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O1-1: Self organized graphene nanoribbons on cubic-SiC (001):

transport and magnetic properties

V. Aristovl’Z, A. Chaika' , O. Molodtsova? , A. Locatelli® , Tevfik O. Mentes’ ,

A. Sala’® , Paolo Moras’ , Polina Sheverdiaeva’® , and Han-Chun wu?

1. Institute of Solid State Physics of Russian Academy of Sciences, Chernogolovka, Russia, aristov@issp.ac.ru,
chaika@issp.ac.ru. 2. Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany, victor.aristov@desy.de,
olga.molodtsova@desy.de. 3. Elettra — Sincrotrone Trieste S.C.p.A., Basovizza, Trieste, Italy,
andrea.locatelli@elettra.eu, tevfik.mentes@elettra.eu, alessandro.sala@mensa.it, paolo.moras@trieste.ism.cnr.it,
polina.sheverdyaeva@trieste.ism.cnr.it. 4. School of Physics, Beijing Institute of Technology, Beijing, People’s
Republic of China, wuhc@bit.edu.cn.

Graphene exhibits amazing properties that are of importance both for fundamental investigations and
technology. The ability to open gap and to get graphene magnetic are primary challenges in the fields of
modern applications. When graphene is prepared as nanostructured layers with a great amount of nano-
domain boundaries and ripples it becomes to be the most promising material for graphene-based
electronic and spintronic applications because the nano-domain edges can entirely reflect electrons over a
great range of energies [1] and hold spin-polarized electronic states [2,3]. In this presentation we report
the structure, transport and magnetic properties of continuous and homogeneous nanostructured few-layer
graphene with self-aligned nano-domain synthesized on the standard SiC(001)/Si(001) wafers [4-8]. Our
low temperature (below 100 K) transport experiments clearly prove that creation of such nano-domain
system can induces a charge transport gap greater than 1.3 eV, while the current on-off ratio can reach 10*
[7, 8]. In addition, we report the magneto-resistance investigation of graphene grown on technologically
relevant SiC/Si(001) wafers, where inherent nano-domain boundaries sandwich zig-zag structures
between adjacent ripples of large curvature. These measurements disclose an exceptional big positive
magneto-resistance in parallel magnetic field with a strong temperature dependence [9]. Theoretical
calculations confirm, that observed the transport and magnetic properties of graphene/SiC(001) are
interrelated to the localized states at the nano-domain boundaries. Our results show that using purely

Figure 1. (a) 2D-presentations of atomically resolved STM image of the SiC(001)3%2 reconstruction. The image
demonstrates that the step direction is close to the [110] direction of the SiC crystal lattice. (b) Large area STM
images of graphene nanoribbons synthesized on the vicinal SiC(001). (c) Atomically resolved STM images of
graphene nanoribbons showing the system of domains rotated 17° clockwise (GrR) and 10° anticlockwise (GrL)
relative to the NB which is rotated 3.5° anticlockwise from the [110] direction.

This work was partially supported by the Russian Academy of Sciences, Russian Foundation for Basic
Research (grant Ne 17-02-01139, 17-02-01291), Beijing Institute of Technology Research Fund Program
for Young Scholars and Marie Curie IIF grant within the 7th EC Framework Program.
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01-2: Modification of graphene at the synthesis in plasma jets
M. Shavelkina', R. Amirov', A. Naumkin®

1. Joint Institute for High Temperatures, Russian Academy of Sciences, Moscow, Russia, E-mail:
mshavelkina@gmail.com 2. A.N.Nesmeyanov Institute of Organoelement Compounds of Russian Academy of
Sciences Moscow, Russia, E-mail: naumkin@ineos.ac.ru

Graphene as known is formed by a two-dimensional hexagonal lattice consisting of two equivalent
sublattices, it has an electronic structure with zero - band gap. The standard method for controlling the
width of the band gap of this material is its doping with donor or acceptor impurities. There are two
approaches to doping — doping at the stage of synthesis and processing of initially pure material. In this
paper, we have been show the possibility of synthesis of graphene doped with oxygen, nitrogen or
hydrogen atoms in a plasma jet reactor. The essence of the method consists in the simultaneous injection
into the powerful plasma touch (up to 40 kW) of the carbon source together with the plasma-forming gas.
In the discharge gap it evaporates to form a carbon vapor, which is then rapidly cooled and in the volume
of the metal collector, solid carbon forms. As a source of carbon hydrocarbons (propane-butane mixture,
acetylene, methane) has been used. Argon, nitrogen and helium has been used as plasma-forming gases
The synthesis parameters (medium pressure, kind and rate of flow of the plasma-forming gas, the ratio of
the components in the gas mixture) has been varied within a wide range. The synthesis products are
characterized by the methods of electron microscopy, thermogravimetry and X-ray photoelectron
spectroscopy. It is established that the obtained samples have morphology in the form of flakes, which are
multilayered. The number of layers is from 1 to 9. The lateral size of graphene ranges from 50 to 1500
nm, depending on the type of precursor and the kind of plasma-forming gas. Studies of XPS spectra of
samples showed that the graphene structure synthesized in a nitrogen plasma at 710 Torr contains
nitrogen atoms predominantly in the pyridine configuration (Figure 1), and when the graphene has been
synthesised ofin nitrogen plasma at 350 Torr the graphene structure includes and nitrogen and oxygen-
containing functional groups also. Oxygen is also present at the decomposition of hydrocarbons in helium
plasma (Figure 2). The spectra of Cls samples synthesized by the decomposition of acetylene in a jet of
helium plasma showed the presence of a C-H bond in the structure (Figure 3). In total in graphene
synthesized in plasma jets the surface defects predominate over bulk ones. This is ensured their thermal
stability.
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1. X. L. Li, H. L. Wang, J. T. Robinson, H. Sanchez, G. Diankov and H. J. Dai, «Simultaneous
Nitrogen Doping and Reduction of Graphene Oxide», J. Am. Chem. Soc., 131, pp 15939-15944, 2009
2. S. C. Ray, N. Soin, T. Makgato, C. H. Chuang, W. F. Pong, S. S. Roy, S.K. Ghosh, A. M.

Strydom and J. A. McLaughlin, «Graphene Supported Graphone/Graphane Bilayer Nanostructure
Material for Spintronics» DOI: 10.1038/srep03862



O1-3: Photoresponce in graphene under the influence of surface

acoustic waves.

0.V. Kononenko, E.V. Emelin, V.N. Matveev, D.V. Roshchupkin

Institute of Microelectronics Technology and High Purity Materials, Russian Academy of Sciences, 6,
Academician Osipyan st., Chernogolovka, 142432, Moscow region, Russia. E-mail: oleg@iptm.ru

Theoretical studies predict a range of rich physical phenomena arising from surface acoustic wave (SAW)
-graphene interactions. Graphene opens up perspectives for solar power engineering [1, 2]. Graphene can
be used as a structure in which the electron-hole pairs are formed due to the radiation effect. Graphene
films are a good medium for SAW propagation. The charge transfer by the SAW in graphene [3] and
controlling the SAW amplitude by electric potential applied to a graphene film [4] were reported. Here,
we have investigated the acoustoelectric current in graphene as a function of UV light illumination.
Graphene films were grown on the nickel catalyst films by the low-pressure chemical vapor
deposition (LPCVD) method with a single injection of acetylene [5]. The graphene quality was
tested by the SENTERRA Bruker Raman microscope at the laser wavelength 532 nm.

The interdigital transducer (IDT) was fabricated by photolithography on the surface of lithium niobate to
excite the SAW. The IDT consisted of 50 pairs of electrodes. The IDTs were fabricated to excite the
SAW with the wavelength A = 30 pm at the resonance excitation frequency f= 115 MHz.

Transfer of the graphene film was done with the aid of polymethylmethacrylate (PMMA) that was
spincoated onto the surface of the graphene film to serve as a support. The PMMA/graphene layer was
detached from the substrate by wet-etching of the Ni film with a 1% water solution of hydrochloric acid
and then manually laid on the piezoelectric substrate near the IDT. PMMA was then removed from the
graphene surface by exposure to acetone in vapor and then liquid form. Two Pt electrodes were formed
on the graphene film surface by electron beam lithography and e-beam evaporation. Measurements of the
acoustoelectric current were made using a Keithley K2400 source-measurement unit.
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Fig.1. Graphene resistance without the SAW (upper curve) and under the SAW as a function of time
periodically illuminated by UV light.

This work was supported by the Russian Foundation for Basic Research (Grant No. 16-29-06306).
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133105 (2012).

4. Z. Insepov, E. Emelin, O. Kononenko, D. V. Roshchupkin, K. B. Tynyshtykbayev, and K. A.

Baigarin, Appl. Phys. Lett. 106, 023505 (2015).
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Roshchupkin, E.E. Vdovin and A.N. Baranov Nanosystems: Physics, Chemistry, Mathematics.
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0O1-4: Multidimensional data visualization in chirality-dependent
carbon nanotubes thermal and electrical properties

V. Kazakovl, V. Shakhnovl, A. Glushkol, V. Makarchukl, E. Rezchikoval, L. Zinchenko'

'Bauman Moscow State Technical University, Moscow, Russia, shakhnov@mail.ru

Many different mathematical models of carbon nanotubes are used for calculation of their properties [1-
3]. In chirality-dependent variations analysis, a designer obtains a big numerical data file that has to be
analyzed. In our approach, data is visualized [1]. A designer can analyze the obtained numerical and
visual information simultaneously. In our presentation, we discuss application of our approach to visual
analytics support for research of chirality-dependent carbon nanotube thermal and electrical properties. In
[3], we have presented our approach for thermal properties visualization. However, it is difficult to
visualize thermal and electrical properties simultaneously. In order to overcome this deficiency we apply
two methods: parallel coordinates and heat maps. Both methods have been implemented in our software
tool. Fig. 1 shows our main window.

NanaTube Analytics

| | Bl

File  Type of calculations ~ CNT Visualization

Metaliic 10,50 nm

10,50 nm 5BEBW/K

10.00nm 4ETW/K 75 0

On Bm 78 x| Court 506 Curert CNTG 2615017605 W/K
n 7Em 73~ DAverage 1025151 Cument CNT Diameter 10.1703nm

|| D Dispersion 002074988

Bn: 76m: 75 lyer 1 2] Layess 1

Un fEm72 -

Figure 1. A variation tube analysis mode

The left section shows nanotubes variations by means of parallel coordinates, while the right section
shows the presentation by means of circular heat maps. The bottom section is used It should be mentioned
that in Fig. 1 we set that carbon nanotubes diameters D vary from 10 nm to 10.5 nm and the chirality
indices n and m and the thermal conductivity of nanotubes per unit length G are calculated. Nanotubes
with semiconductor electrical properties are shown in blue, while green color is used to show metallic
nanotubes. In heat maps the outer ring shows the diameters, the next ring shows the thermal conductivity,
then the chirality index of n, and then m. The inner circle shows the type of CNT, green - metallic type,
blue - semiconductor. Heat maps allow analyzing the distribution of values and their clustering. Finally,
we summarized advantages and deficiencies of our approach to visual analytics support for investigation
of carbon nanotube variations.

This work was partially supported by grant RFBR 15-29-01115 ofi-m.

1. Shakhnov, V.A., Zinchenko, L.A., Rezchikova, E.V.: «Simulation and Visualization in Cognitive
Nanoinformaticsy». International Journal of Mathematics and Computers in Simulation 1, 141-147, 2014.
2. Kazakov, V., Verstov, V., Zinchenko, L., Makarchuk, V. «Visual Analytics Support for Carbon

Nanotube Design Automation». In: Samsonovich A., Klimov V., Rybina G. (eds) Advances in Intelligent
Systems and Computing, vol. 449, 2016.

3. Shakhnov, V.A., Zinchenko L. A., Makarchuk, V.V., Rezchikova, E. V., Kazakov V.V. «Visual
analytics in investigation of chirality-dependent thermal properties of carbon nanotubesy. Journal of
Physics: Conference Series, 1(829), 2017.
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thin-film nanostructures

V.L. Mironov, E.V. Skorohodov, O.L. Ermolaeva, S.N. Vdovichev, S.A. Gusev and A.A. Fraerman

Institute for Physics of Microstructures, Russian Academy of Sciences, Nizhny Novgorod, Russia,
mironov@ipmras.ru

We discuss the possibilities to control the magnetic states in planar ferromagnetic nanostructures in
dependence on varying material parameters, spatial architecture and external influences.

The patterned thin film ferromagnetic nanostructures are produced by e-beam lithography and ion
etching. The structure of magnetization is studied by magnetic force microscopy method [1].

We demonstrate the wide set of magnetic states in different nanostructures such as vortex and antivortex
states in nanoislands with different shape, helicoidal state in three-layer nanodiscs, domain walls in
nanowires, babble and skyrmionic structures in patterned films with perpendicular anisotropy. The special
attention is focused on the manipulation of magnetization in nanostructures by nonhomogeneous field of
magnetic force microscope probe.

The application of magnetic nanostructures to the design of magnetic logic and data storage system is
considered. Additionally the peculiarities of ferromagnetic resonance in ferromagnetic nanostructures are
discussed in application to the development of microwave devices.

This research is supported by the Russian Science Foundation (project No. 16-12-10254).
1. A.AFraerman, V.L.Mironov. «Magnetic States and Properties of Patterned Ferromagnetic

Nanostructures. In “Frontiers of Nanoscience», Vol. 6, Nanomagnetism: Fundamentals and Applications
(Ed. C. Binns), Elsevier, pp. 189 — 216, 2014.
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01-6: Magnetic properties of metal nanowires, obtained by matrix
synthesis technique

Zagorskiy D.L.", Bedin S.A."?, Frolov K.V.!, Artemov V.V.! Doludenko I.M."?, Lomov A.A.*,
Chuev M.A.*
1 Center of Crystallography and Photonics of RAS, Leninsky pr.,59, Moscow 2 Moscow State Pedagogical

University, Moscow, Pirogovskaya str,1/1, 3 High School of Economy, Mjasnitskaya,20 4 Physicotechnological
Institute of RAS, Nachimovsky pr, 36

Nanowires (NWs) are 1-D nanosize structures, which are of great interest now. Ensembles of metallic
NWs could be used as effective emitters of electrons (“cold cathodes™), surfaces for “micro-coolers” and
for catalysis, and as the surfaces for non-linear optic units. Another application of NWs is connected with
their special magnetic properties, depending on their shape. Among different methods of obtaining of
such structures matrix synthesis is most perspective. The popular version of this technique is deposition
of desired material inside the pores of specially prepared matrix [1]. In our case the matrix is Polymer
track membrane (usually used for fine filtration), the materials are magnetic metals (of iron group) which
are deposited inside the pores using galvanic (electrochemical) process [2,3].

Deposition process. Using electrolytes- solutions of salts of corresponding metals — it is possible to obtain
replicas of porous structure made by different metals or their combinations. The potentiostatic
electrodeposition process was investigated. It was found that it has non-linear character due to diffusion
limitation inside the narrow pores. The processes of electrodeposition of monocomponent nanowires -
pure magnetic metals (Fe, Ni and Co) were investigated [4,5] as well as deposition of multicomponent
NWs. In the last case it is possible to obtain homogeneous structures (“alloys”) and heterogeneous
(“layers™). Microscopy investigation. Microscopy tests (SEM with elemental analysis) showed that the
diameter of NWs is often higher than the diameter of the pores of template (possibly, due to polymer
compression). Investigation of ensembles of Fe-Co and Fe-Ni NWs (alloys) demonstrated non-
homogeneous distribution of elements (in microscale). It was shown that elemental composition changed
along the nanowire’ length. The features of electrodeposition were investigated and ‘“anomalous co-
deposition” was demonstrated. Mossbauer spectroscopy,The dependence of spectra parameters on pores
diameters and grooving voltage was found. For pure Fe it was found that only at the lowest voltage (i.e. at
the lowest grove speed) the obtained Fe NWs demonstrate “sextet” typical for pure bulk a-Fe. The
dependence of magnetic orientation on pores diameter and grooving condition were also found.
Multicomponent spectra were obtained for “alloys” , it was concluded that Fe-Ni wires consists of two
phases. Crystal fine fields were estimated by Mossbauer spectroscopy [6,7]. Magnetic properties of
obtained NWs were tested with vibrating magnetometer. Fe-Co wires were found to be hard-magnetic,
while Fe-Ni are soft-magnetic. At the same time Fe-Ni wires with rather low diameters could demonstrate
hard magnetic properties too. All samples demonstrated high magnetic anisotropy. Atomic —force
microscopy was also applied for visualization of these nanowires embedded in host matrix.

Acknowledgement: This work was supported by Grant RFBR 15-08-04949.

1. C. R. Martin, «Nanowiresy. Science 266, pp.1961-1971,1994

2. N. Lupu (editor). «Electrodeposited NWs and Their Applicationsy», InTech, Rijeka, Croatia, 2010
3. M. Vazquez (editor). «Magnetic Nano- and Microwires», Woodhead, Elsevier, 2015.

4. V. V. Korotkov et al. «Specific features of electrodeposition of Cobalt into Micro- and Nano-size
pores of Track Membranes» Gal vanotekh. Obrab. Poverkhn. 19 (4),23-27,2011.

5. V. V. Korotkov et al. «Electrodeposition of Metals of Iron Groop into the Pores of TM for the
Preparation of NWs» Gal vanotekh. Obrab. Poverkhn. 23 (1), 24 (2015).

6. K. V. Frolov et al. «Synthesis, Phase Composition, and Magnetic Properties of I[ron NWs
Prepared in the Pores of Polymer Track Membranes» JETP Lett. 99, 570-575,2014

7. K. V. Frolov et al. «Magnetic and Structural Properties of Fe—Co NWs Fabricated by Matrix
Synthesis in the Pores of Track Membranes» JETP Letters,105, No. 5, pp. 319-326, 2017
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O1-7: Obtaining and investigation of multilayer nanowires

Doludenko L' Zagorskiy D.', Bedin S.'*
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’National Research University Higher School of Economics, 34 Talinskay, Moscow;
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Obtaining and investigation of various types of nanomaterials is an urgent task. It is of great interest to
obtain the arrays (ensembles) of parallel oriented nanowires from a large number of alternating layers of
magnetic and nonmagnetic metals. This work is devoted to the development of methods for obtaining
arrays of nanowires consisting of alternating layers of NiFeCu and Cu. The idea of the work consists in
the electrodeposition of metals from a solution containing ions of 3 metals. The method used in this work
is based on the difference of the equilibrium potentials of metal deposition. This means that a metal with a
lower equilibrium potential (Cu) will precipitate at a lower potential, in contrast to metals with a large
equilibrium deposition potential (Ni, Fe). [1] To obtain arrays of multilayer nanowires (NWs0, the
deposition was carried out in a polymer matrix of track membranes (thickness — 10 mkm; pore diameter —
0,1 mkm and pores density- 10® pores per sq.cm.). At the first stage, in order to create a conductive layer
on the matrix, a layer of copper with a thickness of 5-10 mkm was deposited. The composition of the
electrolyte for deposition of NWs : NiSO, * 7H,0 — 16 g/I; NiCl, * 6H,0 — 40g/1; FeSO, * 7TH,0O — 16 g/l;
CuSOy * 5SH,0 - 5; C¢HgOg — 1,5 g/l. Based on article [2], the optimal potentials for deposition of the Cu
layer were chosen to be 0.8 V, and for deposition of the NiFeCu layer - 1.8 V. After electrodeposition, the
matrix was removed, and we obtained an array of nanowires on a copper substrate.

Three types of nanowires were obtained. In samples 1 and 2, the precipitation was carried out at a
constant potential, 0,8 V and 1,8 V respectively. This was done for elemental analysis and detection of the
chemical composition of the layers. The results of elemental analysis are presented in Table 1. After that,
deposition was carried out with a change in the potential for obtaining of multilayer nanowires (sample
Ne3). Photos of an array of multilayer nanowires are shown in Figure 1.

Table 1
Chemical Atomic Atomic
element concentration | concentration
of Cu layer of NiFeCu
elements layer
elements
Cu 99,57 72.84
Ni 0,16 18.77
Fe 0.27 8.39

Figure 1. SEM photos of an array of nanowires

Based on the results of elemental analysis, one can see: in layers of Cu, we still have, although in a small
fraction, the atoms of Ni and Fe; in layers of NiFeCu, the nickel concentration is 2 times higher than that
of iron. A large amount of Cu in in layers of NiFeCu determined by the Cu substrate.
Conclusion

In the course of the work, Elemental analysis results were obtained, confirming the difference in
the chemical composition of the layers as a function of the potential. A sample of an array of multilayer
nanowires was obtained and its photographs were investigated.

This work was carried out at the Institute of Crystallography of Russian Academy of Sciences and
at the Moscow State Pedagogical University.

The work was supported in part by grant RFBR 15-08-04949.

1. Fedosyk V.M. «Nanostructured films and nanowires». M. : Publishing center BSU, 2006. — 311.

2. E.V. Armensky «Interuniversity scientific and technical conference of students, graduate students
and young specialists». Conference materials. - M. : MIEM NRU HSE, 2017. — 502.
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A. Safin, M. Kapranov, N.Udalov
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A promising direction in the development of spintronics is related to spin-polarized current transfer in
nanodimensional magnetic multilayer structures. Possible applications include magnetic random-access
memory, super-responsive magnetic sensors, and oscillators for microwave and THz frequency ranges.
The main disadvantages of spin-transfer (or spin-torque) nano-oscillators (STNOs) are low output power
of generated oscillations (from several picowatts to several nanowatts) and large width of spectral lines
(up to several hundred megahertz in the GHz range), which significantly restrict the application of
existing STNOs in telecommunication systems. At present, several methods are known for increasing the
power of STNOs, in particular, by using magnetic tunnel junctions with intermediate multiferroic layers,
which provide a significant increase in the sample resistance and, hence, in the output power in external
magnetic and electric fields. Another possibility is provided by using mutual [1] and/or external
synchronization of many STNOs so that their output powers would add on the common load [2]. There
are several studies of STNOs phase locking achieved by various physical mechanisms: through electrical
connection in series of oscillators, by spin-wave propagation, by antivortices, and by dipolar coupling.
Nevertheless, the theoretical description of the synchronization dynamics of STNO is more complicated
than traditional limit-cycles oscillators (van der Pole oscillators, Josephson junctions, rotating pendula)
which have constant orbit radius, and can be described in single oscillator case by the Adler equation.
Due to technologically fabricated nonidentity of STNOs in the network [1] they can be expressed by
generalized Adler-like equations. In this work, we investigate analytically and numerically the mutual
synchronization dynamics in the complex networks of vortex-based [3,4] spin transfer nano-oscillators
(STNOs). We consider the STNO whose free layer configuration is a magnetic vortex. The vortex state
can be characterized by in-plane magnetization, and a nanometer-size region of the vortex core with out-
of-plane magnetization. We describe the dynamics of many vortices, which gyrotropic motion is driven

by the injection of a DC spin-polarized current. They can be described by gyration radiuses R, (t) and
phases ¢ (t) , or vectors R, =R, .(ex cosg, +e, sin@), where /=1..N . The vortex motion given by R,

we propose using coupled Thiele equations [3] with additional spin transfer torque terms:

dX dX
G[ez x dt’ j+k,X, +D,7tl—FST” —Fp (X, X5, Xy ) =0, (1)

where G is the gyroconstant, k;X; k; is the confining force, D, is the damping constant, Fgyr; is the

spin-transfer torque force, and Fy, (X;,X,,...,Xy ) is the interaction force between STNOs. Using (1) we

identify that the introduction of a leader in a network of mutually coupled STNOs, an oscillator having
large energy level, in the network induces a profound change in the critical interpillar distances on which
mutual synchronization occurs as a function of their radius mismatch for different type of network
topologies. The emergence of a leader leads to the reduction of synchronization time between coupled
STNOs. We obtain numerically phase portraits showing the transition between synchronized and
unsynchronized states for two mutually coupled STNOs with strongly nonidentical energetic parameters,
which is equivalent to the impact of a leader.

This work was supported by the Russian President Grant for young scientists (Reference: MK-
7026.2016.8).

1. A.R. Safin, N.N. Udalov, M.V. Kapranov. «Mutual phase locking of very nonidentical spin torque
nanooscillators via spin wave interaction», Eur. Phys. J. Appl. Phys, 67, 20601, 2014.

2. A.R. Safin, N.N. Udalov, M.I. Bichurin, R.V. Petrov, A.S. Tatarenko. «Loading characteristics of a
spin-transfer nano-oscillator», Tech. Phys. Lett., 43, 3, pp.305-308, 2017.

3. A.D. Belanovsky, N. Locatelli, P.N. Skirdkov, F. Abreu Araujo, J. Grollier, K.A. Zvezdin, V. Cros,
and A.K. Zvezdin. «Phase locking dynamics of dipolarly coupled vortex-based spin transfer oscillatorsy,
Phys. Rev. B 85, 100409(R), 2012.

4. V. Flovik, F. Macia, E. Wahlstrom. «Describing synchronization and topological excitations in
arrays of magnetic spin torque oscillators through the Kuramoto model», Sci. Rep., 6, 32528, 2016.
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SOI thin film Hall type double gates transistor with built — in accumulation channel and metal- insulator-
Si- insulator - matal (MISIM) field control system is a very attractive transducer for the nano — and
microelectronics providing the increasing of magnetosensitivity, radiation immunity, temperature range
of operation and circuit opportunities in compare with conventional Si Hall elements [1]. In this report
presented the theoretical and experimental results about the influence of so-called change —coupling effect
(CCE) due to variations of gates potentials of the MISIM system on such magnetotransistor properties. It
was demonstrated that CCE influence on the transistors channel current and magnetosensitivity.

The detected increase in magnetic induced signal (Hall emf) is not only due to the growth of the channel
current for certan values of supply voltage and potentials of the gates, but also to increase the mobility of
electrons due to their redistribution in the transverse electric field between the gates, leading to reduce
the influence of electrons surface scattering. It was also investigated the dependence of CCE of the
channel thickness variations (4 — 200 nm), temperature (2 — 400K), concentration of surface states on
Si0, -Si interfaces and surface states nature.

1. M. Baranochnikov, A. Leonov, V. Mordkovich, D. Pazhin and M. Filatov «Some Features of

Magnetomettic and Sensor Devices Based on the Field Effect Hall Sensor» Proc. Advanced
Electromagnetics Symposium AES — 2012 Paris — France, p. 455 — 459
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Using dynamic-XPS method is a big step toward understanding Intensity (cts) Snapshot Time Series

0 2000 4000 ©0O0O0

of fast processes on the solid surfaces and sub-surfaces of (g . 900

advanced materials, which are taking place during changing of 850
different conditions. The experimental setup for such 800
experiments, based on a hemispherical electron spectrometer 750-{C 1s
Argus (Omicron NanoTechnology GmbH), have been built up, ;. 700
commissioned and currently is available for regular users of 650~

beamline P04 (PETRA III, DESY) [1]. Such combination allows

D (T R S AR [ |
e St 200 284 202 200

acquiring both traditional scanning and extremely fast snapshot 1o - B E ) I
(down to 0.1 sec/spectrum) XPS spectra of several core levels 550

(CL). It opens new possibilities to real time characterization of B00; /\
the fast processes both from quantitative and qualitative point of £ 8 a——

Time (min)

: Spectrum: number
Lo8s
oo
T ey
| l!l =
|
|
|

.. 290 288 286 284 282 280

view by dynamical measuring of XPS. The concept was verified
by real time XPS characterization of thermally induced process
of graphene formation on model cubic-SiC(001)/Si(001) wafer
[2-6]. We were able to control time/temperature/rare-gas
pressure parameters and follow the changes in C 1s CL spectra
(see Figure). Moreover, we present the dynamic-XPS study of
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Optical heterodyne microscopy is promising method for measurements and characterization of submicron
structures. Due to coherent detection system the response of scanning differential heterodyne microscope
(SDHM) contains both phase and amplitude information of diffracted optical field at an intermediate
radio frequency. Use of common path scheme in SDHM makes it practically insensitive to microphonics,
that is especially important in various applications.

Formerly it was shown [1] that application of special mathematical algorithm based on analytical
extrapolation of limited optical spectrum makes possible to achieve optical superresolution, the
superresolution coefficient being M ~ 2. The coefficient M is defined as the ratio of extrapolated spectrum
width and original aperture spectrum width.

Here we present the alternate approach to optical resolution enhancement based on the difference of phase
and amplitude response of SDHM. In this case the resolution is defined as the width of point spread
function and the superresolution coefficient SR is defined as the ratio of amplitude response width and
phase response width [2]. The investigation is carried out theoretically and experimentally with metalized
phase and dielectric amplitude-phase objects on silicon substrate. Measured superresolution coefficient is
SR=2.0+£0.5.
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Fig. 1. Experimental complex response of SDHM to test submicron amplitude-phase step-like object.

1. D. V. Baranov, E. M. Zolotov, "Superresolution processing of the response in scanning
differential heterodyne microscopy", in Advances in Information Optics and Photonics, ed. A. Friberg
and R. Dandliker, SPIE, Bellingham, WA, pp. 229-250, 2008

2. E. L. Kosarev, Experimental data processing methods, Ch. 9, Fizmatlit, Moscow, 2008 (in
Russian)
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Modern nanoelectronic applications need precise deposition and treatment of nanometer-thick films.
Developing methods such as area selective atomic layer deposition require sub-nanometer measurements
of seed and interfacial layers. At the same time, methods of studying such films and also surface
processes, i.e. adsorption, desorption, and surface chemical reactions, which occur during their treatment,
are necessary. Spectroscopic ellipsometry (SE) [1] is suitable method for this task. SE is an optical
technique, so it is non-destructive and contactless. In addition the sample does not require additional
preparation, which makes SE a convenient method for in situ diagnostics of technological processes.
Ellipsometry is able to measure the thickness of films with high precision (~0.1 A), which are used in
studying the initial stages of growth of thin films [2]. Also, ellipsometry is sensitive to a change in the
optical properties of monolayer films, which was shown in the study of the deposition of ALD films on
graphene [3]. Fig. 1a shows every half cycle measurements of apparent thickness of alumina, where could
be seen adsorption of precursor and surface oxidation by plasma (apparent thickness decrease). Fig. 1b
depicts graphene apparent thickness during this process.
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Figure 1. Apparent thickness of deposited alumina (a) and underlying graphene (b) during ALD process by in situ
ellipsometry.

Results of in situ measurements of ALD layers of high-k dielectrics (Al,O;, HfO,) on transparent
substrates and graphene will be presented. In the later case the level of damage of graphene during the
ALD process could be estimated by in situ SE.
Also, SE allows estimating sticking probability coefficient, and desorption rate of different precursor
molecules. Results for TMA (Al(CH;);) and TEMAH (Hf(NC,HsCHj;),) will be presented. These data are
important for development of simulation models of ALD for high aspect structures.
Although ellipsometry also has several disadvantages, such as low spatial resolution (spot diameter up to
1 mm), complexity in developing an optical model that correctly describes the whole series of
phenomena, and as a consequence, a simplification of the model, all of the above advantages make
spectroscopic ellipsometry a powerful technique for diagnosing the sub-nanometer scale technological
processes of nanoelectronics.

1. H. Fujiwara, «Spectroscopic Ellipsometry: Principles and Applications». John Wiley &
Sons, Chichester, England; Hoboken, NJ, 2007.

2. Clemente I.E., Miakonkikh A.V., «Application of spectral ellipsometry to in situ diagnostics of
atomic layer deposition of dielectrics on Silicon and AlGaNy», Proc. of SPIE, 10224, pp. 1022425-1-7 ,
2016

3. I Clemente, A Miakonkikh, O Kononenko, V Matveev, K Rudenko. «Comparative study of
thermal and plasma enhanced atomic layer deposition of aluminum oxide on graphene». IOP Journal of
Physics: Conference Series. In print.
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[lepcrieKTUBHBIME MaTepualiaMd ISl JOJITOBPEMEHHOTO XpaHEHHsS BOJOpPOJa SBISIOTCS AITIOMHHUH,
MarHui, TuTad. Bo3MOXXHO Kak NMPUMEHEHHE MTOPOIIKOB THAPHUIOB, TaK M TBEPABIX paciuiaBoB AlxHy,
MgxHy u TixHy ¢ HaHeceHHBIMH Ha IOBEPXHOCTbH 3alUTHBIMU TUIEHKAMU JIsl IPEAOTBpAIEHHS BBIXO1a
BOIOpOJA M3 aKKyMyJSTOpOB. B peakTopocTpoeHHMHM THUApPUA TUTaHa HCHOJB3YyeTcd B KadecTBE
3aMeUINTEeNsI B KOMIAKTHBIX PEaKkTopax M peakTopax Ha OBICTPBIX HEUTpPOHAX, a TaK)Ke Marepuaia
3alIATBI. B TO K€ BpeMs OTHOCUTEIBHOIO JIPYroro KOHCTPYKLIMOHHOIO MaTepHajla pPEeakTOpOB —
LUPKOHHUSA M €ro CIUIABOB, MPHUMEHSIOMIErocs Uil M3roToBieHus obosnouek TBOJlos, ruapupoBanue
MIPUBOJNUT K YXYIIICHUI0 MEXaHHYECKUX CBOWCTB M COKpAIlaeT CPOK CIyKObI m3aenuii. CiemoBarensHO,
JUIA aHaIh3a COAEp)KaHMS BOJOPOAA B Marepuaiax TpeOyercs METOJ, IO3BOJIIOMUN C OOoNbIIon
TOYHOCTBIO OIPEIENATh OTHOCUTEIBLHO OOJIBIIME KOJUYECTBA BOAOpoAa u npoduiab ero auddysum a
TaKKe JIErpaJiallii COJEPKAHMSI C TEUSHUEM BpEMEHH.

Juia ompeneneHns comepiKaHWA BOJOPOJA B MaTepHalax HIMPOKO HCTONB3YIOTCI XUMHUYECKHE METOIBI
aHaJM3a, MO3BOJIIONINE ONPEENUTh YCPETHEHHOE TI0 00heMy COJIepKaHUE BOAOPONA M Pa3pyIIaroIIie
oOpazer. JTO HE MO3BOJSIET MPUMEHITH MX B CUTYaIMM, KOTJa Hal 00pa3loM IUIaHUPYETCS MPOBECTH
JIOTIOJTHUTENbHBIE MCTIBITAaHHS (Ha TEIIOCTOMKOCTh HIIM Ha CTOMKOCTh K Koppo3un). Kak ciencrsue, amns
aHaJIM3a BOJOPOIOCOAEPIKAIIUX MAaTEPHAIOB M KOHTPoJs ero nuddysuu Tpedyercst MeTo], 00ajaromuii
HEPa3pyIIAIONIUM XapaKTePOM JUIS MTOCIEAYONUX UCIBITAHUI MaTEPHAIOB M BRICOKHM pPa3peiieHUeM 110
rIryOWHE aHaIn3a, YTO TTO3BOJIMIIO ObI M3YYaTh U3/ENNs C HAHECEHHBIMH 3aIUTHBIMU TOKPBITHSMHU.

Ha mamubIii MOMEHT pa3pab0TaHO MHOMKECTBO SIACPHO-(GU3MUESCKHX METOJOB aHau3a, 00JagaromnTuX
HEpa3pyLIAIONINM XapaKTepoM M TO3BOJSIONIMX PETHCTPUPOBATH HAJIMYUE BOJAOpPOJa B MaTepualax,
OJIHAKO TPHMEHEHHE KaXXIOTO0 OTPaHMYECHO M3-3a CYTH HCIIONB3YIOLIMXCS IpoueccoB. Tak, aHamm3 c
MMOMOIIBIO SIAEPHBIX PEaKIUil  MO3BOJSIET OCYMIECTBIATH TNPSMOE JAETEKTHPOBAHHUE BOAOPOAA U
NpoQUINPOBaHUE PACIPOCTPAHEHUS BOAOPOJAa B Marepuaie, HO He JaeT HUKAKOro MpEACTaBICHHS O
colep)KaHUM HMHBIX 3JEMEHTOB B o0Opasue U TpeOyeT NpHUBICYEHHUS APYTMX METOAOB aHamm3a [l].
[[Iupoko pacnpocTpaHEHHBIH METOJ A/ep OTJa4d MMEET CHIbHBbIC OrpaHHYCHUS 10 TIIyOWHE aHan3a,
YTO TO3BOJISIET MPOBOAUTH aHAN3 TOJNBKO M3ICIHNA 0€3 3aIUTHBIX MOKPBHITHH [2]. MeTon omnpeeneHus
BOJIOPOZIa C MOMOIIBIO pe3epdopaoBckoro oopatHoro paccestaus (POP) anmekTpoHOB, MPennoxKeHHBIN B
pabote [3], oOmamaeT HEOCTIOPUMBIMH JTIOCTOMHCTBAMH B BHUE INPSMOTO JETEKTHPOBAHUS BOAOPOAA U
BBICOKOH UyBCTBUTEIHLHOCTH, HO IIPUMEHNM TOJIEKO K TOHKHM (110 40 HM) TIJICHKaM THAPUIOB.

B nacrosiieli pabote Ui aHanM3a BOAOPOAOCOACPKAIUX MAaTEPUAIIOB TIPEATIOKEH METO]], OCHOBaHHBIH
Ha CIIEKTPOMETPHHU SACPHOTO OOPATHOTO paccesHUsl, MO3BOJSIOMINN KOCBEHHO OOHAPYXHUBAaTh BOJOPOA
MIpH OJHOBPEMEHHOM JJIEMEHTHOM aHallM3e COCTaBa m3/enuii Ha riayOouHy no 100 MKM, 4TO MO3BOJISIET
AHAJIM3UPOBATL MPUTOAHOCTL PA3JIMYHBIX 3alIUTHBIX HOKpBITI/Iﬁ IUIA OpeaoTBpalliCHUSA THAPUPOBAHUA
KOHCTPYKITHOHHBIX MaTEPHAJIOB UJIM BBIXOJA BOJOPO/A U3 AKKYMYJISTOPOB.
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O1-14: Determination of the ionization distance from emitter
surface and ionization zone near surface during field evaporation of
molybdenum at high temperatures

O. Golubev and N. Blashenkov
loffe Physical-Technical Institute, Russian Academy of Sciences, St. Petersburg, 194021 Russia, e-mail:
O.Golubev@mail.ioffe.ru

The phenomenon of field evaporation, according to which surface atoms are evaporated in the form of
positive ions under the action of a strong electric field alone at field strength F, ~ 10 — 60 V/nm has been
known for a rather long time [1]. The field ion point sources using both field evaporation and field
ionization can be interest for various aims of a nanotechnology. The problem of determining a distance
from the emitter surface, at which the formation of ions from field-desorbed atoms take place was
originally set in investigation of field ionization of gases and the typical ionization distance X, for the
most gases 0,45-0.60 nm. During the field evaporation of metals at cryogenic T, ions can be multiply
charged, F., ~ 50-60 V/nm and x. can be smaller than the atomic radius [1] For this reason, it was
commonly accepted that x., in the case of field evaporation has no real physical meaning and atoms are
evaporated in the ionized form directly from the emitter surface. But if field evaporation takes place at
high emitter T, the situation becomes different. Specific features of field evaporation at high T are (i)
sharp drop in the ion charge with increasing of T because of a significant decrease in F., and (ii)
noticeable evaporation activation energy Q, as compared to nearly zero value for the evaporation at
cryogenic T [2]. Once Q, is nonzero the X, can also be more significant. The main task of this work was
to determine a distance from the emitter surface at which Mo atoms transform into ions under evaporation
at high T and F.,. Steady-state field evaporation of Mo at high emitter temperatures T ~ 2000 K has been
studied using a magnetic mass- spectrometer equipped a field ion sources and possessing a mass
resolution of dm/m ~ 1/200. The resolution was enough to observe the ions of all 7 isotopes of Mo with
masses from Mo®” to Mo'?”. The rise of emitter T leads to sufficient decrease evaporation field strength
F., and at the T = 1400 — 2000 K the value was F., ~ 30 V/nm is noticeable smaller then the value F., ~
46 V/nm obtained for field evaporation at cryogenic emitter T. While the mass spectra measured during
field evaporation at room T showed the presence of predominantly Mo ions, an increase of emitter T led
to the appearance of Mo™ and Mo" ions, while the main peak observed at T > 1400 K was due to Mo™
ions. The measured ion energies and F., values were used to determine the critical ionization distance X,
and ionization zone A for single and double charged ions. If for ions Mo the values are X, = 0.51 nm and
A = 0.27 nm then for ions Mo"? these values are x.; = 0.57 nm and A = 0.20 nm. For the process of high
temperature field evaporation at not too high F., these results indicate, first, that Mo atoms are not
evaporated in the form of ions directly from the emitter surface, but are ionized near the surface at a
distance of about two atomic diameters (Mo atom diameter, 0.278 nm) within the narrow zone of width A
~0.20 — 0.27 nm. Second, the fact that the values x' < x°,; and A*> < A' apparently confirm the existing
notion concerning the formation of multiple charged ions during field evaporation, according to which
single charged ions appear first and then exhibit sequential ionization to become multiply charged [3].

l. E.W. Muller and T.T. Tsong «Field Ion Microscopy, Field Ionization and Field
Evaporation»,Pergamon Press, Oxforg, 1979
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02-1: Self-organization and phase transition in the macroscopically
flat lipid multilayers at the surface of colloidal silica
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1. FSRC «Crystallography and Photonics» RAS, Moscow, Russia
2. Kapitza Institute for Physical Problems RAS, Moscow, Russia
3. European Synchrotron Research Facility, Grenoble, France
E-mail: neko.crys@gmail.com

A phospholipid bilayer on liquid substrate can be used as the simplest model of a cell membrane [1].
Previously, the method of preparation of macroscopically flat lipid films with the use of colloidal silica
hydrosols as substrates has been proposed [2]. Due to the specific boundary conditions at air/sol interface,
polar lipid molecules exhibit a spontaneous ordering effect, leading to formation of a regular multilayer.

In this report we present the investigations on the dynamics of self-organization and temperature crystal-
gel phase transition for lipid multilayers with the simultaneous use of specular x-ray reflectivity, diffuse
x-ray scattering and grazing incidence x-ray diffraction techniques. Model phosphocholine (DSPC,
DPPC) and phosphoserine (DMPS) lipid films have been studied; silica sol Ludox FM (particle diameter
5 nm, vol. concentration 16% SiO,, 0.2% NaOH) has been used as substrate. All experiments have been
carried at ID31 beamline of European Synchrotron Radiation Facility (radiation energy E =71 keV,
monochromaticity AE/E ~ 107). Depth-graded distributions of electron density have been extracted from
the specular reflectivity curves by the model-independent reconstruction algorithm [3], then further
refined with the 1-D scattering curves in the frames of distorted-wave Born approximation with
interbilayer interactions’ model according to the smectic liquid crystal theory [4].

According to the obtained reflectivity and scattering data, the lipid film spontaneously forms a regular
multilayer structure in 1-3 hours after the deposition on a sol substrate. Electron density distribution
corresponds to a periodic stack of 4-6 sub-layers with period d close to the thickness of crystallic lipid
bilayer (68 A for DSPC and 65 A for DPPC), while overall thickness of self-ordering region corresponds
to the Debye screening length in silica sol (Ap = 500 A). However, electron density distribution in bilayer
stack exceeds known theoretical values [5] by 10-12%. We assume the latter might be explained with
absorption of Na" ions from substrate within the lipid layer following the electroporation effect [6].

Grazing diffraction scan reveals a single characteristic peak at qy, = 1.48 A" for DSPC and DPPC lipids,
which corresponds to hexagonal crystallic lattice with cell parameter a =~ 4.91 A. Estimated surface area
per one hydrocarbon chain S equals 20.8 A®, being in a good agreement with its theoretical value for
hexagonal crystallic phase of DSPC and DMPS lipids [1].

