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NANOPATTERNING OF CRYSTALLINE GE (001) SURFACES BY ION
IRRADIATION AT OFF-NORMAL INCIDENCE

S. Facsko*, D. Erb*, R. de Schultz*, K. Nordlund” and R.M. Bradley®

" lon Beam Center, Institute of lon Beam Physics and Materials Research, Helmholtz-
Zentrum Dresden-Rossendorf, Dresden, Germany, e-mail: s.facsko@hzdr.de
# Department of Physics, University of Helsinki, Helsinki, Finland
& Department of Physics, Colorado State University, Fort Collins, USA

Low energy ion irradiation induces the formation of periodic surface patterns. These
nanopatterned surfaces exhibit periodicities in the range of a few tens to hundreds of nanometers
- depending on the irradiation conditions - and are therefore promising templates for producing
nanostructured thin films [1]. Amorphous material surfaces exhibit periodic ripple patterns with
wave vector parallel to the ion beam direction for ion irradiation at incidence angles between
50° and 70° to the surface normal [2]. At normal incidence dot or hole patterns with hexagonal
symmetry are observed, however only under special irradiation conditions [3]. At temperatures
above the recrystallization temperature of the material, bulk defects are dynamically annealed
and amorphization is prevented. In this case, ion irradiation is creating vacancies on the
crystalline surface and the surface morphology is determined primarily by vacancy kinetics [4].
The diffusion of vacancies is now biased by the Ehrlich-Schwoebel (ES) barrier, i.e., an
additional diffusion barrier to cross terrace steps, similar to the biased diffusion of ad-atoms on
surfaces [5]. This regime is called reverse epitaxy [6], in analogy to the continuous deposition
of atoms in molecular beam epitaxy, which can lead to growth of self-organized 3D

nanostructures.

The resulting structures are typically inverse pyramids which are growing into the surface.
The symmetry of these patterns is given by the underlying symmetry of the crystalline surface.
Hence, checkerboard patterns appear on the Ge (001) surface, oriented in the <100> directions
(Fig. 1 left). On the Ge (111) surface facets with a threefold symmetry evolve (Fig. 1 right) [4].

Figure 1. Atomic force
microscopy images of ion
induced patterns on crystalline
Ge (001) (left) and Ge (111)
(right) surface.




Recently, we investigated the formation of patterns on crystalline surfaces subject to ion
irradiation at off-normal incidence, i.e., where surface the instability is determined both by the
biased diffusion due to the ES barrier and by the incidence angle of the ion [7]. The question
we wanted to answer is how the combination of anisotropic diffusion determined by the crystal
structure and ballistic mass redistribution determined by the ion beam direction is influencing
the surface patterning mechanisms. Furthermore, we wanted to check, if the continuum
equation variants used typically for the ripple formation and for the reverse epitaxy pattern

formation, respectively, can be combined to describe the experimental observation.

We therefore irradiated epi-ready Ge (001) surfaces, which were cleaned beforehand with
ethanol, with 1 keV Ar* ions from a Kaufman-type ion source in a high vacuum chamber with
a base pressure of 1077 mbar and a working Ar gas pressure of 2.5 x 10~# mbar. The irradiation
temperature was 380° C, measured with a pyrometer before and after switching on the ion
source. By reducing the heating power, we compensated for the additional heating of the sample
by the ion beam. All samples were irradiated with an ion flux of 1x10%* cm=2 s~! and a fluence
of 1x10' cm™2 After irradiation, the samples were quenched to room temperature by
immediately removing them from the heating stage. They were then transferred through air to
a separate ultra-high vacuum Omicron scanning probe microscope where the surface
topographies were imaged via atomic force microscopy in contact mode. The data were
processed by means of the Gwyddion software package [8].

V., = 315°

Figure 2. AFM topography images of Ge (001) surfaces after ion irradiation from an azimuthal
direction parallel to (110) (top) and (100) (bottom), respectively, as indicated by the arrows in (f) and
(I). All lateral scale bars are 500 nm long and the height scale range is (a,g,k) 25 nm, (b,c,h+j) 30 nm,
(d-f,1) 35 nm. In the insets the corresponding 2D angular histograms of the surfaces are shown and
the white ring indicates an out-of-plane inclination of 10° (from [7]).



Irradiations were performed at normal ion incidence and at polar incidence angles of 20°,
40°, 60°, 70° and 80° for azimuthal ion incidence both along the (100) and the (110) crystal
directions. The resulting surface topographies imaged by contact AFM and insets
corresponding to the two-dimensional angular histograms are shown in Fig. 2. For normal
incidence irradiation, the Ge (001) surface exhibits a dense checkerboard pattern of pyramidal
pits and mounds and contains no horizontal surface areas. These faceted structures have
rectangular bases with edges in the in-plane (100) and (010) orientations and tilted side walls
with an inclination of approx. 8° with respect to the macroscopic horizontal surface plane [4].
The length ratio of the edges is close to 1 for most structures, while fewer structures are
elongated in (100) or (010) directions. For both azimuthal ion beam directions, we observe a
progressively larger elongation of the structures along the directions of the ion beam with
increasing polar ion incidence angle. For irradiation along (100), the peak intensity, which is
indicative of the relative surface area of facets with the given orientations, is strongly dependent
on the ion incidence angle: At normal ion incidence, the peaks corresponding to the four facets
of the pyramidal structures are of the same relative intensity. With increasing polar ion
incidence angle, the intensity distribution becomes asymmetric with higher peak intensity for
the facets which are oriented parallel to the incident ion beam. The peak positions, however, do
not change significantly, indicating that the in-plane facet orientations and thereby the
rectangular base shape of the pyramidal structures are preserved for all polar ion incidence
angles. Thus, for off-normal ion incidence angles the pyramidal surface structures elongate
along the azimuthal ion incidence direction. An exception from this general behavior is
observed for an incidence angle of 40°, where the pyramidal structures are slightly elongated
perpendicular to the azimuthal ion incidence orientation.

For irradiation along (110) (Fig. 2 bottom) both positions and intensities of the histogram
peaks depend on the polar ion incidence angle: At 80° incidence, the relative peak intensity is
larger for the facets which are facing the incident ion beam, while it is smaller for the facets
which are averted from the ion beam. Simultaneously, the peak positions are changing notably
by about +20° for the facets facing the incident ion beam and by about —20° for the facets
averted from the ion beam. Thus, for irradiation along (110) at large polar ion incidence angles
the pyramidal structures assume a distinctly rhomboidal base shape and the facets facing the

ion beam are of larger relative area than those on the opposite side.

For the development of the local surface height h(x,y,t) with time we choose a deterministic

continuum equation which combines the well-known Kuramoto-Sivashinsky equation for ion



beam erosion [9] with the continuum equation used in the reverse epitaxy regime for describing

checkerboard patterns on Ge (001) surfaces [6]:

Bt = =00 + Vehaa + Vyhyy + Aahia + Ay
—oV2(Vh)? — kV*h

Qha(1 — Q3h3)

V| by (1 - k)

where the subscript to h denotes partial derivatives. The equation includes a constant erosion
rate vo, which can be omitted, the Bradley-Harper terms with the negative surface tensions vx
and vy, responsible for the ripple formation on amorphized surfaces [10], ballistic terms for the
tilt-dependent sputtering rate with the nonlinear coefficients Ax and Ay, followed by the
nonlinear conserved diffusional term with coefficient o and the isotropic Herring-Mullins
diffusion term with coefficient x[10]. The last term in the equation is an anisotropic term
describing the biased diffusion on the Ge (001) surface due to the ES barrier. This term has
been introduced in analogy with the continuum description of mound evolution in epitaxial
growth [6]. Here, it is responsible for the formation of pyramids and inverse pyramids in a
checkerboard kind of pattern. The up-down symmetry is broken, when o # 0. For the two
different azimuthal irradiation directions, the ballistic term has to be rotated with respect to the
crystalline in-plane (100} direction.

24 .
The coefficients Ax and Ay have been //1__
0

obtained by molecular-dynamics simulations
with the open source PARCAS MD code [11]. <

. . . X2 fit g = 0%
For each incoming angle, 300 ions were Yo fit g = 0°
. . . N . ==== X fit y,,, = 315°
simulated to obtain a sputtering yield with A ity = 3150
.. . O x: Continuum Equation
reasonably small statistical uncertainty and the O y: Continuum Equation
-6 - . . .
angle dependence was fitted with the empirical 0 20 40 60 80

Yamamura sputter yield function [12] from ion, (deg)

which Ax and Ay can be calculated as functions ~ Figure 3. Dependence of Ay on the ion incidence

angle as derived from fitting the angle-dependent
of the polar ion incidence angle [13] (Fig. 3). sputter yields (from [7]).

By means of numerical integration of the continuum equation, we simulated the surface
topographies of crystalline Ge (001) resulting from ion irradiation at two azimuthal directions

and different polar incidence angles. We chose vxy = 0 because the Bradley-Harper instability
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Figure 4. Results of numerical integration of the continuum equation: Simulated surface topographies
for Ge (001) after ion irradiation from an azimuthal direction parallel to (110) (top) and (100) crystal
directions (bottom), respectively, at polar ion in incidence angles as indicated. The height scale range
in arbitrary units is (a-c,g-j) 2 (d,f,k,l) 3, (e) 4. The insets show the corresponding 2D angular
histograms of the surfaces, with the white ring indicating an out-of-plane inclination of § ' = 10°
([from 77).

is negligible for this specific irradiation conditions, o = 0 neglecting diffusive effects as a source
for possible up-down asymmetry, k = 1, Q1 = Q2 = 1, Q3 = Q4 = 80, and Ax (ttion), Ay (Ction) S
shown in Fig. 3 as open symbols. In [6] the conserved nonlinear term with ¢ # 0 was considered
in the continuum equation and showed how diffusion leads to up-down symmetry breaking

when increasing the surface temperature on Ge (001).

The simulated topographies for a series of polar ion incidence angles are shown in Fig. 4,
where the insets display the corresponding two-dimensional angular histograms of the surface
heights. We find good qualitative agreement with the experimental results shown in Fig. 2 for
the range of polar incidence angles from 0° to 70°. For 80° incidence angle, however, the
topography appears inverted, and especially for irradiation along (100) the simulated structures
are much more elongated than the experimentally observed ones. The series of histograms show
the same trend of changing relative peak height for irradiation along (100) and changing peak
position for irradiation along (110). Also, the out-of-plane facet inclinations of the simulated
surfaces follow the same general trend as seen in the experimental data for both irradiation
directions.

In conclusion, we have examined nanopatterned crystalline Ge (001) surfaces after low-
energy ion irradiation at different polar ion incidence angles and for two distinct azimuthal ion
beam directions. We compared their topographies with simulated surface topographies by a
combined continuum equation including ballistic and anisotropic diffusion effects due to the

ES barrier. The coefficients for the tilt-depend sputtering were derived from molecular
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dynamics simulations. This anisotropic continuum equation reproduced fairly well the
experimental results by changing only the coefficients for angle-dependent sputter erosion,
demonstrating the importance of this ballistic mechanism for ion-induced nanopattern

formation on crystalline surfaces at off-normal angles of incidence.
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1. Introduction
Due to its versatility, the ion beam technology is an attractive and commonly used method for
the incorporation of various ions into a single- and nano-crystal ZnO structure, bulk ZnO
nanostructuring, optical active particle/defects engineering, surface nano-pattering and
lithography. The latter one is nowadays important as well in semiconductors as in graphene
oxide. Both so distinct materials find their application in sensing and bionics applications with
the functionalization via ion beam technology. Metal oxides based efficient photocatalysts can
be an efficient green approach for relieving the negative environmental influence of organic
pollutants on the ecosystem [1,2]. Noble metal nanoparticles can expand the light absorption
range of ZnO and can greatly enhance the ZnO photocatalytic activity given their plasmonic or
luminescence properties [3, 4], a use of enriched ZnO nanostructures as nanosized biosensors
has also been explored for the detection of different biological molecules [5]. Defect clustering
and engineering, dopant interaction with defects in ZnO after ion implantation/irradiation allow
formation of doped-nanocrystallites to be controlled and tuned in ZnO.
Graphene-like materials have aroused significant interest for supercapacitors and ultrasensitive
gas detectors because of their remarkably high carrier mobility, extraordinary surface area, 2D
structure and cost-effective easy-to-prepare nanoscale morphologies [6]. Graphene oxide (GO)
is decorated with epoxides and hydroxyls on basal planes and carbonyls and carboxyls on the
edges, which increase the hydrophilicity of GO and consequently enhance its sensitivity to
water molecules [6]. lon lithography can be successfully used for microscale device preparation
in GO prospective for flexible electronics as well as for sensing applications [6, 7]. The
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microscale capacitors in GO can respond to external stimuli, such as voltage, mechanical
deformation, temperature, light and electrochemical reduction/oxidation processes [8]. In both
above mentioned materials the ion beam technology has been successfully used for nano and
microstructuring, optical response tuning and surface nano-patterning/lithography enabling
new prospective applications [3, 8, 9, 10].

2. Experiment
Zn0O
ZnO single-crystal facets labelled as c-ZnO, a-ZnO and m-ZnO (see Figure 3 — left upper part),
respectively were implanted with Au-ions using the energy of 0.4 and 1 MeV at the fluence
range of 5x10% cm? - 1.5x10% cm™ off axis, using a Tandetron accelerator and 200 keV
implanter in Nuclear Physics Institute of CAS, Prague and lon Beam Center, HZDR Dresden-
Rossendorf, respectively. The implanted samples were subsequently annealed at ambient
atmosphere at 600 °C for 1 hour. Additional irradiation using O-ions with the energy of 10
MeV and the ion fluence of 5x10%** cm has been applied for ZnO facets implanted with 1MeV
Au-ions. Rutherford Back-scattering Spectrometry in the channelling mode (RBS-C) has been
used for elemental depth profiling and structure analysis. Raman analysis of structural
modification was performed using a solid-state Nd:YAG laser (wavelength: 532 nm). X-ray
diffraction (XRD) was utilised for the study of the crystal-structure modification of the pristine
Zn0, ZnO:Au annealed and the O-ion irradiated samples. TEM samples were prepared from
the implanted side of ZnO scratched by a diamond indenter and the removed particles were
ground by the Agate pestle and mortar. The samples were observed by a Jeol 2200FS
microscope.
Graphene oxide
The permanganate oxidation method (modified Hummers method) was used for GO
preparation. The ion-beam writing was performed using 5 MeV C, with a current of 250 pA, in
a micro-beam chamber based on the OM70 system (Oxford Microbeams, Ltd). The microscale
capacitors were drawn between two Au contacts see the optical images in Figure 1. The surface
morphology and roughness of the pristine and the modified GO were determined with scanning
electron microscopy (SEM). Detailed chemical composition, chemical bond modification and
structure modification were followed on the broad beam irradiated GO counterparts using X-
ray photoelectron spectroscopy (XPS) measurement, RBS, elastic recoil detection analysis
(ERDA) and Raman spectroscopy. The capacitance of the structures prepared was determined
using a frequency dependence measurements of the output voltage of a high pass filter with the

constant current of 0.5 mA.
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Figure 1
Optical microscope images of the
GO  microcapacitor  examples

. 120 4im
150 pm

prepared by the C-ion, 5MeV via
ion beam lithography.

3. Results and Conclusions
ZnO

The polar ZnO surfaces exhibit polarization resulting in potentially detrimental effects on the
probability of radiative recombination influencing optical properties. Due to this, the nonpolar
planes such as a-plane (11-20) and m-plane (10-10) become attractive as no spontaneous
polarization fields affect them [3]. It arises from the results that the different orientation of the
surface of the single-crystal ZnO towards the incident 0.4 MeV Au-ion beam results in different
structure damage. In our case, ZnO was doped with relatively high fluences of heavy gold ions;
therefore, we can assume the formation of thermally stable extended defects such as particular
basal loops and linear dislocations, according to [11, 12]. The thermal stability of the resulting
defects is related to the relatively low annealing temperature. The post-implantation damage
and its thermal stability in c-plane and a-plane ZnO was evidenced by RBS/C, where the Zn-
displaced atom density was extracted see Figure 2.

Raman spectroscopy showed the most significant damage in ZnO m-plane which has been
corroborated with RBS/C analysis as well. RBS/C is sensitive to some kind of defects distorting
the channelling effect; these defects thus seem to be less present in a-plane ZnO. Raman
spectroscopy has identified mainly the oxygen sub-lattice distortion in ZnO caused by phonons
attributed to the oxygen vibration parallel to basal planes in non-polar ZnO orientations.
Mentioned observations lead to assumption that in polar c-plane ZnO, the damage is associated
with the movement of the Zn atoms to the interstitial sites, with the displacement of oxygen
atoms being lower. ZnO various facets (see Figure 3 — left upper corner) were also implanted
with 1MeV Au-ions and subsequently annealed. Afterwards, the high energy O-ion irradiation
was applied. TEM analysis has confirmed the presence of spherical metallic Au clusters with
the size of about 4-10 nm see Figure 4 — left bottom corner. Diffraction patterns, which were
done from Au nanoparticles, confirm gold hcp structure see Figure 3 (bottom part). However,

this structure of gold is not common, it occurs when gold grows on other hexagonal substrates
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[13]. Actually very similar shape and size of gold nanoparticles were found in all studied
crystallographic orientations of ZnO.
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Figure 2 The density profiles of the displaced Zn atom for various ion-implantation fluences determined

from RBS/C spectra for as-implanted and as-annealed samples in c-plane ZnO a) and a-plane ZnO as
implanted with 0.4 Au-ions and annealed (overtaken from [3]).

RBS-C has identified greater damage in the Zn sublattice closer to the projected range of ions
in c-plane ZnO after Au implantation and annealing, where point defects typically appear; direct
dechannelling is more pronounced there than in a-plane ZnO; these defects can then migrate
into the depth and cause extended defect creation [11, 12]. On the contrary, a-plane ZnO
exhibited lower damage created beyond the projected range. After the O-ion irradiation, RBS-
C did not reveal an increase in the disorder; on the contrary, a slight damage decrease was
observed in non-polar a- and m-plane ZnO see Figure 3 (upper part in the middle). XRD
analysis confirmed the distinct defect character in various ZnO orientations: i) spherical-defect
clusters caused a compressive strain in as-implanted and annealed c-plane ZnO, and even
increased compression with the appearance of the vertical strain depth profile after O-irradiation
was evidenced; ii) a new polycrystalline phase was identified in a-plane ZnO in the depth
corresponding to the Au-ion range; RBS-C indicated the disappearance of this additional phase
after O-ion irradiation without significant enhancement of the introduced vertical deformation
(strain).

Figure 3 ZnO crystalline orientations — left upper corner. RBS-C spectrum of a-plane ZnO after 1MeV
Au-ion implantation and the sub-sequent O-ion irradiation — upper middle part. XRD analysis shows
new polycrystalline phase appearance in a- and m-plane ZnO - right upper part. TEM analysis of Au
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nanoparticle sizes and structure in m-plane ZnO:Au after annealing — bottom part. The picture is
overtaken from [10].
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Graphene oxide

We have prepared capacitor-like microstructures and the electric properties of these structures
were measured by conventional methods and compared with those of commercially produced
ceramic capacitors with the capacitance 2.7 and 10 pF (see Figure 4 — on the left). In non-
conductive GO, the ion irradiation leads to the removal of functional oxygen species and GO
reduction accompanied by the carbonisation of the irradiated parts and the creation of new
carbon bonds leading to a change of electric conductivity. Therefore, the irradiated and well-
organised parts can function as capacitor electrodes while the non-irradiated parts work as an
embedded dielectric. The decrease of D band and D+G bands connected to disordered structure
in GO comparison with G band associated with graphene structure has been followed in Raman
spectrum (see Figure 4 — on the right). The microstructure with the highest measured

capacitance of about 4 pF was prepared on the GO surface. We have shown that the carbon-ion
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microlithography is a simple, rapid and green method for the fabrication of an analogue

electronic microdevice with no need for masks, templates or post-processing [8].
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Figure 4 The capacitance measurement of microcapacitors prepared in GO and polymers (PMMA, PI)
— on the left. Raman spectrum of GO irradiated with C-ions 5MeV shows modification of the
characteristics phonon peaks; overtaken from [3].
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RADIATION DAMAGE AND THIN FILM STRESS IN ION IMPLANTED LAYERS
E. Wendler

Friedrich-Schiller-Universitat Jena, Institut fir Festkorperphysik,
Max-Wien-Platz 1, 07743 Jena, Germany, e-mail: elke.wendler@uni-jena.de

The idea of detecting thin-film stress by measuring the macroscopic bending of the
sample, on which the film is deposited, goes back to the early paper of Stoney [1]. Janssen et
al. [2] presented a more recent review about the theory of sample bending and its applications.
This paper celebrates the 100th anniversary of the Stoney equation for thin-film stress. This
equation gives the relation between the depth-integrated stress S of a thin film or layer and the
radius of curvature of the bent sample, R, by

S = fodla(z)dz = Lds

6R

The biaxial stress o of the layer is integrated over depth z up to the thickness di of the layer. ds
denotes the thickness of the substrate. Ys is the biaxial Young modulus of the substrate, which
is given by Ys=Eo/(1-vo) for crystalline semiconductors [3] with Eo and vo referring to elastic
modulus and Poisson ratio, respectively.

Stoney’s equation was widely used for studying the mechanical properties of thin films
on various substrates (see e.g. [2, 4, 5] and references therein) by measuring the radius of
curvature of the bent sample. Finally, this technique entered the field of ion beam physics. It
has been used to measure the depth-integrated stress S of implanted layers as a function of the
ion fluence Ni. The damage-induced evolution of S was analysed e.g. for ion implanted
Silicon (Si) [6, 7], SiO2 [8, 9, 10], Germanium (Ge) [11] and Lithiumniobate [12].

detector

motor

beam-splitter . -~~~ mirror

lens laser

Fig. 1 Experimental set-up for measuring the radius of curvature R of a sample from the backside
while the sample is exposed to an ion beam from the front-side.
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The experimental set-up used at our institute for measuring the sample bending during
ion irradiation is shown in Fig. 1. A similar set-up was used in the previous studies mentioned
above (see e.g. [6]). The radius of curvature can be measured in-situ from the backside of the
sample while the sample is implanted at the front-side. A laser beam scans the backside of the
sample by periodically varying the angular position of a mirror (see Fig. 1). The reflected
light is registered on a position-sensitive detector. The position x of the reflected light is
related to the angle © of the mirror by x = 4 f 28 /R with f being the focal length of the lens
used in the set-up and assuming spherical sample bending. Measuring x and 6 simultaneously,
the derivative dx/df allows for extracting the radius of curvature R. In our experiments, the
samples (both sides polished) have a size of about 3x10 mm? and a thickness of ~300 um.

Studying the evolution of stress during ion irradiation is interesting because of several
reasons. (i) Any ion irradiation results in the formation of point defects, defect clusters up to
complete amorphisation. The stress being connected with this damage bends semiconductor
wafers, for example, which may have implications for the device production. But the
occurring stress is especially crucial when implanting nanostructures [13]. lon implantation
can be also used to modify or adjust stress in deposited films [14]. This means there is some
practical interest in understanding the relation between damage state and stress in ion
implanted layers. (ii) lon beam induced effects in materials have been studied since more than
60 years. Extended and improved experimental and numerical techniques are continuously
applied for understanding the effect of energetic ions impinging into a solid. Herein in-situ
techniques attracted special interest in the last years. Primary effects of ion beam induced
damage formation can be investigated by means of in-situ techniques in combination with low
temperatures or by systematically varying the temperature (see e.g. [15, 16]). In-situ analysis
of stress induced by ion irradiation adds a new aspect which, in combination with other
techniques quantifying damage such as Rutherford backscattering spectrometry in channeling
mode (RBS/C), helps to understand the mechanisms of damage formation and transformation
of damage into another type. (iii) Currently special nanocrystalline materials are of interest.
For example, nanocrystalline Ge2Sh2Tes amorphised by ion irradiation reveals interesting
properties which make the system suitable for the formation of metasurfaces or
nanopatterning [17, 18]. Our most recent work shows that also for these nanocrystalline layers
sample bending and stress detection are well capable for analyzing ion irradiation induced
effects. This is beneficial because several classical techniques such as RBS/C can not be

applied in this case.
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Most of the previous studies on stress evolution in ion irradiated crystalline materials
were carried out under irradiation conditions which finally resulted in complete amorphisation
of the irradiated layers (see [6, 11, 12]). Figure 2 shows the depth-integrated stress S (for short
called stress in the following text) as a function of ion fluence for Ge irradiated with 3 MeV
lodine ions (data taken from Ref. [11]).
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The stress evolution as shown in Fig. 2 is typical for the case of ion-beam induced
amorphisation (see also [6]). Three different ranges can be identified, which are marked by A,
B and C. The increase of stress in range A is caused by a damage-induced reduction of the
density. In most semiconductors defects cause an expansion of the lattice and also the
corresponding amorphous phase has usually a lower density than the crystalline one. As the
implanted layer is bound stiff to the unimplanted substrate, the sample bends inducing stress.
Range B is characterised by a strong decrease of stress. This is usually attributed to plastic
flow of the implanted layer. Plastic flow is driven by existing stress and would occur until the
stress is reduced to zero. However, the measured stress-versus-fluence curves show a non-
zero saturation range (C), which tends to be characterised by a continuous, but very slow
decrease of stress with increasing ion fluence (see [6] to [12]). This means that besides plastic
flow there must be a competing effect inhibiting the complete reduction of stress. For ion
irradiated Silicon dioxide, the observed effects are explained by nonsaturating anisotropic
deformation [8]. Finally it should be mentioned that a completely amorphised layer, as visible
by RBS/C, is found for Ge irradiated with 3 MeV lodine ions (see Fig. 2) at ion fluences
above 2x10% cm [11].

The stress evolution in ion irradiated semiconductors was also measured for irradiation
conditions, under which amorphisation does not occur. This is shown in Fig. 3 which plots the
stress induced in Si due to 32 keV H ion irradiation (part (a), data taken from [19]) and in
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GaAs by 1 MeV Si ion irradiation (part (b), data taken from [20]). In both the corresponding
papers it is clearly pointed out the implanted layers are characterized by a low level of
crystalline damage (defective-crystalline material), i.e. heavily damaged or amorphous

clusters do not occur.
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Fig. 3 lon-beam induced, depth-integrated stress S versus ion fluence N, for <100> Si irradiated with
32 keV H ions (part (a), data taken from Ref. [19], thickness of the implanted layer ~0.45 um)
and for <100> GaAs irradiated with 1 MeV Si ions (part (b), data taken from Ref. [20],
thickness of implanted layer 1.2 pm) at room temperature.
When comparing the stress values presented in Figs. 2 and 3 and taking into account the
corresponding layer thicknesses, it is obvious that the observed stress is of the same order of
magnitude. Within the ion fluence range investigated, no decrease of stress takes place in case
of defective-crystalline material (see Fig. 3). This suggests that especially amorphous material
is subject to plastic flow (Fig. 2). In case of GaAs irradiated with 1 MeV Si ions, the changes
in slope of the stress-versus-fluence curve are explained by the transformation of individual
point defects into small defect clusters (for details see [20]).

The analysis of stress introduced by ion-beam induced damage production in materials
was accompanied by modelling of the stress-versus-fluence curves applying suitable
differential equations (see [6] to [12] and [20]). Herein damage formation was taken into
account by common rate equations (see e.g. [21]). Usually, for cases showing a stress
evolution with increasing ion fluence as depicted in Fig. 2, only one type of damage was
taken into account. In these cases amorphisation of the implanted layers did occur and the
interpretation of the stress-versus-fluence curves with the ranges A,B and C, is as explained
above. However, as also point defects or defect clusters in a crystalline matrix significantly
increase the stress in the implanted layer, this type of damage can not be neglected when

modelling stress-versus-fluence curves. This means for modelling the stress evolution with
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increasing ion fluence in ion irradiated crystalline materials, more than one type of damage
has to be taken into account. This was already done in Refs. [12, 20].

In our most recent work, we studied in more detail the stress evolution in crystalline Ge
during amorphisation by irradiation with Silicon, lodine or Gold ions of different ion energies
at room temperature [22]. The measured stress curves are similar to that shown in Fig. 2. In
order to fit the experimental data by model curves, two types of damage were taken into
account: a defective-crystalline and an amorphous phase of Ge. Furthermore, on/off effects
were included. An increase of stress occurs (in ranges B and C) when the ion beam is
switched off, but the stress decreases back to its previous value when the ion is switched on
again (see [6] for Si substrate and [11] for Ge substrate). Interestingly, this effect does not
occur in non-amorphous, defective-crystalline GaAs [20]. This suggests that this on/off effect
is related to the existence of amorphous material within the implanted layer. Based on the
mentioned findings, a new interpretation of the effects causing the stress in the fluence ranges
A, B and C is given [22]. As explained above, the reduction of density due to damage causes
the increase of stress in range A. We assume that this density change is especially related to
point defects and defect clusters in a widely crystalline surrounding (called defective-
crystalline material). The decrease of stress in range B is attributed to the transformation of
defect-crystalline into amorphous Ge. Ones the ion irradiated Ge layer is completely
amorphous, a constant stress is measured for higher ion fluences and the beam being off. This
final value is representative for amorphous Ge. These results imply that defective-crystalline
Ge exhibits a stronger efficiency in contributing to stress than amorphous Ge. Such an
interpretation is in coincidence with one of the common pictures that amorphisation occurs
when the local stress due to point defects of defect clusters exceeds some critical value (see
e.g. [23]). lon-beam induced plastic flow balanced by some kind of re-amorphisation occurs
in amorphous Ge while the beam is on. However, these effects are reversible (on/off effect)
and seem not to change the microstructure of the amorphous Ge. A differential equation is
constructed partially basing on previous work cited above, which comprises all effects
mentioned. It is found that the efficiency of amorphous Ge in contributing to stress is
independent of the ion species implanted. Similar as found for ion irradiated Si [19] and GaAs
[20], the data can not be reproduced when assuming a constant efficiency of defective-
crystalline Ge in stress formation. In the presented talk, the fitting of stress-versus-fluence
curves for various cases will be demonstrated. The resulting parameters and implications for

ion-beam induced damage and stress evolution will be discussed in more detail.
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QUANTUM TECHNOLOGIES BASED ON THE NV POINT DEFECTS
CREATED IN DIAMOD BY IMPLANTED IONS

V.P. Popov*, S.N. Podlesny”, S.M. Tarkov™, V.A. Antonov™, |.A. Kartashov”,
I.N. Kupriyanov®, Yu. N. Palyanov*

*Rzhanov Institute of Semiconductor Physics, Novosibirsk, Russia, e-mail: popov@isp.nsc.ru;
#Sobolev Institute of Geology and Minerology, Novosibirsk, Russia

The electric and optical active single complex centers with impurity and/or point defects
or their ensembles in the semiconductor localized area are of great demand for artificial atoms
with many unique properties for photonic crystals, magnetic and spin devices for quantum
information processing, microelectromechanical systems (MEMS), single photon emitters and
detectors and other sensors [1 - 5]. These centers should be located within the nanometer
range accuracy in the subsurface or interlayer region to provide a random access to the centers
or their ensembles by an electromagnetic or laser field. lon implantation and heat treatment
are the highly technological approach for fabricating these centers in diamond, silicon, silicon
carbide, boron and gallium nitride, and in other semiconductors. The main disadvantage of
these methods is a high residual defect concentration in the implanted diamond or other
semiconductor layer, especially when this layer thickness is reduced to ~ 100 nm. To
suppressing the defect formation process in the upper layer, M. Liao et al. [3] used ions with
energy below tens of keV, M. K. Zalalutdinov et al. used few hundreds of keV [6], while J. K.
Kaneko et al. and N. Tsubouchi et al. used few MeV C* ion implantations and a plasma-
enhanced MPCVD process employed to grow an additional diamond epitaxial layer on the top
of the implanted layer [4, 7]. If the primary point defect concentration exceeds the critical
level for the lattice stability, the amorphization with a followed graphitization during the
annealing process occurs [8]. Such imperfections could have a notable detrimental effect on
the electric and optical properties of the centers and restrict their potential application in
optoelectronics and spintronics [9 - 11].

The NV centers, which are a vacancy complex with a nitrogen atom in the nearest lattice
site, were formed in a 200-500 nm thick near - surface layer of nitrogen-containing (100-150
ppm) (111) diamond plates (samples A) of type Ib by the irradiation with single energy Hz*
hydrogen ions with different energy (25-130 keV), fluence (from 1x10%% cm to 3x10'7 cm?)
and annealing at 800-1600°C in vacuum (LPHT) or at high pressures of 4-7 GPa and a
temperature of 1200-1500°C. The NV centers in the high-purity type lla (111) diamond
(samples B) were created by the "hot" single or multiple energy N* ion implantation at

elevated temperatures Timp = 450°C with the single energy of 130 keV or the set of energies of
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50, 100, 150 and 200 keV provided that a nitrogen atom concentration of Ns is ~ 200 ppm at
the peak or up to the depths of ~230 nm, according to the SRIM calculations. Despite the
increased implantation temperature, structural imperfections were observed in the cross
section microimages of diamond plates up to the depth of 260 nm after the implantation. The
crystal lattice was completely restored after the HPHT annealing at 1200 - 1500°C and 5 GPa
during 1 hour according to the TEM data.

The shape and width of the zero phonon lines (ZPL) of the NV© (575 nm) and NV~ (637
nm) centers practically do not change due to the residual defects in the thin near-surface layer
of Ib diamond when irradiated with hydrogen ions at the doses of @ <2x10%cm after the
annealing [12]. With an increase in the ion fluence ® >2x10% cm?, the ZPL of the NV°
centers were absent or strongly distorted in a number of samples due to the microresonator
structure formation by the inclusions of the graphite phase Re (Fig.1a) and extended defects
visible in the XTEM microimage (Fig.1b).
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Figure 1 Raman scattering lines in la diamond (R) with the graphite phase inclusions (Rc)
after the irradiation with fluence ® > 2.0x10%6 cm2 of H2* ions and after the HPHT annealing
(a). Bright-field XTEM microimage of the cross-section after the irradiation with fluence
2.6x10% cm2 and the HPHT annealing (b). The occurrence of the interference and distortion

of zero phonon lines (ZPL) of NV centers due to the microresonator structures on the defects.
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The exciting laser wavelength is 532.1 nm (c). The same, but at LN temperature at the order

of magnitude lower Hz* ion doses are used and the exciting laser wavelength is 514.5 nm (c),

The line width and photoluminescence intensity also depend on the initial distribution of
nitrogen atoms in the A samples (Fig.2). It can be heterogeneous due to the sectorial HPHT
growth of the Ib type diamond, leading to the inhomogeneous formation of NV centers during
the post-implantation HPHT annealing. In thin film B samples implanted with nitrogen, the
photoluminescence uniformity is significantly higher than that in the bulk-doped crystals, but
in low-temperature photoluminescence spectra, additional narrow phonon-free lines with
phonon repeated shoulders are observed due to the vacancies capture by the clusters of
nitrogen atoms (N2V, NsV) at a high concentration of the latter ~200 ppm during post-
implantation HPHT heat treatments (Fig. 3). Any additional defect absorption was absent in
the nitrogen iradiated regions.

18000 4
55000 - R a R
B e B .
50000 - Laser - 475 nm — a0k 15000 Laser - 532 nm P2
Paint - P1 Room temperature
- 12000
g caneo) Type Ib T VTR Type Ib
s 637 am  IHHLPHT 5 St IH+LPHT
z > P94 VAR
@ 100004 [ / \
g 575 nm §
c i N N € 8000 4
£000 /J‘\/ - e
o —
ol
T T T T T T \ T T T T r T
00 =0 &0 50 0 ) 00 % LY e 00 i) w00
22000 ] Wavelength (nm) 80000 4 Wavelength (nmj)
20000 4 (C) NG2 (d) S -NFO
wnl | R Lassr-532 nm — 0k - - - NF10 back
80K 80000 NG2
16000 Point - P @ ——NG2 back
g 14000 - Type b g
= 100 IIH*+LPHT & won Type b +1la
;
8 £
<
20000

T T T T T T T T T T
840 800 es0 00 T80 800 a0 550 800 650 200 750 800
Wavelength (nm) Wavelenath (nm)

Figure 2. Photoluminescence spectra of the sample A at 80 and 300 K with the peaks of
NV, NV-, N2V, N3V centers and single-phonon Raman scattering peaks in the diamond (R)
and graphite (Rc) lattices when excited by blue (A = 473 nm) (a) and green (b — d) laser (A =
532 nm) after the LPHT annealing at 1300°C for 1 h, the same, but with the B sample spectra
after the HPHT annealing at 1500°C, 6 GPa for 1 hour. The inset is the diamond plate scheme
with the additional N* implanted 200x200 um? spots in order to two times increase Ns twice
before annealing (b), “back” means the spectra from the back sides of the plates (d).
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Increasing the annealing temperature to 1500 - 2000°C allows obtaining more narrow
lines up to two hundred pm for their ensembles [10, 14]. But these high temperatures
essentially decrease the NV center content due to their decomposition. To avoid the decrease,
we used the HPHT annealing saving a high equilibrium vacancy concentration to suppress the
decomposition. Our lowest values for FWHM for NV lines in hydrogen irradiated 1b samples
were equal to 500 pm and 1.5 nm at LN and RT measurements and coincided with the same
values for bulk Ib diamond with the same nitrogen content (~100 ppm) after the electron
iradiation and annealing, while for the Ila samples implanted by nitrogen, the FWHM values

were about two times lower (Fig. 2a, 3b).
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Figure 3. Photoluminescence spectra of the sample B at 80 and 300 K with NV°, NV-, N2V,
N3V center peaks and a peak of single-phonon Raman scattering (R) in the diamond lattice
under excitation: (a) violet (A = 396 nm), (b) blue (A = 473 nm), and (c, d) green laser (A =
532 nm) with a high pressure and temperature after the annealing at 1500°C, 6 GPa for 1 hour.
The insets are the measurement points with the N* implanted (b) and annealed (d) area.

In order to clarify the source of this additional broadening in Ib samples, we studied the
optically detected magnetic resonance (ODMR) in the samples with same NV center content
of 2-5 ppm. The ODMR spectra can be described by the Hamiltonian [15]:
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H =D [Sz?- S(S+1)/3] + y[B + b(t)]-S + E(Sx? - Sv?),
where: D/h = 2870 MHz is the hyperfine splitting of ground state due to the spin-spin
interaction; S is the S = 1 Pauli dimensionless electron spin operator for the NV-center; E/h is
an elastic splitting value; y =gxBo is a gyromagnetic ratio (production of Lande factor on Bohr
magneton); B and b(t) are constant and reversible magnetic fields, respectively.

The spin characteristics of the NV center ensembles in samples A and B were determined
by the optically detected magnetic resonance (ODMR) on a home-made setup [12]. Initially,
with a temporally constant microwave field and a stepwise variable frequency and a constant
magnetic field, the ODMR spectra were determined in the ranges of 2.77-2.97 GHz and 0-12
G in order to accurately orient the magnetic field B relative to the axis of the NV centers and
to determine the ODMR contrast C = [I(0)-1(MW)]/1(0), where 1(0) and I(MW) are the
photoluminescence NV~ center intensities without or with the resonant MW field (Fig. 4a, b).
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Figure 4. ODMR contrast C in the zero magnetic field (B = 0 G) for two bulk (111)
diamond Ib plates with the donor nitrogen concentration Ns = 100-150 ppm and two thin
layer samples A and B with Ns = 100 and 200 ppm, respectively (a), ODMR contrast C in the
magnetic field (B = 0-8 G) for sample B (b), Rabi contrast oscillations in the sample B in the
magnetic field B = 8 G at the microwave field resonant frequency 2839 MHz with the inserts
of Ramsey and Hann pulse sequences (d), the dependences of the spin inhomogeneous
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dephasing time T2" on the Ramsey sequence, and the spin coherence time T2 is marked as the

large stars on the nitrogen donor concentration Ns in comparison with the data [16]

Then, the changes in the ODMR contrast C intensity were measured for three pulse
sequences of laser and microwave signals to determine the Rabi oscillation period, the spin
inhomogeneous dephasing time T2" from the Ramsey sequence and the spin coherence time
T2 from the Hann sequence (spin echo) in the samples B (Fig. 4c, d), while the Rabi
oscillation did not observed in the samples A.

The obtained results give clear evidence not only the high concentration of Ns and NV
(200 and 5 ppm), but also the huge spin inhomogeneous dephasing time T2" = 1.5 ps that
coincides with the spin coherence time (T2) for this Ns content. The T2" value is still the
highest for the high Ns concentration in ion-implanted diamond. The suggested combination
of “hot” nitrogen implantation and HPHT lattice recovering annealing is prospective not only
for quantum magnetometers, but also for future quantum computer 3D NV matrixes after
single ion implantations [11]. This work was supported by a large scale of project of the
Russian Ministry of Science and Higher Education no. 2020-1902-01-058.
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DOSE-RATE EFFECT IN B-Ga,03
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PO Box 1048 Blindern, N-0316 Oslo, Norway
e-mail: alexander.azarov@smn.uio.no

Gallium oxide (Gay0O3) belongs to a class of ultra wide bandgap semiconductor and,
currently, attracts massive attention on behalf of its unique properties and promising
applications for power electronics and optoelectronics [1]. Ga,O3 can be crystallized in
several polymorphs having different structure and physical properties. The monoclinic phase
(B-Gaz03) is the most stable one under normal conditions and, therefore, it has attracted most
of the attention. In its turn, the monoclinic unit cell implies additional complexities with three
nonequivalent different sites for O atoms and two - for Ga atoms, resulting in a broad
spectrum of point defects, correlated with these sites. Thus, understanding intrinsic defects
and their complexes is vital for the realization of Ga,O3-based electronic devices.

lon bombardment provides a unique possibility to study basic properties of intrinsic
defects in materials, since the accumulation of radiation defects depends on the balance
between defect generation and dynamic annealing (defect annihilation) rates. In literature, ion
irradiation was used to investigate intrinsic defect properties in Si [2], SiC [3], ZnO [4], etc.
In the present experiment, we studied radiation defect dynamics in B-Ga,Os varying such
parameters as the ion flux (J) and the irradiation temperature (T;) [5]. Indeed, the radiation
disorder accumulation in a target depends on the ballistic processes of the “primary” defect
generation, as well as on much slower processes of “secondary” defect formation and
dynamic annealing; therefore, the interaction between defects generated in different collision
cascades may affect the damage buildup in the sample. Importantly, the ion flux determines
the average time interval between neighboring collision impacts, while the defect migration
and annihilation obviously depend on the sample (irradiation) temperature. Thus, the
measurements of the disorder accumulation as a function of J and T; — known in literature as
the “dose-rate effect” — may unveil several key material parameters; including, the dominant
mechanisms of ion-induced defect formation/evolution, transitions between different defect
accumulation stages, and the energetics of the corresponding processes.

The dose-rate effect was studied in monoclinic (010) B-Ga,Oj3 single crystals (Tamura
Corp.) implanted with 400 keV *Ni* ions in a wide range of J and T;, while keeping the total
accumulated ion dose constant at 6x10* Ni/cm? The samples were characterized by a
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combination of the Rutherford backscattering spectrometry in channeling mode (RBS/C) and

x-ray diffraction.

The role of the irradiation temperature on defect formation in (010) 3-Ga,O3 samples is

illustrated by Fig. 1(a), showing the RBS/C spectra of samples implanted with Ni ions at
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Fig. 1 Ga parts of the RBS/C spectra in (010) B-Ga,Os3
implanted with 6x10* Ni/cm® at 400 keV; (a) different
irradiation temperatures keeping the same ion flux (J=5x10%
at. cm? s?) and (b) different ion fluxes keeping the same
irradiation temperature (T;=150 °C). The random and virgin
(unimplanted) spectra are shown for comparison. The
maximum of the nuclear energy loss profile (Ryq) predicted
with the SRIM [6] simulations is shown in the panels in
correlation with the Ga depth scale.

different temperatures keeping
all other irradiation parameters
the same (note that only Ga-parts
of the spectra are shown). As
seen from Fig. 1(a), the spectra
exhibit a Gaussian-like disorder
peak, positioned close to the
maximum of the nuclear energy
loss  profile  (Ry=125 nm
according to the SRIM code [6]
simulations and marked by the
arrows). The height of this peak
is well below the amorphous
level and the implants at elevated
temperatures lead to prominent
dynamic annealing; indeed, there
is a decrease in the disorder
accumulation already at 150 °C,
as compared to that for room
temperature implants (Fig. 1(a)).
Further  increase  of  the
irradiation temperature (>200
°C) leads to lower disorder

levels and the RBS/C spectrum

of the sample implanted at 250 °C becomes close to the virgin one.

A crucial role of the ion flux on defect formation is highlighted by Fig. 1(b), showing the

RBS/C spectra of the samples implanted at 150 °C with different ion fluxes of Ni ions and

clearly illustrating the dose-rate effect, i.e. decreasing disorder with lowering the flux, see Fig.

1(b).
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The whole set of data for all J and T; used in our experiments are summarized in Fig. 2,

with the maximum relative disorder deduced from the RBS/C results; specifically the data are
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Fig. 2 Maximum relative disorder in (010) B-Ga,O; implanted
with 400 keV Ni ions to 6x10™ cm? (as deduced from the

T (C)

RBS/C spectra) as a function of the irradiation temperature.

plotted as a function of T; for
three different J used in the
present study. As expected, the
data in Fig.2 move to higher
temperatures with increasing ion
flux. As known from literature,
this type of plots illustrates the
balance between defect
generation and annihilation rates
[5]. The corresponding critical
transition temperature (Tc) was
calculated for each J according

to a concept suggested in Ref. 5,

by fitting the experimental date with an inverse exponential function shown in the inset to Fig.

2. The corresponding fits are plotted in the Fig. 2 with solid lines. The parameter & describes

the width of the temperature region for each J where the dose-rate is maximal and the best fits

were obtained for & in the range of 0.02-0.04 (K™%).

Fig. 3 shows the Arrhenius plot for the ion flux vs the critical transition temperature as
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Fig. 3 Arrhenius plot for the ion flux vs the critical transition
temperature as extracted from the fitting to the experimental

data.

Reciprocal temperature (103/K)
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obtained from data in Fig. 2. It is
seen that Fig. 3 reveals a trend
characterized by an activation
energy of E, = 0.8+0.1 eV. Since
the interaction between the
defects generated in different
collision cascades is limited by
their  diffusion, the obtained
activation energy may be
attributed to the dominating
migration barrier of the intrinsic
for the

defects  responsible

disorder accumulation.



Clearly, all types of point defects, both in Ga and O sublattices can be generated in the
collision cascades. However, the self-interstitials might be highly mobile at the temperatures
used in our experiments [7]. Meanwhile, according to recent theoretical data, the migration
barriers for the gallium (Vg,) and oxygen (Vo) vacancies were estimated in the range of 0.5-
2.3 and 1.2-4.0 eV, respectively [8]; notably the ranges are wide because of taking into
consideration different charge states and migration paths for the defects. Importantly, the E,
value from Fig.3 is within the Vg, migration barrier range, but out of the Vo range. Thus,
taking into account the fact that we analyzed the disorder in Ga sublattice, we attribute E, -
the dose-rate effect activation energy - with the migration barrier for Vga. Thus, our results
provide probably the first reliable experimental estimate of the migration barriers for Vg, in -

Ga,03, as reported in literature.

This work was performed within the Research Centre for Sustainable Solar Cell
Technology (FME SuSolTech, project number 257639) and co-sponsored by the Research
Council of Norway and industry partners. The Research Council of Norway is acknowledged
for the support to the Norwegian Micro- and Nano-Fabrication Facility, NorFab, project
number 295864.
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MOJUPHUKALUA CTPYKTYPbI HIOBEPXHOCTH YI'JIEPOJAHBIX BOJTIOKOH
N3 ITAH BbICOKOAO3HbIM HOHHBIM OBJITYYEHUEM
SURFACE STRUCTURE MODIFICATION OF PAN BASED CARBON FIBERS
BY HIGH FLUENCE ION IRRADIATION
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The surface patterns on PAN based carbon fibers under 30 keV C* and N* ions

irradiation were studied experimentally. The presence of ion-induced corrugation

wasn't observed after carbon-ion irradiation, as in over cases. The main reason for

this is the absence of changes in the level of displacements per atom v(x) under

carbon deposition conditions.

3HaUUTENbHBIA MHTEPEC UCCIEN0BAHHUN YIIEPOAHBIX BOJIOKOH M3 NOJIHAKPUIOHHTPHIA
(ITAH) o0ycnoBieH ux IUPOKUM HMCIIOJIb30BAaHUEM B KAYECTBE apMUPYIOIIUX HAIOJIHUTENCH
B YIJIEPOA-YIVICPOAHBIX KOMIIO3UTAX, SABJIAKOUIMXCA KOHCTPYKUHOHHBIMH MaTC€prUalaMu I
SICPHBIX PEAaKTOPOB, IUIA3MEHHOTO O00OpYJNOBaHUS M adPOKOCMUYEcKo# TexHuku [1].
OcobeHHocTs  yriaepoAusix  BomokoH 13 IIAH  3akmiouaercs B BBIPaXKEHHOM
JIBYXKOMITIOHEHTHOH CTPYKType, COCTOAIICH W3 TypOOCTpaTHOro sjapa W CTPYKTYPHO
COBEpIICHHOW TEKCTYpPUPOBAHHOW 000JI0YKH, 0O0pa30BaHHOW TI'paUTOBBIMU  CJIOSIMH,
OPHCHTHPOBAHHBIMU MO IIOBEPXHOCTH BOJOKHAa TakMM O0pa3oM, YTO OChb ¢ TIPa(pUTOBBIX
KPUCTAJUIMTOB HaIlpaBJICHa BAOJb paguyca BOJIOKHA. Pazmauuomloe BO3HCﬁCTBHe Ha
YrIICepoaAHbIC MaTCpualibl NPUBOAUT K CHIBHBIM TEMICPATYPHBIM 3aBHCHMOCTIAM (1)I/I3HKO-
MEXaHMUYECKUX CBOMCTB M ()OPMBI MaTepuaia, cM., Harpumep, [1]. F3BecTHO Takxke, 4To npu
O0Jy4eHNM MOHHBIMH IyYKaMH BBICOKOM HMHTCHCHBHOCTH, B 3aBHCHMOCTH OT 4YHCIA
NEePBUYHO BHECEHHBIX pAJMALMOHHBIX HapymeHuil (cmemenuid Ha atoMm, CHA) wu
TeMIeparypbl 00JdydeHHs, B TpadHUTONOJOOHBIX MaTepuajax HpPOUCXOJAT 3HAUUTEIbHbBIC
U3MEHEHUSI, KaK CTPYKTYpBbI, Tak U penbeda nmosepxHoctu [2,3].

s yrneponusix BosiokoH u3 ITAH, B 3aBucHMMOCTM OT mapameTpoB OOIydYeHHs,

XapaKTCepHO 06pa30BaHHe NEPHOANUYCCKOI0 MNPOAOJBHOIO M IONEPEYHOI0 OCH BOJIOKHA
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penbeda (roppuposanus BosokHa) [4]. Ilpu sTOM ObLIa IOKa3aHa CBA3b W3MEHEHHUS
Tonorpaguy MOBEPXHOCTH BOJOKOH C AHU30TPOIHBIMU paJHallHOHHO-HHIYLMPOBAHHBIMU
IUIACTUYCCKHMH TIpolieccaMd (pOPMOU3MEHEHUSI B BHIE JBOHHMKOBAHUS KPHCTAIUIUTOB H
3HAYUTEIHHBIM BIUSIHUEM (OPMBI Tpoduieii aeekToo0pa3oBaHus MpU OOIyYCHUH HOHAMH
UMHEpTHBIX ra3oB U aszora [4,5]. KiroueBas ponb penakcauuMu HampsbKeHUH —depes
ITACTMYECKHE IPOLECCh, BO3HUKAIOIIME NP HMOHHOM OOIy4eHHH B TpadHTONOZOOHBIX
MaTepuaiax ¥ BbI3BIBAIOIIME INMPOKMH HAOOp pasinMyYHBIX JACPEKTHBIX, B TOM YHCIIE
TPEXMEPHBIX CTPYKTYp, HOATBEPHKAAETCS TAKIKE PAJIOM ITyOnukanmii [6,7].

Hacrosimass paGoTa INpOROKAET HCCIEAOBAHME W aHAM3  CTPYKTYPHBIX |
MOP(OIOTHUECKUX H3MCHCHUH INIPU BBICOKOAO3HOM OOIY4YCHHMH YIJEPOJHBIX BOJIOKOH H3
ITAH aTomapHBIMH MOHAaMHM yIJIEpOJia M a30Ta, CPABHEHUBAsI UX C U3BECTHBIMH JIAHHBIMH I10
00JIy4eHNI0 HOHAMH aproHa H MOJIEKYJISIPHOTrO a301a [5].

O6nyuyenne nonamu C* u N* ¢ sueprueit 30 k3B mpoBoguiIM Mo HOpMainu K OCH
BOJIOKHA Ha Macc-mMoHoxpomarope HUWS® MLV [8]. diyeHcsl 00iyueHHsT COCTaBIISUIA
~6-10%8 cm?, Temneparypa o6iydenns usMensnack B auanasone 200-600°C. Ucnonb3oaiu
obpasup! yriepoaroro BosokHa u3 ITAH (Kyinon, BMH-4) u ofHOHANpaBiIeHHOTO yriepo-
yrieponsoro komnosuta KVYII-BM, apmupoBansoro BomoxkHamu BMH-4. IMocnexyrommit
aHaNU3  TNOBEPXHOCTH  OOpasloB  HPOBOAWJICS  HPH  HOMOLIM  CHEKTPOCKOIUH
koMOuHaIoHHoro paccestus csera (KPC), pactpoBoit anekrporHoi Mukpockonuu (POM) u
J1a3epHOi roHrnodoToMeTpun.

Jl1s cpaBHEHMS Pe3yJIbTATOB OOJNY4YCHHH Pa3MYHBIMM MOHAMU W SHEPTHAMH ObLI
MpoBelieH mepecueT coryacHo mnporpamMme SRIM  mpoduneidt medexroobpazoBaHus oT
r1yOUHBl MOAMGUIHPOBAHUS Gdam(X)-No (Gdam — ceuenue aedekTooOpazoBaHus, No-aTOMHAs
IJIOTHOCTB) B TIPO(HIIN CMEIeHHiT Ha aToM V(X), 10 METO/MKe, OmicaHHoii B [4]. Pesymnbrats
MOZICTTPOBAHUs [OKa3bIBAIOT CYIUECTBEHHYIO pasHuiy B (opme mnpoduieit v(X) mis
00TydYeHni MOHAMH YIJIepoJa U aTOMapHOro a3ora. [l aToMapHBIX MOHOB a30Ta MPOQUIb
v(X) coorBerctByer mo Qopme mpouisiM Ui HOHOB aproHa M MOJICKYJIIPHOIO a30Ta C
MaKCHUMyMOM Ha roBepxHocTH mumrenu [5]. st npoduneit v(X) mpu oGiydeHnH HOHAMH
yriiepona u3-3a koddduuuenra pacmbuieHus rpapura Y < | IPOMCXOAUT HAINbUICHUE
yrjiepoja Ha MCXOAHYIO IIOBEPXHOCTh BOJIOKHA, YTO BBIPAKACTCS B BHAC IMPOTSDKEHHOTO
MakCcHMyMa Ha TJyOMHY HANbUICHHOrO CJosi B 3aBHCHMOCTAX V(X). OTMeTHMm, 4TO
MakcuManbHble 4ucao cmetneHuid (~500 CHA anst aromapnoro azora u ~100 CHA s

yriepoa), 60JIblie II0OpOroBOro 3HaYEHuUs 110 TOPPUPOBAHUIO BOJIOKHA a30ToM, ~60 CHA [3].
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Ha Puc.1 npusenens: POM-u3o6paxenns Bonokon BMH-4 nocie 06iydeHus noHamu
aToMapHOro asoTa W yriaepoaa ¢ sHeprueil 30 x3B. M3 CHUMKOB BMIHA KapIWHAIbHas
pasHuIa B Mopdoaoruu noBepxHocTH. Ecimu 11 aToMapHOro asoTa, Kak M IS OOIydeHUs
MOJICKYJIIPHBIM a30TOM, HaOJI0aeTcs ro(pupoBaHUE MOBEPXHOCTH, TO JUIS YIiepoia B
MHTEpBAJC HCCIEJOBAHHBIX ~TEMIIEPATyp IIOBEPXHOCTb BOJOKHA COXPAHSET  CBOIO
OTHOCHTEIIBHYIO TNajKOCThb. IIpH 3TOM TEKCTypa Ha NOBEPXHOCTH BOJOKHA, OOIYyYEHHOTO
HMOHAMU YIJIEpOZa, IPH YBEIMYEHHH TeMmieparypsl oOmydenus no 600°C, mpereprneBaer

JIMIIb HE3HAYUTECIIbHBIC U3MCHCHUS.

Puc.1 POM-u3o0paxenus yriaepoaHoro BojokHa BMH-4 nocie o6iydeHns nvoHamu
aTOMapHOTro a30Ta (cieBa) u yriepona (cipasa) ¢ sHeprueii 30 k9B mpu temneparypax 350 u

400°C, COOTBETCTBEHHO.

AHanu3 cTpyKTYphl 00pasuoB npu momoum crekrpockonun KPC mokasan, 4ro B
untepane Temneparyp 200-600°C  juis  o0omx ciay4yaeB  OOMydCHHSI TPOHUCXOAUT
PEeKpHCTAITH3ALHS IPapUTOMOXOGHOTO CIIOS Ha IIOBEPXHOCTH BOJIOKHA, G0JIee CyIIECTBEHHAs
Hpu 00Ty4eHHH MOHAMH aToMapHOro aszota (Puc.2). ns ciydaeB OONydeHHs YriIepoioM
XapaKTEePHO YIIyUIICHHE CTPYKTYPbI IOBEPXHOCTU C YBEIHMUYCHHEM TEMIIEPATYPhl OOIyYCHHS.
VcraHoBieHHasT HauMeHbLIas ASPEKTHOCTb MUKPOCTPYKTYPBI MOCHE OOIydeHHs BOJNOKHA
HOHAMH aTOMapHOTO a30Ta 110 CPABHEHMIO IO CPABHEHHIO C OONyYEHHEM MOJIEKYJISPHBIMU
noHamu asota [9] Moxer o3HauaTh (OPMHPOBAHHE CIOS JOBOIBHO YIOPSIOYCHHOTO

rpauTONOLOOHOr0 HUTPHUIA YIIIEPOA.
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Puc.2 Cnexrpst KPC nocie BEICOKOZO3HOTO 00TydYeHHsI HOHAMHM a30Ta ¥ aproHa.

IlpuBeneHHBIE PE3yNbTaThl HCCIEIOBAHMN MOATBEPIKAAIOT 3HAUYUTEIBHOE BIIHSIHHE
pacnpeneneHuss AedexToB B MOIU(MHIMPOBAHHOM CJIO€ HA THI HOHHO-MHIYLHPOBAHHON
cTpyKTypbl. [IpuunHoii 0TCYTCTBUSI TOYPUPOBAHUS OBEPXHOCTH YIIIEPOJHOrO BOJIOKHA NPU
OOJydeHHM MOHAMH YIJepojia MOXET CIyXKHThb (DaKTop OTCYTCTBHS B pacTyIIeM
MMIUIAaHTUPOBAHHOM CJIOE€ M3MEHEHUI B pacrpesieNieHlu 1e(heKTOB MO IIIyOMHE U CBSI3aHHBIX
C OTUM  paJUalMOHHO-UHIYLMPOBAHHBIX Pa3MEPHBIX M3MEHEHMH, MNPUBOIALIMX K

MEXaHUYCCKUM HAIMPSKECHUAM B PACTYLIEM ITOBEPXHOCTHOM CJIOC.
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IMPLANTED WITH Zn IONS: INFLUENCE OF THE DEGREE OF
SUPERSATURATION AND HEAT TREATMENT
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The structural transformations in SiO2 layers implanted with high fluence of Zn ions
have been investigated. It has been found that annealing of implanted samples results
in the formation of zinc-based nanocrystals (Zn2SiOs for Zn ions fluence of
5x10% ¢cm and cubic ZnO for fluence of 1x10* cm?). The PL emission in the range
of photon energies 1.5 — 3.3 eV is registered for the implanted and annealed samples.
This emission is attributed to the radiation defects created in SiO2 matrix and in zinc-
based nanocrystals.

Wonnl Zn* (130 3B, dumroencsl 5x10% u 1x10Y cM?) MMILIAHTHPOBANMCHL TPH
KOMHATHOH TemIiepatype B 00Opaslibl, BHIPE3aHHbIE U3 TEPMOOKCHIMPOBAHHOI KPEeMHUEBOI
TUIACTHHBI € TOJLIMHOM ci10st okcuza 600 HM. 3aTeM MPOBOAMIICS OTXKUT 00Pa3LIOB Ha BO3/IyXe
(750 °C, 120 mumuyrt). [lus aHan¥3a pacrpejelieHds BHEAPEHHON NPHUMECH 110 TiIyOHHE,
CTPYKTYpHO-(ha30BbIX ~ NPEBPAIICHHII ¥ ONTHYECKUX  XapaKkTEPUCTHK  0OpasloB
HCHONIB30BAIUCH  METOIBI  pe3ephOpHAOBCKOTO 00paTHOrO  paccestHust (POP),
[POCBEYHBAOIIEH 31eKTPOHHOM Mukpockoruu (IIOM) u poronomuuecuentmu (DJI).

Ha pucynke 1 mpusenensl MmoxenupoBanubie (SRIM-2010) u paccuuTaHHble W3
criektpoB  POP  KOHIEHTpalMOHHBIE TNPOGMIM IMHKA B JUOKCHJE KPEMHHs IIOCIe

UMIUTaHTAlMU U TepMooOpaboTku. Paccunranusle u3 crekrpoB POP KOHIEHTpalMOHHbIE
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npoduan Jjuist  oOpasnoB cpasy MOCIe MMIUIAHTALMH OTIHYAIOTCS OT NpodHIIeH,
MOJICTUPOBaHHBIX B mporpamme SRIM, OTHOCHTEIPHO MEHBIIUM  HHTETPaTbHBIM
KOJIMYECTBOM BHEIAPCHHOW MPHUMECH, B TO BpeMsl KaK IIOJOXKEHHS MAaKCHMYMOB
koHuentpauun (Rp) coBmamaror. TepmooOpaborka mpu 750 °C MPUBOIUT K YMEHBIICHHIO
KOHIICHTPAIIMM HPUMECH s BceX o00pasnoB. MakCHMyMbl KOHIIEHTPALUM IIpUMeceii
pacrosnoxeHsl Ha rryoune 90 HM, KOHIEHTpAIMs LIMHKA B MaKCUMyMe cocTaBisieT 6 ar. %
s puoenca 5x10% ecm? u 12,5 ar. % s pmoenca 1x10Y cm2. TlyTem nHTErpupoBaHus
IUIOMIA/IM IO/l PACCUMTAHHBIMU M3 CrieKTpoB POP KpHBBIMH OLICHEHBI MOTEPH MPHMECH B
npolecce HOHHON MMIUIAHTAlUKM M TMOCIEAYIOmHX TepMoobpaborok. Hambomnbimas morepst
npumecn (1o 45 %) Habmojanachk mociae TepMooOpabotku Ui obpasua ¢ OONBLIINM

¢moencom umnanTamuu (1x107 em?).
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1 — o6pasen nociie UMILIaHTaLKK, 2 — oOpasen nocie omxura (750 °C, 2 q)

Pucynox 1 — Monenupoantsie (SRIM-2013) u sxcnepuMeHTa bHbIe IPOQGUIH
pacrpezeseHust MPUMECH LIMHKA, UIMIUIAHTHPOBAHHOTO IIPU KOMHATHOM TeMmiieparype
¢ pmoencamu (5x10% cm?) (a) u (1x10% em?) (6) no ry6une cnos SiO;

ITo naunbiM IIOM rmociie UMIUTAaHTAUMK LMHKA B JAMOKCHAC KpEeMHHS (opmupyercs
CIIOH ¢ HAHOBKITIOUCHUSIMH IIMHKA pa3MepoM 1-2 HM B cilydae MEHbIIEro (IIIoeHca, B CIydae
6oubLero GiroeHca pa3mep BKIIOUeHHUI cocrapisier 5-7 HM. [locnenyromas TepmMooOpadoTka
(PUCYHOK 2) TIPHBOJHMT K CYLICCTBEHHOMY IepepaclpeeeHHI0 BHEAPCHHOH MPUMECH U
CTPYKTYpHBIM  TpaHCc(opMalMsiM B HMMIUIAHTHpoBaHHOM  cioe. Jlns  oOpasia,
MMIUIAHTUPOBAHHOTO MEHBIIMM  (DIIOGHCOM, XapakTepHO (OPMHPOBAHHE AarJIOMEpPaToB

pazmepoM 10 50 HM U3 MEJIKHX KIacTepoB (pucyHok 2 a, 0). Ha rioybune 70 HM oT
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MOBEPXHOCTH 00pasia PEerucTpUPYIOTCS OJMHOYHBIC KiIacTepbl pa3MepoM 5-6 HM n
OIMHOYHBIE arjomeparsl pasmepoM oT 10 no 20 M. B obmactu rioyoun (70-120 HM)
PacIonoKeH BTOPOH CIIOM arjoMeparoB, IMPUYEM MX pa3Mepbl COU3MEPHMBI C TOJIIMHOMN
storo cios. Tperuii cnoit Ha riay6oune 130 — 180 HM COAEPKUT NPEUMYIIECTBEHHO MEIIKHE
BKJIIOYCHUS ITMHKA (pa3MepaMu oT 2 10 5 HM). OTCYTCTBHE KJIACTEPOB B IPUIIOBEPXHOCTHOM
001aCTH CBUJICTENIBCTBYET O HE3HAUMTENBHOH IM((dy3Hn aTOMOB LUHKA K MOBEPXHOCTH MPH
750 °C, uro cornacyercst ¢ jaHHbIME POP.

a

Zn:Si0;

e

C(Zn)ma=12%

Pucynox 2 — CeetnononsHsie [I9M-Mukpodororpaduu B pexime miaHapHoTo (a, B) B
nioriepedHoro (6, r) ceuennii crpykryp SiO2/Si, MMIUIAHTHPOBAHHBIX HOHAMH ZN C
dmoencamu 5x10 (a, 6) u 110" (8, r) nocsie TepmooGpabotku 750 °C 2 u
(Ha BCTAaBKE [PE/ICTABIICHbI KAPTHHBI AICKTPOHHON JU(paKLm)

IToMuMoO yKpyIHEHHUs KIAaCTEpPOB TepMOOOPAaOOTKA MPHUBOAMT K YBEIMYCHHIO UMCIIA
BKJIFOYEHHUH, TMOKPBITBIX OKCHIHOW 006oi0ukoif. B ciydae Ooibiiero duroeHca OTXKHT
MPUBOJUT K BO3PACTAHUIO Pa3MEPOB INPEHMNHUTATOB 10 10 HM M K CYyXKEHHIO ClIosi C
MIPeLUNUTATaMH, JOKATN30BaHHOTO Terneps Ha riryoune or 30 mo 120 M (pucyHok 2 B, T).

PacueTbl MEXKIIOCKOCTHBIX PACCTOSHMI M3 KapTHH DJIEKTPOHHON IM(PAKIHUHU TOKA3aIH, YTO
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B ciiyyae 06pasioB ¢ MeHbIMM QuioeHcom (5%10'6 cm?) B mpomecce TepmMoo6GpaboTKH
dopmupyercst pasa pombuueckoro ZnzSiOs [1], a B ciaydae OOnbuiero ¢uroenca — Qasza
Kyoudeckoro ZnO [2].

Ha pucyHke 3 mpejcraBieHbl 3aperMCTPUPOBAHHBIC TP KOMHATHOM TemIiepatrype
criekTpsl OJI uMIuIanTHPOBaHHBIX cioeB SiO2 xo u mocne omxura (750 °C, 2 4 Ha BO3/yXe).
B cnekrpax ®JI 06pa3nos cpasy mocie UMIUIAHTALMU JOMHHUDYET 10JI0Ca B CHHEil obnacTn
crekTpa ¢ MakcumymoMm 1ipu ~2,81 5B, a Takxe Oonee ciabas mosnoca B KeATOW 00nacTu
cnekrpa npu ~2,18 3B. Ipuposa HabII01aEMOT0 CBEYEHHSI CBsA3aHa ¢ Je(heKTaMK B MaTpUIe
nuokcraa kpemuus [3]. TepmooOpaboTka NPHBOJUT K yMeHbLIeHN 0 nHTeHcuBHOCTH DJI st
BCEX 00pasLoB, YTO NOATBEPXKAACT AeeKTHOE NpoucxoxkaeHue ceedeHus. B dJI obpasnos
[oCjIe OTXKUra BHOCHT BKIan cBeuenue oT a3 ZnzSiO4 [4] u ZnO [5] mis 0Opasuos,
UMIUTAHTUPOBAHHBIX MEHBIIMM M OOJIBIIMM (III0OEHCAMU COOTBETCTBEHHO. B ciryuae obpasia
¢ 6onmpumM Quroercom mocie o6padorku npu 750 °C mposiBriIack nojioca B YO nuanazoHe
npu 3,25 5B, oOycnoBnenHas KpaeBoii dSmuccueil HaHokpucramioB ZnO. Cnabas
UHTEHCUBHOCTH  curHana DJI, mpeanonoxurenbHo, oO0ycioBieHa aroMamu  Zn,

HaxoAmuMucs B MaTpuiie SiO2 B paCTBOPEHHOM COCTOSIHMHU (HE B COCTaBE HAHOKJIACTEPOB).

1

1, 2 — nocJie UMIIAHTALINN;
la, 2a — nociie omkura 750 °C, 2 u

Pucynok 3 — Crekrpbl ®JI 06pa3iios SiOs,
MMIUIAHTUPOBAHHBIX [P KOMHATHOM
temnepatype nonamu Zn* (130 kaB)

¢ pmoencamu 5x10% cm? (1, 1a) u
1x10Y em? (2, 2a)

VIHTEHCUBHOCTB, OTH. €]1.
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WOHHO-JTYYEBASI MOJU®HUKAIIUA CTPYKTYPBI 1 CBOVICTB OKCHJIA
'AJIIUA
ION-BEAM MODIFICATION OF THE STRUCTURE AND PROPERTIES OF
GALLIUM OXIDE
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India

The effect of the main parameters of magnetron deposition on the properties of
Ga20s films deposited on sapphire substrates, as well as the modification of their
structural, optical, and electrical properties by ion implantation with subsequent
annealing are analyzed in the present report.

B rTeuenue Oosee TOMyBeKa OCHOBHBIM  IOJYIPOBOJHUKOBBIM — MAaTEPHAIOM
9JIEKTPOHHOM TEeXHHUKH ObLT (M ceifyac ewe ocraercs) kpemMuuid. OIHAKO B MMOCIIEIHEE BPEMsl
JUIs psiaa oOnacTell TEXHMKH, TAKMX KaK CUJIOBAsi SJIEKTPOHMKA M CEHCOPHUKA, MOBBICHIICS
CIpOC HAa IIMPOKO3OHHBIC IONYNPOBOAHMKH. JIMmpyromue IO3MIHM CPeId TaKHX
HOJIYIPOBOAHHUKOB IO PSITy BOXKHBIX M BO MHOI'OM YHUKAIBHBIX CBOWCTB 3aHMMAET OKCH]
rajuiMs ¥, 0co0eHHo, ero Hanbosee crabuibHas PB-moaudukauus [1]. Braromaps mwupokoit
3alpelleHHOH  30HE,  OKCHJA  Talulisd ~ MOXHO  HCIIONB30BaTh UL CO3JAHUS
BBICOKOTEMIIEPATYPHBIX T'a30BBIX CEHCOPOB, Y® «COIHEYHO-CIIENBIX» JETEKTOPOB, CHUIOBBIX
JUOZIOB U TPAH3UCTOPOB, TOHKOIUICHOYHBIX AJICKTPOJIOMHUHECLECHTHBIX IHUCILICCB U JIp.
OO6pa31bl OKCHAA TAJUIHS SBISIOTCS JOCTATOYHO CTOWKMMH K PajJMallid U MOTYT COXPaHSTh
CBOM CBOMCTBAa NpPH BBICOKMX TEMIEpaTypax M B arpeccHBHbIX cpemax [2]. OGbemHbIe
KPHCTaJLIbl OOJBIIOTO JUaMeTpa MOTYT OBITh BBIPAICHBI M HCIIONB30BAHBI B KAueCTBE

IMOJIOKEK MPU SIMUTAKCHH.
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Kak M3BECTHO, MHKPOAJIEKTPOHHKA CBOMMH KOJOCCAJIBHBIMU YCIIEXaMH BO MHOTOM
00s13aHa MOHHOM MMIUIAHTAlMM — KIFOYEBOMY METOLy B TEXHOJOTHH NPAKTHYECKH BCEX
IOJIyTPOBO/IHUKOBBIX ~YCTPOMCTB. JIOCTOMHCTBAMH OSTOrO METOJA SIBILIIOTCS: TOYHAs
JIO3UPOBKA JICTHPYIOIINX MPUMECEii; BO3MOKHOCT KOHTPOJIMPOBATh MX MPOCTPAHCTBEHHOE
pacrpezieieHue M HCIONb30BaTh I MOAMMHKALMU CBOWCTB I'€HEPUPYEMbIC MPH HOHHOM
00Ty4YeHNH paJUallMOHHBIC Ie(EeKThI («HHKEHEpHs AC(EKTOBY»); CPAaBHUTEIBHO HEBBICOKUE
TEeMIIepaTyphbl, TPEOYIOMECs B TEXHOJIOTHH, U PSiL IPYTHX [IPEUMYIIECTB. 3HaUYCHUE HOHHON
uMIUIanTaunn st Ga2z03 JOMONHUTEIBHO BO3PAcTaeT B CBS3U C TPYAHOCTBIO IOTy4YEHHS
Marepuana p-tuma. Jns  OpeojoNeHMs  3TOM  TPYJAHOCTH  TNPHUBJICYEHHE  TaKOro
«HEPaBHOBECHOI'0» METO/Ia, KaK HOHHAs MMILIAHTALHs, TIPEICTABIISICTCS IEPCIICKTHBHBIM.

Hccnenoanus B o61acTu HoHHOH uMIutanTanun Gaz03 Hayaauch COBCEM HENABHO M
[IOKa 3aTPOHYJM JIMIIb CPABHUTEIBHO HEOOJBIIOH KpYyr MpoGieM (yHIaMEHTAIBHOTO |
npukiagHoro xapakrepa [3]. Tem He MeHee, yxke IPOAEMOHCTPHPOBAHA MEPCHEKTHBHOCTH
JAHHOT'O METO/A JULsl PsiZia BaXKHBIX [IPAKTUYECKUX PUMEHEHHUH. B yacTHOCTH, ycTaHOBIEHA
BO3MOXKHOCTb CYIIECTBEHHOT'O YJIYYIICHHS! CBOMCTB OMMYECKMX KOHTAKTOB U (hOPMHUPOBAHHUS
KaHAJIOB IIOJICBBIX TPAH3UCTOPOB IyTEM MOHHOIO JICTMPOBAHHUs, OOHApY’KEHa BO3MOXKHOCTb
KOHTPOJIMPYEMOTO TIOBBILICHHUS YJEIBHOTO conporuBieHuss N-Gaz03 myreM HOHHOrO
JICTUPOBAHMs AaKIENTOPHBIMH HPHUMECSAMH, pa3paboTaHa METOAMKAa HOHHOTO CHHTE3a |
HOHHON MOJM(UKALNKY HAHOCTPYKTYP JUISl CO3JAHHUS ONTOICKTPOHHBIX mpubopos. Kpome
MeTOZla WOHHOW HMIUIAHTALMH, CYIIECTBYET METOJl, B KOTOPOM MPOHCXOJUT HOHHOE
o0ydeHHe B TpoOILecce POCTa IUICHKM — METOJA MAarHeTpOHHOTro ocaxaeHus. Ilpu ero
peanu3anuy TaKKe BO3MOXKHO OTKJIOHEHHE OT PaBHOBECHBIX YCJIOBHH, 4TO, KaK U B CIydyae
MOHHOMW MMIUIAHTALIMH, 1aeT BO3MOKHOCTb HCIIOJIb30BAaHMS HHKEHEPUH J1e(EKTOB.

B Hacrosimieil paboTe NpencTaBiIeHbl Pe3yJbTaThl MCCICAOBAHHS BIMSHHS OCHOBHBIX
MapaMeTpoB MAarHETPOHHOTO OCaXACHHs Ha cBoiicTBa IuieHOK Gaz0s, HAHOCHMBIX Ha
HOJUIOKKHM candupa, a TakKe MOAU(PUKALNE CTPYKTYPHBIX, ONTHYECKHX U DIEKTPHYECKHX
cBoMcTB IeHOK Gaz03 METOIOM HOHHOM MMIUIAHTALIMH C TIOCIEAYIOIINM OT)KUIOM.

Ocaxzaenne mieHok Ga:03 Ha noutoxku candupa c-cpesa (0001) npousBoguinocs Ha
MoJiepHU3UpoBaHHON ycraHoBke YBH-2M. B mporecce pocra BapbUpOBaIMCh MOIIHOCTh
BU-reneparopa, naBiaeHune B paboueidl Kamepe M PEKUM IOCIEIYIOIIErO OTXKHUIa.
Umrutanraiys Si* npoBouiach [Uiss MarHeTPOHHbIX MIeHOK Gaz03, mosy4eHHbIXx B ToMCKOM
rOCYJIapCTBEHHOM YHHBEpCHTeTe Ha cepuitHoi ycranoBke Edwards Auto-500. ITocie
UMIUIAaHTAalMKM  00pasibl OTXHTamuch B arMmocdepe ocymeHHoro asora (30 muH).

HccnenoBanus CBOWMCTB 06pa3u03 NpOBOAMINCH METOAAMHU KOM61/IHaILHOHHOF0 paccessHus
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ceera (KPC), onrtuueckoro npomnyckanust (OIT), aromHO-cmiioBoit Mukpockonuu (ACM),
PEHTreHOBCKOW (hoTodIIeKTpOHHOM criektpockonun (POIC), peHTreHOBCKOi audpakiun
(P1) u Mmetomom uzmepenus 3¢ dexra Xomia.

Anamus crnektpoB KPC s ruteHOK, ocak[IeHHBIX Ha carndupe 6e3 mogorpesa
HOUIOXKKU (BpeMsi ocakaeHus 20 MHH) M IOCIIENOBATENbHO OTOXOKEHHBIX Ipu 750 °C u
900 °C mo 30 muH (puc. 1), M03BOIMI YCTAHOBHUTD, YTO H3MEHEHHUE JaBICHUS pabO4ero raa u
MOIIHOCTU TEHEepaTopa CyIIECTBEHHO BIMAIOT HA HAapaMeTPhbl CIEKTPANbHBIX JHHHH. [Ipu
9TOM HAWIIyUILINH Pe3yJbTaT ¢ TOYKH 3PEHUS CTPYKTYPHOTO COBEPLICHCTBA JOCTHIACTCS MPH
OTHOCHTEJIBHO HU3KHX JIABIICHUSAX U TOBBIIICHHBIX TeMiepatypax omkura. M3 nanusix KPC u
PJ1 caenyer, uro oxcua ramms Gpopmupyercs B Buae B-dasbl.

Ga,0, Ha candupe (aaenexve 3.7-10° Topp) Ga,0, Ha candmpe (900 °C, 30 MuH)

(@) R (6) 1=

onk 2 [ hoao,

1600,
|nasnenue paGovero rasa
[MowocTs BY renepatopa)

1 0.7210" Topp (54 Br)
7] 1.3-10° Topp (73 Br)
3 3.7-10° Topp (72 BT)
l4 ——7.2:10” Topp (63 Br)

©

WHTEHCUBHOCTB, OTH. e,
2
3
WHTEHCUBHOCTB, OTH. e[,

N G A ! dasdi 11 L i L hrstiAnn s
300 400 500 600 700 800 100 200 300 400 500 600 700 800
PamaHOBCKUiA cABUT, CM ™' PamaHoBCKwuiA casur, cm
Puc. 1. Cnexrpsl KPC, nocTpoeHHbIe B 3aBUCUMOCTH OT TEMIIEPATypbl OTHKUIa MAaTHETPOHHBIX IJICHOK
Ga03 (a), pabouero paBieHus 1 MOIHOCTH BU-reHepaTopa mpu 0ca)ieH!UN TUX TIIEHOK (0).

i
100 200

Jlns u3ydeHus BIMSHHUS MMILUIAHTAl[dM MOHOB JIOHOPHOM IPHMECH — KPEMHHS — Ha
CBOWCTBAa MArHETPOHHBIX IUICHOK OKCH/a Tajuius, ObUIM CliepBa ONpE/EICHbl 0COOCHHOCTH
HCXOAHBIX TuIeHOK. Cpasy Toclie HaHEeCeHMs, cornacHo JaHHbIM PJI, TieHka umena
amopQHuyro cTpykrypy. [Tocie omkura B armoc(epe aprona npu temmeparype 900 °C (30
MUH) IICHKa IIepeluia B IMONMKpUcTauiueckoe cocrosHue. CornacHo paHHeiM ACM c
(dopmupoBanueM cryneHbku (oronurorpaduei, TONIMHA IUICHKH cOCTaB/LsuIa 138 HM.
OG6uyuenre NpoBoAMIIOCh oHamu Si* ¢ sHeprueit 85 k9B 1 gozamu 2-10%4, 4-10% u 8:10% cm”
2, TlapameTpbl pacnpeielieHusl MOHOB pPacCuMThIBaiuCch 1o nporpamme SRIM: cpenuwmii
npoenupoBaHHbIl Hpober Rp =67 M u crparrmuar ARp =29 HM. BriOpaHHBIC yCIOBHS
o0iydeHuss 00ECHeYMBAIM  PACIPE/CICHUE HMIUIAHTUPOBAHHBIX aTOMOB B  Ipejeiax
tonuuHbl tieHkd. CorylacHo JaHHbIM KPC, oOnydeHue NOJMKPUCTAIMYECKUX IUIEHOK
NPUBOAUT K PasyNopSJOYCHUIO KPHCTAIIMYECKOH CTpykTyphl. Ilpm mociemyromux
BBICOKOTEMIICPATYPHBIX OT)KMIAX JIMHMM PAMAaHOBCKOTO pAacCesiHHsi CTaHOBATCsS —Ooiee

UHTCHCUBHBIMHU, U OXTHOBPEMCHHO Ha6n}oz[aeTcs{ TCHACHIUA K YMCHBIICHUIO INUPUHBI JIMHUHA.

45



O6a »o5tMX (pakTa CBHJCTENBCTBYIOT O YAaCTHYHOM BOCCTAHOBJIEHHHM CTPYKTYPHOTO
COBEpIICHCTBA MaTepuana npu omkure. [Ipu aTom, yeM Gonblie 103a, TEM MEHbIIE CTEIEHb
BOCCTAHOBJICHHS IIPU JAHHOMU TeMIeparype.

Just ompenenerust 3()GEKTHBHON IIHPHHBI 3alPEIICHHOW 30HBI HCCIIEIOBAIHChH
crextpsl OIT u nannpie PODC. Pe3ynpTaThl H3MEpeHHN NEMOHCTPUPYIOT, YTO OOJIydeHHE
HPUBOIUT K CHIKCHUIO () (PEKTUBHOI MIMPUHBI 3aMpeIleHHoit 3001 Eg. C pocToM 10361 9TO
cHipkenue ycunupaercs. [locnenyromuii omxur npu 700 °C npuBoauUT K BOCCTaHOBJIEHHIO Eg,
a IpH JONOJHHTEIbHOM oTXure mpu 950 °C — k 3HaueHussm Eg, sexamuM naxe Bbliie
HCXOJIHBIX, YTO CBA3aHO C OT)KMIOM JIe()eKTOB, OTBETCTBEHHBIX 3a yMeHblIeHHe Eg. 3Hauenune
IIMPHHBI 3AMIPELICHHOM 30HbI UL UCCIELYeMbIX INICHOK IPH 9TOM BapbUpPOBAJIOCH OT 4.6 5B
10 4.9 oB.

C ueibl0 YCTAaHOBJEHHs BIMSHHS JIETHPOBAaHMS HOHamu Si* Ha syeKTpHYecKue
CBOWCTBA YKA3aHHBIX IUICHOK B OJHHX M TEX )K€ YCIOBUSX HMIUIAHTAMH M OTKHTa
HPOBOAWIMCH TAaKXKe SKCIEPHUMEHTHI C MACCHBHBIMU IOJTYyH3OJUPYIONMMH oOpasuamu -
Ga203 (opuenrauust (010)). YcraHOBIEHO, YTO B MACCHBHBIX 00pa3lax IpH HOHHOM
JIerMpoBaHUM  (OPMHUPYETCSs ~ HHU3KOOMHBI  CIOM  N-Tuma,  TOorga  Kak  Juist
MOJIMKPUCTAUINYECKUX MAarHETPOHHBIX IUICHOK INIPH YKa3aHHBIX PEXHMMax 3a(HKCHPOBAThH
HAJINYUE HPOBOMSIIEIO CJIOS NPU MCIOJIb30BAaHHBIX B paboTe ycnoBusx He ynaercs. Ilo-
BHIUMOMY, 3TO CBSI3aHO C TEM, YTO B TAaKHMX IUICHKaX OCHOBHOW BKJIaJ B COIPOTHUBICHUE
BHOCSIT IPaHUILbI 3epeH. [lepexos B 21eKTpUUECKH aKTHBHOE COCTOSHUE UMIUIAHTUPOBAHHBIX
B TPaHHIbl 3epeH aToMoB Si 3aTpyAHEH H3-32 B3aMMOJCIHCTBHSI C 3epPHOIPAHHYHBIMH
nedekTaMu M BCIICACTBHE aMOPGHONOZOOHOTO COCTOSHMS MaTepHana B TpaHHIAX, II0
KpaliHel Mepe, NP HALMX YCIOBUAX AKCIIEPUMEHTA.

Taxum 06pa3oM, B paboTe M3y4eHbI CBOICTBA MIEHOK f-Ga203, 0caxaeHHBIX METOIOM
MAarHeTpOHHOTO OCAXACHHS M MOJBEPTHYTHIX MOHHOW MMILtaHTaiuu. [Ipemmonaraercs, 4To
HCIOJIB30BAHHE JAHHOTO II0AX0oAa OyJeT CHOCOOCTBOBATH PELICHHIO TaKOH BaXKHOM
npoOneMsl, KaK IMONY4YEeHHE OKCHJA TaIMS P-THIA, YTO 3aTPYJHEHO OCOOCHHOCTSAMH €ro
9HEPreTHYECKON CTPYKTYPhI B PABHOBECHBIX YCIIOBHSIX.

UccnenoBanne mopmepkano rpantoM POOU-BPUKC (Ne 19-57-80011). Pabota
Huxonsckoit A.A. nopuepxana crunenaueii [pesunenra PO (CI1-1894.2021.5).
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KAPBOKCH/JHBIE U30JIMPYIOIIUE CJIOU B UMINIAHTUPOBAHHOM
MOJIEKYJISIPHBIMA HOHAMHU CO* KPEMHHUU U KHU CTPYKTYPAX
CARBOXIDE INSULATING LAYERS IMPLANTED WITH MOLECULAR CO +
IONS IN SILICON AND SOI STRUCTURES

K.B. Pyzenko!, C.I'. Cumakun?, C.M. Tapkos?, A.K. I'yTakoBckuii?,

B.U. Baosun?, B.A. Auronos?, ®.B. Tuxonenko?, B.I1. IToros 2

Y dTHAH PAH, Haxumosckuii np. 0.36 k.1,117218, Mockea, Poccus, rudenko@ftian.ru
2 UDIT CO PAH, np. ax. Jlaspenmuesa, 0.13, 630090, Hosocubupcx, Poccust

Proton isolation due to the high density of radiation defects was used for the
manufacture of radio frequency GaAs devices. Such defects in Si CMOS or solar
cells, also capture but this method has a low thermal stability. The nanoscale
inclusions of SiC and SixCyO in CO* molecule ion implanted Si and SiO2 form a
bend of the silicon band providing an isolation instead of unstable radiation defects
similar to the insulating layer in the p-n junction.

[TpoToHHas M30JALKS NOJYIPOBOAHUKOB 3a CYET OOJIBIION IUIOTHOCTH PaJHalliOHHBIX
ne(eKTOB MPUMEHSNACH TSl H3TOTOBJICHHS PAJHOYACTOTHBIX YCTPOWCTB HAa apCEHUJIE TaJlINs
[1]. B xpemuneBsix KMOII npuGopax MM COMHEYHBIX 3JIEMEHTaX Takue AC(EKThl TakkKe
3aXBaTBIBAIOT HOCUTEIM 3apsijia Ha TPaHHUIE C OKCHAOM, YTO HPHUBOAMT K CHUKCHHUIO
[POBOJMMOCTH ¥ TOKOB YTEUYKH, HABEICHHBIX IOJOXKUTEIbHBIMU 3apsigamu B okcuze [2].
HemoctaTkoM 3TOro MeTona SBISETCS HEBO3MOXHOCTh ero ucroib3oBanus B KMOII
TEXHOJIOTHM H3-3a HU3KOW TepMHueckod crabuibHOCTH. [lOMHATH TeMIlepaTypHYyHO
CTaOMIIBHOCTh YAAJOCh Ha TOHKOIUICHOYHBIX CTPYKTYpax C HCIIOJB30BAHUEM aMOPQHBIX
CJIOEB KPeMHHMS MOCI€ HMIUIAHTALMM HOHOB aproHa Ar+, HO TOJIBKO VIS IOJABJICHUS
a¢dekra mapasUTHON MPOBOAUMOCTH BAONL cjos SiO2 Ha BBHICOKOOMHOW IOIUIOXKKE
Gecrurensroro kpemuust (FZ Si) [2]. Temneparyphas cTaGWIIBHOCT IIPH 3TOM BBIPOCIA
HE3HAYUTENBHO [3], HO ONTHMH3ALMs [1apaMETPOB SHEPrHH - (IIroeHCca MO3BONMIN (HpMe
IBM BHEIpUTH IIOXOXYI0 TEXHOJOTHMIO B MpOMbINLIEHHOe mpousBoactBo RF IC ¢
npoekTHbIMH HopMamu 180 HM [4].

Hanopa3MepHble BKIOYCHHS LIMPOKO30HHBIX MOIYIPOBOJHUKOBBIX HAHOKPUCTAIIOB
SiC u pmwdnexkrpuueckux amopdHeix mpocioek SixCyO (Puc.l) cosmaBammch BMecTo
HEeCTaOMIBHBIX PaJHAllMOHHEIX Je(eKToB 00mydeHreM Ha umiutantTepe IBS-200 ucxoausix u
OKHMCICHHBIX IUTacTHH kpeMmHusi umoHamu CO* u N2* ¢ smeprueit E = 90 u 200 k3B

pmoencamu ® = (5-25)x10%° cm? npu Timp = 100-300°C u yrite nagenus 7° 10 BHEAPEHHUS
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nonoB Hz* (E = 120 x3B) B 0HOpHBIE MIACTHHBI, CpalMBaHus (OOHIMHIA) M TEPMHUYECKH

MHIYLMPOBAHHOTO CKaibiBaHus Metogamu SmartCut® (S-SOI) u DeleCut (D-SOI) [5].

Fig 1. The SEM microimage (a), EDX data for the SixCyO interlayer on the Si substrate in the right
yellow box with 15 at.% C and 5 at.% O atoms after the 350 nm thickness SiO2, BOX layer etching in
the diluted HF acid (b). HRTEM microimage of SiC precipitates with moire in the highly disordered
Si lattice left side near the former SiO2/Si substrate boundary after COIl with energy E = 90 keV,
fluence F = 3x10® cm? and annealing at 1100°C during 1 hour. In the inset the corresponding Fast
Fourier Transform (FFT) image (c).

Jonst Toka nonoB N2* B mmyuke He mpeBbliiiana HECKOJIBKUX MPOLIEHTOB U OLEHUBAJIACH [0
OTHOLICHHIO TOKOB aTOMapHbIX HOHOB IN+/Ic+ = 2%, a Taroke 110 MHTErpany npoduis azora
(Puc. 26). [TpoGern nonos H* ¢ sneprueit 60 k3B, a taxke C*, N*, O* npu sueprun 200 kB
JUISL MOJIEKYJIAPHBIX MOHOB ¢ Maccoi M = 28 a.e.M. cocraBisuin 550, 247, 244 u 265 HM, 4TO
reTTePUPOBAHKE BOJOPOJA NPEUUIUTATAMUA HJIM B HEpPeHOCHMOM (mpubopHOM) cioe Si
toiuuHor ~300 HM, MM B KpeMHHeBOW mojioxkke (Puc. 2, 3) 3a cioeM 3aXOpOHEHHOTO

okucna (BOX) npu omkurax B neun (FA) wim GbicTpeIX TepMudecknx oopaborkax (RTA).
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Fig. 2. SIMS distribution profiles of main impurity and isotope atoms in UTBB D-SOI structures with
CO* implanted with energy E = 90 keV and fluence F = 1x10'® cm, into the substrate through BOX
SiO2 (40 nm) after the bonding step and the layer-by-layer oxidation/etching and removal of the Si
layer in boiling ammonia (a). Concentration profiles of 2C carbon, *N nitrogen and **0 oxygen atoms
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in the Si substrate of the D-SOI structure at the boundary with a 40 nm SiO, BOX layer (b) and
carbon, fluorine and chlorine atoms in the 350 nm thick SiO, BOX layer (as in Fig.1a,b) after the O/E
and removal of a silicon layer in boiling ammonia (c).

Cron KpEMHUs B SOl CTPYKTYpax 3aTCM YTOHUYAIUCH ITOCICAOBATCIIBHBIMU OIICpAlIUsIMA
xsoproro okucienus npu 1100°C / crpasnusanust (O/E) oxucnennoro cnost B 1% pacrsope
HF no tommua SOI cinoe 50-200 um. ITogo6HEI retrep GOpMHUpOBANCS TAKXKE B IOUIOKKAX
SOl crpykryp umiutantanueit nonos CO* u N2* ¢ sueprueit 90 u 200 k9B B Tepmudecku
OKHCIIEHHbIE TOI0KKH Si depe3 cioit SiO2 Tonmmuoit ot 40 1o 350 M g0 Gonaunra. B
SiO2 npoGern noHOB mpu dHeprusix E<100 k3B mpakTHyecku cOBHAAaOT ¢ mpoberamu B
KpeMHHH. YacTh KpeMHHEBBIX IUIACTHH Uil KOHTposbHBIX SOl crpykryp Obuta 6e3 COIll
rerrepa. [5]. B Hux monoOHble aHTUTOYKH (GOpPMUPYIOT BONM3M ceOst M3rub 3amperieHHoi
30HBl KPEMHHS, AHAJOTUYHBIH H30JHPYIOIIEMY CIOI0 B P-N Iepexone, W TapaHTUPYIOT
OTCYTCTBHE IOJBHKHBIX HocuTenei 3apsaa (Tabu.1).

Table 1. The sheet resistivity (Ohm/sque.) for both the COIl getter (CO* ion energy E = 90 keV and
fluence F = 1.0x10%cm?) side and backside of Czochralsky n- and p-type wafers after the FA thermal
treatment at 1100°C during 1 hour.

Wafer side? n-type 0.5-1.0 n-type 5-10 p-type 0.3-0.6  p-type 10-20
COll layer 1914 3320 34007 4200
Back side 193 165 170 230

AWhole wafer thickness 470 pm; PCO* ion energy E = 200 keV and fluence F =2.5x10%cm? after the
RTA at 800-1000°C during 30 s.

[Mapamerpel nceBpo-MOII-TpansucropoB u panubie C-V mocie HOCIEAOBATEIBLHOIO
oxucnenus/tpasienus npu 1100 °C mo-mpexxHeMy yKa3bIBalOT Ha HHU3KYIO KOHIEHTpPALUIO
JNMEKTPOHOB B moanoxkke (Puc. 5). B obmacti OTpHLATENBHOTO CMELICHHS, KOTJa
peanusyloTcsi  yClnoBusi oQoramieHust cinos  Si o JpIpKaMH M HCTOLUEHHUS  IIOUIOKKH
9JIEKTPOHAMHU, EMKOCTh CTPYKTYPbI OIPEIEISIETCs JUAIEKTPUYECKON EMKOCTBIO, KOTOpasi,
SIBJSIETCS. CyMMO#M TIPOCTPaHCTBEHHBIX 3aps[0B B JMAJICKTPHKE M IUIOTHOCTBIO 3apsJoB
COCTOSHMII Ha TpaHMIE pasfena OOKCOBOTO CIOS M CIOS KPEMHHMS, BKIIFOYAS TOIOXKY.
Xapaktepuctuku CV Ha Bcex yactorax 1-1000 kI'Iy MMEIOT BHJ, 0KHIAEMBIil 11 OOBIYHOM
crpykrypsl SOl ¢ kpemurem p-tuna. Toku yreuku uyepe3 BOX mexy crokom u 3arBopom D-
SOI nceBno-MOII-Tpan3ucTopa yBeIM4MBAIOTCS ¢ yBeianueHueM ¢uroenca F moHoB CO+
npu F>5x10'® cm2. Tloporosoe HampsikeHue Vin IS SIEKTPOHHOH NMPOBOAMMOCTH KaHaua
riceB10-MOII-TpaH3uCTOpPOB yMEHbIIAETCS ¢ yBeanueHueM ¢uroeHca F 3a cuer yBennueHust

MOJIOKUTENBHOTO 3apsiaa BHyTpu BOX.
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Fig. 3. The drain-gate characteristics of pseudo-MOSFET D-SOI structures with a thin 40 nm SiO;
BOX layer on silicon with a hydrogen getter created before the bonding stage by the CO* ion
implantation with fluences FF = 1.5-3.0x10'%cm (a), the same for a 350 nm thick thermal SiO, BOX
layer and F = 3.0x10**cm? (b). In the insets the SEM microimages of Si substrates with SiC antidots
after SOl and BOX layer removal.

DopMHUPOBaHHE TETTEPHPYIOIIHNX CIIOEB B MMILTAHTHPOBaHHOM MoHamu CO* rumacrunax
(001) kpemuust co cioem Ttepmuueckoro SiO2 u kpemuusi-Ha-uzoisrope (SOI) BrepBbie
MPOJEMOHCTPUPOBAHO JO M IIOCHAE IPOLIECCOB MPSIMOTO CPAIlMBAHUS M TEPMHYECKOTO
CKalbIBaHUsS / TepeHoca Ci1oeB Si Ha KPEeMHHEBYIO MOMIOXKKY. POCT  TOJIMHBI
npomeskytodnoro ciost (L) oxcuna kpemuus/yriaepoga SiOxCy o ~3-5 HM Koppenupyer ¢
yBenuuenueM j10 (5-8)x10%%cm? niotHoctu coctosnuit Di Ha rereporpanute Si / SiO2. Ipu
[epeHoce CJI0si KPEeMHHSI BMECTE CO CJIOEM TEPMHYECKOro JHMOKCHAA KpeMHHs (METOx
SmartCut®) na nmmnantuposannyio nonamu CO* nomnoxky Si Bennuuna Di ymenbiiaercs
Gonee ueM Ha MOPAIOK 10 ~5X10%%cm2. BinoueHue B pacueT MOABHKHOCTH M KOHIICHTpALHit
HOCHTEJICH 3apsiia HTOr0 CJI0S IPUBOINUT K COBMAACHUIO PE3yNIbTATOB ¢ JaHHbIMU C-V 1 BaH-
nep-Tlay 1-V u3mepenuii Ha ocHOBe Mojenu (GpOpMHPOBaHHS OONACTH MPOCTPAHCTBEHHOIO
sapsga non cioem BOX, comepxainas OTpHLATENIBbHO 3apsDKEHHBIE TUTyOOKHE YPOBHH, a
TAaK)Ke KUCIOPOJ- U YIIIEPOJ-COAEPIKAIHME [PEUUIUTATEl B MUKPOMETPOBOM CIIO€ KPEMHUSI.

Pa6ota BeinonHeHa npu noanepskke rpanta POOU 19-29-030301.
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For many applications the nanoparticles with outstanding physicochemical properties are
the basic elements of nanostructured materials [1], whereas in other cases individual
nanoparticles are of solo interest [2]. In this regard accurate and sensitive instruments for the
creation and controlled modification of nanoclusters are relevant [3]. Energetic atomic
particles are a promising tool that induces modification processes in the target clusters, some
of which have to be minimized [4]. Incident particles can induce preferential sputtering in
multicomponent target clusters, sequences of atomic collisions with the generation of defects
and subsequent thermalization of collisions with the formation of an average cluster
temperature which may be higher than the corresponding melting points [5]. Evaporation of
cluster atoms may also take place. Surface segregation [6] can complicate the analysis and
interpretation of the atomic transfer in a cluster. Despite the undesirable accompanying
processes, the use of energetic particles for the selective changing of the properties and
characteristics of clusters has been one of the research trends over the past two decades [7,8].

