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ARTICLE INFO ABSTRACT
Article history: In this work have been presented the result of investigation of KosusAgoossNOs
Received: 2024-06-03 and KossCso0ssNOs single crystals were grown from aqueous solution of KNOs,
Received in revised form: 2024-10-15 AgNOs and CsNOs using isothermal crystallization method. Then, structural
Accepted: 2024-10-17 and phase transformations in samples were studied by X-ray and optical
Available online microscopy methods. It has been determined that in KowsAgossNOs
Keywords: single crystal, polymorphic monocrystal at T>393K  temperature, in KosusCsoossNOs monokrystal at
transformation, modification, T>455K temperature the rhombic (II) — hexagonal (III) transformation occurs
kinetics, activation energy with the formation and growth of the I1I - modification crystal embryo within II

— modification. The results obtained from the kinetic studies were determined
that the temperature dependence of the conversion rate of II — Il in
Ko915Ag00ssNOs and KogasCsoossNOs single crystals can be expressed by an
empirical formula of v = (aAT + bAT? + cAT?) - 1072 g AT =T, — Ty is

temperature delay, T, — is transformation temperature and To — s

equilibrium temperature between interconverting modification crystals. Based
on the results of velocity measurements, the activation energy of I—III
polymorphic transformations were calculated.

Ko915A80055N O3 va Ko9s5Cs005sNOs MONOKRISTALLARINDA
QURULUS FAZA CEVRILMOLORININ KINETIKASI

XULASO

izotermik kristallasma iisulu ilo KNOs;, AgNOs vo CsNOs-iin suda mohlulundan KosssAgoossNOs vo
Ko945Cs0055NOs  monokristallar:  yetisdirilmis, rentgenoqrafik ve optik mikroskopiya {isullar1 ilo hemin
niimunalerde qurulus faza g¢evrilmalori tedqiq olunmusdur. Miiayyen edilmisdir ki, KossAgossNOs
monokristalinda T>393K temperaturda, KosCso0ssNOs monokristalinda ise T>455K temperaturda rombik (II) —
heksaqonal (II) gevrilmasi II — modifikasiya daxilinds III - modifikasiya kristali riiseyiminin yaranmasi va
boytimasi ile gedir.

Kinetik tadqiqatlardan alinan naticelor MATLAB proqrami asasinda islenarek miisyyen edilmisdir ki,
Ko,945Ag0,055NOs vo Ko945Cs0,05sNOs monokristallarinda II — III ¢evrilms siiratinin temperatur asililigi v = (adT +
bAT? + ¢cAT?®) - 1072 Ssaﬂn emprik diisturu ils ifads oluna biler. Burada AT = T, — T, temperatur yubanmasi olub,

T, —gevrilma, Ty —qarsiligh gevrilon modifikasiya kristallar1 arasinda tarazliq temperaturudur. Siirat lgmalarinin
noaticaleri asasinda II — III polimorf ¢evrilmenin aktivlagsma enerjisi hesablanmigdir.

Acar sozlar: monokristal, polimorf ¢evrilmas, modifikasiya, kinetika, aktivlasma enerjisi



R.B.Bairamli, V.LNasirov, .M.Maharramov, U.S. Abdurahmanova, E. V. Nasirov

KMHETUKA CTPYKTYPHBIX ®A30BBIX IIPEBPAILIEHII B
MOHOKPUCTAAAAX Ko,915Ag0,055NO3 11 Ko,945Cs0,055N O3

PE3IOME

Momnoxkpncraaansr KoosAgoossNOs 1 Ko,gasCso,05sNOs Op1a1 BeIparieHsr Ha BoAHBIX pactBopax KNOs, AgNOs u
CsNOs merozoM msoTepMmdeckoi Kpucraaamsauun. Ilocae sToro crpykTypHble n ¢a3oBble IIpeBpallleHus B
5TUX oOpasljax ObIAM M3Y4eHBl MeTOJaMU PEHTTeHOBCKOM ¥ ONTHYECKON MMKPOCKOIUM. YCTaHOBAEHO, YTO B
MoHokpucraasde KoossAgoossNOs  mpu  temneparypax T>393K, B monOkpucraaae KoosCsoossNOs 1pn
Temieparypax T>455K mpoucxoaur mnepexoa pomOmdeckoe (II) — rexcaronaavHoe (III) mpespamienne c
obpazosanueM 1 poctoM III — MoanduKans KprcTaaamdeckoro sapoasiia sHyTpu Il — Mmoaudukarym.

PesyapTaThl KMHETHYECKMX WCCAeAOBaHMII OblAM oOpaboTaHel Ha ocHoBe mporpammbil MATLAB u

YCTaHOBAEHO, YTO TeMIlepaTypHasi 3aBUcuMOCTh ckopoctu kousepcun I — III B Monoxpucraaaax KoosAgoossNOs3
o - -2 M

u Koos5Cs0055NOs MOKeT ObITh BbIpaskeHa sMrmpudeckoit Gpopmyaoit v = (adT + bAT? + c¢AT?) - 10 2@. 3aech

AT =T, — Ty TemmnepaTypHas 3agepKka, T- TemIleparypa HnpeBpalleHus:, a TO — TemIleparypa paBHOBECHs

MeXJy KpucTaldaM¥ B3aMMOIpeBpamaonuxca Moaudukanmii. Ilo pesyapraTam wmuaMepeHMit CKOPOCTU
paccunTaHa SHepIysl aKTUBaLUM ToAMOpPQHBIX pesparrennit 11 — II1.

KarougeBble ca0Ba: MOHOKpUCTaaAld, HMOANMMOP¢HOe IpeBpalleHne, Moiudukanus, KMHETUKA, DHePIusd
aKTUBaALIUA.

Introduction

The investigation of structural transformations in potassium salts is of great scientific
importance. Thus, the potassium salt crystals can be used as various converting devices, memory
elements and heat radiation sensors. The structural transformation studies in the crystal and
solid solutions of this substance can allow to determine its behavior in case of large dynamic
loading (in the area of large deformation, explosions) or to eliminate the structural
transformations during the application of this material. In addition, the results of the
experiments can be applied in the methods of obtaining nanostructured materials.

The study of structural phase transformations in nitrate compounds of alkali metals,
including potassium and silver nitrate crystals, is of great scientific and practical importance.
Despite numerous experimental results, there is still no complete theory of the polymorphic
transformation process. On the other hand, these substances are used for different purposes in
different areas of our life. This includes the wide applications of these substances in explosives,
glass production, drug preparation, robotics, solid rocket fuel preparation and other fields. In
addition, these substances are used in the preparation of various converter devices, as memory
elements and heat radiation transmitters [1, 2]. These investigations require studying the growth
morphology of the modification crystals that are mutually transformed during these
transformations. That is why the kinetics of structural transformations in KosusAgoossNOs and
Ko945Cs005sNOs crystals have been studied in this work. The first two crystals are rhombic at room
temperature and rhombohedral after structural transformation. CsNOs has a trigonal lattice at
room temperature, and a cubic lattice after transformation. All three of these transformations are
enantiotropic and they are single crystal-single crystal type [3-9]. The crystallographic results of
the polymorphic modifications of all three crystals and the temperature ranges of existence are
represented in table 1.
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Table 1. Crystallographic parameters of polymorphic modifications of
KNOs AgNOs and CsNOs and temperature ranges of existence

Symme
e ymmetry Lattice parameters .
g Existence
5] Phase o
g —— temperature %
S a, A b, A ¢ A TK 3
&
Rhombic 5,411 9,164 6,431 Pmcen 300-400 3,4
KNOs; | Rhombohedral 5,43 - 9,112 R3m 400-610 3,4
Rhombohedral 5,42 - 19,41 R3m 397-383 56
AeNO Rhombic 6,997 7,325 10,118 Pbca 300-432,5 3,7
SIS Rhombohedrik 5,203 8,522 R3m 432,5-438 3,7
Trigonal 10,87 - 7,76 P3/m 300-434 3,8
CsNOs Cubic 8,98 - - Pa3 434-687 9

In order to investigate the mechanism of structural transformations in the solid solutions of
the compounds mentioned, a number of experiments were conducted and the results based on
experiments was investigated [11-13].

Research method and research

Single crystals of KosusAgoosNOs and KossCsoossNOs solid solutions were obtained by
isothermal crystallization method from aqueous solutions of "UAA" type KNO3, AgNO3 and
CsNO3 compounds, respectively. The samples were needle-shaped and planar plate-shaped.
The length of the needle is oriented in the [001] crystallographic direction. The crystallization
process was repeated several times in order to obtain perfect crystals. Among the obtained
crystals, 1x0.5x10mm? crystals were selected for conducting microscopic studies.

Researches were carried out using a "Levenhuk C 310" type film camera in a MIN-8 brand
polarizing microscope equipped with a special heater. The temperature of the crystal was
measured using a copper-constantan thermocouple. The accuracy of the measurements was
+1°C at 100°C. Since the velocity measurements were carried out around the equilibrium
temperature of the interconverting modification crystals, that temperature was determined first.
It was determined that this temperature was 393 +1K for KosusAgoossNOs and 455 +1K for
Ko9s5Cs005sNOs. The temperature dependence of the new crystal growth rate during structure
transformations was carried out by the method given in the work of [10].

During the experiments, the following were strictly observed:

1. The speed of movement of the boundary separating two modifications was measured only
in the [001] crystallographic direction.

2. Only the rate of single-crystal-single-crystal conversion was measured.

3. During the experiment crystals of the same size and shape grown under the same conditions
were used.

Measurements were made on six samples of each composition and the results obtained are
given in table 2.
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Table 2. Results from velocity measurements on KoousAgoossNOs and KogssCsossNOs crystals

Ko915Ago,0s5sN O3 Ko915Cs0055NO3

% TK D 10camsec U1 To K p1oz Uyaee
z cm/sec cm/sec cm/sec
1 0,056 0472 0,215 0,340

2 2,514 1,883 3,912 2,157

3 4,342 4,273 5,918 5,429

4 6,523 7,681 9,650 10,138

5 12,635 12,150 14,513 16,263

6 393+1 18,240 17,717 455+1 23,420 23,783

7 24,438 24,425 32,226 32,679

8 32,525 32,314 44,745 42,432

9 40,521 41,423 55,322 54,519
10 52,241 51,793 66,356 67,423

In figures 1 and 2 the graps of results obtained by the experiments and the empirical
formula are represented for the temperature dependence of the rate of structural
transformations in KowusAgossNOs and KowsCso0ssNOs crystals, respectively. The experimental
results are met with the theoretical calculations and it can be observed in graphs.

60 ~ ,, -2 S
v-10 sec
[ ]
50 A /‘h
o
40 p

4. 6 slc 1.0 llz
AT K
Figure 1. Graph of temperature dependence of growth rate of Ill-modification crystal in [I>1III transformation in
Ko915AgoossNOs crystal. e-empirical datas; 0-experimental datas

v102 2

80 sec

(=]

0 2 4 6 8 10 12
AT K

Figure 2. Graph of temperature dependence of growth rate of Ill-modification crystal in II-1II transformation in
Ko945Cs0,08sNOs crystal. e-empirical datas; A- experimental datas
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Conclusion

The conclusion of the obtained results showed that the mentioned partial replacement leads
to an increase in the conversion speed. At a temperature of 10K this speed is is 52+ 102cm/sec in
KossAgoossNOs, and 66-10%cm/sec in KoosCsossNOs. /sec, while in KNOs is 5x102cm/sec as
shown in table 2. In other words, as a result of this substitution, the rate of structure
transformation has increased approximately 10 times. We think that partial replacement of K*

ions by Ag* and Cs* ions in KNO:s causes the energy barrier height to decrease. So, the speed is
E

determined by the factor of v = e, where E is the activation energy of the process. The
activation energy is calculated based on the velosity mesurement results.

In order to evaluate the process of polymorphic transformation in terms of energy, the
equation [14] given by M. Folmer for crystal growth from the liquid phase with a two-
dimensional mechanism has been used:

K3 K3
v =K exp(— T—O) exp(— m

When this equation is applied to crystal growth during polymorphic transformation, kz-is a
constant that takes into account the energy limit necessary for the transfer of molecules from the

parent crystal to the surface of the newly grown crystal and it is equal to g. Here E is the

activation energy per 1 mole, R is the universal gas constant. In the equation To- is the
equilibrium temperature between modifications, AT —is the temperature delay. ki=Bvd and v-is
oscillation frequency of molecules, d- is interatomic distance, B- is number of molecules passing
from parent crystal to growing crystal surface, ks- is energy used for generation of two-
dimensional crystal embryo. The Folmer equation also agrees well with the results obtained from
velocity measurements on KoosAgoessNOs and KossCsossNOs crystals and the dependence slope

1AT-is a straight line. According to the inclination of that straight line, k2 and ks
o

coefficients were determined, and the activation energy of II-III transformation was calculated
in the studied crystals. The obtained results are given in table 3.

of Inv on

Table 3. Values of coefficients ko, ks and activation energy in I[I-1II transformation for
Ko95Ag0055NOs3 and KogssCso0ssNOs single crystals.

Activation energy
k> 1 2
Content ,deg’ ks, deg’ E, kJ/mol
Ko9ssAgo05sNOs 10877,5 4028,4 90,38
Ko945Cs0,05sN O3 12392,8 4121,9 102,98

As can be seen from Table 3, the rate of rhombic—hexagonal transformation in the
KossAgoossNOs crystal increases as the temperature increases and the partial replacement of K+
ions by Ag+ ions in KNOs leads to a decrease in the activation energy. So, while the activation
energy of the rhombic—hexagonal transformation for potassium nitrate is 97.8 kJ/mol, for
Ko915Ag005NOs is 90.38 kJ/mol. On the other hand, the activation energy is 102.98 kJ/mol in the
[I-1II transformation in the KossCs0,055NOs crystal.
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ARTICLE INFO ABSTRACT

Article history: In this paper, the magnetization of diluted magnetic semiconductor superlattices
Received: 2024-10-08 with a magnetic impurity of manganese is studied. It was found that the
Received in revised form: 2024-10-08 magnetization of a quasi-two-dimensional electron gas, depending on the degree
Accepted: 2024-10-15 of filling of the miniband superlattices, the molar concentration of the impurity,
Available online the exchange interaction constant and the spin splitting factor, changes sign and
Keywords: in a strictly two-dimensional case becomes positive. In a magnetic field,
diluted magnetic semiconductor, magnetization oscillates, and in strong magnetic fields the oscillations weaken,
II type superlattices, and their amplitude and frequency decrease. The contribution of the impurity to
quasi-two-dimensional electron gas, the magnetization is calculated. In a relatively weak magnetic field the
magnetic impurity, magnetization associated with the impurity increases linearly and at a certain
magnetization, condition to the depending on the magnitude of the exchange constant and the
exchange interaction. impurity concentration changes its sign.