Additionally, a temperature phase transition in the DMPS lipid layer have been observed. Under ambient
temperature (23°C) DMPS prepared at the surface of silica sol forms an ordered multilayer structure
similar to the described above. Analysis of X-ray reflectivity data shows a regular stack with period
d =152 A. Grazing diffraction finds a single peak at q,, = 1.54 A, which corresponds to the hexagonal
crystallic lattice with cell parameter a =~ 5.03 A. However, after heating the sample up to 40°C the
diffraction peak vanishes while depth-graded lipid stack dissipates, which indicates melting of lipid film.
It should be noted that within a comparable time after cooling the sample (around 3 hours) no evidence of
re-ordering have been found; the latter points that the crystal-liquid phase transition is irreversible for the
DMPS lipid multilayer.

D. M. Small, «The Physical Chemistry of Lipids», Plenum Press, NY, 1986.

A. M. Tikhonov, JETP Letters 92, pp. 394-397, 2010.

I. V. Kozhevnikov, Nucl. Instr. Meth. Phys. Res. A 508, pp. 519-541, 2003.

H. Petrache, N. Gouliaev, S. Tristram-Nagle et al., Phys. Rev. E 57, pp. 7014-7024, 1998.
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02-2: Diffusion effect on nucleation in supersaturated surface
solutions

M. Sorokinl, V. Dubinko? , V. Borodin'
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The nucleation of islands in a supersaturated solution of surface adatoms is considered taking into account
the possibility of diffusion profile formation in the island vicinity [1,2]. In this case the conventional
analytical approach, based on the Fokker-Planck equation (FPE) or similar treatments might fail, because
one has to consider the deviation of the adatom concentration in the nucleus vicinity from the average
one. Indeed, the diffusion profiles of adatoms in the islands vicinity include adatoms previously emitted
by the clusters (Fig. 1), so that the island growth has the memory effect and might lose the Markovian
property, which is prerequisite for the FPE.
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g. l. Processes contributing to the adatom
transport in the zone of influence of a
selected island [1].

Fig. 2. The concentration profiles of adatoms, participating in
the separated absorption (C;) and desorption (C,) processes.
Their sum C;+C, (dashed curve) provides diffusional profile in
the vicinity of a selected island, where both processes are taken

into account.

Even for sufficiently large nuclei, where diffusion profiles of adatoms adjust themselves to the actual
island sizes, the probabilities of absorption and desorption of adatoms at the island interfaces should be
redefined in order to get rid of the current 2 and to use the only the ‘net’ absorption current 1 and
desorption 3 for the evaluation of kinetic coefficients (Fig. 2). When applied to the problem of surface
island nucleation, our treatment predicts the steady-state nucleation barrier, which coincides with the
conventional thermodynamic expression, even though no thermodynamic equilibrium is assumed and the
adatom diffusion is treated explicitly. The effect of adatom diffusional profiles on the nucleation rate pre-
exponential factor is also discussed. Monte-Carlo simulation is employed to analyze the applicability
domain of the Fokker-Planck equation and diffusion effect beyond it. It is demonstrated that diffusional
cloud is tending to slowdown the nucleation process.

1. M.V. Sorokin, A.E. Volkov, «Effect of diffusion on nucleation of two-dimensional nanoislands»,
Phys. Rev. E, 72, pp. 051603/1-8, 2005
2. M.V. Sorokin, V.I. Dubinko, V.A. Borodin, «Applicability of the Fokker-Planck equation to the

description of diffusion effect on nucleation», Phys. Rev. E, 95, pp.012801/1-8, 2017
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02-3: Metallic nanoparticles self-assembled in organic matrix:

morphology and the electronic properties
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Today, the information technologies have impetuous spreading in all spheres of our life due to
simultaneous super miniaturization, increase of performance and, consequently, expansion of the scope of
functions provided by next generation of mobile gadgets. In this regard, more capacious, robust, compact
and faster memory storages have an enormous demand. Resistive random-access memory (RRAM) would
revolutionize the information technology industry [1]. Materials with a high on-off resistance ratio, e.g.
hybrid organic—inorganic systems, mainly consisting of inorganic nanoparticles blended into an organic
matrix could become the basis for RRAM. Properties of the hybrid organic-inorganic systems composed
of metallic nanoparticles distributed in an organic matrix as a function of nominal metal content was
studied by transmission electron microscopy and by surface- and bulk sensitive photoelectron
spectroscopy [2-4]. The properties of the nano-composite thin-film are supposed to be significantly
dependent on their microstructure, i.e. the size, concentration, bulk- and size-distribution of nanoparticles.
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Figure 1. (a) High resolution TEM image of defect-free gold nanoparticle, taken at 0.4 nm of
deposited gold (JEM 2100, 200 keV). (b) TEM image of CuPcF, organic films with embedded gold
nanoparticles for nominal gold coverage of 1.2 nm; Inset: Electron diffraction pattern for corresponding
deposition, which prove that diffraction originates from gold NPs with ordinary fcc structure. (c)
Histogram with size distributions of gold NPs, taken from electron micrographs of (b).

J.C. Scott and L.D. Bozano, Adv. Mater., 19, p.1452, 2007
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0O.V. Molodtsova, .M. Aristova et al., J. Appl. Phys., 115, p.164310, 2014
S.V. Babenkov, O.V. Molodtsova et al., Org. Electr., 32, p.226, 2016
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02-4: Microspherical FeFe,O, particles massive forming by rotating
magnetic field
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In current paper, a novel method, based on a dipole interaction of magnetic spherical particles FeFe,O, in
an external rotating magnetic field (ERMF) of highly ordered three-dimensional arrays formation is
proposed. According to obtained photo and video materials of application, the transfer of an array of
particles from a fibrous dispersed to a cubic face-centered dense packaging described.

The structure of dense packing particles array obtained from the effect of an ERMF interaction with
internal magnetic field of the particles presented at Fig.1. The formation of such arrays in ERMF can be
described in several stages:

- nucleation and formation of two centers with the maximum intensity of the magnetic field in the volume
of the array, with oppositely rotating particles;

- increasing number of particles involved in rotation in these centers;

- merging of two centers until the formation of a homogeneous density of a bulk array of particles.

The ferromagnetic properties of this material are manifested equally in all directions of the main axes of
the FeFe,O4 crystal lattice from the action of the ERMF and allow one to react quickly to changes in the
angle of rotation of the external magnetic field. This behavior of particles is fully explained by the
presence of magnetic properties in the ferromagnetic particles used, with a narrow hysteresis loop and the
cubic lattice structure.

Possibility of forming the structure of magnetic particles with a given geometry opens new perspectives
in various science fields, from microelectronic engineering fields to controlled filtration creation with
external rotating magnetic field application.

Fig 1. SEM-images of magnetic particles layer at x130 (a) and x35 (b) magnification.

1. Li Y. H., Chen C.Y., Sheu S.T., Pai J.M. «Dynamics of a microchain of superparamagnetic beads in
an oscillating field». Microfluidics and nanofluidics. T-13, Ne 4, C 579-588, 2012.

2. J.H.E. Promislow, A.P. Gast, and M. Fermigier. J Chem. Phys., vol. 102(13), pp. 5492-5498, 1995.

3. Mopctkuii U.A. «Aunammueckoe ¢unpTpytomee ycrpoiictBo» Ilarent P.®. Ne 2544695 ot
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02-5: Self-organization processes in silicon substrates with a buried
glass layer exposed to an annealing in non-isothermal reactor

Yu. Denisenko
Yaroslavl Branch of the Institute of Physics and Technology, Institution of Russian Academy of Sciences,
Yaroslavl, Russia, E-mail: den-yur55@mail.ru

The artifacts of a modifying the defective subsystem of (001)-oriented silicon substrates subjected to co-
implantation with high concentrations P and O ions and two-stage annealing were studied [1]. In the first
stage of annealing, the substrates were exposed to the S5-minutes lamp heat treatment in the non-
isothermal reactor. Here, the temperature difference between “cold” and “hot” sides of the substrate
varied from 1.5 to 3.5 °C dependent on its average temperature 7 (Fig.1). The second stage of annealing
was represented by usual isothermal procedures in the usual furnace (1150 °C, 1 - 4 h), after the cleaved
specimens were studied using scanning electron microscopy. The panoramic SEM images reveal
information indicative of both nanostructuring of void defects in a near-surface layer and two kinds of
self-organization processes in it. The first type of defect structure is set of octahedron pores surrounded
by {111} planes (non-isothermal “prehistory” conditions: average 7=1100 °C, grad T > 0). The pores
arise from self-organization process and governed by the coalescence of several stable pores to form a
single one. The second type of the defect structures is a set hollow nanotubes oriented along axes of screw
components of misfit dislocations (non-isothermal “prehistory” conditions: average 7= 900 °C, grad T >
0). The formation of this type defect structures reflects adequately dislocation self-organization
process in the dissipative system. For example, due to lack of ability of energy dissipation by a controlled
motion of dislocations, a spontaneous rearrangement of dislocation subsystem can occur. A blocking of
the motion by impurities (oxygen, phosphorus) can cause to an evolution of the subsystem, and plastically
dissipated energy spends on formation of new defects. One of the basic elements of such rearrangement
may be a pinning process that restricts the passage of a dislocation by a glass layer. In that case, a creation
of the helical turn on the screw dislocation can occur. The formation of nanotubes is accompanied by pipe
diffusion of vacancies and their coagulation in the core of the dislocation to form a continuous, hollow
channel along its axis.

For all substrates, which had been faced to the lamp irradiation in non-isothermal reactor (average T
varied from 1100 to 900 °C, grad T < 0), a plastic flow of surface material by dislocations movement
along the slip systems <110>/ (111) took place. With increase isothermal annealing time up to 4 hours,
the stresses led to the formation of regular array of microcracks. In the control specimens without any
non-isothermal “prehistory” no formation of a void defect structure occurred.
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Figure 1. The arrangement of a temperature gradient across the depth of silicon substrates in the non-isothermal
reactor.

1. Yuri. I. Denisenko and Valery. 1. Rudakov, «Formation of nanoporous structure in silicon
substrate using two-stage annealing process», International Conference on Micro-and Nano-Electronics
(ICMNE-2016), Moscow-Zvenigorod, Russia. Issued by International Society for Optics and Photonics,
2016, 10224-70

26



02-6: Vanadium surface oxidation under oxygen ion bombardment

N. Alov
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The growth of oxide layer on vanadium surface induced by oxygen ion bombardment was studied by
angle-resolved X-ray Photoelectron Spectroscopy (ARXPS). On the basis of fine structure analysis of V
2p spectra it was concluded that under the oxygen ion bombardment at room temperature the ion-beam
induced surface oxidation of vanadium occurs and the oxides V,03;, VO, and V,0s are formed in the
surface layers. After long time of ion irradiation VO, is predominating in the oxide film. Different
population of individual vanadium oxidation states is obtained with thin oxide films produced by thermal
oxidation. The differences observed are caused by different radiation stability of vanadium oxides formed
under the oxygen ion-beam irradiation. The distribution of individual vanadium oxidation states within
the oxide film was determined. The ARXPS spectra measured at different detection angles show that the
distribution of individual oxide states within the oxide layer formed by oxygen ion bombardment is not
homogeneous. The outer part of the oxide film being enriched by V,0s and the lower oxides present
predominantly in the inner region of the oxide film.
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nanostructures during plasma treatment of epitaxial Pb,_,Sn,Te
films
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Pb;—.Sn, Te solid solution, which is widely used in optoelectronics, is currently receiving great new
interest due to it demonstrating topological insulator properties at room temperature for x > 0.6. One of
the most prospective approaches to the enhancement of its properties is the nanostructuring of the
topological insulator surface. The aim of this work was to study the dynamics and the mechanisms of the
formation of nanostructures, which take place during the plasma treatment of the Pb;_.Sn,Te surface.
Initial epitaxial Pb,_,Sn,Te films with 2 um thickness were grown on BaF,(111) substrates using
molecular beam epitaxy [1]. The plasma treatment of the films was carried out in radio-frequency
inductively coupled argon plasma [1]. The RF bias power was 300 W, the treatment duration was varied
in the range of 10-60 s with additional 10-15 s second stage treatment. The study of the surface
morphology of the films was performed with scanning electron microscopy (SEM) using the Supra 40
microscope. The films discussed in this report had x = 0.4. The initial film surface was flat with triangular
dislocation exit pits. The density of the pits was 7-10° cm™. After the 20 s plasma treatment, the pits were
partially etched and obtained a hexagonal shape according to crystallographic properties of the film, with
the simultaneous formation of a ripple relief with ~10 nm height. After the 40 s treatment there took place
a full removal of the pits and a formation of array of inclined vertical nanostructures with spherical “caps”
on their tops with 30-50 nm diameter (fig. 1). Their height was up to 150 nm and the density was 4-10°
cm °. Finally, after the 60 s treatment the height of the resulting nanostructures increased up to 370 nm,
while the density decreased to 2-10° cm ™. The nanostructures also now had a more conical vertical shape.
Additional second treatment resulted in a removal of the “caps” and the increase of the uniformity of the
nanostructures with them obtaining a cubical shape in [111] orientation. The “caps” indicate that the
nanostructure formation includes the vapor-liquid-solid mechanism, while a transition to a conical and
cubical shape is due to a micromasking mechanism and anisotropic physical sputtering, respectively.
Therefore, the results of this report show a capability of the variation of the shape and size of

nanostructures on the Pb;_,Sn,Te surface during plasma treatment.
= - v : e -

Fig. 1. SEM image of the nanostructures on the surface of the Pby ¢Sng 4Te film aftéf the 46 S plasma( treatment.

1. S.P. Zimin, L.I. Amirov, E.S. Gorlachev, V.V. Naumov, E. Abramof and P.H.O. Rappl, «Plasma
sputtering of Pb,_,Eu, Te films with varied composition and structure», J. Surf. Investig. X-ray, Synchr.
Neutron Techn., 10, pp. 623-626, 2016
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The formation of new Si-based materials with enhanced light absorption is of great importance for the
development of high efficient photodetectors. A possible approach for enhanced light absorption is
connected to excitation of localized surface plasmons after interaction of photons with nano-cavities,
metallic nano-shells and nano-particles. The plasmonic excitations are then transferred to the
semiconductor to generate additional electron-hole pairs.

The concept of this study is based on self-organized formation of voids in strained Si/SiGe(Sn) hetero-
structures. The effects of strain-driven self-assembly of nano-voids in ion-implanted Si/SiGeSn/Si layers,
gettering and segregation of impurities and formation of buried nano-shells and nano-dots of Ge, Sn and
Au in Si layers located nearby of a p-n-junction are the main features of our approach.

Strained structures of Si/SiGe(Sn)/Si are grown in a solid-source MBE instrument. To suppress strain
relaxation during growth, the thickness of the SiGe layers is chosen below the critical level for their
relaxation. The samples are then implanted with 60-keV He" ions followed by high temperature annealing
to create 2D layer of self-assembled nano-voids.

It is registered by transmission electron microscopy (TEM) that the Si/SiGe/Si layered system is strained
after both MBE growth and following high temperature annealing. Ion implantation of He" results in
formation of a 2D array of near-spherically shaped voids at a depth of 500 nm. The voids are of 10-25 nm
in size, and they are exclusively adjusted with the original SiGe strained layer. Most of the voids are of
facetted tetrakaidecahedron shape which is close to the equilibrium for Si.

Thermal annealing of ion implanted Si/SiGe/Si structure with deposited Au results in the accumulation of
Au in the voided SiGe layer. Depending on annealing temperature, segregated Au atoms cover the walls
of the voids or create metallic nanodots. High temperature (850°C) annealing results in bulk Au-Si
eutectic phase formation.

Optical measurements of the Si/SiGe/Si samples show a successive increase of the reflectivity in the
spectral range of 800 — 1800 nm after Au deposition, He" implantation and high temperature annealing. A
comparison with the plan-view TEM pictures of the Au-coated surface evidences that the major
reflectivity changes are due to plasmonic-related light scattering on the Au nanoparticles. Impact of
structural transformation in the Si/SiGe layers on spectral dependence of the photocurrent in the Si/SiGe
structures will be reported as well.

It will be discussed in the talk that metallic nano-shells possess unique, geometrically tuneable optical
resonances. In contrast to solid metallic nanostructures, which exhibit only a weak tunability with size or
aspect ratio, the optical resonance of the nano-shells is very sensitive to geometry of the metallic shells.
By varying the relative core and shell thicknesses, the absorption and scattering properties of metallic
nano-shells can be varied in a broad range of the optical spectrum. Another favorable difference of
metallic nano-shells as compared to nanoparticles is their potentially higher resistivity that might be
useful to overcome the problem of the Ohmic dissipation channel for plasmonic excitations. Metallic
nano-shells can be made to either preferentially absorb or scatter light by varying the size of the particle
relative to the wavelength of the light at their optical resonance with a possibility to tune the plasmon
resonance of nano-shells into the near-infrared region of the spectrum. Finally, special attention will be
devoted to possible plasmonic structures for the enhancement of the efficiency of Si-based
photodetectors.
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It has been known, that high-fluence noble gas and nitrogen ion irradiation of polyacrylonitrile carbon
fiber with energies 10-30 keV can lead to ion-induce surface corrugation, when fiber modification into
depth for an order of magnitude of ions projective range 10-50 nm leads to quasiperiodic micro-relief
formation on a fiber surface with height and period of corrugated elements 0.3 — 1.0 um [1]. In present
article regularities of corrugation in one-dimensional carbon composite KUP-VM reinforced by VMN-4
carbon fibers have been observed under 30 keV Ar’ ion irradiation at variable temperature range from
250 to 600 °C. SEM microscopy and laser goniophotometry were used to determine the temperature
dependences of period, face slopes and height of ion-induced corrugations, see Figure 1. It has been found
that
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Figure 1. SEM image of corrugated VMN-4 fiber morphology after high-fluence (6-10'®cm?) Ar" ion irradiation

of KUP-VM composite at temperature 600 °C and distribution f(B) of the slope angles of the corrugations (a) and
temperature dependencies of the slope angles B, B, (b)

significant corrugation occurs at temperatures 250 and 600 °C, in contrast to irradiation at 400-500 °C,
where the temperature dependence of the corrugation slope face angles shows a minimum. This feature
can be associated with general regularities of the radiation dimensional changes in graphite materials [2].
In particular, it was shown in [3] that under neutron irradiation the temperature of about 400°C separates
the shrinkage of carbon-based materials at low temperatures and their swelling under elevated

temperatures. A special experiment with the masking of ion irradiation shows carbon fibers shrinkage
after irradiation at temperatures 300 ° C and their swelling after irradiation at 600 °C.

1. N.N. Andrianova, A.M. Borisov, E.S. Mashkova, E.S. Parilis, Yu.S. Virgiliev, «lon-Induced

Modification and Crimping of Carbon Composite Fibersy», Horizons in World Physics, 280, pp. 171-190,
2013.

2. T.D. Burchell, «Radiation Effects in Graphite and Carbon-Based Materials», MRS Bulletin, 22,
pp. 29-50, 1997

3. Yu.S. Virgil’ev, L.P. Kalyagina, «O mehanizmah radiacionnogo formoizmeneniya grafitay,
Atomic Energy, 31, pp. 497-503, 1971 (in Russian)
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Boron-containing materials are widely used as materials of nuclear reactors. Under normal and
emergency conditions of nuclear reactors, these materials are exposed to ionizing radiation and
temperature in contact with the coolant-water [1-3]. Therefore, in order to reveal the patterns of defect
formation in boron-containing materials and the accumulation of explosive gas mixtures (H, + O,), it is
necessary to study the regularities of radiation-heterogeneous processes in contact with coolants in a
reactor environment.

In order to refine the mechanism of radiation-heterogeneous processes in the B,O; / SiO, + H,O system,
the kinetics of accumulation of molecular hydrogen in the radiolysis of water in the presence of
borosilicate at room temperature T = 300 K was studied. The kinetics of the accumulation of molecular
hydrogen under heterogeneous radiolysis of water in systems [B,Os; / SiO, + H,O] and [B,O; / SiO, +
H,0,] has been studied.

On the basis of the initial linear sections of the kinetic curves, the values of the velocities and the
radiation-chemical yields of hydrogen in the systems studied are determined. The values of the velocities
and radiation-chemical yields of molecular hydrogen in radiation-heterogeneous radiolysis of water in
two states at T =300 K are given in table 1.

Table 1.
The values of the velocities and radiation-chemical yields of molecular hydrogen under radiation-
heterogeneous radiolysis of water in two states at T = 300 K

Ne Irradiated systems W(H,), G(H,),
T=300 K molecul-g'1 5! molecul/100eV
1 B,05/Si0,+H,0 8,33-10" 0,51
2 B,03/810,+H,0; 5,56:10" 3.4

In addition, as seen from the table, when heterogeneous radiolysis of water in the state of complete
coating of the layer of borosilicate (borosilicate + H,0O,), the observed values of the radiation-chemical
yields of hydrogen are about 6.6 times greater than in heterogeneous radiolysis of water in the adsorbed
state on the surface borosilicate. This indicates that in the case of borosilicate in the water volume there is
an effective transfer of energy from the solid phase to the water molecules.

1. Gasanov A.M., Samedov E.A., Melikova S.Z. «Structural peculiarities of borosilicates and its
correlation with radiation-catalytic activity», Radiation Safety Problems in the Caspian Region. NATO
Science Series. IV Earth and Environmental Sciences, v.41, pp.23-27, 2005

2. Melikova S.Z., Garibov A.A., Gadzhieva N.N., Nadzhafov A.l. «Peculiarities of
radiothermoluminescence of gamma-irradiated borosilicatesy, Surface Engineering and Applied
Electrochemistry,v.49, Ned, pp.326-330, 2013

3. Garibov A.A., Melikova S.Z., Ismailov Sh.S. «Defect formation in borosilicates by a resistance
method y-quantum irradiation», Journal of Radiation Researches, v.1, Nel, pp.62-65, 2014
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Super ionic conductors (SIC) are defined as solid compounds with unusually high ionic conductivity o;
(e.g. mobile ions H', Li", Cu’, Ag', F', O") far below melting point and even at 300 K. Their conductivity
may be purely ionic o; required for solid electrolytes (SE), which used for supercapacitors and batteries.
Other compounds show mixed conductivity with both high o; and electronic o, . Such solids have
applications mainly as electrodes in fuel cells and batteries. Among all solid ionic conductors, we
distinguished a new class of advanced superionic conductors (AdSICs) whose crystal structure is close to
the optimum for fast ion-transport (FIT) and determines a record-high level of ion-transport
characteristics (0;=0.3 Cm/cm at 300 K, activation energy FE,~4 kzT300 = 0.1 eV) [1-2]. The central
challenge in ionics of AdSICs is the influence of atomic structure on the ion-transport and polarization
processes in the space charge region of a AdSIC/ electronic conductor heterojunction, which is the key
functional element of nanoionic devices. In this work, the descriptors based on a group of symmetry of a
rigid sublattice and local symmetry of interconnected interstitial sites among which ions move are
formulated for AdSICs. We reveal a fundamental relationship between anion packing and ion transport in
AdSICs and expose the desirable structural attributes of fast solid ion conductors. It is shown that it is
characteristic 3D — percolation network of FIT tunnels in the AdSIC structure. We find that definite cubic
space groups such as Im3m and P4,32 for anion frameworks, which allow direct hops between adjacent
tetrahedral sites, are most desirable for achieving of highest o;. The AdSIC is formed during phase
transitions when one sublattice of initial structure «fuses» and transforms into «liquid-like» state. Thus,
there is a co-operative excitation of ions and their transition from normal lattice sites of initial lattice into
interstitial sites of “rigid” sublattice, which is reconstructed, forming more close-packed structure.
Diffusion mechanisms for SE with various concentrations of mobile defects are discussed.

A creation of 3D - percolation networks of low-energy pathways for mobile ions plays the central role for
design of materials with high o;. It is proposed 3-D design of ionic conductors at different levels of scale:
atomic level is on the scale of elementary cell (it is characteristic structural feature of AdSIC); mezo level
- domain structure, micro- level polycrystalline structure (Fig.1).

T, Electric field gm SIC

Fig.1 Various levels of organization of 3D -network of ion transport pathways

The important role of the coherence of heterojunctions and grain boundaries (GB) in AdSIC is
underlined. Structural models of some special GB are presented. It is shown a new distinctive property of
AdSIC among other solid ionic conductors: it is absence of the universal dynamic response. In the frame
of new nanoionic fundamentals, ways of creating coherent and semi-coherent interfaces in
supercapacitors with carbon based composite electrodes and high quantum capacitance are discussed. The
atomic structure models of interfaces between AdSIC and composite electrode, including advanced
carbon nanostructures such as graphene and/or ropes of single wall carbon nanotubes are presented. We
think these findings provide important insight into ion-transport in AdSICs and serve as design principles
of new nanoionic devices.

1. A.V. Andreeva, A.L Despotuli, «Interface design in nasystems of advanced superions
conductorsy, lonics, 11, pp.152-160, 2005.
2. A.L Despotuli., A.V. Andreeva, B.Rambabu, «Nanoionics od advanced superionic conductorsy,

Ionics, v.11, pp.306-314, 2005.
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This work initiated the research program in the field of “dynamic non-linear ionics”. The canonical
physical-mathematical formalism for the description of ion transport in solids is based on the concept of a
regular crystalline potential landscape, i.e., the heights # of potential barriers are const. However, the
variation of # with space coordinate can be considerable in objects of solid-state ionics. For example,
local regions with # variation ~0.5 eV/nm exist in disordered solid electrolytes (SE) and in crystals of
superionic conductors. Various degrees of ordering occur near surfaces and in the region of interphase
and intercrystalline boundaries where specific ion dynamics can arise on the nanoscale due to a non-
uniform potential landscape. Besides, despite the importance of nanoionic impulse devices with fast ionic
transport (FIT), their development at modern level (i.e., by using numerical simulation methods) is
currently not possible. The reason is absence of basic (conventional) theory of ionic hopping transport on
nanoscale. In order to solve this problem a theoretical system -"structure-dynamic approach (SDA) of
nanoionics" [1-3] was created. It allowed carrying out the computer experiments and describing the
relationship between the ionic transport, space charge distribution, dielectric polarization and energy
dissipation in model SE-nanostructures (heterojunctions etc.). SDA gives a description of dynamic
behavior of nano-systems with FIT in a non-uniform potential landscape. It introduces some new physical
quantities such as Maxwell displacement current on a potential barrier, effective field, size factor etc.

In SDA, the sequence of cause-consequence relations is the following: impulse or harmonic external
action G(f) — appearance of ¢-dependent distribution of excess charges on the system of the
crystallographic planes {X'} (minima of potential landscape) in the nanostructure — appearance of non-
uniform electric field F(r, f) which is induced by excess charges — changes in the 7(r) barrier heights on
the value of field additives £Xr, ) — the change of ionic transport kinetics determined at G(¢#)<<p (where
the parameter p is defined by conditions of the problem) by the sum of (Xr, ¢) field additives — ¢-
dependent non-linear response of nanostructure.

Computer experiments have shown the prognostic efficiency of SDA. For the first time the physical basis
of the emergence of “universal” dynamic response (Jonsher’s law) Rec*oxc @' (n ~<1) was revealed in SE-
nanostructures, i.e., the real part of the complex conductivity Rec*is a power function of the frequency @
of external action. It is shown that with increasing @ of the external influence the areas with comparable
values of ionic conductivity and Maxwell displacement currents are not disappear in the samples with
non-uniform potential landscape. This leads to about constant angle of phase shift between current and
voltage on the sample electrodes. The obtained result explains the methodology of impedance
spectroscopy, which uses the term "element with a constant phase shift”. These "elements" (with
unknown physical content) include formally in equivalent electrical circuits for the fitting of their
dynamic response to experimental data.

In computer experiments for realistic (by geometry) models of SE-nanostructures we discovered the
dimensional factor .The knowledge of this factor is important because it allows using on nanoscale the
concept of «effective uniform field» and approach of the electrostatic Gauss field. It is shown that the

dimensional factor is determined by the smallness of an average distance 7, between ions of mobile type

in materials with hopping conductivity. The obtained result is formulated as a reciprocity theorem
between excess charges and field additives to 7. It is found that objects of nanoionics should be
considered as dynamical non-linear systems, which key parameters depend on external influence. The
nonlinearity of SDA-equations is shown to manifest itself in non-commutativity of operators of a current
generator.

1. A. L. Despotuli., A. V. Andreeva. «Maxwell displacement current and nature of Jonsher’s “universal”

dynamic response in nanoionics», lonics, 21, pp. 459-469, 2015.

2. A. L. Despotuli., A. V. Andreeva. «Method of uniform effective field in structure-dynamic approach of

nanoionicsy, lonics, 22, pp. 1291-1298, 2016.

3. A. L. Despotuli., A. V. Andreeva. «Dimensional factor and theorem of reciprocity in structure dynamic
approach of nanoionics» (in press), 2017.
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The method of electrochemical etching is based on the anodization of silicon wafers in a solution of
hydrofluoric acid. Porous silicon anodes obtained by this method demonstrate long cycle life and are
promising for practical use. For example, the anodes we obtained earlier on the basis of regular
macroporous structures with sufficiently thin walls provide the work of the anode for 1400 cycles at a
capacity of 1000 mAh/g, maintaining a high Coulomb efficiency 99% [1]. However, the bottleneck for
practical application of such anodes is the high cost of monocrystalline silicon wafers of microelectronic
quality. The anode price can be significantly reduced when we use solar-grade silicon wafers.

In the present work we study formation of macropores in the breakdown regime controlled with light.
For photo-electrochemical etching we used textured samples of n-Si (100) with the resistivity of
p =3 Ohm * cm, the hole lifetime 1, = 1 ms and the thickness of 180 um. The experiments were carried
out in three different electrolytes: the 4% hydrofluoric acid solution on the aqueous basis, on the basis of
30% hydrogen peroxide and on the basis of organic solvent: dimethylformamide (DMF). The samples
were illuminated from the backside. We studied the effect of illumination intensity and voltage applied to
the silicon-electrolyte interface on the morphology of the pores, porosity, valence and etching rate. The
conditions for the transition from the regime of cylindrical macropores with smooth walls to a breakdown
regime with secondary pores of different crystallographic orientation were determined. It was found that
the layers obtained in DMF have the highest porosity (up to 60%). On their basis, we prepared
membranes and fabricated anodes with copper contact. The anodes were tested in coin-like cells CR2032
with respect to the lithium counter electrode at room temperature. The electrolyte was 1M LiPF¢ in a
mixture of EC/PC/DEC/EMC/MA (TC-E810 Tinci). Cycling of anodes was carried out in the
galvanostatic mode in the voltage range from 10 mV to 2 V. The charge capacity was restricted by Q =
1000 mAh/g. Charge / discharge time is 5 hours.
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Fig. 1 Breakdown  pores with different Fig. 2 Morphology of the pores formed under

crystallographic orientation, obtained in DMF at the the periodic change of voltage during the

voltage of 10 V etching in DMF: transition from the
cylindrical macropores to the breakdown
pores and vice-versa.

1. G.V. Li, A.M. Rumyantsev, V.S. Levitsky, E.V. Beregulin, V.V. Zhdanov, E.I. Terukov, E.V.
Astrova. «Application of Silicon Zig-zag Wall Arrays for Anodes of Li-ion Batteries» Semiconductor
Science and Technology. v.31, 1, Ne 014008 (8pp), 2016
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In this paper we study the degree of separation of methane-helium mixtures using classical molecular
dynamics in meandering channels. Curved channels are used for the object of investigation, the walls of
which are composed of diamond nanoparticles of radius 4 nm. The calculations show that the tortuosity of
the channel itself is a selectivity factor in the problems of passing molecules through nanoporous layers.
The obtained results also make it clear that it is possible to isolate a certain frequency of velocity
oscillations associated with the initial velocity of molecules and the width of the curvilinear channel.
Mathematical modeling proved to be simple and effective in the case of using ideal spheres of carbon
material as nanoparticles. In this case, a centrally symmetric interaction potential can be used for
calculations, and fragments of a nanoporous structure can be made from balls!"). Having thus constructed
a curved channel, we obtain an unobvious result, that the tortuosity of the channel appreciably inhibits
methane molecules, thereby increasing the selectivity of the separation of the methane-helium mixtures
separated by layers of compacted carbon nanomaterials.
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Fig. 1. Path of methane molecule launched with an initial velocity of 450 m /s
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Fig. 2. Path of the helium atom launched with an initial velocity of 900 m /s

1. Rudyak V.Y. «The -calculation and measurements of nanoparticles diffusion
coefficient in rarefied gases» J. Aerosol Science. —2003. — Vol. 34, suppl. 1. — P. 579-580. 97
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Influence of interaction between n-ZrO, and n—Al,O; on their radiation and catalytic activities in
the process of hydrogen production from water is investigated. It is established that as a result of
interaction between n-ZrO, and n-Al,O; the new phase n-ZrO,-n-Al,0O; is formed that leads to
reduction of radiation and catalytic activity in comparison with separate components and the
additive sum of their activities.

Regularities of dependences of radiation and catalytic activity from the maintenance of
components of the n-ZrO, - n—Al,O3 system are received in the process of hydrogen production.
Mechanisms of processes of energy transfer and transmission in the studied nano dimensional
systems are offered.

Taking into account these factors, values of length of a free run of electrons in the volume forms
of AL,O; are determined in next cases: Le,=10°nm at electrons energy E, =10eV, and L.,=10nm
at Eg=103eV [26]. Therefore for radiation and catalytic processes in case of classical volume
forms of catalysts samples, usually the sizes of pores R are more than 10+10’mxm. Therefore the
main part of carriers of charges are localized and recombined in the volume centers and don't
reach a surface. When matching the size of a particle of nano-oxide systems for radiation and
catalytic decomposition of water we were guided by the principle R < L. In these oxide systems
the nonequilibrium carriers of charges formed under the influence of gamma radiations can come
to a surface and near-surface amount of nano-oxides. The surfaces of nano-oxides are
characterized by big concentration of defective conditions and especially anion vacancies.
Coordination and nonsaturated cations on a surface create the acceptant centers with various
force as concentration of the acceptant centers in nano-ZrQO; is more, than in nano-Al,Os.

Thus in case of radiation and catalytic processes of decomposition of water thanks to effective
transformation, energy transfer, availability of the strong acceptant centers of a surface and
nanodimensional spaces between particles, and also to participation of secondary electronic
radiations from nano-catalysts, high yields of molecular hydrogen can be reached.
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Gallium phosphide (GaP) is a III-V semiconductor with a wide indirect band gap of 2.26 eV used in
light-emitting devices and detectors of ultraviolet radiation. Nowadays an exploding interest in this
semiconductor is related to applications as photocathode material for solar-driven water splitting [1].
Performance of semiconductor devices is determined in a great extent by electronic structure of the
semiconductor surface. Therefore, modification of the surface electronic structure is one of the most
urgent problems in the semiconductor physics and technology. Passivation with sulfide solutions is
known to remove the native oxide layer and to form a thin sulfide surface layer which can result in the
reduction of the density of the surface gap states. As it was shown on the example of GaAs(100) surface,
the solvent of the sulfide solution can modify essentially chemical and charge transfer processes at the
semiconductor/solution interface, as well as surface passivation efficiency [2].
The objective of the present study is to elucidate the role played by solvent of the sulfide solution in the
electronic structure modification of the GaP(100) surface. The surface electronic structure is investigated
by synchrotron photoemission spectroscopy (SXPS) and reflectance anisotropy spectroscopy (RAS).
SXPS data showed that the n-GaP(100) surfaces treated with aqueous or alcoholic solutions of
ammonium sulfide [(NHy4),S] exhibit complex solvent-depended electronic structure. In particular, the
valence band maximum determined with respect to Fermi level, as well as the core level binding energies
of the sulfide layer measured with the most surface sensitive mode are found at 0.75-1.0 eV higher
binding energies once the n-GaP(100) surface was treated with the solution of (NHy),S in 2-propanol,
instead of aqueous (NH,),S solution. That is in the top near-surface layer (~15 A thick, when the valence
band edge is measured with the excitation energy of 90 eV) of the n-GaP(100) treated with the solution of
(NH4),S in 2-propanol the flat bands
conditions are achieved, whereas the same
near-surface layer of n-GaP(100) treated with
the aqueous (NH,4),S solution is characterized
by an upward band bending of about 0.75-1.0
eV. On the other hand, when the valence band
edge spectra are measured with the excitation
energy of 650 eV (information depth is ~50 A)
the band bending of the n-GaP(100) surface
treated with both solutions is nearly the same.
RAS allows investigating of the surface
0,000 = v electric field of the bapd ben.ding region. For
“Photon en ergy Y (100) surfage f)f cpblc §emlcondgctors, the
value of derivative-like anisotropy signal AR/R
in spectral region of balk optical transition E;
Figure 1. RAS of n-GaP(100): native-oxide-covered at near 3.7 eV is proportional to surface
surface (1); surface treated with the solution of (NH4),S in  electric field. As it seen, after the sulfide
2-propanol (2); surface treated with aqueous (NH,),S  treatment in 2-propanol sulfide solution (Fig.
solution (3). 1) the derivative like structure near 3.7 eV
almost disappears indicating that the surface
electric field deceases at least by a factor of
10. For the surface treated with aqueous sulfide solution such an effect is smaller (Fig. 1). In contrast, for
p-GaP(100) the sulfide treatments cause an increase of surface electric field by a factor of 3.

o002 L GaP-ntype

AR/R

0,001

1. M. Malizia, B. Seger, 1. Chorkendorff, and P. C. K. Vesborg, «Formation of a p—n heterojunction
on GaP photocathodes for H, production providing an open-circuit voltage of 710 mV», J. Mater. Chem.
A 2, pp.6847-6853, 2014
2. M. V. Lebedev, «Passivation at semiconductor/electrolyte interface: Role of adsorbate solvation
and reactivity in surface atomic and electronic structure modification of III-V semiconductor», App!.
Surf. Sci. 254, pp.8016-8022, 2008.
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03-2: Poly-Si and a-Si films on SizN,/SiO, / ¢-Si artificial substrates

K. Chizhl, L. Arapkinal, 0. Uvarovl, V. Kalinushkinl, V. Yuryevl,

A. Novikau?, S. Prakopyeu?, O. Nalivaiko®, P. Gaiduk®
1. A. M. Prokhorov General Physics Institute of RAS, Moscow, Russia, E-mail: chizh@kapella.gpi.ru.
2. Belorussian State University, Minsk, Belarus, E-mail: novikaua@bsu.by. 3. JSC “Integral”’, Minsk,
Belarus

Low temperature formation process of columnar poly-Si on Si;N, dielectric substrates is required for
many practical applications including diode bolometer IR detectors, which are presently of interest due to
possible mass production using CMOS manufacturing cycle [1]. We deposited Si on SizN4/Si0,/Si(001)
substrates at several temperatures: 300, 420, 450, 500 and 650°C. The samples grown at different
temperatures after their cooling have been studied by RHEED. Results demonstrate transformations of the
silicon structure with the increase of the deposition temperature. A uniform halo observed in RHEED
patterns of the samples grown at 300°C corresponds to the uniform amorphous Si phase. Some signs of
ordering looking as wide rings are present in diffraction patterns of Si deposited at 420°C. For Si grown at
450°C, a pattern corresponding to the polycrystalline phase with some degree of grain ordering to the
columnar structure is observed (some diffraction rings are seen as segments). Samples produced at 500°C

demonstrate a more pronounced segmental diffraction pattern, which is interpreted as a fingerprint of a
more regular columnar structure. RHEED patterns mostly composed of rings with some segmental
reflexes, resembling the pattern of the samples obtained at 450°C, are registered for Si grown at 650°C.

4

Figure 1. TEM images of the sample Figure 2. TEM images of the sample Figure 3. TEM images of the sample
with a Si film deposited at 77 = with a Si film deposited at 77 = with a Si film deposited at 7 =
300°C; 1 - Si film, 2 - SizN4, 3 - 450°C; 0 is epoxy, ‘@’ is a-Si and ‘p° 500°C; designations are the same as
Si0,, 4 c-Si. is p-Si in Fig. 1;

Details of these structural transformations have been revealed using high resolution transmission electron
microscopy. As it is seen from Fig. 1, a homogeneous layer of amorphous Si is formed at 300°C. The HR
TEM images completely correspond to the RHEED pattern of this sample. Images of the samples grown
at 450°C (Fig. 2) are in a drastic contrast to those of Si deposited at 300°C. Crystallization of Si starts at
the distance of about 100 nm from Si;N4 at this temperature. Only columnar grains grow at grater
distances from the dielectric substrate. This also agrees with the corresponding RHEED pattern. Some
unrecognized details are also observed in the images in Fig. 2 close to the interface of a-Si and poly-Si
which correspond to some 3D formations of unresolved morphology and oval shape (‘bubbles’). They are
less dense than the surrounding substance. We assume that their appearance is a characteristic feature of
Si growth on Si;N4. Si deposition at 500°C results in formation of a film of columnar poly-Si starting
directly from the SisN, surface (Fig. 3). This corresponds with the diffraction pattern. However,
“bubbles” are also observed at the interface between Si and Si;N,. This enhances our assumption about
the connection of “bubbles” emergence and poly-Si growth on SizNy4. It should be emphasized that the
demonstrated process of the bilayer Si film formation paves a way to some practical applications. The
thickness of the poly-Si layer can be easily controlled, an additional amorphous Si layer can be deposited
atop the poly-Si to ensure, e.g., precise formation of platinum silicide thin films on polysilicon for diode
bolometer detectors. The research is funded through the RFBR grant # 16-52-00186.

1. V.A. Yuryev, K.V. Chizh, V.A. Chapnin and V.P. Kalinushkin, «Metal silicide/Si thin-film
Schottky-diode bolometers», Proc. SPIE, 9519, 95190K, 2015
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03-3: Characterization of thin-film silicon structures

E. Zaytseva, O. Naumova, B. Fomin

Rzhanov Institute of Semiconductor Physics, Siberian Branch of Russian Academy of Sciences, Novosibirsk, Russia,

E-mail ifp@isp.nsc.ru

Currently, thin silicon-on-insulator (SOI) films are a basic material for silicon micro- and nanoelectronic
devices. A fundamental property of any fully depleted films is so called coupling-effect — the interrelation
between the potentials on the interfaces of Si film with adjacent insulator films [1]. The potential coupling
causes a redistribution of carriers in the films. As a result, all parameters of the heterosystems Si/SiO,
including the carrier-mobility depend on the potentials at the interfaces [2].

Under conditions of the coupling effect, each interface must be characterized independently of each other.
Because of the proximity of the two interfaces in thin films, the kinetics of the defects
accumulation/annealing at heterointerfaces changes, when there is any decrease in the thickness of the
film and during manufacture of devices based on them. This is especially important for internal interface
Si/buried oxide (BOX), since it can be created by a non-standard method. For different SOI technologies,
the methods for obtaining this interface are fundamentally different: thermal oxidation, “internal”
oxidation (due to oxygen implanted in silicon), bonding, etc.

A fundamental parameter of semiconductor materials is the charge carriers mobility. It allows one to
judge the nature of the interaction of free carriers with the crystal lattice. In thin-film devices due to the
coupling effect, the field dependence of the mobility method is not applicable for the characterization of
the Si/ SiO, system, which is widely used for bulk MOSFETs [3].

The aim of this work was to develop an approach that allows to independently characterize the inner
Si/Si0, (BOX) interface of thin-film transistors under the coupling-effect conditions. For this purpose,
double-gate SOI MOS transistors with different Si/SiO,(BOX) interface were used. The thickness of the
Si films was 30 nm. Temperature dependences of electron mobility in the temperature range of (78 — 300)
K for different distributions of charge carriers over the film were measured.

It was shown that by controlling the charge carrier distribution by the potentials of the two gates, it is
possible to localize the charge carriers near a specific interface. Due to this, the influence of the second
interface and volume component is excluded even at room temperature. From the temperature
dependences of the mobility measured under such conditions, mobility components related to surface
roughness scattering and scattering on surface phonons were determined. By changing the distribution of
charge carriers over the film, the profile of these components over the thickness of the film was obtained.
It allowed us to evaluate the quality of the film not only near the interface, but also in volume.