In the presented below classical molecular dynamics simulation, we expected activation
of formation of the core-shell and other ordered clusters at low energy atomic particle

AT @ Ni
A iy QA

Ar|

Figure 1. Initial Ni-Al Janus-
like cluster, consisting of 195 Ni
and 195 Al atoms, before
interacting with Ary3 projectile.
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bombardment starting from preliminary stabilized metastable initial bimetallic Janus-like
clusters [9] of about four hundred atoms (see Fig. 1). The initial clusters have two closely
located similar but distinct mono-component atomic parts with different but specific to each
other physical characteristics. Only one statistically averaged energetic atomic particle impact
on every bimetallic cluster was simulated. The applied in these calculations model Janus-like
clusters can be generated by various modern techniques [10]. We considered the Janus-like
metastable clusters as an initial condition for comparison of the induced displacements of
atoms of different types in the clusters at bombardment with different interacting particles.

The MD code [11-14] was applied to the Cu-Bi, Cu-Au, Ni-Al Janus-like systems with
the heats of mixing from positive to strongly negative values: 15.0, —9.0 and -22.0 kJ/mol
respectively [15], at the 50-50% concentration of atomic components. The initial metastable
Janus-like clusters are formed during 150 ps by the partial fusion of two already relaxed
mono-component 195-atom clusters, which preliminary were randomly oriented in space and
placed at a distance of 2 A between the nearest surface atoms. Final Ni, Al, Cu, Au, Bi
clusters retained the fcc structure and took the shape of the imperfect truncated octahedra with
hexagonal {111} and square {100} faces. Dissipation of the kinetic energy of atoms, for
which the dumping force linearly depends on their velocity, was applied in all relaxation
processes of the preparation of the initial clusters. We considered Ar; and Aryz (an
icosahedron) projectiles with energies up to 1.0 keV. 200 independent tests of 100 and 500 ps
evolutions of the atomic system were performed for each impact particle and energy.

To analyze the changes in a shape of clusters and the distribution of atomic components
in the evolution process, the average radii of the mono-component parts, and the intercenter
distance were applied here [13,14]. The average radius is the mean distance from all
unsputtered atoms of one type to the center of mass of the corresponding mono-component
part of the cluster. We consider the distance between centers of mass of the mono-component
parts as the intercenter distance. The sputtered atoms did not taken into account in these
parameters. Averaged evolutions of these parameters which demonstrate morphological
modifications of the Ni-Al clusters in time after interaction with bombarding particle are
presented in Fig. 2 for 100 and 300 eV of impact energy.

Values of the AEIls (Atomic Equivalence Indexes) [16], which are the sums of modules of
atomic radius-vector differences, in dependency of temperature have been calculated in our
research using Berendsen technique [17] for the mono-component 195 atom clusters (see
Fig. 3). The melting points of metallic nanoclusters are lower than the melting points of the

same bulk materials. The differences in melting points of the surface and inner layers in our
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the Ni-Al clusters at Ar; and Ary3 a) 100 eV and b) 300 eV impacts.
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calculations reach over a few hundred degrees. Estimated internal melting points of the
clusters are presented in the Table 1. Boiling points of the clusters also were estimated. Both

melting and boiling points were taken into account at the analysis of model results.

Table 1. MD simulated melting points of the mono-component 195 atom clusters.

Melting points, K Ni Al Au Cu Bi
195 atom clusters 870 550 820 700 350
Bulk samples (Tab.) 1726 9335 1337,3 1356,6 5445

In the case of Ni-Al cluster the impacts of Ar; projectiles at all simulated energies, and
low energy Ary3 projectiles induce enrichment of the surface layer with Al atoms. The impacts
of the intermediate and high energy Ariz projectiles lead to an intense sputtering due to
collision and thermal long-term mechanisms with preferential yield of Al atoms. In these
cases, the sputtering masks the tendency of forming enriched in Al atoms surface layer. In the
case of Cu-Bi clusters under Ar;3 impacts with the energy of 300 eV and higher, the core-shell
component distributions with the bismuth-enriched shell without structural atomic order were
formed, while only partial coating with strong eccentricity of the distributions of atomic
components took place at Ar; impacts. The Cu-Au clusters undergo similar evolutions, and
the correlation of the syntheses” intensities at Ary and Ary3 impacts also takes place. However,
a Cu-Bi cluster more clearly demonstrates the final core-shell design due to the positive heat

of mixing and more different binding energies.
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Introduction

Despite ion implantation being a standard tool of semiconductor technology, many
radiation phenomena are still not fully studied and understood. For example, the origin of
high radiation resistance of semiconductors that have a high degree of ionicity of chemical
bonds remains unclear. In particular, that is related to gallium nitride (GaN) which is a wide
bandgap (3.4 eV) semiconductor having a wide range of applications in high power,
microwave and optoelectronic devices [1,2]. Nowadays it is well established that the depth
distribution of radiation induced structural defects formed by keV ion bombardment in GaNis
bimodal [3]. It consists of two distinct maxima, one situated near the surface (the so-called
surface damaged layer, SDL), and the second located in the sample bulk (bulk defect peak,
BDP). SDL nucleates at the sample surface, and its inner border shifts deep into the crystal
bulk with thedoseincrease. BDP starts to form at the depth of maximum of nuclear energy loss
at very small irradiation doses. With the doseincrease, its maximum grows upand shifts
deeper into the bulk. Besidesthat, it is well known that the radiation damage in the GaN bulk

saturates at a certain level well below full amorphization [3-8].

In our previous works [9, 10], at least for moderate ion energies, we suggested a
mechanism of this saturation. Due to aforementioned shift of the internal border of SDL, the
maximum of mobile point defects (MPDs) concentration also shifts into the crystal bulk and
then approaches zero for high enough doses. As those MPDs are responsible for the formation
of stable radiation damage,BDPgrows upand shifts deepfollowing MPD distribution. This
hypothesis was supported, in particular, by the experimental fact established in [10]: the bulk
defect peak, created by implantation with low energy fluorine ions (LE BDP), which have
reached the saturation level, starts to grow further up to a level close to the complete

amorphizationunder subsequent irradiation by F ions with higher energy. Indeed,
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inthatcaseconcentration of MPDs generated in the proximity of BDP by high energy ions

should be high enough againfor the formation of stable damage.

The present work is devoted to further study of experimental peculiarities of radiation

damage accumulation in GaN sequentially bombarded by ions of various kinds and energies.
Experimental

Waurtzite (0001) GaN epilayers grown at loffe Institute (St.-Petersburg, Russia) by
MOCVD on c-plane sapphire substrates have been irradiated using 500 kV HVEE implanter
by P*, F*, Ne*, and Ar" ions in different combinations in a wide dose range.All the implants
were carried out at room temperature (RT), and at 7° off the normal to avoidchanneling
effects.In order to comparethe irradiation effects for all cases, the ion doses were normalized
to the averagenumber of displacements per atom (DPA). DPA valuesare the concentrations of
ion-beam-generated lattice vacancies at the maximum of thenuclear energy loss profile n,
normalized to the atomic concentration: DPA = n, X®/ns, where ng=8.85%
10?2 atomsxcm 3. Values of » were calculated using TRIM code (version SRIM 2013) [11]
with the effective threshold energies for atomic displacements of 25 eV for both Ga and N

sub-lattices. The normalized value of ion flux was kept constant 3.6x10-* DPAxs"!,

Ion-beam-induced disorder was measured by Rutherford backscattering/channeling
(RBS/C) spectrometry with 0.7 MeV “He?" ions incident along the channelingdirection and
backscattered to 103°. All RBS/C spectra were analyzed using one of the conventional
algorithms [12] to extract the effective number of scattering centers (referred to below as

“relative disorder”).

Results and discussion

Fig. 1(a) presents depth profiles for relative disorder in GaN for the sample firstly
irradiated by F ions with energy of 1.3 keV/amu (25 keV), and then irradiated by P ions with
energy of 3.2 keV/amu (115 keV). In this scenario, just as in the case of consecutive
irradiation by F ions with energies of 1.3 keV/amu and 3.2 keV/amu [10], the saturation level
of damage achieved bylow energy F ion implantation is surpassed when GaN is bombarded
with higher energy ions. This finding supports the idea that the saturation is caused by mobile
defect concentration being close to zero in the proximity of BDP, and increasing this

concentration leads to the increase of disorder level beyond saturation. The fact that the
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Fig. 1. Relative disorder distribution in GaN after irradiation by (a) F 25keV (15 DPA) + P
115keV, and (b) P 40keV (18 DPA) + P 115keV. High energy ion doses are 5-15 DPA, as
indicated. Vacancy generation profiles calculated by TRIM are also presented.

disorder levels are slightly higher compared to the case of F + F irradiation can be explained
by higher density of individual collision cascades formed by P ions, which enhances the

formation of stable damage [13].

Dramatic difference in the behavior of radiation damage accumulation is found in the
case when P* is used as both low and high energy ions (see Fig. 1 b).No increase of LE BDP
beyond saturation level is seen.Moreover, there is a notable decrease in BDP level, while the
surface amorphous layer still widens.Similar results were achieved with several other ion
combinations. Fig. 2 presents dose dependencies of relative disorder in the maximum of LE
BDP as function of the dose collected by both ions used during irradiation. It can be see that
the damage level in BDP formed by 25 keV F, 26 keV Ne, and 40 keV P ions grows up

following same trendand saturates at

~45% of full amorphization. Similar

T
F25+P 115

1.00 1 result was obtained by irradiation with
é sl FasrFel 53keV Ar ions (not shown). Second
.aE: (high energy) ion bombardment
‘5’ 050 enhances damage formation in the cases
(2]
I'USJ Ne26 Ne26+F o1 of fluorine ions were used during low
= P40 P40+P 115
T 0BT wsssatss | energy bombardment. On the contrary,
Q
o " ion-induced damage annealing is found
*%s 10 2 %0 4 in other cases. This finding could be

Total Dose (DPA)
Fig. 2. Dose dependencies of relative disorder at the
maximum of LE BDP as function of the combined enough fluorine concentration in the
dose of both ions used during irradiation.

explained by the chemical effect of high
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vicinity of LE BDP.

Therefore, the high concentration of MPDs in the proximity of LE BDP is necessary,
but not enough for radiation damage in GaN to increase above the saturation level. It can be
assumed that the presence of implanted F ions or defect complexes containing F atoms plays

some role in disabling the mechanism of disorder saturation in GaN.

Inconclusion, we  have  discovered a new  phenomenon  occurring
duringaccumulationofstructuraldamage formation in the bulk of GaN when irradiated by
accelerated ions. Inparticular, the saturation of stable radiation defectsconcentration could be
surpassed by a higher energy ion bombardment. Fluorine atomsimplanted at the depth of bulk
defect formation in GaN bulk play a special role in this process. Radiation induced annealing
of primary formed damage is found in the case of medium ion bombardment without
fluorine. Theexactnatureofthesaturationof LEBDPand the mechanism of radiation stimulated
annealing in GaN in BDP during the consecutive irradiation by some types of ions will need

further research.
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SWIFT HEAVY ION IRRADIATION INDUCED AMORPHIZATION AND
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The Raman spectroscopy method was used to study the radiation damage and
associated internal mechanical stresses in polycrystalline silicon nitride (SisNa4)
irradiated with swift heavy 167 MeV Xe and 710 MeV Bi ions. The cross-section
and near surface spectra of the irradiated region were registered at room
temperature. FWHM parameters - 204 cm™' and peak position - 862 cm™' were
used to characterize the amorphization and the mechanical stress level.

IMonmkpucramindeckuit HUTpUA KpemHHst SisNa sBISeTCS CIOXHONH KepaMHKOiA,
HPEICTABIAIOmAs HHTEPeC JUIS PaJHallMOHHOTO MAaTepUaTOBEACHUS, MOCKOJIbKY SBISETCS
€IMHCTBEHHOI HHUTPHIHON Kepamukoil [1-5], B koTopoil ObutH OOGHApY)KCHBI JIATCHTHBIC
tpeku. K HacrosimeMy BpeMeHH yke Ooibllee KOIMYECTBO MCCICAOBAHMIT OBLIO MOCBAIICHO
OTKIIMKY KEPaMHYECKMX MaTepHajoB, B 4acTHOCTH SisNa4, Ipu BO3JEHCTBHM HEHTPOHAMH M
HHM3KOIHEPreTUUeCKMMH HOHAMH, MX pPe3ylbTaThl I103BOJSIOT  CO3/aTh  JOCTATOYHO
TMIOJIHOIICHHOE M BCECTOPOHHEE IMOHMMAaHHE MEXaHH3MOB Je(eKTooOpa3oBaHHUsS H, Kak
CIIC/ICTBHE, PaJAMAlMOHHO CTHMYJMPOBAHHBIC HM3MEHEHHs CBOWCTB Marepuanos [6-11].
Bnusinue ke CTPYKTYpHBIX HapylICHUH, 00pa30BaHHBIX BO3ACHCTBHEM OBICTPBIX TSKEIIBIX
HOHOB, BCE €Ile OCTAeTCs] MaJoU3y4yeHHbIM. Tak ke HeoOXOAMMO OTMETHTh, YTO OOJIbIIAs
YacTh MMEIOIUXCS PabOT MOCBSIIEHA UCCIEOBAHUIO IPOTA)KEHHBIX TPEKOB U OIPECICHHUIO
MOPOTOBOTO  YPOBHS HOHHM3ALMOHHBIX IOTEPh I HMX O0Opa3oBaHUsA, YTO HE JaeT
HeoOxoxuMoil nH(OpMaIMK 0 Hayale Ipolecca PaspyIleHUss KPUCTAIIMYECKON PEIIeTKH U
BHYTPEHHUX OCTaTOYHBIX MEXAHHUECKHX HANpPSHKEHUSAX, CIIEN0BATebHO, HE IO3BOJISET

OLCHUTh HUXXHIOIO I'paHULly pazmaunom—xoﬁ CTOWKOCTH Marepualia.
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B Hacrosimieit paboTe IpeACTaBIEHbI PE3YJbTaThl HUCCIEAOBAHUS MEXaHH3MOB
(OpMHPOBAHUS PATUALMOHHBIX IOBPEKICHHH INPHU OOTYyYEHHH TSDKEIBIMH HOHAMH C
9HEPIUSIMU OCKOJIKOB JICTICHUS B MOJTUKpHCTAINIecKOM SisN4, Kak eIMHCTBEHHOH KepaMHKe,
ACCOLMMPOBAHHOM C TPEKaMH, Ha OCHOBE IMbE30CIEKTPOCKOIMYECKOro aHaiu3a npodueit
MEXaHHYECKHUX HANPSHKCHHI U OLCHKY HIDKHEH IPAaHUIIbI €r0 PaUallMOHHOH CTOHKOCTH.

OO0pasupl HATPUAA KpeMmHHsi oOnydamuch uoHamu 32Xe ¢ sueprueii 167 MoB wu
nonamu 2°Bi ¢ sueprueit 710 MaB B qmanazone dmoencos ot 1x10M 1o 4.87x10% cM2 npu
KOMHATHOM Temmeparype Ha wukiorponax WI[-100 u V-400 B JISIP OUSHM [13, 14].
OO0ny4ennsle 00pa3ipl ObUIM H3YYEHBI C MOMOLIBIO PaMaHOBCKOW crekrpockonuu (AFM-
Raman insrtument Solver Specrtum, NT-MDT). Cuexkrpbl KOMOHHAI[MOHHOTO PacCEsHUsI
PErHCTPUPOBAIIM C MOBEPXHOCTH U Ha IOMNEPEYHBIX CEUCHHSX OTIIOIMPOBAHHOTO HHUTPHUJA
KPEMHHS BJIOJIb TPACKTOPUH JBIXKCHHS HOHOB J[JIs MccieoBaHus 00pa3LioB HUCIIOIb30BANICS
CHHUH Ja3ep ¢ UTHHOI BoMHBI A=473 HM. CKaHMpOBaHUE HAYMHAIOCH HAa PACCTOSHHU OKOJIO
4-5 MKM OT mepemHero Kpas ImoBepxHocTH oOpasna. Kpome »storo, uccienoBanue
MIOBEPXHOCTH CKOJIa NPOBOAMIOCH C MOMOIIBI0 CKaHUPYIOILErO JICKTPOHHOI0 MHKPOCKOIA
Hitachi S-3400N Bo BrOpH4YHBIX 3JIEKTPOHAX IIPU yCKOpsiroLeM Hanpsbkenun 10kB.

CrnekTpbl KOMOMHAIIMOHHOTO PACCEsHUS HCXOAHOTO 00pasiia HUTPUIA KPEMHHS UMEIOT
10 KOMOWHALMOHHBIX IMKOB. AHAIN3 CIIEKTPOB O M MOCIe OOJIyYeHHs IOKa3al, YTO
[POUCXOJUT YLIMPEHNE BCEX KPUCTANIMYECKUX KOJIEOATENbHBIX MOJ, @ TAKXKEe CHHKCHHE HX
MHTGHCHBHOCTH, 4YTO BEPOSTHEE BCErO CBS3aHO C  PajAMAllMOHHO-MHIYLHPOBaHHOM
amopdusarueit cnos. Ilepexonq n3 KpUCTALIMYECKOTO B aMOP(HOE COCTOSHHE HAYMHACTCS
npu 3Havenusx pumoenca 6onee 2x10%% cm? nonos Xe u 1x10% cm? nonos Bi. Ilpouecce
amMop(u3alMi HAYMHACTCS C MPHIIOBEPXHOCTHOTO CJIOSI C MOCTEIEHHBIM PACIIPOCTPAHEHUEM
Ha TIyOMHY 1o Mepe yBenudeHHs ¢uroeHca GomOapaupyrommx HoHOB. Ilpu duroencax
4x10% cm? nonos Xe m 1x10'° wonoB Bi HM omHa M3 KPHCTAIUIMYECKMX MO HE ObuIa
oOHapy»eHa.

ITockoibKy HMHTEHCHBHOCTh CHIHAlla CHJIBHO 3aBHCHT OT peiibedpa, B KauecTBe
mapaMeTpa Ul CpaBHEHHUsI CHEKTPOB OblIa BeIOpaHa MONYIIMPUHBI Ha monyBbicore FWHM.
Ha puc.1 noka3zausl nsmenenust FWHM rnaBHoW JUHHHM KOMOMHAIMOHHOTO paccesHus 204
cm! o mpodumo 06IYYEHHOro CNOS MOHAMM KCEHOHa M BHCMyTa, mpuueM FWHM s
HOHOB KCEHOHa HAOJIONANMCh OOJbIIe B IPUIOBEPXHOCTHOM CJIO€ M B KOHIE OOJIacTH

npobera HOHOB (~8 MKM).

60



14 J
124 amorphization \ ]
= s 84
I =
E o] [o—ee12  —o—8ge12 1 & _D__.,_wﬂ ]
. e 11
4] Xe167MeV, SN, | o 1013 o 2013 | 44 Bi710 MeV, p-SisN, ?212
|-o—32e13 4e13 2e12
] |-+ 487013 1 21 1019 ]
0 T 0 : - : - r " T
0 2 4 6 8 10 12 14 16 18 20 0 5 10 15 20 25 30 35 40
Depth, um Depth, um

Pucynox 1. Usmenenne FWHM riaBHoil TMHUM KOMOMHAIMOHHOTO paccesuus 204 cm™ ¢
poctoM (uroerca 1oHoB Xe u Bi

W3BecTHO, 4YTO TONIIMHA CJIOsi, aMOP(H30BAHHOrO B pPE3yJbTaTe MHOT'OKPATHOI'O
HePEKPHITHs TPEKOBBIX 06JIaCTeH MOKET OBITh HCIIOIb30BaHA Ui KOCBEHHOTO OIPECIICHHUS
BEJIMYUHBI yIEIbHBIX HOHM3ALMOHHBIX I[IOTEPh SHEPrHH OBICTPBIX TSDKEIBIX HOHOB JUIS
00pa3oBaHuUs JIATCHTHBIX TPEKOB Set. JlyIMHAa aMOp(HU30BaHHOTO CJIOSI COCTABICT MOpsKa 8
MKM TIpH IIPOSKTHBHOM IIpo0ere HOHOB KceHoHa Rp=13,4 MKM, 4TO COOTBETCTBYET 3HAYCHHIO
Set=10,6 k3B/HM. TorHa aMophHU30BaHHOTO CIIOst [Ist HOHOB Bi cocrasiisier ~20 MKM.

BB 3aperiuCTpUPOBAHBI CABUTH IIOJNOXKEHHS IHKOB B PAaMAaHOBCKMX CIICKTpax B
3aBHCUMOCTH OT INIyOHHbI IPOHUKHOBCHHS HOHOB, YTO yKa3bIBACT Ha MOSBICHUEC BHYTPEHHHUX
MEXaHMYECKHX HANpsDKEHMH B KpUCTauiax rociie obmydeHnms. Ha puc. 2 mokasaHsl
M3MEHEHHS! CIIEKTPAILHOTO TMOoNoXkeHus duaun 862 cml.  JlaHHas jmHus sBisercs: Gonee
3HAYMMOI, TaKk Kak 3TO II0JOCA C CaMbIM BBICOKUM  I1bE30CIEKTPOCKOIHYECKHM
koo duumentom, 2,22 I'Mla/cm ! [15].
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PucyHok 2. I3MeHeHHE CIEKTPaIbHOTO T10JI0KEH s JTMHUM KOMOMHALMOHHOTO paccesHus 862 em™ ¢
poctoMm ¢uroerca noHOB Xe u Bi.
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ITosoxeHe MHKa CMEINAETCS C IPUIIOBEPXHOCTHOTO CJIOSI B IIyOMHY OT HH3KOTO B
CTOPOHY GOJIBIIETO BOJHOBOIO YHCIIA C YBEIMYCHUEM CXKUMAIOLIEro HanpsbkeHus. Kak BumHo
U3 PUCYHKOB, HANPSHKCHUE CHKATHS AOCTUraeT MakcuMyMa Ha riryouse 10-13 MM a1t HOHOB
Xe n 23-26 MkM 1151 noHOB Bi anee ¢ yBenueHneM riryOHHbBI IIPOUCXOIMUT €ro MOCTENEHHOE
YMCHBIICHHE M Ha TIIyOMHE, MNPEBBINIAIOIICH MPOOEr HMOHOB MOHOTOHHAS PENIaKCalUsL.
YPOBeHb HANPSIKCHUS] PETUCTPUPYETCS M HA HEOOTYUCHHOIH YacTH, 4TO TOBOPHT O TOM, YTO
pelleTKa HAaXOAWTCS MOJ JEHCTBHEM 4YepeIyIOLIMXCSl PACTATMBAIOMIMX M CKUMAIONIMX
HanpsHKeHUH, BbI3bIBalOIMX jAedopmanuio (u3rub) obpasua. Ilepexon uepe3 HCXOAHYIO

JINMHUIO YPOBHS HAMPSKCHUSA MOXKHO pacCMaTpUBaTh KaK UCTOYHHUK I'paguC€HTa Hal'[pﬁ}KCHHﬁ.

[1] SJ. Zinkle, V.A. Skuratov, D.T. Hoelzer, On the conflicting roles of ionizing radiation in ceramics, Nucl.
Instr. and Meth. B, Vol. 191, Ne. 1-4, P. 758-766, 2002.

[2] A. Janse van Vuuren, A. lbrayeva, V. Skuratov, M. Zdorovets, Analysis of the microstructural evolution of
silicon nitride irradiated with swift Xe ions, Ceramics International, Vol. 46, Ne. 6, P. 7155-7160, 2020.

[3] T. Kitayama, Y. Morita, K. Nakajima, K. Narumi, Y. Saitoh, M. Matsuda, M. Sataka, M. Tsujimoto, S.
Isoda, M. Toulemonde, K. Kimura, Formation of ion tracks in amorphous silicon nitride films with MeV C60
ions, Nucl. Instr. and Meth. B, Vol. 356, P. 22-27, 2015.

[4] B. Canut, A. Ayari, K. Kaja, A.L. Deman, M. Lemiti, A. Fave, A. Souifi, S. Ramos, lon-induced tracks in
amorphous SizN4 films, Nucl. Instr. and Meth. B, Vol. 266, Ne. 12-13, P. 2819-2823, 2008.

[5] Y. Morita, K. Nakajima, M. Suzuki, K. Narumi, Y. Saitoh, N. Ishikawa, K. Hojou, M. Tsujimoto, S. Isoda,
K. Kimura, Surface effect on ion track formation in amorphous SisNs films, Nucl. Instr. and Meth. B, Vol. 315,
P. 142-145, 2013.

[6] J. Gan, Y. Yang, C. Dickson, T. Allen, Proton irradiation study of GFR candidate ceramics, Journal of
Nuclear Materials, Vol. 389, No 2, P. 317-325, 2009.

[7] M.L. Taubin, Radiation effects in ZrC, NbC, ZrN interstitial phases, Atomnaya Energiya, Vol. 69, No 3, P.
176-177, 1990.

[8] F. Lu, M. Lang, M. Huang, F. Namavar, C. Trautmann, R.C. Ewing, J. Lian, ZrSi formation at ZrN/Si
interface induced by ballistic and ionizing radiations, Nucl. Instr. and Meth. B, VVol. 286, P. 266-270, 2012.

[9] M. Milosavljevic, A. Grce, D. Perusko, M. Stojanovic, J. Kovac, G. Drazic, A.Yu. Didyk, V.A. Skuratov, A
comparison of Ar ion implantation and swift heavy Xe ion irradiation effects on immiscible AIN/TIN
multilayered nanostructures, Materials Chemistry and Physics, Vol. 133, No 2-3, P. 884-892, 2012.

[10] H. Wang, R. Araujo, J.G. Swadener, Y. Q.Wang, X. Zhang, E.G. Fu, T. Cagin, lon irradiation effects in
nanocrystalline TiN coatings, Nucl. Instr. and Meth. B, Vol. 261, No 1-2, P. 1162-1166, 2007.

[11] S. Mansouri, P. Marie, C. Dufour, G. Nouet, I. Monnet, H. Lebius, Swift heavy ions effects in 111-V
nitrides, Nucl. Instr. and Meth. B, Vol. 266, No 12-13, P. 2814-2818, 2008.

[12] V. Sergo et al., Stress Dependence of the Raman Spectrum of B-Silicon Nitride, Journal of the American C3
eramic Society, T. 79, Ne. 3, C. 781-784, 1996.

[13] B.H. T'ukan, C.H. Jmurpues, I.I". T'yasbexsn u ap., Yckopurensubiit kommieke ULI-100 s nposenerus
Hay4YHO-TIPHKJIAAHBIX HccienoBanuil. [Tncema B DUAS, 1.5, Nel (143), ¢. 59 — 85, 2008.

[14] T.H. ®nepos, 10.11. Oranecsin, A.M. Anpusinos, b.H. I'nkan, I'.I'. T'yas6exsn, A.U. Usanenko, B.A.
HWpanenko, b.A. Knenun, C.M. Kosnos, 1.B. Konecos, B.b. Kyruep, B.H. Menbuukos, P.1l. Oranecsn, B. A.
UYyrpes, PazpaboTka yCKOPHTEILHOrO KOMILIEKCA TshkelbIX noHoB OUSIN V-400 — V-400M.

[15] N. Muraki, G. Katagiri, V. Sergo, G. Pezzotti, T. Nishida, Mapping of residual stresses around an
indentation in B-SisN4 using Raman spectroscope, J. Mater. Sci., 32, P. 5419-5423, 1997.

62



UMILTAHTAIIMA FE B METAJUIMYECKHA MO UM TA:
IDDEKT MECCBAYJOPA U EXAFS
FE IMPLANTATION INTO METALLIC MO AND TA:
MOSSBAUER EFFECT AND EXAFS

B.A. Annpuanos’, K.A. Benens6exosa?, A.JI. Tpery6®
V.A. Andrianov!", K.A. Bedelbekova?, A.L. Tregub®

Lomonosov Moscow State University, Scobeltsyn Institute of Nuclear Physics, Moscow,
119991, Russia, andrva22@mail.ru

2Institute of Nuclear Physics of the Republic of Kazakhstan, Almaty, 050032, Kazakhstan
3National Research Center “Kurchatov Institute”, Moscow, 123182, Russia

The implantation of 57Fe ions into Mo and Ta was studied by X-ray diffraction, 5Fe
Madssbauer spectroscopy and EXAFS. It was shown that the samples retain the bcc crystal
structure. Fe atoms in Mo were predominantly localized in substitutional positions; the
vacancy concentration was estimated about 20 at.%. In Ta, Fe atoms form several
configurations based on substitutional and interstitial positions. The EXAFS spectra were
calculated for typical atomic configurations resulting from irradiation.

®duznka paanaloOHHbIX MOBPEKIACHUN SIBIISIETCS BaXXKHBIM BOIPOCOM IIPU IKCILTyaTalluu
CYILECTBYIOIIMX SIJAEPHBIX PEAKTOPOB M IIPH CO3JaHHWU HOBBIX SIIAEPHBIX M TEPMOSAECPHBIX
yCTpOI‘/‘ICTBA MaTepnanbl, HaxXoJsAIIrueCss B AKTUBHBIX 30HaAX, JIOJIXKHBI OBITh yCTOﬁ'-{l/IBbl K
BOSﬂeﬁCTBHe HHTCHCHUBHBIX ITOTOKOB HC TOJILKO HeﬁTpOHOB, HO TaKX€ IIPOTOHOB U O-4YaCTHIIL.
OCHOBHBIM ~MaTepHaJIOM, KOTOPBIH IUIAHUPYETCS HCIHONIB30BaTh B IEpeAHEH CTEHKe
TEPMOSICPHOTO PeakTopa, sBiseTcs Boib(pam. JIpyrdMH TYroIIaBKUMH MaTepualaMu,
KOTOpPBIC MOTYT OBITh TAKXKE UCIIOIB30BaHbI B SIACPHBIX yCTpOﬁCTBaX, sBysiroTest Mo u Ta.

B Hacrosmieii paboTe BBICOKOJO3HBIC paJMAlMOHHBIC MOBpexzacHHs B Mo u Ta
CO3/aBAIMCH IIyTeM HMIUIAHTALMM YCKOPEHHBIX HOHOB “'Fe. Vccnenoanus —Gbuiu
BBITNIOJIHEHBl  JIOKAJIBHBIMH METOJaMH: TakuMH Kak d¢dexr Meccbayspa u EXAFS. Kak
u3BecTHO, dGdexr Meccbaydpa IO3BOISET HM3MEPATh CBEPXTOHKHE OJJIEKTPUYCCKHE U
MarHuTHBIC IIOJIA Ha sAApax 57FE‘, KOTOpBIC OHNPEACIIAIOTCA JIOKAJIBbHBIM  3JIEKTPOHHBIM
okpyskeHreM. C y4eToM 3TOro MOryT ObITh ONpE/E/ICHbI JIOKaTbHAs aTOMHAsi KOH(UTYpaLust
U (aspl, B KOTOPHIX JIOKATHU3YIOTCS aTOMBbI jkene3a. CHHXpOTpoHHBIH MeTon EXAFS mnpu

perucTpanuu NOrjJoUICHUS PEHTICHOBCKUX nyl{eﬁ BOJIU3U K—Kpa;[ MOTJIOIICHHsT aTOMOB Fe
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TaKKe AaeT NHPOPMAIHIO O OJIMKaiilieM aTOMHOM OKPY)KEHHH UMIUIAHTUPOBAHHBIX aTOMOB.
Takum 06pa3om, Ba METOA JOJDKHBI aBaTh COTTIACOBAHHYIO MH(OPMAIHUIO O JOKAIH3AIUH
aToMoB Fe B maTpuiiax Mo u Ta B yclI0OBUSIX BBICOKOJO3HOT'O O0Iy4YEHUS

Hccnenyembie 00pasipl MpeAcTaBisin coboil Metamandeckue Qoabru Mo u Ta
tommuaoi 20 mxM. Yncrora mcxonusix Ta 1 Mo Obuta He Xyxe 99.9. Obnydenue noHamu
57Fe ¢ sneprueii 1 MaB npoBoanioch IpH KOMHATHOM TEMIIEPAType Ha YCKOPHTENE TSKEIBIX
nonoB Mucruryra Spepuoit ®usuxu (r. Anmatel, Pecnybmuka Kasaxcran). ITnotHocTh
MOHHOTI0 TOKa IoJyiepkuBaiiach B uHrepBasie S0—100 HA. DiroeHc HOHHOTO MOTOKA JUIsl BCEX
06pasios coctaBua 5 x 106 won/cm?.

ITpodunp KOHIEHTpAUMY MMIUIAHTUPOBAHHBIX aTOMOB F€ M KOIMYECTBO MEPBHYHBIX
nepekToB (BakaHCHMH M BBIOMTBIX aTOMOB MATPHIIbI) PACCUUTHIBAIMCH C I[TOMOIIBIO
nporpammbl  SRIM. Jlnst obenx marpui; oOmas TOJNIIMHA HMMIUIAHTHPOBAHHOTO  CIIOS
cocrapJisia mpuMepHo 600 HM; MakCMMajlbHas KOHIIEHTpalMs aToMoB °'Fe paBHsuach = 2.5
at% Ha rayoune 270-300 um. KoHueHTpamus mnepBUYHBIX Ae(EKTOB, MpEACTABICHHAS
napamerpoM DPA (uucno cmemieHuid Ha OJMH aTOM MaTpUIla) HMeNa MaKCHMallbHbIE
3HaYeHus Ha riyouHe npumepHo 200 HM M cocraBmsna mit Mo DPA=300 m s Ta
DPA=450. Cronp Gompmme 3HadeHuss DPA o3HauaioT mpenenbHO CHIBHOE BO3IEHCTBHE
o0ury4enus Ha BewectBo. bonee peransuo pacyerst SRIM npencrasnens: B [1].

PeHTreHOCTpYKTYpHBII aHanu3 npoBoguwics Ha audpakromerpe D8 ADVANCE
¢upmpr  BRUKER.  PentrenoBckas guépakuuss He  oOHapyxwia — oOpa3oBaHHs
JIOTIONTHUTEIBHBIX  (pa3 M JIGMOHCTPHUpOBaNa MPHCYTCTBHE TONbKO wucxonHoit OLIK
KPHCTAJLTHYeCKOii cTpykTypsI [1]. [TapameTp perueTky, monydeHHbIi ¢ 00IyYeHHON CTOPOHDI
it Mo aoen= 3,142 A, OblUT HECKOJILKO MEHBIIIE CTaHJAPTHBIX 3Ha4YeHU ast= 3,147 A, a s
Ta aosn= 3,304 A GbuT GJIM30K K CTAHIAPTHOMY 3HAYCHHIO ast= 3,299 A.

Meccbay?poBCcKHe HCCIIeI0BaHHUS MPOBOMMINCH B JIByX peHMax: 1) B CTaHAApTHOM
reomerpun Ha npomyckanue (MC) u 2) ¢ perucrpaiyeil 9JIEKTPOHOB KOHBEPCHH W3
obiy4enHoi moBepxHoctH Matepuana (KOMC). EXAFS chekrpbl ObulH H3MEpEHBI B
CunxporpoHHoM ueHTpe Kypuarosckoro mucruryra (Mocksa). M3mepeHus o6IydeHHBIX
06pasioB Mo u Ta 6buti poBeIeHb! B (MITyOPECLIEHTHOM pekuMe B o0nacTu suepruit K-kpas
Fe. Takum oO0pa3oM, ObUIM TONYYeHBI JAaHHBIE O KPHCTAUIMYECKOM OKPYKECHHU
UMIUIAHTUPOBAHHBIX aTOMOB Fe.

Meccb6ayspoBcue clieKTpbI

Meccbaysposckue crnektpsl KOMC s matpun Mo u Ta conepxanu HHGOpMAIHIO

TOJIBKO O OBEPXHOCTHOM ciioe TonumHuoi 100-150 um. Criektpsl cocTosiny U3 cunriera S1 u
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ny6inera D1.Crekrpsl nportyckanusi (MC) pericTpupoBaiyu BCe HMILIAHTHPOBAHHBIE aTOMBI
57Fe, nokanusosanubie B crnoe 600 uM. Crektpsl MS aHanM3upoBaIMCh COBMECTHO CO
cinektpamu  KOMC wu cocrosuin w3 cunrmera S1, nybmera DI, u cunriera S2.
CooTBeTCTBEHHO, CcHHIUIET S2 otrBevan Ooiee rirybokuMm ciosiM. Cuurnmerst S1 u S2
OTHOCHMJINCh K CHMMETPUYHOH JIOKaJIM3alMU aTOMOB Fé ¢ KBaJpyIOJbHBIM PaCIlEIICHHEM,
Omm3kuM kK Hymo. CymMMapHas HMHTEHCHBHOCTb CHHIJIETHBIX cocTostHMM S1+S2 B Mo
pasHsack 89% u B Ta — 83% [1].

B cnexrpe Mo cunrnernas nunus S2 umena manyio mwupuHy Gs = 0.27 mm/c, uTo

”»

o3Hayano, 4to “cuHrierHsle ” nosuuuu B Mo, (S1+S2), coorBercrBoBaiM aromam Fe,
KoTopsle 3amentany aroMsl MO B OLIK kpucTaumnyeckoii pemerke. MHbIMU ClIOBaMH, Jaxe
IOpH CWIBHOM pajguanuoHHoMm BosaeiictBuu, (DPA =~ 200) B matpune MO B OCHOBHOM
oOpasyeTcs TBepblii pacTBOp 3amemienus Fe B Mo.

B wmarpune Ta CHHIJIETHBIE KOMIOHEHTBI MeccOayIPOBCKHX CHEKTPOB CHIIBHO
yumupessl.  MOXKHO HpEAnonokuTb, 4ro arombl Fe B Ta wumeoT 0onee CIOXKHYIO
JIOKAJIM3ALMIO B KPUCTAINIMYECKOI pelleTKe, 4eM B aToMbl Fe B MosnbeHe.

Jlyonernsie cocrosiuust B Mo u Ta joKanu30BaHbl B TOHKOM IOBEPXHOCTHOM CIIOE.
KBanpynonbHoe paclieruieHHe CBUJCTENBCTBYET O CHIIBHOM HAapyLICHHH CHMMETPUM B
OKpY>XEHHH aTOMOB Fe. MOXHO HPEeAIOI0oKUTh, YTO ITU Je(PEKTHbIC COCTOSHHUS CBSA3aHbI C
o0pa3oBaHHEM KJIACTEPOB aToMOB Fe U JOKanM3alMy KPHCTAUIMYECKUX BAaKaHCUH B

OumKaiiIeM OKpyKEHUH.

EXAFS na aromax Fe B Mo u Ta.

Ha puc.la n 2a npusezneHs! skcrepuMeHTanbhbie crektpsl EXAFS s atomos Fe,
uMIuanTupoBanHbix B Mo u Ta. Kpuseie Molu Tal coorBercTByeT 00ayUeHHBIM 00pasiam,
kpuBble M02 u Ta2-o6pa3uam, KOTopbIe HocIie 00 TydeHHUs ObLIH OTOXOKCHBI B BaKyyMe TIpU
temneparype 700°C B teueHue 2 vacoB. IIpu 3Toil TemmepaType 3aMeTHYIO NMOABHUKHOCTD
HMEIOT MEXIOY3IHMH U BAaKaHCHHU, OJHAKO IOJBIXKHOCTH coOCTBeHHO aromMoB Mo, Ta u Fe
Majia ¥ PeKpUCTAIIM3ALMS CTPYKTYpbl HE MporcxoautT. M3 cpaBHeHus naHHbIX Mol u Mo2
Ha puc. la BUAHO, 9TO OTKUT HE BBI3BIBACT CYLIECTBCHHBIX U3MEHEHHMIA B criektpax EXAFS, u
CIICZIOBATENBHO, B JIOKAIM3aly aToMoB Fe B pemerke Mo.

Ha puc. 1b u3o0paxeHo pacupeseieHHe aTOMOB O KOOPAHILMOHHBIM cdepam uist
uneansHoi OLIK peuwerkn Mo. U3 cpaBuenust Puc. la u 1b BuaHo, uro nmosokenne atomos
OLIK pemerku Mo OIH3KO K MakCHMyMaM OSKCIIEpHMEHTAIBHBIX criekTpoB EXAFS. Dto

0O3Ha4yacT, YTO aTOMBI Fe NPEUMYIICCTBCHHO 3aHUMAIOT ITO3UIINH 3aMCILICHUS B Mo.
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b - TTo3uuun aromoB B o1k peruetke Mo b. ITo3uiuu aToMOB B OLK pemeTke Ta

KpuBas Mol-th ma puc.la mokasbiBaeT  MareMaTH4ecKyr  00paboOTKy
9KCIICPUMEHTaNbHbIX JaHHBIX Mol B Mogenn OLK kpucrammmyeckoil pemietku. U3
o0paboTku ciefyer, uTo 1-0if KOOpAMIIMOHHONH cepe BOKpYr aToMoB Fe pacrosoxkeHo B
cpenuem 5.9 aromoB Mo u 0.3 aroma Fe u 1.9 mo3unmm BakaHTHBL DTO COOTBETCTBYET
KoHIeHTpaiuu Fe pasuoit 3.7 ar.% mn koHUeHTpanuu BakaHcuil 24 ar.%. IlomyueHHble
3HAUCHMS JAIOT peajbHble JAHHbIE O PaJIMALOHHBIX MOBPEXACHHAX Mo B oTianMuMe OT
pacueroB SRIM, koTopsle crnelyeT paccMaTpuBaTh, Kak Ha4aabHOE MPUOIMKCHHE.

Jlnst matpuns! Ta u3 cpaBHenus kpuBbix Tal u Ta2 Ha puc. 2a ciieayer, YTO OTXKHUT
npu T=700°C BbI3bIBaeT 3aMeTHbIC W3MeHeHHs B crektpax EXAFS, u cnenoBatensHo, B
nokanuzaiuu atomos Fe. Ha puc. 2b u306paxeHo pacrnpeneieHie aToMOB [0 KOOPAMIIHOH-
HbIM cepam st uaeanbHo OLK pemerku Ta. U3 puc.2a u b BugHO, 4TO JIOKANTH3ALMS
aTOMOB F€ He COOTBETCTBYET NMO3UIMAM 3aMEIICHNS, U UMEET 00JIee CI0KHYIO JIOKATH3ALHIO.

Jlns aHanu3a SKCIEPHMCHTANBHBIX JaHHBIX Ta ObUIM TPOBEJCHBI PACUCThI CIICKTPOB
EXAFS 11s THOMYHBIX aTOMHBIX KOH(HUTYpauuii, BOSHUKAIOIUX B Pe3yJbTaTe OOIydeHUS:
aToMbl Fe B mo3unuu 3aMelieHus, cMemlaHHas raHreab Fe-Ta B mosuumu BHeApeHHs,
BakaHCUM B Ommkailimem oOkpyxeHun Fe u cerperaums aromoB Fe. B  pacuerax,
BBINOJIHEHHBIX C TOMOIIBIO TE€OPHUH (YHKIHOHANA DJIEKTPOHHOW IIOTHOCTH, YYHTBHIBAIACH
penaKkcanus peleTKH BOKPYT BAaKaHCHIl M IPUMECHBIX aTOMOB F€, MMEIomuX CyleCTBEHHO
MEHBIINH pajguyc, 4eM aToMbl Ta. OCHOBHOI BBIBOJ COCTOUT B TOM, UTO aToMbl F€ oOpasyior
B Marpuiie Ta HECKOJIbKO KOH(PUIypalHii Ha OCHOBE IO3MIMU 3aMEIICHUsI C JIOKAIH3aIueH
BaKaHCUH B OnmkaiineM okpyxeHuu. B oOpasmax 0e3 oTxura BO3MOXKHO HEOOINbIIAs
KOHIICHTpALY TTO3ULUIT BHEAPEHUSL.

1. V.A. Andrianov, K.A. Bedelbekova, A.N. Ozernoy, M.F. Vereshchak, I.A. Manakova
Nucl. Instr. and Meth. B. 475 (2020) 71.

66
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The need to improve the efficiency of communication systems and some types of
electrical equipment, such as inductive motor controllers and power supplies, requires the
development of power electronics components with the parameters unattainable for
previously used semiconductors. As a base material for such devices, B-Gaz0s is of particular
interest due to its large band gap (4.5-4.9 eV), which provides a high breakdown field
strength, the ability to withstand high temperatures, as well as the possibility to change the
conductivity over a very wide range by doping, etc [1,2]. When choosing a material for the
power devices fabrication, a very important criterion is the Baliga figure of merit (BFOM),
which determines the power losses during device operation: the higher the BFOM s, the
lower power losses are. The relation BFOM = Vbr?/Ron is based on the assumption that power
losses are due to energy dissipation in the “on-state” resistance Ron, Where Vir is breakdown
voltage.

lon implantation is a key method in processing of practically all semiconductor devices.
The main advantages of this method include: 1) the precise dosage of dopants; 2) ability to
control the spatial distribution of dopants and to use radiation defects generated by ion
irradiation to modify the material properties - "defect engineering”; 3) relatively low
temperatures required for the implantation-related technology. All these advantages and a
number of other useful features of ion implantation can be exploited to enhance the $-Gaz03
potential in device applications. Investigations on the GazOs ion implantation have begun
quite recently, and only a relatively small range of problems of fundamental or applied
aspects have been faced so far [3]. Nevertheless, the advantages of this method have already
been demonstrated for a number of important practical applications.

lon implantation of B-Ga:0s was investigated for the development of two types of
power devices — MOSFET and SBD. In particular, the implantation of Si* ions into f-Gaz0s
layers was used to form ohmic contacts for SBD [4-6], contact regions of the source/drain and
the channels of MOSFET [7-16]. By Mg* or N* implantation into B-Ga2Os layers, a Current
Blocking Layer (CBL) in vertical type MOSFET devices was created [12-14], as well as high-
resistance regions and guard rings near the SBD anode [5,17]. In Ref. [18], the possibility to
create both low-resistance regions for the formation of ohmic contacts and high-resistance
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layers near the edges of the SBD anode by Ar* implantation was shown. For the formation of
MOSFETSs on heterogeneous structures, a method of exfoliation and bonding was developed,
based on irradiation with H* and Ar* [19,20].

The tetravalent Si is substitutional single donor, which replace trivalent Ga and induce
shallow donor impurity in f-Gaz20s. According to the latest reviews [21,22], the donor level of
Si lies 16 - 50 meV below the conduction band minimum Ec. By manipulations at synthesis
and subsequent treatment of B-Gaz0s, it is possible to obtain an electron concentration n in the
range of 10% - 10'° cm in bulk material and 10 - 10 c¢m in epitaxial thin films. The
values of the Hall mobility of 184 cm?/(V/xs) have been achieved in B-Gaz203:Si.

Mg and N are promising dopants for semi-insulating B-Ga20s and to create high
resistance region in the B-Ga:0s. Mg substitute Ga and N substitute O in the lattice of f-
Gaz203. These impurities induce deep acceptor levels, 1.5 eV and 2.0 eV above the valence
band maximum Ev of B-Gaz20s, respectively [21,23,24]. It is worth noting that according to
theoretical calculations holes in B-Gaz20s are self-trapped, localized as small polarons at a
single O site, and practically immobile. Experimentally, it was also not possible to obtain
reliable p-type B-Ga20s. High concentrations of Mg and N (10 - 10 cm?®) allow
compensating of donors in B-Gaz0s. It is also found that these impurity forms complexes and
donor-acceptor pairs with H and Si. Mg and N demonstrate distinct migration behavior. Mg
diffuses easily via an interstitial mechanism, N migrates via a N-Vo complex with a much
larger migration barrier, making N more immobile, where Vo is oxygen vacancy. Defect
clusters are formed in B-Ga20s layers implanted by Mg*. As a result, with an increase in
annealing temperature, the leakage current increases. For the samples with N* implantation,
the leakage current, on the contrary, decreases. Therefore, using N* ions gives better results
and for power electronics N* implantation is more preferable. The properties of the Ar
impurity in B-Gaz0s are practically not studied.

D-mode MOSFET. In the early works [7-9,11,25] ion implantation was used in the
development of a depleted-mode MOSFET (D-mode MOSFET). At the initial stage, Si*
implantation was used only for the formation of ohmic n** contact regions to the source/drain,
while the channel was created by Sn doping during the growth of Ga20s film. Si* ions were
implanted to a depth of 150 nm. The Si concentration in the implanted regions was 5x10%°
cm3, The activation annealing was carried out at a temperature Tann Of 925 °C in an N2
atmosphere for 30 minutes. The specific contact resistance pc was 8.1x10¢ Qxcm? which was
an order of magnitude lower than in the case of Sn diffusion [26]. In this way, devices were
created with the following characteristics: a gate length Lg = 2 um; drain current la = 39
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mA/mm at gate voltage Vg = +4 V; Vbr = 404 V at Vg = —20 V; the ratio of currents in open
and closed states ldon/ldott > 10'°. The MOSFET characteristics remain stable over the
operating temperature range (20 — 250 °C).

In continuation of this series of works, Si* implantation was used to form the MOSFET
channels. For this purpose, a 300-nm-deep n-type region was created by implantation of Si*
into a B-Ga203 film grown by MBE on a semi-insulating gallium oxide substrate [8].
Implantation conditions during the channel formation were [8,9]: E = 10 — 330 keV; D =
1.1x10% cm2. Annealing was carried out under the above mentioned conditions. The average
n in the channel was 3x10'7 cm3. Such channel is more stable. The Sn impurity segregate in
B-Gaz20s film [11]. MOSFET with implanted channel demonstrate the following parameters:
la = 65 mA/mm at Vg = +6 V; Vor = 415 V at Vg = — 30 V; ldaon/ldot > 10°. In these works a B-
Gaz203 wafer with a Fe concentration of ~ 10 cm was used as a semi-insulating substrate.
An enhanced diffusion of Fe atoms from the semi-insulating substrate into the implanted
semiconductor layer due to defects formed upon Si* implantation took place. This diffusion
leaded to deterioration in the MOSFET performance. The formation of a buffer UID p-Ga203
layer between a semi-insulating substrate and a Si* implanted channel effectively eliminated
the penetration of Fe into the channel region [9].

In Ref. [10], an additional Field-Plate (FP) electrode (FP-MOSFET mode) was
introduced into the device design, which made it possible to achieve the following device
parameters: Vor = 755 V at Vg = — 55 V; ld = 78 mA/mm at Vg = +4 V. It should be noted that
there was practically no variation of the drain current with the stability of characteristics up to
operating temperatures of 300 °C.

A higher implantation dose (1.5x10%® cm=) of Si* allowed to achieve better
characteristics of MOSFETs with n** source/drain regions [15,16,27]. lon energies during
multiple implantations were 10, 30, 60, and 100 keV. The total implantation depth was 210
nm, and the average silicon concentration was — 102° cm. For the D-mode FP-MOSFET, the
following parameters were achieved: Vor = 720 V in air, and Vbr = 2360 V in a mixture of
inert gas with fluorine. In Ref. [28], Si* implantation was used to form a source and drain, a
self-alighned gate, and a thin channel (22 nm). A record value of the maximum
transconductance of 35 mS/mm was obtained. The contact resistance value was 1.5 Qxmm.

In Refs. [12-14], vertical mode MOSFET were presented. It is noted that, for high
voltage and high power devices, vertical mode is highly desirable since it allows superior field
termination and current drives. For such MOSFETS, it becomes necessary to form areas of
charge carrier drift by creating a current blocking layer (CBL). This layer was formed by Mg*
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and N* ion implantation into B-Gaz20s layers grown by the HVPE method. The conditions for
Mg* implantation were [10]: E = 560 keV; D = 8x10%> cm=2. N* implantation was carried out
at E = 480 keV and D = 4x10% cm. The magnesium and nitrogen concentrations at a depth
of 0.5 — 0.6 um were 2x10'7 ¢cm™ and 1.5x10%® cm, respectively. After the activation
annealing for 30 minutes in N2 at 1000 °C for Mg* and 1100 °C for N*, these impurities
significantly reduced the electron concentration in CBL. Transistor structures with CBL
formed by Mg* implantation were characterized by a significant leakage current (exceeding
10 A/cm? at a voltage of 1 V). The reason for this was explained by the Mg diffusion
confirmed by the SIMS. The nitrogen has a significantly lower diffusion coefficient, which
makes it possible to use higher annealing temperatures required for the efficient activation of
embedded ions. It should be noted that the characteristics of vertical mode MOSFETSs were
still inferior compared to lateral mode.

E-mode MOSFET. In Ref. [12], Si* implantation was used for the development of
Enhanced-mode (E-mode) MOSFETs with n** contact regions of the source/drain. The
devices were characterized by a low parasitic resistance between the source and drain (2.2
Qxmm) and a small specific contact resistivity (pc = 7.5x10°6 Qxcm?). For the E-mode FP-
MOSFET [29], the use of Si* implantation for the source and drain formation made it possible
to achieve the following values of Vbr, BFOM and Rc: 3000 V; 94 MWxcm?; 2 Qxmm,
respectively. For the development of an E-mode MOSFET of vertical type, in addition to the
formation of n* channel by Si* implantation and n** contact regions and CBL by N*
implantation, an access region was formed that differed from the contact regions by a higher
concentration of Si*. The characteristics of the E-mode MOSFET of vertical type were also
inferior to the characteristics of the MOSFET of lateral type, but modern results promise a
transformational impact. For example in Ref. [30] record values of Vbr = 2633 V and a BFOM
= 280 MWxcm2 for the vertical E-mode MOSFET among all types of power Ga20s
MOSFETS, in which ion implantation was used to create ohmic contacts, were demonstrated.
The authors noted the effect of post-deposition annealing at 350 °C for 1 min under N2 to
achieve a record low Ron = 5.2 mQxcm? and a high channel mobility of ~ 130 cm?/(Vxs).

Exfoliation. The B-Ga20s disadvantage is its very low thermal conductivity, which
creates certain problems in the development of power electronic devices based on this
material. To improve the conditions for heat dissipation, it seems that it would be sufficient to
deposit thin films of gallium oxide on materials with a higher thermal conductivity, e.g. on
diamond or SiC [19,20]. However, due to the large lattice mismatch, the synthesis of -Ga20s
films with high-quality on such substrates is problematic. In works [18-20], the ion-cutting
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(exfoliation) technique was used to eliminate this disadvantage. Bulk $-Ga20s was implanted
with high-dose H*. After that, an interface layer was formed on the wafer surface by
deposition of Al2Os or amorphization of B-Ga:0s by irradiation with Ar* ions, and the
resulting structure was bonded with Si or SiC substrate. During the subsequent annealing, the
implanted hydrogen migrated and accumulated at a certain depth, creating a high level of
stress. As a result of this stress, the exfoliation of B-Ga20s thin layer occurred. Since the
conductivity of Ga20s film was deteriorated upon H* implantation, the obtained
heterogeneous structure was doped by Si* implantation at E = 15 keV and D = 5x10'% cm?,
after which D-mode and E-mode MOSFETS were fabricated on the -GazOs film. The source
and drain areas were doped using additional Si* implantation. The authors noted the high
stability of the obtained devices characteristics in comparison with the devices fabricated on
3-Gaz20s3 substrates. The breakdown voltage Vur was 570 V at 300 K and increased to 605 V at
500 K.

The developed devices demonstrate high breakdown voltages, low leakage currents, low
resistance of ohmic contacts and stability of parameters in a wide temperature range. It is
remarkable that almost every new publication reports new achievements in terms of device
characteristics improvement. Apparently, the use of ion implantation has not yet reached the
limits of its capabilities in improving the characteristics of these devices.
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MOJIEKYJIAPHO-JUHAMHWYECKOE MOJAEJIMPOBAHUE IMPOLECCOB B
METAJUIAX C 3AJAHHBIMU JTJE®EKTAMMU CTPYKTYPbI IIPX OBJIYYEHUN
METAJUVIMYECKUMH HAHOKJIACTEPAMHU
MOLECULAR DYNAMICS SIMULATION OF PROCESSES IN METALS WITH
PRESCRIBED STRUCTURE DEFECTS UNDER IRRADIATION WITH METAL
NANOCLUSTERS

B. Barropan®®, U.B. [ysemun?, T.I1. [yssmunal, U.T. Xpuctos?, P.JI. Xpucrosa?,
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106vedunennvuil uncmumym adepuvix uccredosanuti, 141980, youa, Poccus, zafar@jinr.ru
2 Cogpuiickuii ynusepcumem “Ce. Knumenm Oxpudcxu”, Cogpus, Foneapus
SMonzonbckuii 20cyoapemeennblil ynusepcumen nayku u mexnoiozuu, Yaan-bamop,
Mownzonus

A technique for molecular dynamics modeling of structural changes in the crystal
lattice of a metal containing specified defects irradiated by metal nanoclusters is
presented. As an example, the simulation of processes in copper targets with
specified structural defects irradiated by copper nanoclusters is considered.

B pabore mnpescraBieHa METOAMKA MOJCKYJISPHO-AMHAMHYECKOTO MOJEINPOBAHMUS
CTPYKTYPHBIX M3MEHEHMH, BO3HMKAIOUIMX B MeETalIe € KPUCTAJUIMYECKOM pELIeTKOiA,
coziepKallel 3aiaHHble Ie(eKTh, MpH OOIyYCHHH €ro METAUTMYECKMMU HaHOKJIACTEPaMH.
PeanbHbie 00pa3sibl KPUCTAIIMYECKON PENICTKH COACPXKAT PasiIuyHble AE(EKThI CTPYKTYpPhI
THIIA TOp, BaKaHCHUH M AUCIOKauuil. MozaemupoBaHHe OOIYyYSHHS pEaIbHBIX O00pa3loB
SBJISCTCS AKTyalbHOW 3ajauedl, BaXHOW JUIsI IOHUMAHUS MEXaHM3Ma CTPYKTYPHBIX
U3MEHEHUH B MHIIEHsAX. B kauecTBe mpHMepa paccMOTPEHO MOJEIMPOBAHHE IPOIECCOB B
MUIIEHAX U3 MU C 3aJaHHBIMU Je(pEeKTaMH CTPYKTYPBI, 00Iyd4aeMbIX HAHOKIACTEPOM MeJIH.
[Tomydensl pe3yabTaThl YHMCICHHOTO MOJEIMPOBAHMUS: IIOPOroBas IUIOTHOCTh BHEPIHUH,
HPUBOJAIIAS K 00pa30BaHHIO yJApHBIX BOJH, BO3ACHCTBYIOLIMX Ha JE(EKTHBIE CTPYKTYpBI
00Jry4aeMoii MHUILIEHH B 3aBUCHMOCTH OT 9HEPI'UH HAHOKJIAcTepa. Y CTaHOBJIEHO o0pa3oBaHue
reKcaroHanbHOI 1ioTHoynakoBanHoi (I'TIY) pemeTkyu B riyOuHE MHIICHHM B 3aBHCHMOCTH
OT DHEPrUU HAHOKJIACTEpa U Pa3Mepa MUILCHH.

Beenenne

Pe3ynbraTtel  MOAENMPOBAHMS ~ TEPMO-YIPYTHX  HPOLECCOB  NpHU  OONydYEeHHH
HAHOKJIACTEpPaMU MeTalsla METAJUIMYECKOH MMIIEHH C KPUCTaJUIMYECKOH PpEIIeTKOM,
coziep Kallel «IPUPOIHBIE» NC(EKTI, MOTYT NPEACTABIATh MHTEPEC B MATCPUATOBEICHUH.

JledexTbl KpUCTAIIMYECKON pELIeTKH JENATCS Ha TOYeYHble (BaKaHCHM W IIPUMECH),
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JMHelHble  (QucroKauuu), IUIockue (TpaHuia 3epeH M MOBEpXHOCTH pasiena (as) u
o0beMHbIe (OpbI U KaHAIbI). Pa3nudHble THIBI Je(EeKTOB BO MHOTOM OIpPEEIISIOT BaXKHbIC
CBOIiCTBa MaTEpHAaJIOB, COOTBETCTBEHHO W3MEHEHHE NE(EKTOB IOJ ICHCTBHEM OOTydYCHHS
MeHsieT cBoMcTBa oOmyuaemoi MumeHu. Llens Hacrosimeld paboThl  HMccleOBaHUE
CTPYKTYPHBIX HM3MCHEHHMH B JE(EKTHBIX MHIICHAX IOJA JCHCTBHEM  oOIydeHus
HaHokiactepom [1,2].

Metoapl MOJEKYIAPHOH JHHAMHKH LIMPOKO NPUMEHSIOTCS B PAAUAL[MOHHOH (u3HKe
TBEpAOro Tena. B raHHOI paboTe B paMKax MeTO/a MOJICKYJIAPHON JMHAMHKH MOJICIHPYETCS
IpoLecc OONYYeHHs] MHIICHM M3 MM C 3a[JaHHBIMU Je(eKTaMH HAHOKJIACTEPOM MEIH C
oneprueid 1-1009B. Ilpm 3ToM HEOOXOTUMO OTMETHTbH, YTO HPAKTHYECKOE IONYYECHHUE
HAHOKJIACTEPOB M UX YCKOPEHME SBIISICTCS TEXHUYECKU TPYIHOH 3aaueii, HO MOAEIUPOBAHHE
o0JIy4eHUs] HAHOKJIACTEPOM MOJXKET JaTh HaM BaKHYI0 HMH(OOpMAIMI0 00 H3MEHEHUSIX B
Je(eKTHBIX CTPYKTypaxX MHIICHHM TOJ JAeiicTBHeM oOmydenus. B pabGore Momemupyercs
Tero(hU3UIECKIe IPOLECChl, BOZHUKAIOIIUE B MULIECHAX C 00bEMHBIMU ieeKTaMU TUIIA TTOP
B (opme chepsl ¢ pasmepamu 1-3 HM. JlJIst IPUMEHEHUS] METOJIOB MOJICKYJIIPHON JAMHAMUKH
CYILECTBYIOT roToBble nporpammubie nakersi (LAMMPS, DL_POLY, NAMD wu ap.). B
JaHHOH paboTe MOJEIMPOBaHME MNPOBOAWIOCH ¢ mHOMOupBI Hakera LAMMPS [3],
YCTAQHOBJICHHOrO Ha TIETePOreHHOM BblYMCiUTeNnbHOM —Kiactepe HybriLit [4].  [lus
MOJICJIUPOBAHUS CTOJKHOBEHHUsI aTOMOB HAHOKJIACTEpA MEIU C MHMILEHBIO IIPU pacyerax B
KayecTBE MEXKATOMHOIO IOTECHIMAIA HCIIOIb30BANICS MOTeHIHaN B3aumoeiicteus Lurnepa-
Bup3saka-Jlurtmapka (ZBL) [5], KOTOpBIii KOPPEKTHO OMHCHIBAET B3aHMOIEHCTBHE aTOMOB C
BBICOKIMM DSHEPTHAMH s KOPOTKMX paccTOSHMIi Mexay atomamu (< 0.5A). Jlns
paccrosnuit mMexay artomamu Gombme 0.5A wucmombsoBancs EAM (Embedded atom
model) [6] - norenuman s Meiu, BerpoeHHsit B maker LAMMPS. Busyanusauust
OJIYYEHHBIX Pe3yJIbTAaTOB BBIIOJIHEHA C OMOIIBI0 porpammbl OVITO [7].

MeToauka uccsieJOBaHUil U MOJyYeHHbIe Pe3yIbTaThl

MognenupoBaHue IMPOBOAWIOCH UL MHUIICHH M3 MeOu ¢ pasMepamu 5X5%X50 HM
(xommuectBo yactul B cucreme ~110000) ¢ nepuoanvyecKuMy rpaHUYHBIMHU YCJIOBUSIMU 110
ocu OX u Oy, obmydaeMblX HaHOKIAcTepoM Meau ¢ aumaMerpoM 1.5 M. OOmydenue
npoBoAMIOCH 10 HampasineHuio Oz. JleekThl B MHIICHM THIA MOp ¢ pasMepoM 1.5 HM
3amanbl (pacrnonokensl) Ha riryoune 18 u 25 um (Puc.l). Ilpu oOnydyeHun HaHOKIACTEPOM
CTPYKTYPHbBIE H3MEHEHHS IIPOMCXO/IAT B IIPUIIOBEPXHOCTHOM cioe 1-10 HM B 3aBHCHMOCTH OT
9Hepruu obaydyeHus. BosneiicTie Ha fe)ekThl B TIIyOHMHE MUIICHH MOTYT OKa3aTh yJapHbIC

BOJIHBI, BOSBHUKAKOIIUEC BCICACTBUC 06nyl{e1—114${.
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Puc.1. Vcxonusrii oOpasel] MUIICHU B pa3pese ¢ 3aJaHHbIMU Je(eKTaMU TUIIA [IOp C pa3MepamMu

1.5 M. CrpernkaMu yKa3aHbl PacIoIOKEHHS TOP M HAMPABICHUS 00Ty CHHUSL.

Puc.2. JluHaMHKa yJapHOW BOJNHBI B pa3pe3e MHIICHH B MOMEHTBI BpeMEHH 2 1ic 4 Ic mpu
obimyuennn HaHoknactepoMm ¢ sHeprueit 100 sB/aTom. Crpenkamm yka3aHbl PacloJOXKEHUS MOp U

HarpaBJICHUSA 06)'[}"16]-[145{.

a)

6)
Puc.3. TTIY-pewerku, 00pa30oBaHHbIC BCJIEACTBHE YHAPHOH BOJHBI B OKPECTHOCTH IOPBI
MHIICHH B MOMEHTBI Bpemenu 10 mc (a) u 60 nc (6) npu o0iydyeHHH HAHOKJIACTEPOM C JHEprueit

100 sB/aToMm.

Ilpn B3aumozeiicTBMM HAHOKJIACTEPA C MHUIIEHBIO BO3HUKHOBEHHE YJAPHOW BOJHBI
3aBHCHT OT DHEPTUHM, pa3Mepa HAHOKJIACTepa U IUIOMAJU oOJIydaeMOil MHUIIEHH, TO €CTh B
ofIieM cityuae OT IUIOTHOCTH SHEPTHH, BHOCUMOIT HaHOKnacTepoM. ClieyeT 3aMeTHTh, 4TO
IIPH HU3KHX SHEPTUAX OONTydeHHs HAaHOKJIACTEPOM yJAapHas BOJHA B MHUIICHH He 00pasyercs.
IpoBeneHHBIC pacyeThl MOKA3BIBAIOT, YTO IPH JHEPrUM OOIydYCHHS HAHOKIACTEPOM
59B/aTOM B MMHIIECHH HAYMHAIOT OOPA30BATHCS YyJapHble BONHBL OTHENbHBIA HHTEpEC
npezacTaBisier o0NydeHHe HaHOKIactepoM mpu sHeprum 100 5B/aToM B BHAY BBICOKOM

IUIOTHOCTU dHeprum oOmydenus. Ha puc.2 mokasaHsl pe3ynbTaThl OONYYeHHs MHUIICHU C
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oHeprueil Hanokiacrepa 100 3B/atomM B MoOMeHTHI BpemeHH 21mc u 4 mc. [lomydeHHsie
pe3yJIbTaThl HATJISAIHO MOKA3bIBACT CKOPOCTh M HANpaBICHUE ABIKEHHUs yaapHOil BoiHbL Ha
puc.3 mpHBeICHBI BO3ACHCTBUS YHApHOH BOJNHBI Ha JIe(EKTHBIE CTPYKTYpbl THIA IOp B
MHIIEHH TpH OOJIy4eHHH HaHOKIacTpoM ¢ »Heprueit 100 sB/aroM. B sTOM ciydae mopsl
3amoNHAeTCA  (3aJeNBIBAIOTCA) aTOMAaMH M BOKPYT IIOp 00pasyercs TIeKcaroHabHas
motHoynakoBanHas pewerka (I'IIV). I'IIY pewierka onpezeneHa ¢ MHOMOIIBIO IPOrPaMMBI
OVITO c¢ wucnons3oBanuem ¢ynkuun CNA (common neighbor analysis — o6umii ananus
cocexeit). IlpoBenenHbie pacuersl B uHTepBaie Bpemend 10 mc-500 rnc moxassiBaioT, 4TO
I'ITY pemerka JOCTaTOYHO CTAOMIIBHO YCTOWYHMBA B 3TOM HHTEPBAJIE.

3akiouenne

ITosmydensl pe3yabTaThl MOJCIMPOBAHUS OOIYyYCHHS METAUIMYECKOM MHUILIEHH C
3a7laHHBIMH JleeKTaMi B 3aBUCUMOCTU OT SHEPrMH HaHokiacrepa. MccienoBaHbl BIMSHUS
YJapHBIX BOJH Ha Ne(EKTHBIC CTPYKTYphI B MHIICHH. IIpu 0OMydeHHM HaHOKIACTEpPOM C
sHeprueir 100 oB/aToM B OKpecTHOCTH Je(eKTOB THma IMOp 0Opasyercs YCTOHYMBas B
unrepBaie Bpemenn 10 nc-500 nc rekcaronanbHas mioTHoynakoBanHas ([I1Y) pemrerka.
OT0T pe3ynbrar TpeOyeT AanbHEHIINX UCCIeN0BAaHUH BIMSHUS yIApHBIX BOJIH Ha JedeKTHbIC
CTPYKTYPBI.

PaGora BeimosmHeHa npu ¢uuaHcoBoil momnepxke PODPU u MOKHCM B pamkax
Hay4Horo npoekra Ne 20-51-44001 u ITomHomouHoro npencraBurens PecryOumuku bonrapuu
B OMSIN.
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WOHHBIIT CHHTE3 KHUA CTPYKTYP
CO CBUHIOBO-CHJIMKATHBIM U30JI1TOPOM
ION SYNTHESIS OF SOl STRUCTURES WITH LEAD-SILICATE INSULATOR
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The process of ionic synthesis of SOI structures based on the sequential implantation
of oxygen ions and a glass former into silicon substrates has been investigated. Lead
ions were used as a glass former. The features of the formation of a buried silicate
layer are considered. The possibility of forming structures with sharp boundaries
between cut off silicon and an insulator is shown. The electrical resistivity of these
layers and the | — V characteristic of the structure have been measured.

Crpyxkrypbl «kpemuuii Ha usomstope» (KHU) nCHonb3yloTcs B MEKPOIEKTPOHHUKE JUIS
co3faHusl NpUOOpPOB, YCTOMYHMBBIX K paJualliOHHOMY BoszeiicTBuio. Kpome Toro, onu
CTaHOBATCSL BCe Ooyiee BOCTPEOOBAaHHBIM MaTepHanoM B obmacth MOMC u npu co3naHHu
MUKPO(OTOHHBIX YumoB [1]. OJHUM U3 6a30BBIX MPOMBILLUIEHHBIX METOIO0B Noxyyenns KHU
crpyxryp siBisiercs SIMOX npouece (separation by implantation of oxygen). On ocnoBan Ha
HPSIMOM CHUHTE3€ B KPEMHHEBBIX IUIACTUHAX CKPBITHIX OKCHUJHBIX CJIOEB HPH MMIUIAHTAL[MU
HOHOB KHCJIOPO/a M MOCIIEAYIOIEM JUIMTEILHOM BBICOKO TeMeparypHoM omxure (1350°C B
teuenue 4 u 6osee yacos) [2]. st popMHUpOBaHKS CTEXMOMETPUYECKOTO AMOKCHIA KPEMHHUS
71032 MMIUIAHTHPOBAHHOTO KUCIOPOAA JOJDKHA COCTaBIATh ~ 2-10%8 O*/cm?. DHeprus HOHOB,
B npexenax 150+200 x»B, ompepensier riyOMHY 3ajeraHusi HM30JMPYIOIIETO  CIIOSL.
TexHomnorust Xopomo oTpaboTaHa, MOJy4YaeMble CTPYKTYphl HMEIOT BBICOKOE KauecTBO.
OJHAKO OHHM SIBJISIOTCS JIOPOTOCTOSIIMMH T10 TIPUYHHE OOJIBIINX SHEPreTUUCCKUX 3aTpaT Ipu
npousBozacTBe. C nenbio cHmwkeHus croumoct KHU crpykryp Hamu ObLta mpeasoxeHa
Moubukanus dtoro mpouecca [3]. CyTb ee COCTOMT B IEPexXOoie Ha CHHTE3 CKPBITOrO
CHJIMKaTHOT'O CJIOS B3aMEH OKCUIHOTO. IIpH 3TOM IONOIHUTENBHO K KUCIOPOLY B KPEMHHMH
Ha Ty XK€ TIyOMHY MMIUTaHTHPYETCS CTEKIOOOpasyIOIIMi areHT, paHee ObLIM ONpPOOOBAHEI
nonsl 6opa n docdopa. Mcenenoanus nokasanm, 4To TAKUM 00pa3oM TEPMUYECKUH OOKET
nporecca MOXKET OBbITh CHIDKGH Oosiee 4eM Ha HOPSAOK, MOCKOJNBKY CHIIMKATHBIH CIIOH IpU
omxkure (Gpopmupyercs JOCTaTOYHO OBICTPO M IPU MEHbIIMX Temmneparypax. Hampumep,
CIUIOUIHOW  OOpOCHIIMKATHBIA ClIOH 00pa3yercss B TEUEHHE HECKOJIIBKUX MHHYT IIpH

temneparype 1025°C. Ha pucynke | mpeacTaBieHO NaHOpPaMHOE H300paKCHHE CEYCHHS
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TaKo# CTPYKTYphL. VJIENIbHOE CONpOTHBJIEHHE H30isTopa coctasisio 3,0:10% Om-cm, uto

OJIM3KO K ITOKA3aTEeNI0 YHCTO OKCUAHOTO CJI0sl, CHHTE3UPOBAHHOTO Mo TexHoaoruu SIMOX.

silicon
substrate

Puc.1. ITonepeunoe ceuenre KHU cTpyKTypbl ¢ GOpPOCHIMKATHBIM H30IATOPOM
Fig. 1. SEM cross-sectional view of SOI structure with buried borosilicate layer.

Llenpto naHHOH pabOTHI ABIANOCH MCCICIOBAHHE BO3MOXHOCTH HCHOIb30BAHHSA HOHOB
CBUHIIAa B KauecTBe cTekiiooOpasyromiero areHra npu cuntese KHU crpykryp. Boibop
00yCIIOBIICH T€M, YTO ATOT META/UI U €r0 COCAUHEHMS 001aal0T BHICOKOH YCTOHYHBOCTBIO K
JUINTENbHOMY (a HE TONBKO OBICTPOTEYHOMY) BO3JCIHCTBHIO ~PEHTTCHOBCKOTO M
PanMoaKTUBHOTO M3ilydeHuil. Kpome TOro, CBHHIIOBO-CHIIMKATHBIC CIIOM OONAJaIOT PsoM
ONTHYECKUX CBOMCTB, MHTEPECHBIX M1 MUKPO(GOTOHMKHU: HU3KUM IOIVIOLICHUEM B BUIUMOM
o0JacTH CHEKTpa, BBICOKOW HEJMHEHHOH OTpaXaTellbHOH CIIOCOGHOCTBIO, IPOSIBISIOT
(boroxpomuslii o pexr [4].

B kadecTBe OCHOBHOTO 000PYAOBaHUS UCIOIB30BATIN UMILTaHTEPh! «Besysuity 1 K2MeV
¢upmer HVEE, a Ttake uddysnonHsle mneun nporouHoro Tuma. IIpodumn
MIPOCTPAHCTBEHHOTO PACIPE/CICHUs CBUHIA U KHCIIOPOJa B 00pasiiax OHpeAessiIn METOI0M
BTOPUYHON HOHHOM Macc-criekTpoMeTpuu Ha ycranoBke Cameca IMS-4F ¢ ucnone3oBanuemM
HEePBUYHBIX 1y4KoB HOHOB O2" 1 Arz*, COOTBETCTBEHHO.

B pa6ore mcnonbzoBanu kpemHueBble miacTuHbl Mapku KO®-4,5(100). Mmnnanranuro
MOHOB Kuciopoja mnposomunn 1mpu  Temneparype S550°C ¢ smeprueit 130 kB B

2

JIOCTEXMOMETPUYECKOH  J103€e 6:10Y7 cm?2. VMmnanTtanmioo uoHOB Pb* MPOBOAWIIN  TIPH
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KOMHATHOH Temrepatype ¢ sHeprueil 1150 k3B 1o Habopa 10361 8:10% cm?. MakcumyMbl
npoduiIeil pacnpesienenus KUCIOpoAa U CBUHIIA MPOCTPAHCTBEHHO COBMAJANN HA TIIyOHHE
360 uM (pucynok 2a). Ilocie UMIUIaHTaLMKM HPOBOAWIM OTKHUI IUIACTHH B CPElEe aproHa c
KHCIopogoM mpu Temmneparypax 1025 + 1150°C. IlapaienbHO OTXKHIald KOHTPOJBHBIE

CTPYKTYpbI C MMIZTAHTHPOBAHHBIM B TOH e J103€¢ KHCIOPOJOM, HO 6e3 CBHHLA.

——Pb D=8x10"’Pb’/cm™ E=1150 keV
O | —0 D=3x10"0,'%em® E=130 keV

-
e 5 .
S 1024 sequential implantation
S
©
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5 i
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Puc. 2. BUMC nipoduiu pacripeesieHus KUCIOpo/a U CBUHLA B 9KCIIEPUMEHTAJIBHBIX
CTPYKTypax: a) Mocsie UMILIaHTaI|H, 10 OTxkura; 0) mocie 10 munyT omkura npu 1150°C.
Fig. 2. SIMS profiles of oxygen and lead distribution in experimental SOI structures, a) — after

implantation, before annealing; b) - after annealing at 1150°C during 10 min.
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B xo0/1e 3KcriepuMeHTOB GBUIO0 OOHAPYKEHO cleyromiee. B KOHTpOIbHBIX 0Opa3uax jgaxe
3a 4 uaca omxura npu Ttemmneparype 1150°C cruiomHoN OXHOPOIHBIA CIOH AMOKCHIA
KpeMHHs1 He 00pa30BbIBaJICS. JIOMOIHUTENBHO UMIUIAHTHPOBAHHBIC B KOHTPOJIbHBIC 00pa3Ibl
MOHBI CBUHIIA MIPH TEX K€ PEKMMaX OTKMIa aKTHMBHO WHULMUPOBAIH MpPOLeCC 00pa3oBaHus
CKPBITOTO H30JHpYIoLIero ciosi (pucyHok 26). VI3 muarpammel ciepyer, 4To yxe mociae 10
MUHYT OTXKHI'a Ha MHKe KHCIOpojaa HaOII0Aanoch 0Opa3oBaHME XapaKTepHOro miarto. ITuk
CBHMHIIA CYXaJCs, YTO OTPaxajo (OPMUPOBAHUE JOCTATOYHO PE3KUX T'PAHUI MEXIY
KPEMHHEM U CHIIMKATHBIM CIIOEM.

Ocobennocts QopmupoBannst KHU crpykryp cocrostza B TOM, YTO IOCIE OTHKHTA
npouIb pacrpeseIeHus] CBHHIIA UMEI CIOXHYI0 GopMy. B obmactu mmaro MoxHO ObLIO
Pa3IUYUTh TPU JIOKATBHBIX MaKkcHMyMa. To ecTh CKPBITBIN CHIIMKATHBII CIOH (hopMUpOBAIICS
B BHJE moyiocyaroil (Stripes type) crpykrypbl. DTO SBISETCS MPU3HAKOM CIIMHOJAILHOIO
pacnana [5] tBepmoro pacrsopa Pb B marpuue SiOx. Ero mecraGuiabHOCTH 06yclioBieHa
GoybLIION pasHHUIIEil B pa3Mepax HMOHHBIX paanycoB KOMIOHEHTOB. [lonTBepikaeHueM 3Toro
TIOJIOXKEHUSI CITYXKUT TOT (akT, 4To 0Opa3oBaHHUE NEPHOJUUECKON CTPYKTYPBI IPOUCXOIHIIO
0 BCeil TONIMHE CHIMKATHOIO CJOsi 0e3 MHKYOalMOHHOIO IepHoja, YK€ Ha HepBbIX
MUHYTaX OT/KHTa.

B nomyuennsix KHU o0pasiax ¢ ucrmonb3oBaHHEM YETHIPEX 30HJOBOrO MeEToAa ObLIO
U3MEPEHO YENBHOE DIIEKTPHYECKOE CONPOTUBIICHHE OTCEYCHHOro ciost kpemHus. Ero
BenuunHa cocraBwia 1 Om-cMm. IIpuGopHbIH CciI0H  COXpaHMI N-THI HPOBOAUMOCTH,
MIOCKOJIBKY CBHHEIL SIBJISICTCS DIEKTPHYECKH HEHTPAIbHOM NMPHMEChIO B KPEMHHH. Y IENIbHOE
CONpPOTHBIICHUE CHIIMKATHOTO CJOS M3MEPSAIOCh B IONEPEYHOM HANPABICHUM, C y4ETOM
pacTekanusi Toka oHO coctauiio 5-10'° Om-cm. Tlo Mepe yBennueHHs BpEMEHH OTIKUIa, TTHK
pacHpezieIeHns CBHHLA TIPOJOJDKAI CyXKaThCsl, @ MEKCIIOEBbIE IPAHHUIIBI CTAHOBUIIMCH OoJee
pe3kuMu. B oOpasuax, 0TOXOKeHHBIX B TeueHHe 4 yacoB npu Temmneparype 1150°C, ynensHoe
JNIEKTPUYECKOE  CONMPOTUBICHUE CBHHLOBO-CHIMKATHOTO CJOSL  JOCTHTANO  BEIMYHHBI
3.10% Om-cm. Bonbramnepuble xapakrepuctukn KHU  cTpykTyp MOKasatd XOpOLUIyIO

JIMHEHHOCTh U3MEHEHHUs TOKA B i1ana3oHe HanpspkeHuit ot 0 1o 10 B.

1. Micro and Nano Technologies. Book 2™ Edition (2015) 206-237.
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5. 1. 1. HoBukos. TepMoauHaMuKa CrinHoAaeH U (a3oBbIX nepexonoB. M., Hayka, 2000.
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WCCJIENOBAHUE CBOVICTB CJIOEB GaAs, OBJIYYEHHBIX HOHAMM
KEJIE3A U MAPT'AHIIA C IOCJIEAYIOIIUM JIASEPHBIM OTKUI'OM
STUDING THE PROPERTIES OF GaAs, BOMBARDED BY IONS OF IRON AND
MANGANESE WITH FOLLOWED PULSED LASER ANNEALING

I0.A. JTanunos?, U.H. Autonos?, B.A. Brikos?!, O.B. Buxposal, I0.A. Jlyaun?,
P.H. Kpiokos?, A.B. Kyapun!, A.B. Hexanos!, E.A. ITutupumosa?,
M.H. JIposnios?, A.E. TTapaun?, F0.A. Aradonos?®, B.1. 3unenxo®
Yu.A. Danilov}, I.N. Antonov?, V.A. Bykov?, O.V. Vikhroval, Yu.A. Dudin?, R.N. Kriukov!,
A.V. Kudrin, A.V. Nezhdanov?!, E.A. Pitirimoval, M.N. Drozdov?, A.E. Parafin?,
Yu.A. Agafonov?, V.I. Zinenko®

Y Hudicezopodckuii 2ocyoapcmeentviii ynusepcumem um. H.H. Jlobauesckozo, np. [azapuna,
23/3, 603022 Huorcnuti Hoe2opoo, Poccus, danilov@nifti.unn.ru

2 Uuemumym guzuxu muxpocmpykmyp PAH, I'CIT-105, 603950 Huoicnuii Hoézopod, Poccus

8 Uncmumym npo6aem mexnono2uu MUKpOIIeKmpoHuKu u ocobouucmulx mamepuanos PAH,

ya. akademura Ocunvsna, 6, 142432 Yeprnoeonoska Mockosckoii obnacmu, Poccus

A procedure for calculating implantation profiles of arbitrary shape for the case of
high ion sputtering coefficients is proposed. It has been shown experimentally that
the implantation of Mn and Fe ions into GaAs followed by annealing with a KrF
excimer laser pulse makes it possible to form semiconductor layers with

ferromagnetic properties up to 100 K.

Paz0aBneHHble MarHHTHBIC modynpoBoguuku (PMII), obnagatonme Hapsigy c
HOJIYIPOBOAHUKOBBIMU elie U (eppOMArHUTHBIMU CBOWCTBAMH, SIBISIOTCS OJHUMH M3
OCHOBHBIX MAaTCpHaJiOB CIIMHOBOM JJCKTPOHMKH. VX nomydenue tpeOyer BBeICHHS B
TOJTYTPOBOIHUK IPUMECEH MEPEXO/IHBIX JIEMEHTOB 10 KOHIIEHTPAIMil He MEHee HECKOJIbKHX
ar.% [1]. OTo co3maeT mpoGIEMBI JNETHPOBAHMS, MOCKOJBKY PAaBHOBECHAs IpeeIbHas
PacTBOPUMOCTH TIEPEXOAHBIX JIEMEHTOB B HaHOOJIEEe PacCpOCTPAHEHHBIX ITOTYIPOBOJHIKAX
(Si, GaAs), kak npasuiio, He npesbiaer 10 cm 3. s nonyyenns PMII B 1a6opaTopHbix
YCIIOBHSIX OOBIYHO HCIIOJB3YIOT HU3KOTEMIIEPATYPHYIO MOJEKYJSPHO-TYy4eBYIO SIUTAKCHIO
(HT-MJID) [2], HO BbICOKasi CTOMMOCTb O0OPYJOBAHUSI M HHU3Kasi HPOU3BOJUTEIBHOCTD HE

IMO3BOJIAKOT HCIIOJIB30BaTh OJTOT METOH JIA CKOJIb-Hl/IGy[lb MaciTabHOro IIPOU3BOJACTBA.
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BbIX0/10M MOXeET OBITh MPHMEHEHHE MOHHOI MMIUIAHTALMU C TTOCIEAYIOMUM HMITYJIbCHBIM
nasepubiM oTxurom (MJIO) [3]. OTmeruM, 4TO HMMEIONIMECS K HACTOSIIEMY BPEMEHH
nyOnukanun otHocutensHo PMIT Ha ocnoBe GaAS coxepikaT pesyibTaThl MCCICAOBAHUM
MJIO Tonbko ciioeB, MONYyYEHHBIX UMILTaHTanue noHoB Mn. IlpencraBnsier HHTEpEC TakxkKe
usyuenue cBoiicts GaAs, o0mydeHHOro Honamu Fe.

B Hacrosmeii pabore cpaBHMBarOTCS CcBOMcTBa cinoeB  GaAS, IONYYeHHBIX
uMIUIaHTauued MoHoB Mn u Fe M OTOMOKEHHBIX OAMHOYHBIMU HMMITYJIECAMU YKCHMEPHOTO
naszepa. B kadecTBe MCXOJHBIX OOpPa3llOB MCIOJIB30BaHBI IUIACTHHBI ITOITYH30IMPYIOLIETO
GaAs(001). ViMmnmaHTaumsi BBIIONHSIACH Ha yckopuTene «Pamyray ¢ HCIOIb30BaHHEM
METAUVIMYECKUX HMCTOYHHKOB HOHOB; OCOOCHHOCTBIO YCTAHOBKM SBIISICTCS INPUCYTCTBHE B
HMOHHOM IIOTOKE TpeX 3apsjoBbIX (pakuui ¢ npeobiaafaHueM [BYX3apsIHBIX HOHOB.
VYcekopsitoniee Hanpsbkenne = 80 kB. Pacuersl npoduiell MMIUTaHTALMM BBIMOJHEHBI C
nomonipio nporpammsl SRIM-2013. Ucxoausie npodunu st suepruii noos 80, 160 u 240
KB cymmupoBanich ¢ k03 dHuIeHTaM, COOTBETCTBYIOIIMMH JI0JI€ KQ)XKIOIO THIA MOHOB.
Jlpyrum BaKHbIM (paKTOPOM SIBISIOTCS. BBICOKHE KOd((HIMEHTHI pacibuieHns S (1isi HOHOB
Mn u Fe npu sHeprum 160 k3B pacuerHble 3HaueHus S cocrapisitor 7.5 u 7.8 ar./moH,

COOTBETCTBEHHO). Pacuer 110 00bIuHbIM (popMysiaM [4] st yuera pacublieHus pH mpoduie

TR rayccoBoii (OpMbI 31eCh HE MOXET
4% 102 o 0\ o No=10"% cm™
) e Np=3-10%cm |  TIPUMEHSTBCS W3-3a CIOXKHOW (hOpMBI
L4
3x10% = o No=5-10" cm™
5 MyJIbTHIHEPreTHYECKOro  pacrpeere-
7 2x10% Hus. [Ipeoxkena npoueaypa nomaroBo-
st TO CyMMHpPOBaHHs, KOTZa HCXOJHBIH
SRIM-npoduinb JIeTUTCS Ha
0

Y S0 1000 1502000 250 300 spementapuble ciou di. IMocie HaGopa

JIO3bI Di, JIOCTATOYHOM Ut

o No=10"cem™
o Np=3-10" cm™ crpaiuBanus  cnos  di, 3TOT  CIOM

5-10' cm™?

youpaercs u3 1-ro mpoduis, K Hemy
nobasistercs SRIM-npoduits co BTOpOi
Di. M3 cymmaprHoro mpoguis CcHoBa

BBIYUTAETCS BTOPOH cioil di U T.A. 10

50 100 150 200 250

300
MmoJHOro Habopa 3agaHHOM 103kl Ha
Puc.1. PacuerHslie npopuian pacrpesieaeHns: aTOMOB

Fe 6e3 yuwera (BBepxy) M c yueTom (BHM3y) pHC.] II0Ka3aHbl pacueTHble NPODHIHN
pacubUICHUS Ui UMIUTAHTaUUK C  YCKOPSIOIIUM

Hanpmkenrem 80 KB s TpeX 7103, noHoB Fe. Buano, uto mpu nosax 3 u

5.10% c¢mM? (310 THNMYHBIE O3B
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UMIUIaHTAuuu 11t Gpopmuposanus PMII) npoduns mpu ydere pacrbUICHHS CYLIECTBEHHO
TpaHCOpMHUpYyeTCs: yMEHbIIAeTcss KOHLEHTpauus Fe B MakcHMyMe M caM MakCHMyM
C/IBHTIaeTCsl K MOBEPXHOCTU. AHAIOTUYHbIC MPOGHIN MONTy4YeHbl H A1 HOHOB Mn.

VccnenoBaHust ONTHYECKOTO OTPAKCHUsI B JMalla30OHe dHepruil kBanta 2 — 6 9B s
cl10eB, 00JIy4eHHBIX ¢ 1030it oT 1 1o 5- 106 cm2 xak monamu Fe, tak u Mn, mokasamny, 4To
BHJ CIICKTPOB CYIICGCTBEHHO OTJIMYAICA OT CHEKTpa HEMMIUTaHTHpoBaHHOTO GaAs.
XapakTepHble U1l MOHOKpUcTanueckoro GaAs nuku npu E1 = 2.90 3B u E1+A = 3.12 5B
(ty0uner, cooTBETCTBYIOIMIT MEX30HHBIM Ilepexojam), a Taike nmuk E2 mpu 5.11 3B B
obmyyeHHOM HoHamMH GaAS OTCYTCTBYIOT, YTO COOTBETCTBYET €ro aMopQu3auum.
[TocTUMIITaHTAMOHHBIH OTXKHUT BBINOJHSICS ¢ Hcnonb3oBanueM KrF skcumepHoro nasepa
(uMHa BONHBI 248 HM, JUIMTENBHOCTh UMITyJbca 30 HC). DHEPrus B MMITyJIbCe COCTaBIsLIA
400 mJIx/cM?. OTKUT NPUBOAMT K 3HAYMTENLHOMY BOCCTAHOBIIEHHIO CIIEKTPA OTPaXKEHHS,
nosieisiercst muk E2, xors myOmer muxoB Ei m Ei+A He paspemaercs um kod(dduumueHT
OTP@KECHHS B LIEJIOM HIDKE 3Ha4eHHil 111 MOHO-GaAS. Ilpu 5TOM SIBHO BHAHA TEHICHLUS
YMEHBIICHNS KO3 PUIHEHTA OTPaXKEHHUs C POCTOM JI03bI UMIUTAaHTALUK. BeposiTHO, BBeneHNE
Gomee 1 ar.% mnpuMecH NPUBOAMT K pasymnopspoueHuro GaAS, CBA3aHHOMY Kak C
o0pa3oBaHMEM TBEPJOrO pacTBOpa NpuUMecH B Martpuue B pesyiabrate MJIO, Tak u ¢
HaXOXJCHHEM YaCTH IPUMECH BHE Y3JI0B KPHCTALINYECKOH PELICTKH.

OTO%OKEHHBIE CIIOU 00HAPYXKUBAIX P-TUI IpoBoauMOocTH. V3mepenus sddexra Xomia
npu 300 K rnoka3anu yMeHbIIEHHE CIIOEBOrO CONPOTHBIICHHS ¢ POCTOM J03bI HOHOB OT 1 110
5-10'6 cM? U MOHOTOHHOE yBENHMYEHHE CIOEBOH KOHLEHTPAlUH BILIOTH 10 2.9-10%° cm2
(ummantanus Mn) u 5.2+ 101 em 2 (umnmantanus Fe). [ToABMKHOCTb ABIPOK COCTABIISIIA OT

4 g0 17 com¥B-c. TemneparypHas

3aBHCHMOCTB COIPOTHBIICHHS HMEET TOJTy-
MPOBOAHUKOBBIN Xapaktep (puc.2). Orme-

THUM TOSBJICHHE HA 3aBUCHMOCTH ajist Mn

g 12
o Mn
nuka okojo 100 K. OObiuHO ero mosBiie- e
1,1
HUE CBS3BIBAIOT C TIOJIO)KEHHEM TOYKH
Fe
Kropu mns ¢aszoBoro mepexoma «deppo- 10
0 50 100 150 200 250 300
MarHeTHK-TIapaMarHeTHK». OtcyTcTBUE T K

SABHO BBIPAXXCHHOI'O MHUKa COIMPOTHUBIICHUA

JI  MMIUIaHTanMM Fe, ckopee Bcero, Puc.2. TemnepatypHbie 3aBUCUMOCTH
conpoTuBieHus cnoeB GaAS, MOIyYEeHHBIX TpH
CBUJIETENILCTBYET O pPa3sHBIX MEXAHU3MAX  pMIUIAHTAIMM HMOHOB ¢ J1030i 5-10° cm? u

o OTOMOKEHHBIX ¢ 3Heprueit 400 mJlx/cm2.
0OMEHHOT0 B3auMoieiicTBUs B 3TuX PMII. P A
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Maruuronosesbie 3aBucuMocti 3¢pdexra Xomia (puc. 3, clieBa) UMEIOT aHOMAJIbHBIN

BUJI C TIeTIIeH TUCTEpPE3UCa IIPU HU3KUX TEMIICpaTypax i 000UX THUIIOB HOHOB.
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Puc.3. CneBa — MarHuTomnosneBas 3aBUCUMOCTh d¢dexra Xomra mpu 10 K mas cimos GaAs,
TOJTy4EHHOTO MMIIAHTalMel HOHOB F€; cripaBa — TeMIlepaTypHas 3aBUCMMOCTb KOIPLUUTHBHOTO T1OJIst
nns cnoes GaAs:Fe u GaAs:Mn. Jlosa o6iyuenns = 5-10% ¢cM 2 sHeprus OTXKUTAIONIEr0 UMITYJIbCa =
400 mJTx/cm?.

Ilernu rucrepesnca s cioydas UMIUIAHTalMu Fe - y3kue; YTO MOXET
CBHJICTENIBCTBOBATh O PACHOJIOKEHUH BEKTOPa HAMArHMYEHHOCTH BOJM3M IIIOCKOCTH
CTPYKTYpsI. [l 000MX THIIOB JISTUPYIOIIMX HOHOB KOIPLUTHUBHOE IOJIE CHIKACTCS 10 HYJIS
npu 120 K (puc.3, cnpasa), XOTsl XOA TeMIIepaTyPHbIX 3aBHCHMOCTEH CHJIBHO Pa3INdYaeTCsl.
OtMmernM, uTo HenuHeitnsll dddext Xomna nas GaAs:Fe coxpansieTcst BIUIOTb 10 KOMHATHOH
Temieparypbl usmepenuid. Marueroconporusienue (MC) mns cnoeB GaAs:Fe u GaAs:Mn —
orpunarensaoe. s GaAs:Mn MarHeToCONPOTUBIEHHE HOCHT aHH30TPOIHBIH XapakTep 10
80 K, a Bennunna orpuuarensHoro MC pocruraer 0.8 % B mone 3600 O. [lns cnoes GaAs:Fe
orpunarensnoe MC coxpansiercs BiiioTs 10 300 K, xors ero momyis nesenuk (o 0.07 % B
nozne 3600 D).

TakuM  00pa3oM,  MarHUTONOJEBble  3aBHCHMOCTH  d(pdekra Xomra
MarHeTOoCONPOTHBIEHHS [OKa3bIBAIOT, 4TO JuIi oboux TumoB uoHoB (Fe u Mn) mocie ux
uMIuianTauuy B GaAsS ¢ I0CTaTOYHO BBICOKOW J030i M OT)KHIA MMITYJIECOM KCHMEPHOIO
nasepa chopMUpOBaH GeppOMAarHUTHEIN MMOTYITPOBOAHHK.

PaGota BhImoIHEHA Mpu Toiepkke Poccuiickoro Haywnoro ¢onpa (rpant Ne 19-19-
00545).
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3ABUCUMOCTb TAPAMETPOB DHEPTETUYECKHUX 30H OT I''TYBUHBI
HOHHO-JEITMPOBAHHOTI'O CJIOS AJ151 Si UMJIIMTAHTUPOBAHHOT'O
HNOHAMM Ba*
DEPENDENCE OF THE PARAMETERS OF ENERGY BANDS ON THE DEPTH OF
THE ION-DOPED LAYER FOR Si IMPANTED WITH IONS Ba*

C.B. Jlonaes!, B.E. Ymup3akos!, A.K. Tamwaros?, [.M. lllupunos®, H.M. Mycradaesa?
S.B. Donaev?!, B.E. Umirzakov?, A.K. Tashatov?, G.M. Shirinov!, N.M. Mustafaeva?

1TamKeHTCKUiA rOCYIapCTBEHHBIN TexHu4eckuil yausepeutet um.M.Kapumosa

2KapuMHCKuii rocy1apCTBEHHbIH yHHBEPCUTET

The physicochemical properties of near-surface layers of Si implanted with low-energy (Eo<5
keV) Ba* ions have been studied using ultraviolet photoelectron spectroscopy and secondary
emission spectroscopy. It has been established that for Eo=0.5 keV the dependence of the
concentration of Ba* atoms on the depth d character. Up to d=25-30A, the Cga practically does
not change and amounts to ~50-55 at.%. Starting from d~25-30A, with an increase in the depth,
Cga decreases and at d=80A does not exceed 1-2 at.%, Therefore, in this region, the parameters
of the bands and the density of states in valence electrons change.

B nocnensee rojpl pe3ko BO3pOC MHTEpPEC MOJTYYSHHIO W M3y4eHHIO cBOiicTB BaSiz
SIBISIFOILIEECS] TIEPCIIEKTUBHBIM MATEPUAIIOM Ist (POTOIIIEKTPUYECKUX MaTepuaios [1-4].

B HacTosiliee BpeMsi XOPOILIO M3y4€HbI COCTaB, CTPYKTypa M CBOWCTBA HAHOILICHOK
CHJIMIMIOB MeTaioB. OHAKO UX M3MCHEHUS Ha Pa3IMYHbIX [NIyOMHAX HEPEXOAHOTO CIIOS
CHJIMIIMJI-KPEMHHMIT IPaKTHYECKUI He uccieoBaHbl. [IoatoMy HacTosmas paboTa mocBsiieHa
U3YYECHUIO 30HHOH CTPYKTypbl Ha IIOBEPXHOCTHM M  (PUKCHPOBAHHBIX TIIyOMHAax
IPUMOBEPXHOCTHBIX CIIOEB Si, IMIUIAHTHPOBAHHOTO HOHaMK Ba* ¢ sHeprueit £0=0,5 k3B npu
J103¢ HACBIIICHUSL.

