAU(DUIIMPOBAHHOM CJIO€ THTaHA OCTACTCS IIOCTOSIHHOM.

BBuay TOro, 4To HHOOWMI MPHHAMICKHUT K TPYIIE 3 -CTAaOHIN3UPYIONIMX 3JIEMEHTOB,
JIETUPOBaHME MM IPUIIOBEPXHOCTHOTrO ciosi THTaHa npu BosueicrBun KIIII mossosser
CTaOMIM3MPOBATh BBICOKOTEMIIEPATYypHYIO KyOudeckyro a3y Tturana (B-¢pasy) mpu
KoMHaTHOH Temmeparype (puc. 1). Crabummzanus ¢dassl f-Ti IpOHCXOAUT B BUIE TBEPIOTO
pactBopa B-Ti(Nb), mapamerp peuetku kotoporo cocrapuser 0,3225 u BBUAY MOCTOSHHOM
KOHIICHTPALNH HUOOUS HE M3MEHACTCS MPH YBEINYCHHUH IUIOTHOCTH MOTIOMCHHON SHEPTHUH.
Tak KaK KOHLICHTPALUs HHOOHS HE JOCTHIaeT KPUTHYECKOW KOHIICHTPALuH, paBHoit 18 at. %,
TO Hapsly C BBICOKOTEMIEpAaTypHOH (ha30il TUTaHa MPOUCXOIUT OOpa30BaHUE OCTATOYHOM
HHU3KOTEMIIEPATyYPHOIl a-(ha3bl.

Ha J(PaKIHOHHBIX JIMHUSIX, COOTBETCTBYIOLIUM OTPaKEHUSM OT
kpucramorpadudeckux miockocreit (100) a-tha3pl THTaHA, MOKHO 3aMETHTH ACCHMETPHUIO CO
CTOPOHBI MajbIX yrioB audpakuuu (puc. 2), 4TO MOXET OBITH CBs3aH C (HOPMHPOBAHHEM
kap6una Hrobus NbC. O6pa3oBanue kapouna NbC MoxeT OBITh CBS3aHO C IPHCYTCTBHEM

yIIepoja B OCTaTOYHOM aTMocdepe.
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Pucynox 1. Pentrenorpammsl cuctembl Nb/Ti, noxsepruyroii Bosaeiicrsuio KIIIT npu mioTHocTH
MOTJIOLIEHHOM SHepruu 9 Tix/em® (1), 13 Jix/em? (2), 19 Ia/em® (3) u 23 Jix/em” (4)

JlernpoBaHue THTaHa HUOOWEM C IOMOIIBIO KOMIIPECCHOHHBIX IUIa3MEHHBIX ITOTOKOB
MO3BOJISIET MOBBICUTH MUKPOTBEPJOCTh MpUIOBepXHOCTHOTO ciog 10 4,5 I'Tla (puc. 3), uro

Gonee 4yeM B JBa pa3a NPEBOCXOANT MUKPOTBEPJOCTh HellerHpoBaHHOro Tturana (1,8 —
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2,0 I'Tla). MHuUKpOTBEpIOCTh MPHIOBEPXHOCTHOIO CJOSI HE 3aBHCUT OT  IUIOTHOCTH
OTJIOICHHON SHEPrHH IUIa3MEHHOTO IOTOKA, YTO, MO-BHAWMOMY, SIBISIETCS PE3YJITATOM
[IOCTOSIHHOM KOHLEHTPALMK HHOOWS B JIETMPOBAHHOM CIIO€ M, KaK CJIEJCTBHE, IOCTOSHHOM
ero KoHIeHTpaluu B TBepaoM pactope B-Ti(Nb). Do mo3BossieT caenarh BEIBOI O TOM, YTO
OCHOBHBIM MEXaHM3MOM YHPOUYHEHHs B JaHHOM Cllydyae SBISIETCS (JOPMHUPOBAHUE TBEPIOTO

pacTBOpa Ha OCHOBE BLICOKOTCMHepaTypHOfI ¢)a31,1 THUTaHAa.

a-Ti (100) 524 —=— Q=9 J/em’
484 ; . —e— Q=13 J/em’
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Pucynok 3. MUKpOTBepOCTH TOBEPXHOCTHOTO
Pucynok 2. Paznenenue nudpakiinoHHBIX CJI0sl THTaHA, JISTHPOBAHHOTO HUOOUEM HpH
nuauit (100) a-Tiu (111) NbC BoszeiictBiu KIIII ¢ pa3inuvHOl MIIOTHOCTHIO
MOTJIONIEHHON SHEPTH