Thus, a non-destructive method was proposed that allows one to independently study the quality of the
internal interface Si/SiO, (BOX) of thin-film structures under coupling-effect conditions. This method
can be used not only for silicon devices, but for any thin-film devices.

1. Rudenko T., Nazarov A., Kilchytska V., Flandre D., «A review of special gate coupling effects in
long-channel SOI MOSFETs with lightly doped ultra-thin bodies and their compact analytical modeling,
Solid-State Electronics, 117, pp. 66-76, 2016

2. Naumova O. V., Zaytseva E. G., Fomin B. 1., IInitsky M.A.,Popov V. P., «Density dependence of
electron mobility in the accumulation mode for fully depleted SOI films» Semiconductors, 49, pp.1316-
1322 (2015)

3. S. Cristoloveanu, N. Rodriguez, F. Gamiz, « Why the universal mobility is not», [EEE Transaction
on Electron Devices, 57, pp.1327-1333, 2010.
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03-4: Surface structuring as a method of modifying the properties
of materials

Zvezdin N.Yu.l, Paporkov V.A.l, Rud N.A.l, Savinsky N.G.z, Prokaznikov A.V.*

"Yaroslavl Demidov State University, Sovyetskaya, 14, Yaroslavl, 150000 Russia
?Yaroslavl Branch of the Institute of Physics and Technology, Russian Academy of Sciences, Universitetskaya, 21,
Yaroslavl, 150007 Russia

Structuring and modification of the surface leads to the appearance of new properties in
traditional materials and systems. These properties cover a wide range of physical and chemical
characteristics, such as the electrophysical and adsorption parameters of the system, magnetic
and magneto-optical properties, as well as the interaction of structured systems with external
electromagnetic radiation. The reaction of the system to external influences of any type proceeds
primarily through interaction with the surface, therefore the modification of the surface can have
a decisive influence on the resulting response of the system.

One of the wide spreading methods used for surface modification is the creation of a porous
space in a number of materials, and, first of all, in the basic material of modern electronics —
silicon. The porous space is a kind of surface embedded in the volume, therefore, the properties
of such modified materials is quite unusual (Fig.1-a). It concerns the processes involved in pore
formation, which are expressed in characteristic of self-organizing manifestations of certain
regularities, both in time and in space (Fig.1-b).
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Figure 1. a — Current-voltage characteristics of silicon of p-and n-type with and without
illumination. Corresponding morphological types of n-Si are formed when the working point of
the anodizing process is on the corresponding part of the CVC. b — Dependence of the voltage U
against time ¢ in the n- type silicon taken during anodization under different conditions, for an
electrolyte solution consisting of HF and isopropanol in different ratios. ¢ — Structure made from
porous silicon and nickel nanodots and (d) schematic diagram of a photovoltaic cell consisting of
a porous silicon layer (thickness 120 nm) on the basis of the p+ Si, p+ Si layer (thickness 1
um), upper nickel (Ni) contact, and lower aluminum (Al) contact.

Theoretical ideas proposed in the work, explain the phenomenon of bifurcation of Andronov-
Hopf type by regularities of charge transfer near the interface semiconductor/electrolyte by
consideration of surface charge levels. The presence of chaotic and oscillatory behavior of the
electrophysical characteristics of the system during anodization is associated with the
synchronization of the individual local regions of porous space formation. Analogous
phenomena are observed in sensory systems based on porous silicon, which have a similar
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nature. Synchronization of the local areas described in the framework of probabilistic cellular
automata. The developed model gives a wide range of behavior of the system being studied:
from the leading centers (pacemaker) and simultaneous changes of system parameters with
different characteristics to chaotic regimes. There are regimes characterized by the formation of
fractal porous borders. For these regimes it is typical the dominance of chaotic motion in the
system of charge carriers that participate in the processes of anodic oxidation comparing with the
usual drift in an external field. In the field of high potentials there is a noticeable filamentation of
the current similarly to processes occurring in the plasma.

Deposition of metals from solutions into pores in silicon leads to the formation of metallic
clusters inside the pores in the form of polyhedron and a continuous film on the surface of the
sample. The dependence of the magnetic properties with respect to the direction of the magnetic
field taken by means of a vibration magnetometer testifies to their difference for magnetic
clusters and a continuous surface film. The shape of polyhedron is formed as a realization of the
minimum of the ratio of volume to area with allowance for the symmetry of the crystals. Thus,
the crystalline structure as well as the magnetic structure of the deposited metals directly depend
on the conditions of metallic objects formation.

Metal clusters formed on the surface of systems of the type of photovoltaic elements serve as
sufficiently powerful concentrators of the incident electromagnetic radiation (Fig.1-c,d).
Dispersion curves describing the splitting of the edge modes with the splitting off the soft
plasmon mode are calculated. The contribution of edge modes to the formation of color staining
of nanostructures depending on their shape and dimensions is associated with the curvature of
the structures formed.

The optical properties of finely dispersed compounds of various substances obtained by chemical
synthesis have been studied, which exhibit sharp, narrow peaks in the optical density spectra
associated with the excitation of plasmon modes localized in small regions. The number, height
and positions of the peaks change during the course of the chemical synthesis process, and also
depending on the monitored parameters of the system. The areas of application of this effect in
microelectronic devices, in particular, in photovoltaic cells, are analyzed.

A technology based on the use of metal clusters as energy concentrators for electromagnetic
radiation has been developed and implemented in creating of photovoltaic devices. It is
demonstrated that the use of the developed technology leads to a significant increase in the
efficiency of photovoltaic cells.

A technology for the formation of nanoperforated systems based on porous aluminum deposited
by a cobalt film is proposed. In such devices, the magneto-optical response increases by more
than an order as a result of the formation of a surface plasmon-polariton.

Structuring of semiconductor crystals and deposition them with a thin magnetic film leads to the
formation of a complex magneto-optical response from a three-dimensional system in which the
diffraction and interference processes play an important role for a complex volume structure far
from plasmon resonance.

The superposition of effects of different levels and orders is considered when forming the
resulting magneto-optical response from structures such as magneto-photonic crystals in regions
far from plasmon resonances. The contributions to the magneto-optical response of interference
and diffraction phenomena at maxima of various orders in three-dimensional systems such as
magneto-photonic crystals are studied. It is shown that the use of an integral response for the
analysis of magneto-optical effects leads to the disappearance of interference phenomena. The
zero-order diffraction maximum adequately reflects the magnetic component of the magneto-
optical response.
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03-5: A new approach to surface research problems

M. Makoviychuk
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Any attempt to look at nature with "deterministic eyes" is a naive intuitive belief in the triviality of the
influence of fluctuations in the environment. The systematic theoretical and experimental studies carried
out in recent years have shown that, in a wide class of natural phenomena, the random nature of the
medium, despite its seemingly disorganizing effect, can induce a much richer variety of regimes than
those that are possible under the corresponding deterministic conditions.

Unlike internal fluctuations, which are negligibly small for macroscopically large systems, the
fluctuations due to the randomness of the medium are very important. The main difference between
internal fluctuations and external noise is that the fluctuations of the medium behave not as inverse
powers of the characteristic size of the system. In addition, unlike internal fluctuations, the stochastic of
the medium is not of microscopic origin. External noise often manifests itself in a turbulent, or chaotic,
state of the environment and reflects the dependence of external parameters on a large number of
interrelated environmental factors. Because of this, the fluctuations of the medium change not in
proportion to the inverse of the characteristic size of the system. That is why they do not disappear at the
macroscopic level of the description of the system.

The intensity of external noise within certain limits can be controlled - if the experiment is carefully set
up, the noise level can be lowered. On the other hand, the intensity of the fluctuations of the medium can
be controlled in a controlled manner to investigate its effect on the behavior of the system. This is another
difference between external noise and internal fluctuations, making it much more malleable "material" in
the hands of the experimenter.

Thus, taking into account the foregoing, a special place among the new electrophysical methods of
information analysis that meet the requirements of defect-impurity engineering is the method of joint
measurement of the sheet resistance and its spectral density of flicker fluctuations in the structures - the
defect-impurity flicker-noise spectroscopy.
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03-6: Distant light guiding by liner chain of Au and Si nanoparticles

M. Yu. Barabanenkovl, Yu. M. Barabanenkov’
3. Institute of Microelectronics Technology, Russian Academy of Sciences, 142432 Chernogolovka, Moscow
Region, IMT RAS, barab@iptm.ru
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Assembles of nanoparticles are useful in a variety of optical applications because of their resonant
interaction with electromagnetic (EM) radiation. Among the most remarkable effects in optoelectronics is
EM energy guide below the diffraction limit along chains of nanoparticles since such an idea had been
proposed in [1]. Recently [2] we developed a quantitative approach to solution of problem on radiation
losses in optical discrete nanowaveguides consisting of dielectric or metallic coupled nanoparticles. The
approach is based on new form for collective extinction cross-section of particle ensemble written in
terms of incident electric field work on self-consistent currents excited inside particles. In the electric
dipole single scattering and neighbour coupling approximations, we revealed a few megahertz
transparency band in the terahertz frequency range (orange color) in the spectra of straight chain of
closely spaced Au nanospheres with radius of 76 nm with the length of a few centimeters. In the both
cases of Au and Si spheres the EM excitation

frequencies lie in the spectral vicinity of the 05] v’
corresponding Mie resonance  conditions. 0.4
However, there is no long-range EM energy 0.34 .
transfer along linear chain of Si particles. The )
explanation of this dissimilarity is given in the 15_0-2‘ '
currently presented report in terms of the resonant @
condition for the particle coupling parameter. 0.1
System for self-consistent scalar amplitudes
1Y) of currents excited in N coupled small 00 ﬁmvv —
spherical particles has the form ( j =2,3,---,N ) [2] 0.51-050-049 046 -044
Re a
1) = (11 2c0s g5 F1=18 N
sin(N+1)3 Fig. 1. Illustration to the dispersion Eq.(1): the
cos 3 =—-1/2ay, dependence of the real (curve 1, o,e) and
1) imaginary (dashed curve 2, A, A) parts of 4 on the

real part of the coupling parameter. Curves 1 and 2
A complex auxiliary variable $=9'+i9" satisfies  represent the exact resonant condition af, = 0. Open

the second Eq.(1) which has sense of a dispersion 3,4 5olid symbols represent theoretically possible

eguation. .The‘ dispersion relation requires for  jmplementation of the resonant condition in the
distant excitation transfer that 9"=0, 9 >0 and  cage of two closely spaced Au or Si spheres,

$ =0, 9" —0 in the case of big (2|ajp|>1) and  respectively.
small (2|aiz| <1) values of ajy, respectively. The most important equality $" = 0 holds only in the

case of Au particles. Open and solid symbols in Fig.1 immediately show that the condition of distant
excitation transfer is satisfied only in the case of Au particles. Really, in the limit a{, = —-0.5-0 both

quantities 9" and 4" tend to zero (open symbols in Fig.1). From the other hand, in the case of Si
particles calculated values aj, — —0.45 is relatively far from the limit a;, — —0.5+0. Such values of the

real part of the coupling parameter have relatively big magnitudes of 3" (solid triangles in Fig.1) that

cause exponential currents decreasing according to / () - (—l)j -1 exp[—( i —1)3”] .

1. M. Quinten, A. Leitner, J. R. Krenn, and F. R. Aussenegg, “Electromagnetic energy transport via
linear chains of silver nanoparticles," Opt. Lett. 23, pp.1331-1333,1998

2. Yu.N. Barabanenkov, M.Yu. Barabanenkov, “Radiation losses and dark mode at light guiding by
a liner chain of nanoparticles”, JOSA 4, 34, pp.321 — 330, 2017
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03-7: Anisotropy of plasmons in metal nanoclusters on
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V.L. Berkovits, V.A. Kosobukin, V.P. Ulin, A.V. Korotchenkov, F.Y. Soldatenkov,
P.A. Alekseev, V.S. Levitskii
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Plasmonic anisotropy of metal-semiconductor structures has been established, for the first time, for In
nanoclusters formed electrochemically on InAs(001) surface [1]. Reflectance anisotropy (RA)
spectroscopy revealed a characteristic spectral feature red-shifted in increasing either the permittivity of
surrounding medium or the sizes of nanoclusters [2], the behavior being typical of plasmons. In this work,
we have observed plasmonic anisotropy for gold nanoclusters formed on GaAs(001) surfaces, which
structures are of interest for designing highly efficient solar cells. Experimentally, the plasmonic
anisotropy of Au nanocluster arrays is studied by reflectance anisotropy spectroscopy. This technique
measures the spectral dependence of anisotropy signal
AR/R=2(R,-Rp)/(R,+Rp), where R, and Ry are the reflectances
of normally incident light waves linearly polarized along [110]

AR/R

0.06 and [1T0] semiconductor axes, respectively. For cubic bulk

semiconductors AR/R=0, therefore appearance of the non-zero
anisotropy signal AR/R unambiguously evidences the presence
of surface-region anisotropy. We prepare Au nanoclusters
from an ultrathin (~14 nm) Au film deposited on oxide-free,
chemically nitridized GaAs surface. After vacuum annealing
of such Au/GaAs structure at ~300°C, AFM reveals a surface
layer of Au nanoclusters whose sizes are ~20-30 nm.
Formation of the nanoclusters results in the following. First, a
broad deep appears at 2.5 eV in the reflectance spectrum of
Au/GaAs structure (curves 1 and 2 in Fig. 1). Second, a
T 40 resonant feature appears in RA spectrum AR/R at about 2 eV
2 3 4 5 (curve 3 in Fig. 1). The reflectance deep is related with
Photon energy, eV plasmon absorption in Au nanoclusters and the feature in RA
spectrum evidences for the plasmonic anisotropy. Unlike
In/InAs structures, spectral position of the plasmonic RA
feature for Au/GaAs structures is insensitive to permittivity of
surrounding dielectric. We conclude that Au clusters (~5 nm in
size) responsible for the AR/R spectral feature are buried in
near-surface region of GaAs crystal due to diffusion of Au atoms in annealing.
For In/InAs structures measured plasmonic RA signal on the level of |AR/R|~0.4 [1,2] is found to agree
well with the related theory [3]. To explain the RA spectra, the nanocluster sizes or/and intercluster
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Fig. 1. Reflectance spectra of Au-GaAs
structure before (1), and after (2)
annealing, and AR/R spectrum (3).

distances along axes [110] and [ 1 10 ] of InAs crystal are estimated to differ by a few percents. Following
the ideas of [1-3], we ascribe the effects of optical absorption and anisotropy (Fig. 1) of Au/GaAs
structures to collective modes of dipole plasmons excited at normal light incidence in a layer of Au
nanoclusters located near GaAs surface. For Au nanoclusters plasmons exist only below 2.5 eV, and
smaller scale of observed spectrum |[AR/R|~0.06 (Fig. 1) and its larger width as compared with a single Au
nanoparticle could be due to inhomogeneous broadening of the spectrum.

1. V.L. Berkovits, V.A. Kosobukin, V.P. Ulin, etc., «Reflectance anisotropy spectroscopy of metal
nanoclusters formed on semiconductor surface», JETP Lett. 98, 614 (2013).

2. V.L. Berkovits, V.A. Kosobukin, V.P. Ulin, etc., «Plasmonic anisotropy of In nanocluster arrays
on InAs(001) surface observed by differential reflectance spectroscopy», Surf. Sci. 632, L19 (2015).

3. V.A. Kosobukin, A.V. Korotchenkov, «Plasmonic anisotropy spectroscopy of metal nanoparticles
on semiconductor surface», Phys. Solid State 58, 2536 (2016).
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03-8: The propagation of light-induced excitation of Si along the
solid/(water solution of NaCl) interface
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5. Lobachevsky University, Nizhniy Novgorod, Russia, tetlbaum@phy.unn.ru
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The new kind of long-range effect at irradiation of silicon by the light is revealed for the system including
the fluoroplastic vessel filled by the H,O:NaCl solution and two silicon samples on cap of the vessel.
When one of the samples is irradiated by light, the properties of other sample are changed. This effect
only takes place when both samples are covered by native oxide. The effect is interpreted using the model
which was previously proposed for long-range effect in light-irradiated solid samples and is based on
influence of hypersound waves (which are generated in the layer of native oxide) on the defect system of
solid. In this work, we carry out the simulation of the hypersound waves propagation along the
(H,0:NaCl)/solid interface taking into account the (Na'-H,0), clusters which assumed to be the sources
of secondary oscillations and provide the long-distance penetration of the hypersound waves.

Molecular dynamic simulation of hypersound propagation through solid-water interface was provided via
LAMMPS code [1]. ReaxFF force field potential [2] with charge equilibration method [3] was used. The
periodic boundary condition for simulation box was used. The effect of average distance between clusters
and the orientation were investigated. The instantaneous density change at the middle of the simulation
box in water was indicated at start moment of simulation. We track the water density wave propagation
during simulation time and calculate wave amplitude dynamics. The aim of the calculation is to
established if the oriented clusters can provide enhanced propagation distance of hypersound along the
solid/water interface.

1. Plimpton S. «Fast Parallel Algorithms for Short-Range Molecular Dynamicsy, J. of Comp. Phys.,
117, 1-19, 1995

2. Monti, S., et al. «kExploring the conformational and reactive dynamics of biomolecules in solution
using an extended version of the glycine reactive force field», Phys. Chem. Chem. Phys., 15, 15062-1507,
2013.

3. Rappe A. K., Goddard W. A. «Charge equilibration for molecular dynamics simulationsy, J. of
Phys. Chem., 95, 3358-3363, 1993.
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03-9: Influence of ambient and temperature of annealing on
dislocation-related luminescence in silicon

A.A. Nikolskaya, D.S. Korolev, A.N. Mikhaylov, A.L. Belov, D.I. Tetelbaum
Lobachevsky Nizhny Novgorod State University, Nizhny Novgorod, Russia, alena.nikolskaya.1994@mail.ru.

The modern development of electronic technology requires the transition to smaller sizes of electronic
components to increase the data transfer speed. At the same time, the size reduction physically limited by
dimensional effects. Approaches of optoelectronics and integrated optics can be used as alternative
methods of signal transmission. At the same time, compatibility of the developed approaches with
microelectronic technology is important. Traditional material of microelectronics — silicon is an indirect
band gap semiconductor; this fact makes difficult to use silicon as light emitter. One of the promising
approaches to enhance its luminescent properties is using of the defect engineering approach, in
particular, the creation of structures with dislocation-related luminescence (DL), one of bands (D1) of
which is at ~ 1.5 um and corresponds to the transparency window of quartz fibers. In addition, the
creation of DL centers by ion implantation, which is considered in this paper, is very relevant since this
method is compatible with traditional microelectronics technology. In this paper, the dependence of the
parameters of DL (intensity, peak position) on the conditions of heat treatment with variation of
temperature and atmosphere of post-implantation annealing has been studied.

Experimental samples were prepared on n-Si (resistivity of 4.5 Q-cm) with (100) orientation and p-Si
(resistivity of 1 Q-cm) with (111) orientation wafers. Implantation with silicon ions was carried out with
an energy of 100 keV and a dose of 1-10" ¢cm™. To determine the most favorable conditions for the
appearance of DL, investigations were carried out to establish the effect of ambient (depending on the
proportions of the N, and O, components in the gas mixture) and annealing temperature (from 900 to
1100 °C) on the luminescence intensity.

It was found that the behavior of the D1 band intensity as a function of the oxygen content in the
annealing atmosphere is significantly different for silicon initially doped with boron and silicon doped
with phosphorus. For p-Si samples (boron concentration 10'° cm™) DL is observed under all annealing
conditions and its intensity is practically independent of the oxygen content in the annealing atmosphere.
In the case of n-Si samples, DL is observed only for annealing in an oxygen-containing atmosphere, and
its intensity increases with increasing O, content. The observed regularities are apparently related to
different environments of dislocation centers during annealing in different atmospheres.

The dependence on the annealing temperature is also different for the studied samples, which is explained
by the difference in the character of the evolution of point defects. In case of n-Si the generation rate of
intrinsic interstitial atoms increases with enhancing oxidation rate at high temperatures. At the same time,
in p-Si, in which the intensity of PL is determined by the evolution of interstitial atoms accumulated
during implantation, the dependence on the annealing temperature is related to the competition between
their expenditure on the formation of D1 centers and their loss due to the diffusion to the surface. For
annealing in a mixed atmosphere, optimum annealing conditions were found. Annealing in an optimum
atmosphere at different temperatures has shown that the maximum of luminescence intensity is reached
at 900 ° C for p-Si and 1100 ° C for n-Si.

The work is supported by the Ministry of Education and Science of the Russian Federation (State
Assignment Ne 16.2737.2017/PCh) and partially supported by the Russian Foundation for Basic Research
(Ne 17-02-01070).
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03-10: ITonyuenne merogomM BY marHeTpoHHOT0 pacnbljieHUA
MHOTOCJOUHBIX CTPYKTYP ZnS/Si0,, ZnSe/SiO,

P. 3akupona, B. Ko63ues, H. Koctenkos, I1. Kpbinos, U. denotosa
Yomypmceruii cocyoapcmesennvtii ynueepcumem, Hcesck, Poccus, E-mail: ftt@udsu.ru

HccnenoBanust yopaBiIIeMBIX IPOIECCOB POCTa HAHOYACTHUI[ TOMYIPOBOJHHUKOBBIX MAaTEPHAIOB
MIPEJICTABIISIIOT OOJIBIION MHTEPEC B CBS3H C BO3MOXKHOCTBIO UX MPUMEHECHUS B WHKHUHUPUHTE BOJTHOBBIX
(dhynkuit MmarepuanoB [1]. MccnemoBanue mporeccoB CO3MaHHS IONYyIPOBOJHUKOBBIX HAHOYACTHIL IO
TOHKOIUICHOYHOW TEXHOJIOTHH, IIMPOKO MPUMEHSEMON B MPOU3BOJCTBE MHTETPATHHBIX CXEM, SBIIACTCA

aKTyaJbHBIM HalpPaBJICHUEM B MaTepHAIOBEICHUH.

CuHTE3UpOBaN MHOTOCIOHHBIE CTPYKTYphl MeTonoM BY MarHeTpOHHOTO HAIbIJICHUS Ha YCTaHOBKE
Karon-1M. [lyis BO3MOXKHOCTH MMO3UITMOHAPOBAHUS TIOIJIOKKOAEpKATEIeH OTHOCUTEIHPHO MarHETPOHOB
W HarpeBaTessl M WX CKaHWPOBAaHWS MO 3apaHee 3aJaHHOW mporpamMme ObLT pazpaboTaH MpOrpaMMHO-
anmnapaTHBI KOMIUIEKC, HCIONB3YIOIUHA MUKpPOCUCTEMY YyIpaBiieHus oOopymoBanuem [2]. Ipormecc
(hopMHpOBaHMsI MHOTOCIOMHBIX IUIEHOK BKIIOYal B ce0sl yepeaylolluecs IMpOLecchl HaNbUICHHS IO
3aJlaHHON TIpOTpaMMe CIIOeB Cylb(huIa WIH CelleHHJa IMHKAa W JUAJIEKTPUKOB. TojdmuHa CcioeB
JIUBJISKTPUKOB B CTPYKTYypax He MeHsutack. MeHsutoch oOmiee uucino map ZnS (ZnSe)/musnexkTpuk u
tonmHa ciioeB ZnS (dZnS) unu ZnSe (dZnSe). Yucno nap cioeB BHIOUPATIOCh TAKUM 00pa3oM, YTOOBI
o0ecneunTh CyMMapHYIO TONIUHY IIeHOK mopsaka 0.4 ym. Temmneparypa MOIIOXKEK MPH HAMBUICHUH
noanepxxuBanack 150°C. Pacnwsmenue mumenn ZnS, ZnSe npousBoamiock npu BU mormHOCTH paspsaa
200W, a pacnbuienue mutiend SiO, npu momrHoctd 300W. Ilocie HambuieHHst 00pasibl JTOCTHTAIN
KOMHATHON Temriepatypbl 0e3 pasrepMeTH3allid BaKyyMHOH cucTeMbl. TommuHa cioeB ans SiO,
cocraBmsia 11.25 A. B menkax ZnS/SiO, tommmesl ZnS cocrasmsimu 7.8, 15.6, 23.4, 312 u 39 A, a
yucio map cioes — 215, 152, 118, 96, 81. B mienkax ZnSe/SiO, tonmunbl ZnSe cocrasisuia 12, 20, 28,
36, 44 u 52, a yucno nap cmoeB — 200, 150, 114, 94, 80, 69.

TonmuHy CIIOUCTHIX TDIEHOK U CKOPOCTh POCTa OTACIBHBIX CIOEB Ompeaensu ¢ nomomisio MHUN-4 u mo
CIEKTpaM  MPOIyCKaHWA, KOTOPblE WMENH  OCIHIUIMPYIOIIWNA  XapakTep, OO0YyCIOBIEHHBIN
HHTEpPEPEHIMOHHBIMY siBICHUAMU. [loka3aTens mpenomMieHHs ONpenessuld 10 CIEeKTpaM IPOITyCKaHUs
C WCTOJB30BaHHEM KOHBEpPTHOro Merona [3] um mo cmekrpam oTpaxkeHus. CHEKTpbl ONTHYECKOTO
nporryckaaus U oTpakeHus (muamazoH 300—1100 nm) peructpupoBany Ha cruekTpodoromerpe CD-56.
CTpyKTypy HaHOKOMIIO3UTHBIX TUIEHOK HCCIIJIOBAI METOJJAMH PEHTICHOAU(PPAKIIMOHHOTO aHAIW3a Ha
aBTOMarusupoBaHHoM audpakromerpe JPOH-3.0 [4] B MoHoxpomaruueckoMm wu3nyueHnn Fe—Ko wu
MIPOCBEUMBAIOIICH DIIEKTPOHHOH MUKPOCKONHMEH Ha J3JIeKTpPOHHOM MuKpockorne OM-125. Ilocme
MPOBEICHUS [IUKJIA UCCIIEIOBAHUN JOMOTHUTEIHLHO MPOBOIWIN OTXKUT B Bakyyme mpu 400°C.
MHorocnoiinsle cTpyKTypel ZnS/SiO,, SBISIOTCS  PEeHTreHoaMOp(HBIMU, a cTPYKTypbl ZnSe/SiO,
conepkat amopduyro Matpuity SiO, u ZnSe xyOuueckoi ¢asel. [Ipomyckanue cTpykTyp B o0iactu
mmH BomH 400-1100 BM  cTpykTyp cocraBmsier 80-95%. C yBenwmdeHHEM TONIIMHBI CIIOEB
MOJTYITPOBOJHUKOB ITOKA3aTelb IPEIOMIICHHS U IIUPUHA 3allPELIeHHON 30HBI MEHSIOTCSI.

Harpes mynbTrCIOWHBIX CTPYKTYp ZnS/SiO; u ZnSe/SiO, NpuBOANT K MepepactpeieIeHHI0 JIEMEHTOB
10 TIIyOWHE, TIOKa3aTelhb MPEJIOMIICHUS! YMEHBIIIAeTCs, IIUPUHA 3alPeIeHHOl 30HbI yBennuuBaeTcs. Ha
npuMepe MYJIBTHCIOWHBIX — CTpYKTYp ZnSe/SiO, moka3aHo, 4To 00pasnbl C Majod KOHIEHTpalueH
MOJIYIPOBOAHUKOB SIBISIIOTCS O0JIee CTOMKMMU TIPH HATrpeBe.

1. M. b. Mypanos, I'. M. DiiBa3oBa, 5. M. Emunes, « BnusiHre TEpMUYECKOTO OT)KHUTA HA CTPYKTYPY
U ONTUYCCKHUE CBOWCTBA HAHOYACTHIl Cylb(uma Meaw, cHOpMHUPOBAHHBIX B O0BEME IOJIUMEPHOMN
MaTpulby, [puxnaouas ¢usuxa, N5, cc. 94-97, 2010.

2. C.C. Anansixun, [1.H. KpsutoB «Mukpocucrema ynpasneHust ooopynoanuem», 1179, Ne 5, cc.
160-161, 2009.
3. B.B. Bpyc, M.H. ComnoBan, 3.B. Maiictpyk, W.II. Kozapcku#i, II.JI. Mapesnuayk, K.C.

VYapstaunkwid, J. Rappich «Oco0eHHOCTH ONTHYECKNX U ANEKTPUIECKUX CBOMCTB MOJUKPHCTATITNIECKIX
mieHok CdTe, M3roTOBIEHHBIX METONOM TepMHUYECKOTO ucmapenws», @17, 1. 56, Bem. 10, cc. 1886—
1890, 2014.

4. C.C. Anansiku, [1.H. KpsutoB « ABTOMaTH3AINS CEPUHHON YCTAHOBKH PEHTTCHOCTPYKTYPHOTO
ananusa pon-3», I1T3, Ne 2, cc. 149-150, 2005.
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03-11: CnekrpodoTromMeTpuUeCKUil AHAJINU3 B IJIEHKAX
a -Si:H a-nk-C:H
b.A. Hajxados

HUnemumym Paouayuonnvix Ipobnem HAH Azepbatioscana
e-mail: bnajafov@inbox.ru

B pabote uccnenoBansl ciektpbl UK normomenus B mienkax a -Si:H a-nk-C:H (a-amopdnsie, nk-Hano
Kpuctaummueckne) B mauamnazone »Hepruu 0,03 + 3,0 sB. Omnpenenensl ontmdeckue KOd(PPUITUESHTHI
noryomenus: (o) TUIGHOK JUIs c1ab0 W CWIBHO TMOMJIOIIAIOINNX o00JacTeil CIeKTpa, a TakkKe
ko3 GuIUeHTH penoMieHus (n) U kod3ddunmeHTs! ocnadnenus (Kg) JUis pa3uYHbIX MPO3PAaYHBIX U HE
MIPO3PAYHBIX TOJIOXKEK.

B MupoBo#l Hayke MPOBOJMIOCH JTOCTATOYHOE HCCIIEIOBAHUE B HANpPABICHUH U3MEPEHHS U H3Yy4CHUS
TOHKHMX TUIeHOK. OJHAaKO B HAalpaBJICHUW HW3MEpeHHs HHTep(EepeHUH M pacueTa ONTHYECKOTO
MIOTJIONICHNsT HE TONY4YeHBl KOHKPETHbIE (POPMYIBI, KOTOpbIE MOTIH OBl YIPOCTHUTHh PE3yJIbTaThI
AKCIIEpUMEHTAIBHBIX paboT. B 93Tolf pabore mnpoBOAWISICS KpaTKUA aHAIW3 OIMyOJMKOBAaHHBIX
MHOTOYHCIICHHBIX CTAaTell M MOIy4eHBl PacydeThl, yiIydlIalonmue padoTel uccnenaosareneid. [lnenku Si u
WX CIJIaBa XapaKTEepPU3yeTCs pa3iWYHbIMH CTPYKTYpHbIMH (a3zamu. Hambonee MHTEpECHBIMH W3 HHX
SIBIITIOTCS KPUCTAIUTMYECKUMH 3€pHA, Haxozsmuecs B amopdHoi marpune. Hano pasmeprsie 3 ¢exTs
TOHKHX TUICHOK COMPOBOXKAAIOTCS 00pa3oBaHMEM HaHO TPYOOK, HAHO MPOBOJOK, HAHO YAaCTHIL,
¢bynepeHoB, 3HI0 (QynIepeHoB, rpaduToB, TpaQUHOB, KBAHTOBAs TOYKA, KBAHTOBAs siMa, KJIaCTEPOB H
np. O6pa3oBaHue ITHX HAHO MaTEpPHAIOB OOBIYHO CBS3aHO CTPYKTYPHBIMH Ae(peKTaMu, HaATHIUEM U
pONBI0 BOJOpPOJAa B WX COCTaBe. B nuTepaType ONTHYECKHE CBOWCTBA HAHO MAaTEPHUAIOB H3yUYEHBI
HEIOCTaTOYHO. [loATOMY HW3MEpeHHE ONTHYECKHX IMapaMeTpoB — KOd((HUIMEHTOB MOTIOMmeHus (o),
orpaxenusi (R), npomyckanus (T), npenomnenus (n), kodpduiuent ocnabnenus (Ky), ToamuHb! (d)
TOHKHMX IUIGHOK W OIpelelieHne Ha WX OCHOBE IIMPUHBI 3ampemieHHoi 30HBI (E¢) mpencrtaBisioT
WHTEpeCHBIM. Vcronb3ys ycrnoBre COXpaHeHUs! JHEPTUN MOXKHO HalTH KO3 UIMEHT noromeHus o [1].

a=f(R, T, ko, n)

OTMeETHM, YTO Ko - ITOKa3bIBaeT OCIa0JIeHHe CBETA B CUCTEME IIJICHKE-IIOIJIOKKE.
DTO ypaBHEHHE XOPOIIO COTIACYeTCS C YpaBHEHHEM IS MPO3PAYHOI TOJJIOKKH B CHIIBHO U
c71a00 MOTJIOIIAIOIIHMX 00JacTAX crekTpa. 3nech R = R = R, = R, COOTBETCTBEHHO OTpa)KEHUE CBETa

IJICHKA-BO3/yX, IJICHKA-TTO/JIOKKA, ITOIOKKA-BO3AYX. 0 - KOI(PPUIIMEHT MOTIOMEeHNs TaHHOW TUICHKH,
T- nponyckanue MICHKH, 71- KO3QGUIUSHT MPETOMIICHHUS MICHKH.
JlaHHBIC TTAapaMeTPhl MOKHO TaKXe ONpPENeTUTh ¢ moMoribio ciekTpomerpoB MKC-21, MKC-14A, NKC-

22, UKC-29, ®ypre-UK, Varian 640 JR, B obnactu sHepruii 0,03 + 3,0 5B u Gonee.

1. @usuxa ecudpoeenuzuposannozo amoppuoco xkpemuus. Ilon penakuueit JIx. xoyHomymoca u Jx.
JIvtokoBcku . Ilep . ¢ anrn. JI. . KocapeBa u A. A AnnpeeBa. Mocksa «Mupy .BbiIl. 2 .1988 , 447 c.
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03-12: Effect of optical nonhomogeneities on travelling thermo-
optics switching waves along silicon wafer surface on lamp-based
heating

V.Ovcharov, V.Prigara, A.Kurenya,V.Rudakov

Yaroslavl Branch of the Institute of Physics and Technology, Institution of Russian Academy of Science,
Yaroslavi, Russia, ovcharov.vliad@gmail.com

Technological processes for the fabrication of semiconductor micro- and nano-devices include a thermal
treatment stage. Silicon continues to be used as the basic material in semiconductor technology and the
most prevalent setups for thermal processes are rapid thermal processing ones (RTP), the major element
of which is a lamp-based chamber. A silicon wafer in such a chamber is a part of the multicomponent
thermodynamic system, and its behavior depends on controlling parameters giving a heat input to the
wafer and a heat output from it.

The silicon wafer demonstrates a complex behavior at high energy fluxes incident on the wafer and
leaving it. It reveals the following effects: bistability, temperature and optical self-induced oscillations,
temperature switching waves. The effects are dependent both on the doped level of the whole silicon
wafer and the doped level of the surface layer where semiconductor devices are fabricated. In specific
thermal modes, the optical property variations along the wafer surface are responsible for causing thermo-
optics switching waves [1]. A plausible coincidence between experimental and theoretical parameters of
the heat transfer process of the wafer with thermal chamber elements is needed to be gained. It requires,
in its turn, more complex models of the chamber, a deeper sense of interacting incoherent radiation with
silicon wafer and refining experimental techniques for the observation of the effects.

In the paper the theoretical and experimental studies of thermo-optics switching waves are carried out.
These waves travel along the silicon wafer surface on heat treatment into a lamp-based chamber in
dependence on the parameters of the optical nonhomogeneities on the wafer surface and heat transfer
conditions between the wafer and the elements of the chamber. The intervals of the parameters
controlling by the thermal system modeling the chamber and characteristics of the optical
nonhomogeneities including the mode of travelling the switching waves are obtained.

1. V.V. Ovcharov, A.L. Kurenya, V.I. Rudakov, V.P. Prigara, “Temperature switching waves in a

silicon wafer on lamp-based heating”, In International Conference on Micro-and Nano-Electronics
2016, pp. 1022422-1022422. International Society for Optics and Photonics, December 2016.
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03-13: Additive technology for high-temperature ceramic MEMS
sensors

A.Vasiliev'? , A Nisan®, G.Potapovz, A.Pisliakov', I.Shakhnovich?, N.Samotaev®

'National research center” Kurchatov institute”,Moscow, Russia, A-A-Vasiliev@yandex.ru.
’RIIT LLC, OSTEK enterprise, Moscow, Russia
’National research nuclear university MEPhI, Moscow, Russia

One of most usable type of gas sensors applied for the monitoring of composition of gas admixtures in the
atmosphere and technological gases is semiconductor gas sensor. Operation principle of these sensors is
based on the change in carrier (electrons of holes) concentration at the chemisorption of donor or acceptor
gases. To accelerate sorption process, the nanoparticle consisting sensing layer of wide band metal oxide
semiconductor should be heated to a temperature of 200 — 500°C. On the other hand, heating power of the
sensor must be minimized to assure the possibility to use the sensors in wireless and autonomous
instruments. The solution of this contradictory requirement is the application of MEMS technology.
Recently developed technology of silicon MEMS for the fabrication of low power consuming
semiconductor gas sensor (Fondazione Bruno Kessler (FBK, Italy), AMS (Austria), Figaro (Japan)) or
polyimide substrate [1] have evident disadvantages due to restricted annealing and working temperature
(about 300 — 350°C for both microhotplate, and 450°C for FBK’s unit). Another problem is the
application of expensive and sophisticated equipment in silicon technology and the use of sputtering
processes in the fabrication of noble metal (Pt, Au) layers. The third problem is low flexibility of
traditional microelectronic process leading to difficulties in the fabrication of different modifications of
sensors using the same process. These problems make the silicon technology hardly usable in sensor
manufacturing. We present an overview of our results obtained with the application of additive aerosol
and ink jet technologies for the fabrication of high temperature (up to 400 — 500°C) gas, flow, and
temperature sensors. The application of jet printing in combination with ceramic MEMS structures
enables flexible fabrication of cost efficient devices with thermal characteristics compatible with those of
silicon based MEMS.

We developed the technology of thin ceramic membranes usable in high-temperature ceramic MEMS
devices operating at temperature up to 450 — 500°C. The material of membrane is AL,Os, LTCC, or yttria
stabilized zirconia — YSZ (10 — 20 um thick). Membrane is stretched on rigid frame made of the same
material as membrane to assure its robustness.

The metallic inks with Pt, Au, and Ag nanoparticles can be printed over these ceramic membranes giving
stable (Pt) microheater working up to 500°C. The heater is fabricated using ink or aerosol jet printing with
Pt nanoparticle. Typical particle size of these inks is of 3 — 8§ nm. After sintering, this print gives a
microheater stable at temperature up to 500°C. Power consumption of the sensor is ~80 mW at 450°C,
this is comparable with Si-based MEMS. Cantilever shaped microhotpalate made by laser cutting of the
membrane improves the stability of the microheater at temperature cycling and decreases power
consumption. The nanoparticle sensing layers of chemoresistive of thermochemical gas sensors based on
metal oxide semiconductors or catalysts are printed using the same technique giving efficient
semiconductor and thermocatalytic gas sensors. The temperature cycling of the sensing layer enables an
improvement of sensor selectivity, in particular, for CO and H, gases and a decrease in power
consumption down to < 1 mW. The sensors demonstrate usual response to gases, it is equal, for example,
to factor of 7 — 10 at methane concentration of 1 vol. %. Detection limit of selective measurement of CO
and H; is of about 1 ppm. Smart modules fabricated for controlling MEMS sensors assure plug-and-play
operation mode of sensor units. This module realizes the algorithms of signal linearization and provides
information about sensor calibration, type of gas sensor, target gas and other data necessary to recognize
the sensor via digital bus. Important advantage of these smart sensor units is the possibility to replace
them easily by precalibrated ones for periodical recalibration in laboratory conditions.

The main field of application of such sensors, in addition to normal condition devices, is high temperature
use in car industry, heavy accident and combustion process monitoring.

1. Mathilde Rieu, Malick Camara, Guy Tournier, et al. Fully inkjet printed SnO, gas sensor on plastic substrate.
Sensors and Actuators, B, 236 (2016), 1091-1097.
2. A.A. Vasiliev, A.V. Pisliakov, A.V. Sokolov, et al. Non-silicon MEMS platforms for gas sensors. Sensors and
Actuators, B, 224 (2016), 700-713.
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03-14: Micro- and nanochannel formation by dry e-beam etching of

resist

A. Rogozhinl, M. Brukl’z, E. Zhikharevl, F. Sidorov1’3, D. Streltsov*

!Institute of Physics and Technology of RAS, Moscow, Russia, rogozhin@fiian.ru
’L.Ya. Karpov Institute of Physical Chemistry, Moscow, Russia, marbruk@yandex.ru
*Moscow Institute of Physics and Technology, Dolgoprudny, Russia, fedor.sidorov.92@gmail.com
?Enikolopov Institute of Synthetic Polymer Materials of RAS, Moscow, Russia, dmitry.streltsov@gmail.com

Nanofluidics can provide numerous novel technology possibilities [1]. Lots of physical mechanisms
operate efficiently in the nanoscale range, for example, Van der Waals forces, electrokinetic effects, and
rarefied dynamics [2]. On the other hand, many of the biological processes involving fluids operate within
pores of nanoscopic dimensions. Exploring the fluid transport across nanoscale objects could lead to new
solutions to big challenges [1]. The transition from microfluidics to nanofluidics requires new
technologies. The fabrication method for micro- and nanofluidic channels and systems is required.

Dry e-beam etching of resist (DEBER) in combination with standard e-beam lithography could be the
solution. DEBER is a method of relief formation in some positive resists during electron-beam exposure
in vacuum [3-5]. The method is based on the chain depolymerization reaction, which takes place in the
polymer resists during e-beam exposure at the glass-transition or higher temperatures. The volatile
reaction products (monomers) are pumped out during exposure. The method could be realized in a
number of e-beam lithography systems, scanning electron microscopes (SEM) or focused e-beam induced
processes (FEBIP) systems. The method provides high vertical resolution but the lateral resolution is low.
In this study, micro- and nanochannels obtained by the DEBER method are presented (Fig. 1). The
sensitivity of the resist in the DEBER method is 100-1000 times higher than in the standard e-beam
lithography. As a result, the throughput of the method is comparably high. Although the lateral resolution
is only about 100-200 nm the method could be used in combination with the standard lithography. As a
result, large parts of the nanofluidic system could be quickly formed by the DEBER method. For small
elements, high-resolution e-beam lithography can be used in the same fabrication system.

Opm 2 4 6

300 nm

56 nm

Fig. 1 (a, b). AFM image of channels, obtained by DEBER method, and their profiles. The channels were obtained
in the Ultra-55 SEM system with exposure time 1 s (curve 1), 4 s (curve 2) and 16 s (curve 3).

