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THE ELECTRONIC STRUCTURE OF GALLIUM OXIDE
NANOCRYSTALS DOPED WITH SHALLOW DONORS

A. A. Revin, A. A. Konakov, D. S. Korolev®
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Abstract. The results of theoretical calculations of electronic states of the gallium oxide
(Ga,0,) nanocrystals both doped with donor impurity and undoped have been presented in
the paper. In the envelope function approximation, the structure, states and energy levels
of size quantization in the nanocrystals were determined. According to our calculations, the
electron-hole pair forms a bound state of the exciton type in the nanocrystal. The typical donor
impurities in Ga,0,, such as silicon and tin, were shown to create bandgap states localized in a
spatial domain being several times smaller than the nanocrystal’s volume. Forming a compact
neutral pair, the electron and donor ions have no noticeable influence on the states of the
optically excited electron-hole pairs. The effect of impurity implantation on recombination
processes was also discussed.

Keywords: nanocrystal, gallium oxide, electronic structure, donor impurity, quantum size
effect
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SNNIEKTPOHHASA CTPYKTYPA HAHOKPUCTAJIJ10B
OKCUAA TAJUINA, NETUPOBAHHbIX MEJIKUMU N OHOPAMMU
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Huxeropoackumin rocyiapcTBeHHbIN yHUBEpcUTeT uM. H. W. JlobaueBckoro, r. HuxHuin HoBropoa, Poccus
= dmkorolev@phys.unn.ru

Annotauus. [lpuBeneHbl pe3yabTaTbhl TEOPETUUYECKUX PACUETOB 3JIEKTPOHHBIX COCTOSIHUI
HaHOKpucTauoB okcuaa rauiusa (Ga,0,) Kak JIerMPOBAHHBIX JOHOPHO# NMPUMECHIO, TaK U
HeJleTMpOBaHHBIX. OnpeneseHbl CTPYKTYPa, COCTOSTHUSI U DHEPTETUUECKNE YPOBHU Pa3MEPHOTO
KBaHTOBaHUS B HAHOKPHMCTAJIaX B IPUOIMKeHUU orubaronieit ¢pyHkimu. CorjlacHO pacueram,
BJIEKTPOHHO-IIBIPOYHAs Mapa 00pa3yeT B HAHOKPUCTAJLJIE CBI3aHHOE COCTOSTHUE SKCUTOHHOTO
tuna. [lokasaHo, 4To TMNMYHEIE TOHOPHbIE TpuMecH B Ga,0,, Takue KaK KPEMHUIA U OJIOBO,
CO3JAI0T B 3aMpellleHHON 30He COCTOSIHUS, JIOKAIM30BaHHbIE B TPOCTPAHCTBEHHOU 00J1aCTH, B
HECKOJIBKO pa3 MeHblliell o0beMa HaHOKpUcTa1a. O0pa3ysi KOMITAKTHYIO HEUTPAIbHYIO TIapy,

© Revin A. A., Konakov A. A., Korolev D. S.; 2024. Published by Peter the Great St. Petersburg Polytechnic University.
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3JIEKTPOH M JOHOPHBIN MOH HE OKAa3bIBAIOT KAKOrO-JM0O 3aMETHOTO BIUSHHUS Ha COCTOSIHUS
ONTUYECKU BO30YXXICHHBIX 3JIEKTPOHHO-IBIPOYHBIX I1ap. OOcCyxXmaeTcsl TakKe BIUSHUE
BHEIPEHUS MPUMECU Ha peKOMOMHAIIMOHHBIE MPOLIECCHI.

KioueBbie cjoBa: HAaHOKPUCTAJUI, OKCHUA TaJUIMs, 2JICKTPOHHAs CTPYKTypa, IOHOPHAS
npuUMech, KBAHTOBO-pa3MepHBIil d3PdeKT
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Introduction

Wide-bandgap semiconductors are one of the most promising materials for use in electronics.
Gallium oxide, a semiconductor material serving as parent compound for 4th-generation elec-
tronics devices, is becoming increasingly popular. Due to its characteristics, primarily a suffi-
ciently wide band gap of about 4.5—5.2 eV, gallium oxide is one of the best candidates for power
electronics devices, UV radiation detectors, gas sensors, etc. [1—3]. Another important advantage
is the technology for producing monocrystalline substrates of large diameter.

Much focus has been placed on developing and exploring the methods for obtaining materials
based on gallium oxide (single crystal growth, epitaxy and thin film deposition), modifying its
properties, and finding potential applications in instrumentation [4—6]. Numerous experimental
as well as theoretical works consider the band structure, electronic states and parameters of defect
levels in bulk gallium oxide [7—9].

A major direction in technologies for materials based on gallium oxide is the creation of
nanostructures. Practical applications primarily include light-emitting and photodetector devices
based on these nanostructures [10, 11]. However, widespread use is limited, as main methods for
chemical synthesis of nanostructures that are incompatible with microelectronic technology.

This limitation can be overcome by ion beam synthesis of Ga, O, nanocrystals (NC) in dielec-
tric matrices (for example, silicon or aluminum oxides) on silicon substrates [12]. The advantage
of ion synthesis, in addition to full compatibility with silicon technology, is the option for doping
the material with impurity atoms, allowing to control the property modifications of synthesized
samples. Despite vigorous experimental research on this topic, there are virtually no theoretical
papers on gallium oxide nanostructures.

Structures with gallium oxide NC exhibit strong UV and blue luminescence, which can be
used both to synthesize LED structures and to convert UV radiation into visible light [13, 14].
The photoluminescence spectra of such nanostructures differ from the emission spectra of bulk
Ga,0, samples. However, explanations of the observed patterns, in particular, accounting for
size quantization in the luminescence of nanoparticles, are exclusively qualitative [15]. The effect
of doping by shallow donors on the band structure and electronic states of Ga,O, NC remains
completely unexplored.

This paper presents a theoretical study of the electronic structure of gallium oxide NC without
doping impurities as well as NC doped with a shallow donor impurity.

Electronic structure of gallium oxide nanocrystals
without impurities (in the zero approximation)

Since the impurity potential should be considered as a perturbation to study the effect of
shallow donors on the structure of quasiparticle states in NC, let us start by briefly describing the
structure of electron and hole states in pure Ga,0, NC.

© PeBun A. A., KonakoB A. A., Kopones . C., 2024. U3znarens: Cankr-IletepOyprckuii MOJUTEXHUUECKUN YHUBEPCUTET
IleTpa Benuxoro.
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The problem of size quantization of electrons and holes in gallium oxide was solved in the enve-
lope approximation. The equation for determining the eigenfunctions and eigenvalues has the form

i1 0> 1 6% 1 0°
2

m—x§+m—y§+m_zg]F(r)+U(r)F(r):EF(r)a (1)

where m , m_are the components of the anisotropic effective mass of electron or hole; E'is the
energy; i:"(r) is the envelope function; the potential U(r) is assumed to be central.

We assume that U(r) is a spherical well of finite depth (Fig. 1). The magnitude of conduction
band discontinuity is about 3 eV, and that of valence band discontinuity is about 1 eV [4]. We also
neglect the anisotropy of effective masses [16], as taking it into account for electrons produces
corrections beyond the accuracy of calculations, while the magnitude of corrections for holes is
slightly larger but still remains small.

Then the solution of Eq. (1) is obtained as follows:

v U J (k)

Wim = A

Y[m (69 (‘P)9 r< R’
()

‘ Wklm = B hl(lKr) Y;m(ea(P)a r> Ra
r

UO is the radius of  the nanocrystal;
K :M; K = 2mlE| ; jlkr) are the
h h
= Uo R _ spherical Bessel functions; 4 (ikr) are the Hankel
% v functions of an imaginary argument.
The undefined constants are found from
the condition for normalization and continuity
Fig. 1. Potential U(r) of spherical well of the wave function. The energy spectrum of
(R is its radius) with finite depth U, Ga,0, NC is found from the condition for con-
tinuity of the logarithmic derivative.
Fig. 2 shows the ground-state (ls) energy dependences of the conduction electron and
hole, measured from the bottom of the conduction band (up) and the top of the valence band
(down), respectively.
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Fig. 2. Energy dependences of ls-state of electron (a) and hole (b) on radius of -Ga,0, NC
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Analyzing the graphs, we can conclude that the
obtained energies of the ground-state levels of size
quantization differ slightly from the energy levels
of an infinite spherical well, so wave functions of
an infinite spherical well can be used in the cal-
culations below as wave functions of the ground
and low-lying excited states. Notably, proximity
of wave functions is much more important than
that of energies for such an approximation.

Fig. 3 shows the radial densities given by
the ground-state wave functions for finite and
infinite wells. Evidently, the wave functions are
close everywhere, it is justified to use infinite
well functions.

Dividing the system of equations for holes
and electrons into two independent equations of
type (1) is not always justified (see, for example,
[17]); in general, a hole and an electron affect
each other’s states and it is necessary to solve
a system of equations that are not divided into
independent equations for an electron and a hole.

Let us estimate the interaction energy of particles in states (2) in accordance with the per-
turbation theory. This estimate can allow to determine whether their states can be considered
independent. Apparently, this energy is a diagonal matrix element of the Coulomb interaction:

E=(ls,1s, |V |1s,1s,),

3)

is the ground-state vector of the electron—hole system.

The wave function corresponding to this vector is equal to the product of the ground-state
wave functions of the electron—hole system.
The Coulomb interaction operator ¥ in coordinate representation has the form

P

2
r —rh|

2
e

C))

e

where r,, r, are the radius vectors of the electron and the hole, respectively; e is the static
dielectric constant.
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Fig. 4. Dependence of electron—hole

Coulomb interaction energy on nanocrystal
radius

The dependence of the Coulomb interaction
energy on the radius of the nanocrystal is shown
in Fig. 4. As seen from the graph, the magnitude
of the direct electron—hole Coulomb interaction
is comparable to the size quantization energies
obtained from independently considered equa-
tions of type (1). This suggests that the sepa-
ration of electrons and holes into independent
particles apparently does not occur, with an
exciton produced in Ga,0, NC, while an exci-
ton polaron can appear against the background
of strong interaction between charge carriers and
polar optical phonons.

Importantly, the approximation used for the
hole spectra is highly qualitative, allowing to con-
firm that the size quantization in Ga,0, NC does
not affect the width of the optical band gap, but
using hole wave functions in form (2) can yield
inaccuracies. The reason for this is that, firstly,
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the multi-valley structure of the valence band was not taken into account in the construction of
the kp procedure, and, secondly, there are several closely lying valence bands, such that the dis-
tance between them is comparable to the magnitude of the valence band discontinuity used in the
study. The latter apparently suggests that a multi-band model should be used to study hole states.
However, these issues require separate consideration and are beyond the scope of this paper.

Electronic structure of impurity atoms in gallium oxide nanoinclusions

Bulk materials are characterized by clear separation of defects into shallow and deep ones. This
separation primarily depends on the degree of localization of the potential producing this defect.
The potential of deep centers is highly localized and acts within a single unit cell. Although shal-
low defects may include a part of the potential limited by the unit cell (the so-called potential of
the central cell [18]), they also always include a long-range Coulomb part of the potential, so they
are often called Coulomb centers. It follows then that deep defects virtually do not change the
structure of the states they produce in nanoscale systems, since they cannot ‘sense’ the boundaries
of NC. On the other hand, the states of shallow defects can vary greatly. The radii of discrete
localized electronic states that they induce in a bulk material can be of the same order or even
larger than the sizes of nanoinclusions, i.e., the NC boundaries that generate the confinement
potential should inevitably be included in the problem. In view of this, it is much more important
to find the states for shallow donors in NC than those for deep centers.

Let us consider how the addition of impurity atoms affects the electron and hole spectra of
gallium oxide NC. The Hamiltonian in Eq. (1) takes the following form in the approximation of
the envelope function in the presence of a shallow donor:

A2
A= u@w)+v,h), (3)
2m

where m is the effective mass of electron or hole in the isotropic approximation, U(r) is the poten-
tial of the spherical well, W(r,h) is the potential of the donor, depending on the position of the
donor at a point with a radius vector h.

The impurity potential contains two terms:

V=V.+W(r), 6)

where WAr) is the short-range potential of the central cell, depending on the nearest neighbors of
2
the donor; V. is the Coulomb term of the potential, V. = e—o.
g r
The short-range potential can be calculated using the dielectric function, or taken into account
phenomenologically, if the positions of impurity levels in bulk material are known. The data avail-
able on the levels of different donor impurities is somewhat contradictory. It can be assumed for
silicon [19] that the level only slightly differs from the hydrogen-like one (whose value is about 27
MeV) in most cases. The position of the level for tin can vary from 16 MeV [20] to 60 MeV [21]
according to different sources, and the concentrations of donors are almost equal (9-10"7 and
10-7"7 cm™3, respectively). A decrease in the energy of the donor level compared to the hydro-
gen-like one is associated with electron delocalization, due to changes in the dielectric constant
or the influence of neighboring impurities; an increase in the energy level is generally associated
with a strong potential of the central cell. Theoretical analysis is complex because these scenarios
happen at almost equal concentrations. Therefore, we neglect the potential of the central cell in
the first approximation to calculate the structure of the hydrogen-like donor.
Let us calculate the correction for the ground-state energy of the electron—hole system in
accordance with the perturbation theory, where the perturbation potential has the following form:

2
€

g [r—h

V. =+

: (7

where h is the radius vector of the impurity atom.
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The plus sign is assigned to holes, since the donor is positively charged and the hole repels, the
minus sign is assigned to electrons.

The following parameters were chosen for the calculations: the radius of the nanocrystal was
R = 10 nm, the functions of an infinite well were used as wave functions due to the above-de-
scribed reasons, the unperturbed energies amounted to £, ~ 13 MeV and £, , = 1 MeV. Graphs
for the dependence of first-order energy corrections for electrons and holes are shown in Fig. 5.
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Fig. 5. Dependences of corrections to ground-state energy of electrons (a) and holes (b)
on position of donor in nanocrystal (first-order perturbation theory)

It can be seen from the graphs that the first-order correction to the ground state is not small
compared to the ground-state energy, regardless of the position of the donor in the nanocrystal.
It follows then that the potential of the donor cannot be considered small, which must be taken
into account by the finite series sum of perturbation theory. Therefore, a different method should
be used for calculating the spectrum.

A suitable technique for calculating the energy levels of electrons and holes is the Rayleigh—
Ritz variational method [22]. Notably, other quantities for which the wave function is used may be
far from reality, although the energy levels are calculated rather accurately in this approximation.

Let us first consider the case of a donor in the center of a nanocrystal. Judging from the data
in Fig. 5, the electronic structure is influenced by the donor to the greatest extent. It is natural
to select a trial function for the electronic ground state that is similar to both the function of a
spherical well and the function of the hydrogen atom. Therefore, the trial wave function is taken
in the following form:

. T-r
SIn ——

y, = A—L exp(-ar), ®
r

where o, 4 are constants; a is the variational parameter, A4 is the normalization constant.

Fig. 6 shows the radial distribution of the electronic ground-state energy level in a nanocrystal
with a Coulomb impurity donor.

The graph shows that the donor levels of the doped nanocrystal are only slightly different
from those of the bulk material in the case of the hydrogen-like potential; the radius of the
wave function is o' ~ 1 nm, i.e., the donor, as in the bulk material, forms a neutral system of a
rather small radius, which has virtually no effect on the optically excited electron—hole pair. The
evidence for this is that the electron—hole densities are concentrated in states (2) in a spherical
layer whose radius is approximately equal to half the radius of the nanocrystal (see Fig. 3), and
the system, including a donor electron and an ion, has an effective range of a ~ 1 nm. This result
suggests that an optically excited electron—hole pair in a doped gallium oxide nanocrystal behaves

12
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‘24'°L ' ' ' ' 7 the same as in a nanocrystal without a doping
3 a5l | impurity, and the width of the optical band gap
g practically does not depend on the doping level
3 os0l " | of the nanocrystal.
§ . An important difference between a doped
O 55l . | nanocrystal and an undoped one is the pres-
% . ence of an extra electron, which has a high (on
B 0l . |1 the order of the band gap width) energy of the
g " e, . bulk material in the ground state, i.e., an addi-
O 265} { tional recombination channel associated with the
© Auger process appears after optical excitation of

27.0% S 1 P P - the electron—hole pair. Auger recombination

can play an important practical role for develop-
ing ultraviolet detectors based on structures with
gallium oxide nanocrystals. This follows from the
fact that the electron is always in a localized state
Fig. 6. Radial dependence of electronic in an undoped nanocrystal. Since the electronic
ground-state energy in nanocrystal with wave function differs slightly from the function
Coulomb impurity center (donor) of an infinite well, the probability of an electron
hopping between nanocrystals tends to zero, i.e.,
photocurrent flow is unlikely in NC arrays that do not contain impurities.

In contrast, an electron can fall into the region of continuous spectrum between the vacuum
level and the bottom of the conduction band of the dielectric matrix during Auger recombination.
The electronic wave function is delocalized in this energy range, so the electron can successfully
move through the entire NC array, generating a photocurrent.

Nanocrystal radius, nm

Conclusion

The paper reports on the electronic structure of a f-Ga,O, nanocrystal doped with a shallow
donor. It was established that the Coulomb potential cannot be considered as a small perturba-
tion, since it strongly affects the electronic state of the entire system, creating a state close to the
impurity state for a bulk semiconductor.

The approach used in the study serves as an excellent approximation for electrons, since the
conduction band has a single minimum, well separated from the other bands in terms of energies.
On the other hand, this approximation is qualitative in nature for holes and is applicable only for
estimating the width of the optical band gap.

Further research should be carried out, accounting for the multi-valley structure in the multi-
band model and the strong interaction of the hole with optical polar phonons, which can be
considerably stronger in low-dimensional systems.

The results obtained can be used to develop light-emitting and photodetector devices based on
gallium oxide nanocrystals.
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Abstract. The study of BP layers and BP/n-Si heterojunctions formed by plasma enhanced
chemical deposition on n-Si substrates has been carried out at a temperature of 350 °C using
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Annoranuga. IlpoBenmeHBI mcciemoBaHus cioeB (ochuma 6opa BP m rerepormepexomon
BP/n-Si, cchopMUpOBaHHBIX METOAOM IIJIA3MOXMUMUYECKOTO OCAXIECHUsS TIpU TeMmIieparype
350 °C Ha moajioxxkax n-Si ¢ MCIoJb30BaHMeM aubopaHa U (pochuHaA. YCTaHOBIEHO, UTO
yBeJIWYEHUE MOIIHOCTU BOAOPOMHOM TIUIa3Mbl II03BOJISIET M30€XaTh IMHHUHIA YPOBHS
®epmu Ha rpanuiie BP/n-Si. JlomonHuTeIbHOE pa3daBieHUe ITOTOKOM BOAOPOA IIPUBOIMIO
K YBEJMYEHUIO TPOBOIMMOCTU cjiosi BP, a moBeaeHMe BOJBTaAMIIEPHON XapaKTepUCTUKU
ctpyktypel Au/BP/n-Si (30710TOIT 2/1€KTpOm) CTaHOBUJIOCH BBIMPSIMIISIONIAM. MeTomoM
CTIEKTPOCKOIWYU TIOJTHOW TIPOBOAMMOCTU OBLIM OOHAPYKEHBI TOBEPXHOCTHBIE COCTOSTHUS
9JIEKTPOHOB Ha rpanunax BP/n-Si Bo Bcex oOpasmax u riyOOKHMe 3JIEKTPOHHBIE YPOBHU C
sHeprueit 0,65 — 0,58 3B B ciosix BP, BrlpallieHHBIX 6€3 JONOJHUTEILHOIO II0TOKa BOAOPOa.
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Introduction

Extensive research is underway to find novel semiconductor materials to replace amorphous
silicon serving as emitters in solar cells on single-crystal silicon substrates. It was theoretically
confirmed in [1] that boron phosphide (BP) is one of the most promising binary compounds for
p-type emitters on n-Si substrates, since it has an indirect band gap, and also a large difference
between the energies of indirect (2 eV) and direct (4 eV) transitions, producing a large discon-
tinuity in the conduction band at the p-BP/n-Si heterojunction, allowing to form hole-selective
contacts. Very few papers were published on BP growth by plasma-enhanced chemical vapor
deposition (PECVD) and epitaxy [2—4], only considering the structural properties of the layers.

Our previous work [5] studied the electrophysical properties of BP layers grown by PECVD in
the temperature range of 250—350 °C; significant embedding of carbon atoms was found for them
with trimethylboron used as a boron source. Fermi level pinning was observed at the BP/n-Si

© bapanoB A. U., Bropsirun I'. 3., YBapos A. B., Makcumona A. A., BsauecnaBosa E. A., I'ynosckux A. C., 2024. N3natenb:
Cankr-IleTepOyprckuii moauTexHudeckuii yaupepcuteT [letpa Bemmkoro.
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interface for structures based on these layers. For this reason, diborane was used as a boron source
in subsequent experiments [6], making it possible to increase the optical band gap of BP to 1.9 eV.
No peaks corresponding to carbon were detected in the Raman spectra of the sample, pointing
to its amorphization [7].

This paper analyzes the electrophysical properties of boron phosphide layers and BP/n-Si het-
erojunctions based on them, grown using diborane and phosphine.

Experimental

Growth of structures. Deposition of BP layers was carried out in an Oxford Plasmalab 100
PECVD system (13.56 MHz) equipped with phosphine (PH,) and diborane (B,H,) lines serving
as sources of phosphorus and boron atoms, respectively. 100% PH, gas and 2% B,H,/H, mixture
were used. BP layers were deposited on three-inch polished substrates of single-crystal silicon with
a thickness of 380 um.

These substrates were fabricated by the Czochralski method, doped with phosphorus and
had an electrical resistivity of 5—10 Q-cm. The silicon substrates were treated in a 10% aqueous
solution of hydrofluoric acid (HF/H,0) to remove the natural oxide immediately before they
were loaded into the process chamber. Boron phosphide layers were deposited at a fixed tem-
perature of 350 °C and identical pressure of 1000 mTorr at a ratio of gas mixture and gas flows
B,H/H,: PH, =2 : 1 for 20 minutes with different plasma power (20 and 200 W) and additional
dilution with hydrogen (100 cm3/min) (see Table). The obtained thicknesses of the grown layers
are also given in Table.

Table
Growth conditions and thicknesses of grown boron phosphide layers
Process Dilution with H, gas Plasma power, W | Thickness, nm
I 20 285
11 Not used 200 276
111 100 cm?/min 200 360

Note. The layers were grown at a temperature of 350 °C, the pressure was 1000 mTorr.

An ohmic contact was formed on the back side of the silicon substrate by deposition of a thin
(5 nm) highly doped layer of gallium phosphide (n-GaP) followed by thermal sputtering of sil-
ver (Ag) in the BOC Edwards Auto500 deposition system. Gold was thermally deposited on the
front side of boron phosphide samples through a mask with holes 1 mm in diameter to form a
Schottky barrier.

Measurements. The current—voltage characteristics of the samples were recorded at room tem-
perature using a Keithley 2400 Source Measure Unit.

Admittance spectroscopy measurements were carried out with the Keysight E4980A-001
Precision RLC Meter at frequencies from 20 Hz to 2 MHz with a test signal amplitude of
50 mV in a Janis CCS-400H/204 closed-cycle helium cryostat in the temperature range from
40 to 400 K.

Results and discussion

The obtained dark current—voltage characteristics are shown in Fig. 1. Analyzing these depen-
dencies, we can conclude that the layers grown without hydrogen dilution exhibit symmetrical
curves for forward and reverse bias voltages, and the conductivity of the boron phosphide layer
increases with increasing plasma power from 20 to 200 watts. Adding hydrogen flow at a rate of
100 cm?®/min to the gas mixture produces a straightening effect on the current—voltage character-
istic: when a positive potential is applied, an exponential increase in current through the sample
occurs, and when a negative potential is applied, a weak current occurs, suggesting the exis-
tence of a space charge region at the interface between the gold electrode and boron phosphide
(Au/BP), due to the presence of a potential barrier.
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It was previously found [8] that the obtained
layers have a donor-type conductivity. This
result made it possible to measure the capac-
itance—voltage characteristics at different tem-
peratures. According to the data obtained, the
capacitance of a sample grown in low-power
plasma weakly depends on the applied volt-
age in the range from -20 to +20 V at various
temperatures. This happens because the width
of the space charge region in silicon does not
change with varying voltage to Fermi level pin-
ning; pinning appears due to the high defect
concentration of defects at the heterointerface.
A similar phenomenon was observed earlier for
thin layers of BP grown with a trimethylboron
precursor at different plasma parameters [5].
However, profiling of the Au/BP/n-Si structure

Fig. 1. Current—voltage characteristics could be carried out for the structure grown
of Au/BP/n-Si structure samples grown using diborane, due to an increase in plasma
under different conditions (see Table) power to 200 W and dilution of gas flows with
hydrogen. It was found that at low temperatures
(below 100 K), the space charge region extends to the silicon substrate if reverse bias (V< 0 B)
is applied. As the temperature increases, the magnitude of the reverse voltage at which silicon
profiling begins increases, and much higher negative voltages (below -4 V) should be applied
at room temperature than at a temperature of 100 K. This behavior of the dependence may be
related to the presence of defects in boron phosphide layers and at the BP/n-Si interface. The
data obtained confirm the validity of admittance spectroscopy measurements, allowing to detect
defects of this type.

Fig. 2 shows the detected capacitance—frequency spectra for all samples at zero DC bias.
The observed capacitance stages mean an additional contribution to the sample capacitance.
This contribution may be due to the response from the point defect level or the exchange of
carriers on the surface states formed at the BP/Si heterointerfaces.

A similar series of stages in the range of 100 — 180 K is observed in samples grown at 200
W, corresponding to a response with an activation energy of 0.19 and 0.17 eV for samples
grown with hydrogen dilution (see Fig. 2,¢), and without dilution (see Fig. 2,b), respectively. In
addition, it was found that the capacitance stage shifts towards higher frequencies at the same
temperature with an increase in the amplitude of the applied reverse bias (from -1 to -4 V). This
leads to an increase in the calculated activation energy of this response at a displacement value
of -4 V: up to 0.82 and 0.46 eV for samples grown with hydrogen dilution and without dilution,
respectively (the data are not shown in Fig. 2).

The dependence of the activation energy on voltage indicates a response from surface states
at the BP/Si heterointerface. According to the results of computer simulation performed in the
AFORS-HET software, the response in this case is associated with the transition of electrons
from surface states to the conduction band of silicon: when a reverse bias voltage is applied,
the quasi-Fermi level shifts towards the mid-gap, which leads to an increase in the transition
energy. The obtained result explains the previously observed temperature dependences of the
voltage—capacitance characteristics [8]. At low temperatures, the isotype Au/BP/n-Si hetero-
junction is characterized by classical behavior, where the BP layer is completely depleted due
to weak doping. At V. = 0 V, the space charge region extends to silicon, and at the reverse
bias voltage, profiling of charge carrier concentration in the silicon substrate occurs. The cal-
culated band diagram of the Au/BP/n-Si structure at 100 K is shown in Fig. 3,a. However,
with an increase in temperature, the surface states induce an additional charge at the BP/n-Si
heterointerface, leading to a change in the shape of band bending. This change, in turn,
requires the application of a larger reverse bias amplitude to deplete the silicon region at the
interface with boron phosphide at a certain test frequency (the band diagram at 300 K is shown
in Fig. 3,b).
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A high-temperature defect with activation energies of 0.65 and 0.58 eV was detected in both
samples grown without additional hydrogen flow for processes with plasma power of 20 and
200 W, respectively. In this case, the values do not depend on the DC bias voltage applied, unlike
the responses described above; therefore, the detected defect is associated with a defect level in
the boron phosphide layer. Since the study of defects in BP layers by capacitive techniques was
carried out for the first time, their nature is presently unknown, however, it is reasonable to
assume that it is a deep level associated with the structural properties of the layer, which we intend
to explore in future experiments.

Conclusion

BP/n-Si heterojunctions obtained by plasma deposition of boron phosphide layers with dibo-
rane and phosphine flows were analyzed for the first time by capacitive techniques. Using diborane
instead of trimethylboron as a boron source allowed to eliminate Fermi level pinning at the BP/n-Si
heterointerface with an increase in plasma power from 20 to 200 W. Pinning was eliminated due to
the absence of parasiting diffusion of carbon into the structure and improvement of the stoichio-
metric composition of BP, while introducing an additional hydrogen flow to dilute the gas mixture
increased the conductivity of the n-BP layer. Nevertheless, surface states appear at the BP/n-Si
interface (detected by admittance spectroscopy); their presence generates an additional charge at the
interface at room temperature, therefore, much higher reverse voltages must be applied to spread
the depleted region onto the silicon substrate. Furthermore, deep levels with energies £, = 0.58 —
0.65 eV were found in boron phosphide layers grown without additional hydrogen flow.

