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Abstract. This study involves molecular dynamics simulations aimed at investigating the crystal structure
collapse of graphene, graphite and silicene. It shows that in the case of graphene and graphite, crystal structure
collapse is related to the sublimation of the sample. At the same time, when a silicene sample is heated
at constant volume, it comes into the liquid—gas two-phase region of the phase diagram. The difference
in the crystal structure collapse of graphene and silicene is caused by the differences in the pressure of the
liquid—gas—crystal triple point.

Keywords: molecular dynamics simulations, graphene, silicene, sublimation, liquid—gas—crystal triple point

Introduction

It is believed that the ground state of all systems should be some kind of a crystal structure. However,
when this crystal is heated, the ordered structure collapses, and the system becomes disordered. Impor-
tantly, the collapse of the crystal structure proceeds via either melting or sublimation phase transition
depending on the pressure in the system: if the pressure is above the one in the liquid—gas—crystal triple
point, the crystal melts. Otherwise, it sublimates. Therefore, depending on the triple point location, dif-
ferent processes can govern the collapse of the crystalline structure.

Nowadays there is a strong interest in two-dimensional materials such as graphene and silicene. These
materials are expected to give numerous advantages for different technological applications. Therefore,
the issue of their thermal stability is also of great importance.

Melting of graphene was studied in a number of papers. A Monte Carlo study of graphene melting
was reported in Ref. (Zakharchenko et al. 2011). It was observed that at very high temperatures (about
4,900 K) carbon atoms start to form linear chains that can decompose from the graphene sheet. The
authors made a conclusion that at 7 = 4,900 K graphene melts in a kind of polymer gel.

The same group of authors improved these findings in Ref. (Los et al. 2015), extrapolating them
to lower temperatures using classical nucleation theory. As a result, they concluded that the melting
temperature of graphene is 7 = 4,500 K.

Another attempt to address this issue was undertaken by Orekhov and Stegailov in Ref. (Orekhov,
Stegailov 2015). Based on molecular dynamics simulations with the well-recognized AIREBO model
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(Stuart et al. 2000), they concluded that the melting temperature of graphene is 7' = 4,900 K, which is
consistent with Ref. (Zakharchenko et al. 2011). They did not employ the extrapolation procedure like
the one used in Ref. (Los et al. 2015); therefore, one might expect that T = 4,500 K is a more reliable
result. Since the melting point of graphene is extremely high, we are not aware of any experimental work
on the topic. All available results are based on molecular simulation methods.

The melting temperature of silicene was also evaluated in a number of computational works.

Ref. (Bocchetti et al. 2014) reported on the Monte Carlo simulation of the melting of a silicene sheet.
The Tersoff potential (Tersoff 1989) with two sets of parameters was implemented: the original ones
(Tersoff 1989) and the ones from Ref. (Agrawal et al. 2005). The melting temperature of silicene was
estimated to be 3,600 K in the former case and 1,750 K in the latter.

Non-equilibrium molecular dynamics simulation of the melting of silicene with the Tersoff potential
was performed in Ref. (Das, Sarkar 2018). The melting temperature was estimated to be 1,201 K.

Non-equilibrium molecular dynamics simulation of the melting of silicene in the framework of the
Stillinger—Weber potential (Stillinger, Weber 1985) was carried out in Refs. (Min et al. 2018) and
(On 2020). The melting temperature was reported to be 1,500 K in the former publication and 2,500 K
in the latter.

It is seen from the discussion above that the estimation of the melting point of silicene ranges from
1,200 K up to 3,600 K, which is definitely unsatisfactory.

In the present paper, we perform a molecular dynamics simulation of the crystal structure collapse
of graphene and silicene, showing that they experience different phase transitions: sublimation in the
case of graphene and transition into the two-phase region in the case of silicene.

Systems and methods

We performed molecular dynamics simulations of graphene, graphite and silicene.

In the case of graphene and graphite, the AIREBO potential (Stuart et al. 2000) was utilized. The
graphene sample consisted of 6,400 carbon particles in a layer surrounded by vacuum. In the case
of graphite, a 4,000-particle sample in a rectangular box was used. Periodic boundary conditions were
used. The time step was set to 0.2 fs, and the whole simulation run was 2 ns. The temperature was set
to 8,000 K. The pressure was fixed at 1 bar. For the crystal structure that collapsed during the simulation
time, a system of linear chains (clusters) was obtained. The particles were considered to belong to the
same cluster if the distance between them was less than 1.95 A.

In the case of silicene, the Stillinger—Weber potential (Stillinger, Weber 1985) was employed. The
system consisted of 20,000 silicon atoms surrounded by vacuum. Periodic boundary conditions were
used. The time step was set to 1 fs, and the whole run was 10 ps. The system was simulated at constant
volume and at several different temperatures. Two characteristics of the system were monitored during
the simulation time: the average potential energy per particle and the thickness of the silicene film,
which was defined as the difference between the z coordinates of the highest and the lowest particles
in the system. When the time dependence of these quantities experienced a jump, the crystal structure
collapsed.

Results and discussion

The case of graphene and graphite

Firstly, we performed a molecular dynamics study of the crystal structure collapse of graphene and
graphite. As stated above, both systems are simulated at a very high temperature of T = 8,000 K, which
is definitely above the melting or sublimation points. The snapshots of the configurations after the struc-
ture collapse of graphene and graphite are given in Fig. 1 (a) and (c) respectively. It is seen that the final
configurations consist of linear chains of different length (linear clusters). We calculated the distribution
of cluster sizes, which is given in Fig. 1 (b). It is seen that the probability distribution of cluster sizes
perfectly coincides for both initial structures. Moreover, the probability distributions have a high peak
at the chain length of three atoms.

According to the experimental data (Leider et al. 1973), gaseous carbon consists mostly of three atoms’
clusters. Comparing it to our results, we conclude that gaseous carbon is obtained after the collapse
of the crystal structure. Therefore, sublimation takes place in the case of graphite and graphene.
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a) The snapshot of a system with the initial structure of graphene after the crystal structure collapse.

Fig. 1.
) The probability distribution of the size of the clusters of carbon atoms in the systems with the initial
structures of graphene and graphite after the crystal structure collapse.
(c) The same as (a), but with the initial structure of graphite

The case of silicene

In the case of silicene we simulated the system at different temperatures and monitored its potential
energy and the thickness of the sample. Fig. 2 (a) shows time dependence of the potential energy per
particle of silicene at different temperatures. At room temperature, the silicene layer has buckled con-
figuration at thickness 5 A, but at the same time it retains its defect-free honeycomb shape. The poten-
tial energy does not change during the whole simulation time.

With temperature rising to 850 K, the potential energy increased slightly, which may be due to the
formation of defects because of thermal instability, which leads to a growth in the thickness of the system.
The potential energy and thickness of the system do not change during simulation at 7' = 850 K.

However, as soon as the temperature reaches T = 875 K, after a while there is a sharp drop in po-
tential energy, which means that the structure of the system has changed dramatically. Apparently, the
low-energy state of the system is thermodynamically more favorable than the initial defective one
at T = 875 K. However, the energy still continues to decrease slightly over time, and the thickness
of the system grows continuously, that is, silicene does not reach thermodynamic stability during
simulation. The snapshots of the system at 7' = 850 and 875 K are shown in Fig. 2 (b) and (d) respec-
tively. It is seen that the sample remains crystalline at the former temperature, but is disordered at the
latter. At the same time, the system remains condensed at 7' = 850 K, since it has finite thickness,
i. e. its atoms do not occupy the whole available volume.

We are not aware of any evaluation of the location of the gas—liquid—crystal triple point of silicon.
However, the pressure of a saturated vapor is available (Babichev et al. 1991). The melting temperature
of silicon at ambient pressure is 1,673 K. The pressure of the saturated vapor of silicon at 1,673 K is about
5 bar, which is very close to the ambient one. It means that although we do not know the exact position
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Fig. 2. (a) The time dependence of the potential energy per particle in the system of silicene at different
temperatures. (b) The snapshot of the system at 7' = 850 K. (c) The time dependence of the thickness
of the system at different temperatures. (d) The same as (b) at 7= 875 K

of the triple point, it is not far from the P = 1 bar and T = 1.673 K. Therefore, it is possible that the heat-
ing of silicon at ambient pressure will cause melting rather than sublimation.

This conclusion is illustrated in the snapshots, which show the final structures of the systems at 7'= 850
and 875 K. In the case of T'= 850 K, the system remains in the state of a strongly defective silicene layer,
but the two-dimensional lattice is still retained. At the same time, at 7' = 875 K, the silicene layer breaks
due to the formation of voids. Strongly compressed silicon atoms form a Y-shaped ‘island’ Such structures
appear in molecular simulations in liquid—gas two-phase regions: since the density of the gas phase is
much smaller than the one of a liquid, the gaseous regions look like voids. We conclude that the heating
of the silicene sample leads to a transition into the liquid—gas two-phase region, i. e. it is neither melting
nor sublimation, but something in-between.

Conclusions

In the present paper, we have performed molecular dynamics simulations of the crystal structure
collapse of graphene, graphite and silicene. It is shown that in the case of graphene and graphite, the
crystal structure collapse is related to the sample sublimation. At the same time, when the silicene
sample is heated at constant volume, it comes into the liquid—gas two-phase region of the phase
diagram. The difference in the crystal structure collapse of graphene and silicene is caused by the
differences in the pressure of the liquid—gas—crystal triple point: while in the case of carbon the pres-
sure of the triple point is very high (P,_=16 MPa), the pressure of the triple point of silicone is close
to the ambient one.
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Abstract. Zirconium oxynitride films were synthesized by sputtering zirconium nitride with subsequent
atmospheric annealing to oxynitride. The resulting films were studied by dielectric spectroscopy. It was
shown that the annealing temperature affects the dielectric properties of the film. Atmospheric annealing
leads to dispersion of the permittivity and relaxation processes. The nonlinear nature of the temperature
dependence of the relaxation time and the difference in the relaxation times are manifestations of the
heterogeneous structure of the films and the size effect of the metal/dielectric structure.

Keywords: heterogeneous materials, dielectric spectroscopy, dielectric relaxation, zirconium oxynitrides,
thin films

Introduction

Thin-film metal-dielectric composites based on transition metal nitrides are of considerable interest
to photonics. In their pure form, they are modern plasmonic materials with an advantage over tradi-
tional silver, gold, and copper. This advantage is refractoriness. They play a significant role in such dy-
namic fields as telecommunications, information processing and storage, quantum information tech-
nologies, and spectroscopy.

The literature analysis has shown that zirconium oxynitride films are usually synthesized by reactive
magnetron sputtering in a mixture of argon (active gas), oxygen, and nitrogen (reactive gases) (Carvalho
et al. 2008; Courts, Swinehart 2003). In this case, the key parameter determining the resistive properties
of the film is the ratio of the fractions of active and reactive gases.

Resistance thermometers (RTD) are commercially available and are made on the basis of ruthenium
dioxide, rhenium oxide, rhodium with the addition of iron, platinum, zirconium nitride and oxynitride,
germanium. They also include silicon and aluminum gallium arsenide diodes (Carvalho et al. 2008;
Mohamed et al. 2015). The main difference between all these materials is the operating temperature
range.
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Dielectric properties of thin-film metal/dielectric nanocomposites based on zirconium nitrides

Heat treatment of zirconium oxynitride in air directly affects its physical properties. The effect of heat
treatment on zirconium oxynitride was studied by You, et al. (You et al. 2022). Annealing of the samples
resulted in a decrease in the nitrogen content and a spontaneous increase in the oxygen content. A huge
increase in specific electrical resistance was observed during oxidation. Films annealed at higher tem-
peratures (> 723 K) showed insulating properties.

The effect that the regulation of the oxygen content has on the structure and properties of this type
of film was studied by (Mohamed et al. 2015). Oxygen atoms replace nitrogen atoms, introduce a Zr
vacancy into the ZrN structure, and lead to a phase transition from ZrN to Zr,N,. Even small changes
in the oxygen content lead to an electronic transition from metallic to semiconductor behavior in the
ZrN structure. (da Silva-Oliveira et al. 2018; Khan et al. 2017) investigated the effect of heat treatment
on the structural, morphological and mechanical properties of zirconium oxynitride films.

(Streibel et al. 2024) investigated the applicability of zirconium oxynitride thin films as semiconduc-
tor photoanodes, as well as the effect of annealing on photoelectrochemical characteristics.

During this study, metal/dielectric composites based on zirconium oxynitride were synthesized. The
study analyses and describes the dielectric properties of thin-film metal/dielectric nanocomposites based
on nitrides in wide temperature and frequency ranges.

Materials and methods

The films were synthesized by reactive magnetron sputtering of zirconium onto single-crystal, 0001-ori-
ented corundum substrates (Monocrystal, Russia). The substrate surfaces were prepared in several stages.
After an ultrasonic bath in acetone (high purity grade) and isopropyl alcohol (high purity grade), they were
annealed at 1073 K for 5 minutes in an ultrahigh vacuum chamber (SPECS, Germany) with a residual
vacuum of ~ 2 x 107'° mbar. After annealing, the sample was moved along an ultrahigh vacuum line into
a magnetron sputtering chamber (BESTEC, Germany) with a residual gas pressure below 5 x 10° mbar.