HAMATHNUYEHHOCTD ITOAYMATI'HUTHBIX ITOAYIIPOBOAHMKOBBIX CBEPXPEIIETOK
II TUIIA C IIPUMECSIMM MOHOB Mn (mapranmia)

AHHOTALI VST

B aammnoit paboTe mccaesyercss HaMarHIMIEHHOCTh ITOAYMarHUTHBIX ITOAYIPOBOAHMKOBBIX CBEPXPEIEeTOK C
MarHMTHONM IHpuMechl0 MapraHna. HaiigeHo, YTO HaMarHMJeHHOCTh KBa3UABYMEPHOIO DAEKTPOHHOIO rasa B
3aBMCHMOCTH OT CTeIleHM 3arlOAHEHIsI MUHI30HBI CBEPXPEIIeTOK, MOASPHO KOHLIEHTpaLyy IPYMEeCH, TIOCTOSHHONM
OOMEHHOTO B3aMMOAECTBMA M (PaKTOpa CIIMHOBOTO pacIllellAeHMs MeHseT 3HaK M B CTPOrO ABYMEpPHOM CAydae
CTaHOBUTCs TIOAOKMUTEABHON. B MarHMTHOM I104€ HaMarHM4eHHOCTh OCLIMAAMPYET, IpudeM B CUMABHBIX MarHUTHBIX
MOASIX OCHMAAALIMM OCAaDeBaloT, M UX aMILAUTyJa M 4YacTOTa YMEHBIIAIOTCsA. Beramcasercs BKAaa IIpUMecH B
HaMarHM4YeHHOCTh. B OTHOCUTeABHO c1ab0M MarHMTHOM I10/€ HaMarHi4eHHOCTD, CBsI3aHHasl C IPVMeChIO, Bo3pacTaeT
AVIHEJHO M IpU OIpeAeAeHHOM YCAOBMM B 3aBMCUMOCTM OT BeAMYMHBI OOMEHHON KOHCTaHTBI M KOHIIeHTpaluu
IPUMECH MEHsIET 3HaK.

Karouesble ca0Ba: II0AyMarHUTHEIN IIOAYIIPOBOAHUK, cBepxpemtetku Il poja, KBa3anuaByMepHBIT 9AeKTPOHHbIN
ras, MarHMTHas IpUMech, HAMarHMYeHHOCTh, OOMEeHHOe B3alMOJeNICTBIe.

MANQAN iONLARI iLO ASQARANMIS II NOV YARIMMAQNIT YARIMKECIRICi IFRATQOFOSLORIN
MAQNITLONMO OMSALI

XULASO

fsde mangan ionlar ilo agqaranmis yarrmmaqnit yarimkegirici ifratqofoslorin maqnit xasseleri todqiq edilir.
Tapilmigdir ki, minizonanin dolma daracesinden, asqarm molyar konsentrasiyasindan, miibadile qarsiiqh tesir
sabitindan va spin pargalanmasi faktorundan asili olaraq kvaziikidlgtilii elektron qazinin magnitleanma amsali isarasini
dayisir ve ikidlciilii halda miisbest olur. Xarici maqnit sahesinde magqnitlonme emsalinin ossilyasiya etdiyi teyin
olunmusdur. Bels ki, giiclii sahalards bu ossilyasiyalar zeiflaysrsk onlarm amplitudu va tezliyi azalir. Magnitlanmae
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amsalma magqnit agsqarimn verdiyi pay da hesablanmigdir. Gosterilmisdir ki, zeif maqnit sahasinde asqarla bagh olan
magqnitlonms amsali xatti olaraq artir vo miiayyen sertde miibadile qarsiliqh tesir sabitinden ve asqarin molyar
konsentrasiyasindan asili olaraq isarasini dayisir.

Acar sozlar: yarimmaqnit yarimkegirici, II nov ifratqafasler, kvaziikiolgiilii elektron qazi, magqnit asqari,
magqnitlonma amsali, miibadils garsihiqh tasir.

1. Introduction

Diluted magnetic semiconductor superlattices (DMSS), consisting of alternating layers of
two materials that combine electronic and magnetic properties are perspective, and appear
attractive both from the point of view of fundamental physics and technology. This is connected
with to fact that superlattices exhibit many new electronic and optical properties, unusual for
bulk samples, due to the presence of an additional periodic potential whose period is larger than
the original lattice constant. In diluted magnetic semiconductor superlattices, it is possible to
change the electronic potential after making the superlattice structure using external parameters
such as the external magnetic field and temperature. Exchange interactions in such materials
give rise to new spin-dependent phenomena, including giant spin band splitting and large
Faraday rotation [2]. Due to the fact that in recent years it has become possible to quite accurately
determine the values of exchange integrals, theoretical studies of the DMSS physical properties
have received significant development. Changing the composition and impurities concentration
in DMSS, lead to alteration the parameters of the band structure, i.e., magnetic impurities affect
the properties of the semiconductor matrix; they also exhibit behavior characteristic of the
paramagnetic and ferromagnetic phases with a change in the impurity concentration. The
interaction between localized magnetic moments of an impurity and conduction electrons leads
to a number of new properties, for example, the giant negative magnetoresistance at the
semiconductor-semimetal transition [1]. All these effects have a common origin; they are caused
by sp—d exchange interactions. Many of theoretical and experimental works has been devoted
to the study of the spin-dependent transport of charge carriers due to the reciprocity influence of
transport and magnetic properties in DMS [2]. In recent years, using the MBE method, it has
been possible to create layer systems with quantum wells and superlattices of good quality.
However, there are significantly less studies in which low-dimensional systems are studied in
the presence of a magnetic field and magnetic impurities [3-5]. As an example, we give
heterostructures GaAs/AlGaAs [6], where the impurity is manganese. The influence of the
impurity localized magnetic moments is also manifested in the properties of two-dimensional
electron gas in the DMS by changing the g factor. The magnitude of the g factor is affected by
exchange interactions and temperature. Spin splitting reduces the g factor and changes the sign
[7]. In this work, the DMSS thermodynamic properties, namely, magnetization, are studied, since
statistical characteristics significantly affect the magnetic and transport properties of low-
dimensional systems in the presence of a magnetic impurity. Impurity localized magnetic
moments is also displayed in the properties of two-dimensional electron gas in the DMS by
changing the g factor [8]. The magnitude of the g factor is affected by exchange interactions
and temperature. Spin splitting reduces the g factor and changes the sign. In this work, the
DMSS thermodynamic properties, namely, magnetization are studied, since statistical
characteristics significantly affect the magnetic and transport properties of low-dimensional
systems in the presence of a magnetic impurity.

10
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2. Energy spectrum and density of states of DMSS

The possibility to create thin films, superlattices, and heterostructures of diluted magnetic
semiconductors using molecular beam epitaxy in combination with the appearance of new
properties of these materials makes low-dimension diluted magnetic semiconductors very
important from the point of view of both basic research and applied sciences. In the Cd;_,Mn,Te
and Hg,_,Mn,Te compounds, the exchange interaction between conduction electrons and 3d°
impurity electrons Mn is carried out in the mean-field approximation. For electrons in a given
external magnetic field and for a given state of magnetic ions systems, in the case where the
electron wave function is sufficiently delocalized and the influence of electrons on each of the
magnetic ions can be neglected, the Hamiltonian has the form:

H=H,+H,+H.+H,_, @

where H, is the Hamiltonian of the electron in an ideal crystal; the term H, describes the

influence of the magnetic field on the electron's state this is responsible for Landau quantization
and spin splitting; H. describes the Coulomb interaction of carriers with impurities; and the
term H,, corresponds to the exchange interaction between carriers and ions.

Taking into account the electron spin x,B leads to an additional term in the Hamiltonian,
where is u, = u; (0, /o) the projection of the intrinsic magnetic moment onto the field direction
associated with the electron spin, o,- spin operator with eigenvalue +1/2, u, =ef/2m, - Bohr
magneton, B - magnetic field induction. Since the spin operator commutes with the Hamiltonian,
its zth component is preserved, and in the Schrodinger equation, the spin and coordinate
variables are separated. Therefore, the complete eigenfunctions of the electron, taking into
account the spin, are obtained by multiplying the wave functions without spin by the spin wave
functions corresponding to certain values of the spin projection ¢ =+1/2 In this case, an

additional term is added to the energy eigenvalues, corresponding to the energy of the
eigenmoment in the magnetic field. The difference from a non-magnetic semiconductor is the
presence of exchange interaction. For exchange interaction, the Heisenberg spin model:

Hex Z_ZJ(F_ﬁn)SnO—l (2)

n-number of the magnetic J(F—R,) ion, exchange integral between conduction band
electrons and impurity electrons, o - spin of mobile electrons with ¥ radius vector, S, - spin of
magnetic impurity R, localized at a site (for manganese S, =5/2). When the magnetic field is

directed along z, then in H,,, all manganese spin operators are replaced by their mean values,

ex’/

and for the conduction band, we have:

3A 0
(welH., wc>=‘0 3A" ©
Here
1
A= Noa([S, [)x, 4)

where N, is the number of cells per unit volume, the modification of the band structure

caused by the s-d interaction will be described by a constant & equal to o = —<S|J |S> / Q, X-the

11
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molar concentration of the impurity. In the Schrédinger equation, in the effective mass
approximation, the exchange potential mixes the orbital and spin degrees of freedom, which can
lead to the scattering of electrons from one orbital state to another with a spin flip. The solution
to the Schrodinger equation with Hamiltonian (1) taking into account (3) for the energy spectrum
of semimagnetic semiconductor superlattices in a strong magnetic field parallel to the axis
directed perpendicular to z the layers, which quantizes the motion of the electron in the plane of
the layer and removes the spin degeneracy for the energy spectrum, will have the form:

&(N,o,k,)=(2N +1)1B + g,(1—cosak,) + g"ou; B+ 3AS . )

Where N =1,2,... are the Landau quantum numbers, K, is the quasi-momentum component
along the axis z, u= (m,/m, )iz, M, is the mass of a free electron, m, is the mass of the electron
in the plane of the layer, ¢, is the half-width of the conduction band in the direction k,, a is the
superlattice period in the direction z, g~ is the factor that is determined from the band structure,

and the rest are standard constants. It can be seen that each Landau level is distributed into two
spin sublevels, and the magnitude of the distribution of the Nth level is the same and equal to
Ag =0 1B . In this work, manganese ions with spin 5/2 are taken as impurities, and then the

energy spectrum (5) takes the form:

e=(2N +1),uBJ_r%g/,zBB$gaxf(B,T)+gO(1—cosakz). 6)

X - molar concentration of manganese, f(B,T)= % B, /Z[%I;—/'T'BBJ , where
0

25 +1cth 2S +1_1 th—

B.(X) =
s (X) , 5

- Brillouin function (at strong fields and low temperatures, this function tends to unity).

Two quasi-continuous determines one quantum state in a magnetic field (k,, k, ), three

discrete quantum numbers: N,o,S and the density of states is determined by the formula:

9s(e) = ZSIH “(ak,), )

2(nR) 2 2o =) 2(zzR)

Here R = (#/eB)"? - magnetic length, &, =&(N,o,k,)— (2N +1)1B — g"ou,B—3AS,

Z(s)=ak, = arccos{l— -4 j .

o

From (7) it is clear that the density of states has a feature every time the energy coincides
with one of the Landau levels ¢ = ¢, =(2N +1) 1B, i.e. oscillates with changing magnetic field.

In the case of a degenerate electron gas, the density of states depends significantly on the
relationship between the Fermi level and the width of the one-dimensional conduction band in
the k, direction. Taking spin splitting into account significantly affects the behavior of the

density of state, and at large values of the g" factor there is a linear dependence of the density of

state on the magnetic field.

12
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3. Magnetization

The magnetization of an electron gas M , using the Gibbs method, can be found based on
the explicit form of the grand thermodynamic potential Q=Q(T,V,J,B):

vo-b@) -
VB )iy,

where the grand thermodynamic potential in a quantizing magnetic field has the form:
Q=-kT Y Inf1+e * | )
Nkk,So

For a grand thermodynamic potential Q=Q(T,V,4,B) we have:
Q=—kT LZT In(1+e"*%*) dZ , (10)
2a (7ZR)2 N o

Where 1" =" —¢;, —¢,, & =41k, T, ey =€, 1K, T, & =¢,/k,T and the upper bound of the
integral is defined as:
T, £>2¢,

_ _ , 11
1B +guB/2-5axf (B,T)/2 g} c<2e (11)

&g

Z,=

arccos(1+

If we move in (10) from integration over dZ to integration over de energy, then for Qwe
obtain [7]:

ok, TV tdk (&,N) = . 12
Q_Z(ﬂR)Z éj 0 In[l+exp( o~ D de (12)

The expressions are valid for any value of the magnetic field and the degree of degeneracy
of the electron gas.
Taking into account (12) in (8), for magnetization, we obtain:

Zg
:ﬂ;z Z Zo+w In ]_+exp ﬂ + +iIfOZsin ZdzZ ;. (13)
B 2a(mR) &sinZ, Ko T KoT 9

N

In the case of a degenerate electron gas, for magnetization in the quantum limit (N =0) we

have:

& . 1B(A+09")+3AS J
=—20 ___|sinZ,—2Z,c0sZ, — ctgZ, |, (14)
ZazZRZB( o T ) ’

here Z, is given by formula (11).
From (14) it follows that the magnetization of a quasi-two-dimensional electron gas,

depending on the degree of filling of the miniband, the molar concentration of the impurity, the
exchange interaction constant and the g factor, changes sign and in a strictly two-dimensional

case becomes positive. In a magnetic field, the magnetization oscillates, and in strong In
magnetic fields, oscillations weaken, and their amplitude and frequency decrease. At low
degrees of miniband filling, the magnetization has the form:

13
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1eB
PR +M,,,- (15)
0

The second term in equation (15) describes the contribution of the diluted magnetic
semiconductor superlattces magnetization.

For magnetization, M,, we get:

2 *
MangN(luBgMn) B+luBgeff th /uBg B i (16)
2 k,T 2 k,T

. b axN
where g . =g" - =

2,uBB

*

In strong magnetic fields at low temperatures (ﬂkg TB >> 1}, we have:

0

n

5 1 uBg 5 axN
M, =—N— 1-= . 17
=5 Ny (a0 B+ ( > Bj (17)

Based on (17), it follows that with increasing magnetic field, the magnetization increases and

then reaches saturation. At /f T <<1, i.e. at weak magnetic fields and high temperatures, the

0
magnetization will be:

5 1 (yBg )’B 5 axN
M, =—N— B2 7 |1-———. 18
Mn 2 kT (/uBgMn) ak,T 2 9B (18)

From (18) it is clear that in a relatively weak magnetic field the magnetization increases

linearly and at a certain magnetic field, but at B <gaxltl , 1.e. depending on the exchange
9
constant and the concentration of the impurity, the sign changes.

4. Conclusion

The magnetization of DMSS with a magnetic impurity of manganese is being studied. It was
found that the magnetization of a quasi-two-dimensional electron gas, depending on the degree
of filling of the miniband, the molar concentration of the impurity, the exchange interaction
constant and the g factor, changes sign and in a strictly two-dimensional case becomes positive.
In a magnetic field, magnetization oscillates, and in strong magnetic fields the oscillations
weaken, and their amplitude and frequency decrease. The contribution of the impurity to the
magnetization is calculated. It is shown that this contribution in a strong magnetic field and at
low temperatures increases with increasing magnetic field, and then reaches saturation as a
result of the alignment of the spin of electrons and magnetic impurities in the averaged external
magnetic field and the exchange field of the magnetic ion. In a relatively weak magnetic field, the
magnetization associated with the impurity increases linearly and, at a certain magnetic field,
depending on the exchange constant and the concentration of the impurity, changes sign.
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1. Introduction

Most elements of modern solid-state electronics are based on contact structures with a
Schottky barrier. The many advantages of these structures compared to n-junctions are of
interest for the creation of multifunctional devices. Simple technology, a wide selection of
materials, and the ability to manufacture densely packed structures are the basis for the
fabrication of devices with low material costs and high performance capabilities.
High speed due to charge transfer is carried out by the main charge carriers. Small dimensions of
contact structure provide high packing density of elements on the crystal [1-3]. The
miniaturization of semiconductor structures brings to the fore the task of rapidly improving the
technology for obtaining and studying micro- and nanostructures and their rapid introduction
into industrial production. The main goal of modern electronics is the development of
multifunctional, stable, small-sized devices with low power dissipation.

