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Ion irradiation of Si, GaN and Au nanowires: order-of-magnitude enhancements of
damage production and sputtering

K. Nordlund, A. Kuronen, M. W. Ullah, W. Ren and F. Djurabekova

Department of Physics and Helsinki Institute of Physics, P.O. Box 43, FIN-00014 University
of Helsinki, Finland

1 Introduction

Nanowires have a very large surface-to-volume ratio: the fraction of atoms that are at the surface
can be more than 50% of all atoms in the system. Moreover, the surfaces consist of not only the
top, but also the side and bottom surfaces and those at the ends (caps) of the wire. Hence they
are a particularly interesting system for studying ion-surface interactions.

In this Extended Abstract we present some recent results on ion irradiation of Si, GaN and Au
nanowires. The results show that in general, damage production and sputtering is enhanced in
nanowires compared to the bulk, at least during the primary damage production state.

2 Methods

The simulations were performed using classical MD as implemented in the PARCAS code
[1]. For modeling the Si-Si interactions, the analytical Stillinger-Weber three-body potential
was used [2]. For GaN we used the Tersoff-like potential developed by us [3] and for Au the
original Foiles embedded-atom method potential [4]. To treat high-energy collision realistically,
arepulsive ZBL pair potential was joined to the high-energy part of the equilibrium interactions.
The bombarding ion was in all cases either Ar or Xe. For the interactions between noble gas
and nanowire atoms, a purely repulsive ZBL potential[5] was used, as the screened Coulombic
interaction between the two nuclei is the overwhelmingly dominating effect in high-energy
collisions. Additionally, a velocity-dependent electronic stopping power was included in the
simulations for all atoms with kinetic energy surpassing 10 eV.

3 Results

3.1 Sinanowires

Results for the damage creation in Si nanowires is illustrated in Figs. 1 and 2. The strong
increase of damage at the surface, visible in both figures, shows that damage in nanowires is
strongly enhanced compared to the case of irradiation a flat Si slab (which shows only a minor
increase at the surface). Fig. 1 further shows that at low energies, almost all damage is produced
at the top surface only, while for the intermediate energies 1000 eV and 3000 eV there is also
damage production at the bottom. The 10 000 eV cases shows, surprisingly, less damage. This
is because for this high energy, most ions penetrate through the nanowire, i.e. the maximum
nuclear energy deposition depth is larger than the thickness of the wire. This is further discussed
for GaN in the next subsection.
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Figure 1: An example of the end state of an irradiation run for each of the used irradiation
energies for the 4 nm wire. The ion is incident on the top surface. The coloring is by potential
energy, with dark being high. From Ref. [6]
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Figure 2: Concentration (see text) of point defects (vacancies or interstitials) created by 1 keV
Ar irradiation of Si nanowires and a flat Si surface slab as a function of distance from the surface
of the wires. From Ref. [6]

3.2 GaN nanowires

A similar study was carried out for GaN nanowires [7]. Results of defect production for Ar irra-
diation on surface facets of each GaN NW, and for self-recoil atoms in bulk GaN are presented
as a function of the ion energy in Fig. 3. With the ion energy increasing, the defect produc-
tion in bulk GaN increases nearly linearly. In the low energy region, the defect production for
Ga irradiation on bulk GaN shows a little larger values compared with N irradiation on bulk
GaN, while in the high ion energy region they behave in the opposite way. However, the defect
production in NWs are clearly different. With the ion energy increasing, the defect production
reaches a maximum value at 3 keV for both 3 nm and 4 nm diameter NWs and for all facets,
approximately a factor of 2 more compared to the values of bulk GaN. The defect production of
the 3 nm diameter NWs shows more significant enhancements compared to the 4 nm diameter
NWs for both facet 1 and facet 2, owing to the greater surface-to-volume ratio. In the high ion
energy region, the defect production for each NW decreases. This is because at high irradiation
energies, the transmission of ions increases, inducing less collisions in NWs. Hence, the defect
production of self-recoils on bulk GaN shows significantly larger values than both NWs at the
higher irradiation energies.
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Figure 3: The results of defect production for self-recoil irradiation on bulk GaN, and Ar ion
irradiation on 3 nm and 4 nm diameter NWs, for two different facets. From Ref. [7]

In a related recent work, we studied irradiation of standing GaN nanowire with rear-earth ma-
terial erbium (Er) using an ion energy of 37.5 keV [8]. We studied the location and types of
defects produced in the irradiation. Er implantation was found to leads to a net positive (expan-
sion) strain in the nanowire and especially at the top region a clear expansion was observed in
the lateral and axial directions. The lattice expansion is due to the hydrostatic strain imposed
by a large number of radiation induced defects at the top of the NW. Due to the large surface-
to-volume ratio, most of the defects were concentrated at the surface region, which explains the
experimentally observed surface yellow luminescence (YL) band. We observed big clusters of
point defects and vacancy clusters, which were found to bve correlated with stable lattice strain
and the YL band, respectively [8].

3.3 Au nanowires

Contrary to semiconductors, in metals the collisions between atoms can form a very hot, essen-
tially molten region known as a heat spike [10, 11]. Due to this, single heavy ion impacts on
flat surfaces of dense metals cause changes in surface topography that involve the displacement
of tens of thousands of atoms and can give rise to the formation of features such as craters and
mounds with dimensions of the order of 10 nm [12—15]. This can be understood in terms of lo-
calized processes occurring during the thermal spike part of the energy dissipation process and
can lead to sputtering yields of the order of 100 [16]. As the spike size is typically of the order
of a few nanometers, it is interesting to pose the question of whether ion irradiation of nanos-
tructures may give rise to enhanced sputtering due to the possibility of a single atomic cascade
and thermal spike intersecting with, not only the top surface (on which the ion impacts), but also
the side and bottom surfaces of the structure. Previous MD simulations have reported a sputter-
ing enhancement resulting from cascade interaction with the surface in nanoparticles [17], and
experiments have shown that sputtering yields of secondary molecular ions can be dramatically
enhanced by the presence of metal nanoclusters on the surface of an organic material [18].

We recently extended these studies to examine 80 keV Xe irradiation of Au nanorods [9, 19],
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Figure 4: Results of MD irradiation simulations of 80 keV Xe ions impacts on an Au nanowire:
a) Final shape of the nanowire after 32 ion impacts; lighter color represents deeper atomic
layers b) Snapshot at 25 ps following a single ion impact showing a formed crater and ejected
nanoclusters. Clusters smaller than three atoms in size and individual atoms were removed from
the picture for a better visibility. From Ref. [9].

by using transmission electron microscopy (TEM) experiments [Donnelly group, Huddersfield,
UK] and MD simulations of exactly the same irradiation conditions and nanostructure size as in
the experiments. Sputtering yields were calculated that were greater than those measured for a
flat surface by more than an order of magnitude, being up to about 2000 in some of the experi-
ments and simulations [19]. Detailed analysis of the results showed that this major enhancement
of the sputtering yield is mainly due to enhanced sputtering at off-normal incidence angles and
“explosive” emission of atomic clusters due to the thermal spikes, which is strongly enhanced
in the nanorod due to the proximity of surfaces [9]. The explosive emission is illustrated in
Figs. 4 and 5.

4 Discussion

The results reviewed here illustrate that nanowires provide an interesting system for ion-solid
interactions, where the very large fraction of surface atoms can lead to major enhancements of
defect production and sputtering compared to irradiation at regular flat surfaces. The surface
effects on sputtering yields can be fairly well reproduced by analytical models based on Sig-
mund sputtering theory [17,20], although at least one parameter needs to be calibrated to the
simulation values. Similar models can be also used to analyze the damage in the wires [7].

Overall, the results imply that surface, and by obvious extension, interface effects have a major
role in irradiation effects in nanosystems. This is very important to consider in modern semi-
conductor electronics, where for instance the core of the so called FinFET transistors are now
essentially nanorods [21,22]. Hence use and development of any ion beam processing of such
structures needs to consider that the nanosized character can lead to major differences from
behaviour expected during traditional flat surface irradiation geometries.

Acknowledgments

The research was supported by the Academy of Finland by the COMOMEN and MESIOS
projects. Grants of computer time from the IT Centre for Science CSC in Espoo, Finland, are

10



3500 T T T T

Cluster size
3000 (atoms)
= u> 100
£ 2500r @100
® .
= 2000 m11-40
° m2-10
>
o 1500F 01
=
2
£ 1000
Q.
%)
500
0
1 3 5 10 20 40 80 160

Time (ps)

Figure 5: Area chart showing a contribution of Au nanoclusters of different size to the total
yield over time for the single 80 keV Xe ion impact shown in FIG. 4. Initially most atoms
sputter as single atoms or small clusters (light gray areas), but after about 5 ps sputtering occurs
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several large nanoclusters. However, the predominance of the light area at the end after 80
due to the fact that all of the nanoclusters have disintegrated by the end of the simulation for

this event. For some of the other impacts the biggest clusters stayed intact. From Ref. [9].
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FORMATION, PROPERTIES AND APPLICATIONS OF NV CENTERS
IN ION-IMPLANTED DIAMOND

V.P. Popov*, V.A. Antonov’, S.N. Podlesnyi*, L.N. Safronov’, LN. Kupriyanov”,
Yu.N. Pal’yanov#, R.A. Babuntsg, AN. Anisimov®

*Rhzanov Institute of Semiconductor Physic, SB RAS, Novosibirsk, Russia, popov@isp.nsc.ru
* Sobolev Institute of Geology and Mineralogy SB RAS, Novosibirsk, Russia
Soffe Institute, St Petersburg, Russia

Due to the large relaxation time of spin states for electrons and nuclei at room
temperature, NV centers have been potentially considered as the most prospective platform
for implementation of quantum information processes (QIP) in solid state devices. Electronic
and optical properties of NV centers depend on elastic, electric and magnetic fields, allowing
fabrication of stable, high sensitive sensors for these fields [1]. Individual NV centers, located
at the spearhead of the cantilever, could provide measurement of electric and magnetic fields
with atomic resolution. Magnetic dipole interaction between closely spaced NV centers
implements them entangled quantum state in the QIP and the nuclear spin of the nucleus of
nitrogen atom allows to record and store the quantum information in dynamic quantum
memory cell. Required properties of NV centers are observed only in the negative charge state
(NV’), which is realized in the bulk diamond at the certain concentration of nitrogen atoms in
the lattice sites or inside the charge space away from the surface where they are neutral due to
Fermi level pinning, but in the experiments the concentration is much lower than in theory
[2]. The aim of this work was the search for the processes enabling to form NV-centers inside
the local volume of semiconductor Ib and Ila type synthetic diamond (111) plates. Few tens
nanometer thick layers of diamond with NV~ center density (1-1000) x10%cm™ were created
using H* RT and N hot (at 450°C to avoid graphitization) ion implantation and annealing at
high pressure-temperature (HPHT: 4-8 GPa, 1200-1600°C), or in a vacuum (VPHT).

Traditional method to form NV color centers is based on vacancy generation in diamond
of Ib type during few MeV electron irradiation and subsequent annealing at 750-1150°C. But
it allows only homogeneous formation of NV centers in bulk crystals due to very low cross
section for Frenkel pair’s generation and huge projectile range of the electrons in diamond.
Ion implantation of nitrogen in high purity diamond of Ila type can be used to form NV
centers locally but N* ions generate highly disordered peaks of displaced carbon atoms, that
leads to complicated procedure to avoid residual defect generation, which disturb the optical
properties of the centers [3]. Hydrogen molecular ions H," (or protons H" with tens keV of

energy due to molecule dissociation at the entrance in diamond) generate according to SRIM
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simulation preferentially only few Frenkel pairs with pure yield of only 1-2 vacancies per

proton. These results are confirmed by comparison of absorption and photoluminescence (PL)

spectra form electron and hydrogen irradiated samples of Ib and Ila types on Figures 1, 2.
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Figure 1. Absorption spectra before (a) and after (b) VPHT annealing for electron and

hydrogen molecule ion irradiated (111) diamond plates of Ib type
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Figure 2 PL spectra for hydrogen molecule irradiated (111) diamond plates of Ila type

with 300 nm doped by implanted nitrogen layer with the same concentration as in type Ib

after hPHT annealing at 514.5 nm (a) and 325 nm (b) laser excitation

A locality of NV center formation by hydrogen irradiation can be provided by

lithographic mask. Stainless steel foil was used in this work as a mask for 25-50 keV H," ions
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to prove that the diffusion processes during annealing procedures provide the locality <2 um
even for temperature as high as 1200°C (Fig.3). Figure 3 shows the results of scanning
electron microscopy (SEM) which is sensitive to work function of electrons at the diamond
surface and confocal laser microscopy (CLM) measurements of PL intensity map of NV-
centers in the spectral range 631-637 nm at laser excitation length 514.5 nm. Higher intensity

on the SEM picture corresponds to the lower work function of electrons at the diamond

surface. The chip at the upper left angle was introduced during HPHT annealing (Fig.3).

Figure 3 SEM micrograph (a) and CLM PL intensity map of NV~ centers (b) in 631-637
nm spectral range after HPHT annealing (1200°C, 5 GPa) for hydrogen irradiated (111) plate
of Ib type diamond with 32 keV H," ion fluences from left to right: 0; 0.8; 2.4x10"® cm™

Thin layer nitrogen doped Ila samples (<300 nm) didn’t show any difference in PL
spectra with bulk doped Ib diamond excluding weak line of N3, H3 (NVN), NV* and other
deep centers visible at UV laser excitation (325 nm) [4]. Single phonon mechanism for NV”
center’s ionization is realized under such excitation, which leads to the reaction NV (uv) —
NV +e-, resulting in its neutral state NV in difference with green laser excitation at 514 nm,
where the ground spin triplet state (S = 1) is filled by electrons with spin m = 0. Life time and
recombination kinetics of NV~ centers are complicated by the existence of singlet state for
these centers, and recombination through its with IR photon emission to polarization in
ground triplet state with S=0 [4]. The dependences of the optical properties of NV center’s

luminosity on H," ion fluence @ are presented on the Figure 4. After irradiation by hydrogen
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molecule fluences @ < 5x10'® cm™ (threshold for graphitization at thermal annealing [5]) we

observed on the Figure 2 the same lines of NV centers on PL spectra as in the Figure 1.

T T T T T
100 /.\. Neria bgpe N': 200 keV, 3E14 cm”, 450 °C
M \ diamond H." 45 keV, 1E14; 3E14; 1E15 cm”
. , , 1E14; 3E14;
g N 10°]  HPHT: 12000, 5 GPa, 2h J
8 \.\ —a— NV - Y
" \ ] —=—Room temperature
2 A . N —e—Nitrogen temperature
‘ :
€ N-implanted laye: = " —_— "
- \ T tone diamon 'y I
c in Ifa type diamond L |
& 2
E 14 =NV, N E [
4 » —n-0c7 Ry
P} —-DC8 1]
o —A-NF3 N -
* DCt4 / .
01 , . . L e
“10° 10" 10° 10° 10" : .
cm? 10" @ ' om’ 10"

Figure 4. Dependences of PL intensity (a) and full width at half maximum (b) for NV~
center lines on the fluence of hydrogen molecule irradiation of (111) diamond plates of Ib

(a,b) and Ila (b) type after HPHT annealing at 514.5 nm laser excitation.

Hydrogen ion irradiation of thin layer doped Ila samples leads to the quenching all PL
centers, while for bulk doped Ib samples there is a maximum of NV center’s luminosity at @
~3x10"cm up to three order of magnitude decreasing with increasing the fluence (Fig. 4a).
Nonmonotonic dependence in the last case is quite different to the case of proton irradiation
with 2 MeV energy observed in the work [4]. This difference can be explained by the role of
the more dense defects near the end of range for protons outside the doped layer in Ila
samples. The weak dependences of line’s full width at half maximum (FWHM) for NV
centers in hydrogen molecule irradiated (111) diamond plates of Ib and Ila types at both LN
and RT measurements evidence confirm that line broadening is mainly due to the electric
field of charged impurity donor centers and defects as well as the inhomogeneous stresses and
thermal vibration in the diamond lattice. Decreasing impurity and defect concentrations with
increasing annealing temperature allows obtaining more narrow lines up to two tens of MHz
for single centers and up to few hundred GHz for their ensembles [3]. Our lowest values for
FWHM for NV lines in hydrogen irradiated Ib samples were equal to 0.4 THz and 2.0 THz at

LN and RT measurements and coincided with the same values for bulk Ib diamond with the
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same content of nitrogen (150 ppm) after electron irradiation and annealing, while for Ila
samples implanted by nitrogen FWHM were about 1.5 times higher (Fig.2b).

In order to clarify the source of this additional broadening in Ila samples we studied
optically detected magnetic resonance (ODMR) in the samples with NV center content of 25
and 2.0 ppm respectively (Fig.5a,b). ODMR spectra can be described by Hamiltonian [6]:

H=DI[S/-8(S+1)/3] + y[B+b(1)]-S + E(Sy’ — Sy,
where: D/h = 2870 MHz is hyperfine splitting of ground state due to spin-spin interaction; § is
the §' = 1 Pauli dimensionless electron spin operator for NV-center; E/k is a value of elastic
splitting; y =gxB, is a gyromagnetic ratio (production of Lande factor on Bohr magneton); B

and b(?) are constant and reversible magnetic fields, respectively.
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Figure 5 — a) ODMR spectra of NV centers generated by 32 keV H," ion implantation at
fluence ® = 3x10"*cm™ and HPHT annealing (1200°C, 5 GPa) with elastic splitting of ground
states in (111) plates of Ib diamond at zero constant magnetic field; - b) the same, but for Ila
sample with 300 nm nitrogen doped layer at different magnetic field perpendicular to the

(111) plate surface.

For the Ib sample with bulk nitrogen doping there is a hyperfine splitting of ground state
with spin transition between states with m¢=0 and m=+1 at MW field frequency v = 2.872
GHz with width 2E = 12.2 MHz (Fig.5a). The full width I' = 6.3 MHz for each splitted
ODMR deeps is a sum of hyperfine splitting (3.1 MHz) and reverse effective time of spin-

lattice relaxation time 1/7T,* [6]. It is equal to 3.2 MHz or T,* = 100 ns, respectively. Only
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single degenerated peak at v = 2.878 GHz and B = 0 G is observed for thin layer doped Ila
sample (Fig.4b). An absence of elastic splitting in this case is the evidence of elastic stress
relaxation. Effective transverse spin-relaxation time T," can be estimate as T, = 1/(nI’). The
higher full width I = 12 MHz for this ODMR line the lower effective spin-lattice decoherence
time T>* = 50 ns. The lower value also correlates with higher FWHM of PL line of NV~
centers for this sample.

The width of PL and ODMR lines depends on the probability to find analogical or other
charged centers with content [C] in neighborhood on the distance r and determines as
exp(-4/3n[C]R™) = 1/2. Then the distance R is equal to R = 0.55([C])""">. It means, that for
donor nitrogen atoms content [Cyy] ~150 ppm, the distance between them is Rys = 1.8 nm.
The distance Ryy between NV centers is Ryy = 8 nm for [Cxy] =2 ppm.

The width I = 12 MHz for ODMR lines allows to determine the contribution of different
factors in cross-sectional spin-lattice relaxation time T. This time is lower than longitudinal
time T, which depends on dipole-dipole interaction between NV- centers and impurity atoms
N as [7,8] : Tnv ~ 1/[(gsuB)ZCNV ]1=700ns u Tnv ~ 1/[(gsp.3)2CNs 1 =200 ns, respectively.
Experimental time T>* = 100 ns is a typical for HPHT synthetic diamonds with natural
isotopic content and [Cyy] ~ 100 ppm [8]. It means, that for Ib type sample the spin-lattice
relaxation time T, is determined only by donor nitrogen atoms, while in thin layer doped
sample Ila decoherence time T,* is two times lower due to the residual defects after hot
nitrogen implantation and HPHT annealing.

The dependence of ODMR spectra on the direction and value of magnetic field allows to
investigate preferential orientation of NV centers in the samples among four different <111>
directions. Two outside left and right lines correspond to NV~ centers with parallel and
antiparallel orientation respective to magnetic field and perpendicular to the (111) surface,
while two inner lines are due to three other orientations with the angle 70.4° to the (111)
surface (Fig.5b). Modeling of these intensities shows, that observed peaks correspond to
about preferential (~45%) direction of NV center axis’s perpendicular to the surface instead of
25% for isotropic distribution. The part of 45% corresponds to the value of uniaxial tensile
stress € = +0.9% in the similar layer with implanted nitrogen atoms [9]. But the known
dependence dD/dP ~15 MHz/GPa also gives an estimation of elastic strain in thin layer with
NV centers as € = P/(3K) = +0.03%, where K = 678 GPa is bulk elastic module for diamond

[10]. This value is one order of magnitude lower (after correction to the uniaxial tensile
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strain), than the same for Ib sample with bulk doping. The higher level of strain in the last
case can lead to the higher level of NV center orientation for bulk doped samples.

Such diamond structures with control of NV center orientation, and where life time and
transverse spin decoherentization time depends only on the nitrogen concentration, are needed

for photonic crystal, microresonators and quantum registers in the future QIP technologies.
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Ion beams are currently used in many fields of materials science and engineering. Two
examples are particularly illustrative of their high usefulness: (i) ion implantation is a
technique that has become an attractive way of controlled local dopant introduction in many
materials, especially in semiconductors [1]; (ii) ion irradiation is used as a tool to simulate, in
a controlled way, various radiation environments such as those encountered in, e.g., space [2]
or nuclear power plants [3]. Consequently, a very large number of studies devoted to the
behavior of materials subjected to ion irradiation have been carried out during the last five
decades. One of the main objectives of these works lies in the understanding of the

(micro-)structural changes that take place during this severe out-of-equilibrium process.

In the present work, we present several examples of materials modifications under ion
irradiation in the nuclear energy-loss regime, i.e. using ions with hundreds keV or a few MeV.
In this case, mainly ballistic defects are created owing to elastic interactions between
projectiles and screened-nuclei target; furthermore, only a shallow layer (namely from a few
tens of nanometers to a few microns) at the specimen surface is altered by the irradiation
process. We address ceramic materials for microelectronic and/or nuclear applications, and
we show three distinct behaviors: a microstructural modification process with retention of the
initial crystalline structure in the case of cubic zirconia (c-ZrO,), a crystalline-to-crystalline
phase change in gadolinium oxide (Gd»Os), and an amorphization phenomenon in silicon
carbide (SiC). For this purpose, we use principally two characterization techniques,
Rutherford backscattering spectrometry in the channeling mode (RBS/C) and high-resolution
X-ray diffraction (HRXRD).
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I. Cubic zirconia: a highly radiation-resistant material

Yttria-stabilized cubic zirconia (YSZ or c-ZrO,) is considered as a potential inert matrix
for the transmutation of minor actinides in nuclear reactors. In such an environment, this
material will be submitted to various harsh irradiation sources (e.g. fission fragments,
neutrons, alpha recoils). Thus, the knowledge and the understanding of its behaviour under
ion irradiation are mandatory issues.

In the present work, we studied the microstructural changes occurring in c-ZrO, under
4-MeV Au®" irradiation at room temperature (RT) in a broad fluence range, from 10" cm™ to
2x10' ecm™. For this purpose, we combined RBS/C, HRXRD and transmission electron
microscopy (TEM) to get a comprehensive overview of this material under irradiation.

Results show that c-ZrO, exhibits a multi-step damage build-up, each step being
characterized by characteristic features such as strain (ex) and disorder (fp) levels
corresponding to a given type of predominant defects (see Fig.1) [4-5]. For instance, in the
first step, small interstitial-type defect clusters are preferentially formed and induce a
significant elastic strain; these clusters turn into dislocation loops in the second step, leading
to strain relaxation but considerable increase in disorder level, and eventually a network of
tangled dislocations is observed at the end of this step. A third step also takes place at higher
fluence but it depends on the nature of the irradiation particle. When no specific ion (such as
Cs or noble gas) is used, a specific microstructure revealing an apparent, partial recovery of
damage is observed. In conclusion, c-ZrO, accommodates the radiation damage by
undergoing microstructural transformations that allow maintaining the long range order, thus

its initial crystalline structure.

I1. Gadolinium oxide: ion-beam-induced phase transformation

Gd has a very large thermal-neutron absorption cross section and it is an excellent
“burnable poison” which is added as gadolinium oxide (Gd,O3) particles to the UO, nuclear
fuel in some nuclear reactors. Also, through its luminescence property, Gd,Os can be used as
neutron flux diagnosis in future fusion reactors. In both situations, this material must face ion
irradiation, and it is important to know and understand how it behaves under such harsh
conditions.

In the present work, we studied thin epitaxial cubic Gd,O3 layers deposited on a silicon
substrate and irradiated with 4-MeV Au®" irradiation at RT in a broad fluence range, from
2.5x10" cm? to 5x10"” cm® We used RBS/C and glancing-incidence (GI) XRD to

characterize the irradiation-induced structural transformation.
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Fig.1: Strain (ex) and disorder (fp) levels in c-ZrO, submitted to 4-MeV Au®’ ion
irradiation. Three steps in the damage build-up are identified. In step I, a low fp but a high ex
are measured, consistent with the presence of small defect clusters; in step II, ex is mostly
relieved while fp increases owing to the development of dislocation loops that eventually
form a network of tangled dislocations; in step III, a decrease of fp is noticed and ascribed to
dislocation reorganization into dislocation lines that are efficient defect traps.
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Fig.2: Damage depth profiles (fp) in Gd,Os layers submitted to 4-MeV Au®" ion irradiation
(fluences are given in 10" ¢cm™). Three zones can be observed: zone I which starts at the
surface and progresses inwards with the fluence, experiences a cubic-to-monoclinic phase
change; zone II, beyond zone I, which is almost defect-free; zone II1, which is disturbed due
to irradiation and to the presence of initial defects.
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Damage depth profiles (see Fig.2) derived from the simulation of the RBS/C spectra
clearly show that at the sample surface, a significant disorder appears under ion irradiation,
while the backside of the layer remains almost defect-free (except at the interface with Si).
Disorder level reaches 100% at 3.75x10'> cm™ over a ~150 nm thickness. This result actually
indicates, as illustrated in Fig.3 which presents GIXRD measurements, that a phase change
from cubic to monoclinic occurred during irradiation (as already observed in other rare-earth
oxides [6-7]). The monoclinic phase is not thermodynamically stable under ambient
conditions, but it is here sabilized. Moreover, the thickness of the monoclinic layer increases
with increasing fluence, starting from the surface — where the energy-loss is not maximum -

and consuming the cubic structure (see Fig.2).
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Fig.3: GIXRD patterns, recorded at 4°, of a virgin and an irradiated Gd,Os layer. For the
former, no peak of the cubic structure is observed (owing to the epitaxial structure), whereas
for the latter multiple peaks corresponding to the monoclinic structure are visible.

II1. Silicon carbide: amorphization and recrystallization under ion irradiation

Silicon carbide (SiC) has been attracting an increasing interest owing to many outstanding
physical and chemical properties that make it a prominent candidate material for many
applications, for instance in extreme environments such as structural components in fission
and fusion reactors [8] or for microelectronics devices [9]. For these applications, SiC will be
subjected to ion irradiation, either during its lifetime (for instance in a nuclear reactor) or
during its synthesis (namely during the ion beam doping process). Therefore, a
comprehensive understanding of its behaviour under ion irradiation appears as a major
fundamental issue. This statement is strengthened by the fact that in this material more than in
others, irradiation defects exhibit a subtle behaviour where defect creation and annihilation

rates intimately depend on the irradiation conditions and especially on the energy loss regime.
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In the present work, we studied 3C-SiC single-crystals irradiated with 100 keV Fe' ions at
RT in the 4x10" - 4x10" em™ fluence range. We used RBS/C and HRXRD to correlate
disorder and strain levels during the whole damaging process; TEM analysis was also
conducted on crystals irradiated at the highest fluence.

RBS/C allowed obtaining the disorder depth distributions in the irradiated SiC crystals.
Following the disorder at the damage peak, we obtained the disordering kinetics presented in
Fig.4 (left-hand side) [10]. Full disorder is rapidly reached, at a fraction of displacement per
atom (dpa). The TEM micrograph recorded at the highest fluence indicates that an
amorphization took place. Concomitantly, an elastic strain develops upon irradiation, and it

reaches a huge value of ~7% before full amorphization is completed (Fig.4, right-hand side).
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Fig.4: Disorder (left) and strain (right) build-up in 3C-SiC crystals irradiated with
100-keV Fe” ions at RT. A TEM image recorded at the highest fluence, where full disorder is
measured, clearly shows the amorphous structure of the irradiated layer.
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“EXPLOSIVE EMISSION” PHENOMENA ON THE PLASMA-METAL
INTERFACE. PHYSICS AND APPLICATIONS
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Prokhorov General Physics Institute of RAS, Vavilov Street 38, Moscow, Russia,
119991, Email:kossyi@fpl.gpi.ru

“Explosive emission” phenomena developing on the plasma-metal interface - its fundamental
properties and possible area of applications - are discussing. Best of all are detailed new
(unpublished) results concerning to the explosive emission microplasma generation in a free
space at an atmospheric pressure air. Adequate consideration has been given for such an
application of metal surface treatment by means of high-pressure discharge plasma as
“multipactor” prevention on a communication satellite borne equipment.

BsanMogneiictBHe IITa3Mbl ¢ TOBEPXHOCTBIO — OIHO U3 Hamboiee WHTCHCHBHO
Pa3BHBAMOIINXCS HANPaBACHUI (M3MKH HHU3KOTEMICPAaTypHOW IUIa3Mbl KaKk B CBSI3H C
(byHIaMEHTAIBHBIME TIPOOJIEMaMH, OTHOCSIIMMCS K HPHPOJE HMPOLECCOB, PAa3BUBAIOLIMXCS Ha
KOHTAaKTe IUIa3Ma — TBEPHOE TeNo, TaK M C IPHKIANAHBIMU 3afadyaMi, IPeICTaBISIONIMU
HMHTEPEC U1 COBPEMEHHOI TEXHUKU U TexHoyoruu [1].

K 3agauam, HMEIOLINM NPUKIAAHYIO 3HAYMMOCTb, MOXKHO OTHECTH IPOOJIEMbI aKTHBALIMH
MOBEPXHOCTH, €€ TpaBJICHHE, HapabOTKy HAHOCTPYKTYP, IUIA3MEHHBIH KaTajus, IIa3MEHHYIO
MeauIuHy 1 1p. (eM. [2]).

AHanu3upysi ~ IOJIyYeHHBIH K  HACTOSIEMY  BPEMEHH  TEOPETHUECKMH U
9KCHEPHMEHTAIIbHbI MaTepHall, CJIeAyeT IpH3HATh, 4YTO NPH OOMINM HCCIICIOBAHUH,
OTHOCSIINXCS K YCIOBHO «MSTKOMY» BO3JIEHCTBHIO IUIa3Mbl HA METAJUIMYECKYIO ITOBEPXHOCTD
[2], BecbMa He3HAUHTEIBHOE YHCIIO PAOOT MOCBSIICHO CTOIb HHTEPECHOMY U CIOCOGHOMY OBITH
HCHOJIb30BAHHBIM B PSJIe BaKHBIX NPHIOKEHUH SIBICHHIO, KAK MUKPOB3PHIBBI Ha TIOBEPXHOCTH
BXOJAIIIET0 B KOHTAKT C IUIa3MOI MeTa/uimdeckoro oopasna. ©@opMupoBaHrue MUKPOB3PHIBOB B
HCCIIEI0BAHUAX MOCIEIHUX JIeT 9acTO CBSI3BIBACTCS C B3PHIBHBIMU DIEKTPOHHO-OMHCCHOHHBIMH
IPOIIECCaMt, OOHAPY)KEHHIO M M CCIICJJOBAHUIO KOTOPBIX B BaKyyMHBIX JIHOIAX IOCBSIICHEI

pabdotel I'.A.Mecsima c¢ xomreramu [3,4]. DOKCIEpUMEHTHI aBTOPOB 3THUX  paboT
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MPOIEMOHCTPUPOBANIH, YTO B YCIOBHAX TINyOOKOro BakyymMa B JAHOJAaX TP CPEIHEM
JJIEKTPUYECKOM mose E = 10° B/em ormenbHbIe MHUKPOOCTPHS Ha IMOBEPXHOCTU CTAHOBATCS
HUCTOYHHKAMHU aBTOJICKTPOHHON 3MHCCHHM, NEPErpykarolieil ocTpusi M NPUBOISAMIEH K HX
B3pBIBY C HPsIMOi TpaHc(opMmaryer TBEPOH (a3bl B IIIa3MEHHY0. DMHUCCHOHHAs CIOCOOHOCTb
ocTpHs, TPAaHC(OPMHPOBAHHOTO Ha «KOHYHKE» BII Ja3My, CYIIECTBEHHBIM 00pa3oM
MIPEBOCXOIUT IMHUCCHOHHYIO CIOCOOHOCTh HCXOHHOro ocTpusl. IIpHm 3TOM ¢ TOUKH 3pCHUS
9JIEKTPOHHOM SMMCCUH IIPOLECC HOCHUT XapaKTep «aBTOTEPMOIMUCCHOHHOIO» H IO JUHAMUKE
UICKTPOHHOH SMHCCHH, a TaKKe JMHAMHUKE IUIa3MOOOpa3OBaHUS M ONTHYECKOTO H3IyYCHUS
MIPOSIBIISCTCS, KaK MUKPOB3PHIB. Takoro poma KaToAHBIC MUKPOB3PHIBEI MONYYHIN Ha3BaHUE
«B3PBIBHOM 3JIEKTPOHHOM amuccumn» (B23).

B3pbIBOOMHCCHOHHBIE TIPOLECCH], ONMCAHHBIE U MCCIECJOBAHHBIE B BaKYyMHBIX JHOIAxX
[3,4], nexxaT B OCHOBE U MHKPOB3PBIBOB Ha METANIMYECKUX AJICKTPOJAX, BXOASAIINX B KOHTAKT C
3apaHee CO3[aHHOI pA3MHMYHBIMH METOJAMH ILUIa3MO, OONajaromieil JOCTaTOYHO BBICOKOM
KOHIIGHTpAlMeH 3JIEKTPOHOB M JJIEKTPOHHOW Temmeparypoid. IIpu 5TOM 3IE€KTpOA MOXKeT
HAXOAUTHCS 110J] HEKOTOPBIM IIPUIOKEHHBIM H3BHE HAIPSDKEHHEM, TH00 OBITH M30IMPOBAHHBIM
(oOnajast «IUIaBarOIMM» OTEHLUATIOM).

VIMeHHO B3pBIBOOMHCCHOHHBIH MEXaHU3M IO CIIOXKUBIIMMCS NPEACTABICHUSIM SIBIIAETCS
ONpeseNIIIOIIMM ~ IPH  BO3HUKHOBEHHM TaK Ha3bIBAGMBIX  «YHHUIIOJAPHBIX» JOyr Ha
KOHTAKTHPYIOIIUX C IUIOTHOM M ropsyeil IUIasMoi JMMHTEpaX B 3aMKHYTBIX MAarHMTHBIX
JoByIIKax [5]. OkcrepuMeHTalbHBIE JaHHbIE, IOTyYEHHbIE Ha TOKaMakKax M CTeJulapaTropax,
[I0KA3aJIH, YTO YHUIIOISIPHBIE TYTH SIBIISIOTCS MECTOM MHKPOB3PBIBOB, IIPHBOISAIINX K IPSIMOM
TpaHchopMaIy KOHYHKA METAUIMIECKOTO OCTPHS B IUIa3My, K PacIUIaBICHHIO MOBEPXHOCTH,
TIPHIIETAloIIEei K OCTPUIO M K 00pPa30BaHHIO HOBBIX MHKPOKPaTEPOB M MUKPOOCTPHUIA.

IIpomeccam MHKPOB3PHIBOB Ha KOHTAaKTe IUIa3Ma-3JIEKTPOX IOCBSMIEH LIHUKJI padoT, B
KOTOPHIX B3PBIBOOMUCCHOHHBIE — SIBICHHS ObIM  OOHApyXKEHBI U HCCICIOBaHBl IIPU
B3aUMOJICHCTBUU OECCTOIKHOBUTENBHON IUIA3Mbl MHKPOBOJHOBBIX Pa3pAloB M CKONB3SIIHX
TIOBEPXHOCTHBIX Pa3psI0oB HU3KOTO TABICHUS C IIOTPYKEHHBIMH B He€ dyeKTpotaMu (cM. [6-9]).
B sxcnepumeHTax OBUIO YCTAHOBIEHO, YTO XapaKTEPHOE BPEeMs BO3HHUKABIINX HA KOHTAKTaX
IUIa3Ma-3JIEKTPOJ] MUKPOB3PBIBOB 7, cocraBisuio ~ 1 — 10 wmxc. Pa3mepsl JloKajibHOTO
MOpaXKeHUs!, OKa3aJauCh MpH 3ToM nopsaka 10-30 mxm. IIOTHOCTH TOKa, MPOXOASIIEro uepes3
MUKPOOCTPHE HAa aBTOTEPMOIMHUCCUOHHOM CTauu:

Jo = Jla’ ~107-10° Alem? 1)
IIpu miotHOCTH TOKA j, = 10° Alem?, IIPUHSB TPOBOJAUMOCTD 0 = 107 ¢! (IpOBOIMMOCTD

. 5 3
TBEPJOTO JKejie3a), IMONydaeM IUIOTHOCTh 3HeproBeiieneHus w ~ 10° [k cM ™, 9T0 MHOTO
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Oonbllle BHepruM cyOiauMManuu alroMHHMS. bBoiee Toro, Kak JIerko BHIETh, SHEPIHs,

MIPUXOMSIIASICS HA OJUH aTOM, COCTaBISIET HECKOJIBKO DJIEKTPOH-BOJIBT:
ag:w/nazjazrg/ana543B, 2)

IJIe 7, — KOHIIGHTpAIHs aTOMOB B TBEPIOM Tene (~ 107 cM™). CTonb 3HAUMTENIbHAS BETHUMHA &)

O3HAYaeT, YTO BEIIECTBO B3pHIBA BBIAGISETCS B BHAE IUIa3MbI, NPAKTHYECKH MOJHOCTBIO

HMOHU30BaHHOM.

Crnenyer Take OTMETHTH padotsl [10-12], B KOTOpPBIX OECCTONKHOBUTENBHAS
UIEKTPOpa3psIHasl IUIa3Ma HCII0Ib30BaNach IS BO30YKICHUS B3PHIBO-OMHCCHOHHBIX SIBICHUH
Ha METANIMYECKUX IOBEPXHOCTSX, MOKPBITBIX IAUANIEKTpUueckoil miénkoil. Hanudue Ttakoro
poja IJIEHKM NPHBOJAUT, Kak MokazaHo B [10-12], K CyIIECTBEHHOMY CHIKCHHIO IOPOrOB
(opMHpOBaHUS MHKPOB3PHIBOB II0 BEJIMUYHHE JJICKTPOHHOH TEMIIEpaTypbl M KOHIEHTPAlUH
IUIa3MBI, B KOTOPYIO MOTPY’KAIOTCS M CCIEAyeMble dIeKTPOABL. DKCIEPUMEHTHI, IPOBEICHHBIC B
[10-12], npogeMOHCTpUPOBAIIH, YTO [OCJIE B3aUMOJCUCTBUS ¢ OECCTOIKHOBUTENILHOM IIa3MOi,
C0O3/1aBacMON  KOAKCHAIbHBIM  IUIA3MOTPOHOM, IOBEPXHOCTh METaJIM¥EecKoro obpasma
OKa3bIBaeTCs HCTeIPEHHOMN MHO>KECTBOM MHUKPOKpaTepoB u MHUKPOOCTPHIA.
MoauduunpoBanHasi TakuM 00pa3oM IOBEPXHOCTh 00JIaIa€T MOBBILICHHON TBEPAOCTHIO.

AHanusupys padoTEI, MOCBSIIEHHBIE npobiieme B3PBIBO-OMHCCUOHHOTO
IU1a3M000pa3oBaHys Ha KOHTAaKTe IUIa3Ma-MeTall, OTMETHUM, YTO IPAKTHYECKH BCE OHH
BBINIOJIHEHBI C M CIIOJB30BAHMEM B KadecTBe (OPIUIa3MbI Ta30BBIX Pa3psioB HH3KOI0
JaBJIEHHSI, B KOTOPbIX IIPU OTHOCHUTENBHO HECIOXKHBIX  YXHIIPEHUSIX JOCTHKHMMBI
MIPUDIIEKTPOIHEIE KBa3UCTAalMOHAPHbBIE JJIEKTPHUIECKHE IOJsI, HEOOXOIUMbIe JUIS WHHIMALUH
MHKPOB3PBIBOB.

IMomyuenne  ycnoBuif, OOecHEYMBAIOIIMX pPa3BUTHE MHKPOB3PHIBOB  Ha
METaJUIMYECKON IIOBEPXHOCTH, IIPU HMCIOJIL30BAHUH Ta30BBIX Pa3psloB BBICOKOrO (BIUIOTH MO
aTMOC(epHOro) HaBICHUS — 3ajada BeChbMa CIIOXKHAs M3-3a MPOOJIEeM C TeHepalueld B JTHX
YCJIOBUSIX BBICOKOTEMIICPATYPHOH IUIOTHOM IUIa3MBl, a TaKXKe IOAABICHHA HEIMHEHHBIX
IIPOLIECCOB, TIPUBOMSIINX K ITOSIBIICHHIO HAATEIUIOBEIX «XBOCTOB» YHEPIHYHBIX JJICKTPOHOB.

Jnst BO30OY)XHEHHS MHUKPOB3DBIBOB IIIa3MOH aTMOC()EPHOTO MHaBICHUS B HEIaBHO
ony6nukoBanHON pabore [13] MCHONB30BaH MHKPOBONHOBBIA KAMMJUIAPHBIN (aken, cxema
KoToporo paspaborana u peanuzoBaHa B IO® PAH [14]. B ocHOBY I1a3MOTpOHA IMOJIOXKEHA
oOHapyXeHHass u wucciegoBaHHas B [15-18] mpucymas MHKPOBOJHOBOMY JHAama3oHy
0COOCHHOCTh MOHU3ALMOHHO-IIEPETPEBHON HEYCTONYMBOCTH HECAMOCTOSITEIBHOIO paspsiia B
CYIIECTBEHHO MOANOPOrOBbIX IOJSX, 3aK/IIOYAIoascs B JOCTHKEHHM CHIIBHO HEJIMHEHHOM
CTaany, Ha KOTOPOH pa3ps NPeIcTaBisieT co00i BBHITSHYTHIE BIOJIb BEKTOPa MHKPOBOIHOBOTO

MOJISl «HUTH» (KKAaHAIBD»), OTIMYAIOUIMECS YPE3BBIYaHHO BBHICOKMMHU Ta30BOH TemIiepaTypoi
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(T~ 6000 K), koHLeHTpauuen 3JIeKTPOHOB ( Ne~ 10" CM'3) U IJIOTHOCTBHIO SHEPrOBBIAEIECHHS
(W~ 10*-10* Jiw/em®). Tlo 3TuM napaMerpaM jake NpH OTHOCHTENIBHO MAJIBIX SHEPIHSX
MHKPOBOJIHOBOTO MMITYJIbCa JOCTUTAIOTCS 3HAUCHUSI, PEKOPIHbIC ISl Ta30pa3psaHOi (U3NKH B
nesioMm [15, 16].

Vcronb30BaHne  KaMWUBIPHOTO MHKPOBOJHOBOIO — IUIA3MOTPOHA, T'€HEPUPYIONIEro
Pa3psIHYIO IIIa3MEHHYIO «HHUTHY, IO3BOIMIO PEaIn30BaTh YCIOBHS, IPUBOAAIINE K HHHUIIHAIIUI
MUKPOB3PBIBOB Ha BXOJAIIEH B KOHTAKT C «HHUTHIO» METAUINYECKOH ITOBEPXHOCTHIO.
OnucaHHBIN B CTaThe DKCIIEPUMEHT MOXKHO paccMaTpHBaTh, KaK OJHY U3 IEPBBIX pealn3alui
B3PBIBOIMUCCHOHHBIX SIBICHHI Ha KOHTAKTE IIa3Ma-MeTalll, BOSHUKAIOIINX B BO3MYIIHOII cpene
aTMoc(epHOro aBieHuUSI.

IToxBeprayTast OOJXYyYEHHIO MHKPOBOJHOBBIM KaNWUIIPHBIM IUIa3MOTPOHOM HCXOIHO
rIagKas MeTauIMdecKas MOBEPXHOCTh XapaKTepu3yeTcs obpasoBaHHEeM MHUKpopenbeda,
MPEeICTaBISIIOIIEr0 cO00i YepeoBaHie MUKPOBBICTYIIOB H «MUKPOKPATEPOB)» C XapaKTePHBIMH
pa3MepaMul MOpsiAKa JECATKOB MUKPOH. BO3MOXXKHOCTh CO3[aHMsI TAKOTO pojia MIEPOXOBATOCTH
MPaKTHYECKH Ha BCEX METAIUIMYECKUX MOBEPXHOCTSAX B YCIOBHAX CBOOOHOTO MPOCTPAHCTBA (B
€CTECTBEHHBIX BO3AYIIHBIX ATMOC(EPHBIX YCIOBHSAX), HE TPEOYIOUIMX CHELHATBHBIX
BaKyyMHPYEMbIX KaMep, MOJKET OKa3aThCsl YPE3BbIYANHO MOJNIE3HONW H BOCTPEOOBAHHOM VIS psiaa
TEXHOJIOTU, HAaIpaBICHHBIX, B YAaCTHOCTH, Ha IOBBIICHHE HPOYHOCTHBIX XapaKTEPUCTUK

METAJIMYCCKUX ,HeTaJ'lCFI, HU3MCHCHUS UX BTOPUIHOOMHUCCUOHHBIX U ONNTHYECCKUX CBOWCTB U T.O.
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DIFFUSION AND TRAPPING OF Zn VACANCIES AND INTERSTITIALS
IN ION IMPLANTED ZnO
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ZnO - a wide and direct band gap semiconductor has received a tremendous research in-
terest during the last decade primarily because of numerous promising applications in optoe-
lectronics working in blue and ultraviolet spectral range. However, despite a significant pro-
gress on investigation of fundamental properties of ZnO, a lack of understanding and control
of intrinsic point defects still limits a progress on ZnO device processing. These defects affect
directly or indirectly electronic and optical properties as well as can assist diffusion mecha-
nisms leading to device degradation. In this work we focus on the investigation of energetics
and migration kinetics of two point defects of paramount importance in ZnO: Zn vacancies
(Vzu) and Zn interstitials (Zn;). In addition, we demonstrate a novel approach to investigate
point defect properties by monitoring the thermal evolution of ion-induced defects concurrent-
ly with that of residual impurities such as Li.

Here we use a classical and probably one of the most direct approaches to determine de-
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Fig. 1 Arrhenius plots of the extracted Zn self-diffusion constants
vs the reciprocal absolute temperature. The data taken from the
literature are also shown for comparison. The extracted activation cal potential, the samples were
energies are also shown.

layer. In order to vary chemi-
grown in two conditions, O-

rich or Zn-rich, by changing the rate of the oxygen flow while keeping the zinc supply as well

as the plasma power constant. In addition to the undoped samples, a part of the Zn-rich sam-
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ples were uniformly in-situ doped with Ga which has a donor behavior and, therefore, shifts

Fermi level towards the conduction band. Concentration versus depth profiles of Zn isotopes

and dopants were measured by Secondary Ion Mass Spectrometry.

The diffusion results in comparison with literature data are summarized in Fig. 1 where

obtained activation energies (E,) are also shown. It is clearly seen that both chemical potential

and doping level dramatically affect £,. Surprisingly enough the determined values of £, (1.5-

4
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Fig. 2 Formation energy of Vy, as a function of the Fermi level
position for Zn- and O-rich samples (symbols) in comparison
with theoretical predictions by A. Janotti and C. G. Van de
Walle [5] (solid lines).

3.7 eV) are in the similar range
as those published in the litera-
ture (1.8-4.3 eV), so our results
provide an insight into the
origin of such puzzling discrep-
ancy. In fact, E, for the self-
diffusion consists of formation
energy (E") of defect mediating
self-diffusion and its migration
energy (E™). The tendency ob-
tained here indicates that va-

cancy mechanism is likely re-

sponsible for Zn self-diffusion in ZnO [5]. Furthermore, assuming that an upper limit of E™yz,

to be less or equal to the lowest E, as measured in our experiment, i.e. 1.5 eV, that gives a
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Fig. 3 Arrhenius plots of the extracted Zn self-diffusion con-
stants vs the reciprocal absolute temperature in undoped and Ga
implanted O-rich sample.

possibility to “translate” the
self-diffusion activation energy
into the vacancy formation en-
ergy via ENgn = E.— E™z. The
results of such analysis are
shown in Fig. 2 where Fermi
level position was determined
by Hall measurements at room
temperature  using  classical
semiconductor physics formal-
ism and Varshni model [6] to
calculate temperature variation

of the bandgap. It is seen that

our results reveal a good agreement with theoretical predictions in terms of the shift when
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switching between Zn-rich and O-rich growth conditions and the change due to the electronic
concentration.

The situation becomes more complicated in implantation doped samples. Indeed, Fig. 3
compares diffusivities in the undoped and Ga implanted O-rich samples (the multistep Ga im-
plantation was performed with the energies and doses chosen in such a way to get a uniform
Ga concentration of 2x10'® cm™ throughout the sample). It is seen that in the implanted sam-
ple the Zn self-diffusion does not follow Arrhenius law. Such intriguing behavior can be at-
tributed to the radiation defects produced by Ga ions and multistage annealing processes typi-
cally observed in ZnO implanted with heavy species [7].

It has been shown previously that evolution of Zn;’s in ion implanted ZnO can be studied
by monitoring the behavior of residual group-la impurities, such as Li [8]. Fig. 4(a) shows

that a wide Li depletion region formed after annealing of hydrothermally grown ZnO samples
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. . . Therefore, dissociation of such
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Fig. 4 Li concentration vs depth profiles as measured by SIMS the efficient injection of Zny’s in

in ZnO implanted with 35 keV B ions to 1.5x10'" cm™ and sub- 5 wide temperature range and,
jected to different anneals for 30 min. Arrhenius plot of the )
square of the Li depletion width divided by the annealing time. ~ in its turn, this effect can be

used for the investigation of Zn; migration. The simple approach shown in Fig. 4(b) revealed

an E, of Zn; diffusion is ~1.4 eV. However, the actual Zn; diffusivity can be considerably
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higher as compared to the obtained value of L%/¢ due to nonlinear defect evolution with an-
nealing time. The obtained value of E, is also higher compared to the migration barrier for Zn;
as predicted theoretically (~0.57 eV) [5] indicating that the formation energy of Zn; related to
the dissociation of ion-induced defect complexes should be about 0.8 eV.

In contrast to B, Ag-induced defects are characterized by the enhanced concentration of
extended defects, such as stacking faults [7]. Relatively high thermal stability of such kind of
defects [7] results in a low injection of Zn;’s during annealing leading to the quite modest Li
depletion as illustrated by Fig. 5 showing the Li redistribution in ZnO single crystals implant-

ed with 500 keV Ag ions to 5%10"° ¢cm™. In order to investigate the interaction of Zn;’s with

10" . . . . . . extended defects we have per-
800 °C 30 min

formed Ag+tB co-implantation
Ag Agt+B B & P

where Ag profile is located ap-

-
o
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proximately twice deeper as com-

pared to B one, so the letter acts
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as an efficient Zn; source. The Li
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concentrations vs depth profiles

in the samples implanted with Ag
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Fig. 5 Li concentration vs. depth profiles as measured by and co-implanted with Ag+B.
SIMS in Ag and B implanted as well as Ag+B co-implanted Intriguing enough, for Ag+B the

ZnO samples after 800 °C anneals for 30 min. . L .
Li behavior is not additive and the

width of Li depletion in the co-doped sample is smaller by the factor of ~2.5 compared to that

for the pure B implanted one. The observed Li behavior is attributed to the efficient trapping

of Zn;’s released from the B-induced defect structures by the Ag-induced extended defects.
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high temperature material with the ability to retain most of its properties at high temperatures
— it decomposes in vacuum at about 1700°C [1]. SiC is also one of the hardest materials with
a hardness of around 9.2 — 9.3 Mohs.
energy production technologies stand out. SiC is used as a photovoltaic layer to harness the
UV spectrum in high efficient power solar cells, and secondly as a diffusion barrier material
for radioactive fission products in the fuel elements of the next generation of nuclear power
plants. The latter application has recently been reviewed [2]. For both applications, there is

an interest in the implantation of reactive and non-reactive ions into SiC and their effects on

Most of the historical applications of SiC are based on two of its properties, viz. being a

SOME ION BOMBARDMENT EFFECTS IN SiC

Johan B Malherbe
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the properties of the SiC.
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Figure 1.
360 keV silver ions to a fluence of 2 x 10'® Ag'cm™. Taken from Ref. [3].
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This talk will give a review of some ion bombardment effects on single crystal 6H-SiC
and polycrystalline SiC. One of the attractive features of SiC for the nuclear industry is its
relatively low critical temperature of about 350 °C, for amorphization by heavy ion
bombardment — see Figure 1. Above this temperature SiC is not amorphized by ion

bombardment.

o Random
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- Ta=1100°C o,
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2000 Ta = 1400 °C
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>
1000
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Figure 2. Random and aligned backscattering spectra of SiC for 6H-SiC implanted at room

temperature (23 °C) and submitted to isochronal annealing at 1100 °C, 1200 °C, 1300 °C and

1400 °C for a 10 hours cycle in vacuum. Taken from reference [2].

The annealing behaviour (i.e. diffusion of the implanted species and microstructure of the
implanted layer) of these samples at temperatures ranging from 800 °C to 1600 °C was
investigated using different techniques. A typical annealing behaviour as characterized by
RBS-channeling is shown in Figure 2. Room temperature bombardment of 6H-SiC by 360

keV Ag” ions to a fluence of 2 x 10" Ag" em™ caused a surface amorphous layer extending
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approximately 270 nm into the substrate [3]. Annealing of such implanted samples at
temperatures above 1000 °C resulted in epitaxial re-growth from the amorphous/bulk
interface. As can be seen from Figure 2, the initial amorphous layer thickness reduced with
increasing annealing temperature. At temperatures above 1400 °C the thickness reduction of
the bombardment-induced amorphous layer by epitaxial regrowth is accompanied by thermal

etching of the SiC surface [2].

Direction of Ag ions

Polished surface

Figure 3. An in-lens SEM image of 6H-SiC implanted with 360 keV Ag" ions to a fluence of
2 x 10" Ag" cm™? and subsequently vacuum annealed at 1400 °C for 10 h. Before the

annealing step, the sample was polished to form a wedge. Magnification bar 2 pm.

During vacuum annealing small randomly orientated crystallites formed in the amorphous
layer. Our investigations showed that this recrystallization became visible in SEM images at
annealing temperature of 900 °C. The sizes of the crystallites increased at higher annealing
temperatures. This solid state crystal growth occurred according to the flow-step process.
Consequently, the surfaces became increasing rough with protruding crystallites and cavities.
In Figure 3 an SEM image of a silver implanted 6H-SiC wafer annealed at 1400 °C for 10 h is
shown, with protruding crystallites on the surface. Prior to annealing the sample was polished
to form a wedge. Evidence, in the form of step bunching, of thermal etching of the SiC is
clearly visible in the unimplanted part of the wedge. EBSD measurements showed that these
crystallites were randomly orientated 3C-SiC and not 6H-SiC as the substrate [2, 4]. The
reason for the cubic phase crystallite growth is discussed by Malherbe [2].

As was mentioned, the number and size of the crystals increased with increasing

annealing temperature but they depended on the type of ion that was used to amorphise the
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SiC. AFM and SEM analyses showed that the resulting topographies of the annealed surfaces
depended on the type ion used to amorphised the surface layer by ion bombardment [5]. In
addition to the different topographies, Raman and SEM investigations showed that the
implanted species also plays an important role on the thermal stability of SiC at high
temperatures. Co-implantation of different ions can result in synergistic effects increasing the
effectiveness of SiC as a diffusion barrier for fission product elements [6]. The effect of co-

implantation of different ion species on the thermal stability of SiC can be seen in Figure 4.
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Figure 4. Raman spectra of 6H-SiC samples implanted with iodine (red) and silver ions (blue)
and with both species co-implanted (green) and annealed up to 1600 °C for 30 hours in
vacuum. Raman measurements were performed (a) in the visible region with a 514 nm laser;

and (b) with a 244 nm ultraviolet laser.

Figure 4 shows the Raman spectra of samples implanted with iodine and silver and
annealed sequentially from 1200 °C up to 1600 °C in steps of 100 °C for 30 hours per cycle.
The spectra were acquired with a 244 nm excitation laser, are shown in Figure 3(a) and with a
514 nm excitation laser, are shown in Figure 3(b). In (a) only the Raman graphite peak (G
band wave number 1578 cm ™) was observed. None of the typical 6H-SiC Raman peaks were
visible. This indicates that both samples had a layer of carbon on their surfaces due to
decomposition of the SiC leading to the sublimation of the Si atoms onto the vacuum leaving
the carbon atoms behind [1]. This layer is thick enough to prevent the excitation laser light to
penetrate through the layer to the 6H-SiC substrate. These results are in agreement SEM
investigations [1] and with Rutherford Backscattering Spectroscopy measurements for silver

and iodine implanted samples annealed at temperatures above 1500 °C [6]. The deeper
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penetration of 244 nm UV laser light allowed the excitation of the bulk 6H-SiC allowing the
TO bands (at 766 cm "' and 788 cm ) and the LO band (at 966 cm ™) of SiC to be detected —
cf. Figure 4(b). These peaks for the silver implanted samples were significantly lower than
for the iodine implanted samples. This is in line with SEM, AFM and RBS reports [2, 5 - 8]
showing significant differences in the surface topographies of these two sets of samples after
annealing. Possible reasons for the increased thermal stability of the iodine implanted
samples were also discussed [2]. The 6H-SiC Raman peaks heights of the co-implanted silver
and iodine samples are also higher than the silver implanted samples confirming the beneficial
effect on iodine in the SiC matrix has on its thermal properties.

The talk will also consider the creation of voids (bubbles) in the implanted layers. These
voids allow for the precipitation of the implanted ions after annealing of the samples to form
nano-crystals. The crystallinity of the substrate via the implantation temperature caused

differences in the distribution and size of these nano-crystals.
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THE ION BEAM SPUTTER DEPOSITION PROCESS OF Ag
C. Bundesmann’, R. Feder” and H. Neumann”

“Leibniz-Institute of Surface Modification, Leipzig, Germany,
e-mail: carsten.bundesmann@iom-leipzig.de

Interaction of energetic particles with target surfaces leads, among others, to sputtering of
target particles [1]. This process can be exploited to grow thin films, for instance, in ion beam
sputter deposition or magnetron sputtering, two widely used physical vapor deposition (PVD)
processes. In contrast to magnetron sputtering, the ion beam sputter deposition offers the
opportunity to change the properties of the film-forming particles and, thus, to tailor the thin
film properties [2]. This advantage is based in the fact that the generation of energetic
particles (ion beam source), the sputtering process (target) and the deposition process

(substrate) are locally separated (see Figure 1).
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Figure 1: Schematic sketch of the ion beam sputter deposition experiments.

Film-forming particles are both sputtered target particles and backscattered primary
particles. By changing ion beam parameters (ion energy, ion species) or geometrical
parameters (ion incidence angle or polar emission angle), the energy distribution of sputtered
and backscattered particles are changed [1], which has a direct impact on thin film properties
[2].

Even though ion beam sputter deposition is widely used, there existed no report about a
systematic and comprehensive investigation of the ion beam sputter deposition process, i.e. an
investigation of the correlation between the properties of primary particles, the properties of
the secondary film-forming particles and the thin film properties. We believe that such an

investigation helps to explore the whole potential of the ion beam sputter deposition process
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and could be used to grow thin films with improved properties. Hence, the results could be of
great scientific and technological interest.

Here we present our results concerning the systematic investigation of the ion beam
sputter deposition process of Ag. The energy distributions of sputtered and scattered particles
were measured in dependence on ion beam and geometrical parameters [3,4]. Furthermore,
Ag films were grown with the same process parameters and investigated concerning structural
and electrical properties [5]. The investigations revealed systematic correlations.

Figure 2 and 3 show examples of energy distributions of sputtered Ag ions, and
backscattered primary Ar or Xe ions, respectively. In agreement with theory (Thompson
formula) the energy distributions of the sputtered Ag particles (Figure 2) show a maximum at
an energy which corresponds to half of the surface binding energy. Above that energy, most
of the energy distribution curves follow the expected E® behavior. However, if the emission
angle exceeds a certain value, an additional shoulder appears in the energy distribution. This
structure is assigned to direct recoils. Directly recoiled particles have higher energies than
particles sputtered in a collision cascade and can only occur of the sum of incidence and

emission angle exceeds 90°.
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Figure 2: Experimental energy distributions of sputtered Ag ions generated by sputtering
with Ar (left) and Xe (right) in dependence on the emission angle. Exemplarily, the case

with ion incidence angle of 30° and ion energy of 1000 eV is shown.

Selected energy distributions of the scattered primary particles are shown in Figure 3. The
maximum at energies below 25 eV is assigned to ionized background gas. At energies above
25 eV additional contributions occur, which can be assigned to scattering processes of
primary particles at target particles or at implanted primary particles. The occurrence and the
energetic position of these contributions depend strongly on ion species, ion energy, and

incidence and emission angle.
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The differences in the energy distributions of the film-forming particles in dependence on

the growth parameters have also an impact on the properties of the Ag films.

Gas: Ar, E_= 1.0 keV;a = 30° Gas: Xe; E_= 1.0 keV;a = 30°
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Figure 3: Experimental energy distributions of backscattered Ar ions (left) and Xe ions
(right) generated by sputtering with Ar and Xe, respectively, in dependence on the
emission angle. Exemplarily, the case of an ion incidence angle of 30° and ion energy of

1000 eV is shown.

Figure 4 summarizes the electrical resistivity data of several sets of Ag films, which were
grown by sputtering with Ar or Xe ions under variation of the ion energy and ion incidence
angle. The following statements can be summarized: (i) Ag films grown by sputtering with
Xe have a smaller electrical resistivity than Ag films grown by sputtering with Ar and (ii) the
electrical resistivity increases with increasing polar emission angle, increasing ion incidence
angle, and increasing ion energy. Structural investigations using XRD have revealed
polycrystalline structure of the Ag films with average grain sizes, which are strongly
correlated with the electrical resistivity data.

When comparing film properties with the properties of the film-forming particles it can be
concluded that the film properties are mainly influenced by the backscattered particles. A
detailed discussion of the correlation between process parameters, properties of the film-
forming particles and the properties of the films will be given in the presentation.

Experimental data are also compared with results of Monte Carlo simulations.
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Figure 4: Electrical resistivity versus polar emission angle of several sets of Ag films
grown by sputtering with Ar (a,b) or Xe ions (c,d). Panels (a,c) illustrate the influence of
the ion energy (sample sets were grown at different ion incidence angles (0°, 30°, 60°)
with a fixed ion energy of 1000 eV), whereas panels (b,d) illustrate the influence of the
ion energy (sample sets were grown with different ion energies (500 eV, 1000 eV,
1500 eV) at a fixed ion incidence angle of 30°). The horizontal dashed lines mark the
electrical resistivity of Ag bulk.

1. R. Behrisch and W. Eckstein, Sputtering by particle bombardment, Springer (2007).

2. A. Anders, Thin Solid Films 518 (2010) 4087.

3. R. Feder, C. Bundesmann, H. Neumann, B. Rauschenbach, Nucl. Instrum. Methods Phys.
Res., Sect. B, 316 (2013) 198.

4. R. Feder, F. Frost, H. Neumann, C. Bundesmann, B. Rauschenbach, Nucl. Instrum.
Methods Phys. Res., Sect. B, 317A (2013) 137.

5. C. Bundesmann, R. Feder, J.W. Gerlach, H. Neumann, Thin Solid Films 551 (2014) 46.

42



LOW ENERGY ION IMPLANTATION BENEATH 2D MATERIALS LIKE BORON
NITRIDE OR GRAPHENE: NANOTENTS AND CAN OPENER EFFECT

T. Greber /, R. Arulanantham /, A. Hemmi ’, J. Osterwalder /, M. Tannuzzi >, and H. Cun

IPhysik-Institut, University of Ziirich, Switzerland, greber@physik.uzh.ch

zPhysikalisch Chemisches Institut der Universitdt Ziirich, Switzerland

Implantation of ions beneath the hexagonal boron nitride nanomesh on Rh(111) [1] leads to
the formation of “nanotents”, where atoms are trapped beneath the ultimately thin “rainfly”
made of a single layer of #-BN [2]. The trapping occurs at distinct sites in the super-
honeycomb, where the 4#-BN is weakly bound to the substrate. The nanotents are interstitial

defects, stable at room temperature and survive exposure to air.

Fig. 1. Nanotent: 3D scanning tunneling microscopy image of the h-BN/Rh(111) nanomesh
super-honeycomb with one nanotent at room temperature. The distance between the blue
pores of the nanomesh is 3.2 nm. The nanotent shows up as a significant protrusion with a

height of about 0.2 nm above the bottom of the pore.

The ion implantation energy is chosen such that the ions may penetrate the otherwise

impermeable h-BN, but get stopped above the rhodium atoms of the substrate. At the
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penetration threshold we expect a minimal diversity of defects, which is beneficial if such
elements shall be used as building blocks in nanostructures. On the other hand, irradiation
with keV ions leads to more complicated and diverse defect structures. For grazing incident
Xe ions at keV energies graphene on iridium gets cut and a variety of defects have been
reported [3]. So far we succeeded to implant Ar, Ne [2] and Rb [4] atoms, as confirmed with
x-ray photoelecton spectroscopy (XPS). Though, the method should also work for all other
atoms, which are heavy enough to knock out boron or nitrogen atoms, or to penetrate without
knock out. For suitable graphene/substrate systems, like graphene on ruthenium [5], the
method is also operational.

The nanotents are stable at room temperature and survive exposure to air. After the
implantation process the relative weight of the occupancy of the two sublattices A and B in
the nanomesh super-honeycomb is found to strongly depend on the nanotent coverage. From
the dependence of the A:B nanotent ratio as a function of nanotent coverage, the
thermalization length of the ions may be inferred and is found for the case of Ar/h-

BN/Rh(111) to be 9 nm [6].

With ab initio density functional therory based molecular dynamics calculations we

succeeded to confirm the above mentioned picture of ion implantation. Figure 2 shows a snap

Fig. 2 Trajectory (purple line) of an Ar (purple sphere) ion with 59 eV initial energy hitting
the boron nitride nanomesh. After 2 ps one nitrogen (green) and one boron (orange) atom
remain displaced and leave a vacancy defect. The Ar atom is stopped interstitially, above the
Rh (white) in a nearby nanotent. (Ray tracing image by Ralph Koitz: The full movie may be
inspected at www.nanotent.ch).
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spot 2 ps after ion impact, where the Ar atom is thermalized. The initial conditions are the
optimised nanomesh and the Ar+ positioned above the surface, over the pore. The initial
velocity of the Ar corresponds to 59~¢V, its direction points to a BN bond of the rim of the
pore, the impact angle with respect to the surface normal is about 32 degrees. The substrate is
kept at 100 K before the impact. The thermostat is used along the entire simulation to drain
the excessive heat generated by the impact. After about 2 ps a nanotent has formed. One

nitrogen and one boron atom are still displaced from their initial position.

With temperature dependent scanning tunneling microscopy the rearrangement of the
surface upon annealing is observed in real time. Slight annealing leads to thermally activated
hopping and the disappearance of Ar nanotents [6], without loss of Ar in the x-ray
photoelectron emission (XPS) spectra, where the behavior confirms the density functional

theory based prediction of Ar clustering [2].

If the implanted structures are annealed to 900 K, the nanotents disappear, but instead a very
peculiar effect that we call “can-opener effect” occurs: 2 nm h-BN-flakes from the best-
bound regions (the pores) are cut out of the h-BN nanomesh [2] (see Figure 3). This effect we
assign to the vacancy defects formed during the penetration of h-BN, which may lead to
boron or nitrogen vacancies. These vacancies may diffuse, to concave h-BN, at the rims of the
pores. A concerted effect must then lead to the cut out of 2 nm flakes in a can—opening like
fashion. The resulting 2 nm voids may diffuse as well and form, due to their repulsive
interaction, a super-superstructure with some order, i.e., a distinct nearest neighbor distance.
So far the maximum coverage of these 2 nm holes was 1 hole per 20 nanomesh unit cells. If
the structures are heated above 1000 K we observe self-healing, i.e. the diffusion of the voids

to the edge of the 4#-BN, which results in their annihilation [7].
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Fig. 3. Can-opener effect: Room temperature STM image of the h-BN/Rh(111) nanomesh
after Ar ion exposure and annealing to 900 K. The periodicity of the nanomesh with “wires”
and “pores” as structural elements is 3.2 nm. The dark pore-sites are 2 nm voids and the
bright “flakes” the “lids” cut out from the nearby pores-sites where voids formed. One 2 nm
void and the resulting flake or lid (bright spot) are seen. 14x14 nm?, -1.10 V, 0.50 nA. From
[2].

If He ions with lower mass than the those of the target atoms are used, still defects due to kick
off may be produced, however, the formation of He nanotents is less likely, because of the
expected He backscattering. Since the displacement energy for boron and nitrogen are
different [8] it should also be possible to selectively remove boron and produce doped h-BN
(the removal of nitrogen would involve heavy ions). Figure 4 shows defects formed after the
exposure of the h-BN nanomesh to 100 eV He" ions at room temperature. These triangle-
defects that map, in contrast to the nanotents as depressions, are as well site selective and
prefer as well one particular wire-crossing site. These triangle-defects, may as well be
produced with Ar ions, though are less robust in terms of imaging, whichsensitively depends

on the tip condition.

46



Fig. 4. Scanning tunneling microscopy image of an h-BN nanomesh exposed to a low dose of
100 eV He -ions. (40x40 nm?, U, =-1.50 V, I, = 0.35 nA). Triangle-defects centered at one

site of the nanomesh super-honeycomb are indicated with triangles.

In summary we show that the exposure of sp> hybridized single layers on transition metals to
ions with momenta high enough to superseed the displacement energy threshold leads to
peculiar defect structures that signify a functionalization. It is expected to affect the electronic
structure, as well as it might become useful for stable molecular templates, or, if the layers

may be delaminated as selective membranes.
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MICROPLASMA DISCHARGES ON A METAL SURFACE
COVERED WITH A DIELECTRIC FILM:
EXPERIMENT, THEORY, AND APPLICATIONS

V.A. Ivanov, A.S. Sakharov

Prokhorov General Physics Institute, Russian Academy of Sciences,
ul. Vavilova 38, Moscow, 119991 Russia, ivanov@gpi.fpl.ru

The interaction of a pulsed plasma flow with a negatively biased (~100-450 V) metal
surface partially covered with a ~I-um-thick dielectric film results in the excitation of
microplasma discharges at the film edge [1, 2]. The mechanism of excitation is as follows.
Under the action of the ion flow, the outer surface of the film acquires a positive electric
potential with respect to the metal, due to which a strong electric field of about several
MV/cm arises at the film edge. This field initiates a surface breakdown at the film edge, the
dense plasma of which causes explosive emission from the metal and results in the
development of microarcs (microplasma discharges) with a plasma density of ~10%° cm- and
temperature of ~1 eV [3]. The high pressure (on the order of 107 Pa) of the plasma and metal
vapor heated to several thousands kelvins above the melted metal surface at the locations of
microplasma discharges leads to the formation of microcraters on the metal surface. Since
microplasma discharges evaporate the dielectric film, the area covered by the film gradually
shrinks and, after several plasma pulses, the entire metal surface turns out to be remelted and
cleaned of the film. As a result, a strong microrelief in the form of overlapped craters is
produced on the metal surface.

In our experiments, microplasma discharges on metal samples were excited by a
pulsed plasma flow with a density of ~10'>~10"> cm- and an electron temperature of 7, ~ 10
eV. The plasma ion component consisted mainly of hydrogen ions (90-80%) and singly
charged carbon ions (10-20%). Metal samples made of VT1 titanium and V95 aluminum
alloy were used. The dielectric (as a rule, oxide) film was delosited on the sample surface in
different ways (e.g., by heating in open air) [1, 2]. Under the action of the ~20-us-long plasma
flow, microplasma discharges were excited at the border of the sample surface covered with
the dielectric film (Fig. 1). The microplasma discharges continued to burn for ~20 ms (while
the negative voltage was being applied to the sample), i.e., long after the plasma pulse has
terminated. After several plasma pulses, the sample was completely cleaned of the film and its
entire surface acquired a microrelief (Fig. 2). For a voltage applied to the sample of ¢ = —450
V, the probability of microplasma discharge excitation on a sample covered with a 1-pm-thick

film was close to 100%. When using films with thichnesses of 4 um and more (up to 12 pm),
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the probability of microplasma discharge excitation decreased with increasing film thickness
(Fig. 3). When using films with thicknesses less than 1 um, the probability of microplasma
discharge excitation decreased from a value close to 100% for film thicknesses of 0.2-1 pm

to lower than 0.3% for films thinner than 0.01 um.

Fig. 2. Microrelief formed on the surface of a
V95 Al sample under the action of
microplasma discharges with a total current of
200 A and duration of 20 ms.

Fig. 1. Plasma injector (on the right) and
microplasma  discharges burning at the
boundary between of the dielectric film (the
dark circle on the sample end) and the open Ti
surface (on the left).
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Fig. 3. Probability of microplasma discharge
excitation on Ti samples covered with
dielectric films of different thickness d (¢ =
-450 V).

Fig. 4. Equipotential surfaces (A¢ = 27,/e) near
the film edge and the steady-state profile of the
potential d¢ on the film surface relative to the
metal for ¢p = -407T,/e, d = rp/25, and € = 2.

A decisive factor governing plasma-solid interaction is the strength of the electric
field arising in the Debye sheath with a thickness on the order of rp = (T./4me’n.)"?, where T,
is the plasma electron temperature, 7. is the electron density, and e is the electron charge.
Under our experimental conditions (n, = 10?=10"* cm?, T, = 10 V), the Debye radius is rp ~
10 pm and the characteristic electric field in the sheath (for ¢o= 0) is as low as £ ~ 10 kV/cm.

Application of a high (as compared to T./e) negative (with respect to the plasma) electric
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potential ¢y to the metal does not alter the situation qualitatively, because the thickness of the

Debye sheath increases with increasing applied voltage as |¢o|**

and, accordingly, the electric
field strength on the metal grows very slowly, E ~ |go|"”*. For T, = 10 eV and ¢y= -400 V, the
electric field on the metal surface increases as compared to £ by only a factor of 4, i.e., to
~40 kV/cm. The situation, however, changes radically if the metal surface is covered with a
thin (d << rp) dielectric film. In this case, the flux of positive ions from the plasma charges
the outer surface of the film and its potential tends toward the floating potential ¢r =~ —-37./e =
-30 V with respect to the plasma. In our experiments, |¢] << |¢o|; hence, almost the entire
voltage between the plasma and metal turns out to be applied to the thin dielectric film and the
electric field inside the film is £ ~ |¢y|/d, i.e., for ¢y = —400 V and d ~ 1 um, it can reach
several MV/cm. Such a field can be insufficient for the volume breakdown of the dielectric,
but is quite sufficient for surface breakdown (threshold field for surface breakdown is Es =
50-300 kV/cm). At the film edge (as well as in cracks and breaks of the film), this field
emerges onto the dielectric surface and can lead to a surface breakdown at the boundary
between the open metal surface and the charged dielectric surface. As a result, a dense plasma
bunch with 7, ~ 10°° cm?, T, ~ 1 eV, and rp ~ 107 cm [3] forms at the film edge. The electric
field at the contact of this plasma with the metal is £ ~ T./erp ~ 10 MV/cm, which leads to the
development of explosive emission from the metal surface and the formation of a microarc,
i.e., to the excitation of a microplasma discharge at the film edge.