Bornee Toro, MOBBIIEHHAST MUKPOTBEPIOCTH MPHITOBEPXHOCTHOTO CIIOs (Ha TiIyOuHe 10
2 MKM) MOXET OBbITh 00yciIoBIIeHa (POPMUPOBAHNEM KaK IIOBEPXHOCTHOTO ciiost kKapouma NbC,
Tak ¥ HUTpHAa THTaHa § -TiNy, 3aUKCHPOBAaHHOTO C IOMOIIBIO PEHTTEHOCTPYKTYPHOTO
ananusa (puc.l).

Takum 00pa3om, BO3/I€HCTBHE KOMIIPECCUOHHBIX IIA3MEHHbIX MIOTOKOB C IJIOTHOCTHIO
MOTJIOLICHHOM 3Heprun 9 — 23 Jlk/cM® HAa THTAH C HAHECEHHBIM MOKPBITHEM HHOOUS
MO3BOJISIET CHOPMUPOBATH TMPUIIOBEPXHOCTHBIE JIETHPOBAHHBIE CJIOH C KOHIEHTpAIHeH
Huobust 11-12 ar. %, cmocoGcTBylOIei CcTaOMIIM3alMK  BBICOKOTEMIIEPATYpHOIL 3 -(ha3bl

THUTaHa, oﬁecneana}omeix’l YOPOYHECHHUE NPUITOBEPXHOCTHOT'O CJIOA.
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MOJIUGHUKALIAS CBOMCTB ®EPPUTOBBIX MATEPHUAJIOB
C TEKCATOHAJIBHOM CTPYKTYPOM IIPU OBPABOTKE
B ILIA3ME KOPOHHOTI'O PA3PSIIA
MODIFICATION OF PROPERTIES OF FERRITE MATERIALS
WITH THE HEXAGONAL STRUCTURE BY TREATMENT
IN CORONA DISCHARGE PLASMA

M.H. H_Ium(o], B.I. KOCTI/ILLII/IHZ, M.A. Crenosuy" 3, B.B. Koposyuu(mil’ 2
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" Kagpeopa mamemamuxu, sxonomuteckoil uHpOpMAmuKiL u 8bI4UCTUMENbHOT MEXHUKI,
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um. K.O. Huonxosckozo, yn. Cmenana Pasuna, 0. 26, . Kanyea, 248023, Poccus,
m.stepovich@rambler.ru

The influence of plasma corona discharge on the characteristics and struc-
ture of monocrystalline and polycrystalline hexagonal ferrite BaFe ;0,9 was
investigated.

HccnenoBaHbl mpoeccsl, MPOUCXOMSINIE B IUIa3Me KOPOHHOTO pas3psiia B CTPYKType
MOHOKPHCTAJUIMYECKOTO M MOJIHMKPHUCTAJUIMYECKOTO TekcaroHansHoro ¢eppura BaFe ;0io.
KoponHBI# pa3psia Bo30yKHald B yCTAHOBKE IPU Pa3HOCTH IOTEHITHAIIOB MEXIY JIEKTPOia-
MHU (4,5-5,0) kB. BBICOKOBOJIETHBIM 3JIEKTPOJOM KOPOHHPYIOLICH CXEMBbI CIYXKHJa WIJa, a
3a36MJICHHBIM D3JICKTPOJIOM, Ha KOTOPBIM IOMEIIand 00pasew, CIY>KHJ IUCK; PAacCTOSHUE
MEXIy 3nekTpoaamu coctasisuio (15-20) mm. MccenenoBanus o6pasuos 10 U nociie oopabor-
KM BBINOJTHEHBI C MCIIOIBb30BAHUEM SIICPHOI raMma-pesonancHoi (SII'P) cnekrpockonmu (uc-
TOYHMK y-KBaHTOB C0°') M METONOB ONMPEACTCHHS IIOTHOCTH SNEKTPHUECKOTO Paspsa,
HaKOIIEHHOTO Ha IIOBEPXHOCTH 00pa3sia (MHIYKIMOHHEIA MeTol Eryun); H3Mepsuinch Takxe
KOJPIMTHBHAS CUJIa 1 HAMAarHMYCHHOCTh HACBIIIICHHST 00pa3IIoB.