The multifunctionality of the devices is achieved due to the sensitivity of the device and the
ability to control it when operating factors change in a narrow range [4]. Taking into account the
relevance of the topic, we investigated PtSi/n-Si Schottky diodes with small geometric
dimensions and equipped with a diffusion barrier. Platinum silicide was used as the metal film
of the diode. Interest in silicide is due to its high conductivity and temperature stability. Besides,
PtSi is of interest for infrared applications due to its high work function [4,6].

16



Study of Dielectric Properties and Power Dissipation of PTSI/N-SI Schottky Diodes as a Function of Alternating Signal

Platinum silicide (PtSi) is formed due to chemical reaction between platinum (Pt) and silicon
(Si). In such contact structure, the interface between silicide and silicon is formed in the
semiconductor, which eliminates the influence of the environment and minimizes the density of
surface electronic states [4-6].

An important role in the formation of barriers in contact structures is played by the crystal
structure of the metal film and the crystallographic orientation of silicon [4-6]. The presence of
silicides ensures the production of barriers with guaranteed adhesion of the metal to silicon and
better mating of the lattices of the two materials. On the other hands reducing the size of devices
puts forward the problem of the appearance of fluctuations in parameters. During the process of
formation of a silicide compound on the surface of silicon, a rearrangement of atoms occurs
continuously. As a result of the formation of the interfacial layer inhomogeneities are likely to
appear, which can influence on the electrical and dielectric properties of this structure [7,8].

The purpose of studying the influence of an alternating signal on the properties of a PtSi/n-
Si Schottky diode is connected by the several reasons. Firstly, the studied diodes have a small
geometric area (~10° cm?). Second, it is known that aluminum (Al) has a high diffusion
coefficient. In order to prevent the penetration of Al through the silicide film, a diffusion barrier
(an amorphous TinwWe alloy) was placed between PtSi and Al

Third. Previous studies of diodes revealed the presence of self-assembled patches with a
high impurity concentration [9]. The surface states of a PtSi/n-Si Schottky diode and their
distribution were previously studied by us as functions of temperature and frequency, the
dielectric characteristics were studied as functions of frequency [10-13]. We have studied the
dielectric characteristics of diodes with the simultaneous application of dc- and ac- voltage.
Dielectric losses, which characterize the conversion of a part of electrical energy into thermal
energy, are an important electrophysical parameter of contact structures. The magnitude of these
losses indicates the features of the polarization mechanism. Dielectric losses usually change to a
large extent when various kinds of impurities are introduced into the dielectric and are a
sensitive indicator of changes in the structure of the dielectric. The study of dielectric losses and
their dependence on structural defects and various factors (temperature, dc- and ac-voltage, and
frequency of test signal, etc.) is of considerable interest for modern electronics [14]. Our previous
studies were devoted to studying the dependence of the dielectric parameters of PtSi/n-Si and
Pd:Si/n-Si diodes on frequency, temperature and illumination intensity based on admittance
spectroscopy (20 mV peak to peak) [10-13].

The obtained results revealed that the highest values of dielectric losses ¢” and tané corres-
pond to a frequency of 500 kHz and a temperature of 300 K. However, currently, the scientific
literature does not pay attention to the study of the influence of amplitude of ac-voltage on
dielectric parameters, resistance and conductivity and the power dissipation of PtSi/n-Si diodes.

2.Materials and methods

To fabrication the studied PtSi/n-Si diodes with small geometric dimensions (8x10-*sm?), the
photolithography method was used. Characteristics of the semiconductor substrate are -
monocrystalline silicon n-Si (111), a resistivity silicon wafer is 0.7 )-cm, diameter about 3 inches,
thickness is 3.5 um. A platinum film with a thickness of about 0.6 pm was obtained on a pre-
cleaned surface of single-crystalline silicon wafer. Then the Pt/n-Si plate was annealed at a
pressure of 6x10- Torr at 773 K and in an atmosphere of N2 and H: gases [10-13,15].
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The amorphous TiwWw diffusion barrier was deposited on the silicide film (PtSi) by
magnetron sputtering method [15-17]. On a semiconductor matrix, was fabricated 14 diodes,
areas of which changed from 1x10°¢ cm? to 14x10°¢ cm?) (Fig.1). Geometric area of investigated
diode is A=8x10¢ cm?.

Diode

Fig.1. The diode matrix (a) and cross section of PtSi/n-Si Schottky diode (b).

n-Si

The dependences of the dielectric properties, conductivity, resistance and power dissipation
of a PtSi/n-Si Schottky diode on the amplitude of the alternating voltage were obtained as a
result of measurements using an HP 4192A low-frequency impedance analyzer and an external
pulse generator.

A bias voltage (-2V + +4V) and an alternating signal (500kHz, 5mV+1x10°mV) were
simultaneously applied to the PtSi/n-Si Schottky diode.

3.Results and Discussion

To study the influence of the amplitude of the alternating signal (Vac) on the dielectric
parameters of a PtSi/n-Si Schottky diode, measurements of the capacitance (C) and conductance
(G) of the diode were carried out when changing direct (Vac) and alternating voltage (Vac).

It is known that complex permittivity can be described as [18-23]
g¥=¢ -ig"nl @
where real (¢') and imaginary parts (¢”) of complex permittivity, i is the imaginary root of —1.
At admittance Y measurements C — V and G/w — V, the following relation holds

*
_Yr _c 6,
joC, C, aC,;

*

where C is measured capacitance, G is measured conductance of investigated diode, C, is the
capacitance of an empty capacitor, @ is the angular frequency (@ = 2af ) of the applied electric

field.

With the aim of investigation the real (¢’ ) and imaginary (¢") parts of complex permittivity
(€*) of PtSi/n-Si(111) Scottky barrier diode have been calculated at different value of alternating
voltage (V) on the basis of measured C-V and G-V characteristics

o2 C _Cdi (3
C, &A

where d; is the thickness of the dielectric gap, 4 = 8x10 cm?is the rectifier contact area of PtSi/n-
Si Schottky barrier diode, ¢ is the permittivity of free space charge (g, = 8.85 - 10" F/cm).
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In the generalized model of the metal-semiconductor contact must be taken into account the
presence of thin dielectric gap between contacting materials. In this respect, in the strong
accumulation region, the maximal capacitance of the structure corresponds to the dielectric layer
capacitance (Ca=Ci=¢'e0A/di).

By the using measured conductance of PtSi/n-Si Schottky barrier diode at the various
amplitudes (V) of ac-signal was calculated the imaginary part of the complex permittivity "

4)

The loss tangent (tand) for PtSi/n-Si Schottky barrier diode can be expressed as

n

tané = i—, (5)

no__ Gd;
EowA

The ac-electrical conductivity (ca) for PtSI/n-Si Schottky diodes was calculated by the
following equation.

Oge = thanS(d/A) =& we, (6)
Comparing the real and imaginary part of the impedance, the series resistance is given by [24]

(7)

__ G

$ 7 624(wC)?

Besides, to analyze the dynamics of charge carriers in PtSi/n-Si have been used the complex
electric modulus, which is inversely proportional to the complex permittivity [25].

The main advantage of this method is that it suppresses the contribution from electrode
polarization, which dominates the permittivity formalism. The real component M’ and the
imaginary component M"' are calculated from &"and "

! "
&

M ===M+jM" ="+ ®)

* S’2+£”2 ] £/2+£”2

It should be noted that the results of research into power dissipation due to dielectric losses
are important in the fabrication of new devices.

The power dissipated in the dielectric depends on the amplitude of the alternating signal
(Vac) , determine by dielectric losses [14,26-31] and described for device with parallel equivalent
circuit (Schottky diodes) as

P =V2ZwCtans (9)

In Fig. 2, 3 and 4 show the change in the real (¢'), imaginary (¢") parts of the dielectric
constant and loss tangent (tan d) of a PtSi/n-Si diode with a Schottky barrier depending on the
bias voltage and the amplitude of the alternating signal (Vac).

As shown in Fig. 2a, Fig. 3a and Fig. 4a, the main parameters characterizing the dielectric
properties €', €" and tand depend on the bias voltage only in the range of 0-2.0 V at room
temperature (T = 300K). At high values of the applied voltage, the values of €', ¢" reach almost
constant values. The studied parameters do not depend on the amplitude of the alternating
signal, varying from 5 mV to 1x10° mV at a frequency of 500 kHz, with the exception of Vac=200
mV (Fig. 2b, Fig. 3b and Fig. 4b). It should be noted that when the amplitude of the alternating
signal Vac = 200 mV the characteristics differ sharply from others. However, the nature of the
dependence remains. Thus, it indicates that at Va.=200 mV the polarization in PtSi/n-Si Schottky
barrier diodes sharply increases.
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Fig. 2. The dependence of the dielectric constant of PtSi/n-Si Schottky barrier diode: a) on dc-voltage (&' — V') for
various amplitudes of V. and b) on amplitude of ac-voltage ( &' — V; ) for various applied bias voltage

A sharp increase in ¢' indicates an increase in the intensity of polarization, that is, the
accumulation of charge at the boundary of regions with different conductivities. The obtained
result corresponds to the Maxwell-Wagner theory.
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Fig.3. The dependence of the dielectric loss of PtSi/n-Si Schottky barrier diode at room temperature: a) on bias volage (
&' = V) for various amplitudes of V. and b) on amplitude of ac-signal (¢"-V,.. ) for various applied dc- voltage
As can be seen in these figures, the peak values on €" — V. (Fig. 3b) and tané -V, (Fig. 4b)
observed at ;. =200 mV, increase with increasing dc-voltage, the positions of the peaks do not
shift.

10,0

=
=]

9
H
7
5
tand 5
. tand
a
; 0,2V —e—0,5V
3.0 e5MV  @l0MV 20mMV o40mV
2 —— 1 1,5V
20 e60MV ®80mMV e100mV e200mV
1 N, [y — 1
Lo #400MV ®600 MV @B00MV @1V -
° . -
00
g 0 200 400 600 800 1000
[i] 1 2 3 4
(V) Vec (mV)

Fig 4. The dependence of tangent loss of PtSi/n-Si Schottky barrier diode at room temperature on: bias voltage a) (
tand — V') for various amplitudes of V. and b) on amplitude of alternating signal ( tané -V,) for various applied voltage
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The tand -V characteristics have a peak only at 1,,=200mV.

The nature of the dependences ¢ and tand on bias voltage and amplitude of alternating
voltage, the appearance of the peak and its position depends on polarization, conductivity,
surface states, homogeneity of the medium, energy losses, degree of doping, etc. Besides, the
capacitance and conductance of diode are extremely sensitive to the interface properties and
series resistance. In this case, the contribution of surface states recharging at given frequencies of
the alternating signal is of great importance.
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Fig 5. The variations of ac-electrical conductivity (o,4cac) of PtSi/n-Si Schottky barrier diode at room temperature: a) on
dc-voltage ( tand — V') for various amplitudes of V. and b) ac-voltage (tané -V,.) for various applied voltage

The behavior of ac-electrical conductivity ( o,.) of the PtSi/n-Si Schottky barrier diode at
different voltage and V,. is presented in Fig. 5. It is noticed that the electrical conductivity
generally increases with increasing voltage. However, at low and high value of amplitude (V. )
04 practically independent on V,with the exception of 200mV.

In the present paper according to a method by Nicollian and Brews [24], the real series
resistance of PtSi-nSi Schottky barrier diode was calculated from the C—V and G-V
characteristics in strong accumulation region.

The dependence of R, of investigated diode (PtSi/n-Si) on bias voltage and amplitude of
alternating signal (V. ) show in fig.6.
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Fig 6. The dependence of the real series resistance R of PtSi/n-Si Schottky barrier diode at room temperature (500kHz):
a) on dc-voltage (Rs — V) for various amplitudes (V. ) and b) on ac-voltage (R -V, ) for various applied dc-voltage

By the using real (&' ) and imaginary (& ) parts of complex permittivity have been
calculated the dependence of real ( M’ ) and the imaginary ( M"") parts of electric modulus for
PtSi/n-Si Schottky barrier diode on bias voltage and amplitude of alternating signal (Fig.7 and
Fig.8)
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Fig. 7. The dependence of the real part electric modulus (M") of PtSi/n-Si Schottky barrier
diode at room temperature on bias voltage: a) M’ — V for various amplitudes of V. and amplitude
of alternating signal; b) M -V, for various applied voltage
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Fig.8. The dependence of the imaginary part of electric modulus (M"') of PtSi/n-Si Schottky barrier
diode at room temperature on bias voltage: a) M"" — V for various amplitudes of V. and amplitude of alternating
signal; b) M"" -V, for various applied voltage

It can be seen from figures 2-8 that all characteristics have features precisely at V=200 mV.

As is know, &" is a measure of energy loss and shows how strongly a material absorbs
energy from an external electric field. The loss factor & "is affected by both dielectric losses and
conductivity. The peak in the & " dependence and the sharp minimum on M" -V, shows an
increase in relaxation losses at ;. =200 mV.

In connection with the aim of the study the power dissipated (P) in the diode PtSi/n-Si was
investigated. The dependence P — V, revealed an increase in power dissipation with increasing
amplitude of the alternating signal (5mV-+1x10° mV). In addition, the dependence clearly shows
a weak peak at I, =200 mV (Fig. 9).

WY el 0N oV LN elS el eI ey

P (Wt)

=’;,/ e v

0,2v v ('V)

Fig.9. The dependence of the active power dissipated (dielectric losses) (P) in the PtSi/n-Si
Schottky barrier diode on the amplitude of ac-signal V.
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The obtained dependence ( P — V. ) may be due to the heterogeneous structure of depletion
layer in PtSi/n-Si Schottky diode. This structure is identical to the Maxwell-Wagner structure of
two-layer dielectric [32].

It should be noted that in our previous paper [33], devoted to the study of PtSi/n-Si Schottky
barrier diode, the existence of self-assembled patches with different charge carrier concentrations
was discovered. The sizes of these spots, similar to quantum wells, were estimated. These
patches formed due to hexagonal voids in the crystal structure of Si(111), because the dimensions
of these voids allow the penetration of platinum atoms at forming a contact.

We believe that the role of macrorelaxers is played by inhomogeneous sections of the
PtSi/n-Si Schottky barrier diode and with the recharging of surface states [4,6]. The density of
surfage states (Ns; ) obtained by the high-low temperature method for the PtSi/n-Si structure re-
vealed the maximum value of Ngs about V=200 mV. That is, the Ngsvalues give a wide peak when
Ec- Ess=0,22 eV. Studies in the [33] article showed the maximum loss tangent at 200 mV [10].

So, the features in the dependence parameters on V. for PtSi/n-Si Schottky barrier diodes
revealed that the dissipation power at a voltage of 200 mV is associated with the presence of self-
assembled patches in the depletion layer of diode and the maximum density of surface states.

4. Conclusion

The dependence of real (¢') and imaginary (¢") parts of complex dielectric permittivity and
electric modulus (M’ , M'"), dielectric loss ( tand ), ac-conductivity (0«) and series resistance (Rs)
on bias voltage (V) and amplitude of alternating signal (Va) were investigated for PtSi/n-Si
Schottky barrier diode. With the increasing of bias voltage from -2V to 4V and amplitude of
alternating signal (500kHz) in the range 5mV +1x10°mV at room temperature on the all
parameters have been observed features only at V,,=200mV. On the dependence of power
dissipated on amplitude of alternating voltage revealed the strong dependence and a peak at
Vc=200mV also.