B kauecTBe 00beKTa UCCIIEN0BAHKA BHIOpAH MOHOKpUCTAILTHYECKUA kpemuuit Si(111)
p-tumna. JIJist JOCTHMXKEHMS LENH MCIIONIb30BAHBI METOMBI 0XKE-3JIEKTPOHHOM CIIEKTPOCKOIHH
(02C), yabrpadpuoneroBoit horosnekTporHol criekTpockonuu (YDPIC) u CHeKTpOCKOMHs
YIOPYro OTPaKeHHbIX 1eKTpoHOB (CYOD), YTO MO3BOISIM ONPEACIHTH SJIEMEHTHBIN U

XUMHUYECKHI COCTaB, BEJIMYMHBI KBAHTOBOT'O BbIXO/a, U ITapaMETpPbl SHEPIrE€TUYCCKUX 30H.
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DKCIepUMEHTANIBHBII IPHOOP U METOANKA M3MEPEHHi MOAPOOHO OIHCAHBI B paboTe
[5]. Koncrpykuus mpuGopa mo3Bojisia B yCJIOBUSX BhICOKOro Bakyyma (P=5-107 Ila)
HCCIIEIOBATh COCTOSIHME M CBOMCTBA MPHMIIOBEPXHOCTIIBIX CJIOEB TBEPABIX TEJI METOAAMH
BTOPHYHON M (POTOIICKTPOHHOM CIEKTPOCKOIHMU B COUYCTAHHH C PasIMYHBIMH CHOCOOaMU
00paboTky (HOHHAsT M JICKTPOHHAs OOMOApAMPOBKaA, NMPOTpeB, JiazepHbId oTkur). YOIC
ObUIM CHATHL IpH dHepruu ¢ororos ~v=10,8 3B, a OOC — npu E, = 3000 »B. Hamuune B
npudope Hapsily ¢ KPEeMHHEM IOJIMKPUCTAUIMYECKOr0 MaJUIa[ns MMO3BOJIMIIO OIPEICIHTD
noJyioxkeHne ypoBHs depMH B 4HCTOM 5 MOHHO-JIETHPOBAHHOM cioe kpemHuu. [TocnmenHuit
ONpEeNsIA 110 BEJNMYMHE 3a30pa MEKIY BBICOKOPHepreTmueckumu kpasmun ®OC,
M3MEPCHHBIMHU [T YMCTOTO MAUIaJHs MU KPEMHHMS, JISTHPOBAHHOTO HOHAaMH Ba* ¢ pasHbME
JI03aMH M SHEPTHAMH.

KoHIeHTpaloHHble MPOGWIN PaCHpeseieHiss OCHOBHBIX M MPUMECHBIX aTOMOB B
HOHHO-JICTHPOBAaHHOM KPEMHHMH OIpeAe/sIM Ha CTaHAapTHOi ycraHoBke LAS-2200.
[ToBepxHOCTHBIE ciion TpaBuiad uonamu Art ¢ sueprueir 3000 B moxy yrmom 15° k

TOBEPXHOCTH 00pasia. CkopocTs Tpasienus ~ 4 A/,

Cga,
at% BaSi+Ba
40 BaSi,+BaSi+Ba
20
BaSi>+Si
L 1 I 1 1

20 40 60 d, A

Puc. 1. Ipoduin pacnpenesienus (a) aromos Ba no riyoune puist Si, JernpoBaHHOT0 HOHAMHU
Ba* ¢ E¢=0,5 k3B npu D = 6:10% cm?

Ha puc.l npopuns pacnpenenenust aromoB Ba no rny6use mus p-tum Si(111),
MMIUIaHTHPOBaHHOTO HMoHamu Ba* ¢ Eo0=0,5 B npu D = 8:10% cm2 Buamno, uro
MOBEPXHOCTHAst KoHIeHTpauusi Ba cocraBuser ~45-50 ar.%. KpuBas Cga(d) wumeer
crynenuaryio gopmy: 10 rryounsl 25-30A Csa npaxrtuueckn He mensercs, B unTepBae d ~
30-50 A pesko yMeHbIIaeTcs, 3aTeM MOHOTOHHO yMeHbIaetcst 10 0 npu d =~ 80 A. PesynbTaTsi
0DC nokasau, 4To B IPUIIOBEPXHOCTHOM cJloe ToymuHoi 0~25-30 A B ocHOBHOM 06pasyercs

cumiu tana BaSi ¢ mexoropsiM u36sirkom aromos Ba (~10-15 ar.%). B nepexoasom cioe

86



(d ~30-80 A) hopmupyercst HecTexuoMeTpHUeCKHil cuTHIH Gapust Tia BaxSiy ¢ M36bITKOM
aromos Ba (B unteppane d~30-40 A) u Si (mpu d>40 A). TIpeamonaraempIii THI XHMHUECKOiT
cBsi3u Si+Ba 11 HeKOTOPBIX TIIYOHH yKa3aHbl Ha puc. 1.

3HaueHue OTOAIEKTPOHHOM paboThI BbIXoa O, KOTOpast COOTBETCTBYET IOJIOKEHUIO
Ev onpenemsui u3 coornomenust Ev =hv-AE, rae AE- mupuHa KpUBOH 9HEPreTHYECKOro
pacnpezenennst. ITonoxenus Er, T.e. TepmMod1eKTpOHHAs paboTa BbIX0a 00pA3IIOB BHIYHUCICHA
1o popmyiie ¢=eExpn-Pyon (Expn-KOHTAKTHAs PAa3HOCTH MOTEHLUANOB MEXK/ILY MHULICHBIO H
KOJUIEKTOPOM; paboTa BbIX0/1a KOJUIEKTOPA Py, =4,3 9B). Bennunny mupHHbl 3anpereHHoi
30Hb! Eg OLEHMBANIM IO CIIEKTpaM YIpyro OTpakeHHbIX 35eKTpoHoB [5, 6]. ITonoxenus Ec
Haxoauiu u3 cootHomenus Ec=Ey— Eg. B ciyuae uncroro kpemuust Eg=1,1 3B, a Ec=3,7 3B.

VCTaHoBIICHO, YTO MOHHAs MMILTaHTalKs Ba* B Si IPHBOAKUT K H3MEHEHHUIO TapaMeTPOB
9HEPreTUYEeCKHX 30H U IUIOTHOCTH COCTOSIHHS JIEKTPOHOB BAJICHTHOW 30HBI, K YBEIHYEHHUIO
KBaHTOBOTO BBIX0J1a ()OTOAIEKTPOHOB KpeMHust. Habuto1aeMble H3MeHeHNUst 00y CITOBIICHBI KaK
00pa3oBaHHEM XMMHYECKHX CBs3eil Mex 1y aroMamu Ba n Si, Tak 1 BOBHUKHOBEHHEM HOBBIX
JIEKTPOHHBIX COCTOSIHMM B 3aIPEILCHHON 30HE M3-3a HAJIMYUS HECBSI3aHHBIX aTOMOB Oapusi.
DuU3MKO-XUMHYECKHE CBOMCTBA KPEMHHSI, JIETHPOBaHHOTO HoHamu Ba* ¢ E0=0,5 k3B BbICOKO#T
n030#, 10 ry6uHsr 25+30 A 3aMeTHO He M3MEHSIOTCSA, T..B MPUIOBEPXHOCTHOH 061acTH
obpasyeTcsi 1MOYTH OJAHOPOAHBIA CJI0H. MeXITy ITUM CJIOeM U HeJIerHpOBaHHOH 001acTbio

HMeeTCs IePEeXOJHOM CIIOH, TOJIIMHA KOTOporo cocTaBisieT ~40-50 A
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BJIMAHUE UMIIVNIAHTAIIMU NOHOB BAPUS U KUCJIOPOJJA HA
SMUCCHUOHHBIE CBOMCTBA Mo, Pd ¥ Pd-Ba
EFFECT OF IMPLANTATION OF BARIUM IONS AND OXYGEN ON THE
EMISSION PROPERTIES OF Mo, Pd and Pd-Ba
C.B.lonaes?, D.Pa66umos?, b.E.Ymupsakos?!, B./].Jlonaes?, I'.M.Illupunos*
S. B. Donaev?, E. Rabbimov?, B. E. Umirzakov?, B. D. Donaev?, G. M. Shirinov!

1TamkeHTCKuil rocy1apcTBEHHBI TexHUUYeCKHil yHuBepcuTeT, TamkeHT, Y36ekucran
2J]KU3aKCKMIl TIONUTEXHUUECKHUL uHCTUTYT, JKu3ak, Y30ekucran

3Kapmm{cxm‘x’1 HHXXEHEPHO-YKOHOMUYECKU MHCTUTYT, Kapiiu, Y30ekucran

The effect of ion doping on the secondary emission characteristics of Mo, Pd and Pd-Ba alloy
has been investigated. It was found that as a result of doping with low-energy barium ions, an
intermetallic compound of the Pd-Ba type is formed in the Pd surface layer. The formation of
a chemical compound of the substrate with a dopant contributes to a significant (3 times)
increase in the secondary electron emission (SEE) coefficient. It was found that the Pd and Pd-
Ba samples after doping with a large dose of Ba + ions have almost the same secondary
emission parameters. Doping of Pd-Ba first with barium ions, then with oxygen ions with an
energy of Eo<l keV leads to a significant increase in the secondary electron emission (SEE)
coefficient.

PaHee HaMi BCECTOPOHHE H3Y4EHBI YJICKTPOHHBIC U ONITHYECKHE CBOHCTBA HAHOTIIICHOYHBIX
CHCTEM, CO3JaHHBIX HMOHHOM MMIUIQHTAal[Mel HAa IIOBEPXHOCTH IOJYNPOBOJHUKOB U
JIMAJIEKTPUYECKUX TUIeHOK [1-4]. B nanHOIt paborte BrepBble UCCIIEJOBAH COCTaB, TOJIIMHA
CII051, 2JIEKTPOHHAsI CTPYKTYpa U 9MHUCCHOHHBIE cBoiicTBa Pd-Ba, nMruiantupoBanncs cHagana
noHamu Ba* ¢ Eo = 1 k9B u 3atem — nonamu O2* ¢ Eo = 1 k9B npu 103aX HaChIIICHNUS.

DKCIEPUMEHT HNPOBOAWIH B TPEXKaMEPHOHW BBICOKOBAKYYMHOH YCTAHOBKE C JaBJICHHUEM
ocrarouHoro raza p < 10° Ila. U3mepeHuss BTOPHYHO-3MHCCHOHHBIX XapaKTEPUCTHK
BBINOJTHEHBI B YETHIPEXCETOUYHOM KBa3UC(HEPHUUCCKOM aHATM3aTOPE, PACTIONOKEHHOM B IIEPBOIi
KaMmepe yCTaHOBKH. Bo BTOpOii kamepe MpoBOAMINCH TepMHUYECKast 00pabOTKa U JIETHPOBAHHUE
munieHei nonamu Ba*.Dueprus Eo noHos Ba* BapeupoBaiace B quamnasone 0,5-5 k3B, a no3a
D- B juanasone npumepHo 1014-10'7 non-cm2. Jlernposanue o6pasiioB HOHAMH KHCIOPOJA
OCYIIECTBISIIOCh B TpeThel kamepe™®. MIoHBI KHCIIopoia 00pa30BhIBATNCH MPH CTOIKHOBEHHN

aTOMOB KucJIO0poda C 6I:ICprIMH DJICKTPOHAMHU. BOMGapﬂMpoBKa HOHaMU Kucjaopoaa ¢
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sneprusimu E0=0,5-5 k3B mnpoBojmiace MNepHEHAMKYIIPHO K IOBEPXHOCTH 0Opasiia.
[notHocTs Toka uoHoB O2F mpu D=10% wmomem? cocransma (1-3)-106 A-cm2,
DHepreTuyeckue 3aBUCUMOCTH Kodpduiuento BOD, anekrponnsie oxe-crekrpsl (30C),
CIIEKTPbI XapaKTEPUCTHYECKUX MOTEPh dHepruu snekTpoHamu (XI13D) u crektpsl ympyro-
OTPaKEHHBIX MEJJICHHBIX 3JIE€KTPOHOB cHEKTPhl (YOMD) 3anuCHIBAIKCH C HOTPEITHOCTBIO HE
6omee 1%. PaboTy BeIXO/1a ONIPEENSIIN 10 METOY 3aACPAKKH HEPBUYHOTO Iy4YKa HJICKTPOHOB
Ha MuuieHb. [lepeq MOHHOM HMMIUIAHTAUMEH MONMKpUCTAUIMYEcKHe o6pasiupl Mo u Pd
OUMILAIKMCH JUIUTENIBHBIM IporpeBoM o Temnepatypsl 2200 u 1200 K coorBercTBEeHHO, a
cruias Pd-Ba akrusuposaics nporpesom nipu 7'=1100-1300 K B Teuenue 5-6 u.

OCHOBHbIC ~ BTOPHYHO-IMHCCHOHHBIC ~ XapakKTEPUCTHKH oOpasoB Mo wu  Pd,

JIETMPOBAHHBIX MOHAMH IIEJIOUHBIX H ILETIOYHO-3EMEIbHBIX JIEMEHTOB, IIPUBEICHBI B paboTax
[5]. [TokasaHo, 4TO mMOCHE JErMPOBaHKs G yBEIHYMBACTCA BO BCEH MCCIIEIOBAHHON 00JACTH
3HaueHui £, (ot 1 1o 1500 9B), e ¢ yMeHbIIaeTCS, G 3HAYCHUE IEPBOI KPUTHICCKOH SHEPIHU
Epl cmemaercs B cropoHy MeHblinx sHepruii. Ilpu sToM yBenuuenue ¢ B ciydae Pd
0Ka3aJI0Ch 3HAYMTENBHO OOJBIIMM, YeM B ciiydyae Mo. Bpuio oTMeueHo Gosbliiee H3MEHEHHE
napamerpos BDD, uem npu nerupoBanuu Mo.
Jlnist cpaBHEHHMSI TaM ke TpuBeeHsl 3apucumocty R (Ep) wis Mo, mokpsiroro toscroii (0 ~
10 MoHocnoeB) IUIeHKOW Oapus. DHeprus NEpBUYHBIX OJIEKTPOHOB £, oOTcuMTaHa
OTHOCHTENbHO ypoBHs @epmu MumeHn. TOHKas CTPyKTypa CIHEKTpa MoJiubeHa,
JITMPOBAaHHOTO MOHAMH 0apHs, COCTOMT M3 CYNEpIO3UIIMH OCOOCHHOCTEl 3aBUCHMOCTH
R(Ep) wutst uncroro Mo.

Ha puc.l npusenenst 3aBucumoctd —0R/E, ot Ep, mis umcroro Pd u Pd,
nerupoBanHoro nonamu Ba* ¢ Eo= 0,5 k3B, a Taroke uis riieHku Ba rosmmuoii 10 MoHOCTIOEB,
HAHECEHHOM ITyTeM HalbUICHHs Ha roBepxHocTh Pd. BH/IHO, YTO 1M0I0XKEHHE MaKCHMyMOB 1
muHEMyMOB Ha kpuBoit —AR/AEp(Ep) s HOHHO-IErHpOBAHHOTO OOpasiia OTIHYAIOTCS OT
TakoBbIX 11t Pd u Ba. DTn oTimuns HanGosee 3aMeTHBI B TOH 00JaCTH SHEPIHHU IEPBHYHBIX
JICKTPOHOB, I'JIe MEX30HHBIC IEPEXOIbI B OCHOBHOM OCYILIECTBIISIIOTCS € Y4aCTHEM BAJICHTHBIX
anektponoB (Epr = 10 - 12 3B). Io-Buammomy, obpasosanne coeanHenuss PdBa
CONpPOBOXKACTCS yBEMMYCHHEM 3(P(EKTUBHOI KOHIEHTPALINH BAJICHTHBIX JJICKTPOHOB, TaK

4TO NPOUCXOAUT HekoTopslit (1 - 1,5 3B) poct sHeprum masmeHHbIx kKonedanuii Pd.
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Puc.1. CekTpbl ynpyro oTpazkeHHbIX MeJICHHbIX 3J1eKTpoHOB: 1 — yncrsiii Pd, 2 — Pd,
HMMILUIAHTHPOBaHHbI nonamu Ba ¢ Eo = 0,5 k9B, D=6-10'%cm?, 3 — Pd, nokpbIThIii
Hapuem 0 = 10 MmoHoOC.10ii.

Metonom cnexrpockonuu YOMD monydeHbl JOCTOBEPHbIC CBEACHHSA 00 IHEPTUsIX
MEK30HHBIX IEPEX0J0B W IUIa3MCHHbIX KoneOMauusx Mo, Pd, Ba u nanomrenku PdBa.
IMokazaHo, 4T0 00pa30BaHHE XMMHYECKOW CBs3M Mexay aromamu Ba u Pd npusomut
3aMETHOMY YBEJIMYEHHIO KOHIIEHTPALMH BAICHTHBIX JJICKTPOHOB B HOHHO-JICTHPOBAHHOM
cI10e, CIeJ0BaTeNbHO, IMUCCUOHHAs Y(P(HEKTHBHOCTD B 3THX CJIOSIX YBEINYUBACTCA JI0 2 pasa,
oTHocHTeNbHO uucrtoro Pd. B ciyyae mmiutantauuu noHoB Ba* B Mo He HaGmomaercs
oOpa3oBaHMsi XHMHYECKOH CBs3M Mexay atomamu Ba u Mo. Ilostomy smuccuonHas
3¢ (PeKTUBHOCTE MOHHO-JIETHPOBAHHOM CIIO€ yBEJIMYHMBAETCs He3HauuTenbHo (~1,3 pasa) u
YBEIMYEHUE Om OOBSCHSETCSI B OCHOBHOM YMEHBILICHUEM €.

B npouecce mocieoBaTenbHOM uMianTanun noHoB Ba* u Oz2* ¢ Eo = 0,5 — 1 k3B Ha
nosepxuoct Pd (a takxke cruiaB Pd-Ba) dopmupyercs ToHkuii cnoii (0 = 5-6 mMoHOCIOEB)

okcuzios BaO u Pd-Ba-O, ciienoBaresibHO, 3HaYEHHE Gm YBEIMYUBAETCS 10 7-7,5.
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INCOHERENT-LIGHT PULSE ANNEALING OF NANOPOROUS GERMANIUM
LAYERS FORMED BY ION IMPLANTATION

B.F. Farrakhov?, A.L. Stepanov?, Ya.V. Fattakhov?, D.A. Konovalov?, V. I. Nuzhdin?,
V.F. Valeev?

Laboratory of medical physics®, Group of Nanooptics and Nanoplasmonics?, Zavoisky
Physical-Technical Institute FCR Kazan Scientific Center of RAS, 420029, Sibirsky tract 10/7,
Kazan, Russia, bulat_f@mail.ru

The study addresses the monocrystalline c-Ge substrates implanted by Ag* ions with the
energy of 30 keV, irradiation dose of 7.5x10'¢ ion/cm? and annealed by incoherent-light
pulse. By scanning electron microscopy and optical spectroscopy measurements it was shown
that after ion implantation an amorphous porous Ag:PGe layer of a spongy structure with
nanowires on the c-Ge substrate were formed. The spongy pulse light annealed structure of
the Ag:PGe layer was not destroyed, however the diameters of nanowires increased by about

1.5 times.

Monocrystalline c-Ge (100) n-type plates 150 |mkm thick were selected as substrates.
Implantation was carried out by Ag* ions with E= 30 keV, D= 7.5x10'¢ ion/cm? at current
density J= 8 mkA/cm? using an ILU-3 ion accelerator at room temperature of the irradiated
substrate and normal angle of incidence of the ion beam on the irradiated c-Ge surface. The
implanted Ag:PGe samples were annealed in air by ILP by special “Impuls-6 equipment with
halogen lamps located in a sealed reaction chamber as heating elements (Fig. 1). Annealing of
implanted Ge was realized with 1 light pulse, duration 5 s. The power density of the light
pulse was 30 W/cm?. The surface sample temperature was measured to be near 600 °C.

The surface morphology of the Ag:PGe samples was studied using Merlin (Carl Zeiss)
scanning electron microscope (SEM). Elemental chemical analysis was performed using X-
Max energy dispersive (EDX) spectrometer (Oxford Instruments) in the same microscope.
Optical reflection spectra were measured by AvaSpec-2048 spectrometer (Avantes) at the
normal angle of incidence of the probe and reflected light beam to the surface of the samples

through a paired waveguide in the spectral range from 220 to 1100 nm at room temperature.
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Fig. 1. SEM-images of surfaces (a) c-Ge, (b) c-Ge implanted by Ag* ions at E= 30 keV, J=8
mkA/cm?, D= 7.5x10%6 ion/cm? and (c) and same implanted sample treated by ILP annealing.

Fig. 1 shows SEM images of the surfaces for the virgin c-Ge, Ag:PGe layer formed by
implantation with Ag* ions and the same sample after ILP annealing. The surface of the c-Ge
substrate was flat and smooth (Fig. 1a). lon implantation leads to the formation of an
amorphous Ag:PGe layer of a spongy structure consisting of nanowires with the diameter of
~29 nm (Fig. 1b), as it was described in detail earlier.

Namber of nanowires, arb. un.
Namber of nanowires, arb. un.

30 35

40 [ 50
Diameter, nm Diameter, nm
a b

Fig. 2. Histograms of the nanowire diameters for the c-Ge implanted by Ag* ions at E = 30
keV, J = 8 mkA/cm?, D = 7.5x10% ion/cm? and the same implanted sample treated by ILP

annealing (b).

ILP annealing of Ag:PGe sample does not dramatically modify the spongy layer with
nanowires (Fig. 1b), only their average diameter size increased by about 1.5 times relative to
the implanted surface. Such quantitative dimensional difference could be clearly recognized
from the histograms of the nanowire diameter distribution (Fig. 2a and b). To explain the
changes of nanowire diameter after annealing, it may be assumed that when the implanted
layer with a sponge structure is heated during the interaction with light pulses the individual



narrowest nanowires partially melted. After that melted materials sinter together with
unmelted nanowires and caused the appearance of nanowires of a larger diameter. Apparently,
this process is similar to Ostwald ripening observed usually in a colloidal solution, implanted
and lithography prepared materials with nanoparticles, in which after increasing solution
temperature smallest particles melt and their constituent material is gettered to enlarge bigger
particles. Thus, in the present case of the implanted Ag:PGe layer heating by ILP, such
process could occur because the melting temperature for Ge nanoobjects essentially decreases
in dependence of their size from the value of melting point corresponding to the bulk material
938°C, which leads to the predominant melting of thinnest nanowires. It should be mentioned
that Ostwald ripening mechanism was also used to explain the growth and reconstruction of
nonvoids in the electrochemically fabricated meso-porous Ge layers during equilibrium
thermal annealing.
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Fig. 3. Optical reflection spectra from various samples: (1) c-Ge, (2) c-Ge implanted by Ag*
ions at E= 30 keV, J= 8 mkA/cm?, D= 7.5x10% ion/cm? and (3) and same implanted sample

treated by ILP annealing.

The optical reflection spectra was measured in the visible range for the qualitative
estimation of changes in crystallinity of Ag:PGe sample surface after ILP annealing. Spectra
of the virgin c-Ge, Ag:PGe layer formed by implantation with Ag* ions and the same sample
after ILP annealing are presented in Fig. 3. The reflection spectra of Ge implanted with Ag*

ions in a wide range of D were described in detail earlier in the work. These data allow
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concluding that the reflection spectrum of the crystalline surface of the virgin c-Ge substrate
(curve 1, Fig. 3) changes after the ion implantation to the reflection characteristic of the
implanted amorphous a-Ge layer (curve 2, Fig. 3). For this case, a sharp decrease in the
intensity of the reflection bands responsible for the interband transitions and spin orbit
interaction in Ge with the maxima at 276 nm and a double peak at 564 nm respectively.
Amorphization of the near surface layer of Ge and a decrease in the intensity of the
corresponding fundamental optical reflection bands after irradiation with O* and Ni* ions
measured from flat and smooth implanted surfaces were also observed earlier in the works.
Additionally, such intensity decrease in the ultraviolet spectral region is also caused by the
formation of a dark PGe layer on the surface of the c-Ge substrate called in a literature as
“black Ge”. An intense Rayleigh light scattering takes place from sponge porous structures,
which reduces optical reflectance too. As follows from Fig. 3 (curve 3), after ILP annealing
the intensity of the band increases at 276 nm in the reflection spectra, that indicates a partial
recovery of the Ge crystal lattice in nanowires from the amorphous state. A similar partial
recrystallization of the Ge was detected after heating with He-Ne laser amorphous nanowire
PGe layers fabricated by electrochemical etching in aqueous solutions and by ion
implantation in a vacuum.

Thus, the present research discusses the experimental study of c-Ge substrates
implanted by Ag* ions at E= 30 keV, J= 8 mkA/cm?, D= 7.5x10% ion/cm? and annealed by
ILPs. Fast ILP annealing, which gives the achievement against to equilibrium thermal
annealing, indicates the practical effectiveness of this technique for the industrial use. It was
shown that as a result of ion implantation an amorphous porous Ag:PGe layer of a spongy
structure with nanowires is formed on the c-Ge surface. ILP annealing of the implanted
samples leads to partial melting and recrystallization of the surface Ag:PGe layer. While the
spongy structure of the annealed layer is retained, the diameters of Ge nanowires increase by

about 1.5 times.
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O POJIU BAPBEPA 3PJINXA-IIBEBEJISA B UMIINIAHTAIHIMUOHHOM
JIET'MPOBAHUHU YCKOPEHHBIMHU HOHAMMU

ABOUT ROLE OF EHRLICH - SCHWOEBEL BARIER IN IMPLANTATION
DOPPING BY MEANS ACCELERATING IONS

10.B. T'oponos
Yu.V. Goryunov

Omoen ¢usuku nepcnexmugnvix mamepuanos, PHUL «KasHL] PAH,
Cubupckuit mpaxkm 10/7,Kazanw, 420029, Poccus, gorjunov@kfti.knc.ru;

The Erlich — Schwdbel barrier is considered as the main reason that prevents the
restoration of the crystal structure of the surface layers of single crystals destroyed
by implantation alloying. The use of surfactants facilitating the overcoming of the
Ehrlich — Schwobel barrier by the “hot” atoms of the surface layer of a single
crystal arising during implantation will allow apply the channeling mode and
reduce the ions energy by almost an order with the same final result.

XOpoIIo H3BECTHO, YTO BeCbMa YAOOHBIM M A()(EKTHBHBIM METOJOM IPELU3HOHHOTO
JIETUPOBAHUSL MOT Obl OBITH METOJ MMIUIAHTALUH JICTHPYIOIMX HOHOB B MOHOKPHCTAJUIBI B
peXKUME KaHAIMPOBaHHs. B 3TOM pesxkiMe UMIUTAHTALUS WACT Ha MOPAIOK OOJIbIINE TITyOUHbI
C COOTBETCTBYIOIIMM yMEHBIIEHHEM MCXOJHOH »HEPruM HMILUIAHTHPYEMBIX MOHOB U
HOBPEXICHUI KPUCTAUIMYECKON CTPYKTYpBl Jerupyemoro kpucrawia. OnHako, yxe Ha
PAaHHUX OTalaX MMIUIAHTALMH IIPOUCXOJUT PA3PyIICHHE KPHCTAUINYECKOH CTPYKTYpBI
HOBEPXHOCTHOTO CJIOSl BCJEACTBUE YEro IPOLECC HMIUIAHTALMH BBIXOAUT U3 PEKHMa
KaHAIUPOBAHUS M MOMEHTAIBHO IPOUCXOAUT ellle Oobliee pa3pyIieHHe KPUCTAIUTMYECKOH
CTPYKTYpbl MOBEPXHOCTHOTO CJIOSi MOHOKpUCTAIa BIUIOTH 10 ero amopdusaumu [1-3].
JlaHHOE SIBJIGHME TAlOKEe IPENSATCTBYET OCYIIECTBICHHIO CTOJIKHOBUTEIBHBIX SACPHBIX
peakuuii ¢ ucnoib3oBaHueM 3¢ ¢ekTa KaHaIMpoBaHUS B (pazax BHenpeHHs. B Hacrosmiem
JOKJIaZie  AHAIM3MPYIOTCS TIIyOOKHE IPUYUHBI Pa3pyLIEHUs] PEryIspHOH CTPYKTyphI
HOBEPXHOCTHOTO CJIOS JaKe NPH UMIUIAHTALIMU B POKUME KaHATUPOBAHUSI U HA OCHOBE ATOTO
aHanu3a TMpeanaraeTcs crnocod BOCCTAHOBICHHS PETYJSIPHOH CTPYKTYphl IOBEPXHOCTH
MOHOKPHUCTAJIIa B MPOIECCe UMILTAHTALIMH B HETO JIETHPYIOIINX HOHOB.

PaccmartpuBaercs mpocras Mopenb Kpucrauia (puc.l ) M €ro aTOMHO-TJIAAKOM
HIOBEPXHOCTU IpEACTAaBIAIOIME CcO0OH  YmakoBKy cdep, CBSA3aHHBIX, HaImpHMep,
B3aUMO/ICHCTBHEM UMEIOILMM THITUYHbIA BUJ oTeHuana Jlenapaa -/xonca Ebond = aD12—
b:DS rme D — paccrosHMe MeXay NEHTpaMH B3auMoJeHCTByOIMX cdep (aToMoB,

MOJ'ICKyJ'I), aub - mapaMeTpbl B3aMMOJICHCTBUS. 3aMeTuM, 4YTO B paBHOBECHUU aTOMBI
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pacroaratoTcsi Ha paBHOBECHOM paccTosiuin Do 1 TeruioBble KoJeOaHUs aTOMOB POUCXOIAT
B npezenax nopsaka 0.1-Do , Torma kak atoM crocoO0eH BEpHYTBCS K CBOEMY HPEKHEMY
MOJIOXKEHUIO, YAANMBIINC, W Ha paccrosuue 2:Do. T.e. B ciydae paccMoTpeHust
[IOBEPXHOCTHOTO CJIOSL «Pa30rpeThiX» aToMOB, KaK JBYMEPHBIH Tra3, ATOT ra3 HMeer
HEKOTOPYIO CTEIeHb CBOOOJbI M B HANPABICHUM IEPICHIUKYIIPHOM IOBEPXHOCTH
KpHCTa/uIa. B 3aBUCHMOCTH OT TeMIepaTypbl KPUCTAIa U BHELIHUX BO3/CIHCTBUI Ha HEro B
BHJIE M3JIy4eHHss U OOMOApIMpOBKM aroMaMH M HOHAMH DPa3iIMYHBIX DHEPruil MOXeT
MPOUCXOUTh OCAXKACHHE STUX aTOMOB M MOHOB Ha ITOBEPXHOCTH KPHUCTAJIA MO0 MPHUBOAUTD
K YAAICHHIO MaTephalia MOHOKPHUCTAILIA C €0 TOBEpXHOCTH. M3BeCTHBI 9(EeKThI CeNeKTHB-
HOTO TPaBICHUS ONpPEIEICHHBIX KPHCTALIOrPaUUECKUX IUIOCKOCTEH, 00YCIOBICHHBIC

pasinuyuem 3Heprm71 CBSI3M ATOMOB JJI51 TUIOCKOCTEH ¢ pa3saIu4YHbIMH MHACKCAMH Mmmepa.

| Substrate

| Ean

Pucynok 1. Mojenb IOBEPXHOCTHOIO CJI0Sl MOHOKPUCTAIIIA, 60MOApANPYEMOro UMILIAHTHPYEMbIMU
nonamu E*.  Byksamm A-D 0003HaueHBI pa3IMYHBIC IOJOKCHUS ITOBEPXHOCTHBIX AaTOMOB
MOHOKPHCTAJIJIa BBIOMTBIX CO CBOMX MECT B PE3YJIbTaTe HHTEHCHBHOTO YHEPreTHUECKOT0 BO3/ICHCTBUS
CO CTOPOHBI HMMIUIAHTHPYEMOTO HMOHAa. A — OJMHOYHBIH aTOM Ha IIOJHOW KpPHCTaJIMYECKOM
MIOCKOCTH, B — omuHOuHbI Ha Teppace, C- oaMHOYHBII aToM, mpeojoieBInii Gapbep Dpinxa-
[1IBEOeNsT U «CIYCTUBLIMICSY K OCHOBAHUIO Teppackl, D — aToM, MUTPUPOBABILKIA 110 KPaKO Teppackl
Kk yrmy paga, C — OJMHOYHBIH aTOM, MHIPHUpOBaBHIMII K Kpaio Teppackl. Ha BcTaBke moxasax
MOTEHLHAIBHBII pesibed) s MO3UIIMIT aTOMOB Ha Teppace U Ha IMOJIHONH KPUCTAIUIMYECKO! MIIOCKOCTH,
rae AEes - Bbicota Oapbepa Dpimxa-1lIBE6enst, AEg¢ — SHeprust akTHBaLMH IOBEPXHOCTHOM
MPBIKKOBOI auddysun.

B paccmarpuBaemMolf MOJENM TaioKe MoJlaraeM, YTO Ha 3TOT KPHUCTA/UI B HAIpaBJICHMH,
COOTBETCTBYIOIIEMY PEXHUMY  OCEBOTO KAHAJIMPOBAHUsS HAJIETAlOT, HANpHUMeEp, HOHBI

TSDKEJIOr0 BOAOPO/a MIIM JKeje3a € aﬂepmeﬁ B HECKOJIBKO ECATKOB KHUIIO-3JICKTPOHBOJIBT.
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OrHocHTeNbHO HeOoublast A0Sl (~ Y4) HANETAloMX MOHOB HCIIBITHIBACT IOYTH JIOGOBBIE
CTOJIKHOBEHHSI, OTPAKAIOIIHME HX B BEDPXHIOIO MOTychepy U MPU ITOM HepeAaromiie GONbIIyIO
YacTh AHEPrUM HAJICTAIOLIEr0 HOHA HEOOJBIION IpyIie aTOMOB, OONbIIAs YacTh KOTOPBIH
BCJICJICTBUE CBOEH SHEPTHYHOCTH TIOKHJIAET MOBEPXHOCTh Kpuctawia. OcranbHas (~ Y4)
BXOZIUT B PEXUM KaHAIMPOBAHMS, TIPH KOTOPOM JHEPrUsl UMILTAHTHPYEMOTO MOHA «MSTKO»
pacnpezensiercs Mo GOJBIIOI IpyIIe aTOMOB BJIOJb TPEKA, CAMHU XK€ UMIUIAHTHPYEMbIC HOHBI
B IIPH JIOCTATOYHOM KOJIMYECTBE BAKAHCHH, OYEBHJHO, EPEXOAT Ha ux mecro. [Ipu srom
MIOBEPXHOCTHBIC aTOMBI KPHUCTAJlIA TMOJIyYaloT OOJIBIINE HMITYJIbChI, HAIPABJICHHbIC BIOJb
MOBEPXHOCTH KPHCTaIa. B pe3ynbTaTe 3THX NPOLECCOB MPOUCXOUT CUIIBHOE BO30YKICHUE
U JIOKQJIbHBI HAarpeB JABYMEPHOrO Ta3a aTOMOB Ha IIOBEPXHOCTH MOHOKPHCTAILIA.
OxJIaKAeHHe ATOr0 rasza IIPOMCXOAMT Kak 3a CYET ero pacCIIMPeHHs 3a [pe/elbl
MIOBEPXHOCTHOT'O CJIOSI, TaK M 3a CYET Mepeaayn TeIUIOBOM YHEPruy BHYTPh MOHOKpPHCTAILIA.
Bo3HukaeT cuTyauus, aHalIOTU4YHas BaKyyMHOMY OC@KJCHHIO aTOMOB Ha MOHOKPHCTAILI-
JIMYECKYI0 TOIOKKY M3 TOrO K€ Marepuana C O4YeHb CHIIBHBIM IEPECHILICHHEM —
FOMOSIIUTAKCHS B PEXUME, JAJIEKOM OT ONTHMalbHOro. B 3TOM citydae NpOMCXOAUT
s¢gdexTuBHAs Tepenaya SHEPrUU MOBEPXHOCTHBIM aTOMaM M BO30Y)KIACHHE HHTCHCHUBHON
MUTpaLHU TTOBEPXHOCTHBIX aTOMOB I10 MOBEepXHOCTH. [IpoMcxopsiine mpu 3TOM MPOLECCHI
O4YeHb OJIM3KM K MPOLECcaM MHUIPAlMM aTOMOB IIPH BAaKyyMHOM OCa@XICHHHU CJIOEB, T.C.
pean3yIOTCs MPOLECChl OCAXKICHUS M3BECTHBIC, KAK PEKMMBI ITUTAKCHATIBHOTO pocTa. IIpn
SMUTAKCHAJIFHOM pocTe Kpucrtauia (OyaeM MMeTh BBHJY POCT KPHCTAlUIa MPH BaKyyMHOM
HATBUICHUH WJINM MOJEKYJSIPHO JTy4eBOW SIHUTAKCHUM) PAa3IMYalOT TPU OCHOBHBIX PEXKHMa
SMUTaKCHAIBLHOrO pocta: Bosbmepa- Bebepa (Volmer-Weber), Crparckoro —Kpacranosa
(Stranski — Krastanov), Opanka —Ban nep Mepse (Frank-van-der-Merve) B mopenu
(opMHpOBaHHs SMUTAKCHAIBHOTO CJI0s 4epe3 a3y JABYMEPHOIO IMOBEPXHOCTHOIO rasa
pasNMuUs MEXITy HA3BaHHBIMU PEXHMaMH BO3HUKAIOT BCIJICACTBHE COOTHOIICHHS SHEPIUH
IIepEMEILCHHUS] AaTOMOB B 3TOM [IByMEPHOM Ta3e, [TyOUH MOTeHIHATbHBIX SIM, BO3HHKAIOLIIX B
pe3yJbTaTe pa3iIMYHbIX KOH(HUryparuii B3aMMHOTO DACIOJIOXKCHHS aroMoB, U 0Gapbepos,
BO3HUKAIOIIMX HA IPAHMLAX PACTyIIMX KPHCTAIIMYECKHX TEppac MOHO-aTOMHBIX CiioeB. B
cllyyae peanu3alldy IIOCIOHHOTO POCTa, DHEPTHs JBMKCHHS aTOMOB B JBYMEPHOM rase
IPEBBIIIAET BHICOTY dTOro Oapbepa (Oapbep Dpimxa-llIBéoens) [4-6] u moBepx pacryueit
MOHO-aTOMHOM Teppachl He MOXKET HAayaThCsl POCT CIEAYIOILEH Teppachl [0 TeX Iop, M0Ka He
Oyzer 3aBepllieH pocT npenbiaymield. [lonmajgaronye Ha MOBEPXHOCTh 3TOW CTYNEHH aTOMBI
JIETKO TIpeojioiieBast 9TOT Gapbep OKa3bIBAIOTCA B Ooliee IyOOKOW MOTEHIMAIBHON siMe 3a

KpaeM Teppachl MM e B ere 6oinee riryookoi Ha u3rude kpas. OJHAKO, JOCTHKECHUE TAKUX
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HJICalIbHBIX YCIOBHI He BCEria BO3MOXKHO M IPOMCXOIUT IPeXIAEBPEMEHHOe 00pa3oBaHHe
3apOJBILICH, HAPYIIAIOMMX KPHCTALIOrPAQUIECKYI0 KOrE€PEeHTHOCTh —ITOBEPXHOCTHBIX
00pa3oBaHUil OTHOCHTENIBHO KPHUCTAUIMYECKON CTPYKTYpPBI IOIOKKH. B 9TnX ciydasx
3aja4a OOJeryaercs MPUMEHEHHEM IIOBEPXHOCTHBIX J00AaBOK aTOMOB JpYyroro Copra,
CHIDKAIOIMX BEIMYUHY O5TOro Oapbepa.  IIpuMepoM Takoro IPUMEHCHHS SIBISCTCS
IPUMEHEHHE CIICOBBIX KOJIUYECTB ATOMOB CYpPbMBI IIPH BBIPAIIMBAHHH TTOJIYTIPOBOAHUKOBBIX
MOHOKPHCTA/UIMYECKUX CII0eB repManus [7], Hurpua ramms [8] wimm apyrux cypdakranton
IPU BBIPAIIMBAHMH  CJIIOXKHBIX MeTauindeckux HaHocTpykryp [9]. Ilpu stoM artomsi
cyphakraHTa He BXOZIT B PACTYIINH CIION U HE CTAHOBSITCS JIETHPYIOLIE IPHMECHIO.

Taxum oGpaszom, paccmatpuBas 6apbep Epnmxa —I1IBEOens, kak INIaBHYIO NPUYUHY,
HPENATCTBYIOIIYI0 BOCCTAQHOBJICHUIO Pa3pyIIaeMOil IPU MMILTAHTAIIMOHHOM JICTMPOBAHUH
KPHCTAJUIMYECKONH CTPYKTYpPBI ITIOBEPXHOCTHBIX CJIOEB MOHOKPHCTA/UIOB, IIOJaraeM, 4TO
IPUHSTHE Mep, ObJerJarolux npeogoneHue 6apsepa Epinxa —IIIBEGens BO3HUKAIOLIMME
[PH MMIUIAHTALMH «TOPSYMMU» aTOMaMH [OBEPXHOCTHOTO CJIO0S MOHOKPHCTAJLIA, O3BOJIUT
MPOM3BOJMTH  HMMIUIAHTAL[MI0 B  PEXUME KAHAIHUPOBAHHS M  CHH3UTh  DHEPIHUIO
HMIUIQaHTUPYEMBIX HOHOB IOYTH HA MOPSJIOK MPH TOM K€ KOHEYHOM pesyibrare. TakuMu
MepaMH MOTYT CTaTh: IIOA0OpP TEMIIEPAaTypHbIX PEXHMOB HMIUIAHTALUH, KOHTPOJIb 3a
COCTaBOM OCTATOYHOW arMocdepbl BaKyyMHOW KamMepbl, B KOTOPOH HPOHM3BOMUTCS
MMIUIQHTALMs, MOAOOP M HAHECEHHE CJICNOBBIX KOJMYECTB Cyp(aKTaHTa Ha IOBEPXHOCTb

MOHOKpHCTajl1a, B KOTOprﬁ NPOU3BOAUTCA UMIUIAHTALUsSI HOHOB.
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JUAOJHBIN 3®®EKT p-n CTPYKTYPbI, CO3JIABAEMOI HA IOBEPXHOCTH
n-GaAs HU3BKOOHEPTETUYECKUMHU HOHAMM Ar*

DIODE EFFECT OF THE p-n STRUCTURE FORMED ON THE n-GaAs SURFACE
BY LOW-ENERGY Ar" IONS

B.C. Kanunosckuii, E.B. Kontpour, 1. A. Tonkaués, K.K. IIpynuenko, E.A. MakapeBckasi,
JI.A. HoBukos, B.M. Mukymikux

V.S. Kalinovskii, E.V. Kontrosh, I.A. Tolkachev, K.K. Prudchenko, E.A. Makarevskaya,
D.A. Novikov, V.M. Mikoushkin

Y oTH um. A.®. Hogghe, Honumexnuueckasn 26, Cankm-Ilemepbype, Poccus,
Elenamakarevskaia@gmail.com

Abstract. Electrical properties of the n-GaAs surface irradiated by Ar* ions with energy Ei = 2500
eV have been studied by measuring Volt-Ampere characteristics. Ohmic contacts were deposited to
the face and back sides of the sample at room temperature to avoid modification of the irradiated sur-
face due to diffusion of metal atoms. The diode effect manifesting itself in 2-3 orders of magnitude
Forward-to-Reverse current ratio was observed contrary to the reference unirradiated sample. This
fact evidences Ar” ion induced creation of the nanostructure with p-n junction on the GaAs surface.

HuskodHepreTHIecKHe HOHBI AT’ IIHPOKO MCTOB3YIOTCS ISl IPUTOTOBJIEHHS aTOM-
HO-YUCTOH MOBEPXHOCTH MATEPHAIOB, HEOOXOAMMON AT MX JUArHOCTHKU MOBEPXHOCTHO-
YyBCTBUTEIBHBIMA METOJAMH B YCIOBHSX CBEPXBBICOKOro Bakyyma [1]. CambiM pacmpo-
CTPaHEHHBIM CPEIIH ITUX METOJOB SIBISACTCS PESHTICHOBCKast (POTODIEKTPOHHAS CIIEKTPOCKO-
st (PODC) s xumudeckoro ananusa [1]. OGBIYHO MpeAnoiaraeTcs, 4YTo MOHHAs OOM-
GapanpoBKa He U3MEHSET CBOMCTBA IPUIIOBEPXHOCTHOTO CJIOS IO CPABHEHUIO C 00BEMHBIMH
U IO3TOMY IoJTydaeMasi HH(pOPMALUs OTHOCUTCS KO BCEMY MaTepHaily. DTO Mperonoxe-
HHME OCHOBAHO Ha TOM, YTO HOHHOE OOJIydYeHHEe He U3MEHsEeT OJMKHUIT MOPAIOK U, ClejoBa-
TEJIbHO, XMMUYECKOe COCTOsTHUE aroMa. OJIHAKO B HEJJABHEM MCCIICIOBAHHU (DOTOIEKTPOH-
HBIX CIIEKTPOB BAJCHTHOH 30HBI aTOMHO-YHCTON MOBEPXHOCTH MONympoBogHuKa N-GaAs
ObUI0 OOHAPYKEHO, YTO OOITYYEHHBII CIIOM HAHOMETPOBOI TOJIIMHBI U3MEHSIET TUIT IIPOBO-
JMMOCTH M CTAaHOBHTCS P-cioeM [2]. M3MeHeHHe THIa MPOBOAMMOCTH HMPOMCXOIMT B pe-
3yJIbTaTe YUCTO MEXAHMYECKOTo JECTBHS MOHOB, CBS3aHHOTO C IPEHMYILECTBEHHBIM pac-
IBUICHHEM aTOMOB MBIIIbSKA, 00OTAIlCHUEM OOJIyYCHHOTO CJIOs TaJUIHEM U 00pa30BaHHEM
MOJIOKUTENBHO 3apsDKeHHbIX Ga-aHTucalT HeHTpoB [2]. TToCKOJIBKY MCXOIHBIH MaTepua
SIBJIICTCS ITOJIYIIPOBOJHUKOM N-TUIIA, ObLI C/eNaH BbIBOJ 00 0Opa3oBaHMU IOA ACiCTBUEM

HOHOB aproHa P-N CTPyKTYpbl U BO3MOXKHOM (hopMupoBaHMH P-N mepexoza. B Hactosuei
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pabore OBUIM H3MEpEHBI BOJbT-aMIEpHBIC XapakrTepucTuku (BAX) cdopmupoBanHOi
CTPYKTYpbI U OOHapyxeH JuoaHblil 3ddext. Takum oOpa3om, ObUIO MOKAa3aHO, YTO IMOJY-
npoBOAHHK N-GaAs ¢ aTOMHO-UHCTOMH TOBEPXHOCTBIO, TPUTOTOBICHHON TPaBJIeHHEM HU3KO-
SHEPreTHUECKUMH MOHaMH Ar’, sBIseTcss P-N HAHOCTPYKTYpOii ¢ P-N MepexonoM, AeMOH-
CTPUPYIOLIUM AUOAHBIH P EeKT.

B kavectBe 00BbeKTa MCCeA0BaHUs Oblia HCmoib3oBana miactuia GaAs (100) n-tuma
(n ~ 10% cv). O6pasen o6mydancs vonamu Ar' ¢ sueprueit Ej= 2500 5B B cBepXBBICOKOM
BaKyyme (~ 5 x 1071 Topp) snextpoHHoro cnekrpomerpa Leybold-AG. ITnoTHOCTS 103bI 00-
ayqenus (moenc) Q ~ 1 X 10" em Gbuta mocraTouHoi s YIOAJICHUS CI0SI eCTECTBEHHOTO
okcuza u GOpPMUPOBAHUS HOHHO-MOAU(UIHPOBAHHOTO ciosi. OTCYTCTBUE KHCIOPOAA Ha MOo-
BEpPXHOCTH 00Opa3ua koHTpomupoBanoch mo crnekrpam OKVV oxe-anexTpoHoB. TemHOBBIE
BAX u3Mepsuinch B aTMOC(EPHBIX YCIOBHSX NPH KOMHATHOW Temrieparype. st 3Toro Ha
JIMIEBYIO M OOPaTHYIO CTOPOHBI 00pa3ija ObLIH HAHECEHBI OMHYECKHE KOHTAKTHI. [l yMeHb-
IICHHS TOJIIMHBI OCTaTOYHOI'0 OKCHIHOTO CJIOSl IIOBEPXHOCTH MOJBEPTauCh XHMMHUYECKOMY
TPaBJICHHUIO M IPOMBIBKE INEpeJ] HAHECEHHEM KOHTAKTOB. MeTaInuecKue KOHTAaKThl 00miei
tommuuHoi 0.2 #m Hanocwiuchk HambUleHHEM Ni, Au 1 Ag B BBICOKOM Bakyyme (~ 5 X 107
Torr). TIpu 3ToM TemnepaTypa obpasua He npesbimana 100°C. Do uckirouano audpdysuio
aTOMOB METajlla B CBEPXTOHKUH P-clloi M ero Merauu3anuio. Ilocie HaHeceHUs KOHTAKTOB
IIacTMHa ObUIa pa3JielieHa Ha HECKOJBKO 00pasloB. DKCHEPHMEHTAIbHBIE 3aBUCHMOCTH

CPaBHHUBAIIMCh C PAaCCYMTAHHBIMU B TIporpamme «Silvacoy [3].

Ar profile
E = 2500 eV Ha, UMIUIaHTHpoBaHHOTO B GaAs ¢ suepruii Ei= 2500

Puc. 1. (a) TRIM npoduiis pacnpezeseHus apro-

7.8 nm

9B. (b) 3onHas auarpamma p-n CTpyKTypbl, 00pa3oBaH-

HOIt Ha noBepxHOCTH N-GaAS uMIUIaHTaluelt noHoB Ar’,

a)

Ar concentration (arb. un.)

TonmuuHa €10 OLEHUBAJIACh IO MPOPHIIO

pacrpezieseHUs UMILTaHTHpOBaHHOTO B GaAs apro-

b)

S Ha, PACCYUTAHHOTO C MOMOLIbI0 Iporpammsl TRIM
-GaAs

[4] u npuBenénnoro Ha Puc. la. 3a Tomuuny p-cios

E
n-GaAs I ' B3ATa INMPUHA DPAcHpEJENCHUs Ha IOJOBUHE €ro

| 1,42¢v

4 BoicoTsl 0 ~ 2Rp = 7.8 uM, rae Rp — jerko mocrym-

‘lectron energy (arb. un.)

Has TaOyJIMPOBaHHAs IPOCKIOHHAS [TyOHHA.

0 5 10 20
Depth (nm)
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1E-04

] Puc. 2. TemuoBsie BAX oxsoro us
OIBITHBIX OOIY4EHHBIX 00pastoB (P-n
GaAs) U KOHTPOJIBHOTO HEOOIy4EHHOTO
obpasua (GaAs-ref.) B npsimom (Forward)
u obpatHoM (Reverse) HanpaBiIeHUSX.

p-n GaAs GaAs - ref.

Forward

J.Alem®

Forward

SE-05 Reverse |
Kak nokasanu usmepenust npodus p-
N CTPYKTYphI METOIOM (POTORIIEK-

Revesse TPOHHOH CIEKTPOCKOIHH C BapbUPO-

OF+00 { BaHHEM ITyOHHBI 30HAUpOBaHus [S],

0.00 0.05 0.10 0.15

JlaHHas OLIEHKA 0Ka3anach BECbMa
Voltage, V

TOYHOM IS CJ10s1, 00Iy4EHHOTO
HoHaMH A1’ HECKOJIBKO MEHbIIIEH sHepruu (Ei= 1500 5B). UneanusupoBaHHas 30HHas qua-
rpamMma Takoil CTPYKTYPHI € Pe3KUM riepexoaoM B obnactu d ~ 2Rp npuseznena Ha Puc. 1b.
ITynkTupHOIt psiMoii 0603HaueHO ronoxeHne yposHs depmu. B mpunosepxHocTHOI 00112~
CTHU BBICOKOH KOHLIEHTPAIIMU UMILUIAHTUPOBAHHBIX HOHOB K ypoBHIO depMu MpUMBIKaeT Bep-
IIMHA BAJICHTHOIT 30HBI, a B IITyOOKOM €1a00 MOAN(UIIMPOBAHHOM CJIOE - THO 30HBI IPOBO-
JIMMOCTH.

boutn ncenenoBansl BAX HeckonbKux 00pa3sioB, MOMTYYEHHBIX U3 OQHOMN IUIACTHHBI,
GOJILIIMHCTBO M3 KOTOPBIX MOKa3au OJIM3KHE XapaKTePUCTHKHU B 00JIaCTH OTHOCUTENIBHO Ma-
nbix Hanpspkenui (< 0.2 B). Ha Puc. 2 npusenens! temuoBble BAX oHOro n3 o01y4éHHbIX
o6pasios (p-n GaAs) B npsmom (Forward) u o6pataom (Reverse) HanpaBnenusx. Bugto, uto
pa3HHIIa TOKOB B IIPSIMOM U 0OpaTHOM HampaBlIeHHAX pocturaet 2.5 nopsakos. To ectb BAX
P-N CTPYKTYpBI OOHAPYKMIIN TMOAHBII 3P (EKT, B IPOTHBOIOIOKHOCTD IPUBEIEHHOMY HA
9TOM ke pucyHke BAX HeoOmy4éHHOr0 KOHTpOIbHOTO 00pasua (GaAs-ref.), mpsimMbie U 00-
paTHbIE TOKH KOTOPOT'0 COBIAAAIOT. TakuM 00pa3oM, ObUIO YCTaHOBICHO, 4TO 60MOAPAUPOB-
Ka ToBepXHOCTH N-GaAs HH3KOIHEPreTHIECKHMH HOHAMH AT™ TPUBOIHUT K OPMHUPOBAHUIO
P-N CTPYKTYPBI ¢ P—N EPEXOJIOM.

Ha Puc. 3 B norapudmudeckom Maciutabe nmokasana BAX o6pasia u3 apyroii cepus,
JIEMOHCTPUPYIOIIask SKCIIOHEHIINATIBHYIO 3aBUCHMOCTb B 3HAYUTENIBHO 00JIee IHPOKOit 001a-
ctu Hanpsprenuit (1o 0.7 B). boxee mupoxkast o6nacts AnoaHoro 3¢ exra, Ho-BUIHMOMY,
CBsI3aHA C JIY4IIeH aare3ueii MeTalIMYECKOro CJIOS C JIMLEBON TOBEPXHOCTBIO JAHHOTO 00-
pasua. [Tockonbky ObUIa HCTIONB30BaHA HECTAHAAPTHAS TEXHOIOTUS XOJIOJHOTO HAHECCHHUS
METAUIMYECKUX KOHTAKTOB, BOIIPOC 00 X OMUYECKOM XapaKkTepe TpeOyeT AOMOIHUTEIbHOIO
PacCMOTPEHUSI M JIOKa3aTeNbCTBa TOTO, YTO HAOII0OAaeMBblil IHOIHBINH 3 (HeKT HEe CBsA3aH C

(dopmupoBanueM 6apbepa LlloTTkn Ha IHIIEBOH cTOpOHE 00Ty4€HHOTO 00pa3ia, TO €CTh ¢
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10° Puc. 3. Tlpsmas temuoBas BAX
oaHoro u3 obpasuos (Experiment)
B cpasuenun ¢ BAX (Silvaco-
model), paccuntanHoOif MO JBYX-
9KCIIOHECHIHATBHOI MOJIEIIH.

p-n GaAs

Forward
107

107 dhopmuposanuem auoxa Llorr-

J. Alem”

10° ku. [ToaTomy nist npuBenEHHoM
Silvaco-modeled
Ha Puc.l p—n cTpykTypsl ¢

npeanojgaracMbIMu OMUYCCKUMHU

KOHTAaKTaMH C IIOMOILIBIO TIPO-

Yoo 01 02 03 04 05 06 o7 rpawmeSilvacos [3] Geum
Voltage, V paccuntanbl BAX. Pacuér npo-

BOJIMJICS 110 IBYX9KCIOHEHIIU-
QIbHON MOJICITH, IIPE/IIOIaraloei NPeNMYIIECTBEHHOE IeHCTBUE ABYX MEXaHU3MOB TOKO-
HPOXOJK/JICHUS B 00J1aCTH OTHOCUTENIBHO HU3KUX HATIPSHKCHUIT, 2 UMEHHO: MEXaHHU3M PEKOM-
6unarmonnoro toka (Caa-Hotica-lloxun) [6] u auddy3unonnsiii mexanusm (Shockley) [7].
O6a MexaHU3Ma CBsI3aHHBI ¢ JeeKTaMH U JIETHPYIOIUMU npuMecsiMu. [Tokazannas Ha Puc.3
MozenbHas kpuBast BAX (Silvaco-modeled) npaktiyecku uaeanbHO ONUCHIBACT YKCIEPUMCH-
TaJIbHYIO, IOATBEPK/Ias 00pa30BaHKe MONYHPOBOAHUKOBOIO P—N MEepexoa ¢ NpeuMylie-
CTBEHHO OMHYECKMMHU KOHTaKTaMH.

Takum o0Opasom, B paboTe ObUIM HCCICIOBAHBI IEKTPO(PHU3NUESCKIE CBOMCTBA IOBEPX-
Hoctn N-GaAs, MOaM(MHUIMPOBAHHOH YHCTO MEXAaHUYECKUM JICHCTBHEM XHMHYECKH
HEUTpanbHBIX HOHOB aprona. /s uzmepenust BAX 6buia pa3paboTaHa METOJUKA XOIOJHOIO
HAHECEHHs] OMHYECKOTO KOHTAKTa Ha MPECIbHO TOHKHH HOHHO-MOAN(MHIMPOBAHHBINA CIIOM.
bbu1o nokaszaHo, yTo 60MOGapaAUpPOBKA MOBEPXHOCTH N-GaAs HU3KOPHEPreTHYECKUMU HOHAMU
Ar’ npuBoUT K HOPMUPOBAHHMIO P—N CTPYKTYPBI ¢ P—N IEPEXOIOM.

Pabora nojiepxkana Poccuniickum HaydHbIM (pongom (Nel7-19-01200-1T).

[1] D. Briggs, M.P. Seah, Eds., Practical Surface Analysis by Auger and X-Ray Photoelectron Spectroscopy,
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AHAJIU3 PE3YJIbTATOB BO3JAEMCTBUS IPOTOHOB C DHEPTUEN
30 K9B HA IINIACTHUHBI CTEKJIA K-208

ANALYSIS OF THE RESULTS OF THE INFLUENCE OF 30-KEV PROTONS
ON THE K-208 GLASS PLATES

P.X. Xacanumn'?, JI.A. Ilpumenko?

Yxyuonepnoe obwecmeo “Komnosum ™, 141070, ITuonepcxasn yx. 0. 4, Kopores Mockoeckas
obracmo, Poccus

2Kagpedpa pusuxu, Mockosckuii 2ocyoapcmeennbiti mexuuueckuii yuusepcumem um. H.9. Baymana,

105005, 2-12 baymanckas ya., 0. 5, cmp. 1, Mockea, Poccus

Changes in the surface structure of K-208 glass irradiation with 30 keV protons in
vacuum (10 Pa) are studied using atomic-force microscopy. It is found that on the surface of
glass irradiated with protons gas-filled bubbles, microcracks and percolation channels of
sodium are formed.

CHIIMKaTHBIE CTEKJIA YacTO HCIOJb3YIOTCS B YCJIOBHSX IOBBIICHHBIX PaJHallMOHHBIX
Harpy3oK, 00yCIIOBJICHHBIX BO3/ICHCTBHEM MIOTOKOB 3apsDKEHHBIX yacTuil. Hamnpumep, crekia,
HCIIOJIb3yeMbIe Ha BBHICOKOOPOUTAIBHBIX CITyTHHKAX, MMOJABEPTalOTCsl BO3IACHCTBHIO OOJBIINX
[IOTOKOB MOHM3MPYIOLIMX H3IYYCHHIl KOCMHYecKoro mnpocrpancrea [1-3] — wactun
paaMalMOHHBIX MMOSACOB 3emiaM W MarHuTocepHOil miasmbl. Takoe Bo3JelCTBHE
COIPOBOXKAACTCS JIErpafaliieii CBOUCTB CTEKJIAa U PAAOM CIIOXKHBIX 4aCTO B3aMMOCBSI3aHHBIX
mporeccoB. Jlerpananus cBoicTB 00yCIOBIEHA T'eHepalnell B HUX PaAHal[iOHHBIX LIEHTPOB
OKPacCKH M W3MEHEHHSMH CTEXHOMETPHH, CTPYKTYypbl MOBEPXHOCTH U IUIOTHOCTH
ob6iy4yaemoro matepuaina [4-9].

B KkauecTBe IOKPOBHBIX CTEKOJ COJHEYHBIX OaTapeil CIyTHHKOB HCIIOJIb3YIOTCSA
miactussl crexina K-208, mumeromero cocraB (Moi. %): SiO2 (69.49); B20s (11.93); Na20
(010.33); K20 (6.25); CeO2 (2.00). OcnoBHOE TIpeiHa3HAYEHNE TUIACTUH — 3aIUTa YJIEMEHTOB
(oronpeodpazoBaresneir ot nporonos. Tak, rmactiuaa K-208 tommuuoit 0.17 MM sBisieTcs
3aIIUTHBIM 9KPAaHOM s (POTODJIEMEHTOB OT MPOTOHOB € dHeprued 1o 5 M»sB. B mepuox
PeOMarHUTHBIX Oypb TaKHe CTEKJIa MOABEPraroTCss HHTCHCUBHOM O00MOApAHpOBKe YaCTUIIAMHU
ropstueit MarHUTOChepHOM MITa3MBI, COCTOSIICH B OCHOBHOM H3 DJIEKTPOHOB M IIPOTOHOB.

B nameii pabote MpOBOAUTCS aHAIN3 PAHEE U BHOBb MOJIYYEHHBIX YKCIIEPHUMEHTAIBHBIX

pEe3yJIbTaTOB I10 KCCIICJOBAHMIO HM3MEHEHHH Mopdosoruu 00Iy4aeMoil MOBEPXHOCTH M
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ONTHYECKUX CBOMCTB ruiacTuH crekia K-208 mox neiictBueM mpotoHoB ¢ aueprueii 30 k3B,
XapaKTEePHO# [UIs 4acTHI] TOpsiYeil MarHUTOC(EpPHON IIIa3MBl.

IlnacTHHBI MOKPOBHBIX CTEKOJ SBJISIOTCS YJIOOHBIMH MOJECIBbHBIMU OOpasuaMu Juist
U3Y4YCHUsS BIMSHUS —pajMallid Ha CTPYKTYypy [OBEPXHOCTH CTEeKia. TeXHOJIOrus
M3roToBNeHns (MX BBITSAIMBAIOT 4Yepe3 BalkW M3 paciuiaBa crekia K-208 u Hapesaror)
103BOJIsIeT OpaTh Uil AKCHEPUMEHTOB 00pa3sibl OJMHAKOBOIO XHMHYECKOTO cocraBa (M3
OJIHOM MapTHH) C IIEPOXOBATOCTHIO MOBEPXHOCTH mopsiaka 1 HM. B skcrepumentax
HCIIOJIb30BAINCH IUIACTHHBI ¢ pazmepamu 40 x 40 x 0.17 mm.

OGnyuene  o0pasioB,  NPUKPCIUICHHBIX K  I[OJMPOBAHHOH  MOBEPXHOCTH
METaJUIMYeCKOr0 TepPMOCTATHPOBAHHOIO CTOJMKA, MPOBOIAMIOCH B aBTOMATH3HPOBAHHOM
crerge YB- /2 AO «KoMosur» npu clneayiomux yCIoBHsIX: AaBJICHHE B BAKYYMHOH Kamepe
10 Pa; moTHOCTH MoTOKA "actuil 5.0x10%° cm2¢ct; hmoenc o6nyuenus (Pp) BapbupoBaics
B jmanasone (5.0x10% - 2.5x10%) cm?; Temneparypa cronuka cocrasisina 20 + 1 °C,

IToBepXHOCTH OOpa3IoB A0 M MOCHE OOIydeHHs! HUCCICAOBAINCH METOJAMH aTOMHO-
CHJIOBOH MHKPOCKOIHH C HCIOJNb30BAHUEM IIONYKOHTAKTHOW aTOMHO-CHJIOBOH MOJIBI,
KOTOpAst TIPY BBICOKOM TOYHOCTH M3MEPEHHI HE pa3pyIIaeT OBEPXHOCTb.

Ipu 00yveHnH CTeKIa MPOTOHAMHU C YHEPTUSIMH B HECKOJIBKO JECATOK K3B B TOHKHIA
[PUIIOBEPXHOCTHBIN CIIOI MHXKCKTUPYIOTCS SHeprusi M 3apsia. Ha puc. 1 mpeacraBieHbl
paccunTaHHble MeToOM Monte-Kapno 3aBucuMocT MOHM3aUMOHHBIX 1oTeph —(AE/dX)p 1
i npobera Rp nmporoHoB B crekie K-208 ot ux sHepruu Ep, a Taioke pacnpeneneHue mno
ToumHe o0pasua konuentpauun Cp(X) TepMaIM30BaHHBIX MPOTOHOB ¢ Ep = 30 keV.

AKKyMyJIHpOBaHHE 3apsja HHIYLUPYET DJIEKTPUYECKHE IIONS, BIHSIOUME Kak Ha
[IPOLIECChI, IPOTEKAIONIME B CTEKNIEC, TAK M HAa JHEPreTHYECKH-YIJIOBOE PACIpeeieHue
GombapaupyomKux obpaserl yacTull. B 4YacTHOCTH, MoJie HAKOIUICHHOrO B CTEKIJIE 3apsijia
CTUMYJIIPYET MepepacipesielieHie BXOMAIINX B €ro COCTaB MOHOB IICJOYHBIX METalIoB,
I10JIeBast MUTPALHS KOTOPBIX IIPHBOUT K IIEPECTPOIKE MHKPOCTPYKTYPhI CTEKIIA.
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Puc. 1. 3aBucumMocTH HOHM3AUMOHHBIX HoTepb — (AE/dX),, unHa npobera Rp IPOTOHOB OT MX SHEPrUH
Ep, ¥ mpoduIib KOHIEHTPALMU TEPMAIH30BaHHbIX NPOTOHOB C(X)p B CTEKIIE (BCTABKa).
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B paboTe paccMOTpeHBI OCHOBHBIE ITPOLECCHI, BBI3BIBAIOIINE U3MEHEHUS! MOP(HOJIOruU
noBepxHocTH cTekna K-208, HabnonaeMble Ipyu IPOTOHHOM O0IyUCHHUH.

A) Dopmuposanue 2a30HanoNHeHHbIX NY3bIPLKOS 6 NPUNOBEPXHOCHHOM cloe cmekna. B
pe3yibTaTe peKOMOMHALUM YaCTU WHXKEKTHPOBAHHBIX B CTEKJIO NPOTOHOB C JICKTPOHAMH,
MOSIBUBIIMMUCS B pe3yjbTaTe Mpoliecca HOHHU3ALMU, 00pa3yloTcsi aToMbl Bojopoza. Mx
MHTpals M arjoMepaius B OKPECTHOCTSAX He(EKTOB CTPYKTYpbI CTEKIa HPHBOAMT K
(OpPMHUPOBAHUIO MY3BIPHKOB MOJIEKYJIIPHOTO BOJOPOZA, Pa3Mepbl KOTOPBIX yBEIHYMBAIOTCS
BMecTe ¢ (urroeHcom oOmydenus (puc. 2). Hampumep, Ha oOpasupbl, ACM-u3o00paxeHus
KOTOPBIX MPEJCTaBJIeHbl HAa pHC. 2, Bo3jelcTBoBamu (uroencamu 7.0x10%° u 7.9x10% cm?
COOTBETCTBEHHO. B HaIMX 5KCIEPUMEHTaX MHKPOBBICTYIBI 1O (DOpME HANMOMHHAIOIINE
ra30HaNoJHEHHbBIE My3bIPHKU HAYATH NOSBNATHCS ipu 8.0%x10 cm2. Tlpu 5ToM HX BbICOTA HE
MpeBbIIIANa OHM.

(a) e ©)

X, MKM

00 0 100 200 300 400 500 HM

(r)

0 200 400 600 800 1000 HM
Puc. 2. ACM-u3o0paskenus (pparmMenTos obaydeHHoro crekna: (a) u () 3D-kaapsl 2X2 MKM;
(6) u (r) — ceuenus kaapos (a) u (B) Bxoab JuHuid 1-1° 1 2-2° COOTBETCTBEHHO.

b) @opmuposanue mpewun. HepaBHOMEPHOCTb pactpe/ieieH!ss MHKEKTHPOBAHHBIX B CTEKIIO

HM
80 (0)

60

X MKM R V. MKM 0

00 0 200 400 600 800 HM

Puc. 3. ACM-uso6paxenne dparmenta obiaydyenHoro crexia: (a) 3D-kxaupsr 2X2 MkM; 6 — ceueHne
Kka/pa (a) Boss munun 1-1 (D, = 4.6x10% cm2).

9HEPrMM W 3apsja, a TaK K€ YIUVIOTHEHWE Marepuana, CBS3aHHOE C MEPecTPOMKOW ero

CTPYKTYpPBI 3a CUCT HEpepacnpeaes€eHuss B HEM HOHOB MLICJIOYHBIX METAJUIOB, MPUBOIUT K
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HOSIBJICHHIO OOKOBBIX PACTArMBAIOIINX HANpPsOKEHUH. IIpu 3TOM ra3oHaroNHeHHbIE 1y3bIPbKH
CO3/AI0T B CTEKJIC IOMOJIHHUTEIBHOE JABICHHE, HOPMAIBHO HANpPaBICHHOE K 0OITydaeMoii
MOBEPXHOCTH, YTO B COBOKYIMHOCTH C YKA3aHHBIMM HANpPSDKCHUSAMU MOXKET INPHUBECTH K

00pa30BaHUIO MUKPOTpELIMH (pHC. 3a) U IEpeHOCy MaTepuaia K 001acTu ux GopMupoBaHus

B) Ilepxonsiyuonnvie xananvi. Ha puc. 4a 1noka3aHo, 4TO IOMHMO MHKPOTPELIMH HpU
00JIydYeHNH MPOMCXOAUT 00pa30BaHME W BBIXOJ HA TIOBEPXHOCTH MEPKOJIALMOHHBIX KaHAIOB
LIETOYHBIX METAIUIOB (MECTO BBIXOJa MoMeueHo «1»). Ipu d, > 1.0x10% cm2 MecTo BbIXOAA

TAaKOro KaHAJIOB Ha OBEPXHOCTb MOKET CTaTh LIEHTPOM pa3pacTaHust Tpeiut (puc. 40).
(

MKM
25N

a)

0 5 10 15 20 MKM

X, MKM

Puc. 4. ACM-uzobpaxenus dparmentoB obiydennoro crekna: (a) 2D-kaaper 20x20 mxm (P, =
4.6x10% cm7?); (6) m (8) — 3D-kaaps 50x50 MM 1 5%5 Mk (D, = 1.2x10% cm?); (1) — ceuenns
Kazpa (B) BIOJb JuHKI 1-1" 1 2-2° COOTBETCTBEHHO.
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DO®OPMUPOBAHUE ABTOOMUCCHUOHHBIX 3JIEMEHTOB HA IOBEPXHOCTH
Si KOMBUHUPOBAHHOM MOHHO-TVIASMEHHOW TEXHOJIOTUEN
FORMATION OF AUTOEMISSION ELEMENTS ON Si SURFACE BY COMBY
ION-PLAMATIC TECHNOLOGY

B.C. Kiiumun
V.S. Klimin

Kageopa nanomexnonozuii u muxkpocucmemnou mexnuxu, FOxucuvii pedepanviuiii
yuusepcumem, Lllesuenxo 2, Tazanpoe, Poccus, e-mail arezvan@sfedu.ru;

The use of a combination of ion-plasma technologies will make it possible to

control with a high degree of accuracy the process of forming shape of emission

element and can improve production efficiency of autoemission emitter’s form and
nanostructure. After completion of formation stage, an attempt was made to check

gas sensitivity and electrical parameters. As a result, it was determined that

obtained ones have similar parameters in comparison with CNTs obtained by

standard methods.

LleHTpanbHO#  LETBIO  TOJTYHPOBOJHMKOBOM  ONTHKM  SBIAETCS  pa3paboTka
3(1)(1)CKTI/IBHI;IX MHTepCbeﬁCOB MCXKIy HMCTOYHHKOM HM3JIYyYCHUSI W YYBCTBUTCIBHBIMU
JJICMCHTAMH  JJIs1 l'[pldJ'lO)KeHldﬁ, BKJIFOYass KBAaHTOBYIO MaMATb, CCHCOPbI, HCTOYHHUKH
OJIMHOYHBIX (JOTOHOB ¥ HEJIMHEHHOCTH HA YPOBHE OJAMHOYHBIX KBAHTOB U TOMY 10100HOe [1-
5] MHorue TIOaXO0AbI ObUIN HCCI€A0BAHBI U ITO3UIIMOHUPOBAHUS DMUTTEPOB OTHOCUTCIIBHO
MOJIEJIPHOTO MaKCHUMyMa HaHO(OTOHHBIX YCTPOWCTB C HEOOXOAMMOH CyOBOTHOBOH
TOYHOCTBIO [6-12] OI[HaKO OTHU MNOAXOAbl HE ITO3BOJIMJIIM CO3/1aTh I10CJIC HM3IrOTOBJICHHS
CTPYKTYp TpeOyeMble 10 XapaKTepHUCTHKAM M3JIy4aTeId DJIEKTPOHOB B BHUJY paJHallHOHHBIX
3¢ (peKToB, HApyLICHUs TEOMETPUH U XUMHUYECKOH 1IETOCTHOCTH HOBEPXHOCTH dMuccun [13-
14] HpnmeHeHMe KOM6HHaLlI/lI/l HMOHHO-IJIA3MEHHBIX TEXHOJIOTHH ITO3BOJIMT C BBICOKOM
CTENEHbI0 TOYHOCTH KOHTPOJIHMPOBATH Ipouecc (OpMUPOBAHUS (HOPMBI IMHCCHOHHOTO
3JICMEHTa W MOXET YJIYy4YlIUTb [POU3BOAUTECIIBHOCTE M3TOTOBJICHHSA 3MUCCHOHHOI'O
M3JIydarestss U HAaHOCTPYKTYPBI.

Ha TOBCPXHOCTH IMOJIOKEK KPEMHUA MPOBOANIIACH JIOKAJIbHASA MOE[I/[C])I/IKaLIHSI O6HaCTeﬁ
5x5 MKM (pOKyCHpPOBaHHBIM ITy4yKOM MOHOB Ga+ Ipu KOJIMYeCcTBE MpoxoaoB myuka N = 50, ¢
no3oit D = 12,5 nKn/mMkm?, Toke MoHHOrO myuka lun = 10 NA, yckopsiiolee HanpsikeHHe
BapsupoBanocs Uyc = 10-30 k3B.

Ha pucynke 1 mnpexacraBieso POM-uzobpaxenue (a) u ACM-uzobpaxenue (0)
MOBEPXHOCTH 00pa3ioB ¢ MOIU(PUIIMPOBAHHBIMU OOJIACTIMU MPU YCKOPSIOIIEM HANPSHKSHUU

10 k3B 1 BpeMeHH I1a3MOXHUMHYECKOH 00paboTKy 45 CeKyH.
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Pucynox 1. CTpyKTypa MOBEpXHOCTH KPEMHHMS ITOCIIE JOKanbHOU Moaudukarmu metogom GUIT
HPHU yCKOPSIOIEM HOHHOTO ITyuKa HanpsbkeHnH 10 k9B u ria3Moxumudeckoi 06paboTku Bo
(dropcoaepxkarieii mazme B TeueHun 45 cexyna: (a) POM - usobpaxenue; (6) ACM —
n300pakeHne

6 7 8 910

ITna3mennas oO6paboTka 00pa3LoB ¢ MOAUGHIMPOBAHHBIMU OOJIACTSMU MPOBOMIACH
BO (ropcomepkamieil IUazMe IpH [apaMmeTpax: IOTOK (Topcoiepikamiero rasa
Nsrs = 15 cm3/mun, notok Nar = 100 cM%/MuH, 1aBiIeHHe B peakrope cocrasisiio P = 2 Ila,
MOIIHOCTh HMCTOYHUKA HHIYKTHBHO-CBSI3aHHOW IUIa3Mbl coctaBuna Wucn = 250 BT,
MOIIHOCTh MCTOYHUKA EMKOCTHOI 11a3Mbl coctaBuia Weur = 25 Br, HanpspkeHUe cMeleHus
Uew = 16 B, Bpems o6pabotku t Bappuposanock ot 15 no 180 cexyna.

Io pe3ynbTaTaM 3KCIIEPUMEHTAIBHBIX UCCICAOBAHUI TOJIYyYEHBI 3aBUCHMOCTH BBICOTHI
CTPYKTYp,  C(OPMHUpPOBAaHHBIX HA  MOBEPXHOCTH  MOUIOKKM Si  OT  BpeMEHH
[JIa3MOXMMHYECKOT0 TpaByieHust (puc. 2).
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Bpemsa 06paboTki Bo (TOPIHOI IIa3Me, ceK

PucyHok 2. 3aBUCHMOCTb BBICOTBI IIOJYYEHHBIX CTPYKTYpP OT BPEMEHH IJIa3MOXUMUYECKOI
00paboTKH.
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W3 mnosydeHHOI 3aBHCHMOCTH BHJHA JMHAMHKA BBICOTBI CTPYKTYp OT BpEMEHH
06paboTku. Takum 00pa3oM, CKOPOCTb CTPYKTyp HpH JaHHBIX mapamerpax VSi — 3,23
HM/CeK.

Ha nony4yeHHBIX 3J€eMEeHTax CJIoi yriiepoja ObUI OCAXAEH MPU IMOMOLIM IIa3MEHHOTO
pasnoxeHusi aueTwieHa B paboueil kamepe ycraHoBku STE ICPd81. PaGouas xamepa
Haxoaunack moj aaiaeHueM 100 mTopp, MOLIHOCTh MCTOYHHKA WHIYKTHBHO CBS3aHHOM
mwia3mbl 100 Br, oObeM auermiieHa u a3oTa B paboueil kamepe perynmpoBagoch Ha OTMETKaxX
30 cm®/mun u 10 cm®/mMun, o6paser nogorpesanu 10 650°C.

IMocne 3aBepuieHus sTana (HOPMHPOBAHHS ObLIa NMPEINPHHATA IOINBITKA IPOBEPUTH
ra304yBCTBUTEIBHOCTD U DICKTPUYCCKUE ITapaMeTpsl. B pesyibrare yero 6bu10 onpeseneHo,
YTO TOJIy4YCHHbIE 00JIAal0T CXOXKUMH MapaMerpaMu 1o cpasHeHuio ¢ YHT, nomydyeHHbIMU
cTaHAapTHeIME MerofaMu. OJIHAaKO, JaHHAs TEXHOJIOTHS 3apeKOMEHjoBana ceds 3a cyer
HHM3KOI JHEPro3aTpaTHOCTM M HH3KOTO BpEMEHHM (OPMHUPOBAHHSA MPH  IOBBILICHUH
KOJIMYECTBA BBIXOZIA T'OMHBIX YIJICPOAHBIX OJIEMEHTOB 3a CUET YIIyYLICHHS KOHTDPOJS 3a
TOTOJIOTHEH U reOMeTpUel HUKEJIEBbIX OCHOBaHUH.

PaGora mommepkana rpantoM Poccuiickoro nHayusoro d¢onma Ne 20-69-46076.
PesynbraThl MHOJydYeHBI C HCIONB30BaHMEM oOOpynoBaHus HaydHo-0Opa3oBaTeabHOrO
neHrpa u Llentpa xoyuextuBHOro nosib3oBanust «HanorexxHomorum» KOxHoro ¢enepanbHOro
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BPEMSI-PASPELIEHHASI @®OTOJIOMUHECHEHIUA Al203, OBJIYYEHHOI'O
TAXKEJBIMA HOHAMM C SHEPTHUEN 1.2 - 3 MoB/AEM

TIME-RESOLVED PHOTOLUMINESCENCE OF Al2Os
IRRADIATED WITH 1.2 - 3 MeV/AMU

M. Mamarosa'?, B.A.Ckypartos??, A. Oneitnnuax®*, A K. layner6ekosal, I1I. I'. TunustoBal
M.Mamatova®?, V.A. Skuratov??, A. Olejniczak?#, A.K. Dauletbekoval, S. G. Giniyatova®

1Espasuiickuti Hayuonanonoi Ynusepcumem um. JL.H. I'ymunesa,
ya. Camnaesa, 1, 2. Hyp-Cynman, Kazaxcman
2Jlabopamopus Sdepuvix Peaxyuii um. I'H. ®neposa,

Ob6veounennvriit Unemumym Hoepuvix Hccneoosanuit, yiu. XKoauo-Kiopu,6, 2. [yona, Poccus
SHayuonanvnwlil ucciedoeamenvekutl soepuviii ynusepcumem « MUDHy,
Kawupckoe w., 31, 2. Mockea, Poccus
Xumuueckuii paxynomem, Yuusepcumem Huxonas Konepnuxa,
yn. T'aeapuna, 7, 2. Topyms, [lonvua

Time Correlated Single Photon Counting technique has been used to study the
luminescence decay in Al2Os irradiated with swift heavy ions. As was found,
picosecond laser pulse excitation at 445 nm enhances broad overlapped emission
bands ranging from 490 to 750 nm with lifetimes gradually increasing from 7 ns
(500 nm) to T =9 ns (640 nm). The nature of this luminescence is associated with
radiative recombination of F2?*-centers and F2?*-centers + Cr impurity.
Monokpucraumnueckuit  kopyHa, o-AlOs, sBisiercs  oxHuM  u3  Hambouee
paauaunouﬂo-cmﬁxux JUBJICKTPUKOB U IIUPOKO IMPUMEHACTCA KaK OINTHYECKUI Marepual u
INIEKTPUYECKUI H30JIATOP Uil pabOThl B PAJAMALMOHHBIX MOJISIX. 3HAYUTENBHBI 00BEM
MH(GOPMALIMK O PAJUALMOHHBIX ITOBPEXKICHUSIX B OTHX KpUCTAUIaX ObLI IIONY4eH C
HCIIOJIb30BAHHUEM 3KCIICPUMCHTAIBHBIX MCTO10B OINTHYCCKOU CIICKTPOCKOITUH. CprKTyprIe
HapyuieHus B G'AIZOB 1 COOTBETCTBYIOIIHUEC UM CIECKTPBI IOIVIOIIECHUA U JIIOMUHECHCHIIUN
J10CTAaTOYHO l'lOﬂpO6H0 HCCJICIOBaHbI 110CJIC 06J'Iy'-lCHI/lﬂ HeﬂTpOHaMM, 3JICKTPOHAMH, JICTKUMU
U TSOKENBIMA HOHAMH C DHEPTHsMH B JCCATKM U coTHH KdB [1-5]. 3HauurensHo MeHee
U3YYCHHBIM SIBJISICTCS BO3/ICHCTBHE TSDKENBIX HOHOB BbICOKHX dHepruil (E > 1 MbsB/aem),
0COOEHHO B 00JIACTH BBICOKHUX ypOBHCﬁ HMOHMU3ALIMOHHBIX IOTEPbL SHEPIUH. B HaCTOil]_LICﬁ
pa60Te MPEACTaBJICHBI PE3YJIbTAThl UCCICAOBAHUA KPUBBIX 3aTyXaHUs JIFOMUHECHCHUWHU O~
Al2O3, 00Iy4eHHOrO  BBICOKODHEPreTUYECKUMH HOHAMHM  KCCHOHA,  BO30YK1aeMoil
NUKOCCKYHIHBIM JIa3CPHBIM H3JIYYCHHUEM.
OOpasub! okcHIa ATFOMUHUS 00Iydanics HoHamu BucMyTa (710 MaB) u kcenona (160
Mb5B) B amanmaszone ¢moencop 10 — 2x10° cm? npum koMHaTHON TemmepaType Ha
yekoputemsix  WII-100 u V-400 JISIP OWSIN [6, 7]. U3mepeHusi CIEKTPOB U KPUBBIX

3aryxanus QoromomunecueHuuu (OJI) Ha e BoaHbI BO30YxaeHus A = 445 HM u ¢
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JUINTEIFHOCTBIO HMITyJIbCca J1azepHoro wusnydenus FWHM <80 nc mnpoBoamiuce Ha
KkoHpoxanpHOM MuKpockomne Integra Spectra, NT-MDT. [lns perucTparuy eIMHUYHBIX
(OTOHOB HCIIONB30BaTACh cucTeMa Ha ocHoBe aerekropa PMA-175 m TCSPC monmyns
TimeHarp 260 [8]. [TpumeHerne MeToJa KOH(OKAILHOIO MHKPOCKOIIA 1aBAJI0 BO3MOXXHOCTh
PErHCTpalii B TIPUIIOBEPXHOCTHOM clloe 00pasla TONIMHOW He Ooyiee 2 MHKPOH, 4TO
HCKIIIOYAIO BIIMSHHE HEOONYYCHHOI 4YacTH KpPHCTAUIOB M 00NacTH KoHLA mpobera, rie
JOMUHHUPYIOT — PaJUalMOHHBIC HOBPEXICHHs, O0Opa3oBaHHBIE MO KaHAlLy YIPYrux
CTOJIKHOBEHMH.

Kpome 3TOro, CreKkTpbl ITIOMHHECLHEHIMH PErHCTPUPOBAINCH C HCHOJIb30BAaHHEM
rukocekynaoro (FWHM = 800 mnic ) naseproro quoxa (Picosecond Laser Diode PDL 800-D)
[9] Ha juHE BosHBI BO3OYX/AeHHs 255 HM B cTaHAapTHON (He KOH(OKaibHON reomerpun). B
Ka4ecTBE JICTEKTOPA CANHUYHBIX ()OTOHOB B 9TOM CIIydae MCIOJIb30BAICS (POTOINEKTPOHHBII
ymHOXuTens Hamamatsu H10721-110.

AHalu3 KpUBBIX 3aTyXaHUS JIOMHHECLCHIIMH ITPOBOAMICS ¢ HOMOLIBIO HPOrPaMMHOIO
nakera EasyTau 2 [10].

CrekTp ¥ KHHETHKA JIIOMHHECHEHIMH KpucTaioB o-Al203 mpu Bo3OyxaeHHM Ha
JUIMHE BOJIHBI 255 HM npuBeseHs! Ha puc. la u 16, coorBercTBeHHO. Kak BHIHO, B cIeKTpe
JIOMMHUPYET 110J10ca ¢ MAKCUMYMOM 330 HM U BpeMEHEM KU3HH BO30Y>KIAEHHBIX COCTOSHHM
1,7 He, oOycnoBieHHas u3nydeHneM F*-I[EHTPOB, YTO XOPOIIO COTIACYETCsSI ¢ M3BECTHBIMH
JIUTEPATYPHBIMH JAHHBIME (CM., Haripumep, [11]).

Ipu Bo30y>keHuu Ha JuinHe BOJHBI 445 HM B criektpax ®JI perucrpupyercst TOJIbKO
TaKk Ha3bIBacMble R-JIMHHH, CBS3aHHBIC C HEKOHTPOIHPYEMOIl TPEXBAJICHTHOW IMPHMECHIO
aromoB xpoma Cr¥*, (BcraBka Ha puc. 2a). OGiyueHHe BBICOKODHEPTETHYECKHMH HOHAMH
HOPUBOJUT K IOSBICHHIO IIMPOKOH monockl B obmactu 500 — 750 HM, oOpasyroweiics,
OUEBHJHO B pE3yJbTaTe€ IEPEKPBITHS HECKOJIBKUX I1ojoc (puc. 2a). VIHTEHCUBHOCTH
U3ITy4YeHUs B JJAHHOM I10JI0Ce pacTeT ¢ (hpII0eHCOM HOHOB BUCMYTa, YTO CBHACTEIBCTBYET O
PaJMALIOHHOM MPOMCXOXKICHUH COOTBETCTBYIOIIUX IIEHTPOB JIOMUHECHCHIMH, B TO BpeMs
u3nydenue R-TMHUI CHUKAETCS JI0 He JIETEKTHPYEMOTO YPOBHS yxke Tpu (moence 1012 cm2

VCTaHOBIICHO, YTO BPEMsI BBICBEUHBAHHUS LICHTPOB JIIOMUHECHCHIMH B rtostoce 500 - 750
HM BapbUpyercs oT 7 He Ha [utiHe BoiHBI S00 HM 10 9 He Ha 640 HM (puc. 26). [l Gonpmmx
JUIMH BOJIH W3MEPEHUs HE NPOBOIMIMCH BBHIY HH3KOH CIIEKTPAIbHON UyBCTBHTEIBHOCTH
JeTekTopa ()OTOHOB B ATOI 00JACTH CIIEKTpA.

Kak n3BecTHO, JIIOMHHECLICHIHS B TT0j10ce ¢ MakcuMyMoM 520-540 HM, Bo3OyskaaeMmast

B 1ojioce ¢ MakcuMymoM 440 HM, acCOLMUPYETCs C pacraioM BO30YXJIEHHBIX COCTOSHMI
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F2>* - uentpos okpacku [1]. Tlockonbky B crektpaibHoM jauanasone 500 - 750 Hm
PETHCTPUPYETCs TAKKE U U3IydCHUE, CBA3AHHOE C TPEXBAICHTHBIMH NPHUMECIMU METAILIOB,
MPEJCTABIACTCS  LEIeCOOOPa3sHbIM  MPEANONOXKUTh, YTO JIIOMUHECLUCHIHMS B OTOM

CIEKTPAIILHOM JMarna3oHe o0yciosieHa F2%* - mentpamu u cocrosuusamu F2?* - uentp +

IIPUMECH.
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Pucynok 1. CrekTp 1 KnHeTHKa JTroMuHecteHun MoHokpucetanios Al20s, 00ydeHHbIX

HOHaMHU KceHOHa ¢ sHeprueit 160 MaB. IRF — GpyHKIMs BpeMEHHOTO pa3peuieHusl.
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Prcynok 2. 3aBucuMocTs criektpos potomomunecnenuyn Al203 ot drroenca HoHOB
BucmyTa (710 MaB) u kpusas 3aryxanus ®JI ans pmoenca 2x10%3 em? Ha uHax BONH
500 — 750 um
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Onpenenenne npoguIsi KOHUEHTPALHH KUCI0POAAa B TOHKOIIEHOYHBIX Si—O—Al-
CTPYKTYPaxX MeTO/A0M si1epPHOIo o6paTHOro paccesuus (SIOP)
Determination of the Oxygen Concentration Profile in Thin Films of Si-O-Al by Elastic
(non-Rutherford) Backscattering Spectrometry (EBS)

H.C. Menecos?, E.O. IMapumn®
N.S. Melesov?, E.O. Parshint

Apocnasckuti @unuan Dedepanbroz2o 20Cy0apcmeeHH020 O100XHCEMHO20 YUPEHCOeHUs HAYKU
Dusuko-mexnonouueckozo uncmumyma umenu K.A. Banuesa Poccuiickoil akademuu Hayk,
ya. Yuueepcumemckasi, 0. 21, 2. Apocrasin, Poccus, e-mail: melesovns@mail.ru.

The paper proposes and tests a method for determining the oxygen concentration

in a sample on a substrate of heavy elements. To increase the backscattering signal,

the resonance of scattering of a-particles by 0O at an energy of 3038 keV was

used. In samples with a thickness of more than 10 nm, it was proposed to

reconstruct the oxygen concentration profile based on a series of spectra with
different energies of a-particles.

B paGote uccnenoBamuck o0pasipl TOHKHX MIEHOK Si-O-Al ¢ mepeMeHHbIM 110 riTyOHHEe
COCTaBOM Ha erMHHeBOﬁ TIOIJTOKKE. HOIIOGHI:IC TIEHKA HCIOJB3YIOTCS B Ka4y€CTBEC
OTPHULATCIIBHBIX DJICKTPOAOB B NPOTOTHUIIAX JIMTUR-UOHHBIX AKKYMYJISTOPOB,
paspabarsiBaembix B OTUAH [1]. 3amena marepuaia 3J1€KTPOIOB C rpaura Ha KpeMHHI
TEOPETHYECKN II03BOJISIET YBEIHYUTh DIEKTPOEMKOCTh aKkKymynsaropa ¢ 372 MAW/Tr 1o
4200 MA-u/r. Ilpm HCHOIB30BAaHUM KPUCTAULIMYECKOTO KPEMHHUS IIPOUCXOTHUT ObICTpast
JAerpajanuus W paspymieHUC DJJICKTpoJa B XOJA€ UHUKIUYCCKUX BHeﬂpeHl/lﬁ Li B
KpUCTAUIHYECKYI0 pemérky Si.  Jlnms  pemreHuss 93Toi  mpoOJieMbl  Hperosiaracres
HCIIOJIB30BaTh KOMIIO3UTHBIC IUISHKM Ha OCHOBE aMopdHoro kpemuus. Mccrnenyemas B
JaHHOU pabote IuIHKa ObUIA MOJNYYEeHa MAarHETPOHHBIM paclbuieHHeM MumieHeil Si u Al B
atMocepe Ar ¢ HesHauMTENbHBIM cojepxanueM Oz. B mporiecce HambLIeHHS M3MEHSUIMCH
MOIIIHOCTH MarH€TpOHOB, PACHbUIAKOIINX MUIICHHU, a TAK)XC U3MEHSJIACh I101a4a KHUCJI0poaa.
Takum crmoco6oM Ha TOANOXKKEe (OPMHpOBATIAaCh MHOTOCIOWHAs —CTPYKTypa M3
YCPECAYIOLIUXCA CIIOEB JABYX THIIOB: HepBbIﬁ — C HHU3KUM COIACPKAHHUEM aJIOMHHUA U
kucioposa (61M30k K aMOp(HOMY KPEMHHIO); BTOPOM — C IOBBIILEHHBIM COJEPKAHUEM
IFOMUHUS U Kuciopoza (apMupyronue cion). Dororpadust NonepeyHoro ckoia odpasua
TONIIMHON 3 MKM, MOJIydeHHas Ha CKaHHpYIoLIeM dJeKTpoHHOM Mukpockome SUPRA 40,
IOKasaHa Ha PUCYHKE 1. Cserible TOJOCHI COOTBETCTBYIOT CJIOSIM C TIOBBIIICHHBIM

COZACPKAHUEM AITFOMUHHUA.
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Pucynok 1. ®ororpadus nonepeuroro ckona oopasua 3 mxm Si-O-Al [2].

BosHukaer npo6iiema onpeJielieHle 1 KOHTPOJIs COCTaBa M INIOTHOCTH KaK JIEKTPoia B
LeIoM, TaK M KaXJIOro ero ciuos mo ortxaenbHoctd. Ha ycranoBke HVEE K2MV,
pacnonokenHoil B SI® DTHUAH, umeercs BO3MOKHOCTb INPOM3BOAUTH AHAINU3 TOHKHX
IVIEHOK W TIOBEPXHOCTEH TBEPIBIX TEN ITydKaMH OBICTPBIX HOHOB, MOJYYCHHBIX Ha
yCKOpHTelle ¢ MoTeHImanom 1o 2 MB (Hanpumep, SHeprus 0-4acTHIl, KOTOPBIMH OOBIYHO
HCCIEAYIOTCA  00pasIpl, MOXET HMeTh 3HaueHHe 10 4 M»aB). Panee ananornunsie
MHOTroc/OlHbIe  00pasubl  Si-O-Al  HaMH  HMCCIIENOBAINCH  KIACCHYECKHM  METOIOM
pesepdoprosckoro obparaoro paccesuust (POP) [2]. Ho o6paboTka criekTpoB, coepKamux
OIM3KHME MO MaccaM dIIEMEHTHI (ATIOMHUHUH M KpEMHHiT) M Oolee TOro, MMEIOIMX Maccy
MEHBIIYIO, YeM Macca IOUIOKKH (KHCJIOPOJ Ha KPEMHHMHU) SIBIIETCS CIIOXHOI 3amaucii,
MIO3TOMY TOYHOCTb U3MEPEHHI Obli1a HU3KOM.

B Hacrosiieit pa6ore Obuia MpeIpHHATA HOMBITKA Pa3paboTaTh MeToj| 6oJiee TOYHOro
ompezeneHus cocrapa WIEHOK Si-O-Al, Heronb3yst HOHHO-ITy4KOBBIH aHaIu3. s yBepeHHO#
perucTpanmy Kuciopoga Ha (pOHE KpPEMHHEBOM MOUIOKKH ObLIO MHPHHATO peLICHUEe
OTKa3aThCsl OT KJIACCHYECKOro pesepdoproBckoro obdparHoro paccesuust (POP), ceyenue
paccestHUsT KOTOPOTO aHAIMTHYECKH OINpEeNSeTCsl U3 KYJIOHOBCKOIO B3aMMOJCHCTBUS
aQHAIM3UPYIONIEH M aHAIM3MPYeMOH YaCTHI[, a MCHOJb30BaTh PE30HAHCHOE pAcCesHUE B
MOTEHIMANE AAEPHBIX CHII B3AUMOJACHCTBHUS — TaK HA3bIBAEMOE siIEPHOE 0OpaTHOE paccesHue
(SIOP). HauGonbliee OTHOCHTENBHOE 3HAYEHHE CEdYeHHMs paccesHus o-dactul Ha %0 (mpu

JOCTYITHBIM HaM DHEPTHsX (-4acTHL() HaOmoaaercs Ha suepruu 3,038 MaB (pucyHok 2).
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Pucynok 2. Jlupdepenunansuoe ceuenne paccesnus “He na 60 B oTHOCHTENBHBIX

€IMHHULAX B 3aBUCMMOCTH OT HA4albHOU dHepruu nonos “He [3].

JnddepeHnnanbHoe ceUeHUE PacCesTHUS OKOJIO 3TOH SHEPTHU UMEET BU OYCHb Y3KOT0o
IHKa, O 3TOH NPUYNHE IPOHAOIIONATE) BECh KUCIOPOJ OAHOBPEMEHHO B 00paslLe TOJILE
JIeCSAITKA HAHOMETPOB HEBO3MOXKHO. [l03TOMY JUIS MOCTpOEHMsI MPOQUIs KHCIOpoaa B
obpastie, ObLIO TPEUIOKEHO CHUMATh ¢ o0pasua cepuio criektpoB SIOP, Bapbupyst SHEprito
30H/IMPYIOIINX HMOHOB, C TEM, YTOOBI ITOOYEPENHO «IIPOHAOIIOAATH» KHCIOPOA B CIIOSX
o0pasiia Ha pa3iIuyYHbIX ero ryOuHax. OLeHHTh HEOOXOAMMBIN IIar BapbUPOBAHUS SHEPTHU
0-4aCTHI], a TaKXKe KOJIMYECTBO INArOB, MOJKHO HAa OCHOBAHMH IPEABAPUTEIBLHOU TpPYOOil
Mo 00pasia, paccunTanHoii mo crekrpy POP, kak ato cuenauno B [2]. [ist onpenenenus
paspeleHns METo/Ida MOYKHO MCIoNb30BaTh yTuiuTy ResoINRA, BXoasinyo B cocTas nakera
SIimNRA [4]. Hanipumep, st o6pasua tonmunoi 520 HM, Oblia CHSTa CepHsl CIIEKTPOB MPH
CeMH Pa3JIMYHBIX HAYaJIbHBIX SHEPrusax 3oHaupyomux noHos 3050 kB, 3062 xoB, 3077 k3B,
3091 k3B, 3103 k3B, 3120 k3B u 3133 k3B (4acTh ux mokaszaHa Ha pucyHok 3). Ilpu sTom
PACCTOSIHHE MEX/LY IIyOMHAMH ¢ MAKCHMYMOM PAcCEsIHHS y COCEAHHX CIIEKTPOB OTIMYAIOTCS

NPUMEPHO HA YIBOCHHOC pa3pelICHUE METOAA IPHU JaHHBIX ITapaMeTpax pacCesHus.
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Pucynok 3. Criekrpsl SIOP ot miénku Si-O-Al. I'eomerpust paccesHust: yroi
paccesnus 160°, yron nagenus 8,60°, yroxn Beixona 27,42°, VI3aMepuTeIIbHBII TPAKT:
JHepreTUyecKas MMprHHa KaHana 2,263 kaB/kanai, n1o3a obnyuenuns oopasia 20 mxKor,
TeNecHbIi yron aerekropa 3,415 mcp. HavyanbHast sueprus o-dactui: a) 3050 k3B,
6) 3077 k3B, B) 3103 k3B, ) 3133 k3B.

1. Mironenko A.A., Fedorov I|.S., Rudy A.S., Andreev V.N., Gryzlov D.Yu., Kulova T.L.,
Skundin A.M. Charge—discharge performances of the Si—-O-Al electrodes. — Monatshefte fir Chemie,
Volume 150, Issue 10, 2019, — pp 1753-1759.
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MOHHOH  Macc-CIIEKTPOMETpUH U pe3ephoploBCKOro  00paTHOro paccesHus. I1oBEpXHOCTS.
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3. Gurbich A.F. SigmaCalc recent development and present status of the evaluated cross-
sections for IBA. — Nuclear Instruments and Methods in Physics Research, B 371, 2016, — pp 27-32.
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3AXBAT HOHOB A30TA 2JEKTPOJAMH U3 IJIA3MbI
PA3PSIJIA

CAPTURE OF NITROGEN IONS BY ELECTRODES FROM THE DISCHARGE
PLASMA

W.A. 3embuep', E.H. Mooc?, E.B. Tpyann?
E.N. Moos?, E.B. Trunin?, L.A. Zeltser!