B SI'P criektpe monokpucramia BaFe ,019, mpouieamiero o6paboTky B OTpHLATEIHHON
KopoHe B TeueHue 60 4acoB, 0OHApPY)KEHO NMPUCYTCTBHE JONOIHHUTEIBHBIX KOMIIOHEHTOB OT
coequnenns: BayFe,Os. B crpykrype Ba,Fe,Os KuciiopoHble BAKaHCUH B PEIIETKE PacIioso-
JKEHBI YIIOPSZI0UEHHO, a coJepkaHue noHOB Ba B 12 pa3 Gounbiie, uem B BaFe,019. OTcrona
MOXKHO CJIeJIaTh BBIBOJ, 4TO B MOHOKpHcTaiute BaFe ,09, HOMEIEHHOM B KOPOHHBIH pa3psia,
MPOMCXOAUT O0OTalICHHE OTACNIBHBIX YYaCTKOB 00pa3lia MOHaMH Oapus M KHUCIOPOAHBIMH
BAaKaHCHUSIMH, YTO SIBJISETCS CJCICTBUEM MHTEHCHBHOIO [H(p(y3HOHHOrO mnepeMenieHus

HOHOB B 00Opasiie.
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SII'P criexTp oOpasua, MoJyYeHHbIH B MOJIE KOPOHHOTO 3apsiia, OTINYACTCS 3aMETHBIM
YIIMpEHHEeM KOMIIOHEHT M MaJloil BEJIMYMHOI BeposTHOCTH dddexra Méccbayspa. Tak kak
JUIHTENBHOCTE perucTparuu SI'P crekTpoB oxHOTO U TOTO ke 00pasma Bo BceX IKCIEepPUMEH-
Tax ObUIa MPAKTHYECKH OJMHAKOBOMH, TO YLIMPEHHE KOMIIOHEHTOB CIIEKTPAa W yMEHbILICHHE

2+
BEPOSATHOCTU d(deKTa CBsI3aHO ¢ yuacTHeM HOHOB jkene3a win Ba™ B mud¢y3noHHOM ABU-
xeHnu. Hambonee 3aMeTHOE yIIMpeHHE KOMIIOHEHTOB OOHAPYXKEHO JUIS MOApeImeTKH 12K,
MO3TOMY IapaMeTpsl UG (y3HOHHBIX IPOIECCOB ONPEAENICHBI U3 JaHHBIX MECCOAYIPOBCKUX

IKCTIEPHUMEHTOB 11 YKa3aHHOM MOJAPEHICTKH — CM. Tab. 1.

Ta6un. 1. Tapamerpst Anddy3un, CTUMYITMPOBAHHOI IEKTPHUECKHM TT0JIeM B kpucramie BaFe,0o,
paccuMTaHHBIE U HOAPEIeTKN 12K

Bpewmst nokanu- Koadpunnent IToxBHUXHOCTH
TapameTpb 06- —— [ — OHeprus akTHBa- HOHOB,
pastos 710 ¢ D, -10% eme wat, B 0B 1010 w2 (B- o)
O6béM 1,1 3,9 0,47 4,5
TToBepxHOCTH 0,6 8,0 0,49 9,2
IlorpemHocts +0,1 +0,1 +0,02 +0,5

OtrmetnM, uto ko3pdunuenT audy3un BerauciIeH 6e3 ydera KOppensiun Mexay OT-
JIeNBHBIMH TIEPECKOKAaMH — IS TIOJPEIeTKN 12K Takoe MpHOIMKEHNE MPHEMIIEMO, TTOCKOTIb-
Ky TOJIBKO MOJIOBHHA Y3JIOB 12K 3aHSATa HOHAMH jKelle3a; PH y4eTe KOppensuuu Kodhduuu-
eHT AU y3UN MOKET YMEHBIINTHCS HE3HAYUTENBHO. A I1OJIYYCHHbIC 3HAYCHHS TOBIKHO-
CTH Ha 5-7 TOPAIKOB MPEBBINIAIOT W3BECTHBIC 3HAUCHHS MOJBIKHOCTU B HOHHBIX MOIYTIPO-
BOJIHHUKAX, B 4aCTHOCTH, B BaFe5019.