The magnetron operated in DC mode, the discharge power was 50 W, the target was a zirconium
washer (99.5% purity, GIRMET Ltd, Russia), 5 mm thick and 5 cm in diameter. Zirconium oxynitride
films were synthesized in two stages: 1) zirconium nitride sputtering; 2) annealing of the nitride film
in air for one hour to obtain oxynitride. The annealing temperature critically affects the resistive proper-
ties of the film. To protect the films against further uncontrolled exposure to the atmosphere, they were
covered with a 20 nm thick zirconium oxide film after preliminary cleaning with argon ions. The initial
zirconium nitride film has a resistivity of 0.29 mOhmxm at 300 K, which is two orders of magnitude
higher than typical values for ZrN films. This is due to the presence of oxygen in the film, amounting
to 15 at.%. The resistivity of zirconium oxynitride films annealed in air increases and is determined by the
annealing temperature (up to the dielectric state), which is associated with an increase in the proportion
of the oxide phase in the composite.

High-purity argon (> 99.99%) was used as a plasma-forming gas at a pressure of 6 x 10~ mbar. For
reactive spraying of nitride or zirconium oxide, nitrogen or oxygen (both gases with purity > 99.99%)
were additionally introduced into the chamber, respectively, while maintaining the operating pressure
unchanged. This gas purity (1 ppm) is achieved through the use of fine filters (PerkinElmer). The filter
system is integrated into the gas aftertreatment stand through which all gases used in spraying experi-
ments are filtered. When spraying zirconium nitride, the substrate was maintained at a temperature
of 573 K, when spraying the oxide, at room temperature. To determine the spraying mode, the deposition
rate was measured on a quartz thickness gauge (INFICON) depending on the composition of the plasma-
forming gas. As a result, a concentration of about 3.9% was selected for both reactive gases, which cor-
responds to the spraying of the oxidized target surface (‘oxidized’ mode). The deposition rate of zirco-
nium nitride was 1.5 nm/min, while it was 0.9 nm/min for zirconium oxide.

The electrical properties of the samples were studied using the dielectric spectroscopy on the Novo-
control Concept BDS-80 broadband measuring complex. Electrical characteristics were measured in the
frequency range from 10! Hz to 10’ Hz and the temperature range from 123 to 473 K, with a step of 5 K.

The sample under study is located in the measuring cell (a plane-parallel capacitor), which is placed
in the measuring head. During the measurements, the head is immersed in a cryothermostat chamber
connected to a gaseous nitrogen supply line from the cooling system. The cooling rate is regulated
by a programmable system for supplying gaseous nitrogen from a Dewar vessel due to the evaporation
of liquid nitrogen. A temperature sensor with an accuracy of + 0.1 K is connected to the measuring head.

See Supplementary Materials (Figure S1) for the temperature protocol for the dielectric measurements.
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The studied sample was cooled to a temperature of 123 K. After the temperature stabilized, the di-
electric spectrum was measured. Then the temperature was increased by 5 K, stabilized, and the next
measurement was carried out. Upon reaching a temperature of 473 K and measuring the dielectric
spectrum, the experiment was completed.

Samples of ZrON metal-dielectric films on a dielectric substrate Al,O, were studied. The substrate
and film samples with different temperatures of annealing were measured separately. The characteristics
of the samples are given in Table 1.

Table 1. Characteristics of the studied ZrON-based samples

Sample Thickness, Annealing Annealing
P mm time, h temperature, K
Al O, substrate 0.66 - -
ZrN 0.660123 - -
ZrON_573 0.660123 1 573
ZrON_623 0.660123 1 623
Results
AL O, substrate

Figure 1a shows the real part of the permittivity of the corundum substrate.
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Fig. 1. 3D diagram in (f, T, ¢ ) coordinates (a) and temperature dependence at a frequency of 100 Hz (b)
of the real part of the permittivity of the Al,O, substrate
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The substrate demonstrates good dielectric properties, the real part of the permittivity increases
linearly with increasing temperature (Figure 1b). At temperatures above 443 K there is some instability,
probably related to the measurement technique.

10° 5

—u— at 100 Hz

123 173 223 273 323 373 423 473
Temperature, [K]

Fig. 2. Temperature dependence of the imaginary part of the permittivity of the Al,O, substrate
at a frequency of 100 Hz

No relaxation processes are observed in the entire temperature range. At a temperature of 293 K, the
permittivity ¢’ equals to 11.2, dielectric losses ¢” = 0.003 (Figure 2).

ZrN film on the substrate without annealing

Figures 3a and 3b show three-dimensional diagrams of the real and imaginary parts of the permitti-
vity of the ZrN film on the substrate without annealing. At a temperature of about 350 K, alocal increase
in the permittivity value is observed. This may be due to structural defects in the deposited film.

In direct current mode the ZrN film shows metallic properties and has a specific resistance
of 0.29 mOhmxm, although dielectric properties are manifested on alternating current in the frequency
range of 10°-107 Hz. Therefore, it was possible to measure the dielectric characteristics in the specified
frequency range. The sample has a through conductivity of o, = 2.5 x 10~ Smxm™" at a temperature
of 293 K. It might be due to the film material getting onto the edges of the substrate during the synthesis.

Figure 4 shows the temperature dependence of the permittivity of the ZrN film determined at a fre-
quency of 1 kHz. In the temperature range of 348—-373 K, uneven behavior of ¢"and ¢" is observed. This
is probably due to the heterogeneous composition of the sample.

ZrON film after annealing at a temperature of 573 K

Figures 5a and 5b show 3D diagrams of the real and imaginary parts of the permittivity of the ZrON_573
sample.

A relaxation process is observed in the entire temperature range of 123—-473 K (Figure 5b). The in-
crease in amplitude in the frequency range of 107'-10*> Hz in the temperature range of 300-473 K
(Figure 5a) is associated with the manifestation of electrode polarization.

The relaxation process in the obtained spectra was approximated by superposition of the Cole-Cole
function (Cole, Cole 1941) and Jonscher function:

Ag

B . n—l’
L+ (fr)” (i) W

¢ (0)=¢(0)-ie (0)=¢,+

¢'and &" denotes the real and imaginary parts of the complex permittivity, @ = 2xmxf'is the cyclic fre-
quency. The parameter €_ denotes the extrapolated high-frequency permittivity, and Ae = ¢ — ¢_ is the
relaxation amplitude (the permittivity low-frequency limit is denoted by ¢ ). The parameter 1 is the
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(a)

- 150
(b) Frequency, [Hz] 10° Temperature, [K]

Fig. 5. 3D diagrams of the real (a) and imaginary (b) parts of the permittivity of the ZrON_573 sample

relaxation time. The exponent o (0 < a < 1) is a measure of the symmetric broadening of the spectrum.
The Jonscher function takes into account electrode effects. B is the contribution of the Jonscher function,
0 < n < 1 is the function parameter.

ZrON film after annealing at 623 K

Figures 6a and 6b show 3D diagrams of the real and imaginary parts of the permittivity of the ZrON_623
sample. The relaxation process is observed in the entire temperature range of 123—-473 K.

The relaxation process under consideration is described by formula (1). The increase in amplitude
in the frequency range of 10'-10* Hz in the temperature range of 300—-473 K (Figure 10 and 11) is as-
sociated with the manifestation of the effect of electrode polarization.

Discussion

As a result of measuring the electrical properties of the samples indicated in Table 1 in the frequen-
cy range of 10'-10” Hz and the temperature range of 123-473 K, the dielectric characteristics, permit-
tivity ¢’ and relaxation time 7 were determined, using formula (1).

Figure 7 shows the temperature dependences of permittivity €.

From Figure 7 it is evident that upon application of the ZrN film onto the Al O, substrate and its
subsequent oxidation, the permittivity of the samples increases. If we consider the values of ¢"at a tem-
perature of 300 K| it is evident that &’ increases. For the substrate, ¢’ equals 11.2. After application of the
ZrN film, the permittivity increases to a value of ¢’ = 14.3. After annealing at a temperature of 573 K for
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one hour, the permittivity increases and has a value of ¢’ = 18. With further oxidation and annealing
of the ZrN foam sample on the Al O, substrate for one hour at a temperature of 623 K, the permittivity
value €' = 19.5. For the ZrON_623 sample, the temperature dependence of €'(7) is non-uniform; in the
temperature range of 123-300 K, it rapidly increases from 14.9 at 123 K to 19.5 at 300 K, then increases
more smoothly with increasing temperature. Apparently, this is the way the heterogeneous structure
of the ZrON_623 sample becomes manifest: it increases with increasing annealing temperature.

Figure 8 shows the temperature dependences of the relaxation time 1 and processes detected in the
ZrON_573 and ZrON_623 samples, in Arrhenius coordinates.

—u— ZrON_573
—u— ZrON_623
j -m-N
" s
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% 10
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05 /
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Fig. 8. Temperature dependence of the relaxation time T of the ZrON_573 and ZrON_623 samples
in Arrhenius coordinates

As was said earlier, no relaxation processes were observed in the ZrN substrate and film samples.
Relaxation processes became manifest in the oxidized samples. The 7 (1000/T) dependencies are non-
linear (Figure 8). The ZrON_573 sample is characterized by longer relaxation times. The ZrON_623
sample has shorter relaxation times compared to ZrON_573. Apparently, during oxidation of zirconium
due to atmospheric annealing, a change in the film structure occurs with the formation of dielectric
regions. An increase in the annealing temperature leads to an increase in the number of dielectric regions
and a wider distribution of their sizes, as well as an increase in the rate of charge exchange, which leads
to a decrease in the relaxation time.

The mechanism by which dielectric dispersion occurs is as follows. The synthesized film has a metal-
lic type of conductivity, that is, electrons transfer the charge, and there is no dielectric dispersion. The
film under study has a polycrystalline granular structure. During atmospheric annealing, oxygen pe-
netrates into the space between the grains, oxidizing particles of zirconium nitride ZrN to zirconium
oxynitride ZrON, which is a dielectric. Thus, the film is transformed into a metal-dielectric composite.
Dielectric particles are a kind of defect in the film structure that limits the mobility of electrons. This
leads to the localization of electrons near defects for some time and the appearance of an additional
dipole moment, which, in turn, leads to dispersion of the permittivity and the emergence of relaxation
processes. An increase in the annealing temperature leads to an increase in the number of dielectric
regions and a wider distribution of their sizes, as well as an increase in the rate of charge exchange, which
leads to a decrease in relaxation time.

Conclusions

The reported study identified the effect of annealing temperature on the dielectric properties of a zir-
conium oxynitride film synthesized by zirconium nitride sputtering, followed by atmospheric annealing
and the formation of oxynitride. An increase in the permittivity from 14.3 to 18 and 19.5 at a temperature
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of 300 K was shown for the initial samples and those annealed at temperatures of 573 and 623 K, respec-
tively. Atmospheric annealing leads to a dispersion of the permittivity and relaxation processes. For the
samples annealed at a temperature of 573 and 623 K, the temperature dependencies of the relaxation
times are nonlinear in Arrhenius coordinates and differ by almost two orders of magnitude. For example,
at a temperature of 300 K, the values are 2.3 x 10~ and 1.9 x 107° s, respectively. The nonlinear nature
of the temperature dependence of the relaxation time and the difference in the relaxation times for
samples annealed at a temperature of 573 and 623 K is a manifestation of their heterogeneous structure
and the size effect of the metal/dielectric structure.

Supplementary Materials
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Fig. S1. Temperature protocol of dielectric measurements
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Abstract. The article analyses the known expressions that describe the field dependence of the inception
time of electrical trees in polymer insulation. It also highlights the need to modify these expressions to correctly
determine the threshold parameters of tree initiation. We used the methods of catastrophe theory to develop
the equation that describes the dependence of the tree inception time in polymer dielectrics on the value
of the maximum local electric field strength. The parameters of this equation for epoxy and polyethylene
insulation are determined. A good agreement has been established between the literature experimental data
and the field dependencies of the inception time of trees constructed according to the proposed equation.
The geometric properties of the fold catastrophe function, which characterizes the regularities of the change
in the time of initiation of electrical trees in polyethylene insulation, are considered.

Keywords: polymer insulation, electrical trees, inception time of trees, maximum local electric field strength,
threshold parameters of trees initiation, catastrophe theory, fold catastrophe

Introduction

The widespread use of polymers as insulating materials for various electrical devices causes consider-
able interest in the study of electrical aging and breakdown processes in polymer dielectrics (Tumusova
et al. 2020; Zakrevskii et al. 2020). Knowledge of breakdown mechanisms allows the correct selection
of permissible levels of operating and test voltages of electrical insulating structures (Borisova, Marchen-
ko 1998; Dissado, Fothergill 1992). Studies aimed at identifying the patterns of electrical aging of polymer
dielectrics, in turn, contribute to the improvement of methods for calculating the life characteristics
of electrical insulation (Blythe, Bloor 2005; Borisova, Kojkov 1979).

The process of electrical aging of polymer dielectrics is closely related to the initiation of trees — hollow
branched channels, the development of which is accompanied by partial discharges and, ultimately, leads
to a breakdown of insulation. At moderate electric field strengths, the root cause of the occurrence and
development of trees in polymer insulation, as a rule, is the presence of gas inclusions, foreign impurities
in its volume, as well as the presence of mechanically strained molecular bonds (Blythe, Bloor 2005; Kuchin-
skij 1979). At high values of local strength, the prevailing mechanism for the initiation of trees in polymers
is the injection of electrons from metal electrodes (Blythe, Bloor 2005; Dissado, Fothergill 1992).