The results obtained are in good agreement with previously obtained ones, where the
presence of self-organized patches in depletion layer of PtSi/n-Si Schottky barrier diodes with a
high doping degree was reported. Inhomogeneous sections of the PtSi/n-Si Schottky barrier
diode and the recharging of surface states play a role of macrorelaxers. The value of the
alternating signal amplitude (V. = 200mV) causing a sharp change in the parameters corres-
ponds to the maximum value of the density of surface states.
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ARTICLE INFO ABSTRACT
Article history: This study focuses on developing an origami-structured triboelectric
Received: 2024-10-16 nanogenerator (TENG) fabricated from nylon and polysiloxane materials. The
Received in revised form: 2024-10-21 origami configuration exhibited a superior energy-harvesting capability
Accepted: 2024-10-25 compared to conventional single-layer designs. The device’s output
Auvailable online parameters, including voltage and current, were evaluated manually and
Keywords: under stand-alone operational conditions. The hand-operated TENG achieved
triboelectric  nanogenerator,  polysiloxane, — a peak voltage of 21'V and a current of 2.8 uA. Under autonomous operation,
nylon, origami, self-powered these values were measured at 8.3 V and 1.04 uA, respectively. The results
2-4 JEL Classifications codes: O13, N7, indicate that both external force and operational frequency have a pronounced
P23 effect on enhancing the output performance of the TENG. Wave-driven

TENGs (W-TENGs) also demonstrated successful energy harvesting from
ocean waves, effectively powering low-energy portable devices. These findings
underscore the potential for sustainable energy generation in marine
environments, positioning TENGs as a viable solution for self-powered marine
environmental monitoring systems.

1. Introduction

In modern times, the growing demand for portable electronic devices—such as smartpho-
nes, video cameras, laptops, smartwatches, navigators, and power banks—has significantly
influenced daily life, allowing users to engage with technology in a convenient, safe, and efficient
manner. This prevalence of devices necessitates reliable and sustainable energy sources to power
them. Traditionally, batteries have served as the primary means of electric power supply;
however, their limited lifespan and the environmental concerns associated with battery disposal
have prompted researchers to explore safer and more sustainable alternatives.

One promising technology that has emerged to meet these energy demands is the triboelec-
tric nanogenerator (TENG) [1-3]. TENGs are versatile devices capable of efficiently harvesting
energy from various mechanical sources through the principles of contact electrification and
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electrostatics. When two dissimilar materials come into contact and then separate, one material
acquires a positive charge while the other acquires a negative charge (Figure 1).

Fig. 1 The mode of operation for contact separation. (a) The pressing phase is when two insulators come into touch with
one another due to an external force, creating a triboelectric charge on surfaces. (b) The releasing step causes electron
flow between electrodes. (c) A change in the potential difference causes electron backflow when repressing with an
external force. (d) The electron flow approaches equilibrium at the point of intimate contact once more is established.

This electrostatic charge remains on the surfaces of the materials as long as they are non-
conductive, allowing for an electric current to flow when connected to electrodes [4]. This simple
operational mechanism distinguishes TENGs from other energy harvesting systems, enabling
them to capture energy from a wide array of sources, including human motion, ocean waves,
and wind [5,6].

The efficiency and low production costs of TENGs position them as a significant power
source for portable electronic devices. Their broad range of applications has spurred rapid
development and innovation, leading to the creation of various structures and TENG-based
sensors [5]. These sensors facilitate the acquisition of critical information related to
environmental conditions, such as pressure, temperature, humidity, and wind speed, enhancing
their usability in everyday life. Moreover, TENGs can effectively harness mechanical and wind
energy for applications in military technology, outdoor activities like camping, and scientific
research conducted in challenging environments, including mining and mountaineering. In the
context of marine environmental monitoring, the increasing demand for sustainable and
autonomous energy sources has led to significant interest in developing self-powered systems.
Continuous, real-time data collection is critical for assessing and preserving marine ecosystems;
however, traditional energy sources such as batteries require frequent maintenance and
replacement, especially in remote and harsh ocean environments, limiting their effectiveness.
This challenge has spurred interest in renewable energy harvesting technologies, with TENGs
emerging as a promising solution [7].

The abundant and continuous motion of ocean waves presents a significant opportunity for
energy harvesting, making water-based TENGs a viable candidate for powering autonomous
monitoring systems. This study explores the development of a water-based TENG specifically
designed for marine environmental monitoring. By leveraging an origami-structured TENG
composed of nylon and polysiloxane materials, the research investigates its potential to convert
ocean wave energy into usable electrical power. Additionally, the study examines the effects of
external force and frequency on the TENG'’s performance, along with the potential for wave-
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driven TENGs (W-TENGs) to power low-energy portable devices in real-world marine
environments [8-12].

To enhance the output performance of TENGs, significant research has focused on
increasing the contact area of triboelectric materials, which is crucial for optimizing energy
conversion efficiency [13]. The development of origami structures that incorporate multiple
layers represents a promising approach. By increasing the number of contact surfaces, these
designs facilitate the generation of more charge carriers, thereby improving current output and
overall power generation.

This research work developed a three-layer origami structure TENG using nylon and
polyurethane films. Comparisons were made between electrical measurements of a single-layer
TENG and measurements of a three-layer TENG with an origami structure. The obtained
electrical measurements show that the TENG with the origami structure yields better results,
demonstrating higher voltage and current outputs. Consequently, this leads to an increase in the
output power of the triboelectric nanogenerator.

2. Materials and experiment
2.1 Materials and fabrication of triboelectric nanogenerator

In this study, we utilized nylon (specifically, nylon socks made from 100% nylon) and
polysiloxane (PS) as triboelectric materials due to their favorable charge-generation properties.
The preparation process began with the application of a nylon double-sided adhesive to a pre-
made aluminum foil substrate, ensuring good adhesion and stability for the triboelectric
components. After applying the adhesive, the assembly was allowed to cure overnight, ensuring
that the adhesive bond was strong and effective. The following day, we carefully cut 5x6 cm
layers from the adhered nylon material and removed any excess to ensure a clean and uniform
interface for charge generation. Simultaneously, we prepared the polysiloxane layer by
employing a drop-casting method (Fig. 2a). In this process, a controlled amount of PS was
applied onto a separate aluminum foil substrate, forming a uniform film. The drop-casted PS
was allowed to dry at room temperature for a full day to ensure complete evaporation of the
solvent and proper formation of the film (Fig. 2b). Once the drying process was completed, we
also cut 5x6 cm sheets of PS to match the dimensions of the nylon layers.

Fig. 2 a) polysiloxane solution; b) investigating of PS films by using drop casting method;
c) triboelectric materials; d) prototype of origami structured TENG

28



A Study on Water-Based Triboelectric Nanogenerators for Self-Powered Marine Environmental Monitoring Systems

The TENG was then assembled by combining the nylon and PS films with the aluminum
foil, creating a layered structure that capitalizes on the triboelectric effect. The interaction
between the nylon and polysiloxane surfaces is essential for effective charge transfer, with each
material contributing to the overall charge generation mechanism. The resulting triboelectric
materials (Fig. 2c), with their unique origami-inspired design, are illustrated in Figure 2d.

2.2 Measurement of output performance of TENG

Nylon and PS are used as dielectric materials and aluminum foil as metal electrodes in the
manufacture of triboelectric nanogenerators. Nylon and PS are considered good triboelectric
pairs because of their distance from each other in the triboelectric series [14]. Samples of both
materials measuring 5x6 cm are cut and glued to the pre-prepared Al foil using double-sided
glue. Tests on a triboelectric nanogenerator based on PS and nylon materials were performed
using a digital multimeter (DMM6500 6-1 / 2 digit multimeter, Keithley). Temperature and
relative humidity during the analysis were 30 ° C, and 53%, respectively.

3. Results and discussion

This research utilized nylon and polysiloxane (PS) materials to craft a TENG characterized
by its innovative origami-inspired structure. We assessed the performance of the water-based
triboelectric nanogenerator (W-TENG) through comprehensive testing and analysis using a
digital multimeter (DMM). Our investigation focused on how the output parameters of the W-
TENG, including voltage and current, vary with frequency and applied force (Figure 3). To
evaluate the efficiency and functionality of the W-TENG, we measured various electrical
parameters under different conditions. As shown in Fig. 3, it was observed that increasing the
amplitude of the external force from F=0.3 N to 1 N led to a substantial rise in the voltage output
of the W-TENG, from U=1.3 V to 10 V (Fig. 3a). Simultaneously, the current increased from I=0.2
HA to 1.54 pA (Fig. 3b). Figure 3c illustrates the relationship between the maximum values of
voltage and current intensity of the W-TENG and the applied force.
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a) Voltage-time dependence of W-TENG; b) Current-time dependence of W-TENG;
c) Force dependence of maximum values of voltage and current of W-TENG
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These results clearly demonstrate that varying the amplitude of the external force signifi-
cantly affects the output parameters of the W-TENG. This strong correlation can be attributed to
the enhanced interaction between the materials in the W-TENG, specifically nylon and PS .
When the external force is increased, these materials come into more extensive contact with each
other, resulting in a larger contact area. This increased contact area plays a crucial role in boosting
the charge transfer process, as a greater number of charge carriers are generated on the surface
during contact. The underlying mechanism driving this phenomenon is based on triboelectric
effects and contact electrification principles. As the force applied to the TENG grows, the friction
between the contacting materials intensifies, which leads to more significant charge generation.

In TENGs, the effectiveness of energy conversion is highly dependent on the surface
interaction of the materials involved. Enhanced surface interaction not only increases the charge
density on the contact surfaces but also improves the efficiency of charge separation when the
two materials come apart. This separation creates an electric potential difference, resulting in a
higher voltage output. The relationship between the output parameters and contact area is
critical; as the contact area increases, there is a corresponding rise in the density of static charges
on the surface. This phenomenon is a direct result of the triboelectric effect, where the transfer of
electrons occurs due to the frictional contact between dissimilar materials. Consequently, a larger
contact area not only increases the quantity of generated charges but also enhances the overall
efficiency of the energy harvesting process.

Moreover, the greater mechanical deformation due to the increased force also contributes to
the efficiency of the TENG. When subjected to higher external forces, the material’s structural
flexibility allows it to bend or compress more, promoting even more substantial charge transfer
through repeated contact and separation cycles. This dynamic response of the TENG to varying
forces is critical for optimizing its performance in energy harvesting applications.

As shown in Figure 4, the variation of the TENG's output parameters as a function of
frequency exhibited a trend closely resembling that observed with changes in external force.
Specifically, as the wave frequency increased from 1 Hz to 3 Hz, the voltage output of the W-
TENG rose significantly, from 6.9 V to 11 V (Fig.4a), while the current output increased from 0.6
UA to 1.47 pA (Fig.4b). Figure 4c illustrates the relationship between the maximum values of
voltage and current intensity of the W-TENG and the frequencies.
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This upward trend in output parameters is indicative of a strong correlation between the
applied frequency and the TENG's energy generation capabilities. The underlying mechanism
for this frequency-dependent increase in output parameters can be attributed to the intensified
material contact at higher frequencies. As the frequency of the applied force rises, the nylon and
PS materials undergo more frequent cycles of contact and separation. These rapid cycles of
interaction lead to a greater accumulation of triboelectric charges on the surface of the materials,
thereby enhancing the overall charge density available for energy conversion. This effect is
primarily due to the dynamic behavior of the triboelectric layers during high-frequency
oscillations. With each successive contact, the speed of charge transfer and separation increases,
causing a more efficient buildup of surface charges. As a result, the electric potential difference
generated between the layers becomes larger, which directly translates to a higher voltage
output. Concurrently, the faster charge movement also boosts the current output of the W-
TENG, as a greater number of electrons are displaced per unit of time.

Additionally, the increased frequency amplifies the mechanical vibrations within the TENG
structure. These vibrations cause more intense mechanical deformation of the triboelectric
materials, thereby maximizing the contact area during each cycle. With a larger effective contact
area, more charges can be generated and separated, leading to enhanced triboelectric
performance. This mechanical amplification effect explains why the TENG exhibits a more
pronounced response at higher frequencies, which is crucial for optimizing its efficiency in
various energy-harvesting applications. At higher frequencies, the time interval between each
contact-separation event is reduced, meaning that the system experiences less charge leakage
between cycles. This reduction in charge dissipation ensures that the charges accumulated on the
surface are more effectively utilized in generating electrical output, thereby improving the
TENG's overall energy conversion efficiency.
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Fig. 5 a) Practical operation of the W-TENG; b) W-TENG voltage and current versus time graphs (manual case);
¢) W-TENG voltage and current versus time graphs (self-powered case)

Experiments were conducted on the W-TENG prototype, fabricated as depicted in Figure 5,
to evaluate its performance under different operating conditions. The output parameters of the
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W-TENG, specifically voltage and current, were systematically tested under both manual
operation and self-powered system conditions. In the manual operation mode, the maximum
voltage achieved by the TENG reached 21 V, with a peak current of 2.8 uA (Fig.5b). Under the
self-powered (real mode) conditions, the maximum voltage and current values were 8.3 V and
1.04 pA, respectively (Fig.5c). These results clearly demonstrate the significant influence of
external force and frequency on the enhancement of the TENG's output performance. The higher
voltage and current values observed during manual operation can be attributed to more
controlled and forceful interactions between the triboelectric layers, which lead to an increased
contact area and more effective charge transfer. Conversely, in the self-powered mode, the
relatively lower output is likely due to the variable and less intense force applied during natural
operational cycles, which nonetheless still generates sufficient energy for low-power
applications.

Moreover, the study highlights the effectiveness of W-TENGs in harvesting energy from
oceanic wave motion, showcasing their potential for sustainable energy generation in marine
environments. Figure 6 illustrates the potential practical applications of these W-TENGs. These
W-TENGs were able to successfully convert mechanical energy from ocean waves into electrical
energy, which was sufficient to power portable electronic devices (Figure 6). This capability
underscores the feasibility of deploying TENGs as reliable and eco-friendly energy solutions for
offshore and marine-based applications. The successful implementation of wave-driven TENGs
opens new avenues for renewable energy technologies, particularly in harnessing ambient
energy from natural sources like ocean waves. The robust energy conversion mechanism of
TENGs, based on the principles of triboelectric and electrostatic induction, makes them well-
suited for applications in remote or underwater environments where traditional energy sources
are not viable.

Fig. 6 Application areas of W-TENGs

Furthermore, the scalability of TENG systems presents an opportunity to integrate these
devices into larger networks for distributed energy harvesting, contributing to the development
of self-sustaining power grids in marine and coastal regions.
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4. Conclusion

In this study, we explored the performance of a wave-driven triboelectric nanogenerator
(W-TENG) utilizing nylon and polysiloxane (PS) materials, designed with an innovative
origami-inspired structure. Through comprehensive testing, we investigated the effects of
varying external force and frequency on the W-TENG's output parameters, such as voltage and
current. The results showed a significant enhancement in the energy generation capabilities of
the W-TENG as both the amplitude of the applied force and the frequency increased. These
improvements were primarily attributed to the increased contact area between the triboelectric
layers, leading to a more efficient charge transfer and a greater accumulation of surface charges.
Our findings highlight the critical role of mechanical deformation and dynamic interactions in
optimizing the performance of the W-TENG. The frequency-dependent behavior demonstrated
that higher frequencies lead to intensified material contact and rapid cycles of charge transfer,
which contribute to improved voltage and current outputs. Additionally, the successful
performance of the W-TENG under manual and self-powered conditions further validated its
versatility in different operational modes. In conclusion, the W-TENG's innovative design and
the successful implementation of wave-driven energy harvesting underscore its potential as a
promising technology for renewable energy generation. The correlation between the applied
force, frequency, and output performance of the TENG points to a pathway for optimizing its
efficiency, making it suitable for a range of applications from portable electronic devices to
larger-scale marine energy systems. Future developments in material engineering and structural
design could further improve the efficiency and scalability of TENGs, solidifying their role in
advancing sustainable energy solutions in diverse environments.
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BAVISTHUE I-OBAYYEHUS HA AVDAEKTPUYECKUE CBOVICTBA HAHOKOMITO3UTOB T19BIT +A-AL203
AHHOTAI VIS

IIpeacTaBAeHBI AMDAEKTPUIECKIE CBOFICTBA KOMITO3UTHBIX ILIEHOK ITOAMBTIIAEHA BBICOKON 1A0THOCTH/0-ALOs
(ITOBIT+ a-Al20s) B mHTepBase Temmepatyp 20°-110°C n B Amarasone yactor 25-10° I't 40 m 1mocae obaydeHs.
O6pasisr 0daygaancs y-aydamu ot 0 20 200 xI'p. Marpuia ITOBIT mosxeT mpusecTt K M3MEHEHUAM AUDAKTpIIec-
KUX CBOJVICTB, IIPOBOAMMOCTM M peAaKCallVIOHHOTO moseseHms. CaejoBaTeAbHO, MCCA€JOBaHUE DAEKTPUIECKOTO
MOAyAst KaK (PYHKIIUV YaCTOTHI U TeMIIEpaTyphl B DTOI CAOXKHOIN CUCTEME MMeeT Ba>KHOe 3HaYeHNe AASl PacKphITIAS
OCHOBHBIX MEXaHM3MOB I IIOTEHIIMAJBHBIX IIPUMEHEHMII B DAEKTPUYECKMX YCTPONCTBaX. DKCIIepUMeHTaAbHbIE
AVDAEKTPIIeCcKIe AaHHBIe ITpOaHaAMU3UPOBaHbl (POPMaAV3MOM DAEKTPUIECKOro MoAyAs. IlpeacTaBienne saeKTpu-
9eCKOIO MOAY sl TIOKa3bIBaeT YeTKO OIpeJeeHHbIe MK peAaKCalliL.