B AI'P cniextpe o0pasia, Moay4eHHOM B KOPOHHOM pa3psiJie, OTYCTINBO HAOIIOMACTCS yBEIH-
YEHUE NIMPUH KOMIIOHEHT OT MOAPENIeTKH 12K, HOHBI KOTOPOil (OPMHUPYIOT IIPUIIOBEPXHOCTHBIN CIOM
KpucTajummra. CHeHOBaTCHLHO, HH(bd)ySI/Iﬂ HOHOB OCYWIECTBIIAICTCA MPEUMYIICCTBEHHO II0 IIOBEPXHO-
CTH KPHCTaIATOB. JTO HE s BIAETCA HEOOBIYHBIM, €CIIM NPHHATH BO BHMMAaHHUE IIPOLECCHI,
MIPOMCXO/AIINE HAa TIOBEPXHOCTH M B 00bEME 00pasia, MOMENIEHHOTO B KOPOHHBIN pa3psl.
H3BecTHO, 4TO MpH pa3psne B MEKIIEKTPOJHOM IPOCTPAHCTBE COACPKUTCS BBICOKAS IUIOT-
HOCTb TOJIOXKHTEIBHBIX H OTPHLATENIBHBIX HOHOB, 2 IeKTPOHOB U (hoToHOB. IIpy monaganuu
Ha IIOBEPXHOCTH 00pa3Iiia HOHKI IIPUITHIAIOT K HEl 710 TeX Top, MoKa He 06pa3ytoT MOHOATOM-
HBIHA c110if. 3aps/, HAKOTUIGHHBIH HA MOBEPXHOCTH 00pa3sna, CO3MaeT B €ro 00bEME NEKTPH-
YECKOE I10JI€ HANPSHKEHHOCTHIO 110 10° B/m (oTpuuarenbHas Kopona) u 10 (3-5)- 10% B/m (m0-
JIOKUTENIbHAST KOpOHA). Bpems DocTiKeHHsT paBHOBECHs B OOOMX CIydasx COCTaBisieT 1-

3 MUH. HOBTOMy CI)aKTOpOM, CITOCOOHBIM CTUMYJIMPOBATh B MOHOKPHUCTAJUIE HU3KOTEMIIEpA-
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TYpHYy0 1 (y3Ur0 HOHOB, SBISAIOTCS (POTOHBI — TAK, U3BECTHO, YTO IIPH MONAJaHUU ONTHYE-
CKHX () OTOHOB B KPHCTAJII IIPH KOMHATHOH TEMIIEpaType MPOMCXOAUT 3HaunTenbHoe (3 10°
pa3) MOBBIIICHIE CKOPOCTH IIEPEHOI3aHUsI JUCIOKaui. OTMETHM TakXkKe, YTO MEXaHH3M I10-
BhIIeHUS TU((GY3HOHHON MOABMKHOCTH Ae)eKTOB NMpH 00IydeHHH (OTOHAMH IO CHX MOP
OKOHYATENIbHO HE BBISICHEH. SICHO JIMIIb, YTO IIPHU IIONaJaHUH B KPHCTAJUT ONITHYECKHUX (OTO-
HOB € 3HEprueil okojo 2 3B CyIIeCTBEHHO yMEHBIIACTCS BBICOTA IIOTCHIHAIBHOTO Oapbepa
MEXy COCCHUMH COCTOSHUSIMU HOHOB.

Tpuunnsl HaGMIOAABLIErOCS M3MEHEHMS MAarHUTHBIX MAPAMETPOB MONHKPUCTAIIINYC-
CKHX (heppuUTOB MOTYT OBITH OOBSCHEHBI HAa OCHOBE aHAJIN3a AHAJIOTHYHBIX JAaHHBIX, MOJY-
YEHHBIX 11 MOHOKpucTaiuia BaFe ;,019, 00paboTaHHOTO B OTpULIATEILHOM KOPOHHOM paspsi-

7€ — cM. Ta0. 2.

Ta6un. 2. MarauTHbIe cBOWcTBa MOHOKpHCcTaiuia BaFe ;0,9 mocie 06paboTki B KOPOHHOM paspsizie

IMapameTpbl 06- JlnuTenbHOCTh BO3AEHCTBYS, Yac. Torpem-
paswos (300 K) 0 12 20 40 60 HOCTb
o107, A-mY/kr 62 63 60 58 55 2,0
K107, - m? 3,40 3,45 3,4 32 3,0 0,02