I Hayuno-mexnuueckuti omoen, Pasanckuii 3a600 Memaiiokepamuieckux npubopos,
yn. Hosasi yn., 0. 51 6, e. Psizsanw, Poccus, zeltseria@mail.ru
2 Kagheopa obweti u meopemuueckoti usuxu, Pazanckuii 2ocyoapcmeennviil yueepcumen
umenu C.A. Ecenuna, yn. C60600vl 46, 2. Psizanv, Poccus, e_moos@mail.ru

Merogamu POM u PCMA u3yueHsl Kelle30HHMKEJIeBble KOHTAKTHBIE IMOBEPXHOCTH IIOCTIE
HMOHHO-IUTa3MEHHON 00pa0OTKH MO ISHCTBUEM MEPEMEHHBIX 3JEKTPUUECKUX W MAarHUTHBIX
noneld. DpO3MOHHAS YCTOMYMBOCTH MOJAM(MDUIMPOBAHHBIX KOHTAKTOB 00ECHEYMBACTCS
9JIEKTPOUCKPOBBIM JIETHPOBAaHUEM a30TOM HMX IOBEPXHOCTH U OOpa30BaHMEM HUTPHIHBIX
CJIOEB JKelle3a M HUKEJIS.

Iron-nickel contact surfaces after ion-plasma treatment under the influence of electric and
magnetic fields have been studied by SEM and EPMA methods. The erosion resistance of the
modified contacts is ensured by the electrospark alloying of their surfaces with nitrogen and
the formation of iron and nickel nitride layers.

HM3BecTHBI MpoOJIEMBI B3aUMOCIHCTBUS [UIa3MEHHBIX ITOTOKOB C MOBEPXHOCTBIO MPHU
(OpMHPOBaHHN TUICHOYHBIX CHCTEM, HAalpHUMEp, B MHKPO - M HaHO3JEKTpoHHke. K HuM
IPHMBIKAIOT BOIPOCHI a30THPOBAHMS CIUIABHBIX I€TEPOCHCTEM B IIyJIbCHPYIOLIEH IIazMme
a30Ta M BO3MOXHOCTh WX IPUMEHEHHS Kak (YHKIMOHAJIBHBIX IIOKPHITHH B
MAarHUTOYNPABJIAEeMBIX TEPMETU3HPOBAHHBIX KOHTAKTaX (FepKOHAX).

B nuknax 3aMbIKaHUs-pa3MBIKaHHs, KOJMYECTBO KOTOPBIX Y COBPEMEHHBIX I'¢éPKOHOB
MOXKET JOCTUraTh IOPsAKa MU/UIHOHA U Oojee, Ha IIOBEPXHOCTH U IIPUIIOBEPXHOCTHON 30HE
KOHTAKTOB IIPOTEKAIOT (DU3MKO-XHMMHYECKHE IPOLECCHl, NPHBOJISAIINE K IOBBIMICHHIO HX
KOHTAKTHOTO CONPOTHUBIIEHMUS, 3PO3HHU, MEXaHUYECKOMY Pa3pyIIEHHIO.

Pemenue »THX npoOneM BO3MOXKHO B paMKaX HOBOH pecypcocOeperaiomei u
JKOJIOTHYECKH 0e30IacHON DJIeKTPOUCKPOBOH TEXHOIOTHUH (POPMUPOBAHHS HOBOTO THIIA
KOHTAaKTHBIX MOKPBITHH C 3JIEMEHTAMU HAaHOCTPYKTYp Ha OCHOBE HUTPUJIOB XKeje3a U HUKEIs.
Takue MOKPHITUS - aNbTePHATHBA TATbBAHOMOKPBITUSIM H3 JOPOTOCTOSAIINX OATOPOIHBIX H
PEIKUX METAJJIOB.

HoBusHa 351€KTPOMCKPOBOM TEXHOJOTUM 3aKIIOYAaeTCs B TOM, 4YTO HOKPBITHS
(bopMHpPYIOTCS BHYTPH TIepKOHAa Ha (MHUIIHOM CTaJUH €ro M3rOTOBICHHS B YCIOBHUSX

BO3JICHCTBUS HA TIOBEPXHOCTU I'€PKOHA NEPEMEHHBIX MATHUTHOTO M 3JICKTPUYECKOTO noneﬁ,
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BBI3BIBAIOIINX IMEPHOANYECKOE 3aMBIKAHHE - Pa3MBbIKaHHE KOHTAaKT-JeTaieil, IpOTeKaHHe -
Pa3phIB IEKTPUIECKOTO TOKA Yepe3 TePKOH M UMITYJIbCHBIE Pa3psabl MKy €ro KOHTaKTaMH.

PazBuTne naHHOW TNEPCHEKTUBHOM TEXHOJOTMM HEBO3MOXHO 0€3 JIeTalbHOro
HCCNIEIOBAHUA IIPOLECCOB MACCOIEPEeHOCa M JNEKTPUYECKOH 9JpO3MH  KOHTAKTHBIX
TIOBEPXHOCTEH IPH KOMMYTAIMH TOKA ¥ ()OPMUPOBAHHU MOKPBITHIL.

B Hacrosimiee BpeMsi He CyIIecTBYeT OOLICNPHU3HAHHBIX (PU3MYECKHX MOAENEeH ITUX
MPOLECCOB, MNPOTEKAIOIINX B HEPABHOBECHBIX YCIOBUSX B OIPAaHUYCHHBIX MHKPO- U
HaHOPa3MEpHBIX 00BbEMax BEIECTBa 32 KOPOTKHE MPOMEXYTKH BpeMeHH (TIOpsSAKa MHKPO- U
HAHOCEKYH]I).

Llenplo naHHOM paGoOTHl  sABNIsIETCS INIPOBEAEHUE AETANbHBIX  HCCIEJOBAHMSA
JJIEMEHTHOTO M XHMHYECKOTO COCTaBa, TONIIUHBI, CTPYKTYphl U MOP(OIOTHIECKHX
O0COOCHHOCTEH HHUTPHIHBIX JKEJIC30HUKEIEBBIX IIOKPHITHH, a TakkKe H3YYCHHE BIUSHUS
(PM3UKO-XMMHYECKUX XapaKTEPUCTHK ITOKPHITHH Ha 3JIEKTPOIPOBOIHOCTH, CTAOWIBHOCTD H
pecypc paboThI TEPKOHOB.

Cepuiino BeiyckaeMslii repkon MKA-14103, H3roToBIEHHBIH Ha OCHOBE KOHTAKTHBIX
TIOKPBITHI U3 JKEJIE30HUKENIEBOTO CIUIaBa, ITOCJIC OT)KHUTa 3aBapHBAIOT B CTEKIITHHBIC OAJIOHBI
B aTMocdepe a3oTa.

HonHo-nna3menHas 00paboTKa MpoBeJeHa Ha yCTaHOBKE, ONMUCAaHHOW B paborte [1] B
YCIIOBHUSIX BO3JCHCTBHS Ha KOHTaKTHl T€PKOHA MAaTHHTHOTO M 3JIEKTPHYECKOrO IIEPEMEHHBIX
HoJiel, BBI3BIBAIOIIMX IIEPHOJMYECKOE 3aMbIKaHHE-pa3MblKaHHE (IPOTEKaHHE-Pa3PhIB
9JIEKTPHYECKOTO TOKAa Yepe3 IepKOH). YINpaBlIeHHE MAarHUTHBIM II0JIEM OCYLIECTBIISIOCH
BpAIICHUEM IIOCTOSHHBIX MAarHUTOB. BenuuuHa HampspKeHUs, IPHIOKEHHOTO K KOHTAaKTaM,
umena (GpopMy MeaHApa, MOISIPHOCTh HMITYIbCOB KOTOPOTO MEHSIOT CHHXPOHHO € KaXKIBIM
000pPOTOM TIOCTOSIHHBIX MarHMTOB BOKpPYT IONEPEYHOH OCH B IUIOCKOCTH, MapaulelbHOM
0CSIM TEePKOHOB (B3aUMHOIEPHEHIUKYJAPHBIX C OCAMU MAarHHTOB, MMEIOIIUX aKCHAJIbHOE
HaMarHUYUBaHUE).

Ilpn TakoM xapakTepe 0OpabOTKM Ha KOHTAKThl HEHOJABIDKHBIX 65 T'epKOHOB
OJIHOBPEMEHHO I0aBaJIOCh EPEMEHHOE HAMpsDKEHHE B (hopMe PasHOMOISIPHOrO MEaHApa C
ammutygoi 220 B u wacrortoit 50 I'y, moJispHOCTH MMITYJIBCOB KOTOPOTO MEHSUIAch
CHHXpOHHO ¢ dacrtotoil 25 I'm ¢ kaxigsIM 000poTOM 16 IIOCTOSHHBIX MAarHHTOB.
KomMyTupyemblii TOK ZoCTUrajg NpH 3aMbIKaHUM KOHTAaKTOB I€pKOHOB 95 MA. MarHurhl,
YCTAHOBJICHHBIE Ha POTOpPE, BPAILAIOIIEMCSI CO CKOPOCTBIO (4acToTOW BpamieHus) 25 00./c,

3aMBIKaJIA TMOOYCPEAHO KOHTAKT-ACTAJIA TCPKOHOB YCTAHOBJICHHBIC Ha HCIOABUKHOM
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crarope. KonmuectBo KoMmMyTanuii repkona ~ 4,8-10° npu npoaomKUTENsHOCTH 00paboTKy —
20 MuH.

MeronamMu  pacTpoBod  anekTpoHHoit (POM) M pEHTreHOCHEKTPalbHOro
mukpoananuza (PCMA) uccnenoBasiack CTPYKTYpa M DJIEMEHTHBIH COCTaB IOBEPXHOCTH
00pas31oB MMocIe YKa3aHHBIX BO3JCHCTBUIA.

ITony4eHHsle pacTpoBbIe W300paXCHHUsS W ATOMHBINA COCTAaB yYaCTKOB NOBEPXHOCTU
TaKuX MOAMGHIMPOBAHHBIX KOHTAKTOB IIOKa3ald, Ha (OPMHPOBAHUE Aa30THPOBAHHAS
KOHTAKTHas Tiomanka miomanasio 81030,992 Mkm?, Ha MOBEPXHOCTH KOTOPOM XaOTHYECKH
PACIIOIOKEHBI MHKPOKpATephl [uamMeTpoM 3,5 — 4,9 MM (puc.1).

ITpu 5TOM KOHLEHTpalMs a30Ta, yCpeJHEHHas IO ITyOMHE BBIXOJa PEHTTEHOBCKOIO
CHTHAJIa U3 IIPUIIOBEPXHOCTHOTO cI1osi, coctaBuna 9,0 at.% (puc.2). Pacyersl mokasany, 4To
TOJIIIMHA a30THPOBAHHOTO cJ10si ~ 206 HM U cozepxkuT 3,04:10'* atomoB azora.

SIBneHHst MaccolepeHoca M 00pa3oBaHHE KpaTepOB pAcCMaTpPUBAINCHE B PaMKax
SKTOHHOW MOJIEJIM 3PO3MM MAaJOMOIIHBIX KOHTaKkToB [2]. TlokazaHo, 4TO HpH CONMKEHUH
KOHTAKTHBIX IIOBEPXHOCTEH IOA JAEWCTBHEM MArHHTHOTO IIOJS IOCTOSHHOTO MAarHHTa
MPOUCXOJUT HCKPOBOH MHPOOOH  MEKKOHTAKTHOTO IPOMEXKYTKA M  MHKPOB3PBIBBI
JJIEKTPOJHBIX ~MAaTepuajoB, a HX pa3MblkaHhe (pa3pblB TOKa) CONPOBOXKIACTCS
MHKPOB3PBIBOM MOCTHKA, BO3HMKAIOIIETO MPH pPACIUIaBICHHM OOIACTU CTATHBAHUS
KOMMYTHPYEMOTO TOKa.

BemecTBo, 00pa30BaHHOE MUKPOB3PBIBAMH, B IUIa3MEHHOI, APOBOW U KUAKOH (ase
MEPEHOCUTCS C OJTHOM KOHTaKTHOM (aHO/a) Ha APYTyro (KaTo/) B Cpejie a30THOW IUIa3Mbl, 4TO
NPUBOJUT K JJIEKTPOMCKPOBOMY JIETHPOBAHMIO a30TOM (A30THPOBAHUIO) KOHTAKTHBIX
TIOBEPXHOCTEH.

Tak Kak HampsbKeHHE H3MeHseTcs B (opMme MeaHIpa, MOJSIPHOCTh HMITYJICOB
KOTOPOTO CHHXPOHHO COOTBETCTBYET Ka)kKZOMYy OOOpOTY IIOCTOSHHBIX MAarHMTOB, TO
MIPOUCXOJUT PEBEPCHBHBIA MAacCOIEPEHOC MaTepHala KOHTaKTHEIX AIeKTpoxoB. IlosTomy
KOJIMYECTBO KOHTAKTHUPYIOIIETO MaTepuaia IIoClIe  HOHHO-IUIa3MEHHOW o00paboTKn Ha
9JIEKTPOJOB FepKOHA MPAKTUUECKU OCTACTCS HEH3MEHHbIM.

KonTakTHBIE IIOMAAKY, BCICACTBHE a30THPOBAHMSA, IPUOOPETAIOT KOPPOZHOHHO- U
OPO3HOHHOCTOHKHE CBOMCTBA, a IIEPEXOJHOE CONPOTHUBICHHE KOHTAKTOB TI€PKOHOB

CTaHOBHUTCS 0OJIee HU3KUM M CTaOMIIbHBIM.
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Puc.1. PactpoBoe n306paxkeHHe yqacTKa MOBEPXHOCTH KOHTAKTOB I10CJIE HOHHO-ILIA3MEHHOM
00paboTKH.

. Cnekrp 45
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Ni  46.0
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N R A R R R R
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Puc.2.

DJIeMEHTHBIH COCTAaB OJJHOTO M3 y4acTKOB KOHTAKTHOIl IIOBEPXHOCTH, M300paeHHOI
Ha puc.1.

[1] N.A3ensuep, E.B.Tpynun. ITatent 2 742 556 RU 08.02.2021.
[2] I.A Zeltser, A.S.Karpov., EN.Moos, N.B.Rybin, A.B.Tolstoguzov, Coatings. 7 (2017) 6. 75.
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THE NOBLE GAS CLUSTER SPECIES EFFECT ON THE CLUSTER-SURFACE
INTERACTION
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Gas cluster ion beam (GCIB) has recently become a useful instrument for surface
modification and analysis. It can be used for surface polishing and planarization as well as for
surface structures fabrication [1,2]. GCIB treatment is used for electronics, optics, biomedical
applications and others. In the field of material analysis GCIB is used in secondary ion mass
spectrometry mostly for organic materials [3]. It is also used as profiling instrument in other
methods, such as XPS.

The specific features of GCIB interaction with solid surfaces make it utilizable for
mentioned above applications. Such features are low energy per cluster atom, high energy
deposition in a small surface area, high sputtering yield, specific sputtering yield dependence
on the impact angle etc. [4, 5] Studies of the interaction characteristics between the cluster
and the solid surface are extremely important both for the fundamental understanding of the
interaction mechanisms and for the development of practical techniques that utilize GCIB.

One of the aspects that is not studied well enough is the effect of cluster species on the
processes that take place during the cluster impact. In practical application the most used
noble gas is argon. However, there are some studies, where other noble gases are used [6].

In this work the MD simulations of Ar, Kr, and Xe clusters impacts on the Mo and Cu
surfaces are performed. The cluster energy is 20 keV and the cluster size varies between 50
and 5000 atoms per cluster. So the studied E/n range is from 4 to 400 eV/atom. The PARCAS
MD code [7] was used for the simulations. The incident direction was normal to Mo (100)
surface and Cu (111) surface. The L-J potentials were used for the interaction between noble
gas atoms, the embedded atom method (EAM) potentials are used for the interactions between
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target atoms and the ZBL universal repulsive potential for the interaction between cluster and
target atoms.

When the front atoms of Ar cluster hit the surface, a large amount of these atoms are
scattered back. This initiates numerous collisions of cluster atoms with each other from the
very beginning of the impact. In case of Xe atoms that are heavier than target atoms, the front
atoms are scattered at smaller angles, so cluster atoms keep its initial direction during the
longer path, the stopping of incoming atoms is lower — the so-called clearing-the-way effect
[8]. Thus, the mass ratio of cluster and target atoms affect how cluster atoms can reach target

surface and penetrate inside it.

(a) Arso (b) Krsoo (c) Xesoo
Fig. 1. Snapshots of 20 keV Arsoo (a), Krsoo (b), and Xesoo () cluster impacts on Mo surface. The time
from the beginning of the impact for each snapshot is in inverse ratio to the cluster velocity. The
arrows represent the velocities of cluster atoms with V;>0.

These multiple collisions and clearing-the way effects affect several characteristics of
the cluster-surface interaction process. First of all, it affects the penetration of the cluster into
the target. The projected ranges of Ar cluster atoms are lower than of Kr and Xe cluster
atoms. For example, for 20 keV Arsoo cluster more than 40% of atoms do not reach the sample
surface.

It is known, that as a result of the impact the cluster gets thermalized, and the extent of
the thermalization depends on the energy per atom. To study the cluster thermalization
dependence on the cluster atom species the velocity distributions of cluster atoms in the end
of the impact are analyzed. It is shown that clusters, consisting of lighter atoms is better
thermalized than that of heavier clusters. It is also explained by more intense collisions
between cluster atoms that cause its thermalization.

The energy transfer from cluster to target atoms is also affected by cluster atoms
species. The backscattering of lighter atoms from heavier target atoms that lead to multiple

collisions in the lighter cluster makes cluster atoms to carry away more energy. The heavier
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cluster atoms scatter mostly in forward direction and let the oncoming atoms to transfer more
energy.

However, this effect is observed only in a certain range of E/n [9]. The cluster with high
energy per atom fully penetrates the target. The cluster atoms in this case collide with a
number of target atoms and transmit most of its energy in these collisions. Hence, the
collisions between cluster atoms do not affect the energy transfer in this case.

On the other hand, the cluster with low energy per atom does not penetrate the target
just causing a slight deformation of the surface that would be relaxed after the impact. In this
case, the cluster is being strongly compressed as the back atoms of the cluster are moving to
the surface and the front atoms of the cluster stay on top of the surface. During this
compression, many atoms on the outer part of the cluster change its direction along the
surface almost without losing energy, so these atoms do not take part in energy transmission
to the surface. Besides, those atoms in the center of the cluster are not sufficiently affected by
the front atoms. So the mass ratio of cluster and target atoms has no influence in the
transmission of energy in this case.

The research is carried out using the equipment of the shared research facilities of HPC
computing resources at Lomonosov Moscow State University.

This work is supported by the Russian Science Foundation grant Ne 21-19-00310.

1. T. Hirota, N. Toyoda, A. Yamamoto, |. Yamada, Appl. Surf. Sci. 256 (2009) 1110-1113.

2. N. Toyoda, T. Mashita, I. Yamada, Nucl. Instruments Methods Phys. Res. Sect. B Beam
Interact. with Mater. Atoms. 232 (2005) 212-216.

3. A. Delcorte, V. Delmez, C. Dupont-Gillain, C. Lauzin, H. Jefford, M. Chundak, C. Poleunis,
K. Moshkunov, Phys. Chem. Chem. Phys. 22 (2020) 17427-17447.

4. V.N. Popok, |. Barke, E.E.B. Campbell, K.H. Meiwes-Broer, Surf. Sci. Rep. 66 (2011) 347—
377.

5. N. Toyoda, |. Yamada, IEEE Trans. Plasma Sci. 36 (2008) 1471-1488.

6. A.E. leshkin, D.S. Kireev, Y.A. Ermakov, A.S. Trifonov, D.E. Presnov, A. V. Garshev, Y. V.
Anufriev, 1.G. Prokhorova, V.A. Krupenin, V.S. Chernysh, Nucl. Instruments Methods Phys. Res.
Sect. B Beam Interact. with Mater. Atoms. 421 (2018) 27-31.

7. K. Nordlund, Comput. Mater. Sci. 3 (1995) 448-456.

8. V.1. Shulga, P. Sigmund, Nucl. Inst. Methods Phys. Res. B. 47 (1990) 236-242.

9. R.J. Paruch, Z. Postawa, B.J. Garrison, J. Vac. Sci. Technol. B, Nanotechnol. Microelectron.
Mater. Process. Meas. Phenom. 34 (2016) 03H105.

125



OCOBEHHOCTH ®OPMUPOBAHUS MOHOMOJIEKYJISIPHBIX IIJIEHOK
CJIOKHOI'O COCTABA HA MOBEPXHOCTH KPEMHUS [P HOHHOM
UMIUVTAHTALIIMU U HAITBIUIEHU U
FEATURES OF FORMATION OF MONOMOLECULAR FILMS OF COMPLEX
COMPOSITION ON SILICON SURFACE DURING IONIC IMPLANTATION AND
SPRAYING

C. XK. Humaros, B.E. Ymup3axos, ®.5. Xynaiikynos
S.J.Nimatov, B.Y.Umirzakov, F.Y.Xudayqulov
TamkeHTCKuit rocy1lapCTBEHHbINH TeXHHYeCcKui yHuBepcurer uM. M. Kapumosa, TaikeHr,
yi1. YHuBepcurerckas, 2, Y3bekucran, E-mail:Nimatov@mail.ru

Transitional structures during the formation of a monomolecular two-dimensional NaCl
film on the Si (111) surface obtained from ion beams of Na *, CI- and from a molecular flow
during the evaporation of chemically pure NaCl salt have been studied by low energy electron
diffraction (LEED). The degree of structural perfection of the obtained films, the energy and
temperature ranges of their formation are estimated.

CHHTE3 CBEPXTOHKHX MOKPBITUH CII0)KHOTO COCTaBa Ha MOBEPXHOCTH MOHOKpHUCTAJLIA
KPEMHHSI C MOMOIIBIO C MOMOIIBI0 HU3KodHepreTudeckux (Ex < 10009B) HOHHBIX MydYKOB
SIBISIETCS.  aKTyaJlbHBIM W IIEPCICKTHBHBIM HAIPaBICHHEM COBPEMEHHOW MHKPO- U
HaHOdJIeKTpoHuKd [1,2]. B cBsI3M ¢ TeM, 4YTO OTH TOKPBHITHS OONIANAIOT BBICOKOI
CTaOMIBHOCTM Ha TpaHHLe pasfena ¢ Si, TakOH MeTOA HX IOJIyYCHHS MOXET ObITb,
NPHUBJICKATEIbHOH B MOJYNPOBOJHUKOBOH TEXHOIOTHH, B YaCTHOCTH, MV HCIIOIb30BAHUS B
CBEpXOONBIINX HHTErPAJbHBIX CXeMaxX. OINHTAKCHAIbHOE BbIPAIUBAHUE CBEPXTOHKUX
HOKPBITUH CIIOXKHOTO COCTaBa M3 HU3KOAHEPreTHYECKHX MOHHBIX IYYKOB OONajaeT psioM
OPeUMYLIECTB 1O  CPaBHEHHIO C  JPYTMMH  TEXHOJOTMSMH  TOHKOIUICHOUHOM
MHUKPOJICKTPOHHKH. Ha paHHEH cTajuu SIHUTaKCHAIBHOTO pOCTAa IUICHKH HOHBI,
HUMIUIQHTUPYIOIKECST Ha HeOONbLIYyl0 IIyOWHY, CO3JAI0T [OBEPXHOCTHBIC JAe(EeKTHI,
JISUCTBYIOLIME KaK LIEHTPbI KPUCTAIMYECKOTO 3apojbliieo0pa3zoBanus. YUcao 3apoabliieii
YBEIIMYMBACTCS, MPEAOTBPAIIACTCS arjoMepanus aacopOMpOBAHHBIX aTOMOB B KpPYIHBIC
OCTPOBKH, PAacTyT CIUIOIIHBIE, MEJIKO3EPHUCTBbIC IOKPbITHS. Kpome storo sddextuBHas
HOHHO-CTUMYJIUPOBAHHAsl  iccOpOLMsl  yriepoja, KHCIOpoja ¥ APYTMX —3arpsi3HEHHMi
MIOBEPXHOCTH CIOCOOCTBYET OYHCTKE HEIOCPEACTBEHHO TIPAHMIBI pa3jiena, YIIyULICHUIO
aJIre3UM TUICHKN C MaTepUaIoM ITOUIOKKH, a TAKKE CTHMYJIUPYET IPOTEKaHHs XUMHYECKOH
PEaKIH.

B pabote, MerojaMu BU3YAIbHOH M JUHAMHYECKOH AU(PPAKUMU JIEKTPOHOB HU3KOM
sneprun (IOHD u JADHD pedunexc /HpoH) mpu KOHTpOIE H3MEHEHUs pabOTHI BBIXOIA

[OBEPXHOCTH AQ, U3y4yeHa kuuetrka popmuposanus ua Si(111) Tonkoro cnos ruienku NaCl.
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Ocax/ieHHe OCYIIECTBISUIOCh I00Yepe/IHO W3 HH3KOdHepreruyecknx myukoB Cl-, Nat
MOCTABIISIEMBIX ~ CHENMAIBHBIM ~ HOHHBIM ~ HCTOYHHKOM C  IIEPEHONIOCOBKOH M U3
MOJICKYJSIDHOTO TMOTOKa HpH McrapeHud xumudecku uucroit comn NaCl u3 kBapiesoro
THrI. KOHTPONI YMCTOTBI M XHMMHYECKOTO COCTOSIHHS TIOBEPXHOCTH HA Pa3HBIX CTaaHsX
9KCIIEPHMEHTA OCYIIECTBIISICS C TOMOIIBIO 0XKE-3JICKTPOHHON CIIEKTPOCKONUHU (CHIEKTPOMETp
NOC-09). Bee 9KCIIEPUMEHTBI BBIIOJHEHBI B CBEPXBBICOKOM BakyyMe Pocr<5-108 I1a Ha Gaze
ycraHoBkH YCVY-4 1 HU3KOBOJBTHOTO 3JIEKTPOHOrpada OPUrHHAIBHON KOHCTpyKiuu [131].
OO6HapyxeHa IUIaBHAs KHHCTHKA WM3MCHCHUA AU(MPAKIMOHHOW HMHTCHCHBHOCTH IIPH
nepexomax Si (111)-(1x1) — Si (111) - (5x5)ClI — Si(111) - (1x1)NaCl — R30°,
OTPaXAIOIUX CHHTE3 JBYMepHOW smurakcuanbHoil ruieHkd NaCl u3 HOHHBIX ITy4KOB.
IMpouece nepexona crpykrypsl Si (111)-(1x1) x crpykrype Si(111) - (1x1)NaCl — R30°
HaOII0/aNCs IPU KOMHATHOW TeMmriepaTtype. B OTiH4YnMM OT MOHHO- OCaXICHHBIX IUICHOK, B
cllydae BaKyyMHOTO HallbUICHHS TpeOOBaach HAarpeB NMOIOXKKH J0 BBICOKMX TEMIIEpatyp.
CTpyKTYpHOE COBEPIICHCTBO IOJYYEHHBIX MOHHO- OCAXKJCHHBIX IUICHOK KOHTPOIHPYEMOe
merogom JIDHD (pediekc/pon) npu Ei =~ 200-300 3B Bblie, yem y HanmieHHbIX (puc.l).
DTO MO3BOJIMIIO B UTOTE ONTHMU3MPOBATH MAPAMETPbl MOHHOTO CHHTE3a: SHEPTHI0 U 103y
HOHHBIX ITyYKOB, TEMIIEPATypy MOUIOKKU NpU 00IydeHHH W oTxure nokpeitus. Ilpu Ei
ceeimie 500 3B uMoHHas SmUTakcHs HerenecoobpasHa M3-3a PagMAIMOHHOTO HAPYIICHHS

TIOANOBEPXHOCTHBIX CIIOC€B U YBEIMYCHHSA CAaMOPACIIBUIICHUS ITIJICHKH.

Puc.1. Tlepexomubie cTpykTypbl Ha nosepxuoctu Si (111) npu popmuposanuu mienku NaCl.

1- nonnoe ocaxaenue; a) Si (111) — (5x5)Cl, Ee=43 5B; 6) npomexyrounas cTpykrypa, Ee= 39 5B;
B) MoHOMouteky sipHast uieHka NaCl, Si (111) — (1x1) — R30°, Ee=35 3B; Ee — sHeprus s1eKTpOHOB.

2- BaKyyMHOE HaIlbUICHHE; a) MPOMEXyTOuHas cTpykTypa, Tom = 600° + 900°K, Ee = 39 3B, 6) Si
(111) - (1x1)-NaCl — R30°, Torx. = 500°K, E¢=35 9B, B) Si (111) — (5x5)Cl, Tor ~ 1050°K, Ec=43 5B.

[Mapannensno JIDHD, 3a pocToM MOKPHITHS CICAMINM MO M3MEHEHUIO PabOThI BBIXOJA

MOBEPXHOCTH A, KOHTPOIUPYEMOit 1o MeToy AHaepcena. Ha puc. 2 nokaszaHo n3MeHeHHe
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paboThl BBIXOJA MOBEPXHOCTH ¢ Tpu obpasoanuu wieHkn NaCl B mpouecce HOHHOM
60MOapANPOBKH B 3aBUCHMOCTH OT J03bI M BpeMeHH obmydenus. B obGmactu oOpazoBaHus
OCTPOBKOB paboTa BbBIXOJa MEHSETCS HEMOHOTOHHO. MaKCUMaJbHOE 3HAYCHHE ¢
JIOCTUraeTcsi IpPH TOJIHOM KOAIECLEHIMH OCTPOBKOB B cruiomHyro mieHky NaCl wu
00yCIIOBJICHO, OYEBHIHO, KaK YBEIMYEHHEM IUIOTHOCTH aTOMOB B BEPXHEM CJIO€, TaK H
YCHJICHHEM JIaTepalbHOro B3auMojeciicTBusa. M3 puc. 2 BUIHO, 4TO NpH JanbHeHIIeM
YBEIMYEHHH J03b Pa0OTa BBIXOZA YMEHBIIACTCS [0 3HAYCHHs, ONU3KOro 1y KOMIIAKTHOIO
HATpuWsi, a MOBEPXHOCTh HpU 3TOM amopdusupyercs. HeoOXOAMMO OTMETHTH, YTO IpH
KOHJICHCAIlMM HATPUsl M3 aTOMApHOrO IOTOKa BCerja HaOJroJalics aMOp(HBIA OCaNOK, M

JIMIB OCAKIACHNUE U3 NOHHOI'O ITy4Ka BbI3bIBAJIO ITOSIBIICHUC HOBOU CTPYKTYPBI.

0,98

0,1 03 05 07 09  dx10" em?

0 10 20 30 40 50 60 70 toex

Puc.2. 3aBucHMOCTh paboThl BBIXOAA ¢ OT 103bl d M BpeMeHH OOJIydeHHs t [IPH HOHHOM OCaXICHHH
NaCl. Ej~ 300 3B, Tom. ~ 300°K. 1 - crpykrypa (5x5); 2 — octposku; 3 — Si (111) — (1x1) — NaCl;
4 — amop¢Hast IIeHKa.

3akaiouenne. AHanmU3  OKCIEPUMEHTANBHBIX  JAaHHBIX  MOKAa3bIBACT, YTO IPH
6omOapauposke mosepxHoctu Si (111) mocnenosarensio monamu ClI- m Na* B oOmactu
sneprun 200 + 300 3B mnporekaeT rereporeHHas XMMHYECKas PEaKuus ¢ 0Opa3oBaHUEM
moHoMosteKyIsipHoi wieHkr NaCl. DHeprus, nocraBisemMas HOHAMH, YaCTHYHO TPATHTCS Ha
oOpa3oBaHue U ynopsjaouenue HoBoi (a3pl. Huzkosneprernueckas HoHHass OoMOapaupoBKa
CTHMyJHpyeT oOpasoBanue MoOHOKpuctaiummueckoro cunos NaCl mnpu  xomHaTHO!M
Temieparype 0e3 MOBpEXASHHs MOBEPXHOCTU oOpasua. BaxHo oTMeTnTh HabMIOMAaEMBIit
JByMepHbIit poct octpoBkoB IuieHkr NaCl Ge3 HapymieHHs JalbHEro Mopsijaka J0 MOJIHOM
KOaJleCUeHIMH.  PocT  OCTpPOBKOB € KOJBLEBBIMH  CTPYKTYpaMH  OOYCIIOBJICH
KOHIICHTPAI[MOHHBIM COOTBETCTBHEM TPEX COMNPSATAIOILIMXCS SJIEMEHTOB: KPEMHHs, XJIopa M

HATPHSL.

[1]. Tsubouchi N., Chayahara H., Mokuno Y. et all. // Phys.stat.sol.(a). 2002. V.189. N1. P.169.
[2]. Kapil Dev, Seebauer E.G. // Surf. Sci. 2003. V.549. P. 185
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KOMIIVIEKCHOE UCCJIIEJOBAHUE COCTABA U CTPYKTYPhI
NNPUIIOBEPXHOCTHBIX CJIOEB HOHHO-UMIIVIAHTUPOBAHHOI'O
BOJIb®PAMA IIAJTUHIPUYECKOM ®OPMbI
COMPLEX STUDY OF THE COMPOSITION AND STRUCTURE OF THE SURFACE
LAYERS OF ION-IMPLANTED TUNGSTEN WITH CYLINDRICAL SHAPE
C.XK. Humaros, B.E. Ymup3axos, ®.5. Xynaiikyaos
S.J.Nimatov, B.Y.Umirzakov, F.Y.Xudayqulov
TalkeHTCKUH rocy1apcTBeHHbIH TeXHUUeckuid ynusepcuter um. M. Kapumosa, TarkenT,
yi1. YauBepcurerckas, 2, Y3bekucran, E-mail:Nimatov@mail.ru

The anisotropy of the yield of impurity Na * ions during sputtering of the surface of a cylindrical
single crystal of tungsten under bombardment by Cs * and CI- ions was studied by SIMS method. It is
shown that the prevailing effect in the spatial anisotropy of secondary particles is the modulation of the
bulk packing density of W atoms along different crystallographic directions.

OxHUM M3  yCIOBHIHl OPHUEHTHPOBAHHOIO pOCTA CJIOEB IPH  OCAKACHUH U3
HHM3KOIHEPreTUUECKMX MOHHBIX IIyYKOB SIBJISETCS, OUYEBHUAHO, MEHbIIEe HapylIeHHE
CTPYKTYphl IOJMOBEPXHOCTHBIX CJIO€B IO CPAaBHEHMIO C CUIIBHO HapyLIEHHBIM BEPXHUM
cioeM, ¢ mocnieayromeil ObIcTpoil penakcanueil AedekToB B IIOTh, 10 BOCCTAHOBIICHMS
COBEpIICHCTBA MOBEPXHOCTH. [l MOATBEPIKACHHUsS TOCTOBEPHOCTH JAHHOTO MEXaHU3Ma U
OOHapyKEHUsI PE3KOro TpajleHTa CTPYKTYPHBIX CBOMCTB BOJM3U IOBEPXHOCTH ObUIHM
HpPOBEJEHBl JKCIIEPUMEHTAIbHBIE HCCIIENOBAHMS aHM30TPOIMH BBIXOJA IMPUMECHBIX HOHOB
IPH PacIbUICHUHU Pa3HbIX 'PaHeil MOHOKPUCTAIA HOHAMH PA3JIHYHON IPUPOJIBL.

Jist moHMMaHMs MexaHu3Ma Je(eKTooOpa3oBaHUs INOJNOBEPXHOCTHBIX IEPEXOMHBIX
CJIOEB TIPU HMOHHOH OOMOApAMPOBKE BaXKHO 3HAHHE IIPOCTPAHCTBEHHOTO PACIIPEACICHUS
NPHMECHBIX aTOMOB, BBIOMBAEMBIX IPH HMOHHOM paclbUleHUM MumeHd. Ilpu sToM, mox
AQHM30TPOIMECH BBIXOJA B JANbHEHIIEM NPUHUMACTCS pPA3IUYHe CBOICTB IOBEPXHOCTH
pasHbIX TIpaHell NpH a3UMYyTAIbHOM IOBOPOTE MOHOKPHCTAUIMYECKOro  oOpasia
uMHaprYeckoi Gpopmsl. [Ipu mccnenoBanuu obpasen; KOHTpoaupoaics merogamu BUMC,
00C, JI9CO u IMD. Jannueie merogom BUMC Obiim momydeHsl TIpH  peXXHMax
6oMOapIPOBKH MOHHBIM 30HIOM, Korna kaprtuHa JIMD Oblia HOJHOCTBIO AerpaJupoBaHa.
Meromom BUMC wuccnenoBaHa aHHM30TpONHMS BBIXOJAa INpHMECHbIX HOHOB Na* mpu
paclbUICHUM TOBEPXHOCTH LMJIMHAPUYECKOTO MOHOKpUCTAJUIa BoJib(pama, och <I11>,
KOTOPOTO COBMajaga ¢ ochlo nuamHapa. OOpasen HMIMHAPUYECKOH (HOPMBI MO3BOJIST
HPELH3UOHHO, HE HCKaXKas JJICKTPOCTATUYECKOE IOJle B O0NAaCTH MEXKIYy MHIICHBIO U

ontukoii BUMC, u3MeHHUT yroi majieHus M BbIXOJA PACHBUICHHBIX YaCTHIl OTHOCHUTEIBHO
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IUIOCKOCTEH, OpueHTHpOoBaHHbIX rpansamu (110), (231), (121)...(001) u T.1., HOBTOPSIOIMXCS
yepes 60°.

Llenbio DKCIEPHMEHTA SBISACTCS BBIABICHHE BKIAZOB OOBEMHOTO M MOBEPXHOCTHOIO
(akTOpoB,  ONpeENAIOMMX  aHM30Tpomui0  Bbixoma. C  OJHOM  CTOPOHBI, OHa
IPOMOJYJIHPOBAaHA Pa3IMYMEM IIJIOTHOCTH YIAaKOBKH MAaTPUYHBIX aTOMOB BJIOJIb PA3IMYHBIX
KpHCTaIorpauueckux HanpasiacHui B o0beme. C Ipyroil CTOPOHBI, aHU30TPOIHMS BBIXOJA
CBsI3aHa C ATOMHOM M YHEPreTUUECKOW aHU30TPONHKeEH Ha oBepXHOCTU. Bonee coBepiieHHbIe
MOBEPXHOCTHBIE CJIOM O0ECHEeYMBAIOT OOJBLIYIO MPO3PAuyHOCTh BJOJIb HHU3KOMHJEKCHBIX
HAIpaBJICHUH, GOJIBIIYI0 aHM30TPOIHIO SHEPIUH CBS3M IOBEPXHOCTHBIX aTOMOB M OoJblee
paznuuue paboThl BEIXO/A YIEKTPOHOB JUIS PAa3HBIX TPaHE MOHOKPUCTAILIA.

B oT0ii cBA3M, 0cOOBII MHTEpEC MPEICTABIAIOT TPyOUaTbhle MOHOKPHCTAILIBI, KOTOPBIE
00ecreunBaloT B €MHBIX IKCHEPUMEHTAIbHBIX YCJIOBUSX HAJIMYHE HA MOBEPXHOCTH Cpaszy
HECKONBKHX KPYMHBIX MOHOKPHCTAIOB M TEM CaMbIM IO3BOJISAIOT INPOKOHTPOIHPOBATH
KOHTPAcT MUCCHOHHBIX CBOMCTB 0oyiee JOCTOBEpHO, T.e. ¢ Oojee YETKOH Koppessuueit
HOHHOTO TOKa M CTPYKTYpHI I'paHeif, He OCTaBsisi COMHEHHH HacueT MX Ae(pEeKTHOCTH MM
OJTHOPOJHOCTH, B TOM YHCJIC, B OTHOILCHHUH T10JIS TATEH.

ITpu 6ombGapaupoBke MoHOKpHcTamTa W, B yCIIOBHSAX CBEPBBICOKOTO BaKyyMa Hapsiy C
AQHM30TPOIMEH BBIXO/A IPUMECHBIX HOHOB M3-3a PA3iM4usl pabOThI BBIXOJA PA3HBIX IpaHEi,
UMEeT MECTO TaKKe AaHM30TPOIMS BbIXOJAa HPHMECHBIX YAaCTHI], CBS3aHHAs Ppa3IMUUEM
IUIOTHOCTH YNAKOBKM AaTOMOB MAaTpHULbl, T.e. C AHU30TPONHUEH Iepenaud HMILyJbca OT
6oMbapaMpyeMOro MOHa aTOMaM MAaTpHIBI B IPUIOBEPXHOCTHOI obmactu. Ilonmaganue Ha
MOBEPXHOCTH 00pa3lia YaCTHI] CIAapsIEMOTO BEIIECTBA HCKIII0YAIACh.

VenoBust 9KCHEpUMEHTa I03BOJSUIM  CIUIaAUTh (HaKTOp AaHM30TPOIMHU, CBSI3aHHOW C
paboToil BbIXOJA JICKTPOHOB, IIyT€M BHECEHHMs HApYILCHWI NpU MOHHOI GomMOapIupoBKe.
Ipu sTOM, mpemonarajock, YTo HapyIICHHS B BUJE PaJHAlOHHBIX AC()EKTOB CMELICHUS
aTOMOB U3 YNOPSJOYCHHOTO DACIIONOXKEHHS MPOMCXOJAT B OCHOBHOM 0€3 M3MEHEHHs HX
KOHIIEHTpPALlMM, a HApYIICHHS B BUJC NC(PEKTOB MMIUIAHTALIMU YAaCTHUIl U3 MOHHOIO Iyyka B
COBOKYIHOCTH ~ YCPEIHSJIM  KOHLEHTpAlMI0  OOLIEro 4YMclIa aTOMOB  MHIIEHH H
MMIUTAHTHPOBAHHBIX AaTOMOB JUISL  PA3NIMYHBIX TpaHEil Ha MOBEPXHOCTH TPyOUAaTOro
MOHOKpHCTaia. BHeceHne snekTpomnonoxurensHoro aromoB CS mpu GomOapaupoBke
nonamu CS* cHmkago paGoTy BBIXOJA MOBEPXHOCTH, @ BHECEHHME BJIEKTPOOTPULIATEIBHBIX
aromoB Cl npu Gombapauposke nonamu Cl°  moBblano paGoTy BbIXOAA MOBEPXHOCTH
obpasta. Kpome aroro, mydok CS* cuibHee pazpylial MOBEPXHOCTb H3-3a GOJBILIOH Macchl

atomMoB CS 1o cpaBHeHMI0 ¢ Maccoii atomoB Cl. Vike mpu HeGONbIIMX 03aX OOTydeHHM
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KapTHHBI JU(PPAKLUKA MEUICHHBIX SJICKTPOHOB IIOJHOCTBIO JerpajupoBaHbl. V3meHeHue
paboThl BBIXOZA M3MEPSIIOCH IO CIABUTY CIIEKTPOB IIOJHOTO TOKA € MOMOIIBIO CHCTEMBI
CHHXPOHHOTO JieTeKkTupoBanus. Ha puc. 1 nokasaHa aHU30TPONUs BEIMYUHBI () HU3MEPCHHAsI

METOI0OM CIIEKTPOCKOITHUHU ITOJIHOTO TOKA 10 o6nyqennﬂ IMNOBECPXHOCTU MOHHBIM ITYYKOM.

¢, 5B

!

1

Puc.1. Auusorporuu paboThl BbIXOA (¢ GOKOBOI IOBEPXHOCTH TpyOuaToro oopasua W nepen
HOHHBIM 00JIyYEHHEM.

25 85 145 205 265 325

ITocne oOimydeHust yriioBas aHU30TPOIHS ¢ OOKOBOH IOBEPXHOCTH TPYyO4aToro
MOHOKpPHUCTAJIa MPAKTHYECKH MCYe3ala MPH COXPAHEHHH HEKOTOPOIl HEPaBHOMEPHOCTH IO
BceMy Kpyry 2m. Ilpum 5TOM, OYEBHIHO, AHM30TPONMS SHEPrUM CBA3M OyHeT TakKe
CIIAXKUBAThCS M3-3a aMOp(H3aLMU  ITOBEPXHOCTH. UYHCTOTa IIOBEPXHOCTH M CTENCHb
OKHCIICHHSl KOHTPOJMPOBAIMCh IO HU3KODHEPreTHYECKUM oOxe-mukaM. Mcrounuk c
MOBEPXHOCTHOH MOHM3auMed M auddepeHranbHOll  OTKAuKOH NpH  NEperonocoBKe
I103BOJISLI 1OJTy4ath 1my4ok HoHoB Cs* u Cl” ¢ MIeHTHYHBIMH [IapamMeTpamMy’ JuaMeTp 30H/a
0,1Mm; Tok Ha o6pazen-2-10"7A, sHeprus noHos 1o Ei=7 k3B.

Ha puc. 2 paHbl pesynbrats! uccnenoanus merogoM BUMC annsorponuio Beixoga Na*

npu OombapaupoBke woHamu ClI° juist AByX LHJIMHIPHYECKHX OOpasLoB € pPasIn4HOM

IPEe/ILICTOPHEN U CTENEHBIO COBEPIIECHCTBA.
(011)

(231)
(170)

Puc.2. Annsorponust Beixona Na* npu 6omGapauposke nonamMuCl st AByX UHITHHAPHYECKAX
o6pasuos W ¢ pa3indHoii peibICTOpUEH U CTENEHBI0 COBEPIICHCTBA.
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Crenyer 3amerutbh, 4TO mnpumech Na He obHapyxuBanace wmerogoMm Oxe-
cniekrpomerpur. B criekrpe BUMC nuk Na* mosBIsUIcsS M 9KCIOHEHIHAIBHO BO3PACTAIl 10
PaBHOBECHOT'O 3HAYEHHs IOCIIEC PACIBUICHUs MOBEPXHOCTHOIO CJIOS B TEUEHHH 2-3 MHUHYT.
ITocne ycTaHOBJICHHS PAaBHOBECHOTO 3HAUCHMS MPOM3BOAMIOCH M3MEPEHHE €ro INHKOBOM
uHTeHcuBHOCTH. [ToBOpOT 00pa3ia ocyIecTBIsIcs yepes 5°.

AHANOrHYHOEe YIIOBOE pacmpeseieHue mpuMecHbIXx HoHoB Na* naGmiomaercs M npu
GombapaupoBke nonamu CS*, HO ¢ MeHblIeil MHTErpalbHOM MHTEHCMBHOCTHIO. Ha puc. 3
JaHA 3aBHCHMOCTb BETMUMHBI AHW30TPOIIMM A  BBIXOJA TPHMECHBIX HOHOB MpH
6ombapauposke nonamu Cs* u Cl-.

AA
0,75 CS+

0.6 =
Cl
0.45

03

0,15

60 120 180 240 300 360 79“
]

Pric. 3. 3aBUCHUMOCTb BEJIMYMHBI AHU30TPONHK A BBIX0Ja PUMECHBIX HOHOB P G0MGapANPOBKe
GoxoBoii mosepxuoctu W nonamu Cs* u CI.

BenuuMHa aHU30TPONMH A XapaKTepHU3yeT yCPEIHEHHbIH KOHTPACT MEXKIy COCETHHMHU
MakCHMyMaMH ¥ MHHHMyMaMH Ha pHC. 3 JUIs ciIyd4as OOMOapIUpOBKH TeM WM HHBIM
HOHHBIM ITy4KOM. AGCOIIOTHAs BEJIMYMHA MHTEHCHBHOCTH mmka Na* mpu GomGapampoBke
nonamu Cs* ymenpmiamace Ha 2-1,5 mopsiika 1o cpaBHeHuto co ciaydaem Cl, mpu
OTTHOBPEMEHHOM COXPAHEHHH BETHYHHBI ycpemHeHHoro Kontpacta A=(lmax-Imin)/ lmin. Ha
KPUBO aHU30TPOITMHU BBIXOJA B IIpe/enax norpemHoctu~20%.

CpaBHUTENbHBIN aHAJIN3 AHU30TPONUK PabOThI BBIXOAA, CTPYKTYphl U Bbixoga Na* mpu
pacnbuiennn woHamu Cs* u Cl', COOTBETCTBEHHO, CHIXKAIOIIMM U TOBBILIAKOIIMM paboTy
BBIXOJ]d IIOBEPXHOCTH, MO3BOJIAET 3aKIIOUHTh, YTO TpeBamupyiommM dSpdekrom B
[POCTPAHCTBEHHOM aHU30TPONMH BTOPHYHBIX YaCTHI[ SIBISCTCS MOIYJSLHS OOBEMHOM
IJIOTHOCTH YIaKOBKK aToMOB W, MOATBEpIK/iast TEM CaMbIM KacKaJ-(hOKyCOHHBIH MEXaHH3M
mpolecca paciblUIeHHs ¢ 00pa3oBaHHEM HOHOB B OCHOBHOM IIPH 3JICKTPOHHOM OOMEHe
MEKJly MOBEPXHOCTBIO M OTieraiomieii vactuueil. He BmaBaschk B cioxHOCTH 3((deKToB
JeKaHAIMPOBAHUsI M JPYTMX HEYYTEHHBIX (DAKTOPOB, MOXKHO ClHENaTh BBIBOJ O TOM, YTO,
HECMOTPsI Ha JIOCTaTOYHO BBICOKYIO JHEPIUI0 MOHOB M OOJbIIHE JI03bI OOMOApAHPOBKH,

CTPYKTYpa MOJIOBEPXHOCTHBIX CIIOEB HE aMOP(HU3HPOBAHA TTOTHOCTHIO.
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HccaenoBanue 3BOTIONMHT npotlm.neil )lefl)eKTOB B Ipouecce TepMUYECKOro OTKHUra
KpeMHus, aMOpq)PBOBaHHOI"O HMIJIAHTALIM el HOHOB repmanus

Investigation of the defect profiles evolution during thermal annealing of silicon
amorphized by germanium ions implantation

E.O. IMTapuun, H.C. Menecos
E.O. Parshin, N.S. Melesov

Apocnasckuti @unuan Dedepanbro2o 20Cy0apCmeeHH020 O100HCEMHO20 YUPEHCOHUs. HAYKU
Dusuko-mexronoauveckoeo uncmumyma umenu K.A. Banuesa Poccutickoil akademuu Hayk,
150007, yr. Ynusepcumemcrkas, o. 21, e.Apocnasns, Poccuiickas @edepayus.
par1959@yandex.ru

Yaroslavl Branch of the Valiev Institute of Physics and Technology, Russian Academy of
Sciences, Yaroslavl, Russia, par1959@yandex.ru.

The effect of various types of heat treatment on the structure of defects in silicon
samples implanted with germanium ions is presented. The p-Cz-Si silicon samples
were implanted with Ge+ ions with different energies. They were subjected to
isochronous and isothermal annealing and rapid lamp annealing. The defect
structure of these samples was investigated using the Rutherford Backscattering
Spectrometry (RBS) method.

Onuum u3 HaTpaBIeHUI KPEeMHHEBOH OITOAIEKTPOHUKH SBIISACTCS
HAHOCTPYKTYPHPOBAHUE KPEMHMS, 3aKIIOYAIONIeecs B CO3JaHHU B aMOP(GHONH KPEMHHUEBOM
MaTpHLE KPHCTATMYECKUX HAaHOPa3MEPHBIX 00JIacTel, O0O0NaJAIIMNX CBOWCTBAMH
KBaHTOBBIX TOYEK, KOTOpbHIC CIIOCOOHBI JIIOMMHECLHPOBaTh B BHAMMOM u OmmknHem WK-
JMana3oHe Y KOMHATHOH TeMIieparype.

ITo psity TEXHOJOrMYECKUX MPHYMH HUMIUTaHTauusi repmanus (Ge*), kak 10CTaTOYHO
H3yYEHHOTO W HMMEIOIEro  OOMIMPHYH — MPAaKTHKY  KCIOJB30BAaHMSL  3JIEMEHTa
MUKPOJICKTPOHHKH, IPEACTaBIsAETCS B HACTOSIIEC BPEMS HPEANOYTHTEIBHBIM 110
CPaBHEHUIO C APYTMMH H30BAICHTHBIMU TPUMECSIMU.

Llenbio paboThI ObLIIO M3Y4YEHHE BIMSHUS PA3JIMYHBIX BHJOB TEPMHUUYECKOH 00pabOTKH
MUMIUIAHTHPOBaHHBIX HOHaMU Ge* 06pa3LoB Ha CTPYKTYpy Ae(EKTOB.

DKCIepUMEHTBl [POBOAMINCH Ha IUlacTHHax kpemHus P-Cz-Si ¢ ynenbHbIM
comporuBierreM 10 Q:cm wu Tomumuoit 350 pm. Homsr Ge* ¢ smeprueit 1 MeV
MMILIAHTHPOBAIMCH TIPH KOMHATHOMN TeMIIepaType ¢ IJIOTHOCTBIO HOHHOTO ToKa 4 nA/cm? ¢
nozamu 1,5x10% cm?, 2,5x10%* cm?, 4,0x10%* cm, a Takke [ CO3MaHUS TIPOTSHKEHHOTO
npoduist 1e)eKTOB MPOBOJMIACH KOMIUICKCHAsT MMIUIaHTalMsi noHOB Ge* co criemyromum

HaGopoM 7103 u dHepruit: 6x10'° cm2 ¢ sueprueit 1,0 MoB, 3atem 5 x10'3 cm? ¢ sHeprueii
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0,75 M5B, 3arem 4 X102 cm ¢ sueprueii 0,49 MaB u B konue 2,7 X10%% cm2 ¢ sueprueit 0,3
MbB:

JledpextHast CTPYKTypa UMIUTAHTUPOBAHHBIX CIIOCB HCCIIEIOBANACH C HOMOIIBIO METO/A
pesepdoprosckoro obparHoro paccesuust (POP) He' ¢ sueprueit 1,8 MeV wu yriom
paccesiust 160° B pexxumax kananupoaxust (Channel) u mcemocimyuaiiHoro HampasieHHs
nyuyka (random). MoHHas WMIUIaHTAmMs M HUCCIeaoBaHusi ¢ momoiisio meroxa (POP)
nposoauich Ha yeranoske K2MV ¢upmsr High Voltage Engineering Europe (HVEE).

TTOCTUMIIAHTALMOHHBIA OTXKHUT (M30XPOHHBIH M M30TEPMUUYECKHIT) OCYIICCTBISIICS B
tpy6uaroii neun CJIOM 3/100M1 B armocdepe (Ar +5% O2) npu temneparype 620 °C B
teyeHue 10, 20 u 30 MUHYT, a TaKOKe IPOBOAMICS OBICTpPBIi (JIAMITOBBINH) OT)KHT, B YCTAHOBKE
rpaauenTHoii TepmoodpadoTku IITKO-AHT3 npu remnepatype 620°C B teuenue 10, 20 u 30
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Pucynok 1 — Cnexrpsl POP, nabpannsie Ha o6pasuax Si (100), ummiantupoBannsix Ge (zo3amu
1,5-10% ar./cm?, 2,5-10% at./cM? 1 4,0-10% at./cM?) 1 STANOHHO# TTIACTHHE KPEMHMUSL.
Ha pucynke 1 mpencraBieHs! CieKTpsl 00paTtHOro pesephoprosckoro paccesuus (OPP)

UMIUIAHTUPOBAHHBIX OOpAa3loOB JO OTXKHUIA, TAKXKE IPEACTABICHBI CIEKTPbl HCXOIHOTO
obpasiia ¥ pa30pUEHTHPOBAHHOTO HAIIPABJICHHS, B KOTOPOM HCKIIFOYCHO KaHAJINPOBAHHUE.

Ha ocHOBaHHMHM THX CIIEKTPOB MOIyYEHbI IPOGHIN pacipeenenus 1e(peKTOB METOI0M
II0CJIe/JOBATENIbHBIX HTEPALUi 110 PasHUIE BBIXOAA PaccesHHbIX HOHOB He' ¢ obpasua u
BBIXOJIOM, OOYCJIOBJICHHBIM JICKQHAJIMPOBABIICH YacThlo HOHHOro myuka [1]. JlanHbie
npoduIu MpeACTaBIEHBI Ha PUC.2.

U3 aHanusa crekTpoB W TpoduIIell MOXHO clenaTh BbIBOA, uto jo3a 4,0x10% cm?
ABISIETC aMOp(U3yIOIIeil, a KOMIUICKCHas HMMIUIAHTALUs HE ITPUBENA K HPOTSHKEHHOMY
npopuIo AeeKToB, 4YTO, HO-BUAUMOMY, CBSI3aHO C PaJUALMOHHBIM OTXKUTOM AC(EKTOB B

Ipolecce UMIUIAaHTALMH.
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Pucynok 2 — Pacupezenenue 1e(eKToB 0cie UMILIaHTaIHH.

ITpu u3orepmMuueckoM orxure B Tpyouaroil neun CAOM-3M1 npu temneparype 620

°C B Teuenue 10, 20 u 30 MuHYT OBUTH IIOIY4YCHBI Cleaytomue Ipoduiu aedexros (puc.3)
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Pucynok 3 — IIpoduib pacnpesesnenns Ae(eKToB MOCIIe TPaJHLHOHHONO IEYHOT0 OTHKHIA.
Omxur B ycraHoBke ObicTporo (ytammnosoro) omkura IITKO-AHT3 npu Temnepatype
620°C B Teuenne 10, 20 1 30 cexyH MPUBET K CIEAYIOIIM TPOodHIIM (puc.4)

Jlanuble poduik 1eeKTOB MOCTPOSHBI METOAOM YHCICHHOTO I (epeHIIMpOBaHUS

(byHKUUS IeKaHATHPOBAHHS:
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rie YR — HOpMHpOBaHHBIH Ha «Random» BeIX0J OT obpasua ¢ aepexTamu; xv —
HOpMHUpOBaHHbIH Ha «Random» BbIXox oT oOpasua 6e3 nedexToB («Virginy); 6bp — ceueHue

JIeKaHAIMPOBAHUs Ha Je(eKTe; ND — KOHLEHTpaLus Ae(heKToB Ha rinyOuHe t. [2]
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Pucynox 4 — ITpoduib pactipesenenus AeeKToB mocie GbICcTpoii TepMuyecKkoit 00paboTKu.
IIpy HM30XpOHHOM OTXKHIe ABa oOpaslia ObUIM IMOABEPTHYTHI OTXKUIY B arMocdepe

Ar+5%02 B teuennn 30 munyT ipu 600°C 1 900°C. Pesynbrat npezicTaBiieH Ha puc.5.
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Pucynox 5 — Ilpoduns pacnpesienenus aedeKkToB mnocie repMudeckoii 06padoTku B Teuenune 30 MUH.

1. J.R. Bird and J.S. Williams eds., lon Beams for Materials Analysis, Academic Press, Sydney,
1989, 719 p.

2. ®.®. Komapos, M.A. Kymaxos, 1.C. TamusikoB. Hepa3spyurarommii aHaiu3 OBEPXHOCTEH
TBEP/bIX TEJI HOHHBIMU ITy4YkaMu. MuHCK: «YHuBepcuteTckoe», 1987, 250 c..
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SURFACE MODIFICATION OF NAFION MEMBRANE ELECTROLYTE BY
ION BEAM ASSISTED DEPOSITION OF PLATINUM AND RARE EARTH METALS
FROM VACUUM ARC DISCHARGE PLASMA

V.V. Poplavsky, O.G. Bobrobich, A.V. Dorozhko, V.G. Matys

Belarusian State Technological University,
220006, Sverdlov St, 134, Minsk, Belarus, e-mail: vasily.poplav@tut.by

Surface layers on Nafion membrane is used as an electrolyte for low-temperature fuel cells
were prepared by ion beam assisted deposition (IBAD) of platinum and as basic active
metal and one of rare earth metals (Gd, Dy, Ho) as an activating additive. Formation of
layers in IBAD mode, by means of the deposition of metal and mixing of precipitating layer
with the substrate by accelerated (U = 5 kV) ions of the same metal, was carried out. In this
process, a neutral fraction of metal vapor and ionized plasma of vacuum pulsed electric arc
were used. Investigation of the composition and morphology of prepared layers was
carried out by EDX, SEM, WD-XRF and RBS methods.

lon-plasma technologies provide the possibility of modifying the surface of structural and
functional materials in order to improve the performance characteristics of products made of
them without changing the structure and bulk properties of the material. Of great interest is the
ion-plasma modification of functional materials, the properties of which are primarily
determined by the surface composition, in particular, the introduction of active impurities into
the near-surface layer of heterogeneous catalysts for chemical reactions [1, 2].

The aim of this work is to study the composition of the catalytic layers on
Nafion™ N 115 membrane, which is used as an electrolyte for low-temperature fuel cells and
electrolyzers, prepared in the process of ion beam assisted deposition platinum as the main
catalytic metal and one of rare earth metals (Gd, Dy, Ho) as an activating additive from plasma
generated in metal vapors of a vacuum arc discharge.

The Nafion membrane, which is a fluorocarbon polymer contained functional sulfo

groups SO3, has proton conductivity in the wet state and is used and is used as an electrolyte

for low-temperature fuel cells and electrolyzers with a polymer membrane electrolyte [3]. The
membrane electrolyte, together with the catalytic and diffusion layers in contact with it,
makes up the membrane-electrode assembly (MEA) — the main functional component of a
fuel cell [4] or an electrolyzer.

Catalytic layers on surface of Nafion™ N 115 membrane were prepared with use of the
experimental setup by ion beam assisted deposition (IBAD) of platinum as basic active metal
and one of rare earth metals — gadolinium, dysprosium or holmium as an activating additive.
The choice of deposited metals is determined by the peculiarities of the mechanism of
oxidation of organic fuels — methanol and ethanol [5, 6]. We carried out IBAD mode where
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deposited metal ions are used as ions assisting. The deposition of the metal and the mixing of
the deposited layer with substrate by accelerated (U =5 kV) ions of the same metal were
performed from neutral fraction of metal vapor and ionized fraction of plasma, respectively,
of a vacuum (p ~ 102 ITa) arc discharge of the pulsed arc ion source.

The compositions of the layers were studied by Rutherford backscattering spectrometry
(RBS) (AN-2500 accelerator complex, High Voltage Engineering Europe, Eo = 1.5 MeV),
energy dispersive electron-probe microanalysis (EDX) with scanning electron microscopy
(SEM) (LEO 1455 VP Cambridge Instruments microscope equipped with an AZtec Energy
Advanced X-Max80 Oxford Instruments spectrometer), wave dispersive X-ray fluorescence
analysis (WD-XRF) (PANalytical Axios spectrometer, Netherlands).

RBS spectra (Fig. 1) contains signals conditioned by the scattering of “He ions on the
nuclei of atoms that make up the Nafion membrane (C, F, S), oxygen as an impurity, as well as
deposited platinum and rare earth metals atoms that are distributed in a thin near-surface layer.
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Fig. 2. RBS spectra of “He ions from surface of Nafion™ N115 membrane with layer
formed by ion beam assisted deposition of platinum and rare earth metals

According to the RBS data, the thickness of the prepared layers is ~30 nm, and the
content of deposited metal atoms in the formed layers is ~1x10%6 cm=2. The concentration of
each of deposited metals in the maximum distribution located near the surface is several
atomic percent. In the process of IBAD of metals in the proposed mode, ionic mixing of all
components of the layer being formed takes place.

In the X-ray fluorescence spectra obtained in studying samples the spectral lines L- and
M-series of the characteristic X-ray emission of deposited platinum atoms also each of rare
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earths metals are observed. There are also lines of K-radiation of sulfur and fluorine atoms that
make up the Nafion membrane, oxygen atoms, also the lines of the reflected radiation of
rhodium atoms, which is used as the exciting X-ray fluorescence.

Fig. 2 show the electron microscopic images of the surface of the Nafion™ N115
membrane modified by ion beam assisted deposition of platinum and rare earth metals, also

distribution of atoms of elements across the scanning line over the surface according to EDX
analysis.
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Fig. 2. SEM images and distributions of atoms of elements across the scanning line
(according EDX analysis) over the surface of the Nafion™ N115 membrane
with layer formed by the ion beam assisted deposition of platinum (a) [7],
gadolinium and platinum (b), dysprosium and platinum (c), holmium and platinum (d)
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According to EDX data the composition of the studied layer includes atoms of the
deposited metals and atoms of components of the membrane itself — carbon, fluorine and
sulfur, also oxygen as an impurity. The deposited metals are distributed over the entire surface
of the samples with a concentration of several percent. Against the background of an
approximately regular distribution of the composition of the studied surface, inclusions of
deposited metals with a size of about several micrometers are observed, due to the deposition
of metal droplets from the arc discharge of an ion source. To exclude the drop phase, special
plasma flow control systems are used, the principle of operation of which is based on the
separation of the ionized and neutral fractions by deflecting the charged fraction by a magnetic
field, which makes it impossible to implement the used IBAD mode.

Thus, modification of the surface of the polymer electrolyte membrane Nafion™ N115
was performed by ion beam assisted deposition platinum as the main catalytic metal and one
of rare earth metals (Gd, Dy, Ho) as an activating additive from a neutral vapor fraction and
plasma generated in metal vapors of a vacuum arc discharge.

With use of EDX microanalysis, WD-XRF analysis and RBS revealed that the
composition of the obtained catalytic layers contain atoms of deposited metals (platinum,
gadolinium, dysprosium, holmium) and elements comprised in membrane (carbon, fluorine,
sulfur), also oxygen as an impurity.

In the process of ion beam assisted deposition of platinum and rare earth metals in the
proposed mode multicomponent catalytic layers are formed due to radiation mixing of the
atoms of the deposited metal with the atoms of the Nafion substrate by accelerated ions. The
thickness of the prepared layers is ~30 nm; content of each of deposited metal atoms in the
layers — ~1x10%cm2 In the maximum of distribution located near the surface, the

concentration of each of the deposited metals is about atomic percent.
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HUCCJIEJOBAHHE IVIEHOK SiO2, HIMIVIAHTUPOBAHHBIX Zn, /IJIsI IPUMEHEHUS B
MEMPHCTOPAX
STUDY of Zn IMPLANTED SiO2 FILMS for MEMRISTOR APPLICATION

B.B. Ipusesennes® *, A.I1. Ceprees!, A.A. ®upcos?, B.C. Kynukayckac?, E.E. Skumos®,
A H. Tepewenko*
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A.N. Tereshchenko*
L @ry «®HI] HUUCH PAH», Mockea, Poccus, *e-mail: v.privezentsev@mail.ru
2 HUHUAD, MT'Y um. Jlomonocosa, Mockea, Poccus
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4 UDTT PAH, Yepnozonoska, Mock. obn., Poccus

In paper there are investigated the 150 nm thick SiO: film obtained by e-beam evaporation. This
film was implanted by Zn with a dose of 3x106/cm? and energy of 40keV. These structures were
annealed in air in the temperature range from 400 up to 800°C with a step of 100°C in 40 min.
During annealing transparent ZnO and Zn2SiO4 phases are sequentially formed. After annealing
at 700°C the ZnO clusters and craters with a size of 1um were revealed on a sample surface. The

creation of ZnO phase is confirmed by photoluminescence emission at a wavelength of 380nm.
BBEJEHUE

B Hacrosiiiee BpeMsi PE3UCTHBHOE TEPEKIIOYCHUE, HHAYLIMPOBAHHOE JICKTPUUECKUM T10JIEM,
u3ydyaeTcss BO MHOTHX Matepuanax. Ilepexmiodaemasi SJICKTPHYECKMM IOJEM OIEpaTHBHAS
namsth (ReRAM) Ha ocHoBe Metaiookeuaubix Marepuanos (TiOz, HfO2, ZrOz u ap.) umeer
IPOCTYI0 TEOMETPUI0. B HUX JOCTHIrHyTa BBICOKAs CKOPOCTH MEPEKIIOYCHHsSI B HECKOJIBKO HC,
HHM3KHI paboumii TOK ~ HA, MaclITaOMPyeMOCTh B HM JHMANa30HEe U NOTEHIMATbHAS MaMsTh B
Heckoibko OuT. Takoke ObUIO MOKa3aHO, 4TO IUIeHKH n3 amopdHoro SiOx, JerupoBaHHOro Zn
(Tax HasbBaeMble SZO-IUICHKH), SBIAIOTCS NMepcHeKTUBHbIME Uit RERAM ycTpoiicTB, T.K. UX
TexHonorus copmectuma ¢ KMOII-texnonorueii. bputo ycranoBieHo, 4ro Giarogapst HATHYHIO
B TakHX IuieHKax HaHokiactepoB (HK) Zn mmu ZnOx, onn Moryt umers BAX MempucTopHOro
Thma. [Io5TOMy CTAaHOBHTCS Ba)KHBIM HCCIICJIOBAHHE TEXHOJIOTHH cO3MaHMs ILIeHOK SiOz,

JICTUPOBAHHBIX ZN, UX COCTaBa, CTPYKTYPBI K CBOUCTB, ISl yKa3aHHbIX BBILIE IIEJICH.

OBPA3LIbI U METOJJUKU SKCITEPUMEHTA
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B nanHON paboTe HccieayroTcs COCTaB, CTPYKTypa M CBoiictBa IUteHKH SiO2 TOMIHHON
150HM,  TONYy4EeHHOW  METOJOM  OJICKTPOHHO-IYYEBOTO  MCIApeHus.  OJTa  IUICHKa
UMIIIaHTHpoBanack Zn ¢ no3oit 3x10%/cm? u sueprueit 40x3B. OcHOBOI CTPYKTYpBI CILyKHT
KBapleBasi MOJUI0XKKA, HAa KOTOPYIO HalbUISIACh IUIEHKa AU B KadeCTBE HIIKHEro SJIEKTPOJa.
3areM 9TH CTPYKTYpbl OT)KHrajgach Ha BO3AyXe B auanasoHe temmeparyp ot 400 no 800°C c

waroM 100°C B Teuenne 40 MuH. BepXHUil 21IEKTPO M3rOTOBIISLICS U3 HanbuieHHoro Al.

CTpykTypa TNOBEpPXHOCTH Oblla HCCIENOBaHA C IIOMOIIBIO PAacCTPOBOTO 3JICKTPOHHOTO
mukpockorna (POM) COXEM B pexumax BTOPHYHOII 31eKTpoHHOH smuccun (BD) u obparno
paccestHHbIX d1eKTpoHoB (OPD) B coueTanuu ¢ sHepro-aucnepcuonHoit cnexrpockonuet (3C).
Busyanusaumst W xapakrepusauus HaHokiactepoB (HK) ZnO mpoBommimack MeTomom
karonomomunecuenuuu (KJI). HccnenoBanus npoBoawnuchk C nomouipto POM JSM 6490 ¢
ucrnonb3oBanueM cucteMbl MonoCL3 ¢ pemerkoit 300-850HM M paspemieHueM He XyxkKe 2HM,
npudYeM CchbeMKa ObUla MpOBeJCHA B pekuMe coBMemeHus curara BD u KJI B
l'laHXpOMaTV['-{eCKOM pe)l(l’IMe, Korja PErucTpupyeTrcss CymmapHass HMHTECHCHUBHOCTb BHJIAMMOTO
CBETa, HCIYCKAEGMOro KaKJ0H TOYKoi oOpasua. J{is BBIABICHUSI HOJMyYeHHOH ¢aszel ZnO
JIOTOJTHUTENIBHO CHUMAINCH CHEKTphI (oTomomunecuenius (DJI) B quanasone 350-800uM npu
10K ¢ nakaukoii or He-Cd nasepa ¢ jumHoil BosiHbl 325HM. Bosbr-amiepHbie XapakTepUCTUKN

(BAX) mony4eHHBIX CTPYKTYp OBUIH HCCIIEIOBAHbI ¢ OMOLILIO MysibTHMepa Keythley 4200.
PE3VJIbTATBI 1 OBCYXIEHUE
Hcenedosanus na pacmposom s1ekmpoHHoM MUKPOCKONe

Ha puc.l npencrasiaenst POM-BD u3zobpaxenue (a) u coorBerctBytomas DJIC kapra s
manud Zn'Lal,2 (6) must muenok SiO2 mocne mmrmtantaiun Zn. Ha nsoOpaxenun puc.l,a,
OTBEYAIOIIEM TOIOJIOTHYECKOMY KOHTPACTY, Pa3IMYaroTCs IPKHE MATHA C pa3MepoM B 1MKM, T.e.
9TO YaCTHIBI (BBICTYIIbI) HA MOBEPXHOCTH IUICHKH OKCHIA KPEMHHUS. DTH BBICTYIBI COCTOST M3
Mmarepuana cios Martpuusl SiO2, 0OJHAKO, BO3MOKHO, YTO 4YacTh M3 HHX COCTOHMT W3
Metajundeckoro nuHka. Ha puc.1,6 npuBenena coorsercryromas DJIC-kapra s nuaun Zn

Lal,2. BujgHo, 4To mociie HMIUIAHTAuH ZN pacipe/erneH B o0pasie J0CTaTOYHO PaBHOMEPHO.

Ha puc. 2 npusenenst POM-BD (a) u coorsercrByromme DIC-kaptsl st snementos Si'Kal
(6), O'Kal (B) u Zn'Lal,2 uzobpaxkenus noBepxHOCTH MieHKH SiO2 C mpUMechio LHHKA, [0Cie

omKMra Ha Bosayxe npu Temmeparype 700°C. U3 puc. 2a ciemyer, 4TO Ha H300paKeHUs
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Pa3IMYarOTCs BBICTYIIBI U KpaTepsl ¢ pasmepoM ~ 1 Mxm. U3 conocrasienus puc.l,a u puc.1, 6,
B, T CJIE/LYET, YTO KPATEepPhl COCTOSAT M3 3IeMEHTOB MaTpuisl Si n O, nHaue roBops, 3T0 KpaTepsl B
matpure SiO2. IIpu 3TOM BBICTYIBI cOCTOAT U3 daeMeHToB Zn u O, T.e. 3t BbicTynsl (HK) Ha

MIOBEPXHOCTHU cOCTOAT U3 (a3l ZnO.
Hceneoosanue memooom Kamoooromunecyenyuu

B pesynbrare wucciepoBanHus obpasua mnocie ormxura npu 700°C  meronom KJI nHa
nosepxuocty MeHkn SiO2 ObUIM OOHAPYIKEHBI BHICTYIIBI (CBETSIIUECS OOBEKTBI) C PazsMepoM
okono 1Mkm (puc.3,a). O1u sipkue naTHa Ha u3o0pakennn KJI xoppenupyior ¢ Oyropkamu Ha
POM-BD wusobpaxenuem Ha puc 3,0. Ha puc. 3,0 BHAHO, 4TO Ha IOBEPXHOCTH O0OpasLa
Pa3IMYAlOTCS KAaK BBICTYIBI (CBETJIBIC ISTHA), TaK M KpaTepbl (TeMHble msTHA). Mcxons ms-3a
ocobeHHOCTEll 00pasna ¥ Crenu(UKN SKCIEPUMEHTATbHOW YCTAHOBKH, H3MEPHUTh CIICKTp

cBeuenust KJI KOHKPETHOI'O KjIaCTEpa HE NMPCACTABUIIOCH BO3MOKHBIM.

Hcceneoosanue memooom ghomonomunecyenyuu

Ha puc.4 npexncrasien cnextp ®JI mia obpasua nocine omkura npu 700°C cusrsiii npu 10K.
VIIUPEHHbIH MUK ¢ MAKCUMYMOM TIpu 425HM 00yCIIOBIICH CTPYKTYPHBIMH J€(EKTaMM ILICHKH
SiO2, KoTopbie CBsI3aHbI ¢ ASPUIIUTOM KHCIOpoaa. Y3kuii ik Ha crekrpe OJI npu JUIMHE BOJIHBI
380HM COOTBETCTBYET IKCHTOHHOM JTIOMHHECLICHIIMH B 0OpasoBasiuelics ¢ase ZnO.

TMomyuens: BAX nccinenoBaHHBIX CTPYKTYp C XapaKTEPHBIM A1 MEMPUCTOPOB THCTEPE3HCOM.

BJIATOJAPHOCTD

PaGora BbImoNHEHa B pamkax rocsazanus OI'Y “©HL] HUMCU PAH” Ne 0065-2019-0003
(AAAA-A19-119011590090-2).

10 vm SEM-SE image 10pm Zn Lal,2
a) 6)
Puc.1. POM-BD (a) u DJIC xapra st muann Zn'Lal,2 of as implanted sample.
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T O Kal T Zn Lal,2

B) r)
Puc.2. PDM-B3 (a) u DJIC xapts! quist nuunii Si, O u Zn.
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MOJIUPUKALUS TOIMOJOI MU MOBEPXHOCTH SiC JJISI MOCJIEAYIOLIETIO
PALE
TOPOLOGY MODIFICATION OF SiC SURFACE FOR FOLLOWING PALE

A.A. Pespan?, B.C. Knmumun'?, P.B. ToMuHOB?
A.A. Rezvan!, V.S. Klimin*?, R.V. Tominov?

! Kagheopa narnomexnonoauti u muxpocucmemnoti mexruku, FOxcnwlii hedepanvioiii
yuusepcumem, Llleguenxo 2, Tacanpoe, Poccus, e-mail arezvan@sfedu.ru;
2 Hayuno-o6pasoeamenvuuiii yenmp «Hanomexnonozuuy, FOxcuwiil hpedepanviviii
ynugepcumem, [llesuenxo 2, Tacanpoe, Poccus

Focused ion beam is relevant to consider improvement surface parameters of
various materials. Experimental session was carried out on plates of SiC. This
technology makes it possible to speed up the process of forming nanoelements by
eliminating the use of photoresists and masks. Additional application of modern
technologies, such as plasma atomic layer etching, opens up possibility of
obtaining carbon nanomaterials with high compliance with specified parameters.

CoBpeMeHHbIE TEXHOJNOTMM W  METOAMKH B3aHUMOJCHCTBHS HOHOB  Pa3iIMYHBIX
9JIEMEHTOB C TIOBEPXHOCTBIO MaTepuana OTKPBIBAIOT HOBBIC IEPCHCKTUBBI Pa3BUTHUS
HAHOPa3MEPHOH 3JIEKTPOHMKH. BO3MOXKHOCTH XapaKTepH30BaTh U CO3/1aBaTh OCOOCHHOCTH
MaTepuaioB B 3aBUCUMOCTU OT MECTOIOJIOKEHUS] U ¢ HAHOMAcIITaOHbIM pa3pelieHneM Jaa
KIIOY K TOHMMAHHIO MHOTHX CHCTeM MarepuanoB. Ha [aHHBIH MOMEHT OZHHMM U3
OCHOBOIOJIO)KHBIX METOJ0B MOXHO BBLICIHTH (HOKYCHPOBAHHBIH HOHHBI 1mydok (PUIT) [1-
3]. Muxpockornsl, nocrpoeHnsie 1o npuuimny OUIL, yxe ponroe Bpems NPUMEHSIOTCS B
HOJIYIPOBOAHUKOBOH MPOMBIIITIEHHOCTH, @ TAKKe B PA3IMYHBIX 00J1aCTsIX MaTepHaIOBEICHHS
u OuomarepuanoB. Takue ycTpolcTBa OOBIYHO COZAEPXKAT B CBOCH CTPYKTYpe KOJOHHY
HOHHOTO MCTOYHHUKA, PAI DJICKTPOCTATHYECKUX JIMH3 JUIl  (QOpMHpOBaHMS Jyda MU
CKaHHPYIOLIUI reHepaTop s HaIpaBJIeHUs JTy4ya Ha oOpasel] ¢ JBHKYIIUMCS CTOJIMKOM. Psi
CTOJIKHOBEHHMH, CO3/1aBacMblii MOHOM IIpH €ro B3aMMOJAEHCTBHM C 00pa3LOM, BbI3bIBAET
pacnbUleHHe, a TaKkkKe TIEHEpUpYeT BTOPHYHBIE JJIEKTPOHBI, KOTOpBIE COOMpPAIOTCS
TPaJUIHOHHBIMH ACTEKTOPAMH.

XOTS KOHTpAcT, INPUIMCHIBAEMbIH HOHHOMY IIyuKy, YHHMKAQJCH, 4YTO JeJaeT €ero
YyBCTBUTENIbHBIM, Harpumep, K ¢(a3e M OpUEHTAUMH 3€peH, HMHTYUTUBHO IIOHSATHOE
u3obpaxeHue, kotopoe (popmupyercs ¢ nomonibio OUII, HanmomuHaer m3obpaxkeHHe mpu
CKaHUPOBAHUH. DIEKTPOHHBIH MuKpockon (COM) [4-7]. Kpome Toro, mepBuYHbIE HOHBI C
BBICOKOW DHEpPrued HaMHOIO MAacCCHUBHEE, YEM DJJIEKTPOHBI C BBICOKOH BHEpTUEH, yTO
obecrieunBaeT BO3MOXHOCTb PAacIbUICHHSI MaTepuaa B 3aBHCHMOCTH OT MECTa yCTaHOBKH,

yro sBiseTcss yHuKanbHbIM it OUIL. DOra crmocoOHOCTh 00pabaThiBaTh MaTepHal
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KOHTPOJIMPYEMBIM 00pa3oM C MOCIEJI0BAaTENbHON MM OJIHOBPEMEHHON BM3yalM3aluei ¢
nomomplo COM  nemaer  aByxiutatgopmennsiii  OUII-COM  oueHb  yHHBEpCaJIbHBIM
AQHAIUTUYECKUM HHCTPYMEHTOM. OnHaKo, B IIOCICAHEE BpeMs BENCTCS IOUCK HOBBIX
MHCTPYMEHTOB, TTO3BOJISIOIIMX BBIMOJHATE MOJU(HKALMIO W NMPOPUIMPOBAHUE TOIOJIOTHIO
MOBEPXHOCTH MOIYNPOBOJHHKOBBIX MATEPHANIOB C 00jee BBHICOKMM pPa3pelICHHEM HEXEIH
TPaAULOHHBIC METOJMKH JIMTOrPa(UH-TPABICHHS, B CBA3U C YEM aKTyaTbHO PacCMOTPEHHUE
JJAHHOU TEXHOJIOTMH JUIsl YJIy4LICHUS IAPaMETPOB MOBEPXHOCTH Pa3IM4YHBIX MATEPUATIOB.

OKCIepUMEHTalIbHAsE CECCHsl MPOBOAMJIACH HA IUIACTMHAX COOCTBEHHOro KapOuia
KPEMHHSI, TIOBEPXHOCTh KOTOPOTO Oblia IOABEPKEHA CTAHJAPTHBIM OMeparusiM oO0paGoTKH
0 OYHCTKE, IUTH(OBKE U MOJIHPOBKE.

Jnst naneHeiineit 00paboTkn 00pasipl MOMEIIATMCh B BaKyyMHYIO Kamepy MOAyJIs
OUIT Nova NanoLab 600 u opueHTHPOBAIMCh HEPHEHANKYJSIPHO HANPABICHHIO MOTOKA
YCKOpeHHBIX HOHOB. CocTosiHMe paboueill cpefbl MPH MPOBEACHUH CEPHU IKCIEPHMEHTOB
noanepxkuBanach Ha otmerke 1+2x10* Tla. Tox wuoHHOro mydka cocraBiasan 30 mA.
Yckopsironee HanpsbkeHne 30 kaB. Bpewmst akcnozunum B Touke 1 Mkc. BrocnencrBum Ha
MOJUIOKKE M3 KapOuaa KpeMHHUsI ObUIM BBITPABIICHBI CTPYKTYPBI B COOTBETCTBHHU C 3apaHee
MOJTOTOBJICHHBIM IA0JOHAM — puUCyHKaM. TakuM 00pa3oM ObUIM IOJIyYEHBI pa3jIddYHbIC
CTPYKTYPBI, BBICOTa KOTOPBIX BapbupoBanack oT 400 1o 600 Hm.

ITocne o6padorke @DUIT obpasupl nmomemanuck B peakrop STE ICPe68 s
[POBEJICHHUSI [IIa3MEHHOI0 aTOMHOr0 cioeBoro TpasieHus (PALE) npunosepxHocTHOrO cliost
KapOua KpeMHHUSI C LENbIO MOMYYeHHs YTIIEPOJHOTO0 HAHOPA3MEPHOTO MaTepHaa, TONIIHHA
KOTOPOTO COCTaBJIACT HECKONBKO MOHOCIOCB aToOMOB yriepoja. JlaHHoW omeparuei Oyzner
JOCTHTHYTO IPAKTHYECKOEe INPUMEHEHHE KOMOMHHPOBAHHONH METOJMKHM B KauyecTBe
TEXHOJIOTMH W3TOTOBJICHHUS OSMHCCHOHHBIX, CEHCOPHBIX M YyBCTBHTENIbHBIX YCTPOMHCTB,
CXOKMX IO Pa3IMYHBIM MapamMeTpaM C H3JCIHSIMH Ha OCHOBE YIVICPOAHBIX HAHOCTPYOOK
w/unmn  rpadeHa. Jns STOro MOBEPXHOCTb CIPYKTyp Obina oOpaboTaHa B IUia3zme
KOMOMHHPOBAHHBIX EMKOCTHBIX M MHIYKTHBHO CBS3aHHBIX pa3psnoB. Pexxumbl 00paboTku
crpyktypsl Pr = 2 Ila, notoku raza Nar = 70 cm®mun, Nsrs = 15 cm®/MuH, MomHOCTb
€MKOCTHOTO HCTOYHHKA IIa3Mbl cocTaBmsia WRiEe = 20 B, MomHOCTh HCTOYHHKA
MHIyKTHBHO-CBsi3aHHOM ma3Mbl Wicp = 300 B. Bpems Tpasnenus 1 MmunyTa.

Anann3 ACM-u300pakeHuil 1OKa3bIBACT, YTO AUAMETP CTPYKTYp cocrasiser 0,87 +

0,15 MkM.

146



Pucynok 1. POM-1306paxeHne 0HOTO U3 MOTyYEHHBIX IEMCHTOB MACCHBA YIJIEPOIHBIX
HAHOCTPYKTYp Ha noBepxHoctu SiC

CTpyKTYpBI, I0Ty4EeHHBIE B X0J1€ AKCIIEPUMEHTOB, HCCIIEA0BAIH C IIOMOLLBIO 30HI0BOTO
Mukpockorna. I[TokazaHo, 4to yBenuueHue HarpspkeHus ¢ 5 10 20 B npuBOIUT K yBEIHYEHHIO
Toka ¢ 0,15 + 0,03 HA 1o 6,3 + 0,4 HA, a yBenuueHue d1eKTpudeckoro nonst ¢ 60 no 180
MB/cM NpUBOJUT K YBEINYEHHIO IIIOTHOCTH ToKa ¢ 96,32 + 8,81 A/cm?.

ITo OKOHYAHUH IKCIEPUMEHTOB MOXKHO C/ENaTh BBIBOA O TOM, uTo Meroamka DUII
MO3BOJIICT YCKOPUTH TPOLECC (OPMUPOBAHHS HAHOIIEMEHTOB 3a CYET HCKIIOUCHUS
MPUMCHEHUsT (OTOPE3UCTOB M MACOK. A IONOJIHHUTENBHOC IPUMEHEHHE COBPEMEHHBIX
TEXHOJIOTHH KaK HalpuMep IUIa3MEHHOrO AaTOMHOIO CJIO€BOTO TPABJICHUSI OTKPBIBAET
BO3MOXKHOCTh ITOJYYCHHs YIJICPOJHBIX HAHOMATEPUATIOB C BBICOKHM COOTBETCTBHEM
3alaHHBIX IAPAMETPOB.

Jlannast paboTa OblIa BBINOJIHEHA IpH noanepxkke rpanta POOU 18-29-11019 mx.
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JIIOMMHECHEHI S B KPEMHUHU, UMIINTAHTUPOBAHHOM MOHAMMU
KHUCJIOPOJA
LUMINESCENCE IN SILICON, IMPLANTED OXYGEN IONS

H.A. Cob6ouies, A.E. Kanaaun, E.W. Illek, K.®. HTensmax
NL.A. Sobolev, A.E. Kalyadin, E.l. Shek, K.F. Shtel'makh

Omoenenue meepoomenvHou 2nekmpoHuku, QU3UKO-MeXHUYECKU UHCIMUNYmM
um. A.®. Hoghgpe Poccuiickoii akademuu nayk, 194021 Ionumexnuyeckas ya. 26,
Canxm-Ilemepbype, Poccus, nick@sobolev.ioffe.rssi.ru
loffe Institute, 194021 Saint Petersburg, Russia

Luminescence has been studied in silicon implanted with oxygen ions and heat
treated by multi-stages annealing which are used for internal gettering in the
technology of integrated circuits. It was established that the line with a wavelength
of 1466 nm belongs to free oxygen precipitates. The maximum intensity of the line
is observed at 40 K. A half width of the line is equal to ~ 10 meV.

Pa3BuTHE KPEMHHEBOI ONTOAIEKTPOHUKU HYKJIaeTcs B co3aHuu cBeroauonos (ClI) Ha
OCHOBE KpeMHHUsI Ha JUTMHY BOJIHBI ~ 1600 HM. OIHUM M3 NEPCIIEKTUBHBIX IyTEH UX CO3aHHs
spisiercss u3rorosieHne CJI ¢ Tak Ha3pIBaeMOW JUCIOKALMOHHOW JIOoMHMHecUeHuueit [1].
HesaBucumo ot crmocob6a (OpMHPOBAHMS TaKMX CTPYKTYp KpPOME JIMCIOKAlMi B HHX
obpasyrorcst kucnopoausie nperunutatel (KIT). CumTanock, 4To OHH SBISIOTCS LEHTPAMH
0e3bI3TyyaTeNbHOH  PEKOMOMHAIIMM, YMEHBIIAIOIIUMH HHTGHCHBHOCTh  H3JIydYaTelabHOI
pekomOuHanuy. HexaBHO nosiBUIMCH paboThl [2,3], B KOTOPBIX yTBEpXkIaia0ch, uto KII moryT
M3ITy9aTh Ha JUIHHE BOJHBI ~ 1494 HM. OHaKO, B pealbHBIX CIEKTPaxX (HOTOTIOMHHECICHIIIN
(®JI) Habmiomanuch MUPOKHE JMHUY, KOTOPHIE aBTOPbHI AIIIPOKCHMHPOBAIN HECKOJIBKUMHU
rayCCOBCKMMH KPHMBBIMHU, M OJIHY M3 HUX C JIMHOH BomHbI ~ 1494 M npunuceiamu KII.
Llenp Hacrosiedt paboThl 3aKioyajlack B IIOMCKE YCIOBUH (HOPMUPOBAHHS —Y3KUX
nzonupoBaHHbIX JMHU KIT n uccnenosanuu ux ®JI cBoiicTs.

IInacTHHBI KPEMHHUS, BBIPALICHHOT'0 METOAOM Y0OXpalbCKOro, p-THIIA IPOBOJHUMOCTH C

KOHILIEHTpanuel kucnopoga 8x10Y7 cm3

UCIIOJIB30BAIUCH B KaYeCTBE MCXOAHBIX OOPA3IOB.
MMnaHTanysi HOHOB KMCJIOPOAA MPOBOAMIACH ¢ TpeMs sHeprusmu 350, 225 u 150 k3B u
obecrieunBana 0HOPOHOE pactipe/ielieHle KUcuopoja Ha yposHe 5x10° cm® na riy6une ot
0.3 nmo 0.8 mMxM. VMmuaHTHpOBaHHBIE ¥ KOHTPOJIbHBIC (HE MMIUIAHTHPOBAHHBIE) 00pa3Lbl
OTXKMIaJIMCh B aTMOC(epe aproHa B HECKOJIBKO cTajuil (Temneparypa/spems): 650°C/ 7 u +
800°C/ 4 4 + 1000°C/ 10 4. DTH peKUMBI HCIIOIB3YIOTCS IS BHYTPCHHETO FeTTePHPOBAHNUS B
TEXHOJIOTMM MHTErpanbHbIX cxeM [4]. Tlocie kaxjaoro omkura usmepsiiace ®JI, koropas

BO30y)Kanach TBEPAOTENBHBIM JIa3epOM Ha JUIMHE BOJHBI 532 HM M PErHCTPHPOBANACH B

obnactu quH BonH 1000—1650 um B auanasone temneparyp 4.2-100 K. U3 Bcero cnekrpa
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U3MEPEHHBIX

00pasioB

JUIsL

JIaJbHENIINX — UCCIIEJOBAHUM

ObUTH

0TOOpaHbl  OJMH

I/IMHJ'IaHTI/IpOBaHHbIﬁ U OOUH HC PIMl'IJ'IaHTHpOBaHHI:Iﬁ O6p63LII>I, B KOTOPBIX IIPUCYTCTBOBaJIA

JIMHMS C JJIMHOM BOJIHBI ~ 1466 HM.
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Puc.1. Cnexrp ®JI npu 40 K ummnantupoBanHoro obpasia nocie 650°C/ 7 4 omxkura.

Ha puc. 1 npusezen cnekrp ®JI npu 40 K ummiantiupoBansoro obpasua nocie 650°C/

7 4 omxura. B cnekrpe nomunupyer nuaus 1370 um, npunamiexanias {113} nepexram [5],

U TIPUCYTCTBYET JIMHUS KPacBOH (COOCTBEHHOM) TIOMHHECUEHIMU Npu ~ 1128 HM, KoTOpas

oGycnosneHa HEMNPAMBIMU 30HA-30HHBIMH INEPEXOJaMHU ITPHU peKOM6HHaLlI/lI/I CBOGOL{HI)IX

9KCUTOHOB ¢ y4actieM (oHoHOB. Ha puc. 1 Take HaGmogaercst c1abo HHTCHCHBHAS JTIHHUSI

mpu ~ 1466 HM. MOXXHO TPEANONIOKUTE, 4TO OHa MpHHALISKHUT KII, mockonpky Xoporo

HU3BECTHO, YTO B 3TOM TEMIIEPATYPHOM JHUAIIa30HC OHU HAYMHAIOT 3apOXKAAThCA [4] 3HaucHue

JUIMHBI BOJIHBI IPIMEPHO COOTBETCTBYET JaHHBIM [2,3].

Puc. 2. Cnexrpel ®JI umnianTupoBaHHoro obpasia nocne 650°C/ 7 u

PL Intentsity, a.u.

100 K

1400 1450

Wavelength, nm

temmneparypax. Llndpamu ykasana temneparypa usmepenus B K.
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Ha puc. 2 npusepenst crnekrpel @JI B yBenuueHHOM Macmtabe B JMana3oHe
Temneparyp 5-120 K, Ha KOTOpBIX XOpOLIO BHJHA JMHAMMKA IOSIBJICHUS M HCUC3HOBEHUS
munun KIT ¢ poctom Temmeparypsl. Ha puc. 3 (kpuBas 1) npuBeneHa 3aBHCHMOCTb
uHteHcuBHocTH JHUM KIT ot temmneparypsl usmepenus. Jlunus nossasercs npu 20 K,
Jocruraer Makcumyma uHteHcuBHoctH npu 40 K u ucuesaer npu 80 K. IMonymmpuna aunuu

mpu temmneparype 40 K cocrasinser Bcero 16 MaB.
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Puc. 3. 3aBucumoctu wuHTeHcuBHOCTM JmHMM KII or TemmepaTypsl u3MepeHus B
UMIUTAHTUPOBaHHOM (1) M He MMILTAHTHPOBAHHOM (2) 00pasiax.

Majioe 3HaYeHHWE TONYMIMPUHBI TIO3BONISIET YTBEPXKIATh, YTO HCCIELyeMas JIMHUA
MPHHAUIOKUT OZHOMY IIEHTPY. A B paHee yHOMSAHYTHIX pabotax [2,3] momymmpuHa ObLia
CYILIECTBEHHO 0OJIbIIE, T.C., CKOPEE BCEro, JIMHUU (HPOPMHUPOBAINCH C YYACTHEM HECKOIBKHX

JIIOMUHECUECHTHBIX [ICHTPOB.
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Puc. 4. Cnextpsr @JI He MMIUIaHTHpOBaHHOrO oOpasua mocie 1000°C/ 10 u omkura pu
pasubIx Temneparypax. Lludpamu ykasana temmnepatypa usmepenus B K.
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Ha puc. 4 npusenenst crnekrpel ®PJI He uMIUIAaHTUPOBAHHOrO o0Opasua Imocie
3akmounTenbHoro omkura npu 1000°C B teyenue 10 u. B HeM moMuHHpYIOT 2 XOpoLIO
M3BECTHBIC JIMHUU TaK Ha3bIBAGMOM JuCIOKalMOHHON JtomuHecteHmyn D1 (1530 um) u D2
(1419 um). Cornacuo pabore [4], aucioxkanuu (HOPMUPYIOTCSI B pe3yJbTaTe MPOBEACHHOTO
YeTBIPEXCTAAUITHOTO OTXKHra. MeXKIy STUMH ABYMs JIMHMSIMH XOPOIIO ITPOCIEKHBACTCS
JIMHMSA C JUTMHOH BONHBI ~ 1466 HM.

Ha puc. 3 (xpuBas 2) mpuBeneHa 3aBUCHMMOCTb HHTCHCHUBHOCTH OTOH JIMHUH OT
Temreparypel u3Mepenus. OHa NpakTHYeCKH MAEHTHYHAa 3aBucuMMocTu JmHuun KII B
MMIUIAaHTUPOBaHHOM o0Opasie. Kak u B cllyyae MMIUIaHTHPOBAHHOTO 00paslia MOJyIIMpHHA
JIMHUM O4eHb y3Kkast (8 MdB), 4ro sBiseTCSs JONMONHHUTENBHBIM CBHACTEIBCTBOM €€
npunaguexHocty KII. BepkuBanue (CoXpaHEHHE) KHCIOPOJHBIX IPELMIMTATOB MOCIE
3akiounrenbHoro 1000°C omxkura takxke oTMedanoch B [4].

TakuM oOpa3oM, HaiieHb! yCIOBHS (GOPMUPOBAHUS JUHHUHU C JIUHOW BOJHBI 1466 HM,
KOTOpas INPHUHAIICKUT CBOOOJHBIM  KHCIOPOAHBIM IpPEUUIHTATaM. MakcuMaibHas

HUHTEHCUBHOCTb JIMHUU Habmonaercs npu 40 K. ITonymmpuna muHun cocrasiser ~ 10 MaB.
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U3YYEHUE YMUCCUOHHBIE U ONITUYECKHUE CBOMCTBA CdS ITPA
AJICOPBLIMUM ATOMOB Ba.

STUDY OF THE EMISSION AND OPTICAL PROPERTIES OF CdS UNDER THE
ADSORPTION OF Ba ATOMS.

JK.II1.Conmioxanos?, B.E. Ymupsakos?, 3.A . Mcaxanos?, P.M. Epkynos?
J.Sh. Sodikjanov?, B.E. Umirzakov?!, Z.A. Isakhanov?, R.M.Y orkulov?

Tawkenmcekuii 20cyoapcmeennviii mexnuueckuti ynusepcumem umenu Mcnama Kapumoea,
100095 Tawxkenm, Y3bexucman
2Hnemumym uoHHO-NAGIMEHHbIX U 1a3epHblx mexroro2uil umenu Y. A. Apugosa. Axademuu
nayk Pecnyonuxu Vsoexucman. 100125 Tawkenm, Y3bexucman
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The effect of adsorption of Ba atoms with a thickness of ~ 1-12 A (6~ = 0.5-5 monolayers)
on the emission and optical properties of CdS has been studied. It was found that the emission
efficiency of the Ba layers is significantly lower than the emission efficiency of the CdS layers.
It is shown that, after heating the Ba-CdS system with at T = 700 K, intense diffusion of S

occurs into the Ba film and a film is formed with an approximate composition of BazS.

MoHoKpHcTaLdeckue o6pasipl v mnéukn A2BS, B ocobennoctu CdS 1 MHOrOCIOHHbBIE
reTepPOCTPYKTYPhl HAa MX OCHOBE IIMPOKO HCIOJB3YIOTCS B CO3JAaHUE Pa3INYHBIX NMPHOOPOB
MHKpO-, HAHO- ¥ ONITOJIEKTPOHUKH, B TOM YHCIIe COJHEYHOM sHepreTukH [1-4]. B nacrosiee
BpeMsl XOPOLIO M3y4eHbl BIMSHMSA TepMOOOpadoTku dazepHoro omkura, CBUY-obpaboTok,
HOHHOHM M DJIEKTPOHHOII GOMOApAMPOBKH, Ha CTPYKTYpPY, COCTaB M ONTHYECKHE CBOICTBA
obpasioB A%BS, a Takke mnporecchl BzauMoauM(Qy3MH aToOMOB HAa TIpaHUIE pasjena
MHOTOCJIOMHBIX CHCTEMaX CO3JaHHBIX Ha OCHOBE 3THX IOJIYNPOBOAHMKOB. B wacTHOCTH, B
paborax [5,6] ummianrtauuneii nonos Ba* 8 CdTe u CdS Ha ux moBepxHOCTH M BONM3U Heé
noiydeHsl HaHokpuctauisl u cnon Tthna CdixBaxTe u CdixBaxS. Panee aByx wu
TPEXKOMIIOHEHTHbIC HAHOCTPYKTYPbI ObUIM IOJy4YEHbI METOAOM HOHHOM HMIUIAHTALMH Ha
nosBepxHoctu Si, GaAs u CaFz. Uro kacaercs BIMAHHC aJCOPOLMH aTOMOB AKTHBHBIX
9JIEMEHTOB Ha CTPYKTYPY M (pU3HUECKHE CBOMCTBA ITOJTyIPOBOJHUKOBBIX MATEPHAIIOB SIBISICTCSI
Mayou3y4eHHbIME. B pabore [7] mokaszaHo, 4To HaJIHYHEe MOHOCIOHHOTO IOKPHITHS aTOMOB Ba
YBEJIHYMBAET 30HBI BHIXO/1d HCTHHHO-BTOPHYHBIX 351eKTpoHOB CdTe. [0 HACTOSIIEro BpeMeHH
OTCYTCTBYIOT JIOCTOBEPHBIE CBEIICHHS 06 M3MEHEHHE COCTaBa, CTPYKTYpHI U cBoiicTBa AZBS ¢
MOBEPXHOCTHOM TUICHKON aKTUBHBIX METAJUIOB Pa3HOM TOJILIMHBIL.