Thus, the optimal approach is growing boron phosphide layers with a diborane flow at high
plasma power (200 W), additionally diluting the hydrogen flow (at a flow rate of 100 cm?/min),
since this helps minimize defect production in boron phosphide layers and at the BP/»-Si interface.
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AnHotanuga. B cratbe mpencraBiieHa  TEXHOJOTUS  (OPMUPOBAHUS  ONTUYECKHUX
MUKPOPE30HATOPOB, OCHOBAHHBIX Ha CUCTeME€ MOJyNpOoBOAHUKOBBIX MatepuanoB GaP(NAs)
Ha KpEeMHUWEBOI ITOIOXKe. BriepBrie pa3paboTaH peskWM IIa3MOXMMHYECKOTO TPaBJICHMS,
MIpY KOTOPOM ITOCTHTAETCS aCIEeKTHOE COOTHOIIeHME 5:1 mpu TpaBJIeHUM CJIOEB, COCTOSIINX
u3 sngemeHToB III — V rpynm, M HU3Kasg 1IEpOXOBATOCTb OOKOBBIX CTeHOK. IlpemanoxeH
TeXHOJIOTUYECKUU TIOAX0MI, 0OeCIeUMBaIOLINI ONTUUYECKOE pa3ieiicHue MUKpPOpPE30HaTopa C
KPEMHMEBOM TMOMJIOXKOM, 4TO BaxkHO IJs 3¢h(MEKTUBHON JIoKaau3aluU cBeTa B (DOTOHHOI
ctpyktype. IIpoBeneHHbIE ONTUYECKME WCCAEAOBaHMS W YHCJICHHBIA pacueT IoKa3aliu
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SIBJISICTCSI BAXKHBIM IIIAaTOM B PA3BUTUHU TEXHOJIOTUH CO3MAHUS U IIPUMEHECHUSI KOMOMHNPOBAHHBIX
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Introduction
Consistent progress in computing systems is slowed down by the limited bandwidth of tradi-

tional information transmission systems via metal conductors. For this reason, systems providing
an alternative means for data transmission, for example, as optical signal, are of particular inter-
est in microelectronics. The integration of photonics and microelectronics has been discussed
for the past 30 years; technologies have been successfully combined to develop complementary
MOSFETs (CMOS) and high-speed light sources, increasing the speed of on-chip processing and
transmission of data as well as improving the durability and compactness of the devices [1].
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Group IV compounds (silicon and germanium) are used in light-emitting structures and
photodiodes on Si, mainly due to their compatibility with the CMOS platform [2]. On the
other hand, light emission from such materials is limited, so effective light-emitting devices
are yet to be constructed [3, 4]. In turn, most group III—V elements have a direct-bandgap
semiconductor structure, allowing to fabricate thin-film LEDs, effective microscopic solar
cells, laser structures, etc.

The disadvantage of devices based on group I1I—V elements is the high cost of the substrate
material based on gallium arsenide (GaAs) and indium phosphide (InP), while large amounts
of it are lost during the manufacturing process. Furthermore, the diameters of GaAs and InP
substrates produced do not exceed 150 and 100 mm, respectively; in contrast, the standard
diameter of silicon or silicon-on-insulator substrates is 450 mm.

In turn, to reduce the cost of fabricated transistors, photonic or optoelectronic circuits,
it is necessary to increase the diameter of the substrates used, which is still technologically
impossible for wafers made of materials based on group 1II—V elements.

One of the approaches to fabricating silicon-based optoelectronic devices is directly grow-
ing group III—V semiconductor structures on silicon substrates. This low-cost technology
generally provides a reliable way to integrate silicon-based optoelectronic circuits [5]. This,
however, brings a new challenge, as dislocations appear in the epitaxial layer, induced by the
mismatch between the crystal lattices of the grown structure and the silicon substrate, which
can cause the entire structure to malfunction.

Technologies circumventing this limitation are based on different types of buffer layers [6, 7]
or texturing silicon substrates [8—11] for effective relaxation of elastic stresses, allowing for
synthesis of high-quality epitaxial layers. For example, the dislocation density in the GaAs
layer was decreased to the level of 2.4-107 cm™2 in [12] by using a combination of sequen-
tial synthesis of buffer layers and thermal annealing. An efficient LED structure operating
in the red spectral region was created by this technique. A GaN microdisk cavity grown
on silicon was considered in [13], exhibiting ultraviolet lasing under pulsed excitation of a
semiconductor structure.

An important particular case of directly growing layers of I1I1I—V group structures on silicon
is the GaP/GaP(NAs) system, allowing to completely solve the problem of lattice mismatch
between the synthesized layers and silicon. Even though GaP is an indirect-bandgap semi-
conductor, adding only 0.5 mol.% nitrogen makes this material direct-bandgap [14], while
the 2% composition is lattice-matched with the silicon crystal lattice and has a bandgap of
about 2 eV.

Simultaneously adding nitrogen and arsenic atoms makes it possible to modulate the
decrease in the bandgap of the semiconductor material up to about 1.5 eV, while maintaining
lattice match with silicon.

To date, researchers have managed to significantly improve the quality of epitaxially grown
GaP(NAs) on Si substrate, allowing to create LEDs and photosensors based on it [15, 16],
even achieving laser generation in structures with quantum wells [17, 18]. One of the signifi-
cant advantages of the GaP/GaP(NAs) system is the possibility of using an indirect-bandgap
GaP semiconductor to manufacture waveguides or cavity structures based on it [19].

A common problem in fabricating photonic circuits on silicon is low localization of light
in the cavity and absorption of the optical mode by the substrate. A possible solution to this
problem is the formation of voids between the cavity and the GaP/GaP(NAs) photonic struc-
tures, which can be created, for example, by removing the substrate under the sections of the
photonic circuit (by etching).

This paper presents the results on the manufacturing technology for microdisk cavities
based on the GaP(INAs) system grown on Si substrate, along with analysis of the optical prop-
erties of the obtained structures.

Experimental

The GaP/GaP(NAs) heterostructure under study with layer thicknesses of 500/900/200 nm
was synthesized on a silicon substrate using the molecular beam epitaxy method in the Veeco
GEN III system.
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The selected composition corresponds to a bandgap of 1.83 eV. A detailed description of the
process of synthesis and characterization of epitaxial layers is presented in [20].

Fabrication of optical structures. The fabrication process consisted of several stages.

At the first stage, a micropattern was produced by contact optical lithography from an AZ1518
photoresist using the SUSS MJB4 mask aligner. The diameter of the microstructures varied in the
range of 6—40 pm.

At the second stage, plasma cryogenic etching of the layers of the synthesized heterostructure
was carried out using the Plasmalab 100 ICP etching system (Oxford Instruments), allowing to
independently control the concentration of reactive ions by generating inductively coupled plasma
and their directional transport. To achieve optimal etching conditions, the process parameters
were varied. The etching parameters are given in Table.

The modification of GaP/GaP(NAs)/GaP heterostructures was monitored at all stages of the
fabrication process using a scanning electron microscope (SEM) from Zeiss Supra.

Table
Etching modes of GaP/GaP(INAs)/GaP heterostructure
Technological parameter Parameter value for structure
I | 1 111 IV
Temperature, °C -20 =70 -20
ICP power, W 1000
RF power, W 30 | 100
Pressure, mTorr 5
BCL/CI, flow ratio 40:5
Process time, min 6

Optical characterization of formed structures. The study was carried out using the micro-pho-
toluminescence (p-PL) method. The measuring circuit included a lens used both to focus the
pumping laser radiation and to collect visual and spectral data. The u-PL spectra in different
regions of the sample were imaged using a lens mounted on an XYZ stage with at least 300 nm
travel. The sample was fixed on a copper heat sink and placed in a cryostat to maintain a constant
temperature. A 457 nm continuous-wave solid-state laser from CNI Optics was used to perform
optical pumping of the semiconductor structure.

All p-PL measurements were carried out at room temperature (300 K).

Results and discussion

Fig. 1 shows SEM images for the microdisk structures after etching. Analyzing the SEM
images, we concluded that the operating conditions allow for etching of the layers of the het-
erostructure with a high level of selectivity to the silicon substrate. Notably, etching with the
selected basic parameters (see Table, Structure I) exhibits significant erosion of the sidewalls of
the semiconductor material and photoresist (see Fig. 1,a4), which may be due to the insufficient
directionality of the etching process. An increase in the RF power (Structure II) led to a decrease
in erosion of the sidewalls of the resist and an improvement in the quality of the sidewalls of the
structure, preserving their verticality (see Fig. 1,b). A significant roughness of the sidewall surface
of the semiconductor structure was still observed after etching, as well as a decrease in the residual
thickness of the photoresist compared to Structure I, which indicated insufficient stability of the
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Fig. 1. SEM images of microdisk structures I—1V (a, b, c, d, respectively)
after photoresist etching on upper surface; after etching of silicon substrate (e, f)
Panoramic view (e¢) and formed microdisk 6 um in diameter (f) are shown

photoresist. To optimize the etching modes, the structure was additionally cooled to -70 °C while
maintaining the remaining parameters (Structure 1II). As seen from Fig. 1,c, this step provided a
decrease in both vertical and lateral erosion of the photoresist, as well as an improvement in the
quality of the sidewalls of the structure. In turn, a deterioration in the verticality of the sidewalls
was observed for the selected etching mode, which is one of the drawbacks in the manufacturing
of disk cavities.

Another approach to increasing the strength of the photoresist is baking, in which chemical
bonds in the photoresist are cross-linked and polymerized. To ensure crosslinking, the photoresist
was heat-treated at 150 °C for 2 minutes, after which the etching of the structure was performed
with the same conditions as that of Structure II. A SEM image of the structure after etching
is shown in Fig. 1,d. Comparing the result obtained with that for Structure II, we observe an
increase in the quality of the sidewall surface of the semiconductor structure, with high verti-
cality of the walls maintained. Importantly, a decrease in the lateral dimensions of the structure
is observed, which is associated with a change in the shape of the photoresist mask after the
annealing procedure.

Since size correction can be performed at the lithography stage, and high quality of the struc-
ture’s sidewall surface can be achieved, Sample IV was used for further manipulations.

For optical isolation of microcavity structures from silicon, plasma etching of the silicon sub-
strate was carried out at the next technological stage from the front side in a SF,/O, gas mixture
with flows of 36 and 4 cm?®/min, respectively, with an ICP power of 2500 W and an RF power
of 150 W. The selected mode ensured full selectivity of silicon etching, did not affect the formed
microstructure layers based on group III—V elements. Figs. 1, e, f show the SEM images of
microstructures in sample IV after etching of the silicon substrate. The etching depth of silicon
was 2.5 um with lateral etching under the structure at a distance of 1.5 um, which is sufficient to
maintain optical modes at the periphery of microcavities.

Fig. 2 shows the p-PL measurement results at 300 K with continuous-wave pumping using
a high-aperture 100x lens focusing the laser beam into a spot with a diameter of about 0.5 pm.
Fig. 2,a shows an optical image of the microdisk structure with a diameter of 40 um and inte-
gral PL intensity spectra obtained by raster scanning. Evidently, the p-PL signal is present over
the entire disk; it is amplified by 1.4—1.5 times at the periphery of the disk, compared with the
central part, which indicates a more efficient optical pumping of the semiconductor structure. A
u-PL peak is detected in the emission spectrum (see Fig. 2,b), with a maximum at a wavelength
of 670—680 nm. Unlike traditional direct-bandgap materials based on group III—V elements,
the detected pu-PL signal is characterized by a wide asymmetric emission band stretched into
the long-wavelength region of the spectrum. This spectrum is typical for semiconductor solid

29



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2024. Vol. 17. No. 3

>

a) b)

—Point 1‘ |
—Point 2
—Point 3 |

%00 650 700 750 800

) d) Wavelength, nm
1 ‘ ‘ ‘ ‘ 1
3 5
< ®
2 -
) Exitation GaNPAs K}
§ power, a.u. S
e —100% =
— 1% . . =
0 ‘ ‘ ‘ ] Si or Air L

600 650 700 750 800

Wavelength, nm 0

Fig. 2. Optical studies of GaP(NASs) structure:
optical (left) and integral spectral (right) images of the microdisk (a); pu-PL spectra at three points
of the disk (b, see Fig. 2,a); u-PL spectra at two pumping values (c); calculated distribution
of the electric field amplitude in layers of the structure with and without Si substrate (d)

solutions of dilute nitrides. The shape of the obtained spectrum suggests inhomogeneous com-
position of the semiconductor material, associated with the peculiarities of nitrogen embedding
during epitaxial synthesis, in particular, the formation of dimerized nitrogen as well as nitrogen
emitting levels in the bandgap. Therefore, a significant part of the pu-PL signal is due to emission
through nitrogen impurity centers, with transition energy below the effective bandgap. This effect
is most evident if dynamic u-PL measurements are carried out with a significant decrease in the
overall pumping level (see Fig. 2,c¢). The dependence of the pu-PL signal intensity on the wave-
length observed through imaging shows an increase in the overall signal intensity at the periphery
of the disk, as well as the appearance of pronounced signal modulation due to standing optical
waves (Fabry—Perot modes) along the growth axis of the structure, in the region of silicon etching
under the microdisks. Notably, the resonances associated with whispering gallery modes were not
observed in the experiment.

As mentioned above, an increase in the integral pu-PL intensity near the edge of the microdisk
may be due to both an increase in the absorption of laser radiation and an improvement in the
output of the u-PL signal. To separate the contributions from these phenomena, a numerical
calculation of the propagation of electromagnetic radiation incident on the microdisk was carried
out (the Comsol Multiphysics program was used). Experimental data on the spectral dependences
of the refractive and absorption coefficients of gallium phosphide and silicon substrate were used
in the calculations [21]. Similar parameters for the GaP(INAs) compound were taken for a solid
solution with a similar composition synthesized on a gallium phosphide substrate [16]. The calcu-
lations performed showed that all radiation that was not reflected from the boundary of the upper
GaP layer during optical pumping of the semiconductor structure was absorbed in the GaP(NAs)
layer, i.e., the presence of silicon under the microdisk practically does not affect the pumping
level of the semiconductor structure.

The p-PL process is characterized by emission with the quantum energy near the band edge
of a semiconductor material. Because of this circumstance, the GaP(NAs) absorption coefficient
at u-PL wavelengths is significantly reduced. By analogy with the data in [16], we found that the
absorption coefficient o takes values of no more than 1.5 um™', inducing resonant optical effects
in the geometry under consideration.
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The numerical calculation confirmed the occurrence of Fabry—Perot resonances associated
with the appearance of standing waves along the growth axis of the structure in the absence of
silicon under the layers of the resonant structure (see Fig. 2,d). The amplitude of the signal at the
resonant wavelengths increased by 1.6 times (the maximum value), which is in good agreement
with experimental data.

In turn, the average light propagation distance o' in the semiconductor structure remains
significantly less than the perimeter of the microdisk cavities under consideration, which makes it
impossible for resonant peaks associated with whispering gallery modes to appear without reduc-
ing the absorption coefficient.

It is known that a decrease in the absorption coefficient in a semiconductor structure can be
achieved by injecting charge carriers and increasing the optical bandgap of the material [22].

Conclusion

The paper considered the formation of microdisk cavities based on a system of GaP/GaP(NAs)/
GaP semiconductor materials synthesized on a silicon substrate using optical lithography and dry
etching methods.

The etching mode was selected to ensure a low level of sidewall roughness while maintaining
the verticality of this wall. The combination of etching modes for the GaP/GaP(NAs) and Si
systems, which are highly selective to the given group of materials, made it possible to create
microdisk cavities with a suspended region near the periphery of the structures.

Micro-photoluminescence spectroscopy revealed the formation of optical Fabry—Perot modes
along the growth axis of the semiconductor structure at the periphery of the microcavities.

The technology proposed in the paper can be used to manufacture not only cavities, but also
other optical structures, such as waveguides, filters, lasers, etc.
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Annoranug. B craThe mpencTaBieHBl pe3yabTaThl MCCICAOBAHMS IMOJMMEPHBIX IIJICHOK Ha
OCHOBE CMECH MOJMATUJICHA BHICOKOTO AaBieHus (Hu3Koi maotHocTu) (II9B/I) ¢ cononume-
pom aTuiieHa 1 BuHudaletata (COBA, coBuieH). Mcrionb30BaHUMEe METOJOB TEPMOAKTUBALIM-
OHHOI, MH(PpaKpaCcHOU M IUBJIEKTPUIECKON CIEKTPOCKOITMHN ITO3BOJIMIIO OMKUCATh MPOLIECCH
pelTakcalliy 3JCKTPUUECKOTO 3apsma B MCCICAYEeMBIX MOJMMEPHBIX cMecsax. Mcxomsa w3 mo-
JIyYEHHBIX TAaHHBIX, ObUIO CIEJIaHO MPEIIOJ0XEeHNEe O CYIIECTBOBAaHUM B oOpasiiax Ipoiiecca
anbda-penakcauuu B oomactu 250 — 280 K. OOHapyXeHO TOBBIIICHHOE 3HAUYCHUE DHEPTUU
aKTMBallMU, COOTBETCTBYIOIICH peaKkcallMOHHOMY Ipolieccy, B oopasuax I[19BJI/COBA, no
cpaBHeHMIO ¢ obOpasuoM [IDBJI. DToT a(pdekT TpakTyeTcsl KakK MOSIBJIEHUE B CMecsax Ooiee
IIyOOKMX JIOBYIIEK HOCUTEJIe 3apsima. 3aBUCUMOCTH, IMOJIydYeHHBIE METOJIOM IWIJICKTpUUEC-
CKOM CIIEKTPOCKOITMHU, CBUACTEIBCTBYIOT O HAJIMYUKM B O0OBEKTAX MCCIEIOBAHUS TTPBIKKOBOTO
MEXaHU3Ma ITPOBOINMOCTH.
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Introduction

The electret effect is observed in dielectrics and consists in the ability of a material to maintain
a polarized state for a long time in the absence of an external electric field [1]. Today, electrets
are successfully used in various fields of science and technology. The most popular fields of
application are electronics (microphones, electromechanical transducers, sensors), high-tech
industry (electret filters), medicine (applicators, implants), etc. [1 — 3].

Low-density polyethylene (LDPE) is used to produce electrets because it has good dielectric
properties and is inexpensive to produce. However, the disadvantage of polyethylene is the
relatively short relaxation time of the electret state [1]. One of the most successful ways to
improve the electret properties of polymers is the creation of composite materials by introducing
chemical additives, foaming, mixing with solid dispersed fillers or with other polymers [4 — 7].
The method of combining one or several layers of polymer films is also promising [9]. These
techniques make it possible to improve a set of properties of polymers, including electrical,
mechanical and deformation characteristics.

Currently, the attention of researchers is attracted to a material called EVA, which is a copolymer
of ethylene and vinyl acetate (EVA, SEVA, sevilen). The properties of EVA are determined by the
vinyl acetate content. It is known that elasticity and adhesive properties of material are improved
if it contains vinyl acetate. Improving elasticity has practical implications for electret material
when it is used for active packaging, electret patches, and also as a component for stretchable
bioelectronics [10, 11].

© Kactpo P. A., Kapynuna E. A., Taauxanos M. ®@., Pe3uos T. B., ®omuuea E. E., 2024. Mznarenn: CaHKT-
[MetepOyprckuii monuTexHnyeckuii yauusepcuret [lerpa Benmkoro.
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Earlier studies of the electret properties of EVA and its compositions with polyethylene
[8, 9] did not provide a clear answer to the question of how the vinyl acetate content affects the
dielectric properties and stability of the electret state. Nevertheless, it can be assumed that the
EVA content has a positive effect on the electret properties of the composites.

In this connection, the purpose of our work was to identify the features of polarization processes
in mixtures of LDPE and EVA using dielectric and thermal activation spectroscopy.

Research methods and materials

Blends of LDPE with EVA copolymer, differing in the ratio of components, were selected as
samples for research. The film samples had a thickness of about 300 um.

The blending of polymers was carried out on laboratory microrollers at a temperature of
130 £ 5 °C for 3 min. The films were prepared by pressing method at a temperature of 170 £ 5 °C
for 5 min. Samples of blends of LDPE and EVA were provided by the Kazan National Research
Technological University (Republic of Tatarstan, Russia).

The electrical properties were studied using thermal activation, infrared and dielectric
spectroscopy methods.

Temperature dependences of thermostimulated depolarization (TSD) currents were recorded
in the heating mode at a constant speed on a TSC-II installation (Setaram). Attenuated total
internal reflection (ATR) spectra of the samples under study were recorded using an FSM 1202
Fourier spectrometer (an infrared range). Dielectric spectroscopy measurements were carried out
using a Concept 41 installation (Novocontrol Technologies GmbH&Co).

Experimental results and discussion

The study of the frequency dependence of the imaginary part of the complex permittivity
€" (the loss factor) revealed the existence of a dispersion maximum of this value in a wide
temperature range (253 — 283 K). The shift of the ¢" maximum to the region of higher frequencies
with increasing temperature was detected (Fig. 1). This shift of the maximum is typical of
dipole-segmental losses (a-relaxation). It is observed in the mentioned graphs for nonpolar
polymers and is bound up with orientational rotations of the polar units of the macromolecule
[12]. Polyethylene contains a small number of polar groups (carbonyl and hydroxyl ones
>C=0, —-O-H, etc.). It also contains methyl groups —CH, and >C=C< bonds, which have small
dipole moments. A rise in the maximum on the frequency dependence curves obtained for a
mixture of polymers was also observed with increasing temperature (Fig. 1, ). The maximum
value of €" for the mixture is several times higher than that for the original polymer.

The relaxation process was also observed in the TSD spectra over the temperature range
273 — 283 K (Fig. 2). The course of the process does not depend on the percentage of blend
components, and the maximum height escalates with increasing proportion of EVA. This behavior
of the TSD peak can be explained by an increase in the number of relaxers in the polymer. It is
also known from Ref. [13] that the height of the maximum related to a-relaxation on the frequency
dependence of the loss factor €" is determined by the number of dipoles and their moments.
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Fig. 1. Frequency dependences of the loss factor for LDPE (a) and LDPE+EVA (b) samples at
different temperatures
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Mixing the LDPE and EVA polymer materials led to the appearance of side polar groups
—O—(C=0)—CH, in the polymer chain. There are a lot of transmission bands in the IR spectra for
EVA samples and LDPE/EVA mixtures (Fig. 3). For example, one can observe stretching vibrations
of the >C=0 groups of polyvinyl acetate (1715 cm™), bending vibrations of the —CH, bonds of the
acetyl group (1373 cm™), stretching vibrations of the ~C—O—C~ ether groups in the composition
of polyvinyl acetate (1134 cm™!). Thus, the number of dipoles that contributed to dipole-segmental
relaxation increased with increasing the proportion of EVA in the blend.

Complex dispersion dependences of dielectric parameters and features of the disordered structure
of a polymer system suggest that the detected relaxation processes should be bound up with the
existence of not only one relaxation time, but with a whole set of them.

The Havriliak — Negami (HN) model was used to study the features of the spectrum of relaxers.
The Havriliak — Negami function is an empirical modification of the Debye relaxation model.
Nevertheless, unlike the Debye model, the HN model explains the asymmetry and width of the
dielectric dispersion curve. It also establishes a relation between the dispersion of permittivity in the
polymer systems and relaxation parameters [14 —16]:

Ag

1
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g (=g, +
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where ¢_ is the high-frequency limit of the real part of the dielectric constant; Ag is the dielectric
1ncrement (the difference between the low-frequency limit and high- frequency one); ® = 2mf; Olypo

are the shape parameters describing, respectively, the asymmetric and symmetric expansions
OF the relaxation time distribution function (RTDF); in this case o = 1.00 is the Cole — Davidson
distribution, and 8 = 1.00 is the Cole — Cole one.

The HN parameters for the studied relaxation processes were determined according to Eq. (1)
using Winfit 3.3 software (Novocontrol Technologies GmbH). The obtained values of relaxation
parameters are presented in Table. Taking into account the approximation error, we can conclude
that a non-Debye oscillatory process (with a set of relaxation time values) obeying the Cole — Cole
model over the studied ranges of frequency and temperature is observed in LDPE samples and
LDPE/EVA blends.

The activation energy £ was

Table determined from the temperature

dependence of the most probable

Temperature dependences of relaxation parameters relaxation time t (Fig. 4) for the

for the polymer systems under study samples of the both systems. It turned

out to be equal to 0.69 ¢V and 1.37 eV

Polymer Average T B for the LDPE and LDPE/EVA samples,
system | temperature, K max? HN respectively. An approximately twofold
263 0.8561 0.33200 increase in the E value for the blend

273 04185 035310 samples may be bound up with the

LDPE appearance of deeper traps in the energy
283 0.1748 0.39110 spectrum. The appearance of these traps

293 0.8419 0.35620 may be caused by two reasons. The first

253 0.8522 0.22790 one is the rotation of the polar groups of

the EVA molecules. The second one is

LDPE/ 263 0.7116 0.27470 the charge accumulation at the polymer
EVA 273 0.9217 0.32050 boundary in the blends of LDPE and
283 0.1016 0.34650 EV{E-I . devend .

— ) e frequency dependence of the

Footnote. Parameter B, = 0.10000 at all specified specific conductivity o' for LDPE

temperatures for the both systems. sample and the blend of two polymers

is characterized by a growth in ¢' with

an increasing field frequency (Fig. 5).
5 This corresponds to the power-law
7,04 dependence in the form ¢'(®w) ~ .
In this case, the s value increases with
increasing temperature (Fig. 6).
5,6 When s value becomes greater than
1, the movement of charge carriers is
considered localized [17, 18]. These

Ag[tee, 5]

6,3 1

39+

4.2 . results can be explained within the theory
351 of nonstationary hopping electrical
. . . 1 [ " 1 conductivity in disordered systems [19].

33 03435 36 37 38 39 40 MTIK In the system in question, there

is a hopping mechanism of charge

Fig. 4. Temperature dependences of the most probable transfer at the indicated values of

relaxation time t_  for the samples of LDPE (/) and frequency and temperature. The signs

LDPE/EVA (2); the found values of activation energies of such a mechanism are the power

E are 0.69 eV (/) and 1.37 eV (2) law of conductivity dispersion and the

characteristic change in exponent with

temperature [20]. This mechanism involves charge carriers jumping through a disordered structure

and overcoming energy barriers. It should be noted that the fundamental parameter in this

process is the energy required to complete the jump. It is also necessary to take into account the
distributions of the energy barriers magnitudes.
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Fig. 5. Frequency dependences of specific conductivity for the samples of LDPE (a)
and LDPE/EVA (b) at different temperatures

In the samples under study, such charge
s carriers can be negatively and positively charged
hydrogen vacancies in the polymer chains
[21, 22]. Such vacancies are created during
the interaction between water molecules and
its ions (H,0", OH") with hydrogen atoms,
which are contained in the structural groups of
—CH,—, >CH-, —CH, chains. The EVA chains
contarn side polar groups -0—(-C=0)-CH, and
o4 . ‘ . ‘ polyethylene molecules contain >CH-— groups
250 260 270 280 290 LK Notice that the specific conductivity of
LDPE/EVA blends is more than that of pure
Fig. 6. Temperature dependences of the exponent polyethylene. This can be explained by the fact
for the samples of LDPE (/) and LDPE/EVA (2) that EVA has greater electrical conductivity
than LDPE.

To explain the resulting linear frequency dependence of conductivity it is convenient to use
the model proposed by the authors of Ref. [20]. According to this model, the frequency versus
temperature characteristic of the AC conductivity 6 (w, 7) forms as a result of tunneling the
center-to-center bipolaron transitions. This also assumes that there is no correlation between the
potential barrier height and the jump distance.

For the case of the strong spatial correlations, when the pair correlation function

119 o

1.05 o

f(r)y=Ae P >1,

the expression for the AC conductivity can be written as

B/20 3
0. ()= Colovy) {m(v—hﬂﬂ N*(E), ®)
cos(B/ 2a)a e, o 20+

where  is the cyclic frequency, , 1s the phonon frequency (similar to that in a crystal); € is the
static dielectric constant; o' is the localization radius; 7 is the center-to-center jump distance;
N(E) is the concentration of centers in unit interval energies.

Eq. (2) explains the linear frequency dependence in the region of medium and high frequencies,
taking into account that

s=1+p2a,p=1,6-107cm™.

It can be concluded that the main contribution to dynamic conductivity is made by spatially
correlated pairs of defects, for example, dangling bonds, etc.
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Summary

Based on the results of the studies, it can be argued that the process of a-relaxation has been
observed in blends of LDPE and EVA in the temperature range 250 — 280 K. The activation
energies corresponding to this process in LDPE films and in the films of blends are 0.69 and
1.37 eV, respectively. The increased value of activation energy in the LDPE/EVA samples
compared to the LDPE one can be explained by the appearance of deeper traps in the blends.
These traps are bound up with the rotation of the polar groups in the EVA molecules or with the
charge accumulation at the interface of two polymers.

The frequency dependence of the conductivity of the samples indicated the presence of hopping
conductivity. Charge carriers involved in the conductivity can be negatively and positively charged
hydrogen vacancies in polymer chains.
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and cutoff frequencies of the diode heterostructures under study were obtained depending on
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Annoranuga. B paboTe BBITIOJTHEHO YHCJICHHOE MOICIMPOBAHME TYHHEJIBHOTo 3(dekra
B cucteMe n-GaN Ha kpemHuu Si p-tumna npoBomumocTu. [loiyueHBl Bapuanuy 30HHBIX
IMarpaMM, BOJbTaMIIEPHBIX XapaKTePUCTUK M YaCTOT OTCEUYKM COOTBETCTBYIOIIMX ITMOMTHBIX
TEeTEPOCTPYKTYP B 3aBUCUMOCTHM OT YypoBHel jerupoBaHusa GaN wu Si. YcraHOBJIEHBI
3HAUYEHUSI KOHLIEHTpALMi JIETUPYIOLIEe MpuMecH ISl peaiu3aly peXXMMOB 0OpallleHHOro U
TYHHEJIbBHOTO TWOAOB. B pexXume TYHHEJIBHOTO MMoAa HauOOJbIIAsl TJIOTHOCTb TYHHEJIBHOTO
TOKa U TpeaebHasi 4acToTa TeHepaluu coctaBuian 24,6 KA/cm? u 17 I'T1, coOTBEeTCTBEHHO.