Katouesvie caosa: »aeKTpraecKuii MOAyAb, AUBAKTpIdecKe coiicTsa, ITOBI, pesakcars,

YSPE+A-AL:0s NANOKOMPOZITLORININ DIELEKTRIK XASSOLORINO I-SUALANMANIN TOSIRI
XULASO

Yiiksok sixligh polietilen/a-ALOs(YSPE+a-Al20s) kompozitlarinin  siialanmadan avval ve sonra 20°-110°C
temperatur diapazonunda ve 25-10° Hs tezlik diapazonunda dielektrik xassalori meruzs edilmisdir. YSPE matrisi
niimunanin dielektrik xassalarinds, kegiriciliyinds v relaksasiya davranisinda dayisikliklara sabab ola bilar. Buna gora
das, bu miirakkab sistemds elektrik modulunun tezlik ve temperature asililigini dyranmok elektrik cihazlarinda asas
mexanizmleri ve potensial totbiq sahsleri agkar etmak tigiin vacibdir. Niimunslar 0-dan 200 kGy-s qadar y-siialar

vasitasile stialandirilmigdir. Eksperimental dielektrik malumatlari elektrik modulu formalizmi ilo tehlil edilmisdir.
Elektrik modulunun tesviri yaxs1 miisyyen edilmis relaksasiya pileri gosterir.

Agar sézlar: elektrik modulu, dielektrik xassalari, YSPE, relaksasiya
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Introduction:

Polymer composite materials are widely used in microelectronics, electromagnetic
compatibility, electromagnetic interference protection, and acoustoelectronics, as insulating
systems for high-voltage applications, such as: cables, generators, motors, cast resin dry-type
transformers [1]. The electrical and mechanical properties of polymers can be modified by
adding inorganic nanofillers. Incorporation of nanosized particles improves the electrical and
dielectric properties of polymers. Nanosized particles are more attractive because of the
interesting properties that arise from the dimensions associated with the large surface area. The
choice of the type and nature of micro- and nanoparticles used as fillers is determined by the
given electrical, mechanical [2,4] and thermal [5,6] properties of the composite material. The
introduction of nano-alumina oxide into the HDPE matrix may result in changes to the dielectric
properties, conductivity, and relaxation behavior. Therefore, investigating the electric modulus
as a function of frequency and temperature in this composite system is essential for unraveling
the underlying mechanisms and potential applications in electrical devices. There are various
methods to understand the dynamics of polymer composite materials. The method of dielectric
spectroscopy is a good tool for studying the characteristics of materials. It should be noted that
within the framework of the development of new polymer composite materials, it is necessary to
have information about the dispersion of the real ¢ and imaginary &” parts of the complex
dielectric conductivity, the temperature and frequency dependences of the tangent of the
dielectric loss angle, and the basic laws of structural relaxation within the framework of the
introduction of micro- and nanofillers into the polymer. The study of the electric modulus in
polymer nanocomposites has gained significant attention due to its potential applications in
various technological fields. In this context, the focus of our investigation is on the electric
modulus of high-density polyethylene (HDPE) reinforced with nano-alumina oxide. Nano-
alumina oxide (a-ALOs), with its unique electrical and mechanical properties, holds promise for
enhancing the electrical performance of polymers [7].

The irradiation of polymeric materials with ionizing radiation (gamma rays, X rays,
accelerated electrons, ion beams) leads to the formation of very reactive intermediates products
(excited states, ions and free radicals), which result in rearrangements and/or formation of new
bonds. It is well known that irradiation enhance the electrical conductivity in insulating
polymers. All materials have been found to break down at very high radiation doses, however,
the range of doses under which a given polymer will maintain its desirable properties depends
greatly on the chemical structure of the polymers. Indeed, below the destructive level of
exposure, radiation treatment can impart many benefits and enhance properties of commercial
value.

Therefore, in the present research, the frequency and temperature dependences of electrical
modulus of the composites based on high-density polyethylene containing nanoparticles of a-
AlLQOs before and after irradiation were experimentally studied to find the possibilities of
controlled change in dielectric properties of composite materials. This article aims to provide a
comprehensive analysis of the electric modulus in the HDPE/ a-Al:Os nanocomposite system.
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Experimental

As a polymer matrix powdered PE2NT11-285D high-density polyethylene (Russia, Kazan)
with melting point of 130°C, and a density of 947g/m3 was selected. The choice of HDPE
(particle sizes of no more than 300um) as the matrix was mostly based on the high dielectric
properties and process ability of the material. a-Al2Os (Sky Spring Nanomaterials, Inc. Houston
United States) with partical size d=40nm, dielectric permeability of €=10, and a density of
3,89g/cm3 was used as a filler.

Film samples of unfilled HDPE and composites based on it were prepared using a process
flow sheet involving the following procedures:

— Mixing powders HDPE and -AlQO:s to a visual uniform state in a porcelain mortar.

— Pressing a homogenous mixture of component powders in a hydraulic press with heated
plates at a pressure of 15MPa with holding at a temperature of 130°C for 5 min, and obtaining
samples of composites in the form of discs with a diameter of 20mm and a thickness of about 90-
110nm.

—To ensure reliable electrical contact between the sample and the grounded stainless steel
electrodes, pressing on the surface of the electrode made of a thin aluminum foil with a thickness
of 7um, followed by cooling in a water-ice mixture (quenching mode).

Thus, 0-3 composites containing 0+10vol%a-AlOs in the HDPE matrix were prepared.

All concentrations given in this study are volumetric. The composite manufacturing mode
allows one to obtain repeated electrophysical parameters for the bulk of the samples at the same
concentration. Samples that had parameters different from the parameters of the main group
(their number was small) were not taken into account in the analysis.

Dielectric spectroscopy analysis of the virgin and gamma irradiated specimens was carried
out through a broadband dielectric impedance spectroscopy analyze for understanding the
variation of dielectric constant (g) and dielectric loss (tand) of the sample over a wide range
frequency and temperature. The analysis of the behavior of the complex electric module was
used to obtain additional information and to solve the usual difficulties associated with the
influence of the nature of the electrodes, ohmic contact and the effects of space charge injection,
so that the real and imaginary parts of the dielectric conductivity "hide" the relaxation in the
frequency dependence of the imaginary parts of the dielectric conductivity. The complex electric
modulus is defined by the equation M*.

1 1 g - .
M'=-=——=—5—+—5—3 = M + jooooooecoocoo
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In a low-conductivity system, the rapid increase in conductance at very low frequency is
due to electrode polarization, and the effect of electrode polarization can completely mask the
low-frequency relaxation. The "electrical modulus" formalism is used to study the dielectric
relaxations to remove the electrode polarization effect and resolve the low-frequency relaxation.
The electrical module is determined by the following formula
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The materials were examined using parallel plate capacitors in a two electrodes system in
the equivalent circuit of a resistor and a capacitor connected in parallel in a frequency range of
25-10°Hz at temperatures of 30-120°C and a measuring voltage amplitude of U=1V, using a
special shielded and grounded heated “sandwich” measuring cell with a system of a measuring
and potential electrode with a diameter of 14 and 20mm, respectively. Temperature
measurements were conducted at a frequency of 1kHz. The samples were placed in the
measuring cell with pressure exerting stainless steel electrodes. The temperature of sample was
controlled intelligent digital temperature controller using a CH-B702 type (China). The centering
of the electrodes was provided by a special mandrel in a heated chamber. The distance between
the electrodes was determined by the thickness of the test samples. The measurements of
capacitance C, dielectric loss tangent tand were conducted in a direction perpendicular to the
plane of compression of the samples using an E7-20 broadband precision immittance meter. The
accuracy of measurement is within 2-5%.

Studies of the effect of filler concentration and of gamma irradiation of HDPE and
composites based on it before and after exposure to these factors. The irradiation of
nanocomposites were carried out at room temperature by y— exposure at a dose rate of 5,65 kGy
in an irradiator MRX-y-30 provided with (¥*Co) sourse. HDPE film and composite samples were
irradiated to absorbed doses D=50 and 200kGy.

Discussion

Modulus spectra are frequently used for characterization of nanodielectric because these
spectra are independent of electrode polarization effect, electrode material and the adsorbed
impurities, and only give the bulk response of the dielectric material [8]. Fig 1. shows the real
and imaginary parts of the electric modulus respectively obtained through equation (2) and (3)
as a function of frequency for different volume percentage (up to 10%) of a-Al:Os in different
doses (0 kGy, 50 kGy,200 kGy). Measurements were made in the 25-10°Hz frequency range, at
room temperature for examined systems is presented. It can be seen that Figla the value of M’
increase with frequency up to 2*10°Hz (for pure HDPE from 0.31 to 0.34, for HDPE+ 3%a-ALOs
composites from 0.30 to 0.32, for HDPE+ 10%a-Al:Os from 0.27 to 0.30), then deacrease to the end
of frequency scale. As expected, the real part of electric modulus of HDPE and HDPE+ a-Al2Os
nanocomposites decrease with increase a-AL:Os content: for 3% M'=0.32 and 10% M'=0.33. But
value of M’ for 1% and 5% nanocomposites higher than pure HDPE( for 1% M'=0.33, for 5%
M'=0.34)

After 50 kGy exposure dose value of M’ decrease than 0 kGy irradiation for all tested com-
posite system. The reduction in the values of M’ with increasing dose results from the increase in
the mobility of the polymer segment and charge carriers [8]. It is clearly seen that the real part of
electric modulus increases slowly up to 10°Hz, then increases high rate in comparison previous
frequencies up to 2*10°Hz and obtaion maximum value then decrease end to the frequency scale.
The value of M’ decreases with an increase in volume content a-ALOs in the base mixture as a
result of increase of the real part of complex dieletric permittivity and nature of all curves are
similar. For all the studied composite samples there is a transition from low values to high ones,
which implies the relaxation process. The value of M’ for pure HDPE decreases 1.76 times (from
0.300 to 0.176) after 50 kGy irradiation. The maximum value of M’ for pure HDPE is 0.2.
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Fig.1. Frequency dependence of real and imaginary parts of electric modulus of
HDPE+ x%a-AlOs at different radiation doses:a,b-0kGy;c,d-50kGy; e,f-200kGy.

At 200 kGy exposure dose value of the real parts of electric modulus for HDPE and HDPE+
10%a-Al:Os are close to each other, 0.33 and 0.34 respectively. The nature of curve remains the
same for HDPE+ 10%a-ALOs but peak shifts to high frequency (10°Hz) after irradiation which
can be attributed to the release of more trapped charge carriers[9]. The M'of other samples show
a plateau in intermediate frequency (5*10? -2*10°Hz) range and gets maximum value at 10°Hz
then decrease to the end of the frequency range.

The frequency dependence of the imaginary parts of electric modulus M" in alternating
fields for pure HDPE and HDPE+ x% a-Al:Os composite containing different amount of filler at
D=0 kGy are given in Figlb. It is found that M" value firstly decrease with increase of frequency
within (25-10°Hz) frequency range, then remain constant intermediate frequency range 10° -
10°Hz for all examined system, for 3% composites the value of M"increases from 0.003 to 0.009 (
3times).
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At D=50 kGy exposure dose spectra of M" exbihit electric modulus relaxation peak around
10*Hz which is attributed to PE local chain motion [10]. It can be seen from figld, the value of M"
decreases at 25-10° Hz frequency range, then increase up to 5*10° Hz and 10‘Hz, respectively,
with the increase frequency value of M almost same for all examined system. The relaxation
times can be calculated from the relation, tx =1/27tfmax, for HDPE t==2-10"%s, for 1% tx=3-10"s, for
3,5,10% 1:=1.6-10"s. There observed an increase in the value of M" of composite system. Similar
observasions were made for PVDF/CaCusTiOw2 nanocrystal composite[11]. It should be noted
that, with increasing irradiation dose up to 50kGy the value of M" increase 1.4 times measured at
25Hz frequence than 0 kGy, for HDPE M' increases from about 0.007 to 0.005.

From Fig.1f. it can be noted that after 200kGy irradiation peaks shifts to low frequency range
in a 0, 1 and 3% composites. There is not peaks 5% and 10% composites. For 0, 1% specimens
relaxation time is 1x=8-10*s. Also value of M" increases than 50 kGy irradiation dose in stuied
samples. The value of M" for 10% composites decreases from 0.25 to 0.005 and peak observed at
5*10°Hz.
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Fig.2. Temperature dependence of real and imaginary parts of electric modulus of
HDPE+ x%a-AlOs at different radiation doses:a,b-0kGy;c,d-50kGy; e,f-200kGy.
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Fig. 2 shows the variation of real (M') and imaginary (M") parts of the electric modulus as a
function of temperature for different volume concentrations of a-ALQOs in different doses at
costant frequency 10°Hz . Measurements were made in the temperature range of 20°C-110°C. It
can be seen from Figure 1a, the value of M' for pure HDPE and HDPE+1% a-AlOs composite
almost does not change depending on the temperature, the value of M’ decreases with increasing
temperature at higher temperatures (starting from 60°C), at D=0kGy exposure dose, as the filler
content increases in the in the HDPE matrix, at 10% composite the rate of decrease was greater
than other samples. The increase of a-AL:Os content results in lower values of M, implying that
the real part of dielectric permittivity increases ceramic filler. The value of M" increases as the
filler content increase from 3% to 10% volume percentage in HDPE (Fig.2b.) which is a
characteristic of Maxwell-Wagner-Sillar (MWS) relaxation.

In Fig.2c, d M' and M" as a function of temperature is presented for all the examined
systems, after 50kGy y-irradiation. The value of M' decreases than 0 kGy irradiated samples. It
can be seen one relaxation M" as a function of temperature process, located in the high
temperature range are clearly recorded, for pure HDPE, and HDPE +1% a-AlOs specimens is
formed in the temperature range where transition occurs. Thus, values are very close to the glass
transition temperature of the pure HDPE. In consequence it is reasonable to suggest the
relatively slow dielectric relaxation process corresponds to glass/rubber transition.