YMeHbIIeHHe HaMarHWYeHHOCTH HACHIIEHHWS O W KOHCTAaHTHI aHM3oTpormu K dep-
pHTa JIETKO OOBSACHUTH M3MEHEHHeM ero (ha3oBOTO COCTaBa U M3MEHEHHEM KOHIICHTpAIlUH
nedexroB BenencTBue (GopmupoBanusi cropoHHeil (aszel BasFe,Os, a mobimenue ko3puu-
THBHOHM CHJIBI HOJHKpHCTAILINYeCKUX (eppuroB BaFe ;09 mocie 06paboTKu B K OPOHHOM
paspsae MOJKHO CBSI3aTh ¢ 00pa30BaHHEM B OT/ICIBHBIX 30HAX KPHCTALTUTOB (a3, 00orameH-
HBIX OapHeM U KUCITOPOAHBIMH BaKaHCHSIMH.

HccnenoBanusi BHIMONHEHB! MPU YacTHYHON (DUHAHCOBOHM moanepixke MUHOOpHAYKH

P® B pamkax BBIOJHEHHUS FOCYJaPCTBEHHOrO 3a1aHus (mpoekT Ne 1416).
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'Drohobych Ivan Franko State Pedagogical University, 24 I.Franko Str.,
82100 Drohobych, Ukraine, e-mail: kavetskyy@yahoo.com;
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®Kazan Federal University, 18 Kremlevskaya Str., 420008 Kazan, Russian Federation

lon implantation of polymers is a subject of stimulating and growing investigations
from past to modern time [1-6]. The interest to ion-irradiated polymers is due to the ion
implantation being one of the effective technological methods to turn dielectric polymers into
conducting semiconductors [1] as well as a high potential of ion implantation for improving
surface-sensitive mechanical properties of polymers for hard-materials applications [2]. The
implantation-induced structural changes of polymers result in the scission and cross-linking of
polymer chains, formation of volatile low-molecular fragments followed by their degassing
and carbonization of the implanted layer [3,5]. In this work, the recent results of spectroscopic
investigations of ion-induced processes in 40 keV B*-ion implanted polymethylmethacrylate
(B:PMMA) with doses from 6.25x10™ to 5.0x10"® ions/cm? are reviewed.

The concept of formation of defects during radiation damage of the B:PMMA polymer
structure with appearance of free radicals at lower ion doses (< 10% ions/cm?) and
carbonization at higher ion doses (> 10 ions/cm?) is examined by measuring of Doppler
broadening of positron annihilation y rays as a function of incident positron energy and
positron annihilation lifetime at positron energy of 2.15 keV in slow positron beam
spectroscopy (SPBS) [7]. Also, structural modification of the B:PMMA is considered from
positron annihilation lifetime parameters as a function of temperature in the range of 50-298
K [8]. Additional test of carbonization processes in the B:PMMA at higher ion doses is
performed using Raman spectroscopy measurements in the 400-3800 cm™ range [9]. Besides,
the results of SRIM simulation for 40 keV He®*, P*, CI*, Cu*, Ag’, and Xe" ions implanted
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into PMMA are reported here to be compared with the data of 40 keV B, O, and Au® ions
implanted into the same polymer [7].

The B*-ion implantation with the energy of 40 keV, doses from 6.25x10 to 5.0x10%
ions/cm? and current density < 2 pA/em? into the optically transparent PMMA plates was
performed under a pressure of 10 Torr at room temperature by an “ILU-3" ion accelerator at
the Kazan Physical-Technical Institute (KPTI, Russia). SPBS experiments were carried out at
the National Institute of Advanced Industrial Science and Technology (AIST, Japan). Details
of these measurements are reported in [7]. Temperature dependent positron annihilation
lifetime (PAL) experiments in the range of 50-298 K for the PMMA and B:PMMA at selected
doses of 3.13x10° and 3.75x10% ions/cm? were carried out at the Institute of Physics, Slovak
Academy of Sciences (IPSAS, Slovakia). Details of the temperature dependent PAL
measurements are reported in [8]. Raman spectra were recorded with the aid of a Renishaw
Raman inVia Reflex spectrometer in the 400-3800 cm™ range using the 514 and 785 nm laser
lines at The John Paul Il Catholic University of Lublin (KUL, Poland). Details of the Raman
measurements are reported in [9]. SRIM simulations were performed using the free of charge
software of version SRIM-2013 [10].