The breakdown of polymer insulation usually occurs at the stage of development of tree-like channels.
Therefore, the main attention of the authors of scientific papers is aimed at studying the mechanisms
of development and distribution of trees (Sitole, Nyamupangedengu 2020). Mathematical and physical
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models reflecting the patterns of development of electrical trees in polymers are described in detail
in (Cai et al. 2019; Dissado et al. 1997; Noguchi et al. 2020; Wang et al. 2023). Analytical expressions that
form the basis of such models are often very complex and cumbersome, which seriously constrains their
real practical application. Moreover, in order to be able to reliably predict the service life of insulating
structures, it is extremely necessary to know the quantitative characteristics of not only the development
process but also the process of tree inception. This circumstance is of particular importance in the case
of high-voltage electrical devices (insulators of overhead power lines, high- and ultrahigh-voltage cables,
thin-film capacitors, etc.). This is due to the fact that the insulation of such devices is often subjected
to considerable short-term overvoltages, as a result of which its breakdown can occur already at the stage
of the inception of trees (Dissado, Hill 1990).

To quantitatively characterize the process of occurrence of trees, it is customary (Dissado, Fothergill
1992) to use such a parameter as the inception time, determined by the maximum electric field strength
affecting the dielectric. The regularities of the change in the inception time of trees in polymer dielectrics
when varying the value of the applied voltage were studied in (Dissado, Hill 1990; Hu et al. 2012; Sitole,
Nyamupangedengu 2020; Tanaka, Greenwood 1978), where the exponential equation (Tanaka, Green-
wood 1978) was used to process the experimental data. At the same time, as is known (Dissado, Fother-
gill 1992), at small levels of applied voltage, the exponential law can give greatly overestimated values
of the tree inception time.

The purpose of this paper is to derive an equation to describe the dependence of the tree inception
time on the value of the maximum electric field strength and to determine the parameters of this equa-
tion for epoxy and polyethylene insulation.

Formulation of the problem

It is known (Kuchinskij 1979) that the time ¢, of the tree inception in polymer insulation depends
on the maximum strength E of the electric field at the place of occurrence of inhomogeneity. At a given
voltage level, the maximum local strength E depends on two main factors: the shape of the inhomogenei-
ty and the geometry of the electrodes. The known formulas for determining E , taking into account these
factors, are presented in publications (Blythe, Bloor 2005; Dissado, Hill 1990; Kuchinskij 1979).

In practice, the time interval from the beginning of voltage supply to the insulation until the appear-
ance of hollow channels with partial discharges at the level of tenths of pC is taken as ¢, . The minimum
value of E , at which the appearance of trees is possible in electrical insulation, is called the threshold
strength E, of tree initiation, and the time ¢, corresponding to this strength is the threshold time ¢,
of tree inception. Under the given conditions of the experiment (the geometry of the electrodes, the
thickness of the samples, and the environmental parameters), the value of E, depends solely on the
properties and state of the dielectric material.

The experimental curves reflecting the field dependence ¢, = f(E, ) of the tree inception time in the
polymer dielectric volume are satisfactorily described by the inverse power law (Kuchinskij 1979)

(,(E,)=alE, )
and exponential law (Sitole, Nyamupangedengu 2020; Tanaka, Greenwood 1978)
-1
t,(E,) = c| exp(~kW." [E, )~ exp(-kW " [E, )| . )

Here a, b and ¢, k are the parameters determined by the properties of the dielectric material; W is the
effective work function of electrons from the metal of the electrode.

The parameters of equations (1) and (2) are most often (Sitole, Nyamupangedengu 2020) selected
based on the condition of the best smoothing of the experimental curves ¢, = f(E, ). Due to the fact
that the E, value is not included in expression (1), an experiment is required to assess the threshold time
t, of tree initiation. However, the direct experimental determination of ¢, is fraught with great difficul-
ties, since when E  decreases, the statistical spread between the obtained ¢, values increases, and as E |
approaches the preliminary predicted limit of E,, the spread can reach two or three orders of magnitude
(Dissado, Hill 1990; Sitole, Nyamupangedengu 2020). This is due not so much to the conditions of the
experiment and the errors inevitable when approximating the experimental curves with theoretical
expressions, as to the increase in the influence of the degree of inhomogeneity of the dielectric material
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on the process of initiation and development of electrical trees when the maximum local strength tends
to its threshold value.

In the exponential law (2), the limit value E ” corresponds to time #, — o0. Meanwhile, in reality, even
when the insulation is under voltage, which creates local areas of strength E,, =~ E,, init, the time £, will
be finite. In addition, the hypothesis about the correlation between the effectlve work function \/VE and
the strength E " of the onset of tree initiation, used in deriving the exponential dependence (2), did not
find proper experimental confirmation (Tanaka, Greenwood 1978).

Based on the foregoing, it can be concluded that obtaining an expression of field dependence

= f(E,), free from these shortcomings of the known relations (1) and (2), is a rather relevant task.
To derive the equation ¢, = f(E, ), we will use the methods of catastrophe theory (Gilmore 1993).

Theoretical analysis

To be able to analyze the dependence ¢, = f(E,) in line with the mathematical catastrophe theory,
first, it is necessary to identify the characteristic features — the flags of catastrophes (Gilmore 1993),
which can be used to judge the presence of a catastrophe in a polymer dielectric exposed to an electric
field. The fact of the existence of a threshold (critical) strength E,, upon reaching which the process
of tree inception begins in the dielectric, is the first sign of the probable presence of a catastrophe. The
second sign of a catastrophe can be the above anomalous dispersion of the experimental values of the
tree inception time ¢_in the case £, = E,, .

The description of physical systems in catastrophe theory is performed using potential functions
@ (catastrophe functions), the form of which is determined by the complexity of the system under con-
sideration. Suppose that the time ¢, of the inception of electric trees mainly depends on one significant
parameter — the maximum local strength E_ of the electric field. Then, to establish the analytical rela-
tionship between ¢, and E _ in the first approximation, we can limit ourselves to considering the one-
parameter fold catastrophe.

The known expression for the function ® of the fold catastrophe has the form (Gilmore 1993):

D(x; A)=x[3+ Ax, (3)

where x is a variable that determines the state of the system under study; 4 is a control parameter,
the smooth variation of which leads to a continuous or abrupt (‘catastrophic’) change in the variable x .

The mathematical parameters x and _4 included in equation (3) are dimensionless. To establish the
relationship between the dimensionless parameters x , 4 and their corresponding dimensional analogs
x, A, normalization relations are used (Gilmore 1993):

x=x/xp-1; A=A4/Ap-1, (4)

where x is the physical state variable; A is the physical control parameter; x;, and A;, are the critical
parameters of the catastrophe function, which are understood as the values of the quantities x and A
at the physical critical point identified with the mathematical pomt ®. In the case of a fold catastrophe,
point @ is a doubly degenerate critical point at which 6®/dx =0 QD/ 0x* =0 (Gilmore 1993).

It follows from equation (3) that the mathematical control parameter 4 is proportional to the square
of the state variable x : 4~-x. Therefore, given the proportionality l/ t ~Eb (where b > 2) charac-
teristic of the physical quantities ¢, and E , it is convenient to take the strength E _and not the time £,
as a state variable; the value v, 1/ ¢ will be considered a physical control parameter

Let us match the physical cr1t1cal point for which £, =FE, and ¢, =t, (or v, =v, ) to the mathe-
matical point ®. Then the threshold physical parameters ¢, v, , E,, w1ll become equlvalent to the critical
parameters of the catastrophe function: ¢, = tyr Ve =V E,= E® .

Next, using the normalization relations (4), we reduce the dimensional physical quantities E_ and v,
to a dimensionless form

E,=E,[Ep—1;V, =v,[vg—1=t,/t, 1, (5)

where & is the dimensionless strength (mathematical state variable); 7/, is the dimensionless quan-

r

tity, inverse of the tree inception time (mathematical control parameter).
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Taking x =, and 4 =—a,7, , we obtain the equation of fold catastrophe from formula (3)
(D(Em’ thr) = E; /3 - at(Vtrfm ’ (6)

characterizing the relationship between the maximum local electric field strength and the tree inception
time in polymer insulation. Through a, in the equation (6), we denote a positive scaling factor introduced
to better visualize the geometric characteristics of the fold catastrophe function ®. The minus sign at a,
is taken for the convenience of further analysis of the function ®.

The analysis of the functions of catastrophes is based on the study of the features of their behavior
in the vicinity of critical points when the control parameters change (Gilmore 1993). The profiles
® = f(%E,) of the fold catastrophe function, corresponding to the three characteristic values of the
control parameter 7/ , are shown in Fig. 1.

(a) o (b) @ ©) o

v <0 v =0 v >0

tr tr r

Fig. 1. Fold catastrophe function profiles

The position of the critical points of the function (6) is given by the equations:

0/0E, =F? —a ¥, =0; 7)

O’®/0E? =2F, =0. (8)

Since a, >0, when (VW < 0 the equation (7) has no solutions, and therefore, the catastrophe function
®(E,,; V,) has no critical points (Fig. 1a). With 9/ =0, the equation (7) has one root E,_ =0, and
the function ®(E, ; ) has one critical point — the inflection point located at the origin (Fig. 1b).
Moreover, due to the fact that equations (7) and (8) are simultaneously fulfilled in the case 9/, =0, this
critical point is doubly degenerate. With 1/ >0, the equation (7) has two opposite in sign roots
E, =%ya, v, , and the function ®(E,; 7)) has two critical points (Fig. 1c): the minimum point
at & >0 and the maximum pointat &, < 0. The minimum point characterizes the stable equilibrium
state of the system, realized in practice, and the maximum point is an unstable state that does not take
place in reality.

Using the conversion expressions (5), we write the relations that establish a correspondence between
the characteristic values of dimensionless mathematical parameters ( fm , ¥, ) and dimensional physical
quantities (E , t,):

E,<0 < E <Ep;, E,=0 < E =E;; E >0 < E >Ep;

V, <0 < 1, >tp; V, =0 < 1, =tp; vV, >0 < 1, <ty.

)

Then, based on the relations (9) and the results of the analysis of equations (6)—(8), we can draw the
following conclusions.
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In the case when an electric field is applied to the dielectric, at which the maximum strength is
E, < Eg, trees in insulation are not observed, since the time of their initiation exceeds the threshold
time,i.e, t, >1g. With an increase in the voltage applied to the dielectric, the local strength E, becomes
greater than the threshold strength E,, which leads to the initiation of trees in this dielectric over time
t, <ty . The equality 7, =t; that occurs in the case E, = E; corresponds to the condition of the
onset of the catastrophe — the activation of the process of the inception of trees in electrical insulation
and the appearance of dependence ¢, = f(E,).

Substituting (5) into (7), we obtain the desired expression of the field dependence of the tree inception
time in polymer insulation:

t.(E) =ty [[1+a ' (E,|Ep-1)]. (10)

Equation (10) is valid at £,, = Ey, i. e., when conditions for the initiation of trees are created in the
dielectric. The structure of this equation provides the finiteness of the value of the threshold time 7,
when the minimum electric field strength Eg, is induced in the dielectric. This fact is a strong point
of the obtained expression (10).

Discussion of results

The processing of experimental data for polyethylene (Dissado, Hill 1990), cross-linked polyethyle-
ne (XLPE) (Hu et al. 2012), and epoxy resin (Sitole, Nyamupangedengu 2020) made it possible to find
the parameters a, f; and Ej, of equation (10). The numerical values of these parameters are sum-
marized in the Table 1, which additionally indicates the values of the threshold strength E W determined
by the authors (Dissado, Hill 1990; Hu et al. 2012; Sitole, Nyamupangedengu 2020) using the equations

of type (2).

Table 1. Parameters of the field dependence equation of the inception time of electrical trees in polymer insulation

Parameters of the equation (10)
Insulation E,,MV/m
a, t,s E,MV/m
Polyethylene 1.289 x10* 5.904 x10° 400.7 400
Cross-linked polyethylene (XLPE) 4.957 x10* 3.522 x10° 301.4 441
Epoxy resin 1.518 x103 7.885 x10* 149.1 150

The Table 1 shows that for epoxy resin and polyethylene, the values of Ej and E, agree well, while
for cross-linked polyethylene, on the contrary, they diverge greatly. The main reason for the large scatter
between Ej, and E, for XLPE seems to be the short duration of the experiment (60 min). A direct argu-
ment in favor of such an explanation is the authors’ own indication (Hu et al. 2012) of the need to increase
the duration of the experiment in order to obtain a more acceptable value of the threshold strength.
An indirect argument is the fact that when estimating the E;, value for polyethylene, which was com-
parable to E,, an experimental dependence ¢, = f(E|,) was used, which was measured (Dissado, Hill
1990) over a substantially longer period of time (~110 h) than a similar dependence for cross-linked
polyethylene.

As an example, Fig. 2 illustrates the field dependencies of the inception time of trees in the polymer
dielectrics under study. Fig. 2 shows a high degree of correlation between the experimental data (Dis-
sado, Hill 1990; Hu et al. 2012; Sitole, Nyamupangedengu 2020), indicated by symbols, and continuous
curves constructed according to equation (10). This confirms the possibility of applying equation (10)
to describe the field dependencies ¢, = f(E, ) observed in polymer dielectrics.

In conclusion, we consider the main geometric images of the fold catastrophe function, given
by equation (6). To do this, using the data (Dissado, Hill 1990), we will build a surface @ = f (Em , (Vtr)
for polyethylene (Fig. 3).