1. L. Bocquet and P. Tabeling, “Physics and technological aspects of nanofluidics”, Lab Chip, 14,
pp.3143-3158, 2014

2. P. Tabeling, Introduction to microfluidics, Oxford Univ. Press, UK, 2005

3. M.A. Bruk, E.N. Zhikharev, V.A. Kalnov, A.V. Spirin, D.R. Streltsov, Russian Federation patent
2478226, Russian Bulletin of Inventions, 9, 2013

4. M.A. Bruk, E.N. Zhikharev, D.R. Streltsov, V.A. Kalnov, A.V. Spirin, “The new dry method of mask
(relief) formation by direct electron-beam etching of resist”, Microelectronic Eng., 112, pp.1-4, 2013

5.MA. Bruk, E.N. Zhikharev, A.E. Rogozhin, D.R. Streltsov, V.A. Kalnov, S.N. Averkin, A.V. Spirin,
“Formation of micro- and nanostructures with well-rounded profile by new e-beam lithography
principle”, Microelectronic Eng. 2016, 155, pp.92-96, 2016
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03-15: Investigation surface transition regions of
microelectromechanical SOI sensor interfaces

L. V. Sokolov
Institute of Aircraft Equipment, Zhukovsky, Moscow region, 140180 Russia, sokol@niiao.com

The results of analysis of the single silicon—glassy dielectric—single silicon surface morphology used in
the microelectromechanical system monolithic chip of a MEMS sensor [1, 2] are presented. Possible
reasons for the formation of mechanical stresses local centers from used the production technology are
discussed. Investigation of the transition surface regions at the interfaces of the silicon hetero-structure
offers a qualitative analysis of a possible formation stress centers reasons in order to optimize the
production technology. The interfaces are studied with scanning electron microscopy and atomic force
microscopy (AFM).The formation of nanoscale clusters, presumably, clusters of silicon atoms, is found in
the transition layer in the local area under the frame of a MEMS sensor and local formations of glass
nanoclusters are detected in the surface layer of the silicon membrane. Such formations probably appear
because of interfacial interactions of the glassy dielectric components in the vapor phase with the surface
layer of single silicon in the solid phase, accompanied by mutual diffusion of the components. The
defects resulting in these processes may cause local mechanical stresses.

A lot of formations in the form of nanoscale bubbles are found on the surface of the glassy dielectric
layer, the cause of the origin of which may be humidity during the high temperature process of the direct
thermocompression bonding of silicon wafers into the SOI structure.

There are crack nucleation centers in the glassy dielectric layer on the chip surface close to the marks of
the anode contact elements. Micro-cracks of nanometer depth diverge radially from these centers. A
probable cause of micro-cracks may be the hard modes of anodic bonding of Pyrex glass support and the
chip sensor.

1. Leonid V. Sokolov. «Conceptual basis for creating new-generation high-stable high-temperature
microelectromechanical sensors based on a silicon-on-isolator hetero-structure with a monolithic integral
tensoframe for intelligent transducers» Proceedings of ISMTII-2009, 9" International Symposium on
Measurement Technology and Intelligent Instruments, volume 3. S-Petersburg, 29 June — 2 July 2009, pp.
248-251.

2. Leonid V. Sokolov. «Research of SOI Microelectromechanical Sensors with a Monolithic
Tensoframe for High-Temperature Pressure Transducers» 219th ECS Meeting Transactions. Advanced
Semiconductor-on-Insulator Technology and Related Physics 15. Edited by Y. Omura et al., Volume 35,
Issue 5, pp. 135-141. 1-6 May, 2011, Montreal, QC, Canada.
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P1-1: Magnetic fluctuations sorted by magnetic field in MnSb
clusters embedded in GaMnSb thin films

A. Dmitriev

Institute of Problems of Chemical Physics, Russian Academy of Sciences, Chernogolovka, Russia,

E-mail address aid@icp.ac.ru

Dynamics of magnetization reversal of the MnSb clusters embedded in GaMnSb thin films has been
studied [1]. The lognormal distribution of ferromagnetic MnSb cluster sizes f{D) has been extracted from
the field and temperature dependences of magnetic viscosity S(7,H) in GaMnSb thin films. An average
cluster diameter D=55 nm is in agreement with the magnetic force microscopy data. Magnetic anisotropy
constant 3.2:10* erg/cm’® has been determined. The fluctuation field H;=7 Oe and the activation volume
V4=1.7-10" cm’ have been calculated from the magnetic viscosity data. Stepped sweeping of the
magnetic field expands the windows of experimentally detectable fluctuations. The change in the reversal
magnetic field provides the scanning of the MnSb clusters sorting them by fluctuation time (or
frequency).

The generality of the processes of spontaneous and induced magnetization reversal of MnSb clusters
embedded in GaMnSb thin films was found. Kinship of thermally activated and field-induced processes
of magnetization reversal reflected in the fact that the maximum magnetic field dependence of the
viscosity of S(H) coincides with the coercive field Hc of sample. The analysis of this experimental fact
has allowed to obtain a formula that establishes a connection of the H: with parameters of model
describing the S(H) dependence. This formula is identical to the well-known Kneller law determined the
temperature dependence Hc(7) of non-interacting superparamagnetic nanoparticles [2].

The work was supported by the Grant of President of Russian Federation, Project No. MK-5754.2016.3.

1. A.L. Dmitriev, A.D. Talantsev, O.V. Koplak and R.B. Morgunov, «Magnetic fluctuations sorted
by magnetic field in MnSb clusters embedded in GaMnSb thin filmsy», J. Appl. Phys., 119, pp.073905-1-
6,2016

2. E.F. Kneller and F.E. Luborsky, «Particle Size Dependence of Coercivity and Remanence of
Single Domain Particles», J. Appl. Phys., 34, pp.656-658, 1963
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P1-2: Epitaxial growth of bi-layered Fe-FeMn films and study of
their magnetoresistive properties

V. Berezin, A. Chernykh, D. Irzhak, G. Mikhailov
Institute of microelectronics technology and high purity materials RAS, 6, Academician Ossipyan str,
Chernogolovka, Moscow Region, 142432, Russia, E-mail address: mikhailo@iptm.ru

Investigation was made how epitaxial quality of the grown bi-layered Fe-FeMn films with different order
of the layers influences on their magnetoresistive properties. The work is motivated by potential
application of investigated structures in spintronics.

High-vacuum pulse laser deposition technique was applied for film growing on the R-faced sapphire
substrate. It was demonstrated by application of X-Ray diffraction that FeMn/Fe/Mo/R-sapph films with
Fe-layer beneath FeMn-layer are epitaxially grown; their epitaxial relations are following

FeMn(200)|[Fe(200)|[Mo(200)|[R-pl, FeMn[022]||Fe[022]|[M0(022)|| Al,05[1120] with 4° inclination of
the normal (fig. 1). X-Ray analysis also showed that besides of high epitaxial quality Fe(100) layer
growth the epitaxy of FeMn(100) layer is observed despite of large interlayer lattice parameters
mismatch. For the bi-layered film growth with FeMn layer beneath Fe-layer the epitaxial growth was not
realized. Fabricated for magnetoresistive experiments bridge-type structures were temperature treated
above FeMn Neel temperature followed by slow cool-down procedure in external in-plane magnetic field.
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Fig.2. Magnetoresistance of

FeMn(200)/Fe(200)/Mo(200)/R-pl. bridge-type structure

annealed in magnetic field perpendicular to the bridge
axis.

Appearance of an exchange bias in magnetoresistive epitaxial bridge-type structure dependences appoints
the non-compensated (polar) interface between antiferromagnetic FeMn and ferromagnetic Fe layers (fig.
2).
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Fig. 4. Dependence of FeMn/Fe/Mo/R bridge resistance
and exchange bias versus direction of in-plane magnetic
field. The bridge was preliminary annealed in magnetic

field perpendicular to the bridge axis. field along to the bridge axis.

Mutual displacements of exchange bias and anisotropic magnetoresistance versus the direction of in-plane
magnetic field (fig's. 3 and 4) is originated from non-coincidence in about 8° angle of FeMn
antiferromagnetic vector with [100] axis in Fe layer that is beneath FeMn layer.
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P1-3: Deposition of C, CH, CH, and CHj; onto graphene

V. Stelmakh' , A. Dzhurakhalov® , L. Yadgarov3
1. State Technical University, Tashkent, Uzbekistan, vasiliycatl 7@rambler.ru. 2. University of Antwerp,
Antwerpen, Belgium, dzhurakhalov@mail.ru. 3 Tashkent institute of textile and light industry, Tashkent,
Uzbekistan, iyadgarov@mail.ru.

Using energy minimization method the more stable structures of CH, CH2 and CH3 molecules and of
defect-free graphene were found. For description of the interatomic potential we used Brenner interatomic
potential [1], which is specifically parameterized for the carbon and hydrogencarbon systems. Then by
the molecular dynamics method and using the same Brenner potential, computer modeling of deposition
of C, CH, CH, and CHj particles onto defect-free graphene was carried out.

The results of computer simulations, the structures and the various structural changes of graphene caused
by the deposition of carbon atoms and CH, CH, and CH; molecules are presented and discussed. Some
results of deposition are shown in the figure below.

C CH
CH, CH,

mtieren RS

Figure. The C, CH, CH, and CHj; deposited on graphene. Red circles are carbon atoms, green circles are hydrogen
atoms.

1. D.W. Brenner, O.A. Shenderova, J.A. Harrison, S.J. Stuart, B. Ni and S.B. Sinnot, «A second-
generation reactive empirical bond order (REBO) potential energy expression for hydrocarbons», J. Phys:
Condens. Matter, 14, pp783-802, 2002
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P1-4: Sputtering of graphene by low-energy carbon atoms at
different angles of incidence

V. Stelmakh'
1. State Technical University, Tashkent, Uzbekistan, vasiliycatl 7@rambler.ru

For theoretical analysis of sputtering of graphene the carbon atoms as the causing sputtering with an
energy of 100 electron-volts (eV) were selected. For a description of the interatomic interaction the
Brenner interatomic potential [1], which is a good description of the interatomic interaction of carbon,
was used. Computer rectangular model of a defect-free graphene, consisting of 112 carbon atoms with the
distance between the nearest atoms is 1.42 angstrom, with the imposition of periodic boundary conditions
along the graphene plane was built. The angle of incidence of carbon atoms, measured from the normal to
the graphene along armchair- and zigzag-directions, from 0° to 85° in steps of 5° was varied. As
demonstrated by computer simulations, at angles greater than 75° sputtering of graphene is not observed.
For each angle and each direction of incidence place of falling in the defect-free graphene 100 times
random was set. According to the results of computer simulation the sputtering and deposition rates for
each angle of incidence and each directions were determined. These rates were obtained under the
assumption that the flow of falling carbon atoms is so weak that the sputtered graphene does not become
much amorphous structure due to impact this flow. Graphs of these rates on the angle of incidence were
obtained and discussed.

1. D.W. Brenner, O.A. Shenderova, J.A. Harrison, S.J. Stuart, B. Ni, S.B. Sinnot, J. Phys: Condens.
Matter 14, 783 (2002).

56



P1-5: Ion bombardment as a way to change the current-voltage
characteristics of the p-i-n-diode

V. Stelmakh' , A. Leiderman®

7. State Technical University, Tashkent, Uzbekistan, vasiliycatl7@rambler.ru.
8. 2. Physicotechnical institute, Tashkent, Uzbekistan, ley@uzscinet.uz.

One of the important indicators of semiconductor devices is their current-voltage characteristic (CVC)
and, accordingly, one of the important issues of how to change the current-voltage characteristics in the
production of the device. Here, the possibility of changing the CVC p-i-n-diode by creating uneven
distribution of concentration of the recombination impurity by ion bombardment of the starting material
was examined. As bombarding ions the carbon ions and boron ions were chosen, and as a starting
material the crystal of silicon carbide, which is a typical material for the production of p-i-n-diodes, was
selected. To simulate the processes of implantation of bombarding ions and of the formation of defects in
silicon carbide SRIM program [1] was used. It was found it is possible to choose such modes of ion
bombardment, that the distributions of vacancies Nr(X) in silicon carbide are linear Nx(x)=B-(x+x¢) or are
with a minimum of type Ng(x)=C/[(x-a)*(x-b)’], where B, C, x, a, b are some parameters.

If one assumes that these vacancies are determining recombination centers, then according to our
calculations the CVC of p-i-n-diode could be of the form J~U**, where -0.8<<0.8. For conventional
linear distribution of recombination impurities CVC of type J~U* (see [2]) would be observed.

Thus, the creation of the uneven distribution of recombination impurities by ion irradiation changes the
CVC of p-i-n-diode.

1. http://www.srim.org
2. E.I. Adirovich, P.M. Karageorgiy-Alkalaev, A.Yu. Leiderman, «Double injection currents in
semiconductors». Soviet Radio, Moscow, 1978.
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P1-6: The role of the scavenger in electrochemical exfoliation of
graphite
N. Savinskil, D. Puhov', M.Lebedevl, L.Mazaletskiyl, S.Vasilevl, M. Izumovl, E.Parshinl,
M. Solovievz, A. Surovtsev’ ,
1 Yaroslavl Branch of the Institute of Physics and Technology, Institution of Russian Academy of Sciences

2 Yaroslavl State Technical University
3 Joint Stock Company Research Institute “Yarsintez”

The exceptional electronic, thermal, optical, and mechanical properties of graphene render it a remarkable
candidate for the next generation of electronic and optoelectronic devices [1]. Consequently, techniques
for the scalable production of high-quality, solution - processable graphene are needed. Among the
numerous protocols employed to date, the exfoliation of bulk graphite is most common for harvesting
graphene sheets on a large scale because of its low process complexity and costs. Direct exfoliation in the
solid state (e.g., scotch-tape cleavage, ball milling or in a liquid phase (e.g., liquid phase sonification,
shear force exfoliation, also known as physical exfoliation, provides feasible means for producing
graphene with a low number of defects. In comparison, chemical exfoliation, which generally relies on
Hummers’ method, offers a wide range of flexibility for the production of graphene oxide (GO) and
related materials because of the potential scalability, impressive conversion efficiency (~100%), and
superior processability [2]. Unfortunately, the unique physical properties of graphene are seriously
compromised and cannot be sufficiently recovered, even upon reduction, because of the appreciable
fraction of oxygen groups and defects that are left behind. These oxygen groups restrict its usage in fine
applications [3]. Electrochemical exfoliation has recently emerged as a promising strategy for producing
graphene on an industrial scale with high efficiency, at low cost, and in an environ-mentally friendly
manner. Anionic intercalation (primarily in aqueous electrolytes) is less time demanding and can take less
than 1 h. However, the graphene produced is generally decorated with functional oxygen groups that
occur due to the positive potentials used, especially with acidic electrolytes. Nevertheless, the radicals
(e.g., HO*) generated from water electrolysis will unavoidably disrupt the graphitic structure during the
exfoliation process [4]. Therefore, it is highly desirable to eliminate these radicals to ultimately improve
the quality of the graphene. In this study, the electrochemical exfoliation of graphene is carried out in the
presence of a series of antioxidants (such as ascorbic acid, hydrazine, sodium borohydride,
dimethylsulfoxide (DMSO), (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)), 2,2,6,6-tetramethyl-4-
one-piperidin-1-yl)oxyl (IPON), Dimer (2,2,6,6-tetramethylpiperidin-1-yl)oxyl-fulvalene (YARSIM-
0215) in a neutral aqueous electrolyte (ammonium sulfate) to suppress the formation of radicals from
water electrolysis. Remarkably, using TEMPO, the electrochemically exfoliated graphene (EG) produced
is of exceptionally high-quality, and the process gives high exfoliation efficiencies.

1. Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; Dubonos, S. V.; Grigorieva, I.
V.; Firsov, A. A. «Electric Field Effect in Atomically Thin Carbon Films.» Science, v. 306,pp.666, 2004.
2. Savinski N. ,Vasiliev S., Naumov V., Soloviev M., Shvircova N. «The oxidation of exfoliated
graphite» Bulletin Of The Yaroslavl State University. A series of Natural and technical Sciences . v 4.
pp.73-79, 2013.

3. Savinski N. ,Vasiliev S., Naumov V., Soloviev M., Shvircova N. «Microwave heating of intercalated
graphite» Bulletin Of The Yaroslavl State University. A series of Natural and technical Sciences. v 4. pp.
80-86, 2013.

4. S.Yang,S. Bruller,Z.Shuai Wu,Z. Liu,K. Parvez,R. Dong,F. Richard,P. Samori, X. Feng,K. Mullen
«Organic radical-assisted electrochemical exfoliation for the scalable production of high-quality
grapheme». J. Am. Chem. Soc., v.137,pp 13927-13932, 2015
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P1-7: MeToanka KOJIM4eCTBEHHOT0 ()a30BOro aHAIN3A
omnpenesieHus coaep:kaHus QyJiepeHoB B PyJIIEPEHOBOM cake

C.II. Ky3bkuna, P.M. 3akuposa, [1.H. Kpsuios
@I'BOY BO «Yomypmexkuii 2ocyoapcmeennoiii yuugepcumemy, Hocesck, Poccus, ftt@udsu.ru

Hawnbonee pacmpocTpaHeHHBIH crocod momydeHus: (yJmiepeHOB — AyroBas TEXHOJOTHS, TMPU KOTOPOH
oOpasyercs ¢yiepeHocoaepxkaiias caxa. OIHUM U3 METOJIOB KOHTPOJS cojepxaHus (yJuiepeHOB B
Cake MOXKET OBITh PEHTT€HOBCKHI (ha30BbIi aHATN3: KAUeCTBEHHBIN U KOTUYECTBEHHBIH.
PeHTreHoOBCKMI KONMMYECTBEHHBIN (DAa30BBIN aHANW3 OCHOBAaH Ha OMpEEICeHHH MHTEHCHBHOCTEH JMHUN
uccienryeMblx (a3 W CpaBHEHHHM WHTEHCHBHOCTEH JIMHHMHA ompenesseMblx (a3 Mexny coboll wim c
MHTEHCUBHOCTBIO JIMHUHM 3TAJOHHOr0 o0pasla, moiydeHHoW Ha audpakrorpamme [1]. Bee meronsr
KOJIMYECTBEHHOTO (ha30BOTO aHaIN3a OCHOBAaHBI HA TOM, YTO KaXKJIO€ BEIIECTBO MAET OMpenenEHHBIN
Habop MHTEP(EPEHIIMOHHBIX JTMHUM, KOTOPHI HE 3aBHCHT OT JIPYTHX BEIIECTB, NPHUCYTCTBYIOIINX B
obpasue. COOTHOIIEHWE WHTEHCHBHOCTEH JIMHWN NaHHOW (a3l He MeHsSeTcs, XOTS HWHTCHCHUBHOCTH
KOKIOW IJMHUHM MPOMOPIHOHANBHA cojepxkanuto (a3pl B BemectBe [2]. Ilpm ogHOM m TOM ke
COJIep)KaHUH oTpeaessieMol (pa3sl HHTEHCHUBHOCTh €€ JTMHUM W3MEHSETCS] B 3aBUCHMOCTH OT CPETHEro
KO3(PUIMEHTA TOIJIOIICHUSI PEHTICHOBCKUX Jydedl B oOpasme. I[lodToMy HEOOXOIMMO HAWTH 3Ty
3aBUCHUMOCTh M ONpeAeinTh K03(duIMeHT noriomenus oOpasua Au0O0 yCTpaHWUTh BIMSHHE (akTopa
norsiomenus. VccienoBanne CTpyKTypsl (yiuiepeHOB ©  (YJUIEPEHOBOW Ca)XXW TPOBOIIIM Ha
aBTOMATHU3UPOBAaHHOM peHTreHoBckoM auppakromerpe JJPOH-3.0 [3]. CreMKy HccienyeMbix 00pasios
BEIM Ha MOHOXpoMaTH3upoBaHHOM Fe-K, M3Iy4eHHH B IOIIATOBOM PEXHUME METOAOM MOCTOSHHOTO
BpeMEHHU B MHTepBaiie OparroBckux yrios 26 ot 10 mo 100°. [lar ckanupoBanwust coctasmsua 0.1°. Bpems
CBEMKH B Kakmoi Touke 26 coctaBmsuio 30 cex. B xagecTBe MOHOXpOMAaTopa MCHOIB30BAIH KPHUCTAIT
nuporpadputa. Ha mudpaxtorpamme ¢ysiepeHOBOW CakM UYETKO OMNPENENSoTcss Tpu  (asbl:
kpuctammdeckue rpadut u dymiepen (C60) n amopdnas daza. AMopdHas paza cOCTOUT U3 COOCTBEHHO
CaXH, T.e. HECTPYKTypHpOBaHHOTO yriiepoma. [[ms ompenmenenus coxepkanus ¢ymnepeHa B caxe
HCITOJI30BAIM METOJI M3MEPEHHUSI OTHOIICHWA WHTEHCHBHOCTEH aHANUTUYECKUX JTUHUH [2], KOTOPHIiA
3aKJII0YaeTCs B cieayomeM. M3MepsioT MHTeHCMBHOCTh aHAIMTHYECKUX JIMHMH (B HameM ciayyae Iy u 1;)
Mo OJHOW I Kaxkmou ¢asbl. [lockoNbKy aHanM3upyroTcst ABe (a3bl, TO COCTABISAIOT CHUCTEMY IBYX
YpaBHEHMII:

j—d’:k%,cq)+cr=1, (D

r r

rae C; — MaccoBast 1oJist assi i.
Koaddumment & MoxkHO onpeneanTh CheMKON CMecel ¢ M3BECTHRIM cofeprkanueM ¢a3. Pemras cuctemy
ypaBHeHnu#i (1), HaxonsT copepikanue a3, OTHOCUTEIbHAS MOTPEIIHOCTh JAHHOTO METO/Ia COCTABJIACT 1-
3%. Jlns mocTpoeHus TpalyHpOBOYHOTO Tpaduka OBLTH MPHUTOTOBIEHBI CMECH W3 YHCTOTO (yIiepeHa
C60 u rpaduTa ¢ M3BECTHBIM cojepkanueM ¢a3. B kadecTBe aHAINTHYCCKUX JIMHUN OBIIN BBIOpaHBI
orpaxxenust (002) rpadura u (311) ¢pymiepena C60, kak Hanbojee MHTEHCUBHBIE W OJM3KUE MO YTITy
oTpaxkeHusl. MIHTerpajabHble HHTEHCUBHOCTU Pe(IEKCOB CUMTANN KaK IUIOMIAAN MOA MPOQHIeM KPUBBIX
oTpaxkeHW# rpadura u dyiepeHa ¢ 4eTKo NpoBeaeHHoM tuHuel (GoHa. [1o OTHOIIEHHIO WHTETPATBHBIX
WHTEHCHBHOCTEH aHaIMTUYECKUX JIMHUH rpaduTa u QyiuiepeHa ObUT HOCTPOEH TpalyrpOBOYHBIN Tpaduk
B koopauHatax ly/l, = f(Cy/C;). Ilo ypaBHEHHIO NOIy4€HHOH IpaJyMpOBOYHON NPAMOH ONpeaenuIn
KOA(GUIMEHT MPOTIOPIUOHAIFHOCTH &, YTO IMO3BOJIMJIO HAXOIUTH COJAEpKaHWe (yJuiepeHa B caxe I0
dbopmyne: Iy/(ly + k) = f(Cy). Ilpemnoxkena m orpaboTaHa METOAMKA ONpPENEICHUS KOIMYECTBA
(dynnepena B QysuiepeHOBOM cake METOJOM KOJIMYECTBEHHOTO PEHTTeHO()a30BOro aHaausa.

1. C.C. T'opemuk, FO.A. CxakoB, JL.H. PacropryeB. Penmeenoepaguueckuii u 31eKmpoHHO-
onmuyeckuil ananuz. M.: MUCHUC, 2002

2. A.A. PycakoB. Penmeenocpagus memannos. M.: Atomuznar, 1977

3. C.C. Anansikun, I1.H. KppiioB. «ABTOMaTH3anus cepuiiHOM yCTaHOBKU PEHTI€HOCTPYKTYPHOTO

anamu3a JIPOH-3» I1TO, 2, c. 149-150, 2005
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P1-8: Computer simulation of the interaction of fullerenes with
carbynes

V. Stelmakh'

9. State Technical University, Tashkent, Uzbekistan, vasiliycatl 7@rambler.ru.

Using energy minimization method the stable structures of both freestanding fullerene and freestanding
carbynes (C,, n=5,6) were found. For description of the interatomic potential Brenner interatomic
potential [1], which is specifically parameterized for the carbon systems, was used. Then by the same
energy minimization method and using the same Brenner potential, computer modeling of the interaction
of the fullerene with the carbines was carried out.

The results of computer simulations, the various structural changes of both the fullerene and the carbynes
caused by their interaction as well as binding energies of these formed structures are presented and
discussed. Some results are shown in the figure below.

Figure. Some cases of interaction fullerene with carbynes. Red circles are carbon atoms of fullerene, green circles
are carbon atoms of the carbyne Cg.

1. D.W. Brenner, O.A. Shenderova, J.A. Harrison, S.J. Stuart, B. Ni, S.B. Sinnot, J. Phys: Condens.
Matter 14, 783 (2002).
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P1-9: Circularly polarized light detector based on MDP structure
of CoPt/ (Al,03/Si0,/Al,0;) / InGaAs / GaAs

A.V. Zdoroveyshchev', A.V. Kudrin', M.V. Dorokhin', P.B. Demina', O.V. Vikhrova',

L. Kalentyeva', M.V. Ved’'
INIFTI UNN, 603950, Nizhny Novgorod, Gagarin Ave., 23/3.

Circular-polarized light detectors showing the connection between electrical properties (current or
voltage) and sign or/and degree of light polarization can be used in optical information transmission
systems. In this paper, we proposed a version of detector for circular-polarized light based on the effect of
magneto-circular dichroism (MCD).

Structures studied were a layer of Ing;5GaggsAs (thickness =200 nm) grown on i-GaAs substrate by the
MOS hydride epitaxy method. On surface of semiconductor structure, a layer of combined Al,O; / SiO, /
ALO; dielectric with a total thickness of 170 nm was formed by electron-beam evaporation and then a
Cog45Pto 55 layer 8 nm thick was also formed on dielectric by the electron-beam evaporation method. The
function of the dielectric was to electrically isolate photosensitive layer of InGaAs from metallic
ferromagnetic CoPt layer when investigating the planar photoconductivity of structure. In addition, To
InGaAs layer, In-ohmic contacts were created. Thus, structure of the photoresist element was formed,
which demonstrated a p-type conductivity and had a dark layer resistivity of 89 kQ / kv. The
photoconductivity was investigated by lighting the structure with circularly polarized light through a CoPt
layer falling on photoresistor perpendicular to surface. Structure was placed in a magnetic field oriented
perpendicular to plane. The efficiency of circularly polarized light detecting (D.gr) was determined as
follows:

Det=Riefi-Rright / Ries T Rrighs (1)
where Rieq and Riigh 15 the resistance of structure when illuminated by light of corresponding polarization.
Because the CoPt layers [1] have a pronounced
perpendicular magnetic anisotropy (Fig. 1 continuous line),
the detection efficiency of circularly polarized light has 038
shown a dependence on wavelength of falling light. The
highest value of registration efficiency (Fig. 1 symbol) was

=

=~ 0.75% for wavelengths close to the optical absorption 202 g
edge of InGaAs layer (920 nm). The form of magnetic field SR 10 8
dependence of efficiency detection and the magnetic field S 02 15 <
dependence of structure magnetization almost coincided. g 04 ° =
Apparently, the presence of the MCD effect in CoPt layer S 06 16
leads to a dependence of transmission coefficient on the 08 1o
direction of circular polarization of light and the 2000 000 0 1000 2000
magnetization of layer. The result is a difference in the H, Oe

number of photoexcited carriers in InGaAs layer, which
leads to a difference in recorded resistance of InGaAs layer
and the possibility of detecting the direction of circular
polarization.

Fig.1. — The magnetic field dependence of the
structure magnetization (continuous line) and
the efficiency of circularly polarized light
detection (symbols).

This work was supported by project No. 8.1751.2017 / PCh of the Ministry of Education and Science of
the Russian Federation, Grants No. 15-02-07824 a, 16-07-01102 a and 17-37-80008 mol ev a of the
Russian Foundation for Basic Research, scholarships (SP- 2015) and a grant (MK-8221.2016.2) of the
President of the Russian Federation.

1. A.V. Zdoroveyshchev, M.V. Dorokhin, O.V. Vikhrova et al., «Properties of CoPt ferromagnetic

layers for application in spin light-emitting diodes», Physics of the Solid State, 58, No. 11, pp. 2267-2270,
2016.
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P1-10: Formation of the ferromagnetic semiconductor (Ga,Mn)As
by ion implantation and pulse laser annealing

Yu.A. Danilov' , I.L. Kalentyueva1 , A.V.Kudrin', S.A. Pavlov? ,AE. Parafin’ ,E.A

Pitirimova' , D.S. Tolkachev' ,0.V. Vikhrova' , AV. Zdoroveishchev' , R.R. Yakubov'
1. N.I. Lobachevsky State University, Nizhny Novgorod, Russia, E-mail addres: danilov@nifti.unn.ru.
2. Institute for Physics of Microstructures, Russian Academy of Sciences, Nizhny Novgorod, Russia

Ferromagnetic semiconductor is a material having simultaneously semiconductor and
ferromagnetic properties. Such a combination of properties is achieved by heavy doping of
ordinary semiconductors with transition element impurities. A typical example of the
ferromagnetic semiconductor is Ga;_,Mn,As (x = 0.05) grown by the molecular beam epitaxy
method at ~250°C and having a Curie temperature, 7¢, approximately equal to 110 K. In the case
of Mn ion high-dose implantation into GaAs, there is a serious problem of annealing radiation
defects. The use of rapid thermal annealing at the temperatures above 700°C has a secondary
effect related with formation of ferromagnetic clusters such as MnAs and GaMn. This effect is
conditioned by exit of a fraction of Mn atoms from solid solution through low equilibrium Mn
solubility in GaAs.

We used the technique of pulsed laser annealing (PLA) for recovering the crystal structure and
impurity activation in Mn ion-implantation doped GaAs. The structural, electrical and magnetic
properties of GaAs irradiated with Mn" ions and annealed by a nanosecond pulse of the excimer
laser were studied. The irradiation with Mn" ions was performed at room temperature into i-
GaAs(100) wafers. The ion energy was 50 or 200 keV, implantation doses were up to 5x10'® cm™
?. The excimer (KrF) laser LPX-200 has a wavelength of 248 nm, pulse duration of =30 ns and a
pulse energy density up to 500 mJ/cm”,

The layers, irradiated by Mn" ions even at a dose of 5x10" c¢m™, were amorphous. The
GaAs:Mn annealed by the laser pulse with an energy density of 125 mJ/cm® and above showed
that PLA caused the ion-irradiated layer recrystallization. It was found that there is a threshold
ion dose ~ 1x10" cm™ for the p-type conductivity formation upon PLA with 200-300 mJ/cm®.
The dependencies of the sheet resistance,
Rs, on the measurement temperature for
three implantation doses are shown in

1000
900
800 -

e Fig.1. These curves contain a
£ :22 cha‘racteristic' peak, .which asspciated with
o] an increase in carrier scattering near 7Tc.
o 400 We can see that the 7¢ value increases up

to ~ 110 K with Mn" ion dose.

300 - 1
/3\ Galvanomagnetic measurements detect
anomalous Hall effect with a hysteresis
200 L 1 I L 1 .
0 50 100 150 200 250 300 loop up to 7c. Also, the negative
T.K magnetoresistance was observed up to

Fig.1. Measurement temperature dependences of the sheet 120 K. We believe that during non-
resistance of G?éAS:Mn layflbé‘s after PleGAx fOl"2 Mn" ion equﬂibrium recrystallization by short
doses: (1) 1x10°%, (2) 3x107, (3) 5107 em™ The ion  [ager pulse the implanted Mn atoms are
energy was 200 keV. The inset shows the distributions of incorporated with a rather hieh efficienc
Mn ion ranges in GaAs, calculated for energies of 50 and P o/ g . y
200 keV by TRIM code. (from‘ 15 to 40 %) into Ga sites. The
resulting high concentration of holes
(much higher than 10*° ¢cm™) and Mn atom magnetic moments cause ferromagnetic ordering in
implanted laser-annealed GaAs layers.
The study was supported by the Ministry of Education and Science (project 8.1751.2017/PCh)

and scholarship (competition SP-2015) of the president of the Russian Federation.
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P1-11: High-temperature intrinsic ferromagnetism in the InFeSb
semiconductor

A.V. Kudrin, Yu.A. Danilov, V.P. Lesnikov, O.V. Vikhrova, D.A. Pavlov, Yu.V. Usov,

E.A. Pitirimova, [.N. Antonov, R.N. Kryukov
N.I. Lobachevsky State University, Nizhny Novgorod, Russia, E-mail addres: kudrin@nifti.unn.ru.

A search for new ferromagnetic semiconductors is aimed at creating effective spin injectors for
spintronic devices, operated at room temperature. In this work we present the results of
fabrication and the investigation of InFeSb/GaAs structures with the room temperature
ferromagnetism. The = 40 nm-thick InFeSb layers were fabricated on i-GaAs substrates by
pulsed laser deposition. In the vacuum chamber the solid targets (InSb and Fe) were periodically
sputtered by Nd:YAG laser. The ratio of the sputtering times #p./f1,sp Was varied in the range 0.08
— 0.17. The substrate temperature was 30, 150, 200 and 250°C. The Fig. 1 shows the high
resolution transmission electron microscopy (HRTEM) image of the cross-section of the
InFeSb/GaAs structure with #ge/timsy = 0.17 and a growth temperature (7,) of 250°C. Due to the
large lattice mismatch (14.6 %) between InSb layer and GaAs matrix the large number of
stacking faults arise on {111} planes. The stacking faults appear as the net of straight lines at an
angle of ~ 70° with respect to etch other. The HRTEM images do not reveal the presence of any
visible second phase inclusions with a lattice differ from zinc-blende InFeSb matrix. The
transmission electron diffraction (TED) pattern obtained from InFeSb/GaSb interface also
supports the zinc-blende type lattices (InFeSb and GaAs) only.
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Fig. 1. The HRTEM images of the InFeSb/GaAs Fig.2. The Ruy(B) dependences of the
structure. The inset shows the TED pattern of the |FeSh/GaAs structure at 300 and 77 K. The
InFeSb/GaSb interface. . .
inset shows magnetoresistance dependences
on B oriented perpendicularly to the plane.

The Fig. 2 shows the Hall resistance dependences on external magnetic field (Ry(B)) at 300 an
77 K for the InFeSb/GaAs structure (fre/finsb=0.17, Ty = 250°C). The Ru(B) dependences reveal
the anomalous Hall effect up to a room temperature: the dependences are nonlinear with a
saturation at the magnetic fields > 1500 Oe. The negative magnetoresistance with a bend at ~
1500 Oe also confirms spin-depended character of the carriers transport in the InFeSb layer.
Thus, the obtained InFeSb layers are a single-phase zinc-blende crystal with the room-
temperature ferromagnetic properties.

This study was supported by the Grant of President of Russian Federation (MK-8221.2016.2)
and by project no. 8.1751.2017/PCh of the Ministry of Education and Science of Russia.
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Currently electric phase change memory (or PCM) is one of the candidates for the replacement of the
flash memory. The advantages of PCM in comparison with flash memory are following: low power
consumption, high reading and writing rates, a large number of write cycles, high radiation resistance.
Principle of the PCM operation is based on the rapid reversible phase transformations between
amorphous and crystalline states, which takes place in PCM materials under low-energy external
influences. The material of Ge,Sb,Tes (GST225) is considered to be the most promising for use in PCM
devices. But many questions related to the electrophysical properties, in particular the peculiarities of
phase transitions in PCM materials are still open. Therefore, the aim of the work is investigation of the
electrophysical characteristics and peculiarities of the phase transitions.

Investigated Ge,Sb,Tes thin films were deposited by magnetron sputtering (MS). The pressure of Ar
during the process was 2:107 Torr. The substrate temperature did not exceed 50 °C. Depositing rate was
2.2 nm/s. Atomic force microscope (NT-MDT Solver Pro) were used to investigate the thicknesses and
morphologies of thin films. The thicknesses of the films were in the range from 40 to 390 nm. X-ray
diffractometer (Rigaku Smart Lab) was used for the investigation of thin film structure. According to the
X-ray diffraction (XRD) as-deposited films had amorphous structure. Scanning electron microscope
(Philips XL 40) with EDXR spectrometer was used for the microanalysis of MS thin films. EDXR results
showed that composition of as-deposited thin films was Ge = 24.8 at.%, Sb =21.3 at. %, Te = 53.9 at.%.
The resistivity temperature dependences for thin films were investigated on a special stand, containing
heating stage HFS600E-PB4 Linkam and picoammeter Keithley 6485. Planar structures containing
TiN+W electrodes with fixed interelectrode distances (1.5 mm), and deposited upon them GST225 thin
film were fabricated on oxidized c-Si substrates. The resistivity temperature dependences for the GST225
thin films were studied from room temperature to 400 °C with a heating rate of 5 °C/min in an argon
atmosphere.

Differential scanning calorimetry (DSC) was carried out with using of DSC-50 (Shimadzu) analyzer.
Thin films were scraped off from the monocrystalline Si substrates, and pressed and sealed in Al pans,
which limited measurements to 635°C. Measurements were carried out at heating rate of 10 °C/min in an
inert atmosphere of nitrogen.

The results of the investigations of the resistivity temperature dependences showed that sharp drop in
resistivity for GST225 were observed in the ranges from 180 to 195 °C. According to X-ray diffraction
such drop is caused by the crystallization of as-deposited films. Analysis of XRD data indicated that
annealed thin films at given temperature have cubic structures. This transition is accompanied by the
appearance of an exothermic peak on DSC curves. Cooling after the phase transition showed that the
resistivity has a non-metallic dependence. Second phase transition from metastable rock salt to stable
hexagonal structures was observed in the temperature range from 360 to 400 °C. The resistivity at cooling
after the second phase transition has a metallic dependence. This transition was confirmed by the data of
DSC and XRD.

Thus, it was shown that sharp drops in resistivities for Ge,Sb,Tes thin films were observed in the
temperature ranges from 180 to 195 °C and from 360 to 400 °C, which correlates with the changes of the
thermal properties detected by DSC.

According to the XRD analysis, such changes of the electrical and thermal properties are caused by the
phase transitions to the cubic and hexagonal structures, respectively.

This work was supported by the Russian Federation President's grant (MK 8105.2016.8).
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Because of recent progress in the Si-based optoelectronics, the heteroepitaxy of Ge on Si has attracted an
increased attention. It is necessary to grow the Ge layers with low density of dislocations and smooth
surface. At present, various methods are applied in these purpoeses problem, such as growing the graded-
composition SiGe buffer layers, high-temperature annealing, or chemical-mechanical polishing. However,
the application of the methods listed above complicates the hererostructure fabrication process.

In the present work, we report on the growth of the Ge epitaxial layers with high crustal quality, low
dislocation density (~1-10° c¢cm™), and smooth surface (RMS roughness ~ 0.37 nm) on the Si (001)
substrates at low temperature by hot wire chemical vapor deposition (HW CVD).

The Ge epitaxial layers were grow on Si (001) in a home-made HW CVD system. Monogermane (GeH,)
was used as the gaseous Ge precursor. The grwoth was performed at constant substrate temperature
(~350°C), as well as in a two-stage mode: ith initial Ge layers were grown at 350°C whereas the main
thick layers were grown at 500°C. The temperature of the hot Ta wire was 1300 - 1500°C. Also, the Ge
layers doped by phosphorus by the evaporaion of GaP compound fromn an effusion cell have been
grown. The grownt Ge layers were examined by various methods, including doule-crystal X-ray
diffraction (DXRD), transmision electron microscopy (TEM), atomic force microscopy (AFM), Raman
spectroscopy, etc.According to the DXRD data, in the Ge layers of = 1 mkm in thickness, the values of
the full width at half maximum (FWHM) of the (004) reflection were 0.08 to 0.1° for the layers grown in
the constant temperature regime and ~0.05° for the layers grown in the two-stage mode.

We demonstrated a p-i-n diode based on a Ge/Si anisotype heterojunction, which can be applied as a
photodetector. The Ge epitaxial layers on Si are suitable also for the use as the virtual substrates for the
fabrication of the solar cells based on the III-V compound semiconductors.

The study was supported by Ministry of Education and Science of Russian Federation (Project
#16.7443.2017) and by Russian Foundation for Basic Research (Project #15-02-99664).
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One of the main directions in development of modern electronics is a nanopiezotronic - a field of science
that explores the flexo- and piezoelectric properties of nanomaterials. Particular attention in this area is
paid to carbon nanostructures characterized by high scalability, speed and energy efficiency and
exhibiting anomalous piezoelectric properties [1].

The purpose of this work is research of the direct piezoelectric effect in vertically aligned carbon
nanotubes (CNTs) by using atomic force microscopy (AFM).

As a sample was used an array of vertically oriented carbon nanotubes with a diameter of 43 = 7 nm, a
length of 1.4 + 0.2 um and a density of 128 pm™, grown by the method of plasma-chemical deposition
from the gas phase (PECVD). The study of the arrays was carried out by AFM method using Ntegra (NT-
MDT). In the process of preliminary scanning of the CNT’s array surface in a semi-contact mode,
individual nanotubes were swung under the mechanical action of the AFM probe and combined into
bundles under the action of Van der Waals forces. During the second scanning pass by the Kelvin probe,
the surface potential of the CNT was measured at a distance of 15 nm from the array’s surface. During the
second part of the research, a piezoelectric current was measured in the AFM power spectroscopy mode
with a change in the force of the mechanical interaction of the probe with a bundle of nanotubes.

The analyse of obtained AFM images showed that at the peak of the CNT bundles with a diameter from
50 to 160 nm (Fig. 1, a), a negative surface potential was observed from -60 to -110 mV, but near the base
of the bundles there was a positive potential of 90 to 130 MV (Fig. 1, b). The appearance of a negative
potential on the nanotube bundle is due to their flexural deformation caused by unification.
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a) b)
Fig.1. - AFM images of an array of oriented CNTs: a) - surface relief obtained in a semi-contact mode; b) is the
distribution of the surface potential

The results of experimental researches showed that when a probe of an AFM was applied to a CNT
bundle in the "lower electrode / CNT / AFM probe" system, a current up to -15 nA was detected, which is
due to the presence of a surface potential at the top of the bundles. When the position of the probe relative
to the surface of the array varied from 300 to -50 nm, the current varied from 0 to -16 nA, which indicates
an increase in the potential of nanotubes with increasing compression deformation.

Thus, the piezoelectric effect in oriented carbon nanotubes was experimentally confirmed and the
experimental values of the surface potential of the CNT bundles on the magnitude of their deformation
were obtained. These data correlate with the theoretical research that we conducted earlier [2]. The
obtained results can be used in the development and research of piezotronic devices based on carbon
nanotubes.

This work was financially supported by Russian Foundation for Basic Research (project Ne16-29-14023
ofi_m) and Internal grant of the Southern Federal University (project NeVnGr-07/2017-26).

1.S. Chandratre et al., Appl. Phys. Lett., 100, 023114 (2012).

2. Ageev O.A., Blinov Yu.F., II’in O.1., Konoplev B.G., Rubashkina M.V., Smirnov V.A., Fedotov A.A.,
Phys. Solid State, Vol. 57, No. 4, p. 825, 2015.
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Heterovalent structures are of increasing interest both for fundamental research and device applications.
Combining materials of different chemical groups (e.g., III-V and II-VI) in a single-crystal
heterostructure provides unique possibilities to tune the electronic structure and the band offset values,
which determine the energy barriers for electron and hole transport. Many combinations of III-V and II-
VI compounds can be lattice matched to one another providing an avenue to create heterojunctions with
large offset potentials that can be used for cladding and window layers. In particular, interfaces in the
InAs/(Cd,Zn)(Se,Te) system are very promising for laser diodes [1], while addition of Mn into the 1I-VI
layer makes possible the using of these interfaces in spin-injecting heterostructures [2].
The objective of the present study is the analysis of the band offsets and the chemical bonds at the
coherent InAs/CdSe and InAs/ZnTe/CdSe interfaces grown by molecular-beam epitaxy (MBE). The
thickness of CdSe layer was 3 nm, while the thickness of the intermediate ZnTe layer was 3 ML (~1 nm).
The studies were performed by synchrotron-radiation photoemission spectroscopy (SXPS) on the BACH
beamline of the synchrotron Elettra (Trieste, Italy). In order to obtain the depth distribution of different
species the core levels of the heterojunction constituents were measured at different excitation energies
from 180 to 1300 eV providing the information depth variation from 1.9 nm (less than thickness of the
CdSe layer) up to 8.5 nm.
Typical core level spectra obtained from InAs/CdSe and InAs/ZnTe(3ML)/CdSe heterostructures are
shown in Fig. 1. For clarity, the spectra of the InAs/ZnTe(3ML)/CdSe heterostructure were shifted by
0.15 eV to higher binding energies to normalize the position of the Cd 4d core level. As the binding
energies of the Cd 4d and Zn 3d core levels are very close to each other, the corresponding photoemission
in the InAs/ZnTe(3ML)/CdSe heterostructure were fitted in order to separate these core levels (Fig. 1).
Obviously, the insertion of a thin ZnTe layer
shifted by into the InAs/CdSe heterostructure results in
— the increase of the valence band offset (VBO)
at the InAs/CdSe interface approximately by

In 4d & 650 eV

J 1\ Information depth = 5 nm 7

7% 51 (nAsiznTe/Cdse| & !

i \Enhsy g2ev  FCAUA { 0.2 eV (Fig. 1). The determined InAs/CdSe
s e e /3% | VBO values are 1.02 + 0.08 eV and 1.19 +
: £ ozev 0.08 eV  for  InAs/CdSe and
jniad| K T saev Ji% InAs/ZnTe(3ML)/CdSe heterostructures,
: '*‘1‘ ﬁ-.: respectively. Simultaneously, the VBO at the
nAs  [inAsiCdse] & Cd4d % buried InAs/ZnTe interface can be estimated

In-Se e R . — as 0.25+0.06 eV.