Fig.2e, f shows functions M'(T) and M"(T) for HDPE and HDPE+ x% «a-ALOs after y-
irradiation at dose 200kGy. As seen in Fig.2e the value of M' higher than 50kGy irradiated
samples. The imaginary part of electric modulus of 0;1 and 3% nanocomposites show plateau in
low temperature range (T<80°C), while a broad peak emerges in temperature range of 80°-100°C.
Amplitude of peak decreases for 5% composite. Also, value of M" increases from 0.009 to 0.045
for 10% composite system than pure HDPE and there is not peak in HDPE+ 10% a-ALOs this
temperature range (80°-100°C). It is well known (Aliev, Kh.S, at al., 2018) that o- relaxation
process is associated with glass to rubber transition. If sufficient thermal energy is provided to
the polymer, then large parts of amorphous macromolecular chains can relax simultaneously in a
cooperative motion. The whole process is characterized by glass transition temperature (Tg),
which is considered as the temperature where transition occurs. In polymer matrix composite
systems, glass transition is related to the chemical structure of the polymer chains and in many
cases to the type of the applied filler. As a rule of thumb, glass transition temperature is taken as
the temperature at which the a- relaxation loss peak is recorded in the dielectric spectrum at
constant frequency.

Conclusion:

The dielectric properties of nanocomposites “nonpolar HDPE/ a-AL:Os” were studied within
the frequency range of 25-10° Hz. It was shown that the dielectric parameters of composites
significantly depend on both the a-Al2Os concentration in the polymer and the frequency of the
electric field. The appearance of peaks at higher temperature reveals that there may be the MWS-
relaxation peak.
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ARTICLE INFO ABSTRACT
Article history: The impact of y-irradiation on the electrical and thermoelectret properties of
Received: 2024-10-09 HDPE/a-5iOz nanocomposites was thoroughly studied, with a particular focus
Received in revised form: 2024-10-16 on the influence of varying filler concentrations ranging from 0% to 5% by
Accepted: 2024-11-14 volume. This research aimed to investigate how both the y-irradiation and the
Auvailable online addition of a-SiO2 nanoparticles affected the overall electrical behavior of the
Keywords: nanocomposite. Key electrical properties such as the dielectric constant (¢'),
nanocomposite, dielectric loss coefficient (e”), and alternating current (AC) electrical
dielectric permittivity, conductivity (o) were measured over a broad frequency range spanning from
electrical conductivity, 25 Hz to 1 MHz. Furthermore, the samples were exposed to absorbed y-
frequency. radiation doses ranging from 0 to 200 kGy, to evaluate the dose-dependent

effects. The results showed that increasing the filler concentration and
irradiation dose significantly altered the dielectric and conductive properties,
providing valuable insights into the optimization of nanocomposites for various
electrical applications. These findings suggest that the controlled use of fillers
and irradiation can be used to fine-tune the electrical performance of polymer-
based nanocomposites.

BAVISTHUIE T-U3AYUYEHUS HA AUDAEKTPUUYECKUE CBOMCTBA KOMITIO3UTOB HDPE/ a -SiO:
PE3IOME

Bausinue y-064ydenis Ha ®AeKTpudecKye I TepMODAeKTPeTHbIE CBOVICTBA HAHOKOMITIO3MTOB HDPE/a-SiO2 6110
TIIJATEABHO M3Y4€HO, C OCOOBIM aKIIEHTOM Ha BAVLSIHIIE M3MEHEHIsT KOHLIEHTpauy HalloAHUTeAs B guanasoHe oT 0%
20 5% 110 06Bemy. Lleapio rccaesoBaHVsT OBLAO BBIACHUTS, KaK Y-00ydeHre 1 400aBAeHye HaHodacTuIl &-SiOz2 BAUAIOT
Ha oOmMe »AeKTpMIeCcKre XapaKTePUCTVKY HaHOKOMIIo3uTa. OCHOBHBIE DAEKTpUYECKNe CBOVICTBA, TaKle KakK
AVDAEKTpIIecKasl MPOHUIaeMOoCTh (g'), KodpPUIEHT AUDAEKTPUIECKUX IOTeph (£”) UM DAEKTPOIPOBOJHOCTH
IIepeMeHHOTO TOKa (0), M3MepsANCh B IIMPOKOM AuanasoHe yactor oT 25 I'm g0 1 MI'i. Kpome Toro, oOpasiist
ITOABEpPraAuch BO3AENCTBMIO Y-00AydeHmsa B Jo3ax oT 0 a0 200 xIp 449 OIEHKM J0303aBUCUMEIX D(PPeKTOB.
PesyapTaThl 1IOKa3aAl, 4TO yBeAndeHMe KOHIIeHTpaIluy HaIlOAHUTeAd U AO03bI ODAyYeHMs 3HauMTeAbHO U3MeHseT
AUDAEKTPIIeCcKIe Y IPOBOASIIIINIE CBOJICTBA, IIPeJOCTaBASLI [IEHHbIe JaHHBIEe A5 ONTUMM3all/1 HAHOKOMIIO3UTOB A/
Pa3AMIHBIX 9AeKTPUYECKUX IIPMMEHeHMil. DT BBIBOABI IPeAIloAaraioT, YTO KOHTPOAMpPYyeMOe HCIIOAb30BaHIe
HalloAHMTeAell 1  OOAydeHUsI MOXKeT ObITh ICIIOAB30BAHO AASl  TOHKOM — HACTPOMKM — DAEKTPUYecKOl
IIPON3BOAUTEABHOCTH ITOAVMEPHBIX HAHOKOMITO3UTOB.

KaroueBbie ca0Ba: HAHOKOMIIO3UT, AMDAEKTPIYecKas IIPOHMUIIAeMOCTh, DAeKTPOIIPOBOAHOCTD, YacTOTa.
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y-RADIASIYANIN YSPE/ a-Si0: KOMPOZITLORIN DIiELEKTRIK XASSOLORINO TOSIRI
XULASO

Yiiksok sixlight polietilen (YSPE) ve onun ssasinda alinan nanokompozit (YSPE/ a-SiO2) niimunslsrine y-
stialanmanin ve termoelektret halmin tesiri tedqiq edilmisdir. 0-5% hacminds doldurucunun konsentrasiyasmin,
udulma dozasimin va termoelektret halinin elektrofiziki xassalara tasiri miisyyen edilmisdir.Dielektrik niifuzlugu ('),
dielektrik itki faktoru (g"),elektrik kegiriciliyi () 25+10°Hs tezlik va 0-200kGr udulma dozasi diapozonunda tadqiq
edilmisdir. Naticalor gostormisdir ki, dolgu konsentrasiyasimin ve siialanma dozalarimin artmasi dielektrik vo kegirici
xassalari shamiyyatli deracada dayisir ve bu, nanokompozitlarin miixtalif elektrik tatbiqlari iglin optimallagdiriimasina
dair miithiim malumatlar verir. Bu naticaler gosterir ki, doldurucularm ve siialanmamn nazarstli istifadesi polimer
asasli nanokompozitlarin elektrik performansin ince tenzimlomak tigiin istifads oluna bilar.

Acar sozlor: nanokompozit, dielektrik niifuzlugu, elektrik kegiriciliyi, tezlik.

Introduction

In recent years, one of the most promising and rapidly developing directions in science and
technology has been the production of new nanocomposites. High-density polyethylene (HDPE)
and composites based on it are considered indispensable materials in fields such as the atomic
and electrical engineering industries, cryogenic technology, medicine, and more. Through
various complex methods, nanoparticles are incorporated into the polymer matrix. Such
composites exhibit several unique and promising properties (electrophysical, electret, optical).
Due to these properties, they are valuable in the development of new sensors, photovoltaic
converters, various detectors, piezoelectric materials, and more. Researchers [1, 2] have
determined in their studies that adding inorganic nanoparticles to polymers significantly
modifies the physical properties of polymer materials, enhancing their applications.

Current research shows that composites obtained by adding nanoparticles at various
concentrations, particularly in the range of 1-10%, into the polymer matrix demonstrate superior
physical, chemical, mechanical, and dielectric properties compared to the original polymers [3].

In the current era, the interest in composites obtained by adding nanoparticle-based oxide
materials to a polymer matrix continues to grow consistently [4]. The addition of ultrafine non-
organic particles, such as silicon dioxide (a-Si0z), to high-density polyethylene (HDPE) further
improves the physical and mechanical properties of the polymer [5].

It should be noted that when obtaining a new polymer composite material, it is necessary to
investigate the dielectric permeability (¢), dielectric loss (tgd), and conductivity in both direct
(odc) and alternating (oac) fields after the addition of fillers.

One of the modification methods for high-density polyethylene and the composites
obtained from it (HDPE/a-SiOy) is their irradiation with various types of radiation. Composites
modified by ionizing radiation are even more versatile as composite materials. The essence here
is the dispersity of the structure and the formation of interphase layers. Due to these
characteristics, the application of nanocomposites in micro- and nanoelectronics attracts
considerable interest.

The effect of y-radiation varies depending on the type of polymer. It is known from the
literature [6-10] that +y-radiation affects the structure of polyethylene and alters its
physicochemical properties, causing irreversible changes in the molecular structure of the
polymer. The mechanism of this modification depends on the radiation conditions; it either
increases mechanical strength as a result of the construction process in the polymer molecule or
leads to molecular fragmentation during the oxidation process.

44



The Effect of I'-Radiation on the Dielectric Properties of HDPE/ « -S5iO: Composites

The increase in dielectric permeability and conductivity in the alternating electric field of
HDPE and its composites (HDPE + a-SiO2) after y-irradiation is due to the increased density of
free radicals and unsaturated bonds. In irradiated samples, the breaking of the molecular chain
and the formation of free radicals lead to an increase in the density of unsaturated bonds.

Conducting the Experiment

In the conducted research, high-density polyethylene (HDPE) with a molecular weight of 95
x 10° g/mol, a crystallinity degree of 52%, a melting temperature of 130°C, and a density of 958
g/cm? marked as 20806-24, and various volumes (P=0.1, 3, 5%) of amorphous silicon dioxide (a-
Si0;) nanofiller (Sky Spring Nanomaterials, Inc. Houston, USA) with a specific surface area of
5=160 m?/g, a density of 2.65 g/cm?, and particle sizes of 20 nm, were prepared as composites
using a thermal pressing method. The powdered high-density polyethylene (HDPE) was
weighed on a scale in predetermined concentrations together with the nanofiller, then the
polymer matrix and the nanofiller were mechanically mixed in a porcelain container until a
completely homogeneous mixture was obtained. The resulting homogeneous mixture was
subjected to a pressure of 15 MPa at a temperature of 130°C for 5 minutes using a hydraulic press
and then cooled in an ice-water mixture [11]. The obtained samples had a thickness of 120-180
pum and a diameter of 40 mm. Some of the samples were initially converted into a thermoelectret
state, while others were irradiated with y-radiation (D=50, 100, 200 kQr). The electrophysical
properties (g, tgd, o) of the samples were investigated before and after the thermoelectret
formation and y-radiation exposure.

To obtain the thermoelectret: HDPE and HDPE+a-SiO, samples are heated from room
temperature to 100°C and kept at this temperature between electrodes in an electric field for 30
minutes. They are then allowed to cool to room temperature, and after cooling, they are freed
from the electric field. The surface charge density is measured using a compensation method
[12]. The gamma radiation exposure of polymer and composite samples was performed using
the MPX-y-25 device based on the ®Co isotope. The measurement of the electrophysical
properties of HDPE and its composites was carried out at frequencies ranging from 25 to 10° Hz
using an E7-20 type impedance meter, under a constant heating regime for the samples.

The electrophysical properties of HDPE and its composites were clarified concerning
frequency, temperature, and dose dependencies at various temperatures.

Discussion of Results

In Figure 1, the dielectric permittivity (¢') dependencies of HDPE and HDPE+x%a-SiO:z
composites (Fig. 1a) and thermoelectrets (Fig. 1b) before y-radiation (D=0) are presented as a
function of various frequencies. It can be seen from the figure that the dielectric permittivity (')
values of the initial HDPE and 1% vol. a-SiO2 nanocomposites are significantly lower compared
to the 3% and 5% vol. nanocomposites at 25 Hz. The dielectric permittivity of HDPE and 1% vol.
a-SiO2 nanocomposites does not depend on frequency, meaning that with the increase in
frequency, the value of € changes slightly (decreases). The 3% and 5% vol. samples obtain high
values at 25 Hz (5.34 and 6.38, respectively), and with the increase in frequency, it decreases
rapidly up to 10* Hz, then weakens and stabilizes at the end (10° Hz). As the volume percentage
of the filler increases (3%; 5%), the value of €' increases; however, in the HDPE+5% «-SiO:-
composite, the value of ¢ decreases approximately 1.97 times with increasing frequency. The
parameter Ag’ = (€'c - €'=), where €'c and €'~ are the low and high-frequency dielectric permittivity,
respectively, encompasses the entire range of dispersion and is equal to Ae’=3.66.
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In Figure 1b, it is evident that the character of the & = f(v) dependency does not change; the
values of the dielectric permittivity of the initial and 1% vol. samples do not change with
increasing frequency, while the ¢’ values of the 3% and 5% vol. nanocomposites decrease as
frequency increases. The & values of the 3% and 5% vol. nanocomposites are 4.1 and 3.81,
respectively, at 25 Hz. Only for the 5% vol. nanocomposite does the value of &' become smaller
than that of HDPE and other nanocomposites after the frequency increases beyond 1 kHz (2.66
and 2.18). In the thermoelectret composites (HDPE +5% a-Si0Oz), the total width of dispersion is
also equal to A’ =1.68.
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Figure 1. The dielectric permittivity (¢) dependence on various frequencies of
HDPE and HDPE+a-SiO: initial (a) and thermoelectret (b) composites.

If we compare these graphs, we can see that the parameters of the initial composite samples
differ from the values obtained for the thermoelectret composites; the dielectric permittivity of
HDPE and HDPE +a-5iO2 nanocomposites is lower for the thermoelectret nanocomposites. At 25
Hz, the value of € for the 5% vol. samples of thermoelectrets is 3.81, while for the initial
composites, it is 6.38.

In Figure 2, the situation of these samples after irradiation with a dose of (D=200 kQr) is
shown: it can also be seen that the dielectric permittivity of the initial composites (®=5%) is
approximately 8 at 25 Hz; meanwhile, the dielectric permittivity of the thermoelectret is
approximately 10, which is a noticeable value.
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Figure 2. The dielectric permittivity (¢') dependence on various frequencies of HDPE and HDPE +a-SiO2
ordinary (a) and thermoelectret (b) composites after y-radiation (D=200 kGr).

From Figures 1-2(a,b), it can be seen that the effect of y-radiation absorption dose (D=200
kQr) on the dielectric permittivity of HDPE and HDPE +a-SiO2 composites (0=0-5%) is different.
As the volume percentage of the filler and the absorption dose increase, the value of ¢’ increases.

This is most noticeable when the volume percentage of the filler is equal to 5%. Thus, as the
volume percentage of the filler increases, the radiation resistance of the composite improves.
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After irradiation with D=200 kGt, the following changes are observed in the dependency of
Ae'=f(v):

1. In the 1% and 3% samples, the value of ¢ decreases from 5.34 to 2.52, and no frequency
dependence is observed across all frequency ranges.

2. After transitioning to the thermoelectret state and irradiation, the & values of the 0% and
3% samples increase slightly (from 2.85 to 3.02 for 0%; and from 2.52 to 4.63 for 3%), but no
frequency dependence is observed.

3. After irradiation, the value of & for the 1% and 5% samples increases at low frequencies
(from & =79 to & =9.79), then decreases up to 10"5 Hz, followed by stabilization, meaning the
stabilization frequency of ¢ shifts toward higher frequency regions.

Based on the initial analysis of the obtained results, it can be concluded that after
irradiation, the increase in ¢’ and tgd in HDPE and the composites based on it (HDPE +a-5iO2)
after transitioning to the thermoelectret state can primarily be explained by the increase in the
degree of polarization of the samples.