The surface @ = f(E,, V), shown in Fig. 3, is the result of combining individual curves ® = f(‘E,)
corresponding to different values of the scaled control parameter a,7, . Therefore, it summarizes all the
regularities of the change in the fold catastrophe function, resulting from the above analysis of the profiles
® = f(E,) of this function. So, from Fig. 3, it can be seen that the curves ® = f(‘E, ) corresponding
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Fig. 3. Fold catastrophe function surface for polyethylene
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to 7/ <0 and forming the back side of the surface do not have a single critical point. On each of the
curves ® = f(E ) corresponding to ¥, >0 and forming the front side of the surface, there are two
critical points: points of minimum (at fm > 0) and maximum (at fm < 0). The cross-section of the
surface ® = f(E , V) by the plane ¥, =0, of course, gives a curve ® = f(E ) with a doubly de-
generate critical point at the origin.

The projection of the surface ® = f(‘E, , V) onto the plane ®FE, is shown in Fig. 4. This projec-
tionisasetof curves @ = f(‘E, ) plotted for dimensionless strength E, €[0; 1.2] when the parameter
a,V, changes in the range from 0 to 0.5 in increments of 0.025. The upper curve ® = f(‘E,) in Fig. 4
corresponds to the case ¥, =0, and the bottom one corresponds to the condition a,%, =0.5. Fig. 4
shows that as the control parameter r(/tr increases, the minimum of the function ® becomes deeper and
shifts towards larger values of dimensionless strength & . This behavior of the function @ is consistent
with the known nature of the dependence ¢, = f(E, ) change, namely, with a decrease in the tree incep-
tion time ¢, due to an increase in the maximum local strength E_of the electric field acting on the poly-
mer dielectric.
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Fig. 4. Fold catastrophe function surface projection for polyethylene

Conclusions

Within the framework of catastrophe theory, the derivation of equation (10) is presented, which makes
it possible, at a known maximum local electric field strength, to estimate the tree inception time in poly-
mer insulation. The representation of equation (10) in the form of a time dependence E, = f(,)) makes
it possible to solve the inverse problem quite often encountered in practice — to determine the level
of strength that excludes the appearance of trees in the insulation during a given time of its operation.

Field dependencies of the tree inception time are constructed and the threshold parameters of tree
initiation in epoxy and polyethylene insulation are estimated. A high degree of correlation between the
literature experimental data and field dependencies corresponding to equation (10) is shown. The geo-
metric images of the fold catastrophe function, which reflect the general nature of the change in the
inception time of electrical trees in polyethylene, are analyzed.
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The results obtained in the article can be used to explain the patterns of tree inception arising from
the data of operation and technical tests of polymer dielectrics.
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Abstract. Electrical conductivity, real part of dielectric permittivity and dielectric losses of a novel
nanocomposite material obtained by the infiltration of a NaA zeolite matrix with Rochelle salt were studied
in the frequency range from 100 Hz to 100 kHz. A low-temperature shift of the Curie point 7. of the guest
substance’s upper ferroelectric transition due to the influence of confined geometry was observed. It was
shown that the kind of temperature dependence of the Rochelle salt’s electrical conductivity as well as the
character of the dielectric losses’ frequency dependence change significantly when this ferroelectric is dispersed
in the NaA zeolite.

Keywords: ferroelectrics, Rochelle salt, permittivity, dielectric losses, electrical conductivity, zeolite,
nanocomposite

Introduction

The idea of using zeolites for fabricating three-dimensional superlattices from nanoparticles within
the regular systems of calibrated voids and channels of these nanoporous dielectric matrices was pro-
posed at the end of the twentieth century (Bogomolov 1978; Stucky, Mac Dougall 1990). The most
promising application of zeolites is their use in the creation of quantum confined nanocomposite mate-
rials in order to study size effects.

A theoretical explanation of the T value shift towards lower temperatures (Zhong et al. 1994) is based
on Landau phenomenological theory. A confined geometry effect has been frequently observed in ex-
periments with small ferroelectric particles in porous matrices (Cizman et al. 2013; Matveeva, Solovyev
2022; Pan’kova et al. 1996; Tien et al. 2008). However, in some cases (Baryshnikov et al. 2011; Rogazin-
skaya et al. 2009) a T value shift towards higher temperatures is also possible in systems of ferroelectric
nanoparticles in porous matrices, compared with the temperature of the phase transition in a bulk
substance.
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Electrophysical properties of the Rochelle salt dispersed in a porous dielectric matrix of type A zeolite

The aim of this study was to determine experimentally the electrophysical properties of the well-re-
searched ferroelectric (Gurevich 1969; Malyshkina, Gavrilova 2002; Mitani et al. 1974; Singaravadivelu
etal. 2019; Zhou et al. 2008), i. e. Rochelle salt (KNaC ,H,0.x4H.0, hereinafter referred to as RS) embed-
ded into a NaA-type zeolite matrix near the upper ferroelectric Curie point (7. = 297 K for the bulk
material). NaA zeolite is a porous dielectric matrix which contains an ordered system of interconnected
cavities and three-dimensional channels with diameters of ~ 1 nm (Breck 1974). The Rochelle salt’s cell
parameters a ~ 1.2 nm, b ~ 1.4 nm, ¢ = 0.6 nm (Solans et al. 1997) are rather large; thus, we suppose that
RS molecules can be located only in a-cavities along <100> directions of the NaA crystal.

Experimental methods

We used granules (spheres with a diameter of 2 mm) of the NaA zeolite as a porous dielectric matrix.
The Rochelle salt was embedded into zeolite cavities from a saturated aqueous solution at room tem-
perature; the ferroelectric/zeolite nanocomposite sample was then washed with distilled water. Then
it was dried at 7'= 300 K, and the procedure was repeated once more to increase the pore filling factor.
To remove the ‘guest’ substance from the surface of the sample, it was subjected to mechanical process-
ing (surface grinding) and given the shape of a tablet with a diameter of 2 mm and a thickness of 0.5 mm.
After applying graphite contacts to the surface of the sample, it was clamped between the metal electrodes
of the measuring cell. For control, similar measurements were also carried out on a bulk Rochelle salt
single crystal with its ¢ — axis parallel to the applied electric field, as well as on the polycrystalline zeo-
lite host matrix.

The temperature dependences of the nanocomposite electrophysical characteristics (electric conduc-
tivity o, dielectric permittivity €' and dielectric losses #g0) were studied using a high-precision bridge
(RLC-meter MS5308) at frequencies of 100 Hz, 120 Hz, 1 kHz, 10 kHz and 100 kHz by the method of two
parallel conductors (copper plates between which our nanocomposite was placed). The error bars did
not exceed 5%. The temperature was measured on one of the electrodes using a two-channel thermo-
meter GM 1312 (instrument accuracy 0.1 K).

Results and discussion

The temperature dependences of €' for the bulk RS (curve 1) and for the ferroelectric / zeolite nano-
composite (curve 2)) are presented in Fig. 1.
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Fig. 1. Temperature dependences of the dielectric permittivity for the bulk RS (curve 1)
and for the ferroelectric / zeolite nanocomposite (curve 2) at 120 Hz

196 https://www.doi.org/10.33910/2687-153X-2024-5-4-195-201



https://www.doi.org/10.33910/2687-153X-2024-5-4-195-201

T. G. Matveeva, M. S. Ivanova, V. G. Solovyev, A. I. Vanin

It is easy to see that due to the confined geometry there is a significant shift of 7. (AT = 5K) towards
lower temperatures.

It should be noted that the initial zeolite matrix has a much smaller ¢ value (¢'~ 200 at 120 Hz)
without any observable temperature dependence in the studied temperature range.

The temperature dependence of the reference sample’s (a bulk RS crystal) electrical conductivity
at 1 kHz (Fig. 2) is qualitatively consistent with the previously published results (Gurevich 1969).

298 296 294 292 290 T, K
| T T T T T T T
26 Ig(cT, SK/m)
[ ]
2,8+
3,0+
32}
E,=0.18 eV
3,4
1 1 1 N 1 -1
3,36 3,40 3,44 10°T,K

Fig. 2. Temperature dependence of the electrical conductivity for the bulk RS at 1 kHz

As one can see from the graph, there are two sections on the Arrhenius temperature dependence
of conductivity with different activation energies: E, = (0.18 + 0.05) eV at temperatures below 7. and
E,=(2.03 £0.19) eV at temperatures above T.

Such an abrupt change in the activation energy of carriers in the case of impurity electronic electrical
conductivity of the ferroelectric may be due to a significant difference in the electronic components
of the permittivity of para- and ferroelectric phases (Gurevich 1969). At the same time, it is noted in the
literature (Ovchinnikova et al. 1997) that the electrical conductivity of the RS can be largely associated
with proton transport.

Arrhenius temperature dependence of the ferroelectric / zeolite sample’s electrical conductivity (Fig. 3)
also has two sections with different activation energy values. However, in this case, the value of the ac-
tivation energy in the ferroelectric phase E, = (1.14 + 0.08) eV is higher than the value of the activation
energy in the paraelectric phase E, = (0.49 + 0.08) eV. At the same time, specific conductivity of the
composite significantly exceeds the corresponding value for a bulk ferroelectric. It was pointed out
(Gurevich 1969) that the processes of hydration and dehydration have a noticeable effect on the electro-
physical properties of KNaC,H,O,x4H,O crystals. For an ultradispersed ferroelectric, when its nanopar-
ticles with a developed surface intensively interact with zeolite water in the pores of the matrix, this
effect can be even more significant.

The frequency dependences of £gd for the bulk RS (Fig. 4) as well as for the initial zeolite matrix (Fig. 5)
display a smooth decrease in the value of #g6 with increasing frequency f without any maxima in the
studied frequency range which is typical for many dielectrics (Woodward 2021).

On the other hand, the frequency dependences £g8 = F(f) for the ferroelectric / zeolite sample (Fig. 6)
have clearly expressed maxima at frequencies of ~10 kHz in the ferroelectric phase and ~1 kHz in the
paraelectric phase (above the upper Curie point 7.~ 292 K for the nanocomposite). These results can
be interpreted within the framework of Debye theory taking into account the relaxation processes
in a heterogeneous nanocomposite ferroelectric / zeolite, which has a sufficiently high ionic conductivity
and a significant difference in the static (low-frequency) and high-frequency permittivity values:
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Fig. 3. Temperature dependence of the electrical conductivity
for the ferroelectric / zeolite nanocomposite at 1 kHz

tgo
3k
2+
3
1 5
0 1 R 1 R 1 R 1 R hd R 1 n
2,0 2,5 3,0 3,5 4,0 4,5 5,0

lg(f, Hz)

Fig. 4. Frequency dependences of £g8 for the bulk RS at 290 K (curve 1), 292 K (curve 2),
294 K (curve 3), 296 K (curve 4) and 298 K (curve 5)
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Ae = (¢, — &) > 8¢_ (Bogatin et al. 2002; Bogatin 2012). It should be emphasized that the components
of the nanocomposite differ significantly in electrical characteristics, which makes the development
of interlayer polarization possible.

It is pointed out in literature (Steeman, van Turnhout 2003) that conductivity differences in the
phases of an inhomogeneous medium give rise to interfacial polarization — the build-up of space
charges near the interfaces between various phases. Such a polarization usually occurs at frequencies
lower than the time scales typical of dipolar polarizations. Moreover, the contribution of interfacial
polarization to the dielectric properties of a material is often much larger than dipolar contributions.

Conclusions

The novel nanocomposite ferroelectric / zeolite material obtained by the infiltration of a NaA zeolite
host matrix with a Rochelle salt guest substance demonstrates a shift of the Rochelle salt’s upper fer-
roelectric transition Curie point 7. by ~ 5 K towards lower temperatures, compared with the tempera-
ture of the phase transition in a bulk ferroelectric.

The character of the temperature dependence of the Rochelle salt’s electrical conductivity (namely,
the sequence of sections with high and low activation energies) changes significantly when it is dispersed
in the NaA zeolite matrix, which is probably due to the influence of water molecules.

On heating through T, the position of a maximum on the #g8 frequency dependence of the ferro-
electric / zeolite nanocomposite shifts towards lower frequencies. A possible interpretation of this effect
has been given within the framework of Debye theory, taking into account the electrical conductivity
of the heterogeneous nanocomposite consisting of components with different electrical characteristics,
which makes the development of interlayer polarization possible.
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Abstract. We studied the influence of electret charge on the hydrophilicity of polytetrafluoroethylene (PTFE)
films treated by direct-current (DC) glow discharge. DC discharge treatment of polymers leads to significant
hydrophilization and appearance of surface charges on initially hydrophobic polymer surfaces. It was shown
that the storage of plasma-treated PTFE films in environments with different relative humidity leads
to an increased water contact angle along with a decreased surface potential. The process of hydrophobic
recovery of plasma-treated PTFE films is considered as a consequence of charge relaxation in a humid
atmosphere. It was established that surface charging of plasma-treated polymers makes a significant
contribution to their hydrophilicity.

Keywords: direct-current glow discharge, plasma treatment, wettability, polymer electrets, hydrophobic
recovery

Introduction

Surface modification by low-temperature plasma is a very efficient tool for a significant improvement
of surface properties of polymer materials. It is known that plasma treatment results in a considerable
change in the chemical composition of the surface caused by chemical reactions leading to an increase
in oxygen-containing groups (Cvelbar et al. 2019). Hydrophobic polymer surfaces become hydrophilic
after plasma treatment; however, this hydrophilicity is partially lost with time. This process is called
‘hydrophobic recovery’ (Primc, Mozeti¢ 2022). The nature of this process is not yet understood. Hydro-
philicity of plasma-treated polymer surfaces is usually interpreted as a result of the increase in the con-
tent of oxygen-containing polar groups on the surface. We consider this interpretation too simplified
as it does not take into account the charging of polymers during their plasma treatment. Earlier, we
observed correlations between surface charging, wettability and adhesion properties of PTFE films
treated by direct-current (DC) glow discharge (Yablokov et al. 2015). Electret charges were measured
after the corona discharge treatment of fluorocarbon polymers, and the role of high humidity in surface
charge relaxation was underlined (Shuvayev et al. 1977).