KmoueBbie ciaoBa: moaenupoBaHue TYHHeEJIbHOro 3¢ dekTa, HUTPUA TaJliusg, KpEeMHMUI,
HUTEBUIHBI HAHOKPMCTAILJI, TYHHEJIbHBIN IO

© Barykin D. A., Shugurov K. Yu., Mozharov A. M., Mukhin I. S.; 2024. Published by Peter the Great St. Petersburg
Polytechnic University.

46



4 Simulation of Physical Processes

®uuancupoBanmne: lcciegoBaHue BBIIIOJHEHO 3a CYeT rpaHTa PoccuiilcKoro Hay4HOro
donma Ne 01279-79-23 (https://rscf.ru/project/23-79-01279/).

Ccbuka aas muruposanus: bapeikua 1. A., Ilyrypos K. 10., Moxapos A. M., Myxun U. C.
YucneHHOe MOIEIMpPOBaHME TYHHEIbHOro 3(ddeKTa B reTepoCTPyKTYpe HUTPUIA TAJIUS Ha
kpemuuu // HayuHo-texnuueckue Begomoctu CIIGITIY. ®Dusuko-maTreMaTUYECKHUE HAYKMU.
2024. T. 17. Ne 3. C. 46—56. DOI: https://doi.org/10.18721/JPM.17305

CraTbsl OTKPHITOTO nocTyma, pacrnpoctpansiemas no juiieHsnu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

Over the past 70 years, various microwave semiconductor devices have been developed, in
particular, p—i—n diodes, Schottky diodes, Gunn diodes, as well as tunnel and backward diodes,
whose operation is based on the tunneling effect. This class of elements occupies an important
niche, since it is widely used in circuits for detection, mixing, amplification and generation of
high-frequency signals.

Tunnel diodes are commonly manufactured based on gallium arsenide (GaAs) and germa-
nium (Ge), and based on silicon (Si) in very rare cases. Narrow-gap semiconductors (ger-
manium) are primarily used because such materials are characterized by a higher probability
of carrier tunneling [1], which increases the efficiency of the device. However, on the other
hand, due to the narrow band gap, temperature instability of its characteristics is observed,
even though tunnel diodes are less sensitive in this regard than, for example, high-speed p—i—n
diodes or Schottky diodes. Using silicon is certainly advisable from both the economic and
the technological perspectives, interband tunneling current is significantly limited due to the
law of momentum conservation, which greatly narrows the applications of components based
on these materials [2]. Compared with silicon tunnel diodes, materials fabricated from group
III-V elements (for example, GaAs) can provide a much higher ratio of peak-to-valley current
due to their direct-bandgap nature, low effective tunneling masses and the possibility of using
diverse variations of heterostructures based on them [3]. Gallium arsenide has low thermal con-
ductivity, is prepared by a rather complex procedure with consequently high production cost.
In addition, synthesizing n-GaAs from impurity concentrations above 2-10 cm™ is a major
technological challenge [4].

These drawbacks stimulate intense research in this field: new systems of materials are consid-
ered, in particular those integrated with the silicon platform [5—7].

GaN heterostructures on silicon (GaN/Si) are considered a promising system of materials,
combining the advantages of GaN (wide-bandgap material, direct-bandgap structure, high ther-
mal, chemical and radiation resistance) with silicon technology that is well-developed and easily
accessible. However, these semiconductors are poorly compatible due to a significant mismatch
in the lattice constant and the coefficient of thermal expansion.

An alternative approach involves nanowire crystals (NWs), whose main advantage high crys-
talline perfection, almost regardless of chosen growth substrate, which significantly expands the
possibilities of integrating GaN with other materials. Moreover, research into GaN NWs indicates
that such objects are well suited for creating a wide class of components, for example, field-effect
transistors in the so-called gate—all-around configuration or core-shell structure [8, 9], Schottky
diodes [10], photodiodes [11], piezogenerators [12].

In addition to high crystalline quality, GaN NWs offer a range of major benefits, including in
tunnel devices:

the structure has low electrical capacitance because of small transverse dimensions of the NW [10],
which generally do not exceed 100—200 nm (relatively high capacitances are characteristic for
tunnel junctions, due to small width of the space charge region);

single GaN NWs can switch currents with densities up to 2 MA/cm? [13], which is in demand
for high-current tunnel devices [14];

© Bapwikun 1. A., Llyrypos K. 0., Moxapos A. M., Myxun U. C., 2024. N3natens: CaHkT-[1eTepOyprckuii moJInTeXHUYeCKnii
yHuBepcuret [lerpa Benaukoro.
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GaN NWs with a doping level up to 10*° cm™3 can be synthesized [15], allowing to control the
range of operating frequencies and output characteristics of structures;

electronic components can operate in adverse conditions and aggressive environments, due to
the material properties of GaN;

large surface-area-to-volume ratio due to high aspect ratio characteristic for NWs, which con-
tributes to efficient heat dissipation [16].

The significant potential of NWs and the development of methods for their synthesis have
attracted the attention of many researchers; in particular, InAs/InSb, InAs/GaSb, GaAsSb,
InGaAs NWs are increasingly used in tunnel diodes in recent years [7, 17—20]. However, the
tunnel effect itself in the GaN NW/Si system still remains unexplored.

This paper is dedicated to theoretical study of the tunneling effect in the GaN NW hetero-
structure on silicon.

Description of the model

The tunneling effect was simulated for the #n-GaN/p-Si system using the COMSOL Multiphysics
package. Since the typical diameter of GaN NWs is 100—200 nm, and the characteristic thickness
of the space charge region in tunnel diodes is about 10 nm, it can be argued that the distribution
of the electric field is mainly directed across the heterointerface and almost independent of the
position in the plane within the NW (Fig. 1). For this reason, a one-dimensional model of the
system was chosen for the calculation.

a) b)

y, nth
200
150
100¢

50 GaN Nw

-50F

-100F Si substrate
-150f

Electric intensity, MV/cm

o

-200 -100 0 100 200 [ -200 -100 0 100 x, nm

Fig. 1. Schematic model of GaN NW/Si system (a) and distribution of electric
intensity across n-GaN NW/p-Si heterointerface at n = p = 10" cm™ (b)
(COMSOL Multiphysics software package was used)

Numerical simulation was carried out within the framework of the Roosbroeck model [21],
taking into account the Fermi—Dirac statistics for charge carriers. The parameters of semicon-
ductor materials were taken from monograph [22]. The process of carrier recombination by
the Shockley—Reed—Hall mechanism was taken into account to correctly describe the thermal
emission current in silicon. The tunneling current was calculated within the framework of the
non-local tunneling model [23] using the following expression:

eK.\/m m Er
J =— 55 | T(E)[F.(E)- F,(E)]dE, (1)

2nhT E,
where E'is the total charge carrier energy; E, £, are the energies of the bottom of the conduction
band in the n-layer and the top of the valence band in the p-layer, respectively; T is the prob-
ability of interband tunneling of carriers; F, F), are the probabilities of finding an electron with
the energy F in the conduction band of the n-layer and valence band of the p-layer, respectively;
K is the kinetic energy of the thermal motion of charge carriers; m, m, are the effective masses

of electrons and holes, respectively; e is the electron charge; 4 is Planck’s constant (i = h/2n).
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The tunneling probability was calculated using the Wentzel—Kramers—Brillouin approxima-
tions with the averaged wave vector k for electrons and holes:

T ~exp| -2 j |k (x)el] |, )
k k
k:e—h’

N 3
2

k, = —;K(EC—E), (4)
2

k, = ;jh (E-E,). )

The quantities x, and x, represent the bounds of the energy barrier for electrons with the total
energy E and are determined by the condition for equality of £ = E_and E = E, respectively.

Synthesis of NWs revealed that semiconductor layers in the heterojunction region were stressed
due to mismatch with the substrate in terms of the lattice parameter and the coefficient of thermal
expansion. However, in the case of GaN on silicon, NWs with fully relaxed layers at the base due
to the formation of ultrathin interfacial layers (less than 2 nm) [24—26]. Therefore, this effect was
not taken into account in the present calculation.

Results and discussion

The doping levels of Si and GaN were used as variable parameters in the calculation. For
silicon, the range of these values was (1—10)-10" cm™3, which corresponds to the impurity con-
centration in heavily doped commercial substrates. For GaN, this parameter varied over a wider
range: (5—1000)-10" cm™3, which is due, on the one hand, to background doping of synthesized
NWs, and, on the other hand, to the upper bound of NW doping with silicon, in accordance with
the technique described in the literature [15].

Fig. 2 shows the band diagrams without voltage biasing for three structural configurations. In
this case, the first (Fig. 2,a) and the third (Fig. 2,¢) configuration correspond to the minimum and
maximum limits for the considered dopant concentrations. Evidently, in the case of maximum
concentrations, the valence band of Si and the conduction band of GaN overlap (see Fig. 2,¢).

This picture is typical for tunnel diodes, when a small bias in any direction is accompanied by
active carrier tunneling, since electrons in the GaN conduction band have access to levels in the
Si valence band (forward bias) with the same energy and vice versa (reverse bias). The minimum
width of the barrier is about 3 nm.

For minimum doping levels (see Fig. 2,a), GaN turns out to be non-degenerate and there is
no band overlap, therefore the tunneling current is absent at near-zero bias. Furthermore, the
barrier width in steady state is approximately 40 nm, so active tunneling is only possible in the
case of significant reverse bias reducing the barrier width. In general, this picture is typical for a
conventional p—n diode rectifiers.

Fig. 2,b shows some intermediate situation when the top of the Si valence band coincides with
the bottom of the GaN conduction band. The forward bias of the structure in such a configura-
tion is accompanied by an increase in the diffusion current, while a small reverse bias leads to
the appearance of tunneling current. According to the band diagram, the height of the barrier
for electrons moving from GaN to Si along the conduction band is approximately equal to the
width of the Si bandgap, which means that the structure becomes well-conducting at voltages of
about +1 V. The reverse bias is characterized by two factors: an increase in the overlap zone and
a decrease in the barrier width, which in combination cause a sharp increase in the tunneling
current. As a result, the conductivity of the structure is significantly higher in the reverse than in
the forward direction for a voltage range of the order of =1 V. This behavior applies to backward
diodes, where the current—voltage characteristic is inverted compared with the classical type.
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The obtained series of current—voltage
characteristics of the structures are shown in
Fig. 3. The graphs show characteristic peaks,
after which an increase in voltage is accompa-
nied by a decrease in current. This is called the
negative differential resistance (NDR) region, a
distinctive trait of tunnel diodes. A peak corre-
sponds to the situation when the overlap of the
Si valence band above the Fermi level and the
GaN conduction band below the Fermi level
reaches a maximum value. The highest cal-
culated value of the peak current density was
24.6 kA/cm? (see Fig. 3,c) at a voltage of 190
mV (for n = p = 10%° cm™).

This result is comparable with the experi-
mental as well as theoretical [27] data for diode
structures (including those with NWs) based
on GaAs [28—30], Ge/Si [31], Si [32] and
GaSb/InAsSb [33], where the peak current den-
sity ranges from several up to tens of kA/cm?.

The positions of both current and voltage
peaks are shifted towards zero as the doping
level of GaN decreases, as this leads to smaller
band overlap. For the same reason, the peak-to-
peak voltage (the voltage at which the current
through the tunnel diode reaches its maximum
for the second time) is shifted towards lower val-
ues. Note that the peak-to-peak voltage in our
case weakly depends on the dopant concentra-
tion in GaN in the range of (5—500)-10'7 cm™3,
however, it is quite sensitive to Si doping.



4 Simulation of Physical Processes

As the simulation did not take into account defects on the GaN/Si interface, there is a hor-
izontal section with zero current on the current—voltage characteristics after the NDR region.
In real diode structures, the valley current does not reach zero, since in the absence of an
overlap zone, the corresponding carriers can travel under the barrier along the energy levels of
defects. As a result, the valley gains a rounder shape. The defect density at the heterointerface
in the GaN NW/Si system can be modified using hydrogen passivation, which we demonstrated
earlier [34].

Since this type of device is characterized by operation at high frequencies, we calculated the
dependence of the cutoff frequency (the maximum generation frequency for tunnel diodes) of
the structures on the doping level of GaN (Fig. 4). Tunnel diodes typically operate in the NDR
region of the current—voltage characteristic, therefore, the cutoff frequency is determined from
the condition that the real part of the diode’s complex resistance be negative [35].

It can be proved that in this case the expression for the cutoff frequency f ioff is written
as follows:

1
Seuoy = ma (6)

min

where |R __ | is the absolute value of the minimum resistance in the NDR region, q is the capac-
itance of the p—n junction.
We should note here that expression (6) in fact
-3 includes the differential resistance in the corre-
10¢ 21 sponding region, which is not a constant. Using
its minimum value |R_ | is generally accepted.
Analysis of the data in Fig. 4 shows that an
1.0F ' { increase in the dopant concentration in both GaN
and Si is accompanied by a nonlinear shift of the
cutoff to a higher frequency region. The upper
010 bound of the cutoff frequency is in the region
/ of 17 GHz, which corresponds to almost peak
doping levels of GaN and Si. Even if it becomes
technologically possible to further increase the

T

Cutoff frequency, GHz

0.01 L

3 10 100 concentration, it still will not lead to a signifi-
Dopant concentration n, 10" cm cant expansion of the operating frequency range.
Importantly, the cutoff frequency increases

Fig. 4. Calculated dependences by several times for dopant concentrations in sil-

of the structure’s cutoff frequency on doping icon between 1-10" and 5-10" cm™3. The curves

level of n-GaN for different doping levels for p = 5-10" and 1-10%* c¢cm™3 differ to a much

of p-silicon, 10®cm™: 1 (1), 5 (2), 10 (3) smaller extent. Considering these data along with

the current—voltage characteristics, we can con-

clude that the doping levels of gallium nitride and silicon should be chosen at least as high as

3-10" and 5-10" cm™3, respectively, to implement tunnel diodes combining high peak current
density with high performance.

Conclusion

In this paper, numerical simulation of the tunneling effect in the n-GaN NW/p-Si hetero-
structure is carried out in a wide range of doping levels (in the one-dimensional approximation).

It is established that the backward diode mode is implemented at a dopant concentration
of about 2-10'® and 1-10" cm™ for GaN and Si, respectively, while concentrations of at least
3-10"” cm™ for GaN and 5-10 “cm™ for Si should be chosen for tunnel diodes.

It was observed from the current—voltage characteristics that the calculated peak tunnel cur-
rent density was 24.6 kA/cm?, which is in good agreement with the experimental results for
structures based on GaAs and Ge as the main industrial materials for tunneling-effect devices.
Frequency analysis of the structure generation led to the conclusion that its limiting frequency for
tunnel diodes of the GaN/Si system is at the level of 17 GHz.
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MPOLIECCOB MCIIOJIb3YeTCSI MOAE]b IUIaCTUHbI TUMOILIEHKO, OOIOJHEHHAs ypaBHEHUSIMU
MaccoIlepeHoca ¢ YYeTOM KOHEUHOI CKOpPOCTU pacipocTpaHeHUs Iuby3MOHHBIX ITOTOKOB.
AJITOPUTM pElICHMSI OCHOBAaH Ha MCIIOJb30BAaHUM METONA SKBUBAJECHTHBIX TI'PaHUYHBIX
YCJIOBUIA, TIO3BOJISIIOLIETO BBIPA3UTh pElIeHWE TIOCTaBJIEHHON 3amauyd 4Yepe3 H3BEeCTHOE
pellleHne HEKOTOpOi BCIIOMOTaTeJIbHOW 3ajauM NaHHOTro Kiacca. Ha mpumepe marnbaemoit
TPEXKOMIIOHCHTHOM TUIACTMHBI TIPOMOICIMPOBAH XapakTep B3aUMOACHCTBUSI B HEU
MEXaHUUYeCKOTO U AU Y3MOHHOTO MOJICH.

KmioueBbie cioBa: yrnpyrasg auddysusi, KOHCOJbHO-3aKpeIJICHHAs IJIaCTUHA, METOJ
9KBUBAJIEHTHBIX TPAHUYHBIX YCIOBUIA, IacTUHA TUMOILIEHKO

®unancuposanue: VccienoBaHue BBIMOJIHEHO TTpU GUHAHCOBOM moaaepkke Poccuiickoro
HayyHoro (onzaa (rpant Ne 20-19-00217, https://rscf.ru/project/20-19-00217/).

Ccpuika amg murupoBanusa: 3eMckoB A. B., Bectsaxk A. B., Tapnakosckuii /1. B. Monens
HeCcTallMOHApHBIX  MeXaHOAU(MPY3UOHHBIX KOJIEOAHUI  TPSIMOYTOJBHON  OPTOTPOITHOI
IUIacTMHBI THUMOIIIEHKO CO CMEIIaHHBIM 3aKpeIlieHHueM I0 KpasMm // HayuHo-TexHU4ecKue
Benomoctu CIIOI'TIY. dusuko-maremarndyeckue Hayku. 2024, T. 17. Ne 3. C. 57—75. DOI:
https://doi.org/10.18721/JPM.17306

CraThsl OTKPBITOrO nOCTyIa, pacnpoctpaHseMas no jauueH3uun CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

The paper considers the interaction of mechanical and diffusion fields appearing in calcula-
tions of thin-walled structural elements (beams, plates or shells) operating under unsteady exter-
nal loads, in the presence of aggressive environments and high temperatures (oil and gas pipelines,
heating systems, etc.).

It is known that mechano-diffusion processes are especially pronounced in highly elastic poly-
mers. However, the interaction of mechanical and diffusion fields in such materials is essentially
nonlinear, and their description requires models based on relations describing mass transfer pro-
cesses for arbitrary elastic deformations accounting for the geometric and physical nonlinearity of
the material properties [1].

Experimental studies on mechano-diffusion have been widely conducted since the mid-1950s.
One of the more in-depth papers on the subject [2] analyzes the effect of deformations on mass
transfer in a copper-coated polycrystalline nickel plate with a tensile load applied to its edges. The
experiments revealed a significant difference (up to 53%) in the average concentrations in plate
thickness in the presence and absence of loads.

Despite persistent interest in elasticity problems accounting for diffusion (as well as tempera-
ture and other fields) since the 1950s, relatively few studies dealt with mathematical modeling of
mechano-diffusion processes in rods, plates and shells.

Several noteworthy studies [3—9] consider the influence of temperature and diffusion factors
on the stress—strain state of a shallow transversally isotropic shell. A variational formulation of
the thermodiffusion problem for contacting smooth layered shells is given in [6]. A quasi-static
approximation of the axisymmetric stressed state of a heated transversally isotropic spherical
shell with a circular hole under diffusion saturation is proposed in [7, 8]. Boundary value prob-
lems describing thermo-mechano-diffusion phenomena in Bernoulli—Euler beams and Kirchhoff
plates are solved in [9—16].

As evident from this brief overview, the main attention focus was on analysis of quasi-static
thermo-mechano-diffusion processes. The unsteady models considered in [11, 14] are only
intended for solving problems for Kirchhoff plates [11] and Euler—Bernoulli beams [14].

A model of unsteady elastic diffusion vibrations of the plate is proposed in this paper, based on
the Timoshenko hypotheses [17—20].

In view of the known difficulties with solving problems for cantilever beams and plates, it is
proposed to use the method of equivalent boundary conditions based on replacing the considered

© 3emckoB A. B., Bectak A. B., Tapnakosckuii 1. B., 2024. 3natens: Cankr-IleTepOyprckuii moJUTEXHUIECKUN YHUBEPCUTET
IleTpa Benuxoro.
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complex problem with some auxiliary one, which differs from the initial statement only by the
boundary conditions. These conditions are selected so that it is possible to obtain an analyti-
cal solution to the auxiliary problem, which, in this case, is found using Fourier series and the
Laplace transform. Next, relations are constructed coupling the right-hand sides of the boundary
conditions of both problems. The solution to the initial problem is expressed in terms the solution
to the auxiliary one.

The proposed approach was previously used for solving problems of unsteady elastic diffu-
sion vibrations of cantilever Euler—Bernoulli [21, 22] and Timoshenko [23] beams as well as for
simulation of mechano-diffusion processes in cylindrical bodies.

Another practical application is that sensors based on microcantilevers shaped as small beams
and plates are widely used for physical, chemical and biological measurements [24—26]. Their
operating principle is that the vibration modes of these beams change if a certain mass of matter is
adsorbed on their surface. Such devices are widely used in medicine, in particular for diagnostics
of diseases, detection of point mutations, monitoring blood glucose levels, etc.

Statement of the main problem

The problem of unsteady vibrations in a rectangular orthotropic multi-component Timoshenko
c*antilever plate. The sides adjacent to the cantilever are hinge-supported. The plate has dimensions
[, xI, and thickness /. Loading and fixing conditions for the edges of the plate are shown in Fig. 1.

Fig. 1. Statement of main problem:
h is the thickness of the cantilever plate; Q is the transverse force distributed along the free edge

The equation for transverse vibrations of the plate, taking into account diffusion, has the fol-
lowing form [17, 18]:

2 2 2 2 N ) aH
j(1=8X1+C aX‘+12C55kT(6—W—X1J+(Cu+C%) 0%, +Za§n i

ay ol o ox, oxox, S ox
, o™ 0%, 12C k[ ow oy, & () OH,
o = Coo g i+ Ca g 47| G [#(Cat Cuo) g 2t Do 2o
1 2 2 1“2 =l 2
2
i = Cygh? avf M|y 2| L0 |,
ox;,  Ox ox, Ox,
k— k 2 2
T, " o'H (@) 0°H, OH

K
=D +D 1y
; k—1)! 817 o ax?

(1

oy o’y oy oy,
oy Sy ng Lo py Ty O
X Ox, Ox, 0x,0x; 0ox,

59



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2024. Vol. 17. No. 3 >
I

The dots correspond to the time derivative. All quantities in Egs. (1) and in Fig. 1 are dimen-
sionless. The following notations are used for them:

X :x_i w:ﬁ T :Q C = CthB C. = C2323 C.. = C1313 C = C1212
i ) ) » Lo > Ly > Lss > Le6 )

[ [ ! ’ Cin Ciin Cin Cin

* * () *
I, :17'", m, =éi z, = IZC L2 =S hth, G,y =Cy, = Cpy +2Cs,
1 p
L0 agiq) @ _ Di(iq) AW _ m(q)Di(iq)a(J]?)n(()q) _ 10° o ct9
l Con Cl ! PRT,CI Cin !

where 7 is the time; x| are the rectangular Cartesian coordinates; w" is the deflection of the plate;
¥, are the rotation angles of the fiber normal to the mid-surface; / is the characteristic length of
the problem; H is the concentration increment of the gth material component in the composi-
tion of the (N+i) -component medium; n{?is the initial concentration of the gth material, C ,are
the elastic constants; p is the density of the plate material; o'? are the coefficients charactenzmg
the relationship between mechanical and diffusion fields; D<‘i are the diffusion coefficients; R is
the universal gas constant; 7 is the initial temperature of the medium; Q is the transverse force
distributed along the free edge x, = [ ;; 19 is the relaxation time of dlffusmn fluxes [27]; k, = \/7
is the coefficient taking into account the nonuniform distribution of tangential stresses along the
thickness of the plate [19, 28].

Egs. (1) are supplemented by zero initial conditions and boundary conditions, taking the fol-
lowing form for the case of cantilever support along the edge x, = 0:

lezo =0, X 5=0 0, Hq %=0 =0, X2 n=0 0, X2 n=l 0,
N
C‘ua 1 ax2+za :O’ %4_% =0’
ox, ox, Ox,
X,=0 x =
OH 2 2
o fch T TR (R (LU
ox, Ox; Ox,0x, ox, . hCs

N .
c, 2y, ﬁ+2a 0, [Py, Py iy | <o,
12750 o 12750 1 1 41
! xy=l ! 2 I= x=h (2)
X‘1|x2:O =0, W|x2:O B =0, X x=b =0, W|x2=12 =0, Hq %=1, =0.

Formulation and solution of the auxiliary problem

The problem is solved by the method of equivalent boundary conditions [21—23], where instead
of problem (1), (2), an auxiliary problem is first considered, described by the same Egs. (1), but
with different boundary conditions (the geometry of the given region is preserved is preserved).
These boundary conditions are formulated as follows:
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=0, H
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Here fl(xz,r) and fz(xz, ) are unknown functions to be subsequently determined. The
initial conditions remain zero.
The solution of problem (1), (2) is sought in integral form (i = 1,2):
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where G, are Green’s functions satisfying the initial boundary value problem:
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| |
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Using the Laplace transform and Fourier series expansion, problem (5), (6) is reduced to a

system of linear algebraic equations:
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Solving system (7), we obtain:
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The transition to the Laplace space of initial values for rational functions G“ (s) defined by
equalities (9) is carried out by subtractions and tables of operational calculus” [29] Numerical
analysis shows that these functions have only prime poles. Therefore, their initial values are writ-

ten as follows:
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where s, , j=1,X are the zeros of the polynomial P (s); y(q) are the zeros of the polynomial
k +3)nm(s Sy,im are the zeros of the polynomial &, (s) found by the formulas

q
Ss =—ik JC A+ C 38 S =ik JC 7\,2+C “2
+1,nm i 55%%n 44m > CE42,nm 1 55%%n 44 m *

Thus, taking into account solutions (8) and (9), the Green functions of auxiliary problem (1),
(2) have the form

o0 0 1
G xl,xz,ir z Gl,mm cos?» Ssinp x,sinp &, A ZE( +5j’
n=0 m=1
Gy (%,,x,,8,7) = ZZG”W sinA x,cosp, x,sinp & p = 7 (13)
n=0 m=1 2

G, (x,,x,,6,7)= ZGp,mm )sinA,x, sinp,x, sinp, & p=3,
0 m=1

n=

where the functions Gj, (t) are found by Egs. (11) and (12).
Assuming that oz“’l{c = 0 in Egs. (10), we obtain Green’s functions for the elastic
Timoshenko plate.

Solution of the main problem

Next, we substitute the solution of problem (1), (3) into boundary conditions (2). As a result,
we arrive at a system of integral equations relative to the functions f, (xz, ’C) and f, (xz, r) , intro-
duced into boundary conditions (3):
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‘Elz

Gy (0,x,,8,t—1) £, (&, 0)dedt =—[ [ Gy (0,x,,8,T—1) £, (&),
Z{@le(ll,xz,é,t—t)_i_c 0G,, (1,,x,,&,1~1)

12
ox, 0ox,

}fk (& 1)dEdt +

2
k=

Th 2 N )
+HZZQ§”GJ+3,,{ (L%, &, 1 —1)f, (&, )dEdt = (14)
0

0
220G, (1,x,,8,1—1) 0Gy, (1,,x,,8,1—1)
=l
0 ox, ox,

:|f3 (& 1)dEdt -

Based on the form of Green’s functions (13), the external load f, (xz,r) is represented as
a series

3 (2. 7) me T)sinp, x,. (15)

We search for functions f, (x,,t) (k=1,2) in similar form:

¢ (3,7) kam sin L, x,. (16)

If we substitute series (15) and functions (16) into system (14), then we arrive at a system of
first-kind Volterra integral equations:

T

> Ja, (1) £, (0Kt =, (<), (17)

J7=lo
where the following notations are used:

0

_ s
A1 (T) - ZGllmn a12m Z 12mn
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0 N
a21m (T) = Z(_l)n |:_C12H'mG2Slmn ( ) 7\' Glslmn + ZO(, ]+3 lmn :|’

Jj=

—_
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o0 N
a22m (T) = Z(_l)n |:_C12umG;2mn ( ) 7\‘ G1SZmn + Z a‘ j+3 2mn i|’
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(le IZGan 1= tfsm ) >
0 n=0

0, ()= Ei(—l ’ [CuumG‘an (t—1)+1,Gy, (T— )]f3m ()di—
!2 20‘1 j+33mn T f) 3m(t)dt
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Integration by parts reduces system (17) to

>t (e L0, 01, 4 ()= Ja, (0 19

so that it is subsequently solved numerically. Integrals in system (19) are approximated by the
midpoint rectangle rule [21—23]:

I Ay (8 —t)af’gt( )dt—hA(”z) (02) o g,

where 4 = 1/N, is the partitioning step, N, is the number of partition points on the segment [0,1].
The remaining quantities are determined as

k-1
tk = kht, tk—l/z = (k ;jh Su; 1/2) ZAzk r+]/2 { -1/2) ,
r=1
. (20)
() _ o 1 (%) (k-112) _ o 1 (1 —15) (%)

Y jm o o A = 4y, (1) (kzO,N,).

Thus, system of integral equations (19) is reduced to a sequence of systems of linear
algebraic equations

Ay 1) A Aﬁf) Al(;/’j) (k12) yl(”;*1/2)
mYm —Ym 5 m A(l/z) A(l/z) ) ym - (k-1/2) ,

21m 22m 2m

b(k 1/2) 1
b(k—l/z) :( 1m J b(k—m) :h_((sz( ) hS (k-1/2) hS (k-1/2) )

m b(kil/z) > im t™~ilm t™~i2m
2m

t
whose solutions are found by Cramer’s rule:

pUE12) 402) _ pl/2) 40/2) pUE12) 4012) _ p(0/2) 40/2)

y(k—l/Z) — 1m 2m 2m 12m y(k—l/Z) — 2m 11m 1m 21m (21)
Im 1/2 1/2 1/2 1/2 > S 2m 1/2 1/2 1/2 1/2 :
Al( l/m)A§2/m) - Al(Z/m)Agl/m) Al( l/m)A§2/m) - Al(Z/m)Agl/m)

Now, if we represent convolutions (4) as
e (xl,xz,t ) . Gl3(xl,x2,§t )
w(x,x,,8,) b= [[1G (xox. 88, —1) ¢ £ (&1)dedr +
00
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L j
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and substitute equalities (21) there, we obtain a solution to the initial problem (1), (2) on bending
of the Timoshenko cantilever plate.