20 19 18 17 16 13 12 11 10 e As opposed to the GaAs/ZnSe interface [3],
Binding energy [eV] . . .
the diffusion of the InAs epilayer components

Figure 1. In 4d, Cd 4d and Zn 3d core level spectra for O the CdSe epitaxial layer is quite weak, thus

InAs/CdSe and InAs/ZnTe(3ML)/CdSe heterostructures ~ confirming the abruptness of the InAs/CdSe
interface. Little amount of the In—-Se chemical

bonds is visible at the interface (Fig. 1), while
the As—Se chemical bonds are observable only
within the CdSe layer directly grown on InAs
and occur presumably around diffused As
atoms.

measured with the excitation energy of 650 eV. For
clarity, the core level spectra  of  the
InAs/ZnTe(3ML)/CdSe heterostructure were shifted by
0.15 eV towards higher binding energies.

1. S.V. Ivanov et al., «A 2.78 mm laser diode based on hybrid AlGaAsSb/InAs/CdMgSe double
heterostructure grown by molecular-beam epitaxy», Appl. Phys. Lett. 82, pp. 37823284, 2003

2. T. Gleim et al, “Energy level alignment at zinc blende Cd(Mn)Se/ZnTe/InAs(100) interfaces”, Appl.
Phys. Lett. 99, 072111, 2011

3. T. A. Komissarova et al, «Electronic, structural and chemical properties of GaAs/ZnSe heterovalent
interfaces as dependent on MBE growth conditions and ex situ annealing», Semicond. Sci. Technol. 32,
045012, 2017
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Electric power supply grows constantly, and it is essential to develop energy storage systems for
electronic equipment, mobile devices, micro- and nanoelectromechanical systems (MEMS and NEMS)
with higher power density, efficiency and stability. In this work, one of possible ways of nanocomposite
CNT/NiOy electrode material creation for applying in electrochemical capacitors is examined. Features of
the combination consist of carbon nanotubes (CNTs) play a skeleton role with providing stability and
high power rate, and nickel oxide (NiOy), which is active material, increases the specific capacity due to
faradaic processes. The electrophoretic deposition (EPD) represents well-known simple and versatile
method of manipulation and deposition of nanoparticles, such as CNTs, in liquid suspensions under the
applying of an electric field.

The catalyst of Co/Mo/MgO was used to obtain a carbon material with a high content of multiwall CNTs
via chemical vapor deposition with methane pyrolysis at 900°C. After synthesis, in order to remove metal
inclusions and amorphous carbon and functionalize CNTs, powder was consequently rinsed in
concentrated hydrogen peroxide, hydrochloride and mixtures of nitric and sulfuric acids at elevated
temperatures. Final average tube diameter and length were 20 nm and 1.5 pm respectively.

For suspension, as a solvent, the 50 ml ethanol/acetone mixture was used in volume ratio of 1:1.
Nickel(Il) nitrate hexahydrate (Ni(NO;),'6H,0) was added in different amounts as a precursor of NiOy
and as a charger of a CNT’s surface at the same time. Quantity of added CNTs equalled 2 mg. In order to
improve suspension stability, 2 mg of hydroxypropyl cellulose with 0.4 mg of sodium lauryl sulfate, as a
dispersing agent and a surfactant respectively, were added. Then solutions were beaten up in an ultrasonic
bath with ice for 20 minutes. Finally, they were centrifuged for 10 minutes at 10000 RPM with
temperature of 14°C, with a view to make badly dispersed particles settle down, and decanted from
sediment.

In deposition process was used DC power supply with 30 V applied. As anode was used a golden plate,
and as cathode — pretreated Ti or Ni foil. The deposition area was the 1x2 cm’ rectangular, and the
distance between electrodes was 1 cm. 30 seconds deposition acts were alternated with 5 minutes drying
in order to obtain better uniformity and prevent cracking because of mechanical strain, arising during
drying.

Examination of obtained samples showed tendency of deposit to aim substantially the edges of the foil
work area and follow some determined lines. With more deposition cycles, it is possible to create more
uniform coatings. After the deposition in the suspension with 10 mg of charger salt within was obtained a
sponge-like porous structure. 9 cycles leaded to 2.27 pm thickness total. 18 cycles gave amount of deposit
around 1 mg. Average relative atomic content was 0.8:1:3 = C:Ni:O.

For electrical characteristics studying were assembled asymmetric samples of capacitors with a blank Ti
foil as a counter electrode, cellulose separator and 0.5 M KOH solution as electrolyte. They were exposed
to cyclic voltammetry with potentiostatic and galvanostatic modes. Stable values of specific capacity at
scan rate of 10 mV/s for capacitors with electrodes obtained by 3 and 9 EPD cycles in 10 mg charger salt
suspension were 4 and 3.5 mF/cm? respectively.

Apart from that, the possibility of local deposition of described material on narrow Ti electrodes, 30-70
um width with 10-50 um spacing in between, was confirmed. Thereby, EPD method can be used in
producing of the planar electrochemical capacitor with interdigital structure.

Acknowledgements: The Russian Science Foundation supported this work (project Nel16-19-10625).
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Studies using scanning tunneling microscopy of the Pb film growth on the vicinal surface of Si (5 5 7)
showed that the growth occurs in accordance with the Stranski-Krastanov scenario [1]. The elongated
along the step edge have a layered structure. Statistical analysis of the STM image reveals predominant
thickness of the layers of 2 nm, which corresponds to 7 monolayers of Pb. The observed stratification of
the Pb nanoislands is well described in terms of electron growth [2], namely, the island layers are a set of
quantum wells separated by a semi transparent walls for the conduction electrons. Island stratification
resulted in reduction of conductive electrons energy due to quantum confinement.

DFT modeling demonstrated that quantum wells could be formed by the sequence of the twin boundaries.
Subsequent DFT simulations showed that the formation of the twin boundary induced by creation of
standing waves in electron subsystem of the Pb layer. Results of DFT modeling are in a good agreement
with experiment.

1. D. A. Fokin, S. I. Bozhko, V. Dubost et al., Phys. Status Solidi C, 1-4 (2009)
2. P. Czoschke, Hawoong Hong, L. Basile et al., Phys. Rev. B 72, 075402 (2005)
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[Ipormeccsl camoopraHM3aud U CaMOCOOPKH (PYHKIMOHATU3UPOBAHHBIX KapOOKCHIILHBIMUA TPYMITaMU
MHOTOCTEHHBIX yriiepoAHbix HaHoTpyOok (MYHT — COOH) B nauonmsupoBanHod Boze (/IB) B
MIPUCYTCTBHUH YIbTpamuciiepcHoro aspocmia (0-Si0;) ¥ 1O BIUSHAEM 3JIEKTPUIESCKOTO TIOJS W3YUCHBI
meromamu MK-®ypse (Nicolet iS50, 0.125 cm '), komGuHarmonnoro paccesinust cera (KPC) (Omega
Scope™ pamaHOBCKHIl MHUKpocieKTpoMmeTp, 532 M, 0.8 CM*I), koH(pokaneHoU (KM), atoMHO-CHIIOBOM
(ACM) SmartSPM wu ckaaupytomeii snexkTpoHHON Mukpockormu (COM) (JSM JEOL 6610).
[omyuennsiit xommouansiii pacteop (KP) MYHT — COOH B nuonmsupoBanHoit Bome (H,Op) ¢
nobaBmenneM o-SiO, B cooTHOmIeHHMHM 1:2 HAHOCHJICS METOAOM W3 KAl B MEKAIJICKTPOIHBINA
MIPOMEXKYTOK TIedaTHOH Tutathl [1]. Ha amekTpoabl moaBasoch MOCTOSHHOE HAMPSDKEHUE (BapbHPyEMOE
ot 15 mo 25 B). Ha muxpodororpadusx (puc. | @) BUIHBI KaTOA U aHOJ C PACCTOSTHUEM MEXITy HUMH
1500 MxM, 0003HAYEHHBIE «1+)» H «—».

Puc. 1 — KM u COM wm3ob6paxenus B ocanke u3 KP #a curamre ¢ JIKO, ®C u [IC mpu U= 19 B (a), ®C u JIKO (6),
ACM wmzo6paxenns JIKO u @C (8)

OOHapyxeHO, 4TO B TIpolecce caMocOOpKH HW/WiH camoopranuzanmu (opmupyrores auddysHsre,
(pakTanbHble CTPYKTYPBI WM JIMHEHHO-KYCOYHBIE 00pa30BaHuUsl, pa3Mephl KOTOPBIX YMEHBIIAIOTCS Kak
1/U, a cKOpOoCTh UX POCTa BO3pACTaeT Kak U?. Ycranosiero, uto MYHT — COOH + a-SiO, + H,Oy4: B
NIEKTPUYECKOM II0JI€ YOPaBIIeMO OpHEHTHpYIOTcs. IlosyueHHble pe3ynabTaThl IOKa3ayd, 4YTO
HWHTEHCHBHOE YJIbTPa3ByKoBoe nucneprupoanue koMmiuiekcos B Buge MYHT — COOH + a-SiO, + H,Oy,
Bb3pIBaeT nossieHne BHyTpu MYHT — COOH OVHT c¢ neHTpanbHO-OCEBBIM PACIONIOKEHUEM, YTO
roATBepkaeHo Bo30yxkaeHusMu KPC B koporkoBoiHOBOM oOmactd — PJIM (Puc. 2). MHoroob6pasue
BO3HHUKAIOIINX CTPYKTYp B TOCTOSIHHOM OJJIEKTPUYECKOM I10Jie OOYCIOBJICHO KaK CYyIIECTBOBAHUEM
CMEIIAHHBIX THIIOB Sp° — TMOPHIM3ALMU C M- M G-yIJIEPOJHBIMH CBA3AMH, TAK M METAIUIMYECKOH M
MOJYTIPOBOJHUKOBON MPOBOAMMOCTSIMH, YTO, caMO MO ce0e, yKa3plBaeT Ha OOJIBIIOE MPAKTHUYECKOE
3HAYE€HHUE TAKOT'O CTPYKTYpPHUPOBAHUS C yUETOM MEPCHEKTHUB PAa3BUTHUS HAHOAIEKTPOHUKH.
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Puc. 2 — Cnexrpst KPC crpykryp JIKO, JIC u ®C, obpazoBannbix u3 MYHT — COOH + a-SiO, + HyO,,. BeraBka
1 B o6mactu PJIM.

1. Kyspmenko A. II., Ter Ilbo Hamnr, Mpo Mun Tan, JloO6pomsicioB M.b., Uan Heen AyHr.
H3zeecmus HO2o0-3anaonoeo cocyoapcmeennozo yuugepcumema. Cepus mexnuxa u mexuonoeuu, Ne3(16),
C. 39-50, 2015.

2. Dresselhaus M. S., Jorio A., Hofmann M., et. al. Nano Letters, Vol. 10, P. 751 — 758, 2010.
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The method of thermomigration (TM) is a promising basis for power electronics technology due to the
unique possibility of creating narrow channels with sharp boundaries perpendicular to the surface of the
semiconductor substrate [1]. The process of local recrystallization with the help of TM occurs due to the
successive motion under the influence of the temperature gradient of the liquid zone of the solvent. One
of the main problems of creating recrystallized channels is the minimization of deformation and the
concentration of structural defects at the channel boundary.

The results of a study of the microstructure of the separation p-channel of a silicon power thyristor
obtained by the TM method of liquid aluminum-silicon bands are presented. The p + -channels (see Fig.)
With a width of 100 um were created along the (100) and (010) directions on a commercial substrate Si
(100)(P) (40 om sm) 500 pum thick in the temperature range 1100-1200 ° C in a specialized installation |
2]. Typical speed of migration of the zone was 500-700 microns per hour. The structural characterization
of the formed channels was carried out by the method of X-ray diffraction topography and double crystal
rocking curves using copper radiation. The impurity profiles both across the channel and along its depth
were characterized using secondary ion mass spectrometry.

The diffraction 004 rocking curves from the sample
surface located near the channel boundary show the
presence of two maxima: the main one, corresponding to
reflection from the silicon substrate, and an additional
reflection at smaller Bragg angles from the crystal lattice
of the channel. The angular distance between them
allowed us to estimate the change in the lattice parameter
in the channel as Ad / d ~ (2 + 3.5) 10™. An analysis of X-
ray topography 440 reflection images of channel of a
sample shows a considerable stress gradient near the
channel boundaries. In these regions, the formation of
dislocations is possible because of the partial relaxation of
stresses at the boundaries and other microdefects.
Secondary ion mass spectrometry revealed an increased
concentration of oxygen and carbon along the boundaries
of the channel compared to its body. The concentration of
aluminum in recrystallized silicon is in the range ~2-10™"
cm” depending on the temperature of the thermo-migration process.

Fig. Optical image of the cleavage of a silicon

substrate with a thermomigration channel.

1. V. N. Lozovskii, L. S. Lunin, and B. M. Seredin, «Peculiarities of obtaining power silicon devices
by means of thermomigration», Elektron.Tekh., Ser. 2: Poluprov. Prib., No. 2-3 (236), pp.103-115, 2015.
(in Russian).

2. V. N. Lozovskii, B. M. Seredin, A. S. Polukhin, and A. I. Solodovnik, «Equipment for production
silicon structures by thermomigration», Elektron. Tekh., Ser. 2: Poluprov. Prib., No. 5 (239),pp. 65-76,
2015. (in Russian).
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P1-20: Determination of the Atomic Density of a Thick Film by the
Rutherford Backscattering Spectroscopy (RBS)

E. Parshin' , N. Melesov'
1. Yaroslavl Branch of the Institute of Physics and Technology, Institution of Russian Academy of Sciences,
Yaroslavl, Russia, par1959@yandex.ru, dartnik@mail.ru.

The studies of thick films (using aluminum and vanadium oxide as examples) were carried out by the
RBS method to determine the atomic density of chemical elements. In solving similar problems for thin
films, a number of assumptions are usually used: the dissipation of the projectile ion energy throughout
the path before and after scattering is constant; the scattering cross section over the entire thickness of the
film do not varies; the beam is transmitted through the thin target with only very little loss of particles.
These assumptions lead to inadequate results already for films that are 0.1 pm in thickness. In reality, the
analysis complicates by the principle nonlinearity of the dependence on energy both the dissipation and
the scattering cross section and their mutual superposition in the resulting spectrum. Also, there is
superimposing of signals on each other from different elements composing both the studied sample and
the substrate. An example of spectra obtained by RBS analysis is shown in Fig. 1. The samples were
analyzed by ion beam He" which has energies in the range 0.7-1.8 MeV, and it obtained with a linear

accelerator K2MV HVEE. The total resolution of the measurements is 18 keV.
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Fig. 1. Examples of spectra obtained from thick films: a — 100 nm VO on a Si substrate at Ey= 0.7 MeV
and ¢ =160 °; b— 1.0 um Al on a substrate of Si (crosses) and C (circles) at Eg = 1.5 MeV and ¢ = 160°.
The authors showed that in the approximation of a homogeneous film, it is possible to determine the
atomic density of a chemical element by a numerical solution of the integral equation for total energy
losses of ions scattered at the inner film boundary:

E, = K[E0 ~[n- g(E)dx] ~[n-e(Eyax's )
0 0

where K is the kinematic scattering factor (depends on the target atom mass); E is the initial energy of
He' ions; e(E) is the energy loss function; n is the atomic concentration of target element; @ and a' are
paths which the projectile ion passed through the substance before and after scattering, respectively; the
Ox axis is directed along the projectile ion motion before scattering, and the Ox' axis is directed along the
projectile ion motion after scattering.
Also, an algorithm was developed that decomposes an integral signal from chemical element to signals
from elementary sublayers (the sublayer thickness is mainly determined by the system resolution). In this
case, the energy of the projectile ion passing through the elementary sublayer at a depth x is convenient to
determine by the expression [1]:

1 1
E(x)zEO—x-n-g+5-x2-nz-g-g’—g~x3-n3-(5”-82—5’2-5), 2

where ¢’ and ¢" are the first and second derivatives of the energy dissipation with respect to energy.
Such an approach allows us to carry out sequential refinements of the function n(x), to a satisfactory
convergence of the solution of the integral equation (1) for all sublayers.

1. Lawrence R. Doolittle, “Algorithms for Rapid Simulation of Rutherford Backscattering Spectra”,
Nuclear Instruments and Methods in Physics Research, B9, pp.344-351, 1985
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P1-21: Computer modeling thin film growth on the surface by low
energy cluster deposition

Rasulov A.M.
Ferghana Polytehnic Institute, Ferghana str., 86, Ferghana, 150100 Uzbekistan, arasulov59@mail.ru

This report describes the parallelization strategy applied to low energy cluster beam deposition (LECBD)
on the surface of crystals. Nanoclusters on surfaces are interesting for a wide range of chemical,
magnetic, electronic and optical properties. Bimetallic particles can be produced displaying either core-
shell structures or forming alloys with, eventually, a segregated surface. The possibilities of synthesis
outside equilibrium conditions widely increase the range of possible cluster composition and structure.
Such particles can be modelled at the atomic scale allowing detailed comparison with experiment. Such
studies are facilitated either by depositing the clusters on surface or embedding them into a matrix.
Deposited and embedded particles can be modelled on their turn, at the atomic scale. By accumulating
them, it is possible to synthesised nanostructured layers with specific properties. Cluster assembled films
are formed by deposition on a surface and such films could be modelled as well. Specifically, clusters on
surfaces can be obtained by atomic deposition followed by thermal diffusion. This method applies for
atomic species forming islands rather then wetting the surface. Such a method was used, for instance, to
produce cobalt clusters on a silver surface. These clusters precipitate preferentially on pre-existing
defects, or the atoms form defects at landing, themselves acting as sinks for cluster growth. Clusters in the
gas phase are produced by laser ablation or by condensation and then extracted into a supersonic beam
directed toward the substrate surface. By the latter method, clusters at thermodynamic equilibrium are
formed while clusters outside equilibrium can be synthesised with the former. These both techniques
allow mass selection so that homogeneous populations of deposited clusters can be formed, with identical
deposition conditions. It is well known from both experiment and modelling that clusters slowing down at
supersonic velocities do not fragment upon impact.

For study of characteristics of LECBD processes one of best methods is the computer simulation using
Molecular Dynamics. However, in this case the calculation time is dramatically increased with increasing
the number of atoms in the studied system. The parallelization of algorithm for simulation of LECBD
characteristics results in considerable decreasing the calculation time. The parallelization strategy adopted
is a multidimensional domain decomposition of the simulation box using a link cell method and a Verlet
list method for each sub-domain independently. The program paradigm is based on explicit massage
passing, and the standard Massage-Passing Interface (MPI) was chosen in order to achieve portability.
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P1-22: Calculation of quantization energy levels in submicron
MOSFETSs using Monte Carlo simulation

O. Zhevnyak', Ya. Zhevnyak', I. Myachikova®

1. Belarussian State University, Minsk, Belarus, Zhevnyvakol@tut.by. 2. Belarussian State Academy of Aviation,
Minsk, Belarus, Myachikova@tut.by.

As known there is an energy quantization in silicon inversion layers [1]. With co-authors we had showed
this phenomenon may be influential for electron properties in MOSFET’s current channel at definite
conditions [2]. However these conditions are not deeply studied.

The purpose of present work is the investigation of gate and drain bias effect on structure of quantization
energy levels in MOSFET’s conduction layer (current channel). This effect is determined by changing of
potential slope along the transistor‘s channel. On figure the general potential profiles into the MOSFET
substrate are schematically presented.

U (x) U (x) U (x)

to substrate

to substrate

' to substrate

X X X
at source at channel center at drain d

Figure. Potential slope along the transistor’s channel. d; is the drain deepness into MOSFET substrate.

Evidently the structure of quantization energy levels is not uniform along the channel.

In present work we have calculated the quantization energy levels by direct solution of Schrédinger
equation

diy/dt® + 2m/h*(E-U(x))y = 0 using infinite mathematical series. Used bound conditions were
y(0)=y(0)=0. The potential profiles U(x) at each channel section are obtained by using Monte Carlo
simulation of electron transport in MOSFETSs and solution of Poisson equation [3].

The energy levels structures along the transistor’s channel are calculated. We have considered MOSFETs
at a wide range of gate and drain bias with channel length is less 0.4 um. Gate oxide is equal 7 nm and
drain deepness into MOSFET substrate is equal 0.1 um. The obtained data show that for studied
conditions the quantization energy levels are appeared only at source end of channel. In other regions of
channel the energy quantization is not arisen as the distance between nearest energy levels is less than the
temperature energy broadening.

1. M. V. Fischetti, S. E. Laux, «Monte Carlo study of electron transport in silicon inversion layersy,
Phys. Rev., B48, pp.2244-2274, 1993

2. V. Borzdov, O. Zhevnyak, F. Komarov, V. Galenchik. «Monte Carlo simulation of integral
electronics device structures». BSU, Minsk, 2007 (in Russian)

3. O. Zhevnyak, «Temperature effect on electron transport in conventional short channel
MOSFETSs: Monte Carlo simulation», Proc. SPIE, 7025, pp.1M-1-8, 2008
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P1-23: ON ONE PECULIARITY OF THE MODEL DESCRIBING
THE INTERACTION OF THE ELECTRON BEAM WITH
THE SEMICONDUCTOR SURFACE

M.A. Stepovich"*, A.N. Amrastanov', E.V. Seregina”, M.N. Filippov*

1. Tsiolkovsky Kaluga State University, Kaluga, Russia, m.stepovich@rambler.ru, an_amr@mail.ru. 2. Bauman
Moscow State Technical University (National Research University), Kaluga Branch, Kaluga, Russia,
evfs@yandex.ru. 3. Ivanovo State University, Ivanovo, Russia, m.stepovich@rambler.ru. 4. Kurnakov Institute of
General and Inorganic Chemistry RAS, Moscow, Russia, mn@filippov.org.ru

The problem of heat distribution in semiconductor materials irradiated with sharply focused
electron beams in the absence of heat exchange between the target and the external medium has
been considered by mathematical modeling methods. In the quantitative description of energy
losses by probe electrons, a model based on a separate description of the contributions to the
energy of absorbed and backscattered electrons is used [1]:
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3%”‘ Using the features of this approach, the nonmonotonic
dependence of the temperature of the maximum heating
of the target AT on the energy of the primary electrons
E) is explained. As an illustration, the figure shows the

20 dependence of the maximum heating of the samples AT

on the energy of the primary electrons E, for GaAs
(curve 1). The results of the calculations show that the
contribution of electrons absorbed in the target
(curve 2) to the total energy losses of the probe
electrons in the target (curve 1) is decisive for the probe
energy of less than about 2...3 keV, and then the curve 2
decreases monotonically. We note that for heavy
semiconductors, the energy loss of the absorbed
Eo, keV electrons becomes practically zero at an energy of about
8 keV. For light samples and samples with average
ordinal numbers (including GaAs), the energy losses absorbed by the target absorbed and back
scattered (reflected) electrons become commensurate with the electron energy of the probe about
8 keV, and at higher energies the contribution of backscattered electrons predominates. This can
be explained by the deeper penetration and large scattering in the target of the probe electrons
and, as a consequence, the lower probability of the exit from the target of electrons experiencing
small-angle scattering in the volume of the semiconductor. As for backscattered electrons,
curve 3 is characterized by a maximum of about 4...5 keV, and then curve 3 monotonically
decreases. The presence of a rather sharp increase in the contribution of reflected electrons to the
total curve leads to the formation of a "step" in the figures of the dependence of the maximum
temperature on the energy of the primary electrons (curve 1). We also note that backscattered
electrons least influence the value of the maximum heating for light samples and, in part,
samples with average ordinal numbers; this effect is observed most in heavy semiconductor
targets.

10

1. N.N. Mikheev and M.A. Stepovich, «Distribution of Energy Losses in Interaction of an Electron
Probe with Materialy», Industrial Laboratory, Vol. 62, No. 4, Pp.221-226, 1996.
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P1-24: Self-organization of nanoparticles Ni on the surface (0001)
BizTe3

S.V. Chekmazov', A.A. Rychkovz, AM. Ionov', L.V. Yashinaz, A.V. Kuz’min', S.S.
Khasanovl, S.I. Bozhko'

1. Institute of Solid States Physics, Russian Academy of Sciences, Chernogolovka, Moscow District, Russia,
adm@issp.ac.ru (www.issp.ac.ru). 2.Moscow State University, Moscow, Russia, info@rector.msu.ru
(www.msu.ru).

Self assembling of magnetic Ni nanoparticles on the surface (0001) of the topological insulator Bi,Te; has
been observed by means of a scanning tunneling microscope. The Ni particles 10+20 nm in diameter

deposited onto a cleaved Bi,Te3(0001) surface formed one-dimensional chains along the [1210]. The

distance between nanoparticles was in the range of 20+70 nm. The origin of self-organization is discussed
in the terms of the indirect exchange coupling via the surface states of a topological insulator.

The contact author e-mail address: chekmazov@issp.ac.ru.

I would like to participate in The III International Conference «Modern problems in the physics of
surfaces and nanostructures» with poster presentation.
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P1-25: Thickness dependence of the crystalline structure
parameters of Pt films deposited by magnetron sputtering at room

temperature

R.V. Selyukov, V.V. Naumov, S.V. Vasilyev
Yaroslavl Branch of the Institute of Physics and Technology, Institution of Russian Academy of Sciences,
rvselyukov@mail.ru

The existence of stress-depth gradients and texture-depth gradients in thin films is well-established fact
[1]. It's well known also that the recrystallization temperature of thin films is significantly lower than of
corresponding bulk materials [2]. Thus the properties of as-deposited and heat-treated films depend on the
film thickness h. The thickness dependence of the crystalline structure parameters of as-deposited and
annealed Pt thin films is investigated in this work.

Pt films with h=20-100 nm were deposited on oxidized Si(100) wafers by magnetron sputtering at room
temperature. Vacuum annealing at 500°C/60 min was carried out after deposition. X-ray diffraction
investigations were performed before and after annealing: 6-20 diffraction patterns (ARL X'tra
diffractometer), pole figures Pt(111) and rocking curves Pt(111) (DRON-3M diffractometer) were
recorded. The average size of coherently diffracting domains D and average lattice microstrain € were
calculated using the approximation of Pt(111) and Pt(222) diffraction peaks by Voigt profiles. The texture
type, texture axis orientation and relative crystallinity degree 6 were determined by pole figure analysis.
Full width at half maximum (FWHM) of rocking curve Ao was considered as the parameter of crystalline
texture quality. The average lateral size of grains L was measured using SEM micrographs (Zeiss
Supra-40). It was found for as-deposited films that Aa decreases and & increases with increasing h
(Fig. 1). We made assumption that the growing layers don't affect the Ao and ¢ of underlying layers
during deposition. Under this assumption we can consider these results as the evidence of the non-
uniformity of Aa and o depth distributions. Aa and o depth distributions were calculated using
experimentally obtained dependencies Aa(h) and d8(h). Annealing leads to the increasing of D and
decreasing of ¢ for all specimens. Aa decreases and ¢ increases for all h after annealing and Aa(h) and
d(h) are almost independent of h for thicknesses more than 20 nm (Fig. 1). The relative and absolute
changes of Aa and & for 20 nm film is much greater than for films with larger h. This fact indicates that
the recrystallization of 20 nm film is more effective in comparison with thicker films. Different annealing
effectiveness for the films with various h can be explained by decreasing of recrystallization temperature
with decreasing h.
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Fig. 1. Ao (a) and & (b) as the functions of film thickness h for as-deposited and annealed at 500°C/60 min Pt film.

Diffraction peak Pt(111) of 20 nm annealed film has Laue oscillations. For all films the lateral size of
grains has unimodal distribution before annealing but recrystallization leads to the growth of secondary
grains and bimodal distribution are observed after annealing. The fraction of recrystallized grains in
20 nm film is larger than in thicker films. Thus the diffraction maximum Pt(111) of 20 nm annealed film
is the sum of two profiles: Voigt profile and Laue function, the latter is the contribution of secondary
grains.

1. Y.Kuru, U.Welzel and E.J.Mittemeijer, «Coexistence of colossal stress and texture gradients in sputter
deposited nanocrystalline ultra-thin metal filmsy», Appl. Phys. Lett., 105, 221902, 2014
2. C.C.Wong, H.I.Smith, C.V.Thompson, «Surface-energy-driven secondary grain growth in thin Au
filmsy», Appl. Phys. Lett., 48, pp.335-337, 1986

77



P1-26: Problems of creation of surface laser-induced nano and
microstructures and methods of its modelling

P. Trokhimchuck
Lesya Ukrayinka East Eoropean National University, Lutsk, Ukraine, tropel 650(@gmail.com

Problems of creation surface nano and microstructures have large value for the development of modern
optoelectronics and Relaxed Optics (RO) [1, 5]. The structural and geometrical sizes of laser-irradiated
semiconductors are depending from regimes of irradiation (wavelength, time and nature of light
absorption in matter) [1]. Light scattering centers may be having stable or unstable (metastable) nature.
Therefore we have two types of Relaxed Optical phenomena. Processes of first are depended on temporal
parameter of irradiation; processes of second type aren’t depended on this parameter. Weakly studied are
the processes of self-absorption of optical radiation in matter, especially for high irradiation intensities
[1]. These processes are connected with phase transformations in irradiated matter.

The problems of modelling the laser-induced phase transformations in irradiated matter are very
difficult [1]. The creation of laser-induced surface nano and microstructures may be having
various nature [1]. These structures have various geometrical sizes and physical properties and
structural symmetry.

For example, laser-induced nanostructures on silicon have sizes from 15-20 nm (irradiation of
nanosecond pulses Nd-laser with wavelength 1064 nm [3]) to 20000-30000 nm (irradiation of
nanosecond pulse series the eximer KrF-laser with wavelength 248 nm [2]). The hexagonal
nanocolumns with height 150-200 nm were created on diamond germanium substrate after
irradiation of nanosecond pulses of second harmonic of Nd-laser (wavelength 532 nm) [3].

These results may be modelled and explained on the basis of cascade model of optical excitation of
proper chemical bonds in the regime of saturation excitation [1]. This model allows estimating the
intensity of irradiation for creation proper solid state structures from crystal symmetry to quasicrystal and
amorphous. For case of light absorption on stable centres we must have next chain of transformation of
silicon with diamond symmetry: diamond, hexagonal, triclinic, monoclinic, quasicrystals and amorphous.
Estimation of distribution energy for case the irradiation silicon of series the nanosecond pulses Nd-laser
is confirming this scenario.

For case of light absorption on unstable and metastable centers the temporal characteristics of irradiation
haven't notable influence. In this case we can use stationary regimes of irradiation. This fact explains the
positive results of Nd-laser annealing of ion-implanted silicon layers [1]. Methods of estimation of energy
regimes of irradiation are analogous to previous case [1]. But we don’t need to select the appropriate
chain of relaxation times.

So for modelling processes of laser-induced surface structures we use models that are based on cascade
model of excitation the chemical bonds in the regime of saturation excitation [1].

1. P. P. Trokhimchuck, «Relaxed Optics: Realities and Perspectivesy. Lambert Academic Publishing,
Saarbrukken, 2016.

2. A. G. Pedraza, M. D. Foulkes, D. H. Lowndes. «Silicon microcolumn arrays grown by nanosecond
eximer-laser irradiation», Appl. Phys. Let., 74, pp. 2222-2224, 1999

3. A. Medvids, «Nano-cones Formed on a Surface of Semiconductors by Laser Radiation: Technology
Model and Properties», Nanowires Science and Technology, ed. Nicoletta Lupu, Inech, Vukovar, pp. 61—
82, 2010

4. V. S. Makin, «Regularities of creation of ordering micro- and nanostructures in condensed matter for
laser excitation of mode of surface polaritons», D.Sc. Thesis, State University of Informative
Technologies, Mechanics and Optics, Saint-Petersburg, 2013 (In Russian)

5. P.P. Trokhimchuck, «Problems of Reradiation and Reabsorption in Nonlinear and Relaxed Opticsy,
International Journal of Advanced Research in Physical Science, 4, 1s.2. pp. 37-50, 2017
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mode

L. V. Uvarov, V. V. Naumov, A. N. Kupriyanov, O. M. Koroleva, E. I. Vaganova, 1. I. Amirov
Yaroslavl Branch of the Institute of Physics and Technology RAS, Yaroslavl, Russia, i.v.uvarov@bk.ru

MEMS switches are widely used in radio frequency and microwave systems [1]. Among several
mechanisms driving the switch electrostatic actuation is very attractive because it allows a simple design,
low power consumption, and compatibility with microtechnology. The main drawback is a high actuation
voltage, which can be overcome by lowering the stiffness of the moveable electrode. However, it
increases the probability of stiction. Recently we designed and fabricated the switch with the active
contact breaking mechanism, that allows to detach the electrodes in case of stiction. Testing in the cold
mode confirmed the significant mechanical reliability of the device [2]. An important parameter of the
switch is the ability to work in the hot mode, i.e. to be actuated repeatedly when a voltage differential
exists between source and drain. In this regime the additional failure mechanisms take place at the contact
area causing the rapid degradation of the contact [3]. Here we present the results of testing the switch in
the hot mode.

The switch is shown in Fig. 1. The movable electrode (source) is an aluminum beam attached to the
torsion springs. Platinum gate and drain electrodes are located under the each arm of the beam. The beam
has platinum contact bumps on its bottom side. Initially the beam is in a horizontal position. When the
voltage is applied to one of the gates, the beam tilts under the electrostatic force and touches the drain.
When the gate voltage is removed, the beam returns to the initial state. If the elastic force of the springs is
insufficient to overcome stiction between the beam and the drain, the active contact breaking mechanism

is used: the voltage is applied to another gate and the beam tilts to the opposite direction.
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Fig. 2. Gate and drain voltage of the switch during
Fig. 1. SEM image of the switch. the cyclic operation. Source voltage is 1.5 V.

Testing of the switch is performed in ambient air under normal conditions. The measurements are done in
the low-current mode, so that no stiction is observed and the contact brakes passively. Actuation voltage
is in the range of 29-46 V depending on the beam width. Experimental values are 25% lower than
predicted by FEM simulation probably because of the deformation of the beam. Cyclic operation of the
switch is shown in Fig. 2. The unsteady drain signal indicates that the contact is not completely stable.
The initial value of the contact resistance is about 1 kQ, and after several hundred cycles it increases to
100 kQ limiting the lifecycle. It is clear that the lifecycle has to be improved. We plan to investigate the
contact degradation in detail and to choose the materials allowing to reduce the contact resistance and to
increase the reliability.

This work was supported by RFBR research project No. 16-37-60065 mol a dk. SEM measurements
were performed using the equipment of Facilities Sharing Centre “Diagnostics of Micro- and
Nanostructures”.

I. G.M. Rebeiz. «RF MEMS: Theory, Design, and Technology», John Wiley & Sons, Inc., Hoboken, New
Jersey, 2003
2. LV. Uvarov, V.V. Naumov, O.M. Koroleva, E.I. Vaganova, I.I. Amirov, «A low actuation voltage bistable

MEMS switch: design, fabrication and preliminary testing», Proc. SPIE, 10224, 102241A, 2016

3. B.F. Toler, R.A. Coutu, J.W. McBride, «A review of micro-contact physics for microelectromechanical
systems (MEMS) metal contact switches», J. Micromech. Microeng., 23, 103001, 2013
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Heteroepitaxial systems play an important role in modern microelectronic technology. Due to the lattice
mismatch between the film and the substrate, considerable elastic strain energy is accumulated in epitaxy.
For sufficiently thick films, defects will form leading to the relaxation of strain energy and to the loss of
coherent epitaxy. Controlling the film-substrate interface quality and preventing defect formation is an
important problem of modern technology[1]. In this work we studied atomistic mechanisms of misfit
dislocation nucleation in Ge,Si,/Si(100) heteroepitaxial systems (with x varying in the range from 0.1 up
to 0.5). We explored these systems in three dimensions using molecular statics methods with Stillinger-
Weber semi-empirical interatomic potential [2]. We used combination of Repulsive Bias Potential
activation procedure and Nudget Elastic Band method for generating Minimum Energy Paths for
transitions from the coherent epitaxial (defect free) state to the state containing an isolated defect (misfit
dislocation, shown in fig.1). We have already used this method successfully before to study the process of
dislocation nucleation in pure Ge film on Si(001) substrate [3]. In this work we extended the research to
the random alloy Ge;Siy thin films on Si(001) using similar methodology and model geometry. Start
configurations of the Ge,Si, films were prepared by random substitution of Ge atoms in the film
according to the required chemical composition. For each composition of the film being studied,
configurations containing a 90° dislocation have been generated using methodology described above. The
energy of the final state containing the defect has been compared with initial coherent epitaxial state and
energy gain due to strain relaxation been estimated. In such a way we were able to extract information

about the dependence of critical thickness on the film composition (fig.2).
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Fig.1 Side view of the model with dislocation in the
middle. Dark balls represent Ge atoms, white - Si.

In summary, we have used atomistic modeling to get systematic estimates of the critical thickness of

Ge 1 xSi,/Si(001) heteroepitaxial system as function of its composition. The results are in better agreement
with available experimental data than those from an analytical theory based on a Matthew-Blakeslee
continuum model, where the effective mismatch depends on the concentration of Ge [1].

1. R.Hull, “Misfit strain and accomodation in SiGe heterostructures”, in a book Germanium Silicon:
Physics and Materials (ed. by R.Hull and J. Bean), Academic Press, San Diego, 1999.
2. F. Stillinger, T. Weber “Computer simulations of local order in condensed phases of silicon”, Phys.
Rev. B, 31, pp. 5262-5271, 1985.
3. O. Trushin, E. Maras, A. Stukowski, E. Granato, S.-C. Ying, H. Jonsson and T. Ala-Nissila “Minimum
energy path for the nucleation of misfit dislocations in Ge/Si(001) heteroepitaxy”, Modelling Simul.
Mater. Sci. Eng. 24 p.035007, 2016.
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Magnetic nanostructures have attracted new interest in recent years [1] due to its potential for application
in new generations of computer memory. Micromagnetic model is an important tool for theoretical
studies of magnetic nanostructures. It assumes a phenomenological description of the magnetic system
where the total energy of the system is a functional of a continuous magnetization function. Numerical
implementation of the model assumes spatial discretization of the system using fine grid. We focus here
on the numerical study of the thermal stability of the magnetic state which is an important issue
concerning the reliability of nanomagnets as memory elements. This is related to magnitude of energy
barriers separating different magnetic states. corresponding to local minima of the energy functional.
Theoretical estimates of energy barriers can be done using Nudged Elastic Band method within
micromagnetic model [2]. We have developed our own code implementing NEB within micromagnetics
[3]. In this work we have studied the energy landscapes of ring shaped magnetic nanostructure. These
structures are particularly interesting for magnetic memory, since the shape provides conditions for
magnetic flux closure that helps prevent mutual interference of neighboring memory cells.
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) ) ) Fig.2 Energy profile along the transition path between two
Fig.1 Side view on the model. Cones show local states of magnetization of the nanoring.

magnetization vectors at grid points.

Single layer permalloy nanoring with thickness 50 nm, internal radius 10 nm and external radius 30 nm
has been considered (fig.1). As the result of simulation we were able to identify several local minima
corresponding to different magnetic states of the ring. The lowest energy minimum corresponds to a
vortex state. Energy barriers separating local minima were determined that vary from dozens up to
hundreds eV (fig.2). This is much higher than thermal energy at room temperature and implies thermal
stability of the magnetic structure. Our finding shows potential reliability of the magnetic nanoring as an
element of magnetic memory.

1. M. Klaui and C. Vaz “Magnetization configurations and reversal in small magnetic elements”, in
Handbook of magnetism and advanced magnetic materials, ed. by H. Kronmuller and S. Parkin, v. 2,
John Willey & Sons, Ltd., 2007.
2. D. Suess, et al. “Reliability of Sharrocks equation for exchange spring bilayers”, Phys. Rev. B, 75,
p-174430, 2007.
3. O. Trushin, N. Barabanova “Micromagnetic software package MICROMAG and its applications to
study elements of spintronic”, Russian Microelectronics, 42, pp. 176183, 2013.
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Magnetic Tunneling Junction (MTJ) is an important element of modern MRAM cell. It is believed that
MRAM might be the next generation of computer memory because it combines both fast access rate and
nonvolatility [1]. Therefore optimization of the technology for MTJ fabrication is of very important task.
Achievement of high functional characteristics of MTJ requires intensive quality control at different
stages of the technological route. In this work we discuss different aspects of quality control during this
process with emphasis on the depth profiling of multilayer structure using Secondary-lon Mass
Spectrometry (SIMS). Multilayer structure of the following composition (from bottom up to topmost
layer): 5 Ta/30 CuN/5 Ta/3 NiFe/16 IrMn/2.0 CoFe/0.9 Ru/2.5 CoFeB/MgO /2.5 CoFeB/10 Ta/ 7 Ru has
been deposited on Si wafer using magnetron sputtering at Singulus Timaris PVD cluster tool[2]. Bottom
electrode contains relatively thick conductor bus (CuN) and exchange biased magnetic layer CoFeB
together with artificial antiferromagnet structure for strong pinning of its magnetic state. It is separated
from the upper electrode (containing free magnetic layer CoFeB) by ultra thin insulating layer of MgO
with thickness less than 2 nm. Before starting the lithography process for MTJ fabrication it is very
important to get complete information about quality of as-deposited multilayer film. For this purpose
visual inspection of the cross section of the structure has been performed using Transmission Electron
Microscopy (Fig.1). Further analysis assumes control of chemical composition of different layers in the
stack. It has been done here using depth profiling with cation SIMS (ION TOF). This analysis has been
done in the regime of registering both positive and negative secondary ions while using Cs ions for
sputtering target and Bi ions for probing. Typical results of such analysis for particular elements are
shown in Fig.2.
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Figure 1 TEM bright field image of the cross
section of the MTJ multilayer structure (Tecnai
G2 F20 U-TWIN).

Figure 2 Results of depth profiling using cation SIMS (ION
TOF) for particular elements.

Comparing these profiles with requested structure of MTJ stack listed above one can see overall good
qualitative agreement. Although thicknesses of layers are not well reproduced because of limited
accuracy of SIMS depth profiling but order of different layers corresponds to initial guess. Thus we
conclude that depth profiling using SIMS might be useful tool in optimization of MRAM technology. The
work has been done on the equipment of the Center for Collective Use of Scientific instruments “Micro
and Nanodiagnostics”[3].