B at10ii paboTe BriepBble H3yUyeHbl BIMSHHS ancopOuun atomoB Ba ¢ ronuuHoi ot 0,5
0 5 MOHOCJIOEB Ha 3MHUCCHOHHBIC M ONTHYECKHE CBOiicTBa MoHOKpucramia CdS(111).

OOBbeKTaMH HCCIIECOBAHUS  SBIISUTUCH TIOJIMKPUCTATNINYCCKUC TIJICHKH CdS n - muma ¢
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TOJIIMHON ~ | MKM, BBIPAIllCHHBIX Ha MOBEPXHOCTH SNO2-CTEKII0, METOIOM TEPMHYECKOTO
ucnapenuss B Bakyyme ~ 10® wmm.pr.cr. Hambulenue aToMOB  OCYUIECTBISIHCEH
TepIeHMKYIAPHO K HOBEPXHOCTH MUILIEHH NP Bakyyme He xyxke 1078 [Ta. 3a onun MoHocoi
(~ 3A% npunumamu TommmHa Ba npuM KOTOPOM ep yMeHbIIAmach 10 MHHHMMYyMa.
HccnenoBannst MpOBOJMIINCH C HCIIOIB30BAHUEM METOJOB JH(PPAKIUK OBICTPBIX HIICKTPOHOB
(ABD), ¢oroonexrponnoii cnekrpockonuu (OPOC) U 0XKe-dDIEKTPOHHOH CHEKTPOCKOIHH
(02C). Tpodunu pacnpexneneHuss aroMoB 1o riybuHe ompenensiuch merogom ODC B
COYETAHUH C TIOCITIOWHBIM TPaBJIEHHEM ITOBEpXHOCTH HoHaMu Ar* ¢ Eo =2 k3B nox yriiom 5 —
10° oTHOCHTENILHO MOBEPXHOCTH 00pa3La.

Ha puc. 1. npuBeJeHbl 3aBHCHMOCTH MHTCHCHBHOCTH Oxke-nMkoB Ba, S u, Cd or
ryGunet s CdS ¢ nnenkoit Ba rommunoii ~15 A. Buano, 4To mpu KOMHATHO# TeMmepaType
Ha rpanuue Ba-CdS He nporcxoaut 3amMetTHOE B3auMOAU((y3usi aTOMOB.

Lowe
OTH.C/1

Puc.1. 3aBUCMMOCTb HHTEHCHBHOCTH Oe-nika Ba (kpussie 1, 2) u S (kpusbie 1%, 2%) ot d ais CdS ¢
nenkoit Ba rommunoii 15 A (5 Monocioes): 1.1'-0 mporpesa, 2.2'-nocie mporpesa npu T=700 K B
TeyeHue | yac.

TonmuHa NMEpexXoaHOro Closi cocTaBisieT ~3-5 A w maumnas ¢ d = 20 A snauennme s
IPAKTHYECKH HE MEHSIOTCS U He OTIMYAeTCs OT TOKOBOTro JUIs YUCTBIX IuteHok CdS. Iocne
nporpesa 1ol cuctemsl npu T = 700 K B Teuenne | yac MHTEBCHMBHOCTb OXKe-luKka Ba Ha
MOBEPXHOCTH YMEHBIIACTCS IPUOIM3NTEIBHO Ha 1,5 pa3a ¥ MOSBISETCS MHTCHCHBHBIN MUK S.
UHTEHCHBHOCTH 0%ke-TIMKOB IBa 1 Is IpakTHUecKuit He MeHsoTCs 10 TTy6HHbI 18-20 A, Ananus
IOJIHOTO CIIEKTPa 03Ke-3JICKTPOHOB MOKA3alM, YTO MPU 3TOM 00pa3yeTcs COCAMHEHHE THIIa
Ba:S ¢ tommmuoit d = 18-20 A. B unrepsane d ~ 18-30 A Iga ymensimaercsa no nyns (s

npejenax 4yBCTBUTEILHOCTH 0JKe-CIIEKTPOMETpa), a |s yBeanuuBaercs 10 3HaueHue |s yucToii
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wienku CdS. Takum oGpa3om Ha rpanuie cucrembl BaS2/CdS dopmupyercs nepexoHoi cioii
¢ tonpmmHoit ~10-12 A. OCHOBBIBAsCH HA 5TH PE3YJIBTATBI MBI TIPEANIONATAEM, YTO MPH
HpOrpeBe B OCHOBHOM IporcxoauT auddysus atromos S B mieHky Ba. B nepexoxsom cioe B
untepBase d =~ 20-25 A, mo-Bumumomy comepxkutcs coenunenue tuna Ba-Cd-S, CdixSx
(X<0,5).

Ha puc. 2 npuBHICHBI KPHBBIE 3aBHCHMOCTH HHTEHCHBHOCTH | IpoXozsiiero cera ot
snepruu poronoB hv st uncroro monokpucramia CdS(ll) u cucrema BaS/CAS(I1) B
untepBaie ¢ hv = 0,6-4 3B. Buano, uro B ciyyae CdS(I11) peskoe ymenmenune | nabionaercst
chv=23-2,45B, a qus Ba2S/CdS ¢ hv = 0,9-1 5B. Dkcrpanosnsiumst 3Toi 4acTi KpUBOH K OCH
hv naer ouenounoro snauenue Eg: s CdS Eg= 2,42 5B, a n1s BaSz2- Eg= 1,1 5B. Beneacrsue
TOTO, YTO IUIeHKa Ba2S oueHb TOHKas yepe3 Hero MPOXOJUT MO0 MHTCHCHBHbIC M3ITy4YCHHUs
BILIOTH J10 2,4 5B.

Puc.2. 3aBUCHMOCTH HHTEHCHBHOCTEH |
MPOXOJISIIEro CBEeTa OT 3Hepruu HoToHoB hv
uist: 1-CdS; 2-CdS ¢ mnenkoit BasS ¢
TonmuHoit ~20 A.

OTH.CJT

0.8

0.6 Bneane u3ydcHa BJIUSTHAC

azncopbuuu aromoB Ba € tonmunol ~1-

0.4 12 A (6==0,5-5 MoHOCIIOEB) Ha COCTaB,
SMHCCHOHHBIE U ONTHYECKHE CBOWCTBA

0.2 CdS. VBenuueHune 3HAYCHUS
. MUHTEHCUBHOCTU poroToka npu

hveB vy enbmennn ep 00BsICHSICTCSI

YBEIIMYCHUEM TJIyOMHBI 30HBI BBIXOZa (DOTOIJIEKTPOHOB. Y CTAHOBJICHO, YTO MHCCHOHHAs
3¢ (eKTUBHOCTD ci10eB Ba 3HAYNTENBHO MEHbIIE, YeM dMHUCCHOHHOI 3 ()EKTHBHOCTH CIIOEB
CdS. Tlokazano, uro mocne mporpeBa cucremsl Ba-CdS ¢ mpu T=700 K mpomcxoaut
unTeHcuBHas auddysust S B mieHky Ba u hpopMupyercs IieHka ¢ mpu NPUMEpPHBIM COCTABOM

BazS. Eg aroit mnenku ~1,1 3B.
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MNOJYYEHUE CJIOEB SiO; B IPUIIOBEPXHOCTHOM OBJIACTH Si
UMILIAHTALMEN HOHOB 03
OBTAINED OF SiOz2 LAYERS IN THE SURFACE REGION OF Si IMPLANTATION
OF 03} IONS

J.A. Tammyxamenosa, b.E. Ymup3akos, M.b. IOcymxkanoBa, A.H. Ypokos,
C.T. T'ynsamoa, ®.®. Puckunudoen
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Tamkentckuit ['ocynapcrBennsbiit Texunueckuit Yuusepcurer, 100095, yir.

Vuusepcuterckast, 2, Tamkent, Y3oekucran, e-mail: ftmet@mail.ru

The implantation of 0F ions in combination with annealing in the near-surface region of
Si, hidden layers of SiO2 with a thickness of ~ 8 — 10 nm were obtained. The energy-
band parameters of the SiO2 layers have been determined. The band gap of SiO2 was
~8eV.

WHTepec K MOJNYYEHHIO ¥ HM3Yy4YEHHIO CBOMCTB HAHOPa3MEpPHBIX CTPYKTYp Ha
HOBEPXHOCTH W IIPUIIOBEPXHOCTHBIX CIOSX MAaTEpPHANIOB Pa3IMYHOH HPHPOIBI B IEPBYIO
ouepesb 00YCIIOBIICH TeM, 4TO (pU3HKO-XUMUYECKHE CBOMCTBA TAKUX OOBEKTOB CYIECTBEHHO
OTJIMYAIOTCS OT CBOMCTB MakpooObekToB [1 — 3]. Hanmpumep, B HaHOKIacTepax MeTawioB Ti,
W, FeNi Habmoaroress HECBOWCTBEHHAS Ul METALIOB (DOTOMPOBOJUMOCTD, aHOMAJbHASsI
9JICKTPOIPOBOAHOCTh, AHOMAIBHO BBICOKHME 3HAYCHHS IMIJICKTPUYECKOH MPOHMI[AEMOCTH.
W3BecTHO, 4TO C pa3MepaMH HAHOKJIACTEPOB CYLIECTBEHHO H3MEHSIOTCS TeMIleparypa
IUIABJICHHUS, DJICKTPOHHAs CTPYKTypa u Apyrue ¢pusnueckue cBoicTsa. MHrepec k mpoueccam
B3aMMOJICHCTBHS MeTaula Ha MeX(pa3HOHl TIpaHHLE C KPEeMHHEM OIpeaersiercs B
3HAQYUTEIBHOM CTENMeHH HEeOOXOMMMOCThIO (OPMHPOBAaHUS B IMPHOOPHBIX CTPYKTypax
OMHYECKMX WM  OapbepHbIX KOHTAKTOB, B TOM 4YHCJIE€ I[IPU  HCIOJIb30BAHUH
camocoBMelentoro npouecca SALICIDE (Self-Aligned-siLICIDE).

B nmocnenHee Bpemst OONbIIOC BHHMAHHE YACISIETCS BOMPOCAM  TOJTYYCHHS
HAHOCTPYKTYPOBAHHBIX ~ KOMIIO3WLMOHHBIX  IOKPBITHI UL  Leleil  HaHOKaTanusa,
XEMOBOJIbTAUKH, MHKpPO- ¥ HAHODJIEGKTPOHUKHM, MEAMIMHBI ¥ T.A. OmHMM U3 Hambonee

U3BECTHBIX U JOCTYIHBIX METOHOB ABJISCTCA MOHHAs 60M6apauposka " Tepmnqecxnﬁ OTXKHUT'
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CBEPXTOHKHX IUICHOK, HAHECCHHBIX Ha MOWIOKKY [4 — 8]. Oxmmako 1o cux mOp
3aKOHOMEPHOCTH (D)OPMUPOBAHUS HAHOPA3MEPHBIX CIIOEB B MPUIIOBEPXHOCTHOH 00JIACTH
MaTepUaIoB Pa3IMYHOM IIPUPOIBI SIBISCTCS MAIOU3Y YCHHBIM.

Ilenbr0 maHHOM pabOTBI SBISACTCS IIOJNYYCHHE CKPHITBIX HaHocnoeB SiO2 B
IPUMOBEPXHOCTHOI o0nacT Si M HM3ydeHHEe HX COCTaBa, CTPYKTYpPhl U IapaMeTpoB
9HEPreTHYECKUX 30H.

Jlist ostyueHust CKpbIThIX ciioeB SiO2 B IPUIIOBEPXHOCTHOM obiactu Si 06pasusl Si,
MMILTaHTHpOBanuch MoHamMu OF € Eo > 10 x9B. Ha puc. 1 npuBeneHbl 3aBHCHMOCTH
uHTeHCHBHOCTH Oxe-muka O (508 3B) ot rryGuHbI 15t Si, MMIIAHTHPOBAHHOTO HOHaMK OF
¢ Eo =30 k3B npu D = Dyac. = 10'7 cm? 10 u nocne nporpesa npu T = 850 K. Buano, uto o1
KpUBbIE, NPOXOMAT Yepe3 MaKCUMYyM, KOTOpbIe pacrojaraiorcs Ha riayoune 15 — 20 Hm.
ITocne mporpesa lo B 001acTd MakCHMyMa CYIIECTBEHHO YBEIMYMBACTCS, a MOJYLIMPHHA
kpuBoil lo(n) ymenbuiaercs u cocrasisier ~ 8 — 10 HM. AHanu3 1okasan, 4to B obiactu h =
14 — 22 A xonuentpanms xuciopoga cocrapiser 65 — 70 ar.%, T.e. obpasyercs cioii ¢
npuba3uTenbHbM cocTaBoM SiO2. Takum oOpaszom, popmupyercs cucrema tumna Si — SiO2 —
Si.

o,

OTH.eq.

30

A

20

10

5 10 15 20 25 h HM

Puc. 1. Vi3MeHenne nuTeHCUBHOCTH 0e-Tnka O 110 rirybune wist Si, IMILIaHTHPOBAHHOTO HOHAMH
02+ ¢ Eo =30 x»B: 1 — 1o omxkura, 2 — nocne omxura npu T = 900 K B reuernn 30 MuH.

Mexny cnosmu Si — SiO2 u SiO2 — Si 06pa3y0TCs IepexoAHbIe CIOU ¢ TOJMINHON 4 — 5 HM.
C ucnonp3oBanuem mMeto0B YOIC nu YOMD Hamu onpeeneHsl HapaMeTpbl 30H 4HCTOro Si

u Hanorutenku SiOz. [llupuHa 3anpemenHoii 3061 Eg, MoN0XKeHNne MOTOJKA BaJICHTHOM 30HBI
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Ev, ypoBus ®epmu ErF m nHO 30HBI mpoBogumocTH Ec OTHOCHTENBHO YpOBHSI BaKyyMma.

PeByJ’II:TaTI:I TIPpEACTaBJICHBI B TabsMIe.

Tabnuua
3onHo-oHepreTuyeckue napamerpsl Si (111) u nutenku SiO2/Si ¢ Tonmmuoit 10 A
Ob6pazen Eg, 5B Er, 5B Ev, 5B Ec, 5B
Si (111) 11 3,9 51 4,0
Si02, 0=10 A 8,0 51 9,1 11

Ha ocHOBe JaHHBIX puC. | M TaOIMIBI IIOCTPOCHA 30HHO-PHEPreTHYECKas uarpaMmma
HaHomieHoyHo! cucremsl Si — SiO2 — Si (puc. 2). B mepexomHOM clioe KOHLEHTpauus
KuciopoJa usMeHsercs B npenenax or 65 — 70 ar.% mo 0. MoxHO mnojararb, 4To B 3THUX

crnosix 3HaueHue Eg m3mensiercs B npepenax ot ~ 1,1 3B o ~ 8,0 3B.

Sio,

nepex. crnon-

//L///nepex.cnoﬁ
45 L 45!
10-12Hm _  HM G 7-8hm i HM

Puc. 2. Dueprernueckas quarpamma Hanocuctemst Si — SiOz — Si.
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BJIMSTHUSI AZICOPBIIMM ATOMOB Ba HA 9JIEKTPOHHBIE CBOMCTBA
MOHOKPUCTAJIIOB CdS
INFLUENCE OF ADSORPTION OF Ba ATOMS ON THE ELECTRONIC
PROPERTIES OF CdS MONOCRYSTALS

JI.A. Tammyxamenosal, B.E. Ymupsakos!, A.A. A6aysaiintos!, X.X. Bonraes?,
JK.ILConuxskanos?, C.X. Onuios?
D.A. Tashmukhamedova!, B.E. Umirzakov!, A.A. Abduvaitov?, X.X. Boltaev?,
J.Sh. Sodikjanov?, S.X. Odilov*

Tawkenmcekuii 20cyoapcmeennviii mexnuueckutl ynusepcumem umenu Mcnama Kapumoea,
100095 Tawkenm, Y3bexucman
2Hncmumym uoHHO-NAAZMEHHBLX U Ia3epHblx mexnonoauii umenu V.A. Apucposa. Axademuu
Hayx Pecnyonuku Vsoexucma. 100125 Tawxenm, Y36exucman

ftmet@mail.ru

The composition, emission and optical properties of CdS single crystals with a Ba
surface film with a thickness of 0.5 to 5 monolayers have been studied. It is shown that
at room temperature there is no noticeable interdiffusion of atoms at the Ba-CdS
interface. It was found that Eq ~ 2.42 eV for CdS, and Eg~ 1.1 eV for BaS.

bunapusie nomynposoauuku tHma CdS, CdTe, ZnS mmpoko HMCHONB3YIOTCS IIpU
CO3/IaHHH PA3JIMYHBIX 3JIEMEHTOB JIa3epoB, (HOTONPUEMHHMKOB, COJIHEYHBIX 3JIEMEHTOB M
UMEIOT NEPCIEeKTUBbI NPHU pa3paboTKe NpUOOPOB ONTO- U HAHOIIEKTPOHUKU. B Hacrosiee
BpEMs  XOpOIIO H3Yy4YECHO BIMSHUE JIA3CPHOTO OTXKHMIa, IIPOrpeBa, AICKTPOHHOI
GoMOapMpoBKU 1 GoMOapMpoBKU oHamMu OF Ha ONTHYECKHE CBOiCTBA ruieHok CdS [1 —
5]. B wactHoctH, B paGorax [4, 5] mmmianranueir woHos Ba* B CdTe m CdS na ux
MIOBEPXHOCTH M BOJIM3H HeE IOTy4eHbl HAaHOKpHCTaILIb! U ciion Trna Cdi-xBaxTe n Cdi-xBaxS.
B pabore [6] mokazaHO, YTO HAJMYME MOHOCJIOHHOTO TOKpBITHS aTOMOB Ba yBenmuumBaer
30HY BBIXOJIa HCTHHHO-BTOPHYHBIX 351eKTpoHoB CdTe. DTH Hccne0BaHUs TPOBOIMIACE JUIs
mieHok Ba ¢ rtommmuoit 6 < 1 MoHocmos. Jlo HAcTOSAIIEro BPEMEHH OTCYTCTBYIOT
JIOCTOBEpHbIC CBEJICHHS 00 H3MEHEHHE COCTaBa, CTPYKTyphl M cBoiictB AZBS ¢

HOBCpXHOCTHOﬁ IJICHKOM aKTHMBHBIX METANIOB pasﬂoﬁ TOJIIIUHBI.
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B nanHoit paGoTe BrepBble H3yUYeHO BIIMSHHE afcopOuny atoMoB Ba ¢ tommuHo#i oT
0.5 10 5 MOHOCJIOEB Ha JJICKTPOHHBIE CBOICTBA MOHOKpucTamia CdS(111).

OOGBbeKTaMH HCCIIEIOBAHMUs SIBSUIMCh MOHOKpUCTauindeckue obpasupl CdS(111) n-
TUMa ¢ TOJMIMHOW ~ | mm. Hambuienne aromoB Ba ocymiecTBIsUIMCh NMEPIEHAUMKYISIPHO
TIOBEPXHOCTH MHIIEHH TIpH BakyyMme He Xyxe 107° Pa. 3a omum momocioit (~ 3 A)
NPUHUMAIK TONMUHY Ba mpm koTopoil ep ymeHsmramach 1o MuHEHMyMa. MccnemoBaHus
MPOBOJMIIMCH C HCIIOJb30BAHUEM METOJOB OXKe-3JIEeKTpOHHOM crekrpockonuu (0DC),
(dotoanexrponnoii crekrpockonuu (PIC) n MeToa U3MEpeHUs: N3MEHEHUs! MHTEHCHBHOCTH
IPOXOIIEero cBera depe3 oOpaser. I[Ipodmim pacnpeneneHds atoMoB mo riny6uxe d
onpenensuck MetogoM OOC B COUYETAHUH € TTOCIOHHBIM TPaBJICHUEM HOBEPXHOCTH HOHAMHU
Ar* ¢ Eo = 2 keV oz yriiom 5 — 10° oTHOCHTENBEHO OBEPXHOCTH 06pa3sia.

Ha puc. 1 npuBeneHa 3aBucuMocTb koddduuunenta npomyckanus ceera K ot snepruu

¢dorounos hv s motoxku (SNO2-ctekio) u miexku CdS.
K

0.8

0.6

0.4

1

0.6 1 1.4 1.8 22 hv, 3B

Puc. 1. 3aBucumoctn kodpduimenta npomyckanus csera K ot sHeprun (pOTOHOB JUIS ITOATOXKKH
(SnO,) 1 ook ¢ mienkoi CdS ¢ ToamuHON ~ 1 MKM.

Hdns ynooerBo 3a K = 1 B3sto 3nauenne K g uucroit momnoxkku. K onpenensiocs no
OTHOIICHUIO MHTCHCHBHOCTH IIPOXOJSIIEro CBeTa K MHTEHCHBHOCTH mMajamomero ceera. K
nouIokkH B uHTepBaie hv = 0,6 — 3 3B npakTnueckn He MeHsercs. B ciyyae momioxku ¢
mienkoit CdS snauenne K B obmactu hv or ~ 0,6 10 ~ 2,2 5B 3aMeTHO HE MEHsSETCA U

cocrasisier ~ 0,85 — 0,9. Haunnas ¢ ~ 2,3 3B pe3ko yMeHbIaeTcst 10 HyJisl. DKCTPATIONSLHSI
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9TOM yacTh KpuBOH K ocu hv pasHa 2,42 5B, 4uro naer oneHouHble 3HayeHus Eg mienku CdS.
B ciyuae CdS (111) 3nauenne Eg cocrasisina 2,98 3B.

Ha puc. 2 npuBHeHbI KPUBbIE 3aBUCHMOCTH MHTEHCHBHOCTH | poxosiiiero cBeTa ot
snepruu poroHoB hv juist uncroro monokpucraiuia CdS(111) u cucremsr Ba2S/CdS(111) B
unrepsaie ¢ hv = 0.6-4 eV. Buano, uro B ciyuae CdS(111) peskoe ymenuenue |
Habmonaercs ¢ hv = 2.3 — 2.4 eV, a qis BazS/CdS ¢ hv = 0.9 — 1 eV. Dkcrpanonsiuus 3Toit
YyacTH KpUBOH K ocu hv maet onenounoe 3nauenue Eg: mus CdS Eg~ 2.42 eV, a s BaSz2 — Eg
=~ 1.1 eV. Beneacrsue Toro, 4ro IieHka Ba:S o4eHb TOHKas uepe3 HEro MpOXOAAT Majo

MHTEHCUBHbIC U3JIy4EHHS BILIOTH J10 2.4 eV.

K,
rel.unit

0.8

0.6

0.4

0.2

B
)
\
'
|
'
|
\
\
'
'
1

0.6 1 1.4 1.8 22 hv, eV

Puc. 2. 3aBrucHMOCTH HHTEHCHBHOCTEH | mpoxoasiuero cBera ot sHepruu poroHos hv ws: 1-CdS; 2-
CdS ¢ nuenkoit BazS ¢ roumuoii ~20 A.

1 1 1 H

[1] AM. Cenpaxsn, ILT. Ilerpocsn, JILH. I'puropsn, JKT® 85 (5), 94 (2015).

[2] A.C. Bopox, C.3. Hazaposa, H.C. Koxesnukosa, ®TT 54 (6), 1228 (2012).

[3] Y.P. Venkata Subbaiah, P. Prathap, K.T.R. Reddy, D. Mangalaraj, K. Kim, J. Yi, J. Phys. D: Appl. Phys
40, 3683 (2007).

[4] E.C. Dpramos, JI.A. Tammyxamenosa, ®.I'. Jixypa6ekosa, B.E. Ymupsakos, Ussectus PAH. Cepus
®duzuueckas, 80 (2), 162 (2016).

[5] B.E. Vmupzakos, JI.A. TammyxamenoBa, D.A. Pa66umos, K. Coamiokanos, A.H. Ypokos,
IToBepXxHOCTb. PeHTreHOBCKHE, CHHXPOTPOHHBIE H HEHTpOHHBIe HecenoBanus, 12, 76 (2019).

[6] B.E. Ymupsakos, JI.A. Tammyxamenosa, M.A. Typcynos, E.C. Dpramos, I'.X. Annasposa, JXT®, 89
(7), 1115 (2019).

160



NITRIDES vs OXIDES: ION-INDUCED DAMAGE FORMATION in GaN and Ga20s

LAl Titov, 1K.V. Karabeshkin, 1P.A. Karaseov, 1A.I. Struchkov, 2 A.l.Pechnikov,
2V/.1.Nikolaev, 3A. Azarov, *D.S. Gogova,

1Peter the Great St.-Petershurg Polytechnic University, St.-Petersburg, Russia
2perfect Crystals LLC, St Petersburg 194064, Russian Federation
8 Centre for Materials Science and Nanotechnology, University of Oslo,Norway
4Central Lab of Solar Energy at the Bulgarian Academy of Sciences, 1784 Sofia, Bulgaria
e-mail: andrei.titov@rphf.spbstu.ru

Gallium nitride and gallium oxide are wide and ultra-wide bandgap semiconductors with
bandgaps of approximately 3.4 (GaN) and 4.8-5.3 eV (Gaz203), depending on crystal structure.
An incentive to study these materials has been aroused by their unique properties and number
of promising applications [1-5]. Indeed, GaN has become the third major semiconductor in
technology after Si and GaAs. Ga203 can occur in five different polymorphs:a, , y, J, and ¢.
The monoclinic f-Ga203 is the most thermodynamically stable phase and has a bandgap
energy of ~ 4.85 eV. In contrast to GaN, research on -Gaz0s is still at the initial stage. Due
to its ultrawide bandgap and extremely high break-down field value (~8 MV/cm) gallium
oxide is considered as the most promising candidate for the next generation power electronics
as well as for solar blind UV photodetectorsand also sensors. Corundum a-Gaz0s is a
metastable polymorph with a bandgap energy of 5.1-5.3 eV that is very attractive for solar-
blind optoelectronic applications.

lon implantation is now a standard technique for materials modification and electronic
device processing. However, the ion irradiation of semiconductors is always accompanied by
formation of radiation defects, which can dramatically affect the irradiated layer properties.
Therefore, a deep understanding of the processes underlying radiation defect formation and
evolution is urgently needed for electronic device fabrication, development of new devices
and expanding their functionality.

The accumulation and evolution of structural disorder during the implantation of
accelerated heavy and medium-mass ions are studied in more or less detail for gallium nitride
[5,7,8]. In its turn, the data on defect formation in Gaz0s during irradiation with similar ions

are very limited and the entire main results concern only the most stable beta phase [9, 10]. To
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our knowledge, there are no publications on damage formation in alpha gallium oxide by such
ion irradiation at all. At the same time, these data are urgently needed.

The aim of this presentation is to compare the damage accumulation in all these three
semiconductors by 40 keV P ion irradiation at room temperature.

All epi-layers have been grown on c-plane sapphire substrates, GaN by MOCVD,
corundum a-Gaz20s in hot-wall HVPE reactor [11]. Monoclinic p-Ga20s was commercial
specimen cut from single crystal edge-defined film-fed grown by Tamura Corporation.
Samples have been irradiated using 500 kV HVEE implanter by 40 keV P* ions in a wide
dose range. All the implants were carried out at room temperature (RT) and at 7- off the
channeling directions. The ion fluxes were close to each other and equal to 1.9x10%? and
1.51x10%2 cm? st for GaN, anda-andB-Ga20s targets, respectively. In order to compare the
irradiation effects in these tree materials the ion doses were normalized to the average number
of displacements per atom (DPA). Values of DPA were calculated using TRIM code (version
SRIM 2013) [12] with effective threshold energies for atomic displacements of 25 eV for all
Ga, O and N sub-lattices. Consequently, 1 DPA is equal to 5x10* c¢m2 for gallium nitride and
6.3x10% cm-2 for beta — gallium oxide.

Implantation-produced disorder was measured by Rutherford backscattering/channeling
(RBSI/C) spectrometry with 0.7 MeV “He?* ions incident along the channeling direction and
backscattered to 103°. The effective number of scattering centers (referred to below as
“relative disorder”) was deduced from RBS/C spectra using one of the conventional
algorithms [13].

Figure 1 shows the depth distributions of relative disorder produced in GaN and o -
and f -Ga203 by 40 keV P ions implanted to the doses resulting in roughly the same values of
disorder maxima in the bulk. These doses were low enough to prevent formation of high
defect concentrations in the materials and, accordingly, effects of the disorder saturation are
negligible. The TRIM calculated vacancy generation functions in both polymorphs of Ga203
are also drawn in the Fig. 1. It should be noted that according to the TRIM simulations the
generation functions in GaN and -Ga20s are almost identical (the difference is ~ 5%).

It is clearly seen that defect-depth distributions of all three materials show similar
main features: all the disorder profiles are bimodal with the distinct bulk defect peak (BDP)
and surface disordered layer (SDL). However, both ratio of SDL to BDP heights on defect-
depth distributions, as well as the kinetics of disorder accumulation with dose increase is
significantly different in GaN and both Ga203 polymorphs.
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The first that attracts attention is a great difference in the rate of accumulation of
stable radiation damage in these semiconductors. Indeed, as follows from the Fig. 1, the doses
required for the relative disorder in the BDP to be between 0.1 and 0.2 are about an order of
magnitude higher for GaN and a-Gaz03 than that for f-Gaz0s. It is also seen from this figure
that there is quite a big difference in surface disordered layer formation rates. SDL to BDP
height ratio is smallest in £ - Ga20s as compared to that of gallium nitride and alfa-oxide.
Thus, it can be concluded that the radiation resistance of GaN and a-Gaz20s3 is about an order

of magnitude higher than that for f -Gaz20s.

05 | ‘
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Figure 1. Relative disorder vs. depth for GaN, and a- and -Gaz20s3 targets. Vacancy generation
functions are shown in arbitrary units by dashed lines. See inset for details.

Another important finding is that the BDP maxima positions are quite different for the
semiconductors under consideration (see Fig. 1). The depth of BDP for - Gaz20s irradiation
coincides with depth of the primary defect generation function. In the case of phosphorus
implantation into GaN, BDP is shifted remarkably deeper. Actually, it appears at the depth
close to the maximum of nuclear energy deposition at very small doses and moves deep into
the bulk with the dose increase [5, 14]. BDP maximum is situated even deeper in the case of
a-Ga203 bombardment. To a certain extent, this is surprising since the primary displacements
generation maxima are located at approximately the same depth for all three semiconductor
materials. Perhaps this can partly be explained by the fact that the doses to achieve identical

value of damage differ from each other.
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In conclusion, the damage accumulation in three gallium compounds: a-Gaz0s, -
Ga203 and GaN during P ion irradiation at room temperature was experimentally studied and
compared. The main differences in the radiation accumulation of structural defects in these
semiconductors are revealed. In particular, we conclude that GaN and a-Ga20s are much

more radiation resistant when irradiated with ions of medium masses than $-GazOs.
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MPUMEHEHUE MOHHOMW UMILJTAHTAIIAU J1JIA CO3TAHUS
MATHHUTOYIIPABJISIEMOI'O CBETOU3JIYYAIOLIEI'O JTUOJA
APPLICATION OF ION IMPLANTATION TO CREATE A MAGNETICALLY
CONTROLLED LIGHT-EMITTING DIODE
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A magnetic switch consisting of integrated magnetoresistive element and light-
emitting diode has been developed and investigated. The device is a LED based on an
InGaAs/GaAs quantum well heterostructure with a Schottky contact connected in series with
a spin valve consisting of Cr/CogFeio/Cu/CogoFeio layers. It is shown that even with a
relatively small amplitude of modulation of the magnetoresistance (about 1.5%), a 100%

change in intensity is possible when selecting the optimal operating mode of the diode.

Co3flaHue  CBETOM3IY4YaloluX INpUOOPOB € BO3MOXHOCTBIO  YIPaBICHHS
HMHTCHCUBHOCTBIO JJIEKTPOIIOMHHECICHIINN 32 CYET MPHIOXKCHHUS BHEIIHEr0 MarHUTHOTO
TOJISL SIBISICTCS] aKTyalbHOM 3ajmadeil crmHTpoHUKH. OJHUM U3 BapHAaHTOB CO3JaHUS TaKOTO
npubopa SBIACTCA TEXHOJIOTHYECKOE OOBEAMHCHHE MArHUTOPE3UCTUBHOTO —3JIEMEHTA
(CIIMHOBOTO KJIAallaHA) U CBETOM3IIydaloliero auona. B Hacrosmiell paboTe HaMu MpeUIOKEeH
BapHAHT KOHCTPYKIMH TaKOTO CBETOJHOA U MPHBEACHBI IKCIICPHMEHTAIBHBIC HCCIIEIOBAHUS
€ro XapaKTepUCTHK.

DopMupoBaHHE CBETOJHO/A BHIIOIHEHO B HECKOIBKO TeXHOIOTHYECKHX dTanoB. Ha
IEpPBOM JTalle METOAOM ra3o(asHON SMHTAKCHU BBIPAIIUBANACH IOIYIPOBOJHUKOBAS YaCTh
npubopa, KoTopas IpeJCTaBisiIa co00i CBETOM3IYUalOlyl0 TeTePOCTPYKTYPY C KBaHTOBOI
amoit InGaAs/GaAs. [ToToM MeTOIOM 2NeKTpoHHO-Iy4eBoro ucnapenus (3JIM) B Bakyyme
¢dbopmupoBanuch ToHKME (TonmHa ~20HM) 30s0Thle KOHTakThl IlloTTKH. 3arem c
ucrosp3oBaneM yckopurens MIIY-3 npounsBoaunacs uMmiutanranus noHoB He™ ¢ sHeprueii

80 k3B u jo30it 10'3-10' cm?[1]. CorsiacHo MOJEIMPOBAHHIO BO3JAEHCTBUIO MOABEpracs
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TIPUNIOBEPXHOCTHBIN cioi Tommuuoi ~0.5 mMkMm. Jlanee merogom DJIM B Bakyyme moBepx
00JIy4eHHOH HMOHaMK OO0JIACTH HAHOCWICS cioi auanekTprka AlO3, HEOOXOIMMBIN JUIs
npexoTBpareHus Au(dy3un MarHUTHBIX MAaTEPHAIIOB B MOIYIIPOBOIHUKOBYIO CTPYKTYpY [2].
Ha cnengyromem stame ¢opMupoBaHus KOMOMHUpOBaHHOro mpubopa meromom OJJIM B
BaKyyMe IIOBEpX H3O0JIMPOBAHHONW OOJNACTH HAHOCHWICS MarHUTOPE3UCTHBHBIH OJICMEHT,
KOTOpBIl cocToMT U3 OydepHOro ciosi xpoma, IBYX (EpPOMArHUTHBIX CIOEB U3 CIUIaBa
KoOanpTa M Kene3a, U HEeMarHUTHOM Mpocioiku Meau [3]. MarHUTOpe3UCTUBHBIH 3JIEMEHT
UIEKTPUYECKHU COSTUHSIICS ¢ KOHTaKTOM IIIoTTKH.

HoHHas MMIIAHTAlMsA TPUMEHAIACh Ui 2JIE€KTPUYECKOH pPasBA3KM IHOTHONH U
MarHMTOpe3uCTHBHOM uacteit mnpubopa. HMousl He™ cospmaror ToueuHble aedexTsl,
HOBBIIIAIONINE JJIEKTPUUECKOE COMPOTUBICHHE, YTO HEOOXOOMMO JUIS IPEIOTBPAIICHUS
pacTeKaHHs TOKa B MOIYNPOBOAHUKOBON I'eTEpPOCTPYKTYpE, U IPH NPAaBHIEHO IOJ0OPaHHOI
03¢  HE3HAYUTENBHO YXYJIIAlOT MOP(OJOTHIO IOBEPXHOCTH, 4YTO BaXHO  JUIL
TEXHOJOTHYECKOTO COIJIACOBAHHs BHICOT KOHTakTa IIIOTTKM M MAarHHUTOPE3UCTUBHOTO
JJIEMEHTA.

Ha pucynke 1 mnpencraBieHbl MarHHTOINONEBBIE 3aBHCHMOCTH COIPOTHBIICHHS
KOMOHHHPOBAHHOTO MpHOOpa. V3MepeHHs CONPOTHBIEHUS BBHIIOIHSIHCH HPH IIPSIMOM

cMelleHnH auoaa (Hanpspkenue 3 B),

KOTOPOE€  COOTBETCTBYET  IIOJTHOMY
1,5F i
10K CIPSAMIICHHIO MOTEHIMAIBHOTO
X —77K
=)
Mhl ol — 300K | Oapbepa. Bua KpUBBIX CTaTH4ECKOTrO
,
= MarHeToCONPOTUBIICHHUS §3u
i mo06eH MarHUTOIOJIEBEIM
\‘ 3aBHCUMOCTAM COIIPOTUBJICHHS
— OTJENBHOTO  MAarHMUTOPE3UCTHBHOTO
0,1

JJICMCHTA. AM]'[J'[HTy)I[a U3MCHCHUA

Pucynox 1. Marunurononesbie 3aBHCHMOCTH  GOIPOTHBICHHS B MATHHTHOM IIOJIE
CONPOTHUBIICHHUS 111 KOMOMHUPOBAHHOTO IPHOOPA.
Ui KOMOMHHUPOBAaHHOTO mpHOOpa

cocraBmia 1,5% mnpu temmeparype 10 K. C poctoM Temmeparypsl BenmuuHa 3(ddexra
yMeHblanack 1 npu remneparype 300 K ve npessiana 0,3%.

W3MeHeHne CONMpPOTHBICHHUS MarHUTOPE3UCTUBHOTO KOHTAKTHOTO CIIOS IPUBOJUT K
MOJYJISILIMM MHTEHCHBHOCTU HJekTpomtomuHecteniuu (DJI) crpykrypsl. Ha pucynke 2
IpeiCTaBIeHa  MAarHUTONOJIeBass ~ 3aBHCHMOCTb  OTHOCHTENBHOM  HMHTCHCHBHOCTH

IEKTPOIFOMUHECLEHIIMH NTprbopa. OTMETHM, YTO MPU TOKE, paBHOM 45,8 MA, UMeeT MecTo
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paboTa CTPYKTyphl B KIIOYEBOM peXuMe: B MarHMTHOM mone +30 mMTn oTHocuTenbHas
MHTEHCUBHOCTb NPUHUMAET MAaKCHUMAaJIbHbIE 3HAUEHUS; B HYJIEBOM MarHUTHOM II0JIE, @ TAKKE

B noixe Beime 100 MTn paBHa Hymo. Ilpu umsmepenun DJI B pexuMe MOCTOSHHOTO

HanpsOKEHUA MOAYJIAUNH
WHTCHCUBHOCTH D1 MAarHuTHBIM
Constant current mode
100 + Constant voltage mode HOJIEM He HaGH}OHaeTCﬂ.
10K
. 75t [o-Bugumomy, s dekr
=

S MOAYJIAIIUN UHTCHCUBHOCTHU 3JICKTPO-

Esof
JIIOMUHECICHIITU MarHuTo-
257 PE3UCTUBHOIO CBETOAMOA CBA3AH C
0 ( HepepacnpeicieHeM  HaNpsHKeHHUs

[ ( 4
_0’2 -0,1 0,0 O,l 0,2 MEXIY MarouTOpEe3uCTUBHOU u
B’ T HOHprOBOHHHKOBOI’I qacTAMHU
Pl/lcyHOK 2. MarnuToroseBbie 3aBUCHUMOCTH

o C KTYPbL COITPOBOXIAOIIUMCS
HHTeHCUBHOCTH DJI KOMOWHHPOBAHHOW CTPYKTYpHI B TPYKTYPBL, p AAKoIY

peXUMax IOCTOSHHOro Hampsbkerus (3,5 B) u YBEIHYCHHEM OTHOIICHUS TOKa
HOCTOSIHHOTO TOKa (46 MA).
HEOCHOBHBIX HOCHTEJICH K oO0Imemy
ToKky. CrenoBaTelbHO, MAarHHTOPE3UCTHBHBIM  JJIEMEHT HE  TOJNBKO  yIpaBiIseT
CONPOTUBICHHEM YCTPOHCTBA, HO U H3MEHSeT MEXaHU3M IepeHoca ToKa. OTo
NPHHINNNATEHO OTJIMYAeT Halll pe3yabTaT OT aHAJIIOr0B, PACCMOTPEHHBIX B padorax [4,5]. B
YAaCTHOCTH, MOJKHO YCTaHOBHTb PEXHM, B KOTOPOM BHEIIHEE MAarHUTHOE Ioye "BKitoyaeT"
CBETOHOL.
Pabora BeimonHena npu noguepxke POOU (rpantsr 18-29-19137mk, 20-38-70063-
CrabwisHOCTB, 20-02-00830a, 20-32-90032-Acnupantsl), rpanta I[Ipesupenra PO (MK-

445.220.2), borga PH® (mpoekt Ne 21-79-20186), roc.3aganus (mpoekt 075-03-2020-191/5).
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Cekyusn 4. Honno-unoyyupoeannvie npoyeccyl 6 MOHKUX NJIEHKAX U
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Section 4. lon-assisted processes in nanostructures and thin films






Frenkel pairs versus secondary defects balance
in ion irradiated semiconducting oxides
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Intrinsic point defects and their complexes are of paramount importance for functionalization
of materials [1]. In semiconductors, the defect formation energy depends on the charge state, in
its turn affected by the Fermi level (Er) [2]. Moreover, the charge state of the defects determines
the energy position of the corresponding carrier traps in the band gap [2]. In return, changing
intrinsic defect contents results in the Ep-shifts and, eventually, Ep-pinning, as predicted
theoretically [3-5]. These phenomena arrest significant attention in semiconducting oxides,
since intrinsic defects play prominent donor/acceptor roles in these materials.

Studying defects under irradiation has a long tradition;
if the sample is irradiated at low enough temperatures
and the measurements performed in-situ, direct
signatures of the Frenkel pairs, i.e. vacancies and self-
interstitials, are measurable [6]. Spectroscopic
measurements are, of course, preferable, but not always
practically —possible. Specifically, studying the
phenomena in a wide Ep-range, i.e. from highly resistive
to highly conductive material, sets severe limitations for
the applicability of the spectroscopic techniques.
Alternatively, in-situ resistance measurements are
possible, and collecting resistance data at low
temperatures as a function of the irradiation dose has
recently unveiled interesting correlations [7-9].

In the present contribution, we summarize the data of
50K in-situ resistance measurements as a function of the
irradiation dose in systematically selected oxide
samples [8-9] as shown in Fig.l. Notably, all
irradiations were performed using 3MeV Si?* ions so
that the ballistic production rate for the Frenkel pairs
was comparable in all samples (for simplicity, the same
displacement energy, 15 eV, was used for all elements
in ballistic simulations). The samples were in form of
crystalline thin films grown on sapphire substrates, so
that the projected range of the ions was well within the
substrate for these samples. The resistance evolution in
Fig.l demonstrates systematic trends, interpreted in
terms of the Ep-governed point defect balance,
consistently with theoretical predictions [3-5, 8, 10].

More specifically, the data in Fig.1 were explained
considering the formation of isolated Frenkel pairs and
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secondary defects at low- and high dose ranges, respectively. As an example, we discuss the
resistance evolution trend for the undoped In2O3 below, while similar explanation scenarios
hold for other samples too. Indeed, the non-monotonic resistance trend suggests a sub-division
for the low- and high dose ranges, see the data for the undoped In2Os sample in Fig.1. It is
reasonable to assume that for low doses the irradiation induce Frenkel pairs - vacancies and
self-interstitials in both In- and O-sublattices, i.e. in the form of Viy/In;i and V/O;, respectively;
as such, the low temperature and low Frenkel pair concentration prevent the secondary defect
complexes buildup. In contrast, for high doses, the buildup of secondary defects, e.g. antisites
in In- and O-sublattices (i.e. Ino and Orn) and larger complexes is plausible, because of

increasing defect concentration.
03 7 in,0, (as-grown) aT PRLE
02V MO (Ruu) i P

Fig.2 guides through a more
quantitative analysis accounting
for multiple charge contributions
from each of the Frenkel pair
configurations. In theory, if no . . .
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might be pinned at Vo(0/+)
position, since after reaching this
level the total charge of the
Frenkel pairs generated in both
sublattices is zero. In correlation

Fig.2. Guidance for quantitative explanations of the low dose data
for the undoped In,O3 sample in Fig.1. Panel (a) plots Er as a
function of the carrier concentration (n) for In,O3 at 50 K (solid line)
and sets two characteristic data points (symbols) for n, as converted
from the resistance data in Fig.l. Panel (b) shows the band gap
positions for the Frenkel pairs in different charge states in InO3 as

calculated in Ref.10. The arrows interconnect panels (a) and (b), in
particular explaining the turning point for the resistance evolution
(Rmax) for the undoped In;O3, because at that Er the total charge of
the Frenkel pairs generated in both sublattices is zero. Notably, the
resistance to carrier concentration conversion was done accounting
for the low temperature carrier mobility measurements before and
after the irradiation. The high dose part of the data were explained
applying a similar “charge counting” approach for the antisites.

with this prediction, we observe a
characteristic “turning point” in
Fig.1, labelled as Rmax; however,
Er does not remain pinned.
Indeed, keeping the Ep-level
pinned would result in a constant
resistance; however, further dose
accumulation leads to the resistance decrease for the undoped In2O3 sample in Fig.1; which was
explained in terms of the charges induced by the antisites. By comparing the number of newly
generated carriers (corresponding to the Rmax in Fig.1) and the ballistic Frenkel pair generation,
we estimated the efficiency of the dynamic annealing for the Frenkel pairs in In2O3 too.

In conclusion, we made consistent interpretations of the Frenkel pairs versus secondary defects
balance in ion irradiated semiconducting oxides systematically varying the oxide parameters.
The present data may be of practical use in a variety of device applications requiring predictions
of the oxides radiation tolerance. In a more general perspective, the present methodology may
be highly valuable to benchmark the defect simulation data in variety of semiconductors.
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GaN and related semiconductors, already well known for their applications in light-emitting
diodes and lasers, are promising materials for high power, high frequency and high temperature
electronics. Moreover, due to their chemical and thermal stability as well as radiation resistance,
they are handled as a resilient alternative to conventional silicon technology for applications in
extreme environments such as space. Recent results demonstrating the extraordinary radiation
resistance of GaN are presented. For medium energy (hundreds of keV) ion implantation, we
discuss the complex defect accumulation processes in the GaN lattice. These need to be better
understood in order to implement ion implantation as a processing tool in nitride technology.
For highly ionising swift heavy ion irradiation (hundreds of MeV), a strong in-track recovery
of the crystal damaged during the passage of the ion is observed, which reduces permanent
damage. These are promising results for the use of GaN in space where highly energetic ions
make part of the intense radiation fields. Back on Earth, GaN can find applications in robust
detectors for ionising radiation. First results on the development and fabrication of radiation
sensors based on single GaN microwires are reported. In the future, these tiny and versatile
sensors may find applications in the in-situ monitoring of the radiation dose during

radiotherapy, contributing to a better treatment of patients.

Introduction

Group-111 nitride semiconductors, namely, GaN, AIN, InN and their ternary and quaternary
compounds, became famous beyond the research community due to their application in light-
emitting diodes (LEDs) and laser diodes for lighting and data storage. Their fame culminated
in the attribution of the Nobel Prize in Physics in 2014 to Isamu Akasaki, Hiroshi Amano and
Shuji Nakamura for the development of the blue LED in the nineties of last century [1]. Today,
the blue LED is the base technology for highly efficient white solid-state lighting.
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Less known but equally promising is the potential of these wide bandgap semiconductors
for the development of high temperature, high power and high frequency electronic devices.
Thanks to their wide bandgap and high electron mobility, I11-nitrides are expected to outperform
silicon power devices concerning breakdown voltage and on-resistance, respectively, opening
the possibility of huge energy savings [2]. Novel applications of GaN power devices range from
the automotive sector to smart grids. High switching speeds enable technologies such as LIDAR
and space communications.

Furthermore, thanks to its high radiation resistance, GaN-based devices are very promising
for space or nuclear applications (including medical applications of radiation).

Recent results on the effect of medium energy ions (used for ion implantation) and ultra-
high energy swift heavy ions underline the claim for superior radiation hardness of GaN [3, 4].
Taking advantage of this stability upon particle irradiation, we present our progress on the
development of GaN radiation sensors [5, 6].

Implantation Damage Formation in a-, c- and m-Plane GaN

GaN crystallises in the wurtzite structure with the three major crystallographic planes being
(1120), (0001) and (1010) or a-, c- and m-plane, respectively. For the present study, 3-10 um
thick GaN films were grown on sapphire or SiC substrates by Metal Organic Vapour Phase
Epitaxy (MOVPE) or Hydride VVapour Phase Epitaxy (HVPE). Subsequent ion implantation of
300 keV Ar ions and in-situ RBS/C analysis using 1.4 MeV He* were performed at 15 K [3].

Typical RBS/C spectra for the a-plane GaN sample implanted to different Ar-fluences are
shown in Fig. 1a. The backscattering yield of the as-grown sample is very low. Minimum yields
well below 2% were measured close to the surface for all three sample materials, evidencing
excellent crystalline quality along the growth direction. As the fluence increases, the
backscattering yield also increases revealing the displacement of Ga-atoms from their lattice
site. High dechannelling yields beyond the implanted region (below ~900 keV in Fig. 1a) hint
to the formation of extended defects similar to what is observed for c-plane GaN. After
correction for this dechannelling yield, the fraction of displaced lattice atoms was extracted as
a function of depth. The maximum value of this relative defect level is plotted in Fig. 1b as a
function of the fluence for all three sample materials. Strong dynamic annealing effects are
obvious from these damage build-up curves. Implantation damage does not increase linearly
with the fluence but occurs in several regimes (marked in Fig. 1b). The curves are well fitted

(lines in Fig. 1b) by the defect accumulation and amorphisation model by Hecking [7].
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Fig. 1: (a) RBS/C aligned spectra for a-plane GaN samples implanted to different fluences (only
some of which are indicated in the legend for clarity) of 300 keV Ar at 15 K. The random spectrum for
the sample implanted to the highest fluence is also shown. (b) Relative defect level as a function of the
implantation fluence for a-, c- and m-plane samples. The solid lines are fits using the Hecking model.

According to this model, the linear increase of damage in regime | is due to defect formation
in well separated collision cascades. In regime II, the cascades start to overlap, leading to an
improved vacancy-interstitial recombination rate and to an almost constant defect level. In
regime 111, the formation of extended defects and clusters leads to a strong increase of the defect
level which saturates again in regime 1V. A full loss of the single crystalline order is observed
in regime V for very high fluences above 1x10%6 at/cm?. For intermediate fluences (regimes I11
and 1V), distinct behaviours are observed for the three samples with strikingly lower defect
levels in a-plane GaN (note the logarithmic scale in Fig. 1b). Transmission Electron Microscopy
images (not shown here) suggest that distinct defect morphologies are formed for the three
surface orientation. The results show that the high resistance of GaN to implantation damage

can be attributed to efficient dynamic annealing even at cryogenic temperatures.

High Energy Swift Heavy lon Irradiation

Heavy ions of much higher energy than discussed up to now are present in the radiation
fields of nuclear reactors (fission fragments) and in space (being a component of the galactic
cosmic rays). Due to their high ionisation power and range, these ions can cause considerable
damage to materials, electronic devices and humans. For instance, despite having relatively low
fluxes when compared to protons, the effects of these heavy ions are particularly relevant during

deep space missions.
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Fig. 2: Cross-section of a simulated 185 MeV Au SHI track in GaN. a) The molten track reaches
its maximum diameter after 13 ps. b) lon track morphology after 155 ps reveals efficient recrystallisation
and the formation of an amorphous core.

Highly energetic heavy ion beams can be produced in accelerators facilitating the study of
ion-solid interactions in this so-called Swift Heavy lon (SHI) regime. SHI are ions with atomic
number Z above ~20 and energies per nucleon above ~1 MeV/u. They interact with matter
predominantly via electronic scattering (ionisation) in contrast to ion implantation where
nuclear interactions are dominant and lead to damage formation via collision cascades. The
processes that lead to permanent damage in materials in this SHI regime are still poorly
understood. One of the most widely accepted models to describe the energy deposition of SHI
in matter is the so-called Two Temperature Model (TTM). It is a thermodynamic model that
assumes that the ionisation spike leads to the formation of a hot electron gas, which quickly
transfers its energy to the lattice atoms via electron-phonon coupling. This leads to strong
heating and eventually to the melting of the crystal within the cylindrical ion track. Upon
cooling, in many materials, latent amorphous tracks are formed.

Here, we studied the irradiation of c-plane GaN with 185 MeV Au ions theoretically and
experimentally [4]. To simulate radiation damage formation, the energy deposition is calculated
using the TTM and then fed into the PARCAS Molecular Dynamics (MD) code [8]. MD allows
understanding the damage processes that occur at timescales not accessible by experiment. The
final state of the simulations is then compared to experiments performed on 3 um thick c-plane
GaN layers irradiated at the Australian National University Heavy lon Accelerator Facility [4].

Fig. 2 shows cross-sections through the simulated ion track for two timeframes after the ion
passage. Fig. 2a shows the track 13 ps after the energy deposition when the liquid track reaches
its maximum diameter of ~4.4 nm. Upon cooling, GaN starts to recrystallise from the edges of
the molten cylinder towards the centre. After approximately 155 ps the temperature reaches
room temperature. The track morphology in this final stage is shown in Fig. 2b and consists of
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a ~1.8 nm diameter amorphous core surrounded by crystalline albeit defective GaN. An

excellent agreement between these simulations and experiment is found and will be presented.

GaN Radiation Sensors
With its wide bandgap, above demonstrated radiation resistance, high temperature stability

and elevated electron mobility, GaN shows excellent properties for radiation detectors for
operation in harsh environments [9]. Nevertheless, the actual performance of GaN detectors is
lagging behind this expectation. One reason for the underperformance of GaN radiation sensors
is the high dislocation density in thin films due to the large lattice mismatch with commonly
used substrates. This leads to high leakage currents, which are further enhanced when radiation
defects interact with native defects. In this work, we explore the use of GaN microwires which
can be grown with excellent crystal quality by MOVPE. In a first approach, we used single n-
type GaN microwires that were contacted at their extremities by a microfabrication process
based on photolithography. The response to 2 MeV proton irradiation was tested and the
viability of using GaN microwires as sensors for ionising radiation was successfully
demonstrated with the devices showing a high absolute signal [5]. However, the high doping
levels in these microwires leads to high dark currents and low relative response (defined as the
ratio of the current during irradiation to the current without irradiation). Furthermore, these
devices suffered from irradiation damage and persistent currents as can be seen in Fig. 3. The
first promising results on GaN core-shell microwires consisting of a n-type core and a p-type
shell will be presented, solving many of the issues mentioned above.
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Fig. 3: Schematics, SEM image and response to 2 MeV proton irradiation of an n-type microwire
radiation sensor.
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Materials manipulation via ion beams can achieve precisely tuned atomic geometries that
are necessary, e.g., to engineer interactions between defects in quantum materials and for
fabricating novel electronic devices with nanoscale dimensions. In addition, such beams are
also used to characterize and probe materials properties by means of highly energetic
electronic excitations.

In this presentation, will discuss recent quantum-mechanical first-principles predictions
for electron dynamics and the subsequent ionic motion that follows after an excitation of the
electronic system. Using real-time time-dependent density functional theory we simulated the
underlying ultrafast time scales of electron dynamics in semiconductors and metals. Here we

focus on simulations for aluminum surfaces and graphene under irradiation.
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FIG. 1. Hllustration of our simulation cell at a time of 0.75 fs after a proton with a velocity
of 1 at. u. impacts a four-layer thick aluminum sheet. A slice of the electron density is
overlaid with projected positions of aluminum atoms in gray and the projectile along with its
trajectory in red. Electron density has been emitted into the vacuum and captured by the

projectile. Dashed yellow lines indicate the aluminum-vacuum boundaries used for
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calculating the sheet’s dipole moment, and the 5 a0 projectile radius used to compare our

charge capture method with volume partitioning is indicated by the red dashed circle.

First, we present a first-principles study of pre-equilibrium stopping power and projectile
charge capture in thin aluminum sheets (as shown in Fig. 1) irradiated by 6 - 60 keV protons.
Our time-dependent density functional theory calculations reveal enhanced stopping power
compared to bulk aluminum, particularly near the entrance layers.
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FIG. 2. Electronic stopping as a function of kinetic energy of a proton projectile in a four-
layer aluminum sheet (green) is higher than in bulk aluminum (TDDFT results in orange and
SRIM data in blue). Inset: Electronic stopping of a 25 keV proton (velocity of 1 at. u.) for
different aluminum sheet thicknesses. Dashed lines indicate bulk values from TDDFT
(orange) and SRIM (blue). For each sheet, average stopping is computed across the two
middle layers as the most bulk-like region.

We propose the additional excitation channel of surface plasma oscillations as the most
plausible explanation for this behavior. We also introduce a novel technique to compute the
orbital-resolved charge state of a proton projectile after transmission through the sheet. This
provides insight into the dynamics of orbital occupations after the projectile exits the
aluminum sheet and have important implications for advancing radiation hardness and

focused-ion beam techniques, especially for few-layer materials [1].
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FIG. 3. (a) Proton impact points (cyan) in monolayer graphene (orange) investigated here.
The projectile always travels normal to the graphene plane. (b) Total energy deposited in
graphene by energetic protons. Results from this work are compared to SRIM and previous
TDDFT results. Symbols correspond to the different impact points illustrated in (a).

We then use first-principles calculations to uncover and explain a new type of anomalous
low-velocity stopping effect in proton-irradiated graphene [2]. We attribute a shoulder feature
that occurs exclusively for channeling protons to enhanced electron capture from o+n orbitals.
Our analysis of electron emission indicates that backward emission is more sensitive to proton
trajectory than forward emission and could thus produce higher contrast images in ion
microscopy. For slow protons, we observe a steep drop in emission, consistent with
predictions from analytical models.

From our simulations, we quantify electron emission, charge capture, and pre-equilibrium
effects that are unique to thin films or two-dimensional materials, and limitations and possible
extensions of the theoretical description will be included in the discussion.

1. A. Kononov, A. Schleife, Phys. Rev. B, vol. 102, p. 165401, 2020.
2. A. Kononov, A. Schleife, https://arxiv.org/abs/2103.08453, 2021.
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In the last decade, free-standing atomically thin materials have proven to be excellent
candidates to study ion-solid interaction on a fundamental basis. Not only do they allow for
direct observation of the projectiles after the interaction, they also offer the opportunity to study
target characteristics while showing pure surface effects, i.e., no sub-surface effects need to be
considered. Thereby, we were able to discuss the ultrafast response of suspended semi-metallic
single-layer graphene sheets upon excitation via highly charged Xe impact: while the ions were
found to neutralise within a few fs only and thus extracting a high number of electrons from the
target at the same time, no pore formation could be determined via transmission electron
microscopy proposing ultrahigh local current densities [1]. For free-standing semi-conducting
molybdenum disulfide (MoS2), however, pore formation via highly charged ion impact under
similar conditions was shown recently [2]. Still, the neutralisation of the projectile is
comparable to the case of single-layer graphene when taking an increased interaction time into
account, following from the three-layered nature of MoS,, where Mo atoms are sandwiched in-
between two layers of S atoms (cf. figure 1) [3]. In this contribution we will focus on the
electron emission from both materials induced by highly charged ion impact. For single-layer
graphene, Schwestka et al. presented a high number of emitted low-energy electrons lately [4],
being in accordance with the predictions of Wilhelm e al. proposing a two-center Auger
process — the interatomic Coulombic decay — as dominant mechanism in the de-excitation of
these highly charged projectiles [5]. As MoS; and single-layer graphene are comparable in their
hexagonal structure (cf. top view of graphene and MoS; sheets in figure 1), any discrepancies
in the electron emission may be retraced to their significantly different electronic properties,

i.e., zero vs. non-zero bandgaps.
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Figure 1 - Highly charged ion transmission through atomically thin materials [6]. We discuss the
difference of single-layer graphene and MoS; as samples in regard to the ion neutralisation, the number
of emitted electrons and the response of the target itself. Since both samples have a similar structure (see
top view left and right, respectively) differences may be attributed to the semi-metallic and semi-
conducting electronic properties of the materials themselves.

For our studies, we use the ion beam spectrometer at TU Wien enabling us to produce
highly charged Xe ions with charge states up to 40 and acceleration voltages up to 10kV [7].
We further employ a coincidence technique including two detectors, a solid-state (PIPS)
detector for electron number statistics and a microchannel plate (MCP) detector behind a pair
of deflection plates for exit charge state analysis of the projectiles. The combination of both
additionally provides the time of flight (TOF) of projectiles from target to MCP position (cf.
figure 2). We record all data in a listmode and are thus able to perform post-measurement data
analysis to filter signals from target and support materials as well as contaminated regions [8].

Exemplary spectra of 130 keV Xe** transmitted through single-layer graphene are given
in figure 2: an unfiltered exit charge state spectrum for the appropriate TOF region is shown in
the lower right corner (orange). We find a distribution of neutral particles (blue) arising from
the transmission through the amorphous carbon Quantifoil support of the sample (10-20 nm
thick) and a distribution with an exit charge state of ~25 (red) from projectiles transmitted
through graphene only. Filtered TOF spectra corresponding to the blue and red region are
presented in the upper right corner (violet) and show distinctive graphene at lower and
Quantifoil distributions at higher TOF values. Thereby, we can unambiguously separate
electron yields for graphene and Quantifoil support which then amount to 96 and 78 electrons
per impinging ion, respectively. Exit charge state and TOF filtered electron statistics spectra
including Gaussian fits to determine the electron yields are presented in the upper left corner
(green). The lower left corner shows a schematic of our setup to point out the relations of the

discussed spectra.
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Figure 2 - Ion spectroscopy setup at TU Wien [7]. We employ a PIPS detector (for electrons) and an
MCP detector (for ions) in coincidence to study the interaction of highly charged ions with atomically
thin materials. A schematic of our setup is depicted in the lower left corner. The MCP detector serves
for exit charge state analysis of projectiles after transmission through a target (lower right), whereas the
PIPS detector allows for electron emission statistics analysis (upper left). Combining both, we are also
able to record the time of flight of the projectiles from target to MCP position (upper right). Our
measurement recordings in a listmode enable complex filtering of target and support signals as shown
in the figure for single-layer graphene and its thicker Quantifoil support for 130 keV Xe*** projectiles.

When we repeat these measurements for semiconducting MoS2 we find that the electron
emission yield for single-layer graphene is six times higher than in MoS,, while the amorphous
carbon Quantifoil support contributes an electron yield approximately midway in-between
graphene and MoS,. In addition, we compare the kinetic and potential energy loss of ions
transmitted through both samples. In order to understand the resulting differences between
graphene and MoS; we then discuss our results in regard to the samples’ electronic properties

both in their bulk counterparts and in particular in their two-dimensional form.
1. E. Gruber, R.A. Wilhelm, R. Pétuya, et al., Nat. Commun. 7 13948, 2016.

2. R. Kozubek, M. Tripathi, M. Ghorbani-Asl, et al., J. Phys. Chem. Lett. 10 904, 2019.
3. S. Creutzburg, J. Schwestka, A. Niggas, et al., Phys. Rev. B 102 045408, 2020.
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PRODUCTION OF DEFECTS IN TWO-DIMENSIONAL MATERIALS UNDER ION
IRRADIATION: INSIGHTS FROM FIRST-PRINCIPLES AND ANALYTICAL
POTENTIAL MOLECULAR DYNAMICS SIMULATIONS

S. Kretschmer, S. Ghaderzadeh, M. Ghorbani-Asl, G. Hlawacek and_A. V. Krasheninnikov

Institute of lon Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-
Rossendorf, 01328 Dresden, Germany

lon irradiation has successfully been used for introducing impurities and creating defects
in two-dimensional (2D) materials in a controllable manner. Moreover, focused ion beams,
especially when combined with in-situ or post-irradiation chemical treatments, can be
employed for patterning and even cutting 2D systems with a high spatial resolution. The
optimization of this process requires the complete microscopic understanding of the interaction
of energetic ions with the low-dimensional targets. In my presentation, | will dwell upon the
multi-scale atomistic computer simulations of the impacts of ions onto free-standing (e.g.,
suspended on a TEM grid) and supported (deposited on various substrates) 2D materials,
including graphene, hexagonal boron-nitride (h-BN) and transition metal dichalcogenides
(TMDs), such as MoS2 and WS.. The theoretical results will be augmented by the experimental
data obtained by the coworkers. | will first overview the general trends in defect production [1]
then touch upon our recent work on irradiation-induced defects in h-BN [2,3] which are
interesting in the context of single-photon quantum emitters. Finally, | will present the results
of density-functional-theory-based molecular dynamics (DFT-MD) simulations of the low-
energy ion impacts onto 2D materials [4] aimed at assessing the ion energy required to displace
the atom and demonstrate that the widely-used binary collision formula is not applicable in this
case. | will also discuss fundamental limitations and pitfalls in using DFT-MD in simulations
of effects of irradiation on solids.

1. A. V. Krasheninnikov, Nanoscale Horizons, 5 (2020) 1447.

2. M. Fischer, J.M. Caridad, A. Sajid, S. Ghaderzadeh, M. Ghorbani-Asl, L. Gammelgaard, P.
Baggild, K. S. Thygesen, A. V. Krasheninnikov, S. Xiao, M. Wubs, and N. Stenger, Sci. Adv.
7 (2021) eabe7138.

3. S. Ghaderzadeh, S. Kretschmer, M. Ghorbani-Asl, G. Hlawacek and A. V. Krasheninnikov,
(2021) submitted for publication.

4. S. Kretschmer, S. Ghaderzadeh, and A. V. Krasheninnikov, (2021) submitted for
publication.
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ENERGETIC CONDENSATION OF ULTRA-THICK FILMS AND COATINGS

A.M. Engwall,* L.B. Bayu Aji,* J.H. Bae# S.J. Shin,* A.A. Baker,* S.K. McCall,*
M. H. Nielsen,* P.B. Mirkarimi,* and S.O. Kucheyev*

* Lawrence Livermore National Laboratory, Livermore, California 94550, U.S.A.;
# General Atomics, San Diego, California 92186, U.S.A.

Energetic condensation has been studied extensively for many decades. It is perhaps the
most common industrial application dominated by the physics of ion-surface interactions. The
most flexible variant of energetic condensation is sputter coating, which finds a wide range of
applications, including being the workhorse of semiconductor fabrication plants. Most, if not
all, materials science laboratories routinely use sputter coaters of various degrees of complexity

and sophistication.

Many sputter coating recipes already exist and do not require any further research into
effects of ion-surface interactions. This applies to many sub-micron-thick elemental metal films
on planar substrates. However, major challenges remain for developing robust sputter
deposition processes in regimes of ultrathick coatings (over about 10 microns) on non-planar
polycrystalline or amorphous substrates in an inherently non-epitaxial growth regime. A better
understanding of ion-surface interactions in these cases is highly desirable, given the overall
complexity of the deposition process, its nonlinear dependence on deposition parameters, and
a very large process phase space, often precluding conventional process optimization

approaches.

In this presentation, the critical role of ion-surface interactions will be illustrated with
examples from our ongoing systematic studies of sputter deposition of the following two
representative material systems: glassy boron carbide ceramics and nonequilibrium gold-
tantalum metallic alloys. Boron carbide is an ultra-hard material whose fabrication in the form
of thick coatings has proven to be extremely challenging due to large residual stresses. Gold-
tantalum alloys are novel high-electrical resistivity heavy metals. With these examples, we
show how film properties can be controlled via thermally activated and radiation-induced film
growth processes. Emphasis is on understanding effects of substrate temperature, landing atom

ballistics, and radiation defect relaxation dynamics on film nucleation and growth.

This work was performed under the auspices of the US DOE by LLNL under contract DE-
AC52-07NA27344.
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CBOMCTBA HOHHO-CUHTE3UPOBAHHBIX HAHOBKJIIOUEHUM 9R-Si:
TEOPUSI U DKCIIEPUMEHT
PROPERTIES OF ION-SYNTHESIZED 9R-Si NANOINCLUSIONS: THEORY AND
EXPERIMENT

[.C. Kopones, A.A. Hukonbckas, A.H. Muxaiinos, A.U. benos, A.A. Konakos,
J.A. IlaBnos, JI.U. Terensbaym
D.S. Korolev, A.A. Nikolskaya, A.N. Mikhaylov, A.l. Belov, A.A. Konakov, D.A. Pavlov,
D.l. Tetelbaum

HHTI'Y um. H.H. Jlobauesckozo, np. I'aeapuna 23/3, Huocnuti Hoezopoo, Poccus,
dmkorolev@phys.unn.ru

The structure and optical properties of 9R-Si hexagonal silicon inclusions in
SiO2/Si structures irradiated with Kr* ions and annealed at 800° C are investigated.
A new luminescence line at 1240 nm is found and the dependence of the
photoluminescence spectra on the parameters of ion synthesis is demonstrated. A
theoretical description of the observed regularities is given.

KpemHHiI Ha NPOTSDKEHMM MHOTHX JECATHICTHH ObLI M OCTAaeTcs OCHOBHBIM
MaTepruaIoM MHKPO- U HAaHODJICKTPOHUKH. Ero oOLmMpHbIe 3amachl, HMEIOIIAscsl TEXHOIOTUsI
HOJIyYCHUs] KPUCTAUTMYECKH COBEPIICHHBIX CIMTKOB OOJBIIOrO AMAaMETpa M yHHUKAJIbHBIC
(u3udeckne CBOMCTBAa OOYCIABIMBAIOT €ro IIEPCIEKTHBHOCTh JUIi HCIIOJb30BAaHUS B
HOJIYIPOBOAHUKOBBIX YCTPOMCTBAaX HOBOrO MOKoieHus. OfHAKO, MIPUMEHUMOCTh KPEMHHS B
YCTPOMCTBaX  ONTOZNEKTPOHMKHA ¥ HMHTCTPAIBHOM ONTUKM OrPaHUYEHA BCIICACTBHE
(GyHIaMEHTAIBHOrO  HEIOCTaTKa 3TOr0  IIOJYHPOBOJHHKA — HEMPSIMO30HHOCTH — €ro
9HEPreTHYECKONH CTPYKTYpPhI. I1epCHEeKTHBHBIM MOJXOMOM VIS YIyULICHHS H3JTy4aTelIbHbIX
CBOWCTB KPEMHHsS MOXET OBITh HCIHOJb30BAHME APYIMX MOJNHMTHIOB, B 4YacTHOCTH,
IeKCarOHaNbHBIX, Ui  KOTOPBIX  TEOPETUYECKH OBUIO  IOKA3aHO  «CHPSIMICHUEY
9HEPreTHYEeCKOil CTPYKTYpPbl OTHOCUTEIBLHO TaKOBOH Juisi KyOuueckoro kpemuus [1]. Hapsny
C HM3MEHEHHEM KPHCTAUIMYECKOW CTPYKTYpbl, B o00pasiax, COJCPXKaIlMX BKIIOYCHHUS
reKcaroHaJIbHOTO KpeMHUsl, Oblia OOHapyKeHa JIFOMMHECHCHIUS B BUIUMON 1 OmmkHer-1K
YaCTH CIIEKTPa, [0 HHTCHCHBHOCTH 3aMETHO IPEBBIIIAIONIAS TAKOBYIO ISl JIOMUHECLICHIIUH
anMa3onoo0Horo kpemuus [2]. OQHAKO, CIIOKHOCTH MCIIOIB3YyEMBIX ISl CHHTE3a METOIOB
OJyYEHHUsI TEeKCArOHANIbHBIX (ha3 KPEMHHUs M UX HECTAOMJIBHOCTb 3aTPYAHSET NMPAKTHYECKOE
IPUMEHEHHE TaKUX CTPYKTyp. B JIaHHOI paboTe mpencTaBlICHBI Pe3yIbTaThl HCCIIEIOBAHUS
HOHHOTO CHHTE3a BKIIIOYEHHH rekcaroHambHOil (aser 9R-Si B crpykrypax SiO2/Si, ux
CTPYKTypHbIE W JIIOMHHECLCHTHbIC CBOWCTBA, a TaKKe IPUBEICHBI PE3YJIbTAThI

TEOPETHYECKOr0 MOJEIMPOBAHHUS 30HHOM cTpyKTYpbI IR-Si.
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B kauecTBe MCXOIHBIX 0OPa3LOB HMCIIONB30BaINCh IwacTuHbl N-Si (100) ¢ yaensHBIM
conpotusnenueM 4,5 Om-cM. Ilmenkn SiO2 ¢ Tommmuamu 50-300 HM ¢opmupoBamHCh
METOIOM TEPMHYECKOr0 OKHCICHHS B cyXoM kuciopoie. O6pasust SiO2/Si obGiydanuch
voHamu uHepTHOTO rasa Kr* ¢ sueprueii 80 k3B u mozamu 1-10%, 5-10'6 u 1-10Y7 cm2,
Vcnonb3oBaHHBIE YCIOBUS OKCIEPHMEHTAa O00CCHEUMBAIM  PA3IMYHOE PACIONOKCHHUE
npoduiIeil pacnpeneneHns HOHOB U PaAUAlMOHHBIX AE(EKTOB, PACCUNTAHHBIX C MOMOIIBIO
nporpammbl SRIM - (WWW.SFiM.Org), OTHOCHTENBHO TIPAaHMIBI pasjiela IIICHKA/TIOI0KKA.
Tocrpamuanuonnsiit omxur nposojuics mpu 800 °C B armocdepe ocyuenHoro azora (30
muH). Criextpsl poromomunecuenimu (PJI) ucenenoBanucy npu temneparypax 10-300 K ¢
BO30y>KIeHHEM J1azepoM ¢ AauHOH BosHbl 408 HM. CTpyKTypHOE MCCielOBaHHE 00pa3LoB
HPOBOAMIIOCH HA MPOCBEYMBAIOLIEM dIEKTPOHHOM Mukpockone JEOL JEM-2100F.

Ha pucynxe 1 npuBeneHo nzo0paxeHue NpocBeUUBAIOIIECH AJIEKTPOHHOH MHKPOCKOIIUH
(TISM) nonepeunoro ceueHust obpasua SiO2/Si ¢ TonmuHoM wieHkn 120 HM, 00IYYEHHOTO

Kr* ¢ nosoii 5-10' cm2 u otoxokennoro npu 800 °C.

+ g (00055
.(009) “&°

Pucynox 1. CHumok ITOM BBICOKOTO pa3pemieHnst TepMHUECKH OKUCIeHHOTo kpeMuus (d=120 uwm),
o6syuenHoro nonamu Kr*, nocie omkura npu 800 °C (a). Kapruna audpakuuu, nosnyuennas ®ypbe-
npeoOpa3oBaHKeM, JUIs BbIICICHHOI KBaapaToM obnacTu (6).

Ha n300paXkeHUHN MONEPEYHOr0 CEYEHHs BUJTHO, YTO B TOJIOKKE HA IPAHHUIIE pa3/ena ¢
IJICHKOH HaOMI0/1aeTcss M3MEHEHHE B CTPYKTYPE OTHOCHTEIBHO HUXKENEKAIEro KyOH4eckoro
KpeMHHs. TOJNIIMHA CJ0S, B KOTOPOM IPOM3OLUIM H3MEHeHus, cocraBisier ~ 30 HM.
CTpyKTypy 3TOro CIOSl MOKHO XapaKTepH30BaTh KaK MEPUOAUYECKYIO MOCIE0BATENbHOCTh
MPUMBIKAIOMUX APYT K APYTy Ae(eKTOB JBOWHUKOBAHHS, YTO O3HAYACT IeKCArOHATU3ALUIO

3C-Si. Takast kapTHHa XapakTepHa Ui BKitodeHui dassl IR-Si, st koropoit HabmrogaeTcs
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YTPOCHHOE OTHOCHTEIBHO KyOM4ecKoil (pa3bl MEKIIOCKOCTHOE PACCTOSIHHE W HalIudue
JIOTIOJTHUTEBHBIX AU(PAKIMOHHBIX Pe(IIeKCOB, PACIOI0KEHHBIX Ha paccTosHuu 1/3 oT
OCHOBHBIX, xapakrepHbIX a1st 3C-Si. [Toxoxas kapTuHa HaOmoxaeTcs u st oonydyernnon Kr*
IVIeHKH ¢ TtoimuHoi 160 HM, Tornma kak i mieHkH 300 HM HUKaKMX CTPYKTYPHBIX
u3MeHeHn#t He BeuBisercs. MccnenoBanue doromomunecuenuuu (PDJI) obpasmos, B
KOTOpBIX HalOmoganach (aza 9R-Si, BBIABMIO HAIMYKE JIMHUU C MAKCUMyMOM Ipu ~ 1240
HM. V3MepeHus1, BBIIOJIHEHHBIE JI0 | Tociie crpaBinBanus cios SiO2 ¢ oOpasua ¢ TONIIHHO#M
160 HM, OKa3aJIK, YTO JIAaHHAs JIMHUS HE MCYE3AET, a JIAXKE YCHIIMBACTCS 110CIIE TPABJICHHUS.

PaccMOTpHM 3aKOHOMEPHOCTH HM3MEPEHHsS JIFOMUHECLIEHTHBIX CBOWCTB OOJy4YEHHBIX
crpyktyp SiO2/Si B 3aBHCHMOCTH OT TOJIUMHBI OKCHAA. [l HAMMEHBLICH HCIOIb30BAHHON
1036 1-10% cm? cnabas sroMMHecUeHIMsl HaGmIOJaeTcs s 06pasia ¢ MUHUMAJIbHOM
tomuuHol tieHkn (50 um). C poctoM TonmuHbl UHTeHCHBHOCTH PJI yBenuuuBaercs u
JOCTUraeT CBOETO MaKCHMyMa Uisi 00paslia ¢ IUICHKOW TOMIUHOH 125 HM, 3aTeM CHHUKaeTcs
¥ TIOTHOCTBIO Hcue3aeT s o6pasia ¢ miuenkoit 220 um. Ilpu obmyuennn Krt ¢ nosoit 5-1016
cm? ®JI 06HapyKMBAETCS TOJIBKO HAYMHAS C TOJUIMHBI IUIEHKH, paBHOH 80 HM, JocTUraeT
MakcuMyMa Ui obpasia ¢ IuieHKod 160 HM, W NpUCYTCTBYEeT B BHJE CIA0Oro IMHUKa JUISL
obpa3sua ¢ rommuuoi SiO2, paBHoit 220 HM. Hakoner, ais camoii 60MbIIO# HCIIONB30BaHHOM
no3sl @JI HabmomaeTcss TOJNBKO I OOpasloB C TONIMHAMH IUIeHKH 125 m 160 HM u
HPaKTHYECKU He Habmonaercs Juist oopasia ¢ TonmuHoi SiO2, paBHoit 220 HM.

Wsmenenne nnrercusrocti PJI ¢ pocrom n03s1 HoHoB Kr* oTimuaercs wist 00pasios
SiO2/Si ¢ pasnnuHoii TomuuHEI IIeHOK Si02 (CM. PHCYHOK 2).

§i0,, (160 nm)/Si: Kr'(80 keV)

T T T
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Pucynok 2. Ciexrpst ®JI o6pasios SiO2 (160 um) / Si wist pasubix 103 noHoB Kr* (a) u 3aBucumoctn
MakcuMyMoB unTeHcuBHOCTH DJI tip ~ 1240 HM OT 10361 HOHOB JUTst 06y4eHHBIX 06pa3ioB SiO2/Si
C pa3INYHON TONIIMHOM OKCUIHOM MIeHKH (b).
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Jns manbix  tonummH wieHok (50, 80 w125 HM) Habmronaercs yMeHbLIEHHE
unteHcuBHoctn PJI ¢ yBemuuenueM 036l MoOHOB. Jlns obpasua ¢ mieHkoid 160 HM
HaGIOAETCA 3HAUUTENbHBIA pocT uHTeHcuBHOCTH DJI ¢ yBenuuenueM no361 Kr* go 5-106
cm? ¢ nmocrenyroumM crajaom s o3l 1-10Y7 cm2 Jlns obpasua ¢ TONIIMHOMN TMUIEHKH
220 HM 5Ta TEHACHLHMS COXpaH’ETCs, OAHAKO, MHTeHcMBHOCTh (DJI oKa3bIBacTCS OUYCHD
Hu3Kkoil. HaOmogaemMble 3aKOHOMEPHOCTH OOBSACHSIOTCS YYacTHEM JBYX B3aMMO3aBHCHMBIX
HpPOLECCOB  —  pelakcaluedl MEeXaHWYeCKMX  HANpsDKeHMH B IIpOLecce  OTXKUra,
cornpoBoxxaatomieecs: (azosbiM mnepexogom 3C — 9R, a rtake oOpasoBaHueM Je(EKTOB
(raxux xak atomoB oraadd Si U O), KOTOpBIC, C OIHOII CTOPOHBI, IPUHUMAIOT y4acTHE B
obpasoBanuu BriaoueHuin 9R-Si, a ¢ gpyroit — npuBomsar k ramennto DJI 3a cuer
00pa3oBaHMsl LIEHTPOB Oe€3bI3NIydaTebHOH pexoMOuHanuu. KoHKypeHIus 3THX (haKkTopoB,
HaOJTfoJaeMast [Py Bapual[ii B3aHMHOTO PAaCIONIOKECHH S TPaHMIIBI pa3jiesa MIeHKa/OUI0KKa
¥ UMILTAHTHPOBAHHOTO CJIOS, @ TAKXKE J03bI MMIUIAHTHPOBAHHBIX HOHOB, MO BCEH BUAMMOCTH,

U omperensier (pOoTONOMUHECHICHTHBIE CBOICTBA UCCIEAYEMbIX CTPYKTYP.

IIpoBeneHHbIe pacueTbl 30HHOI CTPYyKTypbl MeTonoM DFT mokaszanu, 4ro oObeMHbII
9R-Si sBisieTcss HENMPSIMO30HHBIM MOJYIPOBOJHUKOM C IIMPHHON 3alpelieHHOH 30HbI
1,06 5B, uTo sIBISETCS ZOCTATOYHO ONU3KUM K 3HAUCHHIO SHEPrHU (POTOHOB JUISI MAKCHMYMa
Habmomaemoit @JI. DTo 1maeT OCHOBaHME CUYMTATh, YTO JAaHHAs JIMHUSA OOYCIOBICHA
HENPSMBIM MEX30HHBIM NepexooM B (ase 9R-Si, XoTsi OKOHYATEIBHOE CYKIEHHE 00 3TOM
Tpebyer JanpHeHINX HcCIeoBaHUi. AHAIN3 3aBHCMMOCTH IoJIoeHus: Makcumyma DJI ot
TEMIIEpaTypbl ¥ MOIIHOCTH BO30YXICHHS TAKXKE CBHACTEIBCTBYET O TOM, YTO HablrroJaeMast

JIIOMUHECHEHTHAs JIMHUS OTHOCUTCS K OITHYCCKUM IEPEXOJaM B (11336 9R-Si.

Takum 00pa3zoM, MPOJEMOHCTPHPOBAHO, YTO JIFOMHMHECHEHTHbBIE CBOMCTBa 00pa3LoB
ONPEENAIOTCS  B3aUMHBIM  PAcCHOJOKEHHEM mHpoduieil  pacnpeneaeHUs HOHOB |
pajMalOHHBIX Je(EeKTOB, M TPAHUIBl pasjiena IUIGHKH C TOMIOXKOH. OCHOBHBIM
MEXaHU3MOM 00pa30BaHMs LICHTPOB JIOMUHECLECHIMH CIyXHT oOpazoBanue ¢assl 9R-Si B
MOJUIOXKKE KPEMHHMSI TIPU OTXKHUIe B Pe3yJbTaTe pENakCaldd MEXaHWYeCKHX HalpshKCHHH,
BO3HHKAOWKX B cTpykType SiO2/Si npu nmmnanrtaimu unonoB Kr*. Ilpu aToM cymecTByer
ONTHMAIBHBI HMHTEPBAI TOJIIMH M 03, JUI1 KOTOPBIX HAHHBIA 5(Q{EKT BBIpaXeH B

HanOOJIbILEH CTEIEHH.

PaGota BeInosnHeHa npu nojuepxke rpanta [Ipesunenra PO (MK-4092.2021.1.2).

1.J.D. Joannopoulos, M.L. Cohen, Phys. Rev. B 7 (1973) 2644.
2. F. Fabbri, E. Rotunno, L. Lazzarini, N. Fukata, G. Salviati, Scientific Reports 4 (2014) 3603.
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DCMS and HIPIMS ZrB2-BASED PROTECTIVE COATINGS:
IN-SITU TEM STUDY OF STRUCTURAL-PHASE TRANSFORMATIONS

Ph.V. Kiryukhantsev-Korneev !, P.A. Loginov?, Yu. Kaplansky*
A. Orekhov 12, A.D. Sytchenko?, E.A. Levashov*

1 National University of Science and Technology "MISIS", 4 Leninsky prospect, Moscow,
119049, Russia
2 Federal Scientific Research Centre “Crystallography and Photonics”, Russian Academy of
Sciences, 59 Leninsky prospect, Moscow, 119333, Russia

Surface engineering is one of the most developing areas of modern materials science.
Currently, almost all areas of industry are associated with the creation of new types of
coatings and methods of surface modification. Coatings based on zirconium diboride are
being actively developed and implemented to protect parts of rocket and space technology,
such as: the nose, the nozzles of solid-fuel rockets, the necks of rocket nozzles, injectors, the
intake and exhaust ports of the engine from the effects of high-temperature gas flows.
Protective coatings based on ZrB2 have a hardness of up to 40 GPa, high adhesion and
corrosion resistance, good thermal stability and oxidation resistance. The oxidation resistance
of protective coatings based on ZrBz can be successfully increased to temperatures above
1000 °C by doping with silicon or silicon-containing compounds, for example, SiC, TaSiz,
MoSiz, etc. [1]. The components of the SiC additive improve the oxidation resistance due to
the formation of borosilicate glass when heated in air, which acts as a barrier to oxygen
diffusion. Studies of the oxidation resistance of ZrB.-TaSi2 and ZrBz-MoSi2 coatings at a
temperature of 1500°C showed that with an increase in the holding time, defects (cracks and
pores) were observed in the oxide layer of the ZrB2-TaSiz coating [2, 3]. At the same time, a
defect-free dense layer of SiO2 was formed on the surface of the ZrB2-MoSi2 sample. The
positive effect is associated with the MoB phase, which maintains the integrity of the silicon
oxide layer. A similar comparative study of ZrBz-based coatings showed that the doping of
ZrB2 with MoSiz increases the oxidation resistance of the coatings by 3 times compared to the
addition of SiC [4]. In [5], it was shown that the addition of TaSi2 to ZrBz-based coatings
improves the oxidation resistance at 1700 °C by ~4 times due to an increase in the density of
the SiO2 protective layer during Ta doping. Comprehensive knowledge necessary for the
development of new multicomponent oxidation-resistant coatings can be obtained by
conducting in-situ studies of their structural-phase transformations when heated in a
transmission electron microscope (TEM) column. The aim of this work was a comprehensive
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investigation of ion-plasma coatings based on refractory zirconium compounds, including an
in-situ study of the processes occurring during heating of coating lamellae in a TEM column.

The coatings were obtained by vacuum sputtering of ZrB2, ZrB2-MoSiz2-MoB, and ZrB.-
TaSi2-TaB ceramic targets obtained by self-propagating high-temperature synthesis. The
coatings were deposited onto model substrates made of aluminum oxide, as well as substrates
for high-temperature applications (MCH-1 alloys, X65NVFT, XH65VMTU, titanium alloys)
in the Ar medium, as well as gas mixtures of argon with nitrogen or ethylene. The coatings
were deposited using two methods: direct current magnetron sputtering (DCMS) and high-
power impulse magnetron sputtering (HIPIMS). The power supplied to the cathodes (diameter
120 mm, thickness 10 mm) at DCMS was 1 kW. The peak power in HIPIMS mode was 90
kW, the frequency was 100 Hz. The deposition time varied from 15 to 120 minutes. The
coatings were studied using scanning electron microscopy, energy dispersion analysis, glow
discharge optical emission spectroscopy, X-ray diffraction, Raman spectroscopy, X-ray
photoelectron spectroscopy, and nanoindentation. To assess the thermal stability and
oxidation, annealing of the coatings in vacuum and in air and subsequent studies using the
above methods were carried out. Foils for TEM studies were prepared on a sample
preparation complex equipped with PIPS Il System (Gatan, USA) and FIB (FEI Quanta
2003D FIB instrument, USA) ion beam etching units. Fine structure studies and in-situ
studies were performed on a JEM-2100 Jeol transmission electron microscope (TEM)
equipped with a Gatan 652 heating device.

It was found that the column structure characteristic of the initial Zr-Mo-Si-B-N
coatings is preserved up to 1000°C. Each columnar grain consists of equiaxed grains. As the
temperature increases, the grains inside the columnar elements grow, which is especially
noticeable at 1000°C. The selected area electron diffractions (SAED) recorded at different
temperatures are generally identical and indicate the presence of the h-ZrB: phase. The
formation of additional crystal phases was not detected during the temperature increase, i.e.
the coating has a high thermal stability. For each temperature, interplanar distances were
determined based on dark-field images of the structure and SAED patterns. The increased
value of the interplane distances compared to the reference data in the initial coating may be
due to the dissolution of Mo and Si in the h-ZrB:z phase, since the total concentration of these
elements is small (about 10 at.%). Heating led to a decrease in the interplane distance, due to
the fact that the molybdenum and silicon atoms, leaving the h-ZrB: lattice, formed an
amorphous MoSix phase. Structural changes led to changes in the mechanical characteristics
of the coatings. The hardness of the initial sample was 39 GPa. Heating up to 200°C and
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400°C led to a drop in hardness as a result of relaxation of internal stresses. Further increase
in hardness in the area of 400-800°C and reaching a maximum of 38 GPa, can be attributed to
the redistribution of molybdenum and silicon atoms between the ZrB2-based crystal phase and
the amorphous phase. The decrease in hardness in the area of 800-1000°C is due to an
increase in the grain size, which is especially evident at 1000 °C.

The study of amorphous Zr-B-N, Zr-Ta-Si-B-C and Zr-Ta-Si-B-N coatings in the TEM
column under heating allowed us to establish the temperatures of the beginning of
crystallization, which were 200, 600 and 1000°C, respectively. Moreover, the movement of
the crystallization front was recorded at a small increase in the TEM. After heating, the FCC
phases TaN or TaC were formed for nitrogen - and carbon-containing coatings, respectively.

Thus, in-situ TEM studies allowed us to determine the optimal compositions of coatings
with thermal stability up to 1000 °C, to identify the mechanisms of self-hardening, as well as
to evaluate critical temperatures and study the kinetics of crystallization of amorphous
coatings.

This work was carried out with financial support from the Ministry of Science and
Higher Education of the Russian Federation (Project No. 0718-2020-0034 of State
assignment) in the part of TEM studies.
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MOJUPUIUPOBAHUE ITIOBEPXHOCTHOI'O CJ1051 MATEPHUAJIOB ITPU
BO3JIEICTBAM MOUIHBIX MOHHBIX MYYKOB HAHOCEKYHITHOM
JUIMTEJBHOCTH
MODIFICATION OF THE MATERIAL SURFACE LAYER UNDER THE ACTION
OF HIGH-INTENSITY NANOSECOND ION BEAMS

I'.E. Pemuén
G.E. Remnev
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The report presents the research results on the use of high-intensity nanosecond ion
beams to modify the surface properties of structural materials. The recent work of Tomsk
Polytechnic University on the development of high-energy pulsed light ion accelerators
for the synthesis of medical isotopes using solid-state targets is presented. Several
designs of accelerators with various parameters for practical application are
demonstrated.

BhicoKas UMITyJIbCHAst MOIHOCTh HOHHBIX MyukoB (108 — 10°Br/cM?) HaHoCeKyHaHOM
amuTenbHOCcTH (kak mpauito: 10 — 107c), cpaBHHTENTBHO BBICOKAs SHEPIHS HOHOB
(105 — 106 5B), 3apsj0Bas KOMIEHCAUMS! TyYKa, 3HAYMTEILHOE IIPEBBILIEHHE MOIEPEUHOTO
pa3Mepa Iydka HaJ| ITyOMHOMN IOIJIOIIEHHS SHEPTUH, NIEPEHOCUMO# ITyYKOM B BelecTBe (B
103 — 10° pas), onpenensioT XapakTep B3aMMOJEHCTBHS TAKUX MyYKOB C JUANEKTPUUECKUMH,
MOJy[TPOBOJHUKOBBIMH W METaUIMYECKUMH Marepuanamu. C OJHOH CTOPOHBI, OHH
OTJIMYAIOTCS OT XapaKTepa BO3JCHCTBHS HENpPEpHIBHBIX HOHHBIX IYYKOB MPH HOHHOM
UMIUIAHTAUK, C APYroil CTOPOHBI, OT BO3ACHCTBHS APYrMX HMIIYJbCHBIX HCTOYHHKOB
9HEPIrUH: JIa3epHOE H3IyYCHHE, DJICKTPOHHBIC ITyYKH, MCTOYHHKM ILIa3Mbl, BKJIIOYAIOLINE
HCKPOBYIO 00pabOTKy METANIMYECKUX MATEpUaIoB. DTH OTIMYMS CBS3aHbI, IPEXKJIE BCETo, C
(hopMHpOBaHHEM COBOKYITHOCTH BTOPHUYHBIX IIOTOKOB SHEPIMH B BHJE TCILUIOBBIX MOTOKOB C
BBICOKOH BEIMYMHON CKOPOCTEil HarpeBa M OCTHIBAHUS 32 CYET TEIUIONPOBOJHOCTH JUIS
NIPOBOJAIIMX METAUIMYECKAX M TOJYIPOBOJIHMKOBBIX MaTepuanos (~101 — 108 K/c),
BBICOKHMX BEJIMYMH BOJIH JABJICHHS, BKIIIOYAs yIapHbIC BOJIHBI, 00pa3yeMble 3a cUeT JCHCTBHUS
TEPMOYIPYTHX BOJH M CHIJI OTJAuM aOIALHOHHOTO MaTepuaia MpH II0TOKaX SHepruu Goiee
107-108 Br/cm?. J[leifcBue 5Tnx (JaKTOpOB HA HEKOTOPbIE MATEpHalbl 0OECHEUMBAET
CTPYKTYPHOE H3MEHEHHE Ha IilyOMHBI, MHOTOKpaTHO (BIIIOTH 10 102 pa3) mpeBblmaromme
JUIMHBI IPO0Oera HOHOB B 3TUX MaTepHalax.

B 3aBHCHMOCTH OT BEJIMYHMHBI MOTOKA 3HEPTUH, NEPEHOCHMON MOIIHBIMH HOHHBIMH
nyukamu  (MUII), MOXHO BBIIECIUTH HECKOJbKO  HANpABICHHI, ONPEENTIONINX

MPAKTHYECKOE MCIIOJIb30BAHUE TAKUX ITyYKOB:
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- KopoTkoummyibcHast nonnas umiuiantamus (106 — 10’Bt/cM?) B auonekTpudeckue,
IOJTYTIPOBOHUKOBBIC U METAIUIMYECKHE MaTepHaibl. [IOTOK SHEpPruu B UMITYJIbCE M 4AcTOTa
CJICZIOBAHKSI UMITYJIbCOB JISKAT HIDKE MOpPOra OILIABJICHHS IIOBEPXHOCTH 0OpabaThiBAEMOro
Matepuaia. B 3ToM cityuae poJi HOHa MTpaeT ONpeJICsIOILYI0 POITb.

- IIpsimoe Mo mduIupoBaHUe U3AEINI U3 KEPAMUYCCKHX, METAIUIMYECKIX MaTePHAIIOB
(107 — 10%BT1/cM?) cOMpOBOXIAETCS OTUIABIEHUEM MOBEPXHOCTHOTO CIIOSi MAaTEpHaioB. Poj
HOHA B 3TOM M MOCIEIYIONMX CIy4asX He Hrpaer pemamomeil ponu. Kak mpasuio,
UCIIOJIB3YIOTCSL MYyYKH HOHOB YIJIEpOAa M IIPOTOHBI. VI3MEHeHHEe CBOWCTB MaTepHaloB
JIOCTUTaeTCs 3a CUET 3aKaOYHBIX d()(PEKTOB, (POPMUPOBAHHS U JEHCTBHS yIapHBIX BOJH.

- OuKCTKa ¥ aKTHBALMs IIOBEPXHOCTH H3ACIAMI M3 METALIMYCCKHX MaTepHaoB
(105 — 10°B1/cM?). DTO pUMEHEHHE MyYKOB PACCMATPUBAETCSA B KOMOMHALMM C METOJaMH
OCaX/ICHHS MOKPBITHII C IIEJIbIO MOBBIIIECHHS a/Ire3HOHHBIX CBOWCTB MOKPBITHIA.

- AGnALMS JUANEKTPUYECKUX U MeTa/TMueckux marepuanos (6omnee 108 Br/cm?). Dto
(usMyeckoe SIBICHHE HCIONb3YeTCsl B IOJYYCHHH HAHOPA3MEPHBIX YaCTHI[ PACIIbUISEMOro
MaTepuaia, B OCAKICHHH TMOKPBITHI CIOXHOIO XMMHYECKOrO COCTaB IPH CBEPXOBICTPOi
HMITYJIbCHOW CKOPOCTH pocTa MokpbiThii (Gosee 0,1 — 1 cm/c), pa3spaboTke IBMIKHTENS
KOCMHYECKHX allIapaToB.

B nocieuue rojsl B TOMCKOM TOJMTEXHHYECKOM YHUBEPCUTETE PA3BUBAIOTCS PaOOTHI
10 HMCIIOJIb30BAHHIO MMITYJIbCHBIX YCKOPHUTEJIECH JIETKMX HOHOB C 3HEPruei, MpeBblIaoIeit
equHULBI MaB, juist cHHTe3a yIbTPaKOPOTKOKUBYIIMX H30TOIOB MEANLIMHCKOTO Ha3HAYCHHS.
B 5ToM cilyuae MOTOK SHEpTHH B UMITybce He npesbimaer 106 — 107’Br/cm?, kak u B ciyuae
KOPOTKOUMITYJIbCHOM MOHHOW MMILIAHTaLMU. YMCIO MMITy/IbCOB ONpeensieTcss HapaboTKoH
TpeOyeMoii 103bI TOTO WM HHOTO H30TOMA.

B joknane oOCyxIarOTCsl THIBI, KOHCTPYKTHBHBIE OCOOEHHOCTH YCKOpUTEINEH,
HCHOJIb3yeMbIX B YIIOMSHYTBIX BBILIC HCCIEIOBAaHUAX. THIT THOTHOI CHCTEMBI, B OCHOBHOM,
omnpezensier 3(PGEKTHBHOCTh TIeHEPALMM HOHHOIO Myd4Ka, THI YCKOPSEMBIX HOHOB. Psij
pEe3yJIbTaTOB IPUKIAJHBIX MCCICAOBAHUI C HCIONB30BAHHEM HCTOYHHKOB HMITYJIbCHBIX

MUII onpenensier BEICOKYIO NMEPCIEKTUBY UX MPAKTHUECKOT'O UCIIOJIb30BAHUS.
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NANOSTRUCTURING AT OBLIQUE ANGLE DEPOSITION

0.S. Trushin?, A.A. Popov!, A.N. Pestoval, L.A. Mazaletsky!, A.A. Akulov?

1 valiev institute of physics and technology of RAS, Yaroslavl branch,Universitetskaya
21, Yaroslavl, Russia, otrushin@gmail.com ;

2 P.G. Demidov Yaroslavl state university, Sovetskaya 14, Yaroslavl,Russia

The progress in the field of microelectronics is largely due to the improvement of the
technology for producing thin films. By controlling the growth of films, one can purposefully
change their properties, thereby achieving the required functional characteristics. A promising
method for the formation of films with special properties is their nanostructuring during
growth. The formation of homogeneous and well-ordered arrays of nanostructures on the
surface makes it possible to significantly change the electrophysical, magnetic, and optical
properties of the films.

One of the known technological methods allowing to ensure the growth of
nanostructures is an oblique angle deposition. This method of producing films has attracted
considerable interest in recent years, and many works are devoted to it [1,2]. It has been
established that the reason for nanostructuring of films under oblique deposition is the
shadowing effect, which consists in the fact that some crystallites suppress the growth of
neighbors, intercepting the flow of atoms incident on the surface and, thereby, forming pores.
Highly porous conductive thin films might be a promising material for applications in
nanocatalysis, nanosensors, and as an electrode in solid state accumulators [3-5]. Oblique
angle deposition is also promising technology for tailoring functional characteristics in thin
magnetic films[6-8]. The films having easy axis tilted to the surface are of interest for
advancement in ultradense magnetic recording. It is known that by varying angle of
deposition one can change the magnetic anisotropy direction [7].