>

Passage to the limit to the steady-state problem
If we impose for boundary conditions (3) that

fi(9)=1iH (v) (k=12), fi(7)= /i ()

(H(7) is the Heaviside function), and pass to the limit at T — o, we obtain a solution to the prob-
lem of bending in the plate exposed to static load applied to the free edge.

The Green functions G, (xl,xz, &) of the static problem are expressed in terms of the Green
functions G,, (xl,xz,éf;,r) of the dynamic problem using the relations given in [22, 30]:

G,(,;Z)(xlaxza 9 _hmI:Gk XIBXZQEJ T)*H( ):l:
(23)

. L
- {Tg{sGmk (xl,xz,i,s)s

l}:g%c;,ﬁk(xl,xz,a,s),

where the asterisk indicates the time convolution.
By carrying out this passage to the limit in convolutions (4), we obtain a solution to the steady-
state problem in the form

XE”) (x15x2=r) L3 Gt(k“)(xl’xpa)

W (0.3, 7) 1= [ D1 G (3208) 1 () 24)
(s1) 0 R (st)

Hq (xl,xz,‘r) Gq+3k(x1ax2’é)

where

G (3.3,,5) = 3 G (0) cosh,x, sin i, x, sin & A, = E[n %j

n=0 m=1 ll
G (x,%,,8) = > > Girw (0)sind,x, cosp, x, sinp, & p,, = T;—m, (25)
n=0 m=1 5
G( ;) (%,%,,&) = iiGﬁfmm (0)sinA,x, sinp, x,sinp, & p=>3.
n=0 m=1

Relation (8) and solution (9) are taken into account here.
The static analogue of system of equations (17) is written as

2 ~
D it i =Py (26)
j=1

Similar to notations in (18), the following notation is introduced in Eq. (26):

2 Ls 2 Ls
allm Gllnm a12m G12nm

o0

N
lem = 2(_1 _CIZHmGZL;nm (O) }\’ GlLlénm + Zl GqLi3 lnm :|9
j=

n=0

=

iy =3 (1) | Con, G (0)=2,GE (0)+ 3ol >G;;32m(o>}

n=0 Jj=1
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0

(blm - ZGIL;mn( ) 3m? f}c Z ln Mm

n=0 m=1

b =3 (1) {cu GE(0)+2,GE (0)-3 aGE, ., (0) |Fo

n=0 j=1

The solution of system (26) is found by Eq. (21). The following correspondences are used in
this case:
yl(k 1/2) o fjma A(l/z) a b(k—]/2) o (~pim.

ijm ym > Yim

Computational example

To simulate physical and mechanical processes, let us take a three-component plate (N = 2),
consisting of an alloy of aluminum, zinc and copper (it is assumed that zinc and copper diffuse
in duralumin). The characteristics of the plate and the required external conditions are given
in Table.

Table
Computational parameters and their values [30]
Parameter Notation Unit Value
_ Ciir 6.93-10%°
Elastic constants N/m? -
Cr315= Coans = Ca 2.56-10
Density of material p kg/m’ 2700
Characteristic length of problem [ < h*(I=h*) m 5.0-10*
Initial concentration
zinc n," - 0.0084
copper n? 0.0450
Initial ambient temperature T, K 700
D V=D, ® 2.62-107"2
Coefficients of diffusion m?/s
D ®=D® 2.89-10°1
Molar mass
zinc m® kg/mol 0.027
copper m®? 0.064
) ) . o, V=a,® 1.55-107
Field coupling coefficients J/kg
o, P=a,"® 6.14-107

We assume that the plate has the following dimensions: /; = 0.01 m, /; = 0.01 m, #’= 0.0005 m.
The load on the free edge x, = /| is set in the following form:

f3(x,,t)=—€H (1)sinx,, e=10"". (27)

Substituting data from (27) into equality (22), taking into account the found Green functions (13)
and functions of, (r) / o0t from (21), we obtain plate deflections, rotations of normal fibers and

concentration increments for zinc and copper. The results of the calculations are shown in
Figs. 2—4.
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-1.0 prpm— S A T
—_— t=23.10
—_— = 1=33.10°
m— Static problem

0 5 10

Fig. 2. Calculated distributions of plate deflections w on the plane (a) and in space (b):
from the fixed end (x, = 0) to the free end (x, = / is the load application point)
at different time instants (a); at time t = 3.3-10% (2.66-10° s) (b)

Fig. 3. Calculated distributions of rotations y, in normal fiber on the plane (a) and in space (b):
from the fixed end (x, = 0) to the free end (x, = /) at different time instants (a);
at the time © = 3.3-10% (2.66-10° s) (b)

We used 40 terms of the Fourier series and 40 partition points for solving integral equation (19)
to calculate unsteady mechanical fields. Numerical calculations show that an increase in these
parameters does not lead to visible changes in the results obtained. For example, the difference
between the 20th and 40th terms of the series is less than 1% for plate deflections, and about
3% for rotations of normal fibers. Steady diffusion fields were calculated using 100 terms of the
Fourier series.

Comparing the results for the elastic diffusion model and the elastic model (for ocj(") =0) for
the calculations of bending in the Timoshenko cantilever plate, we find that the effect of mass
transfer on the mechanical field of the plate is negligible in the given time range. Thus, the graphs
in Fig. 2 and 3 are equally applicable for both elastic and elastic diffusion problems. On the other
hand, the deflections and rotations of normal fibers under unsteady loads are about twice as large
as those under static loads (shown by bold lines in Figs. 2 and 3).

In particular, the considered passages to the limit for the elastic and static models serve to
verify the algorithm proposed in the study for solving the unsteady problem for the Timoshenko
cantilever plate. The solution of the steady-state problem is analytical, which is also very import-
ant for estimating the accuracy of the performed calculation.
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Fig. 4. Calculated steady-state diffusion fields reflecting spatial distributions
of concentration increments for zinc (a) and copper (b)

Fig. 4 shows the steady-state diffusion fields of zinc and copper in the composition of the given
alloy, initiated by bending deformations of the plate. At a given unsteady load (27), these are the
limit values for the concentration increments of diffusing materials at t — oo.

The concentration increments found are very small, which is confirmed by experimental
studies [31], according to which the effect of mechanical loads on the diffusion field becomes
pronounced mainly during plastic deformations. Thus, elastic deformations have little effect on
the kinetics of mass transfer.

Earlier numerical studies considered the case of hinge-supported beams [32], confirming that
diffusion starts to affect the displacement field after a certain period of time, manifesting primarily
as phase shifts of elastic and elastic diffusion vibrations relative to each other. However, these dif-
ferences are observed over a time range significantly exceeding that shown in Figs. 2 and 3. In this
case, calculations require a manifold increase in the number of partition points used to solve integral
equation (19), which significantly increases the computational complexity of the algorithm and can
be realistically achieved only in cases where the problem can be solved analytically, such as in [32].

Conclusion

We proposed a model of unsteady mechano-diffusion vibrations of a Timoshenko cantilever
plate with hinged support on the sides adjacent to the cantilever. We developed a complex algo-
rithm combining variable separation and equivalent boundary conditions, yielding a solution to
the corresponding initial boundary value problem. The proposed algorithm was verified based on
the limiting transition to the elastic problem for a bendable Timoshenko plate, along with the
comparison with the solution of the steady-state elastic diffusion problem.

The calculation performed for the case of a three-component plate makes it possible to sim-
ulate the interaction of mechanical and diffusion fields in a bendable plate. It was found that
unsteady bending of the console initiates diffusion fluxes in each of the components. The intensity
of the resulting mass transfer is extremely low and essentially does not produce a reverse effect on
the mechanical fields in the bendable plate, which is verified by comparing the obtained solution
with the solution of the elastic problem for the Timoshenko plate.
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B LIMPOKOM 4YacTOTHOM auamnaszoHe (25 I'm — 1 MI'u) npu temneparypax ot 294 mo 398 K.
YcTaHoBIIeHO, 4TO H06aBKa 2 Macc.% ¢ysuiepeHoa IPUBOAUT K 3HAUUTEIBHOMY ITOIIOLIEHUIO
Tako mieHKol cBeta B Y®-o6mactu cniektpa (MK-criekrpbl 0601X 00pa31ioB MJICHOK OKa3aJIiCh
WICHTUYHBIMM), a TAKXKE K CHWKCHUIO OUDJIEKTPUUICCKON MpoHMUIaeMoctn ¢'. Ha 4acTOTHBIX
3aBUCUMOCTSIX ¢’ 00emX TUICHOK HaOJI0JaNNCh MUKW B HU3KOYACTOTHOM 0O0JACTH, KOTOpPEIC
CMEIIAJIICh B CTOPOHY BBICOKMX YaCTOT IIPU HarpeBe IUICHOK. HalimeHHbIC 3HAUCHMS SHEPTUN
AKTUBALUKU MIPOBOAMMOCTU Ha MOCTOSSHHOM TokKe st IIBC u mojaMMepHOro HaHOKOMIIO3MTA
coctaBusiu okoJjio 1,5 3B. TlpenynoxeHo o0bsicCHeHUEe HaOM0gaeMbIX 3((EKTOB.
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Introduction

Inorganic metal oxides and semiconductors are most often used in organic field-effect tran-
sistors (OFETs) as gate dielectrics [1], which significantly complicates their manufacturing tech-
nology and limits the applicability of printing techniques used for production of these OFETs.
Therefore, replacing inorganic dielectric films in these transistors with polymer dielectrics that
can be obtained by solution-casting remains a major challenge [2].

It is suggested that polymer nanocomposite materials can meet such criteria [3—5]. The diverse
range of water-soluble polymer nanocomposites are of particular interest. For instance, polyvinyl
alcohol (PVA) and composites based on it show promise as materials for organic electronics [6—9].

PVA whose monomer unit has the formula (CH(OH)—CH,) — is a water-soluble thermo-
plastic polymer with good film-forming characteristics. The glass transition temperature of this
polymer is T ~ 358 K, but it is also a crystallizing polymer (melting point in a nitrogen medium
is 503 K). Due to the large number of hydrogen bonds, PVA molecules form dense crystallites
randomly oriented inside amorphous regions [10].

The dielectric properties of PVA are fairly well-studied [11—15]. The dielectric permittivity
shows significant dispersion in the low-frequency region of the spectrum under heating. The
low-frequency dielectric permittivity € in PVA reaches values of the order of 10? at 7> T while
£ = 6 at a high frequency [11]. The frequency dependence of the dielectric loss tangent tgé in PVA
is characterized by the presence of a peak in the low-frequency region of the spectrum, whose
location depends on temperature and shifts to higher frequencies under heating of the sample.

It is hypothesized that the cause for this behavior of the dielectric properties of PVA is the
interphase polarization effect. It is suggested in [11] that it occurs due to blocking of charge carri-
ers at the electrodes, leading to the formation of a double electric layer at the electrode—polymer
interface. A more complex picture is considered in [12], supposing that the two structural phases
with differing electrical characteristics in PVA are macromolecular globules and the boundaries
between them. The study concludes that structures consisting of grains separated by barrier layers
(Koops model [16]) can be produced in PVA. The combination of such identical structures acting
as macro-relaxors determines the overall properties of the sample. However, the authors of the
above studies do not provide any quantitative estimates.

Adding a small amount of carbon nanoparticles to polymer matrices (up to 1—3 wt%) can dra-
matically modify the properties of the matrix material (see, for example, [17, 18]). Such polymer
nanocomposites have broad applications in organic electronics [19].

© Huxkutuna E. A., Kanpanosa B. M., Cymaps H. T., Cryn3unckuit B. M., 'epacumon B. W., 2024. Uznarenn: CaHKT-
[MeTepOyprckuii moauTeXHMYECKUit yHuBepcuteT [letpa Benmkoro.
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This paper considers the properties of polymer nanocomposite films based on PVA and poly-
hydroxylated fullerene (fullerenol) C,(OH),, as filler (PVA + C_ (OH),, composite) were studied.
Like PVA, fullerenol C,(OH),, is highly soluble in water, allowing to use this modification of
fullerene as one of the components for water-soluble nanocomposite dielectrics. Its concentration
in the PVA matrix can be used to purpose, it is possible to tailor the electrical characteristics of
the resulting composite material.

There is no information in the literature on the electrophysical and dielectric properties of
such composites. Dielectric spectroscopy is commonly used to study the dielectric characteristics
in wide temperature and frequency ranges, providing data about the morphological structure of
matter through its relaxation properties associated with molecular dynamics [20].

The goal of our study was to obtain the characteristics of conductivity and dielectric properties
of the PVA + C_(OH),, composite, analyzing their specifics to identify the types of interaction
of the matrix with the filler in the given material.

Experimental procedure

The experimental samples were films prepared from PVA and PVA + C_ (OH),, nanocompos-
ite with a thickness of 60—70 pm. Grade 16/1 PVA (GOST 10779-78) was used for to manufac-
ture the films.

A 5 wt% PVA solution was poured onto the bottom of Petri dishes, dried at room temperature
for four days, after which the films were separated from the substrate. To prepare PVA + C (OH),,
nanocomposite films, an aqueous solution of fullerenol was gradually added to the PVA solution
so that the concentration of C,(OH),, in PVA + C_(OH),, films was 2 wt%. Fullerenol was pro-
duced by the technique described in [21].

The optical properties of the films were studied at room temperature. An SF-56 spectropho-
tometer was used to measure the transmittance of the films. The IR spectra of the samples were
recorded with a Shimadzu IRSpirit QATR-S FTIR spectrometer.

To carry out electrical measurements, graphite electrodes with a diameter of 37 mm were sten-
cil-printed on both sides of the film using a conductive varnish spray based on colloidal graphite
from SOLINS®GRAPHITE. The surface resistance of the carbon coating was approximately
1500 Ohms/square.

Next, the film samples were kept in a thermostat for 5 hours at a temperature of 398 K and
a pressure of about 14 Pa. The heat treatment was intended for removing water and aerosol
residues from the samples. Notably, according to the data in [22], the degree of crystallinity of
PVA films obtained from aqueous solution reaches about 46% if they are annealed at a tem-
perature of 393 K.

The frequency dependences of capacitance and dielectric loss tangent tgd were measured with
an E7-20 LCR meter in the frequency range from 25 Hz to 1 MHz at a temperature from 294
to 398 K. Since films were annealed at 398 K before the measurements, it was assumed that the
measurement process at temperatures below 398 K should not affect the results and the degree of
crystallinity of the film should not change.

The dielectric permittivity € and the dielectric loss factor £” (¢ = ¢ - tgd) were calculated using
the formula for a parallel-plate capacitor based on the experimental values of capacitance and
dielectric loss tangent tgd measured at various temperatures and frequencies.

The resistance of films at DC voltage in the above temperature range was measured using a
KEITHLEY 610 electrometer.

Experimental results and discussion

PVA films prepared by the above-described technique were transparent in the visible and
near-IR and UV regions of the spectrum (Fig. 1). The transmittance of the PVA film was about
90% at a wavelength A = 380 nm, subsequently remaining almost unchanged.

Adding fullerenol to PVA caused the films to change color to yellowish brown, with a significant
level of light absorption by this component in the UV region of the spectrum. The PVA + C  (OH),,
composite film turned out to be almost opaque at wavelengths A below 350 nm. The transmittance
increased monotonously at higher wavelengths, reaching a value of about 80% only at the upper
bound of the range, at a wavelength A = 1100 nm.
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Fig. 3. Frequency dependences of dielectric permittivity in PVA film at 294 (1), 368 (2), 375 (3)
and 384(4) K and PVA + C, (OH),, composite film at 294 (1), 363 (2), 371 (3') and 384 (4) K
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Fig. 4 shows the temperature dependences of the dielectric permittivity of the studied films
at a frequency of 25 Hz. The values of ¢ in PVA films and the PVA + C, (OH),, composite are
approximately equal to 10 and nearly coincide at temperatures below 340 K. The increase in
the dielectric permittivity observed in the temperature range of 340—375 K, i.e., in the T tem-
perature range of PVA, is so rapid that at 7= 375 K, ¢ = 400 for the PVA ﬁlm and & ~ 300 for
the PVA + C, (OH),, composite film. With a further increase in temperature, both film samples
exhibit a significant decrease in the growth rate of ¢ (the curves reach saturation).

The frequency dependences of the dielectric loss factor are shown in Fig. 5. Analysis of these
data shows that peaks (f ) are observed on the curves at elevated temperatures, whose positions
shift towards high frequencies with an increase in the measurement temperature.

Notably, according to the literature data (see, for example, [12]), such peaks are also observed
at lower temperatures, but they are located in the region of infra-low frequencies. In particular,
that study recorded a maximum of tgd for PVA at 300 K at a frequency of several hertz.

Consequently, the explanation for the small values of ¢” that we observed at room temperature
is that this quantity was measured on the right (high-frequency) slope of the curve with a maxi-
mum that was not reached during our measurements.

The dependence of Ig[f (1/7)] in the given frequency range (Fig. 6) is close to linear for
both PVA and the PVA + C(OH),, composite, i.e., it can be assumed that the position of
the peak is described by the Arrhenius equation w1th the activation energy E . The activation
energies are almost the same for PVA and the polymer nanocomposite, amounting to about

280 300 320 340 360 380 400
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400{ : }400
300 2 L300
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280 300 320 340 360 380 T.K

Fig. 4. Temperature dependences of dielectric permittivity in PVA (/)
and PVA + C, (OH),, composite (2) films at a frequency of 25 Hz
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Fig. 5. Frequency dependences of dielectric loss factor for PVA film at 294 (1), 368 (2), 375 (3)
and 384 (4) K and for PVA + C, (OH),, film at (1'), 363 (2'), 371 (3') and 384 (4) K
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1.5 eV, however, the value of f/__for PVA turns
out to be slightly lower. Furthermore, the quan-
tity E is generally associated with large-scale
motion, for example, with segmental mobility in

e Lo macromolecular chains [29].
] 1 St : Fig. 7 shows the temperature dependences of
57 S ‘ 5 DC conductivity of the films considered. The
] S i conductivity of both materials increases expo-

44 \ - ra nentially with increasing temperature. It can be
] . ? seen that the conductivities of the nanocompos-
ite film and the PVA film are approximately the
same up to a temperature of about 370 K. At
temperatures above 370 K, the conductivity of
the PVA film begins to prevail over the conduc-
tivity of the nanocomposite film, and this differ-
ence increases with further heating.
Interestingly, the differences in the electrical
characteristics of PVA and nanocomposite films
become pronounced only at temperatures lying
L 5 either in the region of glass transition temperature
Pl of PVA or above it. We believe that the differences
“ i are due to the following reasons. As noted above,
Pt PVA is a crystalline polymer, so that amorphous
0.6 [ L regions occupy about half of the volume of the
I studied PVA samples in the given conditions. It
seems logical to assume that this is also typical for
nanocomposite films. Since the sizes of fullerenol
C(OH),, molecules are quite large (their diame-
ter is estimated to be 1.5 £ 0.4 nm [11]), fullere-
nol molecules are accumulated mainly in the least
ordered amorphous regions of the polymer. This
may prevent the formation of a double electric
layer at the interface, as well as the migration of
charge carriers through the barrier layers. As a
result, there is a decrease in both the capacitance
of the material and its conductivity.

; L3
275 103|T.K"

Fig. 6. Temperature dependences
for logarithm of frequency at which
the maximum ¢" is located in PVA (1)
and in PVA+C (OH),, composite (2)

Conductivity, uS/m
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Fig. 7. Temperature dependences
of DC conductivity of PVA (1)

and PVA + C, (OH),, (2) films

Conclusion

This paper reports on analysis of the optical and electrical properties of films prepared from
polyvinyl alcohol (PVA) and nanocomposite material based on it with added fullerenol C,(OH),,
(PVA + C,(OH),,)

We found that even a small addition of fullerenol to PVA produces a modification in its col-
oration and significant absorption of light in the UV region of the spectrum.

A noticeable difference in the dielectric constant, dielectric loss factor and conductivity of
the films was observed only at temperatures above the glass transition temperature of PVA. At
elevated temperatures, the DC conductivity of the composite film and its dielectric permittiv-
ity at low frequencies turn out to be lower than the corresponding values for the PVA film. We
believe that the reason for the observed difference is the accumulation of fullerenol molecules in
amorphous barrier layers between PVA crystallites, preventing the formation of a double electric
layer between the barriers and the crystallites as well as the migration of charge carriers through
these barriers.
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Abstract. In the paper, the effect of bombardment with Ar" ions on the composition, elec-
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films has been studied using the methods of Auger electron and ultraviolet photoelectron spec-
troscopy, high-energy electron diffraction and recording the angular dependences of the reflec-
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of states of valence electrons and energy band parameters of CdF, was investigated for the first
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Annoranusga. B pabore m3ydyeHo BiaMsHUE OOMOApIMPOBKM MOHAMM aproHa Ar* Ha COCTaB,
9JICKTPOHHYI0O U KPUCTAIMYECKYIO CTPYKTYPY MOBEPXHOCTHBIX CJI0€B OOBEMHBIX MOHOKPHU-
CTalIM4eckux obpasuos u mieHoK ¢ropuna kaamusi CdF (111). [lnst aT0r0 MCmonb3oBaHbl
METObI OXKe-3JIeKTPOHHON M yJIbTpadroaeToBON (POTOJIEKTPOHHOM CIEKTPOCKOTNM, AUD-
pakiuy OBICTPBIX BJEKTPOHOB W PETUCTpAlMsl YIJIOBOW 3aBUCUMOCTH KoadduimeHra or-
paXXeHMST HEYIIPYTOOTPaKCHHBIX 2JICKTPOHOB. BmepBhie M3ydyeHO BIMSHUE YKa3aHHON OOM-
0apIVMpOBKM Ha TUIOTHOCTb COCTOSIHUSI BAJICHTHBIX 3JEKTPOHOB M YHEPreTUYECKHE 30HHBbIE
napamerpbl CdF (111). YcranoBneHo, yto creneHb pasynopsimoyeHus CdF, Ha cocrassito-
1IMe ¥ ucnapeHue (Gpropa ¢ MOBEPXHOCTHBIX CJIOEB 3aBUCUT OT SHEPIMU U N03bl MOHOB Ar'.
BriepBbie moKazaHo, 4TO TOJIHOE UcMapeHue ¢Topa B BUIE IByXaTOMHOIO raza HaOJromaeTcs
B oOsiactu sHepruii 1 — 2 k3B mipu m03e HachIeHNS.
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Introduction

The great interest in epitaxial fluoride layers is associated both with the unique properties of the
latter and with the wide potential possibilities of their application in opto- and microelectronics
[1 — 13]. In particular, metal fluorides are widely used in the creation of special semiconductor
— dielectric — semiconductor (SDS) structures in the three-dimensional integrated circuits. Of
particular interest are CdF,/Si(111) heterostructures with a CaF, buffer layer [9, 14, 15]. The
minimum thickness of the &an buffer layer was 0.9 nm [5]. In this case, CaF, plays the role of
a barrier layer for the chemical reaction between CdF, and Si substrates [9]. /it the same time,
trivalent germanium turned out to be the most promising for doping CdF, [16].

Single-crystalline cadmium fluoride is a solid dielectric that can be converted into a
semiconductor by doping with donor impurities and subsequent heating in a reducing atmosphere
[16 — 18].

In Refs. [19, 20], the energy position of the levels of rare earth (RE) elements in the band
diagram of BaF, and CdF, crystals was determined. The role of RE*" and RE?*" ions in the carrier
capture, luminescence, and the formation of radiation defects was assessed. It was shown that
the significant difference in the luminescent properties of BaF,:RE and CdF,:RE was due to the
position of excited energy levels in the band diagram of the crystals. In Ref. [21], Shubnikov —
de Haas oscillations and a quantum staircase of the Hall resistance were discovered in a p-CdF,
quantum well limited by CdeFHS barriers on the n-CdF, surface. Thanks to the low effective

© AGpysaiiutoB A. A., Tammyxamenosa JI. A., Ymup3sakoB b. E., Xyxanuészos /. b., beknymnatos U. P., Jlo6ona B. B.,
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mass of two-dimensional holes, the observation of the quantum Hall effect became possible at
room temperature.

Studying the influence of various external influences, especially ion bombardment, on the
composition, structure and physical properties of fluorides is of both fundamental and applied
interest. In recent years, we have thoroughly studied the effect of ion bombardment on the
composition, electronic and crystal structure, emission and optical properties of dielectric films
and samples [12 — 27]. However, to date, the effect of low-energy ion bombardment on the
composition and properties of CdF, films has been practically unstudied.

In this work, changes in the composition, electronic and crystal structure of CdF, (111) upon
bombardment with Ar* ions were studied for the first time.

Experimental methods

The subject of research was a single-crystal sample of CdF, (111) with a thickness of about
0.5 mm and molecular beam epitaxial (MBE) films of Csz/éi(lll) with a thickness of about
500 A. Before ion bombardment, the samples under study were degassed at 7'~ 1000 K for 3 hours
in a vacuum (pressure P = 1077 Pa). The elemental and chemical compositions of the samples
were determined by Auger electron spectroscopy (AES). The degree of amorphization of the
CdF, film upon bombardment with Ar* ions and its crystallization during annealing, the type and
parameters of the lattice were studied by high-energy electron diffraction (HEED) method and by
measuring the angular dependences of the reflectance factor n of inelastically reflected electrons.
To study the density of state of valence electrons and determine the parameters of energy bands,
the method of ultraviolet photoelectron spectroscopy (UPS) was used. All measurements were
carried out after the target was cooled to room temperature, in a vacuum with a pressure of at
least 107 Pa. The choice of the (111) plane has been due to the fact that the CdF,(111) surface

has the lowest free energy (E_ ., = 5:107 J-cm™, E = 1.35:10* J-cm™ and is atomically smooth.

Experimental results and their discussion

The Auger spectrum of a well-cleaned CdF (111) surface is shown in Fig. 1. It can be seen
that the CdF, surface contains mainly an impurity of oxygen atoms with a concentration of no
more than 1 at.%. The CdF, film surface has high crystalline perfection and an atomically smooth
surface with a (1 x 1) structure reflection high-energy electron diffraction (RHEED) image (see
inset in Fig. 1).

An analysis of the dependence of the intensity IF of the Auger peak from fluorine at an
energy of 646 eV on the irradiation dose to the CdF,(111) surface bombarded by Ar* ions
with different energies £, (see Fig. 2) allows us to conclude the following. The intensive
desorption of fluorine from the surface of CdF, occurs, starting from the irradiation dose
D = (1 = 5)10°cm™? and up to D = 10'° cm™; the rate of decrease in the intensity /,
depending on the energy E.. In particular, for
E = 0.5keV at D = 5-10' ¢cm2, the intensity

IN/dE -

e on the Auger peak corresponds to a minimum,
but /. is not equal to zero even at D = 10"
cm?, and thus D = (4 — 5)-10' cm™2 is the

saturation dose D_for £ = 0.5 keV. For £ =
o 1.0 keV, a decrease in I to zero is observecf at
D= (6 —28)10" cm™2. A decrease in I to zero
o occurred up to £, = 2 keV. At £ more than
2 — 3 keV, the I value, even at dose D more
than 107 ¢cm™2, was above zero. Apparently, at
high energies of Ar" ions, the decomposition
F of CdF, predominantly occurs in the surface
. ) . . layer and complete evaporation of fluorine
300 400 500 600 700 E.eV atoms from these layers does not occur. Or, the
evaporation of Cd and CdF, as a whole may
Fig. 1. The Auger spectrum and RHEED images begin simultaneously with tﬁe evaporation of
(inset) of the pure CdF,(111) surface fluorine atoms.
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Fig. 2. Plots of the Auger F peak intensity (at
E = 646 eV) versus the Ar' irradiation dose D
for CdF, bombarded by Ar* ions with different

energy values; E, keV: 0.5 (1), 1.0 (2), 2.5 (3)
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Fig. 3. The depth distribution profiles of F atoms
from CdF, bombarded by Ar* ions at D = D_with
different energy values; £, keV: 0.0 (1) 0.5 (2),

1.0 (3), 5.0 (4)
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Fig. 4. The dependence of n on the angle ¢ (the
angle of incidence of the primary beam) for
amorphous CdF, films on Si(111) substrates; the
film thickness values, A: 10 (1), 20 (2), 40 (3),
50 (4). Ep = (.8 keV
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To answer this question, we studied the
dependence of /, on the depth h of a CdF,
layer bombarded with Ar* ions with different
energies at D = D_(Fig. 3). The plots in Fig.3
show that the intensity of the /_ peak decreases
sharply (by ~ 4 times) at £, = 0.5 keV, and
it practically does not change until the layer
depth & = 20 — 80 A, that corresponds to the
projected range of Ar* ions.