The aim of the present work is to study the influence of electret charges arising in PTFE films treated
by DC glow discharge on the hydrophilicity of these films.
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Materials and methods

PTEE film samples with a thickness of 40 pm (‘Plastpolymer; Saint Petersburg, Russia) were used in this
study. The procedure for film modification by DC glow discharge is outlined in detail in (Rychkov et al.
2012). Polymer samples were placed on the bottom electrode of a two-electrode system (anode or cathode)
and treated in the air as a working plasma gas, at a pressure of 10—15 Pa and a discharge current of 50 mA
for 30 s. Electret measurements were performed using Ultra Stable Surface DC Voltmeter Model USSVM2
(AlphaLab, Inc.). Surface properties were characterized by the contact angle values measured with an Easy
Drop DSA100 instrument (KRUSS) using distilled water as a test liquid. Plasma treated samples were stored
in plastic boxes at room temperature in the air with different relative humidity (RH). Different RH of air
was obtained above saturated aqueous solutions of salts. Air with RH = 75% was obtained over the satu-
rated aqueous solution of NaCl. Air with RH < 1% was obtained in a plastic box with a desiccant.

Results

The water contact angle (WCA) and the electret properties of DC glow-discharge-treated PTFE films
were measured simultaneously. After treatment, polymer films were stored at different relative humidity
at room temperature. The experimental data on changes in the contact angle by water (0) with time for
polymer films treated at the anode and at the cathode are shown in Fig. 1. The surface potential of PTFE
films treated at the anode and at the cathode is shown in Fig. 2. The decay curves are normalized by the
value measured just after the plasma treatment. The highest hydrophilicity (the lowest WCA value) can
be seen (Fig. 1) in the film treated at the anode. The film treated at the cathode has the lowest hydrophi-
licity (highest WCA). A significant difference is observed for the hydrophobic recovery of films stored
in dry (RH < 1%) and humid (RH = 75%) atmosphere. Hydrophobic recovery, or increase of the WCA
of films stored in humid atmosphere, is larger. This difference is observed both for films treated at the
anode and at the cathode. Storage in humid atmosphere leads to a significant decrease in the normalized
surface potential. This result corresponds to the well-known effect of the influence of ambient air humi-
dity on the stability of the electret charge. Slower relaxation of the normalized surface potential is observed
for the films treated at the anode (electrons and negative ions are active agents during plasma treatment)
compared to the treatment at the cathode.

Surface potential decay of the polymer film in humid atmosphere is the result of the increased surface
conductivity (Shuvayev et al. 1977). Electret charges on the polymer surface attract polar water molecules,
thus increasing water droplet—surface interaction during WCA measurement.
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Fig. 1. Water contact angle temporal evolution of direct-current glow-discharge-treated PTFE films, stored
at different relative humidity: 1 — film treated at the cathode, stored at RH = 75%; 2 — film treated at the cathode,
stored in dry (less than RH = 1%) atmosphere; 3 — film treated at the anode, stored at RH = 75%; 4 — film
treated at the anode, stored in dry (less than RH = 1%) atmosphere; 5 — contact angle of the pristine PTFE film
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Fig. 2. Normalized surface-potential decay of direct-current glow-discharge — treated PTFE films, stored

at different relative humidity: 1 — film treated at the cathode, stored at RH = 75%; 2 — film treated at the

cathode, stored in dry (less than RH = 1%) atmosphere; 3 — film treated at the anode, stored at RH = 75%;
4 — film treated at the anode, stored in dry (less than RH = 1%) atmosphere

Conclusions

The results of the study of wettability degradation and charge relaxation of PTFE films after treatment
by direct-current glow discharge are presented here. The water contact angle was shown to increase
during the storage of polymers at room temperature in environments with different relative humidity.
It was also demonstrated that surface potential decreases in time in humid atmosphere faster than
in dry air. Hydrophobic recovery of plasma-treated polymer films may be considered as a consequence
of electret charge relaxation. It means that surface charging in the process of plasma treatment contribu-
tes to the effect of polymer surface hydrophilicity improvement.
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Abstract. Transition-metal dichalcogenides are among most studied two-dimensional semiconductors for
applications in electronics, optoelectronics, spintronics, and memory devices. One of the simple commercially
friendly methods to fabricate thin crystalline films is solid-state crystallization from the amorphous phase.
In this work, using differential scanning calorimetry (DSC) measurements, we demonstrate that MoTe

nanolayers deposited on different substrates (Ta, Al, W, Mo) manifest distinctly different crystallization
behavior. We argue that these differences are associated with different chemical affinity of the film constituents
towards the substrate material and propose a scheme of this complex crystallization process.

Keywords: transition-metal dichalcogenides, solid-state crystallization, differential scanning calorimetry,
nanofilms, two-dimensional semiconductors

Introduction

The success of graphene has triggered an intensive search for other two-dimensional (2D) materials,
especially 2D semiconductors. One of the promising classes of such materials is transition-metal dichal-
cogenides (TMDCs) (Kolobov, Tominaga 2016) with the generic formula MX, (M = Mo, W, X =S, Se, Te).
These materials possess a layered structure, where M-X-M sandwiches, often called monolayers, are held
together by weak van der Waals forces. The interest in these materials was reignited about ten years ago
when it was found that the electronic structure of MoS, changed from indirect in the bulk form to a direct
gap in the monolayer limit (Mak et al. 2010), which makes TMDCs an important class of optoelectronic
materials. Unique properties of 2D TMDCs were reported. Among them are extremely large exciton
binding energies (Chernikov et al. 2014), spin-valley coupling (Xiao et al. 2012), etc. Numerous and va-
rious devices based on few-layer and monolayer TMDCs have been demonstrated, ranging from various
electronics (Cho et al. 2015; Lin et al. 2014; Sarkar et al. 2015), optoelectronics (Yin et al. 2016), and spin-
tronics (Suzuki et al. 2014) applications to biomedical uses (Liu, Liu 2018).

An additional benefit of using monolayer thick semiconductors as active layers in devices is their
ultra-low power consumption (Tang et al. 2023). The sub-nanometer thickness of such layers also enables
the use of few monolayer TMDC in transparent and flexible electronics (Li et al. 2020). Monolayer-thick
2D materials are usually very strong mechanically, which opens the possibility to further control their
electronic structure and properties through the application of strain (straintronics) (Wei et al. 2017).
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While most 2D transition-metal dichalcogenides (TMDCs) possess only one single phase stable
at room temperature, 2D MoTe, exhibits intriguing polymorphism: the semi- conducting 2H phase and
the metallic 1T’ phase. In the semiconducting 2H phase, the Mo and Te atoms are arranged in in-plane
hexagonal symmetry and out-of-plane trigonal prismatic coordination with a space group of P6m2. In the
metallic 1T’ phase, they are arranged in in-plane monoclinic symmetry and out-of-plane octahedral
coordination with a space group of P12 /m1 (Huang et al. 2016). A remarkable feature of this material
is that the energy barrier between the two states is rather low (Duerloo 2014), which enables an easy
transition between these states. The transition can be driven thermally or, alternatively, stimulated
by supplying external energy by means of strain (Song et al. 2016) or electronic excitation (Cho et al.
2015; Kolobov et al. 2016; Li et al. 2016).

Bulk MoTe, can be directly synthesized in either a semiconducting 2H or a metallic 1T” phase (Park
et al. 2015; Yoo et al. 2017; Zhou et al. 2015), while both phases are stable at temperatures up to 815 °C
and 900 °C, respectively (Ueno, Fukushima 2015). The fabrication methods for monolayer thick structures
can be classified into two broad categories, namely, top-down methods and bottom-up methods. In the
top-down approach, nanolayers are produced by removing building blocks from the bulk phase to gene-
rate the desired structure. Bottom-up synthesis, on the other hand, involves the formation of a nano-
structure by stacking up atoms, molecules or other nanoparticles. This process generally uses two
methods: physical and/or chemical synthesis. In the former, the constituents of the nanolayers are de-
posited physically during the fabrication process. The most common method is physical vapor deposition
where vapour moieties are condensed through processes such as sputtering or evaporation. In chemical
synthesis, chemical reactions are involved as in the chemical vapor deposition (CVD) process.

In most of the reported cases, devices were made from monolayer TMDCs manually exfoliated from
a bulk crystal. This approach, while important in proof-of-principle studies, is not suitable, however, for
industrial applications. The latter need a simple industry-friendly method to fabricate thin TMDC crys-
tals. The lack of a reliable large-area synthesis process greatly hinders their practical use. An alternative
is bottom-up fabrication methods such as chemical vapour transport. This method allows one to fabri-
cate thin layers of TMDC and significant progress has been recently made, but the area of the grown
samples remains small, which is also insufficient for mass production of devices. In addition, it requires
very high temperatures.

When proof-of-principle results have to be transformed to an industrial scale, a user-friendly cheap
mass production technology is needed. One such approach is to use sputtering to fabricate amorphous
films with subsequent solid-state crystallization. This approach is more suitable than many alternatives
from the viewpoint of cost and productivity since sputtering is a well-established fabrication method,
which has long been used for thin film production, for example, of semiconductor devices and optical
media. Successful uses of this method have been demonstrated for various transition-metal dichalco-
genide films (Hatayama et al. 2022; Huang et al. 2017; 2019; Krbal et al. 2021).

The crystallization process of transition-metal dichalcogenides is unique. Generally, amorphous
solids possess the local structure similar to that of the parent crystals, which is known as the Zacharia-
sen paradigm (Zachariasen 1932) stating that glasses must be considered as a media maintaining the
local bonding structure of their parent crystals and where only the long-range order is missing.
In transition-metal dichalcogenides the situation is fundamentally different. An amorphous solid is
isotropic (3D), whereas TMDC:s in the crystalline form are layered 2D materials. Consequently, the
crystallization of TMDC nanofilms involves lattice dimensionality change, i. e., a 3D-2D transition, which
makes this process interesting from the basic physics perspective.

For MoTe, this transformation is even more complex because of its polymorphism. A multi-step process
for recrystallizing 2H-MoTe, was previously reported (Hatayama et al. 2022; Huang et al. 2017). Namely,
as-sputtered amorphous MoTe, film first crystallizes into the 1T’-phase. It was argued to be a consequence
of favorable strain condition in the encapsulated structure (Song et al. 2016), the presence of local tellu-
rium vacancies in the amorphous film (Zhou et al. 2016), and/or potential pre-existence of 1T” nucleation
sites. Subsequently, at higher temperatures, the 1T’-MoTe film recrystallizes into a homogeneous 2H-MoTe,
phase. At specific heating conditions the film may directly crystallize into the 2H phase.

Another feature of 2D crystallization is the very unusual sequences of changes in the short and long-
range order. While typically crystallization can be viewed as the establishment of the long-range order
with the pre-existing short-range order (the same in the amorphous and crystalline phases), in the case
of 2D crytallization, long range order (the formation of the layered structure) may be established first,
with chemical ordering coming into play later (Saito et al. 2021).
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Schematically, the process is illustrated in Fig. 1. Figure 1 (right panel) shows the effect of the annea-
ling temperature and time on the obtained polymorphic structure. According to the shown phase diagram,
for annealing temperatures of 500 °C and below the MoTe, film remained in the amorphous phase for
annealing times as long as 30 hours (Huang et al. 2019). In contrast, in (Hatayama et al. 2022) crystal-
lization of the amorphous MoTe, film was reported to start at temperatures just above 300 °C. The ob-
served differences may be explained by different thicknesses of the films in the two cases and/or existing
strains. The presence of strain is known to have a significant effect on the structural relaxation pro-
cesses in chalcogenide films (Kolobov et al. 1982; Raoux et al. 2008; Simpson et al. 2010).

1T+ 2H

g8

1T"-MoTe,

33
8 8
L —

2H-Mo:Tez

Temperature (°C)
8 [+2]
S 3

]
3

8
S

13 6 12 18 24 30
Dwell Time (hour)

HOOOOOO0

Fig. 1. Schematics of the amorphous MoTe, crystallization process: depending on the treatment conditions
an amorphous film may initially crystallize to the 1T” phase and then to the 2H phase or directly
to the 2H phase. The right panel shows the phase diagram after ref. (Huang et al. 2019)

It should be noted that crystallization of TMDC requires heating to relatively low temperatures com-
pared to the process of direct synthesis of the crystalline phase. Indeed, chemical vapor transportation,
which is a common method for synthesizing both 2H- and 1T°-MoTe, bulk materials through a chemical
reaction between mixed Mo and Te powders, requires exposure to temperatures on the order of 1100 °C
for tens of hours.

At the same time, this solid-state crystallization temperature is sufficiently high to ensure potential
chemical interaction of the amorphous film with a substrate. This process, obviously, depends on the
substrate material and its chemical reactivity with the components of the film. A solid-state reaction
between the substrate and an amorphous TMDC film is especially likely when the substrate is metallic
and such situations may exist during devices fabrication process when a film has to be deposited on a me-
tallic contact. The likelihood of such an interaction increases further when the metal belongs to the class
of transition metals that can form transition-metal dichalcogenides.