We performed numerical simulations of the generation of a strong electric field at the
film edge by using a modified particle-in-cell method which takes into account that the time
of flight of ions through the Debye sheath is several orders of magnitude shorter than both the
duration of the plasma pulse and the characteristic time of the film charging. In this case, in
the course of film charging, ions move in a quasi-stationary electric field, i.e., at each time
step, ion motion can be considered established and the ion flow can be represented as an
ensemble of positively charged "jets" propagating in a stationary electrostatic field. Such an
approach can be called the “jet-in-cell" method [2].

Figure 4 shows the distribution of the electric potential near the film edge in the stage
of charging saturation (¢ = 1.5 us under our experimental conditions). Simulation results and
analytical estimates [1] show that, in a wide range of experimental parameters, the maximum
voltage to which the end point of the outer film surface is charged is about one-half of the
voltage applied to the metal, d@max/|g| = 1/2, i.e. the maximum electric field at the film edge
is Emax = |¢o|/2d.
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It can be seen from Figs. 3 and 5 that, for ¢p = -450 V and film thicknesses in the
range of d = 1-2 pm, the probability of microplasma discharge excitation is close to 100%.
As the film thickness is increased or reduced, the probability of microplasma discharge
excitation rapidly decreases. For d =4 um, it decreases twofold (Fig. 3). For ¢y = —450 V, the
maximum potential difference at the film edge is gmax = |¢o//2 = 200 V. Accordingly, the
critical field strength at which the probability of microplasma discharge excitation decreases
twofold is E¢ = (200 V)/(4 pm) = 500 kV/cm. For d = 12 um, the maximum film strength
turns is substantially lower than the critical one (Emax = 170 kV/cm) and microplasma
discharges are practically not excited. For d << 0.2 pm, the probability of microplasma
discharge excitation decreases substantially due to current leakages caused by the finite

electric conductivity of a very thin film.
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Fig. 5. Probability of microplasma discharge
excitation on a Ti sample partially covered
with a 1-pum-thick oxide film as a function of
the voltage applied to the sample.

applied to V95 Al samples: (/) in the initial
state and (2, 3) after microplasma processing in
the modes resulting in the formation of a
microrelief with maximum heights of Hpax =
4.5 and 16 pm, respectively [4].

The phenomenon of a microplasma discharge on a metal surface in a plasma flow
opens wide prospects for the development of wear resistant materials (Fig. 6) that can find
application in industry, as well as in orthopaedics and stomatology, because the interaction of

microplasma discharges with metals and alloys substantially increases their microhardness

and wear resistance due to the formation of a strong microrelief on their surfaces [4].
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In recent years graphene has attracted an enormous interest due to its unique electronic, mechanical,
optical and thermal properties [1-6]. These features of graphene are used in different types of nanodevices
such as transistors, sensors, membranes and etc [7-9]. Some of these graphene properties can be modified by
introducing defects or disorders in graphene. One of the common methods of formation defect/disorder in
graphene is the ion beam irradiation techniques. For example, ion irradiation of graphene induces structural,
electronic and magnetic changes in properties of graphene and [10-13]. Another side of interest in ion
irradiation of graphene by ions is a possibility of creation membranes [14-16].

EXPERIMENT. In this study gas cluster ion beam (GCIB) of Ar is used to produce defects in
graphene, graphene oxide and silicon. Irradiation was performed by Ar cluster ions with acceleration energy
E =30 kV and total fluence of Ar cluster ions ranged from 1x10° cm™ to 1x10"* ¢m™. Multi-layer graphene
oxide, mono- (SLG), a few-layer (FLW) graphene, and polished Si are used for irradiation experiments.

The study of the irradiated samples was conducted by Raman spectroscopy and atomic force

microscopy (AFM).

00307 m

Figure 1. AFM images of irradiated samples a) graphene; b) graphene oxide; c) silicon
AFM results clearly prove the presence of defects in form of nanoporous on graphene oxide,

amorphization defects in graphene, and formation of craters on the surface of silicon (Fig. 1). The

distribution of defects is consistent with the Gaussian distribution of the mass-to-charge ratio for individual
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clusters measured using time of flight, and the cluster size distribution ranging from about 1000 to 10 000
atoms per cluster.

For identifying formed defects in graphene and graphene oxide Raman spectroscopy was conducted
before and after irradiation for various fluencies (Fig. 2). Raman spectroscopy shows changes in spectra

peaks of graphene and graphene oxide with fluence.
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Figure 2. Raman spectra of a-non-irradiated and cluster ion beam 1x10" irradiated sample of
graphene

SIMULATION

Computational methods have been efficiently used amongst researchers in various fields such as
energy technology, semiconductor, biomedical engineering, and countless other scientific areas. Spanning
from atomistic to macroscopic scale simulations, computational research is a perfect tool to study simple and
complicated processes. There are many purposes of computational studies. One of those objectives includes
understanding the processes in the specific simulation. Prediction is another significant role of computational
studies. Furthermore, observation results of atomistic modeling can be used to study the same model but at

macroscopic level.

Molecular Dynamics simulations of individual gas cluster ion impact on a graphene surface were
performed and the results were compared with obtained craters cross section and surface shape. Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) was used to study the effects of graphene
irradiation by cluster ion beam. The purpose of this computational method is to explain ion-solid interaction
on a molecular level and to provide guidelines in determining optimal conditions to achieve desired material

processing results in the experiment. The model of the simulation consists of a single graphene sheet lying in
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the xy-plane and a cluster moving in z-direction towards the graphene sheet. Carbon atoms are bound to each
other by Tersoff - Brenner potential. Initially, cluster temperature is OK, and the system energy is the
incident energy of the cluster. Cluster atoms are bound by van der Waals forces. Boundary conditions used in
the model are periodic in x and y. Upon irradiation, one can observe defect formation on the graphene sheet.
As a result of our simulation, we investigate modifications in graphene by computing radial distribution

function (RDF) and threshold energy value for defect formation.

Modeling a graphene sheet was implemented by building a lattice with 4 basis atoms in a rectangle
crystal cell as shown in Figure 3. Lattice parameters and coordinates of the basis atoms used in LAMMPS
are presented in the Table 1. Size of the graphene sheet ranged from 100 nm? to 400 nm”, and the size is
selected so that the graphene sheet is periodic in x and y directions. Parameters of Tersoff potential are taken

from LAMMPS BNC.tersoff data file [17].

Figure 3. Rectangle crystal cell®

Table 1. Lattice parameters of graphene sheet [18]

Parameter Value/Coordinates

Lattice constant 1.421 A

Lattice vectoral | (3,0, 0)
Lattice vector a2 | (0, 1.732, 0)

Lattice vector a3 | (0, 0, 2.357)

Basis atom 1 (0,0,0)
Basis atom 2 (0.333,0, 0)
Basis atom 3 (0.5,0.5,0)
Basis atom 4 (0.833,0.5,0)

The cluster was modeled by creating a sphere region with a radius that varied between 5-10A. FCC

lattice type with a lattice constant equal to 5.5 A was used. Cluster velocity in —z direction ranged from
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0.1km/s — 2km/s. Argon or xenon was used for the cluster atom type in the simulation. LJ potential

parameters for argon cluster are the following: & = 0.01034eV, o = 3.4A. Interaction between cluster atoms
. . . rea €

and carbon atoms was modeled by applying Buckingham potential: £ = Ae™™% — =, where A,C and a values

are chosen as in Figure 4.

A=3233.62
2500 alfa=3.5

C=01e9
Col(2)=A * exp (-col(1)'alfa)
. 2000 Col(3)=-Cleol(1)*6
3 col(4)=col(2)+col(3)
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Figure 4. Buckingham potential curve and its parameters for carbon-argon interaction.

It was observed that cluster penetrates through graphene sheet for cluster velocities more than 1km/s.
The simulations were performed in NVE and NPT ensembles. Calculation results showed that the binding
energy of carbon atoms is approximately 8 eV, which corresponds to theoretical value. The threshold
penetration energy of the cluster depends on cluster radius, its velocity, and temperature fluctuation.

Figure 5 illustrates the simulation in NPT ensemble, where the cluster velocity is 2 km/s. The cluster
is located 100 A above the graphene sheet, and the free standing graphene area is 197x195A% In this case,
cluster breaks through the surface, which leads to nanopore formation. In long run simulations, one can also

notice self healing ability of graphene.
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a) t=3501fs b) t=1150fs

c) t=16501s d) t=2100fs
Figure 5. Simulation snapshots of argon cluster bombardment on a graphene sheet with cluster velocity 2 km/s
Figure 6 shows that at cluster velocities lower than 1 km/s, the cluster bounces back from graphene
sheet. The simulation was run in NVE ensemble with the cluster position 50A above the graphene surface,

where graphene sheet area is 98x96A%.
~
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a) t=350 fs b) t=1000 fs

) t=1350fs d) t=2700 fs

Figure 6. Simulation snapshots of argon cluster bombardment on a graphene sheet with cluster velocity 1 km/s
REFERENCES:

[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov, Science
306, 666 (2004).

[2] Y. Zhu, S. Murali, W. Cai, X. Li, J. W. Suk, J. R. Potts, and R. S. Ruoff, Adv. Mater. 22, 3906 (2010).

[3] K. S. Novoselov, E. McCann, S. V. Morozov, V. I. Fal’ko, M. 1. Katsnelson, U. Zeitler, D. Jiang, F. Schedin, and A. K. Geim,
Nat. Phys. 2, 177 (2006).

[4] C. Lee, X. Wei, J. W. Kysar, and J. Hone, Science 321, 385 (2008). 11

[5]1 K. F. Mak, M. Y. Sfeir, Y. Wu, C. H. Lui, J. A. Misewich, and T. F. Heinz, Phys. Rev. Lett. 101, 196405 (2008).

[6] Y. M. Zuev, W. Chang, and P. Kim, Phys. Rev. Lett. 102, 096807 (2009).

[7] Z. M. Liao, B. H. Han, Y. B. Zhou, and D. P. Yu, J. Chem. Phys. 133, 044703 (2010).

[8] K. S. Novoselov, V. L. Fal'ko, L. Colombo, P. R. Gellert, M. G. Schwab, K. Kim, Nature 490, 192-200 (2012).

[9] S. Hu, M. Lozada-Hidalgo, F. C. Wang, A. Mishchenko, F. Schedin, R. R. Nair, E. W. Hill, D. W. Boukhvalov, M. L
Katsnelson, R. A. W. Dryfe,1. V. Grigorieva, H. A. Wu & A. K. Geim, Nature 516, 227-230 (2014) .

[10] Yang-Bo Zhou, Zhi-Min Liao, Yi-Fan Wang, Georg S. Duesberg, Jun Xu,1 Qiang Fu, Xiao-Song Wu and Da-Peng Yu, Journ.
Chem. Phys. 133, 234703 (2010).

[11] O. Lehtinen, J. Kotakoski, A.V. Krasheninnikov, J. Keinonen, Cutting and controlled modification of graphene with ion
beams. Nanotechnology 22, 175306 (2011).

[12] Nair, R. R. et al. Spin-half paramagnetism in graphene induced by point defects. Nat Phys 8, 199-202 (2012).

[13] C.-T. Pan, J. A. Hinks, Q. M. Ramasse , G. Greaves , U. Bangert, S. E. Donnelly and S. J. Haigh Scientific reports 4, 6334
[14] Sean C. O’Hern , Michael S. H. Boutilier , Juan-Carlos Idrobo, Yi Song, Jing Kong, Tahar Laoui, Muataz Atich, and Rohit
Karnik Nano Lett., 2014, 14 (3), pp 1234-1241.

[15] O. Lehtinen, J. Kotakoski, A. V. Krasheninnikov, A. Tolvanen, K. Nordlund, and J. Keinonen Phys. Rev. B 81, 153401 —
Published 1 April 2010

[16] E. H. Ahlgren, J. Kotakoski, O. Lehtinen, and A. V. Krasheninnikov Appl. Phys. Lett. 100, 233108 (2012)

[17] www.lamps.sandia.gov

[18] Zhixin Hui, Multiple LAMMPS Script of Graphene Crystal Cell, Appl. Mech. and Mater., 538, 32-35 (2014)

57



MULTISCALE DEFECT MODELING: FROM FUNDAMENTAL PROPERTIES TO
MACROSCOPIC EFFECTS
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“Universidad de Valladolid, Spain, lourdes@ele.uva.es

Semiconductors are intentionally or unintentionally exposed to radiation of energetic
particles during processing (ion implantation for doping or ion beam nanopattering) or during
operation (radiation detectors or devices exposed to cosmic radiation). In any case, as
energetic particles enter into a crystalline solid and collide with lattice atoms, defects are
generated. The interaction and accumulation of structural defects in crystalline
semiconductors can lead to the formation of extended defects visible by Transmission
Electron Microscopy (TEM) or even to phase transformation (crystalline to amorphous).
Defects can also interact with dopants and enhance dopant diffusivity or cause dopant
deactivation due to the formation of electrically inactive dopant-defect clusters, which has a
clear effect on the spreading and resistivity of doped regions in semiconductor devices.
Defects often produce shallow or deep levels in the gap that can be detected by Deep Level
Transient Spectrocopy or Photoluminiscence (PL) experimental measurements. However, due
to the large variety of defects that can coexist in an irradiated sample, experimental
characterization techniques find it difficult to assign a given signal to a specific defect.

We use multiscale scheme to model defect generation mechanisms due to irradiation and
defect evolution upon room or higher temperature annealing, as well as to gain insight into the
structural, energetic, electrical and optical properties of defects and thus assist experimentalist
to interpret their results and provide engineers with clues for process optimization. The
multiscale simulation scheme [1] allows us to reach macroscopic scales that can be directly
compared to experiments while at the same time detailed electronic, energetic and
configurational properties of defects can be monitored.

To illustrate the use of modeling to correlate microscopic defect properties to

macroscopic features using different simulation techniques we will detail three examples.

1. KINETIC MONTE CARLO MODELING AND NANOCALORIMETRY
EXPERIMENTS.
Non-lattice Kinetic Monte Carlo (KMC) simulations only defects are considered (atoms in
perfect lattice positions are ignored) and do not include detailed information about defect
configurations. This method follows defect kinetics on the basis of the assigned defect
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formation energies and activation barriers, and is able to reach space and time scales directly
comparable to experiments.

When energetic ions are implanted in silicon, their energy is transferred to atoms in the
lattice and some of the energy is stored as potential energy of structural defects generated as a
result of the collision. During subsequent annealing defects dissolve and release the stored
energy. Nanocalorimetry experiments [2-3] monitor the rate of heat release during annealing.
By using KMC simulations of defect kinetics we were able to reproduce and disentangle the
main features of nanocalorimetry scans, as shown in Fig. 1, for 10 keV Si implants. The heat
released is related to the defect formation energy, while the annealing temperature at which
the defects release their energy is related to the energy barrier that needs to be surmounted to

reach a more stable defect configuration.
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Fig.1. Heat release during damage annealing after 3-10% cm Si implantation at 10 keV as a
function of temperature. Solid black lines: KMC model results. Dashed black lines:
experimental results. The signal can be decomposed into contribution of different types of
defect: red lines are self-interstitials and their clusters, blue lines are vacancies and their
clusters; and green lines are bond defects. The signal at low temperatures mostly corresponds
to the recombination of isolated bond-defects or small amorphous pockets in the tail of the
implanted region. The emergence of the peak at high temperatures correspond to the regrowth
of the continuous amorphous layer.

2. CLASSICAL MOLECULAR DYNAMICS SIMULATIONS AND TEM IMAGES.
Classical Molecular Dynamics (MD) is computationally too expense to directly reproduce

the kinetics of defect evolution at a macroscopic scale, since it includes all the atoms in the

sample and follows their dynamics including the vibrational atomic displacements.

Simulations are limited to sizes of nanometers and the dynamics is followed up to
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nanoseconds. However, this method provides valuable information about defect
configurations at atomic level and the defect evolution is extracted from very high
temperature anneals where the dynamics is accelerated.

Using this method, we have analyzed the detailed configurations of extended defects and
compared them to images obtained by Transmission Electron Microscopy. In Fig. 2 we show
the image obtained by a high-angle annular dark-field scanning TEM of a {113} defect
generated by ion implantation in Silicon [4]. The atomic structure predicted by MD
simulations agrees with the experimental values of atomic positions up to +0.05 nm. In this
way MD simulations can provide detailed structural characterization of defects at atomic
level, which can be used to validate and calibrate experimental techniques.

Ee N M‘: M:‘
18131
Lt

Fig. 2. (a) Experimental TEM image compared with (b) the structural model obtained in the
MD simulation to characterize a planar [113] defects. The defect is made up of five-, six-,
seven- and eight-member rings.

3. AB-INITIO SIMULATIONS AND SPECTROSCOPIC TECHNIQUES.

In order to model the influence of defects on electronic properties one have to resort to ab-
initio simulations as this methodology includes the electronic description of atoms. However,
because of the detailed description of the system, simulation sizes are limited to a few atoms.

Under specific implant and annealing conditions of Si samples (i.e. in the presence of
some defects), PL spectra show characteristic peaks associated to defect induced carrier
recombinations [5-6]. The difficulty to assign these peaks to specific defects has motivated
the detailed analysis of modifications that defects induce in the band structure and in the
electronic density of states in crystalline Si. We have studied several defects that could be
responsible for the X and W lines of the PL spectra. Figure 3 illustrates the case of the tri-
interstitial proposed by Carvalho et al. as responsible for the W-line [6]. The band diagram

shows that the presence of the defect induces new states in the gap compared to the perfect
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crystal. In particular defects states are generated near the valence band at the X point which
corresponds with the minimum in the conduction band. The plot of the spatial localization of
the wave-functions at the X point for the bottom of the conduction band and for the levels
associated to the defect indicates that there is partial overlapping, suggesting the possibility of
radiative recombination that may lead to the PL signal.

EDOS (statesieV)

Fig. 3. Band plot and electronic densiy of states of c-Si (black lines) and of the simulation cell
with the tri-interstial defect (red lines). New bands appear at the top of the valence band.
Spatial localization of the wave-functions at the X point for the bottom of the conduction band
(red) and for the bands associated to the defect (blue). Atoms of the defect are colored in
orange.

In conclusion, atomistic modeling is a valuable and often necessary complement to
experimental characterization of defects in semiconductors. Understanding of the limitations
and capabilities of different modeling techniques is key to provide detailed and useful
information that can help to comprehend experimental features and to enhance the

characterization capabilities.
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The properties of metel and metal oxide nanoparticles (NPs) in semiconductor and transparent
dielectric matrixes are comprehensively investigated because it’s possible application in modern
opto/microelectronic devices [1]. Zinc oxide NPs plays an important role since ZnO has wide direct
band gap of 3.37¢V and large exiton binding energy of 60meV, so these NPs can use in UV light-
sources and electro luminescence displays. According to other ZnO unique properties one must note
such application, as solar cells, gas and biosensors, and memory devices (memristors). Since up to now
Si is widely used in microelectronics, Zn and ZnO NPs in Si substrate can play an important role, as
recording unit may be formed in one chip with signal source. Here we present the investigation of NP
formation in *Zn" ion hot implanted Si.

The single crystal Cz n-Si(100) substrates were implanted by %Zn" ions with fluence D=5x10"%cm™
and energy E=50keV. During implantation the Si substrate the temperature was constant about 350°C.
Test samples were subsequently isochronally annealed during lh in O, atmosphere at temperatures
range from 600 up to 1000°C.

The damage pattern and Zn implant profiles were investigated by Rutherford backscattering
spectroscopy (RBS) of He' ions with energy of 1.7MeV with scattering angle of 110° using channeling
technique (CT). Cross-section of test samples were visualized using scan electron microscopy (SEM)
in second emission (SE) mode using Versa 3D unit with combination of energy disperse spectroscopy
(EDS) microanalysis including element and phase mapping (EDAX equipment). Crater cross-section
sample was made by focus ion beam (FIB) equipment. Impurity and its compound in depth profiles
were investigated by time of flight-second ion mass spectrometry (TOF-SIMS) using SIMS-5 unit (Ion
TOF GmbH). The crater etching with dimensions of 300x300um was made by Cs" and O™ ion beams
with energy of 1keV. The analysis was made by Bi" ion beam with energy of 30keV and current of
1,2pA, raster dimensions were 100x100pum?. Ion etching crater dimensions were measured using stylus
profilemeter Alpha Step D-120 (KLA-Tencor). Additionally the phase content was revealed by X-ray
photo-electron spectroscopy (XPS) using vacuum module based on Nanofab 25 platform (NT-MDT).
The energy resolution of the SPECS Phoibos 225 spectrometer detector through the Ag3d5/2 line was
0.78eV for non-monochromatic X-ray Mg K, irradiation. For the XPS spectra in depth profile analysis
there was used the surface etching by Ar’ ion beam with energy of 3keV and diameter of 0.7mm. The

Ar" beam was striked according the sample surface normal of an angle of 50°. The etching rate was
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about 1nm/min and the etching crater sizes were 2.8x4.0mm>.

From aligned and random RBS/CT spectra were determined the radiation induces point defects in Si
matrix and them change during annealing step (Fig.1,a). Beside this there were revealed the implanted
Zn quantity, its concentration profiles and them change during annealing step (Figl,b). From RBS/CT
random and aligned spectra of He" ions were followed, that in as implanted sample there was no
creation of amorthized layer due to radiation induced point defects and only created the damage layer,
and Zn impurity profile is symmetrical. After annealing at temperatures 600-800°C the Zn
concentration peak has continently decreased and moved to the smaller channel number (into the
substrate body). After annealing at 900°C the Zn concentration peak has carried to decrease and began
to move to the higher channel number (to the substrate surface). After annealing at 1000°C the Zn
concentration peak has dramatically moved to the substrate surface. During thermal treatment the
radiation induces point defects were continently annealed. After annealing at 800°C on the RBS
spectra was created the oxygen peak, which confirmed the SiO, film formation on the Si substrate
surface.

From SEM-SE image (Fig.2) we have resulted that in as implanted sample the NPs with average size
of 20-50nm were created in near-surface layer smaller than 100nm. These NPs consisted from the
metal Zn or Zn compound phase. This followed from that data, that the NPs have bright contrast
compared with Si atom matrix contrast, i.e. there atom mass are bigger than Si atom matrix mass (Z-
contrast). From Versa 3D electron microscope EDS soft followed that the first phase (54at%) in
implanted layer consisted from SiK86.2at%/OK3.87at%/ZnL.2.4at% with
CK7.83at%/ZrL0.4at%/PtM2.4at% technological and vacuum module contamination. In table (Fig.2)
there are other parameters for all elements on EDS spectrum. EDS soft of Versa 3D unit gives us the
second phase (12at%) consisted from of all higher mentioned elements. The mistake of such
identifications is 30at% (unallocated phase) and 4at% (sum [mistake] phase). The first phase is

concerned basically to an etching crater wall and the second, unallocated and sum phases, are
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Fig.2. EDS map of all elements in as implanted sample cross-section; SEM-SE images of the etching
crater vertical wall and of the etching crater general view; EDS spectrum for the biggest phase (red in a
circle) of the etching crater vertical wall.

concerned basically to a sample surface (Fig.2).

From TOF-SIMS investigations (Fig.3) follow that Zn" concentration distribution was spent along
substrate depth down to 200nm with a maximum near the 70nm. The oxygen compounds are repeated
the O distribution form and they located near the substrate surface in depth down to 150nm with a
maximum near 60nm. The Zn and O compounds are located in a sample surface layer with thickness
about 5nm. After annealing at 700°C beside surface Zn concentration peak there are revealed two
other peaks: narrow at depth of 20nm and broad flat at depth range of 50-90nm. Beside surface
concentration peak the ZnO" profile has a peak at a depth of 20nm as other oxygen compound peaks.
So, in finish reason follows that in near surface layer there are presented the mixture of SiO/SiO, and
Zn/ZnO phases.

On Fig.4,a there are presented the profiling Zn 2p3/2 XPS spectra for as implanted sample (a) and for
annealed at 700°C (b). From these spectra in Fig.1,a it is clear that the Zn XPS signal from the surface
is not. The Zn signal starts to appear at a depth of 5 nm and reaches a maximum at a depth of 60 nm.
Maximum Zn XPS signal does not change with changes in investigation depth. This maximum

corresponds to the value of 1021.70eV for the neutral Zn atom [2]. From the spectra in Fig.4,b follows
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Fig.3. Zn impurity and its compound in depth profiles: as implanted (a), annealed at 700°C (b).

that at the surface the Zn XPS signal has a maximum value. With increasing of investigation depth the

XPS signal initially decreases to a depth of S5nm and then begins to increase and reaches a maximum at

a depth of 60 nm. In this case, there is observed the constant change in position of Zn XPS signal

maximum. On the surface its value is 1022.88eV, which corresponds to two phases, namely, Zn and

Zn,Si04 [2]. Contrarily at a depth of 60nm this value is 1022.15eV, which corresponds to a neutral Zn

atom [2].
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Fig.4. Zn 2p3/2 XPS spectra: as implanted (a) and annealed at 700°C(b).

1. M. Vaseem, A. Umar, Y.-B. Hahn. Metal Oxide Nanostructures and Their Applications, USA:

American Scientific Publishers, Ch.4, pp.1-36, 2010.

2. NIST X-ray Photo-electron Spectroscopy Database, version 4.1 (http://srdata.nist.gov/xps).
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SILICON ION IRRADIATION INTO MANGANESE IMPLANTED GALLIUM
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Dilute magnetic semiconductors (DMSs) have gained considerable attention for the
potential applications in electronics and optoelectronic devices, such as blue ultra-violet light
emitting diodes and laser diodes, as well as high-temperature and high energy devices [1-3].
The (Ga,Mn)N dilute magnetic semiconductor prepared by 325 keV Mn"" ion implanted into
gallium nitride for the fluence of 2 x 10" ions cm™. This sample again were irradiated using
5 MeV Si™ jons at 350 °C. The effect of 5 MeV Si'" ions irradiation into (Ga,Mn)N dilute
magnetic semiconductor were studies using AFM, SE, PL and SQUID techniques. The
surface roughness of sample implanted and after irradiated with silicon ions were found to
2.9661 and 0.3564 nm respectively. The power spectral density (PSD) with fractal model
analysis revealed the surface smoothness after irradiation of sample. Spectroscopic
ellipsometry showed that the energy band gap reduces due to silicon ions irradiation from
3.07 and 2.78 eV. However, the refractive index was found to increase from 2.63 and 2.69.
SQUID studies showed an enhancement in magnetic properties after irradiation with silicon
ion. The Curie temperature estimated from zero field and field cooled curves for as-implanted

and after irradiated GaN samples was found to 310 and 326 K.
1. K. Ando, Applied Physics Letter, 82, 1, 100-102, 2003.

2. Ying Shi, Yong-xing Zhang, Physica B, 388, 2007, 82-86.
3. E. F. Schubert, 1. D. Goepfert, Applied Physics Letter, 71, 22, 1997, 5224-5226.
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HMOHHO-JAYYEBOE ®OPMHUPOBAHUE U TPEKOBASI MOJIUPUKALIUSA
HAHOKJIACTEPOB InAs B KPEMHUWHU U JUOKCUJE KPEMHUS

ION-BEAM FORMATION AND TRACK MODIFICATION OF InAs
NANOCLUSTERS IN SILICON AND SILICON DIOXIDE
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The implantation — synthesized InAs nanoparticles in silicon and silicon
dioxide were irradiated by 167 MeV Xe ions with a fluence of 3x10' em™.
Annealing — and swift ion irradiation — induced size shape and structural
transformations in InAs nanoparticles were studied. The InAs nanoparticle
alignment along the Xe ion trajectories as well as particle elongation in SiO,
were observed.

Beenenue

B mocmemnme romsl Ooiblioe BHHMAaHHE HCCIENOBATENeH yHAeNmseTcs pPEeMICHUIO
poOIeMbl  CO3JaHMUSI KOMOMHHPOBAHHBIX CHCTEM MHKPOICKTPOHHUKA U (OTOHMKHM Ha
KPEMHHUH, a TakKe 3aMEHBI DJIEKTPOHHOW MEXKJIIEMEHTHOH KOMMYTAalliH B KPEMHHEBBIX
BBICOKOMHTETPHPOBAHHBIX CHCTEMax Ha Ooliee OBICTPYIO onTHYecKyro. [loka nMeeTcst TONbKO
BeCbMa OrPAHUYEHHBI YCIeX B KPEMHHEBOH ONTOYNIEKTPOHUKE U3-32 OTCYTCTBHSA
3 (EeKTUBHOrO HCTOYHMKA M3JIy4eHHUs — CBETOAMOAa WM Jasepa. KpemHmid —
HETIPSMO30HHBII HOIYIPOBOAHHK, B CBA3U C YEM U HE SBIETCSA YIOOHBIM MaTepHaIoM s
9THX 1enei. B psane HemaBHMX paboT Kak aBTOpOB Jokiaga [l], Tak ¥ JApyrux rpyni
uccienoBareneil  paccMaTpUBacTCs  BO3SMOXKHOCTh — KOHTPOJMPYEMOTo  (hOpMHPOBAHUS
HAHOKPHCTAIUIOB MPAMO3OHHEIX MOIYIIPOBOXHIKOB A *B>, BKiIIoUas y3 KO30HHEIE, TaKHe KAK
InAs, InSb, GaSb, nyrtém nepecbiuenuss kpemuus npumecsimu Ill-ro u V-ro Tuma c
MOCIEAYIOMUMI  TEPMOOOPAOOTKAMH  (JUIUTEIBHBIMA PABHOBECHBIMHM MII  OBICTPBIMH).
Habimonaercss HHTEHCHBHAsT (OTOIFOMHHECIICHINS TAKHX HaHOKPHCTALIOB B OmmkHeM VK-
nmuamazone gauH BoiH: 0,75 + 1,1 3B. OcHOBHOEe BHHUMaHHE HCCIIEAOBATENCH ceidac
HaLEJIEHO Ha BbIACHEHME MEXAaHM3MOB JIIOMHHECLEHIIMH TAaKUX HaHOKDHCTAIIOB B

KPEMHHUEBOI MATpPHILE ¥ IyTel yIpaBleHHs PaclpeieleHHeM HaHOKPHUCTAIJIOB 110 pa3MepaM
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U CBSA3aHHBIMU C HUM HHTEHCHBHOCTBIO M YAaCTOTHBIMH XapaKTEPHUCTUKaMH (HOTO- H
JIEKTPOIIFOMUHECIICHIINH.

IMocnenyromee 0OIydeHHE TaKOH CHCTEMBI MOHAMH CPERHHX M BBICOKHX JHEPTHUi
MO3BOJIICT M3MEHSATh paclpeselicHHe c(hOPMHPOBAHHBIX HAHOKIACTEPOB IO pa3MepaM H
CEJIEKTHBHO YIPABJIATE THMH pacupeeneHusmMu [2].

B nmanHoii pabote HaHOKIacTephl InAs cunTesnupoBamuch B Si # SiO; BBICOKOI03HOM
MOHHOM MMIUIQHTallMel ¢ mochenyromeil  TepMooOpaboTkoil  w/uimu  o0nyueHuem
BBICOKOIHEPIeTHYECKMMH HOHAMHU KCEHOHA.

MeTtoauka

IInacTunbl MOHOKpHCcTaiUIMUeckoro kpemuus (100) n-tuna ¢ Tonkum cinoem SiO; (40
HM) WIH CTPYKTYpbl C TepMHYECKH BbIpaiieHHbIM SiO, Tommumuoi 0,6 MKM Ha KpPEMHHH
oburyganuck BHayaie noHaMu As (170 k3B, 3,2 x 10" CM'Z), a 3arem noHamu In (250 3B, 2,8
x 10" CM'Z) npu 550 °C. Yactb 00pa3LoB mocie 3Toro npouuia repmMoodpadorky npu 900 °C
B Cpeie aproHa s MpeUUIIUTalMd HaHOkJIacTtepoB InAs: 45 MuH Juid  CHCTEMbI
SiO,(40 Bm)/Si m 30 mumH s cucrtemsl SiO,(600 wMm)/Si. Tomkumit cmoit SiO, Ha
MOHOKPUCTAJUIMIECKHI KPeMHHII HAHOCWIICS C LEeNbI0 MOoAaBiIeHUs Mu(y3uu BHEIPSHHOU
IPUMECH Yepe3 MOBEPXHOCTh 00pasla Mpu TepMooOpaboTKax. 3aTeM 4acTh OTOXOKEHHBIX H
YacTh HE MNPOLISANINX TepMooOpaboTKy 00pas3loB 00ydasach BBICOKOIHEPreTHYHBIMU
nonamu Xe' (167 M»B, 3x10" CM'2). Temmeparypa OOJIydeHHUS HOHAMH KCEHOHAa —
KOMHATHasl.

Jlnst aHanm3a pacipelielieHHs KOHLGHTPAIlMM BHEAPEHHOH IpHMecH 10 IIIyOuHe,
CTPYKTYPHBIX U ONTHYECKHX CBOMCTB HCCICIYEMBIX CHCTEM HCIOJIB30BAIH METOX
pesepdoprosckoro odpatHoro paccesHus (POP) noHos renus nox asyms yraamu (0° u 50°),
MpocBeYMBAOIIeii ¥ cross-section  smekrponHoit  Mukpockomuun TEM, XTEM),
xomOuHaronHoro paccesiaus cBeta (KPC) u ¢poromomunecnenuu (OJI).

Pe3yabTaThl U 00CyxKIeHHE

Ha puc. 1 npeacraBieHsl HpoduiaM pacHpeneiaeHHs] KOHIEHTPAIMH BHEAPEHHBIX
atomoB In u As no riy6une B cucreme SiO»(40 HM)/Si. Kak BHIHO, «ropsaue» YCIOBHS
MMIUTAHTALMHU IPUBOIAT K YIIMPEHHIO KOHIEHTPALMOHHBIX NPOdHICii aTOMOB 000€ro copra
[0 CPaBHEHHUIO C pacyYETHBIMM paclpelesieHUus MU B paMkax nporpammsel SRIM 2007. B
MakCHMyMe TIpo(GHIIs KOHIEHTpaNus CHIkaeTcst oT 6,5 at. % (SRIM) mo 5 + 5,5 ar. %. 3a
cueT 3(P(EeKTOB pacIBUICHUMS MHIIEHH § HepaBHOBecHOH mauddys3unm Habmomaercs
3HAYUTEIIBHOE IIepepaclpesic/iecHe aToMOB IIPUMECH K IoBepxHocTu. Ilpu ropsueit

MMIUIAaHTAIMH TIOTeps BHEJPSIEMBIX aTOMOB 00OEro copra cocTaBiseT okono 12 at. %.
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IMocnenyromuii  BEICOKOTEMIIEPATYPHBIH  OTXKUI INPHBOAUT K 0OoJee CyLIECTBEHHOMY
NepepaclpesicSieHNio  BHEJIPEHHOW IpuMecH B obenx cucreMax. OTH d¢dekTsl cnabee
BeIpaxkeHs! Juist cuctemsl Si02(0,6 Mxm)/Si. He o6HapykeHO 3aMETHOTO M3MEHEHHS (HOPMEI

KOHLICHTPALMOHHBIX pacnpeueneﬂnﬁ IIpU MOCJIEAYIOIIEM OGJ’Iy‘IeHI/H/l CHUCTEM MOHaMU Xe.

Konuentpauus,at %

‘\‘~A P

LA S s S S B s S

0 25 50 75 100 125 150 175 200 225 250 275 300
Tnyouna,um

Pucynok 1 — Onpenenénnsie sxcrepuMenTanbHo MerogoM POP npoduium In u As nocie «ropsueii»
HUMILIAHTAluN:
1 — Si05(40 um)/Si «— As (170 k3B, 3,2x10'¢ em™),
2 — Si0,(40 um)/Si «— In (250 kvB, 2,8x10'° cm™)
Ha ocHoBanun IIOM-Mukpon3oOpakeHUH IIoMydeHa HHQOpPMAIUs 0  CIOEBOI

IUIOTHOCTH M Paclpe/ieIeHUH HAaHOKJIaCTEPOB O pa3MepaM (puc. 2a u 0), a Takke IpoBeeHa

OLICHKA KOJIM4YECTBA BHEAPEHHBIX aTOMOB MBIIIbSIKA U UHAMWS, HAXOAAIIEr0Cs B KJIacTepax.

Number of nanocrystals
g 8

45 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Particle size (nm)

Pucynok 2 — CsernononsHas [I9M mukpodororpadus odpasua KpeMHHs C
HaHokJacTepamu Inds (A) u pacnpe/ielieHie HaHOKJIACTepoB 110 pazMepam (B); na BcTaBke (A) -
KapTHHA JIEKTPOHHOI Judpakuun
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CpenHuii pa3Mep Ki1acTepoB coctaBisier 7 HM st cucteMbl SiO2(40 um)/Si u 3 HM 1ust
cucremsl Si0,(600 HM)/Si. IMocnenyromas Tepmoobpaborka nmpu T = 900°C BbI3bIBacT
YBENMYEHNE CPEIHEro pa3Mepa HaHOKmacTepoB m0 10 M m 6 HM B cTpykTypax SiO2(40
HM)/Si 1 Si02(600 HM)/Si.

O6yueHne noHaMu Xe CTUMYJINPYET JalbHEHIIHIl POCT pa3MepoB HAHOKIIACTEPOB KaK
B HEOTOXOKEHHBIX, TaK U B IPEIBAPUTENHHO MPOIISAIINX TepMooOpaboTKy obpasmax SiO,(40
uM)/Si (puc. 3). B ofoux ciy4asx KiIacTepbl HaXOIATCS B KPUCTAIMYECKOM COCTOSHUH

(MyapoB-KOHTpacT).

Those two arcs
indicates some
level of
alignment.
Mostly
perpendicular to
the surface

Pucynok 3 — Mukpodororpadun B pexxume «cross-section» oopasia JHOKcHIa KpeMHHs
¢ HaHOKJIacTepamu InAs

B kpynHBIX HAHOKpUCTALIAX HAOMIOAAETCsT GONBIIOE KOIHYECTBO MUKPOABOWHUKOB. B
cucremax SiO»(600 uHM)/Si mocne oO0aydeHus HoHaMu Xe OOHapYKEHO YIOPSIOYCHHE
HAHOKJIACTEPOB BJOJIb HAIPABICHHS MaJalONICr0 MOHHOTO ITy4ka. YacTh HAaHOKIACTEPOB
u3MeHIWH HOpMy OT chepUIecKoi K IJUTMOTHYECKON ¢ OONbLICi OCBIO MEPICHIUKYISIPHO
MOBEpXHOCTH oOpasua. Ha ocHOBaHMEM pacueToB B paMKax MOAM(UIMPOBAHHOH MOIEIH
TepMonnKa 00CykeHbl 3P(EKTHI CTPYKTYPHOH INEpecTpOiKM B 0OEHX paccMaTpUBAEMbIX

CUCTEMaXxX.

1. F. Komarov, L. Vlasukova, M. Greben, O. Milchanin, J. Zuk, W. Wesch,E. Wendler, A.
Togambaeva, Nucl. Instr. and Meth. 307 (2013) 102 — 106.
2. A.V. Krasheninnikov, K. Nordunol, J. Appl. Phys. 107 (2010) 071301 (70 pp.).
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CTPYKTYPHBIE U3BMEHEHUA U TIOPOOBPA30BAHUE B KPEMHUU
IPU UMIIJIAHTAIIUU HOHAMMU CEPEBPA

STRUCTURAL CHANGES AND FORMATION OF POROUS IN SILICON
DURING IMPLANATION WITH SILVER IONS

B.B. BOpO6LeB1, T10.H. OCI/IHI, B.®. BaneeBz, B.A. Hy)KI[I/[HZ, A.JL Crenauos'?
V.V. Vorobev', Y.N. Osin', V.F. Valeev?, V.I. Nuzhdin?, A.L Stepamovl'2

'Kasanckuii (Ipusonocckuii) pedepanvuviii ynusepcumem, yn. Kpemnesckas, 0. 18, Kasanw,
420008, Poccus, e-mail: slava.v679@gmail.com,
? Kasancuii @usurxo-mexnuueckuti uncmumym um. E.K. 3asoiickoco KazHL] PAH, yn.
Cubupckuii mpaxm, 0. 10/7, Kazanw, 420029, Poccusa

A data on a modification of the ¢-Si surface and a formation of porous Si

(PSi) using high-dose low-energy implantation with Ag’-ions was

presented. The ion implantation with an energy of 30 keV, a constant dose

17 2 : - 2

of 1.5-10"7 ion/cm? and a varied current density from 2 to 25 uA/cm® was

carried out. Scanning electron microscopy (SEM) images were used to

observe morphology changes of Si surface with formed silver nanoparticles.
OTHOCHTENPHO HENABHO HAaMH OBLT NMPEJIOKEH M ampoOMPOBaH CIOCOO IONydeHHs
nopucroro kpemuusi (PSi), OCHOBaHHBIH Ha METOJE BBICOKOZO30BOII HH3KOIHEPreTUUCCKOM
MMIUIAaHTAl[M MOHAMHU OJIarOpOJHBIX U NepeXoAHbIX MetawioB [1,2]. B nHactosuee Bpems
nns popmuposanus PSi HCmonk3yeTcs MMIITaHTAIMs HOHAMHK HHepTHBIX raszos (Kr', He', H',
Ar’, Ne"), mpudem s cTHMyTmpoBaHus 06pPA30BAHHS HAHOPA3MEPHBIX TIOP MPOBOAUTCS
MOCTUMIUIAHTAIIMOHHBIA  oTxur [3]. B mpencraBisiemoii paboTre mnpuBEACHBI HOBBIC
pe3ynbTaTthl [0 MOAM(MHKALMKA IOBEPXHOCTH MOHOKPHCTAUIMYECKOro c¢-Si mpu  ee
MMTITAHTAITAN HOHaMH Ag' TIPH TIOCTOSTHHOM JI03€ M Pa3THIHBIX 3HAYEHHSX TIIOTHOCTH TOKA B

HMOHHOM ITY4YKE€.

Wmrnanrtamus ¢-Si ¢ kpucramiorpaduyeckoil opuentarmeir nosepxuoctu (100)
nposoamnach uonamu Ag ¢ sueprueii 30 k3B npu ¢ukcupoaHHoi n03e 06MydeHus
1.5-10" won/cm® u BapualMU IUIOTHOCTM TOKAa B MOHHOM IIyuke oT 2 10 25 MKA/cM® Ha
noHHOM yckopurene HMIIY-3. Mopdonorndeckue HaOmMoOAeHHsT OBUTM BBIMOJIHEHBl Ha
CKaHUPYIOIEM 3JIEKTpOHHOM Mukpockorne (COM) Merlin (Carl Zeiss), ocHaIeHHBIM
nerektopoM qudpakmuu  orpaxkeHHBIX anekrtpoHoB ([JOD) HKL NordLys (Oxford
Instruments).

Ha puc. 1 npencrapnensi COM-u3obpaxenns c-Si oGmyueHHoro monamu Ag' mnpu
CIEIYIOIUX 3HAYEHUSAX TUIOTHOCTH TOKA B MOHHOM Iydke: 2, 8, 15u 25 MKA/cM?. Panee B
paborax [1,2] coobmanocs 06 o6pasopanmi PSi mpu 8 MxA/cm’ (puc. 16). [lns obpasia,

N 2
MOJTyYESHHOTO TPU MEHBIIEH TIOTHOCTH TOKA 2 MKA/cM™ (puc. 1a) MOp(OIOrHs MOBEPXHOCTH
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sIBIIsieTCSL CXoxkeil ¢ puc. 16, ogHAaKO pa3Mepbl MOp B CTpyKType PSi BBINIAAAT HECKOIBKO
MeHble. [Ipu MOBBINIEHNH TIIOTHOCTH TOKa MMIUIaHTaI|y (puc. 1B 1 1T) Ha TIOBEPXHOCTH C-

Si TIopucTas CTPYKTypa, B ABHOM BHJIC, HC IIPOCMATPUBACTCS.

Jlnst Bcex 00pa3oB Ha MOBEPXHOCTH MMILIAHTUPOBAHHOTO c-Si HAOIIOJAIOTCS HOHHO-
CHHTE3UpOBaHHble HaHouyacTHipl cepeopa (HUY Ag), npucyrcrByromme Ha COM-
n300paxkeHHsIX B BHe Oenbix msaTeH. Bece HU Ag MOXHO pa3[ennTsb 10 CpeJHUM pa3Mepam
ycnoBHO Ha aBe Trpynnsl: 1) menkue (~10 M) u 2) xpynusie (~40 HM) HaHouacTHIBL [Ipu
atom, Menkue HU Ag pacnpenenstorcst JOCTaTOYHO OJHOPOIHO MO MOBEPXHOCTH 00pasloB.
Kpynasie HY Ag rpynmnupyioTcs 10 yCIOBHBIM OKPYXKHOCTSIM, M KaK BHIHO I pHC. la n
16, Takue MecTa CKOILICHHS KPYIHBIX HAHOYACTHI] COOTBETCTBYIOT CTEHKAM IIOP B CTPYKType
PSi. Hecmotpst mato , uto Ha puc. IBm Ir, oOpa3zoBaHHe MOp ILIOXO-PA3TUIUMO,
pacnionoxenue kpynHbix HU Ag BBIIAANT MOAOOHBIMU KOHIICHTPUYECKHMH KPYTraMH, KaK 1
IIPH MEHBIINX TOKAaX, YTO IO3BOJIET FOBOPUTH 00 00pa30BaHUU KBA3UIOPHCTOH HErIyOOKOH
CTPYKType Ha MOBEPXHOCTH Si, MMIUTAHTHPOBAHHOW MPH BBICOKHX TOKaxX. OTMETHM TaKke,
YTO C YBEJIMYCHHEM IUIOTHOCTH TOKA IPOUCXOJAMT oOpasoBaHue Oonee kpymHeix HU Ag,
aHAJIOIMYHO TOMY, KaK 5TO Ha0IIoanoch I HOHHO-CHHTe3npoBaHHEIX HY Ag B

oburyqaeMbIx cTekiax [4].

B)

Puc. 1. COM-uso6paxenust ¢-Si, IMIUIAHTHPOBAaHHOTO HOHAMH Ag" ¢ sueprueii 30 k9B npu 103
oburydenust 1.5+ 10" won/cM? 1 MIIOTHOCTH TOKA B HOHHOM nyuke: a) 2; 0) 8; B) 15 ur) 25 MKA/cM.
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Ha puc. 2 wn3obpaxeHsl AU(PaKLHOHHBIC KAPTHHBI HCXOJHOTO HEOOIy4EeHHOro M
MMILTaAHTHPOBAHHOTO ¢-Si HoHaMH Ag’ ¢ IITOTHOCTBIO TOKA B MOHHOM Iydke 2 U 8 MKA/cM”.
J103-kapruHa ¢-Si (puc. 2a) COCTOHT U3 SPKO BEIpaKEHHBIX Ionoc Kukyun. [lnst obpasua,
[OJIy4E€HHOI0 MMIUIAHTAUMENd NPU MajloM TOKe 2 MKA/cM, B JOD-kapTrHe HaOII0AAETCS
CYNEpIIO3UIs CUTHAJA OT KPHCTAUIMYECKON MOUIOKKH c-Si B BHJE Pa3MbBITHIX JIMHUH
Kukyun u ot amopdHOTro npumosepxHocTHOTO PSi-cnost B Buae auddysnpix komren (puc. 26).
B cnyuae 06 pasua, cGopMHpOBaHHOTO NpH OONBIIEM TOKE 8 MKA/cM?, J10D-kapTuHa
XapaKTepu3yeTcsi TONBKO aMOP(HBIMU KOJbLIAMM NPU OTCYTCTBMM JmHMiA Kukyun. Dto
MO3BOJISICT HPEAINONaraTh 0 OOJIbIICH CTENEHH aMOp(U3alMU MTPUIOBEPXHOCTHOTO Closi Si
[IPH UMILTAHTAIUK 60Jiee BBICOKUMHE IUIOTHOCTSIMU TOKa B HOHHOM myuke. JJOD-KapTHHBI 115

2
00pa3ioB OOJyYeHHBIX MPU IUIOTHOCTAX TOKa 15 u 25 MKA/cM™ BBIDISAAT NOAOOHBIMH

n300paXKeHNI0, MPUBEICHHOMY Ha pHC. 2B.

A i 5 < 7 __,.'1 A o “

Puc. 2. DkcnepumenTanbhble JIOD-kapTuHbl: a) ucxogHoro c-Si;um  PSi cpopmupoBaHHOro
ummnnantanueii c-Si monamu Ag' ¢ smeprueit 30 k9B mpu nose oGiyuenus 1.5-107 wom/cm® u
IUIOTHOCTU TOKAa B MOHHOM Ityuke: 0) 2; 0) 8 MKA/cM,

Pabora Beimonnena npu HHUHAHCOBOIT moaaepke mo rpanty POON13-02-12012_odu.

1. A.L. Stepanov, A.A. Trifonov, Y.N. Osin, V.F. Valeev, V.I. Nuzhdin. New way for synthesis
of porous silicon using ion implantation. Optoelectr. Adv. Mat. — Rapid Comm. (2013) V. 7, Ne 9-10,
P. 692-697.
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ION-INDUCED AUGER ELECTRON SPECTROSCOPY OF SOME Al-Mg ALLOYS
A.V. Naumkin, A. Yu. Pereyaslavtsev

Nesmeyanov Institute of Organoelement Compounds, 28 Vavilov St., 119991 Moscow,
Russia, naumkin@ineos.ac.ru

Dukhov Research Institute of Automatics, 22 Sushchevskaya St., Moscow, 127055, Russia

Bombardment of solid targets with medium-energy ions leads to many secondary effects.
One of them is the emission of secondary electrons. In some cases, Auger-electron emission is
observed [1-3]; it is necessary to produce an inner-shell vacancy in the target atom. The
vacancy production is a very selective process which depends on projectile-target atom
combination and projectile energy. For the ionisation of the inner shell of the target atom by a
quasi-molecular mechanism, the primary ion with energy in keV region is needed. Therefore,
vacancy generation occurs in collision cascade region. Taking into account the relationship
between vacancy and collision cascade lifetimes it may be concluded that most of the Auger
electrons are emitted from the moving particles. Next phenomenon is sputtering, which leads
to the appearance of the sputtered particles with vacancy in the inner shell. In this case, Auger
electron emission from sputtered atoms and/or ions is observed [4]. Thus, from the spatial
point of view, emission from moving, rest and sputtered atoms is possible. Therefore, all
corresponding Auger spectra should be dependent on emission angle. For Al and Mg atoms,
inner-shell vacancy can be formed both in symmetrical Mg-Mg and Al-Al and Ar’-Mg and
Ar'-Al collisions. In the first case Auger electron emission can be realised with various ions
whose energy is large the threshold energy. The threshold energy for formation of 2p-vacancy
is lower in symmetrical collisions than in asymmetrical collisions because of symmetry. The
relative contribution of symmetrical and asymmetrical collisions depends on atomic
concentration (n) as n’. So in monoatomic samples the main contribution in Auger emission is
related to symmetrical collisions. On other hand, all atomic-like peaks exhibit Doppler shifts
which can mainly related to violent asymmetrical collisions [2,3].

In this work we are concerned with Ar' excited L-shell Auger electron emission from some
Al-Mg alloys with emphasis on relation between atomic-like and bulk-like emission, the role
of symmetrical and asymmetrical collisions in Auger electron yield and appearance of

Doppler effect in angular resolved Auger spectra.
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XPS measurements were performed with Theta Probe (ThermoFisher Scientific, Great
Britain) using a monochromatic Al Ka X-ray source (1486.6 eV). The photoelectron
spectra and ion-induced Auger spectra were measured at room temperature, and the pressure
in the sample analysis chamber was ~1*107 and 3*10~° Pa, respectively. The binding energy
scale was calibrated against the peaks of Au 4f7, (83.96+0.02 eV), Ag 3ds» (368.21+0.02
eV) and Cu 2ps» (932.62+0.02 eV). Photoelectron spectra were recorded at fixed energy
resolution with a step of 0.1 eV. The electron analyzer pass energy was 200 eV for the
survey spectra, 40 eV for the high resolution and 1 eV for Auger spectra. lon-induced Auger
spectra were recorded with 2 keV Ar" ions and emission current of 10 mkA. Angle of
incidence of Ar' ions was 45°. Surface normal of the sample holder forms a 53° angle with
the axis of the hemispherical analyzer. The samples were mounted on a holder using copper
clips. The pass energy of the analyzer was 160 eV for the survey spectra, 20 eV for the
narrow photoelectron scans and 80 eV for C KVV Auger spectra.

The surface composition of the samples was determined by X-ray phototoelectron
spectroscopy after surface cleaning with Ar ion bombardment. The quantification data are
presented in Table 1.

Table 1. Surface composition of the Al-Mg alloys

Al | O Mg | Si C |Cr |Fe |Ni |Zn | Cu | Mn
1171664 |1.0|17.6 141 1.1 1.1
2585|118 16.7|74(35(1.6/03]0.2
31522 18.1 17.7161(24]1.6|14/0.6
4166687 02179 3111203 1512
5185.6(104 4.0

Fig. 1. shows the N(E) energy and dN(E)/dE energy distributions of electrons emitted from
Al-Mg alloys. The spectra were measured without angle resolution. The Auger peaks are
referred according to accepted designations. The positions of the peaks are rather independent
on the sample studied. It was found that P,/Py, ratio depends on a sample composition, while
P1/P, and P,/P, ratios are rather constant. The P,/Py, ratio reflects dependence of the sputtering
yield on a sample composition. The P,/P, and P,/P, ratios are indicator of chemical states of
Al atoms [5] and related to Al” state. It is in accordance with XPS data. The main difference
in the N(E) spectra is behaviour of true secondary electron intensity which is strongly depends
on surface composition. It should be noted that information depth of true secondary electrons

is much more than that of the LMM Auger electrons and allows detecting interface proximity
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during depth profiling of multilayer structures [6]. Thus, a small difference in surface

composition does not affect chemical state of Al atoms but influences sputtering yield.
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Fig. 1. Auger-spectra of the samples 1-5 in the N(E) (a) and dN(E)/dE mode (b), the spectra in
the N(E) mode are normalized by intensity of P, peak.

The peculiarities mentioned above are enhanced in angle resolved spectra. The Auger spectra
of sample 5 are presented as an example. Kinetic energies of the peaks are presented in Table
2. It is clear seen the dependence of the Doppler shifts on emission angle and that different
Auger peaks exhibit different shifts. The behaviour of Doppler shifts reflects the geometry of
experimental conditions. The similar behaviour is a characteristic of other sample
investigated. One can expect that the largest shift should be observed at glancing emission
angle and the contribution of asymmetric collision is larger than that at angles close to the

surface normal.
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Fig. 2. Auger-spectra of the sample 5 at various emission angle: as recorded (a) and after
background subtraction including a part of bulk-like signal (b); 1- 23.75°, 2-31.25°, 3-38.75°,
4-46.25°, 5-53.75°, 6-61.25°, 7-68.75°, 8-76.25°.
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It should be noted that the Auger spectra presented in Fig. 2 were recorded simultaneously
and they show angular dependence of sputtering yield. The largest sputtering yield is

observed at emission angle of 61.25°, while the least one - at 76.25°.

Table 2. Kinetic energy of Auger peaks of sample 5, dependence on emission angle.

Peak | Emission angle

23.75° | 31.25° | 38.75° | 46.25° | 53.75° | 61.25° | 68.75° | 76.25°

P, 67.47 | 67.45 | 6732 | 6733 | 6727 |67.18 |67.16 | 67.14

Py 60.39 | 60.28 | 60.35 | 60.29 | 60.06 |60.11 |59.97 |59.94

P, 53.26 |53.34 |53.26 |53.20 |53.18 |53.31 |53.14 |53.07

Mg, | 48.40 |48.34 |48.28 |48.25 |48.14 |48.11 |48.21 |48.03

Mg, | 44.63 | 44.47 4429 | 44.16 |43.84 |43.75

Thus, our measurements show that atomic-like electron emission at small emission angles
comes mainly from asymmetric collisions and from sputtered atoms. In case of low Mg
amount, the role of symmetrical Mg-Mg collision is negligible in comparison with that of
Ar'-Mg and Al-Mg collisions. In fact, in his case the largest Doppler shift was recorded
which indicates that Ar'-Mg collisions give the main contribution in Auger intensity.

This study was supported by the Russian Foundation for Basic Research, project 15-03-
01025.
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EXPERIMENTAL STUDY AND MD SIMULATION OF DAMAGE FORMATION IN
GaN UNDER ATOMIC AND MOLECULAR ION IRRADIATION
P.A Karaseov', A.LTitov', K.V.Karabeshkin',
M. W. Ullahz, A. Kuronen?, F. Djurabekovaz, K. Nordlund®

! Department of Physical Electronics, St. Petersburg State Polytechnic University,
29, Polytechnicheskaya st., St. Petersburg, Russia, e-mail: platon.karaseov@spbstu.ru
2 Department of Physics, University of Helsinki, P.O. Box 43, FIN-00014, Finland

Ion-beam modification is widely used technique of material properties modification. It is
used to selectively and precisely introduce dopants, dry etching, electrical isolation production
and carrier and PL lifetime tuning. It is obvious that fast ion irradiation produces radiation
damage in solids [1]. Cluster ion beams came to technology give some more nice possibilities
like ultra-shallow doping, enhanced analysis techniques, superfine polishing, and thin film
deposition. Bombardment of semiconductors with cluster ions often results in an enhanced
buildup of stable lattice defects near the sample surface. This effect is often referred to as
molecular effect (ME) [2].

Gallium nitride (GaN) is a wide bandgap (3.4eV) semiconductor with some superior
properties promising for wide range of applications in high power electronics, microwave and
opto-electronic devices [3]. Ion beam related techniques are attractive choice in GaN
technology. So, it is vital to study irradiation defect formation to understand fundamental
processes and improve device performance. It was experimentally established that irradiation
of GaN by molecular ions results in higher efficiency in damage production than their
constituent single ions [4-6]. We also have experimentally shown the nonlinear shortening of
PL decay time when GaN was irradiated by molecular ions compare to atomic light ions [7].
In this work, we carried out experimental studies and cumulative MD simulation of structure
damage formation in GaN bombarded with atomic (F and P) and molecular (PF, and PF,)
ions with energy 0.6 keV/amu at room temperature. Additionally, heavy single Ag (108 amu)
ion was used to compare its radiation effects with PF4 (107 amu) and other ions.

Silicon doped wurtzite (0001) GaN epilayers, grown by metal-organic vapor phase
epitaxy at loffe Institute (St. Petersburg, Russian Federation), 2 um thick, on c-plane sapphire
substrates, were implanted at room temperature with atomic F, P, Ag and molecular PF,, PF4
ions with energy 0.6 keV/amu. Implantation was carried out at room temperature at 7° off the
[0001] direction to minimize channeling effects. The irradiation conditions for ions used in

this study comply with requirements of meaningful data analysis given in [6]. Following
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parameters were kept constant: ion energy WO F © e P 420M0"
. . . - 15
normalized to amu, ion fluence normalized to  _ osf y PF, 1.96"107
. g J —v—PF, 127*10"°
the number of displacements per target atom é os| Ag 13710 ]
= L
(DPA), and ion beam flux normalized to g %
2 oal ) i
DPA s 5% .
& % o
The irradiation processes were simulated 0.21 - ]
by using the classical MD method with the 0.0 ) ) ) ; pro
. ‘ 0 10 20 30 40
PARCAS code [8 — 10]. The wurtzite- Depth (nm)

structured GaN cells were constructed with an ~ Fig.I1. Relative disorder in GaN target after
open surface in the [0001] direction. The gz:;ﬁf:arg;to :;g‘e;znl; cl::; o indicated.
inter-atomic potential used to describe GaN substrate was developed by Nord et al. [11]. The
simulation cell size was 414x386x402 A®. The cell was relaxed at 300 K before beginning of
calculations. Irradiation simulations were done by F, P, PF,, PF, and Ag with energies equal
to used in the experiments. The interactions of atoms in the PF, molecules were described by
Lennard-Jones potential as discussed in [12]. Ion was placed above the simulation cell
surface, and directed towards it at an angle tilted 7° with respect to the sample normal. The
simulation cell containing a total of 5.5 million atoms was equilibrated at 300 K using
Berendsen temperature. Periodic boundary conditions were applied in the lateral directions.
Atoms of the bottom layer were fixed to avoid cell drifting. The one-impact simulation time
was 20 ps. After each impact the damaged simulation cell was randomly shifted in x and y
directions, then periodic boundary conditions were applied again. The damage was analyzed
using Voronoy polyhedra centered on each initial atom position at the end of each impact
simulation. Polyhedra with no atoms were labeled vacancies, polyhedra with 2 or more atoms
- interstitials. Defect cluster formation analysis was also done by calculating the distance from
each defect to all other defects. All defects that were within a fixed cut off radius (one and
half lattice constant 3.116 A) were interpreted to be a part of the same defect cluster. Fifty
cumulative irradiations were done by each projectile type on random surface positions. Three
independent cumulative calculation sequences were completed to improve statistics.

Fig 1 shows damage distributions extracted from RBS/C spectra after irradiation to a
doses corresponding to similar number of displacements per target atom (DPA). Two defect
peaks are seen on all curves, arisen from damage accumulated in the bulk (BDP) and thin
surface amorphous layer (SAL) [4-6]. It is seen that atomic P ions and molecules form BDP at
almost same depth. Amount of bulk damage after P ions is slightly lower. Heavy Ag ions

leave deeper and somewhat more pronounced BDP. On the other hand, molecules are much
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Fig.2. MD simulated (closed symbols) and
defined by TRIM (open symbols) point
defect number in GaN target as a function of
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Fig.3. MD simulated distributions of small
(a) and big (b) defect cluster number formed
in GaN by different ions after sequential
impacts (as shown) equal to 2.7x10° DPA

effective in SAL formation than both P and Ag
ions and efficiency of that process increases
with molecule size as well as atom mass.
Thickness of surface amorphous layer produced
by Ag ions exceeds that of light ions but is
below one produced by molecular PF4 having
same mass.

Fig. 2 shows accumulation of total amount
of vacancies produced by different projectiles
with cumulatively increasing number of
impacts scaled to similar DPA in calculation
cell. Overall defect number is lower than that
predicted by TRIM, which suggest strong
dynamic annealing. Quantity of point defects
increase almost linearly for all projectiles.
Number of defects produced by heavy Ag is
slightly higher at high doses and we found
almost no difference in total amount of point
defects generated by molecular and light
atomic ions.

Apart from simple point defect number,
difference in defect cluster production by
atomic and molecular ions can appear. Fig. 3
presents depth distributions of defect clusters
consists of vacancies and interstitials produced
by different cumulative

projectiles  after

simulation to a fluence of 2.7x10” DPA. This value corresponds to 50, 15 and 16 ions for P,

PF, and Ag ions respectively. Number of small (2-20 defects) and big (>20 defects) clusters

per unit depth are shown in figure 3(a) and 3(b). In Fig. 3(2) no significant difference in small

cluster formation is seen; indeed, light P, heavy Ag and molecular PF, ions produce almost

same small cluster distributions. However, in Fig. 3(b) it is seen that in the surface vicinity

molecules produce more big clusters than atomic P ions. Silver produces higher number of

big defect clusters than others at all target depths.
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Our results suggest strong influence of collision cascade density on big defect cluster
production. Indeed, in the case of molecular ion implantation, this density increases at the
surface due to overlapping of individual collision cascades formed by comprising atoms.
Heavy Ag ion forms dense cascade along its entire path. In-target atom interaction scenario
changes from simple two-body collision treated by binary collision approximation. Increased
number of simple point defects appears in a small volume within cascade. Moreover, all the
atoms in some small volumes can be set into motion giving rise to disordered region in the
form of defect cluster. It is obvious that such defect clusters will be stable and operate as
damage nucleation sites, which, in turn, will also enhance damage accumulation seen on
experimental data at higher doses.

Authors are grateful to Wsevolod Lundin from loffe Institute, St. Petersburg, Russia for
providing the GaN samples used in this study. Work was supported by Academy of Finland
under the ENIGAZ project, and by Russian RFBR grant 13-08-00666. Grants of computer
time from the Center for Scientific Computing in Espoo, Finland, are gratefully
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Tungsten nano-fuzz surface degradation under ion beam

D. Sinelnikov , V. Kurnaev, D. Kolodko, N. Solovev
National research nuclear university "MEPhI", 115409, Moscow, Kasirskoe st. 31;
dinsin@mail.ru

1 Introduction

Tungsten is the main candidate for plasma facing material in the divertor zone of a
thermonuclear reactor due to high melting temperature, high thermal conductivity and low
sputtering erosion yield. However, its surface can be modified by "fuzz" nanostructure, which
can form in linear simulators and tokamaks [1] under helium irradiation fluence as high as
~10%m?and sample temperature in the range of 1000-2000 K. Such structure significantly
changes the plasma-wall interaction balance, which results in higher probability of unipolar
arc ignition. In the case of arcing, erosion yield sharply increases, especially if arcing takes
place on a fuzzy surface [2]. Tungsten fuzz is also characterized by high pre-breakdown
current intensity, which could indicate the initial stage of unipolar arc ignition [3]. Pre-
breakdown currents are usually initiated by field emission due to amplification of electric field
on sharp cathode relief. So, an investigation of emission properties dependence on surface
relief during fuzz formation and destruction seems to be important for the prediction of
unipolar arcing.

Pre-breakdown current measurements are usually made in a vacuum diode with flat-parallel
electrodes, where the investigated sample is used as cathode. Current-voltage characteristics
must be measured in the same vacuum gap length for comparative investigation of various
surfaces, and the measured currents must be low enough for the surface to remain intact. Thus,
a fuzzy surface previously produced in a linear simulator was planned to be modified directly
in a vacuum diode. For this experiment, sputtering by Xe" ion beam with in-situ surface relief
diagnostic by energy spectra of scattered H'ions will be used. In this work, preliminary
experiments were made with the aim of understanding how a fuzzy surface disintegrates

depending on Xe" irradiation fluence.
2 Experimental results

The experiments were performed with the "Large MEPhI mass-monochromator" device [4].
Xe" beam with 5 keV energy was used for fuzz sputtering because of maximum obtainable
sputtering yield, considering the upper energy limit of the ion source and the maximum ion
impulse that the electromagnet is able to transmit.

For the estimation of how the fuzzy surface changes under Xe" beam serial irradiations with

various fluences were made with surface control by scanning electron microscope Vega
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Tescan. The initial fuzzy surface made on PISCES linear simulator is shown in fig. 1. A
scratch (fig. 1a) on the surface allows us to estimate the fuzz height at about 1pm. From fig.

1b, one can see that the nanostructure is about 50 nm in diameter.

SEMMV:00K  WoisMmm |
View fed: 247 pm DetsE  so0nm
MEPHINN §)) scu Ao 152 kx_Dateimiay): 1201114

Fig. 1. Initial fuzzy surface produced on PISCES linear simulator.

Photos of the fuzzy surface after 5 keV Xe" beam irradiation in the fluence range from
5-10" to 10" cm™ are presented in fig. 2. For this experiment, the sample surface was covered
by a mask, except the small irradiation area (~10 mmz) where the ion beam current density
was uniform enough. In fig. 2a an image of the surface relief after 5-10'° cm™ is shown. One
can see that a significant number of nanostructure tips become wider and have ball-like
endings. After increasing the fluence to 10"7cm™ the diameter of the balls increases up to
200 nm (fig. 2b) and the balls are located close to each other. In this case, the color of the
irradiated part of the surface becomes metallic silver. After such irradiation, field emission
currents should be significantly reduced. Furthermore, there is a technology for manufacturing
high voltage electrodes with increased insulation strength by caking metal balls [5]. However,
not all fuzz structure transforms into “balls” under such fluence. There is a surface crack seen
in fig. 2¢ where the conglomerated fuzz filaments under the "ball" layer can be seen.

After reaching 10" cm? the balls have maximum radius 400 nm and smaller balls merge

into lager ones (fig. 2d).
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Fig. 2. Fuzzy surface after xenon beam irradiation: a)-after 5-10'°cm™fluence; b), c)-after 10'7cm ™ fluence; d)-
after 10'7 cmfluence

3 Discussion

The surface temperature can play an important role in understanding of the mechanism of
fuzz degradation into a ball structure due to ion beam heating. However, the total ion power,
incident on the area of a single nano-fuzz filament, plus its Joule heating is significantly less
than thermal conductivity losses. An additional experiment, where the surface temperature
was monitored with an infrared camera during irradiation, has shown that the surface does not
heat more than 1 K.

In table 1, diameters of the ball-structures, along with calculated sputtered layer depths of
tungsten, are presented for various fluences. It was found that ball diameter for small fluences

is significantly higher than the sputtered layer depth, indicating that redeposition of tungsten is
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not the main process for ball formation. Also compared in table 1 are ball volume and total
volume of fuzz situated on the ball area before transformation took place. In the case of
10" cm™ fluence, all material of fuzz nanostructure transforms into ball structure. For smaller
fluences, only partial transformation takes place, and, possibly, there are loose fuzzy layers
beneath the upper ball layer. Similar ball-structures with 400 nm diameter on a smooth

tungsten surface were observed in work [6] on a fuzzy sample after "recovering" by argon

flux.
Table 1. The surface parameters depending on irradiated fluence.
Irradiated fluence, Xe'/cm?> 5-10™ 10" 10"
Calculated sputtered depth, nm 20 40 400
Diameter of ball-like endings, nm 100 200 400
Ball volume, nm’ 52:10° 4,2-10° 3,3-10
Number of fuzz structures which were on 0,5 1,8 7,2
the ball area

Ratio of ball volume per fuzz structures ~30 ~60 ~100

on its area total volume, %

4 Conclusion

Fuzzy surface degradation was observed under Xe" beam irradiation with various fluences.
It was found that fuzz transforms into ball-like structures with size depending on Xe" fluence.
The transformation process takes place without significant temperature change, which was
confirmed by infrared thermometry. Calculation of sputtering rate demonstrates that ball
formation is not simply a result of tungsten redeposition, but can be associated with material
reconstruction due to helium cavity release under heavy ion beam irradiation. Also it was
found that the volume of the ball with maximum diameter corresponds to the total volume of
fuzz structures initially situated on its area, suggesting full degradation of fuzz structure as a

result of ion beam irradiation.
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BJIMAHUE PEXXUMOB UMIIVIAHTAIIMA BOJJOPOJA HA TEOMETPUYECKHUE
MAPAMETPBI CTPYKTYP «KPEMHHI HA U30JISITOPE»
INFLUENCE OF HYDROGEN IMPLANTATION MODE ON GEOMETRICAL
PARAMETERS OF SILICON-ON-INSULATOR STRUCTURES
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41, 2. Husicnuii Hoszopoo, Poccus

Estimate degree of smearing of hydrogen implantation profile as a result of
channeling effect in silicon. Evaluated critical parameters of channeling in
case of hydrogen ions energy 85 keV, silicon crystallographic orientation
<100> and <110>, substrate temperature during implantation 300°C and
500°C.

TeXHOIOrHs N3TOTOBJICHHS CTPYKTYP «KPEMHHI-HA-U30JISTOPE» — UCTOPHYECKH IIepBast
KOMMEpYECKH OCBOCHHAs! TEXHOJIOTHs, CIICIHAIbHO IpeJHAa3Ha4YeHHas M1 oOecredeHus
MIPOU3BOACTBA OBICTPOAEHCTBYIONINX, a TaKKe PAAHANOHHO-CTOMKUX HHTETPAIBHBIX CXeM
(UIC). 3a cuer 3HAYUTEIHLHOTO CHIIKCHMS MAapasUTHBIX €MKOCTEH M MPAKTHYCCKH IOJIHOTO
HCKITIOYCHHSI TOKOB YTEUKH 4Yepe3 MOT0XKKY MEXKIYy COCEJHUMH aKTHBHBIMU 3JIEMECHTaMH
HC. JlanHast TeXHOIOTHUS HE HMEET 3aKOHYEHHOTO TeXHOJIOTrHIecKoro opopmienus B Poccun.

Ocuosusbie npeumyiectsa CBUC na crpykrypax KHJI 1o cpaBHeHuUIO cO cxeMaMu Ha
00BEMHOM KPEMHHH 3aKIIFOYAIOTCS B CIICYIOIIEM:

- TOBBIICHUE HAJEKHOCTH M TEPMUYECKOW CTAOMIBHOCTH Onaroiaps 3ameHe
M30JISILIMU P-N TIEPEXO/I0OM Ha U3OJISILMIO AUDIIEKTPUKOM (MHTErpanbHble MukpocxeMsl (MMC)
Ha ocHoBe cTpykTyp KHJI coxpaustor paGorocroco6HOCTh npu Temmeparypax 300-400°C,
toraa kak UMC Ha ocHOBe 00BbEMHOT0 KpeMHHSI BBIXOAT U3 cTpost ipu 125...150°C);

- TOBBIICHUE CTAOMIBHOCTH IPH HOHU3HPYIOIINX BO3ICHCTBUSX;

- MOBBILIGHUE CTENEHW uHTerpauud B 1,5...3 pasa 3a cuer TOro, 4ro
JMRJIEKTPUYECKast H30JLSIIUS KOMITAKTHEH M30JISLHHA P-N IIEPeX0aMHu;

- CHIDKCHHUE PHEPronoTpedIeH s 3a CUeT TOro, 4To cTpyKTypsl KH/I mo3Bomsttor
M3TOTOBJISATH PUOOPBI CO CBEPXTOHKUM NpUOOpHBIM cioeM (7o 100 um). CneacTBreM 3TOro
SIBIIICTCSl YMEHbBLICHHEe HaNpsDKeHHs nmutanus go 1,5 B, a Taxke cHIKeHHe paccenBaeMOn
MOIIIHOCTH.

- Gomblree OBICTPOACHCTBHUE 32 CUCT CHIDKEHHUS IAPA3UTHBIX EMKOCTCH.

86



TpeboBanus, npeabsBisieMble K coBpeMenHoit DKB, mpeamnonaraloT MUHUMH3ALHUIO
MIPOEKTHBIX HOPM pa3pabaTblBaeMBIX MHPHOOPOB BIUIOTH 10 HAHOPa3MEPHOIO YPOBHIL.
CrnencTBueM  3TOTO  SIBISETCS  YBEIMYEHHE  UyBCTBHTEIBHOCTH  (DYHKI[HOHAJIBHBIX
XapaKTepPUCTHK MUKPOAJIEKTPOHHBIX MPHOOPOB K OTKIOHEHUSIM F€OMETPUYECKUX N1apaMeTPOB
HCXOMHBIX IUIACTHH, TAaKHWX, HAIpUMep, KaK TOJIIMHA IPHOOPHOTO CIIOS U €€ JI aTepajbHast
OJTHOPOIHOCTb.

OpHUM U3 KJIIOYEBBIX ATAanoB TexHoJoruu Smart Cut, OKa3bIBAIOIIMM CYLIECTBEHHOE
BIMSHUE Ha S5TH XapaKTePUCTHKM IUIACTHH Ui crneuuanusupoBanHoi OKBb, saBisercs
OIMMCTepHHT BOAOpOJAa B KpPeMHHMH. B pesynprate aHanm3a IHTepaTypHBIX JaHHBIX,
MOCBSAIICHHBIX 3TOW mpoOiemMe, ObUI0O OTMEYEHO CEphEe3HOE PACXOXKICHHE B BBIOOpE yria
MMIUTAHTAILMU ¥ TEMIIEPaTypPbl HOUI0KKH.