Apparently, all F atoms in the form
of diatomic gas F, evaporate from these
layers. In the region & = 25 — 50 A, the I
concentration increases and, starting from
h =~ 50 A, the stoichiometric composition of
CdF, is completely established. However,
further studies showed that the CdF
layers were highly disordered to a depth o%
h =~ 130 — 150 A. In the case of £, = 1.0 keV,
the surface layers of the cadmium ﬂuoride are
completely decomposed into components to a
depth of & = 30 — 40 A, and almost all F atoms
evaporate from these layers, and hence an
amorphous cadmium film with a thickness of d
=30 — 40 A is formed on the surface (see curve
3 in Fig. 3). When CdF, is bombarded by Ar*
ionswith E_= 5 keV, the greatest decomposition
occurs at the depth of the projected range of Ar*
ions (h = 60 — 70 A). Apparently, most of the
fluorine atoms go into vacuum, and the other
part diffuses deep into the target. Therefore, the
concentration of F increases significantly at a
depth of # = 80 — 100 A.

It is known that the thickness of disordered
layers of a single crystal under ion bombardment
is very difficult to determine experimentally. In
this work, the depth of such layers was assessed
by investigation of the angular dependences of
the reflectance factor n of inelastically scattered
electrons at the different primary electron
energies £ .

The dé]pendences of n on the angle of
incidence of the primary beam on the surface,
for the Si(111) system with amorphous CdF,
films of various thickness values are presented in
Fig. 4. They were recorded atE =0.8keV. Itcan
be seen that the main Si(111) peak is completely
smoothed out at a film thickness of about 50
A. A similar method was used to determine
the thicknesses of the CdF, films at which the
main Si peak was smoothed out in the range
E =1 — 10 keV. The results are given in Table.

Usrng the data from Table, the thickness
of disordered layers d in the CdF ,(111) was
estimated using the condition when bombarded
with Ar" ions with different energies E, at
doses D = D_ (Fig. 5). This plot shows that
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Table d increases exponentially from about 130 to
450 A as E, increases from 0.5 to 5 keV.

The dependence of the thickness of The photoelectron spectra of a
the amorphous CdF,/Si(111) films on CdF,/Si(111) epitaxial film before and after
the primary electron energies Ep bom%)ardment by Ar* ions at E, = 1 keV with

different doses, taken at hv = 21 2 eV (Fig. 6).
E ,keV 0.8 1.0 3.0 50 10 These spectra pr0v1de information about the

L density of state of the valence band electrons,
d, A 50 80 200 350 | 500 | and the area under the energy distribution

Footnote: dvalues were found under the condition when CUIVE is proportional to the quantum yield

the main peak on the curve n(e) was smoothed out at a Y of photoelectrong. The top of the valence
given value of energy E . band E of CdF, is taken as the reference
P

point. In the spectrum of pure CdF,, there
are three clearly defined maxima (peaks)

dp AT at energies £ = —1.6 eV, —3.8 ¢V, and
—8.1 eV. It can be assumed that peak E
400 appears due to hybridization of the 5s levei
of Cd with the 2p level of F; the main
300 contribution to the appearance of peak E, is
made by Ss levels of Cd, and that to E, is

2001 made by 2p levels of F.
When CdF, film is bombarded by Ar* ions,
100 a slight broadening of the curvilinear energy
distribution of photoelectrons is observed

at the dose D = 10" cm™2, and a decrease

0 1 2 3 2 B ks
Bl in the intensity is observed at the peak of
E = —1.8 and 8.1 eV. Also, the shift of
Fig. 5. A plot of the thickness of disordered layers the peak in the initial state of the spectrum
versus the energy of Ar* ions (E, = 0.6 — 1.0 V) to the right leads to
N(E)
35(Cd)y+2p(F)
sscd) /T
7 E,

2p(F)

Fig. 6. The photoelectron spectra of the CdF, bombarded by Ar" ions with energy £ = 1 keV.
Doses D, cm™2: 0 (1), 1-10™ (2); 5:10'3(3), 5-10'(4)

a decrease in the gap width Eg of the CdF, film. At a dose of 510" cm?, a new peak E'
characteristic of cadmium appears instead of £, and E, peaks, and the value of Y decreases by
about 2 times in this case [19, 23].

Conclusion

In this work, the effect of bombardment with argon ions on the composition, electronic and
crystal structure of the surface layers of single-crystal samples and CdF (111) films has been
studied. The molecular beam epitaxial film of the CdF,/Si(111) with a thickness of 500 A was
shown to have high stoichiometric and crystalline perfectlon with a surface structure of 1 x 1.
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It was established that the intense desorption of fluorine atoms occurred, which continued up to
dose D = (5 — 10):10'° cm™. The concentration of fluorine in the surface layers were found to go
down to zero in the region £, = 1 — 3 keV, and not decrease to zero when E being greater than
4 keV. The main mechanisms of these changes were clarified.

For the first time, the thickness of layers enriched with cadmium atoms and the thickness of
highly disordered CdF,/Si(111) layers were estimated. The change in the density of state of CdF,
valence electrons upon bombardment by Ar* ions with £ = 1 keV was also studied for the first
time using ultraviolet photoelectron spectroscopy (UPS) at different doses.

The results obtained in this work can undoubtedly be useful in the development of modern
generation communications-electronics equipment.
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Abstract. In the paper, the patterns of changes in the composition and structure of the surface
layers of GaP(111) in bombardment by electrons with energies from 3 to 10 keV and doses in
the range 10'7—10% c¢m™ have been studied using the method of Auger electron spectroscopy
and recording the angular dependence of the electron inelastic reflection coefficient. It was
established that the surface layers of GaP were enriched with P atoms at £ = 3 keV, and with
Ga atoms at £ = 10 keV. In both cases, the Ga atoms distribution profiles over the depth the
sample were non-monotonic. The electron energy value at which an inversion of the surface
composition took place was estimated. An analysis of the results obtained was given.
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Annoramusa. B pabGore wu3yyeHBI 3aKOHOMEPHOCTM WM3MEHEHHUSI COCTaBa U CTPYKTYPhI
MoBepxHOCTHHIX cjoeB GaP (111) mpu OoMOapaupoBKe BIEKTPOHAMHU C DHEPTUSIMU
E =3 — 10 xkaB u gozammu D = 107 — 10 cm™2. [Ing 3TOro MCro/b30BaH METOI OXe-
SJIEKTPOHHOW CIEKTPOCKONMM M PErucTpalus YIJOBOM 3aBUCUMOCTU KoddduuueHTa
HEYIPYroro OTPaXeHMs 3JIEKTPOHOB. YCTaHOBJIEHO, 4TO npu E, = 3 k3B noBepXHOCTHbIE
ciou GaP ob6oramatorca aromamu P, a ciydae £ = 10 koB — aromamu Ga. B o6oux ciyvasx
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npodunu pacrpenencHuss atoMmoB Ga o riyonHe o0pas3ia MMeIOT HEMOHOTOHHBIN XapakTep.
OlLieHEeHO 3HayeHWEe SHEPruU BJIEKTPOHOB, IPH KOTOPOM IIPOMCXOIUT WMHBEPCHUSI COCTaBa
MOBepXHOCTHU. JlaH aHaIM3 MOJYYECHHBIX pe3yIbTaTOB.

KioueBbie clioBa: oxke-3JIeKTPOHHAST CIIEKTPOCKOITHSI, HaHOpa3MepHas (pasa, 3JeKTpOHHAs
OoMOapanpoBKa, MOBEPXHOCTHAS KOHIIEHTpALIMSI aTOMOB
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Introduction

Nanoscale heterostructures based on binary semiconductors, including gallium phosphide (GaP),
are widely used and show potential for creating monolithic optoelectronic integrated circuits, photo-
voltaic cells, optical and electronic pumping lasers, as well as microwave electronics devices [1—6].
It is therefore important to accumulate data on the electronic, optical, emission and electrophysical
properties of these structures and analyze various factors influencing their properties [7—10].

Diverse methods are used to modify the physical properties of binary compounds, includ-
ing thermal heating, etching, laser irradiation as well as ion bombardment and implantation.
Monolithic integrated circuits on substrate surface (silicon is commonly used) are typically fabri-
cated by growing epitaxial films with a direct bandgap transition [1, 11].

GaAIP and GaAlAs nanophases and nanofilms were obtained in [12—14] by implantation of
APP* ions into gallium phosphide and arsenide (GaP (111) and GaAs (111)). It was found that
quantum-size effects appear for GaAlP nanophases with surface dimensions less than 35—40
nm and thicknesses of 3.5—4.0 nm. Due to the large bandgap in GaAsP (2.26 ¢V) and favorable
displacements of the valence band and the conduction band [15, 16], the efficiency of GaAsP/
Si-based solar cells can theoretically reach 41.9% [17].

Experimental studies and computer simulation were carried out in recent years on the effect
of ion bombardment of inert gases on the composition and surface structure of GaP and InGaP
films [18, 19].

For example, the effect of surface defects on the trajectory of dechanneled ions and its depen-
dence on the energy and scattering angle of these ions was studied in [19]. It was established
experimentally that metallization of CoSi , and GaP surfaces occurs upon bombardment with Ar*
ions [18].

Thus, the effects of ion bombardment, heating, and laser irradiation on the composition
and physical properties of A’B’ single crystals are well-understood. However, the effect of elec-
tron bombardment on the composition and structure of single-crystal gallium phosphide samples
remains virtually unexplored.

The goal of this paper is to analyze the effect of electron bombardment on the composition
and structure of the surface layer of single-crystal gallium phosphide GaP (111).

Experimental procedure

Single crystal GaP (111) samples with a diameter of about 10 mm and a thickness of 1 mm
were selected as the object of study. The samples were studied by Auger electron spectroscopy
(AES) and ultraviolet photoelectron spectroscopy to record the angular dependences of inelas-
tic electron backscattering coefficients. The depth distribution profiles of embedded atoms were
obtained by Auger analysis performed by sputtering 1 keV Ar* ions over the sample surface; the
ion incidence angle was approximately 80—85° relative to normal, the etch rate of the surface was
about 5 = 1 E/min.

© Honaes C. b., lllupunos I'. M., Ymupsakos b. E., Jlo6ona B. B., 2024. Uznarens: Cankr-IletepOyprckuii oJIMTeXHUUECKUI
yHuBepcuteT Ilerpa Benukoro.
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Results and discussion

- GaP surface was bombarded by electrons with
70- energies £ in the range of 3—10 keV at doses D
ranging from 10" to 10* cm™ and current density
j of the order of 5-10 '® electrons/cm?. No notice-
able changes were observed in the composition
and structure of GaP surface of gallium phosphide
with an increase in the dose to the level D = 108
cm2. Fig. 1 shows the dependences of surface
, , concentration C. of gallium atoms on the radi-
104 10% ¢ pem®  ation dose D for GaP bombarded with electrons
with energies of 3 and 10 keV. It can be seen for

the energy E, = 3 keV that the surface concen-

Fig. 1. Surface concentration of Ga atoms  tration C,, decreases monotonically 8—10 at.%
as function of electron irradiation dose in the dose range D = 107—10" c¢cm™, i.e., the
for GaP surface bombarded by electrons surface is enriched with phosphorus atoms. At E,
with energies £, = 3 keV (/) and 10 keV (2) = 10 keV, C, increases by 12—15 at.% with an
increase in dose from 10 to 5-10" cm™. In both
cases, a further increase in dose does not lead to
a change in the magnitude of C_, i.e., the cor-
responding dependence curve reaches saturation.

CGa, al.%

ACga, at.%

101 At E, = 3 keV, the saturatron dose D, is 10" cm™?,
5k while D =5 10‘9 cm?at £ =10 keV. Thus, the
0 L1 .1 11 4 surface concentration Cs, at dose D = D may
sk i// 7 ? E,keV decrease or increase depending on the energy E.
i Fig. 2 shows the dependence of relative surface
-10f

concentration AC, on the energy E, in the range
E = 3—10 keV at D = D_. It can be seen that
the curve of this dependence passes through zero
in the range E, = 6—7 keV. The variation rate

Fig. 2. Relative surface concentration of Ga  of AC decreases starting from E, ~ 9 keV. GaP

atoms as function of electron bombardment decomposes into its constituent atoms in the pro-

energy £, = 3—10 keV at D = D, cess of electron bombardment, and surface disor-
dering occurs in the near-surface region of GaP.

The degree of surface disordering was estimated from the angular dependences of the inelastic
electron backscattering coefficient n at £, = 800 eV; this coefficient is denoted as n,, in Fig. 3.
The escape depth of inelastically backscattered electrons was about 100—120 E. As evident from
Fig. 3, the curve n(¢) of unirradiated GaP (111) shows pronounced peaks due to inelastic back-
scattering of electrons from different crystal planes. A significant decrease in the absorption inten-
sity and the shift in the main peaks were observed after irradiation with electrons with £ = 3 keV.
Complete disordering of the layers likely did not occur. At E, = 10 keV, the peaks on the n(e)
curves were completely smoothed out, which is typical for amorphized films.

The changes in GaP composition in the near-surface layer during electron bombardment
were estimated by recording the distribution profiles of Ga atoms at D = D_over the depth 4 of
the sample (Fig. 4). Evidently, at E, = 3 keV, the relative concentration AC;, did not change
considerably up to a depth of 15—20 E (see curve / in Fig. 4). The concentration increases
monotonically from about —10 to +9 at.% in the range of depths 4 = 20—110 E; then, as the
depth increases, it decreases approximately exponentially, approaching zero at 2 = 160—165 E. At
E, =10 keV, the AC,(h) curve decreases as it passes through zero, then through a minimum at
h'= 200 E, grows exponentrally and finally approaches zero starting from 4 = 250 E.

AnalySIS of results obtained. The main changes in the composition and structure of surface
and near-surface layers observed during electron bombardment occur at doses D not less than
10'7 cm™2. A noticeable decomposition of GaP into constituent atoms and disordering of surface
layers occurs at £, ~ 3 keV starting with a dose D =~ 4-10"7 cm™, and at E, =~ 10 keV starting with
a dose D= 107 cm™2. With an increase in the electron irradiation dose, the degree of disordering
in surface layers of GaP increases both in the case of E, = 3 keV and at E, = 10 keV.
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Fig. 3. Angular distribution of inelastic
electron backscattering by GaP surface
before bombardment (curve [); for GaP
bombarded with 3 keV (curve 2) and 10 keV
(curve 3) electrons
Vertical dash-dotted lines show the positions
of the peaks on the curves associated with inelastic
backscattering of electrons from various crystal
planes of GaP. E, = 800 eV
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Phosphorus atoms diffuse towards the sur-
face in the process of electron bombardment
due to the difference in the atomic masses
of phosphorus and gallium (the atomic mass
of P is smaller than the atomic mass of Ga).
Apparently, only a small part of GaP molecules
decomposes at an electron energy E, = 3 keV,
and there is no noticeable evaporation of atoms
from the surface.

Thus, the surface layers are enriched with
P atoms and depleted in Ga atoms at depths
of no more than 50 E. As P atoms escape from
the near-surface layer at 2 =~ 50—90 E, the con-
centration of Ga atoms in this layer increases
(see Curve [ in Fig. 4). This follows from the
fact that the areas under the curves —AC,, (h)
and +AC, (h) are virtually identical. In the
case of electron energy £, = 10 keV, the main
change in the composition occurs to depths
h = 250—300 E. The majority of P atoms dif-
fusing to the surface evaporate; this means that
the surface layers are enriched with Ga atoms
to a depth of 120—150 E. A small fraction
of P atoms cannot diffuse up to the surface,
and these atoms increase the concentration
of phosphorus at depths of 160—240 E (see
Curve 2 in Fig. 4).

-10

-15

r\ 5
0 1 1
40 80 120 160 200 A
]
| 1

Fig. 4. Distribution profiles of Ga atoms over depth /# of GaP sample bombarded
by electrons with energies £, = 3 keV (/) and 10 keV (2), at D = D,

Conclusion

The study provides a first glimpse into the effect of electron bombardment on the composi-
tion and crystal structure of GaP (111) surface serving as a target in the electron energy range
E, = 3—10 keV. We detected the variations in the surface concentrations of gallium and phos-
phorus atoms and their depth distribution profiles depending on the energy and electron dose. It
is established that at the surface region of GaP is enriched with phosphorus atoms at E_ < 6 keV,
and with gallium atoms at E_ > 6 keV. According to the estimates obtained, the electron energy at
which inversion of the composition of the surface layer occurs was approximately 6.4 keV.

Our findings can be useful for developing monolithic integrated circuits based on

A"BY compounds.
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AnHoTtanus. B paboTre aHaTM3MPYIOTCS TOYHBIE M aCUMIITOTUYECKHE TPUOJIMKEHHBIE PELIeHU ST
JUISI CAMMETPUYHBIX U aHTUCUMMETPUYHBIX BOJIH JIaMba B OMHOPOTHOM U30TPOITHOM YIIPYTOM
cnoe. [lpu momMolM 4YMCIEHHOTrO amrmnapara TEOPUU TMPOJOJIKEHUsS PEIIeHUI HEeTWHEHHBIX
YpaBHEHUII BBIYMCIEHBI JAUCIEPCUOHHBIE KPUBBIE MJIsI BOJH C PA3IMYHOU HM3MEHSIEMOCTBIO
Mo TojuuHe cios. Ha ocCHOBE TMOJYyYeHHBIX pPE3yJbTaTOB MWCCJIENOBAH XapaKkTep IMOJs
MepeMelIeHN 1 U3MEHYMBOCTh (hOpM KOJIeOaHWi B 3aBUCHMOCTHU OT BEJIMYMHBI BOJTHOBOTO
yucaa. [IpoBeneH aHaIM3 aCUMIITOTUYECKON KOPPEKTHOCTH OaTOUHBIX Mojeseit TUMOIIeHKO,
Bepuynnu — Diiiepa Kak JIMHHOBOJTHOBBIX aCUMIITOTUK BOJH JIamba.
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Introduction

Modern requirements for new generation 5G TV and radio communication devices necessitate
expanding the frequency range used to receive and transmit the signal. The ultrahigh frequency
(UHF) range (over 6 GHz) is considered for this purpose. However, modern models of resona-
tors used to generate and filter signals cannot operate at such high frequencies. Therefore, new
models that ensure uninterrupted communication in a given range must be designed. While there
are many types of elastic waves in solids, Lamb waves generated in thin layers show promise
for solving this problem [1]. It was established that certain wave modes of this type are capable
of transmitting microwave signal with minimal losses [2—4]. Numerous studies have considered
this subject [5]. The design of electroacoustic transducers in a given frequency range under the
constraints of microsystem technology relies on multiparametric calculations to select the opti-
mal resonator configuration: layer thickness, electrode gap in interdigital transducers, orientation
of a single crystal, etc. [6—9]. Furthermore, it is necessary to determine the specific operating
modes of resonator vibrations (their variability across the layer thickness), providing the required
values of the electromechanical coupling factor, additionally allowing for effective excitation
by an electric field. The solutions for such problems can be obtained by combining qualitative
analytical estimations based on simplified models with detailed numerical calculations based on
verified procedures.

This paper reports on the qualitative study of stationary elastic Lamb waves in a homogeneous
isotropic elastic layer. We performed a rigorous analytical study of the dispersion curves of sym-
metric and antisymmetric Lamb waves, their asymptotic analysis, direct numerical solution of the
problem and comparison with known models of structural mechanics.

Mathematical model used

A homogeneous isotropic elastic layer oriented along the x, axis in length and along the x,
axis in thickness is considered. The layer is assumed to be infinitely long with a thickness of
2h (—h < x,< h). The problem is considered in a plane strain statement. The schematic of the
model is shown in Fig. 1.

A system of elastodynamics equations is considered:

uViu+ (A +p) grad(div(u)) = pii, (1)
where A, pu are the Lamé parameters, p is the density of the material, u is the vector of the
displacement field.

It is known [10] that representing system of equations (1) as
u = grad ® +roty )

reduces it to the system of wave equations:

© Acranos 4. K., Jlykun A. B., Moo U. A., 2024. Uznarens: CaHkT-IleTepOyprckuil MoJIMTEeXHUUECKUT YHUBEPCUTET
IleTpa Benuxoro.
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X3 , ,
h 0,d=0, O;y=0, 3)

where O’=(0%/0x} +0° /ox;)—1/c2-0% /ot is
0 ,X1 the d’Alembert operator (o = 1, 2); ¢, ¢, are the
velocities of the dilatational and transverse wave,
respectively; @, y are the potential functions.

- h The solution of system of equations (3) can
be represented as follows:

Fig. 1. Schematic of homogeneous isotropic ® = (A4sinh(v,x;) + B cosh(v,x,))e” ™",
thin layer; 24 is its thickness ' ) @
\V = (C Slnh(v2x3) —+ D COSh(V2x3 ))el (x,—ct) ,

where k is the wavenumber, v = K —ki (k, = o/c, o = 1, 2), o is the frequency, c is the
phase velocity.
The boundary conditions are dictated by the absence of stresses on the faces of the plate:

G5(x,2h,t)=0, o (x,,£h,t)=0. %)
Applying boundary conditions (5) to solution (4), we obtain:
2iB, (cosh(v,h) A +sinh(v,h) B) — (1+ B3 )(sinh(v,h)C + cosh(v,h) D) = 0,
2iB, (cosh(v,h) A —sinh(v,)B) + (1+B3)(sinh(v,4)C — cosh(v,h)D) = 0,

[(A+2w)B; —A](sinh(v,) A+ cosh(v,h)B) + 2iup, (cosh(v,h)C +sinh(v,h) D) = 0,
[(A +2w)B; —A](=sinh(v,k) 4+ cosh(v,h) B) + 2iuB, (cosh(v,4)C —sinh(v,h) D) = 0,

(6)

The notation B, = v /k, (a = 2 ,1) is introduced here.
The solution of this system of algebraic equations is a family of dispersion curves for Lamb waves.

Symmetric waves

Consider a particular case of a symmetric wave. A wave is called symmetric when the particles
of the medium make symmetrical horizontal and antisymmetric vertical movements relative to
the cross-section midline. Thus, the vertical movements in the upper and lower half-spaces are
oppositely directed and the cross-section midline (x, = 0) remains undeformed. Symmetric waves
are generally denoted as S, S|, S,, ... .

Then solution (4) takes the form

® = B cosh(v,x,)e" ™",

, 7
v = C sinh(v,x,)e" ™", @)
System (6) is simplified, taking the form
2if, sinh(v,#)B) — (1+ B3) sinh(v,h)C =0, g
[(A+2w)B; —A]cosh(v,h)B) + 2iup, cosh(v,h)C =0. ®)

Using the condition for the existence of a nontrivial solution of system (8), we obtain a tran-
scendental equation of the form

tanh(v,/) 3 (1+ [3;)2
tanh(v,h)  4BB,

(€)

This equation takes a dimensionless form
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tanh(l;m) _ (2- 52)2 o
tanh(iv1-¢)  #1-8EV1-8

if we introduce the following notations:

Fokh e=S, a=F-a=MC §5-% (1

% G ¢

Eq. (10) is transcendental with respect to the dimensionless phase velocity of the wave and the
wavenumber. Limiting cases are known for Eq. (10) [11].

Consider the first limiting case when the traveling wave length is significantly greater than the
plate thickness, i.e., A = 2n/k > 2h. Then the hyperbolic tangents of Eq. (10) are replaced by their
arguments. Transforming Eq. (10), we obtain:

4(1-8°¢")=(2-27),

¢=21-8".

Let u = X (i.e., Poisson’s ratio v = 1/4). Then we can establish that °= 1/3. As a result, we
obtain the threshold value of the dimensionless phase velocity:

&=¢,=2V2/3~1.633.... (12)

Consider the second limiting case, when the wavelength is much smaller than the thickness,
i.e., A = 2n/k « 2h; then the tangent ratio can be assumed to equal unity. Transformation of
Eq. (10) takes the following form:

(2-8) = 4J1-8°F1-¢. (13)

This equality is the characteristic equation of Rayleigh surface waves [10]. The value of the
phase velocity for 6= 1/3 is

F=Gy =0.919%.... (14)

The solution of transcendental equation (10) was obtained by the numerical framework from
the theory of continuation of solutions of nonlinear equations [11]. Fig. 2 shows the dispersion
curves and the dependence of the phase velocity on the wavenumber for the first three branches
of the wave solution at different values of Poisson’s ratio.

a) b)

c

1.6F

173
1.4

N w o &

1.27
1.07

0.8 ‘ ‘ :
0 1 2 3 4 5

T

Fig. 2. Graphs for solution of Eq. (10): dispersion curves of symmetric Lamb waves (a);
dependences of phase velocity (b) on wavenumber
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Fig. 2,b confirms the correctness of both asymptotic estimates (long-wave and short-wave).

The fields of displacement in the layer were constructed for the results obtained. Their form
was obtained by substituting solution (7) into Eq. (2). Fig. 3 shows the displacement fields of the
first three wave modes at different values of the wavenumber: near the long-wave approximation
(k = 1) (a); for an arbitrary value (k = 2) (b); near the short-wave approximation (k = 6) (c).
The displacement fields are constructed for a segment of an infinitely long plate (see Fig. 1); its
segment = 2 pi/k corresponds to one period of wave oscillation. This value is plotted along the
abscissa, the thickness of the plate is plotted along the ordinate.

The colored curves visualize the vertical displacements u,, the grid visualizes the horizontal
displacements u,.
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Fig. 3. Displacement fields for first three modes (S0, S1, S2) of symmetric waves
at different wavenumbers k: mode S0 (a, b, ¢); mode S1 (d, e, f); mode S2 (g, A, i)

Analyzing the graphs, we can conclude that the number of fixed nodes increases with an
increase in the value of the wavenumber in the layer. Notably, the point mass describes an elliptic
trajectory during the oscillation period [12], while the behavior of the plate’s eigenmode with
increasing wavenumber is somewhat unexpected. This generates the additional problem of ana-
lyzing the variability of the wave mode with varying wavenumber. The results for the first three
modes of symmetric waves are shown in Fig. 4.

As evident from Fig. 4,b, the behavior of the displacement field u, remains almost unchanged
with varying wavenumber: a midline with no displacements is observed, while upper and lower
half-spaces of the plate make antiphase oscillations along the x, axis. On the other hand, the

109



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2024. Vol. 17. No. 3

=
I

a) b) ¢)

3 -3
1.0 X1° 2410210

Fig. 4. Dependences of displacement fields u, (a, c, e) and u, (b, d, f) for three branches
of solutions (S0, S1, 52) of symmetric wave versus wavenumber;
branch S0 (a, b); branch S1 (c, d); branch S2 ( e, f)

behavior of displacements u, changes: initially, strictly longitudinal oscillations in the horizontal
direction are observed, but as the wavenumber &k approaches 1.75, a new node appears, so that
antiphase oscillations in the horizontal direction are observed in the cross-section. It is also clear
that the condition of the short-wave approximation is satisfied, namely, strong damping of oscil-
lations in the bulk of the layer is observed with an increase in the wavenumber. The behavior of
the second (see Fig. 4, ¢, d) and third (Fig. 4, e, /) wave modes changes dramatically in the long-
wave approximation. On the other hand, this behavior is preserved for the wavenumber & > 6.

Antisymmetric waves

Consider the case of antisymmetric waves. A wave is called antisymmetric when the particles
of the medium make antisymmetric horizontal and symmetric vertical movements relative to the
cross-section midline. The vertical oscillations of the half-spaces occur in one direction, and the
midline is deformed. Solution (4) takes the following form:

® = Asinh(v,x,)e" ",

v = Dcosh(v,x;)e" ™, (1)
System of equations (8) is written as follows for the obtained solutions (15):
2iB, cosh(v,h)A—(1+B3)cosh(v,#)D =0,
{[(k +2W)B; —A]sinh(v,h) A+ 2iup, sinh(v,h)D = 0. (16)

If we take the determinant of system (16) and perform non-dimensionalization (11), we obtain
the following transcendental equation:

tanh(v,7) 4B,
tanh(v,h) (1+p3)*

(17)
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Fig. 5. Graphs for solution of Eq. (17): dispersion curves of antisymmetric Lamb waves (a);
dependences of phase velocity on wavenumber (b)
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Fig. 6. Displacement fields of first three modes (A0, Al, A2)

of antisymmetric waves at different wavenumbers :
mode A0 (a, b, ¢); mode Al (d, e, f); mode A2 ( g, h, i)
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Consider the limiting cases for Eq. (17). If the wavelength significantly exceeds the thickness of
the layer, the inequality ¢ < 1 < 1/8 holds true. After all the transformations (in accordance with
the data presented in [10]), the transcendental equation takes the following form:

52=§1€2(1—52). (18)

Let u =X (i.e., v = 1/4); then &= 1/3, which implies that

5 :%/& (19)

p

Thus, we obtain a linear asymptote for the long-wave approximation from Eq. (19).

Consider another limiting case where the wavelength is much smaller than the plate thickness
and the inequality ¢ < 1 < 1/8 holds true. Transforming Eq. (17), we arrive again at the character-
istic equation for Rayleigh surface waves (13), (14). The phase velocity for case ¢ > 1 tends to 1.

Fig. 5 shows the dispersion curves of antisymmetric oscillations and the dependence of phase
velocity on wavenumber. Evidently (see Fig. 5,b), the results obtained for the first branch of anti-
symmetric waves satisfy both approximations. It is assumed [10] that the phase velocity for the
remaining modes tends to unity in the case of the short-wave approximation.

The same as for symmetric oscillations, displacement fields of antisymmetric oscillations were
constructed (Fig. 6).