The strong effect of the substrate materials on the formation of oriented 2D crystalline layers was
observed by some of the present authors when amorphous Sb, Te, films were grown by magnetron sput-
tering (Saito et al. 2015). In the cited work, a novel deposition mechanism based on the selective reactiv-
ity of the constituent elements of the film (Sb, Te) and the substrate materials giving rise to van der Waals
epitaxy was proposed based on the analysis of the binary phase diagrams of (a) Sb—W, (b) Te—W,
(c) Sb-Si, (d) Te-Si, (e) Sb—0O, and (f) Te—O systems (Bailey 1966; Boller, Nowotny 1964; Knop, Harald-
sen 1956; Thurmond, Kowalchik 1960) (see ref. (Saito et al. 2015)). These diagrams could be divided into
three classes: one class having no compounds or solid solutions, while for other combinations compounds
are formed. In the latter case, compounds with either just one constituent element selectively or with
both of them may be formed. In cases when no compounds are formed or both Sb and Te species can
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chemically react with the substrate materials, amorphous or polycrystalline films were formed. On the
other hand, the use of substrates where Sb did not form a compound with the substrate, while Te did,
resulted in significantly different sticking coefficients for the two kinds of atoms, i. e., when Sb and Te
atomic species from the plasma reached the substrate, the surface was initially covered with a quasi-
monolayer of Te thus passivating the surface.

Upon subsequent film growth the layers became oriented with respect to the substrate. This growth
method, called self-organized epitaxy of layered materials was demonstrated to be an efficient industry-
friendly fabrication method. It can be speculated that when an amorphous film deposited on a substrate
is heated, the selectivity of the substrate material to its constituent elements will also significantly affect
the crystallization process. In particular, the film may crystallize (i) as a self-standing film simply sup-
ported by the substrate, or (ii) the substrate materials may also be involved in the crystallization process.
Furthermore, tellurium is known to crystallize at temperatures as low as room temperature (Zhao et al.
2021). While the presence of transition metal atoms and Te-metal bonds hinders this process, in an amor-
phous phase Te-rich regions may exist that may be prone to crystallization.

Consequently, investigation of the crystallization process of TMDC nanofilms is important from both
fundamental and applied perspectives. In this work, we have experimentally studied the crystallization
process of MoTe, nanolayers on different metallic substrates using differential scanning calorimetry
(DSQ).

Experimental details

Samples were fabricated by magnetron sputtering and were 100 nm thick MoTe, films deposited
on both sides of 20-25 um thick foils of four different metals: Al, Ta, Mo, and W. 50 nm nanolayers
of SiO, were additionally sputtered on top of the MoTe, to prevent oxidation. We note here that three
of the metals used (Mo, W, and Ta) form TMDCs while one of them (Mo) is the same as the transition
metal in the studied film. Consequently, when amorphous films are prepared by sputtering, chalcogen
species arriving at the substrate may interact not only with metal ions deposited from the plasma but
also with the substrate, which can have a certain effect on the composition and structure of the grown
films as well as on the details of the crystallization process.

DSC measurements were performed using a DSC 6300 calorimeter (Seiko Instruments, Japan) with
the heating rate of 10 deg/min in N, atmosphere; the rate of nitrogen flow was 40 ml/min. The cooling rate
after scanning was 20 deg/min. Calibration of the temperature scale and enthalpy effects was performed
using indium (Tm = 156.6 °C, AHm = 28.6 J/g) and zinc (Tm = 419.6 °C, AHm = 107.5 J/g) standards.

Each studied sample was a stack of 5 mm diameter circles cut from the foil covered on both sides
by MoTe, nanolayers. Depending on the substrate material, the total sample weight varied from 250
to 500 mg, whereas the MoTe, mass equaled 1-2 mg (see Table 1). This stack was placed into a DSC
capsule (aluminium or ceramic) with the internal diameter of 6 mm. The reference was a similar capsule
with a stack of the same number of metallic circles cut from the same foil but without MoTe, and SiO,
nanolayers. The accuracy of the determination of the glass transition temperatures, Tg’s, and crystalliza-
tion temperatures, T¢r’s, was 1-2 °C, whereas the crystallization enthalpies, AH¢r’s, could be determined
with the accuracy of 20% only due to the limited accuracy of mass determination of MoTe, samples. DSC
curves were obtained in temperature ranges from 200 °C to 900 °C in the cases of Ta, W, and Mo sub-
strates (and ceramic pans), and in a range of 200 °C to 600 °C in the case of Al substrate (and Al pan).

Table 1. DSC characteristics of MoTe, nanolayers on different substrates

Crystallization Crystallization
Substrate MoTe, mass,mg T,C range, °C T >, °C enthalpy AH_,
£ Li/g
Ta 1.8 333 355-470 400 18.6
- - - 428-490 470 3.8
- - - 624-807 680 3.7
W 1.6 450 468-800 494 3.8
- - - - 680 -
Al 1.2 468 475-560 495 0.5
Mo 1.8 - - - -
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Results and Discussion

Figure 2 shows the DSC curves for MoTe, nanolayers on different substrates (foils) obtained in tem-
perature ranges from 200 °C to 600-900 °C. The crystallization ranges, Tg and 7 ™ values and the
crystallization enthalpies AH_ obtained from the measurements are summarized in Table 1.

MoTe, on tantalum foil

Run 1
Run 2

MoTe, on aluminum foil

Heat flow

Heat flow

400 450

500

1mw
Endo* I1mW
run 1 Endo*
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Fig. 2. DSC curves of MoTe, nanolayers (100 nm thick) during the first and second scans on aluminum (a),
tantalum (b) and during the first scan on tungsten and molybdenum foils (c)

One obvious result of these measurements is a drastically different thermal behavior of MoTe, nano-
layers caused by the strong influence of the substrate material on the structural state of deposited nano-
layers. Figure 2a shows a DSC curve obtained during the first scan for MoTe, nanolayers on Al substrate.
Several peaks can be clearly observed. The lowest (exothermic) peak at 323 °C can be attributed to the
crystallization of Te in the film. The result is consistent with the findings of (Fukuda et al. 2022;
Hatayama et al. 2022), where segregation and crystallization of Te upon heating or photoexcitation
of an amorphous MoTe, film to approximately 300 °C was reported. The higher temperature endother-
mic peak of 445 °C is due to Te melting, which, again, is consistent with the results reported in (Hatayama
et al. 2022) and with the literature data (the melting point of pure Te ~ 450 °C).

The relatively high glass-transition temperature around 468 °C (compared with Tg = 350 °C for the
film on a tantalum substrate, Fig, 2b) suggests that a film is relatively ordered. Maximal crystallization
of the film takes place at 495 °C. A low crystallization enthalpy AHcr in this case further indicates a mixed
amorphous-crystalline state of MoTe, nanolayers, with a high degree of ordering already in the initial
nanolayer. The heat capacity step at Tg = 468 °C is also dozens of times smaller than that for MoTe,
nanolayers deposited on a Ta substrate. Therefore, the ‘residual’ crystallization of MoTe, nanolayers
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on Al foil occurs at much higher temperatures, starting at 475 °C. According to the literature, this process
corresponds to the formation of the 1T’ crystalline phase. Regrettably, the use of Al substrate naturally
precluded us from continuing the experiment to higher temperatures.

In the case of a Ta substrate, the DSC curve (green) obtained at the first scan and shown in Fig. 2b
had a significantly lower glass-transition temperature (333 °C) indicating that the film was in a more
disordered phase, as also evidenced by the maximal heat capacity step in this transition, and high crys-
tallization enthalpy AHcr. In this case, three regions of the crystallization process at temperatures from
355 °C to 807 °C were observed (Fig. 2b, Table 1). Crystallization starts at a much lower temperature
than in the case of an Al substrate and the exothermic peak, corresponding to this process, splits into
two peaks. It may be possible that the lower peak is associated with the crystallization of Te, while the
crystallization of the MoTe, phase is associated with the second peak. Finally, a second exothermic
(crystallization) peak is observed at temperatures higher than 680 °C. We believe that this transition is
associated with the 1T’ to 2H transformation, which agrees well with the observations and conclusions
made in (Hatayama et al. 2022). The features observed for the films on Al and Ta substrates disappeared
in the DSC curves during the second scan after heating up and cooling the sample, clearly demonstrating
that they are associated with an irreversible crystallization process.

A rather close initial state of partially ordered MoTe, nanolayers on W foil was observed although
their residual crystallization occurred at heating up to 728 °C (Table 1) and the enthalpies associated
with the process are significantly lower. Finally, the DSC curve for MoTe, nanolayers on Mo substrate
did not show any essential features upon heating; there was no exothermic or endothermal effects in the
DSC curve even during the first scanning process, which suggests they were to a large extent crystalline
already in the as-deposited state (Fig. 2c).

The configuration—energy diagram of the crystallization process of amorphous MoTe, nanofilms,
as revealed by the present results, and its schematic representations are shown in Fig. 3 and Fig. 4, re-
spectively.

Thus, we revealed a drastic influence of the substrate material on the structural state of deposited
MoTe, nanolayers, which demonstrates that the crystallization of amorphous MoTe, is a very complex
process. We propose that the underlying cause is the competition of several processes, viz., (i) the film
growth from the particles arriving at the substrate from the target, (ii) thermal behavior of various com-
ponents of the film, and (iii) the interaction of chalcogen atoms with transition metal ions of the substrate
leading to oriented growth of the layered crystal as illustrated schematically in Fig. 5. We note that there
is a strong similarity between this process and the process of self-organized van der Waals epitaxial
growth of Sb, Te, films reported by some of the present authors earlier (Saito et al. 2015).

Based on these results, we can speculate that for oriented growth of layered MoTe,, the substrate
material should satisfy one of the following conditions:

e The substrate should have a Te-terminated surface of a properly oriented tellurium compound,

such as CdTe.

e The substrate should be made of a material that readily and selectively reacts with Te forming a Te

passivation layer, which is the initial step for the oriented growth.

e An advantageous property of a potential substrate is also its flatness. In this case, subsequent

growth of the film will proceed in the van der Waals epitaxy mode resulting in the formation
of a crystalline film.

a-MoTe2

2H-MoTe2

Fig. 3. Configuration—energy diagram describing the MoTe, crystallization process

210 https://www.doi.org/10.33910/2687-153X-2024-5-4-205-214



https://www.doi.org/10.33910/2687-153X-2024-5-4-205-214

P. N. Yakushev, V. A. Bershtein, A. V. Kolobov

initial T=323°C
T c-Te Yok
“hhp

bbb

L on Al substrate

initial

IBE TN, '
o ALK
R
>V im,‘ &

Y

; .
%

-~
>
%
>
X, Vas

on W substrate

Fig. 4. Schematics of structural evolution of a MoTe, film deposited on Al, Ta, and W substrates

O Te

O © Mo/W
@ Al
O O.OO
°0 e

y - v v 7
L e S 3 e e, e e e e S e, S S S S e e >
(P g 2 e > e 3 S g el 3 e el >l ek >l = el P >
O 5 Bl B B B 3l S 5 5 Bl B 5 B e e 5 5l

Fig. 5. Schematics of the film growth on an ‘inert’ substrate such as aluminum/tantalum (left)
and on a chemically ‘active’ substrate such as molybdenum/tungsten (right). In the former case,
an amorphous film is formed, while in the latter, strong chemical affinity of the chalcogen atoms

in the plasma and TMDC atoms of the substrate results in the growth of a layered crystalline film
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Probably the best substrates for this purpose would be terminated surfaces of van der Waals chalco-
genides, such as InTe or GaTe of topological insulators such as Sb,Te,. While most experimental work
concentrates on InSe and GaSe, layered tellurides with the similar structure are also stable as was demon-
strated based on the absence of imaginary modes in corresponding phonon dispersion spectra (Demir-
ci et al. 2017) The latter are also a 2D semiconductor with covalently bonded blocks having the Te-In-
In-Te stacking sequence. While the lattice constants of InTe (4.40 A) and GaTe (4.13 A) (Demirci et al.
2017) are both larger than that of MoTe, (3.55 A), van der Waals epitaxy has an advantage that it does
not depend on the lattice constant difference between the substrate materials and an overlayer. Hypo-
thetically, the chemical nature of the terminated chalcogen species is not important for van der Waals
epitaxy, i. e, MoTe, should grow as a layered material also on a flat Se-terminated surface. In this case,
GaSe (with the lattice constant of 3.82 A) can be a suitable material.

Conclusions

In conclusion, the fine details of the solid-state crystallization process of amorphous MoTe, films are
known to depend on many aspects such as the film thickness and the heating conditions. Our present
results additionally demonstrate a very strong substrate dependence. All these parameters must be
taken into consideration when developing technology of MoTe, film fabrication. We believe that the
results obtained for MoTe, are of general nature and are also applicable to other transition-metal dichal-
cogenides such as MoS(e),, WS(e), etc. and, possibly, to other classes of van der Waals chalcogenides.

Based on the obtained results we propose a model of the MoTe, crystallization process and we note
that the interpretation of the process based on the DSC studies is very similar to that suggested from
direct structural measurements using x-ray diffraction, Raman scattering, and EXAFS (Saito et al. 2015).
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Abstract. Hexagonal boron nitride (h-BN) is of interest due to its potential use in electronics and, in particular,
the fabrication of single-photon emitters. In this paper, some properties of defects, namely, a boron vacancy

(V) and an anti-site complex with a nitrogen vacancy (N, V, ) in various charge states are studied. The energies

of defect formation are calculated using density functional theory (DFT). Probabilities of transitions between
them are estimated, and the annealing temperatures required for the transformation of h-BN are calculated.