Main goal of this work was comparative study the growth mechanisms of thin films of
different metals (Co and Al) by oblique angle deposition and finding optimal conditions for
nanostructuring. Electron beam evaporation is a suitable technology for such experiments.
This method combines a sufficiently high working vacuum and a uniform flow of evaporated
material. Experiments on the deposition of metallic films on an inclined substrate were carried
out on an Oratoria-9 electron beam evaporation unit. The deposition conditions were the
following: base vacuum 4 107 Torr, electron beam voltage 8 kV, current 0.5 A (for Co films)
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and 1.2 A (for Al films). A standard single-crystal silicon wafer with a thermal oxide layer
300 nm thick was used as a substrate. To ensure the same conditions for deposition for
different angles of inclination of the substrate, a special tooling was made, which made it
possible to simultaneously position 6 samples with variable angles. As obtained experimental
samples were further subjected to various types of analysis. The cross section of the film and
its surface was investigated by scanning electron microscopy (SEM, Supra 40). Besides that
the surface morphology was studied using atomic force microscopy (AFM, SMM-2000).

Oblique angle deposition of Co films

Cross section of the Co thin film deposited at ¢=85° and top view on its surface are
shown in Fig.1. One can see that tilted fiber structure is formed at those conditions. One can
see that separate Co fibers have a shape of narrow strips with the width of 40 nm and

thickness of several nanometers. These fibers are separated by wide pores.
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Fig.1 a) Cross section of the Co film and b) top view on its surface. The images obtained using
SEM (Supra-40).

These observations are also confirmed by AFM image shown in Fig.2.
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Fig.2 Morphology of Co film. The image obtained using AFM (SMM-2000). Lateral size of the
image is 2.0%2.0 um.
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Analysis of this figure shows that the surface of Co film is a set of inclined nanograins

separated by a large number of pores.

Oblique angle deposition of Al films
Cross section of the Al thin film deposited at ¢=85° and top view on its surface are
shown in Fig.3. One can see that tilted fiber structure is formed at these conditions. One can

see that separate Co fibers have a shape of narrow strips with the width of 40 nm and

thickness of several nanometers. These fibers are separated by wide pores.
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Fig.3 a) Cross section of the Al film and b) top view on its surface. The images obtained using
SEM (Supra-40).

These observations are also confirmed by AFM image shown in Fig.4.
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Fig.4. Morphology of Al film. The image obtained using AFM (SMM-2000). Lateral size of the
image is 1.5*1.5 um.
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Analysis of this figure shows that the surface of Al film is a set of inclined nanograins
separated by a large number of pores. Due to the specificity of the atomic force microscopy
technique (during scanning, the probe can only make vertical displacements), the resulting
image of the sample surface is somewhat different from that obtained by scanning electron
microscopy. In particular, in Fig.4, several grains merge into a single conglomerate and the
grain size is slightly larger than in Fig.3. However, the general nature of the growth pattern is

quite consistent.

Conclusion

Thus, as a result of the experiments, it was found that at large angles of inclination of
the substrate (more than 70°), nanostructuring of aluminum and cobalt films occurs. Optimal
nanostructuring conditions are achieved at the substrate slope angle of 85°. In this case, an
inclined fibrous structure with fiber sizes up to 100 nm is formed. This morphology can be
promising for applications in the field of nanosensors and nanocatalysis, as well as for the

creation of optically active surfaces and as an anode material for lithium-ion batteries.
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Metal nanoparticles (NPs), especially those of coinage metals, attract a lot of attention for
applications in sensing and imaging due to the phenomenon of localized surface plasmon
resonance (LSPR) allowing to significantly increase the detection efficiency [1, 2]. For
example, in surface enhanced Raman spectroscopy (SERS) an enhancement factor (EF) of 10°-
10%° can be reached using the matrixes with NPs, thus, pushing the detection limits to nano and
pico mole concentrations of an analyte [2-4]. It was also shown that creation of so-called hot
spots, the subwavelength regions of high electromagnetic field, further promotes SERS
sensitivity [4, 5]. Therefore, a lot of research is currently focused on a design of plasmonic hot
spots.

There are different approaches for formation of nanostructure arrays or aggregates enabling
hot spots. One of the recent tendencies is to utilize graphene, a 2D material with a number of
unique properties. It was shown that graphene is an excellent substrate for plasmonic NPs owing
to its transparency and atomically thin nature [6]. There were several methods for deposition
and anchoring of metal NPs developed also tuning the LSPR due to the interaction with
graphene [7, 8]. An approach of the current paper authors proposes nanoscale modification of
graphene by focused ion beam (FIB), formation of ordered arrays of defects (nanoholes),
followed by deposition of size-selected silver NPs produced by gas-phase aggregation [9]. The
gas aggregation method is known for the capability to synthesise very pure and monocrystalline
NPs facilitating stability of their properties over long period of time [10, 11]. Randomly
deposited NPs are tended to diffuse on atomically flat graphene surface until meeting the defect
areas (holes) forming aggregates, which can serve as hot spots enhancing SERS. Preliminary
results of this approach were published in [12] showing its efficiency. In the current work,
further results on utilization of this approach are presented.

Commercial graphene (from Graphenea Semiconductor) grown by chemical vapour
deposition on hBN/Si substrates was used. The patterns with arrays of nanoholes having periods

of 170 and 300 nm were produced using focused Ga* ion beam with energy of 30 keV. Typical
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atomic force microscopy (AFM) image of the pattern is shown in Figure 1. For comparison, the
same patterns were also made on bare silicon surface. Silver NPs were produced utilising
magnetron sputtering cluster apparatus (MASCA) [13], size-selected (approximately 15 nm in
diameter) and soft-landed on both patterned Si and graphene. Size filtering was performed by
electrostatic quadrupole mass selector. Therefore, the NPs under the deposition process were
either positively or negatively charged. SERS properties were studied using Horiba LabRAM
HR Evolution confocal Raman microscope utilizing laser with wavelength of 632.8 nm and
power of 0.35 mW. The measurements were carried out on the samples kept in ambient
atmosphere for 14 days after the fabrication, which were then covered by ethanol solution of
Rhodamine 6G with 1 micromole concentration and dried under ambient conditions.
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Figure 2. (a) Scanning electron microscopy (SEM) and (b) AFM images of Ag NPs on patterned Si.

As can be seen in Figure 2, the NPs deposited on patterned Si are located randomly with
no gathering around the holes, i.e. not creating potential hot spots for SERS. For the case of
graphene, an unexpected arrangement of the as-deposited NPs is found: the arrays of holes are
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almost free of NPs while the surface around the patterns is densely covered by the NPs (Figure
3). The same phenomenon is found for both negatively and positively charged NPs. Thus, one
can conclude that it is not related to a specific electrostatic charge, which could be created by
the FIB treatment. The graphene areas modified by Ga* ions repel NPs of both polarities coming
to the surface with so-called “thermal velocities”, i.e. under the soft-landing conditions. The
nature of this phenomenon is unclear and requires further investigation. Second round of
deposition leads to an expected scenario; the NPs make aggregates in and around the holes
within the patterned area while randomly located outside as can be seen in Figure 4(a). At room
temperature, atomically flat graphene surface does not create significant diffusion barriers and
Ag NPs can migrate over the distances of several tens nm becoming catch by the FIB-created

defects.
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Figure 3. AFM (a) height and (b) phase images of Ag NPs on patterned graphene and around.
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Figure 4. (a) SEM image of patterned graphene with Ag NPs aggregated in the holes (top) while

randomly located outside the pattern (bottom) and (b) Raman spectra of Rhodamine 6G obtained from
places outside P1 and inside P2 the patterned area. Insert shows SERS image for respective areas.

Typical SERS spectra obtained from the areas of unmodified graphene and nanostructured
one both covered by Ag NPs are shown in Figure 4(b). For the unmodified graphene randomly
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covered by the NPs (spectrum P1 in Figure 4(b)), the analytical EF [14] is estimated to be
~4,7x10* compared to ordinary Raman measurements at the same experimental parameters,
while for the area patterned by FIB with the NP agglomerates providing hot spots (spectrum P2
in Figure 4(b)) EF is calculated to be ~2.8x10° The SERS image presented in insert of Figure
4(b) shows a considerable contrast between the patterned (top) and unmodified (bottom)
graphene also indicating individual hot spots with very high intensity in the FIB-modified area.

In conclusion, the obtained results show that combining the graphene nanoscale
modification using FIB with gas aggregated silver NP deposition provides an efficient way for
the formation of matrixes with advanced plasmonic properties to be applied in sensing and

imaging technologies.
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In recent years, nuclear industry development must be response to new requirements of
safety, sustainability and effectiveness. The operating conditions of nuclear reactors of new
design would tend to more damage operation mode, in particular, high temperature and high
dozes. Oxide dispersion strengthened (ODS) alloys now have been widely investigated as
perspective constructive materials for fuel claddings in Generation IV nuclear reactors due to
their high values of high temperature creep resistance and resistance to irradiation swelling [1-
3]. High operation properties of ODS alloys are due to nanosized dielectric particles based
mainly on yttrium oxides embedded in the metallic matrix. These thermostable nanosized
particles are responsible for resistance to dislocation motion that regulate high-temperature
creep resistance and tensile properties at high temperatures as well as provide swelling
resistance while acting as sinks for radiation defects. Nowadays most literature data are
devoted to study structure stability of ODS alloys under neutron and low-energy ion
irradiation that didn’t show any significant effect on the ODS structure [4,5]. At the same time
apart from neutron irradiation cladding materials in reactor core will contact with fission
fragments (FF) that can dramatically affect the structure of dielectric materials even down to
complete amorphization due to high levels of electronic excitation [6]. Therefore, studying the
structure behavior of oxide nanoparticles in metallic matrix under FF impact can broaden the
idea of operational limits and conditions of ODS steels for new reactors. The aim of present
study is the complex investigation of radiation stability of nanostructured Y-Ti-O and Y-Al-O
compounds embedded in metallic matrix and as separate oxides at a broad range of electronic
stopping power and ion fluences.

In present work different yttrium oxides composition that can be presented in ODS
steels were studied. Swift heavy ion irradiation (167 MeV Xe, 107 MeV Kr and 710 MeV Bi

ions) simulating FF impact as well as 46 MeV Ar ion irradiation were performed at the IC-
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100 and U-400 cyclotrons (FLNR, JINR, Dubna). Additional irradiation experiments with 220
MeV Xe ions were performed at the DC-60 cyclotron (INP, Nur-Sultan, Kazakhstan). In order
to vary electronic energy loss levels aluminum degraders of different thickness were used
during irradiation. Irradiation experiments were made using conventional ODS steel
specimens, Y-AI-O powder deposited on TEM grids and pressed Y-Al-O powder as well.

After 107 MeV Kr and 167 MeV Xe ions irradiation individual latent tracks were
registered in Y2Ti207 particles embedded in ODS steels without reference to the steel type.
The latent tracks parameters were found and latent track diameter dependency on electronic
stopping power was obtained according to TEM observations (Fig.1). The threshold
electronic energy loss for latent track formation in Y2Ti207 was found at the range of 7,4-9,7
keV/nm.
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Fig.1 Latent track diameter dependency on electronic energy loss in Y2Ti207: squares and
triangles are the results obtained on EP450 ODS steel, green circle — 15CRA-3 ODS steel and x - is
the result from [7].

Obtained experimentally latent track parameters in Y2Ti207 by TEM are in good
agreement with results of thermal spike model. With increasing fluence to 2x10%* cm-2 latent
tracks in Y2Ti207 began overlapping and oxide particles become amorphous. Post-irradiation
annealing of irradiated ODS steels has no effect on amorphous structure of Y2Ti207
particles.

Previous results [8] show that YAM particles are more stable than Y2Ti207 oxides
under SHI irradiation: no latent tracks can be observed in the oxides and the structure remains
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Previous results [8] show that YAM particles are more stable than Y2Ti207 oxides
under SHI irradiation: no latent tracks can be observed in the oxides and the structure remains
crystalline that is confirmed by the presence of moire contrast at HRTEM image (Fig. 2, left).
With increasing fluence to 10'* cm™? YAM particles in ODS steel become amorphous. At the
same time TEM observations of separated SHI-irradiated YAM particles show the presence of
amorphous latent tracks in the structure (Fig 2, right). It should be noted that according to
XRD analysis of the pressed YAM powder the proportion of amorphous phase is increasing
with ion fluence and starting with 10" ¢cm? YAM structure is completely amorphous.

Difference in obtained results may be due to the more effective heat transfer in case of ODS

steel in comparison with individual oxide particles.

Fig.2 HRTEM image of KP4 ODS steel irradiated with 1x10'> cm™ of 167 MeV Xe ions (left) and
HRTEM image of separated YAM particle irradiated with 1x10'>cm? of 220 MeV Xe ions (right).
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Hexagonal boron nitride (h-BN) is a promising material for the fabrication of single
photon emitters [1]. Two main spectral emission bands in this material with zero phonon
peaks at approximately 2.0 eV and 4.1 eV were demonstrated to possess such property. The
origin of these luminescence bands was ascribed to diverse as-grown point-like defects such
as vacancies, carbon and oxygen impurities, their complexes or dangling bonds [2-5] and is
still under discussion.

The impact of the formation of native point defects and their complexes with impurities
under the irradiation with sufficiently high energy ions on luminescence spectra is well known
and well investigated phenomenon for many semiconductors. In contrast to that, state-of-the-
art knowledge on the effect of ion irradiation on the luminescence of h-BN are very scant [6].
Meanwhile, the search of an ion beam technology, which may allow one to produce not only
the defects with desirable luminescent properties, but also with their desirable localization
design, is an attractive challenge of the modern ion-matter interaction researches. In this
report we present our first results of the investigation of the impact of irradiation with focused
Ga* and He* ion beams on the luminescence of h-BN.

We used Ga focused ion beam system Zeiss Auriga and helium ion microscope Zeiss
Orion. Thin plates of hexagonal boron nitride were prepared from high quality single crystal
by means of exfoliation and then transferred to the substrate, which was a silicon nitride film
on silicon. The thickness of each plate was measured by means of atomic force microscope
and was found to be from 14 to 170 nm. Samples were locally irradiated with 30 keV Ga ions
at ion fluence ranging from 102 cm to 2x10%* cm, and with 30 keV He ions at ion fluence
ranging from 5x10% cm-2 to 10% cm2. Simulation with SRIM [7] shows that projected range
of the helium ions at this energy well exceeds the thickness of the irradiated sample, but for
gallium ions it’s of approximately 20 nm, whereas the thickness of Ga-irradiated sample was
170 nm.
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Cathodoluminescence (CL) investigations were performed using Zeiss Supra SEM
equipped with Gatan MonoCL 3 system for CL measurements at electron energy of 5 keV.
Simulation with CASINO [8] shows that electron energy losses within h-BN layer slightly
increases with the depth, even for 170-nm-thick sample. Therefore, we can expect that CL is
excited across the whole h-BN layer.

CL spectrum of pristine boron nitride (left spectrum in figure 1) consists of two series of
peaks with main maxima at 2.0 eV and 2.9 eV. Besides, an additional broad CL band with
non-resolved fine structure centered at around 4.1 eV appeared in the spectrum after the
deposition of carbon-containing film onto the sample surface (right spectrum in figure 1).
Therefore, we can conclude that these lines are related to the carbon impurity, which diffuses

into the sample from the surface.
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Figure 1. CL spectra of 170-nm-thick h-BN on silicon nitride: pristine sample (left) and sample after
hydrocarbon deposition (red line).

The irradiation with both Ga and He ions resulted in decrease of the intensity of all CL
lines (figure 2). Under the irradiation with Ga ions at fluence of 5x10*2 cm2 the intensity
decreased by an order, and CL line at 2.9 eV line was least sensitive to the irradiation among
all other lines. Under the He ion irradiation CL intensity decreased significantly slower with
the ion fluence than in the case of Ga: the ion fluence over 2x10' cm was required to
decrease the intensity by an order of magnitude.

The decrease of intensity after Ga irradiation was the most prominent for 4.1 eV series.
This fact is in good agreement with above-mentioned suggested origin of this CL band as the
carbon diffused from the surface, since the projected range for 30 keV Ga is less than the
thickness of Ga-irradiated sample of 170 nm. Two possible explanations of the decrease of
CL intensity after irradiation are discussed: decrease of the concentration of luminescence

centers and formation of traps, which assist non-radiative recombination.
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Figure 2. CL spectra of ion irradiated samples: irradiation with Ga (left) and He (right). lon fluences
are shown in legend.

Numerical simulation showed that the maximum density of Ga ion-induced
displacements was two orders of magnitude higher than the He one explaining, thus, the
sensitivity difference to the ion fluence between the ions.

In conclusion, we report preliminary results demonstrating that the intensity of
extrinsic CL lines in hBN can be varied in controllable manner across the depth or laterally by
means of the proper choice of the ion mass (Ga or He) and of the irradiation fluence, or by
means of electron or ion beam induced carbon deposition. Variations of the ion energies,
thermal treatment and ambient could expand technological tools to perform local control of
the luminescent properties of hBN with the help of the focused ion beams.

Experimental results were obtained using the equipment of Interdisciplinary Resource
Center for Nanotechnology of Saint-Petersburg state university.
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Swift heavy ions (SHI) penetrating through a solid in the electronic stopping regime can
be used as a versatile tool for nanometric structuring of materials [1]. Exchanging energy and
particles with an environment, the surface reacts in a special way to the strong perturbation
caused by an SHI, forming inhomogeneity in the parameters of the excited electronic and
ionic systems along the ion trajectory. Responses of thin layers and surfaces to the SHI
irradiation are still not fully understood despite active experimental investigations. Also,
recent studies demonstrated that irradiations with SHIs under grazing angle incidence can be
effectively used for creation of extended periodical chains of hillocks [2] or grooves [3] on a
surface of dielectrics.

In the present work, we study theoretically picosecond kinetics of damage formation in
CaF2 thin films and near-surface regions irradiated with high-energy heavy ions under normal
and grazing incidence. In order to reveal mechanisms of surface structure changes, we apply
recently developed multiscale model describing the kinetics of material excitation in a vicinity
of a SHI trajectory without free parameters. The approach consists of a Monte Carlo code
(TREKIS [4]) of the electronic and lattice excitation in a SHI track, and a Molecular
Dynamics (MD) model of subsequent lattice response [5].

To study thin film effects, we performed several sets of simulations involving samples
of different thicknesses. Figure 1 shows the results of MD simulations for CaF2 layers after
the ion passage. Thicknesses ranging from 5 to 30 nm are considered. A through hole of ~8
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nm in diameter after 200 MeV Au ion passage in this case is formed in the 5 nm sample. The
10 nm target demonstrates formation of a small semi-spherical hillock. At the thickness of 15
nm, simulations show formation of almost spherical hillocks, as it was observed
experimentally in [6] and numerically in [7]. Increase of the thickness up to 30 nm leads to

emission of a nanocluster. It agrees well with experimental observation of ejection of

nanoparticles of 5-10 nm in size under SHI irradiation in CaF2 in Ref. [8].

T |d)

Figure 1 MD simulations of 200 MeV Au ion passage in CaF films of different thickness: (a) — 5 nm, (b) — 10
nm, (c) — 15 nm, (d) — 30 nm.

Grazing ion impact in CaF2 was studied by means of a simulation of ion trajectories at
different depths parallel to the sample surface. At the beginning of 100 MeV Pb ion trajectory
(depth ~1 nm, Figure 2), strong protrusion of hot liquid material from the excited area is
resulting in ejection of small nanoclusters and finally forming groove-like defect structure on
the sample surface surrounded by crystalline hillocks. Larger depths result in increase of
liquid material amount involved in protrusion from the surface, leading to collapse of nanojets
and formation of nanohillocks on top of the groove. The critical depth of strong ejection of a
liquid material is ~5 nm and roughly corresponds to the radius of molten zone initiated by an
SHI passage. At this depth, the formation of a large hillock of 10-15 nm in height is observed.
At larger depth, the protrusion of a material is not so strong resulting in formation of extended

continuous roll-like structure.
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Figure 2 (a) AFM image of a CaF; surface irradiated with ~100 MeV Pb ions under 1.3° angle of incidence [3]
(b) Longitudinal profile of a surface track [3]. (c) MD simulations of 100 MeV Pb ion passage in CaF; at
different depths parallel to surface. Atoms colored according to their Z coordinate, while surface is at Z = 0.

In conclusion, we have studied the influence of a thin film thickness on SHI induced
defects on a surface: thinnest layers form a through hole, semispherical and spherical hillocks
are created after an ion impact at middle thicknesses, whereas nanoparticle emission occurs
from thick layers. The impact of an SHI under a grazing incidence angle results in formation
of a groove-like structure surrounded by hillocks followed by a single protrusion. The groove
is a result of strong expulsion of a molten material from a track region, which occurs at a
depth where molten zone reaches the surface.

Results of our investigations agree well with the recent experimental observations.
These new insights into the mechanisms of extreme excitation of surface and interface regions
give a possibility of a better control and production of nano-objects by manipulating the
parameters of targets and ion beams.

The work was funded by the Russian Science Foundation (grant 20-72-00048). This
work has been carried out using computing resources of the Federal collective usage center
Complex for Simulation and Data Processing for Mega-science Facilities at NRC “Kurchatov
Institute”, http://ckp.nrcki.ru/.
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Swift ions, passing a lithium fluoride crystal in the electronic stopping regime, effectively
produce Frenkel pairs in the anion sublattice. Beside such defect halo around the projectile
trajectories, the heavy ions, having the linear energy transfer above 10 keV/nm, produce also
the track core — a narrow damaged region, which can be revealed with chemical etching, TEM,
SAXS, SFM, and other techniques. In order to explain the morphology and creation mechanism
of the track core kinetics of the point defects is considered with account of the transient local
heating (thermal spike) and the corresponding thermoelastic field.

The radiation defect ensemble can be described by distribution functions f,,f,, and h,,
which depends on time t and distance from the projectile trajectory r. The first one f,(r,t)
corresponds to the atomic concentration of anion vacancies before binding with electrons in the
ground state. The lifetime t, of the ionized (v;") or excited (F") state of them should be enough
at least for several tens of diffusion jumps before transformation into F centers, which are stable
at room temperature due to the high migration energy. The function h,(r,t) describes
distribution of the H centers (anion interstitials), which remain mobile. Both kinds of the mobile

point defects can diffuse and participate in recombination and aggregation processes [1,2]

= o Do <4rp(1)ﬂ +;rp(n)fn +n2=1m(n)hn> "

— Dyhyre(Df.
oh a(rj N N
T 20U _p,, <3m(1)h1 D + er(n)fn> o

— (Dyre(1) + Dpry(D)hy f. + Defiry(2h,
where D and Dy, are the diffusion coefficients of F* and H respectively; r and ry are the
reaction factors, describing the interactions between the defects; w is the atomic volume.
Evolution of complex defects, which are assumed to be immovable, is government by
aggregation and shrinking due to capturing of the corresponding mobile defects. The capturing

is irreversible at room temperature and the reaction rate equations for vacancy centers read:
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Kinetics of the complex interstitial defects can be described similarly:
oh
5e = Duhy(2ry(Dhy = 14 (2)h2) + Def.(ry (3)hs = 11y (Dhy)
oh
a_tn = Dyhy(ry(n — Dhyy — 1y (n)hy) (4)

+Dpf.(ry(n + Dhpyy —1my(Mhy) , n >3

Defect currents jr and j; in the Eqgs. (1)-(2) are raised by the gradient of the corresponding

chemical potentials, that gives

_ of. T 1 au,
wjp = —Dg o Dgf. (SF e kB_Ta_r) (5)
, oh, oT 1 auy

wjy = _DH?_DHh'l (Sﬂa—r—]%—TW) (6)

where Si and Sy are the thermodiffusion (Soret) coefficients; kj is the Boltzmann constant,
T is the temperature; Uy and Uy are the elastic energies of the mobile defects [3]. For cubic
symmetry and the dilatation center model for point defects, their energy in the elastic field can
be written as:

Up=—=Qpp, Uy=-Qup (M

Here p is the hydrostatic pressure; Qp and Q4 are the dilatation volumes of F* and H
correspondingly. Although the elastic energy can be associated with various effects, including
ionization, the lattice swelling due to the defects, and additional electrostatic forces can arise
for charged defects, here we restrict ourselves with thermal expansion, induced by the transient
local heating AT due to the projectile energy deposition. Assuming instantaneous elastic
relaxation of the infinite medium, surrounding the heated region, we can obtain the following

result for the pressure [2]:
1-2
p(0) = 20, B AT(r,0) ®)

where «; is the linear thermal expansion coefficient, B is the bulk modulus, and ¢ is the

Poisson ratio.
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In order to evaluate the heating AT the we used the simplest linear solution for the lattice
cooling down:

AT (r,t) = SZ{T’;C exp (_ i)
)

K
&= St rf
Here p is the volume density, C is the heat capacity and K is the thermal conductivity of
lithium fluoride; S, is the linear stopping power of the projectile, and r; is the initial radius of

heating, which was taken ~2 nm, whereas for the initial distributions of mobile defects
_ _ fo r?
fi(r,0) = hy(r,0) = ey exp 2 (10)

the characteristic radius 7, can be considerably larger as determined by the rapid processes
of electronic ionization cascades and migration of hot carriers.

Numerical solution of the Egs. (1)-(6) with account of the Egs. (8)-(9) and the initial
condition (10) is plotted in the Fig.1. for S, =10keV/nm, rp =2nm, r,=5nm, and

T =200 ps. The curve f; (r) represents concentration of F centers, A, and B are defined as

oo =)

M) =) nfylrt > ), BI)= ) nhy(rt o) (1)

n=2 n=2
Thus, the value B(r) — A, (r) — f(r) characterizes the local deviation of the fluorine
content from the stoichiometry (Fig. 2).
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Figure 1. Radial distributions of the stable color Figure 2. Effect of thermal spike on fluorine
centers. redistribution.
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The solid curve in the Fig. 2 corresponds to the results at the Fig. 1 and show deficiency of
the fluorine atoms, which supposed to be the reason of the electron density changes, revealed
with SAXS measurements [4]. Decrease of the electronic density should be even larger, since
fluorine takes away nine electrons while only three are remaining with lithium.

Because of the different dilatation signs of vacancies and interstitials (Qr is negative), the
stress field, induced by thermal spike, produces the opposite forces for them, driving the
interstitials out of the track center and confining the vacancies. Calculation at the constant
temperature (dashed curve in the Fig. 2) confirms that this effect does not occur without the
local heating. Thus, it is shown that the observed track morphology can be reproduced in the
framework of defects’ motion and interaction, without assumptions of rapid lattice
transformations like phase transitions or strong ionization effects. More quantitative results
require better knowledge of the lattice temperature and defect distribution after the ion pass

through, and parameters of defect migration and interaction.
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Complex for Simulation and Data Processing for Mega-science Facilities at NRC “Kurchatov Institute”,
http://ckp.nreki.ru/. M.V.S. acknowledges financial support from the Russian Foundation for Basic
Research (Project No. 19-02-00823).

1. M.V.Sorokin, K.Schwartz, V.1.Dubinko, A.N.Khodan, A.K.Dauletbekova, M.V. Zdorovets,
Nucl. Instr. and Meth. B 466 (2020) 17.

2. M.V.Sorokin, K.Schwartz, S.0.Aisida, I.Ahmad, A.M.Sorokin, M.Izerrouken, Nucl. Instr.
and Meth. B 485 (2020) 32.

3. W.S. Gorsky, Phys. Z. Sowjetunion 8 (1935) 457

4.S. Abu Saleh, Y. Eyal, Nucl. Instr. and Meth. B 230 (2005) 246

218



3JEKTPOHHBIE 1 ONTHYECKHUE CBOMCTBA Si C HAHOKPUCTAJLIAMHA U
HAHOIUTEHKAMH CUJINIUIOB
ELECTRONIC AND OPTICAL PROPERTIES OF Si WITH NANOCRYSTALS AND
NANOFILMS OF SILICIDES

A.A. A6nysaitntos?, X.X.Bonraes!, I'.A.Posuxos?, )K.B. Xy:xanus3ost

DT awxenmexuii 20cyoapcmeennuii mexHuHecKuil yHusepcumemn
ATawixenmexuti uHCMumMym mexcmuibHoll u 1e2Koti nPOMbIUNEHHOCTU
Vuusepcumemckasn 2, Tawxenm, Y36exucman, e-mail:khurshid.boltaev@gmail.com;

Abstract

The optimal conditions for ion implantation and subsequent annealing to obtain nanosized
films of metal silicides with a thickness of 3-6 nm have been determined. It is shown that the
energy-band parameters and optical properties characteristic of thick films of metal silicides

begin to set at d = 5-6 nm.

B [1-3] 6bu10 yCTaHOBJIEHO, YTO HU3KOIHEPreTHYECKas HOHHAs OOMOApIUpOBKa B
COYETAHHH C OTHKMIOM MO3BOJAET NMpH HU3KMX J03ax obyuenus (D <10%° cm?) nomyuuts
OT/IE/IbHBIC HAHOKpUCTAUIMYECKHE (Dasbl Ha IOBEPXHOCTH Si, a HPU BBICOKUX 033X —
CIUIOUIHYIO OJIHOPOAHYIO IJIEHKY. AHainu3 POM uzo0paxkenuid u JIbD xapTuH mokasai, 4ro
HAHOKPUCTAJIIBI CHIHLMI0B MetauioB (BaSiz, CoSiz, NaSiz) n ux rieHk# KpUCTaIIIU3YIOTCS
B KyOud4eckyro peuierky. IIpu 3TOM HaHOKpHCTALIBI MMEOT (GopMy LHIMHApA. XOpOLIo
c(hOpMUPOBaHHbIE HAHOKPUCTAIUIL! MOSBISIOTCA HAuMHAs ¢ 103kl HOHOB D=(3-5)x10% cm2.
OJ1HaKO OJ{HON U3 OCHOBHBIX IPOOJIEM COBPEMEHHOH HAaHOAIEKTPOHUKH SIBISICTCS MOTyYEHUE
YTOPSIIOYEHHBIX HAHOKPUCTAIUIOB (OJMHAKOBBIN COCTaB M Pa3Mephl, PEryIIpHOE PaCCTOSHUE
MEXIy HAHOKPHCTAUIAMH) HA MOBEPXHOCTH pAa3NU4HBIX MaTepuanoB. Jlannas pabota
OCBSIIICHA MOJYYCHHIO M M3yYCHHIO SJICKTPOHHBIX M ONTHYECKUX CBOWCTB HAHOCTPYKTYD
MeSi2 nosrydennsix Ha nosepxuoctu Si(111).

OOBeKTaMH UCCIICOBAHUS SBISUIICH MOHOKpPHCTAILUTHYECKHEe 00pa3ipsl n-tuna Si(111).
ITepen MOHHOM UMIUTAHTALIMEH KPEMHHEBbIC 00Pa3Libl OYUILAIKCH TIPOTPEBOM TIPU Bakyyme P
= 1077 Ia cnavana murensHo (2-3 1) npu T = 1100 K u 3arem kparkoBpemenno npu T =
1400 K. Wmmianranuss uwoHoB Ni mpoBoamiack ¢ sHeprueit Eo = 1-5 xoB npm nose
nacwimenus (D = (6-8) 106 cm?). DnekTponHas cTpyKkTypa (MapaMeTpbl SHEPTETHUECKHX
30H, IUIOTHOCTb COCTOSIHMS BAICHTHBIX OJJICKTPOHOB) — METOJaMHU yIbTpadHoaeToBoil
¢dorosnexrpornoit cnekrpockonun (YPIC) u cuarus 3aBucumoctu I(hv), rome 1 —

HMHTEHCUBHOCTD CBETa, IPoXousiuias yepe3 oopasew, h — sneprus ¢poronos (hv = 0.2—1.5 3B).
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Ha puc.1 npusenenst criektpbl (potossiekrponos st Si(111), UMILIAaHTHPOBAHHOTO
nonamu Ba* ¢ Eo=0,5 k3B npu D=Dn=6-10'¢ cm?, nomyuennbix 10 u nocie nporpesa. 13
KpHBO# | BHJHO YTO, HA CIEKTPE MOHHO-UMIUIAHTHPOBAHHOTO Si COEPKATCS 0COOCHHOCTH
XapakTepHbIe KaK [yis coeuHennu Ba+Si, tak u uist cBoOOAHBIX (M30bITOUHBIX) aTOMOB Ba u
Si. Tlocne nporpesa npu T=1100 K koHueHTpanus cBoOoaHbix atoMoB Ba u Si ymensuiaercst
10 HyJs 1 HOpPMUPYeTCs CILUIOIIHAS MOHOKPHCTaIHYecKas HaHOIUIeHKa BaSiz ¢ TomumHoii

~25-30 A.

Ba* — Si(111) BatSi N(E)
Eo=0.5KB |
hv - 10.2 5B

Ees, 5B -4 -2 0=Ev

Puc. 1. ®OTOIEKTPOHHbIE CIIEKTPBI KPEMHHSI HMILIAHTUPOBaHHOrO noHamu Ba* ¢ E=0.5 k3B npu
D=6-10' cm, monyuennsie mocsie nporpesa npu T, K: 1-300 (6e3 nporpesa), 2-1100, 3-1400

Iocne nporpesa npu T=1400 K npoucxoaut nonHoe ucnapenue mwienku BaSiz u crpykrypa
criektpa yncroro Si(111) mosHOCTBIO BOCCTaHABIMBAETCS. Y BEIMUMBas SHEPIHIO MOHOB Ba*
10 ~5 k3B MOXHO TONy4uThH HaHomieHkH BaSiz ¢ Tommmmuoit 60-80 A. Ananormunbv
C1oco6oM IOJIy4eHbl HAHOIUIEHKH APYTMX CHIIMIMIOB MeTayuioB. MI3MeHsst 1036l MOHOB B
npenenax 1014+5-10' cm? u mpoBoO/Is MOCTUMILIAHTALMOHHBIN OTXKHT TIOIy4EHbl OTAETbHBIE
HAaHOKPHUCTAUIMYeCKHEe (Da3bl CHIIMIMAOB MeTaiuioB. B rtabnuue 1 mnpuBeeHbl 30HHO-
sHepreruyeckue napamerpsl HK ¢a3 u mienox cunnnunos Co, Na u Ba. M3 tabnuis! BugHo,
uro ¢ ciayyae HK a3 ¢ d ~ 15-20 um u h = 3-4 um 3nauenne Eg cunmuumos B 1,5 pasa

OoJbie, YeM Eg HaHOTUICHOK JaHHOTO CHJIHIIM/IA.
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Jus Si(111) ¢ HaHOKpuCTAIIMYECKUMH (Da3aMU Pa3IMYHBIX Pa3MEPOB OBbUIM CHSTBI

3aBHCUMOCTH UHTCHCUBHOCTH IPOXOIALICIO CBETA OT DHEPTrUU (ZlJ'Il/IHa BOJ'IHH) qJOTOHOB. us

PHCYHKH 2 BHIHO, YTO PE3KOEC YMCHBIICHUE WHTCHCUB HOCTH CBETA B CIIy4ac «IUCTOro» Si

npoucxoaut HaurHas ¢ h ~ 1.0 3B, a B ciiyyae HK ¢ d = 15-20 amu h = 3-4 um —c hv ~ 0.8

9B, ¢ d=20-25 um u h=4-4,5 um — hv ~ 0.65 5B s uienxu CoSiz2 — ¢ hv ~ 0.5 3B.

Tabnuua 1.

3aBHCUMOCTH mapaMeTpoOB SHEPTETUUCCKUX 30H OT PasMEpPOB CHUIMIUAHBIX HaHO(ba3 nu

HaHOIUICHOK, CO31aHHbIX HA ITOBEPXHOCTU KPEMHHUSA METOIOM HOHHOM HUMIIIaHTAallu1 B

COYECTAaHUU C OTX)KUTOM

Cuanu d, um b, Hm h, am Eg, 5B x, 5B k*
15-20 50-60 3,5-4 0,9 3,2
NaSi> 30-40 50-60 445 ; )
CruIoLHas IeHKa 4-5 0,7 3,5 5107
20-25 45-50 4-45 0,7 3,1
BaSi2 30-40 45-50 4-45 0,7 3,2
CrulomHas mieHka 45 0.6 34 310%

* - KBaHTOBBII BBIXOJ] (pOTO3IIEKTPOHOB I1pH hv = 8.2 5B

|, oTH.ex B 0, orn.en 5B
0
0.8 0.2
0.4
0.4 0.6
0.8

0.4

221




Puc. 2. 3aBucumocts I(hv) mms Si ¢ naHokpucramiambl COSi; ¢ pa3sHBIMH ITOBEPXHOCTHBIMH
muamerpamu, am: 1 — 0; 2 — 15-20; 3 — 25-30; 4 — crutomHas IieHKa. PaccTosHUS MeXLy LEHTpaMu
HK a3 ~ 40-50 um.

DKCTPANOJSIUUs 3TUX KPUBBIX K OCH SHEPrHH (POTOHOB MOKA3BIBACT, YTO 3HA4YCHUs Eg
qutst twieHok Siu CoSiz2 coorBercTBeHHO paBHbl ~ 1,1 3B 1 0,92 3B. Takum o6pa3om B cirydae
Si ¢ nanokpucrautamu CoSiz2 (puc.2 kpuBas 2) pe3koe yMEHbIIEHHEe HHTCHCUBHOCTH CBETa
HaOJTfoJaeTest pH IBYX 3Ha4eHUsX hv. [leppoe yMeHbIICHHE CBSA3aHO C MOIJIOIICHUEM CBETA
B Y4aCTKaX MOKPBITHIX HaHOKpUcTauiamu CoSiz2, a BTopoe — MOTJIOIIEHNEM CBETa B y4acTKax,
He MOKpHITHIX HaHokpucramiamu CoSiz (kpemuust). Bujgno, urto 3nauenus Eg s
HaHOKpHcTamioB CoSi2 ¢ MOBEpXHOCTHRIMU AuaMeTpamu ~ 25 — 30 uM cocrasiser ~ 0,8 — 0,9

3B. B ciiyuae NaSiz BaSiz ne Habirogaercs peskoe nsmenenne Eg HK a3z 3a d = 15-20 um.

JluTepaTypbl
[1] Umirzakov B.E., Tashmukhamedova D.A., Boltaev E.U., Dzhurakhalov A.A.// Mater. Sci. Eng. B.2003.
V.101. P.124.
[2] Tammyxamenosa J.A., Ymup3akoB B.E., Bantaes D.V.//TloBepXHOCTb. PEeHTI€H., CHHXPOTP. U HEHTPOH.
uccaen. 2003. Ne 8. C. 101.
[3] Umirzakov B.E., Tashmukhamedova D.A., Kurbanov Kh.Kh.// J. Surf. Investigation. X ray, Synchrotron and
Neutron Techniques. 2011. V.5. Ne4. P.693.
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UCCJIENOBAHUE METOJOM MOJIEKYJISIPHON TAHAMMKHA
®OPMUPOBAHUS MEXAHUYECKUX HATIPSI)KEHUIA B
NOJMUKPUCTANIMYECKHUX NIVIEHKAX Cr, A TAKXKE BJIUSTHUS
BOMBAPJIUPOBKH HOHAMM Ar BO BPEMSI U IIOCJIE OCAXKJIEHUA
MOLECULAR DYNAMICS STUDY OF MECHANICAL STRESS FORMATION IN
POLYCRYSTALLINE Cr FILMS AND THE EFFECT OF Ar ION BOMBARDMENT
DURING AND AFTER DEPOSITION

A.C. babymikun, A.H. Kynpuszos
A.S. Babushkin, A.N. Kupriyanov

Apocnasckuii unuan Pedepanbho2o 20cy0apcmeeHHo20 6100ICEMHO20 YUPelcOeHUs HAYKU
Duszuko-mexnonozuueckozo uncmumyma umenu K.A. Banuesa Poccuiickoii akademuu Hayx,
yn. Yuueepcumemckasi, 0. 21, 2. Apocnasns, Poccus, artem.yf-ftian@mail.ru

The results of modeling the growth of a polycrystalline Cr film are presented. The
dependence of the surface morphology and mechanical stress on the energy of the
deposited atoms has been investigated. The higher the energy of the deposited
particles the more atoms penetrate from the surface into the grain boundary and the
greater the compressive stress in the film. It was also shown that bombardment
with Ar ions increases the compressive stress both during and after deposition.

ToHKHMEe MeTaJuTM4ecKHe TIUICHKM HMMEIOT HIMPOKOE NPUMEHEHHE, B YacTHOCTH, B
MOBMC u HOMC, yerpoiicTBax xpaHeHus HHGopManuu 1 ontuke. OfHAKO B Ipolecce pocTa
B IUIEHKe (hOPMUPYIOTCS OCTATOYHbIE MEXAaHHYECKHE HAINPSHKEHUS, KOTOPBIE IIPEICTaBIISIOT
CYIIECTBEHHYIO yYrpo3y paboTOCIOCOOHOCTH YCTPOICTB, Tak KaK MOTYT HPHBOAMTH K
PACTPECKUBAHUIO, OTCIAUBAHUIO, B3IYTHIO IUICHKH, a TaKke AeGopManuu SIeMEHTOB
KoHCTpyKuuH. C apyroil CTOpOHBI, B psJic ClyyaeB HaJIMYHe HANPSHKEHUH MOXKET ObITh
ucnonb3oBano. Hanpumep, ynpasnsemas aedpopmauus IUIGHOK MOXET IPHUMEHSATBCA JUIs
camoc6opk MOMC [1]. Takum 06pasom, yHpapieHHe HANPSHKEHUSAMH B IUICHKAX SBISCTCS
aKTyaJbHOI 3a1aueii.

CyuecTByoIMe B JMTEpaType MpeJCTaBiIcHUs O (OPMUPOBAHMM HANpPSIKCHUH B
Ipolecce pocTa MOIUKPUCTAVIMYECKMX IUIEHOK I'OBOPST O TOM, YTO €CThb TPH OCHOBHBIX
Mexanu3zMa [2]. TlepBblit IPUBOANT K BOSHHKHOBEHHIO CXKHUMAIOIIMX HANPSDKEHHIT Ha HTare
OCTPOBKOBOM IUICHKH 3a CYET OBEPXHOCTHOTO HATsKEeHUs. BTopoit n TpeTnii 3aneicTByIoTCS
¢ MOMEHTa Havaia GOPMHUPOBAHHS MEK3EPEHHOI IPaHMUIbI: KOATECIEHIIHs 3ePEH MPUBOJUT K
BO3HMKHOBEHHIO PACTATMBAIOIIMX HAMPSKEHUH, a 3a CYET NPOHMKHOBEHHS aJ[ATOMOB C
IIOBEPXHOCTH 3€PEH B MEXK3EPEHHYIO TPAHMILy BO3HMKAIOT CXKMMAIOLIME HanpsokeHus. B

pe3ysbTaTe CyMMapHOTO L[eﬁCTBP[}I OTHX TPEX COCTABJAOIINUX B IIJICHKE 6yﬂyT oo
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pacTaruBarorye, 160 CKUMArOIIMe HampspkeHus. [Ipy 3TOM Ha pasHBIX 3Tamax pocTa
TUIGHKN MOTYT Npeo0iIaaTh T¢ MM HHBIC MEXaHH3MBI.

K coxaneHHIo, BO3MOXHOCTH CYIIECTBYIOUIMX OKCHEPUMEHTATBHBIX METOJO0B
HCCIIEIOBAHMsL TIOBEPXHOCTH iN-SitU jocTatoyno orpaHuyeHsl. OIHAKO ISl M3YdYeHHs
poreccoB (OPMUPOBAHUS HANPSIKCHUH B IUIGHKE HEOOXOAMMa BO3MOXKHOCTb HaONIOJaTh
MOBEJICHHE OTJENBHBIX aTOMOB B Xoje €€ pocTa. Jlns pelieHus 2ToH 3amauul MpUMEHsAETCs
METOJI MOJIEKYJISApHOI JuHAMUKK. MojenupoBaHue OCYLIECTBISAETCS IIyTEM pELIeHHs
YPaBHEHHIl JBMKEHHUS JUISl MOJyYEHHUs ITOJOXKEHUI BCEX aTOMOB B MOAEIM Kak (YHKIHMI
BpemeHn. Cuibl, JAeHCTByIOIME Ha KaXKAbIH aTOM, ONpPEAENsIOTCS — IMOTEHIHAIOM

MCKAaTOMHOI'O B3aHMOHefICTBHﬂ, 3aJaHHBIM I10JIb30BATCJICM.

(a) ()

Puc.1. 300paxxeHue MOJIeNIM HCXOAHOM OCTPOBKOBOM IIJICHKU COOKY (@), cHusy (0) u cBepxy (B).

bbuti nuccnenoBaHbl H3MEHEHHsT MOP(OJIOTHU TIICHOK M MEXaHWYECKUX HATPSUKCHUI B
HHUX B TPOLECCE POCTa, B 3aBHCHMOCTH OT DHEPrUM ocaxaacMbix aToMoB Cr, a Takke
BIIMsIHHE O0MOApIUPOBKH MOHAMU Ar BO BpeMs U HOCie ocaxkaeHus. MoxenupoBanue Obu1o
MPOBEAICHO C HCIOJb30BAHMEM CBOOOAHOrO IaKeTa JUIs KIACCHMYECKOH MOJEKYJISIPHOMH
muHamukd LAMMPS. [lar monenupoBanus Obut paBeH | ¢c. B3aumoneiictBue Mexmay
aromamu Cr 3a71aBajioch ¢ MOMOMILI0 noTeHuana MEAM, a B3aumonetictsue Ar/Ar u Ar/Cr
3a1aBJIOCh € IOMOLIBIO noTeHnuana ZBL. s umutanuu nojaukpucTammndeckoii mienku Cr
Ha HayaJbHOM 5Tare pocra Obun cdopmupoBaHsl monycdepuueckue ocTpoBku. [Toxoxuii
mozxox ucnons3oBancs B padore [3]. Kpucrammurer Cr ¢ opuenranumeit (110) u paguycom
2 HM, OBUIM HOBEPHYTHI JPYI OTHOCHUTEIBHO APYyra MO OCH CHMMETpUH Ha yrisl 45° u 90°
(puc.1). IloBopor cneman aiast TOro, 4roObl 3epHAa HE CpacTanuch, a (HOPMHPOBAIU
Pa3ynopsI0UeHHYI0O MeX3epeHHy0 rpanuiy. Ha OOKoBBIX rpaHsx o0ilacTH MOJEIUPOBAHUS
OBUIN 3aJJaHHBI NIEPHOJNYECKHE TPaHU4HbIe ycnoBus. HikHuii cioit atTomMoB B momycdepax
6bu1 3adukcupoBad. s (HOPMHUPOBAHHS MEK3EPEHHOW TPAHHMIBI CHAYaja IPOCTPAHCTBO
MEXJly 3epHaMH Ha BBICOTE YETHIPEX AaTOMHBIX CJIOEB Obulo 3amonHeHo aromamu Cr ¢

opuenranueii (100). Hykuuii cioit aToit rpynmsl aToMoB OblT 3aQUKCHPOBAH, HO TOJIBKO IO
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ocH Z, B pe3yJIbTare 4ero mocie MPpoBEASHHUsI IPOLEeypbl MUHIMH3AIUH CBOOOAHO SHEpTrun
OHH TIEPEeCTPOMIINCh, CHOPMHPOBAB MEK3EpeHHYI0 TIpaHuiy. llepen mpoBeneHHeM
Oocaxk[IeHUs BO Bcel Mojenu 3ajgaBanach TemmepaTtypa paBHas 300 K u mpooamiack
mpouenaypa penakcauuu. [Ipp  [pOBEJEHMH  HPOIECCOB  OCAXKACHUSI W HOHHBIX
60MOapAMPOBOK, B YETBIPEX ATOMHBIX CIIOSX HaJ (UKCHPOBAHHBIM CIOeM ObUI 3aJaH
Tepmoctat 300 K.

Ha pucynke 2 npencraBieHbl H300paXeHHs IUICHOK, OCAXJCHHBIX C JHEPrHAMHU
339B(6), 10 B (B) u 15 3B (r) B TeueHne 4 MHUIMOHOB MIAaroB. Bpocamue aromoB
ocymiecTBIsIoch Kaxkaple 500 maroB Ha BeIcOTe 8 HM OT oOpasua. ['opu3OHTalbHBIC
KOOPJHMHATBH TOYKU IOSBICHHS aTOMa ONPEACISUIMCH CIydailHO. MOXKHO BHIETh, YTO 4EM
BBIIIE DHEPIUsl HOHOB, TeM IIOBEPXHOCTh IUICHKU Oojiee poBHas 3a cyeT 6oJiee HHTEHCUBHOTO

TPOHUKHOBEHHS aTOMOB C TIOBEPXHOCTH 3€PEH B MEXK3EPEHHYIO IPAHUILY.

(8) (0]

Puc.2. V306paxeHne HCXOAHOI IUICHKH (@) ¥ TUICHOK, MOIyYEHHBIX B PE3YJIbTaTe OCaXACHHS aTOMOB
Cr ¢ sueprusmu 3 9B (6), 10 3B (B) n 15 9B (1).

OTOT mpolecc OTpakaeTcss M Ha H3MEHEHHWHM HANpsHKCHHUH B XOIE POCTa IUICHKH
(puc.3.a). VcxonHas OocTpoBKOBas IUICHKAa O0O0JafaeT COKUMAIOIMMH HANpPSOKCHUSIMH  (MX
MPUHATO CYMTATh OTpHLATeNbHBIMHU). [lanee B xone ocaxaenus Cr ¢ sHeprueit 3 3B aTtomsl
MOYTH HE MUIPUPYIOT IO TOBEPXHOCTH M HE HAOMBAIOTCS B MEX3EPEHHYIO IpaHuiy. B
pesynbrare paboTaeT TOJBKO MeXaHW3M (OPMUPOBAHHS PACTATMBAIOIIMX HAIPSHKEHUH,
YMEHBLIAIOMINI CyMMapHbIe CKHMAIOIIME HANpsHKeHHs B XOJAE BCEro Iporecca pocra

rieHKH. MHave neno oO0CTOMT B IUICHKAX, OCAKICHHBIX ¢ dHepruedl 15 oB. 3mech aTombl

225



GoJiee MOIBMKHBI M AKTHBHO TIPOHMKAIOT B MEX3EPEHHYIO IPAaHUILy. DTO OTpa)KaeTcsi B TOM,
YTO Ha ONPEJENCHHOM JTale POCTa IUICHKH JTOT MEXaHH3M (DOPMHPOBAHMS HANPSIKCHUH
HAa4YMHAeT mpeoliagaTh, M KPHBas IOBOPAYMBACT B CTOPOHY HAPALIMBAHUs CKUMAIOLINX
HanpsbkeHuid. BombapaupoBka noHamMu Ar, TMO-BUAMMOMY, CTUMYJIHPYET 3TOT IpOLECC,
YBEIMYNBas TOABIKHOCTH aTOMOB HAa IIOBEPXHOCTH, YTO OTPa)XKacTCsi B yBEIMYCHUH

COKUMAIINUX Hanpameﬁuﬁ Kak IIOCJIC OCAXKACHUA (pHC.3.6), TaK U B IIPOLECCE POCTa INICHKHA

(puc.3.8).
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Puc.3. V3sMeHeHne HanpspkeHUH B IJIGHKE B Xojie ocaxcaeHus atomoB Cr ¢ sneprusmu 3 9B, 10 5B n
15 5B (a), B xo1e 60MOapAMPOBKH HTUX IJIEHOK HOHamMu Ar ¢ sHeprueit 30 3B nociie ocaxxaenus (0) u
B Xozie ocaxcaenus atomMoB Cr ¢ sueprusimu 3 5B, 10 5B u 15 5B oxHoBpeMeHHO ¢ 60MGapAnpoOBKOii
MOBEPXHOCTH HOHAMHU AT ¢ dHeprueii 15 5B (B).
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PA3JIET JIA3EPHOI I1JTA3MbBI B CEPOBOZIOPOJIE 1 @OPMUPOBAHUE
TOHKOIUIEHOYHBIX IIOKPBLITHM a-C(S, H) C KAYECTBEHHBIMU
AHTU®PUKIITMOHHBIMU CBOUMCTBAMU

EXPANSION OF LASER PLASMA IN HYDROGEN SULFIDE AND FORMATION OF
THIN-FILM a-C (S, H) COATINGS WITH HIGH-QUALITY ANTIFRICTION PROPERTIES

M.J. I'punxesuy, /1.B. domunckwuii, P.U. Pomanos, B.1O. ®omuHckuit
M.D. Gritskevich, D.V. Fominski, R.l. Romanov, V.Yu. Fominski

HUAY MU®HU, Kawupckoe wi., 31, Mockea, P®, mgritskevich@yandex.ru

The effect of reactive pulsed laser deposition of carbon on the tribological properties of the
surface of steel materials was investigated. The influence of H2S pressure on the chemical state
and composition of a-C(S,H) film was investigated. For the optimal pressure, the obtained coatings
have high wear resistance and low coefficient of friction.

PazpaboTka M TONy4eHHE HOBBIX TOHKOIUICHOYHBIX HOKPHITHIf, 0OECIeUHBaIOIINX
CTa0WIbHOE CHIKEHHE KOI(POUUMEHTa TPEeHUS B PA3IMYHBIX YCIOBUSX OKCIUIyaTalluH
BBICOKOTOYHBIX MEXaHU3MOB SIBJISCTCSI BAXKHOW M aKkTyallbHOH npobiemoii. TpeOyrorcst rudkue
TEXHOJIOTHYECKHE MPOLECChl, MHCIONb30BAHUE KOTOPBIX II03BOJSET PEryInpoBaTh COCTaB,
MOP()OJIOTHIO U CTPYKTYPy MHHOBAIMOHHBIX aHTH(PUKIHOHHBIX MOKPHITHIL. IIpy uMITynscHOM
JAa3¢PHOM  OC@KACHUM MHOTOYJICMEHTHBIX IIOKDPBHITHH MOXET BO3HHMKHYTh IpoOiiema
KOHTPYIHTHOIO  IEpeHoca  XMMHYECKOrOo  COCTaBa  MHMILEGHEeH,  H3roTaBIMBAaEMBbIX
BBICOKOTEMIIEPATyPHBIM XUMHYECKUM CHHTE30M, HA JOCTATOYHO GOJIBIIYIO ILIOMIAb HOIOKKH.
HccnenoBanus M0 MMITYJILCHOMY JIa3€PHOMY OCa)KJEHMIO TOHKOILIGHOYHBIX HMOKPBITUH MoSx,
MoSex, WSex, WSx u3 CHHTE3MpOBaHHBIX MHUIICHEH AUXAIBKIT€HH/0OB METAIIOB ITOKA3aJIH, YTO,
KaK IpaBMJIO, BBIOPOC MacChl MaTepuana M3 MATHa (HOKYCHPOBKH JIA3€PHOTO HU3IIYyUEHUs
MIPOUCXOJUT B OTHOCHTENBHO Y3KMH TelecHBIH yroi, Nmpu 3TOM yTiioBas JuarpamMma pasiera
aTOMOB XaJIbKOTeHa MOXeET ObITh 1impe, 4yeM y Meraiuia [1]. TloatoMy BasKHO COBEpIIEHCTBOBATH
HEPCIEKTUBHBI METOJ] MMITYJIbCHOTO Ja3epHOr0 OCAKACHUS Ul IONYYEHHS HOKPBITHH ¢
3a7laHHBIMU cBOiicTBamMu. Llesnbio paGoThl IBUIIOCH H3yUYEHHE IIpoLiecca pa3iaéTa jJa3epHOH M1a3Mbl
U3 rpaUTOBOIi MHUIIEHH B CEPOBOJOPOJE M (HOPMUPOBAHUE TOHKOIUIEHOYHBIX IOKPBITHH a-
C(S,H), BHenpeHue cepsl U BOJOPO/Ja B KOTOpbIE 0OECIEYNBAIOT BHICOKHE aHTH()PUKIIMOHHBIE
XapaKTEePHCTUKH.

Jlist monmyvenust nokpeituit a-C(S,H) MeTo0M peakuHOHHOTO MMITYJIBCHOTO JIa3epPHOTrO
ocaxzuenns (PUJIO) npoBoamiach MMIYJIbCHAs Jia3epHas aOJslUMs MHULIEHM U3 rpapura —
HCIIO0JIB30BaoCh JasepHoe usnyderne, Nd:YAG ¢ aiuuoit Bonubl 1064 Hm. st nomydeHust
TOHKOIUIEHOYHBIX MOKPBITUI HCIOIb30BaNIAach cTaHnapTHas koHpurypauus PUJIO. Ha pucynke
1 nokazaHO XapaKTepHbIE 3IEKTPOHHO-MUKPOCKONUYECKHE H300paxeHHs c(HOPMHUPOBAHHOTIO

HOKPBITHUSI, KOTOPbIE JIEMOHCTPUPYET TJIAJIKYI0 TOBEPXHOCTb U BHICOKYIO INIOTHOCTb.
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10m SEI 100KV X18000 WD 220mm  1um

Pucynok 1 — TunuaHbie MUKPO-H300pakeHus (MPH ABYX YBEIMYCHHUSX) MOBEPXHOCTH MuieHKH a-C(S,H),
HOJIYYCHHOM Ha CTaIbHOM 1o1okke MeTogoM PUJIO B H3S.

B KkadecTBe IOMIOKEK ISl OCAXICHHS TOHKOIUICHOYHBIX MOKPHITHH HCIIONB30BAINCH
HOJMPOBAHHBIE MMCKH M3 HepikaBeromel cramd Mapku 95X18 M MOIMpOBaHHBIC IJIACTHHEI
kpemHus. Kamepy ocaieHusi BakyymMupoBamu 10 nasienus 1072 Tla, a 3atem B Kamepy
OCaKJEHHUsl BBOJMICS CepoBOopo. Ocax[eHHe IUIEHOK IPOBOJWIOCH NPH TPEX PasINYHbBIX
naineHnsix HzS rasa. Beuio ycraHoBieHo, 4ro mpu abmsnuu mumenn C B cepoBOxopoje
ocaxknaemsiii cioit a-C (S, H) addexruBHO 3axBaTsiBaet atomsl S u H. BHeapenue sTux aToMoB
OKa3blBaCT BA)XHOE BIMSHHE HA XHMHYECKOC COCTOSIHME M TPHOOJOIMYECKUIIC CBOMCTBA

TTOKPBITHH.

CocraB TOKpPBITHH HCCIENOBAaH METOAOM YHPYToro paccesHust HOHOB. H2S okasbiBan
CYIIECTBEHHOE BIIMSHUE Ha CKOPOCTh OcaxaeHus yriepona. Ilpu naBnenun 18 Ila, ckopocts
OCaKACHUA yIIeposia yranaa IPaKTUYECKH B 5 pa3, MO CPABHEHHIO CO CKOPOCTBIO OCAX/CHUS B
BaKyyMHbIX yciIoBHsX. [Ipy croikHoBeHnH ¢ H2S MoekyaMu, aTOMbI yriiepo/ia HCIbIThIBAIOT
paccestHe Ha OOJBIIME YIJIbl M BBIXOAAT U3 TOH 0OJACTH, TA€ HMPOTEKA0 OCAXACHHE Ha
moutokKy. Takke Henb3si HCKIIOYaTh BO3MOXHOCTb PEAKLHOHHBIX CTOJNKHOBEHHI HOHOB
yraepoga ¢ H2S monekynamu. Pe3ymbTaTtoM 3THX CTONKHOBEHHH MOIJIO ObITh OOpa3oBaHUE
MOJICKYJI JIETY4UX YIJIEBOAOPOJIOB. BO3MOXKHO, MMEHHO 3THM SIBICHHEM OOYCIOBIEH M TaKOH
BaXKHBIN (DaKT, YTO C POCTOM JABJICHHS CEPOBOAOPOAA CKOPOCTh HACHIICHUS MIIEHOK BOJOPOIOM

TIPAKTHYCCKU HC U3MCHIACH.

CTpyKTYpHBIE HCCIIE[OBAHHSI METOJOM MHUKPOPAMaHOBCKOi CIIEKTPOCKOINH IMOKa3alH,
YTO TPH YBEIUYCHUHU AaBlieHUs H2S, T.e. NP MOBBILIEHUN KOHUEHTPALMK CEPbl M BOAOPOJA B
ienkax a-C(S,H), yBennuuBascst BKiaJ B paMaHOBCKHE CIEKTPbI JBYX NHKOB HPH 4acTOTax
~1220 cm* u ~1440 cm™. TIpu 5TOM HHTEHCHBHOCTb THX ITHKOB B IUIEHKAX C CaMOM BBICOKOI
KOHIeHTpanueii S naxe npesbimana uatencusHocTs D (mpu ~1340 cm?) u G (mpu ~1530 cml)

IIHKOB, XapaKTCPHBIX I YUCTBIX a-C TIUICHOK. HpH 3TOM C POCTOM KOHICHTpAllMHh CEPbI
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yBeNnH4MBaIOCh oTHoweHne Ip/ls, 4TO yKa3blBanmO Ha YCHJICHHC pa3ylopsSIOYCHHOCTH
(neekTHOCTH) YNAKOBKM aTOMOB B TIpaduTOBbIX Kiactepax. Ha pucynke 2 u300paxeHbl

pamanoBckue criekrpbl it 8-C(H) u a-C(S,H) nokpsituii.

153]

Intensity (arb. un.)
Intensity (arb. un.)

100

1000 1200 1400 1600 1800 1000 1200 1400 1600
Raman shift (cm™) Raman shift (cm”)
(a) (6)

Pucynok 2 — MP cniekrpsi 11 (8) a-C(H) u (6) a-C(S,H) mokpsituii, momydenssix metogom PUJIO Ha
KPEMHHEBBIX MOUIOKKAX B BakyyMe (a) 1 peaktuBHOM HoS rase npu masnennn 5.5 Ila.
TpuboucnsITaHust TPOBEICHBI MO0 METOJAMKE OOPATHO-MOCTYMATEIBHOTO CKOJIBXCHHS
mapuka Mo AucKy. Hammydmmmm aHTHOPHKIMOHHBIMU CBOICTBAMM 0ONajano IOKPHITHE a-
C(S,H), monyuennoe PUJIO u3 npu masnenun H2S 5.5 Ila B ciyyae TpuboucnbITaHust B CyXux
yenoBusix Tpenus. CocraB nokpsiTust onuchBaics (opmynoit Coe5S0,21Ho,14. Koadpurment
Tpenus He npesbiman 0,03 B Teuenue 10° MUKIOB CKOJIBKEHHUS MAPHUKA, YTO [I0KA3aHO HA PUCYHKE
3. Ilpu srom moBepxHocTh nokpbitusi a-C(S,H) moasepranacek cnaboMy H3HOCY, a IUIOLIAAKA

H3HOCA Ha MOBEPXHOCTU CTAJIBHOI'O KOHTPTEIA TOJIBKO 3apOxXKaaIach.

a-C(SH)_65
a-C(SH)_9
——a-C(SH)_18

Coefficient of friction

a

0 T T T T T
0 200 400 600 800 1000
Cycles

Pucynoxk 3 — M3meHenne koddGuipenTa TpeHUs B 3aBUCUMOCTH OT KOJIMYECTBA LUKIIOB IS
TOHKOILIEHOUHBIX MTOKpbITHiT a-C (S, H), nonyuennsix PUJIO npu nasnenusx rasa HaS 5,5, 9 u 18 Ila.

TpuOoHCIBITAHHS TIPOBOAMIINCH B YCIOBHSX CYXOr0 TPEHHs (CMECh BO3/YX + Ar, OTHOCHTENIbHAS
BIIQXHOCTD ~ 8%) npu 22 °C.

PaGora BeinonHeHa npu ¢punancosoit noaep:xke PH® (mpoekr 19-19-00081).
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BJIASIHUE MOHHOT'O OBJIYYEHUSI HA MATHUTHBIE CBOMCTBA U
JOMEHHYIO CTPYKTYPY TOHKHUX IIJIEHOK CoPt
INFLUENCE OF ION IRRADIATION ON THE MAGNETIC PROPERTIES AND
DOMAIN STRUCTURE OF THIN CoPt FILMS

anentbesal, O. B. Buxposal, 10. A. Jauunos!, 0. A. lymun?, A. B. 3noposeiimes?,
yapunt, M. B. Jlopoxunt, 10. M. Kysueros!, M. I1. Temupssesa?, A. I'. Temupsizes?,
A. B. Cagosruxos?, IT. A. IOuun*
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Poccus;
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The possibilities of controlled exposure of ion irradiation (He* with energy of 20
keV and a fluence in the range from 2x10** to 1x10% cm) as a method for
modifying the magnetic properties and domain structure of CoPt(2/5) films have
been investigated. The conditions for the activation of the formation of skyrmion
states in these films are established.

OJHUM U3 CIOCOOOB IONYYEHHs CKMPMHOHOB sBISeTCs (OpMHpoBaHHE NE(EKTOB B
MarHUTHOM MHOTOCJIOMHOM IICHKE. I/I3BCCTHO, YTO HaJIM4YUC Z[ed)eKTOB B IINICHKaX HC TOJIBKO
JIOKAIU3YET 3apOXXACHUC CKUPMHOHOB, HO W CHHXKACT BHGPFGTH‘{GCKP{ﬁ 6apbep nux
¢dopmuposanust. Tak, paHee ObUIO TIOKa3aHO, YTO IPHU 00IIyueHnn nonamu He* ¢ aneprueit 20
9B u dumoencom 3x10%* cm? B mienke Co04s5Ptoss co3naloTes ycnosus, crioco6CTByOLHE
00pa30BaHUIO MATHUTHBIX CKUPMUOHOB [1]. B nanHoit paboTe McciejoBaHO BIMSHUEC HOHHON
UMIUTaHTAllMM Ha MArHUTHBIE CBOMCTBA U IOMEHHYIO CTPYKTYpY IuIeHOK crutaBa Coo.35P10.65.

Hccnenyembie 00pasipl ObUTH MOIYYEHBI METOAOM HJIEKTPOHHO-IyYEBOIrO HCIAPEHUs
npu 200°C: moBepx TOHKOro auditekrpudeckoro cios Al203 (~ 1 um) Ha momnoxku i-GaAs
nooyepeaHo HaHocuauch cinou Pt m Co ¢ mecstukparHbiM noBropom: [Co(0.2 um)/Pt(0.5
HM)]x10. Takum o6pasom, ObutH copMupoBanbl Metamndeckue mienkn CoPt(2/5) obueii
TONIMHON ~ 7 HM. Kpucrammideckas CTpyKTypa H3rOTOBJICHHBIX IIIICHOK ObLIa MCCIIEI0BaHA
METOIOM PEHTI€HOBCKOI An(dpaKLui B CHMMETpUYHOI reomerpun Bparra-bpenrano.

O6pasupt cnoes CoPt(2/5) o6iyvanuce Ha yckoputene UJIY-3 nonamu He' € sueprueit

20 ®3B, npu sTom 3nauenne dmoenca (F) BapbupoBaioch ot 2x10% no 1x10%° cm2,
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HccnenoBach Marauroontuueckuit adpdexr Papaness Qr(H) (Ha mmue Bonusl 980 HM),
HamarHuueHHocTh M(H) ¢ nernonb3oBaHieM MarHUTOMETpa C MEPEeMEHHBIM TPAaAHEHTOM OIS
U maaHapHbid dddext Xomra. JlomMeHHas CTPYKTypa HCXOIHBIX M OOJy4YEeHHBIX OOpasloB
M3yyaaach METOJI0OM MarHUTHO-CHIIOBOH MUKpockornuu (MCM) 1o «cTaHAapTHOW» METOUKe
C HCHONB30BAHMEM 30HIA C HU3KMM MAarHUTHBIM MOMeHTOM. M3yuenue unsmeHeHumit
JOMCHHOH CTPYKTYpBI, IPUBOJsAIICE K GOPMUPOBAHUIO CKUPMHOHOB, OCYLIECTBIISIIOCH TIPH
MCM-CKaHUPOBAaHUM 30HIOM C BBICOKUM MArHUTHBIM MOMEHTOM COIJIACHO METOY,
onucanHomy B pabore [2]. Ilo aHannm3y CABUIOB CTOKCOBOH M aHTHCTOKCOBOM 4YacTOT
paccesnus ManjensmraM-bpuinaosHa oneHnBangach BeIMYMHA SHEPTHU B3aUMOIEHCTBUS
Jzsnommuckoro-Mopus (BJIM) — ocHOBHOI mapaMeTp NpH MHTEPHPETAIUH CKUPMHOHHBIX
COCTOSIHUH B MarHUTHOM cpefe.

ITo pe3ynbraTtaM peHTreHO-AU(PAKIMOHHBIX U3MEPEHUH Hanbosiee MHTEHCHBHBIH MUK
peructpupyercs Bonusu 260 = 41 rpan. (puc.la), aro coorerctByet ¢asze (111) crmaBa CoPt
¢ I'IK pemerkoii. Ha pucynke noka3aHsl nonoxeHus mukoB craBoB Coo.25Pto.7s n CoosPtos,
YTO JIaeT BO3MOXKHOCTb, MCIIOJb3ys JIMHEHHYIO aNNpOKCHMMAIMIO, OLEHUTh COCTaB

oJTy4eHHOro crutasa - C00.35Pto.6s.

£t T 6104
- am10®
. a1l & &
! : 5
2 w £
w o
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=
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Pucynok 1. Xapakrepuctuku wucxonuoii mwienku COPt(2/5): a) penrtreHorpaMma (OTMEUYCHBI

TaOIMYHBIC TOJOKEHHS TTHKOB JUISl Pa3HOH CTEXMOMETPUH); 6) MAaTHUTOIONEBBIC 3aBUCUMOCTH QF M
M. MarHuTHoOe 10Jie MPUIIOKEHO TEPIeHIUKYIISIPHO MOBEPXHOCTH IUIeHKH; 6) MCM-u3o0paxeHue
(TIpM CKaHUPOBAHUH 30HJOM C HU3KUM MAarHUTHBIM MOMEHTOM).

3asucumoctn Qr(H) u M(H) mcxoaHoro obpasua mOmOGHBI M COAEPXKAT IETII0

rucTepesnca ¢ KOOPUUTHUBHBIM moineM ~ 700 D (puc.16). [nst obimydeHHBIX 00pasunoB
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CoPt(2/5) ocrarounas HamaraudeHHOCTh (MR) COBIaaeT ¢ HAMArHMYEHHOCTHIO HACHILCHHUSI
(Ms) Briots 10 3Hauenns F = 7x10% cm? Tlpu Gonee BBICOKMX 3HaueHHsX (IrOeHca
HAOJIIOJACTCSl YMEHBIICHUE OTHOCHTEIBHOH BEIMYMHBI OCTATOYHOW HAMarHW4eHHOCTH
(puc.2) M TOSBICHME HAKIOHA METIM THCTEPE3HCa, HYTO CBS3aHO C MOCTENCHHBIM
YBEIIMYCHHEM JIATEPAIBHOI COCTABISIONICH OCH JISTKOro HaMarHudmBaHus. JlaHHbii dakT
MOATBEPXKAACTCS U3MEPEHHAMHU IUTaHapHoro sddexra Xomna: HabIogaeTcss MOHOTOHHOE
YMEHBIIICHHE BEIMYUHBI 1ouist Hacklmenust ¢ 9000 O s ucxoanoro odpasua go 3000 O s

CTPYKTYpBbI, 001yuenHoii ¢ F = 1x10%5 cm2,

H_, Oe

0,6 - .

00  20x10* 4,0x10 6,0x10" 80x10" 1,0x10*

2
F, cm

Pucynok 2. 3aBUCHMOCTH KOAPPHMTHUBHOrO mosisi Hc M OTHOCHTENBHBIX BEIMYMH OCTATOYHOM
HamaranyeHnoctn Mr/Ms ot duiroerca noHoB remust st ctpykrypsl CoPt(2/5).

Kax BumHo m3 MCM-uzobpakenus, ucxoxHas mieHka CoPt(2/5) umeer KpymHyIO
JIA0UPHHTHYIO JIOMEHHYIO CTPYKTypy (puc.16). B pesynbrate oGmydeHus nonamu C F or
2x10* 10 4x10™ cm? 3aMeTHBIX U3MEHEHHUH TOMEHHO CTPYKTYphI He HabmonaeTcs. MCM-
U3MEpEHHsI 30HJOM C BBICOKHM MAarHHTHBIM MOMEHTOM HCXOJHOW ruieHkn COPt(2/5) He
BBIIBWJIM 0Opa3zoBaHus CKUpMHOHOB (puc.3@). Ilpu F = 2x10% c¢M 2 mieHka HauMHaeT

NepeMaroin4uBaThLCA, U B HEl (I)OpMI/IpyK)TCSI TEMHBIC JOCTATOYHO JIOKAJIbHBIC 06nacm, Ooee

LIMPOKHUE IO CPABHEHHIO € XapaKTEPHBIM H300pakeHueM 360-TpalyCHBIX JOMEHHBIX I'PAHUL
(puc. 36).

Pucynok 3. MCM-u3o6paxenus mnenok COPt(2/5) npu dumoencax uonos, cm2: a) 0, 6) 2x10%, 6)
3x10™, 2) 4x10%,

232



Amarnoruynas kapTuHa coxpanserca u npu F= 3x10™ cm 2 (puc. 36). Jns IUIeHKH,
obmyuennoit He* ¢ F = 4x10' cm 2, nra MCM-u306pakeHMN BUAHO HEGOJIBINOE KOIMYECTBO
H30JIMPOBAHHBIX KPYIJbIX IOMEHOB (CKHUPMHOHOB), a Takxke y3kue (~ 100 HM) momocku ¢
«0OpaTHOW» HAMarHMYEHHOCTBIO, KOTOpPBIE HMHTEPNPETHPYIOTCS Kak  360-rpaxycHble
JOMEHHbIe CTeHKH Wi | D-ckupmuonst (puc. 42).

OOGiy4yeHHbIE CIOM JAEMOHCTPHPYIOT MOHOTOHHOE YBGJIHYEHHE C/BHIa CTOKCOBOH M
AHTHCTOKCOBOH KOMIIOHEHT CIEKTpa Jylsl Auanaszona usmenenus F ot 2x10% no 4x10% cm??,
YTO COOTBETCTBYET yBEJMYECHHIO KOHCTaHThl BJIM (tabmuma 1). HauGonee BeposiTHOM
npu4rHON ycunenus B/IM Moxer ciy)kuTb acCUMeTpUYHOe nepemerinBanue atomos Co u Pt
BCJICACTBHE HOHHOTO OOJy4eHHS, YTO IPUBOAUT K CHIDKCHUIO IIEPICHIUKYIAPHOI
AQHM30TPOIIMM HAMAarHM4E€HHOCTH M CIOCOOCTBYET AKTUBALMKU OOpPa30BaHUSI CKUPMHUOHHBIX
cocrostuuit. Kak nokaszano B pa6ore [3], aromer Co Gosiee aktuBHO judyHAMPYIOT B CIIOI
IUTaTHHBI, YeM aToMbl Pt B cioit koGambra. ATomMbl CO, KOTOpBIE MMOMAIAIOT B pe3ysbTaTe
MOHHOI MMITanTanuu He* B HyokHuii ci1oii Pt, MOTyT NpOHMKAaTh Ha HECKOJIBKO MEKATOMHBIX
paccrosiuid. Ilpu srom atombl Co, nomnabuiMe B BepXHHH ciioi Pt (aTombl OT1a4n) MOryT
NpeoaoJIeTh He 6oJiee 0HOr0 MEKaTOMHOr0 paccTosiHusl. COOTBETCTBEHHO, BEPXHSIsA IPaHULIA
ci1ost K0OabTa CO CJIOEM IUIATHHBI CTAHOBUTCS «IIEPOXOBATON» (HEPOBHOI), a B 001acTH
HrokHei rpanuisl Co/Pt oOpasyercs cruias CoPt.

Tabauna 1. TlapameTpbl HCXOJHBIX M OOJIYYCHHBIX [030H F IIIEHOK (CABHI MEXIy CTOKCOBOH U

AHTHCTOKCOBOW KOMIIOHEHTaMH criektpa, A, u koHcranta BJIM, D), momyueHHble METOIOM
MamnenbitaM-BpuitodHOBCKOI CIIEKTPOCKOIHY.

-2 14 14 14

F, em 0 2x10 3x10 4x10

A, MT'n 216 244 235 496
BIIM, m/Tc/m 0.281 0.316 0.448 0.644

PaGora BbIMONHEHA MPH YAaCTHYHOW MMOAJEp)KKe TpaHTOB mpesugenta PO (MK-
445.2020.2), PHD (21-79-20186), PODU (20-38-70063-CTabuiabHOCTB) M TOC. 3aJaHust
(ipoekt 075-03-2020-191/5).
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Meronom PEaKTUBHOI'O MarHeTpoHHOI O pacrbUIeHUs c(OpMHUPOBaHbI
HAHOCTPYKTYpHpOBaHHbIC MOKPHITHA TiZrSiN Ha MHOUIOKKH HepiKaBeroIell CTaau MapKu
12X18H10T. MeToJ0M peHTTeHOCTPYKTYPHOTO (ha30BOr0 aHAJIM3a OIMPEACIICHO CTPYKTYpPHO-
(azoBoe CcOCTOSIHUE MCXOAHBIX NOKpbITUH IIpoBeneno oOmydyenue mokpbitui TiZrSiN
voHamu Boztopoja H* ¢ sueprueit 500 k3B B auanaszone ¢umoencos ot 1-10 non/cm? 1o
1-10Y won/cm?. C 1uenblo W3ydeHMs paJMANMOHHON CcTolikocTH mokpbiThit  TiZrSiN
HPOBEICHbl HCCIENOBAHHA HX CTPYKTYpHO-(Aa30BOrO COCTOSHHS IIOCIE OOIydeHHS.
VCTaHOBIEHO, YTO HAHOCTPYKTYpUpOBaHHbIE MOKPbITHS TiZrSiN SBISIOTCS paaUaliMOHHO-
CTOWKUMH HpH OOJIydeHHH HOHaMH Bogopoxa HY W mOTeHIManbHO MepCrieKTHBHBIMHU IS
OKCIUTyaTallui KaK 3alUTHBIX Ha KOpIyCaX MaJlbIX JICTATCIbHBIX allllapaTOB Ha 0p6me
3eMIIn U B YCIOBHAX OTKPBITOI'O KOCMOCA.

Using the method of reactive magnetron sputtering, nanostructured TiZrSiN coatings
are formed on AISI 304 stainless steel substrates. By the method of X-ray phase analysis,
structural-phase state of the initial coatings was determined. The TiZrSiN coatings were
irradiated with hydrogen ions H* with an energy of 500 keV in the fluence range from
1-10%ion/cm? to 1-107ion/cm? In order to study the radiation resistance of TiZrSiN
coatings, studies were made of their structural-phase state after the irradiation. It has been

found that the nanostructured TiZrSiN coatings are radiation-resistant when exposed to the H*
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hydrogen ions irradiation and are potentially promising for the use as protective coatings on

small space apparatus in an orbit of the Earth and in open space conditions.

Jlns ycnoBUH KOCMHMYECKOTO IPOCTPAHCTBA KpaifHE aKTyalbHBIM SIBISIETCS BOIPOC
obecrieueHus BBICOKOW paauanuoHHON croiikoctH MarepuanoB KA. Ilon paamariuoHHOM
CTOMKOCTBIO ~ MOHHMAETCS ~ HEM3MEHHOCTb  CTPYKTYpHO-()a30BOTO  COCTOSIHHA U
(DYHKIMOHAIIHBIX CBOMCTB (TBEPAOCTH, IUIACTUYHOCTH, YAAPHOH BA3KOCTH, K0d(duuuenta
TPEHHs) MaTepuajoB Iocie OOJIydeHHsl 4YacTUL[AMH C OIPEJCNICHHOM SHeprued u
UHTerpainbHON 10308 (mroencom). Kak Obuto mnokazaHo B psge pabor [1, 2],
HAHOCTPYKTYPHPOBAHHBIC ~ HUTPUIHBIC M KapOOHUTPUAHBIC IOKPBITHS  OOJAmaroT
HOBBILIEHHON paJUAllMOHHON CTOMKOCTBIO, BBUJY HAIN4YMsA OONBLIOW HHTErpalbHOU
HPOTSHKEHHOCTH TI'PaHHI] KPHCTAUIUTOB U pasfenoB (a3, paboTaromux Kak d(hQeKkTuBHbIC
CTOKH JUISl PaJIMaliMOHHO-UHIYLIUPOBAHHBIX AC()EKTOB.

Ha pucynke 1 npeacraBieHbl peHTreHOBCKUE Audpakrorpammbl oT OKpsiTUst TIiZISIiN,
HAHECEHHOI'0 Ha IOUIOKKY M3 Hepxkaperomeit cranu 12X18HI10T no u mocie oOmydeHus

noHamu Boztopoaa H* ¢ sueprueii 500 k3B u dpmoencom 1-10Y7 non/cm?.

—— wucxoanoe nokpeitue TiZrSiN na noanoxke 12X18H10T
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Pucynok 1 — PenrrenoBckue audpakrorpammbl T mokpbitust TiZrSiN, HaHeceHHOro Ha
MOJUTOKKY U3 Hepxaseroweil cranu 12X18H10T 1o u nocie o6my4ennst nonamu Bogopoia H* ¢

sueprueii 500 k3B u Gmoencom 1-10Y non/cm?

OGHapyxeHbl IHKH y-Fe, cooTBeTcTBYIOmME IU(PAKIUNA PEHTTEHOBCKUX JIy4ell OT
CTaJbHOW MOMIOKKK. Takke OOHApyKEHbl IHKH, COOTBETCTBYIOIIME IU(PPAKIHUU OT
komruiekcHoro Hutpuna (Ti, Zr)N. MakcuMymoB Judpakuun oT MHbIX (a3 He 0OHAPYKEHO,

U3 dero ciemyer, 4to HOKpbiThe TIZISIN 10KHO mnpexcTaBisTh CobOM  OMHO(DA3HBIN
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TBEp/BbIA PAacTBOP HA OCHOBE HUTPUJIA TUTAHA C IpaHEllEeHTPUpOoBaHHON KyOuueckoit (I'LIK)
pemerxoit tuna NaCl (fcc). ATombl HUPKOHHS 3aMEIIAOT aTOMBI THTaHA B (ase TBEPOro
pacTBopa, BCICJACTBHE Yero HaOMIOJACTCsl OTKIOHCHHME MapaMeTpa KPUCTAIUIMYCCKOM
pewerkn komruiekcHoro Hurpuaa (Ti, Zr)N kak oT TaONMYHBIX 3HAYECHUH HUTPUAA THTAaHA
TiN, tak u ot TabnuyHbIX 3HaueHuil HuTpua upkouus ZrN [3].

Bbinenennoit (assl HUTpUJa KPEeMHUS HE OOHApY»KEHO, KpOME YIIMPEHHs ITHKOB
uutpuza (Ti, ZON 111 u (Ti, Zr)N 200 co cTopoH MeHbIIHX YrioB B okpectHocTH 42° u 50°
26 cooTBeTCTBEHHO, 00pasyroumx cuwibHoe Auddy3Hoe rano. Takas KapTHHA PEHTIeHOBCKOM
Jn(paKIUU XapaKTepHa JUIs HAIMYUS B HAHOCTPYKTYPHPOBAHHOM MaTepHale CyIeCTBEHHO
(pakuun amopdHoii cocrapistouieit [4, 5]. cxoas U3 KOMIO3ULIMK 3JIEMEHTHOTO COCTaBa
copmupoBanHbix nokpeitHit  TiZrSIN  HamGonee BepoOSATHO, YTO JaHHYK (PAKLHUIO
cocrasisieT HUTp KpeMHust SisN4, HaxoasAmuiicss B aMOPYHOM COCTOSIHHH M 00pasyoLuii
MEKKPHCTAIUIUTHYIO MIPOCIONKY. I3 3TOrO ciieayer, 4To, CTpOro roBopsi, mokpeitus TiZrSiN
NPEeACTaBIIOT  co00H  BYX(a3HYI0 — CTPYKTYpPY, COCTOSINIYyI0 W3  HAaHOPa3MEPHbIX
kpucraumros TBeproro pacrsopa (Ti, Zr)N u amopdHOM MaTPHIBl MEXKPUCTAIUTHOM
npocioiiki SisNa. Cpexunii pasmep kpuctramiutoB ¢assl (Ti, Zr)N, paccunTaHHbIil 110
¢dopmyne Censikosa-1leppepa [6] cocraBun Beanunny 20-30 HM.

Kak crnemyer W3 pPeHTIeHOBCKMX audpakrorpamm (pucyHok 1), mocme oOmydeHus
woHamu Bojopona H* ¢ smeprueit 500 k3B u ¢dmoencom 1:10Y7 non/cm? He HaGmromaercs
CYLIECTBEHHbBI HM3MEHEHHIl CTPYKTYpbl MOKpbITHH TiZrSiN, 4To CBHAETEIBCTBYET O HX
BBICOKOM pajualioHHO# cToiikoctn. He HaOmiomaercs HM pacrmaja TBEPAOTO pacTBOpa
(Ti, Zr)N, Hu pacwenienue NHUKOB AM(pPAaKUUM Kak BO3MOXHBIX MPU3HAKOB Havala
CIIMHOJATBHOM cerperanuy. YrioBoe 20 cMelieHHe IMHKOB PEHTICHOBCKON JU(ppPaKIUHU OT
00s1y4yeHHbIX TOKpbITHiA TIZISIN HaxoauTCs B peieax HHCTPYMEHTAIBHOM [OTPELIHOCTH 1
omnbku u3Mepenus. W3 sroro cienyer, 4ro nocie oomydenus nokpeituii TiZISiN takke He
BBISIBJIICHO HM3MEHEHHMI Iapamerpa Kpucramindeckoil peruetku (assi murpupa (Ti, Zr)N.
OpnHako obHapykeHo yrioBoe yumpenue mukoB audpaxiuu (Ti, Zr)N 111 u (Ti, Zr)N 200
nociae OONydYeHHs, YBEIMYMBAIOMINX oOnacth KorepeHtHoro paccesuust (OKP), uro
CBHJICTENBCTBYET O YMEHBIICHHH cpefHero pasmepa kpuctammtos ¢assl (Ti, Zr)N mocne
obmyaenust Ha 10-20 % MCXOOHOMN BETHYMHEL.

ITocne oOmy4yeHust IuIsi MEXAaHHYECKHX XapaKTepHCTHK Bcex mHOKpbiTuil TiZrSiN
HalOJroaercs cieyromas 3aBucumocts. OOnyueHne noHamu Bojopoxa H* ¢ sueprueit
500xB u ¢moencamu 1-10° mon/cm? - 5-10% mon/cM?  BBIBIBAET  MOBBIIEHHE

HaHOTBepAOCcTH ¥ Monyns IOura Ha 5-25 % Bennmuuubl. Jlanee npu yBenuueHuu (uiroeHca
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obmyuennus g0 1-10Y non/cM? HaGMIOAETCA CHIKEHHE HAHOTBEPAOCTH MOKphITHI TiZrSiN
n60 0 UCXOHOTO 3HAYEHUS, TUOO0 10 3HAYCHUH HIKE HCXOMHOTO Ha 5-7 % BEINYHMHBL.

Tawke  oOHapykeHO, 4YTO pexuM  HaHeceHuss  mokpeituii  TiZrSiN  co
CTEeXMOMETPUYECKON KOHIEHTpALMi a30Ta Ha MOJUIOKKHM M3 THTaHa Mapku BT1-0 sBisercs
ONTUMAJIBHBIM JUISL IOCTH)KCHHS HAMTYYIINX BEJINYMH HAHOTBEpAOCTH U Moays IOHra.

ITo pesyaIbTaTam HAHOMHICHTUPOBAHUS MOXHO 3aKIIIOUHTh, 4TO
HAHOCTPYKTYpHpOBaHHble MOKPbITHA TiZrSiN, HaHeceHHble B PEXUMAaxX HENOCTaTKa |
CTEXMOMETPHH a30Ta Ha MOUI0KKH U3 Hepxkaseromen cranu 12X 18H10T u u3 Turana Mapku
BT1-0 sBisitoTcst pagMalnoOHHO-CTOMKIMH TIpU 00IydeHnH HOoHamu Bogopoaa H* ¢ aneprueii

2 10 1-10Y non/cM? M MOTEHIMATBLHO

500 k3B B jmuanasone dmoencos ot 1:10% yon/cm
HEPCHEKTUBHBIMK JUISl OKCIUTyaTalldd KaK 3allMTHBIX HA KOPIyCaX MaibIX JIETAaTeIbHbIX
arnmapaToB Ha opouTe 3eMIIM U B YCIOBHSX OTKPHITOTO KOCMOCA.

TakuM 00pa3oM yCTaHOBIICHO, 4TO oOayueHue mokpsituii TiZrSiN nonamu Bogopona
H* ¢ osueprueit 500 k3B u ¢umoencom 1:10Y non/cM? He NPUBOAMT K pacramy TBEPOTO
pactBopa (Ti, Zr)N, oO0pa3yloumero IMOKPbITUE W HE BBI3BIBAET HHBIX CYIIECTBEHHBIX

CTPYKTYpHO-()a30BbIX H3MEHEHHMIl, U3 uyero ciuexyer, 4ro nokpeltuil TiZrSiN sBnsercs

PaJMaLIOHHO-CTONKMM B IAHHBIX YCIIOBUSX KOPITyCKYJISPHOTO OOIy4eHHSI.
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BJIMSTHUE BOMBAPIUPOBKU NOHAMMU Ar* HA DSHEPI'MU CBs3U
OCTOBHBIX JIEKTPOHOB ITOBEPXHOCTH n-GaAs

Ar* IONS BOMBARDMENT EFFECT ON CORE-LEVEL BINDING ENERGIES OF THE
n-GaAs SURFACE
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Abstract. Ga3d and As3d binding energies for the n-GaAs wafer with the surface cleaned by Ar*
ions with energy Ei = 1500 eV have been measured by synchrotron-based photoelectron spectroscopy
both in the irradiated near-surface and pristine n-bulk layers. The difference between the energies for
the surface and bulk layers proved to be comparable with the bandgap width since the irradiated layer
acquired the p-type conductivity. Comparison of the obtained and known data showed that all the
latter ones refer to p-GaAs and that the energies for n-GaAs were determined for the first time.

PentrenoBckas ¢otoanekrtponHas crekrpockonus (POOC) sBmsercs oguuM u3
Hanbosee 3(P(EKTUBHBIX METOAOB JAMArHOCTUKH XUMHYECKOro cocraBa marepuanos [1].
Merox ommpaercst Ha ycrosiBIuHecs: 6a3bl JaHHBIX 1O dHeprusM cBsisu (Es) BHYTpeHHHX
(OCTOBHBIX) 3JIEKTPOHOB, COOTBETCTBYIOLIMX OHPEACHEHHBIM XHMHYECKHM COCTOSHHSM
aromoB BemiecTBa. OOCTOATENLCTBOM, OCIIOXKHSIOINIMM HMCIOJb30BaHue Meroga PDDOC,
SBJISICTCS HEOOXOJUMOCTD YJAIICHUSI CJIOSI €CTECTBEHHOTO OKCHA U IIPUTOTOBJICHHUSI aTOMHO-
YUCTON TOBEPXHOCTH HCCIIEIYEMOr0 MarepHala B YCIOBHSX CBEPXBBICOKOTO BakKyyMa.
IToxamyi, cambIM pPaclpOCTPAaHEHHBIM CHOCOOOM IPHUTOTOBICHUS TAKOW IMOBEPXHOCTH
sBISIETCs €€ TpaBieHne noHaMu Ar* Hu3KuX 3Hepruil. OObIYHO JUIsl METAUIOB M Hanboliee
MPAKTHYECKH BAKHBIX MOJYIIPOBOJHUKOB MPEAIIONAraeTcs, 4T0 HOHHAsi OOMOapAMpOBKa He
U3MEHSIET OJIMDKHMH THOPSJOK aTOMHOW CTPYKTYPbl (XMMHYECKOE COCTOSIHUE aroma), a
9HEPrHH CBSI3M aTOMOB AHAIM3UPYEMOTO NPUIIOBEPXHOCTHOTO CIOS TONIIMHOW 1-3 HM He
OTJIMYAIOTCS OT DHEPruil CBs3M aToMOB B 00BEMe Marepuana. OQHAKO B HMCCICIOBAHUH
(OTORIIEKTPOHHBIX CIEKTPOB BAJICHTHOH 30HBI mHoaynpoBopnuka N-GaAs [2] 6Gbuto

oGHapy)KeHo, YTO YUCTO MEXAHUYECKOE JeHCTBHE HOHOB Ar* H3MEHSET MOJI0KEHHE YpOBHSA
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DepMu OTHOCUTENBHO Kpasi BAJICHTHON 30HBI M JIaXKe TUIT IIPOBOJIMMOCTH, 110 KpaifHel mepe,
Ha riybuHy | HM, paBHy© JumdHe CBOOoAHOro mpobera (1) HCCleIOBaHHBIX
(boTods1eKTPOHOB. MOXHO 0XH/aTh, YTO JHEPrHH CBsi3M Es, OTCUHMTBIBaEMbIE OT YpPOBHS
Depmy, TakKe U3MEHSIOTCS B HOHHO-MOAM(HUIMPOBAHHOM ciioe. J{yisi Toro, 4To0bl B 3TOM
ybenuTes, B HacTosueil pabore ObUIH HcCIea0BaHbl (POTODIEKTPOHHBIE CIIEKTPbI OCTOBHBIX
ypoBHeii. Bbuto moka3aHo, 4TO M3MEHEHHE SHEPTHU CBS3H, OOYCIOBICHHOE M3MEHEHHEM
THIIA IPOBOJMMOCTH HOJ| ASHCTBUEM HOHOB Ar*, MOKET OBITh COMOCTABMMO HIIM MPEBBILIATH
BEIIMYMHY XUMUYECKOTO CJIBUTa B 0OITy4EHHOM CIIOE.

OKCHEpUMEHT OBUI BBIIIOJIHEH B CBEPXBBICOKOM BaKyyMe (DOTODIEKTPOHHOIO
criektpomerpa CLAM-4 (VG) nHa Poccuiicko-I'epMaHCKOM KaHalle HAKOIMUTEIBHOIO KOJIbIA
BESSY-Il (Bepnun). DHepreTnueckoe paspelieHue crekrpoMerpa coctaBisuio AEe ~ 300
M3B. Illkana suepruii Es nepuoanyeckn xanubposanach mo nunud Au 4fzz 3omora (Es =
84.00 5B) ¢ Tem, 4To0bI MIOAAEPKUBATH TOYHOCTD OIIPEIENICHNUs SHEPTHIl CBsI3K He Hike dEp
= # 0.05-0.1 5B. Ilmactuna GaAs (100) n-tuma (n ~ 10 cm3) mccnenosamach mocie
o6iydennst moHamu Ar* ¢ sueprueir Ei = 1500 3B B BakyyMHOI crcTeMe CHEKTPOMETpA.
I[InotHoCTh 10361 06myuenns (pmoenc) Q ~ 1 x 10%° ¢cm? Gbita JOCTATOUHOMN IS yaaneHus
CJIOS €CTECTBEHHOI'O OKCHJIA M HECKOJIBKUX aTOMHBIX CJIOEB MaTepHaiia. Y lajieHie OKCHIHOTO
CJIOSI TOATBEPKAATIOCH OTCYTCTBHEM NHKa kuciaopoga O1Ss B 06030pHOM CIIEKTpe, H3MEPEHHOM
¢ sHeprueit HoToHOB hv = 650 5B.

IIpeoGpaszoBanue Tumna npoBoAUMOCTH ciosi N-GaAs tommuHoN nopsinka 4 ~ 1 HM B
pesyibTaTe TpaBlICHHS HOHaMH Ar* ObUIO TOATBEPXKACHO (POTOINICKTPOHHBIM CHEKTPOM
BAJICHTHO} 30HbI. Kak U B paHee HCCIe0BaHHOM Cilydae HOHOB Ar* ¢ CylecTBEHHO OoJbLIeii
sneprueii (Ei = 2500 3B) [2], Habnroganocs npuMbIKaHHE Kpasi BAJICHTHOH 30HBI K YPOBHIO
Depmu, x0T dHeprerudeckuii 3azop (0.35 5B) okazaicst HeMHOTro Gouiblie HAaOIIOAABIIETOCS
patee (0.2 3B). Biu3ocTh BepUIMHBI BAIEHTHOM 30HBI K YpOBHIO (DepMH yKasbBaeT Ha
M3MEHEHUE TUIIA POBOJUMOCTH TOJ JeHCTBHEM HOHOB U (pOPMUPOBAHUE HA TOBEPXHOCTH N-
GaAs noHHO-MOAMG(UIMPOBAHHOTO HaHOcHos P-Tuma. HaOmonmaemsrii addexr cBsazan ¢
MPEHMYILICCTBCHHBIM PACIBUICHHEM aTOMOB MbILIBSAKA, OOOTalieHHEeM OOIYYEHHOTO CIIOS
rajuieM u 00pa3oBaHUEM MOJOXKHTEIBHO 3apsHKCHHBIX Ga-aHThcaiT HeHTpos [2].

OskuzaeMasi TOJNIMMHA HOHHO-MOAM(MHIMPOBAHHOTO CJIOS MOXET OBITh OLEHEHA U3
npo ISt pactpesiesieHnsi UMILIAHTHPOBaHHOro B GaAS aproHa, pacCYMTaHHOTO C TIOMOLIBIO
nporpammbl TRIM [3] u npuBenénnoro na Puc. 1. Eciii 3a TONMMHY CIOSI B3STh IIHPUHY
pacnpeziesieHus Ha IOJIOBHHE ero BBICOTHI, TO monyunM d ~ 2Re = 5.4 uwm, rae Re - 1erko

onpezenseMas MPOSKIMOHHas rryonHa. ITockonbKy p-cioii GpopmMupyercst Ha MOJIYIPOBOAHHU-
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' ' Puc. 1. TRIM npoduns pacnpejenenust aprosa,
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! E =150V UMIUIaHTHpOBaHHOTO B GaAS ¢ sueprueii Ej = 1500
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WneanusupoBaHHasi 30HHAs Juarpamma Takon
Implanted ions

CTPYKTYPBI C PE3KUM IepexoxoM B obnactu d

0.0 - ~ 2Re npuBezneHa Ha Puc. 2. Ha nmarpamme
Depth, nm

MOMHMO  BAICHTHOM  30HBI M 30HBI
[IPOBOJIMMOCTH YKa3aHO IOJI0kKEHHE 0CTOBHOTrO ypoBHst Ga3d. BuaHo, uto npu mepexoe u3
P- B N-CII0i1 OCTOBHBIN YPOBEHb MPETEPIIEBACT TAKOM )K€ CIBUT, KAK U KPail BAJICHTHOM 30HBI.
ITosToMy B ()OTODIEKTPOHHOM CIIEKTPE OCTOBHOTO YPOBHS IIOMHMO OCHOBHOH JIMHUI
MOBEPXHOCTHOTO P-CIIOS MOXHO OXKHJAATh BKJIaJ N-CI0S (CATEIUIMT), CABHHYTHIH B CTOPOHY
OOJNIBLIINX YHEPTUH CBSI3M NPUMEPHO Ha MIMPHHY 3aNPEeLiEHHON 30HBI H CHIBHO OCIAa0ICHHBIH
IpH NPOXOXKAECHUH (POTOIEKTPOHA uepe3 BepxHHil cioil. st HaOmiomeHust carteminTa
HEOOXOAMMO UMETh BBICOKOE Pa3peIICHHUE M MCIOJIb30BaTh KBAHThI M3IYYCHHS JOCTaTOYHOH
9HEPTHH.

JleficTBUTENBHO, B BHIIOJIHEHHOM JKCHEPUMEHTE CaTe/UIMTHBIC JMHUU HAOIIOJANNCh B
cnekrpax Ga3d u As3d. Ha Puc. 3 npusenén As3d crekrtp, M3MepeHHBIH IPH JHEPrun
¢dotonoB hv = 600 5B. [ToMUMO OCHOBHOI! JMHHHU, COOTBETCTBYIOLIEH BEpXHEMY P-CIIOIO, B
CreKTpe HAaOIIOAAeTCsl CaTeIUTMTHAS JIMHUS (TOHUPOBAHHAS) M3 HEOOTy4E€HHOTO 00BEMHOTO N-
cllost. DTa JIMHKS COBUHYTA B CTOPOHY Ooublumx sHepruil Es wa 1.1 aB. Tonumua p-cnost (5
HM), OLICHEHHAs! 10 OTHOCHTEJIbHOW MHTEHCHBHOCTH CaTelUIMTa, OKasaiach Onuskoi TRIM
onenke (5.4 Hm).