B pabore [Ixos [[xoHcona [l] mpemaraercss NMpoBOJUTh WMILIAHTALHIO BOAOPOIA
NpH TeMIepaType MOMIOKKH B Tpenenax or 225 jpo ~300°C, torma kak B pabore [2]
PEKOMEH/IyeTCsl OAACP)KUBATh NMPH MMIUIAHTALMH KOMHATHYIO TEMIICpaTypy MOUIOKKH. B
pabore [1] mocne mpoBeaeHus WMIUIaHTalu nojx yrioM 0° u 5° jenaercs BBIBOK O
HE3HAYMTENILHOCTH BIMSIHUS 3TOrO IapameTpa, Torja Kak B pabore [2] oaHO3HAYHO
PEKOMEH/IyeTCsl MCIONb30BaTh Yroil B 7° Ul MCKIoueHus dddexra KaHamupoBaHus. DTH
rapaMeTphsl Ype3BBIYAHHO BaXKHBI, TaK KaK ONPEACIISIIOT PaBHOMEPHOCTH pPacIpeleNCHHs
BOJIOPOJIAa H BeIHUUHY d((eKTa KaHATHPOBAHHS.

BnusHue yria MMIUTaHTAalME BOJOPOJAa U TEMIEPAaTypsl IMOMJIOKKH Ha CTCHCHb
pasMbITHst  OpoQHIS  WMIUIAHTALIMM  YYHTHIBAJIOCH HA  OCHOBE  OLEHKH  JUIMHBI
JeKaHAIUPOBAHU.

IIpu orieHKE KPUTHYECKON SHEPTHU M YIIa KAaHATUPOBAHUS MbI OITMPAINCH HA pabOThI
Jlunxapaa [3], BHepBble NPUMEHMBIIETO TEPMHH «KaHAJIUpOBaHHE», M MarioxuHa [4],
J0OABHBILETO yYeT TEIUIOBBIX KOJIEOAHWI PEeNIeTKH IPH pacueTe KPUTHIECKHX MapaMeTpOB
KaHAJIMPOBAHMSI.

Kputnueckuit yron kaHamupoBaHHs Bbumucisuics no ¢opmyie (1) mms oceBoro

KaHAJIMPOBAaHUSA U 10 (popMyste (2) s TIIOCKOCTHOTO KaHAIMPOBAHHS B COOTBETCTBHH C [4]:

Z,7,e? Bio? 1 afptol)x  pia? 12
b~ [E2 5o (5 e (e sty

dE a? 4a%px
1/2
nZ1Zye%arpn a; B?a2
[ 122 pl 3 —‘exp %) B (2)

dE =gy, 2afp

Q

1)
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_Bi(aTF + oy )) ( Bioy _arp + Uy)
arp erve V2arp \/an

i\a + o, i0- a + 0.
+exp (_ ﬂl( TF y )) erfc( .81 y + TF y>
arr Vaars | V2o,

B ¢opmynax (1) u (2) ucrons3oBaHs!l ciexyiomye 0003HaueHus: Z, Z, — 3apsIoBble

Bzexp(

YHClla HOHA ¥ aTOMa MUIIEHH, ¢ — 3apsij d1eKTpoHa, E — sHeprus uoHa, o;,3; — KOHCTaHTHI

OKpaHHUPOBaHUA I IIOTCHIHAJIA Monbep, 0, - ABYMEpHas Cp€AHCKBaApaTUIHaAsA aMIUINTYa

TEMUIOBBIX KOJNEOAHMH pEmeTKH, 0y - OJIHOMEPHAs CPEIHEKBA/APaTHYHAs aMILIMTY]a
TEIJIOBBIX ~ KONEOAHMH  pElIeTKH,a TF — PaAUyC OKPAHUPOBAHUS  MEXKATOMHOTO
B3aUMOEHCTBHS.

Kak BumHO wu3 TaOmumsl 1, B KOTOpPOH HpeACTaBIEHbI pPe3yJbTaThl pacyeTa,
ONTHMAJBHBIM YIJIOM UMIUIAHTAILMU B CJIOH KpeMHUS ¢ opueHTanuei <100> u <110> Oyner
yrou 6osee AByX IPagycoB.

BausHue Temneparypbl HOUIOKKH Ha KPUTHYECKUH yroj KaHalIUpOBaHUs 3aMETHO B

Cllydqae 0CeBOr0 KaHAJIMPOBAHUS B KpeMHHIT ¢ opueHTarmeii <100>.

Tabnuua 1 — Pe3sysnbTaTbl OLEHKM KPHTHYECKOH OSHEPTMH M KPHTHUECKOTO YIlia OCEBOTO
IJIOCKOCTHOTO KaHAJIMPOBAHMS HOHOB BOJIOPOJia C dHEprHeii 85 kaB B kpemMuuu oprentauun <100> u
<110> npu Temneparypax nomioxku 300°C u 500°C

OpueHTanus oBepxXHOCTU KPEMHUS OpueHTanys NoBepxXHOCTH KPEMHUS
<100> <110>
0CEBOEC IIJIOCKOCTHOE 0OCEBOC IIJIOCKOCTHOEC
300°C | 500°C 300°C 500°C 300°C 500°C | 300°C | 500°C
7 1,97 1,29 0,71 0,71 1,29 1,29 0,71 0,71
E ' ( GB )
10,38 | 42,70 12,45 12,40 43,00 | 43,00 | 12,49 | 12,44

1. Johnson Joy, Hydrogen Ion-Implantation in Smart Cut SOI Fabrication Technique:
[amextponHsIit pecypc] // web.mit.edu, 2009r.

2. Tobias H. On the Mechanisms of Hydrogen Implantation Induced Silicon Surface Layer
Cleavage. Doctoral dissertation/ Marburg/Lahn, November 2001.

3. Hopcroft A. M. What is the Young’s Modulus of Silicon? //Hopcroft A. Matthew, Nix D.
William, Kenny W. Thomas// Journal of microelectrical systems vol. 19, No. 2 April 2010.

4. Marioxun C.M. Kpuruueckue napameTpsl kaHamupoBauus //JKypHan TexHuueckoi (pusuku,
2008, Tom 78, BB 12, cTp. 47-53.
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INVESTIGATION OF MAGNETIC UNIAXIAL ANISOTROPY AT ION-BEAM
SYNTHESIS OF IRON SILICIDES
AnexceeB A.B.', I'ymapos rr.t, [ycToB B.A., IleryxoB B.IO., Hyxnun B.U.!
Alekseev A.V.', Gumarov G.G.', Shustov V.A., PetukhovV. Yu.' Nuzdin V.1

!Kasancxuii @usuxo-mexnuueckuti uncmumym um.E. K. 3asoiickozo PAH, Cubupciuii
mpaxm 10/7, Kasans, Poccus, phys-tech@kfti.knc.ru.
! Kazan E. K. Zavoisky Physical -Technical Institute ( KPhTI ) Sibirsky tract, 10/7, Kazan,
Russia, phys-tech@kfti.knc.ru.

The modification of magnetic properties in thin films by ion irradiation is especially
useful as it can be applied to locally alter magnetic properties such as saturation
magnetization, magnetic anisotropy etc. Earlier, we have used magnetic-field-assisted ion-
beam synthesis to produce thin ferromagnetic silicide films Fe;Si in single-crystal silicon
substrates [1]. It was shown that application of the magnetic field during the high-dose Fe ion
implantation led to the pronounced in-plane magnetic anisotropy in the synthesized films. The
aim of the present work is to investigate the magnetic properties of ion-beam synthesized thin

iron silicide films using the method of ferromagnetic resonance.

40 keV Fe' ions were implanted into (111) single-crystal silicon wafers at room
temperature. The implantation fluence was varied from 1.6x10' to 3x10'" cm?, the ion
current density being about 4 pA/cm’. The external magnetic field H =500 Oe was applied

parallel to the sample surface during implantation.

The phase composition was investigated by X-ray diffraction using a diffractometer

DRON-3M with the Cu K, radiation at grazing incidence geometry.

The local magnetic properties of samples were investigated by scanning Kerr
polarimeter in the longitudinal mode. It was found that the formation of uniaxial anisotropy is

explained by the formation of small nanoparticles.

Ferromagnetic resonance spectra were recorded on a Bruker EMX spectrometer in

temperature range from 100 to 300 K.

For isotropic samples the FMR linewidth rises with temperature decrease. Such
dependence can be explained on the basis of model of magnetic resonance in an ensemble of
single-domain anisotropic particles. The approach used based on the independent-grain model
once proposed for the description of FMR in polycrystals. It should be noted that FMR

linewidth for anisotropic samples is nearly constant with temperature variation. This behavior
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is in a good agreement with Raikher model. When the dispersion in the directions of
anisotropy axes of the particles is absent the contribution of inhomogeneous broadening to

linewidth is negligible at low temperatures.

As was shown earlier the RHEED pattern obtained for Si implanted with high dose of
Fe' ions consists of diffraction rings which are typical for polycrystalline films. The
appearance of small thickenings on the diffraction rings points to a weak texture of the films.
Identification of the diffraction rings showed that the reflexes correspond to polycrystalline
silicides a-Fe;Si and FeSi. Earlier [2], the results of Mossbauer spectroscopy of conversion
electrons indicated the appearance of a small amount of the FeSi phase in the synthesized

layer as well. X-ray diffraction at grazing angles confirms the presence of the a-Fe3Si phase.

MOKE measurements showed that all samples synthesized at specified regimes of
implantation are ferromagnetic at room temperature. The control samples implanted in the
absence of the magnetic field and fixed on the sample holder without mechanical stresses are
isotropic. The samples implanted with high fluences (in range from 1.6 to 2.4 cm™) of Fe jons
in the applied magnetic field possess uniaxial anisotropy. The rectangular hysteresis loop and
anhysteretic magnetization curve are observed in the easy and the hard magnetization axes,

respectively.

The FMR signal is found to be dependent on the film orientation in the magnetic field
similar to that found for the FMR in thin magnetic films. It was revealed that FMR line for
anisotropic samples considerably narrower than for isotropic ones (Fig.1). Moreover for

isotropic samples the FMR linewidth rises with temperature decrease.

1 Isotropic AnISchtroplc
sample e sample
S
©
g
w %
& |
£
= 1 |
400 600 800 1000

H, Oe

Fig. 1. In-plane geometry FMR spectra of isotropic and anisotropic samples. Spectra
measured at T=250 K.
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Such dependence can be explained on the basis of model of magnetic resonance in an
ensemble of single-domain anisotropic particles [3]. The approach used based on the
independent-grain model once proposed for the description of FMR in polycrystals [4]. The

dependence of line width versus dimensionless parameter is:
E=M;Vw/ykgsT.

Here, M; is saturation magnetization, V — volume of particles, w - angular frequency, y -
gyromagnetic ratio, kg - Boltzmann constant.
Asymptote (2) is described by:
AH=(30eE)/(57),
here ¢ =Ky / Ms w, K — anisotropy constant.

As the temperature rises, the orientational fluctuations of the magnetic moment weaken
the inhomogeneous broadening of the FMR line. This broadening arises from the dispersion

in the directions of anisotropy axes of the particles.

0,12
<> sm56 - anisotropic
0,11 O sm64 - isotropic
0,104
3
S
T 0,094
<
S
0,08
0 02{ w\@
0, 004 0, 006 0, 008 ,0‘ 0, 7 7 70 70¢
1T, K

Fig. 2. Temperature dependence of FMR linewidth Fig. 3. Calculated linewidth AH vs
for isotropic and anisotropic samples. parameter E,o 1/T (Raikher theory).
Dashed lines show the asymptotics: (1)
— superparamagnetic broadening, (2) —
inhomogeneous broadening.
Reproduced from [2].
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It should be noted that FMR linewidth for anisotropic samples is nearly constant with
temperature variation. This behavior is in a good agreement with Raikher model of magnetic
resonance in an ensemble of single-domain anisotropic particles. When the dispersion in the
directions of anisotropy axes of the particles is absent the contribution of inhomogeneous
broadening to linewidth is negligible at low temperatures (€ > 1). Superparamagnetic
broadening in this region is also insignificant. As a consequence the linewidth is practically
temperature independent, at least in scale of relative variations. In summary, our FMR results
show that isotropic samples consist of particles with randomly oriented easy magnetization

axes whereas anisotropic samples — nearly unidirectional EMA.
Conclusion:

1) Significant difference in FMR linewidth for anisotropic and isotropic iron silicide

films was revealed, FMR linewidth for isotropic films being temperature dependent.

2) The experimental results are well explained in the frame of Raikher model of
magnetic resonance for dynamic susceptibility of ensemble of single-domain anisotropic

particles.

3) FMR results show that isotropic samples consist of particles with randomly oriented

easy magnetization axes whereas anisotropic samples — nearly unidirectional EMA.
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DAMAGE PROCESSES IN MgO IRRADIATED WITH 1.2 MeV Au IONS AND
EFFECT OF IRRADIATION TEMPERATURE

D. Bachiller-Perea™”, L. Thomé® and A. Debelle®

@ Centre de Sciences Nucléaires et de Sciences de la Matiére, Université Paris-Sud,
CNRS/IN2P3, Bdt 108, 91405 Orsay, France.
b Centro de Micro-Andlisis de Materiales, Universidad Autonoma de Madrid, C/F. araday 3,
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Magnesium oxide (MgO) is considered as a candidate material for neutron reflector in
sodium fast reactors, matrix of ceramic-ceramic composite (cercer) nuclear fuel for minor
actinides transmutation [1] and electrical insulator for diagnostics components in ITER.
Therefore, a deep understanding of the behavior of this material under ion irradiation

environment is required.

Very recently [2], we demonstrated, through the use of Rutherford Backscattering
Spectrometry in channeling configuration (RBS/C), High-Resolution X-ray diffraction
(HRXRD) and Transmission Electron Microscopy (TEM) experiments, that the damage
build-up in MgO irradiated with 1.2 MeV Au" ions at room temperature occurs in three steps,
and transitions from one step to the next one reveal microstructural transformations. Each step
is characterized by specific features such as damage and strain levels and nature of defects.
This behavior was interpreted in the framework of the Multi-Step Damage Accumulation
(MSDA) model [3]. The present study aims to investigate the effect of the irradiation

temperature on the response of MgO.

For this purpose, additional 1.2 MeV Au" irradiations of MgO single crystals have
been performed in a broad fluence range (from 5x10'? to 4x10' cm™) at 300°C, 500°C and
800°C. After the irradiations we used two analysis techniques: RBS/C (with a 1.4 MeV He"
beam) to study the irradiation-induced damage accumulation and HRXRD to determine the
microstructural modifications and elastic strains. In the present abstract we only show the

results for the case of irradiations at 500°C as an example.

In Figure 1 some of the RBS spectra are shown. These spectra correspond to a pristine
sample (channeling configuration), samples irradiated at 500°C with 1.2 MeV Au" at different
fluences (channeling configuration) and a MgO spectrum in random configuration. Colored
symbols correspond to experimental data and solid lines correspond to the simulations that

were calculated with the McChasy Monte Carlo simulation code [4].
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Figure 1. RBS/C spectra obtained with 1.4 MeV He™ beam. The figure on the left shows
some of the channeling spectra of the irradiated samples compared to the random spectrum.
The figure on the right is a zoom to show the differences among the spectra of samples
irradiated at different fluences (9)(1012-1014 cm’z).

From the simulations of the RBS/C spectra we obtained the fraction of displaced atoms in the
samples in function of the depth (Figure 2), and we have compared the maximal fraction of
displaced atoms (at around 200 nm) for different irradiation fluences (Figure 3). In this case,

we can distinguish two different steps; the change from one step to the other is produced at

around 2x10" cm™.
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Figure 2. Fraction of displaced atoms obtained Figure 3. Maximal fraction of displaced
through McChasy simulations of the RBS/C atoms in function of the irradiation fluence.
spectra for different irradiations fluences.

Figure 4 shows the 0-20 scans obtained by X-ray diffraction around the (4 0 0) planes of MgO
single crystals (pristine and irradiated at different fluences). From these scans we have

obtained the values of the maximal elastic strains (-qnx/Huo)) and we have represented them in
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function of the irradiation fluence (Figure 5). Apparently, we can observe also here (in

Figure 5) the two steps of damage seen before by RBS/C.
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Figure 4. 6-20 scans around the (4 0 0) planes  Figure 5. Maximal elastic strains in function
of pristine and irradiated MgO single crystals. of the irradiation fluence.

Results show that disorder, which accumulates from the surface up to a few hundreds
nanometers, is still a multi-step process at high temperature, but occurrence of the
microstructural transformations is modified. In addition, disorder and strain levels also change
with temperature. These findings reveal a competition between defect creation and recovery
processes. A comparison with cubic zirconia suggests [5], at first sight, that MgO is less

radiation resistant. However, electronic excitation effects can lead to damage healing in MgO.
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BbIBOP NAPAMETPOB IOPAJKA ITPU MOAEJIUPOBAHUHU ITPOLIECCOB
®A300BPA30BAHUS B IBOVHBIX METAJUVIMYECKUX CHCTEMAX B
YCJOBUSIX MOHHHOM BOMBAPJIMPOBKU

DEFINITION OF ORDER PARAMETERS FOR SIMULATION OF FASE
FORMANION IN THE DOUBLE METAL SYSTEMS UNDER ION
BOMBARDMENT CONDITIONS

C.A. KpMBeneBqu, B.1 Baqypm{2
V.I Bachurin, S.A. Krivelevich

'9® OTHAH PAH, yn. Yuusepcumemckasn 21, 2. Apocnaens, Poccus, s.krivelevich@mail.ru
g MUUT, Cy3oansckoe wocce, 13, 2. Apocrasns, Poccus

Problem of definition of order parameter by formation of intermetallic
phases in binary systems under ion bombardment is considered. It is shown
that the formation of new phase can be described by means four independent
variables.

B [1] 6but0 ycTaHOBIICHO, 4TO Hporecc (Ga3o00pa3oBaHUs B CHCTEME COneprKamieit
[IPOU3BOJIHOE KOJIIMYECTBO KOMIIOHEHTOB 3a IpefelaMH O00IacTé IpoOera MepBHIHBIX
HOHOB MOXET OBbITh ONHMCAH C IOMOIIBIO BEKTOPHOTO IapaMeTpa MOPSJIKa, SBISIOIIEroCs
JIMHEWHOH KOMOWHAIued KOHLEHTpanMi BCEX XHMUYSCKAX OJJIEMEHTOB, BXOMSIINX B
CHCTEMY, BO BCEX JOCTYIHBIX COCTOSHUSX.

[Ipu noHHOI MMIIaHTaUK 00paser] 0ObIYHO pa3MeNaeTcs B BaKyyMe Ha JOCTaTOYHO
MacCHBHOM MOJUIOXKKOJEpIKaTee, TeMIepaTrypa KOTOPOro IPAKTHYECKH HE 3aBHCHT OT
XapaKTePUCTHK HOHHOTO Iydka Majalolero Ha oOpaser. B Toxe Bpems, Kak OTMedanoch
Bbllle, oOnyyaemble 00paslbl OOBIYHO  XapaKTEPU3YIOTCS  HEOONBIIMUM  TEIUIOBBIM
conporuBieHHeM. [lo3ToMy pasHOCTH TeMmIepaTyp Mexay OOIy4aeMoil W ThUIBHOM
CTOpoHaMH 00pa3la OKa3bpIBAeTCs He3HAUUTENbHOH 1 00braHo He mpesbimaet 10 K. Tlo stoit
MPUYMHE TEIUIOOTJa4yeld ¢ MOBEPXHOCTH 00paslia 3a CUET M3JIYYEHHsS MOXKHO IpeHeOpeub U
CUHUTATh, YTO TMPAKTHYECKN BCS DHEPIHs MAJAIOIICro IMydka OTBOAUTCS 3a CUCT TEIIOBOTO
MoTOKa uepe3 obpaser]. KnHeTndeckas 4acTh INIOTHOCTH CBOOOJHOW 3Hepruu OyneT Torna

BBITJISIACTH CICAYIOUIMM 00pa3oM

K = %E 2 d,VeVe, %2 2a,Ve VT + %ar (vry )

£ 7
3nech ¢; — KOHLEHTpaLHs i-r0 KOMIOHEeHTa, 1 — abcomroTHas Temmeparypa. [lepeoe
cmaraemoe B (1) oOpasyer kBaapaTH4Hyro (OpMYy OT TpPaJUEHTOB KOHIEHTPAlUH BCeX
KOMIIOHEHTOB. OJTa KBajpaTHdyHas (OpMa ONMCHIBAET yBEIMUYECHHE CBOOOIHOH 3HEprum,

CBSI3aHHOE C HEOJHOPOAHOCTHI0 00IydaeMoro marepuana. 110 cymiecTBy, OHa MpeacTaBIIseT
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KHHETHYECKYI0 4acTh IUIOTHOCTH CBOOOJHONW OSHEPruH, CBA3aHHYIO C HAIPaBICHHBIM
JIBIDKCHUEM T€X WIM HHBIX KOMIIOHEHTOB, HaXOJALIMXCS B TOM MJIM MHOM COCTOSIHHU.
TlosTomy sTa kBampatHuHas (opMa JOJDKHA OBITH OIPEEIEHHO II OJIOKUTENbHOH. Kpome
TOro, HEOOXOJMMO HOTPeOOBaTh, YTOOBI COOTBETCTBYIOLIME YPABHEHHMS YyIOBIETBOPSIIH

npuHoumy OH3arepa, MO3TOMY 3Ta KBaJpaTHdHas (opMa JOIDKHA OBITh CHMMETPUUYECKOH,

T.C.
d,=d, @)
C moMoIbI0 THHEHHOTo Ipeodpa3oBaHus
¢ = E ﬂi/'(p/' (3)
7

MaTtpHIy Ko3(Q(GHIMEHTOB dj MOXKHO MPHUBECTH K AWArOHaILHOMY BHIY. B 3ToM ciydwae

KUHETUYCCKYIO 4aCTh IIJIOTHOCTH CBO6O,[lH0171 OHEPruv MOXXKHO 3alucaTh B BUIC

K= % SLVe) + e (VT) |+ S avevT )
i i
CobcTBeHHBIE 3HAYCHUS /; MATPHIIBI djj IPH 3TOM BBIYHCISIOTCS KaK KOPHH yPaBHEHHS 7—Oi
CTEMEHH (7 — IIOIHOE YHCIIO0 He3aBUCHMBIX IEPEMEHHBIX)

IepemenHble @ TP 3TOM 00pa3ylOT BEKTOp MapaMeTpoB mopsiaka. OpHako, mpu
OITMCAHWH PEANbHBIX CHUCTEM, B TOM YHCJE W JBOMHBIX METaJULIMYECKHX, P MOCTPOCHUH
mapaMerpa IOpsIKa BO3HUKAIOT TPYAHOCTH, CBSI3aHHBIE C OOJBIIUM KOJIHMYECTBOM
HE3aBHUCUMBIX IIEPEMEHHBIX B COOTBETCTBYIOLIMX ypaBHeHUsX. Hampumep, Ha paBHOBeCHOMH
auarpamme coctostHui cuctemel Ni-Al mpucyTcTByeT crienyromuidi Habop ¢as: TB epablif
pactBop Ha ocHoBe Ni (C), NizAl (g), NiAl (8), NixAl; (y), NiAl; (B), TBepaslii pacTBop Ha
ocaoBe Al (o) [2]. TlodTOMy mnpu OIMUCAaHMKM CUCTEMbI IIOJIHOE YUCIO HE3aBHCHUMBIX
NIEPEeMEHHBIX PAaBHO JBEHAJIATH, Jake ecIM IpeHeOperaTb HaIM4YUEM CTPYKTYPHBIX
neheKToB.

AHanu3 dKCIePUMEHTATbHBIX JaHHBIX, IOIYYCHHBIX IPU OOIyUeHHH ABYXCIOMHOU
cucrembl Ni-Al nonamu aprona c sHeprueit 80 k3B mpu pasmuunbix Temmepatypax [3]
I0Ka3bIBACT, YTO HAOJIFOJAIOTCS TPH THIIA KOHIIGHTPALMOHHBIX pacnpeeiennii. K mepsomy
Ty (pHc.l.) OTHOCATCS pacHpeeNieHHs], Ha KOTOPBIX MPAKTHYECKU OTCYTCTBYIOT yJacTKH C
MOCTOSIHHOM ~KOHLIEHTpaLeld B NPUIIOBEPXHOCTHOW obnactu. Takue pacnpenesneHus
COOTBETCTBYIOT 0Opa30BaHUIO TBEPABIX PAacTBOPOB B Ipolecce oOiaydeHus. Bropod Tun
(puc.2.) pacnpezielieHMH XapaKTepU3yeTcsl JIOCTATOYHO MPOTSHKEHHBIMH YYacTKaMH C
MIOCTOSIHHON KOHIIEHTpaluel M CKauKOM KOHI[CHTPAI[MH B OKPECTHOCTH I'PAHUIBI pa3zela.

Takue pacrpenieneHus COOTBETCTBYIOT pacTyliei (ase M MOJBMIKHOIM IpaHMLeH pa3jena, Ha
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KOTOpO# M HaOIIoaeTcs CKAauOK KOHLEHTpauud. HakoHew, TpeTHil THO pacmpeaeleHHid
(puc.3.) COOTBETCTBYET IOJHOCTHIO CopMUpOBaBLIEiics, IO KpaliHeil Mepe, B Ipexienax

oOnactu HaOmoAeHNS (ase.
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Puc.1. Pacnpenenenre KOHIEHTPAWIT HUKEIS U ATIOMUHUS B IPUIIOBEPXHOCTHOM CIIO€
00pa3sIioB ¢ UCXOHOMN TONIMHON ieHoK Hukens 200 uM. Temmeparypa o6iryuenus 285°C,
17,2
no3a— 10 ‘cM™. 1 — KOHUEHTpAIMS ATIOMHUHUS, 2 — KOHIIEHTpaLus HUuKens [3].
3aMeTHM, 4TO B HENOCPEICTBEHHOH ONHM30CTH OT MOBEPXHOCTH BCEX 00pa3loB
HaOJIIONAFOTCS yYacTKM C IIOBBINICHHBIM COJEPXKAaHMEM HHKeNsl W  IOHWKCHHBIM
cofepKaHueM a TIOMHHHS. [IpOTSHKEHHOCTh JTHX YYacTKOB IPAKTHYECKH HE 3aBUCHUT OT
TeMIIepaTyphbl 00 1ydeHnst. ITO HO3BOJIACT YTBEPXKAATh, YTO MOSBICHHUC YKA3aHHBIX y4aCTKOB
CBSI3aHO C CEJICKTUBHBIM PACIBUICHHEM B IIPUIIOBEPXHOCTHOI 001acTH.
Bce y4acTku pacmpemeNeHHH C MOCTOSHHON KOHIIGHTpAaIMedl COOTBETCTBYIOT
paBHOBeCHBIM (asaM B Mpefenax HX KOHICHTPALMOHHOHW mpoTspkeHHocTH. IIpomecc

(a3000pa3oBaHus B pACCMATPUBAEMBIX CHCTEMaX MPEACTABIISIET COOOM MOCIe0BaTEIbHOCTD

ar%
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KoHuenTpauus,
s
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0 1 2 3 4 5 6 7
Tayéuna at.em™/10"
Puc.2. Pacnipeenenre KOHIIGHTPALMiT HUKEIS U aTFOMUHHS B IPUIIOBEPXHOCTHOM CIIOE
00pasioB ¢ HCXOAHOU ToMmuHOM wieHoK Hukenst 200 um. Temnepatypa o6ayuenus 285°C,
no3a — 107em> 1 - KOHLICHTPAIHMS AIFOMUHUSL, 2 — KOHIIGHTpauus HuKens [3].
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obpa3oBaHus (a3 C HOCTCIEHHBIM YBEIMYCHHEM COJCPHKAHUS OJHOIO M3 KOMIIOHEHTOB.
VYuyer 310ro (hakta MO3BOJIET YMEHBIIUTH YHCJIO HE3aBHCHMBIX NEPEMEHHBIX Ha KaXKIOM

JTare 10 Y€ThIPEX.
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Puc.3. Pacnpenenenne KOHIEHTpAUil HUKEIS U AIIOMUHUS B IIPUIIOBEPXHOCTHOM CIIO€
00pasIoB ¢ UCXOMHOM ToMIUHOM wieHoK Hukenst 200 um. Temnepatypa o6ayuenust 370°C,
Jo3a — 107em> 1 — KOHLICHTPAIMSI HUKEJIS, 2 — KOHIICHTPALUs altoMUHUA [3].

Takum oOpa3oM, B HacTosmieil paboTe MPEeUIOKEH TEOPETHYSCKHH ITOIXOJ,

MO3BOJIAIOIMH  3()(EKTHBHO ONMCHIBATH Ipolecchl (a3zooOpa3oBaHHMs B  JIBOIHBIX

METa/UIMYECKUX CHCTEMAaX B YCIOBUSIX HOHHOU 60MOAapIHPOBKH.

1. C.A. Kpusenepud, Bectauk Hmkeroponackoro yausepcureta. Cep. @usnka TBEpaoro
Tena. Beim. 1(6). (2003). 144.

2. JlnarpaMMbl COCTOSIHUSI CUCTEM Ha OCHOBE alfoMuHUA ¥ MarHusa. M.: Hayka. (1977).
271.

3 B.1 Bauypun, C.A. Kpusenesud, [loBepxHocTs. PeHTreHoBCcKIEe, CHHXPOTPOHHBIE U

HelTpoHHble uccnenoanus. Ned. (2009). 63.
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Abstract

Zirconium Carbide (ZrC) is very hard interstitial refractory carbide which has been proposed
as a possible new material to be used as a protective coating layer for nuclear fuel particle
because of its excellent properties. For example ZrC has a very high melting temperature of
about 3540 °C, low density of 6.59 g/cm® compared to other refractory carbides. It is inert to
various reagents and highly resistant to corrosion and wear. Many attempts have been made
to grow ZrC thin films, however growing polycrystalline ZrC thin films with good
stoichiometry has remained a challenge.

In this study polycrystalline ZrC thin films were grown on graphite substrates by chemical
vapour deposition technique. Zirconium Tetrachloride (ZrCly) powder and methane (CHs)
gas were used as zirconium metal source and carbon source respectively. Argon and
hydrogen were used as carrier and dilutant gas respectively. ZrC thin films were deposited at
substrate temperatures ranging from 1200 °C to 1700 °C for one hour in air. The impact of
substrate temperature on surface morphology and layer microstructure of ZrC thin films were
examined using X-ray diffraction (XRD) and Scanning electron microscopy (SEM). The
variations in crystallite size, dislocation density, texture coefficient, lattice constant and
degree of preferred orientations of ZrC films with substrate temperature were established. At
lower temperatures of about 1300 °C, the plane (111) had the preferred orientation and as
temperature increased to about 1500 °C the preferred orientation shifted to plane (200). The
surface morphology and microstructure of ZrC thin films at various substrate temperature
were observed using SEM. The SEM results indicated that as the temperature increased from
1400 °C to 1600 °C the stoichiometry of the ZrC thin films improved.

The films were bombarded with different 250 keV ions to a fluence of 1 x 10'® cm™. The
morphology of the layers after bombardment and low (up to 1000 °C) temperature annealing

were investigated by SEM and AFM.
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UMILTAHTAIISA NOHOB JEMTEPHUS U T'EJAS B KOHIEHCAPOBAHHBIE
BOJIb®PAMOBBIE ITOKPBITHUSA ITPU NOCJIEJOBATEJIBHOM OBJIYYEHUU
IMPLANTATION OF DEUTERIUM AND HELIUM IONS IN DEPOSITED
TUNGSTEN COATINGS DURING SEQUENTIAL IRRADIATION

B.B. Bookog, JL.II. Tumenko, P.1. Craposoiitos, F0.11. KoBryHenko, JI.A. T'amatoHoBa,
V.V. Bobkov, L.P. Tishchenko, R.I. Starovoitov, Yu.l. Kovtunenko, L.A. Gamayunova,

ITHHJI UTI, Xapvrosckuii nayuonaneHulii ynueepcumem um. B.H. Kapaszuna,
np-km Kypuamosa 31, 61108 Xapvros, Ykpauna, e-mail: vbobkov@mail.ru

The trapping and thermal desorption of deuterium and helium implanted into the tungsten
coatings deposited on the composite substrates was studied. The amount of accumulated
deuterium and helium, and the shape of thermal desorption spectra were shown to depend
on the way of irradiation by the D" and He" ions: individually or sequentially. The possi-
ble mechanisms of these processes are proposed.

Hacrosimias pabora siBisiercss mpoJoJDKeHUEM uccienoBanuii [1—4] mporeccos, compo-
BOYKJTAIOIINX MMIUIAHTAIINIO HOHOB JIEHTEPHs U TeNUsl B KOMIIO3HI[HOHHBIE CTPYKTYpPHI ¢ KOH-
JICHCHPOBAHHBIM BOJIb(GPaMOBBIM MOKpbITHEM. [liist W HOKpPBITHIT H3y4aeTcst BIUSHUE MOCIIe-
JIOBATENBHEIX (T10 CPABHEHHIO C HHAMBUIYaTbHBIMI) oOmydennii nonamu D i He' Ha 3axBar
9THX I'a30B, UX yJep)KaHHE U TEPMHUYECKYIO AECOpPOIMIO B BaKyyM. lcciemyeMble MOKPBITHS
MOJTy4aId METOJOM MarHeTPOHHOTO pacibuleHust W MHUIICHH B aTMoc(epe Ar IIpH AaBICHUH
1,0 TIa u ocaxxaeHust Ha TIOIOKKY U3 HEPIKABEIOIIEH CTANH C NPEBAPHTEILHO HAIIBLICHHBIM
cinoeM Cu TonmmuHo# 3 MkM. Tonmuaa W nokpertaii 6suta 2,2 MkM. H.ct.+Cu+W(MKM) — 00-
PasIBl, HAXOMANIMECS TPH KOMHATHOH TeMIiepaType, o6Tyqany mydakamu noros D' (10 x3B)
u He" (20 k»B) kak mo otxenpHOCTH B auanaszone 103 Op+ = (0,1 — 9,0) x 107 em™ u Dy =
(0,5 — 8,0) x10"7 cM™, TaKk W TMOCIENOBATENBHO B pa3HOIl O04epeqHOCTH MOHOB B MHTEpBaie
srauenmii Op+ = (0,3 — 4,0) 10" em? 1 Oper = (0,7 — 1,5) x10'7 em . Tomusre npoGern nc-
CJICyEeMbIX HOHOB OBUTH COMOCTABMMBI H 3HAUUTEIBHO MEHbIIE TOMIUHBI W MOKPBITHH.

3aBucuMocTn KoHUeHTpamuii Cye 1 Cp U KOI(P(UIMEHTOB 3axBaTa TMye TeIHI H Tp
neiTepus B BOJIb(GPaMOBOM MOKPHITHU OT 103 P+ 1 @ p+ B Pa3THIHBIX CXEMaX OOTydYeHHs
nokasanbl Ha puc. 1 u 2. HesaBucumo or cxembl o6myuenns nonamu He' m D, mpu Bcex
J103aX YCTaHOBJICHO, YTO 3Ha4eHUs BeMUIUH Che U M. HAMHOTO OoJblIe o cpaBHeHHIo ¢ Cp
U Np; C yBENMYEHHEM 03Bl BEIMYUHBI Ny, U TNp yMeHbIIaooTcsa. Bemmumnsr Cp u Mp
YMEHBILICHBIIAITCA NMpUOaM3uTenbHo B (2,5 — 4) pasa B pe3yibraTe NpeaBapUTENIBHOMN
HMMIUIAHTAllMU TeNUsl 110 CPAaBHEHMIO C UMIUIAHTALMEH TOJNbKO Jeirepus. B To ke Bpems
IpeiBapHUTeIbHAs IMIUIAHTAINS JeUTepus He H3MEHIeT 3HaUCHUS KOHIIGHTPAIUU U K03 du-
LEHTa 3axBaTa [IeJUsi [0 CPABHCHHIO C HMIUIAHTAlMeH Tonbko renus. CHEKTphI

TepMoecopOLrK aeiTepust U renus (a.e.m.= 4) u3 BoJab()PaMOBBIX HOKPHITUH, 00IyIEHHBIX
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nocnenoparensHo nonamu He', DY, npusenenns Ha puc.3. OHH SBISIOTCA CyIepro3HIueis
CIIEKTPOB TEPMOIECOPOIINH ITUX Ia30B, UMILUIAHTHPOBAHHBIX 110 OTAENBHOCTH: [1.2] — D', [3]
— He'. Jlna pasnuuHOii OUepeTHOCTH MOHOB B MOCIIEI0BATENLHOM OONyUCHHH HAGIIONACTCS
COXpaHEHHE TeMIIepaTypPHbIX UHTEPBAJIOB BblieseHus neiirepust AT = (480 — 1000) K u renus
AT = (820 — 1800) K, MaKCHMyMbI ITHKOB MX TEPMOIECOPOIIMH MMEIOT T€ )K€ CaMble 3HAUCHHS
Tm= 630K (100% BeixOm Dy) u Ty~ 1650 K (90% Bbixon He), uTo u aj1st MMIUIaHTAMR
monos D' u He' mo ormemsmocTH. He M3MEHSIOTCS MHTEHCHBHOCTH IHKOB B CHEKTpax
tepmozecopbimu D, u He u3 W nokpbITuii, 001y4eHHBIX MOCIIEI0BATENBHO M0 CXEME (D*—
He+) ¥ oTzensHO HoHamu D' umn He'. Hao60poT, ”HTEHCUBHOCTH NMKA BBIACICHUS ACHTEPHs
B crextpe TepMozecopbuun D, u He u3 o6pasios, ofmyuennsix mo cxeme (He'-DY), mo
CPaBHEHHIO C OONyYeHHBIMH TONbKO HoHamuM D', ymenbmaercs. Takoil XxapakTep
TepMojecopOIMH MoXeT 06aTh OOyCIOBIEH TeM, 4YTOo MpupoAa o0pa30BaBIIMXCS
pasManMOHHBIX HapyleHUH B W HOKpPBITUAX OJJMHAKOBA BO BCEX CXeMax OOIyueHHs HOHAMHU

+ +
D" u He', a MexaHH3MbI HX OT)KHTA — COBIIAIAIOT.

Ce10em™ Nhe
3r {08
1
A A 2 106
2 L
>
. 104
1_ ]
4 0,2
I . _
0 n 1 n 1 n 1 n 0
0 2 4 6 8

@y 10cm™

Puc. 1. 3aBucumoctu konnentpanuu Cye (1 u 1’) u kod3ddunuenTa 3axpata Ny (2 1 2’) aTOMOB Te-
JHst B BOJIb()PAMOBOM MOKPHITHH KOMIO3UIMOHHON CTPYKTYphI (H.cT.+Cu+W(MKM)) OT 10361 06ITyUe-
Hust @pe+ MoHamu He™ B pasinuyHbIX CXeMax:

o, A —vons He', %, [ —wons (D'~ He"), 0,A —uomst (He'=D").
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Puc.2. 3aBucumoctu konuentpanun Cp (1 u 1') u koaddurmenta 3axsara nNp (2 u 2') aTOMOB jieiiTe-
pusi B BOJIL(OPAMOBOM IOKPBITUM KOMIO3HIIMOHHON CTPYKTYphl (H.cT.+Cu+W(MKM)) OT J103bI OJyue-
HHUA ¢)D+ HOHaAMH DJr B pa3JIMIHBIX CXEMax:

o A —youpt D, x, [1 —uonsl (He' —D"), o,A —uons (D" - He").

B [1-4] noxasauo, uto B8 W IOKpBITHH BCIeACTBHE 061ydenus nonamu He' u D' o6pa-
3yIOTCSl paiMaliMOHHbIE 1e(eKThl BAKAHCMOHHOTO THIIA, CKOILUIEHUS. MEX/I0Y3€IbHBIX aTOMOB
Bonb(dpama, AUCIOKALMOHHBIE TIeTIH BHEIPSHUS U T a3-BaKaHCHOHHBIE KOMIUIEKCH HenV, 1
D V.. llocnenoBarensHoe obayueHrne W nokpbituit nvonamu He+ u D+ conpoBosxaaercs mo-
BUJIMMOMY AHAJIOTHYHBIM MEXaHH3MOM (DOPMUPOBAHMS CTPYKTYPHBIX HapyLICHHH. YMeEHb-
mrenne obmero xommdectsa (Cp, Mp) HAKOIUICHHOTO AEHTEpHs, HOHHO-HMIIIAHTHPOBAHHOTO
Tocsie TpeiBapUTENbHOTO 06yuenns nonamu He', a Takoke cnaji HHTEHCUBHOCTH TIMKA TIPH
Tm= 630 K (cM. puc.3) B cnektpe Tepmoznecopbiu D, n He n3 obpasma, oGirydeHHOTO 110
cxeme (He' — D'), B cpaBHEHHH ¢ MHTEHCHBHOCTBHIO TOTO K€ MHKA B CTIEKTPE TEPMOJIECOPO-
nuu Dy u3 06pasia, o6Iy4eHHOr0 TOIbKO MOHaMH D', BUAMMO, OOBACHAETCS CIle/IyHomuM
o6pazom. TTpeBapuTensHas UMmIanTaus oo He' o6pasyer JOMOTHUTENBHEIE TOBYITKH
JULSL aTOMOB JIeHTepHs, KOTOPbIe HAKAIUIMBAIOTCS B HUX IIPH JaNbHEHIIeM 00JIydeHII HOHAMHI
D". TakuMH JIOTIOJHUTETBHBIMHU JIOBYIIKAMH ISl ATOMOB JCHTEpHs MOTYT GBITH HU3KOIHEP-

TETUYHBIC TUCIIOKALIMOHHBIC METIU BHEAPEHUSA, KOTOPbIE MOTYT OCB060)K,Z[8.TI> aTOMBI JeiTe-
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pus B TIpoliecce 06JTydeHus HoHaMK D TIpH MOMOIIH paIMallMOHHO YCKOPEeHHOH auddysnn

aTOMOB K IIOBEPXHOCTH C nocnez{y}omeﬁ necop6uneﬁ B BaKyyM.

S, 10%%cm?

200 400 600 800 1000 1200 1400 1600 1800
T,K

Puc.3. CnexTpbl TepMUUYECKON 1ecOpOLMH JeHTepHs U Telus U3 BOIb(PAMOBBIX MOKPHITHII KOM-
MO3UIIHOHHON CTPYKTYpHI (H.CcT.+Cut+W(MKM)), 00Ty4eHHOM TOCIeI0BaTEIbHO HOHAMH 3THX ra30B
B xombuuammn (He —D%): x pueas (Ipy, lpe) — @per = 1,5:107cm™ @ p+ = 1,4-107em?;
kpuBast (2ps, 2ie) — Puet = 0,98:107em™?, dp+ =3,4-107em™; 0 =0,89 K-\

3AKJIFOUEHUE. IlpuBeneHs! pe3yibTaThl U CCICHOBAHMN HAKOIUICHUS, yIEpXKaHUSI U
BBIJIEICHUSI B BAaKyyM IIOCJIEJOBATEIBHO HMMIUTAHTHPOBAHHBIX YACTHIl JeUTepus U Tenus,
00pa3oBaHMs U OTXKHra COOCTBCHHBIX PAAMALMOHHBIX HAPYIICHHH B KPHUCTAIMYECKOH
pemietke M o0beMe BOJIB(GPAMOBOrO MOKPHITHA M BIMSAHUA OSTHX IIPOLECCOB Ha
pPaIMalHOHHYIO0 CTOMKOCTh HCCICIOBAHHBIX KOMIO3HIHOHHBIX CTPYKTyp. Ilokaszano, 4rto
NpeBapuTEIbHAS MMIUIAHTAIMA MOHOB He' NpPHMBOAMT K YMEHBIIEHHIO HAKOTLICHUS

IefiTepus TIpH ToCIeIyromei HMILTaHTAITHH HOHOB D',

1. JLIL Tumenxko, T.U. Ileperon, F0.U. Korynenko, B.B. bo6kos, A.B. Onnmenko, P.1. Craposoiiros, /3B.
PAH. Cep. ¢us. 70 (2006) 1197.
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BJIASTHUE XUMWYECKHAWA TPUPOJBI UMILTTAHTUPYEMBIX HOHOB HA
PAJUAITMOHHOE JE®EKTOOBPA30OBAHMUE B Si
INFLUENCE OF CHEMICAL NATURE OF IMPLANTED IONS ON A
FORMATION OF RADIATION DEFECTS IN Si

E.A. EOGpOBal, A.B. HeOHOBz, B.H. MOp}IKOBM‘IZ, ATl BI/IGI/IJ‘[&HIBI/IJ‘[I/I3, H.JI. IIoanl3e4,
K.JI. Ilep6aues °
E.A. Bobrova', A.V. Leonov’, V.N. Mordkovich’, A.P. Bibilashvili’, N.D. Dolidze*, K.D.
Shcherbachev®

" Omoenenue ®T T, PUAH um. I1.H. Jlebeoesa, Jlenunckuii npocnekm 53, Mockea, Poccus;
2 Jlabopamopus PCIT, UTITM PAH, yn. Akad. Ocunuana 6, Yeprozonoexa, Mockosckas
Obnacmy, Poccus, alex25.08@mail.ru;
 Dusueckuii gaxyremem, Tounucckuii I'Y, np. M. Yasuasaose 13, Tounucu, I pysus;

* Dusuueckuii @axyromem, I pysunckuii TV, yn. M.Kocmasa 77, Tounucu, I'py3us;

3 Hnemumym Hoswvix Mamepuanoe u Hanomexuonoauti, HUTY « MU CuCpy, Jlenunckuil
npocnexm 4, Mockea, Poccus.

It was demonstrated that the differences of chemical activity of implanted
ions (such as O", Ne", N*, F") may have a significant effects on a properties
of an ion-implanted silicon.

OcCHOBHBIE ~ TIONIOXKEHHS 00  00pa3soBaHMM  PAAMAIMOHHBIX  JE(EKTOB B
MOJTYTIPOBOJHUKAX (B YaCTHOCTH, B Si) IpU MOHHOW MMIIIAHTAIWH, CIoKuBIIKEcs B 70-x —
80-x rojax mpoILIOro BeKa U pasfessieMble 10 Cell AeHb, UCXOIAT U3 TOrO, YTO 00pa3oBaHHe
YCTOIYMBBIX paJHAllMOHHBIX Ae(EKTOB SBISETCS ABYCTaAUIHBIM IporieccoM. Ha mepBoii, Tak
Ha3bIBaeMON JWHAMHYECKOH CTaJW{, B MUIICHH BO3HHKAIOT OOJACTH HApyIICHHOU
KPUCTAINIHYECKOH CTPYKTYpBI, OOOTAI[EHHOH BAKAHCUSIMH M CMEIICHHBIMH B MEXAOY3/IHs
atomamu. Ha BTOpoOif (KBa3MXMMHMYECKOIl) CTaJu¥ B aKaHCHH U MEXIOY3JIHs BCTYNAIOT B
peakuuu Mexay co0oi M ¢ IpyruMu JedeKTaMu perieTku, o0pas3ys KOMIDIEKCHI Pa3iIndHON
CJIO)KHOCTH, YaCThb M3 KOTOpBIX 3JeKTpuueckd akTuBHa [1]. Ilpu sTOM cumtaercs, 4ro
00pa3oBaHKe PaJHAOHHBIX Je(EKTOB MOITHOCTHIO OMPEAEISIETCS COOTHOIICHHEM Macc HOHA
W aToMa MHIICHH, SHEeprHed HOHa, 030 M MHTCHCHBHOCTBIO OOJYYCHUs, TeMIIepaTypou
mumieHH [2]. XuMudecKkas IPHPOJa HOHA BO BHUMAaHUE He IPHHUMaeTcs. Mexy TeM, Imo3xe
ObLIO OIMyOIMKOBAHO HECKOJIBKO PAa0OT, U3 KOTOPBIX CIEAYET, YTO PA3IMYME B IPUPOJEC OHA
OINIPE/ICNICHHO ~ CIIOCOOHO TIOBIMATH HA CBOWCTBA KPEMHHs, IOABEPTHYTO HOHHOM
6omOapaupoBke. Tak 3HaueHWS KOHIEHTpAIUH JAWBAKAHCHH, BO3HHKAIONMX B Si B
pe3ysibTaTe TIeHepalud OJMHAKOBOIO KOJIMYECTBA BAKAHCHH M MEXHOY3IHH HOHAMH
KHCIIOpOJa U a30Ta IpH KOMHATHOW TeMIlepaType, IOYTH B JBa pa3a OTIMYAIOTCS IPYT OT
apyra [3]. IlokxazaHo Taroke, 4TO HpH ONU3KHX YCIOBHSX HMIUIAHTAIMH HAKOIUICHHE
netdexroB B Si, 00IydeHHOM HOHamMu (TOpa, ropa3ao CUIIbHEE BBIPAKECHO, YeM B 00pasiax,

o0urydeHHBIX HOHaMH Oopa win docdopa [4].
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Lenb naHHO# paboThl  3aKiOvYanach B CHCTEMATHYECKOM H3YYCHHMH Ipolecca
00pa3oBaHus 3apsHKCHHBIX  PaJHAllOHHBIX Je()EeKTOB B KPEMHUH , OOTyYEeHHOM HOHAMH
9JIEMEHTOB Pa3IUYHON XMMHYECKOH HpHpofbl. Vcrons30Bamich HOHBI ¢ ONU3KOH Maccoi
(a3ot, kucaopon , GHTop , HEOH ), @ MPOLECC MMIUIAHTALIMH MPOBO IUJICS TaK , 4TOOBI BO BCEX
CIIyJasix IPOEKTUBHBII NPoOer HOHOB B Si ObUI OAWHAKOB, 2 BApHALMK YHEPTUH HOHOB H J103
o0iydeHus 00ecIeunBaI OANHAKOBOE 3HAUCHHE SHEPTUH, IepelaHHON! KPEMHUEBOH MUIIICHH.
O0ny4enue NpoBOAMIOCH NIPU KOMHATHOM TeMIIepaType , Majlasi IUIOTHOCTh T OKa HOHHOTO
ImyuKa obecreurBana OTCYTCTBUE pa3orpesa Si B HPOLECCe MMILIAHTALNH.

HccnenoBamics 00pasnsl  Si  n-THIA, BRIpAlIeHHbBIE METOAOM YOXpalabCKoro ¢
yIeNnbHBIM conpoTiBieHHeM 5 OMecM U KpucTawiorpapudeckoit opuenrauuend  (100).
OO6pa3iibl IPeABAPUTENBHO OBbUIM MOKPBITBI  TOHKOH (0.1 MKM ) IUIGHKOH TEPMHYECKOTO
JIMOKCH/IA KpeMHHS . BEIOOp 9HEpruy HOHOB 00ECTICYHBA TOJNIIHMHY OOTydeHHOro ciost Si
nopsiaka 0.5 Mmxm . B o0nyudennbix  Si-SiO, cTpykTypax MCCIeIoBaics CIEKTpP YpOBHEH
ne(eKToB B 3alpeleHHoi 30He Si METOJOM HECTALMOHAPHOW EMKOCTHO i CHIEKTPOCKOIIHNH
riy6okux yposHeit (DLTS).

OcCHOBHBIE pe3yIbTaThl IKCIICPHMEHTA CBOIATCS K CIIELYIONIEMY:

1. 3anperieHHasl 30Ha BCeX OOJIYYCHHBIX OOPAa3LOB 10 OOJIYYEHHsS CONCPKUT YPOBEHH C
riy6uHoit 3aneranus Ec — 0.6 (£0.02) 3B.

2. B o0myuennsIx noHaMu oOpa3nax HaOIromaet cst mosBieHue nedexra ¢ yposaeM Ec — 0.5
(£0.02) 3B, KOTOpBIii, Cyasl IO JIUTEpAType, MPUCYILl OTPULIATEIILHO 3apSHKEHHON JUBAaKaHCHU
[5]. KoHueHTpauus 1MBakaHCHH CYyIIECTBEHHO 3aBHCHT OT IIPUPOABI MOHA M H3MEHSETCS B
orHommennd 1:1.5:3:3.5 s nonos O, Ne¥, N*, F* coorBercTBenHO.

3. IMmadTanus BIUsSeT W Ha KOHIEHTparuio neHTpoB Ec — 0.6 5B, mpucymux HCXOAHBIM
obpasiam. O6nyuenne nonamu O' u N' CyllecTBEHHO yMEHBIIAET KOHIIEHTPAIMIO TAKHMX
nedexToB, MILTaHTaIMs HOHaMH F' HECKONBKO YBETHUMBAET e, a HMILTAHTaIHs HoHaMu Ne'
HE M3MEHseT KOHICHTPAUIO YKa3aHHOTO JeeKTa.

XapakrepHble criekTpbl DLTS wmtoctpupyroTes Ha puc. 1.

TTomy4yeHHbIe pe3ysbTaThl TOKA3bIBAIOT , YTO HW3MEHEHHE NPHPOJABI HOHOB OKa3bIBAaCT
CYILECTBEHHO DPAa3JIMYHOE BIMSHUE HA MPOTEKAaHHE KBA3MXMMMYECKHX PEaKIHil C ydJacTHeM
BaKaHCHIl 1 MEKIOY3JIHil, UTO, B OOLIEM, HE SIBISIETCS] HEOXKHAAHHBIM. VI3BeCTHO, HATIpUMEp, YTO
a30T, BHEAPCHHBI B Si, yCKOpSIET AacCCHMHIJIILMIO BAaKAaHCHOHHO -MEXIOY3eNbHBIX 11ap,
YMEHBIIIAeT NePECHIEHNe 00IyIeHHOI 00IaCTH paJUallHOHHBIME JIe(heKTaMH U 00JIerdaeT yXox
MEXIO0y3elIbHbIX aTOMOB Ha IOBEPXHOCTh 00pasla ,KaK MECTO €CTECTBEHHOIO CTOKa

MEXI0y3eIbHbIX aTOMOB  [6]. Bo3HHKIMIT H30BITOK CBOOOJHBIX BAKaHCHUH ECTECTBEHHO
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CTHMYJIUPYET IOBbIIICHAE KOHLCHTPALUN JMBAKAHCUH 110 Cpa BHEHHIO C OOJIy4eHHEM MOHAMU
F", 11 KOTOPBIX XapakTepHo 06pa3oBaHKe KOMILIEKCOB ¢ Bakancusamu [7]. B cBoto ouepestns i
KUCIoposa B Si XapaKTepHO 00pa30BaHHE KOMILIEKCOB , COJEPIKANINX PA3INIHOE KOIHYECTBO
BakaHCHil [2,5], NpPEenATCTBYIOIIMX JBM)KEHHIO CMEIIEHHBIX aTOMOB [0  MEXKIOY3JIHAM U
CTHMYJIPYIOIINX 00pa3oBaHKe KJIACTEPOB MEXIOY3elbHOI mpupossl . Kpome Toro , aTomsl
OIaropofHbEIX ra30oB (B T.4 . HEOH ), KOTOpPbIE XHUMHYECKH HHEPTHBI B arMmocdepe u He
B3aHMOJICHCTBYIOT C JIPYTMMU DJIEMEHTAaMH , B OOJNly4eHHOM HMX HOHaMH  Si, CIOCOOHBI

00pa3oBbIBATH KOMILICKCHI C aTOMAMH KPEMHUS, IPUYEM TAKHE KOMILIEKCHI COACPIKAT OJIH aTOM
6r1aropotHOro raza , Ho , 10 BHAUMOMY , MOTYT COZEPXKaTh PA3JIMIHOE KOJIMYECTBO aTOMOB
kpemuust [8]. IIpupona nedexkra Ec — 0.6 5B, HaOmromaromerocss Kak B MCXOAHOM , TaK U B
TOJIBEPrHYTOM HMILTAHTALMY KPEMHHH, HAM Hen3BeCTHA. HO OYEBHAHO, YTO 3TO KOMILICKCHBIN
ne(eKT, KOTOPBIi MOXET B3aHMMOJEIHCTBOBAaTh KaK C BaKAHCHSIMH , TAK H C MEXKIOY3IMHSIMH B

3aBHCUMOCTH OT XUMHYECKOH IIPUPO/IBI BHEAPSIEMOTO B KPEMHUH HOHA.
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Puc.l — Xapakrepusie crextpsl DLTS. a) HeoGmydenHbi; 6) oGmyduennrii F';  B)

o6myuennsiit Ne”, 1) o6myuennbiii O

IpoBeneHo  W3ydeHHe pacmpefencHus aeopMalkyu  METOJOM  PaHTIEHOBCKOI

Ju(PAKIMU B CIIOSX KPEMHUS , HOABEPIHYTHI X TAKOH XK€ MMIUIAHTAIUH, KaK U IIPU U3YYCHHU
cnekrpoB DLTS, nokassiBaeT He TOJIBKO 3aBUCUMOCTh M3MEHEHUI TOCTOSIHHOI peteTk Si oT
THIIa HOHA , HO M CIIOXKHBIH XapakTep AedopManuy MO TONIMHE HUMIUIAHTHPOBAHHOTO CIIOS

(puc.2). Cnemyer TakKe UMETh B BHIY, YTO B JIAHHOH paboTe pacCMOTPEHBI TONBKO d()(EKTHI,
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BBI3BAHHBIC TOJIBKO JIETKUMU HOHAMM, K TOMY K€ B CPaBHMTCJIBH O Y3KOM [JHUaIla3OHE I03
06Hy‘l€HHﬁ. DT0 O0OCTOATENBCTBO IIOKA MeEIIaeT TIPUCTYIIUTH K IOCTPOCHUIO MOJCIIBHBIX
HpeHCTaBHeHHﬁ, YYUTBIBAIOIUX XUMUYECKUE 0COOEHHOCTH paauanfuoOHHOTO

nedexkroodpa3oBaHusi B 00Iy4YCHHOM HOHAMH Si.

10~* rel. units

€2
4 -
. —a—N*
A\. -
3 /——-&\\ i FY
2 —o—Ne* o
" //' \ Puc.2 — Ipoduns HanpsDKeHHH B
2 -
o0pa3nax, 00Iy4eHHBIX HOHAMH
L ]
1k Ppa3IMYHON XUMHUECKOW IPUPOIbI
0 - &
L ) L L . . )
0 50 100 150 200 250 300

Depth, nm
B kadectBe pEenepHOro pagualtioOHHOTO BOSHCﬁCTBHﬂ OBLI0 TIPOBEACHO H3Yy4YCHHE
BIIMSHUS OOMOapIMPOBKH JIEKTPOHAMH C dHepruei 3 MaB Ha criekTpsl poTonpoBOANMOCTH
AaHAJIOTMYHBIX 00pa3uoB Si, T. €. BIUSHUS B O3ICHCTBUS, HE COIMPOBOXKIAIOUICTOCS
XUMHYECKUMHU MPOLECCAMMU. HpI/I 9TOM OBLIO 06Hapy>|<eﬂo MOABJICHHUEC JTHUBAKaHCHUOHHOI'O
nedexra ¢ TOH ke ITyOMHOU 3ajeraHusi, Kak IpU MOHHOW MMIUTAHTAIWH, a TaKXKe HaIUIHs
nedexkroB Ec — 0.6 3B B mcxomHbIX 00pasliax, KOHICHTpAlUs KOTOPBIX H3MEHSETCS B

3aBUCHUMOCTH OT O3Bl JJICKTPOHHOT'O 06J'Iy‘-ICHI/I$I.
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PLASMA NITRIDING OF TITANIUM ALLOY TiSAl4V2Mo

Yu.V. Borisyuk, N.M. Oreshnikova, M.A. Berdnikova, A.V. Tumarkin, G.V. Khodachenko,
A.A. Pisarev

National Research Nuclear University MEPHI, Kashirskoe street, 31,Moscow,Russian
Federation, e-mail: yvb65@mail.ru

Titanium and its alloys are widely used in industry and medicine. These alloys are
characterized by low specific weight, high corrosion resistance, and biocompatibility.
However, low hardness and low wear resistance of these materials is one of the reasons
limiting their wider use. Nitriding of titanium alloys with the purpose of improvement of their
wear resistance is an important task. Many works were devoted to nitriding of titanium and
low alloyed titanium [1-4], but not much is known about nitriding of highly alloyed titanium,
which is a promising material for many applications The superalloy Ti5Al4V2Mo has high
strength and corrosion resistance, and it is widely used in industry at medium and high
temperatures. Nevertheless, it was not studied in terms of plasma nitriding. This work is
devoted to investigation of nitriding of Ti5Al4V2Mo in argon-nitrogen plasma of abnormal
glow discharge.

The chemical composition of TiSAl4V2Mo measured by electron dispersion
spectroscopy is given in Table 1.

Table 1. The chemical composition of the alloy Ti5Al4V2Mo.

Chemical elements Ti N Al Mo Cr Fe

Composition% (weight) 84 -89.3 4-5 | 4-63 1.5-25 08-14 0.4-0.8

The samples were rods 14 mm in diameter and 10 mm in length. They were polished
and washed in ultrasonic baths of acetone and spirit before nitriding.

The home-made experimental installation for nitriding is shown in Fig. 1. It was
pumped by a turbo-molecular and membrane pumps to the ultimate pressure of 10~ mbar. The
samples were suspended on a titanium holder, which was attached to the cathode.

Tol T
) TP
N2 L 2]

T\

-Vacuum chamber;
- sample holder (cathode);
- Thermal shields (anode);
- Ceramic insulator;

- Power supply unit;

- Oscillograph;

- View window;

- Infrared pyrometer;

A
2 [¥ \R
4
:
-

11- Thermocouple (Type K)
18, 17
16 15 1
«
N A

12, 14, 17 - Vacuum valves;
Fig. 1. Scheme of the experimental installation for plasma nitriding.

®NO G AW e

13- The system of gas inlet;
15 - Turbo molecular pump;
16, 18 - Mechanical pump
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The anode was a system of coaxial cylindrical sheets giving thermal insulation to reach
a higher temperature of the sample and make it more uniform over the surface. The abnormal
glow discharge between the sample and the cylindrical anode was ignited at pressures of 0.1-
10 mbar using a power supplier operated in the pulsed regime to keep the discharge stable.

Before nitriding, the samples were cleaned in a glow discharge plasma (gas: argon;
pressure 0.5-0.8 mbar, voltage: 250-500 V, duration 15-30 minutes). Nitriding was performed
in mixtures of argon and nitrogen 50%-50% in average. The gas compositions and pressures,
discharge voltages, sample temperatures, and nitriding durations are given in Table 2.

Table 2. Nitriding parameters.

Ne The composition | Pressure | Voltage U, V | Temperature of Duration of
of the gas mixture | p, mbar sample T, ° C | nitriding process t, h
1 60%Ar +40%N, 3-35 480-550 500 4
2 60%Ar +40%N, 3.5 500-560 600 3.5
3 40%Ar +60%N, 4 550-590 700 3.5
4 50%Ar +50%N, 3.8-42 600-640 800 3
5 40%Ar +60%N, 4-4.5 600-640 900 3

The samples after nitriding changed their colors. They were of different grayscale at
temperatures of 500-800°C and changed color to gold at 900°C . The samples were cut and
polished; and the polished surface was chemically etched in the solution of 33% HF, 33%
HNO; and 33% glycerol for 1-2 seconds. The cross-section was examined in the electron
microscope Hitachi TM1000. The depth profile of the hardness over the cross-section was
measured using Microhardness tester FM-800.

Fig. 2 shows SEM images of the cross-sections of the five treated samples and that of

the virgin sample.

A

y 0 vy o vy )
Fig. 2. Cross-sections of the samples. Temperature of processes: a) 500 °C; b) 600 °C; ¢) 700 °C ; d)
800 °C ; ) 900 °C ; f) the untreated sample.
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One can see that the structure of the near surface region drastically changed at the
temperature of 900°C (Fig. 2¢). One can see a rather pronounced layer of titanium nitride (a
few micrometers thick) and a rather deep layer of nitride precipitates (about 30 pm). At lower
temperatures, there is no thick region of precipitates, but one can tentatively see very thin
layers of nitrides on the surface even at the lowest temperature of 500 °C (Fig. 2a-d).

The hardness as a function of temperature measured perpendicular to the surface of
treated samples before their cutting is demonstrated in Fig. 3a. The hardness exceeds the
initial value (dashed red line) even at the lowest temperature of nitriding 500 °C and steadily
increases with temperature. The maximum hardness was observed if the sample was treated at
900 °C. It was approximately equal to 820 HV, and this was approximately 1.7 times higher

than the hardness of the original sample.
1000 before processing ——trend line 800 ——trend line

900 600

9
8 + 8 8
H S S 00
) < 500 z
@2 » @ 500-
g —4= 8 g
5 o0 g ¢
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T + S 400 8
500 T T
7777777777777777 300
0 T @ % 4 s & 7 0 T B B W B & 7
Temp, C Distance to surface, mkm Distance to surface, mkm
a) b) ©)

Fig. 3. a) The graph of the surface hardness of samples on the temperature of the processing. The
graphs of hardness as a function depth at themperatures b) 600 °C and c) 900 °C .

Depth profiles of the hardness for two samples treated at 600 and 900 °C are shown in
Fig. 3b, 3c. Similar types of dependencies are observed for other samples. The hardness
decreases with depth. The depth of enhanced hardness increases with temperature, and this is
not surprising. But one must mention interesting features of these dependencies. First, this
depth is much higher than the thickness of the dense nitride layer at all temperatures used.
Second, this depth is less than the thickness of the layer containing nitride precipitates at
900 °C. Third, the core hardness of the samples is less than that of the initial value
approximately 1.2 times.

X-ray diffraction analyses was performed using diffractometer D8 DISCOVER
(Bruker) and CuK,, radiation. Phase identification was performed using software Bruker AXS
DIFFRAC.EVA v.3.0 and international database ICDD PDF-2. Experimental spectra for the
sample treated at 900 °C and identified phases are given in Fig. 4. The main phases are a-Ti
(hep) and titanium nitride of variable nitrogen concentration TiNj, (fcc). The lines of two
phases are asymmetric that is possibly connected with depth nonuniformity of nitrogen

concentration. The alloy Ti5SAI4V2Mo initially contains two phases (o+f), therefore B-Ti
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(bce) is also observed. Additionally, ®-Ti which may be formed in non-equilibrium
conditions of plasma implantation was also formed in the sample. Parameters of this phase are
slightly different from the table values, and this may be due to presence of V in the solid
solution in the alloy. Additionally, traces of titanium dioxide TiO,, and tetragonal phases &-
TiN and Ti;N were also observed. Complex composition can be due to non-uniformity of

nitrogen concentration that decreases from the surface to the depth due to diffusion.
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Fig. 4. X-ray diffraction spectra of the sample nitrided at 500-900 °C. Phases identified are given by
vertical lines.

Concluding remarks are as follows. Highly alloyed titanium Ti5Al4V2Mo was treated
in abnormal glow discharge in a mixture of Ar and N, at temperatures 500-900 °C. Gold
color, which is typical for titanium nitride, appeared at 900 °C. At this temperature, a layer
(~ 5 p) of dense nitrides and a layer (~ 30 = 50 p) of nitride precipitates appeared, and the
hardness at the surface increased 1.7 times with respect to untreated material. Increase of the
hardness was observed at all temperatures used, including the lowest temperature of 500 °C.
The hardness decreases with depth. It was found that at large depths the hardness was 1.2
times less than the initial value. X-ray analyses demonstrated complex phase composition
consisting mainly of a-Ti and TiN, with traces of B-Ti, ®-Ti, TiO,, &-TiN, and Ti,N. The
complex phase composition is due to complex initial composition, non-uniformity of nitrogen

concentration through the depth, and non-equilibrium conditions of plasma impact.
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JATEHTHBIE TPEKH TAXEJIbIX HOHOB B IIOJIM3THJIEHTEPE®TAJIATE
LATENT TRACKS OF HEAVY IONS IN THE POLYETHYLENTEREPHTHALATE

AN. BI/meHCKI/H‘/'Il, K.I'. Ca66aroBckuit>
A. L. Vilensky, G. K. Sabbatovskii

' MucruryT kpucramnorpadun uvenn. A. B. Illy6unkosa PAH, 119333 Jlennuckuii npoc.59,
Mocksa, Poceust. E-mail: track@eimb.ru
> MHCTHTYT (H3MIeCKON XMMEH 1 d7eKTpoxumun uM. A.H. ®pymxuma. 119991 Jlennuckuit
npoct. 31, Mocksa, Poccus

Latent tracks, track membranes as education nanometer range, are relevant and promising object for
research. Analysis of published data and our results show that latent tracks of heavy ions in the high-
PET after contact with an aqueous solution can be viewed as an array of through nanocapillaries of
which removed radiolysis products that are suitable for the study of electrical properties of. The paper
tracks krypton diameter measured in polyethylene terephthalate filtration (water) and conductometric

methods.

JlaTeHTHBIE TpeKd, TpeKOBble MeMOpaHBI Kak 00Opa30BaHMSI HAaHOMETPOBOIO JHANa3OHa,
MPEICTaBISIIOT CO00i aKTyalbHbIH W TEPCIEKTUBHBIA OOBEKT Ul HCCICAOBaHHWN. AHAIN3
JIUTEPaTYPHBIX JAHHBIX M PE3yJIbTaThl HAINX HCCIEAOBAaHMII NOKA3bIBAIOT, YTO JIATCHTHBIE TPEKU
TSDKENIBIX BBICOKOYHEpreTH4HbIX HOHOB B [IDT® mocne koHTakTa ¢ BOAHBIM PacTBOPOM MOXKHO
paccMaTpuBaTh, KaK MAcCHB CKBO3HBIX HAHOKAIMIAPOB M3 KOTOPHIX YAQJICHBl HPOMYKTHI
panuoin3a, KOTOphle IIPUTOJHBI JUIS MCCIENOBAaHMS JJIEKTPODU3HUIECKHX  CBOMCTB. B pabote
U3MEpeHbl JUaMeTp TPEKOB KPUITOHA B MONMITHIEHTepedTanaTe GHIBTPALOHHBIM (BoJa ) U

KOHAYKTOMETPUYECCKUM METOJaMU.
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Puc.1. OTHOLIEHHE YIETBHON IEKTPOIIPOBOAHOCTH dekTponuta B Tpekax [IIT® (D = 4.3 um) k 00beMHOI
yZAenbHOI 3nekTponposogHocTH pacTBopa (K/K¢) B 3aBHCHMOCTH OT KOHIIEHTPALlUHX MIEKTpoanTa. TommmHa
ieHkd 10 MKkM
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CpenHue qUaMeTphl CepALEBHHBI TPEKOB COCTaBILIN 3,9-4,1 HM. 3HaueHHUs pa3MepoB IOp
TPEeKOB PACCUMTAHHBIC W3 SJIEKTPUYECKOrO CONPOTHBICHHS OOIY4YECHHOW IUICHKH pu
ucnonszosannu 0,5 M pactBopa KCl cocrasmsim 4,3-4,4 M. Kak BuiHO, 3HaUCHUS IHaMETPOB
TPEKOB OMNpPEJEICHHBIC JBYMS Pa3IHIHBIMH CIIOCOOAMHU XOPOIIO COTTACYIOTCS APYT C APYTOM H C
JIUTEPaTyPHBIMU JaHHBIMH.

Ha puc.] nokazana 3aBHCHMOCTb OTHOLIEHHS YIENBEHOH JJIEKTPOIIPOBOJHOCTH PacTBOPOB
JNeKTpoauTa B Tpekax IuleHKH [I9T@® k 00BbeMHOU 9JIEKTPONPOBOJHOCTH INPH TOH ke
KoHIeHTparmu 3nexTponuta, K/Ky ot ucxoanoit kounentpamuu C pactsopoB KCl, LiCl, MgCl, u
BaCl,. OOHapyXeHO 3HAYMTENIBHOEC NPEBBIIIEHAEC H3MEPEHHBIX BEIMYMH  Hal OOBEMHBIMH
3HAUCHUSAMH, 4YTO CBS3aHO C U30BITOYHBIM IPUCYTCTBHEM B TpeKax MHPOTHBOMOHOB. JIims
KOHILICHTPALUi 10* u 107 r-5KB/ 5Ta BeMUMHA COCTABIA nopsinka 600-800 COOTBETCTBEHHO, B
3aBHCHUMOCTH OT THUIIA JJIEKTPOJIMTA.
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Puc. 2. 3aBHCHMOCTb IUIOTHOCTH ITOBEPXHOCTHOTO 3apsifa O TpekoB [IDT® oT KOHUEHTpaunu
anekrposuta. Toamuua mienku 10 mxm. 1-LiCl, 2-KCl.

Ha puc. 2. n300paKeHbl 3aBHCHMOCTH IOBEPXHOCTHOrO 3apsiga (G) TpPEeKOB OT
KOHIIEHTPAIUH JIIeKTpoIuToB. J{iist 3aBucuMocTeil 6 ot koHnentpanun KCl u LiCl (puc.2) orMeTum
MOHIDKEHHE O TPHIATEIBHOTO IOBEPXHOCTHOTO 3apsifia IPU MOBBHICHHH  KOHIEHTPALUH
anexktpoautoB. [Ipudem Benuuunsl 6 st LiCl ( Puc.2, kpusast 1) Boiute, uem st KCI (kpusast 2),
0COOCHHO B 00JACTH HU3KHX KOHIEHTpaUUi oJekTponuTa. [loHMmkeHHe 3apsija ITOBEPXHOCTH
TPEKOB MOXKHO CBS3aTh C MNPEANOYTHTENBHOM aacopOuuell KaTHOHOB (TIPOTHMBOMOHOB), YTO

NPUBOAUT K I[MOHMIKCHHIO OTPHULATEIBHOIO 3apsiJa IOBEPXHOCTH TPEKOB IIPU IIOBBIIICHUH

114



KOHIIGHTpPAIMH 3J1eKTpoiuToB. bonee Beicokme 3HaueHus ¢ uist LiCl mo cpaBrenuio ¢ KCl MoxxHO
06BACHHTH Gollee BRICOKOIT aacoOpOLHOHHOM criocobHocTsI0 nona K 1o cpasrenmio ¢ nonom Li'.
Hnst 3aBucumMocteil 6 o koHuentpauun BaCl, m MgCl, (puc.3) HabmrogaeTcsi IIaBHOE
MOHIKEHHE TOBEPXHOCTHOTO 3apsiia IHOBEPXHOCTH TPEKOB C IOBBIIICHHEM KOHIIGHTPALMU
anekTpoauTa. B To ke Bpems 3aBucuMocTH 6 0T KoHueHTpauu MgCl, u BaCl, umerotr otnuust.
Tak, s BaCl, Habnronaercst mepesapsiika NOBEPXHOCTH TPEKOB MPU KOHLIEHTPALMH 2.5%x107 -
okB/n. Torpma xak mrs MgCl, Bo BceM MHTepBaJie KOHIIEHTPALUH ITOBEPXHOCTh TPEKa COXpaHsIET
OTPHLATENBHBIN 3apsi. ITOT GakT MOKET ObITh 00BACHEH 00JIee HU3KUM MOTEHIIMATIOM acoOpOLn

MOHOB MarHus 1o CpaBHCHUIO ¢ MOHAMHU 63]3[45[.

010"Eeh *

Ig[C],5yea/e

Puc.3. 3aBHCHMOCTH IULIOTHOCTH HOBEPXHOCTHOTO 3apsiia O TpekoB [IIT® OT KOHIEHTPALMH ICKTPOIUTA
C. Tonuuna mwienku 10 mxm. 1-BaCly, 2-MgCl,.