Figures 3-4(ab) show the dependence of the electrical conductivity of initial and
thermoelectret polyethylene and the nanocomposites based on it on the volume percentage of
the filler before (Fig. 3, a-b) and after (D=200 kQr) (Fig. 4, a-b) y-irradiation, expressed as Igo=f(v).
From the figure (Fig. 3a), it is evident that as the volume percentage of the filler increases, the
electrical conductivity (o) of the composites increases; across all frequency dependencies, the
electrical conductivity of the HDPE +a-SiO: composites is high. Conversely, after irradiation
(D=200 kQr), the electrical conductivity of the thermoelectrets increases (changes); the
conductivity of the initial HDPE and HDPE +1%a-SiOz2 composites increases with increasing
frequency up to the end of the frequency scale, while in the 3% and 5% volume nanocomposites,
this increase continues up to 10* Hz and then stabilizes.

In the thermoelectret polymer and nanocomposites (Fig. 3b), the conductivity of the initial
(HDPE) and HDPE +1%a-SiO:2 nanocomposites continues to increase significantly, with the
conductivity of the 3% and 5% volume nanocomposites being even higher.

After irradiation with a dose of D=200 kGr (Fig.4,a), there are no significant changes in the
dependence Igo=f(v) for the HDPE sample, while the conductivity values of the 1% and 5%
volume samples are higher compared to HDPE and HDPE +3%a-SiO: composites.
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Figure 3. The dependence of electrical conductivity (o) on various frequencies of HDPE and HDPE +a-SiO:
initial (a) and thermoelectret (b) composites.
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Differences in conductivity are also observed in the thermoelectret polymer and
nanocomposites (Fig. 4b), as the conductivity values of HDPE and HDPE +1%a-SiOz composites
increase from 25 Hz to 10° Hz. In contrast, the conductivity of HDPE +5%a-5iOz2 composites
begins to increase from 25 Hz, but after 10* Hz, the increase weakens. During irradiation, the
polymer chains break into smaller segments, during which the crystalline regions are disrupted,
and the amorphous regions (phases) begin to increase. At high values of the irradiation dose, the
polymer chains break, continually improving the amorphous phase and also generating free
radicals, which contributes to the increase in electrical conductivity.
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Figure 4. The dependence of electrical conductivity (o) on various frequencies of HDPE and HDPE +a-SiO:z
ordinary (a) and thermoelectret (b) composites after y-radiation (D=200 kGr).

In Figures 5 (a,b), the dependence of electrical conductivity on the irradiation dose, Igo=f(D
is shown for HDPE, HDPE +a-SiO: initial nanocomposites, and HDPE, HDPE +a-SiO:
composites that have been transformed into thermoelectrets. From the graph, it can be seen (Fig.
5a) that the electrical conductivity of HDPE and HDPE +1%a-SiO2 nanocomposites changes little
with respect to the dose; however, in the 3% «-5i0. nanocomposites, while conductivity
decreases at a dose of 100 kQyr, it increases relatively at a dose of D=200 kQr. The conductivity
value in the 5% a-5i02 nanocomposite is higher compared to the other composites.

In the thermoelectrets (Fig. 5b), the conductivity values are even higher, especially as both
the irradiation dose and the volume percentage of the filler increase, leading to an increase in o.
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Figure 5. The dependence of electrical conductivity on the dose (D=0-200 kGr) for HDPE and HDPE +&-SiO:
initial (a) and thermoelectret (b) composites.

In thermoelectret nanocomposites, the increase in crystalline regions leads to improved
mechanical properties and enhanced chemical resistance. Certain changes occur in polyethylene
and composites after y-radiation. As the irradiation dose increases, defects, unsaturated bonds,
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and free radicals generated from the degradation of the polymer chain increase, which
contributes to the rise in dielectric permittivity. It has also been established that as the irradiation
dose increases, the delocalization of carbonyl groups and charge carriers increases, leading to an
increase in dielectric permittivity (e). However, the dielectric permittivity of thermoelectret
nanocomposite samples increases significantly.

CONCLUSION:

The effect of y-irradiation on the electrophysical properties of YSPE+a-SiO2 nanocomposites
with various concentrations has been studied. Based on the initial analysis of the obtained
results, it can be concluded that after irradiation, YSPE and the composites derived from it
(YSPE+a-SiO2) transition to a thermoelectret state, which is characterized by an increase in € and
tgd. This increase can primarily be attributed to the enhancement of the polarization degree of
the samples and the growth of electrical conductivity. After irradiation, a slight increase in the &
value for the 1% and 5% samples at low frequencies is observed, followed by a shift in the
stabilization frequency of € toward higher frequency regions.
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Article history: In the work the volt-amper and volt-farad characteristics of PASi-Si contact have
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Conducted studies of the dependence of capacitance on voltage showed that in the
range of 300 -106 Hz the capacitance practically does not depend on frequency
During the measurement process, R < R was carried out, that is, the measurement
limit of the electrometric amplifier was selected

BOAbT-EMKOCTHBIE XAPAKTEPVICTIKU KOHTAKTA PDSI-SI
PE3IOME

B pabome uccaedosarvt sorvin-papadivie xapakmepucmuku konmaxma PdSi-Si. Paccvompena gosmosxtocmo onpedere-
HUs psda eaxHvx napamempos 0ad Pd, Si u PdSi ¢ nomouyvto amux xapakmepucmux. YcmanosAeHvl AUHeiHOCH b aKCnepu-
Mermarvroi sasucumocrmu 1/C? om Hanpskenus u pasHomepHocb pacnpedeietiis npumeceti 6 NpunosepxXHoCHIHoL 00Aacmu
NOAYNPOSOOHUKA

SHavenue KOHUeHmpauuu axKuenmopos, Oi’lpeae]\EHHO(:’ no HAKAOHY SOJ\bm-ﬂ.MTlepHOI;i Xapakmepucmuxu, coénadaent co
SHaveHuem, paccHumaHHvimM no y()@]\bHO.My CONpOMuBAeHU0 KPEMHUSL.

Iposederitvie uccAeI06AHUS 3ASUCUMOCTIY eMKOCHIY O HANpsiKeHus nokasau, umo 6 duanasoxe 300-106 I'y emxocno
npaxkmuyecku He 3asUcUin 0 4acnomntul.

B npouecce usmeperus ocyujecmersiroco R < R, mo ecmv 6010Uuparcs npeder usmeperus aAeKmpoMempueckozo
YCUAUIMEAS.

Karouesslie ca0Ba: 11aaaaauii, CUANIIABI, 6ap},ep Ilorrkuy, an104, BOAbT—QJapaA, CUAUILTUA TTaAAAAVISL.
PDSi-Si KONTAKTIN VOLT-FARAD XARAKTERISTIKALARI
XULASO

Isda PdSi-Si kontaktin volt-farad xarakteristikalar: Gyranilmis, hamin xarakteristikalarin komayi ila Pd, Si va PdSi iigiin bir
sira vacib fiziki parametrlorin tayin edilmasi imkanlarna baxilmisdir. 1/C? — mn gorginlikdon eksperimental asilili§imn xatti
xarakter dagimast va yarimkeciricinin satha yaxmn oblastinda ionlagnus asqarlarim barabar paylanmas: miiayyon edilmisdir.

Cari garginlik xarakteristikasiin oblastinda miiayyan edilon gabuledici konsentrasiyanin dayari silisiumun miigavimatindon
hesablanan dayarla iist-iista diisiir.

Kapasitansin garginlikdon asilihi§ima dair aparilan tadqiqatlar gostardi ki, 300-106 Hz diapazonunda tutum praktiki olaraq
tezlikdon astl deyil. Olgma prosesi zamani R < R hayata kegirildi, yoni elektrometrik giiclondiricinin 6lgma haddi segildi.

Acar sozlar: palladium, silisidlar, Sotki barieri, diod, volt-farad, palladium silisid
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Introduction

More information about the mechanism of charge transfer is provided by studying the
temperature dependence of the current-voltage characteristics. To measure the temperature
dependences, the samples were placed in a thermostat, the power of which was supplied from
an autotransformer. The sample temperature was controlled by a chromel aluminum
thermocouple mounted directly on the plate. Before taking the temperature characteristics, the
effect of heat treatment on the electrical properties of the devices was studied. It turned out that
heat treatment of the structure up to 200 C does not cause irreversible changes in the electrical
properties of PdSi

In order to prevent premature breakdown caused by an increase in the electric field at the
periphery of the contact, diffusion guard rings with a depth of 0.5 um were used. Although the
breakdown voltage was increased from 12 to 30 V, there was no saturation when the palladium-
silicon silicide barber reversed current.

Physicochemical processes occurring at the palladium silicide-silicon interface greatly affect
the uniformity of the contact. When PdSi is formed, the volume decreases by 13% compared to
the volume of palladium and silicon reacting. Such differences in crystal chemical properties can
create favorable conditions for the introduction of both palladium atoms and impurity atoms in
the surface layer of silicon. We assume that the introduction of impurity atoms into the surface
layer of silicon leads to inhomogeneity at the PdSi-Si interface.

The Schottky barrier height of PdSi-Si ideal diodes lies in the range of 0.70-0.79 eV. At the
same time, the results of our measurements showed that the barrier height for PdSi-Si obtained
by magnetron sputtering is 0.79 eV. It is for this reason that the breakdown voltage does not
depend on the thickness of the palladium silicide obtained by magnetron sputtering, which
indicates the homogeneity of the PdSi-Si contact.

The work investigated the electrical properties of PdSi-Si structures obtained both by
thermal evaporation and by magnetron evaporation. The current flowing through the Schottky
diode was measured by the voltage drop across the output resistance of the electrometric
amplifier connected in series with the diode under study and the power source. The amplifier's
input impedances were pre-calibrated by comparing their nominal values with the reference
impedances.The main difficulty in measuring high-resistance samples is the inability to directly
measure the voltage on the sample, since connecting a voltmeter with a low input resistance to
the sample leads to a significant current leakage through the voltmeter.In this work, a TR-1657
digital voltmeter was used for measurements, which has an input resistance less than the
resistance of the sample being measured. The voltmeter was connected in parallel to a chain
consisting of two series-connected resistances of the amplifier input resistance Rg and the sample
resistance Rn.

During the measurement process, R < R was carried out, that is, the measurement limit of
the electrometric amplifier was selected at which its input resistance turned out to be
significantly less than the resistance turned out to be significantly less than the resistance of the
sample and the voltmeter essentially recorded the voltage on the sample.

Figure 1 shows the current-voltage characteristic of the PdSi-Si contact obtained by thermal
evaporation.
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Measurements of capacitance-voltage characteristics (CVC) are among the most common
methods for studying semiconductor devices [1]. Using these characteristics, a number of
important physical parameters inherent in both structures and the materials from which they are
made are determined. Of particular interest is the study of CV characteristics filmed in dynamic
mode. The main advantage of this method is the possibility of direct measurement of C(U),
0C(U)/0U and other characteristics, which can significantly increase accuracy.

The device is assembled according to the block diagram proposed in [2]. The structure
under study (Fig. 2) is included in a bridge circuit to which a sinusoidal test signal UT =U0Sincwt
with amplitude UT < kT/q and sawtooth voltage U = at + const is supplied.

Al
Tiw
A |I——Ll HJ—I Y7777 A— SiO,
O : T s
[~ n+
™~ PdSi

Ezzzzzzzzzzzzzzzzzﬁ< Al
Sio,
Fig.2 Cross section of a PdSi-p-Si based Schottky diode

The load resistance value was selected from the condition RH > > (wck)-1 for the test signal
and the reverse for the sawtooth voltage. The signal taken from the load RH1, equal to UH =
const (Y + jwC), after preliminary amplification, is fed to the detector to isolate the impedance
components. The signal from the second arm of the measuring circuit, consisting of the reference
capacitance SET and load resistance KN2, is supplied to the input of amplifier U2, amplified and
rectified by the detector. The detected signals are fed to the inputs of the comparator and
compared. The output of the comparator is connected through differentiating RC chains to the
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input of the oscilloscope. In this case, the output voltage of the comparator remains constant as
long as SET # Cx, and the signal at the oscilloscope input is equal to 0. At some voltage offset, the
reference capacitance SET = Cx(U) and a signal appears at the output of the comparator that
unlocks the grids of the cathode ray tube of the oscilloscope.

Figure 3 shows an oscillogram of the capacitance-voltage characteristics of PdSi-p-Si
structures at a frequency of 1 MHz.
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Fig. 3 Current-voltage characteristics of PdSi-n-Si structures

Conducted studies of the dependence of capacitance on voltage showed that in the range of
300 -106 Hz the capacitance practically does not depend on frequency and varies according to the
law:

C =(q£nNA/ 2 )1/2 ( Vao+Vobr — kT / q )1/2

The position of the Fermi level &, as well as the barrier height, can be calculated from the
value of NA obtained from the slope of the dependence of S/c2 on U.

Because the:
&= (KT/ q@)In(NwNa)

In the absence of bias voltage, the action of mirror image forces reduces the height of the
barrier by:

A @i= [P &n/ 21C(e'n )2 ( @B~ & —KT/ )]

And the superposition of the mirror image forces acting on the carriers and the electric field
of the depletion layer leads to a shift of the barrier maximum by:

xv=1/4 [q &'n (¢pB- &t — KT/ q)/ 21%(e'n )2 Na]'*

The dependence of the I/C2 ratio on the applied voltage for the same diodes is shown in Fig.
18. As can be seen from the figure, the experimental dependence of I/C2 on is linear, which
indicates a uniform distribution of ionized impurities in the near-surface region of the
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semiconductor. The value of the acceptor concentration NA=IOI5 cm-3/ determined from the
slope of the current-voltage characteristic coincides with the value calculated from the resistivity
of silicon /0=IO Ohm*cm corresponds to NA=L5.I0I5 cm-3/, which indicates the absence of
doping and the formation of electrically active defects in the near-surface region of silicon during
the formation of silicide

Conclusion: the results of our measurements showed that the barrier height for PdSi-Si
obtained by magnetron sputtering is 0.79 eV. It is for this reason that the breakdown voltage
does not depend on the thickness of the palladium silicide obtained by magnetron sputtering,
which indicates the homogeneity of the PdSi-Si contact. The work investigated the electrical
properties of PdSi-Si structures obtained both by thermal evaporation and by magnetron
evaporation
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Information about each of the given references should be full, clear and accurate. The bibliographic description
of the reference should be cited according to its type (monograph, textbook, scientific research paper and etc.)
While citing to scientific research articles, materials of symposiums, conferences and other popular scientific
events, the name of the article, lecture or paper should be given.

a)

b)

10.

11.
12.

Samples:

Article: Demukhamedova S.D., Aliyeva I.N., Godjayev N.M.. Spatial and electronic structure af monomerrik
and dimeric conapeetes of carnosine Uith zinc, Journal of structural Chemistry, VVol.51, No.5, p.824-832,
2010

Book: Christie ohn Geankoplis. Transport Processes and Separation Process Principles. Fourth Edition,
Prentice Hall, p.386-398, 2002

Conference paper: Sadychov F.S., Aydin C., Ahmedov A.I.. Appligation of Information — Commu-nication
Technologies in Science and education. I International Conference.”Higher Twist Effects In Photon- Proton
Collisions”, Baki, 01-03 Noyabr, 2007, ss 384-391

References should be in 9-point type size.

The margins sizes of the page: - Top 2.8 cm. bottom 2.8 cm. left 2.5 cm, right 2.5 cm. The article main text
should be written in Palatino Linotype 11 point type size single-spaced. Paragraph spacing should be 6 point.

The maximum number of pages for an article should not exceed 15 pages

The decision to publish a given article is made through the following procedures:

The article is sent to at least to experts.

The article is sent back to the author to make amendments upon the recommendations of referees.

After author makes amendments upon the recommendations of referees the article can be sent for the
publication by the Editorial Board of the journal.