The typical SPBS results obtained and their explanation for the investigated B:PMMA
have been presented in [7]. It should only be emphasized here the results of variable-energy
Doppler broadening of annihilation line (DBAL) and PAL measurements at incident positron
energy of 2.15 keV are found to be in consistence (Fig. 1). That is, the decreasing suddenly
the Doppler S(E) values and an absence of any observable ortho-positronium (o0-Ps) yield
(intensity ~ 0) for the implanted samples at higher ion doses are detected to be explained due
to carbonization effect, taking into account that no o-Ps yield has been observed in carbon
based materials [11]. Thus, the expected two processes of polymer structure modification
upon low-energy ion implantation — scission of polymer chains and appearance of free
radicals preceding the aggregation of the clusters resulting in the formation of network of
conjugated bonds at lower ion doses (< 10° jons/cm?) and carbonization at higher ion doses
(> 10" ions/cm?) — are plausibly confirmed [7].

The results of temperature dependent PAL measurements of the B:PMMA samples have
been presented in [8]. Two structural transitions in the vicinity of ~150 and ~250 K, ascribed
to y and g transitions, respectively, should be noted here, which are observed in the both
PMMA and B:PMMA. However, the broadening of lifetime distribution observed at higher
ion dose (3.75x10 ions/cm?) could be explained as a next step of local destruction of
polymeric structure, resulting in generation of additional free volumes.
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Fig. 1. Dose dependence of S parameter and ortho-positronium 0-Ps intensity at incident positron
energy of 2.15 keV for B:PMMA. The error bars are within the size of the symbol [7].

The Raman spectra recorded with two lasers emitting at 514 and 785 nm in the 400-
3800 cm™ range have showed the formation of new C=C and C—C bands and decreasing
intensity of CH,, C=0, O-CH; and C—H bands for the as-implanted samples at higher ion
doses (> 10 ions/cm?) [9]. The Raman spectroscopic features obtained should be interpreted
as the additional support for carbonization processes upon high-dose ion implantation
revealed with slow positron beam spectroscopy experiment [7].

The SRIM simulation results for the 40 keV B*-implantation into PMMA have been
reported in [7]. Numerical values of SRIM simulation for the 40 keV He®, B*, O*, P*, CI",
Cu', Ag", Xe*, and Au” ions into PMMA are gathered in Table 1.

Table 1. SRIM simulation results for ion implantation into PMMA at energy of 40 keV (*data from the
work [7]; °data from www.webelements.com; °data are estimated with error + 5 nm).

lon  PAtomic  Rux™h  Rp™, AR,  Rmas Ry

weight nm nm nm nm nm

He" 4.0026 880 593 102 820 560
B* 10.81 400 253 58 380 220
0" 15.999 300 169 45 280 150
P* 30.974 200 99 29 190 70
cr 35.45 160 85 23 170 60
Cu* 63.546 130 69 18 140 40
Ag* 107.87 100 56 11 95 35
Xe* 131.29 90 56 10 90 30
*Au* 196.97 75 54 7 60 25
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As an example, a predicted thickness of the modified PMMA by 40 keV accelerated B*
ions could be estimated as follows. A mean penetration range (R,%) is about 253 nm with a
longitudinal straggling (ARpB) of 58 nm in the Gaussian depth distribution. The assumed
predicted thickness of the modified PMMA surface layer (RpB + ZARpB) is about 369 nm, and
the maximum penetration depth (Rma) is about 400 nm. At the same time, the vacancy
distribution gives a maximum damage around va'B = 220 nm and maximum depth up to
around Rma® = 380 nm. So, the estimations performed for various ions, listed in Table 1,
show the possible modification of PMMA surface upon low-energy ion implantation in
dependence on the ion mass to be further examined experimentally by positrons and other
suitable techniques. Such values could also be useful in practice for evaluation of geometrical
parameters of implanted polymer layers.

In conclusion, the recent results obtained by SPBS, temperature dependent PALS,
Raman spectroscopy and SRIM simulation for the 40 keV B:PMMA with ion doses from
6.25x10™ to 5.0x10% ions/cm? are reviewed. The expected two processes of polymer
structure modification upon low-energy ion implantation are evidently confirmed. It is also
found that B*-ion implantation leads to structural changes connected with different
distribution of free volume formed in polymer matrix in dependence on ion dose. Besides, the
gathered in this work SRIM results for the 40 keV He®, B¥, O, P*, CI*, Cu*, Ag", Xe", and
Au’ ions implanted into PMMA are supposed to be important in practice for evaluation of
geometrical parameters of implanted polymer layers.
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