1. H. Yoda, MRAM Fundamentals and Devices, Handbook of Spintronics: Springer Reference, 2016.
2. http://www.singulus.com/uploads/tx_pspublications/Timaris 230616.pdf
3. http://nano.yar.ru/en/
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Previously we found conductivity switching effect in metal — insulator — semiconductor structure with
Si0, insulator deposited by plasma of low frequency glow discharge enhanced chemical vapor deposition
(LF PECVD) [1]. This structure can be used as non-volatile memory and reprogrammable logic arrays.
Investigations of this effect show that current canal have several nanometers diameter, but this structure
have bad ability for size decreasing. We supposed that conductivity switching effect connected with
nanosize particle formed in gas phase and embedded in growing films.

We produced MIS structures with different area of metal. Insulator SiO; in this structure was produced by
LF PECVD under technological conditions optimized for big size area of metal (10° um?) MIS. Thickness
of insulator was approximately 40 nm. Investigation of conductivity switching effect on this structures
show that yield drastically dropped if MIS area became lower than 10* um’. This means that a cluster
with the size necessary for the existence of a conductivity switching effect is absent in this area. So,
concentration of this clusters approximately are 1/10* um™ or taking into account the thickness of the film
the volume concentration is 2.5 10~ um™.

Also we investigated the distribution of clusters size incorporated in deposited films. This investigation
was produced on base of AFM data in supposing of conformal film deposition by LF PECVD. Result
present in fig.1. Interpolation curve is described by exponential equation also presented in fig.1.
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Fig.1. Cluster size distribution in LF PECVD deposited film.

Using this equation we find that in MIS structure must be cluster with size 13-14 nm for existing of
conductivity switching effect.

1. A.E. Berdnikov, V.N. Gusev, A.A. Mironenko, A.A. Popov, A.V. Perminov, A.S. Rudy, V.D.
Chernomordick "Conductivity Switching Effect in MIS Structures with Silicon-Based Insulators,
Fabricated by Low-Frequency Plasma-Enhanced Chemical Vapor Deposition Methods" Semiconductors,
Vol. 47, No. 5, pp. 641-646, 2013
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The present work is considering the formation and use of the silicon oxynitride as the dielectric layer for
the MIS structures with conductivity switching effect. Previously we found this effect in MIS structures
with insulator produced by low frequency PECVD [1].

For the deposition of the dielectric layer the method of magnetron sputtering of silicon was used. Silicon
target was bombardment by ions of chemically active plasma. The plasma formed by electric discharge in
a gas mixture of argon, oxygen and nitrogen, which provide chemical reaction with sputtered silicon. A
film with thickness of 55 - 60 nm from oxynitride silicon SiOxNy deposited on a p-type monocrystalline
silicon substrate. The total pressure of gas mixture in the magnetron chamber was in the range of 1-5*10™
Torr. Content of oxygen and nitrogen was 6-8% by volume and-3 — 5%by volume respectively.

The chemical composition of the formed films was determined by auger method. Under described
conditions, the silicon content in the film was 36 - 42 at.%, nitrogen 4-6 at.% oxygen 52 - 57 at.%.

For study the properties of this film were made the aluminum contact electrodes with different area, on
back surface of silicon wafers continual layer of aluminum was deposited also. When a voltage is applied
between the substrate and the top metal electrode of MIS structure bipolar bistable conductivity switching
effect was observed, which illustrated by current-voltage characteristics (Fig.1,2).
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Fig. 1. The current-voltage characteristic of a test Fig. 2. The current-voltage characteristic of a test
structure illustrating the transition to the conductive state  structure illustrating the transition to the nonconductive
when negatives bias voltage applied. state when positives bias voltage applied.

In this work we show that silicon oxynitride deposited by magnetron sputtering are suitable for dielectric
in metal — insulator — semiconductor structure with conductivity switching effect. This structure can be
used as non-volatile memory and reprogrammable logic arrays.

1. A.E. Berdnikov, V.N. Gusev, A.A. Mironenko, A.A. Popov, A.V. Perminov, A.S. Rudy, V.D.
Chernomordick "Conductivity Switching Effect in MIS Structures with Silicon-Based Insulators,
Fabricated by Low-Frequency Plasma-Enhanced Chemical Vapor Deposition Methods" Semiconductors,
Vol. 47, No. 5, pp. 641-646, 2013
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Mordvintsev-Viktor@yandex.ru

In this work we report the study of the gas medium effect on the operation of non-volatile electrically
reprogrammable memory cells based on conducting nanostructures (CN) produced by the electroforming
phenomenon. We studied memory cells based on TiN-SiO,-W open sandwich structure [1] with a SiO,
layer thickness of ~20 nm and a TiN lower electrode thickness of 50 nm. The cells were placed in a
vacuum chamber and underwent electroforming with a 0-12 V bias in the initial vacuum of ~10™* Torr
obtained with a turbomolecular pump. To reach the pressure targets, the studied gas (dry air, high-purity
nitrogen or argon) was supplied into the chamber using an inlet system. The studies were performed both
for increase and decrease of pressure in the range of 10 >-10* Torr with a half order of magnitude steps.
The memory cells were switched on using a repeating single 5 V pulse with a duration of 30 ms. The cells
were switched off by applying a 100 ns pulse with an amplitude of 6 V from an external pulse generator.
The investigations for each pressure point included 30 consecutive ON/OFF cycles with the
measurements of the current in the ON state for the voltage of 1 V and of the number of 5 V pulses
required to switch on. The experiments showed that for the dry air the memory cells stop switching on
upon reaching a certain critical threshold pressure, which varied for different samples in the range of 10-
30 Torr. This corresponds well to our previous results of switching failure upon air pressure increase [2].
Another phenomenon taking place was the increase of the average current in the ON state by several
times with the increase of the air pressure. At the same time, the average number of pulses required for
the memory cell to switch on also showed an increase with pressure growth. The phenomenon of the
memory cell failure to switch to the ON state was also observed for the inert gases. For N, the threshold
pressure was in the range of 1-300 Torr, for Ar it was in the range of 10-100 Torr. The obtained results
show a principal role of the gas medium pressure in the switching of memory cells, with the gas itself
playing only a secondary role, which allowed us to propose a model of the deactivation of the CN
formation. According to our previous studies [1], the Si CN formation takes place due to the electron
impact breaking Si-O bonds in the SiO, molecules on the open surface of the SiO, layer during the
switching on and thus removing oxygen to the gas medium. However, if the gas medium atom/molecule
hits the activated SiO, molecule during that process, it would “withdraw” the electron impact energy and
prevent the Si CN formation. On the assumption of this model, we can estimate the life time of the
activated SiO, molecule on the dielectric surface using the gas pressure p and the relative molecular mass
M,. From the kinetic theory of gases, the flux density J of particles onto a surface is:
1

J 1 nv. (1)
Replacing the particles concentration » and their average velocity v with the well-known expressions, we
can calculate the flux density measured in m *s" as follows:

J=165-10 2 )
\ M)‘
Assuming that the activated SiO, molecule effective size is ~1 nm?, eq. (2) allows to calculate the period
of it being hit by gas molecules, which for Ar at 10 Torr, when the memory cells begin to failure, is 30 ns.
Therefore, the life time of the activated SiO, molecule can be estimated as ~107%s.

1. V.M. Mordvintsev and S.E. Kudryavtsev, “Investigation of electrical characteristics of memory cells
based on self-forming conducting nanostructures in a form of the TiN-SiO,-W open sandwich structure”,
Russ. Microelectron., 42, pp. 68-78, 2013

2. V.M. Mordvintsev, S.E. Kudryavtsev, V.L. Levin and L.A. Tsvetkova, “Influence of the pressure of the
gas medium and duration of controlling pulses on the stability of characteristics of memory cells based on
electroformed Si-SiO,-W structures”, Russ. Microelectron., 39, pp. 313-322, 2010
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Chernogolovka, Moscow Region, 142432, Russia, E-mail address: chern@iptm.ru

Magnetic metamaterials consisting of ferromagnetic nanoislands separated by thin dielectric or
antiferromagnetic (NiO, FeMn) layer have been grown, and research of growing technology in nanoscale
range has been performed. The work is motivated by potential developing of new sensors and devices for
spintronics. For sample fabrication, pulse laser deposition of the metal from the target on the heated
substrate under high vacuum was used. For the purpose of the growth process monitoring and
investigation the electric resistance of the condensate deposed on the sapphire substrate was measured.
Resistance measurements both in-situ and ex-situ were also supplemented by condensate investigation
performed with atomic force, magnetic force and scanning electron microscopies. This allows correlating
conductive properties of the grown film with its morphology, island dimensions and geometry (Fig.'s 1
and 2). The investigation was made of all stages of pre-percolated film growth, essentially Ostwald
ripening stage studying. The latter occurs at small supersaturation existing at relatively high substrate
temperature (400-700°C) and low deposition rate (0.1-1 nm/min) and is characterized by growth of large
islands due to diffusion resorption of small islands of subcritical dimension. This leads to non-trivial
termination of condensate electric resistance decrease and even to its observable increase during
condensate deposition. Ostwald ripening process is stable in-time and elongated enough to grow
condensate film with desirable parameters (Fig. 2). Developed nanotechnology allows growing metallic
islands with 1-100 nm dimensions in different stages of percolation, fabricating of metamaterial
composed of metallic and dielectric materials, as well as supplemented thermal annealing in vacuum or in
oxygen to control conductive properties of metamaterials.
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Fig. 1. Typical dependences of electrical resistance of metallic islands (left) and metamaterial fabricated by
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Fig. 2. AFM images of Fe-islands at different growth stages (from left to the right): beginning of Ostwald ripening,
its termination, and beginning of percolation stage. Growth condition T=600°C, v=0.5nm/min.
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Currently, the structure of Si / SiO2 is widely used in microelectronics and mechatronics in the creation
of structures of SOI and MEMS devices.

However, it is also known that the structure of Si / SiO2 depending on the manufacturing technology of
the devices can have local defects that can have a negative impact on the stability and reliability of
electronic devices.

The aim of this work is the study of causes and mechanism of formation of local defects in the silicon
wafer and the structure of Si/ SiO2 finding ways to reduce them.

In one study it was shown that after the growing of silicon crystals by the methods of Czochralski or
zone melting and selective etching on the plate surface was discovered microdefects in the form of strips.
Despite detailed investigation of defects, the cause and mechanism of their formation is still not known
[1,2].

When you create a sensor of the diaphragm type was used monocrystalline silicon (100) orientation, and
the dielectric was applied vitreous dielectric.

This work is devoted to study of the defects that were detected on the silicon substrate and at the interface
of Si/ Si02 structure . [3,4].

According to studies the SEM images of the silicon surface, phase boundary of silicon—a vitreous
dielectric, obtained using scanning electron microscopes TM-3000, Quanta 200 3D confocal microscope
Nikon Eclipse control software was discovered, the local micro-defects in the form of strips, defects in
the form of roughness of the surface and the pores, voids, foreign particles.

Defects on the surface of the silicon wafer were significantly reduced by selection of the modes of
etching, the concentration and temperature of Etchant.

1. Rainey K. «Defects and impurities in semiconductor silicon». M.: Mir. 471 S. 1984

2. Vavilov V. S., Kiselev V. F., Mukashev B. N. «Defects in silicon and on its surface». GL.
Physical ed.-Mat. lit Moscow: Nauka. 216 S. 1990

3. Sokolov L. V., Arkhipov S. V. Shkolnikov, V. M., «Investigation of the mechanism underlying

the anisotropic chemical etching in the formation of bulk micromechanical structures in silicon ( 100)».
Microelectronics. volume 32. No. 3. S. 194—201. 2003

4. Parfenov N. M. Timoshenkov S. P., Timoshenkov S. A. «Study of the effect of etching on the
surface morphology of silicon». Automation. Modern technology. No. 8, p. 36-39. 2016
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Thermal processes constitute an integral part of the technology of micro- and nanoelectronics.
Among these are the perspective processes of semiconductor wafer treatment by incoherent
radiation.

Emissivity of the silicon wafer increases nonlinearly as its temperature increases. The result is
that the temperature bistability effect in the silicon wafer may cause when a high power
incoherent energy flux passes through it. The point of the effect is that at the same values of the
parameters for the wafer heat treatment, its temperature can take on different values depending
on whether the wafer is being heated or cooled. However, the design of the thermal chamber, as
a rule, involves the isolation of the working zone of the chamber from the heating block. In
particular, for this purpose the quartz glass of a specific brand is used in setup for the
temperature-gradient heat treatment [1]. As a result, the working wafer temperature dependence
on the parameter controlling thermal treatment process is represented by hysteresis loop with
wafer temperature jumps occurring at a monotonous increase and decrease of the parameters [1].
Either heater temperature or heat exchange coefficient is chosen as a controlling parameter for
the modeling of the heat-exchange process between a silicon wafer and the elements of the lamp-
based reactor.

The heater in [1] representing a block of the tungsten-halogen lamps is simulated as the tugsten

plate of emissivity &, in the wavelength interval 0-20 mkm. In this case, the real spectral

interval of heater radiation is narrowed down towards a smaller wavelength interval of 0-5 mkm.
The spectral interval changes of the heater radiation have an effect on the working wafer
temperature. In addition to the spectral limitation of the heater, the quartz glass window
exchanges radiant energy with other elements of the thermal reactor, being a source of its own
radiation and reemitting radiation fluxes incident on the window from the working wafer and the
heater.

The net radiation method [2] was used for evaluation of the effect of the quartz glass on the
silicon wafer temperature. Using the method [3], the problem of the heat exchange between a
semitransparent gray wafer and two gray opaque glazings between which the wafer is disposed is
analytically solved. Here the heat system of four flat, two-dimensional and extending to infinity
wafers is considered. Two extreme wafers of blackbody characteristics are the radiator and the
absorber of heat radiation. Two intermediate ones are the wafers of the working silicon and
quartz glass, whose properties are dependent on the temperature and the incident wavelengths.
The analytical expressions for net radiation terms arising between the wafers are obtained.

The model can be used for the calculation of the radiation-convection-conduction interaction
problems in a heat system modeling IR-lamp annealing in a thermal reactor that is controlled by
the heater temperature and the heat exchange coefficient.

1. V.Rudakov, V.Ovcharov, A.Kurenya,V.Prigara, «Bistable behavior of silicon wafer in rapid
thermal processing setup», Microelectron. Eng., 93, pp.67-73,2012

1. 2.J.Zeegers, H.A.L.van Dijk, «A note on the net radiation method applied to a system composed
of a semitransparent film between two glazings», Sol. Energy Mater.and Sol.Cells,33, pp.23-30, 1994.

2. R.Siegel and J.R.Howell. «Thermal radiation heat transfer». Hemisphere Publ. Corporation,
Washington, 3-d ed., 1992.
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P2-3: ITosnyyeHHe MHOTOCJIOMHBIX CTPYKTYP € 32JaHHBIM
NoKa3arTeJsjieM MpeJaoMJIeHU s

C. Ananwixkus, P. 3akuposa, B. Ko63ues, H. Koctenkos, I1. Kpsiios, U. denorosa

Yomypmcekuii 2ocyoapcmeennvtii ynueepcumem, Howceeck, Poccus, E-mail: ftt(@udsu.ru

Jus  pa3pabOTKM  pasMUYHBIX yCTPOWCTB  HEOOXOAMMO TIONy4YeHHE IUICHOK C  3aJlaHHBIMU
XapaKTePUCTUKAMH, B YaCTHOCTH, C 3aJaHHBIM 3HAYEHHWEM JHIIEKTPUYECKOH MPOHHUIIAEMOCTH WIIH
MoKa3aTesieM TpelioMIICHHs. BapbUpoBaTh XapaKTEepUCTHKM IUIGHOK MOXKHO, 3a/laBas COCTaB
HaHoKkomno3uToB. Hampumep, B [1] moka3zaHo, 4TO HM3MEHEHUE KOHLIEHTpAlUUMW HaHO4YacTul ZnS B
OKCHIHOM CTEKJIE TO3BOJIIO MOAW(DUIINPOBATH IOKa3aTeNb MPEJIOMIICHHS TOJYYEHHBIX CTEKOJ.
CormacHo [2], ecnu xapakTepHbIC pa3MEphl COCTABJISIONIMX KOMIIOHEHTOB HAHOKOMITO3UTOB MEHBIIIE
JUTMHBI BOJIHBI 30HIUPYIOIIETO H3JIyYCHUs, TO TAKOH KOMIIO3UT MOXHO PacCMaTPUBATh KaK OAHOPOIHYIO
ONITHYECKYIO Cpely, 00Jaatoly 0 HEKOTOPHIM () ()EKTHBHBIM ITOKA3aTeNeM MPETOMIICHHS, OTITNIHBIM OT
MoKazarened MpeIoMIICHHs BEIIECTB, 00pa3yIOMINX JaHHBI KOMIIO3UT (MOJeNb d(PPEKTHBHON CpPEbI).
W3meneHnne nokasateis MpeJoMIICHHs! CBSI3aHO C U3MEHEHHEM IUIOTHOCTH MaTepuana, JU3JIeKTPHYECKON
MIPOHUTIAEMOCTH U T. NI. BO3BMOXXHOCTH CHHTE3a MHOTOCIOWHBIX CTPYKTYp C 3aJaHHBIM ITOKa3aTelieM
MIPETOMIIEHHSI 1O KOHI[A HE UCCIIEOBAHBI.

Henp Hacrosimiedd paboThl 3akiovaiach B IMONYYCHHH M HCCICAOBAHHA MHOTOCIOWHBIX CTPYKTYpP
ZnS/Si10,, ZnS/Al,O; n ZnSe/SiO, ¢ 3amaHHBIM TIOKa3aTeneM MperoMIIeHus. 3afadueil paboThl SBIIIACH
TaK)Ke TMPOBEpKa MPUMEHIMOCTH HEKOTOPBIX MOJIENEH I pacdera 3HadeHns () (PeKTHBHOTO ToKa3aTens
NPETOMIICHHSI MHOTOCJIOMHBIX IUICHOK B 3aBHCUMOCTH OT KOHIIEHTPAIMW W TMOKa3arened MperoMIICHHS
HCXOJIHBIX KOMIIOHEHTOB.

MsHorocnoiinsie cTpykTypsl ZnS/SiO,, ZnS/Al,O; u ZnSe/Si0, ¢ cymmapnoit Tonumaoi 0.40 + 0.03 ym
W pa3IndHBIM KOJMYECTBOM TMap CII0EB Cymb(huAa IMHKA W IUAJIEKTPHKA IONydeHel MerogoM BY
MarHeTPOHHOI'O HambUICHHS. JJI1 TOMy4YeHHs MHOTOCIOMHBIX CTPYKTYp C 3aJlaHHBIMUA TOJIIMHAMU
WCTIOJB30BANICA TPOTPAMMHO-AIMITAPATHEI KOMIUIEKC, HWCHOJB3YIOMINA MHKPOCUCTEMY YIIPaBIECHUS
obopymoBanmem [3]. TommmHa COeB OMAJICKTPHKAa ObIa IMOCTOSHHOW. TommHa  ClIOEB
MOJYNPOBOAHUKOB yBEIMUUBAIIACH, B TO BPEMsI KaK YKCJIO 1ap CIOEB YMEHBIIAIOCh.

Pentrenoga3oBplii aHanu3 W JJIEKTPOHHAS MUKPOCKOIUS TMOKAa3aJid, YTO MHOTOCIOWHEIC CTPYKTYPBI
ZnS/Si0O, sBusAtoTCS aMOphHBIMH, pa3Mep 3epHa, ONCHEHHBI 10 MHUKPOU300PKEHUSIM, HE 3aBHCHT OT
TONIIUHBI Tpocioiku ZnS u cocraBiser ~3—4 nm. Ctpykrypa ZnS/Al,O; u ZnSe/SiO, 3aBucut oOT
TOJIIIIMHEI CJIOEB IMOJYNPOBOJHUKA: MPU MalbiX TonmuHax ZnS (ZnSe) oOpasiel peHTreHoaMop(hHBIE,
npu  OONBIIMX  TONIIMHAX  HAOMIOMAIOTCS  AU(PPAKIMOHHBIE  MaKCHMYMBI,  IPHHAJICKAIINE
MTOJTyIPOBOTHUKY. [0 ONTHYECKUM CHIeKTpaM MPOITyCKaHHs C MCTIOIh30BAHUEM KOHBEPTHOTO MeToa [4]
OBLTH OTpe/ieIeHbI TONIUHBI U TIOKa3aTelb MPEIOMIICHUS MOMyYSHHBIX CTPYKTYD.

[IpoBepena mpumeHnMOCTh Mojeneld MakcBemta—['apHera u bpyrremana, a taxke Qopmynsl JlylieHrn
UL pacdera 3HadeHHS J((PEKTUBHOTO IIOKa3aTeNs NpPEOMIICHHS CTPYKTyp. B obOmactm cimaboi
JUCIIEPCUH pacueTHble 3HaueHUs 3((EeKTHUBHBIX MOKa3aTeliell MpeNoMIICHUS] JOCTATOYHO XOPOIIO
KOPPEJIUPYIOT C OSKCICPUMCHTAIbHBIMU JaHHBIMH. J[JIs TOTJIOMIAONUX CTPYKTYP OTKIOHEHUE
TEOPETHUYECKOTO 3HAYeHHs TI0Ka3aTelsl MPelOMIIEHHS OT DJKCIEPUMEHTaIbHOTO BO3pacTalio NpHU
YBEIUYEHUH TIOTJIOUICHUS TICHOK.

1. R. Saoudi, M. Moussaoui, S. Tonchev, A. V. Tishchenko «Modified optical properties of glasses
nanostructured by ZnS particles», J. Quant. Spectr. Radiat. Transfer, vol. 113, N 18, pp. 2499-2502.
2012.

2. I'onosanp JI.A., Tumomenko B.JO., Kamkapos I1.K. «Ontudeckue cBoicTBa HAHOKOMITO3UTOB
Ha OCHOBE IOPUCTHIX cucTem», YOH, T. 177, BoIm. 6, cc. 619-638, 2007.

3. C.C. Anansikun, I1.H. KppeimoB «Mukpocucrema ynpasnenusi odbopynoBanuem», 1173, Ne 5, cc.
160-161, 2009.

4. B.B. bpyc, M.H. Conosan, 3.B. Maiictpyk, W.Il. Kozspckuit, I[I.]I. Mapbsnuyk, K.C.
VYaesaunknid, J. Rappich «Oco6eHHOCTH ONTHYECKUX U DIEKTPHUECKUX CBOWCTB MOMHKPUCTAIIIMICCKUX
mwieHok CdTe, W3roTOBICHHBIX METOJOM TepMUYECKOro ucnapenus», @TT, 1. 56, Beim. 10, cc. 1886—
1890, 2014.
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P2-4: Mossbauer study of the dynamic and mechanical properties of
frozen water films on the clay surface

A. A. Zalutskii
Yaroslavl Technical State University, Yaroslavl, Russia, zalutskii@mail.ru

The report deals with the composite idea, consisting in the fact that silicate layers of the clay and
interlayer iron complexes in conjunction with water-forms a single complex. For the analysis of the
"structure" of the adsorbed mineral mesh water applied scanning probe technique based on the Mossbauer
~ STha - 2+ 3+

isotope ~'Fe in two forms (Fe“ and Fe™).

For the first time from the analysis of the temperature dependence of the parameters of the

Spectra (Sp/Sx = R = No/Np) the ratio ortho/para-spin isomers in the frozen water (Fig.) and the
localization of the Mossbauer probe on the surface of natural aluminum silicates have been determined.

N, -N;'
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Fig. The results of the comparative analysis of the time ortho/couple relationship of the concentrations of
isomers of H,O from experimental data obtained by MS for the "frozen" water on the aluminosilicate surface (2) and
with the help of terahertz spectroscopy for water vapor into the carbon filter (1).

The transformation temperature Mossbauer spectra of is-follow system is explained in the framework of
traditional models that adequately describe phase transitions of two types («order-disorder» and «order-
order»).

By the method of Mossbauer spectroscopy and an attempt of quantitative evaluation of elastic parameters
of «supercooled» water (shear modulus, Poisson's ratio, griineisen parameter). The ice structure is
satisfactorily described in the framework of fractal geometry («Menger sponge», «Kantorova dust»).
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P2-5: Hanopa3smepHasi xapakrepu3anus MyJIbTHCIOHHBIX
MATrHEeTPOHHBIX HaHOILUIeHOK u3 Cr, Cu, Al, Ni

A.Il. Ky3smenko, Hay Jluat, Mbo MuHn Tas,
'®IBOY BIIO « FOz0-3anaduwiii 2ocydapcmeennviii ynusepcumemy, Poccus, Kypek, E-mail addres:
apk3527@mail.ru

W3ydeHO HAaHOCTPYKTYypUpPOBaHWE NMPHU MarHeTpOHHOM pacnbuieHnd (MP) Metamnmnyeckux HaHOMJICHOK
Ha ycranoBke MBY TM-Marna u3 metaummueckux muineHeit OO0 'MPMET Cr(99.99%), Al1(99.99%),
Ni (99.99%), Cu (99.99649%). ¢ pasmepamu 100 x6 MM Ha MOIOKKH M3 CHUTaIa C pa3MepaMu
15x15 mm. Ilo amamormum c [1], momyueHHsie MP wmynbpTHCION OBIIM OXapaKTEpHU30BaHBI METOIAMHU
mudpaknuonabiv POA GBC EMMA wu crpykrypHoro anamuza ACM  AistNT SmartSPM ¢
HaHOMHJEHTOPOM THIa bepkoBuya, a TakKe METOIOM PEHTI€HOBCKOH (DOTO3TIEKTPOHHON CIIEKTPOCKOITUH
(P®3C) — SPECS, PHOIBOS.

ITepBbIM Bcerma HaHOCHIICS aATe3WBHBIA cioil 3 Cr, 3aTeM mpoBomsmui cioit u3 Cu mim Al, TpeTbei
BBICTYIAJIA 3alUTHAS IIeHKa 13 Ni. TOJIIMHBI BCEX CIIOCB BapbUPOBAIUCH B 3aBUCHMOCTH OT BPEMEHH
WIM MOIIHOCTH paciblieHnss MumeHu. CKOpOCTh pocTa HaHOMJIEHOK M3 Ni— Vy; Obuta OGim3koil k
ckopoctu Ve, u coraBmuia 0.8 am/c, Torma kak mst Al — Va = 1.5 am/c, a Cu — Ve, — 3 HM/cC.
Ananu3npoBanach Kak cpefHsas — R,, Tak U CPeJHEKBAIPAaTHYHAs BEJIMYMHA IEPOXOBATOCTH — Rrvs (Rq)
U ycTaHaBIMBaJICS pexxuM MP, mpu kotopoMm ¢opMmHpyeMble HAHOIUIEHKH YAOBJIETBOPSIOT YCIOBHUSIM:

R, = min{R,} 4 > min{R},

TlI€ i — U3MEHSETCS 110 YHCIIy U3y4acMbIX PEIKUMOB, KaK ITOKA3aHO Ha puC. 1.
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Puc. 1. I3MeHeHHEe pacdeTHBIX pa3MepoB 00JIacTH KOTEPEHTHOCTH JJISl OMHOCIOWHBIX HaHOIUICHOK U3 Ni u Cu mipu
MP Ha pa3HbIX pexumax

XuMudeckoe CTpykTypupoBaHue MP HaHOmieHOK ObUI0 m3ydeHO MeTogoM POOC w3 tumoBoi
pesuctuBHON Mumenu (PC 3710, Cr— 37.52, Ni — 9.97 %, ocransHoe Si) Ha momioxkke u3 cutamia u Cu,
a takke u3 Al u3 Al MumeHH Ha CHTaUIe C TOJNIIMHAMH BIUIOTH J0 225 HM B MOBEPXHOCTHOM CJIOE
TONMIMHOHN 3 HM ¢ TIomany 5 MM. J{j1s HAaHOTUTEHKH W3 aJIFOMHUHUS B OCTOBHOM cocTostHun Al (2p) Ob110
obuapyxensr okucierne (Al”)— AlLO; n HemookHcieHHBIE MeTamtHueckoe cocrosiame — Al ¢ Ey —
74.1 u 71.7, a taxxke octoBHble JuHUU Ols—531.5 u Cls—285.0 3B ¢ HecTexmomerpuyHoCThIO. B
HaHoreHkaxx u3 PC 3710 munieHu HaOJIOMAaNNCh OCTOBHBIC JUHUH 2p3,: JUISA Ni%— 853.2, Ccr' -
573.8 3B, cormacyromuecs ¢ ee coctaBoM. llpoBenen amamu3 Ha ACM My/nbTH HaHOCIOEB
HAaHOMHACHTOPOM THuIa bepkoBuya (Tuma 3-X CTOPOHHSS NHpaMuja C YIJIOM TIpH BEpIIHHE —
70.2996°, momans ciaexa WHICHTOpPA — 3hp2tan26. N3ydeno wu3MeHeHWe HaHOTBepaocTH (H,) mpu
passbix mMorHOocTx 200, 300, 400 BT Ha MeaHBIX MarHeTPOHHBIX IICHKAX, HAHECEHHBIX B TeueHue S50,
180, 360 c. ObHapyxeH aHOMaNbHEIH pocT HaHOTBepAocTH npu P = 300 u 400 Bt ¢ 2.6 mo 7.5 [Tlau ¢
1.8 mo 11.6 I'Tla, coorBeTcTBeHHO, TOoTMa Kak mipu P = 200 BT Habmoma10ch MOHMKEHINE HAHOTBEPIOCTH
c 4.3 no 1.8 I'Tla. Criegyer OTMETUTH TaK)Ke, YTO MPU KPATKOBPEMEHHOM HAaHECEHWH MEAHBIX IJIeHOK (50
¢) H, m3mensach oOpatHo nponopuuoHansHo P u cocrapisuia 4.3 I'Tla ans 200 BT, 2.6 ['Tla — 300 BT u
1.8 I'TTa — 400BT, cCOOTBETCTBEHHO.

1. A.Il. Ky3emenko, Hay [unt, Mo Mun Tan. Uzeecmus FOzo0-3anaonozo zocydapcmeennozo
yuugepcumema. Cepusi mexnuxa u mexronozuu, Ne3(16), C. 60 — 71, 2015.

2. Bizhou S., Liping P., Xuemin W., Jianjun W., Weidong. W. Journal of Wuhan University of
Technology-Mater. Sci. Ed., V. 30, No. 2, pp. 380 — 385, 2015.
3. J. Nishizawa and K. Suto, «Semiconductor Raman laser», J. Appl. Phys., 51, pp.2429-2431, 1980
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P2-6: JiiekTpryecKre XapaKTePUCTUKHU IJICHOK JIDHIMIOpa-
0J10KeTT TUTAaHAaTa Dapus

A.I1. Ky3emenko, 1.B.Uyxaega, [1.B. AGakymos
'@IrBOY BIIO «F0z0-3anadmwiii 2ocydapcmeennviii ynusepcumem», Poccus, Kypek, E-mail addres:
apk3527@mail.ru

Wzyuens! nuanextpuueckue mieHku Jlenrmiopa-binomkerr (JIB) u3 HanowacTun ctabunn3upoBaHHOTO
tutanata Oapus — BaTiO; (ST BTO) pazmuunoii Tonmmuabl (32, 128 u 352 HM), moNydeHHBIE Ha
ycraHoBke KSV NIMA 2002 MeTomzoMm BepTHKaJbHOrO JudTa MO paHee OMMCaHHBIM MeToxukam [1].
M/IM-CTpyKTypbl CO3JAaBAINCh HA CTEKISAHHBIX MOIOKKaX. OIHMUM M3 METAJUIMYECKUX 3JIEKTPOAOB
ObIJIa TUTATHHOBAS HAHOIUICHKA (TOMIIUHOMN ~ 30 HM), TTOTyIeHHAs Ha TMOJIOKKE C TIOMOITLI0 MarHeTpoHa
Jeol JFC 1600. BropeiM 31ekTpogom Obut mbo mpoBomsamuii 30Hn NSC14/Ti-Pt (pamuycom meHee
30 HM) IIpU M3YYESHHH THE300TKINKA HA CKAHUPYIOIIeM 30HA0BOM MuKpockore (C3M) SmartSPM AIST-
NT, mu60 3081 U3 Pt-Ir amexTpona, cpe3aHHOTO MO YTIIOM, UCIIOJIB3YEMBIH B TYHHEIFHOM MHKDPOCKOIIS
Ha JTOH ke Tuiatdopme. B mociemHeMm ciydae Mo MoJlydyaeMbIM BOJBT-aMIIEPHBIM XapaKTePUCTHUKAM
(BAX) MIM cTpyKTyp H3y4YaluCh MEXaHU3MBbl TpaHCIOpTa HocuTened 3apsaa. s uccienoBaHUS
TEMIIepaTypHOI 3aBUCHMOCTH MbE30MOAYJIS B PEKMUME MUKPOCKOIIUH Nbe300TKnrKa (MIIO) monyyennas
mieaka ST BTO pa3memianace Ha onmuoHaIbHOM TepMocToiauke C3M. Harpes u TepMoCTaTHPOBaHHE
obpasua (¢ tounHocteio 10 0.1°C) oCymIeCTBIAIOCH € MOMOLIBIO KOHTpoiuiepa Temmeparypsl PTC10
(Stanford Research Systems). Jns uccnemoBanms MIIO mexnmy 3oHmom u3 Ti-Pt u Merammmdeckoit
ieHkoi u3 Pt monpaBancs Ounonsapueiii curnan (£ 10 B) TpeyronbHol ¢GopMBbI € 4acTOTO# cleloBaHUS
~ 34 xI'u, coBnanaromeil ¢ pe30HaHCHON 4acTOTOW mpmxaroro kantwiesepa. [Ipu m3zydyenuun BAX Ha
TYHHEJIBHOM MHKPOCKOIE MEXIY 30HAOM m3 Pt-Ir u ruieHkoil u3 Pt momaBasicsi ONMHOYHBIM HUMITYJIBC
TPEYTONBHON (hOPMBI C TIOTSIPHOCTHIO OT +2 1m0 —1 B.
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Puc.6. BonbT-aMriepHbie XxapaktepucTuku ctpyktypsl Pt-Ir/ ST BTO/Pt

YcraHoBNeHO, YTO HanboJiee MOJTHOE COOTBETCTBUE TIPU TAKOM aHAJIHM3€ TOCTUTaeTCs AJIsi MEXaHH3MOB, B
KOTOPBIX TOKH, JIMOO OrPaHWYCHBI MPOCTPAHCTBEHHBIMU  3apsiaMud  (TOKH  OTrpaHHUYCHHBIC
rpocTpaHcTBeHHBIM 3apsaoM — TOII3), mubo onuckiBarotrcs mosenbo [lyna — @penkens (I1D) [2]. dus
M3YYEeHHBIX TUICHOK TUTaHaTa Oapus mbe30MOAysb U TeMieparypa Kropu, kotopsie coctaBmnu 40 mv/B u
347 K; 14 mm/B u 352 K; 4.5 mm/B u 356 K cootrBercTBeHHO. PaccunTaHbl mokaszarenb MpeIoMIICHHS —
1.96, nusnekTpuyeckas mpoHunaeMocTs — 61.5, mocrosiHHas Kropu-Beiica — C = 310° K IUIA TUIEHKA
tommuHOoN 32 HM. M3mepenst BAX MJIM ctpyktypsl Ha ocHOBe IuieHKH ST BTO TommuHoM 32 HM.
CoracHo MexaHm3My mepeHoca 3apsima TOII3 omeHeHa KoHIEHTpauusi joBymek N, =2.4-10" cm?,
XapakTepHas 3Heprus pacnpenenenus Ey = 0.05 5B, kouuenTpamuu 10u0pos Ny = 9.4:10° cm™ u rny6uny
3aneranust Wy, = 1.5 3B.

1. A.P. Kuzmenko, [.V. Chuhaeva, P.V. Abakumov et al. Journal of nano- and electronic physics,
Vol. 7 No 4, P. 04025-1 — 04025-4, 2015.
2. K. A. Haceipos, B. A. I'punienxo, Y@H, T 183, Ne 10, C. 1099 — 1114, 2013.
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P2-7: Technogenic nanoparticals for nanotechnologies in
construction

A. Guganov1 , V.M. Lebedev?
1. Samara State Technical University, Samara, Russia, gurjanovam@mail.ru.
2. Petersburg Nuclear Physics Institute, Gatchina, Russia, lebedev@pnpi.spb.ru

Recycling of the industrial waste is an important environmental and economic problem. Slurries are a
unique man-made product. The use of them as additives increases the strength, moisture
resistance and durability of building materials with cement. The qualitative improvement of
properties of building materials with cement thanks to slurry additives is due to the fact that they
affect the formation of structural parameters of the final product at the micro and nanoscale [1,2].
The method of neutron small-angle scattering (SANS) was used to determine structural
parameters of basic types of nanoscale slurries. This definitely makes it possible to consider
slurry wastes to be nanotechnogenic raw materials.
The SANS intensity /(q) depends on the scattering power of the compositional inhomogeneity of the
matter and the contrast at the phase boundary. It is the function of the neutron pulse sent at scattering
_4r .0

q= P sin % (1)
where @ is the angle of neutron scattering.
The SANS intensity /(g) carries information about the structure of scattering particles (scattering centres)
over the atom. Provided that gR. < 1 (Guinier regime), the intensity of the small-angle scattering /(g) is
determined by the average (characteristic) size and shape of scattering particles:

R2 2
1<q):1<0>exp(— = J @)

where R, is the particle radius of gyration. From the experimental data on small-angle scattering in the
Gunier regime it is possible to assess the particle radius of gyration R, and their typical size R..

If the condition gR. > 1 (Porod regime) for the intensity of the small-angle scattering /(g) on fractal
objects has been fulfilled, there happens to be a power characteristic from the transmitted neutron pulse:

I(g)ocq " 3)
The deviation of the exponent n from the Porod asymptotic behavior (n = 4) indicates fractal properties of
scattering objects and makes it possible to determine their fractal dimension. In the case of volumetric or
mass fractals the exponent coincides with the fractal dimension n=D) and takes on the value from the
interval 1 < Dy < 3. In the case of scattering by objects with a fractal surface, the fractal dimension is Ds=
6 — n it takes values from the interval 2 < Dg < 3. The exponent is respectively in the interval 3 <n < 4,
Thus, by the slope of log-log linear segments of the SANS dependencies it is possible to determine the
scattering objects of a particular fractal type (volume or surface) and the fractal dimension.
The SANS intensity spectra from the sludge samples were measured using the diffractometer
“Membrana-2” installed at the reactor WWR-M in the Petersburg Nuclear Physics Institute. The
wavelength of slow neutrons was equal to 4 = 0,3 nm. The range of the recorded transmitted neutron
pulses ¢ varied from 0, 03 nm™ to 0, 8 nm™. The samples of scattered neutrons were recorded in the range
of angles = 10,017 rad.
According to SANS experimental data the average radii, fractal dimensions, differential scattering cross
sections and distribution functions by sizes for scattering object were performed.
The obtained results show that slurries are composed of the nanodispersed component and it is quite
possible to refer them to nanotechnogenic raw materials. A slight change in the structural parameters of
slurries at various stages of completion (wet or dry) demonstrates their stability.

1. A.M. Guryanov, «Nanoscale investigation by small angle neutron scattering of modified portland
cement compositionsy», Procedia Engineering, 111, pp.283-289 (2015)

2. A. Guryanov, S. Korenkova, Yu. Sidorenko, «Research on the nanolevel influence of surfactants
on structure formation of the hydrated portland cement compositionsy MATEC Web of Conference, 86,
04011 (2016)
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P2-8: Self-organization nanostructured objects on (0001) surface of

szTe3
N.A.Abdullayevl, N.M.Abdullayevl, K_.Sh.Gahramanov', S.Sh.Gahramanovz, [.T.Mamedova'

1. Institute Physics of G.M.Abdullayev, Azerbaijan National Academy of Sciences, Baku, Azerbaijan..
kamil.qahramanov@yahoo.com. 2. Azerbaijan Technical University, Baku, Azerbaijan.

On the cleaved surfaces of layered crystals 4”,B""; and films deposited from them, clusters with a grid
hexagonal base were found that effectively affect the thermoelectric properties of the films. Due to their
unique physical properties, especially thermoelectric properties, thin films of Bi,Te; and Sb,Te;
semiconductors were the subject of intensive experimental and theoretical studies.

The purpose of this work was to identify nanoscale layers in foil based on 4",B"’; crystals and to study
their thermoelectric properties.

Thin films were obtained by thermal spraying on a foil of the same material.

Electron microscopic images were obtained on a scanning probe microscope (SPM) from Solver NEXT
and AFM-BRUKER Nano N8 Neos in 2D-3D.

In the studied island films based on the 4", B"’; -impurity, a periodic distribution of nanoislands on the
(0001) surface with a high distribution density (on an area of 1uk) was revealed. The elements of their
real structure are revealed: steps with nanoislands, intersections with dislocation lines, point vacancy
defects and clusters.

The late stage of thin film growth is characterized by the fact that the interaction of new-phase islands,
which originated earlier than the so-called clusters, begins. Such we consider nanoformations on the
(0001) 4", B"; surface. At the same time, we can accept the existing basic types of interaction of
nanoscale types of clusters on the surface (0001).

The process of formation of phases on the surface (0001) of A", B"; includes such basic stages as
nucleation of new phase centers, their independent growth and development of these processes in
interaction with each other - Oswald ripening. This phenomenon reflects the late stage of development of
the phase nuclei in time. The phase of the Oswald ripening can be the main one, determining the shape of
the distribution of nanoislands in size and having grid structures in the base, which are called dislocation
meshes.

The peculiarity of the nucleation of a new phase on the surface of substrates from 4’,B"’; in comparison
with the homogeneous formation in the bulk is the hexagonal mesh structure, the scheme of which is
shown in the inset on the left at the top of the figure. On the right and left are individual hexahedrons. The
arrows in the figure show fragments of mesh structures on the (0001) Sb,Te; surface.

X Il(l&ul 18

Fig. Thin film surface image

The values of the coefficient of thermoelectric power of thin films obtained by us are in the range
(185-225) V/K, specific electrical conductivity (600-1300) ‘10> Om/ cm; Power factor (45-50) W/mK,
thermoelectric efficiency (2.8-3.4)107 K™', which agrees with the data of [1]. These results were obtained
at T=330K.

1. IO.I". [Nonmucranckwii. «Pa3paboTka 3¢(hEeKTUBHBIX MOITYMPOBOIHUKOBBIX TEPMOIJIIEMEHTOB Ha
ocrose coequnennii ABY!, A"VB"! u TexHomornueckux crnoco6os ux momyueHns». Mocksa:
MUCuC,1994.
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P2-9: ATTpakTOpbl B HAHOCTPYKTYPUPOBAHHBIX CJIOMCTHIX

KpHUCTAJLJIaxX
C. Bamp_osl, A.KaXpaMaHOBZ, C.KaxpaMaHOB3

1. Uncmumym @usuxu HAHA, baxy, Azepbaiioxncan. E-mail adress: sarhad@physics.ab.az 2.
Baxunckuii F'ocyoapcmeennviii Yuusepcumem, Baky, Azepoaiiooncan E-mail adress:
adilgakhramanov@gmail.com 3.A3epbationcanckutl Texnuueckuii Yuusepcumem, baky,
Aszepbatioscan.

r
Tlon BausHHMEM HUHTCPKAIIOHUKU B PA3JIMYHBIX CJIOAX -“‘1{'2 ﬂgrt HaKaIIMBAalOTCA TIPUMECHU, IPOUCXOIAT

KOJIMYCCTBCHHBIC U3MCHEHUSI: MKy €€ OTJCIbHBIMH CJIOSMH PBYTCS CTAphIe CBS3H U BO3HUKAIOT HOBBIC
, pa3pymaroTcs HEKOTOphle KBHHTETHI B CTpykType Bi ,Te; <Cu>, mHa mx Mectax (OpPMHPYIOTCS
OTJIENbHBIE ~ HAaHOOOBEKTHl  (hpaKkTadbHOrO Xapakrepa. [Ipoucxoxasmme HM3MEHEHUS  MPHUBOIAT K
HEYCTOHYMBBIM COCTOSIHUSAM — K TOYKaM OHdypkanuu. Bo3HukIHe (IyKTyalyu XaOTHYHBI, HEKOTOPbIC
U3 HHX  3aTyXamT, OCTAIOTCS TOJBKO T€, KOTOpPBhIE O00pa3yrdT HOBBIE CTPYKTYPBI — aTTPaKTOPHI,
MPUTATHBAIOIINE K ce0e MHOXKECTBO TPACKTOPHI Pa3BUTHs CHUCTEMBI, CO3JaIOlIHe OCOObIH KOHyc. B
Ka4yeCcTBE €ro HarjsIIHOM MO/ TOoKa3aHbl HAaHOOCTPOBKH Mexay ciosimu Te(1) — Te(1) Bi2Te3 <Cu>.