Takum 00pa3oM, aHAITH3 JINTEPATYPHBIX TAHHBIX U PE3YJIbTATHI HALIMX HCCIACIOBAHUI
[10KA3bIBAIOT, YTO JIATEHTHBIE TPEKU TSKEIbIX BHICOKOIHEPreTHUHbIX HOHOB B [IDT® nocie
KOHTAKTa C BOJZHBIM PACTBOPOM MOYKHO PacCMaTpUBaTh KaK MacCHB CKBO3HBIX HAaHOKAIMILIIPOB,

l'[pPII‘OZ[HBIfI JUIsL Z[aIII;HefIHIPIX I/ICCJ'ICZ[OBaHI/[ﬁ 3HeKTp0¢)I/I3I/I‘ICCKI/IX CBOWCTB.
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OCOBEHHOCTH MOJA®UIIMPOBAHUA IIAJTUHIPUYECKON
MOBEPXHOCTH MO/ BO3JAEVCTBUEM PAJUAJBHOI'O ITYYKA HOHOB
APIOHA C SHEPTHEM 10 5 K9B
FEATURES OF MODIFICATION OF THE CYLINDRICAL SURFACE UNDER
ARGON RADIAL BEAM IMPACT WITH ENERGIES UP TO 5§ KEV

P.A. Baynukos, A.C. Slmun, b.A. Kanun, H.B. Bonkos
R.A. Valikov, A.S. Yashin, B.A. Kalin, N.V. Volkov

Kadgheopa Ne9, HUAY « MUDH», 2. Mocksa, Poccus, yashin_itfl@mail.ru

Features of ion-modification of the outer surface of the tubes from E110
alloy (Zr-1%Nb) were investigated. Samples were treated by radial Ar"
beam (0.5-5.0 keV, (5-10)x10'"® jon/cm?®) on installation ILUR-03. The
smoothing of relief formed during mechanical abrasion as a result of ion
bombardment is established. It is shown, that ion polishing effect is maximal
for the certain size of roughnesses.

IloBpIIIeHHE KauecTBa MOBEPXHOCTH M3AEIMH SIBISETCS BaKHOM 3aiadeil Isi MHOTHX
obmactell HayKu W TexHUKH. Tak, HampuMep, KOPPO3HOHHAS CTOMKOCTH OOOJOYEK TBIJIOB
SICPHBIX PEAKTOPOB B MOTOKE TEIUIOHOCHTENS B 3HAYMTEIBHON CTCHEHM ONpEeAeIseTCs
COCTOSIHHEM IMOBEPXHOCTH TPYOOK, B YaCTHOCTH — IHapaMeTpamMu penbeda ¥ YHCTOTOH 110
mpumecsm [1-3]. Oxuum u3 Haunbosee 3P(HEKTUBHBIX METOJOB BO3ACHCTBHSA HA COCTOSIHHE
MOBEPXHOCTH  MaTepualoB  sBISETCS  HOHHO-IIy4ykoBas  oOpabGorka.  Xapakrep
MOIX(HUITUPOBAHHUS CYIIIECTBEHHO 3aBHCHT OT YCIIOBHI O0JIydeHHUS.

C TOYKH 3pEHMS BIHSHUS TONOrpaduu MOBEPXHOCTU HA KCIUTyaTallMOHHbBIE CBOMCTBA
W3/eNNi, apaMeTpPHYecKoe OIMCAHHuE NMPOMHIA HE SBIACTCS YHHBEPCAIbHBIM, IOCKOIBKY
XapakTep HEPOBHOCTEH! IPH OJMHAKOBBIX 3HAYCHUSX R, Ry R M T.II. CYIECTBEHHO BIIUSET Ha
¢u3uKy MpOLECCOB, MPOTEKAOIIMX HA MOBEPXHOCTH MaTepHana. B CBA3u C 3TuM, 1Is
n3ydeHus penbeda HOHHO-OOPaOOTAaHHOH MOBEPXHOCTH AaKTYyalbHBIM IPEICTABIACTCS
HCIIOIB30BaHNE BEPOSTHOCTHO-CTATUCTHYECKUX METONOB [4-5].

HccnenoBanus 1 poBogwanch Ha ¢parmMeHTax TpyOok u3 cmmaBa 2110 (Zr-1%Nb)
BHEIIHUM JuaMeTpoM 9,15 MM, jummHoi n0 500 MM B COCTOSHHMHU IOCJIE MEXaHHMYECKOH
UM OBKY. BHEIIHsI MoBepXHOCTH 00pa3noB OblIa 00paboTaHa pagHaTbHBIM ITy9KOM HOHOB
Ar' ¢ mmpokum sHepreTHueckuM crextpoM 0,5-5.0 k3B 10 03I (S-IO)XIO18 non/cM’ Ha
crenuanu3upoBaHHoi ycranopke MJIYP-03, cxema kotopoil mokasana Ha pucynke 1 [6].
ITpoBesieHHast MOIEpHHU3AIUs YCTAHOBKH U MCTOYHHMKA MOHOB 1103BOJIMIA Oosee 3 PeKTHBHO
YTHIN3UPOBATh PACHBUICHHBIH MaTepuad W3 30HBl MOHHOTO IIy4dKa, MOBBICHTH CKOPOCTDH
00paboTKK ¥ CTaOMIIBHOCTD APAMETPOB ITy4dKa 3a CUCT aBTOMATHU3ALMH KOHTPOJIS HATCKAHUs

pa6oqero ra3a u NnepeMenCHus OﬁpaﬁaTBIBaeMOFO n3nenust. Mcnonp3oBanue IIy4Ka UOHOB C
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SHEPrusAMH 0 5 K3B Taxke MO3BOJISET CHU3UTH SHEPreTHUECKYIO HAarpys3Ky Ha o0 paser u

HCKIIIOYHUTD BJIIUAHUC TEPMOAKTUBUPYEMBIX (1)H3PIKO—XHMI/I'{6CKI/IX TIpOLIECCOB.

1 — nuro3, 2 — mepexojiHast Kamepa, JUisl CTaOHIM3aliy JaBieHus, 3, 4 — KaMepbl C HOHHBIMU
HCTOYHHKAMH, 5 — MArHETPOHHAs Kamepa, 6 — KaMmepa Julsi BBIXoga 00pasua, 7 — MaHUIYJISATOP ISt
BpAILCHUS M TIEpeMeNeHns 00pa3iia B aBTOMaTHYECKOM PeKuMe, 8 — 00paseir
Puc. 1. Ontudeckue GpoTorpaduu BHELIHEH NOBEPXHOCTH 00Pa3LOB

Jl1s aHamM3a COCTOSHMSI IIOBEPXHOCTH HCIIONB30BAIHCh METOABI IMPO(GUIOMETPHH,
OINTHYECKOH M HOHHOW pacTpoBoil Mukpockonuu. [TpoduorpamMmmsl 00pa3LoB CHUMAIUCh HA
npopunomerpe TR-200 (A&D, Japan) Ha mmmHax Ttpace Oo 2,5 MiM. i kaxmol
npoduaorpaMMel  A(X) CTPOWMIHCH THCTOTPAMMBI PACIIPEACIICHUS. BBICOT HEPOBHOCTEH
Hmpo(uIIst 10 BBICOTE, KOTOPBIE IPOBEPSIINCH HA COOTBETCTBHE HOPMAlbHOMY 3aKOHY

pachapeeieHus Buja:

N(R) = Nyexp (22 0

rae Ny, b, ¢ — HEKOTOpBIE IOCTOSTHHBIE.
Taxoke IpOBOAWIICS aHATHU3 (PYHKIMU pacHpe/ielieHHss HEPOBHOCTEH MPOHIs, KOTOpast

OILIEHMBAJIACH 10 (hopMyJIE:

1(T) = 1/27rL ‘f: expl(i ZTU(/T) h.(x)d'x‘:’ @)

rae L — pnuna npodunorpammel (L=1 mm), T — XapaKTpHBIC PACCTOSHHS MEXKIY BEPLIMHAMU
HEPOBHOCTEI, | — MHMMasl €IMHHIIA.

Kak MoHO BuzeTs U3 puc.2, HOHHO-IIy4KOBas 00pab0oTKa IPUBOAUT K (HOPMHPOBAHUIO
CIJIaKEHHOTO penbeda MOBEPXHOCTH M TEXHOJIOTMYECKHE IMOIEPEYHbIe PUCKHU —LapaluHbl,
BO3HUKIIME NpH nutdoBke (puc.2a) He BbLABIsIOTCA (puc.20). [lpu aToMm ynansercs cioi
MarepHaa TOJIMINUHON 10 | MKM, 9TO CIIOCOOCTBYET yIaJCHHIO 3arps3HEHUIT Ha TOBEPXHOCTH

1 3HAYUTEIIHO CHIXKACT UX KOHLCHTPALUIO B IIPUIIOBEPXHOCTHBIX CIIOAX.

Ha puc. 3 noka3aHbl TUIIMYHBIE TUCTOIPAMMBI PACIPEEICHUs] HEPOBHOCTEH BHELIHEH
MOBEPXHOCTH TI0 BBICOTAM, ITIOCTPOEHHBIE Ul 0Opa3IoB 10 M IOCIE MOHHOH 0O0pabOTKH.

Pe3yJ'II>TaTI)I aHaj3a THUCTOTrpaMM IIOKasajlu, 4YTO BCE€ paCHpelACICHHUS MTOAUYNHSIOTCS
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HOPMaJIbHOMY 3aKOHY C KPUTEpHEM R*=0,97-0,99.

o o 18 2
a — B WITATHOM COCTOSIHHH, 0 — [I0CJIe HOHHO-ITy4eBoil 06paboTku 1030it 5%X10°° noH/cM

Puc. 2. Onruueckue pororpadun BHENIHEl TOBEPXHOCTH 06PA3IIOB:

HapaMeprI 3aBHCUMOCTEH YKa3pIBaOT HA MOBBIIIEHUE OAHOPOAHOCTU penbecba 3a CUCT
CTJIa)KUBaHUs HepOBHOCTeﬁ B COOTBETCTBHM C W3BECTHBIMH MEXaHM3MaMH HWOHHOW

TIOJIMPOBKH. HpI/I 9TOM HPOUCXOAUT YM CHBIICHUC IIMPUHBI PaCHpEACICHUSA HepOBHOCTeﬁ

poduIs.

N(h), oTH.ea,
L
o
o

100 100 -
0 0 -
oMW NONT O 0O PN SR AD S Wk S A S S
{o_‘ch‘cjo‘o‘o‘o‘o‘r? ‘T‘C"Ess,c«:f'r,ar‘l?oj;wnc:aP’nc,lvn(c,Mc,‘-1
Beicota npoduns h, Mkm P .

Puc. 3. TucTorpaMMmbl pacrpe/ielieHist HePOBHOCTEH BHENIHEH TOBEPXHOCTH MO BBICOTAM IS
00pasuoB: a) B LITATHOM COCTOSIHHH, 0) IT0CIIe HOHHOI 00paboTKI

Ha pue. 4 mnokasamsl THOHYHBIE TpaUKH pacHpeleneHus] pPacCTOSHHH MexIy
HepoBHOCTIME noBepxHocTH [(T), nm3MepeHHbIe B HHTEpBaie MiuH Tpacc ot 10 1o 1000 MM
Ha BHEIIIHEH MoBEpXHOCTH 00pasioB. B pe3yinbraTe aHanusa nomydeHHsIx 3aBucumocteit I(T)
YCTaHOBJIEHO, YTO MOHHAas 00pa0oTka B BBHIOPAHHBIX PEXHUMaX HPHBOJHUT K CHIDKCHHUIO
mwiotHocTH HepoBHocteil I(T), pacnonoxxennsix Ha pacctostHun 10 - 100 MM apyr oT Apyra.
Ob6nacts mnotHoctH pacnpeznenenus ot 200-300 mxm 10 1000 MKM ocTaeTcst MPaKTUUECKH
0e3 HM3MEHEHHH, YTO CBS3aHO C OCOOCHHOCTSIMH TEXHOJOTHYECKONH O0OpabOTKH H3Ienus,
Hampumep: Ouenue nuti HOBATBHON WHCTPYMEHTa W UTHHOMEPHOro Tpybuaroro obpasua,
HECOBEPIICHCTBO (HOPMBI  OOOJIOUKH, KOTOPBIC OOYCIIOBICHBI YCIIOBHSIMH IPOKATKH H

B3aMMHOM CKOPOCTBIO NIEPEMECIICHUA U3ACIUSA U HHCTPYMEHTA.
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Takum o6pa3oM, MOIUPOBKA BHENIHEH IIOBEPXHOCTH IyYKOM HOHOB C IIMPOKHM
9HEPreTHYECKUM CIIEKTPOM [03BOJISICT IMOIY4YUTh H3eiue ¢ 0ojee BBICOKHM KaueCTBOM
HOBEPXHOCTH, IO CPaBHEHHIO C METOJOM MexaHudyeckoil mummpoBku. C  HOMOIIBIO
BEPOATHOCTHO-CTATHCTUYECKUX METOJOB OLCHKH ITOBEPXHOCTH Ha OOJNBIIMX AMHAX TPacc
M0Ka3aHO, YTO HMOHHAs IIOJMPOBKA AK€ B TEUCHHE HEOONBIIOr0 BPEMEHH OOpabOTKH
HO3BOJISIET TIOJHOCTBIO yOpaTh MEIKHE HEPOBHOCTH MOBEPXHOCTU U B 3HAYUTENIBHON CTENCHH

CIIaIuTh KPYIMHBIC TCXHOJIOTUYCCKUEC [TapariHbl.

1,0E-06
a

- MAMWAWA\/\
0,0E+00
10 100 1000

Paccrosnue Mexay BepmmHaMu HepoBHOCTeH T, MKM

ea.

I(T), oTH

1,0E-06

ea.

5,0E-07

I(T), otH

0,0E+00
10 100 1000
Paccrosinie MeX1y BeplIHHAMU HepoBHOCTeil T, MKM

a — B ITaTHOM COCTOSIHMH, O — ITOCIIe HOHHOW 00paboTKn
Puc. 4. T'paduk pacrpenenenus IIOTHOCTH PACCTOSHUIT MEXK Ty HEPOBHOCTAMU NPOQHIIsS BHEIIHEH
MOBEPXHOCTH TPyOUaThIX 00pa3LOB

I/Isyqune TIOBEPXHOCTH METOAAMH ONTHUYCCKOW ¥ MOHHOMH paCTpOBOﬁ MHKPOCKOIIHH
TIOATBEPIKIAAIOT S3HAYUTCIBHOC CHH)KCHHUEC qucia n I‘J'Iy6I/IHBI HCpOBHOCTef/’I n
TEXHOJIOTUYCCKUX MapanvH MOCIe HOHHOM TMMOJIMPOBKH, YTO OKAa3bIBACT IIOJIOKUTCIBHOC

BIIMSTHUE HAa KOPPO3HOHHYIO CTOMKOCTh M H3HOCOCTOWKOCTE 0OpabOTaHHBIX M3JEIIHIA.
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UMILTAHTAPYEMBIE HOHAMM P* CJION TEPMAHUS HA SI(100) 1T
CBETOM3JIYYAIOIIUX ITPUBOPOB
P IONS IRRADIATION OF GE LAYERS ON SI(100) FOR LIGHT EMITTING
DEVICES

J.B. cheﬁHOBl, C.A. I[eHI/ICOBl’Z, A.B. Hexanos', .H. Antonos', JN. TeTem,6ayM1,
I1.A. }OHI/IHI’Z, B.H. prIlII/IHl, 11.0. dunaros', M.B. CTGHI/IXOBal’Z,
3.0. Kpacunbﬂuxl’z, B.I. I_I_Ieﬂryposl’2
D.V. Guseinov', S.A. Denisov'?, A.V. Nezhdanov', LN. Antonov', D.I. Tetel’baum’,
P.A. Yunin"z, V.N. Trushin', D.O. Filatov', M.V. Stepikhova"z, Z.F. Krasil’nik"z,
V.G. Shengurov'?

" HHTY um. HH. Jlobauesckoeo, np. I'acapuna, 23, Huscnuu Hoszopoo, 603950 Poccus,

guseinov@phys.unn.ru

? Hnemumym ¢usuxu muxpocmpyxmyp PAH, I'CII-105, Huocnuti Hogeopod, 603950 Poccus

Influence of P* ions irradiation of strained Ge/Si epitaxial layers on their photoluminescence
(PL) properties was investigated. The strong increase of PL intensity at 1.6 um has been
observed in these structures at room temperature and described by the enhanced I' valley

filling by electrons and direct gap transitions in heavily doped Ge layers.

Ipobnema co3aaHust CBETOM3ITYYAIOMNX KOMIIOHCHT Ha KPEMHUH SIBISICTCS OCHOBHBIM
CHEP)KUBAIOIIMM (DAKTOPOM B DPA3BUTHH KPEMHHEBOWH ONTORIEKTPOHHKH. 31eCh OCOOBIH
HHTEpEeC MHpEJCTaBIAIOT OJIHTAKCHANbHBIE CJIOM TepMaHHs Ha KpeMHHH. bymydn
TEXHOJOTUYECKH  COBMECTMMBIMM ~ C  OCHOBHBIMH  KOMIIOHEHTAMH  HMHTEIPABHOIL
MHKPODJIEKTPOHUKH, H, BCIIEICTBHE OCOOCHHOCTEH “ICeBIO-MPSAMON” 3amperieHHO#t 30HbI [1],
CIIOM TepMaHHS HHTEPECHBI C TOYKH 3PCHHUS BO3MOXKHOCTCH CO3MaHUS Ha HX OCHOBE
HHTErpalbHBIX (HOTOACTEKTOPOB, BJICKTPOOHTHYECKUX MOIYISTOPOB M Ap. HemamoBakHo
coznanue nasepa Ha Ge [2]. KirouoM k (opmupoBanuio 3(h)(GEKTHBHO H3IYYAIONIHX CIOCB
TepMaHHs C BBICOKHMH KOS(h(UIHEHTAMH ONTHYECKOTo ycmmenns (1o 400 cm') sBusercs
HMH)XEHEpHsl 30HHOU CTPYKTYypbl Ge, I/ile OCHOBHYIO POJb UTPaOT AehOpMAIMU PACTSIKEHHUS
KPUCTANINYECKON PEIIETKN U yPOBEHb JISTHPOBAHHS SIUTaKCHAIBHOTO ciiost [3].

Ilenbio MaHHON PaBOTHI ABIAIOCH MCCITETOBAHHE BIMAHASA NMILTAHTAIIMK HOHOB P’ B

cion Ge, Beipamenusie Ha Si(100), 1 mocnexyiomero oTxxura Ha X (GpOTOTIOMHHECIIEHTHEIE
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cBolicTBa.

Jlnst  pocta ONHMTAKCHANBHBIX —CJIOEB TepMaHHs B  pabOTe  HCIONB30BAINCH
JBYXAIOIMOBBIC TIO/UIOXKKU KpeMHUs opueHTanud (100) mapku KO®-5+10, HarpeB KOTOpPBIX
OCYILECTBIISICS C TIOMOIIBIO TIEUKH C HarpeBaTeNeM U3 TaHTAIOBBIX JeHT. [loTok aTromoB Si
IIPY BBIpAIMBAaHUH Oy(depHOro cios co3xaBajics CyOnMManyeil KpeMHHEBBIX HCTOYHHKOB, a
notok atoMoB Ge (opmupoBaics npu pasnoxenun repmana (GeHy), Hammyckaemoro B kamepy
pocta, Ha «ropsuyeil mpoBoioke». B KayecTBe «ropsiueil MpoBOJIOKW» B pabore
HCIOb30BaJlach TaHTaJIoOBas IOJOCKA, HarpeBaeMas IpomyckanueM Toka. Ilocie
MIPEPOCTOBOTO OTXKHTa MOANOKKH B TedeHHe 10 muuyT mpu Temmeparype 1200°C u
BbIpamBanus OydepHoro cmos Si rtommumuoir 0.2 mkMm mpu  temneparype 1000°C
OCYILECTBIISUIM POCT snuTakcuanbHoro cinos Ge npu 350°C. JlaBnenue repmana Pgens B
Mpolecce pocTa OJHON CTPYKTYpPBI MOAICPIKUBAJIOCH TOCTOSTHHBIM, HO JUIS Pa3HbBIX CTPYKTYP
BapbUPOBAJIOCH B UHTEpBaJIE (2+6)" 10 Topp. Taxke BapbupoBaiach JUisi pa3HbIX CTPYKTYp U
temrnepatypa Ta npososnoku: 1350 + 1500°C. Tommuna cnos Ge cocraisia 0.3 — 1.5 MkM.

Mmrianranus vonamu PT nposomusiack Ha ycranoske WITY-200. Vcronbzosauch
oniHO- (¢ sHeprueii 60 k3B) u nByxcraauiinbil (BHadane ¢ sHepruei 80 k3B u 3arem 20 k3B
JUIS  CO3/IaHMs PAaBHOMEPHOrO NpOGMIsA JICTMPOBAHMSA) pPEKUMbl MMIUIAHTaLuu. B
3aBHCUMOCTH OT CTaJAMIHOCTH BapbUPOBAIMCH U J103bI UMIUIAHTALMHU: OT 0.4:10" 1o 410"
cM. 3aTeM HMILTaHTHPOBAHHbIE 06PA3IIbI 3aKPHIBATHCH TTOKPOBHBIM CIIOEM OKCHJIA KPEMHHS
TommuuHoit 0.25 - 0.3 MKM M IpOBOAWJICS HMX OTXKHUI Ha ycTaHoBke «M3ompun» npu
temuepatype 700 - 800°C B Teuenne 30 MUHYT Ha BO3IyXe WIH B aTMOc(epe aproHa.

HToroBble CTPYKTYyphl HCCIECHOBAINCH METOAAMU pPEHTreHoBcKoil mudpakmuu (PJI)
(Bruker D8 Discover), ckanupyomeii snekrponHoid Mukpockonuu (JEOL JSM-6490),
aToMHO-ci10Boit Mukpockomuu (NT-MDT Solver Pro) u adpdexra Xoma. JlroMHHECIEHTHbBIE
n3Mepenust nposopmmnck Ha Dypee crnexrpomerpe BOMEM DA3 ¢ paspemeHueMm 10
0.1 cm™ mpu T=77 u 300 K. Curnan doromomunecuenmu (OJI) BosGyxaancs Nd:YAG
na3epoM Ha yIBOGHHOW 4actoTe (hexe = 532 HM), MomrHocTh jdazepa — 200 mBr. [lnst
nerektupoBaHus curHana @JI  HCIOIB30BANICS OXJIAKAACMBI TepMaHHEBBIH JIETEKTOP
mozenu «Edinburgh Instruments EI-Ay.

IIpoBeseHHbIC HCCIEAOBAaHMS MOKa3alu, 4yTo BhipaueHnsie cion Ge Ha Si(100) umeror
JOCTaTOYHO BBICOKOE CTPYKTYpHOE COBepIueHCTBO (puc.l). OTMeTHM, 4TO IMOCiie MOHHOW
HMMIUIAHTAlH U MOCIEAYIONIEro OTKHIa CTPYKTYPHOE COBEPIICHCTBO yiydInaercs (Tabiuma

+
1). Kpome Toro, yBeauuuBaeTcs pacTsAruBaroliee HanpsbkeHue B cioe n -Ge.
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1051 — Sh11-544_Ge(004)_RC

Counts (logarithmic)

326 32,8 33,0 33,2 334

Puc. 1. KpuBas xayanust nudpakiuonHoro nuka orpaxenus Ge(004) (obpasen 11-544).

Tab6auma 1. ITapamerpsr ctpykTyp Si/n -Ge

Tapamerpsi c1os Ge (1o xanubiv PJI) 'YpoBeHb JierupoBanus
Odpasen Ilnprna kpuBOi KavaHus _
(Awip,) Pscm;l:eﬂ:l: cno: ® | Tomunma cos Hantie TRIM | M3meperis Xomwia
110 / TOCIIe MMIUTAHTALIHH | noc(eocs ﬂ/l;(w a (dge, MxM) (n, ) (n, M7, CMI/B‘C)
OTKHIA Ps. 7o
Shi1-544 0,18° 0,07° 0.16% ~055 8410 o’
Shi1-548 031° 0.17° 0.18% ~0.35 1.8:10” e
Shil-541 0.15° - ~14 4.810” ev’
. o 0 5 a3 2910" em”,
Sh11-561(8) 0.14 0,06 0.07% 1.1 29107 em 1= 386 v/Bre
E o 0 N 1019 .3 5.810" em”,
Sh11-561(6) 0.14 0,06 0.12% 1.1 5.6:107 cM =370 aBe
Sh11-561(4) 0.14 0,06° 0.13% ~11 8.5:10" ew®

B crpykTypax Habmromaercst curaai (hOTONIOMHHECIICHIMH B JUANa3oHe JIHH BOIH 1.6
MKM, CpaBHUMBIH, ISl psAAa CTPYKTYp, MO HHTEHCHBHOCTHM CcHUrHajga ¢ curHaiom @OJI
obbemHoro Ge. HaOmomaemblii CHUTHanm CBEPXJIMHEHHO 3aBHCHT OT  HHTCHCHBHOCTH
BO30YXKICHNUSI ¥ MPETEPHEBACT CHIBHOE IAICHHE IIPU HU3KHUX TEMIIEPAaTypax, 4TO OYCBHIHO
CBSI3aHO C YMCHBIUICHHEM KOHIICHTpAI[MM O3JIEKTPOHOB B I’ JOJIMHE M yKa3blBacT Ha

HpﬂMOSOHHHﬁ MEXaHU3M M3nyanean0171 peKOM6I/IHaLIPII/L
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4,=532nm, L =250mW, T=300K 2,=532nm, L ~200mW, T=77K 4,=532nm, Lo=270mW, T=300K
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Wavelength, um Wavelength, um Wavelength, um

Puc. 2. Cnextpsl ®JI ctpykTyp Si/n+-Ge, NMONYYeHHBIX NPU PAa3HBIX YCIOBUSX POCTA, MOHHOMN
UMIUTAaHTALNH M OCTUMIUIaHTAalHoOHHOro oTxura. Curnan ®JI usmepsuics npu temmeparypax 300 u
77 K, B kauecTBe 00pa3ia CpaBHEHHUS NCTIOIb30BANIACh MOUTOKKA repManus Mapku I'I-40.

Takum oOpazoM, B pabOTe pacCMOTPEHBI CTPYKTYpHBIE OCOOCHHOCTH U
JIIOMUHECLIEHTHBIE CBOMCTBA DMUTAKCHAJIBHBIX CIIOEB T'€PMaHUs HA KPEMHUH, BBIPAILlEHHBIX
METOJIOM XHMHYECKOTo ra30(ha3Horo OCa)XJICHHsS C TOpsdeil IPOBOJIOKOH M B IOCIERYIOMEM
HMIUIAHTHPOBAHHBIX HMoHaMu P'. Iloka3aHO, YTO HCHOJNB3yeMble TEXHOJOTMH pPOCTA H
JIETUPOBAaHMs TIO3BOJSIIOT I Oy4aTh cion (e ¢  BBICOKOH CTEHNEHBIO PACTSHKCHUS
KkpucTanmueckoii pemerku (g < 0.18%) M BHICOKHM ypoBHeM nerupoBanus (n < 1.8-10%
CM-S)A IIpn ompeneneHHBIX YCIOBUSIX pOCTa, JETHPOBAHMA M OTKHUTa, B CTPYKTypax
HaOr01aeTcsi MHTEHCHBHBINM curHain @JI B nuamnazoHe AiauMH BONMH 1.6 MKM, CPaBHUMBIN 1O
ypoBHio curnaia ¢ curaanoM ®JI oobemuoro Ge. Habmomaemsiii curnan ®JI B auanasose
JUIMH BOJIH 1.6 MKM IpeTepreBaeT CHIbHOE TallleHHE C YMEHBIIEHUEM TEMIIEpaTypbl, 4ToO,

OUEBUIHO, CBUIETENILCTBYET O €T0 MPSIMO30HHOU IIPUPOJE.
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HNEPEPACHPEJEJEHHUE ATOMOB JKEJIE3A, UMIINIAHTUPOBAHHBIX B
KPEMHWM, BBI3BAHHOE OBJIYYEHAEM HOHAMM I'EJIASI
THE REDISTRIBUTION OF IRON ATOMS IMPLANTED IN SILICON BY
IRRADIATION WITH HELIUM IONS

B.W.3uHeHKO IO.A.AFH(I)OHOB*, B.B.Capaiixun”
V.1 Zinenko®, Yu. Agafonov*, V.V. Saraykin”

.
Dedepanvroe 2ocyoapcmeerHoe D0dcemHoe yupedcoeHue Hayku Mnemumym npobrem
MEXHONIO2UU MUKPOINIEKMPOHUKU U 0cobouucmuvix mamepuanos Poccuiickoti Akademuu Hayx
yn.Akademuxa Ocunvsna, 0.6, 142432 2. Yepnoeonoexa, Poccus, zinenko@iptm.ru
# N
Dedepanvhoe cocyoapcmeennoe ynumaphoe npeonpusimue Hayuno- ucciedosamenvcxuii
uncmumym @uzuyeckux npoonem um.D.B. Jlykuna, IIpoezo 4806, 0.6, 124460 2. Mockea,

3enenoepao, Poccus

It is shown that using radiation defects created by helium ions, it is possible to significally

change the shape and depth profiles of iron atoms implanted in the silicon during annealing

B nameit padote [1] MbI HabIIOJaIH HHTEPECHYIO TPaHC(HOPMANUIO KOHIIEHTPAIHOHHOTO
npoduiIsi UMIUTAHTUPOBAHHBIX B KpeMHUiT aToMoB kene3a ( E = 85 kaB, noza 5,5 E13 oM’ )
rociie nociexyoiero odydenus nonamu remust ( E = 40 k9B, noza 1,0 E16 em’ ) 1 oTKHUra

Ha BO3/IyXe B TeueHue 7 uacos npu temneparype 900 °C. McXomHbIH MMIUIAHTAIIMOHHBIH
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Puc.1. IIpoduis pacmpenesaeHus aTOMOB jKejle3a Hocjie o0IydeHNsI HOHAMU T'elust ¥ OT/KUTa Ha
Bo3ayxe npu 900°C , 7 yacos.
Fig.1. The profile of iron atoms after He" irradiation and annealing in air (900°C, 7 hours).
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poQuIIb aTOMOB Kele3a (IPOeKTUBHbIN pober Ry, ~ 90 HM) pasaenuics Ha Ba MHKa
(Puc.1).ITepBblii MUK COBIAaeT C MCXOMHBIM IIPOEKTUBHBIM IpoberoM Ry, , a BTOpoit
HaXoJuTcs Ha riryouHe Ry ~375 HM, coBmaaaromieii ¢ MakCUMyMOM PacTpeIeICHUS
paguanuoHHBIX 1e(eKToB ( BaKaHCHUH ), CO3JaHHBIX IIy4YKOM HOHOB renus. PacmpeneneHue
BaKaHCHMH PaccYMTHIBANIOCH 10 mporpamme SRIM. XopoIo H3BECTHO, UTO JOMOIHHTENBHOE
06TydeH e XHMHUIeCKH He akTuBHEIME HoHamu ( H', He', Ar” ) cosmaeT pagmanmonnsie
nedeKTsl, MPUBOSIIME K paIUalliOHHO YCKOPEHHOW auddy3un nerupyromei npumecu [2].
B Hamrem ciyyae MaKCHMYM PaaMaliMOHHbBIX A¢(EKTOB, CO3aHHBIX HOHAMHU Ieius Ha
riayoune R, = 375 HM, sBIIsieTCS MOLIHBIM CTOKOM JUIs TUGGYHIUPYIOMIX aTOMOB JKele3a.
XapaKTepHO, YTO aTOMBI JKeJle3a, 3aXBaUuCHHbIC HA CTOKAX, MOTYT BBIOBIBATH U3

1 dy3HOHHOTO Tpoliecca 3a cueT obpazoBanus crnimaoB xenesa ( FeSi, FeSi, ). Kak
oKa3aHo B pabote [3], oOpa3oBaHue MOIYNIPOBOIHUKOBOI (ha3bl AUCHIMINIA JKere3a -
FeSi, naunnaercs yxe npu 350 °C. C

W3 puc.1 BUaHO, 4TO NMEPBbIHA U BTOPOH MMKKM aTOMOB KeJje3a pa3/ielieHbl CJI0eM YUCTOro
KpeMHUs UpHHOH ~ 100 HM ( KOHIIEHTpalXs aTOMOB JKeJIe3a B 3TOM CJIOE MAJaeT JI0
doroBoro 3mauenus ~ 10" at/ cM® ). Taxas cTpyKTypa HAIIOMHUHAET CTPYKTYPY BOTHOBOIA CO
CTeHKaMH U3 AUCHINLK/IA XKene3a. Kak u3BecTHo, mosaynpoBogHuKkoBas ¢asa B-FeSi,
SIBJISICTCSI IIEPCIIEKTHBHBIM KaHIMATOM IS CO3JaHUs CTPYKTYP, H3IyJalOUX Ha JUINHE
BOIHBI ~ 1,5 MKM — 'OKHE IPO3paqHOCTH KpeMHH [3,4]. O4eBHIHO, 4TO IIPHMEHEHHE
HIKCHEPUH PaJHAIHOHHBIX Je()eKTOB JUIS yIPaBICHHUS HMILIAHTAIMOHHBIMY NPO(UIsIMu
aTOMOB JKeJle3a M COOTBETCTBYIOIIMH ITOA00P Cpeabl ISl OTHKHTA NIPEICTABILIIOT HHTEPEC IS
paboT B 00J1aCTH KPEMHHUEBOH ONTOAIEKTPOHHUKH.

B nanHo# paboTe MBI Hcclie1oBany TpaHChOpMAIKIO POGHIIeH pacrpeaeaeHus
HMMIUTaHTHPOBaHHBIX B 06pasisl Si (100 ) KOD- 7,5 nonos *Fe’" B 3aBHCHMOCTH OT 03BI
MMTITAHTAIIH, SHepruy HoHoB He', TemmepaTypsl 1 BpeMenu oTkura. OTKHUT, B OTIHIHE OT
padotsl [1], mpoBoaMIiICS B BakyyMe. DHEPrus HOHOB *Fe’ cocrapmsina 85 k9B, 1031 OT
6,0E13 10 1,0E16. J{yis nosos He" sHepruu coctaisian 40 u 80 k3B, no3b1 5,0 E15u 1,0 E16
em?. Omxur npoBoamics npu Temmneparypax 300, 500 u 900 °C, Bpemena omxkura ot 1 10 7
yacoB. MIMIuianTanums nposoguiack Ha uMmiuianrepe Varian 200-1000, npoduiu
pacnpe/ieleHus] aTOMOB JkKeJle3a B KPEeMHHU M3MEPSIUCh METOJIOM BTOPHYHO - HOHHOMH Macc -
cnekrpomerpuu ( BUMC ) Ha npubope Cameca-ims-4f.

Ha puc.2 npusenenst BUMC npo¢mm pacnpeeneHus aTOMOB jkelle3a UL TpeX 00pa3LoB,
HMMIUIAaHTHPOBAHHBIX HOHAMU Jene3a ¢ 1030it 6,0 E13 ¢ nocieayromum 06 1ydeHHeM HOHaAMK

renus ¢ sHeprueit 40 k3B u no3oit 1,0 E16 em?u npu Temrepatypax : npopuis 1 - 300°C

125



/{\ 118 J/ ™,
i : N
w F w& \ ~ F \
51517‘3/%“ M3 5 e
O <
% E16 o Wl E
£ ™ B e \
- K : N
: N,
wo * R, R "
S I | I 4
200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
rny6uHa, Hm rny6una, Hm
Puc.2. Tpauchopmanus mpoduist Puc.3. Ilpoduias pacrpeneneHnst aToMOB Kese3a
pacrpesieneHus aTOMOB JKeje3a B npu o6mydennu nonamu He' ¢ sneprueii 80 3B,
3aBUCHMOCTH OT TEMIIEPaTyphl 103a 1.0 E16 cm™ 1 omkur npu 900°C, 7 uacos.
omxkwura : 1-300°C, 2- 500°C, 3- 900°C. Fig.3. The iron atoms profile after He" irradiation
Fig.2 Transformation profile of iron with an energy 80 keV and dose =1.0 E16 ( 900°C,
atoms versus annealing temperature : 7 hours ).

1-300°C, 2-500°C, 3-900°C.

(1 gac), mpodpuib 2 - 500°C ( 3 ygaca ), mpodus 3 - 900°C ( 7 wacos ). OTKUT IpU
temneparype 300°C (1 yac ) IpakTHYECKH HE U3MEHSET HCXOAHBIH UMIIAHTALMOHHBI
nipoduitb, omKUr pu 500°C IPUBOIKUT K MOSBIECHUIO CTYIIEHBKH Ha Ipoduiie Ha ryoune 375
HM, COOTBETCTBYIOIIEH MAaKCUMYMy HPO(UIIS KOHIIEHTPAIMil BAKAHCHH, CO3/IaHHBIX HOHAMHU
renust. Hakoner, omxur nipu 900°C 7 4acoB NPUBOAKT K MOJHOMY CMEIEHHIO HCXOAHOTO
HMIUIAHTAIIOHHOTO IPOQUIIS BIITyOb KPEMHUSI C MAKCHMYMOM pPacIpeieNIeH s,
COBMAJAIONIMM C MAKCUMYMOM paclpe/iesieHus BakaHCUi. [loxydeHusiit mpoduias KapAnHAIEHO
OTJIMYAETCS! OT MPOGMIIs Ha puc. ], MOMYYSHHOTO MPH TEeX e MapamMeTpax UMILUIAHTALMN HOHOB
KeJie3a U reius U OJUHAKOBBIX TEMIIEpaTypax U BpEMEHaxX OTKUTra, HO IIPOBEJACHHOTO Ha BO3yXe€.
Tor haxT, 94TO MOYTH IOIOBHHA ATOMOB XKeJle3a OCTAIOTCS Ha IIyOHHE, COOTBETCTBYIOIIECH
IIPOEKTHBHOMY Npobery R, kaueCTBEHHO MOKHO OOBSCHHUTH TEM, UTO IPH OT/KHTE Ha
BO3JyXe UJET IPOLECC OKHCICHUS IOBEPXHOCTU KPEMHUSL, COIIPOBOMKIAIOIIUHACS
HMHTEHCHBHOI reHepanueii Bakancuii [2]. Takum 00pa3oM, B IPUIIOBEPXHOCTHOI 001acTn
o0pa3yeTcst BTOPOH CTOK JUIsl aTOMOB JKelle3a, TOPMO3SIIIHI T (y3HI0 BIITyOb KPEMHUSL.

Ha puc.3 npuBenen npoduiab paciupeesieHns aTOMOB JKene3a IS Cliydast 00Iy4eHHs
noHamu renus ¢ sueprueii 80 k9B ¢ no30i 1,0 E16 n omkurom mpu 900 °C, 7 yacos. B atom
ClTydae MakCHMYM paclpeiesieHust BakaHcuii R, pacnonaraercst Ha rimy6une ~ 630 M. Kak
BHJIHO U3 pUC.3 BeCh IEPBOHAYATIBHBIN MPOQHIL AaTOMOB Kele3a CABUTaeTCs BrITyOb
KPeMHHS, Ha IPoduIe MPOSBIAIOTCS JBa MAKCHMyMa : HEPBbIH COOTBETCTBYET CIIBUTY
HCXOJIHOTO MMILTAHTAIHOHHOTO MaKCHMyMa npu Ry, a Bropoit popmupyercst BOIIH3M

MaKCHMyMa paclpe/ieieHus BakaHCHi Ha Ti1youHe ~ 600 M. B pesynbrare nomydaercs
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PO UIIb aTOMOB KeJe3a ¢ OYTH PABHOMEPHBIM PaCcIpe/ieIeHUEM KOHIL[EHTPALHHU 110
riyoune B cioe ot 0 1o 600 HM. O4eBUIHO, TPO(UIIE MOXKHO ellle GoJIbIIe CIIaauTb, ECIIH
YBEJIUYUTH BPEMs OTXKHTA.

Hccnenosanue npoduiieii pacupeaeieHus 1i1s OOJbIINX 103 MMILIAHTALlMK HOHOB XKele3a
(5,0 E151 1,0 E16 cM™ ) oKa3a/io Ty e TCHICHIMIO JIBHKEHHS HCXOHOTO MPoduis
BIIyOb 00Opas3ma ¢ MosBICHHEM MaKCUMyMa BOIN3M MaKCHMyMa paclpe/ieleHus
paanaMOHHbBIX 1e(EKTOB CO3aHHBIX HOHAMH TeIIHs.

Taxum 006pa3oM, U3 MPOBEICHHBIX UCCIEIOBAHUI CICAYET, YTO MOAOUpAs HapaMeTphI
HOHHOTO ITyYKa JUIsl CO3MaHUs PAAUAalIOHHBIX Ne()eKTOB B KPeMHHH ( THII HOHA, SHEPTHU,
11032 00JIy4eHHs ), a TAKOKE MapaMeTpbl TEMIIEPATYPHOTO OTKUTra ( TEMIIEpaTypa, BpeMs 1
aTMocdepa OTXKUra ) MOXKHO CYIIECTBEHHO H3MEHATH (hopMy NpOdHIIs pactpeeeHus
MMIUTAHTHPOBAHHBIX aTOMOB JKeJie3a M CMeaTh NPO(UIIM Ha TITyOUHBI, HAMHOTO
[PEBBIIIAONINE UCXO/IHBIIT IIPOCKTUBHBIN IIPOOET HOHOB XKele3a.

1. C.H. llluno6peesa, B.1.3unenko, F0.A.Aradonos, B.B.Capaiikun, B.C.bponckuii, I'eoxumus Ne7 (2014)
663.

2. ®.®.Komapos, Monnas u poronHas oOpaboTka matepuanos, Munck, U3a-so bI'Y, 1988.
3. D.N.Leong, M.A Harry, K.J.Reeson, and K.P.Homewood, Appl. Phys. Letters 68 (1996) 1649.

4. P.M.Batanos, P.M.bassuros, E.1.Tepykos, B.X.Kynosiposa, G.Weiser, H.Kuehne, ®usnka u Texnuka
noynp. 35 (2001) 1320.

127



NPEIUM3NOHHOE IMMOJIMPOBAHUE ITIOBEPXHOCTH CUTAJLJIA
IIYYKAMMU I'A30BbIX KJIACTEPHBIX HOHOB

HIGH SMOOTHING OF GLASS-CERAMIC SURFACE
WITH GAS CLUSTER ION BEAM

A.E. Vemikun', B.C. Yepnbi', 10.A. Epmaxos”, A.B. Moruanor’, A.E. Cepeopsikos’,
M.B. ‘{nplcnﬂ4

A.E. Ieshkin', V.S. Chsernyshl, Yu.A. Ermakov?, A.V. Molchanov®, A.E. Serebryak0v4,
M.V. Chirkin*

! @usuueckuii paxyromem MI'Y umenu M.B. Jlomornocosa, 119991, Mockea, Poccus,
e-mail: ieshkin@physics.msu.ru;
2 HUHA® umenu J.B. Crobenvywin, MI'Y umenu M.B. Jlomonocosa, 119991, Mocksa,
Poccus.
*Mockosckuii uHcmumym snekmpomexanuxu u aemomamuxu, 125319, Mockea, Poccus
*Psasanckuii 2ocydapemeennvii paduomexnuueckuti ynusepcumenm, 390005, Pasans, Poccus

Glass-ceramic used in ring laser gyroscopes should meet high requirements
to the surface smoothness level. In this work, mechanically polished glass-
ceramic samples were irradiated with a 10 keV gas cluster ion beam.
Surface topology before and after the irradiation was studied with AFM. A
substantial decrease of the average roughness in the range of spatial
frequencies 0.1 — 2.5 pm™" was found.

B mocnemHue [IOecATUNETHs AKTHBHO BEAYTCS HCCICIOBAaHHS 3aKOHOMEPHOCTEH
B3aMMOJICHCTBHS KJIACTEPHBIX HOHOB C HOBEPXHOCTHIO TBEPIOTO Tela. ['a30BBIE K JIACTEPHI
COCTOSIT W3 HECKOJBKHX COTEH WM THICSY AaTOMOB, CBSI3aHHBIX cJa0biM BaHn-nep-
BanbcoBckum B3aumozelictBueM. Takoil kiactep, HeCylIMi 3aps] B HECKOJIBKO €JUHUIL
9JIEMEHTApHOTO 3apsiia M YCKOPEHHBI HANPSDKCHHEM B HECKOJIBKO IECSTKOB KHJIOBOJBT,
00JaaeT YHHMKaJIbHBIMH CBOWCTBaMH JUis OOpaOOTKM MOBEPXHOCTH Marepuana. I[lydxu
KJIACTEPHBIX HOHOB y)KE HAIUIH MPUMEHEHHE U UMIUIAHTALIMK BEHIECTBA HA CBEPXMAbe
TIIyOWHBI, IUIsI aCCHCTHUPOBAHUS IIPH HAIlBUICHUHM TOHKHX IUIEHOK, B KadecTBe 30HAA B
meroauke BHUMC. Kpome TOro, KiacTepHble MYYKH HCIIONB3YHOTCS JUIS CrIIaKHUBAHUS
penbeda MMOBEPXHOCTH PA3IMYHBIX MATEPHANIOB (METAIUIOB, MONYMPOBOJHHUKOB W
JIMDJICKTPUKOB MPOCTOrO U CIIOXKHOTO COCTaBa) JO CPEAHEr0 YpPOBHS LIEPOXOBATOCTH HE
Oosiee HeckonmbKHX aHrcTpeM [1-3]. JIns monmydeHus BBICOKOTO Ka4decTBa IMOBEPXHOCTH VIS
Kax1oro oOpabaTbiBaeéMOro Martepuana HeoOXOIUM BbIOOD ONTUMAIBHBIX IApaMETPOB

00JIyueHHs — pa3MePOB KIACTEPHbBIX HOHOB, UX SHEPTHHU U J03BL.

B nanHoit pa601‘e NPOBEACHO MCCICAOBAHUE BJIMSAHUA OﬁJ’Iy‘ICHI/IH Tra30BbIMU

KJIaCTEpHBIMA MOHAMH Ha Tonorpa(bmo TIOBEPXHOCTH ONITHYCCKOMN CTCKIIOKEpaMUKH (chaJma
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wm  3epoiypa).  Onruyeckas — CTEKIOKEpAMHKAa  COJAEPKHT  HAHOMHMCIICPCHYIO
KpHCTAUINYECKYl0 (asy BHYTpH aMOpQHON CTeKISIHHOH MaTpuibl IIpH pa3Mmepax
KPHCTAJUIUTOB M MEXK3EPEHHBIX PACCTOSHUSX IOPsIKa ECATKOB HAHOMETpOoB. IIpouHOCTHEIE
U M3HOCOCTOIMKHE CBOWCTBAaYy TAKOr0 MaTepHalla COYETAITCS C MalbIM KO3 (ULIHEHTOM
TEPMHYECKOro paciupenus (-3 .. +2)-107 rpaﬂ'l) B T€ MIIEpaTypHOM Juamna3oHe -60 ...
+85 °C [4], 4TO MO3BONSET NMPUMEHATH CTEKIOKEPAMHUKY IS M3TOTOBICHHS MOHOOJOKOB M
3epKaj MPEU3HOHHBIX JIa3ePHBIX THPOCKOIOB, MPUMEHSEMBIX B CHCTEMax aBTOHOMHOM
HHepLHanbHOW HaBuraimu [5]. Beicokyio cTabumbHOCTh MacmtabHOro Koddduimenta
rUpocKoIa (10°) B mamHOM ciiyqae 00ECIIeYMBaeT IPEAOTBPALICHHE MNEPEKITIOYCHUIT
JIA3epHOIM TeHepaluyd Ha COCETHIOK MpPONOJbHYH Moay. OpHako 4YTOOBI 00€CHeYuTh
COOTBETCTBHE CIyYalHOH MOTPEIIHOCTH MPH U3MEPEHHUSX YIIIOBOH CKOPOCTH TPEOOBAHHSM,
NPEIBSBIAEMBIM K WHEPIUANBHBIM CHCTEMaM HaBUTALMM MEPBOTO KJlacca TOYHOCTH,
KOJIBLICBBIE PE30HATOPHI HEOOXOJMMO KOMIUIEKTOBATh 3e€pKajlaMH, PacCEUBAIOIINMH He Ooliee
10™ or MommHOCTH TEeHEPUPYEMOro Jia3epHoro myuyka. CTosb BHICOKMM KayecTBOM 00IaaaoT
JIMIIb NTOBEPXHOCTH, OTIIOJMPOBAHHBIC J0 OCTAaTOYHOM IIepoxoBaTocTH He Ooiee 0,3 HM B

-1
JMara3oHe IPOCTPaHCTBEHHBIX YacToT 0,1 — 2,5 MM~ [6].

C memnsio ompereneHus BO3MOXKHOCTeH 00paOOTKM KIIACTEPHBIMH HOHAMH B KadeCTBE
¢uHMIIHOTO 3Tana (OPMUPOBaHMS ClIA00 PACCEHBAIONICH MOBEPXHOCTH OBUIM BBIIOJHEHBI
9KCHEPHMEHTBI C IUIOCKOH TOJUIOKKOW, M 3roToBieHHON u3 cutamma CO -115M u
MOABEPTHYTOH MpeaBapuUTENbHOMY aOpasHBHOMY IonHpoBaHmio. OOnydeHHe MUIICHEH
MPOM3BOAMIOCH HAa YCKOPHTENe ra30BbIX KiacTepHblx noHoB MI'Y [7]. Knacreps! aprona,
HOJIy4CHHbIE HPH aAuabaTHUeCKOM paCIIMPEeHHH Tra3a 4Yepe3 CBEPX3BYKOBOE COILIO,
HMOHH3UPOBAINCH U YCKOPSIIUCH HanpspkeHHeM 10 k3B. AToMapHbBIe HOHBI H JIETKHE KIACTEpPHI
(pazmepamu 10 70 aTOMOB) yJQJISUIMCh U3 ITyYKa YAaCTHI[ C IOMOIIBIO MOCTOSHHOTO MarHuTa.
ITocne 3Toro cpeHuii pa3Mep KIacTepHbIX HOHOB cocTaBisu1 1000 aTOMOB Ha 31€eMEeHTapHbIH

3apsin. [laBnenue B pabodeii kamepe B Iporecce o0JIydeHns paBHsIIoch 2- 1 0° Topp.

M3o6paxenus penbeda MOTUPOBAHHON ITOBEPXHOCTH 3apPETHCTPUPOBAHBI C IOMOIIBIO
ATOMHO-CHJIOBOTO MMKpOCKoma. [ IMOCIEIyIOIEero aHauu3a HCHOJIb30BaHbl CKaHbl CEMH
yudacTkoB ¢ pazmepoM 30x30 mMxMm, cogepkaiue 512x512 Todek, B KOTOPBIX OCYILIECTBICHBI

OTCYETHI BBICOT pem,edpa. OTHOCHUTETBHOE PacCIIOJIOKEHUE CKAaHOB OTPAXXE€HO Ha pHUC. 1.

AHanu3 TpexXMepHBIX H300pakeHUH penbeda, MPECTABIIOMMX CO00H MaTpHIBI
OTCYETOB BBICOTHI, OCYILIECTBJICH B COOTBETCTBUM C METOJMKOM, onucaHHOW B paborax [5,8].

B pe3yabTare BEBIJICTICHBI I/I306pa)KeHI/I${ YEAUHCHHBIX I[e(beKTOB, JIMHEWHO
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CTPYKTYPHPOBAHHBIX ~ OCOOCHHOCTEH (CIIEIOB MEXaHOXMMHYECKOTO BO3ACHCTBUs) U
OCTAaTOYHOTO XaoTWyeckoro penbeda. Ha pue. 1 mpencraBieHo pacnpejeieHne 110
HCCIE[IOBAaHHBIM y4acTKaM IIOBEPXHOCTH CPEJHEKBAJPATHYHON IIEPOXOBATOCTH IS

OCTAaTOYHOI'0 Xa0THYECKOr0 penbeda U JIMHEHHO CTPYKTYPUPOBAHHBIX OCOOCHHOCTEH.

0,67 0,68 0,72 0.49 0,48 0,44
0,33 0,31 0.28 0.33 0,32 0,36
0,80 0.45
0,32 031
0,68 0,69 0,44 — 047
0,30 030 0,31 0,32
0,69 0,49
033 0,30
a) 0)
Puc. 1 — Pacnpenenenue cpeJHEKBaAPATHYECKON IICPOXOBATOCTH XapaKTEPHBIX O0COOECHHOCTEH

penbeda moBepxHOCTH onTHyeckoil crekiaokepamukun CO-115M st xaotuueckoro penbeda (a) u
JIMHEWHO CTPYKTYPUPOBAHHBIX AedekToB (6). Yucantenp — 10 HOTMPOBAHMS KIACTCPHBIMH HOHAMH,
3HAMEHATEIb — II0CJIE TTOJMPOBAHHS

Prc. 2 OTpaxaeT M3MEHCHHS 3aBHCHMOCTH OT MOAYIS NMPOCTPAHCTBCHHOW YaCTOTHI
CIEKTPANIbHOM IUIOTHOCTH (IIyKTyaluii BBICOTBI OCTATOYHOIO XAOTHYECKOro peibeda,
BBI3BaHHBIC IOJMPOBAHHEM KJIACTEPHBIMM HOHamu. Ha puc. 3 B KauecTBe mpHuMepa
HPUBECHbl  M300paXKEHUs JIMHEWHO CTPYKTYPHPOBAHHBIX OCOOCHHOCTEH — y4acTKOB
[OBEPXHOCTH, BBIACICHHEIC U3 pe3yasTatoB ACM CKaHHPOBAHHUS B HCXOXHOM COCTOSHUU H
rociie 00pabOTKM KIaCTEPHBIMH HOHAMMU.

S,
HM*

10°L -
10 10 10
£ mrnrt
Puc. 2 — CriekTpalibHasi ILIOTHOCTH (IIyKTYaluii BEICOTHI Xa0THYECKOr0 penbeda Ha OBEPXHOCTH
OIITHYECKOM CTEKIIOKePaMHUKHU: HCXOJHOE COCTOsIHUE (KpHBast 1), mocie 00paboTKH KIaCTepHBIMU
HOHaMH (KpuBas 2)

1
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X, MKM X, MKM

a) 0)

Puc. 3 — M300paxxeHnst IMHEHHO CTPYKTYPHPOBAHHBIX Je()EKTOB Ha IIOBEPXHOCTH OITHYECKO
crexsokepamuku CO-115M o (a) u mocie (6) MOMUPOBaHUS KJIACTEPHBIMH HOHAMH

Takum 00pa3oM, MPOAEMOHCTPUPOBAHO, YTO Ta30BBIE KIACTEPHBIC HOHBI SBIIIOTCS
3 (HEKTUBHBIM MHCTPYMEHTOM JUISl (DMHUIIHOM MOJMPOBKU TTOBEPXHOCTH CTEKIOKEPAMHUKH.
OTMEUEeHO CYIIECTBEHHOE CHIDKEHHE KaK XaOTHYeCKoro penbeda, Tak M JIMHEHHO-
CTPYKTYPHPOBAaHHBIX Je(eKTOB, IpHUUEeM B IMANa3OHE MPOCTpPaHCTBEHHBIX dacToT 0,1 — 2,5
MKM ' CTIeKTpaTbHasT TUIOTHOCTS (ITyKTyaIuii BRICOTH Xa0THUECKOTO Permbeha yMEeHBIIIITACH

B3 —7 pas.
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Depth-sensing indentation, called also as nanoindentation, means an instrument which
possesses the ability to measure the indenter penetration depth under an applied force
throughout the testing cycle [1]. This method gives information about the contact parameters
and mechanical properties, which are calculated from the indenter load and the depth
measured continuously during loading and unloading. The advantages are very low loads and
only minor depths with no special demands on the test specimens. It is capable of measuring
both the plastic and elastic deformation of the material under test. The method was originally
developed for testing the hardness and elastic modulus from indentation load-displacement
data in elastic-plastic materials including fused silica, soda-lime glasses, and single crystals of
aluminum, tungsten, quartz, and sapphire [2] and further reviewed with advances in
understanding of the mechanics of elastic-plastic indentation [3].

By wusing a nanoindentation technique we paid attention to polymers.
Polymethylmethacrylate (PMMA) was selected for the study as one of the most widely used
commercial polymers. Indeed, nanoindentation tests of PMMA have already been carried out
[4-7]. However, ion-implanted PMMA samples, which are of interest from a practical point of
view [8,9], have not been studied yet by depth-sensing indentation as far as we know. We
have focused our efforts on the B'-implanted polymethylmethacrylate (B:PMMA) due to at
least two reasons. Namely, on the one hand, the B*-ion implantation of polymer PMMA was
not studied so far [10,11]. On the other hand, PMMA, as very useful material for construction
of many optical components such as waveguides, lenses, prisms, etc., was also a subject for

implantation with Ag'-ions to fabricate composite structures with silver nanoparticles for
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plasmonic applications [12]. Additionally, it has been suggested that B:PMMA should be
important not only from fundamental science of irradiation of polymer but also from the
practical viewpoint as in C', N* and Ar'-ion implantation into PMMA [8,9]. In particular, it
has been shown that C'-ion implantation into PMMA may be potentially of interest for
fabrication of organic luminescent devices, backlight components in liquid crystal display
systems, diffractive elements and microcomponents for integrated optical circuits [8]. N and
Ar'-ion implantation into PMMA demonstrates a drastic change in its optical parameters (the
values of optical energy gap decreases while those for refractive index increases with the
increasing dose of implanted ion) that may find an extensive application in fabrication of
various opto-electronic devices including organic light emitting diodes, solar cells,
waveguides, etc. [9].

Recently, we have reported [13] a first time the results of investigation of the influence
of low dose (6.25><1014 ions/cmz) B-ion-irradiation on the mechanical properties (hardness
and elastic modulus) of PMMA probed by nanoindentation with an ultra nano hardness tester
(UNHT) in the range of 300-1100 nm indentation depth. It has been established that the
dependences of hardness and elastic modulus on the maximum indentation depth show the
main difference between the pristine and ion-implanted samples in the range up to about 400
nm, in good agreement with the maximum penetration depth of B'-ions into PMMA matrix
obtained by slow positrons and SRIM simulation [10]. The goal of the present work is to
study dose dependence of the mechanical properties (hardness and elastic modulus) of
B:PMMA by nanoindentation with the UNHT up to 1100 nm indentation depth.

The B'-ion implantation with the energy of 40 keV, doses from 6.25x10" to 3.75x10'¢
ions/cm” and current density < 2 pA/cm? into the optically transparent PMMA plates was
performed under a pressure of 10™ Torr at room temperature by an “ILU-3" ion accelerator at
the Kazan Physical-Technical Institute (Russia). The nanoindentation test of the investigated
B:PMMA samples with the UNHT was performed with a diamond Berkovich indenter at the
Lublin University of Technology (Poland). The main parameters in the UNHT experiment
were used [1]: 20 progressive cycles, an acquisition rate of 10 Hz, linear loading, unload to 20
nm, contact force 0.05 mN, maximum depth 1040 nm, loading rate 20 mN/min, unloading
rate 20 mN/min, delay 120 s, delay between the cycles 10 s. Each measurement was repeated
3 times, and, finally, about 60 indentations were made to average values of the indentation
hardness and the indentation elastic modulus.

Figure 1 shows the typical load-depth and load/depth-time curves obtained for pristine
PMMA and as-implanted B:PMMA with ion dose of 6.25x10™ ions/cm’ in the progressive
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multicycle mode for 20 cycles [13]. For each cycle the hardness and elastic modulus (with a
Poisson ratio of the specimen of v = 0.3) values were calculated by the method of Oliver and

Pharr with the software of CSM Instruments for the UNHT [1].
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Fig. 1. Typical load-depth and load/depth-time curves for un-implanted PMMA and as-implanted
B:PMMA (6.25x10'* ions/cm?) obtained with the UNHT in progressive multicycle mode [13].

The averaged values of indentation hardness versus maximum indentation depth for the
un-implanted PMMA and B:PMMA samples with ion doses of 6.25x10", 1.25x10'°,
2.5x10"%, and 3.75x10"® ions/cm? are plotted in Fig. 2. The similar dependences are observed
for elastic modulus versus maximum indentation depth. It is seen that the hardness
dependence on the maximum indentation depth illustrates the difference between the pristine
PMMA and B:PMMA samples in the entire range studied up to 1100 nm with the largest
changes in the vicinity of 300-400 nm, in consistence with the maximum penetration depth of
B'-ions into PMMA matrix obtained earlier by slow positrons and SRIM simulation [10]. The
observed improving of surface-sensitive mechanical properties of B:PMMA by ion beam
processing is obviously detected to be more significant as ion dose increases, that may be

suitable for hard-materials applications like to conclusions made by Lee at el. [14].
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Fig. 2. Indentation hardness versus maximum indentation depth for un-implanted PMMA and

implanted B:PMMA (6.25x10", 1.25x10'¢, 2.5x10'¢, and 3.75x10"® jons/cm?).
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DURING PF," ION IMPLANTATION: PART IT

K.B.Kapa6emnixun, I1.A Kapacés, A.1.Tutos
K.V. Karabeshkin, P.A. Karaseov, A.I. Titov

THonumexnuyeckuu ynueepcumem Ilempa Benuxozo, Cankm-Ilemep6ype, Poccus,
Peter the Great St. Petersburg Polytechnic University, Russia.
e-mail: andrei.titov@rphf.spbstu.ru

Damage distributions in Si bombarded by atomic (P*) and molecular (PF4")
ions in a wide energy range (0.6-3.2 keV/amu) have been experimentally
studied. An enhancement of near-surface primary defect generation due to
increasing of the density of the individual collision cascades for the
molecular ion bombardment is quantitatively estimated.

Hacrosimass  pabota mocBslieHa NPOAOIDKEHHIO —HCCIESIOBAaHHW, HPEIBIAYIINE

pe3yNIbTaThl KOTOPBIX OBUTH OIMyOIMKOBaHBI paHee B [1,2].

M3BecTHO, 4YTO NPH HMIUIAHTAllMd B MOJYIPOBOAHHKHA MOJICKYJSIDHEIX HOHOB
Habmonaercs 3(¢deKT, Ha3bpIBaeMbIil MOTIEKYIApHBIM (MD), Korma co3faHHas TaKUM HOHOM
MOBEPXHOCTHAs] HIM OO0beMHas KOHLEHTpAlHs YCTOHUYMBBIX HapyIICHHH OKa3bIBaeTcs
Oonbllel, 4eM B Cllydae COOTBETCTBYIOIIErO OOJIy4YEHHS AaTOMAapHBIMH KOMIIOHEHTaMH
mogoOHOT0 MOJEKY/SIPHOTO HOHA. B wacTHOCTH, Takoii MO mMeeT MeCTO Ha HadYaIbHBIX
y4acTKax TpaekTopuil GpparMeHToB Monekynsl PFs mpu oOmydennn umu Si mpu KOMHATHOM
temnepatype [1-3].

B pabote mcciaenoBanoch HaKOIUICHHE PAJNAI[MOHHBIX HAPYIICHUH NMPU BHEAPEHUH B
(001) Si momexynsapubx (PF4") u aTomaprex (P") HOHOB B IOCTATOYHO MIUPOKOM IHATIA30HE
snepruit (0.6 — 3.2 k9B/aem). MMruianTanus OpoBOAMIACE MO YIIOM 7° OT HOpMaid K
MOBEPXHOCTH JUIS TOJABICHUS KaHaIMpoBaHus. CTEleHb HApYIICHHS KPHCTALTHYECKOU
CTPYKTYPBI OTIPEENAIach C TIOMOMNIBI0 MeTozia pe3epdOpaOBCKOro 0OpaTHOTO paccesHUs B
codyetaHuu ¢ KasanupoBaHmeMm (RBS/C) myukom wnomos He™ c smeprueii 0.7 MbdB,
pacceuBarOIUMCs B AETEKTOp, KOTOpbIM Haxomwics noj yrioMm 103° mo OTHOLIEHUIO K
HAIPaBJICHUIO ITaJCHUS] aHAIN3UPYIONIEro MydYKa UL yBEJIMUCHHS pa3pelIeHUs] CHCTEMBI 110
riyoune. [Ipodunu pacnpeneneHusi OTHOCUTENBHOM KOHIIEGHTpanuu Ae(eKTOB MO IIIyOHHE,
HOPMHPOBAHHON Ha KOHIIEHTPAIMIO aTOMOB B MHIIEHH, PACCUUTHIBAINCH U3 OPUTHHAIBHBIX

RBS/C criekTpoB 110 0fHOMY U3 OOIIEIPHHATEIX aITOPUTMOB [4].
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Ha puc. 1 MIPEACTABIIECHBI 0.8 —— T T T T T
pacrpeneneHus CTPYKTYPHBIX 3@ i 1I.'\ D=0.2 dpa
2 .
< |1 ——0.6 keV/amu
HapylleHWd 1o  mIyOuHe  IpH S 06F 11\ ——13keViamu 1
. 9]
obnydyennn Si wonamu PF4 pasmeix D \\ 2.1 keViamu
g —— 3.2 keV/amu
SHepruil ¢ nos3oi, pasHoit 0.2 DPA. 3 1
0
Bumno, uro 3TM  pacmpeneneHus 2
©
MMCIOT MPAKTHYCCKH OJMH MakcumyM, O 1
MPUMBIKAIOIUA K TOBEPXHOCTH, B
OTJINYME OT OMMOJATTLHOTO 0 30 60 90 120 150 180
pacmpeneneHusi, XapakTepHOTO IS Depth (nm)
BHEJPEHUS JIOCTATOYHO JIErKUX Puc. 1. PacmipeneneHus CTPyKTYPHBIX HapyIICHHI

no riayOuHe npu uMIuiaHtauuu B Si noHoB PF4 ¢
no3oii, pasHoit 0.2 DPA u osHeprusimu 1.3 — 3.2
K3B/aem.

aTOMapHBIX MOHOB. B aTHX ciydasx,
Hapsfy ¢ OOBEMHBIM MHUKOM Je(eKTOB
nabmonaercss u Il [ICH — mOBepXHOCTHBIH MUK CTPYKTYpPHBIX HapyuieHuil (cM. Hamp.,

pacnpeneneHns HapyIIeHHH 1o TITyOrHe IPH UMILTaHTauuH B Si HOHOB docdopa Ha puc. 2).

TIpenMyIecTBeHHOE HAKOIUICHHE YCTOWYMBBIX HApYIICHMIT Ha TpaHunax JaByx (a3 (Si-
ecrectBeHHbI Si0,, Si-BakyyM, U T.Z.) HaOJIOZANIOCh MHOTHMH aBTOPaMH B TEX CIIydasXx,
KOrJ]a MOHBI, Hapsigy C CO3JAaHHEM CIOXHBIX AE(EKTOB, TCHEPUPYIOT M IIOABIKHBIC
npocreiinme Toueynsie geekTsr. Yem Gourbiire 101 MOJ0OHBIX MOJBIXHBIX Ie(EKTOB, TEM
s¢dpexruBHee npoucxomutr poct IIIICH. B psge pabor mnokazaHO, YTO I3TOT I WK
COOTBETCTBYeT MoOBepxHOCTHOMY amopbuomy cioo (ITAC), kotopsiii ¢opmupyercs B

pe3yabTare I[I/I(b(bySI/II/[ TIOABUKHBIX TOUYCYHBIX Z[eq:)eKTOB K ITOBEPXHOCTH.

Panee OBUIO TaKKe MOKa3aHO, YTO U CKOPOCTh (opmupoBanus, u BenuuuHa [ITICH He
3aBUCST OT  IUIOTHOCTU IIOTOKa MOHOB [5,6]. DTO MOATBEPKHACTCS W HACTOSAIIMMH
uccnenoBanusivi. Ha puc. 2 mpencraBieHbl p acmpeefeHus AepeKToB MO TIIyOWHe Mpu
UMIUIAaHTanuu MOHOB P ¢ sueprueit 1.3 k3B/aem. m nozoii 0.29 DPA B Si. [lns pasHbix
KPHBBIX IUIOTHOCTH MOTOKA HOHOB OTJIMYACTCS HA BA MOPSIKA BEJIHYHHBL. XOTS BHEIIHE
BEJINYMHA MOBPEKACHUS KPEMHHS Y IOBEPXHOCTH M 3aMETHO BO3PACTaeT MPH yBEIUYCHUH
IUIOTHOCTH TOTOKa 10 5.5%107 DPA/s (0.3 }LA/CMZ), OJIHAKO 3TO CBS3aHO C HM3MCHEHHEM
BEJIMYMHBI (POHA OT OOBEMHOTO MaKCHMyMa CTPYKTYPHBIX HapyLICHHU. XOpOIIO BUIHO, YTO
MocJie BBIYUTAHHS 3TOro (oHa (CcM. Bpe3Ky Ha puc.2) pocT F HE MPHUBOIAMUT K H3MEHEHHUSIM

BeIcoThI/TIOIMa M TTTICH.
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3710, B CBOIO OUEpelb, 03HAYAET, YTO
mporeccsl  00pa3oBaHUsS — yCTOHYHMBBIX
HapylIeHNd 0OpH HX (GOpMUPOBAHUU
nocie

3aBeplIeHHs  TepMalu3aluu

Kackaja cmemeHud [7]  sBisrorcs

JIMHCWHBIMU U HE OTBCTCTBCHHEBEI 3a

BO3HUKHOBeHHE MD.

Eciau ke Monekymsipubiii 3 ekt mis

TITICH naGimogaercsi, TO 3TO SIBISIETCS

TPSIMBIM CBH/ICTEIECTBOM
HEJIMHEHHOCTH  IPOLECCOB, KOTOPBIC
MPOMCXOMAT ~ HEHOCPEJACTBEHHO  IIpU

(hopMUpOBaHUM KacKaja.

Basupysice Ha paHee MOIy4eHHBIX
JAHHBIX, MBI IOJNArajd, 4To BO BceX
TIIICH

HCCJIICTOBAHHBIX clrydasax

HaOrO TaIICS B pe3ynbrare
BO3HMKHOBEHHMsT Ha MOBEPXHOCTH Si
amop¢Horo ciost. TonumHa 3THX CI0EB
OIICHMBAJIACh HaMH U3 crekTpoB RBS/C
c MTOMOILBIO HECKOJIBKO
MOAM(MHUIUPOBAHHON METOIMKH, CYTh

KOTOpO# M3JI0%kKeHa B [8].

Pesynbrats TaKOH OLICHKH
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Puc.3 3aBUCHMMOCTM  TONIIMH  TOBEPXHOCTHBIX
aMOp(HBIX CJIOEB OT HOPMHPOBAHHON JI03bI HPH
obnyuenun kpemHust monamu P u PF4 ¢ sHeprusmu
0.6 u 2.1 xaB/aem.

BBIpaXCHHOU B K3B/aeM. HanoMHuM, 4TO npu Ka)K10M 3HAYCHUH 331aBA€MON TaKUM 00pa3omM

9HEPrUH MPOQYUIN TeHEepalUH IEPBHYHBIX CMELICHHI Moa00HbI ApyT apyry [3]. Maio Ttoro,

TIpU KOPPEKTHBIX YyCIOBUAX 06nyquI/m [3], KOTOpBIC HAMU HCIIOJI30BAJIMCh, U, B YaCTHOCTH,

IIpY OIMHAKOBBIX INUIOTHOCTAX IIOTOKAa HOHOB, BBIPAXKCHHBIX B DPA/S, TEMII TI'€HEpaluu

neeKToB OOMHAKOB [Uisi Bcex HOHOB. OHAKO B c€ 3TO CHPABEIJIMBO, IIOKAa KACKaJbl

CMEIICHUI HHHCﬁHLI, T.€. KOrJja UX pa3sBUTHE MOXXHO pacCMaTpuBaTh B paMKax CTaHZ[apTHOﬁ

MOJIeTI TapHBIX CTOJKHOBEHMH, Hampumep, mporpammel TRIM [9]. Ecim Haumnarotcs
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OTCTYIUICHHS OT JIMHEHHOCTH, TO JOJDKEH MosiBUTbca MD. M3 puc. 3 BUAHO, YTO MMEHHO
TaKas CHTyalus ¥ MMeeT MECTO B paccMaTpHBacMoM cirydae. boiee HarysiqHBIM sIBISieTCS
pHc. 4, KOTOpBIH TOKa3bIBacT OTHOIICHHE HAKJIOHOB 3 aBucumoctedl tommud [TAC mis

MOJIEKYJIAPHBIX U aTOMAapHbIX HOHOB OT 85
. T T T T T T

J103bl, NIPU MX TOJILMHAX 1O ~ 7 HM. B

COOTBCTCTBHUHU CO CKa3aHHBIM BBIIIC, 3TO

~ N
o o o
T T T

—_——
L L L

OTHOIIICHHE IIOKA3bIBACT, BO CKOJIBKO pa3
y TIOBEPXHOCTH IPOUCXOMUT YyCHICHHE
TeHepaluy MEepPBUYHBIX Je()eKTOB B

Kackazax  CMEIICHHH,  CO37aBaeMbIX

Molecular effect
[o2d .
o
.
.

6.0} I J
+ 1
nonamu PF4, mo cpaBHeHuio ¢
. 55} I ]
KacKkajlaMH OT MOHOB P — 7
50F l 1A
B JIOKIaae OynyT TaKKe
45 L L L L L L
00CYK/IEHBl MEXAHU3MbI  IIOBBILIECHUS 05 10 15 20 25 30 35
5 (PEKTUBHOCTH BBEJCHUS YCTOHYMBBIX Energy
HapyIIEeHN Y TIOBEPXHOCTH, CBS3aHHBIE Puc. 4. 3aBuCHMMOCTb YCHICHHUS T €HEpaLuH
HEePBHYHBIX Je()EKTOB Y MOBEPXHOCTH OT dHEPIUU
c HEJIMHEHHOCTBIO TPOLECCOB npu o6iyueHHH KpemHus uoHamu Pu  PFy B

narnasone suepruii 1.3 — 3.2 kaB/aem
HEMOCPEACTBEHHO B Kackamax A o P

CMEIICHUH, TP Mepexo/ie OT aTOMapHBIX K MOJIEKYJISIpHBIM HoHaM [10-12].
Pabora nonnepsxana rpantoM PODU Ne 14-08-01256.
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MOJUPUKALNA NMOJUKPUCTANIMYECKHUX OKCHUA0OB METAJIJIOB
MOIIIHBIM HOHHBIM ITYYKOM
MODIFICATION OF POLYCRYSTALLINE METAL OXIDES BY HIGH POWER
ION BEAM

B.C. Kousuak, T.B. [TanoBa
V.S. Kovivchak, T.V. Panova

Kageopa npuxnaonoii u meouyunckoi ¢usuxu, OMcKull 20cy0apcmeeHHblil yHugepcument
um. @.M. [Jocmoesckozo, np. Mupa, o. 55a, 2. Omck, Poccus, 644077, kvs@univer.omsk.su

The modification of polycrystalline metal oxides (SnO,, ZnO, MoOs) under
the action of a high power ion beam (HPIB) with current densities of 50—
150 Alem® is investigated. It is established that submicron_sized particles of
tetragonal SnO whose average size is 210 nm are created on the SnO,
surface irradiated by an ion beam with a current density of 150 A/cm’.
Possible mechanisms of the observed conversions are discussed.