B Tabnuue | npuBeaeHs! OTCUUTHIBaeMbIC OT YpOBHSA DepMu SHEPrUH CBSI3U OCTOBHBIX
yposHeit Ga3d u As3d B GaAS ¢ aTOMHO-YUCTON MOBEPXHOCTbHIO, IPUIOTOBICHHON Pa3HbIMH

cniocobamu. OHepruu Es OCHOBHOW JIMHHHM XOpOILIO
p-GaAs

n-GaAs COIJIaCyrOTCs C  paHee IOJYYCHHBIMU  JaHHBIMH,
OHYGHHKOBaHHHMI/I JUIA KPUCTAJUTUYICCKUX, aMOp(i)HI:IX,

,,,,,,, XUMUYECKH M MOHHO-TPABJICHHBIX MoBepxHocTeil GaAs

[4-7]. Bamzocts 3Hepruii CBsI3M, MNOIYYEHHBIX JUIs

pa3HBIX MOBEPXHOCTEH, CBUJIETENIILCTBYET O ciaboi

3aBUCUMOCTH XHMHUYECKOIO COCTOSHHA aTOMOB OT

CTCIICHU

Ga3d
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Puc. 2. 3ounas quarpamma p-n

noHoB Ar*,
T T :
1.0 As’ 1
[ As3d p-GaAs
(b)

08k hv=600 ¢V -
=
g
2 06f J
g
2 n-GaAs
H hv=350eV |
z
s
z

s R

MPOBOAUMOCTBIO P-THIIA. OTCyTCTBOBaBU.II/IC paHee

GaAs orpeiernieHb! BIIEPBbIC.

42
Binding energy (eV)

40

Ga3d Refs. | As3d Refs.
Ep 5 eV Eg 5 eV
GaAs- 19.2 [4] 413 [4]
cleaved 19.4 [5]
GaAs- 19.3 [5]
chem. etch.
GaAs- 19.0 [5] 40.9- [6]
cat. evap. 41.0
GaAs- 19.0 [5] 41.0 [5]
Ar* etched | 18.5 [6] 40.7 [6]
19.4 [7] 41.5 [7]
p-GaAs - 19.35 this 41.3 this
Ar” etched work work
n-GaAs - 20.4 this 42.4 this
pristine work work

IIPOBOAUMOCTH B 06J'Iy'-[aeMOM

U3MEHEHUEM INPOBOAUMOCTH,

XUMHUYCCKOT'O CIBUTIa.

CTPYKTYpbI, 00pa30BaHHON Ha TOBEPXHOCTU N-GaAS MMIUIaHTAIHEH

Puc. 3. As3d ¢orossiekTpoHHbIi crieKTp
n-GaAs, o6mayuénHoro uoHamm Art.
Dueprust  ¢oronoB hv = 600 »5B.

OcHoBHast JIMHUS COOTBETCTBYET
BEPXHEMY p-cioto, caTeJUITHAS
(ToHMpOBaHHAsA) —  HEOOMyYEHHOMY

00BEMHOMY N-CJIOKO.

kpucraymmuHoct  GaAs. bauzocts
U3BECTHBIX JHEpPruit Es K
HOJyYCHHBIM B HacTosliei padore
UL OCHOBHOMW JIMHHHM O3HAYAeT, 4TO
Bce OHH oOTHocarcss Kk GaAs ¢

B 0a3ax JaHHBIX 9HEPruM CBS3M B N-

Tabauua 1. Dueprum cBsasu  (Eg)
octoBHbIX ypoBHel Ga3d u As3d B GaAs
C aTOMHO-YUCTOM MOBEPXHOCTHIO,
TPUTOTOBJICHHOH Pa3HBIMH  CHOCOOAMH.
Omueprusi Eg oTCUMTBIBAaeTCS OT YPOBHS
Depmu.

TakuMm o6pa3oM, ObUIO MMOKa3aHo,
yro GomOapaupoBka uoHamu ~ Art
CHJIBHO BJIMSET Ha OHEPIUU CBS3M
OCTOBHBIX JJICKTPOHOB IIOBEPXHOCTH N-
GaAs B  pesyibTaTe  H3MEHEHHUS

nonoxxeuuss  ypoHs ~ depmMu  u

CJIO€ U 4YTO CIBHTI, CBSI3aHHBIN C HOHHO-CTUMYJIUPOBAHHBIM

MOXET OBITh COMOCTaBUM WA IIpEBbHINIATh BECIIMYUHY

PaGora mnojuepkana Poccuiickum  HayusbiM  (onmom  (Nel7-19-01200-I1) wu
lenbpmronsi-ueatpom (BESSY I, Berlin) B uyactn skcnepuMeHTa € CHHXPOTPOHHBIM
U3ITy4EeHUEM.

[1] D. Briggs, M.P. Seah, Eds., Practical Surface Analysis by Auger and X-Ray Photoelectron Spectroscopy,
John Wiley & Sons, New York, 1983.
[2] V.M. Mikoushkin, V.V. Bryzgalov, S.Yu. Nikonov, A.P. Solonitsyna, D.E. Marchenko, EPL 122, 27002

(2018).

241
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[5] Y. Mizokawa, H. lwasaki, R. Nishitani, S. Nakamura, J. Electr. Spectr. Rel. Phen. 14, 129 (1978).
[6] C.D. Wagner, W. M. Riggs, L.E. Davis, and J.F. Moulder, “Handbook of X-ray photoelectron spectroscopy”,
Perking-Elmer Corporation, Physical Electronics Division, 1979.
[7] V.M. Mikoushkin, V.V. Bryzgalov, S.Yu. Nikonov, A.P. Solonitsyna, M.M. Brzhezinskaya, J. Surf. Invest.:
X-ray, Synchrotron Neutron Tech. 6, 971 (2012).
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BJIASHUE NOHHON KOMIIOHEHTHI HA ITPOLIECCHI TEHEPAIIUS 3]IC

Y TOKOB B IUTEHOYHBIX Si/Si CTPYKTYPAX, IIOJTYYEHHBIX
BAKYYMHBIM OCAKJIEHUEM
INFLUENCE OF THE IONIC COMPONENT ON THE PROCESSES OF EMF
AND CURRENT GENERATION IN Si/ Si FILM STRUCTURES OBTAINED BY
VACUUM DEPOSITION
C.E.Makcumos!, 5.M.A6xypaxmanos?, X.5.Amypos?, ®.I'. [Ixypa6ekosa?, 111K Kyukanos?,
C.K.Humarop®®
S.E.Maksimov?, B.M.Abdurakhmanov?, Kh.B.Ashurov?, F.G.Djurabekova?,
Sh.K.Kuchkanov?, S.J.Nimatov'?
YUncmumym uonno-naazmennvix u nazephulx mexnonoauti um.Y.A. Apugposa Axademuu Hayx
Pecnybnuxu Ys6exucmar;, yn,Jypmon Hymu, 33, Axademeopodox, 100125 Tawkenm;

e-mail: maksimov_s@yahoo.com

2Department of Physics, University of Helsinki, Finland;
3Tawixenmckuii F'ocyoapcmeennviii mexnuveckuii ynusepcumem um.M.A.Kapumosa,

Vuusepcumemcxasn 4, 100095 Tawkenm, Y3bexucman

The investigations of the generation of electromotive forces and currents under heating have
been carry out on the Si/Si p-n film structures obtained by vacuum deposition. It is shown that
presence of ionized component in the deposited material enhances the generation processes in

view of the creation of deep defect levels in film structures.

OpHoii M3 Haubonee axkTyaubHBIX IPOOJEM COBPEMEHHOH — albTepHATUBHOU
JHEPreTHKH SIBISICTCSl  CO3JaHHe Hemoporux d(¢ekTHBHBIX IpeobpasoBaTeneil B
JIEKTPUYECTBO TEIUIOBOW SHEPTUHM OT PA3NIMYHBIX MCTOYHHKOB. OcoOBIi MHTEpeC B 3TOi
CBSI3M IIPEJCTAaBJIACT TEIUIOBOJBTAUYECKHI 3((deKkT — reHepanus B KPeMHHH U APYTHX
HOJIYIPOBOAHMKAX HJC M HOCHUTENEH 3apsfoB, BEIMYMHA KOTOPOW 3aBHUCUT OT JAe(eKToB
crpykrypsl [1]. Bsuio mnokaszano [1], uro ycnoBuem mnposiBieHHS 3(deKra sBIAETCS
obecrieueHHe B KPEMHHEBOM MaTepHaliec KOHLICHTPAIUK ITyOOKHX SHEPreTHYECKHX YPOBHEH

cepime 10%8cem®

HE3aBHCUMO OT HX HPUPOJIBI, a B [2] 9KCIEPUMEHTAIBHO HaGII0AANIOCh
3HAYUTEILHOE YBEJIMUCHHE DJIC U TOKOB IIPU HArpeBe MOJTYyYCHHBIX BaKyYMHBIM OCAXICHHEM
IWIEHOUHBIX P-N-CTPYKTYyp mocie y-00aydeHuss ¢ jgo3oii 10° paj, 49TO OJHO3HAYHO

CBHJICTENBCTBYET O CBSA3H IPOLIECCOB TeHEPALNH C Je(peKTaMU COOCTBEHHOM CTPYKTYPBI.
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B oToit cBsA3M, MpEACTaBISET HHTEPEC HCCIEIOBAHUE BO3MOXKHOCTH YCHIICHHMS
TETIOBOIBTAMYECKUX CBOMCTB IMOJIYNPOBOJHUKOBBIX IIEHOK HEMOCPEICTBEHHO B MpoOLECCe
UX pocTa 3a cu4€T Co3aHMs NEe(EKTOB CTPYKTYphl MOHHOW KOMIIOHEHTOH ocakaeHus. [t
OTIPE/ICICHUS ONTHMANBHBIX YCIOBHI TOTY4CHHS TTOITYIPOBOJHUKOBBIX INIEHOK U3 YaCTHYHO
MOHH30BAHHBIX IIOTOKOB HEOOXOAMMO OIPEACIUTh COOTBETCTBYIOIIHME NapaMeTPbl HOHHOTO
00TydeHus, B MEPBYIO O4Yepenb, SHEPruio 6ombapaupyomux yacTul. C 3TOH IeNbl0 HaMH
OBLIO TIPOBE/ICHO KOMIIBIOTEPHOE MOJEIMPOBAHKUE MPOLECCOB B3aMMOJCHCTBHSI HOHOB Sit ¢
PA3NMYHBIMUA SHEPTUSIMH C KPEMHHEBBIMM MHUIICHAMHU. PacdeTsl MPOBOIMIMCH HAa OCHOBE
muHamudeckoro koma CASWIN-D Monre-Kapno [3,4]. B atom kome IBHXKEHHE HOHOB U
aTOMOB B MHIICHH PAacCMaTPUBAIOCh B pPaMKaX NPUONMKCHHS IApHBIX CTOJKHOBCHUIL.
O/HAKO YYMTHIBAIOTCS HEJIOKANbHBIC IOTEPH YNPYrOd SHEPrUM, B TOM YHCIEC «IAIbHHE»
CTOJIKHOBEHHsI € yjaapHbIM mapamerpoMm > po(E), rae po(E) - monHsii paguyc ynpyroro
CEYEHMSI, T.€. IPU paccestHUM yroi O < Omin ~ 1.5°. B oTuinume OT CyIIECTBYIOIMX MPOrpamm,
takux kak TRIM-koj (Hanpumep, [5]), rae BEpOSTHOCTb CTOJKHOBEHUS C LIEJIEBBIM aTOMOM
JIAHHOT'O COpTa 3aBHCHT TOJBKO OT KOHLCHTPALMHM KOMIIOHCHTOB, B HAllIei MOJENH OHa
3aBHCUT OT OTHOIUCHHS IIOJNHBIX YHNPYTHX CCUCHHH K YHEPTHMH M BHIY CTaJKHBAFOIIMXCS
aromoB. Mcnonb3oBaiucek norexuuainsl Lurnepa-bupeska-JIutrmapka (ZBL) n “Kr-C” [6].
Bbum yureHsl JokanbHbIe [7] U HenokanbHble [8] Heynpyrue notepu sHepruu. Kpome Toro,
MOJICNb YYHTHIBACT BEPOSATHOCTh TEPMUYECKOTO OTXKMTa ONrkaifmiero aedexra B Kackaie,
BHEJPCHMSIX M BaKaHCHSX, mpeamoaras, 4To Ri-v < Ra. Paguyc aHHUHISILAK, KOTOPBIH MBI
HCIIOJIB30BANIH, COCTABISI OKOJIO 1 HM. BbuT ncnonb30BaH NpSMOYTObHbI ITOBEPXHOCTHBIH
Gapbep. Ilpu paccesHMM HOHOB OH NPUHUMAJICS ONU3KUM K HYJIO M PaBHBIM JHEPrHH
CyOIMMAanuH Ul PACIbUICHUS aTOMa MULICHH.

B Tabmuiue npuBeseHbl pe3ynbTaThl OOMOApAMPOBKM IOBEPXHOCTH MHUIICHEH Si

nonamu Si* B quanasone suepruii or 100 3B no 1000 3B.

DHeprusi HOHOB Rp £ ARp Rprad £ ARprad Nv
Eo, eV (angstrom) (angstrom)
100 7.3+4.02 4.66+2.7 5.91
200 11.58 + 6.36 7.15+4.22 11.66
300 15.09 + 8.32 9.11+5.44 13.03
400 18.31 +10.13 10.91 + 6.59 16.37
500 21.16+11.6 12.54 +7.58 19.61
1000 34.01 +18.61 19.38 +11.85 35.19

3nech Rp - OTO CpE€AHEC 3HAYCHUE IIPOTHO3UPYEMBIX AUAIla30HOB, a ARp - €ro

CTaHJAPTHOE OTKIOHCHHE, Rprad - CcpeJHEe 3HA4YEHHE PaJAUAIBHOrO IIPOCLHPYEMOTO
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JMana3oHa B IUIOCKOCTH, INepneHauKyiaspHoi ocu OX, a ARprad - ero cranpapTHoe
otknonenue, Nv - cpeiHee KOJIMYeCTBO BaKaHCHi HAa OJMH NaJarOIIi aTOM.

Ha puc.l mpencraBneHbl pacrpeleNcHUsl BEPOSATHOCTEH CO3JaHHMs BAaKaHCHH IIpU
pasHbIX OSHeprusx Eo nOHOB kpemHHs mnpu OGoMOapIupoBKe IOBEPXHOCTH KPEMHHEBOI
mumieny. IllupuHa cTyneHek BbIOpaHa paBHOI MOCTOSHHOH peleTKe KpHCTATIMYECKOro
KPeMHHS - 5,3 A, 9TO COOTBETCTBYET TOJIIMHE UETHIPEX MOHOCIOEB KpeMuHs. Mcxons u3
9THX PEe3yJNbTAaTOB, MOXKHO BHAETh, YTO Mpu OSHeprusix uoHoB 500 3B BeposTHOCTH
o6pasoBaHus BakaHCHil TpocTHpaeTcs 10 TIy6mHsr 50 A m pacnpemensercs Gomee
PABHOMEPHO C y4YETOM HENpPEPhIBHOTO POCTa IUIEHOK, M JaHHAs SHEPrus BbIOpaHAa HAMH B

JTAJTbHEHIITIX OKCIEPUMEHTAX.

Vacancy distribution: Vacancy distribution:
08 Si 08 Si
0.6 0.6
Eo =100 eV Eo =300 eV
04 0.4
0.2 0.2
12 24 36 48 60 16 32 48 64 80
angstrom angstrom
Vacancy distribution: Vacancy distribution:
0.8 Si. — | s Si —
0.6 0.6
Eo =500 eV Eo =1000 eV
04 0.4
= —I—'—‘_‘—\_\_\_‘; e —LL
20 40 60 80 100 40 80 120 160 200
angstrom angstrom

Puc.1. BeposiTHOCTb CO31aHus BAKAHCHH IPU pa3inyuHbIX SHeprusix Eounonos Si*.

[1néHouHbBIe KpeMHHEBBIE P-N-CTPYKTYPbI ObUIN ITOJIYYESHBI Ha YCTAHOBKE BAKYYMHOT'O
ocaxenns [9] B Bakyyme 10Topp npu Temmneparypax nommoxek <1000 K. Cremenn
MOHHM3ALUN OCAXKAAEMOro MoToKa cocrasisuia ot 0,15 no 1% npu ckopocTH pocra MIEHOK OT
0,6 mo 1 mxm/mMuH. OneHKa BIHSHHS HOHHOTO OOIYyYCHHS CBHICTENBCTBYET, YTO ILIEHKH,
HOJIyYEHHBIE TPH OCAXKICHUH W3 YaCTHYHO HMOHHM30BAHHOTO IOTOKA, MOKA3bIBAIOT IIPH
Harpese B obnactu Temunepatyp 400-700 K Gonee BbicOKue HAIPSDKEHHS X0I0CTOro xoaa Uxx
U TOKa KOPOTKOTO 3aMBIKaHUsl lx; 1O CpaBHEHHIO ¢ 00pa3lamMH, BBIPAIICHHBIMH B TEX XK€

YCIIOBHSIX, HO 6e3 HalIU4Msl MOHHOM KOMIOHEHThI (puc.2). 3HaueHus Uxx ¥ I, 3aBHCAT OT
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Temieparypsl o6pasios; Tak, npu Harpese g0 700 K Benuunna Uxx Bospacraer Gonee yem
BABoe, a Ixs — IpUMepHO B 5 pa3 IO CpaBHEHMIO C IUIEHKAMHU, BBIPAlIEHHBIMH 0€3

I/IOHI/I3I/IpOBaHH017[ KOMITOHCHTBI.

8 , 25

; a) L 6) J
2 lé

0 17

2300 00 700 S

-4 T.K. 0

6 5300 400 500 600 700

Puc.2. T'eneparus npyu HarpeBe HaNpsHKeHHUs X0nocToro Xoza Uy (a) ¥ TOka KOPOTKOTO 3aMbIKaHHs |y,
B IIEHOYHBIX CTPYKTypax Si/Si, MOIyYeHHBIX METOAOM BaKyyMHOIO OCaX/ICHHS W3 HEHOHH30BAHHOTO
(1) ¥ 9acTHYHO MOHU30BAHHOTO MOTOKA (2).

Habmonaemoe yBennueHue 0OBACHACTCS CO3AaHUEM OOMOApIUPYIOIIMMH MOHAMH B
CTPYKType OCaXKaeMOH IUICHKH B Ipolecce €€ pocTa JIONOJHHUTEIbHBIX Ae(EeKTOB,
OTBETCTBCHHBIX 3a TIPOLECCHI TCHEPALMU BJC U HOCHTeNeil 3apsja mpu HarpeBe. Takum
00pa3oM, HOHHO-CTHMYJIMPOBAHHOE BAaKyyMHOE OCAKICHHE MOXKET CIyKHTh 3((eKTHBHBIM
METOJIOM IIOJMYYCHUs IUIEHOYHBIX IOJTYNPOBOJHUKOBBIX CTPYKTYp IS CO3JAaHHA Ha HX
OCHOBE IpeoOpa3zoBaTelieil TEIUIOBOH DHEPruH B IEKTPHUYECKYIO, CIIOCOOHBIX paboTaTh B

00JIaCTH JOCTATOYHO BBICOKHMX TEMIIEPaTyp.
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WCCJIETOBAHME BJUAHUA MOHHON UMILTAHTALIMA KPEMHUS B
IIVIEHKH OKCHUJA KPEMHUS HA TAPAMETPBI PESUCTUBHOI'O
NEPEK/IIOYEHUA MEMPUCTOPOB HA UX OCHOBE
EFFECT OF SILICON ION IMPLANTATION IN SILICON OXIDE FILMS ON THE
PARAMETERS OF RESISTIVE SWITCHING OF MEMRISTORS ON THEIR BASIS

E.B. Oxynnu?, B.. Oxynuu?, [I.U. Terenn6aym?, A.H. Muxaiinos?, A.B. 3noposeiimes?,
B.JI. Bopo6ses®

E.V. Okulich?, V.1. Okulich?, D.I. Tetelbaum?, A.N. Mikhaylov!, A.V. Zdoroveishchev?,
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8 Yomypmexuii hedepanshviii uccnedosamensckuti yenmp YpO PAH, ya. um. Tambanol
Bapamsunoui — 34, Uacesck, Poccus

The effect of ion irradiation on the characteristics of memristors based on silicon

oxide films obtained by magnetron sputtering and electron-beam deposition has

been studied. The results show the possibility of tailoring the characteristics of
memristors using the developed technological processes.

B nmnocnennee Bpemsi ycuius MHOTMX TpyINI HccieqoBaTeliell HampaBieHbl Ha
CO37laHUE DJIEMEHTOB JHEPrOHE3aBMCHMOM MaMsATH HOBOTO THNA — HAa OCHOBE TakK
Ha3bIBAEMOTO MEMPHUCTHBHOTO d(pdekTa (MEMPHUCTOPOB), 3aKIIOYAIONIEroCs B PE3KOM
nepexone (l'lO Pa3HbIM OLICHKaM 3a BPEMA OT HECKOJIBKHX HC 0 COTCH HC) M3 COCTOSIHUA C
BoicokuM comnporusieHueM (CBC) B coctosuue ¢ Huskum (CHC) u oOparHo. M3menenue
BEJIMYMHbI COTTPOTHBIIEHUS IPH TOM MOXKET JOCTUTaTh HECKOJIBKHX TOPSIIKOB BETHYNHEIL.

IMonoGusIii 3¢ dekT HabMoAaCTCs B TOHKOIUICHOYHBIX CTPYKTYPaX Pa3IM4HBIX THIIOB
(pa3yi4HOM MPUPOJIBI), OAHAKO HAaubOJIee MEPCIEKTHBHBIM MPEACTABISIETCS HCIOIb30BaHNE
CTPYKTYp THIA KMETaJI-AUdJIEKTPUK-METa» ¢ iéHKamu okcnaoB Merawios (TiOz, HfOz,
ZrO2(Y) u 1p.), MIMEIOIHUX MUKPOKPHCTAIIIHYECKYIO CTPYKTYPY, a Tak)Ke aMOP(HHOTo OKCHIa
KpeMHHs. B CBSI3M C XOpOIIO Pa3BHUTOH TEXHOJIOTHEH HCIIOIb30BAHMS aMOPQHBIX ILIEHOK
JUOKCHIA KPEMHHA B MUKPOSJICKTPOHUKEC UX MCIIOJIB30BAHUEC AJIA CO3JaHUA TaKUX yCTpOﬁCTB
PEJICTABISIETCsE 0COOEHHO HepcrekTuBHbIM [1, 2, 3].

OGecrieueHne  CTaOMJIBHOCTM M YMCHBIICHHE  pa3dpoca  BOJIBTAMIICPHBIX
xapakrepuctuk (BAX) MeMpHCTOpOB sBIS€TCS aKTyalbHOW 3ajadeil. B 9Toil cBszu
OpEACTABISICT MHTEPEC MCCICA0BAHMEC BO3MOKXHOCTH HCIIOJB30BAHMUA TAaKOro XOpOUIOo
0Tpa6OTaHHOFO TEXHOJIOTMYECKOr'o Ipouecca, Kak MOHHAaA HUMIUTAaHTaUWsA, ISl YIIPaBJICHUSA
9TUMH napaMerpamu. K HacTosIeMy BpeMEHH YCTaHOBIEHO, YTO MEMPUCTUBHBINA Y PeKT B

CTPYKTypaxX Ha OCHOBC HCOPraHUYCCKUX OKCHUIOB 06yCHOBJ'IeH q)Ole/[OBaHHeM B HHX
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MPOBOJAIIHMX IIHYPOB ((HIAMEHTOB), 00pa30BaHHE W SBOJIIOLMS KOTOPBIX CBS3aHBI KakK C
MOBEPXHOCTHBIMH HEOJHOPOJHOCTAMHU, TaK M C COOCTBEHHBIMH Je(eKTaMH B IIEHKAX.
OG6nyyeHHE HOHHBIM IYYKOM MOXHO HCIIOJNIB30BaTh JUIsl  LEJICHAIIPABICHHOTO U
KOHTPOJIMPYEMOTO CO3JaHHUs YCTOWYHMBBIX JIC(PEKTHBIX CTPYKTYp, CIYXKAIIMX 3apoJbILIaMH
¢unamenros [4].

Hamu wu3ydeHo BiusHMe obimyueHus noHamu Si* Ha snexrpopusuyeckue (BAX u
BosibThapazubie (C-V)) xapakTepucTHKH MEMPHUCTHBHBIX CTPYKTYp Ha OCHOBE JIBYX THIIOB
MJIEHOK aMOP(HOT0 AMOKCHAA KPEMHHsI, KOTOPbIE OTIMYAINCh TUIIOM MOJUIOKKH U METOJIOM

nonyueHus. CxemaTudeckne U300paXKeHus CTPYKTYp mokasaHsl Ha puc. 1. IInéuku 1-ro tuma

CO3/1aBaJINCh METOJIOM MarHeTPOHHOTO pacnblUICHHS (cTpykTypa:
Au (40 nm)/Zr (8 nm)/SiO2(40 nm)/TiN (25 nm)/Ti (25 nm)/SiO2 (500 nm)/Si, puc. la); 2-ro
THIIA - METOJIOM 9JICKTPOHHO-Ty4€BOT0 OCKJICHUS (cTpykTypa:

Au (40 nm)/Pd (8 nm)/SiO2(40 nm)/p-Si, puc. 16). [0 HaHeceHHs BEPXHHX KOHTAKTOB
CTPYKTYpbl 060MX THIOB 0OMydanuch HOHHBIM myukom Si*. Jloza (2:10°cm?) u sneprus
(20 k3B) HOHOB MOAOUPAIHCH C YIETOM TOJIIMHBI IUIEHKH TAKUM 00pa3oM, 4TOObI MAKCUMYM

BHEJIPEHHBIX MOHOB NPUXOIUIICA IPUMEPHO HA CEPEANHY TIEHKH.

Top electrode - TE ( vV

(11107 - 1102 cm?) ' s
Bottom electrode - BE Bottom electrode - BE
TiN/Ti

p-Si

Top electrode - TE
(1107 - 1102 cm?)

Au (40 nm) Au '_ L Au (40 nm) Au v— L
TiN(20 nm)
Ti(22 nm)
S0, (475 nm)

(@

Puc. 1. CxeMblI HCCIIeTyeMBIX CTPYKTYP, MONTYYEHHBIX: () METOJ0OM MarHeTPOHHOTO
pacrbuienus; (6) METOAOM DJIEKTPOHHO-JTy4EBOI0 OCAXKICHUS.

JIOmoNHUTEIBHO OBUIO M3YYCHO BIHMSHME cTaOuau3annoHHoro omkura npu 400 °C B
aTMocdepe a30Ta Ha CBOWCTBA IIEHOK, NMONYYCHHBIX MArHETPOHHBIM PACIBUICHHEM, MOCIE
ux HaHeceHus. [l 3TOro 4acTh 00pasLoB OblIa MOJBEPrHYTa OTXKUTY HPH TEMIEpaTypax
600 °C, 800 °C, 1000 °C. YcraHOBJIEHO, YTO MEMPUCTHUBHBIE CTPYKTYPbI, OTONOKEHHBIE MPH
800-1000 °C, oxa3zanuch HM3HAYAIBHO B IPOBOMALIEM COCTOSHHM W Ha HUX HE YHAJIOCh
MPOBECTH  DIEKTPOGOPMOBKY  (TIpoOIeCC, MHPH KOTOPOM TIPOUCXOAUT (POPMHUPOBAHHE

(unaMeHTOB 1OJ NCHCTBHEM IPHIOKEHHOTO JJIeKTpHdYeckoro mous). Anamu3z BAX

248



MPOBOJMIICS JUISl  CIEAYIOIIMX OOpa3loB: KOHTPOJIBHBIX 00pa3loB (HEOONYYECHHBIX |
HEOTOXOKEHHBIX), 0TojoKEHHOro mpu 600 °C, a Taxke OOIYYEHHOTO M OTOMOKEHOTO HpH
600 °C obpasios. Ha puc. 2 npusenensl BAX 1t aTux 00pa3uoB. BuaHo, 4TO Kak OTXKHT,
TaKk ¥ WOHHOe oOny4yenue ymyumaioT BAX mempuctopos. Ilpy 3TOM OTXHT yXyZuIaeT
noBropsieMoctb BAX 0T KOHTakTa K KOHTaKTy, a OOJIyYCHHME 3aMETHO YIYdIIaeT 3TOT
mokasarenb. OTMETHM, 4TO B pe3yJIbTaTe OONYYeHHs INPOUCXOAUT YBEIUYCHHUE OTHOIICHUS
CONpPOTHBIICHHI B MPOBOSIIEM M HempoBojsiieM coctosHud Rcc/Rcuc B obnactu

TOJIOKUTEIIBbHBIX Hanpmxeﬂnﬁ.

©70m)

(8)

Tok, A
Tok, A

Hanpsketue, B Hanpsikenue, B Hanpsxenue, B

Puc. 2. Tunnunas BAX 06pa3ioB Ha ocHOBe SiOz, M3rOTOBIEHHBIX METOJIOM MArHETPOHHOTO
pacnbuieHust: (a) KOHTPOJIBHOTO (HEOOIyYEeHHOr0 H HEOTOXKIKEHHOTO), (6) oTosxoKEHHOTO T1pH 600 °C,
(B) 00my4eHHOTO 1 0TONOKeHOTO ITpH 600 °C.

C uenmbl0 HM3y4eHHMs BO3MOXKHOIO BIMSIHHS BBICOKOTEMIICPATYPHOTO OTXKHUra Ha
cocrostiie 1oBepxHoctH ruieHkd SiO2 (1-ro Tma) ObUIO MPOBEIEHO HCCIENOBAHHE
MOP(HOJIOTHH TIOBEPXHOCTH 0OpPa3LOB J0 HAHECCHHS BEPXHEro KOHTAKTa METOAOM aTOMHO-
CHJIOBOII MHKPOCKONHM Ha ycTaHoBKe Solver-Pro M. B pesysnbprare mccnenoBaHust ObUIO
00HApY)KEHO 3HAYUTENILHOE H3bSI3BICHUE IOBEPXHOCTH CJIOS OKHCIIA TeM Oouiblee, 4eM
BBILLIE TEMIIEPATypa OTHKHra, YTO MOXKET OBbITh CBA3aHO C HHTEHCHBHBIM HcnapeHueM [5].

JIOTONTHUTENBHO OBIIO TIPOBEJCHO HCCIENOBAHNE KOJNMYECTBEHHOTO COCTaBa M
XUMHYECKOTO COCTOSIHMSI OJIEMEHTOB B JMOKcHae KpemHust (l-ro Tuma) Meronom
PEHTI€HOBCKOIT (hOTOINIEKTPOHHOM criekTpockonuu. Hanbonee cynecTBeHHBIM pe3yIbTaToM
SIBUJIOCH OOHapy)KeHUe IIyOOKOro (MoYTH 0 CEpeIvHbl OKCHUAHOIO CIIOSl) BCTPAaUBaHHS
aromoB Ti u N B menky SiO2 ¢ 006pa3oBaHHEM HOBBIX XHMHYECKUX COEAMHEHHIl ITHX
9JIEMEHTOB C KHUCIOPOAOM M KPEMHHEM C BeposTHOH auddysueit kucnopona M KpeMHHS B
mwiéHky TiN B mporecce HaHECEHHs IIEHKH JHOKCH/A KPEMHHSL.

MeMpUCTHBHBIC CTPYKTYPbl Ha OCHOBE IUIEHOK JHOKCHIA KPEMHHMS, MOJYYEHHBIX
9JIEKTPOHHO-IIyYEBBIM OCaXKICHHEM, repe]] u3mMepeHneM BAX omkuraanck npu temneparype
400°C. Jlnst HHMX HM3MEHMJIACh MOJSPHOCTh IIPOIIECCOB PE3UCTHBHOTO IMEPEKITIOUCHHS

(nepexonoB or CBC k CHC u o6parHo) (puc. 3). IlonydeHHas MOJAPHOCTb COOTBETCTBYET
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pe3yJbTaTam, IpeACTaBIeHHEIM B [1]. BuaHO, 4To 1 B 3TOM citydae HaOIIOAaeTCs yIylieHHe
BAX B pesynbrate OONyYeHHs: CYIIECTBEHHO BO3PACTAIOT OTHOIICHHS CONPOTHBIICHHI B
CBC u CHC.

2 AUPHSIO fp:Si AWPYSIO Jp-SI

Tok, A
Tok, A

-5 10 5 [ 5 10 15 -
Hanpsixenue, B Hanpsikenue, B

Puc. 3. Tunuuusie BAX 006pa3ioB Ha ocHoBe SiOz, H3rOTOBICHHOTO METOAOM JIEKTPOHHO-
JIy4eBOTO OCax/JICHHUs: (a) HeoOIyYeHHOTO, (0) 00TyYEeHHOTO.

Taoke ObuTH mpoBeneHbl u3MepeHus: C-V XapaKTepHCTHK Ha CTPYKTypax Kak l-ro,
Tak U 2-T0 THIOB. BbIIO 06GHApPYKEHO, YTO MEMPHUCTHUBHBIC YCTPOIICTBAa HA OCHOBE ILIEHOK 2-
ro THIIA JIEMOHCTPUPYIOT CYIIECTBEHHO OOJIBIIYIO MOBTOPSEMOCTh OT KOHTAKTa K KOHTAKTY
Kak JI0, TaK U 1ocje 00aydeHHs.

Pesynbrarsl MccnenoBaHUs MOKA3aId MPUHLUUIHAIBHYIO BO3MOXKHOCTD YIPABICHHS
CBOWCTBaMHM MEMPUCTOPOB Ha OCHOBE IJIEHOK aMOP(HOTO JHOKCHIA KPEMHHUsSI BHEPEHUEM B
HHUX U30BITOYHBIX aTOMOB Si METOJOM MOHHOW MMILIaHTAIMU. TakKe MOXKHO C/IeNIaTh BBIBOJL
O IPEANOYTUTEIFHOM HCIIOJIb30BAHUU HCIIOJNB30BAHUSI METOJA DIIEKTPOHHO-TYYeBOIrO
pacnbUICHUS VIS CO3/JaHUs TAKUX YCTPOUCTB.

PaGora wacTM4HO BBINONHEHAa npH mnoanepxkke IlpaBurtenscrBa Poccuiickoit
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MOJEJHUPOBAHUE HAYAJIBHOI'O 3TAITA KJIACTEPOOBPA3OBAHMA Si
TP NOCTUMIIVIAHTAIMOHHOM OTXUTI'E SiO2
SIMULATION OF THE INITIAL STAGE OF Si CLUSTER FORMATION UPON
POST-IMPLANTATION ANNEALING OF SiO2

E.B. Oxyinu?, B.W. Oxynuu?, I.U. Terenn6aym?, A.H. Muxaiinos*
E.V. Okulich?, V.I. Okulich?, D.I. Tetelbaum?, A.N. Mikhaylov*

YHHTY um. H.HU. Jlo6auesckoeo, np. F'azapuna — 23/3, Huocnuti Hoezopoo, Poccus,
e-mail:eokulich@nifti.unn.ru;
2 HUY PAHXul'C, np. I'acapuna — 46, Huocnuii Hos20poo, Poccus

The evolution of the SiO1.7 defect structure caused by ion implantation of Si* and
post-annealing at 1500 K for 100 ns has been simulated. Clustering of embedded
silicon atoms is detected for the selected ion dose of 1-10%5¢m2.

B Hacrosmee Bpems IPOAOIDKAETCS WHTCHCHBHBIH IIOMCK IMyTeH yiydIIeHHs
XapaKTEePUCTHK M CTAOHIBHOCTH MPHOOPHBIX CTPYKTYP W 3JIEMEHTOB 3HEPrOHE3aBHCHMON
namsatd HoBoro tuma [1]. Tlpu 3TOM OCHOBHBIMH JUIsl HMCCieoBaTelell B 3TOi obiacTu
OCTAalOTCSt BOHPOCHI O TIPUPOJE CTOXACTHYHOCTH M CTAOMIBHOCTH OIEKTPO(H3UUCCKUX
XapaKTePUCTHK MEMPHCTHBHBIX ycTpoicTB. CQopMUpPOBANOCh yCTOHYMBOE MHEHHE 00
OIPE/ICISIONIEM BIMSHUM Ha 3TH XapaKTePUCTHKH Jie(eKToB pabodero ciosi MeMprcropa [2,
3]. B cBI3M C OTHM IPEICTAaBISACTCS MEPCIEKTHBHON BO3MOXHOCTh  YIIPABJICHUS
XapaKTepUCTHKAMH MEMPHCTOpA 3a CYET MOAM(UKALINH Ae()EKTHOI CTPYKTYpPBI, B YACTHOCTH,
METO/IOM MOHHOHM MMIutaHTanuu. Tak, B padore [4], Obuio 0OHapyxeHO yiydineHne BAX
MEMpHCTOpPOB Ha ocHoBe amop¢HbIXx miCHOK SiO2 (a-Si02), o6myuénubix woHamu Xe*.
IpoBesieHne JaHHOrO HCCIEAOBAaHMS ObUIO MHMIMMPOBAHO TEM, YTO, COIVIACHO
OoOLICHPUHATON  MoJenu o0Opa3oBaHHsS IyTed HPOBOAMMOCTH  ((HIAMEHTOB), IS
JIM3JIEKTPUKOB Ha OCHOBE HEOPraHUYECKUX OKHCIIOB OCHOBHBIM areHTOM, 00ECIeYHBAOIINM
UX BBICOKYIO IIPOBOJAMMOCTb, SIBJISIIOTCS BakaHCHMM Kuciaopoga. OpHako, Hapsay C
KHCIIOPOJHBIMU BAaKaHCUSAMH, B Iporecce (OPMOBKH M IEPEKIIOYCHUS MEMPHCTHBHBIX
CTPYKTYp (opMupyroTcss ¥ MexI0y3enbHble aroMbl. OOpa3oBanHue Ae(eKTOB 000MX THIOB
MMEeT MECTO M MNP HOHHOM OOnydeHun. [Ipy HaIMYMKM BBICOKHX TEMIIEpATYp,
Pa3BUBAIOLIMXCS BO BpeMs (POPMOBKH U nepexiioueHus [5,6], a Taxoke IpH OTHKUraX HOHHO-
MMIUIAaHTUPOBAHHBIX MEMPHCTHBHBIX CTPYKTYD, BO3MOJKHBI SIBIICHHS KJIACTEPOOOPA30BAHUS
KpeMHHs, a o00pa3oBaBIIMECS KiIacTepbl MOTYT, B CBOK OuYepelb, BIMSATh Ha HX
XapakTepuCTUKH. Tak, B [7] ObUIO OSKCIIEPUMEHTANBHO YCTaHOBJICHO CYIIECTBOBAHUE

Ki1acTepoB Si B (puitaMeHTax MeMpHUCTOpPOB Ha ocHoBe SiO2.
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B [4] MeToj0M MOJIEKYJISPHOW JUHAMHUKH HAMH OBUIO YCTaHOBJICHO, YTO BBEJCHHE B
a-SiO2 15% KUCIOPOAHBIX BAKAHCHI HPUBOAUT K (POPMUPOBAHUIO KOMIIAKTHBIX 00pa30BaHMi
(xomrutekcoB) u3 2-3 aromoB Si npu Temmneparypax 300-900 K 3a Bpemst ~ 10 ne. Onnako, B
9TOM pacyéTe He YYMTHIBAINCH MEXIOY3elIbHbIe aToMbl Si, oOpasyloumecs B Kackanax
CMEIICHHs, YTO TAKKE MOIVIO KaTaIM3HpPOBaTh mpoiecc (OPMUPOBAHHS Si-KIaCTEpOB.
IMomy4eHHbI pe3yabTaT AaéT OCHOBAHMS MPEANONIOKUTh, YTO MEXAHU3M MPOBOJUMOCTH 10
¢unamenty B a-SiO2 MOXKET pean30BbIBATHCS HE TOJIBKO C y4aCTHEM BAaKaHCHH KHCIOPOA,
HO U HaHOKJIAcTepoB KpeMHHs. [0CKOJIBKY YCTaHOBJIEHO, YTO B 30HE (puiameHta (5-20 HMm)
TeMIleparypa B COCTOSHUM HH3KOrO CONPOTHBIEHHS Moxer nocturate Gonee 1000 K [5, 6],
TO MOXKHO MpEJIoJiaraTh HalIM4YMe Ipolecca CaMOOTKHIra Ie(eKTHBIX CTPYKTYp B 9TOM
obnmactu. ITooTOMy mHpeACTaBIsIeT HHTEPEC TEOPETHYECKH (a 3aTeM OSKCICPUMEHTAIbHO)
uccienoBaTh BiMsHHE Ha BAX MeMpHCTOpPOB Ha OCHOBE PTOro MaTepHaya H30bITOUYHBIX
ATOMOB KPEMHHSL.

C 3TO#l LeTBIO YISl OLIEHKU CKOPOCTU U «TIyOHHBIY IPOLIECCOB AaTOMHOMN IEPECTPOHKU
HamMH OBUIO MPOBEJICHO MOJICKYJIIPHO-AMHAMUYECKOE MOJICIMPOBAHHE C HCIIOJIb30BAHUEM
nakera LAMMPS [8] npouecca omxura amopguoro SiOvr7, obmyuénuoro uonamu Sit ¢
sueprueit 20 B u moszoit 1-10%cm? mpu temmeparype 900 K u 1500 K. PesysbraTsi
pacu€ToB MPH JBYX TEMIIEpaTypax JUIs pa3HbIX (PHU3NUECKUX BPEMEH MPOLIECCOB OTKHUIa ObLIH
CONOCTaBUMBI, OJHAKO BpeMms, paBHoe 100 Hc, 3a mpuemiIeMoe MallMHHOE BpeMs cuéra
yaanoch J0CTHYb TOdbKO Ui Temmepatypbl 1500 K. OTmeueHHOe Bpems npuMepHO
COOTBETCTBYET MEPHOJY OOBIYHO IOJABACMBIX HA MEMPHUCTOpP MPH TECTHPOBAHMH HX
Ka4ecTBa  BBICOKOYACTOTHBIX ~ WMITYJbCOB.  [I09TOMy  OKOHYATENbHBIC  PE3YJIbTAThI
MOJICTHPOBAHHS OBLIH TTOJTY4EHBI U IPOAHAIM3HPOBAHBI IS ATOI TEMIIEPaTyPBI.

OcHOBHOI 3ajaueil peanu3aluy YHCICHHOTO OKCIIEPUMEHTa ObLIO  CO3/aHHE
MojienpyeMoro 00béma a-SiO2, M3HayanbHO cojepikauero 15% BakaHcHi KMCIOpoaa M
HACBIIICHHOTO HOHAMM KPEMHHs B COOTBETCTBHE C 3aJaHHOM 1030if Ha OMpEneNEHHOI
rTyOuHe, a TakXKe COJEPIKAILEro TOUSHUHbIe Ne(EKTHI, CO3aHHBIC YTHMH HOHAMHU. 3a OCHOBY
OB B3AT TOT ke 00BEM 60x60x60 A%, uTo M UcnoNBL30BaHHbIH B padoTe [4].

OOmas cxema pacuéra mpeacraBineHa Ha puc. 1. Jlns pacuéra ymcina CMEIIEHHBIX B
MEKIOY3IHsI aTOMOB KPEMHHS M KHCIIOPOJA, @ TAK)XE MX BAaKaHCHH Ha pa3HbIX TiIyOHHAX
[POHUKHOBEHHs HOHOB B MHUIIEHb ObLIM MCIIOJIB30BaHbI JaHHbIE Iporpammbl SRIM [9] s
ray6unbl 20 HM a-SiO2, 4TO COOTBETCTBOBAJIO MOJOBHHE TOJIIHHEI INIEHOK, HCIIOIb30BAHHBIX

B HalIMX SKCIIEPUMCHTAaX C MEMPUCTUBHBIMH CTPYKTYpPaMH.
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PaccuntaHHOE CyMMapHOE YHCIIO JIe(EKTOB CTPYKTYPBI CO3/[aBANIOCh UX CIydYailHBIM
yIaJIeHHeM, a MMIUTAHTHPOBAHHbIC HOHBI Si* — CiyyailHBIM BHEAPEHHEM B MEXKATOMHOE
[IPOCTPAHCTBO IIPU BBINOJHEHHH YCIOBHS, YTO PACCTOSIHHE MEXIy [BYMs arOMaMH He
JIOJDKHO OBbLIO OBITh MCHBIIIE CyMMBI aTOMHBIX PaJIHyCOB COOTBETCTBYIOIIHX COCEHCH.

KoopauHaTtel aTOMOB KJIACTEPOB MEPHOANYECKH (DHKCUPOBAIUCH C BPEMEHHBIM
MPOMEXKYTKOM 5 HC (HaumHas ¢ 25 HC) M NPUBOJWINCH K HYNEBOIH TeMmeparype.
IMosydyeHHble 3HAYCHHMs KOOPAMHAT  MCIOJIB3OBAIMCH Ul  OLEHKH  CTPYKTYPHBIX
XapaKTEePUCTHK MOJCIMPOBAHHOIO 00BEMA C MCIIOJIIB30BAHHEM CHELUAIBHO HAINMCAHHOTO
KOMILIEKCA IPOTPaMM.

Si*

[

1. 2. 3.
Mexaoy3snua
Sino0, OTHUr NpH
a-Si0, SRIM ) gakancum Sin FAMMPS S 900K u 1500K
0

< uao

WS> I>r

o 4m 4w

BHeapeHne HOHOB
Cospanne et Mﬂpe MoaenuposaHue
Knacrepa SiO;- OTHUra

PaaHaLMOHHBIX
11616 aTtoMos RedeKTos =>

Knacrep 16000

aToMos

1 Y J ;T_J
II. AHanus
pe3ynbTaTos

1. CozpaHre 1 oTHur

Puc. 1. Cxema npoBejieHHs pacuera.

OO6paboTka MaccuBa KOOPAMHAT MO3BOJMIIA HAONIIOJATh HBOJIOLMIO B IPOLECCE
OTXKMIa YHUCIA, B3AMMHOIO PACHOJOXKEHUS CKOIUICHMH AaTOMOB KpPEMHHs, pa3MepoB
KJIaCTEPHBIX O00pa30BaHMIl M OCHOBHBIX CTPYKTYPHBIX COMHHI[ aMOp(GHOr0 AHOKCHIA
kpemuus tuma Si-Oa. Takke pacCUNTHIBAINCH PaJnaiibHble (YHKINH PACIPECICHNS aTOMOB
KaK OTMEUYCHHBIX 00pa30BaHMil, TAK M MOAECIMPYEMOro OObeMa B IEIOM, a TaKXKe YIJIbI
MEX]LY CBSI3SIMU.

Hexoropsle pe3ynbTaThl NPEACTaBICHBI Ha puc. 2. Ha HeM moka3aHbl W3MEHEHHS
yHcna KIacTepoB, COJAEPKALIMX Pa3HOE YUCIO aTOMOB KPEMHHUS, B 3aBUCUMOCTH OT BPEMEHU
orkura. OHHM CBHIETENBCTBYIOT O B3aUMHOM IIEPETEKaHMH AaTOMOB KPEMHHS MEXIy

KJIaCTEepaMM Pa3HOTO pa3Mepa.
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Pacuer paguanbHBIX (GYHKLUHH paclpeleneHus, MPOBEICHHBIA Uil KIACTEPOB C
JOCTATOYHO OOJBIIMM YHCIOM aTOMOB KPEMHHs, IOKa3al HX COOTBETCTBHE CTPYKType

KPHCTAJIHYECKOro Si.

600 7

s00 % .5 6 A 10
400

10 P

200

100

Puc. 2. BpeMeHHas 3aBUCHMOCTb YKCJIa KJIACTEPOB, COAEPKAILMX pa3Hoe uucio (2,5, 7, 9,10,
16) aTOMOB KPeMHHSL.

TakuM 00pa3oM, IPOBEICHHBIH pacyeT I0Ka3ad BO3MOXKHOCTb CYIIECTBEHHON
IIEPECTPOIKH CTPYKTYphI ciiosi a-SiO2 B MEMpUCTOpE B YCJIOBHSIX BBICOKOH KOHLICHTPALIUH
BHEAPECHHOTO KpeMHHUsI | (W) OOJbIIONH KOHIEHTpauu BakaHCHH. ITOCKONBKY Takue
MpoLecchl ¢ OONBIIOH BEPOATHOCTHIO CONPOBOXKAAIOTCS TEPECTPOMKON  DICKTPOHHOI
HOJCUCTEMBI B JIOKQJIbHOW 00JAaCTH, HMMEHHO OHU MOTYT OBITh OTBETCTBEHHBI 3a
CTOXAaCTUYHOCTD IPOLECCa MEMPUCTHBHOIO MEPEKIIIOUEHH S, IIyMOBbIE XapaKTEPHCTUKH U, B
KOHEYHOM CUETe, Ierpajialiiio MEMPHUCTOPA.
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BJIUAHUE KOPOTKOUMITYJIBCHOI'O HOHHOI'O OBJIYYEHUSA
HA ONITUYECKHME CBOMCTBA Al-Si-N ITOKPBITHM
INFLUECNE OF SHORT-PULSED ION IRRADIATION

ON THE OPTICAL PROPERTIES OF Al-Si-N COATINGS
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S.K. Pavlov?, F.V. Konusov!, A.L. Lauk?, R.M. Gadirov?, V.A. Tarbokov?, G.E. Remnev?
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The report presents the results of the effect of irradiation with intense pulsed ion beam (pulse
duration — 90 ns, accelerating voltage — 200 kV, beam composition — C*/H* - 85/15 %) on
optical and electrical properties of aluminum nitride films and nanocomposite Al-Si-N
coatings with a various Si content deposited by a reactive magnetron sputtering onto a silicon

substrate.

Hcnonb30BaHHE IMIMPOKO-30HHBIX HHUTPHAHBIX COCIMHEHUH B  PaJuHaliMOHHO-CTOMKHX
npudopax TBEPAOTENBHOI 9SJIEKTPOHUKU CTHMYJIHPYET IIPOBEJCHUE TEOPETHYECKHX M
9KCIIEPHUMEHTAIBHBIX HCCICOBAHUS UX DJIEKTPOHHOH CTPYKTYphl M CBOWCTB 10 W IIOCIE
BO3/ICHCTBUS  TOTOKOB  PA3iIMYHBIX  BBICOKOIHEPreTHUECKUX 3apsHKCHHBIX YacTHI |
MOC/ICYIONIEr0 TEPMUYECKOr0 MM PaJAMAlMOHHOTO OTXHUra. PajHallMOHHO-CTOWKMM K
HOHHOMY O0Jy4eHHIO siBisieTcss u komnosutHoe nokpeitie Al-Si-N [1]. [laussiii Matepuan
o0Jaiaer BBICOKOM TBEPJOCTBIO, XUMHYECKOH HHEPTHOCTBIO M CTOMKOCTBIO K BBICOKO-
TEMIICPaTypPHOMY BO3ICHCTBHIO, YTO B COBOKYIHOCTH C IPO3PAYHOCTBIO B JIMAaIla30HE
BHJMMOIO CBETa J€JaeT ero MEepCIIeKTHBHBIM MAaTepHaJoM JUIs 3allUTHBIX ONTHYECKH
pO3payHbIX MOKPbITHH. HaHokommosutHbie HOKpbITHS Al-Si-N cocTosiT M3 pa3siencHHbIX
(a3 ¢ kpucTasIM4eckol (HUTPHUI aJIOMHHU) U aMOPGHON (HUTPHJI KPEeMHHMS) CTPYKTYPOIi,
4To O0ecrmeyrBaeT MX BBICOKYI0 pajJHAlHOHHYI0 CTOMKOCTh. ITOCKOJBKY OLeHKa
PaJMalIOHHON CTOMKOCTH TOKPBITUH, HAHECEHHBIX HA MACCHBHBIC METaUIMYECKUE U
MOJYNPOBOJHUKOBBIC ~ TIOJUIOKKH, 10  M3MEHEHHIO HUX  CTPYKTYpHO—(Da3OBBIX |
INMEKTPOMYHU3NUCCKIX XapaKTEPUCTHK 3a4aCTyI0 3aTPYIHEHA, TO LeJIecoo0pasHee HCCIIeI0BATh
paJMALIOHHYI0  YyBCTBHTEIBHOCTH ~ ONTHYECKAX W DJICKTPUYCCKUX  [apaMETpPOB

TOHKOIUICHOYHBIX MaT€pUaIOB K MaJIbIM J103aM UOHOB.
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MeToauka uccjie 0BaHMii.

B nanHO# paboTe paccMOTPEHO BIHSHHE OOIYYEHUS UMITYIbCHBIM HOHHBIM Iy4dKkoM (Tp — 90
He, Uye. 200 kB, coctaB myuka — HOHBI yriepoga U npoToHs! (< 15%)) Ha onTuyeckue u
9JICKTPUYECKUE CBOICTBA IICHOK HHUTPHAA ATFOMHMHHS W KPEMHUS M HaHOKOMIO3HMTHBIX
nokpbiTuii Al-Si-N, HaHECEHHBIX METOJOM PEAKTUBHOTO MArHETPOHHOIO PACIBUICHHS Ha
MOHOKPHCTAJUIMYECKYI0O KPEMHHEBYIO MOIOKKY. Bbuti momydens: mokpsitus Al-Si-N ¢
pasnuyHbIM coziepxkanueM kpemuusi: 10 at.% (Al-Si-N 90/10), 30 ar.% (AI-Si-N 70/30) u 96
ar.% (AI-Si-N 4/96). TonuMHa IUIEHOK, pacCYMTaHHas [0 MHTEP(EPELHOHHON KapTHHE,
cocraBisuia d = 1.3-3.2 MKM U He MeHsulach npu 0OmydeHud. [TOKpBITHsS OOIyYaanuch B
pexumax: 1) MI0THOCTHIO SHEPruu 3a oauH uMIynse J = 0,35 Ix/cm?, uncio ummysibeos N =
1-180 umIL., 2) IIOTHOCTBIO YHEPIUHU 32 OMH uMIyJbe J = 0,75 JI/cM2, UMCIIO MMITYJIbCOB
N = 1-4. Oba pexuma oOIydeHHS TpeANONarald OTCYTCTBHE IUIABICHHUS MaTepHaia
MOKPBITHH.

[ToxpeiTHs HccaenoBaIUCh MeTofaMu Ju(Qy3HOro OTpaKeHHs Ha CIEKTpoMerpe Avaspec
2048 B wuntepBane sHepruu hv =1.3-3.6 5B. CrexrpanbHble 3aBUCHMOCTH IOKa3aTelis
norsomennst o(hv) Obut monydeHsl U3 crekrtpoB  auddysHoro orpaxenus R(hv) no
coorromenmo: a(hv)=(1/d)x(1-R(h))?/R(hv). [anee criekTpsl anmpoKCHMHPOBAIHCH
npasutoM Yp6axa B nutepsanax sueprin A(hv), B kotopsix Ino~hv [2]: a(hv)ee™®) | rre
Eu — sueprus Ypb6axa. OTHOCUTENbHAsE MHTErpajibHasl paJvallMOHHAs 4yBCTBUTEIbHOCTh
S=Aailow, paccunranHas ycpennennem Beanunt Aai(hv) u ao(hv) B untepsane 1.3-3.6 9B,
IPE/CTaBIIsUIa OCHOBHOM MapaMeTp OLCHKU pAaJMallMOHHON CTaOWIBHOCTH MAaTepHasIoB.
IToBepXHOCTHAs HNIEKTPOIPOBOJHOCTh G U3MEPSIACh METOJOM HAKIIAJHBIX JIEKTPOJIOB.
Pe3ysnbTarhl n 00cyxKaeHHE.

OG6nyyeHne  MaTrepuanoB  HOHAMH B YKa3aHHBIX  PEXHMaxX  CONPOBOXKIAETCS
KOHKYPHUPYIOIMMU TIPOLIECCAMU HAKOIUICHUs Je(EKTOB, T€HEPUPYEMBIX IO MEXaHH3MaM
YIPYTOro ¥ HEyNmpyroro B3aUMOJCHCTBHSI YCKOPEHHBIX HOHOB C MAaTPHIICH, MX aHHUTHIISALUN
BCIIEZICTBHE OBICTPOrO HAarpeBa IMOBEPXHOCTHBIX CIOEB J0 BBICOKHMX Temieparyp 1300-1500
K B Teuenne kopotkoro Bpemenu 10°~1072 ¢ ¢ nocneayromum oxnaxaennem. OrpaHndenne
MHTEHCHBHOCTH Je()eKTO0Opa30oBaHMs IPOUCXOAUT U 33 CYET PaJUALMOHHOTO OTXKUTa MPH
AQHHUTWIIALMH 1e()EKTOB, HAIPUMEp, PaJIHALMOHHBIX BAKAHCUI ¢ MEXKI0y3eIbHBIMA aTOMaMHU,
MPUCYTCTBYIOIMMU B Marepuanax. OIpeJeNeHHbIi  BKJIaJ BHOCHT  JIMCCOLHALIUS
HECTaOMIBHBIX KOMILUICKCOB JE(EKTOB C IOCICAYIONMM IpeoOpa3oBaHHEeM HX B Oonee

IPOCTHIC L[e(l)eKTbI.
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W3MeHeHNe pajMalliOHHOM YyBCTBUTEIBHOCTH MCCIICOBAHHBIX MAaTEPUAIOB S OT J03bI
00Ty4YeHUs TIPAMO MPOMOPIHOHAIBHON YHCITy MMITYJIbCOB 3aBHCHT OT UX KOMIO3HMIIMOHHOTO
COCTaBa M PHEPTHHU ITyYKa HOHOB IIPU STOM BBLACIATCA IO JBe cTaguu obimydenus (puc.l). Ha
nepBoil  cragud  OONyYeHHS TpoLecC AHHUTHISALHUKA  Je(eKToB, O0OYCIOBIICHHBIN
PAIMALMOHHBIM H/MJIM TEPMUYCCKUM OTXKHIOM, SIBHO NpeoOiiafacT HaJ HAKOIUICHHEM HX
KOHLIGHTpalun. BimsHue oTKMra Ha aHHUTWIIMIO AS(EKTOB YCHIMBACTCA IIPH JHEPTHU
nyuka 0.75 JI/cM?. B LeoM pajualioHHas YyBCTBUTEILHOCTh CHIDKAETCS C COJAEp)KaHHEM
KPEMHHS B TIOKPBITHSIX, YTO OOJice 3aMETHO MPOSIBISIETCS P 00JIbIIoi dHeprun mydka 0.75
Jlx/em?. Ha BTOpoii cramuu o0TydeHus: IPOMCXOAUT TIPeoOiaJaHneM HAaKOILIEHUs 1e(eKTOB
HaJ UX aHHUrWiMed. CHIKEHHE paJuallMOHHON 4YyBCTBUTEIBHOCTH C KOHLCHTpamueit
KPEMHHS 3aMETHO, TaK JKe KaK U Ha HEepBOH CTaMH, XOTs 3TO BIMSIHHE HE BCET/]a OAHO3HAYHO.
Tak, Hanpumep, B cirydae nokpbiTHst Al-Si-N 4/96, o6iyuerHoro N = 60 UMII. HEOKHAAHHbI
POCT BEIMYMHBI S MOXET ObITh BBI3BaH ()OPMHPOBAHHEM KOMILICKCOB M3 PaJMallMOHHBIX

}qu)eKTOB, NPUCYHIUX HUTPUAY KPEMHUA.
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Pucynok 1. 3aBMCHMMOCTb PajMaliMOHHON YYBCTBUTENLHOCTH S OT uMcaa UMIysibcoB N st
nokpeituii: 1 — AIN, 2 — Al-Si-N 90/10, 3 — Al-Si-N 70/30, 4 — Al-Si-N 4/96. IliorHoctsh
suepruu a) 0,35 Jlx/cm?, 6) 0,75 x/cm?.

JpyruM BaXHBIM (DaKTOPOM, OOECHEYHMBAIOIINM PAaAUALHOHHYIO CTaOMIBHOCTD, SBIISETCS
CTENeHb B3aUMOACHCTBUS MEXKIY POCTOBBIMH JAe(eKTaMH U PajHalMOHHBIMH JeeKTaMu
Marepuanax, KOTOpoe OCYLIECTBIISICTCS MOCPEACTBOM IIEPEKPHITHS HX YpPOBHEH M OOMeHa
ONTUYECKUMU DJICKTPOHAMH. BilMsHHME HENpepbIBHOM COCTaBIAIOIEH pacrpeneneHus
ypoBHEH Ae(eKTOB B 3ampEIleHHOH 30HE TECHO CBA3AHO C CYMMAapHBIM KOJIMYECTBOM
CTPYKTYpHOro Oecropsiika MpPONOPLHOHAILHOIO HE TOJBKO KOHIEHTPALUH HPHPOIHBIX

nedexros, HO 1 dHepruu Ypbaxa Eu corsiacHo mojixo/am, pa3sBuTbIM, Harpumep, B [2, 3]. Kak
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nokasaina 3asucumoctb S(Eu) B mokperrusix Al-Si-N 70/30 u Al-Si-N 4/96 ¢ npeo6Gnanaroueii
J0JIEH HENPEPBIBHOTO CIEKTPA yPOBHEH yBEINUYEHNE CTEIIEHN MEPEKPHITHS MEXIY YPOBHAMU
ne(eKToB, MPONOPUMOHAIBHOW 9SHeprud  Ypbaxa, CONPOBOXKAACTCS — YMEHBIICHHEM
PaJMALMOHHON YYBCTBUTEIBHOCTH TIOKPBITHH, TO €CTh POCTOM HX CTOHWKOCcTH (puc. 2).
OOmast 1monoca 3HAYCHHUH HKCIEPHUMEHTAIBHO OIPEJENCHHBIX BEITHYHH OrpaHUYHBACTCS
nunusAMH Buga S=—A"-Eu+B', rae koodpduumentsr A'=2.2 5B u 1.95B 1 uB'=1.9u2.4.

Ilnenkn  AIN  u  mokperruss  Al-Si-N  uMeoT O4YeHb  HHM3KYI0  [OBEPXHOCTHYIO
3J1eKTponpoBoHOCTh 6 < 1074 S/0. D10 CBA3aHO ¢ MMPOKOI 3anpeeHHol 30H0i HUTPUIOB
U C BBICOKOM IUIOTHOCTBIO JIOKQJIN30BaHHBIX YPOBHEil POCTOBBIX Je(eKTOB M clIaboil Hx
3aCEJICHHOCTBIO HOCHTEISIMU 3apsia. Hu3Kast MoBHKHOCTh HOCHTENEH 3apsiia 00ycioBiicHa
pAcCEerBAIOIIMM BIMSHUEM TPAHUI] MEX/LY CTPYKTYPHBIMH (parmeHTamu. YpoBeHb Oepmu B
HEJIETMPOBAHHBIX HHUTPUIAX 3aKpeIluieH BOJM3H CEepelMHbl MX 3alpElieHHON 30HBL DTO
IOATBEPKAACTCS M3MEPEHUSAMH  (POTO- U TEPMOCTHMYJIMPOBAHHBIX TOKOB, KOTOpBIC
CBH/ICTENBCTBYIOT O CHMMETPHYHOM PACIPEICICHUH JOHOPHBIX U aKLENTOPHBIX YPOBHEH B
3anpemieHHoil 3oHe. C yBenuuenueM coiepkaHus kpemHus or 0 go 96 at.%
3JIEKTPONPOBOJHOCTL MOKPBITHIl yBenuumBaercs ot 7-107% S/o no 310 S/o. Dro
II03BOJISICT IIPE/IIOI0XKHUTh, YTO HErIyOOKHe YPOBHHM KPeMHHil COepKaumX aeeKToB,
CBOWCTBEHHBIX HHUTPHAY KPEMHHs, [alOT OCHOBHOH BKJIaJ4 B TPAHCIOPT 3apsija.
Dnexrpornposoanocth wieHok AIN, Al-Si-N 90/10, Al-Si-N 70/30 npu oGiyueHnn ux
HOHAMM H3MEHSETCS HE3HAuHTeNnbHO. BBeieHHe TIIyOOKMX ypOBHEHl paanaliOHHBIX
IeeKTOB, HIpAOIUX pONb LEHTPOB 3axBaTa M JIOKAIM3AlHWM HOCUTENeH 3apsja, He
CIOCOGHO CYILECTBEHHO YBEIHYUTD 3IEKTPONPOBOIHOCTD. VBenuueHue
3J1eKTponpoBoHocTH NnokpbiTHs Al-Si-N 4/96 ot 3-10 S/o g0 108 S/o nocne 03w 600
MGy BbI3BaHO MOSBICHHEM HETTTyOOKHMX JJIEKTPHYECKH aKTHBHBIX YPOBHEH pa/HaliHOHHBIX
IeeKTOB, CBOWCTBEHHBIX HUTPHAY KPeMHHS. B 1enoM, CTaOHIBHOCTH OIEKTPHYECKHX

xapakrepuctik mieHok AIN u Al-Si-N moarsepskiaer nx pajuanoHHy0 CTaOUIBHOCT.

[1] Musil J. Surf. Coat. Techn. 207 (2012) 50.

[2] Kabyshev A.V. Konusov F.V., Lauk A.L., Lebedynskiy A.M., Legostaev V.N.,
Smolyanskiy E.A. Key Eng. Mater. 712 (2016) 3.

[3] Weinstein I. A., Zatsepin A. F., Kortov V. S. Phys. Solid State. 43 (2001) 246.
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PAIUAIMOHHOE BJIMSIHUE OBJIYYEHMUSA 50 k3B 9JIEKTPOHAMMA HA
CTPYKTYPY KBAPLA
RADIATION EFFECT OF 50 keV ELECTRON IRRADIATION ON QUARTZ
STRUCTURE

O.A. onceupos', A.W. Cunopor?, I.A. Kuprnuenko', ¥.B. IOpuna'

! Canxm-Ilemepbypeckuii Horumexnuueckuti Yuueepcumem
Ilempa Benuxoeo, 195251, Canxm-Ilemepbype, Poccus
2 Vuueepcumem UTMO, 197101, Canxm-ITemepbype, Poccus

Structural changes appearing in quartz glass under 50 keV electron irradiation in
the 5-80 mC / cm? dose range is investigated by Raman spectroscopy. Irradiation
with doses less than 5 mC/cm? leads to a decrease in the concentration of siloxane
rings in the amorphous glassy network. A further increase in the irradiation dose is
first accompanied by the restoration of siloxane rings. Complete and irreversible
destruction of the glass structure and structural units of the glass network occurs at
doses above 40 mC/cm?.

OCHOBHBIMH TIPOLIECCAMH, MPOUCXOJAIINMH B CTEKJIC IIPU OOIyYCHHH 3IEKTPOHAMHU C
OTHOCHUTENBHO HU3KO# sHeprueit (1-100 k3B), sBnstoTcs: (i) MOsSBICHHUE MMOJ] TOBEPXHOCTHIO
CTeKIa OTPULATENBHO 3apsDKCHHONH 00s1acTH, CHOPMUPOBAHHOW —TepMAIM30BAHHBIMH
JJIeKTpoHaMH, (i) HOJieBasi MHUIPALHsl IOJBI)KHBIX IOJOXKUTENBHBIX HOHOB MeETala B
OTPULATEIBHO 3apsHKCHHYI0 001acTh, KOTOpas NPUBOAUT K nepepacnpe/eCHUI0
KOMIIOHEHTOB CTEKIIa W JIOKAIPHOMY H3MEHEHHIO €r0 XMMHYECKHX CBOICTB; (iii) pa3pniB
XHMHYECKHX CBSI3ell CETKH CTeKIa OBICTPHIMHU JIIEKTPOHAMH. Pe3ynbraToM 3TOro sIBISETCS
HOSBICHAEC CTPYKTYPHBIX HE(EKTOB, M HM3MEHEHHE CTPYKTYphl CTEKIa M JPYTHX €ro
XapaKTepUCTUK. J{isi M3y4eHHs IMOCIEIHEro Ipolecca B YMCTOM Buie Hambosee yHZOOHBIM
00BEKTOM SIBIAETCS YUCTOE KBAPIEBOE CTEKIIO, HE CojlepiKaliee 100aBoOK.

Panee, B pse paboT McCeqOBANOCH BIMSHAE HOHU3UPYIOMNX H3TydeHHH (TaKHX Kak
PEHTITCHOBCKME JIy4YM, Y-JIy4YH, TSDKENIbIC OSHEPIMYHBIC HMOHBI, CHHXPOTpOHHOEe H Y®
U3IIydeHNUsI) Ha CTPYKTYPHBIC M MHBIC CBOicTBa crekon. Hampumep, B pabore [1] meromamu
PaMaHOBCKOW CIIEKTPOCKOINH HCCIIEOBAINCH CTPYKTYPHBIC H3MEHEHHUS B KBapIIEBOM CTEKIIE
npH OOJyYEHNH 3NIEKTPOHAMM ¢ 3Hepruei 2.5M»sB. B To ke Bpems, moutu HeT padoT, B
KOTOPBIX M3y4aeTcs BIUSHUE OOTy4CHHs 3ICKTPOHAMH C OTHOCUTEIIBHO HU3KOI SHEprueil Ha
CTPYKTYypy H CBOHCTBAa CTEKOJ, XOTS JTOT HHTEpBal DHEPTHH JIIEKTPOHOB Hambolee
HEPCIICKTUBEH JUIS HCIIONb30BAaHUs B HAHOTEXHOIOTUSIX.

MeTtoauka
B skcrnepuMeHTax MCIOJIBb30BAIUCH IUIACTHHBI U3 ONTHYECKOro KBapuesoro crekia KY-2,
pasmepoM 15x15 Mm?> u TommmHO#H 3 MM. OGJyueHHe NMpH KOMHATHOH TeMIEpaType

SIIEKTPOHAMH ¢ dHepruei 50 k3B, 10361 00myuenns 5-80 MKn/cM?, Ipu mIIoTHOCTH Toka 50
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MKA/CM?, IPOBOJIMIIOCH € TIOMOMIBIO JIEKTPOHHO-Ty4eBOii ycranoBkn JEBD-2.Kak mokasanu
pacdueTsl, NpU TAaKUX YCIOBHSAX IOBEPXHOCTHBIE CJIOM CTEKOJI MOIJIM HarpeTscs 0
Temnepatyphl He Bbime 150° C. Jluamerp myuka 611 pasen 1.5-2 MM. CBepxy, jisl yaaneHus
3apsiia, HaHocWiach MwieHka Al TtommuHOi 50 nm, KOTOPYIO BIOCICACTBHH yOalsild B
pactBope KOH. CrnexTpsl KOMOWHAIIMOHHOTO pAacCessHHS HU3MEpSUINCh C IOMOIIBIO

CreKTpoMeTpa-MuKpockona inViaRaman (Renishaw) npu komHaTHO# TemMnepatype.

JKCIepHMEHTAIbHbIE Pe3yIbTAThI

Ha puc. l,a (xpuBas /) mokazaH CHEKTp

KOMOMHAIIMOHHOTO ~ PaccesHUs  KBapLEBOTO

3 \
| \
|

CTEKJa 1O DJIEKTPOHHOrO OO0My4eHHs. BuHb

TPHU OCHOBHBIX ITOJIOCHI: UHTCHCHUBHAA I10JI0Ca B

uHTepBase yacToT v = 200-700 cm™! (pasnosxkena

Intensity, a.u

u ciabble  TOJOCHI €

800 cmv=1075 cm'.

Ha 4 Tayccuansl);

MakCUMyMaMH Ha V =

A CormacHo momoca ¢ Makcumymom Ha v=1075
d S A +

400 600 800 1000 1200 1400 1
w cM

]
COOTBETCTBYET MOJC pPACTSHKCHUA CBA3U

Raman shift, cm

oSi eBO GNBO KpPEeMHHH HEMOCTHKOBBIH kuciopon Si-NBO

Siloxane ring

(NBO — non-bridging oxygen) B CTpyKTypHOH

Puc. 1. a: CiekTpsl KOMOHHALIMOHHOTO
paccesHus KBapIeBOro cTekna (/), HaTpHii-
COZIepIKAIIEero CHIMKATHOTO cTekna (2) u
KPHUCTaTNYECKOro a-kBapiia (3) no
JNMEKTPOHHOTO 00ydeHus. [TyHKTHPHBIC THHHN —

enunnne Q° (cm. puc. 1,b.). Tlosnoca ¢ v = 800

cm!  oTHOCMTCA K CMMMETpMYHOM — Moje

PACTSKEHUs] aHUOHHOM CTPYKTYpHOH €XMHUIIBI

pasnoxenue Ha ['ayccuanbl. CrieKTpsI
CHJTHKaTHOTO CTEKIA M O-KBapIia CMEIEHBI
BBEpPX; b: HEKOTOPHIE CTPYKTYPHBIC CANHHIIBI
CHJIMKaTHOTO U KBapleBoro crekna. BO —
MOCTHKOBBIH Kuciaopos, NBO —HeMOCTUKOBBII
kucnopo. Mcronb3oBausl 0603HaueHus (Q") u3
[38-411.

(SiO4)*. Tlomoca ¢ v=600 cm' MoxkeT OBITH
COIIOCTaBJIEHA C CHMMETPUYHBIMH IbIIIAIHMH
KONeOaHUSIMU B YETBIPEX- M TPEXIIEMEHTHBIX
CHJIOKCAHOBBIX KOJIbI[AX, COCTOAMMX U3 SiO4
TeTpasapos (cMm. puc. 1,b). Tlomocer BOmm3un v=420 cm™ u v = 465 cm! cooTercTBYyIOT
koneOaHusiM cBszeit Si—O—Si B ueThlpex-, MATH- U IIECTHIIEMEHTHBIX CHUJIOKCAaHOBBIX
konbrax. Ilomoca Ha v=330 cm’' Moker ObiTh OTHeceHa K Konebamusim B Si2Os4 B 3D-
CTpyKTypax cerku crekina [41]. Jlns cpaBHeHMs Ha puc. l,a 1OKa3aHbl CIEKTPBI
KOMOUHAIIMOHHOTO PAcCesHUs HATPHH-COAEPIKAIero CHIIMKATHOTO CTekaa cucteMbl NaO-
Si02-CaO (kpuBas 2) U KPUCTAJUIMUECKOTO a-KBapia (kpuBas 3).

W3 pucyHKa BUIHO, YTO JUISL CUIIMKATHOTO CTEKJIa OTHOIICHHE HHTCHCHBHOCTH IOJIOC Ha

v = 400 cm'uv = 1000 cM! cyliecTBEHHO OTIIMYAETCS OT OTHOLIEHHS AHANOTHYHBIX MOJIOC

JUTA KBapUEBOTO CTEKIIA. Orto TOBOPUT O 3HAYUTCIIBHOM YBCINYCHUEC KOHLICHTPAIUNA Z[e(i]eKTOB
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Puc. 2. CriekTpbl KOMOMHAIIMOHHOTO PACCESTHHS

KBapIIEBOTo CTEKJIa B HHTepBaie JacToT 300-

550 cm!. a: Jlo3wl oGmyuenust Dem Ki/em?: 1 —

0,2-5,3-10,4—15; b: Jo3b1 001yueHus
Dam Ki/em?: 5 - 30, 6 —40, 760, 8 — 80.
[TyHKTHpPHBIE IMHUHU — CIEKTPAIbHOE
TOJIOXKEHHE T10JIOC, aHATM3UPYEMBIX HIKE.

Intensity, a.u.
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Puc. 3. Bimsinue 10351 00TydueHHs Ha
MHTEHCUBHOCTB T0JI0C Ha v = 465 em! (1) n
420 cm! (2).

80

CEeTKM B CHIIMKATHOM CTeKle, Takux kak Q> u Q°
(em.  puc. 1,b).  Chekrp  KOMOHHAI[MOHHOTO
paccesHUs. KPUCTALIMYECKOTO O-KBaplia COCTOUT
U3 JIByX OCHOBHBIX IIOJIOC: Y3KOIl IOJIOCHI Ha
v=465 cm! W mHEPOKOIl CTPYKTYypHpPOBaHHOM
nosocsl B uHTepBase uactor 700-1100 cm.
IlepBas nojoca COOTBETCTBYET MoJam
pactsbkennss u u3ruba Si-O-Si B 6-3J1IeMEHTHOM
CHJIOKCAaHOBOM Kouiblle. Bropast moioca Moxer
OBITH OTHECEHAa K KoJeOaTelbHBIM MOJAM B
TOYEYHBIX Ie(eKTax KPHUCTALIMYECKOro KBapLa,
aHasornuHbix Si-NBO.

ITocne 3MEKTPOHHOTO OONy4eHHs BHANMBIC
U3MEHEHHUS B OOJYYEHHBIX 30HaX 00pa3loB
orcyrcTBoBanmd. Ha puc.2 mOKa3aHBl CIIEKTPBI
KOMOWHAIHOHHOTO PACCesHUSI KBapLEBOro CTEKIa
B uHTepBaie wacror 300-550 cm! 10 m mocie
JNMEKTPOHHOrO  OONy4eHHs Juisi pasHBIX /103
00TyueHusL.

Puc.3  wmmocTpupyer — BIMSHHE  JO3BI
3JIEKTPOHHOrO  OOJy4eHHs Ha HMHTCHCHBHOCTb
nosioc Ha v = 465 cm! m 420 cm!. U3 pucynkos
BHIHO, 4TO JuIs uHTepBama no3 0-5 mKn/cm?
HPOMCXOJUT YMEHBIIICHHE MHTCHCHBHOCTH MOJOC
B Makcumymax. Jlia  D=10-40  mKn/cm®

MIPOUCXOAUT YBCINYEHUE MHTCHCUBHOCTHU IIOJIOC C

YBEJIIMYCHUEM 103bI 06ny!{ex—m;{, M OHH CTaHOBSATCS OoJiee CTPYKTYpPUPOBAaHHBIMH. O6ny!{e]-n/le

¢ no3oit D = 10 mKn/cm? MPUBOJIUT K TOSBJICHUIO HOBOM MOJOCK Ha v = 375 cm!. s 103,

npesbimatonmx 40 MKi/cM?, HHTEHCHBHOCTB TIOJIOC YMEHBIIAETCS MPH YBEIHUEHHH JI03BI

06Hy‘I€HI/I$I. V3MeHeHnsT UHTCHCHUBHOCTH TIOJIOC COMPOBOXKIAAIOTCA CIEKTPAJIBHBIM CABUT'OM

UX MaKCUMYMOB.

Ha puc. 4 moxa3aHbl CIEKTPbI PAMaHOBCKOTO PAcCEsHUs KBAapIICBOIO CTCKIIA B MHTEPBAJIC

gactor 700-1300 cm'10 M mocne SIEKTPOHHOTO OGMyYEHHs JUIS Pa3HBIX 03 OOIYYCHHS.

Buano, uro mpHcyTCTBYIOT, MO KpaiiHell Mepe, 6 MOJIOC Pa3IMYHOM WHTEHCUBHOCTH M
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Puc. 4. CnexTpbl KOMOMHAIIOHHOTO
paccesiHUs KBapLIeBOIO CTEKJIa B HHTEpBalie
gactot 700-1300 cm™'. a: Jlo3bl 06sTydenus
Dem Kn/em? 1 -0,2-5,3-10,4—-15.Ha
BcTaBke — kpuBast /; b: Jlo3sl o0myuenus DM
Kn/em?: 5 - 30, 6 —40, 7 - 60, 8 — 80.
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Puc. 5. Bnusaue 10361 00ydeHus Ha
MHTEHCHBHOCTH Honoc Ha v = 800 cm™! (1),
1000 e (2), m 1075 em! (3).

BapbHPOBAaHUE HO3bI OOIydYCHHsS BIHACT Ha BCE
TOJIOCHI, W3MEHSsI MX HHTCHCHBHOCTH U, B psjie
CIIy4aeB, OPHBOJUT K MX CIEKTPAJbHOMY CIBHTY.
Paccmotpum 3 nostocsl Ha v = 800 cm™!, 1000 cM' u
1075 com'. Tleppas momoca (v=800 cm')
COOTBETCTBYET CHMMETPHYHOI MOJIe PacTsIKCHUS B
aHHOHHOH cTpykTypHOit emunuue (SiO4)*. Bropas
nosoca ¢ MakcuMyMoM Ha v = 1000 cm™!' sBisiercs
CYIepIO3HIHEH JIBYX TI0JIOC: TI0JIOCHI,
COOTBETCTBYIOIIEH MOJE PACTSHKEHUsT CBsi3H  Si-
NBOB crpykrypHoii emuuune Q%  momocsl,
COOTBETCTBYIOIIEH KoyieOaTeIbHBIM MOJAaM CBSI3H
Si-BO B HEe MONHOCTHIO IOJUMEPH30BAaHHBIX
cTpykTypHbix emununax Q*uQ? TpeTws mosoca ¢
MAaKCUMYMOM Ha V = 1075cm™! cBs3ana ¢ Momoit
pactsokenns ¢z Si-NBO B cTpykTypHOi
enunuie Q3.

Kak cnemyer u3 puc.3 u pwuc.5, npu
YBEIUUCHUN 036 OONydYCHHs KOHIICHTpPAIUsS
CHJIOKCAHOBBIX ~ KOJIEIl ~ HAYMHAeT  pacTv, a
KOHIIEHTpaIHs nehexToB YMEHBIIAETCsl.
OueBHIHO, 4TO 4eM OoJiblle 71032 O0IyUYeHUs, TeM
BEIIIE KOHICHTPAIMS PaJHAllHOHHBIX Je(EeKTOB.

Orto yOpouaeT BOCCTAHOBJICHUE CHIIOKCAHOBBIX

KOJIEII ITOCJI€ BJIEKTPOHHOI'O 06J1y'-ICHl/I$I, TEM CaMbIM, BOCCTaHAaBIMUBAaA CETKY CTCKJIA. KOF,Ha Jo03a

o0Omyuenns npesbimaer 40 MKi/cM? HaGMIOAAETCS yMEHBIICHUE WHTEHCUBHOCTH monoc Ha 420

oM 465 oMl D10 MOXKHO OOBACHHTH paspylieHHeM CTPYKTYpHbIX emununl Q?, Q*umQ?, uro

JCIa€T BOCCTAHOBJICHHC CHJIOKCAHOBBIX KOJICl HEBO3MOKHBIM. CusibHbIC CTPYKTYpPHBIC

MU3MCHCHUA B KBAapLUCBOM CTEKIIC IIpA 0OJIBIINX Jo3ax O6J'Iy'-ICHI/ISI TIOATBEPKAAIOTCA TaKKE

BO3pacTaHUEM CKOPOCTH XUMHUYIECKOI'0 TPABJICHUS CTEKJIA B 06J'Iy‘I€HHOI\/'[ 30HE IPUMEPHO B 2 pasa.

PabGora BemmonHeHa mpu (uHAHCOBOW momuepxke Poccuiickoro Haywnoro ®omna

(mpoext Ne 20-19-00559).

1. Boizot B., Agnello S., Reynard B., Boscaino R., Petite G., Raman spectroscopy
study of B-irradiated silica glass// J. Non-Cryst. Sol. 2003. V. 325.P. 22-28.

262



OCOBEHHOCTHU MATHUTOONTHYECKOI'O OTKJIIMKA HAHOCTPYKTYP,
C®OPMHMPOBAHHBIX B PA3JIMYHBIX PEXKUMAX HOHHOM OBPABOTKH
IOBEPXHOCTH
FEATURES OF MAGNETO-OPTICAL RESPONSE OF NANOSTRUCTURES
FORMED IN VARIOUS REGIMES OF ION SURFACE TREATMENT

A.B. Tlpokasnukos?, B.A. INanopkos?, B.A. Unpukop?
A.V. Prokaznikov!, V.A. Paporkov?, V.A. Chirikov?

SIpocnasckuii @umman dusuko-Texnonornyeckoro Uucruryra um. K.A. Banuesa,
yi1. Yuausepceurerckas, 21, 150007, Poccust, e-mail: prokaznikov@mail.ru
2Spocnabckuii loynapcrBennsiit Yausepcurer um. ILT. Jlemunosa, yi1. Coserckas, 14,

150003, Poccust, e-mail: pva@uniyar.ac.ru

It is established that the magneto-optical response from curved magnetic nanostructures,
which were formed by different ionic processing the surfaces of different types, experiences
crossovers at certain length scales (A > 100 nm). For the scales smaller than A < 100 nm the
normalized value of hysteresis loop for the transverse Kerr effect does not depend on the
incidence angle of electromagnetic radiation. For the curved nanostructures at the scales

larger than A > 100 nm hysteresis loops typical for magnetic vortices were observed.

TexHonoruueckas peaju3alusi MarHUTHOM IaMATH, OCHOBAHHOW Ha CBOMCTBax
MarHUTHBIX BUXpei, TpeOyeT TOYHON (pMKCAL[MU TIOJNOXKEHHS BUXPS JUIS OCYILECTBICHUS
IpoLeaypbl  3amucu/CYMTBIBaHMs — HHpOpMalmH. B 9TOH  CBA3M  HCMONB3YHOTCS
CTPYKTYPUPOBAHHbIE CHCTEMbI sl (JOPMHUPOBAHUS CHCTEM IIAMSTH ¥ JIOTHYECKUX DJIEMEHTOB
Ha MarHuTHbIX BUXpsX [1]. OcoOblif MHTEpEC K HAHOCTPYKTYpPUPOBAHHBIM CHCTEMaM
00yCIIOBIIEH BO3MOKHOCTBIO TOYHOMN (DMKCALMH MOJIOKEHHUs OMTa HH(pOPMAIHH.

WsrotoBnenne MarHUTHBIX 3D HAaHOCTPYKTYp  OCHOBBIBAIOCH Ha  0COOOM
TEXHOJIOTMYECKOM MPOLIECCE PACIBUICHHSI OJHOBPEMEHHO IBYX MuleHeil kobansra (CO) u
tutaa (Ti) Ha KPEMHHEBOIT T0/TOXKKE B aproHoBoit (Ar*) miasme. DTOT mporece MPUBOAUT K
3aMEIIeHHI0 KOOaJdbTa HAHOCTPYKTYpPUPOBAaHHBIM THTaHOM. Ilociie cTajuu COBMECTHOrO
pacnbutenus  (CO-sputtering) oOpaser; mpexacraBisul  co0OM  Cily4aifHO —pacIONOKEHHBIC
KPEMHHEBbIC HAHOKOJIOHHBI, MOKPBIThIC CJIOEM THTaHAa Ha BepluMHAX. THIHYHBIA pasmep

OT/ENIBHOTO dJIeMEHTa CTPYKTYphI cocTaBisl ~ 50-100 um (cM. Puc. la). 3atem HaHOCHIICS
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CcI0i KoOasibTa MarH€TpOHHbBIM PaClIbIIICHUEM. PCSyJILTaT ITUX TEXHOJOTHYECKUX IIPOLECCOB

npuBeneH Ha Puc. 1a (ycinoBHO 3To 00pasen HazBaH — «o0Opaser] 1»). TUIHYHBIH nonepeyHsbIit

pasmep MarHuTHOH yactu 3D smiunconmansHoi cTpykTypsl (cM. Puc. 1a) cocrasmsn ~ 100

HM, 4YTO, B 4aCTHOCTH, COOTBCTCTBYET I10 IMOPSAAKY BEJIMYUHBI pasMepaM MarHuTHOTO BUXPS B

1o100HOM cHcTEME.

Oe

Pucynok 1. Crpykrypsl ¢
K00aIbTOBOH HAHOTIICHKON
Ha  OCHOBE  IOKPBITHIX
CBEpXY THTa-HOM
KPEMHHUEBBIX HaHO-
CTPYKTYP MOCIJIe HAHECCHUSI
kobasnpTa (0Opasen 1 — a).
Crpykrypa ¢ K0OaIbTOBOM
HaHOIUIGHKOH Ha OCHOBE
AQHOAMPOBAHHOTO
QTIOMHUHHS HA KPEMHHUEBOM
MOJUIOKKe  (0oOImid  BHJ,
obpaseu 2 — b). Crpykrypa
C OJIHOPOJHBIM HAHOCIOEM
KobalbTa Ha  KPEeMHHH
(obpaszer;y 3 — c). Cxema
9KCIIEPHMEHTA B
KOHQHUIypald  MarHuTo-
OITHYECKOr0 dKBATOPUAIIb-
Horo  oa¢dexra  Keppa
(MODDK). YepHsrit
HPSIMOYTOJIBHUK — HCClIe-
JtyeMblii obpasels, ¢ — yron
najenus/otpaxenus, M —
HAIpaBICHHE  BHEIIHETO
MarauTHoro nojs — (d).
Opazeryr  PbSe  mocrne
obpabotku B Ar+ miasme B
teueHue 4 munyrt. Crnpasa
(f’ 9, h) -
COOTBETCTBYIOLIHE 3aBHCH-
mMoctd MODDK — §(H) st
at L = 633 umM u yrioB
magenuns 25° (1), 40° (2),
75° (3); s obpasua PbSe
—52.5° — (i), 65° — (k).

Wnoii TN CTpYKTyp OBLI CHPOPMHUPOBAH NOCPEACTBOM MATHETPOHHOTO PACIIBLICHHS

CTaOHIIM3UPYIOLLETro CIIOs TaHTana Ha Si MOIOKKY. 3aTeM HaHOcHIICs cioil amoMuHus (Al)

TOJIIMHOW | MKM aHaJIOTMYHBIM 06pa30M. IIa.nee cJIieaoBall dTall aHOAUPOBAaHUA B pacTBOPE

maseneBoii  kucnorsl (H2C20s4) ¢ obpaszoBannem cnost nopucroro amomuaus (Al203).
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ClieyIoIHM dTaroM SIBISIIOCh TpaBiieHHe rnopuctoro amomuuus B cvecd H2POs u CrOs,
YTO TPUBOJMIIO K (POPMHUPOBAHHIO «HAHOXOJIMOBY Ha ocHoBe Al203. OTmeTnMm, 4To mpomecc
AQHOJMPOBAHUS IPOTEKACT TAKXKE YePe3 MOCPEACTBO B3aHMOICHCTBHS HOHOB, COCPIKALMXCS
B PacTBOpE, C MOBEPXHOCTHIO TBEPJIOro Tena. Ha 3akirounTenbHOM starne HaHocucs cioi Co
TOJIIIMHON 8 HM IOCPEICTBOM MAarHETPOHHOTO pachblieHHs. OKOHYATENbHBIH Pe3ylIbTaT
npencraBies Ha Puc. 1b. «HanoxomMukm» QopMupoBaanch cierka ynopsIo4eHHBIMH,
(opma KOTOpPBIX OnU3Ka K MHPaMUAAIBHON (3TOT 00pasell yCIOBHO Ha3BaH — «oOpaser 2»).
Jiist Gosee IeTalIbHOTO aHaIM3a Pe3yJIbTaTOB U3MEPEHHH OblI H3rOTOBIICH TECTOBBII 00paser]
¢ omHopoxHO#T rreHkod CO TONUIMHOM 6 HM Ha KPEMHHEBOW IIOIUIOXKKE IMOCPEICTBOM
MAarHeTPOHHOTO pPacIblICHUs (3TOT oOpaser] yCIOBHO Ha3BaH — «oOpaser 3»). dotorpadus
aToro obpasiia npuBeaeHa Ha Puc. 1C.

HanGonbirero pazHooOpasusi HAHOCTPYKTYp € MCKPUBJICHHOW MOBEPXHOCTHIO YAAJIOCh
JOCTHYb Ha IOMIOKKAX Ha OcHOBe ceneHuna cBuHia (PbSe), oGpaGoTaHHBIX B aproHOBOIl
(Ar*) mnasme. [Lienkn PbSe Tosmmuoii 3 MKM ObLIH BBIPAIIEHBI TOCPEACTBOM MOJIEKYIISIPHO-
Jly4eBOM OJIMTAKCHH Ha KPHCTAIUIMYECKOH KpeMHHeBoH mnomiokke Si(111) ¢ OydepHbim
cnoem CaF2 tomumuol 2-4 um. Ilienku PbSe GbUIM MOHOKPUCTAUIMYECKMMH U MMENH
opuentanuio [111] Brons ocu pocra. DnurakcuansHble cTpykrypbl PhSe/CaF2/Si(111) 6buiu
00paboTaHbl B IUIa3MEHHOM PEaKTOpe BHICOKOYACTOTHOro paspsza (13.56 MI'n) nmpu Hu3KoM
nasieHnd. OGpaboTKa NPOU3BOAMIACH NP HU3KOM dHEprun noHoB Ar* (20-30 9B), 6am3ko K
Hopory pacrnsuieHust. Bpemst o00paboTku u3Mensuioch B mpejenax 60-240 cexynn. Ha Puc. 1e
IIpeJcTaBlieHa CTPYKTypa, MOoydeHHas rmociie 00paboTku B TeueHne 4 MUHYT B ruiazme Art. C
pOCTOM BpeMeHH 00pabOTKH B IUIa3Me OTHOCHTENbHAs aoias Ph yBemuuuBamach, Kak
CBHJICTENILCTBOBAJ aHAIN3 COCTaBa MoBepXxHOCTH. [locie (opMHpOBaHHS HAHOCTPYKTYp
HAHOCWICS CJ0M KoOanpra TonmMHOW 10 HM MarHeTpPOHHBIM paCHbUICHHEM VIS
nocneayomux marautoontuueckux (MO) uccnenoBanuit. Cinoit B 10 HM HaHOCWIICS Ha
CTPYKTYpBI Tocie kaxzoi cepun MO uccinenoBanuii (B 00LIel CIOKHOCTH 4eThIpe pasa).
OTO MO3BOJIMIIO OCYHIECTBUTH HccienoBanus MO CBOHCTB HAHOCTPYKTYPUPOBAHHOH
MIOBEPXHOCTH B 3aBUCHMOCTH OT TOJIIMHBI MAarHUTHOW IUICHKH. Bpems ma3MeHHOI
00paboTKy BIUsANO Ha pasMep U (HopMy COPPMHPOBAHHBIX HAaHOCTPYKTyp. C yBeanueHHeM
BpeMeHd 06paboTku B Ar* miasme GpOopMHUpPOBANNCh HAHOCTPYKTYPBI GOJIBIIMX Pa3sMEpOB H
MEHBIIECH TIOTHOCTH PACIIONIOKEHHUS 10 TIOBEPXHOCTH, TaK YTO XapaKTepHbIA Maciirad A >
100 um. Vismenenue Tomuunsl mwieHkn CO Ha moBepxHOCTH 06pasuoB PbSe nmokazaino, yro na
CTPYKTypax ¢ OoJibLIeil INIOTHOCTBIO PACIIPEASICHHSI HAHOCTPYKTYPHBIX d11eMeHToB (A < 100

HM) He peructpupoBamuch MO nermu rucrepesuca (MOII), xapakrepHble I MarHUTHBIX
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Buxpeil. M3menenue tonumusl mwienkn CO Ha crpykrypax PbSe npoaeMoHCTpupoBaiio, 4o
XapakTepHbIe I MarHUTHBIX BUXpeilt MOIII™ nmosBasiiich npy MajblX TONIIMHAX TIeHOK CO
~ 10 HM. DTH 3aKOHOMEPHOCTU MPOSABIISUIMCH AT HAHOCTPYKTYp ¢ A = 100 HM U ncyesanu
npH TonnmHax mieHkn Co Gonpmmx 20 HM.

B Hacrosimeii paGoTe NpOJEMOHCTPUPOBAHO, YTO IIPU ONpPENCICHHONW KPHUBHU3HE
[IOBEPXHOCTH, C(POPMHUPOBAHHON HOHHOU 06paboTKOM KpuctaiuioB PbSe, n mpu Tonmmue
ciost CO ~ 10 HM BO BHELIHEM MAarHUTHOM II0JIC BO3HHUKAIOT MATHUTHbIC BUXPH, KOTOPBIE
HposIBISIIOTCSE B ocoboit  popme MOIIL (cm. puc. 1i). Dra ocobas ¢popma MOIIT
tpaHcopmupyercss B 00biunyto (cM. Puc. 1K) miust tomumn cnoes Co Gombumx 20 HM. B
koH(urypanun MODOK BHelIHee HOJIe MarHUTHOE I10JI€ HAIPABICHO NEPIEHIUKYISPHO
OOKOBOI TTOBEPXHOCTH OT/ENBHBIX HAHOCTPYKTYP, TaK YTO MarHUTHBIC BUXPU (HOPMHUPYIOTCS
Ha GOKOBOI ITOBEPXHOCTH HAHOCTPYKTYP. DTOT (paKT OTpaxkaeTcsi B HAIMYMH XapaKTEPHOTO
rwiato Ha MOIII npu OTHOCHTEIBEHO OOJIBLINX YITIaX MAJCHUS H3ITyYCHUS.

Maruuroontuyeckuit  otkiuk  (MO)  HaHOCTPYKTYPHPOBAHHOW — MCKPUBIICHHOMN
MIOBEPXHOCTH PE3KO MEHSET XapaKTep MOBEACHHUS IIPH ONPEACICHHbBIX MacIuTabax OTASIbHbIX
aneMeHTOB cucteMsl (A > 100 M), chopMUpOBaHHON HOHHOIT 0OpPabOTKO MOBEPXHOCTH Ha
OCHOBE Pa3UYHBIX MaTepuaioB. Jlisi pa3MepoB HAaHOCTPYKTYp MEHBIINX, YEM XapaKTepHBIit
macmtab (A < 100 HM), TO ecThb NOpsAKA M MEHbLIE LIMPHHBI JOMEHHOH CTEHKH,
HOPMHPOBAHHAs IIETNIS TMCTEPe3nca I MarHUTOONTHYECKOTO SKBATOPUAIBHOTO 3(dexra
Keppa (MODDK) He 3aBHCHT OT yria majgeHus cBera. st CTPYKTYp C MCKPUBICHHOW
MOBEPXHOCTHIO C pa3MepamMy Mopsiika U Ooiee xapaktepHoil ummHbl (A > 100 HM)
HAOJIIOJAIOTCS ETJIM TUCTepe3rca, XapakTepHbIC Ul HAIMYMs MAarHUTHBIX BHXpei. st
IUJIGHOK KOOaJlbTa TONI[MHOW TMOpSJKAa HECKOJbKMX HAHOMETPOB JUISl  Pa3iIMYHBIX
HAHOCTPYKTYPUPOBAHHBIX ITIOJJIOKEK XapaKTepHas JUIMHa uMeeT BenuunmHy A ~ 100 HM,
CpaBHUMYIO C  IIMPHHOM  JOMEHHOW creHKH. KoMIbIOTepHOE  MOJEIMpPOBaHHE
IIPOJIEMOHCTPHUPOBAIO XOPOIIIee COBIAJICHUE C pe3yibTaTaMM dKcrepuMmeHTta. Kpome Toro,
Marepuaibl Ha OCHOBE XaJbKoreHumoB cBuHIa (PbSe) mnpoxeMoHCcTpHpoBaIn CBOO
MEPCHEKTUBHOCTD B [IAHE MPHUMEHEHHsI JUIs CO3JaHHsI CHCTEM OITO- ¥ HAaHOAJIEKTPOHUKH [2],
a TaKKe JOCTATOYHYIO IUIACTHYHOCTH JUI1 (OPMHUPOBAHHMS HAa HX OCHOBE pPa3IMYHBIX

HAHOCTPYKTYpP Pa3HOOOpa3HOI reOMETPHH MOCPEICTBOM HOHHOIT 00pabOTKH MOBEPXHOCTH.
[1] X. Zhang, M. Ezawa, Y. Zhou. Sci.Rep. 5 (2015) 9400.

[2] G. K. Ahluwalia. Applications of chalcogenides: S, Se and Te. Springer
International Publishing. Switzerland. 2017.
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W3MEHEHUA TEKCTYPBI IJIEHOK Ti TPA HOHHO-TIA3SMEHHOWM
OBPABOTKE

CHANGES OF THE TEXTURE OF Ti FILMS CAUSED BY ION-PLASMA
TREATMENT

P.B. Cemokos?, M.O. Mztomos?!, B.B. Haymog?, JI.A. Mazaneuxuii?
R.V. Selyukov!, M.O. Izyumov?, V.V. Naumov?, L.A. Mazaletskiy?

1. AD ®THAH um. K.A. Banuesa PAH, 150007, Ynusepcumemckas, 21, HApocaasns, Poccusi,
e-mail: rvselyukov@mail.ru;

2. Apocnasckuti I'ocyoapcmeennuiii ynugepcumem um. I1.17. [Jemuoosa, 150003, Cosemckas,
14, Apocnaens, Poccus

Ar ion-plasma treatment facilitates the formation of (100) texture in 10-40 nm Ti
films having initially (100) + (001) texture. Texture changes are caused by
compressive stress originated due to ion bombardment. The less the film thickness
and the higher the Ar ion energy the less treatment time required for (100) texture
formation. For 10-20 nm Ti films the 14-28% decrease of resistivity is observed
after 30 V treatment.