Key Words and Phrases: HaHOOOBEKTBHI, Xaoc, JAWHAMHKA, CTPYKTYpBI, aTTPakTOPBl, IIHUKJIIbI,
i epeHInanbHbIe YPaBHEHUs, YCTOHYHBOCTh

OObexTamMu HU3YUCHHUA ABJIAIOTCA aTTPAKTOPbl AMHAMHUYCECKHUX CHUCTEM, B YAaCTHOCTU TaK HA3bIBACMBIC
CmpaHHsle ammpaxknopbl.

Ilensto paboTel OBUIO HAHOCTPYKTPYPHPOBAHHE MPUMECSIMA  H  BBISBJICHHE MOP(OIOTHIECKUX
ocobeHHocteli MmexcnoeBoii moBepxHoctd (0001) Bi,Te; <mpumeck™> ¢ MOPUTATHBAIOIINMUCS
aTTPaKTOpaMH. DJIEKTPOHHO-MHUKPOCKOIIMYECKUE M300paKeHHs IMOIyYald Ha CKaHUPYIOUIEM 30HIOBOM
mukpockorie (C3M) wmapku  Commep HEKCT. PentrenmudpakromMeTpudeckne HCCICIOBAHUS
nosepxHocTa (0001) npoBomunuck Ha mudpakromeTpe Gupmsl Philips Panalytical (XRD).

B mokmane paccMarpuBarTCs GU3NKO-XUMUYECKHE TIPpoIiecchl popMupoBanus Ha moBepxHocTH (0001)
kpuctamioB AY,B;"' ¢ mosuumii manekux OT TEPMOJMHAMHYECKOTO PABHOBECHS M CAMOOPIaHH3AIlHH
dpaxtaneubix crpykryp B cpege T — T (MexIy KBHHTETAMH KPHCTAaIIMYECKOH CTPYKTYPEI).
HccnenoBanpl mporiecchl CaMOOpPraHM3allMK MpUMeced Mean Ha MexciioeBod moepxHocTH (0001)
AY,B;"!' <mpumecs>. ITokasano, 9o (HOPMHPYIOIIHECS MPUMECHBIE OOPA30BAHHMS HOCAT CTYIICHYATO-
CJIOEBOM XapakTep C HAHOOCTPOBKAMH, BBICOTA HAHOBBICTYIOB, OOpa3yIONIMXCS B IPOIECCE
BEPTHKAILHOW HAIIPABICHHON KPUCTALTU3AIUHN Y KPOMKH CTYIIEHBKH COCTABISIOT 5-20 HM.

Ha moBepxnoctsax (0001) mpoucxoauT nepecTpoiika mpy HATMUYUU MEXAY KBUHTETaMHU TEIJIOBOTO ITOJIS.
OHa cBsi3aHa CO 3HAYMTEIBHBIM OTKJIOHEHUEM M IIEPEXO0JIOM MEIU M3 BaKAHCHI M MEXKCIOEB B 00JIaCTh
T - TW . 3mecp dopmupytorcs HaHoocTpoBku (HO), crymenun. DT  HaHOOOBEKTHI
CaMOOPraHM30BBIBAIOTCS, IPEBpaIlasCh B pa3indHble natTepHbl. CamoopraHuzaius W 00pa3oBaHUE
MaTTepHOB B BUAe HAHOCTPOBKOB B BiyTe; <In-Cu> cBs3aHa C TOHITHEM JUCCUNAIINH,
ACCOLIMUPYIOLIUECS] C 3aTyXaHUeM [IBIKEHUA aToMOB Cu U3 HAKOMMBIIMXCA CJIOEB M BaKaHCHUM U3
KOTOPOW TIPOIECC 1O MPHUTATHBAIONICH TPACKTOPUH HEW30CKHO BBEIXOIUT HA OMPEICICHHBINA ITUKI H
COXpAaHSET B HEM CBOI0 YCTOMYMBOCTh B BUJC PA3IMYHBIX HAHOOOPa30BaHUM. DTU IIUKIIBI MOXKHO OTHECTH
K TaK HasblBaeMbIM MpenenbHbIM IukiaaMm [1]. Tlo yrBepxknenuro [1] nrobas nuHaMU4Yeckas cHcTeMa
HaxXOJIUT CBOM HEOOBIYHBIM IOTOK, CBOW MpeNeiNbHBIA MWK W OCTacTCS B HEM HaBcerda. B cmcreme
Bi,Te; <In-Cu> HaOmromaeTcss CBOM IpeneibHBI LMK B BHIAC 3aKOHOMEPHO pPacIpeIeiICHHBIX
HAHOOOpa30BaHUU B Cpeie Te(l)— Te(l) .

1. I'.A.Myunuk « Kak BOCIoIb30BaThCsl YIIOPSIIOUCHHBIM OeCTIOPSIKOMY, K. Xumust u scu3ms,
Hayka Ne5, 1985, ctp. 30-35
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P2-10: IloBepxHOCTHBIE HAHO00BEKTHI B MOHOKpHUcTa/LIax CuGas,

u CulnSe,

H.A.AGnynnaes, U.I'aceiMority.
Hnemumym ¢pusuxu Hayuonanvhotl akademuu nayk Azepoaiioscana umenu axademuka Aboynnaesa.,

A3-1143 Baky, Azepbaiioscan, abnadir@physics.ab.az

Metonom Bpumxmena-Croxbaprepa mnomydeHsl MoHokpuctamsl CuGaS, n CulnSe,. Ha npumepe
CulnSe; u CuGaS; u3y4densl MOpQOJIOrusi UX HOBEPXHOCTU. [IpHBeNeHBI CTPYKTYPBl MX TOBEPXHOCTHU C
MHOXECTBOM HaHOOCTPOBKOB BBICOTON He Oosee 3uM s CuGaS, u 100am s CulnSe,.

Tpoiinsie coemmuenns A'B"C, V' (A'—Cu, Ag, B"—Ga, In, C"'—S, Se,Te) co crpykrypoii
XaJIbKOIIMPUTA TMPHUBIEKAIOT BHUMAHUE HCCIEA0BATeNed B CBSI3M C MEPCIEKTUBAMU UX MPAKTUYECKOTO
MIPIMEHEHUs] B Ka4eCTBE 3JIEMEHTOB mpeoOpa3oBareneil comHedneid snepruu [1-2]. Ilpm sToM BaxHOe
3Ha4YeHHUe MPUoOpaTaeT Ka4eCTBO IIOBEPXHOCTU KPUCTAILIOB.

Hawmu 6p11a riccnenoBana Mmopgonorus noepxaoctu CulnSe, u CuGaS, B 3d-macmrate.

H‘{ Iy

Pric-1. AFM-u3o6paxenns mosepxuoctr CulnSe2 B 3d-  Puc-2. AFM-nzoGpaxenns nosepxaoctu CuGaS2 B 3d-
Macmmrade. CTpenkaMu OTMEUEHBI HAHOOCTPOBKH macirabe. CTpenkamMu OTMEUeHb! HAHOOCTPOBKH

Ha puc 1 u 2 nanst AFM-n3o06paxkenns B 3d-macmrabde mist CulnSe; (puc.1) n giis CuGas,; (puc.2).
HccnenoBanusi CTPYKTYphI MOBEPXHOCTH MOHOKpucTauioB CuGaS, u CulnSe, mpoBeneHBI ¢ IENBIO
BBISIBJICHUS HA WX MMOBEPXHOCTU HAHOCIIOEBBIX (PparMeHTOB.

IMony4yeHusle 00pa3nbl OBIIM KCCIICAOBAHBI Ha peHTreHOBCKOM auppakromerpe Bruker D8 Advance;
AFM-cHnMKu 66Ut cHATH Ha MuKpockorie Mapku AFM-BRUKER Nano NS.

W3 pesynbTaToB uHcchenoBaHil MUGPAKIMM PEHTTCHOBCKHUX JIydel BBISBICHBI TOJOXKCHUS PedreKkcoB
XapaKTEePHbIE [T UCCIICOBAHHBIX CHCTEM.

HccnenoBaHHble MOBEPXHOCTH  OTJIMYAIOTCS  pa3MEpPaMd  HAHOOCTPOBKOB M IUIOTHOCTBIO — HX
pacnpenencuus (I1P): B CulnSe, Boicota ~100uM u I1P Gosbiie yem Ha moBepxHoctu CuGasS;: 31ech
Beicora h=3uM u [IP wmenwbme. HanoocTpoBku paznsrcs u mo ¢opme, Ha puc. 1, ciieBa BHHU3Y
HaOJIOIaeTCs KoarylupoBaHHas o0nacTh. Takas 00MacTh CIUBINUXCS HAHOOCTPOBKOB HE3aMETHA IS
noBepxHoctn CuGaS, (cMm. puc.2). Takume wmopdomoruueckue ocodenHoctd aiast CulnSe, Oomnee
BOCTPEeOOBaHBI AJIsl COTHEUHBIX TPe0oOpazoBaTeieH.

1. J.I.Shay, J.H. Wernick. «Ternary Chalcopyrite Compounds», Oxford, Pergamon, 1974

2. B.M. IllknoBckuit,A.JI. Ddpoc «DneKTpoHHBIE CBOWCTBA JIETUPOBAHHBIX TMOIYIPOBOJIHUKOBY
M.Hayxka, 1979
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P2-11: SiN, films deposition on gallium arsenide in inductively
coupled plasma under strongly diluted reagents

A. Okhapkin, S. Korolyov, P. Yunin, M. Drozdov, S. Kraev, E. Skorohodov,
O. Khrykin, V. Shashkin

Institute for Physics of Microstructures, Russian Academy of Sciences, Afonino, Nizhny Novgorod region,
Russia, poa89@ipmras.ru

In manufacture of gallium arsenide based semiconductor devices, silicon nitride dielectric coatings
deposited in inductively coupled plasma (ICP) can be used. Despite the literature information for
obtaining ICP silicon nitride films [1], its deposition on GaAs from strongly diluted reagents is still
insufficiently studied. Thereby, the dependences of deposition rate and SiNy film properties on process
parameters using 4% mixture of silane in argon were studied. The process was carried out on Oxford
Plasmalab 80 Plus. As a result, amorphous silicon nitride films with thicknesses from 60 to 150 nm were
obtained on GaAs using SiHs/Ar+N, plasma. It turned out that the maximum deposition rate was
observed with a certain excess of nitrogen (N,/SiHs = 3). The preliminary activation of gallium arsenide
surface in nitrogen plasma for 2 minutes also promoted faster deposition due to the nitrogen implantation
into the substrate material and the formation of local growth centers. The increase of radio frequency (RF)
power was accompanied by an increase of deposition rate to 47.7 nm / min (at 25 W). The further RF
power growth resulted in decrease of deposition rate because of enhanced argon ions bombardment of
films (see Fig. a).
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Fig. Dependence of the deposition SiNx rate on RF power (a) and electron microscope image of the grown film
surface (b).

Also, with higher RF power values, the density of films increased from 2.3 to 2.6 g/cm’ and the

roughness was reduced to 0.5-0.8 nm (according to X-ray reflectometry data). In general, films surface
contain grains 30 to 50 nm in diameter (Fig. b). Elemental analysis of deposited coatings (secondary ion
mass spectrometry) showed that there is a significantly large content of oxygen. Supposedly oxygen was
desorbed from reactor walls, where it was adsorbed during the working chamber opening to atmosphere.
This, perhaps, determines the lower films density in comparison with literature data (3.1 g /cm’).

The work is supported by RFBR grant (project 16-32-00189).
The research was carried out on equipment of Common Research Center «Physics and technology of
micro- and nanostructuresy IPM RAS.

1. A. Kshirsagar, P. Nyaupane, D. Bodas, S.P. Duttagupta, S.A. Gangal, "Deposition and
characterization of low temperature silicon nitride films deposited by inductively coupled plasma CVD",
Applied Surface Science, 257, pp.5052-5058, 2011.
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P2-12: Corrugated surface structures in bismuth chalcogenides

E.M. Gojayev, S.Sh. Gahramanov, S.I. Mammadova

Azerbaijan Technical University, Baku, Azerbaijan. geldar-04@mail.ru
Materials with corrugated and stepped structures-nanowires of different size and density have been
obtained. A mechanism of formation of the above nanostructures has been described due to plastic
deformation effect under a pressure of thermal wave forming corrugated structures. To increase as much
as possible the thermoelectric figure of merit of materials, the electron conductivity should be possible
higher with the lowest thermal conductivity. One of the ways to accomplish this purpose is reducing
dimensions of thermoelectric component parts for efficient phonon scattering on the edges of these
nanostructures. In order to solve these problems, we employed nanostructured material technology using
self-organization effects of low-dimensional nanostructures by growing crystals under different rate,
annealing and thermal fluctuation conditions. Crystals were prepared by vertical directional
crystallization method at a temperature gradient A7 = 100 degrees/cm and crystallization rate 1; 2 and 2.5
cm/hour. Nano-steps and corrugated structures, dislocation centres play a decisive quantum-mechanical
role in the localization and transfer of charge and heat. Anharmonic vibrations of structure-forming
atoms of layers are one of the factors yielding a relatively uniform linear crystal growth. With increase in
elastic stress pressure created by thermal wave, the linear order of alignment is violated and quintet layers
are deformed with a periodic distribution of wrinkles (Fig.). The value of thermal pulse forms an elastic
deformation, and when some critical compressive stress is over the limits, quintet layers are aligned in
corrugated wavy structures, which attenuates compressive stress. This occurs with increase in the rate of
crystal growth by a factor of 2 and 2.5. The wavelength of wrinkles is determined by elastic
characteristics and the thickness of quintet layers. The method of calculation of deformed layer thickness
versus the wave period [1] can help to determine the number of quintet layers in a corrugated structure. A
change in the average “wavelength” A corresponding to the wrinkles was described by a simple power
dependence A(x) ~ x". The investigated materials differed in the value m. In order to describe their
properties correctly, physicists introduced a concept of wrinklon, i.e. structural element whose recurrence
characterizes the entire ensemble of wrinkles. A single wrinklon is responsible for a transition area where
two wrinkles with the “wavelength” A are combined to form a larger one. Each wrinklon in this case is
matched by certain size L determined by material characteristics and the value of A. In this case one can
use the expression of the form, A(x)/h~(E-W/T)** - (x/h)’” where % is layer thickness, £ is Young’s
modulus, and 7T value characterizes the tensile force.
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Fig. Corrugated structures Bi,Te;<Ni>: a) 3D AFM image of surface; b) 2D surface; c¢) cut profilogram in Fig. b).

Obtaining the right size wrinkles is directly related to crystallization front temperature. Its rise leads to
increased viscosity of crystallized area and reduced ability of elastic energy accumulation, owing to
which the height of the structure is reduced. Thus, the wavelength of wrinkle and its height correlate in a
very small range with crystallization front temperature. It should be noted that the results obtained are in
agreement with the authors’ theoretical research [2].

1. H. Vandeparre, M. Pineirua, F. Brau, B. Roman, J. Bico, C. Gay, W. Bao, C.N.Lau, P.M.Reis, P.Damman.
«Wrinkling Hierarchy in Constrained Thin Sheets from Suspended Graphene to Curtains», Phys. Rev. Lett. 106,
224301 (2011), 22.

2. L.P. Bulat, V.T. Bublik, [.A. Drabkin, V.L. Karatayev, V.B. Osvensky, G.I. Pivovarov, and D.A. Pshenai-
Severin, «Bulk Nanostructured Thermoelectrics Based on Bismuth Telluride», J. Thermoelectricity 3, 67 — 72
(2009).
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P2-13: Study on phase formation behavior of the nickel-modified
nanostructured silicon

Yu. Shilyaeva, O. Volovlikova, A. Berezkina, A. Sysa and S. Gavrilov
Institute of Semiconductor Physics, National Research University of Electronic Technology, Moscow, Russia,
shyliaeva@gmail.com

The nickel-modified nanostructured silicon allows to implement a number of different applications. It is
known as promising material for use in devices of silicon microelectronics, for gas sensing and for active
layers of betavoltaic batteries'”>. Moreover, the nanostructured nickel silicides, which can be obtained
during the solid-phase interaction between the Si and Ni, come into use in recent years™*. Nevertheless, it
should be taken into account that the solid-phase reactions in nanocomposites can occur at the interfaces
at relatively low temperatures non-typical for similar processes in macrosystems. In this regard, the
problem of estimating and predicting the thermal properties of such materials is of primer importance.
The present work focuses on the influence of the interphase boundary “nanostructured Si — Ni” on phase
formation behavior during heating.

In this paper, Si/Ni nanocomposites were formed by electrochemical etching of #- and p-type silicon and
subsequent cathodic electrodeposition of nickel. Samples morphology and spatial distribution of elements
in the nanostructured Si/Ni layer were inspected using scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS), respectively.

In order to investigate solid phase interactions by differential scanning calorimetry (DSC) there were
obtained Si/Ni nanocomposite samples on the basis of Si membrane. The investigation of the phase
formation behavior of Si/Ni nanocomposites was conducted using the precalibrated differential scanning
calorimeter Netzsch DSC 204 F1 Phoenix (Netzsch-Geratebau GmbH, Germany). The heating of the
samples of 1-3 mg in the temperature range from 25 to 500 °C was carried out in press-fitted aluminium
crucibles at a rate of 20 °C/min in an argon atmosphere. To accurately define the temperature
characteristics the DSC curves were computer processed with modelling thermal effects using a normal
distribution.

X-ray diffraction (XRD) characterization was carried out to perform phase identification of the samples
before and after heat treatment using “RIKOR-8” X-ray measuring complex (“Institut Rentgenovskoy
Optiki”, Moscow, Russia).

The results of present study clearly show the differences in phase formation behavior of Si/Ni
nanocomposites from the reference Si/Ni sample based on monocrystalline Si. The temperature
characteristics of solid-phase interactions differ from those of Si/Ni thin film and macroscopic systems.

The reported study was funded by RFBR according to the research project No. 16-33-00712 moi_a.

1. M. Antropov, G.B. Demidovich, and S.N. Kozlov, «Sensitivity of porous silicon-nickel
composite to methane adsorption», Tech. Phys. Lett., 37(3), pp.213-215, 2011

2. S.T. Revankar and T.E. Adams, «Advances in Betavoltaic Power Sources», J. Energy Power
Sources, 1(6), pp.321-329, 2014

3. L. Jen-Yi, H. Hsiu-Ming, and L. Kuo-Chang, «Growth of single-crystalline nickel silicide
nanowires with excellent physical properties», Cryst.Eng. Comm., 17, pp.1911-1916, 2015

4. K. Dong-Joo, S. Jin-Kyeong, L. Mi-Ri, H. Jung-Hwan, K. Gil-Sung, O. Takeshi, and L. Sang-

Kwon, «Ferromagnetic nickel silicide nanowires for isolating primary CD4+T lymphocytes», Appl. Phys.
Lett., 100, p.163703, 2012
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P2-14: Hydrothermal synthesis of nanoparticles of iron oxide

E.V. Magazynska
A.A. Galkin Donetsk Physico-Technical Institute, Donetsk, Ukraine; E-mail: xmara23@mail.ru

Nanostructured particles of iron oxides (NIOP’s) with their availability for manufacturability and low
toxicity are promising materials for medicine, aerospace industry, military equipment, robotics, etc. An
important and frequently used method to obtain NIOP’s is the hydrothermal method (HTM). HTM
controls easy the morphology and dispersity of the product and it is also attractive from the point of view
of the possibility of obtaining submicron weakly aggregated monodisperse NIOP’s [1]. The purpose of
this work is study how the composition of the initial reagents and their concentration and reaction
medium affect on the nanostructure of the NIOP’s, followed by annealing in a reducing atmosphere. To
characterize the materials obtained, XRD, SEM and TEM, FTIR, and EDX were used. The syntheses
were carried out in an autoclave with heating to 220°C and holding for a specified temperature for 12
hours. Fe(NO3);-9H,0 was precursor. Reagents NH4H,PO,-2H,0, Na,SO,, Mg(ClO,),, NaClO4 and PVP
were used as substances forming the morphology and dispersity of iron oxide particles. The thermal
treatment was carried out after synthesis at 600°C for 1 h or at 300°C for 5 h in a Hy/Ar flow. Figure
shows the synthesis scheme.
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Figure. Scheme of nanoparticle preparation.

During HTM, nano-sized particles of a-Fe,O; were prepared in various forms: cigar-shaped particles,
hemispheres, rings, hollow spheres and particles with irregular form. Subsequent heat treatment at 600°C
turns a-Fe,O; into metallic iron. The initial shape of the nanoparticles is destroyed, and they are fused
into large and irregular particles. The treatment temperature of 300°C permits to retain its shape, and o-
Fe,0s5 is reduced to magnetite Fe;O,.

Owing to the excellent physical properties of the NIOP’s, it assumes that the prepared iron oxides with
various morphologies will use as gas sensors, nanorobots, catalysts, biosensors, carriers of biologically
active and medicinal substances and so forth.

1. W. Wu, X. Xiao, S. Zhang, J. Zhou, L. Fan, F. Ren, and C. Jiang. «Large-Scale and Controlled

Synthesis of Iron Oxide Magnetic Short Nanotubes: Shape Evolution, Growth Mechanism, and Magnetic
Properties». J. Phys. Chem. C, 114, 16092—-16103, 2010
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P2-15: Thermodynamic and kinetic properties of grain boundary
ridges on the [1120] tilt grain boundaries in Zn

V.G. Sursaeva, A.S. Gornakova, A.B. Straumal
Institute of Solid State Physics, Russian Academy of Sciences, Chernogolovka, Ac. Ossipyan str. 2, Moscow district,
142432 Russia sursaeva(@issp.ac.ru

Grain boundary ridge is a one-dimensional grain boundary defect, and is formed when two sections of
grain boundaries meet. The purpose of this work is the experimental study of the thermodynamic and
kinetic properties of grain-boundary ridges on the tilt grain boundary in zinc. Under kinetic properties, we
mean the experimental determination of the grain boundary mobilities with ridges, ridges and parameters
of the inhibition of the grain boundary ridge motion. Under thermodynamic properties, we understand the
determination of temperatures of phase transition of coarsening — disappearance of ridges on moving
boundaries.

It was experimentally determined

1. the temperatures of phase transitions roughening of the grain boundary ridges
2. mobility and the activation enthalpy of motion for grain-boundary ridges

3. the parameters of the inhibition of grain-boundary ridge

Made the assumption that the degree of inhibition is determined by the structure of the ridges. The more
perfect the ridge structure, the less the inhibition effect.

The authors thank the Russian Foundation for Basic Research for partial financial support of the
research in the framework of a RFBR project (Ne16-03-00248)
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P2-16: Study and analysis of composition variation influence on
chemical reactions sequence and thermal effects in Al-Zr multilayer
thermite materials

L. Sorokinal, E.A. Lebedevl, D.G. Gromovl, D.IL. Smirnovl, Y.P. Shamanz, K.N. Nekludov'

1. National Research University of Electronic Technology, 124498, Russia, Moscow, Zelenograd, Shokin Sqr.,
1, larisa.ivanovna95@gmail.com
2. Scientific Manufacturing Complex “Technological Centre”, 124498, Russia, Moscow, Zelenograd, Shokin
Sqr., 1, Bld. 7.

Multilayered thermite materials are extremely interesting and promising for different purposes of
micro- and nanoelectronics, including self-propagating high temperature synthesis, reactive
bonding, microelectromechanical systems and much more. In this work, we investigated
comparatively new bimetallic multilayered foils based on aluminum and zirconium with
different stoichiometry to determine the phase transformations sequence that realized in such
structures during heating. The obtained theoretical and experimental results will allow to
optimize the composition and to improve the performance.

Theoretical prediction of the phase transformation sequence was made based on the rule: If there
is an excess of one of the original phases and the possibility of several compounds formation, the
system will go on the sequence, which reduces the internal energy density as quickly as possible.
Probable paths of the sequence of phase transformations in the case of excess zirconium: AlsZr;
— Al3Zr or Al,Zr —AlyZrs or Al,Zrs— AlZr;. Probable paths in the case of excess aluminum:
AlZI’3—> AlzZI’—> A13ZI‘.

Two sets of multilayered foils with compositions of 3Al:1Zr and 1Al:3Zr were deposited onto
different substrates surface using two sources magnetron sputtering system. Multilayer foils
consist of 16 alternating bilayers (one Al and one Zr layers) with a thickness of 250 nm.

To determine the temperatures of the basic phase transformations the differential scanning
calorimetry was used. For these purposes, multilayer films were removed from the NaCl
substrates in deionized water and washed in isopropyl alcohol. After that, samples of foils on a
silicon substrates were heated and annealed at thermal effects temperatures and finally studied
using X-ray diffractometer. The experimental results of the X-ray study at annealing
temperatures in the case of excess zirconium showed the presence of phases: AlsZr, +Zr; AlsZr +
AlyZrs; AlsZr + AlsZrs + AlZrs. The experimental results of the X-ray study at annealing
temperatures in the case of excess aluminum showed the presence of phases: Al;Zr +Zr; AlZr; +
Al Zr + AlsZr; ZrAl + ZrSi,.

To measure the combustion rate we used the high-speed camera at 10000 fps. The front
propagation rate for 4 microns thick 1Al:3Zr foil was about 0.3 m/s and 0.65 m/s for 3Al:1Zr.
Multilayer structures were easily ignited after thermal and spark excitation.

We have explored reactive phase formation in magnetron sputter-deposited Al-Zr multilayer
films with a 1:3 and 3:1 molar ratio. Thermal effects, phase formation and combustion properties
of Al-Zr multilayered foils were investigated via differential scanning calorimetry (DSC), X-ray
diffraction and high-speed camera. Thermodynamic calculations for this system were performed
for the first time to predict the sequence of chemical reactions that occur in the composite, and
achieved results were in good agreement with experimental data.
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P2-17: Surface defects in radiation resistant insulators
irradiated with swift heavy ions

G. Aralbaeva' , J. O’Connell* , V.Skuratov>*> , A.Akilbekov', A.Dauletbekova',
M.Zdorovets®’
1. L.N. Gumilyov Eurasian National University, Astana, Kazakhstan, agm 555@mail.ru. 2. CHRTEM, Nelson
Mandela Metropolitan University, Port Elizabeth, South Africa. 3. FLNR, Joint Institute for Nuclear Research,
Dubna, Russia. 4. National Research Nuclear University MEPhI, Moscow, Russia. 5. Dubna State University,
Dubna, Russia. 6. Institute of Nuclear Physics, Astana, Kazakhstan. 7. Ural Federal University, Yekaterinburg,
Russia.

As it has been shown recently, large amounts of energy deposited due to severe electronic excitation in
the wake of high-energy heavy ions can generate remarkable changes in the surface topography in a
variety of materials. Among materials where surface effects of dense ionization are less studied are
radiation-resistant ceramics and oxide crystals, like Al,O; and MgO, having a relatively high threshold of
electronic stopping power for structural disorder enhancement. Because these insulators are considered as
candidates for inert matrix fuel hosts for fission reactors, high-energy heavy ion irradiation simulating a
fission product’s impact is of considerable practical interest due to the large number of fission track
recoils in reactor fuel. In this report we present and discuss the results of complementary atomic force
microscopy (AFM) and high resolution transmission electron microscopy (TEM) examination of hillock
morphology on surface of single crystalline Al,O3 and TiO, irradiated with swift (E >1 MeV/nucleon) Kr,
Xe and Bi ions. Fig. 1 and Fig. 2 demonstrate TEM and AFM images of surface defects in TiO,. The
AFM and TEM data on the morphology of surface hillocks and the near-surface track region in selected
simple oxides will be presented and discussed including temperature dependent feature sizes.

Fig. 1. TEM image of TiO, irradiated with Fig. 2. 3D AFM image of TiO, surface after 220
700 MeV Bi ions. T= 300K MeV Xe ion irradiation at 800K.
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P2-18: Use of focused ion beam for fabrication of field-emission
cathodes based on SiC

A. Kolomiytsev, A. Svetlichniy, 1. Jityaev
Southern Federal University, Taganrog, Russia, E-mail askolomiytsev@sfedu.ru

Silicon carbide is currently one of the most promising materials for the production of nanoelectronics
devices. Particularly interesting are the structures formed on the surface of silicon carbide during its high-
temperature destruction - graphene and nanocarbon films. The excellent electrical properties of graphene
combined with the high stability and stability of SiC substrates open new possibilities for creating high-
speed nanoelectronics devices. Graphene films are considered as most promising for the development of
field-emission structures of nanoelectronics [1,2].

Field-emission cathodes based on graphene/SiC can be manufactured using Focused Ion Beam (FIB)
technology. FIB nanopatternning allows precise nanofabrication of cathodes with advanced topography
[3].

The presence of graphene on the SiC surface, its degree of perfection, and the film thickness were
estimated by Raman scattering (RS) spectra. It was shown that annealing at a temperature of 1250°C
promotes the formation of a graphene film with film-forming cluster sizes of ~10 nm.

In this study, the planar field emission cathode was fabricated by FIB local milling with a FEI Company
DualBeam system Nova NanoLab 600, combining a Ga+ FIB and a field emission SEM.

The analysis of SEM image shows that the cathode with a tip radius of about 50 nm, angle 16° and 1
micron length was obtained after fabrication. The size of the inter-electrode distance is nearby 15 nm.

The current—voltage characteristic of the planar structure was obtained by applying a voltage up to 10 V.
The analysis of the CVC measuring shows that the electron emission is observed at low voltages (1V or
less). In the voltage range from 0 V to 10 V the emission current increases from 0 to 18 nA. Low
threshold field emission can be explained under the assumption of the presence of graphene nanoclusters
on the point cathode surface. Due to the flexibility and scalability of the technology, it is possible to
create multi-point cathodes, which will allow to increase in the total emission current.

The work demonstrated that low-threshold field-emission cathodes can be formed based on graphene
films on SiC. FIB method provides the formation of the cathodes with the tip radius of about 50 nm and
inter-electrode distance - 15 nm.

This work was supported by The President of the Russian Federation Grants Council (Grant no. MK-
6163.2016.8). The results are obtained with the use of equipment of the Multiple-Access Center and
Research and Education Center “Nanotechnologies” of Southern Federal University.

1. 1 G.N. Fursey, M.A. Polyakov, A.A. Kantonistov, A.M. Yafyasov, B.S. Pavlov, and V.B.
Bozhevol’nov, «Field and explosive emissions from graphene like structures», J. Techn. Phys., 83 (6),
pp.71-77, 2013.

2. R.V. Konakova, O.B. Okhrimenko, A.M. Svetlichnyi and O.A. Ageev «Characterization of Field-
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P2-19: Theoretical explanation of effect of reduction of energy
plasmons Si (111) at implantation of ions with the big dose
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In work it is resulted theoretical explain to experimentally found out effect of reduction of energy
of excitation of superficial and volume plasma fluctuations valency electrons silicon Si (111) at
implantation of ions B, Ba and alkaline elements with big dose D> 10'®sm™. Observable effect of
reduction of energy plasmons Si (111) explain strong attenuation of fluctuations valency electrons owing
to strong disordering crystal structure Si (111) up to full amorphicity.

The big interest nanosystems represent in connection with development to them of effects of
dimensional quantization. To such effects carry formation of quantum points when the sizes of particles
of the semiconductor are commensurable with de-Broglie's in the length a wave electron; change of width
of the forbidden zone at the expense of localisation excitons; colouring of metal particles in view of
plasmon a resonance. Dimensional effects are most brightly expressed for nanoclusters, i.e. particles with
the sizes less than 5 nm.

Providence earlier us [1-2] experimental researches of spectra of characteristic losses of energy
electrons with £,=30 + 300 eV, reflected from the silicon implanted by ions In', Ba" and alkaline
elements with dose D > D, have shown, that the major feature of these spectra is reduction of energy
superficial and volume plasmons with growth of a dose of an irradiation of a matrix extrinsic ions. In the
given work we try again theoretically to explain effect of reduction of energy observed in experiment
plasmons Si (111) at implantation of ions with the big dose.

For definition of a spectrum of energetic losses of a primary bunch in it is ion - implanted Si, we
will start with the following elementary structure near-surface area. There is a broken layer in the
thickness a, it borders with not broken pure Si, occupying other semi space (fig. 1). In drawing area o > z
> () - area of the disturbance layer, z > a - area of a clear material.

@ po
(a) - iv)2
The clear material can be characterised volume dielectric transmittivity (1) in which w2p0 -square
of plasma frequency valency electrons clear Si, v- attenuation in system fluctuating valency electrons, o -
current frequency on which the response of environment to external influence is investigated.

In a long-wave limit, dielectric transmittivity it is ionic - alloyed semiconductor can be written
down in the form of the total.

go(@w)=1- (1)

€ (0‘)5 Z):SO ((D)+SS (2)7 (2)
where g, (w)-dielectric transmittivity of the initial clean semiconductor, and
2 Z
47 a1
e\z)=—N; z) X
s( ) P zmp( ) t:"(wzlc _wzpe) (3)

represents static polarization spanning electrons impurity ions. Sum lZ propagate on all filled covers
>0

impurity an ion, located below a valence zone, i.e. It is supposed, that (021C>>c02pv; wzpv=4nesz/m— a
square of plasma frequency valence electrons the semiconductor, @’ - a square of frequency of transition
spanning electrons with I-covers impurity an ion in a zone of conductivity of the semiconductor, Niy, (2) -
a coordinate profile of distribution of the introduced impurity on depth, Z. | - effective number electrons,
taking part in transition l—c.
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In recent years, the organic-inorganic perovskites [1] having the conversion rate of up to 22% are
considered among the most promising materials for solar energy converters. These materials, however,
quickly degrade under the action of both light and ionizing radiation [2]. In this paper, a new idea is
proposed for controlling of the stability of perovskites by radiation by selecting of the degree of surface
roughness (fractality). The idea is related to the recently discovered effect on the width of the valence

bands AEVT by the Tamm surface states of a crystal with a significant degree of ionicity [2,3] (Fig. 1). It
can be seen from Fig. 1 that AE; is determined locally by the sign and by the local curvature of the
surface: AE, ~ AE,f(O) —yAg, where AE,f(O) is the width of the zone of flat surface, ]/N%? is

proportional to the curvature and is in slope opposition tj the radius of curvature. Then, according to the

basic concept of radiation destruction of these materials (the Dexter-Varley mechanism) [2], we obtain for
T

the probability of ionization destruction 7 = exp[_ (EV(O) - 7%@ } , where wp is the Debye frequency.
D

Integrally, over the entire integral surface with the scale of 8, we get <77> = In(R,é‘, D, ) )/ (R)dR , where R

is the radius of the individual element fractally divided into n generations of the original scale J, and Dy is
the fractal dimension. Obviously, the fractal geometry with concave regions of radius {R} will
correspond to the maximum radiation resistance.

D
4/—/_

5l L e

Fig.1. Dependence of the width of the surface zone of the Tamm states {E LP_) on the type of curvature: (0) is the

intermediate region; (1) is the concave region; (2) is the convex region.

1. N.R.Ashurov, B.L.Oksengendler, S.E.Maksimov et al., «Current state and perspectives for
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of radiation degradation of solar cells based on organic-inorganic perovskites», Geliotechnika (Solar
Engineering), 1. pp.48-57 (2017) (in Russian).

3. B.L.Oksengendler, V.N.Nikiforov, S.E.Maksimov, «Tamm States of Fractal Surfaces», Doklady
Physics, 62(6) pp.281-283 (2017).
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TWO-COMPONENT SEMICONDUCTOR NANOSTRUCTURES
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Tashkent state technical university Tashkent city, Uzbekistan
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One of the perspective directions optoelectronics, microelectronics and nanoelectronics - creating
on the surface of semiconductor materials selected nanofilms and nanocrystalline phases. By reducing the
size of the nanocrystals and nanofilms to a value commensurate with the electron mean free path or the de
Broglie wavelength, there is a sharp change in their physical properties and begin to manifest quantum
size effects.In the case of nanophases created on the surface or in the bulk of a solid, there are additional
factors associated with the formation of the interphase boundary.

This work is devoted to the evaluation of critical dimensions nanofilms and nanocrystals BaSi,/Si
and CoSi,/Si(111), at which there is a noticeable change in their electronic properties.

Ion implantation, thermal and laser annealing, as well as to study the composition and structure of
the samples was carried out on the same experimental device in an ultrahigh vacuum (P = 10-7 Pa).
Implanted Co” and Ba" ions in the energy range Eo = 0.5-5 keV at dose D = 10"*-10"7 cm™.

In this work, based on analysis SEM pictures and Auger electron spectra, we have tried to build a
model of the surface of Si, implanted barium ions with different energies and doses.

Cluster phases had a shape close to a circle with a diameter d = 10-15 nm, the distance between
them is ~ 30-35 nm. Increasing the dose to D = 2 x 10" cm™ leads to compaction of the atoms
(molecules) in the cluster phases and increasing their sizes in the surface 1.5-2. This near surface
completely amorphing. With increasing doses, along with a slight increase in the size of the phase, occurs
the appearance of new phases.Already at D = 10'® cm™, there is overlap of the individual phases of cluster
boundaries. At D =4 x 10'® cm™ occurs equally throughout the surface alloying and enriching the surface
of Ba atoms. Further increase in the dose does not lead to a noticeable change in the surface composition.

Particular attention is is given to research of the electronic properties of nanostructured CoSi,/Si
phases, since their lattice parameters are close to each other.

Collaborative analysis SEM and HEED images suggested that nanocrystals of metal silicide
BaSi,, CoSi, and their film crystallizes in a cubic lattice. These nanocrystals have a cylindrical shape
(surface - a circle).
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In the present study investigated the influence of the formation of nanoscale phase and films of
Ca to the composition and electronic structure of the surface of monocrystals of samples of CaF, (111).

Study of the intensity of light from the transmitted light in 0,6-6 eV photon energy for the
monocrystalline samples of CaF, (111) irradiated with the ions Ar" with E; = 1 keV different doses
showed that in the case of "pure" and the ion irradiated CaF,when increase hv from 0.6 eV to 6 eV value
of intensity slowly decreases. At the same time the value of intensity-ion irradiated CaF, in the whole
research area hv less than intensity of pure CaF,.At a dose of D = 5 - 10" cm™ decreasing of intensity
consist on average 20-25%, for D = 10" ¢cm™ the average value of intensity decreases by 35-40%, while
for D=5 - 10" cm™ light intensity decreases 5-6 times. After bombardment with a dose of D =5 - 10'°
cm” through the CaF, film in the investigated area hv = 0,6-6 eV practically no light passes. These results
can be explained as follows.

Previously we showed that at low doses of Ar’ ions on the surface CaF,appear separate cluster
phase enriched Ca atoms. With increasing ion dose increases the size of these phases, and at D = 10"° cm’
?is ~ 30-40 nm. When D> 10'® cm™ occurs overlapping boundaries separate phases and the entire surface
is covered with atoms of Ca with thickness d ~ 10-15A.Therefore UVES curve structure changes, a
decrease in the quantum yield of photoelectrons and the intensity of the transmitted light with the
increasing of dose of ions is due with increasingsize of cluster phases of Ca. Apparently, the formation of
these phases is accompanied with some increase in the concentration of Ca and not irradiated sections of
the surface layers CaF,.This lead to an increase intensity of the peak of Caat the hv = 7-7,5 eV,
displacement initial part of curves energy distribution CaF,towards smaller energy of
photoelectrons. These changes are associated with the formation of various defect levels near the bottom
of of the conduction and the valence band top. When D>5 - 10"> cm™ concentration of these levels
increases sharply and is formed narrow impurity band, which merge with the conduction bands and
valence bands. Consequently, the band gap decreases. In particular, when D = 5 - 1015 cm-2 intensity of
transmitted light was about 70-80%, and a value of Eg~7.5 eV.

Can assume that while about 80% of the surface CaF,is covered with atoms Ca and of
nonirradiated areas CaF, formed impurity band with a width of ~ 4-4.5 V. Starting with D =4 - 10'° cm™
light practically not passes through the CaF,, i.e. the surface is completely covered with atoms of calcium.
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One of the basic problems in modern nanoelectronics is to obtain the ordered nanocrystals (the
same composition, the number of atoms and size, regular spacing between the nanocrystals) on the
surface of various materials. A special place is the formation of self-organized nanostructures - ie the
spontaneous formation of a large number of nanostructures because of the peculiarities of the behavior of
the system matrix - adsorbed atom.

In researches we used epitaxial film of CaF,on a substrate of Si(111), since the surface of
CaF,(111) has the lowest free energy and therefore it is atomically smooth. Before the study was carried
out thermal annealing of the film at T = 1100 K for 50 - 60 minutes. The film surface CaF,/Si(111)
consists of parallel strands, the respective surface (1x1).This suggests that the used films have sufficiently
high crystal perfection and atomically smooth surface. Additional reflections characteristic for twinned
growth and faceting, were not observed. Bombardment mainly carried by ions Ar" ¢ Eg = 1 keV, varying
the irradiation dose in the range of 10" cm™ to 10" cm™.At low doses of irradiation (D < 10" cm?)
surface size defective areas were very small and, therefore, they are almost impossible to detect using
SEM (SEM sensitivity of approximately 2 - 3 nm). Therefore, in these cases, the state of the surface was
controlled by the AES (Auger electron spectroscopy) and SEM were obtained after deposition of Si atoms
in the ion-implanted surface of CaF,.When D < 8 » 10'* cm™ deposition of Si led to the formation of
islands of various sizes, without strictly regular character. Apparently, at these doses of irradiation is not
yet formed homogeneous defect structures. Ordered nanoclusters appear, since D = (2 - 4) - 10" cm™. The
most regular of the same size nanoclusters formed when Si atoms adsorbed onto CaF,, irradiated by ions
with a dose of D =5 « 10" cm™. At this dose, the surface CaF, is not yet loses its crystallinity, but the
formation of defect centers enriched Ca atoms with surface size d = 1,5 - 2 nm. Si atoms sputtering to a
thickness of approximately one monolayer and subsequent heating at T = 800 K led to the formation of
CaF, on the surface of monocrystalline phase of Si with a diameter of 10 - 15 nm.The distance between
the centers of the islands was 50 - 60 nm. In the Auger spectrum occur intensity peaks at energies 92 and
95 eV. Formation silicide active metals (BaSi,, NaSi,) usually leads to the formation of an additional peak
in the energy range 94 - 96 eV. Therefore, the peak with E = 95 eV due to the formation of compounds
type of CaSi,.

Thus, the presence of similar centers in CaF, surface provides a regularly spaced nanocrystalline
phase and solid nanofilms Si.
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Black Silicon has been receiving a great deal of attention due to their interesting physical properties and
promising potential technological applications in the field of sensing, emitting and energy. The b-Si can
be produced by reactive ion etching (RIE) in fluorine, bromine and chlorine plasmas [1, 2], maskless RIE
employing CF,4 [3] due to auto-masking of the surface at random spots. Ni-assisted chemical etching
(MACE) method attracted great interest from the whole world on the aspect of fabricating low-reflective
silicon nanostructures — black silicon [4]. Antireflective properties of the b-Si depend on the geometric
parameters of the porous layer particularly porosity, pores diameter, thickness. The morphology of these
layers depends on the treatment conditions: electrolyte composition, ratio of the contact areas of metal
and silicon with the electrolyte [5], metal type [6], and etching duration [7], light intensity of frontside
and backside illumination [8].