Hutepec k M3MEHEHUSIM, MPOUCXOMSIIIMM II0J JEHCTBHEM MOIIHOTO HOHHOTO ITy4YKa
(MUII), B NOBEpXHOCTHBIX CIOSAX OKCHJOB METAJJIOB BBI3BAaH IEPCIEKTHBAMM IPUMEHEHHUS
TaKUX ITy4KOB I MOAM(MHKALMM KaK MAaCCHUBHBIX MAaTEpHalioB, TaK M TOHKOILICHOYHBIX
MOKPBITHH Ha OCHOBE OKCHJIOB METAIOB, MCIIONb3yEeMbIX B MAIIHHOCTPOCHHU (3aIUTHELIC
MOKPBITHSA), DIIEKTPOHUKE (ra30BbIE CEHCOPHI), MEAULIMHE (MMILTAHTAHTHI).

B kadectBe  OOBEKTOB  HCCIEHOBaHMA  BBIOPAaHBl  IOJUKPUCTAIMYECKHE
MOJYNIPOBOJHUKOBBIE OKCHABI - SnO;, ZnO u MoO;. OO6pasmbl H3roTaBINBaINCH
MPECCOBAaHUEM HCXOJHBIX IOPOLIKOB yKa3aHHbIX OKcUaoB Mapku U JIA ¢ mocienyromum
criekanueM Ha Bo3xayxe npu temueparype 900° C (mis SnO; u ZnO) u 570 °C (s MoOs) B
TedeHnu 2-4 gaca. OOmydeHne MpoBOAMIOCk Ha yckoputene « Temm» nonHsM mydkoM (70%
C™ u 30%H") ¢ E=250 k3B, =60 Hc, B auana3one mioTHocteil Toka 30-150 INSYS
Mopdonoruio 1 0OBEpXHOCTH U COCTaB 0Opa3sloOB HCCIEAOBAIH C IIOMOINBIO PACTPOBOH
3JIEKTPOHHOM  Mukpockormu  (JSM-6610LV,  “JEOL” ¢  3HeproaucrepcuoHHbIM
aHaim3atopoM Inca-350). HTepnperanuio JaHHEIX SHEProJucIepcHonHoro anammsa (O/1A),
YCPETHEHHBIX MO 00Jy4aeMOil MOBEPXHOCTH MPOBOAMIM C YYETOM OCOOEHHOCTEH Takoro
aHanu3a IS MOPOLIKOBBIX M HOpHCTBIX MartepuanoB [1]. CtpykTypHO-(ha30Bbli cocTaB
OoOJIydeHHBIX OKCHIOB HCCIIEIOBAIM Ha DPEHTICHOBCKOM nH(pakTomerpe «/IpoH-3M» B
MoHOXpoMatu3upoBaHHOM Cug, H3TydeHHH. LcXoHBIE TOBEPXHOCTH HEOOIIyIEHHBIX
00pasuoB SnO,, ZnO u MoO; noka3zaHbl COOTBETCTBEHHO Ha puc. 1 (a,0,B). DJIA MCcXOAHBIX
00pasIoB MOKa3ald, 4YTO CpEIHEe OTHOLICHHE (B aTOMHBIX %) MeTaula K KHCIOPOAY
cocraBisiet: it SnO, Rgy.0= 0.529, mis ZnO Rzy.0 = 1.16 u gist MoO3 Rye:0 = 0.219.

YcraHoBIIEHO, 4TO OJHOKpaTHOE Bo3aelicTBue MUII ¢ miotHOCTBIO TOKa > 30 Alem® ma
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Puc. 1 Ucxonnas moBepxHocTh SnO; (a),
ZnO (6) u MoO; (B)

HCCIIENYEMBIC OKCHIbI TIPUBOAUT K
HU3MCHCHUIO 1IBETAa IMOBEPXHOCTHU 06pa3u03 B

obmactm  obOmydyenws.  Mcxomno — Oemast

MmoBEepXHOCTE  obpasroB  SnO, u  ZnO

30 Jul 2014

8) CTaHOBUTCS JKEJITO-KOpUYHEBOH [u1st SnO; 1

cepoit ans ZnO. Jlnst MoO; npu 00TydeHNH IBET MEHSETCS C JKEITO-3€JEHOTO JI0 TEMHO-
3eneHoro. JIns Bcex OKCHIOB HaONIOJaeTcs OIUIABICHHE YAaCTHI[ Pa3HBIX Pa3MEpOB Ha
MTOBEPXHOCTH 00Opa3IOB U IOSABICHNE MOBEPXHOCTHBIX TPEIINH, BBI3BAHHBIX TEPMHYECKHMH
HaNpsDKCHUSIMU BCIISACTBHE HEOJHOPOAHOTO HAarpeBa OKCHIA HOHHBIM ITydKoM. [10 JTaHHBIM
OJIA mpu 5TOM HPOHCXOAUT 0OCJHEHNE OBEPXHOCTHOTO CIIOS KUCIOPOAOM. MHOTroKpaTHOe
o0JyueHHe NMPUBOAUT K YCHWJICHHIO MHTCHCHBHOCTHM OKpacku o0iy4eHHO# obGmactu. [lis
SnO, mpm j=150 AleM® i n=1 Ha TOBEPXHOCTH OILIABICHHBIX YacTHI SnO; MHKPOHHBIX
pa3MepoB, paHee MMEBIINX K PUCTAIIOrPaUUECKYI0 OrpaHKy, (OPMHUPYIOTCS  MacCHBBI
CYOMUKPOHHBIX BTOPHYHBIX YaCTHI, TAK K€ MMCIONINC NPU3HAKH KPUCTAIUIOrpaduuecKoi
orpanku (puc. 2). CpenHuii pasmep 3Tux yactur cocrasisier 210 M. [lomydenHoe st HUX
3HAYCHHE Rsn:0=0.935 CBUJETENBCTBYET O  TOM, 4YTO OHH COCTOST u3 SnO.
Penrrenoctpykrypusiii  anamu3 (PCA) wucxomupix o6pasuoB SnO, mnokasai, 4YTO OHH
COOTBETCTBYIOT TeTparoHanbHoMy SnO,. Pa3mep oGnactn korepentHoro paccesaus (OKP)
cocrasmwn 1250420 A. Bosneiicteue MHIT ¢ j=150 A/cm® 1 n=1 TPUBOJHUT K yBETHUCHHIO
pasmepa OKP B SnO; mo 1484+27 A. Ilpu sToM pesxume 06ayueHus Ha audpakTorpamMmme

Habmonaercs nuk 101, coorBercTByrommuii TerparonansaoMy SnO. Pasmep OKP B
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SEl 20kV  WD1imm SS40 x16,000 1um

Puc. 2 osepxnocte SnO, nocyie Puc. 3 TloepxHocts ZnO mocie
obmyuenns MUII ¢ j=150 A/em” u n=1. o6myaernss MUII ¢ j=100 Alem’ n n=5.

Hampasnennn [101] mmt SnO cocraBisier
11248 A.

Ipu Bosxeiicteun MUII ¢ j=100 A/cm®
n n=5 Ha oOpasupl ZnO HabmOmaeTcs
CILIaBICHUE JIOKAJIBHBIX Y4YacTKOB

IMOBEPXHOCTHOI'O CJIOA MW HM3MEHCHUE €ro

e

e,
SEl 20kV  WD1Omm SS37 x1,000  10pm

cocrasa (puc. 3). CpeqHee 3HaUCHUE IIHPHUHB

30 Jul 2014

CIUIABJICHHBIX YYaCTKOB COCTaBJISET ~ 2 MKM.
Puc. 4 TosepxuHocts M0oO3 mocie

o6yuerus MHIT ¢ =100 A/ovC i n=1. CpenHee 3HaYCHHE MO MOBEPXHOCTH Rzn.0 =

2.16, 4TO CBHAETENBCTBYET 00 0Opa3oBaHUU
Ha 9acTH [OBEPXHOCTH TOHKOTO ciiosi Zn. IIpu 9T0M stokansHo (B yriayonenusx) Rzn.o = 4.27.
CrutaBieHHbIE yYaCTKU MOBEPXHOCTH, B OTIHYHE OT SnO,, HMEIOT MalylO HIEPOXOBATOCTb.
IIpu mnotHoctn Toka 150 AleM® uw n=5 HaOmrogaeTcs emie Ooblliee CIUIaBIEHHE
MIOBEPXHOCTHOTO CJIOS ¥ yMEHBIIIEHHE KOJIMYecTBa yriyonenuil. CpeqHee 3HaYeHHE MINPUHBI
CILIaBICHHBIX y4acTKOB gocturaeT ~ 18 mxm. Cpennee 3nauenue Rz,.o = 3.52. IIpu sToM Ha
moBepxHOCTH 00pasnoB ZnO He o0OHapyKeHO (OPMHPOBaHHE KaKHX-THOO YacTHIl,
aHATOrHMYHBIX HaOmonaeMbM Ha SnO,. ITo nanueiM PCA ncxopmHble 00pa3mbl OKcuaa IUHKA
coctosaT M3 rekcaroHampHoro ZnO. BosgeiictBue MUII B mccieqoBaHHOM HAa3oOHE
IUIOTHOCTH TOKA HE MEHSET CTPYKTYypHO-(a30Bbiil cocTaB 00mydeHHoro ZnO U MPUBOAUT K
YMCHBIICHUIO pa3Mepa KpUCTAUMTOB ZnO, TMOSBICHUIO B NPUIIOBEPXHOCTHOM CJIOE
OCTAaTOYHBIX CKUMAIOIINX HANPSHKECHHUH.
Ilpu BozgeiictBun Ha o6pasupl MoOs; MUIlc j=100 AleM® u  n=1 Tak xKe

HaOJIFOIaeTCs CIUIABJICHUE JIOKAIBHBIX Y4acCTKOB ITOBEPXHOCTHOI'O CJIOSI U U3MEHEHUE €ro
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cocraBa (puc. 4). Cpennee 3HaueHHe R0 = 0.405, uto cBHAETENbCTBYET 00 0OeAHEHHE
MIOBEPXHOCTHOI'O CJIOSI KHCIOPOAOM. POCT IUIOTHOCTH TOKa W/WIM 4YHCIAa HMITYJIbCOB
00JrydeHus! IPUBONUT C JAIbHEHIIEMY CIUIaBICHHIO MOBEPXHOCTHOro cios. Kak u must ZnO
Ha noBepxHocTH MoOs He 00HAPYIKEHO KAKHX-JIHO0 HOBBIX CTPYKTYPHBIX 00pa30BaHH.

Ilpu crarmonapHoM TepMuueckoM ucnapennu SnO; (975- 1250° C) map coctouT u3
SnO u O, [2]. Ilpu TepMuueckoM (B T. Y. UMITYIECHOM) HarpeBe IIOTOK Iapa COCTOWT,
rIIaBHBIM 00pa3om, u3 napoB SnO. Beicokoe naBnenue HackineHHOTo napa SnO u Oonbiias
IUTIOIA/Ib MTOBEPXHOCTH YacTull SnO, HarpeBaeMbIX npu BosaericTBun MUII obecnieunBatoT
HMHTeHCHBHBIH 1OoTOK mapa SnO. Hannune Ha o6iyueHHBIX oOpasuax SnO, cyOMHUKPOHHBIX
YacTHIl TeTparoHanbHo# (aszel SnO MOKET ObITH OOBSCHEHO X POCTOM IO MEXaHU3MY «Iap-
KPHCTAIUD) BCleACTBHE 00paTHOro ocaxaeHus mapoB SnO. OTCyTCTBHE pOCTa YacTHIl Ha
noBepxHocTn ZnO, MO-BHANMOMY, CBSI3aHO C €ro 6oJiee BHICOKOI TeMIIepaTypoii IuIaBIeHHUs
(1975° C) no cparennto ¢ SnO, (1630° C) ¥ MEHBIIMM JABICHHEM HACHILICHHOTO Mapa.
Hecmotps Ha 1O, 9T0 M0O3 mMeeT camyro HU3KyH Temreparypy miasienus (795° C) u
camoe BBICOKOE naBieHue HacbimieHHoro mapa (100 mm. pr. cr. mpu 1068° C) cpemau
HCCIICIOBAHHBIX OKCHJIOB, NPH OOJIYYEeHHM Ha €ro IOBEPXHOCTH HE HAONIONAeTCs pocTa
KaKUX-TH00 4acTuil. DTO, BEPOSITHO, CBSI3aHO C JOCTATOYHO JUTUTENBHBIM CYIIECTBOBAaHHEM
pacmiaBa  HOBEPXHOCTHOTO  CIOSL M OTCYTCTBHEM Ha  IIOBEPXHOCTH  IIGHTPOB
3apOo/bILIe00pa30BaHHMS.

Takum 00pa3oM, OOHApY)KEHO, YTO BO3AEHCTBHE MOIIHOTO HMOHHOIO ITy4Ka C
mIoTHOCTBIO Toka 150 A/em® Ha SnO, MPUBOJUT K O0pa30BaHMIO B MIOBEPXHOCTHOM CIIOC
xopomo uaeHTuuuupyeMon terparoHaibHol ¢(asel SnO. Ilpy OgHOKpaTHOM OOJIyYEHUH
pasmep OKP  SnO coctasnser 11248 A. Cy6GMukpoHHbIe yacTui] 5Toi dasbl 06 pasyrorcs
Ha HoBepXHOCTH SnO; B BHAE IUIOTHBIX MAaCCHBOB CO CPEAHHM pazMepoM 210 HM U UMEIOT
BBIPOKCHHYIO KPUCTAIOrpaUuecKyr0 OrpaHKy. POCT 9TMX dYacTHI[ IPOUCXOIUT IO
MEXaHH3My «Iap-KpUCTal» BCJIEACTBHE oOpaTHOro ocaxieHus mapoB SnO. Ilpu
Bo3nericteun MUII Ha ZnO n MoO; He 00Hapy»KeHO POCTa Ha OOIYyYEeHHOWH MOBEPXHOCTH
KaKUX-1u00 JacTHIl.

Pabora BbINOJIHEHA TPU YaCTUYHOM moiepikke Munobpuayku PO (mpoekt Ne 2139).

1. Joseph I. Goldstein, Dale E. Newbury, Patrick Echlin et al. // Scanning electron microscopy and
x-ray microanalysis. New York etc.: Kluwer acad./Plenum publ. 2003. 689 p.
2. Texuonorus Tonknx mieHok / Iox pegakuueit JI. Maiiccena, P. I'menra. T.1. M.: 1977. 664 c.
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BOJIHBI IEPEBPOCA U HOHHO-UHAYIIMPOBAHHBIE ®A30BBIE
MEPEXO/IbI B IBOMHBIX METAJIJIMYECKAX CUCTEMAX
WAVES CHANGEOVER AND ION INDUCED FASE TRANSITIONS IN THE
DOUBLE METAL SYSTEM

C.A. Kpuseneruu', B.U Bauypun®
S.A. Krivelevich, V.I Bachurin

'9® OTHAH PAH, yn. Ynusepcumemcras 21, e. Apocnasns, Poccus, s.krivelevich@mail.ru
(0} MUHT, Cysoanvckoe wocce, 13, Apocnasns, Poccus

In theory, the processes of formation of intermetallic phases in binary
systems under ion bombardment are considered. It is shown that the phase
formation process can be described as wave changeover propagation.

B [1] 6bu10 NOKa3aHO, YTO OOJIyYEHUE TTOBEPXHOCTU JBOMHBIX METAIUINYECKUX CHCTEM
HMOHAMH MHEPTHBIX I'a30B, IO3BOJIIET CO3/1aBaTh IUICHKH CAaMOT'0 Pa3IMYHOIO COCTaBa, B TOM
YuCiIe W IUIGHKM MHTEePMEeTAJUTM4YecKnX coenuHeHuil. CocraB oOpasyromerocs cios u ero
TOJIIMHA TPH OOJNyYCHWH IPAKTUUECKH HE 3aBUCAT OT IUIOTHOCTH HOHHOTO TOKa, a
OTIPE/ICISIIOTCS TeMIEePaTypoil MOMIOKKHA U 1030 HOHHONH OoMOapAupOBKH. TONIIMHBI
00pa3ylomuXcs CJIOEB MOIYT B HECKOJBKO pa3 IPEBBIIATh BEIUYMHY CPEIHEro
MIPOEKTUBHOrO Npodera MOHOB. TOJNIIMHBI IUICHOK B HCXOAHBIX 0oOpa3lax TakKe M OryT B
HECKOJIBKO pPa3 MPEBHINIATh BEIMYMHY IPOEKTHBHOrO Ipodera wnoHOB. K ommuectBo
NPOPEarNpoBaBIINX B CAWHHUIy BPEMEHH  KOMIIOHEHTOB  IIpM 00  pa3oBaHMH
HMHTEPMETAIUINIECKOTO COSIMHEHUS OKa3bIBACTCS HPSIMO IIPONOPLHOHAIBHEIM IUIOTHOCTH
HOHHOTO TOKa.

B Hacrosueit paboTe npoBeieH TEOPETUYECKUI aHaIu3 npoleccoB (pa3zo00pa3oBaHus B
YCIIOBHSIX MOHHOH OoMOapanpoBku. B [2] Ob1I0 ycTaHOBIEHO, YTO IJIS OIMCAHMS Hporiecca
(ha3zoo0pazoBaHus B OMHAPHOI CHCTEME 3a MpeaeaaMu 001acTu npodera MepBUYHBIX HOHOB

HEO0OXOJMMO PELINTh yPaBHCHHE BH/A

g dG
—=D Ap+ D, AT -y — 1
o - DA+ Dy J’d(p O]

3nech ¢ — mapamerp mopsaka, G — GyHKIUS IUNIOTHOCTH CBOOOAHOM »mepruw, I —
abcomoTHas TeMnepaTypa npuseaeHusie koddduuuentsr D,, Dy kodpduunentsr nudbysun
n tepmomncysuu. Ilapamerp ¢ mnpexcraBmsier coboif NMHEHHYI0 KOMOHMHAIMIO BCEX
KOMITOHEHTOB, YYaCTBYIOLIMX B PEAKI[MH 00pa30BaHUs HHTEPMETAUIN/IA.

Jis  nansHeimero o6CYXICHUS H €00XOAMMO YTOYHHTh BHA (YHKI[MH JIOKaIbHON

IUIOTHOCTH CBOOOIHOW DHEPrUU G((p). Boo6iie roBopsi, pacyeT 3TOH (YHKIHA MPEACTABISET
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co0oif CaMOCTOATENbHYI0 M JIOCTATOYHO CIOXHYIO 3a7ady M JIOJDKEH HPOM3BOIUTHCS
HMHJMBUYaJIbHO JUIs KaXKJOH KOHKPETHOH cucTeMbl. Pelnenwe Takoi 3aa4yn BBIXOAMT 3a
paMKM JIaHHOHM  CTaThM, OJHAKO, 3alucaTh JOCTaTOYHO OOIIee BBIPAKEHHE UL
paccMaTpuBaeMoil (pyHKIIMM, OCHOBBIBAACH HA CIIEAYIOMIHX MPEAIIOI0KEHUIX:
- yHKIMS MMeeT, 1o KpaifHel Mepe, OIMH INI00aIbHbIf MUHUMYM, a, B 00IIEM cirydae, YUcIIo
9KCTPEMYMOB (yHKIIUH OOJIBIIE OTHOTO;
- hyHKIMS ABISCTCS HEMPEPHIBHON M MOXKET OBITH pasioxkeHa B psj Teinopa B OKpeCTHOCTH
OJIHOTO M3 SKCTPEMYMOB;
- BHI paccMaTpuBaeMoil (YHKIMH ONpEeNseTcs B MEpBYIO OdYepenb TpeOOBaHUSIMH
CUMMETPHUH U OHa MOXET OBITh KaK 3HAKOIEPEMEHHOI Tak M 4eTHO# (yHKumel mapamerpa
nopsiaKa.

B Teopun (a3oBhIX MEpexo10B MIEPBOTO M BTOPOTO POJa, B YaCTHOCTH B [3,4], mmpoko
HCHOB3YIOTCS CJIEAYIONINE BBIPAKEHMS, YIOBIECTBOPAIOMUE C(HOPMYIHPOBAHHBIM BBIIIE

YCIOBHSM.

a a

Glp)==¢" +2¢" 2
() XA ©)

a 2a a
Glp)="L¢* -2 + 3¢ 3
() A A )

a, a a
Glo)=2Lg? =20 + 3¢° 4
() A AR “

Jlerko y6eI[I/ITBC$I, YTO NPEACTaBIICHHBIC CI)yHKHI/II/I JIOKQJIbHOM  TIJIOTHOCTH CBOGOHHOﬁ

sHepru# (2-3) ONMUCHIBAIOTCS OJJTHUM BBIPOKEHUEM BHUJIA

a 2a a
G i 2 _ 2 m+2 + 3 2m+2 5
0= 2 T Imea? ©)

31ech m - NPOU3BOJILHOE YUCIIO.

MOXHO TIOKa3aTh, YTO CjlaraeMoe, CBsi3aHHOe ¢ TepMoauddys3ueit B mpaBoil yacTu
ypaBHeHus (1) MOXXKHO paccMaTpuBaTh Kak KBaJpaTUYHYI (YHKIHUIO IMapamerpa Mopsiaka ¢.
Torna, nuamensiss macurab Bpemenu u noactasisist (5) B (1), IpuxouM K JOCTATOUHO 00IIEMY

YPaBHEHHIO

aai(f = A¢_al’¢+2a2¢m+l _a3¢2m+] (6)
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VYpaBuenue (6) onuchiBaeT GONBIIYIO COBOKYIMHOCTh (DM3UYECKUX CHCTEM, UMEIOLINX
OoJibIIE OIHOTO CTAllMOHAPHOTO COCTOSHUS, B TOM YHCIE M JBOWHBIC METAJUIMYECKHE
CHCTEMBI.

Ha mnpaktuke, Kak IpaBHIO, OOJIYYCHHMIO DPaBHOMEPHO IIOABEPracTCs OJHA U3
MOBepXHOCTeH oOpa3na, TOJNIIMHA KOTOPOro OOBIYHO MHOTO MEHbBIIE, 4YeM JIMHEeWHbIe
pa3Mepsl  00iydaeMoil MOBEpXHOCTH. B 9TOM CIy4ae JOCTaTOYHO OTPAHHYUTHCS
OJIHOMEPHBIM IpUOIIKEHNEM. BbIOupas cucteMy KOOpJMHAT, B KOTOPOH OCh X HalpaBJeHa B

r1yOrHy 00pa3sia, 1 BBOJS HOBYIO “BOJIHOBYIO” HEPEMEHHYIO y=x-Vf, U3 (6) mosy4um

d
4@
dy

2
;‘f ~agle - o - @ ). @

@, - KOPHU ypaBHEHUS

=0 (8)

Hcnonb3ys MOACTaHOBKY aHAIOrHYHYyI0 nojacranoBke Koyna - Xonda [5], MoxkHO moka3ath,

4yTO ypaBHeHHs (1) U, COOTBETCTBEHHO, (7) UMEIOT pEeLICHUs BUAA

P -9
@= . e ©)

(1+exp(my(y = y, )

3neck y, - MOCTOSHHAs MHTETPUPOBAHMUSA, BEIUYMHA ) OINpPENCIACTCS COOTHOIIEHHEM

y==xJa;/m+1.

Bripaxenue (9) onuchiBaeT BOJHY mepedpoca, COOTBETCTBYIOIIYIO MEPEXOLy CHUCTEMbI M3
OJIHOTO CTAalIMOHAPHOTO COCTOsAHUA B Apyroe. CKOpOCTh BOIHBI V, IIPU 3TOM, HMEET BIIOJIHE

ONpeACICHHOEC 3HAYCHHUE, ONPEACIIAEMOE PABEHCTBOM

v=olo ~(m+1)7 | (10)

Beipaxenust (9,10), B oOmem ciydae, JOMYCKAaIOT MEPEXOJ CHUCTEMBI M3 COCTOSHHS
TEePMOJHHAMHYECKOT0 PAaBHOBECHS B JPyrHe CTalMOHApHBIE COCTOSHHS, B TOM YHCIE H
HeycroitunBbele. OCOOCHHO SICHO 3TO, €CIIU CUHTATh BEIUYUHY 711 PAaBHOW enuHUIE. B sToM
cllydae, T0CJIeZIoBaTeIbHO TOMelas Hayauo oTcyeTa B ()a30BOM IPOCTPAHCTBE B TOUKH ¢; C
roMo1pio (10) Jerko MOXKHO IONYYUTH INECTh 3HAYEHHH CKOPOCTH BOJHBI HEPEKITIOUCHUS,

COOTBETCTBYKOIINX BCEM BO3MOXHBIM II€pEXOAaM CHUCTEMbBI U3 J1000T0 CTallTUOHAPHOI'O
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COCTOSIHMSL CHCTEMBI B JIF0OOE JPYroe CTalMOHAPHOE COCTOSHHE. AHaJOrMYHas KapTHHA
Habmonaercss ¥ npu m=1/2. Ho ciexyer oTMeTHTb, 4TO ciydai m=1 sBiseTcss 0coOBIM IO
OTHOIIGHHIO K JpyruM. MOXHO IOKa3aTh, YTO TOJNBKO B O3TOM CIy4ac BO3MOJXKHBI
JBYXMOJIOBBIC BOJHOBBIC PELICHHs, KOTOpbIE U ObLIM MoJydYeHsl B pabote [5]. B apyrux xe
CIIy4asiX CYIIECTBYIOT OJHOMOJIOBBIE pEIICHMs] THIa BONH repebpoca. Ilpm sTom aHamm3
JKCIICPHIMEHTANBHBIX pe3yldbTaToB [l] moka3plBaeT, dYTO MpH OONydYEeHHH [BOIHBIX
METAUIMYECKAX CHCTEM MEPEeXO/bl MPEHMYIIECTBEHHO MPOMCXOMAT MEXIY OmmKaiinMu
PaBHOBECHBIMH COCTOSTHUSIMH.

ITpoBeneHHbIH aHATN3 TO3BOJISIET CETIATh CIACAYIONINE YTBEPKICHUS.

3aBHCHMOCTb JIOKAIBHOH IUIOTHOCTH CBOOOJHOM SHEPrHH OT IapaMerpa IOpsaKa
pealbHBIX TBEPAOTENIBHBIX CHCTEM HMEET, B OOIIEM Cllydae, HECKONBKO 3KCTPEMAlIbHBIX
TOYEK W TOYEeK Ieperruda, COOTBETCTBYIOLIMX PAa3IMYHBIM CTAIJHOHAPHBIM COCTOSHHUSIM
cucremsl. [locnenHue, B o0LieM cityyae, MOTYT ObITh CTaOMIIBHBIMU, METACTAOMIIBHBIMH HITH
HEYCTOMYMBBIMHU.

KuneTtnueckue 3ampeTsl Ha IMEPEX0 CUCTEMBI U3 JTI000r0 CTAllMOHAPHOTO COCTOSHUS B
moboe Jpyroe OTCYTCTBYIOT, HE3aBHCHMO OT TOTO SIBISIETCS JIH OHO TEPMOJHHAMHUYCCKH
cTaOMIBHBIM WM HeT. IIpH COOTBETCTBYIOIIEM H3MEHEHHM I'DaHMYHBIX YCIOBHH CHCTEMa
MOYKET OKa3aThCsl B JIIOOOM M3 IOCTYITHBIX CTAIIHOHAPHBIX COCTOSIHHH.

ITepexon U3 OXHOTO CTALIOHAPHOTO COCTOSHHMS B IPYTO€ OCYIIECTBILIETCS ¢ KOHEUHOH
CKOPOCTBIO 32 CueT 00pa3oBaHuUs BOJHBI nepedpoca. ['Ty0rHa MPOHUKHOBEHHUS TAaKOM BOJHBI
B OJHOPOJHBIA 00pa3sel NpH HEM3MEHHBIX I'DAaHMYHBIX YCIIOBHSX, BOOOIIE TOBOPS, MOXET
OBITH CKOJIb YTOJHO OONBIIOH, M 3HAYUTEIHHO IMPEBHINIATH CPEAHHN MPOSKTUBHBIN mpober
MEepPBUYHBIX HOHOB. [109TOMY IpH HOHHO-MHIYLHPOBAHHEIX (DA30BBIX MEPEX0ax B JBOWHBIX
METaJUTHYECKHX CHCTEMax B psjie CIyYacB MOXKHO TOBOPUTH 00 3ddekTe NambHOACHCTBUSL.
OpHako, I 3HAYUTENBHOTO KOJIMYECTBA KIACCHYECKHX J(P(PEeKTOB mambHOAEHCTBHS, B
OTJIMYME OT  YIOMSHYTHIX (DA30BBIX IIEPEXOJOB, XapaKTEPHO OTCYTCTBUE CBSI3H C
rapamMeTpaMH IEPBUYHOrO HMOHHOTO Iyyka. Takoe pasianuue OOBACHACTCS CIEAYIONINM
obpa3zom.

VYcnoBus 5KCHEPUMEHTOB, ONMCAHHBIX B [ 1] COOTBETCTBYIOT OJJHOPOJHOMY OOJIYy4EHHIO
MOBEPXHOCTH 00pa3ia JOCTaTOYHO OoJblIol Iromand. B atom ciywae 3amaya o
pacnpeneneHHd TeMIepaTypsl B oOpasle Takke CTaHOBHTCS ofHOMepHOil. Kak crnenyer u3
(10), B aToM ciy4yae mpouecc 00pa30BaHHUsI MHTEPMETAJUTMUYECKOH (pa3bl COOTBETCTBYET
PacIpOCTPaHEHHUIO BOJHBI NEepedpoca M HPOTEKAeT C IOCTOSHHOH CKOPOCTBIO V, TOTZa

pacnpeneneHne TeMIepaTypsl B 00pasiie BIOJIb KOOPAMHATEI X MOXKHO UCKATh B BHJC
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T=T(y)+T, - Jx (1n

B (11) Ty, m J - HavansHas Te MrepaTypa obpaslia W IIIOTHOCTH TEIIOBOTO ITOTOKA,
HPOTEKAIOLIETO YePe3 00pasel], COOTBETCTBEHHO.

Hcnonesys (11) MOXKHO MOIY4UTh ypaBHEHHE
dT  dGd d* d’T
ey gy LD A L A L (12)
P d do d 7 dy? &’
Ly @ ay ly Ly
B (12) ¢, — ynembHas TtemnoeMkocTs, Ar U A, ompenensiorcs koddduuuentamu
TEIUIONPOBOAHOCTH U (P (Py3MOHHON TEILIONPOBOIHOCTH B pacCMaTpuBaeMoil Gpusnueckoit
cucreMe. Bropoe ciaraemoe B s1eBoi yacTH ypaBHeHus (12) mpencraBiseT co0oil CKpBITYIO
TEIUIOTY I1 €peX0/a, BhIACISIEMYIO (IIOIJIOMAEMYI0) B CIMHUIY BPEMEHU IPU IMEPeXoie H3
OJIHOTO COCTOSTHUS B APYTOE.
Wnrerpupys ypaBrenne (12) mo y oT ofHO#l moBepxHOCTH 00pasna 10 Apyroid u
YUYHTHIBAs, 9TO TPAAUCHTHI TapaMeTpa MOpsAKa Ha IPaHUIaxX 00pasla JOKHBI ObITh PaBHBI

HYJIIO, TIOJIy9UM

e
¢, 0T +6G

3necy 07 — mepemaj TeMIepaTyp MexIy OOJydaeMoW MOBEPXHOCTBIO 0Opasia u

(13)

MOBEPXHOCTBIO, INPHMBIKAIOMIEH K IOII0KKoAepkaremo, OG —yjenpHas CTaHIapTHas
sHepruss ['mOOca, COOTBETCTBYIOIIEH peaKLUH OOpa30BaHHsS HHTEPMETAINIMYECKOTO
COE/IMHEHHSI.

W3 (13) BuAHO, YTO CKOPOCTH 0Opa3oBaHUs HOBOIl (a3bl, IPHU HE CIMIIKOM OOJBIIHX
[UIOTHOCTSIX MOHHOTO TOKa HPSIMO IIPOIOPLHOHAIbHA €ro IUIOTHOCTH, YTO HPOHMCXOIUT 3a
CYeT M3MEHCHUS TPaUCHTA apaMeTpa MOpsiKa B 30HE PEaKLHH, T.C. H3MEHEHHUs IlapaMeTpa

m B BeIpaxkeHusx (9,10).

1. B.1 bauypun, C.A. Kpusenesuy, IToBepXHOCTb. PEHTr€HOBCKUE, CHHXPOTPOHHBIE U
HeWTpoHHBIE HccnenoBanHus. Ned (2009) 63.

2. C.A. Kpusenesuy, Bectauk Hukeropopackoro ynusepcurera. Cep. @usuka TBEpIoro
Tena. Bein. 1(6) (2003) 144.

3. JInpmmn E.M., ITuraesckuit JI.I1. ®usnueckas kunetuka. M.: Hayka. (1979). C.528.

4. A.C. Bensep, T. K.Cobonepa, A.D. ®unumnmos, XKOTO. T. 108. Beim. 1(7).(1995).
356

5. M.B. Orsnes, C.B.ITerposckuii, B.M. IIpoctoknmmn. JXKXT®. T. 65. Ne 6. (1995). 2.
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ONTUMM3ALUSA MAPAMETPOB IIPU CAMOCBOPKE JIIY METOJIOM
MOJEKYJISIPHON TMHAMMKHA B CUJIOBOM IOJIE «ReaxFF»

OPTIMIZATION OF PARAMETERS IN THE SELF-ASSEMBLY LCC,
MOLECULAR DYNAMICS FORCE FIELD «ReaxFF»

®.H. Muxaiinos

F.N. Mikhailov

Kadenpa OuTd, UI'TTY um. U.A. SAxosnesa, ynuma Kapaa Mapkca, 38, Uebokcapsl, Poccus,
fedormihailov@yandex.ru

We continue the study of the process of growing linear-chain carbon on the substrate of
the gas-vapor phase carbon atoms by molecular dynamics started in [1]. The transition
to the potential «ReaxFF» [2, 3], which provides an accurate account of the chemical
and mechanical behavior of hydrocarbons, graphite, diamond and other carbon
nanostructures [4-6], at the same time, the potential is capable of handling thousands of

atoms with quantum-chemical up on a long time scale of several nanoseconds.
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Puc. 1. Moaenb kapOuHa
ITpomomkeHO McciieoBaHNe MpoIiecca BRIPAIIUBAHUS JIMHEHHO-IIEIOUYEYHOr0 yriepoaa
Ha TO/UIOKKE M3 ra3onapoBoil (ha3pl aTOMOB YIJIepojia METOJOM MOJEKYJISIPHOW AMHAMUKH,
Hauatoe B [l]. OcymecrBien mnepexox K mnoreHuuany «ReaxFF» [2,3], xoropslit
obecrieunBaeT TOYHBIA CUET XMMHYECKOTO M MEXaHHYECKOrO IOBEACHHS YIIICBOJOPOIOB,
rpadura, anMasza, U IPYrHX YIJIEPOJHBIX HAaHOCTPYKTYp [4-6], B TO e BpeMs IOTCHIHAI
crnoco0eH 00pabaThiBaTh THICSIYM AaTOMOB C  KBAaHTOBO-XUMHMYECKOW TOYHOCTBIO Ha

JUITMTEIBHOM ~ BPEMEHHOM Macimurabe [0 H eCKONbKHX HaHocekyHHI. [IpousBomurcst
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ONTUMM3ALMSA IapamMeTpoB IMpouecca BbipammBanus JILY Ha mnoioxkke, Takux, Kak
KOHIICHTPAIMsl aTOMOB YIJIepoja, Hanuuue 60MOapIUpOBKH CTOPOHHUMHU aTOMaMH, BBEIOOD
po ISt TeMIIepaTypsl 0 KOOPIMHATAM U BPEMEHH I 0OecIedeH s HAWTYqINX yCIOBHH

BbIpALMBAHK U 33JJaHHOT0 KayecTBa 1enoyex JILY.

Puc. 2. Cxema PpacIioioKEHUA UCHTPOB KOHJICHCAIUHA

OpnHoii U3 3324 HAHOTEXHOJIOTHI, UMEIOIIEH OO0JIBIIOe PUKIATHOE 3HAYCHHE, SBIISETCS
CO3[aHHME IIOKPHITHH, COCTOAIIMX W3 YNOPSAOYCHHBIX LENOYeK JIMHEHHO-IIEII0YedHOro
yriepoza (JILLY) (puc.1). [Tnanupyercss mmpoKoe NpUMEHEHHE TaKUX MOKPHITHH BO MHOTHX
cdepax IesATEIBHOCTH U B IIEPCHEKTUBHBIX YCTPOHCTBAX, HAIIPUMED, B BEICOKO3((EKTHBHBIX
XOJIOHBIX KaToOlax C O4YeHb HU3KOH pabdoroii Beixoga — mo 0.5 3B [7,8]. B paGote
ucciepyercst nporecc BopammBanus JILIY Ha momioxkke w3 rasomapoBoi (a3l aTOMOB
yriaepoja  METOJOM — MOJIEKYJISIpHOM — JTUHAMUKU. B paboueli obyacth, HMeEROLIEH
NEPHOJUIECKHe TpaHWYHBIe YCIOBHS Ha OOKOBBIX CTEHKaX, MMEIOTCS aTOMBI YIJepona,
MEJUICHHO OCEJAIOIe Ha IOJIOXKKY, COCTOSIIIYI0 M3 JBYX CJIOCB aHAJOTHYHBIX AaTOMOB,
CO3JIAIOIHX LIEHTPHl KOHAeHcanuu. B cucTeMe cymecTByeT HeOONbIIOE JTHHEHHOE TpeHHUE,
HMUTHPYIOIIEE OCTBIBAHME Ia30MapoBOH CMeECH, a TaKKe HarpeB aTOMOB OT BHELIHEro

HUCTOYHHUKA.

Mogens HOMNOXKKH HPEACTaBIACT COOOH YeTHIPEXYTONbHYI0 HPU3MY C OCTPBHIM
IBYTPaHHBIM YoM B 60° M NEpHOIMYECKHMH TpaHHIAMU 0 GokaM sdeiku (puc. 2), B
npusMe 25 nemnodex mo 2 aroMa B Kaxnoid. Cxema pacHosIOXKEHHsS IIEHTPOB KOHICHCALNH
(puc. 2) momyuaeTcs IyTEM TPAHCIALMU dJIEMEHTapHOU sueliku Burmepa-3eiftma (puc. 2,
IIECTUYTOIBHUK €O CTOpPOHOH a=1.99A), xoTOpas B CBOIO ouepeilb MONYYaeTCA M3 AUCHKH

BpaBe rekcaroHaNLHOTO THIIA (PHC. 2, IECTHYTONBHHK cO CTopoHoit b=3.44A). puc. 2
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TloTeHuMaibHas YHeprusi B3aumojieiicTems, 7B

Me:xaToMHOe paccTosHHe, A

Puc. 3. 3aBucuMocCTb MOTEHIIHANBHOM SHeprun B3auMoaeicTBust C-C CBA3M OT MEKaTOMHOTO
paCCTO}[Hl/lﬂ (crmou_u-[ax - 3Hepl"l/lﬂ, LLlTpl/[XOBaﬂ - HpOl/l3BO}lHaﬂ oT 3Hepruu)

Ha puc. 3 npencrasnen rpaduk 3aBUCUMOCTH ITOTCHLIUAIBHOW YHEPTUU B3aUMOACHCTBUS

aTOMOB YIJIEPO/Ia OT MEKATOMHOTO pacCTOSHUSA It noTeHuana «ReaxFFy».
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HUCCIEJOBAHUE AMOPO®U3AIIMU-PEKPUCTAJUVIN3ALIUNA TTOBEPXHOCTH
SI(111) TPM HA3KOOHEPTETUYECKO MOHHOM BOMBAPJIUPOBKE

MODIFICATION OF THE Si(111) SURFACE UNDER THE LOW ENERGY OF THE
ALKALI ION BOMBARDMENT

C. K. Humaros', J1.C. PyMH2
S.J. Nimatov', D.S. Rumi’

"UUTIWIT AH PV3, Aypmon tiynu 33, Tawxenm, Y36exucman, e-mail: Nimatov@mail.ru
’HTIT “PROTON ”, Hapkenmckas 51, Tawkenm, Y36exucman

In this paper, the results of the investigations of Si (111) surface modification
under the low-energy ion bombardment have been presented and it was shown
that the deposition of films from the incident ion beams takes place in the ion
energies region up to 1 keV. It has been established that work function ¢ of the
Si (111) sample surface is dose-dependent in complex manner under this

conditions at various irradiation energies and ion types.

C pa3BUTHEM TEXHOJOTMH HAHOIUICHOYHOH OJJIEKTPOHUKH AaKTyaJbHBIM CTaHOBHUTCS
BOIPOCHI HCCIICIOBAHUS MOAN(UKALNY TOBEPXHOCTH PAa3INYHBIX MAaTEPUAIOB, B TOM YHCIE
MOJIYIIPOBOJAHHUKOBBIX ITy4KaMH HH3KOIHEPreTHYECKUX HOHOB. [lox neiicTBHEM HOHHOrO
Iy4Ka COINPOBOKIACTCS LENBIM S B3aMMOIEPEKPHIBAIOIIMXCS 3IEMEHTAPHBIX MPOLECCOB
pAaCIIbUICHHMS, JUCCOLMALMY, NeCOpOLUH, aacOpOLM, TOMO-U T'€TEPOreHHBIX XMMUYECKHX
o0pa3oBaHHUil M Jp., BTOPUYHO SMUCCHOHHBIX, TEPMHYECKUX, KOTOpPBIC CTHMYJIUPOBAHBI
CaMHMM MOHHBIM IyYKOM M TaK, WM MHA4e BIMSIOT Ha 0Opa3OBaHHE MM HCYC3HOBEHUE
MTOBEPXHOCTHBIX JIe()EKTOB, CIOCOOCTBYIOT 3apOJIBINICO0Pa30BAHHUIO, SIUTAKCHAIBHOMY WITH
amoppHOMY pocTy ciioeB. MHOro(MakTOpHBI yYeT CHIBHO YCIOXKHSET MONydYeHHe
JIOCTOBEPHON  MH(OpMAIMH O MOAM(HKALMKA  HOBEPXHOCTH TOTO WIM  HHOTO
HHU3KOPHEPTeTHYECKOTO HMOHHO-CTHMYJIMPOBAHHOTO TpoIecca, KOTOPBI 007azaeT psgoM
NPEeHMYIIECTB [0  CPaBHCHHIO €  JAPYTHMH  TEXHOJIOTHSAMH  TOHKOIUICHOYHOH
MHKpPOSJIEKTPOHHKH W IIHMPOKO TIPUMEHSETCS KaK IpU IPOM3BOACTBE SIIEKTPOHHBIX
pUOOPOB, TaK U COIHEYHBIX 2JIEMEHTOB.

KonTponupys B mporecce 3KCIIepuMeHTa CTPYKTypY H COCTaB MOAUDHUIIIPYEMOTO CIIOS

TIOBEPXHOCTHO-YYBCTBUTCIIBHBIMU METOAAMU, MOKHO OLCHUTH JIOJII0 SHECPIruM IpU 06MCHC,
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KOTOpasi 3aTpavynBaeTcsi Ha oOpa3oBaHHe Ie(HEKTOB WM HA OTXKHUI, HA 00pa30oBaHHE HOBOW
(ba3zsl u ee yrnopsi0ueHHE.

HuzkosHepreTHyeckre NOHBI, HMIDTAHTHPYEMble Ha HEOONbIINe IIIyOWHEI, HAa paHHEH
CTaJIMU SIUTAKCHAIBHOIO POCTA IUICHKH, CO3/al0T MOBEPXHOCTHBIE Ie()EKThI, AEHCTBYIOMUE
B JalbHEWIIeM Kak LEeHTPHl KPUCTAUIMYECKOTo 3apoiplmeoOpasoBanHus. Ilpu sToM
OJTHOBPEMEHHO MPOUCXOIUTH d(P(YEeKTUBHAS HOHHO-CTHMYJIHUPOBAHHAS JIeCOPOLUs yriaeposa,
KHCIIOPOJa M JAPYTHX 3arpsi3HEHHII OBEPXHOCTH CIIOCOOCTBYET OYMCTKE TPAaHHIIbI pasjiea,
YIAy4IICHUIO AJAre3uH IUICHKM C MaTepualoM IIO[UIOKKH. DHEPrus HOHOB CTHMYJHpPYET
MPOTeKaHHe XMMHYECKHX DPEeaKkIUi Ha MOBEPXHOCTH, B YaCTHOCTH, OOpa30BaHUS TOHKHX
MEePeXOAHBIX Ccl0eB. [l TEXHOJIOIMH SMHUTAKCHAIbHOW HMIUIAHTALUK PEAKTUBHBIX HOHOB
Ba)KHO 3HAHHUE ONTUMAIIHBIX SHEPTETUYCCKUX U O30BBIX YCIOBHH MOHHOTO OOIy4eHUs, IPH
KOTOPBIX HE IPOHMCXOAWT paspylleHWs IOopsKka Ha IOBEPXHOCTH, JHOO, HAIPOTHB,
OCYMIECTBIISETCS TOMHAST aMmopu3arus e€ MUKpoydacTkoB [1-5].

B pabote npuBeaeHbI pe3ybTaThl HcclieqoBanuii Moaudukanuu nosepxuoctu Si (111)
U OLICHEHA CTENEHb CTPYKTYPHOTO COBEPIICHCTBA PACTYNIMX IUICHOK B ClIydae CHIIMIUIOB
IIENOYHBIX METAJUIOB M3 HHU3KOXHEPTeTUUESCKUX Iy4KoB MeTonoM J[OHD oxHOBpeMeHHO B
BapHaHTaX dJIEKTPOHOrpaduK 1 TMHAMUKH HHTEHCUBHOCTEI pediekca u ¢ouna (IIHD P/D).

HccnenoBanuss  NMpoBEJEHBl B CBEPXBBICOKOM  Bakyyme 51 0" Topp.
OKCIIepHMEHTANbHAsS yCTAHOBKA, B KOTOPOH CMOHTHPOBAHEI 3JIEKTPOHHO-ONTHYECKHE
cuctems! JIOHD, OOC, nonHas myiika u JpyrHe BCIOMOTaTEbHBIC YCTPOHCTBA MO3BOJIAIOT
MIPOBOJMTH 3 KCIIEPUMEHTHI B €IMHBIX YCIOBHAX. Pa3paboTaHHBI MaHHITYJISITOP-TAHHOMETP
JaeT BO3MOXHOCTH C TOYHOCTH JOJICH MIJUIMMETpa YCTaHOBUTH HCCIIEIyeMBIil oOpaszen
OTHOCHUTEJBHO 3JIEKTPOHHO-onTHYecKuX cucteM [IDOHD, ODC, HOHHOHN MyHIKH U MPOBOAUTH
HAarpes, a TaK)Ke KOHTPOJIb €r0 TeMIICPaTypBbl.

OKCIIepHMEHTHI 10 OOMOapANPOBKE TIATEIBHO OYMINCHHOH BBICOKOTEMIIEPATyPHBIM
MPOTPEBOM TOBEPXHOCTH Si MOKAa3ajH, YTO B 00JIACTH DPHEPrUU LIEIOYHBIX HOHOB 10 1 k3B
HMEET MECTO OBICTPOE OCaX/ICHHE IJICHOK U3 HOHHBIX My4yKoB. [Ipy KOMHATHOM TeMneparype
MOIJIOKKH BpEMsI JO IOJHOTO HMCYE3HOBEHMS IHU(PPAKIMOHHBIX PE(ICKCOB CPaBHUMO C
BpEMeHEeM HAKOILICHHS Ha OBEPXHOCTH LIENOYHOr0 METALIA ¢ KOHueHTpamuei 10" at/cm®.
TemnepaTypa oTKHra, IpU KOTOPOH BOCCTAHABIMBAIOTCS AU(DPAKIOHHBIC KAPTHHBI, 3aBUCUT
OT COpPTa HOHOB U UX SHEPIHH.

Jlnst HU3KOTEMIIepaTypHOIl 4YacTH XapaKTepHBI HU3KHE SHEPTHH OOMOapIupyIOMINX
HOHOB, OTCYTCTBHE I1 OBEPXHOCTHBIX CTPYKTYp M XMMHMYECKHX peakuuid. Pabora BeIxoma ¢

HU3MEHACTCA IUIaBHO, IIPOXOAS YE€PE3 MUHUMYM IIPHU KOHLEHTpPAalMU a1aTOMOB MEHEEC OTHOI0
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MOHOCJIOSI M JOCTHIasi HACBILIEHUs OKOJO ABYX MoOHOcioeB (puc. 1, xpuBbie 1). Bpems
TIOJTHOTO MCYE3HOBEHHs JU(PPAKIMOHHBIX Pe(IIEKCOB I Pa3IMYHBIX HOHOB COBIIAJIACT C
BEIXOJIOM KpuBoil ¢= f(d) Ha Hacwimenue. [Ipn 3ToM 3HaueHHE ( ONMM3KO K 3HAUCHUSIM JUIS
MAaCCUBHBIX ILEJIIOYHBIX MeTauioB. Cllol, HAHECEHHBIN IyYKOM HOHOB ¢ 3Heprueit 1o ~ 300
3B, serko ymamsuics KpaTkoBpeMeHHsM mporpesom mpum  500°-600° K, mocie uero
Iu(paknIUOHHAs HHTEHCUBHOCTh OCHOBHBIX pE(IEKCOB U (¢ BOCCTAHABIMBAIOTCSA [0
[epPBOHAYAIbHOTO  3Ha4YeHMs. JIst  BBICOKOTEMIEpAaTypHOl ~ 00JacTH  XapakTEpPHBI
OTHOCHTENBHO BBICOKHE SHEPIHH MOHOB, HAJIMYUE MOBEPXHOCTHBIX CTPYKTYpP M 00Opa3oBaHUE

cumnuioB. Pabota BeIX0/a M3MeHseTCs Ooliee CI0KHBIM 00pa3oM ( puc. 1, KpuBble 2).

¢, 3B

Li*~Si(111)

W

t
. / 4>T<4

2 2
1

dx 10’15. MOH-CM 2
0 0,3 0,6 0,9

0, 3B
5
" Na*-Si(111)
1
dx 10"15, aH-cv2

0 0,3 0,6 0,9
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¢, 3B

R Si(111)

dx 105, uon-cni?
0 0,3 0,6 0.9

Puc. 1. Jlo3oBast 3aBUCHMOCTB paboThI BEIXOAA ¢ moBepXxHOCTH obpasua Si(111) npu obnyueHnn
Pa3INYHBIME HOHAMH H HA4YaJbHBIX TOBEPXHOCTHBIX CTPYKTYP (yKa3aHbI CTPEIIKAMH).
1- E;=2005B; 2- E;=7003B.

IIpn npoBeneHHM NOCTPaJHUIIOHHOTO OTXKUTa aMOp(U3HPOBAaHHBIX IOBEPXHOCTEH
OBIIO 3aMEYEHO, YTO CTPYKTYPHOE COBEPIICHCTBO SMHTAKCHATBHBIX IUICHOK CHIIMIUIOB ~ B
1,5-2 pa3za Bblllle, 4EM y HCXOAHOW MOBEPXHOCTH I1 OJUIOKKH. IIpH BBICOKOTEMIIEPATYPHOM
HarpeBe CHJIMIHIA, OCTHIBAHUH ITOJUIOKKH M BO3BpaTe K McXomHO# crpykrype Si(111)-(1x1)
HaOJIIOIaNIOCh TaKoKe CHIDKEHHE CTeNeHH AedekTHOCTH D mo cpaBHEHHIO € Dycxom. MBI
OTHOCHM 3TOT 3(QEKT 3a cueT MeXaHH3Ma PaAUAlMOHHO-CTHMYJIMPOBAaHHON pellaKkCaluy
(“3aneuynBanus’) 1e(EKTOB MOBEPXHOCTH NPH MPOTEKAOIMX HA HEH (PU3MKO-XUMHYECKUX
MPOLECCOB  CHIHIMA000pa3oBanus. OpHEHTHPOBAHHBI POCT CIOEB  COIPOBOXKAAETCS
HaJIMuueM cienyionmx (axktopos. MOHHBI My4OK CTUMYJIHPYeT 0Opa3OoBaHHE TOYEUHBIX
LEHTPOB pPOCTA, a KTUBHpYeT AU(Qy3MOHHBIE MPOIECCH, OYHINAET MOBEPXHOCTH OT
4y)KEPOAHBIX aACOPOMPOBAHHBEIX aTOMOB, Pa3pyIIaeT 00Pa3yIOIINECsS TPEXMEPHbBIE OCTPOBKH
U CIOCOOCTBYET M CIIAPCHHMIO MEJKHX OCTPOBKOB, YTO B CBOK O4Yepelb, NPUBOAUT K
MIEPECHIICHHIO JIBYMEPHOTO Mapa BOJM3H I1OBEpXHOCTH. B coueranun ¢ TepMoobpaboTKoi

9TO CIIOCOOCTBYET OCYIIECTBICHHUIO PEAKIHI C YIIOPSIOUCHIEM HOBOII (ha3bl CHIUIUAA.

[1] L. Pelaz, L. A. Marqués, and J. Barbolla lon-beam-induced amorphization and recrystallization in silicon J.
Appl. Phys. V.96, N 11, 2004, P. 5947-5976.

[2] Ishimaru T., Shimada K., Yamawaki T. u np. // Abstracts of XIII th Intern. Conf. on Ion Implantation
Technology (IIT-2000). Alpbach, Austria, September 17-22, 2000. P1-20.

[3] Matsuo. J., Seki T., Aoki T. u ap. // Abstracts of XIII th Intern. Conf. on Ion Implantation Technology (IIT-
2000). Alpbach, Austria, September 17-22, 2000. WE-3.

[4] Nord J., Nordlund K., Keinonen J. // Abstracts of 19 th International conference on atomic collisions in
solids, Paris, 29 July-3 August 2001. P. 110.

[5] Shoji E., Shimoji H., Morimoto S. u ap. // Abstracts of 19 th International conference on atomic collisions
in solids, Paris, 29 July-3 August 2001. P. 200.
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IN-SITU RBS STUDIES OF STRONTIUM IMPLANTED GLASSY CARBON

0.S Odutemowo*, J.B Malherbe*, C.C Theron*, E.G Njoroge*, E. Wendler#

* Department of Physics, University of Pretoria, Pretoria, 0002, South Africa.
# Institut fiir Festkorperphysik, Friedrich-Schiller-Universitit Jena, 07743 Jena,
Germany

We have previously investigated the diffusion behavior of strontium ion in glassy carbon after
vacuum annealing at temperatures ranging from 200 °C to 900 °C [1]. The diffusion of strontium towards
the surface and into the bulk of the glassy carbon was observed after annealing the glassy carbon sample
at 300 °C. The outward diffusion of the strontium increased with increasing annealing temperature The
diffusion of strontium at these elevated temperatures was also accompanied by segregation of strontium

towards the surface of the glassy carbon substrate.

The aim of this study was to investigate the segregation mechanism of strontium in glassy carbon
after heat treatment at elevated temperature by using in situ RBS method. This method allowed us to

calculate the diffusion coefficient of implanted strontium in glassy carbon dynamically.

In order to do this, 200 keV strontium ions were implanted in glassy carbon at room temperature.

The samples were implanted to a dose of 1x10'° Sr'/cm?.

Figure 1 show how the annealing of the sample was carried out. The sample was quickly heated
up from room temperature to 300 °C at 30°C, minute. This was done because the previous studies have
shown that diffusion of strontium starts taking place at 300 °C. After the quick ramp, the temperature was
then increased by 2°C/ minute with the resulting RBS spectrum being taken at every instance until the
temperature rose to 650 °C. The temperature was then kept constant at 650°C for about 2 hours and the

RBS spectra were also recorded after every 2 minutes.
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Figure 1: Graph showing the annealing steps during in-situ RBS analysis.

The resulting RBS spectra at every instant were plotted in 3D. Analysis of the confirmed the bulk and
surface diffusion of the strontium after heat treatment at temperatures below 400 °C. We were also able to
deduce that the segregation of strontium towards the surface of the glassy carbon substrate was observed
at 577 °C after annealing for 159 minutes. Surface segregation of implanted species has also be reported

by [2] and [3].
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Figure 2: 3D imaging of all acquired RBS profiles from room temperature to 650 °C.

The as-implanted RBS profile was compared with the 498 °C and 597 °C profiles as shown in figure 3.

This was done in order to fit the depth profiles and estimate the diffusion coefficient
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Figure 3: comparison between the as-implanted spectrum and some of the spectra obtained after heat
treatment. The segregation of strontium towards the substrate can be observed after the sample was

annealed at 597 °C in the 169" minute of annealing.

With the data acquired above, we concluded that annealing of the sample at low temperatures
resulted in both bulk and surface diffusion of strontium. Segregation of strontium was also observed at

597°C at the 169™ minute of measurement.

[1]. O. S. Odutemowo, Modification of Glassy Carbon under Strontium Ion Implantation, University of
Pretoria, 2013.

[2]. Z. H. Zhang, L. Chow, K. Paschke, N. Yu, Y. K. Tao, K. Matsuishi, R. L. Meng, P. Hor, and W. K.
Chu, Applied Physics Letters 61, 2650 (1992).

[3]. D. F. Langa, N. G. Van Der Berg, E. Friedland, J. B. Malherbe, A. J. Botha, P. Chakraborty, E.
Wendler, and W. Wesch, Nuclear Inst. and Methods in Physics Research, B 273, 68 (2012).
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OCOBEHHOCTHU MOHHOI'O PACHIBIVIEHUSI HAHOKPUCTAJIJIOB U
30HA HEYCTOMYMBOCTH JE®EKTOB
FEATURES OF ION SPUTTERING OF NANOCRYSTALS AND INSTABILITY
ZONE OF DEFECTS

B.J'[.OKceI—IreHz{neg12 CI).F.[[)Kypa6eKOBa2, C.E.Maxkcnmos'
B.L.Oksengendler', F .G.Djurabekovaz, S.E.Maksimov'
]Hl-tcmumym UOHHO-NIAZMEHHbIX U a3epHblx mexHonouu Axademuu Hayx Pecnybnuxu

Vsbexucman; 100125, yn. Jopmon ﬁy/m 33, Tawxenm, Yzbexucman oksengendlerbl@yandex.ru

Y Helsinki Institute of Physics and Department of Physics, University of Helsinki, Finland.

We consider in the framework of the random walk model with additional force the features of
the sputtering process under ion bombardment of the nanoparticles placed in the near-surface
region of the solid-state matrix. It is shown that the sputtering can be increased or decreased
in comparison with the bulk sample depending on the compression or extension of

the"nanoparticle matrix" interface respectively.

B mocnenHue roapl pamuanuoHHas (QU3MKa JEMOHCTPUPYET YETKHH KpeH B o0iacTh
HCCIIEI0BAaHUS HAaHOOOBEKTOB [1-5]. DTol TeHIEHIMH CledyeT W H3yYeHHE pPacHbUICHUS
TBEPIBIX TEJ MOJ AeiicTBUEM HOHHOI OoMOapaupoBku [4,6,7]. B aTom cMbicie Hanbonbimit
(u3uUeckuil MHTEpeC MPECTaBIAeT MOHUMaHHE O0COOCHHOCTeH MoauduKanun 4-X KIaccoB
MEXaHH3MOB PAaCIBUICHUS: YIPYTOro0 PacCesiHUsl, KYJIOHOBCKOTO B3pbIBa, TEIUIOBOIO IIHKa,
yaapHeix BOJH. B pabGore [1] koHuenTyamnbHO ObUT BBISBIEH PAI  OCOOCHHOCTEH,
MOAMMHUIMPYIONINX PaAUalMOHHBIC TPOLECCHI MPU MEpPexosie K HAHOOOBEKTaM; KacaTelbHO
PAacIBUICHHUS, CPEH STHX MOAUPUIUPYIOMNX (HAaKTOPOB OCOOYIO POJIb HIPAIOT KOH(pAHHMEHT
9JICKTPOHHBIX BO30YXKACHHUH B HAHOYACTUIC M HAIMYUC TPAHUIBI pas3feia MExXIy
MIPUIIOBEPXHOCTHOH 00JIaCThIO MATPHUIIBI  BHEAPEHHON B He€ HaHOYACTHLEH. B HacTosiei
paboTe mM3ydyaercst yNpYruid MEXaHW3M pacHbUICHHS M MOAMGHIMpYIOMAs pollb B HEM
rparuns! pasznena (Puc.1). B Hanbonee obmem Buae MonudUIUPYOMUX (HaKTOPOB MIPH STOM
JIBa: a) BIMSHME TIPaHMIBI pas3liesia Ha 3Hepruro cMmemeHus E; [3] u 6) BO3ZHHUKHOBEHUE
«YTIPYTOTo BETpay, ACHCTBYIOIIEr0 Ha KACKaIUPYIOIIHE aTOMBI CO CTOPOHBI I'PaHHIBI pa3Jena
[7]. OtMeTnM, 9TO OOBIYHBIC MpPEACTABICHUS 3€HTIA O BeIMYHHE E,; HE MO3BOJSIOT yYeCTh
POJIb TPAHUIBI pa3jiesa, OQHAKO 3TO yAa€TCs y4ecTh Ha OCHOBE «Iu(dy3HOHHON MOeIny,

Gasupyromeiics Ha MPEICTaBICHHAX CIyJalHbIX ONy>KIaHMIl BBIOUTOIO «ropsYero» aroma B
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Puc.1. Cxema yBenuueHHs BbIHOCA JIMHEHHOIO KacKaja 3a IIOBEPXHOCTh S. 3aiuTpuxoBanHas 001actb
COOTBETCTBYET JIOMOJHHUTEIBHOMY BBIXOAYy aTOMOB, OOYCIOBICHHOMY BO3JCHCTBHEM TIDaHHIbI
pasnena; I — nagarommii mepeuunslii HoH, O 1 O’ — HEHTPHI 007acTel KackanoB, | - TpaHuIA pa3aena
«HAHOYACTHLA-MATPULIA».

30He HeycToHunBocTH (cM. [3]). Kak okazanocs, ynpyroe B3anMoeCTBIE TPaHHIIBI pa3jena
C «ropsSYMM aroOMOM» BJIHMSET Ha paJdyC 30HBI HEYCTOMYMBOCTH M, TEM CaMbIM, H a
BEPOSITHOCTb CMEICHHS, YTO, B CBOIO O4Y€pe/ib, BIUSIET HA ceueHne aedekroodpasoBaHus, a

9TO, B CBOIO O4epeb, OTpaxaeTcs Ha 3 (eKTHBHOM HapameTpe AedekroodpazoBanus £y.

B npubmmkenun ynpyrux mapos uMeem [3]:

E, =0, |14+ 2-[1-exp| - Lun=Co )
U, £

3neck Uy — MOTEHIMANbHAS SHEPTHS CMEIIEHHOTO aTOMa HA TPAHHMIIE 30HbI HEYCTOHYHBOCTH,
g :e(Roz/a 2) — CpEIHHE DHEPreTUYECKHE MOTEPU CMEHIEHHOTO aTOMa NpPU [BMKEHUM OT
HCXOJHOTO y3jJa JO TPaHUIBI 30HBI HEYCTOMYMBOCTH paauyca Rj, a@ — MEXaToMHOE
paccTosiHHe, & — IOTEPH JHEPTUHM CMEIIAeMOro aToMa B OJHOM CTOJNKHOBEHHH, Tju —
MaKCHMaJILHO BO3MOJXKHAsI TIepeiada SHEPTUH B CTOJIIKHOBEHHH OBICTPOTO 00JIyJaromero HoHa

PETyJIIpHOMY aTOMY HAaHOYACTHUIIBL.

JleiicTBue ympyroro moJis IpaHUIBl pasziena BiuseT kak Ha Uy, Tak u (B Oouiblueit

creneny) Ha £ (depes Ry), T.K.
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2 2
% = —const% * % s 2)
0 . B

rae R, — paguyc HaHowactuupl. M3 (2) u (1) BUIHO, YTO C YBEIMYEHHMEM pajauyca
HaHO4YaCTUIBI dPPEeKT BIusHUSA HAa E,; yMEHbIIAeTCsl BecbMa CHIbHO. OTMETHM, 4TO 3 GeKT
BIIMSIHMS TPaHUIIBl pa3ziesia MMEET MECTO Kak I ceprueckoil HaHOYACTHIIBI, OIHOCTBIO
MOTPY)KEHHOH B MAaTpHIy, TaK M Ul MONyCHEepUueckor, BHIXOMAIICH MIOCKONH YacThio Ha

noBepxHocTb (Puc.1).

Bropoii pakTop qeHCTBHS TpaHULIB pa3jiena, KYIpPYTHid BeTepy, IPOSBISIETCS JIHIIb 15
nonycepuueckoii  Hanowactuusl.  CormacHo — mpexactaBieHusM  [7],  ympyroe
OTTAJIKUBATEIBHOE B3aMMOJCHCTBHE MEXIy I'paHHIEH paslena W KacKaJUpyeMbIM aTOMOM
IeiICTByeT B TEYCHHE BCETO BPEMEHH, [OKAa aTOM [BWKETCS H, B CHIYy CHMMETPUH

rostyc(epbl, CHOCUT «pPOiD» CMEIIEHHBIX AaTOMOB K TOBEPXHOCTH.

Koaddunuent «cHOCa» aTOMOB MOBEPXHOCTH ONpeenseTcs Kak [7]:

uFt 1 do,, 1 o B, /(E, +U)]

TR v
(Emax +Us )

3nech N — IUIOTHOCTH aTOMOB HAHOYAaCTHUILIBI, [ — MOJABHIXXHOCTBE «TOps4YEro» aroma, F -

0 == 3

CpelHssA CUJIa OTTAIKUBATENILHOTO B3aUMOAEHCTBUS «TPAHULIA Pa3fiela - TOPSUU aToM», Reqs
— pajilyc KacKaja, Ge — CPeJHEe yIpPyroe HalpsbkeHUe OT MPAHHIbI pa3jiesla B HAHOYACTULIE,
Po — PaaMyC CTaJKUBAIOLIMXCS KacKaJUPYEeMbIX aTOMOB, E,q — MakCHUMallbHas 3HEprus
aToMOB B Kackazie, I’ — temmeparypa TBEpaoro tena. M3 (3) BuaHo, uTo (akrop cHoca O
YMEHBIIAeTCs ¢ POCTOM paJyca HaHOYAaCTUIB R,. KpoMe Toro, oTMeTuM, 4To § 3aBHCHUT OT
paanyca HaHOYACTHLB! M Yepe3 E,. OTMeTHM, 4To MOsBICHHE B (3) IOBEPXHOCTHOTO Oapbepa
Us cBA3aHO C TEM, YTO PACHBUISAIOTCS TOJIBKO T€ aTOMbl M3 KaCKala, SHEPrus KOTOPBIX

CHIXKAEeTCA He HIKe, yem Us.

Tenepp yurém 06a Qaxropa (1 BIMSHUE TPAHHIbBI pa3jeia HA SHEPIHIO CMELICHUS, 1

BIHMSHUE Ha (haKToOp CHOca) B ogHOU opmyre. st kodadduieHTa pacblIeHUS MOTydaeM:

1 E,
Y=|-x6|6y—m 4
(6 )XEJ"'UX @

3necs y — kackanHbii kodddunuent Kununna-Inza (x<1) [8,9].

VYpaBrenus (1) — (4) MO3BOJISAIOT MPOAHATM3UPOBAThH JBa BaKHEHIIMX CIydas: KOTaa

Marpuna CKMMaeT HaHO4YaCcTULy W KOrJa MaTpula pacTAruBa€T HAHOYACTHUILY.
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JeiicTBuTeNBEHO, B epBoM ciiydae (Y=Y;) B (4) Hajo B34Th 3HAK «+», a E, < Eg, rae Eg -
JHEprusi CMEUICHUs B 00bEMHOM, a HE HAHO, MaTepuale; Bo BTopoM ciydae (Y=Y>) B (4) Hamo
B3SITb 3HAK «-», U y4ecTb, uto E, > EJ. Takum 06pa3oM, BTOpoil cilyyail COOTBETCTBYET

CHUTYyalluH PaJHalMoOHHOM cToiikoctH (Y;>Y?) (Puc.2).

Y

Y()'

Y,

R,

Puc. 2. 3aBucuMocTh K03((UIHMEHTa PaCIbIICHHS OT pa3Mepa HAHOYACTHIBI IpH: 1) CxUMarommeit
rpaHHLe pasjelna; 2) pacTsArUBaloLIel rpaHuLe pasnena; Yy - koaGuiueHT pacibuieHns 00bEMHOr0
MaTepuaa.

Pabora BeimonHeHa npu GpuHaHCOBOH moanepxkke KomuTeTa o KOOpIHMHALNH Pa3BUTHS

Hayku W TexHoyoruii mpu KaOunere MunuctpoB PecnyOmukm VY36ekucran (KOHTPaKTBI

NeD2-DA-D157 u NeD3-DA-D158).
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HOHHO-JIYYEBOE ®OPMUPOBAHMUE 3JIEKTPOKATAJIU3ATOPOB
JJIS1 TONJIMBHBIX 9JIEMEHTOB C TIOJIMUMEPHBIM MEMBPAHHBIM
9JIEKTPOJIMTOM
ION BEAM FORMATION OF ELECTROCATALYSTS
FOR FUEL CELLS WITH POLYMER MEMBRANE ELECTROLYTE

B.B. ITonnasckuii, A.B. Jlopoxkko, B.I'. Matsic
V.V. Poplavsky, A.V. Dorozhko, V.G. Matys

Benopycckuil 2ocydapcmeenmblii mexHOI02UYecKull yHugepcumen,
220006, yn. Ceeponosa, 13a, Munck, Benapycs, e-mail: vasily.poplav@tut.by

The active surfaces of electrocatalysts are formed by the ion beam assisted deposi-
tion of the active metals (Pt, Ir, Sn) onto diffusion layers of the fuel cells materials
— carbon supports AVCarb” Carbon Fiber Paper P50 and Toray Carbon Fiber Paper
TGP-H-060 — and polymer membrane electrolyte Nafion® N 115 from a neutral va-
por fraction and the vacuum-arc discharge plasma of a pulsed ion source. The
deposition was performed in the mode using accelerated ions at the voltage of
10 kV of the deposited metal as assistance to the deposition process.

IIpuMeHeHne MOHHBIX IIYYKOB JUIS JIETHPOBAHMUS MOBEPXHOCTH MAaTepUaIoB obecredn-
BACT BO3MOXKHOCTh BBE/ICHHS B TOHKHIl IPUIIOBEPXHOCTHBIH CIIOH KOHTPOIMPYEMBIX KOJIH-
4ecTB JII00OH HpHMecH Ha HaHOpa3MEpHOM aTOMHOM YpPOBHE B HEPaBHOBECHBIX YCIOBHSX
HOHHOM OomOapaupoBku. IIpu 3TOM HauOONBLIIMH HHTEPEC NMPEACTABISECT HMOHHO-JIyYEBOE
Mo uduIpoBaHre (pyHKIMOHAIBHBIX MaTEPUAIOB, CBOWCTBA KOTOPBIX ONPEEISIOTCS B OC-
HOBHOM COCTAaBOM IOBEpXHOCTH. K 4ncity Takux MaTepHalioB OTHOCSTCS reTepOreHHbIe KaTa-
JM3aTOPBI XMMHYECKHX PEAKIUH, ¥ B YaCTHOCTH JJIEKTPOKATAINU3aTOPBI — JJIEKTPOBI JJICK-
TPOXHMHYECKHX YCTPOHCTB. DIEKTPOKATAIM3ATOPHI ABISIOTCS 0053aTEIbHBIM KOMIIOHEHTOM
TOIUIMBHBIX 3JIEMEHTOB — IIEPCHEKTUBHBIX XMMUYECKHX HCTOYHHKOB TOKA, B OCHOBE IPUHIIH-
a JeHCTBHS KOTOPBIX HEMOCPEICTBEHHOE IPe00pa3oBaHue XMMHIECKOI YHEPT UM OKHUCIICHHS
TOILTHBA (BOAOPO/a, METAHOIA, 9TAaHOJA) B DIEKTPHICCKYIO YJHEPTHUIO.

OCHOBHBIM (pyHKIIMOHAJIBHBIM KOMIIOHEHTOM TOIUIHBHOTO JIEMEHTA C MOJIUMEPHBIM MEM-
OpaHHBIM JIEKTPOJIUTOM SIBIISIETCS] MEMOPAHHO -3JICKTPOHBIH OJIOK, COCTOSIIHI U3 HOHOIIPOBO-
Jsiei MeMOpaHbl I KOHTaKTHPYIOIUX ¢ Hel aud ¢y3uoHHBIX croes. Uepes auddy3noHHbIe
CJION TOIUTMBHOT'O 3JIEMEHTa OCYIIECTBISIOTCS IO ABOJ TOILIMBA M OKHCIMTENS , TOKOCHEM , &
TaK’Ke OTBOJ IIPOIYKTOB MIEKTpoXuMIdeckoil peakuud [1]. JIuddy3nonnsie cion MeMOpaHHO-
9JIEKTPOAHBIX OJIOKOB TOILIMBHBIX JIEMEHTOB H3rOTABIMBAIOTCS U3 CHELUAIBHBIX YIJICPOAHBIX
MaTepHaJIOB C Pa3BUTON MOBEP XHOCTHIO; CIIOM C HAHECEHHBIMU KaTaIUTHYECKUMHU MeTajllaMH
OZIHOBPEMEHHO SIBIIAIOTCS 3JIEKTPOKATAIM3aTOPAMH.

AKTHBHBIE CITOM 3JICKTPOKATAIN3aTOPOB C(HOPMHPOBAHBI HOHHO -aCCHCTHPYEMBIM OC a-

JKICHHEM KaTATUTHYECKAX METAIUIOB M a KTUBHpYyomumx 106aBok (Pt, Ir, Sn) Ha yriepommbie
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Hocurenn AVCarb® Carbon Fiber Paper P50 i Toray Carbon Fiber Paper TGP-H-060, ncrons-
3yeMble B KadecTBe MaTepuaia Ju(Gdy3nOHHBIX CIOEB, a TaKXKe Ha IOJMMEPHBIH MeMOpaH-
HbIH 2nexTponut DuPont™ Nafion® N 115. Wonno-accucrupyemoe ocaxaenue (IBAD) me-
TaJIJIOB MPOBEACHO B PEXKHUME, IIPH KOTOPOM B Ka4€CTBE aCCUCTHPYIOLINX IPOLECCY Ocax/e-
HUSI MCIIONIb3YIOTCS HOHBI OcakaaeMoro Mmeraiwia. OcakieHne MeTala M IepeMelInBaHue
OCa)KAEMOT0 CJIOS ¢ aTOMaMH HOUIOKKH yckopeHHbIMU (U = 10 kB) monamu Toro xe Me-
Tajla OCYHIECTBISIIOTCS B KCIEPHUMEHTAIBHOW YCTaHOBKE COOTBETCTBEHHO M3 HEHTpaIbHOM
(pakiuu mapa M IUIa3Mbl BaKyyMHOTO IyrOBOTO pa3spsiia HMMITYJIbCHOTO 3JICKTPOIYrOBOTO
HOHHOTO HCTOYHIKA TIPH JABICHHH B paboueii kamepe ~107 ITa.