Keywords: defects in hexagonal boron nitride, DFT, boron vacancy, anti-site nitrogen vacancy complex,
defect transformation

Introduction

Hexagonal boron nitride (h-BN) is currently used as a material for dielectric substrates in electronics
(Dean et al. 2010) and high-frequency devices (Pazos et al. 2024), and is considered as a promising can-
didate for single-photon emitters for quantum cryptography. It has a hexagonal structure and a band
gap of about 6 eV (Cassabois et al. 2016).

One of the variants of single-photon sources can be an anti-site complex with a nitrogen vacancy
(N,V,) (Liu et al. 2024; Tran et al. 2016). At the moment, there are several works (Grosso et al. 2017;
Venturi et al. 2024) devoted to the methods of fabricating N V| by irradiating a sample with helium ions
with V formation and subsequent annealing, but the modeling of the V —-N,V  transformation process
has not been published yet.

The purpose of this work is to calculate the formation energies of V, and N,V vacancies in various charge
states by means of DFT and to determine which of them is the most energetically favorable under given
conditions, as well as finding the energy barriers required to transform one type of a defect into another.

Methods

In this paper, we perform calculations of h-BN energy using a density functional theory (DFT) ap-
proach. The structure was simulated using the ASE software package (Larsen et al. 2017). First, we crea-
ted a h-BN supercell consisting of 4 layers with a total number of 128 atoms and hexagonal lattice
constants a = 2.5 and ¢ = 6.65 (Fig. 1 (a)). Then we obtained the required defect types by removing and
moving atoms (Fig. 1 (b, c)).
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Fig. 1. (a) General side view of the modeled structure; (b) schematic representation of the first layer
of the simulated structure with a V, defect; (c) schematic representation of the first layer
of the simulated structure with a N,V defect

The energy was calculated using the GPAW energy calculator (Mortensen et al. 2024) with the fol-
lowing parameters: periodic boundary conditions in all directions, plane wave basis (PW) and PBE ex-
change-correlation functional (Perdew et al. 1996). The calculation was performed for 2 special points
in the Brillouin zone, namely I and M. The Kohn—Sham orbitals occupations determined using the
Fermi-Dirac function with kT = 25 meV, corresponding to room temperature. Then, the structure was
optimized using the MDMin method (Verlet method modification) by minimizing the energy using the
minimum of the forces between atoms.

When calculating the energies for different charge states, the charges were added to the GPAW cal-
culator, and the resulting electrostatic corrections, which will be discussed below, were taken into account
during the final energy calculation.

After optimizing the structures, we calculated the defect energy taking into account its charge using
the following formula (Weston et al. 2018):

Edq(EF) = Edfull N Eelc[q] +q(AV + EF) (1)
where E, , — full energy of the structure with a defect after optimization, E, , — full energy of the

structure without defects, p1, = 2,9 eV — chemical potential of Boron (Weston et al. 2018), E [q] — elec-
trostatic correction, g — defect charge, E, — Fermi energy, and AV — parameter required to align the
electrostatic potential of the defect-containing supercell with the electrostatic potential of a pristine
supercell. Its value is a function of the distance from the defect and has to be selected from an area lo-
cated far from the defect (Freysoldt et al. 2011).

The chemical potential of Boron p, can be 0 eV or 2.9 eV depending on the conditions of growth:
B-poor or N-poor correspondingly (Weston et al. 2018). However, this choice does not play a significant
role not only in the calculation of the barriers, but also in comparing the formation energies, since
it leads to the same shift of the zero level of the formation energies for both types of defects considered.

Then, using the energies of defect formation as edge points, we calculated the energy barriers of the
transitions between defects using the Nudged Elastic Band (NEB) method (Lindgren et al. 2019) with
8 intermediate points between the initial and final positions of atoms in the supercell.

Knowing the values of the transition barrier energies, we calculated the transition probabilities
at room temperature using (Weston et al. 2018):

E
r=r, exp(—ﬁj 2)
b

where [ = 10"s! h-BN phonon frequency (Geick et al. 1966), E, — transition barrier, kh — Boltzmann
constant, and 7 — temperature.
Then we estimated the annealing temperature corresponding to I' = 1s7":

T:_—Eb (3)

k, In [rj
1_‘0

It is also worth noting that the annealing temperature is not so sensitive to the choice of the constant
I', because of the logarithmic dependence in (3).
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Results and discussion

After the structural optimization we calculated the maximum atom displacements relative to the
lattice sites in an ideal crystal, and for neutral defects they were of 0.075 A for V, and 0.045 A for N, V.
These values are two orders of magnitude smaller than the lattice constants, and their detailed analysis
is beyond the scope of this study.

Based on the obtained defect formation energies, we can plot the dependence of the defect formation
energy on the Fermi level in various charge states (Fig. 2). As it can be seen from (1), when the defect is
neutral (g = 0), there is no dependence of the defect formation energy on the Fermi level within the band
gap. These states correspond to the horizontal solid red and black lines in (Fig. 2).
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Fig. 2. Dependences of the defect formation energy on the Fermi level in different charge states

Table 1 presents the ranges of Fermi level values at which certain charge states are energetically more
favorable for each type of defect, as well as the transition points between charge states. The red curve
in (Fig. 2), corresponding to V , intersects with the black curve N,V at a Fermi level of 1.75 eV and
a formation energy of 12.9 eV.

Table 1. The most energetically favorable defect charges depending on the Fermi level

VB NBVN
Charge of defect - — - - — -
Fermi level, eV Transition point, eV Fermi level, eV Transition point, eV

+1 - _ 0-1 12.4
0 0-1.25 1-3.2

12,9 12.4
-1 1.25-4.75 3.2-4.8
-2 4.75-6 94 4.8-6 10.5

For further analysis, we will consider an intrinsic semiconductor, and therefore, focus on the transi-

tions with the Fermi level near the center of the band gap. Thus, according to (Fig. 2), in the intrinsic
h-BN, the boron vacancy V, in the center of the band gap has a charge of —1, while N,V is neutral.
During annealing or electron irradiation (Petrov et al. 2023), ionization of the vacancy is possible,
so several processes leading to the transformation between V, and N,V are possible:

Physics of Complex Systems, 2024, vol. 5, no. 4 217
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(0) V,'-V " transition (blue arrow in Fig. 3(a)) — this transition is the ionization and a starting point
for processes (1) and (2).

(1) V,-N,V ° transition (orange arrow in Fig. 3(a)).

(2) Transition from V °(dotted line in Fig. 3(a)) in the atomic positions corresponding to the optimized
charge state V' to N,V ° (purple arrow in Fig. 3(a)) — transition without relaxation, which might take
place immediately after ionization, when the atomic structure has not relaxed yet.

In addition to the process described above, a transition without ionization is also possible:

(3) V,'=N,_V " transition (bright-green arrow in Fig. 3(a)).

And then, after the ionization, the system comes to the same neutral N

(4) N,V '=N_V,° transition (dark-green arrow in Fig. 3(a)).

VN:

B

A VBO . 1 (a)
Ve (no relax.-virtual) NV,
B
—_— (2)
>
Sl MV O Ny NoVi
i
A Ve v,
Type of defect

Fig. 3. (a) Schematic representation of transitions; (b) schematic representation of V,—-N_V transformation

Considering the initial and final states for the processes (1), (2) and (3) mentioned above, we can
calculate the transition barriers between different types of defects (Fig. 4).
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Fig. 4. Transition barriers between V, and N_ V. Zero configuration coordinate corresponds to V,

Based on the obtained barrier values using formulas (2) and (3), we can calculate the transition proba-
bilities and annealing temperatures for forward (V, to N,V ) and reverse (N, V  to V) transitions. The
results are presented in Table 2.
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Table 2. The values of the forward (E) and reverse (E) transition barriers (1) — (3),
along with the calculated transition probabilities and annealing temperatures

L E,eV E, eV T, s r,s! T, K T, K
(1) 257 3.03 276 x10% | 213x10% 923 1091
@) 222 293 241 x 107 - 800 -
(3) 352 2.36 833x10% | 9.66x10% 1265 849

As shown in Table 2, the barrier for the transition from V, to N,V in the neutral state is lower than
in the negatively charged state, but in all cases exceeds 2 eV, and the transition probabilities at room tem-
perature are negligible. This indicates that to create N,V —type defects from V , the structure must be
provided with sufficient energy, such as through heating. The obtained annealing temperatures for the
transitions are consistent with experimental results (Grosso et al. 2017; Tran et al. 2016; Venturi et al.
2024). Additionally, since the barrier for the reverse transition (3) is lower than that for the forward tran-
sition, the probability of the transformation from N V| to V in the negatively charged state is quite high.

Conclusions

In this work, we calculated the formation energy of V, and N,V in different charge states for h-BN
using the DFT method. The obtained values allowed us to consider transitions between defects and
calculate their barriers. The latter were used to calculate the annealing temperatures and transition
probabilities at room temperature. We assume that the process of defect transformation at room tem-
perature observed in the work (Petrov et al. 2023) can be caused by the recombination of nonequilib-
rium excess charge carriers excited during electron irradiation. To complete the description of the
studied processes, ionization processes should be considered in more detail. Therefore, we plan to con-
tinue investigating the ionization energies of V, and N,V further.
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Summaries in Russian / VIHpopmayus o crmambax Ha pyCCKOM S3biKe

Ousuka KOHACHCHUPOBAHHOTO COCTOAHUA

ITAABAEHINE 1 BO3TOHKA ITIPA®EHA I CUANLIEHA

IOpunn Amutpuesny @omuH, Eaena HukoaaeBHa Lok, Baaentun HukoaaeBuu PepkoB

AnHoTaus. B AQHHOM 1ICCAEAOBAHNM IPOBEAEHO MOAEAVPOBAHIE METOAOM MOAEKYASIPHON AVHA-
MUKM IIPOLieCca pas3pylieHus KpUCTaAAMIeCKOI CTPYKTYpbI rpadeHa, rpadura u cuanueHa. [TokasaHo,
4TO B cAy4ae rpadeHa u rpadura paspylieHre KPUCTAAANYECKOI CTPYKTYPBI CBSI3aHO C CyOAMMaLuen
obpasua. B To xe BpeMmsi, Koraa obpasel| CMAMLIEHA HArpeBaeTCsl IpU MOCTOSIHHOM 00beMe, OH Iepe-
XOAUT B ABYX(asHyio 00AacTb $pa3oBOil AarpaMMbl )KMAKOCTb—Ta3. PasHulja B pas3pyleHnn KpUCTaA-
AVYECKOI CTPYKTYPBI rpadeHa U CUAMLeHa BbI3BaHA PA3AUYMSIMU B AABAEHUM TPOMHOI TOUYKY XKUA-
KOCTb—Ta3—KPUCTAAA.

KaroueBbie cAOBa: METOA MOAEKYASIPHOV AMHAMUKMY, rpadeH, CMAULIEH, CYOAMMaLMs, TPOIHAs
TOYKa >)KUAKOCTb—Ta3—KPUCTAAA

AAst qutupoBanus: Galiullin, A. A., Luney, I. V., Gumarov, A. 1., Yanilkin, I. V. (2024) Dielectric
properties of thin-film metal/dielectric nanocomposites based on zirconium nitrides. Physics of Complex
Systems, 5 (4), 172—-176. https://www.doi.org/10.33910/2687-153X-2024-5-4-172-176 EDN PVLCLE

AVIDAEKTPUYECKIUE CBOMCTBA TOHKOITAEHOYHBIX HAHOKOMITO3MTOB TUITA
METAAA/AVIDAEKTPUK HA BA3E HUTPUAOB IVIPKOHIA

Aptyp AAapbeproBuu laanyaann, ViBan Baapumuposuu Ayues, Amup Vapycosua ['ymapos, Vrops
BurtaabeBud AHMAKMH

AnHoTtanusa. CHHTEe3MPOBaHbI IA€HKM OKCMHUTPUAQ LVPKOHMS METOAOM HAIlbIAEHUS HUTPUAQ
LIIPKOHMS C TOCAEAYIOIIM aTMOC(EPHBIM OT)KUTOM AO OKCHHUTPUAA. [ToAyUYeHHbIe TAEHKU NCCAEAO-
BaHbl METOAOM AMAAEKTPUYECKOV CreKTpocKonuu. ITokasaHo, YTO TeMmepaTypa OT>XKUra BAUSIET
Ha AVIDAEKTPUYECKYE CBOVICTBA ITAEHKU. ATMOC(EPHDIN OT>KUT IPUBOAUT K AUCTIEPCUN AMDAEKTPUYECKON
IIPOHMLIAEMOCTH 1 PEAAKCALIMOHHBIM IpoljeccaM. HeArHelHbIN XxapaKTep TeMIIepaTypHOIT 3aBUCUMOCTH
BpeMeHM peAaKCcally U pa3Anyyie BpeMeH peAaKcalyy 00pasLoB SIBASIOTCS MPOSIBAEHUSMU VX TeTe-
POTEHHO CTPYKTYPBI 1 pa3MepHOro 3¢ deKTa CTPYKTYpbl METaAA/ AUIAEKTPUK.