In this paper, black silicon layers were formed by Ni-assisted chemical etching. Wafers of p-type Si
((100), 0.01 Q-cm) are used as substrates. Preliminary to be etched single-crystalline wafers were washed
with piranha etch (mixture of sulfuric acid H,SO,4 (98%) and hydrogen peroxide H,O, (30%) (1:2 in
volume)) at 130°C during 10 min. Then they were rinsed in deionized water and dried by jet of isopropyl
alcohol vapor. Si wafers were rinsed in HF-H,O solution (1:5 in volumes) to remove native SiO,.
Subsequently, a Ni thin film (99.99 % purity) was deposited by magnetron sputtering. Ni films with
thickness of 50 nm were deposited on Si surface. Etching solutions contained HF (40%)/ H,O, (30%)/
H,O in volume ratio 2/1/10. Treatment duration was 20, 40 and 60 minutes. Front side illumination was
0.06, 31 and 539 mW/cm®. Porosity, layers thickness were calculated by gravimetric analysis by
analytical balance XPE205 Mettler Toledo. Samples morphology was inspected using scanning electron
microscopy (SEM).

The results of present study clearly show the increasing of the sample porosity and porous layers
thickness with light intensity. Etching rate range from 20 to 79 nm/min at the light intensity from 0.06 to
539 mW/cm?, respectively. Ni-assisted chemical etching is simultaneously processes: metal-assisted
(MACE) and photoelectrochemical etching. In present work contribution of each component was
established.

This study was supported by the Russian Science Foundation, project no. 16-19-10625.
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The width of forbidden gap and a number of other parameters of semiconductor compounds T1GaS, and
TISbS, are determined by the nature of the bond, in particular, in the cationic sublattice of the ions.
Therefore, it is of interest to study the ion substitution process in the cation sublattice of these wide-gap
semiconductors with a layered structure. TlGaS, crystallizes in the monoclinic and TISbS; in triclinic
syngony; express anisotropy of physical properties, are optically active, and characterized by high
photosensitivity. Study results of dielectric, photoelectric, and optical properties of solid solutions of the
T1GaS,—TISbS, system are presented below. It is established that in the frequency range from 5-10* to
3.5-10" Hz, the real part of the complex dielectric permittivity () of TIGaS2 varies from 22 to 23.5, i.e.
characterized by weak dispersion. In T1GaS,<0.5% Sb>, the &' values were lower, decreasing from 14.4 to
11.6 as the frequency increased.

In contrast to €', the imaginary component of the complex dielectric permittivity (¢) has undergone a
more substantial frequency dispersion, decreasing by a factor of 3.5—4 with increasing frequency from
5-10* to 3.5-10" Hz for both crystals. In antimony-doped TIGa$S, crystals, there were more significant
dielectric losses compared with TIGaS,. In both crystals the curve tgd (f) had a decreasing character. The
shape of the experimental curve tgd (f) in the studied crystals is characteristic for the frequency variation
of dielectric losses, taking into account the contribution of the electrical conductivity of the crystal. AC-
conductivity of the TlGaS, crystals in the frequency range f = 5-104-2-105 Hz varies according to the
law cac ~ £ 0.6, at f =2-10°-1.8 - 10 Hz - according to the law cac ~ £ 0.8, and for f > 1.8- 10" Hz the
quadratic dependence of o, on the frequency was observed. In contrast to T1GaS,, in T1GaS,;<0.5% Sb>
crystals the ac-conductivity varied according to the o, ~ £ °* law in the whole studied frequency range.
The values of the ac-conductivity in both crystals differed insignificantly from each other.

Calculated values R of the average hop distance for TlGaS, and TIGaS, <0.5% Sb> crystals were 81 and
77 A, respectively. These values are ~ 5—6 times higher than the average distance between the centers of
localization of charge carriers in the studied crystals. The average time of hops in crystals is determined:
9.9-10® s for TIGa$S, and 5.7- 10" s for TlGa$S, <0.5% Sb>. The scattering of localized states near the
Fermi level of 150 and 154 meV is estimated. The concentration of deep traps responsible for the
conductivity of the crystals on an alternating current is determined: Nt = 8.8-10"7 cm-3 for TIGaS, and
10" cm-3 for TIGa$, <0.5% Sb>.

From obtained data it follows that with the introduction of antimony in TlGaS,, the mean distance and
time between hops decrease, and the concentration of deep traps and the energy spread of the localized
states in the forbidden gap increase. In the structure of the absorption edge of TlGaS, single crystals and
the solid solution T1Gagg9sSbggosS, at low temperatures, it is possible to detect an absorption band
associated with the formation of an exciton near the straight edge. In TISbS, crystal and similar in
composition to it, the T1Gag 03Sbg 7S, solid solution, this band is not observed.

From the temperature dependence of the position of the exciton peak for the TIGagg95Sbg00sS2
composition in the temperature range 100-200 K, it is established that the positive temperature coefficient
of the maximum of the exciton band persists. If we take into account the weak dependence of the binding
energy of the exciton on temperature, this indicates an increase in the width of forbidden gap (E,) of
T1Gag.995Sbg 00sS, with temperature. The value of E, for crystals of the TIGaS,~TISbS, system was also
determined from the photoconductivity spectra. An increase in temperature from 160 to 290 K led to a
noticeable decrease in E, for both TISbS, and T1Gay ¢3Sbo97S>. Thus, due to the partial substitution of Ga
— Sb in the TISbS, lattice, it is possible to modify the photocurrent spectra and to control the width of
forbidden gap of TISbS, <Ga> single crystals by temperature variation.
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The development of new technologies for the creation of composite anode materials for lithium-
ion batteries is an urgent task considering the increasing requirements for energy storage and
conversion devices. Silicon has outstanding theoretical capacity, but its use, for example, in the
form of thin films is very difficult due to the high speed of degradation, which is caused by a
threefold increase in the volume of material in the cyclic process of lithium intercalation. A
possible solution to this problem is to develop composite materials based on silicon powder and
carbon nanotubes. In this case, it is assumed that CNTs form a sound conductive network in
which silicon particles are evenly distributed. Thus, carbon nanotubes have two functions: on the
one hand, they provide high electrical conductivity, and on the other hand relieve mechanical
stresses from silicon particles surface.

For the formation of such composite materials in this work the method of electrophoretic
deposition has been used. This technique has incredible potential due to its simplicity,
compatibility with the integrated technology and the possibility of formation of multicomponent
coatings.

During the experiments, the method of slurry preparation was developed, features of the
deposition process were investigated and optimized. In addition, the specific discharge capacitive
characteristics of the obtained materials were measured, as well as the material degradation
during cyclic charge-discharge process was investigated. The total duration of the deposition
process was not more than 300 seconds and the applied voltage was varied in the range 40-120
V. Interestingly, the deposition was carried out even when the electric field strength of 5 V/cm,
however, the deposition rate was quite low. The thickness of the precipitate obtained at the
maximum values of the electric voltage was about 25 um. On the basis of obtained results the
dependence of the thickness of sediment from the applied voltage was determined.

The possibility of local deposition of composites on the topological pattern was also
demonstrated, which opens up opportunities to design and create miniature planar lithium-ion
batteries
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Over the past two decades, there was a qualitative breakthrough in the development of thermal imaging
devices based on uncooled IR focal plane arrays. At present, two types of bolometer are commonly used
as sensors in uncooled IR imagers: the ones based on vanadium oxide (VOx) or amorphous silicon (a-
Si:H) thermistors [1]. It should be noted that CMOS compatibility of a-Si termistors is an important
advantage of the temperature sensor material: a CMOS-compatible manufacturing process considerably
decreases the production cost and simplifies its massproduction. Attractive possibility consists in
utilization of metal/poly-Si Schottky junctions for formation of sets of connected temperature sensors on
bolometer membranes. In our recent article, platinum silicide Schottky diodes formed on phosphorus
doped polycrystalline Si films were demonstrated to be a promising alternative to SOI-diodes in
monolithic uncooled microbolometer [2].

It is obvious, that silicide formation on top of amorphous and polycrystalline silicon were studied
insufficiently because of uncertain perspectives for microelectronics. At present, however, the
investigation of silicide formation on top of amorphous silicon becomes a promising objective that
associated with research and development of new generation of uncooled microbolometers, specifically
membrane-type silicon microbolometers based on Schottky diodes.

Thin 200 nm thick a-Si or poly-Si layers of were grown at different 300 — 650 °C temperatures by CVD
and MBE on top of SiO,. Formed Si(100)/SiO,/(a-Si or poly-Si) structures were used as substrates.
Polycrystalline Si layers were doped with P* at a dose of 2-(10'* -10"°) cm™. Thin (~25 nm) films of
platinum were deposited on top of poly-Si layers by magnetron sputtering. The subsequent and rapid
thermal annealing in nitrogen ambient at 350-550 °C was carried out for silicide formation.
Morphological and structural properties of the samples before and after annealing were investigated by
scanning electron microscopy. The structural properties were investigated by bright-field and dark-field
transmission electron microscopy and electron diffraction analysis. The Raman spectroscopy was used for
structural evolution comparison before the silidization process.

It was established by SEM, that annealing of Si(100)/SiO2/poly-Si structures at 350 °C results in
platinum silicide formation of 41,8 nm thickness. The thickness of platinum silicide monotonically
increases with annealing temperature and was estimated to be 55,6 nm at 550 °C. Analysis of TEM and
STEM images confirmed the formation of metal silicide films as well as a complete consumption of the
whole layer of the nanocrystalline silicon during the reaction with the metals. Also the temperature
dependence of sheet resistances was measured and comparison of subsequent and rapid thermal
processing was carried out.

1. C. V. Hoof and P. D. Moor, in Handbook of Infrared Detection Technology, edited by M. Henini

and M. Razeghi, Elsevier, 2002, Chap. 12, pp. 449—480.
2. V.A. Yuryev et.al. J. of Appl. Phys. 117,204502, 2015
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P2-28: GaSb(001) surface in aqueous Na,S - solution: modifications
of chemical and electronic properties

T.V. Lvoval, M.V. Lebedevl, ILV. Sedoval, M.S. Dunaevskiil, 0.V. Rakhimova®.
1. loffe Institute, St. Petersburg 194021, Russia,; E-mail: tatyana.lvova.12@mail.ru; 2. State
Electrotechnical University, St. Petersburg 197022, Russia

GaSb is very attractive material for fabrication of optoelectronic devices in the near-IR spectral region. It
is also employed as a substrate for epitaxial growth of (Al,Ga,In)(As,Sb) compounds which are widely
used for high-speed electronic and longer-wavelength optical devices. The key issue for fabrication of
high quality devices is the preparation of a GaSb surface with controlled chemical composition and
electronic properties. Recently different techniques have been developed for getting the oxide-free GaSb
surface, including sulfur passivation in aqueous and nonaqueous sulfide solutions [1, 2], chemical etching
with acidic solutions.
In this paper we study sulfide passivation n-GaSb(001) in the 1M aqueous solution of sodium sulfide
(Na,S) at room temperature. The temporal evolution of both solution pH and temperature has been
controlled to get insight into physical and chemical processes occurring during passivation at the interface
of GaSb/sulfide solution. Electronic structure and chemical composition of native oxide-covered and of
passivated GaSb(001) surface were analyzed by x-ray photoemission spectroscopy (XPS) and
photoluminescence (PL) at different stages of the sulfide passivation process. Surface morphology of the
samples was studied by atomic force microscopy (AFM).

It is found that GaSb(001) surface
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not exceed a few monolayers.

The performed investigations of the chemical processes at the GaSb/Na,S solution interface can be
related with the evolution of the surface electronic structure. This makes possible the optimization of the
GaSb(001) surface passivation treatment.

1. M. V. Lebedev, E. Kunitsyna, W. Calvet, Th. Mayer, and W. Jaergermann, «Sulfur Passivation of
GaSb(100) Surfaces: Comparison of Aqueous and Alcoholic Sulfide Solutions Using Synchrotron
Radiation Photoemission Spectroscopy». J. Phys. Chem. C 117, pp. 15996-16004, 2013 D.

2. E.V. Kunitsyna, T.V. L’vova, M.S. Dunaevskii, Ya.V. Terent’ev, A.N. Semenov,

V.A. Solov’ev, B.Ya. Meltser, S.V. Ivanov, Yu.P. Yakovlev «Wet sulfur passivation of GaSb(100)
surface for optoelectronic applications» Appl.Surf.Scien, 256 , pp 5644-5649, 2010
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P2-29: Formation of surface states during the operation of the field
effect transistors

A. Volkov!

1. Zelenograd Research Institute of Physical Problems, Georgievskiy prospekt 5, Zelenograd, 124460, Russia,
e-mail: artem.n.volkov@yandex.ru

The processes occurring at the interface between bulk silicon and its dioxide (Si/SiO,) during the
operation of the metal-oxide-semiconductor-field-effect-transistors (MOSFETs) can significantly affect
on the lifetime of the MOSFETs and devices based on them. One of these processes is the formation of
surface states at Si/SiO, interface during the operation of the MOSFETSs. As a rule, this process is based
on the dissociation reaction of the Si-H bonds formed after the formation of thin films of silicon dioxide
during annealing in a hydrogen-containing atmosphere and located on the surface of SiO,. This process
can proceed according to several mechanisms, depending on the energy of the charge carriers initiating
the dissociation reaction of the Si-H bond.

For investigation of the surface states formation rate and prediction of the lifetime of the MOSFETs, the
accelerated test method is often used. For the mathematical description of the results of accelerated tests,
as a rule, the power-law dependence of the lifetime (#,) on the substrate current (/) proposed by Mistry

[1]:
L= A(Isub)-ma (1)

when ¢, — is lifetime; A — is empirical coefficient of proportionality; I, — is substrate current; m — is
empirical parameter, is used. In this paper, the experimental data [2, 3] was analyzed to determine the
surface states formation rate during the operation of the MOSFETs. As a result of the analysis:

- the basic physical mechanisms that initiate the process of dissociation of Si-H bonds and the
formation of surface states at Si/SiO, interface during the operation of the MOSFETSs are determined;

-a method for determining the energy of charge carriers participating in the process of
dissociation of Si-H bond, based on the analysis of the power-law dependence of the lifetime (#,) on the
substrate current (/,,) was shown;

- a method for determining the mechanisms of the formation of surface states at Si/SiO, interface
during the operation of the MOSFETS, based on the analysis of the power-law dependence of the life time
(#1) on the substrate current (/,,,) was shown;

- the parameters of the MOSFETs that influence the physical mechanisms that depend on the
energy of the charge carriers, which initiate the process of dissociation of Si-H bond and the formation of
surface states during the operation of the MOSFETSs, were determined.

1. M. Prabhakar. Characterization and modeling of hot carrier degradation in sub-micron n-
MOSFETs. P.37. Nashville, Tennessee, 2002.

1. 2 K. Hess et. al., «Giant Isotope Effect in Hot Electron Degradation of Metal Oxide Silicon
Devices», IEEE TRANSACTIONS ON ELECTRON DEVICES, 45 (2), pp. 406 — 416, 1998.

2. J.M. Rafi, F. Campabadal, «Hot-carrier degradation in deep-submicrometer nMOSFET’s: lightly
doped drain vs. large angle tilt implanted drain», Solid-State Electronics, 45, pp. 1391-1401, 2001.
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P2-30: Determination of ion induced mechanical stresses and

modification depth in thin films

A. Babushkin, I. Uvarov, I. Amirov
Yaroslavl Branch of the Institute of Physics and Technology RAS, Yaroslavl, Russia, artem.yf-ftian@mail.ru

A new technique allowing to determine the mechanical stress and the depth of stress modification in films
caused by ion bombardment is developed. It is based on two types of test micromechanical structures
made of the same film: a cantilever and a bridge. The stress in the film can be represented as the sum of
the average stress (oy) and the stress gradient (o,):

o(z)= gak(h—jzj R o, + o{ﬁ} (1

Bending of the bridge depends on the average stress, while the cantilever bending is determined by the
stress gradient:

°E
0y =10 (347 +4n) )
Eh
9T R )

where E is the Young's modulus of the film material, % is the film thickness, L is the bridge length, 4 is
the bending amplitude of the bridge, and R is the curvature radius of the cantilever.
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Fig.1. Schematic illustration of the change in the stress field caused by ion bombardment.

Relation of the ion-induced stress (6™) and the stress modification depth (A™") with the mean stress and
the stress gradients before and after the bombardment is described as follows (Fig.1):

hmod :h 1_1 AO-l
3 Ao,
1 (4)
- 1 Ao,
3 Ao,
The technique is used to determine the influence of argon bombardment with an average energy of 30 eV
on a chromium film with a thickness of 200 nm (Fig.2 and Fig.3). The depth of stress modification is

several orders of magnitude greater than the ion penetration depth, and it is close to the thickness of the
film.
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Fig. 2. Dependence of the ion-induced stress on the Fig. 3. Dependence of stress modification depth on the
treatment time. treatment time.
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P2-31: MODELING AND CALCULATION OF
ELECTROMECHANICAL CHARACTERISTICS OF LOW-
VOLTAGE LATERAL MEMS SWITCH WITH SPRING-TYPE

ELEMENT OF THE TYPE “MEANDER”
Lebedev K. V.!

1) Physico-technological Institute, Russian Academy of Sciences, E-mail: kiriklebov@gmail.com

Micro and nanoelectromechanical systems (MEMS and NEMS) is a device that combines micro - and
nano-electronic and micro-and nanomechanical components. A wide class of systems of MEMS and
NEMS are switches. They find application in RF and microwave systems, such as adaptive antenna
switching matrix and the transmitter / receiver units for wireless communication devices [1]. One of the
drawbacks of Electromechanical keys — high voltage actuation. Therefore, the development of
MEMS/NEMS switches with low voltage operation is an urgent task.

In this benchmark report presents the results of modeling electrostatic MEMS switch of the lateral type
with a spring element of the type “meander” by method of finite elements. Thanks to the use of the spring
element, the cantilever has a small coefficient of elasticity, allowing to reach relatively low values of the
actuation voltage of the MEMS switch based on it (4 Volts). In figure 1. shows the actuation of MEMS
switch. The distance between the cantilever and the control electrode (gap) was 60 nm.

60

40
30
= 20

z
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Figure 1. Actuation MEMS switch (4 V).

To verify the simulation results, we calculated the actuation voltage of the MEMS switch using the
following formula [2]:

(1)

It was also the simulation of natural frequencies and resonant frequencies, q factor of oscillation of
cantilevers made of different materials. A study of the influence of changes in geometric dimensions on-
actuation voltage, carried out theoretical calculations of various electromechanical characteristics of the
MEMS switch and the actuation time.

The data presented in the author's opinion are of interest to improve the performance of MEMS switches,
reducing operation voltage, improving their reliability and reducing their energy consumption.

1. Varadan V. K., Vinoy K. J., Jose K. A. «<RF MEMS and their applicationsy. Chichester. West
Sussex: John Wiley & Sons Ltd. 2003. 394 p.
2. Rebeiz G. M. «KRF MEMS: Theory, Design, and Technology». Hoboken, New Jersey: John Wiley

& Sons, Inc., 2003. 483 p
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P2-32: Control of the clusters formation in the gas phase with
incorporation in LF PECVD deposition film

A.E.Berdnikov, A.A.Popov

Yaroslavl Branch of the Institute of Physics and Technology, Institution of Russian Academy of Sciences,
str.Universitetskaya 21, Yaroslavl, 150007, Russia, E-mail: imiraslab4@yandex.ru

Previously we found that during plasma of low frequency glow discharge enhanced chemical vapor
deposition (LF PECVD) of different silicon based films nanosize clusters appear in gas phase and
incorporated in formed on substrate material. Growth conditions in gas phase and on substrate surface are
differing. Because it chemical mixture of clusters and film are different. Presents of clusters in film
provide unique physical properties of materials deposited by LF PECVD.

In particulars, we found bipolar bistable conductivity switching effect in metal — insulator —
semiconductor structure with SiO, insulator deposited by LF PECVD [1]. This structure can be used as
non-volatile memory and reprogrammable logic arrays. Investigations of this effect show that current
canal have nanometers diameter, but this structure have bad ability for size decreasing. We supposed that
conductivity switching effect connected with nanosize particle formed in gas phase and embedded in
growing films.

Increasing number of particles embedded in growing films is important problem. We hoped change
technological parameters for solving this problem. In glow discharge chemically active particles (CAP)
appears. They diffused to growth surface or interact with each other with consequently formation
particles. For increasing particles formation concentration of CAP mast be increased or diffusion time
from region of CAP generation and substrate mast be increased. This claimed can be achieved by
increasing low frequency power and increasing pressure of gas mixture in deposited reactor.

Investigation of stability and uniformity of low frequency glow discharge was produced previously.
Pressure increasing is lead to instability of glow discharge. Light spot appears on electrode. It's means
that current between electrodes is flow only in same region of interelectrode space.

Pressure increasing is stabilized discharge. So, we were increasing pressure and power simultaneously.
For testing this technological change the technological regime with very low yield of MIS with
conductivity switching effect was elected as initial. Pressure of gas mixture (NO/SiH, = 7.5) in this
regime is 210 Pa and average LF power is 50 W. Films deposited under this regime have good dielectric
property and practically stoichiometric chemical composition. If changing of technological parameters are
effective MIS structure with conductivity switching effect mast be appears.

For testing structure productions we used monocrystalline silicon wafers with p-type of conductivity. On
back side of wafers previously 600 nm aluminum layer was deposited and annealing. Metal electrode
after SiO, deposition also was formed from aluminum.

MIS structure with conductivity switching effect appears then pressure was increased in 4 times and
power was increasing in 8 times. This increasing was limited by appearance of spot of powder on
substrate surface then pressure increasing more than 4 times.

Power and pressure increasing during LF PECVD increase number of clusters which appears and growth
in gas phase after that they incorporated in growing film on substrate surface. But this method has
technology problems such as instability and bad uniformity.

1. A.E. Berdnikov, V.N. Gusev, A.A. Mironenko, A.A. Popov, A.V. Perminov, A.S. Rudy, V.D.
Chernomordick «Conductivity Switching Effect in MIS Structures with Silicon-Based Insulators,
Fabricated by Low-Frequency Plasma-Enhanced Chemical Vapor Deposition Methods» Semiconductors,
Vol. 47, No. 5, pp. 641-646, 2013
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Introduction. Improvement of the existing, and dev elopment of new electronic devices require the
production of thin films with a variety of pre-defined electrophysical properties. A special place among
the film structures is occupied by carbon films. On the basis of various carbon modifications, it is
possible to obtain nearly whole range of electronic devices. This makes carbon one of the most promising
materials for the electronic industry. The present paper deals with the study of the ion assistance influence
on the electrophysical properties of the carbon films deposited by magnetron sputtering of graphite
targets.

Experimental procedure. Deposition of the carbon films was carried out using plasma hybrid system
[1]. It is based on the combined magnetron and high-frequency inductive discharge located in the
external magnetic field. Magnetron provides the generation of atoms and ions of the target materials
while the flow of accelerated ions used for the ion assistance is provided by the RF inductive discharge.
An external magnetic field is used to optimize the power input to the discharge, to increase the ion
current density in the realm of substrate and to enhance the area of uniform plasma. The value of the ion
flow is controlled by the power of RF generator while the energy of ions can be controlled by the RF bias
of the substrate. Carbon films were deposited by magnetron sputtering of the graphite targets. Ne, Ar and
Kr were used as working gases. The energy of the assisting ions varied within 0 - 85¢V, ion current
density was close to 1 mA/cm®. Films resistivity was measured with the help of two probes method.
Results. It is shown that the resistivity of the films nonmonotonically depends on the energy of the
assisting ions (see Fig.1). The maximal films resistfnce is achieved at an ion energy of 45 eV. The
position of the maximum does not depend on the ion mass and the current density of the assisting ions.
The value of the films resistance increases with the increase of mass and the decrease of the ionization
potential of the assisting ions. The reason for the increase in the resistance at the energy of assisting ions
equal to 45 eV is the formation of single-crystal carbon inclusions in the volume of the carbon film. At
the energy of assisting ions close to the region of the maximum resistivity, it is possible to obtain carbon
films with a region of negative differential resistance.
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Fig.1. Dependence of the film resistance on the energy of . . . .
& P o &y Fig.2. Differential resistanct of the carbon film.

assisting ions.

1. Bawmmn K.B. u np. «['eJMKOHHBI HCTOYHHMK Kak O3JEMEHT THOPHIHOHW IUIa3MEHHON CHUCTEMBI B

YCTaHOBKAaX JJIsi HAHCCCHHS TOHKOIJICHOYHBIX IMOKPBITHH C YIPaBIIEMOW HAHOCTPYKTYpOW», Hanoundycmpus,
2016, Ne2(64), c.74-86.
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Interest in artificial diamonds and diamond-like carbon films as promising basic materials for
microelectronics, optics and precision mechanics is due to their characteristics: high hardness (up to 100
GPa), thermal conductivity, high resistivity, optical transparency in the UV and visible spectral ranges,
chemical and abrasion resistance. The ability to control the physicochemical characteristics of films and
coatings during growth significantly increases the perspective for usage of such materials in various
applications of science and technology.

In this work, diamond-like carbon films produced by magnetron sputtering in helicon discharge plasma
are investigated by Raman scattering spectroscopy. Plasma-stimulated deposition processes with a
controlled density and energy of plasma exposure provide a predicted nanostructuring of materials and
allow one to implement the method of physical and chemical deposition of materials.

Acquisitions of the Raman spectra were carried out at room temperature using an EnSpectr R532
spectrometer, within the range 200-4000 cm™ and a resolution of 6 cm™. The device uses a non-polarized
radiation of a semiconductor laser diode with a wavelength of 532 nm and a power of 20 mW in the
geometry of the normal reflection conditions.

The region 1000-1800 cm™ contains well resolved, so-called D and G bands, with approximately the
same intensity peaks at ~1350 cm™ and ~1590 cm™, respectively. The appearance of the G-peak, which is
usually called the main graphite peak, is associated with oscillations of hexahedral rings in the graphite
structure. D-peak defines the disorder in the graphite structure. It was found that the change of the
technological regimes of sputtering leads to a high frequency shift of the peak G-band almost 20 cm™,
indicating the appearance of the hexagonal rings in the structure of the film and the formation of the
"graphite" sp> bonds. [1].

1. Ramamurti R. «Raman spectroscopy study of the influence of processing conditions on the
structure of polycrystalline diamond films» / R. Ramamurti, V. Shanov, R.N.Singh, S. Mamedov, P.
Boolchand // J. Vac. Sci. & Tech. A: Vacuum, Surfaces, and Films. — 2006. Vol. 24 Issue 2. — P. 179 —
189.
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P2-35: TEXHOJIOT'UA U3I'OTOBJIEHUA OTPULHATEJIBHBIX
SJEKTPOJIOB IUTUH-UOHHBIX AKKYMYJISITOPOB HA
OCHOBE IIVMIEHOK KPEMHUEBBIX HAHOKOMIIO3UTOB

T. E. Illanaesa', A. A. Muporenko’, JI. 3. ITyxos®, 1. C. ®egopos’

1. Apocnasckuii eocyoapcmeennwiil ynusepcumem um. I1.1. Jlemuoosa, Apocnasns, Poccus, E-mail:
2501tania@mail.ru, 2. Apocrasckuii Quauan PedepanbHoco 20Cy0apCmEeHH020 DI00INCEMHO20 YYPeNCOeHUs. HAYKU
Qusuro-mexnonocuiecko2o uncmumyma Poccutickoti akademuu nayk E-mail: amironenko55@mail.ru

HaunOonee 3¢ ¢exTUBHBIM myTeM YIydIICHHS SKCIUIyaTallMOHHBIX XapaKTEPUCTHK Y JIMTUH—MOHHOIO
akkymymsaropa (JIMA) sBnsercss mepexoi Ha HOBBIE aKTUBHBIE MaTepHalibl, O0JaJaloliyde Tropaszio
Oonpliel ynenpHONH EMKOCTBIO, YeM yriaepoiHble. V3BeCTHO, YTO TOHKME IJIEHKH aMOP(GHOIro KpeMHHUS
CITOCOOHBI 00PATHMO ITUKIIUPOBATHCS 0€3 3HAYUTEILHBIX MOTEPh EMKOCTH TIPH TOJIITHUHE TUIEHOK OT 50 10
300 aM. JlanpHeiiee yBeaMYeHHE TOJIIMHBI MPUBOIUT K YCKOPEHUIO JAETPajalliil MpH IUKINPOBAHUH,
BBI3BAHHOMY pa3pyLIEHHEM U YaCTUYHBIM OTCIaUBaHUEM IUIEHOK .

Ilenmsto maHHOW pabOTHI SBISAETCS HWCCIACAOBAHME MHOTOCIOWHBIX KOMITO3HTHBIX IDICHOK Si—O-Al
TOJIIIMHON 2 MKM, MOJYYEHHBIX METOJOM MarHEeTPOHHOI'O pPacHbUICHUS KPEMHHEBOW U aTIOMHUHHEBOU
MUILIEHEeH TPU KOHTPOJIMPYEMOM HaITycKe KUCIOpoa B pabouyIo Kamepy.

Bs110 M3roToBIEHO 12 MHOTOCIONMHBIX 2JEKTPOAOB C KPEMHHEBBIM KOMITO3UTOM, YCIIOBHO Pa3JElEeHHBIX
Ha TPH TPYIIIbI, HECKOJIbKO OTIMYAIOIIMECS TOJIIMHAMM aKTUBHBIX CJIO€B M cocTaBoM. OOoraiieHue u
oOeHEHHE AIOMHUHHMEM CJIOEB IUICHOK MPOM3BOAMIOCH IMyTEM HM3MEHEHHsI MOIIHOCTH MarHeTpoHa
TIOMUHHUEBON MUILICHH.

Ha ocHOBe mpUTOTOBIEHHBIX IJICHOK OBIIM COOpaHbI NEKTPOXUMHUECKHUE SUCHKH, KOTOPhIE COAEP KU
pabdoumii 371E€KTPO, J1Ba BCIIOMOTAaTElIbHBIX JIUTHUEBBIX 3JIEKTPOAA U JIMTUEBBINH IEKTPOA cpaBHEHUs. B
KayecTBe OJeKTponuTa ucnonb3oBamu 1M LiPFg B cMecum »3TuineHKapOOHAT—AMATHIKApOOHAT—
muMermikapoonat (1:1:1). LluxnupoBaHHE 3JIEKTPOXMMHUYECKHX SYE€EK IPOBOIWIM C IOMOLIBIO
KOMIIBIOTEPU3UPOBAHHOTO CTEHJA JUId IMKIMpoBaHus kommanuu "bycrep" B mpemenmax 0,01-2,0 B
OTHOCHUTEIBHO JINTHEBOTO 3JIEKTPOJa CPaBHEHHSI, KOTOPBIE COOTBETCTBYIOT IITyOOKOMY 3apsay U pas3psiay
AKKyMyIIITOpHOU stueiiku (puc. 1).
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Pucynok 1 - V3MeHeHHe yAenabHOI pa3psiiHOM €MKOCTH aHOIHBIX KPEeMHHUICOAEp)KAIUX CTPYKTYpP HA €AUHUILY
wiomaa. Homepa oOpa3noB ykaszanel Ha rpagukax. TonmpyHa TuieHOK 2 MKM. YPOBHHM TOKOB LIMKJIMPOBaHUS
rokasansl Ha rpadukax B eauHunax C. (a, 6)

Jlyqmmii KOMOPOMHUCC MEXAY BEIMYMHOM M CTaOMIBHOCTBIO YAETIBHOM €MKOCTH 3JeKTpoAoB 3a 150
IUKJIOB 3apsii-pa3ps moiydeH Ha 12 m 24-x CIOWHBIX CTPYKTypax. boiee cTaOMIBHBI MO €MKOCTH
o0pasmpl, H3rOTOBJICHHBIE TMIpH pacxome kuciopoma 0,7 sccm IO CpaBHEHHIO ¢ 00Opasmamw,
M3TOTOBJIGHHBIMUA TIpH pacxoje kuciopoja 1,0 sccm. Pe3ynbTaThl 37€KTPOXHMHUYECKHX HCIBITAaHUI
MOKAa3aJIH, YTO MPHU TOJIIUHAX IUIEHOK 2 MKM yJeJIbHasi eMKOCTb CJIOUCTBIX CTPYKTYP MOXKET COCTaBIISITh
0,5 MAw/cm” iocite 150 muKiIoB 3apsia-paspsi npu Toke C/5.

PaboTa BbITIONTHEHa HAa 000pPYIOBaHUM IIEHTPA KOJUIEKTUBHOTO TOJIB30BAHHS HAYYHBIM 000PYIOBAaHHEM
"JlnarHOCTUKAa MHUKPO- M HaHOCTPYKTyp" mpu mnoanepkke MuHoOpHayku P®. Cormamenue Ne
14.574.21.0099 ot 26 asrycra 2014 1. VYHHMKanbHBIH WIACHTU(GHUKATOP MPUKIATHBIX HAYYHBIX
uccnenosanuit (mpoekra) RFEMEFI57414X0099.
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Apocnasckuti punuan Qusuxo-mexnonoeuveckoeo uncmumyma Poccuiickot AH
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Apocnasckuti eocyoapcmeaennbwiii ynusepcumem um. I1.1. Jlemuoosa
E-mail: alena.novozhilova.2014@mail.ru

CoBpeMeHHBIE JUTUH-UOHHBIE aKKyMynsTopbl (JIMA) HaxomsT MmHMpOKOoe NpPUMEHEHHE B CaMbIX
Pa3HOOOpa3HBIX YCTPOWCTBAaX: OT MOPTATUBHOH SJEKTPOHUKHU A0 DJEKTPOMOOHMIICH M SHEPreTHUECKUX
cucteM. IIpu 3tom ocHoBHass macca JIMA wu3roraBauBaercs MO TaK HAa3bIBAEMOW TOJICTOILIEHOYHOM
(Hama3HOM) TexHOJOrMM. Tam, e HCIOJB30BaHUE TONCTOIUIEHOYHBIX JIMA HEBO3MOXHO H3-3a HX
rabapuToB, aIbTEPHATUBON WM CITy>kaT TBepAorenbHbie JIMA (B anrmosspraHoil nurepatype all solid-
state lithium-ion battery), KoTOpble HW3TOTaBIMBAIOTCA IO TOHKOIUICHOYHOW WM HWHTETPATBHOMN
TEXHOJIOTHH.

B kadecTBe 37EKTpOJIHMTA B TAKUX aKKyMYJISITOPax MOTYT MCIOJB30BaThCsl aMOP(HBIE, KPUCTATUTUIECKUE
WIM TIONMMEpPHBIE 3JEKTpoiuTh. HawmOonblnee pacnpocTpaHeHue, Oyiarogapsi CBOUM YHHUKAJIbHBIM
CBOWCTBaM, TaKMM KaK Majloe YHCJO MepeHoca MO 3JIeKTpoHaM te [ 10'8, 00JIbIIIOe TTOTEHITUATBHOE
OKHO AV ~ 5V U OTHOCHTENbHO GOMbmIast MpoBoAMMOCTE 6 ~ 10 S/cm, momyamn LiPON,
oTKpbITHIN Oonee 20 met Hazan [1-3] B Oak Ridge National Laboratory. Ilocnennuii HaHOCHUTCSI B BUAE
TOHKOH IUIGHKH TOJIIMHOW ~ | MKM METOIOM MarHeTpOHHOTO paciiblieHdsi oprodocdara JIUTHI TpU
KOHTPOJIMPYEMOM JaBlieHHH a30Ta. Llenp HacTosmel paboTsl COCTOsIA B HCCIIEAOBAaHUN TEMIIEPAaTypHOR
3aBHCHMOCTH MpoBoauMOcTH 00pasioB LiPON B unTepsaie temmeparyp ot — 50 10 26 ° C.
OKcnepuMeHTalIbHbIe 00pa3lbl ObUIM WM3rOTOBJICHBI HA yCTAaHOBKE MarHeTpoHHOro pacnbuieHus SCR-
651 «Tetray (Alcatel, Opanmms) B BHJIC MHOTOCJIOMHOH CTPYKTYPHI
Si0,/Pt 100aM/LiPON 1000aM/Pt 100aM/Ti 105M/(Si0,/S1). 3meck B cKoOKax yKazaHa ITOIJIOKKA, a
MIOCTIEI0BATENFHOCTD CJIOEB B CTPOKE COOTBETCTBYET HANPABICHUIO «CBEPXY-BHU3». Jlanee s MpoCTOTHI
9Ta CTpyKTypa Oyner obo3nadarscs kak Pt/LiPON/Pt.

Mopdonorusi, sneMeHTHBIE M ¢a3oBblii coctaB ImieHOK LiPON  KOHTpoJIMpoBanuCh METOAaMHU
9NIEKTPOHHOM CKaHUPYIOLIEH MHKPOCKOIUH, JHEPrOJMCIIEPCHMOHHOTO aHalu3a W PEHTICHOBCKON
mudpaktomerpu. Ilo  gaHHBIM — PEHTI€HOCTPYKTypHOro ananmu3a IuieHkH LiPON  sBmsrorcs
pertrenoamop¢HbiMu. W3Mepenune conpotusieHus ImieHOK LiPON, HaHeceHHBIX Ha «CBUACTENIN,
BBIIIOJTHEHHOE CTaHIAPTHBIM YETBIPEX30HIOBBIM METOJOM II0Ka3ajo, YTO y OOpa3loB NPaKTHYECKH
OTCYTCTBYET IEKTPOHHASI IPOBOAUMOCTb.

Juist u3MepeHusi HOHHOM MPOBOJUMOCTH HCIOJIB30BAJICS HUCIBITATENLHBIA CTEHJ, SKBUBAJICHTHAS CXeMa
KOTOpPOro IIOKa3aHa Ha pHCYHKe 1, TIJe cieBa MpeAcTaBiIeHa SKBHBAJIEHTHAs CXeMa CTPYKTYpPbI
Pt/LiPON/Pt. CormacHo cXxeMe WuCCIeAyeMblii o0pa3el] NpeAcTaBIseT cOo00H JBa WHAYKIIMOHHO
CBSI3aHHBIX  JJCKTPHUUYECKHX  CJOS, COEAMHEHHBIX CONMpOTHBIEHHEM Rgy.  CTpoenue  cios
MOTEHIHANONPEAEIAIONINX HOHOB (JIUTHS Y OJHOTO M3 IUIATHHOBBIX JJIEKTPOAOB M KHUCIOPOAa y
MIPOTHBOIIOJIOKHOTO) BO MHOTOM CXOXE CO CTPOCHHEM ABOMHOTO 3neKTpudeckux cios. [lostomy mms
0003Ha4YeHUS CII0S MOTSHIHUAIONPENEIISIONINX HOHOB M MHAYLMPOBAHHBIX UMH 3JIEKTPOHOB B HACTOSIIEH
paboTe UCTONB3YETCSI TEPMHUH «JIBOMHOMN 3JEKTPUUYECKUI CIION.

Wzmepenust nposoaunuck B aABa drama. CHavajga MCCIENOBANNCH DPA3PSAAHbIE KPUBBIE CTPYKTYPBI
Pt/LiPON/Pt uepe3 BHenTHIO Harpy3Ky ¢ HoMmuHagaMu ot 10 kOm 1o 10 Om. Llens u3mepenuit cocrosna
B ONpE/ETICHAU IMMOPOTOBOTO 3HAYEHHs COIPOTHBIICHUS HArpy3KH, NPU KOTOPOM KpHUBas paspsaa He
U3MEHSIETCS, TOCKOJIBKY HIDKE 3TOTO 3HAYCHHs TOK OTPaHWYCH BHYTPEHHHUM CONPOTHUBICHHUEM Rgy.
Paspsimable KpuBBIE U pa3iWYHBIX 3HAYCHWH HArpy3kd mnpuBedeHbl Ha puc. 2. Kak mokazanu
pe3yabTaThl H3MEPEHUH MOPOTOBOE 3HAUYEHHE CONMPOTHUBIICHUSI HArPY3KH cocTaBisieT ~ 5 OM, T.e. uMeeT
MecTO cooTHomeHue Ry, >> 5 OM. B cooTBeTcTBUU ¢ OOMICHPUHATHIMH OLCHKAMHU 3TO O3HAYaeT, YTO
R Z2500OMumm p>3.2 - 10° Owm - CM, a yJieJbHasi HOHHAs IPOBOJUMOCTb - G < 3.1 - 10°Cwm - em™.
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Pucynok 1 — DxkBuBaneHTHas cxeMa U3MEPEHUs 3apsiaa-
paspsna ctpykrypsl Pt/LIPON/Pt: Ry = 100 kQ, R, -
compotusienue cios LiPON, R, =0, 1 MQ -
conpoTtusieHue Harpysku, Ky, K, — Tpan3uctopusie
kimoun, PG — octmmmorpad OWON PDS8202T (1 MQ),
Coc - EMKOCTH IBOMHOTO 3IEKTPUYECKOTO CIIOSI.
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Pucynoxk 3 — Kpussie paspsina crpykrypst Pt/LIPON/Pt
yepes obOpasnoBoe conpoTusicHre 10 kKOM B uHTEpBae

Temnepatyp ot ot — 50°C o 26°C.
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Pucynok 2 — KpuBble pa3psiia CTpyKTyphbl
Pt/LiPON/Pt uepe3 0Opa31oBbIe COMPOTHUBICHUS
HomuHamamu 10 kOwM, 1 kOm, 50 Om u 10 Om npu

temnepatype 26°C

Ha BTOPOM JTarne HCCIIEI0BATIaCh
TeMIIepaTypHas 3aBUCHMOCTb KPUBOW paspsizia
yepe3 BHelHee conpoTtusieHue 10 xOm
(puc. 3). CormacHo KpWBEIM Ha pHC. 3 ¢
NOHI)KEHHEM  TeMIIepaTyphl  IMOJIBM)KHOCThb
MOHOB JIUTUSl 3HAYMTENBHO CHUXAeTci |
yBEIMYMBAeTCd  BKJIaJ B  IOJSIPU3AIUIO
nedopMaIlMOHHONM cocTaBistoned. Ecmu Tok
paspsna pH  KOMHATHOM  Temmeparype
ONpeAEIAeTCs HENUKOM MpoIieccaMy epeHoca
3apsga, TO C TIOHMKEHHEM TeMIEpaTyphl
CTaHOBMTCSl 3aMETEH BKJIaJ B TOK IIPOLIECCOB
penakcauuu 1eOpPMaMOHHON IOJISPU3ALHH.
O06 D3TOM  CBHIETENbCTBYET  CTYyNEHYATOE
yMEHBIIEHHE TOKAa Ha HAYAJIbHOM YYacTKe
KpHBOH paszpsaa. Tem He MeHee ApeiidoBas u
g dy3noHHasE COCTABISIONINE TOKA MEpeHoca
HaOFOJAl0TCs BILTOTH 70 Temrmepatyp — S0°C.
Pestomupysi ckasaHHOE, MOXHO YTBEpKIaTh,
YTO pa3pabOoTaHHas TEXHOJOIMS HAHECEHHUs

mieHok LiPON MeTomoM BBICOKOYACTOTHOTO MAarHETPOHHOTO pachbuieHHs Ha yctaHoBke SCR-651
«Tetra» Mo3BOJISIET BOCIPOU3BOAMMO Mony4ath TieHkr LiPON ¢ TpeOyeMoli HOHHOI MPOBOIUMOCTEIO,
KOTOpast yBEPEHHO HabJII0AaeTCs BILIOTH 10 TemiepaTypsl — 40°C. Pabora BbInojiHEHa Ha 060PY10BaHUH

L[CHTpa KOJUICKTUBHOI'O  IOJIb30BAaHHA  HAYYHBIM
HAaHOCTPYKTYP».
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