HccnenoBanue cocTaBa 1 MUKPOCTPYKTYPBI IOJIy4aeMbIX KaTAIUTHYECKHX CJIOCB IPOBE-
JICHO C TIPUMEHEHHEM CHEeKTPOMeTpHH pe3ephopaoBckoro odpartHoro paccesaus (RBS; *He,
0=170°, yckopurensHbiii kommieke AN-2500 High Voltage Engineering Europe), peHtrenos-
ckoro ¢uyopecrentHoro aHaimmsa (XRF; cmexrpomerp PANalytical Axios), ckanupyromen
NIEKTPOHHOH MHKPOCKOIINH U 3IE€KTPOHHO-30HI0BOr0 MuKpoaHanu3a (SEM, EPMA; muxpo-
ckon JSM-5610LV u cnexrpomerp EDX JED-2201 JEOL).

‘YcTaHOBIIEHO, YTO MUKPOCTPYKTYpa (POPMUPYEMBIX CIIOEB IPAKTHIECKH ITOBTOPSIET CTPYK-
TYpY COOTBETCTBYIOLICH YIIIEPOAHON MOUIOKKH. MOp(hoIorus HOBEPXHOCTH B IIPOIECCE HOHHO-

ACCHCTUPYEMOT0 OCaXICHHSI METAIIOB HE n3MeHsercs (puc. 1a).

19 41 1opm

8 e

Puc. 1. DIeKTPOHHO-MHKPOCKOIIMYECKHE CHUMKH (g, 6) HOBEPXHOCTH 3JIEKTPOKATAIN3ATOPA,
chopMHpPOBAHHOTO OCAXKICHHEM 0J10Ba H IaTuHEl Ha AVCarb® Carbon Fiber Paper P50,
U pacrpeieNieHue 0J10Ba (8) U IUIATHHBI (2) 10 TIOBEPXHOCTH

165



B cocraB c10eB BXOIAT aTOMBI OCaXKIAEM bIX METAUIOB, MATEPUANA MOIOKKH , @ TAKKe
MIPHMECH KHCIIOpOJia, HAIMYNE KOTOPOTO 00YCIIOBICHO OCAXKICHHEM U3 OCTaTOYHOH atMocde-
pbl paboyeil BaKyyMHOU KaMepbl U aJCOPOIMOHHBIMU MPOIIECCAMI. AHAINH3 PACTIPEICIICHIS
OCXK/ICHHBIX METAIOB METOJIOM 3JIEKTPOHHO -30HJI0BOr0 MUKpoaHaiuu3a (puc. 16, 2) nokaspiBa-
€T, 4TO aTOMBI JIEMEHTOB B COCTaBE CJIOSI PACIpPECIIeHBI 110 IOBEPXHOCTH NPAKTHIECKH PaBHO-
MEpHO 32 HCKITFOUEHHEM KIIACTEPOB OCAXKTAEMOTO METAILIA PA3MEPOM TTOPSIKA HECKOIBKUX MUK~
POMETPOB, HATMYHE KOTOPBIX O0YCIOBICHO OCAKICHUEM KArelb M EeTajlia U3 dJIEKTPOLYTOBOTO
HMOHHOTO UCTOYHHUKA.

Jannbie RBS nonrBepkaaroT cBeieHus 00 3JI€MEHTHOM COCTaBe (YOPMHUPYEMBIX CIIOCB.
B cocraBe cnosi, cOpPMHPOBAHHOTO MOOYEPEIHBIM HOHHO-ACCHCTHPYEMBIM OCAKICHHEM
osoBa ¥ riathHEl Ha Hocutens AVCarb® Carbon Fiber Paper P50, oGHAPyYKHBAIOTCS aTOMBI

OCQK/ICHHBIX METAJUIOB M IIPHMECH Kuciopoaa (puc. 2).
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4
Puc. 2. Cniextp RBS nonoB "He 0T moBepXHOCTH 3JIEKTpOKaTAIN3aTOPa, CHOPMUPOBAHHOTO
OCaXKIEHHEM 0JI0BA H IUIaTHHbI Ha Hocuteas AVCarb® Carbon Fiber Paper P50. E,=1,3 MaB

Ha puc. 3 npencraBiens! crektpsl RBS monos *He 0T TOBEPXHOCTH MOTHMEPHOrO
MEMOPaHHOTO 3JIEKTPOIHUTA Nafion® N 115, MOJYYEHHBIC JI0 ¥ TIOCIIE OC XJICHUS TUIATHHBI.
Marepuan Mmem6panb! Nafion npezcrasisier co6oil GTOPYIIepoaHbIi MOTUMED, COACPIKAIIUIA
¢byHkunonanbHble cynbdorpynmsl SOJ, 1 00najaromuii BCISACTBHE 3TOr0 KATHOHHOW MPo-
BOANUMOCTBIO BO BIaXHOM cocTosiHuu [2]. Ilo crexrpaM HACHTH(HIHUPYIOTCS SJIEMEHTHI,
BXOJSIIME B COCTAaB CaMO TOJMMEPHON MeMOpaHbl, a TAaKKe HAIMYNE OCAKACHHOH IUIaTHHBI

1 IpUMECH KHCJI0OpOoaa.
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Puc. 3. Cnextpst RBS nonos “*He ot MOBEPXHOCTH MOJIUMEPHOTO MEMOPAaHHOTO AIIEKTPOIIUTA
Nafion® N 1 15, nonyueHHble 10 U MOCIIEe OCAKACHH IIaTuHbL. £y = 1,2 M>B

KoppexrHas konnuectBeHHast 0OpaboTka criekTpoB RBS 3arpynHeHa BciencTBue Hepe-
TYJIIPHOH IIOPHCTON CTPYKTYPHI YIIICPOAHBIX HOCHTENEH U CIOKHOCTH COCTaBa MOIUMEPHOTO
anekrponuta Nafion. B To sxe Bpemst aHaiu3 criekTpoB RBS 0T mOBepXHOCTH CTEKIOYTIEpOaa
C OCaXIEHHOH B TAKOM K€ PEXMME IUIaTHHOW IOKAa3bIBACT, YTO COAEP/KAHUE IIJIATHHBI B
c(hOPMUPOBAHHOM CJIOE COCTABIISIET OKOJIO 2:10' ar./em® [3].

B cnekrpax XRF Bcex uccnenyembix 00pa3oB 0OHApYKUBAIOTCS CIIEKTPAIbHbIEC JIMHUU
K-, L- u M-cepuii XapaKTepUCTHYECKOTO PEHTIEHOBCKOTO M3JIyUeHHUs! aTOMOB 3JIEMEHTOB, BXO-
JUIIIUX B COCTaB MOJAN(HINPOBAHHON OBEPXHOCTH.

IToy4eHHBIe 2IEKTPOKATAIM3aTOPBl 00Tafa0T BBICOKOI aKTHBHOCTBIO B IIPOLECCAX
OKMCIICHHs] METaHONA M 3TaHOJa, JEXaIlUX B OCHOBE IPHMHIUINA JeHCTBUs TOIUIMBHBIX dJl€-
MeHTOB [3]. B cpaBHeHHH C TpaJULOHHBIMI METOIaMH IIPUTOTOBJICHUS] HAHECEHHBIX KaTalll3a-
TOpPOB, OCHOBAHHBIMH Ha MPOITHTKE HOCUTEISI PACTBOPOM COESAMHEHMS IIATHHEI, €0 BOCCTAHOB-
JICHUS 10 METAIMYECKON TJIATHHBI, CYIIKY U T. A., IPEUI0KCHHBIN OHOCTAAUIHBINA METO UMe-
eT psax npeumyniecTs. OH oOecreynBaeT BBEICHHE aKTHBHOIO METaJlla B TOHKUH IPHUITOBEp X-
HOCTHBIH CJIOH MOJUIOKKH B HEPaBHOBECHBIX YCIIOBUSIX HOHHO-Ty4eBOH 00paboTKH U (hopMHpO-

BAaHUC KATATIMTHYCCKUX CJIOCB C YJIBTPAHU3KUM COACPKAHUCM IITIATUHBL.

1. S. Basu, Fuel cell systems. — [Electronic resource] — 2013. — Mode of access: http://web.

iitd.ac.in/~sbasu/FC-Descrip.pdf — Date of access: 14.04.2013.
2. DuPont™ Nafion” — [Electronic resource] — 2014.— Mode of access: http://www2.

dupont.com /FuelCells/en_US/products/dfc301.pdf — — Date of access: 19.12.2014.
3. B.B. [lomnasckuii, A.B. [Jopoxko, B.I'. Martsic, 3BecTus By3oB. ®usuka. 57 (2014) 216.
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HMOHHO-UHAYIUPOBAHHBIE IPOLECCHI HA TIOBEPXHOCTH
JUA30XHUHOHHOBOJIAYHOI'O PE3UCTA

ION-INDUCED PROCESSES ON THE SURFACE OF THE
NAPHTHOQUINONDIAZIDE-NOVOLAC RESIST

B.C.Hpoconomxml, }Z[.I/LEpMHKeBW{I, B.B.O}:{)KaeBl, A.I/LHpOCTOMOHOTOBZ, O.H. SIHKoBCKHit'
V.S. Prosolovich', D.L. Brinkevichl, V.B. Odzhaev', A.L Prostomolotovz, Y.N. Yankovski'

! Bencocynusepcumem, np.Hesasucumocmu, 4, 2. Muncxk, Bexapyce, prosolovich@bsu.by;
2 HUnemumym npobrem mexanuxu PAH, np.Bepnaockoeo, 101, Mockea, P®

By atomic force microscopy it was experimentally shown that cone-shaped
structures are formed on the surface of positive photoresist in the process of
ion implantation. These structures are uniformly distributed over the surface
of the photoresist. The changes of the surface morphology of the photoresist
observed in the implantation are due to the relaxation of stresses generated
during the manufacture of the polymer film.

TloBblIeHWE CTENEHH HHTErpauud oO0yCIaBIMBAaeT BO3PACTAaHUE pOJM HMOHHOM
WMIUIAHTAl[M B CO3JaHMH aKTHBHBIX 00JacTell HWHTErpajbHbIX MHKpocxeM. O aHMM u3
OCHOBHBIX MaTepHaJioB, OOECIEYMBAIOIINX MACKHPOBAaHHE HOHHOTO IIydKa, SBISETCS
¢dotopesuct. OmHAKO BIAMSHHE HOHHOW HMMIUIAHTAIIMH HA MOP(MOJIOTHIO MOBEPXHOCTH
(hOTOPE3UCTOB NMPAKTHYECKH HE HCCIIEA0BAHO. YKa3aHHbIC 00CTOATENIBCTBA ONPEICIIHIN LEIb
HacTosIIIeH paboTHL.

IInenka mosutusHOTO (oTopesucrta PI19120, mpencrapusiomero co60d KOMIO3UT U3
cBeTouyBcTBUTENPHOrO O -HadTOXMHOHAMA3MAa M (eHon-HopMalbACIUIHON  CMOJIBI,
TONIIMHOK 1,8 MKM HaHOCHIIAach Ha NMOBEPXHOCTH IUIACTUH KpeMHMs Mapku KJB-10 (111)
MeToIoM teHTpudyrupoBanus. Mmmnnanranus nonamu Ni*, Fe*, Ag”, B u Sb* ¢ sueprueii 30
— 60 k3B B wuHTepBaie 103 1:10"-6-10" cm? B PeXUME IOCTOSHHOTO HOHHOTIO T OKa
(MIOTHOCTH MOHHOTO TOKa j = 4 MKA/cM ) MPOBOAMIIACH IIPU KOMHATHOM TeMIepaType B
ocratouHOM Bakyyme He xyxke 107 Ila ma mmmiamratopax MJIV-3 u «Besysmii-6». Bo
u30eKaHue meperpeBa M J €CTPYKUMH oOpasla B mpouecce uMIUaHtauuu Ha WIIY-3
HCHONIb30BAJIACh  KacceTa, oOecreunBaromas 3((EeKTUBHBI CTOK HOHHOTO 3apsijga C
[IOBEPXHOCTH IIOJMMEpa M IUIOTHBI KOHTAaKT IUIEHOK C METAUINYECKUM OCHOBAaHHEM,
OXJIaXKJaeMbIM BOJOH. Mopdonorus MOBEpXHOCTH MOAU(DUINPOBAHHOH HMILIAHTAIHEH
MOJIMMEPHOH IUIEHKU HCCIe0Bajlach METOJIOM aTOMHO-CUJI0BON Mukpockonuu (ACM) npu
KOMHATHOW TeMIepaType B IOIyKOHTAKTHOM PE30HAHCHOM pexnMe Ha dacrore 145 xI'm Ha

npubope Solver P-47. Hcmonp3oBammch kantemusepsl cepun NSG 01 ¢ pagmycom
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3akpyriuenus 10 M. 3HaueHus cpeaHeapupMeTHUECKON LIepOXOBaTOCTU R, ycpeaHsnch mno
pe3yibTatam He MeHee 4eM 10 M3MepeHuid B pa3JIMyHbIX TOYKax oOpasma.

Tunuanble U BCeX HCCIIENOBABIIMXCS IMOIMMEpoB TpéxmepHsle ACM n3obpaxeHus
HMIUIAHTHPOBAHHOW  MOBEPXHOCTH IMOKa3aHel Ha puc.l. Pemped u cxomHoit  (He
HMIUIAaHTHPOBAHHON ) TOBEPXHOCTH (PHC.1a) TOCTaTOYHO IIaKHi, cpeaHsss apudMeTHIecKas
[IepOX0BaTOCTh R, cocTtaBisier ~ 0,2 HM. BpIicoTa OTIEIBHBIX HEPOBHOCTEH HE MPEBHINIACT
1,5 — 2 uM. MMmuaHtanus NOpUBOAMT K TMOSIBICHUIO HA TOBEPXHOCTH (HOTOPE3UCTA
KOHYCOOOpa3HbIX CTPYKTYpP (pHc.10), KoTopble HaOIIOAANTUCH MPU BCEX WMILIAHTHPOBAHHBIX
HMOHAX y)Ke€ Ha HayalbHBIX [03aX. BBICOTa, NHaMeTp B OCHOBAaHMM M IUIOTHOCTH TaKHX
oOpa3oBaHUN 3aBHCENa OT BHJA MMIUIAHTHPOBAHHOTO MOHA M YCIOBHH OOIy4eHUS.
KoHycooOpa3Hble CTPYKTYpbl ~paclpelieiieHbl IO IMOBEPXHOCTH (HOTOpE3HUcTa OYCHb
HepaBHOMepHO. Cpeyt HUX MpeobiaaloT JOCTAaTOYHO KPYHHBIE CTPYKTYPHI C THaMETPOM B
ocHoBanuu ~ 100-150 uM u BeicoToi 10 50-60 HM. C pOCTOM 103l UMIUIAHTAIIMU Pa3MEpPhI
KOHYCOOOPa3HBIX CTPYKTYP YMEHBLIAIOTCSI, HX KOJMYECTBO PACTET U MPHU 032X CBBIIIE 7-10'
cM OHM HAYMHAIOT MTEPeKPBIBATECA (pHC. 1T).

C o06pazoBaHneM KOHYCOOOPa3HEIX CTPYKTYpP NPU HMIUIAHTAlUH CBSI3aH CYIECTBEHHBIH
pocT  cpeaHeapu(PMETHYECKOW IIepoXoBaTOCTH R, (puc.2) Ha HayalbHBIX J103aX
umIanranyd. OTMETHM, YTO BeNMYMHA R, CyIlecTBEHHBIM 00pa3oM 3aBHCHUT OT YCIIOBHH
MMIUTaHTanuy. Tak ImpH MMIUIAHTAalUK Ha yckopurene «Besysuii - 6» BenmunHa R, 00braHO
HIKe (mpuMepHo B 3-4 pasa), yueM Ha uMiuiantatope MJIY-3. Macca uMIIIaHTHPYEMOTO HOHA
OKa3bIBae€T CYyLIECTBEHHO MeHbllee BiusaHue. [Ipu yBenumuenun n03bl @ MMIIIaHTALUU
HaOJIfo1aeTcsl CHIDKCHNUE BEIMYMHBI R,, IprdeM mis Gosiee TSDKENBIX M OHOB 3TO CHIDKCHHE
HaOIrOaeTCs MPU MEHbLINX 3HaueHusIx @ (puc.2a).

OOBSICHATh  MOJYYCHHBIE SKCHEPUMCHTAIBHBIE PE3YJbTaThl MOXHO C  Y4eTOM
crexmytomero. IIpn BBICOKO’HEPreTUYHOM BO3JEHCTBHU HPOMCXOJUT IPOLECC MOHM3AIMH,
3aKJIFOYAIOIINNCA B yJAICHHN 3JIEKTPOHAa C OMNPENENICHHOH MOJEKyJSPHOH opbuTamu u
(OopMHPOBaHMM TaK HA3bIBAGMOH <«IBIPKH». B MakpoMonekynax ClemyeT y4UThIBAaTb
BO3MOXKHOCTh ~ 00pa30BaHMs  JICTOKAIM30BAaHHBIX ~ MOHM3HUPOBAHHBIX  COCTOSIHMH ¢
9 (EeKTUBHEIM pa3MepoM, CYLIECTBEHHO INPEBBIMIAIOIINM pa3Mep JJIEMEHTapHOro 3BeHa, W
BO3MOXHOCTb OBICTPOil (HeauG(y3HOHHOM) MUTPAIMU «IBIPKM» IO LENH MaKPOMOJIEKYIIbI
Ha 3HAUUTENbHBIE B MOJIEKYJSIpHOM Macmrabe paccrosHus. llepBuuHble (uamyeckue
mporeccsl (HOHU3ALMS WIH BO3OYKACHUE) U CIECIYIONHEe 33 HUMH XUMHYECKHEe H3MEHEHHS
(pa3pbIB  CBSI3M, MAECTPYKIHS MOJIEKyIbl) MOTYT OBITH pa3leleHbl CyIIECTBEHHBIM

paccTosiHieM BCeACTBUE d(P(HEKTUBHON MUTpaliy «IBIPOK» W MepeHoca Bo30yxaeHus [1].
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Creyer TakKe YYUTBIBATh MHKPO(A3HYI0 HEOJIHOPOAHOCTh (MHKPOIETepPOreHHOCTD)

MaKpOCTPYKTYPBI ITIOJIMMEpPA. B TIOJIMMEPHBIX MaTe€pHrallaX BO3MOKEH IIEPEHOC SJIEKTPOHA UIIN

m

B r
Pucynoxk 1 — Tpéxmepusie ACM n300paxkeHnst HCXOJHOM (a) U MMIUTAHTHPOBAaHHBIX HOHaMu Fe (6-1)

noBepxHocTeil poTopesucra. Jloza @ 10" em*: 6-2,5;8—7,5; 1 — 10.
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Pucynoxk 2 — J[030BbIe 3aBUCHMOCTH LIEPOXOBATOCTH R, 00pa3IioB MMIUIaHTHPOBaHHBIX HoHaMK Ag (1),

Ni (2) u Fe (3) na ycxopurene MJIVY-3 (a) u nonamu B (4) u Sb (5) Ha yckoputene «Besysuii-6» (6).

«IABIPKW» YE€PE3 IpaHuLly pasjcia (1)&3, YTO MOXKET NMPUBECTH K JIOKAJIM3allUH paadalluiOHHBIX

MIOBPEXXICHUH B ONpEeIeNICHHBIX MHKPOOOIACTSIX CHCTEMBI (Harpumep, BOIHU3U pasznena ¢as)
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[1]. TposiBieHueM Takoi JOKaJH3aUUH PAAHALHOHHO-WHIYLIMPOBAHHON MOIM(BHUKALINI
[OJIUMEPOB, IPHBOIAIICH K JIOKAIBHOMY XaOTHYHOMY BCIIyYHBAHHIO IOBEPXHOCTH
monuMepa, M SABISIIOTCS, HAa HAIl B3MUIAA, HAOMIOJABIIMECS JKCIEPUMEHTAIbHO
KOHYCOO0Opa3HbI€ CTPYKTYpPbI Ha IOBEPXHOCTH UMIUIAHTUPOBAHHOTO NOJIHMEPA.

K BcIyunBaHHMIO ITOBEPXHOCTH MOXKET IPUBOMUTH TaKXKe pelaKkcalys YIPYTHX
HaNpsDKCHUH, BO3HHUKAIOIIMX B MOJMMEPHOH IUICHKE HpH CYyIIKe. BBICOKOPHEpreTHIHOE
o0yueHHe BBICTYyNMaeT B JAHHOM CJIy4ac B KaueCTBE JIMIIb «CIYCKOBOTO KPHOYKa» IS
BBICBOOOICHHSI DHEPIUH, 3aaCEHHON B 1 e(pOPMUPOBAHHBIX O0JACTAX Mmonumepa. Takoi
MOAXOJ CIIOCOOEH C BHICOKOH CTENEHBIO JOCTOBEPHOCTH OMHUCAaTh (opMHpOBaHHE
KOHYCOOOpa3HbIX CTPYKTYp Ha HadalbHBbIX OTanax (Ipd MHHUMAIbHBIX (IFOCHCAX)
o0JIyyeHHUs, a TaKKe MpH Y -00dydeHnH. B o0nacTu MMIUIAHTaMM KapTHHA YCIIOXKHACTCS.
BenenctBie  BBICOKOW — JIOKaNbHOH —~ HEOJHOPOAHOCTH  HPOIECCOB  PaJUaIl[MOHHO-
HHAYLUUPOBAHHON MOAM(HKALMK [OJIMMEPOB B IIPOLECCEe HMX OOIYYCHHsS BO3MOXHA Kak
penaxcaiys CyIIECTBYIOIINX, TaK U (OPMHPOBAHHE HOBBIX HOJCH YHNPYrHX HANpsOKCHHIT
BOJNM3KM BHOBb C(OPMHPOBAHHBIX MEX(a3HBIX TpaHHIl paszaena. Kpome Toro, B mpomecce
HMIUIQHTallid  BO3MOXKHO ~pacHbUIeHHE C(HOPMHPOBABIIHXCS paHee KOHYCOOOpa3HBIX
CTPYKTYp. OTH 0OCTOSTENBCTBA MOTYT HPHBOAUTH K TpaHChHOpPMALMU KOHYCOOOPa3HBIX
CTPYKTYp M CHIDKCHHIO CpeAHeapU(pMETHUECKOH MNIepOXOBaTOCTH R, NOBEpXHOCTH
doropesncra, HaGmoaBIeiics B auamasoHe diroencos (1-5) -10'¢ em™.

Bospacranme R, mpu®  ceeume 1-10'7 om? 00yCJIOBIICHO Ha Haml B3I
MPEUMYIIECTBCHHO JECTPYKUMCH M PacHblICHHEM MPHIOBEPXHOCTHOTO CJIOS IHOJIMMEpa H
obpa3oBaHHEM YTIIEPOAHO-METAIUTHYECKUX HaHOKJIACTEPOB. Pacnbinenue
MIPUITOBEPXHOCTHOTO CJIOSI B IIPOLiecCe HOHHOI MMIUIAHTAIIMN MOYKET IPHBOJHUTH K BBIXOMY Ha
MOBEPXHOCTD IIOJMMEpa YIJIEPOJIHO-METAIINUECKUX HAHOKIACTEPOB, ChOPMHUPOBABIIHUXCS B
MMIUIAHTHPOBAHHOM CJIO€ Ha HA4aJIbHOH CTaJuH UMIUIaHTarmu. [losToMy npu 3THX /103aX Ha
TIOBEPXHOCTH IoJMMepa (GopMHpYyeTcs TaOUPHHTOIIO00HAs! CTPYKTYpa, KOPPEIUpyIomas co
CTPYKTYpOIl METAIIMIECKUX HAHOKJIACTEPOB .

CyliecTBeHHO 0Oojlee HM3KHE 3HAYeHHMS R, NpM HMIUIaHTAlMH HAa WMILIaHTaToOpe
«Be3sysnii-6» (puc.26) no cpasHenuro ¢ WJIY-3 (puc.2a) 0OycIIOBIEHBI TEXHHYECCKUMH
OCOOCHHOCTSIMH JTHX HMIUIAHTaTOpOB. «Be3yBuii-6» uMeer Bpamaromuiics OapabaH,
BCIICAICTBHE YEr0 MMIUIAHTAIMS HOCHT KBA3MHMITYJIbCHBIH Xapakrep. C Apyroil CTOpOHBI, B

WJIY-3 nnacTvHa NOCTOSHHO HAXOAUTCS MOJ ITyYKOM HOHOB.

1.DKcneprMeHTalbHbIE METO/Ibl XUMHU BBICOKHMX 3Hepruil. M.: MI'Y, 2009. C.169-178.
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INFLUENCE OF Ar" TON IRRADIATION ON FORMATION
OF DOMAIN STRUCTURE IN LiNbO3; DURING POLARIZATION REVERSAL

V.1 Pgakhina*, D.O. Alikin, L.S. Palitsin, S.A. Negashev and V.Ya. Shur

Institute of Natural Sciences, Ural Federal University, Ekaterinburg, Russia,
e-mail: viktoria.pryahina@urfu.ru

Lithium niobate (LiNbO3; LN) is the most popular ferroelectric material in which domain
engineering has been used for manufacturing of photonic and optoelectronic devices due to its
simple domain structure, outstanding electro-optical, nonlinear-optical and piezoelectric
properties and excellent mechanical stability [1]. The deviations from the stoichiometric
composition and doping change essentially the properties of the crystals of so-called “LN
family”. The main parameters characterizing the polarization reversal and kinetics of the
domain structure differ significantly in various representatives of LN family [2]. It was shown
recently that the crystal modification allows to change the domain structure and to realize
abnormal growth of domains with charged walls in highly non-equilibrium switching
conditions [3].

It is well known that the vacuum annealing of LN crystals at the temperatures above
600°C leads to sufficient increase of the bulk conductivity due to increase of the oxygen
vacancies concentration caused by oxygen out-diffusion from the surface layer [4]. Ar" ion
irradiation results in preferential sputtering of oxygen from sample surface. Oxygen atoms
from the crystal bulk out-diffuse toward the surface at high temperatures due to the mobility
of oxygen in LiNbOj; and created oxygen concentration gradient. The oxygen-deficient
surface induced by preferential sputtering provides the driving force for this out-diffusion [5].
It is important to point out that this is a reversible process and subsequent annealing in oxygen
atmosphere allows to return the initial low conductive state.

The conductivity increase in the surface layer results in inhomogeneous distribution of the
electric field in crystal bulk and formation of the charged domain walls (CDWs) during
polarization reversal process. Here we present the results of experimental study of CDWs
formation in LN crystals with the inhomogeneous modification of the bulk conductivity
produced by two methods: (1) irradiation of crystal polar surface by glow discharge in plasma
of Ar" ions, and (2) high temperature annealing in vacuum [6].

The investigated samples represented 0.5-mm-thick plates of congruent LiNbO; (CLN)
(CrystalTech, US) and 1-mm-thick plates of LiNbO3 doped by 5% MgO (MgO:LN) (Yamaju

Ceramics, Japan) cut normal to Z polar axis.
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The vacuum annealing was realized in temperature range from 650 to 850°C during 5 to
30 min. The ion irradiation of Z+ polar surface was done during glow discharge in Ar" plasma
with energy ranging from 2 to 5 keV (flux 0.5 pA/cm?, fluence (1-6)-10'7 em™) in vacuum
10 Torr during 2 to 8 min. The irradiated sample with sides covered by silver paste was
located on metal substrate to remove a charge and to obtain out-diffusion on irradiated polar
surface only. The sample temperature induced by ion radiation in used experimental
conditions ranged from 600 to 800°C. The short treatment time allowed to achieve the
inhomogeneity of conductivity in the bulk. In both cases sufficient increase of the surface

" in virgin LN up to 1072107 Q' was obtained after

conductivity from 107107 Q~
annealing in vacuum and up to 1078-107* Q! after ion irradiation. This effect can be attributed
to the lithium segregation corresponded to polaron type conductivity.

The spatial distribution of the bulk conductivity has been extracted from the surface
conductivity values measured by two-probe method using repeated removal of surface layers
(10-100 pum) by polishing. The electric field distribution in the bulk had been measured by
optical interferometry due to linear electro-optical effect.

The bulk distribution of conductivity is strongly dependent on the treatment method. The
vacuum annealing led to the slight inhomogeneity of conductivity in the crystal bulk that
increases with the increasing of the treatment duration. Surface irradiation by Ar” ions allows
to control the spatial distribution of the bulk conductivity by variation of ions energy, flux and
treatment duration.

The decrease of the conductivity leads to spatially inhomogeneous electric field, which
overcomes the threshold value in the bulk only, thus resulting in polarization reversal with
formation of CDWs. The experimentally measured spatial distribution of the electric field in
the crystal bulk is in good correlation with conductivity measurements.

The polarization reversal was performed by application of the single field pulse using a
cell with liquid electrolyte (saturated water solution of LiCl). Optical microscopy,
piezoresponse force microscopy and confocal Raman microscopy were used to visualise
domain structure [7].

The domain growth in the crystal bulk terminates in the regions with high conductivity
(above 10 Q") and the field exceeds the threshold value for domain nucleation needed for
realization of polarization reversal in the crystal bulk only. The geometry of CDWs appeared
in the vicinity of Z" and Z~ polar surfaces differed significantly. The domains with CDWs
near the Z~ polar surface represented mostly Y-oriented chains with average period about 2

um. The oriented chain growth can be attributed to anisotropy of the bulk conductivity along
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Y crystallographic direction in CLN. The CDWs in the vicinity of Z* surface demonstrated
quasi-periodic structure with an average period about 6 pm. The isolated domains with
irregular hexagonal shape were obtained after partial polarization reversal in ion irradiated
CLN. The analysis of the images obtained by Confocal Raman microscopy at various depth
revealed the domain shrinkage near the polar surfaces and their widening in the bulk. Similar
effect has been observed earlier in LN crystals after implantation by Ar' ions [3].

It was demonstrated also that the longer ion irradiation of MgO:LN allowed to modify
almost the whole crystal bulk led to growth of domains with CDWs in thin layer near Z~ polar
surface.

The proposed technique of the polarization reversal after vacuum heating allowed to
produce the stable quasi-periodic domain patterns with CDWs with controlled geometrical
parameters. This effect can be used efficiently as for investigation of CDWs properties so for
the application in domain engineering. The tailored stable CDWs with proper geometry and
reproducible properties important for application in various ferroelectrics can be considered as
a new stage of the domain wall engineering. The interest to creation of the CDWs in
ferroelectrics is stimulated by possibility to enhance the piezoelectric properties and to create

a high-density ferroelectric memory.
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PACTBOPEHHWE Y HYKJEAIINA JUCIMEPCHBIX BBIIEJEHWN B MIOHHO-
OBJYYEHHBIX CIIVTABAX
DISSOLUTION AND NUCLEATION OF DISPERSE PRECIPITATEION AN ION-
IRRADIATED ALLOYS

B.1. Ilcapes, JI.A. ITapxomMeHKO
V.1. Psarev, L.A. Parkhomenko

3anoposicckuil HayuoHaIbHbLL MeXHUYeCKUll yHusepcumem

69063, yn. XKykosckoeo, 64, 2. 3anopoacve, Yrpauna, dilap@zntu.edu.ua

The features of formation of a disperse precipitates in an ion-irradiated alloys has been
analysis taking into a count dissolution and nucleation of disperse particles. The
calculation performed has reverted the physical nature of the phenomena corresponding
in the phase transition in both homogeneous and heterogeneous regimes. The results of

the calculation are in good agreement with the experienced data.

PacTBOpeHre M 3apojbllIe0Opa3oBaHHE BBIICICHUH JUCIEPCHOH (hassl B claBax,
MIPOTEKAIONUX II0 Pa3HBIM MEXaHHW3MaM, MOXHO OTHECTH K CTPYKTYpHO 3aBHUCSAIIUM H
oOpamaempiM  mporeccaMm. VX ocoOeHHOCTM Hauboiee YeTKO TPOSBISIOTCS — TPH
pagualMoOHHOM OOJyYeHUM, HOHHOH HMIUIAHTalMHM WM JKe, HampuMep, npu 3¢ddexre
BO3BpAaTa B CTapEIONINX CILIaBax.

[IpumeHeHne paguoakTUBHOTO BO3JACUCTBUS (Y — M3IY4EHHs, HOHHOTO U HEUTPOHHOTO,
JNMEKTPOHHOTO M Jp.) TPUBOJAMT K MCKKCHHIO M 00pa3sOBaHHIO HapylICHWil B
KPHCTAJUINYECKON CTPYKType CIUIaBOB. B Toil ke Mepe 3To 0 THOCHTCA M K MexdasHoU
rpanune MarpuuHas (asa + BoigeneHue. Yepes Hee IPOUCXOTUT — OOpalleHHE
JHEPreTHYECKOro IOTOKA: MPH PAcTBOPCHUM HAMPABICHHOIO OT  MaTpU4HOH (asbl K
BBIJICTICHUIO, A TIPH €T0 3apOXACHUN, HA000POT, — K MOTJIONIAIOMIEH TEIUI0 KPUCTAIITH3AIuH
MaTpU4yHO# (hase. DTU MOJOKEHHS HEOOXOAMMO YYHMTBHIBATh IPH aHAIM3E HYKIEALuH
JIICHEPCHBIX BbIJEICHUH B CIUIaBaX, a TakXKe — 00paIlaeMOCTh CTPYKTYPHBIX, TMHAMHIECKHX
1 SHEPreTHYECKHX H3MEHCHUH Ha MeX(a3HOi rpaHHIe.

PaccMOTpeHHIO yKa3aHHBIX BOIIPOCOB B TAaKOW IIOCTAHOBKE ITOCBSIIEHA HACTOSIIAS

pabora.
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PacTBopenue BbiieIeH I
XapakTepUCTUKOM CHCTEMBbl BBIAEIEHHUH, 3aJaBaeMOil Ha pa3MEpHOM YyuyacTKe OT
HAaNMEHBIIETO pa3Mepa ry 0 HAuOONBIIETO 7y, SBIACTCA WX OOMmMAs M MHIMBHIyalbHas

pactBopuMoOcCTh. Ee TeMrnepaTypHoe H3MEHEHHE, IPHMEHUTEIBHO KO BCell qucnepcHoi dase

x=x5exp[y(%—l)], (0

IJIE X U X, — PaCTBOPUMOCTH TIpH Temmnepatypax T u T, COOTBETCTBEHHO; y = a +bT + T,

BBIpaxkaercs popmyioi [1]:

KOG UIHMEHTH PAaCTBOPUMOCTH d, b W ¢ ONPEAeNAIOTCS MEX(Pa3HOil MMOBEPXHOCTHOM
9HEpruel ¢ U TEPMHYECKHM PACHIMPEHHEM Ha Mek]a3HOl rpaHune MaTpuaHoit daser f [1,
2]. Tpem THmaM KHIKHAX W TBEPJBIX PACTBOPOB COOTBETCTBYIOT 3HAKOBBIC 3HadeHUsA: (a>0,
b<0, ¢>0); (a<0, b>0, ¢<0); (a<0, b<0, c>0). Onu ompeznensoT HOpPMy H MaTEMATHIECKOE
CTPOEHUE KPHUBBIX PACTBOPUMOCTH U SABISIOTCS CIIEICTBUEM CTPYKTYPHO — QYHKIMOHAIBHOTO

COCTOSIHHS MEK(a3HOI TPaHHIIBL.

DKcnepuMeHTabHbIE (X) M pacCUMTaHHEIE ¢ TToMombio (1) (x,) 3HAYEHUs PaCTBOPUMOCTH MarHus B
QTIOMUHUHU U MEJIH B cepeOpe B 3aBUCHMOCTH OT TEMIICPATypPbI IPH HOPMaJIbHOM AABICHUU

TBepasiii pactBop Mg B Al [5] TBepasiii pactBop Cu B Ag [5]
x,=18.,9, a1. % Mg; T, =723 K [5] x=14,1, a1. % Cu; T, =1052 K [5]

T,K | x,ar. % -y Xp, aT. % T,K | xp,ar. % -y X, at. %
353 - 2,114 2,062 373 0,30 2,115 0,298
373 2,1 2,343 2,098 473 0,35 3,019 0,353
423 2,6 2,828 2,544 573 0,7 3,592 0,636
473 3.4 3,188 3,506 673 1,2 4,375 1,324
523 4,9 3,423 5,106 773 3,0 4,289 2,784
573 7.4 3,533 7,496 873 5,5 4,589 5,503
623 10,9 3,518 10,746 973 9,5 4,865 9,798
673 14,7 3,378 14,706 1023 11,9 5,983 12,460
723 18,9 3,113 18,9 1052 14,1 4,258 14,10

v, =522-296-10"T+250-10°T* | y, =298-174-10"T+10-107°T"
B=745-10"K" L =646-10"K"
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B npuBeleHHON TalOiHIe MOKa3aHO, YTO TEOPETHYECKHE KPHBBIE TEMIIEPATYPHOTO
U3MEHEHHs] PACTBOPUMOCTH X,=f(7) BOCHPOU3BOIT SKCIEPUMEHTANIbHBIE X=f{T) C BHICOKOH
TOYHOCTBIO. DKCIIEPHMEHTAIbHbIC 3HAYCHUs BeanduHbl £ [3] Ha [Ba mopsaKa IPEBOCXOIAT
BEJIMYMHY OOBEMHOr0 KOI(P(UIMEHTa TEPMHYECKOrO0 pACIIMPEHHS MATPHIHON (asbl

-6 -1
(B, =10"K™).

Cornacuo ¢opmyne I'pronaiizena [4]

-1
B=x1CV", )
rae ¥ — Kod(GHUIUEHT C)KUMaeMOCTH CO CTOPOHBI MaTpuyHOH ¢aszel Ha MexdasHoU
rpanune; y — nocrosHHas; C, — yIUIOTHEHHE TEIUIOEMKOCTH, V' — MOJSIPHBIH OOBEM.

3HaunTENBEHOE YBEJIIMYEHUE COKUMACMOCTH )  YKa3bIBa€T Ha CHJIBHOC IIPOSABJICHUE

aHrapMOHHM3Ma KOJIeOATebHOTO JBMKCHUSI aTOMOB Ha MeX(ha3HOW rpaHuie. IDTOT (HakTop
CHOCO0CH M3MEHSTh CTPYKTYpPY B MaTpH4HOHU (hase, pacCTBOPHMOCTD U 3apOJXKJCHHUE LIEHTPOB
KpucTaIM3anyy [6]. BHemHee Bo3aeiicTBHe, HaNIpUMep, HOHHOE OOIyUeHHE, MOXKET TOJIBKO

CIOCOOCTBOBATH ATOMY.

3apoabimeodpa3zoBanue BolIeIeHIIT

OyHKIMS IIOTHOCTH PaclpeesIe s 3apobliieil Mo pasMepam @(u), rae u = % , T -
k

KPUTHYECKHI paguyc, MOXKET CIY)KUThb XapaKTePUCTHKOW MX (HOPMHUPOBAHHS B MATPUYHON

(aze. COOTBETCTBYIONIYIO CKOPOCTh ¥/(14) MOXKHO OTIPEJETUTh U3 CHCTEMBI ypaBHEHHMI 7]

o) = 2O < 1)) + ugw)] 3)
@(u)
0L~ 2t 0

CxopocTh v, (f) CYIIECTBEHHO 3aBHMCHUT OT F, () M ONpPENENAET M3MEHEHHE pazMepa

BBIACTICHUI B ux MHOECTBE. HaanMep, prae: g pacapencineHus C

v, (1)=025 v=4, u, =-*%=21[8]

@) =Cu2-u)~ exp(— 5

). (5)

CootsercTByromas ¢, (1) obpamienHas GyHKIUA MIOTHOCTH PacTpe/esieHus IEHTPOB

KpucCTajin3auun
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6
@,(u) = CQ-uu™ exp(—f). 6)
u
PellieHre MOIyYrM € y4ETOM MEPBOOOPa3HBIX:

dyma (5 == E g0

2
u obpamenHoii pynkumnn (6): (@, (u)du = (v - zu—(pz (u). Tlocne moncranoBku B (3) 1
-u

7y -

r,r
u v, (u)=v, () ———, rne 7, — BEPXHsA IpaHHLa Pa3MEPOB
7, (rg -r

(4) momyunm: v, (u) =
BbIIEJIEHUH. YDaBHEHHE UX PA3MEPHOTO JBIKEHUS MOJyYMM, MOICTaBUB v, (u) B (4), B
TaKOM BHJIE:
dinr dlnn 1,
dt e r, -r

g

O

BumuM, BepOSTHOCTH 3apOABIIICOOPa3OBaHUS BBIJCICHHN paBHA MPOU3BEACHUIO
BeposiTHOCTEW uX (opmupoBanusi M pocra (myreM aroMHOM camocOopku). [Ipu sToM
[IepPBOHAYAIbHO BO3HHKILIHME LIEHTPhl KPUCTAIUIH3ALUM MMEIOT BO3MOXHOCTb OBICTPO pacTH,
ABTOKATAJUTHYECKH MHHUIMUPYSl BO3HUKHOBEHHE B MATPHYHOI (a3e ApYrux 3apomblmieii.
OnHaKO POCT IOCICIHHX MOXET OBITH 3aTOPMOXKCH, KaK TOJBKO JIOCTHIAeTCsl YCIIOBHE:

dr,
1, =const " % 0.B  pesymbrate (opMHpyeTCs YHHMOJAIBHOE PAaCIpECICHHE
BBIJICTICHNI TI0 pa3MepaM C MOJIOKHMTENBHOH acHMMETpHeil, uYTro U HaOmogaercs
JKcliepuMeHTanbHo. Ee pacmmgppoBka (CUNTHIBAHHE) MOXET JaTh OYEHb BaKHYIO
nHGOPMALIMIO O TPOTEKAHHH IPOLIECCOB 00pa3oBaHHUs, POCTAa M PACTBOPEHUS JHUCIICPCHBIX
BBIJICJICHUH B MOHHO — 00JIy4eHHBIX MaTepuaiax. [Ipu 5ToM MOryT ObITh PACKDBITHI U APYyTUe
0COOCHHOCTH MaTEeMaTH4eCKOTO CTPOCHUS NPHUPOJHBIX KPHUBBIX IIOTHOCTH PaCIpeeNICHHs

(rucrorpamm).
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YMEHBIIEHUE JTE®EKTHOCTHA HAHOKPUCTAJUIATHBIX TOKPBITA HA
NOJUKPUCTA/VIMYECKHUX NOAJOXKAX IOCJIE HOHHOI'O
PACIIBUIEHUS C OTHOBPEMEHHBIM HAIIBIVIEHUEM
DEFECTIVENESS REDUCTION OF THE NANOCRYSTALLINE COATINGS
DEPOSITED ON THE POLYCRYSTALLINE SUBSTRATES AFTER
PRELIMINARY ION SPUTTERING WITH SIMULTANEOUS DEPOSITION

A.B. POFOB], 10.B. Kanycmn], 10.B., Mapnmem(ol’2
A.V.Rogov', Yu.V. Kapustin', Yu.V. Martynenkol’2

1HHL[ «Kypuamosckuii  uncmumymy, na.
E-mail: alex-rogov@yandex.ru

Axaoemurxa Kypuamoea, 0. 1, Mocksa,

2 - . .
Hayuonanvnviil uccnedosamenvekuii sdepuviti ynueepcumem «MHDH», Kawupckoe .,

0. 31, Mockea

Two types of structural defects of Mo coatings deposited on the polished
Mo polycrystalline substrates were found. Firstly small (~0.1 wm)
crystallites with different orientations and sizes are formed on different
substrate grains. Secondly many large (~1 wm) inclusions appear on the
coating surface. Preliminary buffer layer created in regime of ion sputtering
with simultaneous magnetron deposition allows to eliminate the both kind of
defects. A theoretical model of the phenomena was developed.

HccnenoBansl

crienududyeckne  JeEKTHI

Mo cronbuaThix HaHOKPHUCTAJNIUTHBIX

OTpakaromux HOK]JBITI/Iﬁ [1] Ha Mo TIOJIMPOBAHHBIX TMOJUKPUCTAIIIAYECCKUX ITOMJIOKKAX

(HAaHOKPHUCTAJUIUTHBIX 3€pKall) X METOABI HX yCTpaHEeHHs. VICIOnb30BalNCh BE METOJHKU

OYUCTKH MOBEPXHOCTHU IOJIOKEK IEPE HANBIICHUEM — PACIIBUICHHUEM B I10JIOM KaTOAC [2], u

PpacrnbUICHUEM C OJHOBPEMECHHBIM

HaIBIJICHUEM

Marepuaia IO JJTOXKKHU

Bl s

KOMOMHHPOBAaHHOM Da3psifie MarHeTPOH - IOMbIA KaTtox. TeMmepaTypa HarpeBa HOMIOXKKH

~450°C. Tlonepeunsiii pazmMep HaHOKpPUCTAIUTOB ~100 HM. TosuuHa MOKPBITUA ~1 MKM.

Ha Puc. 1 npexcraieHa cxema 3KCIIEpUMEHTA.
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Puc. 1. Cxema skcniepumenTa: | — HarpeBarenb, 2 — obpasel 3epkana, 3 — HUIXHIPUYECKHN TTOIBII
Karox, 4 — ra3ma paspsiia B IOJIOM KaToze, 5 — MOTOK pacHbUIEHHOTO B MarHeTpOHEe Martepuana, 6 —
aHoi, 7 — 0OJIACTh JIOKAIM3ALMHM MAarHeTPOHHOIO paspsiia, 8 — KaToj MarHeTpoHa, 9 — kopmyc
marHerpona. binoku nutanus: G1 — HarpeBarens, G2 — monoro karona, G3 — MarueTpoHa
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HccnenoBanue MOBEPXHOCTH IPOBOAMIOCH METOJOM CKAaHUPYIOIICH 3JIEKTPOHHOI
MHKPOCKOITHH.

IIpn wuCHONB30BaHHM TEXHOJIIOTMH OYHCTKH MOIOXKEK IOCPEICTBOM HOHHOTO
TPaBJIEHUs, HAa IOBEPXHOCTH TOKPHITHA HAOIIOAAIMCh YYAaCTKH C YETKO OYCpPUCHHBIMH
IPaHNIIAMH Pa3iIMYaoIrecs CPeHIM pa3MepoM KkpuctammTos (Puc.2). ®opma 1 pa3mepsl
9THX  yYacTKOB  COOTBETCTBYIOT rpaHmnaM 38pen  (Puc.3) Ha  moBepxHOCTH
MONUKPUCTATIMIECKOH MOATOKKH, KOTOPbIC IPOSBISIOTCS TOJIBKO HOCTE MONHOTO yIaICHHs

amopduo-nedexraoro cnos (AHAC) [4], chopMUPOBAHHOrO B MPOLECCE MEXaHUYECKOM

MOJHPOBKU.

JEOLS
Puc. 2. IloBepXHOCTb HOKPBITHS C y4acCTKaMU Puc. 3. ®dopma 3EpeH Ha IOBEPXHOCTH
KPHUCTAJUTHTOB Pa3INYHOTO pazmepa. PasmepHsrit TIOJUIOKKHM ~ TOCNe  pachbUIeHus  aMophHO-
Mapkep — 1 MKkM nedexTHoro ciost. Pa3mepHsiit Mapkep — 1 MKM

Tawke ObUIm  OOHApy)KEHBI MHOXKECTBEHHBIE He(EeKTHl B  BHIE  KPYIHBIX
KPUCTAJUIMYECKUX BKIIOYECHUN OKPYIJIOi (DOPMBI, BBICTYMAIOMIUX HAJ TOBEPXHOCTHIO H
HMEIOIINX XapaKTepHsIil nonepeynstit pasmep ~1 MM (Puc.4). Ctpykrypa 3Tux aepexros

HCCJICN0BAJIaCh HA Pa3jIOME IMOKPBITUA U IIPEACTAaBJICHA HA Puc. 5.

Puc. 4. Jlebexktsl B BHAE  KPYNHBIX Puc. 5. ®opma KpucTanIM4eckoro BKIIOUEHUS
KPHCTAJUIMYECKUX BKIIOUCHUI (BUA CBEpXY). Ha pa3loMe TOKPBITHA. Pa3MepHbIi Mapkep
Pasmepuslit mapkep 1 MkmM 100 um
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OTH KpUCTaUIMYecKue 00pa3oBaHMs  UMEIOT (OpMY IEpeBEPHYTOro KOHyca H
BBICTYTAIOT Hajl TIOBEPXHOCTBIO MOKPBITHS, TO €CTh HMEIOT aHOMaJbHO BBICOKYIO CKOPOCTB
pocTa M COCTOAT M3 Pa3OPHEHTUPOBAHHBIX KPHUCTAINTOB, PACTYIIMX M3 TOYEYHOTO
ucrouyHuka (3atpaBku) Ha noBepxHoctd AJIC (cm. Puc. 5). Beut npoBenéH KOHTPOJIBHBIH
9KCHEPHMEHT C HCIIONb30BaHHEM MO MOHOKDHCTAUTMYECKHX TMOUIOKEK C TOW ikKe
TexHonorueil monupoBku. IIpu 3ToM JMeeKThl MOKPHITHI MEpPBOTO THIA OOHApPYKEHBI HE
ObIIH, B TO BPeMs KaK KPUCTAIUIMYECKUE BKIIIOYCHUS UMEIIH TAKYIO JKE XapakTepHyo GhopMy
U pa3Mep, KaK U IPH HCIONb30BAHUH MOIMKPHCTAIUIMYCCKUX MOIoKeK. OOHapyKeHO, 4To
POCT TaKMX KPHCTAULTMIECKUX CTPYKTYp MPEKpaIaeTcsi TONBKO TpH monHoM ynaneHnn AJIC
(B Hamem ciydae ~200 HM), OJHAKO IPU STOM PE3KO YXYJIIACTCS ONTHYECKOE KaueCTBO
MOBEPXHOCTH.

Hannune 06 oux THHOB Je(EKTOB MOXKET OBITh OOBSCHEHO HEOJHOPOIHOCTBIO
crpykrypsl AJIC, chopmMupoBaHHOTO HAJ pa3HBIMU 3€pHAMU B IPOLIECCE TTOJIMPOBKE. 3a CUET
pasHOW KpHCTa/uIorpahU4eckoil OpUEHTAUMK 3EPEH Ha MOBEPXHOCTH, MUX MEXaHUYECKHE
cBoiicTBa omi4arotcs [5]. AGpasuBHas 00pabOTKa ITOBEPXHOCTH TMOIOXKKH Ha €€ pasHbIX
Y4JacTKax MpH TIOJTUPOBKE TTPOU3BOJNTCS B OJMHAKOBBIX YCIOBHSAX (XapaKTEpPHBIH pa3Mep U
TBEPAOCTH YacTUI] abpa3uBa, JaBJIeHUE MOJIUPOBAILHOIO Kpyra). Pazmep 3épen (~10 MxM, cM.
Puc.3)) wmuoro Gonpme TommumeEbl AJIC (~200 HM). COOTBETCTBEHHO CpEIHHMH pa3Mep
CTPYKTYPHBIX 3JIEMEHTOB 3TOTO CIIOSl HaJ Pa3HbIMM 3EPHAMH, TakkKe OyJeT pasmudaThCes.
VIMCHHO 9TH DBIEMEHTHI SBISIOTCS 3apOABIIAMH IPH (OPMHUPOBAHMM KPHCTA/LUIMTOB
TOKPBITHS HAHOCHMOTO Ha MOJIMPOBaHHOE 3epKano. Kak MmokassIBaeT TEOPETUUECKUIT aHAIIN3
IPOIIEcca POCTa MOKPBITHH B 3THX YCIOBHUSAX, Pa3Mep KPUCTAIUTOB B CTOI0YATOM ITOKPBITHH
3aBHCHT OT TEPBOHAYAIBHOTO pasMepa 3apoAbliia. DTHM M OIPEACISCTCS CTPYKTYpHOE
pasnuyrMe HaHOKPUCTAIUIUTHOTO TOKPBITUS C)OPMUPOBAHHOTO HaJ PasHBIMH 3EPHAMH IPH
MCTIOIb30BaHUU MOIUKPHCTAIUTMIECKOH TOIOKKH.

Pa3paboraHa opHrMHaIbHAs METOAMKA YCTPAHCHMS MAHHBIX AC(PEKTOB IMyTEM
(opmupoBanust 6yhepHOro 105 NpU HOHHOM TPABICHUH C OJJHOBPEMECHHBIM MarHETPOHHBIM
HamnblICHUEM B KOMOWHMPOBAaHHOM paspsjie MarHeTpOH — Moiblii katox. U croms3oBancs
PEXHUM, KOTAa CKOPOCTH HAINBUICHWS M PAClbUICHHS ObLIM OAMHAKOBBI MPH O OECIIeUeHUI
MaKCHMAJIbHOH JUISl MCIIOJB3YEMOI0 SKCIHEPHMEHTAIbHOTO 000pYJOBaHUS MHTCHCUBHOCTH
oTuX  mpoueccoB. Ilocme  TakoH — mpenBapuUTENbHOM  0OpabOTKH  MOBEPXHOCTH
TOJIMKPUCTAIUTIECKOH TTOIOKKH TIepesl HalbIIIEHNEM, CTPYKTYPHBIX Je(eKTOB CTOIOYAThIX

MOKPBITHH 000X OMMCAHHBIX BBIIIE THIIOB Oosiee He HAOII0AOCh.
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Ha ocHoBanuM aHamM3a TEOPETHMYECKOH MOJENM  Ipolecca  MOAM(UKALMI
MIOBEPXHOCTHOIO CJIOSI, TIOKA3aHO, YTO MPH OJHOBPEMEHHOM HAIBUICHHH HOKPBITHS U €ro
pacmbUIeHHH pa3Mep (HOpPMHPYEMBIX KIACTEpOB OTrpaHHMuYeH cBepxXy. Ha HauambHOM dTame
pocTa IOKPBITHA TaKHe KJIACTEpPbl SBIAIOTCA  3apojblliaMH  IpH  (GOpMHUPOBAHHI
KPHCTAJUIUTOB. DTO NPOUCXOAUT IIOTOMY, UTO KPYITHBIE KJIACTEPHI pa3pyLIarOTCs IPH HOHHOM
obirydenuu ObIcTpee, yeM Menkue. Toxe camoe mpoucxomuT u ¢ dacturamu AJIC — B
npoiecce 00pabOTKM KpyIHBbIE YaCTHLBI pa3pymarTcs. B pesynabrate oOpasyercs cioi,
COCTOSIIIMK M3 MOHOPA3MEPHBIX HAHOKPHCTAIUTUTOB. VicHonb30BaHNEe TAKOTO CI0s B Ka4eCTBE
OydepHOro Ui MOCIEAYIONIEr0 HAaHECEHHs! MOKPBITHS CO3JaeT MOYTH HAEAIbHBIC YCIOBHS
11t GOPMHUPOBAHUS MOHOPA3MEPHBIX OJMHAKOBOIO OPHEHTHPOBAHHBIX KPHCTAJUIMTOB
MOKPBITHS.

Tlomy4yeHHble JaHHBIE MPUMEHHUMBI JUIS YITy4IIeHHs! KadecTBa MO HaHOKPHCTAJUTUTHBIX
3epkai it onTudeckux auarHoctuk WTDP, a taxke mist yimydileHHs KadecTBa JPYTHX
HAHOCTPYKTYPHBIX (DYHKI[MOHAIBHBIX MOKPBITHII HAa IOJIMPOBAHHBIX MOJIUKPUCTAIINYCCKHUX

IO JJTOXKKax.
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HCCJEIOBAHME IMTPO®UJISA PACIIPEIEJIEHUSA UMITJIAHTAPYEMOWM
MOPUMECH ITPU BBICOKHUX JTO3AX OBJIYYEHUSA

STUDY OF THE PROFILE OF DISTRIBUTION OF THE IMPLANTED IMPURITY
AT HIGH IRRADIATION DOSES

M. K. Py3ubaesa, b.E. YMup3axon
M. K. Ruzibaeva, B. E. Umirzakov

MHCTUTYT MOHHO-TUIA3MEHHBIX U J1a3epHbIX TexHonoruid AH PY3, Tamkent, Y30ekucran
E-mail: mavluda_r@mail.ru

Change of a distribution profile of the implanted impurity for a number of ion - target pairs:
Cs - Ni, Na - Ni, N - Si, Ba - Si as the irradiation dose increases is investigated. Distribution
profiles are theoretically calculated at doping by various doses of the implanted ions. It is

shown that form of distribution tends to the stepped with increase of a dose.

HccnenoBano n3MeHeHNE IPOQUIIS pacpeaeeHUs] IMIUIAaHTHPYEMOH IPUMECH JUTA psiia
nmap noH — mumieHs Cs — Ni, Na — Ni, N — Si, Ba — Si ¢ yBenmdyeHneM 1035 0OIydeHUS.
TeopeTudeckn paccuuTaHbl HPOGUIM pacrlpeseIeHUss HPHU JICTHPOBAHUH PA3IMYHBIMU
JI03aM1 HOHOB.

Ha puc.1 npexncrasnena sBomonust npodunst pacupenenenus Cs B Ni pu yBeIHIeHUH
no3bl. Iloka3aHO CMelleHHe Hayajda pacIpefeleHus, CBSI3aHHOE C pacHbUIeHHeM. I[lpu
pacdere penakcanus HPOBOAWIAch K IUIOTHOCTH Ni. BuaHOo, uto mpu OonbmMX mo3ax
pacrpefielieHue IOTydaeTcss IIOYTH IIOCTOSIHHBIM B 30HE HMOHHOTO BHEAPEHHS C PE3KUM

CITaIOM Ha TpaHUIC.

Cs ==Ni, E=3 keV

np(x)
ANGY 5107

np(x)

54107

10 20 30 40 x.A 10 20 30 40 x A 10 20 30 40 50 x A

Puc.l DBomouns npoduns pacnpenenenus Cs B

Ni npy yBEIHYCHUH JI03bI OOIyUCHHUS: a—UMCTHIH,
2

b-®=10" I/IOH/CMZ, ¢ - ®=10" non/cm>.
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Ilpu JerupoBaHMM KPEMHMSI a30TOM, KAk IIOKa3bIBAIOT OIKCIICPUMEHTAJIbHBIC
HCCIIe/JOBaHUS COCTaBa MOBEPXHOCTHBIX CIOEB, PH OOJIBIIHNX 033X 00pa3yercsi CoeAHHEHHEe
Si3N4, B KOTOPOM cpeaiHsisi aToMHast II0THOCTh 1=0,0956 A? (B Si - n,~0,05 A"3). brauskyio k
9TOMY 3HAYEHHIO [UIOTHOCTH IPH JaHHOM COOTHOLICHHHM KOHIEHTPALMHA MOXHO IIOJTy4HTb,

ecym i 1 (Cs;, Cy) 3amucarh COOTHOIICHHE

1

A=—s-—
Cwsi+Choy
1 1
Ws; = — U Wy = — (ns; ¥ ny - aTOMHBIC INIOTHOCTH B YUCTBIX MaTepHaNax).
St nsi Ny
Cyo .
N% N—Si
60 0 2
" o — skcriepumeHT, P=2x10 non/cm
___________________ 7
------- pacuer, CD:lxld non/cm’
40+
20

l|00 2|00 X, A

Puc. 2 Pacnpenenel{ue a30Ta B KpEMHHUH TIPH BBICOKHX J03aX JIETUPOBAHUSA

Paccunrannbie npodmin azora mpu O=1x10 7 wou/em® m SKCIEPUMEHTAIIbHbIE TOYKH,
MOJTy4YeHHEIE TTocie o0ydenus a3otoM ¢ E=0,5 u 5 kaB u no3oit 2x10"" non/cM* TIPUBEJICHBI
Ha puc.2. DKCIIepIMEHTANbHbIC JaHHbIE MOTYyYEHBI METOAOM IOCIOHHOTO CTPABIUBAHHS C
OJTHOBPEMEHHBIM O’KE-aHAJIM30M COCTaBa MOBepXHOCTH. CTpaBIMBaHUE HPOU3BOIUIOCH
nonamu Ar” ¢ E=3 k3B, nmagaromumu noj yriom 45°. Tounocts ornpezenaeHus TOMIMHbL ~ 10
A. 3aMeTHM, YTO TIPH HU3KUX DHEPrUAX OONydeHHs HOHAMH a30Ta He IIOIydaercs
CTYIIEHYATOrO PaclpeeIeHuss Ipyu OOJbIIMX 103aX 00nydeHus. Bo3MoxHO, 3TO CBs3aHO ¢
TEeM, YTO a30T CBEPX CTEXMOMETPHIECKOro coctaBa SisN4 He yIepKHuBaeTcsi IOBEPXHOCTBIO U

ucmnapseTcs.
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Cga -a1%
60 3

Ba =Si, 1 keV

40

20

20 40 60 80 100 x,A
Puc.3 Pacnipenenenne Ba B Si npu TernpoBaHuy pasandHbMu fo3amu (E=1k3B).

Ha puc.3 npusenens! npoduan pactpeneneHus 6apus B KpEeMHHUH IIPU JIETHPOBAHUHI
pasnuuHBIME  Jo03aMu mpu dHeprun E=1x3B.B 3TOM ciyyae ¢ TOBBIIIEHHEM 03B
pacrpeieIeHUe CTPEMUTCS K CTYIIEHYaTOMY.

S, atfuon Bi—Si, E=lkeV

) Gpa - %
Si s Ba'—»Si, E=1 keV

s L T LTI T 17 X 5
10° 2 4 10° 2 4 107 2 @, non/er? 10° 2 5 10 2 5 107®, now/em?

Puc.4 3aBucuMOCTb OT /03Bl NapUMANbHBIX Ppc.5  3aBHCHMOCTH  OT  JO3BI  ATOMHOIL
Kkodpuumentos pacnbuienns Sin Ba KOHIIeHTpanuu Ba B moBepxHOCTHOM cioe Si

Ilpu BBICOKMX 103aX OOJIYYEHHMs HACTYIAeT HACBIIIEHHE: NapluaibHble KOI(QGOUIHEHTHI
PAacIIBUICHHS U KOHIIEHTPAIUs IPUMECH B TOBEPXHOCTHOM cJIoe OoJibIlie He MeHsroTCs (prc.4.

u puc. 5).
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TEPMOYYBCTBUTEJIBHASI CTPYKTYPA, CO3JAHHAS UMILTAHTALIMER
HOHOB P' 1 B* B Si(111)
THE THERMOSENSITIVE STRUCTURE CREATED BY IMPLANTATION IONIC
P*AND B'INSi(111)

A.C. Pricbaes., XK.b. Xyxanusn3os., 1.P. beknynaros., P.®. ®aiizyniaes, [11.A. Tanumnosa
A.S. Rysbaev, J.B. Khujaniyazov, I.R. Bekpulatov, R.F. Fayzullayev, Sh.A. Talipova

Tawxenmckuii I'ocyoapcmeennwiii Texnuueckuil Ynusepcumem, Y36exucmarn,
E-mail: rysbaev@mail.ru

Work is devoted creation by a method of stage-by-stage implantation of ions P and B in
different side of monocrystal Si (111) thermosensitive structures, possessing linear
performance characteristic in area from 20 to 550K.

OnmHUM W3 TPUOPHTETHBIX HAINPABICHHH Pa3BUTHS HAyKH W TEXHHKH SIBILSICTCS
CO3/laHHE TOHKOIUICHOYHBIX CTPYKTYp, OOJaJaioOliiX BHICOKOH YyBCTBHTEIBHOCTHIO K
Pa3IMYHBIX BHEIIHUM BO3JCHCTBHSAM, YTO IO3BOJIIET CO3[aBaTh HAa WX OCHOBE HOBBIC
CEHCOPHBIE CHCTEMBI.

Oco6ast 4yBCTBHTEIBHOCTh CBOMCTB IIOJIYIPOBOJHUKOBBIX M aTCPHAIOB K HAIHYUIO
HE3HAYUTEIBHBIX IPUMECEeH, TeMIepaType, AaBICHHUIO, BO3JICHCTBHIO 3JIEKTPOMArHHTHOTO
M3IYYeHHs U T. A. MIAPOKO HCIIONB3YEeTCA IPH CO3AaHUM PA3NUYHBIX THIIOB JATYHKOB.
TepMO4yBCTBUTENBHBIE JIEMEHTHI HA OCHOBE KPEMHHMs ObLIM MOJy4eHBI B psae pador [1-3].
OJHaKO NPAaKTUYECKH BCE NATYUKM TEMIICPATYpPhl, CO3JAHHBIC HA OCHOBE KPEMHHMS HMEIOT
BEepXHHUH mpenen u3MepseMoil Temmeparypsl (1o 350-380 K) m oOmamaror HenmmHeHHOH
TEMIIEpaTypHOIl XapaKTEePHCTHKOM.

Lenbto nmanHO# paboThl OBLIO MOJNyYEHHE TEPMOUYBCTBUTENBHOW CTPYKTYpHI Ha
ocHose Si(111), cmocobHoiT n3MepsTh Oonee Bricokne Temrneparypsl (0 550K), ¢ nmuHeiiHo#H
TEMIIEpaTypHOI XapaKTePUCTHUKOM, IyTeM CO3/IaHHs P - i- N TIepexo/ia MMIUIaHTalueil HOHOB
P" u B" B pasusie cropoms: Si(111).

Jns  co3maHmMs  p-i-n —  CTPYKTYp OOBIYHO  WCHOJNB3YIOTCA  CIEHYHOIIHE
TEXHOJIOTHYECKUE METOIBL: SMUKTAKCHATBHO- U (P HY3UOHHBII, JIByXCTOPOHHE-
SMUTAKCHANBHBII U IBYXCTOPOHHE-I1 (D y3HOHHBIN MeTOABI [4].

Ilpy HM3rOTOBICHHM MOIYNPOBOJHUKOBBIX TPHOOPOB B 3aBHCHMMOCTH OT  THIA
JIETHPYIOMIEH IPUMECH U HCIOIb3yeMOIl TeXHOJIOTUH B CTPYKTYpax o0pa3yloTcsl pa3IHdHbIe
ne(heKTsl, yXy/uaroliie Ka4ecTBO AMOJ0B U X MpoOoitHbIe XapakTepucTiku. Kpome Toro,
IpH  HUCIHOJb30BAHMM  BBICOKOTCMIICPATYPHBIX  TEXHOJOTUH,  KAKUMHM  SIBISIOTCS
SMUTaKCHANbHbIE ¥ IU(PDY3HOHHBIC TEXHOJIOTHM CO3[aHUS p-i-N — CTPYKTYp, BO3MOXHA

aKTHBaLUs IPUMeceld HCXOAHOTO MaTephana, HampuMep aToMoB Na, KOTOpble MOTYT
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co3aaBaTh OBICTPbIE COCTOSIHHS, pa3HOOOpasHbIe JIOBYWIKHM [5], MakpOCKONMHYECKHE
(urykTyamus, BeAyIue K IOSBICHAI0 XBOCTOB INIOTHOCTH COCTOSIHUH [6], MM e KpyHHbIe
HEOJIHOPOJHOCTH, BO BCSIKOM CIIy4ae MpH OOJIBIINX KOHICHTPALUAX MOPSIKa 10"cm [6,7].
Ecau BonHOBbIE (DYHKLIUH MOIOOHBIX COCTOSHUH MEPEKPHIBAIOTCS, MEXAY HUMU CTAHOBHTCS
BO3MOXHBIM TyHHEIHpoBaHHe. IIpH BBICOKHMX TeMIlepaTypax BO3MOXKHO TaKXKe TEIIOBOE
B030Y)KIEHHE J0 Kpasi TOABMKHOCTH.

DKCHeprUMEHThl MPOBOAMWINCH ¢ obOpasuamu Si(111)p - Tuma ¢ yzaenbHBIM
conporusieHreM p=3000 u 6000 Om-cMm, ¢ TommuuHo# ot 0,1 no 1mm. IIpu 3ToM HaubGonee
XOPOIIUE XapaKTEPUCTHKU OBUIM MOJTYYCHBI IPH UCIIONB30BAaHUH 00pa3uoB Si ¢ TOIIMHON
0,1 mm. Hcxoansie o6pasusl Si(111) nepex npoBeaeHHEM HOHHOW UMIUIAHTAIMU TIIATEIBHO
OUMILAIUCH TEPMHUYECKUM IPOrPeBOM B JBa HdTama: juurensHo npu 1200 K wu
KkpatkoBpemerHo Tipu T=1500K. Vimmantamus wornos P* u B' nposommmack Ha cTangapTHOi
ycranoke Tuma «Mona» mpu Bakyyme 107 Ia. IlpuueM uis mONMydeHHs PaBHOMEPHOTO
pacrpeeneHusl BHEAPEHHOH NpHMecH MO TTyOMHE HaMH MPOBOAMIIACH MOCIEIOBATEIbHAS
MMTITAHTAINSA HOHOB C MOJTATTHEIM YMeHbITeHHeM dHepruu. Monsl P uMmuianTupoBanucs B
Si(111) cHayana ¢ sueprueii E (=80 k3B u n030it D=1,8-10" cm, a 3atem ¢ E =20 ®3B n
D=1,8-10"° cm. Moms B ummmanTrpoBamics mocienoBatensHo ¢ suepruei E =80 kB u
D=0,9-10" e, 3atem ¢ Eg=25 1B 1 D=3-10"" em™ 1 ¢ E¢=10 x3B u D=1,8:10" cm™. [ocre
Ka)KIOT0 dTana UMIUIaHTAlWH POBOIAMICS UMITYIbCHBIA OTKUT HHO)PAKPACHBIM U3ITy4YeHHEM
¢ jumHOH BoyHEI A=1 MkM. J[murensHocTh UK-M31ydeHNs cocTaBisiia ~HECKOIBKO €IMHHIL
MHKPOCEKYHI.

BriOpaHHble  peXMMBl ~HMOHHOM  WMMIUIAHTAlMM W TMOCJIEAYIOIIEr0  OTXKUTa
obecrieunBaIy MOJIyYCHHE CTYIEHYAaTOro pacmpeneieHus atomMoB P u B, a Taike peskyio
TpaHMIly pa3jiena MEXIy MPUMECHOH W 0a30BoM oOmacTbio Si. OleHKa KOHIICHTPALUK
3JIEKTPUYECKH aKTUBHBIX aTOMOB MeTo1oM DOC MOKa3bIBaET, YTO NP:IO21 oM’ ,a NB:2~1021
cM”. AHanOrMuHBIC pPe3y/bTAThl MOJNYYAIOTCA, €CIM TOCHE KAKIOTO OTana HOHHOIO
JIETUPOBAHHS IPOBOAUTH OTXKUI HMITYJIbCHBIM JIA3€PHBIM M3IYYEHHEM C IUIOTHOCTBIO
sHeprun W=3 II)K'CM'2 (wmHa BomHEI A=1,06 MKM, INIHTEIBHOCTH HMITYJIbCOB ~10
HaHOCcekyHH). T. e. B pe3ynbTaTe MOJOOHOI HOHHONW MMILTIAHTAIUU YAAETCS MONTYYHTh p-i-n -
CTPYKTYpY ¢ OOJBLION KOHIIEHTpAlMEH 3JIEKTPUYECKH aKTHBHBIX INPUMECEed U Pe3KOit
rpaHnIel Mexay p-i 1 i-n obmactavmu Si. OTMeTHM, 4TO GOJNBINAs KOHIEHTPANHs HOCUTEIEH
B p U n - obnactax Si HEOOXoAMMA TaKKe AL TOTO, YTOOBI CTIIQANUTHh TEMIIEPATYPHYIO
3aBHCHMOCTb KOHTAaKTHO# 001acTé mprOOpOB Ha OCHOBE p-i-n - mepexona. MccrmemoBanue

MerogoMm [IBD kpucTamnueckoil CTpyKTypbl moBepxHocteir Si(111) mocme mnpoBeneHwus
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YKa3aHHOI BBIIIC MOHHOW HMMIUIAHTALMM W IIOCICIYIOIIEr0 OT)KMIa II0Ka3alo, 4To obe
MIOBEPXHOCTH P-i-N- IEePexoia HMEIOT MOHOKPHCTAIINYECKYIO CTPYKTYPY.

A A T, T, T TonyueHHass Hamu, TaKUM
' obpasom, p-i-n  —  CTpyKTypa
2 npencTaBiaser  coboi  amom ¢
JBIPOYHOIl NPOBOJUMOCTBIO 0a30BOIt
i-obmactu. [Insg  wW3ydyeHUS BOJBT-

aMICPHBIX  XapaKTEPUCTHK  p-i-n-

T/=300 K nuoma, Ha  00€  TIOBEPXHOCTH
T,=200 K
Kpucrajuia HAHOCWJIUCH
Ty=100 K - p

U, mvV METAJUIMYECCKUC KOHTAaKThbI.

L L L L L L L L L Merammu3aius MOBEPXHOCTH JHOJA
600 1000 1400

MIPOBOJMIACE METOAOM BAaKyyMHOTO

ocaxaeHnus artoMoB Ti u Ni  Ha

1L ycranoke YBH -2M B ycnoBusax
Puc.1 BonbT — amnepHble XapaKTEepUCTHKH p-i-n —
nmona, cHThIe pu pasubeix T: 100, 200, 300 K BBICOKOI'0 BaKyyma IpHW TeMIepaType
noiokkun  T=600K . Ilpuuem
cHavana ocaxianuck atomsl Ti, a 3atem Ni. Tonmuna mrenok TiNi Ha moBepxHOCTAX p-i-n-
CTPYKTypHI cocTapmsuia 100-200 A.

Ha puc.] npuBeneHs! BOIbT—-aMIEPHBIC XapaKTEPUCTHKU MONYYEHHOIO HAMH p-i-n-
IMona, CHATHIE IPH pasHbIX TemnepaTypax. Kak BumHO u3 pucyHka, BAX mnmeror
TpPafAUNUOHHYI0 (OpPMy, XapaKTepHYI0 Il MAUOAHBIX CTPYKTYp H HpsMOe IaJieHUE
HAMpPsDKEHUSI Ha P-i-N- CTPYKTYpPe 3aBHCHUT OT TEMIIEPaTypPhl THOJA.

W3yueHue 3aBHCMMOCTH TpPAMOTrO majcHus HampsbkeHust Uy, OT TeMmepatypbl B
nporecce GOpMUPOBAHUS P-i-n- CTPYKTYpHI UMILTaHTanueil HoHoB P u B B Si ¢ nocTeneHHbIM
YMEHBIICHUEM PHEPTUH U J03bI HOHOB U MPOBEJCHUEM HMILyJIbCHOTO OTXKUTA I1OKA3al0, 9TO
mocjae MPOBEICHHSA IEPBOTO dTalma MOHHOM uMIUIaHTaiuu  3aBucuMoctb  U,,=f(T)
OKa3bIBacTCs HENMHEHHOW. B pe3ynbrate npoBesieHHs BTOPOTO 3Tara HOHHOW MMINIAHTAINH
u oTKHra 3aBUcuMocTh U,,=f(T) cTaHOBUTCA THHEIHOM B 0071acTH HU3KUX TemmepaTyp < 250
K (xpuBasg 2), u mocie ImpoBeACHUS TPETHErO dTala MOHHOW MMIUIAHTAMM H OTXKHTa dTa

3aBUCHMOCTh CTAHOBUTCS JTMHCHHOW BO BCEM JAMarna3oHe U3MEHECHUS TEMIIEPATYPHhI.
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OTMeTHM, YTO IIPUBEJICHHBIE Ha pHC. 2.