KAroueBblie cAOBa: reTepOreHHble MaTePUAADL, AVIAEKTPUIECKASI CIIEKTPOCKOIINS, AUDAEKTPUIECKas
peAaxcawysi, OKCUHUTPUADI LMPKOHYSI, TOHKYE TA€HKN

Aast gutupoBanus: Fomin, Yu. D, Tsiok, E. N., Ryzhov, V. N. (2024) Melting and sublimation of gra-
phene and silicene. Physics of Complex Systems, 5 (4), 177-186. https://www.doi.org/10.33910/2687-
153X-2024-5-4-177-186 EDN JEGSTK

ITOAEBAS 3BABUICIMOCTDb BPEMEHU OBPA3OBAHUA DAEKTPTYECKUX AEHAPUTOB
B ITIOAVIMEPHOU U3O0AALIN

Baaentun Baapumuposuu KnuceaeBuu

Annoranus. [IpoaHaAM3MpOBaHbI U3BECTHBIE BBIPAXKEHMS AASI ONMCAHMS [TOAEBOI 3aBUCUMOCTU
BpeMeHM 3aPOXKAEHUS DAEKTPUIECKUX AEHAPUTOB B IOAMMEPHOIT M30ASILIUYI 1 OTMe4YeHa HeOOXOAUMOCTD
MOAMGUKALIMY STUX BBIPAYKEHUIT AASI BOBMOXKHOCTY KOPPEKTHOTO OIIPEAEAEHUsI TOPOrOBbIX IIAPAMETPOB
AEHApUTOO0Opa3oBaHMs. B paMKax mpeACTaBA€HUI Teopuy KatacTpod MOAYUeHO ypaBHEHMe 3aBUCU-
MOCTU BPpeMEHU 3aPO’KAEHUS AEHAPUTOB B IIOAVMEPHBIX AUIAEKTPUKAX OT BEAUYMHBI MAKCUMAABHOM
AOKaABHOJ HANIPSPKEHHOCTY DAEKTPUYECKOTro 1oAsd. OnpeaeAeHbl TapaMeTPhbl AAHHOTO YPaBHEHUS AASL
3MOKCUAHOI U MIOAVSTUAEHOBOI U30AALIMY. YCTAHOBAEHO XOPOIIee COTAACHE MEKAY AUTEPATyPHBIMU
SKCIIEPUMEHTAAbHBIMU AQHHBIMU U ITIOA€BBIMU 3aBUCMMOCTSIMU BPEMEHU 3aPO>KAEHUS AEHAPUTOB, T10-
CTPOEHHBIMMU II0 IIPEAAOKEHHOMY ypaBHEHUI0. PaccMOTpeHbl reoMeTpuiecKe CBOMCTBA PyHKLMK
KaTacTpodbl CKAAAKY, XapaKTepu3yolleil 3aKOHOMEPHOCTY 3MEHEHMsI BpeMeHM 00pa30BaHMs dAEK-
TPUYECKUX AEHAPUTOB B TIOAUDTUAEHOBOM U30ASILIVIN.
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KAroueBbIe CAOBa: IOAVMMeEPHAs M30ASLVS, SAEKTPUYECKIE AEHAPUTBI, BpEMS 3aPOXKAEHMSI ACHA Y-
TOB, MaKCYMaAbHasi AOKaAbHasI HAIIPSDKEHHOCTb S9AEKTPUYECKOTO TTOASI, TOPOTOBbIE MTAPAMETPbI A€H-
APUTO0Opa30BaHys, TeOpUst KaTacTpod, KaracTpoda CKAAAKU

Aast putupoBanus: Kiselevich, V. V. (2024) Field dependence of the initiation time of electrical trees
in polymer insulation. Physics of Complex Systems, 5 (4), 187—-194. https://www.doi.org/10.33910/2687-
153X-2024-5-4-187-194 EDN HBOQYTU

SAEKTPO®U3SNYECKNE CBOVICTBA CETHETOBOI1 COAU, AICITEPTIPOBAHHON
B IIOPVICTON AVIDAEKTPUYECKOV MATPULIE HEOAUTA TUIIA A

Tamapa ['enHapbeBHa MaTBeeBa, MapuHa CemeHoBHa VIBanoBa, Baapumup laeBny CoaoBbeB, AAek-
caHap ViBaHoBuy Banun

AnnoTanus. B ponanasone yactot ot 100 Iy oo 100 kI 6bIAM 1ICCAEAOBaHBI SAEKTPOIIPOBOAHOCTb,
AEVICTBUTEABHASI YACTh AMDAEKTPUYECKON IPOHULIAEMOCTY U AUBAEKTPUYECKMEe IOTePU HOBOTO HAHO-
KOMITO3ML[MIOHHOTO MaTepuaAa, IOAYYEHHOTO ITyTeM MPOMUTKY MaTpULibl LieoauTa NaA cerHeToBO
COABIO.

Hab6Atopaacs HU3BKoTeMIepaTypHblit cAur Touky Kiopu T . BepXHero cerHeTosAeKTpuyeckoro mepe-
XO0AQ BEL|ECTBA- «TOCTSI» 13-3a BAMSIHUS OTpaHMYEeHHOV reoMeTpui. [TokazaHo, YTO BUA TeMIlepaTypHOI
3aBUCUMOCTHU AEKTPOIPOBOAHOCTH CETHETOBOI COAM, & TAK)KE XapaKTep YaCTOTHON 3aBUCUMOCTU
AVIDAEKTPUYECKVX ITOTEePD CYI|ECTBEHHO M3MEHSIOTCS IIPU AVICIIEPTMPOBAHNM 3TOTO CETHETOIAEKTPUKA
B LeoauTe NaA.

KAroueBbie cAOBa: CETHETOIAEKTPUKY, CETHETOBA COAb, AUDAEKTPUUYECKasl IPOHULIAEMOCTD,
AVIDAEKTPUYECKIE TOTEPY, BAEKTPOIIPOBOAHOCTD, LIEOAUT, HAHOKOMIIO3UT

Aas uutupoBanusi: Matveeva, T. G., Ivanova, M. S., Solovyev, V. G., Vanin, A. I. (2024) Electro-
physical properties of the Rochelle salt dispersed in a porous dielectric matrix of type A zeolite. Physics
of Complex Systems, 5 (4), 195-201. https://www.doi.org/10.33910/2687-153X-2024-5-4-195-201
EDN JARMUT

SAEKTPETHOE COCTOAHME I CMAYMBAEMOCTD ITIOAVUMEPHBIX MATEPAAOB,
OBPABOTAHHBIX B TAEIOIIEM PA3PAAE ITIOCTOAHHOTI'O TOKA

Muxaua FOpbeBuy S16A0K0B, Aaekcanap AaekceeBud KysHeloB

AnHoTanms. BbIAO 13yueHO BAMSIHME SAEKTPETHOTO 3apsiAQ Ha TMAPOGUABHOCTD ITAEHOK IIOAUTETPA-
dropaturena (ITTD3), 06paboTaHHBIX B TAEIOLIEM PaspsIA€ IOCTOSIHHOTO ToKa. OO6paboTKa MOAMMEPOB
B pa3psiAe MOCTOSTHHOTO TOKA IPUBOAUT K 3HAYUTEABHON TMAPOPUAM3ALINY TOBEPXHOCTY U TTOSIBAEHUIO
IIOBEPXHOCTHBIX 3aPSIAOB Ha MI3HAYAaABHO I'MAPOQPOOHOII TOBEPXHOCTY IIOAMMEPOB. BbIAO ITOKa3aHo, 4TO
1ocAe MAa3MeHHOI 00paboTKy xpaHeHne naeHoK [TTDD Ha BO3AyXe C pa3AUYHON OTHOCUTEABHOM
BA@KHOCTBIO TIPUBOAUT K YBEAYEHMIO YTAQ CMAYMBAHMSI BOAOV i OAHOBPEMEHHOMY CHVPKEHMIO TO-
BEPXHOCTHOrO noreHumaaa. [Iponecc BoccraHoBAeHMs rTuppodoOHOCTY AeHOK [TTD I, 06paboTaHHbIX
IIAQ3MOJ1, PaCCMaTPUBAETCsI KaK CAEACTBME peAaKcalMy 3apsiAd BO BAaXKHOM atMocdepe. Briao ycTa-
HOBAEHO, YTO 3apsIAKa MIOBEPXHOCTY B NPOLIECCE MAA3MEHHOI 00pabOTKM MOAMMEPOB BHOCUT CYIlje-
CTBEHHBII BKAQA B UX TMAPO(DUABHOCTbD.

KAroueBbie cA0Ba: TAEIOIMIT pa3psip IOCTOSHHOIO TOKa, 00paboTKa B IAa3Me, CMauMBaHNUeE, T10-
AVIMEDHbBIE 9AEKTPEThI, BOCCTAHOBAEHME TMAPOdOOHOCTH

Aast putupoBanus: Yablokov, M. Yu., Kuznetsov, A. A. (2024) Electret properties and wettability
of polymer materials treated by DC glow discharge. Physics of Complex Systems, 5 (4), 202—204.
https://www.doi.org/10.33910/2687-153X-2024-5-4-202-204 EDN WNDCIU

Dusuka IMOAYIIPOBOAHUKOB

©OPMVNPOBAHINE HAHOITAEHOK MoTe, HA METAAANYECKHUX ITOAAOXKAX

[TaBea HuxoaaeBny fAxyuies, Baapumup A6pamosuy bepiureitn, Aaekcanap Baapumuposuu Koao6os

AHHOTanMs. AVXaAbKOT€HUABI IEPEXOAHBIX METAAAOB SIBASIIOTCSI OAHVIMY M3 HaI0OA€€ M3y4aeMbIX
ABYMEPHDIX IIOAYIIPOBOAHMKOB AASI ICTIOAB30BaHMSI B 9A€KTPOHMKE, OITOSAEKTPOHMKE Y CIIMHTPOHMKE,
a TaKKe B ycTporcTBax naMsitu. OAHMM 13 IPOCTBIX KOMMePUYeCK) IPUBAEKATEAbHBIX METOAOB IIOAY-
YeHVSI TOHKVX KPUCTAaAANYECKVX IIA€HOK SBASIETCS TBepAOdasHasi KpUCTaAAM3aLVs U3 aMOpdHOII (asbl.
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B aaHHOIT paboTe, 1cmoAb3ys nsMepeHus AuddepeHLasbHoN ckanupyoient karopumerpuu (DSC),
MBI IPOAEMOHCTPUPOBaAM, YTO HaHOCAOM MoTe,, 0ca)xAeHHbIE Ha Pa3AMYHBIE TIOAAOXKKM (Ta, AL, W,
Mo), AEMOHCTPUPYIOT 3aMEeTHO OTAUYAIOIIeeCs] IOBeAEeHMe MTPU KpucTasAndauyn. Ha ocHoBaHuM moAy-
YEeHHBIX PE3yAbTAaTOB B paboTe MPEANIOAATAETCS, YTO 3TU PA3AUYMSI CBS3aHBI C Pa3HBIM XMMUYECKUM
CPOACTBOM KOMIIOHEHTOB IAEHKU K MaTE€PUAAY ITOAAOKKM, U TIPEAAAraeTCsl CXeMa 3TOT0 CAOXKHOIO
mpoliiecca KpUCTaAAU3AL[UN.

KAroueBbie cAOBa: AUXAABKOTE€HUADI TIEPEXOAHBIX METAAAOB, TBEPAODA3HAS KPUCTAAAUSALMS,
AuddepeHLIMaAbHAs CKAaHUPYIOIAsl KAAOPUMETPYsI, HAHOIIAEHK!, ABYMEpPHBIE TIOAYTIPOBOAHVIKY

Aas nutupoBanust: Yakushev, P. N., Bershtein, V. A., Kolobov, A. A. (2024) The formation of MoTe,
nanofilms on metal substrates. Physics of Complex Systems, 5 (4), 205—-214. https://www.doi.org/10.33910/2687-
153X-2024-5-4-205-214 EDN THHPQB

PACYET SHEPTUM OBPA3OBAHUA I BEPOATHOCTEN TPAHCOOPMALINU
HEKOTOPbBIX COBCTBEHHBIX AE@OEKTOB BTEKCATOHAABHOM HUTPUAE BOPA

Vckanpep ViabpapoBuy Snubexos, FOpuit Baapumuposuy Ilerpos

Annoranus. [ekcaronaapHbit HUTpUA 6opa (h-BN) nHTepecer noteHMaAOM IPUMeHEHMS B SAEK-
TPOHMKE U, B YACTHOCTH, B CO3AQHMM OAHO(POTOHHBIX CTOYHMKOB. B pAaHHOI paboTe usy4aoTcs He-
KOTOpBbIe CBOVICTBa AedeKTOB, a UMeHHO BakaHcuy 6opa (VB) u BakaHcuM a30Ta ¢ aHTUCTPYKTYPHBIM
Aepextom (NBVN) B pasanuHbIX 3apsIAOBBIX COCTOSIHMSIX. PacCUMTBIBAIOTCSI METOAOM (GYHKLIMOHAAQ
naotHocTu (DFT) aHeprum o6pa3oBaHusi AepeKTOB, OLIEeHMBAIOTCSI BEPOSITHOCTH IIEPEXOAOB MEKAY
HVYIMU U BBIYMICASIIOTCSI HEOOXOAMMBIE AASI TpaHCopMalLuy Temneparypsel oT>kura h-BN.

KaroueBbie cAoBa: AedeKThI B rekcaroHaAbHOM HUTpUAe 6opa, DFT, Bakancus 6opa, BakaHcus 6opa
C QHTUCTPYKTYPHBIM AeeKToM, TpaHchopMaLys AeheKToB

AAs nutupoBaHust: Yanibekov, I. 1., Petrov, Yu. V. (2024) Calculation of the formation energy and
transformation probabilities of some intrinsic defects in hexagonal boron nitride. Physics of Complex
Systems, 5 (4), 215-220. https://www.doi.org/10.33910/2687-153X-2024-5-4-215-220 EDN ZDGBEQ
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