As seen from Fig. 6,a, the first mode of antisymmetric oscillations resembles bending vibra-
tions of a beam. Also, similar to the symmetric case, a change in the wave mode is observed with
an increasing wavenumber. Based on this, we analyzed the variability of the wave mode with
varying wavenumber (Fig. 7).
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Fig. 7. Dependences of displacement fields u, (a, c, e) and u, (b, d, f)
for three branches of solutions (40, A1, A2) of antisymmetric wave versus wavenumber;
branch A0 (a, b); branch A1 ( ¢, d ); branch A2 ( e, f)
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It is clear from Fig. 7,b that the amplitude of oscillations dampens rapidly in the bulk of
the layer with increasing wavenumber, which corresponds to the short-wave approximation.
Additionally, at low values of the parameter k, oscillations are performed by the entire cross-sec-
tion, whereas in the short-wave case, oscillations occur in the upper and lower half-spaces of the
plate, without actually interacting with each other [13]. This effect is explained by the type of
wave, since at high values of the wavenumber (as mentioned above), the wave becomes similar
in nature to a Rayleigh surface wave, characterized by rapid damping in the half-space [10]. In
addition, an interesting branching effect of the nodal curve is observed in Fig. 7,a. Apparently,
the branching occurs at the same wavenumbers at which the aforementioned antisymmetric wave
is divided into two components formed in the upper and lower half-spaces of the plate. Based on
these considerations, it can be expected that similar branchings will no longer be observed with
a further increase in the wavenumber: on the contrary, complete damping of oscillations should
happen in the bulk of the material.

Analysis of asymptotic correctness of beam models

As noted above, the long-wave approximation of the first mode of the antisymmetric wave
resembles in form the transverse vibrations of a beam. Two models of bending vibrations of a
beam are common and well-studied in engineering practice: the Euler—Bernoulli beam and the
Timoshenko beam. In view of this observation, it is advisable to compare the results obtained with
the dispersion relations for these models.

It is known [12] that the problem for the Euler—Bernoulli beam model in the case of a hinged
support is determined by the system:

4 2
E19Y POY o (0<x<l)
ox" A ot
o’w
w(x,f) =0, ===0, (x=0,) (20)
Ox
w(x,0) =W (x),

where w is the vertical displacement, F is Young’s modulus, / is the moment of inertia of the
cross-section, A is the cross-sectional area, W{(x) are the initial displacement distributions, p is the
surface density, / is the length of the beam.

The solution of system (20) can be represented as an infinite sum of traveling waves:

w(x,1) :%ZA,, {sin(%x—mntj+sin(nl—nx+contﬂ, (21)

n=0

where the frequency o, is determined by the expression

o, =(nn/l)’\EIA/p.

The wavelength in this case is A, =2//n. Therefore, the phase velocity is expressed as

o A EIA
c, = =nn -
21 pl

(22)

For the Timoshenko beam model, the system takes the form:
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2 2
Y +k'AG(8—W—wj—p—]a Y_o

ox’ ox A* of ’
oO’w oy pow
k'AG -—— |-——=0, 23
(8x2 6xJ A ot (23)

w(x,t) = %\V(x, H=0(x=0,0),

where v is the bending rotation, &'=5/6 is the correction factor for the rectangular cross-section,
G is the shear modulus.

The expression for the eigenfrequency spectrum follows from system (23):

- (712 +Ot2)n2n2 +1i\/((n2 +a2)n2n2 _,_1)2 —onlolntn o8
P = 2112(12

where @, is the dimensionless frequency, &, =’ (pl*)/ (EIA) nisa dlmensmnless parameter
expressing the ratio between bending and shear stiffness, n° = (EI)/(kK'AGI*); o is a dimension-
less parameter expressing the ratio between the forces of inertia of the cross-section with respect
to rotation and transverse displacement, o® =17/ (A4l°).

Eq. (24) gives two branches of solutions for bending (®,,) and shear (®, ,) vibrations.

It was of interest to build finite element (FE) models of Euler—Bernoth and Timoshenko
beams. The models were constructed in the COMSOL Multiphysics package. For comparison,
Fig. 8 shows the results of analytical and FE modeling of the Euler—Bernoulli beam and the
Timoshenko beam, as well as the previously presented calculation results using the Lamb elastic
wave model in a thin layer.

Analysis of the data in Fig. 8 shows that the lower branch of the solution for the Timoshenko
beam model coincides with the first branch of the wave solution of antisymmetric Lamb waves.
We should note that this is not a consistent pattern. As noted above, the phase velocity of the
lower branch of the Lamb wave solution in the short-wave approximation tends to the phase
velocity of Rayleigh surface waves ¢,, which, in turn, depends on the value of Poisson’s ratio (14).
At the same time, the phase velocity o\t}i_bﬁ_wave for the Timoshenko beam model tends to the

k

velocity of transverse oscillations ¢, =+/k'G/p with an increase in the wavenumber. In dimen-
sionless form, these asymptotics are the result of taking the square root of the correction factor &'.
a) b)
w C &
—+— Euler — Bernoulli (Analytics) — Lamb A0, A1
—s— Timoshenko (Analytics) s O,
Juler — Bernoulli (Comsol) — =--- cr
4 2.5 g i‘uuu.s/mffka (Cum.E'ol) )
5 2.0
15
2
uder — Bernoull (Analytics) 1.0
1 p & —+— Timoshenko (Analytics)
O Euler — Bernoulli (Comsol) 05
o Timoshenko (Comsol)
— Lamb A0, A1
0 1 2 3 k 0 1 2 3 k

Fig. 8. Comparison of calculated results for three models:
Euler—Bernoulli beams, Timoshenko beams and elastic Lamb waves;
dispersion curves (a), dependences of phase velocity on wavenumber (b)
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€ 1.00f As discussed above, the value of the cor-
c2 ~ rection factor is taken as k' = 5/6, which was
0.95¢ " proposed by Reissner. Another frequently used
0.90% =5 value of the correction factor was proposed by
Mindlin: & = =n*/12. The following definition
0.85 =" was proposed by Zhilin [14]:
0.80
, 5
075} k'= , (25)
o Mindlin: VK = y/72/12 6-—v
0.70 - ;-""'"‘"'" —o— Reissner: W = \/573
R ——Zhilin: V&' = \/5/(6 - v)
0.65 | o Rayleigh: cn/c - obtained by finding the solution for the frequency
0 -0.5 0.0 05 equation of plate vibration with an accuracy up

v

to the second correction term.
Fig. 9 shows a comparison of the dimension-
Fig. 9. Comparison of dependences of threshold  less threshold values of the phase velocities of
phase velocities on Poisson’s ratio Rayleigh surface waves ¢, and transverse oscilla-
tions ¢ at different values of Poisson’s ratio v and
correction factor k'. These proposals do not coincide with the investigated Rayleigh surface wave
model. There are, however, certain values of Poisson’s ratio at which the asymptotics coincide.
Based on this, we can conclude that coincidence of the characteristics of elastic Lamb waves
and waves in the Timoshenko beam is observed only for a long-wave approximation, while the
results diverge if the dimensionless wavenumber k =k-h~1.

Conclusion

We performed a qualitative analytical study of stationary Lamb waves in a homogeneous iso-
tropic thin layer. Dispersion curves and phase velocity dependences on the wavenumber were
constructed for symmetric and antisymmetric waves in accordance with the obtained solutions.
The displacement and variability fields were calculated for the wave mode of the first branch of
the wave solution with variable value of the wavenumber. The characteristics of antisymmetric
Lamb waves were compared with the wave characteristics of Euler—Bernoulli and Timoshenko
beams. The data help determine the accuracy of long-wave and short-wave asymptotic approx-
imations for symmetric and antisymmetric Lamb waves, including approximations based on the
application of beam models of structural mechanics.

Our findings can serve as a basis for verification of numerical methods of wave mechanics used
in modeling wave processes in electroacoustic devices.
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Annoramuga. B pabGoTe u3znaraioTcss aCMMIITOTUYECKWE METOABI PEIICHMS 3aJayd O MaJibIX
rapMOHUYECKUX KOJIEOaHMSIX IIJIOCKOTO KOHTYPA, TIOTPYKeHHOTO B HECKMMAEMYIO BSI3KYIO KUIIKOCTb.
B ciryyae Gonbiiiix 3HaUeHMI 6e3pa3MepHOro mapaMeTpa BSI3KOCTU TMOJTyYeHbl aCUMITTOTUIECKIE
¢(hopMyJibl BILIOTH A0 TPETHETO TMOpPsiAKa. B ciyyae MajibIX 3HAUEHUIT TOrO Mapamerpa BSI3KOCTU
MOCTPOCH TJIAaBHBIM WIEH aCUMIITOTUKU TUAPOJUHAMUYECKON CUJIbI HA MPOM3BOJIBHOM IJIaIKOM
KOHTYpE W JIOKa3aHO, YTO €ro BUI HE 3aBUCUT OT (opmbl KOHTypa. [lodydeHHBIE pe3yiabTaThl
MTOATBEPKAECHBI IPUMEPOM 3a/1a4M O KOJIeOAHUSIX 3JUTATITUIECKOTO IIVJIMHIIpPA.
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Introduction
The theoretical model of a cantilever beam of arbitrary cross-section (Fig. 1), which is excited
by an arbitrary driving force and immersed in viscous liquid, is the main one used to develop
devices in nanotechnology and in viscosity measurements. The liquid is typically assumed to be
incompressible, the length of the beam significantly exceeds its other dimensions. The formulation
for a cross-section of the general form leads to the concept of the hydrodynamic function [1—3],
describing the hydrodynamic load and taking into account the geometry of the cross-section of
the beam. Depending on the cross-section of the beam, this hydrodynamic function must be cal-
culated numerically or (preferably) analytically.
P N The problem on determining the hydro-
dynamic load on an infinite cylinder making
small-amplitude oscillations in viscous liquid has
et been the subject of numerous theoretical and
0™~ experimental studies (see, for example, [4—S8]).
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immersed in incompressible viscous liquid with

b\

kinematic viscosity v and density p make small

/ 'y harmonic oscillations with a given frequency o

and velocity amplitude #,. The oscillation ampli-

tude is assumed to be much smaller than the size

Fig. 1. Schematic representation of cantilever of the contour. The motion of the contour is

beam of arbitrary cross-section: assumed to be plane-parallel.

I" is the contour, L is its characteristic size To write the equations of motion in dimen-

sionless form, we introduce the characteristic

contour size L, the characteristic velocity wL and the characteristic pressure po?L?. Adopting the

above assumptions, the linearized hydrodynamic equations of viscous incompressible liquid take
the following form [9]:

~

1
divv=0, (0

{AV -BVp+iBv=0,
where v = (vx,vy) is the velocity vector of the liquid; p is the pressure; B is a dimensionless param-
eter, B =w>L*/v.

In applications, the p parameter can vary in an extremely wide range: from 10-3 [1, 10, 11]
to 10° [12]. From now on, the dimensionless amplitude of the velocity u, is assumed to be equal
to 1 for convenience.

Let us formulate the boundary conditions of the problem.

No-slip conditions of the following form are imposed on the contour line:

vnr:un’ vrr:ur9 (2)

where (v ,v) are the normal and tangential components of the velocity vector of the liquid, (u,,u_)
are the (given) velocity vector components of the contour points.

In addition, perturbations of the velocity field induced by oscillations are dampened with dis-
tance from I

© Adanacos E. H., Kaneipos C. I'., Copokun B. H., 2024. N3natens: Cankr-IletepOyprckuii moauTeXHUIeCKUii yHUBEPCUTET
Iletpa Benukoro.
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V0, \x*+y" > oo 3)

If we use the representation of the velocity vector components in terms of two scalar functions
(referred to as potentials for brevity [13]), namely,

Vx:a_q)_i_a_w’ v :a_(P_a_\ll’
ox oy ~ oy ox

then system of equations (1) and boundary conditions (2), (3) can be written as

Ap=0,
Ay +iBy =0, 4)
p=Iio.
a_(p+a_w:u ,
on ot "

9% _ov_,
ot on ©

O,y = 0,4x> +y> = o0,

)

As established in [14], the hydrodynamic force R acting on a plane contour with a normal
n=\n,n,|, making small harmonic oscillations, is determined in terms of the potentials by
the formula

R =ipof(-on—y (nxk))d, (6)

where [ is the length of the contour I'; k is the unit vector, k = (0, 0, 1).

The problem described by system of equations (4) and boundary conditions (5) is called the
Stokes problem. Relations (4), (5) describe any kind of plane motion of the contour. The oscil-
lations in the examples discussed later in this paper occur in a direction parallel to the Ox axis.

For each equation of system (4), taking into account boundary conditions (5), we can formu-
late the corresponding boundary integral equation and thus construct a system of two boundary
integral equations [14]:

00,)- o(ar)as (.01 )at = [| 22 ) | .00 .

r

(7

300~ o) ar 3 = [ 40)- Ly s

where ¢ (M,M)), v'(M,M)) are Green’s functions for the equations of system (4); ¢ (M,M,),
v, (M,M) are their derivatives in the direction of the external normal n at the integration point;
His the zero-order Hankel function of the first kind; (M, M,) is the distance between the inte-
gration point M and observation point M, lying on the contour;

. 1 1 . L -
() (M,MO)—EIDW, A\ (M’MO)_ZHO (7’(M,M0)\/E),
. o' (M, M) . oy’ (M, M
o (M. M,)= (P(an O)a\Vn(MaMo): \V(ﬁn 0)'
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Asymptotics of the Stokes problem for a circular contour

The exact solution to the problem of oscillations in a circular cylinder in incompressible vis-
cous liquid at rest along the Ox axis as well as the formula for calculating the hydrodynamic drag
of the cylinder were obtained by Stokes [4].

Let us give the asymptotic formulas obtained by the potential method in [15]. In polar coor-
dinates 7, 0 at B — oo, they have the form

(p(l,e)~@w(19)+0[;2)’%(19 ( ,f B 4N_J

()
1 2 1 1
L,O) ~ LO)+0O| — |, ,0)=| —=+———~1sin6,
v(40)2v.0)+0 (g | -0 [iﬁ% 41%]5“1
for B — 0 and finite r,
1
9(r.0) ~ —— 2 3(r.0)+0(p).
> (l\/ﬁ) (ln((z‘\/ﬁ) )+2y—21n2j
1
y(r,0) ~ ; ; (r,0)+rsin6+0(B), 9)
" (iB) (m((i\/ﬁ) )+2y—21n2)
(T)(r,@):icose, \Tf(r,e):isine.
r r
and, according to Eq. (6), we obtain the following expressions for R(B):
R ~ R (B), R, =in| 1-
R
8in (10)

R(B)BZORO (B). R,(B)=-

(i@)z(ln((z’@)z)+2y—2ln2)

The exact expression for R(B) is given in [4, 5, 8].
Fig. 2 shows the results of calculating the modulo relative error

€,%
- &1
12515 /
;
10.0 /
i
7.5 £
,’;
K
500
AN 7
- y
2.5 TUee—— 7
0.0 — RSN 1
0 03 w5 01 w02 oo &P

Fig. 2. Calculation of modulo relative error by Egs. (8), (9)
The solid line shows the error level equal to 1% (for comparison)
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(as percentages) by Egs. (8), (9).

For clarity, Fig. 2 shows the error level of 1% (solid line). Evidently, outside the range
IgB € (-0.8,0), i.e., at B & (0.16,1), the calculation error for the hydrodynamic force on the cylinder
contour does not exceed 1% if the appropriate asymptotics are used.

Asymptotic solution of the Stokes problem for large p values
The classical formulas obtained by Stokes suggest that asymptotic expansion of the required

1 1
potentials should be carried out as an asymptotic series in powers of the small parameter x =- 5 :
i\
M Lo (M M Ly (M
0(M,) ~ D50 (M), w(M,) ~ > v (M,). (1)
W—)oo pry 7\‘ ‘k‘—)oo pa 7\‘

We introduce a local Cartesian coordinate system (x,7) with the origin at the observation point
M, and the axis Mx directed tangentially toward the contour I'.

The equation of the curve in the local coordinate system has the form 7 = j(x),
- dy
while y(0)=— =0.
YO,

Fig. 3. Local Cartesian coordinate system introduced:
I" is the contour; M, is the observation point; s is the arc length measured
counterclockwise from the observation point M; s, is an arbitrary point

We define the contour I' by natural parameterization x = x(s), y = y(s), where s € [O,L] is the
arc length measured counterclockwise from the observation point M,.
To represent the integrals containing the function " and its derivatives in system of

equations (7) in a form convenient for obtaining asymptotics, we use integral representations of
Hankel functions [16]:

i‘ u( @r)zan]"em i, i’ HO ({iBr)= lzk_; Tew,shzt " 12)
0 0

Let us write the integrals in Egs. (12) in the following form:

122



Mechani
4 calcs>

100)= [ £(5)e* s =1, (1) + 1,(1) = [ £(5)¢ s + [ £ (5)

where s, is an arbitrary fixed internal point of the variation range of the parameter s: s, € [O,L] .
According to the information from monograph [17], the following expressions are hold true:

%, G 2S(s) | kf(s)
A(x)x»w(x'+x24'x3+ j swufck_[ P S(s)]

b

s=0+0

- [ % G 2S(s) | _ kLS) 13
Iz(k)m_)oo (X+X2+k3+ j s-L—O’Ck_£ D S'(s)J :L_O, (13)
__ b d
S'(s) ds

To calculate the coefficients ¢,, one-sided Taylor series expansions known from differential
geometry can be used [18]:

x(s):isiK a +..., j(s)zgiK'(s)s—Jr..., r:iS$K S 4 (14)

In these formulas, « is the curvature of the curve at point M, K = —t”(s)|; the combination
of plus and minus signs corresponds to the Taylor expansions on the right at point s = 0 and on
the left at point s = L.

Using the above formulas and performing simple (but laborious) calculations, we can prove
that the following relations hold true for any function f{s) given on the contour:

lf(s)  (Jiprs, N——f 5)- 4;3[8§g)+4f(s)1<2} (15)

[ £ () gy ™) (ViBr s = 27 (s (16)

[t[=0 40

The remaining step is to use these relations and substitute the asymptotic series (11) into the
right-hand and left-hand sides of Eqgs. (7), to equate the coefficients at the same powers 1/,
ultimately obtaining the following groups of equations and relations:

boundary integral equations for ¢ (k= 0, 1, 2, 3), which are approximations of the potential o,

h %MMdl{ M) (M, M,)d, (17)

1 .
0" (M)~ [ (M) g, (M. M, )dl = |
r r

oy (M)

p ¢ (M,M,)dl, k=1,2,3;  (18)
A

relations at contour points for y® (k = 1, 2, 3), which are approximations of the potential y (the
point M, is not referenced below for simplicity),

5@(0)

19
o (19)

v =—u_+

b
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1 1
0 _ K\|l() . aq)() ’ (20)
2 os
(2) 2., (1) 2 ()
2 2 0Os 8 0s

The relations for k = 0, 1 correspond to the well-known (linear) Morison equation [19, 20]; for
k = 2, they were obtained and proved in [21]; as for the relations for k£ = 3, they were obtained
for the first time.

Importantly, the boundary integral equations (17), (18) are absolutely equivalent to the
Neumann boundary-value problems for the Laplace equation:

ool
A =0, L =y ; (22)
on |
(k) (k)
Ap =0, 29 | __v | , k=1,2,3. (23)
on |r Os |

Asymptotics of the Stokes problem for a circular contour (example). Sequentially performing
calculations by Egs. (22), (23) for potential ¢ and (19)—(21) for potential y, we obtain:

a(p(o)

r

=cos0, (p(o) (r,@) = —lcos 0,

r

A(p(o) =0,

r=1

\u(l) (1, 9) =2sin6;

aq)(l)

s

=-2cos0, ¢ (r,0)= 2 cos 6,

7

A(p(l) =0,

r=1

yt? (1,6) =—sin6;

o)
A =0, 22

=cos0, ¢ (r,0)= —lcos 0,
r

r=1

y(1,0)= —%sin 0;

5([)(3)
or

Ae® =0, = —%cos 0, ¢ (r,0)= —icos 0.

4r

r=1

The results obtained at » = 1 coincide with Eqgs. (8).

Neumann problem for potentials ¢® (k = 1, 2, 3). In some cases, it is possible to find solutions
of Egs. (22), (23) by the Fourier method [21], but numerical methods can also be used. However,
such solutions can be obtained via conformal mapping.

The only solution to the Neumann problem, i.e.,

8(p(k)
or

= (D(n), (24)

for the exterior of the circle » = R is given by the Dini formula [22]:
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R 27 . —
(p(k)(n):;.[d)(t)ln smnTtdt, (25)
0

where 1, ¢ are the angular coordinates of the observation point and the integration points.

Let us introduce the conformal mapping z = z({) that is the exterior of a circle of radius R to
the exterior of the contour I

Let the contour I' be defined parametrically, specifically,

z(m) =x(n) + iy(n),

corresponds to the circle { = Re™.

There is a single conformal mapping for which the point { = R on the circle corresponds to
the point z = 1 on the contour I' and the ray Re{ >R, Im{ =0 on the plane { turns into a ray
Rez>1, Imz=0 on the plane z. Then the solution of the Neumann problem at the points of
this contour can be found using the following formula [22]:

<p<")(n)r=—{fa";f) Z(©) | pin 26)
However, since
B a1
o | 0 L)
we ultimately obtain:
(pm(n)f_{:ag_f) In sinnT_t}dt. 27)

This is the formula reconstructing the values of ¢® (k = 1, 2, 3) on the contour I' from the

known values of \|/(k)
r

It is known that conformal mapping preserves the angles between curves, so the cosines of the
angles between the normals to the contour I' and the coordinate axes (on the z plane) and the
cosines of the angles between the normals to the circle and the coordinate axes (on the plane ()
coincide at the corresponding points.

Let us prove that

2 cosmm 2z sin mm
j(p(")(n){ _ }dn=ij\v(“(n){ dn, m=1,2,.... (28)
o sin mm 0 cosmm
Indeed, it follows from Egs. (27) that
2n cos 2n (k) 2n cos _
Jol ()] 2 = - [ [ nlsin = Har, m=12, (29)
0 sinmm , Ot Ty (sinmm 2

On the other hand, since the following equality holds true (see the formulas in book [23]):

T (cos T - cos
L LM i lgin Dt = L4952y, (30)
Ty (sinmm | g 2 m | sinmm

then, integrating Eq. (29) by parts, we obtain the required equality (28). The proof is obtained.
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Thus, the Fourier series for the functions ¢®, y® are harmonic conjugates to each other out-
side the contour [24].

In particular, for m =1, cosn=n_, sinn=n s equality (28) implies the property of potentials
o®, y®_ useful in calculating the force:

Wy dl = [
Jondi = y"n . G31)
r r

As a consequence of this formula, it is sufficient to find the functions ¢® to calculate the
force, and then obtain information about the function y® at the contour points using local
formulas (19)—(21).

Asymptotic solution of the Stokes problem for “small” values of B

Egs. (9) for solving the problem of cylinder oscillations at small values of B suggest the struc-
ture of the asymptotics of such solutions for an arbitrary contour.

It follows from the equations that potentials ¢, v for f — 0 are the sum of harmonic functions
in the exterior of the circle, proportional to (A’InA?)~! and terms of the form 0, y = rsin6, which
describe homogeneous flow of an oscillating liquid.

Let the functions ®(x,y), ¥(x,y) represent the potential and the function of a current homo-
geneous in the entire plane of oscillatory flow of an ideal incompressible fluid. The complex
potential of such flow follows the expression [25]:

W(x,y) = d)(x,y)—i‘l’(x,y).
Let us introduce the potentials
P=¢'+®, y=y'+¥

(the primes are omitted below).
Now the system of differential equations (4) takes the form

Ap=0
{"’ C (32)
Ay +iBy =—-iB'Y.

The equation for the function y is not homogeneous, although the boundary conditions for
system (32) are expressed as

a0 __ow
on|; ot (33)
oy| 0

onl ol

are homogeneous, the damping conditions at infinity are as follows:

P+D >0, y+¥ >0, Jx*+y> > o,

Let Q, be a part of the plane z = x + iy with an inner boundary I' and an arbitrary outer
boundary vy, with the diameter 2R. Applying Green’s second formula [22] to a pair of functions
v, v in a bounded domain Q, and placing the observation point on the contour I', we construct
an integral equation for the potential y:

%w —lwldl = —lw* %dﬂy{(w% —y’ ?’ l+iB£\v* (v + ) dxdy. (34)

n
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We used the second of the boundary conditions (33) to derive this equation, the arguments of
all functions were omitted for brevity.
We search for an asymptotic representation of the potentials ¢(x,y), y(x,y) for B — 0 in the form

| I 1 -
@—m@(%)’),\v—m\v(%)’), (35)

where (T)(x, y) , ¥ (x, y) are unknown real smooth functions bounded in the domain of Q,, which

are to be determined.
Notably,

1 1 1 1
My M) ~——h) +—In—————=——MA>+¢ (M,,M
v )\ o nr(M M) 4n nA*+g (Mo M), (36)

v, (Mo M) ~ 0, (M M).
for finite (M, M,).

We substltute relations (35), (36) into integral equation (34), multiply it by A*InA*> and pass
to the limit at B — 0. Then, for finite R, we obtain:

l Gy dl Bgolwldl,

Jv % =j(—i1n>& +<p*j@dz =
41 ot

0, ¢ .0 . 0G
=] mzj—‘szj 2l = .I(pa—i)dl,

v 4r

iﬁﬂw* (w+ ‘P)dxdyz)g).
Qp

o 1 Y
| ——IA+o | W,
Y[(wn ( ym cpjanjd

then, for an arbitrary fixed value of B and R — oo, it can be considered arbitrarily small.
We treat the potential ¢ similarly. As a result, we obtain the following system:

As for the term

(37)

The boundary integral equations (37) indicate that the functions (T)(x, y) , \T/(x, y)are har-
monic conjugate functions in the exterior of the contour I', and the function

(6(x.2) =i (x.))

1
)=

is analytical in this region.

Thus, the problem was reduced to finding the complex potential of some fictitious flow of ideal
incompressible fluid occurring in the exterior of the contour I' of the plane z = x + iy, placed in
homogeneous flow with a complex potential W. The solution to this classical problem is easy to
obtain if we use a conformal mapping of such a region to the exterior of a unit circle [25].
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| o
Let z = z(0), { = {(z) be known analytical functions implementing this mapping.
The complex velocity at infinity, on the plane (, is determined by the formula
(2] 42)
dc ), dz ), (38)

(2]
dc ),

The hydrodynamic force can also be found from the known function F(z). Let us confine our-
selves to the case of contour movement along the Ox axis. Then, according to Eq. (6),

ﬁ_}o—im¢((bdy—\pdx>. (39)

r

On the other hand (see [24]),

1
F(2)z = ———&(p—iG ) (dx +idy) =
C']F (Z)dZ }\‘2 1117»2 ?((P Z\II)( X+1 y)
1 ~ - : ~ ~
:mé(([)dx+\‘/dy)+lm<ﬁ(@dy—\vdx,')

r r

Consequently, we obtain the relation

R ~ —iim§ F(z)dz = 2miRes F (z)
r

B—0

— (40)

In the case of a circular contour of unit radius on the plane of the complex variable { = & + i,
it follows from the asymptotic formulas (9) that

~ & . n

C_w :4_27 g, :4_25
o(&m) e () E
4 1

FO= g

b
and

i 1

R ~ ————R .
(B)B—’Olenkz eSCC=OO

1 . .
However, Res—| =-1, so ultimately we obtain:
C=o0 .
8in

Ry(B) =~z (41)

Eq. (41) is a solution to the problem of the asymptotics of hydrodynamic force for p — 0. In
accordance with this formula, the main term of the asymptotics of the hydrodynamic force at
small values of B takes this form and does not depend on the shape of the smooth contour. This
effect is mentioned in [1] for contours shaped as a circle and a plate. However, it turns out that it
occurs in all cases. This can be verified only for the Stokes problem for an elliptic contour, which
has an analytical solution [15].
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Asymptotics of the Stokes problem for elliptic contour

Let us illustrate the application of the constructed asymptotics with the example of the Stokes
problem for an elliptic contour.

Asymptotic solution for “large” values of p. The asymptotic solution to this problem in the
first approximation was obtained in [21]. To construct the following approximations, we turn to
Egs. (19)—(21) and (27). Their application requires numerical calculation of integrals contain-
ing functions and their derivatives, as well as numerical determination of integrals with a kernel
containing a logarithmic singularity. The quadrature formula proposed in [26] was used for this
procedure. Omitting the technical details, let us present only some of the calculation results.

Fig. 4 compares the calculation results of the force magnitude R (B), obtained in [21] by the
numerical solution of the Stokes problem on oscillations of an elliptical contour along a larger
axis (parameter ¢ = 0.2) with the calculation results RY(B) (k = 1, 2, 3), obtained taking into
account one, two and three terms of the asymptotic dependences (19)—(21) and (27), respec-
tively. Note that the half-sum of the ellipse’s semi-axes was chosen as the characteristic length L.

Fig. 4 shows that the second and third approximations significantly improve the result in the
range of “moderate” B values. A good agreement with the numerical solution for large values of
the parameter B is already achieved by the first approximation [21].

IR

35

— — first approximation
30 F --—- second approximation | |
! —— third approximation

> numerical solution [21]

25!

20

15

10

5 L

Fig. 4. Comparison of caculation results for magnitude of R (B) obtained in [21]
with calculation results for magnitude of RY(B) (k =1, 2, 3)

Asymptotic solution for “small” values of p. Two terms of asymptotic expansions of potentials
at p — 0 and finite values of & take the following form (the first terms were given in [15]):

e == 1 .
@(&an)ﬁzomcosn—ge 5% (1+8—e2€° +8€2&0 )COST],

e = 1 )
W(é,n)ﬁzomsinn +Ee‘é_é° (ezé —1)(1+8)sin n,

where ¢ is the ratio of the ellipse’s semi-axes, ¢ € [0,1]; &, n are elliptical coordinates, & € [§,+o],
n € [0,2xn]; x = hchécosn, y = hshésinn, h = N1 — &, z=x+iy= hch(<“,+in).