1600 A UnpmV 3aBUCHMOCTH IIOJYYEHBI IIPH HPOITYCKAaHHH dYepe3
p-i-n  — crpykrypy Toka I,=ImA wu ero
1200 MOJK/IIOYEHUH B LIENb B PEXUME CTAOMIM3ALMU
toka (I,=const). Kak BumHO M3 pumc. 2, pabouas
800 XapaKTepUCTHKAa JaTdhKa Takoke 3aBUCHUT OT
400 YICTBHOTO COMPOTUBICHUS HCXOAHOTO KPEMHHS,

T.e. ONpEIENeTCs MpoleccaMu B 6a30Boi 001acTi

1 | | 1 1 »
0 100 200 300 400 500 T,K

p-i-n- guoma. C  yMeHbIIEHHEM  HCXOIHOTO

KPEMHHs, YyBCTBUTCIBHOCTh HATYMKA HECKOJIBKO
Puc.2 3aBuCcHMOCTb NPSMOro MajeHUs
HanpsKeHHs Ha p-i-n — mnepexoje or  TOHIKACTCA.
TemmepaTypsl nporpeBa s Si(111) ¢
YICHbHBIM  coupoTuBieHHeM p  =6000
Owm-cm (kpuBast 1) u 3000 Om-cm (2) TEXHOJIOTHYECKHE PEKUMbl MOHHONH MMIUTaHTAllMN

Taxum o6pa30M, TIPUBEACHHBIC BBIIIE

u  umnyibcHoro WK omkura  sBisitoTCA
OINITUMAJIBHBIMH JUIS TIOTyYEHUs TEPMOAATUNKA, 0071a/1af0IIEro CIeLyoMNMH ITapaMeTPaMu:
1) nmmanaszoH m3MepseMsIx Temreparyp: oT 20 mo 500 K. Bo BceMm anama3oHe 3aBHCHMOCTB
U,p=f(T) — nuneiinas;
2) TemreparypHas 4yBCTBUTEIBHOCTH COCTaBIISET 2,1 MB-K;

3) Ttok nutanus ot 100 MKA 10 1 MA.
Pa6ora BbImosHeHa MpH (HHUHAHCOBOI oAEpKKe hyHIaMeHTaIbHOro poekta d-2-31 PY3.
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CIOCOB JJOMOJHATEJIBLHON OYNCTKA MOBEPXHOCTH
MOHOKPHUCTAJIJIOB KPEMHUSA
WAY OF ADDITIONAL CLEARING OF A SURFACE OF MONOCRYSTALS
OF SILICON

A.C. Pricbaes, XK.b. Xyxanus3os, 1.P. bekmynaros, A.M. Paxumon
Tawkenmckuii I'ocyoapcmeennuiii Texnuueckuti Yuusepcumem, Y36exucman,

E-mail: rysbaev@mail.ru

In work it is informed on the way of additional clearing of a surface of monocrystals
Si developed by authors, consisting in carrying out of implantation of ions Ba (or other
alkaline elements) in preliminary cleared in ultrahigh vacuum by thermal warming up in a
combination or without ionic etching and their subsequent removal by high-temperature
thermal warming up.

TIpo6iema HoydeHnst aTOMapHO YHUCTOM MOBEPXHOCTH KPEMHHS SIBISIETCSI aKTyalbHOM,
KaK TaK Pe3yJbTaTbl HKCIEPHMEHTAJIbHBIX HCCICAOBAHUN M PAa3IMYHBIX TEXHOJIOIMYECKHUX
OIepalui, MPOBOAMMBIX C LENbIO CO3JaHHs NPUOOPHBIX 3JIEMEHTOB HAa OCHOBE KPEMHUS
BCEIIENIO 3aBHCST OT COCTOSIHUS HCXOIHOM MOBEPXHOCTH KPEMHHSL.

W3BecTHBI cIOCOOBI 00PabOTKH MOBEPXHOCTH 00Opa3IOB BHE BakyyMa (ex situ), Takue
KaK MEXaHW4YecKas IOJIMPOBKA, XMMMYECKOE TPABICHHUE, KHITYCHHE B OPraHUYECKHX
pacTBOPHTEISIX, MOJOCKAHHE B JICHOHW30BAaHHOM BOJE W T. 1., U B BakyyMme (in sifu), Takue
KaK: CKOJI, IIPOrpeB, XUMHYECKass 06paboTka, HOHHOE pacmbuicHHe. CKOJI B CBEPXBBICOKOM
BaKyyMe SIBISCTCS CaMbIM INpPSIMBIM CIOCOOOM MOJIyYCHHSI CBEXCH YHCTOH MOBEPXHOCTH
kpucrawia. OJHAKO OH UMEET psii HEJOCTAaTKOB, B YaCTHOCTH: CKOJIOTasl MOBEPXHOCTH HE
rIajikast ¥ XapaKTeprU3yeTcsi BBICOKOH IIOTHOCTBIO CTyImeHeH [1].

OuncTKa MOBEPXHOCTH KPHCTAJUIOB IIPOTPEBOM IIPU TEMIIEPATyPe HIKE TEMIICPATyphI
IUIaBJICHUs 00paslia NMPUBOJMT K IHEpepacrpesieieHHI0 IpuMeceil B o0beme oOpasiia Mitu
JaXe K MX Cerperaniy Ha IOBEPXHOCTh C IOCICAYIOIIMM O0pa30BaHHEM OYEHBb MPOYHBIX
coeauHeHni. VIOHHOE pacmbuieHHE, SBISSICh 3(P(EKTHBHEIM METOAOM OYHCTKH, pa3pylIaeT
CTPYKTYpY IOBEPXHOCTH [2].

Llenbro maHHOi paGOTHI sIBIsieTCSl pa3paboTKa crocoba JONOIHUTEIEHON OYuCTKH (in
Situ) TIOBEPXHOCTH MOHOKPHCTAIIIOB KpemHuus Si(111).

ITocraBnennas 3agava pemaercss co3mandeM Ha nosepxHoctu Si(111) u Si(100)
TeTTepHPYIONIETO CIIOS TTyTeM MMILIAHTAIIMK HOHOB Ba' (MulM IpyTHX IIENOYHBIX 2EMEHTOB)
¢ sueprueit E¢=0,5 — 1x3B u ¢ BIcOKOiT 1030it 06myerns D=~10"%+10"cm™ B cBepxBBICOKOM

BaKyyMe IIpU JaBICHHH OCTaTOYHBIX TIa30B 107 Ma.B pesymsrate wero B
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MPUIIOBEPXHOCTHOM 001aCTH KpPEMHMS CO3[AaeTCsi TIeTTepUPYIOIIMI €0 ¢ BBICOKOM
KOHIIGHTpaIHel B KoTopoM ~60% aToMOB Ba MM IETOYHEIX DJIEMEHTOB SBIISISICH XUMHIECKH
AKTHBHBIMH, 00pa3yloT COEIMHEHUS] C aTOMaMH KPEMHHUS M HEKOHTPOIHPYEMBIX HpHMeced
(O, N, S, C u gp) u mocne mporpeBa npu T=1500K B Tewenun 60 — 120 cexyHn oHu

HCTIAPSIIOTCS U3 IPHIOBEpXHOCTHOMN obmactu Si(111).

A
1
I
150(S) | !
272(C) 508 (0)
R — 92 (Si)
g: = 76 (Si0y)
E x1 x10
]
~ 2
L§ [ | [
= 150 (S) 272 (C) 508 (O)
=
— 92 (Si)
1 x10
3
__92(Si)

0 100 200 300 400 500 600'E, 5B

Puc. 1.

Ha puc. 1 mpuBeneHBl CHEKTPBl — OXE-JIICKTPOHOB OIS IOBEPXHOCTH KPEMHUS, He

MOABEPTHYTOH TEPMHYECKOH OYHMCTKe B Bakyyme (cmexTp 1), mocime HpoBeneHHs
TepMudecKoil ouncTky B Bakyyme 107Ila B [Ba 5Tama: ITMTETbHO (B TedeHHH | waca) mpu
T=1000K u xpartkoBpemeHHo (BT euenuu 0,5-1 munytsl) mpu T=1500K (cmektp 2) u

KpPEMHHUsI TI0/IBEPIHYTOr0 OYUCTKE MpeiaraeMbIM HaMu criocoboM (criextp 3). BunaHo, uto B
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CIIEKTPE UCXOAHOTO KPEMHHS JJ0 OYUCTKH UMEIOTCS OXKe-TTHKHU: I OKMCH KpeMHus SiO, npu
E=765B ¢ 6o0xbI110# MHTEHCUBHOCTBIO; MUK KpeMHHs Lo3yy ipu E=925B, nuk cepsl S npu
E=1503B, nuk yriepona C npu E=2723B, u nuk kucnopoga O npu E=5083B. [Iposenecuue
TEPMHYECKOH OYMCTKM B JIBA 3Tala NPUBOAUT K MCUE3HOBEHHIO OKMCHOH IIEHKHU (MUK IPH
765B ucuesaer, puc.2), a ”HTEHCHBHOCT Oxe-TMKoB npumeceit S, C n O ymenbiaercs B 10
n Oonmee pa3. Ilpemmaraemelii HamMM CHOCOO OYHMCTKH 3aKIIOYaeTCs B INIPOBEIACHUM
MMIUIAHTallid HOHOB Ba (WM IIENOYHBIX JJIEMEHTOB) B KPEMHHH, INpeABapHTEIBHO
OUHINEHHBI TEPMUUECKHM TPOTPEBOM B 1Ba STama, ¢ 3Heprucii E (=1x3B u noszoir 10'°-
107em? nocnenymomeM Tepmudeckom mnporpese npu 1500K B Teuenun 1-2 munyTh. Kax
BUJHO W3 crHekTpa 3, Takas o0paboTKa MO3BOJSET MPAKTHYECKU IOJHOCTHIO OYHUCTUTH

noBepxHocTh Si(111) oT npumeceii.

Puc.2. Kaprunst IMD, custbie: nmociie ounctku Si(111) TepMUYECKEM OPOrpeBOM B JBa Tama — a;
nocie Tepmuueckoro nporpesa npu T=1500K Si(111), ummiantupoBanHoro noHamu Ba™ ¢ sHepruei
E¢=1x3B u 1030i 00xyueHus D=10"cm -6.

Kpome Toro xaptuHa Audpakuuy MeUICHHBIX 3JEKTPOHOB (JIMD) cHsTas ¢ MOBEPXHOCTH
Si(111) moaBeprHyTO# OYKHCTKE MpepIaraeéMbIM HaMH CIOCOOOM OKa3bIBaeTcsi Ooiee
KOHTpacTHe# (puc. 2,0), ueM kaptuHa JIMD or mnoBepxuoctH Si(111) mnoxBeprayToi
TEPMHYECKOH OYUCTKE B BBICOKOM Bakyyme (puc. 2,a). T.e. mpemiaraemsiii cnocod
JIOTIOJTHUTENIBHOW OYMCTKH MO3BOJISIET HE TOJIBKO MOJTYyYHTh YHCTYIO oBepxHOCcTh Si(111), HO

U CYHIECTBEHHO YIyUIUHUTh €€ KPUCTAJUIMYECKOH COBEPLIEHCTBO.

Pa6ora BbInosHeHa Py (HHHAHCOBOI MoIepkKe hyHIaMeHTaabpHOro npoekra ®-2-31 PY3.
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BJIMAHUE TEPMHUYECKOI'O U JIABEPHOI'O OTKHUI'A HA
MOBEPXHOCTHBIE CBOVMCTBA U IPO®UJIU PACIIPEJEJEHUS ATOMOB P
" B, UMIINTAHTUPOBAHHBIX B Si(111)

INFLUENCE THERMAL AND LASER ANNEALING ON SUPERFICIAL
PROPERTIES AND PROFILES OF DISTRIBUTION OF ATOMS P AND B,
IMPLANTED IN Si (111)

A.C. Pricbaes, XK.b. Xyxannsa3os, 1.P. bexmynatos, P.®. daiizynnaes
Tawxenmcxuii I'ocyoapemeennviii Texnuyeckuii Yuueepcumem, Y3oexucman,

E-mail: rysbaev@mail.ru

In given article results of research of influence thermal and laser annealing on profiles of
distribution of atoms P and B in Si (111), implanted with various energy and an inspiration
dose are resulted. It is shown, that as a result of implantation of ions with the big dose and
carrying out thermal and laser annealing in near-surface areas Si (111) it is possible to receive
practically uniform distribution of atoms of an impurity.

B nocnenHee mecaTHieTHe HaHOMaTepHAIaM YAENSAETCS 0c000e BHUMAHHE CO CTOPOHBI
HCCIIeioBaTeNle MpaKTHIecku Bcex crenuanpHocTed [1]. OmHMM M3 crocoOoB co3gaHHs
HAaHOPa3MEPHBIX [IEHOK B IPUIIOBEPXHOCTHON 00JIACTH MOJIYIPOBOHUKOB SIBISCTCS HOHHAS
nmtadranys [2]. CBoifcTBa TOHKMX IUIEHOK ONPENENISIOTCS 3JIEMEHTHBIM, XUMHYECKHM
COCTaBOM M XapaKTepOM pacIpeleNeHUs] BHEIPCHHOH NpPUMECH IO TIIyOMHE HCXOIHOTO
Marepuana.

Llenpto naHHOH pabOTHI SBISETCS MCCICIOBAHUE BIIMSHUS TEPMHYECKOTO OTXKHIA,
HH(pPaKpacHOro W JIa3epHOTO M3ITydYeHHsS Ha NPOQWIM pacmpeneneHus aTtoMoB P u B,
umruiantapoBaHubiX B Si(111) ¢ paznuunoii sHeprueit i 1030i 00TydeHHS.

IIpodunm pacnpeneneHnss aTOMOB HaMM OBUIM ITOJTY4YEHBI C IOMOIIBIO MOCIOHHOTO
CTPABJIMBaHMs IOBEPXHOCTHOIO CJIOSI IIyYKOM HOHOB Ar' ¢ sHepruei 1,5 x3B. Onenka
KOHIIGHTPAIIUH aTOMOB IIPOBOJHIACH METOJOM KOIMYECTBCHHOH OXe — CHEKTPOCKONIUH C
MatpuuHbIMH TionpaBkamu [3]. TIpoBeleHHbIe HaMM SKCHEPHMEHTBHI MOKa3aliH, YTO B
pe3ynbrare uMmIutantamn noHoB P m B B Si(111) ¢ Gompmoit mo3oit D>10" cm? B
MIPUIIOBEPXHOCTHOH 0O0JIACTH, TOJIIMHA KOTOPOH 3aBUCUT OT JHEPIUH HMIUIAHTHPYEMBIX
HOHOB, 00pa3yeTcs CIIOH ¢ MPaKTHYECKH PAaBHOMEPHBIM PACHPEACICHUEM aTOMOB IPHMECH,
4acTh M3 KOTOPBIX 00pasyeT XMMHUYECKOE COCJMHEHHE ¢ aroMaMu Kkpemuus. OnHako B
npolecce HOHHOM MMILIAHTAINH, HApsly ¢ HAKOIUICHHEM MPHMECH IPOUCXOIUT 00pa3oBaHue
pa3nu4HbIX Ae(EKTOB U MOHHO — UMIUIAHTUPOBAHHBII CIIOW CTaHOBUTCS aMOpGHbIM [4].
ITosToMy m1s HONMydYeHHMS CIOEB C ONpPEJCICHHBIMM CTAOMIBHBIMU CBOMCTBAMH H
3aeunBaHusl e(heKTOB TpeOyeTcss MOCICHMIUIAHTAMOHHBIA OTKHT. [locienMIniaHTanu-

OHHBIH OTXKHT Ae(EKTOB OOBIYHO OCYLIECTBIIAETCS TEPMUIECKHM IIPOrPEBOM, HH(GPAKPACHBIM
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(UK) uznyyenuem win Ja3zepHbIM u3iayudenueM. [locnennue nBa crocoba o0nagaioT psaoM
NPEUMYIIECTB 110 CPAaBHEHHIO C TEPMHYECKHM OTXKUTOM, KOTOPBIC 3aKIIOYAloTCsl B
JIOKQIBHOCTH ~ TEPMHYECKOTO  BO3ACHCTBUS ~ M3ITydeHHs, BO3MOXKHOCTH  IIPOBEICHUS
HMITYyJIbCHOTO OTKHIa ¥ B OTCYTCTBHUM BIMSHUS TEIUIOBOIO IIONs Ha TEMIEpaTypy
OKPY)KaIOIIMX DJIEMEHTOB NprOopa. OTXKUT MOHHO — MMIUIAHTHPOBAHHBIX 00pa3LOB HaMH
IpoBoaWiICA B BEICOKOM BakyyMe (~10° <107 Ila). [lns Gomee TOUHOro cHATHS mpoduieit
pacnpenenenust P u B o rmyOune ucnonb30BaH, pa3pabOTaHHBIN aBTOpaMHU, CIIOCOO OILIEHKU
KOHIIGHTpAIlUd aTOMOB B [AaHHOM CJIO€, MCKJIIOUAIOMIUH YCpeIHEHHE O)Ke-CUTHalda OT
coceqHux MoHocnoeB. CyTb cmoco0a 3aKII09aeTcsi B BBHIYMTAHUM WHTCHCHBHOCTH OXKe-
CHTHANA, TTOIYYEHHOTo OT n+l oS, HHTEHCHBHOCTH OXe-CHTHAla, IIOIyYeHHOTo OT n-1
cnos. Ha puc. 1. moka3aHO, Kak MEHsETCS KOHLECHTPALHMOHHBIA MPOQUIb pacmpenencHus
atomoB P, umnnanTupoBanHbix B Si ¢ sHeprueii E ¢=1x3B u 1030t D=1-10"7 cm? mocre
TEePMUYECKOr0 IPOrpeBa MPH Pa3IMYHBIX TeMmIepaTrypax. Kak BHIHO H3 pHCYHKA, IIPOrpeB
HOHHO — uMIUTaHTHpoBaHHOro Si mpu T=600 K npuBOIMT K CHIKCHHIO KOHIICHTPALUH
¢docdopa Cp Ha moBepxHOCTH 10 55 aT %, YTO BEPOSATHO CBSA3AHO C AecOpOIHeil aTOMOB
(ocdopa. B To e Bpems IpH TaHHOH TEMIIepaType NporpeBa JINIIb HeOObIIas yacTh 5+8 ar
% aromoB P nuddynaupyer B 06beM kpeMmHus. Ilocie KpaTKOBPEMEHHOro Nporpesa HpH
T=1000 K B npunoepxHocTHO# obnacTi TommuHoi x~30 A xouentpauus P cocrapiser
~50 at %, 4TO COOTBETCTBYET 00pa3oBaHHIO (pochuaa kpeMHus SiP ¢ MOHOKpHCTAIIIHIECKOH
crpykrypoit. IT pu T >1000 K HaGmiomaercs umHTeHcHBHas nuddys3us aromoB P BriyOb
obpasiia, 4To MPUBOAUT K YBEIHYCHHUIO IHPHHBI nepexoquoro cios. [Ipu T=1200K+1300K
Hapsny ¢ nuddysueil HaGrOgaeTCsA pa3phlB XUMHUYCCKOW CBSI3M MEXIy aTomMamu Si u P u
JIecopOIIHs TTOCNIEIHETO N3 TTOBEPXHOCTHOM obmacty, mporpes mpu T=1350 K mnpuBoaut k
MOJHOIM JNIEKTpUYECKOW akTHBalmMu atomoB P. Hamu Tarke ObutM CHATHI IpOGIIH
pacnpenenenust aroMoB P, ummuiantupoBanubix B Si(111) ¢ E¢=1 3B, nocie nposenenus
MMITyJICHOTO JIA3€PHOTO OTHKHTA C JUTMHOW BONHEI A=1,06 HM ¥ JJIMTEIBHOCTBIO HMITYJIECOB
~10 HC) ¢ pa3mHaHOil mwIoTHOCTHIO sHeprun W, Icem™: 0 — kpuBas 1; 1,0 (2); 2,5 (3) u 4 (4)
(puc. 2).

MmnynbscHblii nasepHblil omxur ¢ W<I1,0 II)K'CM"2 TI03BOJISIET IOJIyYUTh NPAKTHYECKU
CTyIeH4YaToe pacmpeznencHue aroMoB P. I[Ipy 9ToM B IpHIOBEpXHOCTHON 001AaCTH TONIIUHON
3540 A obpasyerca coenuuenne SiP. VBennmueHHe INOTHOCTH SHEPrUH  Ja3epPHOTO
H3ITy4eHHs] IPHBOJUT K PA3JIOKEHHIO coenHeHus SiP 1 CHrkeHuro KoHIeHTpanuu 1o 40 at
% (mpur W=2,5 Jlxem™) 1 1o 20 at % (mocie omkura mpua W=4 Jlx-cM ™). VMITymbCHbIH

. . + 2
nazepHblit orxur Si(111), ummantupoanHoro noHamu B™ npu W=1,0 [xx-cM ™, Takxke Kak U
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B ciyuae P’ 103BONAET MONYdYMTH TeTepOCTPYKTYpHEIA mepexon SiB;—Si ¢ mocraTouno
pe3koil rpaHuiel pasngena. [ pasioKeHUs XHMHYECKOro coemamHeHHs SiB; u momHO#
IEKTPUIECKON aKTHBAIUH OCTABIIHXCS AaTOMOB 00pa HEOOXOAUM TEPMHUECKHIA IIPOTPEB TIPH
T=1200K unu nazepHbiii omxur ¢ W=3 Jlieem™. OTMeTHM, 4TO mocie JIa3€pHOT0 OTXKUTA
HOHHO — UMIUIAaHTHPOBaHHBIX 00pa3ioB 00pa3yeTcs Mepexox N — p B cilydyae HMIUIAHTALUH
Pup '~ p— B caydae ummianTanum B.

Cear%

60

2 P*oSi(111)
3 Eo=1B

1 P>Si(111)
Eo=1B

2 40 €0 LA zlo I 4‘0 J (:o : s:) Ix A
Puc.1. Konnenrpannontusie npohuin Puc.2. KoHneHTpamoHHbIe TPOGHIH
pacripeneneHust aToMoB P, UMIUIAaHTHPOBAHHBIX B pacnpenesienus aToMOB P, UMIUTAHTUPOBAHHBIX B
Si(111) ¢ Eq=1 k9B, nomy4enHsle nocie Si(111) ¢ E¢=1 k9B, nony4eHHsle nocie
KPaTKOBPEMEHHOTO TEPMHUYECKOT0 OTXKHUIa IIPH HMMITyJIbCHOTO JIA3ePHOT0 OTXKUTA C Pa3IHIHON
pasubix T, K: 300 (kpusas 1); 600 (2); 1000 (3); motHoCTHI0 3Heprun W, Dacem™: 0 (kpusas 1);
1200 (4) u 1300 (5). 1,0 (2);2,53)u4 (4).

Ha puc.3 npusemeHsl cmekTpsl  ¢ortosnektponoB (POC) mma  Si(111),
uMmIanTHpoBannoro uoHamu P ¢ E ¢=1k3B, CHsThIE MOC/E TEPMHUUYECKOro IpOrpeBa Ipu
pasmuunbix T, K: 300 (kpuBas 1); 900 — 2; 1000 — 3 u 1550 — 4. BuaHo, 4TO TepMHYECKUI
IIPOrpeB HOHHO — MUMIUIAHTHPOBAHHOTO Si PHUBOAUT K CYIIECTBEHHOMY H3MEHEHHIO CIIEKTpa
®OC, u3MeHseTcsT WHTEHCUBHOCTh U (popMa OTHENBHBIX MaKCHMYMOB, HaOIIOJaeTcst
YMEHbILECHUE IUPHHBI CIIEKTPA, MOSBISIOTCS HOBble MakcUMyMbl. Tak, nporpes rpu T=900K
NPUBOMUT K YBEIMYECHHI0 HWHTEHCHBHOCTHM M CMEIICHHIO B O00JAcThb OOJBIIMX JHEPTHH
makcumyma 1npu E = —0,6 3B, uTo mo3BoiseT npumnucate €ro K coeauHeHuro SiP.
YMeHbIlIeHUe MHTeHCHBHOCTHY NMKa IpH Ecg= +0,8 9B, oueBHuaHO, CBA3aHO C yMEHbLICHUEM
KOHIICHTPAIIMM HECBSI3aHHBIX aTOMOB P 3a cu€r mx yacTHYHOU necopOuun u oOpa3oBaHHS
cBsizeit Si — P. Cnektp 3 (puc.3), nmonyueHHsiii nocie omxura npu T=1000K orpaxaer
IUIOTHOCTH COCTOSIHUH BaJIGHTHBIX MIEKTPOHOB (pochua kpemuus. [Ipu nanHoi Temmepatype
ik 1pu B¢ = +0,8 5B, cBA3aHHBINA ¢ TPUMECHON MOA30HOH HCYE3a€T, YTO CBUETENLCTBYET

00 OTCYTCTBHUHU HECBA3AHHBIX aTOMOB P.
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P Si (111) Rad

Puc3. Cnektppt @OO3C s Si(111),

+
HUMILIaHTHPOBaHHOTO noHaMu P~ ¢ Ey =1 k3B,
CHSATBIC TOCJIE TEPMHUYECKOTO MPOrpeBa IpH
pasueix T,K: 300 (xpuBasl); 900(2): 1000
(3); 1200(4) u 1550 (5).

dN/dE, oth.en

EaoB

Ta6auua 1.

3HaveHHUsl JIeKTPOHHO—IHEPreTHYeCKHX NapamMeTpoB Si, HMIUIAHTHPOBAaHHBIX HOHaMu P u B,
MOJTyYeHHbIe M0C/Ie PA3IHYHBIX PeXKUMOB MOC/IEYIOIEero TePMHUYECKOr0 OTKUIA

IapameTpsl P —Si(111) B —Si(111)
300 [ 900 | 1000 | 1300 [ 1550 | 300 | 600 [900 | 1300 [ 1550
e, 5B 3,1 (32 |35 |45 |47 |36 [40 |47 |47 |47
E,, 5B 08 [1,0 [145 [12 |11 [09 |11 1,3 |12 |11
®,5B 38 (42 |49 |50 |51 38 |42 |48 |50 |51
+, 5B 30 (32 345 [38 |40 |29 (31 |35 |38 |40

Kak BUIHO W3 NIpHBENCHHOH TabI.l, IOCIECHMIUIAHTALIMOHHBIH TEPMHUYECKHH OT)KUT
MIPUBOMUT K HM3MEHCHHUIO IIAapaMEeTPOB JHEPreTHUYECKHX 30H MOHHO — HMILIAHTHPOBAaHHBIX
obpastoB kpemHus. B ciywae Si(111), ummiantupoBansoro nonamu P nporpes mo 1000K
NPUBOIUT K oOpa3zoBaHmio coenuHenus SiP, a B ciywae mnporpesa mpu T = 900K Si(111),
HMMIUIAaHTHPOBAHHOTO HMOHaMH B obpasyercst coemmnenue SiB;. Ilocmemyrommii mporpes
o0Opa3noB mpu Ooiee BBICOKMX TEMIEpaTypaXx IPHBOAMT K Pa3IOXKCHUIO YKa3aHHBIX
COCIMHCHUH M JecopOlMH IPHMECHBIX aTOMOB B BaKyyM, 4YTO COIIPOBOXKIAeTCs
NpUONIDKEHHEM 3HAaYeHHH 30HHO—YHEPreTUYECKUX IapaMeTpoB K COOTBETCTBYIOIINM

3HA4YCHUAM apaMETPOB YACTOTO KPEMHHUA.

PaGora BbINIOJIHEHA npu (’pI/IHaHCOBOﬁ MNOAAEPIKKE FOCyZ[apCTBeHHOFO (byHZ[aMeHTaIILHOI‘O

rpanra ®-2-31 PVY3.

1. www.science direct.com.

2. Cysnanes W.II. HanoTexHomOrns: GM3MKO-XUMHSI HAHOKJIACTEPOB, HAHOCTPYKTYP M HAHOMATEPHATIOB —
M.: Komknura, 2006. — 592c.

3. TamatoB A.K. HccnenoBanue CTpyKTypbl U CBOWCTB TOHKHX I'€TE€POCTPYKTYPHBIX IUIEHOK, CO3ZaHHBIX
METOaMH SMUTAKCUM ¥ MOHHOH MMIUTaHTauuu // JluccepTanust Ha COMCKaHHE Y4CHOH cTerneHH A.¢(.-M.H.
Tamrkent-2005 .

4. A. S. Rysbaev, J. B. Khujaniyazov, A. M. Rakhimov, I. R. Bekpulatov. Formation of Nanosize Silicides
Films on the Si(1111) and Si(100) Surfaces by Low_Energy lon Implantation. // Technical Physics, 2014,

Vol. 59, Ne. 10, pp. 1526-1530.
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SB (111): SURFACE EVOLUTION UNDER ION ETCHING
AA. Smirnov*, S.I. Bozhko®, A.M. lonov*, S.G. Protasova®, S.V. Chekmazov®, A.A. Kapustin“

“Institute of Solid State Physics RAS, Chernogolovka, Russia, smirnov@issp.ac.ru;
#Institute of Solid State Physics RAS, Chernogolovka, Russia

Due to a strong spin-orbit interaction (SOI), the surface states of Sb (111) similar to those
for topological insulators (TI) system. Currently, Sb is used as a base for the construction of
Tl [1, 2]. The surface states are protected by time-reversal symmetry and energy dispersion
is a linear function of momentum. Defects in the crystal structure can lead to break of time-
reversal symmetry and change of the surface states. It is the primary reason to study defects
of crystal structure of Sb and their effect on the dispersion of surface states.

Sb has a rhombohedral crystal structure, which can be described in terms of a small
deformation of a simple cubic lattice. The planes (111) through one are shifted along the C3
followed by small nonuniform deformation [3]. The deformations are due to Pierls
transition. Since the lattice parameter of Sb is a = 4.3 + 0.05 A, interplanar distances are d; =
1.5+ 0.1 A, d; =2.3+0.1 A [4]. Experimentally it was established that the Sb single crystals
cleaves along (111) between the surfaces.

Photo of cleaved Sb (111) surface is shown in Figure 1a. The cleavage surface consists of
large flat areas up to 3 mm in size. Fig.1b demonstrates typical STM image of the surface.
The surface consists of a large atomically flat terraces separated by step edges. Fig. 1c shows

a cross-section of the surface along the red line, which reveal a step with height of a single

bilayer (3.94).

2 L s
0 20 40 60 80 100 120 140 160
nm

Fig.1: (a) Image of the surface Sb (111) obtained with an optical microscope; 4mm x 4mm. (b) STM
image of the Sb (111). 710nm x 710 nm. (T = 300K, V, = 100 mV, I, = 100pA. (c) The cross section of

the STM image of the surface Sb (111) along the red line.
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Etching the surface Sb (111) using Ar+ ions is a common way to create defects both in a
bulk and at the surface of the crystal. lon etching of Sb (111) at room temperature reveals
anomalous behavior of surface crystal structure. STM studies show that etching led to
significant changes in the topology of the surface (fig. 2a). The etched surface consists of a
number of flat terraces that is confirmed by histogram of the height distribution presented

in fig. 2b.
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Fig. 2: (a) 50 nm x 50 nm STM-image. (T = 300K, V, = 600 mV, I; = 100pA); (b) PDF of heights for large
area STM-image of etched Sb (111) surface.

Indeed, the height distribution curve can be fitted by three peaks localized at 0, 2.2 and
3.8 A in a good agreement with the layered crystal structure of Sb. Where a base layer
(corresponds to peak localized at Onm) cover about 40% of the surface. The bilayer (peak at
3.8 A in the histogram) being placed on a top of base layer cover about 30% of the surface.
Peak at 2.2 A indicates that etching also resulted in a formation of areas one monolayer in
thick. Their area covers 30% of the surface.

Investigation of the surface by the LEED demonstrates that ion etching of the surface
resulted in broadening of LEED spots. It means that terrace size depends on ion etching time.
Fig. 3a demonstrates average width of terraces as a function of ion etching time obtained.
Horizontal asymptote on this graph shows that ion etching results in the formation of flat
terraces of 17 A in size and increasing of exposure time do not lead to terraces width getting

smaller.
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Fig. 3: (a) Dependence of average width of terraces on etching time; (b) UPS of Sb (111) valence
band. Black color corresponds to PE spectrum of initial surface, red color — surface etched for 2

minutes, blue — 4 minutes, purple — 8 minutes, green — 16 minutes.

Electronic structure of Sb (111) surface states was investigated by ultraviolet
photoelectron spectroscopy (UPS). He(l) photoelectron (PE) spectra were measured with
KRATOS AXIS ULTRA DLD. Evolution of the UPS spectrum in a vicinity of Fermi energy Fig. 4b
reveals strong dependence of Density of States (DOS) at Fermi level on time of the ion
etching. Furthermore, increase of ion etching time resulted in more pronounced
photoelectron spectroscopy (PES) signal, i.e. in increase of DOS at Fermi level (fig. 3b).

It has been established [5] that Sb (111) in the sense of the electronic states spectrum
genesis is Peierls insulator, i.e. Peierls transition explained by the displacement of layers
normal to the plane (111) with formation of bilayers. We can assume that a break of the
structure of bilayer lead to a change in the spectrum of electronic states: the proportion of

insulating states will be reduced and the percentage of the metallic state increase.

[1] K. Sugawara, T. Sato, S. Souma, Phys. Rev. Lett. 96 (2006) 046411.

[2] D. Hsieh, Y. Xia, L. Wray, Science 323 (2009) 919.

[3] S.N. Molotkov, V.V Tatarskij, Soviet. Physics, Chemistry and Mechanics of Surfaces 5 (1988) 17-27.
[4] PengFei Zhang, Zheng Liu, Wenhui Duan, Phys. Rev. B 85 (2012) 201410.

[5] S.N. Molotkov, T. A. Potapova, JETP letters 97 (2013) 384 — 391.
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HUCCIEJOBAHUE MPO®UJISAA PACIIPEJEJEHUSA IPUMECHBIX ATOMOB
MO IVIYBUHE B MHOT'OCJIOMHBIX CHCTEMAX HA OCHOBE KPEMHMSA

INVESTIGATION OF THE DISTRIBUTION PROFILE OF ATOMS IN DEPTH
OF THE MULTILAYERS SYSTEM ON THE SILISIUM

B.E. YMI/IB?,aKOBl, C.K. HI/IM&TOBI, X.X EonTaeBl, B.J1. )IOHaeB2
B.E. Umirzakov', S.J. Nimatov', H.H. Boltaev', B.D. Donaev?

Tawl' TV, Vnusepcumemckasn 2, Tawxenm, VY3bexucman, e-mail: fimet@mail.ru
KUDH, yn. A. Hasou 34, Kapwu, Y36exucman

In this paper the results of the study of the depth profile distribution of atoms in
CoSi,-CaF,-Si multilayer systems used in electronic instrumentation by use of the
Auger electron spectroscopy are presented. It is shown that the depth profile of
oxygen distribution has the maximum at the interface between the layers, which,
apparently, is connected with the defectiveness of the transition region, which can

be the drain for impurity atoms.

MHorocIoiHbIe CHCTEMBI Ha OCHOBE HOJYIPOBOAHHKOBEIX MAaTEPHAIOB HEPCIEKTHBHEI
npu pa3paboTke pPaJUOTEXHUYECKHX TNPHOOPOB M 00OpYHOBaHHS HOBOTO MOKOJEHUS,
KOTOPBIE TTO3BOJIAIOT CYIIECTBEHHO YMEHBIINTh SHEPronoTpedieHne, rabapuTHbIe pa3Mepsl 1
BeC, IIPU JTOM HE CHIDKAs UX T€ XHUYCCKUE XapaKTCPHCTUKH. B co3maHMM HAaHOIIEHOUYBIX
muorocnoitaeix MIT u TIAIT retepocTpyKTyp 4acTo MCMONB3YyIOTCst cucteMbl THa CoSip-
CaF,-Si [1-2]. CTpykTypa, COCTaB,0NTHYECKHE H IJIEKTPOHHBIC CBOWCTBA JTHX IUICHOK B
OTJENBHOCTH M B COBOKYIHOCTH B HAcToOslee BpeMs M3yueHsl xopomo [3-5]. OnHako,
npodunu pacnpeznenenus: npumecHsix atomoB (O, C u ap.) mo riayOuHE U HX BIHSHHE Ha
CBOMCTBA MJIEHOK H3y4€eHbl HEZOCTOYHO.

Llenplo maHHOW pabOTHI SBISETCS W3YYEHHE CTPYKTYPHI W HPOGWIS PaclpeneseHUs
TIPUMECHBIX aTOMOB II0 I'TyOHHEe MHOTOCIOiHO# cucTeMbl CoSix-CaF,-Si.

B nanHOll paboTe cocTaB oOmpenenseTcs OXKe-EKTPOHHOW — CHEKTPOCKONHUEH,
KPUCTAUINYHOCTh M CTENEHb €ro COBEPHICHCTBA METOAOM IU(PaKIMH MEICHHBIX
anekTpoHoB (JAMD). [lng mccnenoBaHHs DIEKTPOHHON CTPYKTYPBI M JIPYTHX CBOICTB,
MPUMEHSUIUCh METOIbl  CIEKTPOCKOIUM YHPYro OTPaKeHHBIX »JeKTpoHOoB (CYOD),
yabTpaduoneroBas GporoatekrponHas crekrpockonus (YPIC). Bee ati MeToasl coOpaHbI U
KOMOMHHPOBAHEI B OHOM U TOM K€ CBEPXBBICOKOBAKYYMHOM SKCIICPHMECHTANEHOM IpHOOpE,

TAC TaKXK€ MNPOU3BOAUTCA HOHHAA HWMIUIAHTALWSA, HANBUICHUC W OTXKUT. HJ'ISI OnpeaCICHUA
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KOHLIEHTPALMOHHBIX IpoduIIeil pacipeneneH s aTOMOB N0 riiyouHe npumensuics merog O9C
B COUETAHHH C TPABICHHEM MTOBEPXHOCTH HOHAMH AT

ITnenxu CaF, BbIpaleHs! a IMOBEPXHOCTH MOHOKPUCTAJUTHYECKOTO KPEMHHS, a IUICHKH
CoSi, Ha mnosepxHoctn  CaF, Meromom MonekymsipHO-nmy4deBoil smutakcun (MJID).
VccnenoBanusl moKa3aiy, YTO JQXe IIOCIE MHOTOCTYIICHYAaTOH CBEPXBBICOKOBAKYYMHOM
OUHCTKH B OTHX IUIEHKAX MIPUCYTCTBYIOT Uy>KepoAHbIe mpuMecH, Takue kak: C, O, Ca, K, Cl
u Mn u gp. Ilpu 3TOM KOHIEHTpALHMs KHCIOPOJAA H Y IJIepoja Ha IIOBEPXHOCTH CHCTEMBI
cocraBmsio  10-15 ar.%, a oOmpas KOHLECHTpaumus JPYTHX IIPUMECHBIX aTOMOB He
npesbimano 6oaee geM 0,5 at.%. Takoe KOIMYIECTBO MPUMECHBIX aTOMOB HE OUCHb CHIIBHO
BIIMSIIOT Ha CBOICTBA COJHEYHBIX DJIEMEHTOB M JUOAHBIX CTPYKTYp. Kpome Toro moka Her
9 HEKTUBHBIX CTOCOOOB YMEHBLINTD HX KOHIICHTPALIUIO.

Criemyer OTMETHTh, YTO H3-32 HEKOTOpOH B3aMMoaM((dy3uH aTOMOB Ha TIpaHHIE
CoSiy/Si u Si/CaF, obpasyercst nebonpimast, ool d=~50+100 A nepexoHas 00JacTs.
W3BecTHO, YTO HPH KOHTAKTE METALI-MONynpoBogHuK (M-II) B 3aBHCHMOCTH OT pabOThI
BBIXOZla M THINA JICTUPYIOIIEH NPHUMECH MOTyT 00pa3oBaThCs JIMOO OMHYECKHE, JHOO
BEINIPSAMIIAIONINE KOHTAKTHL. IccinemoBanmst mnokazamu, 49to CoSir, XoTss U obmamaer
METaJUTHYECKIMH CBOIMCTBAMH, OJHAKO HEPreTHUECKUE XapakTepHcTHKH cucteMbl CoSiy/Si
OUYEHB OJIM3KH K XapaKTEPUCTHKAM CHCTEMBI ITOIYIPOBOIHHK-IIOIYIpoBOHUK. [ToaTomMy s
HMHTEPIPETAHN JJIEKTPO(PHU3UUCCKUX CBOWCTB U IIOCTPOCHUS DHEPreTHYCCKOW 30HHOU
nuarpamMsbl KoHTakTa CoSiy/Si nenecooOpa3Ho nmonab3oBaThest Monenbio [loknmu—AHaepcoHa.

Ha puc. 1 mpuBeneHs! mpoduib pacrpenesieHds aTOMOB KHCIOpoIa IO TIIyOHHe
MHorocnoiHoit cucremsl CoSir-CaF,-Si. U3 pucyHKa BHIHO, YTO KOHIIEHTPAIMOHHBII
npoduib pacrpeeneH s KHCIOPOAa HMEeT MaKCUMYM Ha TPaHHIEe pasjiela CIIOeB, uTo, Ho-
BHIMMOMY, CBf3aHO, C AC(PEKTHOCTHIO MEPEXOIHOM 00 JACTH, KOTOpas MOXET SBUThHCS
CTOKOM IIPUMECHBIX aTOMOB.

IIpoBenennsie uccnenoBanus merogamu J0C, CYOD u CXIIDD namu BO3MOXHOCTH
U3YYUTh SIIEKTPOHHYIO CTPYKTYPY IIOBEPXHOCTH TI'€TEPO3MUTAKCUAIBHON HAHOCIOWHON
cucteMbl CoSi-CaF,-Si 1 mocTpoeHns 30HHO-9HEPreTHIECKON THarpaMMBl.

C nmoMomIbI0 CHEKTPOB (POTODIEKTPOHOB MOXKHO OHPEACIHTH OCHOBHBIC MapaMeTpsl
SHEPreTHYECKUX 30H IUICHOYHBIX CTPYKTYp: (OTO3/IEKTpOHHYI0 pabory Bbixoma @ u
TEPMOIICKTPOHHYIO pabOTy BBEIXOJA ¢, CPOACTBO K IJIEKTPOHY ), IIMPUHY 3alpelieHHON
30HHI E, 1 BenmunHbI 13rnba 308 V. DHEpreTnuecKre 30HHBIE TapaMeTphl i 00pasnos Sin
CoSi, coorBercTBeHHO TakoBbl: O=5,13B u 4,9 3B; ¢=4,73B u 4,93B; E,~1,15B u 0,53B;
¥=4,0oB u 4,43B; V=0,35B (Si).
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Puc. 1. [Ipodunu pacripeneneHus aToOMOB KUCIOPO/IA MO TiTyOHHE HAHOTIICHOYHOH
cuctembl CoSi,/CaF/Si.

IToxa3aHbl TEXHOJNOTMYECKHE PEXUMBI U HM3YyYCHBl KpPUCTAUIMYECKas CTPYKTypa,
OMHCCHOHHBIE M ONTHYECKHE CBOMcTBa MHOrocimonuoi cuctemsl CoSip-CaF,-Si.
VYCTaHOBNIEHO, YTO NpU IJIMHE BOJHBI 1-4 MKM HPOMCXOJHUT CYILIECTBEHHOE YBEIHYCHUE
koo duirenTa oTpaxkeHns csera. [loka3aHo, YTO Ha IrpaHUIE pa3zesia CHCTEMBI BCIICICTBHE
B3aumMoau(pdy3un atoMoB (HOpMHUpYETCs MepexoqHblid cinoi mupunou 50-100 A Metonom
HOHHOM HMIUIAHTALMK [IOTy4eHbl HAaHOpPAa3MEPHbIC IUICHKH Ppa3InYHON CTPYKTYphl B
3aBHCHMOCTH OT yCJIOBHil O OMOApAMPOBKU M Iapbl MOH-TOIOXKKA. YCTAHOBJICHO, YTO B
IpoIiecce HU3KOIHEPTeTHYECKOH MOHHOW MMIUIAHTALMU IMPOMCXOAHUT IepepacipeieecHue
4y)KEPOJIHBIX HPHUMECEHl Ha MOBEPXHOCTH M B IIPUIIOBEPXHOCTHBIX CIOSX MHCCICIYEMbIX

IUIEHOK Si.
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JUHAMMYECKASI TEPMOMETPUS TBEPABIX TEJI HA OCHOBE
KOMBHUHAILIMA METO/J0OB ONITUYECKOM JU®PAKIIMA U UHTEPO®EPEHIIAA
DYNAMIC THERMOMETRY OF A SOLID BASED ON COMBINATION OF OPTICAL
DIFFRACTION AND INTERFERENCE METHODS

b.®. (DapanOBl, SI.B. ®arraxos’, M.O. FaﬂﬂyTI{I/IHOBl
B.F. Farrakhov', Ya.V. Fattakhov', M.F. Galyautdinovl

K®TH Ka3HI] PAH, 2. Kazanw, yn. Cubupcxuii mpaxm, 0. 10/7, bulat_flamail.ru

A technique based on the recording af a optical interference for temperature registration of

semiconductors is described.

BBEJIEHUE

BrIcTphIe, TOUHBIE, OECKOHTAKTHBIE METO/BI PETHCTPALIN TeMIIEPAaTyphl HEOOXOUMBI B
HayYHBIX HCCIIE[OBAaHUSAX M IPOMBIIUICHHOCTH. B IOIyHmpoBOAHHKOBOM MHKpO- H
HAHOZJICKTPOHUKE TOYHBIC METOJbl M3MEPEHUs TEMIIEPaTypbl HEOOXOAMUMBI IIPU HOHHOM
HMIUIQHTallid, ODXKUIe W  BBIPAIIMBAHWM  IUICHOK. OCHOBHBIMH  DJIEMEHTaMH
HCTIONB3YIOMUMHUCS B HACTOSAINEE BpeMs JUIL  PETHCTPAIMU  TEMIeparypel B
MIOJTYTIPOBOJHUKOBOI IPOMBIIIICHHOCTH SBIIAIOTCS TEPMOIAPEI, TEPMUCTOPHI X MHPOMETPEL.

Jlnst GECKOHTAKTHOTO HM3MEPEHHsl TeMIepaTyphl MOXKHO M CIIOJB30BaTh M JApyTrHe
KOCBCHHBIC BEJIMYHMHBI, HAlpUMEp TEIUIOBOE PACIINPEHHE, ¢ MOMOLIBI0 KOTOPrO MOXHO
HM3MEpATh TEMIEpaTypy, B OCHOBHOM TBEpABIX Ten 0e3 yuyera (oHOBBIX M3nmyueHuii [1]. B
pabote [2] aBTOpHI MPUMEHHIM METOJ AU(PPAKIHMU CBETa C LETbI0 H3MEPEHHUS] BBICOKHX
TeMIIepaTyp HarpeBa B CTAal[IOHAapHOM pexuMe. [lo3xke naHHas MeToAuKka ObUIa pa3BHTa
HAMH I PETHCTpallid TEMIepaTyphbl MOTYNPOBOJHUKOB IPH HMIIyJbCHOM CBETOBOM
OTXKMIe Ha TmpuMmepe o0pa3uoB kpeMmHus [3,4]. Meroj perucrpauuu TeMIepaTypbl
3aKII0YANICST B PETHCTPAlMH W3MCEHEHMS yria AU(Qpakuuy TU(PaKIHOHHBIX ITyYKOB OT
CHeNUalbHOM U3MEPUTENBHOM TU(PAKLMOHHOM peeTKH, ChOPMUPOBAHHON Ha NOBEPXHOCTH
IUIACTUHBI KPEeMHMSI HOHHOM HWMIUIaHTaimed u ¢otonurorpadueii. M3menenue yria
Ju(paKiuy TPOUCXOANIO 33 CYET TEIUIOBOTO PACHIMPEHUS] KPeMHHEBOH ITOJUIOKKH ¥, TEM
caMbIM, YBEIMYEHHUS Hepuona IuppaknuoHHON pemeTkd. C Henblo yBENUUSHUS TOYHOCTH
H3MEpEHUsT TeMIepaTypsl, Obuia JopaboraHa cxema perucrpauuu. B JnaHHOM ciydae

OTCJIC)KUBAJIOCHh HE U3MEHECHHUEC YyTia ]IPICI)paKLH/II/I OTICIBHBIX JII/ICbpaKLH/IOHHBIX MaKCUMYMOB,
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a W3MEHEHHE Iepuojia MHTep(EPEHIMOHHOM KapTHHBI, CO3/aBacMON HAJIOKCHHEM IBYX
My9KOB CHMMETPHYHBIX JU(PPAKIMOHHEIX MAaKCHMYMOB KakUX JHOO IOpPSAKOB. OTO
MO3BOJIMJIO JAOCTUTHYTb TOYHOCTH [0 5 TpajyCcoB MHpU PETUCTPALIUU TPETHEro MOpsaKa

JIA(pPAKLNH.

KPATKAS TEOPUA
OCHOBHOM KOCBEHHOHW BEIWYMHOM, 110 KOTOPOM ONpEEsIeTCs TEMIepaTypa, B TaHHOM
Cclly4ae sIBJIIeTCs TEIJIOBOE PacIUPEHUe TBEPAOro Tela.

3aBHCUMOCTS ITepHrojia b HHTep(hePEHINOHHBIX II0JI0C OIMHCHIBACTCS ypaBHEeHHEM [3]:

rae d- nepuox TU(PaKIMOHHOW PEIIETKH, k- MOPSIOK TH(PAKIHOHHOTO MaKCHMyMa, A-
JUIFHA BOJIHEL, O- KOO (UIMEHT JIMHEHHOT0 pacIUpeHus IUIs HeclleyeMoro MaTepuana, A7-
HM3MEHEHHE TeMIIEePaTyPHL,.

Ha pucynke 1 mokasana pacyeTHasi 3aBUCHMOCTb HEPUOa HHTEP(HEPCHIHOHHON THHHU
OT TEMIIepaTypbl IIs MCXOJHOTO 3HAUCHHS TMEPUOJA PELICTKH M TPEThEro IOpsiKa

Z[PICI)paKLH/IOHHBIX MaKCHUMYMOB.

b, mm

T T T T
20 40 60 80 100 120 140

T-T,°C

Puc.1. 3aBUCHMOCTh TeMIIEpaTyphl KPEMHHEBOH IIACTUHBI OT IEPHOAA MHTEPPEPSHIIHOHHBIX
nojioc. Pacuer o gpopmye (5) npu GpukcupoBaHHbIX 3HaUeHHUAX A = 0.6328 MkM, d = 4 MKM 1 og; = 4
x 10 K™, Ty=20 °C.

B aTHX pacuerax HCIONIb30BaNach JIMHA BONHBI M3mydeHus He-Ne maszepa A= 0.6328
MKM. [3MeHeHne k0a(PUINeHTa TEIUIOBOTO PAaCIIUPEHNUS OT TeMIIEPAaTyphl He YIHTHIBAJIOCH

i mpuHAMAnock as= 4-10° K' [3]. B Hamem dKCIepiMeHTe H3MEPEHHs IPOBOMINCH Ha
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peleTKe ¢ HCXOJHBIM NepuooM d= 4 MKM M perucrpaiueil TpeTbero nopsaka andpaxuuy,

n3-3a yllOﬁCTBa KOHCTPYKIMOHHBIX 0COOCHHOCTEH ONTUYECKOr0 CTOJIA.

OKCITEPUMEHT

B kadectBe HarpeBaemoro obOpasma Obuta BbiOpaHa IuiactuHa Si Mapkun KJIB-1
TonmuHOH 400 MKM, Ha IOBEPXHOCTU KOTOpOH (opmupoBanach (a3oBas TH(PAKIHOHHAS
peetka ¢ nepuogoM 4 MxkM. J{udpakunoHHas pemeTka npeacTaBiseT co0or Yepeayronpecs
yepe3 Kax/iple 2 MKM NEepHOIMUECKUE SUEHKH IUPUHON 2 MKM U riyOuHo# 200 uMm [3]. [lpu
30HIMPOBAHMY TaKoil pemreTku tydoMm He-Ne maszepa Ha jinHe BOJNHBI HOJMY4aeTcs deTKas
nudpakunonHas kapTuHa [3].

Ha pucynke 2 moka3aHa cxeMa 3KCHEPUMEHTAJIbHOH YCTaHOBKH, JUIS PEruCTpaluu

TEMIIEpaTyphbl erMHHeBOﬁ TUTACTUHBI B CTAITMOHAPHOM PEKHUME HAarpeBa.

Puc.2. Cxema sKkcriepuMeHTanbHOI ycTaHoBku. 1- He-Ne masep, 2- moiynpo3padqHoe 3epKaio,
3, 4, 5 — 3epkama, 6- oOpasen, 7- wHTep(epeHIMOHHAs KapTHHa, 8- nudposas kKamepa, 9 —
Tonorpadust GpazoBoit AM(GPAKIHOHHOM PEIIETKN HA MOBEPXHOCTH KPEMHHEBOMN MIACTHHEL.

JIyu ot nasepa (1) ¢ moMOIIbIO MOJYNPO3pavHOro 3epkana (2) pacuierviseTcss Ha ABe
YacTH M HampapisieTcss Ha (2) 3epkana (4) u (5), mocie KOTOPOro coBMeINaeTcs Ha
noBepxHocTH oOpasua (6). I[Tyuku ot 3epxan (4) u (5) mamarot Ha obpaser TakuM o0Opas3oM,
YTO COCTAaBJIAIOT Yrojl MO OTHOIICHHIO K HOPMald MOBEPXHOCTH 00pasla paBHBIA YIiy
TpeTbero IU(pakIMOHHOIO MakcuMmyMa. TakuMm o0pa3oM, HyJIeBOH MOPSHOK IH(PPaKIIH
9THX Jyded OydeT HampaBlIeH II0 HOPMalH K IIOBEpXHOCTH oOpasma. /[lanmee yqm
[IPOCLUPYIOTCS HA 3KPaH, rae Gopmupyercs nHTephepeHInOHHAs KapTHHA.

WHTtepdepeHnyionHas KapTHHA B O BpeMsl HarpeBa PErHMCTPHPOBANAch Ha IH(POBYIO
xamepy Casio Exilim Ex-F1. HarpeB oOpasma mpoBomuics TaJOre€HHOI IaMmIon 0

temmnepatypsl 135°C. Temneparypa oOpasia Takxe KOHTPOJIMPOBAIACH TEPMOIAPOIL.
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PE3VJIbTATBI 1 OBCYXIEHUE
Ha pucynke 3 mpuBeaeHbI KCIIEpIMEHTATIBHBIE PEe3yIbTaThl H3MEPEHUS TeMIepaTyphI.
CornacHO puUCYHKY 3a 1o Mepe HarpeBa o0Opasua IepHoj MHTEP(HEPEHLMOHHBIX IOJIOC
YMEHBIIAeTCsl, 4TO COIJIACYeTCsl M C BBIpakeHMeM 5 W pucynkoM 1. Ha pucynke 30
Ipe/ICTaBlIeH IpaduK 3aBUCUMOCTH TeMIIepaTyphl 00pasia oT neproaa UHTepdepeHIIMOHHON

KapTHHBI [OJTy4EeHHBII S9KCIEPUMEHTAIIBHO.
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Puc.3. VurepdepeHuuonnas KapTHHA NPU Pa3IMYHBIX TeMIieparypax (a), 3aBHCHMOCTb
nepuoaa HHTeppepeHIIMOHHBIX INHUIT 0T TemnepaTypsl (6) (T=20 °C).

Ha nanublif MOMEHT JOCTUTHYTa TOYHOCTH H3MEPEHHs TeMIIEpaTyphl 5 IrpalycoB Ipu

CTallMOHAPHOM Harpe€Be€ U perucTpaluu TpETbUX I[I/I(i)paKI.II/IOHHBIX MaKCUMYMOB.
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2. G.L. DesAutels, P. Powers, C. Brewer, M. Walker, M. Burky, G. Anderson, Appl. Opt. 47 (2008)
3773.
3. M.®.I'ansytaunos, b.®.Pappaxos, f1.B.darraxos, M.B.3axapos, Onrtuka u crnexrpockomus 107
(2009) 675.
4. M.®. TansyrauHoB, b.®. dappaxos, S.B. ®arraxos, M.B. 3axapos, IIpuGopbl ¥ TeXxHUKA
sKcrepuMenta, 4 (2010) 150.
5.T.C. Jlanxac6epr, Ontuka, Mocksa, ®u3mariur, 2003.
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Low energy ion irradiation of supported 2D layers and their
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Triggered by their unique physical properties and low dimensionality, materials such as
graphene (Gr), hexagonal boron nitride, and transition metal dichalcogenides were recently
put into the limelight. In order to meet application-oriented demands for these materials, one
should be able to tailor their characteristics. Low-energy ion exposure combined with
controlled thermal annealing is a versatile method to create defects and subsequently new
morphologies in systems with reduced dimensionality. Thus, obtaining quantitative
information on ion-induced defects and their stability in two-dimensional (2D) systems is
worthwhile, both from an applied and a fundamental point of view [1].

Here, we investigate phenomena emerging in course of low energy ion irradiation of
supported 2D-layers and their annealing using scanning tunneling microscopy (STM), low
energy electron diffraction (LEED), thermal desorption spectroscopy (TDS), molecular
dymamics (MD) simulations, and density functional theory (DFT) calculations.

For reference, Figure 1(a) - 1(c) visualize an as grown Gr layer on Ir(111). The height
modulation in the STM topograph of Figure 1 (a) reflects the moiré periodicity of 2.53nm that
results from the lattice mismatch between Gr and the Ir(111) surface lattice. The
corresponding LEED pattern in Figure 1 (c) exhibits sharp first-order Ir and C spots
surrounded by the moiré reflections [1].

After an ion fluence F =0.01MLE 1 keV Xe', a complex defect pattern emerges [see
Figure 1 (d)]. Here, the ion fluence is measured in monolayer equivalents (MLE), with 1 MLE
corresponding to the surface atomic density of Ir(111), i.e., 1.57 x 10" particles per m’. The
moiré pattern is still visible in the undamaged areas, but the morphology is now dominated by
dark depressions and bright protrusions. In a typical impact event, the ion penetrates the Gr
layer, causes a collision cascade in the underlying Ir substrate, and gets stuck with a certain
probability in the crystal. Through these processes C-atoms are sputtered or displaced in

forward direction and Ir bulk vacancies, surface vacancies, Ir adatoms on Ir(111) as well as

207



clusters thereof are created. Based on previous work [2, 3], we interpret the dark depressions
as vacancies or vacancy clusters in Gr, with their edge bonds bound to the Ir substrate, and the
bright protrusions as Ir-adatoms at the interface. Since detached C-atoms at the interface bind
deep in threefold hollow sites, it is unlikely that they give rise to protrusions comparable in
height to the ones of the Ir-adatoms. Likewise, also Ir surface vacancies under the Gr cover
are probably invisible to STM. Due to the generated defects, after irradiation the LEED
pattern depicted in Figure 1 (e) displays a higher diffuse background intensity. Nevertheless,
the persistent first order Gr and Ir as well as the moiré reflections prove a largely intact Gr
lattice. Annealing the damaged sample to 1000K almost restores the initial LEED pattern and

displays a similar low background and sharpness of reflections, as shown in Figure 1 (f) [1].

'....n.‘ "

Flgure 1 (a) STM topograph of Gr/Ir(111) prior to irradiation. The periodicity
visible is the moiré superstructure. Image size is 50nm x 30nm. (b) Atomic
resolution STM topograph of Gr/Ir(111). The moiré unit cell is indicated by
white lines. Image size is 6.6nm x 6.9nm. (c) LEED pattern of the sample in (a)
(electron energy is 80 eV, inverted contrast). (d) STM topograph of Gr/Ir(111)
after exposure to F =0.01MLE of 1 keV Xe" ion irradiation at normal incidence
and room temperature. Besides the moiré superstructure small protrusions and
depressions are visible. Image size is 40nm x 30nm. (e) - (f) LEED patterns of
the irradiated sample as shown in (d) before (e) and after (f) annealing to 1000K
(electron energy is 80 eV, inverted contrast). The diffuse background and the
diffraction spot broadening due to irradiation in (e) largely vanishes upon
annealing in (f), where the LEED pattern is comparable in quality to the pristine
case (c).

By applying even higher ion fluences of F =0.1MLE using 0.5 keV Xe" ions almost
complete amorphization of the Gr lattice is achieved. By following the LEED patterns we
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show that subsequent annealing can recover the Gr layer and with this show an amorphization
and recrystallization process of graphene.

The real space view of the residual damage after three cycles of 0.0IMLE 1 keV Xe"
irradiation and annealing to 1000K is presented in Figure 2 (a) through an atomic resolution
STM topograph. Vacancy clusters (depressions) remain visible, but the small protrusions have

disappeared. Instead, bulges with sizes extending over a few moiré unit cells are present. By
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Figure 2 (a) Atomic resolution STM topograph of Gr/Ir(111) after 3 cycles
of 0.01MLE 1 keV Xe" normal incidence irradiation followed by annealing
at 1000 K. Image size is 16.5nm x 29.7 nm. Inset in upper right corner:
Magnified view of the area indicated by the black square displaying a
continuous Gr layer over the edge of a bulge. Color scale indicated in the
lower left corner was chosen to make atomic resolution on the base level
and on the bulge visible. Image size is 2.6nm x 2.5 nm. (b) In the upper
image part, two Gr bulges display a threefold symmetric (sqrt3 x sqrt3)
scattering pattern. In the lower part, a bulge is partly delaminated. See text.
Image size is 18.1nm x 25.5 nm. Inset in upper left corner: Magnified 3D-
view of a scattering pattern presented in (b). Image size is 6nm x 6 nm. (c)
Completely delaminated bulge. Image size is 11.7nm x 10.1 nm. (d), (e),
and (f) display height profiles along the lines indicated in (a), (b), and (c),
respectively.

detailed inspection [inset of Figure 2 (a)] it becomes obvious that the Gr lattice rows are
continuous over the edges of the bulges. The height profile displayed in Figure 2 (d) along the
red line in Figure 2 (a) reveals a distinct bulge height of approximately 3A [1].
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In this work, we illucidate the origin of these structures and investigate their dependence
on ion energy, species, and annealing temperature. Further, we propose a route towards an

improved growth of epitaxial Gr on transition metal surfaces.

1. C. Herbig, E.H. Ahlgren, W. Jolie, C. Busse, J. Kotakoski, A.V. Krasheninnikov, T.
Michely, ACS Nano 8 (2014) 12208.
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3. E.H. Ahlgren, S. K. Himiliinen, O. Lehtinen, P. Liljeroth, J. Kotakoski, Phys. Rev. B 88
(2013) 155419.
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DIFFUSION OF SILVER IN BOMBARDMENT-INDUCED AMORPHOUS SiC
T.T. Hlatshwayo*, Johan.B. Malherbe”, N.G. van der Berg*, R. J. Kuhudzai ", and E. Wendler"

. Physics Department, University of Pretoria, Pretoria, 0002, South Africa
* Institut fiir Festkorperphysik, Friedrich-Schiller-Universitit Jena, 07743 Jena, Germany
Corresponding author: thulani.hlatshwayo@up.ac.za

In the modern high-temperature pebble bed modular (PBMR) nuclear reactors safety is
achieved by encapsulating the fuel elements by CVD-layers of pyrolitic carbon and silicon
carbide (SiC) to prevent the fission products release. Previous studies have raised doubts on
the effectiveness of a SiC layer as barrier to fission fragments due to the reported significant
amount of """"Ag released from the coated particle at high temperatures [1-4]. This was
strongly believed to be associated with silver migration along grain boundaries of the
polycrystalline SiC enhanced by traces of free silicon [1]. Recent results [5] indicated no
significant diffusion of implanted silver in single crystalline SiC during annealing at the
temperature up to 1300 °C but silver tends to move towards the surface in an amorphous
silicon carbide at 1300 °C annealed for a shorter period. The other results [6] indicated no
diffusion of silver neither in matrix nor in the grain boundaries but it suggested that silver
escapes via vapour flow through micro-cracks.

In this study the production and annealing of radiation damage created by ion
implantation of silver in 6H-SiC have been investigated together with silver diffusion
behaviour from 700 °C to 1600 °C using Rutherford backscattering spectroscopy (RBS) and
channeling.

Silver ("Ag") ions with energy 360 keV were implanted in the SiC to a fluence of 2x10'¢
cm™ at room temperature (23 °C). The samples were annealed in vacuum and investigated
using RBS (RBS), channeling and SEM (scanning electron microscopy).

Implantation of 360 keV Ag" ions into the 6H-SiC at room temperature (23 °C) resulted
in an amorphous layer of approximately 260 nm from the surface as can be seen from Figure
1. These implanted samples were annealed in vacuum at different temperatures Defect
annealing was already taking place at 700 °C and the SiC fully recovered a crystalline
structure at 1600 °C with strong carbon peak appearing on surface indicating SiC
decomposion. The implanted Ag atoms started to diffuse at 1300 °C in the bombardment-
induced amorphous SiC. The diffusion parameters for silver in amorphous SiC were
determined in the temperature range 1300 to 1385 °C and found to be of the same order as of

silver diffusion in CVD-SiC.
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Figure 1: Aligned and random a-particle backscattering spectra of SiC for silver implanted at
room temperature (23°C). The energy of the analyzing beam was 1.6 MeV and the scattering
angle 165°.
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MOAUPUIIUPOBAHUE IUPKOHUEBOTI'O CIIJIABA UMITYJIbCHBIMHU
IIYYKAMMU 3APSIZKEHHBIX YACTHIL]
MODIFICATION OF ZIRCONIUM ALLOY BY PULSED PARTICLE BEAMS
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LP. Chernov', E.V. Berezneeva', N.S. Pushilina', P.A. Beloglazova
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Herein, a comparative study of the effect of pulsed ion and electron beams
on the structure and properties of zirconium alloy is reported.

B HacTosIee BpeMs IEpCIEKTHBHBIM CHOCOOOM MOJM(UIIMPOBAHUS CBOMCTB M3/EIHI
M3 PA3IMYHBIX MaTepUalioB SBISETCS 00pabOTKa IyuykaMH 3apsDKEHHBIX yactun [1 — 6].
Beicokue ckopocti (108—10IO K/c) narpeBa m0 Temmeparyp IUIaBICHHs U CBEpXObICTpOE
oxnaxzenne (~ 10° K/c) 103BOISIOT HOJydaTh YHAKATBHBIC IO CBOUM CBOMCTBAM CTPYKTYDHI
B MOBEPXHOCTH MaTepuaia, B TOM 4HCIIe aMOp(HbIC U HaHO KpucTammnueckue [1 — 6]. Ilpu
3TOM OCHOBHBIMH  (DaKTOpaMH, OHPEACIIONMMU  CTPYKTYpHO-(ha30BOC  COCTOSHHUE
MOAM(MHUIMPOBAHHBIX HMITyJbCHBIMU IyYKaMH MAaTEPHANOB, SBIAIOTCA: IJINTEIBHOCTH H
KOJIMYECTBO MMITYJIbCOB BO3JECHCTBHS, IUIOTHOCTh BHECEHHOH JHEPIUH, IIOJS HAIpsDKEHUH
[7]. B oToif CBS3M aKTyalnbHBIMU SIBIISIIOTCS HCCIEAOBAaHUS (H3MYECKHX MEXaHU3MOB
B3aMMOJICICTBIS MMITYJIbCHBIX ITy9KOB HOHOB M 3JIEKTPOHOB C ITOBEPXHOCTBIO MeTamna. B
YAaCTHOCTH, IPEICTABISIIOT HHTEPEC pacyeThl TeMIePaTypHBIX HOJIeH NPH pa3IHYHBIX BHAAX
BO3JCHUCTBUS M pexuMax o0pabOTKM; HCCIIEIOBaHHE DBONIONMH CBOWCTB MaTepHala,
HM3MEHEHHE ero CTPYKTYpHO-(a30BOro cocTosiHus W T.7. B Hacrosmell pabore nmpuBeleHbI
Ppe3yJIbTaThl CPAaBHUTENIBHBIX UCCIIEOBAHIN BIHSHAS HMITYJIECHOTO JIEKTPOHHOTO H HOHHOTO
BO3/ICHCTBUS Ha CTPYKTYpPY U CBOiicTBa crutaBa Zr-1Nb.

B KkauectBe MaTepuana HCCIEIOBAHMS B JAaHHOW paboTe 6 BT HCIONB30BAH
LUPKOHUEBBIN ciutaB Zr-1Nb. B Hacrosimee Bpems CIUIaBbI LUPKOHMS HCHOJB3YIOTCS HE
TOJNBKO B aTOMHOM SHEPreTHKE, HO M HAXOMIT Bce OoJjbllice NMPUMECHEHHE B MEIHIMHE B
KauecTBE MAaTepHasoB Ul UMIUIAHTAaTOB. OOJIydeHHEe MMITYJIbCHBIM 3JICKTPOHHBIM ITyYKOM
(U3I1) ocymiecTBisuIoCh Ha ycTaHOBKe «Soloy B VIHCTHTYTE CHIIBHOTOYHOM 2nekTpoHuku CO
PAH. Bo3sneiicTBie HpOBOAWIOCH C JBYX CTOPOH 00paslia HpH IUIOTHOCTH JHepruu 18
Jox/em®.  Kakapii obpaser; oOMydasl TpeMsl HMIIYJIbCAaMH JUTHTEIBHOCTBIO S50 MKC.
Mopudukanuss UMIyabcHBIM HOHHBIM IyukoM (MUII) nupkonmeBoro cmiaBa Zr-1Nb
OCYIIECTBIISIIACH C TIOMOIIBIO HMITYJIBCHOTO YCKOPHUTENS HOHOB C JUTUTEIBHOCTBIO MMITYJIbCA

80 Hc, sneprueit 200 k3B, motHOCTHIO TOKa 120 A/eM? ¥ IUIOTHOCTBIO sHepruu 1,92 [[)K/CMZ.
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Jl1s  WccienoBaHMS  CTPYKTYPBI IIOBEPXHOCTH — CIUIaBa  MCIIONB30BAICS — METOJ
IIPOCBEUYMBAIONIEH NEKTPOHHONH MHUKpOCKomHU. CTPYyKTYpHO-(a30BbIi COCTAB HCCIIEI0BANICS
METOJIOM PEHTIeHOCTPYKTYypHOTO aHanu3a Ha qudpakromerpe Shimadzu XRD 7000 (CuKo —
n3nydyeHue). MoJeaupoBaHUE IIPOLECCOB IPOTEKAIOIMX IPH B3aUMOJCHCTBMU IyYKOB
3apsDKEHHBIX ~ 4YacTUIl C  TBEPABIM  TEJIOM  OCYIIECTBISUIOCH B pPaMKaX  TEOPUH
TETUIONPOBOAHOCTH.

Ha pucynke 1 npencraBieHsl TeMepaTypHbie IPO(QUIN B IUPKOHUHU MPH BO3ACHCTBUI
HMMITyJIbCHBIM HOHHBIM Ty4koM (puc.l a) u 3nekTpoHHbIM myukoM (puc.l 6). CoryacHo
pe3yibTaTaM YHCIEHHOTO MOJENIMPOBAHHS BO3AEHCTBHS HOHHOTO ITy4YKka HA LUPKOHHI,
TeMIepaTypa Ha I[OBEPXHOCTH CIUIaBa LHPKOHMS JOCTHIAacT 3HAYCHHUMH, MPEBBIIAIOIINX
temnepatypy ero rasienus (T = 2130 K). bnarogapst HU3KoH TEIIONPOBOAHOCTH IUPKOHUS
MHUIIECHb HE YCIIEBAET OCTBITh B TEUEHHE 5 MKC C MOMEHTA Hadasia oOJydeHus. 3a 3TO Bpems
ryOMHA pacrpocTpaHeHusl TemoBoro ¢ponTa ypenuuuBaercsi or 100 mo 700 mkwm.
Tlonmy4eHHble 3HAYEHMs TOJIIMHBI HCIApUBLIErocs ciosi cocraBisioT nopsaka 100 um. B
OTJINYHME OT HMITYJIECHOTO HOHHOTO ITyYKa, MPY BO3ACHCTBHU HMMITYJIbCHBIM SJICKTPOHHBIM
MMy4KOM TIIyOHHA pAcIUIaBICHHOTO CJIOs He IpeBbImaeT 10 MKM, IIpH 3TOM pacydeTs
MOKa3aJiM, YTO BEJMYMHA MCIAPMBILIErOCS CJIOS COCTABISIOT COTHIC JOJNM HAHOMETpA.
MakcuMarnbHas TeMIepaTrypa IIOBEpXHOCTH oOpasiia jocturaeT 3HadeHumit 3250 K

CTPYKTYpHBIE H3MEHEHHS MOT'YT HaOMIOAaThCsl Ha TiryOuHe 10 40 MKM.
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Puc.1. Pacnipenenenne TeMnepaTypsl pa3orpesa Mo riyOHHe HIHPKOHHEBOI MUILIEHH: a) TIPU BO3AEHCTBUM
HMITYJILCHBIM HOHHBIM TIy4KOM; 0) TPH BO3AEHCTBUH HMITYJTLCHBIM JIEKTPOHHBIM My4KOM

DIIeKTPOHHO-TPAaHCMUCCHOHHBIE MHKPOCKOIMYecKHe ¥ccinenoBanus Zr-1Nb croraBa
MOKa3alM, YTO pa3Mep HCXOJHOro 3epHa cocTaBmsieT 5 — 10 mxm. OOGmydenne MUII
MPUBOJUT K W3MENbUCHUIO 3epHa LUpKoHMeBoro cmiasa a0 0,15 — 0,8 mxm. IIpu sTom

00HapyKMBAIOTCS 3€pHA ABYX THIIOB: C HEPABHOOCHOW M PaBHOOCHOW CTpyKTypoi. JliiHa
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HEPaBHOOCHBIX 3epeH u3Mensercs ot 0,3 no 1,6 MkM, a mupuHa Haxoaurcs B npenenax 0,15
— 0,4 mxm. Bo Bropom cityuae pasmep 3epeH cocrasisgeT ot 0,25 no 0,5 mxm. [leransHoe
HCCIEI0BAHUE CTPYKTYPHl MOAU(UIIMPOBAHHOTO IUPKOHUEBOTO CIUIAaBA IIOKA3BIBAET, UTO
HEKOTOpble 3epHa Marepuana nocse BoszaedctBus WUIl xapaktepusyrorcs s4YEHUCTOH
JIMCIIOKALIMOHHOM CTPYKTYpoil. Pasmepsl siueek cocrapmsior ot 0,25 1o 0,5 MKM, Ha OCHOBE
9TOTO0 MOXKHO IIPEIONOXKHUTh, YTO H3MENIbUCHHE MCXONHOTO 3¢pHA IpH OOIyUCHUH
MIPOUCXOMUT B Pe3yNbTaTe (OPMUPOBAHUS SUCHCTON CTPYKTYPHIL.

B pesynbrare Bo3AeHCTBHSA HMITyJIbCHOTO 3JEKTPOHHOTO ITy4Ka, C YKAa3aHHBIMH BBIIIE
rmapaMeTpaMu, He HaOMIOfaeTcs U3MeNbUeHUE 3ePHa, OTHAKO BHYTPEHHSS CTPYKTypa 3epeH
MepeTepIuiuBaeT CyllecTBeHHble H3MeHeHus. C TpyKTypa MOAMGHIMPOBAHHOIO CIUIaBa, B
OTJIMYHME OT HCXOJHOrO MaTrepHala, MPEACTABIsIeT COOOW MapTEHCHUT ((x/—(ba?,a)‘ Pazmepst
MapTEHCUTHBIX IUIACTHH JIexkat B npexpenax ot 0,1 mo 0,3 MM (mpenMyrecTBeHHO okoiio 0,1
MKM). B uX cTpykType HaONIOJarOTCsl CKOIUICHHS HAHOYACTHIl Pa3MepoM Tmopsaka 15 Hm.
OcobGeHHOCTh ¢ HOPMHUPOBABIIECHCS CTPYKTYPBI SBISCTCS HAIMYHE B HEKOTOPBIX IUIACTHHAX
JBOMHUKOB. PasMepbl JBOMHMKOBEIX TPOCIOEK B INIACTHHAX o'-(assl COCTABHIH OT 60 10
170 aM.