TOHKHE TEKCTYpHPOBaHHBIE IUICHKH T1 HCIONB3YIOTCS B KayecTBe aJre3HOHHOTO
HONCIOS TpH  OCaXIeHWH Ha pasnuudble momioxku mwienok Al AIN, TiN, Pt
(eppoMarHuTHBIX TUIeHOK. Kak mpaBmiio, wucmonb3yercss IuieHKa o-Ti ¢ akcuaabHOU
tekcrypoii (001). Bo Bcex BBILIENEPEUNCIIEHHBIX CIydYasx YCHIIEHHE TeKCTypbl mozciost Ti
MPUBOJUT K YCHJICHHIO TEKCTYPBI, a CJICA0BATENbHO, SKCIUTyaTal[MOHHBIX CBOWCTB IICHOK U
MHOTOCJIOWHBIX CHCTEM, OCaXAaeMbIX Ha Hero. C LebIo yImpaBiIeHHs TeKCTypoil mieHok Ti,
KaK IPaBUJIO, BAPbUPYIOTCS NMApaMeTpbl MPOLECCOB OCAXICHUS, B YACTHOCTH, HPHUMEHSIETCS
MOHHAasi 6oMOapaupoBKa pactyuiel ieHku. [Ipu aToM cnabo u3yueHo BIUSHUE Ha TEKCTYPY
mieHok Ti M Jpyrux MeTamioB MOHHOH OOMOAapAMpPOBKM, IPOBOAMMOM IMOCTE OCAKACHHS.
Mexay TeM, Takas IpoOLEAypa YCHCIIHO HPHUMEHSCTCS, HampuMep, s TMOArOTOBKH
anre3nonHblx cinoes Ti [1], u3MeHeHus HanpsDKEHHN B IUICHKaX MeTawioB [2]. B manuoit
paboTe MCClleI0BaHO BIIMSIHUE TaKOH HU3KOAHEPreTHYecKoW OOMOApAMpOBKM MOHAMHU AT Ha
TEKCTYPY TOHKHX TIICHOK Ti.

IMnenxku Ti tommumuoi 10-40 Nnm ocaxkmanuchk Ha oOkucieHHyro riactudy Si(100)
METOJIOM MarHeTPOHHOTO PacHbUICHHs IIPH KOMHATHOW TeMIeparype, JaBIeHUU Ar, paBHOM
2 pbar, ¢ riaBaoIMM MOTCHIMAIOM Ha MOUI0KKe. [locie ocaxaeHus MICHKH TTOABEPraich
cepuM HWOHHO-IUIa3MeHHbIX 0o0padorok (MIIO), xoropble mpoBoauiuch B peaktope BU
WHIYyKIMOHHOTO paspsja B aproHosoii miasme [3]. Bo Bpems UIIO nasnenue Ar B peakrope
6but0 0.08 Pa, BY momHocTs, moxaBaeMast Ha MHAYKTOp, Oblta paBHa 800 W, pacxon Ar

coctapmsun 10 sccm.  IInoTHocTh HMOHHOTO Toka Obima paBHa 7.4 MA/cm?.  [lnenku
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nojBepraiuck cepur u3 yersipex UIO mmurensrocThi0 10 30 min kaxaast. Vcnons3oBaiuch
pasHble 3HaueHuss BU cMelienus Ha TOANOXKKE, MPUBOAMBINErO K IIOABICHUIO HA HEH
nocrosiuHoro noreHupana 20, 25 u 30 V. [uama3oH HCHONB3YeMBIX HANPSDKEHHH ObLI
orpaHuyeH cBepxy 3HaueHueM 30 V M3-3a CyIIECTBEHHOIO pacIbUICHHs IUICHOK. Bo Bpems
WIIO Ttemmepatypa oOpasuoB ne mnpebimana 40°C. Jlo m mocne UIIO Ttekcrypa u
MUKPOCTPYKTypa IUICHOK MCCICAOBAINCH C IIOMOIIBIO PEHTTCHOBCKOH IH(PPAKTOMETPUH,
YJICIIbHOE COIPOTHBIICHHE P M3MEPSUIOCh YETHIPEX30HAOBBIM METOIOM. XUMHYECKHIl COCTAB
IUIGHOK HCCJIEJIOBANICS METOlaMH SHEPrOJMCIEPCHOHHOM PEHTI€HOBCKOM CIEKTPOCKOIHH
(EDS) ¢ momormsto npucrasku INCAXx-act (Oxford Instruments) k COM Supra-40 (Carl
Zeiss) u anekrponnoit Oxe crekrpockoruu (AES) na cnexrpomerpe PHI-660 (Perkin-
Elmer). Tonmuussl mieHok 1o u nocie UITO usmepsutuch ¢ nomousio EDS criekrpos [4].

Jlo u nocne cepun MITIO 30 V ¢ nomompio AES 6kt nipoanaan3upoBaH XMMHYECKUH
cocTas puHoBepxHOCTHOM (1-2 Nm) o6nactu Ti ruieHoK. Ar He ObUT HAlICH HA TOBEPXHOCTH
Ti uu no, Hu mocie UIIO. EDS crekrpsl MCXOAHBIX M 00pabOTaHHBIX IUICHOK TaKKe HE
cozepskar JuHui Ar. beuto HaiinieHo, uro B pesyibrare cepun MITO 30 V 6bu10 cymmapHo
yaaneHo 4-5nm Ti, cepust UI1O 25 V npuBena k yroHenuto mieHku Ti Ha 1-2 nm, nocne
cepuu UIIO 20 V yronenus Ti He IPOHCXOANIIO.

Ha audpaxrorpammax ucxoaHsix W moaBeprHyTsix WITO 00pasuoB mpHCYTCTBYIOT
vk npu 20~35 u 38°, otnocsuuecs k Ti (puc.la). ITuk Ha 20~35° sBisercss MaKCHMyMOM
(100) ¢azsr 0-Ti, uMeromIel rekcaroHaIbHYIO IJIOTHOYAKOBaHHYIO peruerky. [Tuk Ha 20~38°
ssisiercss  MakcumymMoM  (002) o-Ti. Takum 06pa3oMm, BO BCEX MCXOJHBIX [UIEHKAX
npucyTcTByeT cinoxHas Tekcrypa (100) +(001), mpudem [onst 3epeH, COCTaBIISIOLIMX
tekcrypy (100), yBenuuuBaercst ¢ TommuHoi wienkd. UIIO 30 V npuBomsT K ociabieHuio
win ucyesHosenuto muka (002), npu srom ycunusaercs nuk (100) (puc. 1a). st 10 nm
TUIeHKH yrxe mocie nepsoit UI1O 30 V, a taxoke muist 20 NM IIIeHKH, OABEPTHYTON CEpHU U3
yersipex UIIO 30 V, nuk (100) maxomurest npu 20~34°. MexmiockocTHoe paccrosiHue dioo,
H3MEPCHHOE B HAINPABICHUH HOPMAJIU K MOUIOKKE, [Tl JAHHBIX 00pa3IoB OOJIbIiIe TAKOBOTO
JUISL HICXOJIHBIX 00pasuoB Ha 3%.

Ha puc. 1b noxasana 3aBucumocTh OTHOCHTENbHOW nHTEeHCHBHOCTH Tmka Ti (100)
1100/(l100+l002) ot Bpemern UIIO t mwist o6paborox npu 30 V. Buaso, 4to yxke mocne nepBoit
UIIO B 10 nm menke ucyezaror (001) opuentupoBanHbie 3epHa U (Gopmupyercs (100)
tekcTypa. Jmst 20 nm IUteHKH Takoi ke J((EeKT IOoCTHraeTcs B pe3yibTarte Tpex
nocienoBarenbHbix 30 min MIIO, nocie Takoit sxe cepun B 30 nm rurenke Texcrypa (100)

CTaHOBHTCS JoMuHHpYytomieil. [Ipu atom cepust UTIO o61iueit npoomkureasHocTsio 120 min
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yBenuuusaer napamerp lioo/(l1oo+loo2) mist 40 nm meHkn HesnauurensHo. UIIO 20 u 25V
cnabo Mensior nomo (100) opuenTupoBanHbIX 3eper wia 20-40 nm mieHok, HO mis 10 nm
IUICHKH YBEJMYEHHE ITOH JI0JM IPOUCXOMUT, IPHYEM, TeM OobliIee, YeM GOJIblie CMEIeHHEe

Ha MOJIOXKKE.

18 (a) 1.0+ (b)
. / . A
012 !
'S
=9
o
B

o

w

32 34 36 38 40 42
20, deg. t, min
Puc. 1. (a) dudpaxrorpammsr obpasua ¢ 20 nm ruienkoi Ti, ucxoauoit (1) u mocne cepun U3 Tpex
UIIO 30 V/30 min (2). (b) 3aBucumocts napamerpa lioo/(1100+1002) 0T Bpemenu UIIO t quis cmeweHust
30V.1-10 nm muenka Ti, 2 - 20 nm, 3 - 30 nm, 4 - 40 nm.

VYeunenne texerypsi (100) B mienkax Ti B pesynbrate UIIO MOxeT ObITH KaueCTBEHHO
00BSICHEHO B paMKaX MOJIENH, COTJIACHO KOTOPOIl CXKMMAIOIIE HANPSKEHUS! TIPH OCAXKICHUH
IJICHOK BO3HHKAIOT B PE3yJbTaTe MHIPALlMM aJaTOMOB C TOBEPXHOCTH B MEXK3CPCHHBIC
rpanuust [5]. B [2] Gbuto mokaszano, yro MIIO, mpoBeneHHas B yCIOBHSIX, aHAJIOTHYHBIX
HCIIOJIb30BaHHBIM B JAHHOI paboTe, MPHBOAKUT K YBEIHYECHUIO CKMMAOIIUX HANpPSDKCHUH B
wienkax Cr. Oto ObUI0 OOBACHEHO MONOOHOM MHrpanuel, 0OyCIOBICHHOH yBeTHYCHHEM
IIOJABH)KHOCTH aJaTOMOB B pe3yJibTaTe HOHHOI GoMOapaupoBku. M3BecTHO, 4TO IUIeHKa Ti ¢
tekctypoii (001), oOnamaeT MHUHHMAJIbHOH MOBEPXHOCTHOH dHeprued, mis reHku Ti ¢
tekcTypoit (100) MuHMMaIbHA dHEprus ynpyroi aedopmanuu. TakuMm oOpa3oM, ycHICHHE
tekcTypsl (100) MOKeT GbITh 0OBSICHEHO YCHICHHEM CKMMAIOIINX HANIPSDKCHUIT B pe3yJbTaTe
HOHHOI OoMOapmupoBku. VIMmiantauuss Ar HE MOXET pPacCMaTpPHBAThCS B KauecTBE
HPHYMHBI BOSHHKHOBCHHS CKMMAIOIIMX HAINPSDKCHHMH, TaK Kak Ar B IUICHKAaX HE HaiifeH.
BbUI0 HaiieHO, YTO MEXIUIOCKOCTHbIC pacCTosHus Cooz B HANpaBJICHHH, HOPMAIbHOM K
nomnoxke, st 10 u 20 nm mieHok B pesyisrate UIO 30 V yBennunBatores, a B 30 u 40 nm

IUIEHKAX MEHSIOTCS cliabo. ITo YBEINYCHUE CBUACTCILCTBYET 00 YBEIMYCHUHU COKUMAIOLINX
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HANpsDKeHHH B IUIOCKOCTH IUIeHKH. B pesymbrare 20 u 25V UIIO dooz yBenmumBaercs
ToABKO 1 10 nm menku, s 20-40 nm maeHok doo2 MeHseTCs He3HaYMTeNnbHO. JlaHHbIE
PEe3yJIbTaThl, B LIEJIOM, KOPPEIUPYIOT ¢ yBenuueHueM j1onu (100) opueHTHPOBaHHBIX 3€peH U
MOATBEPKAAIOT NPUBEIEHHOE BbIIE OOBSICHEHHE. YTIOMSHYTOE BbIlE 3HauuTenbHOE (3%)
yBenudenue oo st 10 1 20 nm mieHok mocie cepun 30 V UIIO Moxer ObITh 0OBACHEHO
CYMMapHBIM BIIMSSHHEM YMEHBILICHHS Pa3MEpOB 3€pPEH B PE3YNbTATEC YTOHCHMS IUICHKH H
YBEJIUUYCHHS CKUMAIOIIUX HANpsDKeHUH. M3MeHeHHe MEXIUIOCKOCTHBIX PACCTOSHUH IpU
YMEHBIICHHH pa3Mepa 3epHa B HAHOKPUCTALIMYECKHX MaTepHalaX XOpPOIIO H3BECTHO M3
JNTEPaTyphl. YCKOPEHUE HM3MEHEHHH TEKCTYpPbl C YBEIMYCHHEM CMCILICHHS MOXET ObITh
OOBSCHEHO CICAYIOUM 00pa3oM. YBENIUUCHHE CPEIHEH YHEPruy HOHOB Ar CIocoOCTBYeT
YBEJIMUCHHIO MOJABIXKHOCTU  aJaTOMOB, YTO B CBOIO OYepelb, yBEIMUYMBACT HX
b Qy3UOHHYIO UTMHY B CiIy4yae ITOBEPXHOCTHON M 3epHorpanuuHoil auddysuu. ITosromy
IIPU TIOBBIIICHUU CMCIIECHHUSA Ha MOMIOKKE (HOPMHPOBAHHE HEOOXOAMMBIX JUIS M3MCHEHHUS
TEKCTypbl HANpPSHKCHUH Mpoucxomut Obictpee. s OOHOrO M TOro K€ 3HAYCHUS
b Qy3MOHHON JUTMHBI aIlaTOMOB IIepecTpoiika 6oJjiee TOHKON IIIEHKH IPOMCXOAUT ObICTpee,
B TOM YMCIIC, U M3-32 MEHBILEr0 CPEeAHEro pa3mepa 3epHa. [IoTok anaToMOB B MeX3epeHHbIE
IPaHULB OyIeT YBEIMYMBATBCS INPH YBEIMYCHHH CyMMapHOH ILIOIIAAM STUX TPAHUL,
00YCIIOBJICHHOM yMEHBIICHHEM Pa3MEPOB 3epEH.

beuto Haigeno, uro npu 30 V UITO Ha 3aBucumoctd p oT t wist 10 u 20 nm ruieHoK
€CTh Y4YacTKH YOBIBaHHs, KOTOpbIC COIPOBOXKIAIOTCS CYLICCTBEHHBIM yBenuueHneMm dioo.
VYmenbmenne p aist 10 nm miaenku nocie nepsbix aByx UIO cocrasmnsier 14%, ymeHbLieHne
p 1 20 nm mienxu nocne dersipex MIIO cocraBuser 28%. Tak kak yMeHbIICHHE p B
cayyasx 10 u 20 nm IUICHKH KOPpPEJIMpPYET C CHJIBHBIM yBeIMYeHHeM (100, TO MOXHO
IPEAIOI0KUTb, YTO OHO OOYCIOBJICHO HM3MEHEHHEM €€ SJICKTPOHHOW CTPYKTYpBI H3-3a
H3MCHEHHMS ME)KaTOMHBIX PACCTOSTHHUM.

PaGora BbimosnHeHa B pamkax ['ocynapcrBennoro 3amanuss ®TUAH um. K.A. Banuesa
PAH Muno6puayku P® no teme Ne0066-2019-0002. EDS u AES uccienoBaHus BEIIOIHEHbI
¢ wucnonb3oBanueM obopyznoBanus LIKIT “/luarHocTnka MHUKpPO- M HAHOCTPYKTYp™ HpH

¢unancooii mogaepxke Munobpuayku POD.
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JUP®Y3US MBILIBAKA B OKCUJIE GaAs, OBJIYYEHHOM UOHAMM Ar*
ARSENIC DIFFUSION IN THE GaAs OXIDE IRRADIATED BY Ar" IONS

A.I1. Cononnupeina, E.A. Makapesckas, [.A. Hosukos, B.M. Mukymkux
A.P. Solonitsyna, E.A. Makarevskaya, D.A. Novikov, V.M. Mikoushkin

DOTU um. A.D. Hoppe, llorumexnuueckasn 26, Cankm-Ilemepbype, Poccus

Abstract. The vacancy, interstitial and Frank-Turnbull mechanisms were considered to explain experi-
mentally observed fast room-temperature diffusion of the elemental arsenic (As®) generated in the layer of
GaAs- natural oxide under low-energy Ar* ions. Domination of the interstitial/Frank-Turnbull mechanism
of room temperature As® diffusion was revealed in the fluence range Q < 10" cm™. The As” room temper-
ature diffusivity was estimated to be high enough to provide a significant diffusion length sufficient to
escape the oxide layer for several decades of minutes.

Oxcupn raiutust (Gaz203) — oauH U3 HanboJIee HHTEHCHBHO UCCIIEYEMbIX B ITOCIEIHEE AeCs-
THJIETHE MIMPOKO3OHHBIX MOIYHNPOBOJHHKOB [1]. BMecTe ¢ TeM, BecbMa ImMpoOKas 3arperieHHast
30Ha (4.85 5B) no3BoNsIET ITOMY OKCHAY UIpaTh POJIb JUAICKTPHKA NPU HU3KHUX (KOMHATHBIX)
TeMmIiepaTypax. 3HauYeHHEe OKCHIA TaJuIMsl OMPECIACTCS TAKXKE TEM, YTO OH BXOAUT B COCTaB
COOCTBEHHOTO OKCH[A, BBIPAIIMBACMOTO MM BO3HMKAIOIIETO CCTECTBCHHBIM O0pa3oM Ha IO-
BepxHOCTH GaAs - 0ZIHOro U3 HauboJIee BaKHBIX MOJIYIPOBOJIHUKOB ObICTpOAEIHCTBYIOIIEH d1eK-
Tponuku. IlooTOMy HCcnenoBaHue TakMX (GU3MYECKHX IPOLECCOB, Kak AU Qy3Hus aTOMOB B
Ga203 u ecrectBenHoM okcuae GaAs ocraéres akTyanbHOI 3ajadeil. Tak, B pabore [2] Obut0
OOHApYXKCHO IMOJIYTOPOKPATHOE OOOTAICHHE TaJIMEM €CTECTBEHHOTO OKCHA, BO3HHMKAIOLIETO
Ha nosepxuoctn GaAs, ouumienHoit nonamu Ar'. Habmosiaemplii miporece Gbi1 4acTUHHO 00b-
sicHeH i Qy3ueil aToMOB MBIIIbAKA IPH KOMHATHOI TeMIIepaType, pa3BUBAIOLICHCS MO pajua-
LHOHHBIM BakaHcusM B GaAs [3]. B paGore [4] Obu10 mMoka3aHo, YTO OOIyUICHHE €CTECTBEHHOTO
okcuaa GaAs manoit 1030t (Q ~ 10* cm) nonos Ar* (2500 5B) MPaKTHYECKH MOJHOCTBIO (Ha
90%) npeobpasyer ero B Gaz03. M3MepeHne CeKTpoB HAYMHAIOCHh B TedeHne 10 MUHYT nocie
00JTydeHHs ¥ IPO0IKanock He Gonee yaca. [IpennoxkenHas B pabore [4] kauecTBEHHAs MOJCIb
nporecca MOIMMUKAIMK OKCHIA BKITIOYATA Pa3pblB XMMUUECKUX cBsi3ei moHamu Ar’ u juddy-
3MI0 aTOMOB AS W3 OKCHJIHOTO CJIOSI TI0 PaJMaljMOHHBIM BaKaHCHUSM IIPH KOMHATHOM TeMIiepary-

pe. B nacroseil pabore BbInogHeH Goiiee AETalbHBIN KOJMYECTBEHHBIN aHAIM3 dKCHEPUMEH-
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TaJbHBIX Pe3ynbTaToB paboTsl [4] B wacTu quddy3un aTOMOB MBIIIbAKA B OKCUJC M BBIIBICHA
OIpEIEIISIONIasi poJib MEX0Yy3ebHOM quddy3un AS Ipy KOMHATHOM TemIepaType.

Hauném anamus auddysnn meimbsika B okcune Gaz03 ¢ BAKAHCHOHHOTO MEXaHHM3Ma, SB-
JISIIOIIETOCS. OCHOBHBIM B IOJIYNIPOBOJHUKAX NPH HU3KHX Temmeparypax [5-9]. Koadduument

uddy3un D ¢ yueToM paanalMoOHHbIX BaKaHCHI B 3TOM cilydae umeer Buj [e.g., 5]:
_Em
D = Doe k7 (Ceq+ Crad) (1)

rae Do — mpeapKCroHeHIMAIBHBIA MHOXKUTENb, HE 3aBUCAIIMMA OT TEMIEPATypbl, XapaKTepH3y-
FOIMIT MaTepuan U BBIYKMCISIEMbI U3 nepBbix NpUHUUIOB [5], Ceq ~ eXp(-Ef/KT) — paBHOBecHas
KOHIEHTpauust BakaHCHH, Crad - KOHLICHTpAlLMsl PAJANAllMOHHBIX BaKaHCHil, Em - oHeprus axtu-
BAlMM MUTpaLuu atoMa, Ef — sHeprus GopmupoBanus BakaHcuu, K — mocrosinnas bonbimana, T
— TeMIeparypa.

OCOOCHHOCTBIO BAKAHCHOHHOTO MEXaHNW3Ma B OKCHE, 110 HAallleMy MHEHHMIO, SIBJISCTCS He-
BO3MOXKHOCTb MHUTpAaIMy As 1o BakaHcusiM As n Ga, KOTOpBIC JUIsl aTOMOB MBIIIBSIKA, OUEBUIHO,
SBIISIIOTCS JIOBYIIKAMU: TIONA/asi B OTH BaKAHCHH, MBIIIbIK XUMHYECKH CBS3BIBACTCSA C KHCIOPO-
JIOM M IpeKpaIiaeT MUrpanuioo. BakancnonHas MuUrpanus As B OKCHZE, KaK Mbl IPEAIOIaracm,
BO3MOXKHA TOJIBKO IO KHCIOPOJHBIM BaKaHCHSAM, COCTaBIsIOMNM 60% BCeX BaKaHCHH, KOHIIEH-
TpaLys KOTOPBIX OLIEHUBAJIACh ¢ IoMoIbio nporpammbsl TRIM [6]. IIpu unTepecytouei Hac 10-
3e 00yueHus Q = 1-10% cm [4] obmast koHueHTpauus Bakancuid no TRIM onenkam cocrabisi-
er Crad~ 5-10% cm™. Cormacto jaHHBIM paboThl [6] 3Ty OLIEHKY CIEAYeT MOJEIUTh Ha JBa, MO-
CKOJIBKY OKOJIO IOJIOBHHBI OOpa3yIOIIMXCS BaKaHCHIl PEKOMOMHHpYET B IIPOLECCE Pa3BUTHUS
xackaza. [onyuum 3nadenue Crad ~ 1.6-10% e, ma MOPAZIKY MPEBBIIAOIIEE PABHOBECHYIO
KOHIIEHTpaluio BakaHCHUH Ceq, KOTOpOH, TakuMm o00Opa3oM, MOXKHO MpeHeOpeub. 3HadeHHil
SHepruu aktuBaimu murpauu (Em) As o kuciaoponsiM Bakancusm B Ga,O3 B tutepaType Her.
ITooTOMYy JUIsl OLIEHKH CBEPXY BOCIIOIb3YeMCs YCPEAHEHHBIM 3HAYEHUEM dHEPIUH MUTpauu Em ~
0.9 5B no Gonee riay6okum BakancusaM B GaAs [7-9]. Mcnonb3ys 310 3HaueHHe, ObUIH IOy 4EHBI
JI030BbI€ 3aBUCUMOCTH Koddduumenra auddysnn u gupdysuonnonn ammusl As 3a 10 u 60
MHHYT, NpeAcTaBiIcHHbIe HAa Puc. 1 u 2 (Toyeunsle KpuBble). PacueTsl moka3aau, YTO MBILIBSIK
MOKHUIACT OKCHIHBIA cioi (2 - 2.5 HM) HE 3a JECATKHM MHHYT, a 33 HECKOJBKO 4YacoB, 4YTO
[POTHBOPEYUT Pe3yJIbTaTaM dKCrepuMenTa [4].

ITockoubKy paJHalMOHHO-BAKAHCHOHHBIM MEXaHHU3MOM He YJIaéTcs OOBSCHHTH ylaJeHHEe
MBIIIBAKA U3 CIIOS €CTECTBEHHOIO OKCHZA, PACCMOTPHM albTepPHATUBHBIN MeXaHu3M auddysuu

As B Ga203 — Mex0y3€bHBII.
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T T T Puc. 1. 3aBucumocts koddpdurmenta guddysun
As B Ga203 0T /1036l HOHHOTO OOIYYCHHUS 110 Ba-
KaHCHOHHOMY (TOY€YHasi KpUBasi) U MEXKI0Yy3elb-
Interstitial mechanism . HOMY MeXaHH3MaM (CIUIOIIHAs KPUBAast).

1E-18 . El

E B OGIILCM cJiy4a€ 3TOT MEXaHU3M SBJIACTCA
OHEPreTUYCCKHU Gosice BBIT'OJTHBIM n3-3a

1 oTHOCcHTENBHO Manoi dHepruu Murpanuu. Ho

B GaAs wmexnoysenbHas camomuddysus He

1o . . MOXKET HIpaTh CYIIECTBEHHOW pPOJIHM IpPU

0, cm? HEBBICOKHX TeMIepaTypax u3-3a
IUIOTHOYIIAKOBAHHOI

KpUCTAILTMYECKOi CTpYKTypsl GaAs B yCIIOBHSX, KOTIa pa3Mepbl aTOMOB CPaBHHMBI C MEXKaTOM-

HBIMH paccTossHuAMH [7]. OnHako B GapOs CyIIECTBYIOT HANpPaBICHUs, B KOTOPHIX BO3MOXKHA

Mexoy3enbHas Tud@dy3us He TOJNBKO KUCIOpPOAa, HO M Mblbska [7]. B ycinoBusx BbICOKOI

KOHLICHTPALlMU PaJIMallHOHHBIX BaKaHCHI 60Jiee BEPOSTHBIM MPEICTABIACTCS HE YUCTBIN MEXJI0-

y3enbHbIH MexaHu3M auddysun, a mexanusm Ppanka-TypuOyia [12], asistomuiicss komOuHa-

nuei MEXKI0Y3€JIBHOIO U BAKAHCUOHHOT'O MEXaHU3MOB COTJIAaCHO (bopMyne:

_Ema _Em
D = Doe "kt + Dpe” ¥ * Craq (3

Ha Puc. 3 npuBezeHbl cXeMbl, HIUTIOCTPUPYIOLIUE TOJI0KEHHE AU(OYHIUPYIOLIEro aToMa
U MEXAOY3eIbHOTO MOTeHIManbHOro Gapbepa (1), a Takke nuddysnu atoma Mo MeXaHH3MY
Opanka-Typubymna (2). Koaspdumuenta nupdysun As B Gap03 HailTn B juTepatype He yna-
110¢b. [109TOMY OBLIO MCIIOIB30BAaHO 3HAYCHHUE dHEPruu Emi~ 0.83 5B [10] s Mexnoys3ensHOM

mupdysun kuciaopona B amoppHoM Gaz03 B MPEAION0KEHNUH, YTO MEKIOY3EIbHbIE TOTEHIM-

AJIbHBIC 6apl>ep1>1 JUIA KHACJIOpOJa W MBIIIbSIKa

21 6omin 1 npumepHo omunakoBbl. Cornacho popmye (3),

oneHka kodduunenra auddysun As B Ga03

£
5 60 min [P KOMHATHOW TEMIEpaType, SHEPTHH aKTH-
Interstitial mechanism o
. BalMKM Murpanyu atoMa Emi~ 0.83 oB [10] u
10 min { T KOHIIEHTPALIMK PAIMALIMOHHBIX BAKAHCHi
Vacancy mechanism ..+ Puc. 2. 3aBucumocts quddy3HOHHOMN JUTHHBI As B

Ga203 0T 1036 HOHHOTO OOJIy4EHHs 110 BAKAHCHOH-
HOMY (TOYeYHasi KpUBasi) U MEXKI0Y3eIbHOMY MeXa-
HU3MaM (cruiomHas kpusast) 3a 10 mus u 1 yac.
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1) 2) Puc. 3. (1) Cxemaruyeckoe M300pakeHHUE MEKIO-
0,0,0 O © O O O O Y3€JIBHOTO MOTCHIMAJIBLHOro 0apbepa KpHCTallia,
| MPEOJI0JICBAEMOT0 aTOMOM TIPU MUTPALUH U3 OJI0-

skeHus @ B nosoxenue b. Beicota Gapsepa Emcoot-
BETCTBYET DHEPrHM aKTHBALMH MHUIPALUHM aTOMOB.
(2) Cxematnueckoe uzodpaxenue auddy3un aroma
npuMecH corsacHo Mexanusmy ®panka TyprOyna.

Crad ~ 1.6:10% em™® cocrasnsier Das ~ 8:10™ cv?/c, a mudpysnonnas wimna 3a 60 MunyT pasHa L
= (1.8 + 0.8) = 2.6 um. bauzkue mapamerpsl XapakTepu3yroT U JU(Y3HI0 MBIIIBIKA B OKCUEC
As203, coCTaBISIONIEM 3HAYUTEIBHYIO YaCTh HCXOAHOTO €CTECTBEHHOTrO okcuaa. Kosdpuument
quddysun 1 qubdysnonnas auuHa 3a 10 u 60 MuHyT nokasansl Ha Puc. 1 u 2 (cruiomHsle Kpu-
BbIe). [Tockonbky nomydeHHast quddy3HOHHas JUIMHA COIIOCTaBUMAa C U3BECTHOM TONIIMHON CIIOS
OKCHJHOHU TIeHKH (2 - 2.5 HM), paccMoTpeHHast 1uddy3HOHHAs MOJENb 00BICHSAET OBICTPOE HC-
Ye3HOBCHHE MBIIIbSIKA U3 00Ty4EHHOTO OKCHIHOTO CIIOS.

Takum o6pazom, aHanu3 1u(E y3HOHHBIX MPOLECCOB B ecTeCTBEHHOM okcuje GaAs, 00iy-
YEHHOM HOHAMHU Ar”, TIOKA3aJl, 4TO YIAleHHE 3JIEMEHTAPHOTO MBIIBSAKA H3 CJIOS ECTECTBEHHOTO
OKCHJIa HPOUCXOJUT MPEUMYIIECTBEHHO [0 MEXAHU3MY MEXI0y3elabHOH nuddysnu, sHepreTu-
YecKast BBITOJHOCTh KOTOPOH MO CPAaBHEHHIO C BAKAHCHOHHBIM MEXaHH3MOM OCOOCHHO 3aMeTHa
IIPY KOMHATHOM TeMIepaType W OTHOCHUTENIbHO HeOONbIIMX no03ax oOmyudenus (Q <10%® CM'Z).
Bricokast 9 peKTUBHOCTE MEXK10y3eNIbHON JU(DY3UN MOXKET BIHATh H HA AUHAMUKY OKHCIICHUS
noBepxHocTH GaAs, NMOCKOJBKY 3TOT TIPOIECC, KaK M3BECTHO, CONPOBOXKAACTCS 00pa3OBaHUEM
9JIEMEHTAPHOT'O MBIIIbSIKA.

PaGora nopnepkana Poccuiickum HayqHbM ormgom (Nel7-19-01200-1T)
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IMPACT OF ECR HYDROGEN PLASMA TREATMENT
ON THE PROPERTIES OF SILICON OXIDE AND SILICON NITRIDE
DIELECTRIC FILMS

O.A. Soltanovich, S.V. Koveshnikov, A.V. Kovalchuk, S.Yu. Shapoval

Institute of Microelectronics Technology RAS, Chernogolovka, Russia,
e-mail: solt@iptm.ru

Silicon oxide and silicon nitride are the main dielectric materials of microelectronics used
as sub-gate dielectrics on CMOS microcircuits, charge storage layers in memory elements or
layers passivating the surface of wafers at the finishing stage of microcircuit manufacture.
Their electrical properties are of great importance for the reliable functional operation of
microelectronics devices. However, technological processing during device manufacture may
essentially influence the properties of dielectric layers, induce undesirable charge in the
structure that could lead to changing operational characteristics of the devices and
degradation. Hydrogenation is widely used technique for defect passivation in semiconductor
and dielectric layers and at their interfaces. However, hydrogen incorporation into the
structure and interaction with the existing defects can lead not only to defect passivation but
also to arising new defect levels (see, e.g. [1]).

In the present work, the influence of hydrogenation on the properties and induced charge
in silicon oxide and silicon nitride dielectric layers is studied. For the effective introduction of
hydrogen, an electron-cyclotron resonance (ECR) plasma [2] was used. It is characterized by
low operating pressures from 107 - 107 torr, a high degree of plasma gas ionization and the
possibility of supplying DC bias voltage to the sample.

Dielectric layers of silicon oxide and silicon nitride with a thickness of 50 nm and 80 nm,
respectively, were formed on n-type Si epitaxial layers with carrier concentration 2:10'7 cm™.
Then, the samples were processed in ECR hydrogen plasma in several treatment regimes
differing by the DC bias applied to the sample and the duration of exposure. Metal-insulator-
semiconductor (MIS) structures were formed by thermal evaporation of aluminum dots with a
diameter of 0.5 mm. An effect of ECR plasma treatment on the charge induced in dielectrics
and interface quality was studied by high-frequency capacitance-voltage (C-V) technique
using the EG&G PAR-410 capacitance meter with a test frequency of 1 MHz.

It was found that the initial structures on silicon oxide were of a high enough quality and
demonstrated C-V characteristics practically the same as that for the ideal MOS structure,
while initial silicon nitride contained a significant build-up positive charge of the order of

(1.5+2.0)~1012 em™. However, oxide-based structures were found to be less resistant to
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technological treatments. For example, in some regimes of ECR hydrogen plasma treatment, a
positive charge of up to 5-10" cm™? was introduced into the oxide and a significant
deterioration in the quality of the dielectric-semiconductor interface was observed. At the
same time, there was found the treatment conditions (DC bias and exposure duration) led to
introduction of a negative charge into the oxide (Fig. 1). This result has an important practical
application for MOS device manufacture, in particular, by improving the radiation hardness of

devices fabricated on SOI structures.
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Figure 1. C-V characteristic of SiO,—based MOS Figure 2. Normalized C-V characteristics of
structures after hydrogen plasma treatment with silicon-nitride-based structures before and
flat-band-voltage shift corresponding to negative after hydrogen plasma treatments with
fixed charge in dielectric 6:10" cm™. various DC bias applied to the sample.

As for the structures with silicon nitride, it was shown that ECR hydrogen plasma
treatment had no significant influence on the quality of the interface and did not increase the
fixed charge in the dielectric. Moreover, the ECR plasma treatment under certain DC bias
conditions allows to reduce the charge in silicon nitride to almost zero (Fig.2).

In summary, a comparative analysis of influence of ECR hydrogen plasma treatment on
silicon oxide and silicon nitride dielectric layers was carried out. It was shown that silicon
oxide demonstrates higher parameters in the initial state, while silicon nitride is more resistant
to processing and irradiations. Choosing the appropriate treatment conditions, one can get a
possibility to introduce negative charge in silicon oxide and to eliminate the initial fixed

charge in silicon-nitride-based structures.
1. P.E. Bloechl and J.H. Stathis, Phys. Rev. Lett. 83, 372 (1999).

2. S.Y. Shapoval, V.T. Petrashov, O.A. Popov, M.D. Yoder Jr., P.D. Maciel and C.K.C. Lok,
J. Vac. Sci. Technol. A 9, 3071 (1991).
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HIGH STABLE SILVER NANOPARTICLES FOR SENESING APPLICATIONS FROM
DUAL MAGNETRON ION-STIMULATED DEPOSITION
O.A. Streletskiy?, .A. Zavidovskiy?, S.M. Novikov?, N.V. Doroshina?, VV.V. Sychev?,
D.E. Tatarkin?, M.S. Mironov?, A.V. Arsenin?, V.S. Volkov?

IM.V. Lomonosov Moscow State University, Department of Physics, Leninskie Gory 1, 119991
Moscow, Russia, e-mail: streletskiy.oleg@gmail.com;
2Center for Photonics and 2D Materials, Moscow Institute of Physics and Technology, 141700
Dolgoprudny, Russia;
3Lebedev Physical Institute of the Russian Academy of Sciences, 53 Leninskiy Prospekt, 119991,
Moscow, Russia.

Controlled and reliable field enhancement (FE) effects associated with the excitation of
plasmons in resonant metal nanostructures [1,2] is an essential aspect for the development of new
sensors, especially for applications in surface-enhanced Raman spectroscopy (SERS) [3,4]. Noble
metals nanoparticles (NPs) providing localized surface plasmon resonance (LSPR) are of
increasing interest for application in optics, electronics, catalysis, and sensing, for the
development of ultra-bright and stable single-photon sources. The practically important issue is
the stability of plasmonic properties, which often limits the use of some metals due to their
chemical reactivity.

Silver is one of the metals exhibiting excellent plasmonic properties that can be used in the
above-mentioned applications [5-6]. There are many strategies for the fabrication of plasmonic
structures using silver. Different approaches such as particle formation by evaporation or
sputtering, high-fluency ion implantation, chemical and photoreduction, production from
colloids, etc. were suggested. Many of them allow the formation of nanomaterials with attractive
efficiency. However, rapid oxidation or sulfidization of silver in the ambient atmosphere
dramatically decreases all bonuses of this metal and cause complications in terms of practical
applications [7, 8]. Recently, it has been shown that silver NPs formed by a cluster beam
depositional technic exhibiting great stability of plasmonic properties and strong resistance to
oxidization due to the monocrystalline nature [9,10]. In this work, we have demonstrated the
possibility to fabricate of the monocrystalline silver NPs with stable plasmonic properties using

dual magnetron ion-stimulates deposition technique [11]. This method allows to control size and
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surface coverage of NPs, and we anticipate that the obtained results are very promising for their
further sensing applications.

Fabrication process. The coating process is carried out in a high-vacuum chamber with
preliminary pumping up to 10° Torr, followed by the synthesis in an argon atmosphere at a
residual pressure of about 10 Torr. The cover glass is used as a substrate. Before applying the
coating, the surface of the substrates is preliminarily etched by the ion beam 1 keV energy for 5
min. A thin coating is deposited by radio-frequency magnetron with a silver target with a purity
of 99.999% are used. The discharge power is approximately 30 W. The obtained coating consists
of the film with a thickness of ~20 nm. The quoted “thickness” of the silver films is the average
nominal coverage values measure by the quartz oscillator. After the deposition, the argon-ion
irradiation of 150 eV energy and 20 mA current is applied to the deposited films for the time-
varying 300 seconds to form the size of the NPs. The ion beam is produced by Hall-effect ion
source with cold hollow cathode Klan 53-M (Platar Corp.). The introduction of ion irradiation
leads to the formation of nanoparticles, in which an average size is near 45 nm. Figure 1(a) shows

a schematic process of the fabrication of the samples.
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FIGURE 1. (a) The schematic illustration of Ag NPs fabrication, (b) Evolution of the relative absorption
of a sample with Ag NPs as a function of time. Insert SEM image of deposited Ag NPs on the glass
substrate

After the formation of NPs, the samples are characterized by UV-Vis-NIR spectrophotometer
Agilent Technologies Cary 5000 (175-3300 nm). Optical spectra of the samples with ensembles
of silver NPs presented in Figure 2(b) show the localized surface plasmon resonance (LSPR)
band with a maximum at near 418 nm. The intensity and spectral position of the plasmon band is
monitored for 39 days. After 7 days, the resonance band becomes slightly red-shifted and its
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intensity is insignificantly decreased. In the period between 7 and 23 days, the intensity starts
slowly decreasing and the band continues the redshift. After 39 days, the band intensity is
decreased to less than 10% from the origin intensity, thus demonstrating the good stability of the
optical properties. The possible reason for the observed insignificant redshift and decrease in
intensity red can be the beginning of the formation of an oxide shell due to interaction with
atmospheric oxygen.

To estimate the applicability of the fabricated samples for SERS, the Raman measurements are
performed. We used confocal Raman microscope Horiba LabRAM HR Evolution. The
measurements are conducted with a laser wavelength 632.8 nm, 600 lines/mm diffraction grating,
integration time 0.5 sec., 100x objective (N.A.=0.90) and with the incident power ~0.3 mW. The
measurements are carried out on the sample kept in an ambient atmosphere for 0, 14 and 39 days
after the fabrication. Samples are covered by 106 M solution of Crystal Violet (CV) in water
solution and dried under ambient conditions. The typical SERS image and spectra obtained from
the sample with ensembles of Ag NPs are shown in Figure 2. The example of SERS image
(Figure 2(a)) shows a rather homogeneous signal distribution across the surface with Ag NPs
except for a few fluctuations in intensity related to some NPs aggregation (see insert Figure 2(a)).
Spectra in Figure 2 (b) demonstrate relatively similar intensities for the samples with are kept in
an ambient atmosphere for 0 and 14 days. The SERS intensity of sample after 39 in the ambient
atmosphere is a little bit less ~10-15 % (Figure 2(b)). Thus demonstrating high stability even

after prolonged exposure to the laboratory environment.
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FIGURE 2. (a) Typical SERS image obtained for the ensembles of NPs (b) SERS spectra of CV with
concentration 10 M adsorbed on ensembles of silver NPs and obtained after 0, 14 and 39 days after the
formation NPs on the glass substrate.
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To compare a signal increase in SERS, with that in ordinary Raman keeping the same

experimental parameters, the analytical enhancement factor (EF) is used [12]. The average EF is
estimated to be ~0.82x10° for the ensembles of NPs after 0 days and ~0.67x105, after 39 days,

respectively. Thus, it is possible to create samples using all the advantages of silver and the

ability to use them for a long time. Considering the high stability of the plasmonic properties of

our silver NPs, the presented technic can be interesting for the sensor technologies and SERS

applications.

This research was funded by Russian Foundation for Basic Research (RFBR), grant number
20-07-00475 A. We thank the Shared Facilities Center of the Moscow Institute of Physics and
Technology (grant no. RFMEF159417X0014) for the use of their equipment.
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BO3JIEMICTBME JIETKUX U TSYKEJBIX HOHOB UHEPTHBIX T'A30B HU3KHUX
SHEPTU HA HAHOTIOPUCTBIE MATEPHAJIBI
IRRADIATION OF NANOPOROUS STRUCTURES WITH LIGHT AND HEAVY
LOW-ENERGY IONS
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In this study main structural changes that occur in nanoporous structures under
low-energy ion irradiation are described. The molecular dynamics simulations
were carried out for silicon models that are structural analogues of porous films
with low dielectric constant. Different mechanisms of the interaction of light and
heavy low-energy ions with nanoporous structures are discussed.

MexaHu3MBbI POLECCOB, MPOTEKAIOIMX B HAHOMOPUCTHIX M CILUIONIHBIX MaTepHazax
npu  OOJMydyeHMHM HOHAaMH, MOTYT pasiuyarbes. IIpm 3ToM HanMuume B CTPYKType
HAHOPa3MEPHBIX MOpP CIOCOOCTBYET BO3HUKHOBCHHMIO 3((EKTOB, HEe HaOMIOJaeMbIX B
CIUIOIIHBIX MaTepHaax 1oz JeicTBrueM HOHOB. boiee cnoxHas MOP(HOIOrHs MUILIEHH MOKET
OPUBOJMTH K YBENIUYCHHIO WM CHIKCHHUIO MHTCHCHBHOCTH DACHBUICHHS OTACIbHBIX
Y4YacTKOB IOBEPXHOCTH, OOJNAJAIONIMX DPA3IHYHON JIOKaIbHOW KpuBH3HOW [1], a Takxke
3aMETHOH Jierpafialiuil CTPyKTYpbl IIPUIIOBEPXHOCTHBIX cll0eB 00pa3na. OJHaKo B HEKOTOPBIX
cllyyasX TOAOOHBIE OCOOCHHOCTH —BO3JICHCTBUS HOHOB MOXKHO HCIONB30BAaTh IS
KOHTPOJIMPYEMOT0 YJIy4IIeHHs] OBEPXHOCTHBIX H/MIIM OOBEMHBIX CBOICTB HAHOIOPHCTOIO
Mmarepuana. Hampumep, kak ObUIO MOKa3aHO OKCIIEPHUMEHTAIBHO, MpeBapUTEIbHAs
o0OpaboTka HMOHAMH WHEPTHBIX TIa30B HH3KOW osHepruu (1o 200 5B) HaHONOPHCTHIX
OPraHOCHJIMKATHBIX TUICHOK, OO0JaJalolMX HU3KOH AMINCKTPUYECKOH IPOHHIIAEMOCTBIO
(low-K), MoxeT npHBOANTH K CHIDKCHHIO ACTPajialidid HMX CTPYKTYPbl IPU JaibHEHIICH
1a3MeHHoN oOpabotke [2].

Jst  Oonee  JeTaqbHOrO IOHMMAHHS MEXaHH3MOB yKa3zaHHOro d¢dexra ObuIO
MPOBEJICHO MOJENMPOBAHKUE BO3/CHCTBUS MOHOB Ar ¢ sHeprueir 200 5B Ha pasianunble
HaHomnopuctbie CTpyKTypbl [3]. BbUIO NMPOAEMOHCTPUPOBAIO, YTO B MPUIIOBEPXHOCTHBIX
CJIOSIX MHIIEHU MOXKET HPOMCXOJUTh (POPMHPOBAHME CIUIOUIHOTO CJIOS, HAIUYHE KOTOPOro

OPEIATCTBYCT IPOHUKHOBCHHUIO AKTUBHBIX YaCTUL ILJIa3MbL B]'J'Iy6]> nmop U TEM CaMbIM
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CHWKaeT crerneHs Jerpagaunn low-K mienox npu paneHeiimedl miasmeHHoil obpaGortke. B
pabore [3] Tarke ObUIO OOHAPYKEHO, YTO B CiIydae MarepHala ¢ MajbiM PaiHyCcoM MOp
(Rpore=0,8 HM) 1 Hu3Ko# mopucrocTsio (P=22 %), obnanatoniero HauGosbIIeii H3OBITOYHOI
9HEpruel B euHUIE 00beMa, 00pa3OBaHHE JAHHOTO CJIOS HaHOOJIEe BEPOSITHO M IPOUCXOAUT
BCJICJICTBUE CXJIONBIBAHMS MOP BOJNM3M IOBEPXHOCTH Martepuana. OIHAKO Ha BEPOATHOCTD
JQHHOTO TMPOIIECCa MOTYT OKa3bIBaTh BIMSHUE HE TOJIBKO MapaMeTpsl MaTepuana (pasmep mop
U IOPUCTOCTB), HO U ITApaMeTPhbl BO3ACHCTBYIOIIMX YACTHI] (Macca ¥ DHEPrus).

B nanHoit pabore M/J] MeTOJIOM HCCIIEI0BaHO BIMSHUE MACChl U SHEPIHH HAJIETAFOLMX
HOHOB Ha Tporecc ()OPMHPOBAHMS CIUIONIHOTO CJOS B HAHONOPHCTBIX MaTepHalax H
MPOAHAIM3UPOBAHbl MEXaHU3Mbl B3aUMOJEHCTBHMS JITKMX ¥  TSDKCIBIX HOHOB C
[OBEPXHOCTIO IUICHKH. Pacyerbl OCYLIECTBISUINCH JUISI CTPYKTYPHBIX aHainoros low-kK
IUIEHOK, NpuMeHsieMbIX B nipoussojcte: CVD 2.5 P=22%, Rpore = 0,8 M (Mozens M22/08);
SOG 2.0 P =44%, Rpore=2,8 um (Monens M44/28). MopenupoBanne BO3IEHCTBHS HOHOB
uneptabix razoB (He, Ne, Ar, Xe) c¢ suepruein E=50—-200 5B npoBomuiocs misi ciydas
HOPMaJIBHOTO TMajeHus uisi Mozeneid M22/08 u M44/28 Ha OCHOBE KpeMHHS W JHOKCHIA

KpeMHusl. JleTaabHOe OMMCaHue alropHTMa MOACIHPOBAHUS NIpeCTaBIeHo B [3].

a 6 B r b
Puc. 1. Moaenun M22/08 Ha ocHoBe kpeMHus (B cO0KY) 110 (a) u mocie (6—1) BO3ACHCTBHS HOHOB
MHEPTHBIX ra30s ((moenc 6-10%° cm2; E=200 >B)

ITomyuenHsble pe3ysbTaThl CBUIETENLCTBYIOT O TOM, YTO M3MEHEHHMs B CTPYKType
HAHOIIOPHCTBIX MAaTEPHaloB HAa OCHOBE KPEMHHs U JHMOKCHJA KPEMHHUS C OJMHAKOBBIMU
napamerpamMu (P, Rpore) MOX0XH, OfHAKO B [MOKCHAEC KPEMHMS yKa3aHHBIH IPOLECC
[POUCXOJUT MeJJIeHHee, yeM B KpemHuu. [Ipu sTom monens M44/28 obnanaer Gonbiieit
YCTOMYMBOCTBIO K BO3/ICHCTBHMIO HMOHOB, IIOPTOMY OOpa3oBaHHE Ha €€ IOBEPXHOCTH
CIUIOLIHOTO CJIOSi ManoBeposTHO. B ciydae momenn M22/08 mporecc oGpasoBaHus
CIUIOLIHOTO CJIOS SBJISETCS PE3YJIbTATOM CXJIONBIBAHUS TIOP B HPUIMOBEPXHOCTHBIX CIOSIX U

Haubonee ObICTPO NMPOUCXOMUT IOJ Bo3zeicTBUeM HOHOB Ar u Xe (cMm. puc. 1). B cimyuae
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Gosiee JIErKMX MOHOB He mporecc CXJIOMbIBAaHUS IPOMCXOJUT MeEUICHHEe, OJHAKO B
pe3yJbTaTe JaHHOTO BO3AeHCTBHS (hopMHpyeTcs Hanboee NPOTSHKCHHBIN CIUIOIIHON CIIOH.

VBeNHYeHHE SHEPrUM HAJICTAOIIMX HOHOB IPUBOJUT K TOMY, YTO CTPYKTYpPHbIC
U3MEHEHUS 3aTparuBaloT Oosiee TiIyOOKHME CJIOM HAHOMOPUCTOro Matepuana. Ilpu stom
TOJILMHA CIUIOWHOTO ciosi B Mogenu M22/08 pacrer nuHeiiHo ¢ poctom sHepruu. Hanbonee
3aMETHBIC M3MCHEHMS B MaTepHalie MPOUCXOAAT IOJ Bo3jeicTBHeM HOoHOB He ¢ sHeprueit
100 3B u 200 5B: s paccMaTpuBaeMbIX SHEPruil ToNUHA ci1ost Juist HoHoB He cocrapiser
~ 7 HM H 13 HM COOTBETCTBEHHO.

Jl1st 0OBSCHEHHUS TOTYYEHHBIX Pa3Inyuil B Iporecce (pOPMHUPOBAHUS CILIOLIHOTO CIIOS
Ha TPUMepe KPEMHHUSI ObLIM H3YYCHbI MEXaHH3Mbl B3aUMO/ICHCTBUSI HOHOB PAa3IMYHOM MacChl
C MOBEPXHOCTBIO MaTeprana. OCOOEHHOCTH Nepeaauyd dHEPrul HAJIETAIOLIEro HOHA aToMaM
MUIIEHH OBbUIH IIPOAHAJINU3MPOBAHbI C HCIONB30BAHUEM TaK HAa3bIBAGMON (JIOKAIbHON
TeMIepatypb» Tioc [4], MOTYy4EHHOH IyTeM YCpEAHEHHs KHHETHYECKOH JHEpPruH aToMOB,
PAcCIONIOKEHHBIX B OMkalIeidl OKpPeCTHOCTH BbIOpaHHOro atroma. Ha puc. 2 mpuBeneHs
[IPOCTPAHCTBEHHBIE PACTIPE/ICICHHS «PACIUIABICHHBIX» aTOMOB Si, [uist KOTOPBIX Tioc > To, T1€
To— Temneparypa mnaBieHus Matepuana (Juist kpemuus: 1688 K).

Xopomro BujHO, uTo HoH He Giaromapst MayibiM pa3MepaM U Macce Hauboliee aKTUBHO
HepeMelaeTcsl B MaTepHaie, OJHAKO IPH B3aUMOJCHCTBMM C aTOMaMH MUILICHH CO37aeT
MaJio Je()eKTOB B €€ CTPYKType, HOITOMY pa3Mep CO3/aBacMbIX MM O0ONACTel «JIOKalIbHOTO
HeperpeBay CyIIeCTBEHHO MEHbIIE, YeM B clydae Gosiee TsDKeNIbIX HOHOB Ar n Xe. Takum
obpa3oM, B ciiyuae MOHOB He mpoliecc CXJIONBIBaHHS IPOMCXOMUT MEIJICHHEE, OJHAKO
BBICOKAs TPOHMKAIOMAA CIIOCOOHOCTh IIO3BOJISCT MM BO3JCHCTBOBATH HA HIDKEICKAIINC
HOpBl  IOCHEe 00pa3oBaHHMs CIUIOIIHOIO CJIOS, YTO CYIIECTBEHHO YBEIMYHBACT €ro
HPOTSHKEHHOCTD 110 CPABHEHUIO ¢ HOHaMH Ar 1 Xe.

BospeiictBue woHoB Ar m Xe Takoil ke MEpBOHAYAIBHOW OJHEPrHH IPHUBOAUT K
o0pa3oBaHMIO 6ONBLIOrO KoJauuecTBa NeekToB U Gosee OOMIMPHOIT 007acTH «IeperpeBay
MaTepuaia, KOTopas COXPaHsAeTCs B TeUeHUE OoJiee IMTEIBHOTO NMPOMEXKYTKA BPEMEHH.
OpHako poHUKHOBeHHE HOHOB Ar u Xe B OoJee riiyOoKHe ClIoN MaTepuaia 3aTpyaHeno. 1o
9TOI MPUYHHE TPOLECC CXJIOMBIBAHUS TIOP 3aBEPLIACTCS 3HAUMTENIBHO OBICTPEE, YeM B CITydac
noHoB He. Ilpu 5TOM TONMHA CIUIONMIHOTO CJI0s, 0Opa3oBaBIIErocs IO BO3JCHCTBHEM
HOHOB Al 1 Xe, CyIIECTBEHHO HIKE.

Jlannast paGoTa BBIIIOJNHEHA MpH Tmojuepxke rpanra POOU Ne 18-29-27001 ¢

UCIIOJIb30BaHUEM PECYPCOB CyIepKonboTepHOro komruiekca MI'Y umenn M.B. JlomoHOCOBa.
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Puc. 2. PacnipesienieHnst «pacruiaBIeHHBIX» aTOMOB Tioc (BU COOKY) B CILIOLIHOM KPEMHHH M MOJIENN
M22/08 Ha ocHOBE KpeMHHMSI B pa3inyHbIe MOMECHTBI BpeMeHH rociie yaapa noHos He (a), Ar (0), Xe
(8) (E=200 5B). OpamxkeBblii BT cOOTBETCTBYET Tioc=1700 K, uepHblii — Tioe > 5000 K
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CTPYKTYPA U CBOVICTBA ITOKPBITHI Ta-Si-N, ITIOJIYYEHHBIX ITPU
PA3JIMYHOM COOTHOILUEHUU Ar/N2

STRUCTURE AND PROPERTIES OF Ta-Si-N COATINGS OBTAINED AT DIFFERENT
Ar/N2 RATIO

A.Jl. Ceituenko, @.B. Kuproxanues-KopHeeB

A.D. Sytchenko, Ph.V. Kiryukhantsev-Korneev

HarpoHanbHblil Mcciie1oBaTeNbCKuil TexHoornyeckuii yuusepeurer « MUCuCy, yir.
JlenuHckuit p-T., A. 4, 119049 r. Mocksa, Poccus, e-mail: alina-sytchenko@yandex.ru

The Ta-Si-N coatings were obtained by DC magnetron sputtering at different flow rates of the
reaction gas (N2). Structural studies were carried out, mechanical, tribological properties, as
well as resistance of coatings to oxidation at T = 1200 °C were determined. It was found that
the best combination of properties was reached for coatings deposited at Ar/N2 = 0,5 ratio.

CTpeMHTENbHOE PA3BUTHE ABHALMOHHONM M PAaKETHO-KOCMHYECKOH MPOMBIIIICHHOCTH
CTAaBUT HOBBIC 3aJ[a4¥l IO Pa3pabOTKe 3AI[UTHBIX IOKPBITHH, CIOCOOHBIX BBHIAEPKHUBATH
BO3JICHCTBHE BBICOKMX TeMmreparyp. JIMCWIMIMA ¥  HUTPUJ TaHTajda  SBISIOTCS
NEPCIEKTUBHBIMA ~ MaTepHalaMH  IJI1  CO3JaHHMs IOKPBITHH, IIOCKOJNBKY O0OJNafaioT
OTHOCHUTENIbHO BBICOKUMH TBEpHocThio (10-19 T'Tla), Temmeparypoii muasnenust 2200 °C
(TaSiz) u 3017 °C (TaN) u xapocroiikoctbio (1o 1700 °C) [1-3]. HUurepecHbM sBisieTcs
[OJlyYeHHe TOKPBITHH cucTeMbl Ta-Si-N, B KOTOPBIX KpeMHHiT 00ECIIeYMBAET BBICOKYIO
JKAPOCTONKOCTH 3a CYET 00pa3oBaHMs IUIOTHOrO OKCcHAHOrO ciosi SiO2, a a30T — BBICOKHE
MEXaHHYECKHE XapaKTEPHCTHKU 3a CYET M3MENbYCHHS 3€PHAa M YIUIOTHCHHS CTPYKTYPbI
nokpeituii.  Jst mokperriii Ta-Si-N mMoryT ObITh JOCTUTHYTHI 3HAYEHHUs TBEPAOCTH 10 26
I'Tla u xapocroiikocts 10 1000 °C [4-6]. Lleapio naHHO# paGoOTHI SIBIAIOCH MCCIIEIOBAHUEC
BIMSHUSL ~ COZEPXKAHMsS  a30Ta HA  CTPYKTYpY, MEXaHW4YeCKHe, TPUOOJIOrHYecKue
XapaKTePUCTHKH M JKAPOCTOMKOCTh  MOKpbITHI  Ta-Si-N,  moiy4eHHBIX — METO0M
MarHeTPOHHOTO PACIIbUICHUSL.

[ToxpbITH OBUIM TOJYYEHBI C IIOMOIIBI0 MAarHETPOHHOTO PACHbUICHHS KepaMH4ECKON
MmuIieHd TaSiz2 B ra3oBbIX CMeCsIX MPH COOTHOIICHHH pacxonoB Ar u N2 B auanasone 0,5-2.
Tok M HampsbkeHWe B Ipoliecce HanbuieHust coctaBiusiii 2 A u 500 B coorBercTBEHHO.
Pabouee pmaBnenue Haxomwinoch B uHTepBaite 0,15-0,25 Ila. B kadectBe mozioxek
HCIOJIB30BAINCh IIACTUHBI M3 okcupa amomuunss BOK-100-1 u aucku M3 THTaHOBOTO

craBa BT1-0. CocraB u CTPyKTypy HOKPBITUH HCCICIOBAIN € IOMOIIBIO PACTPOBOH
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JJIEKTPOHHOH Mukpockornuu (POM), sHepromucnepcuonHoit crexrpockonuu (3C),
ONTHYECKOH  OMHCCHOHHOW  CIeKTpockomuu  Tietomero  paspsga (OOCTP) wu
penrrenodasoBoro anamuza (PMA). MexaHudeckine CBOWCTBA IOKPBHITUH ONPEAEISUIHCH
METOJIOM HAaHOWHACHTUpOBaHWs mpu Harpy3ke 4MH. TpuGonornuekue HCIBITAaHUS
npoBoauiock Ha npubopax Revetest u HT-Tribometer (CSM Instr.) (xoutp-Teno u3z Al2Os,
Harpyska 1 H). TTocie Tpu6oorndeckux HCIBITaHU# TOBEPXHOCTD MOKPBITHIT HCCIIe[0BaIach
Ha onTHyeckoM MuKpockomne Axiovert 25 CS u ontuyeckom npodunomerpe WYKO-NT1100
Veeco. C 1uenbio OnpeaeneHns jKapoCTOMKOCTH MOKPBITHI ObLIM TPOBEJEHBI OTXKUTH Ha
Bo31yXe B MydenpHoit meun SNOL-7.2/1200 mpu temneparype 1200 °C u Boiaepxke 60 MuH,
nocnenyomue ueciaenosanus ¢ nomoisio POM, 3/1C, OCTP, PDA.

O6pa31ibl MOXKHO 3alUcaTh CIEAYIOMUM 00pa3om: nokpbitue 1 — TaszSiss, mokpsiTHE 2 —
Tas3SissN19, mokpsitie 3 — TaieSizsNso u mokpsiTie 4 — TagSizzNes. [To nanubiM POM 1 POA
HEPEaKIHOHHBIE MOKPBITHS COJEPIKAIM CTONOYATHIC 3epHA IeKcaroHaibHOM (assl TaSi,
TOrJa Kak 00pasiibl, MOTy4YeHHbIE B a30Te, ABIAINCH PEHTICHOAMOP(GHBIMH. JIIs TOKPBITHI
Ta-Si-N Obuta HaiifleHa 3aBHCHMOCTh MEXaHHYECKHX XapaKTePUCTHK OT pacxoja asora H
BO3HHUKAIONIMX BHYTPEHHUX HampsbkeHuil (o) (puc.l). MakcumanbHble TBepaocTs 26,7 I'Tla,
ynpyroe BoccraHoBienne 80 %, wunzgexc mactuyHoctd 0,118 u  comporuBieHne
miactudeckor nepopmanuu 0,369 I'Tla Obutn momydeHs! s NMOKpeITHA 3.  Bbicokue
MEXaHMYECKHE XapaKTepUCTHKH oOpasna 3 ObUIM JOCTUTHYTHI BCJIEJICTBHE BBICOKHX

BHYTPEHHUX C)KUMAIOIINX Hanpspkenui 6=1,82 I'Ma.

H.E, W o
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f =

o, [Tl 16
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a 6
Pucynox 1. TBepnocts H, Mmoxyns ynpyroctu E, ynpyroe Boccranosnenue W, HarpspkeHus 6

(a) ¥ pe3ynbTaThl CKpaT4-TeCTUpOBanHus (0) NOKpbITHIi 1-4

C momouipo Meroja CKpaT4Y-TeCTUPOBAHUA ObLTH OIIPEIACIICHbI 3HAYCHUS KpHTH‘{CCKOﬁ

Harpy3ku (LC2), cooTBeTcTBYyIOLIEH MOMEHTY BO3HHKHOBEHHS IEPBOrO OTcioeHus (puc.l).
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Jyuamme pesymbrathl (LC2=31 H) mokasamo mokpseitue 3. Kpurudeckas Harpyska,
XapaKTepHu3yIoIas aare3MOHHYI0 MPOYHOCTh, OCTaJbHBIX 00pa3loB cocraBmia 5,2-15,2 H.
HepeakuyonHOe IOKPBITHE XapaKTEPH30BalIOCh HU3KHMM HadalbHBIM KOd((dHIEHTOM
tpenus f=0,16, KOTOpBIN BO3pacTai Ha MPOTSHKEHUH BCEH AMCTAHUMH UcnbiTanus 1o 0,75.
JlanHbIil 00pasen NpaKTHYeCKH He M3HOCHIICS B IPOLIECCE MCIBITAHUS, MPHBEAEHHBIN H3HOC
(Vw) cocrasun <2x10° mm®*Him L. B ciyuae o6pasuos 2 u 3 yBieuenue pacxona rasa Nz
[pUBEJIO K pe3koMy ckauky f~1, B pesyibrare 4ero HmpoM3oOlUIa OCTAHOBKA HCIIBITAHUS.
IMpuBenéuublii M3HOC MOKpPBITHI cocTaui (5,6-9,3%x10° MmPH M), Kosdduiment tpenus
obpasua 4 Bospactan Ha auctanmuu 0-45 M or 0,5 mo 0,8. Ilpm asTom HaGmromancs
3HAUMTENbHBIH M3HOC MOKphITHA VW=2,8%103MM*H ML, Omxuru mpu 1200 °C nokasanu,
YTO HEPEAKIMOHHOE MOKPBHITHE MOJHOCTHIO OKUCIMIOCH C OOpPa30BaHHUEM IOPUCTOTO CIIOS
SiO2+Ta20s. B cityyae nokpbitust 2 HaGI0OAAI0CH 00pa3oOBaHUE IUIOTHONO OECIOPUCTOrO
OKCHZA TONIIMHOH ~3 MKM. MHHHMaIbHYIO TONIMHY OKCHIHOTO ciiost ~1,8 MkM mokasain

06p33611 3. HOKPLITHC € MaKCUMAaJbHOM1 KOHL[CHTpaIIHCﬁ a30Ta IMOJIHOCTbIO OKHCIINIIOCH.

m
6 B r

a

Pucynox 2. POM nzo6paxenus nokpsituii 1 (a), 2 (6), 3 (B) u 4 (r)nocie omxura mpu 1200 °C

Takum oOpasom, nokpeitust Ta-Si-N, ocaxaénusie B rasoBoit cmecu Ar/N2=0,5, nmenn
MakcumaibHyto TBEprocTh 27 TI'Tla, amresuonnyro mpounocts (Lcz = 31 H), xopouryio
usHococtoitkocts (VW = 9,3x10°° mm3H M) u sxapocToitkocTs 10 Temnepatyps > 1200 °C.

PaGora BeinonHeHa rnpu punancosoit noaiepskke PH® (poekt Ne 19-19-00117).
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WOHHO-CTUMYJIMPOBAHHAS TAD®®Y3US1 HA UHTEP®EVCE «ILTEHKA -
MOJJIOKKA» IIPU HOHHOM PACTIBIIEHAA MTOBEPXHOCTH ITEHKH
ION-STIMULATED DIFFUSION ON “FILM-SUBSTRATE” INTERFACE DURING
IONIC SPUTTERING OF FILM SURFACE

C.B. Tomunun, B.H. Bepxxanckuii, A.H. Hlanomuukos, A.A. ®enopenxo, O.A. TomuinHa,
S.V. Tomilin, V.N. Berghansky, A.N. Shaposhnikov A.A. Fedorenko, O.A. Tomilina,

Kpvimckuil hedepanvuuiii ynusepcumem um. B.U. Bepnaockozo,
npocn. Beprnaockoeo 4, e. Cumepeponons, Poccuiickas ®edepayusi,
Pecnybnuxa Kpvim, 295007,
e-mail: tomilin_znu@mail.ru;

In paper the results of analyzes of chemical elements distribution on “film-
substrate” interface of deposited ferrite-garnet films before and after thermal
annealing are presented. It’s shown the role of both thermal stimulated diffusion
and ionic stimulated diffusion for formation of profile of elements distribution. It
has been proposed the method of reconstruction of “real” form of interface profile
before the ionic beam influence.

Jlns aHanM3a pacrpeseneHuss XHMUYECKHX DIIEMEHTOB BOJIM3M MOBEPXHOCTH 00pasla u
Ha uHTep(delcax TOHKUX IUIEHOK € IOJUIOKKOH YacTO HCHOJIB3YIOTCS METOIbl HOHHOIO
PACHBUICHUS TOBEPXHOCTHU C MOCIEAYIOIIUM aHATM30M XHMUYECKOTO COCTaBa PACIIbUIEHHOTO
Mmarepuana (METOJbl Ja3epHOW M BTOPMYHOM HOHHOW Mac-CIIEKTPOMETPUH, IMUCCHOHHOM
CIIEKTPOCKOIIMH TJICIOIIEr0 M JYyrOBOrO paspsijia) WM HEMOCPEICTBEHHO OBEPXHOCTH MOCIE
tpaeneHus: (Oxe-crieKTpockonus). B Hame#l paGoTe Mbl HCIOJB3yeM METOJ ONTHYECKO
amuccHoHHOM criektpockoruu (OIC) etomero BU-paspsina Ha ciekrpomerpe Horiba GD

Profiler 2. Cxema merona ODC mnokasana Ha puc. 1.

window

s — Puc. 1 - CxemMa MeToa ONTHYECKOH
9MUCCUOHHON CIICKTPOCKOIIUKA  TJICKOLUECTO
BY-paspsza.

Anode Fig. 1 — The scheme of the method of glow

= Sample
f |
N Cooling

B YaCTHOCTH, METOA MNPUMECHIACTCA [l aHaliu3a pacnpeiaciICHUus DSJICMCHTOB B

RF-discharge spectroscopy.

HAIBUIEHHBIX [UIEHKaX BHCMYT-3aMEIEHHBIX pelKo3eMelbHbIX (eppur-rpanaros (BilG) na

MOJUIOKKAX W3 ragoiuHuii-raumeBoro rpanara (GGG). Ha puc. 2 mokaszansl mpoguiiu
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pacrpeziesieHnsl Pa3iMyHbIX XUMHYECKHX OJIEMEHTOB 1o riybune B mwiénke BilG/GGG
HOMHHAIBHOTO coctaBa BiioluosGdisFes2AlosO12 HemocpeACTBEHHO MOCHEe HAMBUICHHS Ha
HOUIOXKKY NPH KOMHATHOH Temmeparype (a) W Tocie TOpMOOOpabOTKH Ha BO3JAyXe MPH
700°C B teyenun 20 muH. (b).

h, nm

0 50 100 150 200 250

Puc. 2 — Ipoduin pacnpeneneHuss XAMUYECKUX JIEMEHTOB I10 TIIyOuHE B IJIEHKE
BilG/GGG: a) mociie HanbUICHHs Ha TOUIOXKKY [IPH KOMHATHOM Temmeparype, b) mocie
TOpMO0OpaboTku Ha Bo3ayxe npu 700°C B reuennu 20 MuH.

Fig. 1 — The profiles of chemical elements distribution in film BilG/GGG volume: a) after
deposition on the substrate at room temperature, b) after thermal annealing on air at 700°C
during 20 min.

He BnaBasick B moapoOHOCTH 00 OCOOEHHOCTSX pacIpeneleHus HIIEMEHTOB Ha pUC. 2,
OTMETHM HECKOJIbKO KJIIOYEBBIX MOMEHTOB. CyYIIECTBEHHOC H3MEHCHHE KOHI[CHTPALHN
XUMHYECKHUX 3JIEMCHTOB HaOIIOAeTCs B ABYX 00JIACTAX (BBIACICHBI HA PUCYHKE TYHKTHPOM).
O6nactb | — 9T0 MOBEpXHOCTH TpaHaToBoi mIéHkH (“surface”), obnacts 2 — rpaHuua pasjena
«mnéHka-moioxkka»  (“interface”). Ananm3 npodmieit B obmacti 2 MOKasbIBaeT, YTO
HHTepdeiic MMeeT HEKOTOPOE Pa3MBITHE M PACIIPE/EICHHE JJIEMEHTOB 10 IITyOMHE MMeeT
ACHMMETPHYHBIN BHUA (CO CTOPOHBI IIEHKH Goliee Pe3Koe, a CO CTOPOHBI MOIJIOKKH Ooiee
nosioroe). dopma Takoro pacrnpeneNieHus >JIeMEHTOB Ha uHTepdeiice o0ycnoBieHa IByMs
QG dy3nOHHBIME Tporieccamu. IepBblii porece — 9T0 TepMOaKTUBUpPOBaHHast U(y3us B
mpolecce HarpeBa IpH CHUHTE3e U TepMooOpaboTke mi€Hku. Takas muddysus dopmupyer
CHUMMETPUYHBI Npoduiab pacrpenencHus s7MeMeHToB. BTopoil — 3To mpouecc HOHHO-
CTUMYJIMPOBaHHOH (yzapHOW) muddy3un, oH BO3HHKAET MpU OOMOapaUPOBKE MOBEPXHOCTH
IUJIEHKK BBICOKOSHEPTeTHYHBIMA HOHAMH B IpOLEcce €€ paclbUICHHH Ul aHalIW3a Ha

npodunomerpe GD Profiler 2 u sBisieTcst HEOTHEMIEMOH YacThI0 METO/IA UCCIICJOBAHHUS.
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Crnenyer OTMETHTb, YTO Ha pHC. 2,a (HalbUICHHE NP KOMHATHOM Temreparype 0e3
TepMOOOPabOTKH) BKIa TepMOAU(D(Y3u MHHHMalTeH W BHA Hpoduist OOYCIOBIEH B
OCHOBHOM BKJIAZIOM OT MEXaHN3Ma HOHHO-CTUMYJIHPOBAHHON U dy3Hn.

Jlnst aHanu3a  ONMMCAHHBIX  AM(QY3MOHHBIX IIPOLECCOB BBIIOIHACTCS YHCICHHOE
pelIeHne OJJHOMEPHOT0 KIIACCHYECKOT0 ypaBHEHHs AU Y3HH, 3aIIMCAHHOTO B BHE:

0

0 0 0
aC(x,t)=—&[—DX&C(x,t)):—&(p(x,t) 1)

JlaHHOe ypaBHEHHE PEIAeTCsi METOJOM TIPOCTPAHCTBEHHO-BPEMEHHOM INCKPETH3ALIH,
T.. U3MEHEHHE KOHILEHTpAlMU XuMdjeMeHTa OC Ha HHTEpBale OX Yepe3 MPOMEKYTOK
BpEMEHHU Ot HAXOUTCS Yepe3 pasHOCTh MOTOKOB O¢ Ha FPaHMIIAX ATOr0 UHTEpBaa (IPaJUeHT
noroka). J{yist aToro cosmaéres AByMepHbiil Maccus ssementoB [K ; 2K], rae cronbupl 3axaoT
pasOueHre MPOCTPAHCTBA HA HHTEPBAIbl B HANPABICHHH HOPMAIBHOM K ILIOCKOCTH
uHTepdeiica, a CTPOKM 3a7al0T pasbueHue 10 BpemeHu (puc. 3). B asnemeHTH MaccuBa
3aMMCHIBACTCS BEPOSATHOCTD HAXOXKACHUS XMMAJIEMEHTA B JAHHOM MHTEPBaJle TPOCTPAHCTBA B

JTQaHHBI MOMEHT BpEMCHHU.

x
'1,11 al,zl LOF] L A4 L '1,51 51,60 8" am" 91.9“ "1.100
l‘:.11 A3 | gy | B34 | 35 | 855 | By | By | By ’z.lu“
' ’5.11 Bz | B3y | Azq | Wys | A | Wy | B3y | By ’s.lu“
Al | A | Agp | Age | Aus | Aue | A | Aus | A a4.10['
asyl| sy | Asy | Asy | Ass | Ass | A7 | Ass | Asy | Asg’

‘ A= @+ D(@gjoq + Qg je — 2 G-y ) ‘

1,j=1.k aj; =1
0,j=k+1.2k|| Gz =0

0
=-D —C(x,t =
@. 2 (1) ay;

Puc. 3 - l'IpnMep MacCuBa 3JIEMECHTOB JUIS1 YUCJIEHHOTO PCLICHUST OAHOMEPHOT'O YpaBHEHUS
I[H(i)(i)y3l/[l{ MCTOAOM HpOCTpaHCTBeHHO-BpeMeHHOﬁ JAUCKPETU3AaLUU (Ha BCTaBKC: ypaBHCHUC
JUIA pacqéTa 3HA4YCHUS KaXJ0r0 3JIEMEHTa MacCrBa, HAYaJIbHbIC U TPAaHUYHBIC yCJ'lOBHS{).
Fig. 3— An example of an array of elements for numerical calculation of 1D diffusion
equastion by the method of time and medium descritization (inset the equastion for elements
calculation, and the primary and boundary conditions)

B nmanHoM maccuBe cronOusl or 0 no Kk coorBercTByroT miuéHke, a or k+1l mo 2K —
nouiokke. TakKe 3a/al0TCs  HayalibHbIC YCIOBUSI B HYJNEBOM MOMEHT BPEMCHH
pacrpesielieHnsl SIEMEHTOB B IUIEHKE M IIOJUIOXKKE, 3TO MOKET OBbITh, KaK CTYHNEHYATHI

npopuinb, Tak H 060 3amaHHBI (Ha puC. 3 TIOKa3aHbl HAYalbHBIC YCIOBUS IS
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cryneHyaroro npoduist HopMmupoBanHoro Ha 1). B crombust 1 u 2K 3anuceiBarorcs
IpaHHYHBIC YCIOBHS (KaK IPaBUIIO, 3TO MAaKCHMaJbHas BEPOSITHOCTb HaXOXKICHHUS DIIEMEHTa B
IUIEHKE U MOJUIOKKE COOTBETCTBEHHO).

Jlnist  aHanu3a  mporecca  MOHHO-CTUMYJNHPOBAHHOW — Ju((y3HH  JAONMONHHTEIBHO
YUHTBIBAIOTCS CIICAYIOIINE YCIOBHS:

1. Koadpdumment nuddysun MeHseTcs MeXIy CIOSMH MO SKCHOHCHTE Ha4yMHAs OT

nosepxuoctn miéuku. D, = Dy, exp(-4/x)

2. B kayecTBe HayalbHBIX YCIOBMH 3amaércs MO0 CTyNEHYaThlii Ipoduib
pacnpezenenus snementa (1 — B mi€Hke, 0 — B MOMIOKKE), MO0 UCHOIB3YIOTCS BBIXOIHBIC
JaHHBIE ToCyIe pacuéra mpoduiis npu TepMoauddy3um.

3. Ilocme Kaka0ro BPEMEHHOTO HMHTEpBaa BCE TPAHHYHBIC YCIOBUS CABHIAIOTCS
«BIPABO» HA OJMH HPOCTPAHCTBEHHBIH HHTEpBaJ, a BCE DJIEMEHTHI «IeBee» OOHYJSAIOTCS
(MozIenMpoBaHNe PACIbUICHHS TOBEPXHOCTH).

4. B xadecTBe BBIXOJHBIX JAHHBIX HCIOJB3YETCS MACCHB KPaiHHX JIEBBIX» HEHYJIEBBIX
3HAYCHUH (Ha MOBEPXHOCTHU IUIEHKH), IIOJy4aeMbIX NP KaXKI0M BPEMEHHOM HHTEpBaJIC.

Ha puc. 4 mokaszaHsl pe3ysbTaThl aHaNM3a NMPOMHIA pacrpeneNeHus >IeMeHTa Fe Ha

untepdeiice ménku BilG/GGG no u mocie TepMooOpaboTKy.

12 124 Lau.
1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 T . ] 0 T - -
50 100 150 200 50 100 150 200
a b

Puc. 4 — TIpoduinb pacnipenenenuns sinementa Fe na unrepdeiice miénku BilG/GGG no (a) u
nocue (b) TepMo0OpabOTKH: YEPHAS JIMHKS — DKCIICPUMEHT, KpacHast JIMHUS — MOJIEIb, CHHHUI
IYHKTHP — peaybHast popma nmpoduiis 0e3 BIUSHUS HOHHO-CTUMYJIMPOBAHHOH 1uddy3un.
Fig. 4 — The profile of Fe distribution on the interface of BilG/GGG film before (a) and after
(b) thermal annealing: black line — an experiment, red line — modelling results, blue dashed
line — reality form of profile without the influence of ion-stimulated diffusion.

PaGora BeInosHeHa pH (pHHAHCOBOM moanepskke rpanta PH® Ne 19-72-20154.
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MAPAMETPHI QHEPTETUYECKHX 30H U ONITUYECKHUE CBOMCTBA
HAHOPA3BMEPHBIX CTPYKTYP MeSi2/Si (111)
PARAMETERS OF ENERGY BANDS AND OPTICAL PROPERTIES OF MeSi2/Si
(111) NANOSIZED STRUCTURES

B.E. Ymup3axkos, [I.A. Tammyxamenosa, E.C. Opramos, A.K. Tamaros,
H.M. Mycradoesa, 3.3. Kamonos

B.E. Umirzakov, D.A. Tashmukhamedova, Y.S. Ergashov, A.K. Tashatov,
N.M. Mustafoeva, Z.Z. Kamolov

Tamkentckuit ['ocynapcreennsiit Texunueckuit Y Husepcuret, 100095, yir.

Vuusepcurerckas, 2, Tamkenr, Y36ekucran, e-mail: ftmet@mail.ru

In work, nanocrystalline phases and films of BaSi2 and NiSiz were obtained by
implantation of Ba* and Ni* ions in combination with annealing. The energy-band
parameters have been determined and the optical properties of silicides have been
studied.

B nocnenHue roasl 0coboe BHUMAHHE YJIENSETCS IMONYYCHHIO KBAHTO-Pa3MEPHBIX
OJJHO- ¥ MHOTOKOMIIOHEHTHBIX ~ CTPYKTYp Ha OCHOBE  IOJYNpPOBOJHUKOBBIX U
JIMAIIEKTPHYECKHX TIeHOK. OCOOCHHO MHTEPECHBIMH B TIJIAHE MOJIYYCHNUS KBAHTOBBIX TOUEK C
[IOMOIIBI0 HOHHOTO PACHBUICHHS TIPEICTABISIIOTCS PE3yJIbTaThl, MOTydYeHHbIe aBTopamu [1].
IIpu BepTHKAIBLHOM MaJCHUH Iy4yka HOHOB Ar* c sHeprueit 420 5B oHu mosny4nminn Ha
noBepxHoctd (100) GaSb rekcaroHalbHYI0 KPHCTAUIHYECKYIO CTPYKTYPY H3 KBaHTOBBIX
TOYEK AUaMeTpoM 35 HM.

B pa6ore [2] noka3ano, uto mpu BHexpeHHH HOHOB Ge* B KPEMHHEBYIO MOIOXKKY
oOJlydeHHass  TOBEPXHOCTb  CTAaHOBHUTCS  IIEPOXOBATOM C  SBHO  BBIPKCHHBIMH
HAHOPa3MEPHBIMH  HEOAHOpPOoAHOCTSIMH.  CyIIECTBYIONIME  HEOJHOPOAHOCTH  IIPH
OMPEICICHHBIX PEKMMAX MOTYT OpPTraHH30BBIBATBCSA B ITApAUICIBHO —PACIOI0KEHHBIC
BBITSIHYThIC 00pa30BaHusl, KOTOPBIC MOTYT IIPEACTABIIATH COOON KBAHTOBBIE IMPOBOJIOKH.

B Hacrosiuee BpeMs B CBA3M C OypHBIM pPa3BUTHEM CIHUHTPOHMKH, [OBBICHIICS
UHTEpEC K MAarHUTHBIM CBOMCTBAM CBEPXTOHKHX cilioeB kobambra [3, 4]. B pabore [5]

OOHAapyXeHO, 4YTO  ()EPPOMArHUTHOE  YNOPSJOYCHHE  CUCTEMBI,  XapaKTepusyemoe
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HAMarHUYEHHOCTBIO BIOJIb OBEPXHOCTH 00paslia, HACTYNAET Nocye Hanblienus ~ 6A Co Ha
cTaauu GpopMUpoBaHHs TBepIoro pactsopa Co—Si.

B paborax [6 — 10] BcecTOpOHHE H3YUCHBI COCTaB, CTPYKTYpa U (hU3HUIECKUE CBOWCTBA
HaHOPa3MepHBIX (a3 U IIICHOK, CO3aHHbIX B TOBEpXHOCTHOW obnactu Si, GaAs u CaFz.

JlanHast paboTa MOCBSIIEHA H3YYCHHIO OSJICKTPOHHOM CTPYKTYPbl M ONTHYECKHX
CBOMCTB HAHOPA3MEPHBIX CTPYKTYp MeSi2 co3aHHbIX Ha MOBEPXHOCTH Si, METOJOM HOHHOM
MMIUIQHTALUH.

OCHOBHBIE HCCIIE/IOBAHUS TIPOBOMMIMCH TpM Bakyyme He xyxe 100 Tla ¢
HCIOJIB30BAHHEM METOJOB OXe-dIeKTpoHHoH cnekrpockonuu (ODC), ynpTpaduonaeToBoi
(dotoanexrponnoit  crnekrpockonuu  (YPIC), XapaKTepHCTUUECKHX IOTEPb AHEPrHU
95ekTpoHOB (XIIDD) M myTeM CHATHS JHEPreTHYeCKHX 3aBHCHMOCTEH HHTEHCHBHOCTH |
HPOXOJAIIETO CBeTa uepe3 obpaser. DHeprus potoHoB hv namensiace B npenenax 0.2 — 1.5
3B (A =~ 6200 — 800 uMm).

Mop¢onorus 1 CTeneHp MepPOXOBATOCTH MOBEPXHOCTH U3YUYAINCh C HCTIOIb30BAaHUEM
METOJIOB PAacTPOBON ICKTPOHHOH MHKpockonuu (POM) u aTOMHO-CHIIOBOH MHKPOCKOIUH
(ACM).

Ha puc. 1 npusesens! ¢porossexrponnsie crekrpsbl Si (111) u Si (111) ¢ HaHOIIIEHKON
BaSiz u NiSi2. Ilienkun BaSiz u NiSi2 monydeHsl MeTogoM HOHHOW HMIUIAHTALMH B
coueranny ¢ omkuroM. TommKMHA MIEHOK cocTaBmsuia ~ 50 — 60 A,

N(E)

-
<M

E, 9B -6 4 2 0=E,

Puc. 1. ®3C ans Si u cumammaos: 1 — BaSi/Si; 2 — NiSia/Si.

K] puc. 1 BuIHO, UTO BCe KpUBBIC, KOTOPBIC le/IGHI/IBHTeJ'IbHO OTPpaXXarT X0 pacrpeacICHUs

IUVIOTHOCTH COCTOSIHMI BaJICHTHBIX JICKTPOHOB B 00pa3suax, 00JafaloT SBHO BBIPAXEHHOMH
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CTPYKTYpoil. BO3HHMKHOBEHHME TOHKOM CTPYKTYpbl Ha KpPUBBIX 9HEPreTHYECKOro
pacnpeneneHus: (HOTOIEKTPOHOB IIaBHBIM 00pa3oM OOBSICHSETCS HMHTEHCHBHOH dMHCCHEH
9JIEKTPOHOB U3 MAKCUMYMOB IZIOTHOCTH COCTOSIHHH BaJICHTHBIX 2JIEKTPOHOB.

Jlnst BCeX CHJIMLUOB CTPYKTYPY CHEKTPOB MOXKHO Pas3leNdTh HA TPU YCIOBHBIC
nosocel. IlepBas monoca nexuT B HHTEpBajie oT -8 9B 1o —6 3B. Dta nonoca cooTBEeTCTBYET
HECBSI3aHHBIM S -cocTossHHAM Si. Bropas momoca (Ees = or -6 mo -1 3B) otHOcuTCS K
CBSI3aHHBIM THOPHIM3UPOBAHHBIM COCTOSHMAM KpeMHHUS U MeTamna (p -coctostHus Siu d -
cocTosiHUA B ciaydae Ni U s -cocTosHus, B cirydae Gapusi). TpeThs moaoca, KOTOpas JIEKHUT B
unrepsaie -1; 0 5B cooTBeTCTBYET HECBSI3aHHBIM COCTOSIHUSIM METalIa.

Ha ocHoBe coBmMecTHOr0 aHanu3a crnekrpo YOIC u YOMD onpenesneHsl napamMmerpsl

30H CHJIMIHMIOB MeTaIoB. OCHOBHBIC pe3ysibTaThl MPOBECACHHBIX HCCIICIOBAaHUN CBE/ICHBI B

tabnuiy 1.
Tabmuna 1.
ITapaMeTphl SHEPreTHUYECKHIX 30H IICHOK CHIMIIHJIOB ¢ ToummHoii 50 — 60 A
ITapametpsl 30H, 5B

TInenxa
Ev Er Eg %
Si (111) 51 4,7 1,1 4,0
NiSiz 4,0 4,0 0,5 3,5
BaSi2 39 3,9 0,6 33

HccnenoBanus NPOBEICHHBIC C HCIONb30BaHHeM POM rokasaiu, 4To BCe CHIIMLH/BI HMEIOT
Kybuueckyro peuierky, napamerp pewerkd NiSiz odenp 6an3ok k “a” kpemuust. [Toatomy Ha
rpanune cucremsl NiSi2/Si (111) He HaGmiogaercs 3ameTHOW B3auMoaM(Qy3HH aTtoMoB U
TOJIIMHA MEPEeXONHBIX croeB He mpesbimaer 40 — 50 A, “a” xpemums u BaSiz pesko
OTJIMYAKOTCS, CIEI0BATEIBHO, TONIIMHA IEPEXOHOTO ClIos yBenuunBaercs 10 70 — 80 A,
Ormernm, 4to 1ieHkn MeSi2/Si mosyyens npu Jo3ax Hacklenus noHo Ba* u Ni*
(D = Du = 6-10'6 cm?). T1pu Huskux gozax (D = 10%* — 106 cm?) noce nporpesa mosyyeHs!
HaHopasmepHble (a3l BaSiz u NiSi2. B rtabmume 2 mnpuBemeHsl 3aBucuMoctd Eg u
koo uurenTa noriomeHns ceera Y ot pasmepos Hauno¢as BaSiz u NiSiz. st npocrorst Y
onpenersiics o ¢popmyne Y = 1 — K. 3 taGnuiipl BUAHO, YTO B HAHOKPHCTALIMYECKHX
¢azax cuMuuaoB ¢ noBepxXHOCTHBIM JuamerpoM d < 20 — 25 HM IPOSIBISAIOTCS KBAHTOBO-

pazmepHbIe G EKTHL.
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Tabauua 2
3nauenus Eg, K u Y juis nanokpucraumueckux a3 BaSio u NiSiz

Hanodaza | mamerp nanodas, um | Eg, 9B | K, % (hv=0,83B) | Y, % (hv=0,83B)

NiSi2/Si 6-8 0,92 76 24
10-12 0,76 54 46

22-25 0,62 = -

CrutoniHas mjiecHKa 0,6 6 94

BaSi2/Si 8-10 0,76 63 37
14-16 0,63 66 54

CrutoniHas rmieHKa 0,6 4 96

rze K — koaguument npoxosiero caera, — - U3MepeHusk He IPOBOMIIKCE.
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BJIUSIHUE HOHHOI'O ACCUCTHPOBAHMUS HA CTPYKTYPY INUIEHOK a-C:Ag,
N3IOTOBJIEHHBIX METOAOM UMITYJIbCHO-IIJIASMEHHOI'O
OCAXKIEHUSA
ION ASSISTSANCE INFLUENCE ON THE STRUCTURE OF a-C:Ag FILMS
DEPOSITED BY PULSE-PLASMA DEPOSITION TECHNIQUE

UL.A. 3asunosckuiil, O.A. Crpenenxuitl, O.10. Humax?, A.B. ITanukos?, H.®. Capuenko®
I.A. Zavidovskiy?, O.A. Streletskiy!, O.Yu. Nishchak!, A.V. Pavlikov}, N.F. Savchenko®

Y*@usuueckuii Paxyrvmem, MY umenu M.B. Jlomonocosa, Jlenunckue T'opel 0. 1 cmp. 2,
Mockea, Poccus, e-mail: ia.zavidovskii@physics.msu.ru.

Composite a-C:Ag structures (silver nanoclusters embedded into amorphous carbon matrix)
synthesized by ion-assisted pulse-plasma deposition were studied. lon assistance current and
energy variation effect on carbon matrix structure and silver nanocrystallites size and shape
were discussed. We showed that UV-vis spectra alteration was caused by structural
modifications which led to surface plasmon-related peak and m-7* transition maximum

emergence.

B Hacrosiiiee BpeMst akTHBHO HCCIIELYIOTCS HAHOKOMITO3UTHBIE TTOKPBITHS, HPEACTABIISIIOIINE
co00ii cepeOpsiHbIc HAHOKIIACTEPBI, BHEAPEHHbIE B CTPYKTYpy amopdHoro yriaepoaa (a-C:Ag)
[1, 2]. bnaromapst Hamuuui0 cepeOpSHBIX BKIIOYCHHH B TAKUX KOMITO3HTHBIX IOKPBITHSIX
MOTYT BO30YXKIAaThCs ITIOBEPXHOCTHBIC ILIa3MOHBI, a aMOp(Has YIJIepojHas MaTpHLa
IpeoTBpaIaeT OKCHAMpOBaHHE M cymbduaupoBanue cepeOpa [1]. BemeacrBue asroro
HOJOOHBIE CTPYKTYpbl HMEIOT IEPCIEKTHBbI IPUMEHEHHS B KAyecTBE JIOJIFOBEYHbIX
MOJUIOXKEK JUISl MOBEPXHOCTHO-YCHJICHHOM CIEKTPOCKOITMH KOMOMHAILIMOHHOTO pacCesHUs
cBera. BruiodeHus cepeOpa IMO3BOJISIIOT CHU3UTh BHYTPEHHUE HANPSDKEHUS YIJIEPOJHOM
MaTpUII, BCIEACTBHE YEro IOJyYCHHBIE MOKPBITHS MOTYT O0NagaTh XOPOLIMMH
MeXxaHH4ecKHuMH cBoiicTBamu [3]. IIpO4YHOCT M JOJNTOBEYHOCTH BaXHBI HE TOJBKO JUIS
YIPOUYHSIOIINX TIOKPBITHH, HO M Ui OMOMEIMUIMHCKHX HPHIOXKEHHH. B sTom ciyuae
MHKATCYJISIHs HAHOYACTHI B YIJIEPOJ] MO3BOJISET CHU3UTh BBIXOJ MOHOB cepedpa, yMEHbIIIast
LIUTOTOKCHYHOCTb MOKPBITHIT, HO COXpaHss X aHTHOaKTepHaibHble cBoiicTBa [4]. Ipu sToM
aHTHOAKTEpHAIbHBIE CBOMCTBA MOI'YT YCHJIMBAThCS KAaK 3@ CUET BO3JCHCTBHUS cepedpa, Tak U
3a cyeT (hyHKIMOHAIBHBIX TPYII Ha MOBEPXHOCTH yriiepojaa. J{OHMOIHUTENbHBIM (haKTOPOM
SIBISIIOTCS NIEKTPO(U3NUESCKUE CBOMCTBA NOKPBITHH, MO3BOJISIONIME YMEHBLIUTD are3HI0
MHKPOOPTaHM3MOB 3a CYET MOJABJICHHS 3apsfoBOro oOMeHa Mexay Oakrepueil u
[IOBEPXHOCTHIO MOKPBITUsL. Ha 211eKTPOHHO-TPaHCHIOPTHBIE, TIJIa3MOHHbBIE B OHOMEMIINHCKUE

cBoiictBa a-C:AQ OKa3bIBacT CHJIBHOC BIIMSHHE Kak pasMep, (opMa U pacHoiokKeHHE
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BKJIIOUYEHHH, TaK U (a30BbIi COCTAB yriIepoAHONH MaTpHIlbl. BeneacTBue 3Toro npeacrapiser
MHTEpEC H3yYeHHE BO3MOXHOCTEH BapHalliM CBOWCTB MOJyYaeMBIX CTPYKTYyp IyTeM
M3MCHEHHUS T1apaMeTpOB MX OCaXIeHHs. B gaHHOW paboTe OBLIO MCCICIOBAHO BIUSHHE
SHEPrMM M TOKA HOHHOTO ACCUCTHPOBAHMS HA CTPYKTYpy M CBOMCTBA ITOKDPBITHH.
Hccnenyemple  TUIGHKM — ObUIM  CHHTE3MPOBAHBI ~ METOJOM  MMITYJIbCHO-TIIA3MEHHOT'O
pacrnbuIeHHs TpadUTOBOM MHUIIEHH ¢ cepeOpsHBIMHU BeTaBKamu [1].

ITo naHHBIM MpoCcBeUUBaOLIEH AEKTPOHHOU MuKpockonuu (IIDM), oOpa3ibl npeacTaBIsIOT
coboif aMopGHBIE YIIEPOAHBIE MOKPBHITUS C BHEAPCHHBIMH B HHX CepeOpSHBIMHU
HAaHOKPHCTAJUIMTaMH C pa3Mepamu B auanasone ot 1 go 50 um (cm. puc. 1). Jlna amopdHoit
MaTpHIBl  HCCIENOBAHHBIX  OOpa3lOB  XapaKTepHbl  BOJHOOOpa3HbIE  TEKCTypHbIE
HEOIHOPOJHOCTH C XapaKTePHBIM pa3MepoM IIOpsiAKa HECKOJIBKHX HaHOMETpoB. Mx
(opMupoBaHHe 00YCIOBICHO TEM, YTO ACCHCTHPOBAHHME OCYLICCTBISIIOCH HOHHBIM IyYKOM,

PACIIOIOKEHHBIM TOJ] YIIIOM K 00pasiy [5].

100 eV S mA 100 eV 40 mA

400 eV 5 mA 600 eV 5 mA

Puc. 1. [IDM-u300paxenust 00pa3oB, H3rOTOBIECHHBIX MPH PA3HBIX SHEPTUAX U TOKAX
ACCHCTHPOBAHHUSL.
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Ha pucyHke 2 noka3zassl ClieKTpbl KoMOMHaIoHHOro paccesHus (KP-criextpsl) o6pasnos,
HAHECEHHBIX TIPU  PA3IMYHBIX MapaMeTpax MOHHOro accuctupoBanus. HambGonee
BBIpOKCHHBIN MUK Ha ~1550 cM? oTBeuaer G-MMHHMH, XapaKTEpHOH Uil BCEX YIIEPOIHBIX
CTPYKTYp, COJEpXalluXx rpaduToBYl0 KOMIOHEHTy. D-nuHus, pacnojoxeHHas B

okpectroctd 1300-1400 cm™? cBHAETENBCTBYET O CTENEHH Pa3ylOPsIOYEHHOCTH CTPYKTYp

[6].

", 600 eV

Intensity
G

1AA“«»,MAOO ev
P

T T T T T T
1100 1200 1300 1400 1500 1600 1700

Raman shift, cm™

Puc. 2. KP-CHGKTP};I 06pa3u03, HU3rOTOBJICHHBIX ITIPH PAa3HBIX SHEPIUAX aCCUCTHPOBAHUS.

Ilpu yBenuueHun HSHepruM HOHHOW accuctupoBanus ot 100 mo 400 >B HaGmomaercs
(opmupoBanue rpaguToBOl (hasbl, O YEM CBHICTEIBCTBYET YBEIHYCHHE HHTEHCHBHOCTH D-
nmunun. [Ipu naneHeiiem yBenuuenun 3Hepruu (600 5B) accuctupoBaHus NPOUCXOJUT, HO-
BUJIMMOMY, Pa3yHOpSAOYCHHE CTPYKTYypbl, O 4YeM CBHIETEIbCTBYET (OPMHPOBAHHSA B
crnexrpax KP oxHoro mmpoxoro Makcumyma.

YBenuueHue Toka MOHHOro accucruposanust or 10 no 40 MA mnpu snepruu 100 3B He
IPUBOJUT K CYIIECTBEHHBIM H3MCHEHHUSM B CTPYKTYPE MOIYYCHHBIX 00pa31oB.

Ha puc. 3 mpencraBieHbl CHEKTPBI IOIJIOMICHUS IOMYYCHHBIX MOKPBITHH. MOXHO BHICTb,
YTO CHEKTPHI IUICHOK, MOJIyYEHHBIX IPH PA3IMYHBIX TOKAX ACCHCTUPOBAHUS, OTIMYAIOTCS
HOJIOXKEHUEM U (OpMOH NHKa, UMEIOIIEro MakcuMyM B okpecTHOCTH 300-350 uM. JlaHHBIH
MK OOYCIIOBIIECH IUIA3MOHHBIM PE30HAHCOM Ha CEpeOPSIHBIX HAHOKIACTEpaX pa3MepaMu
nopsiika Heckosibkux HM [7]. Ero cuur B cTopoHy GOJBIIMX JUIMH BOJH C POCTOM TOKa
ACCHCTHUPOBAHUSI CBHJICTEIBCTBYET 00 YBEIMYEHUH Pa3MepOB BKIIOYEHUH, a €ro ylupeHue —

00 yBesueHuH pazdpoca pa3MepoB MEIIKMX HaHOKJIACTEPOB.
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Puc. 3. Criekrpsl Y®-BHANMOrO MOIJIOLICHHS [UICHOK, MOTY4YeHHBIX (A) IPH SHEPruH
accuctupoBanus 100 5B accucTHPOBaHKS M IIPU Pa3IMyYHBIX TOKax, (B) mpu Toke crumyssun 5 MA 1
TIPY PA3JIMYHbIX SHEPTUSX.

B cBolo ouepenb, CHEKTPbl IUIGHOK, IPHIOTOBJEHHBIX IIPU  PA3IMYHBIX DHEPrUAX
CTUMYJISILIUY, CYIIECTBEHHO Pa3IM4alOTCs. MOXKHO BHJIETB, YTO JUIs 00Pa3IoB, MOMYYCHHBIX
npu SHepruu, npesbimaromeid 300 5B, Hakinon cnekTpa Mensercs. Ilo-Buammomy, 3TO
CBSI3aHO C BKJIAJIOM ITHKA, OTBEYAIOIIEr0 MEX30HHOMY IIEPEeXojy T-T* M IpOSBIISIOLIErocs
Oraroziapsi yBEIIMUCHHIO 0N TPauTOBON KOMIIOHEHTHI. Takke BIMSHUE HA CIIEKTP MOXKET
OKas3bIBaTh IOSBIICHNE MTMKA B OKpecTHOCTH 440 HM, OTBeUaromiero Bo30yKACHHIO INIA3MOHOB
B KJacTepax Gonbuioro pagmyca. Ero mposiBieHune MoxeT ObITh CBS3aHO ¢ ()OPMHPOBAHHEM
OrpaHEHHBIX KPHCTAIIUTOB, KOTOpoe Halmoxanock Ha [IOM o0pasloB, CHHTE3UPOBAHHBIX
npu sHeprusax 400 5B u 600 3B.

PaGora Obuta nojuepxkana rpantoM MoHIA pa3sBUTHS TEOPETUUECKON (PU3MKH U MaTEMaTHKH
«BA3UC». HccnenoBanue BbIMONHEHO Npu (unHaHCcOBOH momnepxke PODU B pamkax
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