The contour of the ellipse corresponds to the value &, = arthe.

It is easy to prove that

e (ezé - 1)(1 + 8)

l+g—e™ +ge’ =0, 3

sinm = y.

Then it follows from Eqgs. (42) that
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I >
86_&"—&’0
(&M, gy o
8 -£-& )
v(&m) ~ —— sinn+ y;

p>0 (1-€) A% In A’

8o o0 8 1

F(¢n)=—-———(cosm—isinn)=———.
(&m) =y amme (cosn=isinn) =5 s e
Furthermore,
he* ™ =he""" = z 4~ — .
Therefore,

8 1
F(Z)—m@- (43)

A well-known conformal mapping [24] of the form

z=%((1+8)é+@J (44)

maps the exterior of the circle || = 1 to the exterior of the ellipse with semi-axes 1 and .
It follows from expression (44) that
_z+A z°—h

Q(Z) l1+¢

By mapping (43) to the exterior of a unit circle
8k 1
F(£)

A Il (1+e)¢
and in accordance with Eq. (40), we obtain (as expected) that

8im
R = 45
o (B) A2 InA? (45)
Conclusion

We constructed asymptotic formulas for the problem of small harmonic oscillations of a plane
contour immersed in incompressible viscous liquid. It was established that the main term of the
asymptotic hydrodynamic force does not depend on the shape of a smooth contour for small val-
ues of the parameter B. The second and third asymptotic approximations obtained for large values
of B (see Fig. 4) allow to significantly improve the results of calculating the hydrodynamic force
in the range of moderate numbers f.

Thus, calculations of the hydrodynamic force in an arbitrary smooth contour in a wide range
of B values can be performed using the appropriate asymptotics.
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ANITOPUTM TOMOJIOTMYECKOWU ONTUMMU3ALUU
ANA CBA3AHHbIX 3AAAY SJIEKTPOYIMNPYIOCTU
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AnHoramusa. McciemoBaHa mpoOjieMa TPUMEHEHUS TOIMOJOIMYECKON ONTHMU3AlUU K
yapyrum naedopMupyeMbIM TeJlaM, HaXOASIIMMCSI B YCJIOBMSIX BO3IEUCTBUS CBSI3aHHBIX
9JIEKTPUYECKNX W MeXxaHuuyeckux moseil. OCHOBHas 3amaya COCTOsUIa B ONTUMU3AIUU
pacmopeneaeHus 3JIEKTPUUECKUMX M MEXaHMYECKMX CBOMCTB MaTepHaya B 3aJaHHOIl o0yacTu
C YYETOM OrpaHUYEHMSI Ha UTOIrOBBII 00beM KOHCTpyKuUMKH. CHOpMYyIMpoOBaH U peajn3oBaH
aJITOPUTM TOIOJIOTMYECKON ONTUMHU3ALMU (B BHUIE IMPOTpaMMHOIO Koja Ha si3bike Python)
JUISL TeJ, HaXOISIIMXCs IMOJ ACHCTBUEM CBSI3aHHBIX 3JIEKTPUYECKUX M MEXaHMYECKUX IOJICH.
AJITOPUTM BKJIIOYAQJ B ceOsl pellieHue CBSI3aHHOW 3aJayu 3JIEKTPOYIPYTOCTU C TTOMOIIBIO
MeToZla KOHEYHBIX 3JIEMEHTOB, aHaJIW3 MPOM3BOAHBIX IIEJIeBON (DYHKIIMU W ONMTUMU3AIMIO
JIBOMICTBEHHBIM METOJOM B paMKaX METO/a CKOJIB3SIILIUX ACUMIITOT. AJITOPUTM ObLI OIIPOOOBaH
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B UMCJIEHHBIX SKCIICPMMEHTAX Ha 3aJaye ONTUMU3AIUM TMHE303JeKTPUIYECKOro aKTyaTopa,
MOMEILIEHHOTO B OJHOPOJIHOE JMOO B JMHEWHO-pacHpencieHHOe 3JeKTpuuyeckue mosi. B
WUTOTE IMOJIYYCHBl paclpeicieHUss MEXaHUYECKUX U DJIEKTPUUYECKUX CBOMCTB M1 pas3iUYHbIX
3HAYeHUI KO3((DUIIMEHTA KECTKOCTH.
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Introduction

Structural and topological optimization (TO) is a field with long, rich history. For instance, the
problem on the optimal weight of a column whose simply-supported end is subjected to a com-
pressive force was first solved by Lagrange [1]. One of the earliest studies on structural optimiza-
tion was written by Michell in 1904 [2]. As numerical methods, in particular, the finite element
method (FEM), emerged in the 1960s, great strides were made in structural (including topologi-
cal) optimization [3]. Complete theories were consequently developed in the 1980s, described in
detail by Bendsmie et al. [4, 5].

Numerous methods have been formulated for analyzing and improving the performance of
piezoelectric structures in terms of size and geometry [6—9], structure and number of layers
[10], optimization with respect to sub-parameters [11—13]. TO methods were commonly used in
various fields of physics [14, 15], including piezoelectricity. Algorithms for optimization of piezo-
electric actuators [16, 17], sensors [18] and energy storage devices [19—21] were constructed by
introducing suitable objective functions and new parameters. There are also various modifications
of these methods, for example, taking into account the constraints on mechanical stresses [22].

The homogenization method was used to solve the problem in earlier studies [23, 24].
Alternative approaches were presented in the subsequent years: method for solid isotropic material
with penalization (SIMP) [25], bi-directional evolutionary structural optimization (BESO) [26]
and level-set method (LSM) [27].

Analysis of the literature indicates that the existing algorithms for topological optimization can
be divided into three classes:

based on optimality criteria (heuristic);

based on derivative analysis (mathematical programming methods);

genetic algorithms for topological optimization.

We selected the method of moving asymptotes (MMA) [28] as the main optimization algo-
rithm, as it is one of the most universal and stable methods used for optimizing structures.

An algorithm for solving the topological optimization problem for the coupled electroelasticity
problem is formulated and presented in this paper based on analysis of existing publications.

The algorithm relies on the method of moving asymptotes, a finite element solution of the
coupled electroelasticity problem and parameterization of material properties using a modified
SIMP method. The algorithm is implemented in Python and tested for the optimization problem
of a piezoelectric actuator for the case of a DC electric field.

Topological optimization

Topological optimization is a mathematical method allowing to obtain the optimal distribution
of material within a given space under given configurations of external loads, boundary conditions
and constraints to achieve the best performance of the system.

© Hosokmenos A. ., Aomynmun WM., Bepuwmnun 1. B., 2024. Wzpmatens: Caunkrt-IleTepOyprckuii moJUTEXHUUECKUI
yHuBepcuret [lerpa Benaukoro.
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The most typical problem of topological optimization is minimization of the structure’s com-
pliance. Mathematically, it is equivalent to minimizing the work of external forces [5], i.e.,

min 4“ (u) (1)

uelU

under the given constraints:

A% (3u) = 8(p,y(&(u))), Vou e U,
V<oV, 0<a<l,

(2)
where A*(3u) is the work of external forces on the obtained displacements; y(e(u)) is the free-
energy density; du is the possible displacement; U is the allowable displacement; p, is the density
of the body; V, ¥V, are the final and initial volumes of the structure; a is the proportion of the
final material.

The first constraint in Egs. (2) is the equilibrium condition in variational form.
This problem is usually solved by discretization of the domain and using FEM. Therefore, it
is necessary to reformulate the problem for the appropriate finite element formulation, namely,

minf’u, (3)

ueU

under the following constraints:

K(E ) u=f,E ek

per?

K(E) =Y K(E). @

N
D opy, =V =aV,0<a<l,

e=l

where f is the column of forces; u is the column of displacements; K is the stiffness matrix of

the system; v, is the volume of the finite element numbered e; p,, E, are the density and Young’s

modulus of the finite element numbered e; E  are the allowable values of Young’s modulus.
The method of moving asymptotes (MMA) is used as a tool for solving this problem.

Algorithm for solving the coupled electroelasticity problem (CEEP)
Governing equations for the CEEP. The relations for the linear CEEP for a piezoelectric
material, without taking into account the temperature effect, can be written as follows [29]:
T=c’S-¢'E,
D=eS+¢’E,
where T is the vector of mechanical stresses; S is the vector of mechanical strains; E is the electric
field strength; D is the vector of electric displacement; ¢ is the stiffness matrix at constant electric
field E; £5 is the permittivity matrix at constant strain S; e is the matrix of piezoelectric coupling

coefficients; the superscript 7 indicates transposition.
The electric field strength E is determined by the relation

E = —grado, (6)

(&)

where ¢ is the electric potential.

For the model presented in this paper, a piezoelectric material of tetragonal crystal class [30]
with orthotropic anisotropy is considered. This class includes most piezoelectric materials, in par-
ticular well-known materials such as lead zirconate titanate PbZr,_ Ti O, (PZT).

In view of the above, the mechanical stiffness tensor ¢, the piezoelectric matrix e’ and the
dielectric constant &5 for the complete three-dimensional case have the following form:
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c“E cle cBE 0 0 0
E E E
c C c 0 0 0
12E 11E 13E 0 0 0 0 els
oF = C3 €3 Cy OE 0 0 ’eT: 0 0 0 e ,
0 0 c, 0 0
0 0 0 c E 0 € € €5 0 (7)
44
0 0 0 0 ¢,
e, 0
=0 ¢,
0 0 &

Next, consider a plate consisting of a piezoelectric material distributed between two electrodes
(Fig. 1).

a)

z

L

b)

Top electrode

z

L.:

Fig. 1. Isometric view (a) and side view (b) of plate made
of piezoelectric material with top and bottom electrodes

Bottom electrode

We can make the following assumptions based on the configuration of the system considered [31]:

the ratio of the length or width of the plate to its thickness should be less than 0.1;

displacements and loads in the system can occur only in the plane of the plate;

the thickness of the electrodes is negligible compared to the thickness of the plate;

the mechanical part of the problem is linear;

the electrodes are perfectly conducting;

The piezoelectric polarization vector is directed perpendicular to the plate plane (along the
07 axis);

the value of the potential ¢ at the bottom electrode of the plate is assumed to be zero;

the electric field E is uniform along the thickness of the plate (in the direction of the OZ axis);

the electric potential ¢ follows a linear law along the thickness of the plate (in the direction
of the OZ axis).
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The first two assumptions allow to use the formulation for the plane stress problem of elasticity
theory. The assumption that the thickness of the electrodes is small allows to neglect their effect
on the stiffness of the system. In addition, when the polarization axis of the piezoelectric material
is oriented along the OZ direction, its behavior in the plane turns out to be isotropic. Moreover, in
this case, the only influence exerted on the material is from the electric field in the OZ direction.

Thus, the compressed (2D) form of the piezoelectric governing equation can be written as [7]:

T c*ll C*lz 0 _6*31 Si

T, _|¢n Cn 0 —ey |5, )
T, 0 0 ¢y 0 [|S]

D, C*sl 0*31 0 8*33 E,

where the components of the matrix can be expressed in terms of the components introduced earlier:

EN2 EN2
1= z > Cin=00 z > C33=C >
C33 C33 9
o 13 xS 33
€3 =6 —€3 7, &3 =8 3+ — .
33 C33

Governing equation (8) is used for subsequent finite element modeling of the system.

Finite element model of the system. For finite element modeling of the piezoelectric plate, the
region was partitioned into flat rectangular linear elements with two Gaussian integration points.

The strain vector of an element can be represented as

S =Buu’ (10)

where B is the matrix of partial derivatives for calculating the strain vector.

The electric field strength is generally a vector quantity calculated as the gradient of the elec-
tric potential by Eq. (6). However, the last two assumptions about the nature of the electric field
and the orientation of the piezoelectric material (see above) make it possible to reduce the con-
sideration of the field strength to a scalar quantity, i.e., its projection on the OZ axis. Then the
magnitude of the electric field strength is calculated as

E=-B ¢, B, = (1D)

1
h b
where /4 is the thickness of the plate.

Next, we use the Hamilton variational principle without taking into account the dissipative forces
in the system; we can write a linear differential equation for one element in matrix form [29]:

m O\ i k, Kk, )u f
LT = s (12)
0 0)\e kK, Ky )\o q
where m is the matrix of inertial coefficients; k  is the local stiffness matrix; f is the vector of

external mechanical force; ¢q is the electric charge; km is the piezoelectric coupling matrix.
The matrix km,, is calculated by the formula

k,, =h[Be'B, | |dtdn, (13)
Q

where &, n are the local coordinates of the element; J is the Jacobian of the element.
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In accordance with the FEM algorithm, local matrices and load vectors should be assembled
into global ones, after which we can write the equation for the entire region under consideration:

M 0\ U K, K,)\U F
LT = . (14)

0 0)l® K, Ky /\® Q
We consider the quasi-static problem of a spring mechanism under the action of an external
electric field. This formulation gives zero derivatives of the quantities with respect to time. In

addition, it is assumed that there is no external electric charge in the system (Q = 0). This for-
mulation of the problem leads us to the following system of equations for FEM:

K,U+K, ®=F. (15)

This system is used to calculate the displacement field under the influence of an external elec-
tric field. Then, after deriving the equation of the coupled problem for FEM, we can use it for
parameterizing this problem for topological optimization.

Interpolation scheme of piezoelectric material. In this paper, an extension of the SIMP scheme
is used to interpolate the given material, which requires the following dependences of local
matrices on fictitious density and polarization [31]:

kuu (p) = (Emin + ppuu (EO - Emin ))kouu’

16

K, (s P) = (e, +p"" (¢, —€,, NRP-1)"K’,,, (1o
where E, ¢, are the numbers used to determine the initial characteristics of the element material,
E, = ¢, = 1, p is the fictitious density of the element material (taking values from 0 to 1); P is the
polarization variable determining the polarization direction of the piezoelectric material (taking
values from O to 1); p,, p,,, P are the penalization factors for stiffness, piezoelectric coupling and
polarization, respectively; £ . and e . are small numbers for determining the minimum possible
values for stiffness and piezoelectric coupling coefficient.

The presence of small numbers £ . and e . is necessary to eliminate numerical uncertainties
that arise during the iterative optimization process.

The interpolation scheme given by Eq. (16) is known as PEMAP-P (piezoelectric material with
penalization and polarization) and was introduced by Kiugl and Silva in 2005 [25] for optimization
of adaptive materials and, in particular, piezoelectric plates.

The polarization variables Preflect the behavior of the material in the presence of an electrostatic
field: for P from 0 to 0.5, the material is compressed under the action of the field, and for P from

0.5 to 1.0, it expands.

——

S.-S. Support
S.-S. Support

N\

Movable Object

Fig. 2. Scheme of spring mechanism for problem statement:
S.-S. Support are single-sided supports; PE.-C. Plate is the piezoelectric plate;
Movable Object; Symmetry Axis; , is the spring stiffness
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Problem statement for the piezoelectric actuator. Consider the problem of topological optimi-
zation of an electric actuator (Fig. 2). The initial scheme is a square piezoelectric plate (PE.-C.
Plate) (Fig. 2, see also the subsection "Finite element model of the system"), whose left end is
constrained in all degrees of freedom. The material expands or contracts under the action of an
electric field, depending on its polarization.

The goal of the optimization is to ensure maximum displacement or pressure load generated by
the midpoint on the right side of the plate with a constraint on the volume: V= 0.4 V. The gray
area (see Fig. 2 on the left) shows the initial region for subsequent optimization.

An additional spring with the stiffness k_is attached to the midpoint on the right side to model
the interaction of the spring mechanism with a movable object:

ks :KskO’ (17)

where K is a parameter characterizing the force of interaction with the movable object; & is the
largest value in the stiffness matrix of the system, i.e., k, = max K

By varying the parameter K, we can make prrorrtrze either greater displacement of the point
considered or the pressure load generated. For example, at K = 1.0, k. = k, (see Eq. (17)), and
thus the maximum pressure load for the optimized topology is achieved. Conversely, by setting
small values for this parameter, for example, K = 0.01, the plate is optimized accordingly to
ensure the maximum possible displacement.

Following the classical approach to solving optimization problems for compliant mechanisms,
described in monograph [5], we can write the statement for this problem as minimization of the
following objective function:

J=-L'U, (18)

with the constraints of the form

NP
D opv. =V =aV,0<a<l,
e=1
0<p, <1, (19)

0<P <],

where L is a vector (equal to 1 for the component that corresponds to the degree of freedom of
the displacements that we are interested in, and equal to 0 for all other components); U is the
displacement vector; p,, v,, P are the densrty, volume and polarization of the element numbered e.

Calculation of derlvatlves ‘of the objective function. Using methods based on gradient descent,
which include the method of moving asymptotes (selected in this paper) requires to calculate the
derivatives of the objective function with respect to optimization variables at each iteration of
the process:

6.] 8 T T
—=—(-L'U+A' (K, U+K, ®-F)) =

o, dp,
5 (20)
= a—((—LT +A'K, )U+A'K, ©-AF).

e

To avoid calculating the derivatives of the objective function with respect to displacements, the
adjoint method is used, where an additional adjoint problem must be solved to find the values of
the derivatives

-L"+A'K,, =0, (1)

where A" is a global adjoint vector, AT = [), A
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AT is used to find the derivatives of the objective function:

ok
O g By gy
op, op, op

?

P (22)

e

where A, "is an adjoint element vector (consists of components ), of the conjugate vector A" belonging
to the element numbered e); u, is the displacement vector, which consists of displacements of
nodes of the element numbered e.

We use a similar procedure and write the derivatives of the objective function with respect to
the polarizations P

A Ky
o " op

e

?,- (23)

The derivatives of the element matrices of stiffness and piezoelectric coupling are calculated
by direct differentiation of expressions (16):

k

0 uu I (EO _Emm)pe(pwil)kouu’

op,
ok, ]
o = Pl )P 2R 1)K, (24)
ok

up (Pp=1) § Pup 0

aP:) =2pp(e—e,, 2P -1 "p, k.

After finding expressions for calculating the derivatives, we can use them to solve the optimi-
zation problem by the method of moving asymptotes.

Software implementation of the algorithm. The constructed algorithm of topological optimiza-
tion for the coupled electroelasticity problem, taking into account the density distribution of the
piezoelectric material as well as its polarization, consists of the following steps.

Step 1. Change all design variables (fictitious densities) to satisfy the constraint on the
volume fraction.

Step 2. Perform finite element calculation of the stress-strain state of the plate under the action
of an electric field.

Step 3. Solve the coupled problem.

Step 4. Calculate the derivatives of the objective function based on design variables (densities
and polarization).

Step 5. Construct a convex approximation of the function, find the minimum in terms of the
dual function (the inner loop in MMA).

Step 6. Recalculate the vector of design variables (the solution found is the next step of the
approximation point).

Step 7. Perform a convergence test. If convergence is not achieved, return to Step 2.

The algorithm was implemented in Python. A finite element solver was written for the coupled
electroelasticity problem, along with a module for calculating derivatives. The developed modules
were integrated with the MMA algorithm, which is publicly available.

Testing of the developed algorithm

To test the algorithm, two cases with different electric field distributions were considered: uni-
form or linear along the OX axis.

Case of uniform electric field. A uniform field distribution is obtained by setting the same
potential values on the right and left edges of the plate.

Fig. 3 shows the obtained results of the density distribution in the material and its polarization
for different values of the parameter K both in the case of a uniform electric field and in the case
of a field linearly distributed along the OX axis (see the next subsection).
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Fig. 3. Optimized distributions of material density
and polarization at different values of the parameter K
The material is placed in a uniform electric field (h—e) or in a field
linearly distributed along the OX axis (f—i); a is the initial topology;
values of K 1.0000 (b, /), 0.1000 (c, g), 0.0125 (), 0.0150 (h), 0.0050 (e, i)

Extensmn of the material is colored brown, compression is colored blue

>

Table
Optimization results for spring mechanism in piezoelectric plate
placed in two types of electric fields (see Fig. 3)
Displacement gain 1
Parameter K Homogeneous field Linear field along OX axis

1.0000 0.84 0.78
0.1000 1.04 0.93
0.0125 1.51 —

0.0150 — 1.84
0.0050 2.70 3.08

Note. K is the parameter characterizing the force of interaction with the movable object.

In addition, the table shows the displacement gains n compared with the initial system. Evidently,
the gain coefficient n increases with a decrease in the spring stiffness, but, on the other hand, the
pressure load decreases as well. The optimal distribution of the material for high values of the param-
eter K has a relatively straightforward simply connected structure with single polarization (Fig. 3,
b—c). If this parameter is reduced, more complex material distributions with different tensile and
compressive regions become optimal (Fig. 3, d—e), making the structure more flexible and compliant.

The results obtained are in good agreement with the results presented in [31]; this allows us to
conclude that the developed algorithm is correct.

Case of electric field linearly distributed along the OX axis. To solve the problem for the condi-
tion of a nonuniform electric field, a zero potential value was set on the left edge of the plate, and
a non-zero value was set on the right. The calculation yielded an electric field linearly distributed
along the OX axis.

Fig. 3, f/~i shows the obtained results of the density and polarization distribution for different
values of the parameter K| for the case of a field linear along the OX axis.

Furthermore, Table summarizes the displacement gains n for comparison (also compared to
the initial system).

The above comparison suggests that the optimization results for this problem statement turn out
to be very similar to the corresponding results for a uniform electric field. More uniform structures
are observed at higher K (Fig. 3, f/~g), which is provided by an increase in the pressure load. Small
values of the parameter K lead to more complex distributions of the material with tensile and com-
pressive regions (Fig. 3, A—i), which provides an increase in the displacement gain .
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Conclusion

In this paper, we explored the applications of topological optimization to bodies exposed to
coupled fields. Based on review of the literature, we constructed and implemented an algorithm
in Python code to find the optimal distribution of mechanical and electrical properties of a mate-
rial, maximizing the compliance of the structure or the pressure load in a given direction with
constraints on volume. The developed algorithm consists of solving the coupled electroelasticity
problem by the finite element method, parameterizing the electrical and mechanical properties
of the material by the modified SIMP method, finding derivatives of the objective function with
respect to the design parameters, constructing a convex approximation and solving the dual opti-
mization procedure within the framework of the moving asymptote method. The algorithm was
tested by solving the optimization problem for a piezoelectric plate with a uniform electric field.
Additional results were obtained for the case of a linearly distributed electric field. High values
of the spring coefficient were observed for more homogeneous structures, ensuring an increase in
the pressure force.

Our findings are consistent with the literature data. The results for a linearly distributed electric
field were obtained for the first time.

Our results can be useful for designing various micro-electromechanical systems, but the algo-
rithm should be further refined to account for technological constraints. One of the possible
options in this case is to add a derivative filter to the algorithm, as well as a design variable filter.

A further direction of research is to introduce machine learning methods accelerating the con-
vergence process for the solution by the method of moving asymptotes (MMA) as well as for the
non-iterative solution of the problem.
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Abstract. The hydrodynamic behavior of the gas of a selected pair of interacting galaxies has
been reviewed based on numerical simulation using Illustris and IllustrisTNG. 210 halos were
identified visually, using the Explorer; but their number was reduced due to selection taking
into account found distances, masses and particle emission conditions, then the halos were
refined and received specific cuts using Python. Among them, 34% did not interact at all, due
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mation about the behavior of the gas present, such as the formation of tidal tails, with a relative
velocity of 9 to 213 km/s. The density fields were affected by distribution velocities and radial
motion in galaxy interaction processes, the gas flow created transitions between the two disks
in the radial velocity field, with longer jets in regions of cold gas compared to those of hot one.
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Annoranusa. B pabore paccMOTpeHO TMAPOAMHAMMYECKOE MOBEACHUE Ta3a B BbIOpAaHHON
nape M30JMPOBAHHBIX rajlakTUK, OCHOBAaHHOE Ha 4ucjlIeHHOM MonenupoBanHuu Illustris u I1-
lustrisTNG. BusyanbHo B Opaysepe Explorer Obu10 maeHTudguiupoBaHo 210 opeojioB, HO
MX KOJIMYECTBO OBUIO YMEHBIIIEHO 3a CYET BhIOOpA, YUYMTHIBAIOIIETO HAWACHHBIC PACCTOSIHUS,
MaccChl U YCJIOBUS BbIOpOCaA YacTull; 3aTeM C Iomouibio Python opeosibl OblM 1O0pabOTaHbI U
noJryuniu crienindpuueckue papesnl. Cpenn Hux 34 % BOOOIIIe HE COBEPIIAIN B3aUMOIECTBUS
BBUAY Hannuust acummetrpuu (18 — 74%). Haunyuiieit B3anmoneiicTByoleit mapoi okazaiach
napa ¢ uneHtugukaropom 473420-473421, npuueM oHa ObLIa JIyyllle BCEro BbIpaXkKeHa IMpU
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3HAYEHMSAX KPACHOIO KOCMOJIOTUYECKOTO cMelleHus z = 1 u 5. BelOpaHHas mapa mo3BoJinia
MOJy4YUTh Oosibllle MHOOPMALMU O TIOBEIEHUW TMPUCYTCTBYIOIIET0 Ta3a, Hampumep OH
MpOsIBJIIeTCS] B 00pa30BaHMU MPUJIMBHBIX XBOCTOB MOCJE B3aMMOIEHCTBUSI C OTHOCUTEJbHOIM
ckopocThio OT 9 o 213 kM/c. Ha 1mosst TUIOTHOCTH BAMSIIOT CKOPOCTH pacIipeeieHUsT ra30B
W WX paauaibHOE ABMKEHWE B TpOlleccax B3aUMOACHCTBMS TajJaKTUK; MOTOK Ta3a CO3[aeT
Mepexobl MEXIy AByMSI AUCKAMU B TI0JIe palaIbHBIX CKOPOCTEii, TpUUYeM ¢ 0oJiee JITMHHBIMU
CTPYSIMU B OOJIACTSIX XOJIOMHOTO Ta3a, Mo CPABHEHUIO C TAKOBBIMU B TOPSIYMX OOJIACTSX.

Kmouesbie ciaosa: 1D 473420-473421, mapa W30JMPOBAHHBIX TallaKTUK, YHMCICHHOE
MOJIETMPOBaHUE
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Introduction

The interaction of galaxies can occur as harassment, interaction, collision, fusion or cannibalism.
Simulations have made it possible to describe these phenomena. The morphology and distribution
of galaxy radial velocities are signs of recent interaction [1]. Gas-rich systems show star formation
due to debris generated [2]. The presence of gas clouds and the density varies due to different
coupling mechanisms such as intra clouds [3]. It was shown in Ref. [4] that cold gas inputted
tend to smear the central metallicity of the galaxy, and M. Spavone et al. described in Ref. [5]
that tidal encounters considerably removed the amount of mass from galaxies, and interaction
and accretion mechanisms showed regions still being assembled. It was reported in Ref. [6] that
gas mass flow altered the azimuth angle and became longer in directions aligned with the major
and minor axes of the galaxies. Quantifying gas temperature, density, entropy, and cooling times
is difficult, because entropy is sensitive to feedback energy injection, and is an indicator of gas
cooling time [7].

Pairs of galaxies have been studied by many scientists. M. H. Hani et al. [§] analyzed 27,691
post-merger samples with 0 <z <1 (z is the cosmological redshift) uniformly distributed, obtaining
star formation effects with redshift evolution. K. A. Blumenthal et al. [9] reported 446 pairs with
z = 0, including star formation rate, galactic winds, metal enrichment, gas heating and cooling,
black hole growth, and feedback. 1. Wang et al. [10] applied CNN algorithms to report 6114
unique R-band galaxies with different orientations by classification into galaxy merger fractions.

R. Davé et al. [11] compared gas properties from the Simba, Eagle, and IllustrisSTNG databases,
based on cold interstellar gas modeling, with Iuminosity functions and gas mass ratios. These
databases have been supported by codes for numerical simulations such as Enzo, Gadget, Flash,
Athena, Ramses, Octo-Tiger, Gizmo or Arepo [12]. The Arepo code is more precise in the
interactions between fast moving fluids and shocks such as gas, it ensures a better description due
to mixing, of vorticity in curved shocks and a more efficient and realistic extraction of gas from
the created substructures [13].

The simulations involve evolution over time and other elements; for example, the gas with
dust is released more efficiently [14]. The condensation of metals in the gas phase forms dust
grains that can reduce and induce a change in the cooling rate of the outer parts of the galaxy,
this implies a change in active galactic nuclei, due to the change in the accretion rate [15].
J. S. Millard et al. [16] established that the evolution of the dust mass can generate a bias
depending on the type of galaxies to be studied (satellite or central), leading to alterations in the
surrounding gas.

© Teoduno-CanbBanop D., 2024. U3znatens: Cankr-IlerepOyprckuit monurexuuyeckuit yausepcuret [lerpa Benukoro.
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The study of galaxy interaction has not been significant in statistical samples for large
cosmological simulations [8], as even multiple physical processes can generate the same process
asymmetry [17]. The behavior of the gas in the galactic interaction process is multicomponent,
heterogeneous, irregular and discontinuous, due to morphology, propagation speed, travel speed,
mass, density and distance, among other factors.

The goal of this research was to develop a simulation-based method for treating pairs of
isolated galaxies interacting in the hydrodynamic gas behavior.