DKCIepHUMEHTAIBHO YCTAHOBJICHO, YTO B pe3yibTare MOAHGHUUPYIOLIeH 00paboTKi
HMITYJIGCHBIM 3JIEKTPOHHBIM ITyYKOM HAOJIOJASTCsl YBEIWYCHUE TBEPJOCTH LUPKOHHEBOTO

cmasa (Ha 40 %) u usHOCOCTOMKOCTH (Ha 20 %).
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MATHUTONOJAPUMETPUYECKHUE UCCIIEJOBAHUA HOHHO-
CHUHTE3UPOBAHHBIX IIVTIEHOK CUJIMIIUTOB KOBAJIBTA

MAGNETOPOLARIMETRIC INVESTIGATION OF ION-BEAM-SINTHYSIZED
CO-SILICIDE FILMS

B.B IlI/IpKOBlz I'T. FyMapOBI, B.1O. HeTyXOBl, B.® BaneeBl, A.E. I[eHI/ICOBz
V.V. Chirkovl, G.G. Gumarov', V.Yu. Petukhov', V.F. Valeevl, A.E. Denisov’

[ﬂaﬁopamopuﬂ paduayuonnou xumuu u paouobuonocuu, KOTHU KazHL] PAH, yn. Cubupckuii
mpakm, 0. 10/7, . Kazanv, Poccus, e-mail: chirkov672@gmail.ru
leeHmp nanomexuonoeuii Pecnybonuxu Tamapcman, 2. Kasanw, Poccus

Thin ferromagnetic cobalt silicide films were synthesized by Co'
implantation into monocrystalline silicon in magnetic field. The results of
scanning magnetopolarimetry showed the appearance of uniaxial magnetic

. . . . . . 17 22
anisotropy in samples synthesized with implantation dose of 3*10 ‘cm™.
The influence of external mechanical field during implantation on magnetic
properties of synthesized Co-silicide films was absent.

CHHTE3 CHIMIHI0B B KPEMHUEBOIT MaTPHIIE IIPE/ICTABIISET 3HAYNTEIbHBIN HHTEPEC IS
CO3aHHsl Pa3IMYHBIX NPUOOPOB IMONYHPOBOJHHKOBOM 3JEKTPOHMKU. B wacTHOCTH,
MarHUTHbIC CHJTMIMABI SBISIOTCS HEPCIEKTHBHBIMU MaTepuaiaMy sl NPUOOPOB CIIHHOBOH
9JICKTPOHUKH,  OOCCIIeYrBasi ~ WHXEKLHI  CIHH-NIOJSIPU30BAaHHBIX  3JIEKTPOHOB B
OJIYTIPOBOAHKKH, @ MOJYHPOBOJHHKOBBIC CHIMLH/bI — OJHUMH U3 OCHOBHBIX KaH/IHIATOB
s npubopoB  omrodnekTpoHukn [1].  PaHee 6 bButo  mpemioxeHo  GopmupoBaTh
(eppOMarHUTHBIE CHIHMIHIBI B KPEMHHH METOIOM HOHHO-iydeBoro cuuresa (MJIC) [2].
IMosxke wmerogom WJIC B MarHuUTHOM 1mosie ObUTH  HOMydYeHBI  (heppOMarHUTHBIC
HAHOCTPYKTYPHPOBaHHbIC IUICHKH cumnuaa FesSi, oGnanaromue oJHOOCHON MarHUTHOM
anmsorporedt [3]. Ilpu 3TOM M €TOZOM CKaHHPYIOLIEH MAarHHTOIOJISIPUMETPHH OBLIO
[I0Ka3aHO, YTO IPH HAIMYNH MEXaHWYCCKUX HANPSDKCHUH HAIpaBlIeHHE OCEil aHN30TPOIHH B

IUIOCKOCTH IJIGHOK MeHsiercs [4].

]_IeJ'IBIO HaHHOﬁ pa6OTI)I SABJIAIIOCHh UCCIICOOBAHUEC TOHKHX IINICHOK CHJIMOHIA KO6aJ’IBTa,

noiy4eHHbIX MeToioM NJIC B MarHuTHOM mose.

HcxonHbM MaTepuaIoM IS HMOHHO-JTy4€BOT0 CHHTE3a CITy KN
MOHOKPHCTaJITIYeCcKHe TUTacTHHEI KpeMans Tuma KJIB-10 (111). VmmmanTammio nowoB Co’
sHeprueir 40 k3B mnpoBoamnu Ha yckoputene WJIY-3 npu IUIOTHOCTH MOHHOrO TOKa 5
MKA/cM’. Beimu TIOJTy4YeHbI JBE TPYINIBI 00pa3loB ¢ J03aMHU 2%10"7 em? u 3*10" em™. B
mporecce OOIyUeHUs MapalIeNbHO MOBEPXHOCTH OOPAa3OB INPHKJIAIBIBATIOCE MarHHTHOE

oJIe HanpsHKEHHOCTHIo ~ 200 D.
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JlokasnbHble MarHUTHBIE CBOMCTBA 0OPA3L0B HCCIEIOBAIU C IIOMOLIBIO OPUTHHAIBHOIO
CKaHUPYIOIET0 MarHUTONOJISIPIMETPA, KOTOPBIH 103BOJISIET HAOMIOAATh MEPHINOHAIBHBIH 1
9KBaTOpUanbHBIA 3 dexTsr Keppa. A3nmyTanbHble 3aBUCHMOCTH IPHBEIEHHOH OCTaTOUHOU
HaMarHu4eHHocTn M/M; mnonydamu mHpu BpamieHMM oOpasia B IUIOCKOCTH  IUICHKH.
OnekTpoHHble OXe-CIEKTPbl PErUCTPUPOBAIK ¢ noMoupio Oxe-mMukpo3onaa JAMP-9500F,

l'[pO(bPIJ'II/IpOBaHPIe mo I‘J'Iy61/IHe OCYHIECTBJIAJIOCH C IIOMOIIBIO TPABJIICHUS NOHAMU aproHa.

Ha puc.] mokasaHbl KpHBbIC HAMarHMYMBAHUs, MOJYYCHHBIE  METOOM
MarauToonrtuyeckoro 3¢ pexra Keppa (MOIK) B nanpasnennn OJIH u OTH mis o6pasna Si,
HMIUTAHTHPOBAHHOTO ¢ 1030i 3*10"7 em? Jlnsa 00pa3LoB, MMIUIAHTUPOBAHHBIX C 0301
2#10"7 oM, (heppOMarHUTHOrO OTKIMKAa He Habmomaercs. [locTpoeHHas B MONSPHBIX
KOOpJMHATaX  3aBUCHMOCTh  OTHOIICHWsS  OCTAaTOYHOM  HAaMarHW4eHHocTH M; K
HAMarHWYeHHOCTH HachINIeHHsT M co3maeT a3sMMyTaIbHYIO 3aBUCHMOCTH IIPHUBENEHHOU
OCTAaTOYHO HaMarHW4eHHOCTH M,/M;. I KaaoW TOYKH MOBEPXHOCTH JAAHHAs YIJIOBas
3aBUCUMOCTh M/M; oOpasyer Tomorpammy (pHc.2) W yKa3plBaeT HaJW4UMe MarHUTHOW

aHm3oTponuu u Hanpasnenue OJIH u OTH.

75

50

254

|, oTH.en.

-504

-754
T T T T T T T 1
-100 -75 -50 -25 0 25 50 75 100

H, 3

Puc. 1. KpuBble HaMarHWYMBaHHS MOHOKPHCTAJIIMYECKOTO KPEMHHMsS, MMILUIAHTHPOBAHHOTO
.~ 17 2
HOHAMHU KobOaibTa ¢ 1030i 3x10 " woH/cM~ B MarHuTHOM nosie H~2000.
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Puc. 2. TomorpamMMa  a3UMyTalbHBIX  3aBUCHMOCTEil  NPHBEAEHHOW  OCTATOYHOI
HaMarHUYeHHOCTH MOHOKPHCTAJUTHYECKOTO KPEMHHs, HMMIUIAHTHPOBAHHOTO MOHAMH KOOanbTa C
. 17 2
no30i 3*10° " non/cM” B MaruuTHOM MoJie H~2000.

Kak BuIHO M3 IpUBEJEHHON TOIIOTPaMMBbI, MarHUTHAsI aHU30TPONHS 00pa3ia SIBISIeTCs
JOCTAaTOYHO OJHOPOAHON — a3UMyTajbHBIC KPHBBIC, M3MEPCHHBIC B PAa3IHYHBIX TOYKAX
oOpasiua, MpakTHYeckd HIACHTHYHbL. HeoOxommmo otMmerutbh, uto B mpouecce WMJIC B
oOpa3nax HPHCYTCTBYIOT MEXaHWYECKHE HANpPSHKEHHs, CBS3aHHbIE C HMX KpEIUICHHEM Ha
neprkatene. Takue MeXaHHYECKHE HANPSDKEHUS B CIydae HMILIAHTAIIME HOHOB Fe' mpuBomst
K OTKJIOHEeHMI0 HampasieHuil OJIH oT HampaBieHUsl BHEIIHEro MarHutHoro noss. Takoe
pa3iIHdne BEpOSTHO CBS3aHO C OTCYTCTBHEM BIIMSHMS MAarHHUTOCTPUKIMH B CIydae CHHTE3a
cumimaoB  Co. Hampumep, M 3BECTHO, 4YTO KOHCTAHTa MAarHHUTOCTPUKIIMH aMOP(HBIX
coemunenunit Co-Si-B Ha MOpSAIOK MEHBIIE KOHCTAHTBI MArHHUTOCTPUKIMH aMOP(HBIX

coeaunennii Fe-Si-B [5].

Kak crnenyer u3 ganabix MOOK, KOIpUUTHBHAS CHJIa UCCIIEAYEMBIX IUIEHOK COCTABIISET
~10 D. DTO COOTBETCTBYET 3HAUYCHUIO KOIPLUTUBHON CHJIbI, YCTAHOBICHHOM sl aMOP(HBIX
wieHOK CoySij.x [6], MOTyYeHHBIX METOJOM MarHeTPOHHOTO pacubUIeHHs. V3BecTHO, 4TO
TaKWe TUICHKU TepSIOT heppoMarHuTHeIe cBoiicTBa mpu x<0.65. Cieayer 0XuAaTh, 9TO IS
HMOHHO-CUHTE3UPOBAHHBIX IUICHOK C J030 3*10!7 I/IOH/CMZ, JUIE KOTOPBIX HaOJIIogaeTcs
(deppomarnetis™M, dddexTuBHass KoHumeHTpanus aromoB Co x>0.65. HccnenoBanmus,

IIPOBEICHHBIC MeTO,I[OMO )KG-SHeKTpOHHOﬁ CIICKTPOCKOITUH, YKa3bIBalOT Ha 3aMETHO
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. 1 2
Gonplyio koHueHTpanmio Co B 06pasiax, MMIUIAHTHPOBAHHHBIX ¢ 1030i 3*10'7 mon/cm

(puc.3), uem npu 2*10'7 How/cm®.

2500
2000 Co Co 6
a) )
2000
1500
E Si & 15001 Si
10004 Z
° S 1000
500 w0l |O
LR R N UM A ey sl 04— y ; . : ;
0 50 100 150 200 250 300 0 50 100 150 200 250
Bpemsi NOHHOrO TpaBneHus:, cek. BpeMms MOHHOTO TpaBneHus!, Cex.

Puc. 3. IIpodunu pacnpeneneHus, noiay4eHHble MeToaoM OKe-31eKTPOHHON CIIEKTPOCKOIHH, IS
06pasoB: a) ¢ 1030it 2#10" em?u 6) ¢ no30ii 3*10"7 oM™

Takum 06pa3om, B paboTe ObLIO yCTaHOBIICHO, YTO:

- NPY MMIUTAHTAIWHE HOHOB KOOAmbTa B KpeMumit ¢ 1030it 3*10'7 on/cm’ Bo BHermHeM
MarHATHOM TIOJie HAaOMoaeTcst pOPMUPOBAHUE CHITHIIHIOB C SPKO BBHIPAKEHHON OIHOOCHOM
MarHUTHON aHU30TPOIHEH;

- B OMIMYHU OT (epPOMATHUTHBIX CHIMIUIOB JKejle3a B CHINNUAE KoOanbTa He
HabmonaeTcs 3aBucuMocty HanpasieHus OJIH oT npunoxeHHbIX BO BpeMsl HOHHO-Iy4eBOI0

CHHTE3a MEXaHUYCCKUX Hal'lpﬂ}l(eﬂldﬁ.
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JE®EKTOOBPA30BAHUE U PEKPUCTAJIJIM3ALIMSA B IVIEHKAX KPEMHUA
HA CAII®UPE IIPU OBJTYYEHUU NOHAMU KPEMHUS1

DEFECT FORMATION AND RECRYSTALLIZATION IN THE SILICON-ON-
SAPPHIRE FILMS UNDER SI' IRRADIATION

A.A. lllemyxun', A.B. Hazapos', 10.B. Bamaxmm', B.C. Yepusrm'
A.A. Shemukhin', A.V. Nazarov', Yu. V. Balaksin', V.S. Chernysh'?

'HUMAD umenu J1.B. Crobenvyoin, MI'Y umenu M.B. Jlomonocosa, 119991, Mockea,
Poccus. e-mail: shemukhin@yandex.ru
2 Dusuueckuii gaxynemem MI'Y umenu M.B. Jlomonocosa, 119991, Mockea, Poccus

The work is devoted to study the possibility of improving the crystalline
quality using ion implantation. It has been found out that to obtain silicon
films with high lattice quality it is necessary to damage the sapphire lattice
near the silicon-sapphire interface. Complete destruction of the strongly
defected area and subsequent recrystallization depends on the energy of
implanted ions and the substrate temperature.
Wpnest cozmanus "kpemuuii Ha candupe" crpykryps! (KHC) 6buia BoIpaxkeHa 6onee 50
JIeT Ha3aj], OAHAKO JI0 CHX IIOp HE YTpaTHia CBOEH aKTyalbHOCTH. UTOOBI COOTBETCTBOBATH
COBPEMEHHBIM TPeOOBaHUIM KPEMHHSI CIIOW TOJDKeH ObITh ToumHOM 100 HM Wik MeHee, HO
npobiaeMa B TOM, YTO HMMEHHO 3TOT CIIOH CONEPKHT OOJNBIIOE KONHYECTBO He(eKToB
BCIICACTBHE Pa3HOCTH IIAPAMETPOB PELICTOK KpeMHus U candupa. Hamuuue takux neekton
SIBJISICTCS CYLIECTBCHHBIM NPETISITCTBUEM JIUIS TIPOU3BOJICTBA MHTETPAJIbHBIX CXEM Ha OCHOBE
KHC. VoHHasi IMIUIQHTALMsT MOKET YMEHBLINTH KOJIMYECTBO CTPYKTYPHBIX IE(EKTOB IIyTeM

amMopduzanu AeEeKTHOTO CIIOS W TOCIeAyiomeld TBepaoGha3HONH KPHUCTALTH3ALNN U3

obJiacTH, Hepa3pyIEHHOW HOHHBIM 00Ty IeHHEM.

B OonbumHCTBE OMyOIIMKOBaHHBIX PabOT, MMIUIAHTALMS POBOJUTCS PH TeMIeparype
JKHAKOTO a30Ta; OJHAKO, WCIONB30BaHHE HU3KHX TEMIICPAaTyp BBOJHUT CEpbe3HbIE
OTpaHUYCHUS I H3rOTOBIeHHs ycTpolicTB Ha ocHoBe KHC. Ilenpio maHHO# paboTs! OBLIO
JOCTIKEHHE BBICOKOTO KadecTBa Kpuctammmynoctd KHC cTpykTyp, mpm mpoeneHuH

HUMIUTaHTalluy Ipu 0oJiee BHICOKUX TeMIIEpaTypax.

B skcnepumente ucnonsioBanucs KHC crpykrypst ¢ 300 M cioem kpemuus (100),

M3roTOBJICHHBIC KoMmanuei Epiel.

Wmmnanranus uwoHOB Sit+ ¢ oHeprueit B amamasone 180-230 xoB mpoBoammack Ha
yckoputenbHoM Kommuiekce HVEE-500 B HUMAD® MIVY.B nemix HCKIIOUEHUS
OpUEHTALMOHHBIX 3P (eKkToB 0Opasel ObLT OTKIOHEH Ha 7° or HOpMaJH K mmyuKy. [InoTHOCTB

TOKa Iy4ka Ha oOpasie MNoAAepKuBaiach paBHOH IMkA/cM2. [loza WMIUIaHTALUH
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14 15 2
BapbupoBajack B auanazone or 10" cm-2 no 10° cm™. Jljis NOCTHXKEHHS PaBHOMEPHOCTH
HMIUIQHTAllA ITy9OK CKaHHPOBAJICS IO JBYM IEPIECHAMKYJSIPHBIM HampaBieHuwsM. s
TOYHOTO KOHTPOJISL 1O3bI OBLIa MCIIOIb30BaHA CHCTEMA IIOJIABJICHUS] BTOPHYHBIX JJICKTPOHOB.

. -6
JlaBreHne OCTaTOYHBIX Ta30B B IKCIIEPUMEHTAIBHOI Kamepe He mpeBbimano 2x10™ mbap.

Tocne mmmianTanmu ObLT MpOBEAEH OTXHUI 00pa3ioB B arMocdepe N, B 1Ba 3rama:
cHauana npu temmeparype 600° C B Teuenne 30 MHHYT, Jajee TeMIIepaTypa YBEIMUHBATACH
10 950° C. KauecTBO KPHCTATLIHYECKOH CTPYKTYPhI 06Pa3IioB HCCIeNoBanock MerogoM POP
Ha Bcex dTamax oOpaborku. POP wusmepenus npoBoamnuch Ha yckoputenun AN-2500 B
HUMAD MI'Y. [lna aHanu3a UCIoIb30BalICs My4ok noHoB He+ ¢ sneprueit 1.5 M3B. Yron

paccestams cocrasu 120° .

B mammx mpepsimymmx paborax konmdectBo nedexroB B KHC  crpykrypax ObuIo
3HAYUTEIIBHO YMCHBLICHO C IIOMOIIBIO IPOBEJACHMS MMIUIAHTAlMK IIPH TEMIIepaType
KUJIKOTO a30Ta C MOCIEAYIOMUM OTXKUTOM. BbpuTo ToKa3aHO, 4TO Hamrydllee KadecTBO
KPUCTANIHYECKON CTPYKTYPhI JOCTUTACTCsl IIPU DHEPruM MMILIaHTaimy, paBHoit 200 k3B, u
J103€, PaBHOMH 610" cm? (mms 300 HM cnos kpemuust Ha candupe) [1]. OcHOBHBIM
MEXaHH3MOM BOCCTaHOBJICHHSI KPUCTAJUTMYECKOH PEIIETKH SIBISIETCS PEKPUCTAIUIM3ALHs OT
MIPUIIOBEPXHOCTHOTO CJIOSl KPEMHUS, HIPAIOIIero poib 3arpaBku [2-3]. OnrumanbHas
TOJIIMHA Takoro cjos paBHa 30 HM. B maHHOI paboTe 3KCHEPUMEHTHI MPOBOIMINCH IPH

0 .
TemnepaTypax ot -10°C 10 koOMHaTHOH.

POP criexTpsl 00pa3noB, MMIUIAHTHPOBAHHBIX IIPU Pa3IMYHBIX YHEPTUAX C J1030H 10"
em? , mpencrasienst Ha puc.]l. HesHaunTempHOE yIydmIeHHE KauecTBa KPHCTALTHUECKOH
pewéTku HabyroaaeTcs B ciydae uMIuiantauuu ¢ sueprueit 200 kB (puc. 1c). Ha cnekrpe
00pasia, MPOUMIUTAHTHPOBAHHOTO ¢ 3Heprueil 215 k3B (puc. 1d), BUIHO, YTO KOJIMYECTBO
neeKToB Ha IIyOHHAX, cOOTBETCTBYIOMHX KaHanam 400-425 3HAUUTENHO YMEHBIIMIOCH.
Iocne ummnanTanuu ¢ sueprueit 230 k3B HaOm01aeTCS 3HAYUTENBHOE YIYYIIIEHHEe KayecTBa

KPHCTAJUTNYECKON CTPYKTYPHI B CHIIbHO JieekTHOI o6mactu (370-425 xaHaibl).

Tlomy4yeHHsle pe3yabTaThl MOXKHO OOBSCHUTH ClexylomuM oOpasom. [lmst mpomecca
pPeKpUCTAIM3AIMH HEOOXOIUMO DPa3pYIINTh HE TOJNBKO AC(EKTHBIA CIOH B KPEMHUEBOM
IEHKE, HO TaKXKe M 4acThb camdUpoBOil MOMIOKKH BOMH3M rpaHuULbl pasiena (puc. 2). B
NPOTHBHOM  ciyyae pemérka camdupaTa KKe BBICTyIaeéT B  POJNM  3aTPaBKH

PEKpUCTAIUTU3AIINN, 1 HUKAKOTO 3HAYUTEIIbHOI'O YITYUIICHUS ITOCJIE OTKUTA HE HaGJ'IIO[IaeTCﬂ.
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Puc.1 POP cmextpsl 06pa3ioB, uMiuianTupoBanibix mpu 0° C. A — B HEKaHATHPOBAHHOM
HanpaBlIeHUH; B KaHAJMpPOBaHHOM HampapieHun: B — ucxomnas KHC crpykrypa, C —

HMMIUTaHTHpOBaHHAs ¢ dHeprueit 200 kB, D — 215 k3B, E — 230 x3B.

IIponecc camooTkura ropaszao Oosee 3HaYMTENECH MpH Oosiee BBICOKOH Temmeparype
HMIUTAaHTAI[MH, TI03TOMY HpH Oosiee BBICOKOW TeMIeparype candHpoBbIi ciioi ocraéres
Hepa3pyIIeHHbIM BOJW3M T'PaHHIBI pa 3[e1a. YBEIMYEHHEe SHEPIrHU HMMIUIAHTAlUH BeIET K
CABUTY PpacIpelelieHHs paJUalUoOHHEIX ne(deKToB BIIyOb oOpa3ma, TakuM 00pa3oM

amopduzyercs cioit candupa BOIN3M TPaHUIB pasjena.

Takum oOpa3oM, U cciieoBanue HporeccoB nedexkroodpazoBanus B KHC cTpykrypax
oJ| AcHCTBUEM O0JTyYCHHUS] HOHAMHU Si” B amamasoHe sHepruii ot 180 mo 230 k3B no3BonHIO
YCTaHOBHUTH, YTO OCHOBHBIM MEXaHH3MOM BOCCTAHOBJICHHS KPHCTALUIHYECKOW CTPYKTYDPBI
SIBJIICTCS PEKPUCTAILUIM3ALNS OT MOHOKPUCTAJUIMIECKOTO IIPUIIOBEPXHOCTHOT'O CJIOSI KPEMHUS,
WTPAOLICTO POJb 3aTpaBKu. [ Jil MONy4YeHUs] IUIEHOK KPEMHHsS C BBICOKHM KaueCTBOM
KPUCTAJUIMYECKON CTPYKTYphl HEOOXOAMMO Takxke amopdu3oBaTh cioil candupa BOIU3H

TpaHUILIBI pa3aena.
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Tonnoe  pasynopspodeHHe  CHIBHO — JE(EKTHOrO  Clos W IOCIEAYIomas
PEKpPHCTAIUIN3ALMS 3aBHUCAT OT JHEPTUHM HMIUIAHTHPOBAHHBIX HOHOB M OT TEMIIEpaTyphl
Mumrenn. OmTuManbHas suepris ummmantamm npu 0°C cocrasiser 230 k9B, BT0 Bpems

KaK ONTHMAJIbHAs HEPIUsl MMIUIAHTALMU [IPU TEMIIEpaType >KUAKOro azora coctasiser 200

KB.
(a) oocoocoox:::::
EEEEEEEE%EEEEE
— ;ap.ph.ire. — silic.or.l. —
U IR T =

Puc.2. Cxema nedexroobpazoBanust B KHC crpykrypax mocie obaydeHus. (a) — HCXOAHAs

KHC ctpyxrypa, (b) — mocie nMILIaHTaIHN

1. Shemukhin A.A., Balakshin Yu V., Chernysh V.S., Patrakeev A.S., Golubkov S.A., Egorov N.N.,
Sidorov A.IL, Malyukov B.A., Statsenko V.N., Chumak V.D. Technical Physics Letters. 38 (2012) 10.

2. Shemukhin A.A., Balakshin Y.V., Chernysh V.S., Golubkov S.A., Egorov N.N., Sidorov A.L
Semiconductors 48 (2014) 4.

3. Shemukhin A.A., Nazarov A.V., Balakshin Y.V., Chernysh V.S. Surface Investigation X-Ray,
Synchrotron and Neutron Techniques 8 (2014) 2.
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CO3JAHUME BUOAKTHUBHBIX UMIIJIAHTATOB PA3JIMYHBIMU METOJJAMU
CREATION OF BIOAKTIVE IMPLANTS BY DIFFERENT METHODS

A.T'. llTupokona, E.A. bornanosa, B.M. Ckaukos, JI.A. [Taceunuk, C.B. bopucos,
H.A. Cabup3sHoB

A.G. Shirokova, E.A. Bogdanova, V.M. Skachkov, L.A. Pasechnik, S.V. Borisov,
N.A. Sabirzyanov

Jlabopamopus xumuu cemepo2eHHbIX NPoOYeccos,
Dedepanvroe 20cy0apcmeeHHoe DI0ONCeMHoe YUpelcOeHue HayKiu
Hucmumym xumuu meepdoeo mena Ypanvckoeo omoenenus PAH,

ya. Ilepsomaiickas, 0. 91, e. Ekamepun6ype, Poccus, chemid@rambler.ru

In present work the methods of production of the implants based on metal
matrix (NiTi, Ti) with biologically active coating (HAP) are considered. To
obtain HAP-coating a number of techniques such as vacuum impregnation,
its combination with centrifugation and ultrasonic treatment were applied.
The comparative evaluation of different methods has showed that the
vacuum impregnation is the most preferable one to obtain a functional
bioactive coating.

Co3jiaHne MatepuanoB, HEOOXOAMMBIX JUISl MPOM3BOACTBA MMIUIAHTATOB, CIIOCOOHBIX
BBIICP)KUBATh OMOMEXaHNYECKHE HATPY3KH B OpPraHM3ME W HE OTTOPraThCsS MM, SIBISCTCS
mepBooOYepeHON 3aqaueii B oOmactu kocTHoro 3amertuenus. Ceituac B Poccun moTpeGHOCTD
HaceJIeHUs B UMIUIAHTaTaX MpeBbIILAeT npeaioxenue B 3-5 pas [1]. o nocienHero BpeMeHn
JaHHAs NPOMYKIUS Ipeaarajack B OCHOBHOM HHOCTPAaHHBIMH (pUpMaMmH, a B YCIOBHSX
HEOOXOMMOCTH HMIIOPTO3aMEILECHHs 3Ta Mpo0ieMa CTAHOBUTCS OCOOCHHO BakKHOIL. B
HACTOAIIMI MOMEHT JMACpaMH B HMIUIAHTOJIOTHM CIIEIYeT IPU3HATh OHOKOMIIO3UTHI,
COCTOSINME W3 METAUIMYEeCKOH MaTpuimbl W OHOAKTHUBHOTO TIOKPHITHS. B kauectBe
METaJUIMYECKOH OCHOBBI HCIIONB3YIOT HEP)KABEIONIYIO CTalb, THTaH, a TAaKXKe CIUIABBI
KoOambTa WM THTaHa [2]. M XoTs OWOMHEpPTHBIE THTAaH M €ro CIUIABBI CIIOCOOCTBYIOT
MOBBIIICHUIO MEXaHWYECKOH NPOYHOCTH HMIUIAHTAaTa, TeM HE MEHee, B psje CIydaeB OHH
OTTOPraroTcsi opraHu3MoM [1]. JIns HCKIIOUEHUS OTTOPXKEHUS U CO3JaHUS HAWTYYIINX
YCIIOBHIl OCTEOMHTErPAIMi UMIUIAHTATa C KOCTHIO MCIOJb3YIOTCS OMOAKTHBHBIC MOKPBITHS.
OpmHUM U3 Ty4YIIHX MaTepualoB A 3TOH menu siBisiercs ruapokcruanatut (I'AIT), xoTopsrid

MIpU BBEJICHUH B OPTaHU3M Pe30pOHPYETCs U CTUMYJIUPYET ocTeoreHes [2].

B UXTT YpO PAH nposezneH nuki padboT mo CO3JaHUI0 OMOKOMIIO3UTOB Ha OCHOBE
BBICOKOTIOpUCTOro TuTaHa u Hukeauaa turana (NiTi) [3] ¢ mokpeituem I'All [4]. B nanuoi
pabore mpu BbIOOpe Meroma HaHeceHUs ['AIl MBI pPYKOBOJCTBOBAINCH HCKIIOYCHHEM
BO3MOKHOCTH CHIDKEHHUsI €ro OHMOAKTHBHOCTH, CBS3aHHOW C YBEIMYCHHMEM pa3Mepa 3epeH H

4acTHYHBIM pasnokenueM ['All, npoucxomsumu npu TepmoodpadoTtke Boime 800°C. bpuio
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uccienosano HaHecenue ['AIl-mokpbitis Ha o6pasusl mopucthix NiTi u Ti B mamgsmmx
YCJIOBHSIX METOJAMH BaKyyMHOTO MMIIPETHHUPOBaHUS (crocod 1), 3TUM e crocodoM, HO
JOTIOJIHEHHBIM IeHTpudyrupoBanueM (crmocod 2), a TaKe IyTeM YIbTPa3ByKOBOH
00paboTKH B YIbTPa3ByKoBoW BaHHe (cmoco0 3). Pesynpratsl wHcciemoBaHHi 1O
Jo3upoBaHHOMY 3anonHeHnio I'AIT mopoBoro npocrpancTsa TuTaHa (mopuctocts 28%, 40%,

45%) u NiTi (mopucrocts 90%) npuBeaeHs! B Tabnumax 1 u 2.

Tabmuma 1
PesynpraTsl 06paboTku NiTi cycnensueii I' ATl pasnuaHbiMU ciocobamMu
Ne omsITa | Mycxommas, T | Myoneunass T | Am, T [ Am, % | XAm, T ‘ XAm, %
croco6 1-BakyyMHast IPOMHMTKA, CYIIKA Ha BO3AyXe, H.y. -
1 0.72550 0.78100 0.05550 7.65 0.05550 7.65
2 0.78100 0.86030 0.07930 10.15 0.13480 18.58
3 0.86030 0.91955 0.05925 6.89 0.19405 26.75
4 0.91955 0.96200 0.04245 4.62 0.23650 32.60
5 0.96200 0.99600 0.03400 3.53 0.27050 37.29
cnocob 2—BaKyyMHasl IPOIHUTKA, HeHTpudyruposanue (1 mun, 3500 06./Mun), cymka (100°C, 1ygac)
1 0.57850 0.63800 0.05950 10.29 0.05950 10.29
2 0.63800 0.67400 0.03600 5.64 0.09550 16.51
3 0.67400 0.7100 0.03600 5.34 0.13150 22.73
4 0.7100 0.73875 0.02875 4.05 0.16025 27.70
5 0.73875 0.75800 0.01925 2.61 0.17950 31.03
cnoco6 3—yapTpa3ByKkoBasi 00paboTKa, CYIIKa Ha BO3AyXe, H.y.
1 0.89600 1.00735 0.11135 12.43 0.11135 12.43
2 1.00735 1.07300 0.06565 6.52 0.17700 19.75
3 1.07300 1.09500 0.02200 2.05 0.19900 22.21

AHanM3 MOJIyYeHHBIX JaHHBIX IT03BOJISET NPU3HATh Haubosee 3(QEeKTHBHEIM B CIydyae
NiTi (tabx. 1) croco6 1, KOTOpEI maeT mpHpocT Macchl obpasua 37.29% Ha 5-0# cragnu
00paboTku. JlomoIHUTeNIbHOE EHTPU(YTHPOBaHHE H TepMHUecKas 00paboTka B crmocobe 2
HE YBEIMYMBAIOT 3TOT IOKas3aresb. [IpuMeHeHue ynbTpasByka ansi HaneceHus [AIl Ha
Marpunty u3 NiTi nmpuBoauT K OGBICTPOMY POCTYy €ro Maccel Ha 1-0if craguum oOpaOOTKH.
Ipeanourenne B BbIOOpE crocoba BakyyMHOTO HMIIPETHHPOBAHMS MOXKHO OTHECTH U K
mokpeitio 'AIl o6pasuos nopuctoro Ti. 3mech TakKe MAKCHMAIbHBIH IPHPOCT MACCHI HA 5-
oii craguu o6pabotku — 13.53% (tabu. 2). Hammyumme copOUMOHHBIE CBOICTBA NpPH BCEX

criocobax 00pabOTKU MPOSBHIN 00PA3Ibl THTAHA C TOPUCTOCTHIO 45%.

Tabnuma 2
Pesynbrathl 00pabotku nopucroro Ti cycnensueii I'AIT pa3nuuHeIMu criocobamMu
ITopucrocts, % | Ne onbiTa ‘ Myex, T | Myopeurs., T Am, T | Am, % ‘ XAm, ‘ XAm, %
cnoco6 1-BakyyMHas IPONHUTKA, CYNIKA HAa BO3AYXE, H.Y. -
1 0.89100 | 0.89800 | 0.00700 0.79 0.00700 0.79
2 0.89800 | 0.90300 | 0.00500 0.56 0.01200 1.35
28 3 0.90300 | 0.91000 | 0.00700 0.78 0.01900 2.13
4 0.91000 | 0.91500 | 0.00500 0.55 0.02400 2.69
5 0.91500 | 0.92000 | 0.00500 0.55 0.02900 3.25
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1 0.83000 | 0.85700 | 0.02700 3.25 0.02700 3.25
2 0.85700 | 0.86800 | 0.01100 1.28 0.03800 4.58
40 3 0.86800 | 0.88000 | 0.01200 1.38 0.05000 6.02
4 0.88000 | 0.88600 | 0.00600 0.68 0.05600 6.75
5 0.88600 | 0.89700 | 0.01100 1.24 0.06700 8.07
1 0.37700 | 0.40400 | 0.02700 7.16 0.02700 7.16
2 0.40400 | 0.41500 | 0.01100 2.72 0.03800 10.07
45 3 0.41500 | 0.42000 | 0.00500 1.20 0.04300 11.41
4 0.42000 | 0.42100 | 0.00100 0.24 0.04400 11.67
5 0.42100 | 0.42800 | 0.00700 1.66 0.05100 13.53
croco6 2—-BaKyyMHas IIpONUTKa, neHtpudyruposanue (1 mun, 3500 06./mun), cymka (100°C, 1vac)
1 1.05400 | 1.06600 | 0.01200 1.14 0.01200 1.14
2 1.06600 | 1.07300 | 0.00700 0.66 0.01900 1.80
28 3 1.07300 | 1.07600 | 0.00300 0.28 0.02200 2.09
4 1.07600 | 1.08200 | 0.00600 0.56 0.02800 2.66
5 1.08200 | 1.08400 | 0.00200 0.18 0.0300 2.85
1 0.76600 | 0.78900 | 0.02300 3.00 0.02300 3.00
2 0.78900 | 0.79400 | 0.00500 0.63 0.02800 3.66
40 3 0.79400 | 0.81100 | 0.01700 2.14 0.04500 5.87
4 0.81100 | 0.81100 - - 0.04500 5.87
5 0.81100 | 0.81700 | 0.00600 0.74 0.05100 6.66
1 0.51000 | 0.54000 | 0.03000 5.88 0.03000 5.88
2 0.54000 | 0.54800 | 0.00800 1.48 0.03800 7.45
45 3 0.54800 | 0.55700 | 0.00900 1.64 0.04700 9.22
4 0.55700 | 0.55700 - - 0.04700 9.22
5 0.55700 | 0.55900 | 0.00200 0.36 0.04900 9.61
cnoco6 3—ynapTpa3BykoBasi 00pabOTKa, CYIIKa Ha BO3IyXe, H.Y.
1 1.31285 1.31900 | 0.00615 0.47 0.00615 0.47
2 1.31900 | 1.32700 | 0.00800 0.61 0.01415 1.08
28 3 1.32700 | 1.33400 | 0.00700 0.52 0.02115 1.61
4 1.33400 | 1.33400 - - 0.02115 1.61
5 1.33400 | 1.34100 | 0.00700 0.52 0.02815 2.12
1 0.79755 | 0.81700 | 0.01945 2.43 0.01945 2.43
2 0.81700 | 0.82400 | 0.00700 0.86 0.02645 3.32
40 3 0.82400 | 0.83400 | 0.01000 1.21 0.03645 4.57
4 0.83400 | 0.83700 | 0.00300 0.36 0.03945 4.95
5 0.83700 | 0.84400 | 0.00700 0.84 0.04645 5.82
1 0.71600 | 0.73400 | 0.01800 2.51 0.01800 2.51
2 0.73400 | 0.75300 | 0.01900 2.59 0.03700 5.17
45 3 0.75300 | 0.77200 | 0.01900 2.52 0.05600 7.82
4 0.77200 | 0.77900 | 0.00700 0.91 0.06300 8.80
5 0.77900 | 0.79000 | 0.01100 1.41 0.07400 10.34

Hccnenosanne Mopgonoruu o6pasmnos, HOkpseITEIX ['All (puc. 1), cBUaeTensCTBYET O
CILIOIIHOM POBHOM HOKPBITHH OHOMAaTepHaIoOM IO coco0y 1, pacTpecKUBaHUM MOKPHITHS B
TOH WIM HMHOM CTEMEeHH MO Chmocoby2 W IUIOTHOM MoBepxXHOCTHOM cioe ['All,
c(hOpMHPOBABIIMMCS Ha HadadbHOM OJTame o0pabOTKM yibTpa3BykoM. IIpu cpaBHEHHH
BEJIMYMH, XapaKTEPU3YIOUIMX MOBEPXHOCTH (Tabs. 3), MOXKHO CAENaTh BBIBOJA, YTO TOJIBKO
crnoco6® 1 mo3BOJISIET MOMy4aTh PasBUTYIO MOPHUCTYIO MOBEPXHOCTh HAa IpUMeEpe 0OpaslioB

TUTaHa C nopuctocteto 40 n 45%. CHiwkeHue nopucroctd a0 28% HPUBOAMT K
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(dopmuposanuio ciosi 'AIl Tosbko Ha MOBEPXHOCTH 00pasiia, H30IUPYsI BHYTPEHHHE HOPBI,

YTO SABJIACTCSA OTPULATCIIBHBIM (baKTOM JUIA CO3JaHUs UMILIaHTaTa.

Puc. 1. Mukpodororpaduu uccienyemsix o6pasuos: 1. NiTi — ucxoausiii; a — cnoco6 1, 6 —
crocob 2, ¢ — crioco6 3; 2. Ti (45%) — ucxoauslid; a — crocod 1, 6 — crnocob 2, ¢ — crioco6 3; 3. Ti
(40%) — ucxoaHblif; a — cmocod 1, 6 — crocob 2, 6 — cocod 3; 4. Ti (28%) — ucxoaHsblil; a — crmocob 1,
6 — crocob 2, ¢ — criocob 3

sowv. X6

Tabauua 3
Xapakrepuctiku noBepxHocTu Ti pa3nuuHoii nopucrocty, nponuranHoro IAIT
Topucrocts, % CI0CO0 HAaHECEHUS Syn M/T Stiops M/T Viops oM/r
HMCXOJIHBIH 00pasen 0.3256+0.0453 1.3652 0.000783
45 crocob 1 11.4029+0.0831 - -
crocob 2 9.1531+0.0420 0.3702 0.000152
crocob 3 9.8925+0.0660 0.7310 0.000384
HCXOJHBIN 00pasery 0.3943+0.0120 - 0.000005
40 crocob 1 8.7330+0.0585 0.4632 0.000220
croco6 2 7.6470+0.0298 0.1630 0.000041
crocob 3 6.3632+0.0308 0.0655 0.000000
HCXOJIHBIN 00pasery 0.3402+0.0072 - -
28 cnocob 1 4.1893+0.0372 - -
crocob 2 3.9499+0.0216 - B
crocob 3 2.3079+0.0062 - -

HOIIy‘IeHHI;Ie B Hamei paGOTe JIAHHBIC TTO3BOJIAIOT CACIATh BBIBO/ O MEPCIECKTUBHOCTH
METOJa BAaKyYyMHOrO0 HMIIPETHUPOBAHUA [UIA CO3JaHUSA HMIUIAHTATOB C OMOAKTUBHBIM

TIOKPBITHEM.

1. M.A T'apadytanros, M.B.Acraxos, }0.P.Kono6oB u ap. Marepuanosenenue. 12 (2013), 44.

2. C.M.Bapunos, B.C.Komnes, buokepamuka Ha ocHoBe docdartos kambuus, Mocksa: Hayka,
2006.

3. C.B.bopucos, O.I1.11lenatkoBckuii, B.B.Tapacos u ap. [Tatent P Ne 2465018, 2012.

4. H.A.Cabupssaos, E.A.bornanosa, T.I. Xonuna. [Tatent P® Ne2406693, 2010.

227



INFLUENCE OF A CHEMICAL ACTIVITY OF IMPLANTED
IONS ON A STRUCTURE OF A DAMAGED Si SURFACE OF
SIMOX SUBSTRATES

K.D. Shcherbachev, E.A. Skryleva, D.A. Kiselev
National University of Science and Technology "MISIS" (MISIS), Moscow, Russian
Federation, e-mail: chterb@mail.ru

Irradiation by ions induces a significant number of point defects. Moreover, the
process is multi-stage and includes generation of radiation-induced vacancies and interstitial
atoms, their subsequent sink towards surface and internal interfaces interaction as with each
other, and with other imperfections of structure of an irradiated sample that results in
formation of stable complexes of defects. The real structure of damaged surface area is
determined by these secondary processes, which can be assumed to depend on chemical
activity of the implanted ions. In the present work, the effect in SIMOX substrates was
investigated by AFM, XRR, and XPS methods.

Pieces of a SIMOX commercial wafer (Ibis corp.) with the nominally 0.4 pm thick
SiO, layer buried under 0.2 um of Si were implanted with N*, O, F* and Ne' ions using
HVEE-500 facility. The ion current density was less than 2 nA/cm” and the target temperature
was 300 K. with the values of energy, which yield a projective length of the ions of about
100nm. A SRIM codewas used to choose the ion doses and energies from the following
considerations: (i) fluence of the ions were chosen in such a way to get the equal amount of
primary Frenkel pairs for all types of the implanted ions; (ii) the energy of bombarding ions of
different masses must provide practically the same projective length of the ions of about
100nm; (iii) the amount of residual radiation-induced defects must be below an amorphisation

threshold. The implantation conditions corresponding to these criteria are listed in Table 1.

Table 1

Implantation conditions

Ton Sample # | E, keV | R,, nm (SRIM) Fluence, cm™ Ton current j, uA/em?
N #17k 41 107 5.75-10" 1.105

(o} #18k 46 107 5.0-10" 0.96

F* #19k 48 106 4.33-10" 0.83

Ne' #20k 51 106 3.65-10" 0.7
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Atomic force microscope (AFM) revealed that all studied samples show a distinct
[100] tiling with a measured peak-to-valley surface roughness ranging from ~3 to ~5nm,
which did not change after implantation. These [100] faceted surface features in Fig. 1 result
from silicon surface bond reconstruction during the 1310°C SIMOX anneal temperature into
their lowest free energy configuration. For the specific samples examined, the facets were

typically 0.3 pm in diameter with a mean deviation ¢(rms) at (0.5+0.6) nm.

0 2.0 nm
1.0
1
0.0
2 -1.0
-2.0

Figure 1 AFM topography image of a virgin SIMOX substrate (the reference sample).

Values of surface roughness before and after implantation measured by AFM and X-

ray reflectometry (XRR) methods are shown in Table 2.

Table 2
Surface roughness measured by AFM and XRR methods
Ton AFM o(rms), nm XRR o(rms),nm
Ref. sample 0.65+0.05 0.7+0.1
N 0.54+0.05 0.6:0.1
o 0.53+0.05 0.6=0.1
F 0.53+0.05 0.620.1
Ne' 0.59+0.05 0.720.1

Density distribution profiles in a subsurface layer of Si were obtained by XRR.
According to modern concepts, this region consists of several layers of silicon atoms coated
by a native oxide film up to 2 nm thick. Thus, the chemical composition of the region under
study (and, therefore, its density) is nonuniformly distributed over depth. Fig. 2 presents the
results of the analysis. This layer was described within the Leptos program (Bruker-AXS)
using from 3 to 5 sublayers with nonuniform density distribution (exponential for the upper

layer and linear for the other layers).
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Figure 2 Density profiles of the studied samples determined from the fit of XRR specular curves.

Fig. 2 shows that the implantation results in an increase of the transition layer
thickness. The values of roughness are small and correlated with data obtained by AFM. An
increase in density at the beginning of the transition layer (from the bottom to the surface) is
observed. The maximum value corresponds to the density of the samples implanted with N*
and F*. We can assume that this increase is due to the accumulation of interstitial atoms near
the physical surface. The greater the flow of Si; to the surface, the greater the increase in
density. Decrease in density caused by no relief, but accumulation vacancy complexes.

According to modern concepts, the subsurface area consists of several layers of silicon
atoms coated by a native oxide film up to 2 nm thick. Thus, the chemical composition of the
region is nonuniformly distributed over depth. To study the chemical state of Si atoms in this
layer XPS measurements were performed.

A decomposition of the SiO./Si interface Si2p spectra was performed in the
framework of Random Bonding Model [1], where Si tetrahedral environment has five
different configurations: Si0 — Si(Si4); Sil+ - Si(Si3,0); Si2+ - Si(Si2,02); Si3+ - Si(Si,03)
Si4+ - Si(04). To facilitate visual observation component of the various configurations of
silicon, peaks Si2p1/2 were excluded from the experimental Si2p spectra. Distribution of Si
(Si,,04.,) tetrahedra is different for the implanted ions. It is determined by different chemical
activity of these ions. Note, that the thickness of the layer formed by non-stoichiometric
(Si,,04.,) (v = 0) tetrahedra is maximum in the samples #17k and #19k, implanted with N and

F' ions, correspondingly. The thickness of stoichiometric SiO, is maximum for the F* and
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Ne' implanted sample (~2nm). The minimum one (less than 1nm) is for the virgin SIMOX

substrate and for the substrate implanted with N* ions.
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Figure 3 Si (Si,, O4.,) component relative intensity profiles: Si4+ - Si(04) (a), Si3+ - Si(Si,03) (b),
Si2+ - Si(Si2,02) (c), Sil+ - Si(Si3,0) (d). The approximate etching rate was 2.3 nm/min.

The behavior of the oxide layer is assumed to be determined by the flow of Vs; and Si;
defects to the surface from the bulk region located at a depth less than the projected ion range
R,. The flow kinetics also depends on the mechanism of interaction of the implanted impurity
with defects and on the type of these defects.

Thus, density profiles obtained from XRR data for the thin surface layer are different
for the implanted ions. Implantation increases a thickness of a subsurface transition layer.
Implantation of by N¥, O, F" or Ne" ions smoothes the SIMOX sample surface. A silicon
oxidation at the depth of 10-15 nm is shown by XPS to be changed depending on the

implanted ion.

1. Philipp, H. R. (1972). J. Non-cryst. Solids 8-10, 627-632
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MODIFICATION OF ION-BEAM SYNTHESIZED Zn NANOPARTICLES IN Si (001)
BY SUBSEQUENT ANNEALING
K.B. Eidelman'"”, N.Yu. Tabachkova™ K.D. Shcherbachev'", V.V. Privezentsev®
(1) National University of Science and Technology « MISIS», Moscow, Russia
(2) Institute of Physics & Technology of the RAS, Moscow, Russia

As objects of study used two pieces of silicon wafers n-type substrate orientation (001)
and electron density (n = 5 X IOlsch). Wafers were implanted ®7n" jons at a dose 5x10'°
cm™ and energy of 50 keV. Zn * ion beam with a current density of 50 nA/cm? and a diameter
of 2 mm was scanned over the substrate surface at an angle of 7°. To avoid amorphization
during implantation, a target was heated to a temperature of 350 -400 °C. The implanted
samples were annealed for 1 hour in an atmosphere of dry oxygen at 800 °C and at 1000°C.

Modification of ion-beam synthesized Zn nanoparticles in Si (001) by subsequent
annealing was investigated with HRXTEM, EDAX, XRD methods.

The bright-field TEM images for as-implanted are shown in figure la. A damaged
surface Si-layer thickness of about 200 nm with a high concentration of radiation defects is
clearly visible (Fig.1a). We did not observe the amorphized layer due to the hot implantation
(a target temperature was of 350-400 °C). Zinc NPs coherent to the Si matrix were formed in
the surface layer, as shown by the electron diffraction image in Fig.1b. The depth where the
NPs are located corresponds to the projected length (R;). calculated by TRIM (TRansport of
Ions in Matter) code. At the same time the thickness of the disodered area is larger then a

predicted one.
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Figure 1 — a) Bright-field image of a cross-section of silicon after implantation of Zn, b) the
distribution of zinc particles after implantation in the surface Si-layer by size.

Fig.1b shows the distribution of Zn particle size. The maximum of the distribution

corresponds - 20 nm.
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XRD measurements in an out-of-plane grazing-incidence (GID) geometry revealed Zn

NPs with a size of ~ 20 nm (Fig.2a). A strong peak of Zn (101) reflection is present in the

diffraction pattern that confirms co

herence of Zn NPs to the Si matrix.

12 2000 14
12
» 10 2
8 o 10
2 >
2 = o0s anion)
®w 6 c 20,500,205
= o] n, SI0 ,(205)
2, £ 06 Y s
2 Si(113) 04
02
T T T T T T T 00+— T T T T T T
30 35 40 45 50 55 60 30 35 40 45 50 55 60
a) b)
20, degree 26, degree
20 S
2 16125001 . . .
5 N Figure 2. XRD diffraction
%‘ 12 nsio,02) | o) patterns measured in a GID geometry
1 o
b5 205002 (a) — as-implanted, (b) — 800 °C
£ 08 180, and (c) 1000 °C annealed.
04
00 T T T T T T T
30 35 40 45 50 55 60
c) 26, degree

In addition to the above, analysis of PL spectra (fig.3) shows a peak at a wavelength of

340 nm, which corresponds to a small glow of defects and confirms the results of XRD and

HRTEM.
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Figure 3. PL spectra for Si implanted by Zn, Si implanted Zn and subsequent annealing in O, at

800 °C and 1000 °C.
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Annealing leads to structural changes in the defect layer, which is clearly seen in Fig.4.
After annealing at 800 °C was appeared new small particles on the surface with size of 2-5
nm (Fig.4b). Si-layer is thickness of ~ 40 nm. Particles of zinc remain coherent to Si matrix,
but an intensity of Zn(101) peak decreases drastically. Also, after annealing in oxygen air at a
temperature of 800 °C a partial oxidation of Zn NPs, accompanied by the formation of a new

phase Zn,SiOy, is observed (Fig.5b).

Proportion of particles, %
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Figure 4. (a) - Bright-field HR cross-section Si-layer after Zn implantation and annealing in O,
at 800°C, (b) - the distribution of Zn and Zn,SiO, particles after implantation zinc and annealing in O,
at 800°C by size.

After 1h annealing in dry oxygen air at 800 °C XRD (Fig.2b) confirmed the
simultaneous presence of Zn and Zn,Si0, phases. Part of large Zn NPs transforms to Zn,SiO4
phase. The intensity of Zn(101) peak decreased drastically. PL spectrum in Fig.3 has a forked
peak at a wavelength of 430 nm, which corresponds to a different phase modifications
Zn,Si0;.

Si-33at%h 224
0667 at% °

si-31,2at%

b 5 10 15 20 25 30 35 40 45 50 55 60 65 70
NPs size, nm

Figure 5. (a) - Bright-field HR cross-section Si-layer after Zn implantation and annealing in O,
at 1000°C, (b) - the distribution of Zn,SiOy particles after implantation zinc and annealing in O, at
1000°C by size.
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After 1h annealing in dry oxygen air at 1000 °C XRD revealed a complete
transformation of Zn NPs into particles of Zn,SiO4 phase (Fig. 2¢). The presence of various
reflections of Zn,Si04 phase confirms that the NPs are fully incoherent to the Si matrix. NPs
size is about of 30-35 nm (Fig. 5b). TEM shows surface SiO,-layer locally enriched by
amorphous Zn phase (Fig. 5a). During all the annealing conditions we observed evolution
NPs from Zn to Zn,SiO4 (Fig.6). NPs oxidation is from its surface (Fig. 6(b-c)). Increasing
the annealing temperature up to 1000°C leads to the complete oxidation from Zn to Zn,SiO4
phase (Fig.6d)

T

Figure 6 - Evolution NPs from Zn to Zn,SiOy (a-d).

As a result, hot implantation of *Zn" jons with a dose of 5x10'® cm™ and energy of 50
keV in a Si(001) substrate at 350°C allowed to avoid formation of an amorphous layer. This
mode of implantation leads to the formation metal Zn NP with sizes ranging from 3 to 30 nm
at a depth of Rp=40nm in Si matrix. Subsequent annealing at 800°C in an oxygen air leads to
oxidation of Zn into the Zn,SiO4 phase with retaining the coherence of silicon. Zn,SiO4
nanoparticles have a spherical shape, the formation is going on the bound "NP Zn - Si matrix".
Further annealing at 1000 °C leads to the complete oxidation of the Zn NPs and their
transformation into NPs of Zn,SiO4 phase which is fully incoherent to Si matrix. Additionally,

thermal SiO,-layer grows on the surface. This layer is locally enriched by amorphous Zn.

1. Y.Y. Shen, Y.Y. Zhang, D.C. Zhang, L.H. Zhang, C.L. Liu, Mater. Lett. 65 (2011) 3323.
2. Amekura H., Takeda Y., Kishimoto N. Mater. Lett. V. 222 (2011) 96.
3. Zollo G., Kalitzova M., Manno D., Vitali G. J. Phys. D: Appl. Phys. V. 37 (2004) 2730.
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BJWSHUE MUKPOHEPOBHOCTEM MMOBEPXHOCTH HA COCTAB 1
JIEKTPOHHBIE CBOMCTBA IJIEHOK CdTe/Mo (111)

INFLUENCE OF MICROROUGHNESSES OF THE SURFACE ON COMPOSITION
AND ELECTRON PROPERTIES OF CdTe/Mo (111) FILMS

E.C. Dpramos', JI.A. Tammyxamenosa', ®.T. I[)Kypa6e1<03az, B.E. YMup3axos'
Y.S. Ergashov], D.A. Tashmukhamedova', F.G. Djurabekovaz, B.E. Umirzakov'

1 .
Kagpeopa « Teopemuueckas snexmpomexnuxa u 31ekmponHbie mexnonrozuuy, Tauikenmckuil
20cyoapcmeen bl mexnuyeckuil ynusepcumem, yi. Yuueepcumemckas, 2, 2. Tawkenm,

Vs6exucman, ftmet@rambler.ru

ZKadw()pa Quzuku, Ynueepcumem Xenvcunxu, Qunnsnous PO Box 43

In work is studied change of composition, structure and properties of films CdTe
as a result of bombardment by Ar' ions in a combination with annealing. It is
established, that after technological processing surface CdTe becomes essentially
smooth, stoichiometric composition and properties come nearer to that for perfect

films of CdTe.

OnwurakcuansHble WieHkH CdTe M TpeXKOMIIOHEHTHBIE COCAMHEHHS Ha HX OCHOBE,
MOJTy4YeHHbIE Ha Pa3IMYHBIX ITOJI0KKAX UMEIOT IIEPCIICKTUBEI B CO3aHHU HOBBIX MPHOOPOB
MHKPO-, HaHO- M ONTOAICKTPOHHKU. [lodTOMy B mocnexHue rofsl OOIbIIOE BHHMAHHE
YAENACTCS N3YUCHHIO SJICKTPOHHBIX M ONTHYECKHX CBOMCTB 3IHUTAaKcHabHbIX MeHoK CdTe u
M3MEHEHHMIO ITHUX CBOMCTB TPH Pa3JIM4YHBIX BHEMIHUX BozaeucTBusix [1 — 5]. Ilpu sTom
YCTaHOBJICHO, YTO CBOMCTBA IUICHOK Hapsy C COCTaBOM MU KPHUCTAUIMYECKOH CTPYKTypou
3aBHCAT OT ToNorpadyuu 1 MEpoOXOBaTOCTH MOBEpXHOCTH. OHUM U3 METO0B MOAU(UKAIINH
CBOICTB M CO3JaHMsI HAaHOPA3MEPHBIX CTPYKTYp Ha MOBEPXHOCTH MATEpPHANIOB DPA3IUIHOU
MIPUPOJIBI SABJISIETCS MOHHAst OomMOapaupoBka [6, 7].

Hacrosimas pa6oTa MOCBAIIEHa H3yYEHHIO BIMAHUS G0MGApIMpoBKY MoHaMH A’ Ha
MHKPOCTPYKTYPY IOBEPXHOCTH, Ha IUIOTHOCTHBIC COCTOSHHS BAJICHTHBIX JJIEKTPOHOB M Ha
9MHCCHOHHBIE cBOHCTB mIeHok CdTe/Mo (111).

B kayecTBe 00BEKTOB HCCIIEIOBAHUS HCIIONIB30BAIMCH HOIMKPHCTAIUIMYECKHIE TUICHKH

CdTe n-tuna ¢ tommmuol d = 1 MKM, BBIpaIlleHHbIE METOAOM Ta30()a3HOI 3MHUTaKCHM Ha
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noBepxHoct Mo (111). Tlepen uccienoBanueM u noHHOW GomOapaupoBkoit mwieHku CdTe
obesraxuBanuch nporpesoM go T = 1100 K. [Insg m3MeHEHHsT CTPYKYTpHl HOBEPXHOCTH
06pasibl 06yyanuck HoHaMu Ar' ¢ sHeprueii Eg= 5 k3B moj yriom 5 — 10° 0THOCHTENBHO
nosepxHocTH. OCHOBHbIC MCCIEIOBAHHS NPOBOJMINCH NpH BakyyMe He xyxe 10 IMa ¢
HCIIOBb30BAaHUEM METOJIOB O’Ke-dJIeKTpoHHOH crnekTpockommu (O3C), ynbrpaduoneToBoi
(dotoonexTponHoil cnektpockommu (Y®IC), XapaKTepHCTHYECKHX MOTeph DHEPrHU
9neKTpoHoB (XII93) u u3MepeHueM dHepreTHIECKUX 3aBUCHMOCTeH kodddumuenToB BOD.
Bce TtexHonmormdeckue o0pabOTKM (pOrpeB, HOHHAs OOMOApIAMPOBKA) M HCCICIOBAHUS
IIPOBOJIMIINCE

Ha puc. 1 mpusegeno POM wu3o0paskeHHEe MOBEPXHOCTH XOPOMIO 00€3rakKeHHOH
mwienku CdTe/Mo (111). BuaHo, 4To IUIEHKAa COCTOMT W3 OTACNBHBIX 3epeH (OJIO0KOB),
KOTOpbIe UMEIOT (hOopMy OJIM3KYIO K MHOTOIPaHHHKY C JIaTepalbHbIMH pa3zmepamu 100 — 200
M [3]. Mexay 3epHaMH UMEIOTCS IOPBI PA3IHIHO# (Gopmbl ¢ mmuHOi oT 50 — 60 mo0 200 —
250 uM. OLeHKa MOKa3bIBAeT, YTO HEPOBHOCTHU MIOBEPXHOCTH B CPEAHEM cocTaBisioT 50 — 60
uM. ITpu 3ToM noBepxHocTHas koHneHTparms Cd cocrasnser ~ 45 at.%, Te ~ 52 ar.%, O ~ 1

ar.% u C ~ 2 at.%.

"

,:‘ &'._ \
P e
A P>

L
5.0kV 12.8mm x100k SE(M) 500nm

Puc. 1. POM — n300paxeHue MOBEPXHOCTH XOPOIIO 00€3raKeHHON HCXOIHON IICHKU.

Pacniputenne moepxHocTH HoHamMH Ar. cE o = 5 kaB mpuBomMT K pe3komy
HM3MEHEHHIO cocTaBa i Mukpopenseda nosepxuoctu CdTe. U3 puc. 2 BUIHO, YTO CHAYaja ¢
pPOCTOM J103bI HOHOB OT 10™ 10 10" cm? MOBEPXHOCTHAst KOHUEeHTpauus Te yBenuuuBaeTcs
Ha 18 — 20 ar.% (cootBercTBeHHO yMenbiuaercs Ccq), 3aTeM 1o D = 6- 10" cm? e Mmenstercs
([lanpHelimue yBeNMUYEHHE O3Bl BHOBb NPHUBOAUT K HEKOTOpoMy yMeHblreHuto Cr.). Ilpu

3TOM HNPOUCXOJUT IOJIHAA aMop(bmam/m TIOBEPXHOCTHU, YMEHBIICHHUE PasMEPOB 3€PEH U IOP
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(6ompIuas yacTh MOp MOJHOCTHIO Mcue3aeT). [locne mporpesa stoit cucremsl ipu T = 800 K B
TedeHHH 30 MUH. IOBEPXHOCTh CTAHOBUTHCS CYIECTBEHHO IVIAJKOH, pa3sMephl HEPOBHOCTEH

He npebimaoT 20 — 30 HM, a pa3mepsl 3epeH cocTaBisoT 20 — 40 HM.

CTe

60
55
50
45
40

10" 510"

510" D, cm”

.
10]5
Puc. 2. 3aBUCHMOCTb MOBEPXHOCTHOIH KOHIeHTpauuu Te ot 1036l noHoB Juist CdTe, 06e3raxeHHOro
noHoM Ar' ¢ Eo =5 x3B.

B rtabmuue | mpuBeneHB! 3HaueHHs (DOTOIIEKTPOHHON PabOTHI BBIXOAA, IIMPHHBI
3alpenIeHHoN 30HBI, MaKCUMaJIbHOE 3HadeHHe koddounuenra BOD — O, M KOHIEHTpanus

aromoB Te u Cd.

Ta6uuua 1.
3nauenus O, E, u 0, mirenok CdTe 10 u mocne pacnbuieHus noHamu Ar ¢ Eg =2 k3B
Ar" — CdTe
IMapameTpst CdTe ucxonnbrit oCJIe IPOrpeBa NpH
JI0 IporpeBa T =800 K
®,»B 5,65 — 6,1

Om 1,8 1,2 1,95
E,, 5B 1,45 0,8 1,55
Cre/Ccqd, aT.% 52/45 71/26 50/48

W3 Tabnuis! BUAHO, 4TO 3HaUeHNs E; M O NCXOHOI IIIEHKH Nociie HOHHOI 60MOapMpOBKH
CYIIECTBEHHO yMeHbIaeTcsa. Ilo-BHAMMOMY, BCIIEICTBHE CHIBHOTO pPa3yNOpsSAOYCHHS
IIPUIOBEPXHOCTHOIO CJIOS M OOOTallleHHe 3TUX CJIOeB aToMaMH Te B 3alpeleHHOH 30He
(BONMM3M 1MHA 30HBI TPOBOJMMOCTH WM (M) BONM3M mOTONKa BayneHTHOH 30HBI) CdTe
o0pa3yroTcst pa3auuHble JeeKTHBIE yYpOBHUM C OONBIION IIOTHOCThIO. Hammume sTmx
HaNPsHKCHHBIX CI0EB PE3KO U3MEHSET 3MIeKTpOHHbIe cBoiicTBa mieHok CdTe. [Tocne nmporpesa
IIPOUCXOUT peJlaKcarysl HAIPsDKEHHBIX CIIOEB U CTEXHOMETPHUYECKHH COCTaB ITOBEPXHOCTH,
XapaKTepHBIH I CPaBHUTENIBHO COBCPIICHHBIX MNONUKpHcTamandeckux meHok CdTe

IIOJIHOCTBIO BOCCTAHABJIIMBACTCA.
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Jlnst 9TO# MUICHKH HAMH CHUMAJIHCh (POTOINEKTPOHHBIE CrieKTpbl mpu hv = 10,8 3B
(puc. 3). BuaHO, 4TO MONOXKEHHE IOTONKA BAJIEHTHOH 30HBI Ey OTHOCHTENBHO YPOBHS
BakyyMma Eg paBHO ~ 6,1 9B, a monoxenus yposus ®epmu Er = 5,5 3B (st onpenenenns Er

OJIHOBPEMEHHO CHUMAJIMCh CHEKTPBI urctoro Pd).

N(E)

| . | . | .
E,oB -6 -4 2 E,=0

Puc. 3. ®orosnexrponHslii ciekTp mwieHkn CdTe, moaydeHHbIi IPU HOCTUMIIIIAHTALIHOHHOM OTXKHUTE.

Ecau yuects, uto CdTe umeer n-THI MPOBOAUMOCTH MOXKHO IMOJIAraTh, YTO MTOBEPXHOCTHBIH
n3ru6 30Hb1 O cocrasisier 0,3 — 0,4 3B. B crnekrpe oOHapy)uBaroTCs 4 SBHO BBIPaXKCHHBIX
ocobeHHocTell. MBI mpearonaraeM, 4To Bo3HUKHOBeHHE E | cBsizaHO ¢ BO3OYyXmeHueM S5p -
anektponoB Te, E ; — Bo30Oyxaenuem 5s - anextponoB Cd u E ;3 — Bo3OyxaeHuem 5s -
anektpoHoB Te. Ocobennoctu B o6mactu  Eg = 0,3 — 0,4 5B MoryTt ObITh 00YCIIOBIICHBI
B030Y)KIE€HHEM DJIEKTPOHOB M3 HOBEPXHOCTHBIX cocTostHuH (I1C).

Taxum o6pazom, GomOapaupoBka moBepxHocTH ToHKHX ImeHok CdTe/Mo (111)
HoHaMM Ar’ B COYETAHHM C OTKMIOM TO3BOJISET MOMYYHTh TIAAKYIO TOBEPXHOCTb C
XOpOIIUM  CTEeXHOMETPHUUYECKHM COCTaBOM. lccrmenoBaHws B 9TOM  HalpaBlICHUH
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HU3YYEHUE IPOIECCOB OBPA3OBAHUA HAHOPA3SMEPHBIX CTPYKTYP B
IJIEHKAX SiO; [IPU HFOHHO BOMBAPJIMPOBKE

INVESTIGATING OF PROCESSES OF CREATION NANODIMENSIONAL
STRUCTURES IN SiO; FILMS AT ION-BOMBARDMENT

M.B. IOcymxkanoga', JI.A. Taumyxamenosa], M.T. HOpMypa,HOBZ, B.E. VMup3akos'
M.B. Yusupjanoval, D.A. Tashmukhamedova', M.T. Normuradov®, B.E. Umirzakov'
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’Kapuuncxuii 2ocydapemeennbiii yHugepceumem

In work influence of bombardment by Ar’ ions on composition and structure of
surface SiO,/Si is investigated. Obtained, that at high dose ion-bombardment on
surface SiO, thin film Si is formed.

B mocnemHue roipl s CHHTE3a HaHOPAa3MEPHBIX CTPYKTYp Ha NOBEPXHOCTH U B
MPHIOBEPXHOCTHOH 00JIACTH MaTEPHANIOB YaCTO UCHOJIb3YETCs HU3KOIHEPTreTHIeCKast HOHHAs
MMIUIAHTalUs B COYeTaHHH ¢ oTxuroM. Ocoboe BHUMaHHE YyAeNseTcs HaHOpa3MEpHBIM
cTpyktypaM Si M MeramioB B IuieHKax SiO>. DTH CTPYKTypbl HMMEIOT II€PCHEKTUBHI B
CO3/IaHMU HOBBIX JJIEKTPOHHBIX, ONTHUYECKHX, ONTOIIEKTPOHHBIX YycrpoiictB [1 — 3].
W3BecTHO, YTO IpH HMOHHOM WMIDIAaHTalMM B IIPUIIOBEPXHOCTHOM CJIO€ MAaTepHalIOB
00pa3yloTcs pasiu4Hble Je()eKThl 1 HEPABHOBECHBIC HANPSOKCHHBIC CIOH, HAaHOPa3MEpHbBIC
CTPYKTYPbI ¥ TPaHUYHbIC 00JIACTH C Pa3IMYHBIMU COCTABaMH, a IPH MOCICAYIONIEM OTXKHUIE
TIPOUCXOUT OT)KHUT nedekTos, mhdy3ust aTOMOB, o0OpasoBaHue HOBBIX
HAHOKPUCTAJUTMYECKHX (a3, CTpyKTypHO-(a3oBble mpeBpaiieHuss u np. HaGmomaembie
9 (heKThl CHIBHO 3aBHUCAT OT CBOWCTB M CTPYKTYPHI MaTpHI(BL, OT THIA, SHEPTHU U TO3BI
HOHOB, OT BHJa OTXKHTa M BaKyyMHBIX yclnoBuid. Hamu panHee moapoOHO M3ydeHO BIUSHHE
HMIUIAHTAl[MM HOHOB AaKTHBHBIX METAJUIOB HA COCTaB, CTPYKTYypY, SMUCCHOHHBIC H
anexTpodusndeckune cBoicTBa mieHok SiO; [4, 5]. B wacTHOCTH 0OHapyXeHO 00pa3oBaHUE B
IIPUIIOBEPXHOCTHOM 00J1aCTH HAHOKPHCTAINYeCKHX (a3 Si n coequnennii Tuna Si— Me — O,
Me -0 [5].

Jannas paboTa TOCBSIIEHA H3YYCHHIO IIPOIECCOB  NPOHUCXOASAIINX  HPH
GomGaprmposke  Si0»/Si momamm Na' m  Ar': MexaHm3MoB 00pa3’oBaHHA HOBBHIX
HAHOKJIACTEPHBIX (a3, uX cocTaBa, HH3MIECKUX CBOWCTB, DICKTPOHHOU M KPHCTAILTHIECKOM
CTPYKTYypsl. B OCHOBHOM ¥HcHONB30BaHBl amMopduble IeHKH SiO,, CcO3maHHBIC Ha
noBepxHocTH Si (111) METOOM TepMHYECKOTO OCaXKICHHS B aTMOC(epe CyXoro KUCIopoaa.
WoHHas uMmIaHTauus, OTXKMUI (JIa3epHBId + TEMIEpaTypHBIH) W UCCICAOBAHUS C
ucnoss3zoBanreM MetooB OOC, CXIID3, YOOC npoBouIKCh B OJJHOM U TOM e Ipudope
B YCJIOBHSIX CBEPXBBICOKOr0 Bakyyma (P = 10°° Ia). PAM n ACM — N300paKeHUs] CHUMAIUCh
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Ha CTaHAAPTHBIX YCTAHOBKaX. DHEPrusi MOHOB BapbUpoBaiack B npenenax 0,5 — 5 k3B, a ux
noza—D = 10" - 10" e

Ha puc. | mpuBeieHs H3MEHEHHS KOHIIEHTPAIMK aToMoB Si i1 O 0T 10351 HOHOB At
st Si0;, 06Iy4eHHOT0 HOHAMU Ar" ¢ Eg=1 x3B. Buano, uro B unTepBane D = 10" -5-10'°
cM” HHTEHCHBHOCTB OKe-TIHKA KHCIOPOJa MOHOTOHHO YMEHBIIACTCS IPHOIIKAACH K HYJIIO,
a OXe-IMK Si B 9TOM HHTEpBaJie 03 yBEIMYHMBAETCsS M BBIXOAUT Ha IUIATO HayWHasi ¢ D =
5:10" cm? D10 0OBACHAETCA TeM, YTO B pesyinbTate GOMOApIMPOBKM HOHaMH Ar B
MoBepXHOCTHOU obmactr SiO, mpoucxomuT pas3pbiB cBsizeil Si M O M KUCIOPOA YXOAUT U3
3THX CJIOEB B BaKyyM. B pesyinbrate Ha mosepxnoctr SiO; nosiBisiercst ToHKui cioii Si. Uro
Obl OIICHHUTH TOJMIMHY IUICHKH Si CHUMaIuCh MpOoQWIH paclpenencHus aroMoB Si mo
riayoune Si/SiO,.

lowe [

OTH.€. |

0 10" 10" 10" D, em?

Puc. 1. 3aBHCHMOCT NOBEPXHOCTHOH KoHLEHTpamuu atoMoB O u Si oT
10361 HoHOB Ar'. Eg= 1 k3B.

U3 puc. 2 BuHO, uTo NIpH GomGapauposke SiO; monamu Ar' ¢ Eq= 1 k3B npu D = 6- 10" em
(o3a HACHIIIEHNsT) TONIINHA OJHOPOAHOM TUieHKH Si coctapiseT 25 — 30 A.

Loxes

OTH.€J1

30

20

y
0 20 40 60 80 d, A

Puc. 2. Ipodunb pacnpe/eneHus atoMoB Si o riy6uue s SiO,, 06:1yuensoro nonamu Ar” ¢ Eg =
1 xB mpu D =6-10'% em™.,
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Mexnay mienkoir Si u wmarpuuei (SiOz) dopmupyercs NepexoJHON CJIOH OKUCIa
oborameHHblid aromamu Si. OIHAKO BCIEACTBUH O0O0pa30BaHHS pA3NUYHBIX Je(EKTOB
BO3HMKAIOT HATIPS/KEHHS, KOTOPBIE PAaCTIPOCTPAHAIOTCA Bry6h oOpasia 1o 300 — 400 A. Ha
puc. 3 npuBenensl PAM-u3obpaxenns nopepxHoctH SiO,, obmyuennoit nonamu Ar' ¢ Eo =
1 xB mpu D = 10" em? u D = 6:10" e Buao, uto IIpU HU3KHX /032X OOIydYeHHs
(opMHpYIOTCS OTHENBHEIE y4acTKU (KiacTepHble (assl) oboramenHble atomamu Si. Ilpm
BBICOKHX J103aX (D = Dy = 6-10' CM'Z) BCsI MOBEPXHOCTh MOKpbIBaeTcst aroMamu Si. lpu
aToM, XoTs1 Si0, amopdHbIiA, aToMbl Si 00pa3yrOT GI0YHBIE CTPYKTYPHI, XapaKTepHbIC s
MONUKpUCTAINIecKuX mnoBepxHocTeidl. Ilpm sTom Ha JIBD kapTuHax OoOHapy)KHBalIUCh
BEChbMa Pa3MBIThIE KOHIICHTPHYECKUE KOJIBIIA.

Puc. 3. PAM-u3ob6paskenus nosepxaoctu Si0,, o6nyuennoii monamu Ar’ ¢ E¢= 1 k3B npu D=10"cm?
1D =610" cm. VBenuuenue 100 000 pas.

Tlo-BumuMoMy, MpH BBICOKHX /103aX HMPOUCXOJUT HEKOTOpAs peNlakcanusi HarpsHKeHUH, 4To
MIPUBOJUT K YACTHYHOMY YHOPSIOYECHHIO IPHIIOBEPXHOCTHBIX cioeB SiO,. IIpu aToM Moxer
UIPaTh ONpPEACNICHHYIO POJb JIOKAIBHBIA Pa3orpeB, MPOHCXOMAIINIA Ha MOBEPXHOCTH IPH
HMOHHOM 60MOapaIupoBKe.
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