YAZI VO NO9SR QAYDALARI

“Journal of Baku Engineering University” Fizika- avvallor nasr olunmamig orijinal asarlori vo miallifin
tadqiqat sahasi iizra yazilmis icmal maqalslari gabul edir.

Maqalalor Ingilis dilinds gobul edilir.

Yazilar Microsoft Word yazi programinda, (journal@beu.edu.az) invanina gondorilmalidir. Gondoarilon
mogqalolords asagidakilara nozors alinmalidir:

Mogqalonin bagligi, miisllifin adi, soyadi,

s yeri,

Elektron tinvani,

Xiilaso vo agar sozlor.

Mogqalads bashq hor xiilasadan avval ortada, qara vo boyiik horflo xiilasolorin yazildigi hor i¢ dildo
olmalidir.

Xiilasa 100-150 s6z araliginda olmagqla, 9 punto yazi tipi boyiikliiyiindo, moqalonin yazildig1 dildo vo bundan
olavo yuxarida gostarilon iki dildo olmalidir. Magalonin har {i¢ dildo yazilmug xiilasasi bir-birinin eyni olmalidir.
Agar sdzlor uygun xiilasalorin sonunda onun yazildig: dilds verilmakls an azi1 ii¢ s6zdon ibarat olmalidir.

Magqalads UOT va PACS kodlar1 gostorilmalidir.

Mogqalos asagidakilardan ibarat olmalidir:

Giris,

Tadqiqat metodu

Tadgiqgat isinin miizakirasi vo onun naticolori,

Istinad adebiyyat: rus dilindo oldugu halda orjinal dili méterze icorisinde gdstormoklo yalmz Latin alifbasi
ilo verilmolidir.

Sakil, rasm, grafik vo cadvallar ¢apda diizgiin, aydin ¢ixacaq vaziyyatds va moatn igarisindo olmalidir. Sakil,
rosm va grafiklorin yazilari onlarim altinda yazilmalidir. Cadvallards basliq cadvalin iistiinde yazilmalidir.

Manbalar motn igarisinde kvadrat moéterize daxilindo géstorilmoklo mogqalonin sonunda motn daxilindoki
sira ilo diiziilmalidir. Eyni monbaya iki vo daha cox istinad edildikda avvalki sira say1 saxlanmagla mivafiq
sohifolor gostarilmolidir. Masalon: [7,s0h.15].

BOdobiyyat siyahisinda verilon her bir istinad haqqinda malumat tam vo deqiq olmalidir. Istinad olunan monbanin
bibliografik tesviri onun ndviindon (monoqrafiya, dorslik, elmi moqalo v s.) asili olaraq verilmolidir. Elmi mo-
qalslora, simpozium, konfrans, vo diger niifuzlu elmi tadbirlorin materiallarina v ya tezislorine istinad edarkon
magqalonin, maruzanin va ya tezisin ad1 gostarilmalidir.

a)
b)

c)

Niimunolar:

Mbqals: Demukhamedova S.D., Aliyeva I.N., Godjayev N.M.. Spatial and electronic structure af monomeric
and dimeric complexes of carnosine with zinc, Journal of structural Chemistry, Vol.51, No.5, p.824-832, 2010

Kitab: Christie ohn Geankoplis. Transport Processes and Separation Process Principles. Fourth Edition,
Prentice Hall, 2002

Konfrans: Sadychov F.S., Aydin C., Ahmedov A.1.. Appligation of Information-Communication Technologies in
Science and education. II International Conference. ”Higher Twist Effects In Photon- Proton Collisions”,
Baki, 01-03 Noyabr, 2007, ss 384-391

Maoanbolar 9 punto yazi tipi boyiiklitylinds olmalidir.

10.

11.
12.

Sohifo ol¢iilori: tistdon 2.8 sm, altdan 2.8 sm, soldan 2.5 sm va sagdan 2.5 sm olmalidir. Matn 11 punto yaz: tipi
boyiiklityiinds, Palatino Linotype yazi tipi ilo v tok simvol araliginda yazilmalidir. Paraqraflar arasinda 6
punto yazi tipi araliginda mosafo olmalidir.

Orijinal tadqiqat asarlorinin tam motni bir qayda olaraq 15 sshifodon artiq olmamalidir.

Mogqalonin nosra toqdimi asagidaki qaydada aparilir:
Hor mogqallo on az1 iki eksperto gondorilir.
Ekspertlorin tovsiyslorini nazors almaq ti¢iin moaqale miiollifo gdndorilir.

Mogqals, ekspertlorin tonqidi qeydlori miisllif torafindon nozere alindiqdan sonra Jurnalin Redaksiya Heyati
torofindon capa toqdim oluna bilor.


mailto:journal@beu.edu.az

8.

YAZIM KURALLARI

“Journal of Baku Engineering University-Physics" Onceler yayimlanmamis orijinal ¢aligmalar1 ve yazarin
kendi aragtirma alanin-da yazilmis derleme makaleleri kabul etmektedir.

Makaleler ingilizce kabul edilir.

Makaleler Microsoft Word yazi programinda, (journal@beu.edu.az) adresine génderilmelidir. Gonderilen
makalelerde sunlar dikkate alinmalidir:

Makalenin bagligi, yazarin adi, soyadi,

Is yeri,

E-posta adresi,

Ozet ve anahtar kelimeler.

Ozet 100-150 kelime arasinda olup 9 font biiyiikliigiinde, makalenin yazildig: dilde ve yukarida belirtilen iki
dilde olmalidir. Makalenin her ii¢ dilde yazilmis 6zeti birbirinin ayni olmalidir. Anahtar kelimeler uygun 6zetin
sonunda onun yazildigi dilde verilmekle en az {i¢ s6zciikten olusmalidir.

Makalede UOT ve PACS tipli kodlar gosterilmelidir.

Makale sunlardan olugmalidir:

Giris,

Arastirma yontemi

Aragtirma

Tartigma ve sonuglar,

Istinat Edebiyati Rusca oldugu halde orjinal dili parantez icerisinde gdstermekle yalniz Latin alfabesi ile ve-
rilmelidir.

Sekil, Resim, Grafik ve Tablolar baskida diizgiin ¢ikacak nitelikte ve metin igerisinde olmalidir. Sekil, Re-
sim ve grafiklerin yazilar1 onlarin alt kisimda yer almalidir. Tablolarda ise baglik, tablonun iist kisminda
bulunmalidir.

Kullanilan kaynaklar, metin dahilinde késeli parantez igerisinde numaralandirilmali, ayn1 sirayla metin so-
nunda gosterilmelidir. Aym kaynaklara tekrar bagvuruldugunda sira muhafaza edilmelidir. Ornegin: [7,seh.15].

Referans verilen her bir kaynagin kiinyesi tam ve kesin olmalidir. Referans gosterilen kaynagn tiirii de eserin tii-
riine (monografi, derslik, ilmi makale vs.) uygun olarak verilmelidir. Ilmi makalelere, sempozyum, ve konferanslara
muracaat ederken makalenin, bildirinin veya bildiri 6zetlerinin adi da gosterilmelidir.

a)
b)

c)

Ornekler:

Makale: Demukhamedova S.D., Aliyeva I.N., Godjayev N.M.. Spatial and Electronic Structure of Monomerik
and Dimeric Conapeetes of Carnosine Uith Zinc, Journal of Structural Chemistry, Vol.51, No.5, p.824-832, 2010
Kitap: Christie ohn Geankoplis. Transport Processes and Separation Process Principles. Fourth Edition, Prentice
Hall, p.386-398, 2002

Kongre: Sadychov F.S., Aydin C., Ahmedov A.I. Appligation of Information-Communication Technologies
in Science and education. 11 International Conference. “Higher Twist Effects In Photon- Proton Collisions”,
Baki, 01-03 Noyabr, 2007, ss 384-391

Kaynaklarin biiytikliigii 9 punto olmalidir.

9.

10.
11.

12.

13.

Sayfa olculeri; tist: 2.8 cm, alt: 2.8 ¢cm, sol: 2.5 cm, sag: 2.5 cm seklinde olmalidir. Metin 11 punto biiylk-
lukte Palatino Linotype fontu ile ve tek aralikta yazilmalidir. Paragraflar arasinda 6 puntoluk yazi mesa-
fesinde olmalidir.

Orijinal arastirma eserlerinin tam metni 15 sayfadan fazla olmamalidir.

Makaleler dergi editor kurulunun karari ile yayimlanir. Editorler makaleyi diizeltme i¢in yazara geri gonde-
rilebilir.

Makalenin yayina sunusu asagidaki sekilde yapilir:

Her makale en az iki uzmana gonderilir.

Uzmanlarin tavsiyelerini dikkate almak i¢in makale yazara gonderilir.

Makale, uzmanlarin elestirel notlar1 yazar tarafindan dikkate alindiktan sonra Derginin Yaym Kurulu tarafindan
yayina sunulabilir.

Azerbaycan disindan gonderilen ve yayimlanacak olan makaleler igin,(derginin kendilerine gonderilmesi za-
mani posta karsiligi) 30 ABD Dolar1 veya kargiligi TL, T.C. Ziraat Bankasi/Uskiidar-istanbul 0403 0050 5917
No’lu hesaba yatirilmali ve makbuzu iiniversitemize fakslanmalidir.
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ITPABUJIA JIA ABTOPOB

«Journal of Baku Engineering University» - ®u3uka my0IuKyeT OpUTHHAIbHBIC, HAYYHBIC CTATHU U3 00NACTH
HCCIICZIOBaHIUSI ABTOPA U PaHEe HE OMyOINKOBAHHBIC.

Cratbu TIPUHUMAIOTCS Ha AHTJINCKOM SI3BIKE.

PykomuicH TOIKHBI OBITh HaOpaHs! coryiacHo porpammbel Microsoft Word u oTripaBiieHs! Ha 37IEKTPOHHBIH
anpec (Journal@beu.edu.az). OtmpasisemMble CTaThH AOJKHBI YIUTHIBATH CIICAYIOIIKE TPABHIIA:

HazBanue ctatbu, uMs U paMUIIHs aBTOPOB
Mecto paboThI

DICKTPOHHBIN a/ipec

AHHOTAIMS 1 KJIFOYEBBIC CIIOBA

3ariaBue CTaThH IIHUIIETCS JIJIA KaXKJI0M aHHOTAaIMU 3arjaBHBIMU 6yKBaMI/I, JKUPHBIMU 6yKBaMI/I U pacrioJjiara-
€TCA TI0 LEHTPY. 3arnaBue u AHHOTAIlMH JOJI?KHBI OBITH TMPEACTABJICHBI HA TPEX SA3BIKAX.

AHHOTAIM, HAIICAaHHAS HA S3bIKE TPEACTaBICHHON CTaThH, NOJKHA coaepkaTh 100-150 cmoB, HaOpaHHBIX
uipudToM 9 punto. Kpome Toro, mpeAcTaBisioTCs aHHOTAI[MKM HAa JABYX JAPYTHX BBIIIC YKa3aHHBIX S3bIKAX,
MepPeBOJT KOTOPBIX COOTBETCTBYET COJIEP:KaHUIO0 opUruHaia. KitoueBble ciioBa JOJKHBI ObITh MPEACTABIEHBI
mocyie KaXKI0i aHHOTAIMK Ha ero S3bIKE U COAEPIKaTh He MEHEe 3-X CIIOB.

B cratbe momxub! O0bTh YKa3ansl koasl UOT u PACS.

IIpencraBneHHble CTaThbU AOJKHBI COAEPKATh:

Beenenue

MeTton ucciaemoBaHus

OO6cyxneHne pe3yIbTaToOB HCCICOBAHUS H BEIBOJOB.

Ecmu ccrmmarorcs Ha paboTy Ha pycCcKOM sI3BIKE, TOTJAa OPWUTWHANBHBIA S3BIK YKa3hIBacTCsA B CKOOKax, a
CCBUIKA JJACTCS TOJIBKO Ha JTATHHCKOM ai(aBUTE.

PuCyHKH, KapTHHKH, rpadUKH ¥ TAOIHIBI JOJDKHBI OBITH YETKO BHIMOIHEHBI U Pa3MEIeHBI BHYTPH CTATHH.
INoamucu K pUCyHKaM pa3MEIIIaloTCsl MO PUCYHKOM, KapTHHKON i rpadukom. Ha3BaHnue TaOIMIbI MHIIETCS
HaJ TaOJIULEH.

CChUIKH Ha HCTOYHHKH JAI0TCA B TEKCTE IU(POI B KBAAPATHBIX CKOOKAaxX M PacIioyiaratoTcst B KOHIE CTATbH
B TIOPSIIKE IUTHPOBAHUS B TeKCTe. ECITM Ha OJMH M TOT K€ HCTOYHMK CCBUIAIOTCS JIBa U GoJiee pas, Heo0X0-
JIMMO YKa3aTh COOTBETCTBYIOIIYIO CTPAHHILY, COXPaHAS MOPSAKOBHIM HOMep nuTupoBanus. Hanpumep: [7,
crp.15]. bubmuorpaduueckoe onMcaHe CChLIAEMOM TUTEPATyPhl JOJPKHO OBITH MPOBEAEHO C YUETOM THITA
UCTOYHKKA (MOHOTpadust, yIeOHHK, HAydHas CTaThs U 1p.). [IpH CCBUTKE Ha HAYYHYIO CTaThiO, MaTepHAIbl CHM-
No3uyMa, KOH(PEPEHIINH WK IPYTHX 3HAYNMBIX HAYYHBIX MEPOIPHATHH TOJKHBI OBITH YKa3aHbl Ha3BaHUE
CTaThH, JOKJIAJA WU TE3HUCA.

Hanpumep:

Cmampwsa: Demukhamedova S.D., Aliyeva I.N., Godjayev N.M. Spatial and electronic structure of monomeric
and dimeric complexes of carnosine with zinc, Journal of Structural Chemistry, Vol.51, No.5, p.824-832,
2010

Knueza: Christie on Geankoplis. Transport Processes and Separation Process Principles. Fourth Edition,
Prentice Hall, 2002

Kongpepenuua: Sadychov F.S, Fydin C,Ahmedov A.l. Appligation of Information-Communication Nechnologies

in Science and education. Il International Conference. “Higher Twist Effects In Photon-Proton Collision”,
Bak1,01-03 Noyabr, 2007, s5.384-391

CHycoK IMTHPOBAHHOM JIUTEpaTyphl HabupaeTcs mpudToM 9 punto.

10.

11.
12.

Pa3mepbl crpaHunbl: cBepxy 2.8 oM, cHu3y 2.8 cM, crieBa 2.5 u cripaBa 2.5. Tekcr nedaraercs mwpudrom Pala-
tino Linotype, pasmep mwpudra 11 punto, uHTepBan-oanHapHbii. [laparpadsl T0KHBI OBITH pa3leicHbI
paccTosiHuEM, COOTBETCTBYIOIUM MHTEpBaIy 6 punto.

[TonHb1i 00beM OPUTHHAIBLHOM CTaThH, KaK IPaBHIIO, HE JOJDKEH MPEeBHIIIaTh 15 cTpaHuil.

IIpencraBieHue cTaThbu K NEYaTH NPOU3BOJUTCS B HUXKE YKA3aHHOM IMOPAJIKE:

Kaxnast cTathst mochlIaeTcss HE MEHEe IBYM dKCIIepTaMm.

CraThs MOCHUTACTCS aBTOPY IS yUeTa 3aMeUaHuil SKCTIEPTOB.

CraTps, TIOCIIE TOTO, KaK aBTOP yd4eN 3aMEYaHHs SKCIIEPTOB, PEOAKIIMOHHON KOJIJIETHEH JKypHama MOXET
OBITh PEKOMEH/IOBaHA K MICYATH.
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