Methodology
Fig. 1 shows the methodological procedure designed to conduct the research.

HYDRODYNAMIC SIMULATION OF
INTERACTING GALAXIES

l

Density, velocity field, radial distribution, gravity, gas,}

dust, distance, temperature, etc.

}

- P " - 4 Computer equipment
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N — — Numpy, pandas, scipy, cython, hSpy,
[ Review (initial and boundary conditions) J matplotlib, psutil, joblib, six, astropy, vt,

Analysis (scenarios, environments) detectron2, keras, os, sphviewer,

Interpretation (control conditions) netCDF4, seaborn
Interaction, fusion, clash, cannibalism,
bullying, collapse

Fig. 1. Diagram of the methodology used (own elaboration)

Jupyter Notebook
Jupyter H5Glance
JupyterLab-H5Web

Selection of galaxy pairs, processing and reduction. It started with the review of numerical codes
[18]; an isolated galaxy was created with Enzo, Gadget-2 simulated a pair of interacting galaxies
without the presence of gas and dust. To include the Arepo code approach, the IllustrisTNG
database was used with 250 TB of data, including interactions ranging from 1 Gyr to less than 500
Myr [10]. Based on the Sublink merge tree methodology used in Ref. [8], in combination with
the methodology used in Ref. [19], haloes were associated with their hosts and descendants, and
at Jupyter-lab, haloes were identified with pairs of galaxies of similar masses, including interaction
distance maxima.

For the visualization and interactive exploration of large data sets, such as those generated
by simulations [20], the IllustrisSTNG explore 2D and 3D interface was used, layers of different
types of particles (gas, stars, dark matter and black holes) were superimposed. Free galaxies and
satellite galaxies were taken into account, with massive haloes of 10'> M and the case of not
containing dark matter were considered purely stellar clusters [21]. At 400 kpc/h, through visual
identification, 210 haloes with uniform interaction were recognized, at z = 0, under criteria of
morphology, gas displacement, formation of bridges and tidal tails.

Identifying pairs in filaments was avoided due to the dense areas of gas and dust. Galaxies
with the presence of gas and halos with low star formation were selected to obtain average
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temperatures of the order of 104 K [7]. Similar to classification made in Ref. [9], each image was
visually classified as interacting or not, based on the presence of a near neighbor, perturbed disks,
and/or tidal features. Subsequently, the mass was reduced from 10'* to 10" M.

Primary and secondary orbital motion was identified; with orbital decay, the pairs could
interact or had interacted, so it was necessary to reduce the peripheral distance to 150 kpc. When
considering the complete trajectories, samples that would not interact or that had had distant
contact in the past were eliminated. To increase the reduction, it was inspected again and again,
as some were in multiple subhaloes or were in the same group.

The sizes, distances, masses and their evolution over time were refined using Python. For the
dataset of interest and the rendered images, 512 snapshots were generated and downloaded per
galaxy, on average 19 GB per simulation review. The samples were no longer cut when central
galaxies with satellites were detected, because they are not separated in the recorded observations
[21].

The slices of interest were analyzed in Jupyter-lab and the snaps in Glnemo2 to identify
interactive dynamic behavior, subsequently in Vislt and Paraview to detect variations or perceive
attributes that were not observed in Glnemo2. The datasets and snapshots were also analyzed in
HDFView.

Mechanics of pairs galaxies. The interaction speeds of 100 <V <400 km/s were discretized,
with a similarity of masses and gas fraction greater than 20 %, in a high-velocity environment of
almost frontal collision, and trajectories with traces of bridges or tails tidal [22].

In revising the interactions from z = 0 to z = 10, several pairs deconfigured the structures,
causing a stretching of the field lines, and the vortex lines formed post-shock flows. These
vortices were associated with tides, shear, and turbulence because they showed depletion and gas
emissions [3, 23]. A normal, stationary alignment and a Mach number of 2 — 4 were needed for
smooth interactions, which further reduced the initial samples. The post-shock wind was revised
in prolonged interaction, generating a water hammer, the winds and jets aligned to generate a
slowing of the flow patterns, this depended on the properties of the host galaxy.

Of the host galaxy, the circumgalactic neighborhood and the cosmic network were reviewed,
the presence of disturbed or distorted filaments was tracked, to recognize the interaction force,
such as the balance of forces of the tail or tidal bridges, defined as Q. = (with all masses as total

mass [9]): _M,D,
tidah — 3
R
0 =3 (1
F;n'nd D2

where M is the mass of the neighboring galaxy; R  is the distance from the center of the galaxy
to the nelghbormg one; M is the mass of the central galaxy; D is the diameter of the plant.
Under these criteria, the best pair that represented the interaction process was selected.
Hydrodynamics of the interacting gas. The equations of state and gravity were recognized,
along with Poisson's equation, relaxation time, time to reach thermal equilibrium, and rate of
energy change. The data sets were associated with the variables of the equations: conservation of
mass, momentum and conservation of energy, which were of the following form:

op

o +V-(pu)=0, (2a)
0 o1 S
—+u-Vu+—0.P' =g, 2b
(c’% ju p T8 20
i(ﬁw-va Lpigu +1v.q=E, (20)
2\ ot m p p m

where u is the velocity of dark matter; P” is the pressure tensor; 7 is the temperature; q is the
heat flux; € is the local warming rate.

Moreover, the velocity dispersion was taken to be 1D (for simplicity) [24].

The exclusion of current interactions was imposed in advance, and in those cases where
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the distribution of gas in and around a satellite galaxy was confused or perturbated [13]. When
analyzing gas, IllustrisTNG was considered to overproduce cold gas in massive galaxies and
molecular gas in small ones [11].

Results and discussion

Samples of galaxy pairs. As in Ref. [25], the selection of pairs was sensitive to the criteria and
methods used. For data analysis, even training with CNN has shown 72 % accuracy between
interactions and noninteractions [10], resulting in 28 % uncertainty. As in Ref. [9], in 34% of
cases, there were errors in visual identification, due to vision, interpretation and visualization, the
errors had the following sources:

i) finite resolution of the simulations;

ii) the stellar material was not the best indicator of a tail tidal force;

iii) the simulations instead of the observations;

iv) in very large impacts, the tidal forces were not strong enough to generate visible bridges or
tails;

v) in cases of 1 Gyr the tide was partially noticeable, due to the evolution of the bridge or tail
material that was deposited on the discs and could mix with the surrounding material.

The gas fraction ranged from 0.25 to 0.35, less than 10% of the paired samples contained no
gas. The selected pairs had an asymmetry ranging from 18 to 74%, and only 26% reflected a
symmetry being agree with that in Ref. [17]. A. B. Watts et al. described an asymmetry of more

Table 1

Positions and sizes of the pair of galaxes at different values of the redshift z

Position, ckpc/h Size (particles)
: X y z Gas Dark matter | Stars | Black holes
0.0 9796.38 31580.00 61031.80 | 111249 156742 32402 |
9810.80 31577.40 61048.00 791 1724 12280
51075.10 | 56805.90 | 41085.70 33
03 51108.10 56944.60 | 40970.80 0 29 0
63984.00 636.11 58526.30 30
1o 64012.50 659.74 58565.70 29
37898.40 | 42362.70 38639.50 23
20 22008.60 | 69636.30 14789.10 1932 7060 70
24914.00 | 28079.20 36573.80 0 29 0
30 40989.50 | 34735.90 39956.60 992 1864 5
3037.73 59471.70 64579.70 470 1388 8 0
*0 3140.84 48911.40 63645.70 738 1089 5
17824.60 | 47431.50 56736.60 15 21
>0 17823.10 | 47399.80 56704.20 13 10 0
40417.40 | 67385.70 35386.40 97 131
60 40401.40 | 67403.60 35880.20 44 112 :
27507.70 | 54003.90 67587.70 38 44 0
10 28187.10 16769.50 53251.80 35 48

Footnotes. 1. Here and in the other tables the data is presented for a pair of isolated interacting
galaxes 1D 473420-473421 (snapshots 99, 67, 50, 33, 25, 21, 17, 13 and 4). 2. For each value of z the
numbers in the Ist and 2nd rows refer to galaxes 1D 473420 and ID 473421, respectively.
Notation: ckpc/h is the comoving coordinate accepted in cosmology; where letter ¢ means
“comoving”, kpc is kiloparsec, h is hour(s) in a cell, which is a spatial location within the periodic
simulation domain of BoxSize.
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Table 2

Masses, metallicity and star formation rates of the pair of galaxes at the redshift z

Mass, 10'° M /h Gas Star
z Black ) metallicity | formation
Gas Dark matter Stars holes Wind MM, | rate, M_jyr
0.0 11.374700 | 79.244700 | 2.254370 | 0.003639 | 0.001651 | 0.017736 | 24.549200
’ 0.087954 0.871610 0.806995 | 0.004752 0.011294 | 0.338937
0.016684
0.5 0 0 0
0.014662
0.015167 0 0
1.0 0 0 0
0.014662
20 0 0.011628 0 0
' 0.209526 3.569360 0.006044 0.001747 | 0.089967
3.0 0 0.014662 0 0 0 0
' 0.111012 0.942391 0.000412 0 0.000568 | 0.009249
40 0.051526 0.701737 0.000869 0 0.001407 | 0.018829
) 0.079690 0.550570 0.000429 0.000660 | 0.018412
0.001488 0.010617
5.0 0 0 0
0.001333 0.005056
6.0 0.010942 0.066230 0.000097 0 0 0.003665
’ 0.004793 0.056624 0.000117 0.001090
10 0.003587 0.022245 0 0 0.001684
0.003486 0.024268 0.000128 0.001959

Notations: M_/yr, M_/h are the solar mass by year and by hour in the cell (see notation to Table 1);
M /M, is the ratio of the mass of all metals M_ to total mass.

than 40% within a virial radius, with morphologies reminiscent the hydrodynamic interaction of
gases.

Dynamics of interaction simulation. The gas flow generated a transition strip in the radial
velocity field, with a velocity distribution dispersing between the two disks and towards the center
of the galaxies. In regions with cold gas, defined trails and filaments, longer, larger and redder
tidal tails, were identified that differed in past interactions compared to recent ones.

In perpendicular encounters, an irregular distribution of masses was obtained, with the
rotational movement of the most massive galaxy predominating. By removing the gas from the
parallel interaction simulations, slightly inclined orbits were identified, with compensation for
energy, density and velocity of the particles. Velocity followed curved or parabolic orbits, higher
masses generated lower velocities and vice versa. This allowed us to differentiate a local maximum
in its relative velocity (pericenter) and a minimum in each apocenter [9].

Mechanics in the specific sample simulation. The pair ID 473420-473421 was the one that best
represented the interaction; its parameters are listed in Tables 1 — 4.

According to the tables data, there is interaction of the galaxy pair at z = 0.0, 0.5 and 1.0
(current era, 5.216 Gyr, 7.925 Gyr). At z = 2.0, 3.0 and 4.0 they move away (10.519, 11.658
and 12.263 Gyr). At z = 5.0 and 6.0 there is interaction (12.626 and 12.871 Gyr ago), and they
separate at z = 10 (13.071 Gyr ago), see Fig. 2.
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Table 3
Speed of the pair of galaxes at the redshift z
Speed, km/s
“ x y z Maximum | Dispersal | Max radial
-9.9233 325.0820 -81.7149 213.7140 124.4350 30.3153
00 69.5782 325.0830 —76.3504 126.2480 73.1109 3.1939
0.5 18.1919 236.0840 113.0530 9.3480 5.3219 9.9155
-20.1042 370.8730 106.8270 11.4675 5.9947 6.2147
10 113.9510 —154.9760 -156.2260 13.3961 6.5835 5.3254
64.8812 —89.2324 -235.2910 10.7468 5.3715 7.8986
20 -91.6826 —58.4907 75.3331 14.1931 7.9692 29171
-324.7330 213.6400 -16.7254 79.9984 49.7336 57.7372
1.0 -81.3137 162.9840 305.3210 12.3979 6.9828 10.2084
—100.1590 44.0363 -91.9193 54.9958 40.0558 39.2967
6.9603 —108.6070 —45.8049 61.7656 36.9068 28.9783
40 18.3043 85.7583 -151.3030 51.4435 29.4478 33.5619
50 49.0199 —46.2195 —157.8860 12.4697 7.5701 8.5875
62.9138 —41.1166 —153.0230 13.8873 7.7348 7.8690
—88.5341 -11.9263 188.1560 28.0516 17.0778 10.5887
6.0 -98.9697 —37.7205 127.6330 31.9846 18.8272 13.9484
10 —186.4820 57.2344 —18.4205 27.9581 16.0782 12.6381
19.9795 28.3001 —2.7225 27.7100 15.6528 12.4080
Table 4
The stellar photometry and spin of the pair of galaxes at the redshift z
Spin projection, (kpc/h)-(km/s) Stellar photometry, mag
“ X y z U B R
-291.0730 2942.2300 1143.6600 —22.6033 —22.1590 | —22.4746
00 —4.2051 83.4657 51.8481 —19.2736 -19.2736 | —20.1710
0.5 0.4490 0.1847 —4.5583 0 0 0
0.0693 5.6761 2.3837
L0 —0.6634 -2.3124 —1.3589 0 0 0
5.6909 —6.5446 —0.5885
20 —0.6987 0.8323 4.3076 0 0 0
—147.6000 43.1684 —8.8838 -17.2910 -16.7648 | —-16.9979
1.0 -0.5921 -2.9726 —-3.0945 0 0 0
—84.5564 13.7292 -37.6379 —14.0718 -13.8110 | —13.9165
—18.8156 —4.8045 66.8842 —15.3748 —15.0411 —15.1354
40 34.2060 -0.4913 22.9933 -13.6737 —13.5620 | —-13.7512
50 0.4352 0.5800 —4.4037 0 0 0
—2.4665 -0.7813 0.8567
—1.7047 24.5405 -2.1670 —13.4396 —12.9881 —12.9330
6.0 -1.0106 -2.3014 —2.7356 -12.6724 -12.4701 —12.5300
10 —0.1994 -1.6702 —0.8099 0 0 0
0.3973 —2.3438 -0.0715 -15.0174 —13.6546 | —13.5246

Footnotes. 1. Spin projections on the axes were computed for each as the weighted
by mass sum of relative coordinates, multiplied by the relative velocity of all particles
participating in the cell. 2. Mag units are taken as eight bands according to IllustrisTNG.

Notations: U, B, R are ultraviolet, blue and red magnitudes.
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The velocity pattern at z = 0.0, 1.0 and 5.0 was similar for both galaxies in the y and z
directions, this reflected a more stable and balanced interaction. The maximum dispersion velocity
was 124.35 and 73.11 km/s, respectively, for galaxies 473420 and 473421 at z = 0. The interaction
resistance was very low of InQ, = 1.5 for masses close to 10'* and 2.5 for 10'°, so only the most
distant ones contributed to a small tidal field. For the hydrodynamic analysis, greater precision

was confirmed when analyzing the interaction part of the particles and subsequently analyzing the
hydrodynamic part [11].
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Fig. 2. Trajectory of snapshots 99, 67, 50, 33, 25, 21, 17, 13, 4 (own creation)

Gas hydrodynamics and the specific sample. Not all pairs contained gas, the halo finder did
not associate gas particles despite the significant stellar masses. This represented 12 %, within
the range of 7 % for Ref. [21]. Thus, gas averages were not appropriate for the interacting
distributions [21]. Of the 300 snapshots examined, more than 60 % of the external gas had no
effect on the internal one, the rebound caused changes in the relative speed, with small variations
in angle and direction.

For the pair 1D 473420-473421, the formation of tidal tails depended on the properties and
geometry of the galaxies. The dominant metallicities produced massive star formation in the
tidal tails, with strong interaction at z = 1 and 5. The specific relative velocity was from 9.34
to 213.71 km/s from 0 to 13.071 Gyr. High speeds separated the dark matter from the hot gas
and compressed it by rebound, for the formation of star-like bodies, according to Ref. [22]. The
interaction decreased towards low mass regions, due to distorted morphologies.

Galaxy 473421, with fewer particles and a smaller disk, was dominated by dark matter, generating
similar rotation curves at z = 5. Heterogeneous, discontinuous and dispersed interactions were
part of the evolution [13]. In Fig. 3, dramatic morphological transformations are observed, with
deformation and distribution of gas in the galaxies, framed with rounded edges in each image.
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Gas content showed no correlation with morphology. The gas fractions were very high and
depended on the speed, mass and size of the galaxies.

In Fig. 3, the material was initially uncoupled and recoupled hydrodynamically and the winds
removed the metal content of the mass, to keep it in equilibrium during the interaction. According
to Ref. [9], the gas masses were ejected from the star-forming regions in the interactions, and the
wind speed was proportional to the dispersion speed of the dark matter.

In the density fields, radial motion generated dense sweep, drag, and tidal tails, so gas
coupling was strong. This led to the transfer of the thermal and ionization state of the evolved
gas. Density increased with size, with dispersion speed not so great; in brighter regions the
effect of gravity was greater, compared to the external pressure of the system. According to
Ref. [8], this could lead to a substantial improvement in the density of the interacting gas. The
interactions resulted in gas flows, created turbulence and could compress the gas. This process
may be involved in the formation of new bodies. Like the possible formation of stars in areas
with excess gas or denser gas, 2/3 of the central part of the galaxies is formed in this pair.
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Fig. 3. Images of gas hydrodynamic parameters for a pair of interacting galaxies
1D 473421 (left) and ID 473420 (right) based on simulation of TNG100-1 at z = 5.
Parameters: cold gas density (1st row), gas temperature (2nd row),
radial velocity (3rd row), volumetric density (4th row)

The gas entropy served as a good tool for diagnosing feedback (closed-loop) injection, because
the gas was ejected by the shock which led to the emergence of wind with colossal kinetic energy
not only due to the extinction of the masses, but also to the change in the thermodynamic
properties of the gas elements itself, both inside galaxies and on their periphery. This affected
ongoing star formation, with gas accreting up to several hundred kiloparsecs [7]. In terms of
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massiveness, galaxy 473420 had a greater mass in the interaction process at z = 1 and 5, with little
new gas which affected the kinetic feedback due to head-on collisions, with injection by sweeping
and dragging of particles.

The gas metallicity was correlated with the radial velocity and flow direction along to the
trajectories, as an indicator of the properties of the medium, the position and speed of the
particles [6]. In interactions, the amount of gas participating in them exceeded the stellar mass,
trajectory, density and temperature.

The hydrodynamic survey made it possible to trace the evolution before or after interaction,
merger, contact or harassment, and the temporal influence of properties on galaxies, although
the observations cannot trace the evolution due to the timing scheme. As in Ref. [19], the variety
of tools and information provided by IllustrisTNG, made it possible to evaluate interactions, gas
evolution and properties of galaxies (metallicity, morphology and star formation, orbital tracking).

Conclusions

Astrophysical and cosmological simulations require updated information, high-performance
supercomputers and rigorous numerical codes for the analysis and interpretation of large data sets
(gas, stars, black holes and dark matter), that, at different scales, shape the structure and evolution
of the galaxies.

Of 210 samples of galaxy pairs, the visualization method presented disadvantages due to errors
such as vision and interpretation of 34 %, less than 10 % did not present gas, and only 26 %
reflected an interaction symmetry.

Of 300 snapshots, in more than 60 % the external gas did not influence the internal one, the
interaction decreased towards low mass regions, due to distorted morphologies. The gas fractions
depended on the speed, mass and size of the galaxies.

The pair that best represented the interaction evolution was ID 473420-473421 at z =0, 1 and
5, where the distance between pairs of galaxies influenced the tidal tails, only at long distances was
a relative degree of resistance to the interaction of 1.5 observed. The gas flow generated transitions
in the radial velocity field between the two disks, with longer filaments in regions of cold gas
compared to those of hot one.

The speed of the gases depended on their temperature and density, as well as on the rates
of chemical reactions, which in turn depended on the rates of heating and cooling. These rates
affected the interaction depending on the amount of added mass. In light interactions, bursts,
weak flashes and short-lived asymmetries were observed, in interactions with a large amount of
gas they were more prominent and lasting, until the system stabilized and the gas regrouped again,
as shown in the pair ID 473420-473421.

Data availability

Related data is available at www.tng-project.org/, www.illustris-project.org/, https://www.
youtube.com/@ingenieriacienciasbasicasy2477 /videos
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nukanuit (CuperensctBo [T NedC77-52144 ot 11 nexabps 2012 r) m pacnpocTpaHseTcs 10 IOAIMHCKE areHTCTBA
«Pocnieuars» (nHneke n3nanus 71823).
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CoxpaHsisi IPeeMCTBEHHOCTh M NPOJ0JIKAS HAy4YHble M NMYOJIUKANUOHHbIC TPAJAHLIHH CEPHATBLHOIO HM3JaHUS
«Hayuno-texuudeckue Begomoctu CIIOITTY», :xypHa u3naBajiu noj cIBOCHHbIMU MeKAYHAPOIHbIMU CTAHAAPT-
HBIMH cepHaJbHbIMU HOMepamMu ISSN 1994-2354 (cepuaabhbrii) 2304-9782. B 2012 rogy oH 3aperucTpupoBaH Kak
camocrosTenbHoe nepuoanueckoe n3nanne ISSN 2304-9782 (Ceuzperenserso o perucrparmu [TM Ne DC77-52144 ot 11
nexadps 2012 r). C 2012 . HavaT BBITYCK )KypHaJia B ABYSI3bIYHOM O()OPMIICHUH.
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XKypnan npencrasien B Pedeparusrom xypuane BUHUTU PAH u Brimouen B (hoHA HayuyHO-TEXHUUYECKOW JIMTEpa-
typsl (HTJI) BUHUTU PAH, a takxe B MexayHaponHO# cucteMe 1o nepuogudeckum nananusm «Ulrich’s Periodicals
Directory». MnnexcupoBan B 0a3ax maHHbIX «Poccuiickuii nHaekc HayuHoro nutuposanus» (PMHIL), Web of Science
(Emerging Sources Citation Index).

[leproauuHOCTb BEIXO/A KypHAJIa — 4 HOMEpA B TOJ.

Penakius xypHaia coOionaeT npaBa MHTEILIEKTYaJIbHON COOCTBEHHOCTH M CO BCEMH aBTOPAaMM Hay4HBIX cTarei
3aKJIFOYAeT U3JaTelbCKUI JINIEH3UOHHBIN TOTOBOP.

2. TPEBOBAHMUS K TIPEJCTABJISIEMBIM MATEPUAJIAM
2.1. OdopmieHue MaTepHaJIOB

1. Pekomenayemslii 00bem crareit — 12-20 crpanun ¢popmara A-4 ¢ yuerom rpaduueckux BiaoxeHuid. Konmuaecto
rpaYecKuX BIOKECHUH (uarpamm, rpa)uKoB, PUCYHKOB, (OTOrpaduil U T.I1.) HE IOIKHO MPEBBIIIATh HIECTH.

2. Yucsno aBTOPOB CTAaThH, KaK MPABHUIIO, HE JIOJDKHO IPEBBILIATH MSTH YEJIOBEK.
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cOOpHUKH KOH(]EPEHIHNH, EKTPOHHBIE PECYPCHI C YKa3aHWEeM AaThl 00paIieHus, ITaTeHThI.

Kak npaBuiio, HeKeJ1aTeJbHbI CCHUIKM Ha JNMCCEPTAIMK U aBTopedepaTsl JuccepTanunii (Takue CChUIKH 10Ty CKal0T-
Csl, €CITM PE3YJIbTaThl HCCIICOBAHHH ellle He OITyOIMKOBaHbI, MIIN HE TPECTABICHBI JOCTAaTOYHO TOPOOHO).

B crnmcku nuTteparypbl He pPeKOMEHAYeTcsl BKJIIOYATh CCHUIKM Ha y4eOHHMKH, y4eOHO-METOIMYECKHE MOCOOUs,
koHcrekTs! Jekuuit, [OCToI u ap. HOpMaTHBHBIE IOKYMEHTBI, HA 3aKOHBI M TOCTAHOBJICHHS, @ TAKXKE HA apXUBHBIC JIOKY-
MEHTBI (€CJIH BCE K€ HEOOXOMMO yKa3aTh TaKHe HCTOUYHHKH, TO OHU O(OPMIISIOTCS B BHJIE CHOCOK).

Pexomentyemblii 00beM crMcKa JUTEpaTyphbl JiIsi 0030pHBIX cTaTteld — He MeHee 50 MCTOYHHMKOB, ISl OCTalIbHBIX
crareii — He MeHee 10.

JloJist KICTOYHHMKOB JJaBHOCTBIO MEHEe 5 JIeT JOJDKHA COCTABIISATh HE MEHEE MOJOBHHBL. J{OMyCTHMBIN IPOLIEHT caMo-
uutuposanust — He Boinie 10 — 20. O6beM cchlIOK Ha 3apyOeKHbIE HCTOUHHUKH JIOJDKEH ObITh He MeHee 20%.

4. YIK (UDC) odopmisiercst u popmupyercst B coorBerctBuu ¢ [OCT 7.90-2007.

5. Habop Tekcra ocymectsisiercs: B peaakrope MS Word.

6. @opmyanl Habupatorces B penakrope MathType (He Bo BctpoenHoM penakrope Word) (Meskue popMyItbl, CHMBO-
JI6I 1 0003HAYCHUS HAOMparoTcs 0e3 NCIoNIb30BaHMs pefakrtopa Gpopmyin). Tadauubl HabuparoTces B ToM e hopmare, 4To
1 OCHOBHOH TeKcT. B Tekcre OykBa «&» 3amMeHsieTcst Ha OYKBY «€» M OCTaBIISICTCS TOJIBKO B (DaMHIIHSX.

7. Pucynku (B dpopmare .tiff, .bmp, .jpeg) u Tadmuunr opopmisitorest B Buse otaenbHbiX daiiios. pudT — Times
New Roman, pazmep mpugra ocHoBHOTO TekcTa — 14, uarepBai — 1,5. Tabnuie! 0016110T0 pa3mMepa MOTyT ObITh HaOpa-
Hbl kerieM 12. [TapameTpsl cTpaHULBL: OIS CJIeBA — 3 €M, CBEPXY M CHU3Y — 2 cM, crpaBa — 1,5 cM. Tekct pasmemiaercs
0e3 3HaKOB NepeHoca. Ad3aHbIi oTCTyI — | cM.
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2.2. lIpeacraBiieHne MaTePHAIOB

1. [IpeacraBneHre BCex MATepHalioOB OCYIIECTBISICTCS B AJICKTPOHHOM BHJE Yepe3 JJICKTPOHHYIO PEIaKIHIo
(http://journals.spbstu.ru). [Tocie perucrpamnuu B cucteMe 3JIeKTPOHHOM pelaKIMK aBTOMAaTHYeCKH GOPMUPYETCS
MEPCOHANBHBIN IPOQUIL aBTOPA, IO3BONSIOLINI B3aUMOICHCTBOBATh KaK C peaKIUeH, TaK U C PELIEH3EHTOM.

2. Bmecte ¢ marepuanamMu cTaThbH JOJHKHO OBITH MPEICTABICHO IKCIEPTHOE 3aKIOUCHHE O BO3SMOXKHOCTH OIIY-
OJMKOBaHMS MaTCPUAIIOB B OTKPBITON TeYaTH.

3. Maiin cTaThy, MOJABACMBIIl Yepe3 IIEKTPOHHYIO PEAaKIIMIO, TOKEH COIEPKATh TOIBKO CaM TEKCT Oe3 Ha3Ba-
HUS, CIIUCKA JTUTEPaTyphl, aHHOTAIIMH U KIFOUEBBIX CIIOB, (aMHINi U cBeJcHUN 00 aBTOpax. Bee aTu mons 3amod-
HSIIOTCS OT/ACIBHO Yepe3 DICKTPOHHYIO PEAaKIHIO.

2.3. PaccMoTpeHHe MATepHAJIOB

[Ipenocrasnennsie Matepuasl (. 2.2) nepBOHaYalbHO PACCMATPHUBAIOTCS PEAAKIMOHHONW KOJUICTHEH M nepeaa-
10TCsl Uil perieH3upoBanus. [locie ogoOpeHns MaTepHalloB, COIIACOBAHUS PA3IMYHBIX BOIPOCOB C aBTOPOM (IIpH
HE0OXO0IMMOCTH) peJaKMOHHAast KOJUIETHsl COOOIIAaeT aBTopy pelieHue od omyOnnkoBaHUM cTaTbu. B ciydae oTtkasa B
IyOJIMKAIIMK CTAaThH PEeIaKIUsl HAllPaBJIsIeT aBTOPY MOTUBHPOBAHHBIN OTKa3.

[Ipu oTKIIOHEHNN MaTepHajIOB U3-3a HAPYLICHHUS! CPOKOB I10/1auH, TPEOOBAHMI 110 OOPMIICHHUIO HITH KaK HE OTBEYa-
IOLIMX TEMaTHKE JKypHaJla MaTepualibl He IyOIMKYIOTCS U HE BO3BPAIIAIOTCSI.

PepakunoHHast KOJUIETHs HE BCTYIAET B IMCKYCCHIO C aBTOPAMHU OTKJIIOHEHHBIX MaTepHaJOB.

[Ipu mocTymuieHNH B PEAAKIMIO 3HAYUTEIBHOTO KOJIMUECTBA CTATEH MX MPHUEM B OUEPEAHON HOMEP MOXKET 3aKOH-
yutca JOCPOYHO.

E-mail: physics@spbstu.ru,

Ten. penakuuu 8 (812) 552-62-16.
Caiir xypnana: https://physmath.spbstu.ru/
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